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Deutsche Zusammenfassung

Die konvexen Kegel der nichtnegativen Polynome und Summen von Quadraten
sind zentrale Objekte in der konvexen algebraischen Geometrie. Ihr Ursprung
liegt in der bedeutenden Arbeit von Hilbert ([Hil88]). Darin werden beziiglich
der Anzahl der Variablen n und dem Grad d der Polynome alle Falle charak-
terisiert, in denen die Kegel iibereinstimmen. Diese Ubereinstimmung liegt
nur fiir binire Formen, quadratische Formen und fiir ternire Quartiken vor.
Seit dieser klassischen Arbeit ist die Frage nach der Differenz zwischen den
beiden Kegeln auch heute noch ein sehr wichtiges und aktuelles Problem. Sie
ist fiir viele Anwendungen von zentraler Bedeutung. Das sicherlich prominen-
teste Anwendungsgebiet liegt in polynomiellen Optimierungsproblemen, deren
Losung dquivalent dazu ist, die Nichtnegativitdt von Polynomen zu entschei-
den. Diese Optimierungsprobleme lassen sich insbesondere dann effizient 16sen,
wenn sich spezielle nichtnegative Polynome in diesem Rahmen als Summe von
Quadraten schreiben lassen. Der Grund hierfiir liegt in der Tatsache, dass
die Entscheidung, ob ein gegebenes Polynom nichtnegativ ist, im Allgemeinen
NP-schwer ist (|[BCSS98|). Die Frage, ob ein Polynom aber eine Summe von
Quadraten ist, ldsst sich mittels eines semidefiniten Zugehdrigkeitsproblems
16sen. Die Komplexitit semidefiniter Zugehorigkeitsprobleme ist zwar im All-
gemeinen ungeklért, sie ist aber polynomiell fiir eine feste Anzahl an Vari-
ablen des Polynoms. Dementsprechend ist eine fundierte Kenntnis iiber die
Differenz des Kegels der nichtnegativen Polynome und des Kegels der Sum-
men von Quadraten sowohl auf der theoretischen als auch auf der praktischen
Seite sehr wiinschenswert.

Das Ziel dieser Arbeit ist die Untersuchung dieser beiden Kegel und ihres
Zusammenspiels mit der reellen algebraischen und konvexen algebraischen Ge-
ometrie. Viele der erzielten Resultate gehen dabei explizit auf die Differenz
dieser Kegel ein und charakterisieren diese fiir reichhaltige Klassen von Poly-
nomen sogar explizit. Eine vollstindige Beschreibung der Differenz dieser
beiden Kegel ist aber aufgrund der komplexen Struktur der Kegel duferst
schwierig und unwahrscheinlich. Die Frage, ob und welche reichhaltigen Teil-
mengen oder Durchschnitte dieser Kegel vollstdndig beschrieben werden kon-
nen, ist ein zentraler Ausgangspunkt vieler vorangegangener Arbeiten. Die
neuen Resultate der vorliegenden Arbeit kénnen in die folgenden Gebiete
eingegliedert werden:
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1. Die Untersuchung der Randstruktur der Kegel der nichtnegativen Poly-
nome und Summen von Quadraten, insbesondere die Konstruktion tren-
nender Hyperebenen und die Frage nach moglichen Dimensionen der
Seiten dieser Kegel.

2. Die Frage nach der Nichtnegativitdt von Polynomen unter Ausnutzung
von Symmetrien.

3. Die Untersuchung von diinnbesetzten Polynomen hinsichtlich der Nicht-
negativitdt und Summen von Quadraten.

4. Die Anwendung der Diinnbesetztheit zur Berechnung unterer Schranken
von Polynomen mittels geometrischer Programmierung.

Bevor die Resultate dieser Arbeit ausfiihrlicher erlautert werden, wird im
Folgenden eine kurze Ubersicht iiber eine Auswahl an Referenzen gegeben,
deren Inhalte unmittelbar in Zusammenhang zu dieser Arbeit stehen. In
[CL78, CLR87, CLR80, Rez78| werden konkrete Beispiele und Konstruktionen
nichtnegativer Polynome betrachtet, die sich nicht als Summe von Quadraten
zerlegen lassen. FEin wesentlicher Bestandteil der Untersuchungen in diesen
Arbeiten ist der Rand des Kegels der nichtnegativen Polynome sowie die ma-
ximale Anzahl an Nullstellen von nichtnegativen Polynomen. In [Ble06] liefert
Blekherman Schranken fiir das Volumenverhéltnis eines kompakten Schnitts
des Kegels der nichtnegativen Polynome und des Kegels der Summen von
Quadraten. Diese Schranken zeigen, dass fiir einen festgehaltenen Grad der
Polynome, der mindestens vier ist, und wachsender Anzahl an Variablen, das
Volumenverhiltnis beliebig grof wird. Folglich gibt es bedeutend mehr nicht-
negative Polynome als Summen von Quadraten. Hilberts klassische Konstruk-
tion fiir die Existenz nichtnegativer Polynome, die keine Summe von Quadraten
sind, wird in der Arbeit [Rez07]| beschrieben und erweitert. Wesentliche Be-
standteile dieser Untersuchungen sind erneut die Randstrukturen der Kegel
sowie die moglichen Dimensionen ihrer zugehorigen Seiten. Die wichtigen
Verbindungen von nichtnegativen Polynomen und Summen von Quadraten
zu dem Gebiet der polynomiellen Optimierung sind in der Arbeit von Lasserre
(|[Las01]) sowie in der Arbeit von Parrilo und Sturmfels zu finden ([PS03]).
Dariiber hinaus gibt es mittlerweile reichlich Ubersichtsartikel und Biicher zu
diesen Themen (|[DP01, Lau09, Mar08, Rez00, BPT13|). Viele weitere Re-
sultate und Artikel finden sich in den zuvor referenzierten Arbeiten oder im
weiteren Verlauf dieser Arbeit wieder. Die Resultate der vorliegenden Arbeit
werden nun im Detail beschrieben.

Separierende Ungleichungen fiir nichtnegative Polynome, die keine
Summe von Quadraten sind. FEines der wichtigsten Resultate in der kon-
vexen Geometrie ist das Separationstheorem. In seiner einfachsten Form be-
sagt es, dass es fiir eine abgeschlossene konvexe Menge C' C R™ und einen
Punkt z ¢ C ein lineares Funktional  gibt mit der Eigenschaft [(x) < 0 und
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[(C) > 0. Da die Menge der nichtnegativen Polynome und die Menge der
Summen von Quadraten abgeschlossene konvexe Kegel bilden, ist es ein in-
teressantes Problem, separierende Ungleichungen fiir nichtnegative Polynome
zu finden, die keine Summe von Quadraten sind. Ein zentrales Hilfsmittel fiir
dieses Problem ist die Dualitdtstheorie und die Untersuchung der zugehorigen
dualen Kegel. Es ist wohlbekannt, dass solche separierenden Ungleichungen
numerisch effizient mittels semidefiniter Programme (SDP) gefunden werden
konnen ([Las01]). Da die Frage, ob ein Polynom eine Summe von Quadraten
ist, {iber ein SDP entschieden werden kann, ldsst sich eine separierende Unglei-
chung fiir ein nichtnegatives Polynom, das keine Summe von Quadraten ist,
wie folgt bestimmen: Durch Formulierung des Problems mittels eines SDP’s
ist klar, dass dieses SDP unzuléssig ist (da das Polynom per Annahme keine
Summe von Quadraten ist). Dann liefert aber eine zugehorige Losung des
dualen SDP’s ein (numerisches) lineares Funktional als Zertifikat, dass das
Polynom keine Summe von Quadraten ist. Will man nun aber exakte (alge-
braische) Zertifikate haben, wird dieses Problem deutlich schwieriger. In der
Tat ist kein allgemeines Verfahren hierfiir soweit bekannt.

In den minimalen Féllen, in denen die Kegel der nichtnegativen Polynome
und Summen von Quadraten nicht iibereinstimmen ((n,2d) € {(3,6), (4,4)}),
gibt Blekherman in seiner Arbeit [Ble12a] eine vollstdndige Charakterisierung
der Extremalstrahlen des dualen Kegels der Summen von Quadraten. Diese
sind nidmlich {iber Summen von Punktevaluationsfunktionalen eines Polynoms
p gegeben und besitzen die folgende Struktur:

l(p) = aip(v;), m € {8,9}, (0.0.1)

i=1

wobel a; € C und die Punkte v; € C" der Schnitt von zwei ternidren Kubiken
(m =9) bzw. drei quaterndren Quadriken (m = 8) sind. Ist nun p ein nicht-
negatives Polynom, das keine Summe von Quadraten ist, so ist man interessiert
an der Bestimmung von zwei terndren Kubiken (m = 9) bzw. drei quaternéren
Quadriken (m = 8) (sowie deren Schnittpunkte v;), sodass I(p) < 0 ist. Fiir
alle Quadratsummen ¢ gilt dann /(g) > 0 nach Blekeherman’s Resultaten in
[Ble12a]. Die exakte Bestimmung und das Finden von geeigneten Schnittpunk-
ten fiir ein festes Polynom p ist allerdings ein offenes Problem.

Basierend auf den Resultaten von Blekherman werden hinreichende Bedin-
gungen fiir nichtnegative Polynome am Rand des Kegels geliefert, um solche
separierenden Ungleichungen der Form (0.0.1) effizient zu konstruieren (Theo-
reme 3.3.1 und 3.3.3). Diese Kriterien konnen symbolisch und effizient getestet
werden. Die Idee basiert darin, die Nullstellen dieser Polynome als Teil der
Schnittpunkte v; zu wahlen. Dabei wird sich herausstellen, dass die vorgestell-
ten Verfahren insbesondere dann effizient sind, wenn die Polynome hinreichend
viele Nullstellen besitzen. Dies wird auf grofe Klassen von Polynomen zu-
treffen. In vielen Féllen lassen sich sogar rationale Zertifikate recht einfach
konstruieren. Als unmittelbare Folgerung lassen sich dann sofort strikt posi-
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tive Polynome konstruieren, die keine Summe von Quadraten sind. In seiner
Arbeit [Blel2a] vermutet Blekherman, dass die Extremalstrahlen in (0.0.1)
sogar rein reell beschrieben werden konnen, in der Hinsicht, dass man im-
mer Schnittpunkte v; findet, die reell sind. Diese Vermutung wird in der
vorliegenden Arbeit von einem berechnungsbasierten Aspekt behandelt, der
im wesentlichen dquivalent zu der Originalvermutung von Blekherman ist.
Basierend auf den erzielten Resultaten kann vom berechnungsbasierten Stand-
punkt diese Vermutung fiir reichhaltige Klassen von Polynomen am Rand des
Kegels der nichtnegativen Polynome bestétigt werden (Korollar 3.4.2). Durch
einige Experimente und Beispiele wird zusédtzlich das Problem der Konstruk-
tion separierender Ungleichungen der Form (0.0.1) mit der Approximation
semialgebraischer Mengen in Verbindung gebracht.

Seitenstruktur der Kegel der nichtnegativen Polynome und Sum-
men von Quadraten. Die meisten wohlbekannten Beispiele nichtnegativer
Polynome, die keine Summe von Quadraten sind, liegen auf dem Rand des
Kegels der nichtnegativen Polynome, der aus all den nichtnegativen Polynomen
mit mindestens einer reellen Nullstelle besteht. Der Grund hierfiir ist, dass die
meisten Konstruktionen solcher Polynome auf der klassischen Konstruktion
von Hilbert basieren oder eine Verallgemeinerung dieser sind. Diese Metho-
den beruhen jedoch alle darauf, dass aus einer vorgegebenen Nullstellenmenge,
nichtnegative Polynome konstruiert werden, die keine Summe von Quadraten
sind. Die Untersuchung der Randstruktur dieser beiden Kegel ist noch in
einem sehr frilhen Stadium und sogar in den minimalen Ungleichheitsfillen
der Kegel weitgehend offen. In den Gleichheitsfillen der Kegel ist wiederum
deutlich mehr bekannt und das Problem zum Teil vollstandig gelost (|[Bar02]).
Aktuelle Resultate, die beispielsweise den algebraischen Rand dieser Kegel be-
treffen, liefern bereits ein Indiz fiir die komplexe Randstruktur der Kegel, da
die Komponenten, die den Kegel der Summen von Quadraten von dem Kegel
der nichtnegativen Polynome trennen, sehr hohen Grad besitzen ([BHO'12]).

Motiviert durch diese Resultate und Techniken in [Rez07] werden folgende
Ergebnisse beziiglich der Randstruktur der Kegel prasentiert. Betrachtet wer-
den exponierte Seiten dieser Kegel, die gegeben sind durch eine Menge von
nichtnegativen Polynomen bzw. Summen von Quadraten, die alle auf einer
vorgegebenen, endlichen Punktmenge I' C R™ verschwinden. Fiir ternare
Formen (drei Variablen) und quaternire Quartiken (vier Variablen und Grad
vier) wird als Hauptresultat die Frage nach Dimensionsdifferenzen zwischen
den Seiten vollstéindig charakterisiert (Theoreme 4.2.1 und 4.3.1, Korollare
4.2.2 und 4.3.2). Préziser formuliert, wird in all diesen Féllen die minimale
Kardinalitdt von I' bestimmt, die eine Dimensionsdifferenz auf den zugehori-
gen exponierten Seiten bewirkt. Die Resultate gelten dabei unter schwachen
Voraussetzungen an die Punkte (wie zum Beispiel die Forderung, dass die
Punkte in allgemeiner Lage sind). Diese Dimensionsdifferenzen kénnen dann
ausgenutzt werden, um nichtnegative Polynome zu konstruieren, die keine
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Summe von Quadraten sind. In den minimalen Ungleichheitsfédllen der beiden
Kegel wird gezeigt, dass die maximale Dimensionsdifferenz eins ist und diese 1-
dimensionale Differenz sogar explizit charakterisiert (Propositionen 4.4.1 und
4.4.5). Dies liefert gleichzeitig eine Konstruktionsmethode fiir nichtnegative
Polynome, die keine Summe von Quadraten sind.

Die Resultate nutzen dabei zum Teil stark kommutativ-algebraische Metho-
den aus. Wesentliche Bestandteile der Beweise fiir terniire Formen basieren auf
der Gleichheit von symbolischen Potenzen und gewohnlichen Potenzen von
Verschwindungsidealen. Da diese Potenzen im Allgemeinen iiber algebraisch
abgeschlossenen Korpern betrachtet werden, ist es notig, einige dieser Aus-
sagen iiber den reellen Zahlen zu beweisen. Dies geschieht in den entsprechen-
den Abschnitten. Um die Dimensionen der Seiten explizit zu bestimmen, wird
eine Generizititsbedingung fiir endliche Punktmengen I' C R” eingefiihrt, die
als d-unabhdingig bezeichnet wird. Es stellt sich heraus, dass diese Bedingung
Zariski offen ist. Durch die Konstruktion eines expliziten Beispiels einer d-
unabhéngigen Menge I' C R™ der Grofe || = (”+j_1) — n wird gezeigt, dass

fast jede endliche Menge I' mit |I'| < (”J’j_l) — n ebenfalls d-unabhéngig ist

(Proposition 4.1.7). In der Tat ist diese obere Schranke sogar optimal.

Das Problem, die Dimensionen der Seiten zu untersuchen, ist insbesondere
deshalb interessant, weil man die Existenz nichtnegativer Polynome, die keine
Summe von Quadraten sind, sofort aufgrund von einfachen Dimensionszahlun-
gen beweisen kann. Die vorgestellten Methoden basieren auf Perturbations-
techniken, die in der Tat auf Hilberts klassische Konstruktion zuriickgefiihrt
werden konnen. Als Abschluss wird eine mogliche Erweiterung dieser Tech-
niken fiir Polynome prasentiert, die nichtnegativ auf einer beliebigen, reellen
projektiven Varietét sind.

Nichtnegativitidt von geraden symmetrischen Polynomen. Die Frage
nach der Nichtnegativitat von Polynomen ist besonders dann interessant, wenn
die Polynome eine spezielle Struktur besitzen. Ein wesentliches Problem des
allgemeinen Falls ist dadurch gegeben, dass die Dimension des Kegels der
nichtnegativen Polynome und des Kegels der Summen von Quadraten sehr
grok ist und sehr schnell anwéchst, sobald der Grad oder die Anzahl der Vari-
ablen zunehmen. Fiir symmetrische Polynome sind diese Dimensionen deutlich
kleiner und vor allem konstant, sobald die Anzahl der Variablen den Grad
iibersteigt. Die Untersuchung der Nichtnegativititsfrage fiir symmetrische
Polynome begann mit der Arbeit von Choi, Lam und Reznick in [CLR87],
in welcher gerade symmetrische Sextiken untersucht werden. Das zentrale
Resultat besagt, dass solche Polynome im R™ genau dann nichtnegativ sind,
wenn sie auf allen Punkten x € R™ mit maximal einer von Null verschiedenen
Komponente nichtnegativ sind. In seinen Arbeiten [Har92b, Har99| erweitert
Harris diese Resultate auf gerade symmetrische Oktiken (Grad acht Polynome)
und gerade symmetrische ternére Deziken (drei Variablen und Grad zehn). In
diesen Fillen sind fiir die globale Nichtnegativitit Punkte x € R" mit maxi-



mal zwei von Null verschiedenen Komponenten entscheidend. Zuséatzlich wird
gezeigt, dass es gerade symmetrische Polynome vom Grad zwdlf gibt, deren
Nichtnegativitit nicht durch Punkte mit maximal zwei von Null verschiede-
nen Komponenten entscheidbar ist ([Har92b, Har99|). In seiner Arbeit [Tim03|
lasst Timofte alle vorhergehenden Resultate als einfache Spezialfille erscheinen
und beweist, dass ein symmetrisches Polynom vom Grad 2d im R" genau dann
nichtnegativ ist, wenn es nichtnegativ auf allen Punkten x € R mit maximal d
verschiedenen Komponenten ist. Zuséitzlich wird gezeigt, dass ein gerade sym-
metrisches Polynom vom Grad 2d genau dann nichtnegativ im R™ ist, wenn es
nichtnegativ auf allen Punkten 2 € R™ mit maximal | 4] verschiedenen Kompo-
nenten ist. Diese Resultate werden von Riener in den Arbeiten [Riell, Riel2]
in deutlich vereinfachter Form bewiesen.

In der vorliegenden Arbeit werden Resultate von Harris verallgemeinert.
Dabei werden Polynome betrachtet, die in Unterrdumen des Vektorraums der
symmetrischen Polynome liegen. Als Hauptresultat werden fiir die Nichtnega-
tivitdt solcher symmetrischen Polynome Schranken an die Anzahl der von Null
verschiedenen Komponenten eines Punktes x € R" entwickelt. Diese sind ei-
nerseits sehr oft besser als die Schranken von Timofte und andererseits gar
nicht vom Grad der Polynome, sondern nur von der Dimension der Unter-
rdume abhéngig und stehen demnach in starkem Kontrast zu Timoftes Resul-
tat (Theorem 5.2.5). Sie sind insbesondere dann interessant, wenn der Grad
der Polynome deutlich grofser ist als die Anzahl der Variablen. Unter dieser
Voraussetzung ist das Resultat von Timofte ndmlich nutzlos und bringt keine
Vereinfachung der Nichtnegativititsfrage eines symmetrischen Polynoms mit
sich. Ferner zeigen die vorgestellten Resultate, dass das bessere Mafs fiir die
Anzahl der verschiedenen Komponenten eines Punktes x € R™ nicht der Grad
der Polynome ist (wie in Timoftes Resultat), sondern die Dimension der Un-
terrdume, in denen die Polynome liegen.

Diinnbesetzte nichtnegative Polynome, konvexe Polynome und
Summen von Quadraten. Eine Teilmenge A C N" heifst ein Kreis (engl.
circuit), wenn A affin abhéingig, aber jede echte Teilmenge von A affin unab-
héngig ist. Als ersten nichttrivialen Fall im Zusammenhang mit nichtnegativen
Polynomen und Summen von Quadraten werden Polynome betrachtet, deren
Newton Polytope Simplizes sind und deren Trigermengen genau aus den Ecken
und einem zusétzlichen inneren Gitterpunkt der Simplizes bestehen. Diese
Tragermengen sind dann ein Kreis im Sinne der obigen Definition. In Kapitel
6 werden nichtnegative Polynome und Summen von Quadraten auf solchen
Tragermengen vollstdndig charakterisiert (Theoreme 6.2.6 und 6.3.2). Wie
sich herausstellt, hingt speziell die Frage nach der Quadratsummeneigenschaft
ausschlieflich von der Gitterpunktkonfiguration im Simplex ab und nicht von
den Koeffizienten des Polynoms, was auf dem ersten Blick sehr {iberraschend
ist. Diese Bedingung stellt zudem interessante Verbindungen zu dem Gebiet
der torischen Geometrie und der Theorie der Gitterpolytope her. Durch Aus-
nutzung dieser Verbindungen werden grofe Teilmengen im Vektorraum der
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Polynome in n Variablen vom Grad 2d gefunden, auf denen der Kegel der
nichtnegativen Polynome mit dem Kegel der Summen von Quadraten iiberein-
stimmt (Theorem 6.4.1, Korollare 6.4.2 und 6.4.4). Das vielleicht prominen-
teste Beispiel eines nichtnegativen Polynoms mit solch einer Trigermenge ist
die arithmetisch-geometrische Ungleichung, die sich als einfacher Spezialfall
eines nichtnegativen Polynoms auf dem Rand des Kegels der nichtnegativen
Polynome herausstellen wird. In dieser Hinsicht kdnnen die vorgestellten Re-
sultate {iber die Nichtnegativitit solcher Polynome als Verallgemeinerung der
arithmetisch-geometrischen Ungleichung angesehen werden. Motiviert durch
das noch heute ungeldste Problem ein konvexes homogenes Polynom zu finden,
das keine Summe von Quadraten ist, wird daher auch der Schnitt des Kegels
der konvexen Polynome auf solchen Trigermengen vollstindig charakterisiert
(Theorem 6.5.4). Wie sich etwas iiberraschend herausstellt, gibt es bis auf
wenige Spezialfille (univariate Polynome und deren Homogenisierung) keine
konvexen Polynome mit solchen Triagermengen. Da sich besonders die Un-
tersuchung des Kegels der konvexen Polynome noch in einem sehr frithen
Stadium befindet, kénnen diese Resultate als Indiz dafiir gedeutet werden,
dass die Diinnbesetztheit von Polynomen eine Struktur ist, welche die Kon-
vexitdt von Polynomen verhindert. Basierend auf den Resultaten beziiglich
der Nichtnegativitdt und Summen von Quadraten wird ein neuer konvexer
Kegel eingefiihrt, der Kegel der Summen von nichtnegativen Kreispolynomen.
Dieser liefert, dhnlich wie die Summen von Quadraten, ein Nichtnegativitits-
zertifikat, ist allerdings grundsétzlich verschieden von dem Kegel der Summen
von Quadraten. Dieser neue Kegel wird sich speziell in der polynomiellen
Optimierung im weiteren Verlauf der Arbeit als sehr wichtig erweisen. Es
werden viele neue Fragestellungen beziiglich dieses Kegels formuliert und an-
hand von Beispielen demonstriert. Abschliefsend werden die Resultate auf
beliebige Newton Polytope erweitert und einige offene Probleme in [Rez89)
gelost (Proposition 6.7.1 und Theorem 6.7.2). Hierbei entsteht ein interessan-
ter Zusammenhang zu Triangulierungsproblemen von Polytopen.

Untere Schranken von Polynomen mittels geometrischer Program-
mierung. Geometrische Programme fiir die Berechnung unterer Schranken
von Polynomen bilden eine Alternative zu unteren Schranken mittels semide-
finiter Programmierung. In aktuellen Arbeiten [GM12, GM13| wird dabei ein
wichtiger Trade-Off zwischen geometrischen Programmen (GP) und semide-
finiten Programmen (SDP) beobachtet: Einerseits konnen in den obigen Ar-
beiten GP-basierte untere Schranken nicht besser sein als SDP-basierte un-
tere Schranken. Andererseits konnen mit geometrischen Programmen weitaus
hoherdimensionalere Beispiele in kurzer Zeit berechnet werden, wiahrend semi-
definite Programme aufgrund der schnell und stark anwachsenden Matrizen-
grofen in dem Programm keinerlei Ergebnisse liefern, oder sehr lange fiir die
Berechnung brauchen.

Motiviert durch die Resultate iiber diinnbesetzte Polynome in Kapitel 6 wer-
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den die in der Literatur bestehenden Klassen der geometrischen Programme
fiir die Bestimmung unterer Schranken von Polynomen signifikant erweitert.
Dabei wird gefordert, dass die Newton Polytope der Polynome Simplizes sind,
was z.B. fiir allgemeine Polynome in n Variablen vom Grad d mit voller
Tragermenge immer der Fall ist. Diese Erweiterung basiert auf hinreichen-
den Bedingungen an die Koeffizienten eines Polynoms, damit sich das Poly-
nom als Summe von nichtnegativen Kreispolynomen schreiben ldsst, die in
Kapitel 6 neu eingefiihrt werden (Theoreme 7.1.1 und 7.1.2). Ein fundamen-
tales Resultat wird dabei die Eigenschaft sein, dass die unteren Schranken
mittels geometrischer Programmierung in vielen Fillen sogar besser sind als
die semidefiniten Schranken, obwohl sie sich speziell fiir hoherdimensionalere
Beispiele deutlich schneller berechnen lassen (Korollar 7.1.4). Es liegt hier
also eine win-win Situation vor. Diese Situation lasst sich in den bestehenden
Arbeiten |[GM12, GM13| nicht beobachten, weil die dort betrachteten Pro-
gramme sich als Spezialfélle der in dieser Arbeit betrachteten Programme her-
ausstellen. Der Grund fiir diese Beobachtungen liegt in der Tatsache, dass
die in der vorliegenden Arbeit vorgestellten geometrischen Programme nicht
auf Quadratsummenzertifikaten basieren, sondern auf der Darstellung nicht-
negativer Polynome als Summe von nichtnegativen Kreispolynomen. In vielen
Fillen folgt daraus aber auch bereits die Quadratsummeneigenschaft, auf der
die Programme in [GM12, GM13| basieren. Zusammengefasst ist daher offen-
sichtlich, dass der neu eingefiihrte konvexe Kegel der Summen von nichtnega-
tiven Kreispolynomen einen véllig neuen Blickwinkel sowohl fiir die schwierige
Entscheidung der Nichtnegativitit eines Polynoms als auch fiir das Optimieren
von Polynomen liefert.

Bereits verdffentlichte Inhalte. Die Inhalte dieser Dissertation sind in
den Arbeiten |BIK13, IdW13, IdW14a, IdW14b, IdW14c| veroffentlicht bzw.
zur Veroffentlichung eingereicht.
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Chapter 1

Introduction

The cones of nonnegative polynomials and sums of squares arise as central
objects in convex algebraic geometry and have their origin in the seminal work
of Hilbert ([Hil88]). Depending on the number of variables n and the degree
d of the polynomials, Hilbert famously characterizes all cases of equality be-
tween the cone of nonnegative polynomials and the cone of sums of squares.
This equality precisely holds for bivariate forms, quadratic forms and ternary
quartics (|Hil88]). Since then, a lot of work has been done in understand-
ing the difference between these two cones, which has major consequences
for many practical applications such as for polynomial optimization problems.
Roughly speaking, minimizing polynomial functions (constrained as well as un-
constrained) can be done efficiently whenever certain nonnegative polynomials
can be written as sums of squares (see Section 2.3 for the precise relationship).
The underlying reason is the fundamental difference that checking nonnega-
tivity of polynomials is an NP-hard problem whenever the degree is greater
or equal than four (|[BCSS98|), whereas checking whether a polynomial can be
written as a sum of squares is a semidefinite feasibility problem (see Section
2.2). Although the complexity status of the semidefinite feasibility problem is
still an open problem, it is polynomial for fixed number of variables. Hence,
understanding the difference between nonnegative polynomials and sums of
squares is highly desirable both from a theoretical and a practical viewpoint.

The aim of this thesis is the discussion of nonnegative polynomials and
sums of squares and their interplay with real algebraic and convex algebraic
geometry. We also describe applications in polynomial optimization. Many of
our results address the difference between these two cones and characterize it
explicitly for rich classes of polynomials. In general, a complete and explicit
description of the difference between these two cones is a highly complicated
problem, due to the complex structure of these cones. However, the problem
to find large subsets or intersections of these cones that can be described
explicitly, is the origin of many articles concerning nonnegative polynomials
and sums of squares. We add to these works and present several other results,
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which can be integrated in the following areas:

1. The investigation of the boundary structure of the cones of nonnegative
polynomials and sums of squares, especially concerning the question of
possible dimensions of the faces of these cones and the construction of
separating inequalities.

2. The question of nonnegativity of polynomials under the additional struc-
ture of symmetries.

3. The investigation of sparsity structures of polynomials concerning non-
negativity and sums of squares.

4. The application of sparsity structures in geometric programming for com-
puting lower bounds for polynomials.

Before describing the new results in this thesis in more detail, we briefly give
an overview about some references, which are related to the contents of this
thesis. In [CL78, CLR87, CLR80, Rez78| the authors investigate some special
constructions of nonnegative polynomials that are not sums of squares. They
are mainly based on the boundary structure and the number of possible zeros a
nonnegative (resp. a sum of squares) polynomial can have. In [Ble06] Blekher-
man provides volume bounds for the volume ratio of some compact sections
of these cones. He proves that for fixed degree 2d > 4, there are significantly
more nonnegative polynomials than sums of squares as the number of vari-
ables runs off to infinity. The classical Hilbert construction to prove existence
of nonnegative polynomials that are not sums of squares is reviewed and signi-
ficantly extended in [Rez07| by providing more general perturbation methods
to construct such polynomials in low dimensions. These methods rely on study-
ing the boundary structure and dimensions of some faces of the cones. The
seminal relationship between nonnegative polynomials and sums of squares as
well as polynomial optimization is described in the work of Lasserre in [Las01]
and in the work of Parrilo and Sturmfels in [PS03|. For some surveys about
nonnegative polynomials and sums of squares as well as their interplay with
polynomial optimization we refer to [DP01, Lau09, Mar08, Rez00, BPT13|.
There are many other results in this area concerning several special cases and
exploiting structures in the problems such as, e.g., symmetry and sparsity of
polynomials. Many of these results can be found in the references of the arti-
cles described above as well as in later sections of this thesis. We now describe
the results in this thesis in more detail.

