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ABSTRACT. The arithmetic mean/geometric mean-inequality (AM/GM-inequality) fa-
cilitates classes of non-negativity certificates and of relaxation techniques for polynomials
and, more general, for exponential sums. These certificates are known under the acronyms
SONC (sums of non-negative circuit polynomials) and SAGE (sums of arithmetic-geo-
metric exponentials). Here, we present a first systematic study of the AM/GM-based
techniques in the presence of symmetries under the action of a permutation group. As a
primary ingredient, we prove a symmetry-adapted representation theorem and develop
techniques to reduce the size of the resulting relative entropy programs. We study non-
convexity phenomena of the set of minimal points of SONC polynomials and SAGE
exponentials and we show that the cones of symmetric SONC polynomials and sym-
metric SAGE exponentials differ from the corresponding non-negativity cones already in
quite restricted situations.

1. INTRODUCTION

Deciding whether a real function only takes non-negative values is a fundamental ques-
tion in real algebraic geometry. Non-negativity certificates and optimization approaches
are tightly related to each other by observing that the infimum f* of a function f : R® — R
can be expressed as the largest A € R for which f — X is non-negative on R™:

ff=inf{f(z) : € R"} = sup{A € R: f— Xis non-negative on R"}.

Both in the context of polynomials and in the broader context of exponential sums, the
last years have seen strong interest in non-negativity certificates and optimization tech-
niques based on the arithmetic mean/geometric mean-inequality (AM/GM inequality).
More precisely, an exponential sum (or signomial) supported on a finite subset A C R" is
a linear combination Y, caexp(a’ - ) with real coefficients c,. In particular cases, the
non-negativity of the real function defined by an exponential sum can be decided via the
arithmetic-geometric mean inequality. For example, for support points ay, ..., a,, € R"
and coefficients A = (A1,...,\,) € R satisfying >, A = 1 and >_" | Moy = a, the
exponential sum

m

Z Niexp(al z) — exp(ai z)

i=1
is non-negative on R™ as a consequence of the weighted arithmetic-geometric mean in-
equality, namely 7, Ne®'® > [, (e® #)*. Clearly, sums of such exponential sums
are non-negative as well. Note that exponential sums can be seen as a generalization of
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polynomials: when A C N", the transformation x; = Iny; gives polynomial functions
Y= D nea Cay™ on R

These AM/GM-based certificates appear to be particularly useful in sparse settings.
In the specialized situation of polynomials, they can be seen as an alternative to non-
negativity certificates based on sums of squares. The ideas of these approaches go back to
Reznick [27] and have been recently brought back into the focus of the developments by
Pantea, Koeppl, and Craciun [25], Chandrasekaran and Shah [5] (“SAGE” cone: sums of
arithmetic-geometric exponentials) and Iliman and de Wolff [17] (“SONC” cone: sums of
non-negative circuit polynomials), see also [20] for a generalized, uniform framework. The
AM/GM certificates can be effectively obtained by relative entropy programming (see [3],
0]), and in restricted settings these relative entropy programs become geometric programs
[18]. These techniques have been extended to cover constrained situations, prominently
by the work of Murray, Chandrasekaran and Wierman based on partial dualization [23].
This method can also be approached from sublinear circuits, see [24]. Furthermore, in
the setting of polynomials, the AM/GM-based approaches can be combined with sums of
squares [19]. Other recent approaches to sparse polynomials besides the ones based on the
AM/GM inequality can be found in the sparse moment hierarchies [32, [33].

From an algebraic point of view, a problem is symmetric when it is invariant under some
group action. Symmetries are ubiquitous in the context of polynomials and optimization,
since they manifest both in the problem formulation and the solution set. This often allows
to reduce the complexity of the corresponding algorithmic questions. Regarding the set of
solutions, it was observed by Terquem as early as in 1840 that a symmetric polynomial
does not always have a fully symmetric minimizer (see also Waterhouse’s survey [34]).
However, in many instances, the set of minimizers contains highly symmetric points (see
[13), 21, 28, [30]). With respect to problem formulations, symmetry reduction has provided
essential advances in many situations (see, for example, [3, 7, [§]), especially in the context
of sums of squares (see [2, 14, 14l [T5], 26, 29]).

The current paper departs from the question to which extent symmetries can be ex-
ploited in AM/GM-based optimization assuming that the problem affords symmetries.
We provide a first systematic study of the AM/GM-based approaches in G-invariant sit-
uations under the action of a group G. Our focus is on symmetry-adapted representation
theorems, on algorithmic symmetry reduction techniques, on the set of minimizers of
the symmetric problems and on the cone of symmetric SAGE exponentials and SONC
polynomials.

Our contributions. 1. We prove a symmetry-adapted decomposition theorem and
develop a symmetry-adapted relative entropy formulation for SONC polynomials and
SAGE exponentials in a general G-invariant setting. This adaption reduces the size of the
resulting relative entropy programs or geometric programs, see Theorem [3.2] Theorem
and Corollary[3.5] As revealed by these statements, the gain depends on the orbit structure
of the group action.

By a result of Jie Wang [31] in a non-symmetric setting, if there is only one point in
the interior of the convex hull of the support of the “positive monomials”, then there is
equivalence between being a SONC polynomial (or similarly, a SAGE exponential) and
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being non-negative. Our symmetric decomposition raises the natural question whether a
symmetric version of Wang’s result applies if a symmetric polynomial has only one orbit
of interior points. We can answer this positively in the particular case where the positive
part of the support is a symmetric simplex. In this case we have equivalence, and we can
find the minimizer of such a polynomial or exponential sum.

2. Our second result departs from the known results that the zero set of a SAGE expo-
nential constitutes a subspace and is therefore convex and that every SONC polynomial
with a finite number of zeroes has at most one zero in the positive orthant. In sharp
contrast to this, and somewhat surprisingly, we show that even for the rather structured
class of SONC polynomials and SAGE exponentials, the minimal solutions of symmetric
optimization problems are in general not symmetric. We say that these functions have
the minimum outside the diagonal, see Theorem [4.5 and Corollary [4.6] Our constructions
depart from constructions of non-symmetric SONC polynomials and SAGE exponentials
f with non-convex set of minimizers (where the minimal value of f is different from zero).

3. For Newton polytopes which have a single interior support point, the cone of SONC
polynomials or SAGE exponentials coincides with the cone of all non-negative polyno-
mials or exponentials with that Newton polytope. It is of general interest to understand
under which conditions (such as symmetries), the cone of SONC polynomials or SAGE
exponentials coincides with the cone of all non-negative polynomials or exponentials. We
prove that already in a very restricted setting of quartic polynomials with two interior
support points in the Newton polytope, the cone of symmetric SONC polynomials differs
from the cone of all symmetric polynomials with that support. See Theorem [5.1}

4. We evaluate the structural results in the paper in terms of computations. In situations
with strong symmetry structure, the number of variables and the number of equations and
inequalities becomes substantially smaller. Accordingly, the interior-point solvers underly-
ing the computation of SAGE bounds then show strong reductions of computation time. In
various cases, the symmetry-adapted computation succeeds when the conventional SAGE
computation fails.

We mostly concentrate on the unconstrained optimization, but the techniques can gen-
erally also be extended to the constrained case. See, for example, Theorem

The paper is structured as follows. After collecting relevant notions and concepts in Sec-
tion [2, we study in Section [3] how to characterize and to decide whether a G-symmetric
exponential sum is contained in the SAGE cone. This is connected with a specific way of
writing sums of arithmetic-geometric exponentials in the presence of a group symmetry.
Section [4] addresses the set of minimizers of SONC polynomials and SAGE exponentials,
and Section [5|gives some results on the comparison between the symmetric SONC (respec-
tively SAGE) cone and the cone of all non-negative polynomials (respectively exponential
sums). Section @ provides experimental results of an implementation of the symmetry
reduction techniques. We conclude the paper in Section [7]
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2. PRELIMINARIES

Throughout the article, we use the notation N = {0,1,2,3,...}. For a finite subset
A C R", let R4 be the set of |A|-tuples whose components are indexed by the set A.

