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PROPERTIES OF THE CONE OF NON-NEGATIVE
POLYNOMIALS AND DUALITY

J. HRDINA

ABSTRACT. Polynomial optimization problems are problems of optimizing a mul-
tivariate polynomial over the feasible set defined by a finite number of polynomial
inequalities. It encompasses many problems within various fields of mathematics,
e.g., binary optimization, mixed-integer linear programming, global optimization
and partial differential inequalities. Problems of polynomial optimization can be
equivalently reformulated as problems over the convex cone of non-negative poly-
nomials. In this paper, the geometric and topological properties of a cone of poly-
nomials non-negative on a given set and the respective dual cone are studied.

1. INTRODUCTION

Consider a polynomial optimization problem in the following form

(1) min p(z)
r e K,

where p is a multivariate polynomial and K C R" is a non-empty set. By defining
a new variable v, which will serve as the lower bound of p on K, the problem (1)
can be equivalently formulated as

(2) max 7y
p(x) —v>0 forall z € K.

The constraint in problem (2) requires a polynomial to be non-negative on a given
set K.

Formulation (2) gives rise to a few questions such as: whether one can optimize
over the set of polynomials non-negative on K, what the structure of that set
is, whether one can test if a polynomial is non-negative on K and whether such
testing can be done efficiently.

In [10], it was shown that testing whether a polynomial of degree at least
4 is non-negative on a basic semialgebraic set K is NP-hard, even if K = R".
Moreover, it was shown that unconstrained optimization of a quartic polynomial,
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optimization of a cubic polynomial over the sphere and optimization of a quadratic
polynomial over the simplex are all NP-hard problems (see [5, Section 5], [3,
Section 2]). As a consequence, formulation (2) provides motivation for examining
the structure of a set of non-negative multivariate polynomials on a non-empty
set K.

Non-negativity of polynomials on K = R™ has been widely examined for more
than 100 years. It is obvious that if a polynomial can be represented as a finite
sum of squares of other polynomials with lower degree, it is non-negative on R".
However, it is not obvious whether the converse holds. In fact, David Hilbert in
[4, p. 344] proved that there are only three cases when the converse holds: for all
odd-degree univariate polynomials, for all quadratic polynomials, and for all two-
variable quartic polynomials. Thus, in general, the set of SOS (sum-of-squares)
polynomials is a proper subset of the set of polynomials non-negative on R”™.

In fact, both these sets are proper cones (see [1, Section 1.1], [9, Theorem 1]).
The most important difference between these two cones is their structure. The
cone of SOS polynomials is closely linked with semidefinite programming. More
precisely, testing whether a given polynomial is SOS can be transformed into
solving a feasibility problem of semidefinite programming (see [7, Section 2.1]).
On the other hand, no simple and tractable characterization of the cone of non-
negative polynomials is known (see [6, Section 1.1]). Therefore, the SOS cone
serves as a computational substitute for the cone of non-negative polynomials.
More details on the SOS cone, its geometry and applications can be found in [11]
and [12].

Non-negativity of polynomials and polynomial optimization have been studied
within the context of convex and conic optimization and real algebra. In [18],
it was proposed that a convex optimization technique be used to minimize an
unconstrained multivariate polynomial. In [9], the author discussed the duality
of cones of non-negative polynomials and moment cones. More specifically, a
moment cone was shown to be characterized by semidefinite constraints or, in
other words, by linear matrix inequalities on condition that the corresponding
dual cone, the cone of non-negative polynomials, was SOS-representable. Non-
negativity of polynomials with use of real algebraic results was discussed in [13].
Finally, with the real algebra result of Putinar (see [16, Section 3]), Lasserre [8]
constructed a sequence of semidefinite program relaxations with optima converging
to the optimum of a polynomial optimization problem, known as SOS or Lasserre
hierarchy.

