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Abstract

This thesis studies dense constraint satisfaction problems (CSPs), and other related
optimization and decision problems that can be phrased as questions regarding para-
meters or properties of combinatorial objects such as uniform hypergraphs. We con-
centrate on the information that can be derived from a very small substructure that is
selected uniformly at random.

The research focused on theoretic foundations of the properties of very large combin-
atorial objects has received increasing attention in recent years, substantial part of this
development was influenced by advances in the topic of approximation algorithms.
Complex graphs and hypergraphs are in particular ubiquitous in this regard due to
their application in modeling of real-world networks and community structures, re-
spectively. The enormous size of such systems makes it practically impossible to
capture them completely at any given moment, usually only a random substructure
of bounded size is available for investigation.

The development of a self-contained theory of convergence and limit objects was
initiated for dense graphs by Lovasz-Szegedy, that was soon recognized to be a melting
pot of several related areas, and poses fundamental connections to classical real ana-
lysis. The concepthad appeared in a different form earlier in the work of Arora-Karger-
Karpinski and Alon-de la Vega-Kannan-Karpinski dealing with dense instances of
NP-hard optimization problems in terms of approximation.

In this thesis, we present a unified framework on the limits of CSPs in the sense
of Lovasz-Szegedy which depends only on the remarkable connection between graph
sequences and exchangeable arrays established by Diaconis-Janson without recourse
to the Frieze-Kannan type weakly regular partitions of graphs. In particular, we
formulate and prove a representation theorem for compact colored r-uniform directed
hypergraphs and apply this to #CSPs.

We investigate the sample complexity of testable r-graph parameters, and discuss
a generalized version of ground state energies (GSE) and demonstrate that they are
efficiently testable. The GSE is a term borrowed from statistical physics that stands for
a generalized version of maximal multiway cut problems from complexity theory, and
was studied in the dense graph setting by Borgs-Chayes-Lovasz-S6s-Vesztergombi.

A notion related to testing CSPs that are defined on graphs, the nondeterministic
property testing, was introduced by Lovasz-Vesztergombi, which extended the graph
property testing framework of Goldreich-Goldwasser-Ron in the dense graph model.

1ii



The novel characteristic requires the existence of a testable certificate property of
edge colored graphs that connects to the original property through a certain general
edge coloring operation. Lovasz-Vesztergombi verified that any nondeterministically
testable property is indeed testable in the original sense, the question regarding the
relationship of the sample complexity of the original and the certificate property was
left open.

In this thesis, we study the sample complexity of nondeterministically testable
graph parameters and properties and improve existing bounds by several orders of
magnitude. Further, we prove the equivalence of the notions of nondeterministic
and deterministic parameter testing for uniform dense hypergraphs of arbitrary rank.
This generalizes the result previously known only for the case of simple graphs. By
a similar method we establish also the equivalence between nondeterministic and
deterministic hypergraph property testing. We provide the first effective upper bound
on the sample complexity of any nondeterministically testable r-uniform hypergraph
parameter as a function of the sample complexity of its witness parameter for arbitrary
r. The dependence is of the form of an exponential tower function with the height
linear in . Our argument depends crucially on the new upper bounds for the r-cut
norm of sampled r-uniform hypergraphs. We employ also our approach for some other
restricted classes of hypergraph parameters, and present some applications which give
previously not known positive testability results.
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CHAPTER 1

Introduction

The topic of Constraint Satisfaction Problems (commonly abbreviated as CSPs) is a
central subject of research in the field of theoretical computer science, considerable
effort has been invested into understanding their computational complexity. Instances
of such decision and optimization problems can be described in a simplified way
as a finite collection of variables taking values from a finite domain together with a
family of boolean expressions called constraints defined over some subsets of these
variables, together these comprise a CSP formula. The goal is to resolve whether all
the constraints can be made true simultaneously, or maximize the number of satisfied
constraints over all possible assignments of values to the variables.

As an example, consider a graph G that constitutes of a vertex set V(G) = [n] and
an edge set E(G) c (%)), the formula corresponding to the bipartition problem (the
possibility of splitting the vertex set into two parts so that no edge runs between
vertices falling into the same class) is Ajjcg(c)(X; @ x;), where the variables are Boolean
and the constraints are the sums in the clauses. In this case the graph G is bipartite if
and only if each of the constraints is satisfied, that means that there exist an assignment
of Os and 1s to the variables that whenever ij € E(G), then x; and x; have to be different.
Another common example is 3-SAT, that is a conjunction of disjunctions of the form
aV bV c, where the symbols stand for Boolean variables x; or their negations —u;.

The task in the decision problem version is to determine whether there is an assign-
ment of values to the variables so that all the constraints are satisfied, this problem
class is known as CSP. In a broader sense, one can also ask for a quantitative state-
ment, namely, if it is not possible to satisfy all of them, what is the maximal number
of constraints that can be turn into a true statement at the same time, we refer to these
counting problems as MAXCSP. In the above example this corresponds to finding a
bipartition of the graph that cuts as many edges as possible, this is the so-called MAX-
CUT problem. Complementary, one can examine the number of constraints that have
to be satisfied by any assignment, the so-called MINCSP, and MIN-CUT, respectively.
Further, the condition may be added that each constraint contains the same number
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of r variables, the general term for these problems is MAX-rCSP, or impose weights
corresponding to the constraints, numerous other advanced generalizations appear
in literature in several topics. We wish to clarify that the tasks of delivering only a
verdict, and giving also the accompanying assignment are quite different but related
endeavors, in the main part of this thesis we mostly deal with the (a priori easier) first,
but for the time being we stick to the latter algorithmic problem in order to provide a
more complete background. All these discussed problems are known to be NP-hard
in general.

The common question one can ask in this setup in the complexity sense is to determ-
ine the range of resources (time, space, or measure of error possibilities in any sense
imaginable) that are required in order to be able to solve these problem instances in
general or under some additional restrictions. If one settles for some trade-off in the
output a dramatical improvement regarding the above factors is possible. For count-
ing problems, such as MAXCSP, approximation algorithms have been developed that
are computationally feasible.

1.1 From approximation algorithms to sampling

The most frequent way to define the quality of the approximation algorithm A is in
the case of maximization problems to relate the output value given by the algorithm
A(I) to the optimal value OPT(I) the following way: one has to determine the maximal
value of A(I)/OPT(I) over all instances I, if this is larger than some ¢ < 1, then
the problem is c-approximable, and the largest such c is called the approximation
ratio of the algorithm (sometimes the reciprocal is referred to under this name). The
measurement of the quality in this sense is often called multiplicative approximation.
For one of the most prominent problems, MAX-CUT, being given an arbitrary ordering
of the vertices, the trivial stepwise greedy choice for the placing of the vertices provides
an approximation ratio of 1/2. A significant breakthrough in this direction was the
now classical approximation result by Goemans and Williamson [62] delivering a ratio
of 0.878....

Polynomial time approximation schemes This concept raises the question whether
an NP-hard problem is c-approximable in a computationally feasible way for every
¢ < 1, with other words, does it have a so-called polynomial time approximation scheme
(PTAS). Several NP-hard problems are known to permit PTAS, such as the euclidean
traveling salesman problem or the minimal vertex cover on planar graphs. However,
for the MAX-rCSPs we are dealing with there are genuinely such barriers so that
beyond them the approximation is also hard, see [19].

A general multiplicative approximation scheme A is a parametrized family of ap-
proximation algorithms (A(e, .)).~0, where for each ¢ > 0 and instance I we have
A(e, I)/OPT(I) > 1 — ¢, for the PTAS case A(¢, .) runs in polynomial time in the size of
the instance, but perhaps in exponential time in the inverse of the proximity parameter
€.
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The conditions a PTAS has to fulfill can be modified by replacing A(e, I)/OPT(I) >
1 — ¢ by the requirement |OPT(I) — A(e, I)| < ¢ll|, where |I| is the size of the instance,
or the whole size of the data needed to describe it, which is problem-dependent. For
example, in the case of optimization problems concerning dense graphs |I| can be the
square of the size of the vertex set, but for a parameter of bounded degree graphs it
mostly means the cardinality of the vertex set. With this alteration we speak about
additive approximation, this is also our main concern in this work.

There is no straightforward way to construct an additive PTAS from multiplicative
one in general, or vice versa, but in case of dense MAX-rCSP (meaning that only
instances are considered with at least pn” constraints with n being the number of
variables) one can derive from an additive one a multiplicative PTAS. First note that
OPT(I) > (p/2")n" as the expected value for a uniform random assignment is at least
this large. This implies for the additive scheme A that A(a,I)/OPT(I) > 1 - %TV(D >
1-2"a/p, which can be arbitrary close to 1 by setting a sufficiently small. The analogous
reasoning cannot be carried out for MIN-7CSP even in the dense case.

The first systematic work delivered on the existence of PTAS for dense instances of
optimization problems through additive PTAS was carried out by Arora, Karger, and
Karpinski [18], it was shown using exhaustive sampling and smooth integer programs
for several subfamilies of dense MAX-rCSP, such as MAX-CUT or MAX-r-SAT, that
there exist additive PTAS, and a scheme that is suitable for general MIN-rCSP was
presented. The algorithms suggested a required a sample size of ©(logn), giving
also the algorithm for finding a near-optimal assignment, but no information about
properties of random subproblems was obtained. In this thesis we focus almost entirely
on the behavior of the subproblems.

Random sampling in approximation algorithms Research sparked by approxim-
ation schemes employing the sampling method motivates the concept of the sample
complexity that is one of the central subjects of the current thesis. In short, the question
is what can the observer of a randomly chosen subproblem tell about the solution of
the original one with the knowledge of the mechanisms of the random process that
generates the sample. The answer may and in general does depend on the amount of
the perceived random data, the least size that meets our expectations is called sample
complexity.

Subsequently to [18], Goldreich, Goldwasser, and Ron [66] introduced the frame-
work of property testing for combinatorial structures, and derived from their testers
the first constant time approximation schemes for partition problems on graphs drawing
on ideas presented in [18], including setups that give additive PTASs for the value of
MAX-2CSP. However, the method of [66] does not provide a feasible assignment, and
this is certainly not possible in constant time.

A graph property is a subset of graphs invariant under isomorphism. Property
testers in the most general sense are algorithms that can distinguish between the cases
that an instance is having the property and that it is e-far from any instance that has it,
with sufficiently large probability. A property is testable if such an algorithm exists.
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Accordingly, the tester in [66] for example for the property of a graph of size n
having a cut with at least pn? cut edges was designed as follows. First a uniform
random vertex sample of size poly(1/¢) is taken, and after making some calculations
on the induced subgraph (perhaps without accessing the information regarding all of
its adjacencies), and the tester provides a decision whether the graph has the property
or no modification of at most en? adjacencies would result a graph with the property.
This was a major breakthrough in the area, since it was shown that the MAX-CUT
value of G (more precisely, the density of the maximal cut) can be approximated well
by observing a uniformly sampled subgraph whose size is independent of the order of
the original graph, the approach is reminiscent of methods in mathematical statistics.

Using similar techniques Andersson and Engebretsen [17] obtained PTAS for MAX-
rCSP with non-Boolean domain. Parallel to these developments Frieze and Kannan
[59] proposed an algorithmically efficient version of Szemerédi’s Regularity Lemma,
which is later in literature often referred to as the Weak Regularity Lemma, in order
to handle the MAX-2CSPs. The original version due to Szemerédi [115] has risen
to the single most important tool in several branches of combinatorics. Informally
it states that for every graph the vertex set can be partitioned into a bounded (as a
function of an error parameter ¢) number of classes so that for most pairs of classes
the bipartite graph spanned between the two parts is random-like. It eluded practical
algorithmic applications, since the upper bound regarding the number of classes of
the partition provided was an exponential tower of height 1/¢ in magnitude, this
bound later turned out to be sharp. Actually, it was implicitly used to derive testing
algorithms that sample subgraphs whose size only depends on 1/¢ (but, as above, in
a computationally infeasible way) for k-colorability by Rodl and Duke [103], and for
triangle-freeness by Ruzsa and Szemerédi [111] a decade before the introduction of the
concept of property testing.

The variant in [59] introduced the cut norm of matrices ||A|lz = maxszcp 1A(S, T)|,
and reads as follows: For every square matrix A there exists a partition of rows and
columns (the same for the two) such that the matrix B obtained from A by taking the
average on the rectangles determined the by pairs of classes is close to A in the cut
norm, thatis ||[A — B||s < en?. The lemma admits partitions into parts whose number is
only exponential in 1/¢?, therefore it is a suitable tool for designing PTAS. The authors
of [59] applied the lemma to the MAX-CUT problem and the quadratic assignment
problem among others combined with uniformly sampling exp(poly(1/¢)) vertices,
but did not establish any connection between the solution of the subproblem and of
the original one.

A meta-algorithm called canonical testing was first employed for MAX-CUT by
Alon, Fernandez de la Vega, Kannan, and Karpinski [14] for finding a suitably good
value estimation that runs in constant time. The method itself is remarkably simple:
One takes a random sample of size depending on ¢, evaluates the optimum on the
sample by brute force (analogously to the exhaustive sampling method), taking as
output that value satisfies the permitted error condition in an additive sense, although
only with high probability. The related approach for testing properties also turned out
to be fruitful.
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Inspired by the regularity approach of [59], Alon, Fernandez de la Vega, Kannan,
and Karpinski [14] also improved on the speed of the PTAS for MAX-rCSP instances
with Boolean domain, and refined the analysis regarding the optimal value on the
random subproblems. Using the so-called cut decomposition method and linear pro-
gramming duality they were able to obtain the upper bound O(e™*1og(1/¢)) for the
sample complexity.

The original motivation for our research in the current thesis in a broader sense is
formulated in the following question.

Question. What decision and optimization problems admit such constant time approximation
schemes as in [14]? What is the exact magnitude of the sample complexity in these cases?

We will not be concerned with approximation algorithms that find an actual certi-
ticate, instead we will consider very large problems.

1.2 Sampling from large combinatorial structures

Any family of CSP formulas can be interpreted as a class of combinatorial objects:
consider a hypergraph such that each variable of the formula corresponds to a vertex,
whereas constraints can be thought of as edges with certain colors. This way, MAXCSP
is a parameter of the hypergraph, and further, the satisfiability characteristic transforms
to a property of edge colored directed hypergraphs. We demonstrated how this goes
in the opposite direction at the start of the chapter with the maximal cut of graphs.

One consequence of the graph representation is the ability to formulate and study
structural questions in the graph theory framework beyond the objective function
of the optimization problem. This motivates the wide scope of the thesis, we cover
topics beyond the complexity theory range and deal with recent developments in
combinatorics.

1.2.1 Testing properties of graphs

The combinatorial representation brings us back to property and parameter testing for
hypergraphs in the dense model with CSPs being a special case, the general question
above reads in this setting as follows.

Question 1. Which properties and parameters of edge colored hypergraphs are testable, what
is the magnitude of the sample complexity?

Whereas in the design of PTASs the goal is fast estimation of graph or hypergraph
parameters and also giving a nearly optimal assignment, in the case of constructing
related property testers one only attempts to distinguish between graphs having a
given property, and the ones that are far from having it.

Rubinfeld and Sudan [109] studied testing first in the setup of functions, for in-
stance, when the task is deciding about linearity. Subsequently, as also mentioned
above, Goldreich, Goldwasser, and Ron [66] initiated the systematic research in the
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tield for combinatorial objects by obtaining various results and establishing the con-
nection to the topic of approximation algorithms. The first framework that in [66] was
investigated was the dense graph model. The distance here is measured between two
graphs by the minimal number of edges that have to be modified to arrive from one
at an isomorphic copy of the other (modification is meant for exchanging an edge for
a non-edge or vice versa), this is called edit distance. Queries of two types are per-
mitted: one may demand to be given an uniformly chosen random vertex, or ask for
the information whether an edge runs between two previously received vertices. The
answers are assumed to be given by a probabilistic oracle machine, the construction
method of such an oracle is not of interest here.

This model suits best the cases when most graphs that have the property are dense,
but density alone does not imply the property. Other models subsequently defined
deal with the bounded degree case or a mixture of these two, see Goldreich and Ron
[64]. In the dense framework, that is the main subject of the current work, a tester for
the graph property # is an algorithm A that for an n-vertex graph G and a proximity
parameter ¢ > 0 runs with g(n, €) queries and (i) accepts G with probability at least 2/3,
if G € P, and (ii) accepts G, if it is e-far from P (that is, no modification of at most en?
edges results in an element of ) with probability at most 1/3.

In our setup, we assert testability only in the situation, when the number of required
queries does not depend on the size of the graph. Furthermore, a tester is called one-
sided if it always accepts instances that satisfy the property, and non-adaptive, if the
queries made are not dependent on the outcome of previously made ones. We restrict
ourselves to obtaining a so-called canonical tester. The algorithm A is a canonical
tester for P, if there exists a function k: R* — IN and another graph property #’, such
that

(i) P(G(g,G)eP) = % for every G € £ and q € N, and

(ii) for every ¢ > 0 and G that is e-far from P with at least k(¢) vertices, and for every
g > k(¢) we have P(G(g,G) € P') < 1,

where G(g, G) is the random induced subgraph of G on a uniformly chosen subset of
V(G) of cardinality 4. The minimal function k(.) that satisfies the above conditions is
called sample complexity of the property.

Every tester can be turned into a canonical tester accepting at most a quadratic
trade-off in the query complexity, see [65], also, canonical testers are non-adaptive.
Designing PTAS from testers is possible for some threshold-like properties, in [66]
it was noted for p-cut (the property that the density of the MAX-CUT is at least p)
that their result does in fact yield an algorithm that finds a large cut of size at least
MAX-CUT(G) — en? in sublinear time. However, there is no straightforward way to
construct such an algorithm from general testers.

A major step towards understanding which properties are testable, and to what
extent with regard to query complexity, was taken by Alon, Fischer, Newman, and
Shapira [16]. The authors provided the first combinatorial characterization of graph
testability using Szemerédi’s Regularity Lemma. They proved that the property of
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having a particular fixed regular partition is testable, and introduced the notion of
regular reducibility. A property has this characteristic if there is a finite number of
regular partitions such that at least one applies to any graph that has the property. It
was shown that regular reducibility is equivalent to testability. However, as a result
of the application of the Regularity Lemma, upper bounds on the sample complexity
were outperformed by previous efforts for known special cases. On the other hand,
the characterization lead to the first example of natural graph properties that are not
testable, namely being isomorphic to a copy of the Erd6s-Rényi graph. Subsequently
it was shown by Alon [3] that triangle-freeness is testable, but it requires strictly more
than poly(1/¢) queries.

Property testing serves as a major motivation for the study of limits of graph se-
quences. Several testability result can be proven or re-proven in a concise analytic
fashion (however, non-effectively) using limit theory notions and theorems together
with the fundamental concepts in real analysis, see [49] and [94]. We will cover this
aspect of the limit theory in Chapter 3 in greater detail.

1.2.2 Emergence of graph limits

As we mentioned above, in this thesis CSPs are considered with an extremely large
number of variables, therefore the corresponding hypergraphs are also huge. Ima-
gine an evolving, ever-growing random hypergraph, that we can only access through
sampling, what can be said about the driving model if the data we gain shows some
patterns? Equivalently, we would like to make sense of some limit structure that car-
ries the important features of the random model with the noise filtered out, perhaps a
hypergraph on a countably infinite vertex set.

From the traditional perspective of computer scientists, the input data (G for example
for MAX-CUT(G)) in its raw form is of central importance, and the goal is often to
determine exact parameter values of graphs, problems are analyzed with regard to
computational hardness (running time or memory space) depending on the size of the
graph.

In numerous applications one has to deal with large random objects with completely
unknown or parameterized underlying distribution, with ones whose data is corrupted
by random noise, or with instances that are simply too large to store and analyze,
therefore it is sensible to write off exactness in favor of resource optimization. At
this point a statistical perspective enters the picture and approximate solutions are
sufficient for the problems above. The recently emerged limit theory of discrete objects
captures this aspect, see [89]. The concept has gained considerable attention and fueled
a large amount of research output, and also open questions have been raised within
this framework. One important advantage of the limit theory is that it encompasses
the methodology of how to deal with the problems defined on very large graphs in a
conceptual way corresponding to the theory of classical statistics and analysis.

Question 2. How can we interpret extremely large structures so that we can tackle the first,
qualitative part of Question 17
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The idea to identify and study the limit space for relational structures originates
from the fact that recent technological development has made it possible to capture
large graph-like data sets emerging in the real-world, common examples are social
networks or protein interaction networks, where pair-wise interaction between points
is observable. These turn out to be too huge to be able process their whole data, may
be heavily time-dependent, and are often driven by some random process. The central
question is whether methods of mathematical analysis successful in other branches of
natural sciences are applicable or can be adapted to these complex networks in order
to extract meaningful statistics that are robust in some sense.

In a series of papers Lovdsz and Szegedy [91], Borgs, Chayes, Lovasz, S6s, and
Vesztergombi [30, 32], Borgs, Chayes, and Lovasz [31] laid out the foundation of the
limit theory in the case of simple dense graphs. This class seems to be the most
straightforward choice as a starting point from the mathematical viewpoint and the
results beautifully correspond with the framework of measure theory and functional
analysis. On the other hand the vast majority of real-world complex networks are
sub-dense, therefore other classes are of similarly high interest.

A simple graph G = (V(G), E(G)) is given by its vertex set V(G) and edge set E(G) C
(V(ZG)), we use the abbreviation uv for sets {u,v}. The graph G can be represented
by a {0,1}-valued symmetric square matrix Ag of size |V(G)| dubbed the adjacency
matrix of G. Two graphs G and G’ are said to be isomorph if there exists a bijection
¢ between V(G) and V(G’) that preserves edges and non-edges, that is uv € E(G) if
and only if ¢p(u)Pp(v) € E(G’). We speak about labeled graphs if we wish to stress the
vertex set, and about unlabeled graphs if isomorphism classes are meant, the first
will be considered as default in this work. The map ¢ : V(G) — V(G’), without the
condition of being a bijection, is a graph-homomorphism when it preserves only the
presence of edges, not necessarily their absence. Graph limits are defined in terms of
the densities of homomorphisms of small graphs: a sequence (G,);, is convergent if
for any simple graph F the numerical sequences (t(F, G,,));-, converge, where t'(F, G) =
hom(F, G)/|V(G)|V®)! is the homomorphism densityof F in G, and hom(F,G) is the
number of maps from V(F) to V(G) that are homomorphisms [91]. The measurable
functions W: [0,1]*> — [0, 1] that are symmetric in the sense that W(x, y) = W(y, x) for
every pair x,y € [0, 1] are referred to as graphons, they can be interpreted as graphs
with vertex sets that have continuum cardinality. The homomorphism densities can
analogously be defined for graphons as the integral

rEw) = [ ] Wi,
(011 ;jeE(p)

where V(F) = [k]. The most important result of [91] is that for every convergent graph
sequence (G,)), there exists a limit graphon W in the sense that for each simple F the
sequence t'(F, G,) tends to t'(F, W). Moreover, the converse is also true, that is, every
graphon W serves as the limit object of some convergent graph sequence.

Another major contribution in [30] was the natural metrization of the topology
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described above, which was also extended to the limit space. The definition of the
metric itself originates from the concept of the cut norm introduced by Frieze and
Kannan [59]. Various other equivalent convergence criteria were enlisted in [32], we
elaborate on this aspect in the main body of the thesis. Uniqueness of the limit W up
to a certain measure-preserving equivalence was subsequently verified in [31].

Testability of graph parameters is a central concept around which the topics of this
thesis are assembled, it is also the combinatorial analog to additive approximation for
the optimal value of discrete optimization problems. A graph parameter f is testable,
if for every margin of error ¢ > 0 the value f(G) for a graph G can be additively
¢-estimated by looking at a random induced subgraph of bounded size independent
of the size of G. The estimation is allowed to fail with probability at most ¢.

A characterization of this property in terms of graph limits was given in [30] mainly
reformulating the definition in the light of the results outlined above. Namely, the
testability of a parameter f is equivalent to the statement that for every convergent
sequence (G,),»>1 of simple graphs with [V(G,)| — oo, the numerical sequence of the
values (f(G,)).»1 also converges. However, in [30] no attempt was made to determine
the magnitude of the required sample size as a function of f and ¢, the current work
endeavors to shed some light on this issue.

Question 3. Can we derive results for discrete problems by studying their counterparts in the
limit space?

The topic of this thesis is at the intersection of complexity theory,statistics, and graph
theory. Each of the general problems we addressed in the above questions have been
subject of ongoing and extensive study, partial answers are available, but there are still
blind spots, see Section 1.4 for an overview. In the next section we will outline our
attempts and results on more concrete problems in the context of the above questions.
Their thorough discussion gives the bulk of the thesis.

1.3 Our contribution

Substantial parts of the thesis previously appeared in the preprints Karpinski and
Markoé [79, 80, 81, 82], and in the paper Kramli and Marké [86].

Nondeterministic hypergraph testing (to Question 1)

Lovasz and Vesztergombi [97] introduced the framework of nondeterministic graph
property testing. A simple graph property # has this characteristic if it can be certified
by a property Q of edge-colored graphs that is testable in the sense that for any element
G € P thereis a G € Q such that if we omit edges with certain colors and disregard the
colors of the remaining edges then we obtain G, see Definition 6.1.2. It was shown by
Lovasz and Vesztergombi [97] and Gishboliner and Shapira [61] that nondeterministic
testability is equivalent to testability in the graph case.
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We study this question in the context of graph parameters and obtain an upper
bound on the sample complexity of a nondeterministically testable parameter that is a
3-fold exponential of the sample complexity of its certifying witness parameter, The-
orem 6.1.5. We generalize the result to the case of r-uniform hypergraphs (definitions
are analogous), and obtain an upper bound on the sample complexity int terms of the
witness as in the graph case that is an I(r)-fold iteration of the exponential function,
where [ is linear in r, Theorem 6.1.6. We further show that these results also hold
for properties, Theorem 6.1.7. Our main tools are variants of Szemerédi’s Regularity
Lemma, Lemma 3.3.15 and Lemma 3.3.27.

We apply these results to some hypergraph parameters and properties, and show
their testability, some of these are new results. We also consider more restrictive
forms of nondeterministic testability, and obtain improvements in these cases over the
general upper bounds. The results regarding graphs can also be found in the preprint
[80], whereas the results in the hypergraph case appeared in the preprints [81, 82].

Limits of colored hypergraphs (to Question 2)

We give a characterization for the limit space of r-uniform edge colored hypergraphs
for arbitrary r in the situation when edge colors are taken from a compact Polish space.
We present two methods, both generalizations of previous approaches of Diaconis and
Janson [43] using exchangeability principles, and of Elek and Szegedy [49] relying on
non-standard analysis, respectively. We combine these methods with the concept of
Lovasz and Szegedy [93] employed to deal with sequences of graphs with compact
edge colors. The first framework is more straight-forward and gives insight regarding
random graph models, whereas the second one allows for more applications such as
direct testability assertions and regularity lemmas.

We prove a suitable representation of the limit space following the program of [43]
developed for simple graphs. The crucial ingredient is a deep result regarding the
representation of exchangeable r-arrays. Our main result here, Theorem 2.2.10, states
that the limit objects are r-graphons that take probability measure values. We apply
the result to formulate the representation theorem for the limits of CSP formulas,
Corollary 2.3.2. These contributions appeared also in the first part of the preprint [79].

Our motivation for the second approach to hypergraph limits comes from a variant
of the ground state energy problem that is reminiscent of MAX-rCSP, where in the 3-
graph case we optimize over vertex pair colorings rather than simple vertex colorings,
see Definition 5.3.1. We refer to them as r-GSE.

The ultralimit method for combinatorial structures was first employed by Elek and
Szegedy [49]. With the main link between discrete and continuous objects, the sep-
arable realization, it enabled proofs for qualitative results, such as the testability of
hereditary properties or the Hypergraph Regularity Lemma that are rather direct con-
sequences of measurability in the limit [49]. This structural connection is the main
advantage over the exchangeability correspondence principle.

First we consider the case when the edges of the hypergraphs are colored with
colors from a finite set. Using the analogous statement to the separable realization of
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[49], Corollary 5.2.14, we manage to prove the existence and the uniqueness statement
regarding the limit objects, Corollary 5.2.9 and Theorem 5.2.15, respectively. Building
on this we are able verify that -GSEs are testable, Theorem 5.3.4. This part appeared
previously as a section of the preprint [81].

We generalize the limit representation for sequences of colored hypergraphs, where
the colors are taken from a compact Polish space in Theorem 5.4.11. Here the limit
space is similar to the previous case, the r-graphons are probability measure valued.
We also formulate the condition of two limit objects being equivalent similar to the
finite color case in Theorem 5.4.12.

An application of these results is a new proof of (a version of) the Hypergraph
Regularity Lemma for r-graphs with compact colors, see Theorem 5.5.2.

Testability of the ground state energies (to Question 3)

We introduce a generalization of the ground state energies borrowed from statistical
physics that were studied first in [32] regarding their testability in a qualitative way,
see Definition 4.1.2. This new notion also encompasses MAX-rCSP.

We prove a quantitative bound for the ground state energies inspired by the approach
of Alon, Fernandez de la Vega, Kannan, and Karpinski [14], Theorem 4.1.4. Our result
reproves the sample complexity upper bound O(log(1/¢)(1/¢€)*) obtained in [14] for
MAX-rCSPs, extends it for CSPs with non-Boolean domain, additionally, our bound
regarding the error probability is tighter.

We further use this result to obtain similar conclusions for the ground state energy
variant with an external magnetic field, Theorem 4.3.2, and the microcanonical ver-
sion, Theorem 4.3.6. Another application is a related testability result for quadratic
assignment problems, Corollary 4.3.9. These results previously appeared in the second
part of the preprint [79]. Additionally, we prove testability for ground state energies
of graphs with non-negative unbounded weights Theorem 4.4.3 under an L’-bound
condition.

We investigate the separation quality of ground state energies, more precisely under
what conditions these energies determine a graph. In the course of this, we prove a
convergence hierarchy of the lower threshold ground state energies, Theorem 4.5.11.
This former result can also be found in the paper [86].

All the above results are proved first in the limit space, and as an application the
discrete counterparts are deduced in the spirit of [32].

1.4 Related work

In this section we provide a review of results in the different areas we touch in the
course of the thesis.

11
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Further polynomial time approximation schemes

Inspired by the regularity approach of Frieze and Kannan [59], Alon, Fernandez de la
Vega, Kannan, and Karpinski [14] improved on the speed of the PTAS for MAX-rCSP
instances with boolean domain, and refined the analysis regarding the optimal value
on the random subproblems. Using the so-called Cut Decomposition method and
linear programming duality they were able to obtain the upper bound O(¢™*log(1/¢))
for the sample complexity. One key tool that is proved in [14] is that the cut norm
(or its density, depending on the definition) of a large matrix is preserved under
row/column sampling in the sense of graph parameter testing, the required sample
size can be upper bounded by O(e™*1log(1/¢)). This auxiliary result also happens to
be a an important ingredient in showing that the 65 distance of graphs defines the
same topology as graph convergence in the context of graph limits, see below. The
upper bound on the sample complexity of the cut norm was further improved to
O(e7%log(1/¢)) in a weaker sense by Rudelson and Vershynin [110] using the singular
value decomposition (SVD) and decoupling: it holds that E||Ag|loe* < Cl|Alla/n? for
some C > 0 large enough, where A is an arbitrary n X n matrix, and As is its randomly
sampled €72 X £72 submatrix.

Continuing the research initiated in [14], Fernandez de la Vega, Kannan, and Karp-
inski [53] extended the sample complexity result to MAX-rCSP with additional global
constraints, such as MAXBISECTION. In the same line of work Fernandez de la Vega
and Karpinski [51, 50] obtained PTAS for slightly subdense instances with Q(1n?/ log n)
constraints, and for weighted families of graphs with unbounded edge-weights obey-
ing a certain density condition, respectively. As a further contribution, Fernandez de la
Vega, Kannan, Karpinski, and Vempala [52] developed PTAS for core-dense instances
which can be subdense and contain quasi-metrics using tensor decomposition of ar-
rays (a method resembling the singular value decomposition of matrices) and uniform
sampling.

Departing from regularity approaches, Mathieu and Schudy [98] described a surpris-
ingly simple PTAS for MAX-rCSP running in quadratic time consisting of exhaustive
sampling and greedy steps, analysis was conducted by martingale methods using
a fictitious cut construction that is updated at each step of the generating process,
proving also the best sample complexity upper bound O(¢™*) known to date. Their
technique was then refined by Karpinski and Schudy [83] to produce a PTAS that runs
in sublinear time, see also Yaroslavtsev [118].

All the above PTAS take advantage of sampling arguments and therefore by default
provide a satisfactory output only with high probability. Nevertheless, all of them
can be derandomized in a trivial way to obtain a feasible value estimation (except for
[18], where a random walk on an expander has to be performed, but this is also a
standard method) with a trade-off in the running time that remains still polynomial in
the problem size.

We note that additive PTAS cannot be obtained when the factor determining the
magnitude of the permitted deviation (|V(G)|* in case of MAX-CUT) is substantially is
reduced. Ailon and Alon [1] proved inapproximability bounds for non-trivial families
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of rCSP (a trivial situation is for example, when the number of edges of graphs is
given as the MAX-rCSP, then it can be calculated in polynomial time, so studying
approximation hardness is redundant), even in the fully dense case, where each r-
tuple carries at least one constraint, it is NP-hard in general to give an approximate
solution within an additive error at most n’~? for any 6 > 0 in permitted time.

Approximation algorithms beyond PTAS

It is well-known that MAX-rCSP is contained in the class of NP-hard problems,
therefore considerable effort has been made towards the design of approximation
algorithms. For one of the most prominent problems, MAX-CUT, being given an ar-
bitrary ordering of the vertices, the trivial stepwise greedy choice for the placing of
the vertices provides an approximation ratio of 1/2.

A significant breakthrough in this direction was the now classical approximation
result by Goemans and Williamson [62] delivering a ratio of 0.878... using the semi-
definite programming (SDP) relaxation of maxXye(-1,1): %Zi,j A;j(1 - x;x;) and random
hyperplane rounding. This result is optimal under the Unique Games Conjecture, the
technique employed in [62] was a highly influential contribution to the area.

Semidefinite programs are special convex optimization problems that are known
to be solvable in polynomial time, see for example Grotschel, Lovasz, and Schrijver
[70], in the relaxation above one replaces the domain of variables from {-1,1} to the
n-dimensional unit sphere S"~!. Clearly, the optimum of the relaxed version is at least
as large as that of the original, therefore the task is to obtain an integer solution with
only a small decrease in the value from the former. This approach has been adapted
to other MAXCSPs, however, the approximation ratio gained through this method is
highly problem-dependent and is connected to the shape of the objective function.
The estimation of Charikar and Wirth [35] considering maxXye(-1,1 xTAx achieved a
ratio €(1/logn) that is decreasing in the size n of the problem using SDP relaxation
and randomized rounding.

The cutnorm of matrices with both positive and negative entries is a central subject in
graph limit theory, it is used to measure closeness of two graphs by calculating the norm
of the difference of their adjacency matrices. Alon and Naor [6] algorithmically ap-
proximated the cut-norm relying on Grothendieck’s inequality, by the virtue of the cut-
norm and the ||.||«—1 operator norm being equivalent they obtained an approximation
through considering maxy ye(_1,1 xTAy, and relaxing this to max,, ety Zij A;iiu;, 0p).
The optimal values of the two expressions are known to be at most a constant factor K
away from each other, it is referred to as Grothendieck’s constant in functional analysis,
whose exact value is not known, however K < 1.782... is true. In [6], three different
rounding methods were presented: an approach using orthogonal arrays of strength
4, one with Gaussian rounding, and the original argument leading to the proof of
Grothendieck’s inequality. Subsequently, Alon, Makarychev, Makarychev, and Naor
[15] introduced the Grothendieck constant K¢ of an arbitrary graph G. It holds by
definition that K maXye(—11) ZijeE(G) AjjXxiXj 2 MaXy pegr1y ZijeE(G) A;i{u;, v;) for any real
square matrix A, where the integer program appears in the study of spin glass models.
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It was verified in [15] that the integrality gap is at most O(log(6(G°))), where 0 is the
Lovasz Theta Function. For a more complete picture we refer to the recent survey
of Khot and Naor [84] on the application of SDP relaxations and Grothendieck-type
inequalities in combinatorial optimization.

Recently, Raghavendra and Steurer [102] presented a rounding scheme originated
from the SDP relaxation of MAXCSPs that achieves the optimal integrality gap for any
CSP family in consideration. Building on this, Barak, Hardt, Holenstein, and Steurer
[25] investigated the testability behavior of mathematical relaxations of combinatorial
optimization problems in the fashion of property testing, and among other results
presented a sample complexity result for MAX-rCSPs that applies to a more general
class of problems, than the dense case. For dense instances poly(1/¢) sample size is
sufficient according to their analysis, for the bounded degree case at least )(n) size
is required, testability also holds for BasicSDPs and BasicLPs that are relaxations of a
special form. Negative results involving relaxations with higher levels of the Lasserre
and Sherali-Adams hierarchies, respectively, were provided showing the limitations
of the uniform sampling method.

As another approach, Drineas, Kannan, and Mahoney [46], designed an approxim-
ation algorithm for the MAX-CUT problem for the case of heterogeneous weighted
graphs. The desired proximity magnitude is modified in [46] in comparison to addit-
ive PTASs, the tolerated deviation of the output from the optimal is at most en /|[E(G)|
instead of en?. The sampling method was adapted to the heterogeneous setting: nodes
are picked following a non-uniform distribution through the employment of the CUR
matrix decomposition.

More on limits of combinatorial structures, exchangeability
methods

The developments described in Section 1.2.2 fueled a significant amount of research
generalizing the limit theory of dense graph in any possible direction. For the dense
case we have an almost complete picture now, questions that come up regarding limits
are first posed in this context. What is most important for the current thesis is the para-
meter testing framework established in [32] and the connections revealed to statistical
physics. Lovész and Szegedy [95] defined a distance on the space of vertices of a given
graph instance measuring the similarity of vertices as part of the global network, in
particular two vertices are close if they have a close number of common neighbors with
a randomly chosen third vertex. This similarity distance has advantages in the design
of PTASs for MAX-2CSPs. The same authors generalized the Regularity Lemma, both
the weak and Szemerédi’s version to an approximation result in Hilbert spaces in [92],
translating its statement it into a compactness and a covering result with respect to the
topology inside the graphs from the previously mentioned paper [95]. Among other
results of algebraic nature Lovasz and Szegedy [96] introduced the notion of finitely
forcible graphons, that are exactly determined by a certain finite set of subgraph dens-
ities. Prior to this, Lovadsz and S6s [90] introduced a generalized quasi-randomness
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condition for graphs that is fulfilled by being infinitesimally close to a certain graphon
in the cut distance. The graphon here is a step function whose steps are rectangles cor-
responding to a partition of [0, 1] akin to the driving models of stochastic block models,
the notion itself is similar to regular reducibility in testing. In [90] it was shown that
such graphons are finitely forcible. In [96], the authors gave necessary conditions and
expanded the class by graphons that mostly resemble well-known extremal graphs.

Existence and uniqueness of limit objects, as well as the existence of a regularity
lemma were subsequently extended to hypergraphs by Elek and Szegedy [49] via
the ultralimit method using non-standard analysis. The limit objects of sequences
of r-uniform hypergraphs turned out to be the measurable functions defined on the
unit cube [0,1]* 2 that take values in [0,1]. The coordinates of the domain [0,1]* 2
correspond to non-trivial subsets of [r], the functions serving as a limit object must be
invariant under coordinate permutations induced by any permutation of the symmet-
ric group S,. Using similar techniques, Elek [48] described the limit space of metric
spaces and analyzed the emergence of observables in the limit.

The case of bounded degree graph limits is quite different, less measure theoretical
and more algebraic arguments are entering the picture. This line of research was
initiated by Benjamini and Schramm [26], subsequent progress has been made by
Elek [47]. In this case the similarity of graphs is measured locally, the condition of
convergence is defined by the convergence of the probability distribution of rooted
I-neighborhoods of a uniformly chosen random root vertex for each / € IN, this is called
local convergence. The limit objects can be represented by unimodular distributions
on rooted countable graphs with bounded degree, or by graphings, that are bounded
degree graphs whose vertex set is a Borel probability space, the edge set is a measurable
set, that satisfies a measure preserving property analogous to symmetry in the case of
dense simple graphs.

Another line of investigation studies the limits of dense graphs with unbounded
weights. Note that this setup is analogous to the sub-dense case excluding bounded
degree graphs. The original definition of convergence quickly falls apart as in general
the subgraph densities are infinite in this region. Since the cut distance, with prior
1-norm normalization of the weights of the graphs, is still meaningful, the definition
of convergence by the Cauchy property is justified. Research in this direction was
initiated by Bollobds and Riordan [29], further progress has been made by Borgs,
Chayes, Cohn, and Zhao [33, 34] expanding the considered class of graphs to those
that are in L as functions for some p > 1, they showed the equivalence of the energy
convergence to the metric convergence analogously to the results in [32].

Connected to the latter developments, limits with edge colors from sets with topo-
logical but without algebraic structure were considered, compact decorated graphs
were explored by Lovasz and Szegedy [93], whereas Banach space decorated graphs
were analyzed by Kunszenti-Kovacs, Lovész, and Szegedy [87]. In both cases the limit
objects resemble graphons, for the first model they are graphons whose values are
probability distributions on the compact space, in the second case values are taken
from the dual of the Banach space.

The work by Diaconis and Janson [43] placed the limit theory of graphs in the context

15



1 Introduction

of previous efforts in probability theory, the authors shed some light on the corres-
pondence between combinatorial aspects (that is, graph limits via weak regularity)
and the probabilistic viewpoint of sampling: Graph and hypergraph limits provide
an infinite random graph model that has the property of array exchangeability. An
infinite sequence with random elements is said to be exchangeable if the distribution of
the sequence is invariant under finite permutations of the elements. Similar definition
applies for arrays, where the distribution has to be invariant under row and column
permutations of finite range.

According to de Finetti’s Theorem, the exchangeable {0, 1}-valued sequences are
mixtures of i.i.d.’s in the sense that first a random p € [0, 1] is generated obeying some
distribution, and subsequently independent Bernoulli(p) trials are executed for the
entries. In the case of arrays the characterization is a bit more complicated. To obtain
a typical exchangeable random infinite matrix, a [0, 1]-valued symmetric function f
on the unit square has to be fixed. First, one has to color the rows and columns by an
exchangeable sequence with [0, 1] values, and afterwards independent coin tosses for
every ij entry with success probability f(x;, x;) have to be carried out, where x; is the
color of the ith row, and x; of the jth column obtained in the preliminary stage of the
generating process. This construction clearly produces an exchangeable matrix, and it
is non-trivial to show that there is basically no other way to generate one. Similar level-
wise independent coloring schemes apply for higher dimensional cases, the proof that
this construction delivers every exchangeable random r-array was proved first by de
Finetti [41] (for {0, 1} entries) and Hewitt and Savage [72] (in the case of general Polish
space entries) for r = 1, independently by Aldous [2] and Hoover [74] for r = 2, and
by Kallenberg [78] for r > 3.

The meta-correspondence between the distribution of exchangeable arrays and
graph limits presented in [43] turned out to be quite fruitful, we enlist some classes
where an analogous starting approach was taken in order to describe the limit objects.

e Diaconis, Holmes, and Janson [44] considered threshold graphs, one of the char-
acterizations for them is that there are weights {w;} and a threshold ¢ such that
ij € E(G) if and only if w; + w; > t. The authors extracted the limit object using ex-
changeability principles, the limits can be represented as symmetric, increasing,
{0, 1}-valued functions on the unit square [0, 112

¢ Diaconis, Holmes, and Janson [45] regarded interval graphs that are graphs, that
can be equipped with a collection of intervals on the real line corresponding to
the nodes in such a way that an edge is present if and only if the intersection of
the intervals assigned to its vertices is nonempty. The limit space consists here of
probability measures on the triangle {(a,b) |0 <a <b < 1}.

e Partially ordered sets were analyzed by Janson [76] with respect to their limiting
behavior, the limit objects can be represented by measurable kernels W: Sx S —
[0,1] on an ordered probability space (S, ¥, u, <) (that is, < is a partial order
satisfying that {(x,y) | x < y} is ¥ X F-measurable), such that (i) W(x,y) > 0
implies x < y, and (i7)) W(x, y)W(y,z) > 0 implies W(x,z) = 1. Later Hladky,
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Mathe, Patel, and Pikhurko [73] proved that S can always be chosen to be the
uniform measure on [0, 1] with the usual total ordering.

e Hoppen, Kohayakawa, Moreira, Rédth, and Menezes Sampaio [75] dealt with
the nature of limits of permutation sequences, it turned out that the limits can be
described as measurable functions Z: [0, 1]> — [0, 1], where Z(x, .) is a distribution

function for any x € [0, 1], and it holds for each y € [0, 1] that fol Z(x,y)dx = y.

As yet another analogy to classical probability theory Chatterjee and Varadhan [37]
developed a large deviation (LD) result for dense random graphs, showing among
other things that the conditional distribution of the Erd6s-Rényi graphs does not re-
semble the unconditioned when it is imposed for it to have a large number of triangles,
furthermore it was shown that there is a double phase transition dependent on the
triangle density. Based on these concepts Chatterjee and Diaconis [36] studied the
LD behavior of exponential graph models with distribution p(G) ~ exp(Zf:1 Bifi(G)),
where the f;’s are graph parameters, and deduced that in many cases this setup leads
to Erd6s-Rényi graphs in the long run.

On a further note, in order to highlight the impact of the concept we mention
that results by Olhede and Wolfe [100] and Orbanz and Roy [101] provide evidence
that principles developed in graph limit theory are entering the toolbox of Bayesian
statistics.

Most of the above are presented comprehensively in the recent survey textbook by
Lovész [89] with all the necessary details and further background.

Property testing for dense graphs

We give an overview of the state of the art in property testing in the dense graph
and hypergraph model. Roughly said, two main groups of graph properties emerged
that are testable: the partition problem type, and the forbidden subgraph type. The
k-colorability property can be regarded as being in the intersection of the two groups.

A partition problem is given by two non-negative k-vectors serving as lower and
upper bounds for the desired class sizes, and two matrices of order k that contain the
desired bounds for the edge densities between classes. A graph satisfies the partition
problem property, if it has a k-partition of its vertex set satisfying the bounds in the
description of the problem. This family contains several natural properties such as
k-colorability, having a cut with at least pn? edges, having a bisection into equal classes
such that at least pn? edges are crossing, or having a clique of size at least pn. It was
shown in [66] that all these properties are 2-sided testable, with a sample complexity
at most O(%)ka’ with some problem specific approaches leading to somewhat better
upper bounds.

Some special cases corresponding to MAX-rCSP were subsequently improved in
[59], [17], [14], and [98] which we discussed in the part on PTAS earlier in this section.
In the direction of partition problems testable with 1-sided testers we mention the
results that deliver improvements for proper k-colorability [5], for satisfiability for [7]
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graphs, and the generalization of colorability for hypergraphs [40]. Recently, Sohler
[114] proved the generalization for hypergraphs regarding satisfiability using a refined
analysis on the sampling procedure building on the previous approaches to obtain the
upper bound O((1/¢)log(1/¢)) on the sample complexity, which is optimal up to the
log-factor. For the general hypergraph partitioning problem given by density arrays
instead of matrices Fischer, Matsliah, and Shapira [57] showed testability with at most
polynomial sample complexity. The latter approach also incorporated the study of
simultaneous partitioning of a finite number of hypergraphs perhaps of different rank
making it suitable for testing regularity instances. That means a graph that satisfies
the property has not only a vertex partition where the edge densities are as desired,
but the partition is also e-regular.

We turn to review the developments for properties corresponding to forbidden
substructures. As also discussed above, Alon and Shapira [7] showed that the property
of an rCSP (referred to by them as (7, d)-Function-SAT) being completely satisfiable is
testable using a sample size of O(¢72), generalizing the result obtained for graph
and hypergraph node colorability problems. A more general class of properties of
graphs formulated as special JY-type first order logical formulas had been shown to
be testable by Alon, Fischer, Krivelevich, and Szegedy [13]. The property studied
there is for a tester equivalent to the existence of a vertex coloring such that the colored
graph avoids some finite family of vertex colored subgraphs, and hereby encompasses
triangle-freeness as well as k-colorability. The approach, as several others below, use
the Regularity Lemma and give impractical bounds for the sample complexity.

It was shown subsequently by Alon and Shapira [11] that every monotone graph
property is testable, followed by a complete characterization of properties admitting
a one-sided tester [10] by the same authors. They showed that every hereditary prop-
erty (closed under taking induced subgraphs) is testable, and the converse, that every
property that is testable without false negatives is semi-hereditary. The same authors
investigated properties obtained by forbidding a single subgraph, all these are testable
as a consequence of the Graph Removal Lemma, but H-freeness is polynomially test-
able exactly when H is bipartite [8]. The case for forbidden induced subgraphs is quite
different, these require super-polynomial tests except for the cases K;,K;,P;(path with
3 edges), and C4(cycle of length 4) [9]. The first two are trivially polynomially testable,
the same was shown by Alon and Fox [4] for P3;, while the situation for C; remains
open. Also, in Alon and Fox [4] it was demonstrated that perfectness is not polyno-
mially testable. As a result regarding hypergraphs, it was established that hereditary
uniform hypergraph properties are testable by Rodl and Schacht [104], this was later
generalized to edge colored hypergraphs by Austin and Tao [24].

A complete combinatorial characterization of the class of testable properties was
given by Alon, Fischer, Newman, and Shapira [16] in terms of graph regularity. As
seen above, a regularity instance problem is a singleton partition problem with the
additional requirement that a satisfying partition of a graph has also to be regular.
The result of [16] can be roughly formulated as follows: If a property is testable, then
it is equivalent to satisfying a regularity instance taken from a finite family, which
characteristic is referred to as regular reducibility. Another characterization by Fischer
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and Newman [56] says that testability of any property is equivalent to the estimability
(or testability) of the numerical parameter of the edit distance to the property.

We mention that in all these cases one can employ canonical testers with at most
polynomial blow-up in the sample complexity, see Goldreich and Trevisan [65]. Fur-
ther, some well-studied properties are trivially testable: planarity is not satisfied by
any dense graph, having a prefect matching (or a triangle) can always be achieved by
adding a very little number of edges. Finally we would like to point out that although
most natural properties are testable, some are not: Fischer and Matsliah [55] showed
that it is not possible to tell the difference by oblivious (size-independent) sampling
between the cases that a graph is a disjoint union of two isomorphic ones, or is e-far
from being such.

One main open question in the area is whether there is any property with exponential
sample complexity, since every positive result comes either with a polynomial or a
tower-type upper bound. Also, a characterization for properties with polynomial
sample complexity remains to be established. For a more complete picture we refer to
the surveys by Goldreich [63], and by Rubinfeld and Shapira [108].

1.5 Organization of the thesis

The organization of the thesis is as follows. In Chapter 2 we formally define CSP for-
mulas, give the connection to hypergraphs, and prove the representation theorem for
colored hypergraph and CSP limits by means of exchangeability. Chapter 3 presents
the concept of regular partitions of graphs, we prove some new version of the Reg-
ularity Lemma, afterwards we introduce graph parameter and property testing, and
demonstrate some results regarding them via limit theory. Chapter 4 continues with
the study of ground state energies in the limit space. Next, in Chapter 5, we estab-
lish the connection between colored hypergraph sequences and hypergraphons via
the ultralimit method, and use this link to derive results on a generalized version of
ground state energies, as well as a hypergraph version of the Regularity Lemma. In
the subsequent Chapter 6 we describe the concept of nondeterministic testing, prove
its equivalence to traditional testing for graphs and hypergraphs, which is followed by
some variants and applications. We conclude the thesis with Chapter 7 summarizing
our results, and giving an outlook on directions of further research.

19






CHAPTER 2

Limits of hypergraphs and CSPs via
exchangeability

2.1 Introduction

In this chapter we develop a general framework for the CSP problems which de-
pends only on the principles of the array exchangeability without a recourse to the
weakly regular partitions used hitherto in the general graph and hypergraph set-
tings. Those fundamental techniques and results were worked out in a series of
papers by Borgs, Chayes, Lovasz, S6s, Vesztergombi and Szegedy [30],[32],[91], and
[94] for graphs including connections to statistical physics and complexity theory,
and were subsequently extended to hypergraphs by Elek and Szegedy [49] via the
ultralimit method. The central concept of the r-graph convergence is defined through
convergence of sub-r-graph densities, or equivalently through weak convergence of
probability measures on the induced sub-r-graph yielded by uniform vertex sampling.
Our line of work particularly relies on ideas presented in [43] by Diaconis and Jan-
son, where the authors shed some light on the correspondence between combinatorial
aspects (that is, graph limits via weak regularity) and the probabilistic viewpoint of
sampling: Graph limits provide a countably infinite random graph model that has
the property of exchangeability. The precise definitions, references, and results will
be given below, here we only formulate our main contribution informally: We prove
a representation theorem for compact colored r-uniform directed hypergraph limits.
This says that every limit object in this setup can be transformed into a measurable
function on the (2" — 2)-dimensional unit cube that takes values from the probability
distributions on the compact color palette, see Theorem 2.2.10 below. This extends the
result of Diaconis and Janson [43], and of Lovasz and Szegedy [93]. As an application,
the description of the limit space of *CSP formulas is presented subsequent to the
aforementioned theorem.
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2 Limits of hypergraphs and CSPs via exchangeability

2.1.1 Definitions and preliminaries

General notation We provide here some standard notation that will be used through-
out the thesis. The sets IN, Z, Z*, R, and R* stand for the natural numbers, integers,
positive integers, real numbers, and positive real numbers, respectively. The set [r]
for some positive integer n is a short form for {1,2,...,n}. The expression S, is the
symmetric group of degree n. The {0, 1}-valued function 1, is the indicator function
of the subset A of the domain, 1, is the indicator of an element a of the domain. For
a countable set S and an integer r the subset (f) of the power set of S constitutes of
the subsets of S of cardinality , (") is the cardinality of ([':]) for non-negative integers
n and 7, and as a common convention (8) = 1. The symbols P and E denote the
probability of an event, and the expectation of a random variable, respectively. For
a real measurable function f defined on the measure space (2, A, 1), and p > 1 the
p-norm of f is [[f]l, = ( fQ |f Ipdy)l/i’, and the supremum or the maximum norm of f
is ||flle = sup, ., |f(@)l. If we talk about a measurable space (2, A), then the space
of continuous functionals on € is C(Q)), whereas () denotes the space of regular
probability measures on Q.

CSP formulas We will consider the objects called rCSP formulas that are used to
define instances of the decision and optimization problems called rCSP and MAX-
rCSP, respectively. In the current framework a formula consists of a variable set and
a set of boolean or integer valued functions. Each of these functions is defined on a
subset of the variables, and the sets of possible assignments of values to the variables
are uniform. Additionally, it will be required that each of the functions, which we will
call constraints in what follows, depend exactly on r of the variables.

For the treatment of an rCSP (of a MAX-rCSP) corresponding to a certain formula we
are required to simultaneously evaluate all the constraints of the formula by assigning
values to each of the variables in the variable set. If we deal with an *CSP optim-
ization problem on some combinatorial structure, say on graphs, then the formula
corresponding to a certain graph has to be constructed according to the optimization
problem in question. The precise definitions will be provided next.

Let r > 1, K be a finite set, and f be a boolean-valued function f: K" — {0,1} on
r variables (or equivalently f € K). We call f a constraint-type on K in r variables,
C = C(K, r) denotes the set of all such objects.

Definition 2.1.1 (rCSP formula). Let V = {xy,x2,...,x,} be the set of variables, x, =
(Xey, - -, %Xe,) € V' and f a constraint-type on K in r variables. We call an n-variable function
w = (f;%): KY = {0,1} with w(ly,...,1,) = f(l,...,L,) a constraint on V in r variables
determined by an r-vector of constrained variables and a constraint type.

We call a collection F of constraints on V(F) = {x1,xy,...,x,} in r variables of type C(K, r)
for some finite K an rCSP formula.

Two constraints (fi;x,,) and (f; x.,) are said to be equivalent if they constrain the
same r variables, and their evaluations coincide, that is, whenever there existsa 7t € S,
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2.1 Introduction

such that e; = 1t(ey) (here @ permutes the entries of e;) and f; = 7i(f2), where [7t(f)](]) =
f(n(l)). Two formulas F; and F, are equivalent if there is a bijection ¢ between their
variable sets such that there is a one-to-one correspondence between the constraints
of F; and F, such that the corresponding pairs (fi;x.,) € Fi and (f2;x,,) € F, satisfy
(f1; P(xe,)) = (f25 Xe,)-

In the above definition the set of states of the variables in V(F) denoted by K is not
specified for each formula, it will be considered as fixed similar to the dimension r
whenever we study a family of *CSPs. We say that F is symmetric, if it contains only
constraints with constraint-types which are invariant under the permutations of the
constrained variables. When we relax the notion of the types to be real or K-valued
functions on K" with K being a compact space, then we speak of weighted rCSP
formulas.

The motivation for the name CSP formula is immediately clear from the notation
used in Definition 2.1.1 if we consider constraints to be satisfied at some point in K",
whenever they evaluate to 1 there. Most problems defined on these objects ask for
parameters that are, in the language of real analysis, global or conditioned extreme
values of the objective function given by an optimization problem and a formula. A
common assumption is that equivalent formulas should get the same parameter value.

Definition 2.1.2 (MAX-rCSP). Let F be an rCSP formula over a finite domain K. Then the
MAX-rCSP value of F is given by

MAX~7CSP(F) = max -;)epw(l)' (2.1)

and F is satisfiable, if MAX—rCSP(F) = {w | w = (f; x,) € F}|.

Such problems are for example MAX-CUT, fragile MAX-rCSP, MAX-3-SAT, and
Not-All-Equal-3-SAT, where only certain constraint types are allowed for instances, or
MAX-BISECTION, where additionally only specific value assignments are permitted
in the above maximization. In general, formulas can also be viewed as directed r-
graphs, whose edges are colored with constraint types (perhaps with multiple types),
and we will exploit this representation in our analysis.

Typically, we will not store and recourse to an rCSP formula F as it is given by its
definition above, but we will only consider the r-array tuple (F?),cx-, where

Fe =Y. Y. fGouw - Zom) 2.2)

PESy (fixp(e))EF

for each e € [n]". The data set (F?),cx is called the evaluation representation of F, or short
eval(F), we regard eval(F) as a parallel colored (with colors from [¢]") multi-r-graph,
see below. We impose a boundedness criteria on CSPs that will apply throughout the
chapter, that means we fix d > 1 for good, and require that ||F?||., < d for every z € K’
and CSP formula F with eval(F) = (F?),ckr in consideration. We note that for each z € K,
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2 Limits of hypergraphs and CSPs via exchangeability

e € [n]" and ¢ € S, we have the symmetry F*(e) = FZ¢<1>""'Z¢<V>(e¢(1), . ,ew)), also, on the
diagonal F~ is 0.

The main motivation for what follows in the current chapter originates from the
aim to understand the long-range behavior of a randomly evolving rCSP formula
together with the value of the corresponding MAX-rCSP by making sense of a limiting
distribution. This task is equivalent to presenting a structural description of rCSP
limits analogous to the graph limits of [91].