The SAGE cone. For a given non-empty finite set A, we consider exponential sums sup-
ported on A as defined in the Introduction. For finite A C R", the SAGE cone Cspggr(A)

is defined as
Csacr(A) = Z Cace(A\ {8}, 5),
BeA

where for A" := A\ {5}
Cace(A', B) == {f = Z Coe® ? +0565T” D caz0forae A s eR, f(z) >0on ]R”}

acA’
denotes the non-negative exponential sums which may only have a negative coefficient in
the term indexed by f (see [5]). The elements in these cones are called SAGE signomials
and AGE signomials, respectively. The cone Csagr(A) is a closed convex cone in RA
(see [20, Proposition 2.10]).
Membership to this convex cone can be decided in terms of relative entropy program-
ming. For a finite set § # A C R", denote by D : R4 x R4, — R,

Z v, In (Va>
acA

the relative entropy function, which can be extended to ]Rit X Ri‘ — R U {0} via the
conventions 0 - ln% =0fory > 0and y-In§ = oo for y > 0. To decide membership of
a given signomial f supported on A to the SAGE cone, assume that f is written in the

form
f= Z caexp(a’z) + Z cgexp(flz)
acA peB
with ¢, > 0 for « € A and ¢ < 0 for § € B. In this notation, the overall support set of
fis AU B. Accordingly, for disjoint sets ) # A C R™ and B C R™, it is convenient to
denote by

(2.1) Csaci(A,B) =Y Cacr(AUB\ {8}, 5)

BeB
the signed SAGFE cone, which allows negative coefficients only in a certain subset B of the
support A U B. This a common notation in optimization viewpoints [10, 11} 18| 22 23].

Proposition 2.1 ([22]). A signomial f belongs to Csacr(A, B) if and only if for every
B € B there exist ¢P) € RA and V(’B) € R“j_‘ such that

z wWa = (L W)B forBeB,

acA
D(v®), n e- c(ﬁ)) < ¢ for p € B,
> ca < ¢, for a € A.

BeB
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Note that this proposition reflects the statement of Murray, Chandrasekaran and Wier-
man [22] that every SAGE signomial can be decomposed into AGE signomials in such a
way that every term with a negative coefficient only appears in a single AGE signomial.

The SONC cone. Assume the non-empty finite set A to be contained in N”. A tuple
(A, B) with A C (2N)"N.A and 5 € N" is called a circuit supported on A if A is an affinely
independent set and /5 € relint(conv A) N A, where relint denotes the relative interior of
a set. For singleton sets A = {a}, the sets (A, §) are formally of the form ({a},«a). By
convention, we write these circuits simply as («).

For a circuit (A, ), denote by Py s the set of polynomials in R[zy, ..., z,] whose sup-
ports are contained in AU {f} and which are non-negative on R™ (“non-negative circuit
polynomials”). Note that, due to the circuit structure, ¢, > 0 for all @ € A (see, e.g.,
[12]). Then the SONC cone with support A is defined (see [1I, [17]) as the Minkowski sum

Csonc(A) = > Pag

(A,B) circuit
supported on A

A non-zero non-negative circuit polynomial supported on a one-element circuit is a mono-
mial square, i.e., a polynomial of the form cz® with ¢ > 0 and « € (2N)".

The SAGE cone Csagr(A) as well can be represented using circuits (A, 3), where the
condition “A C AN (2N)"” is replaced by A € A C R™ and “f € N’ simply by 5 € R".
Namely, it was shown in [22] that Csagr(A) is generated by its subset of signomials
supported on circuits. See also [20] for an exact characterization of the extreme rays of
Csace(A).

The cone Csonc(A) is a closed convex cone. Similar to Theorem , membership in
the SONC cone can also be formulated in terms of a relative entropy program.

Remark 2.2. Note that for all statements in this section, there exist similar statements
for SONC polynomials. In particular, for A, B C (2N)", consider the polynomial

f:anxa—l—Zcﬁxﬂ,

acA BeB

where for all & € A we have ¢, > 0 and for all 8 € B we have § € N*\ (2N)" or ¢ < 0.
For the unconstrained case (and under the name “SAGE polynomial”), a polynomial f is
a SONC polynomial if and only if

F= caexpla’z) = 3 Jes| exp(872)

acA BeB

is a SAGE exponential [22]. For the relative entropy program in Proposition this
means that the right hand side of the second condition needs to be replaced by “—|cs|”
to work as a SONC-certificate.
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Optimizing over the SAGE and SONC cones. Since the SAGE cone is contained in
the cone of non-negative signomials, relaxing to the SAGE cone gives an approximation
of the global infimum f* of a signomial f supported on A:

SACE —qup{A eR : f— )€ Csacr(A)}

satisfying fSAGE < £+,
We first record the following, which is closely related to the strong duality statement
for the SAGE bound in [22] Proposition 2]:

Proposition 2.3. Let

f=2 caexpla’z) + Y cgexp(Ta)

acA BeB
with cq > 0 for a € A. Assume B C relint(conv(A U {(0,...,0)T})). Then f5ACE > —co.

Proof. The finiteness of B and Proposition allow to assume that |B| = 1. We may
also assume that 3 # (0,...,0)7. Then, the ray with initial point (0,...,0)T and passing
through 8 meets a facet of the convex hull of A at a point v. We can express v as

=Y v,

acA’

where 1, 2 0 for o € A, > o vh =1, and A C A\{(0,...,0)"}. In turn, since 3 # 7,

we can write
/8 - E Vo O,
aeA'U{(0,...,0)}

77777

to verify that for A small enough, the conditions of Proposition are satisfied by f — \:
the first condition follows from the previous decomposition of §, while the third one is

trivially satisfied when |B| = 1. For the second one, we observe that the function
v
[(\) = o ln — 1
(V) =2 valn ==+ vp..0n

V(o,...,0)
€- (C(o,...,o) - )\)

tends to —oo when A — —oo. Hence, there exists A such that [(\) < ¢s. O

Remark 2.4. When 3 ¢ conv(A U {(0,...,0)T}), the hyperplane separation theorem
implies min f = —oo, forcing f54CE = —o0o. If B is on the boundary of conv(A U
{(0,...,0)"}), then we cannot conclude in general. For example, consider the function

flz,y) = pu+e** + e — e,
Then f549F = | when § < 2, while fSA%® = —o0 when § > 2.
In the same spirit, in the corresponding setting for polynomials, we can define fSONC:
fPONC = supfA e R : f— € Csonc(A)}

According to Remark[2.2) f5ONC and fSAGE coincide, after the appropriate transformation
from the remark. For this reason, from now on we will only consider fS4GE
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Remark 2.5. The finiteness of f5ASE can be seen as an advantage with respect to the sum
of squares analogue f°°5. Indeed, the Motzkin polynomial f = z*4y*+2%+1y? —322y>+1
satisfies f59°% = —oo while fSAGE = f* =,

Constrained versions. While many aspects of this article are devoted to the uncon-
strained situation, we briefly collect the extension of SAGE certificates to the constrained
situation. Let X be a convex and closed subset of R™. For a convex set X C R™ and a
non-empty finite set A C R", the X-SAGE cone Cx(A) is defined (see [23]) as

Cx(A) == Cx(A\ {8}, 8),

BeA
where for A" := A\ {5},

Cx (A, B) = {f = Z o™ ® +06€BT$ D a2 0forae A cgeR, f(x) >0 on X}.

acA’
Moreover, (2.1)) can be generalized by defining, for disjoint sets ) # A C R™ and B C R,
the signed X-SAGE cone

CX<A7 B) = ZCX('Aa 5)
BeB

This is the set of X-SAGE signomials, where negative coefficients are only possible in a
certain subset B of the support AU B. The following decomposition result holds.

Theorem 2.6 ([23], Corollary 5). If f € Cx(A,B) with ¢, >0 for alla € A and cg <0
for all € B# 0, then there exist X-AGE signomials fs € Cx(A, B) for € B such that

f= ZﬁeB s
For the constrained approach, a similar result to Proposition 1.1 is known.

