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Abstract

The Lovész theta function and the associated convex sets known as theta bodies are fundamental
objects in combinatorial and semidefinite optimization. They are accompanied by a rich duality theory and
deep connections to the geometric concept of orthonormal representations of graphs. In this thesis, we
investigate several ramifications of the theory underlying these objects, including those arising from the
illuminating viewpoint of duality. We study some optimization problems over unit-distance representations
of graphs, which are intimately related to the Lovasz theta function and orthonormal representations. We
also strengthen some known results about dual descriptions of theta bodies and their variants. Our main
goal throughout the thesis is to lay some of the foundations for using semidefinite optimization and convex
analysis in a way analogous to how polyhedral combinatorics has been using linear optimization to prove
min-max theorems.

A unit-distance representation of a graph GG maps its nodes to some Euclidean space so that adjacent
nodes are sent to pairs of points at distance one. The hypersphere number of G, denoted by ¢(G), is the
(square of the) minimum radius of a hypersphere that contains a unit-distance representation of G. Lovész
proved a min-max relation describing ¢(G) as a function of ¥(G), the theta number of the complement of G.
This relation provides a dictionary between unit-distance representations in hyperspheres and orthonormal
representations, which we exploit in a number of ways: we develop a weighted generalization of t(G),
parallel to the weighted version of ¥J; we prove that ¢(G) is equal to the (square of the) minimum radius of
an Euclidean ball that contains a unit-distance representation of GG; we abstract some properties of ¥ that
yield the famous Sandwich Theorem and use them to define another weighted generalization of ¢(G), called
ellipsoidal number of GG, where the unit-distance representation of G is required to be in an ellipsoid of a
given shape with minimum volume. We determine an analytic formula for the ellipsoidal number of the
complete graph on n nodes whenever there exists a Hadamard matrix of order n.

We then study several duality aspects of the description of the theta body TH(G). For a graph G, the
convex corner TH(G) is known to be the projection of a certain convex set, denoted by TH(G), which lies in

a much higher-dimensional matrix space. We prove that the vertices of Tﬁ(G) are precisely the symmetric
tensors of incidence vectors of stable sets in G, thus broadly generalizing previous results about vertices of
the elliptope due to Laurent and Poljak from 1995. Along the way, we also identify all the vertices of several
variants of TH(G) and of the elliptope. Next we introduce an axiomatic framework for studying generalized
theta bodies, based on the concept of diagonally scaling invariant cones, which allows us to prove in a
unified way several characterizations of ¥ and the variants ¢ and 9" introduced independently by Schrijver,
and by McEliece, Rodemich, and Rumsey in the late 1970’s, and by Szegedy in 1994. The beautiful duality
equation which states that the antiblocker of TH(G) is TH(G) is extended to this setting. The framework
allows us to treat the stable set polytope and its classical polyhedral relaxations as generalized theta bodies,
using the completely positive cone and its dual, and it allows us to derive a (weighted generalization of a)
copositive formulation for the fractional chromatic number due to Dukanovic and Rendl in 2010 from a
completely positive formulation for the stability number due to de Klerk and Pasechnik in 2002. Finally,
we study a non-convex constraint for semidefinite programs (SDPs) that may be regarded as analogous to
the usual integrality constraint for linear programs. When applied to certain classical SDPs, it specializes
to the standard rank-one constraint. More importantly, the non-convex constraint also applies to the
dual SDP, and for a certain SDP formulation of ¥, the modified dual yields precisely the clique covering
number. This opens the way to study some exactness properties of SDP relaxations for combinatorial
optimization problems akin to the corresponding classical notions from polyhedral combinatorics, as well as
approximation algorithms based on SDP relaxations.
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Chapter 1

Introduction

A classical approach for solving a combinatorial optimization problem relies on embedding its finite set of
candidate solutions as points in some geometric space and analyzing their convex hull using tools from
linear algebra, polyhedral theory, and convex analysis. The past half century of development of this
method, epitomized by polyhedral combinatorics [132, 133, 134], has revealed an abundance of pleasant
correspondences between combinatorial properties of the problem at hand and geometric and algebraic
properties of the associated convex set. Some highlights include:

(i) the equivalence between optimization and separation [59] as a consequence of the far-reaching ellipsoid
method;

(ii) the solutions of the “hardest” combinatorial optimization problems known to be tractable, such as
submodular function minimization [59, 131, 75|, the weighted linear matroid matching problem [74, 115],
and the weighted stable set and coloring problems over perfect graphs [59];

(iii) the development of lift-and-project methods [137, 101, 80, 81, 85, 86| for obtaining hierarchies of
nested relaxations for arbitrary binary integer programming problems.

A related area of study, not nearly as systematic, is that of regarding graphs essentially as geometric
objects, and investigating correspondences between their combinatorial and geometric properties. One
very elegant and prototypical correspondence of this kind, and probably one of the first, is Steinitz’s
Theorem [142, 143] from the early 1920’s. Hailed by Griinbaum [60] as “the most important and deepest
known result on 3-polytopes,” it characterizes the graphs that are skeletons of full-dimensional polytopes
in R3 as precisely the 3-connected planar graphs. Thus, by the planarity criteria of Kuratowski [83]
and Wagner [154], we may regard Steinitz’s Theorem as identifying, for a given graph, the geometric
property of being the skeleton of a full-dimensional polytope in R? with the combinatorial property of
being 3-connected and having no Ks- or K3 3-minor. Subsequently to Steinitz’s Theorem, a host of other
similarly flavored results have been proved involving a rich variety of interrelated geometric representations
of graphs, touching on a broad range of directions, such as:

(i) the Circle Packing Theorem of Koebe [79], Andre’ev [4, 5], and Thurston [148], and its ramifica-
tions [128, 18, 110, 157];



(ii) the Tutte [151, 120, 92] method of barycentric representations;

(iii) the orthonormal representations of graphs introduced by Lovasz [94] to solve a long-standing conjecture
of Shannon [135] and further exploited very fruitfully in combinatorial optimization [58, 59, 78] and
other areas [99, 100, 118];

(iv) the exploration [141, 43, 146, 113] of the chromatic number of RY;

(v) the interpretation of graphs as tensegrity frameworks, going back to Cauchy (see, e.g., [1, Ch. 13]),
with the study of several variations of the concept of rigidity [124, 29, 67, 31], specially in the context
of low dimensions [84, 104, 13], as well as in more applied settings [139, 140];

(vi) a spectral graph invariant introduced by Colin de Verdiére [28], defined using algebraic geometry
concepts, and surprisingly connected to topological properties of graphs, such as planarity and linkless
embeddability [102, 70], as well as to Steinitz’s Theorem [103, 95];

(vii) the development [127, 152] of algorithmic and complexity results for certain “geometric graphs” and
other applications in theoretical computer science [91, 7).

See Lovasz’s survey [97] for a nice presentation of some of these results.

A centerpiece lying in the intersection of polyhedral combinatorics and the study of geometric representa-
tions of graphs is the Lovdsz theta function, often denoted by ¥. First introduced together with orthonormal
representations in the seminal paper by Lovasz [94] to solve a problem in information theory, the theta
function was further developed in the 1980’s, along with applications of the ellipsoid method [58, 59], via a
compact semidefinite optimization formulation. This led to a weighted generalization of ¢ that may be
approximated to an arbitrary precision in polynomial time and to a semidefinite relaxation of the stable
set polytope of a graph known as the theta body. This relaxation is tight for perfect graphs, and it leads
to the only known (strongly) polynomial algorithm for finding optimal stable sets and colorings in such
graphs, even after the proof of the Strong Perfect Graph Theorem [27] and the design of a recognition
algorithm for perfect graphs [26]. Since then, the theory surrounding the Lovéasz theta function has been
further extended [101, 44, 106], and it has been used in the design of approximation algorithms [76, 77, 23],
in complexity theory [147, 42, 10, 9], and in graph entropy [107, 138]. These developments corroborate
Goemans’ quote [51, p. 147] that “it seems all paths lead to 9!”

For a graph G = (V, E), the theta body of G may be defined as the set
-
TH(G) = {x eRY:3X eSY, Xy =a;VieV, X;; = 0Vij € E, [916 ﬁ(} € gff}w}. (1.1)

Here, SV denotes the set of V' x V symmetric matrices and Sio}uv is the set of symmetric positive
semidefinite matrices on the index set {0} U V; we assume that 0 is not an element of V. One of the many
possible definitions of the theta number ¥(G) of G is

9(G) =max{ >,y ;i : * € TH(G)}. (1.2)
Equation (1.2) describes ¥(G) as the optimal value of a semidefinite program (SDP), that is, a problem of
optimizing a linear function over the intersection of an affine subspace and the cone of positive semidefinite

matrices [3, 156]. Like linear programs (LPs), every SDP has an associated dual SDP for which Weak
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Duality holds. Unlike the case for LPs, it is not generally true that an SDP and its dual have equal optimal
values, even if both are finite, and even if both primal and dual have optimal solutions (see [150] and
references therein). However, under certain so-called regularity conditions, a Strong Duality Theorem holds,
so both primal and dual SDPs have optimal solutions and their optimal values coincide. This is the case
for the SDPs involving the theta function. As a consequence, the number ¥(G) may be approximated to an
arbitrary precision in polynomial time by the ellipsoid method in theory [59], and by interior-point methods
in theory and in practice [111, 65, 3, 149].

From the SDP formulation (1.2), it is easy to prove that a(G) < ¥(G), where a(G) denotes the stability
number of G. In fact, we have STAB(G) C TH(G), where STAB(G) is the stable set polytope of G, i.e., the
convex hull of the incidence vectors of the stable sets in G. By inspecting the SDP dual to (1.2), it is also
easy to prove that ¥(G) < X(G), where X(G) is the clique covering number of G. The combined inequalities

a(G) <Y(G) < x(G) (1.3)

constitute what is known as the Sandwich Theorem [94, 78|. Thus, the number ¥(G), which is efficiently
computable, lies sandwiched between the graph invariants a(G) and Y (G), which are NP-hard to approxi-
mate [105, 6, 63], let alone compute. This sandwich inequality is perhaps the most famous property of
the theta function. It has prompted a number computational experiments to approximate these NP-hard
quantities (see [35, 36] and references therein). However, the bounds provided by (1.3) are in general rather
weak [40, 41].

From a purely theoretical viewpoint, however, the use of the theta function has been very fruitful, as we
have previously discussed. This owes to the fact that the theta function and related concepts form very
natural objects, worthy of a study of their own, not just as a proxy for the stability or clique covering
numbers. This fact is attested by the multitude [94, 59, 44, 106] of characterizations of ¥(G). Many of such
wealth of interesting characterizations arguably come from SDP Strong Duality. A particularly illuminating
manifestation of this duality is the identity [58, Corollary 3.4]

abl(TH(G)) = TH(G), (1.4)

that is, the antiblocker of TH(G) is the theta body of G, the complement of G.

Some equivalent characterizations of ¥(G) rely on the concept of orthonormal representations. An
orthonormal representation of a graph G = (V, F) is a map from V into the unit vectors of some Euclidean
space that sends non-adjacent nodes of G to pairs of orthogonal vectors. That is, an orthonormal
representation of G is a map u: V — R? for some positive integer d such that u; has unit norm for each
i € V and the inner product (u;,u;) is zero whenever ¢ and j are non-adjacent nodes of G. One of the
consequences of (1.4) is that

the members of TH(G) are precisely the vectors = € RV of the form z; = (uo, u;)? for (1.5)
each ¢ € V, where u is an orthonormal representation of G and wug is a unit vector of
the appropriate dimension.

The theory surrounding the Lovasz theta function thus involves a rich interplay among combinatorial
properties of graphs and their stable sets, the geometric representations of graphs that compose the theta
body, and semidefinite optimization duality and the corresponding min-max relations. In this thesis, we
investigate some of the ramifications of this theory, focusing mainly on geometric representations of graphs
and the descriptions of the theta body, using duality as our guiding viewpoint. Our aim is to lay some



foundations for using semidefinite optimization and convex analysis in a way analogous to how polyhedral
combinatorics has been using linear optimization to prove min-max theorems. The main tool at our
disposal is a Strong Duality Theorem for SDPs, or a similarly flavored Strong Duality Theorem for conic
optimization problems.

Figure 1.1: A unit-distance representation of the Petersen graph; see [96, Fig. 6.8].

In Chapters 2 and 3, our subject is optimization problems over unit-distance representations of graphs.
(A subset of their contents appeared in [22].) A wnit-distance representation of a graph is a map from its
node set to some Euclidean space that sends adjacent nodes to pairs of points at distance one. Figure 1.1
illustrates a unit-distance representation of the Petersen graph on the plane. In Chapter 2, we focus on the
problem of finding the smallest radius of a hypersphere that contains a unit-distance representation of a
given graph G. The (square of) the radius of such a hypersphere representation is called the hypersphere
number of G, and it was proved by Lovasz to be a function of 9(G). Lovasz’s result shows that hypersphere
representations may be regarded as dual objects to orthonormal representations, and it establishes a
dictionary between results involving the theta function and the hypersphere number. We exploit this
dictionary in a number of ways:

(i) we define a weighted generalization of the hypersphere number that satisfies some properties parallel
to those of the weighted theta number;

(ii) we prove that the hypersphere number of a graph G is equal to the (square of the) smallest radius
of an Euclidean ball that contains a unit-distance representation of G, and an analogous equality
holds involving representations in hyperspheres and Euclidean balls where we prescribe upper or lower
bounds for the length of each edge;

(iii) we define the concept of hom-monotone graph invariants as the invariants that satisfy two axioms
that yield sandwich theorems, and argue that such invariants naturally arise from certain geometric
representations.

Partially motivated by the notion of hom-monotone graph invariants that yield sandwich theorems, we
introduce in Chapter 3 another weighted generalization of the hypersphere number. For a graph G and
a positive semidefinite matrix A, the ellipsoidal number of G with respect to A, denoted by E(G; A), is
the optimal value of an optimization problem that may be interpreted as finding the smallest ellipsoid
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of shape given by A that contains a unit-distance representation of G. We prove some basic properties
of these optimization problems, which include the existence of an optimal solution and the fact that
ellipsoidal numbers yield graph invariants that satisfy the first axiom for hom-monotone graph invariants.
Unfortunately, we are not able to prove that the second axiom is satisfied, as it requires us to find analytic
formulas for £(K,; A), a task that turns out to be surprisingly difficult. We use basic techniques from
convex analysis, as well as other weighted variations of the hypersphere number, to prove lower bounds
for £(K,; A), which we show to be tight for a class of unit-distance representations of complete graphs
arising from Hadamard matrices. We are thus able to derive an analytic formula for £(K,; A) whenever
there is an n x n Hadamard matrix. We prove in Section A.l an analytic formula for £(K35; A) that differs
significantly from the previously mentioned formula, and suggests a possibly erratic behavior of ellipsoidal
numbers of complete graphs. Moreover, the non-existence of an n x n Hadamard matrix may be certified
by a lower bound on £(K,; A), if the bound lies above the analytic formula we obtain for some positive
semidefinite matrix A. We also prove that the problem of computing ellipsoidal numbers is NP-hard in
general.

Having studied many variations of hypersphere representations, which have orthonormal representations
as dual objects, we move on to study a convex set mainly composed by the latter. Namely, we study the
geometric structure of the theta body, whose members arise from orthonormal representations as described
n (1.5). In Chapter 4, we undertake the study of the vertices of the lifted theta body. The definition (1.1)
describes the theta body TH(G) as a projection of the set

Tﬁ(G) = {X (S SiO}UV : XOO =1, X“ = Xi() Vi € ‘/, Xij = OV’L] S E}, (16)

which we call the lifted theta body of G. Recall that a verter of a convex set is an extreme point whose
normal cone is full dimensional, and that the feasible region of an SDP is called a spectrahedron. We
derive a simple formula for the dimension of the normal cone of a spectrahedron at a given point. By
carefully analyzing this formula, we prove that all vertices of TH(G) have rank one, and thus correspond to
the symmetric tensors of incidence vectors of stable sets of G. This generalizes a result of Laurent and
Poljak [87, 88] that characterizes the vertices of the elliptope, the feasible region of the famous SDP for
MAXCUT. Their result is essentially ours applied to graphs with no edges. Our characterization can also
be regarded as a lifted counterpart to an observation by Shepherd [136] that the vertices of TH(G) are
precisely the incidence vectors of stable sets in G. We also determine all the vertices of some other SDPs
used to formulate ¥(G) and some variants.

Some of these variants of ¥(G) are usually defined similarly as in (1.2) where the theta body defined
in (1.1) is slightly modified to require some sign constraints on entries of the matrix X corresponding to
edges or non-edges of the graph. These modified theta bodies yield, for instance, the parameters known
as ¥ and 9. In Chapter 5, we introduce an axiomatic framework to study these generalized theta bodies,
denoted by TH(A, K) and their support functions. Besides allowing sign constraints on the off-diagonal

Sio}uv of positive

entries of the matrix X, which are encoded in the cone A, we also allow the cone
semidefinite matrices to be replaced by a cone Eﬁ of matrices. The most important property we require of K
is that it is diagonally scaling invariant, i.e., K must be closed under taking congruences by nonnegative
diagonal matrices. Many of the convenient characterizations of theta also hold for the support functions
of TH(A,K). We are thus able to derive several characterizations of ¥, ¥ and 9" in a unified manner.
Most importantly, we derive the analogue of the antiblocking duality relation (1.4). As a consequence
of a result due to de Klerk and Pasechnik [32], the generalized theta body obtained by changing the

cone of positive semidefinite matrices with the cone of completely positive matrices is precisely the stable



set polytope STAB(G). Combined with antiblocking duality, we obtain as a corollary a description the
fractional stable set polytope, usually denoted by QSTAB(G), as a generalized theta body arising from the
cone of copositive matrices. This yields a weighted generalization of the copositive formulation for the
fractional chromatic number described by Dukanovic and Rendl [37].

In Chapter 6, we study a (non-convex) constraint for SDPs which, in some important cases, acts
analogously to integrality constraints in LPs. It is well known that the classical SDP relaxations for the
maximum cut and stable set problems, with the additional constraint that the matrix variable is rank-one,
yields exact formulations for the corresponding problems. However, adding the same rank constraint for,
say, the dual SDP for the Lovész theta number, does not yield a formulation for a natural combinatorial
problem; the modified problem is in fact infeasible except in trivial cases. This is in contrast to the
analogous situation in linear programming, where one may add integrality constraints for both primal and
dual LPs arising from combinatorial optimization problems, and in many cases both the modified primal
and dual encode sensible combinatorial problems. We introduce a non-convex constraint for SDPs, which
satisfy a strong form of primal-dual symmetry, that may play a similar role to integrality constraints in LPs.
In many cases, our non-convex constraint reduces to the usual rank-one constraint. When applied to the
dual SDP for a formulation of the Lovéasz theta number, it yields the clique covering problem. We also show
how this non-convex constraint generalizes the usual integrality constraint from LPs which are formulated
as SDPs via a diagonal embedding. We then study how this non-convex constraint affects the dual SDPs of
certain formulations of the maximum cut problem, the vertex cover problem, and formulations arising from
the stable set problem via some more general methods.

1.1 Preliminaries and Notation

Our terminology and notation are mostly standard. We collect some of our notation in this section for ease
of reference.

The set of real numbers is denoted by R, the set of nonnegative real numbers is denoted by R and the
set of positive real numbers is denoted by R . The set of integers is denoted by Z, and we set Z = ZNR
and Z, 4 = ZNR; . The set of natural numbers is denoted by N := Z . For any n € Z,, we abbreviate
[n] :={1,...,n}, where by convention we set [0] := &. We overload the bracket notation to include the
extremely convenient Iverson bracket: if P is a predicate, we set

1 if P holds,
[P] = .
0 otherwise.

When the predicate P is false, we consider [P] to be “strongly zero,” in the sense that we sometimes write
expressions of the form [z # 0](1/z) for z € R, meaning that, if = 0, we take the whole expression to
be 0. For a finite set V and k € Z,, the set of all subsets of V' of size k is denoted by (D A set of size 2
is usually abbreviated as ij := {4, j}. The symmetric group on V is denoted by Sym,,. The composition of
functions f and g is denoted by f o g, so that (f o g)(x) = f(g(x)) for each z in the domain of g and where
g(x) lies in the domain of f. The restriction of a function f to a subset S of its domain is denoted by f[g.
The set of all functions from a set X to a set Y is denoted by Y X.

Let V be a finite set. When V' = [n], the vector space R is abbreviated as R™, and we shall follow
this convention with other sets indexed by V' whenever V' = [n]. The standard basis vectors of the vector
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space RV are {e; : i € V}. The vector of all ones is denoted throughout simply by e, its ambient space
being easily deduced from the context. The support of a vector x € RV is supp(z) = {i € V : x; # 0}.
For j € V, the jth component of a vector z € RV is usually denoted by z;. However, we shall deal
heavily with functions of the form x: V — R" where W is a finite set, and for which we use the notation
z; = z(i) € RW for each i € V. In these cases, we refer to the jth component of z; € RV as [2i];. We also
use this notation when referring to components of vectors and matrices with subscripts. For instance, the
incidence vector of a subset S C V is the vector 1g € RV defined by [Ls]; =1[j € S] for every j € V. In
all such cases the ground set V shall be clear from the context.

We generally work with finite-dimensional inner product spaces over R, and we denote them by E and Y.
The inner product of two points x and y is usually denoted by (x,y). The dual of E is denoted by E*.
The adjoint of a linear transformation A: E — Y is the linear transformation A4*: Y* — E* defined by
(x, A*(y))g = (A(z),y)y for every x € E and y € Y*. For ¢ C E, the automorphism group Aut(€) of € is
the set of all nonsingular linear transformations 7': E — E such that T(¢) = €. The vector space R is
equipped with the standard inner product defined by (z,y) = 2Ty = Y icy Tiy; for every z,y € RY. The
orthogonal complement of a subset € of E is denoted by €+. If p > 1 is a real number, the p-norm of a
vector x € RY is |||, = (Ziev\mi|p)1/p. Moreover, the co-norm of x € R is ||z|| == max{|z;| : i € V}.
Unless otherwise specified, the norm of a vector z € RY is its 2-norm ||z, = (x,a:)lp, and we always
denote ||z|| = ||z||5. A real-valued function f defined on some subset of E is coercive if ||z, || — oo implies
f(z,) — oo for every sequence (z,,)nen in the domain of f.

Let V and W be finite sets. The vector space of all V' x W matrices with real entries is denoted
by RV*W . The transpose of a matrix A € RV*W is denoted by AT. The trace of a matrix X € RV*V
is Tr(X) == }_;cy Xii- The vector space RY*W is equipped with the Frobenius inner product defined by
(X)) =Tr(XTY) = > iev, jew XijYij. The identity matrix is denoted by I. If S CV and T C W, and
A € RV*W then A[S,T] denotes the submatrix of A in R®*7 indexed by S x T. When V = W, we also
abbreviate A[S] := A[S,S]. The linear transformation diag: RV*Y — RY extracts the diagonal entries of a
matrix, and its adjoint is denoted by Diag. Sometimes we abuse the notation and write Diag(z1,...,2,)
for Diag(z) when x € R™. For L € RV*V | the congruence map Congr; : RV*V — RV*V is

Congr; (X)=LXL" VX eRV*V. (1.7)

Note the identity
(Congr; (X))" = Congr; (XT) VX e RVXV. (1.8)

Let V be a finite set. The set of orthogonal V x V matrices is denoted by @Y. The vector subspace
of RV*V of all symmetric V x V matrices is denoted by SY. The set of V x V positive semidefinite matrices
is denoted by SK, and the set of V' x V positive definite matrices is denoted by SK 4. It is well known
that every matrix X € SV may be written as X = @ Diag(z)Q" for some Q € OV and x € RY. Thus, the
columns of @ forms an orthonormal basis of RV of eigenvectors of X, with corresponding eigenvalues given
by z. The vector in RV obtained from z by sorting its components in non-increasing order is denoted

by AH(X), ie, AT(X) > - > )\livl(X). The vector AT(X) is defined analogously but with the reverse
ordering, namely, A[(X) < --- < )\‘TV|(X). We also set Amax(X) = AF(X) and Apin(X) == AT(X). The

symmetrization map Sym: RV*YV — SV denotes the orthogonal projection onto S, that is,

Sym(X) = 3(X+X") VX eR"V. (1.9)



Note that Sym commutes with any congruence map Congr;, i.e., if X, L € RV*V then

Congr; (Sym(X)) = Sym(Congr; (X)) VX e RV*V, (1.10)

1.1.1 Linear Conic Optimization Duality

We use mostly standard terminology of convex analysis and refer the reader to [123].

Let K C E be a pointed closed convex cone with nonempty interior. Let x,y € E. We use the notation
x =k y to mean that x — y € K. Similarly, z > y means that  — y € int(K). Note that > is a partial
order on E. When K = R”}, we write =k as > and when K = S’L we write = as ~.

Now we describe the basic setting of conic optimization. Let K C E be a pointed closed convex cone with
nonempty interior. Let A: E — Y* be a linear transformation. Let ¢ € E* and b € Y*. An optimization
problem of the form

sup{ (c,z) : A(z) =b, v € K} (1.11)
is called a conic optimization problem. The dual of (1.11) is the conic optimization problem
inf{ (b,y) : y € Y, A*(y) =g~ c}. (1.12)

Here, K* := {s € E*: (s,z) > 0Vz € K} is the dual cone of K. It is easy to check that (c,z) < (b,y)
whenever z is feasible for (1.11) and y is feasible for (1.12), i.e., Weak Duality holds. Sometimes it is
convenient to add an explicit slack variable to (1.12), in which case we rewrite it as

inf{ (b,y) 1y €Y, A*(y) —s=¢, s e K*}. (1.13)

The optimization problem (1.11) is sometimes called the primal problem to distinguish it from the dual
problem (1.12).

When K is the direct sum of copies of the nonnegative line Ry and the full real line R, then the conic
optimization problems (1.11) and (1.12) form a routine pair of dual linear programs in some standard
format. The Duality Theory for this class of optimization problems is well known. For instance, if any of
the values (1.11) or (1.12) is finite, then they both are, the optimal values coincide, and both optimization
problems have optimal solutions. This is known as LP Strong Duality; we refer the reader to [130].

In the case of more general cones K, such as when K = S, it need not be the case that the optimal
values of (1.11) and (1.12) coincide, even if both are finite, and even if additionally both problems have
optimal solutions; see, e.g., [150]|. However, under certain so-called regularity conditions, a Strong Duality
Theorem does hold. One such condition involves the existence of a Slater point for (1.11) or (1.12). A
feasible solution Z for (1.11) such that Z € int(K) is called a Slater point for (1.11). A feasible solution g
for (1.12) such that A*(§) =g~ c is called a Slater point for (1.12), in which case we also say that § @ §
is a Slater point for (1.13) where 5 := A*(§) — c. Note that, if we rewrite (1.13) in the format of (1.11),
the concept of Slater points coincide for both forms. A usual assertion of Strong Duality problems states
that, if a conic optimization problem has a Slater point and its optimal value is finite, then its dual has
an optimal solution and the optimal values coincide. The latter property is usually referred to as a “zero
duality gap.”

We shall use a slightly more general setting that allows for explicit linear inequalities in the description
of the feasible region, and that uses a weaker variation of the Slater point. Let K C E be a pointed closed



convex cone with nonempty interior. Let A: E — RP and B: E — R? be linear functions. Let a € RP and
b € R?. Now our primal takes the form

sup{ (¢,z) : A(z) = a, B(z) <b, z € K}. (1.14)
In this case the dual of (1.14) is defined to be
inf{ (a®b,y®z):yeRP, zeRL, A*(y) + B*(2) =x- c}. (1.15)

Note that (1.14) may be rewritten in the form (1.11) by adding a new slack variable and taking the direct
sum of K with R%. However, in that case, a Slater point for the translated optimization problem would
require the inequality B(z) < b to be strict, which is slightly inconvenient. To work around this, we use
a variant of the Slater condition. A restricted Slater point of (1.14) is a feasible solution Z for (1.14)
such that z € int(K). A restricted Slater point for (1.15) is a feasible solution § @ z for (1.15) such that
A*(§) + B*(2Z) »=x~ c. As before, in the latter case we also say that § @ Z ® § is a restricted Slater point for

inf{ (a®by®z):ycRP, z€RL, A*(y) + B*(2) —s =c, s € K*}. (1.16)

It is well known that the existence of a restricted Slater point and the finiteness of the optimal value for
the primal ensure zero duality gap and the existence of an optimal solution for the dual. For the sake of
completeness, we include a proof of this result. It assumes some basic properties about linear programming
and the Hyperplane Separation Theorem. For those, we refer the reader to [130] and [123].

Theorem 1.1 (A Strong Duality Theorem; see, e.g., [149, Theorem 2.14]). Let K C E be a pointed closed
convex cone with nonempty interior. Let A: E — RP and B: E — R? be linear functions. Let a € RP and
b € R?. Suppose the optimization problem (1.15) has a restricted Slater point and its optimal value is
finite. Then (1.14) has an optimal solution and the optimal values of (1.14) and (1.15) coincide.

Proof. Assume that the optimization problem (1.15) has a restricted Slater point and its optimal value is
finite. Let v* € R denote the optimal value of (1.15). We may assume that

a®b£0®0 (1.17)
since otherwise z* := 0 is an optimal solution for (1.14) and v* = 0. Define
C={AY)+B(z)—c:ydzecRP&RY, (adbydz) <v'}.

By definition, there exists a sequence (Y, ® zp )nen in R? @ RE with (a ® b, y, ® 2,) — v* as n — oo. Since
the LP inf{ (a ® b,y ® z) : y ® z € R’ & R% } has an optimal solution or is unbounded, it follows that

¢+ 2.

We claim that
¢ Nint(K*) = 2. (1.18)

Suppose otherwise, and let § @ z € RP? @ R% such that (a ® b,§ @ z) < v* and A*(y) + B*(Z) >k~ c.
Then, using (1.17), for some € > 0 the point §® 2 == (§® z) — e(a B b) is feasible in (1.15) and satisfies
(a®b,§® 2) < v*. This contradicts the definition of v* and completes the proof of (1.18).



It follows from the Hyperplane Separation Theorem (see, e.g., [123, Theorem 11.3|) and (1.18) that
there exists a nonzero Z € E such that

sup{ (Z,s) : s € ¢} <inf{ (Z,s) : s € int(K")}. (1.19)

Since € # @, we know that the RHS of (1.19) is bounded from below. Moreover, since int(K*) is a cone,
we must have (Z,s) > 0 for every s € int(K*) whence & € K** = K (see, e.g., [123, Theorem 14.1]). By
sending s € int(K*) to 0 in the RHS of (1.19), we find that the RHS is 0. Thus, by the definition of &, for
every y @ z € R? @ RY such that (a ® b,y ® b) < v*, we have (A*(y), ) + (B*(2), %) < (c, ), i.e.,

(A(Z) ® B(z),y ® z) < (c, &) for every y @ z € RP @ RY such that (a ® b,y @ z) < v*. (1.20)

Thus, by LP Duality there exists p € Ry such that

pa = A(Z), (1.21a)
b > B(i), (1.21b)
uv* < e, ). (1.21c)
We claim that
> 0. (1.22)

Let § @ Z be a restricted Slater point for (1.15), so that § := A*(g) + B*(Z) — ¢ € int(K*). Suppose that
p=0. Then (1.21) and Z € K\ {0} imply

0< <C’i> = <?17~A(i')> + <2>B(i‘)> - <§"i> < _<§>j> <0.
This proves (1.22).

Set x* := &/u. We get from (1.21) that A(z*) = a and B(z*) < b so x* is feasible for (1.14). Moreover,
{c,x*) > v* by (1.21c) so x* is optimal for (1.14) by Weak Duality. O

1.1.2 Combinatorial Optimization and Graph Theory Notation

Let G = (V, E) be a graph, i.e., V is an arbitrary set, usually finite, and F is a subset of (‘2/) To avoid
potential conflicts with the geometric object called vertex, we refer to the elements of V' as the nodes of G.
We assume throughout that 0 is not in the node set of any graph, since we shall constantly need to add a
“new” element to V and form the set {0} UV. We sometimes use the notation V(G) to denote the node set
of G and E(G) to denote the edge set of G. If S C V, the set of edges induced by S is E[S] == EN (‘g) and
the subgraph of G induced by S is G[S] := (S, E[S]). The automorphism group of G is denoted by Aut(G).
We say that G is node-transitive if Aut(G) acts transitively on V', and G is edge-transitive if Aut(G) acts
transitively on E. The degree of a node is the number of edges incident to it. A node of G is isolated if its
degree is zero. We say that G is regular if all nodes in G have the same degree, and we call the common
degree the wvalency of G. A coloring of G is a function from V to some set (whose elements are called
colors, and usually has the form [k] for some k € Z, ) that assigns distinct colors to adjacent nodes. The

complement of G is the graph G = (V, (‘2/) \E) The complete graph on a finite set V' is denoted by Ky .

If f is a function on graphs, we use the notation f for the function
(@) = /(). (1.23)
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The stability number of G, denoted by a(G), is the largest size of a stable set in G; the cliqgue number of G
is w(G) = @(G). The chromatic number of G, denoted by x(G), is the smallest number of stable sets of G
that partitions V; the clique covering number of G is X(G). A graph G is called perfect if w(G[S]) = x(G[S])
for every S C V(G). The stable set polytope of G is

STAB(G) = conv{ 1g: S C V(G), S a stable set of G}. (1.24)

All our graphs are simple, that is, they have no loops nor parallel edges, unless explicitly mentioned
otherwise.

We include a proof of the following elementary result for the sake of completeness:

Proposition 1.2. Let u: [k] — R? and v: [k] — RY. Then there exists Q € O such that Qu; = v; for
every i € [k] if and only if (u;,u;) = (v;,v;) for every i,j € [k], or, equivalently, if and only if ||u;|| = ||vs|
for every i € [k] and |lu; — u || = ||v; — vj|| for every ij € (‘2/)

Proof. The equivalence between the latter two conditions is straightforward. We prove the equivalence
between the existence of @ € Q7 such that Qu; = v; for every i € [k] and the equality between the Gram
matrices of u and v. Clearly, existence of such an orthogonal matrix implies that the Gram matrices of u
and v are equal. We shall prove the converse, so assume the Gram matrices of v and v are equal. The proof is
by induction on k, the case k = 1 being trivial. Assume that k¥ > 1 and d > 1. For each i € [k], set ¢; :== |Ju]|.
We may assume that ¢; > 0 for every i. Since Q% is a group, by possibly replacing each u; with Q,u; and
each v; with Q,v;, for some matrices @, Q, € O%, we may assume that uy = tpeq = vy. Set z; == u; [[d_l]
and y; == v;[[q_q) for each i € [k — 1]. Let i € [k — 1]. Then tx[u;]; = (ui, ux) = (v, vg) = tg[vi] 4, s0

[ui]d = [’Ui}d Vi € [ki — 1]. (125)
Thus, for ¢, j € [k — 1], we have (z;, ;) = (u;, u;) — [us]4[u;], = (vi,v5) — [vil,[v;]4 = (i, y;). By induction,

(
there exists P € Q%! such that Px; = y; for each i € [k — 1]. Hence, Q == P@® 1 € 0% is such that
Qu; = v; for each ¢ € [k]. O
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Chapter 2

Hypersphere Representations of Graphs

Let G = (V, E) be a graph. A unit-distance representation of G is a map u: V — R? for some d € Z,
such that ||u; —u;|| =1 for every ij € E. A unit-distance representation of G contained in a hypersphere
centered at the origin is a hypersphere representation of G. (Here, by hypersphere, we mean the boundary
of an Euclidean ball.) The radius of a hypersphere representation u of G is the number |Ju;|| for any
i € V. Define the hypersphere number of G, denoted by t(G), to be the square of the smallest radius of a
hypersphere representation of G; the reason for using the square shall be clear in a moment.

It is easy to see that the hypersphere number of G' may be formulated as an SDP. Indeed, let u: V — R?
be an arbitrary function for some d € Z, ;, and form a matrix UT € RI4*V by setting UTe; := u; for each
i € V. Define X to be the Gram matrix X := UU" of u. Then we may read off from the entries of X the
numbers ||u;||* = X;; for each i € V and ||u; — u]-||2 = X, — 2X,; + X,; for each ij € E. Moreover, since
the dimension d is arbitrary, there is no constraint on the rank of the Gram matrix X. We thus have

t(G) =min ¢
t—X;; =0 VieV,
Xii—2X;+ X;; =1 Vij€E, (2.1)
X esY,
teR.

This SDP may be written more compactly by using the Laplacian of G, i.e., the linear transformation
Lo: R — SV defined by

ﬁg(z) = Z Zij (ei — 6]‘)(€i — Ej)T Vz € RE. (22)
ij€E

Note that the adjoint of Lg is the linear transformation £ : S — R¥ such that, for each ij € E, the ijth
component of EE(X) is <£*G'(X)’ eij> = <X, EG(eij» = <AXV7 (6,’ - 6]‘)(6,' - Bj)T> = X“ - 2X1] + X]‘j. Thus,
(2.1) may be rewritten as

t(G) = min{ ¢t : te — diag(X) =0, L5(X) =€, X € SY, t e R}. (2.3)

12



The SDP dual to (2.3) is
t(G)=max{e'z:y eRY, z € R¥, —Diag(y) + Lo(z) 20, &'y =1}. (2.4)
Note that X &t = (I @®1) is a Slater point for (2.3), whereas y & z = V| "'e @0 is a Slater point for (2.4).

(See Figure 2.1.) Thus, by the Strong Duality Theorem, the optimal values of (2.3) and (2.4) coincide and
they are both attained.

Figure 2.1: Hypersphere representations of K5 and K3 corresponding to Slater points.

In this chapter, we undertake a detailed study of the hypersphere number and related objects. Lovasz [96]
proved a formula that relates the hypersphere number of G and the Lovész theta number of G. In fact,
each of these parameters is a function of the other. This formula may be interpreted as a min-max relation
involving hypersphere representations of G’ and orthonormal representations of G the latter is a class of
geometric representations closely related to the theta number, as we briefly mentioned in Chapter 1. This
intimate relation between hypersphere and theta numbers allows us to get a better understanding of both
parameters, as it encodes a dictionary between results involving the corresponding geometric representations.
For instance, some basic results about the Lovasz theta function seem very naturally proved in the context
of hypersphere representations. These include the famous Sandwich Theorem that relates the Lovész theta
number to the clique and chromatic numbers, and some formulas describing the behavior of the theta
function with respect to some fundamental graph operations. We also rely on the weighted version of the
theta number to define a weighted counterpart for the hypersphere number. We shall see that, as in the
case for theta, the weighted hypersphere number encodes the unweighted hypersphere number of a certain
“blown-up” graph. On the reverse direction, we shall use a “non-convex” property of the theta number to
prove that the hypersphere number of a graph G coincides with the square of the smallest radius of an
Euclidean ball that contains a unit-distance representation of G. Finally, we shall identify, from the proof
of the Sandwich Theorem in the context of hypersphere representations, some sufficient conditions for a
graph invariant to yield a sandwich theorem like the one involving the theta number. Naturally, these
conditions involve the concept of graph homomorphisms.

The main contribution in this chapter is the viewpoint of the presentation. However, Theorem 2.18
seems to be new, along with the content from Section 2.6 on the relation with graph homomorphisms, and
they motivate the main object of study in the next chapter. The content from Section 2.4 on the weighted
hypersphere number is also new.
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2.1 Hypersphere Numbers for Basic Graph Classes

We start by computing the hypersphere number for some basic classes of graphs. We also compute an
optimal hypersphere representation in some cases. It is by now a standard technique, going back at least to
Lovasz [94] in 1979, to use the symmetries of an SDP to decrease its size, sometimes reducing the SDP
to an LP; see also [8]. We will use this technique to compute the hypersphere number for a class of very
symmetric graphs. (For a generalization to a broader class of symmetric graphs, including distance-regular
graphs, we refer the reader to [49, Corollary 5.3] and Theorem 2.4 below.) We shall use the following
notation. Recall that Sym;, denotes the symmetric group on a finite set V. If 0 € Sym,,, the linear map
P,: RV — RV is defined as the linear extension of the map e; € RY €s(i)- The adjacency matriz of a
graph G is denoted by Ag, and we extend our notation for eigenvalues to any graph by applying it to the
corresponding adjacency matrix; e.g., we set Apin(G) = Amin(4g).

Proposition 2.1 (|96, Section 6.4.1]). Let G = (V, E) be a node- and edge-transitive graph. Suppose that
E # @. Let k be the valency of G. Then

k

" 2(k - Aain(G)) (25)

#HG)

Proof. Set n = |V|. The key argument in the proof is to show that

there exists an optimal solution § @ Z for the dual SDP (2.4) where § =
scalar multiple of e.

eand Zis a (2.6)

1
n

Define 7: Aut(G) — Sympy, by setting 7(c): {i,j} € E+— {0(i),0(j)}. Then,

for a feasible solution y © z of (2.4) and o € Aut(G), the point P,y © Pr(,)z is also (2.7)
feasible for (2.4) and has the same objective value as y @ z.