Separating inequalities for nonnegative polynomials that are not
sums of squares. One of the most basic theorems in convex geometry is the
separation theorem for convex sets. In its easiest form it says that if C' C R"
is a closed convex set and = ¢ C, then there exists a linear functional [ such
that [(x) < 0 and [(C') > 0. Since both nonnegative polynomials and sums of



squares are full dimensional closed convex cones, one basic problem is the de-
termination of such separating hyperplanes for nonnegative polynomials that
are not sums of squares. The major tool for studying questions of this type
is given by duality theory and the corresponding dual cones. It is well known
that such linear functionals can be obtained efficiently in a numerical way via
semidefinite programming (|Las01]). Since testing for the property of being
a sum of squares is a semidefinite program (SDP), one of the most common
methods to obtain a separating functional for a nonnegative polynomial p that
is not a sum of squares is to formulate an SDP requiring the polynomial p to
be a sum of squares. Since this SDP is clearly infeasible, any feasible solution
of the corresponding dual SDP yields a separating functional. However, the
problem gets significantly harder when these functionals (serving as certificates
for not being a sum of squares) have to be exact. In fact, no general symbolic
method for solving this problem is known so far.

In the smallest cases where there exist nonnegative polynomials that are
not sums of squares (i.e., (n,2d) € {(3,6),(4,4)}), in [Blel2a| Blekherman
completely describes the extreme rays of the dual sums of squares cones. These
extreme rays [ are given by sums of certain point evaluations of a polynomial
p and are of the form

I(p) = Z ap(v;), m € {8,9} (1.0.1)

where a; € C and the points v; € C" come from the intersection of two ternary
cubics (m = 9) resp. three quaternary quadrics (m = 8). However, the deter-
mination of such intersection points in order to build separating inequalities
for a polynomial p is still an open problem from a symbolic viewpoint. Using
these results, we provide sufficient criteria to efficiently obtain such separating
functionals for nonnegative polynomials on the boundary of the cones (Theo-
rems 3.3.1 and 3.3.3). These criteria can be checked in a completely symbolic
and efficient way. The key idea of this approach is to use the zeros of the
polynomials to construct the cubics and quadrics leading to the separating in-
equalities of the Form (1.0.1). The more zeros the polynomials have, the more
efficient this procedure works. Furthermore, for several important classes we
can provide exact functionals that are even rational whenever the zeros of the
polynomials involved are rational. As a direct consequence, in these cases we
can also construct strictly positive polynomials that are not sums of squares
with the same separating functional. In [Blel2a| Blekherman conjectures that
all the extreme rays of the dual sums of squares cones can be described in a
totally real manner, meaning, that all points v; in the representation (1.0.1) of
the extreme rays can be chosen to be real. We consider this conjecture from
a more computational viewpoint, which is basically equivalent to the original
conjecture. As a corollary, we obtain that our modified conjecture holds (at
least) for all boundary polynomials with sufficiently many zeros (see Corollary
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3.4.2). We provide examples yielding connections between satisfiability of the
criteria in Theorems 3.3.1 and 3.3.3 and approximation of semialgebraic sets.

Facial structure of nonnegative polynomials and sums of squares.
Most of the known and prominent nonnegative polynomials that are not sums
of squares lie on the boundary of the cone of nonnegative polynomials, which
consists of all those polynomials that have at least one real zero. The reason
for this is that most of the methods used to construct explicit examples of
nonnegative polynomials that are not sums of squares are based on Hilbert’s
construction or generalizations of it (|[Rez07]|). These methods yield polyno-
mials with many zeros. The problem of understanding the boundary and the
faces of the cones of nonnegative polynomials and sums of squares is widely
open, except in the cases of binary forms and quadratic forms ([Bar02]). But
already in the smallest cases where the two cones differ, a complete character-
ization of possible dimensions of the faces is open. Recent results concerning
the algebraic boundary of the cone of sums of squares indicate the very com-
plicated structure, since the components discriminating sums of squares from
nonnegative polynomials have very large degree ([BHO"12]).

Motivated by results and techniques in [Rez07] we present the following
results concerning the facial structure of the cones of nonnegative polynomi-
als and sums of squares. In this thesis we consider exposed faces that are
given by polynomials vanishing on a finite set of points I' C R™. For ternary
forms as well as for quaternary quartics (four variables and degree four) we
provide a complete characterization of the question whether and when there
exist dimensional differences between the faces of these cones and when they
occur for the first time (Theorems 4.2.1 and 4.3.1, Corollaries 4.2.2 and 4.3.2).
More precisely, we determine the smallest cardinality of I' C R™ to observe
dimensional gaps between the faces that are given by nonnegative resp. sums
of squares polynomials vanishing on I'. These results hold under some mild
conditions (such as, e.g., the condition for the points in I' to be in general
position). For both ternary forms and quaternary quartics we explicitly de-
scribe a 1-dimensional difference between these faces yielding a systematic way
of constructing nonnegative polynomials on these faces that are not sums of
squares (Propositions 4.4.1 and 4.4.5). Indeed, this 1-dimensional difference is
actually optimal in the smallest cases where nonnegative polynomials are not
sums of squares (i.e., (n,2d) € {(3,6), (4,4)}).

Our results for ternary forms are strongly based on commutative algebraic
methods. In fact, major steps in some proofs follow by dimensional equality be-
tween symbolic powers and ordinary powers of vanishing ideals of certain point
sets. Since the theory about symbolic powers and ordinary powers of ideals is
mainly considered over algebraically closed fields, we translate some results to
the case of real numbers. Furthermore, in order to determine the dimension of



the exposed faces, we introduce a genericity condition called d-independence
for finite sets of points in R™. This condition will be shown to be Zariski
open. By constructing an explicit example of such a set of size ("Jr;l*l) —n,
this yields that almost every finite set of points I' C R™ is d-independent for
| < ("J’Z_l) — n (Proposition 4.1.7). In fact, one can actually show that
(7L+§_1) — n is an upper bound for the cardinality of a d-independent set and

hence it is optimal.

The problem of studying dimensions of the faces of the cones of nonnega-
tive polynomials and sums of squares is particularly interesting, since it allows
to prove existence of nonnegative polynomials that are not sums of squares
by simple dimension counting. In fact, our results rely on perturbation me-
thods, which can be traced back to Hilbert’s classical construction. We end
the chapter with an outlook for generalizing these ideas to faces of nonnegative
polynomials and sums of squares on arbitrary real projective varieties.

Nonnegativity of even symmetric polynomials. The problem of de-
ciding nonnegativity of polynomials is particularly interesting whenever the
polynomials involved have some structure. One obstacle in considering the
full cones of nonnegative polynomials and sums of squares relies on the fact
that these cones have very large dimensions with growing number of variables
or degree. By considering symmetric polynomials, the dimensions of these
cones are much smaller and, more importantly, they are fixed once the number
of variables exceeds the degree of the polynomials. The problem of deciding
nonnegativity of symmetric polynomials began with the work of Choi, Lam
and Reznick in [CLR87]|, in which the authors consider even symmetric sex-
tics. They provide a complete semialgebraic description of nonnegative even
symmetric sextics and even symmetric sextics that are sums of squares. The
key result is that checking nonnegativity in this case can be reduced to checking
nonnegativity of univariate polynomials, since it suffices to prove nonnegativi-
ty of even symmetric sextics at all points x € R™ with at most one nonzero
component. In [Har92b, Har99] Harris adds to this work by establishing that
even symmetric octics (degree 2d = 8) and even symmetric ternary decics
(n = 3,2d = 10) are nonnegative if and only if they are nonnegative at all
points z € R"™ with at most two distinct nonzero components. In the case
of even symmetric ternary octics it is actually shown that nonnegativity co-
incides with the property of being a sum of squares. However, he also proves
that nonnegativity of even symmetric ternary forms of degree 2d > 12 cannot
be checked by considering points with at most two nonzero components.

In |Tim03] Timofte proves a very powerful result, namely, that a symmetric
polynomial of degree 2d is nonnegative if and only if it is nonnegative at all
points x € R™ with at most d distinct components. Additionally, an even sym-
metric polynomial of degree 2d is nonnegative if and only if it is nonnegative
at all points z € R™ with at most ng distinct components. Later, Riener was
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able to reprove these results in a much more elementary fashion than in the
original work, where most techniques are based on the theory of differential
equations (see [Riell, Riel2]). Generalizing results in [Har99] we consider even
symmetric forms contained in subspaces of even symmetric forms of degree 4d
in n variables. Concerning the question of nonnegativity of these forms, we
develop a uniform bound on the number of distinct components of a point
x € R™. This bound is independent of the degree of the forms and is often
better than Timofte’s bound (Theorem 5.2.5). This is in sharp contrast to
Timofte’s theorem in [Tim03], which states that the number of distinct com-
ponents depends on the degree of the polynomials. Hence, our result serves
as an indication that it is not the degree that is essential for the number of
distinct components of points x € R™ that have to be checked for nonnegativi-
ty. In fact, the proper measure for the number of distinct components seems
to be the dimension of the subspaces containing the forms. Our construction
is particularly interesting when the degree of the polynomials is significantly
larger than the number of variables. In this case, Timofte’s bound is useless,
since the number of distinct components that have to be checked is larger than
the number of variables of the forms.

Nonnegative, Convex, and Sums of Squares Polynomials Sup-
ported on Circuits. A subset A C N” is called a circuit if A is affinely
dependent but any proper subset of A is affinely independent. We consider
polynomials f such that the Newton polytope of f is a simplex and the sup-
port of f consists of all the vertices of the simplex with an additional interior
lattice point in the simplex. Such polynomials can be regarded as polyno-
mials supported on a circuit. We completely characterize the question when
such polynomials are nonnegative resp. sums of squares (Theorems 6.2.6 and
6.3.2). As will be seen, the latter question heavily depends on the combina-
torial structure of the simplex and, surprisingly enough, it is independent of
the coefficients of the polynomials. It yields a very interesting connection to
toric geometry and lattice polytopes. By using this connection in more detail,
we provide sufficient conditions for simplices to imply equality between non-
negative polynomials and sums of squares. In particular, this characterization
yields large subsets of the vector space of polynomials in n variables of even de-
gree 2d on which nonnegative polynomials are sums of squares (Theorem 6.4.1,
Corollaries 6.4.2 und 6.4.4). The most prominent example in this context is the
well known arithmetic-geometric mean inequality, which can be considered as a
special case of a polynomial supported on a circuit and lying on the boundary
of the cone of nonnegative polynomials. Motivated by the open problem to
find a convex homogeneous polynomial that is not a sum of squares, we inves-
tigate convexity of polynomials supported on circuits and prove the surprising
result that there are no convex polynomials supported on circuits, except in
the simple univariate case and its homogenization (Theorem 6.5.4). Based
on our results about nonnegativity and sums of squares, we introduce a new



convex cone, the cone of sums of nonnegative circuit polynomials. This convex
cone serves as a nonnegativity certificate, which is very different than sums of
squares certificates. It also plays a crucial role in polynomial optimization as
described in Chapter 7. As a final step, we extend our results to polynomi-
als with arbitrary Newton polytopes and supports given by the vertices of the
polytopes and one additional lattice point in the interior. This extension yields
interesting connections to triangulation problems of polytopes and solves some
open problems in [Rez89] (Proposition 6.7.1 and Theorem 6.7.2).

Lower Bounds for Polynomials with Simplex Newton Polytopes
Based on Geometric Programming. Besides the well known techniques
based on semidefinite programming, recently, there is much interest in finding
lower bounds for polynomials using geometric programming. In recent works
[GM12, GM13] there is an interesting trade-off that can be observed when com-
paring the bounds based on semidefinite programming (SDP) and geometric
programming (GP). On the one hand, bounds based on GP are not as good as
bounds based on SDP. On the other hand, even higher dimensional examples
(e.g., polynomials with large degree) can be solved quite fast with GP, whereas
SDP methods yield no output at all (or require a very long running time) due
to the growing size of the involved matrices.

Motivated by our results about sparse nonnegative polynomials in Chapter
6 we propose new geometric programs that significantly extend the existing
ones in the literature in order to find lower bounds for polynomials. Therefore,
we require the Newton polytopes of the polynomials to be simplices, which is,
e.g., the case for general polynomials in n variables of degree d with full sup-
port. These geometric programs are based on conditions on the coefficients of
a polynomial that are sufficient to imply that the polynomial is a sum of non-
negative circuit polynomials, which we introduce in Chapter 6 (Theorems 7.1.1
und 7.1.2). One fundamental result is the fact that for many instances the GP
based lower bounds are better than the SDP based lower bounds, in spite of the
fact that they can be computed much faster for higher dimensional examples
(Corollary 7.1.4). This is a win-win situation that cannot be observed in other
recent works in [GM12, GM13]. The underlying reason for this is the fact that
our results rely on the decomposition of nonnegative polynomials as sums of
nonnegative circuit polynomials rather than sums of squares, which are part
of the geometric programs in [GM12, GM13|. However, for the polynomials
considered in [GM12, GM13|, these two properties coincide. In this case the
SDP based bounds are at least as good as the GP based bounds. Hence, it is
obvious that our introduced convex cone of sums of nonnegative circuit poly-
nomials yields a completely new viewpoint both for deciding nonnegativity of
polynomials and to optimize polynomials with geometric programming.

Thesis Overview. This thesis is organized as follows. In Chapter 2 we
introduce the basic concepts of this thesis. It contains basic facts about non-
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negative polynomials and sums of squares, connections to semidefinite pro-
gramming, duality theory based on the problem of moments and some facts
and definitions about the quantitative relationship between nonnegative poly-
nomials and sums of squares as well as about the facial structure of these
cones.

In Chapter 3 we state and prove sufficient conditions and construction meth-
ods for separating inequalities for nonnegative polynomials that are not sums
of squares and that lie on the boundary of the cone of nonnegative polynomi-
als. In this case, it is (relatively) easy to generate strictly positive polynomials
that are not sums of squares. We provide some examples and conjectures,
which connect the satisfiability problem of the sufficient conditions to the ap-
proximation of semialgebraic sets.

Chapter 4 is dedicated to the boundary structure of the cone of nonnegative
polynomials and sums of squares. We describe exposed faces of both cones and
establish dimensional differences between their faces yielding a procedure to
construct nonnegative polynomials that are not sums of squares. In particu-
lar, we investigate the question when these dimensional differences occur for
the first time and provide bounds that are actually optimal in many cases.
By characterizing some dimensional differences explicitly, we provide exact
methods in order to construct nonnegative polynomials that are not sums of
squares.

In Chapter 5 we investigate nonnegativity of even symmetric forms of degree
4d in subspaces of arbitrary dimension in the vector space of even symmet-
ric forms of degree 4d. We provide subspaces on which nonnegativity can be
certified at points x € R", whose number of distinct components is less than
in Timofte’s theorem and is independent of the degree of the involved poly-
nomials. Furthermore, we introduce a new invariant relating the maximum
dimension of a subspace to the property of certifying nonnegativity of polyno-
mials in that subspace at points with a fixed number of distinct components.

In Chapter 6 we discuss polynomials supported on circuits. More precisely,
we consider polynomials p such that the Newton polytope of p is a simplex and
the support of p consists of all the vertices of the simplex and an additional
interior lattice point. For these polynomials we provide a complete solution to
the question when these polynomials are nonnegative resp. sums of squares.
This will result in many new subsets on which nonnegative polynomials are
sums of squares. Additionally, using techniques from toric geometry, we pro-
vide conditions on the simplex Newton polytopes to force equality between
nonnegative polynomials and sums of squares. Furthermore, we completely
characterize convex polynomials in this setting and extend all our results to
arbitrary Newton polytopes.

Finally, using results in Chapter 6, in Chapter 7 we introduce a new geomet-
ric program in order to produce lower bounds for polynomials. This approach
is based on conditions on the coefficients of a polynomial that are sufficient to
imply that the polynomial is a sum of nonnegative circuit polynomials.
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Chapter 2

Preliminaries

This chapter gives a short introduction to the basic concepts of this thesis. We
start by introducing the main objects of our thesis, namely the cone of non-
negative polynomials and the cone of sums of squares. We present some key
relationships between them and their connection to the widely used technique
of semidefinite programming. Furthermore, we introduce some basic concepts
of polynomial optimization using sums of squares techniques. Finally, the
reader is familiarized with some results concerning the quantitative and quali-
tative relationship between nonnegative polynomials and sums of squares when
taking a convex geometric viewpoint.

2.1 The Cone of Nonnegative Polynomials and
Sums of Squares

We consider the vector space of polynomials in n variables of degree at most d
and denote it by R[x]; := R[z1,...,x,]4. It is easy to check that dim R[x|; =
(";d). We will always use the standard multi-index notation: For a polynomial
p € R[x]gand a € NI} :={a € N": |a| = oy +- - -+a,, < d} we use the notation

b= ZaeNg PaX* with p, € R.

Definition 2.1.1. A polynomial p € R[x]a4 is called nonnegative if p(x) > 0
for all x € R™. A nonnegative polynomial p € R[x|sq of even degree 2d is a
sum of squares, if p = Zle q? for some polynomials q; € R[x]y and 1 <i < k.

Clearly, every sum of squares polynomial is nonnegative. To every polyno-
mial p € R[x]; we can associate a polytope, the so called Newton polytope of p,
by considering the exponent vectors of p as lattice points in R". Let therefore
A CNJ.

Definition 2.1.2. Given p = Y .4 PaXx" € R[x]4, the Newton polytope of p
1s defined as
New(p) := conv{a € A: p, # 0}.

11
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A necessary condition for a polynomial p € R[x]oy to be nonnegative is
that every vertex a of New(p) has even coordinates and comes with a positive
coefficient p, ([Rez78|). For p € R[x], the homogenization of p is given by

_ d I Tn
D(To, @1,y Tp) =20p | —5 ooy — | -

The property of being nonnegative resp. a sum of squares is preserved un-
der homogenizing polynomials, i.e., p is nonnegative resp. a sum of squares
if and only if the homogenization p is nonnegative resp. a sum of squares
(|[Mar08|). In this thesis we will mostly work with homogeneous polynomials
(also called forms) except when dealing with polynomial optimization or when
stated otherwise. Therefore, we fix notation and introduce the convex cone of
nonnegative forms and the convex cone of sums of squares forms as follows.
Let H, 4 be the vector space of real homogeneous polynomials in n variables
of degree d. Then we define

Pooa = {p€ Hpaa : p(x)>0forall x e R"},
Ynod = {p € Ppog : = qu for some ¢; € Hn,d} .

The investigation of the relationship between the cone of nonnegative forms
and the cone of sums of squares has its origin the seminal work of Hilbert when
he showed the following remarkable relationship between P, o4 and X, o4.

Theorem 2.1.3 (Hilbert [Hil88|). The equality Pnoq = Y24 exactly holds
for binary forms (n = 2), quadratic forms (2d = 2) and ternary quartics

(n,2d) = (3,4).

The first case states that every univariate (non-homogeneous) nonnegative
polynomial is a sum of squares, which follows from the fundamental theorem
of Algebra. In fact, every univariate nonnegative polynomial can be written as
a sum of two squares by grouping the real and complex roots. For quadratic
forms, the proof follows easily by writing the nonnegative quadratic form p
as p(x) = x! Ax with a symmetric positive semidefinite matrix A and using
Cholesky factorization. The minimum number of squares needed to represent
p as a sum of squares is equal to the rank of A. For a proof of P54 = X34 we
refer to [CL78|. In this case, every nonnegative ternary quartic can be written
as a sum of three squares.

Even though not every nonnegative polynomial can be written as a sum
of squares, Hilbert’s 17th problem asks for representability of nonnegative
polynomials as sums of squares of rational functions. In fact, in 1927, Artin
provided a solution to this problem.

Theorem 2.1.4 (Artin [Art27]). Let p € P, 24. Then there is a sum of squares
multiplier h € X, o, such that h-p is a sum of squares.
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If p is a strictly positive form, then there exists a uniform denominator h
given by h = (22 + -+ + 22)* for some k € N (JRez00]). However, a main
important problem remains to provide efficient degree bounds for the sum of
squares multiplier h in this representation. In general, except for ternary forms,
even in small dimensions no efficient degree bounds are yet known. For partial
recent results about the degree behaviour of such multipliers, see [BGP14].

In order to construct nonnegative polynomials that are not sums of squares
in all other cases than in Hilbert’s theorem, one can use nonnegative polyno-
mials that are not sums of squares in the smallest cases where the two cones
differ, i.e., for (n,2d) = (3,6) and (n,2d) = (4,4). Using homogenization and
the fact that both nonnegativity and the property of being a sum of squares
are preserved, one can construct nonnegative polynomials that are not sums
of squares easily for an arbitrary number of variables and arbitrary degree. In
order to make use of the sparsity of some polynomials, the Newton polytope
plays a key role, since it allows to reduce the number of possible monomials
that can occur in sums of squares representations.

Theorem 2.1.5 (Reznick [Rez78|). Let p = >, q? be a sum of squares. Then
New(q;) C 2 New(f).

Example 2.1.6. One of the first explicitly known nonnegative forms that is
not a sum of squares is the famous Motzkin form

M(w,y,z) = 2° + 2’y + 2?y* — 30%y°2° € Pyg \ By

Nonnegativity of M follows immediately from the arithmetic-geometric mean
inequality. In the other smallest case (n,2d) = (4,4), it is proved in [Rez78]
that

N(w,z,y,2) = w* + 2%y + y?2* + 2%2% — dwawyz € Pyy \ Baa.

Again, nonnegativity follows from the arithmetic-geometric mean inequality.
To prove that both M and N are not sums of squares, one can invoke Theorem
2.1.5. Considering the Motzkin form again, one has

% New (M) = conv{(0,0,3)",(2,1,0)",(0,1,2)"}
and the only additional interior lattice point is (1,1,1)T. So, the only mono-
maals that can occur in a sum of squares representation are the four mono-
mials 23, 2%y, vy?, xyz. But then the coefficient of the monomial x*y?z* has
to be nonnegative, in contradiction to the coefficient —3 in M. A similar ar-
gument shows that the form N cannot be a sum of squares, since the mixed
monomial xyzw cannot be constructed with the monomials corresponding to
tNew(N). However, one can verify that (z* + y* + 2?) - M € Y35 and
(22 +y* 4+ 22 + w?) - N € Syp.
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Even in the smallest cases (n,2d) = (3,6) and (n,2d) = (4,4) the question
about the precise quantitative relationship between P, o4 and X, o¢ remains an
important open problem. There are some special subsets of H,, o4, for which
precise answers exist. In |[CLR87|, the authors give a complete description
in the case of even symmetric sextics, which form a 3-dimensional subcone of
sextic forms for n > 3. In this case, there are explicit semialgebraic descriptions
for the cones of nonnegative even symmetric sextics and of even symmetric
sextics that are sums of squares.

2.2 Semidefinite Programming

In this section we provide a brief introduction to semidefinite programming,
which is a generalization of linear programming. After presenting some classi-
cal results such as weak and strong duality, we look at the relationship between
sums of squares and semidefinite programming in more detail. Our presenta-
tion follows |Las10, Mar08| unless referenced otherwise. Let R*** denote the
algebra of k x k matrices and S; be the subspace of real symmetric k x k
matrices. By S; we denote the convex cone of k X k positive semidefinite
matrices. In semidefinite programming, a linear functional is minimized over
the intersection of the cone of positive semidefinite (PSD) matrices with an
affine subspace. Before formulating a semidefinite program, we recall some
basic conditions for a matrix to be PSD.

Theorem 2.2.1. Let A € Sx. Then the following are equivalent.
1. Ae S

2. xI'Ax > 0 for all x € R¥.
3. All eigenvalues of A are nonnegative.
4. A=VTV for some V € RF*F,

5. All 2% — 1 principal minors of A are nonnegative.

In the following, we use the notation A = 0 for A € S,j and A > 0 for
A being positive definite. Given ¢ € R™ and Ay, ..., A, € Sk, a semidefinite
program (SDP) has the following form:

p* = inf{c'x: A(x) = 0}

where A(x) = Ao+ 2141+ - -+ 2,4, is a so called linear pencil. The feasible
region of an SDP

S:={xeR": A(x) = 0}
is called a spectrahedron. Recently, there is much interest in studying the ge-
ometry of semidefinite programming (see, e.g., [BPT13]). Linear programming

problems are just semidefinite programs with diagonal matrices. We note that
p* may not be attained as can be seen by the following example.
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Example 2.2.2. Consider the SDP

" . Tz 1
) )
P '_xlélugz{xl‘(l $2)>-O}.

Clearly, p* = 0 but there is no feasible point at which p* = 0 is attained.

In order to formulate the corresponding dual semidefinite program, we use
the standard scalar product on R¥** defined by

k
<A, B> = TI‘(ATB) = Z AijBij7

ij=1
where Tr(A) is the trace of A. The dual SDP has the form

d* = Sup{—<A0,Z> . <AZ7Z> = Gy, 1 S 7 S n, Z t O}
Z

Here, the variable is Z € Si. A first connection between p* and d* is the weak
duality theorem (see, e.g., [Mar08]).

Theorem 2.2.3. Let x be a feasible point of the primal SDP and Z be a
feasible matrix for the dual SDP. Then

—<A0, Z> < CTX.

The quantity p* — d* is called the duality gap and one of the most funda-
mental differences between linear programming and semidefinite programming
is the fact that this gap does not always vanish. In other words, strong duality
does not necessarily hold.

Example 2.2.4. Consider the SDP

0 s} 0
pti=inf Say: |21 2o 0 =0
x€R2
0 0 T, + 1

Looking at all principal minors, one can check immediately that p* = 0. The
corresponding dual SDP is given by

d* :=sup{—Ts3 : Zyy = 0,2Z15+ Z33 = 1, Z = 0}.

Again, checking the principal minors of the matriz Z, we can conclude that
d* = —1. Hence, the duality gap 1s p* — d* = 1.

However, strong duality holds under special conditions on the existence of
strictly feasible points in the corresponding semidefinite programs. The strong
duality theorem makes this more precise and is one of the most important
results in semidefinite programming (see, e.g., [Mar08]).
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Theorem 2.2.5. One has p* = d* if

1. the primal SDP is strictly feasible, i.e., there erists x € R™ such that
A(x) > 0, or,

2. the dual SDP 1is strictly feasible, i.e., there exists Z > 0 such that
<Ai7Z>:CZ', 1§Z§n

Furthermore, if both conditions hold, then the optimal values p* and d* are
attained.

Considering the previous example again, one can see that neither the primal
nor the dual problem have a strictly feasible solution. The main reason why
semidefinite programming is a very important tool relies on the fact that the
optimal value of an SDP can be computed in time polynomial up to an additive
error using interior point methods (see, e.g., [dK02]). Connecting this to sums
of squares, the main reason why sums of squares techniques are widely used
in tackling polynomial optimization problems is the fact that the problem
of deciding whether a polynomial is a sum of squares can be reduced to a
semidefinite feasibility problem, which, for fixed number of variables, is in P.
Let therefore p € R[x]o4 be a polynomial of degree 2d and v4(x) := (2%)}aj<d
be the vector of monomials up to degree at most d, which has length s(d) :=
(";d). The fundamental relationship between sums of squares and semidefinite
programming is given by the following result (see, e.g., [Las10]).

Theorem 2.2.6. A polynomial p € R[X]sq is a sum of squares if and only if
there exists () € S:[d) such that

p(x) = va(x)" Qug(x).

If Q € S; 4 then its Cholesky decomposition @ = VTV yields the repre-
sentation of p as a sum of squares:

p(x) = va(x)T Qua(x) = va(x)T VI Vuy(x) = (Vua(x))T (Voa(x)).

Note that the identity p(x) = v4(x)TQuq(x) yields linear equations that the
entries of the matrix @ must satisfy (comparing coefficients). Additionally,
since, in general, the monomials in vy4(x) are not algebraically independent,
the matrix ¢ will not be unique. So, there will be free parameters in the
representation vg(x)?Qug(x), which have to be chosen such that Q € S;E d)-
Therefore, 3, o4 is the projection of a spectrahedron. The size of the resulting
SDP is polynomial whenever the number of variables or the degree are fixed.
However, it is not jointly polynomial. Note furthermore that the size of the
SDP often can be reduced significantly by invoking Theorem 2.1.5. Therefore,
it suffices to consider monomials contained in %New(p) in order to obtain a
sum of squares representation.
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Example 2.2.7. Consider the bivariate polynomial

p=1—2zy+ 322y + 4z*y? + 2%y + 2°.
Instead of using all (2;3) = 10 monomials of degree at most 3, we can reduce
this number to four, since the reduced Newton polytope %New(p) contains the
four monomials 1, x, xy, xz%y. Hence, p is a sum of squares if and only if

b= (17 x,ry, I2?J)T : Q ' (17 x,ry, ny)

for some Q € 8. Ezpanding the right hand side and comparing coefficients,
the matriz Q) is given by

1 0 -1 X
0 1 =2 9
Q - _1 1—2)\ :2)) O
A0 0 4

There is one free parameter . Choosing A\ = %, one can check that Q € S .
In fact, for A = % the matriz () is even positive definite. Computing a Cholesky

decomposition, we find that

1,0\ Vi, 9,1\’
p= <1 —xy + §x2y) + 2 + (\/ixy + Tﬁy) + < §x2y>

One can show that the number of squares needed in such a representation
can always be taken to be equal to the rank of @ ([PW98|). In practice, poly-
nomials often come with certain structures, such as sparsity and symmetry.
There are some other techniques that make use of the sparsity and symmetry
of polynomials to reduce the number of monomials in sums of squares represen-
tations or to handle questions about nonnegativity (see, e.g., [GP04, KKWO05]
and Chapters 5 and 6).

Since semidefinite programs are solved efficiently in a numerical way, we
remark that existence of rational sums of squares representations cannot always
be guaranteed. In fact, not every polynomial with rational coefficients that is a
sum of squares of real polynomials also admits a sum of squares representation
with rational coefficients only (|Sch13|). For example, the form

p=a+y + 2+ ay® - 3%z — day’r + 20727 + 12 + Y2t € Ugy

cannot be written as a sum of squares of forms with rational coefficients only.
This is in sharp contrast to the univariate case as the following theorem shows
(see, e.g., [Lan06]).