Proposition 2.7 ([23]). f € Cx(AUB) if and only if for every 3 € B there exist (¥ € R4
and V¥ € ]Rf such that

DWW, e-c®)+sup (= S vl a—-8)"2 < ¢ forBeB,

zeX acA
Zc&ﬁ) < ¢ forae A
BeB

3. SYMMETRIC DECOMPOSITIONS AND SYMMETRIC RELATIVE ENTROPY
FORMULATION

In this section, we provide a structural result on the decomposition of symmetric SAGE
exponentials as sums of orbits of (non-symmetric) AGE exponentials. Building upon this,
we provide a symmetry-adapted relative entropy formulation for containment in the SAGE
cone or its variants. These symmetric decompositions and symmetric entropy formulations
carry over to SONC polynomials. As an application of the decomposition results, we
answer a specific question on symmetric signomials or polynomials which have only one
orbit of interior points in the Newton polytope. We show that if the positive support is
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a symmetric simplex, then, for this support set, the class of SAGE exponentials coincides
with the class of all non-negative signomials (and similarly for SONC polynomials).

Let G be a permutation group on the set [n] := {1,...,n}. Every ¢ € G acts on
z = (z1,...,x,) through 0(x) = (2,q), - - -, To@m)). On asignomial f(z) = > cqexp(a’z),
this induces the action

(3.1) of(x1,. . 2n) = f(Zo), - s Tom))-

Since o f(z) = >, caexp((o-1(1), - - -, A—1(n)) @), the induced action on exponent vectors
o 18

(3.2) J(Ck) = (O_/U—1(1), e ,Oza—l(n)).

Remark 3.1. All these actions are left actions. To verify this for (3.2)), observe that

(o7)(ar) = U(T(a)) = o(-11), - Qr1(y). For v := 7(a) = (a;10),...,0;1()), We
have v; = a,-133) and thus v,-1(5 = @z-1(5-1(;)). Hence

O'(T(CK)) = (047—1(5—1(1)), . ,057—1(0—1(n))) = (O’T)(Oé).
For a set § C R™ of exponent vectors, the orbit of S under G is
G-S={o(s):s€S8,0eG}.

We call a subset S C S a set of orbit representatives for S if S is an inclusion-minimal
set with (G- S) = S. Moreover, let Stab §:= {0 € G : ¢(8) = B} denote the stabilizer
of an exponent vector f3.

In the following statements, we consider G-invariant signomials f. It is convenient to
write f here in the form

(3.3) f= Z caexp(alz) + Z cgexp(flz)
acA peB

with ¢, > 0 for @ € Aand cg < 0for 5 € B, ie., fis an element of the signed SAGE cone
Csace(A, B) introduced in Section 2. As already mentioned, in this notation, the overall
support set of fis AU B.

Theorem 3.2. Let X C R"™ be convex and G-invariant, let f be a G-symmetric signomial
of the form (3.3]) and B be a set of orbit representatives for B. Then f € Cx(A,B) if and

only if for every B € B, there exist X-AGE signomials h; € Cx (A, 5) such that
(3.4) F=Y> phs
BeB peG/ Stab(B)

The functions hy can be chosen to be invariant under the action of Stab(/é).

Here, p € G/ Stab(f3) shortly denotes that p runs over a set of representatives of the left
quotient space G/ Stab(/3), which is defined through the left cosets {o Stab(g) : o € G}.
We will also use the right quotient space, denoted by Stab(5)\G, further below.
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Proof. Since it is clear that a signomial f of the form (3.4)) is non-negative, we only have
to show the converse direction. Let f € Cx(A,B). By Theorem [2.6] there exist X-AGE
signomials fs € Cx (A, B) for 8 € B, such that f =3, fs. The G-symmetry of f gives

(3.5) Z f— ZZafﬁ
|G‘ JEGBEB

The idea is to group in this sum all the o f5 that have the same “possibly negative” term.
Since the group actions o f on signomials f and ¢/ on exponent vectors 3 are both left
actions by Remark we have

o exp(87x) = exp((o)"x),
so that the possibly negative term of o f3 is given by o3. For any 8 € B, the signomial
i = g7 27
oceG

is a sum of X-AGE signomials in C'x (A, ), hence it is contained in Cx (A, ) as well.
Moreover, (3.5)) can be expressed as

EI 3) NI ) SIS 38

UEG peB JEG yeB yeB

Let € Band € B be the representative of its orbit in lS’ If o,7 € G are such that
a(ﬁ) = T(B) B, then 7710 € Stab(ﬁ) and 7 = o in G/ Stab(3 ) Hence,

(3.6) F=> > hg

BeB peG/ Stab

Now observe that h,3 = phg for every 8 € B and p € G, because

(3.7) (Glphs =Y pofa15 =Y Tfr1p8 = Glhys.

ceG TEG
Substituting (3.7) into (3.6) gives f = > 55> pe/stabj Pl as desired. Moreover, the
Stab()-invariance of hy for 3 € B follows from (3.7). O

Building upon Theorem the next theorem gives a symmetry-adapted relative en-
tropy program that certifies non-negativity.

Theorem 3.3. Let B be a set of orbit representatives for B. A G-symmetric signomial f
of the form (3.3) is contained in Csagr(A, B) if and only if for every § € B there exist
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B e R4 and ONS R4, invariant under the action of Stab(@), such that

(3.8) Z l/é'é)(oz —fB) = 0 for every 3 € B,
acA
(3.9) DWW e. Py < cg for every B e B,
(3.10) Z Z c((le) < ¢q  for every a € A
BeB oeStab (B)\G

Remark 3.4. The right coset condition (3.10]) can equivalently be expressed in terms of
the left cosets,

Z Z cgﬂ_)l(a) < ¢q forevery a € A.

BeB oeG/ Stab B

Namely, if 3 € B, 3 € B and 0,7 € G are such that o~ %(3) = 71(8) = 8, then
7o~ ! € Stab(f) and 7 = o in the right quotient space Stab(3)\G.

Proof of Theorem[3.3. If f is G-symmetric, then, by Theorem , there exist Stab(f)-
invariant AGE signomials hy € Cx (A, B) for every 8 € B such that

f= Z > rhy

BEB peG/ Stab(B)

Writing hj in the form

Zcﬂ exp(a’ ) +cBexp(BTx)
acA

with coefficients c(ﬁ ) and cglora e A and 6 € B, the two conditions ({3.8]) and (3.9) follow
from the property hj € C’X(A ﬁ) For , we observe that for o € A the coefﬁment
of exp(a®r) in phg is cﬁ) . We obtain inequality (3.10)), even with equality, by setting

o = p~! and summing over § € B and over ¢ € Stab( \G, following Remark
Moreover, the Stab(h )-invariance of hj; implies the Stab(ﬁ) invariance of ¢®. In order

to make (® invariant under Stab(ﬁ), we can replace it by

A 1 A
D= 3 Y
o = = Yo(a):
| Stab(B)] | eania)
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Obviously, this has no influence on (3.10)). For ({3.8]), we have

[Stab(3)] Y pP(a—-3)=>" Y D (a-5)

acA aeAaeStab(ﬁ)
= Z U(a)<‘7(04)_0(5))
oeStab(B) acA
= Y Y-y =o
oeStab(3) acA

Finally, for (3.9), using C&B) = cgﬂ(L) for o € Stab(ﬁ) and applying Jensen’s inequality on
the convex function x — x Inx gives, for all o € A,

L B
4P In ;éf) N > ,,(f>) 1y [5ab0) 2 oestab(d) Yo(a)
T ) . .
| Stab()| seStab(3) -
(ﬁ) (ﬁ (ﬁ)
_ ) [ Zoesn® Yot/ Cote) | 2uoesiand) ¥ /C
_ %) In
| Stab (/3 )| |Stab( )|

@ B

3 1 3 o(@)
@ (8) (8)
|Stab(6)| oeStab(B) Ca(oz) ¢

f
£

o(a)

Using again the Stab(ﬁ)—invariance of ¢® and the precondition then yields

(ﬁ)

O'Oé 1
> |Stab e > Vo 55 S Ty 2 T
acA aGStab(ﬁ) acA a( oeStab(B)