In this paper, we concentrate on analyzing the properties of the set of polyno-
mials non-negative on a given non-empty set K C R™ by means of convex analysis
and linear algebra results, slightly extending the results in [1]: whereas in [1] the
authors formulated the results for K = R", the results presented in this paper
are formulated for a general non-empty set K. Moreover, we formulate the so-
called dual cone theorem and demonstrate its use when searching for the explicit
characterizations of the set of polynomials non-negative on K = [—1,1]. Our char-
acterizations are in concordance with the characterizations of Fekete, Lukacs and



CONE OF NON-NEGATIVE POLYNOMIALS AND DUALITY 227

Markov (see [6, Theorem 2.4], [15, Problem 46, p. 78]), however, applying a differ-
ent method. While Fekete, Lukacs and Markov used a strictly algebraic method
to directly derive the characterization of the set of polynomials non-negative on
[—1, 1], our approach relies on convex analysis and linear algebra results, providing
an interesting geometrical insight into the problem.

The paper is organized as follows: Basic definitions, notations, basic results
and auxiliary propositions are contained in Section 2. Section 3 concernes with
the properties of the cone of polynomials non-negative on the set K. The respective
dual cone and the dual cone theorem are presented in Section 4. Section 5 provides
explicit characterizations of the cone of polynomials of degree at most 2 non-
negative on K = [—1,1] and its dual cone. Proofs of a few auxiliary propositions
from Section 2 can be found in Appendix.

2. PRELIMINARIES

In this section, we include standard definitions, notations and basic results con-
cerning cones and multivariate polynomials.

We denote R[x]; the real vector space of n-variate polynomials (z € R™) with
degree at most d and R[z] the real vector space of n-variate polynomials. The
standard (or canonical) basis of R[x]4 consists of all monomials of degree at most
d, namely,

2
Lay,...,2n, 27,2122, .. ., Tp—1Tp,y -3 Tpyye oo 3 TLyeey Ty

For instance, for n = 2 and d = 3, the canonical basis consists of monomials
2 2 .3 .2 2 .3
L@y, 2, 27, 102, T3, T, T1T2, T1 X5, Ty

In fact, there are s(d) := ¢ ("F7!) = (") monomials of degree at most
d (d € Np). This implies that dim(R[z]q) = s(d), and thus, vector spaces R[z]q
and R*@ are isomorphic (donated by ~), i.e., Rlz]y ~ R*(?. Apparently, any
polynomial p € R[z]q can be represented as a linear combination of canonical
basis vectors.

Introducing the standard multi-index notation, for
N" s a:={(ar,a9,...,an) | s € Ng, i =1,2,...,n},
we set |af = > o and N7 := {a € N | |a < d}. We set 2 := 21252 ... a0,
Now, every polynomial p € R[z]4 can be expressed in the form
p(z) = Z pax®, x€R",
aeNy}

where p, € R are coefficients.
The inner product (-,-): Rlz]q X R[z]q — R is defined as follows:

(3) (p.@) = > Pala P4 € Rz]a.

a€eNy
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The norm induced by inner product (3) takes the following form

(4) = (% pi);.

aeNy]
The norm (4) induces a topology on R[z]4. A set O C Rx]q is open if
VpeO3Ir>0:B(pr)={qeR[z]q]llp—q|| <r}CO.

Note that all norms on R[z],4 are equivalent, and therefore, they define the same
open sets of R[z]q. A set C C Rlz]q is closed if the set R[z]q \ C is open. The
closure of the set S C R[z]q, denoted cl(S), is the smallest closed set containing
S. The interior of S, denoted int(S), is the largest open set contained in S.

Note that a sequence {p;}32; C R[z]q converges to p € R[z]4, denoted

lim p; = p,
J—00
if
Ve >03ng e NVj>ng:|[p; —pl <e.

Vector space R[z]4 equipped with the norm ||-|| is a normed space, and therefore,
it is first-countable. It means that for any subset S C R[x]q4, it holds that = € cl(5)
if and only if there exists a sequence {z;}32; C S such that lim; . z; = z.

We denote

_ 2 2 d a\T
mg(z) = (1,x1,...,xn,xl,xlxg,...,xn,lmn,...,xn,...,xl,...,xn)

for every z € R™. Note that mgq: R” — R*@ . We formulate two auxiliary propo-
sitions — Proposition 1 and Proposition 2 — which will be useful in the succeeding
section. Their proofs can be found in Appendix.