Theorem 2.2.8. Let p € Q[x] be a sum of squares. Then p is a sum of squares
of polynomials with rational coefficients and at most five squares are needed.
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Example 2.2.9. The polynomial p(x) = 1+ x + 2> + 2® + 2* + 2° + 2° has
four representations as a sum of two squares. Ezxactly one of them is a rational

one: , ,
1 1 1 1
p(z) = (1 + 5%~ Exz - x3) +7 (§x + §x2> :

This can be checked by using Theorem 2.2.6. The matriz Q@ € R** has three
parameters and the spectrahedron defining all possible sums of squares repre-
sentations of p is 3-dimensional (see Figure 2.1). In order to write p as a sum
of two squares, one has to choose the three parameters such that the rank of @)
18 two. Therefore, all 3 x 3 and higher order minors must vanish. There are
four possible solutions (corresponding to the corners of the spectrahedron) of
which exactly one is rational, yielding the above representation.

Figure 2.1: On the left: The 3-dimensional spectrahedron describing the pos-
sible sums of squares representations. On the right: The projected spectrahe-
dron.

2.3 Polynomial Optimization

One of the most important applications of nonnegative polynomials and sums
of squares is in the area of polynomial optimization. We want to sketch the
basic ideas of the question why sums of squares techniques play an outstanding
role in the optimization of polynomial functions. All presented results are
contained in |Las10, Mar08| unless referenced otherwise. We start with the
problem of minimizing a polynomial function p € R[x]sq on R™:

p* = inf{p(x) : x € R"}.

Computing p* is an NP-hard problem in general (|[BCSS98|). One natural idea
to solve this problem is to compute all critical points of p. However, in general,
computing critical points by solving systems of polynomial equations is a hard
problem as well. Another obstacle in computing p* is the fact that p* may not
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be attained as the bivariate polynomial p(x,y) = (1 — 2y)? + 2? shows. Here,
p* = 0 but there is no point (z,y) € R? such that p(x,y) = 0. Looking at the
problem of computing p* from a dual viewpoint, we note that minimizing p is
equivalent to maximizing the best lower bound:

p*=sup{A€R:p—)\>0}.

So, minimizing polynomial functions is equivalent to deciding nonnegativity of
polynomials, which is NP-hard in general. It lies on the heart of polynomial
optimization to relax nonnegativity conditions to conditions requiring polyno-
mials to be sums of squares. In the above case we consider the following sums
of squares relaxation for minimizing a polynomial function:

k
Dips 1= SUP {)\ eER:p—A= qu for some ¢; € ]R[X]d} :
i=1
Since every sum of squares polynomial is nonnegative, one has the inequality
Pi.s < p*. An obvious question is when and how often equality holds.

Theorem 2.3.1. For p € R[x|sq one has pl,, = p* if and only if p — p* is a
sum of squares.

The quantity p?,, is just the optimal value of a semidefinite program and
can be computed efficiently. In fact, using duality theory, sometimes one can
even verify whether the relaxation p? . is exact, i.e., whether p% . = p*. Before
defining the dual semidefinite problem we present some known results about
the quantities p},, and p*. Let p € R[x]sq be a polynomial with homogeneous
decomposition as

pP=po+-+ D

where p; is homogeneous of degree k. Of course, one obvious necessary condi-
tion for p* # —oo is that poy is nonnegative.

Definition 2.3.2. Let p € R[x|qq be a polynomial with homogeneous decom-
position p = po + - - + pag. The polynomial p is called stably bounded from
below on R™ if pog is strictly positive on R™ (or, equivalently, if paq has no
zeros on the unit sphere S*™1).

Based on the stable boundedness condition there is also a sufficient condition
for p* # —o0.

Theorem 2.3.3. Let p € R[x]aq.

1. If p is stably bounded from below, then p* # —oo and p achieves a mini-
mum.

2. If pt,, # —00, then pog is a sum of squares.

3. If pag is an interior point of ¥, 04, then pt . # —oo.
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Two examples of forms in the interior of X, 94 are f; = (2?2 + -+ 4 22)¢
and fo = 23?4 ... + 224, The reverse directions in the last two statements in
Theorem 2.3.3 do not hold as the following examples show.

Example 2.3.4. The Motzkin polynomial m(z,y) = z*y* + 2%y* — 322y% + 1
satisfies m* = 0, m’,, = —oo but mg = x'y?* + x%y* is a sum of squares. The

polynomial p = (x — y)? satisfies p* = p%,, = 0 but py = (x — y)* € 0q,, i.e.,
p2 @5 on the boundary of Yoo, since py has zeros.

Having collected many interesting connections between the quantities p*
and p} ., we now introduce results from the theory of moments in order to
formulate a dual problem for p . and to check exactness of sums of squares
relaxations.

2.4 The Moment Problem

We introduce the moment problem in its real form and only in a manner that is
essential to understand the key relationship between nonnegative polynomials
and moments. We mainly follow [Las10] in our presentation unless referenced
otherwise. Let therefore y = (v,) C R be an infinite sequence of real numbers
with @ € N". The moment problem asks for the existence of a measure pu

supported on R” such that
Yo = / x“dpu.

Analougously, one can consider the truncated moment problem where o €
A C N” for a finite set A and y = (Yo )aea is a finite sequence. The measure
is called a representing measure of the sequence y. Given an infinite sequence
Y = (Ya) C R consider the linear functional L, : R[x] — R with

p(x) = D pax = Ly(p) = Y Pata:

aeN" aeN"

The following fundamental result relates the moment problem to the prob-
lem of deciding nonnegativity of polynomials.

Theorem 2.4.1 (Haviland [Hav36|). Let y = (Ya)aenr C R. There exists a

finite Borel measure i on R™ such that

Yo = / x“du  for all € N"

if and only if L,(p) > 0 for all nonnegative polynomials p on R™.

Since every univariate nonnegative polynomial is a sum of squares, the 1-
dimensional moment problem is well understood. However, since there is no
explicit characterization of nonnegative polynomials in the multivariate case,
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the multidimensional moment problem is much harder to solve and remains
widely open.

Let p =Y, paXx® € R[x]q. Recall that
va(x) = (1,21, @9, . . ., T, 22, 21T0, . .., 21Ty, .., 20, 2)T
is a basis of the real vector space R[x|q, which is of dimension s(d) = (";d).
Then p can be written as

p(x) =Y pax” = (p, va(x))

where p € R*@ is the vector of coefficients of p (ordered lexicographically).
Given a truncated s(2d)-sequence y = (Yo ), let My(y) be the moment matriz
of dimension s(2d) with rows and columns labeled by v4(x) and constructed
as follows:

My(a, B) = Ly(x°x") = yor s for a,3 € NI
Equivalently, My(y) = L, (va(x)va(x)"). The moment matrix My(y) defines a
bilinear form on R[x],; as follows:

(p, @)y := Ly(pq) = PTMd(y)q for p,qe R*@.

If the linear functional L, comes from a measure u, then, for every ¢ € R[x],
it holds that

(4,0)y = Ly(¢*) = / ¢*dp >0

implying that My(y) = 0. However, note that not every sequence y with
My(y) = 0 has a representing measure (in contrast to the 1-dimensional case).
By M(R™), we denote the space of finite Borel measures on R". Consider the
following problem:

o= inf d
Pmom pEM(R™), /Rnp 2
s.t. p(R™) = 1.
Now, we can reformulate the problem of computing p* as follows.

Theorem 2.4.2. Let p € R[x|2q. Then p* = plo-

The semidefinite relaxation of p;  is based on the non-equivalence between
existence of representing measures and positive semidefiniteness of the moment
matrix. The relaxation is given by the following program:

oy = 1nf{L,(p) : Mu(y) = 0,y0 = 1}.

Using duality theory of semidefinite programming one can show that o is in
fact the dual program of p . with the nice property that there is no duality

gap-
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Theorem 2.4.3. Let p € R[x|aq. Then pi,, = 0. Additionally, if o} > —o0,
then p%, s has an optimal solution.

One of the most interesting questions in polynomial optimization concerns
exactness of sums of squares relaxations. Suppose p} . is computed efficiently
via semidefinite programming. Is there a certificate for concluding p? . = p*7
Using duality theory there are some important results.

Theorem 2.4.4. Suppose that the optimal solution of the dual problem of
pi.s has rank one, that is, there exists y* such that rank(My(y*)) = 1. Then
P, = p*. In this case, factoring My(y*) = vg(x*)va(x*)T for some x € R"
yields one global minimizer xX* that can be read from the subvector of first
moments y: with |a| = 1.

Another stopping criterion is based on a so called flat extension of moment
matrices.

Theorem 2.4.5 (Curto-Fialkow [CF96|). If y* is the optimal solution of the
semidefinite program o and rank(Ma—1(y*)) = rank(Mq(y*)), then o) =
pi.s =P and there are at least rank(My(y*)) global minimizers.

By Hilbert’s theorem, it is clear that p , = p* whenever p is a univariate
polynomial, quadratic polynomial or bivariate polynomial of degree four.

Example 2.4.6. The global minimum of the univariate polynomial p(x) =
3zt + 423 — 1227 is p* = pf,, = —32. The dual program o’ is given by

Iy oy
inf ¢ 3ys +4ys — 12y : Mo(y) = (1 v2 w3 | =0

Y2 Ys Ya

It turns out that the optimal matrixz has rank one:

1 =2 4
My(y)=|-2 4 -8
4 -8 16
Hence, we find that x* = —2 is the unique minimizer of p.

We note that all presented ideas and results can be extended to global min-
imization of polynomials over compact semialgebraic sets. In fact, since there
are nice characterizations of nonnegative polynomials over compact semialge-
braic sets, there exist some important results concerning the moment problem
and hence for constrained sums of squares relaxations (see, e.g., [Las10]).



2.5. QUANTITATIVE ASPECTS 23

2.5 Quantitative Aspects

In this subsection we present some key relationships between the cones P, o4
and X, o4 by taking a convex geometric viewpoint. Considering experimental
results in small dimensions, X, o4 seems to yield a very good approximation
of P, 24 in spite of Hilbert’s theorem. We present results from [Ble06] about
the quantitative relationship between P, o4 and X, o4 stating that there are, in
fact, significantly more nonnegative polynomials than sums of squares.

In order to compare P, o4 and X, o4, in [Ble06] the idea is to take compact
sections of these cones and compare their volume ratio. Let therefore M be
the hyperplane of all forms in H,, o4 with mean zero on the unit sphere:

M:{pEngd:/ pda:O}
Snfl

where o is the rotation invariant probability measure on S"~!. The dimension
of M is Dy = (ng,l) — 1. Define the compact sections of P, o4 and X, oq

with the hyperplane M as

Pn,Qd = Pn,2d nM and z7371,2cl = 2n,2d N M.

For an m-dimensional compact set K C R™, the Euclidean volume has the
property that

vol((1+¢)-K)=(1+¢)"-vol K.

We would like to think of K and (14 ¢)K as similar in size, but if the ambient
dimension m grows, then (1+¢)K is significantly larger in volume. In order to
take this effect into account, the proper measure of the volume here is VOl(K)%.
Then there is the following asymptotic result.

Theorem 2.5.1 (|Ble06]|). There exist constants ¢,(d) and co(d) dependent on
d only such that

_ 1
er(d)n@ D2 < (%) P < op(d)n @72,
vol En,Qd

Hence, if the degree is fixed to be 2d > 4, then, asymptotically, there
are significantly more nonnegative polynomials than sums of squares. Taking
the optimization viewpoint, for sufficiently large n, almost always it holds
that p% . < p*. However, in spite of this asymptotic result, the picture in
small dimensions is still an open research problem as the bounds provided in
Theorem 2.5.1 are far from being optimal in these cases. In the following table
we demonstrate the values of these bounds for some small dimensions. Here,
n* is the minimal number of variables such that ¢, (d)n(@/2 > 1.

n | 2d | c;(d)n =72 | cy(d)n(d—1/? n*

3] 6 1.7-1077 7.2-10° 1.8-107
318 1.1-107° 1.9-10% 2.8 -10°
41 4 2.107° 442368 9059696640
416 2.2-1077 5.6 - 10° 1.8-107
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On the positive side, it is shown that nonnegative polynomials can be ap-
proximated arbitrarily well by sums of squares.

Theorem 2.5.2 (Lasserre [Las06b]). Let p € R[x] be nonnegative.

1. There exist some r* € N and X\* such that for all v > r* and A > \* >0
the polynomial
P+ A Z Z ﬁ 15 a sum of squares.

k=0 j=1

2. For every € > 0 there exists some r(p,e) € N such that

r(p,e) n

2%
€T=

pei=p+e E E ﬁ is a sum of squares
k=0 j=1

and ||p — pe||1 = 0 as e — 0, where ||p|[1 = >_ cnn [Pal-

This density result comes with the problem that no explicit bounds for r*, \*
and 7(p, €) are known so far.

2.6 Boundary Structure

A widely open problem in analyzing the convex cones P, and ¥, o4 is the
study of their facial structure and the possible dimensions of their faces. When-
ever these two cones coincide, the facial structure is much better understood
(|Bar02]). However, even in the smallest cases where they differ, a complete
description of the faces is an open problem. In Chapter 4 we analyze the fa-
cial structure of these cones in more detail. In the following, we present some
basic results about the boundary structure of P, 2q and X, 2q as well as their
dual cones. All presented results can be found in [BPT13] unless referenced
otherwise. We start by recalling some basic definitions and properties from
convexity theory.

Definition 2.6.1. Let C C R™ be a convex cone.

1. A subcone F C C 1is called o face of C, if for any x,y € C, whenever
x+y € F, it holds that x,y € F'. The dimension of a face F' is defined
as

dim F' := dim span(F).

2. An element p # 0 contained in a 1-dimensional face is called an extremal
element. Equivalently, if p = y1 + y2, v1,y2 € C, then p = \jy; for some
Ai >0 and i€ {1,2}.
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3. A face F is called an exposed face of C, if ' = C N H where H is a
nontrivial supporting hyperplane to C.

Every element in a closed convex cone can be written as a finite sum of
extremal elements (see, e.g., [Bar02]). Note that we can identify the cones
P, 2q and X, 94 as cones lying in RAim Hn2a — R<n+§j_l) The description of
extremal elements of the cones P, o4 and ¥, o4 is a very hard problem. For
Y24 there is an easy necessary condition, namely, that all extremal elements
of ¥, 24 are perfect squares (|CLR82|) but this is not sufficient as the example

(2% + %) = (2% — y*)? + (22y)? shows.

Example 2.6.2 (|CL78]|). The Motzkin form M (z,y, z) = 2% + 2*y* + 2%y* —
31%y*2? € P3g \ Yz is extremal in Pyg and the form N(w,z,y,z) = w* +
22y + y?2? + 222 — dwaryz € Pyy \ Xaa is extremal in Pyy.

Let EP, 24 and E£X,, o4 denote the set of extremal forms of the cones P, o4
and En,Qd-

Theorem 2.6.3 (|CLR82|). Let X, 04 C Pp24. The inclusion £, 24 C EPy 24
precisely holds in the following cases:

1. 2d <6,
2. (n,2d) = (3,8),
3. (n,2d) = (3,10).

The dual cone C* of a convex cone C in a real vector space V is defined as
the set of all linear functionals that are nonnegative on C| i.e.,

C*:={leV":l(x) >0 forallx € C}.

For closed convex cones the biduality theorem states that (C*)* = C' (|Bar02]).
One of the most important linear functionals when studying faces of P, o4 is
the evaluation functional: For v € S"' let [, € H ,; be the linear functional
given by evaluation at v:

l(p) =p(v) for pe H,oa
Proposition 2.6.4. Py, is the conical hull of functionals I, for allv € S*~':

P’ oy = cone{l, : v € S"'}.

n

In particular, a form f is nonnegative on R™ if and only if it is nonnegative
on the unit sphere S"1.
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Note that testing membership [ € P, is just the truncated moment prob-
lem, which we introduced earlier by considering duality theory for polynomial
optimization problems. In order to give a description of the dual cone of 3, 54,
we first note that the dual space H, ,; can be identified as a subspace S, 4
of the vector space of real quadratic forms in H, 4. For a linear functional
I € H} 4, the corresponding quadratic form @, is defined by Qi(f) = 1(f?).
The cone of positive semidefinite forms in 5, 4 is then defined as

Spa=1Q € Sna: Q(f) >0 forall f € H,qa}.
Proposition 2.6.5 ([Blel2al). It holds that
Z,Qd - S:Lr,d n H;;,zw

In particular, Proposition 2.6.5 implies that ¥ ,; is a spectrahedron (re-
member that ¥, o4 is a projected spectrahedron, see Section 2.2).

The set of extreme rays of a closed convex cone is very important, since every
element in the cone can be written as a sum of finitely many extremal elements.
Exposed extreme rays of P, o4 are easy to describe, since their varieties are
maximal.

Proposition 2.6.6. A form p € P, 24 s an exposed extreme ray of P, 24 if
and only if for all ¢ € P24 with V(p) C V(q) it holds that ¢ = A\p for some
AeR.

Example 2.6.7. The Motzkin form M (z,y,z) = 25 + 2ty? + 22y* — 322y22?
spans an extreme ray of Psg but it is not exposed. The zeros of M are given
by

V(M) ={(1,0,0),(0,1,0),(1,1,1),(—=1,1,1),(1,—1,1),(1,1,—1)}.

In [CL78], it is proved that S(x,y, z) = xty*+y*22+242? = 322y?2* € P36\ X3,
where nonnegativity of S is given by the arithmetic-geometric mean inequality.
One can check easily (since it is known when the arithmetic mean equals the
geometric mean) that V(S) =V (M)U{(0,0,1)}. But, obviously, S # XM for
all A € R. Hence, the Motzkin form does not span an exposed extreme ray of
Psg.

Since, by Proposition 2.6.4, every exposed face of P, o4 is given by a set of
forms vanishing on a finite set of points, an obvious problem is to determine the
maximum number of zeros a nonnegative form p € P, o4 can have. Following
the notation in [CLR80| we define

Bpoa:= sup |V(p)] and nod = sup [V(p)].
pEPn.,Zd pEEn,Qd
[V (p)|<oo [V (p)|<oo

An exact determination of these numbers seems to be a rather difficult task.
For special cases, these numbers are determined or estimated, as the following
theorem shows.
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Theorem 2.6.8 ([BHO"12, CLR80, Sha77]). The numbers By 24 and B} 54
satisfy the following relations.

1. B3,6 — B474 — 10,

G < Byog < 2422 11 for 2d > 6,

Bser > 10k* , Bygpio > 10k* + 1, By grra > 10k% + 4,

-1
B?”L,Qd Z d" )

2d)?

Note that the number Bjg satisfying 16 < Bsg < 19 is still not exactly
determined. In the smallest cases where P, 2q # X, 24, the results are actually
more delicate as the following theorem shows.

Theorem 2.6.9 (|[BHO™12, CLR80|). If p € Pss and |V (p)| > 10, then p €
Y36 and p is a sum of three squares of cubics. If p € Py4 and |V (p)| > 10,
then p € ¥y 4 and p 1s a sum of siz squares of quadratics.

We will strongly make use of this theorem in Chapter 3 when studying
separating inequalities for polynomials p € 0Ps ¢ and p € 0P, 4. Forms in P
with exactly 10 zeros are in fact extremal.

Theorem 2.6.10 ([Rez07]). Let p € P36 and |V (p)| = 10. Then p is extremal,
i.@., pE 8P3’6.

Example 2.6.11. The Robinson form

R(z,y,z) = 2%+ 0+ 25 — (a"y? + 2®y* + 2" + 2% + "2 + y22") + 327720
satisfies R € Py \ X356 ([CL78]) and has exactly ten zeros:

V(R) = (0,+£1,1),(1,0,,41), (£1,1,0),(1,1,1),(—1,1,1),(1,—-1,1), (1,1, —1).
Hence, by Theorem 2.6.10, R € EPs¢.

Known forms in Ps ¢ with exactly ten zeros are rare (see [Rez07| for some
other examples) and it would be a major breakthrough to characterize all
possible 10-point configurations S C R3 that arise as varieties of forms p €
Ps¢. However, in [BHOT12| it is shown that the algebraic boundary of the
semialgebraic set £ P56\ X3¢ is the Severi variety of plane rational sextic curves,
which has dimension 17 and degree 26312976 in the set of all plane sextic
curves.






Chapter 3

Separating Inequalities for
Nonnegative Polynomials that are
not Sums of Squares

In this chapter, we tackle the problem of constructing separating inequalities
for nonnegative polynomials that are not sums of squares. In the smallest cases
where P, 24 # Y24, 1.€., for (n,2d) € {(3,6), (4,4)}, Blekherman showed that
it is precisely the Cayley-Bacharach relation that prevents sums of squares from
filling out the cone of nonnegative polynomials. More precisely, in [Blel12a] it
is shown that every separating extreme ray in the dual sums of squares cone
for a given nonnegative polynomial that is not a sum of squares depends on
an 9-point configuration for (n,2d) = (3,6) resp. an 8-point configuration for
(n,2d) = (4,4) coming from the intersection of two cubic resp. three quadratic
forms. Furthermore, given an appropriate 9-point (resp. 8-point) configura-
tion, one can write down an extreme ray of the dual sums of squares cone (see
Theorems 3.2.2 and 3.2.1) corresponding to a face of maximal dimension in
the sums of squares cone.

A central problem in this area is how to determine the separating inequalities
efficiently. This can always be done in a numerical way (see Section 3.2), but is
widely open for exact methods currently. Hence, finding constructive methods
for computing these inequalities is one main research issue. Blekherman’s
results do not provide an efficient symbolic way to obtain a proper 9-point
(resp. 8-point) configuration to solve this problem (see Section 3.2 for further
details).

Our approach to this problem is to construct a proper 9-point (resp. 8-point)
configuration out of a given initial set of points. Specifically, we investigate
nonnegative polynomials p, which lie on the boundary of the cones P;¢ and
P, 4. Our main result, Theorem 3.3.1, provides a sufficient condition for using
some real zeros of p as a subset of a 9-point (resp. 8-point) configuration. The
idea is to fill up the set of k zeros with 9 — k (resp. 8 — k) points such that a
genericity and a quadratic condition based on the Cayley-Bacharach relation

29



30 CHAPTER 3. SEPERATING INEQUALITIES

hold (note that £ < 10 for p € Psg \ Y36 and p € Py4 \ X44; see Theorem
2.6.8). Given these conditions, which are computationally easy to check, we
can construct a separating extreme ray immediately. This method reduces
the complexity of constructing separating extreme rays via symbolic computa-
tion significantly. Furthermore, it yields rational certificates for rational point
configurations and even for rational varieties V(p) C Q3 resp. V(p) C Q.

We show that for p € Psg\ Y36 and k > 7 (resp. p € Py \ X44 and k > 6)
almost every 9-point (resp. 8-point) configuration containing seven (resp. six)
zeros leads to a certificate for a nonnegative polynomial p to be not a sum of
squares. This proves a slightly modified version of Blekherman’s Conjecture
3.3.6 for many instances.

We begin with reviewing some curve theoretical issues as, e.g., the Cayley-
Bacharach relation and present Blekherman’s results on the dual cones 333 5 and
¥ 4+ In Section 3.3 we state and prove our main Theorems 3.3.1 and 3.3.3 for
ternary sextics and quaternary quartics and discuss exactness and rationality
of our methods. Section 3.4 deals with the special case of polynomials with
exactly seven (resp. six) zeros. We show that in these cases our method
generically yields a separating extreme ray (Theorem 3.4.1), which also proves
the special instances in Blekherman’s Conjecture 3.3.6. Finally, in Section 3.5
we discuss the difficulties of dropping zeros in our method by applying it to
the Motzkin polynomial and investigate some geometric aspects of the set of
appropriate point configurations in our method (see Figure 3.1).

3.1 Curve Theoretical Background

We recall some classical results from algebraic geometry. We start with the
Cayley-Bacharach relation. It exists in various formulations (see [EGH96]); we
use the one given in [Blel2a].

Lemma 3.1.1. Let (n,2d) € {(3,6),(4,4)} and fi,..., fu—1 € H,q be forms
intersecting transversely in s = d"~1 complex projective points vy, ...,7s. Let
vy, ..., be affine representatives of the projective points ;. Then there is a
unique linear relation on the values of any f € H, 4 on v;:

Zujf(vj) =0 forall f € Hygq (3.1.1)
j=1

with nonzero u; € C. Furthermore, if (3.1.1) is satisfied, then the following
genericity conditions hold for the cases (n,2d) = (3,6) resp. (n,2d) = (4,4).

no four of the v; lie on a line and no seven on a quadric, (3.1.2)

no five of the v; lie on a plane (i.e., a projective linear 2-space). (3.1.3)
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For the genericity condition (3.1.3), see, e.g., [Hil88]. Note that if all points
v; are real, then all Cayley-Bacharach coefficients u; are real, too (see [Blel2a,
Lemma 4.1]) and can be computed by solving a system of linear equations with
the coefficients of forms in Hj 3 resp. Hyo as variables.

Each of the conditions (3.1.2) and (3.1.3) can be checked easily by investi-
gating the minors of the matrix given by the vectors v;.

For the description of the extreme rays of Y34 one needs to investigate
9-point configurations given as the intersection of two coprime ternary cu-

bics. The following lemma shows that coprimality is the case generically (see
[Rez07]).

Lemma 3.1.2. Suppose A := {vy,...,v3} is a set of eight distinct points in
R3, no four on a line and no seven on a quadric and let fi, fs be a basis
of the vector space of all homogeneous cubics with projective variety affinely
represented by A. Then f1 and fy are relatively prime.

This lemma yields that one can apply Bezout’s theorem in order to compute
a ninth intersection point vy of fi; and fo. However, vg might not be different
from wy,...,vg (i.e., the intersection multiplicity might be greater than 1).
But, again, generically this will not be the case as the following lemma shows
(see |Niel2|).

Lemma 3.1.3. Let fi, fo be two homogeneous polynomials in n variables (with
n > 2) of degree d and generic coefficients. The discriminant A(f1, f2) van-
wshes if and only if f1 = fo = 0 has a singular solution. The set of polynomials
for which this is the case is a hypersurface.

In Section 3.4 we investigate the special case of polynomials p € P3¢ \ Y36

with exactly seven zeros. In this context we use the following lemma (see
[Rez07]).

Lemma 3.1.4. Suppose A is a set of seven distinct points in R3, no four on
a line and no seven on a quadric with basis f1, fo, f3 for the vector space of
homogeneous cubics with projective variety affinely represented by A. Then
f1, fa, f3 have no common zeros outside of A.

3.2 Blekherman’s Results

In [Blel2a| Blekherman fully characterizes the extreme rays of the dual cones
336 and X} 4 via the Cayley-Bacharach relation. We recall his main results.

Theorem 3.2.1. Let (n,2d) € {(3,6),(4,4)} andp € P,2q\ Xn2a. Then there
exists forms qu, . .., qn_1 € Hy 4 intersecting transversely in s = d"~' projective
points vi, . ..,%s, which yield a certificate for p € P94\ Xn0a. More precisely,
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let vy, ...,vs be affine representatives of v1,...,vs. Then there exists a linear
functional | - Hy, 29 — R given by

s

I(f) = Zaif(vi)

=1

for some a; € C such that l(p) < 0 and (X, 24) > 0. Furthermore, at most
two of the points ~; are complex.

Recall that for every | € X7 ,, there is a corresponding quadratic form @,
defined by Q; : H,q — R, f — I(f?) (see, e.g., [Blel2a, Lau09]). One defines
the rank of a linear functional | € ¥ ,; by rank(l) := rank(Q;). In [Ble12a] it is
shown that for (n,2d) € {(3,6), (4,4)} every extreme ray of X ,,, which does
not correspond to a point evaluation (i.e., a rank 1 quadratic form), is given by
a rank (dim H,, 4 — n) quadratic form, which comes from a 9-point evaluation
(resp. 8-point evaluation) in the case (n,2d) = (3,6) (resp. (n,2d) = (4,4)).
In particular, dim Ker(Q;) = n.

The linear functional [ in Theorem 3.2.1 can be described in more detail by
the following result.

Theorem 3.2.2 ([Blel2a]). Let (n,2d) € {(3,6),(4,4)}. Suppose | spans an
extreme ray of 3 o;, which does not correspond to a point evaluation. Let W)
be the kernel of the corresponding quadratic form Q; and suppose qq,...,qn_1 €

W, intersect transversely in s = d"~! real projective points 1, . .. ,vs with affine
representatives vy, ...,vs such that the unique Cayley-Bacharach relation is
given by

upf(vr) + - +ugf(vs) =0 for f € Hyq.
Then @, can be uniquely written as
Qi(f) = arf(v)* + -+ asf(vs)?

with exactly one single negative coefficient

2

—Uu
ar = = ku2 - (321)
feovi-d

and the rest of the a; being strictly positive. Furthermore, any such form is
extreme in Xy, 5.

Suppose p € P3¢\ Y36 and we want to construct a separating extreme ray !
for p using Theorems 3.2.1 and 3.2.2. Therefore, we need to find two coprime
ternary cubics ¢, g2 intersecting in 9 points. But ¢y, g2 need to be contained in
the kernel W, of the quadratic form @); corresponding to [. Hence, one already
needs to know [ in advance to determine ¢, gs.



3.3. A CERTIFICATE FOR BOUNDARY POLYNOMIALS 33

This problem can be avoided by choosing a 9-point configuration A =
{v1,...,v9} coming from an intersection of two real ternary cubics ¢1, 2. So, a
separating extreme ray [ is obtained by finding an appropriate a = (a4, ..., ag)
satisfying (3.2.1) with respect to A such that l,(p) < 0. Whether such an a
exists or not is unclear a priori though it can be answered by quantifier elimina-
tion methods (see, e.g., [BPR06, BCR9S8|). But, to the best of our knowledge,
no methods are known to compute an appropriate a in a symbolic and exact
way efficiently.