Conversely, assume that ¢® and V(B), invariant under the action of Stab(ﬁ), sat-
isfy (3.8 .—- Let § € B and [ € B be the representative of its orbit in B. If 0,7 € G
are such that o(3) = 7(8) = 3, then 70~ € Stab(3) and 7 = ¢ in Stab(3)\G. Since ¢
and v? are invariant under Stab(5), we have

B 8 B) )

o) = € Via) = Vora) foraeA

¢ o(a)’ T

Thus we can define

P = C(B) VB =P for €A,

«a o(a)’ a o(a)

which is independent of ¢ such that o(8) = 3. As a consequence, if T € Stab(3)\G, then

Cgil(ﬁ)) = C(f&) is well defined.
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To see that the first conditions of Proposition are satisfied, let § € B and 0 € G

~

such that o(8) = . Then
> =) = S —oh)

acA acA
—o! I/g(z)(a(oz) —B)=0"" Z V(o — B) =0
acA acA
and D(l/(ﬁ), ec(ﬁ)) = D(I/(’B),ec(’g)) < ¢y =cs

For the third condition of Proposition [2.1] we obtain

)IEED DD DTSR DD DL I

peB BeB reStab(B\G BeB reStab(B\G

which altogether shows that f € Csacr(A, B). O

The following consequence of Theorem [3.3] further reduces the number of variables in

the relative entropy program since a certain number of C(B ) )

and v, ' are actually equal,
R.A/ Stab( )
v )

and we can take each c! ,V(B in the ground set

Corollary 3.5. Let A and B be a set of orbit representatives for A and B. A G—symmetm’g
signomial f of the form (3.3)) is contained in CSAGE(A B) if and only if for every p € B

there exist ¢®) ¢ ]RA/ Stab(8) nd 1B ¢ ]RA/ Stab®) cuch that

(3.11) Z vP) Z (&' =B) = 0 for every § € B,

acA/ Stab(B) o/ €Stab(B)-a

R . B ) )
(3.12) Z ’Stab(ﬂ) ol v/ 1n VOZB) < ¢z for every € B,
aE.A/ Stab(B) €Ca
tab(« ~ 3 -
(3.13) Z | : ab Z ‘Stab(ﬁ) 0l c,(f) < ¢o foreverya € A
5 188D B yrsans

Proof. For (3.11) and (3.12), equivalence to their versions in Theorem is straight-
forward to check. For (3.13)), equivalence to (3.10)) follows by observing that for every
acA

B 1 RO B
Z U(a) Z ’ Stab( )| Z T(o(a)) | Stab(6)| P(a)

oeStab(8)\G oeStab(B)\G T€Stab(f) pEG

_ | Stab(a)| | Stab(a)| . 5
—_ Stab .
" [Stab(3 Z ~ [Stab()| > [seab(d)al<f

ﬂ/eG a vE(G-a)/ Stab(B)

and the last expression only depends on the orbit G - a rather than on « itself. 0
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Example 3.6. Consider the support set {ap,...,a7} = {(0,0,0)T,(7,0,0)T,(0,7,0)T,
(0,0,7)7,(1,1,2)T (1,2, )T, (2,1,1),(2,2,2)T} and let G := S; be the symmetric group

(@) ;)

on three elements. In order to avoid too heavy notation, we will write ¢;” instead of c

and y]@ instead of Vg:i) . Consider a signomial

f(w1, 20, 73) E ¢ieot (@1w2:3)

with co, c1,c2,c3 > 0 and ¢y, ¢c5,¢6,07 < 0, ie, set A = {ag,...,a3}, B = {ay,... ,a7 :
Then A = {ap, a1} and B= {au, a7} are sets of orbit representatives. By Corollary (3
f € Csacr(A,B) if and only there exist ¥ = (084),c§4),cé4)), W = (1/(()) y{4),y§ )),
AN = (c((f), 057)) and v\7) = (y, My ) which satisfy

V(()4)(a0 —ay) + P + g — 200) + V§4)(a3 —ay) =0,

v (a0 — az) + 117 (a0 + g + az — 3a7) = 0,

@ A @ A e
1n—+2()1n——|— ()111 ?
c0 01 C3
(7) - (0
ln—+3 ()ln— < oy,
(7) e
1
as well as 360 + 0(7) < ¢, 2054) + cé )+ c§ ) < o

For any non-trivial symmetry group, the symmetry-adapted formulation gives a smaller
relative entropy program as the original formulation. Both the number of variables and the
number of inequalities are smaller. The original relative entropy program has 2|B||.A| vari-
ables and |B|n+|B|+|.A| (in)equalities, since every vector equality in brings n scalar
equalities. In comparison, the symmetric relative entropy program in Corollary has
2 5ep A/ Stab(B)| < Q\BHA] variables and at most |B|n+ \B\ + \fl| (in)equalities, since
the invariance of under Stab(ﬁ) might imply further redundancy in the individual
scalar equations. In particular, in the situation of “large” stabilizers, the number of vari-
ables will become small. In the situation of “small” stabilizers (with not too small group
sizes), we observe that Burnside’s Lemma tells us |A| = |—(1;| Yool e A o o(a) = al,
and hence

]A\Zé\{(a,a) oeG acd ola)=a)| = |G|Z|Stab

acA

(and analogously for B), hence, the number of (in)equalities will become small then.

Remark 3.7. Note that we cannot simply assume o , ) for some o/ € G -« and,
similarly, we cannot simply assume WP = 1/ ) for some o/ € G- -y, for instance due to 1D

Namely, if an element [ lies in conv A with baryeentrlc coordinates A, say =) 4 AaC,
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then for any o € GG, we have

B)=o (Z /\aoz) = Z o(Aax) = Z Ao (@)

acA acA acA

rather than o(8) = Y 4 Aa® = D c 4 Ao(a)0 (). Of course, this caveat does not occur
whenever there is a single inner term.

The following example shows the usefulness of Theorem and Corollary for a
whole family of polynomials (or exponential sums).

Example 3.8. Using S, for the symmetric group on the set [n], consider the S,,-symmetric
polynomial

fzy, 29, 23) = 1—1—233 -0 Z :L'x:ck ) Z a:a:'j:ck,

(4,5,k)ES3 (4,,k)ES3

and we ask for the largest 0 for which f is a SONC polynomial. Let e denote the
i-th unit vector for ¢ € N, and 0 denote the three-dimensional zero vector. Setting
A ={0,8¢M, 8¢ 8¢}, the conventional relative entropy program is

min
ste S va—=B) = 0 forfeSs(3,2,1)TUSs-(2,1,1)7,
DWW e.cB) < 4 for 3 € S5-(3,2, )T US3-(2,1,1)7,
P for a € A,

6653((37271)T)USS((27171)T)
§eR and @ v RY  for B € 55(3,2,1)T U S3(2,1,1)T.

This optimization problem has 73 = 2 -4 -9+ 1 variables (including the J-variable) and
40 = 3 -9+ 9 + 4 equations or inequalities. We find

| A/ Stab((3,2,1)7)] = |A| = 4, |A/Stab((2,1,1)")| = [{0,8¢"),8c®}| = 3

m

and

B = {(3,2,1)",(2,1,1)"}| =2, |A|] =[{0,8¢M}| =2,
Therefore, the symmetric relative entropy program from involves 17=2-(4+2) +1
variables and at most 10 = 2 - 3 + 2 + 2 equations or inequalities.

For symmetric constraint sets X, a constrained version of Theorem (and similarly,
of Corollary [3.5)) can be given as well. The proof is similar.

Corollary 3 9. Let X C R"™ be convexr and G-invariant. A G- symmetmc signomial f of
the form (3.3)) is contained in Cx (A, B) if and only if for every B € B there exist ¢? ) e R4
and vP) € ]RA such that

D(v 8 ce-clB )) + sup,cx ( > I/éB)(CY — B))Tx < ¢y for every B e B,
acA

>y c((f()a) < ¢o  forevery a € A.
BeB oeStab A\G
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We remark that Corollary [3.9] as well as Theorem [3.2 and [3.3] can be formulated in the
polynomial setting as well.