The convergence notion should agree with parameter estimation via sampling. In
this setting we pick a set of variables of fixed size at random from the constrained set
V(F) of an rCSP formula F defined on a large number of variables, and ask for all the
constraints in which the sampled variables are involved and no other, this is referred
to as the induced subformula on the sample. Then we attempt to produce some
quantitative statement about the parameter value of the original formula by relying
only on the estimation of the corresponding value of the parameter on a subformula,
see Definition 3.2.1 in Chapter 3 below, where we deal in-depth with testability.

Having formally introduced the notion of ¥*CSP formulas and MAX-rCSP, we proceed
to the outline of the necessary notation and to the analysis of the limit behavior
regarding the colored hypergraph models that are used to encode these formulas.

Graphs and hypergraphs Simple r-uniform hypergraphs, r-graphs in short, on n
vertices forming the family IT), are subsets G of (V(rG)) with |[V(G)| = n, where V(G)
is the vertex set of G and the size of such a G is 7, and the elements of (") are r-
edges, or simply edges. We will regard hypergraphs also as symmetric subsets of
Ki([n]) = [n]" \ diag([n]"), or explicitly write A¢ for the adjacency array of G. The rank
of an r-uniform hypergraph is .

For some arbitrary set K, denote by I1(K) = IT(K) the set of all unlabeled K-colored
undirected r-uniform hypergraphs, in short (K, r)-graphs, where we will suppress r
in the notation, when it is clear which r is meant (alternatively, I1(K) denotes the
isomorphism classes of the node labeled respective objects). Also, let IT,(K) denote
the subset of IT' () whose elements have vertex cardinality n. Let k be a positive
integer, then IT ([k]) (also denoted by IT;* for simplicity) is the set of k-colored r-graphs
of size n, their elements are partitions G = (G%)aepi Of ([’;]) into k classes, we say that
color a assigned to e € ([’Z]) (short G(e) = a) whenever e € G*. In this sense simple
r-graphs are regarded as 2-colored. Additionally we have to introduce the special
color ¢ for loop edges that are multisets of [1] with cardinality r having at least one
element that has a multiplicity at least 2. Let IT1(K), IT(K), IT,(K), and I'T;([k]) denote
the directed counterparts of the above families.

Let G(k, G) denote the random induced subgraph of G, that is an element of any of
the above a families, on the set T C V(G) that is chosen uniformly among the subsets
of V(G) of cardinality k. Note that G(k, G) belongs to the same family as G.

For a finite set S, let hy(S) and h(S) denote the power set and the set of nonempty
subsets of S, respectively, and b(S, m) the set of nonempty subsets of S of cardinality
at most m, also by(S, m) = h(S,m) U {0}. A 2" — 1-dimensional real vector xys, denotes
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2.2 Limits of K-colored r-uniform directed hypergraphs

(x1y,...,%1,_,), Wwhere Ty,...,To_; is a fixed ordering of the nonempty subsets of S
with T4 = S, for a permutation 7 of the elements of S the vector x,s) means
(Xrx(Ty)s - - - s XnxTy_y)), Where 1" is the action of m permuting the subsets of S. Similar
conventions apply when x is indexed by other set families.

We say that an edge-K-colored sequence (G,);., converges if for every k the se-
quence of random graphs (G(k, G,)).>, converges in distribution, see more precisely
Definition 2.2.3 below. Consider a graph parameter, and suppose we know a sample
size g that is sufficient for an additive ¢/2 estimation for its value through sampling.
Then, without any further knowledge about the smoothness of the parameter we can
assert, that the values for two graphs are e-close if their sampled graphs of size g co-
incide with a probability larger than ¢. This happens when they have approximately
the same number of isomorphic copies of any graph of size q as subgraphs, with the
appropriate normalization determined by the size of the two original graphs. This
remark justifies the focus on counting substructures.

The main content of the current chapter starts with the general setting of edge-K-
colored r-uniform hypergraphs in Section 2.2 where we obtain a characterization of the
limit space for compact K in Theorem 2.2.10. The rCSP setting will be considered as a
special case in this topic whose limit characterization will be derived as Corollary 2.3.2
in Section 2.3. Some of the basic cases are already settled regarding the representation of
the limits prior to our work. Without claiming to provide a complete list of previously
established results we refer to Lovasz and Szegedy [91], [93], [89] for the r = 2, general
‘K, undirected case, to Elek and Szegedy [49] for the general r, K = {0, 1}, undirected
case; and Diaconis and Janson [43] for r = 2, K = {0, 1}, directed and undirected case.
These three approaches are fundamentally different in their proof methodology (they
rely on weak regularity, ultralimits, and exchangeability principles, respectively) and
were respectively further generalized or applied by Zhao [119] to general r, by Aroskar
[21] to the weighted case, and by Austin [23] to general 7.

2.2 Limits of K-colored r-uniform directed
hypergraphs

Let K be a compact Polish space and r > 1 an integer. Recall that a space K is called
Polish if it is a separable completely metrizable topological space. In what follows we
will consider the limit space of K-colored r-uniform directed hypergraphs, or with
different words r-arrays with non-diagonal entries from K, and the diagonal entries
are occupied by a special element which also can be in K, but in general this does not
have to be the case.

2.2.1 Definition of convergence

Let C denote space C(K) of continuous functionals on K, and let # C C be a countable
generating set with ||f|| < 1 for each f € F , that is, the linear subspace generated by
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2 Limits of hypergraphs and CSPs via exchangeability

¥ is dense in C in the L*-norm. We define the homomorphism densities next.

Definition 2.2.1. Let K be an arbitrary set or space, and C(K) be the set of continuous
functionals on K. If for some r > 1 F € IT(C(K)) is a uniform directed graph with V(F) = [k]
and G € IT'(°K), then the homomorphism density of F in G is defined as

k

[T Fli... i G@G), .., dG0)). (2.3)

¢: (K= V(G) i1 ir=1

1
O = vor

The injective homomorphism density tini(F, G) is defined similarly, with the difference that the
average of the products is taken over all injective ¢ maps (normalization changes accordingly).

In the special case when K is finite we can associate to the elements of I'1(K) functions
in I'I(C(K)) through replacing the edge colors in K by the corresponding indicator
functions. This way we have in accordance with the above definition that the density
of Fe IT(K) in G € [T"(K) is

HE,G) = [T 160(6),

1
|V(G)|k ¢: [k]=>V(G) ec[k]
where the product is 1 when G[¢([k])] = F as vertex labeled graphs, otherwise it is 0.
With other words, t(F, G) gives the number of labeled induced isomorphic copies of F
in G normalized by the number of all labeled induced subgraphs on k vertices.

The variant for uncolored r-graphs that was used in Lovasz [89] and related works
is the t* density that counts the copies of F in G appearing as subgraphs, but not
necessarily as induced ones. More precisely, for uncolored (or 2-colored) F and G it is

defined as ,
t*(F,G)=W¢ Y, e, (24)

: [k]-V(G) e€F

or alternatively as the probability that F C G[¢([k])] for an uniformly chosen map
¢: [k] — V(G). Its advantage over the induced density is that in the simple graph case
the corresponding density in the limit has a more compact form.

Note that if F, G € IT", then tj(F, G) = P(G(k, G) = F).

Let the map 7 be defined as ©(G) = ({(F, G))renr) € [0, 1177 for each G € TI(K).
We set II(K) = tIL(K)) c [0,1]"P), and TI(K)* to the closure of TI(K)*. Also, let
(%) = {(7(G),1/IV(G)]) | G e TI(K) } < [0,1]") x [0, 1], and let IT(%)* be the closure
of II(K)*. The function t*(G) = (1(G),1/|V(G)|) will be useful for our purposes,
because, opposed to 7, it is injective, which can be verified easily. For any F € I1(¥)
the function #(F,.) on II(K) can be uniquely continuously extended to a function
t(F,.) on TI(K)*, this is due to the compactness of [0,1]"") x [0,1]. For an element
I e IT(K)* \TI(K)", let t(F,T) for F € I1(¥) denote the real number in [0, 1] that is the
coordinate of I' corresponding to F.
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2.2 Limits of K-colored r-uniform directed hypergraphs

The functions 7;,j(G) and T;j(G), and the sets ITi;(K) = Tinj(I1(K)) and ITi(K)* are
defined analogously. It was shown in [91] that

VBRI

1 (E G) — HE G)l < e

inj

(2.5)

for any pair F € II(C) and G € I(X).
The precise definition of convergence will be given right after the next theorem
which is analogous to a result of [93].

Theorem 2.2.2. Let (G,);", be a random sequence in I1(K) with |V(G,)| tending to infinity
in probability. Then the following are equivalent.

(1) The sequence (t*(Gy)):, converges in distribution in IT(K)*.
(2) For every F € II(F), the sequence (t(F, G,,));., converges in distribution.
(3) For every F € TI(C), the sequence (t(F, G,));.., converges in distribution.

(4) For every k > 1, the sequence (G(k, G,)),, of random elements of T1(K) converges in
distribution.

If any of the above apply, then the respective limits in (2) and (3) are t(F,I') with I being a
random element of I1(K)* given by (1), and also T' € TI(K)* \ II(K)*, almost surely.

If t(F, G,) in (2) and (3) is replaced by tin(F, G,,), then the equivalence of the four statements
still persists and the limits in (2) and (3) are t(E,T).

If every G, is concentrated on some single element of I1(K) (non-random case), then the equi-
valence holds with the sequences in (1), (2), and (3) being numerical instead of distributional,
while (4) remains unchanged.

Proof. The equivalence of (1) and (2) is immediate. The implication from (3) to (2) is
also clear by definition.

For showing that (2) implies (3), we consider first an arbitrary F € I1((¥)), where
(F) is the linear space generated by #. Then there exist F',...,F' € TI(¥) on the
same vertex set as F, say [k], and Aj,...,4; € R such that for any non-random

Z;:l /'\jt(Ff, G). We return to the case when G, is random. The weak convergence
of t(F, G,) is equivalent to the convergence of each of its moments, its tth moment
can be written by the linearity of the expectation as a linear combination of a finite
number of mixed moments of the densities corresponding to F,...,F' € TI(¥). For
an arbitrary vector of non-negative integers a = (a3, ..., a;), let F* be the element of
I1(F) that is the disjoint union a; copies of F!, a, copies of F?, and so on. It holds that
t(F',Gy)™ ... t(F',G,)™ = t(F*,G,), and in particular the two random variables on the
two sides are equal in expectation. Condition (2) implies that E[t(F¥, G,)] converges
for each a, therefore the mixed moments of the t(F/, G,) densities and the moments
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2 Limits of hypergraphs and CSPs via exchangeability

of t(F,G,) also do. This implies that #(F,G,) also converges in distribution for any
F € TI({(F)). Now let F’ € TI(C) and ¢ > 0 be arbitrary, and F € II({F)) on the same
vertex set [k] as F’ be such that its entries are at most e-far in L* from the corresponding
entries of F’. Then

t(F’, G) - t(F, G)|
‘ 1

e ]‘[ F(i1, ..., i) (G(@(), - .., ¢(ir))

¢: [K]=V(G) i1, ip=1

k
~ T Pl i) G@G0), .. pG0)
i1 =1

k

1
T VG)E X )

¢: [kI-V(G) iy,e.. ir=1

[T FGu- )G, - 0G)

(j]r~~v/j7)<(i]r~-v/ir)

H F'(ji,.- -, j)GPGL), - -, 0G))

1o jr)> (1 ,eeniy)
FGir, - i)(G(p(), - -, D)) = F' (i, -, i) (G (), - -, D(ir))]

< Kemax{(|F|le + €)1, 1)

for any G € II(KX) (random or non-random), which implies (3), as ¢ > 0 was chosen
arbitrarily.

We turn to show the equivalence of (3) and (4). Let ITi(K) C I'I(X) the set of elements
of II(K) with vertex cardinality k. The sequence (G(k, G,));?, converges in distribution
exactly when for each continuous function f € C(IL(K)) on IL(K) the expectation
E[f(G(k, G,))] converges as n — oo. For each F € II(C) and & > 1, the function £{ j(F, G)

is continuous on ITVE(K) and tii(F, G) = tini(F, G(V(F)|, G)), so (3) follows from (4).

For showing the other direction, that (3) implies (4), let us fix k > 1. We claim that
the linear function space M = (#(F,.)IF € II(C)) ¢ C(IL(K)) is an algebra containing
the constant function, and that it separates any two elements of ITx(K). It follows
that (t(E, .)|F € II(C)) is L*-dense in C(Ix(K)) by the Stone-Weierstrass theorem, which
implies by our assumptions that E[ f(G(k, G,))] converges for any f € C(ITx(K)), since
we know that E[ti,(F, G(k, G,))] = E[tinj(F, G,)] whenever [V(F)| < k. We will see in
a moment that ti,j(F,.) € M, convergence of [E[ti;(F, G,)] follows from (2.5) and the
requirement that |V(G,)| tends to infinity in probability.

Now we turn to show that our claim is indeed true. For two graphs F;,F, € I1(C)
we have t(Fy, G)t(F,, G) = t(F1F,, G) for any G € IT(K), where the product F;F, denotes
the disjoint union of the two C-colored graphs. Also, t(F,G) = 1 for the graph F on
one node with a loop colored with the constant 1 function. Furthermore we have that
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2.2 Limits of K-colored r-uniform directed hypergraphs

hom(F, G) = KVOI(F, G) € M for |V(G)| = k, so therefore

n£EG) = Y. (DO ]SI- 1) hom(F/P,G) €M,

P partition of V(F) SeP

where inj(F, G) = tini(F, G)k(k — 1) ... (k — |[V(F)| + 1) and F/P € IT*(C) whose edges are
colored by the product of the colors of F on the edges between the respective classes
of P. This equality is the consequence of the Mobius inversion formula, and that
inj(F, G) = YLp partition of v(py hom(F/P, G). For G and F defined on the node set [k] recall

that
k

inj(F, G) = Z H F(G, ..., i) (G(pG), ..., ¢3)))). (2.6)
$ES. i1 erir=1

Now fix Gy, G, € II(K) and let F € TIx(C) such that {F(iy,...,i,)(Gi(L1,...,1,))} are
algebraically independent elements of R (such an F exists, we require a finite number
of algebraically independent reals, and can construct each entry of F by polynomial
interpolation). If G; and G, are not isomorphic, than for any possible node-relabeling
for G, there is at least one term in the difference inj(F, G;) — inj(F, G;) written out in the
form of (2.6) that does not get canceled out, so therefore inj(F, G;) # inj(F, G).

We examine the remaining statements of the theorem. Clearly, I' ¢ I1(K)*, because
|IV(G,)] = oo in probability. The results for the case where the map in (1) and the
densities in (2) and (3) are replaced by the injective version are yielded by (2.5), the
proof of the non-random case carries through in a completely identical fashion.

O

We are now ready to formulate the definition of convergence in I1(K).

Definition 2.2.3. If (G,),” , is a sequence in T1(K) with |V(G,)| — oo and any of the conditions
above of Theorem 2.2.2 hold, then we say that (G,)," , converges.

We would like to add that, in the light of Theorem 2.2.2, the convergence notion is
independent from the choice of the family .

The next lemma gives information about the limit behavior of the sequences where
the vertex set cardinality is constant.

Lemma 2.2.4. Let (G,);", be a random sequence in I1(K), and additionally be such that
for every F € T1(¥) the sequences (tinj(F, Gy,)),, converge in distribution. Then there exists a
random H € I1(K), such that for every F € II(F) we have t(F, G,) — t(F, H) and tij(F, G,) —
tini(F, H) in distribution.

Proof. We only sketch the proof. The distributional convergence of (G,);, follows
the same way as in the proof of Theorem 2.2.2, the part about condition (2) implying
(3) together with the part stating that (3) implies (4). The existence of a random H
satisfying the statement of the lemma is obtained by invoking the Riesz representation
theorem for positive functionals. |
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2 Limits of hypergraphs and CSPs via exchangeability

2.2.2 Exchangeable arrays

The correspondence analogous to the approach of Diaconis and Janson in [43] will be

established next between the elements of the limit space I1(X)* that is compact, and
the extreme points of the space of random exchangeable infinite r-arrays with entries
in K. These are arrays, whose distribution is invariant under finite permutations of
the underlying index set.

Definition 2.2.5 (Exchangeable r-array). Let (H(ey, ..., €r))i<e,,..e,<c0 be an infinite r-array
of random entries from a Polish space K. We call the random array separately exchangeable if

(H(€1, ey e?’))lSel ,,,,, e,<00

has the same probability distribution as

(H(pl(el)/ SRR pr(er)))1Se1,...,e,<oo

for any p1,...,p, € S\ collection of finite permutations, and jointly exchangeable (or simply
exchangeable), if the former holds only for all p; = --- = p, € Sn.

It is clear that if we consider a measurable function f: [0,1]*{ — %, and inde-
pendent random variables uniformly distributed on [0, 1] that are associated with each
of the subsets of N of cardinality at most r, then by plugging in these random variables
into f for every e € IN" in the right way suggested by a fixed natural bijection ,: e — [r],
the result will be an exchangeable random r-array. The shorthand Samp(f) denotes
this law of the infinite directed r-hypergraph model generated by f.

The next theorem, states that all exchangeable arrays with values in K arise from
some f in the former way.

Theorem 2.2.6. [78] Let K be a Polish space. Every K-valued exchangeable r-array (H(e))een
has law equal to Samp(f) for some measurable f: [0,1]%UD — K, that is, there exists a
function f, so that if (Us)sey,(n 5 are independent uniform [0, 1] random variables, then

H(E) = f(U(o, U{el}, U{€2}, ey l,[g\{er}, LIE) (27)

forevery e = (ey,...,e,) € N', where H(e) are the entries of the infinite r-array.

If H in the above theorem is invariant under permuting its coordinates, then the
corresponding function f is invariant under the coordinate permutations that are
induced by the set permuting S,-actions.

Theorem 2.2.6 was first proved by de Finetti [41] (in the case K = {0,1}) and by
Hewitt and Savage [72] (in the case of general K) for r = 1, independently by Aldous
[2] and Hoover [74] for r = 2, and by Kallenberg [78] for arbitrary r > 3. For equivalent
formulations, proofs and further connections to related areas see the recent survey of
Austin [23].

In general, there are no symmetry assumptions on f, in the directed case H(e) might
differ from H(e’), even if e and ¢’ share a common base set. In this case these two
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2.2 Limits of K-colored r-uniform directed hypergraphs

entries do not have the property of conditional independence over a g-algebra given
by some lower dimensional structures, that means for instance the independence over
{U, | @ € e} for an exchangeable r-array with law Samp(f) given by a function f as
above.

With the aid of Theorem 2.2.6 we will provide a form of representation of the limit

space I'I(K)* through the points of the space of random infinite exchangeable r-arrays.
The correspondence will be established through a sequence of theorems analogous to
the ones stated and proved in [43, Section 2 to 5], combined with the compactification
argument regarding the limit space from [93], see also [89, Chapter 17.1] for a more
accurate picture. The proofs in our case are mostly ported in a straightforward way, if
not noted otherwise we direct the reader for the details to [43].

Let Lo, = Lo(K) denote the set of all node labeled countably infinite K-colored
r-uniform directed hypergraphs. Set the common vertex set of the elements of L
to IN, and define the set of [n]-labeled K-colored r-uniform directed hypergraphs as
L, = L,(K). Every G € L, can be viewed as an element of £, simply by adding
isolated vertices to G carrying the labels IN \ [#] in the uncolored case, and the arbitrary
but fixed color c € K to edges incident to these vertices in the colored case, therefore
we think about £, as a subset of L, (and also of L, for every m > n). Conversely, if
G is a (random) element of L, then by restricting G to the vertices labeled by [n], we
get Gl € L. If Gis alabeled or unlabeled K-colored r-uniform directed hypergraph
(random or not) with vertex set of cardinality 7, then let G stand for the random
element of £, (and also L) which we obtain by first throwing away the labels of
G (if there where any), and then apply a random labeling chosen uniformly from all
possible ones with the label set [#].

A random element of L, is exchangeable analogously to Definition 2.2.5 if its distri-
bution is invariant under any permutation of the vertex set IN that only moves finitely
many vertices, for example infinite hypergraphs whose edge-colors are independently
identically distributed are exchangeable. An element of L., can also be regarded as
an infinite r-array whose diagonal elements are colored with a special element ¢ that
is not contained in %, therefore the corresponding r-arrays will be K U {t}-colored.

The next theorem relates the elements of I1(X)* to exchangeable random elements

of L.

Theorem 2.2.7. Let (G,);", be a random sequence in I1(K) with |V(G,)| tending to infinity
in probability. Then the following are equivalent.

(1) ©°(Gy) — Tin distribution for a random I' € ITI(K)* \ TI(K)*.
(2) G, — H in distribution in L(%), where H is a random element of Lo(%).

If any of these hold true, then EX(F,T') = Et;n(F, Hlyq) for every F € ITi(C), and also, H is
exchangeable.

Proof. If G € TI(K) is deterministic and F € IIx(#) with [V(G)| > k then Eti(F, Gl[k]) =
tinj(F, G), where the expectation E is taken with respect to the random (re-)labeling G
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2 Limits of hypergraphs and CSPs via exchangeability

of G. For completeness we mention that for a labeled, finite G the quantity t(F, G)
is understood as t(F, G’) with G’ being the unlabeled version of G, also, F in t(F, G)
is always regarded a priori as labeled, however the densities of isomorphic labeled
graphs in any graph coincide. If we consider G to be random, then by the fact that
0 < HF,G) < 1 (as ||Fll» < 1) we have that [EEt(F, Glyg) — Etini(F, G)| < P(V(G)| < k) for
Fe Hk(T)

Assume (1) then the above implies, together with IP(|V(G,)| < k) — 0 and (1),
that IEEt;(F, G, lk)) — EHET) (see Theorem 2.2.2). This implies that G g — Hi in
distribution for some random H; € L; with [Et;(F, Hy) = Et(F,I'), see Lemma 2.2.4,
furthermore, with appealing to the consistency of the H; graphs in k, there exists a
random H € L such that H|j = Hy for each k > 1, so (1) yields (2).

Another consequence is that H is exchangeable: the exchangeability property is
equivalent to the vertex permutation invariance of the distributions of H|y for each
k. This is ensured by the fact that H|jy = Hi, and Hy is the weak limit of a vertex
permutation invariant random sequence, for each k.

For the converse direction we perform the above steps in the reversed order using

IEEH(F, G,\|iy) — Et(F, G,,) < P(V(G,)| < k)

again in order to establish the convergence of (Et(F,G,));,. Theorem 2.2.2 certifies
now the existence of the suitable random I € H(?( )P\II(K)*, this shows that (2) implies
(1).

O

We built up the framework in the preceding statements Theorem 2.2.2 and The-
orem 2.2.7 in order to formulate the following theorem, which is the crucial ingredient
to the desired representation of limits.

Theorem 2.2.8. There is a one-to-one correspondence between random elements of I1(K)*+ \
II(K)* and random exchangeable elements of L. Furthermore, there is a one-to-one corres-

pondence between elements of II(K)* \ II(K)* and extreme points of the set of random ex-
changeable elements of L.,. The relation is established via the equalities IEt(F, T') = IEt;ni(F, H|px)
for every F € ITx(C) for every k > 1.

Proof. Let I' a random element of IT(K)* \ II(K)*. Then by definition of I1(K)* there
is a sequence (G,);2, in I(X) with |V(G,)| — oo in probability such that 77(G,) — T
in distribution in I'1(K)*. By virtue of Theorem 2.2.7 there exists a random H € L, so
that G, — H in distribution in L., and H is exchangeable. The distribution of H|j
is determined by the numbers [Et;,;(F, H|), see Theorem 2.2.2, Lemma 2.2.4, and the
arguments therein, and these numbers are provided by the correspondence.

For the converse direction, let H be random exchangeable element of L... Then
let G, = Hl,;, we have G, — H in distribution, and also G, — H in distribution
by the vertex permutation invariance of G, as a node labeled object. Again, we

appeal to Theorem 2.2.7, so t*(G,) — I for a I' random element of IT(K)* \ I1(K)",
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2.2 Limits of K-colored r-uniform directed hypergraphs

which is determined completely by the numbers [Et(F,I') that are provided by the
correspondence, see Theorem 2.2.7.

The second version of the relation between non-random I'”s and extreme points
of exchangeable elements is proven similarly, the connection is given via t(F,T) =
Etinj(F, H|r) between the equivalent objects.

O

The characterization of the aforementioned extreme points in Theorem 2.2.8 was
given [43] in the uncolored graph case, we state it next for our general setting, but
refrain from giving the proof here, as it is completely identical to [43, Theorem 5.5.].

Theorem 2.2.9. [43] The distribution of H that is an exchangeable random element of L., is
exactly in that case an extreme point of the set of exchangeable measures if the random objects
H|y and Hl11,...) are probabilistically independent for any k > 1. In this case the representing
function f from Theorem 2.2.6 does not depend on the variable corresponding to the empty set.

2.2.3 Graphons as limit objects

In this subsection we encounter the first time the notion of a graphon (the term in-
troduced in [30]) in the thesis, that is a centerpiece of the whole work. We start by
describing the basic case of the definition corresponding to simple r-graphs, and then
proceed to the more general setting.

Kernels, graphons and sampling Let the r-kernel space =} denote the space of the
bounded measurable functions of the form W: [0,1]"01~D — R, and the subspace
E! of B! the symmetric r-kernels that are invariant under coordinate permutations 7"
induced by some 1 € §,, that is W(xyqr-1)) = W(Xrp(r1,-1)) for each m € S,. We will
refer to this invariance in the thesis both for r-kernels and for measurable subsets of
[0, 1]°TD as r-symmetry. The kernels W € E! take their values in some interval I, for
I = [0, 1] we call these special symmetric r-kernels r-graphons, and their set Z’. In what
follows, A as a measure always denotes the usual Lebesgue measure in R?, where the
dimension d is everywhere clear from the context.

Analogously to the graph case we define for a positive integer g the space of g-
colored r-graphons by E"1 whose elements are referred to as W = (W®),c[, with each of
the W components being r-graphons. The special color ¢ that stands for the absence
of colors has to be also employed in this setting as rectangles on the diagonal might
correspond to loop edges, see below for the case when we represent a g-colored r-
graph as a graphon. The corresponding r-graphon W' is {0, 1}-valued. Furthermore,
W has to satisfy ¥, W4(x) = 1 — W'(x) everywhere on [0, 1], so if W' = 0,
then Y,y W*(x) = 1. For x € [0,1]°I") the expression W(x) denotes the color at x,
we have W(x) = a whenever Z‘f‘z_ll Wixyq-1) < X < 2oy Wixy(y,-1))- The space
of g-colored r-digraphons denoted by = is defined analogously with elements W =

a€lqg

symmetry assumption here is W91 (x,  1,1,-1y)) = W05 (x40 for 1 € S,.
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2 Limits of hypergraphs and CSPs via exchangeability

For k > 1 and W € E" the random g-colored r-graph G(k, W) is generated as
follows. The vertex set of G(k, W) is [k], first we have to pick uniformly a random point
(Xs)sen(r,—1) € [0, 117D “then conditioned on this choice we conduct independent
trials to determine the color of each edge e € (U:]) with the distribution given by
P.(G(k, W)(e) = a) = W*(Xy(,-1)) corresponding to e. Recall that ¢ is a special color
which we want to avoid in most cases during the sampling process, therefore we will
highlight the conditions that have to be imposed on the above random variables so
that G(k, W) € IT"7. We also call G(k, W) a W-random graph, in the special case when
W is constant this is the Erd6s-Rényi random graph.

For F € IT, the F-density of W is defined as t(F, W) = IP(F = G(k, W)), which can be
written following the above definition of the sampled random graph as

tE, W) = f H WFO (1)) dA (X 1) (2.8)
[0,1]b(kL=1) ve ([k])

If W€ B, and F € IT" is simple, then the above formula reduces to

HE W) = f H W(xp(e,r-1)) H (1 = W(xp(e,r-1)))dA (X1 r-1)) (2.9)
[0,1]b(TkLr=1) ) )

ecE(F e¢E(F

also the non-induced version related to (2.4) is defined as *(F, W) = IP(F c G(k, W)), or
alternatively as

FEW) = f TT Werer1)dAG). 10
[0,1]b(TkL=1)

ecE(F)

We turn to definition of the most general type of limit object we will use in this thesis.
Let K be a compact Polish space, and W: [0, 10D — K be a measurable function,
we will refer to such an object as a (K, r)-digraphon, their set is denoted by Z'(K).
Note that there are no symmetry assumptions in this general case, if additionally W is
r-symmetric, then we speak about (K, r)-graphons, their space is Z'(K). For K = {0,1}
the set P(K) can be identified with the [0, 1] interval encoding the success probabilities
of Bernoulli trials to get the common r-graphon form as a function W: [0,1]* 2 — [0, 1]
employed in [49].

The density of a K-colored graph F € IT(C(K)) in the (K, r)-digraphon W is defined
analogously to (2.3) and (2.8) as

EW = [ T )G 1)
[0,1]b(TkLn) celk]

For k > 1 and an undirected W € E'(K) the random (K, r)-graph G(k, W) is defined
on the vertex set [k] by selecting a uniform random point (Xs)seyiy, € [0, 11" that
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2.2 Limits of K-colored r-uniform directed hypergraphs

enables the assignment of the color W(Xj)) to each edge e € (U;]). For a directed W
the sample point is as above, the color of the directed edge e € [k]" is W(Xj)), but in
this case the ordering of the power set of the base set ¢ of ¢ matters in contrast to the
undirected situation and is given by ¢, as W is not necessarily r-symmetric.

Additionally we define the averaged sampled r-graph for K C R denoted by
H(k, W), it has vertex set [k], and the weight of the edge e € ([';]) is the conditional
expectation E[W(Xy)) | Xpe1)], and therefore the random r-graph is measurable with
respect to Xy, We will use the compact notation X; for Xj; for the elements of the
sample indexed by singleton sets.

We define the random exchangeable r-array Hy in L., as the element that has law
Samp(W) for the (%, r)-digraphon W, as in Theorem 2.2.6. Furthermore, we define

I'yw € INK)* \TI(K)* to be the element associated to Hy through Theorem 2.2.7.

Now we are able to formulate the representation theorem for K-colored r-uniform
directed hypergraph limits using the representation of exchangeable arrays, see (The-
orem 2.2.6). It is an immediate consequence of Theorem 2.2.7 and Theorem 2.2.8
above.

Theorem 2.2.10. Let (G,);", be a sequence in I1(K) with |V(G,)| — oo such that for every
F € TI(F) the sequence t(F,G,) converges. Then there exists a function W: [0,1]°") — %
(that is W € E'(K)) such that t(F, G,) — t(E,T'w) for every F € II(¥). In the directed case
when the sequence is in TI(K), then the corresponding limit object W is in Z7(K).

We mention that t(F,I'w) = t(F, W) for every F € II(C(K)) and W € E'(K). Al-
ternatively we can also use the form W: [0, 1]°I1=D — P(K) for (K, r)-graphons and
digraphons in Z"(K) whose values are probability measures, this representation was
applied in [93].

Directed graphs and graphons In previous works, for example in [43], the limit
object of a sequence of simple directed graphs without loops was represented by a
4-tuple of 2-graphons (W9, WO, WOD WD) that satisfies }; ; WO)(x,y) = 1 and
WO (x, y) = WOD(y, x) for each (x, y) € [0,1]*. A generalization of this representation
can be given in our case of the I'1(K) limits the following way. We only present here the
case when K is a continuous space, the easier finite case can be dealt with analogously.

We have to fix a Borel probability measure y on K, we set this to be the uniform
distribution if K ¢ R isa domain or K is finite. The limit space consists of collections of
(R, r)-kernels W = (W*"),.cqs, where U is the set of all functions u: S, — K. Additionally,
W has to satisfy [ W*(x)du® () = 1 and 0 < W¥®(x) = W (xp(n,-1)) for each
€ S, and x € [0,1]"I"1=D. As before, the action * of 7 on [0, 1]°I""D is the induced
coordinate permutation by 7, with the unit cubes coordinates indexed by non-trivial
subsets of [r]. Without going into further details we state the connection between the
limit form spelled out above and that in Theorem 2.2.10. It holds

f W (g1, r—1)) A= (1) = PLOW (X o ir1,-1)) Y)mes,) € Ul
u
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2 Limits of hypergraphs and CSPs via exchangeability

for every measurable U C U and x € [0,1]"U17D, where Y is uniform on [0, 1], and
the W on the right-hand side is a (K, r)-digraphon, whereas on the left we have the
corresponding representation as a (possibly infinite) collection of (IR, r)-kernels.

Naive graphons, graphs as graphons In several applications, among them some
that are presented in the current thesis, it is more convenient to use a naive form for
the limit representation, from which the limit element in question is not decisively
retrievable. The naive limit space consists of naive (X, r)-graphons W: [0,1]" — P(K),
where now the arguments of W are indexed with elements of [r]. From a proper
r-graphon W: [0,1]"UD — % we get its naive counterpart by averaging, that is the K-
valued random variable IE[W (xy,1,1), Upr—10\0r1,1), Y)Y ] has distribution W(xl, ce, X)),
where (Us)sep(r),—1)\p(r,1) and Y are i.i.d. uniform on [0, 1].

On a further note we introduce averaged naive (K, r)-graphons for the case, when
K C R, these are of the form W: [0,1]" — R and are given by complete averaging,
that is ]E[W(xl, R Ub([r])\b([,],l), Y)] = W(Xl, ceey xr), where (US)Seb([r])\b([r],l) are i.i.d.
uniform on [0,1]. A naive r-kernel is a real-valued, bounded function on [0,1]", or
equivalently on [0, 117D,

We can associate to each G € IT,(K) an element W; € E(K U {1}) by subdividing
the unit -cube [0, 1]V into n” small cubes the natural way and defining the function
W’: [0, 120D — ¢ that takes the value G(iy, . . ., i,) on [“T_l, %] XX [%, %’] for distinct
i1,...,1,, and the value ¢ on the remaining diagonal cubes, note that these functions are
naive (K, r)-graphons. Then we set Wq(xy1,-1) = W (Pyqr1,1) (Xo(r1,7-1))), Where pyr,1) 1S
the projection to the suitable coordinates. The special color ¢ here stands for the absence
of colors has to be employed in this setting as rectangles on the diagonal correspond
to loop edges. The corresponding r-graphon W' is {0, 1}-valued. The sampled random
r-graphs G(k, W¢) and H(k, W) from the naive r-graphons are defined analogously to
the general case. If K C IR, then note that H(k, W¢) = G(k, W¢) for every G, because
the colors of G are all point measures.

Note that t(F, G) = t(F, W), and

)
n-()
for each F € IT7, hence the representation as naive graphons is compatible in the sense

that lim,, e tinj(F, G,) = lim,, .o t(F, Wg,) for any sequence (G,), with [V(G,)| tending
to infinity. This implies that dy, (G(k, G,,), G(k, W¢,)) — 0 as n tends to infinity.

|tinj(F, G) = t(F, Wo)| < (2.12)

We remark that naive and averaged naive versions in the directed case are defined
analogously.
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2.3 Representation of *CSP formulas as hypergraphs,
and their convergence

In this section we elaborate on how homomorphism and sampling is meant in the CSP
context. Recall Definition 2.1.1 for the way how we perceive rCSP formulas.

Let F be an ¥CSP formula on the variable set {xy, ..., x,} over an arbitrary domain K,
and let F[x;, ..., x; ] be the induced subformula of F on the variable set {x; , ..., x; }. Let
G(k, F) denote the random induced subformula on k uniformly chosen variables from
the elements of V(F).

It is clear using the terminology of Definition 2.2.5 that the relation w = (f;x.) €
Flxi,,...,x;] is equivalent to the relation

qb(a)) = (f¢, X¢(3)) S F[xil, ee ,Xik] (213)

for permutations ¢ € S,, where f,(I1,...,1;) = f(lpq), - - -, lor) and @(e) = (ex), - - -, €hr)-
This emergence of symmetry will inherently be reflected in the limit space, we will
demonstrate this shortly.

Special limits Let K = [g]. As we mentioned above, in general it is likely not to
be fruitful to consider formula sequences as sequences of C(K,r)-colored r-graphs
obeying certain symmetries due to constraint splitting. However, in the special case
when each r-set of variables carries exactly one constraint we can derive a meaningful
representation, MAX-CUT is an example. A direct consequence of Theorem 2.2.10 is
the following.

permutation invariant. Let (F,), be a sequence of rCSP formulas with |V(F,)| tending
to infinity, and each r-set of variables in each of the formulas carries exactly one constraint
of type K. If for every formula H obeying the same conditions the sequences (t(H,F,))™
converge as (K, r)-graphs, then there exists a (K, r)-digraphon W: [0, 1]V — K such that
t(H,F,) — t(H, W) as n tends to infinity for every H as above.

Additionally, W satisfies for each x € [0, 11UV and 7 € S, that W(xnwy) = F(W (xo1)),
where ft is the action of T on constraint types in C(K,r) that permutes the rows and columns
of the evaluation table according to 7, that is (ft(f))(hh, ..., ;) = f(lzq), - - -, In)-

Corollary 2.3.1. Let v > 1, and K be a finite set, further, let K C C(K,r), so that K is

General limits via evaluation In the general case of *CSP formulas we regard them
as their evaluation representation eval.

For K| = g we identify the set of *CSP formulas with the set of arrays whose entries
are the sums of the evaluation tables of the constraints on r-tuples, that is F with
V(F) = [n] corresponds to a map eval(F): [n] X --- x [n] — {0,1,...,d}11") that obeys
the symmetry condition given after (2.2). This will be the way throughout the thesis
we look at these objects from here on. It seems that storing the whole structure of
an rCSP formula does not provide any further insight, in fact splitting up constraints
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2 Limits of hypergraphs and CSPs via exchangeability

would produce non-identical formulas in a complete structure representation, which
does not seem sensible.

We denote the set {0, 1, ...,d}17) by L for simplicity, which one could also interpret as
the set of multisets whose base set is [7]” and whose elements have multiplicity at most
d. This perspective allows us to treat rCSPs as directed r-uniform hypergraphs whose
edges are colored by the aforementioned elements of L, and leads to a representation of
rCSP limits that is derived from the general representation of the limit set of IT(L). We
will show in a moment that the definition of convergence in the previous subsection
given by densities of functional-colored graphs is basically identical to the convergence
via densities of sub-multi-hypergraphs in the current case.

The definition of convergence for a general sequence of *CSP formulas, or equival-
ently of elements of I'I(L), was given in Definition 2.2.3. We describe here the special
case for parallel multicolored graphs, see also [93].

Consider the evaluation representation of the *CSP formulas now as r-graphs whose
oriented edges are parallel multicolored by [¢]". The map 1: eval(H) — eval(F) is a
homomorphism between two rCSP formulas H and F if it maps edges to edges of the
same color from the color set [g]" and is consistent when restricted to be a mapping
between vertex sets, Y’": V(H) — V/(F), for simple graphs instead of CSP formulas this
is the multigraph homomorphism notion.

Let H be an rCSP formula, and let H be the corresponding element in C(L) on the
same vertex set such that if the color on the fixed edge e of H is the g-sized r-array
(H*(e)):eqr with the entries being non-negative integers, then the color of H at e is

T ™. More precisely, for an element A € L the value is given by
z€[q]”

[HEIA) = [ A",

z€[q]"

The linear space generated by the set

i:{folesdzl ,,,,, erd}

ze[q]

forms an L*-dense subset in C(L), therefore Theorem 2.2.2 applies, and for a sequence
(Gn);, requiring the convergence of t(F, eval(G,)) for all F = H with H € TI(L) provides
one of the equivalent formulations of the convergence of rCSP formulas in the subfor-
mula density sense with respect to the evaluations.

The limit object will be given by Theorem 2.2.10 as the space of measurable functions
W: [0,1]°0D — [, where, as in the general case, the coordinates of the domain of W are
indexed by the non-empty subsets of [r]. In our case, not every possible W having this
form will serve as a limit of some sequence, the above mentioned symmetry in (2.13)
of the finite objects is inherited in the limit.

We state now the general evaluation *CSP version of Theorem 2.2.10.
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Corollary 2.3.2. Let (F,);", be a sequence of rCSP formulas that evaluate to at most d on
all r-tuples with |V(F,)| — oo such that for every finite rCSP formula H obeying the same
upper bound condition the sequence (H(H, eval(F,)));, converges. Then there exists an (L, 7)-
graphon W: [0, 1]0") — L such that t(H, eval(F,)) — t(H, W) for every H. Additionally, W
satisfies for each x € [0,11"UV and 1t € S, that W(xpqry)) = F(W(xy(r)), where 7 is as in
Corollary 2.3.1 when elements of L are considered as maps from [q]” to non-negative integers.

We should keep the notion of the naive and the averaged naive form of the repres-
entation of the limit object in mind, as discussed above towards the end of Section 2.2.
They will be utilized in further chapters.

Exchangeable partition-indexed processes We conclude the section with a re-
mark that is motivated by the array representation of ¥*CSPs. The next form presented
seems to be the least redundant in some aspect, since no additional symmetry condi-
tions have to be fulfilled by the limit objects.

The most natural exchangeable infinite random object fitting the one-to-one corres-
pondence of Theorem 2.2.7 with rCSP limits is the following process, that preserves
every piece of information contained in the evaluation representation.

Definition 2.3.3. Let N; ={P = (Py,...,P;) | thesets P; C IN are pairwise disjoint and

T IPil = r} be the set of directed q-partitions of r-subsets of IN. We call the random process
(Xp)peny that takes values in some compact Polish space K a partition indexed process. The
process (Xp)peny has the exchangeability property if its distribution is invariant under the

action induced by finite permutations of N, i.e., (Xp)pen: = (Xpp))peny for any p € Sym(IN).

Unfortunately, the existence of a representation theorem for partition-indexed ex-
changeable processes analogous to Theorem 2.2.6 that offers additional insight over
the directed colored r-array version is not established, and there is little hope in this
direction. The reason for this is again the fact that there is no standard way of separat-
ing the generating process of the elements Xp and Xy non-trivially in the case when #
and #’ have the same underlying base set of cardinality r but are different as partitions
into two non-trivial random stages with the first being identical for the two variables
and the second stage being conditionally independent over the outcome of the first
stage.
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CHAPTER 3

Graph parameter testability, norms,
distances

3.1 Introduction

This chapter contains the formal definition of testability via random uniform sampling
for dense combinatorial structures for both parameters and properties that is one of
the main subjects of the thesis. We gave a taste of known results in the introductory
Chapter 1, in the current chapter we aim to demonstrate how graph limit theory,
that we already encountered in Chapter 2, can be employed to reprove some of those
results, and to give new characterizations in analytical terms.

In order to do this we require an understanding of distances that are relevant for
this undertaking, which connects us to regular partitions of graphs.

We will further review the concept of this regularity notion together with the norms
and distances that arise in this context, some technical results obtained here will be
utilized in the subsequent Chapter 6. Our new versions of the regularity lemma,
both for graphs and uniform hypergraphs of higher rank might be relevant on their
own right. Here we highlight how they fit into the hierarchy of previous versions of
regularity lemmas in terms of the conditions imposed on suitable partitions on the
local and the global scale.

With the required tools at hand, we turn to the aforementioned part that shows the
relevance of limit theory techniques in testing and estimation. This part is followed by
a discussion on efficient testability that connects us directly to the topic of Chapter 4,
where we study extensively the efficiently testable graph and graphon parameters
given by the ground state energies.

We conclude the chapter with the discussion of the aspect of the limit concept with
regard to statistical physics, especially spin models. This connection had been estab-
lished in [32], here we recall their results, briefly investigate the situation regarding
uniform hypergraphs of higher order, and describe a set of relevant models.
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3 Graph parameter testability, norms, distances

3.2 Random sampling and testing

Recall the term G(k, G) for a uniformly sampled subgraph defined in Chapter 2. Ori-
ginally, in [30], the testability of (K, r)-graph parameters (which are real functions
invariant under r-graph-isomorphisms) was defined as follows.

Definition 3.2.1. A (K, r)-graph parameter f is testable, if for every ¢ > 0 there exists a
k(e) € IN such that for every k > k(e) and simple (K, r)-graph G on at least k vertices

P(f(G) = f(G(k, G)) > €) < e.

The minimal function k that satisfies this condition is the sample complexity of f and is denoted
by .

A (K, r)-graphon parameter f is a measurable functional on the space of r-graphons
that is invariant under graphon equivalence (meaning that the moments ¢t(F, W;) for W,
and W, all F coincide), for r = 2 this is the action induced by a measure preserving map
¢ from [0, 1] to [0, 1], thatis, f(W) = f(W?), where W?(x, y) = W(¢(x), ¢(y)). For general
1, see the uniqueness statements in Chapter 5 that formulate the r-graphon equivalence
in terms of the existence of certain structure preserving maps on the graphon domain.

A graphon parameter g may give rise to a graph parameter f through f(G) =
g(Wg), the reverse is not possible in general as graph parameters are not required
to be invariant under equitable blow-ups of their vertices. The testability in the
graphon case is defined analogously to Definition 3.2.1, with the difference that we
have to additionally require the existence of a graph parameter f in order to be able
approximate f(W) by the quantity f (G(k, W)).

A closely related notion to parameter testing is property testing. A simple graph
property P is characterized by the subset of the set of simple graphs containing the
graphs which have the property, in what follows # will be identified with this subset.
Informally, # can be described as testable if we can distinguish between the cases
that an instance has #, and that it requires many edge modifications to reach a graph
that has the property through the means of uniform vertex sampling with a certain
confidence.

We have seen the most general form of the definition of testability for graph proper-
ties in Section 1.2.1. Here, we restrict ourselves to the canonical version, and employ
it throughout the thesis. In this setting we reduce the scope of a possible tester by
requiring it to completely inspect a sampled induced graph, and to reach its decision
deterministically. This framework couples sample complexity (vertex cardinality of
the sample) and query complexity (number of accesses to the adjacency matrix), thus
it eliminates the need of algorithmic design on the sampled graph if we only aim for
the sample complexity up to a polynomial factor.

The number of queries satisfying the formulation below can always be chosen to be
at most quadratic in the more general non-canonical one, but as shown in [64] there
exist properties, where this quadratic increase is truly a consequence of the restrictive
definition, a tester feasible for the general definition can give a correct output with
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3.2 Random sampling and testing

the same quality by only inspecting partially the representation of the sampled graph.
Such a tester makes its edge queries in general sequentially and utilizes the information
it has gained for the further choice of queries, and is called adaptive.

Definition 3.2.2. P is testable, if there exists another graph property P’, such that
(a) P(G(k,G) € P') > 2 for every k > 1 and G € P, and

(b) for every € > O there is a k(¢) such that for every k > k(¢) and G with d,(G,P) > € we
have that P(G(k, G) € P') < 1,

where d; is the normalized edit distance between graphs. The minimal function k(.) that satisfies
this condition is the sample complexity of P and is denoted by qp. The definition of testable
(K, r)-graph properties is analogous.

As for parameters, also here the testability notion can be extended to graphon
properties in a straightforward way.

Note that 1 and 2 in the definition can be replaced by arbitrary constants 0 < a <
b < 1, this change may alter the corresponding certificate " and the function k, but
not the characteristic of testability. It was mentioned in [89] that once the testability of
P is established, the test property can be always chosen to be

P = {G | IV(G)| =1, or 65(G, P) < N } 3.1)

ylog|V(G)|

where 0y is the cut distance between graphs, see Definition 3.3.6 below.

One link, first established by Fischer and Newman [56], subsequently reproved
with the graph limit machinery by Lovédsz and Szegedy [94], between the notions of
qualitative (property) and quantitative (parameter) testing is presented below. These
concepts may be extended to the infinitary space of graphons, where a similar notion
of sampling is available.

Lemma 3.2.3. [56][94] P is a testable graph property if and only if d,(., P) is a testable graph
parameter.

Some properties can be described by imposing a condition on one or several para-
meters of the graph. We remark that in these cases in general we cannot point out in
advance that one type of testability is harder than the other in the sense of the required
sample size.

Remark 3.2.4. Consider the property of having a large clique of size at least an in an
n-vertex graph for a fixed @ > 0. This property falls into the category of partition
problems: we are looking for a bipartition (V4,V;) of the vertex set with sizes 611
and 6,1, and density matrix (u;j)1<i <2, and the conditions of our property are 6; > «
together with uy; = 1. Therefore by [66] this property is testable, even with polynomial
sample size. On the other hand, the parameter of the maximal clique number density
is not testable. Suppose we are given a complete graph on 2n vertices minus a perfect
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3 Graph parameter testability, norms, distances

matching, the clique number in this case is 1, so the density is 1/2. Whenever we
sample a small subgraph of size independent of 1, we will see with high probability a
complete graph, as no pairs will be selected, hence we have a maximal clique density
of 1.

For other instances, property testing can be the harder task. For example, it is known
that triangle-freeness is testable, albeit with a sample size that is at least exponential.
In contrast, we will see below that the triangle density only requires a sample of size
O(log(1/¢€)(1/¢€)?) for an e-test.

We conclude our remarks on this issue that testing both the property that the density
of the densest |V(G)|/2-sized subgraph is at least @, and testing the corresponding
parameter are equally hard to test.

We presented an overview of the current state of the art in the area of testing in
the dense model in Chapter 1, here we will focus on their study via limit theory. One
important ingredient of that approach is the 65-distance between graphs and graphons
introduced in [30] that is related to regular partitions of graphs.

3.3 Regularity lemmas and related notions

We are going to present next the famous Regularity Lemma (RL in short) by Szemerédi
[115], that has become the single most important tool in several branches of combin-
atorics where one studies large, dense structures. Informally the lemma states, that
any simple graph can be vertex partitioned into a bounded number of parts such that
most pairs of classes form random-like bipartite graphs, meaning that they resemble
random graphs generated by independent trails for the adjacency choices with some
common success probability.

Definition 3.3.1. Let G be a simple graph with subsets A and B of its vertex set, we call the
pair (A, B) e-regular, if they are disjoint and for any A’ C A and B’ C B with |A’| > ¢|A| and
|B’| > ¢|B| it holds that

eG(A/B) _ eG(AlIB,) <e¢
|Al|B] |A||B"| |

(3.2)

where ec(A, B) denotes the number of edges running between A and B in G.

Lemma 3.3.2 (Szemerédi’s Regularity Lemma). [115] For any € > O there exists a positive
integer M(e) > 1 such that the following holds. For any graph G with |V(G)| > M(e) there
exists a partition of V(G) into m < M(e) parts (V1,...,V,,) such that

(i) for any i, j € [m] we have ||Vi| — |Vl < 1, and
(ii) at least (1 — €)m? of the pairs (i, j) € [m)? satisfy that (V;, V;) is e-regular.

Such a partition is called a e-reqular partition.
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3.3 Regularity lemmas and related notions

The main significance of the is lemma that it provides a uniform approximation of
any graph by weighted template graphs obtained by putting the original edge densities
onto the edges of the complete graph whose vertices are associated to the partition
classes (also called reduced graphs), therefore their order is upper bounded by M(¢)
that only depends on the quality ¢ of the approximation. Unfortunately, the original
proof ensures only that M(¢) is at most an exponential tower of twos of height O(¢™),
the bound is essentially tight by Gowers [67], who showed that there exist graphs that
do not admit e-regular partitions with the number of parts being at most a tower of
height Q(e71/16). This feature of the lemma prevents it from practical applications,
however it serves as a central tool in extremal graph theory and other related areas,
and further, several versions of varying strength required for specific problems were
developed, see Koml6s, Shokoufandeh, Simonovits, and Szemerédi [85]. Another
important aspect is that although the statement of the lemma is true for sub-dense
graphs (that have a sub-quadratic number of edges in the size of the vertex set), an
appropriate partition can always be chosen to be the trivial one. However, there exist
also sparse versions of the lemma, see Gerke and Steger [60] for a survey.

Lemma 3.3.2 was first used to obtain a proof for Roth’s Theorem, that is now known
as the first non-trivial case (k = 3) of Szemerédi’s Theorem, stating that for any k > 1,
every subset A of the positive integers of positive upper density contains infinitely
many k-term arithmetic progressions. In the course of that work, the Triangle Removal
Lemma was established, which informally states that if a graph G contains o(|V(G)|*)
triangles, then it can be made triangle-free by removing o(|V(G)[?) of its edges. This is
a not very complicated consequence of the Regularity Lemma: If after cleaning up the
graph by removing edges with both endpoints inside the same class, between irregular
pairs of classes, and between pairs that have low edge density we still see a triangle,
then there must be many by the regularity of the non-empty pairs of the partition
classes. The result is one of the starting points of the area of Graph Property Testing,
also it has several generalizations that all fall under the name Removal Lemma, some
of them corresponding to other versions of the Regularity Lemma, see Conlon and Fox
[39] for a recent survey.

It is worth mentioning that the notion of an e-regular pair in the definition of a
e-regular partition can be replaced by the term 6-locally regular pair with 6 = poly(e).
A disjoint pair A, B C V(G) is d-locally regular if le}.(A, B) — cg(A, B)| < 6lA|*|BI*, where
cc(A, B) is the number of labeled 4-cycles in the bipartite graph spanned by the edges
of G running between A and B. This condition can be checked more easily than the
original, and is relevant for algorithmic versions of the lemma, see Fischer, Matsliah,
and Shapira [57].

Further direct consequences of almost every version of the RL are the accompanying
Counting Lemmas. These state that some statistic (for example, a specific subgraph
density) of the original graph can be well-estimated by only looking at the reduced
graph. We will use this term also more general as a continuity assertion, when there is
a distance measure between weighted graphs that encodes the regularity characteristic
in some sense, see Lemma 3.3.7 as an example below.

We continue with a well-known computationally more efficient version of the RL by
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Frieze and Kannan [59], also called the Weak Regularity Lemma (WRL). Conceptually
it is very similar to the original one, it ensures the existence of a weakly regular
partition with significantly less classes, the trade-off being that the weaker regularity
here captures local modifications of the graph insufficiently for some applications such
as Removal Lemmas.

Definition 3.3.3. Let ¢ > 0, G be a simple graph and P = (P1,..., P;) be a partition of its
vertex set. We call the partition weakly e-regular if for any S, T C V(G) we have

1

W@ < e. (3.3)

t
ec(Pi, Pj)
e(S,T) - ; “Eip] 1S NPAT NP

Lemma 3.3.4 (Weak Regularity Lemma). [59] For any € > 0 there exists a positive integer

L < M) < 2 such that the following holds. For any graph G there exists an weakly-¢

reqular partition of V(G) into at most M(e) parts.

The extension of the lemma requiring the partition to have classes of almost equal
size or to refine a given partition is not overly involved, and it only increases the granted
upper bound M(¢) by a constant factor in the exponent. Similar to the situation for the
original lemma it has been established by Conlon and Fox [38] that the upper bound
on M(¢) in the statement is essentially the best possible.

A different formulation of the Regularity Lemma that contains a wide range of other
versions as special cases including the two discussed above is the general regularity
lemma in Hilbert spaces, see Lovédsz and Szegedy [92]. The aforementioned version
unifies the previous approaches in some sense.

Lemma 3.3.5. [92] Let K1, Ky, ... be arbitrary subsets of a Hilbert space H. Then for every
¢ > 0and f € H thereis an m < % and there are f; € K and y; € R (1 < I < m) such that for
every g € K1 we have

g, £ = Y yifdl < elfllgl. (3.4)
I=1

As remarked in [92], one interpretation of the above lemma is related to orthogonal
decomposition in a Hilbert space: if the K; are orthogonal subspaces, then for each
n one can find for each f € H a f € @, %; such that f — f is orthogonal to each of
Kn+1, Kins2, - ... The above Lemma 3.3.5 says that if we relax the condition on the K;’s
to be subspaces there still is an m such that the error of f — f is almost orthogonal to
¥Kns1, for a linear combination f in the form as above.

3.3.1 Regularity for graphs

We proceed by enumerating the norms and distances that are relevant for the current
work and are related to the graph limit theory and property testing. Later we also
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3.3 Regularity lemmas and related notions

present the various analogous notions for r-uniform hypergraphs for arbitrary r. We
call the partition of [0,1] into n consecutive intervals of equal measure the canon-
ical n-partition. If the canonical n-partition refines a partition, then we speak of an
I ,-partition, and an 7 ,-set is the union of some classes of the canonical n-partition. Fur-
ther, a measure-preserving map from [0, 1] to [0, 1] is referred to as an 7 ,-permutation
if it corresponds to a permutation of the classes of the canonical n-partition. Functions
on [0,1] and [0, 1]* are called 7 ,-functions if they are constant on the classes of the
canonical n-partition and products of those, respectively.

Definition 3.3.6. The cut norm of a real n X n matrix A is
Al = > max JAGS,T)
S m2stcm

where A(S/ T) = ZseS,teT A(Sl t)
The cut distance of two labeled simple graphs F and G on the same vertex set [n] is

du(F, G) = [|1Ar — Aglla,

where Ar and Ac stand for the respective adjacency matrices. The cut norm of a 2-kernel W is

W]l = max
S,Tc[0,1]

W(x, y)dxdy

SXT

, (3.5)

where maximum is taken over all pairs of measurable sets S and T. We speak of the n-cut norm
of 2-kernels when the maximum in (3.5) is only taken over pairs of I ,-sets, it is denoted by
WIS, The cut norm of a k x k-tuple of 2-dikernels W = (W(‘)"ﬁ))’;’ﬁ:1 is

k
Wila = ) IIWEP]l5.
a,p=1
The cut distance of two 2-graphons W and U is

oa(W U) = %)HLEIIW‘P — W,

where the infimum runs over all pairs of measure-preserving map from [0,1] to [0, 1], and the
graphon W* is defined as W®(x, y) = W(d(x), d(y)). Similarly, for (k,2)-digraphons W and
U we have

6D(WI U) = }ﬁnlfllwdj - UIPHD/

with the difference being component-wise. The cut distance for arbitrary unlabeled graphs F
and G is

6[!(1:/ G) = 6D(WF1 WG)I
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3 Graph parameter testability, norms, distances

the definitions for the colored directed version is identical. Another variant is for the case when
V(F) = [m] and V(G) = [n] such that m is a divisor of n. Then

S (F,G) = min do(Fln/ml, G°),

where F[t] is the t-fold blow up of F and the minimum goes over all node relabellings ¢ of G.
In the case n = m we omit the upper index and use Sq.

In fact, 55 and 6, define only pseudometrics, graphs have distance zero whenever
they have equitable blow-ups that are isomorphic. For graphons we introduce the
term graphon equivalence for the case whenever the 6, distance is 0, but will refer to
the above with a slight abuse of notation as proper distances, see Section 5.4 for details
regarding the equivalence.

Observe that for two graphs F and G on the common node set [n] the distance
da(F,G) = ||[Wg — Wgllg = |IWE - WG||<D”>. Also note that in general for F and G with
identical vertex cardinalities 5(F, G) is not necessarily equal to 6{"(F, G), however in
[30] it was demonstrated that 65(F, G) < 6o(F, G) < 32(54(F, G))/*".

An important property of the distances introduced above is that subgraph densities
are uniformly continuous in the topology defined by them, this is a certain type of
counting lemma, these were mentioned above related to regularity lemmas.

Lemma 3.3.7. [30] Let U and W be two graphons. Then for every simple graph F on q vertices
we have

IHE, W) — HE, U)| < (Z)(SD(U, W).