However, one can solve this problem numerically. Let p € P36\ X34 be a
ternary sextic and r € int (34) (e.g., 7 = 2%+ 95+ 28 or r = (27 + 3% + 22)%).
Consider the following semidefinite optimization problem:

in A h that Ar € Yy
IAnG%K} suc at P+ AT € 2

For A minimal, the polynomial p 4+ Ar is strictly positive and lies on the
boundary of ¥34. Hence, p+ Ar is a sum of exactly three squares s? + s3 + s3
(see [Blel2al).

The polynomials sq, s9, s3 have no common zeros and an appropriate linear
combination of two of these polynomials can be used as ¢; and ¢ in Blekher-
man’s theorem. Of course, the computation of the corresponding nine inter-
section points will be difficult and not exact, too. Furthermore, getting “nice”
values (e.g., a rational minimal \) depends also highly on the choice of the
polynomial r € int (2376). It is not clear how to choose 7 in dependence of p.

In the case p € P4\ X44, this approach works the same way. For A minimal
the polynomial p+ Ar is a sum of exactly four squares p+ Ar = s% + 3+ 52+ 3.
Three of these four s; have a common zero (see [Blel2al).

3.3 A Certificate for Boundary Polynomials

Our approach to construct a separating extreme ray for a given boundary
polynomial p € OP; 6\ X3¢ is to investigate certain point sets A := {vy,...,v9}
containing the variety V(p), satisfying the genericity condition (3.1.2) and for
which we can certify that there are coprime polynomials ¢;,q2 € Hs3 with
V(g) NV(g) = A.

Note that if we talk about zeros of homogeneous polynomials in this and
the following sections, then we always consider their affine representatives with
slight abuse of notation.

The easiest case is when p has at least eight zeros vy,...,vs (satisfying
(3.1.2)). Lemma 3.1.2 provides the existence of coprime ¢, e vanishing on
vy,...,vs and thus a ninth point vg is given by Bezout’s theorem. For a
generic set of zeros vy, . . ., vg the corresponding coprime polynomials ¢, g2 have
generic coefficients and hence, due to Lemma 3.1.3, we have vg ¢ {v1,...,vs}
generically. Thus, A := {vy,...,v9} satisfies (3.1.2) generically. This yields a
certificate [ immediately, since for any choice of aq, ..., ag we obtain an ag < 0
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by (3.2.1) such that

9
lp) = > ajp(vj) = agp(vy) < 0.
j=1

In the following, we generalize this idea to any number of zeros between
one and seven. We choose the zeros vy, ..., v; of a polynomial p € 0Ps¢ \ Y36
as a subset of the nine intersection points A := {vy,...,v9} of two coprime
ternary cubics. We provide a symbolic method based on genericity conditions,
which yields a separating extreme ray if one finds a (9 — k)-point configuration
satisfying some quadratic relation. Specifically, the following theorem holds.

Theorem 3.3.1. Let p € OP36 \ Y36. Let A := {vy,...,v9} C R?® be the
intersection of two coprime polynomials q1,q2 € Hs3 such that the genericity
condition (3.1.2) holds and V(p) = {v1, ..., v} with 1 <k < 7. Then one can
compute a certificate l, : Hy s — R, f — 2321 a;f(vy), a:=(a,...,a9) € R?
with respect to A for p & Y3, if the following inequality holds:

(uiyy + -+ ug)(P(orsr) + - +plus) < ugp(vo). (3.3.1)

Here, the u; are given by the unique Cayley-Bacharach relation on A and l, s
an extreme ray of 33 .

Note that the Cayley-Bacharach coefficients u; can be computed by solving
a system of linear equations (see Section 3.5 for an example). Additionally, all
u; are rational, if every point in A is rational. Note furthermore that, for an
arbitrary p, it is not clear whether an A with V(p) C A satisfying (3.3.1) does
always exist. We discuss certain special cases in the two following sections.

Proof. Let p € 0P36 with V(p) = {v1,..., v}, 1 < k < 7, such that the
genericity condition (3.1.2) holds for V(p). We choose points vg1, ..., vs such
that (3.1.2) is still satisfied. We obtain vy as the intersection of two relatively
prime, cubic polynomials spanning the vector space of all ternary cubics van-
ishing on vy,...,vs (see Lemma 3.1.2). Notice that, generically, we obtain
vg & {v1,...,vs} due to Lemma 3.1.3 and vg has to be real, since vy, ..., vg is
the intersection of two real polynomials (see e.g., [Rez07]). Let wuq,...,ug be
the unique Cayley-Bacharach coefficients for vy, ..., vy in the sense of (3.1.1).
Since vy, ...,v9 € R3, we have uy,...,ug € R (see |Blel2a, Lemma 4.1]).

By Theorem 3.2.2, every vector a := (ay, ..., a9) € R? satisfying (3.2.1) with
ai,...,ag >0, ag < 0 yields an extreme ray l, : H36 — R, f — 2221 a;f(v;)
of the dual cone X34. The linear functional [, is the dual of a separating
hyperplane for p if l,(p) < 0, i.e., if agpip(vps1) + -+ + agp(vg) < 0, since
V(p) = {v1,...,v}. By (3.2.1), this is equivalent to

U
ap1p(Vg1) + -+ — " 2 2 plvg) < 0
A
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2
uj

Let Aoy ap i= Zk

i=1a;

(ags1p(Vgs1) + - - - + agp(vg)) > 0. Thus, la(p) < 0, if

8 2
)\al,...,ak + Z p(vj> u? + Z 4= < ng(?)g)

a4
j=k+1 ie{k+1,...80\ {5}

We choose agy1 :=1,...,ag := 1 and obtain

At + (Uipr 0+ u) (P(vrs1) + -+ p(vs)) < ugp(vy).

Since img, 4y —00 Aay,.ap N\ 0, the relaxation (3.3.1) yields an extreme ray [,
on A separating p from Y.

If, on the other hand, any polynomial g € X34 with V(g) = V(p) would
satisfy (3.3.1), then it follows from the above construction that l,(g) < 0 for

ai,...,a sufficiently large, agi1,...,as = 1 and ag given by (3.2.1). This is a
contradiction to Theorems 3.2.2 and 3.2.1. Thus, (3.3.1) is indeed a certificate
for p ¢ 23,6- |

In order to prove an analogon of Theorem 3.3.1 for P4 \ ¥44, we need to
show that Lemma 3.1.2 also holds for a seven point set A := {vy,...,v;} C R%.
Generically, the vector space of all quadrics vanishing on A has dimension three
(see |Eis05]).

Lemma 3.3.2. Suppose A := {vy,...,v7} is a set of seven distinct points in
R*, no four on a plane such that ¢, qs, g3 is a basis for the vector space of all
homogeneous quadrics with projective variety affinely represented by A. Then
q1, Q2, q3 are relatively prime.

Proof. Suppose qi,q2,q3 have a common factor g. Then ¢; = g - ¢; for j €
{1,2,3} and g,q; have to be linear in R[zy,...,z4]. Due to the genericity
condition at most three zeros (w.l.o.g. v, vy,v3) are located on V(g) since
otherwise there would exist at least five points contained in a plane. Hence,
V(q1),V(q¢5) and V(¢3) share four points, which is a contradiction, since for
each j all points in V(g;) are contained in a line. [

Theorem 3.3.3. Let p € 0Py 4\ X44. Let A:={vy,...,vs} CR* be the inter-
section of three coprime polynomials qi,qo,q3 € Hao such that the genericity
condition (3.1.3) holds and V(p) = {v1,...,ux} with 1 < k < 6. Then there
exists a certificate lp : Hyqg — R, f — Z?Zl a;jf(vy), a == (ay,...,as) € R®
with respect to A for p ¢ 344, if the following inequality holds

(U g+ -+ ) (ploen) + - +pvr) < uzp(vs). (3.3.2)

Here the u; are given by the unique Cayley-Bacharach relation on A and l, is
an extreme ray of 2} 4.
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The proof works the same way as for Theorem 3.3.1 with the obvious mod-
ifications.

In fact, the proof of Theorem 3.3.1 already shows one possible way how to
choose a = (ay,...,a9) € R? to obtain a separating extreme ray [,.

Corollary 3.3.4. For p € 0Ps6 \ Y36 and A = {v1,...,v09} D V(p) with
(3.3.1) satisfied, one valid certificate is given by a; = --- = a = N € R
(for N sufficiently large), apy1 = -+ = ag = 1 and ag given by (3.2.1). For
p € OPyg\ Xaq and A = {vy,...,us} D V(p) with (3.3.2) satisfied, one valid
certificate is given by a; = -+ = ap = N € R (for N sufficiently large),
apy1 = --- = ar = 1 and ag given by the analogon of (3.2.1) for ¥j, (see
[Ble12af). In particular, L, is a rational certificate, i.e., every a; is rational, if
every point v; € A is rational.

If one is interested in computing rational certificates, then, from an ap-
plication viewpoint, there is the following problem. Suppose, we have a ra-
tional variety V(p) = {vi,...,v} and we choose vgy1,...,v5 € Q3 (resp.
Vkt1,---,v7 € Q1) such that the genericity condition (3.1.2) (resp. (3.1.3))
holds (which is always possible). Then it is not clear a priori that the ninth
intersection point vy € R3 (resp. eighth intersection point vg € R*) given by
Bezout is rational, too.

By results in [PSV11]| and [Renll|, for p € Psg \ X34 (resp. p € Pyg \
¥44), the ninth (resp. eighth) intersection point can always be computed
exactly. In particular, it can be deduced that this last point will always be
rational whenever the remaining points are rational and hence whenever V(p)
is rational.

Corollary 3.3.5. Let p € OP3 \ Y36 with V(p) = {v1,..., 0} C Q® and
{Vks1,---,v8} C QP such that (3.1.2) holds. Then there is a rational certificate
la on A ={vy,...,v9} with vy given by Bezout, whenever (3.3.1) holds.

Obviously, an analogous result also holds in the case (n,2d) = (4,4).

Note that in our Theorems 3.3.1 and 3.3.3 we only consider real points
v1,...,09 whereas in Blekherman’s Theorem 3.2.1 (at most) one pair of com-
plex conjugated points is allowed. However, in [Blel2a| Blekherman states the
following conjecture.

Conjecture 3.3.6. Fvery extreme rayl € Y3 g, which is not a point evaluation,

18 given by two ternary cubics intersecting in only real points. Analogously, for
ledy,.

Based on our results we formulate a slightly modified conjecture here.

Conjecture 3.3.7. For p € Psg \ X3¢ there exist vy,...,v9 € R3 yielding a
separating extreme ray for p in the sense of Theorem 3.2.1. Analogously, for
pE P474 \ 2474.
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Clearly, Conjecture 3.3.6 implies Conjecture 3.3.7, since if every extreme
ray is real representable, then every nonnegative polynomial that is not a sum
of squares can be separated by a real intersection. It is unclear whether the
two conjectures are indeed equivalent, however, we strongly suspect this.

3.4 The Seven Point Case

Let p € P36\ Y36 and assume we are interested in finding a separating extreme
ray la in 334 for p. That means we need to find a generic 9-point set A
being the intersection of two coprime polynomials ¢i, g2 € Hs 3 such that the
conditions in Theorem 3.2.1 hold. If p is located on the boundary of Psg,
i.e., V(p) = {v1,...,vx} # 0, then Theorem 3.3.1 and Corollary 3.3.4 yield a

certificate [, whenever one can fill up V(p) with points vj,1,...,ve such that
condition (3.3.1) is satisfied.
However, it is not obvious a priori if and how points vgi1,...,v9 can be

chosen such that the sufficient condition (3.3.1) of Theorem 3.3.1 holds (note
that vg is always given by Bezout in this approach). It turns out that for k = 7,
i.e., the easiest non-trivial case, the problem of choosing an appropriate vg is
easy, since almost every vg yields an vg such that (3.3.1) is satisfied. Note that
for p € 0Ps¢ \ X3 the variety V(p) always satisfies the genericity condition
(3.1.2) (see [Rez07]).

One reason why this case is of special interest is that k = 7 with vy, ..., v;
satisfying the genericity condition (3.1.2) is the smallest number of zeros of a
nonnegative polynomial such that the dimensional difference between exposed
faces of P3¢ and X34 given by vanishing of forms on these zeros is strictly
positive (see Chapter 4). In particular, by results in the upcoming Chapter 4,
this implies that for every generic configuration of seven points one can always
construct nonnegative polynomials that are not sums of squares vanishing at
these points.

Theorem 3.4.1. Let p € OPs¢ \ Y36 and A := {vy,...,v9} C R? be the
intersection of two coprime polynomials qi,qo € Hs s such that the genericity
condition (3.1.2) holds and V(p) = {v1,...,v7}. Then there exists a certificate
la: Hsg > R, f— 23:1 a;f(v;), a; € R with respect to A for p ¢ X3¢ if

uzp(vg) # uap(vg). (3.4.1)
Furthermore, 1y is an extreme ray of 33 .

Theorem 3.4.1 holds analogously in the case of p € Pj4\ ¥44 and k = 6
with the obvious modifications. We omit to formulate the result for this case
separately.

Proof. We choose vg such that the genericity condition (3.1.2) still holds for
{v1,...,v3} and obtain a real vy ¢ {vy,...,vs} such that (3.1.2) and Cayley-
Bacharach hold for A generically (see proof of Theorem 3.3.1). Since all
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conditions of Theorem 3.3.1 are satisfied, there is a certificate [ € Y34 if
uip(vg) < uip(vg). But since {vy, ..., vr,ve} also yields A with Bezout’s theo-
rem, this condition holds w.l.o.g. as long as u2p(vs) # uap(ve). ]

A nice consequence of this theorem is that it immediately verifies Conjecture
3.3.7 for special instances.

Corollary 3.4.2. Conjecture 3.3.7 holds for p € OPs6 \ X3¢ with #V(p) > 7
and p € 0Py 4\ X44 with #V(p) > 6. Furthermore, Conjecture 3.3.7 holds also
for every exposed extremal form in Psg\ X36.

Proof. The first part immediately follows from Theorem 3.4.1. Furthermore,
in [BHOT12] it is shown that every exposed extremal form in P \ Y36 has
exactly ten zeros. By choosing seven of them, the results follow. [ ]

3.5 An Application: The Motzkin Polynomial

In this section, we demonstrate applications of our method. It turns out that
finding a separating extreme ray becomes more difficult for polynomials in
p € 0Ps6 \ Y36 with six or less zeros. The condition (3.3.1) provides more
degrees of freedom and, in particular, the left hand side of this inequality
has more than one term. This fact yields that the set of point configurations
A = {vy,...,v9} C R? with V(p) C A, which do not satisfy (3.3.1), will
not be a lower dimensional subset in general, in contrast to the seven point
case (independent from which point corresponds to the negative entry ag in an
extreme ray). The same difficulties arise for p € P, 4\ X4 4 with five or less zeros.

As an example, we investigate the Motzkin polynomial

m(z,y,2) = a*y* + 2%yt — 32%y*2* + 25

The Motzkin polynomial has six zeros.

Ul = (17070)’ UQ = (0,1,0), U3 = (1,171)
Vg = (_17171)7 Us = (17_171)7 Ve = (1717— )

As a first instance we choose vy := (0,4,1) and vg := (4,0,1). These eight
points satisfy the genericity condition (3.1.2). This can be checked by looking
at the (3 x 3)-minors of the (8 x 3)-matrix given by the coordinates (x,y, 2)
of the points vy, ..., vs and looking at the (6 x 6)-minors of the (8 x 6)-matrix
given by the coordinates (x?,y?, 2% xy, rz,yz) of the points vy, ..., vs. Hence
we can compute two coprime ternary cubics

q = —162° + 15272 + y*z + 56y*r — 562°x
@ = —42° — 2%y + 422 + 15972 — 152%2 + 2%y
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vanishing on vy, ..., vg by solving the system of linear equations
h('l}l) = 0, ey h(Ug) =0
on the coefficients of h. Here,

h = b+ b2y3 +b32% + b4x2y + b’z
+  bey’z + bryPa + bg2a + bozy + bigryz.

We compute the Grobner basis

{72 —262% — 152 + 262" +82°, —22 + 822 + 22° — 105y — 82* + 1052%y,
8z% — 4222% + 1575y — 158322 + 4222, 7 — 1}

of ¢1, ¢ and x — 1 with respect to lexicographic ordering. We obtain vy =
(1,1,-7/2) and compute the Cayley-Bacharach coefficients u; by solving the
system of linear equations

U1h<U1) + -+ Ugh(’l)g) = 0

in uy,...,ug. The solution is (up to scalar multiplication)

40 24 118098\
= [ —64.—64 —— —4.—4. 1.1 .
u < b M 9 ) ) ) 5 M ) ) 5 )
We have

(u7 + ug) - (m(vr) + m(vs)) = 4,
ugm(vg) = 228.

Hence, condition (3.3.1) of Theorem 3.3.1 is satisfied and we find a separating
hyperplane for m on A. According to Corollary 3.3.4, we choose ay,...,a¢ :=
100 and a7, ag := 1. By (3.2.1), we obtain

—u3 _ —14121476824050
vy 2143157

ai asg

g —

We check the correctness of our result by

la(m) = aim(v1) + - - + agm(vy)
14121476824050 7
= m(0,4,1) +m(4,0,1) - ——— <1,1, 5)
1484036
N 2143157

Thus, by Blekherman’s Theorem 3.2.2 (|Blel2a]), [, is a (rational) extreme ray
of Y33 ¢ separating the Motzkin polynomial m from 3.
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In contrast to the seven point case, not every generic point configuration
vields a separating certificate. For example, with the same approach it is easy
to show that the instance v; := (2/7,2/3,1) and vg := (2/3,2/7,1) does not
satisfy the condition (3.3.1). We show that for a symmetric choice of vz, vg,
i.e., vr =(q,s,1),v8 = (s,q,1) with ¢, s € R, the set

S = {(g,8) €R® : (ui+ugz)- (m(vy) +m(vg)) < ugm(vy)}

yieding a 9-point configuration, which satisfies (3.3.1) is full dimensional with
some nice geometric structure (see Figure (3.1)).
With the formula in [Ren11] we obtain the ninth Cayley-Bacharach point

1 s +2¢%s% — > + s3g — 2sq — §?
vg = | Bs+2¢%s% —q? + 53— 2sqg— 5% |,

n(q,s) B+ q?s — 2q + s2q — 25 + 83
where
n(g,s) =12 - (¢°s° = 2¢°s + ¢’ + $°¢* — 2¢°s°
+ ¢*s —3q+4sq —25°q + s°q +2 — 35 + 7).
Note that n(q, s) vanishes at ¢ = =2 —s,¢q = 1, s = 1. Furthermore, we obtain
a non-generic point set for g = s,¢q = —s,q = —1,s = -l and ¢ =2 —s. We

compute the Cayley-Bacharach coefficients in dependence of ¢, s and obtain

64(1 + s1q® + ¢*s? — 3¢°s?)

(u7 + ug) - (m(vr) + m(vs)) =

(g —s)*
) _16(2¢"s* + ¢ +45°¢° — 4¢Ps + 25"
wmes) = (=7
N —6¢%s% — 2¢% — 4s3q + 4sq + s — 25% + 4)
(g —s)* '

Note that the numerator of (u2+u2) - (m(v7) +m(vg)) is exactly the dehomog-
enized Motzkin polynomial in s,q for z = 1. We set

K(q,5)/L(q.5) = (u7+ug)- (m(vs) + m(vs)) — ugm(vo)
= 16(2¢°s* — ¢* +2sq — s> +2)/(q — s)*.

Since ¢ # s by assumption, we just need to investigate K(q,s). Thus, by
(3.3.1) we have (¢,s) € S if and only if K(q,s) <0 and g ¢ {£s, £1,+2 — s}.
Equivalently, S = () if and only if K (g, s) is nonnegative and ¢ ¢ {+s, +1,+2—
s}. Since K(g, s) is a bivariate polynomial of degree 4, K (g, s) is nonnegative
if only if it is a sum of squares. It can be checked easily that this is not the
case.

We provide a plot of the set S := {(¢,s) : K(q,s) < 0} \ {(q,s) : ¢ =
2 —sor g= —2— s} in Figure 3.1 (note that the other non-generic cases are
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N

Figure 3.1: Theset S := {(q,s) : K(q,s) < 0}\{(¢,s) : ¢ =2—s or ¢ = —2—s}
is given by the red area without the blue lines.

not part of S although they are relevant for the computation). Obviously, this
set is symmetric in ¢ = s and ¢ = —s, semialgebraic and for every ¢ there is
an s such that (¢, s) € S.

Due to the rich geometric structure of S it would be interesting to inves-
tigate the geometric structure of the set of appropriate point configurations
satisfying (3.3.1) for general nonnegative polynomials with k zeros.

In contrast, we briefly demonstrate the numerical method for finding a 9-
point certificate given in Section 3.2 and the corresponding problems. Let r =
(22 4+ y*+2%)3 € int(S34) and consider the following semidefinite optimization
problem:

min A such that m + M2® +y* + 2%)% € Sy
The optimal A is given numerically by A ~ 0.004596411406567 and the cor-
responding sum of squares decomposition of m + A\r ~ s? + s2 + s2 is given
by

m+ Ma? +y? + 2°)® =~ (—0.8586x2% + 0.9414xy” + 0.06782%)*+

(—0.8586y 2 + 0.0678y> + 0.94142%y)* + (—1.002z> + 0.3608y° 2 + 0.3608z%2)%.

Now, one has to choose an appropriate linear combination of two of the poly-
nomials s; to obtain the nine intersection points. But it seems unclear how
to do this. Since the coefficients of the s; are given numerically, computing
the Grobner basis of two of the s; and, say, x — 1 cannot be expected to work
properly.

Finally, we remark that our method allows to generate strictly positive
polynomials that are not sums of squares. It also comes with a certificate
without optimization, if (3.3.1) is satisfied for a polynomial p € 0Ps¢ \ X356
(resp. for (n,2d) = (4,4)). Let [, be a separating extreme ray for p and define



42 CHAPTER 3. SEPERATING INEQUALITIES

n:=p+ A -rwith A € Ryp and r € int(X34) (resp. 7 € int(344)). Then n is
strictly positive and evaluating n on [, yields

la(n) = la(p) +A-la(r)

with la(p) < 0 and l5(r) > 0. Hence, we can immediately solve for A such that
la(n) < 0.



Chapter 4

Dimensional Differences Between
Faces of the Cones of Nonnegative
Polynomials and Sums of Squares

In this chapter, we discuss the facial structure of the cones of nonnegative poly-
nomials and sums of squares. Investigating the boundary structure of these
cones is a very important and famous tool in analyzing the difference between
the cones. This is, because many explicit examples of nonnegative polyno-
mials that are not sums of squares are based on Hilbert’s original method,
which, roughly speaking, is based on prescribing points and comparing non-
negative polynomials and sums of squares vanishing at these points. In the
following, we generalize Hilbert’s method by comparing possible dimensions
of the faces of these cones. Recently, in small dimensions, several aspects
of the difference between these cones, such as the boundary structure of the
dual cones and the algebraic boundaries of these cones, are investigated (see
[Ble12a, Blel2b, BHO%12]). But it is worth to note that, in spite of these
results, we still lack a clear understanding of the quantitative relationship of
these cones in small dimensions. In the following, let RP*~! resp. CP"! de-
note the (n — 1)-dimensional real resp. complex projective space.

We focus on the study of exposed faces of the cones P, 54 and Y, 94, in par-
ticular on the investigation of their possible dimensions. It is easy to describe
exposed faces of P, 4. Indeed, the boundary of the cone P, 9, consists of all
the forms with at least one real zero, whereas its interior consists of all strictly
positive forms. In particular, a maximal proper face of P, .4 consists of all
forms with exactly one prescribed zero (see Proposition 2.6.4).

Let I' be a finite set of points in RP"~!. The forms in P, 24 vanishing at all
points of I' form an exposed face of P, 54, which we call P, 24(T):

Pooa(l) ={p € P,oa:p(s) =0 forall s eI}.
Similarly, we let 3, 54(I") be the exposed face of 3, o4 consisting of forms that

43



44 CHAPTER 4. DIMENSIONAL DIFFERENCES

vanish at all points of I':
Yn2d(l) ={p € Xn2q:p(s) =0 forall seI}.

Moreover, any exposed face of P, 24 has a description of the above form
and the set I' can be chosen to be finite [BPT13, Chapter 4]. We note that,
despite this simple description of exposed faces, the full facial structure of P, o4
should be very difficult to fully describe, since — as already mentioned — the
problem of testing for nonnegativity is known to be NP-hard. Furthermore,
even for the exposed faces P, 24(I') and X, 24(I"), except for the simple cases
of n = 2 and 2d = 2, the possible dimensions of these faces have not been
investigated yet. We close this gap by deriving estimates for the dimensions
of the faces P, 24(I") and 3, 24(I") and by establishing dimensional differences
between those faces in many cases. It is worth remarking that also Hilbert’s
original proof in |Hil88| of existence of nonnegative polynomials that are not
sums of squares can be viewed as establishing a dimensional gap of this type.
This dimensional point of view was first made explicit in [Rez07].

For a generic set I' we reduce the question of dimensions of P, 94(I") and
Yn.24(I) to the question of dimensions of the degree 2d components of certain
ideals associated with T'. For an ideal I C R[x], let I? denote the second ordi-
nary power of I, and let 1® denote the second symbolic power of 1. Moreover,
let I; denote the homogeneous degree d part of I.

If I(T) C R[x] is the vanishing ideal of a finite set of points I' C RP"!,
then the second symbolic power 1)(I') of I(I') is the ideal of all forms in R[x]
vanishing at every point of I' to order at least two:

IOM) ={peRx] : Vp(s)=0 forall scTI}.

Since every nonnegative form that is zero on s € I' must vanish to order
two on s, it follows that the face P, 24(I") is contained in the degree 2d part of
I13(D):

Pooa(T) € I)(T).

On the other hand, we know that the face ¥, 94(I") is contained in the

following set:

Sn2a(T) C (1o())* = {Z a;ifigi © fiogi € 1a(1), 05 € R}

= {Z%qg : C]z‘G[d(F),%‘ER}-

It is easy to see that this inclusion is actually full dimensional, since we can
pick a basis of (14(T"))? consisting of squares and nonnegative linear combina-
tions of these squares will lie in ¥, 54(I).

Proposition 4.0.1. Let T' C RP"! be a finite set. Then %, 04(T) is a full di-

mensional convex cone in the vector space of all forms of degree 2d in (I4(T))?:

dim X2, 94(T") = dim(Z4(T))*.
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4.1 Dimensions of Faces of P, 5

In this section, as for sums of squares, we pose the question under which
assumptions P, 54(I") is a full dimensional subcone of Iéi)(l“). In order to
answer this question, the following crucial definition is required.

Definition 4.1.1. Let ' C RP" ! be a finite set of points and I = I(I') C R[x]
be the vanishing ideal of T'. We call T C RP" ! d-independent if I' satisfies
the following two conditions:

1. The forms in I; share no common zeros in CP"~! outside of I'. In other
words, the conditions of vanishing on I' force no additional zeros on forms
of degree d wn H, 4,

2. For any s € T the forms that vanish to order two on s and vanish at the
rest of T' to order one form a vector space of codimension |I'|+n—1 in
Hy, 4.

The second condition in the above definition simply states that the con-
straints of vanishing on I and additionally double vanishing at any point s € I"
are all linearly independent. We provide the following equivalent characteri-
zation of d-independence based on Hilbert functions.

Proposition 4.1.2. Let T' C RP"! be a finite set of points and let J C R[x]
be the ideal generated by I4(T"). Then T is d-independent if and only if the
Hilbert polynomial of R[x]/J is equal to |I'|.

Proof. Let J be the ideal generated by I4(I"). Let I¢ 4(I') be the set of all degree
d complezr forms vanishing on I'. We first observe that linear combinations of
forms in [4(I") taken with complex coeflicients generate Ic 4(I'). Therefore, if
we let J¢ be the complex ideal generated I¢ 4(I'), then it suffices to show that
the Hilbert polynomial of C[x]/J¢ is |T'|.

We now apply Bertini’s theorem (see, e.g., [Har92a, Theorem 17.16|) to the
linear system of divisors Ic4(I'). Since I' is d-independent, it follows that a
general element of I¢ 4(I") is non-singular at every point of I' and thus we may
find a smooth hypersurface f; € Icq(I'). Now, d-independence guarantees
that a general form in I¢ 4(I") intersects f; smoothly and therefore we apply
Bertini’s theorem again to find fo € I¢4(I') such that f; N fy is smooth. We
proceed in this way repeatedly applying Bertini’s theorem until we end up with
a transverse zero-dimensional intersection V = fiN---Nf,_1. By construction,
we have ' C V.

Since J¢ defines a zero-dimensional ideal and all forms in J¢ vanish on I, it
follows that the Hilbert polynomial of C[x]/J¢ is a constant and it is greater or
equal than |T'|. Since we have (f1,..., fn_1) C Jc and the ideal generated by
f1,- -+, fn_1 is radical, it follows that we just need to show that for all s € V\T
there exists g € Jc such that g(s) # 0 and g(z) = 0 for all z € V'\ {s}. Since I’
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is d-independent, it suffices to show that for all s € V'\T" there exists h € I4(T")
such that h(s) # 0. Also there exists b’ € Clzy,...,x,] such that h'(s) = 1
and h'(z) =0 for all z € V' \ {s}. Therefore hh' € J: and one direction of the
proposition follows.

Now suppose that I" is not d-independent. First, if all forms in 7;(I") vanish
at a point not in I', then all forms in J vanish on at least |I'| + 1 points and
therefore the Hilbert function of R[x]/J is at least |I'| + 1 for all large enough
degrees. Therefore, the Hilbert polynomial of R[x]/.J is not |['|. Now suppose
that for some s € I' and for some w € R™ \ span{s} we have (Vp(s),w) =0
for all p € I;(I"). Then again we find that the Hilbert function of R[x]|/J is at
least |T'| + 1 for all high enough degrees. [

We remark that in the above proof A" may be chosen such that degh’ <
(n — 1)(d — 1). Therefore, we have deghh’ < (n —1)(d — 1) + d and for all
degrees k > (n—1)(d — 1) 4 d the Hilbert function of C[x|/J¢ (and of R[x]/J)
evaluated at & must be equal to |T'|. Thus, using standard methods (vanishing
determinants) we can express the set of all configurations of k points in RP"
that are d-independent as a complement of a closed algebraic set. Hence, the
set of configurations I' of k points in RP""! that are d-independent is Zariski
open, which proves the following corollary:

Corollary 4.1.3. The set of d-independent configurations of k points in RP" !
is a Zariski open subset of (RP"1)*.