Note that e"P,y = &'y = 1 and &' Py(,)z = €' z. It is easy to check that P, Diag(y)P} = Diag(P,y).
Moreover,

P,La(2)P] =Y (eij,2)P,(e; — ¢j)(e; — €)' P
ijEE
.
= > {eo(iyot) Pro)2) (€atty = €ai)) (€oti) = o) = La(Pa()?)-

ij€EE

Thus, — Diag(Psy) + L&(Pr(s)z) = P,(—Diag(y) + L& (2))PJ =< 0. This proves (2.7). We may now
prove (2.6). Let y* @ z* be an optimal solution for (2.4). Then by (2.7) we have that

1
Pz = — Poy* ® P 2" 2.
¥ E= Y (Poy" @ Pr(o)2") (2.8)
ccAut(G)

is a convex combination of optimal solutions, and thus is also optimal. Moreover, since Py © Pr(5)2 = § @ 2
for every o € Aut(G) and Aut(G) acts transitively on V' and E, it follows that both § and z are scalar
multiples of &, whence § = 1€ since 'y = 1. This proves (2.6).
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Figure 2.2: Optimal hypersphere representations of K3 and Kjy.

Since Lg(€) = kI — Ag, we may use (2.6) to reformulate (2.4) as
H(G) = max{ B|E| : (£ —kB)I + BAG = 0, € R}. (2.9)

Note that 8 € R is feasible in (2.9) if and only if 1/n > 8(k — )\f(G)) for each ¢ € [n]. Since k > )\j(G) for
each i € [n] and the inequality is strict for ¢ = n since E # &, we find that an optimal solution for (2.9) is

with objective value

BTl = n(k = Anin(G)) 2 2(k = Anin(G)) -

Let us use Proposition 2.1 to compute the hypersphere number for certain natural classes of graphs.
We begin with complete graphs. For every n € Z, 4, the complete graph K, is regular with valency n — 1
and Apmin(K,) = —1; in fact, by writing the adjacency matrix of K, as eée' — I, it follows that all the
eigenvalues of K, but the largest one are equal to —1. We thus get from (2.5) that

HK,) = ;(1 - 1). (2.10)

An optimal solution for (2.3) is given by X* @ t(K,,) with

1 1
X* = 3 (I — neeT). (2.11)

It is easy to check that X* @ ¢(K,,) satisfies the affine constraints in (2.3). For the positive semidefiniteness
constraint, note that 2X™* is the orthogonal projection onto {é}L, and thus its own square. See Figure 2.2.

Complete graphs are important enough that we take the time to describe a slightly different, inductive
construction for their optimal hypersphere representations. For K, just take u; := 0 € R'. Now let
n € Z,y with n > 2. Given an optimal hypersphere representation v: [n — 1] — R"~! of K,,_1, we can
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build an optimal hypersphere representation u: [n] — R™ of K, by setting

u; = {ﬂ Vi€ [n—1), where 8= —[2n(n—1)] "% (2.12a)

i

y n— 1\ /2
Uy = {0] , where v = ( 5 ) . (2.12b)

Note that here we are embedding the optimal representation of K,,_; into the hyperplane { x € R" : 1 = 8}
and embedding the new point u,, as a scalar multiple of e;, and then adjusting the constants 8 and v so
that this yields a hypersphere representation of K.

It is not difficult nor surprising that, by an appropriate relabeling, the hypersphere representation given
by (2.12) corresponds to a Cholesky factorization of the optimal solution (2.11) for the SDP (2.3) applied
to K,,. One just has to make sure that, when forming a matrix with columns { u; : i € [n]}, the pattern of
zeros arising from (2.12b) yields an upper triangular matrix.

Next we look at cycles. We could use Proposition 2.1 again to compute the hypersphere number of
every even cycle, but it is more instructive here to provide a proof for all bipartite graphs:

Proposition 2.2. Let G = (V, E) be a graph. Then ¢(G) = 1/4 holds if and only if G is bipartite and has
at least one edge.

Proof. For the ‘if” part, the existence of edges implies that ¢(G) > 1/4. Equality in the latter is obtained
by considering the hypersphere representation i € V' (—1)lF€411/2, where {A, B} is a partition of V into
stable sets of G.

Next we prove the ‘only if’ part. The existence of an edge follows from #(G) > 0. Now suppose we
have an optimal hypersphere representation. The hypersphere has radius 1/2. The only pairs of points
at distance 1 in this hypersphere are pairs of antipodal points. Thus, if we consider a great circle in
this hypersphere not containing any of the embedded vertices, then the hemispheres of this great circle
determine a partition of V' into two stable sets of G. O

It is easy to see that the proof of the ‘if’ part in Proposition 2.2 may be further generalized if we
consider arbitrary colorings of a graph. Together with an obvious bound for subgraphs, we shall obtain a
formula for the hypersphere number of all perfect graphs.

Proposition 2.3. Let G be a graph. Then
t(Ku(@) < HG) < K () (2.13)

In particular, if w(G) = x(G), as is the case whenever G is a perfect graph, we have t(G) = t(K,,(q))-

Proof. Clearly, t(H) < t(G) for every subgraph H of G. Thus, t(K.)) < t(G). Next let c: V' — [p] be a
coloring of G for some p € Z, 4, and let u be an optimal hypersphere representation of K,,. It is easy to
check that the map i € V' — wu,;) is a hypersphere representation of G. Hence, t(G) < t(k},). Since c is an
arbitrary coloring of G, we get t(G) < t(Ky(q))- O
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The proof of Proposition 2.3 already hints at a strong connection with graph homomorphisms. We shall
look at it with more detail in Section 2.6.

Let us now consider optimal hypersphere representations of odd cycles. It is well known that the
eigenvalues of a cycle C), on n nodes are 7 + 71, where 7 ranges over the nth complex roots of unity; this
follows from the structure of eigenvalues of circulant matrices and the discrete Fourier transform (see, e.g.,
Biggs [15, Proposition 3.5]). Thus, if n = 2k + 1 for some k € Z4 4, then A\pin (Ch,) = 2cos(2wk/n). Hence,

by Proposition 2.1, we have
1

2(1 — cos(27k/n))

HC,) = (2.14)

An optimal representation is given by an n-pointed star in R2, i.e., the map that sends node j of

V(Cn) = {07._,,71_ 1} to
COS(27Tk /n)
V(L) {Sin(%ﬂf;/n)} .

This is illustrated in Figure 2.3.

]
\

Figure 2.3: An optimal hypersphere representation of the 9-cycle.

We compute the hypersphere number for one final class of very symmetric graphs. Let n, k € Z, with
2k < n. Define the graph K,.; on node set ([Z]) where nodes S, T € ([Z]) are adjacent if SNT = @. (Note
that one may still take 2k > n, though the resulting graph will be empty.) Such graphs are known as
Kneser graphs. Note that Kjs.o is the Petersen graph. Kneser graphs are node- and edge-transitive, so we
may indeed apply Proposition 2.1. By using the facts that the valency of K, .x is ("_k) = n-k (”_k_l) and

k o\ k-1
that Amin (Kn.k) = —("_k_l) (see [50, Theorem 9.4.3]), that proposition yields

k—1
HK ap) = ;<1 - z) (2.15)

Thus, the hypersphere number of the Petersen graph Kj.5 is 3/10.
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2.2 A Min-Max Relation Involving the Lovasz Theta Number

We recall one of the many possible definitions of the Lovasz theta number. For a finite set V' and a subset
E of (‘2/), define the linear map Ag: S¥ — R by setting

A% (eij) = Sym(eie;) Vij € E. (2.16)
Let G = (V, E) be a graph. The theta number of G is
9(G) = max{ (ee', X) : (I,X) =1, Ap(X) =0, X e S }. (2.17)

This graph parameter was first introduced by Lovasz in the seminal paper [94], albeit in a different form.
We shall still use some other equivalent formulations of the theta number in this chapter. For proofs of
their equivalence, we refer the reader to Chapter 5, where we discuss this definition and many other guises
of the theta number in depth.

Lovész [96] noted a nonlinear formula relating the numbers ¢(G) and 9(G). We include a proof here
for the sake of completeness. Note that the proof essentially describes the dual SDP (2.4) for ¢(G) as a
projectively scaled version of the SDP (2.17) applied to G.

Theorem 2.4 (|96, Sec. 6.4.1]). Let G = (V, E) be a graph. Then

1
26(G) + =— = 1. 2.18
(G) @) (2.18)
Proof. The dual SDP (2.4) can be rewritten as
max{ (1(ee" —1),Y): (ee",Y) =1, Az(Y) =0,V eSY} (2.19)

by taking Y := Diag(y) — L& (z). For any feasible solution Y of (2.19), its objective value is
(3(ee" —1),Y)y=1[(ee",Y)—(1,Y)] = 3[1 - (1,Y)]

by the first constraint in (2.19). Thus, the optimal value of (2.19) is

@) = 3[1-HG)], (2.20)
where
{(G) ==min{ (I,Y): (ee",Y) =1, Az(Y)=0,Y € S} }. (2.21)

Note that each optimal solution for (2.21) is also an optimal solution for (2.19), and vice-versa. In particular,
t(@) is attained. It is clear that B
tG@)W(G) =1, (2.22)

see, e.g., Lemma A.9. Thus, (2.18) follows from (2.20) and (2.22). O

Theorem 2.4 may be interpreted as a nonlinear min-max relation involving hypersphere and orthonormal
representations, as we now describe. Let G = (V, F) be a graph. Recall from Chapter 1 that an orthonormal
representation of G is a map from V to the unit vectors of some Euclidean space that sends non-adjacent
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nodes of G to pairs of orthogonal vectors. That is, an orthonormal representation of G is a map v: V' — R
for some d € Z, 4 such that ||v;|| = 1 for every i € V and (v;,v;) = 0 for every ij € E. Such representations
were also introduced by Lovasz in [94].

Naturally, hypersphere representations of a graph are intimately related to orthonormal representations
of its complement, as described in [96, Section 6.4.1]|. Indeed, for a graph G = (V, E), it is easy to check
that,

(i) if w is a hypersphere representation of G with squared radius ¢ < 1/2, then the map  (2.23)
i€V 2V2((5 - e u;) is an orthonormal representation of G;

(ii) if i € V = p~'/2 @ \/2u; is an orthonormal representation of G for some p € R, .,
then wu is a hypersphere representation of G with squared radius %(1 — %)

Orthonormal representations are also closely related to the theta body of a graph (see, e.g., [58]).
Let G = (V, E) be a graph. An orthonormal representation constraint of G is an inequality of the form

> iev (o, v;)?z; <1 on a variable z in RV, where v: V — R? is an orthonormal representation of G for
some d € Z, ; and vy € R? is a unit vector. The theta body of G may be defined as the set

TH(G) = {z € RK : x satisfies all orthonormal representation constraints of G} . (2.24)
The theta body yields yet another characterization of the theta number of a graph G:

¥(G) = max{ (e,z) : « € TH(G)}. (2.25)

Let us describe Theorem 2.4 as a min-max relation involving the elements of TH(G):

Corollary 2.5. Let G = (V, E) be a graph. If ¢ is the squared radius of a hypersphere representation of G

and « € TH(G) is nonzero, then

1
24+ ——>1 2.26
+ e 2 b (2.26)

with equality if and only if ¢ = ¢(G) and (e, z) = J(G).

Proof. Let u: V — RY be a hypersphere representation of G with squared radius t for some d € Z, .. If

t > 1/2, then (2.26) holds, so assume that ¢t < 1/2. Let x € TH(G) be nonzero. Define an orthonormal
representation v: V — R @ R? of G from u as in (2.23)(i). Put vg :=1®0 € R@®R?. Then

(1—2t)e,z) =Y (v, vi)’m; < 1

=%
by the definition of TH(G). This proves (2.26). The equality case follows from Theorem 2.4. O

Corollary 2.5 may be read as a purely geometric min-max relation by using the well-known fact [58,
Theorem 3.5] that

z € RY lies in TH(G) if and only if « has the form z:i € V (v, v;)? for some  (2.27)
orthonormal representation v of G and unit vector vy of the appropriate dimension.

19



Corollary 2.6. Let G = (V, E) be a graph. If ¢ is the squared radius of a hypersphere representation of G,
v: V — R? is an orthonormal representation of G for some d € Z, 4 and vy € R? is a unit vector such that

vo & {v; 1 i € V}T, then
1

Ziev <'U0’ vi>2
with equality if and only if ¢ = ¢(G) and ),y (vo, v;)? =9(G).

2 + > 1, (2.28)

Proof. Immediate from Corollary 2.5 via the characterization (2.27) of members of TH(G). O

Corollary 2.6 has the pleasing feature that both the primal and the dual objects are purely geometric.
Indeed, one could argue that the fact that the hypersphere number ¢(G) may be expressed as the SDP (2.3)
immediately yields via the Strong Duality Theorem a min-max relation for #(G). Such min-max relation,
however, involves a positive semidefinite constraint on the dual side which seems somewhat unnatural
given the original, SDP-free statement of the problem of computing ¢(G). Moreover, it does not seem
easy to interpret the dual SDP (2.4) as an optimization problem over purely geometric objects. This is
accomplished by Corollary 2.6.

One may in fact avoid duality entirely and use only the transformations (2.23) to prove an identity that
is equivalent to (2.18) via a dual characterization of the theta number. However, as expected, this shall not
yield a “good characterization” in the same sense as in Corollary 2.6.

We shall use a fact equivalent to the lower-comprehensiveness of TH(G). However, for the sake of
presenting the proof as purely geometric, we shall prove that fact separately:

Lemma 2.7. Let G = (V, E) be a graph. Let u be an orthonormal representation of G and let uy be a
unit vector of appropriate dimension. Let k € V' and § € R such that 0 < 8 < (uy, uk)2. Then there exists
an orthonormal representation v of G and a unit vector vy such that, for each ¢ € V, we have

, ifi=k,
<'U0,'UZ'>2 - {5

(ug,u;)?, otherwise.

Proof. Set p = 3'/2/{ug,us,) € [0,1] and a = \/1 — p2. Define vy, == puy ® o and v; == u; & 0 for every
i € V'\ {k}. Finally, set vy :=uo @ 0. Clearly, (v;,v;) = 0 whenever (u;,u;) = 0, and all images under v
have unit norm. So v is an orthonormal representation of G. It is trivial to check that v and vg satisfy the
desired condition. O

Proposition 2.8. Let G = (V, E) be a graph. Then

2t(G) 4+ maxmin (ug, u;)” = 1,
wug i€V

where v ranges over all orthonormal representations of G and ug over unit vectors of the appropriate
dimension.
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Proof. We first prove that

t(G) < %(1 — max min (uo,ui>2). (2.29)
u,ug i€V
It suffices to prove that
< l( — mi ; 2) .
tH(G) < 3 (1 min (ug, u;) (2.30)

for any orthonormal representation « of G’ and unit vector ug of the appropriate dimension. So fix those,
and set 8 = miniev{(uo,ui>2}. If 3 = 0, then the hypersphere representation i — 2-1/2¢; € RV shows
that ¢(G) < 1/2 as desired, so assume that § > 0. Use Lemma 2.7 to get from u and ug an orthonormal
representation v of G and a unit vector vy such that (vo, vi>2 = [ for each i € V. By possibly rotating vg
and the vectors in the image of v, we may assume that vy = e;. Moreover, by replacing some vectors v;’s
by their opposites if necessary, we may assume that (vg,v;) > 0 for every ¢ € V. Thus, we may apply
the transformation (2.23)(ii) with px = 1/ to get a hypersphere representation of G with squared radius
1(1— B). This proves (2.29).

Next we prove that
max min (ug, us)® > 1 — 26(QG). (2.31)
w,uo i€V
It suffices to find an orthonormal representation v of G and a unit vector vy such that (v, vi>2 >1-2tG)
for every i € V. Let u: V — R? be a hypersphere representation of G with squared radius #(G) for
some d € Zy,. Build an orthonormal representation v: V' — R @ R? of G as in (2.23)(i) and pick
vo:=1®0€RPR? Then (vo,vi)Q =1—2t(G) for every i € V. This proves (2.31). O

The equivalence between Proposition 2.8 and Theorem 2.4 follows from the following dual characterization
of ¥(G):
1
Y(G) = min max ———, (2.32)
u,ug 1€V <U07Ui>
where u ranges over all orthonormal representations of G and wug over unit vectors of the appropriate
dimension. (In fact, (2.32) was the original definition of ¥(G) by Lovasz [94].) As we mentioned previously,
though, Proposition 2.8 does not yield a good characterization of ¢(G); it is more akin to the Gallai identities
for graphs [98, Lemmas 1.0.1 and 1.0.2].

In this section, we have studied the formula (2.18) relating certain geometric representations of
graphs to the reciprocal of the fundamental Lovasz theta number via the projective transformation
underlying (2.22). A similar formula holds involving other geometric graph embeddings and the reciprocal
of a key spectral invariant involving the Laplacian, namely Fiedler’s absolute algebraic connectivity, also via
an analogous projective transformation. This was studied in [55], which also proved connections involving
the combinatorial structure of the graph and geometric properties of the corresponding optimal embeddings.
Variations on these geometric embedding problems were also studied in [66, 56, 53, 54| which, along
with [55], also established somewhat surprising relations with some key concepts in Graph Minors Theory.

2.3 Theta Number Results in Hypersphere Space

We may now use Theorem 2.4 to understand better some known results about the Lovasz theta number, by
looking at them from the context of hypersphere representations, and the other way around as well. Let us
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start with two basic properties of the theta number which, albeit simple to prove, fit nicely in the context
of hypersphere representations.

Perhaps the most interesting property of the number ¥(G) is that, although it is possible to approximate
it arbitrarily well in polynomial time, it lies sandwiched between two graph invariants which are NP-hard
to compute, namely, the clique and chromatic numbers of G.

Theorem 2.9 (The Sandwich Theorem [94, Lemma 3 and Theorem 10]). If G is a graph, then

w(@) < V(G) < x(G).
Proof. Immediate from Proposition 2.3 via Theorem 2.4 and (2.10). O

The Sandwich Theorem 2.9 is usually proved by showing that, for every stable set S of GG, the point
ﬁ]l 51T is a feasible solution for (2.17) with objective value |S|, and similarly for clique coverings of G' and
the SDP dual to (2.17). Proposition 2.3, on the other hand, presents it via a clean geometric construction
using colorings, and in fact it reveals a simple relation to graph homomorphisms which we shall explore in
Section 2.6.

Lovész [96] mentions that a graph G is bipartite if and only if J(G) < 2. A standard proof relies on
showing that 9(C,,) > 2 for every odd cycle C,. Indeed, computing 9J(C,,) is straightforward, e.g., by
using the standard technique used in the proof of Proposition 2.1, and we get J(C,,) = 1 — 1/ cos(2mwk/n) if
n = 2k + 1. (The formula also follows from Theorem 2.4 and (2.14).) While this proof is perfectly fine, the
proof of Proposition 2.2, which yields the same characterization via Theorem 2.4, describes a much more
pleasing geometric viewpoint:

Proposition 2.10 ([96, Sec. 6.6.1]). A graph G is bipartite if and only if J(G) < 2.
Proof. Immediate from Proposition 2.2 via Theorem 2.4. O

The theta function has a simple behavior with respect to some graph operations; see [94, 78] and
references therein. Some of these results also have geometrically attractive proofs in the context of
hypersphere representations, which we shall consider in the next subsections.

2.3.1 Graph Sums

We shall consider the sum and cosum of graphs. Let G = (V,E) and H = (W, F) be graphs. By
possibly relabeling the nodes, assume that V "W = @&. The direct sum of G and H is the graph
G+ H := (VUW,EUF). The direct cosum of G and H is the graph G + H defined by G + H :== G + H.
We shall use the simple fact that,

for every ¢t € R such that ¢t > t(G), there exists a hypersphere representation of G with (2.33)
squared radius t.

Indeed, let X* @ t* be an optimal solution for the SDP (2.3) and let X € SV such that X & ¢ lies in the
line segment joining X* @ t* to (I + (2t — 1)ee") @ f, where  := max{t, 1}. Then the columns of X'/
form a hypersphere representation of G with squared radius ¢.

22



Proposition 2.11 ([78, Sec. 18 and 19]). Let G = (V, E) and H = (W, F') be graphs such that VNW # @.
Then

t(G + H) = max{t(G), t(H)}, (2.34a)
1 — 4¢(G)t(H)

t(GiH):él(l—t(G)—t(H))' (2.34b)

Equivalently,
WG+ H) =max{¥(G),(H)}, (2.35a)
NG+ H) =9(GQ) +9(H). (2.35b)

Proof. Let us start by proving (2.34a). Clearly ‘>’ holds. For the reverse inequality, assume that ¢(G) > ¢(H)
and note that there is a hypersphere representation of H with squared radius ¢(G) by (2.33), which may be
glued to a hypersphere representation of G with squared radius t(G).

Next we prove (2.34b). We start with the ‘>’ part. Let v be an orthonormal representation of G and vg
a unit vector of the appropriate dimension such that
1
26(G)+ ———5 =1L
Ziev <’U0a vi>

Similarly, let w be an orthonormal representation of H and wg a unit vector of the appropriate dimension

such that )
2AH) + —————— = 1.

2
Zjew <w0a wj>
Such representations exist by Corollary 2.6. We may assume that the images of v and w live in the same
space, and by possibly applying a rotation, we may assume that vg = wg. Then the map z on V U W such
that z[, = v and z[, = w is an orthonormal representation of G + H. Hence, by Corollary 2.6, we have
1 1 —4(G)t(H)
Yiev (v0,v)” + Xjew (wo,wy)* - 2(1—H(G) —H(H))’

2(G+H)>1-

thus proving ‘>’ in (2.34b).

For the reverse inequality, let v be an optimal hypersphere representation of G, and let w be an optimal
hypersphere representation of H. Define a map u on V U W by setting

(] 0
u; = [E(G)| VieV, uj = |—E(H)| VYjieW,
0 ’LUj
where L 9u(F
é(F) = ———— 20

1/2

2(1—t(G) — t(H))

for F € {G,H}. It is easy to check that wu is a hypersphere representation of G + H with squared radius
given by the RHS of (2.34b). This concludes the proof of (2.34b).

The identities (2.35) are equivalent to (2.34) by Theorem 2.4. O
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Note that (2.34a) implies that t(G) = max{t(C) : C a component of G}. In fact, the latter equation
generalizes to
t(G) = max{ t(B) : B a block of G}. (2.36)

Recall that a block of a graph is a maximal subgraph with no cut-node, where a cut-node of a graph G is a
node whose deletion increases the number of components of G. The formula (2.36) follows from the next
result, which describes the behavior of the hypersphere number with respect to clique sums. We shall use
the following notation. If G; = (V;, E;) is a graph for each i € [2], then G; U G2 = (V4 U Vs, E1 U E3) and
GiNGy = (Vl NVy, E1N Eg).

Proposition 2.12. Let G = (V, E) be a graph, and suppose G = G; U G for graphs G; and Gg, where
G1 N Gy is a complete graph. Then

t(G) = max{t(G1),t(G2)}. (2.37)
Equivalently,
9(G) = max{09(G),9(Ga)}. (2.38)

Proof. Clearly ‘>’ holds in (2.37). We may assume that ¢(G1) > ¢(G2). Let u be a hypersphere repre-
sentation of G with squared radius ¢(G1), and let v be a hypersphere representation of Go with squared
radius t(G1), which exists by (2.33). We may assume that the images of v and v live in the same space.
Since the nodes of G; N Gy are mapped into points with squared norm ¢(G;) and they are pairwise one unit
apart, by Proposition 1.2 there exists an orthogonal matrix @ such that Qu; = v; for every i € V(G N Gs).
Thus, if we take the hypersphere representation v’: i € V(G2) — Qu; of G2 and glue it with v, we obtain a
hypersphere representation of G with squared radius ¢(G1). This proves (2.37), which is equivalent to (2.38)
by Theorem 2.4. O

The behavior of the hypersphere number and ¥ with respect to clique sums described by Proposition 2.12
is shared by many other graph parameters, e.g., the clique and chromatic numbers, the Hadwiger number
(the size of the largest clique minor), and the graph invariant A introduced in [69].

2.3.2 Local Graph Operations

We now discuss the behavior of the hypersphere number with respect to edge contraction. For a graph G
and an edge e of G, we shall denote by G/e the graph obtained from G by contracting e.

Proposition 2.13. Let G = (V, E) be a graph and let e € E. If § @ z is an optimal solution for the
SDP (2.4), then z, > t(G) — t(G/e). Equivalently, if X is an optimal solution for the SDP (2.17) applied
to 9(G), then 9(G) < (2X;; + 1)Y(G/e).

Proof. Let § @ z be an optimal solution for (2.4). We will construct a feasible solution for (2.4) applied
to G/e with objective value t(G) — Z.. Assume e = ab and V' := V(G/e) = V' \ {b}, so we are denoting
the contracted node of G/e by a. Let M be the V'’ x V matrix defined by M = e,ef + 3.\ ;e . Then
MLc(Z)M" = Lge(2), where 2 € RF(G/9) s obtained from 2 as follows. In taking the contraction G/e
from G, immediately after we identify the ends of e, but before we remove resulting parallel edges, there
are at most two edges between each pair of nodes of G /e, as we assume that G is simple. If there is exactly
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one edge between nodes i and j, we just set 2;; := Z;;. If there are two edges joining nodes ¢ and j, say f
and f’, we put %;; == Zy + zZp. Similarly, if we define y: V' — R by putting g; := y; for i € V' \ {a} and
Ga = Ua + Yb, then M Diag(g)M T = Diag(g). Since M SYMT C SK/, we see that § @ 2 is a feasible solution
for (2.4) applied to G/e, and its objective value is (g, 2) = (€, Z) — Z..

To prove the inequality involving J(G), we use Theorem 2.4 together with its proof to see that X
corresponds to an optimal solution gy @ z for (2.4) with X /J(G) = Diag(y) — L5 (2), so z. = X;;/V(G) if
e=1j. O

Finally, we consider a neat geometric proof in the context of hypersphere representations for a result
whose counterpart in terms of 1 is a property also shared by the clique number, the chromatic number,
and the fractional chromatic number (see (5.86) for a definition). The property we refer to is the following.
Let G = (V, E) be a graph. For each j € V, denote by N(j) the set of neighbors of j. Let i € V such that
N(i) # @. If f € {w,x,x*}, then 5(G) > B(G[N(i)]) + 1. The proof is inspired by |76, Lemma 4.3|.

Proposition 2.14. Let G = (V, E) be a graph and let i € V such that N(i) # @. Then

HGING)]) < 1— ﬁ (2.390)
Equivalently,

I(G) > J(G[N(H)]) + 1. (2.39b)

Proof. Let u: V — R? be a hypersphere representation of G' with squared radius ¢ := ¢(G) for some
d € Z, .. By possibly replacing u with the map i € V + Qu; for some @ € Q% we may assume that
u; = t'/%ey. For every j € N(i), we have 1 = |ju; — uj||2 = JJual® + ||uj||2 — 2(uj,uy) = 2t — 2t1/2[u;],.
Hence, [u;], = (2t — 1)/(2t'/?) =: B for every j € N(i). Define the following hypersphere representation of
G[N(i)]: for each j € N(3), set v; == u, [fa—1)- The squared radius of v is ¢ — B2, which is equal to the RHS
of (2.39a). This proves (2.39a), which is equivalent to (2.39b) by Theorem 2.4. O

2.4 A Weighted Hypersphere Number

The proof of Theorem 2.4 works by showing that the dual SDP (2.4) for the hypersphere number is
a projectively scaled version of the SDP (2.17) for the Lovasz theta number. The latter SDP may be
generalized to a weighted version of the theta number, so it seems natural to define a corresponding weighted
generalization of the hypersphere number. In this section, we shall define the weighted hypersphere number
t(G;w) as the optimal value of an SDP by using the proof of Theorem 2.4 as a guide, and we shall show
how to interpret geometrically an optimal solution to the corresponding SDP as a compressed encoding of
an optimal hypersphere representation of a “blown-up” graph from G.

First, we recall the weighted version of the theta number. Let G = (V| E) be a graph, and let w € RK.
The parameter ¥(G; w) is defined by

9(G;w) = max{ (Vv X): (I, X) =1, Ag(X) =0, X € sﬁ}, (2.40)

where y/w € R is defined by
WVw], =yw, YieV. (2.41)
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We want to define a parameter ¢(G;w) such that
1

2t(G;w) + 9Grw) =1

for every graph G = (V, E) and every w € RK with w # 0. Let us start by writing a weighted version of
the dual SDP (2.4) for ¢(G). Following (2.20) and (2.21), define

H(Gyw) = [1 -G w)],
where

HGsw) = min{ (LY): (Vwyw',Y) =1, Ax(Y) =0,V € SK}. (2.42)

Let Y be a feasible solution for (2.42). Then Y has the form Y = Diag(y) — Lg(z) for a unique
y® 2z € RV ®RF. The constraint <\/E\/ET, Y) =1 may be written as

1= (Vwvw',Diag(y) — Lo (2)) = (w,y) — (L&(Vuvaw'),2),

and we have
Y- (y)] = §[(Vave' - I,Diag(y) - La(2)]
= 3[tw v+ (22 - Lo (Vv 7).
So, we shall define ¢(G;w) as the optimal value of the dual SDP of

t(Gyw) =max  (w—é,y) + (e — $LE (\/E\/ET), z)
y €RY,
z € RE, (2.43)
— Diag(y) + La(z) 20,

i.e., as
t(G,w) =min ¢

tw — diag(X) = 1(w — @),
* * T = * T
L&(X) —tLy(Vwvw ) =e—iL5(Vuyw' ),
X esY.
Note that X @¢:= (I ® 1) and § & z := &/(e,w) ® 0 are Slater points for (2.44) and (2.43), respectively.
Thus, the Strong Duality Theorem justifies the use of min and the equation in (2.44).

(2.44)

Before we state a weighted min-max relation corresponding to (2.18), we translate the transformation
described in (2.23)(i):

Proposition 2.15. Let G = (V, E) be a graph, and let w € RK be nonzero. Let X @t be a feasible
solution for (2.44). If ¢ < 1/2, and X is the Gram matrix of the vectors {u; : ¢ € V'}, then the map

Usg

17 1/2
v:ii€ Vi V2 [((2_”%) ] (2.45)
is an orthonormal representation of G.
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Proof. Feasibility of X @£ in (2.44) implies that
K=t (-0, VieV,
Xi—2Xi+ Xj;=1- (3 - 0)[Le(Vwvw))],, VijeE.
Thus, ||viH2 = 2((% — tw; + )_(ii) = 1 for every i € V, and (v;,v;) = 2((% — 7?)(11)iwj)1/2 + )_(ij) =
201 — ) (wiwy)"* + X+ Xjj — 1+ (3 — D)[L5(Vwy/w")],; = 0 whenever ij € E. O
We now state the weighted version of Corollary 2.5.

Proposition 2.16. Let G = (V,E) be a graph, and let w € RY be nonzero. Let X & ¢ be a feasible

solution for the SDP (2.44), and let Z € TH(G) such that (w,Z) # 0. Then

1
%+ —— >1, (2.46)

(w,7)

with equality if and only if X @ ¢ is an optimal solution for (2.44) and (w, ) = (G, w).

Proof. We may assume that ¢ < 1/2. Let v: V — R @ R be an orthonormal representation of G arising
from X & as in Proposition 2.15. Take vg := 1@ 0. Note that (v, v;)* = (1 — 2f )w; for every i € V. Then

(1—28)(w,z) = > (1 =20 )wiz; = Y (vo,v:)’7; < 1,
eV 9%

since T € TH(G). This proves (2.46). The assertion about the equality case follows by construction. O

The weighted theta number ¥(G;w) for arbitrary w € RY is determined by the values of J(G;w) on
w € ZL by homogeneity and continuity. The latter values, in turn, are determined combinatorially from G
in a well-understood manner: if w € ZY, then it is well known that J(G;w) is equal to the theta number of
the graph obtained from G by replacing each node i with a stable set of size w;. Thus, it is expected that
optimal solutions for the SDP (2.44) for the weighted hypersphere number encode optimal hypersphere
representations of similarly blown up graphs obtained from G. Let us describe the construction precisely.

Let G = (V, E) be a graph, and let w € ZK. For the remainder of this section, we let G denote the
graph on node set | J;cy {i} x [w;], where nodes (,p) and (j,q) are adjacent in G* if ¢ = j or ij € E. Then
we have - B

I(Gw) = I(GY). (2.47)
Thus, by Proposition 2.16, we have t(G; w) = t(G").

Let X @1 be a feasible solution for the SDP (2.44). Write X = UU" for some [d] x V matrix U,
and define u: V. — R? by u; :== UTe; for i € V. For each i € V with w; > 0, let v;: {i} x [w;] — R% be
an optimal hypersphere representation of the complete graph on node set {i} x [w;]. We shall build a
hypersphere representation z: V(G%) — RY @ (@iev Rdi) with squared radius £. We may assume that

w; > 0 for every i € V. For (i,k) € V(G"Y), with i € V and k € [w,], set

2(i, k) = w; P @ [@[j = iJv; (4, k:)} .

JEV

It is easy to check that z is a hypersphere representation of G¥ with squared radius £.
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2.5 Unit-Distance Representations in Euclidean Balls

The hypersphere number of a graph G is the smallest (squared) radius of a hypersphere that contains a
unit-distance representation of G. A potentially more natural graph invariant is the smallest (squared)
radius of an Euclidean ball that contains a unit-distance representation of G. In this section we study this
and some other variations of the hypersphere number.

For a graph G, let t,(G) denote the smallest (squared) radius of an Euclidean ball that contains a
unit-distance representation of G. As in the case of hyperspheres, we may restrict our attention to Euclidean
balls centered at the origin, and so it is trivial to modify the SDP (2.3) to formulate this graph invariant:

ty(G) = min{ ¢ : te — diag(X) > 0, L&(X) =&, X € SY, t e R}. (2.48)
Note that the dual of (2.48) is
tp(G) = max{ e z:yeRY, 2 eR¥, —Diag(y) + La(2) <0, &y = 1}, (2.49)

i.e., it is obtained from (2.4) by requiring y to be nonnegative. In particular, as for the dual pair of
SDPs (2.3) and (2.4), the points X &t = (I ®1) and y & z = [V|™'e @ 0 are restricted Slater points
for (2.48) and (2.49), respectively, which justifies the equation in (2.49) and the use of ‘min’ and ‘max’.

It is obvious that t,(G) < ¢(G) for any graph G. In fact, equality holds, as we proceed to show. We shall
mimic the proof of Theorem 2.4 to show that an analogue of the equation (2.18) holds with ¢(G) replaced
with #,(G) and J(G) replaced with a variant, call it ¥J,(G). The proof then follows from Theorem 2.4 and
the fact that 9,(G) = 9(Q) for every graph G. The proof of this latter fact follows from the following result
of Gijswijt’s [47], as was pointed out by Oliveira Filho [114].

Proposition 2.17 ([47, Proposition 9]). Let K C S™ be a cone such that Diag(h)X Diag(h) € K whenever
X € Kand h € R}. Let X* be an optimal solution of the optimization problem

max{ FTXe:Tr(X)=1,Xes", X € ]K}.
Then there exists p € Ry such that diag(X*) = uX*e.

Proposition 2.17 is restated in a slightly more general form as Lemma 5.7 in Chapter 5, where we
provide a self-contained proof for the sake of completeness. For now, we shall just mention that the proof
relies essentially on the ad hoc, “non-convex” fact that every local maximizer of the Rayleigh quotient is a
global maximizer.

We shall state a slightly more general result in terms of variations of unit-distance representations in
hyperspheres and Euclidean balls, where we may change some of the unit-distance constraints to upper or
lower bounds on the edge lengths:

Theorem 2.18. Let G = (V, E) be a graph, and let £, E~ C E. Define
M = {zERE 22l 20, 2 SO}.
Then
min{ ¢ : te — diag(X) = 0, L&(X) =m e, X €SY, t e R}
=min{t: te — diag(X) > 0, L5(X) =m e, X € S{, t € R}. (2.50)
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In particular,

HG) = t(@). (2.51)

Proof. Denote the LHS of (2.50) by ¢_(G) and the RHS by ¢.(G). The dual SDPs of the LHS and RHS
of (2.50) are, respectively,

t_(G) =max{e"z:yeRY, z € M*, —Diag(y) + Lg(2) <
t.(G) =max{e'z:y e RY, z € M*, —Diag(y) + L (2) <

ety =1}, (2.52a)
ey =1}. (2.52b)
Thus, X @t=1I®1)and y® z = [V|'& & 0 are respective restricted Slater points for primal and dual

in both pairs of SDPs, which justifies the equations in (2.52) and the use of ‘min’ and ‘max’. As in the
proof of Theorem 2.4, we have

1
2t_(G)+ —— =1, 2.53

@+ @ (2:552)

1
2t (G) + =—— =1, 2.53b
O+ (2:530)

where

I_(G) = max{ (ee', X): (I, X) =1, Ap(X) € M*, A5(X) =0, X e SY }, (2.54a)
9-(G) == max{ (ee", X) : X is feasible in (2.54a) and (Sym(e;e'),X) > 0Vi € V}. (2.54b)

Clearly, 9. (G) < 9_(G). Let X* be an optimal solution for ¥_(G). By Proposition 2.17, we have

diag(X*) = uX*e for some p € Ry ,. Hence, X*& = p~ ! diag(X*) > 0, so (Sym(e,e"), X) = el X*e >0
for every i € V, i.e., X* is feasible in the SDP described by the RHS of (2.54b). This proves

9_(G) = 9. (G). (2.55)

Now (2.50) follows from (2.53) and (2.55). O

2.6 Graph Homomorphisms and Sandwich Theorems

The proof of the Sandwich Theorem 2.9 we presented relies on Proposition 2.3, which in turn displays very
simple combinatorial and geometric constructions. They may be summarized by saying that a hypersphere
representation of a graph “contains” a hypersphere representation of each of its subgraphs, and that a
hypersphere representation of the complete graph K, “contains” a hypersphere representation of any
p-colorable graph. Both constructions may be regarded as the same if we view them in the context of graph
homomorphisms.

Let G and H be graphs. A function ¢: V(G) — V(H) is called a homomorphism of G to H if it maps
edges of G to edges of H, i.e., if {i,j} € F implies {¢(i),¢(j)} € E(H). If there exists a homomorphism
from G to H, we write G — H, and we use ¢: G — H to denote that ¢ is a homomorphism from G
to H. Note that, if G is a subgraph of H, then G — H via the identity function. Moreover, for a graph G
and an integer p € Z,, we have G — K, if and only if G has a coloring with p colors, since the set of
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homomorphisms from G to K, is precisely the set of colorings of G' with the set of colors [p]. We refer the
reader to [64, 62, 50] for more properties of graph homomorphisms.

The proof of Proposition 2.3 boils down to the following property of the hypersphere number:
if G — H for graphs G and H, then t(G) < t(H). (2.56)

Indeed, if u: V(H) — R? is a hypersphere representation of H with squared radius t for some d € Z,
and ¢: V(G) — V(H) is a homomorphism from G to H, then w o ¢ is a hypersphere representation of G
with squared radius t, as is easily checked. This observation completes the proof of Proposition 2.3, since

Ko@) — G — K for every graph G. (2.57)

Arguably, this monotonicity property of the hypersphere number with respect to graph homomorphisms
lies at the root of the Sandwich Theorem 2.9. Based on this, we say that a graph invariant f is hom-monotone
if it satisfies

(i) f(G) < f(H) whenever G and H are graphs such that G — H, (2.58)

(ii) there exists a non-decreasing function g: Im(f) — R such that g(f(K,)) = n for every
n e Z++.

In this case, we get from (2.57) and (2.58)(i) that f(K,q)) < f(G) < f(Ky()) whence
w(G) < g(f(G)) < x(G) for every graph G (2.59)

by (2.58)(ii). (A similar use of these ideas may be found in [21].)

The second condition in (2.58) may be regarded as a non-degeneracy property of the graph invariant f,
since the first condition implies that f(K,,) < f(K,+1) for every n € Z . In the case f = t, the function ¢
may be taken to be g(x) := (1 — 2x)~! for every x € R with = < 1/2, by (2.10).

In fact, from the construction given in the proof of (2.56) one might guess that other optimization
problems over geometric representations of graphs “should” yield graph invariants that satisfy (2.58)(i). It
seems plausible that the only required properties are that all edges and nodes of the graph are treated
“uniformly” by the optimization problem. There is a further requirement on the objective function, which is
harder to state precisely, that it should not depend additively on quantities associated with individual nodes
and edges. To illustrate this, consider the graph invariant G +— min{ (I,X): LE(X)=¢, X € SK(G)} and
note that it does not satisfy (2.58)(i).