The connection to graph limits is given in the next theorem from [30].

Theorem 3.3.8. [30] A graph sequence (G,)n=1 (a (k, 2)-digraph sequence (G,),»1, respect-
ively) is convergent if and only if it is Cauchy in the 65 metric.

A remarkable feature of the 05 distance is that the deviation of a sampled graph
from the original graph or graphon can be upper bounded by a function that decreases
logarithmically in the inverse of the sample size. Originally, this result was established
to verify Theorem 3.3.8.

Lemma 3.3.9. [30] Let ¢ > 0 and let U be a graphon with 0 < U < 1. Then for q > 2'°/¢* we
have

P (65(U, G(g, U)) > €) < exp (—4100/52%) . (3.6)

One can easily deduce the RL version of Frieze and Kannan [59] from Lemma 3.3.5,
we turn our attention to the continuous formulation in the graphon space. For a
partition P of [0,1] and a 2-kernel W we obtain Wy from W by averaging on every
rectangle given by product sets from P.
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Lemma 3.3.10 (Weak Regularity Lemma for 2-kernels). [59], [92] For every ¢ > 0 and
W e E% there exists a partition P = (P4, ..., Py) of [0,1] intom < 22 parts, such that

W = Wello < elWl.. (3.7)
In the same way we get the version for k-colored graphons.

Lemma 3.3.11 (Weak Regularity Lemma for (k, 2)-digraphons). For every ¢ > 0 and

k-colored digraphon W there exists a partition P = (P4, ..., P,) of [0, 1] intom < - t ()
parts, such that

k
do(W, Wp) = ) WD — (WPl < e. (38)
a,p=1

When W = Wg for a k-colored digraph G with vertex cardinality n, then one can require in
the above statement that P is an I ,-partition.

We would like to elaborate on the last result: Appealing to Lemma 3.3.5 we set H to
be the space of k*-tuples of L*([0, 1]*) functions with the inner product being the sum of
the component-wise L?-products. Further, each %; consists of all k*>-tuples of indicator
functions of the form 1gs.r(x, y). Then for an arbitrary k-colored digraphon W we have
W]l < 1 and for any element U of K; we have ||U||, < k. It follows that there exists a V

that is a weighted sum of at most 48—"22 elements of K; and by this a proper step function
4

with at most 2% steps forming P such that d5(W, V) < ¢/2. Since ||.||5 is contractive
with respect to averaging we have dg(W, Wp) < ¢.

The following 2-kernel norm shares some useful properties with the cut-norm. Most
prominently it admits a regularity lemma that outputs a partition whose number of
classes is considerably below the tower-type magnitude in the desired accuracy. On
the other hand, it does not admit a straight-forward definition of a related distance
by calculating the norm of the difference of two optimally overlayed objects as in
Definition 3.3.6. This is the result of the general assumption that the partition #
involved in the definition always belongs to one of the graphons whose deviation we
wish to estimate. Therefore a relabeling of this graphon should also act on #, hence
symmetry fails. Its advantages in comparison to the cut norm will become clearer in
Chapter 6.

Definition 3.3.12. Let W be a 2-kernel and P = (P14, ..., Py) a partition of [0,1]. Then the
cut-P-norm of W is

t
IWllop = Sf,r%%i; fs " W(x, y)dxdy‘- (3.9)

For two kernels U and W let dyp(U) denote the cut-P-deviation of U with respect to W that
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is defined by

dup(U) = inf|U? ~ Wiler, (3.10)

where the infimum runs over all measure preserving maps from [0, 1] to [0, 1].
Forn > 1, a partition P of [n] and a directed weighted graph H the cut-P-norm of H on [n]
is defined as

IHllep = IWrllap, (3.11)

where P’ is the partition of [0, 1] induced by P and the map j [j_Tl, %).
The definition for the k-colored version is analogous.

Definition 3.3.13. Let W = (WD, .. W®D)Y be q (k,2)-dikernel and P = (P,...,P;) a
partition of [0, 1]. Then the cut-P-norm of W is

k
Wiop = Y WP g, (312)
a,p=1

For two (k, 2)-dikernels U and W let dw »(U) denote the cut-P-deviation of U with respect to
W that is defined by

k
dwp(U) = infl[0° = Wllop = inf ) [(UP)? = WP, (3.13)
a,p=1

where the infimum runs over all measure preserving maps from [0, 1] to [0, 1].

It is not hard to check that the cut-P-norm is in fact a norm on the space where we
identify two kernels when they differ only on a set of measure 0. From the definition
it follows directly that for arbitrary kernels U and W, and any partition $ we have
IWlla < [IWllap < [IW|l; and 6o(U, W) < dwe(U) < 6:(U, W), the same is true for the

k-colored directed version.

Remark 3.3.14. We present a different description of the cut-P-norm of W and W
respectively that will allow us to rely on results concerning the cut-norm of Defini-
tion 3.3.6 more directly. For a partition # with ¢ classes and A = (Aj,l);zzl € {-1,+1}",
let WA(x, y) = AjW(x,y) (W” is given by (W@P)A(x, ) = A;;W@P(x, ) respectively)
for x € P;and y € P;. Then [|W||gp = max IWA|o and ||[W]|gp = max WA

This newly introduced norm admits a uniform approximation in the following sense
that is essential to conduct the proof of Theorem 6.1.5 in Chapter 6. We call a 2-kernel
a step function if there are partitions S = (Sy,...,5;) and 7 = (Ty,...T}) of [0,1] into
the same number of classes such that the kernel is constant on S; X T, for each i, j € [t].
The kernel is a proper step function if the two partitions above can be chosen to be the
same. For a partition # the integer tp» denotes the number of its classes.
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Lemma 3.3.15. For every € > 0, my: [0,1] — IN, k > 1 and k-colored directed graphon W =
¥

2
(W@P), seiig there exists a partition P = (P4, ..., Py) of [0, 1] into t < % = (e, mo(€))
parts, such that for any partition Q of [0, 1] into at most max{t, m(e)} classes we have

IW - Wopllgq < ¢. (3.14)

If W = Wg for some k-colored G with |V(G)| = n, then one can require that P is an I ,-
partition. If we want the parts to have equal measure (almost equal in the graph case), then the

(@0 2 () /2
/2

upper bound on the number of classes is modified to |
Proof. Fix an arbitrary ¢ > 0 and a W € 522k and set my = my(e). We construct a
sequence of partitions Ry, Ry, ..., R, such that Ry = [0,1] and each R;;; refines the
preceding R;. The integer m is a priori undefined.

The construction is sequential in the sense that we assume that we have already
constructed Ry, Ry, ..., Ri_1 before considering the ith step of the construction.

If for i > 1 there exists a partition Q = (Qs, ..., Qy,) of [0, 1] into at most max{tg,_,, 1o}
classes such that

||W - WR,;] ||E|Q > 81 (315)

then we proceed to the construction of R;. In the case of i = 1 we choose Q to have
exactly my parts of positive measure, this can be achieved since for any refinement Q’
of Qwe have |[[W — Wg,_ llae > [[W — Wg,_,[loq. The inequality (3.15) implies that there
are ay, fo € [k] and measurable sets S and T such that

tq

),

ij=1

f WoR)(x, y) — W™ (x, y)dxdy| > e/k. (3.16)
(SNQYX(TNQ)) i

In this case we define R; to be the coarsest common refinement of R;_;, Q, and {S, T}

for some arbitrary choice of the latter partition and sets satisfying (3.16).
SetS;=SNQjand T; = TNQ, for j € [tg] and U = W00 — W;?f’lﬁ(’), further define
the step function V' =}, sgn( ijxTz U)Lsxr,

In this case

k
W lB = Wr, I3 = Y (WP, WPy — (Wie, wie )

a,p=1
k
_ () (@pf) a7(p) (p)
= Y (W - W, W — Wi (3.17)
a,p=1
k
= ) I = wieig
a,p=1
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3 Graph parameter testability, norms, distances

> ”W(“O/ﬁo) _ (D(.OIﬁO)”%

(a po) (@o,po) 2
||V”2I< =W V) (3.18)
= e = W v .19)
> |(Weobo) _ w;gz“ﬁ V)P (3.20)
> 2 /K4, (3.21)

Here we used first in (3.17) that (W(a G W(a b )> (W(a P W(a + )> since W( P is constant
on R;_; rectangles, and the integral of the two functlons is equal on these rectangles In

(3.18) we used the Cauchy-Schwarz inequality, then in (3.19) the fact that (W (20/fo) ,Vy=

(W) V), that is true by V being constant on R; rectangles and W colo) and Waofo)
having the same integral value on taken on R; rectangles. We concluded the calculation
in (3.20) by ||V, £ 1 and in (3.21) using the condition (3.16).

If for some iy > 0 we have
IW—Wg, lloe < € (3.22)
for every partition Q of [0,1] into at most max{tqgio,mo(s)} classes, then we stop the

process and set = R;, and m = iy

We have [[Wg |1 < [W[)3 < [W]I} < 1 for each j > 0, and at each non-terminating step
we showed [[Wgl5 — [Wg,, |5 > €2/k*. Therefore by

J
2 2 2
W |2 > ) IIWgB - W, I3,

for each j > 1 we conclude that the process terminates definitely after a finite number
of steps and m < k*/&%. The partition P satisfies

IW—Wpllg < ¢

for each Q with tq < max{t, my(¢)} by the choice of m and the construction of the
partition sequence, we are left to verify the upper bound on fp in the statement of the
lemma.

We know that tg, = 1, and if the partition does not terminate before the first step,
then we assume m < tg,. This lower bound does not affect generality, the partition @
that certifies that R, is not sufficient for the choice of the partition # in the statement
of the lemma is selected to have tq, = my. For this particular choice of Q; and R; we
can reformulate the condition that the terminating partition R,, has to fulfill as

IW—Wg,lloe < €
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3.3 Regularity lemmas and related notions

for every Q partition of [0, 1] into at most tg, classes, since tg, > mj for every i > 1.

We set s(0) = 1, s(1) = 4my, and further define s(i + 1) = 4s(i)* for each i > 1. We claim
that for each i > 0 we have tg, < s(i), this can be easily verified by induction, since at
each step R;.; is the coarsest common refinement of two partitions with tg, classes and
two additional sets.

(16mp)*”

Further, for each i > 1 we have now log4s(i + 1) = 2log 4s(i), therefore s(i) = “~—;—,

k4]

and consequently s(m) < %

The case regarding W = W for G € TT>* follows completely identically, at each step
of the construction of the partitions R;, the partition Q and the sets S and T can be
chosen to be an 7 ,-partition and sets, respectively. Hence, # is an 7 ,-partition, the
upper bound on fp is identical to the one in the general case.

In a similar way we can achieve that ¥ is an equiv-partition, or a 7 ,-partition with
classes of almost equal size in the graph case respectively. Fix ¢ > 0and a W € E"*. For
this setup we define the partition sequence somewhat differently, in particular each
element is an equiv-partition. Set Ry = [0, 1] and each R;;; refines the preceding R;.

If for i > 1 there exists a partition Q = (Qs, ..., Q) of [0, 1] into at most max{tg, ,, 1}
classes such that

W - Wg,_lloq > & (3.23)

then we proceed to the construction of R;, otherwise we stop, as above, and set ¥ = R;_,
and m = i—1. Assume that we are facing the first case. Let R’_, be the coarsest common
refinement of R;_;, Q, and {S, T}, where the sets S and T certify (3.23) as above. Then
We: | 15— Wg_, |} > €2/k*. Let R” | = (R, ..., R?) be the partition that is obtained from
the classes of R!_| = (Ri, s, Rll), such that the measure of each of the classes of R, is
an integer multiple of ¢?/(14k°tg, ) with A(R;AR?) < &*/(14k°tg ) for each i € [I]. (We
disregard the technical difficulty of 1/¢? not being an integer to facilitate readability.)

Claim 1. For any 2-kernel W: [0,1]> —» R and partitions # = (Py,...,P)) and S =
(S1,...,5)) we have

l
Wy~ Wslh <7 ) APisS). (3:24)

i=1

To see this, let T; = P;NS;, N; = P;\' S;, and M; = S; \ P; for each i € [I], and let
71 =(Ty,...,Ti,Ny,...,N))and 7, = (Ty,..., T;, My, ..., M) be two partitions of [0, 1].
Then

l JI;,»XP]»W foT
IWe—Wrlh <Y fA(PZ-M(P]-) KT ZZMN)

L=l T

j
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3 Graph parameter testability, norms, distances

AT)A(T;) f W + f W+ f W

NiXT]‘ TiXN]‘ NiXN]‘

1
+2 Z A(N)
T,'XT,' =1

AX(THAXT) [ANDAT)) + ATHAN,) + ANDAN,)]
<Y 2. APIAPHMTIAT)

i,j=1

1
- ij=1 APHAPHMTHA(T;

T,‘XT]‘

- [0 + Amiaey + aoaay] [ w

1
+2 Z AN)
i=1
1

Z ANDA(P;) + AN)AP,) + 22 A(N;)
i,7=1 =1
]l

A(N)).

i=1

Similarly,

/
IWs = Wrslh <6 ) AM
i=1
and also

!
IWr, = Wrilh <2 )" A(M)),

i=1

which implies the claim.
By Claim 1 it follows that

k

> f | (Wi (@, y) = Wi (x, y)dedy
ap=1 YIO1P

1 1

W, 13 = Wg 13| =

k
<

[ o) - W, W) + Wi, )y
ap=11101F K-

k
< ) Iwe? - wePlh

a,p=1

1
<7k ) ARIAR?)

i=1

54



3.3 Regularity lemmas and related notions

< €2/(2kY.

We finish with the construction of R; by refining R, into &?/(14k°tg ) sets in total of
equal measure so that the resulting partition refines R’ ;. It follows that

W i3 = W 15 20, (3.25)
hence
W3 = IWg,_, [I5 > €2/(2K*). (3.26)

The construction of the partitions terminates after at most 2k*/¢? steps. The partition
P satisfies the norm conditions of the lemma, we are left to check whether it has the
right number of classes. Similarly as above, let s(0) = 1 and s(1) = 56mgk®/e?, and
further for i > 1 let s(i + 1) = 56k®s?(i)/e*. It is clear from the construction that

i—1
tr < s(i). Leta = 56k®/¢?, then it is not difficult to see that s(i) = % It follows that
(@2 /e
tP < (2]?)6/82
The graph case also follows analogously to the general partition case we dealt with
above.

O

As seen in the proof, the upper bound on the number of classes in the statement of
the lemma is not the sharpest we can prove, we stay with the simpler bound for the
sake of readability. In the simple graph and graphon case the above reads as follows.

Corollary 3.3.16. For every ¢ > 0 and W € E? there exists a partition P = (Py,...,P,) of
2
[0,1] into m < 162" /4 parts, such that
P

IW = Wollog < &. (3.27)

for each partition Q of [0, 1] into at most tp classes.
With the additional condition that the partition classes should have the same measure the

(212/54)2(24/{2)

above is true with m < —7 =

We illustrate the form of the original Regularity Lemma in the graphon context in
order to provide a better understanding of the strength of the above statements.

Corollary 3.3.17. For every ¢ > 0 and W € E? there exists a partition P = (Py,...,Py) of
[0, 1] into m parts that is at most a tower of twos of height poly(1/¢), such that

m

Z f W(x, y) — Wa(, y)dxdy| < ¢, (3.28)
SleT,']‘

ij=1

sup
S,',]‘CPZ',T,',/'CP/'

where the supremum runs over all suitable measurable pairs S;; and T; for i, j € [m].
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3 Graph parameter testability, norms, distances

If we impose on the the condition in the supremum that S;; be the same for each
j € [m] and disjoint if varying i, similarly but switching the indices for T;;, then the
right hand side of (3.28) changes to the cut-P-norm of W — Wyp. Another equivalent
formulation of (3.28) is

m

sup Z f W(x,y) — We(x, y)dxdy| < e. (3.29)
(SjﬂP,’)X(T,‘ﬁSj)

SiTicl0 1] j =1

3.3.2 Regular partitions of uniform hypergraphs

Again we start by presenting norms and distances, these generalize the graph in two
directions. This is followed by the corresponding regularity lemmas that are verified
by the virtue of Lemma 3.3.5 above. We start with the plain cut norm and distance
that is a straight-forward generalization of the notions for graphs and was employed
in [14]. We are going to utilize the norm as a substantial ingredient in Chapter 4.

Due to some shortcomings they can not be applied to certain problems in contrast
to the genuine r-cut norms which are to be presented subsequently.

Definition 3.3.18. The plain cut norm of an n X - -- X n real r-array A is

1
||A||D = — mmaxX |A(Sll"~151’)|/

n’ Sy,...,8,cln]

and the 1-norm of A is

n

1 . ,
Al = — Y JAGy- i)l

i eir=1

The cut distance of two labeled r-graphs F and G on the same vertex set [n] is
do(F, G) = |Ar — Aglla,

where F(S4,...,S,) = Zi,esj F(i,...,1,). The edit distance of the same pair is
di(F, G) = llAr — Aglh-

The continuous counterparts are described as follows.

Definition 3.3.19. The cut norm of a naive r-kernel W is

f W(x)dA(x)
S1X-+-XS;

the cut distance of two naive r-kernels W and U is

Wl = max
S],...,S,C[O,l]

7

So(W, U) = 2)n$||W¢ — U’la,
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3.3 Regularity lemmas and related notions

where the infimum runs over all measure-preserving permutations of [0, 11, and the graphon W¢
is defined as W?(xy, ..., x,) = W(p(x1), ..., P(x,)). The cut distance for arbitrary unlabeled
r-graphs or r-arrays F and G is

Ou(F, G) = 6o5(WE, Wi).

We remark that the above definition of the cut norm and distance is not satisfactory
from one important aspect for r > 3: not all sub-r-graph densities are continuous
functions in the topology induced by this distance even in the most simple case, when
K ={0,1}. Suppose that r = 3 and we have two random graph models, G, and H, on
the vertex set [n]. We generate the first one by generating an auxiliary Erd6s-Rényi
2-graph with density 1/2 (i.e., 2-edges are included independently with probability
1/2), and include as edges the triangles that appear, for the second we pick edges
uniformly and independently at random with probability 1/8. For any triple of sets
51,52,53 C [n] both e, (51,52, S3) and ep, (51, Sz, S3) is highly concentrated around the
value w, therefore dn(G,, H,) tends to 0 almost surely (a precise calculation could
be executed using large deviation principles). However, the t*-density of the graph F
with E(F) = {{1,2,3},{1,2,4}} and V(F) = [4] tend to different limits almost surely, in
particular t*(F, G,) — 1/32, while t*(F, H,) — 1/64.

Examples of subgraphs whose t*-densities behave well with respect to the above
norms are linear hypergraphs, that have the property that any two distinct edges
intersect at most in one vertex.

Nevertheless, for a number of problems this concept is sufficient, and above all,
computationally efficient, as we will see in Chapter 4 in the study of the testability
of ground state energies. In particular, we will show a closely related result to the
regularity lemma corresponding to this norm (not stated here explicitly), Lemma 4.2.4,
where the approximation is achieved by a linear combination of indicator functions of
rectangles.

The definitions of the genuine r-cut norms are given next that are stronger than the
plain cut norms above for each r. To give a hint on their relation, we mention that the
test sets here are sets of pairs, triplets, and so on, of the vertices according to the rank
r, whereas for the plain cut norm they are simply subsets of the vertex set.

The norms below show a good behavior with regard to subgraph densities for any
tixed r-graph, in contrast to the above case, we exploit this for our results in Chapter 6
dealing with uniform hypergraphs of higher rank. The r-cut norm independently
from the current work also appeared in the investigation of hypergraph limits by Zhao
[119], prior to this counting lemmas in the graph case indicated that such a norm might
be useful in the treatment of uniform hypergraphs.

Moreover, we introduce the cut-P-norm for r-graphs analogous to the graph case
in Definition 3.3.12 and Definition 3.3.13, they are highly relevant for conducting the
technical proofs in Chapter 6.

Definition 3.3.20. Let r > 1 and A be a real r-array of size n. Then the genuine r-cut norm
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3 Graph parameter testability, norms, distances

of Ais

1
”A”D,r = maX |A(7’, Sl/- . ~/Sr)|/

N’ s,ciny"\diag([n]?)

ie[r]
where A(r;S1,...,S) = Li i Aliy, ..., 1)) H;Zl s, (i1, .- ij1,4js1, - - -, 1), and the max-
imum goes over sets S; that are invariant under coordinate permutations as subsets of [n]"~'.
IfP = (Py)!_, is a partition of [n]™' \ diag([n]"™") with symmetric classes, then the cut-
(r, P)-norm of A is

t
1
lAllgp = — max E |A(r;S1 N Pj,...,5 NP;)l,
N sicln)™"\diag(In]") =
ielr] Jiejr=1

where the maximum runs over symmetric sets.
The genuine r-cut norm of an r-kernel W is

IWllo, = sup

Sic[O,llh([’_lD
i€lr]

7

f W (xh(1r,r-1)) dA (X r1,r-1))
NPy (1)

where the supremum is taken over sets S; that are (r — 1)-symmetric, and py is the natural
projection from [0, 1107~ onto [0, 11°€). Furthermore, for a symmetric partition P = (P;)!_,
of [0, 11U~ the cut-(r, P)-norm of an r-kernel is defined by

t

IWllare =  sup

Sicloa] =1 5 =1
i€[r]

7

f W (xy(i,r-1)) A (Xopr,r-1))
Oielr APyt SiNPj;)

where the supremum is taken over sets S; that are (r — 1)-symmetric in [0, 11701,

In what follows we sometimes omit the term genuine and the parameter r, so when
we talk about cut norms of r-graphs, as default we mean genuine r-cut norms.
We remark that it is also true that

Wllo,r = sup f H Sis@nin) W (ir1,r-1))dA (o -)| - (3.30)

o 01010501 i
fireafy OO0 s i1

where the supremum goes over functions f; that are (r — 1)-symmetric, and similarly
for any symmetric partition £ = (P;)!_, of [0, 1]"I""') we have with the same conditions
for the f;’s as above that

Wieyp = sup
Fiyeerfr: [0,1100-1D)—[0,1]
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,
Z f T T £ Cosman) o, Geaonin) W Gt -1 dA Gy )|

jl ..... jr:1 0,1]1)([},],’,_1) i=1

It is immediate through the comparison with Definition 3.3.20 that ||Allg < [|Allg, <
|Allore < llAlL for any r-array A, [[Wllo < [[Wllo, < [[Wllore < [[Wih for any r-kernel
W. The above norms give rise to a distance between r-graphons, and analogously for

r-graphs. We present next the k-colored version.

Definition 3.3.21. For two k-colored r-graphons U = (U®)epx and W = (W®) e their r-cut
distance is defined as

k
Ao (U, W) = ) IU" = Wl
a=1

and their cut-P-distance as

k
Aoy (U, W) = ) IU® = Wl .

a=1

For two k-colored r-graphs G = (G*)aepg and H = (H®) aepiq their corresponding distances are
defined as

dD,r(G/ H) = dD,?(wG/ WH)/
and
dD,r,P(Gz H) = dD,r,P(WG/ WH)

Distances between an r-graph and an r-graphon, as well as for r-kernels, is analogously defined.

Note that the norms introduced above are in general smaller or equal than the 1-
norm of integrable functions, also dy,(U, W) < dg.»(U, W) hods for every pair. Their
relevance will be clearer in the context of the next counting lemma, we include the
standard proof only for completeness’ sake.

Unfortunately, we cannot expect d, to give rise to a metric analogous to 05 for graphs
in terms of providing an equivalent characterization of r-graph convergence. One
crucial property of the d-distance is that a sampled graph is 65-close to the original,
and the 0y-deviation vanishes almost surely when the sample size tends to infinity.
This happens to fail for the extensions of d,. We demonstrate this obstacle with two
examples of randomly generated sequences, whose subgraph densities coincide in the
limit, but are with positive probability far away in dg,, and also no relabeling would
improve the situation substantially.

Example 3.3.22. For any n > 1, let H, and H}, be independent random tripartite 3-graphs
on [3n] both generated by the same random process: we generate a bipartite Erd&s-
Rényi 2-graph G,, G, respectively, between [n] and {n + 1, ...,2n} with density 1/2,
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3 Graph parameter testability, norms, distances

and include the triplets {i, j, k} C [3n] in H,,, H), respectivelyifi € [n], je {n+1,...,2n},
ke{2n+1,...,3n},and ij € E(G,), respectively ij € E(G}). Let S; denote the subgraph
of the complete bipartite graph between [n] and {n + 1, ...,2n} where G, and G, differ,
furtherlet S, and S3 be the complete bipartite subgraphs between [n] and {2n+1, ..., 3n}
and, {n+1,...,2n}and {2n + 1,...,3n} respectively. Then

1 1

do,(H,, H.) > A, (17 51, 52, S3) = Aw (15 51,92, 53)| = 573

Z 553 |E(G,)AE(G).

We know that |E(G,)AE(G,)| is tightly concentrated around its expectation 1n?/2, which
means that dy ,(H,, H;,) is bounded away from 0 in the limit almost surely. However, it
is not hard to show that the subgraph densities for each simple 3-graph F of H, and H;,
converge to the same (deterministic) limit, see Lemma 3.3.24 below, so the interlaced
sequence Hy, H}, Hy, H}, ... does converge in the sense of Definition 2.2.3, but is not
Cauchy in dy,.

The second example concerns non-partite graphs.

Example 3.3.23. For any n > 1, let H, and H;, be 3-graphs that are generated inde-
pendently on [n1] again by independent Erd6s-Rényi 2-graphs G,,, G, with density 1/2,
and include the triangles that appear as edges of the respective 3-graphs. Note that
this measure is invariant under re-labeling the vertex set, therefore if we have a lower
bound on dy,(H,, H}), then we also have one on dy,(H,, H}') for any H; obtained by
relabeling H;,. Let S; denote the subgraph of the complete graph on [n] where G, and

G, differ, and S, and S3 the subgraph of edges present in both models. Then

1
dD,r(Hn/ H,;) > $|AH,1 (;51,52,53) — AH;,(T’} 51,52, 53)|

1 .. ) )
=3 1eGaeGy) @) 1EGonEGy (K LEG,)nEG)) (k).
ijkeln]?

For any pairs ij, the sum }.;,; 1£G,)nE(c;) (7K) 1EG,)nEG),) (ki) is concentrated around 71/16,
so with high probability for at most o(1) of them the sum fails to be below 1/32.

Again, |[E(G,)AE(G),)| is tightly concentrated around its expectation that is asymptot-
ically equal to 7?/4, so almost surely we have that dn,(H,, H}) is asymptotically larger
or equal than 277.

The main advantage of the genuine r-cut norm ||.||5, and distance dy, over the plain
versions ||.||5 and dg is the counting lemma they entail.

Lemma 3.3.24. Let U and W be two (k, r)-graphons. Then for every F € H;’k it holds that

IH(E, W) — £(F, U)| < (Z)du,r(U, W).
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Proof. Fix q and F € IT}*. Then

[H(F, W) — £(F, U)| = f [T WO - [ ] U eer1)dAw)

o,1ppal-n) (7)) ee('7)

< Z [WF(e)(xb(e,r—l)) - UF(Q)(XD(e,r—l))]

ee() (0,110

H WFD (g 7,-1)) H U™ (xy(g,-1))dA (%)

el se()e<s
< Z ||WF(E) - UF(E)”E\,V < (q)d\],r(U/ W)I
) !
where < is an arbitrary total ordering of the elements of (7), and the second inequality
is the consequence of the formulation (3.30) of the r-cut norm. O

Let dy, denote the total variation distance between probability measures on HZ[k]*,
where [k]+ = [k]U{t} for k > 1 (without highlighting the specific parameters in the notion
di), thatis dy, (4, v) = max, It |L(F) —v(F)|, and let the measure (g, G), respectively
u(g, W), denote the probability distribution of the random r-graph G(g, G), respectively
G(g, W), taking values in H;’[k]*. It is a standard observation then that

Buulg, W), 1@, 0) = 3 Y HEW) — HF, V), @31)

7, [k]+
Fqu

and that G(g, W) and G(g, U) can be coupled in form of the random r-graphs G; and
G,, such that

Bu(uq, W), g, U) = 5P(G1 # Gs), 6:32)

and further, for any coupling G/ and G} ithods that d.,(u(7, W), (g, U)) < 3P(G} # G)).
For G € IT? note that

dtv(,u(q/ G)/ H(q/ WG)) < qz/n/ (333)

where the right hand side is a simple upper bound on the probability that if we
uniformly choose g elements of an n-element set, then we get at least two identical
objects. The inequality (3.33) follows from the fact that conditioned on the event that

L I for j € [n]

n’n

the independent and uniform X;s for i € [g] fall in different intervals [
the distribution of G(q, Wg) is the same as the distribution of G(g, G).
The next corollary is a direct consequence of Lemma 3.3.24.
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3 Graph parameter testability, norms, distances

Corollary 3.3.25. If U and W are two k-colored r-graphons, then

kg
(19, W), 149, U) < —-d5, (U, W),

and there exists a coupling in form of Gy and G, of the random r-graphs G(q, W) and G(gq, U),
such that

P(G; # Gy) <

2kT g"
=L, W),

A generalization of the notion of a step function in the case of graphs to the situation
where we deal with r-graphs is given next.

Definition 3.3.26. We call a k-colored r-graphon W with r > 1 an (r,l)-step function if there
exist positive integers ti, tiy, ..., t, = k, I-symmetric partitions P = (P5, ... ,Pf[ ) of [0, 111D
foreach S € ([;]), and real arrays Al [tso ]P6bs=D = [0, 1] with j € [ts] for 1 <'s < rsuch that
Yieit.] Al(iygss-1)) = 1 for any choice of iys)s-1) and for s < r so that W for a € [k] is of the
following form for each a € [k].

bsi
W () = Z A7 (iy(ir,r-1)

ig=1

Sclri<ls|
is—1 ) is .
H Lps (xis)) H H(Z A|]5|(ib(s,|5|—1)) S Xs < A|]5|(ib(s,|5|—1)))-
se@ sl =1 =1
! I+1<|S|<r

We refer to the partitions P° as the steps of W. The step function is proper, if the partitions P°
can be chosen to be identical.

The most simple example is the proper (r, 7 — 1)-step function that can be written as
tr—1 r
W (xy) = Z Ar(h, ..., i) H Lp, (orviin)-
i1,rdy=1 j=1

For any r-kernel W and any partition = (P, ..., P;) of [0, 119011 the r-kernel Wy is
the (r, 7 — 1)-step function that with steps in ¥ that takes the average value

1/ A yPaganinPi) W () H Lp, (otrnin)dA )

[0,1]07Lr-D) i

on the sets ﬂ;:lp[; (1[r]\{j})(Pi;) foreachiy, ..., i, € [t]. The definition of averaging operation
for (k, r)-graphons is analogous.
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We describe in the following an intermediate version of the regularity lemma for
edge k-colored r-graphons analogous to Lemma 3.3.15, the partition obtained here
satisfies stronger conditions than those imposed by the Weak Regularity Lemma [59],
and weaker than by Szemerédi’s original. Note that in contrast to Lemma 3.3.15 the
bound parameter t appears in the condition as a multiplying factor in the upper bound
on the number classes of the test partitions @, this strengthening is necessary for the
technical proofs in Chapter 6.

Lemma 3.3.27. Foreveryr >1,&>0,t > 1,k > 1and k-colored r-graphon W there exists an

— 1)-symmetric partition P = (Py, ..., Py) of [0, “intom < T = bk €,

r — 1)-symmetric partition P = (Py,...,P,) of [0, 11U~ jnt 2E = beg(r ke, t
parts such that for any (r — 1)-symmetric partition Q of [0, 11"U=1 into at most mt classes we
have

dD/r,Q(w, V) S E.

Proof. The proof proceeds analogously to the proof of Lemma 3.3.15. Fix an arbitrary
e>0and aW = (W% € =k We construct a sequence of partitions Ry, Ry, ..., Ry
of [0, 1]°U1D such that Ry = [0, 1]°"") and each R;;; refines the preceding R;. We stop
the construction after the iyth step when for every (r — 1)-symmetric partition Q of
[0, 1190-1D into at most tg, t classes we have

dD,r,Q(W/ WRiO) S 8/

then we set m = iy and P = R,,.

As long as this event not occurs, we construct R;;; as follows. There exists an
(r — 1)-symmetric Q partition of [0, 1]°I""1) into at most tg t classes and an « € [k] such
that

ds (WS, W) > ek,

and in particular, there are (r — 1)-symmetric sets Sy, ..., S, C [0, 1]°I""1) such that

ta

f W (xy(,r-1y) dA (g ,r-1)) | > €/k.
mie[r]pg(l[,]\li})(simjS)

We define R;;; as the coarsest common refinement of R;, Q, and {S, ..., S,}. We argue
as in the proof of Lemma 3.3.15 that [[Wg,, 5 — [Wg/l; > €*/k?, therefore the process
terminates after at most k?/¢? steps, that is m < k*/¢%. Let s(0) = 1, and fori > 1 let
s(i) = 2'ts?(i — 1). Then it is not difficult to see that on one hand tg. < s(i) for every
i > 0, and on the other that s(i) = (2't)*~!. We conclude that the partition ¥ obtained
as the output of the partition generating process satisfies the conditions of the lemma,

. . N
in particular fp < (27)7 . O

We conclude the section with the cut-P version of the plain cut norm for r-graphs
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3 Graph parameter testability, norms, distances

generalizing Definition 3.3.12 in weaker form than the cut-(r, #)-norm above in Defin-
ition 3.3.20. The corresponding counting lemma below makes it applicable in special
cases of the setting of Chapter 6 leading to improved bounds there. Recall the notion
of naive r-kernels introduced in Section 2.2.3.

Definition 3.3.28. For any r > 1, real r-array A of size n, and partition P = (P;)i_, of [n] the
plain cut-P-norm of A is

t
1
lAllop = —-max Y JAGSi NPy, ..., S, NPy

ie[r] Jirjr=1

For any r > 1, and partition P = (P;)!_, of [0, 1] the plain cut-P-norm of a naive r-kernel W
is defined by

t

[Wllep = sup
Sic[0,1]i€[r] j] ,...,jrzl

f Wi(xy,...,x,)dA(xq, ..., x|,
(51 ﬁle )X"'X(Srﬂpl’r)

where the supremum is taken over measurable subsets Sq,...,S, of [0,1]. The plain cut-
P-distance dup of graphs and naive graphons is defined analogously to Definition 3.3.12
exchanging the cut-(r, P)-norm for the plain cut-P-norm.

The definition for the k-colored version is analogous. We will employ in Chapter 6
the following auxiliary lemmas that are analogous to Lemma 3.3.27, Corollary 3.3.25,
respectively (with analogous proofs).

Lemma 3.3.29. Foreveryr >1, e >0, mq: [0,1] = IN, k > 1 and k-colored naive r-graphon

W there exists a partition P = (Py,...,Py) of [0,1] into t < (22’m0(e))2k2/£2/27 = treg(1, k, €, 1)
parts such that for any partition Q of [0, 1] into at most max{my(¢), t} classes we have

dDQ(W/ WP) <e.

We introduce the colored version of the t* subgraph densities of r-graphs and r-
graphons. Let F be a k-colored r-graph and F be a simple r-graph, both defined on [g].
Then for G € IT* the F-density of F in G is

1
VEOIIVGI=1)...(V([G)-q+1)

£.(F,G) = H 1o (P(e)), (3.34)

¢: [4]-V(G) ect

where the sum runs over injective ¢» maps, and for a W € & it is

GEW = [ T WAoo (335)
[0,1]9(alr-1) el
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3.4 Limit theory in testing

The respective counting lemma is formulated next, we omit the proof since it is
analogous to previous counting lemma proofs.

Lemma 3.3.30. Let U and W be k-colored naive r-graphons. Then for every k-colored r-graph
F and linear r-graph F we have

I£.(E W) - £(F,U)] < (‘Z)dm(u, W).

3.4 Limit theory in testing

Testing parameters A characterization of the testability of a graph parameter in
terms of graph limits was developed in [30] for K = {0, 1} in the undirected case, we
will focus in the next paragraphs on this most simple setting and give an overview on
previous work. Recall Definition 3.2.1.

Theorem 3.4.1. [30] Let f be a simple graph parameter, then the following statements are
equivalent.

(i) The parameter f is testable.

(ii) For every ¢ > 0 there exists a k(e) € IN such that for every k > k(e) and simple graph G
on at least k vertices

If(G) = Ef(G(k, G))| < e.

(iii) For every convergent sequence (G,)>., of simple graphs with |V(G,)| — oo the numerical
sequence (f(G,));., also converges.

(iv) For every € > 0 there exist a ¢’ > 0 and a ny € IN such that for every pair Gy and G, of
simple graphs |V(G1)|, [V (G2)| = np and 65(G1, Go) < € together imply |f(G1) — f(G2)| <
€.

(v) There exists a Og-continuous functional f’ on the space of graphons, so that f(G,) —
f"(W) whenever G, — W.

The above theorem also partially holds true for uniform hypergraph parameters of

higher rank, and more generally, for (K, r)-graphs. We will focus here on the basic
case K = {0, 1}.

Theorem 3.4.2. A parameter f of simple r-uniform hypergraphs is testable if and only if
for every convergent sequence (G,),., of simple r-graphs with |V(G,)| — oo the numerical
sequence (f(G,)):-., also converges.

Proof. For arbitrary r > 1, testability of an r-graph parameter f implies that for any
convergent sequence (H,)”, of hypergraphs (f(H,): ) also converges. This is due
to the fact that convergence means distributional convergence of the random induced
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3 Graph parameter testability, norms, distances

subgraphs. For every k the distribution of G(k, H,) and G(k, H,,) are close for m, n > ny(k)
for some ny(k), therefore they can be coupled in a way so that with high probability
they coincide, and so the corresponding values f(G(k, H,)) and f(G(k, H,,)) are equal
with high probability. On the other hand, testability implies that we have closeness of
f(G) and f(G(k, G)) for every G and k > k(¢) with high probability.

For the converse direction we require a metric for (isomorphism classes of) r-graphs
whose topology is identical to the subgraph convergence topology. Elek and Szegedy
[49] proposed the rather abstract

O0(G,H) = i‘ng{ ¢ | |t(F, G) = t(F, H)| < ¢ for every simple F with |[V(F)| <1/e}.  (3.36)

A convergent sequence of r-graphs is trivially Cauchy in this metric, and vice versa.
Further, we claim that random subgraphs are typically close to the source graph.

Claim 2. There exists an absolute constant ¢ > 0 such that if k > ce™® " and G is an

r-graph on at least k vertices, then we have 6(G, G(k, G)) < ¢ with probability at least
1 - ¢. In particular, (G, G(k, G)) tends to zero in probability when k — co.

We only need to use Lemma 3.5.4: There are at most (1/ £)2(") simple r-graphs on at
most 1/¢ vertices, the probability that one fixed F fails to satisfy |t(F, G)—t(F, G(k, G))| < ¢
is upper bounded by exp(—%), see Lemma 3.5.4 below, so we can upper bound by the
quantity ¢ the probability there will be one r-graph of size at most 1/¢ that harms the
bound through the right choice of ¢ > 0, which proves the claim.

Now suppose that for every convergent (G,);>, with [V(G,)| — oo, (f(G,));, also
converges. Then for every ¢ > 0 there are ny and y = y(¢) > 0 with y < ¢ such that if
0(G,H) < yand |V(G)|, |[V(H)| = ny, then |f(G)—f(H)| < €. To see the previous statement,
suppose that the implication is not true, and consider two convergent sequences that
demonstrate this with their pairwise 6-distance tends to 0, while the corresponding
deviations of the f values are bounded from below by a positive constant. Then
the interlaced sequence converges in the 6 metric, this together with our assumption
brings the contradiction.

Now suppose that f is not testable, and there is a ¢y > 0 and a sequence of bad
graphs (G,)>, such that IP(|f(G,) — f(G(k,, G,))| > €) > & with k, — co. But from
Claim 2 it follows that eventually there is an m > n, with k,, > c(e9/2)™" such that
P((Gm, Glkim, Gm)) > y(£0/2)) < y(€0/2) < €0/2, 50 |f(Gm) = f(Gkm, Gu))l > £0/2 with at
most probability ¢y/2, which is a contradiction.

O

We turn to revisit some further results of [30] for the graphs case. From the practical
viewpoint for the verification of the testability of a given parameter perhaps the next
characterization is the most suitable. With the aid of it the task can be decomposed
into three subproblems whose solution in general requires less effort.

Theorem 3.4.3. [30] Let f be a simple graph parameter, then the following conditions together
are equivalent to the testability of f.
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3.4 Limit theory in testing

(i) For every € > O there exists a &’ > 0 such that for every pair Gy and G, of simple graphs
on the same vertex set d(G1, Go) < €’ implies |f(G1) — f(G2)| < &.

(ii) For every simple graph G the numerical sequence (f(G[m]))>>_, converges for m — oo.

(iii) For every sequence (Gy);., of simple graphs with |V(G,)| — oo the sequence (f(G,) —
(G, UKy)), converges.

It is an open problem whether there exists such an accessible characterization for
r-graphs with r > 3. On a further note we mention that in the case r = 2, the testability
of a graphon parameter is equivalent to continuity in the 6 distance.

Remark 3.4.4. The intuitive reason for the absence of an analogous, easily applicable
characterization of testability for higher rank uniform hypergraphs as in Theorem 3.4.3
is that no natural notion of a suitable distance is available at the moment. The con-
struction of such a metric would require to establish a standard method to compare a
large hypergraph H, to its random induced subgraph on a uniform sample similar to
the behavior that the abstract 0-distance exhibits in the proof of Theorem 3.4.2.

The 65 metric for graphs is convenient because of its concise formulation and it
induces a compact limit space, the main characteristic that is exploited that the total
variation distance of probability measures of induced subgraphs of fixed size is con-
tinuous in this distance, any other 0y, with this property would fit into the above
framework. We present the intuition for candidate distances for hypergraphons that
share the above feature.

Let U and W be two arbitrary k-colored r-graphons given by U®, W*: [0, 1] —
[0, 1] for each « € [k]. Suppose that for any I < r—1 and k' > 1 we have already defined
a distance d; - between k’-colored I-graphons. Then we define

du(UW)=inf inf [do, (U, V1) +do, (WY, V) + s (WP, WEP)|, - (337)

t21,V1,V:

where the first infimum runs over structure preserving maps from [0, 1] to
[0,1]°0=D ) see Definition 5.2.10 below, whereas the second infimum goes over t > 1
and a pair of (r, r—1)-step functions V; = (V{)acry and Vz = (V) e both with t number
of steps P! and $?, whose steps can be paired such that P} corresponds to P?, and on
the t" cells defined by the steps the corresponding values of V{ and V7 coincide for
each « € [k]. Further, W(P') and W(#?) are the t-colored (r — 1)-graphons obtained
from the partitions ' and 2 by

(WWmemm=f

Lpi (xb([r—ll))dA(x[r—l])
1 °

for each B € [t]. We do not know for sure whether such a construction satisfies the
triangle inequality, but it is not hard to show that the variational distance of the sample
distributions is continuous under the above distance, we further conjecture that the
metric space is compact (provided it is a genuine distance). Unfortunately, the above
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3 Graph parameter testability, norms, distances

d, distance does not seem to offer any immediate structural insight in general in
contrast to the 0y distance in the graph case.

Testing properties The authors of [94] provided an insightful application of the
graph limit machinery in order to construct a characterization for the testability of
properties, their result follows through analytic steps exploiting the properties of the
limit space. Most prior works on this topic relied explicitly on Szemerédi’s Regularity
Lemma, in [94] it can be noticed only in its disguised form as the compactness of
the limit space. We briefly review the approach to highlight the methodological
significance of going to the continuous limit space.

We start by describing some notion. By a graphon property we mean a measurable
subset of the space E?, that is a family of symmetric two-variable [0, 1]-valued functions
that is invariant under graphon isomorphism. A graphon property is closed, if it is

closed under the 65-metric, the closure # of a graph property # constitutes of the
graphons W such that G, — W for some sequence (G,);, C #. A graph property ¥ is
termed robust, if for every ¢ > 0 there exist | > 1 and 6 > 0 such that if G is a graph

with at least [ vertices such that d;(Wg, P) < 6, then d1(G, P) < ¢.
The next result of [94] connects the testability of a graph property with that of its
closure.

Theorem 3.4.5. [94] The graph property P is testable if and only if it is robust and its closure
P is a testable graphon property.

The second characterization in [94] is described in terms of d5-close induced sub-
graphs.

Theorem 3.4.6. [94] For a graph property P, its testability is equivalent to the following
condition. For every ¢ > 0 there exists a 6 > 0 and a positive integer | such that for every
G € P and F that is an induced subgraph of G with at least | vertices and 6n(G, F) < 6, then
di(F,P) < e.

The next result was first proved by Alon and Shapira [10] in a stronger setting,
namely where good tests are required to avoid false negatives, these test are called
one-sided. The class of graph properties of concern here are hereditary in the sense,
that they are closed under taking node-induced subgraphs, notable examples being
perfect graphs, interval graphs, or triangle-free graphs. The first two classes cannot
be characterized by a finite collection of forbidden induced subgraphs, whereas the
testability of triangle-freeness is equivalent to the Triangle Removal Lemma. Prior to
the result below it was known that properties closed under edge and node removal
called monotone are testable, see [11].

Corollary 3.4.7. [10][941[89] Every hereditary graph property is testable.

Alon and Shapira [10] gave also a necessary condition for one-sided testability in
form of semi-hereditary properties. The property # is semi-hereditary, if there exists
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a hereditary property #* > P, such that for any ¢ > 0 there exists an 1, such that any
graph of size at least 1 that is e-far from # has an induced subgraph not satisfying
P’. Partition based properties, such as having a large cut, are obviously not semi-
hereditary, although they are testable, we have always have to settle with some small
error probability, both false positives as well as negatives may occur. These are covered
by Theorem 3.4.6, whose setting is more general.

3.5 Examples of testable properties and parameters

We introduce now a notion of efficient parameter testability. Definition 3.2.1 of test-
ability does not ask for a specific upper bound on k(¢) in terms of ¢, but in applications
the order of magnitude of this function may be an important issue once its existence
has been verified. Therefore we introduce a more restrictive class of graph parameters,
we refer to them as being efficiently testable.

Definition 3.5.1. An r-graph parameter f is called p-testable for a family of measurable
functions p = {B; | pi: R* — R*,i € I}, if there exists an i € I such that for every ¢ > 0 and
r-graph G we have

P(f(G) = f(G(Bi(e), Gl > €) < e.

With slight abuse of notation we will also use the notion of -testability for a family
containing only a single function . The term efficient testability will serve as shorthand
for B-testability for some (family) of functions B(¢) that are polynomial in 1. One could
rephrase this in the light of Definition 3.5.1 by saying that a testable parameter f is
efficiently testable if its sample complexity is polynomial in 1/e.

During the course of the thesis we will often deal with statistics that are required
to be highly concentrated around their mean, this might be important for us even if
their mean is not known to us in advance. A quite universal tool for this purpose is a
Chernoff-type large deviation result, the Azuma-Hoeffding-inequality for martingales
with bounded jumps. Mostly, we require the formulation given below, see e.g. [12] for
a standard proof and a wide range of applications. We will also apply a more elaborate
version of this concentration inequality in Chapter 4.

Lemma 3.5.2 (Azuma-Hoeffding-inequality). Let (My)]_, be a super-martingale with the
natural filtration such that with probability 1 for every k € [n] we have |My — Mi_1| < cx. Then
for every ¢ > 0 we have

2
P(M, — M| > €) < 2exp (_22(; CZ)'
k=1 "%k

We will list some examples of graph parameters, for which there is information
available about their sample complexity implicitly or explicitly in the literature.

Example 3.5.3. One of the most basic testable simple graph parameters are subgraph
densities fr(G) = t(F, G), where F is a simple graph. The next result was formulated as
Theorem 2.5 in [91], see also for hypergraphs Theorem 11 in [49].
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Lemma 3.5.4. [91, 49] Let € > 0 q,r > 1 be arbitrary. For any g-colored r-graphs F and G,
and integer k > |V (F)| we have

2
P(ltini(F, G) = tinj(F, Gk, G))| > €) < 2exp (_2|;(§)|2)’

and

2
P(HE,G) — HE, Gk, G))| > €) < 2exp (_ﬁ(kﬂlz) (3.38)

For any g-colored r-graphon W we have

2
]P(|t(F, W) - tinj(P/ G(k, W))l > E) <2 exp (_2|;(£)|2)’

and

2
P(HE, W) — t(F, G(k, W))| > €) < 2exp (_WIIE)P)

This implies that for any F that the parameter fr is O(log(%)e‘z)—testable. In the case
of (K, r)-graphs for arbitrary r the same as Lemma 3.5.4 holds, this can be shown by
a straightforward application of the Azuma-Hoeffding inequality, Lemma 3.5.2, as in
the original proofs.

Example 3.5.5. Forr=2,9,n € N, ] € R™, h € R, and G € I12 we consider the energy

&GN == Y Jiec @ D07 () + 5 Y il (339

1<i,j<q 1<i<qg
of a partition ¢: V(G) — [g], and

&G, h) = E(G, T h), 3.40
(G, I, h) 5 max (G, ], h) (3.40)

that is the ground state energy of the graph G (cf. [32]) with respect to | and h, where

ec(S, T) denotes the number of edges going form S to T in G. These graph functions
originate from statistical physics, for the rigorous mathematical treatment of the topic
see e.g. Sinai’s book [113]. The energy expression whose maximum is sought is also
referred to as a Hamiltonian. In the literature this notion is also often to be found with
negative sign or different normalization, more on this below.

This graph parameter can be expressed in the terminology applied for MAX-2CSP.
Let the corresponding 2CSP formula to the pair (G,]) be F with domain K = [g]. The
formula F is comprised of the constraints (go; x;j) for every edge (i, j) of G, where g
is the constraint type whose evaluation table is ], and additionally it contains # copies
of (g1;x;) for every vertex i of G, where g; is the constraint type in one variable with
evaluation vector h. Then the optimal value of the objective function of the MAX-
2CSP problem of the instance F is equal to &G, J,h). Note that this correspondence is
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consistent with the sampling procedure, that is, to the pair (G(k, G),J) corresponds the
2CSP formula G(k, F). Therefore &(., ], h) has sample complexity O(i)(see [14],[98]).

These energies are directly connected to the number hom(G, H) of admissible vertex
colorings of G by the colors V(H) for a certain small weighted graph H. This was
pointed out in [32], (2.16), namely

A

1
Inhom(G, H) = &G, ) + O (m) (3.41)

1
V(G

where the edge weights of H are B;;(H) = exp(Jij). The former line of thought of
transforming ground state energies into MAX-2CSPs is also valid in the case of -
graphs and rCSPs for arbitrary r.

The results on the sample complexity of MAX-rCSP for g = 2 can be extended beyond
the case of simple hypergraphs, higher dimensional Hamiltonians are also expressible
as rCSP formulas. The generalization for arbitrary g and to r-graphons will follow
in the next chapter. Additionally we note, that an analogous statement to (3.41) on
testability of coloring numbers does not follow immediately for r > 3.

On the other hand, with the notion of the ground state energy available, we may
rewrite the MAX-2CSP in a compact form as an energy problem. We will execute
this task right away for limit objects. First, we introduce the ground state energy of
a 2-kernel with respect to an interaction matrix J. The collection ¢ = (¢1,...,¢P,) is
a fractional g-partition of [0, 1] with the components being measurable non-negative
functions on [0, 1], if for every x € [0, 1] it holds that Z?zl ¢i(x) = 1.

Definition 3.5.6. Let g > 1, ] € R™. Then the ground state energy of the 2-kernel W with
respect to | is

EW D =max ) . | ¢n@n(y)Wix, y)drdy,

Ze[q]z [011]2

where ¢ runs over all fractional q-partitions of [0, 1].

LetK=1[q],L=1{0,1,..., d}" and (F»);, be a convergent sequence of 2CSP formulas.
Consider the corresponding sequence of graphs eval(F,) = (F%),, for each 1, and let
W = (W?).¢qp be the respective limit. Let f be the (L,2)-graph parameter so that
f(eval(F)) is equal to the density of the MAX-2CSP value for the instance F. Then it is
not hard to see that f can be extended to the limit space the following way

q
F=max ) [ oW yxdy,

ij=1

where ¢ runs over all fractional g-partitions of [0, 1]. The formula is a special case of the
layered ground state energy with the interaction matrices defined by J*/(k, 1) = 1;(k)1;(l)
that is defined below in Chapter 4.

Example 3.5.7. The efficiency of testing a graph parameter can be investigated in terms
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of some additional continuity condition in the 65 metric. Direct consequence of results
from [30] will be presented in the next lemma.

Lemma 3.5.8. Let f be a simple graph parameter that is a-Holder-continuous in the 6 metric
in the following sense: There exists a C > 0 such that for every & > 0 there exists ny(e) so that
if for the simple graphs G1, G, it holds that |[V(G1)l, [V(G2)| = no(e) and 6o(Gi, Gy) < ¢, then

£(G1) = f(G)| < C82(Gr, Ga). Then f is max(29(@%), ng(e))-testable.

Proof. To see this, let us fix ¢ > 0. Then for an arbitrary simple graph G with |[V(G)| >
no(e) and k > ny(e) we have

I£(G) - F(G(k, G))| < C[64(G, Gk, G)]I" <c( 10 ] , (3.42)

vlog, k

with probability at least 1 — exp(—#;k). The last probability bound in (3.42) is the
statement of Lemma 3.3.9, first proved in [30]. We may rewrite (3.42) by setting

o
e=C ( 10 ) , the substitution implies that f is 20(¢7)_testable, whenever ng(e) <

log,
2067, O

This latter approach is hard to generalize in a meaningful way to r-graphs for r > 3
because of the absence of a suitable metric, see the discussion above. The converse
direction, namely formulating a qualitative statement about the continuity of f with
respect to 05 obtained from the information about the sample complexity is also a
worthwhile problem.

3.6 Further aspects of statistical physics

In this section we further motivate the term energies above for parameters determined
by coloring configurations on graphs using the terminology of mean field theory in
statistical physics.

We consider first simple graphs, this translates to pairwise interaction between sites
in terms of physics. Let our model be given by g > 1, a symmetric real matrix J, and a
g-dimensional real vector #, let further G be a simple graph. We define a probability
distribution over the set of g-partitions ¢ of the node set V(G) corresponding to the
thermodynamical equilibrium called the Gibbs measure, each configuration ¢ occurs
with probability proportional to exp(|V(G)|Ey(G, ], h)) (see (3.39). The normalizing
factor Z(G, ], h), i.e., the sum of the exponentials over the possible ¢ configurations, is
of central importance, its limit behavior when V(G) tends to infinity discloses several
features of the Gibbs measure, and detects phase transitions. The measure is clearly a
function of the entries of | and &, and roughly said a phase transition is a point where
the correlation between the marginal distributions of ¢ at the nodes quickly changes,
the configuration obtained following the Gibbs measure shifts from typically ordered
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to typically disordered. The parameters | and / of the measure are often driven by one
variable T that stands for the temperature, this is the case in the Ising model.

In the common definition used by physicists this weight reads as

oxpl= Y Jowow + Y, how |,

uveE(G) ueV(G)

which is suitable for cases where the average degree of the graphs is bounded from
above by a constant, an example is the d-dimensional cubic lattice. A more universal
weighting would be exp('l‘g((?)lfquj(G,],h)), that is just the previous formula with an
average degree normalization in the exponent in order to ensure that it is O(|[V(G)]).
We will use the first formulation without a negative sign and with zero magnetization

h for its simplicity in the dense case.

For example, in the well-known Ising model, see below, each node can take one
of two possible states (spins), where adjacent node pairs in the same state excel a
repulsive interaction contributing —1 to the Hamiltonian, and in different states an
attractive one that is reflected by a +1 contribution to the value of the Hamiltonian.

The overwhelming majority of the statistical physics literature deals with models
on (possible infinite) lattice structures, whereas our study mainly concerns dense
structures. The connection is given by a simplified version of the original physics
model in which all pairs of nodes interact with each other in the same way with the
further hypothesis that the fluctuation of the spin values is always negligible.

This method is called mean field approximation, it has no direct practical meaning
for the description of an actual lattice system, however the behavior of the model often
serves as a source of intuition regarding more realistic scenarios. A huge advantage
of the model is that tracing the impact of the change of the interaction strength is less
involved, also, it fits well into our framework as the case of complete graphs.

Free energies of r-graphs and kernels We will study the testability of the logarithm
of the partition function per node, also called free energy of the system for r-uniform
hypergraphs, this means a generalization of the pairwise interaction between adjacent
nodes in certain states to multi-site interaction. For a fixed description of the charac-
teristics of the states the free energy is a graph a parameter, and it is closely related to
the ground state energies in a natural way. Such an aspect was first studied in [32].

Definition 3.6.1. Let q > 1, | be a symmetric real r-array of size q. For an (R, r)-graph G the
partition function with respect to | is defined by

Z2G N =), exp(V(GIE(G, ), (343)
¢: V(G)-lq]
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where the sum goes over all g-partitions of |V(G)|, and

q
£4(G, ) = énv Y JusAclo i)

.....

The ground state energy of G with respect to | is

&G, = max Eo(G, ),

where the maximum runs over all g-partitions of |[V(G)|.
The free energy of G with respect to ] is

1

TGN ="y

InZ(G, ]). (3.44)

We remark that if in the above definition the multiplicative factors [V(G)I"! in the
exponents in (3.43) would be replaced by |V(G)|" (thus, following the original termin-
ology when studying lattices in statistical physics) and the normalization in the free
energy expression in (3.44) would be changed to & at the same time, then we would
obtain the situation described in (3.41). Therefore the modified definition would im-
ply that the free energy is asymptotically equal to the ground state energy of the same
system, meaning that their difference is O(1/|V(G)|).

We also mention that allowing different levels of interactions on the set of sites up to
the arity bound r would lead out of the space of uniform hypergraphs, however such
hypergraphs can be encoded by uniform edge-colored ones.

The original mean field approximation for the Ising model, also called Curie-Weiss
model, is a special instance of the above definition in the sense that G is assumed to
be a complete graph K,,, the behavior of the free energy is studied when 7 is tending
to infinity. This type of question regarding the limit behavior can be extended to any
convergent sequence of dense r-graph sequences using the next counting lemma.

Lemma 3.6.2. Let g > 1, | be a symmetric real r-array of size q. For two r-graphs G and H
with the common vertex set [n] we have that

EG, ]) = EH, DI < qda(G, H)|I]lleo,
and
F(G, ) = F(H, DI < 7ds(G, H)|]l]eo-

Proof. Let ¢ be an arbitrary g-partition of [n]. Then

9

1E6(G, ]) = Ep(H, I < Z is,i 1 AG@ T (01), -, 71 (M) = Au(@™ (@), -, 7 (i)

il,...,lrzl
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< 7'da(G, H)|[]lle-
Let ¢ be such that E,(G, J) = &G, J). Then

EG,])-EH,]) = E4,(G,]) - EH, )
< 8¢U(GI ]) - 8¢0(G/ ]) < qrdD(G/ H) ”]”oo

Bounding the negative of the above difference the same way gives the desired result.
Further,

Z(G,]) _ Loexp(n€y(G,)))

Z(H,]) ~ Ly exp(n&s(H,]))
< m(Pax exp(n(&Ey(G, ]) — Ey(H, ]))) < exp(ng’do(G, H)|]lle)-

By symmetry we have % < exp(nq'da(G, H)||/|l~), thus

IF(G,]) = F(H, D < 1/nInZ(G,]) = In Z(H, )] < 'da(G, H)|]le-

O

The version of the free energy for naive r-kernels and graphons seems at first less
natural, than in the case of ground state energies.