4.1.1 Sum of Squares Certificate.

In this subsection, we provide the proof of the following proposition, which
ensures full dimensionality of P, 24(I") in ]2(3)(F).

Proposition 4.1.4. Let I' C RP"! be a d-independent set. Then P, 24(T") is

a full dimensional convex cone in IQ(Z)(F):
dim P, 54(T") = dim I)(T).

Let T' be a finite set of points in RP"~' and consider [2(3)(1“), the vector
space of forms of degree 2d vanishing on I' with multiplicity at least two.
Every double zero forces n linear conditions on forms vanishing on I'. Since
not all of these conditions are necessarily independent, the following inequality
always holds:

dim I)(T) > dim H, 54 — n|T|. (4.1.1)
However, generically — with a small list of exceptions concerning n,d — the
Alexander-Hirschowitz Theorem [Mir99| tells us that equality holds in (4.1.1).

We establish full dimensionality of P, 24(T") in IS2(I') by finding a form
p € Pn24(I') to which we can add a suitably small multiple of any double
vanishing form such that it will remain nonnegative:

p+€q € P,oq(l') for any ¢ € Ié?l)(l“) and for some sufficiently small ,.
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The form p can be viewed as a certificate of full dimensionality of P, 94(T")
in 12(3)(1“). The important point is that p can be any form, in particular, we
will focus on finding such p that is a sum of squares. This approach follows
that of [Rez07| and, indeed, it can be traced to the original proof of Hilbert in
[Hil88|.

For a form p, let the Hessian H), of p be the matrix of second derivatives of
p:

&*p
axlﬁxj .

We note that if a form p vanishes at a point s € R", then, by homogeneity,
p needs to vanish at a line through s. Therefore, s lies in the kernel of the
Hessian of p at s: H,(s)s = 0.

If a form p is nonnegative, then its Hessian at any zero s is positive semidef-
inite, since zero is a minimum for p. We call a nonnegative form p round at a
zero s € RP"! if the Hessian of p at s is positive definite on the subspace s+
of vectors perpendicular to s, i.e.,

Hp = (hm‘), where hij =

p is round at a zero s <y’ H,(s)y > 0 for all y € s*\ {0} .

For a form p, we let V(p) denote the real projective variety of p. We need the
following “extension lemma”, which follows from |Rez07, Lemma 3.1].

Lemma 4.1.5. Let p € P, 24 be a nonnegative form with a finite zero set V (p)
and suppose that p is round at every point in V(p). Furthermore, let q be a
form such that q vanishes to order two on V(p). Then, for a sufficiently small
€, the form p + eq is nonnegative.

From this, we infer the following immediate corollary, which will be crucial
for the proof of Proposition 4.1.4.

Corollary 4.1.6. Let I' be a finite set in RP" 1. Suppose that there exists a
nonnegative form p in P, 24(I') such that V(p) = T and p is round at every
point s € I'. Then the face P, 24(I') is full dimensional in the vector space

L2().

Proof. Let p € P, 24(I") be as in the assumptions. Then, by Lemma 4.1.5, for
any q € IQ(Z)(F) we have p+eq € P, 24(T) for sufficiently small e. Since P, 24(I")
is a convex set, it follows that it is full dimensional in Iéz)(F). |

We can finally provide the proof of Proposition 4.1.4.

Proof of Proposition 4.1.4. Let qi,...,q; be a basis of I;(I"). We claim that
p = Zle ¢? has the properties of Corollary 4.1.6 and therefore, the convex
cone P, 54(I") is full dimensional in Iéi)(F).

Since I' forces no additional zeros and since ¢, ..., g is a basis of I4(T), it
follows that the forms ¢; have no common zeros outside of I and thus V' (p) = I.
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Now, choose s € I'. It remains to show that p is round at s, i.e., H,(s) is
positive definite on s*. Since the forms in I4(T") that double vanish at s form
a vector space of codimension n — 1 in [4(I"), we see that for 1 < i < k the
gradients of ¢; at s must span a vector space of dimension n — 1. Since, by
Euler’s identity (see, e.g., [Has07, Lemma 11.4]), (Vg;, s) = 0 for all ¢, this
implies that the gradients actually span s*.

Note that the Hessian of p is the sum of the Hessians of ¢?, i.e.,

H,= Zqu.

k
=1

Since ¢;(s) = 0 for all i and s € I, we conclude that
04\ _ 504 04

axlaxj %)= 8xl iy al’j S).

Therefore, we see that the Hessian of ¢? at any s € T is actually double the
tensor of the gradient of ¢; at s with itself:

Hp(s) =2V ® Vi(s).

4;

It is now straightforward to verify that
ti(s)THq%(s)ti(s) >0
for all 1 <7 <k and s € I', which shows the claim. [ |

From now on, we will focus on the study of the degree 2d part of the second
symbolic power [2((21)(F) since, by Proposition 4.1.4, we have the equality

dim P, o4(T) = dim I (),

whenever [ is a finite d-independent set. However, note that, though Corollary
4.1.3 ensures that d-independence is a Zariski open condition, we still have to
construct an explicit example of a d-independent set to make the previous
results more powerful. We close this gap in the following subsection.

4.1.2 A d-independent Set of Size ("7/") —n

The aim of this section is to prove the following result.

Proposition 4.1.7. Let ' be a generic collection of points in RP" ! such that
IT| < (n+j—1) —n. Then I' is d-independent.

For this goal, we will construct an example of a d-independent set of cardi-
nality (”J“j_l) —n. Since, by Corollary 4.1.3, being d-independent is a Zariski
open condition, this will already show the claim. In our upcoming article

[BIKV14| we prove that (”Jrj*l) — n is an upper bound for the cardinality of
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a d-independent set. Hence, the bound from Proposition 4.1.7 is optimal.

Define Smd to be the set of points in RP"~! that correspond to nonnegative
integer partitions of d:

n
Snvd: {[m Dy eRP"!: a, €Z, a; >0, Zai:d}.

i=1
We can think of the points in S, 4 as all the possible exponent choices for
monomials in n variables of degree d. Therefore, S, 4 contains ("+§_1) points.
Now let S, 4 be the set of points in RP"~! that correspond to partitions
of d with at least two nonzero parts. The points in S, 4 again correspond to
monomials of degree d but we exclude the monomials of the form x¢. Therefore,

S, 4 contains ("T¢471) — n points.
9 d

Proposition 4.1.8. The set S, 4 is d-independent.

The proof of the above proposition requires some additional results. The
following proposition is taken from [Rez92, p. 31| and has been known for at
least a hundred years. We reproduce the proof below.

Proposition 4.1.9. There are no nontrivial forms in Hy, 4 that vanish on Spd-
In other words, 14(Syq4) = 0.

Proof. For every point s = [s; : ... : 8,] € S,q4 we will construct a form
ps € H,, 4 that vanishes at all points in S’n,d except for s. This shows that the
conditions of vanishing at any point in S,, 4 are linearly independent and since
|S,.4] = dim H,, 4, we see that dim I,4(S, 4) = 0.

Let M = x1+ ... +x, Fori=1,...,n, let h; be the form defined as

follows: -

hi = ] (dz; — kM).
k=0
It is clear that the degree of h; is s; and h; vanishes at all partitions in Smd
with ¢-th part less than s;. Now, let p, be defined as

n
bs = H hz
i=1
The form p, has degree > | s; = d, and it does not vanish at s. However, for
any other partition of d, there exists ¢ such that the i-th part is less than s;.
Then h; will vanish for that ¢ and, thus, ps will vanish at any partition of d
except for s. [ |

As in the proof of Proposition 4.1.9, let M =z +...+x,. Fori=1,....,n
define a form @); as follows:

d—1

Qi = | [ (dx; — kM). (4.1.2)

k=0
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We observe that each @); vanishes on S, 4. Indeed, let s =[s1:...:5,] € S, q
and consider Q;(s). We know that M(s) = d, because points in S, 4 are
partitions of d, and, therefore, the factor of (); that corresponds to k£ = s; will
vanish at s, forcing @Q;(s) = 0. Hence, Q; € 14(S,q) foralli =1,... n.

We will now show that the forms @); actually form a basis of 1;(S,, 4). The
fact that we have such a nicely factoring basis is what, eventually, allows us
to prove that .S, 4 is d-independent.

Proposition 4.1.10. The forms Q; form a basis of 14(Sy.q)-

Proof. We first show that the forms (); are linearly independent. Let eq, ... e,
be the standard basis vectors of RP"~!. Tt is easy to see that Q;(e;) = 0 for
i # 7, since x; divides @);. On the other hand, Q;(e;) = d!. Therefore, if there
exists a; € R such that a;Q1 + ...+ a,,Q,, = 0, then, by evaluating this linear
combination at e;, we see that a; = 0 and this works for all <. Thus, the forms
Q; are linearly independent.

We now show that the forms @; span I;(S,q). Let p € 1;(S,q) and let
Bi = p(e;). Consider the form

pP=p-— Z%QL
i=1

It is clear that p vanishes at the standard basis vectors e;. Therefore, p vanishes
not only on .S, 4 but also on S, 4. By Proposition 4.1.9, it follows that p = 0
and, therefore, p is in the span of Q);.

|

We now show that the set .S, 4 satisfies the two conditions of d-independence
from Definition 4.1.1.

Lemma 4.1.11. The set S, 4 forces no additional zeros for forms of degree d.

Proof. Since, by Proposition 4.1.10, the forms @; form a basis of 1,(S, 4), the
statement of the lemma is equivalent to showing that S, 4 is projectively equal
to N2, V(Q)).

Let v = [ @ ... :v,] € N, V(Q;) be a nonzero point and first suppose
that vy + ...+ v, =0, i.e., M(v) = 0. Therefore, by Equation (4.1.2), we see
that Q;(v) = d%¢. Since, by assumption, Q;(v) = 0 for all 4, it follows that
v = 0, which is a contradiction.

Now suppose that v; + ... + v, # 0. By homogeneity, we can assume
that vy + ...+ v, = d. In this case, from Equation (4.1.2), it follows that
Qi(v) = d;(v; — 1) -+ (v; — d + 1). Since Q;(v) = 0 for all 4, we infer that
each v; is a nonnegative integer between 0 and d —1 and v; + ...+ v, =d. In
other words, v € S, 4. [ |

We know that |S, 4| = ("*97") — n. For the second condition of the d-

independence property we need to show that for any s € .S, 4 the vector space
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of forms double vanishing at s and vanishing at the rest of S,, 4 with multiplicity
one has codimension |S,q4| +n —1 = ("Jrg*l) —1in H, 4 Since dimH, 4 =
("+§_1), we thus need to show that the vector space of forms double vanishing
at any s € 5,4 and vanishing at the rest of 5, 4 with multiplicity one is

1-dimensional. This will follow from the next lemma.

Lemma 4.1.12. For every point s € S, 4 there is a unique (up to a constant
multiple) form in 14(Sn.q) being singular at s.

Proof. Let s =[s1:...:8,] € S,qand let p € I;(S,4) be a form singular at
s.

Since, by Proposition 4.1.10, the forms @; form a basis of 1,(.S, 4), we may
assume that p = a1 Q1 + . .. + 0, @, for certain oy; € R. Now, let A = (a;;) be
the (n x n)-matrix with entries

00Q;
o, (s).

CLij =

The statement of the lemma is equivalent to showing that rank A =n — 1.
Recall from Equation (4.1.2) the definition of @);:

d—1

Qi = | [(da; — kM).

k=0

The form (@); vanishes at s, because the term dx; — s; M corresponding to

. . 0Q;
k = s; vanishes at s. Therefore, the only nonzero term in a—Qz evaluated at s
L

will come from differentiating out dx; — s; M. Now, for 1 <i <n let
Qi
dl’i — SZ‘M.
We observe that P, (s) # 0, since we removed from @; the only factor that
vanishes at s.

Recall that M = x1+. ..+, and, therefore, if we differentiate out dx; —s; M
from @; with respect to x; and evaluate it at s, we see that

%(S) — { Py (s)(d—s;) ifi=j
Ox; —Ps,(s)s; if 1 # j.

Since P, (s) # 0, we can divide the i-th row of A by P;,(s) to obtain a
matrix B = (b;;), where

P, =

v —Sj if ¢ 7A j
By construction, rank B = rank A. Since s is a partition of d, it is clear
that the all ones vector 1 is in the kernel of B. Now, let C' = (¢;;) be the
matrix with j-th column having the same entry s;, i.e., ¢;; = s;. We observe
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that the rank of C' is one and B = dI — C, where [ is the identity matrix.
Therefore, we know that rank B > rank [ — rankC' = n — 1. Since we already
found a vector in the kernel of B, it follows that the rank of B is n — 1. [ |

We have now shown that the set S, 4 is d-independent and together with
Corollary 4.1.3 this shows that d-independence is a generic condition for sets of
k points in RP" ! with k < (”Jrj_l) —n. In particular, this proves Proposition
4.1.7.

In view of Propositions 4.0.1, 4.1.4, and 4.1.7, our original question of finding
a dimensional difference between the faces P, 24(I') and ¥, 24(I") can be reduced
to the following:

Question 4.1.13. Let I' C RP"! (or equivalently CP"™!) be a generic set of
points such that |I'| < (”+g_1) —n, and let I(I") be the vanishing ideal of T'.
For what values of |T'| does equality

dim I2)(T') = dim(I,(T"))?

hold?

4.2 Dimensional Differences for Ternary Forms

In this section, we study the case of ternary forms and provide a complete
characterization for the occurence of dimensional differences between exposed
faces of the cones P94 and X3 94. Again, we first state our main results of this
section.

Theorem 4.2.1. Let d > 3 and T’ be a d-independent set of points in RIP?
such that || < (“31). Then

dim I{2(T) = dim(I,(T))>.
Moreover, if (dgl) +1< | < (dgl) +(d—2), then dim ];Z)(F) > dim(74(T))?.

Based on our previous results, the next corollary is an immediate conse-
quence of Theorem 4.2.1.

Corollary 4.2.2. Let d > 3 and ' C RP? be d-independent with |T'| < (dgl).
Then

dim P3,2d(F) = dim Zg}gd(r).

Furthermore, for (d;ﬂ) +1 < < (d'gl) + (d — 2) we have

dim P372d(1—‘) > dim Zggd(l—‘).
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We remark that we often prove the stronger result that 12(3)(1“) = (I4(T))?,
which implies that, in degree 2d, the symbolic square of I is equal to the
ordinary square of I, since we have

(1a(T))? € (I*(D))2a € I (D).

In order to prove the main results, we need some preparatory lemmas using
techniques from commutative algebra and always assuming d > 3.

Lemma 4.2.3. Let I' C RP"™" be a finite set and I = I(I') C R[x] be the
vanishing ideal. Let I™ be the saturation of the ordinary m-th power of I.

Then
m =1,

Proof. Consider the primary decomposition I = (). I(s), where I(s) = {f €
R[x] : f(s) = 0}. Then, by definition of symbolic powers, we have 1™ =
(Nser £(s)™. Moreover, the primary decomposition of I™ contains I(s)™ for all
s € I" and an additional component () associated to the maximal homogeneous
ideal m = (z1,...,2,). By definition, I™ = U,so I™ : m/. From the previous
discussion we obtain

I :m = (ﬂ](s)mﬂQ) cm/

sel

= (ﬂ](s)m:mJ) NQ:m

sel’
— ([(m) :mj) N(Q : mj).

Since @ is m-primary, for sufficiently large j, it follows that Q : m’ = R[x].
Moreover, 1™ :m/ = [0 thus, I"™ : m/ = I for sufficiently large j. [

_ Note that, as a consequence of the above lemma, we clearly have that
(1%)2a = (I?)2a.

Given an ideal I C R[x], let a(I) be the minimum degree of a generator of
I. We make the following simple observation.

Lemma 4.2.4. Let I C R[x] be a homogeneous ideal and let m = a(I). Then
(]2)2m = (Im)Q'

Proof. Since I, C I, we always have the inclusion (I,,,)> C (I%)s,,- On the
other hand, if f € (I*)an, then we can write f = >, _;gq - ho for certain
polynomials g,, h, € I and J C N being finite. Moreover, since 2m = deg(f) =
deg(g,) + deg(h,) and a(l) = m, we conclude deg(f,) = deg(g,) = m for all
a € J. Hence, g4, hy € I, for all a € J. [ |

Recall that for an ideal I C R[x] the saturation degree of I is defined as
satdeg(I) = min{t : I, = I;}

(see, e.g., |Eis95]). Moreover, we use reg(/) to denote the (Castelnuovo-
Mumford) regularity of I.
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Lemma 4.2.5. Let ' C RP"! be a finite set and let [ = I(T') C R[x] be the
vanishing ideal. If a(I) = reg(I), then satdeg(I?) < a(I?) = 2a(I).

Proof. As we have seen in the proof of Lemma 4.2.3, it holds that I? = I®NQ,
where () is m-primary. More precisely, one has Q = m?*). So, for j € N,
one has (I%); = (I® nm?D),. For j > 2a(I) the ideal m?*(®) contains all

monomials of degree j. Therefore, (I?); = J@) in this case and, by Lemma

4.2.3, it follows that (1%); = (I2);, i.e., satdeg(I?) < 2a(I). The equality
a(I?) = 2a(I) is true in general. |

We need the following definition of a set I' C R™ being in general linear
position, which naturally extends to RP"~!.

Definition 4.2.6. Let I' C R" be a finite set. T' is in general linear position
if one of the following conditions holds

(i) II'| <n and dim Aff(T") = |T'| — 1
(i) |T'| > n+1 and no n of the points in T lie on a common hyperplane.

Note that any set I' with |I'| < n that is in general linear position can be
extended to a set in general linear position of greater cardinality.

d+1) ]

Lemma 4.2.7. Let I' C RP? be in general linear position with || = (]

Then reg(I1(T")) = d.

Proof. Due to the minimal resolution conjecture for RP? (see, e.g., [BGS6,
Wal95]), for I' € RP? it holds that reg(I(I")) € {d,d+1}. For || = (“}") it is
shown in [Lor90, Section 3| that, indeed, reg(I(I")) = d. |

We can now prove Theorem 4.2.1.

Proof of Theorem 4.2.1. Let I' C RP? be such that || = (') — k for 0 <

k< (“t") — 1. We first prove that dim(/y(I"))? = dim I)(T). We show
the claim by induction on k. First assume k = 0, i.e., |I'| = (dgl). By
Lemma 4.2.7, we have a(I(I")) = reg(I(I')) = d and, from Lemma 4.2.4, we
infer that (I*(T"))2q = (14(T))?. Hence, by Lemma 4.2.3 and 4.2.5, we obtain
I3 (T) = (I(1))*

Now suppose that the claim holds for fixed k¥ and we have dim(I4(T"))? =

dim 12(3) (1) = (d;rz) + 3k for any d-independent set I' C RP? with || = (d;ﬂ) _

k. For the induction step k — k + 1, let I' € RP? be d-independent with

U] = (") — (k+1). Let s € RP? be such that the set 7 = I' U {s} is
d-independent and in general linear position. Note that |T'| = (d+1) — k. Since

2
I' and T are d-independent, we have

dim [;(T) =d+1+k and dim I4(I") =d+ 2+ k.
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Furthermore, we know that dim Ié?(T) = (df) + 3k by hypothesis. Now,
let @ € I4(T) with the additional property that one of its partial derivatives
vanishes at s. Without loss of generality, assume a%l( ) = 0. We can extend
()1 to a basis B = {Q1,Q2,...,Qqar14x} of I4(T). Note that there must be
at least one basis element ();, j # 1, such that Q’( ) # 0. Otherwise, we
arrive at a contradiction in regard to d—independence of T. By assumption,
there exist (d+2) + 3k pairwise products of elements of B forming a basis of
(I(T))2. Let B denote this basis of (I,(T))% Furthermore, extend B to a
basis of I;(I") by adding a suitable form @) € Hs4. Observe that Q(s) # 0,
since I' is d-independent. We claim that there exist two forms Q;, Q,, € B
such that the set

L=BUu{QQ,QnQ,Q*}

forms a basis of (I;(I"))%. Suppose that this set L is linearly dependent for any
choice of Q;, Q,, € B. Hence, we have

> 0yQiQ; + o QuQ + o Q@ + aQ* = 0
QiQ,;€B

for a nontrivial set of coefficients (aj, ozl(lgn, ozl("%), a). To simplify notation we

use P, to denote the above linear combination. Clearly, we have P, ,,(s) =
a@?(s). Since Q(s) # 0, it follows that o = 0. We remark that the forms in
B vanish to order two at s, whereas the forms ;) and @),,(Q) vanish to order
one at s. Therefore, by taking partial derivatives, we get

y 0QIQ m) 0Qm@Q

OP,
4 _alm 837 () alm 8.73' ()

for 1 <i<3. Assume that there exists ¢ such that 8QZQ( ) =0and 8QmQ(s) #

0. This implies al = (0. On the other hand, since Q;() only vanishes to order

one at s, there exists j # i such that aQZQ( ) # 0. This forces Oél(r)n = 0. Since,
Tj )

we assumed that L is linearly dependent for all pairs (Q;, @) € B, the just
conducted reasoning shows that the following relation holds:

0QiQ OQmQ , \ .
oz, (s) =0« oz, (s) =0 forall 4l,m
and, hence,
oz, (s) =0« o (s)=0 forall i1 m. (4.2.1)

Recall that the basis B was constructed in the way that g%ll(s) = 0. Further-
more, as already remarked, due to d-independence of T', there must exist j # 1
such that g%f(s) # 0. Setting [ = 1, m = j and ¢ = 1, this yields a contradic-
tion to (4.2.1). Hence, there must exist two forms Q;, @,, € B such that L is
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a linearly independent set. We have |L| = (*}?) + 3(k + 1) = dim Ié?(f‘).
It remains to consider the case (df) +1 <IN < (dgl) +(d—2). Itis
routine to check that in this case

dim 12 () — dim(7,(T))? = ((d‘f) —3|r|) - ((@2) T 1)) 0

d+1

5 ) the theorem also

In particular, for d-independent sets " with |T'| < (
implies that dim(/%(T"))sq = dim I3 (T).

From Theorem 4.2.1 we can immediately infer Corollary 4.2.2. Observe
that the maximal size of a d-independent set I' C RP? is equal to (df) -3 =
(“*1) +(d—2). Hence, Theorem 4.2.1 covers all d-independent sets concerning

the occurence of dimensional differences.

4.3 The Case (n,2d) = (4,4)

We now fully describe the situation with respect to P, 24(I") and %, 24(I") in
the case (n,2d) = (4,4) for sets " in R* with || < 6. In the following, we will
work with affine representatives in R* rather than projective points in RP?. Let
' ={s1,...,86} be a set of six points in R* in general linear position so that
any four of them span R*. We will show that I" is 2-independent. In particular,
this implies that the conditions of vanishing at s; € I are linearly independent
and therefore dim I,(I') = (}) — 6 = 4. It follows that the dimension of the
vector space (I(I'))? spanned by squares from Ir(T') is at most (}) = 10. We
will show that it is equal to 10.

On the other hand, the Alexander-Hirschowitz Theorem tells us that, gener-
ically, the dimension of If)(f‘) is (7) —6-4 = 11. It is not hard to show that
for six points in R* in general linear position this dimension count is actually
correct. Therefore, we should have a gap of one dimension between Py 4(T")
and 2474(F>.

We now state the main result of this section.

Theorem 4.3.1. Let I' C RIP3 be a finite set in general linear position. Then
the following hold.

(1) If |T'| =6, then

dim(I5(T"))* = 10 < 11 = dim I3*/(T).

(i) If || <5, then
dim(I5(T"))? = dim I (T).
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Again, as a direct consequence, we obtain the following corollary.

Corollary 4.3.2. Let I' C RP? be a finite set in general linear position. Then
the following hold:

(i) If |I'| = 6, then

dim X, 4(T) = 10 < 11 = dim P, 4(T).

(ii) If |T'| <5, then
dim 2474(F) = dim P474(P).

The proof of the above theorem will require several preparatory results. We
start with a special construction for (i). Let I' = {s1,...,s6}. To every three
element subset T' = {t1, 5,13} of {1,...,6} we can associate the hyperplane Ly
spanned by the vectors s, s, and s;,. We want to construct a double covering
of s1,...,sg by four hyperplanes of the form Ly with some nice combinatorial
properties. We select four triples 7; such that any two of them intersect in
exactly one element of {1,...,6} and each element is contained in precisely
two triples. Here is an example of such a covering, which is not unique:

Ty ={1,2,3}, To={1,4,5}, Ty={2,4,6}, T,={3,5,6}.

To every such covering we can associate the complementary covering, where
we replace the triple 7 with its complement T;. So, in the given example,
T, ={4,5,6}, Ty = {2,3,6}, T3 = {1,3,5} and T, = {1,2,4}. We observe
that the complementary covering also shares the property that any two triples
intersect in exactly one element and that every element is contained in exactly
two triples.

To each triple T" we associate the linear functional with kernel L. We can
think of this functional as the inner product with the unit normal vector to L,
which is unique up to a sign. The choice of sign will not make any difference
to us. We let u; and v; be a unit normal vector to Lz, and Lz, respectively.

The vectors u; and v; form a pair of bases of R*. The key is to work with
the dual configurations. We define v} to be vectors such that

Lo [ ifi=
<“i’“ﬂ’>_{ 0 if i#j.

One way to think about u; is that if we form the matrix U with rows u;, then
uf form the columns of U~!. We define vectors v} in the same way for v;.
We will show that the four forms

Ql(x) = <X>u1><x> Ul>v QZ(X) = <X> u2><x, U2>7

Q3(x) = (x,uz)(x,v3), Qu(x) = (x,u4)(X,v4)
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form a basis of I5(T"). This factoring basis will allow us to prove 2-independence
of I', and pairwise products Q;Q; with 1 < ¢ < 57 < 4 will form a basis of
(I(I))2

The vectors u; and v; are not just two arbitrary sets of bases of R*. Since
they come from a configuration of six points in general linear position, they
carry some structure. The following simple lemma will be crucial to our proofs.

Lemma 4.3.3. For oll 1 <i,5 <4 the following hold:
(ui, vj) #0 and (vi,uj) # 0.

Proof. By symmetry, it suffices to prove only one of the two assertions. Again,
by symmetry, it will be enough to show that (u},v) # 0 and (uj, vy) # 0.

Suppose that (uf,v1) = 0. Then, it follows that v; is in the span of uy, us, uy.
Let

V1 = QigUg + Qr3Usz + gy,

Now consider the inner product (v, s4). Recall that v; came from the triple
{4,5,6}, up from {1,4,5}, us from {2,4,6} and uy from {3,5,6}. It follows
that

<?)17 S4> =0= Oz4<84, U,4>.

The points s; being in general linear position implies that (s4,u4) # 0 and,
therefore, ay = 0. By considering inner products of v; with s5 and sg, we can
also show that ay = a3 = 0, which yields a contradiction.

Similarly, if (u}, vo) = 0, then vy is in the span of uy, ug, uy. Let

Vg = QiU + (r3Usz + QiglUy.

Recall that vy came from the triple {2, 3,6}, up from {1,4,5}, us from {2,4,6}
and uy from {3,5,6}. By an analogous argument as before, we can establish
that aps = 0 by taking inner products with sg. Then, we use the inner product
with s, to show that oy = 0 and we will arrive at a contradiction. |

Lemma 4.3.4. The forms Q;, 1 <1i <4 form a basis of I5("). Furthermore,
the pairwise products Q;Q; with 1 < i < j < 4 form a basis of (Ix(T))* and
dim(Z»(T))% = 10.

Proof. Tt is not hard to show that I5(I") has dimension 4. To show this claim,
it suffices to prove that the polynomials (); are linearly independent. Consider
the values of (); at the points .

From the definition of the dual points u} and Lemma 4.3.3, it follows that
Qi(uy) = (uj,v;) # 0 and Q;(uj;) = 0 if i # j. Therefore, if P = a1Q1 +
asQa + a3Q3 + asQq = 0 for o; € R, then, by considering P(u}), we can see
that a; = 0 for each i and, therefore, the @); are linearly independent.

Now consider pairwise products Q;Q; for 1 < ¢ < j < 4. These forms
clearly belong to (I5(T"))?, and we need to show their linear independence. Of

all the pairwise products only Q? does not vanish at u}. Therefore, the squares
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Q? are linearly independent from all other pairwise products and it remains to
show linear independence of Q;Q); for 1 <17 < j <4.

By Lemma 4.3.3, only the products Q;Q); vanish at u] to order one. If both
indices are distinct from ¢, then the product vanishes to order two. Suppose
that these products are linearly dependent, i. e., there exists a linear combina-

tion such that
Z @;;QiQ; =0,

1<i<j<4

where not all «;; are zero. Differentiating and subsequently evaluating this
equation at uj, we obtain

ZaljanQﬂ (W) =0, 1<k<4,

1<j<4

which is equivalent to

> aljaQJ )=0, 1<k<4.

1<5<4

This is a (4 x 3)-system of linear equations in the variables a2, a3, a14. Denote
the corresponding coefficient matrix by A. Assume that this system has a non-
trivial solution, meaning that all (3 x 3)-minors of A must vanish. Considering
the cross product of the three vectors ug,us, uy € R* (see, e.g., |Mas83]), we
can see that the entries of the cross product are exactly equal to an alternat-
ing (3 x 3)-minor of A. Hence, we conclude that the cross product is the zero
vector, implying that the three vectors us, us, us are linearly dependent, which
is a contradiction, since g, us, us, uy form a basis of R*. Hence, we conclude
that a2 = anz = aq = 0. Analogously, by following this procedure with 3, u}
and wuj, we can infer that as3 = ey = agy = 0 and hence all pairwise products
are linearly independent. Since pairwise products Q;Q; span (I3(T))? and are
linearly independent, it finally follows that dim(/5(T))? = 10. |

We are now ready to show 2-independence of I'.

Proposition 4.3.5. Let I' be a set of 6 points in R* in general linear position.
Then T is 2-independent.