We have already seen one variation of the hypersphere number in Section 2.5, namely, the graph
invariant ¢,(G). The proof that t; is hom-monotone is identical to that of (2.56). However, as we have seen
from (2.51), this graph invariant is identical to ¢(G) and we do not gain a new sandwich inequality. We
may also try a variation of the hypersphere number where we constrain adjacent nodes to be at least one
unit apart, i.e., define for a graph G the number

t'(G) == min{ ¢ : te — diag(X) =0, L5(X) > ¢, X € SY, t e R}. (2.60)

It is easy to check that the proof of (2.56) carries over for ¢/, and the same for Proposition 2.1. Consequently
t'(K,) = t(K,) is also given by (2.10). Thus, the function g(z) := (1—2z)~! certifies that property (2.58)(ii)
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holds. Hence, ' is hom-monotone, and it satisfies the corresponding sandwich inequality (2.59). The proof
of Theorem 2.4 also carries over to show that

1
2t (G) + = =1, 2.61
@+ 5 (261)
where 19 is the graph invariant
V'(G) = max{ (ee", X): (I, X) =1, Ag(X) =0, A5(X) >0, X e S¥}, (2.62)

introduced independently by McEliece, Rodemich, and Rumsey [108] and Schrijver [129]. Thus, g(t'(G)) =
¥ (G) and the sandwich inequality (2.59) obtained from ¢’ is nothing but w(G) < ¢¥(G) < x(G). Similarly,
the parameter

t(G) == min{t : te — diag(X) =0, L5(X) =€, L5(X) <e, X €S}, t e R} (2.63)

is hom-monotone!, and the corresponding sandwich inequality involves its counterpart
I(G) = max{ (ee", X): (I,X) =1, Ap(X) <0, X e SY}, (2.64)

introduced by Szegedy [145].

We note that the numbers ¢(G), ¥/ (G), and t*(G) are all equal if the graph G is edge-transitive?. Indeed,
suppose the latter holds. We may assume that G has no isolated nodes. If G is also node-transitive, then
the proof of Proposition 2.1 shows that all three numbers are equal and they are given by (2.5). Otherwise,
G is bipartite (see [50, Lemma 3.2.1]) and all three numbers are easily seen to equal 1/4. In fact, Godsil
proved that the numbers ¥, ¥, and Y1 coincide for a more general class of graphs, called 1-homogeneous;
see [49, Lemma 5.2].

Let G be graph. Let dim(G) be the minimum d € Z; such that there is a unit-distance representation
of G in RY. Here we consider R? := {0}. Note that G — H implies dim(G) < dim(H). We show later in
Lemma 3.9 that dim(K,) = n — 1. Thus, the function g(z) := x + 1 shows that dim is hom-monotone,
so w(G@) < dim(G) + 1 < x(G). However, as was proved in |73, Theorem 2| (and also shown later in
Theorem 3.14), computing dim(G) is NP-hard. (A similar parameter was introduced in [39].)

One may also define some variants of the parameter dim(G) by requiring extra properties from the unit-
distance representation or considering other geometric representations entirely. For instance, define dimy, (G)
as the minimum d € Z such that there is a hypersphere representation of G in R? with squared radius < 1/2,
and define dim,(G) as the minimum d € Z, such that there is an orthonormal representation of G in R%.
The parameters dim;, and dim, are also hom-monotone.

Clearly dim(G) < dimy(G) holds for every graph G, and strict inequality occurs for the Mosers spindle
(see Figure 3.2 and the proof of Theorem 3.14). Since (2.23)(i) shows that dim,(G) < dimj(G) + 1 and [94,
Theorem 11] shows that J(G) < dim,(G), these parameters are related by

w(@) <Y(G) <I(G) < dim,(G) < dimy,(G) + 1 < x(G).

1Roberson [121] noted an error in page 11, line 10 of our paper [22], where we say that ¢* is not hom-monotone.
2Roberson [122] pointed out the following typo in page 9, line -2 of our paper [22]: ‘node-transitive’ should be ‘edge-
transitive.’
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Note that dimp,(G) < x(G) — 1 < A(G), where A(G) is the maximum degree of G. In fact, by Brooks’
Theorem, dimy,(G) < A(G) — 1 when G is connected but not complete nor an odd cycle.

One shortcoming in the concept of hom-monotone graph invariants is that it does not include the strongest
sandwich inequality known to be satisfied by the Lovasz theta number, namely, w(G) < 9(G) < x*(G);
see [94, Theorem 10| and refer to (5.86) for a definition of x*. Indeed, the graph invariant y is easily checked to
be hom-monotone, and the corresponding sandwich inequality is the trivial inequality w(G) < x(G) < x(G),
but it is not the case that x(G) lies sandwiched between w(G) and x*(G), e.g., for the 5-cycle.

In the next chapter, we shall study another graph invariant arising from geometric representations that
could potentially be hom-monotone; see Theorem 3.6.
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Chapter 3

Ellipsoidal Representations of Graphs

We have seen in Section 2.5 the hypersphere number of a graph G coincides with the smallest (squared)
radius of an Euclidean ball that contains a unit-distance representation of G. In this chapter, we introduce
a generalization of the latter problem: find the smallest (squared) radius of an ellipsoid of a given shape
that contains a unit-distance representation of G.

The graph invariant ¢,(G) may be regarded as the optimal value of the optimization problem over
unit-distance representations of G = (V, E) which assigns the objective value ||(u] u;);cy || to each such
representation u: V — RY. Here, ||(u]u;);cy || is the co-norm of the vector (u]u;);cy. To generalize
this to an ellipsoid of a given shape, let A € S‘i . for some d € Z, ,, and associate with each unit-distance
representation u: V — R? the objective value ||(u] Au;);cy || If the optimal value of this problem is ¢
and it is attained, then the smallest scalar multiple of the ellipsoid {x € R? : T Az < 1} that contains a
unit-distance representation of G is {x € R?: xT Azx < t}. See Figure 3.1.

It thus makes sense to define, for a graph G = (V, E) and a matrix A € Si for some d € Z, ,, the
ellipsoidal number of G with respect to A as

E(G A) = inf{ |[diag(UAUT)|| . : LEUUT) =&, UT € RWV}. (3.1)

(In this setting, we shall call A a “cost matrix.”) Note that we allow A to be singular, in which case we are
dealing not with ellipsoids, but with elliptic cylinders (see [82] for a related problem). In fact, since it is
clear that we are probably dealing with a hard problem, we might as well take the plunge and define an
even further generalization. Let G = (V, E) be a graph, and let A € S‘i for some d € Z, . If p € [1, 0],
then the p-norm ellipsoidal number of G with respect to A is defined as

£,(G5 A) = inf{ |diag(UAUT)|| - UT € ud(G)}, (3.2)

where the feasible region is
Uy(G) = {UT e RV . Lo (UUT)

e}. (3.3)

Besides the fact that the parameter £(G; A) is a natural generalization of the graph invariant t,(G), a
further motivation to study this parameter is the fact that it might lead to new sandwich theorems. This is
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Figure 3.1: A unit-distance representation of K3 in the ellipsoid { z € R? : 22 + 323 < (5/6)?}; the ellipsoid
corresponding to any smaller RHS does not contain a unit-distance representation of Ks.

not surprising given our discussion about hom-monotone graph invariants in Section 2.6. We shall derive
from this parameter a family of graph invariants that satisfy the condition (2.58)(i) of hom-monotonicity;
currently we do not know whether the other condition, (2.58)(ii), is satisfied. The main difficulty is that
finding an analytic formula for the number £(K,; A) for an arbitrary A € S turns out to be quite hard.
We shall only be able to provide such a formula for a small but infinite family of complete graphs. For
the non-trivial task of proving a lower bound for £(K,; A), we rely on the l-norm variant & (K,; A),
another, weighted variant of the hypersphere number ¢(G), and, unsurprisingly, on basic tools from convex
optimization, namely the Strong Duality Theorem for conic optimization. The tightness of this lower bound
for a family of complete graphs will follow from a class of unit-distance representations built from some
very remarkable objects: Hadamard matrices. The analytic formula for £(K,; A) in this infinite family of
complete graphs is quite simple. However, we shall provide an analytic formula for £(K,,; A) for a single
complete graph not in this family, namely for £(K3; A), and it looks quite different. This seems to indicate
a rather intricate parameter. Indeed, we shall prove the unsurprising fact that the problem of computing
the ellipsoidal number of an arbitrary graph G = (V, E) and cost matrix A € SK is NP-hard.

The main contributions in this chapter are Corollary 3.11, which computes ellipsoidal numbers for
complete graphs under the 1-norm, and Theorem 3.12, which shows how certain unit-distance representations
built from Hadamard matrices are optimal for ellipsoidal numbers. However, all results in this chapter are
new except for Theorem 3.14; we provide a shorter proof for the latter nevertheless.

3.1 Basic Properties

Throughout this chapter, we shall make heavy use of the convenient fact, obvious from the outset, that the
feasible region Uy(G) of E,(G; ) is invariant under the action of the orthogonal group. This will allow us to
assume almost everywhere that the cost matrix A in £,(G; A) is diagonal.

Proposition 3.1. Let G = (V, E) be a graph, and let d € Z, ;. Then O?U;(G) = Us(G). Consequently,
for every p € [1, 0], the function A € S — &,(G; A) is spectral, and

E(G; A) = &,(G; Diag(A\H(A))) VA eS| (3.4)
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Proof. If UT € Uy(G) and Q € O, then LL(UQTQUT) = LL(UUT) = &, whence QU € Uy(G). Thus,
QUa(G) C Us(G) for every Q € O, whence Uy(G) = QTQULG) C QTUHG) C Uy(G). Equality
throughout proves that QUy(G) = Ua(G), so 04U (G) = Uy(G). Now let p € [1,00] and A € S¢. For any
Q € 0%, we have

£,(G;QAQT) = inf{ |diag(UQAQTUT)| - UT € ud(G)}
= inf{ |[diag(2427)], : 27 € QTUa(G) }
— inf{ ||diag(Z7A4Z7)||, - Z7 € Ua(G) } = £,(G; A).
Thus, the function A € S¢ — &£,(G; A) is spectral. In particular, (3.4) holds. O

Now, we prove that the infimum in (3.2) is attained whenever finite. This is non-trivial since we allow the
cost matrix A to be singular. For instance, if A € Si is diagonal and all diagonal entries of A are nonzero
except for, say, Aqq, then it is advantageous to “push a large portion of the representation” UT € Uy(G)
onto its dth row, which has zero cost. That is, by making the entries in the dth row larger and larger
relative to the entries on the other rows, while preserving the unit-distance constraint, it is conceivable
that the objective function could decrease arbitrarily without attaining its infimum value. We will show
that this situation cannot occur by a slightly more careful application of the standard compactness and
continuity argument?.

Theorem 3.2. Let G = (V,E) be a graph. Let p € [1,00] and let A € S% for some d € Zy. If
Ep(G; A) < +o0, then there exists UT € Uy(G) such that £,(G; A) = ||diag(UAUT)], i.e., the infimum in
the definition (3.2) of £,(G; A) is attained.

I

Proof. By Proposition 3.1, we may assume that A = Diag()\), where \ := A\¥(4), and that \ # 0. Let
k € [d] be largest so that Ay # 0. Throughout this proof, let P: Rl — RI¥ denote the projection onto the
first k& components, and let Q: Rl¥ — RN denote the projection onto the last d — k components, i.e.,
r = (Px) @ (Qx) for every z € R%. Note that

A= PT(A[I])P (3.5)
and
Al[k]] = M. (3.6)

The proof relies on modifying the RHS of (3.2) by adding constraints that do not change the optimal
value but which make the feasible region compact.

Let M € R such that £,(G; A) < M. We claim that adding the constraints
|PU |2 < B=(M+1)/\. Vi€V, (3.7)
does not change the optimal value of the RHS of (3.2), i.e.,

£,(G; A) = inf{ |[diag(UAUT)| - UT € Us(G), U satisfies (3.7)}. (3.8)

IThe corresponding result in our paper [22], Theorem 5.1, contains an error in the proof, where we say that we may assume
that the graph G is connected. This assumption can be made without loss of generality provided p = co. The proof in this
thesis fixes that error.
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Suppose U € Uy(G) violates (3.7), and let i € V such that ||PUTei||§ > (M +1)/A;. By (3.5) and (3.6),

we have
||diag(UAUT)||p >e]UAU e, = ] UPT(A[[K]))PU e,

> eJUPT(\I)PUTe; = \||PU e,
>M+1>E&,(G;A)+1,

so UT may be discarded from the feasible region of the RHS of (3.2) without changing its optimal value.
This proves (3.8).

If k = d, the proof is complete, since the feasible region of the RHS of (3.8) is compact, so
assume that k < d.

Let H denote the set of components of G. For each i € V| denote by H (i) the component of G which
contains i. For each H € H, choose i € H arbitrarily and call it i(H). We claim that adding the constraints

QU ey =0  VH e, (3.9)

does not change the optimal value in the RHS of (3.8), i.e., that
&G A) = inf{ Hdiag(UAUT)Hp U € Uy(G), UT satisfies (3.7) and (3.9)}. (3.10)

Let UT € Uy(G) satisfy (3.7). Define a matrix ZT € RI*V by setting PZTe; := PU"e; and QZ"e; =
QU (e; —ei(H(;))) for every j € V. Since ZT is obtained from U7 by applying the same shift to the columns of
each component of G, we have ZT € Uy(G). Since Z T satisfies (3.7) and (3.9) by construction, Z " is feasible
in the RHS of (3.10). Moreover, by (3.5), we have ZAZT = ZPT(A[[k]]))PZT = UPT(A[[K]]))PUT = UAUT,
so diag(ZAZT") = diag(UAUT), i.e., ZT has the same objective value as U'. Together with (3.8), this
completes the proof of (3.10).

To finish the proof, we show that the feasible region U/ in the RHS of (3.10) is compact. Clearly U is
closed, so we must only prove that ¢/ is bounded. Let UT € Y. Since the columns of UT form a unit-distance
representation of G, the distance between nodes i and j is an upper bound for [|[UTe;—U e, ||, for any i, j € V.
Hence, for every j € V, we have |[UTe; |, < |UTeimnlla+|V] = |PUTeaiylle+1V] < BY2+|V|. Thus,
U is bounded, and thus compact. This concludes the proof, since the objective function is continuous. [

We may refine Theorem 3.2 slightly by ensuring the existence of an optimal solution UT for (3.2) which
is “close to the origin” in the sense that the origin lies in the convex hull of the columns of UT. It will be
convenient in this result to switch to a functional notation for unit-distance representations.

Theorem 3.3. Let G = (V, E) be a graph. Let p € [1,00] and let A € S¢ for some d € Z ;. If £,(G; A) <
+00, then there exists a unit-distance representation u: V' — R? of G such that &,(G; A) = H(uiTAui)ieva
and 0 € conv{wu; : i € V}.

Proof. We start as in the proof of Theorem 3.2. By Proposition 3.1, we may assume that A = Diag(\),
where \ := M (A), and that A\ # 0. Let k € [d] be largest so that A\; # 0. Throughout the proof, let

P: Rl — R denote the projection onto the first & components.
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Let u: V — R? be a unit-distance representation of G. Let U be the set of all unit-distance representations
of G of the form i € V + u; 4+ r for some r € Null(P). Note that if £ = d, then U is a singleton. Clearly,
every element of ¢/ has the same objective value as u. We will show that

if 0 ¢ conv{v; : i € V} for all v € U, then £,(G;A) < H(u;rAui)ieVHp. (3.11)
Suppose that 0 &€ conv{v; : i € V'} for every v € U. Since 0 does not lie in the set

U conv{v; 11 €V} = U conv{u; +r:i€V}=conv{u;:ieV}+Nul(P),
veld reNull(P)

which is a polyhedron, by Farkas’ Lemma there exists h € R? and o € R, such that hTv; > a for every
v €U and i € V. Note that h; = 0 whenever j € [d] \ [k], since the linear function hTu; +th; = h'(u; +te;)
of ¢t is bounded below by «a. Thus,

h'u;>a>0 VYieV  and  helIm(A). (3.12)

Let 2 € R? such that Az = h and let s := ez, where € > 0 will be chosen later. Define z: V' — R? by
zi =u; — s for every i € V. Let i € V. Then

2] Az; = (uj — 8) T A(u; — 8) = u) Au; — 25" Aug + 87 As = u) Au; — 2eh u; + %27 Ax.

Hence 2] Az; < u] Au; if and only if 2ehTu; > 22T Az. Thus, we will be done if we can find £ > 0 such
that 2hTu; > ex" Az. Since hTu; > o > 0, such ¢ exists. Thus, by choosing € > 0 small enough, we
find a unit-distance representation z: V — R? of G such that 2] Az, < u] Au, for every i € V. Hence,
||(ziTAzi)iev||p < H(uiTAui)ieva, which shows that z has objective value strictly less than that of w. This
proves (3.11).

The result now follows from (3.11) and Theorem 3.2. O

Let G = (V, E) be a graph. Let p € [1,00] and let A € S for some d € Z, . For the next two results
we shall use the fact that the map A € Si — &,(G; A) is monotone with respect to the Léwner partial

order, i.e.,
A < B implies £,(G; A) < &,(G; B). (3.13)

This follows easily from the fact that p-norms are monotone with respect to the partial order on R™ induced
by R’ .

The next result describes a situation in which one may work on a lower dimensional space by dropping
some of the most expensive coordinates.

Proposition 3.4. Let G = (V,E) be a graph. Let p € [1,00] and let A € S for some d € Zy . If
UT € Uy(G) is an optimal solution for £,(G; A) and k is an integer such that rank(U) < k < d, then

E,(G; A) = £,(G; Diag(A\[(A), ..., AL(A)). (3.14)

Proof. Set
D = Diag(A\[(A), ..., A\L(A4)).
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By Proposition 3.1, we may assume that A = Diag()\), where A := AT(A).

We shall start by proving ‘<’ in (3.14). Let UT € Uy,(G), and set Z = [U 0] e RV*ld je., append
d — k zero columns to U. Then ZT € Uy(G) and &,(G; A) < Hdiag(ZAZT)Hp = ||diag(UDUT)Hp. This
proves ‘<’ in (3.14).

Next we prove ‘>’ in (3.14). Let Q € 09 be such that, for each i € V, the final d — k rows of QU are
zero; this is p0551ble since k > rank(UT). Set B = (QAQT)[[k]]. We will be done once we prove that

Ep(G5 A) > E,(G; B) (3.15)
and
&)(G;B) > &,(G; D). (3.16)

Let ZT € RFXV be obtained from QUT by dropping the final d — k (zero) rows. Clearly, Z' € Uy (G).
Then

ZBZ' = [Z 0] QAQT[ } UQTQAQTQUT =UAU,

Ep(G5 A) = ||diag(UAUT)||, = [|diag(ZBZT)||, > £,(G; B). This proves (3.15). Set y == AT(B). Since
)\ = M(QAQT), the eigenvalues of B interlace the eigenvalues of A (see, e.g., [72, Theorem 4.3.8]), so
1t > Al and Diag(p) = D. Thus, by Proposition 3.1 and (3.13) we have &,(G; B) = &,(G; Diag(u)) >
Ep(G; D). This completes the proof of (3.16). O

Corollary 3.5. Let G = (V, E) be a graph. Let p € [1,00] and let A € S¢ for some d € Z . If d > |V| -1,
then
£p(G; A) = £,(G; Diag(A[(A), ..., Ay _; (4))). (3.17)

Proof. Equation (3.17) holds trivially if £,(G; A) = +00, so assume that £,(G; A) < +oo. Let r € Zy
such that there exists an optimal solution U € Uy(G) of rank r. Then r < |[V| — 1 =t k by Theorem 3.3.
Thus, (3.17) follows from Proposition 3.4. O

We can adapt the proof of Proposition 3.4 above to construct some graph invariants from ellipsoidal
numbers which satisfy condition (2.58)(i) of hom-monotonicity.

Theorem 3.6. Let a: Z;y — R, be a non-decreasing sequence of real numbers. Define 4, =
Diag(a,...,a,) for each n € Zy,. For a graph G on n nodes, set f(G) = E(G;A,). If G and H
are graphs such that G — H, then f(G) < f(H).

Proof. Let ¢: G — H be a graph homomorphism. We denote the number of vertices of a graph F' by n(F).
Let UT € Uiy (H) be a feasible solution for £(H; Ay, ay)-

Suppose first that n(H) < n(G). Define ZT € RIMOXVIE) by setting ZTe; = Ulegy @ 0 for
each i € V(G). The fact that ¢ is a homomorphism implies that ZT € Up(c)(G). For any i € V(G), we
have e] ZA, ) ZTe; = e ()UA U’ €4y Lhus, [|diag(ZAnc)Z ")l < |diag(UA,m)UT)| o, and it
follows that f(G) = E(G; Ay)) < E(H; Aymy) = f(H).
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Suppose next that n(H) > n(G). Define YT € RIMUDIXV(E) by setting Y Te; := UTey;) for each i €
V(G). The fact that ¢ is a homomorphism implies that YT € Unm) (G). Let Q € O™H) guch that the final
n(H) — n(G) rows of QYT are zero. Set B := (QA,(z)Q")[[n(G)]. We shall be done once we prove

E(H; Anmy) 2 E(G; B) (3.18)
and
E(G;B) > £(G; Ap(ay). (3.19)

Let ZT € RMMEIXVIE) be obtained from QYT by dropping the final n(H) — n(G) (zero) rows. Clearly,
ZT € Up)(G). For i € V(G), we have

Al
el ZBZ%e; =¢! [Z 0] QA Q" [ZO } e, =€, YQTQA, 1) Q QY Te; = e[ (yUAU e,
so £(G;B) < ||diag(ZBZ7)| ., < ||diag(UA,m)U")|lo- This proves (3.18). Set p = A'(B). Since
alpmmy) = )\T(QAR(H)QT) and the eigenvalues of B interlace the eigenvalues of A, ) (see, e.g., [72,
Theorem 4.3.8]), we have y > al(, ) and Diag(n) = A, g). Thus, by Proposition 3.1 and (3.13), we have
E(G; B) = £(G;Diag(p)) > £(G; Ap(gy). This completes the proof of (3.19). O

3.2 SDP-based Lower Bound for Complete Graphs

The p-norm variants of the ellipsoidal numbers were not introduced frivolously: inequalities involving
p-norms yield inequalities involving the corresponding numbers £,(G; A). Thus, they serve as tools for
studying our main object, the ellipsoidal number £(G; A). For instance, since the inequality |||, > Z|z|,

holds for every x € R", it follows that

Exo(Gy A) = inf{ ||diag(UAU ||, : UT € Ua(G)} 520
3.20
> %inf{ |diag(UAU )|, : UT € Uy(G)} = %51(G;A)

d
for every graph G and every A € S¢.

In this section, we shall provide an analytic formula for £ (K,; A), the 1-norm ellipsoidal number of a
complete graph. This yields via (3.20) a lower bound for £(K,; A), which we shall show in Section 3.3 to
be tight for an interesting infinite family of complete graphs. Our main tool is a family of SDPs resembling
the hypersphere SDP (2.3).

For every W € SV, define

tw(G) = inf{ (W, X) : L5(X) =e, X € S{}, (3.21)
and note that its dual is
sup{e'z:z e RF, Lg(2) W} (3.22)
Thus,
t(G) = sup{ tpiag(y) (G) : y € RY, ey = 1} (3.23)

by (2.4), so the hypersphere number ¢(G) of G may be written as a two-stage optimization problem where
the inner problem is the SDP (3.21). The same can be said about & (G; A):
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Proposition 3.7. Let G = (V, E) be a graph. Let p € [1,00] and A € SY. Then
£,(G; A) = inf{ |diag(X/2QTAQXY?)|| : £y(X) = X €SV, Q€ @V}. (3.24)

In particular,
E1(G; A) = inf tor G). 3.25
1(G; A) ov @ 4q(G) (3.25)

Proof. Let ¢* denote the RHS of (3.24).

We first show that &,(G; A) < ¢*. Let (X, Q) be a feasible solution for the RHS. Set UT = QX'/2.
Then L5(UUT) = L5(XY2QTQXY/?) = L (X) = € and the objective value of UT in the RHS of (3.2) is

||diag(UAUT)Hp = ||diag(X1/2QTAQX1/2)||p, which is the objective value of (X, @) in the RHS of (3.24).

Next we show that ¢* < &,(G;A). Let UT € Uy(G), and set X = UUT. By Proposition 1.2,
we have X2 = QUT for some Q € QY. The objective value of (X,Q7) in the RHS of (3.24) is
|diag(X'/2QAQTX1/?)|| = |diag(UAUT)||,, which is the objective value of UT in the RHS of (3.2). This
proves (3.24).

To prove (3.25) note that the objective value of a feasible solution (X, Q) for the RHS of (3.24) is
[diag(X1/2QTAQX1/2)[, = Te(XV/2QTAQXY/2) = TH(QTAQX) = (QTAQ, X). 0

[ I

Before we proceed to compute tyy (K,,), we should inspect whether the optimal value ¢ty (G) in (3.21) is
attained.

Theorem 3.8. Let G = (V, E) be a connected graph and let W € SV. If e"We > 0 or € € Null(W), then
the SDP (3.21) has an optimal solution. Otherwise, tw (G) = —o0.

Proof. Assume throughout that V' = [n].

Suppose that e'We < 0. Since X, = %I +tee' is feasible for every t € Ry, then lim; o (W, X;) =
(W, I) + limy_,o te' Wé = —oo implies that tw (G) = —oo.

Now we will show that,
if e"We > 0, then (3.22) has a Slater point. (3.26)

(In fact, if (3.22) has a Slater point z € R¥, then e"We = e" (W — L5 (2))e > 0.) Let Q € O™ such that
Qe = é/||e||,- Then Q"L ()Q = 0@ L for some matrix L € S~ '. In fact, since G is connected, we have
rank(Lg(€)) =n — 1 (see, e.g., [50, Lemma 13.1.1]) whence L € S77". Let y € R, b€ R"~!, and A € S*~!
such that

[y
QTWQ_[b A]'

Note that v = e] QTWQe, = éTWé/||é||§ > 0. Thus, for any A € R, the relation QT(W — AL (€))Q = 0 is
equivalent to A — AL > v~'bb" by Schur complement. The latter relation holds if we choose A negative
with |A| sufficiently large, since L > 0. Thus, W > Lg(\é) holds for some A € R and (3.26) is proved.
Since 17 is feasible in (3.21), the existence of an optimal solution for (3.21) follows from (3.26) and the
SDP Strong Duality Theorem.
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In the remainder of the proof, we shall deal with the case where é"We = 0. We first reduce to the case
where e € Null(IW):
if e"We = 0 and ty (G) > —oo, then & € Null(W). (3.27)
The SDP (3.21) has £1 as a Slater point. Together with the assumption that ty (G) > —oo, this implies
by the Strong Duality Theorem that there is an optimal solution Z for its dual (3 22). Let Q € O™ such
that Qer = &/|e]|,. Since QT(W — L5(2))Q = 0 and e[ QT(W — L(2))Qey = e" (W — La(2))e/|éll; = 0,
we find that Ty
(Qer) We=efQT(W — Lg(2))e = [le],er Q" (W — La(2))Qey =0

for every k € [n]. Thus, Wé € (Im(Q))" = {0}. This proves (3.27).

For the remainder of the proof,

assume that € € Null(W). (3.28)
Let us show that we may add a constraint to (3.21) without changing its optimal value:
tw(G) =inf{ (W, X) : L5(X) =e, X € SY, (ee", X) =0}. (3.29)

Clearly ‘<’ holds in (3.29). Let X be feasible for (3.21). Let U € R™ ™ such that X = UU'. Set
b= %U Té. Note that b is the barycenter of the unit-distance representation of G' given by the columns
of the matrix UT. Let ZT := U — bé", i.e., each column of ZT is equal to the corresponding column

of UT translated by —b. Then ZTé = UTé — LUTee"e = 0. Hence, X := ZZ" is feasible in (3.21) and
(X,ee") =e&"ZZ"e = 0. Moreover, X = (U ebT)(UT beT) = X —2Sym(Ube")+||b]|*eeT so (W, X —X) =
—2(W, Sym(Ube")) + ||b]|>(W,ee") = —2(W, Ube") = —2e"WUb = 0 by the assumption (3.28). Thus, X
is feasible in the RHS of (3.29) and its objective value is the same as that of X in (3.21). This concludes
the proof of (3.29).

To complete the proof, it is enough to show that the SDP on the RHS of (3.29) has an optimal solution.
Its dual is
sup{e'z:z € R¥, Lg(2) +pee’ =W, pe R} (3.30)

Since " (W +ée")e > 0, it follows from (3.26) that there exists z € RE such that L5 (Z) < W +éee'. Thus,
(2,1) == (Z,—1) is a Slater point for (3.30). The existence of an optimal solution for the RHS of (3.29) now
follows from the Strong Duality Theorem. O

Next we will derive an analytic formula for ¢y (K,). First, we shall state some convenient properties of
the feasible region of the SDP (3.21) for G = K,.
Lemma 3.9. If n € Z4,, then
{XeSt: Ly (X)=¢}={iI+3Sym(ye") :yeR", |le||lyll <2+¢€"y} (3.31)
and
rank(X)>n—1 for every X € S" such that L} (X)=e. (3.32)

Proof. Let X € §" and set z = diag(X). Then L}, (X) = € if and only if X;; = L(x; +a; — 1) for
every ij € (), ie., if and only if 2X = 2Sym(z&") — &&" + I. Note that 2Sym(zé") — &&" + [ =

2Sym((z — 1e)e’) + I = Sym(ye") + I for y :== 2x — é. Thus,

{Xes": Lk (X)=¢}={ %Sym(yéT +1):yeR"}. (3.33)
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Let y € R™. Since
3@y = lellllyl)
0

AT (Sym(ye™)) = : :
0
3@y + lellllyl)
we find that
Amin (Sym(ye" +1)) = 5(e"y — |lellllyl) + 1,
which is nonnegative precisely when ||e]|||y|| < 2+ &y. Moreover, A} (Sym(yé" +I)) = 1 shows that
rank (Sym(ye' + 1)) > n—1 for all y € R™. O

Lemma 3.9 allows us to compute a formula for ¢ty (K,) via the Strong Duality Theorem applied to a
second-order cone program. The second-order cone is defined as

SOCy = {zo®z € RO®RY : ||z||, <m0}
Note that, like SK and RK, the closed convex cone SOCy is self-dual, i.e., it is its own dual.

Theorem 3.10. If n € Z; and W € S", then

e

(W, ——— ife"We >0,
e'We
2tw (Ky) = (W, 1) if We=0, (3.34)
—00 otherwise.

Proof. Let W € S™. By Theorem 3.8, we have ty(K,,) = —oo unless &' Weé > 0 or We = 0, in which case
tw (K,) has an optimal solution. Assume we are in the latter case.

Let y € R". Set w := We. Then (W, % Sym(ye' +1)) = 3(W,ye") + 5(W,I) = 2wy + £ (W, I). Thus,
Lemma 3.9 implies that

2w () = (W, I) + min{wTy : y € R, el Jyll < 2+ Ty}, (3.35)
If We =0, then (3.35) coincides with (3.34), so
assume that 'w = &' We > 0. (3.36)
The minimization problem in the RHS of (3.35) may be written as the second-order cone program

min{ ODw,y®y): ey —e'y=2, 9Dy € SOCn}, (3.37)
o 2+ lel*\ _
o= (ET) o

max{ 2u: u € R, (e @ (~2)) =soc, 0@ w}. (3.38)

which has

as a Slater point. The dual of (3.37) is
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By the Strong Duality Theorem, the optimal values of (3.37) and (3.38) coincide. Note that feasibility of
w € R in (3.38) is equivalent to membership of (—ul|é||) ® (w + pé) in SOC,, i.e., to the inequalities p < 0
and |Jw + pé|® < p2||e]]*. Thus, the feasible region of (3.38) is

Jw]|*
ER:p< ——— 5.
{M =00

Thus, the optimal value of (3.38) is —||w]||®/(€"w). If follows from (3.35) that 2ty (K,) = (W,I) —
|wl|?/(€"We), and the proof of (3.34) is complete. O

We can finally derive an analytic formula for & (K, ; A):

Corollary 3.11. Let n,d € Z, . Let A € Si. Then

1 =141 :
s> MN(A) ifd>n—1
E1(Kp; A) = {221_1 )y Rz n (3.39)
+00 otherwise.
Proof. The key part of the proof is to show that
261 (Kp; A) = Tr(A) — Amax(4) VA € Sh. (3.40)

Let A € S7. If A = 0, then (3.40) holds, so suppose A # 0. If Q@ € O™ sends € to Null(4), then
2tgrag(Kn) = (QTAQ,I) = Tr(A) by Theorem 3.10. Thus, by (3.25) and Theorem 3.10, we have

| L) lletAqel® - o "
251(G7A) — TI'(A) = lnf{ —W : AQ@ # 0, Q 0

= Sup{eTQquQeAQ€§£O,Q€@}
hTA%h _ n

= SUP{ AR Ah #0, [[h]| = e, h e R }
KT AR .

:_Sup{mAh#O,heR }

T
= —sup{ v Az cAV22 40,2 € Im(A)}
- *Amax(A)7
where we used the change of variables h := Qé followed by 2 := A'/2h. The constraint ||A|| = ||¢| may be

dropped since the numerator and denominator in the objective function are homogeneous in ||hH27 and the
last supremum is attained by any nonzero z € R™ such that Az = Apax(A)z. This proves (3.40).

By (3.32), the formula (3.39) is correct when d < n — 1. So suppose that d > n — 1. By Proposition 3.1,
we may assume that A = Diag()), where A :== AT(A4). Then by Theorem 3.3, we may apply Proposition 3.4

43



twice with kK =n — 1 to get

E1(Kn; A) = & (Kp; Diag(M[(A), ..., A, 1 (4)))
= £1(Kn; Diag(A(4), - X, 11(4)) & X1 (4))
1 n—1
= T
- 2 . )\Z (A)’
i=1
where the last equation follows from (3.40). O

3.3 Hadamard Representations

Recall that an n x n matrix H is called a Hadamard matriz if all entries of H are in {1} and H'H = nlI.
Such matrices are very remarkable objects, and they have applications in quite diverse areas, such as
error-correcting codes and pattern recognition; see the survey [71].

It is well known that, if there is an n x n Hadamard matrix, then either n € {1,2} or n is divisible by 4.
It is a long-standing conjecture that there is an n x n Hadamard matrix for every integer n which is a
multiple of 4. On the positive side, it is well known that if H is an n x n Hadamard matrix and Hs is the
Hadamard matrix
1 1
PR

then Hy ® H is a Hadamard matrix; this is known as Sylvester’s construction. Here, ® denotes the tensor
product, also known as Kronecker product. It implies that, whenever n € Z, | is a power of 2, there exists
an n x n Hadamard matrix. This yields a “thin” but infinite family of Hadamard matrices.

Let H be an n x n Hadamard matrix. By possibly replacing H with H Diag(H "e;), we may assume
that H has the form :
€

for some LT € R»=Dx" Then LLT = H'H —ée' =nl —éé', so Ly (LLT) = 2né. Thus,
LT = 2n) V2L e U, 1 (K,). (3.41)
The matrix in (3.41) is called the Hadamard representation of K,, associated with H.

Theorem 3.12. Let H be an n x n Hadamard matrix for some n € Z, ;. Suppose that e]H=-e¢", and
let LT be the Hadamard representation of K, associated with H. Then for every p € [1,00] and every
diagonal A € Siﬁl, the matrix LT is an optimal solution for &,(K,; A).

Proof. Let us start with a p-norm analogue of (3.20). Let p € [1,00], and let g € [1, 00] such that %4— % =1
We claim that

£ (K A) > A

> (3.42)
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where we interpret the denominator on the RHS as 2 if p = 1. In that case, (3.42) follows from Corollary 3.11,
so assume p > 1. Note that

Jlly
nl/q

=, > Vo € R™.

We may assume that € R”} since the validity of the inequality is invariant under re-signing the components
of z. Apply Holder’s inequality to get [|z||, = zTe < lzll,llell, = ||x||pn1/q. Thus,

Ep(Kp; A) = mf{ |diag(UAUT)|| - UT € Z/{d(Kn)}

1 .

> Y mf{ Hdlag(UAUT)H1 cUT € Z/{d(Kn)}
1 oy Ir(A)

= 61 (EniA) = o

where the last equation follows from Corollary 3.11. This proves (3.42).
The feasibility of LT was proved in (3.41). Note that

Tr(A)

diag(LAL") = 5
n

€. (3.43)

Indeed, let a € R"~! such that A = Diag(a). Let i € [n]. Then all entries of LT lie in {#(2n)~/?}, so
e] LAL"e; = e LDiag(a)L"e; = Z?:_ll a;L}; = 5-€'a = 55 Tr(A). Thus, the objective value of LT in

2n
Ep(Kn; A) is
Tr(A) lell. = Tr(A4) 4/,  Tr(A)
on VP T Top T opi/a
Thus, L7 is optimal for £,(K,; A) by (3.42). O

Let n € Z,, such that there exists an n x n Hadamard matrix H. Let LT be the Hadamard
representation of K,, associated with H. It seems natural to try to modify LT to obtain a unit-distance
representation of K, with a low objective value for (K, 11; A). Let a € RT ™" and M > ||a|_, and
set A := Diag(a) and B := Diag(a @ M). We know by Theorem 3.12 that LT is optimal for £, (K,; A),
and conv{ LTe; : i € [n]} is an (n — 1)-dimensional simplex A,,_;. We must add a new vertex v to A,,_; to
form a simplex A, which is a unit-distance representation of K, ;. The shortest distance between the
new vertex v and its opposite face A,,_1 is the line segment joining v to the barycenter of A,,_;. It makes
sense to align this line segment with the axis considered most expensive by the cost matrix B. That is, we
consider members of U, (K,,+1) of the form

7T
Ut = [OZT 2} )
where a, 5 € R.
Note that — S g
UUT — [LL a—;; ee aﬁge] ’
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SO

Ly  (UUT) =Ly (LL" + o”ee") & (diag(LL" + o’ee") + B%e — 2ae)

=e® (diag(LL") + e + B%€ — 2a/3¢)
—1
—eo (”Qn + (- 6)2>e,
ie., U € U,(K,.1) if and only if (a — B)% = "2—';1 By symmetry, we shall consider matrices of the form
T oo
T._
U, = [aeT BJ , (3.44a)
where
. n4+ 1\1/2
Bo = a+ ( o ) . (3.44D)
Note that by our previous discussion, we have
Ul ceU,(K,11) VaeR. (3.45)

The next proposition determines which of these representations of K, 11 yields the smallest objective
value in Eoo (Kpy1; B).

Proposition 3.13. Let n € Z be such that there exists an n x n Hadamard matrix H. Suppose that
e]H==¢". Let LT be the Hadamard representation of K, associated with H. For each a € R, define U]
as in (3.44). Let a € R and M € R such that M > |jal|__. Set

A = Diag(a), B := Diag(a & M). (3.46)

Then
(Tx(B) + Mn)®  Tx(B) . (Tx(B)— Mn)®
8Mn(n+1)  2(n+1) 8Mn(n +1)

inf |diag(U,BU,)|| . = (3.47)

In particular,
T(B)  (Tr(B)— Mn)®
2(n+1) 8Mn(n+1)

Ese(Kny1; B) < (3.48)

Proof. Let a € R. We have

(n+1)

+1\1/2
ent1UaBUge, 1 = MG, = Ma? + M= +2M@<n2n ) =: fo(a),
and, for every i € [n], we have
n—1
- Tr(A)

T T 2 2 2
U,BU_ e, =M L. =M — =
e; U,BU e, a +JZ:;% i a’+ — fi(a),

so that Hdiag(UaBU(I)HOO = max{ fo(a), f1(a)}.
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We have

fila) < fola) <= a>

Tr(A) —M(n+1) rn41\-1/2
4Mn ( 2n ) - (8.49)

Hence, diag(UJBUOT)HOO = fla<a)(@). Let a* be a global minimizer of the LHS of (3.47), which exists
since the objective function is continuous and coercive. The vertex of the parabola y = fi(«) lies at «; =0,
and since M > ||al| ., we have & < 0. Thus, o > @, and the LHS of (3.47) is info>4 fo(a). It is easy to
check that the vertex of the parabola y = fo(«) lies at

n 1\ 72
[eT ( m ) .
Since g < @, it follows that fo(«) is increasing on « > @, so a* = &. It is easy to check that both

expressions of (3.47) are equal to fo(a*). This completes the proof of (3.47). Now (3.48) follows from (3.47)
and (3.45). O

The proof of Proposition 3.13 describes a form of local optimality of the representation (3.45) for
E(Kpy1;-) with o := & given in (3.49). The upper bound (3.48) is in fact tight for n = 2. The proof of this
is a bit long, and not very enlightening. It does not fit well with the usual tools we have been using, so it is
presented in Section A.1 in the Appendix, which culminates with Theorem A.8; stating equality in (3.48)
for n = 2.