Proposition 1. Let p € Rlz]q. Then
Vo e R" : [p(x)] < [|pll[lma(z)ll2,
where ||-||2 denotes the Euclidean norm.
Proposition 2. For every x € R and d € N, the following inequality holds
Ima(@)[13 > lmaea()]2-

Finally, a set C C R[z]q is called a cone in R[z]; if it is closed under non-
negative scalar multiplication, i.e., ¢p € C for all ¢ > 0 and p € C.
A cone C' is called:
— a convex cone if for all ¢;,co > 0 and p,q € C, it holds that ci1p + caq € C;
— a closed cone if C is a closed set;
— a solid cone if int(C) # 0;
— a pointed cone if p € C and (—p) € C implies p = 0.
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A closed, convex, solid and pointed cone is called a proper cone. The conic hull
of a set S C R[x]4, denoted cone(.S), is the set of all finite conic combinations of
elements included in S, i.e.,

k
cone(S) := {Zcipi |keN, p, €S, ¢; >0, i:1,2,...,k},

i=1

or, equivalently, as the smallest convex cone containing S.

3. CONE OF POLYNOMIALS NON-NEGATIVE ON A NON-EMPTY SET

In this section, we concentrate on the properties of the set of polynomials non-
negative on a non-empty set K C R™. We show that this set is a convex, closed
and solid cone. Moreover, if int(K) # 0, it is a pointed cone, and hence a proper
cone. More details on (convex) cones can be found in [2, Section 2.4].

We denote C,, 4(K) the set of all n-variate polynomials with degree at most d
which are non-negative on the set K,

Cra(K) ={peR[z]qg|plx) >0 forall z € K}.
The following proposition states that the set C,, 4(K') has a conic structure.

Proposition 3. Let K C R" be a non-empty set. Then C, q(K) is a convex
cone.

Proof. For arbitrary p € Cy ¢(K) and ¢ > 0, it holds that ep(z) > 0 for all
x € K, and therefore, cp € C), 4(K). Moreover, for arbitrary c1,c2 > 0 and
p,q € Cpq(K), it holds that c¢1p(z) + cag(x) > 0 for all z € K, and therefore,
c1p + c2q € C q(K). We have shown that C), 4(K) is a convex cone. O

Another interesting property of C, 4(K) is the nesting property: one can ob-
serve that polynomials with lower degree than d which are non-negative on K are
also included in C), 4(K).

Proposition 4. Let K C R" be a non-empty set. Then
Crnd(K) 2 Cpa—1(K) D Chag2(K)D - D CholK).

Remark 1. In some cases it may happen that C, 4(K) = C, q—1(K), for
example, C1 3(R) = C12(R).

In the following proposition, we show that Cy, 4(K) is a closed solid cone. More-
over, under the additional condition placed on the set K, it is also a pointed cone.
Part a) and c¢) in Proposition 5 can be found in [12, Section 4.2] and [1, Section 1.1]
for K = R™.

Proposition 5. Let d € N. The convex cone Cy, 4(K) is

a) closed in Rlz]q,
b) pointed if int(K) # 0,
c) solid.
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Proof. a) Consider an arbitrary sequence {p;}52; C Cy 4(K) such that p; —
p for j — oo. We have p;j(z) > 0 for all z € K and all j € N, and thus,
lim; o p;j(z) = p(x) > 0 for all z € K, which implies that p € C,, 4(K).

b) Assume by contradiction that int(K) # ), but there exists a non-zero polyno-
mial p € C,, ¢(K) such that —p € C,, 4(K). It immediately follows that p(z) = 0
for all z € K. Choose a point & € int(K). Then there exists r > 0 such that
B(z,r) C K, which means that p(z) = 0 for all x € B(z,r). Set

g(x) :=p(& —z) for all x € R".

It is obvious that g(z) is a multivariate polynomial with degree at most d, and
thus, it can be expressed in the form

g(x) = Z Jaz™.
a€eNy

Moreover, ¢ is infinitely many times differentiable on R and g(x) = 0 for all
x € B(0,r). Note that

dlelg .
T R e (0,0,...,0) =az!-ag!----- Al Glar,az, o) @ € N
Since %(0,0,...70) = 0, we obtain g, = 0 for all & € N}, which

1 27+ 0%n

implies that ¢ = 0. Note that p(z) = g(Z — x), and thus, p = 0, which is a
contradiction.