Proof. We first show that I' forces no additional zeros on quadratic forms.
Recall that @; = (x,u;)(x,v;) and the forms @; form a basis of I(I"). It
suffices to show that the forms (); have no common zeros outside of I'.

Let Vi (Q;) denote the complex zero set of the forms @;, 1 < i < 4 and
let z be a nonzero point in the intersection N}_,Ve(Q;). First assume that
z € N, VR(Q;). Tt follows that, for each i, we either have (z,u;) = 0 or
(z,v;) = 0. Since u; and v; form a basis of R?, the vector z cannot be orthogonal
to all four u; or v;. If (z,u;) = 0 for three indices i, which we may assume,
without loss of generality, to be 1, 2 and 3, then it follows that z is a multiple
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of uj. But then (z,u4) # 0 and, from Lemma 4.3.3, we know that (z,vs) # 0.
Therefore, QQ4(2) # 0, which is a contradiction.

It thus must happen that z is orthogonal to at most two of the vectors u; and
to two of the vectors v;. Again, without loss of generality, we may assume that
2z is orthogonal to wuy, us, vz and vy. Since u; comes from the triple {1,2,3},
ug comes from {1,4,5}, vs comes from {1,3,5} and vy comes from {1,2,4},
it follows that z lies in the intersection of the spans of {si, sq, s3}, {s1, 84, S5},
{s1, 83,85} and {s1, s9,s4}. Since the points s; are in general linear position,
we infer that s; spans this intersection. The other points s; arise in the same
manner from choosing different pairs of u;’s and v;’s. If z is complex, then the
same arguments as before applied to the real and imaginary part of z imply
the claim.

For the second condition of 2-independence, we need to show that for any
s; € S there exists a unique (up to a constant multiple) form in I5(I") that
is singular at s;. Again, by symmetry, we only need to prove this for s;.
By construction, s; is orthogonal to wy, us, vs and vy. Therefore, it follows
that VQi(s1) = (v, s1)u1, VQa2(s1) = (vz, s1)uz, VQ3(s) = (us, s1)vs and
VQu(s) = (ug,s1)vs. The coefficients of the vectors ui, us, vs and vy are
nonzero, and since the points s; are in general linear position, it follows that
u1,uy, v3 and vy span the vector space si. Therefore, there is only one (up
to a constant multiple) linear combination of gradients of ); that vanishes at
S1. [ |

Note that from the above proofs, it follows that dim>,4(I') = 10. On
the other hand, the Alexander-Hirschowitz Theorem implies dim Py 4(I") = 11.
We have thus shown part (i) of Theorem 4.3.1. In the remaining part of this
section, we will provide the proof of Theorem 4.3.1 (ii).

Proposition 4.3.6. Let I' C R* be in general linear position with || < 6.
Then I is 2-independent.

Proof. For |I'| = 6, the statement is already proven in Proposition 4.3.5. Let
now |I'| < 5. It is easy to see that the first condition of 2-independence is still
satisfied whenever points are in general linear position. Indeed, we already
know that the forms Q1, ..., Q4 do not have any zeros outside of {sy,..., s}
We define Q5(x) = (x, u1) (X, uz), which extends @, ..., Q4 to a basis of Ir(T").
Since the points are in general linear position, we have Q5(s¢) # 0. Hence, we
see that the first condition of 2-independence is satisfied for |I'| = 5. If I is of
smaller cardinality, we can always extend I" to a set T of cardinality five that is
in general linear position. In the next step, one can extend a basis Q1,...,Qs
for I5(I") to a basis of I5(I"). Using that those new polynomials do not vanish
at all of T and using that [ satisfies the first condition of 2-independence, one
can infer that also I satisfies this condition.

It remains to verify the second condition of 2-independence, i.e., we need to
show that the vector space of quadratic forms vanishing on I' and that are
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singular at exactly one point of T" is of dimension 7 — |T'|. We proceed by
induction on |I'|. For |I'| = 6, the claim follows from Proposition 4.3.5. For
IT| < 6, we extend T to a set I with |T| = 6 in general linear position. By
induction, we know that the vector space of quadratic forms vanishing on r
and that are singular at one point of I' is of dimension one. This already
implies that the dimension of the vector space of quadratic forms vanishing
only on I' and that are singular at exactly one point of I' is of dimension at
most 1+ |I"\ I'|. Hence, it suffices to show that, when decreasing the number
of points in I', we gain one new linearly independent relation per point. We
demonstrate this explicitly only for |I'| = 5, since all the other cases follow the
same line of arguments. Let P = Z?Zl a;Q; be singular at s;, where a; € R.
Then VP(s;) = St a;VQy(s1). As in the proof of Proposition 4.3.5 (up to
multiples), there is only one possible solution of this equation. Moreover, Q5
is clearly double vanishing at s; and linearly independent of the former linear
combination, which shows that the dimension of the vector space of quadratic
forms vanishing at s, ..., s5 and being singular at s; is two. For so, ..., s5, the
situation is a bit different, since VQs(s;) # 0 for 2 < i < 5. If P is singular at
S9, then

VP(s3) = (a1(s2,v1) +5(s2, Ua) )us + o (S2, U2) Vo + a3(Sa, V) Uz + s (Sa, Us)vy.

The same arguments as before show that ag(se, v1) + as5(sa, ua), ag, az, ay are
uniquely determined (up to multiples). This gives one additional degree of
freedom for choosing «; and a5. Hence, again, the required dimension is two.
For the other cases, one proceeds in an analogous way. |

We remark that for (n,2d) = (4,4) the above proposition is stronger than
the consequence of Proposition 4.1.7, since it explicitly classifies which generic
point configurations in R?* are 2-independent.

Consider the following forms

Q5(X) = <X7 u1><X’ u2>v QG(X) = <X7 u1><x, U3>,

Q7(X) - <X7 U2> <X7 U4>, QS (X) - <X7 U1> <X7 u4> .
Finally, we can provide the proof of Theorem 4.3.1 (ii).

Proof of Theorem 4.3.1 (ii). First, consider the case |I'| = 5. Then, by 2-
independence of I'; we have dim I5(I") = 5 and the forms @,...,Qs form a
basis of I5(I") (to see this, evaluate at uj,...,u} and sg). We claim that all
(5;1) = 15 pairwise products Q;Q;, 1 < 4,7 < 5 are linearly independent,
which is the right dimension count, since dim [f)(f‘) = 35— 20 = 15. Again,
by evaluating at the points uj, ..., u; and sg, we see that the pairwise products
Q7,1 <4 <5 are linearly independent from the pairwise products Q;Q; with
1 <17 < j < 5. Hence, it remains to prove linear independence of the latter
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ones. For this aim, we use similar techniques as before. Suppose that those
forms are linearly dependent, i.e., there exists a linear combination

Z aijQin =0, (4-3-1)

1<i<j<5

where not all o;; are zero. Consider the evaluation of (4.3.1) at the point u}.
The only forms that vanish to order one at u} are QQ1Q4, Q2Q4 and Q3Q)4. The
remaining ones vanish to higher order. Hence, differentiating P and subse-
quently evaluating at ) yields the following (4 x 3)-system of linear equations
(note that Q;(uf) # 0):

0Q1, .
0614%:(?@1) + o

9Q2 Qs

247 345
axk &ck

By the same arguments as in the proof of Lemma 4.3.4, we can conclude that
a1y = gy = azy = 0. Now evaluate (4.3.1) at uj. This time, the forms
1Q3, Q2Q)3 are the only pairwise products vanishing to order one. This yields
a (4 x 2)-system of linear equations, from which we infer a3 = ags = 0,
since, in this case, vanishing of all (2 x 2)-minors implies linear dependence of
uy, uy contradicting the fact that ui,...,us form a basis of R*. Analogously,
evaluating (4.3.1) at u] yields a2 = a5 = 0 by exactly the same arguments as
before. So, we are left with the pairwise products Q2Qs5, Q3Qs5, Q4Qs. These
forms are clearly linearly independent, since the forms @Q;, 2 < ¢ < 4 are
linearly independent. Hence, the claim follows.

Now, assume |I'| < 5. In this case, note that there is always an overcount in

the pairwise products. For example, in the case |I'| = 4, there are (6;1) =21

pairwise products. Since dim If)(f‘) = 35— 16 = 19, we need to prove that,
out of these 21 pairwise products, there exist 19 pairwise products that are
linearly independent. Since the proof uses exactly the same strategy as in
the case [I'| = 5 and does not contain new arguments, in the next table,
we only provide a basis for (I,(T'))? for |T'| < 5. For |I'| = m, the forms
Qi, 1 <1 <10 —m form a basis of I(I'). We set L ={Q;Q, : i < j} and use
B(T') C L to denote a basis of (I5(T))%.

(uy) + o (u;) =0, 1<k<A4

0| | dim(Z(1))? | dim I2(I) B(I)
4 19 19 L\ {Q2Qs, Q3Q5}
3 23 23 L\ A{Q1Q7, Q2Qs6, Q3Q5, Q4Qs5, QsQ6 }
2 27 27 L\ M
where

M = {Q1Q7, Q2Qs, Q2Qs, Q3Qs, QuQs, QsQ7, QsQ7, QsQs, Q7Qs}-

Note that for |T| = 1 it always holds that dim(I5(T'))? = dim I\* (T') and hence
the proof is finished. [ |

From Theorem 4.3.1 we can immediately infer Corollary 4.3.2.
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4.4 Explicit Characterization of 1-dimensional
Differences

The aim of this section is to explicitly characterize a dimensional difference
between P, 24(I") and X, 94(I") for (n,2d) = (4,4) and (n,2d) = (3,6). By
Theorems 4.3.1 and 4.2.1, the first time those differences occur is exactly for
Il'| = 6, respectively, |I'| = 7, and it follows by dimension counting that the
dimensional difference in these cases is exactly one. Hence, constructing forms
in IQ(Z)(F) \ (I4(T))? already yields a complete characterization of the occuring
dimensional differences in the two smallest cases, in which nonnegative forms

that are not sums of squares exist.

4.4.1 The case (n,2d) = (4,4)

In order to describe the dimensional difference, we need to construct a form R
of degree four such that R € I.2(T') \ (Iz(I))2.

Proposition 4.4.1. Let T C R* be in general linear position with |T'| = 6.
Set R = (x,u1){x, us)(x, uz)(x,us). Then R € I’(T)\ (I,(I'))2.

Proof. We know that products ;@); with 1 < ¢ < j < 4 form a basis of
(I(T'))?. We observe that R(u}) = 0 for all i, and the only form from the
spanning set that does not vanish at u} is Q?. Therefore, if we assume that R
is spanned by );(;, then R needs to be spanned by products Q;@); with ¢ # j.

Now consider R(v;). By Lemma 4.3.3, we know that R(vj) # 0. How-
ever, Q;Q;(v;) = 0, since (v}, v;) = 0 for i # k. Therefore, we arrive at a
contradiction. [

Corollary 4.4.2. Let T C R?* be in general linear position with |T'| = 6. There
exists p € Pya(I')\ X44(T) with I' C V(p). These forms can be constructed via
Q% + Q%+ Q% + Q% + R for sufficiently small € > 0.

We now provide an explicit example for a form as described in the above
corollary.

(0,170,1), §3 = (0717170); S4 =

Example 4.4.3. Let s = (0,0,1,1), so =
,1,0,0) and T = {s1,...,s6}. The
):

(1,0,0,1), s5 = (1,0,1,0) and s¢ = (1
following polynomials form a basis of I(

Q1(x) = x1(21 — T2 — 3 — 24), Q2(X) = 22 — T — T3 — 1),

x
Q3(x) = z3(x3 — 11 — 22 — 14), Qu(X) = 244 — 1 — T2 — 13).
The form R = (x,u1) (X, ug) (X, u3) (X, uys) from Proposition 4.4.1 becomes
R = (x,e1)(x, e2)(X, e3) (X, €4) = T1T203T4.

One can verify that Q3 + Q3+ Q3+ Q7 + R € Py4(T) \ Zy4(T).
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4.4.2 The case (n,2d) = (3,6)

We consider the case (n,2d) = (3,6) and ' C R?® with |T'| = 7. Compared
to the case (n,2d) = (4,4) from the previous section, the situation becomes
more involved. Let I' = {sy,...,s7}. Let uy, us, ug be the normal vectors to
the hyperplanes passing through sy, so, respectively, s3, s4, respectively, s, sg.
Note that, generically, uy, ug, uz form a basis of R3. Let uj, u}, uj be the dual
basis to uy, ug, uz. Furthermore, we define K, Ky, K3 to be the conics passing
through the points s; with i € {3,4,5,6,7}, respectively i € {1,2,5,6,7},
respectively i € {1,2,3,4,7}. Generically, we can assume that K;(u}) # 0 for
1<i#j<3.

Lemma 4.4.4. Let Q1(x) = (x,u1)K1, Q2(x) = (x,u2)Ky and Q3(x) =
(x,u3)K3. Then {Q1(x), Q2(x),Q3(x)} is a basis of I3(T).

Proof. Assume that Q1(x), Q2(x) and Q3(x) are linearly dependent, i. e., there
exist (ay, g, az) € R?\ {(0,0,0)} such that

0= OélQl(X) + QgQQ(X) + OégQg(X). (441)
Evaluating (4.4.1) at u} and using that (u;,u;) = 0, for i # j, and K;(u}) # 0,
for all 1 <4,5 <3, we infer (aq, az, a3) = (0,0,0). [

We now construct an explicit form R € I$2(T') \ (I5(I))2.

Proposition 4.4.5. Let R = K(x,u;)(x, us) (X, us), where K is the unique cu-
bic double vanishing at the point s; and vanishing at s, . .., S¢ with multiplicity
one such that K(u?) # 0 for 1 <i<3. Then R € I{?(T)\ (I5(T"))2.

Proof. By construction, it is clear that R € [éZ)(F). We have to prove that
R together with all pairwise products @;Q;, 1 < i < j < 3 form a linearly
independent set of polynomials. Suppose these forms were linearly dependent,
i.e., there exists a nontrivial linear combination ar R+ 21§i§j§3 ;;Q;Q; = 0.
By evaluating this relation at u;, we get that a;; = 0 for 1 <7 < 3. It remains
to prove linear independence of the forms @;Q; and R with 1 <1i < j < 3.
Suppose that these forms are linearly dependent. The forms Q1Q2 and Q1@
vanish to order one at uj, whereas the forms ()2(Q5 and R vanish to order two.
Hence, by taking the partial derivatives and subsequently evaluating them at
uy, we get for k € {2,3} and 1 < j <3

o P8P (1) = (% Qe Q- %) (u) = @) - T2 ) = 0
J J J

J

and hereby the following (3 x 2)-system of linear equations:

1201 (uy) - @(UT) + a13Q1 (u7) - 9C

=0 1<5<3.
8$j amj(ul) ) >7] >
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Suppose that this system has a nontrivial solution. This is the case if and only
if the rank of the corresponding coefficient matrix is one. Hence, all (2 x 2)-
minors must vanish. One can check (by taking the partial derivatives and
considering K;(u}) # 0) that the rank is one if and only if the cross product
of the two vectors us and wug is zero, implying that us and wug are linearly
dependent. But this is a contradiction, since u, us and us form a basis of R3.
Hence, the above system can only have the trivial solution ajs = ay3 = 0,
and we are now left with the equation as3Q)2Q3 + agR = 0. However, since
the form ()2()3 vanishes to order one at uj and the form R with order two at
us, we get ass = 0 by taking the partial derivatives and hence ag = 0, which
finishes the proof. [ |

Corollary 4.4.6. Let ' C R?® be 3-independent and |U'| = 7. Under the
assumptions of the previous lemma there ezists p € P3g(I") \ X36(I") with I' C
V(p). These forms can be constructed via Q? + Q3 + Q3 + eR for sufficiently
small e > 0.

Example 4.4.7. Note that the condition K;(u}) # 0 is essential. Let I' =
{s1,...,87} with
s1 = (1,0,0),s2 = (0,1,0),s3 = (0,0,1),s4 = (1,1,0),s5 = (1,0, 1),
s¢ = (0,1,1),s7 = (1,1,1).
It can be checked that this set of points is 3-independent. However, one can

verify that v = (%, %, O) and hence it represents the same projective point as

s4. In particular, we always have Ki(u}) = 0 by construction. However, we
can perturb the point sy to 4 = (1,—2,2). The new set of points remains
3-independent, and we have Kz(u;‘) # 0 for 1 <i < j < 3. The three basis

polynomials are then given by

Q1(z1, 2, x3) = (31172 — X125 — 222x3)(—23 + X2 + X1),
Qa(x1, T2, x3) = (x2 — x3) (21 — 23) (221 + X2),

Qs(w1, 19, 13) = w3(82% + 23 — 81103 — To13).
Furthermore, we have
R = —x3(2x1 + 22)*(w1 + 22 — x3) (22 — 23) (—23 + 71).
One can check that
Qi + Q3+ Q5+ R e Pyg(T) \ By6(T).

4.5 General (Naive) Bounds for Dimensional Dif-
ferences
We now want to derive some naive dimension counts for the dimensions of

P, 24(T') and %, 94(T"), which help to understand when, theoretically, dimen-
sional gaps between these faces can occur. Moreover, these counts yield some
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a priori bounds on the minimal size of I' such that dimensional gaps between
these faces can be observed. A first step in this direction is the following
lemma.

Lemma 4.5.1. Let T’ be a d-independent set of k points in RP"'. Then
n+d—1

dim P, 50(T) > ("2 — kn and dim 5, 54(T") < ((737) 7441,

Proof. The dimension of Iéz)(F) is at least (”+§j_1) —kn, since we are imposing
at most kn linearly independent conditions by forcing forms to double vanish at
all points of I". From Proposition 4.1.4 we know that P, 4(I") is full dimensional
in IQ(Z)(F) and, thus, the bound for the dimension of P, 54(I") follows.

Since I' is d-independent, we know that the dimension of I,(I') is (

dim I4(T)+1
2

ucts coming from [;(I") and, therefore, the dimension of ([4(I"))* is at most
n+d—1
(( ' 2)"“*1). Since, by Proposition 4.0.1, S.04(T") C (Io(T)? is a full di-

mensional containment, the bound for ¥, 4(I") follows. |

n+zli—1) .

) linearly independent pairwise prod-
2

k. We can have at most (

For a d-independent set I' of size k let G, 24(k) be the size of the minimal
gap between the dimensions of P, 24(I") and %, 24(I") over all d-independent
sets of size k, which, by Lemma 4.5.1, is given by

Groa(k) = (n * ;g a 1) — kn — ((” a )2_ b 1) . (4.5.1)

From Section 4.1.2 we know that there exist d-independent sets of any car-
dinality k£ < ("*jfl) —n. We want to determine the smallest positive integer
k for which G,,24(k) > 0 and we want to find the maximum of G, 24(k).

n+d71) —n.

Proposition 4.5.2. The function G, 24(k) is mazimized at k = ( y

Its value and the largest gap are

(”+§Z_1>—n(n+j_l>+<g>. (4.5.2)

The smallest value of k such that Gy, 24(k) > 0 is the smallest integer strictly
greater than:

n+d—1 _n+1_ 1 2+2 n+2d—1 .y n+d—1
d 2 "y 2d " d '

(4.5.3)

Proof. We observe that G, 4(k) is a quadratic function of k£ with a negative
leading coefficient. It is easy to show that G, 4(k) attains its maximum value

d—1 1
at k = (n + J ) —n+ 3 Therefore, the maximum value of G, 24(k) for an



4.5. GENERAL (NAIVE) BOUNDS 67

n+d—1

4 ) —n and it is a matter of easy manipulation

integer k will occur with k = (
to obtain equation (4.5.2).
The bound in equation (4.5.3) comes from simply calculating the smallest

root of G, 24(k). We skip the routine application of the quadratic formula. W

We make several remarks. First we observe that the largest gap from Propo-

sition 4.5.2
n+2d—1 _ n+d-—1 n n
2 "\a 2

is zero in all cases, where the cones P, 24 and X, oq coincide. However, this
number is strictly positive in the cases, where there are nonnegative forms that
are not sums of squares. In the smallest cases (n,2d) = (4,4) and (n,2d) =
(3,6), in which P, o4 is strictly larger than 3, o4, the gap is one.

However, as either n or d grows, we can see that the dimensional gap between
exposed faces of P, o4 and X, o4 grows and, asymptotically, it approaches the
full dimension of the vector space P, 2q.

We note that the bound from Equation 4.5.3 simplifies remarkably for n = 3.
In this case, we get the bound of (df) —d—1, and we need to take the smallest
integer above that, which leads to

d+2 d+1
k_< ! ) d—( ! )+1.
This is actually the correct bound for the case of n = 3 as we proved in
Theorem 4.2.1.

Though, in general, for n > 4 the formula does not appear to simplify and
the bound given is not going to be optimal, Theorem 4.3.1 implies optimality of
the naive dimension count also in the case (n,2d) = (4,4). The non-optimality
in the general case is caused by an overcount for the dimension of the vector
space (I4(T))2.

We note that for £ = ("Jr;l*l) — n, which leads to the largest gap, the
bound on the dimension of (I4(T"))? is also optimal, generically. We can see
this from the example of the d-independent set S, 4 from Section 4.1.2, which
has exactly this cardinality. Indeed, for .S, 4, it is not hard to show that all
pairwise products of the forms @);, which form a basis of 1;(S, 4), are linearly
independent in H, 4. This shows that the dimension of (1;(S, 4))? is (";rl),
which is exactly equal to the bound we use.

Question 4.5.3. From the above discussion it is natural to ask the following
questions.

(i) In addition to the known cases ((n,2d) € {(3,2d), (4,4)}), are there other
cases, in which the naive bound from Proposition 4.5.2 for the smallest
cardinality of a set " forcing a dimenstonal gap between the corresponding
faces is correct?
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(i1) Given n,d, is it possible to characterize the set of integers S such that
dim P, 24(T") > dim X,, 94(T") if and only if |I'| € S¥¢

(iii) Can the naive bounds from Proposition 4.5.2 be further improved?

(iv) Is it possible to characterize more cases for which

dim Pnjgd(r) — dim Zn’gd(r) =17

4.6 Extension to Arbitrary Real Projective Va-
rieties

Motivated by the question whether there exist more cases for which the gap
dim P, 24(I") — dim ¥,, 54(I") is equal to one, we consider the following question:
Given a form that is nonnegative on a real projective variety X C P* 1,
when is every such nonnegative form a sum of squares on X? By Py a4 resp.
Y x,24 we denote the set of nonnegative resp. sums of squares forms of degree
2d on X. In this setting, Hilbert’s theorem is just the case X = P71 In
[BSV13] it is proved that Py o4 and X x o4 are, indeed, closed convex cones. We
call a projective variety X C P"! nondegenerate, if it is not contained in a
hyperplane. The main result in [BSV13] is given by the following theorem.

Theorem 4.6.1 (Blekherman, Smith, Velasco [BSV13|). Let X C P"! be a
real irreducible nondegenerate projective subvariety such that the set X (R) of
real points is Zariski dense. Then Pxo = Xx o if and only if X is a variety of
minimal degree.

Remember that X is a variety of minimal degree, if deg(X) = 1+codim(X).
Varieties of minimal degree are completely charaterized (see, e.g., [EH8T7]).
There are exactly three families:

1. totally-real irreducible quadratic hypersurfaces,
2. cones over the Veronese surface,

3. rational normal scrolls.

In order to extend the result to forms of arbitrary even degree 2d, the
Veronese embedding v, : P* — ]P’(n:d>_1, mapping a point to all monomials of
degree d, plays a key role. Then every nonnegative form of degree 2d on X is
a sum of squares if and only if the d-th Veronese embedding of X C P" is a

variety of minimal degree.

Example 4.6.2 (|[BSV13|). The rational quartic curve C C P? defined by
[yo = 1] = [ya : vdy1 : vy : Y] is not a variety of minimal degree but
vo(C) C P® is the rational normal curve of degree eight, which is a variety
of minimal degree. Hence, every monnegative quartic form on C' is a sum of
squares.
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We are interested in the exposed faces of the convex cones Py g and Xx o4.
For this, let I' C X be a finite set of points in X. For any positive integer d
we define the cones

Px24(I') == {p € Pxoaq:p(s)=0forall s eI},
Yx2a(I') == {p€Xxoq:p(s)=0forall seTl}.

It is immediate that these cones are exposed faces of Py o4 and of X x 54 and that
Yx24(I") C Px24(T). In the previous section, we analyzed the case X = P!
and proved some powerful results using the Alexander-Hirschowitz Theorem,
especially for n = 3. In our upcoming article [BIKV14|, we generalize concepts
in the previous section to the above setting of arbitrary projective varieties.
Again, in order to determine the dimension of Px 94(I"), one can look at the
dimension of the vector space of double vanishing forms on X and introduce
a concept of d-independence in this setting. Even more, one can prove that
d-independence is a sufficient condition for full dimensionality of Px 4(I') in
the set of double vanishing forms. However, a major drawback is that there is
no Alexander-Hirschowitz type result for arbitrary real projective varieties X.
For some concrete results, we refer to [LP13, Theorem 2.1].

Rather than completely describing the results in [BIKV14] we look at a
specific case in more detail in order to shed light on these general extensions.
Let X = P! x P! be the product of two projective spaces. The coordinate ring
of X is just the set of multihomogeneous polynomials in two sets of variables
x = (z1,22) and y = (y1,¥2). As an example, we consider the degree vector
2d = (4,4), hence, the considered polynomials are quartics in x and y. Forms
of this type form a vector space of dimension (2+j_1) (2+i_1) = 25. Now, let
['={sy,...,s86} C P! x P! with |T'| =6 and

s1=(1,0;1,0), 8, = (0,1;0,1), 83 = (1,1;1,1), s, = (1, 1;1,0),

s5 = (1,-1;0,1), s6 = (0,1; 1, 1).

It can be proved (with analagous methods as before) that
dim PX7(474) =25—-6-3=7>6=dim ZX7(474).

Using similar techniques as in the previous sections, we can compute three
forms fi, fo, f3 vanishing on I' and a double vanishing form ¢ on I" that is not
in the span of the pairwise products f;f; for 1 < i < j < 3. Note that the
forms f1, f2, f3 are quadratic in x and y. Then, for a sufficiently small € > 0,
the form f? + f2 + f2 + £q is nonnegative but not a sum of squares. We used
the package SYNRAC for MAPLE (see [AY03]) to verify that the following
form lies in PX,(4,4) \ EX7(474)Z
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Chapter 5

Low Dimensional Test Sets for
Nonnegativity of Even Symmetric
Forms

Since checking nonnegativity of polynomials is an NP-hard problem in gen-
eral, one might ask whether additional structure on polynomials reduces the
complexity of checking nonnegativity. Therefore, an alternative approach in
order to simplify the question whether a real polynomial p of even degree 2d is
nonnegative, is to look for test sets {2 C R™ for nonnegativity of polynomials.
Here, we call Q C R™ a test set for a polynomial p if p(x) > 0 for all x € R™ if
and only if p(x) > 0 for all x € Q. For example, if p is a homogeneous poly-
nomial, then 0 = S"! is a test set for p. Classifying polynomials, for which
there exist test sets simplifying the question of nonnegativity, is seemingly a
difficult problem. However, for symmetric polynomials such test sets exist.
Symmetric polynomials play an outstanding role in practice as many problems
come with symmetric structure.

In [Tim03], Timofte proves a very powerful result, namely that a symmet-
ric polynomial in n variables of degree 2d is nonnegative if and only if it is
nonnegative at all points x € R” with at most d distinct components. Addi-
tionally, an even symmetric polynomial of degree 2d is nonnegative if and only
if it is nonnegative at all points = € R" with at most [ £ distinct components.
Later, Riener was able to reprove this result in a much more elementary fash-
ion than in the original work, where most techniques are based on the theory
of differential equations (see [Riel2[; see also [Riell]).

In this chapter, we are interested in even symmetric forms. We consider
the question of how to identify test sets for such forms and investigate their
properties. In particular, we analyze under which additional conditions on
even symmetric forms the bound of at most ng distinct components given by
Timofte can be further improved. Polynomials with such interesting structures
are those lying in certain subspaces. We analyze the question of whether it

71
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is even possible that there exist uniform bounds better than Timofte’s one
and independent of the degree of the polynomials. In fact, our results imply
that very often it is not the degree of the polynomials that is essential for the
number of components to be checked, but the dimension of the corresponding
subspaces. This is in sharp contrast to Timofte’s theorem.

This chapter is organized as follows: In Section 5.1 we provide some basic
tools and definitions from the theory of symmetric polynomials. In Section 5.2
we introduce test sets and present core problems on them we are interested
in. Furthermore, we recall some previous work, such as Timofte’s theorem
and summarize our main results (Theorem 5.2.5). In Section 5.3 we consider
4-dimensional subspaces of even symmetric forms of degree 4d and prove our
first main result. We end this section by applying our results on some ex-
amples and provide some conjectures based on these experiments. In Section
5.4 we consider subspaces of arbitrary dimension. We prove our second main
result (Theorem 5.4.2) by adjusting the number of variables and generalizing
techniques from Section 5.3. In Section 5.5 we tackle problems concerning the
maximum dimension of such subspaces resp. the geometrical and topological
structure of the set of all forms, whose nonnegativity can be decided at all
points with a fixed number of distinct components. Here, we prove our re-
maining main results, which are Theorem 5.5.2 and Corollary 5.5.4. Finally,
we discuss some open problems.

5.1 Preliminaries

In this section, we introduce some notations and facts that are essential for
upcoming results. We begin with some classical facts about symmetric poly-
nomials. Let R[x]5 be the vector space of symmetric polynomials of degree
d € N. A homogeneous symmetric polynomial is called an even symmetric
form if all exponents are even. A vector A = (Aq,...,\,) € N is called a
partition of d if Ay > Ao > -+ > X, > 0and A\ +---+ X\, = d. The vec-
tor space dimension of R[x] is given by the number of partitions of d with
length at most n. Note that the dimension of R[x]] is fixed, i.e., independent
of n, whenever n > d. A fundamental theorem in the theory of symmetric
polynomials states that every symmetric polynomial p € R[x]5 can be written
as a polynomial in the power sums M, (x) = > "  af for 0 < r < n. For an
overview and introduction see, e.g., [Sag01].