3.4 Computational Complexity

The difficulty in proving an analytic formula for £(K,; A) even for a “thin” infinite family of complete
graphs (Theorem 3.12) and the somewhat erratic behavior for the formula even as n ranges from 2 to 4
(Theorem A.8) indicate how intricate this parameter is. In this section, we prove the unsurprising fact
that computing these ellipsoidal numbers for arbitrary graphs is NP-hard. We discuss some further issues
related to the computational complexity of geometric representations of graphs in Section 7.1.

For a graph G and a matrix A € Sff_ for some d € Z, 4, it is clear that £,(G; A) = 0 if and only if
dim(G) < dim(Null(A)); recall that dim(G) was defined in Section 2.6. So deciding whether dim(G) < k
for any fixed k reduces to computing &,(G; A) for any p € [1, 00] where A is a matrix of nullity k. It was
shown in [73, Theorem 4] that the former decision problem is NP-hard. Below we give a shorter proof.

Theorem 3.14 ([73]). The problem of deciding whether dim(G) < 2 for a given graph G is NP-hard.

Proof. Let k be a fixed positive integer. Saxe [127, Lemma 4.4] showed that the following problem is
NP-hard: given an input graph G and ¢: E — R, , decide whether there exists u: V — RF such that
llu(i) — u(j)|| = €;; for every ij € E. Saxe showed that the problem remains NP-hard even if we require

(e {1,2}".

We will show a polynomial-time reduction from the above problem with k = 2 and ¢ € {1, Q}E to the
problem of deciding whether dim(G) < 2. It suffices to show how we can replace any edge of the input
graph G which is required to be embedded as a line segment of length 2 by some gadget graph H so
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Figure 3.3: The gadget graph H.

that every unit-distance representation of H in R? maps two specified nodes of H to a pair of points at
distance 2.

Consider the graph M known as the Mosers spindle shown in Figure 3.2. The subgraph of M induced
by {a,b,c,d} has exactly two unit-distance representations in R? modulo rigid motions: one of them as
displayed in Figure 3.2, and the other one maps nodes a and b to the same point. We claim that, in any
unit-distance representation u of M in R?, the nodes a and b are not mapped to the same point. Indeed,
Ju(a) — u(®)|?, u(a) — u(e)||* € {0,3} and ||Ju(b) — u(e)||* € {0,1} imply that u(a), u(b), u(e) are distinct
points.

Let H be the gadget shown in Figure 3.3, which consists of two copies of M sharing a triangle (some
edges of M are drawn in dots for the sake of ease of visualization). Then, every unit-distance representation
of H in R? maps the nodes i and j to points at distance 2. Thus, if we replace the corresponding edges {i,j}
of the input graph G by H, we obtain a graph G’ such that dim(G’) < 2 if and only if G can be embedded
in R? with the prescribed edge lengths. O
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Chapter 4

Vertices of Spectrahedra
Arising from the Theta Body

In the previous chapters, our focus has been on hypersphere representations of graphs and their variants.
From the viewpoint of Theorem 2.4, the hypersphere number may be seen as yet another manifestation of
the Lovasz theta number, via the intimate connection between hypersphere and orthonormal representations,
as exemplified by Corollary 2.6 and the proof of Proposition 2.8. We now turn our attention to orthonormal
representations of graphs and the crucial convex set that they describe (cf. (1.5)): the theta body TH(G).
In this chapter and the next, we concern ourselves with various descriptions of TH(G), again guided by
duality. The subject of this chapter is the boundary structure of convex sets.

The study of the boundary structure of polyhedra arising from combinatorial optimization problems
has been a very successful undertaking in the field of polyhedral combinatorics. Part of this success
relies on a very rich interplay between geometric and algebraic properties of the faces of such polyhedra
and corresponding combinatorial structures of the problems they encode. This remains true even in
the context of some NP-hard problems, where one is generally resigned to seek partial characterizations
of the boundary structure via some families of facets. Interestingly, analogous results for SDPs arising
from combinatorial optimization problems are rather scarce [87, 88, 136], despite our somewhat good
understanding [24, 93, 90, 12, 116, 117, 11, 2, 112, 14] of the boundary structure of spectrahedra, as feasible
regions of SDPs are called. This is partially explained by the fact that spectrahedra are much richer in
complexity than polyhedra. However, or perhaps owing to that, it is reasonable to presume the existence
of a wealth of combinatorial information encoded in the boundary structure of spectrahedra arising from
combinatorial optimization problems. Indeed, since semidefinite optimization is a strict generalization of
linear optimization, SDPs should in principle encode at least all that is known via polyhedral combinatorics.
This is, in fact, our beacon throughout this thesis.

It is instructive to briefly compare some important qualitative differences between polyhedra and
spectrahedra. From the viewpoint of linear conic optimization, a (pointed) polyhedron is the intersection
of the nonnegative orthant R’ with an affine subspace of R", whereas a spectrahedron is the intersection
of the positive semidefinite cone S”! with an affine subspace of S"”. By regarding S"™ as R7(n+1)/2 (and thus
stripping off the extremely convenient algebraic structure of S™), one could argue that nothing is gained in
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terms of ambient space or affine constraints when moving from polyhedra to spectrahedra. On the other
hand, the boundary structure of the cone S’ , while completely understood (see, e.g., [156]), is far more
intricate than that of R”!. The latter is in fact separable in that it may be written as the direct sum of n
copies of R. In this context, one is comparing the rich boundary structure of S} with the trivial boundary
structure of Ry. This difference in complexity goes even further when contrasting the boundary structure
of spectrahedra and polyhedra, since the intersection of the affine subspace with S} can be so pathological
that Strong Duality as well as Strict Complementarity may fail for SDPs; see, e.g., [156]. Even the faces of
dimension zero of well-behaved spectrahedra have a substantially different structure than that of polyhedra.
Recall that an extreme point of a convex set is called a wvertex if its normal cone is full-dimensional. For
a polyhedron, extreme points and vertices coincide, and there are only finitely many of them. On the
other hand, the unit ball { z € R?: ||z|| < 1}, which is linearly isomorphic to a spectrahedron, has infinitely
many extreme points and no vertices whenever d > 2.

Vertices of a convex set can be regarded as the only likely points to optimize a uniformly chosen linear
function, in the following sense. Fix a full-dimensional convex set ¥ C R™ and a point Z € €. Now choose
a unit vector ¢ € R™ uniformly at random. Then the probability that z is an optimal solution for the
optimization problem max,c« (c, z) is positive if and only if Z is a vertex of ¥. This property of the vertices
may have practical significance in some contexts where one formulates an SDP relaxation to a problem and
the vertices of the feasible region correspond ezactly to the combinatorial (or non-convex) objects from that
problem. This kind of situation may be useful in low-rank recovery schemes; see [126]. Other instances
occur in combinatorial optimization, in some previous results which suggest that vertices of feasible regions
of SDPs play an analogous role to that of for extreme points in polyhedral combinatorics.

In this chapter, we make progress on the relationship between geometric and combinatorial properties
of a fundamental spectrahedron related to the Lovasz theta function: the lifted theta body TH(G), defined
n (1.6). We prove that the vertices of Tﬁ(G) are precisely the symmetric tensors of (lifted) incidence
vectors of stable sets in G. Our result generalizes a characterization due to Laurent and Poljak [87, 88| of the
vertices of the elliptope, the spectrahedron arising from the famous SDP relaxation for MAXCUT exploited
by Goemans and Williamson [52] in their approximation algorithm. Laurent and Poljak’s characterization
is in fact equivalent to the application of our result to the lifted theta body of a graph with no edges. Our
result may also be seen as a lifted version of an observation by Shepherd [136] that the vertices of TH(G)
are precisely the incidence vectors of stable sets in GG. All these results state that the vertices of these
spectrahedra coincide with the ezact solutions of the problems of which they are relaxations. We shall also
determine the vertices of some relatives of TH(G) corresponding to the variants 9 and 9% of ¥ described
by (2.62) and (2.64), as well as for spectrahedra arising from other characterizations of .

The remainder of the chapter is organized as follows. After a quick warm-up section on a neat relationship
between graph homomorphisms and hypersphere representations corresponding to extreme points, we
develop simple formulas for the normal cone of a spectrahedron at a given point and its dimension. We use
our formulas to review some of the previous results in the literature, including Laurent and Poljak’s [87, 88]
characterization of the vertices of the elliptope and Shepherd’s [136] characterization of vertices of TH(G).

We then exploit our formula to determine all the vertices of Tﬁ(G) and several related spectrahedra.
The main contribution in this chapter is the content from Section 4.5, especially Theorem 4.16.

We should remark that throughout the chapter we only study spectrahedra in a very special form. In
the literature, it is common to define spectrahedra as sets of the form {y € R™: Ag + >.", y;A; € S} for
given matrices Ao, ..., A,, € S™; the defining constraint is known as a linear matriz inequality (LMI). For
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the sake of convenience, we shall instead focus only spectrahedra defined as the intersection of the cone S}
with an affine subspace of S™. The advantage is that, by confining ourselves to subsets of symmetric
matrices, we retain the ability to use the simple but powerful algebraic structure of the underlying space S™.
In that sense, to consider other representations of the feasible region which make it harder to exploit the
algebraic structure, such as the LMI form, seems akin to just regarding S™ as R™(+1)/2,

4.1 Extreme Hypersphere Representations and Homomorphisms

Let G = (V, E) be a graph, and let ¢t € R. Define
Z#:(G) = { X € SY : diag(X) = te, L5(X) = &}, (4.1)

so that %;(G) is precisely the set of Gram matrices of hypersphere representations of G with squared
radius ¢. Clearly, %;(G) # @ if and only if ¢t > ¢(G). If t > t(K,), then %;(K,,) is a singleton, e.g., by

Lemma 3.9. On the other hand, for ¢ € R, the set %2;(K,,) is the set of all positive semidefinite matrices
with constant diagonal, a set which we shall study with more detail later in the chapter.

In this section, we shall look at some simple properties relating some extreme points of %Z;(G) and
graph homomorphisms. We briefly recall some basic concepts in convex analysis.

Let € C E be convex. A face of € is a convex subset % of ¢ with the following property: if z,y € €
and Az + (1 — M)y € & for some A € (0,1), then z,y € #. That is, a convex subset & of ¢ is a face of ¢
if, whenever the relative interior of some line segment contained in % meets .%, the whole line segment
lies in #. A point x € € is an extreme point of € if {z} is a face of €. The concepts of faces and
extreme points are fundamental in convex analysis and polyhedral combinatorics; see, e.g., [123, Section 1§]
or [132, 133, 134].

The intersection of any set of faces of € is again a face of €. Therefore, every point x € € is contained
in a unique minimal face of ¥, which we denote by Faces (x). The minimal face Faces (z) is characterized
by the fact that x lies in the relative interior of Facey (z). When % is a spectrahedron, the dimension of
the set Faceg (X) for some X € € is determined in the following way, as is well known (see, e.g., [90] or [88,
Theorem 1.1]):

Theorem 4.1 ([90]). Let ¢ :== { X € S7 : A(X) = b} for some linear map A: SV — R™ and b € R™. Let
X € €, set r := rank(X), and write X = URUT for some U € R"™*" and R € S". Set A; := A*(e;) for each
i € [m]. Then

dim (Face (X)) = dim(S") — dim(span{ UT A;U : i € [m]}). (4.2)

In particular,
X is an extreme point of € if and only if { UTA;U : i € [m]} spans S". (4.3)
Let us use Theorem 4.1 to find out which hypersphere representations of a graph correspond to extreme
points of %;(G). Let G = (V, E) be a graph, and let t > #(G). Let X € R;(G). Set r := rank(X) and write

X =UUT for some UT € RIM*V 5o that i € V — UTe; = u; is a hypersphere representation of G with
squared radius ¢t. By (4.3), the Gram matrix X is an extreme point of %,;(G) if and only if

{wul i€ VIU{ (u; —u;)(u; —uj)" :ij € E} spans S". (4.4)
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We shall thus say that a hypersphere representation u: V' — R” of a graph G = (V, E) is extreme if (4.4)
holds.

Proposition 4.2. Let G = (V, E) be a graph, and let t € R. Let X € SV. Then X is an extreme point
of Z:(Q) if and only if there is an extreme hypersphere representation u: V' — R” with squared radius ¢
such that X is the Gram matrix of u.

Proof. The proof is almost immediate by Theorem 4.1 and the previous discussion. The ‘only if’ part is
trivial. For the ‘if’ part, let X be the Gram matrix of an extreme hypersphere representation u: V — R”
with squared radius t. By Theorem 4.1, it suffices to show that L := span{w; : i € V} is equal to R".
Let d € L*. Then (dd",yy") = 0 for each y € {u; : i € V}U{u; —u; : ij € E}, so that dd" lies in the
orthogonal complement of {u,u) : i € V}U{ (u; —uj)(u; — uj)T :4j € E}. Since u is extreme, it follows
that dd" =0,s0d =0, and L = R". O

We can use graph homomorphisms to “lift” some extreme hypersphere representations. We refer the reader
to Section 2.6 for the definitions and notation concerning graph homomorphisms. Let G and H be graphs,
and let ¢: G — H. Then ¢ determines a function from E(G) to E(H) by setting ¢({4, j}) == {&(3), ¢(j)}
for every ij € E(G). We say that ¢ is complete if $(V(G)) =V (H) and ¢(E(G)) = E(H).

Proposition 4.3. Let G be a graph. Let u: V(G) — R” be a hypersphere representation of G with
squared radius t. Let H be a graph and suppose that ¢: H — G is a homomorphism. If the hypersphere
representation u o ¢ of H is extreme, then u is extreme. Moreover, if the homomorphism ¢ is complete,
then the implication above is an equivalence.

Proof. The proof is immediate: u o ¢ is extreme if and only if
{uau] i€ p(V(H))}U{ (u; —uy)(u; —u;)" :ij € ¢(E(H))} spans S”.

The above condition implies that u is extreme, since ¢(V(H)) C V(G) and ¢(E(H)) C E(G). If ¢ is
complete, then equality holds on both set equations, whence the implication is clearly an equivalence. [

We may use this proposition to prove that some hypersphere representations are extreme in case the
graph has a large enough clique.

Proposition 4.4. Let u: V — R" be a hypersphere representation of a graph G = (V, E) with squared
radius t. If w(G) = r + 1 holds, or if both w(G) = r and t > ¢(K,) hold, then u is extreme.

Proof. We shall apply Proposition 4.3 with H € {K,, K41} and ¢ :=¢: H — G as the embedding map.
We will set v := u ot and show that v is an extreme hypersphere representation of H. By elementary linear
algebra, v is extreme if and only if {v; : ¢ € V(H)} spans R". Thus, it suffices to prove that the Gram
matrix X of v has rank > r. If H = K, 41, then rank(X) > r by Lemma 3.9. If H = K, and ¢ > ¢(K,),
then we also have rank(X) > r by Lemma 3.9. This concludes the proof. O

Corollary 4.5. If u: V — R? be a hypersphere representation of a nonbipartite graph G = (V, E), then u
is extreme.
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Proof. If G contains a triangle, then w(G) > 2 4 1, so equality must hold. If G contains no triangle, then
w(G) = 2 but the squared radius ¢ of u satisfies t > 1/4 = ¢(K3) by Proposition 2.2 since G is nonbipartite.
In both cases, we are done by Proposition 4.4. O

We know that a graph G = (V, E) satisfies x(G) < 3 if and only if there is a hypersphere representation
of G in R2. This can now be refined to the following statement: a graph G = (V, E) satisfies x(G) = 3 if
and only if there is an extreme hypersphere representation of G in R2.

For the remainder of the chapter, we shall turn our attention to vertices of spectrahedra related to
orthonormal representations of graphs, which may be regarded as dual objects to hypersphere representations
by Corollary 2.6.

4.2 Normal Cones of Spectrahedra

In this section, we develop some tools to study normal cones of spectrahedra. We use elementary duality
results to obtain formulas for the normal cones of a spectrahedron and their dimensions. These formulas
are crucial for our main result in Section 4.5.

Let ¥ C E be a convex set and let £ € ¥. The normal cone of € at T is defined as
Normal(¢;z) = {c € E* : (c,z) < (¢, Z) Vx € €}.

We say that Z is a vertex of € if dim(Normal(%;z)) = dim(E*).
The Strong Duality Theorem leads to a dual characterization of normal cones of the feasible region of

any conic optimization problem with a restricted Slater point.

Proposition 4.6. Let K C E be a pointed closed convex cone with nonempty interior. Let A: E — RP and
B: E — RY be linear functions. Let a € R and b € R%. Set ¢ = {z € K: A(x) = a, B(x) < b}. Suppose
that € Nint(K) £ &. If & € €, then

Normal(%; z) = Im(A*) + { B*(2) : z € RL, supp(z) Nsupp(B(z) —b) = o} — (K* N {.’f}L) (4.5)

Proof. First we prove ‘C’. Let ¢ € Normal(%’;Z). Then Z is an optimal solution for the conic programming

problem
sup{ (c,z) : A(z) = a, B(z) <b, v € K},

which has a restricted Slater point by assumption. By the Strong Duality Theorem, its dual
inf{ (a,y) + (b,2) : y € R?, z € RY, A*(y) + B*(2) =k~ ¢}

has an optimal solution § ® z € R? @ RY whose slack 5 := A*(7) + B*(2) — ¢ € K* satisfies (5,Z) = 0
by complementarity. (Here we use the usual inner-product (a,b) = a'b in the dual space.) Again by
complementarity, we also have (B(Z) — b, z) = 0. Together with B(Z) < b and z € R, this implies that
supp(z) Nsupp(B(2) — b) = @. Since ¢ = A*(y) + B*(z) — 5, we find that c lies in the set described by the
RHS of (4.5).
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Next we prove ‘2. Let 5 € K* N {Z}", let j € RP and %z € R% such that supp(2) Nsupp(B(z) — b) = @.
Set ¢ :== A*(§) + B*(Z) — 5. If x € €, then

(¢,x) = (A7), 2) + (B7(2),2) — (5,2) = (9, A(2)) + (2, B(2)) — (5,2) = (5, 0) + (2, B(x)) — (5, 2)
<(@:a) +(2,0) = (g,a) + (2,b) = (5,7) = (4, A(7)) + (2, B(7)) - (5,7)
= (A"(9),2) + (B"(2),2) — (5,7) = (¢, 7).
Thus, ¢ € Normal(%’; ). O

Now, we move back to the special case of SDP. In this setting, it is beneficial to exploit the extra
algebraic properties of the underlying space S™. A conspicuous extra feature is the fact that each point in a
spectrahedron, as a matrix, has a range, a nullspace, and a rank. We shall use these concepts to massage
the identity (4.5) for the normal cone and obtain a simple formula for its dimension.

In what follows, we shall frequently use the following elementary identity. Let A: E — Y be a nonsingular
linear map, and let .Z C E be a linear subspace. Then

(A(2))" = A7 (2h). (4.6)

We start by examining the rightmost term in (4.5), namely K* N {f}L, known as the conjugate face
of Z in K*. When K is the positive semidefinite cone S, the conjugate face of a point X in S% may be
described as a lifted copy of a smaller semidefinite cone, appropriately rotated via a linear automorphism
of ST which depends only on the range of X. This allows us to associate the dimension of the conjugate
face to the rank of X, as shown by the following well-known result:

Proposition 4.7. Let X € St. Let @ € O" such that X = QDiag(M()_())QT, and set r := rank(X).
Then

ST N{X} =Q0est)QT, (4.7)
dim (S N {X}) = (dim(Nullz(X)) + 1>’ (48)
ST N{X}" = cone{bb" : b e Null(X)}. (4.9)
Proof. Set A := AY(X). Let us prove that
S™ N {Diag(\)}" = 0@ S" . (4.10)

It is clear that ‘2’ holds. For the reverse inclusion, let Y € S N {Diag(A\)}*. Then 0 = (Y, Diag()\)) =
(diag(Y"), A), which together with diag(Y) > 0 and A > 0 implies that Y;; = 0 for each i € supp(A) = [r].
Since Y € ST, we find that Y;; = 0 for each i € [r] and j € [n], so Y € 0@ S’,™". This proves (4.10).

Set D := Diag()) and apply the linear isomorphism Congr,, = Congr," to both sides of (4.10) to obtain

Q0@ ST ")QT = Congry, (S N (span{D})™) = Congr(ST) N Congr, ((span{D})™)
=St N (Congré*(span{D}))J' =St N (span{X})".
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This proves (4.7).

To prove (4.8), use (4.7) and the fact that the nonsingular map Congr, preserves dimension:
dim(S} N {(X1h) = dim (Congrg, (06 ST™")) = dim(0 & S 7")

_ dim(S1T) = (n —;+ 1) _ (dim(Null2(X)) + 1>.

Finally, we prove (4.9). Let Y € S7 be arbitrary, and write Y as ¥ = Zle h;h] where {h; : i € [k]} C
R". Since Y € S%, the equation (X,Y) = 0 is equivalent to h] Xh, = 0 for each i € [k]. Since X € ST, the
latter is equivalent to h; € Null(X) for each ¢ € [k]. O

As the proof of Proposition 4.7 illustrates, it is often helpful to restrict our attention to a specific class
of positive semidefinite matrices (e.g., diagonal matrices) for which it is easy to prove a result, and then
extend it by changing the basis, e.g., by applying a congruence Congrg. We now look at how normal cones
behave when we apply such transformations.

Let € C E be a convex set and let Z € €. If T: E — E is a linear bijection, then

Normal(T(€); T(z)) = { c € E* : (¢, T(x)) < (¢, T(z))Vz € €}
={ceE*: (T*(c),z) < (T*(c),x)Vz € €} (4.11)
={T7*(d) €eE*: (d,z) < (d,z)Vz € €} = T~*(Normal(%; z)).

The identity (4.11) shows that the coordinate-free properties of normal cones remain invariant under
linear bijections. In the case of SDPs, we can say a bit more in terms of the rank of a feasible matrix X.

Lemma 4.8. Let A: S — RP and B: S™ — R? be linear functions. Let a € RP and b € R?. Let L € R™*"
be nonsingular, and define
Ar, = Ao Congr; ', By, == Bo Congr;*,
¢ ={XeS}: AX)=a, B(X) <b},
€L = Congr(¢) ={Y €S} : AL(Y) = a, BL(Y) < b}.
Then, for any X € €, we have:

(i) €NSY, # @ if and only if €7, NS, # @;
(ii) Normal(%7; Congry, (X)) = Congry *(Normal(%; X)) whence dim(Normal(%7; Congry(X))) =
dim (Normal(%; X));
(iii) Im(Aj) = Congry *(Im(A*)) whence dim(Im(Aj})) = dim(Im(A*)); and analogously for Im(B; );
(iv) Null(Congr, (X)) = LT Null(X) whence rank(Congr, (X)) = rank(X).
Proof. Most of the proof follows from the fact that the map Congr; is an automorphism of S . Note that
¢ NSY, = Congr,(¢) NS, = Congry (¢ NS, ). This proves (i). Statement (ii) follows from (4.11),

whereas (iii) is elementary linear algebra. For (iv), let h € R™ and note that LXLTh = 0 is equivalent to
XLTh =0, ie., LTh € Null(X). O
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Next we derive the principal tool for our main result: a simple algebraic expression for the dimension of
the normal cone of a spectrahedron at a given point.

Theorem 4.9. Let A: S” — RP and B: S® — R? be linear functions. L_et a € RP and b € R?. Set
¢ ={XeS}: AX)=a, B(X)<b}. Suppose that € NS}, # @. Let X € ¢, and let P denote the

orthogonal projection onto { z € R? : supp(z) Nsupp(B(X) — b) = @}. Then
dim(Normal(¢; X)) = dim(S") — dim(Null(A) N Null(P o B) N span{ Sym(Xuv') : u,v € R"}) (4.12)
In particular, if X = zz" for some nonzero Z € R, then

dim (Normal(%; 2z "))
= dim(S") — dim(({Aif cie[pl}U{Bz:ic g\ supp(Bzz") - b)})L), (4.13)
where A; == A*(e;) for all 7 € [p] and B; := B*(e;) for all i € [g]; thus,

if zz7 € % for some nonzero € R™, then zZ' is a vertex of € if and only if  (4.14)

{Az:iep]}U{Bz:ic|q]\supp(B(zz") —b)} spans R".
Proof. We start by proving that
[span (S} N {X}J‘)]l = span{ Sym(Xuv") : u,v € R"}. (4.15)

Let Q € O" such that X = @Q Diag(A\)QT, where A := M (X). Set D := Diag(\) and r := rank(X). Note
that
[span (S} N {D}J')]L = span{ Sym(Duv") : u,v € R"}, (4.16)

since, by Proposition 4.7, we have
[span(S? N {D})]" = [span(0 @S2 7)]" = [0@s™ 7]
= span{ Sym(eie}) i€ [r], j€nl}
= span{ Sym(Duv') : u,v € ]R”}.

In the latter equality, the inclusion ‘C’ is obvious. For the reverse inclusion, let u,v € R™ and note that
Sym(Duv’) = Y21, 3775 wiv; Sym(Degef) = 31y Y% wjv; Sym(Dege] ). This proves (4.16).

To prove (4.15), apply Congrg, to both sides of (4.16) to get

[span (S} N {X}J‘)] t= [span (ST N {Congrg, (D )] = [span(S% N Congré*({D}J‘))]l
= [span(Congrg" (S N {D} )] + = [Congry" (span(S% N {D}L))} +
= Congr, ((span(S’ N {D}* )) )

) tu,v e R"})
= span{ Congrg (Sym(DuvT)) u,v € R"}
= span{ Sym(CongrQ(DuvT)) u,v € R"}
= span{ Sym(XuvT) Tu,v € R”}.

= Congrg (span{ Sym(Duwv
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By Proposition 4.6 and (4.15), we have
(span(Normal(‘ﬁ; X)))J_ = (Im(.A*) + Im(B* o P) — span(S} N {X}l)f_
— Null(A4) N Null(P o B) N [span(Si N {X}l)] .
= Null(A) N Null(P o B) N span{ Sym(Xuv") : u,v € R"}.
This proves (4.12).

For the remainder of the proof, suppose that X = #z' for some nonzero z € R"”. Note that (4.15)
specializes to

[span (S} N {JZ“JET}J')]L ={Sym(zh"): h e R"} (4.17)

since the RHS of (4.17) is a linear subspace of S™.

Let h € R™. Then [A(Sym(zh"))|, = hTA;Z for i € [p] and [B(Sym(zh"))], = hTB;Z for i € [g]. Thus,
using (4.17), we find that

IRt
Null(A) N Null(P o B) N [span(gi n{x} )}
= {Sym(:ﬁhT) the ({Ax:iep)}u{Bx:iclq\supp(B(zz") — b)})L},

which has the same dimension as ({ A,z : i € [p]} U{B;z: i € [q] \ supp(B(zz") — b)})L since the linear

map h € R" + Sym(zh") is injective. This concludes the proof of (4.13), from which (4.14) follows
immediately. O

4.3 The Elliptope, the Boolean Quadric Body, and Their Variants

Two spectrahedra recur as building blocks for semidefinite relaxations of combinatorial optimization
problems: the elliptope and the boolean quadric body. In this section, we define them and review previous
results in the literature about their vertices. These results suggest that vertices of spectrahedra may be
regarded as a natural counterpart for extreme points in polyhedral combinatorics.

Let V be a finite set. The set
conv{zz' 1z € {:I:l}v}

is sometimes called the cut polytope. Since we have
{2aT 12 € {il}v} ={ X eSY : diag(X) = ¢, rank(X) = 1},
a natural relaxation for the cut polytope is the set
& = { X e SY : diag(X) = e},

known as the elliptope. This set is the feasible region of the SDP used by Goemans and Williamson [52] in
their approximation algorithm for MAXCUT.
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The set
conv{ (1@z)(1@® )" : z € {0, 1}V} (4.18)

is a lifting of what is sometimes called the boolean quadric polytope. Define the map
Bioyuv: X € ST s Bioy (X) @ By (X) e RIY @ RY, (4.19a)
where Byoy: S{%VV — R{%} and By : S{%YY — RV are defined by
Bioy(eo) = oo and By (e;) = Sym(e;(e; — eo)T) VieV. (4.19b)
(Recall that we assume throughout the thesis that 0 ¢ V'.) Since we have
{(en)(len)T 2e{0,1}V} ={X st B (X) =1@0, rank(X) = 1},
a natural relaxation for the boolean quadric polytope is the set

BQoyuy = { X € SV Bgyuv(X) = 1@ 0}. (4.20)

Define the square matrix Bool on index set {0} UV as

T 1[2 0F
Bool = 1 Z ex(eo+er) = 3 L/ Tl (4.21)
ke{o}uVv

Then Congrg,,, is a linear isomorphism from &gy y to BQgoyuv L.

Congrg, (g{o}uv) = BQ{O}UV' (4.22)
To see this, let X € S{0MYV and note that

<B?O}(60)7 CongrBool (X)> = <€O€g, X>7
(Bi(e:), Congrpoo (X)) = 1((eie] —egeg), X)  VieV.

Thus, diag(X) = € is equivalent to Bioyuv (CongrBool(X)) =1@® 0. We refer the reader to the papers [33,
89, 45] for more details on the relationship between the cut polytope and the boolean quadric polytope,
and their relaxations.

Laurent and Poljak studied the facial structure of the elliptope in the papers [87, 88]. They characterized
the vertices of the elliptope as precisely the matrices of the form za" with x € {:I:l}v7 i.e., they are
precisely the extreme points of the cut polytope, of which the elliptope is a relaxation. Thus, by Lemma 4.8,
the vertices of the set BQ(oyy are also the matrices of the form (16 z)(1 & 2)T with z € {0,1}". In the
remainder of the section, we shall go over their proofs for the sake of completeness.

We first state a slightly generalized version of a result by Laurent and Poljak [88].

Theorem 4.10 (|88, Theorem 2.10]). Let A: S™ — R™ be a linear map, and let 4; := A*(e;) for each
i € [m]. Let b € R™ such that supp(b) = [m]. Set ¢ := { X € S} : A(X) = b}. Suppose that € NS}, # &
and that rank(}";"; A;) = >, rank(A;). Then, for every X € ¢, we have

dim (Null(X)) + 1)

) (4.23)

dim(Normal(¢; X)) = dim(Im(A4*)) + (
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Proof. The proof of ‘<’ in (4.23) follows from Proposition 4.6 and (4.8).

Now we prove the reverse inequality. We shall use the fact that

if L € R™*™ is nonsingular, then the hypotheses and conclusion of the result hold if  (4.24)

and only if they also hold if A is replaced with Ay, := Ao Congr;' and € is replaced

with €7, .= Congr; (%).
Note that rank(}"1" | A% (e;)) = rank(> ", A*(e;)) = it rank(A*(e;)) = Y0, rank (A} (e;)) since
rank(A% (y)) = rank(L~TA*(y)L™!) = rank(A*(y)) for each y € R™. Together with Lemma 4.8, this
proves (4.24).

Let us prove that
we may assume that A;A; = 0 whenever 4, j € [m] are distinct. (4.25)

For each ¢ € [m], set r; :== rank(A4;) and let B; € R™*" have full column-rank such that Im(4;) = Im(B;).
Set r := ", r;. Then the n x r matrix

B = [Bl Bm]

has full column-rank, since our hypothesis and the relation Im(}"/", 4;) € > Im(4;) = > i~ Im(B;) =
Im(B) imply that

r= ZZ’;I Ty = rank(zzr;l A,;) = dirn(Irn(X:;i1 Az)) < dim(Im(B)) = rank(B).

Thus, there exists a nonsingular L € R™ ™ such that LB = Y, _ e.ef. If i,j € [m] are distinct,
then Im(LB;) L Im(LB;) holds and so does Im(Congr; (A;)) L Im(Congr; (A4;)). Therefore, we have
Congr; (A;) Congry (A;) = 0 whenever 4, j € [m] are distinct. Thus, by replacing A with Ao Conng}T and
applying (4.24), this proves (4.25).

Next we shall refine (4.25) and show that

we may assume that A; = Diag(a;) for each i € [m], where a4, ..., a, € R™ are vectors  (4.26)
with pairwise disjoint supports.

Since the matrices A1, ..., A,, pairwise commute by (4.25), there exists P € Q" such that PT A; P is diagonal
for each i € [m]; see, e.g., |72, Theorem 1.3.19]. Let a; € R™ such that A; = P Diag(a;)PT for each i € [m].
For distinct 4,j € [m], we have 0 = PT(4;A;)P = Diag(a;) Diag(a;), whence supp(a;) Nsupp(a;) = 9.
Thus, by replacing A with Ao Congr;f1 and applying (4.24), this proves (4.26).

Let X € ¢, let {Ry,..., Ry} be a basis of Sn—rank(X) - and let Q € O™ such that X = Q Diag(\)QT,
where \ := M (X). To prove ‘>’ in (4.23), it suffices by Proposition 4.6 to show that the set {A1,..., A, } U
{Q0® R)QT,...,Q(0® R,)QT} is linearly independent. Let a € R™ and 3 € RP such that

m P

> aidi+Y 5RO R)QT =0. (4.27)

i=1 j=1

Let u € Null(X)*. Then QTu € QT Im(X) = Im(QTX) = Im(Diag(A)Q") C Im(Diag())), whence
supp(QTu) C [rank(X)]. Thus, if we multiply (4.27) on the right by u, we obtain u € Null(3>1", oy A;).
So Null(X)+ € Null(3_7", a;A;), or, equivalently,

Im (31", i A;) € Null(X).
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Let k € [m]. Then from (4.26) we have Im(axAx) C Im(3-1", a;A4;) € Null(X) so ap XAy = 0. Since
0 # b = (A, X) = Tr(ArX), we have X A;, # 0, so it must be the case that ap = 0. This proves that
a =0, whence 8 = 0. This concludes the proof of (4.23). O

By Theorem 4.10, the dimension of a normal cone at matrix X of the elliptope is completely determined
by the rank of X. In particular, this leads to a characterization of the vertices of the elliptope:

Corollary 4.11 ([87, Theorem 2.5]). Let V be a finite set. Then a point X of & is a vertex of & if and
only if rank(X) = 1. Thus, the vertices of & are precisely the matrices of the form zaT with x € {+1}".

Proof. Theorem 4.10 implies that a point X € & is a vertex of & precisely when Null(X) has dimension
V| -1. O

Corollary 4.12 ([87]). Let V be a finite set. Then a point X of BQqoyuv is a vertex of BQyqyyy if and

only if rank(X) = 1. Thus, the vertices of BQqoyuv are precisely the matrices of the form (16 x)(1 & x)"
. 1%

with z € {0,1}".

Proof. Immediate from Corollary 4.11 and (4.22), via Lemma 4.8. O

In the proof of Corollary 4.11 by Laurent and Poljak in the paper [87|, the fact that zz' is a
vertex of &, if z € {£1}" follows from the simple observation that { (—1)&:%i <0l Sym(eiejT) 14,7 €[n]} C
Normal(&,; 2Z"). For the proof that all vertices of &, have rank one, Laurent and Poljak give the following
argument, which we include for the sake of completeness:

Proposition 4.13 ([87]). Let A: S®™ — R™ and b € R™ and set ¢ = { X € S" : A(X) = b}. Suppose
that ¢ NS, # @. Suppose that for some k € [n — 1] there exists a linearly independent subset
{ho} U{h;: i€ [k]} of R® such that { Sym(hyh]) : i € [k]} C Null(A). Then every vertex of ¢ has rank
<n-k.

Proof. We first show that,

if L € R™*™ is nonsingular, then the hypotheses and conclusion of the result hold if  (4.28)
and only if they also hold if A is replaced with Ap := Ao Congr;1 and ¥ is replaced
with %, .= Congr; (%).

Note that linear independence of {ho}U{ h; : i € [k]} C R™ is equivalent to that of {Lho}U{ Lh; : i € [k]},
and the inclusion { Sym(hoh]) : i € [k]} C Null(A) is equivalent to

{Sym(Lhoh{ L") : i € [k]} = Congr, ({ Sym(hoh{) : i € [k]}) € Null(Ao Congr;') = Null(Ap).

The proof of (4.28) follows from these facts together with Lemma 4.8.
By applying (4.28) with L € R™*™ nonsingular such that Lhg = e,, and Lh; = e; for i € [k],

we may assume that hg = e, and h; = e; for all i € [k].
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Set d := dim(Null(A)). Let Pyyun(a): S™ — S™ denote the orthogonal projection onto Null(A). Since the

elements of { Sym(e,e]) : i € [k]} C Null(A) are pairwise orthogonal, we have
Pxunca (Sym(e,el)) = Sym(e,el) Vi€ [K] (4.29)
and
there is a linear isomorphism ¢: Null(A) — R? such that [p(X)], = X, for all i € [k]. (4.30)

Let X be a vertex of ¥. By Propositions 4.6 and 4.7, we have
Normal(¢; X) = Im(A*) — (S} N {X}) = Im(A*) — cone{ bb" : b € Null(X)}.
Then B -
Prun(a) (Normal(€; X)) = — cone{ Py (bb") : b € Null(X)}

has dimension d. Hence, there exists a set {b; : j € [d]} € Null(X) such that, for B; := b;b] for j € [d], the
set { Pnun(a)(Bj) : j € [d]} is linearly independent. So the d x d matrix M whose jth row is ©(Pyun(a)(B;))
is nonsingular, and its submatrix M; := M]|[d], [k]] has k linearly independent rows. By possibly relabeling
the set { B; : j € [d]}, we may assume that the first k£ rows of M; are linearly independent, i.e.,

{[bj]n(bj F[k]) 1 j € [k:]} = {@(PNun(A) (Bj))Fm RS [k]} is linearly independent,

where the equation follows from (4.29) and (4.30) since, for every 4, j € [k], we have

[e(Prunay(Bi))], = [Prvancay(Bj)],,, = (Pnuncay(Bj), Sym(eze,))
= <Bj Sym(eiel)> = [Bjl;,, = [bs],,[05];-

In particular, [b;],, # 0 for each j € [k] and {b; : j € [k]} is linearly independent. Since b; € Null(X) for
each j € [k], we get rank(X) <n — k. O

When Proposition 4.13 is applied to &, in the proof of Corollary 4.11 with hg = e, and h; = e; for
each i € [n — 1], we find again that each vertex of &, is rank-one.

Note, however, that the bound provided by Proposition 4.13 may be quite weak. To see this, consider
the set

€ = {X SIS <Sym(eie}),X> =0Vij € ([g])}

Note that the polyhedral cone € has a unique vertex (and extreme point) and its rank is 0. Now suppose
{ho}U{h;: i€ [k]} CR"is alinearly independent set for some k € [n— 1] such that Sym(hyh]) is diagonal
for each i € [k]. For z,y € R", the matrix Sym(zy") is diagonal if and only if, for each i € supp(z), we
have Y[\ iy = —(¥i/®i)z ) iy- Thus, k < 1. Thus, Proposition 4.13 gives the upper bound n — 1 for
the rank of the vertices of %.

Proposition 4.13 has nonetheless a quite unexpected consequence:

Corollary 4.14. Let A: S — R™ be a linear map. Let b € R™. Define ¢ = { X € S} : A(X) = b}.
Suppose that € NS, # @. Then every vertex of ¢ = {X € S{+O}U[n] : X[n]] € %'} has rank one.
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Proof. Immediate from Proposition 4.13 applied with h; := e; for each i € {0} U [n]. O

Thus, the seemingly innocuous operation of embedding a spectrahedron into a higher-dimensional space
completely transforms the boundary structure: the sets 4" in Corollary 4.14 could potentially have vertices
of all ranks from 1 to n whereas the higher-dimensional set 4" can only have vertices of rank one. While
one may argue that the transformation described is very easy to detect, upon applying a congruence to the
system defining % this may no longer be the case.

4.4 Vertices of the Theta Body

In the next section, we will determine the vertices of the lifted theta body of a graph G = (V| E), defined as
TH(G) = { X e SV Boyuv (X) = 100, Ap(X[V]) = 0};

recall that the linear map Ag was defined in (2.16). In this section, we shall present a proof of an observation
made by Shepherd [136] that the vertices of the theta body

TH(G) = { diag(X[V]) : X € TH(G)} (4.31)

are precisely the incidence vectors of stable sets of G.

Theorem 4.15 ([136, p. 281]). Let G = (V, E) be a graph. Then a point Z of TH(G) is a vertex of TH(G)
if and only if Z is the incidence vector of a stable set in G.

Proof. For the ‘if” part, let Z be the incidence vector of a stable set in G and note that TH(G) C [0,1]V
implies that { (—1)[i=%¢; : i € V} C Normal(TH(G); Z).

