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Abstract

For decades, the nonnegativity of polynomials has been of concern to mathematicians
across several fields: global optimization, control theory, probability, game theory, opera-
tions research, etc. Nevertheless, in the general case, determining whether a polynomial is
nonnegative or not is a NP-hard problem. For univariate polynomials however, nonnega-
tivity is equivalent to being a sum of two squares: there exist two polynomials such that
the sum of their squares equals the given polynomial.

A few years ago, Legat et al. derived an algorithm for finding a sum-of-squares
decomposition of a univariate polynomial satisfying a set of linear constraints. The
novel contribution of this Master’s thesis is the introduction of a linear objective we aim
to minimize. This problem is traditionally modelled as an SDP and solved using, for
instance, an Interior Point Method. However, SDPs quickly become intractable due to
the number of variables, which grows quadratically in the size of the problem. Hence, we
rely on an idea proposed by Burer and Monteiro at the beginning of the 215 century, by
considering an equivalent nonlinear formulation whose variables are the two polynomials
of the sum-of-squares decomposition.

Among the various methods that exist to solve such problems (Augmented Lagrangian,
Projected Gradient, etc.), we opted for an approach based on manifolds. To this end, we
study the feasible set in depth, in order to understand its structure. This allows us to
derive a first-order Riemannian optimization algorithm, when the feasible set is a smooth
manifold. The algorithm of Legat et al. is then used to obtain a feasible point from which
the iterates will start. Although the feasible set is surprisingly smooth in many cases
(when the constraint operator is bijective, or near pairs of polynomials sharing at most
one common root), it turns out that it is not a smooth manifold for every set of linear
constraints defining it. We demonstrate this by showing that the tangent cone is not a
vector space at certain points of the set, for a specific set of constraints, around a pair of
polynomials sharing two common roots. On such non-smooth sets, further work remains
to be done, though we offer some insight by showing that they form stratified sets.
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Chapter 1

Introduction

Polynomials are deceptively familiar mathematical objects introduced at secondary school.
Yet, many of their properties inspire some of the deepest questions in mathematics. In
this Master’s thesis, we consider polynomials on the field of R, i.e., with coefficients in the

reals. A polynomial on R over a set of variables x1,...,x, is a finite linear combination of
monomials with coefficients in R, where a monomial over x4, ..., x, is a term of the form
it - a8 for some n-tuple a = («vy, ..., a,) € N". Bold letters are used here to denote

vectors. The degree of a monomial corresponds to the sum of the a;, and the degree of a
polynomial is the maximal degree of its monomials.

We say that a polynomial is univariate if it has only one variable (i.e., n = 1). The set
of polynomials in 1, ..., x, with coefficients in R and of degree up to d € N is written as
R[z1,...,2,], In particular, for univariate polynomials, we usually omit the subscript 1,
and write R[z]q.

1.1 A few motivating examples

For many applications (operation research, probability theory, etc. [BPT12; AM16]), we
are concerned by a specific class of polynomials: nonnegative polynomials. A polynomial
p € Rlzy,...,2,)], is said to be nonnegative if it is nonnegative at every point (z1,...,x,) €
R"™.

This Master’s thesis is concerned with optimization problems on univariate nonnegative
polynomials. Before going further, let us start by reviewing three examples (some of them
with multivariate polynomials) in global optimization, control theory and game theory.

1.1.1 Global optimization
First, consider the problem of minimizing some polynomial p(x) on R™ [BPT12]:
min p(z).

Many methods have been developed for such problems, like the gradient and Newton
methods, and are explained in nonlinear optimization books such as [Nesl8]. For the



purpose of the example, consider the equivalent reformulation of the problem as:

max 7y
vER

st. pl®)—y>0 VaxeR"

This corresponds to finding the best lower bound 4* on the polynomial p(2). This example
may be extended to optimization of rational functions, i.e., functions that can be written as
the quotient of two polynomials, in which the denominator is a strictly positive polynomial:
max -y

m]%n pém§ <= VR

TER™ Zr

1 st. plx) —vyq(x) >0  VeeR"
In these two problems, we seek to maximize v such that some polynomial is nonnegative.
It is interesting to observe that the optimal value v* is equal to the global minimum of

the polynomial p(x).

1.1.2 Existence of Lyapunov functions

A second example comes from the control community. Indeed, sum-of-squares programming
is used in control theory for various applications, including the inverted pendulum, the
cart-pole, the quadrotor [Yan+23|, robust feedback motion planning [Anil6], etc.

Consider a theoretical system with state & € R”, and described by the equations
w(t) = f(x(t)).
Assuming the system has an equilibrium at the origin, the system is said to be globally

asymptotically stable’ [Kha22; BPT12] if there exists a Lyapunov function V : R* — R
that satisfies for all x € Ry

: " OVdy; [0V
V(@)>0, V@)=Y 7 d”; - (a:;;) () < 0.

i=1
Furthermore, we also require V(0) = 0 and that V is radially unbounded, i.e., V() ——

[[]|—00
oo. By choosing a polynomial function V' that vanishes at the origin (which is a linear
constraint), those last two conditions are automatically satisfied. But once again, the
polynomial has to be positive, with a negative derivative. More information about the
construction of such a Lyapunov function can be found in [AP15; Yan23].

Lyapunov theory also allows to design controllers for possibly unstable systems. The
dynamical equations become @(t) = f(x(t), u(t)), where u(t) € R™ is the input at time ¢
(which could also depend on the current state). Often, one would like to minimize some
cost function of the input (e.g., minimum control effort through the integral of the norm

T
of the input / |w(t)||*dt), while satisfying the Lyapunov conditions [AP15]. Such a
0

Lyapunov function is called Control Lyapunov Function [Yan23; Wee06], as its existence
guarantees the stabilizability of the system in a neighbourhood of the equilibrium point.
In this case, we minimize a function on the polynomial, while satisfying sum-of-squares
and linear constraints.

LA system is globally asymptotically stable if it converges to its equilibrium whatever the starting point
is. A local version can also be expressed, as the weaker concept of stability which only requires V(x) < 0,
i.e., solutions stay nearby the equilibrium point.



1.1.3 Equilibria of polynomial games

Our last example arises in game theory, when computing the Nash equilibrium of a
polynomial game [Par00]. Consider a two-player zero-sum game?, with a payoff function
for player 1 given by
P(fa y) = Z sz‘jﬂﬁiyj,
i=0 j=0
where x and y are the decisions of the two players. Both players will play according to
mixed strategies 1 and v in order to maximize their payoffs. A secure strategy for player
2 is to play according to a strategy v that minimizes the best payoff player 1 can reach®:
uip

st. E,u (Plx,y)) <~ Vo € R,
/Oo dv(y) = 1.

If player 2 plays according to that optimal strategy v*, player 1 is incentivised to play
the x maximizing E,., (P(z,y)), which will be upper bounded by ~. Since the game is
polynomial, the expectation over v of P(z,y) can be expressed as:

n m n m

Eye (P(2,9)) =YD B, (y) 2" = > > wja,

i=0 j=0 =0 j=0
where the v; are the moments of the measure v. Hence, the problem becomes a minimization

n m

problem under a nonnegativity constraint of some polynomial (v — Z Z Z/jxi), itself
i=0 j=0

depending on parameters v; which should correspond to the moments of some measure.

1.2 Sum-of-squares relaxation

In all the examples presented above, we are looking for nonnegative polynomials satisfying
some linear constraints. Showing the nonnegativity of polynomials is therefore of great
interest. A first simple necessary condition for this is that the degree d of the polynomial
has to be even (in the other case, the polynomial would go to minus infinity either for
r — 00, or for x — —o0). However, it appears that in the general case, the question is
NP-hard [BPT12; Par00]. This can, for example, be shown by reducing it to the problem
of determining whether a symmetric matrix is copositive®, which is NP-hard [Far25].

In 1900, David Hilbert published a list of 23 problems he found interesting and unsolved
at that time [Hil00]. As of now, about ten of them have been solved®, last of which solved in
1998. Among those, the 17*" problem [Rez00] asked whether every nonnegative polynomial

2A two-player zero-sum game is a game with two players, in which the first player earns exactly what
the other loses and conversely.

3The second constraint corresponds to asking that v is a valid measure.

4A symmetric matrix M € R™*" is copositive if a” Ma > 0 for every nonnegative vector a € RZ, (ie.,
with all its entries nonnegative). B

5The exact number is difficult to determine, as mathematicians have not reached a consensus on some
of them.



can be expressed as a sum of squared rational functions. Hilbert himself gave an answer
to a similar question: can every nonnegative polynomial be written as a sum of squared
polynomials? Mathematically, he asked himself whether, for all nonnegative polynomial
p € Rlzy,...,x,],, there exists a finite number of polynomials u;, € Rz, ... ,xn]d/Q,
1 =1,...,r, such that

T
p=>_u.
=1

Such polynomials are called sum of squares (SOS), as they can be expressed as the sum of
squared polynomials.

The answer to the question is yes if and only if the polynomial is either a quadratic
form (i.e., a polynomial of degree 2), or a univariate polynomial (or equivalently a
bivariate homogeneous polynomial®), or a bivariate quartic form (i.e., a polynomial in
two variables of degree 4). A well-known counterexample for a nonnegative polynomial
which cannot be written as a sum of squares is the Motzkin polynomial” [BPT12], given
by zix3 + xxy — 3zixd + 1.

Why then are sum-of-squares polynomials of interest? The answer is simple: every
sum-of-squares polynomial is nonnegative. Furthermore, determining whether a polynomial
is a sum of squares or not can be expressed as a semidefinite program [BPT12; Far25],
which can be solved in polynomial time. For this reason, people often consider relaxations
of the different problems presented above by asking the polynomials to be sum of squares
instead of nonnegative. Furthermore, for feasibility problems like the existence of a
Lyapunov function (Section 1.1.2), a sum-of-squares polynomial gives a certificate for the
controllability of a system, even if it is not optimal.

1.3 Main problem

This motivates us to analyse a linear sum-of-squares optimization problem of the kind

min £ (p(x))

PER[x]y,
st. Ly (p(x)) = b, (1.1)

p is a sum of squares,

.

for some surjective linear operators £, : R[z],;, — R and £, : R[z],;, = R™, and a
constraint vector b € R™. More than asking for a polynomial to be SOS, we have a linear
objective and linear constraints on the polynomial. As will be detailed in Section 2.3,
this problem can be modelled as a semidefinite program (SDP), and solved with classical
optimization algorithms such as the Interior Point Method [Nes18; Nes00].

However, the number of variables of the SDP (1.1) grows quadratically with the
dimension of the set of multivariate polynomials in n variables with degree d, itself growing

as (nzd) [Yan24]. For a bivariate polynomial of degree 8, we are already at more than

Shomogeneous means that all the terms are of the same degree.
"This example is also known as the first example of a nonnegative polynomial that cannot be written
as a sum of squares.



4000 variables. The issue of the high number of variables is common to all SDPs, making
them time and memory intractable for many problems [BMO03].

To address this issue, Burer and Monteiro proposed a nonlinear algorithm for solving
SDPs [BMO03]® at the turn of the 215° century. Their approach consists of factorizing the
variable matrix X € S, the set of positive semidefinite (PSD) matrices of size n, into
a product VV7T, where V € R™". One motivation behind this choice is inspired by a
result of Pataki [Pat98] and Barvinok [Bar95|, which showed that for every SDP with m
constraints and a compact search space, there exists an optimal solution of rank r, with
r satisfying r(r 4+ 1) < 2m. This suggests the existence of a low-rank solution to SDPs,
which can be represented mathematically by choosing a small number of columns r for V.

Applying the idea of Burer and Monteiro on SOS programs like (1.1) corresponds to
expressing p(x) as a sum of polynomials ¢;(x), ..., ¢.(x) squared. For univariate polyno-
mials, we even have the result that there exists a rank-2 solution, i.e., with two polynomials
(r =2) [CLR94]! This, as well as other recent results on univariate polynomials [LYP23],
motivated us to first consider univariate polynomials. A generalization to multivariate
polynomials will then be considered (not in this thesis); but as shown in [Ble+24|, working
with multivariate polynomials is not that simple, requiring advanced notions of algebraic
geometry.

Inspired by Burer and Monteiro, we reformulate (1.1) for univariate polynomials as

min Ly (ul(x)z + u2(x)2)
(u1,u2)€R 2] (1.2)

st Lo (ul(a:)2 + ug(a:)Q) =b.

The notation R[z]? corresponds to the set of pairs of degree-d polynomials. It is important
to note that the decision variables are the polynomials uy, us € R[]y, but the objective
and constraints are linear operators on the SOS polynomial u? + u3. Those are therefore
quadratic, and potentially nonconvex. Problem (1.2) will be our common thread over the
manuscript, and will be called main problem. The word univariate will often be omitted
in the following chapters.