¢) We show that C,, o5 (K) is a solid cone for any k£ € N. Note that if d is
divisible by 2, then set d = 2k to show that C), 4(K) is a solid cone. If d is not
divisible by 2, recall that by Proposition 4, we have C), 4—1(K) C C,, 4(K) with
d—1 being divisible by 2. Since 0 # int(C), 4—1(K)) C int(Cy, 4(K)), we eventually
have int(Cy, 4(K)) # 0.

We show that a polynomial ¢(z) = mg(z)" my(x) is an interior point of C, 25 (K)
for any non-empty set K C R™. Obviously, for any polynomial p € R[xz]ax, we have

p(x) = q(x) + p(x) — g(x) for all x € R".

)T

By Proposition 1, we have |p(z) — q(z)| = [(p — ¢)()[ < |[p — gll[[max(2)]|2 for all
z € R™. We have

Ve e R" : p(x) > q(x) = [p — gllllmar (2)]]2-
We choose 7 such that for all z € K, it holds that g(z) — r|mak(z)|2 > 0 by

setting
T
r= 1 inf (@) () .
2 zeK mzk(x)T’ka(-T)
Since —m@) Mm@ > for o]l g € R” (see Proposition 2), r > 0 is indeed well

mgk(x)Tka(w)
defined.
Note that for any p € R[z]ox such that r > ||p — ¢||, it holds that

0 < g(2) = rlmak(2)ll2 < gq(x) = [Ip = qll[lmar(2)]2 < p(z) forall z € K,
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implying that if p € B(g,r), then p € C,, 21 (K).
By this construction of r > 0, we have shown that B(g,r) = {p € R[z]ax | ||p —
qll <7} C Ch 2k (K).

Example 1. The assumption of non-empty interior of K in Proposition 5 b)
cannot be disposed of. Consider K = {(z1,72) € R? | (22 — 1)2 < 0} =
{(z1,1) | z1 € R} and Cy2(K) = {p € Rlz1,22]2 | p(z1,1) > 0 for all z; € R}.
Clearly, int(K) = () the polynomial p, defined as p(x1, z2) = (v —1)z1, is included
in C2(K) but also —p € C22(K). It shows that C22(K) is not pointed.

4. DUAL CONE AND THE DUAL CONE THEOREM

In this section, we introduce the dual cone of C), 4(K) and the dual cone theorem.
Note that the (algebraic) dual cone of C), 4(K) by definition consists of linear
functionals ¢: Rlx]g — R such that ¢(p) > 0 for all p € C), 4(K) (see, e.g., [1] or
[6]), and thus, ¢ € Rlx]%, which is the dual vector space of R[x];. However, since
R[z]q4 is finite dimensional, it holds R[z]q ~ R[z]}. Therefore, the dual cone of
C.a(K) can be represented as follows:

() Cna(K)" ={qeRlzla | (p,q) 20, peCna(K)}

Note that the representation of Cy, 4(K)* in [6] and [1] differs from the represen-
tation that we have introduced.

The properties of C), 4(K)* follow directly from the general theory of dual
cones (see [2, Section 2.6.1] and the bipolar theorem (Theorem 14.1) in [17]) and
Proposition 5. They are included in the following proposition. Note that a similar
statement to part c¢) is mentioned in [6, Lemma 4.6].

Proposition 6. For the dual cone C,, 4(K)* the following statements hold:

a) Cna(K)* is a closed convex cone in Rlz]q,
b) Cy.a(K)* is pointed,

c) if int(K) # 0, then Cy q(K)* is solid,

d) Cpa(K)™ =Cha(K).