Now we prove the ‘only if” part. Set n := |V|. Let Z be a vertex of TH(G). If n = 1, then TH(G) = [0, 1]V
so Z must be the incidence vector of a stable set of G. Assume henceforth that n > 1. Then

we may assume that z; > 0 for every ¢ € V.

Suppose that Z; = 0 for some ¢ € V. Then Z lies in the face F' := {z € TH(G) : z; =0} of TH(G).
Note that aff(F) = Z 4+ {e;}" and that F = {y&0:y e TH(G —i)}. It is easy to check that the
cone {d € {e;}" : (d,x) < (d,Z)Va € F} has dimension n — 1. Thus, if we form 3 € RV\{#} by dropping
coordinate ¢ from Z, we find that the cone {d € RV\} : (d,y) < (d,7) Vy € TH(G — i)} has dimension
n—1, ie., g is a vertex of TH(G — ), and we are done by induction.

We will use the fact that TH(G) is a convex corner, i.e., a compact, lower-comprehensive convex subset
of RY with nonempty interior. Let ¢ € Normal(TH(G); ). Then (¢,Z) > (c,Z —Z;e;) = (¢, Z) — ¢;T; whence
¢;x; > 0 and ¢; > 0. Hence,

Normal(TH(G); z) C RY. (4.32)

Let ¢ € Normal(TH(G); Z) be nonzero. Since ¢ > 0 by (4.32), we have ec € TH(G) for some sufficiently
small € > 0, whence 0 < (¢,ec) < (¢, Z). Thus,

(e, Zy >0 Ve € Normal (TH(G); z) \ {0}. (4.33)
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Let {c;: j € [n]} be a linearly independent subset of Normal(TH(G);z). By (4.33), we know that
by possibly replacing each ¢; with ¢;/(c;j,Z), we may assume that (c;,z) = 1 for each j € [n]. Then

(cj,x) <{cj,z) =1 for all z € TH(G), so {¢; : j € [n]} lies in the antiblocker of TH(G), which is TH(G)
by (1.4). Thus,

{c;:jel]} CTHG) N{z eRY : (z,7) = 1}. (4.34)
Since TH(G) C {z € RV : (z2,z) < 1} and dim(aff({¢; : j € [n]})) = n — 1, it follows from (4.34) that

(z,7) < 11is a facet-defining inequality for TH(G). By [133, Theorem 67.13], we find that  is the incidence
vector of some clique of G. O

4.5 Vertices of the Lifted Theta Body

We have seen in Corollary 4.11 that the vertices of the elliptope are the extreme points of the cut polytope,
the set for which the elliptope is a relaxation. Similarly, by Theorem 4.15, the vertices of the theta body
TH(G) of a graph G are the extreme points of the stable set polytope of G, for which TH(G) is a relaxation.
These results also indicate that vertices of these nonpolyhedral convex sets are natural counterparts to the
extreme points of polyhedral relaxations often studied in polyhedral combinatorics.

An important qualitative difference between these results is that they deal with quite different classes
of sets. The elliptope &y is a spectrahedron, whereas the theta body TH(G) of a graph G is only known
to be a projection of a spectrahedron, namely, as a projection of the spectrahedron ﬁ(G), as defined
in (4.31). In a sense, TH(G) potentially has a more complicated structure than the lifted set Tﬁ(G)
Indeed, spectrahedra are in general facially exposed, whereas their projections need not be so; see, e.g.,
[25] for some substantial qualitative differences between spectrahedra and their projections. On the other
hand, when solving optimization problems over TH(G), the latter is represented via fﬁ(G) Thus, it is
very important to understand the facial structure of the lifted representation ﬁ(G) of the theta body.

In this section, we shall prove that all vertices of Tﬁ(G) have rank one. This result is a generalization
of Corollary 4.11 and it may be seen as a lifted version of Theorem 4.15. We shall also discuss analogous
results for variants of the lifted set TH(G), which we introduce next. For a graph G = (V, E), these sets
may be defined as

TH(G) = { X e SV Boyuv (X) = 1@ 0, Ap(X[V]) = 0, Ax(X[V]) >0},
TH'(G) = {diag(X[V]) cRV:X e Tﬁ’(G)},
and
THH(G) == { X e SI7Y: Boyuv (X) = 1®0, Ap(X[V]) <0},

THH(G) = {diag(X[V]) eRV: X ¢ Tﬁ+(G)}.

Some well-known variants of the Lovész theta number are the support functions of these sets, i.e., for a
graph G = (V, F) and w € RK, we have

V' (G; w) = max{ (w,z) : z € TH'(G)}, (4.35)
It (G;w) = max{ (w,z) : z € TH"(G)}. (4.36)
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We refer the reader to [78, 61| and the references therein for more details.

Now the motivation for our main result below should be clear:

Theorem 4.16. Let V be a finite set, and let ET, B~ C (‘2/) Set

> . % {oyuv 0 ¢ ¢

@ = {X e st By (X) =100, Ap+ (X[V]) > 0, Ap— (X[V]) < o}.
Let X €%. Then X is a vertex of % if and only if rank(X) = 1.

Proof. Note that
1 [2n &' - {0}uV
on [ e I} € NSy
for n := |V, so we may apply Theorem 4.9.

We first prove the ‘if’ part. Let X € % be rank-one, so that X is of the form X = (lez)(1®z)' for
some Z € RY. Since By (X) = 0, we have Z € {0,1}". Then | oy (€)1 T) = eged (1@ 7) = eg and, for
i € V, we have 2[B}(e;)](1 & Z) = 2Sym(e;(e; —e0) ) (1@ Z) = (Z; — 1)e; + T (e; — eo) = (2%, — 1) e; — Tyeq.
These vectors form a basis for R{%YY | whence X is a vertex of ¢ by Theorem 4.9.

Now we prove the ‘only if’” part. Let X be a vertex of €. For each k € V', define
L Sym(XeeeeT) eV, Xy > 0}.
X

100 = Sym(Xepe]) + 3
For E € {E*,E~}, denote the orthogonal projection onto {z € RE : supp(z) Nsupp(Ag(X[V])) = &}
by Pg. Let F: SOV 5 RV @ RET @ RE~ be defined as
FY) =By (Y)® (Pg+ 0o Ag+) (Y[V]) & (Pp- 0 Ap-) (Y[V]) VY estOIUV,
(Note the absence of {0} in the index set of By .) Let us prove that
Cy € Null(F). (4.37)

Let 4,5 € {0} UV. Then

Xk

[Ck]” = sz[] = 0] -+ [Z = O]ij + Z{ Aez (XM[Z = ]} -+ [£ = i]X@j) e V, ng > 0}
= Xir[j = 0] + [i = 0] Xy; + Z{ f{Z (Xy-jw =jl+[= z']Xy-j) eV, Xy > 0} (4.38)

—Xik[j—0]+[i—o]ij+XijZ{ f{Z ([€:j]+[£:i]) leV, Xy >0}.

Thus, if 4,7 € V are distinct and X'ij =0, then [Ck]ij =0. Let ¢ € V. Then

[Ck]z = X”Z{ X_MQV = Z] S V, ng > O} = 2[)2“‘ > O]in = 2in
y24

7
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whereas

[Crlio = X + Xio Z{ XM [6=i]: eV, Xu> o} = Xir + [Xii > 0] Xpi = 2K, (4.39)
o

This concludes the proof of (4.37).
We claim that

if k,¢ € V are such that Xy > 0 and Xy > 0, then Xy = Xpp = Xy (4.40)

Let k,¢ € V be distinct such that ka > 0 and Xa > 0. Set

1 1
D = — Ck — = Cg.
Xk .,

Note that [Ck]OO = 2X0k = QXMC and [CZ]OO = QXQg = QXM, whence D()Q =0. Hence, D e Null(B{o})
By (4.37), we also have D € Null(F). Thus, by Theorem 4.9, we must have D = 0. Now from (4.39) we get

C C 2X 2X . .
OZDk():[Ak]kO—[f]kOZ Qkk Lk — X=X
Xk X Xk X
and . .
2X 2X, IS N
0= Dy = Cleg _ [Cie]éo = M X = X

Xk Xt Xew  Xu
This concludes the proof of (4.40).
From (4.40) we find that there exists n € R such that

X=(1-n[100)100)]+[1ols)1o1s)] (4.41)

where S = supp(diag(f([V])). If S = @, the proof is complete, so assume that S # @. Then X = 0 is
equivalent to n € [0, 1]. If n = 0 the proof is complete, so assume 1 > 0. Then (4.41) describes the extreme
point X as a convex combination of two distinct points of ¢, from which we conclude that 7 = 1, whence

rank(X) = 1. O
We immediately obtain from Theorem 4.16 the vertices of all the lifted theta bodies described above:

Corollary 4.17. Let G = (V, E) be a graph. Let % € {ﬁ(G),ﬁ’(G),ﬁ*’(G)}. Then a point X of &
is a vertex of ¢ if and only if rank(X ) = 1. Thus, the vertices of € are precisely the matrices of the form
(1®1g)(1® 1s)" where S C V is a stable set of G.

Proof. Immediate from Theorem 4.16: for ¢ = TH(G), take E* = E~ == E; for ¢ = TH'(G), take
E* = (}) and E~ := E; for ¢ = TH*(G), take E* := @ and E~ := E. O
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Let V be a finite set. Define

BQ{oyuv = {X € BQqoyuv - X[V] > 0},
BQ{{O}UV = {X € BQ{O}UV : <Sym((eo —e;)(ep — ej)T),X> >0, Vij € (‘2/)}

Like BQyqyuv, these sets are also well-known relaxations for the lifting (4.18) of the boolean quadric
polytope. Also, define the square matrix Flip on index set {0} UV as

-
Flip := eged + Z eileo —e)' = [(13 EI] . (4.42)
i€V

Note that Flip(1® 1s) = (1® 1y g) for each S C V. It is easy to check that Congryy;, is an automorphism
of BQqoyuv, and that

COngan (BQi{O}UV) = Bng}uV . (4.43)

Corollary 4.18. Let V be a finite set. Let € € {BQ{O}UV, BQ{O}UV, BQ{O}UV} Then a point X of € is

a vertex of ¢ if and only if rank(X ) = 1. Thus, the vertices of % are precisely the matrices of the form
(1 D ]ls)( %) ]ls) where S C V.

Proof. For € e {BQ{O}UV, BQ{O}UV} this follows from Corollary 4.17 via Lemma 4.8, since BQqyy =

TH(KV) and BQ{oyuy = TH' (Ky). For 6 = BQ{ojuv; this follows from the previous sentence together
with (4.43) and Lemma 4.8. O

Currently, we do not know whether all the vertices of the relaxation BQ’{O}UVQBQf{IO}UV of the
lifting (4.18) of the boolean quadric polytope have rank one.

Let V be a finite set. Define
(o@{/o}uv = {X € Sy - <Sym((eo +e;)(eo + ej)T),X> >0, Vij € (‘2/)}7
éa{o}uv = {X € oy - <Sym((eo —e;)(eg — ej)T),X> >0, Vij € (‘2/)}

Like &gy, these sets are also relaxations for the set conv{ (1®z)(1®z)" : z € {:tl}v}, which is a
variant of the cut polytope. It is easy to check that

Congrgoo (103uv) = BQqojuvs (4.44a)
Congrpoo (oyur) = BQloyuv s (4.44D)
CongrBool(g{/é)}UV) = BQ/{/O}UV . (4.44c¢)
We thus immediately get the following generalization of Corollary 4.11:
Corollary 4.19. Let V be a finite set. Let % € {g{o}uv7éafo}uvvg.{/6}uv} Then a point X of € is a

vertex of ¢ if and only if rank(f( ) = 1. Thus, the vertices of € are precisely the matrices of the form
(1@ zs)(1P®xs)" where g =1g — Ly\g for some S C V.

Proof. Immediate from Corollary 4.18 and (4.44) via Lemma 4.8. O
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Corollary 4.19 allows us to gauge the extent to which Corollary 4.17 generalizes Corollary 4.11: the
latter result characterizes the vertices for one convex set for each positive integer n, whereas the former
does the same for each positive integer n and every graph with n nodes.

Kleinberg and Goemans [77] presented SDP relaxations for the vertex cover problem. For a graph
G = (V, E), the feasible regions of their relaxations are:
VO(G) = { X € &opuv : (Sym((eo — i) (e0 —e;)7), X) =0, Vij € E},
VC'(G) = VC(G) N &y -
It is easy to verify that
VC(@) = (Congrpl,; o Congrpy, ) (TH(G)), (4.45a)

—

VC'(G) = (Congrgl,, © Congrpy,, ) (TH'(G)), (4.45b)

ie., @(G) is obtained from fﬁ(G) by complementing each entry via the map z € RV — & — 2 and then
converting to a {1} formulation.

Corollary 4.20. Let G = (V,E) be a graph. Let ¢ € {%(G),%'(G)} Then a point X of ¢ is a
vertex of ¢ if and only if rank(X ) = 1. Thus, the vertices of % are precisely the matrices of the form
(1®1s)(1@®1s)T where S C V is a vertex cover of G.

Proof. Immediate from Corollary 4.17 and (4.45) via Lemma 4.8. O

Let G = (V, E) be a graph. The Lovasz theta number is usually presented in the form
J(G) = max{ (ee', X) : (I,X) =1, Ag(X) =0, X € SY }, (4.46)

as we have seen in (2.17). Note that, if S C V is a stable set of G, then ﬁﬂsﬂg is feasible in (2.17) with

objective value |S|. Moreover, if we add the constraint rank(X) = 1, then every optimal solution is of the

form I—é‘]l s 1% for some maximum stable set S of G. Thus, the feasible solutions of the SDP (4.46) which
we would consider the exact solutions have the form ﬁ]l 51T for some S C V. Similarly, the variants ¥/ (G)

and 91 (G) are usually presented as

¥(G) = max{ (€e", X) : Tr(X) =1, Ap(X) =0, A5(X) >0, X € S{}, (4.47)

9T(G) = max{ (ee", X) : Tr(X) =1, Ap(X) <0, S € SY},
as we have seen in (2.62) and (2.64). For both of these SDPs, the feasible solutions that are sensible to be
called exact also have the form ﬁ]l S]lg for some S C V. However, as the next result shows, the vertices of

the feasible regions of these SDPs do not coincide with what we consider their exact solutions. We shall
denote the degree of a node k in a graph G by degq (k).

Theorem 4.21. Let V be a finite set, and let E+,E~ C (‘2/) Let H denote the graph (V, ET U E~), and
set
¢ ={Xesy Tr(X)=1, Ap+(X) >0, Ap-(X) <0},

Then the set of vertices of € is { e ef : degy (k) = |V|—1}.
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Proof. We first show that
if X is a vertex of %, then X = ey el for some k € V. (4.49)
Let X be a vertex of €. Let k,¢ € V be distinct. Set
3D = Xy Sym(Xeyep) — Xy Sym(Xegey).
Ifi,j € V, then
Dij = Xu (Xik[k =j]+[k= i]ij> — Xk (Xw[ﬁ =jl+= ﬂXZj)
= X Xij ([k = j] + [k = i]) — XX ([ = ] + [ = i])
= X {Xee([k =jl+k=1) - Xu(l=5+1= @D]
For 75 € (‘2/), we clearly have D;; = 0 whenever )_(ij = (0. We also have
Tr(D) = Dii + Do = (2X 1 Xoe) + (—2X00 X)) = 0.

Note that |V|_1I lies in € N SKJF, so we may apply Theorem 4.9 to get D = 0. Thus, 0 = Dy = 2X . Xgp.

Since k and ¢ were arbitrary, (4.49) follows from Tr(X) = 1.
We will now show that,
for k € V, the point ejef is a vertex of ¢ if and only if degy (k) = |V] — 1. (4.50)

Let kK € V. Set E == E* UE~. By Theorem 4.9, the point e e} is a vertex of € if and only if
{ex} U {2Sym(eie})ek :ij € E} spans RY. The latter set is {ex} U {[j = kle; + [i = kle; : ij € E} =
{ex} U{e; : jk € E}, so it spans RY precisely when degy (k) = |V| — 1.

The result now follows from (4.49) and (4.50). O
Corollary 4.22. Let G = (V, E) be a graph. Set P :={k € V : degq(k) = |V| — 1}. Then

(i) the set of vertices of { X € SY : Tr(X) =1, Ap(X) =0} is { e ef : k € P};
(ii) the set of vertices of { X € SY : Tr(X) =1, Ap(X) =0, Ax(X) >0} is {ee} : k€ V};
(iii) the set of vertices of { X € SY : Tr(X) =1, Ag(X) <0} is {e,ef : k € P}

Proof. Immediate from Theorem 4.21, as in the proof of Corollary 4.17. O

The results in this chapter significantly extend the combinatorially-inspired spectrahedra whose vertices
are completely understood. However, we do not know the set of vertices of some of their simplest variants,
such as BQ’{O}UV ﬁBQ’{/O}UV or even

{X € BQqoyuv : (Sym (e;(e; — ej)T),X> >0,V(i,j) €V xV}; (4.51)

the constraints of the latter usually appear in spectrahedra arising from the lift-and-project operator of
Lovasz and Schrijver [101]. This is just a hint of the complexity of the vertex structure of spectrahedra.
We roughly discuss some other difficulties next.
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When considering sufficient conditions which bound the rank of vertices of a spectrahedron, such as
the ones from Theorem 4.10 and Proposition 4.13, ideally one seeks to obtain coordinate-free conditions
that are easy to check and that have a built-in detection for a change of basis. Let us use Theorem 4.10 to
explain this. Suppose we replace the rank hypothesis from that theorem with the condition that A;4; =0
for distinct 4,j € [n]. Note that we eventually reach this assumption in (4.25) in its proof. Then the
modified theorem would be applicable to the elliptope &gy, but not to its linear isomorphic image

{X € SiO}UV : <(€0 — 2€i)(60 - 2€i)T,X> =1Vi e {0} U V},

which is nothing but BQg, - What happened in this case was that we have the following equivalence:
there exists a nonsingular L € R™*™ such that Congr; (A;) Congr;(A;) = 0 for distinct 4, j € [n] if and
only if the rank condition from Theorem 4.10 holds. That is, a simple algebraic condition subsumes an
existential predicate about a convenient basis; the rank condition factors out the trivial congruences. This
is in contrast with the existential hypothesis from Proposition 4.13, which is harder to check, and thus
harder to apply. However, Theorem 4.10 is not yet entirely coordinate-free; this may be seen from the fact
that it does not apply directly to BQ{O}UV using its description in (4.20), since the theorem requires the
RHS of the defining linear equations to be nonzero everywhere. In this sense, Theorem 4.10 still has room
for improvement.

The algebraic aspects just described have a complementary role to geometry in some situations. For
instance, it is easy to see how to start with a spectrahedron all of whose vertices have rank one and
transform it into one that has all vertices of rank two; one could take a direct sum with a constant nonzero
block, and apply a congruence transformation to “hide” the triviality of this transformation. Here the
geometric aspect of the transformation is trivial. However, a broad sufficient condition to bound the rank
of vertices needs to factor out all these congruences. This seems hard to describe algebraically without an
existential hypothesis. On the other direction, Corollary 4.14 describes a transformation of spectrahedra
that is trivial in terms of algebra, but geometrically it modifies the boundary structure drastically.
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Chapter 5

An Axiomatic Generalization of
Theta Bodies

The Lovasz theta function may be defined in a number of equivalent forms, that is to say, it has a
host of alternative characterizations. Some of these involve the geometric object known as orthonormal
representation of a graph, as was already mentioned throughout Chapter 2. The graph invariant ¥(G) also
admits a weighted generalization J(G;w) for any nonnegative weight function w on the nodes of G. When
w is integral, 9(G;w) is just the theta number of a certain “blown up” graph, as was briefly alluded to in
Section 2.4. This weighted theta number also admits numerous characterizations, each of which being more
convenient than the others depending on the context. The monograph [59, Sec. 9.3, which develops much
of the theory surrounding the theta number, defines weighted parameters ¥;(G;w) for each i € [4] and
shows that they are all equal to J(G;w) by proving the chain of inequalities

HG;w) < 9 (Gyw) < 9a(Gyw) < Y93(Gyw) < 9y (Gyw) < IG5 w); (5.1)

see also [78, Sec. 5|. The proofs of some of these inequalities can be summarized as a change of variables,
at the risk of not giving them due justice. Others are deeper and require a more refined tool, namely the
Strong Duality Theorem for SDPs, and this leads us immediately to a geometric viewpoint on the theta
function.

For a graph G = (V, E), the function w € RY — 9J(G;w) is the support function of the convex subset
of RY known as the theta body of G, denoted by TH(G). Thus, it can be said that the function 9(G;-) and
the convex set TH(G) encode precisely the same information. The set TH(G) is in fact a convex corner,
that is, it is a compact, lower-comprehensive convex subset of the nonnegative orthant with nonempty
interior. In this geometric context, the characterizations of ¥(G;w) that involve the Strong Duality Theorem
correspond to applications of Antiblocking Duality to TH(G). It is arguable that all such characterizations
are subsumed by the beautiful duality relation

abl(TH(G)) = TH(G), (5.2)

where abl(-) denotes the antiblocker.
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The relation (5.2) is striking in a number of ways. Consider the fact that the set TH(G) is a nonlinear
object in general, since it is known to be non-polyhedral whenever G is not a perfect graph. The boundary
structure of TH(G) is thus expected to be much more complex than that of the objects usually studied in
polyhedral combinatorics. Since the boundary of TH(G) is completely described by its antiblocker, it is
quite surprising that abl(TH(G)) may be obtained from TH(G) by such a primitive combinatorial operation
as taking the complement of G. The simplicity of the latter operation also translates to a simple change in
algebraic description, since TH(G) is given by the following expression:

.
TH(G) = {w eRY:3X eSY, Xy =a; Vi€V, X;; = 0Vij € E, E "}] € S{j’}u"}. (5.3)

To describe another remarkable feature of (5.2), namely its primal-dual symmetry, we shall bring some
other similar duality relations into the picture. These relations are

abl(STAB(G)) = QSTAB(G), (5.4)
abl(TH'(G)) = THT(G). (5.5)

In (5.4), STAB(G) is the stable set polytope of G and QSTAB(G) is the fractional stable set polytope of G;
in fact, (5.4) is usually taken to be the definition of the latter. As for (5.5), the convex corners TH'(G)
and TH (@) arise from the weighted variants ¥/ (G; -) and ¥ (G; -) analogously as TH(G) arises from 9(G; -),
and (5.5) is usually proved in a similar way to (5.2). The duality relations (5.2), (5.4), and (5.5) are
equivalent to corresponding Cauchy-Schwarz-type inequalities involving the support functions of the
underlying convex corners: for each w,w € RK, we have

(w, w) < I(G;w)d(G;w), (5.6)
(w, ) < a(G;w)x*(G;w),

Here a(G;-) and x*(G; ) are the support functions of STAB(G) and QSTAB(G), respectively. Some other
inequalities of this type, though in unweighted form, are proved in [61, Theorem 3.1, Proposition 3.5] and
in [37, Proposition 8]. By comparing either (5.2) with (5.4) and (5.5), or (5.6) with (5.7) and (5.8), it is
clear that (5.2) and (5.6) enjoy a strong form of primal-dual symmetry. Moreover, the striking similarity
between the duality relations (5.2), (5.4), and (5.5), involving such fundamental convex sets related to the
stable set and clique covering numbers of graphs, seems to demand a common generalization, hopefully
shedding some light on the primal-dual symmetry enjoyed by TH(G).

The weighted variants ¢/ (G;-) and 91 (G;-) of the theta function also admit some of the alternative
characterizations of J(G;-). Namely, each of the functions ¥;(G;-) for i € [4] may be adapted to the
contexts of ¥/ (G;+) so that a chain of inequalities corresponding to (5.1) holds, and similarly for 97 (G;-).
For instance, in [51], after developing some of the functions ¥;(G;-) with ¢ € [4], Goemans precedes the
corresponding functions ¥}(G;-) for ¥'(G;-) by saying: “The validity of these formulations follow easily
from the same arguments as before.” Thus, to prove the validity of the chain of inequalities for ¢'(G;-)
corresponding to (5.1), we are led to the error-prone process of adapting each of the corresponding proofs
for ¥(G; ), rather than applying a black-box result. (And indeed there are errors in the literature concerning
the functions ¥}(G; ), as we pointed out in [22, Sec. 4.1].) This inconvenience is aggravated by the fact that
the proofs for ¥(G;-) under consideration seem to rely on ad hoc properties of orthonormal representations.
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It thus seems appropriate to develop a framework that allows each of these proofs to be applied as a
black-box to the parameters 9(G;-), ¥'(G;-), and 97 (G;-), and perhaps more. Moreover, by abstracting
the most essential parts of the proofs of (5.1), one may gauge the full power of the proof methods involved.

In this chapter, we shall present a framework that achieves some of the aforementioned goals. We will
define a family of generalized theta bodies, which include the members TH(G), TH'(G), TH'(G), STAB(G),
and QSTAB(G), and we shall prove a generalized antiblocking duality relation which includes (5.2), (5.4),
and (5.5). The chain of inequalities corresponding to (5.1) shall also be proved for a generalized theta
function ¥, defined as the support function of the generalized theta body under consideration, and the
corresponding variants ¥; with ¢ € [4].

The main contribution in this chapter is Theorem 5.16, which subsumes the antiblocking relations (5.2),
(5.4), and (5.5). However, the full significance of that theorem is only revealed by the axiomatic development
in the chapter seen as a whole. This includes Theorem 5.9 on the convexity of a certain cone, and the
descriptions of some classical relaxations of the stable set polytope as generalized theta bodies, given by
Propositions 5.11 and 5.18 and Corollary 5.21.

Some of our results may be regarded as a weighted generalization of part of [37, Sec. 5], and they are
quite different from another generalization of theta bodies introduced in [57].

We set the following notation. Throughout the chapter, V' shall denote a finite set. For w € RK, we
denote by y/w the vector in R defined by

Vwl, =i, VieV (5.9)

The Hadamard product ® is the componentwise product: if z,y € RY, then 2 ® y denotes the vector in RV
defined by

[z Oyl =y VieV, (5.10)
and if X,Y lies in RV*W for some finite set 1, then X ® Y denotes the matrix in RY*"W defined by

If A RV*W then AT denotes the Moore-Penrose pseudoinverse of A; see [72] for a definition and basic
properties. For E¥, B~ C (1), set

Apr p- ={X €S Ap+(X) 2 0, Ap- (X) < 0}, (5.12)

where for E C (‘2/) the linear map Ag: SV — R¥ is defined as in (2.16). We also make use of the linear

map Boyuv : STOIUV 5 RIOIVUV defined in (4.19). We shall use some basic concepts from convex analysis,
and we follow mostly the notation from [123]. Let 4 C E. The closure of € is denoted by cl(%). The
support function of € is the (extended-real-valued) map 6*(-| %) on E* defined by

§*(w|€) =sup{ (w,z): x € ¢} Yw € E*. (5.13)
The gauge of € is the function:
Y(@|€) =inf{p: peRy, zcut} Vx € E. (5.14)
The polar of € is
¢° ={yeE": (z,y) <1Vz € €}. (5.15)

For & C RK, the antiblocker of € is
abl(%) == ¢° NRY. (5.16)
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5.1 Theta Bodies

For each h € RY, define the diagonally scaling map
Dy, = Congrpiagp) - (5.17)

Note that Dp(X) = X ® hh' for every X € SV and h € RV. A subset K of SV is called diagonally
scaling-invariant if Dy (K) C K for every h € RY. Some examples of scaling invariants subsets of SV are the
positive semidefinite cone SK, the set of nonnegative symmetric matrices S‘Z/O, and sets of the form Ag+ p-

for some BT, E~ C (‘2/) Clearly, every diagonally scaling-invariant set is a cone, and since the map Dy, is
self-adjoint, diagonal scaling invariance is preserved under duality. Moreover,

if K C SV is diagonally scaling-invariant, then {Dj, : h € RY |} C Aut(K). (5.18)

For sets A C SV and K C ST}V define

TH(A,K) = { X eR: Biyuv(X) =180, X[V] € A} (5.19)
and N — A
TH(A,K) = {diag(X[V]) X € TH(A,K)}. (5.20)

We are interested in sets of the form TH(A, ]IA{), where A and K are diagonally scaling-invariant convex cones
with a few extra properties. The most important examples of sets of this form are the theta body TH(G)
of a graph G = (V, E) and its variants TH'(G) and THT (G). In fact, we define

TH(G) == TH(Apg 5, S, (5.21a)
TH'(G) = TH(&y) 5. SY"7Y), (5.21b)
TH*(G) = TH(Ag 5, SI"Y). (5.21c)

It thus makes sense to call sets of the form TH(A, ]K) as theta bodies. We shall see later that the stable set
polytope and some of its classical relaxations are also theta bodies. To avoid confusion, whenever we refer
to the specific theta body TH(G), we shall call it the theta body of G.

We shall prove that, under certain simple hypotheses, every theta body is a convexr corner, i.e., a
compact, lower-comprehensive convex subset of the nonnegative orthant with nonempty interior. Recall that
a subset & of RK is called lower-comprehensive if, for any x,y € RY, the relations x € ¥ and 0 <y < x

imply y € €. In what follows, the extra hypotheses (5.22) and (5.23) on A and K may be thought of as
requiring that A is not “too small”, and that K is neither “too small” nor “too big.”

Proposition 5.1. Let A C S¥ and K C S{0UV he diagonally scaling-invariant closed convex cones.
Suppose that A satisfies
Diag(RY) C A, (5.22)

and suppose that K satisfies

KD { (eo +€;)(eo + ei)T = V} (5.23a)
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and
diag({ X € K: Byoyuv (X) =1@0}) C [0,1]107V7. (5.23b)

Then TH(A, HA{) is a convex lower-comprehensive subset of [0,1]V with nonempty interior. In particular,
cl (TH(A7 K)) is a convex corner.

Proof. Convexity follows from the fact that TH(A, IK) is a projection of the convex set ﬁ(A, ]K) It is clear
from (5.23b) that TH(A,K) C [0,1]V. To prove that the convex set TH(A, K) is lower-comprehensive, it
suffices to show that if € TH(A, ]K) then z —x;e; € TH(A, K) for cach i € V. Let X € ﬁ(A, K) such that
r = dlag(X[V]) Let i € V. Set Y := Dygn(X) € K for h =& — e;. Then diagonal scaling invariance of A
and K imply that ¥ € TH(A K). Thus, z — 2;e; = dlag(Y[V]) € TH(A,K). This proves that TH(A, K) is
lower—comprehenswe. It remains to show that TH(A, K) has nonempty interior. Let i € V. By (5.22), we
have e;e] € A. Thus, (eo +ei)(eg + ez) € fﬁ(A, K) by (5.23a) whence e; € TH(A, K). Now convexity of
TH(A ]K) implies that 1& € TH(A, K) where n == |V]. Since TH(A,]K) is lower-comprehensive, we find
that 5-é € int(TH(A, K)) O

Under a mild condition on the cone I[A<, already applicable to the descriptions of the sets TH(G), TH'(G),
and THT(G) in (5.21), we can show that TH(A, K) is actually closed, and hence a convex corner:

Corollary 5.2. Let A C SV and K C SOUY pe diagonally scaling-invariant closed convex cones such
that (5.22) and (5.23a) hold. If

Kg{Xe@NW;Xm>OVSeWWU} (5.24)
then (5.23b) holds and Tﬁ(A, ]K) is compact. In particular, TH(A, ]K) is closed, and hence a convex corner.

Proof. Let M be the set of all X in the RHS of (5.24) such that B{O}UV(X) =1 0. Then M is bounded.
To see this, first use sets S € ({O}Uv) containing 0 to show that diag(M) C [0, 1]1°*YV | Note that this
already proves (5.23b). Next, use (5.24) with sets S € ( ) to show that all off- diagonal entries of X € M
have absolute value bounded above by 1. Since TH(A K) C M, it follows that TH(A K) is compact. Now

closedness of TH(A, K) follows from the fact that TH(A, K) is a linear image of the compact set TH(A K).
The rest follows from Proposition 5.1. O

For many of the theta bodies in this chapter, the cone K shall be a subset of Sio}uvy and hence (5.24)
shall be satisfied. An important diagonally scaling-invariant closed convex cone which does not satisfy (5.24)
is the cone of copositive matrices. A matrix X € SV is said to be copositive if hT Xh > 0 for every h € R?

and the set of all copositive matrices in SV is denoted by Cy,. Since S;%}UV C Cyoyuv, it is clear that Croyuyv
does not satisfy (5.24). The copositive cone is also an example of a diagonally scaling-invariant closed
convex cone with a rather complex facial structure. Namely, if n > 2, then each ray of C, of the form
R, e,e], with i € [n], is extreme but not exposed; see [34, Theorem 4.4]. We shall deal with theta bodies
arising from the copositive cone in Section 5.7, where we shall prove the closedness of the corresponding
theta body directly.
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5.2 Polyhedral Diagonally Scaling-Invariant Cones

When studying a theta body TH(A, ]K), we think of A as an “easy” cone, while K is (potentially) a “hard”
cone. Here our use of the terms “easy” and “hard” is more similar to their intuitive use in continuous
optimization, rather than their precise meaning bestowed by computational complexity. In the most
important instances of theta bodies, described in (5.21), the cone A is polyhedral, whereas K is the

nonlinear cone SE_O}UV, whose corresponding membership problem is much harder. In general, it makes
sense to focus on the case where A is polyhedral. At any rate, when defining a theta body TH(A, K), any

trace of “non-polyhedrality” may be “pushed” away from A and into K. We shall show next that requiring a
closed convex cone to be both diagonally scaling-invariant and polyhedral severely constrains its structure.

We shall need a family of cones slightly more refined than the cones Ag+ - defined in (5.12). Let
V+, V= CVand EY,E~ C (}). Define
Ay+ y- pr p- = { X €SY : diag(X[V"]) >0, diag(X[V"]) <0, Ap+(X) >0, Ap- (X) < 0}.
Clearly, every set of this form is diagonally scaling-invariant and polyhedral. In fact, every polyhedral
diagonally scaling-invariant cone is of this form:

Proposition 5.3. Let A C SV be a diagonally scaling-invariant closed convex cone. If A is polyhedral,
then A is of the form A = Ay+ y— g+ p- for some subsets VT, V= CV and ET, E~ C (‘2/)

Proof. Tt suffices to show that
every extreme ray of A* is of the form + Ry Sym(eieJT) for some i,j € V. (5.25)
We first show that,
if Ry X is an extreme ray of A*, then ’supp (diag(X))’ <1. (5.26)

Suppose that R, X is an extreme ray of A* such that X;; # 0 # X; for distinct ¢,j € V. Since A* is also
diagonally scaling-invariant, we have { D, : h € RY } C Aut(A*). For t € Ry, define

h(t) =te; + t_lej + ]lV\{i,j}-
Thus, { Ry Dy (X) : t € Ry4} is an infinite set of extreme rays of A*. This contradicts the fact that A*
is polyhedral and thus proves (5.26).
To prove (5.25), let R1 X be an extreme ray of A*. Let us show that

XijSym(e;e]) € A* Vi, jeV. (5.27)

Let i,5 € V. If i = j then (5.27) holds by diagonal scaling invariance of A, so assume i # j. By (5.26),
at most one of X;; and X;; is nonzero. We may assume by symmetry that X;; = 0. For t € R, define
h(t) == te; +t'e; and note that Dy, (X) € A* for every t € Ryy. By driving ¢ to co we find that
2X,; Sym(eie]T-) = limy 00 Dp(+)(X) lies in the closed set A*. This proves (5.27).

Since
X = Z 2179 X5 Sym(eie;)

i,jev
and Ry X is an extreme ray of A*, it follows from (5.27) that at most one of the terms in the RHS is
nonzero. This proves (5.25) and concludes the proof. O
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We next show that, under the hypotheses (5.22) and (5.23) on A and K from Proposition 5.1 and the
additional assumption that A is polyhedral, the constraints on the diagonal entries of A are irrelevant in the
context of theta bodies. Thus, we shall not lose much when focusing only on cones A of the form Ag+ p-.

Corollary 5.4. Let A C SV and K C S0}V be diagonally scaling-invariant closed convex cones such
that (5.22) and (5.23) hold. If the cone A is polyhedral, then TH(A, ]K) TH(A + Im(Diag), ]K)

Proof. Set A’ := A + Im(Diag). It suffices to prove that

TH(A,K) = TH(A',K) (5.28)
The inclusion ‘C’ follows from A C A’. For the reverse inclusion, first note that Proposition 5.3 ensures the
existence of V*, V- CV and ET,E~ C (‘2/) such that A = Ay + y- g+ g-. Then (5.22) implies V™~ =

Let X € Tﬁ(A’, K), and set X := X[V]. Assumption (5.23b) and the inclusion X € A’ = Ay 5 p+ p- show
that X € Ay 5 g+ - C A. This proves ‘2 in (5.28). O

5.3 Geometric Representations from Theta Bodies

The theta bodies described in (5.21) all have the form TH(Ag+ g-, Sio}uv) for some ET, E~ C (‘2/) The
elements of these sets arise from certain vectors which may be regarded as geometric representations of
graphs:

Proposition 5.5. Let BT, E~ C (‘2/) Then TH(AE+7E_7SS_O}UV) consists of all vectors x € RV of the
form
T; = <UO, ui>2 VieV (529)

for vectors {u; : i € {0} UV} C RIOVY satisfying the following properties:

(ug,u;) >0 VieV, (5.30a)
[lui]| =1 Vie {0}uV, (5.30b)
(ui,uj) >0 Vij € ET, (5.30¢)
(uj,uj) <0  Vije E™. (5.30d)

Proof. Set A := Ag+ g-. Denote by € the set of all vectors x of the form given by (5.29) for vectors
{w; i € {0} UV} C ROV satisfying (5.30).
We first verify that
€ C TH(Ag+ p-,SIY). (5.31)

Let {u;: i€ {0} UV} C ROV gatisfy (5.30). Define U € RUMBVIXV by setting Ue; = u; for every
1 € V. Next, set
Y = U Diag(U "uy)

A 1 ;L'T ugU() ’LL;';Y U;]r {o}uv
X = |: :| = |:YTuO YTY = YT |:'LL() Y} S S+ 5

and
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where we used (5.30b). Let us verify that

X e AE+,E‘7 (5323.)
diag(X) =z, (5.32b)
zi = (ug,u;)® VeV (5.32¢)

We start with (5.32a). Note that X =YY = Dyr, (UTU) and UTug > 0 by (5.30a). Since Ap+ p- is
diagonally scaling-invariant, it suffices to show that UTU & Ap+ p-. But this is immediate from (5.30c)
and (5.30d). This proves (5.32a). For (5.32c), note that

x =Y Tug = [Diag(U u)U ug = (U ug) @ (U up). (5.33)

By (5.30b), we have diag(UTU) = e. Thus, diag(X) = diag(Dyr,,(UTU)) = (UTug) © diag(UTU) ®
(UTug) = (UTug) ® (UTug) = z by (5.33), thus proving (5.32b). It follows that = € TH(AE+,E7,S:{FO}UV),
and the proof of (5.31) is complete.

Now we show that
TH(Ag+ 5-,SI"Y) c 7. (5.34)

Let X € fﬁ(AEtEﬂSio}Uv). Set X := X[V] and z = diag(X). Let Y € RUOIWVIX{OIUV) guch that
X =YTY. Set y; := Ye; for each i € {0} UV. Let Z:={ieV :y; =0}. Define u; := y;/||y:|| for each
i€ {0yU(V\ Z) and let {u; : i € Z} be an orthonormal basis for a subspace of {u; : i € {0} U (V \ Z)}*-
of appropriate dimension.

We must show that (5.30) holds. Note that (5.30a) for i € V' \ Z follows from z = diag(X) > 0 and

A~

Bioyuv (X) = 1®0, and for i € Z it holds by construction. We also know that (5.30b) holds by construction.
Let us check (5.30c). Let ij € ET. If i or j is in Z, then (u;,u;) = 0, so we may assume that i,j € V'\ Z.

Then x
<’U,Z7’U,j> _ <yzuyj> _ ij >
lyillllyill - Mlwsllll;
since X € Ap+ p-. This completes the proof of (5.30c). The proof of (5.30d) is analogous, so (5.30) holds.

Lastly, we show that z is given by (5.29). Let i € V.. Since B{oyuv (X) = 1®0, we have z; = [Y Y], =

Wo,vi) = |lvolllly:ll{wo,w;) = Xil/2<u0,ul-> = x}ﬂ(uo,ui). If z; > 0, then 13/2 = (ug, u;). Otherwise,
u; L ug by construction, so z; = 0 = (uo,ui>2. This proves that z is given by (5.29) and completes the
proof of (5.34). O

Recall from Section 2.2 that an orthonormal representation of a graph G = (V, F) is a map u that
sends V' into the unit vectors of some Euclidean space such that (u;,u;) = 0 whenever ij € E. If,
additionally, (u;,u;) > 0 whenever ij € E, then u is called an acute orthonormal representation of G.
Finally, an obtuse representation of G is a map u from V to the unit vectors of some Euclidean space so
that (u;,u;) <0 whenever ij € E.