To illustrate the formalism of (1.2), let us return to our motivating example of
finding the best lower bound of a polynomial (Section 1.1.1). In that case, the operator
L, will output the constant term of u?(x) + u3(x), and the constraints will look like”
4 (u}(z) + ud(z)) = p/(x) (which is a set of 2d linear constraints, the polynomial p € R[z]oq
being fixed).

1.4 A Riemannian approach

In their paper, Burer and Monteiro [BM03; BMO05] proposed an Augmented Lagrangian
Method to solve the nonlinear problem resulting from their reformulation. Augmented
Lagrangian approaches have been widely studied in the last decades, as they allow one to

8This paper earned the SIAM Activity Group on Optimization Test of Time Award in 2023, to award
the significant and sustained influence of the paper over a long time period [Ano.

90nly the constant term between the two sides of the equality may differ, due to the introduction of
the variable ~.



tackle any constrained optimization problem, without caring too much about the structure
of the feasible set [BV04; NW06; WM22]. Such methods generally consist in reformulating
the problem as an unconstrained one, but with a penalty on constraint satisfaction and a
so-called Lagrangian term, both aiming to force the satisfaction of the constraints. The
new problem is then solved by iteratively minimizing over the primal variables, with
an update of the dual variables, corresponding to a penalty parameter and Lagrangian
multipliers following each iteration. The main advantage of such methods is that they are
straightforward to apply on new problems.

While Burer and Monteiro demonstrated their Augmented Lagrangian algorithm
performs well in comparison to classical SDP approaches, it does not exploit the intrinsic
properties of the problems. Yet, one can expect much better performances for an algorithm
that would be specialized for the kind of problem we consider (in particular (1.2) in our
case). This is the case of Riemannian Optimization Algorithms [AMS08; Bou23]. Those
algorithms are designed to optimize on nonlinear smooth sets, called manifolds, by finding
iterates lying on the manifold. This is made possible by the use of Riemannian gradients,
a generalization of the concept of gradient, and retractions, ensuring that all the iterates
lie on the manifold. Both of those concepts are specific to the manifold on which the
optimization process takes place, and therefore require a thorough understanding of the
feasible set.

In addition to the advantage of more specialized algorithms, understanding the feasible
set enables us to uncover properties of the problem. In recent years, several researchers
have looked into the issue of benign nonconvexity, i.e., nonconvex problems without local
non-global extrema. This is the case of N. Boumal et al. [BVB18], who showed that the
Burer and Monteiro approach for SDP programs has no spurious local minima (i.e., local
minima that are not global) when the feasible set of the nonlinear reformulation is a smooth
embedded submanifold with linear independence of the gradients of the constraints at each
point'®. In 2022, Legat, Yuan and Parrilo showed in [LYP23] that the problem of finding
a sum-of-squares decomposition of a polynomial through a quadratic penalization of the
constraint (i.e. min,cgp2 ||o(u) — p[|, where p is the given polynomial) has no spurious
local minima neither. This allows them to find a feasible point to the problem (1.2) in
near linear time. The goal of this Thesis is to deepen the understanding of the feasible set
already developed in their paper, in order to use techniques from Riemannian optimization
to solve the problem (1.2).

Moreover, it is worth noting that a widely used technique to solve sum-of-squares
optimization problems of the kind (1.1) is through their dual [Las10; BPT12]. The dual
cone of the space of nonnegative polynomials is the set of linear functionals that take
nonnegative values for all nonnegative polynomials. A nice interpretation of this dual cone
is in terms of truncated moment sequences of probability distributions, as we can identify
the dual space with the set of moments for which a nonnegative measure matching those
moments exists. On the dual formulation, Lasserre et al. [Las01; HLO5] developed an
algorithm solving a sequence of Linear Matrix Inequality (LMI) problems of increasingly
larger size to determine whether the truncated sequence of moments corresponds to a
nonnegative measure. While those LMIs are only necessary conditions, they also developed
a sufficient condition for global optimality, called the flatness condition, allowing the
algorithm to stop after a few iteration in many cases.

0T hey also require the feasible set of the original SDP formulation to be compact.



Finally, let us also mention the existence of the Projected Gradient Method and
Sequential Quadratic Programming for solving problem (1.1). The first one requires
the description of a projection on the set of nonnegative polynomials, and therefore a
good understanding of the feasible set too. The second one solves sequentially quadratic
programming subproblems in order to converge to a critical point [NW06, Chapter 18|.
While it would be interesting to analyze those methods, it has not been done in this Thesis.

1.5 Structure of the work

In the second chapter, we recall some notions on nonnegative and sum-of-squares polynomi-
als. To the best of our knowledge, a manifold structure for the set of squared polynomials
has never been analyzed. Accordingly, we establish a topological foundation for the set of
univariate polynomials in Chapter 3. This allows us to show that the pairs of coprime
univariate polynomials form an open submanifold of the pairs of univariate polynomials.
In the fourth chapter, we explore in more detail the feasible set of the problem (1.2), by
describing a few cases in which we can conclude it is a smooth embedded submanifold.
However, this is not always the case. In Chapter 5, we present an example of a prob-
lem (1.2) whose feasible set is not a smooth manifold, but a stratified set. We also obtain
an expression of the tangent cone to this feasible set. Finally, in Chapter 6, we describe a
first-order optimization algorithm for solving linear sum-of-squares optimization problems
for which the feasible set is a smooth embedded submanifold. In particular, we show that
the Newton method for finding the zeros of a function can be used as a retraction for
embedded submanifolds of Euclidean spaces.

1.6 Contribution

« In Chapter 3, we establish a topology on the pairs of polynomials of degree d, R[x]3.
Next, we show that its restriction to the pairs of coprime polynomials is an open
submanifold, relying on the resultant between two polynomials;

o In Chapter 4, we show that when the linear operator £, defining the feasible set
of (1.2) is bijective, the feasible set is a smooth manifold. Moreover, the restriction
of the feasible set of (1.2) to the set of coprime pairs (potentially multiplied by some
polynomial) is also a smooth embedded submanifold;

o In Chapter 5, we present an example of problem of the kind (1.2) for which the
feasible set is not a smooth manifold. This is proved by relying on the expression of
the tangent cone we develop in Section 5.2. Yet, on this example, the feasible set is
shown to be a stratified set;

o In Chapter 6, we introduce a Riemannian Gradient Descent algorithm on smooth
embedded submanifolds of R[z]2, explaining how to obtain an expression of the
Riemannian gradient. Furthermore, we show that the Newton-Raphson method
to get a zero of a local defining function is a smooth retraction. This may be
of independent interest as it is valid on any smooth embedded submanifold (of a
Euclidean space) that can be locally described by a local defining function.



Chapter 2

Nonnegative and Sum-of-Squares
polynomials

In this chapter, we review some theoretical background on nonnegative and sum-of-squares
polynomials®. In particular, we show the equivalence between nonnegativity and sum-of-
squares (Lemma 2.2) for univariate polynomials. In Section 2.2, we review the concept
of basis for univariate polynomials. Next, in Section 2.3, we present the classical SDP
formulation for the problem (1.1). At the end of the chapter, we explain how to find
efficiently a feasible solution to our main problem (1.2). For this, we rely on a recent paper
of Legat et al. [LYP23], in which they show how to obtain such a point with a first-order
optimization algorithm such as L-BFGS.

Interesting references on polynomials and sum-of-squares include [Yan24; BPT12;
CLO25].

2.1 Nonnegative and sum-of-squares polynomials

As already mentioned in Section 1.3, every sum-of-squares polynomial is nonnegative. Yet,
the converse is not true in general. Hilbert showed in the late 19'® century the equivalence
between nonnegative and sum-of-squares polynomials holds only in three specific cases:
univariate polynomials (see next lemma); quadratic polynomials (i.e., of degree 2, whatever
the number of variables is); and quartic bivariate polynomials (i.e., degree-4 polynomials
in two variables) [Rez00]. However, even if the non-equivalence between those two sets in
the other cases had been fully established, no example of nonnegative polynomial that is
not SOS had been found until the mathematician T. Motzkin proposed the following, in
the mid-20"" century: xix3 + z3z3 — 32322 + 1. A proof of its nonnegativity and that it is
not SOS is given in [BPT12]. Since the result for univariate polynomials will be of major
importance in Chapter 4, we restate it in Lemma 2.2 with a proof.

But before going into the proof of that lemma, let us first recall a few fundamental
concepts about polynomials. The fundamental theorem of algebra states that every

!Concerning the theoretical notions on Riemannian optimization, we have decided to introduce them
when necessary in the following sections.



univariate polynomial p € R[z], (of degree exactly d) can be factorized as

d d

p(z) = Zcixi =y H(x — ),

1=0 =1

where x; € C are the roots of the polynomial. This factorization is unique up to reordering
of the factors. Given two polynomials p; € R[z]q, and py € Rz]4,, we define their greatest
common divisor g = ged(pr, p2) as the highest degree polynomial that divides both of
them. By divides, we mean that there exist polynomials wy, ws such that p; = g - w; and
p2 = g-wsy. The greatest common divisor of two polynomials is unique up to multiplication
by a scalar. We thus fix it to the polynomial with a unitary leading coefficient?. Last but
not least, two polynomials are said to be coprime if their greatest common divisor is 1,
i.e., if they do not share a common root.

Remark 2.1. It may be confusing to write p(z) to mean the polynomial p in the variable x
or the polynomial p evaluated at the point x. However, the distinction should be clear
from the context. A

Lemma 2.2 — Nonnegative univariate polynomials are SOS

Let p(z) € R[z]2q be a univariate polynomial.

(a) The polynomial p(z) is nonnegative if and only if it is a sum of (two) squared
polynomials in R|x]g;

(b) Furthermore, if the number of pairs of complex roots of p(x) is K > 1, there
are at most 251 different ways of writing p(x) as the sum of two squares, up to
multiplication by a rotation matrix.

Proof. This proof extends the one given in [CLR94] by explicitly describing the set of
pairs of polynomials whose sum of squares equals p(x) as a union of “circles”.

(a) The direction SOS = nonnegative is straightforward.

Assume p(z) is a nonnegative polynomial. By the fundamental theorem of algebra, we
can factorize p(x) as

R

p(z)=a- H(x — 1) - I:II(x —¢j) =ua-r(z)-c(z),

=1

where r; € R (resp. ¢; € C) are the real (resp. complex) roots of p(z), R+ C = 2d, and
a € R.

We note that each real root r; must be of even multiplicity. By contradiction, if it has
an odd multiplicity, then there exists a neighbourhood of r; with no other root, and on
which the polynomial changes sign, contradicting the fact that it is nonnegative. Therefore,
r(x) is a squared polynomial.

Next, each complex root ¢; has to come with its complex conjugate since p(z) is a
polynomial with real coefficients: C' = 2K. Therefore, one can write (after reordering of

2The polynomial is said to be monic if its leading coefficient is one.



the terms):

K K

c@) =1l -¢) [l=z—-5) =11 -¢) Tl -¢)

= (uy () + iug () - (ur(z) + iug(x)) = ui(w) + us(w).

(2.1)

This shows that ¢(x) can be expressed as a sum of two squares.

Since p(z), r(x) and c(z) are nonnegative polynomials, the leading coefficient a has to
be nonnegative (its square root is therefore well defined). This allows to conclude that p(x)
is a sum of (two) squares, being the product of a nonnegative real a, a squared polynomial
r(x), and a sum of two squared polynomials ¢(z).

(b) Now, we would like to describe the set of decompositions of p(z) as the sum of two
squares (i.e., u*(z) + v?(x) for some polynomials u(z),v(z) € R[z]y). At the real roots r;
of p(z), both polynomials of the decomposition must vanish®. Hence, u(x) and v(x) are
multiples of r(x), and the only difference between the SOS decompositions can appear in
the decomposition of ¢(z) as the sum of two squares. Let us swap ¢; (for some j) with
its complex conjugate ¢; in (2.1). This gives us another decomposition of ¢(z) as the
sum of two polynomials u,'(z) and uy'(z) squared. By considering all the configurations
of the roots in two groups (like in (2.1)), the maximal number of such sum of squares
decompositions is 25!, This number is reached when all the complex conjugate pairs of
roots are distinct. Note that symmetric configurations have been removed, as considering
a combination of roots or the combination of the complex conjugates of all those roots
yields the same SOS decomposition (which explains the exponent K — 1 instead of K).

It remains to show that, up to multiplication by a rotation matrix, every SOS de-
composition of ¢(x) is one of the (at most) 25! previously found. Assume we have a
decomposition of ¢(x) as the sum of the squares of 4 (x) and s (z):

o(z) = iy (z)? 4+ ia(2)” = (i (x) + itz (x)) (1 () — it (2))
Since a univariate polynomial can be factorized in one unique form, we must have?

for some (u1'(x), us'(x)) obtained previously and A € C such that® A\ = 1. Therefore, \
lies on the unit complex circle, and (i (x),uz(x)) is a rotation of (uy'(x),us’(z)): there
exists 0 € [0, 27| such that:

(u](x)) _ (COS(@) —sin(@)) (ul’(x)) .
s () sin(f)  cos(0) us' ()

Remark 2.3. The last step of the proof also works with a reflection matrix. However, this
simply corresponds to switching u;’(z) and uy'(x) before applying a rotation. A

]

31f some roots have multiplicity larger than one, then the derivatives must also vanish.