The dual cone Cy, 4(K)* represented by (5), can be characterized as a closure

of a conic hull of polynomials of the form EaeNg t*z®, where t € K. We state

and prove this characterization of C,, 4(K)* in the following theorem. A similar

characterization theorem of C,, 4(R™)* in terms of linear functionals was proved
in e.g., [12, Lemma 4.11] or [1, Lemma 2.1]. Another characterization C,, q(K)*
in terms of vectors of R*(? having a finite representing measure with support
contained in K was proved in [6, Lemma 4.7] with additional assumption on K
being compact.
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Theorem 1. Let C,, 4(K) be a cone of non-negative polynomials on K of degree
at most d (d € N). Then

Cr.a(K)* =cl (cone [ >t | te KD

a€eNYy

Proof. D: Take g € cone [ZaeNg tox® |t e K} It means that there exist a

number m € N, coefficients c1,ca,..., ¢, > 0 and vectors tq,to,...,t, € K such
that
m m
q(z) = Zci Z tda® = Z Zcitf‘x“.
=1 aeNy a€eNy i=1

Now take an arbitrary p € C,, 4(K) to show that

P.a)= Y Pala= D Pa city

a€eNy aeNy =1
m m

= Zci Z Pati = Zcip(ti) > 0.
i=1  aeN? i=1

Note that p(t;) > 0 for all ¢ = 1,2,...,m, because t; € K and p is non-negative
on K. Since p is chosen arbitrarily, we obtain that ¢ € C,, 4(K)*.

Now suppose that g ¢ cone [EaeNg tox® |t e K}, but

chl(cone { Z 1z |teKD.

aeNy

There exists a sequence of polynomials {g;}32; C cone [ZaeNg tox® |t e K]

such that lim; .. ¢; = ¢. Using the argument above, it is obvious that for any
p € Cpq(K), it holds that (p,q;) > 0 for all j € N. With inner product being
continuous, by limit transition, we have (p,¢) > 0, and hence, g € C,, 4(K).

C: We use the separating hyperplane theorem (see, e.g., [2, Chapter 2.5]).
Suppose that ¢ € C,, q(K)*, but

q¢cl<cone[z taxa|teKD.

aeNy]
Since cl (cone {ZaeNg ez |t € KD is a closed convex cone, there exists a sep-
arating polynomial v € R[z]4 such that

(v,q) <0 and

(v,7) >0 for allrEcl(cone[ Z x| tEK]).

aeNY
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For arbitrary ¢t € K, set r(z) = Y,
have

aeNy t*x. Note that (v,7) > 0, and thus, we

= Z vat® =v(t) > 0.
a€eNG

Since ¢ was chosen arbitrarily, we have v(t) > 0 for all t € K, and thus, v €
Cyq(K). But this is in contradiction with (v, ¢q) < O

5. CHARACTERIZATION OF C12([—1,1])* AND C o([—1,1])

In this section, we demonstrate the use of the dual cone theorem in finding ex-
plicit characterizations of the cones C1 2([—1,1])* and C; 2([—1,1]). Note that the
general characterization of C,, 4(K) is not known.

According to Theorem 1, we have

Ci2([-1,1])* = cl (cone [1 + ta + t?2* | t € [-1,1]]).

It means that for every polynomial in cone [1 +tr+ 222 |t e [-1, 1]], there exist

a number k € N, t1,1o,...,tx € [-1,1] and ¢y, ca, ..., ¢, > 0 such that
k k
q(x)—(ch) (ch Z>x+<Zcit?)x2
=1 =1
———
=:q0 =:q1 =:q2

It can be easily verified that
cone [1 +tr+ 22 | te -1 1]] {q eR[z]2 | ¢2>0, g0 > g2, gog2 > Q%}

Now, if ¢ € Cy12([-1,1])*, but g ¢ cone [1 + tz + t?z? | t € [-1,1]], there exists
a sequence of polynomials {q(j )}5‘;1 such that lim;_, o qY) = ¢. Note that for all

j € N, it holds that qéj) > 0, q(()j) > qéj) and qéj)qéj) > (qgj))Q. Calculating the
limits, we obtain that ¢ € {q € R[z]2 | ¢2 > 0, qo > g2, qoq2 > ¢?}, which shows
that C2([~1,1])* € {g € Rlz]2 | ¢2 > 0, g0 > g2, qog2 > 47}

To show the converse inclusion, consider an arbitrary polynomial ¢(z) = go +
qr+q@r? € {g €R[r)2 | g2 >0, g0 > g2, qoq2 > ¢7}. We need to show that
(p,q) = pogo + P11 + p2g2 > 0 for all polynomials p(x) = po + p1& + p2a? €
01,2([_17 1])

Note that we may assume that gg # 0. If gg = 0, then we also have go = 0 and
@1 =0, and thus, ¢ =0 and (p,q) =0 for all p € C12([-1,1]).