Proposition 5.5 immediately leads to the following internal description of the sets in (5.21).

Corollary 5.6. Let G = (V, E) be a graph. Let ¢ € {TH(G), TH'(G), TH"(G)}. Then % consists of all
vectors z € RV of the form z; = (ug,u;)” for every i € V for some unit vectors in {u; : i € {0} UV} C
RIOIVY such that
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(i) u is an orthonormal representation of G, if € = TH(G);
(ii) wu is an acute orthonormal representation of G and (ug,u;) > 0 for all i € V, if € = TH'(G);

(iii) w is an obtuse representation of G and {(ug,u;) > 0 for all i € V, if € = THT(G).

Proof. Immediate from Proposition 5.5. When ¥ = TH(G), the constraint (ug,u;) > 0 may be dropped,
since for each orthonormal representation u of G and i € V', the map obtained from u by replacing some
image u; by —u; is also an orthonormal representation of G. O

5.4 Liftings of Cones

After this short interlude, we turn our attention back to the geometric structure of the theta bodies. In the
next few sections, we will develop the aspects of duality theory required to generalize the relation (5.2) to a
rich family of theta bodies. Preferably, we would like to have the antiblocker of a theta body in this family
to be another theta body in the same family, so that the family is closed under antiblocking duality. As in
the case of the Lovasz theta function, our investigation encodes the complete structure of theta bodies
via their support functions. A careful study of alternative formulations for such functions will lead to the
desired generalization of (5.2).

We briefly outline our approach to motivate the upcoming concepts. We follow to a degree the
development from [59, Sec. 9.3]. We start by fixing a theta body TH(A, K) from a restricted but sufficiently
rich family, with the goal of computing its antiblocker as another theta body. The theta function ¥(A, ]IA{; 3
is defined simply as the support function of abl(TH(A,K)) on the nonnegative orthant. We then define
several new functions, call them ¥;(A,K;-) for each i € [4], all of which will turn out to be equal to the
original theta function 19(A7]K; -). The function 94(A, K; -) shall be defined as the support function of
another theta body, which is then the antiblocker of TH(A, ]K) by standard Duality Theory.

In [59, Theorem 9.3.12] (and in [78, Sec. 12]), the proof that the functions ¢ and 4, ..., Y4 are all equal
is obtained by proving the chain of inequalities (5.1), which corresponds in our setting to

DA, K; w) <01 (A,K;w) < 95(A, K;w) < 93(A, K;w) < d4(A,K;w) <IA,Kw) YweRY. (535)

The proof of some of these inequalities boil down to a change of variable, while others make an essential use of
duality. In fact, Grotschel, Lovész, and Schrijver [59] identify the proof of the inequality J2(G; w) < 93(G;w),
corresponding to R R

as “the heart of the proof,” where an application of the Strong Duality Theorem is paramount to prove that
the parameters ¥5 (A, K; w) and 93(A, K; w), defined as the optimal values of certain optimization problems,
are equal.

Our development is similar, though our proof does not prove the chain (5.35) directly, rather, each
inequality is proved separately as an equation. (Not all of the new functions ¥;’s are needed, but we include
them to generalize the chain (5.1) completely to our setting.) Most importantly, a difficulty arises at the
proof of the critical inequality (5.36): the corresponding pair of dual problems in [59] involves optimization
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over a cone K in the space SV rather than over the “lifted” cone HAQ which lives in S199V| In there, this is
not a problem since no lifted space S{°'YV is even mentioned, and TH(G) is defined purely in terms of the
ad hoc concept of orthonormal representations of G, in a way related to the previous section.

To work around this difficulty, we shall prove that certain optimization problems involving a lifted
cone K C S1O'YY may be reformulated to involve only a lower-dimensional cone K C SV. It does not seem
reasonable to expect that all cones K in S{9YY may be crammed into a lower-dimensional cone K in SV
while preserving all the information we need. Thus, rather than allowing for arbitrary (though always
diagonally scaling-invariant) closed convex cones K to define our theta bodies, we shall instead start with a
given cone K C SV and build a lifting K of K in the space ST}V That is, we focus on theta bodies that
have the form TH(A,K) where K is a function of a cone K, which lives in the space SV. (In view of this,
to keep our outline accurate, all occurrences of the functions ¥(A, HA{; w) and 9; (A, ]K; w) in our previous
discussion should be replaced with ¢(A,K;w) and 9;(A, K; w), since K is built from K.) In fact, on each
side of the inequality (5.36), we shall use a different lifting of the cone K. In the next subsections, we shall
define these liftings and the basic properties we shall need to prove from them a generalization of (5.2).

5.4.1 PSD Liftings of Cones
Let K C SY. Define the PSD lifting of K as

Psd(K) = {X esl?V . X[V e K}. (5.37)
Note that if K is diagonally scaling-invariant, then so is Psd(K). Moreover,

Psd(SY) = stV (5.38)

Before using PSD liftings, we shall need the following straightforward weighted generalization of [47,
Proposition 9], a special case of which was already stated as Proposition 2.17.

Lemma 5.7. Let M C SV be a diagonally scaling-invariant closed convex cone. Suppose that

diag(M) C RY, (5.39a)
if X;; =0 for some X € M and i € V, then X;; =0 for all j € V, (5.39b)
{X e M: Tr(X) =1} is compact. (5.39¢)

Let w € RK. Let X* be an optimal solution of
max{ Vi Xy Te(X) =1, X € M}, (5.40)

and suppose that \/@TX*\/E > 0. Set

d = diag(X™),
X = Diag(Vd)! X* Diag(Vd)",
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Then

D m(X)Vd = M4, (5.41a)
A=V X*Vw, (5.41b)
X*y/w = \Diag(v/w)'d. (5.41c)
Proof. We first show that
supp(d) C supp(w). (5.42)

Let i € supp(d), so that X}, > 0. Suppose that w; = 0. If X}, = 1, then X* = e.e] by (5.39a) and (5.39b)
whence \/@TJTX*\/E =0. If X}, <1, then (1 — X};)"1Dz_,,(X*) is feasible for (5.40) with objective value
(1- Xl-*i)_l\/@TX*\/E, hence strictly larger than the objective value of X*. In either case, we get a
contradiction. This proves (5.42).

If d; = 0 for some 7 € V, we are done by induction on |V|; the verification of this fact is long and tedious
but straightforward. Thus, from (5.42) we may assume that

supp(d) = supp(w) = V. (5.43)

Set d~1/2 := diag(Diag(v/d)~!) so that X = Dy 1/2(X*) € M and diag(X) = e. For every h € RY with
|k|| = 1, the point Dy, (X) is feasible for (5.40) with objective value \/’TUTD}L(X)\/E = h™D s (X)h. Since
X* =D 5(X) is optimal for (5.40), it follows that Vd is an optimal solution for

max { hTDﬁ(X)h theRY, |Ih| =1}.
In fact, since [V/d], > 0 for all i € V, we find that v/d is a local optimal solution for
max{h'D 5(X)h:heRY, ||h]| =1},
hence also a global one; see Theorem A.10. Thus, D_; (X )Wd = A\/d. This proves (5.41a). Now we unroll:
Ad = A Diag(Vd)Vd = Diag(Vd)D, /z(Dy-1/2(X*))Vd = Diag(Vd)Dy-1/2 (D (X ™)) Vd

= Diag(V/d) Diag(d~'/?)D (X *) Diag(d~'/?)v/d = Diag(v/w) X * Diag(v/w)e
= Diag(v/w) X" Vw.

This proves (5.41c). Finally, A = ATr(X*) = Xe'd = é' Diag(y/w)X*\/w = \/ETX*\/TU so (5.41Db) is
proved. O

We can now show that the support function of some theta bodies of the form TH(A, Psd(K)) may be
formulated as a conic optimization problem over the cones A and K. Note that the next result does not
make use of Duality Theory.

Theorem 5.8. Let A CSY and K C SK be diagonally scaling-invariant closed convex cones. Let w € RK.
Suppose that Diag(RY) € ANK. Then

5 (w| TH(A, Psd(K))) = max{ Wave , X): (I,X)=1, X €A, X € K}. (5.44)
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Proof. We begin by proving ‘<’. Let y € TH(A, Psd(K)) and let Y e Tﬁ(A, Psd(K)) such that y = diag(Y)
for Y := Y[V]. We will show that there exists a feasible solution X for the RHS of (5.44) with objective
value > (w,y). We may assume that (w,y) > 0; otherwise, take X = e,e] for any i € V. Set

h = (w,y>_1/2\/1f >0,
X =Dy(Y) € ANK.

Then
1 1

gy T PvelY) = o

whence X is feasible on the RHS of (5.44). Moreover,

Tr(X) = (Vi © v/, diag(Y)) = 1,

{h é) Yy . QXy)T] = Dian ( Ll/ %’:D € Dign(Psd(K)) C Psd(K) C g{f}uv.

Thus, by Schur complement, we get X = (w, )" (vw ®y)(vw ®y)" and

1 2
w3 (w,y)".

Vi X > @ﬁT(Diag«/?u)y) (Diag(vaw)y) Vo =

This completes the proof of ‘<.

Now we prove ‘>’. For that, we will show that,
if X € ANK and Xvw > 0, then vw' Xvw < [Tr(X)](w,y) for some y € TH(A, Psd(K)).  (5.45)

So, let X € ANK such that X/w > 0. We may assume that \/ETX\/E > 0; otherwise take y = 0. Since
XeKC SK, there exists B € RY*V such that X = BT B. Define

c=(vu' Xvw) ’Byuw,
d = diag(X),
B = B[Diag(\/g)]T,
B = BDiag(B"¢),
y = B¢ =Diag(B"¢)B"c = (BT¢) ® (BT¢).

We will show that

y € TH(A, Psd(K)). (5.46)
Set Y := BT B and note that
% 1 T 1 CTB CT _
Y = {y ?}J/ } = [BTC BTB} = [BT] [c B} € Psd(K); (5.47)

to see that Y = BT B € KK, note that Y = Dy, (X) for some h > 0 since

BTe >0, (5.48)
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which follows from (v/w' X y/w)"/2BTc = [Diag(vd)|'BTBy/w = [Diag(v/d)]' X /w > 0. We also get that
Y = Dy(X) € Di(A) C A.
Thus, Y € TH(A, Psd(K)). Finally,
diag(Y) = diag(B" B) = diag (Diag(BTc)BTB Diag(BTC)>
= (B"¢) © diag(B"B) ® (B"¢)
= (BT¢) © diag ([Diag(vd)] ' BT B [Diag(Vd)]") © (B7¢)
= (BT¢) © Lupp(a) @ (BT¢) = (BTe) @ (BTe) =y,

where we used for the second-to-last equation the fact that d; = 0 implies that (BTC)]' = e]TBTc =
ef [Diag(V/d)] "BTe=0TBTc =0. This proves (5.46).
We also have BDiag(v/d) = B[Diag(\/a)]TDiag(\/E) = BDiag(lsupp(a)) = B since d; = 0 implies
B@i =0. Thus,
T Ju' BTByw ’ T 2
(Vw' Xv/w)
T - ~1 \2 T 2
= (\/E Diag(Vd)B c) = (\/E Dlag(\/fu)\/@
2(1 1+ 2
< [[Va|"|[Diag(vao) vi]|” = [Tr(X))w, ).
This completes the proof of (5.45).
Let X be an optimal solution for the RHS of (5.44). By Lemma 5.7, we have X /w > 0. Thus,

0*(w| TH(A, Psd(K))) > \/ETX\/E by (5.45) and the proof of ‘>’ is complete. O
5.4.2 Schur Liftings of Cones

Let K C SY. Define the Schur lifting of K as

-
Schur(K) = { ﬁco %X'] e stV X e K, 29 € Ry, 20X =k sz}. (5.49)

Note that Schur(SY) = SE_O}UV. It is instructive to rewrite the PSD lifting Psd(K) in the following format
similar to Schur(K):

-
if K C SY, then Psd(K) = { {J; ‘?X] eSOV X e K, 20 € Ry, 20X = a:a:T}; (5.50)

note the difference in the last (conic) inequality.

Whereas the expression (5.37) makes it clear that the PSD lifting of a closed convex cone is convex, the
same can not be said about the Schur lifting. We shall now show that, under certain simple conditions, the
Schur lifting of a convex cone is also convex, and in fact it may be used as the cone K in Proposition 5.1:
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Theorem 5.9. Let K C SV be a diagonally scaling-invariant closed convex cone such that K D SK and
diag(K) C RY. Then Schur(K) is a diagonally scaling-invariant closed convex cone that satisfies (5.23).
In particular, if A C SV is a diagonally scaling-invariant polyhedral cone such that (5.22) holds, then
cl(TH(A, Schur(K))) is a convex corner contained in [0,1]".

Proof. To see that Schur(K) is closed, note that xoX =x zx' is equivalent to (H,zqX — xx") > 0 for each
H € K*, and the function
|:x0 xT

T
— 20X — T
x X} 0
is continuous.

Set

.
M = { [20 “””X} eSOV . X €K, 20 € Ryy, 70X =k mT}.

We start by noting that R
Schur(K) = cl(M). (5.51)

The inclusion ‘D’ follows from the closedness of Schur(K). For the reverse inclusion, let

-
-._ |To T
X = [x X} € Schur(K).

If 29 > 0, then obviously X € M. If 29 = 0, then 0 = 20X > zzT and diag(K) C RY imply that z = 0.
Thus, X € K implies that X is clearly the limit of a sequence that lies in Ml with zy converging to 0 from
above. This proves (5.51).

It is obvious that Schur(K) is a cone. We shall prove that Schur(K) is convex by showing that

M is convex. (5.52)

Since

~

-
M = { [xmo xX} e stV . x ¢ K, zg € Ry4, <H>$0X*$$T> ZOVHEK*}’

it suffices to show that, for each H € K*, the set

T T
Ty @ {o}uv | z Hz _
{[m X}ES 30 €Ryy, == — (H,X) <0

is convex. Thus, it suffices to show that, for each H € K*,

T
the function fr: zo ®z € Ry, @RV — T 77 s convex. (5.53)
Zo
Let H € K*. The gradient of fy is
-
' Hx 2Hx
Vin(ro®z) = ——%5—@
o i)
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and its Hessian is > [T Ha) ()T
2 _ 2 |x'Hz/zy —(Hz

Vi@ © o) = 2 { “Hzr  xoH } '

From the hypothesis that K D SK we get K* C SK whence H > 0, so we may write H =, _ hhT™

for a finite subset . of RV. For u = xé/Z & xal/Qé € R:{‘_Oi ®RY, , we have

%gDu(VQfH(xo 6996)) = [Qfgi _(Hm)T] = Z [ <h’x>2 —(h7x>hT}

H —(h,z)h hhT
het
1 —AT
= Z D(h,a:)@é < |:—h hhT:l) = Z D(h,m}@é ((_1 @ h) (_1 S h)T> = 0.
hest he st

This concludes the proof of (5.53), whence (5.52) is proved. Therefore, Schur(K) is convex by (5.51).

To see that Schur(K) is diagonally scaling-invariant, let

-
- . |To T
X = [x X] € Schur(K),

and let hg ® h € Rio} @ RY. The condition Dpyen(X) € Schur(K) is equivalent to Dy (X) € K and

h2x0Dp(X) =x h2(h® x)(h® )" = h3Dy(zzT), both of which follow from the diagonal scaling invariance
of K. It is easy to check that Schur(K) satisfies (5.23a). For (5.23b), let X € Schur(K) and set X = X[V]
and z := diag(X). Then z — (z ® z) = diag(X — zz") > 0 since diag(K) C RY whence z C [0,1]V. This
completes the proof that (5.23) holds.

Now, if A C SV is a diagonally scaling-invariant polyhedral cone such that (5.22) holds, then Proposi-
tion 5.1 implies that cI(TH(A, Schur(K))) is a convex corner contained in [0, 1] O

The hypothesis that K D SK holds cannot be dropped from Theorem 5.9. Consider the cone Cj, of
completely positive matrices, dual to the cone Cy of copositive matrices. A matrix X € SV is said to be
completely positive if X = Zle h;h[ for some hi,..., h; € RY. Now take V := [n] for some n > 2 and
gote tha}ct both 11{0’1}1110’1} + 1{2}112} and ]1{02}]1{0’2} + ]1{1}1111} lie in Schur(Cy,), whereas their midpoint

oes not.

As we hinted in the discussion in Section 5.4, PSD and Schur liftings of cones are in a sense dual to
each other. In the next result, we make the picture a bit clearer by stating a containment relation between
theta bodies defined using these two liftings. The relation may be regarded as a form of Weak Duality, and
we shall later prove that equality, and hence a form of Strong Duality, holds.

Proposition 5.10. Let A C SV be a diagonally scaling-invariant polyhedral cone such that (5.22) holds.
Let K C SK be a diagonally scaling-invariant closed convex cone such that K D Diag(RK). Then

TH(Im(Diag) — A", Psd(K)) C abl(cl(TH(A, Schur(K*)))). (5.54)
Proof. By continuity, it suffices to show that (z,y) < 1 if z € TH(Im(Diag) — A*,Psd(K)) and y €
TH(A, Schur(K*)). Let # € TH(Im(Diag) — A*, Psd(K)), and let X € TH(Im(Diag) — A*, Psd(K)) such
that = = diag(X) for X := X[V]. Let y € TH(A, Schur(K*)), and let ¥ € TH(A, Schur(K*)) such that
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y = diag(Y) for Y := Y[V]. Write X = Diag(u) — B where B € A*. By Corollary 5.4, we may assume that
Im(Diag) C A whence v = z. Then

0<(X,Y —yy") = (Diag(z) - B,Y) —y' Xy = (z,y) — (B,Y) —y' Xy
<{z,y) —y (xz")y = (z,y) — (z,y)".

Hence, (x,y) < 1. O

A result analogous to Theorem 5.8 holds for Schur liftings, i.e., a certain optimization problem
over Schur(K) may be reformulated as an optimization problem over K. We postpone its presentation to
the next section, where we can give a better motivation for the corresponding optimization problems. For
now, we shall show that another classical polyhedral relaxation for the stable set polytope is a theta body
defined via a Schur lifting.

Let G = (V, E) be a graph. The weak fractional stable set polytope of G is the polytope
FRAC(G) = {z € [0,1]V : BLz <&}, (5.55)
where Bg denotes the V' x E incidence matriz of G.

Proposition 5.11. Let G = (V, E) be a graph such that |V| > 2. Set
K, = {XGSV:X[e] = 0Ve € (g)}. (5.56)

Then
FRAC(G) = TH(Ag, g, Schur(Ky)). (5.57)

Proof. We first prove ‘2’. Let x € TH(Ag g, Schur(Ky)), and let X € ﬁ(AEﬂ,Schur(Kg)) such that
r = diag(X) for X := X[V]. By Theorem 5.9, we have x € [0,1]V. Let e = ij € E. Set Y := X[e] and
y :=x[,. Then X =k, zx" implies Y = yy' so

1 =z 1 -z —x 1 -z -z
z, xz; 0| >0 = |—z; x; 0 | =20 = 1—-2;—x;= —T; X 0 |.,ee" )>o0.
£ 0 l’j 71’]‘ 0 Zj —Zy 0 Zj

Thus € FRAC(G), and ‘D’ is proved.

For the reverse inclusion, it suffices by Theorem 5.9 to show that TH(Ag g, Schur(Ks)) contains all
the extreme points of FRAC(G). So let  be an extreme point of FRAC(G). By [133, Theorem 64.7], all

coordinates of  lie in {0, §,1}. Define

> |1 z’ {o}uv
X.L X}ES

by setting diag(X) := = and X; == [ij € E] [351 tx; > 1] x;x; for every ij € (‘2/) Note that X € Ag pNKy
holds, and that X =g, xx" is equivalent to
1 €T Z 5
Yij = | T; xT; Xi' c Sio}u{i’j},

Zj Xi' Zj
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for each ij € (‘2/) So let ij € (g) If 2; + ; <1, then X;; = 0 and either 0 € {z;,2;} or x; = z; = %,

so Y = 0 is easily verified. So assume z; + x; > 1. If z; = 2; = 1, then ij € E, so X;; = z;x;, and
Y =ee" = 0. If z; =1 and z; = 3, then

11 3
V9=11 1 3| =Dec,a(€e" +epes) = 0.
11 1
2 2 2
Thus, X € Schur(Ky) and the proof of ‘C’ is complete. O

5.5 Reformulations of Antiblocking Duality

In this section, we study some reformulations of optimization problems leading up to a problem over the
Schur lifting of a cone K which may be reformulated over K itself. We shall use these results in the next
section to prove a generalization of (5.2).

In the next result, we shall follow the rules set for [59, Eq. (9.3.6)] to interpret the quotient w;/x}:

if w; = 0, then we take the fraction to be 0, even if the denominator is 0; if w; > 0 but (5.58)
the denominator is 0, we take the fraction to be +oo.

Proposition 5.12. Let € C RY be a convex corner. Let w € RV. Then

W;

" (w|%)= min max —. (5.59)
s€abl(¥) i€V S8;
In particular,
0" (w| abl(%)) = min max —t | (5.60)

z€EE i€V x;

Proof. If w = 0, then (5.59) is trivially true, so suppose w # 0.

Let us prove ‘<’. Let s € abl(%). We may assume the max on the RHS is finite so that, by following
the rules from (5.58), we have supp(w) C supp(s). Let € €. Set W := supp(w) and S := supp(s). Then

g w,xz—g —sza:l_ max— g sm1<max—
S i€S S; i€V s;

7

ieW €S
where (5.58) is only used in the rightmost term. This proves ‘<’ in (5.59).
Let ¥ := 0*(w|%¥) > 0. Then (w,z) < 9 for all z € ¥ 1mplies that s == $w € abl(%). Since

max;cy w;/s; = ¥, we find that the RHS of (5.59) is bounded above by ¥ = §*(w|%¥). This proves ‘>’
n (5.59), as well as attainment for its RHS.

Equation (5.60) follows from (5.59) by antiblocking duality, i.e., abl(abl(%)) = €. O
We shall later formulate the parameter ¥, (see the discussion at the beginning of Section 5.4) essentially
as the optimization problem on the RHS of (5.60) applied to a theta body. In a way, that formulation is

unnecessary for the proof of the generalization of (5.2), and it may be further simplified as a line-search,
i.e., by a gauge function:
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Proposition 5.13. Let ¥ C RY be a convex corner. Let w € RK. Then

. w; . .
miy rznez%/gcgc—Z =min{ A € Ry : w € \F}. (5.61)

Proof. If w = 0, then (5.61) is easily seen to hold, so assume w # 0.

First we show ‘<’. Let A € Ry such that w € A¢. Then A > 0 since w # 0 and ¥ is bounded. Set
z = jw € €. Then w;/z; = [w; # O]A for every i € V, according to the rules from (5.58), so that
max;cy w;/x; = A, whence the LHS of (5.61) is < X. This proves ‘<’.

For the reverse inequality, let € € attain the LHS of (5.61), and let A := max;ecy w;/x;. Since w # 0,
we have A > 0. Set y = %w. We claim that y < x. Indeed, if w; = 0 then y; = 0 < ;. If w; > 0,
then A < oo implies z; > 0, whence w;/x; < X implies y; = w;/A < ;. Since 0 <y <z € € and ¥ is
lower-comprehensive, we find that y € €, i.e., w € X¢. This proves ‘>’ on (5.61), as well as attainment on
its RHS. O

The RHS of (5.61) is the gauge function vy(w|%) of € at w. From Propositions 5.12 and 5.13, we
recover the fact that

for a convex corner ¢ C RY, we have §*(-| abl(¥)) = (- |€¢) on RY; (5.62)
see [123, Theorem 14.5|.
A gauge function is oblivious to the upper surface of a set which is “almost” a convex corner:

Proposition 5.14. Let ¥ C RK be a lower-comprehensive convex set with nonempty interior. Then
Y(w|E) =y(w]| cl(¥)) vw € RY. (5.63)

Proof. The proof of ‘>’ is obvious. For the reverse inequality, let w € RK and let A € R such that
w e Acl(¥F). If A =0, then w =0 and y(w|%) =0 = y(w| cl(¥)), so assume A > 0. We will show that
w € (A4 ¢)¥ for every € > 0. Let € > 0. Since € is lower-comprehensive and has nonempty interior, there
exists M € Ry such that é/M € int(%). Thus, for every p € R such that 0 < p < 1, we have

L . .
Me—l—i)\ w € int(F).

For p1 :=€/(A + ¢), this gives

€ 1
e € int(%),
Moo A i)
and since € is lower-comprehensive, we get w € (A + €)%. Since ¢ > 0 was arbitrary, this proves ‘<’
in (5.63). O

We are now ready to show how an optimization problem over Schur(K) may sometimes be reduced to
an optimization problem over K. We shall use the following simple fact:

T

x } € Schur(K) if and only if X =g za'. (5.64)

if K D SY, then E X
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Proposition 5.15. Let A C S and K C S0}V pe diagonally scaling-invariant closed convex cones such
that (5.22) and (5.23) hold. Let w € RY be nonzero. Then

§*(w| abl(c(TH(A, K)))) = mf{ AER, : W e A, diag(W) = Aé, L/lw \/gﬂ € }K}. (5.65)

In particular, if A is polyhedral, then

§*(w| abl(cl(TH(A,K)))) = inf{ AeR, : Y € —A N Null(diag), [ Vo' ] € K}, (5.66)

1
Jo MN-Y

and if K C SV is a diagonally scaling-invariant closed convex cone such that K D SK and diag(K) C RK
then

§* (w | abl(cl(TH(A, Schur(K))))) = inf{ A M =g Y +Vova, Y e —An Null(diag)}. (5.67)

Proof. From Propositions 5.1 and 5.14 and from (5.62), we have

§*(w| abl(cl(TH(A,K)))) = v(w| TH(A,K)) = inf{ AER,, : we ANTH(A, K)}
1,.T

_1nf{/\eR++.WeA,d1ag(W)_Aw, h“’ W eKp.

>|

Using the diagonal scaling invariance of A and K and the change of variable

| LWl 0.
X=D —1/2 A = R
e[ W) =1 200

{w-1/2 if w; >0,

where

[w™ 1/2} i ’ .
1 otherwise,

we get

§*(w| abl(cl(TH(A, K)))) = inf{ AER; X €A, diag(X) = Aaupp(u)s [ v T} € K}, (5.68)

1 w
Vw X
since

diag(Dy,,1/2(W)) = (w™?) © diag(W) © (Aw™ %) = Agupp(u)
if diag(W) = w.

Note that the constraint A € R4 in (5.68) may be relaxed to A € R,. For suppose there exists X € A
such that diag(X) = 0 and

o T e

By the diagonal scaling invariance of K and assumptions (5.22) and (5.23a), we find that X +¢ Diag(Tsupp(w))
is feasible on the RHS of (5.68) for each ¢ > 0, so the RHS of (5.68) is 0.
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To prove (5.65), it suffices by (5.68) to show that
T
inf{ AeR, : W e A, diag(W) = Ae, [\/1@ \/V“; } c K}

1 Vo'l %
_inf{)\ €R; : X €A, diag(X) = Maupp(u) L/?v ; } € K}. (5.69)

If \@W is a feasible solution for the LHS of (5.69), then A&@Dy_ . (W) is feasible for the RHS. Conversely,
if A @ X is feasible for the RHS of (5.69), then A @ [X + ADiag(é — Lgupp(w))] is feasible for the LHS by
diagonal scaling invariance of A and K together with assumptions (5.22) and (5.23a). This completes the
proof of (5.65).

Suppose that A is polyhedral, and set A’ :== A 4+ Im(Diag). Then by Corollary 5.4 and (5.65), we have

§*(w | abl(cl(TH(A, K)))) = 6*(w | abl(cl(TH(A, K))))

.
- inf{ AeR,: W e A, diag(W) = Aé, L/lw \/v@ } = K}. (5.70)

Let A € R, and W € SY. We claim that

W e A’ and diag(W) = Ae hold if and only if there exits Y € —A N Null(diag) such  (5.71)
that W =X -Y.

The proof of the ‘if’ part is clear. For the ‘only if’ part, suppose that W € A’ and diag(W) = e hold.
Then Y := A\ — W € Im(Diag) — A’ C —A’, whence Y € —A’ N Null(diag). By Proposition 5.3, we have
—A’ N Null(Diag) = —A N Null(Diag); see the proof of Corollary 5.4. This completes the proof of (5.71),
from which (5.66) follows. Finally, (5.67) follows from (5.66) and Theorem 5.9, using the equivalence (5.64).
The constraint A € Ry may be dropped since diag(K) C RY. O

5.6 A Plethora of Theta Functions

We are now ready to carry out the plan outlined in the beginning of Section 5.4.
Let A CSY and K C SV. For each w € ]RK, define:
YA, K;w) == 6" (w| abl(cl(TH(A, Schur(K*))))),
01 (A, K; w) = inf{ max ZL c 2 € cl(TH(A, Schur(K*)))},
Do (A, K;w) 1= inf{ A AM = Y 4w, Y € —AN Null(Diag)},
D3(A, K;w) = Sup{ V' Xyvaw : Tr(X) = 1, X € K, X € Im(Diag) — A*},
P4(A, K;w) = §*(w | TH(Im(Diag) — A*, Psd(K))).
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Theorem 5.16. Let A C SV be a diagonally scaling-invariant polyhedral cone such that (5.22) holds. Let
KC SK be a diagonally scaling-invariant closed convex cone such that K O Diag(RK). Let w € RK. Then

YA, K w) =91(A Ky w) = 92(A, Ky w) = 95(A, K w) = 94(A, K; w). (5.72)

In particular,
g abl(cl(TH(A, Schur(K*)))) = TH(Im(Diag) — A*, Psd(K)). (5.73)

Proof. Equation ¥2(A, K;w) = 93(A, K;w) follows by Conic Programming Strong Duality. Although the
conic formulation for ¥3(A, K;w) may not have a Slater point, the assumptions that A is polyhedral and
K* D SK show that, by taking A large enough and Y set to 0, we get a restricted Slater point for the conic
program Y2 (A, K;w). Equation (5.72) follows from 5 (A, K;w) = ¥3(A, K;w), Propositions 5.12 and 5.15,
and Theorem 5.8 since cl(TH(A, Schur(K*))) is a convex corner by Theorem 5.9. Now (5.73) follows from
conjugate duality applied to J(A,K;w) = 94(A,K; w) for every w € RY. O

Theorem 5.16 implies (5.2) using the descriptions (5.21), and also that
abl(TH'(G)) = THT(G) (5.74)

for every graph G, which is also a well-known result. Theorem 5.16 and Proposition 5.11 also yield a
description of abl(FRAC(G)) = (conv{ 1;; : ij € E} —RY) NRY, for a graph G = (V, E) with no isolated
nodes, as

abl(FRAC(G)) = TH(AE’E, ,K3),

Ky=) {s5e0:ce(y)}cs”.

Note also that we could have mimicked the proof of the chain (5.1) as in [59] and [78]; the proof that
P4(A, K w) < 9(A,K;w) is essentially contained in Proposition 5.10.

where

In the context of Theorem 5.16, the support functions of the two theta bodies that appear in (5.73)
are gauges polar to each other!; see [123, Sec. 15]. The corresponding polar inequality (that is, the
corresponding Cauchy-Schwarz inequality) for these gauges is stated next; compare it to [37, Proposition 8
and Theorem 18]. We recall that the symmetric group on V is denoted by Symy, and that, for each
o € Symy,, the linear map P,: RV — RV is defined as the linear extension of the map e; € RV o (i)-

Corollary 5.17. Let A C SV be a diagonally scaling-invariant polyhedral cone such that (5.22) holds. Let
KC SK be a diagonally scaling-invariant closed convex cone such that K O Diag(RK). If w,w e RK, then

(w,w) < 6" (w| TH(Im(Diag) — A*, Psd(K)))é*(w | cl(TH(A, Schur(K*)))). (5.75)
Moreover, if there exists a subgroup I' of Symy, acting transitively on V' and such that
{Congrp : 0 eI} C Aut(A) N Aut(K), (5.76)
then
n = 6"(e| TH(Im(Diag) — A", Psd(K)))d*(e| cI(TH(A, Schur(K*)))), (5.77)

where n = |V|.

ITo be completely precise: if €, 2 C RK are convex corners such that abl(%) = 2, then the support functions §*(-| %) and
0*(- | 2) are equal to the gauges v(-| €°) and ~(- | 2°), respectively, when restricted to RK, by (5.62). Under this restriction
to RK, we also have y(-| 2°) = (- | abl(2)), and the gauge v(-| abl(2)) = v(- | ¢) is polar to (- | €°).

90



Proof. By Theorem 5.9, we know that cI(TH(A, Schur(K*))) is a convex corner. By (5.62) and Theorem 5.16,
the gauge function (- | cl(TH(A, Schur(K*)))) is the support function 6*(-| TH(Im(Diag) — A*, Psd(K))).
Hence, the support functions 6*(- | cl(TH(A, Schur(K*)))) and §*(- | TH(Im(Diag) — A*, Psd(K))) are gauges
polar to each other; see [123, Corollary 15.1.2]. Now (5.75) follows immediately.

Next, we prove that ‘>’ holds in (5.77) if w = @ = € and (5.76) holds. Assume the latter, and set
I'={6¢ Symygyuy : 6(0) =0, 6]y € I'}. It is clear that

{Congrp, : 6 €T} CAut(K) VK e {Psd(K),Schur(K*)}.
Together with { Congrp : o € I'} C Aut(A), this yields
{Congrp, : 6 €T} CAut(¥) V% e {TH(Im(Diag) — A*, Psd(K)), TH(A, Schur(K*))},
whence
{P,:0eT} CAut(¥) V% e {TH(Im(Diag) — A*,Psd(K)), TH(A, Schur(K*))}.

Thus, each support function on the RHS of (5.77) is attained by a fixed point of the map

1
zeRY —» — Z P,x.
1 e
Since I' acts transitively on V', there exist p, v € R such that pe attains §*(e| TH(Im(Diag) — A*, Psd(K)))
and ve attains §*(€| cI(TH(A, Schur(K*)))). By (5.73) from Theorem 5.16, we get (ue,ve) < 1 so pvn < 1.
Thus,

§*(e| TH(Im(Diag) — A*, Psd(K)))d* (e | cI(TH(A, Schur(K*)))) = (¢, ué) (e, ve) = yvn?® < n. O

The preceding results apply to the Lovéisz theta number and the variants 9 and 9" as follows. Let
G = (V, E) be a graph. We may now finally define, for each w € RK, the parameters

(G w) == I(Ag 5, SY;w), (5.78)
V(G w) = 9(Ag, 5, ST w), (5.79)
I (G w) = IA ) B SY;w). (5.80)

5.7 The Stable Set Polytope as a Theta Body

In this section, we show that the stable set polytope of a graph and one of its classical fractional versions
are theta bodies. The key result we use to prove this is a completely positive formulation for the stability
number of a graph, due to de Klerk and Pasechnik [32]. As a consequence of the antiblocker duality relation
from Theorem 5.16, we shall derive a weighted generalization of a copositive formulation for the fractional
chromatic number of a graph, due to Dukanovic and Rendl [37].

We shall use the cone Cy of copositive matrices and its dual Cy;, the cone of completely positive matrices.
Recall that a matrix X € S is said to be copositive if hT Xh > 0 for every h € RK, and X is said to be
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completely positive if X =3, hhT for some finite subset H of RK. There has been much interest around
these cones recently; see, for instance, [19, 119, 17, 20].

Let G = (V, E) be a graph. For each w € RY, we set
a(G;w) = 6" (w| STAB(G)); (5.81)
recall that the stable set polytope STAB(G) was defined in (1.24).
The key argument of the next result comes from [32, Theorem 2.2]:
Proposition 5.18. If G = (V, E) is a graph, then
TH(Ag, g, Psd(Cy)) = STAB(G). (5.82)
Proof. If S C V is a stable set of G, then 1g € TH(Ag g, Psd(Cy,)) since (1 @ 1g)(1 & 15)" € Psd(C3)
and 1417 € Ap p. This proves that STAB(G) C TH(Ag g, Psd(Cy)).

For the reverse inclusion it suffices by conjugate duality and Corollary 5.2 to show that, for w € RK, we
have a(G;w) > 6*(w | TH(Ag, g, Psd(C};))). Thus, it suffices by Theorem 5.8 to show that, for w € RY, we
have

(G w) > max{ Vo Xvw: Te(X) =1, X € Ap.p, X € c;}. (5.83)

Let w € RY. If w = 0 then (5.83) holds trivially, so assume w # 0. The extreme rays of the cone Cj; NAg g
are of the form Ry zz" with x € RK and supp(z) stable in G. So there exists an optimal solution for the

RHS of (5.83) of the form zz" for some € RY such that |Z]|* = Tr(zzT) = 1 and supp(Z) is a stable set
in G. In fact, for any y € RY such that Hy||2 = 1 and supp(y) C supp(Z), the point yy' is feasible in the
RHS of (5.83) with objective value (y/w,y)” whence

max{ Vo Xy Te(X) =1, X € App, X € c;}

= max{ (vi,y)* : y € RY, [lyl* = 1, supp(y) C supp(z) }.  (5.84)

The optimality conditions for the RHS of (5.84) (i.e., Cauchy-Schwarz) show that an optimal solution is
NG

given by 3 = T where u = w © lgypp(z), and its objective value is
WV e
- - - s Lsupp(z)/-
lv/al? lv/al?
Since supp(Z) is stable, this concludes our proof of (5.83). O

Let G = (V, E) be a graph. The fractional stable set polytope of G is defined as

QSTAB(G) := abl(STAB(G)), (5.85)

and for w € RK, we set
X (G w) = 6*(w| QSTAB(G)). (5.86)

Proposition 5.18 yields immediately a weighted generalization of [37, Corollary 5]:
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Corollary 5.19. Let G = (V, E) be a graph. Let w € RY. Then

L/lfu A\[/ETA c Psd(c;;)}. (5.87)

X" (G;w) = inf{ A:Y e A%E,

Proof. By Proposition 5.18 and (5.66) from Proposition 5.15, we have

X (G;w) = 6*(w| QSTAB(G)) = 6*(w| abl(STAB(G))) = 6*(w | abl(TH(A g, Psd(C))))

T
. . 1 "
= 1nf{ AeRy Y € —Ag g N Null(diag), [\/E )\\I/? Y} € Psd(CV)}
T
_ . 1 1 Vw N
= 1nf{ ALY € A4, [\/ﬁ N Y} € Psd(CV)}.
The constraint A € Ry may be dropped since diag(Cs;) C RK. O

By the antiblocker relation from Theorem 5.16, we know that QSTAB(G) is the closure of a theta body.
Unlike in the cases presented so far, the fact that the latter theta body is actually closed does not follow
from our previous results. Thus, we proceed to prove the closedness separately. We shall use an argument
from [46, Theorem 5] (more specifically, in the proof of (5.94) below).

Theorem 5.20. Let A C SV be a diagonally scaling-invariant polyhedral cone. Then
TH(A, Schur(Cy)) = {diag(X[V]) . X € TH(A, Schur(Cy)), | X < 1}. (5.88)
Consequently, TH(A, Schur(Cy)) is a convex corner.

Proof. The inclusion ‘O’ in (5.88) is trivial. For the reverse inclusion, let € TH(A, Schur(Cy )), and let

Y € TH(A, Schur(Cy)) such that 2 = diag(Y) for Y := Y[V]. We shall use (5.64) throughout the proof
without further mention. Note that Y — zzT € Cy implies that z — (z ® ) = diag(Y —zz") > 0 so

ze0,1]V. (5.89)

Let us prove that
we may assume that ¥ € SY, and Y = Y[supp(z)] & 0. (5.90)

Indeed, the principal submatrix Y = Y[V] from Y may possibly be replaced with
v =23 { [V < 0]¥y Sym(e,e]) ij € (5)

without affecting the relations Y[V] € A or Y[V] =¢, zz', by Proposition 5.3 and the trivial fact that
Cy +8SY, = Cy. Clearly, for S := supp(x) and 7 = z|g, we have Y[S] =c, #Z'. Thus, by possibly
replacing Y [V] with Y'[S] @ 0, we shall have Y = Y [supp(z)] @ 0, and the proof of (5.90) is complete. Thus,
by possibly restricting our attention to the index set supp(z),

we may assume that supp(x) = V. (5.91)
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Write D = Diag(z) and B :=Y — D. Let G be the graph on V where ij € (‘2/) is an edge if B;; > 0.