Symmetric exponentials with one orbit of interior points. In general, for a given
signomial f, the notions of being non-negative and being a SAGE signomial differ. How-
ever, in the non-symmetric setting, it is known that these notions coincide for some promi-
nent subclasses. If f is supported on a circuit, i.e.,

f= Z caexp(az) + cgexp(fTx)

a€A
with a circuit support (A, 3) and ¢, > 0 for a € A, then

Ao
f is non-negative <= f € COrgr(A,f) — H (;—a> > —cg,
acA @
where A = (\,)aca denotes the barycentric coordinates of 5 with respect to the points
a € A (see [20, Theorem 2.7]). This is known as the circuit number characterization (see
7).

Moreover, in the setting of polynomials, Jie Wang has shown that a polynomial with a
single interior point in the convex hull of the “positive monomials” is non-negative if and
only if it is a SONC polynomial (see [31]).

We can extend these results to certain symmetric situations. Denote by 1 the all-ones
vector and by e the i-th unit vector. Let the set of “positive monomials” A be invariant
with respect to the symmetric group and consist of n + 1 affinely independent points in
R™. Then A = {ap, a1, ...,a,} is the union of two orbits: an orbit made of the n points
of the form

o = al+(b—-ae? = (a,...,a, b ,a,...,a), 1<i<n

with a,b € R, a # b as well as a fully symmetric point ag = (¢, ..., ¢) with ¢ € R.
For 8 in the interior of A, if (S, - 5) denotes the orbit of 5 under the action of the
symmetric group S,,, we consider symmetric signomials of the form

(3.14) Z caexp(a’r) — cs Z exp(Brx)
acA BE(Sn-B)
with coefficients ¢, > 0 and where ch is treated as a parameter. We will determine the
optimal value ¢ . such that, for every c; < ¢ .., the signomial is a SAGE
exponential.
Up to multiplication by a positive scalar, can be written as

(3.15) fslw) = pexplag) + Y _explafz) =8 > cexp(3'a),

O‘EGB

with some § in the interior of A and where G := S,/ Stab f5.
Using the notation |v| = 3, v; for a vector v € R™ and writing 5 = (51, .., [,), we
set dy = |ag| = ne, dg == |B] = >, B and d := (n — 1)a + b, i.e., d = |oy| for all i.



16 P. MOUSTROU, H. NAUMANN, C. RIENER, T. THEOBALD, H. VERDURE

Note that we cannot have dy = d, otherwise A would not be affinely independent. The
barycentric coordinates (Ao, ..., \,) of § with respect to A are given by

(Bi —a) = Ao(c—a) dg —d

)\i: 5 .
b—a do—d

1<i<n, and M=

Theorem 3.10. For an S, -symmetric signomial fs of the form (3.15) with § € R, the
following are equivalent:

(1) fs is non-negative.

(2) f§ - CSAGE(-A, B)
1 L Ao n 1—Xo
< = — | — .
(95 < O |Gl (AO) (1—>\0)

Hence, for the specific class under consideration, condition (3) in Theorem can be
viewed as an §,-symmetric analog of the circuit number condition.

Proof. Since there is only one orbit for B, Theorem guarantees a decomposition of
the form f5 = Zpecﬁ phs, where hs € Cagr(A\ {8}, B) for some § € B. We provide an

explicit decomposition of this form here, which then facilitates the exact non-negativity

characterization. For 1 <i < n, let s; = [eh |1)‘>\0 and

hs(z) = —{—ZsZ exp(a] x) — §exp(fTz).

N exp(a
|Gl
To verify that

(3.16) fg = Z O’h(j,

O'GG,B
consider the sum ZUeGﬂ ohs. For the first term of hg, this sum gives
Z e exp(ap z) = pexp(af x).
oA [Gsl

For the second term of hg, the sum gives

ZU(iszexp(alT )) = f:s > o(exp(afz) | = 2”: ( pra )

geGp =1

For the third term of hs, the sum is simply —d ZUGGB o exp(BTx), which altogether shows
the decomposition (3.16]).



SYMMETRIES IN AM/GM-BASED OPTIMIZATION 17

We claim that the signomial hs is a non-negative if and only if we have § < dpax. Using
the circuit number characterization, hs is a non-negative circuit signomial if and only if

Ao M i Ao m Aq
1 (2 u 1 n
Gslho/) -\ Gslro/) -7 \IGsl(1 = Ao)

Ao 1-Xo
() (i) -
[EFIR |G| (1 = Xo)

Therefore, if 6 < Onax, then f5 is a SAGE exponential, and hence non-negative. It
remains to show the converse directions, i.e., that the bound is sharp for non-negativity
and for membership of hs to Csage(A, B). In order to show that the bound fs is sharp
for both settings, we show that f5 . has a zero. To this end, define

T = ! In (2 Ao
_dg—d ,u]_—)\() ’

Since the argument of the logarithm is positive, this is a well defined positive number. We
will show that

foma (s oyx) = 0.
This implies that for every ¢ > 0y,
fo(x, .. 2) = fopu (@, .. ) — (0 — Omax) |Gl exp(dsz) < 0,
so that f is not non-negative, and thus f is not a SAGE either.

In order to show f5 . (z,...,2) = 0, set y = (dp — d)xr = In (ﬁli%), which gives

_ nXo ,—y
p=15e and

do d I Ao n 1=Xo dg
(3.17) f(x,...,x>=uedo—dy+nedo-d“<r) (1 A) e
0 — A0

Since % =X+ ﬁ, the last term of (3.17)) can be written as
d Ao n 1o d n
—edo—d¥ e ey — _pdp-aY
Ao 1—Xo 1—Xo
which shows, by substituting pu,
edo- + ———ted-aY ed-1Y = (.

Fonaa 0 --20) = T30 T v
This completes the proof. 0

nAo by, n(l—X) _d n d

4. ON THE SET OF MINIMIZERS OF SONC POLYNOMIALS AND SAGE EXPONENTIALS

The structural considerations in the previous section, including the explicit criterion
in Theorem [3.10] naturally encourages to study the symmetry of the minimizers. For
example, in the class discussed in Theorem [3.10, we have exploited that the minimizer is
fully symmetric, and hence located on the diagonal.

The goal of this section is to provide constructions of symmetric SAGE exponentials
and SONC polynomials without minimizer on the diagonal. To prepare for this, it is useful
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to have a detailed look at the minimizers of SONC polynomials and SAGE exponentials
in the non-symmetric case. Using the relative entropy formulation in Theorem [2.1] (and
its dual), non-negativity of SONC polynomials and SAGE exponentials can be formulated
in terms of a convex condition. Moreover, any SAGE exponential with a finite number of
zeroes has at most one zero (see [12, Theorem 4.1]). Similarly, any SONC polynomial in
f € Rlzy,...,x,] with a finite number of zeroes has at most 2" real zeroes in (R\{0})" (see
[9, Corollary 4.1]), because it has at most one zero in each open orthant. In sharp contrast
to this, we show that this does not hold for the set of minimizers of a SONC polynomial
or a SAGE exponential if the minimal value is different from zero. These considerations
will then form the point of departure for our constructions of symmetric polynomials with
minimizers outside of the diagonal. We begin with the following theorem.

Theorem 4.1. There exist SAGE signomials, even in one variable, which have several
1solated minimizers. In particular, the set of minimizers is not convex for these signomials.

As a preliminary of the proof, consider a signomial f =Y _ c,exp(a’z) — dexp(Tx)
with ¢, > 0 and d € R. As already observed by Chandrasekaran and Shah [5, Proof of
Lemma 2.2], the signomial function

exp(—"2)f = ) caexp((a” - pT)z) —d

is convex, since all non-constant summands are convex. However, in general the product
of two convex functions is not convex.