We now introduce Schur polynomials that also form a basis of R[x]°. Let
d # 0 be a natural number with a partition d = 22:1 dj, dy > -+ > 4,
where all d; are positive integers. For a fixed partition (d, ..., d;) the [-variate
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monomial symmetric function mg, . 4, is given by
i dl .« .. dl
M(dy,...d)) = E :%(1) Loty
O’ES]

where S is the symmetric group in [ elements and o denotes a permutation in

S;. We define

di+1-1 do+1—2 d;
‘rl xl ) xl
Diay,...qyy = det : ST I (5.1.1)
- - d
x71+l 1 :L,lngrl 2 z

Furthermore, we denote the determinant [[,; ;o (z; — z;) of the (I x I)-
Vandermonde Matrix by A, i.e.,

.iL'll_l ZBll_2 e 1
A; = det : T (5.1.2)
xﬁ_l x§_2 e 1

The Schur function S, . 4, is defined as

1

Da.,....d)

7y (5.1.3)

S(daendy)

It is a well known fact that Schur functions are, indeed, symmetric poly-

nomials, which have an amazing combinatorial structure. For example, the

monomials of the Schur polynomial S, 4, are in one to one correspondence

to all semistandard (dy, ..., d;)-tableaux. For our needs, the following propo-
sition is crucial (see, e.g., [Sag01]).

Proposition 5.1.1. Let d; > --- > d; € N. The Schur polynomial S,...a4)
can be expressed as

S(dl ~~~~~ d) — E : K(eryener) (dayeend)) M er,er) s
{(e1yepe)ENt 2 370 ;<300 dy for all 1<r<I}

where all K, .....c)) (d1,...d,) are nonnegalive integers and all m, . . are mono-
maal symmetric functions.

The coefficients K(c,....¢) (d,...q) are called Kostka numbers. They count
the cardinality of the set of all semistandard (ci,...,¢)-tableaux of type
(dy,...,d;) and are thus nonnegative integers.

5.2 The Structure of Test Sets

In the following, we provide a brief discussion of the structure of test sets. We
define test sets and k-points, state Timofte’s theorem, and set up the major
notations and problems for the remainder of this chapter.



74 CHAPTER 5. LOW DIMENSIONAL TEST SETS

Definition 5.2.1. We say that a set Q C R" is a test set for p € R[x]| if the
following does hold: p > 0 if and only if p(x) > 0 for all x € Q.

Based on existing results about nonnegativity of symmetric polynomials,
natural test sets to consider are given by k-points. In the following definition,
we make this more precise.

Definition 5.2.2.

1. Let Q4. denote the set of all points (x1,...,x,) € R"™ such that there exist
a; < ...<ar €R with x; € {ay,...,a;} for every 1 <i <n.

. Le enote e set of att pownts (x1,...,Ty) € suc a ere
2. Let QU denote the set of all point RZ, such that th

exist a; < ... < a € Ryg with z; € {0,aq,...,a,} for every 1 <i < n.
In this case, we call a point x € R™ a k-point.

The problem of constructing test sets for symmetric forms began with the
work of Choi, Lam and Reznick in [CLR&7|, and was followed in [Har99.
We summarize the main results in these articles, remarking that the authors
dealed with forms. However, the results are obviously true also in the non-
homogeneous case.

Theorem 5.2.3 (|[CLR87, Har99|). For even symmetric forms the following
hold.

1. Qf is a test set for even symmetric sextics (2d = 6).

2. Q3 is a test set for even symmetric octics (2d = 8) and ternary even
symmetric decics (n = 3,2d = 10)

3. Nonnegative even symmetric ternary octics are sums of squares.

All these results are completely generalized in the work of Timofte. His
main theorem can be stated as follows.

Theorem 5.2.4 (Timofte |[Tim03|). Let p € R[x]5,; with d > 2. Then

1. Qg s a test set for p.

+

1, 18 a test set for p.
15

2. If p 1s even symmetric, then )

As an example, since we are dealing with even symmetric forms, the fol-
lowing does hold: Nonnegativity of even symmetric octics (2d = 8) and even
symmetric decics (2d = 10) can be reduced to semidefinite feasibility prob-
lems, since, by Timofte’s theorem, one has to check whether these forms are
nonnegative at all 2-points. Hence, the problem reduces to check whether a
finite number of binary forms are nonnegative. By Hilbert’s theorem (|Hil88]),
this can be decided by checking whether these forms are sums of squares.
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Our main goal is to characterize symmetric forms for which there exist test
sets based on k-points that are independent of the degree of the investigated
forms. Let R[x]5: be the vector space of even symmetric forms in n variables
of degree 4d and

N LRI - ‘
{Mj( SRS Mo €N, gy, dan) €2N, 0 (5:21)
koo kg €N dankan = 4d} C Ry

=1

Recall that M; = (x]4...+27). In the following, we always assume that n > 3,
since the question of nonnegativity of binary forms is obvious by Hilbert’s
theorem. The key idea is to restrict to subspaces of R[x ]4d given by forms

> aifi(x) + BM3* + Y M3, + 5 Mog M, (5.2.2)

where «;, 3,7,0 € R* and fi(x) € B\ {M3?4, M2, MygMZ} for 1 <i < m. In
particular, we are interested in the constant

Mfﬁd = max{m : p>0< p>0at all k-points, for all p with
{fh R fm} - B \ {M22d7 M22d7 M?dMéi} and ai’ﬁ?’Y’ o€ R*}

To the best of our knowledge, nothing is known about these numbers so far.
Note that MY* 4d can be interpreted as a measure for the maximum dimension
m+3 such that at all (m~+3)-subspaces of forms given as in (5.2.2) (for arbitrary
{fi,. s fm} © B\ {M3 M2, MyyMZ}) nonnegativity can be decided at all
k-points. Furthermore, we are interested in the set

Agi)id = {pe R[X]i’f : p>0< p>0 at all k-points},

i.e., the set of all forms in R[x]} for which nonnegativity can be decided at all
k-points. Less is known about geometrical and topological properties of these
sets. For example, a priori it is unclear whether these sets are connected or
even convex.

We summarize our upcoming results (Theorems 5.3.1, 5.4.2, 5.5.2, Corollary
5.5.4) in the following theorem.

Theorem 5.2.5. Let p := Y " a;fi(x) + BMZY + v M3, + 6 MogM§ with
ai, 3,7,0 € R* and n > 3. Furthermore, let f;(x) € B\ {M34, M2, MogMZ}
for1 <1< m.

1. For m+ 2 < n and p satisfying some extra conditions (see (5.4.2)) the
set of (m + 1)-points is a test set for p,

2. For4d > 12, n € {d — 1,d} we have Mﬁid =1,
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3. For4d > 12, n € {d — 1,d} the set Agld is not convexr.

Note that the statement can be extended to the case of forms p with
a;, 8,7,0 € R. One can construct a sequence of forms as in (5.2.2) and con-
verging to p coeflicient-wise. Since nonnegativity of all elements is decidable
at k-points, this will also hold for p due to continuity of polynomials in their
coefficients.

An important motivation to restrict attention to subspaces of even sym-
metric forms is given by the fact that they contain sparse even symmetric
forms. Since every symmetric form can be written as a polynomial in the
power sum polynomials, an interesting class to look at is given by symmetric
forms with sparsity structure in this representation, i.e., where only a small
number of power sums are present. Hence, considering subspaces of even sym-
metric forms also correspond to sparsity aspects of even symmetric forms.

5.3 Subspaces of Even Symmetric Forms of Di-
mension Four

We start with the study of some 4-dimensional subspaces. The main result in
this section is the following theorem.

Theorem 5.3.1. Let n > 3. The set of 2-points is a test set for real even
symmetric forms of the form

p o= aMit- M+ BMF+ yM;, + 6 MMy, (5.3.1)

where a, B,7,0 € R* and the following conditions are satisfied:

i dr €2N, ki, ke €N ik =4d, gy ¢ {2,2d}, (5.3.2)
i=1
and either ji,...,Jr < 2d or ja,...,j, € {2,2d}.
Hence, we can conclude the following corollary.

Corollary 5.3.2. Let p be of the form (5.3.1) satisfying (5.3.2). Then non-
negativity of p can be reduced to a finite number of semidefinite feasibility
problems.

Proof. By Theorem 5.3.1, p is nonnegative if and only if it is nonnegative at
all 2-points. Hence, p is nonnegative if and only if a finite number of binary
forms are nonnegative. By Hilbert’s theorem, this is the case if and only if
these binary forms are sums of squares, which can be decided by semidefinite
programs (see [Lasl0]). |
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Note that the special case of (n,2d) = (3,8) in the main Theorem 5.3.1
is considered by Harris in [Har99]. In order to prove Theorem 5.3.1, we
need some further results that follow a similar line as the results in [Har99.
For given p of the form (5.3.1) satisfying (5.3.2) let J(y) be the Jacobian of
{MF - MIT M3 M3, MayMg} at the point y, ie.,

Op g
¥r (y)) :

J(y) is an (n x 4)-matrix, where every column is given by the gradient of an
element in {]\lef‘i1 e Mf;‘, M2 M2, MyyM}. The following proposition is very
crucial for the proofs in the remainder of this chapter, but is also interesting
itself, since it connects rank deficiency with k-points.

Proposition 5.3.3. The following does hold for y € R%;: rank J(y) < 3 if
and only if y is a k-point with k < 2.

0
J(y) R 5 R, (o, 8,7,0) — (a—fl(y),...

Proof. First, we prove the proposition for the case that r = 1, i.e., the first
column of J is given by the partial derivatives of Mjkl1 with ji1k; = 4d, j; € 2N
and j; ¢ {2,2d} (see (5.3.2)). Thus, the Jacobian J is given by the following
matrix

ki M e T dde MY Adat T My 2day MY (Mag + 2777 M)

J= : :
coarki—1_ 51 2d—1 2d—1 d—1 2d—2
kji MG 4dx, M; 4dx2 = Moy 2dz, My~ (Mag + 22772 M)

We investigate all (3 x 3)-minors of J. Due to the symmetry of p (and
therefore also J) in the variables x1, ..., z, it suffices to restrict to x1, s, 3.
Note that every (3 x 3)-minor containing the fourth column of J is irrelevant,
since the fourth column is in the span of the second and the third column.
Hence, if there exists a nonzero (3 X 3)-minor containing the fourth column,
then there also exists a nonzero (3x3)-minor containing the first three columns.
Thus, it only remains to investigate the leading principal (3 X 3)-minor of J,
which is due to calculation rules of determinants given by

(4d)3]\/[ﬁ1_1M2dM22d_1q(3:1, T, T3)
with

-1
x)
-1
)
-1
xy

xy
det

Q(Il,xmﬂfs) T2

Zs3

Note that ¢ does not equal the zero polynomial,

flf%d_l
x%dfl
l,gd—l

since j; ¢ {2,2d} by as-

(5.3.3)

sumption. Obviously, ¢(x1, z2, 3) vanishes if one entry is zero and, by (5.1.1),

(5.1.2), and (5.1.3), we have

q(x1, 20, 23) = Ag-(E1) - Sy do,ds)
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with (dl, dg, dg) = (jl—?), 2d—2, 1) for j1 > 2d and (dl, dg, d3) = (2d—3,]1—2, ].)
for j1 < 2d. Since A3 = (v1 — z2)(x1 — x3)(22 — x3), (21,22, x3) vanishes if
two entries are equal or if any entry is zero (since in this case the matrix in
(5.3.3) is singular). By Proposition 5.1.1, g(x1,z2,23) has no further zeros
on R?, because S(4, .45 1S @ sum of monomial symmetric functions with
nonnegative coeflicients (the Kostka-numbers) and therefore Sy, 4,.45)(y) > 0
for every y € R3,,.

Since finally Mj]‘?_l7 Msg, and MQQd_1 are sums of squares, the leading prin-
cipal (3 x 3)-minor of J does not vanish for a 3-point y € R?,. Hence, the
minor vanishes if and only if one of {y;,ys,y3} is zero or at least two of them
are equal, which is exactly the case if and only if (y1,y2,ys) is a 2-point.

But this already implies that the rank of J is less than three if and only if
y = (y1,...,Yn) is a 2-point. Assume that J(y) has rank three. Then there
exists a non-vanishing (3 x 3)-minor of J(y) given by the first three columns
and three rows 41,79 and i3. Hence, by the previous argumentation, we have
Yiy > Yi, > Yis > 0, ie., y is not a 2-point. On the other hand, assume that
J(y) has rank two. Then every (3 x 3)-minor of J(y) given by the first three
columns and three arbitrary rows iy,io, and 73 vanishes, i.e., by the previous
argumentation, (Yi,, Yi,, ¥is) is a 2-point. Since {41, i3, 3} is an arbitrary subset
of cardinality three of {1,...,n}, we can conclude that y is a 2-point in total.

Now, we step over to the general case. Here, the first column of J is given by
the partial derivatives of Mﬁl e Mff satisfying (5.3.2), i.e., the first column
is given by

T
T T
 Gi—1a rki—1 k i1 rki—1 k
(Zklﬁxﬂl Mji H Mjll’ T Zk’]’x% sz‘ H szl) :
=1

1e{1,.r\{i} i=1 1e{1,..r)\{i}

With the same argument as in the case r = 1, it suffices to investigate the
leading principal (3 x 3)-minor. By the calculation rules of the determinant
this minor is given by

(4d)* Mg M5 [ " kigigi(wy, o, )M [ Mt |, (5.34)
i=1 le{l,...r )\ {i}
where
xilfl 71 %dfl
qi(z1,z2,23) = det x%iil ) :L‘gdfl = AB'(il)'S(dl,dg,dg) (5.3.5)
zl g J:gd*l

with (dl, ds, dg) = (]2_3; 2d—2, 1) for Ji > 2d and (dl, do, dg) = (2d—3,]2—2, 1)
for j; < 2d. Since all j; are even numbers (see (5.3.2)), all M, are sums of
squares, which due to symmetry in the variables only vanish at the origin.
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Hence, the zero set of (5.3.4) only depends on the polynomials ¢;. Note that g;
is the zero polynomial if and only if j; € {2,2d}. With the same argument as in
the case r = 1, we know furthermore that all ¢; # 0 vanish at (y;,42,y3) € RS,
if and only if (y1,%s,y3) is a 2-point. Hence, we are done if we can show that
there exists an ¢; # 0 and all ¢; have the same sign. But this follows from
the conditions (5.3.2). They guarantee that ¢; # 0 and either all other ¢; =0
(and thus the sign of ¢; does not matter) or all j; < 2d, which implies that the
number of column changes needed to transform the defining matrix of each
¢; to the standard form (5.1.1) is equal for all ¢ and thus the signs of all g;
coincides.

Thus, the principal (3 x 3)-minor indeed vanishes if and ounly if (y1, y2,y3) €
R3, is a 2-point and, analogously as in the case r = 1, this implies that the
rank of .J is less than three if and only if (yy,...,,) is a 2-point. [

If y is not a 2-point, Proposition 5.3.3 says that the solution space of J(y) -
v = 0 where v := («, 8,7, 9) is 1-dimensional and, in fact, is obviously spanned
by the following form that is clearly singular at y:

T,(x) = (My' Mag(x) — MyaMo(x)h)2, (5.3.6)

where M, := M,(y).

As a next step, we prove that for any sum of 2k-th powers the image on the
unit sphere is already given by the image of the set of all 2-points on the unit
sphere. This generalizes Lemma 2.6 in [Har99| where this is shown to be true
for 2k = 4. However, the proof follows the same line.

Lemma 5.3.4. Let x € R} be such that My(x) = 1 and My, (x) = r. Then
there exists a 2-point z = (a, ..., a,b) € RY such that Ms(z) = 1 and Ma,(2) =
r.

Proof. We first note that the inequality # < Moyk(x) < 1 is true, since we
are dealing with points x € R’} such that M5(x) = 1 and by the equivalence
of norms. Let

COS o coso .
Zq = sina | .

vVn—1"""yn—-1
Then f(a) := Mag(z4) = (Tfisf)kﬁl + sin®** a.. In particular, My(z,) = 1 for all

a as well as f(3) =1 and, since cos(arcsin(z)) = /1 — 22, it follows that

Hence, by the intermediate value theorem, for all r with n,},l < r <1 there
exists o* € [arcsin(\/iﬁ)7 %] such that f(a*) =r and 2, = (a,...,a,b). [

Now we can prove our main theorem.
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Proof. (Theorem 5.3.1) We need to prove that if onfll e Mﬁf+ﬁM22d+7M22d+
Moy M$ is nonnegative at all 2-points, then it is also nonnegative globally.
Suppose p is nonnegative at all 2-points but not nonnegative. Let —\ :=
mingesn—1 p < 0 denote the minimum value of p over the unit sphere and let
y = (y1,...,yn) € S"! be a minimizer such that p(y) = —\ (note that it
suffices to restrict to the unit sphere due to homogeneity). Since the degree
of every variable in every monomial of p is even, we can assume w.l.o.g. that
y € ST, Then ¢(x) := p(x) + AM3%(x) > 0 and ¢(y) = 0. By assumption,
y is not a k-point with £ < 2 (because p is nonnegative at these points). By
Proposition 5.3.3, we have rank J(y) = 3 and hence ¢ = k-T,(x), k > 0 with T,
as in (5.3.6), since ¢ is in the kernel of J(y). Thus, ¢(x) = 0 whenever My; =
Myg, i.e., 2204 4 22d = y2d ... 1924 By Lemma 5.3.4, there exists a 2-point
z = (a,a,...,a,b) such that (n — 1)a? +b*> = 1 and (n — 1)a®? + v*? = My,.
But this implies p(z) = —A, which is a contradiction, since p is nonnegative at
all 2-points. [ |

5.3.1 Applications

In this subsection we briefly want to demonstrate how our Theorem 5.3.1 can
be applied to test nonnegativity of an example class and even how to derive a
semialgebraic description of a certain subcone of the cone of nonnegative even
symmetric forms.

The key fact from an application side is that checking whether forms are
nonnegative at 2-points can be reduced to checking nonnegativity of univariate
polynomials, which can be done efficiently by checking numerically (i.e., under
usage of SDP-methods) whether these polynomials are sums of squares (due
to Hilbert’s theorem). Alternatively, this can also be done by using quantifier
elimination methods, which happen to work quite efficiently for univariate
polynomials of sufficiently low degree.

Our first two examples show that the same set of coefficients yields different
results concerning nonnegativity when the number of variables increases.

Example 5.3.5. Consider the form
1
p(l’l,ﬂfg,xg) = Mj — 1—0M§ + Mg + M6M23

By Theorem 5.3.1, p > 0 if and only if the two binary forms p(x1,x9,0) and
p(x1, 1, x2) are nonnegative. By dehomogenizing the binary forms, this is the
case if and only if the following two univariate polynomials are nonnegative:

2 b, 12 4 9 4 .6 9, 12, 2
— e TR0 TS 06 Ty 22 2 (537
fi 0" +5x +2x+ x+2x+5x+10, ( )
108 24 24 29
f2:?$12+€ZE10—2$6+12I4+€$2+1_0.

Since these polynomials are obviously nonnegative, we conclude p > 0.



5.3. 4-DIMENSIONAL SUBSPACES 81

Example 5.3.6. Now, we consider the same form in four variables, i.e.,

pla1, 22,3, 4) = M — 1—10M26 + M§ + MgM;.
By Theorem 5.3.1, p > 0 if and only if the four binary forms p(z,xs,0,0),
p(z1, 21, 22,0), p(x1, 21,21, 22) and p(xq,x1, T2, x9) are nonnegative. By de-
homogenizing, the first two binary forms are exactly the polynomials f1, fo in
(5.3.7) from which we already know that they are nonnegative. Hence, p is
nonnegative if and only if the following two univariate polynomials are non-

negative:

441, 324 4, 135 45 , 36 , 29

= 2 T 10 2T 8 88 1 2 = -

f3 10:)3 5$ 2:1: 8x+2:£~|—5x+10,
108 48 48 108
f4:?xluExw—24x8—88x6—24x4+3x2+?.

It is easy to check that these polynomials are indefinite. Hence, p is not a
nonnegative form.

Example 5.3.7. Now, we investigate the 4-variate dodecics given by
p(x1, 2, 3,24) = M + BMS +yMg + MgM;. (5.3.8)

It turns out that quantifier elimination methods are not suitable to decide for
which (a, 8,7) € R3 the form p is nonnegative, since the problem is too com-
plex. Here, we used the quantifier elimination package SYNRAC for MAPLE
(see [AY03]), which terminated without a solution after round about 18 min-
utes.

But application of Theorem 5.5.1 allows to quickly derive a description of the
desired semialgebraic set. We successively apply Theorem 5.3.1 on polynomials
p given by the parameter sets {(o, 8,7) : a € {1,2},(8,7) € [-10,10]> N Z?}
and {(o, 8,7) € [—4,4] N Z*}. The nonnegativity regions of the corresponding
polynomials in the parameter sets are depicted in the three pictures of Figure
5.1.

The computed region of nonnegativity obviously is polyhedral. In fact, the
approximated set of parameters, which yield nonnegative polynomials p, can
easily be identified as

{(a,8,7) €R® : B>0,a+B+7+1>0}

We furthermore checked with SOSTOOLS (see [PPSP05]) for various examples
(e.g., a =1, =0, v € {—1,—-2}) located on the boundary of the polyhedra
described by the upper set, whether the corresponding polynomials p are sums
of squares. Indeed, this was always the case. Hence, by convexity, one would
expect that every nonnegative form is a sum of squares in this particular sub-
cone.

These examples demonstrate that our results allow computer based ap-
proximations of the nonnegativity cone of even symmetric forms, for which
nonnegativity is equivalent to nonnegativity at all 2-points.
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Figure 5.1: The nonnegativity region of polynomials of the form (5.3.8) in
the parameter sets {(a,58,7) : « € {1,2},(8,v) € [-10,10]> N Z*} and

{(a,8,7) € [-4,4] N Z°}.

5.4 Subspaces of Arbitrary Dimension

A natural question is how far the constructions in Section 5.3 can be gener-
alized to higher dimensional subspaces in the vector space of even symmetric
forms of degree 4d in n variables. We show that with some obvious modifi-
cations such generalizations are indeed possible. However, the price to pay
is an adjustment of the number of variables to the ambient dimension of the
investigated subspaces of forms of degree 4d.

Before we can introduce the formal setting for this section, we need to give
one more definition. Let V' C N*. For every vector (vy,...,v;) € V, which is
not a (k — 1)-point, we denote by o, the permutation, which maps v to the
unique vector o,(v) with o,(v1) > -+ > g,(vg). For every v,w € V with v, w
not being (k—1)-points, we say that v and w are identically oriented ordered, if
sign(o,) - sign(o,,) = 1. We say that V' is identically oriented ordered (abbrev.
i00), if every pair v,w € V with v,w not being (k — 1)-points, is identically
oriented ordered. In order to generalize our approach from the 4-dimensional
case to arbitrary dimensions, we need an analagous statement about rank
deficiency of the Jacobian matrix of an even symmetric form. Based on the
property of a set being identically oriented ordered, we first provide some
technical conditions for the polynomials in the investigated subspaces. The
unique motivation for these very technical conditions is to guarantee that a
certain minor of a Jacobian J(y) does not vanish. Thus, in the proof of Lemma
5.4.1, it will become clear why they have to be chosen in this way (and we
suggest the reader not to worry too much about them up to this proof).

So, we consider the following class of even symmetric forms: Let for m < n

p(x) = ;i fi(x) + BMZ? + y M3, + S Mog M3, (5.4.1)

=1

where i, ..., 2,8,7,0 € R* and fi(x) € B\ {M3?, M2, MygM¢} be such
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that the following conditions (which are a natural generalization of (5.3.2))
hold:

JGys -+ Jair) € 2N, Ky, oo kg €N, Zj(i,l)k(i,l) = 4d,
=1

i—1
dan ¢ {224} Ul - dam } for every 1 <i<m —2, (5.4.2)
=1

wioo = {(j(l,ll)aj(Q,lz)a s 7j(mf2,lm_2)a 272d> o1 S lz S T, 1 S i S m — 2}

Here, ¥ is a set that is identically oriented ordered. Again, as in Section 5.3,
we denote the Jacobian of p at the point y by J(y), which is an n x (m + 1)-
matrix. Note that for m = 3 the fact that ¥ is identically oriented ordered
is equivalent to the conditions (5.3.2). The extension of the conditions (5.4.2)
w.r.t. the conditions (5.3.2) become necessary for a generalization to arbitrary
dimensions of the subspace for two reasons: Firstly, we need to guarantee that
specific (m x m)-minors of interest in J(y) do not equal the zero polynomial.
Recall that we similarly had to guarantee that the investigated leading prin-
cipal (3 x 3)-minor in the proof of Proposition 5.3.3 did not equal the zero
polynomial. Secondly, in the case that our investigated minor can (by calcula-
tion rules of the determinant) be rewritten as a sum of simpler determinants,
we need to guarantee that all these determinants have the same sign. Recall
that we also had to do this in the 4-dimensional case when the first term was
a product of different power sums (see proof of Proposition 5.3.3).

Lemma 5.4.1. The following does hold for y € R%,: rank J(y) < m if and
only if y is a k-point with k < m — 1.

Proof. Basically, the proof works analogously to the one in Proposition 5.3.3
up to the fact that we investigate (m x m)-minors instead of (3 x 3)-minors.

The last three columns of J agree with those in the dimension four case (see
proof of Proposition 5.3.3). For 1 < ¢ < m — 2 the i-th column of J is given
by

riooqo o Jan T ckan =l ki,s)
o1 kandanT J | T M; ™
rioqo e Jan Ty ekl ki,s)
1 kaodann™ M Theeqrpnay Mi

Our goal is to find an (m x m)-minor, which vanishes only on k-points
with £ < m — 1. With the same arguments on the last column of J and the
symmetry of the variables, we can restrict to the leading principal (m x m)-
minor of J, as in the proof of Proposition 5.3.3. By calculation rules of the
determinant this minor is given by (4d)?Myg M2~ times

m—2
. k(i —1 Ki.s
> Qs 2 (¥) D kaaydaan M I1 M0, (5.4.3)
=1

1<hi<ry, 1< <rm seK;
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where K; :={1,...,7;}\ {l;} and

q(ly,....l;m—2) (X)

Jau—1 J(m—2,1, )1
131( 1) - xl m m—2 xl .’L’%d 1
= det : : : : (5.4.4)
Ja)—1 Jm—2,1,,_o) 1 _
Ty e T, r2dt

= Am . (:l:].) . S(dl ..... dm)7

for appropriate choices of d;, which we discuss in more detail later. First, notice
that all power sums involved in (5.4.3) are sums of squares, since all j;;,) are
even by condition (5.4.2). Hence, the zero set of (5.4.3) only depends on the
polynomials g, .. 1,,_»), as in the dimension four case. Note that g, ., ,) is
the zero polynomial if and only if two columns of the matrix (5.4.4) coincide,
which is the case precisely if and only if (jau),-- -, Jm—20m_0),2,2d) is

(m — 1)-point. In particular, the minor (5.4.3) is not the zero polynormal
since the condition j;1) ¢ {2,2d} U U {j(l,l), ..., Jar)} guarantees that at
least q(i,..1) is not the zero polynomial.

Note that for all nonzero polynomials g, . ;,._,) the factor &1 is given by

-----

Sign(o-(j(l,ll)""7j(m72,lm_2)7272d) (j(lvll)’ Tt 7j(m—2,lm72)7 27 2d>)

and each d; equals the i-th entry of the image vector of this permutation minus
(m—1) (see (5.1.1)). Since we assumed in (5.4.2) that ¥ is identically oriented
ordered, we know in particular that all signs of permutations corresponding
to (J,n)s - - -5 Jm—2m_2)» 2, 2d) coincide. Thus, we are done if we can show
that every nonzero q(,,.;,,_,) vanishes exactly at all (m — 1)-points. But this
is obviously the case, since A,, vanishes if and only if two entries z; and z;
coincide and the whole matrix given in (5.4.4) vanishes for z; = 0, since it has
a zero-column in this case. By Proposition 5.1.1, we can write S(q, .. 4,,) as
a sum of monomial symmetric functions times a nonnegative Kostka-number,
which guarantees that g, ;,_,) does not vanish on a non-(m — 1)-point in
the strictly positive orthant. The rest of the argumentation is analogously to
the proof of Proposition 5.3.3. [ |

With this lemma, we can prove an analogous version of Theorem 5.3.1

Theorem 5.4.2. Let m < n. The set of (m—1)-points is a test set for all even
symmetric forms of the form p := ZZ}Q ;i fi(X) + M3+ y M2, + § Mog M as
in (5.4.1) such that the conditions (5.4.2) are satisfied.

Proof. We need to prove that if p = 327" % o, fi(x) + BM3Z% + y M2, + 6 My M

is nonnegative at all (m — 1)-points, it is also nonnegative globally. Suppose
this is not the case. Let —\ := mingesn—1 p < 0 denote the minimum value
of p over the unit sphere and let y = (y1,...,%,) € S" ! be a minimizer such

that p(y) = —A. Since the degree of every variable in every monomial of p is
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even, we can assume w.l.o.g. that y € S77". Then ¢(x) := p(x) + AMZ%(x) > 0
and ¢(y) = 0. Since, by assumption, y is not a k-point with £ < (m — 1)
(because p is nonnegative at these points), y must have at least m distinct
entries. By Lemma 5.4.1, we have rank J(y) = m and hence ¢ = k - T, (x)
with T, as in (5.3.6) and k > 0. Thus ¢(x) = 0 whenever 2% + ... + 22¢ =
y?? 4+ ...+ y?¢, By Lemma 5.3.4, there exists a 2-point z = (a, ..., a,b) such
that (n—1)a?+b% = 1 and (n—1)a??+b* = My, But this implies p(z) = — ),
which is a contradiction, since p is nonnegative at all 2-points. [ |

Example 5.4.3. Consider even symmetric forms in n = 6 variables of degree
4d = 32. By Timofte’s theorem, these forms are nonnegative if and only if they
are nonnegative at all 8-points, which obviously is a useless information in this
case. However, considering appropriate subspaces of dimension m +1 < 7,
Theorem 5.4.2 states that nonnegativity on these subspaces can be checked at
(m — 1)-points.