“4Indeed, all the permutations of the roots have been explored in (2.1). However, it could be equal to
Auy'(z) — iug’(x)), but this case is similar, and corresponds to the multiplication by a reflection matrix
(see Remark 2.3).

5Since c(x) = (11 () + itz (z)) (i1 (z) — ida () = M(ur/ () +iug’ (2)) (ur () — iug’(x)) = Ae(z).
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Remark 2.4. An easier way to see that a rotation of an SOS decomposition of a polynomial
is still an SOS decomposition of that polynomial is the following: consider a nonnegative
polynomial p(x) = u?(z) + u3(z); then, by the Pythagorean identity, multiplying (u;,us)
by a rotation matrix gives again an SOS decomposition of p:

(cos(B)uy — sin(B)uy)® + (sin()uy + cos(B)uy)® = u? + u2.

A

Remark 2.5. Lemma 2.2 states that, up to multiplication by a rotation matrix, a nonnegative
univariate polynomial p can be expressed as the sum of two squared polynomials in at
most 2571 different ways, where K is the number of pairs of complex conjugate roots of
p. The rotation matrix allows for an analogy with circles that will be used several times
throughout this thesis. A

2.2 Basis for univariate polynomials

For linear spaces, a basis is a set of vectors such that every element of the linear space can
be written in a unique way as a linear combination of those basis vectors. Furthermore,
two distinct elements will have different representations in the basis. This is interesting as
it means that two polynomials are equal if and only if their expression in a chosen basis is
the same.

Several bases have been studied in the literature for the vector space of univariate
polynomials of degree at most d, R[z|,, which is d + 1 dimensional [Emb16]. The simplest
basis one can consider is the monomial basis, given by all the monomials in R|x],:
{1,z,...,2%}. Another interesting basis is the Lagrangian one. Given a set of d + 1
distinct points {xk}zzo C R, we define the Lagrangian basis {lk}izo as:

r — T

kz)= ]I , kE=0,...,d.
o<i<d Yk — i
itk
A key property of the Lagrangian basis is that every polynomial [;(x) is zero at x, ..., Tg_1,
Tk41, ..., %4, and has value one at zy. Therefore, every polynomial p € R[z]; is fully
: . d
described by its values at {x)},_q:
d
p(x) =Y plaw)ls(2).
k=0

Note that the basis depends on the choice of the {xk}zzo- Given a polynomial, it can be
interesting to consider the Lagrangian polynomials defined at its roots (and other points
to complete the basis). Indeed, expressing the polynomial in that basis will result into
a sparse vector. This property has already been used in the proof of Lemma 2.2: if two
polynomials are equal, their expression in the Lagrangian basis is identical, which means
that they have the same value at the d + 1 chosen points. Hence, if a polynomial vanishes
at some point, all polynomials that are equal to that polynomial must vanish at that
point. This was used when we said that u(z) and v(x) must vanish at the real roots r;:
0 = p(r;) = u(r;)> 4+ v(r;)*. Since the two terms on the right-hand side are nonnegative,
they must be zero.

11



While the monomial basis will be of interest when constructing a topology on the set
of pairs of polynomials (Chapter 3), the Lagrangian one will be used for describing linear
applications in Chapter 5.

2.3 Linear Sum-of-Squares Programming

The standard approach for solving a linear SOS program of the kind (1.1) is to reformulate
it as a semidefinite program (SDP). Let 8 be a vector of polynomials forming a basis for
Rz]4 (e.g., the monomial or Lagrangian described above). Given a polynomial p € R[x]aq4,
it is a sum of squares if and only if there exist polynomials uy, ..., u, € R[z]; corresponding
to an SOS decomposition® of p:

T
_ 2
p=>_u.
i=1

By denoting u € R[z]} the vector of polynomials w;, there exists a (unique) matrix
V € R4+ guch that w = V8. The condition for being SOS can therefore be written as

p=(VB)'VB=pQB,

for some positive semidefinite (PSD) matrix Q = VTV € ST the set of (d+1)x (d+1) PSD
matrices. The rank of () corresponds to the number of polynomials in the decomposition.

Lemma 2.6 — Sum-of-squares as SDP [Yan24]

The linear sum-of-squares program (1.1) can be formulated as an SDP.

Proof. We have seen that a polynomial p € R[z|y, is SOS if and only if there exists a
positive semidefinite matrix Q € ST such that p = B7QB, for some basis 8 of R[z],.
Those constraints are in fact linear on the entries of ), and may be interpreted as matching
the coefficients of the polynomials on the two sides of the equality. There exists therefore
a linear map £ : ST — Rlx]yq : Q — p(x) = BTQB, mapping an SDP matrix Q into its
associated nonnegative polynomial. The composition of the linear operators £; and Lo
with £ gives in turn a linear application on the entries of (). For completeness, we write
the equivalent program of (1.1) as SDP an:

min (£; 0 £)(Q)

d+1
Qest

st. (L0 L)(Q) = b.

2.4 Nonlinear program for the feasibility problem

As already mentioned in the introduction, SDPs quickly become intractable in terms of
both time and memory, due to the number of variables that grows quadratically with the
degree d of the polynomials (in the univariate case). Burer and Monteiro proposed an

6This decomposition may be not unique as shown in Lemma 2.2
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approach to solve SDP problems, replacing the unknown matrix Q by VIV, where V is a
rectangular matrix whose number of rows is equal to the rank of @ [BM03; BM05]. While
this reformulation introduces nonlinearity and generally nonconvexity, it is interesting as
it drastically reduces the number of variables.

For the univariate sum-of-squares problem, we showed in Lemma 2.2 that there exists
a rank-2 solution (i.e., with only two polynomials in the decomposition). Legat et al.
exploited that idea in [LYP23] by analyzing the problem of finding an SOS decomposition
of a nonnegative polynomial p € R[z]s4 through the minimization of a quadratic penalty:

2

Jin, fo(w) =

T
doui—p
=1

The authors show (Theorem 1.1) that the function f,(u) has no spurious local minima
for r = 2, i.e.; all the local minima are global”. Hence, finding an SOS decomposition
of a polynomial p € R[z]y; can be done efficiently by minimizing the function f, with
a first-order algorithm, like L-BFGS [NWO06, Section 7.2]. Using an FFT algorithm to
compute the gradient of f,, their results show a linear convergence and a near linear time
complexity.

In Section 6.3 of the paper, they show that this result generalizes to the problem of
finding a feasible point p € R[z]s4 in the intersection of the cone of SOS polynomials (i.e.,
p should be SOS) with an affine subspace: £(p) = b. This corresponds to the feasible set

2 2
L <Z uf) -b
i=1
In Chapter 6, we will design a first-order Riemannian optimization algorithm on embedded
submanifolds (see Chapters 3 and 4) of R[z]3, the set of pairs of degree-d polynomials. To

apply that algorithm, it will be necessary to get a first iterate on the manifold, motivating
the use of a minimization algorithm on the quadratic penalty f.

of our problem (1.1). The quadratic penalty function becomes f(u) =

"Yuan generalized the results for all » > 2 in his Ph.D. Thesis [Yua22].

13



Chapter 3

Coprime polynomials as an open
submanifold

Having covered the basics of polynomials in the previous chapter, we may now define a
manifold structure on polynomials. A smooth manifold can be seen as a “smooth” surface,
on which calculus theory, like smooth maps, differentials, gradients, etc. can be generalized.
N. Boumal defines it in broad terms as a set that, locally, “can be smoothly deformed to a
linear subspace, and back” [Bou26]. Intuitively, a sphere or a torus are smooth manifolds,
but a cross is not.

Relying on a range of references in Riemannian optimization [AMSO08; Leel2; Bou23],
we demonstrate that the set of pairs of coprime univariate degree-d polynomials, ]R[x]é’c,
forms an open submanifold of the set of pairs of univariate degree-d polynomials, R[z]3.
For the concept of openness to be well defined, we first establish in Section 3.1 a natural
topology on R[z]3 by mapping polynomials to vectors in R™ via their coefficients. Following
that, in Section 3.2, we use the notion of resultant between polynomials to show that

R[z]%® is an open subset of R[z]2, making it an open submanifold.

In the next chapter, we will define more complex embedded submanifolds of R[x]3. Those
will correspond to the feasible sets of our main problem (1.2), for specific linear operators
Lo and constraint vectors b defining the feasible sets. Coprimality between polynomials
will be of great interest, as it removes limitations that non-coprime polynomials may have.

3.1 Topology on pairs of polynomials

As a starting point, and without entering into the detail, we recall that a vector space is a
smooth manifold!. As previously explained, a smooth manifold can be locally deformed
to a linear subspace R¥. The dimension of a manifold is defined as the dimension k of
that linear subspace. For a vector space, this corresponds to the dimension of the vector
space. In particular, R[x]2, the set of pairs of degree at most d polynomials, is a smooth
manifold of dimension 2(d + 1).

We define an open submanifold N of a manifold M as an open subset of it:

Intuitively, this makes sense as smooth manifolds are surfaces on which calculus theory can be
generalized, but calculus theory is already well-defined on vector spaces through an isomorphism with
linear spaces.

14



Definition 3.1 — Open submanifold

Let M be a smooth manifold. Every (non-empty) open subset N of M is called an
open submanifold of M, and has the same dimension as M.

In Definition 3.1, we use the notion of ‘open’ subset of M, which is inherently paired
with the concept of topology [AMS08, Appendix A.2].

Definition 3.2 — Topology
A topology on a set X is a collection T of subsets of X, called open sets, such that:

1. X and (@ belong to T;
2. the union of the elements of every subcollection of T is in T;

3. the intersection of the elements of every finite subcollection of T is in 7.

Like every finite-dimensional vector space over the reals, R[z]; inherits a natural
topology via an isomorphism F': R[x]y — R4 (the choice of R¥"! follows from the fact
that R[x], is (d + 1)-dimensional), by defining a subset X of R|[z]; to be open if and only
if F'(X) is open in R4*L. For this, we may use the representation of a vector in a basis of
R[z]4, which is an isomorphism. Indeed, by definition of basis, every element of R[x]; can
be expressed in a unique way as a linear combination of the elements in the basis.

Among the bases defined in Section 2.2, the monomial basis will be particularly suitable
to show that R[x]i’c, the set of pairs of coprime polynomials of degree at most d, is an
open submanifold of R[x]3. The choice of the monomial basis corresponds to mapping an
element of R[z],; into the vector of its coefficients. For R[z]|3, we may simply stack the
representations of the two polynomials in a vector of size 2(d + 1), and define a similar
isomorphism.

3.2 Manifold of coprime polynomials

Now that the topology on the pairs of degree-d polynomials has been defined, we may
proceed with showing that R[z]>° is open in R[z]2. For this, we rely on the notion of

resultant of two polynomials [Wool6], which is defined below.

Definition 3.3 — Sylvester matrix

Given two univariate polynomials p(z) = a2’ and ¢(z) = > _ b;z*, with a,, and
i=0 =0
b, nonzero, we define the (n +m) x (n +m) Sylvester matriz

15
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whose first n (resp. last m) columns contain coefficients of p (resp. q).

Definition 3.4 — Resultant

Given two univariate polynomials p(x Z a;x" and q(x Z biz', with a,, and b,
=0
nonzero, their resultant is defined as the determlnant of the corresponding Sylvester

matrix:

Res(p, q) = [Syl(p, 9)| - (3.1)

One of the main properties of the resultant is its connection with the roots of the two
polynomials, and specifically with the differences between those roots.

~ Theorem 3.5 N

Given two univariate polynomials p(x Z a;z" and q(x Z biz', with a,, and

=0
b, nonzero, their resultant is proportlonal to the product of the difference of their
roots:
Res(p, q) = anbi' | | (cui — 5;), (3.2)
2
where o; and j3; are the roots of p and ¢ respectively.
_ J

Proof. See [CLO05, Section 3.1]. ]

Corollary 3.6. Two univariate polynomials share a common root if and only if their
resultant is zero. Conversely, two univariate polynomials are coprime if and only if their
resultant is nonzero.

Proof. The necessary (only if) condition follows directly from the previous theorem. Indeed,
by contradiction, if two univariate polynomials are not coprime, (3.2) indicates that their
resultant is zero.

The sufficient condition is slightly more involved, and relies on the fact that the roots
of polynomials with coefficients in R belong to the field C. As a field is an integral
domain [CLO25, Def A.3], it has no zero divisor, meaning that a product of factors in the
field is equal to zero if and only if at least one of those factors is zero:

a-b=0<a=0o0rb=0.
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Therefore, the leading coefficients being nonzero, at least one of the roots of p must be
equal to a root of ¢ for (3.2) to be zero. ]

This dual definition on the resultant, which on the one hand expresses the resultant as
the determinant of the Sylvester matrix (3.1) (a polynomial in the coefficients of the two
polynomials), and on the other as the product of the differences of their roots (3.2), give a
concise proof of the openness of R[z]%“ in R[z]2.