Definition 3.6.3. [32] Let g > 1, | be a symmetric real r-array of size q. Then the energy of a
naive r-kernel W with respect to | and the fractional g-partition ¢ is

q

EsWI = Y o | W, x) [ [ 0 ()dx .. dx,,
| L]

11,...,ir=1 [0’117

the ground state energy of W with respect to | is

EW,)) = szp EsW, ]).

The free energy of W with respect to | is
F(W,]) = = sup [E5(W, ]) + ent(d)],
¢

where the supremum is taken over all fractional g-partitions of [0, 1], and

1 49
ent() = - fo Y 6 log(u(x))dx.

i=1

As a usual convention we set the function xlog x to be 0 at 0.
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3 Graph parameter testability, norms, distances

The corresponding counting lemma for the graphon case is analogous to the graph
case including its proof.

Lemma 3.6.4. Let g > 1, | be a symmetric real r-array of size q. For two naive r-kernels U
and W of common size n we have that

1EU, ) = EW, DI < q"0a(U, W)l leollUl oWl oo,
and

17 ]) = F W, DI < q"0a(U, W) lleo I LHlool W]l oo

The connection between the two versions of free energies F(G,]) and F (W, ]) for
a fixed r-graph is not as straight-forward as in the case of GSEs, as to be shown in
Chapter 4 below. We state a bound on their deviation without giving the detailed
proof here, as it is only a slight generalization of Theorem 5.8. in [32] for the case r = 2,
the alterations with respect to that proof are trivial.

Theorem 3.6.5. [32] Let g > 1, | be a symmetric real r-array of size q. For an r-graph G we
have

F(G, ]) - F(We, )l < O(q—)

VIn|V(G)|

The proof method of [32] goes as follows. There is no direct way to relate the two
quantities above, but it is possible to approximate ¥ (Wg, J) by free energies of the
equitable blow-ups of G, i.e., #(G[k], J). To exploit this property one has to create a
template graph for G with less number of nodes using the Weak Regularity Lemma to
obtain a compressed representation H. Since by Lemma 3.6.2 above the free energies of
blow-ups of H are close to the free energies of G, it only requires some technical surgery
to estimate the impact of adding some small number of isolated vertices to finish the
proof. In fact, sill an application of the continuous version of the counting lemma,
Lemma 3.6.4, is needed as one approximates ¥ (Wy, J) by 7:'(H [k],]) to conclude the
proof with the aid of the first remark regarding the closeness of these two quantities.

As an immediate consequence of Theorem 3.6.5 we obtain the testability of the

r-graph parameter f(G) = F(G, )).

Corollary 3.6.6. Let g > 1, | be a symmetric real r-array of size q, and let ¢ > 0 be an arbitrary
real. There exists a ¢ > 0, such that for any r-graph G and k > exp(c/€?) we have

F (G, ) - F(Glk,G), )l < e
with probability at least 1 — ¢.

Proof. Fix € > 0, and let G and k be as in the statement, further let F denote G(k, G). We
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have

I (G, ])-F(G(k,G), ) < IF(G,]) = F(Wg, )
+|F(We, J) = F(We, DI+ 1F(We, J) = F(E ).

We set c to be large enough so that the first and the third term are each bounded above
by ¢/3 due to Theorem 3.6.5. To estimate the middle term we apply Lemma 3.6.4
together with Lemma 3.3.9, perhaps by increasing ¢, we have

IFWe, ) =F (We, )l < '11/1l0a(G, F) < €/3

with probability at least 1 — ¢.
O

Spin models in physics The problems we dealt with are defined on so-called spin
models, see de la Harpe and Jones [42], and Wu [116, 117] for connections between the
combinatorial and the physics aspects. Next we will list some well-known examples
of these models from the physics literature, and describe how they fit into the above
framework. Another important family of graph parameters appearing in statistical
physics are vertex models, where a configuration in the graph case is given by an edge
coloring, and the weight of a node in the energy formula is evaluated according to
the states of the incident edges and a given weight function. These models also have
a large literature, see [42], however their treatment would exceed the content of this
thesis.

The spin models listed below have all a finite state space (except for the n-vector
model, but this can be taken care of in some cases) with bounded interaction.

Ising model The most basic model for simple graphs is the Ising model, here g = 2
and J;; = (-1)", further (G, ]) = m Ywerc) K(=1)?0+%@) Depending on the
sign of K, sites in different states attract (K < 0) or repulse (K > 0) each other. For
K > 0 it is also called the ferromagnetic Ising model, as for large K the system
aligns into one state according to the Gibbs measure with high probability. The
case G = K,, is known as the Curie-Weiss model.

Potts model Let g > 1 be arbitrary, then the standard Potts model is given by J;; =
K1,(j), where 1, is the indicator of its index, so the weight function is E4(G, J) =
m Yuvevc) Klow(@(0)). An alternative variant is known as the planar Potts
model (its mean field specialization is also known as the Curie-Weiss clock model)

defined by J;; = K cos(zn(;_j )), for g = 2,3 these two models are equivalent.

We mention that discarding the quadratic normalization in our formulation of
the Potts model with considering g and K as variables, it is equivalent to the
Tutte polynomial of graphs, that is also known as the dichromatic polynomial
and contains information about a large variety of graph invariants such as the
number of proper k-colorings, or spanning trees.
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3 Graph parameter testability, norms, distances

Biggs model Let g be arbitrary, and T: Z, — R such that T(i) = T(-i). The Biggs

model generalizes the Potts model, it is given by J;; = T((i — j) mod g), in other
Wordsl 8¢(GI ]) = m ZuveE(G) T(((Z)(Z/l) - (P(U)) mod 11)

n-vector model The most basic continuous state spin model family is called the n-

vector model, where the spins come from the n-dimensional unit sphere, the
interaction strength between two states is the inner product of the representing
vectors, so J,» = (1, v). The partition function in this setup is defined as an integral
over all possible configurations with the usual spherical measure. If we specify
the dimension 7 of the sphere of possible spin values we get other well-studied
models. The case n = 1 corresponds to the Ising model above, the case n = 2 is
also referred to as the XY-model, and n = 3 is known as the classical Heisenberg
model. However, in terms of testability of the free energies the models with fixed
dimension can be well approximated by finite state space models by discretizing
the unit sphere.

We remark that in our framework it might be interesting to further generalize
the above model and allow spins from the n-dimensional unit sphere for graphs
with n vertices, this model seems to have close ties to semidefinite relaxations of
combinatorial optimization problems on graphs. Unfortunately, the discretiza-
tion method above would not lead to testability in this case, since the size of the
e-net for the auxiliary states grows with the vertex cardinality of the inspected
graphs, and so does the bound in Corollary 3.6.6. So a corresponding testability
result in this case still would require some new ideas.

Multisite Potts model This model is a generalization of the standard Potts model in
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the sense that influences of site groupings of higher rank also receive weights
in the Hamiltonian, in combinatorics these groupings can be captured by hyper-
graphs defined on the set of sites. For r = 3 and arbitrary g, the 3-site Potts model
corresponds to the interaction array J; ;v = K1;(j)1;(k)1x(7) for i, j, k € [gq], and the
energy weight function takes the form

8¢(fo)=m Y, Ko@) Lo (@) Lo (1)

uvweE(G)

Zero-site interactions can be interpreted as the influence of some external mag-
netic field on the energy weight of the configurations. For example, a general
instance of the Potts model with interaction graph G = (Gj, G,) on the site set
V(G) with G; being a 3-graph and G, being a 2-graph the energy weight of the
spin configuration ¢ looks like

1

E(G1,G) ) = e

Y, Kilou(@©) Lo (@) Lo ()

uvweE(Gy)
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1
IV(G)P?

1
Z Kzﬂgb(u)(qb(v)) + [V(Gy)|

uveE(Gy)

+

Y Ksli(@w)).

ueV(G)

Remark 3.6.7. We would like to mention the consequences of Corollary 3.6.6 in terms
of computational complexity for the value of the free energy. In general, it requires
exponential time to determine the free energy, since the partition function is the sum
of 4" energy terms, however Corollary 3.6.6 directly implies a PTAS for the value of
the free energies that runs in constant time for fixed ¢ > 0, meaning that in this time
we can compute an additive e-approximation with high probability. Since the spin
models listed above all have a finite state space (except for the n-vector model, but this
can be handled if the dimension of the state space is bounded) and uniformly bounded
interaction strength, Corollary 3.6.6 applies, with other words we can say that for these
models the free energies considered as r-graph parameters are testable. As mentioned
above, the situation in the n-vector model with increasing state dimension has not
been resolved yet.

It is still an interesting question if it is possible to improve on upper bounds for the
sample complexity of the parameter given by f(G) = F (W, J) using the framework of
the forthcoming Chapter 4 concerning ground state energies.
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CHAPTER 4

Testability of the ground state energy

4.1 Introduction

In this chapter we introduce a generalization of the notion of the ground state energy
of graphs from [32], see Definition 3.5.6, to the space of r-graphons and r-kernels
and reformulate the results of [14] regarding sample complexity of MAX-rCSP in that
framework. The parameter derived from the maximal constraint satisfaction problem
will also serve as an example for an efficiently testable parameter of the corresponding
colored hypergraph. We will further generalize the main result of [14] in several
directions.

Assume that K is a compact Polish space, and r is a positive integer. First we provide
the basic definition of the energy of a (K, r)-graphon W: [0, 1]°I") — % with respect to
some q > 1, an r-array | € C(K)7"*, and a fractional partition ¢ = (¢y,...,d,). With
slight abuse of notation, the graphons in the upcoming parts of the section assume
both the K-valued and the probability measure valued form, it will be clear from the
context which one of them is meant.

Recall Definition 3.6.3 of the energies of naive r-kernels, the version for true (%, r)-
graphons is

q

Es(W,]) = Z f{o L Ja... zy(W(xb([V])))E¢Zj(x{j})d/\(xb([r]))~ (4.1)

Z1 e Zr=1

The value of the above integral can be determined by first integrating over the
coordinates corresponding to subsets of [r] with at least two elements, and then over
the remaining ones. The interior partial integral is then not dependent on ¢, so it can
be calculated in advance in the case when we want to optimize over all choices of
fractional partitions. Therefore focusing attention on the naive kernel version does not
lead to any loss of generality in terms of testing, see below.

When dealing with a so-called integer partition ¢ = (1r,,...,1r,), one is able to
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4 Testability of the ground state energy

rewrite the former expression (4.1) as

q
Ee(W,]) = Z Jz1,e,2, (W () )dA (1),

.....

where pp stands for the projection of [0, 110D to the coordinates contained in the set
D.

The energy of a (K, r)-graph G on k vertices with respect to the | € C(K)?*7 for
the fractional g-partition x, = (x,1,...,%,4) forn = 1,...,k (i. e, x,,, € [0,1] and
Yo Xum = 1) is defined as

k

&G D=3 i 2 Ja z,(G<n1,...,nr))gxnj,zj. (4.2)

In the case when K = {0,1} and J,, . (x) = a;,.,11(x) is a constant multiple of

the indicator function of 1 we retrieve the original GSE notion in Example 3.5.5 and
Definition 3.5.6.

Remark 4.1.1. Ground state energies and subgraph densities are Lipschitz continuous
graph parameters in the sense of Lemma 3.5.8 ([30],[32]), but that result implies much
weaker upper bounds on the sample complexity, than the best ones known to date.
This is due to the fact, that 65(G, G(k, G)) decreases with magnitude 1/ 4/logk in k,
which is the result of the difficulty of finding a near optimal overlay between two
graphons through a measure preserving permutation of [0,1] in order to calculate
their 65 distance. On the other hand, if the sample size k(¢) is exponentially large in
1/¢, then the distance 65(G, G(k, G)) is small with high probability, therefore all Holder-
continuous graph parameters at G can be estimated simultaneously with high success
probability by looking at the values at G(k, G)).

Next we introduce the layered version of the ground state energy. This is a general-
ized optimization problem where we wish to obtain the optimal value corresponding
to fractional partitions of the sums of energies over a finite layer set.

Definition 4.1.2. Let € be a finite layer set, K be a compact set, and W = (W®).ec be a tuple
of (K, r)-graphons. Let q be a fixed positive integer and let | = (J*)cec with ¢ € C(FK)T1 for
every e € €. Fora ¢ = (¢1,...,Q,) fractional g-partition of [0,1] let

Eo(W]) = Y Eo(WS, J)

ec€

and let

EW,]) = m$x8¢(W]),

denote the layered ground state energy, where the maximum runs over all fractional g-partitions
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of [0,1].

We define for G = (G°)cc the energy Ex(G, ]) analogously as the energy sum over €, see
(4.2) above, and (G, ]) = maxy Ex(G, J) where the maximum runs over integer g-partitions
(xnm € 10,1} ), respectively E(G, ]) = maxy E(G, ), where the maximum is taken over all
fractional g-partitions X.

Now we will rewrite the unweighted boolean limit MAX-rCSP (recall Definition 2.1.2)
as a layered ground state energy problem. Let € = {0,1}, K = {0,1,...,2"}, W =
(W?).¢00,1y with W* being (K, r)-graphons, and let

a) =max Y [ ot - s weodic)

ze(0y VI Tig

where the maximum is taken over all measurable functions ¢: [0,1] — [0,1]. If
eval(F) = (F?).01y is a (K¢, r)-graph corresponding to a boolean rCSP formula F with
k variables, then the finite integer version of « is given by

k

a(eval(F)) = mflx% Z Z F(ny,...,n,) ﬁx”jlzj/
j=1

z€{0,1}" nq,...,n,=1

where the maximum runs over integer 2-partitions of [k]. It is clear that &(eval(F)) is
equal to the density of the optimum of the MAX-rCSP problem of F.

We return to the general setting and summarize the involved parameters in the
layered ground state energy problem. These are the dimension 7, the layer set €, the
number of states g, the color set K, the finite or limit case. Our main theorem on the
chapter will be a generalization of the following theorem on sample complexity of
rCSPs with respect to these factors.

The main result of [14] was the following.

Theorem 4.1.3. [14] Let F be an unweighted boolean rCSP formula. Then for any ¢ > 0 and
6 > 0 we have that for k € O(e™* log(%)) it holds that

P (|a(eval(F)) — &(G(k, eval(F)))| > &) < 6.

The upper bound on k in the above result was subsequently improved by Mathieu
and Schudy [98] to k € O(e™*). We will see in what follows that also the infinitary
version of the above statement is true. It will be stated in terms of layered ground state
energies of edge colored hypergraphs, and will settle the issue regarding the efficiency
of testability of the mentioned parameters in the greatest generality with respect to
the previously highlighted aspects. However, what the exact order of the magnitude
of the sample complexity of the MAX-rCSP and the GSE problem is remains an open
question.

In order to simplify the analysis we introduce the canonical form of the problem, that
denote layered ground state energies of [g]-tuples of ([-d,d], r)-graphons with the

83



4 Testability of the ground state energy

special interaction r-arrays J* for each z € [g]’, that have the identity function f(x) = x
as the (z4, ..., z,) entry and the constant 0 function for the other entries. In most of what
follows we will drop the dependence on | in the energy function when it is clear that
we mean the aforementioned canonical , and will employ the notation &,(G), E(G),
&(G), Ey(W), and E(W) (dependence on g is hidden in the notation), where G and W
are [g]"-tuples of ([—d,d], r)-graphs and graphons, respectively. We are ready to state
the main result of the chapter.

Theorem 4.1.4. Letr > 1,9 > 1, and € > 0. Then for any [q]"-tuple of ([—||Wllw, [|Wllw], 7)-
graphons W = (W?),¢r and k > ©*1log(®)q" with © = 27’y

&

we have
P(EW) — EG(k, W))| > el Wllw) < €. (4.3)

We outline the organization of the chapter. We proceed with the proof of The-
orem 4.1.4 in the next section, we employ the Cut Decomposition method that is a
low-rank type approximation for arrays resembling the singular value decomposition
for matrices closely related to the Weak Regularity Lemma, and linear programming
duality.

This is followed by applications of the proof methodology to some variant energy
problems. In particular, we analyze the testability of the generalization of ground
state energies with an external magnetic field that is embodied in an additional bias
towards certain states, and the microcanonical version of ground state energies, where
we optimize over configurations such that their number of vertices that take certain
states are fixed. We provide for these problems the first explicit upper bounds on
testability in Theorem 4.3.2 and Theorem 4.3.6, respectively. For the finitary version of
the microcanonical energy problem a similar question was investigated by Fernandez
de la Vega, Kannan, and Karpinski [53] by imposing a finite number of additional
global constraints with unbounded arity for common rCSPs.

Furthermore, the continuous version of the quadratic assignment problem is treated
below in a sample complexity context, see Corollary 4.3.9, this subject is related to re-
cent development in the topic of approximate graph isomorphism and homomorphism
problems, see [88] and [22].

In the subsequent section we relax the condition on the colors to be from a com-
pact space and treat graphs and graphons with real unbounded weights. We prove
testability for graphons under an L condition, see Theorem 4.4.3.

We conclude the chapter with a topic of somewhat different flavor. In [32] it was
shown that graph convergence is equivalent to convergent ground state energies, but is
strictly stronger that convergence of unrestricted ground state energies. We introduce
lower threshold ground state energies, where we optimize over configurations for that
each state is represented by a minimal number vertices corresponding to the threshold.
We prove a convergence hierarchy for these parameter families, see Theorem 4.5.11.
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4.2 The main problem

This section contains the proof of Theorem 4.1.4 we will proceed loosely along the
lines of the proof of Theorem 4.1.3 from [14] with most of the required lemmas being
refinements of the respective ones in the proof of that theorem. We will formulate
and verify these auxiliary lemmas one after another, afterwards we will compile them
to prove the main statement. The arguments made in [14] carry through adapted to
our continuous setting with some modifications, and we will also draw on tools from
[30] and [32]. A direct consequence of Theorem 4.1.4 is the corresponding result for
layered ground state energies.

Corollary 4.2.1. Let € be a finite layer set, K a compact Polish color set, ¢ > 1, r-arrays
J = (J)ees with | € C(K)P4, and ¢ > 0. Then we have that for any €-tuple of (K, r)-

graphon W = (W®)ee and k > ©*log(©)q" with © = ZHZW that

PIEW, ) = EGk, W), )] > el [l IW]leo) < e.

Proof. We make no specific restrictions on the color set K and on the set € of layers
except for finiteness of the second, therefore it will be convenient to rewrite the layered
energies &,(W, ]) into a more universal form as a sum of proper Hamiltonians in order
to suppress the role of K and €. Let

emn=Y Y f [T = xR, (W) A )

e€C zy,...zrelg) ¥ O fepy]

Z o | Y1 L (W)

zr€lq] [0 1]])([7]) je [ ] e

dA(xp(r)-

Motivated by this reformulation we introduce for every (W, ]) pair a special auxiliary
instance of the ground state problem that is defined for a [g]"-tuple of ([-d,d],r)-

graphons, where d = |€|||J|| [[Wl|ls. For any z € [gq]’, let Wa(x) = Ve Iz (WE(X))
for each x € [0,1]°0"), and let the interaction matrices J* be of the canonical form. We
obtain for any fractional partition ¢ of [0, 1] into g parts that E4(W, ]) = 8¢(W, J), and
also E(G(k, W), ]) = E(G(k, W), ]) for any fractional partition x, where the two random
r-graphs are obtained via the same sample. Therefore, without loss of generality, we
are able to reduce the statement of the corollary to the statement of Theorem 4.1.4
dealing with ground state energies of canonical form. O

We start with the proof of Theorem 4.1.4 by providing the necessary background.
The first lemma tells us that in the real-valued case the energy of the sample and that
of the averaged sample do not differ by a large amount.

Lemma 4.2.2. Let W be a ([-d, d], r)-graphon, g > 1, ] € R7"4. Then for every k > 1 there
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is a coupling of G(k, W) and H(k, W) such that

2
P (EG(k, W), ]) - EH(KE W), DI > ell/lluW.) < 2exp (—k(%k ~log q))

Proof. Let us fix a integer g-partition x of [k], and furthermore let the two random
r-graphs be generated by the same sample (Us)seyi,n- Then

q k

. 1 g
SX(G(k, W)/ ]) = E Z Z ]zl,.,.,z, W((us)Seb({nl,...,n,},r)) H xn]-,zj/
]:

and

E(H(k, W), ])
1 q k r
=5 Z Z Ja1,.. 2 BIW((Us)sen(pny,....n10) | (Us)seniing,..ipn] | | Xnjz;-

21,00, Zr=111,...,p=1 =1

Let us enumerate the elements of (’2‘) aser, ez, .-, (k) and define the martingale

Yo = E[E(G(K, W), ]) [ {U; ] j € [k]}],
and

Y; = E|&(HK W), ) {U; | j € [k} U (U, (Us | ¢ € S))|

foreach 1 <t < (}), so that Y, = &(H(k, W), ]) and Yy = E(G(k, W), ). For each t € (})

we can upper bound the difference, |Y;—1 — Y| < kl—zll JllollWlleo. By the Azuma-Hoeffding
inequality, Lemma 3.5.2, it follows that

p2k4 p2k2
P(Y, - Yol > p) < 2exp| —————— | < 2ex (——) 44
(Ye = Yol 2 p) p[ 2(’§)I|III%OIIW||§O) P\ 2mEIwiE @4

for any p > 0.
There are ¢* distinct integer g-partitions of [k], hence

A ~ ek
P(IB(GK, W), ) - EEE W), DI > el Wile) < 2exp (—k(7 ~log q)) (45)
o
In the following lemmas every r-graph or graphon is meant to be as bounded real-

valued and directed.
We would like to point out in the beginning that in the finite case we are able to shift
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from the integer optimization problem to the relaxed one with having a reasonably
good upper bound on the difference of the optimal values of the two.

Lemma 4.2.3. Let G be a real-valued r-graph on [k] and | € R7"*1. Then
A 1
1E(G, ]) - &(G, ) < rzﬂ”G”oo”]”oo-

Proof. Trivially we have &(G,]) > &(G,]). We define G’ by setting all entries of G to
0 which have at least two coordinates which are the same (for r = 2 these are the
diagonal entries). Thus, we get that

, r\1

Now assume that we are given a fractional partition X so that Ex(G’,]) attains the
maximum &(G’, ]). We fix all the entries X,,1,...%,, of X withn = 2,..., k and regard
&Ex(G',]) as a function of xi4,...,x1,. This function will be linear in the variables
X11,.--,X14, and with the additional condition Z;zl x1,; = 1 we obtain a linear program.
By standard arguments this program possesses an integer valued optimal solution,
so we are allowed to replace X, , ..., X1 ; by integers without letting E(G’, ]) decrease.
We repeat this procedure for each n € [k], obtaining an integer optimum for Ex(G’, ]),
which implies that &(G’, ]) = &(G’, ]). Hence, the claim follows. O

Next lemma is the continuous generalization of Theorem 4 from [14], and is closely
related to the Weak Regularity Lemma, Lemma 3.3.4, of [59], and its continuous version
Lemma 3.3.10. The result is a centerpiece of the cut decomposition method.

Lemma 4.2.4. Let ¢ > 0 arbitrary. For any bounded measurable function W: [0,1]" - R
there exist an s < g%, measurable sets Sf c[0,1]]Jwithi=1,...,s,j=1,...,r, and real

numbers dy, ... ,ds so that with B = Y;_, diﬂs}x.-.xs; it holds that
(i) Wl = IW - Bll,,
(ii) IW = Blln < €llWllp, and

(iii) Yioy ldil < £[[W]k.

Proof. We construct stepwise the required rectangles and the respective coefficients
implicitly. Let W° = W, and suppose that after the tth step of the construction we have

already obtained every set S{ c[0,1]withi=1,...,t,j=1,...,r,and the real numbers
di,...,dp. Set W' = W —Y!_ dilg,. .. We proceed to the (t + 1)st step, where two
possible situations can occur. The first case is when

Wllo > el[Wll.
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4 Testability of the ground state energy

This implies by definition that there exist measurable subsets St ., S - of [0,1]

t+17 " t+1
such that | fsl y WiH(x)dA(x)| > €||W]l,. We define d;,; to be the average of W' on

the productset S} x---x S/,

“en r
XSH]

and proceed to the (t + 2)nd step. In the case of
[Wila < ellWlla

we are ready with the construction and set s = ¢.
We analyze the first case to obtain an upper bound on the total number of steps
required by the construction. So suppose that the first case above occurs. Then

W15 = W5 = f (WH2(x)dA(x) — f (W'(x) = dii1)?dA(x)

S}H X"'XS:H S}H X'"XS;H
2 1 2 2
= di A5y - ASh) 2 WL (4.6)

This means that the square of the 2-norm of W' decreases in t in every step when the

first case occurs in the construction by at least ¢*||W|J3, therefore it can happen only at

most }2 times, with other words s < g% It is also clear that the 2-norm decreases in

each step, so we are left to verify the upper bound on the sum of the absolute values
of the coefficients d;. From (4.6) we get, that

S

IWIE = Y IWE = IWE 2 ) d2A(SY) .. AGS).
t=1

t=1

We also know for every t < s that [d;|A(S}) ... A(S}) > €||W]l,. Hence,
Y delWl < ) d2A(S])... A(S)) < IWIE,
t=1 t=1

and therefore Yj_; |d;| < L[|W][,. O

Next we state that the cut approximation provided by Lemma 4.2.4 is invariant
under sampling. This is a crucial point of the whole argument, and is the -dimensional
generalization of Lemma 4.6 from [30].

Lemma 4.2.5. For any ¢ > 0 and bounded measurable function W: [0, 1]" — R we have that

€2k
IP (/IIH(k, W)llg = [[Wllal > €llW]l) < 2exp (_@)

for every k > (@)4

Proof. Fix an arbitrary 0 < ¢ < 1, r > 2, and further let W be a real-valued naive
4

r-kernel. Set the sample size to k > <1i—rz) . Let us consider the array representation of
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4.2 The main problem

H(k, W) and denote the r-array Agw) by G that has zeros on the diagonal. We will
need the following lemma from [14].

Lemma 4.2.6. G is a real r-array on some finite product set Vi X --- X V,, where V; are copies
of V of cardinality k. Let Sy C V4,...,S, C V, be fixed subsets and Qi a uniform random
subset of V, X --- X V, of cardinality p. Then
kT
G(Sl/ R IST) < EQ1G(P(Q1 N SZ XX ST’)I SZ/ s ISI’) + %”GHZI

where P(Q1) = Pg(Qq1) = {x1 € V| Z(yz,...y,)egl G(x1,Y2,...,Yr) > 0} and the 2-norm denotes

Gll, = Lyev, G2(01,..%) 172
1Gll2 = Vil Vil

If we apply Lemma 4.2.6 repeatedly r times to the r-arrays G and -G, then we arrive
at an upper bound on G(S, ..., S;) (=G)(S4, ..., S;) respectively) for any collection of
the Sy, ..., S, which does not depend on the particular choice of these sets any more,
so we get that

rk"
IGllco, (4.7)
VP

since [|Gll2 < [|Gllc.

Let us recall that G stands for the random H(k, W). We are interested in the ex-
pectation [E of the left hand side of (4.7) over the sample that defines G. Now we
proceed via the method of conditional expectation. We establish an upper bound on
the expectation of right hand side of (4.7) over the sample Uj, ..., U for each choice
of the tuple of sets Oy, ..., Q. This bound does not depend on the actual choice of the
Qi’s, so if we take the average (over the Q;’s), that upper bound still remains valid.

Inorder todo this, letus fix Qy, ..., Q,, set Q to be the set of elements of V(G) which are
contained in at least one of the Q;’s, and fix also the sample points of Uy = {U; | i € Q}.
Take the expectation [Ey,, only over the remaining U; sample points.

To this end, by Fubini we have the estimate

+

K'EuyllGlla < Eq,,..0Eu,[Eu éné:g( max{G(Pg(Q}) N Q5, ..., Ps(Q) N Q°);

rk”
IGlles + pr°kK |Glleo,  (4.8)

(=G)(P-c(Q) NQ ..., Pc(Q) N QI + P

where Us = {U;|i€ S}
Our goal is to uniformly upper bound the expression in the brackets in (4.8) so
that in the dependence on the particular Q;,...Q, and the sample points from Ug

vanishes. To achieve this, we consider additionally a tuple of subsets Q! C Q;, and
introduce the random variable Y(Q/, ..., Q;) = G(Pc(Q)) N Q°, ..., Pc(Q;) N Q°), where
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4 Testability of the ground state energy

the randomness comes from Uy exclusively. Let

T, = {x; €[0,1] | Y W, ..., Uy, x,Uy,.,,...U,)> 0]
(Y1 Yic1, i1, Yr)EQ;

for i € [r]. Note that t; € Pg(Q’) is equivalent to U;, € T;. Then

By, Y(Q,-.., Q) < E Eu, Gt ..., 1) Lpga)(t1) - - - Lpgap(tr) + 72K W]l
t],...,tVEQC
t,‘itj

<Kk f W(x)dA(x) + 7KWl < KWl + 72K W] o
T1X-+-XT,

By the Azuma-Hoeffding inequality we also have high concentration of the random
variable Y(Q7, ..., Q) around its mean, that is

’k
PY(Qy, ..., Q) =2 Eu, Y(QF, ..., Q) + pK' W) < exp (—%), 4.9)

since modification of one sampled element changes the value of Y(Qj,...,Q;) by at
most 2rk"~!||W||.. Analogous upper bounds on the expectation and the tail probability
hold for each of the expressions (=G)(P_¢(Q}), ..., P.(Q))).

With regard to the maximum expression in (4.8) over the Q! sets we have to this
end either that the concentration event from (4.9) holds for each possible choice of the
Q! subsets for both expressions in the brackets in (4.8), this has probability at least

1—2r+ exp(—g), or it fails for some choice. In the first case we can employ the upper
bound K'||W|lg + (r*k" + pk")||W|l, and in the event of failure we still have the trivial
upper bound of k'||W||.. Eventually we presented an upper bound on the expectation
that does not depend on the choice of Q;,...,Q;, and the sample points from Uj.
Hence by taking expectation and assembling the terms, we have

ropr o P’k
B Gl < Wl + Wl (2= + 5+ p+ 27 exp -5 ).

Letp = Vkand p = Then

%I“k

rooor o 4rr 5
By IGllo < IWllo + IWlko | 2+ = + =+ + + exp (2 Vir — 22 Vk)
e & ey 4 2
5 — ot <
_||W||D+||W||m(16r TRRET 286) IWlla + &/21Wlls-

The direction concerning the lower bound, E||Gllz > [[W|lyz — /2 follows from a
standard sampling argument, the idea is that we can project each set S C [0,1] to a
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4.2 The main problem

set 5 C [k] through the sample, which will fulfill the desired conditions, we leave the
details to the reader. Concentration follows by the Azuma-Hoeffding inequality. We
conclude that

1
P (IGlla = [Wllal > €lWlle) < IP(‘]EIIGIID ~ Gl

> s/znwnm)
&2k
<2exp (__32r2) .
O

The two previous results Lemma 4.2.4 and Lemma 4.2.5 together imply a generaliza-
tion of Lemma 3.3.9 for r-graphs and r-graphons for arbitrary r formulating that typical
induced subgraphs are close in the 65 to the source object. We formulate the precise
statement below, however we are not going to use it in the proof of Theorem 4.1.4. Its
proof is analogous to the case of Lemma 3.3.9 in [30]: for a given instance, the applica-
tion of Lemma 4.2.4 ensures the existence of 65-close graphon of bounded complexity
(a step function) in the quality of the approximation. Lemma 4.2.5 tells us that the
projected approximation on the sample is also of sufficient quality with respect to the
sampled problem with high probability, the proof concludes with the description of
an overlay of the steps of the two approximating graphons to infer that they can be
rearranged to be identical on a large subset of the unit cube. We refer for details to
[30].

Lemma 4.2.7. Let ¢ > 0 and let U be an r-graphon with 0 < U < 1. Then for g > 2'%7/<* e
have

P (6a(U, G(g, U)) > €) < exp (—4100/62%). (4.10)

Next we state a result on the relationship of a continuous linear program (LP) and
its randomly sampled finite subprogram. We will rely on the next concentration result
that is a generalization of the Azuma-Hoeftfding inequality, Lemma 3.5.2, and suits
well the situation when the martingale jump sizes have inhomogeneous distribution.
It can be found together with a proof in the survey [112] as Corollary 3.

Lemma 4.2.8 (Generalized Azuma-Hoeffding inequality). Let k > 1 and (X,,)*_, be a
martingale sequence with respect to the natural filtration (F,)<_,. If 1Xy — X1l < d almost
surely and E[(X,, — Xy+1)* | Fu] < 02 for each n € [k], then for every n < k and 6 > 0 it holds
that

o? od od, od
IP(X,/, - Xy > (371) < exp (—Tlﬁ ((1 + g) ln(l + g) - g)) . (411)

Measurability for all of the following functions is assumed.
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4 Testability of the ground state energy

Lemma 4.2.9. Let c,,: [0,1] > R, U;jp: [0,1] > Rfori=1,...,s, m=1,...,q, u € R™,
a € R. Let d and o be positive reals such that ||c|| < d and ||c|l, < o and set y = g—;. If the
optimum of the linear program

1.4
maximize f Z fum(t)em(t)dt
0 m=1

1
subject to f fu(OU; (At < uj fori € [s]and m € [q]
0
0< fu(t) <1 fort € [0,1] and m € [q]
q
Y fuly =1 fort €[0,1]
m=1

is less than a, then for any €,6 > 0 and k € IN and a uniform random sample {Xy, ..., Xy} of
[0, 11¥ the optimum of the sampled linear program

q
1
maximize Z Z Exn,mcm(Xn)

1<n<k m=1
subject to Z %xn,mui,m(Xn) < Ujm — Ol|U|le fori € [s]and m € [q]
1<n<k
0<x,,<1 forn € [k] and m € [q]
q
Z Xpm =1 for n € [k]
m=1

is less than « + € with probability at least

6%k € € €
1- [exp (_7) + exp (—ky ((1 + ﬁ) In(1 + ﬁ) - ﬁ))] .
Proof. We require a continuous version of Farkas” Lemma.

Claim 3. Let (Af)im = fol Aim(t) fu(t)dt for the bounded measurable functions A;,, on
[0,1] fori € [s] and m € [q] , and let v € IR*". There is no fractional g-partition solution
f=(",..., fo) to Af <vifand only if, there exists a non-zero 0 < y € R¥ with [|y|; = 1
such that there is no fractional g-partition solution f to y'(Af) < y'v.

For clarity we remark that in the current claim and the following one Af and v
are indexed by a pair of parameters, but are regarded as 1-dimensional vectors in the
multiplication operation.

Proof. One direction is trivial: if there is a solution f to Af < v, then it is also a solution
to y'(Af) < y'v forany y > 0.
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4.2 The main problem

We turn to show the opposite direction. Let
= {Af | f is a fractional g-partition of [0, 1] }.

The set C is a nonempty convex closed subset of IR* containing 0. Let B = {x | x;,, <
vim } C IR, this set is also a nonempty convex closed set. The absence of a solution
to Af < vis equivalent to saying that C N B is empty. It follows from the Separation
Theorem for convex closed sets that there is a 0 # ¥’ € R* such that y'Tc < y'7b for
every ¢ € Cand b € B. Additionally every coordinate i, has to be non-positive. To see
this suppose that y; >0, wepickace Candb € B, and send biym, to minus infinity
leaving every other coordinate of the two points fixed (b will still be an element of B),
for b;, small enough the inequality y'"c < y'"b will be harmed eventually. We conclude

that for any f we have y"(Af) < y''v, hence for y = - - the inequality y"(Af) < y'v
has no solution. O

From this lemma the finitary version follows without any difficulties.

Claim 4. Let B be a real sq X k matrix, and let v € R* . There is no fractional g-partition
x € R¥ so that Bx < v if and only if, there is a non-zero 0 < y € R¥ with ||y|l; = 1 such
that there is no fractional g-partition x € R¥ so that y"Bx < yTo.

Proof. Let A;u(t) = Zn -1 B’,’{”’” =) n)(t) fori=1,...,s. The nonexistence of a fractional

g-partition x € RM so that Bx < v 1s equivalent to nonexistence of a fractional g-partition
f so that Af < v. For any nonzero 0 < y, the nonexistence of a fractional g-partition
x € R so that y"Bx < yTv is equivalent to the nonexistence of a fractional g-partition
f so that yT(Af) < yTv. Applying Claim 3 verifies the current claim. ]

The assumption of the lemma is by Claim 3 equivalent to the statement that there
exists anonzero 0 < y € R¥ and 0 < B with iy Y7 | yim + B = 1 such that

fZZym zm(t)fm(t)dt—f‘BZcm(t)fm(t)<ZZy1mu1m Ba

i=1 m=1 i=1 m=1

has no solution f among fractional g-partitions. This is equivalent to the condition

1
f h(t)dt > A,
0

where h(t) = min [Y.}_; vimUim(t) — Bem(t)], and A = Y7, anzl YimUim — Pa. Let Ty =
{t | h(t) = YL 1y,m U;nu(t) = Bew(t)} for m € [q] and define the functions hi(t) =

q L, () [Xizt YimUim(B)] and hy(t) = q L, (Hcw(t). Clearly, h(t) = hi(t) — ha(t).
Set also A=Y, Zzﬂl YimUim and Ap = ﬁa Fix an arbitrary 6 > 0 and k > 1. By the

Azuma-Hoeffding inequality it follows that with probability at least 1 — exp(—%) we

93



4 Testability of the ground state energy

have that

k
Y n(X) > Ar = Sl

n=1

e

Note that ]l = I 25, X7, 11, Upnille < Ul Ty X7 1yl < I1Ullo. Moreover,

m

by Lemma 4.2.8 the event

=

k
Z ha(X,) < Ay + ¢ (4.12)
n=1

has probability at least 1 — exp (—k)/ ((1 +53) In(1 + i)~ ﬁ)) Thus,

k S
LY x> Y 3 Yot = L)~ 4.
n=1

i=1 m=1

with probability at least

1- lexp (—%) + exp (—k)/ ((1 + %)ln(l + % - %))] .

We conclude the proof by noting that the last event is equivalent to the event in the
statement of our lemma by Claim 4. |

We start the principal part of the proof of the main theorem in this chapter.

Proof of Theorem 4.1.4. Itis enough to prove Theorem 4.1.4 for tuples of naive ([-d, d], r)-
digraphons. We first employ Lemma 4.2.2 to replace the energy &(G(k, W)) by the
energy of the averaged sample E(H(k, W)) without altering the ground state energy of
the sample substantially with high probability. Subsequently, we apply Lemma 4.2.3 to
change from the integer version of the energy E(H(k, W)) to the relaxed one E(H(k, W)).
That is

IEG(k, W) — EH(K, W))| < €*[W]le

with probability at least 1 — ¢2.
We begin with the main argument by showing that the ground state energy of the
sample can not be substantially smaller than that of the original, formally

7.2

E(H(k, W) > 8W) ~ 75

[[Wlleo (4.13)

with high probability. In what follows [E denotes the expectation with respect to the
uniform independent random sample (Us)seyi, from [0,1]. To see the correctness

94



4.2 The main problem

of the inequality, we consider a fixed fractional partition ¢ of [0,1], and define the
random fractional partition of [k] as y,,» = ¢n(U,) for every n € [k] and m € [g]. Then
we have that

EE(H(k, W) > EE,(H(k, W)
k

=E ljr Z Z W (Usimy,...n,1,1) IL[ Ynizi
j=1

ze[g]” ny,...,n=1

r r2
“(ty(r 2 (t)dA) = — W]l
kr(k_r Z foum (fo( 1))Q<P,( NAAE) — Wl

26[ Ir

> E,(W) - ?nwnw.

This argument proves the claim in expectation, concentration will be provided
by standard martingale arguments. For convenience, we define a martingale by
Yo = EEMH(k, W)) and Y; = E[EMH(Kk, W)) [ {Us | S e b([jl,r—1)}] for 1 < j < k. The
difference |Y; - Y| < %IIWIIM is bounded from above for any j, thus by the inequality
of Azuma and Hoeffding, Lemma 3.5.2, it follows that

2r?
P (S(H(k, W)) < EW) - WHWHM)

2

< IP(S(]H(k, W) < EEH(K, W) - /4||W||oo)

2 2\/—
:]P(Yk<Y0 k1/4”W”°°) exp( 3 )

(4.14)

So the lower bound (4.13) on E(H(k, W)) is established. Note that by the condition
regarding k we can establish (rather crudely) the upper bound exp(—%) <e27.
Now we turn to prove that S(IH(k, W)) < E(W) + ¢ holds also with high probability

for k > ( ) log( i )q". Our two main tools will be Lemma 4.2.4, that is a variant

the Cut Decompos1t10n Lemma from [14] (closely related to the Weak Regularity
Lemma by Frieze and Kannan [59]), and linear programming duality, in the form of
Lemma 4.2.9. Recall the definition of the cut norm, for W: [0,1]" — R, it is given as

f W(x)dA(x)|,
S1x--xS"

Wl = max
s1,..,57c[0,1]

and for an r-array G by the expression

1
IGllo = ., max |G(S1 ,SN)|.
s1,.,S5'cV(G)
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4 Testability of the ground state energy

Before starting the second part of the technical proof, we present an informal outline.
Our task is to certify that there is no assignment of the variables on the sampled energy
problem, which produces an overly large value relative to the ground state energy of
the continuous problem. For this reason we build up a cover of subsets over the set of
fractional partitions of the variables of the finite problem, also build a cover of subsets
over the fractional partitions of the original continuous energy problem, and establish
an association scheme between the elements of the two in such a way, that with high
probability we can state that the optimum on one particular set of the cover of the
sampled energy problem does not exceed the optimal value of the original problem on
the associated set of the other cover. To be able to do this, first we have to define these
two covers, this is done with the aid of the cut decomposition, see Lemma 4.2.4. We
will replace the original continuous problem by an auxiliary one, where the number
of variables will be bounded uniformly in terms of our error margin ¢. Lemma 4.2.5
makes it possible for us to replace the sampled energy problem by an auxiliary problem
with the same complexity as for the continuous problem. This second replacement will
have a straightforward relationship to the approximation of the original problem. We
will produce the cover sets of the two problems by localizing the auxiliary problems,
association happens through the aforementioned straightforward connection. Finally,
we will linearize the local problems, and use the linear programming duality principle
from Lemma 4.2.9 to verify that the local optimal value on the sample does not exceed
the local optimal value on the original problem by an infeasible amount, with high
probability.

Recall that for a ¢ = (¢1,...,¢Q,) a fractional g-partition of [0, 1] the energy is given
by the formula

Eo(W) = Z f H ¢, (E)WF(BAA(D), (4.15)
zelqlr Y 011 ey
and for an x = (x1,1, X12,-..,X14,X21, - - -, Xk) @ fractional g-partition of [k] by

k

E(H(k, W)) = Zkl Z thj,szZ(unl,...,um). (4.16)

ze[g] 11,1 =1 je[r]

We are going to establish a term-wise connection with respect to the parameter z in
the previous formulas. Therefore we consider the function

E(W?) = f[o JPH(pzj(tj)Wz(t)dA(t), (4.17)

jelr]
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it follows that Ey(W) = Y. € (WZ) Analogously we consider

k

1
EMUW) =2 ¥ [ [xW U, U,

so E(H(k, W)) = Zze[q]r &EL(H(k, W?)) with the sampled graphs on the right generated
by the same sample points. Note that the formulas (4.15)-(4.17) make prefect sense
even when the parameters ¢ and x are only vectors of bounded functions and reals
respectively without forming partition.

Lemma 4.2.4 delivers for any z € [g]" anintegers, < %ZZY, measurablesets S, ; C [0,1]

withi=1,...,s;,,j=1,...,r,and thereal numbersd.,, ..., d,;, such that the conditions
of the lemma are satisfied, namely

W= — densz,lx x5 lle < g IWFl,

i=1

and Zf.il |d,i| < 8T‘?rIIWZIIZ. The cut function allows a sufficiently good approximation
for E,(W?), for any ¢. Let D* = }.72 d. 15, x..xs,,,- Then

&, (W7) - &,(DF)| =

f [ ] o= t) Wt - D1 dAce)
[0y

jelr]

<|IWF=Dflp < @HWZIIOO

We apply the cut approximation to W* for every z € [g]" to obtain the [g]"-tuple of
naive r-kernels D = (D?),¢[sr. We define the push-forward of this approximation for the

sample H(k, W). To do this we need to define the subsets [k] D SZZ i={m|U, €S}

Let D* = Y. d,1g 5...x-x&., - First we condition on the event from Lemma 4.2.5, call
this event E;, that is

A €
Er=) {|||]H(k, W) = DF||g — [[W* = D7|lg| < ;nwnm}.
q
ze[q]"
On E, it follows that for any x that is a fractional g-partition
EX(H(k, W) = E(D7)] < IIH(k, W*) = D7l
€
< W2 = Dillo + g2 1Wlleo-
q
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4 Testability of the ground state energy

This implies that

E5(W) = Ex(D)] < Wil and  [E:(EL(k, W) - E,(H(k, D)| < 5[ Wle.

7 142

4
z Zr ) due to

The probability that E; fails is at most 2¢" exp (—%quz,) whenever k > (

r+7 1 4 r+7 ot
Lemma 4.2.5, in the current theorem we have the condition k > (%) log(¥)q’,

which implies the aforementioned one. The failure probability of E; is then strictly
less than 3.

LetS={S.;jlz€[q],1<i<s,1<j<r}denote their set, and let S’ stand for the
corresponding set on the sample. Note that s’ = |S| < 2°7¢4” % in general, but in some
cases the W* functions are constant multiples of each other, so the cut approximation
can be chosen in a way that S, ; ; does not depend on z € [g]", and in this case we have
the slightly refined upper bound 2°r¢% 5 for s’, consequences of this in the special case
are discussed in the remark after the proof. Let n > 0 be arbitrary, and define the sets

3217},

Z Xnzj = boij| <1

Uneszl,‘,]‘

I(b'n):{¢|vze[ﬂr11SiSSz,lﬁer:

f 6. (DAt — b
Szijj

and

=1 =

I't,n)={x|Vzelgl,1<i<s,,1<j<r:

For a collection of non-negative reals {b.;;}. At this point in the definitions of the
above sets we do not require ¢ and x to be fractional g-partitions, but to be vectors of
bounded functions and vectors respectively. We will use the grid points A = {(b.,; )., |
Vz,i,j: b.;; € 0,11 N nZ}.

On every nonempty set I(b,7) we can produce a linear approximation of &y(D)
(linearity is meant in the functions ¢,,) which carries through to a linear approximation
of E(H(k, D)) via sampling. The precise description of this is given in the next auxiliary
result.

Lemma 4.2.10 (Local linearization). If n < oy then for every b € A there exist I € R
and functions Iy, I, ..., 1,: [0,1] — R such that for every ¢ € I(b, n) it holds that

&
2r+3

< 53 Wlleo,

1 49
&sD) =1~ [ Y Lton

m=1
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and for every x € I'(b, 1) we have

k 4
E(HED) - I~y Y %xnm n(U)| <

sl

Additionally we have thatly,1,, . . ., 1, are bounded from above by —IIWIIOO and f Yy
22r+9 3r||W”2

n(bdt <

mlm

Proof. Recall the decomposition of the energies as sums over z € [g]” into terms

SZ(DZ)—ZdZZ [ H%(f L s, (0

(011"

- def HH%(t ) s, 1x-xs,,, (dt,

[01]m1]1

and

We linearize and compare the functions SQ(DZ) and & (D?) term-wise. In the end we
will sum up the errors and deviations occurred at each term. Letb € Aand n > 0

as in the statement of the lemma with I(b, ) being nonempty. Let us fix an arbitrary
¢e€lbn),z€[qgl',and 1 <i<s,. Then

I:f ¢Z (t )]]-Sle(t )dt ] Bi(z) + i
1 L
=(1-1B'(z) +Zf Ou(t)

where B/(z) stands for H;:l b.,j, B (z) = [11:; b2, and |A] < 472", Analogously for an
arbitrary fixed element x € I'(b, 1) and a term of E(D?) we have

j:1 n: Uy, Esz,i,j

k r
- (1—r)Bi(z)+Zq‘Z%xn,m{ Y 1s, (U)B(R)
]

m=1 n=1 i=1,zj=m

1
f (sz(tj)lsz,i,j(tj)dtj — bz,i,j] BZ’](Z) + A
0

Ls,, (HB"(2)|dt + A,

]1zm

+ A,
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4 Testability of the ground state energy

where |A'| < 2.

If we multiply these former expressions by the respective coefficient d.; and sum up
over i and z, then we obtain the final linear approximation consisting of the constant I,
and the functions [y, ..., [,. We would like to add that these objects do not depend on 7
if I(b, n) is nonempty, only the accuracy of the approximation does. As overall error in
approximating the energies we get in the first case of 8¢(D) at most \’SZT]ZZVC’TZVYIIWIIO0 <
77 I[Wllw, and in the second case of Ex(IH(k, D)) at most 555||W||w.

Now we turn to prove the upper bound on |/,,(t)|. Looking at the above formulas
we could write out [,,(t) explicitly, for our upper bound it is enough to note that
[Z;zllzj:m Is,, (t)B" (z)] is at most r. So it follows that for any t € [0, 1] it holds that

8 2r
d IWlleo-
&

()] <

It remains to verify the assertion regarding f Zm | I (t)dt. Note that I(b, 1) € I(b, 2n),
so we can apply the same linear approximation to elements 1 of I(b, 217) as above with
a deviation of at most 55[|W||. from &y (D). Let ¢ be an arbitrary element of I(b, 1),
and let T c [0, 1] denote the set of measure 1) corresponding to the largest .7 _ |1,,(f)|
values. Define

blt) = {¢m(t)+sgn(lm(t)) ifteT
¢m(t) otherwise.

Then qA) € 1(b,21n), since ||, — q3m||1 < n for each m € [g], but qS is not necessarily a
fractional partition. Therefore we have

1 11

fT ;Ilm(t)ldt: fo ;(¢m(t)_¢m(t))lm(t)df
1 49

< j; Y Su®lu(B)dt - E4(D)
m=1

1 49
[ Y suonna e,

m=1

+1E4(D) = &4(D)|

5
< SozelWlls +1E,(D) = (D)L

We have to estimate the last term of the above expression.
€4(D) - E,D) < Y

f [H@,(t) quza)
zelqr [VIOAY
<2y | Y

zelq)r Y10 =1

DA(t)dt

H ¢, (t) H Bui()(Psy (1)) — b, (1) | it

Z<] Z>]
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4.2 The main problem

9
< 2AWI2'g7"r Y g = bullr < 2IWl27g 7.

m=1

We conclude that

q
5 r
< — .
| D I = (575 + )V

This further implies that for each t ¢ T we have Y./ _ |1,(H)] < (2,% + 2%) LWl <
(10 + 2“11’) 7'[IW|le. These former bounds indicate

f01mZ:li(t)dt: f Zq:lzm(t)dt+ fT mi‘;li(t)dt

[0NT 4oy

q
< 2SI + s [ it
T =1

< 27PN WIR, + @) BF IWIE
< 2P W,

O

We return to the proof of the main theorem, and set n = 16;,27. For each b € A we

apply Lemma 4.2.10, so that we have for any ¢ € I(b, ) and x € I'(b, 1)) that

&

q 1
&M ==Y, [ ontlo] = 7L,
m=1

k
1 €
Ex(H(k, W)) — o - E %xn,mlm(un) = 27+5||W||oo/
n=1

since nis small enough. Note thatly, [, ...,and [, inherently depend on b. We introduce
the event E,(b), which stands for the occurrence of the following implication:

If the linear program

kK g
maximize Iy + Z Z %xn,mlm(un)

n=1 m=1
subject to xel'(b,n)
0<ux;m<1 forn=1,...,kandm=1,...,9
q
an,m: form=1,...,q9
m=1
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4 Testability of the ground state energy

has optimal value a, then the continuous linear program

1.4
maximize lo + f L, ()., ()dt
ot | 2 o

m=1
subject to ¢ €1(b,n)
0<u(t) <1 forte[0,1]andm=1,...,q
q
Z Ou(t) =1 fort €[0,1]
m=1

has optimal value at least a — (¢/2)||W/|.

We apply Lemma 4.2.9 with 6 = 1, 0% = 22*¥r2¢%||W|2,, d = 8qurr||W||(,<,, and y = &,
and attain that the probability that E,(b) fails is at most

kz

ellw o e[|wWw 00 W )
o o . )
ke?

r —r 1
= eXp (_28q2r22r) + exp (_kgzz2 +3q (24r+15q7r2 ))

_ ke? ke? ke?
= exp _W + exp _ZZrTqurZ < 2exp _ZZ’TqurZ ’

)In(1 +

where we used that (1 +x)In(1 +x) —x > (1 + x)(x — x%/2) —x = x2/2 — x*/2 > x?/4 for
0<x< }1. Denote by E, the event that for each b € A the event E,(b) occurs. Then we

have
2r+3qr 26”73% ke?
1P<Ez>21—2( - ) exp(—m)

r+3 41

2r+7 r
1 )26rq3’€‘2 — log( 77

&

>1-2exp (log ( )22”161’21]3%_2)

&

21+7 gt
>1-2exp (— 10g(¥)22’+15r2q3’5'2)
>1-¢/4.

+ T 4 r+. T
Therefore for k > (2 Z”’ r) log(2 :q “)g" we have that P(E; N Ey) > 1 — ¢/2. We only need

to check that conditioned on E; and E; our requirements are fulfilled. For this, consider
an arbitrary fractional g-partition of [k] denoted by x. For some b € A we have that
x € I'(b,17). If we sum up the error gaps that were allowed for the Cut Decomposition
and at the local linearization stage, then the argument we presented above yields that
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4.2 The main problem

there exists a ¢ € I(b, n)) such that conditioned on the event E; N E; it holds
Ep(W) = Ex(H(k, W)) — €[ Wl|w.

This is what we wanted to show.
O

We can improve on the tail probability bound in Theorem 4.1.4 significantly by a
constant factor strengthening of the lower threshold condition imposed on the sample
size.

Corollary 4211. Letr>1,g>1,and ¢ > 0. Then for any [q]"-tuple of ([—d, d], r)-graphons
= (W?)ejqr and k > ©*log(®)g" with ©® = = we have that

2
P(EW) — E(G(k, W) > e[W]le) < 2exp (—g—r’;) . (4.18)

Proof. For k > ©*1log(®)q" we appeal to Theorem 4.1.4, hence

IEW) — EEG(k, W))| < P(EW) — E(Gk, W) > /8][Wllea)2lWlleo + £/8]Wlleo
< &/2|IW||co-

Using a similar martingale construction to the one in the first part of the proof of
Theorem 4.1.4 the Azuma-Hoeffding inequality can be applied, thus

P(EW) — EG(k, W))| > elWllw) < PIEEG(k, W) — E(G(k, W))| > &/2][W]|c)
<2exp ( Zk)

O

Remark 4.2.12. A simple investigation of the above proof also exposes that in the case
when the W#*’s are constant multiples of each other then we can employ the same
cut decomposition to all of them with the right scaling, which implies that the upper
bound on |S| can be strengthened to 2°r¢* %, gaining a factor of q. Therefore in this case
the statement of Corollary 4.2.11 is valid with the improved lower bound condition

(zmo ) lo g( mo )onk

Remark 4.2.13. Suppose that f is the following simple graph parameter. Let g > 1,
mp > 1, and g be a polynomial of [ variables and degree d with values between 0 and
1 on the unit cube, where I is the number of unlabeled node-g-colored graphs on my

vertices, whose set we denote by M, ,,,,. Note that [ < 2"/2g™ . Let then

f(G) = max g(EE (G, T)))reMym,)s (4.19)
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4 Testability of the ground state energy

where the maximum goes over all node-g-colorings of G, and (G, 7°) denotes the node-g-
colored graph by imposing 7 on the node set of G. Using the identity t(F;, G)t(F,, G) =
t(F1 U F,,G), where F; U F, is the disjoint union of the (perhaps colored) graphs F;
and F,, we can replace in (4.19) g by g’ that is linear, and its variables are indexed
by M, im,. Then it becomes clear that f can be regarded as a ground state energy
of dmy-dimensional arrays by associating to every G an tuple (A®),c,y with r = dmy,
where the entries A*(iy, ..., i,) are the coefficients of g’ corresponding to the element
of M am, given by the pair z and Gg,,...;,). We conclude that f is efficiently testable by
Theorem 4.1.4.

4.3 Testability of variants of the ground state energy

In the current section we derive further testability results using the techniques em-
ployed in the proofs of the previous section, and apply Theorem 4.1.4 to some specific
quadratic programming problems.

4.3.1 External magnetic field

Using the physics language formulation, one might consider the generalization of
the ground state energy optimization problem of Definition 4.1.2 with some external
magnetic field that introduces a bias towards certain states. The field is represented by
a real vector h € R7, the components of / correspond to the states in [g], the energies
and the GSE problem in this slightly extended setup are given next.

Definition 4.3.1. Let € be a finite layer set, K be a compact set, and W = (W*).ec be a tuple
of (K, r)-graphons. Let q be a fixed positive integer and | = (J%)ccc with J* € C(K)T1 for
every ¢ € €, and h = (hy, ..., h;) € R1. Fora ¢ = (¢u,...,¢,) fractional g-partition of [0,1]
let

q 1
S0V L) =max €, ) + Y [ o

denote the layered ground state enerqy of W with respect to | and h, where the maximum runs
over all fractional g-partitions of [0, 1].

We define for G = (G®)cec the discrete versions as

. 1 ¢
E(G, ] h) = max&E(G, ]) + hix, i,
(G, ), ) = max (G, ) |V(G)|;‘u§‘(6)
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4.3 Testability of variants of the ground state energy

where the maximum runs over integer q-partitions (x,,, € {0,1} ), and

1 q
EG 1) = maxE(G ) + e ) ) v

i=1 ueV(G)

where the maximum is taken over all fractional g-partitions x.

The canonical from introduced above can also be employed here, thus | can always
be assumed to a have a special form, let the corresponding ground state energies be
denoted by EW, h) and &(G, h). The generalization of Theorem 4.1.4 with the magnetic
tield bias is the following result. The proof will only be sketched and relies strongly
on the proof of Theorem 4.1.4.

Theorem 4.3.2. Letr > 1,9 > 1, h € R7, and € > 0. Then for any [q]"-tuple of ([-d, d], r)-
graphons W = (W?),¢(qr and k > ©*1log(©)q” with © = @ we have that

P(E(W, h) — E(G(k, W), h)| > (W]l + [Ihllw)) < & (4.20)

Proof. The proof is virtually identical to the case without an external field. The only
difference is in the coefficients in the local linearization stage, Lemma 4.2.10. At that
point, if we denote the output functions of the original lemma by I, we have to define
Lu(t) = I(t) + hy, for the adapted lemma (which we don not state here explicitly),

where &4(D) is replaced by E,(D) + X7 h; fol ¢i(t)dt, and so is the discrete energy
Ex(D) in an analogous way by &,(D) + VG Lot Luev(G) Mixui. Therefore for the current

problem the upper bound for 1,1, ..., 1, is modified to 8qurIIV\/Ilm + ||]|eo, and further
fol Y B (Hdt < 22926%||W| 2, + ||kl The final steps of the proof are again identical

m=1"m
to the proof of Theorem 4.1.4, the new bound in Theorem 4.3.2 is the consequence of
the reasoning above.