Also note that since gz > 0, we have g > 0 and ¢2 > ¢?, which implies that
go > |q1|- Hence, if gop > 0, we have —1 < g—; <1

Now, take an arbitrary polynomial p € C;2([—1,1]). There are three cases to
consider.
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1. p2s > 0.
In this case, we have
q1 q2
(p.q) = a0 (po +p1— +p2>
q0 do
2
1
2 qo (Po +p11 +pzq§)
q0 q90

= qop (ql) = 0.
q0
2. pa < 0and p; <O.

In this case, we define P(z) = (—p1—p2)+p12+p2z?. It holds that p(z)—P(z) =
po+p1 +p2 =p(l) >0 for all € R, and thus, (p — P,q) = qop(1) > 0, from
which we have (p,q) = (P, q) + qop(1). Now,

(P,q) = qo(—p1 — p2) + q1p1 + q2p2
= p1(q1 — qo) + p2(g2 — q0) >0
since p1 < 0, g1 —qo <0 and p2 <0, g2 — qo < 0. Hence,

(p,q) = (P, q) + qop(1) > 0.

3. p2 <0 and p; > 0.

In this case, we define P(x) = (p1 — p2) + p17 + pox?®. Again, p(z) — P(x) =
po—p1 +p2 =p(—1) >0 for all z € R, and again (p — P, q) = gop(—1) > 0, from
which we have (p,q) = (P, q) + qop(—1). Now,

(P,q) = qo(p1 — p2) + q1p1 + q2p2
=pi(go + q1) + p2(g2 — q0) > 0

since p1 > 0, go +q1 > 0 and p2 <0, g2 — go < 0. Hence,
(p,q) = (P, q) + qop(—1) > 0.

Since p was chosen arbitrarily, we have shown that (p,q) > 0 for all p €
0172([71, 1]), and thus, ¢ € 0172([71, 1])*
We have found the explicit characterization of C} 2([—1,1])*. In fact,

(6) Cia([-1,1])* = {g € R[z]2 | g2 > 0, g0 > g2, qoaz > ¢} -
From the geometrical point of view, it can be said that Ci 2([—1,1])* is the inter-
section of a cone isomorphic to the cone of 2 x 2 symmetric positive semidefinite

matrices and a polyhedral cone. More specifically,

(7) Cra([~1,1))* = {qo + @1z + @22 € R[z]2 | q0,92 > 0, qog2 > qi}
N{q + @17 + g2z® € Rz]2 | g2 > 0, g0 > g2, 1 € R}.
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Since C1,2([—1,1]) is a closed convex cone (see Propositions 3 and 5), it holds
Ci12([-1,1]) = C12(]-1,1])**. Thus the explicit characterization of Ci o([—1,1])
can be found by taking the dual of both sides in (7). More specifically,

8  Cia-1,1) =<l ({a €Riala | @022 2 0, a0z > a}}’

+ {q ER[z]2 | g2>0, g0 >¢q2, @1 € ]R}*>,

or after calculating the dual cones,
9 Cra(-1,1) =l ({p € Rlzl: | po,p2 = 0, pop2 > p}/4}

+{p €Rlala | po 20, po+p2 >0, py =0}).

In fact, the closure operator in (8) and (9) is not needed since the sum of these
two cones is closed. Note that the sum of two closed convex cones is closed if the
intersection of their relative interiors is non-empty (for more details, see, e.g., [14,
Section 2.7]). It can be easily verified that 1+ 2 belongs to the (relative) interiors
of both cones.