Theorem 3.7

The set of pairs of coprime univariate degree-d polynomials ]R[x]fl’c is an open subset
of R[x]3.

Proof. The set of non-coprime pairs of polynomials consists of the pairs of polynomials
whose resultant equals zero. Since the resultant of two polynomials is a polynomial
expression of their coefficients, the preimage of the closed set {0} under the resultant
map is a closed set in R[z]2. Therefore, its complement, which corresponds to R[z]7¢, is
open. ]

It follows by Definition 3.1 that R[z]> is an open submanifold of R[xz]2.

Remark 3.8. The closure of R[z]5¢ is all R[z]2. Indeed, given two non-coprime polynomials,

a small perturbation of one of them modifies its roots, so that they no longer coincide

with those of the other polynomial, making the resultant nonzero. Therefore, all the pairs
. . 2,c

of non-coprime polynomials belong to the closure of R[z|;“. A
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Chapter 4

Manifold structures on the feasible
set of sum-of-squares problem

With the algebraic and topological groundwork in place, we are now ready to study the
feasible set of our main problem (1.2) in more detail. Remember, we are looking for pairs
of polynomials in R[z]; such that their sum of squares satisfies a linear set of equations:

S = {(ur,u) € Rz} | Ly (u}(x) +ud(x)) = b}, (4.1)

where L : R[z]og — R™ is a surjective linear operator and b € R™ is a constraint vector.

After introducing notation in Section 4.1, we analyze several particular choices of Lo
and b to build our understanding of the set S. In Section 4.2, we look at a bijective linear
operator £, mapping the sum of the squared polynomials into the vector of its coefficients.
This will lead us to our first! embedded submanifold of R[x|%. Next, in Section 4.3, we show
that the restriction of S to pairs of coprime polynomials is also an embedded submanifold
of R[z]?, independently of the choice of £, and b (assuming S is not empty).

However, for generic £, and b, S is not always an embedded submanifold of R[z]3.
This will be explained in more detail in the next chapter.

4.1 Notations

To simplify the notation, given two polynomials uy,us € R[z];, we define the vector
u = (uy,us) € R[z)% and the sum-of-squares operator

o : Rz = Rlz]eg : w = ul +ui.

The differential of o at a point w € R[z]? in a direction v € R[z]3 is given by

o o(uttv) —o(u)
Do(u)[v] = 11_{% ;

= 2(11,1’01 + UQUQ).

!The manifold of pairs of coprime degree-d polynomials presented in Chapter 3 is also an embedded
submanifold of R[m]ﬁ, but by first embedded submanifold we mean the first example with dimension
strictly less than the embedding space.
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Correspondingly, we define the (linear) operator

Au @ R[z]2 = Rlz]og : v = uvr + ugvy.

Lemma 4.1
Let u € R[z]?, and let g = ged(uq, us) be the greatest common divisor between the

two polynomials of w. If g has degree K, then Im A, = g - R[x]sq_x is of dimension
2d — K + 1, and the kernel of A, has dimension K + 1.

Proof. By definition of A, if g divides both u; and uy, then it will divide A, (v) for every
v € R[z]3. Therefore, the operator A, is equal to g - Az, where u is defined such that
u = g-u (i.e., it contains the coprime factors of u; and us). Note that Ay still takes as
input a pair of degree-d polynomials, even though the polynomials u; and us are of degree

d—K.

The rest of the proof follows from [LYP23, Lemma 3.3|, in which the authors prove that
the image of Az is R[x]aq_k, 41 and 4y being coprime. Therefore, the image of A, is of
dimension 2d — K + 1, and its kernel is of dimension K + 1 by the rank-nullity theorem. [

Remark 4.2. The matrix associated to the linear operator A,, when expressed in the
monomial basis, is similar to the Sylvester matrix (Definition 3.3). A

4.2 Embedded submanifold with bijective operator

Consider a problem in which we seek to optimize some function on the set of sum-of-squares
decompositions of a polynomial p € R[z]y4. This corresponds to the problem (1.2) whose
feasible set S (4.1) is defined by an operator £, mapping a polynomial in R[x]y, into its
vector of coefficients in R2¢*! (considering the monomial basis), and a constraint vector b
associated to a nonnegative polynomial (the set S would be empty otherwise). As shown
in the proof of Lemma 2.2, S is the union of at most 2%~1 “circles” corresponding to
different SOS decompositions that may be rotated. We show in Theorem 4.4 that S is an
embedded submanifold [Bou23, Theorem 8.75] of R[x]3 of dimension 1.

Definition 4.3 — Embedded submanifold
Let M be a smooth manifold of dimension n. A non-empty subset N of M is a
smooth embedded submanifold of M of dimension n — k if and only if, for a fixed
integer k > 1 and for each = € N, there exists a neighbourhood U of x in M and a
smooth function h : U — R¥ such that:

1. If y is in U, then h(y) = 0 if and only if y € N;
2. The rank of the differential of h at z, Dh(x), is equal to k.

Such a function A is called a local defining function for N at x, and M is called the
embedding space.

In Definition 4.3, we use the concept of differential of a smooth map between two
manifolds. While the exact definition ([Bou23, Def 8.37]) involves the tangent spaces of the

19



manifolds at the considered points and a smooth curve on M satisfying some conditions,
we can keep it simple, since the input space of the local defining function h we will consider
is an open submanifold of a vector space, and its output space is a linear space. In that
case, the differential of A is defined in the classical way as

Dh(u) : € = RF : v lim Mu +tv) = hu)

t—0 t ’

where £ is the vector space in which the open set U is contained. The differential is a
linear operator, and its rank is equal to the dimension of its image.

Theorem 4.4
Let p € R[x]aq be a nonnegative polynomial. The set S = {’u, € Rz]’ | o(u) = p} of

sum-of-squares decompositions of p is an embedded submanifold of R[z]3, of dimen-
sion 1, corresponding to the union of at most 25~ disjoint connected components.

Sketch of the proof. To show this result, we proceed in three steps. In Lemma 4.5, we show
that the different circles of the SOS decompositions obtained in the proof of Lemma 2.2
do not intersect. The definition of embedded submanifold mentions that, for each point of
the set, there exists a neighbourhood and a smooth local defining function. These may
differ from one point to another. In particular, as the circles do not intersect, there exist
neighbourhoods around each circle that do not intersect?. Therefore, we may consider one
circle at a time. If these are all embedded submanifolds of R[z]? of the same dimension,
their union will be.

Next, in Lemma 4.6, we show that the common roots between the two polynomials of
a decomposition stay the same along the circle. This allows us to consider the same circle
in a lower-dimensional space, in which the polynomials along the circle are coprime, by
factorizing the common factors. We show in Lemma 4.7 that this circle is a one-dimensional
embedded submanifold of R[z]?_,, where K is the number of shared roots between the
polynomials along the circle. We can therefore conclude by saying that the original circle
is itself a one-dimensional embedded submanifold of R[z]?, since the mapping consisting of
multiplying the lower-dimensional circle by the polynomial of the shared roots is a smooth
diffeomorphic embedding (i.e., a bijective map that is smooth and with a smooth inverse —
see [Leel2, Proposition 5.2]). O

As described in the sketch of the proof of Theorem 4.4, we start by showing that the
circles corresponding to two distinct SOS decompositions of a nonnegative polynomial
p € R[z]yq do not intersect.

Lemma 4.5
Let (u1,uz) € Rlz]3 and (v1,v9) € R[z]3 be two SOS decompositions of p. Let R(:)

) _ R(®) ) for some 0,¢ € [0,2x], the

denote a 2 x 2 rotation matrix. If R(6) (
Uz U2

two points belong to the same circle, i.e., (Ul) = R(v) (u1> for some ¢ € [0, 27].

(%

2This follows from the fact that the topology defined in Section 3.1 is Hausdorff.
3Intuitively, multiplying by a fixed polynomial should preserve the smooth manifold structure.
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Proof. This follows from the regular character of rotation matrices. We have

(Uz> — R(¢) 'R(6) (Zz) —R(0 - ¢) (22) .
Lemma 4.6

Let (u1,uz) € R[z]3 be an SOS decomposition of p, and let g == ged(uy,uz) be
their greatest common divisor. Defining the polynomials u;, 4y € R[z|4—x such that
uy = ¢ - uy and us = g - Uy, where K is the number of shared roots, the resultant of

), 6 € [0, 27

U
uy and uy is constant along the circle R(6) ( N
U

Proof. Let u; = Y7 a;x' and uy = S0 b;x’, with m and n the degrees of w; and 1,
respectively. For simplicity, assume m = n, but a similar argument can be made for m # n.

ur) .
The Sylvester matrix of R(0) ) is

Uz
S = Syl <<Cos(9) —sin(9)> <u1)> _
sin(6)  cos(0) u2
cos(0)am — sin(0)bpm, sin(@)am + cos(0)bm,
cos(f)a; —sin(0)by ... cos(0)am — sin(6)bm, sin(f)ai + cos(0)br ... sin(0)am + cos(0)bm
cos(0)ao — sin(8)bo .. cos(@)am—1 —sin(0)by—1  sin(f)ao + cos(0)bo ... sin(@)am—1 + cos(0)by—1
cos(f)ag — sin(6)bg sin(6)ag + cos(0)bg

Since the determinant is multilinear in its columns [Str16, Section 5.1], the determinant
of the Sylvester matrix is

am bin bin Um

, : | : | iy : | : |
det(S) = cos™(0) |4, 5 2:m] by S[m+2:2m) —SD0 )b, s 2:m] a S[m+2:2m]|-
| | | |

By swapping the two isolated columns of the second matrix, the determinant is
multiplied by —1. Using the Pythagorean identity, the determinant of the Sylvester matrix
is

Am, b,

- | : |
det(S) = |4y S [2:m] by S[m+2:2m]|-
| |

Applying the same reasoning to the 2(m — 1) other columns, we get that

cos(f) —sin(0)\ [w B o
det <Sy1 ((sin(&) cos(9) ) <u2> >> = det (Syl (u1, u2)) .
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[]

Lemma 4.6 implies that the common roots between the two polynomials are identical
over the whole circle. Indeed, if u; = gu; and us = gus, we have

R(6) (Z) ~ gR(0) () .

Since the resultant is constant over the whole circle, there is no point on the circle where
the two polynomials u; and us may share a root different than the ones contained in g.

Lemma 4.7

If u=(u,uy) € ]R[x]i’c contains two coprime polynomials of degree d, then the

circle defined by C = R(6) “ , 0 € [0,27] defines an embedded submanifold of

U2
dimension 1 of R[z]3.

Proof. According to Definition 4.3, we consider as candidate local defining function
h:U — R[z]aq : u — o(u) — p, where U is a neighbourhood of C in R[z]3. If U is chosen
to not contain any other circle, a point w belongs to C if and only if it is a zero of h.
Furthermore, the differential of h at a point w € C is given by

Dh(u) : R[z]2 — Rz]oq : v = Ay (v),

which, by Lemma 4.1, is of rank 2d + 1 independently of w € C, since u; and uy are
coprime. Therefore, C is an embedded submanifold of R[z]3 of dimension

dim R[z])% — dim R[x]yq = 1.

This result concludes the proof of Theorem 4.4.

Remark 4.8. A similar reasoning shows that S is an embedded submanifold of R[z]3 for
every bijective operator Ls. JAN

We will conclude this section by briefly discussing what Theorem 4.4 implies on the
main problem (1.2) we want to solve. We have shown that, if L, is a bijective operator,
the feasible set S is a smooth manifold. A first-order optimization algorithm for embedded
submanifolds of R[z|? is presented in Chapter 6. However, as we have shown, when
the constraint vector b corresponds to a polynomial with at least two distinct pairs of
complex conjugate roots, the manifold S is a union of disjoint circles. This is problematic:
how could the algorithm jump from one circle to another? Furthermore, if we apply the
algorithm of Legat et al. [LYP23] presented in Section 2.4 to find a first feasible point, we
cannot predict on which circle it will be. In fact, this is not an issue at all! Indeed, the
objective of (1.2) concerns o(w), which is fully determined when the constraint operator £,
is bijective: o(u) = L5'(b). Therefore, each feasible point u € S has the same objective
value, and it is not necessary to apply an optimization algorithm.
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4.3 Embedded submanifolds of coprime polynomials

As mentioned at the end of the previous section, the feasible set S is a smooth manifold
when L, is bijective, but this is useless as we do not need to optimize on the feasible set:
the objective is constant on it. In this section, we consider a restriction S of S to the pairs
of coprime polynomials R[z]7°, and show that S is an embedded submanifold of R[z]%*.
R[z]%¢ being itself embedded in R[z]?, S is an embedded submanifold of R[z]2.