Proof. In order to prove the theorem, we give a construction of a univariate signomial h
as a sum of two AGE signomials f, g that has two isolated minimizers. Let

f =crexp(aqz) + co exp(anz) + c3 exp(asz)
with support points oy = 1, ap = 2 and a3 = 3. We enforce f(0) = 1 by using the
constraint
fO)=ci+eates = 1,

and we enforce that f has a double zero at 1 via the constraints

f(1) = cie' + e’ + e’ = 0,
/(1) = cre' +2ce* + 3c3e® = 0.

The linear system of three equations in ¢y, ¢9, c3 has a unique solution:
2.3 1.3 1,2
e‘e 2e‘e e'e
g = — (=~ 2.5027) ¢y =— (~ —1.8413), ¢35 =—(=~0.3387),

D D
where D := ele? — 2ele® + e?e3. Since ¢; and c3 are positive, we have lim,_, o, f(z) =0
and lim, ., f(z) = oo. Hence, f is a non-negative signomial on R™ with only one negative
coefficient. Moreover, co = —(c; /A1) - (e3/A3)*® for barycentric coordinates A = A3 = 1/2
of the inner exponent of the circuit, i.e., the circuit number condition is satisfied with
equality.
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Let g(x) be the signomial supported on —3, —2, —1 which satisfies g(z) = f(—x). Then
g has the same coefficients as f and is a non-negative signomial on R" with only one
negative coefficient, too.

1

FIGURE 1. The exponential sums f(x) (solid, left), g(x) = (—x) (dashed,
left) and h(z) (right).

The exponential sum h(z) := f(z)+g(z) is clearly non-negative. See Figure 1] for a visu-
alization of the graph of h. We claim that h has two minimizers with identical function val-
ues. Indeed, we have h(0) =2, h(1) = h(—1) < 2 and lim,_, o, h(z) = lim, , h(x) = 0.
As h is symmetric, there exists & € (0,00) such that mingegn h(x) = h(Z) = h(—2) but
for 0 € relint[—2, Z] we have h(0) = 2 > min,cg h(x).

Note that, by construction, the two minimizers are in the same orbit with respect to
the group action r — —ux. 0

Remark 4.2. The construction shows the non-convexity phenomenon of the minimizers
of SAGE signomials. We remark that the construction makes use of negative support
points, namely in the definition of the function g. When varying the question to the class
of SONC polynomials (where only non-negative integer vectors are allowed as exponent
vectors), the construction given above does not work.

Example 4.3 (A symmetric SAGE signomial with several minima). Building on the
counterexample

f(x) =ci(e” +e7%) + co(e® + e72%) + c3(e® + e73%)
with
14 co+c3—1=cre+ cee® + c3e = cre + 2c9e? + 3c3e® = 0
and two minimal points, around 1 and —1, from Theorem we build counterexamples
of symmetric SAGE signomials with several minimizers. It is then easy to define a new
function, namely
g9(z,y) = f(x —y)

in two variables. f is a symmetric SAGE signomial for the same reasons as in the proof
of Theorem [4.1] And of course, all the minimal points are on two lines parallel to the
diagonal. This example is degenerated, since it has no isolated minimizers.

More generally, we can observe that for every univariate even exponential sum f (i.e.,

f(—=z) = f(x)) which has 0 not as a minimal point, the exponential sum g(x) := f(x —y)
is symmetric and has its minimizers outside the diagonal.
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Before we construct a symmetric SAGE exponential with several isolated minima, we
turn to the case of symmetric SONC polynomials. Building upon this, we can then find a
symmetric SAGE exponential with several isolated minima.

Minimizers of SONC polynomials. For SONC polynomials (which, in particular, have
non-negative integer exponent vectors), by the specific type of symmetry with respect to
the open orthants, it is clear that there can be several isolated minimizers in different
orthants, and this occurs even in the case that the minimizers are zeroes.

Here, we provide a construction — different from the one above — which gives a SONC
polynomial that has already several isolated minimizers in the positive orthant RZj.

Theorem 4.4. There exist SONC polynomials, even in one variable, which have sev-
eral isolated minimizers in the positive orthant. In particular, the set of minimizers is
not convex for the polynomials, even if the set of minimizers is restricted to the positive
orthant.

Before the construction, let us recall the symmetry structure of the zeroes of SONC
polynomials. Firstly, the roots come with a certain symmetry with respect to the orthants
(see [9]). Secondly, the origin plays a particular role, since any polynomial f with vanishing
constant term has a zero at the origin.

Proof. We consider univariate polynomials f without constant term. By choosing f in
such a way that it also has a root at some positive x, we can achieve that f has two roots
in the non-negative orthant. Specifically, we set

a2 g L, 1, 2
f == x+4x—4x(x 2)°.
Clearly, f is a SONC polynomial with a double root at 0 and a double root at 2. Hence,
in the interval [0, 00), the polynomial f has the two roots 0 and 2, and thus they are the
minimizers.

By adding a suitable SONC polynomial g, we perturb the situation and will arrive at a
situation where both perturbed minimizers are contained in the positive orthant. To this
end, let

g:=1—oazx+ pz’
with constants «, § > 0. The exact value of the constant term (here: 1) does not matter,
it has just to be sufficiently large to ensure non-negativity. Since ¢”(x) = 12822, the poly-
nomial g is convex, and its minimizer x* satisfies the condition 4323 = a. Set 3 := 1/50,
so that for small |z|, the monomial z* has just a small influence. Intuitively, since the
minimizer of ¢ is a positive number, we can choose o > 0 such that in h := f + ¢ both
minimizers will be in the positive orthant and still have the same function value. Namely,

computing this value o (using subresultants, for example), yields a = % ~ 0.1372. Then

the minimizers of the quartic polynomial h are at x,,_ := %(5 ++/21) > 0 with function
value % < 1.

Since h is a sum of two non-negative circuit polynomials, it is a SONC polynomial.
Altogether, this proves Theorem O
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1 2 1 2

FIGURE 2. The polynomials f(z) (solid, left), g(x) = (—z) (dashed, left)
and h(z) (right).

For a visualization of the polynomials f, g and h, see Figure [2|
The following theorem gives an explicit class of symmetric SONC polynomials which
have their minimizers not on the diagonal.

Theorem 4.5. Let f be the symmetric polynomial
fr,y) =1+ a(a* +y) + ba’y® — d(a?y + y’x)

with a,b,d > 0. If d* < 8ab?, then f is a SONC polynomial. If, moreover, b > 22a, then
the global minimum of f restricted to the diagonal (i.e., of fi,—) is not a global minimum
of f, and it is not even a local minimum of f.

Proof. f can be decomposed as f = f; + fo with

1 b 1 b
fi= 5T az’ + 5902592 —da*y, fo= 5T ay' + §x2y2 — dxy?,
and, by the circuit number condition, f; and f, are non-negative circuit polynomials if
and only if d* < 8ab?. The restriction of % to the diagonal y = = is %‘y:x =
2?(4ax + 2bx — 3d), and of course this also coincides with %:Z’y)’y:m. Solving for x gives

the solution set S := {0, 2(%6117)}’ where x = 0 has multiplicity 2. All points in the

complement R\ S cannot even be local minimizers on the restriction to the diagonal. It
remains to rule out the points in S.

To rule out the point T = 0, it suffices to observe that %‘y:m is negative for small
positive .
For 7 = 2(%%)’ observe that evaluating the Hessian

. — 12ax? + 20y* — 2dy  4bxy — d(2z + 2y)
P\ dbry — d(27 +2y)  12ay® + 2b2? — 2dx

at the point (z,y) = (T, 7) gives
1 3d?(14a +b) —6d*(4a — b)
2(2a 4 b)2 \ —6d*(4a —b) 3d*(14a+0) )

Its determinant is

27d4(22a — b)
4(2a + b)*
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Hence, for b>22a , the Hessian H; is indefinite at (Z, 7). This shows that (Z,7) cannot
even be a local minimum of f. O

As a corollary, we obtain the following version of a symmetric SAGE exponential which
does not have its minimizer on the diagonal.

Corollary 4.6. Let f be the symmetric signomial f(x,y) = 1+ a(exp(4z) + exp(4y)) +
b(exp(2x) + exp(2y)) — d(exp(2z) + exp(2y)) with a,b,d > 0. If d* < 8ab?, then f is a
SAGE signomial. If, moreover, b > 22a, then the global minimum of f restricted to the
diagonal (i.e., of fiy=z) is not a global minimum of f, and it is not even a local minimum

of f.