O

4.3.2 Microcanonical version

Next we will state and prove the microcanonical version of Theorem 4.1.4, that is the
continuous generalization of the main result of [53] for an arbitrary number g of the
states. To be able to do this, we require the microcanonical analog of Lemma 4.2.3, that
will be a generalization of Theorem 5.5 from [32] for arbitrary r-graphs (except for the
fact that we are not dealing with node weights), and its proof will also follow the lines
of the aforementioned theorem. Before stating the lemma, we outline some notation
and state yet another auxiliary lemma.

Definition 4.3.3. Let for a = (ay,...,a,) € Pd, (that is, a; > O for each i € [q] and } ;a; = 1)
denote

1
Q, = {({) fractional g-partition of [0, 1] | f ¢i(t)dt = a; for i € [q] } ,
0
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4 Testability of the ground state energy

{x fractional g-partition of V(G) | ——== 1% ( i Z Xy = a; fori € [q] },

ueV(G)
and

ueV(G

@, = {x integer g-partition of V(G) | ‘Z |V(G)| —a; ’ < IV(lG)Ifor i€ q]}

The elements of the above sets are referred to as integer a-partitions and fractional a-partitions,
respectively.

We call the following expressions microcanonical ground state energies with respect to a for
(K, r)-graphs and graphons and C(K)-valued r-arrays |, in the finite case we add the term
fractional and integer respectively to the name. Denote

EW ) = max8¢(W]) (G, ]) = max&(G, ), Sa(G,])=II;&}><8x(GJ)~

The layered versions for a finite layer set €, and the canonical versions E,(W), E,(G), and
E.(G) are defined analogously.

The requirements for an x to be an integer fractional a-partition (that is ¢ € Q,) are
rather strict and we are not able to guarantee with high probability that if we sample
from an fractional a-partition of [0, 1], that we will receive an fractional a-partition on
the sample, in fact this will not happen with probability 1. To tackle this problem we
need to establish an upper bound on the difference of two microcanonical ground state
energies with the same parameters. This was done in the two dimensional case in [32],
we slightly generalize that approach.

Lemma 4.3.4. Let r > 1, and q > 1. Then for any [q]'-tuple of naive r-kernels W = (W?).¢(r,
and probability distributions a, b € Pd, we have

|E2(W) — Ep(W)| < 1lIWllwlla — blfs.
The analogous statement is true for a [q]'-tuple of ([—d, d], r)-digraphs G = (G*).¢[qy,
1€2(G) — Ep(G)| < 7l|Gllwlla = bl;.

Proof. We will find for each fractional a-partition ¢ a fractional b-partition ¢’ and vice
versa, so that the corresponding energies are as close to each other as in the statement.
So let ¢ = (¢1,...,¢,) be an arbitrary fractional a-partition, we define ¢! so that the
following holds: if a; > b; then ¢!(t) < ¢i(t) for every t € [0, 1], otherwise ¢:(t) > ¢;(t)
forevery t € [0,1]. Itis easy to see that sucha ¢’ = (¢}, ..., ¢;) exists. Next we estimate
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4.3 Testability of variants of the ground state energy

the energy deviation.

1E6(W) = Eg(W)] < Z f Pz (1) - Pz () — PL (1) - L () AA )| W ]]eo
zelglr 1V 10AY
<)) o (6=, (m) = 02, ) | | ) | | 92, eppdA@)|IIWIle
ze[g]" m=1 Al j<m j>m
=22 f b2, () = %, Gon)| e [ [ 2z, [ ] 0 1Wlhe
zelg) m=1 Y [01] j<m j>m
r q q m—1 q r—m—1
Y3 [ foi0-aolar [Z ] [Z b,.] Wik
m=1j=1 YI01] = =)
= rlla = bl [IWlle.

The same way we can find for any fractional b-partition ¢ an fractional a-partition ¢’

so that their respective energies differ at most by rla — bl|;||W||e. This implies the first

statement of the lemma. The finite case is proven in a completely analogous fashion.
O

We are ready to show that the difference of the fractional and the integer ground state
energies is o(|V(G)|) whenever all parameters are fixed, this result is a generalization
with respect to the dimension in the non-weighted case of Theorem 5.5 of [32], the
proof proceeds similar to the one concerning the graph case that was dealt with in [32].

Lemma 4.3.5. Let q,7,k > 1,a € Pd,, and G = (G*).¢yy be a tuple of ([-d,d],r)-graphs on
[k]. Then

: 1
£4(6) = &:(G)| < £IIGllu5g .

Proof. The inequality &,(G) < E.(G) + HIGllw5"g"*! follows from Lemma 4.3.4. Indeed,
for this bound a somewhat stronger statement it possible,

& q
Ga(G) < éffiéuk&’(@ < &(G) + 7G|

Now we will show that 8a(G) > E,(G)— % IGll5"g"*!. We consider an arbitrary fractional
a-partition x. A node i from [n] is called bad in a fractional partition x, if at least two
elements of {x;1,...,x;,} are positive. We will reduce the number of fractional entries
of the bad nodes of x step by step until we have at most g of them, and keep track of
the cost of each conversion, at the end we round the corresponding fractional entries
of the remaining bad nodes in some certain way.

We will describe a step of the reduction of fractional entries. For now assume that
we have at least g + 1 bad nodes and select an arbitrary set S of cardinality g + 1 of
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4 Testability of the ground state energy

them. To each element of S corresponds a g-tuple of entries and each of these g-tuples
has at least two non-{0, 1} elements.

We reduce the number of fractional entries corresponding to S while not disrupting
any entries corresponding to nodes that lie outside of S. To do this we fix for each
i € [q] the sums ), s x,; and for each v € S the sums Z?zl X,,i (these latter are naturally
fixed to be 1), in total 2 + 1 linear equalities. We have at least 2q + 2 fractional entries
corresponding to S, therefore there exists a subspace of solutions of dimension at least
1 for the 29 + 1 linear equalities. That is, there is a family of fractional partitions
parametrized by —t; < t < t, for some t;,f, > 0 that obey our 24 + 1 fixed equalities and
have the following form. Let xf’]. = x;; + tBi;, where f;; = 0if i ¢ S or x;; € {0,1}, and
Bi; # 0 else, together these entries define xt. The boundaries —t; and ¢, are non-zero and
tinite, because eventually an entry corresponding to S would exceed 1 or would be less
than 0 with t going to plus, respectively minus infinity. Therefore at these boundary
points we still have an fractional a-partition that satisfies our selected equalities, but
the number of fractional entries decreases by at least one. We will formalize how the
energy behaves when applying this procedure.

Ei(G)=E(G)+cit+---+¢t,

where for [ € [r] we have

1
- z
€= k Z Z ﬁlll/zn<1) ce ﬁullzn(l)x”leZn(Hl) tee xurrzn(r)G (”n(l)/ R un(r))r

zelgl”  u,...,u1€S
Up1,--,Uur€V\S
T
where the second sum runs over permutations 7 of [k] that preserves the ordering
of the elements of {1,...,l} and {{ +1,...,r} at the same time. We deform the entries
corresponding to S through t in the direction so that c;t > 0 until we have eliminated
at least one fractional entry, that is we set t = —t;, if c < 0, and t = t, otherwise. Note,
that as x! is a fractional partition, therefore 0 < x;; + t3;; < 1, which implies that for
tBij < 0 we have |t;j| < x;;. On the other hand, }} jtBij =0 for any t and i. Therefore
YiltBijl =23 [4BijlLisg, <0y < 2., x;; = 2 for any i € [k]. This simple fact enables us to
upper bound the absolute value of the terms ¢;t'.

(k—q -1y~
] < =Gl Y Y Ml B

zelg]” uq,...,u1€S
bid

k—ag—-1 r—I "
= %IIGIIM(Z)W Z Z tBus 2| - - - [EBuiy ]

ze[q]] U,..., €S
1

1 "\ -1 , 1 - I
sﬁllcllm(l)q Z |tB., 1 sﬁncum(l)q (29 +2)".

ues,jelql
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4.3 Testability of variants of the ground state energy

It follows that in each step of elimination of a fractional entry of x we have to admit a
decrease of the energy value of at most

- 1
Yl < 51Glw(3g + 2"
1=2

There are in total kg entries in x, therefore, since in each step the number of fractional
entries is reduced by at least 1, we can upper bound the number of required steps for
reducing the cardinality of bad nodes to at most g by k(g — 1), and conclude that we
admit an overall energy decrease of at most [|Glle(q — 1)(39 +2)" to construct from x a
fractional partition x” with at most g4 nodes with fractional entries In the second stage
we proceed as follows. Let B = {uy,...,u,} be the set of the remaining bad nodes of
x’, with m < q. For u; € B we set x;’h]. = 1,(j), for the rest of the nodes we set x” = x’,

obtaining an integer a-partition of [k]. Finally, we estimate the cost of this operation.
We get that
1 r=1_r
E:/(C) = &:(G) - ZIGI-BI 7"

The original fractional a-partition was arbitrary, therefore it follows that

A 1
€4(G) = &a(G) < IIGIIL5"g™".

We are ready state the adaptation of Theorem 4.1.4 adapted to the microcanonical
setting.

Theorem 4.3.6. Let r > 1,9 > 1, a € Pd,, and ¢ > 0. Then for any [q]-tuple of ([-d, d, r])-
graphons W = (W?),¢(qr and k > ©*1log(©)q” with © = @ we have

P (1E:(W) = Ea(Glk, W)| > llWlleo) < .

Proof. Let W be as in the statement and k > ©*log(©)q" with © = ZHZW. We start with
pointing out that we are allowed to replace the quantity E.(G(k, W)) by &E.(G(k, W))
in the statement of the theorem by Lemma 4.3.5 and only introduce an initial error at
most 1/|Glle5q"*" < §[[Wleo.

The lower bound on &,(G(k, W)) is the result of standard sampling argument com-
bined with Lemma 4.3.4. Let us consider a fixed a-partition ¢ of [0, 1], and define the
random fractional partition of [k] as v, = ¢(U,) for every n € [k] and m € [g]. The
partition y is not necessarily an fractional a-partition, but it can not be very far from
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4 Testability of the ground state energy

being one. For m € [g] it holds that

Zﬁ:l Ynm
rl[ e

> 8] < ZeXp(—eZk/Z),

therefore for our choice of k the sizes of the partition classes obey | Zn L Ynm—0m| <
for every m € [g] with probability at least 1 — £/2.

2(q+1)

We appeal to Lemma 4.3.4 to conclude

E&a(G(k, W)) = EE(G(k, W)) — (¢/2)[[Wllw
k

- ]E% Z Z WU,, ..., U,) f[ Ynyz; — (€/2)IWl

ze[g]” ny,...,n=1

k’(k—r)'Z Wit, ...t H@] )dt—( +e/2)||W||oo

zelq)r V1O
rZ
> Ey(W) - (? + 8/2) W] co.

The concentration of the random variable &,(G(k, W)) can be obtained through mar-
tingale arguments identical to the technique used in the proof of the lower bound in
Theorem 4.1.4.

For the upper bound on &,(G(k, W)) we are going to use the cut decomposition and
local linearization, the approach to approximate the energy of &,(W) and &,(G(k, W))
for certain partitions ¢, respectively x is completely identical to the proof of The-
orem 4.1.4, therefore we borrow all the notation from there, and we do not refer to
again in what follows.

Now we consider a b € A and define the event E;(b) that is occurrence the following
implication.

If the linear program

kK g
maximize Iy + Z Z %xn,mlm(un)

n=1 m=1
subject to xel'(b,n) Nw,
0<x,m<1 forn=1,...,kandm=1,...,9
q
Xpm = forn=1,...,k
m=1
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has optimal value a, then the continuous linear program

1.4
maximize l +f L, ()., (H)dt
o+ Jy 09

m=1

subject to ¢ elb,nN ( U Q.

c: laj—cil<n
0<u(t) <1 forte[0,1]andm=1,...,q
q
Z bu(t) = 1 for t € [0,1]
m=1

has optimal value at least & — §[|W||.

Recall that 1) = 7. It follows by applying Lemma 4.2.9 that E3(b) has probability

at least 1 — 2exp (—zz,fu%) When conditioning on E;, the event from the proof of
l] T
Theorem 4.1.4, and E; = NycqE3(b) we conclude that

E:(G(k,W)) < max E(W) + &/2)[[Wllew < Ea(W) + (rgn + €/2)[[W]leo < E;(W) + €[W]|o.

c: laj—cil<n

Also, like in Theorem 4.1.4, the probability of the required events to happen simultan-
eously is at least 1 — ¢/2. This concludes the proof. ]

4.3.3 Quadratic assignment and maximum acyclic subgraph
problem

The two optimization problems that are the subject of this subsection, the quadratic
assignment problem (QAP) and maximum acyclic subgraph problem (AC), are known
to be NP-hard, similarly to MAX-rCSP that was investigated above. The first polyno-
mial time approximation schemes were designed for the QAP by Arora, Frieze and
Kaplan [20]. Dealing with a QAP means informally that one aims to minimize the
transportation cost of his enterprise that has n production locations and 7 types of
production facilities. This is to be achieved by an optimal assignment of the facilities
to the locations with respect to the distances (dependent on the location) and traffic
(dependent on the type of the production). In formal, terms this means that we are
given two real quadratic matrices of the same size, G and | € R™", and the objective is
to calculate

1 n
QG,J) = s max ) 1Goin i

ij=1

where p runs over all permutations of [1]. We speak of metric QAP, if the entries of |
are all non-negative with zeros on the diagonal, and obey the triangle inequality, and
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4 Testability of the ground state energy

d-dimensional geometric QAP if the rows and columns of | can be embedded into a
d-dimensional L” metric space so that distances of the images are equal to the entries
of J.

The continuous analog of the problem is the following. Given the measurable
functions W, J: [0,1]* - RR, we are interested in obtaining

A

QW) = Je, PW(px), p(y))dxdy, — QW ]) = max QW ),

[0,1]?

where p in the previous formula runs over all measure preserving permutations of
[0,1]. In even greater generality we introduce the QAP with respect to fractional
permutations of [0,1]. A fractional permutation u is a probability kernel, that is
w: [0,1] x £([0,1]) — [0,1] so that

(i) for any A € L([0, 1]) the function u(., A) is measurable,

(ii) for any x € [0, 1] the function u(x, .) is a probability measure on £([0, 1]), and

(iii) forany A € £(0,1]) [ du(x, A) = A(A).

Here L([0, 1]) is the o-algebra of the Borel sets of [0, 1].
Then we define

QuW.]) = f J(e, HYW(, y)du(a, )dp(8, y)dads,
[0,1]> J[0,1]
and
QA ) = max Q)

where the maximum runs over all fractional permutations. For each measure pre-
serving permutation p one can consider the fractional permutation y with the prob-
ability measure ((a, .) is defined as the atomic measure 6,(,) concentrated on p(a), for
this choice of u we have Q,(W,]) = Q.(W, )).

An r-dimensional generalization of the problem for [ and W: [0,1]" — Ris

Q(Vv/ ]) = maXf ](O(], ceey ai’)w(xll v /xi‘)d‘u(al/xl) ce d[u(ar/ xr)dal v dar/
£ Jioar Joar

where the maximum runs over all fractional permutations u of [0, 1]. The definition of
the finitary case in r dimensions is analogous.

A special QAP is the maximum acyclic subgraph problem (AC). Here we are given a
weighted directed graph G with vertex set of cardinality 7, and our aim is to determine
the maximum of the total value of edge weights of a subgraph of G that contains no
directed cycle. We can formalize this as follows. Let G € R"™" be the input data, then
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4.3 Testability of variants of the ground state energy

the maximum acyclic subgraph density is

AC(G) = % max Z GijL(p(i) < p(})),

ij=1

where p runs over all permutations of [n].

This can be thought of as a QAP with the restriction that ] is the upper triangular nxn
matrix with zeros on the diagonal and all nonzero entries being equal to 1. However
in general AC cannot be reformulated as metric QAP. The continuous version of the
problem

- _
AC(W) sgp f

| 10 > W, pdxdy

for a function W: [0,1]*> — R is defined analogous to the QAP, where the supremum
runs over measure preserving permutations ¢: [0, 1] — [0, 1], as well as the relaxation
AC(W), where the supremum runs over probability kernels.

Both the QAP and the AC problems resemble the ground state energy problems
that were investigated in previous parts of this chapter. In fact, if the number of
clusters of the distance matrix | in the QAP is bounded from above by an integer that
is independent from #, then this special QAP is a ground state energy with the number
of states g equal to the number of clusters of ]. By the number of clusters we mean here
the smallest number m such that there exists an m X m matrix | so that ] is a blow-up
of J’, that is not necessarily equitable. To establish an approximation to the solution
of the QAP we will only need the cluster condition approximately, and this will be
shown in what follows.

Definition 4.3.7. We call a measurable function J: [0,1]" — R v-clustered for a non-
increasing function v: R* — Y, if for any € > 0 there exists another measurable function
J': [0,1]" = R that is a step function with v(¢) steps and ||[] — J'll1 < &ll]lle-

Note, that by the Weak Regularity Lemma ([59]), Lemma 3.3.4, any | can be well

approximated by a step function with v(e) = 2 steps in the cut norm. To see why it
is likely that this approximation will not be sufficient for our purposes, consider an
arbitrary J: [0,1]" — RR. Suppose that we have an approximation in the cut norm of |
at hand denoted by J'. Define the probability kernel po(«, .) = 6, and the naive r-kernel
Wy = J = J'. In this case [Q,,(W,]) = Q,,(W, )| = II] - ]’||§. This 2-norm is not granted
to be small compared to ¢ by any means.

In some special cases, for example if | is a d-dimensional geometric array or the
array corresponding to the AC, we are able to require bounds on the number of steps
required for the 1-norm approximation of | that are sub-exponential in 1. By the aid
of this fact we can achieve good approximation of the optimal value of the QAP via
sampling. Next we state an application of Theorem 4.1.4 to the clustered QAP.
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4 Testability of the ground state energy

Lemma 4.3.8. Let v : R* — R* be nondecreasing, and let ]: [0,1]" — R be a v-clustered
measurable function. Then there exists an absolute constant ¢ > 0 so that for every ¢ > 0,

every naive r-kernel W, and k > ¢ log(@)(@)4 we have

PIQ(W, J) = Q(G(k, W), G'(k, )] = lWllwll/ll) < €,

where G(k, W) and G'(k, ]) are generated by distinct independent samples.

Proof. Without loss of generality we may assume that ||J|l < 1. First we show that
under the cluster condition we can introduce a microcanonical ground state energy
problem whose optimum is close to Q(W,]), and the same holds for the sampled
problem. Let ¢ > 0 be arbitrary and ]’ be an approximating step function with g = v(¢)
steps. We may assume that |||l < 1. We set a = (a3,...,4,) to be the vector of the
sizes of the steps of |', and construct from |’ a real r-array of size q in the natural way
by associating to each class of the steps of J” an element of [g] (indexes should respect
a), and set the entries of the r-array corresponding to the value of the respective step
of . We will call the resulting r-array J”. From the definitions it follows that

QW,J') = E(W,]")

for every r-kernel W. On the other hand we have

IQW, )-QW, J)I
< mfx |Qy(W,]) -Q.(W,J)

J-T)Nay,...,a) Wx)du(as, x1) ... du(ay, x,)da; ... da,

o1y 01y

< max f U = e, a)lWlleda ... da
H [011

=[] = J'llWlleo < €lWlle.

= max
u

Now we proceed to the sampled version of the optimization problem. First we
gain control over the difference between the QAPs corresponding to | and J'. G(k, W)
is induced by the sample U, ..., Uy, G'(k, ]) and G'(k, J’) by the distinct independent
sample Y7,..., Y.

IQ(G(k, W), G(k, ])) — Q(G(k, W), G(k, ]')I
< mpax |Qp(G(k1 W)/ G(k/ ])) - QP(G(k/ W)/ G(kr ],))l
1] & ,
=maxg | Y, U=, Y)Wl (4.21)

1eeedr=1

We analyze the random sum on the right hand side of (4.21) by first upper bounding

114



4.3 Testability of variants of the ground state energy

its expectation.

1 - ,
| ;_10— (Yo, Yi)
2
< Z (Wl + 17Tl + Bl = (X1, Yo
272

By the Azuma-Hoeffding inequality the sum is also sufficiently small in probability.

1
P(E

We obtain that

k

Y U=1)a,,Ys)

1,0, dp=1

> 48] < 2exp(—e’k/8) < e.

Q(G(k, W), G'(k, ])) = Q(G(k, W), G'(k, ]'))I < 4elWl

with probability at least 1 — ¢, if k is such as in the statement of the lemma. Set
b = (by,...,b,) to be the probability distribution for that b; = % Zl]{sl 1s5,(Y;), where §; is
the ith step of J” with A(S;) = a;. Then we have

QG(k, W), G(k, ') = En(G(K, W), ).

It follows again from the Azuma-Hoeffding inequality that we have IP(la; — b;| > ¢/q) <
2 exp(—%’z‘) for each i € [g], thus we have [la—Dbl|; < ¢ with probability atleast 1 — . We
can conclude that with probability at least 1 — 2¢ we have

IQW, ) — Q(G(k, W), G(k, )))| < IQW, ]) — QW, )|
+18(W, J") = Ep(Glk, W), ]| + IQ(G(k, W), G(k, ])) — Q(G(k, W), G(k, ]))|
< (5 +2r)elWlleo + 182(W, ) = EL(G(k, W), ).

By the application of Theorem 4.3.6 the claim of the lemma is verified.

Next we present the application of Lemma 4.3.8 for two special cases of QAP.

Corollary 4.3.9. The optimal values of the d-dimensional geometric QAP and the maximum
acyclic subgraph problem are efficiently testable. That is, let d > 1, for every ¢ > O there
exists an integer ko = ko(&) such that kg is a polynomial in 1/¢, and for every k > ko and any
d-dimensional geometric QAP given by the pair (G, ]) we have

PIQ(G, ) = Q(G(K, G), G'(k, )] = ellGllwllll) < €, (4.22)
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4 Testability of the ground state energy

where G(k, W) and G'(k, ]) are generated by distinct independent samples. The formulation
regarding the testability of the maximum acyclic subgraph problem is analogous.

Note that testability here is meant in the sense of the statement of Lemma 4.3.8, since
the size of | is not fixed and depends on G.

Proof. In the light of Lemma 4.3.8 it suffices to show that for both cases any feasible |
is v-clustered, where v(¢) is polynomial in 1/¢. For both settings we have r = 2.

We start with the continuous version of the d-dimensional geometric QAP given by
the measurable function J: [0,1]° — RR*, and an instance is given by the pair (W, ]),
where W is a 2-kernel. Note, that d refers to the dimension corresponding to the
embedding of the indices of | into an L” metric space, not the actual dimension of J.
We are free to assume that 0 < | < 1, simply by rescaling. By definition, there exists a
measurable embedding p: [0,1] — [0, 1]%, so that J(i, j) = ||p(i) — p(HIl, for every (i, j) €
[0, 1]>. Fix ¢ > 0 and consider the partition ' = (T4, ..., Tj) = ([0, %), [%, %), e, [B%, D
of the unit interval into = fzéﬂ'l classes. Define the partition ¥ = (Py, ..., P,) of [0,1]
consisting of the classes p™!(T;, X --- X T;)) for each (iy,...,i;) € [B], where |P| = g =
pt = zdf#. We construct the approximating step function |’ of | by averaging | on the
steps determined by the partition classes of #. It remains to show that this indeed is a
sufficient approximation in the L'-norm.

q q
, , , 1
W= Tlh = f[o s = ) fp OIS 2} o=

ij=1

By Lemma 4.3.8 and Theorem 4.3.6 it follows that the continuous d-dimensional metric
QAP is O(log(3 ) zr=7)-testable, and so is the discrete version of it.

Next we show that the AC is also efficiently testable given by the upper triangular
matrix | whose entries above the diagonal are 1. Note that here we have r = 2. Fix

¢ > 0 and consider the partition = (Py,...,P,) with q = 1, and set ]’ to 0 on every

step P; X P; wheneveri > j, and to 1 otherwise. This function is indeed approximating
] in the L'-norm.

q
W=7l = f [J(x) = J'(x)|dx = Zf IJ(x) = J(x)|dx < e.
[0,1]2 i=1 ¥ PixP;

Again, by Lemma 4.3.8 and Theorem 4.3.6 it follows that the AC is O(log(1) =3)-testable.
O

4.4 Energies of unbounded graphs and graphons

In the present section we will investigate upper bounds on the sample size that is
required approximate to ground state energies from Definition 4.1.2 of unbounded
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4.4 Energies of unbounded graphs and graphons

families of kernels and weighted graphs. A subfamily of this class in question was
recently also considered by Lovész [89]. Namely, in [89, Section 17.2] it was shown
that any sequence of convergent unbounded symmetric 2-kernels whose elements are
all members of N,»1L7 has a continuous limit object that has the same strict finiteness
property for each of its moments. For this particular kind of result the membership in
Ny=1L7 is essential, since otherwise for a kernel not included in LF for a particular p the
density of a path of length 2p is infinite, and for the original convergence notion the
finiteness of all subgraph densities is required.

For our approach we are allowed to deal with a broader family of graphons, for
reasonable results only the much weaker property of uniform integrability is necessary,
or equivalently membership in a single L¥ space. The statement will be formulated in
terms of the p-norm of the graphon and the graph. Motivation for our setup originates
from approximation theory of optimization problems, it was shown by Fernandez de la
Vega and Karpinski [50] that MAX-CUT has PTAS (polynomial time approximation
scheme) for families of graphs whose the edge weights are unbounded, but still obey
some condition analogous to uniform integrability.

On a further note we mention that such families were considered by Borgs, Chayes,
Cohn, and Zhao [33, 34] in terms of their convergence in energies we deal with here
and in a normalized version of the cut distance 0.

Definition 4.4.1. Let x: R* — IR* be a non-increasing measurable function. We call a
real-valued measurable function f on R? uniformly «-integrable if for each ¢ > 0 we have

f Ly porenllh < e.

Let r > 1, and x;: R* — R* be non-increasing measurable functions for each i € [r]. We
call an r-kernel W «-integrable for x = (k1,...,%,), if for every e C [r] with |e| = I the
marginal functions W, of W given by W(x,,, ..., X,) = f[o,l][rl\e W(x1, ..., x)dA(xye1)) are
k-integrable functions for each 1 < I < r. We call a symmetric r-kernel an LP-graphon if it is

in LP as a function.

For random variables instead of graphons and functions the definitions are analog-
ous.

Remark 4.4.2. The previous definition attempts to distinguish heterogeneous graphs
with heterogeneous and homogeneous degree distribution. We will see below why
this distinction is advantageous, and indeed the degrees of a graph can be bounded
by a linear function of the vertex cardinality even if the edge weights of the graph are
super-cubic. Imagine an infinite sequence (G;);2; of Erd6s-Rényi graphs with density
272 for G; on the common node set [1], and add them up weighted by 2’ to obtain
a weighted graph H with unbounded edge weights. Then with high probability the
degrees of H are bounded above by 2.

If we restrict our attention to families of L7-graphons instead of a uniformly bounded
family of graphons, the statement about efficient testability of energies (definitions are
identical to the bounded case) still remains valid outlined in the first section of the
chapter, and we obtain a generalization of Theorem 4.1.4.
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4 Testability of the ground state energy

Theorem 4.4.3. Let g > 1, ] € R7™"*7 an r-array, and let p > 1. For every ¢ > 0, every naive

r-graphon W with E|WJ’ < oo and k > ©*log(®) with © = 2'*7 (%W)Hl/(p_l) we have

PIEW, ) - EG K, W), )| > ell]ll-lIWIl,) < e.

We can translate the requirement of the existence of certain moments easily to a type
of uniform integrability, we will need this connection in the proof of Theorem 4.4.3,
that is presented at the end of the section.

Note that there is a strong connection between the property of k-integrability and
the existence of the moments of a random variable. The asymptotic magnitude of x
as a function of 1/¢ is in our analysis of major importance as ¢ approaches 0, therefore
we will state the relationship in a quantitative form, and will also provide the proof of
this folklore result.

Lemma 4.4.4. Let X be an integrable random variable. Then for any p > 1 we have the
following two statements.

1P,

(i) If EIX|P < oo, then X is x-integrable with x(¢) = (—* ) , where || X[}, = (E|XP)'P.

(i) If X is x-integrable with x(¢) = Ke_ﬁ, then E|X|7 < oo forany 1 < g < p.

X, 1
X1, L

Proof. We fix p > 1, and start with (7). Suppose that E|X]" < co and set k(¢) = (—F)7
Then we have

EIX|L{xzxe) £ ——=EIX) <e.

()”1

For (ii) let 1 < g < p and «x(¢) = Ke 7 for ¢ < 1. Note that E|X| < C for some C > 0.
Then

EIXI’ = E[IX] f (9 = 1)1, pgor 21
0
—-1) f F2E[X]1 g JdE
0
<C-1)+K(G-1) f FI 04t < oo,
1

where the finiteness of the integral is implied by 1 < g < p.
O

We will need the quantitative version of the Weak Law of Large Numbers for naive
r-kernels, originally proved for r = 1 by Khinchin (see [78] for the usual statement and
proof). We include the proof here for the sake of completeness.
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4.4 Energies of unbounded graphs and graphons

Lemma 4.4.5. Let r > 1 and W: [0,1]" — R be an r-symmetric r-kernel such that W €
(r+5)p+1
LP([0,1]") for some p > 1 real. Then for any ¢ > 0 and n > e3~*/F-D2 171, and the

uniform independent random sample X, ..., X, from [0, 1] we have

ZZ i,=1 W(Xilf ceey Xir)

.....

~EW(X,,...,X)

> ellWIIP) <E.

Proof. Let ¢ > 0, p > 1, and let n € IN be fixed and as large as in the statement of the
lemma. Let W be an arbitrary naive r-kernel that is contained in L?([0,1]"), and set
6 =27°&%||W]|,. An easy consequence of Jensen’s inequality is that for any nonempty
subset S of [r]itis true that [E|Ws|P = E[E[W(X3,..., X)) | {Xi| i€ S}]F < E|WJ, since the

1/(p-1
pth power of the absolute value is a convex function. Further, with A(y) = (%) vy W1l
we have by Lemma 4.4.4 for each y > 0 that

1
4 P =
EWILjws=a0) < AQ) E|WslP < Ay E[WP = y[IW|p. (4.23)

We will truncate W level-wise, first we eliminate vertices with high degree, then
edges containing pairs whose co-degree is large, an proceed this way to finally exclude
all edges with large weights over our chosen threshold. More precisely, we define the
graphons

0£5Clr]
that has bounded edge weights, and the remainder
W’ (x1,...,x)=W(x1,...,x,) = W'(x1,...,x,)
for each x1,...,x, € [0,1]. Note that

EW-EW|< Y EIWILjgps) < /AWl (4.24)
0+Sclr]

since 6n > A(27"7) by the condition on 7 in the statement of the lemma. Then

n A WXy, X
]P( Lir,..i=1 ’ir ! )—IEW > €||W||p)
:1 i= W/Xi/"'/Xir
S]P(‘Zl,...,,l Tf 1 ) _Ew >e/4||W||p)
? i= W// Xi/-~~/Xir
+]P(Zl ..... =1 n(r 1 ) >g/2||W||p). (4.25)
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4 Testability of the ground state energy

We estimate the first term of (4.25) by Chebysev’s inequality.

2
n

: 16E WXy, .., X;) ~ EW
Z' ..... =1 W,(Xll’ . /Xir) —EW’ (ilf-;‘b:l[ ( " ! ) ]
n

> e/4|[W]|, | £
/4 ||p) S

(4.26)

We expand the square in the expectation on the left of (4.26), and group the terms with
respect to the set of common variables in the parameters of the two random variables
of the product. Note that if there are no common variables in the factors, then the
factors are independent, so the corresponding product vanishes in expectation.

]E( Z [W(Xi,...,X;) — EW])?

/////

Z Z [EW (X, ..., X)W (X, ..., X;) - (EW)]
0+Sclr] i, 1r—

Jiredfr=
= ]k<:>k€S

n

< Y Y E[EW(X,...,X;) | {X; | k€ SIEW(X;,,..., X;) | X, | k€ S)]]

0#SC[r] i,e,ip=1

Jirenjr=1

ik—ijkES
Z Z E[W|on's! = Z() ISEIWIonS < |[WIl,0n22". (4.27)
0+Sc[r] i, =

Jis- ]r

= ]k‘i:?kES

Plugging in the previous estimate into (4.26) we arrive at

ZZ ..... i=1 WI(Xill ve /Xi,) _ ]EW’
nr

W]}, 527+
E|[WIP

(4.28)

> e/4||W||,,) <

Recall that 6 = 277°¢%||W]|,, thus we have that the right hand side of (4.28) is at most 5.
We turn to bound the second term in (4.25).

d

Yo WX, X))

E/ZIIWIIP)

-

< n[P(Wi(Xy)l > 6n) + P({[W1(X)| < 6n} N (U4l Z W7 (Xi,, ..., Xi)l > 0})]
=

DL WK X3)
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Z n]_]Elvv[]]lIL |W[]]|>5I’U}

Zr‘ 1 EWp

boXo 4 1(np 1)1
rIElWlV

< .

- orpr1

(4.29)

Because of the choice of the lower bound on n we have that (4.29) is at most £, which
implies the statement of the lemma. m|

We turn to the proof of the main result of this section.

Proof of Theorem 4.4.3.

Fix e > 0,let W: [0,1]" — R and k be as in the statement, in particular W € L7([0, 1]").
We define U as the truncated version of W, that is U = W1y, @q/epve-v)- For any
fractional g-partition ¢ = (¢, ..., P,) we have

Y @) f [ - )W - A
j=1

z€[q]”

Wi Y, [ e - uwiae

zelql’ [0,1]
= lleoq"IW = Ul
= IIIIIOqulEIWIH {IWI>[IWI|,(4q7 &)1/ =D}

< I il ——IIIII Wi
ooq 4qr - 0 p-

1E6(W, ]) = Eo(U, )] =

It follows that |[E(W, ]) — E(U, )| < &l llellWII,-

Since W € LF([0,1]") and U is bounded it follows that with setting V = W — U we
have V € L#([0,1]"), further, [[V]|, < |[W]||,. Now we apply Lemma 4.4.5 to V with k to
obtain that for uniform independent random sample Xj, ..., X from [0, 1] we have

& &
P > —||VIl,| < —
( v ||,,] vl
(r+11)p+3 1

since k > ¢34/ (P=Dg3+4/(p=12 7571, Let us condition on the event

Ey = { <. r||V||p},

Vi VX X3)
k"

~EV(Xy,...,X,)

Zﬁ,...,l}Zl V(Xil, ceey Xlr)
kr

~EV(Xy,...,X)| <
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4 Testability of the ground state energy

this implies trivially the event

|

Let x be an arbitrary integer g-partition of [k], and let the random graphs below be
generated by the same sample, then

Y VX, X,)
kr

~EV(Xy,...,X)

&
< 4—qr||wnp}. (4.30)

|8x(G(kl W)/ ])_SX(G(kI U), ])l

k r

- = Y J@ Y WK, Xi) = UK X)) | [ 1
ze[q]” i1, =1 j=1
Zf ir= V(Xl 4 ’Xir)
< g

€
< 7'l l—IIWII +IW - Ullll
47
€
< SIJllllWIIy,
where the second inequality holds in the event of (4.30). Consequently,
q y q Y,

E(Gk, W), ) = &Gk, W), NI < STl W,

We know that||U]|e < [[W]|,(49"/¢)/#~Y, therefore by Corollary 4.2.1 and Remark 4.2.12
we have

P(IEWU, ) - &Gk, 1), )| > 0D/ 2 U ll.) - (431)
< €1+1/(p—1)q—r/(p—1)2—2/(p—1)—2l

3 4 A 27+9+2/(P—1)qr(1+l/(}7—1))r .
since k > ©*log(®) with © = T . We condition on the event

Ex = {18 ) - &Gk, ), ) < S W, |,

which is the same as the complement of the event in the argument in (4.31).
The failure probability of both E; and E; is at most €/2, so they hold simultaneously
with probability at least 1 — ¢. In this case

IEW, ) — EGk, W), DI < IEW,]) - &(U DI + 18U, ]) - E(G(k, U), )]
+8(G(k, W), ]) - EG(k, ), )
< el W,

which concludes the proof.
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4.5 Lower threshold ground state energies

Recall the notion of the microcanonical ground state energies in Definition 4.3.3. The
main goal of this section is to introduce and to reveal the properties of an intermediate
object between the microcanonical ground state energy (MGSE) and ground state
energy (GSE) of weighted graphs defined in [32]. The main contribution here is that
we give a convergence hierarchy with respect to the aforementioned intermediate
objects that are Hamiltonians subject to certain conditions. This can be regarded
as a refined version of Theorem 2.9. (ii) from [32] combined with the equivalence
assertion of Theorem 2.8. (v) from the same paper. In short, these state that MGSE
convergence implies GSE convergence. Counterexamples are provided indicating that
the implication is strict. We also reprove with the aid of the established hierarchy one
of the main results of [28]. Our motivation comes from cluster analysis, where the
minimal cut problem is a central subject of research. The graph limit theory sheds new
light on this, especially their statistical physics correspondence suits for application in
the cluster analysis setting.

Next we introduce the central object of investigation in the current section. The set
Sym, denotes the set of real symmetric g x g matrices.

Definition 4.5.1. Let G be a weighted graph, g > 1, ] € Sym,, and 0 < ¢ < 1/q. We define
theset Ac ={a€Pd,|a;>c,i=1,...,q}, and with its help the lower threshold ground state
energy (LTGSE):

&G, = inf E.G, ). (4.32)

In a similar manner we introduce the LTGSEs for a graphon W for q > 1, | € Sym,, and
0 < ¢ < 1/q lower threshold:
E(W,]) = inf E(W,])- (4.33)
acA,

This section is organized as follows. In Section 4.5.1 we prove yet another equivalent
condition to the convergence of a simple graph sequence relying on a subclass of
MGSE, the reasoning will be instrumental for the proof of our main result in the
subsequent subsection. In Section 4.5.2 we study the convergence of LTGSEs, see
(4.33) for their definition. We will consider ¢: IN — [0, 1] threshold functions with the
property that c(g)g is constant as a function of q. For this case we will prove that if
0 < c1(g) < c2(g) < 1/q (for all g), then the convergence of (E2P(W,, ])),» for all g > 1,
] € Sym_ implies the convergence of (EXD(W,, J))ns1 forallg>1,] € Sym,.

In Section 4.5.3 we provide some examples of graphs and graphons which support
the fact, that the implication of convergence in Section 4.5.2 is strict in the sense that
convergence of LTGSE sequences with smaller threshold do not imply convergence of
LTGSE sequences with larger threshold in general. We also present a one-parameter
family of block-diagonal graphons whose elements can be distinguished by LTGSEs
for any threshold ¢ > 0.
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4 Testability of the ground state energy

4.5.1 Microcanonical convergence

We start by showing that for each discrete probability distribution with rational prob-
abilities there exists a uniform probability distribution, such that the microcanonical
ground state energies (MGSE) of it can be expressed as MGSEs corresponding to the
uniform distribution.

Lemma 4.5.2. Let g > 1, and a € Pd, be such that a = (’;—}, kzb;kl, cey k”_;"_l ), where q’ is a
positive integer, ky < ky < --- <k, = q' are non-negative integers. Then for all | € Sym, there
exists a ' € Sym,,, such that for b = (1/¢’,...,1/q') € Pdy and every graphon W it holds
that

EaW,]) = &(W, ).

Proof. Set ky = 0. If the ith component of a is 0, then erase this component from a, and
also erase the ith row and column of J. This transformation clearly will have no effect
on the value of the GSE. Let us define the g4° X g’ matrix |' by blowing up rows and
columns of | in the following way. For each u,v € [g'] let ], = [;;, where ki < u < k;
and ki_; < v < kj. The matrix |” defined this way is clearly symmetric.

Now we will show that for every fractional g-partition with distribution a there
exists a fractional ¢’-partition p” with distribution b, and vice versa, such that &,(W, J) =

Ey(W,J'). Onone hand, for 1 <u < q’'let p;, = ki_f;(ii—ll where k;_1 < u < k;. Then

)
EW ) ==Y Tow | PLUEIPLHW(, y)dxdy

u,v=1 (011

q ki ki
=0 X Y | e pasdy

i,jzl I=ki_1+1 I’l:kj,]+1

= Ep(W,)).

On the other hand, for1 <i < glet p; = Zé‘iki_l 11 pP;- Then

EW,)) = -

q
i,j=1

Jij j{; . pi(x)p;(y)W(x, y)dxdy

ki

q kj
Y Y Y[ eommme naxy
ij=1  I=k+1 bk +1 Y IO1P
q/
==Y T [ PO IWE y)dxdy = 8,001,
[0,1]

u,0=1
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4.5 Lower threshold ground state energies

So we conclude that
EW]) = pigwf EW]) = p@le}fb EW ) =EW,]).

O

Recall Lemma 4.3.4 that states that the MGSE with fixed parameters W, | are close,
whenever their corresponding probability distribution parameters are close to each
other. We need here only the following special case.

Lemma 4.5.3. Let q > 1, ] € Sym,, and W be an arbitrary graphon. Then for a,b € Pd, we
have that
1Ea(W, ]) = Ep(W, ))] < 2[la = blla][Wlleo|[/lleo-

With the aid of the two previous lemmas we are able to prove the main assertion of
the section. In the statement of the following theorem the LTGSE expression EV1(W, ])
(which is equal to E(W, ]), with b = (1/g, ...,1/q)) appears, the notion will further be
generalized in what follows later on.

Theorem 4.5.4. Let I be a bounded interval, and (W,)u1 a sequence of graphons from E2. If
forall g > 1and ] € Sym, the sequences (EYI(W,, I))uz1 converge, then forall g > 1, a € Pd,
and | € Sym ] the sequences (E,(W,, ]))n=1 converge.

Proof. Let g 2 1, a € Pd; and | € Sym, be arbitrary and fixed. We will prove that
whenever the conditions of the theorem are satisfied, then (E,(W,, ])).>1 is Cauchy
convergent. Fix an arbitrary ¢ > 0. Let 4" be such that 4%”1 lloll/llo < 5, and let b € Pd,

be such that b; = [a;/q'] i=1,...,9-1),b, =1 - 7:_11 b; (where [x] is the lower integer
part x). Then

q -1 q
la=bll =) la - bl < 21— <2

- q q
i=1
b is a g’-rational distribution, so by Lemma 4.5.2 there exists J” € Sym,,, such that for
alln>1
E (W, ]) = EVT (W, ]').

It follows from the conditions of the theorem that there exists 1y € IN such that for all
m,n > ny it is true that |87 (W,,, J') — 8V (W,, ')| < £. Applying Lemma 4.5.3 to all
m,n > ny we get that

1Ea(Wi, ) = Eu(Wo, DI < 1E:(W,, ) = Eu(W,, ]
186 (Wi, ) = Eo(Wor, D)l + 186 (Wi, T) = Ea( Wi, ]
< 2lla = bl oIl + |EYF (W,,, ') = EY7 (W,,, ')
+2lla = bl Il
£ €, ¢
3 3 3

< = E&.
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4 Testability of the ground state energy

O

We remark that Theorem 4.5.4 also appears in [32] as Corollary 7.4, but its proof
follows a different line of thought in the present work.

4.5.2 Convergence hierarchies

In various cases of testing, for certain cuts of graphs neither the notion of ground state
energies, nor the notion of microcanonical ground state energies are satisfactory. For
example when investigating clusteredness of a graph in a certain sense these notions
become useless, because the partition for which energies attain the minimal value are
trivial partitions. On the other hand, in several applications one only asks for a lower
bound on the size of these classes to keep a grade of freedom of the ground state case
and at the same time achieve a certain balance with respect to the sizes of classes.
This setting can be regarded as an intermediate energy notion that manages to get
rid of values corresponding to trivial partitions. Recall Definition 4.5.1 of the lower
threshold ground state energies.

The next theorem will deliver an upper bound on the difference of the MGSEs of
G and W for fixed a an |, W is the graphon constructed form the adjacency matrix
of G in the natural way. A straightforward consequence of this will be the analogous
statement for the LTGSEs.

Theorem 4.5.5. [32] Let G be a weighted graph, q > 1, a € Pdy and | € Sym,. Then

amax(G)

&G, ]) ~ &(We, ])| < 67

Brnax (G|l

Since the upper bound in the theorem for a given g is not dependent on a, it is easily
possible to apply it to the LTGSEs.

Corollary 4.5.6. Let G be a weighted graph, q > 1,0 < ¢ <1/qand | € Sym,. Then

amax(G)

&G, ]) - &Wg, )| < 67° Bnax(G)I]llo-

Based on the preceding facts we are able to perform analysis on the LTGSEs the
same way as the authors of [32] did in the case of MGSE.

Corollary 4.5.7. Let G, be a sequence of weighted graphs with uniformly bounded edge
weights. Then zf“‘“T(G) — 0(n — o), then forall g 2 1,0 < ¢ < 1/qand | € Sym, the

sequences (SC(GH, ))us1 converge if, and only if (E°(Wg,, ]))ns1 converge, and then

lim &(G,, ]) = lim &(Wg,, ).
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4.5 Lower threshold ground state energies

Recall the definition of testability, Definition 3.2.1. It was shown in [30], among
presenting other characterizations, that the testability of a graph parameter f is equi-

—
=

valent to the existence of a §-continuous extension f of f to the space E?, where exten-
sion here means that f(G,) — f (Wg,) — 0 whenever |V(G,,)| = oo (see Theorem 3.4.1,
originally from [30]). Using this we are able to present yet another consequence of

Theorem 4.5.5, that was verified earlier using a different approach in [28] (see also [27],
Chapter 4).

Corollary 4.5.8. Forall ¢ > 1, 0 < ¢ < 1/q and | € Sym, the simple graph parameter

f(G) = &G,]) is testable. Choosing | appropriately, f(G) can be regarded as a type of
balanced multiway minimal cut in [28].

Proof. Letq>1,0<c<1/gand ] € Squ b? fixed, and we define f(W) = E(W,]).

It follows from Corollary 4.5.6 that f(G,) — f(Wg,) — 0 whenever |V(G,)| — oo. It
remains to show that f is 6g-continuous. To elaborate on this issue, let U, W € E% and
¢ be a measure-preserving permutation of [0, 1] such that 6(U, W) = ||U — W¢?||5, and
let p = (py, ..., py) be an arbitrary fractional partition. Then

q
&t - &, < Y ] f[o (U= W y)pip ey
=1 :

< Pl = WOlla = g ll/lleo0a(U, W). (4.34)

This implies our claim, as E,(W, ]) = E.(W?, ]) forany a € Pd, and ¢ measure preserving
permutation, and the fact that the right-hand side of (4.34) does not depend on a, and
that by definition (W, J) = inf,ea, E(W, ).

O

In order to analyze the convergence relationship of LTGSEs with different thresholds
for a given graph sequence it is sensible to consider c as a function of 4. We restrict
our attention to lower threshold functions ¢ with c(q)q being constant, which means
that in the case of graphons the total size of the thresholds stays the same relative
to the size of the interval [0,1] (in the case of graphs relative to the cardinality of
the vertex set). The main statement of the current section informally asserts that the
convergence of LTGSEs with larger lower threshold imply convergence of all LTGSEs
with smaller ones. By the results of the previous section we know that in the case of
c(q) = 1/q the convergence of these LTGSEs is equivalent convergence of the MGSEs
for all probability distributions, and by this, according to [32], to left convergence of
graphs. Moreover, in the case of c(q) = 0 it is equivalent to the convergence of the
unrestricted GSEs, that property is known to be strictly weaker than left convergence.
For technical purposes we introduce general LTGSEs and will refer to the previously
presented notion in all that follows as homogeneous LTGSEs.

Definition 4.5.9. Let g >1,x = (x1,...,%,), X1,... X, > 0and Y| x; <1,and let A, = {a €
Pd;| ai2x,i=1,...,q}. Foragraphon W and | € Sym,_ we call the following expression
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4 Testability of the ground state energy

the lower threshold ground state enerqy corresponding to x:

E(W,]) = inf E(W,)).

The definition of EX(G, ]) for graphs is analogous.

Similarly to Lemma 4.5.2, the convergence of homogeneous LTGSEs is equivalent to
the convergence of certain general LTGSEs.

Lemma 4.5.10. Let I be a bounded interval, (W,)u>1 a sequence of graphons in 2. Let c be a
lower threshold function, so that c(q)q = h for all g > 1 and for some 0 <h < 1. If forall g > 1
and ] € Sym, the sequences (ED(W,, ]))us1 converge, then for all g > 1, all

X=(X1,..., %) Xi,...,% =0 x;=h, (4.35)

q
i=1
and | € Sym - the sequences (EX(W,,, ]))n=1 also converge.

Proof. Fix an arbitrary graphon W from E%,4 > 1and | € Sym ;- and an arbitrary vector
x that satisfies condition (4.35). Select for each of these vectors x a positive vector x’
that obeys the condition (4.35), and that has components which are integer multiples
of c(q") (9" will be chosen later), so that

Ix = x|l < 29e(q’) = 2}%.

The sets A, and A, have Hausdorff distance in the L'-norm at most ||x — x’||, in
particular for every a € A there exists a b € Ay, such that [la — b|; < [[x — x||;, and
vice versa. Let ¢ > 0 be arbitrary, and a € A, be such that &(W,]) + ¢ > &E,(W, ]) holds.
Then by applying Lemma 4.5.3 we have that

EW)-EW,]) <EW,]) - E(W,]) +¢
<&EW ) -EW ) +e
< 2lla = bl [[Wllell/llw + €
< 2lx = X [ IWlleoll]lleo + €.

The lower bound of the difference can be handled similarly, and therefore by the
arbitrary choice of ¢ it holds that

E'W,]) = EW, ]| < 2x = X IWlleall]lleo < 4h%lllllooll]lloo.

With completely analogous line of thought to the proof of Lemma 4.5.2, one can show
that there exists a ]’ € Sym,, such that EX(W,]) = E@Y(W, ). Finally, choose g’ small

enough in order to satisfy 4h§|l1 loll/llc < %, and 19 > 0 large enough, so that for all
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4.5 Lower threshold ground state energies

m,n > ny the relation

EDW,, J') = EDW,, ')

&
< —
3

holds.
Then for all m, n > ny:

|8x(Wn/ ]) - Sx(wml ])l <

EW,, ]) - (W, )|

+|EDW,, ) = EC Wy, I + 18 (Wa, )) -SX(WmJ)i
<ELE E_,
3 3 3 °

We did not only prove the statement of the lemma, but we also showed that the
convergence is uniform in the sense that 1y does not depend on x for fixed gand J. O

With the aid of the former lemma we can now prove that if all homogeneous LTGSEs
with large thresholds converge, then all homogeneous LTGSEs with smaller ones also
converge.

Theorem 4.5.11. Let I be a bounded interval, (W,,),»1 a sequence of graphons in E% Let ¢y, ¢
be two lower threshold functions, so that ¢1(q)q = h1 < hy = cx(q)q for all g > 1 for some
0 < hy,hy <1 If for every q > 1 and ] € Sym, the sequences (E2D(W,, ]))ns1 converge, then

for every q > 1 and | € Sym, the sequences (EAD(W,, ]))us1 also converge.

Proof. From Lemma 4.5.10 it follows that if the conditions of the theorem are satisfied
then for every q > 1, every

q
X=(x1,...,%) Xi,...x%; 20 in:hz, (4.36)

i=1

and | € Sym . the sequences (EX(W,, ])) converge, for fixed g and ] uniformly in x.

Fix g. Our aim is to find for all a € A, an x, so that the condition (4.36) is
satisfied, a € A, and A, C A (), where ci(q) < x; <a;fori=1,...,9. Ashy <hy <1,
there exists such an x for all a € A, ), let us denote it by x,, for convenience set
(Xa)i = hj + %(hz —h1). According to this correspondence we have A ;) = U, A
So for an arbitrary graphon W and | € Sym, we have

A,

EWW,]) = inf E°(W,)).

a€A; ()

We fix ¢ > 0, ] € Sym & and apply Lemma 4.5.10 for the case that the conditions of the
theorem are satisfied. Then there exists a 1y € IN, so that for all n,m > ng, for all x
which satisfies (4.36), and implies

IEX (W, ]) = E(Wn, )l < &
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4 Testability of the ground state energy

Let ¢’ > 0 be arbitrary and b € A, such that E1P(W,,, ]) + ¢’ > E*(W,,, ]). Then

ENDW,, ]) = E1NW,, ]) < EXDW,, ]) - E*(W,, ]) + &
<SENW,, ) = EX (W, )+ <e+¢.

The lower bound of E1D(W,,, ]) — E1@D(W,,, ]) can be established completely similarly
and as ¢’ was arbitrary, it follows that

67 OW,, 1) - & OW,,, )| < e,
which verifies the statement of the theorem. |
A direct consequence is the version of Theorem 4.5.11 for weighted graphs.

Corollary 4.5.12. Let G, be a sequence of weighted graphs with uniformly bounded edge
weights, and ““‘—(G) — 0 (n — o). Let c; and c, be two lower threshold functions, so that
c1(q)g = hy < hy = c2(q)q for all g > 1 for some 0 < hy, hy < 1. If for every q > 1and ] € Sym,
the sequences (E2D(G,, ]))us1 converge, then for every q > 1 and | € Sym, the sequences
(EO(G,, ]))us1 also converge.

The proof of Corollary 4.5.12 can be easily given through the combination of the
results of Theorem 4.5.5 and Theorem 4.5.11.

Concluding this subsection we would like to mention a natural variant of the LT-
GSEs, the upper threshold ground state energies (UTGSE). Here we will only give
an informal description of the definition and the results and leave the details to the
reader, everything carries through analogously to the above. The homogeneous UT-
GSE, denoted by &G, ), is determined by a formula similar to (4.32) with the set
A, replaced by A€, that is the set of probability distributions whose components are
at most ¢, the general variant of the UTGSE is defined in the same manner. The
equivalence corresponding to the one stated in Lemma 4.5.10 between the general
and the homogeneous version’s convergence follows by the same blow-up trick as
there, here for c(q9)g = h > 1. The counterpart of Theorem 4.5.11 also holds true in
the following form for 1 < c2(q)g < c1(q)q < q: If for every g > 1 and | € Sym, the

sequences (E2PT(W,, ])),»1 converge, then for every g > 1and | € Sym, the sequences

(EADT(W,,, I))uz1 also converge. This conclusion comes not unexpected, it says, as in
the LTGSE case, that less restriction on the set A° weakens the convergence property
of a graph sequence.

4.5.3 Counterexamples

In this subsection we provide an example of a graphon family whose elements can be
distinguished for a larger c,(g) lower threshold function for some pair of g > 1 and
Jo € Sym ] by looking at E2@) (W, Jo), but whose LTGSEs are identical for some smaller
c1(q) lower threshold function for all 4 > 1 and | € Sym,. Based on this it is possible
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4.5 Lower threshold ground state energies

to construct a sequence of graphs, whose c1(7)-LTGESs converge for every q > 1 and
] € Sym,, but not the ¢;(9)-LTGSESs through the same randomized method presented in
[32] to show a non-convergent graph sequence with convergent ground state energies.

In the second part of the subsection we demonstrate that there exist a family of
graphons, where elements can be distinguished from each other by looking only at
their LTGSEs for an arbitrary small, but positive c(g) lower threshold function, but
whose corresponding GSEs without any threshold are identical.

Example 4.5.13. An example which can be treated relatively easily are block-diagonal
graphons which are defined for the parameters 0 < a <1,0 < 51, as

f1 ,if0<xy<a
W, y) =% p ,ifa<xy<l1
0 ,else.

In the case of c(q)g =1, 1 —a 2 h, B> = 0, for arbitrary g > 1 and | € Sym, we have

EW,]) = E@(W,]). Choosing p; = -5, we get a one parameter family of graphons
which have identical c(q)-LTGSEs parametrized by a with 0 < @ <1 — h. This means
that &@(W(a), ]) = E(I, ]), where I stands for the constant 1 graphon.

For every ag > 1 —h there are g > 1 and ] € Sym,, so that the former equality does
not hold anymore. Let J; € Sym, be the g x g matrix, whose diagonal entries are 0, all
other entries being —1 (this is the g-partition minimal cut problem). Then &(I, J;) = 0
for all ¢ > 1, but for gy large enough E(W(ay), J;,) > 0, we leave the details to the
reader.

With the aid of the previous example it is possible to construct a sequence of graphs
which verify that in Theorem 4.5.11 the implication of the convergence property of the
sequence is strictly one-way. This example is degenerate in the sense that the graphs
consist of a quasi-random part and a sub-dense part with the bipartite graph spanned
between the two parts also being sub-dense.

Example 4.5.14. Let us consider block-diagonal graphons with 0 < a < 1, 81,2 > 0.
It was shown in [32] that if we restrict our attention to a subfamily of block-diagonal
graphons, where azﬁl +(1- a)zﬁz is constant, then in these subfamilies the correspond-
ing GSEs are identical. Let c(g) be an arbitrarily small positive threshold function.
Next we will show that the c¢(q)-LTGSEs determine the parameters of the block-diagonal
graphon atleast for a one-parameter family (up to graphon equivalence, since («, 1, 2)
belongs to the same equivalence class as (1 —a, 82, f1)). The constant 6;;is 1, wheni = j,
and 0 otherwise.

The value of the expression af; + (1 — @)?B, is determined by the MAX-CUT problem
by S(W]) with q= 2 and ]1] =1- 51]

In the second step let gy be as large so that c¢(gy) < min(a,1 — «) holds, and let | be
the g X go matrix with entries J;; = —6;16;;. In this case &(W, ]) = 0, but simple calculus
gives —EW(W, ) = —%C(qo)z. Hence 51—1 + ﬁiz is determined by the LTGSEs.

The extraction of a third dependency of the parameters from c(q)-LTGSEs requires
little more effort, we will only sketch details here. First consider a’s with min(a, 1-a) >
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4 Testability of the ground state energy

c(2). Letforg=2and k > 1 be
(1 -k
=\ 2k 2 )
For every a with min(a, 1 — a) > ¢(2) we have

lim —EC(W, Jy) = o’y + (1 - a)’p + max(a’py, (1 - 2)°f2).

Now apply the notion of the general lower threshold: for g = 2 let ¢;(n) = 2¢(2)/n
and cy(n) = 2¢(2)(n — 1)/n two threshold functions , let us first consider the threshold
X, = (c1(n),c2(n)). If @ > c1(n) or 1 — a > c1(n), then analogously to the case of the
homogeneous lower thresholds

]ym —E(W, Jy) = 2a°B1 + (1 —a)’By  or a’By +2(1 —a)*Bs.

If for example a < c¢1(n), then it is easy to see that the LTGSE is going to infinity,
because for some k, for all k > ky:

—E(W, Ji) < =k(c1(n) — a)ea(m) min{By, fo} + 2(a*B1 + (1 = @)o).

So for fixed n then
zlim =& (W, Ji) = —oo.