Define A € A by setting A;; .= 1[ij € E](1/x; + 1/x;) for each ij € (‘2/) We claim that
D'+ A—ce" ecy. (5.92)
We shall need to consider the following optimization problem in our proof:
min{ A" (D~ + A)h : h € RY, (e,h) = 1}. (5.93)
Let us show that
there exists an optimal solution h for (5.93) whose support is a stable set in G. (5.94)

Indeed, let h be an optimal solution for (5.93) with minimal support. Note that an optimal solution exists
by continuity and compactness. Suppose that ij C supp(h) for some ij € E. For each t € R, define
hi == h +t(e; — e;), and note that h; is feasible for (5.93) whenever ¢t € [—h;, h;]. The objective value
of hy in (5.93) is, h] (D71 + A)h, = KT (D1 + A)h + 2t(e; — ;)T (D™t + A)h = KT (D~ + A)h, where
the final equation follows from the optimality of A = hgy. Since h; is feasible in (5.93) for  := h; and

supp(hi) € supp(h), the proof of (5.94) is complete.

It follows from (5.94) that AT Ah = 0 and AT D~*BD~'h = 0. Thus, since D~'Y D~ ! =¢, D txaT D!
by the diagonal scaling invariance of Cy, we get

AT (D' 4+ Ah=nr"D'h =r"(D'DD"Yh =" (DD + B)D ')A
>h'D 22" D 'h =hTee"h = 1.

Thus, min{ A" (D' +A—¢ee")h: heRY, e"h =1} > 0 and (5.92) is proved. Set X := D, (D~ + A).
Then (5.92) implies X =¢, D.(ee") = xzT. Moreover, diag(X) = z and, for ij € E, we have

[Dz(A)],,W(Hl) _mtm g

v 2 Z; T 2 o
by (5.89). Since X;; = 0 for ij € E, it follows that

R T
f [1 T

=, X] € TH(A, Schur(Cy )

and || X[ < 1. This completes the proof of (5.88). It follows that the set TH(A, Schur(Cy)) is closed,
since it is described by (5.88) as the linear image of a compact set. Thus, TH(A, Schur(Cy)) is a convex
corner by Theorem 5.9. O

Corollary 5.21. Let G = (V, E) be a graph. Then

In particular, for every w € RK, we have
X (G;w) = max{ (w,z) : X € Ag 5, diag(X) =z, X =¢, J?.I‘T}. (5.96)
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Proof. By Theorems 5.16 and 5.20 and Proposition 5.18, we get

abl(TH(Ap, g, Schur(Cy))) = TH(Ag 5, Psd(C})) = STAB(G).

Thus, (5.95) follows from antiblocking duality. Now (5.96) follows from (5.95) and (5.64) since, for each
w e RK, we have

X (G;w) = 6*(w| QSTAB(G)) = §*(w | TH(Ag 5, Schur(Cv))). O

5.8 Hoffman Bounds

The Lovasz theta number ¢(G) may be regarded as the “best” lower bound for the clique covering number
of G from a family of bounds inspired by a result of Hoffman. In this section, we shall generalize this
observation to our framework.

Hoffman [68] proved the following classical lower bound for the chromatic number of a graph G = (V, E):

)\max(AG)
X(G) Z 1= )\min(AG> .

Here, Ag denotes the adjacency matrix of G. Lovész [94, Theorem 6] proved that the lower bound (5.97)
on x(G) remains valid if the adjacency matrix Aq is replaced with any matrix in A]Ji 5, and that the tightest

(5.97)

lower bound on (@) arising in this manner is precisely J(G). Knuth [78, Sec. 33] defined another graph
parameter, denoted by ¥4(G; w), which is in fact equal to 9(G;w). The parameter ¥6(G;w) is defined as an
optimization problem, and the objective value corresponding to ¥6(G; ) yields precisely the expression of
the RHS of (5.97) when applied to an arbitrary matrix A € A% ;. We shall partially extend our framework
in this direction. ’

Let A CSY and K C SV. Following Knuth [78, Sec. 33], we define
U6(A, K;w) = sup{ Amax(B) : diag(B) = w, B € K, B € Im(Diag) — A*} (5.98)
for every w € RK. Note that the optimization problem on the RHS above is not convex. The next result
relates 96 (A, K; w) to d5(A, K; w).

Proposition 5.22. Let M C SV be a diagonally scaling-invariant closed convex cone such that (5.39)
holds. Suppose that Diag(RY) C M, and that either D, (M) C M for every h € RV or M C SY. Let
w e RK. Then

max{ V' XV Te(X) =1, X € M} - max{ Amax(B) : B € M, diag(B) = w}. (5.99)

Proof. Tt is easy to check that (5.99) holds if w = 0 by using (5.39b). Thus, we may assume that w # 0.
Together with the assumption that Diag(RY) C M we know that the LHS of (5.99) is positive, whence
Lemma 5.7 may be applied.

We start by proving ‘<’ in (5.99). Let X* be an optimal solution for the LHS of (5.99). Define d and X
as in Lemma 5.7. Then B := D ;;(X) + Diag(w © Ly\supp(a)) is feasible for the RHS and its objective

value s Amax(B) > Amax (D (X)) = Vo' X*\/w by (5.41b).
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Next we prove ‘>’ in (5.99). Let B be an optimal solution for the RHS of (5.99). (An optimal
solution exists by continuity and compactness, where compactness is an easy consequence of (5.39¢c).)
Let A i= Amax(B) and let b € RV be a unit vector such that Bb = \b. Note that supp(b) C supp(w)
by (5.39b). The matrix X := Diag(y/w)'B Diag(yv/w)" satisfies diag(X) = Lyupp(w), Whence X = Dj(X)
satisfies Tr(X) = 1. If Dy (M) C M for each h € R, then X € M follows from B € M. If M C S, then
X € M follows from B € M and by the diagonal scahng invariance of M, since we may assume that b > 0
by the Perron-Frobenius Theorem; see, e.g., [72, Theorem 8.3.1] or [50, Theorem 8.8.1]. In either case,
we find that X € M, whence X is feasible in the LHS of (5.99). Finally, its objective value in the LHS
of (5.99) is

Vo' Xy/w = ' Dy(X)vw = bTD s (X)b = bTBb = A,
where we used (5.39b) to get B = D\/@(X) This completes the proof of (5.99). O

Next we shall show that, when applied to w = &, the objective value of the RHS of (5.99) has the same
form as the RHS of (5.97), and thus generalizes it:

Proposition 5.23. Let A C SV be a diagonally scaling-invariant polyhedral cone. Let K C SV be a
diagonally scaling-invariant closed convex cone. Suppose that I € K. Then

max{ Amax(B) : B € ANK, diag(B) = &}

max A .
= max{ 1—[n# O])\M() : A e AnNull(diag), p € —Ry, A =g ,uI}. (5.100)

Proof. We have

max{ Amax(B) : B € ANK, diag(B) = e}
= max{ Amax(I + A) : I—|—A e ANK, diag(A) = O}
=max{ 1+ [V # 0[vAmax(A4) : A € ANNull(diag), v € Ry, vA =g —1}
= max{ 1—[u# O])\IHL(A) : A e AnNull(diag), up € —R4, A =k MI}.
L

Note that we used Proposition 5.3 on the second equation. O

Let G = (V, E) be a graph. Then we have

max{ 1-[A# O]M cAc AiE} =96(Ag,p, S} ;@) by Proposition 5.23,
=U3(Ag E,S +, €) by Proposition 5.22,
=¢"(e| TH(Ag, %:SY)) by Theorem 5.16,
<¢*(e| TH(Ag 5,Cv)) since sY C ¢y,
= 6*(e| QSTAB(G)) by Corollary 5.21,
= x"(G;8) < x(G).

This proves that the best bound from this family of lower bounds for x(G) is 9(G), as was already shown
by Lovész [94, Theorem 6].

96



Chapter 6

Integrality Constraints for SDPs

In polyhedral combinatorics, one usually considers a chain of inequalities of the form

max{c'z: Az <b, x>0,z €Z"} (6.1a)
< max{ cTxiAr<b,z>0,z¢€ R™} (6.1b)
<min{b'y:y>0 ATy >c, yc R™} (6.1c)
<min{b'y:y>0, ATy >c,ycZ™}, (6.1d)

where the feasible region of (6.1a) is contained in {0,1}", and some optimal solution of (6.1d) lies in {0,1}".
In many interesting cases, equality holds throughout in (6.1), and a combinatorial min-max theorem follows.
For instance, if A is the E x V incidence matrix of a graph G = (V, E) with no isolated nodes, b = ¢,
and ¢ = ¢, then (6.1a) is a formulation for the stable set problem and (6.1d) yields a formulation for the
minimum edge-cover problem. Equality throughout holds in (6.1) if G is bipartite. Alternatively, if A is
the K x V incidence matrix of G, where K is the set of all cliques of G, then (6.1a) still formulates the
stable set problem, but (6.1¢) formulates the fractional clique-covering number, and (6.1d) is a formulation
for the clique-covering number. Equality throughout holds in (6.1) if G is perfect, even if we allow ¢
to be an arbitrary vector in ZK. However, even when we do not have equality throughout in (6.1), the
conceptual framework provided by this chain of inequalities is quite valuable theoretically, e.g., in the
design of primal-dual approximation algorithms [153, 155].

In the context of SDPs, the following partial analogue of the chain (6.1) is usually considered:

sup{ (C, X) : A(X) <b, X € S, rank(X) =1} (6.2a)
<sup{ (C,X): A(X) <b, X €S} } (6.2b)
<inf{ (a,y) : y € R}, A*(y) = C}. (6.2c)

The (non-convex) optimization problem (6.2a) usually models a combinatorial optimization problem exactly,
so its role is similar to that of (6.1a). Analogously, (6.2b) is an SDP relaxation of (6.2a) and (6.2¢) is its
dual, so they correspond to the LPs (6.1b) and (6.1c) from the chain (6.1). It is desirable to extend the
chain of inequalities (6.2) to be as complete as (6.1), so that new concepts of exactness of SDP formulations
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may be studied, akin to classical polyhedral combinatorics concepts such as total dual integrality (see,
e.g., [38] or [130, Chapter 22]). We regard the integrality constraints of the endpoints of (6.1), as well
as the rank constraint from (6.2a), as non-convex constraints used to formulate combinatorial problems
exactly. Similarly, we would like to have a non-convex constraint that, when added to the dual SDP (6.2¢),
yields a sensible problem, much like the integrality constraint in (6.1d) usually yields sensible combinatorial
problems for a wide class of combinatorial optimization problems formulated in the format of (6.1a).

It is easy to add a non-convex constraint to the dual (6.2¢) so as to extend the chain of inequalities (6.2)
to match (6.1) in a way that “generalizes” the latter. For instance, suppose the problem (6.1b) is embedded
into an SDP in the format of (6.2b) as

Dlag(O@ ), X)
eoed, X) =1,

sup

(
(
(
(=

2Sym(e;(e; —eo)T), X) =0 Vj e [n], o
b ® Diag(ATe), X) <0 Vi€ ], (6.3)

X[lnl] >0,

X e st

(The reasons for using slightly differently constants multiplying the constraint matrices, compared to
previous chapters, shall be explained later; for now, just note that each constraint matrix has only integral
components if A and b are integral.) The dual SDP, written with an explicit slack, is

inf g
neR ueR" ye R, Z €S2

>0?

T T
n —u ' —b; 0 B
—u Diag(2u) — Z] + ‘;]yz [ 0 Diag(ATei)}
1e(m
§ e st

>

- {8 Dig;(c)] ’ (4

Suppose we add the constraint rank(S) < 1 to (6.4). Then each feasible solution y for (6.1d) yields a
feasible solution for the modification of problem (6.4), with the same objective value: just take n®ud Z =
(b,y) © 0@ Diag(ATy — ¢), so that the corresponding dual slack is S = 0. In fact, if A, b, and ¢ are integral,
we may even add integrality constraints on the variable n & u @ y @& Z. The resulting extension of the
chain (6.2) is then at least as tight as (6.1).

However, when trying to extend the chain (6.2), we want to include not only the chain (6.1) arising
from binary integer linear programs, but also some important SDP relaxations not arising as (6.3). In this
respect, the rank constraint on the dual slack seems quite unsatisfactory, since it does not meet one crucial
minimum requirement, namely, it does yield an “adequate” modified dual when applied to the SDP for the
Lovész theta number. Indeed, let G = (V, E) be a graph, and let w € ZK 1. Let us consider the formulation
for 9(G;w) given by:

Y(G;w) = max (Dlag(() ®w), X)
(eo€d s X) =1, R
(2Sym(e;(e; —eg)T),X) =0 VieV, (6.5)
(2Sym(e;e]), X) =0 Vij € E,
X estovv,
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Its dual, written with an explicit slack, is

inf g
nER,ueRV,ZGRE,
T T T
N —u o 0 P (6.6)
{u 2Diag(u)} + _ZG;EZ” {O 2Sym(eie})} 5= {0 Diag(w)|’
ij
§ e stV

Suppose we add the constraint rank(S) <1 to (6.6). Since n > 0 for any feasible solution by Weak Duality,
the constraint rank(S) < 1 is equivalent to

Diag(2u — w) + 2 Z zij Sym(eze) ) = %uuT.
ijEE

Moreover, supp(w) = V implies that supp(u) = V, since diag(ﬁ ) > 0 whenever S is a feasible dual slack.
However, then either E = (‘2/) or the modified dual is infeasible.

In this chapter, we present a non-convex constraint for the dual SDP that achieves our minimum
requirements, i.e., it generalizes the chain (6.1) and yields sensible modified duals for the SDP formulation
of the Lovasz theta number. The “mirror image” of this non-convex constraint for the primal SDP reduces in
many cases to the rank constraint from (6.2a). In this sense, the new constraint enjoys a form of primal-dual
symmetry. We describe the modified duals for SDP formulations for the maximum cut and the vertex cover
problems. We also use general methods for obtaining SDP relaxations of binary integer linear programs and
examine the effect of the non-convex constraint on the dual SDPs, with a focus on the stable set problem.

Throughout the chapter, we shall state some SDP formulations using slightly different constraint
matrices than in previous chapters; see the observation following (6.3). Up to this chapter in the thesis, all
of our considerations were essentially of a geometric nature, so that equality and inequality constraints
could be freely rescaled without changing the corresponding feasible regions. From now on, since we are
concerned about integrality, and in fact mostly about {0, 1} solutions, the scale has been fixed. This is
no different than the analogous situation in LP relaxations in the context of Integer Programming. For
instance, any rational system of inequalities can be made totally dual integral® by multiplying it by a “large”
natural number; see [48] or [130, Ch. 22, Eq. (36)]. In the current context, it seems natural to require the
constraint matrices of an SDP to have only integral entries, and similarly for the right-hand sides. This is
why some constraints on the SDPs (6.3) and (6.5) were rescaled when compared to previous formulations.

The main contributions in this chapter are the primal-dual symmetric integrality constraints (6.10)
and (6.11), which provide the basis for Theorem 6.3, and their preliminary study when applied to some
important SDP formulations, given by Propositions 6.1 and 6.6.

6.1 A Rank-Constrained SDP Formulation for Clique Covering
Number

Let us start by considering the dual SDP for a formulation of the theta number and a sensible integrality
constraint for it. As in previous chapters, we shall first derive a more general result which we then specialize

LA rational system Az < b of linear inequalities is called totally dual integral if the LP min{b"y : ATy = ¢, y > 0} has an
integral optimal solution for each integral vector ¢ for which the minimum is finite.
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to statements concerning formulations for ¥ and the variants 1 and 9.

Let V be a finite set, and let w € ZK. Let Et, E~ C (‘2/) Set F:=E~ and G := (V, E). Consider the

optimization problem
max (Dlag(O ®w), X)

{egeq, X > L,
(2Sym(e;(e; —e9)T), X) =0 VieV,
(2Sym(e;e]), X) >0 Vij € BT,
(2Sym(e;e]), X) <0 Vij € E-,
X estiov,
The SDP (6.7) plays the role of (6.2b). When we add the constraint rank(X) = 1 to (6.7), the resulting

optimization problem corresponds to (6.2a) and it is an exact formulation for a(G;w); recall the definition
of the latter from (5.81). The dual of (6.7), written with an explicit slack, is:

inf 7
neR, ueRY, 2t eRE" 2~ e RE,
T T
_ i ij el
[ u 2Diag(u) it 0 QSym(elej) (6.8)
0 0" ~ [0 0T
+ z; i {O 2 Sym(e;e! )} —5= {0 Diag(w)] ’
ijEE ™
g estowv,

If we were working with the LP relaxation max{ (w, z) : * € QSTAB(G)}, then the addition of integrality
constraints for the variables of the dual LP would yield an exact formulation for the weighted clique covering
number Y(G; w); in fact, this may be taken as the definition of ¥(G;w). We would like to add a non-convex
constraint to (6.8) to emulate the same behavior in the lifted space of that formulation. Our previous
observation actually guides us in that direction. If K C V is a clique of G, then the inequality (1x,z) <1,
valid for QSTAB(G), is embedded into the positive semidefiniteness constraint of SDP (6.7) in the form

.
0<(le-1g)" E :‘EX} (1@ —-1g)=1-2(1g,2) + 1 X1,

=1-2(1g,2) + (Ig,x) + > Xyli € K][j € K] (6.9)
ie(¥)
<1-2(1g,z) 4 (1g, z).

Thus, it makes sense to require the following constraint for the dual slack S in (6.8):

Sisasum S = 2116\[:1 S*) of rank-one matrices S, ..., S™) ¢ Sio}uv such that,  (6.10)
for each k € [N], we have (egel, S®)) =1 and (Sym(e;(e; + eo)T), S*)) = 0 for
every i € V.

100



The constraint (6.10) is equivalent to requiring that S has the form S = Yrex(F1@1g) (-1 1x)" for
some family K of subsets of V. By family we mean a set in which each element may occur more than once;
the number of occurrences of an element is its multiplicity in the family.

The “mirror image” of this constraint on the primal space of (6.7) is:

Xisasum X = chvzl X®) of rank-one matrices X1, ..., X(N) ¢ Sio}uv such  (6.11)
that, for each k € [N], we have (egel, X*)) =1 and (Sym(e;(e; —e0)T), X*)) =0
for every i € V.

Note that, since the SDP (6.7) also has the constraint (eped, X) = 1, the non-convex constraint (6.11)
specializes to rank(X) = 1.

Now we prove that the addition of the non-convex constraint (6.10) to the SDP (6.8) yields a formulation
for the clique covering number:

Proposition 6.1. Let V be a finite set, and let w € ZK. Let ET,E~ C (Z) Set F:= FE~ and G = (V, E).
If the constraint (6.10) is added to the SDP (6.8), then the optimal value of the resulting optimization
problem is X(G; w).

Proof. Suppose we add the non-convex constraint (6.10) to (6.8), so that the dual slack S is required
to have the form S = Ykexk(F1@1g) (1@ 1x)' for some family K of subsets of V. Then the affine
constraints from (6.8) translate to:

K| = Soo =1,
=Y 1k =S8[V,0] = —u,
KeK
Z 1x = diag(S[V]) = 2u — w,
KeK
Y lieKljeK]=S8;=—[ijc BTz, +lij € ET]z;  Vije (3).

KeK

Thus, in every feasible solution, we have z*| gr\g- = 0 and each K € K is a clique of G. Thus, the problem
(6.8) with the additional constraint (6.10) may be restated as

min |K|
IC a family of subsets of V, (6.12)
G[K] is complete for each K € K, ’
w = EKEIC ]lK
This is precisely the formulation of the clique covering problem for G with weights given by w. O

We now specialize Proposition 6.1 to the formulations of ¢, ¢, and 9. In this chapter, we formulate
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these parameters as

Y(G;w) = max (Dlag(() ®w), X)
<6060’ > 1
(2Sym(e;(e; —e0)T),X) =0 VieV, (6.13)
(2Sym(ege]), X)=0 Vij € E,
X e Sio}w,
¥ (G;w) = max <D1ag(0 ®w), X)
(eoeq, X > L, R
(2Sym(e;(e; —eg)T),X) =0 VieV,
(2Sym(e;e ) X)=0 Vij € E, (6.14)
(2Sym(eze]), X)>0 Vij e E,
Xe S{O}UV,
97(G;w) = max <D1ag(0 ®w), X)
(eoed, X) =1,
(2Sym(e;(e; —e0)T),X) =0 VieV, (6.15)
(2Sym(e;e]), X) <0 Vij € E,

X e stV

Corollary 6.2. Let G = (V, E) be a graph. Let w € ZY. For each of the SDPs (6.13), (6.14), and (6.15),
if the constraint (6.10) is added to its dual, then the optimal value of the resulting optimization problem
is X(G; w).

Proof. Immediate from Proposition 6.1. O

Note that Proposition 6.1 remains true even if the constraint that “n®u ® 2T @ 2~ is integral” is added
o0 (6.8).

We further note that the paper [109] describes an integrality constraint for the dual of an SDP formulation
of the theta number, yielding the chromatic number of a graph. That approach, however, is ad hoc and
thus not widely applicable.

6.2 Primal and Dual SDPs with Integrality Constraints

The non-convex constraints (6.10) and (6.11) for dual pairs of SDPs extends the chain of inequalities (6.2)
and yields a generalization of (6.1) to the context of SDPs:

102



Theorem 6.3. Let A: S{0IUI] s R™ be a linear function. Let b € R™ and €' € S0V, Then

sup{ (C, X): A(X) <b, X € Sio}u[n], X satisfies (6.11)} (6.16a)
<sup{ (C, X) : A(X) <b, X e iy (6.16b)
<inf{ (b,y) : y € RT, A*(y) = C} (6.16¢)

<inf{ (b,y):y € Z7, A*(y) — S=0C,8¢ Sio}u[n]7 S satisfies (6.10)}. (6.16d)

If there exists either X € SE_O_EU["] such that A(X) < b or y € R such that A*(y) = C, then the middle
inequality in (6.16) holds with equality. The chain (6.16) remains true if the constraint y € Z7' is relaxed
toy € R} in (6.16d).

Proof. The proof of the chain of the inequalities (6.16) is trivial, except possibly for the middle inequality,
which is Weak Duality for SDPs. The statement about the middle inequality holding with equality follows
from the Strong Duality Theorem. O

We have seen in the previous section that, when applied to a certain formulation of the Lovasz theta
number, the optimization problems from (6.16) compute the graph invariants o(G;w), 9(G;w), and X(G; w).
To see why (6.16) “generalizes” (6.1), let us reconsider the diagonal embedding (6.3) of a linear program
in the format (6.1b), whose dual SDP is given by (6.4). We proceed as in the proof of Proposition 6.1.
Suppose we add the constraint (6.10) to (6.4), so that S is of the form § = Y rex(-1o1lg)(-1@1k)T
for some family K of subsets of V := [n]. Then the affine constraints for (6.4) translate to:

|IC‘ = SOO =n- <b7y>a
=Y 1k =8V,0] = —u,

KeK
D 1k =diag(S[V]) < 2u+ ATy — ¢,
KeKk
Y lieK|[jeKl=8,;<0 Vije(}).
KeK

The latter two conditions are equivalent to ¢ < u + ATy and |K| < 1 for all K € K. Thus, the dual (6.4)
with the additional constraint (6.10) may be restated as:

inf e'u+b'y
c<u+ ATy,
y € R,
u €Y.

(6.17)

Even upon adding the integrality constraint y € Z'7', which appears in (6.16d), every feasible solution
for (6.1d) yields a feasible solution for (6.17) with the same objective value, by taking v := 0. In this sense,
the extended chain (6.16) generalizes (6.1).

In the next sections, we shall repeat the previous procedure for some SDP formulations of MAXCuT,
vertex cover problem, and others. That is, we assume that dual slack satisfies the constraint (6.10), so that
it is determined by a family C of subsets of V', then we translate the affine constraints of the dual SDP in
terms of K, and restate it in an almost purely combinatorial form, as we did in (6.12) and in (6.17).
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6.3 Integrality Constraint for the Dual of a MAXCuT SDP

Recall that the MAXCUT problem is that of, given a graph G = (V, E) and a function w € Rf, find
max{ (w, 155)) : S €V, S & {2, V}}, where §(S) == {{i,j} € E: |{1,j} N S| =1} for each S C V. We set
0(3) == 0({i}) for each i € V. In this section, we shall consider the following SDP formulation for MAXCUT:

(O& ﬁc( ), X),

<€060a > 1,

(2Sym(e;(e; —e0)T),X) =0 VieV, (6.18)
X[v]>o,

X esioivv,

max

(We refer the reader back to (2.2) for the definition of the Laplacian L of G.) Note that, modulo the
nonnegativity constraint X [V] >0, the SDP (6.18) is obtained from the usual SDP relaxation for MaxCur,
namely max{ (0 ® L (w),Y) : Y € &oyuv . by using the change of variable X := Congrp,,(Y); see [52].
The dual of (6.18), written with an explicit slack, is:

inf g
neR,ueRY, ZesY,
n —u’ _g_ o 0T (6.19)
—u  Diag(2u) — Z 0 Lg(w)|?
§estowv,

Suppose we add the non-convex constraint (6.10) to (6.19), so that the dual slack S is required to have
the form S = Ykex(F1O 1) (1@ 1x)" for some family K of subsets of V. Then the affine constraints
of (6.19) translate to

K| = Soo = n,
=) 1k =S8[V,0] = -

KeK
Z[ieK]zgiiSQUi—<15(i),w> VieV,
KeKk

Y i€ K][j € K] =8;; <[ij € Elwy;  Vij e (3).
KeK

Thus, the problem (6.19) with the additional constraint (6.10) may be restated as:

min ||
K a family of subsets of V,

G[K] is complete for each K € K, (6.20)
(Lsgay, w) < 3 peexcli € K] VieV,
Y rexlii € E[K]] < wy; Vij € E.
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We shall prove that, if w € ZE , then (6.20) has a unique optimal solution K* of a trivial form, namely,
the incidence vector of C* is precisely w & 0. Here, the incidence vector of a family K of subsets of V is
the function that maps each subset of V' to its multiplicity in £*. We shall need the following auxiliary
optimization problem:

min |K|
K a family of subsets of V,
G[K] is complete for each K € K, (6.21)
(Lsyw) +di <D peexcli € K] VieV,
Ykexlij € EIK]] < wy; Vij € E,

where d € RV

Lemma 6.4. Let G = (V, E) be a graph, let w € Z¥ and d € ZK. Let C be a clique of G with |C| > 2.
Set w = w — lgjo) and d := d + (|C| — 2)1¢. If K is a feasible solution for (6.21) with weight functions w
and d such that C € K, then K\ {C} is feasible for (6.21) with weight functions @ and d, and @w > 0.
Conversely, if K is a feasible solution for (6.21) with weight functions w and d, then K U {C} is feasible
for (6.21) with weight functions w and d.

Proof. Let K be feasible for (6.21) with weight functions w and d. Suppose that C' € K. Set K := K \ {C}.
Let ij € E. Then [ij € E[C]| 4+ > xcxlis € EIK]] = gexclij € E[K]] < wgj whence Y . ¢lij € E[K]] <
Wij — [Zj S E[C]] = Wi and Wi > 0. Next, let ¢ € V. Then

(Ls(sy, ) +di+i€eC]= (L5, w) = [i € CI(|C] = 1) +d; + [i € CY(|C] = 2) + [i € C]

= (L wy+di < Y [ieKl=[ieCl+ > [i€ K], (6.22)
KeK Kek

whence (15, W) + d; < > kexlt € K. This proves that K is feasible with weights @ and d.

Now, let K be feasible for (6.21) with weight functions w and d. Set K := K U {C}. Let ij € E. Then

> lij € E[K]| = [ij € E[C]| + ) _ [ij € E[K]] < [ij € E[C]] + wi; = wi;.
Kek Kek

Let i € V. Then

Y lieKl=lieCl+ Y lieK]>lieCl+ (lsu,®) +di = (L), w) + di,
Kek Kek

where the last equation is derived as in (6.22). Thus, K is feasible for (6.21) with weight functions w
and d. O

Lemma 6.5. Let G = (V, E) be a graph. Let w € ZE. Then, for every d € ZK, every optimal solution K*
for (6.21) is such that, for each ¢ € V, the singleton {i} occurs in K* with multiplicity > d;.

Proof. The proof is by induction on é"w, the case é'w = 0 being trivial. Suppose w # 0. Let K* be an
optimal solution for (6.21). If every member of £* is a singleton, then the multiplicity of {i} in * is the
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RHS of the constraint (154, w) +d; <Y pci-[i € K], and we are done, since the LHS is bounded below
by d;. So suppose there exists C' € K* such that |C| > 2. Define w := w — lgjc) and d = d + (|C| - 2)1¢.
By Lemma 6.4, we find that £* \ {C} is optimal for (6.21) with weight functions @w > 0 and d. Since
e'w < e'w, we find by induction that, for each i € V, the singleton {i} has multiplicity > d; > d; in
K*\ {C}, and hence in K*. O

Now we can prove that (6.20) has a unique optimal solution and that it is trivial:

Proposition 6.6. Let G = (V, E) be a graph, and let w € Z¥. Then the optimization problem (6.20) has
a unique optimal solution K*, namely, all members of * are edges of GG, and each edge e € E appears
in * with multiplicity we.

Proof. Let K* be an optimal solution for (6.20). We first show that
K| <2 VK € K*. (6.23)

Let C € K* with |C| > 3. By Lemma 6.4, we know that * \ {C} is an optimal solution for (6.21) with
weight functions @ := w — 1pjc) and d == d + (|C| — 2)1¢, where d := 0. By Lemma 6.5, we find that each
singleton {i} with i € C' has multiplicity > d; > |C| — 2 in £* \ {C}, and thus also in K*. We now modify
the feasible solution K* as follows. Replace one instance of C' and |C| — 2 instances of each singleton {i}
with ¢ € C' with one instance of each member of E[C]. This new family K’ is feasible for (6.21) with weight
functions w and d, moreover

1= et - fietel - 2 + (1) = 1= 001 - D et -2 < k.

This proves (6.23).

Now suppose that some edge ij € E does not occur with multiplicity w;; in £*. Since the maximum
multiplicity that an edge e € E can have in K* is w, by the edge constraints of (6.20), then the node
constraint for ¢ and (6.23) shows that the singleton {i} must occur in IC*. Similarly, {j} must occur in K*.
By replacing one instance of each of {i} and {j} in K* with ij, we obtain a feasible solution K’ with
|K'| < |K*|. This proves that each edge ij occurs in K* with multiplicity w;;. The result now follows, since
clearly no singleton occurs in * by optimality. O

6.4 Integrality Constraints for a Vertex Cover SDP

Recall that the vertex cover problem is that of, given a graph G = (V, E) and a function w € RK, find
min{ (w, L¢) : C is a vertex cover of G}, where a subset C of V' is defined to a vertex cover of G if V'\ C
is a stable set of G. An SDP relaxation for this problem is:

inf <0@D1ag( ), X)
<€0€0a > L, R
(2Sym(e;(e; —eg)T), X) =0 VieV, (6.24)
(2Sym((ep — e;)(eq — ej)T),X> =0 Vij€eE,
X estowv,
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The SDP (6.24) is obtained from the SDP relaxation

min <% ZieV wi(eo + €i)(60 + ei)T, ?>
diag(Y) =1,
(2Sym((eg — e;)(eg — ej)T), Y> =0 Vij €F,

Y, c SiO}UV

fgr the vertex cover problem, studied by Kleinberg and Goemans [77], by using the change of variable
X = Congrgyo(Y). The dual of (6.24), written with an explicit slack, is

sup 7
neR, ueRY, ycRP,
T T T
noo_Tu |2 —1; &_ (00 (6.25)
{u Diag(QU)] + Z Yis {—]lij QSym(eie})} t5= {0 Diag(w)|’

- ijeE
§ e stV

Suppose we add the non-convex constraint (6.10) to (6.25), so that the dual slack S is required to have
the form S = Ykex(F1@1g)(-1® 1x)" for some family K of subsets of V. Then the affine constraints
from (6.25) translate to:

K| = So0 = —1 — 2(&,y), (6.26a)
=Y Ik =SV,0l=u+ Yyl (6.26D)
Kek ijEE
> 1k = diag(S[V]) = w — 2u, (6.26¢)
Kek
Y lieK|lj € K] =5i; =—[ij € Ely;  Vije (%) (6.26d)

KeKk

This implies that G[K] is complete for each K € K and y. = — ) ;i le € E[K]] for each e € E. The
objective function is

n=—IKl+23 S [ecEK]=-Kl+2 3 (K=" (|K|2— K| _1).

ecE Kek Kek Kek

From (6.26b) we get

w=— 3 1+ (K - Dig = Y (K] -2)1k

Kek KeKk KeKk

whence (6.26c) becomes w = > (2|K| — 3)1x. Thus, the problem (6.25) with the additional con-
straint (6.10) may be restated as

max Y e (IK)? — |K|—1)
KC a family of subsets of V',
G[K] is complete for each K € K,

w = ZKEIC(2|K| —3)1k.
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Note that singleton cliques contribute —1 to the objective function. If w = €, then the last constraints
require | K| < 2 for each K € K, so every perfect matching of G is a feasible solution for (6.27).

It is reasonable to argue that we are looking at (6.25) on the wrong scale. The SDP (6.24) is obtained
from the SDP (6.5) by applying the map Congrpy;,; see (4.42). Thus, the correct scale to look at dual

slacks of the form § = Yokex(F1@1k) (10 1x)" in the dual for (6.5) is to have the dual slacks of (6.25)
have the form

Z Congrpi ((-1@ 1k)(-1® ]lK)T) = Z (K- ®-1k) (K| -1) & —]lK)T.
Kek Kek

Then the affine constraints (6.26) translate as follows. We still need each K € K to be a clique by (6.26d),

and again y. = — Y o |e € E[K]] for each e € E. The objective function, however, becomes
2
n=—-> (KI-1)*+2) Y [ecEK]= (K -1).
Kek KeK c€E Kek

The LHS of (6.26b) is modified to — ;- (| K| — 1)1k, and so it yields u = 0. In this setting, the modified
dual may be restated as
max > g (K| —1)
KC a family of subsets of V',
G[K] is complete for each K € K,

w = ZKEIC ]]-K-

In this new problem, each perfect matching remains feasible, with the same objective value as in (6.27).
However, there are much more complex feasible solutions now, such as any partition of V into cliques.
This latter example shows that it is not always clear what the “correct” scale is to apply the non-convex
constraint (6.10).

(6.28)

6.5 The Lovasz-Schrijver Embedding

Lovasz and Schrijver [101] introduced a general procedure to generate an SDP relaxation for any binary
integer linear program. Their so-called lift-and-project method may be seen as a generalization of the SDP
formulation (6.5) for the theta number, and it is guaranteed to yield an exact formulation after a linear
number of recursive applications. The method is much more general than our short description for it; see,
e.g., [86]. In this section, we will embed a binary integer linear program in the format of (6.1a) into an
SDP using the Lovasz-Schrijver procedure and specialize it to the formulation of the stable set problem via
the polytope FRAC(G) defined in (5.55). We shall show that every clique covering of G yields a feasible
solution for the dual SDP with the additional constraint (6.10).

Let V and E be finite sets. Suppose a polytope P C [0,1]V is defined as P := {x € RV : Az < b},
where A € RV, In fact, in many important cases, every entry of A is an integer, so we shall assume this.
Let Py be the homogenization

Py=R (1®P)= {x eRIOWV . [—p A]i < 0}.
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Then it is not hard to prove that
{ze{0,1}V : Az <b} C {diag(X[V]) : B{O}UV(X) =1®0, Xe;, X(eg—e;) € PoVieV, X € Sio}uv}.

Let w € RY. Then max{ (w,z) : 2 € PN{0,1}"} is bounded above by

max{ (Diag(0 ® w), X) : B{O}UV(X') =1®0, Xe;, X(eg—e;) € PVieV, X € SiO}UV}. (6.29)

The bound is tight if the constraint (6.11) is added to (6.29), since it specializes to rank(X) = 1 and
ensures that X has the form X = (1 ®z)(1® z)T with z € {0,1}". Set a. := ATe, for each ¢ € E. For a
given i € V, the constraint Xe; € Py is equivalent to <Sym((fbe @a.)(0® ei)T),)AQ < 0 for every e € F,
whereas the constraint X (eg — e;) € Py is equivalent to (Sym((—be ® a.)(1 @ —ei)T),X> < 0 for every
e € E. Thus, after scaling some inequalities to ensure that all matrices defining our constraints have integer
entries, the problem (6.29) becomes:

sup  (Diag(0 ® w), X)
(Sym(egeg), X) =1,
(2Sym(e;(e; —e0)T), X) =0 VieV,
(2Sym((~be @ a)(0@e;) ), X) <0 VieV,VecE,
(2Sym((=be @ a)(1® —e;)"),X) <0 VieV,VeckE,

X e stV

(6.30)

The dual of (6.30) may be written more compactly by using certain matrix variables. Let us associate
each constraint of the form <Sym((—be Dae)(0d ei)T),X> < 0 with a dual variable Y., where Y € RKXE.

Similarly associate each constraint of the form (Sym((—b.®a.)(1® fei)T) , X> < 0 with a dual variable Z,,
where Z € RY*”. Note that

YD YieSym((—be ®ac)(0@e)’) = Sym([_oy,) QL] )

i€V ecE
—e'Zb e'ZA
5 ZuSm((- wao o) =sem( [ 52 TE])
i€V eeE

Thus, the dual of (6.30), written with an explicit slack, is

inf 7
neR, ueRY, Y eRY*F, Z e RY*P,
n—e'Zb (—u— (Y -2)0p+ATZ7e)" ] _4_[0o 0F (6.31)
—u— (Y —Z)b+ ATZTe Diag(2u) + 2Sym((Y — Z)A) 0 Diag(w)|’
& ojuv
S e stV

We are interested in the specialization of (6.31) when P = FRAC(G). We shall assume that G has no
isolated node, so that
FRAC(G) = {z € RY : 2 >0, Blx < é&}; (6.32)

109



recall that Bg is the V' x E incidence matrix of G. Due to the structure of the system of inequalities
defining FRAC(G) in (6.32), it is convenient to rewrite (6.30) and (6.31) by treating the constraint = > 0
separately. That is, if P = {z € RV : 2 > 0, Az < b}, then the SDP (6.30) may be rewritten as

(Diag(0 ® w), X)

(Sym(egel), X) =1,

(2Sym(e;(e; — e9)T), X) =0 VieV,
(2Sym((—be ® ac) (0 ® e;) ) >§0 VieV,Vec E,

sup

, (6.33)
(2Sym((=b. ®a.)(1® —e;)"),X) <0 VieV,VeeF,
X[v]=>o,
(2Sym(e;(e; — ei)T),X> <0, VieV,VjeV,
X estovv,
The dual of (6.33), written with an explicit slack, is
inf 7
neR,ueRY, Y eRY*F ZeR{*F UesY, Re RV, (6.34)
n—e'Zb (—u— (Y = Z)b+ ATZTe)" _g_fo o7
—u— (Y —2Z)b+ ATZ%e 2Diag(u— Re) +2Sym(R+ (Y — 2)A) = U 0 Diag(w)

§ e stV

We next show that the chain of inequalities (6.16) is at least as tight as (6.1) when applied to the primal
SDP (6.33) with A = B/:
Proposition 6.7. Let G = (V, E) be a graph, and w € ZY. Then the optimal value of (6.34), with
A= B[ and b := €, and the additional constraint (6.10), is bounded above by X(G;w).

Proof. We start by rewriting (6.34) with the variables Z and R set to 0:

inf g
neR,ueRY, Y eRY** UesY,
n (—u—Ye)' } & [0 or ] (6.35)
—u—Yeé 2Diag(u) +2Sym(YBJ,) - U 0 Diag(w)
§ e stV

Suppose we add the non-convex constraint (6.10) to (6.35), so that the dual slack S is required to have
the form S = Ykex(F1@1g)(-1® 1x)" for some family K of subsets of V. Then the affine constraints

110



from (6.35) translate to:

K| = S0 = n,
=Y 1k =S8[V,0]=-u-Ye
KeKk
KeK
Y lieK][je K] =S <e]YBLej+¢]YBhe;  Vij € (3).

KeKk

The latter two constraints may be rewritten as

w; + QG;I—Y(]].(;(Z') + ]]-E\(S(i)) < Z [ie K|+ 2€;I—Y]].5(i) VieV,
Kek
S leK|jeK<e]Ylsy +e]Yisy  Vije ().
KeKk

Thus, the modified dual may be restated as
min |K|
K a family of subsets of V,
w; + 26;I—YI[E\5(¢) < ZKG)C[i € K] VieV,
Ykexli € Kllj € K] < el Y5y + €]V Loy ¥ij € (3).

(6.37)

Suppose that K is a clique cover of G with respect to w, i.e., K is a family of subsets of V such that
Y kex 1k = w. Set
Yie :=[e €48(i)] Y _[i € K][e € E[K]].
KeKk

Then it is easy to check that (K,Y") is feasible for (6.37). This completes the proof. O

6.6 A Burer-like Embedding for Packing Problems

Burer [19] showed that every binary integer linear program max{ (¢,z): Az = b, z € {0,1}"} may be
formulated exactly as a completely positive program as follows:
sup (0@ Diag(c), X)
Biojuin (X) =1®0,

(0@ Diag(ATe;), X) = b; Vi€ [n], (6.38)
(0@ el AATe;, X) = b2 Vi € [n],
X e Cj{‘o}w.