We finally obtain the characterization of Ci 2([—1,1]) in the following form:

(10) Cr2([~1,1]) = {(po +10) + P12 + (p2 +12)2” € Rlz]s |
Po,P2,70 > 0, pops > pi/4, ro+ 12 > 0}.
Note that in (10), one can write ro + roz? = 79(1 — 22) + (ro + ro)z? with 79 > 0
and ro + 79 > 0. Since the set {p € R[z]a | po,p2 > 0, pop2 > pi/4} is a convex
cone, it holds that if pg, p2 > 0, popa > p3/4, ro > 0, rg + 72 > 0, then
(po + 1+ pax®) + (04 02 + (ro + r2)2?) € {p € Rlala | po,p2 > 0, popa > pi/4}-
Hence, one can rewrite (10) as follows:
(11) C12([-1,1]) = {po + prz + p2a® + (1 — 2°) € Rla]s |
Po, P2 Z 07 PoP2 2 p%/47 r Z 0}
Note that from the characterization (11), it is possible to find the characteriza-
tion of Cy 2([a,b]), where a < b (a,b € R), by using an affine change of variables
2 a+b
x— .
b—a b—a
It can be casily verified that if p € Cy 2([—1,1]), then

T —

2 a+b
= —x — >
(12) q(z) p(bax ba) >0 forall x € [a,b)],
and thus, ¢ € C12([a,b]). On the other hand, for every ¢ € C12([a,b]), we may
observe that

b— b
p(x)::q( 2ax+ —12—a>>0 for all z € [-1,1],

and thus, p € C1 2([—1,1]). Thus ¢ € C12([a,b]) if and only if ¢ can be written in
the form (12) for some p € Cy o([—1,1]).
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Now from (11), it follows that p € Cy 2([—1,1]) if and only if p can be written
as
p(z) = s(z) +7(1 —2?) forall v € R,
where s(x) := po + p1z + pox? and po,p2 > 0, popa > p§/4’ r > 0. Note that
s € C12(R), and thus,

2 b
s x_a+ =50+ 512+ sez2 >0 for all z € R,
b—a b—a

so it also holds that sg,sa > 0 and sgsa > s%/4. We obtain that ¢ € Cy 2([a, b)) if
and only if ¢ can be written in the form

() = 2 x_a—l—b
4 =P b—a b—a

S( 2 xa+b>+( 4r (b 2)(z—a)

b—a b—a b—a)
=50+ 8512+ s92° + R(b—x)(a — ) for all x € R,
where sg, s2 > 0, sgs > 8%/4, R > 0. We conclude that
(13) Ci2([a,b]) = {so + s12 + s22° + R(b—z)(z — a) € R[z]s |
50,80 >0, 5980 > 52/4, R > 0}.

Note that we have derived the characterizations (11) using the dual cone theorem
and the basic convex analysis and linear algebra results. First, we derived the char-
acterization of C1 2([—1, 1])*, and subsequently, we derived the characterization of
C12([-1,1]) by dualizing the characterization of C; 2([—1,1])*. However, usually
different methods, requiring powerful results on trigonometric polynomials and
complex analysis or cumbersome algebraic manipulations with polynomials (see,
e.g., [15, p. 259]), are applied to derive such characterizations. The characteriza-
tions (11) and (13) are in concordance with the characterizations of Fekete (see,
e.g., [6, Theorem 2.4] or [15, Problem 46, p. 78]).

6. CONCLUSION

In this paper, we have analyzed the properties of the set of polynomials non-
negative on a given non-empty set K C R", which can be encountered e.g. in
polynomial optimization problems. We have shown that this set is in fact a con-
vex, closed and solid cone, which shows a link between polynomial and conic
optimization. Moreover, if the interior of the set K is non-empty, it is a pointed
cone and hence a proper cone.

We have introduced a representation of the respective dual cone and proved the
dual cone theorem, owing to which we have managed to find the characterization
of the dual cone of the cone of polynomials non-negative on K. Furthermore, we
have found the characterizations of Cy 2([—1,1])*, using the dual cone theorem;
and C12([—1,1]). In fact, we have shown that C;o([—1,1])* is isomorphic to
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the intersection of two cones: the cone of 2 X 2 symmetric positive semidefinite
matrices and a polyhedral cone. In addition, by a change of variables, we have
also found the characterization of Ci 2([a,b]), where a < b and a,b € R. These
characterizations correspond to the results of Fekete (see [6], [15]).