To actually be able to extract the expression a?f; + (1 — a)*f> + max(a?py, (1 — a)?Ba),
we only have to consider the lower threshold obtained by swapping the bounds,
X, = (c2(n), c1(n)).

Then, if a« > ¢;(n) or 1 — a > c¢1(n), we have
max{lim —&* (W, Ji), lim ~&*(W, Jy)}
= az,Bl + (1 - a)zﬁZ + max{azﬁl/ (1 - a)2‘32}/

otherwise
max{lim —&* (W, Ji), lim —&* (W, Ji)} = —co.

For every a there is a minimal 1y so that one of the conditions @ > ¢i(n) and 1-a > ¢1(n)
is satisfied, and for n < ny the LTGSEs corresponding to x,, and x’,, tend to infinity when
k goes to infinity. Therefore the expression a?f; + (1 — a)?*B; + max(a®B1, (1 — a)?B,) is
determined by c(gq)-LTGSEs.

Consider the one-parameter block-diagonal graphon family analyzed in [32], that
is W(a) = W(a, %,ﬁ), where 0 < a < 1. In this case the values of our first two

expressions are constant, for every 0 < a < 1 we have

1 1
—+—=1,
B1 P2
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a’Br+(1—a)’f=1.

But by applying the third expression for c(q)-LTGSEs, we extract max{a?p, (1-a)*B,} =
max{a, 1—a}, which determines the graphon uniquely in this family up to equivalence.
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CHAPTER 5

Limits of weighted hypergraph
sequences via the ultralimit method
and applications

5.1 Introduction

We have seen in the previous chapter an effective proof for the testability characteristic
of ground state energies which are special graph parameters. Consider the problem of
finding the density of the maximal cut in a simple graph as a particular GSE problem.
This has several natural counterparts for 3-uniform hypergraphs, for example one can
ask to find a 3-coloring of the vertex set of a 3-graph so that the number of trichromatic
3-edges is maximal, this optimization problem is again a GSE, and therefore testable
as a 3-graph parameter by the results of Chapter 4.

Another natural generalization is for 3-graphs a setting, when we focusing on color-
ings of vertex pairs instead of singletons. A concrete example for such a problem is to
consider each pair of vertices of a 3-graph and color them with two colors. Here we are
counting the number of the "good" 3-edges of the original simple 3-graph that consist of
a triples whose underlying 2-colored 2-graph (obtained from the above coloring) is not
monochromatic. Again, we can formulate the corresponding optimization problem
where the objective is to find the coloring that maximizes the number of "good" edges.
The 3-graph parameter obtained this way is not a GSE in the sense of Definition 4.1.2.

We will show that these hypergraph parameters which will be precisely defined
in Definition 5.3.1 are testable by means of the ultralimit method and the machinery
developed by Elek and Szegedy [49]. To our knowledge these parameters were not
previously studied in a testability context. Our original motivation was the special
case to establish that the cut norm ||.||5, in Definition 3.3.20 is approximately preserved
under going to a randomly sampled subgraph. Such a result would be contributing
to the progress towards presenting an analogous metric for r-graphs to 6y in Defini-
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5 Limits of weighted hypergraph sequences via the ultralimit method and
applications

tion 3.3.6 for graphs that generates the same topology as the r-graph convergence of
Definition 2.2.3.

From the notational perspective and the theoretical background this section slightly
stands out from the rest of the thesis. First we give a brief summary of the notions that
were used in [49] in order to produce a representation for the limit space of simple
r-graphs. This representation entails a structural connection between ultraproduct
spaces and Borel spaces, and has led to a new analytical proof method for several
results for simple r-graphs such as the Regularity Lemma, the Removal Lemma, or
the testability assertion about hereditary r-graph properties. Subsequently, technical
results proved in [49] that are relevant here are mentioned, for more details and
complete proofs we refer to the paper [49].

Recall that a sequence of simple r-graphs (G,),»1 is convergent if for every simple F
the numerical sequences #(F, G,) converge when n tends to infinity, see Definition 2.2.3.

We proceed in the framework of non-standard analysis. As default, we will treat any
sequence of graphs, not only convergent ones, the main advantage of non-standard
techniques is that we are not required to pass to subsequences in order to speak of
limits. This paradigm is best observable in the case of sequences of reals in the unit
interval, where each infinite sequence {x;}:°, has a well-defined limit object in [0, 1]
denoted by lim,, x; contrary to the standard setting.

The content of the chapter connects to other parts of the thesis in multiple ways.
The motivating example of generalized GSE is another step forward from Chapter 4
in understanding testable hypergraph parameters. The result regarding this ques-
tion, Theorem 5.3.4, will receive later in the thesis a substantially different effective
proof in Chapter 6, as Corollary 6.8.1. We also reprove the main contributions of
Chapter 2, where a representation of limits of (K, r)-graph sequences was provided
by probabilistic arguments. The existence, Theorem 5.4.11, and the uniqueness, The-
orem 5.4.12, assertions of the limit objects in the current chapter are consequences of a
deep structural correspondence between the spaces of graph sequences, ultraproducts,
and Borel-measurable functions on the unit square. This also allows for extending the
Regularity Lemma, which was dealt with in Chapter 3, to the setting where no algebraic
structure on the set of edge colors is required, see Theorem 5.5.2 and Corollary 5.5.5.

The outline for the main part of the current chapter is as follows. Section 5.2
introduces the basic concepts of ultralimit analysis, and at the same time develops
the analogous theory to [49] for r-graphs whose edges are colored from a finite color
set. These concepts are already sufficient to prove the testability of the generalized
GSE in Section 5.3. We proceed to the even more general case of compact colored
r-graphs in Section 5.4, here the color set is a compact Polish space, and we require
more advanced techniques, than in the previous sections, however still substantially
rely on the framework of [49] in combination of results in [93]. We conclude the chapter
in Section 5.5 with an application of the correspondence established in Section 5.4 to
prove a version of the Regularity Lemma for compact colored hypergraphs.
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5.2 The ultralimit method and limits of finitely colored graphs

5.2 The ultralimit method and limits of finitely colored
graphs
We start by introducing the basic notations for ultraproduct measure spaces.
Definition 5.2.1. The set w C 2N is a non-principal ultrafilter if
(i) 0¢w,
(ii) if A€ wand A C B, then B € w,
(iii) if A,B € w, then AN B € w,
(iv) for any A C N either A € w or N\ A € w, and
(v) thereisnoa € N, such that o = {X |a € X }.

One can show using the axiom of choice that a non-principal ultrafilter exists, al-
though it is not possible to explicitly construct it. For all what follows let us fix a
non-principal ultrafilter w, it is not important which one we choose, since the measure
algebras obtained below are homeomorphic for different ultrafilters.

Let us fix a non-principal ultrafilter @ on N, and let Xj, X5,... be a sequence of
finite sets of increasing size. We define the infinite product set X = [], X; and the
equivalence relation ~ between elements of X, so thatp ~ gifand onlyif{i | p; = q;} € w.
Set X = X/ ~, this set is called the ultraproduct of the X; sets, and it serves as the
base set of the ultraproduct measure space. Further, let # denote the algebra of
subsets of X of the form A = [{A;}7*], where A; C X; for each i, and [.] denotes the
equivalence class under ~ (for convenience, p = [{p;}:2,] € [{Ai}2,] exactly in the case
when {i | p; € A;} € w).

We define a measure on the sets belonging to  through the ultralimit of the counting
measure on the sets X;, that is, u(A) = lim,, :’;}—;:, where the ultralimit of a bounded real
numerical sequence {x;}:?, is denoted by x = lim,, x;, and is defined by the property that
for every ¢ > 0 we have {i | |x — x;| < €} € w. One can see that the limit exists for every
bounded sequence and is unique, therefore well-defined, this is a consequence of basic
properties of a non-principal ultrafilter. The set N' C 2X of u-null sets is the family
of sets N for which there exists an infinite sequence of supersets {A’ }2, € P such that
u(A") < 1/i. Finally, we define the o-algebra 8 = Bx on X by the o-algebra generated by
P and N, and set the measure u(B) = u(A) for each B € 8, where AAB € N and A € P.
Again, everything is well-defined, see [49], so we obtain the ultraproduct measure
space (X, B, 1).

Definition 5.2.2. Let (X, A, i) be a measure space, and let A ~ B for A,B € ‘A whenever
W(AAB) = 0. We define the distance d, on the measure algebra B = A/ ~ by d,([A],[B]) =
W(AAB) and say that the measure space (X, A, 1) is separable if the metric space (B,d,) is
separable.
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Note that the measure space (X, 8, 1) is in general non-separable, this can be seen by
means of contradiction. Suppose that there exists a countable d,-dense set in  C B,
then the ultraproduct G of random subsets G; of X; generated by independent uniform
coin tosses for any element of X; with success probability 1/2 has with probability 1
that 1(GAH) = 1/2 for any member H of the above dense set of the o-algebra, so by our
assumption on countability this holds jointly with probability 1. Since we can always
choose a d,-dense set in B to be in ” we have a contradiction.

Let X;,X,,... and Y;,Y>,... be two increasing sequences of finite sets with ul-
traproducts X and Y respectively, then it is true that the ultraproduct of the product
sequence X; X Y1, Xs X Ys,... is the product X X Y (in the sense that the two infinite
products ]2, X; X Y; and []:2; X; X []i2; Yi coincide, and one can check easily that the
two ways of defining the equivalence ~ lead to the same space), but the o-algebra Bxxy
of the measure space can be strictly larger than the o-algebra generated by Bx x By,
and this is a crucial point when the aim is to construct a separable representation of
the ultraproduct measure space of product sets.

Let r be some positive integer, and again Xj, X5, ... a sequence of finite sets as above.
For any e C [r] we define the ultraproduct measure spaces (X%, Bx:, lix), also let P,
denote the natural projection from X" to X¢. Furthermore let o(¢) denote the sub-o-
algebra of By given by P;!(8Bx:), and a(e)* be the sub-c-algebra (a(f) | f C e, |f] < lel).
Note that in general o(e) is strictly larger than o(e)*. This can be seen by presenting
elements of o(e) independent of o(e)* of measure strictly between 0 and 1, a generic
example for this is the ultraproduct of random subsets G{ of X? where each element is
included with probability 1/2 independent from each other. The ultraproduct G® has
with probability 1 measure 1/2 and is independent from any element of o(e)".

This property will be exploited during the characterization of the limit object as
functions on a separable space, where this strict inclusion will become apparent. We
denote the measure px. simply by u, and the o-algebra 8Bx. by 8,.

Definition 5.2.3. Let r be a positive integer. We call a measure preserving map ¢: X' —
[0, 11°UD g separable realization if

(i) for any permutation 7 € Sy of the coordinates we have for all x € XU that *(p(x)) =
P(1(x)), where 7 is the permutation of the power set of [r] induced by 1, and

(i) for any e € b([r]) and any measurable A C [0, 1] we have that ¢, (A) € o(e) and ¢, (A)
is independent of o(e)".

Let K,(X) denote the set of r-tuples of X that have no repetition in the components. We
are interested in the limiting behavior of sequences of symmetric k-partitions (or edge-
k-colored r-graphs on the vertex sets Xj, X»,...) of the sequence K.(X;), K:(X3),...,
this leads us to the first, relatively easy, generalization of the main result of [49].
The convergence definition, Definition 2.2.3, in this case can be reformulated in the
following general way.

Let G; = (G}, ceey Gf) be a symmetric partition of K,(X;) for each i € IN, then (G;),
converges if for every k-colored r-graph F the numerical sequences t(F, G;) converge,

138



5.2 The ultralimit method and limits of finitely colored graphs

as in Chapter 2. The ultralimit method enables us to handle the cases where the
convergence does not hold without passing to subsequences, we describe the approach
next. Let us denote the size of F by m and let F(e) be the color of e € ([’f]), then t(F, G;)
can be written as the measure of a subset of X!". We show this by explicitly presenting
the set denoted by T(F, G;), so let

T(EG) = [ ] PPL(G), (5.1)
e (1)

where P, is the natural projection from XZ["Z] to X?, and P, is a bijection going from Xl[’ ]
to X? induced by an arbitrary but fixed bijection s, between e and [r]. We define the
induced subgraph density of the ultraproduct of k-colored r-graphs formally following
(5.1), if G = (G},...,G") is a Byj-measurable k-partition of X"l and F is as above then
let

T(EG) = (| P;'(P.(G")), (52)
ee(")
that is a measurable subset of X!"l. Further, let t(F, G) = pu(T(F, G)).
It is not difficult to see that :5((23),' = H(F, G;). Forming the ultraproduct of a series

of sets commutes with finite intersection, therefore [{T(F, G;)}*,] = T(F, [{G;}:2,]) and
lim,, t(F, G;) = t(F, [{Gi}2,]). Observe that all of the above notions make perfect sense
and the identities hold true for directed colored r-graphs, that is, when the adjacency
arrays of the G*’s are not necessarily symmetric.

We call a measurable subset of [0,1]"I") an r-set graphon if it is r-symmetric, we
can turn it into a proper ({0,1},r)-graphon in the sense of Chapter 2 by generating
the marginal with respect to the coordinate corresponding to [r]. Analogously a k-
colored r-set graphon is a measurable partition of [0,1]"I") into k classes invariant
under coordinate permutations induced by permuting [r]. These objects can serve
as representations of the ultraproducts of r-graph sequences in the sense that the
numerical sequences of subgraph densities converge to densities defined for r-set
graphons in accordance with the notation in Chapter 2, we will provide the definition
next.

Definition 5.2.4. Let F be a k-colored r-graph on m vertices, and W = (W!,..., W) be a
k-colored r-set graphon. Then T(F, W) c [0, 1]°U"") denotes the set of the symmetric maps
g: b([m],r) — [0, 1] that satisfy that for each e € ("") it holds that (9(f))epe) € WH®. For the
Lebesgue measure of T(F, W) we write t(E, W), this expression is referred to as the density of F
in W.

The reader may easily verify that the above definition of density agrees with the
notions in Chapter 2, especially the formula (2.8).

We will rely on a basic, but not trivial statement from measure theory due to Ma-
haram, and that gives a sufficient condition for the existence of the independent
complement of a sub-c-algebra that is nested in some larger o-algebra.
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Lemma 5.2.5. Let B C A two separable o-algebras on X with probability measure u. If for
any k > 1 there exists an equiv-partition Sy C A of X into k parts so that Sy is independent of
B, then there is a o-algebra C C A that is independent of B and (B, C) is dense in A (i.e., C
is an independent complement of B in A).

For the proof we refer to [49]. One of the main technical results of [49] is the
following.

Theorem 5.2.6. [49] Let r be an arbitrary positive integer and let ‘A be a separable sub-o-
algebra of By,y. Then there exists a separable realization ¢: X' — [0, 11U such that for every
A € A there exists a measurable B C [0, 1]"UV such that uj1(Aagp=(B)) = 0.

This last result means that any sequence of subsets G; of X! is representable by a
subset W of [0, 1]°UD. This representation also has the property that with the usual
homomorphism density definitions of hypergraphs the ultralimit lim,, t(F, G;) is equal
to t(F, W) for any r-uniform hypergraph F, this is yet another consequence of ¢ being
measure preserving. The only thing that is needed to show this, is that the densities
are measures of certain sets of X1, respectively [0, 1]°"}"), and the so-called lifting of
¢ establishes a measure preserving relationship (see [49] for details).

A lifting of a separable realization ¢: X1 — [0,1]"U'D of degree m for m > r is
a measure preserving map 1: X" — [0,1]°"7) that satisfies pypy © ¥ = ¢ o Py,
and it is equivariant under coordinate permutations in S,,, where py) and Py, are
the natural projections from [0, 1]°"7) to [0, 11D, and from X" to XI"! respectively.
The next lemma is central to relate the sub-r-graph densities of ultraproducts to the
corresponding densities in r-set graphons.

Lemma 5.2.7. [49] For every separable realization ¢ and integer m > r there exists a degree
m lifting .

The next statement is the colored version of the homomorphism correspondence in
[49] (Lemma 3.3. in that paper).

Lemma 5.2.8. Let ¢ be a separable realization and W = (W',..., W¥) be a k-colored r-set
graphon, and let H = (H', ..., H*) be a k-colored ultraproduct with p(H*Ap1(W%)) = 0
for each o € [k]. Let ¢ be a degree m lifting of ¢ and F be a k-colored r-graph on m vertices.
Then up (Y~ (T(F, W))AT(F,H)) = 0, and consequently +(F, W) = t(E, H) for each F.

Proof. By definition we have that

TEH) = ) P (P (H)
ee([’:'])

and

TEW) = [ Py (W,
ee(™)
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5.2 The ultralimit method and limits of finitely colored graphs

Due to the fact that ¢ commutes with coordinate permutations from S, and the con-
ditions we imposed on the symmetric difference of H* and ¢~'(W*®) the statement
follows. =

This previous result directly implies a representation of the limit objects of conver-
gent sequences of k-colored r-graph sequences, that is a special case of Theorem 2.2.10.

Corollary 5.2.9. Let {G;}2, be a convergent sequence of k-colored r-graphs. Then there exists
a k-colored r-set graphon U such that for any k-colored r-graph F it holds that lim,_, t(F, G;) =
t(E, U).

We turn to describe the relationship of two r-set graphons whose F-densities coincide
for each F. For this purpose we have to introduce two types of transformations and
clarify their connection. Let us define the o-algebras As, A, and Bs C Ly for
each S C [r], the o-algebra Bs = pgl(L[Oll]), As is the generated o-algebra (Br | T C S),
and A is(Br | T C S5, T # S), where Lo denotes the Lebesgue measurable subsets
of the unit cube with the dimension given by the index.

Definition 5.2.10. [49] We say that the measurable map ¢: [0, 11°UD — [0, 110V is structure
preserving if it is measure preserving, for any S C [r] we have ¢p~'(As) C As, for any
measurable I C [0,1] we have ¢~ (ps (1)) is independent of Ay, and for any © € S, we have
T o ¢ = ¢ o 1", where " is the coordinate permuting action induced by .

Let £V denote the measure algebra of ([0, 11UV, Lo 10, A).

Definition 5.2.11. [49] We call an injective homomorphism ®: LUV — LUV g structure
preserving embedding if it is measure preserving, for any S C [r] we have ®(Bs) C As, D(Bs)
is independent from A, and for any 7 € S, we have w* o ® = ® o 1",

Another result from [49] sheds light on the build-up of structure preserving embed-
dings.

Lemma 5.2.12. [49] Suppose that ®: L2V — LUV is g structure preserving embedding of
a measure algebra into itself. Then there exists a structure preserving map ¢: [0,1]°0D —
[0, 11°UD that represents @ in the sense that for each [U] € LU it holds that ®([U]) =
[¢~1(U)], where U is a representative of [U].

A random coordinate system 7 is the ultraproduct function on X" of the random
symmetric functions ,,: [n]” — [0, 1]°I"D that are for each 7 given by a uniform random
point Z, in [0, 110" so that (T,(i1, - - ., i,))e = (Zu)pir,..i)- An important property of the
random mapping 7, is that for any r-set graphon and positive integer n it holds that
(7,)"}(U) = G(n, U), when the random sample Z, that governs the two objects is the
same.

Lemma 5.2.13. [49] Let U be an r-set graphon, and let H = [{G(n, U)}" | ]. Then the random
coordinate system T = [{1,} ] is a separable realization such that with probability one we
have p(Hat™H(U)) = 0.

141



5 Limits of weighted hypergraph sequences via the ultralimit method and
applications

A direct consequence is the statement for k-colored r-set graphons.

Corollary 5.2.14. Let U = (U, ..., U*) be a k-colored r-set graphon, and let H = (H', . .., HF)
be a k-colored ultraproduct in X", where H* = [{G(n, Ui, 1 for each a € [k]. Then the
random coordinate system T is with probability one a separable realization such that we have
ppH*ATH(U)) = 0 for each a € [K].

The following result is a generalization of the uniqueness assertion of [49], and
states that subgraph densities determine an r-set graphon up to structure preserving
transformations, the proof is also similar to the one given in [49] in the uncolored case.
We say if the conditions of the theorem below apply for two graphons that they are
equivalent.

Theorem 5.2.15. Let U = (U*,...,U") and V = (V!,..., V¥) be two k-colored r-set graphons
such that for each k-colored r-graph F it holds that t(F, U) = t(E, V). Then there exist two struc-
ture preserving maps vy and v from [0, 11°0D to [0, 110D such that (v (U*)av;H(V*)) = 0
for each a € [k].

Proof. The equality t(F, U) = t(F, V) for each F implies that G(n, U) and G(n, V) have
the same distribution Y, for each n. Let H = [{Y,} 7], then Corollary 5.2.14 implies
that there exist separable realizations ¢; and ¢, such that pp(H*A¢; (U*) = 0 and
up(H*Ad;1 (V™)) = 0 for each a € [k], therefore also (¢ (U%) AP, (V?)) = 0. Set A =
o(p7 (Lpapm), 5 Y( L)) that is a separable o-algebra on X" so by Theorem 5.2.6
there exists a separable realization ¢3 such that for each measurable A C [0, 110D the
element ¢-!(A) of A can be represented by a subset of [0, 1]"I") denoted by y;(A). It
is easy to check that the maps ¢; and 1, defined this way are structure preserving
embeddings from LX) — 90 satisfying A(;(U*)A,(V)) = 0 for each a € [k].
We conclude that by Lemma 5.2.12 there are structure preserving v; and v, such that
A1 (U*)Av;1(V*)) = 0 for each a € [K]. |

5.3 Testability of energies by non-effective methods

We define a parameter of r-uniform hypergraphs that is a generalization of the ground
state energies of [32] in the case of graphs. This notion encompasses several important
quantities, therefore its testability is central to many applications.

Definition 5.3.1. For a set H (")), a real r-array | of size q, and a symmetric partition
P = (P',...,P7) of (") we define the r-energy

q

Ep,(H, ]):% Y. S ien(r; P, Py,

i1y =1

where ey(r;S1,...,5,) = {(ug,...,u,) € [n]" | Asj(ul,...,u]-_l,ujﬂ,...,ur) =1forall j =
1,...,rand Ag(uq,...,u,) =1}.
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Let H = (H")qex) be a k-colored r-uniform hypergraph on the vertex set [n] and |* a be real
gx---xqr-array with ||J|lo < 1 for each a € [k]. Then the energy for a partition P as above is

Epi(H,]) = ) Epya(H, Y.

aclk]

The maximum of the energy over all partitions P of (")) is called the r-ground state energy
(rGSE) of H with respect to |, and is denoted by

EMH,)) = max Ep,(H,)).

The rGSE can also be defined for ({0, 1}, r)-graphons, and more generally, for kernels.

Definition 5.3.2. For an r-kernel W, a real r-array | of size q, and a symmetric partition
P = (P,...,P7) of [0,1]"U=1D we define the energy

EpW )= Y JGir,... ir) Wy (r-1)dA @y -)-

| o1 (pij
it ersir€lq] OjetrtPpy (P

Let W = (W%),ei) be a k-colored r-graphon and |* a be real g X - - - X g r-array with ||]|| <1
for each a € [k]. Then the energy for a partition P as above is

& (W) = ) Epsa(W',J°).

aelk]

and the rGSE of W with respect to ], and is denoted by

EW,]) = Sl;p Ep,1(W,]),

where the supremum runs over all symmetric partitions P = (P, ..., P7) of [0, 1]°U~1D.

The generalization of free energies (recall Definition 3.6.1) corresponding to this
formulation of the rGSE is straight-forward, their analysis is expected to require novel
methods. One of the obstacles for applying the previously presented framework in
Chapter 3 and Chapter 4 is that state configurations applied to the blow-up of a graph
cannot be traced back to configurations on the original easily. For 3-graphs in the g state
model of an ¥*GSE one particular pair of nodes can be in g states, whereas in the k-fold
blow up the induced complete bipartite graph between the nodes corresponding to the
two originals has Q(exp(kg)) isomorphism classes of configurations, determining the
corresponding weight as a function of weights of the original graph is an incomparably
harder task than in the case discussed in Chapter 3.

Definitions of the above energies are analogous in the directed, and the weighted
case, and also for r-kernels. The next lemma tells us about the distribution of the *GSE
when taking a random sample G(n, H) of an H € IT".
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Lemma 5.3.3. The expression &,(G(n, H), ]) is highly concentrated around its mean, that is
for every € > 0 it holds that

2
P(E:(G(n, H), ) = EEAG(n, H), )| = ¢ll]ll) < 2exp (—;7721) :

Proof. We can assume that ||/||l < 1. The random r-graph G(n, H) is generated by
picking random nodes from V(H) without repetition, let X; denote the ith random
element of V(H) that has been selected. Define the martingale Y; = E[&E,(G(n, H), ]) |
Xj,...,X] for 0 < i < n. It has the property that Y, = E[E,(G(n,H),])] and Y, =
&,(G(n,H), J), whereas the jumps |Y; — Yi_4| are bounded above by % for each i € [n].
The last observation is the consequence of the fact that for any partition # of (r[f]l) only
at most rn""! terms in the sum constituting Ep,_1(H, J) are affected by changing the
placing of X; in the classes of . Applying the Azuma-Hoeffding inequality to the
martingale verifies the statement of the lemma. O

The same concentration result as above applies also to E,(G(n, W), ). The next result
is the main contribution in the current section.

Theorem 5.3.4. Forany | = (J}, ..., J*) with J* being a real r-array of size q for each a € [k]
the parameter of k-colored r-graphs E,(., ]) is testable.

Proof. We may assume that |[J*|| < 1 for every a without losing generality. We
proceed by contradiction. Suppose there exist an ¢ > 0 and a sequence of k-colored
r-uniform hypergraphs {H,}*? | with V(H,) = [m,], where (m,);", is tending to infinity,
whose elements are such that for each n with probability at least ¢ we have that
EH,, ) + ¢ < E(Gm,H,),J). Let G, = (Gl,...,Gk) denote the random k-colored
hypergraph G(n, H,), that is for each n with Gj, = G(n, H;;). The previous event can be
reformulated as stating that for each n with probability at least ¢ there is a partition
P,=(P.,...,Pl)of (r[fll) such that the expression

k q
— Z TG, ... iy)ecs(r; P, ..., Ph)

is larger than

for any partition R, = (R},..., R}) of (")

Let H = (H', ..., H") denote the ultraproduct of the hypergraph sequence {H,}*,
that is a k-partition in the measure space (Xgr],Bl, u1), and let 01(S) and 01(S)* denote
the sub-c-algebras of 8; corresponding to subsets S of [r]. Due to Theorem 5.2.6 there
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exists a separable realization ¢;: X! — [0, 1]"") such that there is a k-colored r-set
graphon W = (W', ..., W¥) satisfying p1(¢;'(W*)aH?) = 0 for each a € [k].

Let G(s) stand for the point-wise ultraproduct realization of the {G,(s)})", C X[;] for
all s € 5, where (5, S, v) denotes the underlying joint probability space for the random
hypergraphs, and (Xg],Bz, 2) is the ultraproduct measure space in the case of the
sample sequence of the sets [1],[2],..., 02(S) and 0,(S)" are the corresponding sub-o-
algebras. Note that the ultraproducts G(s) are not k-partitions of the same ultraproduct
space as H, moreover, it is possible that the o-algebra generated by {G(s) | s € 5}
together with p; form a non-separable measure algebra that prevents us from using
Theorem 5.2.6 directly.

Suppose that for some n we have that E&E,(G,,]) < &(H,, ]) + 3/4¢. This as-
sumption implies by Lemma 5.3.3 that P(E,(G,,]) > &,(H,, J) + €) < P(EAG,,]) >
E&E.(Gy,]) + €/4) < 2exp(—g:—r”2). The last bound is strictly smaller than ¢ when n
is chosen sufficiently large, therefore it contradicts the main assumption for large n.
Therefore we can argue that EE.(G,, ) > &,(H,, ]) + 3/4¢ for large n, throwing away a
starting piece of the sequence {H,}’? ; we may assume that the inequality holds for all
n. Note that this omission does not affect the ultraproduct spaces.

A second application of Lemma 5.3.3 leads to a lower bound on the probability that
E/(Gy, ]) is close to E,(H,, ]), namely P(E,(G,, ]) < &,(H,,, ])+¢/2) < 2 exp(—£%). Hence,

6412
by invoking the Borel-Cantelli Lemma, we infer that with probability one the event
&Gy, ]) £ E(Hy, J) + €/2 can occur only for finitely many n, let the M; denote the
(random) threshold for which is true that (G, ) > &E,(H,, ]) + /2 for every n > M,;.

It follows that lim,, &,(G,, |) > lim,, &,(H,, |) + €/2 with probability 1.

Next we will show that with probability one G is equivalent to H in the sense that for
each k-colored r-graph F it holds that t(F, G) = #(F, H). Then, since there are countably
many test graphs F, we can conclude that the equality holds simultaneously for all F
with probability 1.

We have seen above in the paragraph after (5.2) that for every fixed k-colored r-
uniform hypergraph t(F, H) = lim,, t(F, H,). On the other hand the subgraph densities
in random induced subgraphs are highly concentrated around their mean, and the
mean is equal to the corresponding density in the source graph, that is

2

P(KE, G,) — #(E, Hy)| > ) < 2exp (_ % )

for any 6 > 0, this follows with basic martingale techniques, see Lemma 3.5.4 originally
proved in [49] for the almost identical statement together.

The Borel-Cantelli Lemma implies then for every fixed F that with probability one
for each 6 > 0 there exists a (random) 7y(6) such that for each n > ny(0) it is true

that |t(F,G,) — t(F,H,)| < 6/2. Let us fix 6 > 0 and F € IT*. Since the set {n |
|t(F, H,) — t(F, H)| < 6/2} belongs to w by the definition of the ultraproduct function, it
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holds that {n | |t(F, G,) — t(F, H)| < 6} € w as a consequence of

{n[|t(F, Gy) — t(F, H)| < 0}
D ({n | 1H(F, Gy) — H(E, Hy)l < 6/2} 0 {n | |((F, Hy) — H(F, H)| < 6/2}) € w.

Consequently, lim,, t(F, G,) = t(F, H) with probability one for each F, and the limit
equation holds simultaneously for each F also with probability one, since their number
is countable.

Let us pick a realization {G,(s)}"", of {G,}>", such that it satisfies lim,, &,(G,(s), ]) —
lim, &,(H,, J) = €/2 and lim,, t(F, Gy (s)) = t(F H) for each F, the preceding discussion
implies that such a realization exists, in fact almost all of them are like this. Further-
more, let us consider the sequence of partitions P, = (P,...,P}) of ([”1) that realize

&E,(Gy(s), ), and define T;’j C [n]"\ diag([n]") through the inverse images of the projec-
tions A = (py)‘l(Apf) fori € [gq], j € [r], and n € IN, where p; is the projection that
maps an r-array of size n onto an (r — 1)-array by erasing the jth coordinate. Note

that the T/ sets are not completely r-symmetric, but are invariant under coordinate
permutations from Sy(; for the corresponding j € [r]. A further property is that and

T4 can be obtained from T swapping the coordinates corresponding to j; and j».

We additionally define the ultraproducts of these sets by P! = [{Pi}* ] C X[ZH] and
TV = [{T;]}n Jc X , it is clear that T/ € oy([r] \ {j}) for each pair of i and j, so
Ny T € oa([r]) for any I C [q] X [r], and that X[ZH] = U;P". The same symmetry
assumptions apply for the T"/ sets as for the T,/ sets described above.

We also require the fact that these ultraproduct sets defined above establish a cor-
respondence between the rGSE of G(s) and the ultralimit of the sequence of energies

{E(Guls), DI,

This can be seen as follows: Recall that

k
1 . o . i
EGals), ] =n—Z Z [, -, i)IGE 0 (O, T

a=1 iy,...i=1

This formula together with the identities [{G%(s)N (ﬂ;:lT,i{ J )N, 1=Gs)N (ﬂ;:lTif'f ), and
that the ultralimit of subgraph densities equals the corresponding subgraph densities
of the ultraproduct imply that

k
l11118(G (), ]) = Z Z ]“(i1,...,ir)‘u2(G“(s)m(m;lei/J)).

a=1 iy,...i,=1

Now consider the separable sub-c-algebra A of B, generated by the collection of
the sets GX(s),...,G*(s), T",..., T%". Then by Theorem 5.2.6 there exists a separable
realization ¢,: X[Zr] — [0, 110D and measurable sets U*, ..., Us, V1, ..., V%" such that
t2(; (U AG(s)) = 0 for each a € [k] and p(¢,*(V*/)AT") = 0 for every i € [q], j € [].
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5.4 Ultralimits of compact colored graphs

Additionally, since ¢ is a separable realization, we can assume that each of the V'/ sets
only depends on the coordinates corresponding to the sets in h([r] \ {j}), is invariant
under coordinate permutations induced by elements of S, that fix j, and V! can
be obtained from V" by relabeling the coordinates according to the S, permutation
swapping j; and j,. Also, we can assume that U, ..., Uu" form a k-colored r-set
graphon U. Most importantly, the separable realization ¢, is measure preserving, so
we have that

k q
1iar)nar(Gn(s), N = Z | Z I, ..., i)AUY N (m;zlvff'f)). (5.3)

a=1 iy,..,;,=1

On the other hand we established that t(F, G(s)) = t(F, H) for each F,which implies
t(F, U) = t(F, W), therefore the uniqueness statement of Theorem 5.2.15 ensures the
existence of two structure preserving measurable maps vy, v,: [0, 1] — [0, 1]
such that A(v;'(W*)av,(U*)) = 0 for each a € [K].

Now let us define the sets S/ = ¢ (vo(v;1(V"))), these satisfy exactly the same sym-
metry and measurability properties as the T*/ sets above, by the measure preserving
nature of the maps involved we have

k q
WM &Gy, ) =) Y Tl i (H 0 (O, S7). (54)

a=1iy,.. ;=1

The properties of structure preserving maps imply that S/ € o1([r] \ {j}) for each i, j,

s0 N;,jerS™ € o1([r])* for any I C [q] x [r]. Also, the ultraproduct construction makes
it possible to assert the existence of a sequence of partitions R, = (R.,...,R}) of ([r”i”l]
for w-almost every n such that py (S A[(P") (R}, ]1) = 0 for each i, j. But again
by the correspondence principle between ultralimits of sequences and ultraproducts
in Lemma 5.2.8 applied to (5.3) and (5.4) we have

llal’)l’l Sﬂn,r(Hnr ]) = llaI)II ar(Gn(S)/ ])/

which contradicts lim,, &,(G,(s), J) — lim, E,(H,, ]) > €/2.

5.4 Ultralimits of compact colored graphs

The separable correspondence enables us to switch to more tangible r-set graphons
in the analysis of simple hypergraph limits instead of the abstract subsets of the
ultraproduct space. This also allows for the utilization of the toolbox of classical real
analysis.

Our goal next is to produce an analogous correspondence to Corollary 5.2.9 for limits
of colored hypergraph limits, where the edge colors are coming from some compact
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Polish space possibly without algebraic structure. For this case we had already given
a proof in Chapter 2 with significantly different methods drawing on previous results
in the area of exchangeable arrays. The main purpose of the new approach in the
current section lies in the additional structural connection that is obtained, this serves
as the main tool for establishing a regularity lemma for compact colored r-graphs in
the subsequent section.

We fix r > 1, the sets Xj,X5,... be as above. Let K be a compact Polish space
(recall that this means that the space is separable and completely metrizable), and
consider a sequence of colored r-graphs (or functions) G;: X! — K that are invariant
under coordinate permutations and take the special value ¢ on the diagonal, which is
introduced for the sake of completeness. It will be more convenient for our purposes
to consider these as functions that take values from the space of probability measures
on K, denoted by P(%), endowed with the weak topology. That is, let G;(x;) = d¢.(x,
for x; € X!. We will sometimes omit the hat sign and identify the two functions G
and G. Now we are going to define the ultraproduct of P(K)-valued functions, and
thereby also of K-valued functions.

We denote by (u, f) the expectation of a measurable functional f on K with respect
to the probability measure p € P(K), that is, fq( fBdu(t).

The ultraproduct of {G;}2, (K-valued or P(K)-valued) is the function G: X" — P(K)
such that for p = [{p;}:2,] with p; € X! and any continuous non-negative functional f
on K we have that (G(p), f) = lim,(Gi(p:), f) for general P(K)-valued G; functions,
and (G(p), f) = lim,, f(Gi(p;)) for a special K-valued sequence.

Proposition 5.4.1. The ultraproduct function G is well-defined and measurable with respect
to the relevant o-algebras.

Proof. Let for a fixed p € X" be lim,(G;(p;), f) = f,, then f  f, is a positive bounded
linear functional on C(/K), so by the Riesz Representation Theorem on a compact space
there exists a unique probability measure G(p) that satisfies (G(p), f) = lim,(Gi(p:), f)-
Also, [{pi}2,] = Hgit2, 1 then{i | p; = q;} € w, therefore for any f we have {i | (G;(p), f) =
(Gi(gi), )} € w, hence lim (Gi(p)), f) = lim(Gi(q:), f)-

We are left to check whether G is measurable with respect to the o-algebras o([r])
and the Borel sets of the weak topology on £(K). The measurable sets on P(K) are
generated by the sets {u | (¢, g) > 0} for some g € C(K) therefore it suffices to show
that A, = {p | (G(p), 9) = 0} € o([r]) for arbitrary g € C(K). Let A;’& ={pi 1 (Gi(pi), ) >
—e} C X! for e > 0and i € N, and also let A = [{A;E}ﬁl] € o([r]). We will show that
ﬂnzlA}/ " = A, and that implies A, € o([r]). It is clear that ﬂnzlA;/ "> A, Wefixa
p=[Upi}2] € ﬂnzlA;/ ". Then we have lim,(G;(p;), ) > —% for any n, that is, for any
¢ > 0 the ultrafilter w contains {i | (G;(pi), ) > —% — ¢}, which implies thatp € A,. O

Let ¥ c C(K) be a countable family such that the linear subspace generated by ¥ is
||.llo-dense in C(K). Recall Definition 2.2.1 that says that for F € II(¥) with V(F) = [m]
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5.4 Ultralimits of compact colored graphs

and G;: X! — K, the frequency of F in G is

[IRGEEO) (55)

X,m
Xl ¢+ [ml>Xi ee(Im)

If G is P(K)-valued, then we define

HEG) = Y, [ (GtoenFe, 65.6)

: I ee(()

which agrees with (5.5) if the deployed colors are point measures.

Further, recall Definition 2.2.3, that tells us that one of the several equivalent formu-
lations of the convergence of a sequence (G;)32, is the simultaneous convergence of the
numerical sequences t(F, G;) for each F € ¥. We define now the subgraph densities of
the ultraproduct functions.

Definition 5.4.2. For an F € I1,,(C(K)) and an ultraproduct function G: X" — P(K) the
density of F in G is defined as

15,6) = [ T (G000 Fe)danx
X ee(l)
Let fi: X; — [—d,d] be uniformly bounded real functions, then their ultraproduct

f = [{fi}2,] is defined by f(x) = lim,, fi(p;), where x = [{x;}:2;]. We formulate an
integration formula for ultraproduct functions that was proven in [49].

Lemma 5.4.3. [49] For an ultraproduct function f = [{f;}>|] on X is measurable and we have

Yex, fi(x)
fdu = im ———.
fx =0T

The integration formula above directly implies that ultraproduct functions can be
considered as the limit objects of P(K)-valued functions.

Lemma 5.4.4. Let {G;}2, be a sequence of P(K)-colored r-graphs such that V(G;) = X.
Then for every F € II(C(K)) we have lim,, t(F, G;) = HF, G), where G: X" — P(K) is the
ultraproduct of the G; functions.

Proof. Letm > 1 and F € I1,,(C(K)) be arbitrary, let the functions G; and G be as in the
statement. Let us rewrite (5.6) as

e1 er _ 1
[[ G ey = ¥, ] Gt Feep.

xiz(x},...,x?‘)EX;” ee(["r’]) ! xi€X) ee(['f])

t(F, Gj) =

(5.7)
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We claim that [{Hee([,:l])(Gi(Pe(.)),F(e))}fil] = HEE([T])(G(PE(.)),F(e)). This is a con-
sequence of the definition of the ultraproduct function G, of the interchangeability
of the projection P, operation with taking ultraproducts, i.e, P.([{x:}:2,]) = [{Pc(x;)}2,1,
and of the product of ultralimits lim,, x;lim,, y; being equal to the ultralimit of the
products lim,, x;y;. Now Lemma 5.4.3 finishes the proof.

O

We are now ready with the first step of establishing useful limit objects for sequences
of r-uniform weighted hypergraphs. Next we turn to the representation of the abstract,
non-separable space X" by the well-understood Lebesgue-space of [0, 1]""). This will
be followed by connecting the probability measure valued functions between the
spaces so that r-graphons can truly serve as limit objects of r-graph sequences. We
start with the introduction of some additional notation related to subgraph densities.

Again, as in the case of k-colored r-graphs, we want to express the homomorphism
densities t(F, G;) as measures of certain subsets of X!". For this purpose we rewrite the
more general (5.6) as

1 1
H f LG Fenza) (Ple))dae (5.8)
¢+ [ml =X ee(Im) 0

:f 1 Z H L¢Gi0) Fenza (P(€))dA (a), (5.9)

[m] \m
o) IXil ¢+ [ml=X; ee(Im)

where a = (ae)ee(lml). Let Gl.f’” ={pi € X! | (Gi(pi), f) 2 a} foreverya € [0,1] and f € F.
We define

T(Fa,G)= [ ) P, (P(G["),
EQ)

that is the set of maps ¢: [m] — X; given by elements of X" that satisfy for each e € ([”;])
that (Gi(¢(e)), F(e)) > a,. Now we have

T(F/ a, Gl)
e =f —=2 dA(a). 5.10
(£ G) @ X" @) (.10)

Let for an ultraproduct function G: X" — P(K) the measurable set G/* = {p € X" |
(G(p), f) =z a}foranya € [0,1] and f € ¥, and further, let

T(F/ a, G) = ﬂ P;l(Ps@ (GF(E)/ﬂe))
ee([";])

for F € IT,(F) and a € [0, 1](").
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5.4 Ultralimits of compact colored graphs

We reformulate t(F, G) from Definition 5.4.2 as

G = [ walT(E 0, G)AA) 611

[01]¢r

One of our main results is the following, we will use Theorem 5.2.6, that was proved
in [49].

Theorem 5.4.5. Let K be a compact Polish space, and G: X" — P(K) be a o([r])-measurable
function. Then there exists a separable realization ¢p: X~ — [0,11°UD so that there is a Borel
measurable map W: [0, 110D — P(K) so that py,-almost everywhere G = W o ¢b.

Proof. Let ¥ be a countable subset of C(K) so that the linear subspace generated
by F is L*-dense in C(K), and each of its elements take values between 0 and 1.
Then let fora € R and f € ¥ the Bj,;-measurable set G/* C X" be defined as G/* =
{p | {(G(p), f) = a}. Consider the o-algebra A generated by the countable collection
{G/*" | f € F,a € Q} of measurable subsets of X". Note that A is separable, so
that we can apply Theorem 5.2.6. We obtain that there exists a separable realization
¢: X" — [0,1]"U"D such that for each f € ¥, and a € Q there exists a measurable subset
W/ of [0, 110D such that (G a¢p~1(W/#)) = 0. Further, we can always choose these
sets in a way so that for each f the family (WS “}.eq 1s monotone increasing in a. To see
this, consider for any f € ¥ and a € Q the set U/ = Ups,5eoW/?, then

H[V](Gf’aqu_l(uf'a)) = ,u[r]((sza,beQGf'b)A(P_l(UbZa,beQWf’b))
< ¥ u(GHag (W) = .

b>a,beQ

We define for each f € ¥ the measurable function W/: [0,1]"0") — R by W/ =
inf,cnpo1] 41 wse- We have that A(W/*A(W/)7}([a, 00))) = 0 for each f € ¥, and a € Q.
It also holds true that p,;-almost everywhere W/ o ¢ = (G, f) for every f € ¥, where
(G, )(P) = (G(p), f). Since the cardinality of F is countable it follows that the
exceptional set N C X" where the above equality does not hold for some f has also
measure 0. Suppose that for p;,p, € X"\ N it holds that ¢(p1) = ¢(p2), then for
every f we have (G(p1), f) = (G(p2), f), and further the probability measures G(p;)
and G(p2) on K coincide. We can now define W on the image of X" \ N to be the
probability measure defined by the measure taken by G on the ¢-ancestors, the equality
(W, fy = W/ is true by the uniqueness assertion of the Riesz Representation Theorem,
measurability follows from the measurability of ¢ and G. This concludes the proof of
the theorem.

O

We have shown that for any G there is a ¢: X" — [0, 1]"l") separable realization and
a function W such that G is almost everywhere the pull-back of W by ¢. It remains
to show if G is the ultraproduct of a convergent sequence {G;};°,, then the densities of
elements of I'I(#) in the corresponding W also converge.

151



5 Limits of weighted hypergraph sequences via the ultralimit method and
applications

Let us recall the definition of these densities in (K, r)-graphons in Equation (2.8). A
slight variant of these are graphons that take P(K) values instead of K. If F € IL,(F),
and W: [0,1]%0") — P(K), then

EW = [ T (W), FMAm) 512)
[0,1]v(Tm1r) ee(["’])

We may rewrite the above expression using the level sets as in the case of the discrete
case above. For f € ¥ and a € [0,1], let W/ = {x € [0,1]"UD | (W(x), f) > a}. Define
further the set

T(Fa,W) = ﬂ pg(e)(LSe(WF(e),ae)) c[o, Hb([m],r)
ee([’f])

for F € I,(F) and a € [0, 11("), where Py [0, 11707 — [0, 1]@ is the natural projec-
tion, and L, : [0, 1]°I") — [0, 1]"@ is the isomorphism aligning coordinates correspond-
ing to a previously fixed bijection s, : [r] — e.

Then we can rewrite {(F, W) as

HE, W) = f oy MT(E 2, W)AA@). (5.13)

10,117

Lemma 5.4.6. If ¢: X~ — [0,1]"UV is a separable realization, and G: X' — P(K) and
W: [0, 110D — P(K) are such that G = W o ¢ almost everywhere, then for every F € TI(F)
we have t(F, G) = t(F, W).

Proof. Let F € I1,(F) be arbitrary. We want to show that for every a € [0, 1 it
holds that pp,(T(E a,G)) = A(T(F,a, W)), by (5.11) and (5.13) this implies the state-
ment of the lemma. Lemma 5.2.7 implies that there exists a degree m lifting 1) of the
separable realization ¢. Also, since G and W o ¢ are equal almost everywhere we
have that up, (G a¢p~1(W/?)) = 0 for every f € ¥ and a € [0,1]. As v is a lifting of
¢ it follows that for every e € (1) the analog of the previous also holds for cylin-
ders, that is g (P, (Ps,(G/ '”))Alp‘l(p;é)(Lse(Wf ))) = 0. This immediately implies that
tpny(T(F, a, G) Ay~ Y(T(F,a, W))) = 0, and since ¢ is measure preserving this concludes
the proof.

O

An immediate consequence is one of the main results in this section that concerns
the existence of a limit object.

Theorem 5.4.7. Let {G}22, bea sequence of K-colored (or P(K) colored) r-uniform hypergraphs
so that for every n the sequence of probability measures on K-colored random hypergraphs on
[n], {G(n, G))};2,, converges weakly (or equivalently in the Prokhorov metric) when i tends to
infinity. Then there exists a P(K)-valued r-graphon W on [0, 110D such that the measures
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5.4 Ultralimits of compact colored graphs

{G(n, G))}22, converge to G(n, W) weakly, or equivalently the sequences {t(F, G;)}2, converge
to t(F, W) for every F € T1(F).

For our purposes it will be useful to consider not the ultraproduct function G, but
its conditional expectation G(p) = E[G(p) | o([r])'] with respect to the o-algebra of
cylinder sets. Such a measure valued function can be defined in a sensible way, and
it always exists, that is the consequence of a generalization of the Radon-Nikodym
Theorem given next, a proof can be found for example in [48].

Theorem 5.4.8 (Radon-Nikodym-Dunford-Pettis). Let (X, u, A) be a probability measure
space and f be an A-measurable L*-valued function, where L is a Banach space, and let B C A
be a sub-c-algebra. Then there is an essentially unique weak -*-B-measurable function E[f | B]
such that for any v € L and B € B we have

f(f,v)dy = f(]E[f | B], v)dp.
B B

For convenience, in our case L = C(KX), L* = P(K), and the weak-*-measurability
means here simply measurability with respect to the weak topology.

The advantage of this operation will become clear when we want to construct a
random K-valued hypergraph through the separable realization of G, mainly it helps
to avoid redundancy when we talk about equivalent r-graphons.

We remark, that if the target space K has a metric structure, then one can define the
ultraproduct function G more directly as a K-valued function instead of the general
case where it is P(K)-valued, because we have the notion of the metric ultraproduct at
hand on the space K (analogous to the numerical ultraproduct). In the end we would
arrive at the same point as in the general case: we represent G as a point-measure
valued function, then project it to the space of o([r])"-measurable probability measure
valued functions via the Radon-Nikodym-Dunford-Pettis Theorem.

Using these concept combined with the above correspondence we show now that
P(K)-valued r-graphons defined as functions on [0, 1]°1~D already serve as a suitable
limit space in contrast to ones defined on [0, 1]"U"). Such objects are equivalent to the
(K, r)-graphons (recall their space, (/X)) introduced in Section 2.2.3, and reduce the
dimension of the domain of the function W obtained in Theorem 5.4.7 from b([r]) to

b([rl,r = 1).

Lemma 5.4.9. For every measurable G: X" — P(K) and F € TI(F) we have t(F,G) =
t(F,E[G | o([r])]). Also, for every W: [0, 110D — P(K) we have t(F, W) = +(F, E[W |
A ).

[r]

Proof. LetF € IL,(F). For the first statement we recall {(F, G) that was formally defined
by the expression

15,6) = [ T (P 000, ) duno: (5.14)
X" (i
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Each of the product terms (G(P;(.)), F(e)) inside the above integral considered as real-
valued functions on X" are measurable with respect to o(e) C o([m]) for the respective
e € (")). We can employ the integration rule in [49, Proposition 5.3] that tells us that
if g;: X" — [—d,d] are bounded o(A;)-measurable functions with A; C [m] for i € [n],
and 8 = (0(A1 NA)) | j > 2), then

fxm H%’(X)d#[m](x) = fx E[g: | B](x) ng(X)dp[ml(x).

=2

Hence in our case,

I

m oo ([7:1])

[ [ (6P 69), Fepdum) = fx [T EKGP; (), F@) | o(e) 1) d g ().
" ee(t)

(5.15)

Since E[(G(P;1(.)), f) | a(e)'] = EKG(), f) | o([r])] for every e € ([’f]) and f € ¥, and by
definition E[{G(.), f) | o([r])*] = (E[G | o([r])’], f) we conclude that t(F, G) = #(F, E[G |
o([r])'D.

Regarding the second statement we write

EW = [ T Ve FOA G 516
AR i

and for each e we pull in the integral over x, into the respective product term, in-
tegrating first inside the factors is then no different from taking the conditional
expectation with respect to the respective o-algebra A;. Therefore it follows that

HE, W) = HE E[W | A ). D

Next we formulate a version of Lemma 5.4.6.

Lemma 5.4.10. For every measurable G: X" — P(K) there exists a separable realization
¢: X" — [0, 11D and a (K, r)-graphon U: [0, 11D — P(K) such that E[G | o([r])] =
U o py(ir,—1) © ¢ almost everywhere, then for every F € I1(F) we have t(F, G) = t(F, U).

Proof. Let G = E[G | o([r])'], and let G* = {p | (G(p), f) = a} and G/* = {p |
(G(p), f) >a} foreach f € F and a € [0,1]. Let D denote the separable generated
by the collection of the sets G/ and G/#, and 9’ C o([r])* be the one generated only
by the G/* sets. We know from Theorem 5.2.6 and Theorem 5.4.5 that there exists a
separable realization ¢ such that for each A € D there is a measurable V4 c [0, 1]
such that pp(Aag™(V,4)) = 0, and there is a measurable W: [0,1]"0") — P(K) such
that G = W o ¢ almost everywhere.

We claim that U defined by U(py(,-1)(x)) = E[W | &Z(’[‘r]](x) satisfies the requirements

of the statement, in particular that E[W | ﬂ*r]] o = G almost everywhere. In order
to verify E[W | \?IET]] o¢ = E[G | o([r])] aimost everywhere we need to check the
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5.4 Ultralimits of compact colored graphs

two conditions that defines a conditional expectation. First, we note the fact that
U o pyqrr-1) © ¢ is o([r])-measurable, this is trivial since ¢ is a separable realization.
For the second requirement, it suffices to show (E[W | &*’(’[*r]] o, f) = (G, f) almost
everywhere for arbitrary f € ¥, since ¥ is countable. To do this, let us fix f € #. Since
(G, f) is O’-measurable it is enough to show that

fB CEIW | 7,1 0 60, Fidup(x) = fB (GO, F)di ) (5.17)

for arbitrary B € 9, instead for all elements of o([r])*. The left-hand side of (5.17) can
be written as

1 1
ff ﬂGf,a(X)dlZd[J[r](X) = f [J[r](Gf’a N B)dll (518)
B JO 0

Since B € D, there exists a Vp C [0, 1]"U"D such that up,(Bad~(V3)) = 0. As B € o([r])*
and ¢ is a separable realization, V € A .. Let W/ = {x € [0,1]°0D | (W(x), f) > a} for
f € ¥ and a € [0,1]. Then the right-hand side of (5.17) is equal to

fB@E[w | ALl 0 9, Hdp(x) = f¢ oy EWT AT 960), a9
_ fv CEIW | A5 10), £)dA (o)

= | (W), /HdA(xyqr)

Vg
1
- f f Tyyra(x)dad A (xyrp))
Vp JO

1
= f AW N V)da, (5.19)
0

the second equality is the consequence of ¢ being measure-preserving, whereas the
third is true by the definition of the conditional expectation and Vi € A ;.

For any f € ¥ and a € [0, 1] we have up (G A¢p~1(W/*)) = 0 since G = W o ¢» almost
everywhere, consequently u;1(G/ N B) = A(W/“ N V3), as ¢ is measure-preserving.
Comparing (5.18) and (5.19) verifies the equality (5.17).

It remains to show that for every F € II(¥) we have t(F, G) = t(F, U), this follows
from Lemma 5.4.6 and Lemma 5.4.9.

O

From the preceding Lemma 5.4.10 directly follows an improved version of The-
orem 5.4.7, already shown to hold true in Chapter 2 through different methods.

Theorem 5.4.11. Let {G}2, be a sequence of K-colored (or P(K) colored) r-uniform hy-
pergraphs so that for every n the sequence of probability measures on ‘K-colored random
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hypergraphs on [n], {G(n, G;)};2,, converges weakly when i tends to infinity. Then there exists
a (K, r)-graphon W: [0, 1= D such that the measures of {G(n, G)}2, converge to G(n, W)
weakly.

We are going to characterize the equivalence classes of P(K)-valued hypergraphons
determined by the equality of the distributions of sampled (K, r)-graphs, thatis U ~ W
exactly in the case, when t(F, U) = t(F, W) for any F € ¥. The main statement is going
to be a straight-forward analog of the result in the simple hypergraph case, [49], where
K = {0,1}, and the k-colored r-graph case above. The proof is also a slight variant of
the proof given for the latter case. We note that for any U it is true that U can be chosen
as the limit of {G(n, U)}}”, in the sense of Theorem 5.4.11.

Theorem 5.4.12. Let K be a compact Polish space, and let U and W be two (K, r)-graphons on
[0, 11°0V=D sych that +(F, U) = t(E, W) for any F € F. Then there exist structure-preserving
maps vy and v, from [0, 11°01=D o [0, 110D sych that U o vy = W o v, almost everywhere.

Proof. Let U and W be as in the statement of the theorem. We define U’ to be a K-
valued map on [0, 1]"I") such that for every x € [0, 1]/~ the distribution of U’(x, Y)
is equal to U(x) for a uniformly chosen random Y from [0, 1], and analogously define
W'

Let 7 be the ultraproduct of the random coordinate systems 7, that is with probability
one a separable realization from X" to [0, 1]°"), where X" is the ultraproduct of {[n]'}*",
see [49, Lemma 4.9]. Now we have that if 7, and G(n, U) are driven by the same
random Z, € [0,1]°0"7), then 7;}(U’) = G(n, U). Further, for every f € F and a € [0, 1]
let UM = {x € [0,1]°0D | £(U’(x)) > a}, thenalso 7,,'(U/*) = G(n, U*). By Lemma 5.2.13
we have that with probability 1 for every f € ¥ and a € [0,1] N Q it is true that

(G, W) Tar™ () = 0. (5.20)

The same assertion holds for W, where W/# is defined analogously.

The equality t(F, U) = t(F, W) foreach F € ¥ impliesby Theorem 2.2.2 that G(n, U) and
G(n, W) have the same distribution, so they can be coupled as the common random
objects Y, for each n. For any f € ¥ and a € [0,1] the random graph G(n, U/*) is
trivially G(n, U)-measurable (similarly for W), so the coupling also satisfies that there

are random objects Yi:’“ that are equal to the common realization of G(1, U/“) and
G(n, U).

Let H/” = [{Yf ”} ., then the above discussion implies that there exist separable
realizations ¢ and qbz that are realizations of ultraproducts of two random coordinate
sytems such that up(H”a¢p; (UF?) = 0and pp(H*a¢, (W/?)) = 0foreach f € F and
a € [0,1]1NQ, therefore also (7 (L) ag, (W) = 0. Set D = a(p; (A), d5 (Ap))
that is a separable o-algebra on X!'l, so by Theorem 5.2.6 there exists a separable
realization ¢b3 such that for each measurable D c [0,1]°") the element ¢;'(D) of D
can be represented by a subset of [0,1]"I") denoted by ¢;(D). As in the proof of
Theorem 5.2.15, 11 and 1, defined this way are structure preserving embeddings from
LoD — 50D gatisfying A (UF)a,(W/)) = 0 for each f € F and a € [0,1] N Q.
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If follows that by Lemma 5.2.12 there are structure preserving 9, and ¥, such that
AGTH U ) AD; (W/)) = 0 for each f € ¥ and a € [0,1] N Q. This implies that U’ o
71 = W’ o ¥, almost everywhere on [0, 1]°("). We conclude that v; and v, defined by
Vi(Xpr,-1)) = Poqrrr—1)Pi(Xo(ir1,-1), 0)) for i = 1,2 are structure-preserving satisfying the
conditions of the theorem since 7; and ¥, were structure-preserving, that is U o v; =
W o v, almost everywhere. O

5.5 Regularity Lemma for (K, r)-graphs

One of the most important tools in graph theory and in the broader field of combin-
atorics in recent years is the Regularity Lemma. It states that for every graph there
exists a quasi-random approximating graph of bounded size, where this bound is only
a function of the error margin of the approximation, but not of the graph in consider-
ation. We dealt with this topic already in-depth in Section 3.3, in particular we stated
and proved several versions of varying strength. In this section we prove a general
version of applicable to colored uniform hypergraphs, the result here directly implies
Lemma 3.3.27 except for the concrete upper bound on the number of partition classes
required for the regular approximation. This shortcoming is a consequence of the
non-standard methods employed in the current chapter. In particular we will rely on
Lemma 5.4.10 that ensures the existence of a certain separable realization.