In this section, we consider an SDP relaxation of a slight modification of the embedding (6.38) applied to
packing problems.
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Let V be a finite set. Let A be a collection of subsets of V' and let w € ZK.

max{w'z: 2z € RY, (r,14) <1VA € A}.

Assume that (JA = V so that the constraint # <  is implied. If the constraint z € {0,1}"

Consider the LP
(6.39)

is added

0 (6.39), then one obtains the classical set-packing problem. We shall consider the following SDP relaxation

of the formulation (6.38) applied to (6.39):

sup (0 @ Diag(w), X)
<606-OF’X> - 1
(2Sym(e;(e; — €)T), > 0 VieV,
(— I@Dlag(ILA) X) < VA e A,
(-le1,1],X)<0 VA e A,
X[V] >0,
O {0}yuv
X eSSy .
Its dual, written with an explicit slack, is
inf 7
neR,ueRV yeRA,zeRA,ZeSZO,
U 0"
—u Dlag } Z Ya { Diag(]lA)}
-1 o7 L
I PEWEER
AcA
§ e stV

(6.40)

(6.41)

Difngw)} ’

Suppose we add the non-convex constraint (6.10) to (6.41), so that the dual slack S is required to have
the form S = Yokexc(lO1k)(—1 1x)" for some family K of subsets of V. Then the affine constraints

for (6.41) translate to:

Z 1x = diag(S[V]) < 2u —w + Z(yA +24)14,
Kek AcA

Z[ZEK][]GK ZJ—ZZ]CAZA

KeK AcA
Thus, the modified dual may be stated as:
K]+ (&) + (&, 2)
K a family of subsets of V,
W< ek Lk + 2 aca(ya+2a)la,
Yoxexli € K][j € K] <3 4c4lij € Alza
Yy € Rf, z € Rf.

Vij € (

inf
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Let us apply this formulation for A := E for a graph G = (V, F) with no isolated node, so that (6.39)
corresponds to optimization over FRAC(G). For a feasible solution (K,y,z) of (6.42), each K € K is a
clique in G, and z, is bounded below by the number of cliques in K that induce the edge e.

The formulation (6.42) may be roughly interpreted as follows. We want to cover the nodes of G according
to the weight function w on V, that is, each node i € V must be covered at least w; times. To cover the
nodes, there are two options. We may use an edge e of GG, corresponding to the variable y.. The cost to
assign weight y. to the edge e is also y.. Alternatively, we may want to cover some nodes of G using a
clique K. The advantage of using a clique K is that it has unit cost, regardless of its size |K|. On the
other hand, once we use a clique K in the covering, we need to increase z, by 1 for each e € E[K]. By
doing that, each node i € K gets its cover increased by | K| units, and the cost of this whole operation
is 1+ (”2( ‘). To compare the costs and benefits of each of the two options above, consider covering the
weight function w = |C|1¢ on a clique C of G. Using only covering by the y variable, an optimal solution

is to assign ¥, = |C|‘L_|1 for each e € E[C], with a total cost of (‘gl) |C‘|C_|1

covering with I := {C} and z := 1gj¢y, the total cost is 1+ ('g‘) = %|C\2 — 1|C| + 1. For w := &, however,

it is never advantageous to have K # @ in an optimal covering, so that (6.42) reduces to the LP dual of
optimization over FRAC(G).

2 :
= 1|C|". However, if we use the

Next we consider the formulation (6.42) where A is the set of all cliques of a graph G = (V, E) with no
isolated node. We claim that,

for every w € RY, the optimal value of (6.42) is X*(G;w). (6.43)

First note that there is a straightforward correspondence between feasible solutions for the LP dual to
max{ (w,z) : (x,14) <1VA € A} and feasible solutions for (6.42) with K = @ and z = 0. Now let (K, y, 2)
be feasible for (6.42). Define g4 = ya + 24 + (1x,ea) for each A € A; here the component A of the
incidence vector 1y is the multiplicity of A in K. Since each K € K is a clique of G, we find that (&, 7,0)
is also feasible in (6.42) with the same objective value as (K, y, z). This concludes the proof of (6.43).
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Chapter 7

Future Research Directions

We now summarize some of the main avenues of future research suggested by some of the developments in
this thesis.

7.1 Ellipsoidal Representations and Computational Complexity

In Section 3.4, we proved that the problem of computing the ellipsoidal number &£,(G; A) of a given graph G,
with a matrix A € S‘_f_ and for some given d € Z, ,, is NP-hard. There, we relied in a fundamental way on
the fact that we allow the matrix A to be singular. The optimization problem (3.2) then corresponds not
to finding a smallest ellipsoid that contains a unit-distance representation of G, but, rather, it represents
the search for a “smallest elliptic cylinder” that contains a unit-distance representation of G. While the
latter problem is also interesting (see, for instance, [82]), it is arguably more natural to require A to be
nonsingular, so that it defines a standard ellipsoid. We do not know, however, whether the problem of
computing £,(G; A) remains NP-hard when such a restriction is added, that is, when we require the given
matrix A to be positive definite. A natural attempt to adapt our proof of NP-hardness of computing £,(G; A)
to the latter case leads to some interesting geometric problems and certain issues related to basic questions
in Semidefinite Optimization and Computational Complexity, as we discuss next.

Let us try to reduce the NP-hard problem of determining whether a given input graph G = (V, E) has a
unit-distance representation in R¥, for a given k € Z, ,, to the problem of computing £(G; A), for a certain
positive definite matrix A € SEZH_. Of course, by taking d := k and A := I, then £(G; A) < oo if and only if
dim(G) < k, but let us consider the more interesting question where we take d := n := |V|. Our current
proof, where we allow A to be singular, takes A := Diag(1j,)\(x]) € S”, but now we need the cost matrix to
be nonsingular. The obvious approach then involves setting the cost matrix to B := Diag(e]l[k] + l[n}\[k])
for some € € Ry, where € should be chosen to be “small.” Let us try to determine how small € needs
to be. Suppose that G has a unit-distance representation in R*¥. Then an optimal solution for the
problem (3.1) maps each node ¢ € V to a point u; € R™ with supp(u;) C [k]. Moreover, by sending some
node of G to the origin, and assuming that G is connected, we may assume that ||u;|| < n for each ¢ € V.
Thus, £(G; B) < en. Next, suppose that G does not have a unit-distance representation in R*¥. Then
E(G;B) > £(G; A) > 0. Thus, if we choose € > 0 so that £(G; A) > en, we obtain our desired reduction.
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Actually, since our reduction is not supposed to compute £(G; A), we must choose € > 0 so that en < p,
where

P ke = ml}ng(H;A), (7.1)

and H ranges over all graphs on at most n nodes such that dim(H) > k. Obviously such a number ¢ exists,
since (i, > 0. However, since we want our reduction to be carried out in polynomial time, we need the
number i, 1 to be have size polynomial in n. This leads us to the following question:

given a graph G on n nodes, is there a lower bound on &£(G;Diag(1,\))), where (7.2)
k = dim(G) — 1, of size polynomial in n?

The existence of the number p,, 5 defined in (7.1) is related to a certain concept of “flattening” an “almost
flat” unit-distance representation of a graph. Suppose that u: V' — R” is a unit-distance representation
of a graph G = (V, E) such that [V| < n and |[u;];| < pp e for every i € V and j € [n] \ [k]. The latter
condition may be vaguely described as saying that the representation wu is “almost flat:” since we expect
tn.k to be a small number, in the case k = 2, one could describe the representation u as being “almost”
contained in the plane. Then, by the definition of u, there exists a unit-distance representation of G in R¥,
i.e., the representation u may be “completely flattened,” and be made to lie completely in R¥. Note that the
previous discussions stems essentially from the attainment of ellipsoidal numbers, proved in Theorem 3.2.

The problem of determining lower bounds as requested in (7.2) seems hard to address. Even applying
the basic tools of Semidefinite Optimization may be insufficient: unlike the case of linear programs, there
exist some quite simple SDPs for which no feasible solution has size polynomially bounded by the size of
the input: consider, e.g., the feasible region

{xeRk:[l 2}&0,{1 xi]tOWe[kl]}.
2 1 Ti Titl

Of course, there are other very basic issues regarding complexity theory about SDPs using the Turing
machine model, such as SDPs for which there is no rational optimal solution.

The question (7.2) remains difficult even as we restrict our attention to the polynomially solvable
problem of determining whether a given graph G is such that dim(G) = 1. Obviously these are precisely
the bipartite graphs. Thus, question (7.2) essentially reduces to that of providing a polynomial-size lower
bound for £(Cy; Diag(1p,\p1)) for any odd cycle C,,. Yet, we do not know of any such bounds.

7.2 Boundary Structure of Combinatorial Spectrahedra

9

In Chapter 4, we made progress on the boundary structure of some important “combinatorial spectrahedra,’
i.e., spectrahedra arising from problems in Combinatorial Optimization. We improved Laurent and Poljak’s
characterization of the vertices of the elliptope [87, 88] to the lifted theta body of an arbitrary graph. In
the latter setting, the vertices of the spectrahedron under scrutiny remains precisely the exact solutions to
the combinatorial problem for which the spectrahedron provides a relaxation. An important open problem
is to determine whether this phenomenon also occurs for other combinatorial spectrahedra.

As we pointed out in Section 4.5, we currently do not know whether the simple spectrahedron
BQf{O}UV N BQf{'O}UV has only rank-one vertices, and similarly for the spectrahedron described in (4.51). We
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noted that the former set is a relaxation of the lifting (4.18) of the boolean quadric polytope, whereas the
constraints of the latter arise from the Lovész-Schrijver lift-and-project operator discussed in Section 6.5.
We do not know either whether the spectrahedron obtained by applying the Lovasz-Schrijver procedure
to FRAC(G) has only rank-one vertices.

A more open-ended fundamental research direction is the development of other aspects of the boundary
structure of combinatorial spectrahedra to a comparable extent to that of polyhedral combinatorics. As
mentioned in Chapter 4, everything that is known from polyhedral combinatorics may in principle be
proved using SDP Strong Duality. Still, the union of known results relating combinatorial and geometric
structures in combinatorial spectrahedra, as illustrated in the introduction of the aforementioned chapter,
is rather meager when compared to Schrijver’s monumental book [132, 133, 134] on a classical subset of
polyhedral combinatorics.

An essential difficulty, stemming from the potential non-linearity of spectrahedra, is that it is not clear
what satisfactory descriptions of the boundary should look like. More specifically, what would be a useful
compact representation of a smooth, nonlinear portion of the boundary of a combinatorial spectrahedron?
Here, ‘usefulness’ should be measured in terms of strong correspondences with natural combinatorial
structures of the associated problems. Knuth [78, Sec. 37] poses, for instance, the following problem:
“Describe TH(C5) geometrically.” It is not clear what a solution should look like. A potential answer could
be a closed-form formula for the function ¢(Cs;-) in terms of familiar functions. Another answer could
be a finite system of polynomial inequalities defining TH(C5). However, whereas a small system of linear
inequalities makes it quite easy to compute the support function of the corresponding polyhedron (one
could even run the simplex method by hand), this is harder to argue for a system of polynomial inequalities.
The application of Algebraic Geometry tools to SDPs, however, has gained a lot of attention recently [16],
which may lead to more satisfactory answers. Note that it is easy to obtain a finite system of polynomial
inequalities describing a spectrahedron, e.g., using the principal minors criterion. However, TH(Cj) is only

known to be the projection of the spectrahedron Tﬁ(05).

Beside the issue about compact representation of smooth portions of the boundary of a spectrahedron,
it seems desirable to encode the adjacency structure of these portions, in some kind of structure analogous
to the face lattice of a polytope. It is not clear what this structure should look like either.

7.3 Exactness and Interpretation of Dual SDPs

In Chapter 6, we discussed a non-convex constraint that may be regarded as an analogue of the standard
integrality constraints in integer linear programs. This non-convex constraint sometimes reduces to the
usual rank-one constraint, but when applied to the dual SDP, it yields reasonable “combinatorial duals”
both for the standard diagonal embedding of LPs into SDPs, and for a certain formulation of the Lovéasz
theta function, where it yields the weighted clique covering problem.

Some very natural questions arise from this viewpoint of SDPs with the additional non-convex constraint.
Namely, is there a sufficiently well-behaved analogue of the notion of total dual integrality for SDPs? Even
without the non-convex constraint in the dual, one might pose questions about the SDPs analogues of
perfect and ideal matrices. Some progress in this direction was obtained in [125].

In some sections from Chapter 6, we focused some effort in trying to get “good interpretations” of the
modified dual SDP, i.e., the dual SDP with the additional non-convex constraint (6.10). In Section 6.1, we
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interpreted the modified dual as precisely the clique covering problem. In Section 6.3, while we did not
describe the modified dual problem exactly, we understood it well enough that we could prove a complete
description of the optimal solution (Proposition 6.6). Our understanding of the combinatorial nature of
the modified dual is considerably worse in Sections 6.4, 6.5, and 6.6. This is in contrast to the situation
in combinatorial optimization, where the dual LP with additional integrality constraints, corresponding
to (6.1d), usually yield easy-to-interpret, natural combinatorial problems.

Even without adding the non-convex constraint (6.10), dual SDPs are harder to interpret than dual
LPs. For several classical combinatorial optimization problems, the dual of the LP relaxation of a natural
integer programming formulation seems interesting in its own right, that is, regardless of the fact that it
appears as the dual of another problem. This is the case, for instance, for the dual LPs described in the
paragraph following the chain (6.1). One of these dual LPs defines the fractional chromatic number of a
graph G = (V, E), which may be described as

(@) =min{ (@9): Y yrli =&

KekKk

here, I denotes the set of all cliques of G. Even though the coefficients yx are allowed to take on real values,
the graph invariant x* is very natural combinatorially and it is deeply connected to graph homomorphisms
into Kneser graphs; see, e.g., [62, Proposition 4.26].

The situation seems to be rather different in the context of SDPs. This was already hinted at in
Chapter 6, and slightly more explicitly in Section 2.2, where dual SDP (2.4) for the hypersphere number was
interpreted as a purely geometric optimization problem, that is, without an explicit positive semidefinite
constraint. For that, however, we used the projective transformation underlying (2.22) in the proof of
Theorem 2.4. The reason is that it is not easy to interpret the dual SDP (2.4) directly using its own
coordinate system. This may be done, however, using some concepts from rigidity theory, as was already
done in, e.g., [144, 55, 53]. We shall show some of the elementary concepts in what follows.

Let G = (V, E) be a graph and let u: V — RY for some d € Z, . A function o: E — R is a stress
function for u (describing a stress coefficient for each edge) if

Z Oij (Uj - UZ) =0 VieV. (73)

JEN(i)

(Here, N(7) denotes the set of neighbors of node 4.) This condition, for a fixed ¢ € V', can be interpreted as
follows. For an edge ¢j € £ with o;; > 0, we regard the edge ¢j as a rubber band pulling node ¢ towards
node j. If 0;; < 0, then the edge ij can be thought of as a strut pushing nodes ¢ and j apart. An edge
ij € E with o;; = 0 is effectively non-existing. Then each of the terms of the sum in (7.3) can be seen as
the force acting on node ¢ arising from the physical structure associated with the corresponding edge. In
this context, condition (7.3) means that the physical structure is in equilibrium.

The above interpretation shows why stress functions show up naturally in graph rigidity and tensegrity
theory. A related concept is that of an “energy function” (see, e.g., [97, ch. 4] and [30]). Fix a function
o: E — R. We can associate to each map u: V' — R? the energy of u as

Er(u) =Y oijllu; —wil|.

ijeE
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An interpretation of this energy is given as follows. Suppose g, > 0 for every e € E. Then, as above, we
can interpret each edge as a rubber band pulling its ends closer together, and the term oy;|u; — uz||2 can
be seen as the contribution of edge ij to the total potential energy &, (u) of the system.

In [92], the following problem is considered, in connection with Tutte’s barycentric representations [151]:
for a certain subset S C V of nodes, fix a position ug: S — R?, and find an extension u: V — R? of wy
that minimizes the energy &, (u), where o: E — R, is fixed. This corresponds to nailing down the nodes
of S into their prescribed positions, then taking each edge e as a rubber band with “constant of elasticity”
given by o., and letting the system vibrate until it reaches equilibrium. Thus, an optimal solution u of the
above optimization problem corresponds to a configuration in static equilibrium. Optimality conditions
then show that o is “almost” a stress function for u, namely, (7.3) holds for all i € V' \ S.

The situation is a bit more complicated when we allow some entries of ¢ to be negative. Indeed, if
035 < 0, then we should interpret the edge ij as a strut pushing its ends further apart, but then the
contribution oy;|lu; — w;||* of edge ij to the total potential energy &, (u) of the system is negative. This
might seem counterintuitive, but given the fact that edge ij is constantly pushing its ends apart, it somewhat
makes sense. The most important property that we must preserve for the above ideas to carry through is
that the energy function &, must have a minimum.

Let us briefly investigate for which functions o: E — R the energy function &, has a minimum. Given
u: V — R? define a [d] x V matrix U' by setting U'e; := u; for every i € V. Let D be an arbitrary
orientation of G, i.e., D is any digraph whose underlying graph is G, and let Bp denote the node-arc
incidence matrix of D. Then

d
b (u) = Z Z ([uj]k - [ui}k)aij([uj]k - [UZ]k>
k=1ijeE
d
=) eiU"BpDiag(c)BL,Ue;, = Tr(UT L (o)U),
k=1
where we used the factorization
Lg(z) = Bp Diag(2)B),  VzeRF (7.4)
of the Laplacian Lg of G.
Now it is easy to see that
&5 has a minimum if and only if L& (o) > 0. (7.5)

Indeed, suppose Lg (o) = 0. Then &,(u) > 0 for every u: V — R? so u = 0 is a minimum of &,. Now
suppose hTLg(o)h < 0 for some h € RYV. Set UT = e;h", and define u: V — R? accordingly. Then
&x(u) = (K" Lg(o)h) Tr(eel) <0, so & (Au) — —oo as A — oo.

The previous concepts may be used to interpret the dual SDP (2.4). In fact, we will first look at the
following augmented SDP for hypersphere number:

t(G) = min{ t: ,C*H(X) - t]]-(SH(O) = ]]-E(G), X e S:{FO}UV, t e R} (76)
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where H denotes the cosum of G and the graph Kyg); see Subsection 2.3.1 for the definition of cosum.
Note that (7.6) really models ¢(G), and the only difference between this formulation of ¢(G) and the one
given by (2.3) is that here we do not insist that the hypersphere is centered at the origin. Thus, (7.6) has
an optimal solution. Moreover, since X &1 = (I @ 1) is a Slater point of (7.6) and the dual SDP

max{ (1p),r):r€ RE(H), Lu(r) 20, (~15,00),7) = 1} (7.7)

is feasible, it follows from SDP Strong Duality that there is no duality gap, and the dual has an optimal
solution. It should be easy to interpret (7.7) from our previous discussion of energy functions, by using the
change of variables 0 = —r. Among all vectors o: E(H) — R giving rise to an energy function &, that has
a minimum, normalized so that (15, ), o) = 1, choose one that minimizes (1), o).

Let X @t be an optimal solution for (7.6) and let r be an optimal solution for (7.7). Set o := —r, write
X =UUT for some [d] x V(H) matrix U, and put u; := U'e; for every i € V(H). By complementarity,
we have 0 = (L (0),UUT) = UT Ly (0)U, whence UT Ly (o) = 0. The latter equation is easily seen to be
equivalent to the fact that o is a stress function for w.

It is easy to see how the augmented formulations (7.6) and (7.7) relate to the SDPs (2.3) and (2.4)
studied in Chapter 2. Namely, by writing r = —y & z, with y € RV(%) and 2z € RP(%) | using the natural
correspondence between V(G) and d5(0), we have

[~y y'
Lam) =107 Diagy) + La(2)|

Thus, the rigidity interpretations using energy functions translate directly to the SDP (2.4). As before, the
parameters y & z which give rise to energy functions that have a minimum are precisely the ones for which
—Diag(y) + La(z) = 0. Thus, (2.4) can be seen as the search for the “best” such parameters, normalized so
that (&,y) = 1. Moreover, any optimal solution y @ z for (2.4) also yields a stress function for any optimal
hypersphere representation of (, where we assume an extra node, corresponding to the single node of Ky,
has been placed at the origin.

The rigidity interpretation of (2.4) may be extended by regarding the constraint (€, y) = 1 as an instance
of a general constraint of the form y & z € P for some polyhedron P. The interpretation thus carries over
to the duals of the SDPs arising as the LHS of (2.50), and in particular to the dual SDPs for the variants ¢’
and ¢ of the hypersphere number, defined in (2.60) and (2.63), respectively. In these cases, nonnegativity
or nonpositivity constraints on the dual variables require some edges rubber bands and others to be struts.
In all these cases, the automorphism group of the dual SDP acts transitively on the dual variables in y,
and its action on the edge variables is either transitive or, for the variant ¢+*, it has only two orbits.

One way to write the MAXCUT SDP used by Goemans and Williamson [52] on a graph G and with
weights given by w € Rf is
max{ (3 Lg(w), X) : diag(X) =€, X € S{},
and its dual is
min{ (e,y):y € RY, Diag(y) = iﬁg(w)}.
This dual SDP also admits the rigidity interpretation where we require the variable y @ z to lie in the

polyhedron RV & {w}.
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It would be desirable to find deeper connections between concepts from tensegrity theory, geometric
representations such as hypersphere and orthonormal representations, the Lovész theta function and the
MaxCut SDP, via SDP Duality. It is possible that, with an improved understanding of the dual SDPs for
some problems on graphs, more results of a polyhedral combinatorics flavor may be obtained in the context
of SDPs, and potentially for SDPs whose duals do not arise directly from graphs as well.
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Appendix A

Proofs for the Sake of Completeness

A.1 Ellipsoidal Numbers of Triangles

Our goal in this section is to provide a formula for the ellipsoidal number of K3, i.e., to prove that the upper
bound (3.48) from Proposition 3.13 is tight for n = 2. We shall reuse the notation set in the beginning of
Chapter 3.

The proof is long but rather pedestrian. It boils down to calculus applied to a formula for the radius of
the smallest circle enclosing a given triangle in the plane. The latter formula depends on which edge of the
triangle is longest. This dependence creates a complication, since it does not seem to play well with the
“smooth” functions we want to deal with to apply calculus.

To overcome this complication, we use a parametrization of the feasible region Us(K3) of £(Ks3;-) for
which we always know which edge of our triangle is longest. In fact, we use the symmetries of the plane to
restrict ourselves to a subset of the full feasible region of £(Ks3;-), which we show is enough.

The rest is just a long computation.

A.1.1 A Parametrization with a Known Longest Edge

Let us set the notation for the remainder of the section. The parametrization of Us(K3) that we will work
with is

U:={ROWUJ +se":0¢c0,7/3], s e R}, (A1)
where
cosf) —sinf
R(9) = [sin@ cos@} , Vo € R, (A.2)

1 -1 0

Uy = % [0 0 \/g] (A.3)
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Pay special attention to the range of 6 in the definition of &/. We shall show in Theorem A.3 below that we
may restrict our attention to U when computing £(K3;-). For now, we content ourselves with identifying
the longest edge in a certain triangle arising from the parametrization given by U.

When reading the intermediate results in this section, the reader should keep in mind that our goal is
to compute £(K3;Diag(a,1)) where a € (0,1).

Proposition A.1. Let a € (0,1) and A := Diag(a,1). Let UT € U and set PT := AY2UT and p; .= PTe;
for ¢ € [3]. Then the longest edge of the triangle with vertex set {p1,p2,ps} is [p2,p3], i.e.,

Ips —p2lly > lp2 —p1ll,  and  |lps — pally > [Ips — pal,-

Proof. Let 6 € [0,7/3] and s € R? such that UT = R(9)UJ + se’. We have

1 [a'/?cos® —a'/?>cosf —+/3asinb
T_ 1 1/2 =T
P 2 [ sin 0 —sinf V3 cost } AT e (A-4)
Thus,
/2 cos §
D2 — { _sind ] , (A.5a)
1 [—a'/?(/3sin6 + cosh)
Ps—p1= 2 { V3 cosf —sin 6 } ’ (A.5b)
1 [—a'/?(/3sin6 — cosh)
Ps—P2 =35 { V3cosf +sinf } ’ (A-5¢)
whence
lp2 —p1||§ = acos® f + sin? 0, (A.6a)
4||ps — p1||2 (3a 4 1)sin? 0 — 2v/3(1 — a)sinf cos O + (3 + a) cos? 6, (A.6D)
4||ps — 102||2 = (3a + 1)sin® 0 + 2v/3(1 — a) sinf cos 6 + (3 + a) cos? 6. (A.6¢)
Thus, 6 € [0,7/3] C [0,7/2] implies that [[ps — p2|l; — ps — p1ll; = %L (1 — a) sin(26) > 0.
Next note that
4(|lps — p2||§ — ||p2 fplﬂg) = (3a — 3)sin? 0 4 2v/3(1 — a) sin A cos f + (3 — 3a) cos? §
= 3(1 — a) cos(20) + V3(1 — a) sin(26)
= 2V/3(1 — a)sin(20 + 7/3) > 0,
where the last inequality holds since 6 € [0, 7/3] implies 20 + /3 € [0, 7]. O

A.1.2 The Parametrization Contains an Optimal Representation

We need to describe some symmetries of the plane that allow us to focus on the parametrization given by U
instead of the full feasible region Us(K3). Recall that, for a permutation ¢ € Symy, of a finite set V, the
linear map P,: RV — RV is the linear extension of the map e; — €s(i)- We shall use the standard cycle
notation for permutations.
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Lemma A.2. Let g € {:I:l}z, 0y € R, so € R?, and 0g € Syms. Set 61 := 6y — 7/3. Then there exist
x € {:i:l}Z, s1 € R?, and oy € Symy such that

Diag(z0)R(00)Uq Py, + spé' = Diag(z1)R(01)Ug Py, + 5,6 (A.7)

p[) 0.

Using the fact that the sine function is odd and the cosine function is even, it is easy to check that, for
every 6 € R, we have

Proof. Set

R(_Q)UOT = _DR(Q)U(;FPOQ)v (A.8a)
R(0)D = DR(—6), (A.8b)
R(%)Ug = DUy Pag) + s58" (A.8c)

where s == (—1,1/3)7 /4.
Now using (A.8), we find that

Diag(z0)R(00)Ug Py, + sé' = Diag(zo)R(61)R(Z)Uq Py, + S€"
= Diag(z0)R(61) (DUy Paz) + 558" ) Poy + 59€"
= Diag(zo) DR(—01)Uy Pagy Py, + 538" Poy + s9€"
= Diag(—z0)R(61)Ug P12y Paz) Py + 518"
where s3 := Diag(zg)R(61)s2 and s1 := s3 + sg. This completes the proof of (A.7). O

Now we may finally state precisely what we mean when we say that it is enough to restrict our attention
to the subset U of the full feasible region Us(K3):

Theorem A.3. Let A € Si be diagonal. Then
E(K5; A) = inf{ ||diag(UAUT)||, : UT € U}. (A.9)

Proof. Define
U = {Diag(z)UTPg czxe{+1}>,UTel, o€ Sym3}.
Let us show that
Us(K3)=U"" (A.10)

We first show ‘2’ in (A.10). Note that
U CUs(K3) (A.11)

since Uy € Us(K3) and Us(K3) is closed under orthogonal transformations and shifts. Since Us(K3) is
also closed under permutation of columns, it follows that U’ C Uy (K3). For the reverse inclusion, let
UT € Uy(K3). Then there exists Q € Q% and sy € R? such that UT = QU{J + syé'. Thus, for some

134



2o € {+1}?, we know that UT is of the form UT = Diag(zo)R(00)UJ + so&", where 0 < 6y < 27. Let
k € Z4 be minimal such that 0 < 6y — kn/3 < 7/3. Then, by Lemma A.2, we find that

UT = Diag(xo)R(00)Uqy I + syé' = Diag(xy)R(0 — kr/3)Uq Py + sp.8' .

This proves (A.10).

Now we will show that
inf{ ||diag(UAUT)| ., : UT €U} = inf{ ||diag(UAUT)|| . : UT € U'}. (A.12)

The inequality ‘<’ follows from (A.11) and (A.10). For the reverse inequality, let « € {il}d, UT €U and
o € Symy. Since diagonal matrices commute, the objective value of Diag(z)UT P, in the RHS of (A.12) is

max{ | AL/ Diag(x)UTPgeiﬂg (i€ [n]} = max{ HDiag(a:)Al/QUTeng RS [n]}
= max{ HAl/zUTeZ—Hg RS [n]},

which is the objective value of UT € U in the LHS of (A.12). This proves (A.12).

Since £(K3; A) = inf{ ||diag(UAUT)|| : UT € Uz(K3)} by definition, the theorem follows from (A.12)
and (A.10). O

A.1.3 Reduction to Smallest Enclosing Circle

Now we show that we may formulate £(K3;-) as a smallest enclosing circle problem.

Proposition A.4. Let A € S?H be diagonal. Then

E(Ky A) = int inf{ t: JAYV2ROVWUTe; — |2 <t,Vie[3], cE R t € R}. (A.13)

5
Proof. By Theorem A.3, we have
E(Ky; A) = inf{ to||AY2U )2 <t Vie[3), UT € u}
= inf{t L |AY2R(O)US e + AV2sETei|3 <t,Vie [3],0€[0,%], s € R?}
- inf{ t:|AY2ROUTe; —cl2 <t, Vi€ [3),0€0,%], ce R2}.
This completes the proof of (A.13). O

Thus, given 6 € [0, 7/3], the optimal value of ¢ in the inner minimization problem of (A.13) is obtained
by finding the smallest enclosing circle containing the triangle whose vertices are the columns of the matrix

PT = AY2R(0)U; . (A.14)
Next we provide an analytic solution for an arbitrary smallest enclosing circle problem.
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Proposition A.5 (Smallest Enclosing Circle). Let p1,pa,ps € R? be affinely independent. Let ¢* @ t* €
R? @ R be an optimal solution for

min{t: ||p; — c|l5 < t, Vi e [3], c € R%, t € R}. (A.15)

Suppose that the triangle with vertex set {p1,p2,ps3} has [pe, p3] as its longest edge, i.e., ||[ps — p2|, >
lp2 — p1lly and [[ps — p2lly > [lps — p1ll,- If

<p15p2 +p3 - p1> Z <p2ap3>a (A16)
then )
g = Ips — pally (A.17)
4
Otherwise,
2 2
o Ips = pall5 {1 n <(p17p2 +ps—p1) — <P27P3>> } (A18)
4 (d, p2 — p1)
where
0 -1
! (A.19)

Proof. First note that (A.15) indeed has an optimal solution, as it may be equivalently formulated as the
unconstrained minimization over ¢ € R? of the continuous and coercive function max{ ||p; — c||§ 11 € (3]}

It is also clear that, at an optimal solution, there are at least two active constraints, say the ones
corresponding to points p;,p; € {p1,p2,p3}. So ¢* lies at the perpendicular bisector of [p;, p;]. If the
constraint of the other point is not active and ¢* is not the midpoint of [p;, p;|, then a perturbation argument
shows that ¢* is not optimal. Thus, either all three constraints are tight, or ¢* is the midpoint of an edge.
In either case, ¢* lies at the perpendicular bisector of [ps, ps3], the longest edge. So ¢* is of the form

¢ =cyx=m+ \d, AeR (A.20)
where m := 1(ps + p3). Moreover, t* = ||p; — c*||§ Hence,
t* = inf{[p2 —eall3 : o1 —eall3 < llp2 — eall3, A € R} (A.21)
Since pa —m L d, the objective function in (A.21) is:

2 2 2 2 2
lp2 = exllz = llp2 = m = Adl3 = llpz = mll; + N2[ldll; = llps — p2ll3(3 + A%).

The feasibility condition in (A.21) is:

2 2 2 2 2 2
Ip1 —ealls < llp2 —exll; <= [Ipills — 2(p1, ea) + llealls < llp2ll; — 2(p2, ex) + llealls
2 2
= |Ip1ll = P1,p2 + p3) — 2X(p1, d) < ||p2ll5 — (P2, P2 + P3) — 2 (P2, d)
2
< |[Ip1lls — (p1,p2 + p3) + (P2, p3) < 2X(P1 — P2, d).
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Hence, (A.21) may be rewritten as

t*:inf{|]03—p2||( +A2):||p1|3—<p1,p2+p3>+<p2,p3>s2A<p1—p2,d>,AeR}. (A.22)

Note further that (p; — ps,d) # 0. For if p; — ps were orthogonal to d, then p; — ps would be parallel to
p3 — p2, which is orthogonal to d by construction, so that pi, p2, p3 would be affinely dependent.

Thus, (A.16) holds if and only if A = 0 is feasible in (A.22), in which case t* is given by (A.17).
Otherwise, the optimal value is

(||le2 (p1,p2 +p3) + (pg,p3>>2]7

Ion = ool | 3 + g

which is equal to (A.18). O

Define the functions fo, f1: [0, 5] — R by

f1(0) = (I+a)+(1 —8a) sin(260 + %)’

(L(1— a)[2sin(20 + T) + 1] 1)2> (A.23)

fol®) = 11(6) <1 + -

Let us apply Proposition A.5 to the triangle given by (A.13). We shall have occasion to apply Proposition A.1
that identified the longest edge of the triangle.

Proposition A.6. Let § € [0,7/3] and a € (0,1). Set A := [¢{] and define PT as in (A.14). Let
c* @ t* € R2 @R be an optimal solution for (A.15) applied to p1, pa, p3, where p; := PTe; for i € [3]. If

1+a
~1—-a’

2sin(20 + §) < (A.24)

then t* = fy(6). Otherwise, t* = f1(0). Moreover, if (A.24) holds with equality, then fo(0) = f1(6).

Proof. We apply Proposition A.5 together with Proposition A.1. Let x := (p1,p2 + p3s — p1) — (P2, p3). We
may use the same calculations for ps — p1, p3s — p1, and ps — p2 from (A.5). Using the fact that py = —po,
we find that

2z = 2(p1,ps — 2p1) + 2(p1,p3) = 4(p1,p3 — p1)
= —acos® — sin? 0 + sin 6 cos H(v/3 — V/3a)
= (1—a)V3sinfcosf — acos?f + cos? 0 — 1
= (1 —a)[V3sinfcosf + cos® ] — 1

(A.25)
/5 sin(20) + <cos(29)+1)}

=04
1—a{sm29+ 7}—1

= 3(1—a)|2sin(20+ ) +1] - 1.
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Hence, z > 0 is equivalent to 2sin(260+ %) > $=¢. Thus, if (A.24) does not hold, then by Proposition A.5

and (A.6), we have
16t* = 4||ps — p2||§ = (1+a)+2asin® 0 + 2cos? 0 + 2v/3(1 — a) sinf cos 6
= (14 a) +2a(1 — cos?0) + 2cos? 0 + 2v/3(1 — a) sin f cos
= (1+3a) +2(1 — a)3(cos(20) + 1) + V3(1 — a) sin(20)
:%1+@+ﬂﬂfam%mﬂ%)+%%m@®)
=2[(14a)+ (1 —a)sin(20 + %)] = 16f1(6).
So suppose that (A.24) holds. Define d as in (A.19), i.e.,

1{ —v/3cosh —sinf }

d= 2 |—a'/?(v/3sinf — cosh)

Then by Proposition A.5 and equations (A.25) and (A.26), we have

;- 'p3‘p2”3(1+ - )=f1(e)<1+(5(1“’)[251“(2“g””‘”Q> — hol®).

4 3a/4 3a

Finally, note that fo(0) = f1(0) if =0, i.e., if (A.24) holds with equality.

A.1.4 Calculus Application

Let us first compute a normalized version of £(Ks;-):

Theorem A.7. Let a € (0,1). Set

_]a O
A= [0 1] .
Then )
(a+3)
K3 A) = .
E(Kz; 4) 48

Proof. By Propositions A.4 and A.6, we have
E(Ks3; A) =inf{ f(0) : 0 € [0, 3]},
where

| fo(0) if 2sin(20 4+ T) < 12,
1= {fl(@) otherwise. v

We first show that
g(Kg;A) — inf{ fO(G) VNS [07 %}}
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(A.27)

(A.28)

(A.29)



Let  := 1% and note that > 1. Let us solve the inequality 2sin(26 + §) > x for 0 € [0,F]. Then
o =20+ % € [%,37], so either the inequality 2sin(a) > 2 has no solution, in which case (A.29) follows
trivially, or its solution set for ais (5 —¢, 5 +¢) for some ¢ € [0, Z]. Hence, a =20+ % € (5—¢, T+¢) <=

20 (53—, 5 +¢) <= 0c(5—%,5+%)=(0,01), so that 0y,0, € [0, ]. In this case, we have

_J f1(0) if 6 € (6o,01),
J6) = {fO(G) otherwise.

Now 16f1(0) = 4(1—a) cos(20+F) and 16f{'(0) = —8(1—a)sin(20+%). Thus, if 0 € (0o, 01), then sin(20+
%) >0 and hence f{’(f) < 0. So the function f; is concave on (o, 6:), and so inf{ fi(0) : 0 € (6p,01)} =
min{ f1(6p), f(61)}. However, at either 6y or 61, the functions f; and f; coincide by Proposition A.6, and it
is clear that f1(0) < fo(0). These facts put together complete the proof of (A.29).

jus

To compute (A.29), it suffices to compute fo(6) at the stationary points of fy in (0, %) and the endpoints
of the interval [0, Z]. It is easy to check that 16af;(0) = (1 —a)?(4 sin?(26 + §) —1)cos(20 + §). Thus, the
stationary points of fy in [0, %] are {0, %, T }. We have

)3 )63
70 = ) = B gy - Gor
OV IS T g RV T P
The inequality fo(0) < fo(%) is equivalent to (1 —a)® > 0. Thus, £(K3; A) = fo(0). O

Now we can finally prove the general formula for £(Ks;-):

Theorem A.8. Let 0 < a < b. Then

. a+ 3b)?
E(K3; Diag(a,b)) = (47)~ (A.30)
Proof. Define a' := a/b. Then by Theorem A.7 we have
: . "+3)%2  (a+3b)?
K3;D — be(Ks: Diag(d’, 1)) = b — ,
E(K3;Diag(a,b)) = bE(K3; Diag(a’,1)) = b 5 150
O

A.2 Some Folklore Results

The next result establishes a well-known identity involving the optimal values of two conic optimization
problems related by a projective transformation. We provide a proof for the sake of completeness.

Lemma A.9. Let K C E be a pointed closed convex cone with nonempty interior. Let ¢ € K*\ {0} and
¢ € int(K*). Let A: E — Y* be a linear transformation. Define the optimization problems

B :=sup{ (c,z) : A(z) =0, (¢,z) =1, z € K}, (A.31)
B =inf{(c,y): Aly) =0, (c,y) =1, y € K} (A.32)

and suppose both are feasible. Then 8 and 3’ are both positive and attained, and 35’ = 1.
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Proof. 1f y is feasible for (A.32), then y/(c/,y) is feasible for (A.31) with positive objective value, whence
B > 0. Moreover, 8 is attained by continuity and compactness. Let 2* be an optimal solution for (A.31).
Then y* := x*/{c,x*) is feasible for (A.32) with objective value 1/8. If y is a feasible solution for (A.32),
then y/(c,y) is feasible for (A.31), so 8 > 1/{c/,y). Thus, {(¢,y) > 1/8 = (¢, y*), so y* is an optimal
solution for (A.32) and 5" = 1. O

Theorem A.10. Let A € S™. Consider the optimization problem
max{z' Az : 2 € R", ||z|| = 1}. (A.33)

Then every local optimal solution of (A.33) is also a global optimal solution.

Proof. Let xg be a local optimal solution of (A.33). Let z; € R™ such that ||z1]| = 1 and Azy = Azq, where
A = Amax(A). Assume that the set {zg, 1} is linearly independent; otherwise we are done. For each t € R,
define

ZTo + tiL’l
e TE—
o + taa |
and
f(t) =] Az,.
Then
() = wl Axy + 2t Azl z1 + 12X
1+ 2talzy +2
S0

A —zf Az,

1+ 2talxy +12)%

£(0) = 2z] 2,
(
Thus, either #§ Az, = ), in which case we are done, or we must have z{x; = 0. Assume the latter. Since

xd Azy + 12\

) =="—"%

b

we find that
F7(0) = 2(\ — zf Axy).

From the fact that z¢ is a local optimal solution for (A.33), we find that A\ < z{ Az,, whence equality must
hold. O
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