Even though no tractable characterization of the cone C,, 4(K) is known, a
similar approach to the one included in Section 5 may be applied to finding the
explicit characterization of at least some of these cones, for instance, Cy, 2([—1, 1]™).

APPENDIX

Proof of Proposition 1.
The claim follows from Cauchy-Schwarz inequality applied to a vector of coeffi-
cients (pa)aenn and the vector of monomial basis mg4(z) since

p(x) = ma(z)" (pa)aeny for all z € R™. O

Proof of Proposition 2.
Since both right-hand side and left-hand side of the inequality are non-negative
numbers, we can equivalently prove (mg(z)Tmq(z))? > mag(z)Tmag(z) for all
x € R™ and d € N. Note that

maa(z) mog(a Z 232 g2 for all z € R™,
YENT,
and
(ma(z)'m Z x2a1+2’61 2a2+252 g2t for all € R™.
a,BEN]

Fix an arbitrary x € R™ and d € N. We show that every term included in
mag(z)Tmag () is also included in (mg(x)Tmqa(z))?. Since both mag(z)Tmag(x)
and (mg(x)Tmg(z))? are sums of non-negative numbers for any given z € R", we
prove that (ma(z)Tma(x))? > maa(z)Tmag(x) for all z € R™ and d € N.

More specifically, we want to show that for any v € N7, there exist o, 5 € N
such that oo + 3 = 7. For an arbitrary but fixed v € N3, we construct a € Nj by
setting

L ~vi =0 (mod 2),
P — — i—1
Q= 721, vi =1 (mod 2) A E 10‘3 Zj:1(7j—aj)v
i — 1—1
WTﬂv 7 =1 (mod 2) A Z —1% <Zj:1('7j*0‘j)v

i=1,2,...,n. Then f; =v;—;, 7 =1,2,...,n. We need to show that o, 8 € NJ.
It is obvious that o + 8 = v and that «;,8; € Ng, i = 1,2,...,n, and therefore, it
suffices to show that Y. a; < dand >, §; <d.
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Denote 07 the number of cases when 4; = 1 (mod 2) A Z;;ll a; < Z;;ll (vi—a;j),

1 =1,2,...,n and oy the number of cases when v; = 1 (mod 2) A Z;;ll aj >
Zi_l(yj - ), i=1,2,...,n. Then it follows that

j=1
n n ’Y 1
Zai = Zé + 5(01 —02),
i=1 i=1

Zﬁi = Z% + %(02 —o01).
i=1 i=1

Firstly, we show that o, — 03 € {0,1}. Suppose that there are k¥ odd numbers
among Y1, vz, - - - , Yn, where k € {0,1,2,...,n}. If k = 0, then obviously 01 = 0y =
0, and thus, 01 — o2 € {0,1}. If k # 0, denote these odd numbers i, , iy, - - -5 Vi, -
If k=1 (mod 2), then k = 2] — 1 for some | € N and by construction of o we have

Yip +1 Yig—1 Yigg_p 1 Yigg_1T1
Qi = 5, Gy, = —H—, o, Qi , = s, Qi = —5—. Therefore,
o1 =1 and 0o = 1 — 1, and therefore, 0 —02 = 1 € {0,1}. If ¥ = 0 (mod 2),
. . i 1
then k& = 2l for some [ € N. Again, by construction of o, we have a;, = * —,
in—1 Vig;_q 1 i —1
Q, = %22 ey Qi = Sy, = % Therefore, 01 = 02 = [, and

therefore, 01 — 02 =0 € {0,1}.

Since 01 — 0 € {0, 1}, we have shown that Y ., a; > > I, B;. Now, we show
that 31", a; < d. It is evident that > a; < 31" | 3t + 1. Moreover, since
v € N3, we have >_"" | 7; < 2d. There are two cases to consider:

LYy <2d—1<2d
It flollows automatically that > | 3 + 1 < d, and therefore, 7" | o; < d.
2. Zi:l Yi = 2d.
However, that is possible if and only if £ = 0 (mod 2), which means that
01 — 02 = 0, and therefore, >°1" ja; =Y | L% =

We have finally shown that d > Z?:l a; > ZZL:I Bi, which completes the proof.
O
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