5. THE SsYMMETRIC SONC CONE

As a motivation to the question posed in his seventeenth problem, Hilbert showed in
1888 that the cone of non-negative polynomials coincides with the cone of sums of squares
(SOS) when n = 1, when d = 2 or when n = 2 and d = 4 [16]. He also showed that
in all other cases, the non-negativity cone is strictly bigger than the SOS cone. Lately,
Blekherman and Riener [4] showed that the symmetric SOS cone gives a rather good
approximation of the symmetric non-negativity cone for a large number of variables. It
is then natural to wonder whether an analogous property holds for the symmetric SONC
cone. To attack this question, we adopt a slightly different point of view, that fits more
the spirit of the previous sections. Given a symmetric polynomial f in n variables of
even degree d having a finite minimum, when will the SONC (respectively, SAGE) bound
provide us this minimum?

The first case of interest for symmetric SONC polynomials is the cone of polynomials
with degree at most 4 in 2 variables. We will show that in this situation, we can already find
polynomials that are non-negative without being SONC. We can even construct sequences
of polynomials f; such that the gap between the minimum f; of f; and the associated
SONC bound fPONC tends to infinity:

Theorem 5.1. For f € R[z,y|, denote by ||f|| the supremum of the absolute values of the
coefficients of f. There exists a sequence of polynomials (fi(x,y))r of degree 4 such that

fr _ fSONC
lim 2k Jk
kool fl
This result will be a consequence of a more general study of symmetric polynomials
of degree 4 in two variables depending on their support. In our situation, the possible
coefficients lie in the simplex whose vertices are (0,0),(4,0) and (0,4). In particular,
there are only three possible interior points (1,1), (1,2), (2,1). If the only interior point
is (1,1), then we know that there is equivalence between being SONC and being non-
negative [3I]. The next case to consider is then when the support of our polynomial f
contains the orbit made of (1,2) and (2,1). If the positive support is only (0,0), (4,0),
(0,4), then we can apply Theorem : we also have equivalence in this case. Then the

= OQ.
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most natural next case is to add the diagonal point (2,2) to the positive support, like in
Theorem [4.5] In other words, we are considering polynomials of the form
f=a(z* +y*) + 2ba%y? — d(2*y + 2y?)

and we want to understand and compare, depending on the non-negative coefficients a, b
and d, the minimum f* of f and the value f5°NC. As intuited by Theorem , these
values do not always agree.

Theorem 5.2. Let f = a(z* + y*) + 2b2%y* — d(2®y + 2y?) witha >0, b > 0 and d € R.
Then:

e [fb > 1la, then f* = —

where § = ,/5—1—42.

(20 + 14ab + 11a® + (4ab + 5a2)8)d"* fIONC = — ’
512a(b — a)3(a + b) ’ 32ab?’

. 27d* SONC d'
© [f2a<b< Ua, then f* = —goermmss, P =~ 0.
27d*

[b<2 th * SONC:_—.
* /b s 2a, then f* = 128(a + b)3

Note that for the two particular cases b = 2a and b = 11a, the corresponding values
agree.

Proof. To verify the claimed values for f*, the idea is to decompose f — f* as a sum of
squares, and show that f — f* attains 0 in some point. We treat the case b > 11a first.
Since a,b,d > 0 and b > 11a > a, we can easily check that

(20% + 14ab + 11a® + (4ab + 5a*)d)d*

o >
/ 512a(b — a)3(a + b) >0,
and we set u = y/—f*. Defining the polynomials
8a(3ad —2b —Ta
P (1 PR BT ),
[a +2b+ ad
B o—-1(, 5 3-=9
P;=a m(x +y° + 5 :Ey),

it is then easy but tedious to check that f — f* = P2 + P# + PZ2. Moreover, if

I d 5454 4% — 18a? — 22ab — (10a? + 2ab)o
7 16(b — a) a(a +b) ’

B d 545 4h? — 18a? — 22ab — (10a? + 2ab)d
Y= 1600 — a) ala +b)

then z, yo € R and f(l"o,yo)—f* :f(yo,l"o)—f* = 0.
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We now treat the case b < 11a. Consider

g(fc,y)zf(fc,y)—< 1122_17(:5 —y )) :

Then
g(a,y) = d'(z* +y) + 20'2%y* — da’y
with o/ = al—gb > 0 and ' = 11a’ > 0. From the earlier case, we know that

. 2wt ord
T 7 T 108(w + 0P 128(a +b)F
_3d

In this case also, we have xg = yo = Tt SO that we have decomposed f into a sum of

4 squares, which attains a zero on the diagonal.
Now we look at f5°NC. From Theorem f — A is a SONC polynomial if and only if
there exists 0 < ¢ < 1 such that the polynomial

A
tax* + (1 — t)ay* + bay* — daz’y — 3

is a SONC polynomial. And now, since we just have one interior point, this function is a
SONC polynomial if and only if it is non-negative. Hence,

fOONC —max{\ : f— \is SONC}
=2max{p : taz’ + (1 — t)ay* + ba’y? — da’y — p is SONC,0 < t < 1}.
Let ji(z,y) = taz* + (1 — t)ay* + ba?y? — daPy — S f5°NC. The strategy is to exhibit a
0 <ty < 1 and a decomposition into sum of squares and circuit polynomials of j;,, such

that it attains a zero, and such that for all other 0 <t <1, j has a negative value.
We start with the case b < 2a. Let 29 = 4(a+b Then ]t(ﬂfo,%) 2(f(xo,z0) — f*) =0

for every 0 <t < 1. Let ty = %. Then we have

, 2a — b a+b a+b 27d*
]to(xay) = ( (ZE -y )2> + ( x4+2 $292 _d$2?/+ —) .

6 3 3 256(a + b)°
The second summand <“+b L 20ty y? — da?y + %) is a circuit polynomial, and

after turning it into a sum of eXponentlals, one can check that it is non-negative, thanks

to the witnesses p(%9 = d/4, n*% = d/4 and p*? = d/2. As b < 2a, j,, is the sum of a

square and a non-negative circuit polynomial, and is thus non-negative, and we have just

seen that it attains a zero in (xg, ). Now, let ¢ € [0, 1]\{¢o}. We show that (zo, z¢) is not

a local minimum by looking at its partial derivatives at that point. Namely,

—— (20, 9) = —=— (20, T0) = — :

83:( 0, o) 8y( 0, o) 32(a + b)3

One of them is strictly negative as soon as t # to
Consider now the case b > 2a. Setting z; = \/%, Y =

2b, we obtain

(b —2a)(2a +b)(1 —1t)
64ab* ’

jt(%;?ﬂ) = -
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Consequently, ji(x1,71) = 0 if and only if t = 1, and j;(z1,y1) < 0 when ¢ < 1. Moreover,
the polynomial j; is a circuit polynomial. 0

Our analysis is summarized in Figure [3]

ol |
f* = —27d*
~ 128(a+b)3
fr = _ (2b®+14ab+11a®+(4ab+5a2)6)d* SONC __ —d*
o 512a(b—a)3(a+b) T 32ab?
fSONC _ =d*
T 32ab?
11
1 a

FIGURE 3. Comparison between f* and f5°N¢ depending on the parame-
ters a (horizontal axis) and b (vertical axis).