The proof given here follows the framework of the proof for the simple r-graph case
given by Elek and Szegedy [49]. That version was dealt with in [49] was first proved
for r = 3 in a slightly different setting by Frankl and Rodl [58] and Gowers [68], and
by Rédl and Skokan [106] for general r. For the related development, see Nagle, Rodl,
and Schacht [99], Rodl and Schacht [105], and Gowers [69].

First we provide the definitions of the necessary notions. We fix r > 1. For a finite
setX,0>0,and > 1 we call

a 0-equitable [-hyperpartition of K,(X), if for every 1 < k < r the sets {HI{} =1,
partition of Ki(X) with symmetric classes such that ||H,i<| - |H£|| < O|KK(X)| for i, j € [I].
For an [-hyperpartition H we can define H-cells that are classes of a certain partition of
K,(X). For each x: h([r]) — [I] we define theset C, = meeb([r])Pe_l(Hlil(E)) as the intersection
of cylinder sets induced by certain classes of the hyperpartition H. We call the union
over the S,-orbits By = Upeg, Cyon- H-cells.

Further, for ¢ > 0 we call a k-uniform hypergraph G represented by a symmet-

ric subset of Ki(X) e-regular, if for any k-collection of (k — 1)-uniform hypergraphs
Fi,...,Fx considered as subsets of Ki_1(X) with the k-uniform cylinder intersection

157



5 Limits of weighted hypergraph sequences via the ultralimit method and
applications

_ -1
L= mie[k]P[kl\{i}(Fi) we have

Gl _ienL|_,
KOO 1=

(5.21)

whenever |L| > ¢|Ki(X)|.

In this section we consider the target space K to be a compact metric space with the
distance d, and diameter at most 1 instead of the more general compact Polish spaces
we studied in Section 5.4. We next give the definition of the metric we will employ on
P(K) in order to measure the error of a regular approximation.

Definition 5.5.1. Let (K, d) be a compact metric space of diameter at most 1. Then the map
dw: P(K) X P(K) — R* U {0} with

dW((u/ V) = Sup |<‘Ll, f> - <V/ f>|
f: K—I[0,1]eLip, (X)

is a metric on P(K) and is called the 1-Wasserstein metric, where Lip,(K) denotes the set of
Lipschitz-continuous functionals on K in the metric d with Lipschitz constant at most 1.

We call a set T, C Lip,(K) of [0, 1]-valued 1-Lipschitz functions on K an e-net if for
every [0, 1]-valued 1-Lipschitz function g there is an f € T, so that ||f — gll. < ¢. For
any e-net T, we have for every pair y,v € P(K) that

dw(u,v) —sup K, f) = <v, Hl| < e. (5.22)

feT,

Moreover, the Arzela—Ascoli theorem for compact Polish spaces implies that there
exists for every ¢ > 0 a finite e-net T..

We have introduced the necessary terminology to be able to state our version of the
Regularity Lemma next.

Theorem 5.5.2 (Colored hypergraph regularity lemma). Let r > 1 and (K, d) be a compact
metric space. Then for any € > 0 and F: IN — (0, 1) there exist ¢ = c(¢, F) and Ny = Ny(¢, F)
so that for every (K, r)-graph G: Ky(X) — K that is symmetric with |X| > Ny there is an

F(l)-equitable I-hyperpartition H = {H]](}kzl,...,r of Ki(X) for some | < ¢ such that each Hl]; is
=11
F(l)-reqular, and there exists a symmetric map Q: K,(X) — P(K) that is constant on H-cells

such that

{x € KO 1 dn(Bocn, Q@) 2 ¢ }| < el (X)) (5.23)

We outline the corresponding notions for ultraproduct measure spaces. Let now
r > 1 and (X', By, uyy) be an arbitrary ultraproduct space, let K,(X) denote the set of
elements of X" without repetitions. Trivially K.(X) € B,; and u(K,(X)) = 1. Then a
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0-equitable [-hyperpartition of K,(X) is similar to the finite case a collection of partitions

7’:{ = {Hi}k 1,.r

with symmetric classes such that |y (H;) — ug(H))| < 6 for i, j € [I], and k € [r]. The
definition of F-cells is identical to the finite case.

Note that any hyperpartition of Ki(X) can be extended to one of X* by adding a zero
measure set to the collection of partition classes.

Next we state and prove the version of the hypergraph regularity lemma for P(K)-
valued ultraproduct functions, this will be followed by the reduction of the finitary
lemma to this one. Both proofs will follow the approach in [49] and in [93], but require
some new ideas.

Theorem 5.5.3 (Infinitary weighted regularity lemma). Let r > 1, (X', By, ) be an
ultraproduct measure space, and (K, d) a compact metric space. For any € > 0 and any o([r])-
measurable G: X" — P(K) there exist a positive integer |, a 0-equitable I-hyperpartition H of
K.(X) such that the classes H., are independent from o([k])" forany 1 <k <rand1 < j <],
and a measurable function T: X' — P(K) that is constant on H-cells satisfying

(i x € K (X) | dw(G(), T()) 2 ]) < . (5.24)

Proof. Fixanarbitrary ¢ > 0and G. By Lemma 5.4.10 there exists a separable realization
¢: X" — [0,1]°I") and measurable function W: [0, 1]"I") — P(K) such that G = W o ¢
almost everywhere. Let T,/ = {f1, ..., fi} an ¢/2-net in the set of [0, 1]-valued functions
in Lip,(X) in the ||.|lo-norm. Since Lip,(K) € C(K) we have for each i € [t] that
(G, fi) = (W o ¢, f;) almost everywhere. Let

C={y e R'| there exist a u € P(K) such that y; = (u, f;) for all i € [t] }. (5.25)

It is trivial that C is a compact convex subset of [0, 1]/, therefore there is a partition of
C into a finite number of non-empty parts Sy, ..., S, such that the diameter in dy of
each S;is at most ¢/2. Let s; € S; be an arbitrary element for each j € [m] and let u; be
a corresponding probability measure, that is (s;); = (u;, f;) for each i € [¢].

Let W: [0,1]"0) — C such that (W(x)); = (W, f;) for each i € [t]. Let L; = W™(S;) for
each j € [m], then (Ly,...,L,) is a partition of [0,1]"") into r-symmetric measurable
parts. It follows by measurability that there exists an integer / such that there are sym-
metric measurable sets (Mj, ..., M,,) that constitute a partition of [0, 1]°I") satisfying

the following conditions. Each M; is the union of I-boxes of the form X ¢y [%, ]70)
for some j, € [I] for all e € h([r]) and ZTzl AML;jaMj) < e.

We define U: [0,1]"1") — $£(K) to be equal to y; on M;. Except for the set N =
U;ﬁ:l(LJ-AM]-) we have for each x € [0, 1]"I'D and i € [t] that KW(x), f;) — (U(x), fi)l < €/2,
so by (5.22) we have that dy(W(x), U(x)) < ¢ for each x not in N.
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Now we define the hyperpartition H on K,(X). Let
_ i1
H,]( = (P[k} ([Tz 7)) \ Kk(X)

for k € [r] and j € []]. Note that the H,]{ sets are independent from o([k])", as ¢ is a
separable realization. We are ready to construct the approximating function T that is
constant on the F-cells: simply set T = U o ¢.

It remains to show that T is a suitable approximation of G. If x € K,(X) \ ¢ }(N), then
by the definition of T and the properties of W and U we have dy(G(x), T(x)) < ¢. On
the other hand, as ¢ is measure-preserving we have u1(¢p~'(N)) < ¢, which concludes
the proof.

O

Now turn to the proof of the main theorem of the section.

Proof of Theorem 5.5.2. Suppose that the statement of the theorem is false. Then there
existsane > 0andanF: IN — (0, 1) so that there is a sequence of r-uniform hypergraphs
G; on X; with {|Xj[}:2, strictly monotone increasing such that G; has no F(s)-equitable s-
hyperpartition for any s < i satisfying the desired conditions. Let X" be the ultraproduct
space of the sets {X;}?,, and G: X" — P(K) denote the ultraproduct of the G; functions
and let us apply the infinitary regularity lemma, Theorem 5.5.3. Then there exists
a 0-equitable [-hyperpartition H of K,(X) such that the classes H, are independent
from o([k])* for any 1 < k < rand 1 < j < [ and there exists a measurable function

T: X" — P(K) that is constant on FH-cells, and for
N = {x € K,(X) | dw(G(x), T(x)) > €/2} (5.26)
we have
u(N) < /2. (5.27)

For each k € [r], it follows from the definition of the measure space (X, By, ),

.....

}2,1) = 0, for these indices let H; denote

equitable [-partition of Ki(X;), and p (HiA[{HI{

1

the hyperpartition {H,Zi}k Lo
|

We will only deal with the indices above where we defined hyperpartitions in detail,
for all the remaining ones let Q;: K,(X;) — P(K) be arbitrary measurable symmetric
functions. Now for the important indices, whose set is in w, let for i the function value
Qi(x;) be defined as the value of T on the H-cell

B, = Ures, Neeyrp) Py (HT ) (5.28)

lel
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for some «: h([r]) — [I], whenever

Xi € Upes, meeb([r]) pe_l(I—IK(7I (e))). (529)

lel,i
Note that T = lim,, Q; y;-almost everywhere.

It is trivial now that for almost all i we have that Q; is a measurable function constant
on Hi-cells. Further, let T.u = {f1,..., fi} be an €/4-net in the set of [0,1]-valued
functions in Lip, (K) in the ||.||o-norm. Define

N; = {x; € K(X;) | dw(0c,(x), Qi(xi)) = €},

Nzl ={x; € Kr(Xi) | I}éﬁ]x |f](Gl(x1)) - (Qi(xi)/ f]>| > % },
and

N’ = (x € K(X) | maxKG(), f) = (T, )l = 5 1

Since G — T = lim,, 8¢, — Q; almost everywhere in the sense that for every f € C(K) we
have

(G(), f) =(T(x), f) = limlde,cxp, f) = <Qi(x), f),
and w is closed under finite intersection, it holds by (5.22) that
NS N’ D [{N;};,1 D [INi};]-

g’ll, < u(N) < €/2, and consequently |[Nj| < ¢|K,(X;)| for w-almost all i.

Therefore lim,,

It follows from our assumption that for w-almost all i there are k € [r] and j € [I]
such that H]]cz is not e-regular, hence there are ky € [r] and j, € [I] such that H,]{'z/i is
not e-regular for w-almost all i. This means that for almost all i there are ky-uniform
cylinder intersections L; C Kj,(X;) such that

Hp o Hp N L
| Ky (Xi) |Li|

> ¢, (5.30)

and |L;| > ¢|K, (X;)l.
Let L = [{L;}2;]. We know on one hand that L is o([ko])*-measurable and p, (L) =

|Li] Jo _ Jjo Yoo Joosas %
Koy X0 > ¢, and on the other that sz = [{sz,i}izll and Hk((’) is independent of o([ko])",

lim,,
SO

H[kol(Hig)H[kol(L) = M[ko](H{fg NL). (5.31)
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However, (5.30) implies that | F‘[ko](HQ)) Uik (L) — H[ko](Hi?) NL)| > ¢, which together with
Uikl (L) > 0 leads to a contradiction, which concludes the proof.
O

We illustrate the relation of Theorem 5.5.2 to versions of the Regularity Lemma in
the uncolored case by giving a corollary that is analogous to Lemma 3.3.2 and handles
the case r = 2.

Definition 5.5.4. Let G be an undirected (%, 2)-graph, and A and B subsets of its vertex set,
and let € > 0. We call the pair (A, B) (K, ¢)-regular, if they are disjoint and for any A’ C A
and B’ C B with |A’| > ¢|A| and |B’| > ¢|B| it holds that

YA OGap) Laer’ OGab)
d beB beB’
W

, < e. 5.32
BT B (5.32)

With other words, a pair (A, B) is regular, if the empirical distribution of elements
of K given by their presence on the edges between large subsets A’ C A, B" C B is
as expected, namely close to the empirical distribution taken on all edges running
between A and B. Now a special case of Theorem 5.5.2 reads almost identically as
Lemma 3.3.2.

Corollary 5.5.5. For any € > 0 there exists a positive integer 1 < M(¢) such that the following
holds. For any undirected (K, 2)-graph G there exists a partition of V(G) into at most m < M(e)
parts (V1,..., V) such that

(i) for any i, j € [m] we have ||V1-| - IV]-|| <1,and

(ii) at least (1 — e)m? of the pairs (i, j) € [m]* satisfy that (V;, V) is (K, €)-regular.
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CHAPTER 6

Complexity of Nondeterministic
Testing

6.1 Introduction and results

Graph and hypergraph parameters are real-valued functions defined on the space
of uniform hypergraphs of some given rank invariant under relabeling the vertex
set. Testing a parameter value associated to an instance in the dense model means
to produce an estimation by only having access to a small portion of the data that
describes it. The test data is provided as a uniform random subset of the vertex set
with the induced substructure of the hypergraph on this subset exposed. A certain
parameter is said to be testable if for every given tolerated error the estimation is
within the error range of the parameter value with high probability, and the size of the
selected random subset does only depend on the size of this permitted error and not
on the size of the instance, for precise definitions see Definition 3.2.1 below. Similar
notions apply to testing graph properties, in that situation one also uses uniform
sampling in order to separate the cases where an instance has the property or is far
from having it, where the distance is measured by the number of edge modifications
required, see Definition 3.2.2. The development in this direction resulted in a number
of randomized sub-linear time algorithms for the corresponding decision problems,
see [13], [14], [66], for the background in approximation theory of NP-hard problems
for dense structures, see [18].

Several attempts were made to characterize the parameters in terms of the sample
size that is needed for carrying out the above task of testing. The notion nondetermin-
istic testability was introduced by Lovédsz and Vesztergombi [97] in the framework of
graph property testing, and encompasses an a priori weaker characteristic than the
original testability. The authors of [97] defined a certain property to be nondetermin-
istically testable if there exists another property of colored (edge or node) graphs that
is testable in the traditional sense and serves as a certificate for the original.
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Definition 6.1.1. [97] The simple graph property P is non-deterministically testable if there
exist integers k > m and a testable property Q of k-colored directed graphs called witness
such that a simple graph G has exactly in that case P, when there exists a G € Q that is a
(k, m)-coloring of G. The edge-k-colored directed graph G is a (k, m)-coloring of G, if after
erasing all edges of G colored with an element of [m + 1, ..., k] and discarding the orientation,
coloring, and multiplicity of the remaining edges we end up with G. We say in this case that
G is the shadow of G.

Definition 6.1.2. The graph parameter f is non-deterministically testable if there exist integers
k > mand a testable k-colored directed graph parameter g called witness such that for any simple
graph G the value f(G) = maxg g(G) where the maximum goes over the set of (k, m)-colorings
of G.

The corresponding definition for r-uniform hypergraphs (in short, r-graphs) is ana-
logous. The choice of maximizing over the g-values in Definition 6.1.2 is somewhat
arbitrary, in a more general sense we could have f(G) = g(argmax,L(g(G))) for an
a-Holder continuous function L from R to R. Also, stronger formulations of being a
witness can be employed, such as permitting only undirected instances or imposing
k=2m.

The problem regarding the relationship of the class of parameters that are testable
and those who are non-deterministically testable was first studied in the framework of
dense graph limits and property testing by Lovédsz and Vesztergombi [97] in the spirit
of the general “P vs. NP” question, that is a central problem in theoretical computer
science. Using the particular notion of nondeterminism above they were able to prove
that any non-deterministically testable graph property is also testable, which implies
the analogous statement for parameters.

Theorem 6.1.3. [97] Every non-deterministically testable graph property P is testable. The
same equivalence holds for parameter testing.

However, no explicit relationship was provided between on one hand, the sample
size required for estimating the f value, and on the other, the two factors, the number
of colors k and m, and the sample complexity of the witness g. The reason for the non-
efficient characteristic of the result is that the authors exploited various consequences
of the next remarkable fact.

Recall that graphons are bounded symmetric measurable functions on the unit
square, their cut norm ||.||y given in Definition 3.3.6. At this point we wish to stress
that it is weaker than the L'-norm, and the 65-distance induced by it has a compact
unit ball, this is not the case for the 6;-distance generated by the ||.||;-norm.

Fact. If (W,),>1 is a sequence of graphons and ||W,||s — 0 when 7 tends to infinity,
then for any measurable function Z: [0,1]*> — [-1, 1] it is true that || W, Z||g — 0, where
the product is taken point-wise.

Although the above statement is true for all Z, the convergence is not uniform and
its rate depends heavily on the structure of Z.

The relationship of the magnitude of the sample complexity of a testable property
# and its non-deterministic certificate Q was analyzed by Gishboliner and Shapira

164



6.1 Introduction and results

[61] relying on Szemerédi’s Regularity Lemma and its connections to graph property
testing unveiled by Alon, Fischer, Newman, and Shapira [16]. In the upper bound
given in [61] the height of the exponential tower was not bounded and growing as a
function of the inverse of the accuracy 1/¢.

Theorem 6.1.4. [61] Every non-deterministically testable graph property P is testable. If the
sample complexity of the witness property Q for each € > 0 is qq(¢), then the sample complexity
of P for each € > 0 is at most tf(cqq(e/2)) for some universal constant ¢ > 0, where tf(t) is the
exponential tower of twos of height t.

In the current chapter we improve on the result of [61] in terms of parameters first
and subsequently in terms of properties by using a weaker type of regularity approach
which eliminates the tower-type dependence on the sample complexity of the witness
parameter. The function exp® stands for the t-fold iteration of the exponential function
(exp®(x) = ).

Theorem 6.1.5. Let f be a nondeterministically testable simple graph parameter with witness
parameter g of k-colored digraphs, and let the corresponding sample complexity be q,. Then f
is testable with sample complexity q¢, and there exists a constant ¢ > 0 only depending on k
but not on f or g such that for any & > 0 the inequality q¢(e) < exp®(cq;(e/2)) holds.

Section 6.2 is devoted to the proof of Theorem 6.1.5.

The previous works mentioned above dealt with graphs, it was asked in [97] if the
concept can be employed for hypergraphs. The notion of an r-uniform hypergraph
(in short, r-graph) parameter and its testability can be defined completely analogously
to the graph case, the same applies for nondeterministic testability. Naturally, first
the question arises whether the deterministic and the nondeterministic testability are
equivalent for higher rank hypergraphs, and secondly, if the answer to the first ques-
tion is positive, then what can be said about the relationship of the sample complexity
of the parameter and that of its witness parameter. The statements that are analogous
to the main results of [61], and [97], as well as to Theorem 6.1.5 do not follow imme-
diately for uniform hypergraphs of higher rank from the proof for graphs, like-wise
to the generalizations of the hypergraph version of the Regularity Lemma new tools
and notions are required to handle these cases. In the current chapter we prove the
equivalence of the two testability notions for uniform hypergraphs of higher rank and
make progress for both questions posed above.

Theorem 6.1.6. Every non-deterministically testable r-graph parameter f is testable. If g
is the parameter of k-edge-colored r-graphs that certifies the testability of f, then qs(e) <
exp® (¢, q,(€)/ €) for some constant c,x > 0 depending only on r and k, but not on f or
g. Here exp") denotes the t-fold iteration of the exponential function for t > 1, and exp? is
the identity function.

We describe the proof of Theorem 6.1.6 in Section 6.5. We will need a result concern-
ing the testability of the r-cut norm that is related to the Gowers norm of functions,
see Definition 3.3.20, we deal with this in Section 6.4.
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We also show that testing nondeterministically testable properties is as hard as
parameter testing with our method in the sense that the same complexity bounds

apply.

Theorem 6.1.7. Every nondeterministically testable r-graph property is testable, the sample
complexity dependence is the same as in the parameter testing case.

Section 6.6 deals with the proof of Theorem 6.1.7.

A 2k-coloring of a graph is a (2k, m)-coloring with m = k. This technical restriction
facilitates our proofs for r-graphs. Also, for higher rank hypergraphs we only deal with
witnesses that are undirected for simplicity, but we believe that the case of employing
general directed witnesses as in the graph case can be dealt with analogously.

Further, we can derive significantly better bounds, if we use more restrictive notions
of nondeterministic testing, such as weakly non-deterministic testing, see Section 6.3,
and the case of witnesses that only depend on densities of linear subgraphs, see
Section 6.7.

We conclude the chapter by presenting some applications of the main theorems
above in Section 6.8, among other results we derive an effective proof for Theorem 5.3.4
from Chapter 5.

6.2 Graph parameter testing

We will exploit the continuity of a testable graph parameter with respect to the cut
norm and distance, and the connection of this characteristic to the sample complexity
of the parameter. We require two results, the first one quantifies the above continuity.
We generally assume that the sample complexity satisfies q,(¢) > 1/¢, also ¢ <1 and
k>2.

Lemma 6.2.1. Let g be a testable k-colored digraph parameter with sample complexity at most
2, 1y \ 1/ @g(e/4)-1)
qgg. Then for any € > 0 and two graphs, G and H, with |V(G)|,|V(H)| > (zqg( /4)) s

satisfying 6o(G, H) < k™295¢/4 we have

19(G) — g(H)| < e.

Proof. Let ¢ > 0, G and H be as in the statement, and set g = g,(¢/4). Then we have

19(G) — g(H)| < 19(G) — 9(G(q, G))| + 19(G(q, W) — 9(G(g, G))|
+19(G(q, We)) — 9(G(g, Wu))| + 19(G(g, H)) — 9(G(q, Wn))I
+|g(H) — 9(G(g, H))|. (6.1)

The first and the last term on the right of (6.1) can be each upper bounded by ¢/4
with cumulative failure probability ¢/2 due to the assumptions of the lemma. To deal
with the second term we require the fact that G(g, G) and G(q, W) have the same
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6.2 Graph parameter testing

distribution conditioned on the event that the X; variables that define G(g, W) lie
in different classes of the canonical equiv-partition of [0, 1] into |V(G)| classes. The
failure probability of the latter event can be upper bounded by ¢%/2|V(G)|"!, which is
at most ¢/4, analogously for the fourth term. Until this point we have not dealt with
the relationship of the two random objects G(g, W) and G(g, W), therefore the above
discussion is valid for every coupling of them.

In order to handle the third term we upper bound the probability that the two
random graphs are different by means of an appropriate coupling, since clearly in the
event of identity the third term of (6.1) vanishes. More precisely, we will show that
G(g, W) and G(g, Wh) can be coupled in such a way that P(G(g, Wg) # G(g, Wh)) <
1 — . We utilize that for a fixed k-colored digraph F on g vertices we can upper bound
the deviation of the subgraph densities of F in G and H through the cut distance of
these graphs, see Lemma 3.3.7. In particular,

P(G(g, W) = F) = IP(G(g, Wn) = F)| < (g)éu(WG,WH)-
Therefore in our case

Y IP(G(g, Wo) = F) - P(G(g, Wi) = F)| < kz@(g)k—”fz <e,
F

where the sum goes over all labeled k-colored digraphs F on g vertices.

Since there are only finitely many possible target graphs for the random objects, we
can couple G(g, Wg) and G(g, W) so that in the end we have IP(G(g, Wg) # G(g, Wh)) <
¢, see Corollary 3.3.25 for details. This implies that with positive probability (in fact,
with at least 1 — 2¢) the sum of the five terms on the right hand side of (6.1) does not
exceed ¢, so the statement of the lemma follows.

O

We will also require the following statement which can be regarded as the quant-
itative counterpart of Lemma 3.2 from [97]. It clarifies why the cut-P-norm, (Defin-
ition 3.3.12, Definition 3.3.13) and the need for the accompanying regularity lemma,
Lemma 3.3.15, are essential for our intent.

Lemma 6.2.2. Let k > 2, ¢ > 0, U be a step function with steps P = (Py,...,P;) and V
be a graphon with ||U — V||lgp < . For any k-colored digraphon U = (UMY, ..., U*Y) that
is a step function with steps from P and a (k, m)-coloring of U there exists a (k, m)-coloring
V= (VY VERD) of V so that [U = Viig = L ooy IUCH — VER||; < K2

If V = Wq for a simple graph G on n > 16/¢* nodes and P is an I ,-partition of [0,1] then
there is a (k, m)-coloring G of G that satisfies the above conditions and ||[U — Wg||g < 2k%¢.

Proof. Fix ¢ > 0, and let U, V, and U be as in the statement of the lemma. Then
Zl;,ﬁzl U@h) = 1, let M be the subset of [k]* such that its elements have at least one
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6 Complexity of Nondeterministic Testing

component that is at most 1 so we have Y., pen U? = U by definition. For (a, ) € M

set V@b = %‘m on the set where U > 0 and V@) = m where U = 0, furthermore

=(

for (o, B) ¢ M set V&P = % on the set where U < 1 and V@ = (,3:”‘1/)2 where
U = 1. We will show that the k-colored digraphon V defined this way satisfies the
conditions, in particular for each (a,B) € [k]*> we have [[U“P) — V@P||; < &. We will
explicitly perform the calculation only for (a, ) € M, the other case is analogous. Fix

S, T c[0,1], then

f U@ — y@p f L@B) _ yah) 4 f @B _ P
SXT SXT,U>0 SXT,U=0
U@p) 1
(U—V)+f — (U -V)
j(;mpi)x(mpj),wo u (SNP;)x(TNP;),U=0 k2 — (k — m)?

f Uu-v) [11 CACN N ]
_ e
(SNP)X(TNP;) U U=042 — (k — m)?

f - V>|
(SNP)X(TNP))

-

<
Il
—_

-

<
Il
—_

-

ij=1
= IU=Vlop < e.
The second inequality is a consequence of [1u>o u(ua'ﬁ) + Ly=o k2—(k1——m)2] being a constant

between 0 and 1 on each of the rectangles P; X P;.

We prove now the second statement of the lemma concerning graphs with V = Wg
and a partition P that is an 7 ,-partition. The general discussion above delivers the
existence of V that is a (k, m)-coloring of W, which can be regarded as a fractional
coloring of G, as V is constant on the sets associated with nodes of G. For |[V(G)| =
n we get for each ij € () a probability distribution on [k]> with IP(Zij = (a, 5)) =
i (54 Ix5 ]
according to this measure, and color (i, j) by the first, and (j, i) by the second component
of Z;; to get a proper (k, m)-coloring G of G. It remains to conduct the analysis of the
deviation in the statement of the lemma, we will show that this is small with high
probability with respect to the randomization, which in turn implies the existence. We

have

n V@A) (x, y)dxdy. For each pair ij we make an independent random choice

IU - Wgllo < [[U = Vllg + [[V - Wgllg

k
<Ke+ Y IVeD - WP,
a,p=1

For each (a,f) € [k]*> we have that ]P(IIV(“'ﬁ) — W(Ga'ﬁ)llu >4/ \/ﬁ) < 27", this result is
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6.2 Graph parameter testing

exactly Lemma 4.3 in [30], see also Lemma 4.2.2 for a related result. This implies for
n > 16/¢* the existence of a suitable coloring, which in turn finishes the proof of the
lemma.

O

Remark 6.2.3. Actually we can perform the same proof to verify the existence of a
k-coloring V such that dop(U, V) < k?¢. On the other hand, we can not weaken the
condition on the closeness of U and V, a small cut-norm of U — V does not imply the
existence of a suitable coloring V, for example in the case when the number of steps
of U is exponential in 1/[|U — V||5.

We proceed towards the proof of the main statement of the subsection. Before we
can outline that we require yet another specific lemma.

Let M, denote the set of 7 ,-step functions U that have steps Py with [Pyl < t(A, 1)
classes, and values between 0 and 1, where f; is the function from Lemma 3.3.15. In
order to verify Theorem 6.1.5 we will condition on the event that is formulated in the
following lemma. Recall Definition 3.3.12 for the deviation dwp(V).

(2K /A2)+4

Lemma 6.2.4. Let G be a simple graph on n vertices and A > 0. Then for q > 2
have

|du,7’u(G) - dU,Pu(G(q’ G))' < A/ (62)

for each U € M = My, simultaneously with probability at least 1 — exp(—Az—zﬂ), whenever
n>4q/A.

Proof. Let G and A > 0 be arbitrary, and g be such that it satisfies the conditions of the
lemma. For technical convenience we assume that 7 is an integer multiple of g, let us

S0

introduce the quantity t; = ti(A,1) = 22 -2, and denote G(g,G) by F. For the case
when g is not a divisor of n then we just add at most g isolated vertices to G to achieve
the above condition, by this operation di;»(G) is changed by at most g/n. Also, we can
couple in a way such that dy;p(G(g, G)) remains unchanged with probability at least
1-g/n.

We will show that there exists an 7 ,-permutation ¢ of [0, 1] such that |[W¢ — WfHDQ <
A for any I ,-partition Q of [0, 1] into at most t; classes with high probability. Applying
Lemma 3.3.15 with the error parameter A/4 and my(A) = t(A, 1) for approximating
W by a step function we can assert that there exists an 7 ,-partition ¥ of [0, 1] into fp

classes with tp < t2 with tz — tk(A/4, tk(A, 1)) — 22(2k4/A2)+2+2(k4/A2)+1 < 22(2k4/A2)+3 SUCh that fOI‘
every I ,-partition Q into fq classes tq < max{tp, t1} it holds that
IWe — (We)pllna < A/4.
We only need here
sup [We — (Wo)plloa < A/4. (6.3)

Qito<t
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6 Complexity of Nondeterministic Testing

This property is by Remark 3.3.14 equivalent to stating that

max max SrTré%(l] Z Aij . (We = (Wo)p)(x, y)1q,(x)1g,(y)dxdy < A/4, (6.4)

where A is the set of all #; X t; matrices with —1 or +1 entries.

We can reformulate the above expression (6.4) by putting

—
Il

S O = =

o O oo

SO V-

o O OO

and defining the tensor product By = A®], so that B:}ﬁ = AjjJapforeach A € A. The first
matrix ] corresponds to the 7 ,-partition (SNT,S\T, T\ S, [0, 1]\ (SUT)) = (T4, T2, T3, T4)
generated by a pair (S, T) of 7 ,-sets of [0,1] so that for any function U: [0,1]* — R it
holds that

)

ij=1 [0,1]?

U(x, y)Lr,(x)Lr,dxdy = f U(x, y)dxdy.

SXT

It follows that the inequality (6.4) is equivalent to saying

maxmax )" Y (B¢ [ e- o i@y Wy <A, 63
0,1 ]

Ach @ i,j=1a,p=1 (011

where the second maximum goes over all 7 ,-partitions Q= (Q )ie[t,] into 4t classes.
a€l4]

Let us substitute an arbitrary graphon U for W — (Wg)p in (6.5) and defme

haa) =Y (Ba)" fo U D1 @1g»)dxdy

1<i,j<ty
1<a,p<4

and

ha(U) = maxh, o(U)
ax iy,

as the expression whose optima is sought for a fixed A € A.

For notational convenience only lower indices will be used when referring to the
entries of By. We introduce a relaxed version /14 of the above function /4 by replacing
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6.2 Graph parameter testing

the requirement on Q being an T ,-partition, instead we define

W= Y, Bay [ UGy

1<i, j<4h (01

with f = (f)iejar,) being a fractional 7 ,-partition into 4t; classes, that is, each component
of f is a non-negative 7 ,-function, and their sum is the constant 1 function. Further,
we define 14 (U) = maxs hu ¢(U), where f runs over all fractional 7 ,-partitions into 4t;
parts. It is easy to see that

ha(U) = ha(U) < 1/,

since the two functions coincide when U is 0 on the diagonal blocks. Denote U’ =
Wh,u), where the graphon is given by the increasing order of the sample points
{Xi |1 € [gq]}. Wewish to upper bound the probability that the deviation |14 (U)—h(U’)]
exceeds A/4, for some A € A. Similarly as above, |f1A(U’) —ha(U) < 1/9.

We remark, that a simple approach would be using a slight variant of the counting
lemma Lemma 3.3.7 that |ha(U) — ha(U')| < 16£265(U, U’) together with a version of
Lemma 3.3.9 for kernels with perhaps negative values, this way we would have to
impose a lower bound on g that is exponential in ¢; in order to satisfy the statement of
the lemma. We can do slightly better using more involved methods also employed in
Chapter 4.

We require the notion of ground state energies from [32], see Chapter 4.

BG N =maxY Ty [ la(iqWWelx pdxdy,

ij=1 [0,1]

where the maximum runs over all 7 ,-partitions Q into s parts when |V(G)| = n.
Further,

e =supY iy [ AUy,
foi= (01
where the supremum runs over all fractional partitions f into s parts.

Recall Corollary 4.2.11 from Chapter 4. It states in the current setting that there is
an absolute constant ¢ > 0 such that for any s > 1, p > 0, 2-kernel U, real matrix J, and

g > c®*log(®) with © = % we have

2

P(&(U,J) - &(G(g, W, )| > pllUlls) < 2exp (—%) (66)

We have seen above that fis(U) = (U, B,) and ha(U) = E(U, B4). Since q=1 2
285t%0/A5 we can apply Corollary 4.2.11 for each A € A with s = 4t;, and p = A/4.

171



6 Complexity of Nondeterministic Testing

This shows eventually that with probability at least 1 — 21+  exp (—Az—zgq) <1-

2
exp (—%) we have that

ty 4
maxmaxZ Z(BA)jjf f[o 1]z(wg(q,u))(x, Nl @lyy)didy A2, (67)

Ach ¢
Q Hlap-l

where the second maximum runs over all 7 ;-partitions Q of [0, 1] into 4t; parts. Denote
this event by E;.
This however is equivalent to saying that for every Q partition into tq classes tq < t;
it is true that
We@wlloa < A/2. (6.8)

The second estimate we require concerns the closeness of the step function (Wg)p
and its sample Wy w,),). Our aim is to overlay these two functions via measure
preserving permutations of [0, 1], such that the measure of the subset of [0, 1]* where
they differ is as small as possible.

Let V = Wy, mwe)p), this I ,-function is well-defined this way and is a step function
with steps forming the 7 ,-partition #’. This latter 7 ,-partition of [0, 1] is the image
of P induced by the sample {Xj, ..., X,} and the map i — [i‘Tl, é). Let 1 be a measure
preserving 7 ,-permutation of [0,1] that satisfies that for each i € [tp] the volumes
AP;2(P?)) = |A(P;) — A(P})|. Let £ denote the partition with classes P!" = {(P;) and
V' = (V)¥ (note that V' and V are equivalent as graphons), furthermore let N be the
(random) subset of [0, 1]*> where the two functions (W;)p and V' differ. Then

EIAN)] < 2E[)  IA(P) = AP)I]. (6.9)
i=1

The random variables A(P?) for each i can be interpreted as the proportion of positive
outcomes out of g independent Bernoulli trials with success probability A(P;). By
Cauchy-Schwarz it follows that

E[) | IA(P) - A(P)I] < J»IE[Z](A(P» ~ AP < %2 (6.10)
=1

This calculation yields that E[A(N)] < /% < A/8 by the choice of g, since g > £3.

Standard concentration result gives us that A(N) is also small in probability if g is
chosen large enough. For convenience, define the martingale M; = E[A(N)[Xj, ..., X{]
for 1 < I < g, and notice that the martingale differences are uniformly bounded,
IM; — M| < %. The Azuma-Hoeffding inequality then yields

P(A(N) > A/4) < P(A(N) > E[A(N)] + A/8) < exp(—A?g/2™). (6.11)
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Define the event E, that holds whenever A(N) < A/4, and condition on E; and E,,

the failure probability of each one is at most exp(—%zf).
It follows that ||[V¥ — (Wg)elli < A(N) < A/4. Now employing the triangle inequality
and the bound (6.8) we get for all 7 ,-partitions Q into ¢ parts that

IWe = (WE)?llea < [IWG — (We)pllaa + WG)e = VPl + IIVY = (We)?llay@ < A.

Now let U € M,, be arbitrary, and let £; denote the partition consisting of the
steps of U. Let ¢ be the J,-permutation of [0,1] that is optimal in the sense that
dup,(G) = IU = (Wg)?llop,. Then

dup,(G) — dup,(F) < lU = (We)?llap, — IU = (We)Y°?lap,
< [We = (We)llogm1pyy < A

The lower bound on the above difference can be handled in a similar way, therefore
we have that |dyp,(G) — dygp,(F)| < A for every U € Mpy,,.
We conclude the proof with mentioning that the failure probability of the two events

E; and E, taking place simultaneously is at most exp(—Az—zf’).
O

We are now ready to conduct the proof of the main result of the chapter concerning
graph parameters.

Proof of Theorem 6.1.5.
Let us fix ¢ > 0 and the simple graph G with n vertices. We introduce the error

22

parameter A = % and set g > 2289 T establish the lower bound on f(G(g,G))
not much effort is required: we pick a (k, m)-coloring G of G that certifies the value
f(G), thatis, g(G) = f(G). Then the (k, m)-coloring of F = G(g, G) of G(g, G) induced by
G satisfies g(F) > g(G) — ¢/2 with probability atleast 1 —¢/2 since g > g,(¢/2), due to the
testability property of g, which in turn implies f(G(g, G)) > f(G) — ¢/2 with probability
atleast1 —¢/2.

The problem concerning the upper bound in terms of g on f(G(g, G)) is the difficult
part of the proof, the rest of it deals with this case. Recall that M, , denotes the set
of the [0, 1]-valued proper 7 ,-step functions that have at most #(A, 1) steps. Let us
condition on the event in the statement of Lemma 6.2.4, that is for all U € M, , it holds
that |dye,(G) — dup,(G(g, G))| < A. Let N be the set of all k-colored digraphs W that
are J,-step functions with at most #(A, 1) steps #, and that satisfy dyp(G) < 2A for
U= Z(a,ﬁ)eM Wb,

Our main step in the proof is that, conditioned on the aforementioned event, we
construct for each (k, m)-coloring of F a corresponding coloring of G so that the g values
of the two colored instances are sufficiently close. We elaborate on this argument in
the following.

Let us fix an arbitrary (k, m)-coloring of F denoted by F. According to Lemma 3.3.15
there exists a W that is a proper 7 ,-step function with at most #(A, 1) steps Pw such
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that there exists an 7 ,-permutation ¢ of [0, 1] such that dop((WE)?, W) < A. Therefore,
setting U = Y, em WP we have dyp(F) < A and U € My, This in turn implies that
dyup(G) < 2A, and consequently W € N. It follows from Lemma 6.2.2 that there exists
a (k, m)-coloring of G denoted by G such that do(W, (Wg)¥) < 4k*A for some ¢ that is
an 7 ,-permutation of [0, 1].

Therefore we get that 55(G, F) < (4k* + 1)A. By virtue of Lemma 6.2.1 we can assert
that |g(G) — g(F)| < ¢/2. This finishes our argument, as F was arbitrary, and the failure
probability of the conditioned event in the analysis of the upper bound is at most ¢/2.

O

6.3 Weak nondeterminism

We introduce an even more restrictive notion of nondeterminism corresponding to
node colorings (Definition 6.1.2 used throughout the chapter is a special case of the
nondeterminism notion used commonly in complexity theory). Relying on this new
concept we are able to improve on the upper bound of the sample complexity using
a simplified version of our approach applied in the proof of Theorem 6.1.5 without
significant alterations.

We formulate the definition of a stronger property than the previously defined
nondeterministic testability. The notion itself may seem at first more involved, but in
fact it only corresponds to the case, where the witness parameter g of f for a graph G
is evaluated only on the set of node-colorings of G instead of edge-colorings in order
to define the maximum expression. This modification will enable us to rely only on
the cut-norm and the corresponding regularity lemmas instead of the cut--norm that
was employed in the general case, thus leads us to improved upper bounds on the
sample complexity of f with respect to that of g. This time we only treat the case of
undirected graph colorings in detail, the directed case is analogous.

We will introduce the set of colorings of G called node-(k, m)-colorings. Let 7 =
(Ty, ..., Ti) be apartition of V(G) and D = ((Dy, ..., Dy), (D}, ..., D;,)) be two partitions
of [k]?, together they induce two partitions, C = ((Cy,...,Cp),(C;,...,C})), of V(G)?
such that each class is of the form C, = Uj; jcp, TiXTjand C, = U; jep, Ti X T respectively.
A node-(k, m)-coloring of G is defined by some C of the previous form and is the 2m-
tuple of simple graphs G = (G4, ..., Gy, Gy, ..., Gm) with G, = G[C,] and G, = G[C.].
Here G¢ stands for the complement of G (the union of G and its complement is the
directed complete graph with all loops present), and G[C,] is the union of induced
labeled subgraphs of G between T; and T; for each (i, j) € D, for i # j, in the case of
i = j the term in the union is the induced labeled subgraph of G on the node set T;.

These special edge-2m-colored graphs that can serve as node-(k, m)-colorings are
given by a triple (G, 7, D), where G is a simple graph, 7 is a partition of V(G) into
k parts, and D is a pair of partitions of [k]* into m parts. In the case of r-uniform
hypergraphs for arbitrary r > 2 a node-(k, m)-colorings is also a triple (G, 7, D), the
only difference in comparison to the graph case is that O is a pair of partitions of [k]"
into m parts, the rest of the description is analogous.
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6.3 Weak nondeterminism

Definition 6.3.1. The r-uniform hypergraph parameter f is weakly non-deterministically
testable if there exist integers m and k with m < k" and a testable edge-2m-colored directed
r-graph parameter g such that for any simple r-graph G we have f(G) = maxg g(G), where
the maximum goes over the set of node-(k, m)-colorings of G.

We present two approaches to handle this variant of the nondeterministic testability.
The first method follows the proof framework introduced in the previous section in the
general case for graphs, its adaptation to the current setting results an improvement
on the upper bound on the sample complexity to a 2-fold exponential of the sample
complexity of the witness a parameter and is also applicable to the corresponding
property testing setting. The second idea entails the graph case as well as the r-uniform
hypergraph setting for arbitrary rank r of the weak setting. We manage to reduce the
upper bound on the sample complexity further to only exponential dependence. This
approach does seems to be more problem specific, than the previous one, and it does
not directly yield an analogous statement in property testing.

First approach

The following lemma is the analogous result to Lemma 6.2.2 that can be employed in the
proof of the variant of Theorem 6.1.5 for the special case of weakly nondeterministically
testable graph parameters.

Lemma 6.3.2. Let ¢ > 0, let U and V be arbitrary graphons with ||U — V|5 < ¢, and also
let k > 2. Forany U = U®,..., U™, 0a®w,..., U™) node-(k, m)-coloring of U there exists
a node-(k, m)-coloring of V denoted by V.= (VW, ..., v® VO Ty that do(U, V) =
YU = VO, + Y1 1UD - VO, < 2k%e. If V = W for some simple graph G on n nodes

and each UY is an I ,-step function then there is a coloring G of G such that do(U, Wg) < 2k%¢.

Proof. Our approach is quite elementary: consider the partition 7 of [0, 1] and C that
is a pair of partitions of [0, 1]* corresponding to a pair of partitions D of [k]* as above
that together with U describe U as above, and define V? = V¢ and V¥ = (1 - V)l¢
for each i € [m]. Then

U = VOllp < Y U = V)Irr,llo < €Dy (6.12)
(a,‘B)eDi

for each i € [m], and the same upper bound applies to [|[U? — V?||;. Summing up over
i gives the result stated in the lemma.
The argument showing the part regarding simple graphs is identical.
O

Note that in Lemma 6.2.2 we required U and V to be close in the cut-#-norm for
some partition P, and U to be a P step function to guarantee for each U the existence
of V that is close to it in the cut distance of k-colored digraphons. Using the fact that
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in the weakly non-deterministic framework cut-closeness of instances implies the cut-
closeness of the sets of their node-(k, m)-colorings we can formulate the next corollary
of Theorem 6.1.5 that is one of the main results of this subsection.

Corollary 6.3.3. Let f be a weakly non-deterministically testable graph parameter with witness
parameter g of node-(k, m)-colored graphs with the corresponding sample complexity q,. Then
f is testable with sample complexity q¢, and we have that q¢(e) < exp(z)(cqé(e /2)) for some
c > 0 large enough that does depend only on k and not on f for any ¢ > 0.

Proof. We will give only a sketch of the proof, as it is almost identical to that of
Theorem 6.1.5, and we automatically refer to that, including the notation used in
the current proof. Let G be a simple graph on n nodes, and let ¢ > 0 be fixed,
q = exp(z)(cqé(e/Z)) for some constant ¢ > 0 that will be specified later. The part
concerning the lower bound of f(G(g, G)) is completely identical to the general case.
For the upper bound set A = exp(—cqg(s)). We condition on the event 64(G, G(g, G)) <
A, whose failure probability is sufficiently small due to Lemma 3.3.9, i.e. forg > 219/4 it
is at most exp (—4100/ A ?—é). We define ¢ to be large enough so that the above lower bound
on g holds true. Now we select an arbitrary node-(k, m)-coloring F of G(g, G) and apply
the Weak Regularity Lemma, Lemma 3.3.4, for 2m-colored graphons, Lemma 3.3.11,
in the 7 ,-step function case with error parameter A/(2k* + 1) (keeping in mind that
m < k?) to get a tuple of I,-step functions forming U with at most t (A (2k? + 1))
steps. We define the 7 ,-step function graphon U = Y/, U; and note that our condition
implies that 65(G, U) < 2A, since 05(G, U) < 6a(G, G(g, G)) + 6a(G(g, G), U). To finish
the proof we apply Lemma 6.3.2, it implies the existence of a coloring G of G so that
0a(G, F) < (2k*+1)A. Applying Lemma 6.2.1 delivers the desired result by establishing
that [g(F) — g(G)| < €.
O

Second approach

Recall the notion of layered ground state energies of r-arrays of Chapter 4 for arbitrary
r>1.

Letr,k > 1,and G = (G*).¢[ be [k]-tuple of real r-arrays of sizen,and 7 = (11, ..., T)
a partition of [n] into k parts. Then

E(G) = Z nl Z 1Gz(i1,...,z'r) H 1. (i), (6.13)
= j=

ekl i,
and

EG) = max &r(G), (6.14)

where the maximum runs over all integer partitions 7~ of [1] into k parts.

176



6.3 Weak nondeterminism

We will make use of Theorem 4.1.4 that deals with the testability of layered GSE,
in particular the dependence of the upper bound on the sample complexity on the
dimension r.

We are ready to state and prove the main theorem of the section that includes a
further improvement fo the upper bound on the sample complexity compared to our
tirst approach in the weak nondeterministic testing setting.

Theorem 6.3.4. Let r > 1 and f be a weakly non-deterministically testable r-graph parameter
with witness parameter g of node-(k, m)-colored graphs, and let the corresponding sample
complexity functions be qs and q,. Then f is testable and there exist a ¢, > 0 that does depend
only on r and k, but not on f such that for any € > 0 we have q¢(e) < exp(crxq,(/8)).

Proof. Let r > 1 be arbitrary, and f be a weakly nondeterministically testable r-graph
parameter with a certificate specified by the constants k and m < k", and the testable
2m-colored r-graph parameter g. Then

f(G) = max 9(G(G, T, D)),

where the maximum goes over every pair (7, D), where 7 is a partition of V(G)
into k parts, and D is a pair of partitions of [k]" into m parts, and G(G, T, D) is the
edge 2m-colored graph defined by its parameters as seen above. Define the for each
tixed O the node-k-colored r-graph (i.e., a simple r-graph together with a k-coloring
of its nodes) parameter g°(G,7") = 9(G(G, T, D)) and the simple r-graph parameter
FP(G) = maxs ¢°(G, 7).

Let ¢ > 0 be arbitrary, define

7 (GG, P, D)) = Z HG(E T, D), G(G, P, D)g(G(E T, D)),
ET

where the sum goes over all simple r-graphs F on gy = q,(¢/8) vertices and partitions
T of [go] into k parts. By the testability of g we have

19°(G(G, P, D)) — 9(G(G, P, D))| < /4, (6.15)

for each permitted tuple (G, P, D). Analogously we define

7°°(G,P) = )  HG(E,T, D), G(G,P, D)g(G(E,T, D)),
ET

and

feP(G) = max 7P(G, 7).

It follows from (6.15) that for any G simple r-graph

f2(G) - PG < /4,

177



6 Complexity of Nondeterministic Testing

and for any ¢ > 0 and g > 1 we have
If(G) - f(G(q,G)I < max|f+2(G) - f*(G(q, G)| + €/2. (6.16)

For any ¢ > 0 and D that is a pair of partitions of [k]" into m parts the parameter f**
can be re-written as an energy of go-arrays: For G of size [n] let H = (H?).¢fqn so that
for each z € [k]T the real gp-array H* is defined by

Hz(ill RN iqo) = gD(G[(le sy iqg)]/ PZ(ill SRR qu))
for each (iy, ..., 1) € [n]™, where P.(iy, ..., i) = (P1,..., P) is a partition of (iy, ..., i)

given by P; = {i; | z; = I} for | € [k]. Then for each 7" that is a partition of [n] into k
parts we can assert that

9°GC T =Y — D Pl i Pl i) [T 17,
y L]

ekl i,
T
- Z — Z He(i, . ig)) [ ] 1. )
z€[k]0 11, ip=1 j=1
ZST(H),

and further

FP(G) = max PG, T) = max &r(H) = E(H).
Analogously it holds for any g > g that f~2(G(g, G)) = &(G(g, H)).

11340 q0

This implies by Corollary 4.2.11 that for g > ©*log(®) with © = and each

fixed D that

2
P(f(G) - f*2(Ga, G)| > €/2) < 2exp (_%)

The probability that the event in the previous formula occurs for some D is at most
k**2 exp( 72 ), therefore by recalling (6.16) we can conclude that there exists a con-

stant ¢,x > 0 not depending on other specifics of f such that for each simple graph G
and g > exp(c,xq,(¢/8)) it holds that

P(f(G) - f(G(g,G))l > &) < e
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6.4 Effective upper bound for the r-cut norm of a sampled r-graph

6.4 Effective upper bound for the r-cut norm of a
sampled r-graph

We are going to establish upper and lower bounds for the genuine r-cut norm (see
Definition 3.3.20) of an r-kernel using certain subgraph densities mentioned in (2.4)
and (2.10). Let W be an r-kernel, the r-cut norm of W reads as

IWllg, = sup

S;cf0,11%U-1D
i€lr]

f 1 Wy 1r1,-1)dA (X r1-1) |
DietrPyim i)

where the supremum is taken over sets S; that are (r — 1)-symmetric.

Let further H ¢ () be a simple r-graph on g vertices, recall

t*(H/ W) = f H W(xb(e,r_l))dA(x),
[0,170(alr-1)

ecH

this expression is a variant of the subgraph densities discussed in Chapter 2 that in the
case of W = W counts the graph homomorphisms from H to W that preserve adjacency
but not necessarily non-adjacency. Using the previously introduced terminology we
can write

FHW) = ) HEW).

HeFe(f)

Let K? denote the simple r-graph that is the 2-fold blow-up of the r-graph consist-
0 1

ing of r vertices and one edge. That is, V(K?) = {¢%,...,70,0],...,0}} and E(K}) =
{ {v’f, ..., v?} | i, ..., i, € {0,1}}, alternatively we may regard K? as a subset of ([er]).

It was shown by Borgs, Chayes, Lovész, S6s, and Vesztergombi [30] for r = 2 with
tools from functional analysis that for any symmetric 2-kernel W with [[W]|., < 1 we
have

]‘ * *
7t (G W) < Wiz < [£ (R, W), (6.17)
where [t*(K%, J]¥* is also called the trace norm or the Schatten norm of the integral

operator Ty corresponding to W. We remark that in the above case K3 stands for the
4-cycle. We establish here a similar relation between t(K?, W) and ||W||g, for general r.

It is not hard to show that for any r > 1 and r-kernel W it holds that #*(K?, W) > 0.

(KL W) = [T W ,)dA
( 2 ) L,llb(V(KE),rl), ( I)({v]l,...,v[},r—l)) ( )

ip,rir€{0,1)
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.....

:f 2 f H W(xb({ o 1 0], )dA(XTo)
[0,1171°2 [O,l]Tz R 5 S I

ir-1€{0,1}
l f P ;r_ll,vg},r_lgdA(xT;)} dA(r,om)
(011" Jr1€l01)
2
= [T W, sy dACrar) | dAGer),
L,l]rl |:j[;),1]T3\T1 i lE(0) b({oy 0, ubr=1) SV !

where T1 = H(V(K?) \ {?,v}},r = 1), To = H(V(K?),r — 1) \ Ty, and T}, is the subset of T,
whose elements contain v}, but not vi*!, for i = 0,1. Further, T3 = T, \ (TJ U T}) and
Ts = H(V(K2)\ {o?, v;} U {u}, r — 1), note that the T, coordinates do not actually appear in
the integrand. We used Fubini’s theorem, that enabled to integrate first over variables
with coordinates from T, while the variables with T; coordinates were fixed, which
we could then use to identify v¥ and ;.

In the proof of (6.17) the authors drew on tools from functional analysis and the
fact that a 2-kernel describes an integral operator, those concepts do not have a nat-
ural counterpart for r-kernels. However, we can provide an analogous result by the
repeated application of Fubini’s theorem and the Cauchy-Schwarz inequality in the
L*-space.

Lemma 6.4.1. For any v > 1 and r-kernel W with ||W|| < 1 we have
27 (K, W) < [Wls,, < [F(K2, W)'2, (6.18)

Proof. The lower bound on ||W||g, is straightforward, and K2 could even be replaced
by any other simple r-graph with 2" edges, we only need to use a simplified version of
Lemma 3.3.24 for kernels, with setting one of the kernels to 0.

For the other direction, let us fix a collection of arbitrary symmetric measurable
functions fi,..., f: [0,1]°0~1) — [0,1]. Set V = {vy,...,v,} and for any I > 1 and
i, ..., 0 €10,1} let

el [l i
%% ’—{011,...,vl,vl+1,...,vr}.

Further, let V; = V\{v;} and for[+1 < j < rlet V;l"“’i’ = Vi {0;}. Let us introduce the
index sets Ty = h(V1), S1 = B(V,r =)\ Ty, S = (V% r=1)\ Ty, and S = h(V',r = 1)\ T1.
For 1 <1 <r—1 we define the sets

T = Ui,,iconD(V,5),
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6.4 Effective upper bound for the r-cut norm of a sampled r-graph

Si1 = (Tl U S? U 511) \ Trs1,
and

Sl =1\ o) Ul tleeSul, S, ={e\{vm}))U{d),}lee S}k

Then we have

r
f H fiCGenw ) W Ceye,-1))d A (g vr-1))
AP g

= fl(XI)(V1))f . Hf}(xb(vj))W(xf)(V,T—l))dA(xsl)d/\(le)
[0,1]°1 =2

(011"

1/2

IA

2
| Joam fiCeo)A aer,) ] [Ll]ﬂ (f[ol]sl Hf](xb(\/))W(xb(w 1))d/\(x51)] d)\(le)}

f [f st 1_[ f](xb(Vo))I/v(xb(v(J r—1 )d)\(xso)]
0,111 [0,1]1
(L 51 HfJ(xb(Vl))W(xb(vl r-1))dA( xsl)] d)\(xn)l

where we used ||fill < 1and theidentity [([ f(x,y)dy)*dx = [ f(x, y)f(x,z)dydzdxin
the previous inequality. We proceed by upper bounding the last expression through
repeated application of this reformulation combined with Cauchy-Schwarz.

LA

[f[;) 1]51 H H f:’(xb(v’l ----- i 1))W(xb(V'1 A 1))d/\(x5,)) dA(xT’)‘lz_

i1, i1 €{0,1} j=1+1
1

2 %
S[ f ( H ﬂ(xb(vil""/"l—l))) d/\(xTz)}
011 \;,,...i re(0,1) !
2 o
U [f [l mewq ) W z~>>dA<xs,>J dA(xT,J
[011m [0,1]%

i1,1-1€{0,1} j=I+1

IN

fl(xl)(Vll ,,,,, i) ]
}
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IN

[f[onn f[ouz 1_ Hff(xw“ 1) Wypineia))dA ()

i1, d_1€{0,1) j=1+1

; 2l
f ] H Fity )W) A0 () | dA )
O 4, i 1e(0,1) j=1+1

ol

_ f[o s H _[ ity ) W g A G )l A G5 A Gr,)

..... i1€{0,1} j=I+1

) LLH% H ﬁ+1(xb<v§1;'"">)]

i1,...,i1€{0,1}

-

f[(;l]sl 1 H H ,f](xb(vll ,,,,, 11))W(xb(vl1 11))d/\(x51+1) d/\(xTHl)

i1,...,i1€{0,1} j=I+2

IA

1
2r
l:f - 51 | | W(xb(vfl ..... /y))d/\(xTrusoU51)] = t*(KE, W)l/ZrI
[0,1]Tr257 Y5y

17ees +€{0,1}

where in subsequent inequalities we first used the Cauchy-Schwarz inequality, and
afterwards that ||fjllo < 1 for any j € [r]. As the test functions f;,..., f, were arbitrary

the statement of the lemma follows. m|

Utilizing the previous result we can obtain a quantitative upper bound on the r-cut
norm of a graph sampled from a kernel for arbitrary r.

Lemma 6.4.2. Let v,k > 1. For any € > 0 and t > 1 there exists an integer qou(r, k, €,t) <
cr2(t'k2(1/€))?" for some universal constant ¢ > 0 such that for any k-tuple of r-kernels
U, ..., Uy that take values in [-1, 1], and any integer g > q.u(1, k, €, t) it holds with probability
at least 1 — ¢ that if

k E 27 1
r <\|\= 2—1’— ’
;nuznu, ()

then

sup ) IWiigullora < e.
Qtg<t 1=1

where the supremum goes over (r — 1)-symmetric partitions Q of [0, 11°U=1D into at most t
classes.
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6.4 Effective upper bound for the r-cut norm of a sampled r-graph

Proof. Letr,k,t > 1and € > Obe fixed, and let U, ..., Ui and q be arbitrary. We have by
a straight-forward variant of Lemma 3.5.4 for any r-kernel U, positive integer g, and
F € IT" we have that

2

P(t'(F,U) ~ £ (EH(g, )] 2 0) < 2exp(-—grrzss

)

for any 6 > 0, in particular for F = K? we have

2

5
P(# (K2, U) — (K2, H(g, U))] = 6) < 2exp(—32—rqz . 6.19)

. k . 2
Then we can estimate supy, _, ¥.1_1 |Wi,ullo @ using Lemma 6.4.1. Set 6 = 3 (ﬁ) ,
5%q
3212
of size t with {—1, 1} entries. Then we have

and let g be large enough so that 2k exp (— ) < ¢. Let A denote the set of all r-arrays

k
sup ) Wiguylora

Qto<t 11
= sup max sup
Qtg<t AEA Ticfo 1)
jelrlJek]
k t r
Z Z Al - ) f Wiiq,up (Ko (r1r-1) H Lring, (nrnin)dA (o -n)
1=1 iy, ip=1 j=1

[0,1]0(Ir1r=1)

k
<t Z W, upllo,r
=1

k
<t ) (K, Wirguy)'™
=1

k
= Y F(2,Hg, U
=1

k
<Y (F (K Uy +0)

=1
k

<t Y @lUllo, +0)" <,
=1

and the assumptions of the calculation, in particular the fourth inequality, hold true
with probability at least 1 —¢. For convenience, the first inequality is true by definition,
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6 Complexity of Nondeterministic Testing

the third holds under the event in (6.19), whereas the second and the fourth are the
consequence of Lemma 6.4.1.
O

6.5 Hypergraph parameter testing

In this section we prove Theorem 6.1.6 that generalizes Theorem 6.1.5 from the case
of graphs to r-graphs with arbitrary r > 2. The proof relies crucially on Lemma 6.4.2
from the previous section. We start with presenting the required notation.