— Theorem 4.9

-
The restriction of S to the set of coprime polynomials,
SE= {(ul,uQ) e R[z]3° | £, (u%(:r;) i u%(x)) = b} :
where Lo : R[x]oq — R™ is surjective and b € R™, is an embedded submanifold of
R([z]%° of dimension 2d + 2 — m.
N J

Proof. Consider the candidate local defining function A : R[:C_]Z’C — R"™:u+— Lo(o(u))—b.
We can easily check that h vanishes exactly at the points of §. Furthermore, the differential
of h at a point u € S is

Dh(u) : R[z]2 — R™: v+ 2Ly 0 A, (v).

The polynomials u; and uy being coprime, A, is surjective (Lemma 4.1), and since L5 is
also surjective, so is their composition. The application Dh(u) is therefore of full rank
at every point of S. As the dimensions of the input and output spaces of Dh(u) are
2d + 2 and m respectively, we can conclude on the dimension of the smooth embedded
submanifold. m

Remark 4.10. If all the points in the set S are coprime, Theorem 4.9 tells us that S is
a smooth embedded submanifold of R[z]3. In the same way, if all the elements of S are
coprime pairs in R[x]2_, multiplied by the same polynomial g € R[z];, S is a smooth
manifold as it is a smooth embedded submanifold of a lower-dimensional space (R[z]3_,),
embedded in R[z]? through a multiplication by the fixed polynomial g (which is a smooth
diffeomorphic embedding like in the proof of Theorem 4.4). Yet, there is no general
technique for determining whether S has such a structure. A

23



Chapter 5

Stratification structure on SOS
decompositions of polynomials

Inspired by the last chapter, a natural question to ask now is whether the set S of (4.1),
S = {(ur, up) € R2J3 | L2 (u}(2) + u(x)) = b},

is an embedded submanifold of R[z]? for every linear operator £, and constraint vector b.
Unfortunately, the answer is no. The aim of this chapter is to explain the reasons for this
failure, and to suggest possible solutions.

In Section 5.1, we design a counterexample for which the function h : R[z]2 — R™ :
u — Lo(o(u)) — b is not a local defining function. Nevertheless, this simply means that
the particular candidate local defining function h considered is not valid. In Section 5.2,
we derive an expression of the tangent cone of S at each of its points. We then examine
the cone in detail to determine in which case the set § is not a manifold. However,
in Section 5.3, we show for a particular example that it is a stratified set. Though stratified
sets are not as nice as smooth manifolds, algorithms have recently been developed tackling
the issues they present. It will be interesting in future work to analyze those algorithms,
now that we know we face stratified sets.

5.1 A failure for our candidate local defining function

In the previous chapter, we frequently used the function
h:U—R™:u— Ly(o(u)) — b, (5.1)

for some open subsets U of R[z]?, as a local defining function. The question is now whether
we can use it to show that S is an embedded submanifold of R[z|%. Tt is easily shown that,
for every open subset U of R[z]3, h~1(0) =U NS, where

h(0) = {u € Rz]} | h(u) =0} .
Therefore, we may focus on the question of the rank of the differential of h.

At a point uw € S, the differential of & is equal to (following Section 4.1)

[ Dh(u) : R[z]3 — R™ : v = 2Ly o Au(v). ]
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Lemma 5.1
The kernel of Dh(u) = 2L, 0 A, is given by

ker Dh(u) = A" (ker L) (5.2a)
= ker A, ® Al (Im A, Nker L), (5.2b

where A *(X) denotes the preimage of a set X C R[z]sq through the operator A,,
and Al denotes the Moore-Penrose pseudo-inverse of the operator A, (see [BH12]
for more information).

Proof. For the first equality, by definition of the preimage of a linear application,

ker Dh(u) = {v € R[z]] | (L2 0 Ay)(v) = 0}
= {v € Ra]} | Au(v) € ker L]
= A (ker Ly).

For the second equality, we prove the mutual inclusion.

Let v € A, '(ker £y). Then, A,(v) € Im A, Nker £L,. By [BH12, Theorem 6.1], this
implies that v € ker A, ® Al,(Im A, Nker Ly).

Let v € ker A, @ Al (Im A, Nker £,). Then, there exists w; € ker A, and w, €

Al (Im A, Nker £5) such that v = aw,; + Bw, for some coefficients o, 8 € R. This

implies that

(L20Ay)(v) = B(Ly 0 Ay)(ws) = BLy(Au(wz)) = 0.

The last equality follows from the fact that, by definition of ws, there exists w3 €
R[x])% such that A, (ws) € ker £5 and wy = A, (Ay(ws)) (the equality is due to the
uniqueness of the Moore-Penrose pseudo-inverse [BH12, Section 2.3]). By definition of

the Moore-Penrose pseudo-inverse ([BH12, Section 2.2]),

Lo(Au(ws)) = L5 (Au (Aul (Au(w3)))) = L(Au(ws)) = 0.

5.1.1 Communicating vessels

Using the second expression (5.2b) for the kernel of Dh(u), for h to be a local defining
function, any increase or decrease in the dimension of the kernel of A, as u varies must be
compensated by a corresponding decrease or increase in the dimension of A (Im A, Nker £5).
This can be seen as communicating vessels, as the sum of the two dimensions must remain

constant.

The dimension of the kernel of 4, only depends on the number K of common roots
between the two polynomials of u, and is given by K + 1 (Lemma 4.1). Regarding the
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second term A (Im A, Nker L), its dimension is equal ! to the dimension of Im A, Nker L.
When the dimension of the kernel of A, changes, that of the image of A, changes by the
same amount in the opposite direction, by the rank-nullity theorem. However, problems
arise if the dimension decrease of Im A,, does not take place within the kernel of L, in
which case the dimension of their intersection remains unchanged.

In the following example, we analyze the case of a set S containing points which are
coprime polynomials, as well as pairs of polynomials with exactly one common root.

Example 5.2. Consider a pair of coprime polynomials w that belongs to S. At that point,
the operator A, is surjective (Lemma 4.1). Its kernel is therefore of dimension one; and
the intersection of the kernel of £5 with the image of A, is the kernel of L5, of dimension
2d + 1 — m. Hence, the kernel of Dh(u) has dimension 2d 4+ 2 — m.

Now, consider a pair of polynomials v sharing one common root. The dimension of
the kernel of A, is one unit greater. For the rank of the differential to stay constant, the
intersection of Im .4, and ker £, has to decrease by one correspondingly. Yet, if every
element in the kernel of £, vanishes at the common root, then ker £, is contained in the
image of A, and their intersection keeps the same dimension (as it is still ker £5). In that
case, the rank of the differential increases by one, which shows that h is not a valid local
defining function. O

Remark 5.3. There is a way around the issue observed in Example 5.2. If ker L5 C Im A,,
there can not exist a pair of coprime polynomials in the set S. By contradiction, assume
u is a pair of coprime polynomials belonging to the set S. Then, the difference between
its sum of squares and the sum of squares of v must belong to the kernel of Ls:

Lo(o(v)) =b=Ly(o(u)) = o(v) —o(a) € ker Ls.

However, since the kernel of £ is included in the image of A,, every element in the kernel
of £5 must vanish at the common roots of the polynomials in v. As o(v) vanishes at those
roots, o(w) must also vanish, and therefore shares the same roots as v. A

Remark 5.3 means that, as long as a pair of polynomials uw belonging to the set § is
such that ker £, C Im A, all the elements in the set S have to share the same common
roots? as the ones of the two polynomials of u. For Example 5.2, this means that if the
dimension of the kernel of DA(+) changes at a noncoprime pair v (with one common root),
there is in fact no coprime pair in S. Therefore, the dimension does not really change, it
is just different to the case of having coprime polynomials in §.

5.1.2 A counterexample

Therefore, we have to look further, for an example in which the kernel of £y is not
contained in the image of A,. We will construct this example step by step. For simplicity,

IThis follows from the injectivity of Af when restricted to Im A,. Indeed, by contradiction, assume
p € Im A,, is nonzero and belongs to the kernel of Af,. By [BH12, Theorem 6.1], A3 (p) = Al (p)+ker A, =
ker A,. This would imply that p = 0, in contradiction with its definition.

2This holds including the multiplicity of the roots. Indeed, if a root is of multiplicity u > 1, then the
1 — 1 first derivatives of all polynomials in ker £, vanish at that root. The same reasoning as the one
used in Remark 5.3 allows to conclude that the polynomials of & must share all the common roots as the
one of v, including their multiplicity.
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we consider an application Ly : R[z]eg — R (with a scalar output), with a 2d-dimensional
kernel (included in the 2d + 1-dimensional space R[x]aq41).

Assume u is a pair of coprime polynomials that belongs to §. Then, the kernel of
Dh(u) has dimension 2d + 1. Now, if the two polynomials share one common root, either
ker Lo = Im A,,, in which case Remark 5.3 tells us that no coprime polynomials can belong
to S, or the dimension of the intersection between the kernel of £, and the image of A,
decreases by one, compensating the increase of the dimension of the kernel of A,,.

Thus, we have to look at a pair of polynomials sharing two roots. Let v be such a pair
in S. Then, the dimension® of the intersection between ker £, and Im A, is either 2d — 1
(which is the dimension of Im A, ), or 2d — 2. The second case is of no interest to us, as
it consists of keeping the same rank for Dh(v) (as the dimension of ker A4, is 3). Yet, if
the dimension of the intersection is 2d — 1, the rank of Dh(v) is 3 (from the kernel of A,)
plus 2d — 1, giving 2d + 2. It has therefore increased by one.

Remark 5.4. If the intersection is of dimension 2d — 1, then the intersection is equal to
Im A,, or in other words Im A, C ker £5. Since v € S, the constraint vector (which is
a scalar in this case) b is equal to Ly(c(v)) = 0. In order to have a pair of coprime
polynomials u in the set S, the last direction® of the kernel of £, has to be o(u). A

Example 5.5. It is interesting to consider a numerical example at this point. We will
consider pairs of polynomials of degree 2 as we require at least two common roots. Assume
the pair of polynomials v = ((z — 1)(x — 3),2(z — 1)(x — 3)) belongs to the set S. A
possible choice for this is to consider a linear operator

Ly :Rlz]y — R:pe p(3) —p(1).

With this choice, the image of A, is included in the kernel of L5, as every element in
the image of A, vanishes at 1 and at 3. This is already a 3-dimensional subset of the
kernel of L5, which is 4-dimensional. A last direction is given by any polynomial p such
that p(1) = p(3) # 0. For example, the pair of polynomials u = (z(z — 2), —2> + 3z + 1)
belongs to the set S as its sum of squares is evaluated at the same (nonzero) value at 1
and at 3. Its sum of squares gives therefore a last direction for the kernel of £5. At u, the
dimension of the kernel of Dh(-) is 5 (since w is a pair of coprime polynomials), while it is
6 at v (since Im A, is a subset of ker £, and the polynomials of v share two roots). ¢

5.2 Tangent cone

At this stage, Example 5.5 tells us only that A is not a local defining function in a
neighbourhood of v in R[z]%. Yet, the set S described in Example 5.5 could still be a
smooth manifold. To show that this is not the case, we rely on a necessary condition
which states that the tangent cone at each point of the manifold must be a vector space.

In Section 5.2.1, we first derive an implicit expression for the tangent cone [RWO9S;
Oli+25] to the set S at each of its points. In Section 5.2.2, we will then analyze the

31t can not be more as it is bounded by the minimal dimension of the intersecting sets. Also, it can not be
less since Im A, + ker L5 = Im A, \ (Im A, Nker £2) & (Im A, Nker Lo) @ker L\ (Im A, Nker Lo) C Rx]aq4,
which is of dimension 2d + 1.

4As the kernel of £, is 2d-dimensional and there are already 2d — 1 directions filled in by the image of
Ay
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equations (5.4) describing the tangent cone. In Section 5.2.3, we show that the tangent
cone on the smooth embedded submanifolds of Chapter 4 is indeed linear. Yet, for the set S
described in Example 5.5, the tangent cone is not linear, as it is explained in Section 5.2.4.

5.2.1 Expression of the tangent cone

Definition 5.6 — Tangent vector

A vector v € R[z]3 is said to be tangent to S at u € S if there exist sequences

v, —u
(V) in S converging to w and (t;),.y in (0, c0) such that the sequence ( )
i IS
converges to v.
Definition 5.7 — Tangent cone

The tangent cone® of S at a point u € S is the set of tangent vectors of S at w.

%This is a cone in the usual sense, i.e., if v belongs to the tangent cone, then Av belongs to the
tangent cone for all A > 0. However, it may not be a convex cone.

To get an expression of the tangent cone at a point uw € §, we will find the set of
vectors v € R[z]] for which there exists such sequences (v;),cy C S and (;),cy C (0, 00).