Theorem is now a consequence of this study:

Proof of Theorem[5.1]. Take the norm on the set of polynomials to be the maximum of
the absolute values of the coefficients. Consider the polynomials

falz.y) = da(a’ +y") + 118az’y” — (2%y + 2y°)
for 0 < a < 3. This ensures that ||f,|| = 1. Then from Theorem , we have

118"
1 1

e — gSONC _ __ ©
“ 118540843’ “ 44556843’

and the gap becomes
1445

1031601312a3’
which becomes arbitrarily large when a — 0. 0
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6. SYMMETRIC COMPUTATIONS

In Section [3, we have highlighted that the exploration of symmetry can possibly lead
to a substantial reduction of the complexity of the relative entropy program, see the
discussion before Remark [3.7] To complement these considerations, we present in this
section classes of examples that spotlight the computational gains by the comparison
of calculation times. For these computations, we used the ECOS solver and Python 3.7
on an Intel(R) Xeon(R) Platinum 8168 CPU with 2.7 GHz and 768 GB of RAM under
CentOS Linux release 7.9.2009. Keeping the previous notation, for the standard method,
that is the method that does not exploit the symmetries, the input consists of A, B as
well as the coefficients, while for the symmetry-adapted version, the input is A, B and
the coefficients. This difference of input is mainly due to practical considerations and does
not in itself influence the comparison of the time used by the solver. When both methods
give an answer, the bounds coincide.

In all the tables in the sequel, dim is the dimension, n, and n. are the number of
variables and constraints of the program, while ¢, and ¢, denote the solver time and
the overall running time (including the building of the optimization program) in seconds.
While it might happen that the standard method is slightly faster for very small instances,
the size growth of the program in the standard method makes it quickly unsolvable. In
that case this is represented by “—” in the table. The symmetric approach allows however
to go further, and we give all the results until the solver warns about a possible inaccuracy.
In this case, we mark the bound with “*”.

Example 6.1. We first consider classes of signomials where |A| = |B| = 1. We have
chosen four different classes of examples that show the influence of the sizes of the orbits
on the solving time. These classes represent extremal situations, namely when the orbits
are either very large or very small. In these situations, we can actually compute the exact
number of variables and constraints in both cases according to Section [3] This analysis is
given in the following table:

Standard method Symmetric method
ISy, - B | 1 |Sn - & Ny Ne Ny Ne table
1 n! 2n!+ 3 n!+n+ 2 5 4 2
n! n 2+ n!+1 | (n+1)(n!+1)| 2n+3 n+3 3
n! n! 2!+ 1)n!+1| nln+2)+1 |[2n!+3 n+3 4
n n 2n(n+1) +1 (n+ 1) 7 5 5

TABLE 1. Comparison of the parameters when |A| = |B] = 1.

Now, let us give the numerical results for each of these classes. We have chosen the
coefficients in a way that avoids numerical issues, namely preventing the bound to be
either too small or too large.
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Consider first the signomial

O = % Z ogexp(a’ - x) —exp(BT - x),

" oEeS,

where 8 = (1,...,1)T and a = (1,2,...,n)?. The numerical results are shown in Table 2|

Standard method Symmetric method
dim | bound Ty Ne ts t, Ny | Ne ts t,

2 | -0.1481 7 6 0.0113 0.0121 || 5 | 4 | 0.0147 | 0.0158
3 | -0.2499 15 11 0.0148 0.0160 || 5 | 4 |0.0141 | 0.0149
4 | -0.3257 51 30 0.0304 0.0337 || 5 | 4 |0.0139 | 0.0147
5 | -0.3849 || 243 | 127 - - 5 14 10.0140 | 0.0147
6 | -0.4327 || 1443 | 728 - 5 14 10.0136 | 0.0144
7 |-0.4724* || 10083 | 5049 - 5 14 10.0211 | 0.0222

TABLE 2. Numerical results for fé”.

Consider now the signomial

n

12 = (n—1)! Zexp(n%i) —

i=1

where 8 = (1,2,...,n)T (and a = (n?,0,...,0)7). The numerical results are shown in

Table 3

Standard method Symmetric method

dim | bound Ty Ne ts t, Ny | Ne ts t,
2 |1-0.2109 13 9 0.0173 0.0185 | 7 | 5 10.0297 | 0.0311
3 | -0.8888 49 28 0.0427 0.0454 | 9 | 6 |0.0248 | 0.0264
4 | -4.111 241 125 0.152 0.1701 || 11 | 7 | 0.0296 | 0.0318
5 | -22.30 1441 726 0.7888 0.8433 || 13 | 8 | 0.0356 | 0.0384
6 | -141.0 10081 5047 5.422 5.843 || 15| 9 | 0.0423 | 0.0458
7 | -1024 80641 40328 57.26 66.67 17 110 ] 0.0491 | 0.0538
8 -8418 725761 362889 | 1514 2211 19 | 11 | 0.0568 | 0.0626
9 | -77355 || 7257601 | 3628810 - - 21|12 |0.0661 | 0.0835

10 79833601 | 39916811 - - 23113 - -

TABLE 3. Numerical results for f7g2).

Next, we consider the case where both orbits are of maximal size. Let

= % > exp(a’-x) - % > oexp(B” ),

O'ESTL

UES?’L
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where 8 = (1,2,...,n)7 and a = (2,8,...,2n?)T. The numerical results are shown in
Table 4]
Standard method Symmetric method
dim | bound Ty e ts t, Ny | Ne ts t,
2 1-0.4178 13 9 0.0301 0.0323 7 5 1 0.0431 | 0.0465
3 |-1.0323 85 31 0.0558 0.0603 || 15 | 6 | 0.0531 | 0.0569
4 -3.494 1201 145 - — o1 7 10.1212 ] 0.1301
5 | -15.13 29041 | 841 — — 243 | 8 [ 0.5750 | 0.6215
6 1038241 | 5761 — — 1443 | 9 — —

TABLE 4. Numerical results for fr(lg).

Finally, we consider the case where both orbits are small. Let
1< I
F@ = - ;exp(nzxi) - ;exp((n — (21 + ...+ ) + x5),

(B=(m,n—1,n—1,....n—1)T and a = (n?,0,...,0)"). The numerical results are shown
in Table Bl Note that this is a case treated in Theorem B.10]

Standard method Symmetric method

dim | bound Ty e ts t, Ty | Ne ts t,
2 | -0.1054 13 9 0.01901 0.0204 || 7 | 5 |0.0213 | 0.0229
3 -0.092 25 16 0.0268 0.0287 || 7 | 5 | 0.0205 | 0.0218
4 -0.076 41 25 0.0341 0.0367 || 7 | 5 |0.0205 | 0.0218
68 | -0.0053 || 9385 | 4761 - - 7 15 10.0475]0.0519
95 |-0.0038* || 18241 | 9216 — — 7 15 10.0267 | 0.0281

TABLE 5. Numerical results for f7§4).

Example 6.2. Finally, we give an example where A and B consist of two orbits each:
A={(n%0,...,0),(1,4,...,n*)} and B={(1,...,1),(1,2,...,n)}.

In this case, we are still able to compute the number of constraints and the number of
variables. With the standard approach,

ny,=2n'+n+1)n!'+1)+1, n.=mn+1)(n+2)+n,
while using symmetries,
ny=2n!'+2n+9, n.=n-+6.
Table [6] shows the numerical results for the signomials

1 < 1 1
9n =" ;exp(n%i) + - Z ocexp(a - x) —exp(zy + ...+ 1,) — - Z oexp(BT - 1)

O'GSn UGSTL



for a = (1,4,...,n?)T and 8 = (1,2,...
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,n)T.

Standard method Symmetric method

dim | bound Ty N, ts t, Ny | Ne ts t,
2 |-0.1918 31 14 0.0272 0.0292 || 17 | 8 [0.0738 | 0.0776
3 |-0.5223 141 38 0.0679 0.0727 || 27 | 9 | 0.0623 | 0.0663
4 | -2.118 1451 154 - - 65 |10 0.1436 | 0.1539
5 | -10.45 30493 | 852 - - 259 | 11 ] 0.5856 | 0.6320

6 1048335 | 5774 - - 1461 | 12 - -

29

TABLE 6. Numerical results for g,.

7. CONCLUSION AND OPEN QUESTIONS

We have developed techniques to exploit symmetries in AM/GM-based optimization
and confirmed their benefit in terms of computational results. As parts of our structural
results, we have initiated studying the symmetric SAGE and SONC cone and showed that
the symmetric SONC cone differs from the non-negativity cone already for very restricted
support sets. It remains open to capture further properties of the symmetric SAGE and
SONC cone as well as their relations to the non-negativity cone, and to extend these
considerations to more general setups.
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