In the current section coloring is always meant as edge coloring. A k-coloring of a t-
colored r-graph G = (G%),qpy is a tk-colored r-graph G = (G*),ejy peig With colors from
the set [t] X [k], where each of the original color classes indexed by « € [t] is retrieved
by taking the union of the new classes corresponding to («, f) over all § € [k], that is
G* = UpegG*P. This last operation is called k-discoloring of a [t] x [k]-colored graph, we
denote it by [G, k] = G. We will sometimes write tk-colored for [] X [k]-colored graphs
when it is clear from the context what we mean.

Similar to the finitary case, a k-coloring of a t-colored W = (W) ¢y € E" is a tk-colored
r-graphon W = (W) (y sei with colors from the set [t] X [k] so that Y petg WP (x) =
W(x) for each x € [0,1]"@1") and & € [t]. The k-discoloring [W, k] of W is defined
analogously to the discrete case, and simple r-graphons are treated as 2-colored.

The next lemma is analogous to Lemma 6.2.2. It describes under what metric
conditions a k-coloring of a t-colored graphon can be transfered to another object so that
the two tk-colored graphons are close in a certain sense. For the sake if completeness
we sketch the proof.

Lemma 6.5.1. Let ¢ > 0, t > 2, U be a t-colored r-graphon that is an (r,r — 1)-step function
with steps P = (Py,...,Py) and V be a t-colored r-graphon with dy,»(U, V) < e. For any
k > 1 and [t] x [k]-colored r-graphon U that is an (r,r — 1)-step function with steps from P
such that [U, k] = U there exists a k-coloring of V denoted by V so that

Ao, (0, V) < ke.

Proof. Fix ¢ > 0, t > 2, and let U = (U%aeqy, V = (V) aepg and U = (U)epsy peppg as in

the statement of the lemma. Then Y/ _, U* = 1 and Z’;:l U+ = U* for each a € [t]. Let

us define V = (V) el et that is a k-coloring of V. Set V* = Vo[1yu_oz + Ilua>0%’f],

it is easy to see that the factor in the brackets is an (1,7 — 1)-step function with steps
P = (Py,...,P,). We estimate the deviation of each pair U*f and V** from above in
the r-cut norm, for this we fix the (r — 1)-symmetric Sy, ..., S, C [0,1]"I""1). Then we
have

t
<

f Ut — yok
ﬁle[r]Pfl (S1)

f ua,p’ _ Voc,ﬁ
Jrregr=1 | NPy (SINPy)

184



6.5 Hypergraph parameter testing

t

1 uep
f " - Va)[ﬂuazo% + ILU“>OW]
firagr=1 | NP (SINPy)

<NU* = Voo e

Taking the maximum over all (r — 1)-symmetric measurable r-tuples Si,...,S, and
summing up over all choices of a and p delivers the upper bound we were after. O

The central tool in the main proof is the following lemma which can also be of
independent interest. Informally it states that every coloring of a sampled r-graph
can be projected onto the graphon from which the graph was sampled from, such that
another sampling procedure with a much smaller sample size cannot distinguish the
two colored objects.

Lemma 6.5.2. For every r > 1, proximity parameter 6 > 0, palette sizes t,k > 1, sampling
depth qo > 1 there exists an integer qw, = G (7,0, q0,t, k) > 1 such that for every q > qy, the
following holds. Let U = (U%) ey be a t-colored r-graphon and let V* denote W, ue) for each
a € [t], also let V = (V) acr, 50 Wequ) = V. Then with probability at least 1 — 6 there exists
for every k-coloring V = (V) aey ey of V a k-coloring U = (U*)aepp perg of U = (U)aery
such that we have

dwe (u(q0, W), (90, 0)) < 6.

Proof. We proceed by induction with respect to r. The statement is not difficult to
verify for r = 1. In this case the 1-graphons U% and V* can be regarded as indicator
functions of measurable subsets B* and A* of [0,1] (so for each a € [k] we have
U% = 1g. and V* = 14.) that form two partitions associated to U and V respectively.
Note that (A%)aer is obtained from (B%)ueq by the sampling process. A k-coloring
corresponds to a refinement of these partitions with each original class being divided

into k measurable parts, that is A* = ) e[k]A“'ﬁ and V4 = 1 4.5. Moreover, |{(F,U) —

HE, V)| = | TT", A(BFD) =TT, A(AFD)| for any of k-coloring U of U and for any [#] x [k]-
colored F on g, vertices. We may define a suitable coloring of U by partitioning each
of the sets B* into parts (B*f)sc so that the classes satisfy A(B*f) = /\(B"‘)AA((/X;;) when
A(A%) > 0, and A(B*F) = A(B*); otherwise for each B € [k]. Then by setting U*# = 1.5

and U = (U*)sepy periy we have

90 o

N N 1 N N
dis(p(q0, W), (g0, U)) = 5 Z |t(F, U) — t(F, V)| < max IA(A") = A(BY),
EV(F)l=go

where the sum runs over all [t] X [k]-colored 1-graphs F on g, vertices.
The probability that for a fixed a € [t] the deviation [A(A%) — A(B%)| exceeds %2% is

t t2 (_ﬂ
at mos exp qéthO

), the union bound gives the upper bound 2t exp(—qzbi) for the

242q,
o0
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probability that
deo(1(q0, W), 11(90, 0)) < 6

fails for our particular choice for the coloring U of U. We note that the failure probability
can be made arbitrary small with the right choice of g, so in particular smaller than 6,

therefore gw,(1, 6, g0, t, k) = In(2t/ (5)%22250 that satisfies the conditions of the lemma.

Now assume that we have already verified the statement of the lemma for r — 1
and any other choice of the other parameters of g,. Let us proceed to the proof of
the case for r-graphons, therefore let 6 > 0, t,k, g9 > 1 be arbitrary and fixed, g to be
determined below, and U, V, and V as in the condition of the lemma. We start by
explicitly constructing a k-coloring U for U, in the second part of the proof we verify
that the construction is suitable.

In a nutshell, we proceed as follows. We approximate V by the step function Z, and
set Z = [Z,k], and also approximate U by W;. Let W, be the sampled version of W,
generated by the same process as V. This way W, and Z are close, hence we can color
W, using the coloring Z of Z to obtain W,. The coloring W is then transferred onto
W; using the induction hypothesis applied to the marginals of the step sets of W; and
W, to obtain W; with [Wl, k] = W;. Finally, we color U exploiting the proximity of U
and W, using the coloring W, of W;.

Our construction may fail to meet the criteria of the lemma, this can be caused at two
points in the above outline. For one, it may happen, that W, does not approximate V
well enough, and the second time, when we transfer W, onto W; using the induction
hypothesis with r — 1, as the current lemma leaves space for probabilistic error. These
two events are independent from the particular choice of V and their probability can
be made sufficiently small, we aim for to show this. We proceed now to the technical
details.

LetA =W(r,6,q0,t,k) = 4k(kf)'76q" Setty = treg(r, th, A, 1) and ty = tyeg(r, £, (A/ 1517 27771, 1),
0

where t . is the function from Lemma 3.3.27, and define

Qtv(f’; 6/ EIOI t/ k) = maX{Qtv(V - 1/ 6/4/ QO/ tl/ tZ)l qcut(r/ tl A/ tZ)}/

where g is the function from Lemma 6.4.2.
Note that t, < exp@(c(1/A)%) and t; < exp®(c(1/A)?) for a large enough constant

3
¢ > 0. If we assume that gy, (r — 1, 6,40, t, k) < exp®(c,—1 (Ai) ) for some positive integer

d and real ¢, > 0, where A’ = W(r — 1, 6,90, t, k) = —2_ then it follows
4k(kn)To g1
Qtv(r - 1/ 5/4/ 5]0/ tl/ tZ) < exp(d+4)(cl’(1/A)3) (620)

for some ¢, > 0. Since we can adjust the constant factor ¢,_; in a way that g (r —
1,6/4,q90,t1,t2) = qeu(r,t, A, tp) holds for any possible choice of the parameters we
conclude that g, (7, 6, qo, t, k) is upper bounded by exp®=D)(c,(1/A)?).

Let g > qw(7, 6,90, t, k) be arbitrary. We describe now the steps of constructing U that
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6.5 Hypergraph parameter testing

satisfies the conditions of the lemma.

We approximate V by some function Z that is only given implicitly by means of
Lemma 3.3.27 and is of the form Z = V. We have

sup dg,a(V,Z) <A,

Qtg<tg

and fg < t, holds. Also, by Corollary 3.3.25 we have

diu(1(90, V), 10, Z)) < 6/(8K). (6.21)
We set Z = [Z, k], consequently

sup dora(V,Z) <A, (6.22)

Qtg<tg
and Z = Vg. Note that Z and Z depend on V.

Define the r-arrays By, ..., B; such that for each a € [t] it holds that

R

r
Z(Xy(ry,r-1)) = Bu(i1, ..., 1) H g, (X)),
ity =1 I=1

.....

turther define also the r-arrays (Bﬁ)ae[t],,ge[k] such that

t«R r
Z“’ﬁ(xb([r],r_l)) = Z Bi(ilz ey ly) H ]]'Ri] (xb([r]\{l}))
i1, dp=1 I=1

for each a € [t], B € [k]. Clearly, B,(i3, ..., i) = le§=1 Bﬁ(z}, ...,I,) foreachi,..., i, € [tg].

We apply again Lemma 3.3.27 with the proximity parameter (A/t;#)*27"! and the
multiplier parameter f, in the condition regarding the partitions Q to the r-graphon U
to approximate it by Up = Wy = (W], ..., W!) with steps in # that satisfies

sup dg,W;,U) < (A/Ht)* 277, (6.23)

Qtg<tpty

where the supremum runs over all (r — 1)-symmetric partitions Q of [0, 1]°I"-1) with at
most tpt; classes, and tp < .

Applying structure preserving transformations to [0, 1]"I""!) the classes of # can
be considered as piled up, meaning that for each y € [0, 1]°"""17=2) the fibers {y} x
[0,1] are partitioned by the intersections with the classes of # into the intervals
[0,a1), [a1,42), ..., [ay-1,a,] with {y} X [a;1,a;) = ({y} X [0,1]) N P;. We introduce the
r-dimensional real arrays Ay, ..., A; in order to describe the explicit form of the W7
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6 Complexity of Nondeterministic Testing

graphons. So,
tp r
W (Xo(pr1,-1) = Z Aa(ilf---/ir)HILPil(xb([r]\{l}))'
i1,e,0=1 I=1

Define Wy = (W5)ae to be the r-graphon representing G(q, W1), so W5 represents
G(q, WY) for each a € [t]. The steps of W, are denoted by #’. Then it follows from
Lemma 6.4.2 that

sup dnre(W2, V) <A,

Q i<ty

with probability at least 1 — A, so consequently
(W2, V) <A,

with the same upper bound on the failure probability as above. Furthermore, with
(6.22) we have
Ao r(Wa, Z) < 2A. (6.24)

Also,

tp r
Wg(xb([r],_l)) = Z Aa(ill ceey ZV) H ILPI'-I (xb([T]\{l}))’
i] ir=1 I=1

for each a € [t] and

pi—1p pr—1

) 1
P]’ = U(plf---rpr—l)EIj[—’ ; X X[
with I; = {(p1,...,pr-1) | Xiip,...p,11 € Pj} for every j € [tp]. Note that P’ = (P")jelte 1s @
symmetric partition.
We define a k-coloring W, of W, that satisfies

/% X[Oll]x...x[oll]

do,r(Z, Wa) < 2KA.
Such a k-coloring exists by Lemma 6.5.1 and (6.24). It follows by Corollary 3.3.25 that

de (G0, Z), (G0, W2)) < 6/4. (6.25)

The graphon W, is a symmetric step function with steps that form the coarsest
partition that refines both " and R, we denote this (r — 1)-symmetric partition of
[0, 1]°0=1D by S, the number of its classes satisfies ts = tpitg < tit,.

Let us define the tp-colored (r — 1)-graphon w = (w', ..., w'?) that is obtained from
the classes of the partition # by integrating over the coordinate corresponding to the

set [r — 1], that is wi(xb([r_ll,r_z)) = fol 1p,(xp(r—1p)dxp—1. In the same way we define
the tp-colored (r — 1)-graphon u = (u!,...,u'?) corresponding to the partition #’, as
well as the [tp] X [tg]-colored @ = (u")et,) jelts], Where it holds that u = [§, z] and @
is the tg-coloring of u corresponding to the partition S. Note that w, u, and @ are
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6.5 Hypergraph parameter testing

(r—1)-symmetric, since their origin partitions were symmetric. As the partition " was
constructed via the same sampling procedure as V and W, it holds that u = G(g, w)
and u' = G(g, w') for each i € [tp].

We can assert that due to the induction hypothesis there exists a tg-coloring w =
(W")icltp) jeltz) Of W that satisfies

dtv(.u(CIO/ W)/ #(QO/ ﬁ)) < 6/4
with probability at least 1 — 6/4 for q > qw(r — 1,6/4, qo, t1, t2).

We construct a k-coloring for W; next. Recall the proof of Lemma 6.5.1, therefore we
have that

W5 (g r-ny)

. Bﬁ(]l/ . /]r) 1
Z Z ) oy e 2181 | T
(6.26)

T )[Bam D1y 0+ %113(1:0] forall a € [£], B € [k]

Ba(j1
and (i1, 1) - -, (ir, 1)) € ([tp] X [tR])"
We utilize the tg-coloring W of the (r — 1)-graphon w to construct a refined partition
of P that resembles S in order to enable the construction of a k-coloring of W, along
the same lines as in (6.26). Let

sz {x €0, 1]b([r ) |
i-1

j-1 i1 j
! i .
W (Xy(r-11,-2) + Z W (eyr-11,-2) < Xpp1p < Z W' (Xy(r-11-2)) + Z W (Xy(r-11r-2) |
=1 =1 =1

I=1

for eachi € [tgo] and ] S [tqg]. LetP” = (Pi,]')ie[tp],je[tfR]-
Clearly, (P; ;) ieft4] is an (r — 1)-symmetric tg-partition of the set P;, and wl (Xp([r-11-2)) =
fol 1p,, (xp(r—17))dxpr—1;. We are able now to describe the k-coloring of the Wy, define

Wy (i) = Z Z A, 1) G i) [ ] 20 Conniny)-—— (6:27)
m=1

=1 j,...

Note that W; = (W o )aclt pelk] 18 a step function whose steps form the partition " that
refines P, but the regularity property (6.23) of W; allows for

Ao, (U, W1) < (A5 2771 < AJ2. (6.28)
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6 Complexity of Nondeterministic Testing

We will next elaborate on the correctness of the inductive step of the construction. Let
us consider the tk-colored random r-graph G(go, W1), it is generated by the independent
uniformly distributed [0, 1]-valued random variables { Ys | S € b([g0], ) }. The color of
eachedgee = {e, ..., &2} € (1) is decided by determining first the unique tuple (up to
coordinate permutations) ((i1, j1), ..., (i, jr)) € ([tp] X [tr])" such that (Ys)seye\(e)) € Pijis
and then check for which pair «a € [t], € [k] it holds that

a-1

p-1
Al((, 1) Gy i) + ZAZ((IE,]&), oo (B 1)) < Ye
1=

I=1

1 B
< Al((illjl)/ sy (ir/ ]r)) + Z Ala((ill jl)/ sy (ii’l ]'l’))/
=1

=1

then add the color (¢, ) to e with the corresponding index. It is convenient to view
this process as first randomly tp~-coloring an (r — 1)-uniform template hypergraph Gy,
whose edges are the simplices of the original edges, here we add a color (i, j) to an
(r—1)-edge ¢’ whenever (Ys)seye) € P;j, and conditioned on G; we subsequently make

independent choices for each edge to determine their color based on the arrays AP by
means of the random variables { Y5 | S € ([qf]) } at the top level.

Let us turn to the tk-colored G(go, W»), the above description of the random process
generating this object remains conceptually valid also for this random graph, the r-
arrays A” are identical to the case above, only the partition #” has to be altered to S.
Similarly as above, we introduce the random (r — 1)-uniform fp--colored hypergraph
G, that is generated as above adapted to G(qo, Wz). That means that the (r — 1)-edges
are colored by indices of the classes that form the partition S through the process
that generates G(go, W), see above. The key observation here is that conditioned
on G; = Gy, one can couple G(qo, W;) and G(qo, W,) so that the two random graphs
coincide with conditional probability 1. Recall that a coupling is only another name
for a joint probability space for the two random objects with the marginal distributions
following 1(gq0, W1) and (g0, W2), respectively. As the conditional distributions for the
choices of colors for the r-edges are identical, provided that G; = G,, the coupling
is trivial. In order to construct a good unconditional coupling we require another
coupling, now of G; and Gy, so that P(G; # G) is negligibly small for our purposes,
and whose existence is exactly what the induction hypothesis in the case of (r — 1)-
uniform hypergraphs ensures, when g is large enough.

As q > qw(r —1,6/4, 90, t1, t2), the induction hypothesis enables us to use that there
exists for any @ a W so that dy (u(qo, @), u(qo, W)) < 6/4 holds with probability at least
1 - 6/4 for each G simultaneously, which in turn implies that there is a coupling of the
t1t,-colored random (r — 1)-graphs G; and G; so that P(G; # G,) < 6/2.

It follows that there exists a coupling of G(qo, W,)and G(qo, W) such that P(G(qo, W1) #
G(qo0, Wz)) < 0/2 due to the discussion above, which in turn implies

dw (g0, W1), (g0, W2)) < 6/4. (6.29)
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6.5 Hypergraph parameter testing

Since W; has at most fpt, steps, Lemma 6.5.1 together with (6.28) provides the
existence of U with [U,k] = U and the bound d,,(U, W;) < %A. The application of
Corollary 3.3.25 implies

e (g0, Wh), u(qo, U)) < 6/16. (6.30)

Evoking the triangle inequality and summing up the upper bounds on the respective
deviations (6.21), (6.25), (6.29), and (6.30) we conclude that

dtv(.U(CIO/V)/ [J(QO/ ﬁ)) < dtv(.u(CIO/ V)/ H(QO/ z)) + dtv(y(qO/ z)/ [J(QO/ WZ))
A A A - 1 1 1 1
+ dey (u(qo, W2), 1(qo, Wh)) + dey (g0, W), (qo, U)) < (@ titat 1_6)6 <9,
the overall error probability is at most 6/2 + A/2, which is at most 6.
O

With Lemma 6.5.2 at hand we can overcome the difficulties we discussed in Chapter 3
caused by the properties of the r-cut norm for r > 3 in contrast to the case r = 2, we
turn to prove the main result of the paper.

Proof of Theorem 6.1.6. We regard simple hypergraphs as 2-colored r-graphs, in the
following the term simple should be understood this way at each appearance. Let the
2k-colored witness parameter of the nondeterministically testable r-graph parameter
f be denoted by g, whose sample complexity is at most g,(¢) for each proximity

) In(tk)-In(e)][2(tK)0 42 : .
parameter ¢ > 0. Set d(r, €, 9o, k, t) = Lgg(e) InH) 2(&)1[2@ )0%]. Let ¢ > 0 be fixed and define

gr(e) = max{qw(r, €/4,q,(¢/4),k,3); ‘&—’fqé(e/Z); dé(r,s/4, q4(¢/4),k,2)}. We will show that
for every q > g¢(¢) the condition

P(f(G) = f(G(g5(e), G)l > ¢) < &.

is satisfied for each G. Let g > g¢(¢) arbitrary but fixed and G be a fixed simple r-graph
on n vertices.

First we show that f(G(g, G)) > f(G) — ¢/4 with probability at least 1 — ¢/4. For this
let us select a k-coloring G of G such that f(G) = g(G), then the random k-colored graph
F = G(g, G) is a k-coloring of G(gq, G), therefore f(G(g, G)) > g(F), but since q > g,(¢/4)
we know from the testability of g that g(F) > g(G) — ¢/4 with probability atleast 1 —¢/4,
which verifies our claim.

The more difficult part is to show that f(G(g, G)) < f(G) + ¢ with failure probability
at most ¢/2. Let us denote the random r-graph G(gq,G) by F. We claim that with
probability at least 1 — /2 there exists for any k-coloring F of F a k-coloring G of G
such that |g(F) — g(G)| < ¢, this suffices to verify the statement of the theorem.

Our proof exploits that the difference of the g values between two colored r-graphs
F and G can be upper bounded by

9(F) = 9(G)I < 19(F) — 9(G(g,(e/4), F))| +19(G) — 9(G(q,(¢/4), G))| < ¢/2,
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6 Complexity of Nondeterministic Testing

whenever there exists a coupling of the two random 2k-colored r-graphs G(g,(¢/4), G)
and G(g,(¢/4), F) appearing in the above formula such that they are equal with prob-
ability larger than ¢/2. Set g9 = q,(¢/4). We will show that with high probability for
every F there exists a G that satisfies the previous conditions.

Recall that coupling is a probability space together with the random r-graphs G; and
G, defined on it such that G; has the same marginal distribution as G(go, G) and G,
has the same as G(qy, F), their joint distribution is constructed in a way that serves our
current purposes by maximizing the probability that they coincide. When the target
spaces are finite as in our case then a coupling that satisfies the above condition can be
easily constructed whenever dy, (u(qo, G), u(qo, F)) <1 - €/2, see (3.32).

By Lemma 6.5.2 for 3-colored r-graphs (there are 3 types of entries in the graphon
representation of simple r-graphs, edges, non-edges, and diagonal elements) it fol-
lows that with probability at least 1 — ¢/4 for each F there exists a 3k-colored U with
[U,k] = Wg such that dy(u(qo, U), (g0, We)) < €/4. Let us condition on this event
and let F be fixed. From (3.33) we know that dy(1(q0, G), t1(q0, Wg)) < g3/n < e/4 and
dw (t(qo0, F), 1(q0, WE)) < q% /q < €/4. It remains to produce a 3k-coloring of W from
any fixed 3k-colored U (k out of the 3k colors of U correspond exclusively to diagonal
cubes, so can be neglected). We do this by randomization, let (X{;)ic,) be independent
uniform random variables distributed on [=2, £], and let (Xs)sen(nl, (1) be independ-

n’n

ent uniform random variables on [0, 1]. We can define W to take the color U(Xj)) on
the set [%, A]x---x [¢=1 %1% [0,1]%---%x[0,1] fore = ey, ..., e} € ([';]). For any fixed

n’n

He H;’Oz" basic martingale methods deliver

2
P(|t(H, Wg) — t(H, U)| > 0) < 2exp(—(;7rzl)
0

&
.
4(2k)%

for any 6 > 0, therefore when setting 6 = we get that

Buulgo, U) 1 W) = 3 Y IH(H, We) — HEL U)| < e/

1,2k
HquO

- 14 : " In(2k)—In(e /4)][32(2K) 7042
with probability at least 1 — ¢/4, since n > q > d(r, /4, 90,k 2) = L9 In(209 n(i/z 3220041,

Summing up terms gives

dtv(#(ﬂOzF)/ #(QO/ G)) < d’fV((u(qO/ F)/ .U(CIOI WF)) + dtv(lu(q(]/ WF)/ ‘U(”]O/ U))
+ dw (g0, U), u(qo, Wa)) + di (u(g0, Wa), pi(go, G)) < ¢,

with failure probability at most ¢/2, this concludes our proof.
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6.6 Nondeterministically testable properties

6.6 Nondeterministically testable properties

The concept of nondeterministic testing was originally introduced for testing proper-
ties by Lovasz and Vesztergombi [97], and remarkable progress has been made in that
context, see [61] and [97], the estimation of parameters, which was our main issue in
the preceding sections, is in close relationship to that notion. For related developments
in combinatorial property testing using regularity methods we refer to the respective
part in Chapter 1.

We present a slight variant of the definition of testability of properties in the non-
deterministic sense and construct a tester from the tester of the witness property with
the aid of Lemma 6.5.2 that achieves the same sample complexity as in the parameter
testing case. This result connects our contribution to previous efforts more directly
compared to the content of the preceding sections, and answers the question posed in
[97] asking whether the equivalence of the two testability notions persists for uniform
hypergraphs of higher rank similar to the case of graphs.

We recall Definition 3.2.2. An r-graph property P is testable, if there exists another
r-graph property % called the sample property, such that

(@) P(G(q,G) € P) > % forevery Ge Pand g >1,and

(b) for every ¢ > 0 there is an integer gp(¢) > 1 such that for every g > gp(¢) and every
G that is e-far from P on at least g vertices we have that P(G(g,G) € P) < %

Testability for colored r-graphs is defined analogously.
We remark that e-far here means that one has to modify at least ¢|V(G)|* edges in
order to obtain an element of . Note that ; and 2 in the definition can be replaced by

arbitrary constants 0 < a < b < 1, this change may alter the corresponding certificate #
and the function gy, but not the characteristic of #’ being testable or not. Let #, denote
the elements of P of size n.

Next we formulate the definition of nondeterministic testability in terms of k-
colorings.

Definition 6.6.1. An r-graph property P is nondeterministically testable, if there exists an
integer k > 1 and a 2k-colored r-graph property Q called the witness property that is testable
in the sense of Definition 3.2.2 satisfying [Q, k] = {[G,k] | G e Q} = P.

We conduct the proof of the main theorem in this section next.

Proof of Theorem 6.1.7. Let P be a nondeterministically testable property with witness
property Q of 2k-colored r-graphs. We employ the combinatorial language with count-
ing subgraph densities when referring to Q and its testability, and the probabilistic
language of picking random subgraphs in a uniform way when handling # in order
to facilitate readability.

Let Q be the corresponding sample property that certifies the testability of Q and gq
be the sample complexity corresponding to the thresholds 1/5 and 4/5, that is
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6 Complexity of Nondeterministic Testing

(i) if G € Q, then for every and g > 1 we have tinj(@q, G) > 4/5, and

(ii) for every ¢ > 0, if G is e-far from Q, then for every q > gq(¢) we have that
tinj(Qy, G) < 1/5.

Our task is to construct a property ? together with a function gp such that they fulfill
the conditions of Definition 3.2.2. We are free to specify the error thresholds by the
remark after Definition 3.2.2, we set them to 2/5 and 3/5.

Let n be a positive integer, and let ¢, > 0 be the infimum of all positive reals 6 that
satisfy n > max{gw(r, 1/10,90(5), 3, k); 100qé(6) ;d(r,1/10, gq(0), k, 2)}, where gy, and d are
as in Lemma 6.5.2. Define for each 7 the set

P,={He IT, | there exists a k-coloring H of H such that tinj(QqQ(gn), H) > 3/5},

and let P = U;’f’:f’n.

We set gp(¢) = max{qw(r,1/10,g90(¢), 3, k); 100qé(e); d(r,1/10,94(6),k, 2)}. We are left
to check if the two conditions for testability of  hold with # and gp described as
above. Assume for the rest of the proof that n > gp(e,) for each n for simplicity, the
general case follows along the same lines with some technical difficulties.

Firstlet G € , we have to show that for every g > 1 integer we have that G(g,G) € 735,
with probability at least 3/5.

The condition G € # implies that there exists a a k-coloring G of G such that G € Q.
From the testability of Q it follows that t;y (@l,G(l, G)) >4/5forany /> 1. Letg>1
be arbitrary, and let F denote G(g, G), furthermore let F = G(g, G) generated by the
same random process as F, so F is a k-coloring of F. We know by a standard sampling
argument that

P(|tinj Qq(e,) G) — tin(Quaer), F)| > 1/5) < 2exp (— ) (6.31)

q
50qé(eq)
and the right hand side of (6.31) is less than 2/5 by the choice of ¢,, since by definition
q= 1OOq2Q(eq). It follows that tinj(éqa(gq), F) > 3/5 with probability at least 3/5, so by the
definition of £ we have that F € ¢>q with probability at least 3/5, which is what we
wanted to show.

To verify the second condition we proceed by contradiction. Suppose that G is ¢-far
from P, but at the same time there exists an [ > gp(¢) such that F € P, with probability
larger than 2/5, where F = G(I, G).

In this case, the latter condition implies that with probability larger than 2/5 there
exists a k-coloring F of F such that t;y; (@qa(gl), F) > 3/5. By Lemma 6.5.2 and the proof of
Theorem 6.1.6 there exists a k-coloring G of G such that d.,(u(ga(er), F), u(ga(er), G)) <
22/100 with probability at least 4/5, in particular

A A 22
tini(Qutens F) = tini (Quaten G)I < 7557
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A,

which implies that with probability at least 1/5 there exist a G such that t;j(Qy,), G) >
=. We can drop the probabilistic assertion and can say that there exists a k-coloring G of

G such that ¢y (@qQ(E,), G) > 2, because G and the density expression are deterministic.
On the other hand, the fact that G is e-far from # implies that any k-coloring G of G is
e-far from @, which means that tii(@Q,, G) < 1/5 for any k-coloring G of G and g > qo(e).
But we know that go(e;) > go(e), since ¢; < ¢ which delivers the contradiction. The
last inequality is the consequence of our definitions, ¢; is the infimum of the 6 > 0 that

satisfy | > gp(0), and on the other hand, [ > gp(¢).
o

6.7 Parameters depending on densities of linear
hypergraphs

We present a special case of the above general notion of ND-testability for higher
rank uniform hypergraphs that preserves several useful properties of the graph case,
r = 2. Restricting our attention to this sub-class we are able to essentially remove the
dependence on r in the bound given by Theorem 6.1.6 on the sample complexity.

A simple linear r-graph is an r-graph that satisfies that any distinct pair of its edges
intersect at most in one vertex.

Definition 6.7.1. We call an r-graph parameter f linearly non-deterministically testable if it is
non-deterministically testable and its witness parameter g does only depend on the F-densities
to(F,.) of F for simple linear hypergraphs F and arbitrary colored r-graphs F with the same

vertex set as F.

This density notion was formally introduced in (3.34) and (3.35) for G € IT*, F € IT,
and F € Hf,’k as
1

6O = V@ V=77, L, L 0@ 632

where the sum runs over injective ¢ maps, and for a naive k-colored r-graphon W as
t(E,W) = f [ [ WG dA G (6.33)
[0,1](b([g1.1)] ccf

It generalizes the non-induced t*-densities of simple r-graphs to the space of colored
r-graphs.

In this section we depart from the general r-graphon notion and use instead objects
called naive r-graphons and naive r-kernels, see Section 2.2.3. These differ from true
graphons and kernels in their domain that is the r-dimensional unit cube and whose
coordinates correspond to nodes of r-edges instead of proper subsets of the node set
of an r-edge. They can be transformed into genuine graphons by adding dimension to
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the domain in a way that the values taken do not depend on the entries corresponding
to the new dimensions. This way we can think of naive graphons as a special subclass
of graphons, sampling is defined analogously to the general case. Note that for r = 2
the naive notion does not introduce any restriction as all proper subsets of a 2-element
set are singletons. We require the notion of ground state energies of r-graphs, naive
r-graphons, and kernels form Chapter 4, see also [32] and [14].

Lets > 1, Jbeanr-array of size s, and G be an arbitrary r-graph. Recall Definition 3.5.6
of the ground state energy (GSE) of the r-graph G with respect to the r-array | that
reads as

q

A 1 1, 1y
&G, ]) = md;axmilz i i Ac@™ (), ., @7 (), (6.34)

Jeedp=1

where the maximum runs over all g-partitions of |V(G)|. Analogously, the GSE of a
naive r-kernel U with respect to | is

EU,)) = mfaxilzi;z1 G, ... i) f[o N H Fi UG, ..., x,)dA(),

..... j=1

where the maximum runs over all fractional partitions f of [0, 1] into s parts.
Recall the definition of the plain cut norm for r-graphs and kernels, Definition 3.3.18
and Definition 3.3.19, for instance, the plain cut norm of a naive r-kernel W is

f W(x)dA(x)
S1X-+-XS,

where the supremum is taken over measurable sets S; C [0,1] for each i € [r]. Recall
further Definition 3.3.28 of the plain cut-P-norm for a partition ¥ of [0, 1], the corres-
ponding regularity lemma, Lemma 3.3.29, and the counting lemma, Lemma 3.3.30.
We further require a version of the coloring lemma Lemma 6.2.2, we formulate this
tool next, but refrain from giving the detailed proof as it is identical to the proof of
Lemma 6.2.2.

Lemma 6.7.2. Let k > 1, ¢ > 0, U be a (naive) step function with steps P = (P1,...,P;)
and V be a (naive) r-graphon with dop(U, V) < €. For any (naive) k-colored r-graphon U =
(U, ..., U*) that is a (naive) step function with steps from P and a k-coloring of U there exists
a k-coloring V.= (V1,..., V¥) of V so that do(U, V) = YA U@ — V@5 < ke.

Next we state and prove the main contribution of this section.

IWllo = sup
S;c[0,1],i€[r]

7

Theorem 6.7.3. Let r > 2, and let f be a linearly non-deterministically testable r-graph
parameter with witness parameter g of k-colored r-graphs, and let the corresponding sample
complexity be q,. Then f is testable with sample complexity q¢, and there exists a constant

¢ > 0 only depending on k and r but not on f or g such that for any & > 0 we have

95() < exp@(cq(e/2).
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Proof. The proof is almost identical to the case of 2-graphs in Section 6.2, we will sketch
it in the framework of Lemma 6.5.2, from there the statement follows in a similar way
as the proof of Theorem 6.1.6. The main distinction between the general hypergraph
setting and the current linear setting is that we do not require for each coloring F
of F = G(g,G) to have a corresponding coloring G of G such that their go-sampled
distributions u(go, F) and u(go, G) are close in the total variation distance, here it is
enough to impose that they are close in dy distance. This relaxed condition implies
that the densities ¢, (H, F) and t, (H, G) for linear hypergraphs A are close, and as a
consequence the deviation of g(F) and g(G) is sufficiently small. The different norm
employed in the measurements of the proximity allows us to remove the inductive
part that is contained in the general proof in Lemma 6.5.2.

Let f and g be as in the statement of the theorem, and let G be an arbitrary r-graph
and W a 3-colored naive r-graphon that represents it (the colors correspond to edges,
non-edges, and diagonal entries respectively). Let g > exp(3)(cq§(e /2)) for some ¢ > 0
that is chosen to be large enough, and let F denote the random r-graph G(gq, G), and
let W be its 3-colored representative naive graphon. It is easy to see as in the general
case that f(F) > f(G) — ¢/4 with probability at least 1 — £/4, in fact this is even true with
much smaller g, see the proof of Theorem 6.1.5.

We establish an upper bound on f(F) next. We will show first that with probability
at least 1 — ¢/4 there exist for every k-coloring V = (V""ﬁ)ae[g,],ﬁe[k] of Wr a k-coloring
U = (U%)aep31pei1 of Wi such that dpg(U, V) < A, where A = exp(—c’qé(s/Z)) for a
suitably chosen ¢’ > 0. Let W; = (W¢)p be a naive r-graphon that satisfies

sup dne(We, W1) < A/8k, (6.35)

to<tptr

by Lemma 3.3.29 there exists such a naive (r,1)-step function with at most t; =
treg(r,2,A/8k, t2) steps, where t, = t.g(r,3k,A/8k,1). Further, let W) be the naive
(,1)-step function associated with G(g, W;) with its steps forming the partition $”.
There exists a measure-preserving permutation ¢ of [0,1] such that W, given by
Wa(xy, ..., %) = Wi(p(x1),...,¢(x,)) is another valid representation of G(gq, W;) with
steps #’, and having the additional property that the measure of the set where W; and
W, differ is at most 7} ; [A(P;) — A(PY)|. In particular by the choice of g it is true that

W1 = Walli < 7+/t1/q9 < A/8k with probability at least 1 — ¢/8 for a large enough ¢’ > 0.
Further, the bound in (6.35) can be rewritten as a GSE problem in the sense of
Definition 4.1.2, applying Corollary 4.2.11 leads to the assertion that

sup do(We, Wy) < A/4k, (6.36)

to<tptr

with probability at least 1 — A/8k, which is larger than 1 — ¢/8.

We condition on the aforementioned two events, they occur jointly with probability
atleast1—¢/4. Now let V be an arbitrary k-coloring of W, it follows by Lemma 3.3.29
that there exists a 3k-colored naive (r,1)-step function Z = Vg = (Z*F),e(3)peir) with
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steps forming R such that

sup duq(V,Z) < A/8k, (6.37)

tQ<tr

and tg < t,. Let the naive r-graphon Z denote the k-discoloring of Z. Then we have
Z = (Wg)g and

sup due(Wr, Z) < A/8k. (6.38)

to<tr

Together with (6.36) it follows that

sup dug(W,, Z) < A/4k. (6.39)

tQ<tg

An application of Lemma 6.7.2 together with the bound in (6.39) ensures the existence
of a k-coloring W, of W, that is a naive (, 1)-step function with the steps comprising S
that is the coarsest common refinement of £’ and R, and that satisfies

da(W2, Z) < A. (6.40)
Now we construct a k-coloring of W; by simply copying W, on the set on [U;(P; N P!)],
and defining it in arbitrary way on the rest of [0,1]", paying attention to keep it a

k-coloring of W; and not increase the number of steps above tz. For the W; obtained
this way we have

(W, Wa) = Y ISP = Wyl < 2wy = Walh < A/4. (6.41)
ap

Employing again Lemma 6.7.2 with (6.35) we obtain a k-coloring U of W, that satisfies
ds(U, W) <A,

hence
do(U, V) < 4A.

With a further randomization we can form a proper k-coloring G of G that satisfies

du(Wg, V) < 5A.
Finally, we use
9(F) = 9(G)I < 19(F) — 9(G(g,(e/4), F))l +19(G) — 9(G(q,(¢/4), G))| < ¢/2,

whenever there exists a coupling of the random 2k-colored r-graphs G(g,(¢/4), G) and
G(qy(¢/4), F) appearing in the above formula such that their densities ¢, (H, G) and
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t;I(H, F) are pairwise equal for each H € Hgoz ¥ and each linear H € IT7, with probability
larger than ¢/2, where qo = g,(¢/4). Such a coupling exists by Lemma 3.3.30 and
standard probabilistic assumptions, thus we have f(G) > f(F) — ¢/2 with probability
at least 1 — ¢/4, that concludes the proof.

O

6.8 Applications

The characterization of testable properties of r-uniform hypergraphs for r > 3 is a well-
studied area, for instance it was established by Rodl and Schacht [104] that hereditary
properties (properties that are preserved under the removal of vertices) are testable
generalizing the situation formerly known in the graph case. Nevertheless, several
analogous question to the graph case have remained open. We present some of
these in this section together with the proofs for positive results as an application of
Theorem 6.1.6 and Theorem 6.1.7.

6.8.1 Energies and partition problems

Recall the family of r-ground state energies (rGSE) of r-uniform hypergraphs intro-
duced in Chapter 5 in Definition 5.3.1. The notion is a generalization of the ground
state energies (GSE) of Borgs, Chayes, Lovasz, S6s, and Vesztergombi [32] introduced
in the case of graphs (see also Chapter 4 for a different generalization), for connections
to statistical physics, in particular to the Ising and the Curie-Weiss model, see [32] and
Chapter 3 in the current work. The original GSE notion encompasses several import-
ant graph optimization problems, such as the maximal cut density and multiway cut
densities for graphs, therefore its testability is central to several applications.

For a simple r-graph H C ([':]), a real r-array | of size g, the r-ground state energy of
H with respect to | is

1 v o
E(H ) =max— Y JGi,...,ieu(r; Py, ..., Py),

i1, dp=1

where ey(r;S1,...,S) = [ (u1, ..., u) € [n]" | As;(us, ..., uj-1,Ujs1, ..., u;) = Lforall j =
1,...,rand Ay(uy,...,u,) = 1}|, and the maximum is taken over all partitions ¥ of (r[f]l .

We have already proved the rGSE to be testable, see Theorem 5.3.4. As an application
of Theorem 6.1.6, we derive a substantially different new proof.

Corollary 6.8.1. For any r,q > 1 and real r-array | of size t the generalized ground state
energy E,(., ]) is a testable r-graph parameter.

The proof in Chapter 5 for the above result used ultralimits and was therefore
non-effective. Here, a rather straightforward application of Theorem 6.1.6 gives us
Corollary 6.8.1 that does not rely on non-effective tools, we could provide an explicit
upper bound on the sample complexity, and in this sense the result is new.
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The above problem of testing of the *GSE is a special case of the question regarding
testability of general partition problems. These properties were first dealt with system-
atically in the graph property testing setting in [66], where the authors showed their
testability. They form also the most prominent family of non-trivial properties from
the testing perspective in the dense model that are testable with polynomial sample
complexity known to date, for further background we direct the reader to Chapter 1,
in particular to the part on property testing.

A test for example for the maximal cut density can be obtained from a collection of
partition problems with two classes only constraining the edge density between the
two distinct parts for each integer multiple of ¢ in [0, 1].

Researched focused on partition problems for hypergraphs was initiated by Fischer,
Matsliah, and Shapira [57] defining a framework that slightly extended the notions
of [66]. In the setup of [57] the problem is formulated as in [66] as a question of
existence of a vertex partition of a hypergraph with prescribed class sizes given by a
real vector that satisfies that the r-partite sub-hypergraphs spanned by each r-tuple of
classes contain a certain number of edges given by a real array. The additional feature
of the approach is that it can also handle tuples of uniform hypergraphs (perhaps
of different rank) sharing a common vertex set that is the subject of the partitioning,
the partition problem defined again by density tensors comprises constraints on edge
densities between classes for each of the component hypergraphs. In [57] it was shown
that such properties are testable with polynomial sample complexity.

A further generalization has been investigated by Rozenberg [107] dealing the first
time with constraints imposed on partitions of pairs, triplets, and so on of the vertices
on one hand, and the edge densities filtered by these partitions on the other. However,
the cells that the edge density constraints are applied to in [107] are not partitioning
the edge set as in the previous approaches, rather layers of partitions corresponding
to partitions of [r] for r-graphs are considered. Let us illustrate the framework for 3-
graphs with the partitioning understood as coloring. In [57], only vertices are colored,
and the number of edges whose vertices have certain colors are constrained, in [107]
also pairs, triplets and further tuples of vertices receive colors, and based on this the
number of edges can be constrained that fulfill the condition that a pair of vertices
(as a tuple) has a certain color and the third vertex (as a singleton) has also some
other given color. However, in [107] only colorings disjoint subsets of the r-edges are
allowed to yield a constraint, for instance it is not possible to have a condition on the
number of pair-monochromatic edges, that is, 3-edges whose three underlaying pairs
have the same color. The positive result obtained in [107] is also somewhat weaker
than testability, the term pseudo-testability is introduced in order to formalize the
conclusion.

Our approach allows for more general constraints on edge densities, the definition
of the general partition problem follows next.

Definition 6.8.2. Let r > 1, and ® denote the set of all maps ¢: Y([r],r — 1) — [k] that are
assigning to each element of the set of proper subsets of [r], h([r],r — 1), a color [k]. We define
a density tensor by Y = ({0} )ser-1)ielkl, {Ho)pea), Where each component is in [0, 1].
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Let H be an r-graph with vertex set V = V(H) of cardinality n and foreach1 <s <r -1
let P(s) be a partition of (‘S/) into k parts, and let P = (P(s));. Then the density tensor
corresponding to the pair (H, P) is given by

|Pi(s)]
nS

p;(H,P) = forall selr—1]andie [Kk],

and
l{e € [n]' |2 € Hand pa(e) € Py(Al) for all A € b([r],r — 1) }|
l{e € [n]" | pale) € Pyay(IAl) for all A € b([r],r = 1)}

po(H,P) =

forall ¢ € @, where v is the set that consists of the components of the vector v.

We say that H satisfies the partition problem given by a density tensor 1 if there exists a
collection of partitions P of its vertex tuples as above so that the tensor yielded by the pair
(H,P) is equal to 1.

We remark that the above partition problem property is non-hereditary. An applic-
ation of Theorem 6.1.7 yields the following corollary.

Corollary 6.8.3. For any r,k > 1 and any density tensor ¥ = {{p?)ser-11,ick, (Ue)pen), the
partition property given by the tensor is testable.

6.8.2 Logical formulas

The characterization of testability in terms of logical formulas was initiated by Alon,
Fischer, Krivelevich, and Szegedy [13] who showed that properties expressible by
certain first order formulas are testable, while there exist some first order formulas
that generate non-testable properties. The result can be formulated as follows.

Theorem 6.8.4. [13] Let I,k > 1 and ¢ be a quantifier-free first order formula of arity | + k
containing only adjacency and equality. The graph property given by the truth assignments
of the formula Juy, ..., uNvy, ..., 0eP(us, ..., u,01,...,0) with the variables being vertices
is testable.

Without going into further details at the moment we mention that any 3V property
of graphs is indistinguishable by a tester from the existence of a node-coloring that is
proper in the sense that the colored graph does not contain subgraphs of a certain set
of forbidden node-colored graphs, see [13].

Our focus is directed at the positive results of [13], those were generalized into
two directions. First, by Jordan and Zeugmann [77] to the framework of relational
structures in the sense that ¢ is allowed to contain several r-ary relations with even
r > 3 whereas the 3V prefix remains the same concerning vertices. Secondly, by Lovasz
and Vesztergombi [97] staying in the graph property testing setting to a restricted class
of second order formulas, where existential quantifiers for 2-ary relationships are
added ahead of the above formula in Theorem 6.8.4 so that they can be included in
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¢, see Corollary 4.1 in [97]. This subclass of second order logic is also referred to as
monadic second order logic (MSOL), see [89]. Our framework allows for extending
these results even further.

Corollary 6.8.5. Letrq,...,1y, 1,k > 1 be arbitrary, and let r = maxr;. Any r-graph property
that is expressible by the truth assignments of the second order formula

ALy, ..., Ly3uq, ..., uNvy, ., 0p(Le, ..., Ly, utq, ..., U1, 01,. .., k) (6.42)

is testable, where L; are symmetric ri-ary predicate symbols and wq, ..., u;, v1,. .., U are nodes,
and ¢ is a quantifier-free first order expression containing adjacency, equality, and the sym-
metric ri-ary predicates L; for each i € [m].

Proof (Sketch). We first note that any collection of the relations L,...,L,, can be en-
coded into one edge-colored r-uniform hypergraph with at most 2" colors with an
additional compatibility requirement. An edge color for e € ([’;]) consists of a 2" — 1-
tuple corresponding to non-empty subsets of [r], where the entry corresponding to
S C [r] in the tuple is determined by the evaluation of ps(e) in the relations L; that have
arity |S|. We can reconstruct the predicates from a coloring whenever the color of any
pair of edges e and ¢’ is such that their entries in the tuple corresponding to the power
set of e N e’ coincide, for r = 2 this means some combinations of colors (determined by
a partition of the colors) for incident edges are forbidden. This compatibility criteria
for 2"™-colored r-graphs is known to be a testable property, from here on this will be
seen as a default condition.

For afixed tupleLy, ..., L, of relations of arity at most r the property corresponding to
the first order expression Yoy, ..., vk¢(Ly, ..., Ly, v1,. .., 0x) is equivalent to the property
of 2"-colored r-graphs that is defined by forbidding certain subgraphs of size at most
k. This is testable by the following theorem of Austin and Tao [24] that generalizes the
result of Rodl and Schacht [104].

Theorem 6.8.6. [24] For any 1,k > 1, every hereditary property of k-colored r-graphs is
testable.

We sketch now the proof that the properties corresponding to the more general
formula (6.42) in the statement of the corollary are indistinguishable from the existence
of a further node-coloring on top of the edge-colored graphs such that no subgraph
appears from a certain set of forbidden subgraphs. We follow the argument of [13]
(see also [77], and [97]).

Two properties are said to be indistinguishable in this sense whenever for every ¢ > 0
there exists an ny = ny(¢) such that any graph on n > n, vertices that has one property
can be modified by at most en” edge additions or removals to obtain a graph that has
the other property, and vice versa. The testability behavior of the two properties is
identical.

Consider Ly, ..., L, as fixed, then the property of 2""-colored r-graphs corresponding
toduy, ..., uNvoy, ..., 0Ly, ..., Ly, v, ..., u;,01,...,70) is indistinguishable to from the
existence of the following proper coloring. Every node gets either color (0,0) or
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(a,b), where a represents a 2""-colored r-graph on I nodes, and b represents an I-tuple
of 2™-colored edges. A coloring is proper if there are at most / nodes colored by
(0,0), further for any other color appearing, the first component a is identical. Now
a colored subgraph of size k is forbidden if considering the edge-colored graph on
V ={vy,..., v} (without node colors) supplemented by a graph on {uy, ..., u;} together
with their connection to V given by the node colors on V the evaluation of the formula
¢(Li, ..., Ly, ua, ..., u,01,...,0) is false.

It is not hard to see that for this coloring property Theorem 6.8.6 applies since it is
hereditary, therefore it is testable. Now if we let Ly, ..., L,, to be arbitrary and apply
Theorem 6.1.6, then we obtain the testability of the property given by (6.42) in the
statement of the corollary. m|

6.8.3 Estimation of the distance to properties and tolerant testers

We can also express the property of being close to a given property in the nondetermin-
istic framework, and can show the testability here. This problem was introduced first
for graphs by Fischer and Newman [56], in this paper the authors show the equival-
ence of testability and estimability of the distance of a property, in [97] one direction of
this was reproved for graphs. To our knowledge the generalization for r-graphs with
r > 3 has not been considered yet. Recall that d; is the normalized edit distance.

Corollary 6.8.7. For any r > 2, testable r-graph property P, and real ¢ > 0, the property
determined by dy(., P) < c is testable.

Proof. The proof is identical to the one given in [97]: for any r > 2, testable r-graph
property  and real ¢ > 0 there exists a testable property of 4-colored r-graphs that
witnesses the property of 4;(., ) < c in the nondeterministic testing sense. Let G be
an arbitrary r-graph, then we consider the 2-colorings of G where (1,1) and (1, 2) color
the edges of G, and (2, 1) and (2, 2) the non-edges. The 4-colored witness property Q is
then that the edges with the colors (1, 1) and (2, 1) together form a member of #, and
additionally there are at most cn” edges colored by (1,2) or (2,1). The property Q is
trivially testable, therefore Theorem 6.1.7 implies the statement. m|

The above corollary is a generalization of the concept of tolerant testers. In this case,
we expect a good test with parameters 0 < 6 < ¢ to distinguish between the cases that
a graph is 0-close (another way of saying not 6-far) to the property or that it is e-far.
Here the sample size should only depend on the two thresholds. We see that taking
0 = 0is the same as the usual testing. On the other hand for a fixed 6y, the testing of the
property di(., ) < 6o with an € — 6y margin of error is exactly the task described above.
We can conclude that every testable hypergraph property is also tolerantly testable.

On a further note we mention that with the same method we can also show that the
r-graph parameter f(G) = d;(G, P) is also testable for any testable #.
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CHAPTER 7

Conclusion and further research

In this thesis we proved the equivalence of nondeterministic testing to usual testing
for r-uniform hypergraphs for arbitrary rank r for both properties and parameters,
we further gave upper bounds on the sample complexity that improved previously
known bounds related to this approach of characterizing testability, see [97], [61].

A major open question is whether it is possible to prove that the testing of the
witness and the testing of the original property are computationally equivalent, in the
sense that their sample complexities are in a polynomial relationship. In this sense,
improvement for upper bounds in magnitude would be also a reasonable contribution.
Also, lower bounds in this regard would be welcome, currently we are only aware of
the trivial one. More specifically, one might try to improve upper bounds for weakly
nondeterministically testable parameters and properties, an implicit appearance of
this setting were partition problems in [66] and multiway cuts testing in [14]. In both
cases the witness is the easiest non-trivial property that imposes conditions on the
number of the edge counts of different colors, and the desired polynomial dependence
was established via problem-specific arguments. As a further particular question, on
may ask whether it is possible to gain something from considering only witnesses that
are testable with a sample size that is polynomial in the multiplicative inverse of the
error parameter.

The general upper bound given in Theorem 6.1.6 is dependent on the rank r, it would
be interesting to see if it is possible to remove this dependence in a similar way as it
was shown in the special case of linearly nondeterministically testable parameters.
The gap between the two bounds here is still wide open. Currently no non-trivial
lower bound on the sample complexity for general r in our framework is known, in
the original dense property testing setting there are some properties that admit no
tester that only makes a polynomial number of queries, such as triangle-freeness and
other properties defined by forbidden families of subgraphs or induced subgraphs.

The partition problems introduced in [66] have lead to further applications, this
development was presented in [57]. As mentioned, the framework of [57] also dealt
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with tuples of hypergraphs extending the result of [66], this enabled the analysis of
the number of 4-cycles appearing in the bipartite graphs induced by the pairs of the
partition classes instead of only observing the edge density by means of adding an
auxiliary 4-graph to the simple graph. An alternative characterization of the notion of
aregular bipartite graph says that a pair of classes is regular if and only if the number of
4-cycles spanned by them is minimal, with other words their density is approximately
the fourth power of the edge density. Using this together with the result regarding the
testability of partition problems the authors of [57] were able to show that satisfying
a certain regularity instance is also testable. This achievement in turn implies an
algorithmic version of the Regularity Lemma. In this manner, Corollary 6.8.3 might
be of further use for testing regular partitions of r-uniform hypergraphs by utilizing
concepts that emerged during the course of research towards an algorithmic version
of the Hypergraph Regularity Lemma (see for example Haxell, Nagle, and Rodl [71])
in a similar way to the approach in [57].

On a further thought, one may depart from the setting of general dense r-graphs
in favor of other classes of combinatorial objects in order to define and study their
ND-testability. Such classes are for example semi-algebraic hypergraphs that admit a
regularity lemma that produces a polynomial number of classes as a function of the
multiplicative inverse of the proximity parameter, thus they are good candidates for an
improvement in the upper bounds of the sample complexity. Other choices could be
graph families with bounded Minkowski-dimension with regard to a similarity metric
defined between the vertices of the graph in question, see [89].

Additionally we mention a possible direction for further study towards the charac-
terization of locally repairable properties, see [24], that appears to be promising. This
characteristic is stronger than testability in that respect that in this setup there should
exist a local edge modifying algorithm applied to graphs G that are close to a given
property that observes only some piece A C V(G) of bounded size of the graph and
its connection to individual vertex pairs uv and decides upon the adjacency of u and
v depending only on this information, i.e., the induced subgraph on A U {u, v} (we
only gave here an impression of the weak version, for details see [24]). The output
of this algorithm should be a graph that is close to the input and actually satisfies
the property. We may define nondeterministically locally repairable properties in a
straight-forward way analogous to ND-testing by requiring a certain locally repairable
property of edge-colored graphs that reduces to the original property after the discol-
oring procedure. It has been established in [24] that hereditary graph properties are
locally repairable, but there are examples of hereditary properties of directed graphs
and 3-graphs that are testable, but not locally repairable. It would be compelling
to investigate analogous problems concerning nondeterministically locally repairable
properties.

As a final remark on nondeterministic property testing we mention a generalization
proposed by Fischer [54]. Similar to our setup, he dealt with colorings, but from one
aspect in a less general sense by allowing only witness properties defined by a finite
collection of forbidden colored subgraphs. These problems are called ¥ -colorability
and ¥ -pair-colorability for node and edge colorings, respectively, in both cases positive
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testability results were obtained. The author of [54] introduced ¥ -colorability with
restrictions, the so-called (a, ¥)-colorability, here we are looking for a coloring that
avoids certain subgraphs, but additionally the sizes of the color classes have to obey
upper and lower bounds given by a. Also for this setup, testability was shown,
the situation in the pair coloring version is an open problem. It is straight-forward
to generalize the notion of nondeterministic testing to nondeterministic testing with
restrictions on the sizes of the color classes. This is truly a generalization, as it is not
ensured that the intersection of a witness property and a set of restrictions results in
a testable property, and certainly not in a hereditary one, that could take the place of
the witness of the new property. It would be interesting to see whether our methods
can handle questions in this setting.

As a further main result of the thesis, we proved a characterization of the limit
space of sequences of r-uniform hypergraphs, whose edges are colored with elements
taken from compact space, especially from the interval [0,1]. It turned out that the
limit objects are measurable functions on [0,1]* 2 (with symmetries dependent on
the properties of the discrete objects) taking values from the probability distributions
on the compact color set. This outcome is in accordance with the case of the simple
({0, 1}-colored) graphs [91, 43], and r-uniform hypergraphs [49], where the range is a
subset of [0, 1], and the values correspond to Bernoulli-measures. Previous results in
this direction include a similar characterization for 2-graphs with compact edge colors
[93].

One major open problem is in this area whether there exists a a metric carrying
a similar structural statement for r-uniform hypergraphs as the dg-metric for simple
graphs, and at the same time explaining the compactness of the limit space. On a
different note, it would be interesting to see if the characterization of testability via
limits outlined in [94] can be generalized for the hypergraph setting.

We showed the testability of layered ground state energies in the limit space with
2r+7qri,

a sample complexity upper bound ©*log(®)q’, where ® = This notion of
GSE encompasses multiway cuts of graphs as well as any family of MAX-rCSPs, as
a corollary we get the discrete version rather easily. The result itself was implicitly
known for r = 2 as a combination of developments in [32] and [98].

This kind of proof method is novel in the sense that it directly relates the optimum of
the continuous optimization problem which is a graphon parameter to the optimum
of the corresponding problem on the sample without inserting an intermediate step
and then using the discrete analog of our result, this concept was proposed by Borgs,
Chayes, Lovdsz, S6s, and Vesztergombi [32]. We roughly follow the approach of [14],
our reasoning is self-contained, and perhaps more transparent (several error terms
vanish in the limit) than [14], we get a better bound on the failure probability that
decreases with the desired additive error instead of being constant, and extend the
method to g-state GSE that corresponds to non-Boolean MAX-rCSP. Our hope is that a
refinement of our approach will be suitable to determine the exact sample complexity
of MAX-rCSP, the gap between the currently best lower, Q(¢72) and upper bound
O(e™) is still of considerable size.
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Our method could only handle the case of GSE, where the number of states was
finite. It is an intriguing question what happens for a continuous state space. It
seems that if the state space has finite Minkowski-dimension (as in the case of the d-
dimensional unit sphere for fixed d), then our proof follows without a large amount of
adjustment from the finite state case. It is not clear what happens in the case if we deal
with a GSE that corresponds to the semidefinite relaxation of the MAX-CUT density
of some simple graph. Are such parameters even testable, and if yes, then how can we
relate their sample complexity to that of the unrelaxed versions? The question is even
more compelling as we know that semidefinite programs can be solved in polynomial
time, in contrast, MAX-CUT is NP-hard.

Analogously to the generalized ground state energies, which were derived from
partitions of vertex tuples, one may similarly study free energies, since a Gibbs-like
measure can be also defined in this setup. We are not aware of any prior work on
these structures in statistical physics, the closest connection is perhaps to monomer-
dimer problems. Testability of these r-graph parameters is an open problem, even at
the first step towards understanding the problem difficulties not present in the basic
case emerge: The free energy of a blow-up is much harder to analyze, as the bipartite
graphs between the classes corresponding to vertices come into play, therefore the
enumeration problem is not nearly as trivial as in the basic node coloring case.

From a more general perspective, the meta-problem is to characterize more precisely
the class of problems which are efficiently parameter testable as opposed to the hard
ones. Improving the bounds in the multiplicative inverse of the permitted error for
the efficiently testable problems is also a worthwhile question.
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step function
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