Let us consider sequences (v;),.y corresponding to series of the form®
0 .
— J
v; = Z tz 'UJj,
Jj=0

for some pairs of polynomials w; € R[z]3 that remain to be chosen. In order for v; to
converge to u, we have to take a sequence (t;),.y converging to 0 and wy = u. Following
that, if we want to show that a vector v € R[z]? is tangent to S at u, w; needs to be

v, —Uu
chosen as v to ensure the convergence of ( ; > to v.
i
It remains to check that v; € S for all : € N. For this, we must have (after replacing
wy by u and w; by v)

b= EQ(O’(’Ui»

=L, (o(u) + 2t A, (V) + tio(v) + 2 i ] Au(w;) + 2t; i 1A, (w;) + i t?ja(wj)) .

Jj=2 Jj=2

Recall that u € S, and therefore £o(o(u)) = b. Hence, the membership condition for v;
to § can be expressed as:

0=2"Ls (Q.Au(v) + tio(v) + 2 i 77 Ay (w;) 42 itgAv(wj) + it?j_la(wj)> . (5.3)

j=2 7j=2 Jj=2

for all i € N. The mapping t — f(t) = L2(2A,(v) 4+ to(v) + ... ) being continuous, the
value of f(lim;_o t;) is equal to lim; . f(¢;) [Tes19, Lemma B.10]. Using (5.3),

Lo(Au(v)) = ;f (ﬂ%“o ti> _ ; lim f(#) = lim 0 = 0.

1—00 1—00

®Note that not all sequence can be expressed in this way. As of today, we are not sure the conditions (5.4)
describe entirely the tangent cone. Yet, if it is satisfied, we are sure to have found a tangent vector.
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Removing it from the expression (5.3) and dividing by ¢;, we get

0 =L, (a('v) + 23 T A (wy) + 26,3 T A (wy) + Y t?j‘%(wj)) .

j=2 j=2 j=2

Applying the same idea recursively, we obtain the following constraints on v and w;:

L5(Au(v)) =0, (5.4a)

Lo(o(v) 4+ 2A,(ws)) =0, (5.4b)

Lo(Au(w;) + Ap(w;—1)) =0,  Vj> 3,5 odd, (5.4c)

£2(2Au(w]‘) -+ 2./4”(’1.0]'_1) -+ O'('lUj/Q)) = 0, VJ Z 4,] even. (54(:1)

If we find v € R[z]3 and w; € R[z]2, j = 2,3, ..., satisfying those conditions, then v

is a tangent vector of S at w.

5.2.2 Comments on the tangent cone

Several comments can be made regarding the constraints (5.4).

A,

First, (5.4a) implies that A,(v) has to belong to the kernel of £,. In fact, this
corresponds exactly to asking for v to belong to the kernel of the candidate local
defining function h we analyzed in Section 5.1;

Next, if o(v) belongs to the kernel of £, then choosing w; as the zero polynomial
pair for all j > 2 satisfies equations (5.4b)—(5.4d);

. Third, if Im A, C ker Lo, the condition (5.4a) is automatically satisfied, and condi-

tion (5.4b) becomes Lo(o(v)) = 0. For the conditions (5.4c)—(5.4d), we may again
choose w; as the zero polynomials pair for all j = 2,3, .. .;

On the other hand, if ker £5 C Im A,,, condition (5.4b) implies that o(v) must belong
to the image of A,. For this, the polynomials of ¥ must share the same common
roots as the ones of u (including their multiplicity). If v satisfies this constraint,
since A, is onto its image, there exists pairs of polynomials w;, 7 > 2, satisfying
equations (5.4b)—(5.4d). Yet, v still has to satisfy (5.4a);

Note that, if Im A,, = ker Lo, the two points hereabove correspond: o(v) must belong
to the kernel of L9, which is equal to Im A,;

. L5 and A, being linear applications, if their composition is surjective, for all v €

ker L5 0 A,, there exist polynomials w; satisfying the equations (5.4). For this end,
first solve the equation (5.4b) (which has a solution since Ls 0 A,, is surjective), then
iteratively solve the equations (5.4c) and (5.4d) to obtain the next odd and even w;
respectively.

. Finally, if the kernel of £, contains only the zero polynomial (i.e., £y is bijective),

v has to be chosen in the kernel of A, (due to (5.4a)). Moreover, there should
exist a pair of polynomials wy such that 24, (w,) = —o(v) (this corresponds to
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condition (5.4b)). This implies that o(v) has to belong to the image of A,, or in
other words that o(v) vanishes at all common roots of w. For this to happen, both
polynomials of v must vanish at those common roots (as well as their derivatives
if some roots are of multiplicity higher than one). The constraints (5.4c)—(5.4d)
for finding the pairs of polynomials w;, j > 3 will then admit solutions. This is a
particular case of item D.

5.2.3 Tangent cone of smooth embedded submanifolds

These observations are interesting, as they allow us to verify a fundamental result on
the embedded submanifolds of Chapter 4, which is that if S is a smooth embedded
submanifold locally around some point, then its tangent cone coincides with the tangent
space at that point [RW98, Example 6.8]. The tangent space to a manifold at a point is
a linear approximation of the manifold around the point. Geometrically, one can think
of the tangent line to a curve or to the tangent space to a sphere at some point. The
tangent space will be used in Chapter 6 to define a Riemannian gradient, as it requires
the notion of scalar product on a linear space. When we consider embedded submanifolds
of Fuclidean spaces, a simple definition of the tangent space is given by Definition 5.8.
More information about the origin of this definition can be found in [Bou23, Section 3.2].

Definition 5.8 — Tangent space

Let M be an embedded submanifold of a vector space &£, and let x € M. If M is an
open submanifold, then the tangent space of M at x, denoted T, M, is identified as
the vector space €. Otherwise, T, M is equal to the kernel of Dh(z) for some local
defining function h of M at x.

Remark 5.9. An interesting property about the tangent space to a manifold at a point is

that it is a vector subspace of &, of the same dimension as the manifold [Bou23, Def 3.16].
A

Coprime polynomials (Section 4.3) Consider the case of a pair of coprime polynomials
u. In Section 4.3, we showed that the set § is locally a smooth manifold by using the local
defining function A (5.1). Since w is coprime, A, is surjective, implying the surjectivity
of L5 0 A,. Hence, by item F., the tangent cone at w is the kernel of L5 o A,, which
corresponds to the tangent space given by the kernel of Dh(u) (Lemma 5.1) according to
Definition 5.8.

Bijective operator £, (Section 4.2) Next, consider a bijective application L. In
this case, we can remove the operator Lo from the four conditions (5.4) (e.g., the first
one reduces to v € ker 4,,). If w is coprime, A, is surjective and conditions (5.4b)—(5.4d)
can be satisfied for all vector v € R[z|%. Therefore, the tangent cone is fully described
by (5.4a): a vector v € R[z]? is a tangent vector if and only if it lies in the kernel of A,,
which is the one-dimensional vector space corresponding to the kernel of the local defining
function h (5.1).

If w is not coprime, v still needs to belong to the kernel of A,,, which is now a K + 1
dimensional vector space (where K is the number of common roots). Yet, to satisfy
condition (5.4b), o(v) must belong to the image of \A,. For this, the polynomials of v must
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vanish® at the K common roots of the polynomials of u. These K linear (independent)
constraints reduce the set of allowed tangent vectors v to a one-dimensional vector space.
Once again, this corresponds to the tangent space (recall that the set S is a union of
disjoint circles, for which the tangent space at a point can be seen as the tangent line to
the one-dimensional circle). Note that, if the tangent vectors v satisfy these conditions,
there always exist pairs of polynomials w;, j > 3 such that the constraints (5.4c)—(5.4d)
are satisfied.

Polynomials with one common root (Example 5.2) Finally, in Example 5.2, we
found a case in which the function A is not a local defining function, yet we subsequently
showed in Remark 5.3 that this case never happens. Specifically, we analyzed what happens
if ker L5 C Im A,, at some point w € S. In that case, following item D., both polynomials
of the tangent vector v must share the same common roots (including their multiplicity)
as the ones of u, and v must belong to the kernel of £, o A,. Those constraints being
linear on v, the tangent cone is linear as expected.

5.2.4 Tangent cone of our counterexample

However, problems arise when the image of A, is strictly contained in the kernel of L,:
Im A, C ker £5. When this occurs, item C. indicates that o(v) has to belong to the kernel
of L£,. This can be expressed as:

K—m
O'(’U) = Au('w) + Z Q€L
k=1

for some pair of polynomials w € R[z]3 and coefficients oy, € R. Here, ¢, € R[z]o4 are the
K — m polynomials” in the kernel of £, that do not belong to the image of A,, with K
the number of common roots between the polynomials of w. Note that for K —m to be
positive, we must have K > m > 1, i.e., K is at least 2. We can rewrite A, (w) as ¢ - @,
where g € R[z|x contains the common roots of w, and w is a polynomial in R[x]sq_ k.

Therefore, we are searching for a pair of polynomials v € R[z]? such that there exist
w € R[x]oq_ i and ay, € R for which the equality o(v Z aper = g - W is satisfied. This

is strictly equivalent to asking that the polynomial on the left hand side vanishes at the
roots of g, which gives us K conditions®:

K—m

vl(xi)2+v2(xi)2: Z ager(x;), i1=1,..., K.
k=1

The set of vectors v satisfying these conditions is not a vector space. Indeed, assume v
and v’ satisfy these conditions; then, there may not exist &, such that, for alli =1,..., K,

SIf there is a root of multiplicity p > 1, the p — 1 first derivatives of the polynomial must also vanish at
the root. Furthermore, these constraints on the values of the derivatives are linearly independent from the
constraints on the values of the polynomial. This ensures that we have K linearly independent constraints.

"The kernel of £ is of dimension 2d + 1 — m, and the one of the image of A,, is 2d + 1 — K, where K
is the number of common roots between the polynomials of u (Lemma 4.1)

8For simplicity, we assume the roots to be of multiplicity one, but this can be generalized to roots of
higher multiplicity.
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we have
(v1(z) + v () + (va(zs) + vh(2))* = 2_: axer(Ti).

Remark 5.10. Following Remark 5.4, the constraint vector b is the zero vector. The tangent
cone to S at w being given by the set of pairs of polynomials v € R[z]3 such that o(v)
belongs to the kernel of L, it corresponds exactly to the set S itself! A

Example 5.11. Let us continue Example 5.5. Recall that the operator L5 we considered
(which takes a 4-degree polynomial and returns the difference between its evaluation
at 3 and at 1) was such that the image of A, is contained in the kernel of L5, for
v=((x—1)(x—3),2(x —1)(z — 3)). Hence, according to Remark 5.10, the tangent cone
to § at v is the whole set S.

However, the set S is not a linear space. Indeed, the set S contains all the pairs of
polynomials such that their sum of squares evaluated at 1 is equal to its evaluation at 3.
In particular, if we consider the pair of polynomials u = (uy,up) = (z(x —2), —2* + 3z +1)
and the pair (—uy,us), they both belong to S; but their sum, which is equal to (0, 2us)
does not.

For a visual interpretation, let us consider the set

S = {aR(@)u—i— (x —1)(x —3) (i) o, B,y eR, 0 € [0,277'[} :

where R(+) is a rotation matrix. This is a subset of S, as

o (aR(@)u + (z—1)(x —3) (ﬁ))
Y

= o?o(u) +2a(x — 1)(z — 3)u'R(9)" (ﬁ) +(z— 1)z —3)%(B*+?).

—— v

=ao(u)
=(z—1)(z—3)p € Im Ay

Being the sum of two elements in the kernel of L, it lies in the kernel of L,.

The set S C S is represented on Figure 5.1. It corresponds to a vector space (the
«
one given by (z — 1)(z — 3) (5) ), from which a double cone emerges at every point

(corresponding to aR(0)u). O
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Figure 5.1: Subset S of the tangent cone to the set S described in Example 5.5 at the
point v = ((z — 1)(z — 3),2(x — 1)(x — 3)). It is important to keep in mind that this is a
3-dimensional representation of a subset of a 6-dimensional space (R[z]3). The line may

be seen as a two-dimensional vector space, corresponding to (x — 1)(z — 3) & for some
g
B,7 € R. At each point of that space, we have a double infinite cone corresponding to

aR(0)u, for some o € R and 6 € [0, 27]. Note that all those cones are tangent to S at v,
not only the one starting at v. The set § is similar, but with a cone emerging in each
direction of pairs of polynomials for which the sum of their squares has the same value at
1 and at 3.

5.3 A stratified structure

A closely related field to optimization on manifolds is optimization on stratified sets.

Definition 5.12 — Stratified set
Let M be a smooth manifold, and S be a subset of M. The set S is called a
stratified set if there exists a cover of S by pairwise disjoint smooth submanifolds of
M, which lie in S, called strata. Furthermore, S has to satisfy the condition of the
frontier: for each stratum X of S, its frontier (X_ - X ) N S is a union of strata.

In other words, a stratified set is a union of smooth manifolds that are nested inside
one another, in the sense that the frontier of a stratum is a union of strata. It is quite
surprising that, while Riemannian optimization on smooth manifolds has been well studied
for a long time, the first algorithms on stratified sets were only discovered a few years ago

by G. Olikier et al. [0OGA23] and N. Boumal et al. [LKB23].

A major issue when optimizing on stratified sets is the emergence of apocalypses,
from the Greek dmoxdhuic, meaning the act of discovering, or a revelation [Bai89]. An
apocalypse appears when, for some function f: S — R (for some set §), the stationarity
measure along iterates (zj),cy (obtained via some optimization method) converges to zero,

33



but the iterates converge to a point which is not stationary® [LKB23, Def. 2.7]:

lim grad f(xy) =0, grad f <lim xk> £ 0.
k—00 k—o00

So, apocalypses live up to their name: when reaching the limit of the iterates, a new
research direction is revealed, while it was unknown until being reached. The points
corresponding to the limit of those iterates are called apocalyptic points.

5.3.1 Stratification on our example

Apocalyptic points are therefore a geometric property of the constraint sets. Boumal et al.
give the intuition behind apocalyptics points as accumulation points of some sequence, for
which the limit of the tangent cone does not contain the tangent cone at the limit. This
is the case for several stratified sets, like the one of the bounded-rank matrices [OGA23;
LKB23]. In both papers, the authors propose algorithms tackling the issue of apocalyptic
points, allowing the convergence to a true stationary point.

In what follows, we show that the set described in Examples 5.5 and 5.11 is a stratified
set.

Example 5.13. Once again, consider the Examples 5.5 and 5.11. Recall that the kernel
of L, is given by the set of polynomials p € R[z|4 such that p(1) = p(3). We can express
S as the union of an infinite number of disjoint sets,

S = {w e R3] Lo(o(w) =0} ;
S5 = (v — ) {u € R} | La((x — a)’o(u)) = 0}, aER;
87 = (x =B —a) {uweRER| Lo((z - a)’(z = B)’o(w)) =0},  a<BeR

Indeed, we can show that there exists an infinite number of sets S5 that are non empty. Let
a € R\ {1, 3} (see below why we remove 1 and 3), and fix the values'® of u; (1), u1(3), uz(1)
and uy(3) such that

u(1)(1—a) =u(3)3—a) =,
u1(3)(3 — @) = uz(1)(1 —a) =&,

with ( # £ # 0. By construction, u belongs to 8§ since

(1—a)’ (u}(1) +u3(1)) = 83— ) (u}(3) +u3(3)) = ¢* + &2

Since u; and uy are degree-1 polynomials, they are fully described by these relations, and
they are coprime since ( # &.

Note that if @ = 1 (resp. 3), we must have uy(3) = u1(3) = 0 (resp. uy(1) = uy(1) = 0),
implying that S} and S5 are empty.

9Here, the gradient corresponds to the projection of the Euclidean gradient onto the tangent cone
(Definition 5.7), and not onto the tangent space (Definition 5.8) (which was the case of the Riemannian
gradient — Definition 6.2)

10The pair of polynomials u is now a general element of R[m]?’c, and no more the pair of polynomials
we considered in Examples 5.5 and 5.11.
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Another representation of S is as the union of exactly two disjoint manifolds:

M; = 81U (User 055 ) U (VaprernapSs ™)
My = S;’g.

It is easily seen that My = S3° = (x —1)(x — 3)R[z]2 is a smooth manifold of dimension
2, according to Remark 4.10.

For M, this requires a bit more work. Consider our usual candidate local defining
function

h:R[z)3\ (z—1)(x —3)R[z]2 = R:u — Ly(o(u)).

Then, h~*(0) = M;. In Chapter 4, we studied the rank of its differential Dh at several
points:

e At a coprime point u € S, Theorem 4.9 tells us that the rank of Dh(u) is m = 1;

o At apoint u € S (for some a ¢ {1,3}) where the two polynomials share exactly one
root, we saw in Section 5.1.1 that the only way for the rank of Dh(u) to be different
from m is that all the polynomials in the kernel of £, vanish at that common root,
which is not the case;

« Finally, at a point u € S5° (for some «a, 5 ¢ {1,3}), a similar reasoning in Sec-
tion 5.1.2 showed that the rank of Dh(w) is different from m only if Im A, is contained
in the kernel of L5, which is not possible since it is already the case of Im A, for
v=((z—1)(z—3),2(x —1)(z — 3)), and «a, § are different from 1 and 3.

Hence, at all the points w in My, the differential Dh(w) is full rank, implying that M, is
a smooth manifold of dimension 2d + 1 = 5.

Furthermore, S satisfies the condition of the frontier:

o M; has an empty frontier as it is a closed set;

o The frontier of M is the stratum M. Indeed, for all the points in My, we saw
in Example 5.11 that the tangent cone to S is the whole set S at these points. If
we consider u € My, we saw that for all v € S, the sequence (u + t;v),.y converges
to w as t; — 0. In particular, if v € My, then u + t;v belongs to M, for all i € N,
showing that w is a boundary point of M;. Since § = M; U M, the frontier of M,
is fully described by Ms.

According to Definition 5.12, S is therefore a stratified set with two strata. O

5.3.2 A remedy when b=0

A natural question now is whether the set described in Examples 5.5, 5.11 and 5.13
has apocalyptic points. Yet, a simple observation allows us to sidestep this question
for the moment. The example was constructed so that Im A, C ker £, for some pair of
polynomials v € §. As it has already been said, this implies that the constraint vector b
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must be the zero vector. Hence, if a pair of polynomials u belongs to the feasible set S,
all the multiples of u belong to S:

Lo(o(u) =0 = Ly(oc(\u))=ILy(c(u)) =0 VA eR.
On the objective (which we seek to minimize), this can be reflected in two different ways:

o If £1(0(w)) > 0, then w is not optimal as the zero pair of polynomials reach a zero

)
value (L£1((0, )) 0);
)

o If £1(0(u)) < 0, then the problem is unbounded, as multiplying w by some factor A
increasingly larger leads to an increasingly smaller value.

Hence, either the zero pair of polynomials is optimal, or the problem is unbounded. This
is valid whenever the constraint vector b is the zero vector. Therefore, there is no need to

apply an optimization algorithm, and there is no need to worry about potential apocalypses
for now.
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Chapter 6

First order algorithm for
sum-of-squares problem

After this long journey in the world of polynomials, we may now go back to the original
problem we considered, which was the optimization problem (1.2). All the analysis of the
feasible set realized in the previous chapters had as objective to rely on a Riemannian
optimization algorithm. The most classical one is the Riemannian Gradient Descent [Bou23,
Chapter 4].

Let M be a smooth manifold, and f : M — R be a smooth function! on M. Then,
the Riemannian Gradient Descent method? is given by [Bou23, Algorithm 4.1]

Input: An initial point xg on the manifold M
for k< 1,2,... do

Pick a stepsize ay > 0;

Tii1 = Ra, (—ap grad f(zx)).
end

Algorithm 1: Riemannian Gradient Descent

In comparison with the standard Gradient Descent algorithm on a Euclidean space,
there are two new concepts that need explanation. The first one is the notion of Riemannian
gradient grad f(z) (at a point x € M). This is a generalization of the Euclidean gradient
lying on the tangent space to the manifold at z. We give more information about the
Riemannian gradient in Section 6.1.

The second one is the notion of retraction. Indeed, a key property of an optimization
algorithm on manifolds is that all the iterates lie on the manifold. Yet, the Gradient
Descent would produce an iterate xy11 =z — oy grad f(z) lying on the tangent space
(Definition 5.8) to M at x;. Hence, we need an operator R, : 7,, M — M that maps a
point on the tangent space to the manifold, while keeping similar information as the initial

'If M is an embedded submanifold of a linear space &, a function f : M — R is smooth if and only
if it is the restriction to M of some smooth function f : i — R, where U is a neighbourhood of M
in £ [Bou23, Prop 3.31]. Without needing to understand fully this definition, we are concerned in this
thesis by the function R[z]3 — R : u — L;(o(u)), which is smooth on R[z]? (as a linear map and the
sum-of-squares operator are smooth and smoothness is preserved by composition). Hence, its restriction
to any embedded submanifold of R[z]? is smooth.

2In what follows, we will not detail the choice of the stepsize a;. A discussion on the different possible
choices is given in [Bou23, Section 4.3].
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point (e.g., the gradient is usually seen as the direction of the steepest ascent — hence, it
may not be mapped into a direction completely opposite, such as the steepest descent).
More detail about the retraction are given in Section 6.2.

An implementation of the Riemannian Gradient Descent for problem (1.2) (relying on
the Manopt. j1 package) with the Riemannian gradient and the retraction presented in
the next sections is available at https://github.com/CharlesVanHees/Manifold-S0S.

6.1 Riemannian gradient

6.1.1 Definition

In Euclidean spaces, a classical interpretation of the gradient is that it corresponds to the
direction of the steepest ascent. This follows from the definition of the gradient:

Definition 6.1 — Gradient
Let f: £ — R be a smooth function defined on a Euclidean space £. The gradient
of f at a point x € £ is the unique vector V f(x) € € such that, for all v € &,

Df(z)[v] = (Vf(z),v),
where Df(x) is the differential operator of f at x, defined by

fla+t) = f(z)
t

Df(w):5—>R:vr—>%1_r>%

According to this definition, the differential of f at x, which represents an infinitesimal
variation in a given direction, is maximized in a direction parallel to the gradient of f at
x, according to the Cauchy-Schwarz inequality.

For a smooth manifold M, there are two issues with that definition. First, the gradient
is intrinsically linked with an inner product, defined on a linear space. To tackle this issue,
we rely on the fact that the tangent space to a manifold at a point is a linear space. If
we define for all € M an inner product (-,-), on T,M, that varies smoothly with z
(in a sense that we do not develop here — see [Bou23, Section 3.7]), M is said to be a
Riemannian manifold. On a Riemannian manifold, we can define the notion of Riemannian
gradient [Bou23, Def 3.58]:

Definition 6.2 — Riemannian gradient
Let f : M — R be smooth on a Riemannian manifold M. The Riemannian gradient
of f at a point x € M is the unique tangent vector grad f(z) € 7T,M such that, for
all v € T,M,
Df(z)[v] = (grad f(z), v),,

where (-, ), is the Riemannian metric.
Yet, the differential of f at = in a direction v is not well defined, as f may not be defined
at x + tv if it does not belong to M. Note that every vector v € £ can be decomposed

into a vector in the tangent space to M at z, and a normal component. As the variation
of a function is null in a normal decomposition, the differential of a function at a point is
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defined on the tangent space to the manifold at that point:
Df(x): T.M — R.

A precise definition of the differential of a smooth function at a point is given in [Bou23,
Def 3.34].

For what concerns us, we may rely on an interesting property. For an embedded
submanifold M of a Euclidean space £, the tangent spaces 7,M are linear subspaces of £,
for all z € M. Hence, a natural choice is to take as inner product on 7, M a restriction of
the inner product on £. In that case, we talk about a Riemannian submanifold, and we
have the following property about the Riemannian gradient [Bou23, Prop 3.61]:

Lemma 6.3
Let M be a Riemannian submanifold of a Euclidean space £& endowed with the
metric (-,-), and let f : M — R be a smooth function. The Riemannian gradient of
f at x € M is given by

grad f(z) = Proj, (Vf(x)),

where f is a smooth extension of f to a neighbourhood of M in &, and Proj, is the
orthogonal projector onto the tangent space to M at x.

6.1.2 Riemannian gradient for polynomials

On the linear space of pairs of polynomials of degree d, R[z]3, a natural choice of metric is
to extract the expression of the polynomials in some basis, stack the two d + 1-dimensional
vectors into a 2d 4+ 2 dimensional one for each pair, and then take the standard inner
product in R24+2:

(-, '>R[w}ﬁ Rz = R: (u,v) = ulvy, +ulvs,

where uy, ug (resp. vy, vs) are the expression of the two polynomials of w (resp. v) in some
basis. Using this inner product on each tangent space, all the embedded submanifolds of
R[z]? are Riemannian submanifolds of R[z]3.

Back to our original problem (1.2), the objective is the function f: R[z]2 = R : u
L1(c(u)), which is smooth on every embedded submanifold of R[x]? as it is smooth on
R[z])3. The Euclidean gradient of f : R[z]2 — R : u +— £1(co(u)), a smooth extension of f
to R[z]3, is given by

Vi(u) =2LA,,

where L, and A, are matrix representations of the operators £; and A, in the same basis
as the one chosen for the inner product.

According to Lemma 6.3, we therefore simply have to find the orthogonal projector
onto the tangent space. Consider a smooth embedded submanifold M of R[x]3, a point
u € M, and a local defining function h : R[z]? — R* for M around w [Bou23, Section
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7.7]. The differential of h at w can be expressed as

h(u + tv) — h(w) I (u+ tv) = hi (u)

D (un)fo] = Jim = = iy (a4 1) — oy a)
Din(u)lo]\  ((Vhi(u),v)
Dhy(w)[v] (Vhi(u),v)

Recall that the tangent space to M at w is defined as the kernel of Dh(w) (Definition 5.8).
We define the normal space to M at w, denoted N, M, as the set of vectors in R[z]? that
are orthogonal (in the sense of the inner product in R[z]%) to all the vectors in the tangent

space to M at u. By definition of the tangent space, the normal space to M at u is given
by?:

k
NuM = {Zaigradhi(u) | aq,...,ap € R}.

=1

Accordingly, we define the operator?

k
Dh(u)” : R¥ = R[z]5: a — > a; grad h(u).

i=1

This allows us to express the orthogonal projection of a vector v € R[z]3 onto NV, M as
the vector w € N, M that minimizes ||v — wl||>. Since w € N, M, there exists o* € R¥
such that

w = Dh(u)*[a”].

The vector «* is such that

o = argmin [lv — Dh(w)*[a]|* = (Dh(w)")'[v],

a€Rk

where (Dh(u)*)T denotes the Moore-Penrose pseudo-inverse of Dh(u)* [BH12, Section 6].

We can conclude this section by saying that the orthogonal projection of v € R[x]?
onto the tangent space to M at a point u is obtained by subtracting its projection onto
the normal space to M at u:

Proj, (v) = v — Dh(u)" [(Dh(u)") [v] .
3By definition of local defining function, the gradients of the h; at u are linearly independent as Dh(u)
is full rank.
4This is known as the adjoint operator of Dh(u) [Bou23, Def 3.4]. Indeed, let v € R[z]2 and o € R*.
By denoting by (-, -)gs (resp. (-, '>R[x]§) the inner product in R* (resp. R[x ]3),

k
(Dh(u)[v], a)pr = Z a;(grad hi(uw), ”>R[m]§

k
<Z a; grad hy ( >
=1 R[z]3
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6.2 Retraction

The second important concept in the Riemannian Gradient Descent (Algorithm 1) is that
of retraction. A retraction is a smooth map that, given a point on the tangent space
to M at some point x € M, returns a point on the manifold M, while satisfying some
conditions. More than being a smooth map from 7, M to M, it must also vary smoothly
with z. Hence, a retraction [Adl+02, Section 3| is defined on the tangent bundle to M,
which is the disjoint union of the tangent spaces of M [Bou23, Def 3.42]:

TM={(z,v) | x € Mand v e T, M}.

Definition 6.4 — Retraction
A retraction on a manifold M is a smooth map

R:V— M:(z,v) = R(z,v) = R.(v),

where V C T M is an open subset of 7 M and R, is the restriction of R to T, M NV,
such that

1. The zero tangent vector at each point of M belongs to the domain of R:
(,0,) €V Ve e M,
where 0, € T, M denotes the zero tangent vector at x € M,
2. For all x € M, R;(0,) = R(z,0,) = z;
3. For all z € M, DR,(0,) : Tz M — T, M is the identity map.

Therefore, a retraction allows to move away from a point on the manifold along a
tangent direction, while remaining on the manifold. Note that, unlike the Riemannian
gradient®, there may exist several retractions. There is no general theory about what
constitutes a good retraction. Sometimes, it may depend on the problem. However, it is
preferable that it be cheap to compute, although this often requires a closed form formula,
which is not always easy to derive.

In our case, we have not been able to find a closed form retraction for the embedded
submanifolds of R[z]% describing the feasible set of (1.2). We must therefore, for the
time being, rely on more general retractions. For example, Absil and Malick showed
that the operation consisting of taking the orthogonal projection onto the manifold is a
retraction [AM12; Prop 3.2], as well as the orthographic retraction, consisting of mapping
a point to the closest point belonging to the intersection between the manifold and the
normal space [AM12, Ex. 4.3].

When closed form formulas are not available, we have to rely on optimization algorithms
to compute those retractions. This is problematic since it introduces numerical errors (as
the optimization process is stopped when some tolerance is reached), while all iterates
must lie on the manifold. However, since computers already work with finite representation
of numbers, there will always be precision issues, even when we dispose of a closed form

5The orthogonal projection onto the tangent space is uniquely defined as it is a convex and closed
space.
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formula. Hence, we do not expect this to be a big issue®.

6.2.1 Newton-like retraction

Another retraction is obtained by applying the Newton-Raphson algorithm to find a zero
of a local defining function. The Newton-Raphson algorithm is a well known method for
solving nonlinear systems of equations. Given a function f : R™ — R™ and an initial
iterate zy € R™, it defines a sequence of points (x),.y given by

i1 = Nyp(zp) = @ — [Jf(20)] 7 f (), (6.1)

where Jf : R™ — R™*™ is the Jacobian” of the function f. Assuming that f is two-time
continuously differentiable in a neighbourhood of a root z of f, that its Jacobian is
nonsingular at Z, and that x, is sufficiently close to z, then the iterates defined by (6.1)
converge quadratically to z [SM03, Theorem 4.4].

When the input and output spaces of f are not of the same dimension, or when Jf (&)
is singular at some iterate £, the formula has been extended in [Ben66] by using the
Moore-Penrose pseudo-inverse [BH12] of the Jacobian, keeping a quadratic convergence
rate:

Tppr = Np(zg) = a — [Tf(@)] f(zz), keN (6.2)

Consider a smooth manifold M and a point © € M such that there exists a local
defining function h : U — R™ at u for some neighbourhood U of w. Inspired by [Adl+02],
we show that, for points sufficiently close to the manifold, the operation consisting of
taking the limit of the Newton-Raphson method’s iterates to find a zero of h is a valid
retraction.

~ Theorem 6.5 — Newton-like retraction -

Let M be an embedded submanifold of a Euclidean space &, x € M, and h : U — R™

a local defining function at x, with & C £ a neighbourhood of x in £.

There exists a neighbourhood V C T M of (z,0,) € T M, where 0, denotes the null
vector in 7, M, such that, for every vector (Z,v) € V, the limit of the sequence of
the Newton-Raphson method’s iterates applied to ¢y = & + v gives a valid retraction
on M:

R:V—->M:(Z,0)— kll_g)loqk = NF (& +v),

where g, is given by (6.2), and N¥ denotes k successive applications of Nj,.
Specifically, we show:

(a) The restriction R, of R to 7,M applied to the zero vector gives z: R,(0,) = x;

(b) The differential of one iteration of Nj at x in a direction v € £ is the projection
of v onto T,M: DNy (z)[v] = Proj; \(v). In particular, if v € T, M, this
corresponds to the identity map;

(¢) There exists a neighbourhood W C T, M of 0, € T, M such that the differential

SNumerical experiments we have conducted worked well, without showing numerical issues due to
inaccuracy of the retraction computation.

"The Jacobian of a function f : R® — R™ at a point x € R" is defined as the matrix Jf(x) € Rm™*"
such that Df(z)[v] = Jf(z) - v for all v € R™.
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of the retraction R, at 0, € T, M is the identity map: DR, (0,)[w] = w for all
w € W.

The smoothness of R is proved in [Bey93].

Proof. (a) If qo = x, iterates stay constant as it is a zero of h by definition. Therefore,

Ro(0) = lim ¢, = g = =.

(b) The differential at = of the Newton operator Ny, in a direction v € £ is given by
DNy(x)[v] = v = D ([Jh(z)]" - h(z)) [v]
=v =D ([Jh()]") [v] - h(x) — [Jh(z)]" - Dh(z)[v]

Using the facts that h(z) = 0 and Dh(z)[v] = Jh(x) - v
= v — [Jh(2)]"- Jh(z) - v

The differential of a local defining function being surjective (Definition 4.3)

= v~ [Ih(@)]" - (In(x) - Fh(@)]") " - Ih(z) v
== @] (@) o
{ By definition of the normal space to M at z (see Section 6.1.2)

= v — Projy. \(v) = Projr o (v).
(¢) By recursion, we are now able to show that for all £ € Ny,
DN} (2)[t] = Projy. v (0).
Assume it is valid for some k € Ny (the case k = 1 has just been proved). Then,

DN ()] = DNy (N E () DN, () o]
= DNy (2)[v] = v.

This allows us to compute the differential of R, at 0 € 7, M in the direction w € W,
for some neighbourhood W C T, M of 0:

DR, (0)fw] = D (Jim N}) (@)[u

= ]}1_{20 DN,f(z)[w] = ’}erolow = w.
In the second equality, we swapped the limit and differential operators, which is valid if
there exists a neighbourhood of x such that the sequence of derivatives converges uniformly
on the neighbourhood and there exists a point in the neighbourhood for which the sequence
converges [BS11]. The uniform convergence of the derivatives is shown in [Bey93]. For the
second condition, we have the convergence of the sequence at x, for which the sequence
converges to x. O

43



Conclusion

Nonnegativity of polynomials is and remains a major concern of mathematics to this
day. While we do not expect to characterize exactly the set of nonnegative polynomials
in the general case (unless P = NP), we often rely on the relaxation of sum-of-squares
polynomials.

This Master’s thesis aimed to make the first crack in the wall of ice separating us from
a fully understanding of the structure of linear sum-of-squares problems of the kind (1.2).
While feasibility problems have already been studied in [LYP23], the novel part of our
work relies in the introduction of a linear objective in the sum of squares.

Problem (1.2) is a nonlinear relaxation of a more general kind of problems, described
by (1.1), in which we search polynomials that can be expressed as the sum of two squared
polynomials. For simplicity, we considered only univariate polynomials. In this case,
being nonnegative is equivalent to being the sum of two squares (Lemma 2.2), and the
reformulation is exact. The interest of the SOS reformulation (1.2) lies in the small number
of variables it contains, in comparison with the original problem (1.1), which can be
expressed as an SDP but whose number of variables grows quadratically with the size of
the problem.

Yet, it introduces nonconvexity and possibly non smoothness in the feasible set.
Throughout the chapters, we analyzed increasingly complex feasible sets to understand
their structure. In Chapter 3, we showed that the set of pairs of coprime polynomials
R[z]%° of a given degree is a smooth embedded submanifold of the vector space R[z]2.
Further, in Chapter 4, we gave an example of embedded submanifold, corresponding to a
feasible set defined by a bijective linear constraint operator £,. Next, we showed that, at
a feasible point corresponding to a pair of coprime polynomials, the feasible set is locally
smooth. Finally, in Chapter 5, we developed an implicit expression of the tangent cone
to the feasible set at each of its points. At a feasible point w such that the kernel of the
constraint operator £, is contained in the image of the operator A,, we showed that the
set is locally smooth. However, around a feasible point w such that the image of A, is
strictly contained in the kernel of Lo, the set is not smooth. In fact, if such a point exists,
the feasible set seems to be a stratified set.

When the feasible set is a smooth manifold, we may use a Riemannian Gradient Descent
method to find an optimum of our main problem (1.2), which is described in Chapter 6. For
this, we detailed the computation of the Riemannian gradient at a point, and a possible
choice of retraction. For this retraction, we prove that applying a Newton-Raphson
algorithm to find a zero of a local defining function for the manifold at the considered
point, is a valid retraction. This result may be of independent interest, as it is also
valid on other smooth manifolds than the one of pairs of polynomials. While this may
introduce errors due to the numerical imprecisions of the resulting point (obtained after
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an optimization process stopped when some tolerance is reached), we do not expect this
to be a significant concern, as computers work with finite precision anyway.

While the results obtained are already promising, there remain some unexplained cases,
starting with the one of a feasible set containing a point w at which the intersection
between the image of A, and the kernel of £, is strictly smaller than the two sets (i.e.,
neither of them is contained in the other). Once full understanding of the univariate case
has been reached, we will be ready to analyze multivariate polynomials.

Behind this work, there are also two hidden goals. The first one, more practical, is the
development of an efficient algorithm for solving such problems. For this, we already gave
a starting point by describing the Riemannian Gradient Descent in Chapter 6. Yet, if we
could obtain a retraction with a closed form formula, it would prevent us from applying
a nested optimization algorithm inside the Riemannian Gradient Descent, improving
(theoretically) the efficiency. The second goal, more theoretical, is to understand the global
landscape of the problem, and whether it has benign properties we could exploit. One
such “popular” property is benign nonconvexity, i.e., nonconvex problems in which all the
local minima are in fact global. Combining ideas of Legat et al. [LYP23] and of Boumal et
al. [BVB18], we can expect to describe the set of linear sum-of-squares problems for which
we have benign nonconvexity. In the first paper, the authors show that the problem of
finding a feasible point to our main problem (1.2) can be expressed as a minimization of a
quadratic penalty, which exhibits this benign nonconvexity. In the second one, the authors
show that, if the feasible set of the Burer-Monteiro reformulation of an SDP problem
has a smooth structure, we have once again benign nonconvexity for almost all linear
objectives. As our work combines polynomials and smooth manifolds, we expect to be able
to show the benign nonconvexity of problem (1.2) by merging the ideas of both papers,
with particular focus on the cases where the feasible set is not a smooth manifold.
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