5.5 k-point Certificates at Maximal Subspaces

We have seen that the number of components to check for nonnegativity of
even symmetric forms can be reduced by considering appropriate subspaces
containing the three power sums

2d 2 d
M3%, M5y, Mag My .

Recall that R[X]i’; is the vector space of even symmetric forms in n variables
of degree 4d and let B be as in (5.2.1). In this section, we analyze the problem
to determine for fixed £ € N the maximum dimension of all subspaces of forms
given as

p o= Y ifi(x) + BM3Y + My + 6 Mag My
i=1
where f;(x) € B\ {M34, M2, MogMZ} for 1 < i < m and where nonnegativity

can be checked at all k-points. Recall that

ngd = max{m : p>0< p>0at all k-points, for all p with
{fi,. . fmy € B\ {M3* M2, MygMZ} and oy, 8,7, € R*}.
Note that Ms(i)d = Mé’zzlAd)Ad for s > L(n,4d), where
L(n,4d) == dim R[x];.
As an illustrative example, consider the quantity M?E,Ql)z- In this case, we have

dim R[zy, 2, :cg]fée = 7. An element p € R[zy, z9, xg]fée can be represented as

p = aiMgMyMy+ aaM; + azM;M; + agMyMy + BMS + v Mg + S Mg M.
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Fixing the last three terms, the question is, how many of the first four terms can
be used in the representation of p to decide nonnegativity of p via nonnegativity
at all 2-points for any choice of the remaining four power sums. For example,
if Mg(i)Q = 1, then the forms

p = ouq+ BMg +yM§ + SMeM; with g € { MMMy, M, MM3, My M, }

would be nonnegative if and only if they are nonnegative at all 2-points, and
there exist fi, fo € {MgMyMy, M3, MZM2Z, MMy} such that

p = aifi +aafs+ BMy + yM§ + MM,

is nonnegative at all 2-points but not globally nonnegative. In fact, we prove
that Mé’zm = 1 by a much stronger result, which partially follows from Theorem
5.3.1. The next Lemma is a generalization of Lemma 3.3 in [Har99].

Lemma 5.5.1. Let d > 3, y € R% and ¢ : R* — R? defined by
@ (21, 1) = (My, Mag_o, Mag).
Then y € 0p(R3) if and only if y is a 2-point.

Proof. The Jacobian Jac(y) of ¢ at a point y is a (3 X n)-matrix. Then y €
Jp(R3) if and only if rank Jac(y) < 3. By symmetry, it suffices to investigate
the leading principal (3 x 3)-minor corresponding to the first three rows and
columns. By (5.1.1), (5.1.2), and (5.1.3), this minor is given by 2 - (2d — 2) -
2d - As - S34-224-32. As in the proof of Proposition 5.3.3, this minor vanishes
if and only if y is a 2-point. [

Theorem 5.5.2. Let p = S, afi(x) + BMZ + y M2, + 6 MygMg € R[x|5¢
with ay,...,0m, 3,70 € R* and fi(x) € B\ {M34, M2, MogMZ}. Then for
4d > 12 we have

MZ, =1 for ne{d—1,4d}.

Proof. Let 4d > 12. Furthermore, since n € {d — 1,d}, the additional power
sums f;(x) = Mfll e Mf: € B have the property that j, < 2d for 1 < k <.
This is because every even symmetric form in n variables can uniquely be
represented in the first n power sums of even power (see Section 5.1). Hence,

by Theorem 5.3.1, we have M(Q)d > 1. Tt remains to show that there is a choice

n,

of two power sums f, fo € B\ { M2 M2, MogM3} such that
p = aufi+asfo+ BMF + Y M3, + §Mog My

is nonnegative at all 2-points but not nonnegative globally. For this we general-
ize the construction in [Har99| where the author proves this for even symmetric
ternary forms of degree 12. For y € R" define

—d _— —d -
py(x) = (My Myg — MagM$)? + (My" Mag_o My — Mag_s MyMy)>.



5.5. k-POINT CERTIFICATES AT MAXIMAL SUBSPACES 87

The form p, is precisely of our desired form p = vy fi + o fo + BMZ* +y M2, +
(5M2dM2d with fl = M22d72M22 and fg = Mgd_gMgMg. Note that fl,fg € Bif
n € {d — 1,d}. By construction, for x € S"~! we have My(x) = 1 and hence
py(x) = 0 if and only if Moy = Moy and Msy_o = Moy . Note that —= <
Msg_5 <1 and d r < My <1 (see proof of Lemma 5.3.4). Fix © € ( o 2,1)
and define Yo := {2 € S"™' : Myy o(x) = ©}. We then have £5(0) < Mgd( ) <
£1(©) for some &1, e, as t ranges over Yg. Note that # < g9 < €1 < 1, since
for z € S" —2(x) < 1 implies —— < Ms4(x) < 1. Now, choose
some v € Yg such that €2(0) < My,(v) < £1(0). Since we are dealing with
even symmetric forms, we can additionally assume w.l.o.g. that v € S’f:l. By
Lemma 5.5.1, v is not a k-point for £ < 2. Hence, if z € S’}r’l is a 2-point,
then we claim (due to v € Yo C S"!) that

po(2) = (Mag(2) — Mag(v))? + (Mag—2(2) — ©)* > K > 0.

For Myy_o(z) # O this is obvious. If My o(z) = ©, then we use Lemma 5.5.1.
On the one hand, ¢(z) and ¢(v) can only differ in the last component. On the
other hand, 2z € 9p(R?) and v ¢ Op(R?). Thus, Msy(z) # Mag(v). Note that
also p,(2) > k > 0 at all 2-points z € S*1\ S, since p is even symmetric.
Choosing 0 < A < k, we conclude that p,, = p, — AM3? is nonnegative
at all 2-points but not nonnegative globally, since p, \(v) = —A < 0. So, we
have constructed a form p = ayf) + agfo + BM34 + v M2, + S Moy MY that is

nonnegative at all 2-points but not nonnegative globally and hence M&)d =1

for n € {d —1,d}. |

Note that we have Mv(“i =0 and Mf?g = 2 by Timofte’s theorem. We con-
clude the following corollary generalizing |[Har99, Theorem 3.3|, which covers
n = 3.

Corollary 5.5.3. Let 4d > 12. The set of 2-points is not a test set for R[X]i’;
forn <d.

Proof. Theorem 5.5.2 proves the corollary for n € {d — 1,d}. For the general
case, we can multiply the form p in Theorem 5.5.2 by an appropriate power
sum in order to increase the degree. [

Another consequence of Theorem 5.5.2 is that for n € {d — 1, d} the set of
all n-forms of degree 4d for which the set of 2-points is a test set is not convex.
For this, we recall that

Aq(fid — {peRx]} : p>0<p>0at all k-points}.

Note that A", € A¥}Y and AW, ,, C An’i{d for all n,d, k € N. Furthermore,

by Timofte’s theorem, we always have An74d = R[x|}¢ for n > d.

Corollary 5.5.4. Let 4d > 12 andn € {d—1,d}. The set A( 14 18 not conver.
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Proof. By Theorem 5.5.2, there exists a form
p = arfi+aafo+ BM5T+ yMsy + S Mog M ¢ Aq(jz)ld

for some fi, fo € B\ { M3, M2, MygMZ}. Obviously, p = %pl +%p2 with p; =
2@1f1 -+ ﬁMgd + ")/MQQd + (SMQdMéi and D2 = 20&2f2 + 5M22d + "}/M22d + 5M2dM2d
By Theorem 5.3.1, we have p;,ps € Afjid. [ |

Note that due to the inclusion AﬁMd C Ag’f}ld it is not obvious that for
n < d—1 the above corollary still holds. We note furthermore that the number
Mr(f)d for n > d seems to be more challenging to determine than for n < d.
For example, for n = 4 and 4d = 12 we have dim R[zy, 5, 23, 24]55 = 9. The
Jacobian of the form p := oy MgM, + MY + v Mg +  MgM; does not satisfy
Proposition 5.3.3 and therefore it seems unclear whether p is nonnegative if
and only if it is nonnegative at all 2-points. However, we conjecture that this

is true as well as Mffid =1 for n > d.

5.6 Outlook

Since it seems a very difficult problem to determine conditions for forms in our
investigated subspaces to be sums of squares, it would be an interesting task to
analyze the difference between nonnegative forms and sums of squares in these
cases. Experimentally, we were not able to construct nonnegative forms that
are not sums of squares. Furthermore, we note that in the setting of Theorem
5.4.2 the bound of (m — 1) is not optimal in general. Consider the case of
nonnegative even symmetric octics in at least four variables, which is a 5-
dimensional convex cone. Following Theorem 5.2.4, such forms are nonnegative
if and only if they are nonnegative at all 3-points. But using Timofte’s theorem,
we know that nonnegativity can be decided at 2-points in this case. However,
if the degree 4d is sufficiently larger than the number of variables, our bound
of (m—1) components is significantly more useful than the bound in Timofte’s
theorem. An interesting future prospect would be to analyze these bounds in
an asymptotic sense.

Additionally, from a computational viewpoint it would be interesting to
extend the experimental approach used in Section 5.3 in order to achieve more
understanding of the semialgebraic structure of the cone of nonnegative even
symmetric forms of degree 4d and its subcones.

Maybe the most interesting follow-up task is to shed light on the numbers
M(k)d for £ > 3 as well as a deeper understanding of the geometrical and

n,

topological structure of the sets Ag?ld.



Chapter 6

Nonnegative Polynomials and
Sums of Squares Supported on
Circuits

Forcing additional structure on polynomials often simplifies certain problems
in theory and practice. One of the most prominent examples is given by
sparse polynomials, which arise in different areas in mathematics. Exploiting
sparsity of problems often reduces the complexity of solving hard problems. An
important example is, e.g., given by sparse polynomial optimization problems
(see, e.g., [Las06al). In this chapter, we consider sparse polynomials having
a special structure in terms of their Newton polytopes and supports. More
precisely, we consider polynomials f € R[x]|, whose Newton polytopes are
simplices and the supports are given by all the vertices of the simplices and
one additional interior lattice point in the simplices. Such polynomials have
exactly n + 2 monomials and can be regarded as supported on a circuit. Note
that A C N" is called a circuit, if A is affinely dependent, but any proper subset
of A is affinely independent (see, e.g., [GKZ08|). We write these polynomials
as

f = Z bx*U) 4 ex¥ (6.0.1)
=0

where the Newton polytope A := New(f) = conv{a(0),...,a(n)} C R" is a
lattice simplex, y € int(A), b; € Ry and ¢ € R*. We denote this class of
polynomials as PX.

For nonnegative polynomials and sums of squares, work has been done for
special configurations in the above setting, namely, in [FK11, Rez89| the au-
thors tackle these problems for very special coefficients and simplices in the
above sparse setting. We aim to extend results in all of these papers and es-
tablish connections between them for polynomials f € PX.

89
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For f € PX we define the circuit number © as

n b] )\j
o= 1I(3)

Jj=0

where the \; are uniquely given by the convex combination Z?:o Aja(j) =
y7)‘j Z 0, Z;‘L:O )‘j = 1.

This chapter is organized as follows. In Section 6.1 we introduce some nota-
tions and recall some results that are essential for the upcoming sections and
proofs of the main theorems. Section 6.2 deals with invariants and properties
of polynomials f € PX. It is shown that for every polynomial f € PX there
is an associated standard form ¢, which is supported on a scaled standard
simplex and one interior lattice point such that all invariants are preserved.
Furthermore, we completely characterize nonnegativity of polynomials in PY.
Section 6.3 is devoted to the section of the cone of sums of squares with PX.
This section will also be completely characterized and extended to the case of
multiple interior lattice points in the support of f € PX. In Section 6.4 we
derive interesting connections between our results and some classical /recent
problems in toric geometry and lattice polytopes. Using these connections in
more detail, we provide sufficient conditions for equality between nonnegative
polynomials and sums of squares supported on circuits. Additionally, in Sec-
tion 6.5 we completely characterize convex polynomials in P{. Based on our
main theorems, in Section 6.6 we introduce a new certificate for nonnegativity
of polynomials, namely, the cone of sums of nonnegative circuit polynomials.
Finally, in Section 6.7 we consider extensions to arbitrary Newton polytopes
and sparse support sets, thereby providing some counterexamples and solu-
tions to open questions in [Rez89]. An outlook for future possibilities is given
in Section 6.8.

6.1 Preliminaries and Known Results

Let R[x]4 be the vector space of polynomials in n variables of degree d. For the
remainder of this chapter we work with non-homogeneous polynomials. With
slight abuse of notation, we denote the convex cone of nonnegative polynomials
resp. sums of squares again as

Pooa = {p € R[x]aq : p(x) >0 for all z € R"},
k

Yn2d = {p € Pooa:p= Z%Q for ¢; € R[X}d} :
i=1

Since we are interested in nonnegative polynomials and sums of squares in the
class PX, we consider the sections

P;i?d = Pn,?d N Pg and Ezrlz,%l = En,Qd N PZ
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When asking for nonnegativity of polynomials with a simplex Newton poly-
tope and an additional interior lattice point in the support, this is closely
related to what is called an agiform in [Rez89]. Given a simplex A C R"™ and
an interior lattice point y € int(A), the corresponding agiform to A and y is
given by

f(A, )‘7 y) = Z )\ixa(i) —xY
=0

where y = >0 Na(i), Y g A = 1, A\ > 0. The term agiform is implied by
the fact that the form f(A, )\, y) = Y, Ax*® — x¥ is nonnegative by the
arithmetic-geometric mean inequality. Note that an agiform has a zero at the
all ones vector 1, implying that agiforms lie on the boundary of the cone of
nonnegative polynomials. A natural question is to characterize those agiforms
that can be written as sums of squares. In |[Rez89| it is shown that this depends
heavily on the combinatorial structure of the simplex A and the location of y
in the interior. We need some definitions and results adapted from [Rez89).

Definition 6.1.1. Let A := {0,a(1),...,a(n)} C (2N)" be such that conv(A)
is a simplex and let L C conv(A) NZ".
1. Define A(L) := {3(s+t) € Z" : s,t € LN(2Z)"} and A(L) := {3(s+t) €
7" s #t,s,t € LN (2Z)} as the set of averages of even resp. distinct
even points in L.

2. We say that L is A-mediated, if
A c L c AL)UA,

i.e., every € L\ A is an average of two distinct even points in L.

Theorem 6.1.2 (Reznick [Rez89]). There is a A-mediated set A* satisfying

~

A(A) C A* C (ANZ™), which contains every A-mediated set.

~

If A(A) = A*resp. A* = (ANZ"), we say that A is an M -simplex resp.
H-simplex.

Example 6.1.3. The standard simplex given by conv{0,2d-e;,...,2d-e,} C
R™ ford € N is an H-simplex. The Newton polytope conv{(0,0),(2,4), (4,2)} C
R? of the Motzkin polynomial f = 1 + x'y? + 2%y* — 32%y?* is an M-simplex
(see Figure 6.1).

The main result in |[Rez89| concerning the question when agiforms are sums
of squares is given by the following theorem.

Theorem 6.1.4 (Reznick [Rez89|). Let f(A,\,y) be an agiform. Then il
holds that f(A, A\ y) € X 5, if and only if y € A*.
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Figure 6.1: On the left: The H-simplex conv{(0,0),(6,0),(0,6)} C R% On
the right: The M-simplex conv{(0,0), (2,4), (4,2)} C R?. The red points are
the lattice points contained in the corresponding sets A*.

6.2 Invariants and Nonnegativity of Polynomi-
als Supported on Circuits

The main contribution of this section is to introduce a norm relaxation strat-
egy and use it to characterize szd, i.e., the set of nonnegative polynomials
supported on a circuit (Theorem 6.2.6). Along the way we provide standard
forms and invariants, which reflect the nice structural properties of the class
PX.

In Section 6.2.1 we outline the norm relaxation strategy. In Section 6.2.2
we introduce standard forms for polynomials in P{ and prove the existence
of a particular norm minimizer for polynomials, where the coefficient ¢ equals
the negative circuit number ©; (Proposition 6.2.4). In Section 6.2.3 we put
all pieces together and characterize nonnegativity for polynomials in P{ (The-
orem 6.2.6). In Section 6.2.4 we discuss connections to Gale duals and A-
discriminants.

6.2.1 The Norm Relaxation Strategy

We start with a short outline of the new strategy, which we introduce and
apply here in order to tackle the problem of nonnegativity of polynomials. Let
[ =2 pcabax® € R[x] be a polynomial with A C N”" being finite, 0 € A
and o € (2N)™ as well as b, > 0 if « is contained in the vertex set vert(A) of
conv(A). Instead of trying to answer the question whether f(x) > 0 for all
x € R", we investigate the relaxed problem

s f(Ix)) = > ba-|x* = > b x*| >0 forall xeRY,?

acvert(A) acA\vert(A)

Since the strictly positive orthant RZ; is an open dense set in RY, and the
componentwise exponential function

Exp : R" — RY, (21,...,2,) — (exp(z1),...,exp(z,))



6.2. INVARIANTS AND NONNEGATIVITY 93

is a bijection, the previos problem is equivalent to the question

Is f(e") = Y bo-e™l— 3" bl e >0 forall weR"?

acvert(A) acA\vert(A)

Clearly, an affirmative answer of this question implies nonnegativity of f. The
philosophy behind the relaxation is that, on the one hand, the question of
f(e¥) > 0 is eventually easier to answer, since we have linear operations
on the exponents and, on the other hand, the gap between f(e%) > 0 and
nonnegativity hopefully is not too big, in particular for sparse polynomials.
We show that for polynomials supported on a circuit (and some more general
classes of sparse polynomials) both is true: In fact, for circuit polynomials
it holds that f(e™) > 0 if and only if f(x) > 0 and this equivalence can be
characterized exactly, explicitly and easily in terms of the coefficients of f and
the combinatorial structure of A.

6.2.2 Standard Forms and Norm Minimizers of Polyno-
mials Supported on Circuits

Let f € R[x] be of the Form (6.0.1) defined on a circuit A = {a(0),...,a(n),y}
C Z". Observe that there exists a unique convex combination ) 7 ; Aja(j) =
y. In the following, we assume w.l.o.g. that a(0) = 0, which is always possible,
since otherwise we can factor out a monomial x*® with a(0) € (2N)". We
define the support matriz M4 by

1 1 e 1 1
MA _ O a(.1>1 Oé(.n)l 3/.1 e Z(n+1)><(n+2)
0 a(l), - am)n Y

and M]A as the matrix obtained by deleting the j-th column of M4, where we
start to count at 0. Furthermore, we always assume that by = )\g, which is
always possible, since multiplication with a scalar does not change the variety.
We denote the canonical basis of R” with eq,...,e,.

Proposition 6.2.1. Let f be a polynomial of the Form (6.0.1) supported on a
circuit A = {a(0),...,a(n),y} CZ" and y = 37 Nja(j) with 377 oA\ =1,
0 < XN <1 forall j. Let p € Nyg denote the least common multiple of
the denominators of the \;. Then there exists a unique polynomial g of the
Form (6.0.1) with supp(g) = A’ ={0,a(1),...,a(n),y'} CZ" such that the
following properties hold.

(1) M4 = ((1) ;)MA/ for some T € GL,(Q),

(2) [ and g have the same coefficients,
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(3) a(j) = p-e; for every 1 < j <mn,
(4) v =5 Aa(i),
(5) f(e™) = g(e™™) for all w € R™.
For every f of the Form (6.0.1) we call the polynomial g, which satisfies

all the conditions of the proposition, the standard form of f. Note that the
support matrix M4  of the standard form of f is of the shape

11 -- 1 1
0 pw O 0 pu\
MA, _ 0 . . c Z(n+1)><(n+2)' (6.2.1)
Do 0
00 -+ 0 pu ph\

Proof. We assume w.l.o.g. that a(0) = 0. Let M| be the submatrix of

n+1
M| obtained by deleting the first row and column; an/alogously for MSH.
By definition, we have a(j) = Mfﬂej and «a(j) = Mﬁﬂej for 1 < j <n.
We construct the polynomial g. We choose the same coefficients for ¢ as

for f. Since {0,a(1),...,a(n)} form a simplex, there exists a unique matrix
T € GL,(Q) such that

B 10\ .
Mn+1 = (0 T Mn+1
with M4 being of the form (6.2.1) and given by uT = (W?H)_l. Thus, (1)

— (3) holds. Since y = > 7 A;a(j), it follows that, in affine coordinates, we
have y; = T‘l)\j(M:Hej), ie., v = (Ao, ..., A\n). Thisis (4).

We show that f(e™) = g(e”'%) for every w € R™. We investigate the
monomial x*);

bie@@w) = po(nnew) — bje<mz‘11ej,w> = pjelal) W)

For the inner monomials y and v’ we know that y = T and thus for ¢/ =

Z?:o Aja(j)" we have y = T(Z?:o Aja(f)) = Z?:o NTa(j) = Z?:o Aja(d)-
Therefore,

W) = i NeDW) o S M) W) = oS Asfal) W)

cel T'w)

This is (5). |
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Proposition 6.2.1 can easily be generalized to polynomials
o= bo+ Y bx*D 4+ )" ax'® e R[x], (6.2.2)
J=1 (1)el

with New(f) = A = conv{0, a(1),...,a(n)} being a simplex and I C (int(A)N
Z™). Every y(7) has a unique convex combination y(i) = )\(()Z) +> 0 /\E-Z)a(j)
with A > 0 for all 4, ;.

Corollary 6.2.2. Let f be defined as in (6.2.2). Then Proposition 6.2.1 holds

literally if we apply (4) for every y(i) and define uu as the least common multiple
of the denominators of all )\y).

Proof. By definition of u, the support matrix M4’ is integral again. Since
in the proof of Proposition 6.2.1 neither uniqueness of y is used nor special
assumptions about y are made, the statement follows. [ |

Proposition 6.2.3. Let f = A+ 37, bx*0) + ex¥ € PX be such that ¢ <0
and y = _) Aje(g) with 335 o A; =1, \; > 0. Then f(e¥) with w € R" has
a unique extremal point, which is always a minimum.

This proposition was used in [TdW13| (see Lemma 4.2 and Theorem 5.4).
For convenience, we provide an own and easier proof here.

Proof. We investigate the standard form g of f. For the partial derivative
x;09/0x; (we can multiply with z;, since e > 0) we have

dg NETT A
Tjg = el +c)\j,uij“ka"“.
J k=2

Hence, the partial derivative vanishes for some eV if and only if

- cAj
exp (wjp - Z )\k,uwk> = —#.
j

k=1

Since the right hand side is strictly positive, we can apply log |- | on both sides
for every partial derivative and obtain the following linear system of equations:

Mo A wy 1/p(log(A1) + log(—c) — log(b1))
En—| ¢ | s | = z
SRR wp, 1/p(log(An) + log(—c) — log(bn))

Since the matrix on the left hand side has full rank, we have a unique solution.
For arbitrary f, we have f(e™) = g(e7"%) by Proposition 6.2.1 and, hence,

if w* is the unique extremal point for g(e%), then (7%)"'w* is the unique
extremal point for f(eV).
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For every w € R" with ||w|| — oo the polynomial f converges against the
terms, which are contained in a particular proper face of New(f). Since all
these terms are strictly positive, f(e%) converges against a number in Ry U
{oo}. Thus, the unique extremal point has to be a global minimum. [ |

For f € P{ we define s} € R™ as the unique vector satistying

H<€s;’f)a(j)k — elspal)) ﬁ forall 1<j<n.
k=1 bj
s} indeed is well defined, since application of log| - | on both sides yields a

linear system of equations with variables s; , and the rank of this system has
to be n, since conv(A) is a simplex. If the context is clear, then we simply
write s* instead of s} resp. ¢®" instead of ¢%7. We recall that the circuit number
associated to a polynomial f € PX is given by

n b Aj n b Aj
_ J _ j
o-11(%) ~II(3) -
7=0 7j=1
Note that we scaled such that by = Ag.

Proposition 6.2.4. For f € P{ and c = —©; the point s* € R" is a root and
the unique global minimizer of f(e").

Due to this proposition, we call the point s* the norm minimizer of f.
We remark that this proposition was already shown for polynomials in PX in
standard form in [FK11| and for arbitrary simplices but in a more complicated
way in [TdW13|.

Proof. For f(e%") we have

n

n n )\J
f (65*) = Ao+ ij€<s*,a(j)> _ @f€<5*»y> — Z)\j — ;- H (%)
=1 j=1 7

=0
= 1—-1=0.

For the minimizer statement we investigate the partial derivatives x;0f/0x;
(we can multiply with z;, since e¥ > 0). Since y; = > ;_, A\ja;(k), we obtain

af n " n
CCja—xj = ;bkaj(k)x (k) _ @f . (; )\j()éj(k)) xY.

Evaluation of the partial derivative at e yields
of | o - Ak a m AN
g (€)= > by (k) <b_) - Oy (Z Aj%‘(@) 11 (b_]>
J k=1 k k=1 = J

Jj=1

= Y Noy(k) =) Naj(k) = 0.
k=1 k=1

Finally, by Proposition 6.2.3, €5 is the unique global minimizer of f(e*). W
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6.2.3 Nonnegativity of Polynomials Supported on a Cir-
cuit

In this section, we characterize nonnegativity of polynomials in PX. The fol-
lowing lemma allows us to reduce the case of y € A to the case y € int(A).

Lemma 6.2.5. Let f =by+ ), bx) 4+ c-xY be such that A = New(f) =
conv{0,a(1l),...,a(n)} is a simplex and y € OA. Let furthermore F be the
face of A containing y. Then f is nonnegative if and only if the restriction of
f to the face F is nonnegative.

Proof. For the necessity of nonnegativity of the restricted polynomial, see
[Rez89]. Otherwise, the restriction to the face F' contains the monomial x¥ and
this restriction is nonnegative. Since all other terms in f correspond to the
(even) vertices of A and have nonnegative coefficients, the claim follows. H

Now, we can completely characterize the section Pf’;2 4 Note that the follow-
ing theorem covers the known special cases of agiforms in [Rez89| and circuit
polynomials in standard form in [FK11].

Theorem 6.2.6. Let f = Ao+ 7, bx*W +c.x¥ € P{ be of the Form (6.0.1)
with a(j) € (2N)". Then the following are equivalent.

1. fePY,, ie., fis nonnegative.

2. e <O andy ¢ (2N)” or ¢ > —O; and y € (2N)".

Proof. First, observe that f > 0 is trivial for ¢ > 0 and y € (2N)", since f is
a sum of monomial squares in this case.

We apply the norm relaxation strategy introduced in Section 6.2.1. Ini-
tially, we show that f(x) > 0 if and only if f(e¥) > 0 for all f € PX. Let
w.l.o.g. wy1,...,yr be the odd entries of the exponent vector y. Thus, for
every 1 < j < k, replacing x; by —z; changes the sign of the term ¢ - xV.
Since all other terms of f are nonnegative for every choice of x € R", we
have f(x) > 0 if sgn(c) - sgn(zy)---sgn(zg) = 1. Since furthermore, for
sgn(c)-sgn(zy) - - -sgn(zg) = —1 we have ¢-x¥ = —|c|-|x1|¥* - - - |z, |¥", we can as-
sume ¢ < 0 and x > 0 without loss of generality. Then Ao+ b;x*9) —|¢||x¥
is nonnegative for all x € R" if and only if this is the case for all x € RZ,,.
And since R” is an open dense set in RZ, we can restrict ourselves to the
strictly positive orthant. With the componentwise bijection between R%, and
R™ given by the Exp-map, it follows that f(x) > 0 for all x € R" if and only
if f(e™) > 0 for all w € R". Hence, the theorem is shown if we prove that this
is the case if and only if ¢ € [-©y,0].

Let by,...,b, € Ry be fixed arbitrarily and (f.).cg be the corresponding
family of polynomials in PX. By Proposition 6.2.4, f.(e%) has a unique global
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minimum for ¢ = —Oy attained at s* € R" satistying f_e, (%) = 0. Since %
is a global (norm) minimum, this implies in particular that f.(e%) > 0 for all
weR"if c = —06y.

But this fact also completes the proof for general ¢ < 0: Since ¢ - ef"¥ is
the unique negative term in f.(e%) for all w € R™, a term by term inspection
yields that f.(e¥) < f_e,(e™) if and only if ¢ < —©;. Hence, f.(e%) < 0 for
some w € R™ if and only if ¢ < —Oy. |

An immediate consequence of the theorem is an upper bound for the number
of zeros of polynomials f € P,

Corollary 6.2.7. Let f € ngd. Then f has at most 2" affine real zeros
x € R”, all of which satisfy |z;| = e for1<j<n.

Proof. Assume f € 8Pfl’72d and f(x) = 0 for some x € R". Then we know by
the proof of Theorem 6.2.6 that |z;| = e%. Thus, x = (£e’l, ... +e). |

The bound in Corollary 6.2.7 is sharp as demonstrated by the well known
Motzkin polynomial f = 1+ zix3 + zjx3 — 3zia3 € Pjs. The zeros are given
by x = (£1,4£1). Furthermore, it is important to note that the maximum
number of zeros does not depend on the degree of the polynomials, which is in
sharp contrast to previously known results concerning the maximum number
of zeros of nonnegative polynomials and sums of squares (see [CLR80]).

In order to illustrate the achievements of this section, we give some exam-
ples. Let f = 1+ 2223 + z23 — 32222 be the Motzkin polynomial, which
is supported on a circuit A with y = E?:o sa(j). We apply Proposition
6.2.1 and compute the standard form ¢ of 1/3 - f. Then g is the polyno-
mial, which is supported on a circuit A’ = {0, (1), a(2)'} satisfying M4 =

(1) ; M4 for some T € GL,(Q) with a(1) = (1,0)%, a(2) = (0, 1)t and
Yy =1/3ca(1) +1/3a(2)", where p = lem{1/Xg, 1/ A1, 1/Ao} = lem{3, 3,3} = 3.
Additionally, g has the same coefficients as f. It is easy to see that

v = (35 35)

and thus

g = 1/3+1/32° +1/323 — 212,

By Proposition 6.2.1, we have f(e%) = g(e”"™). The circuit number ©; is
invariant w.r.t. transformation to the standard form, since it only depends on

the coefficients of f and the convex combination of y. Thus, we have

oo HGY - G R (0)" -
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Since y = (2,2) € (2N)2, by Theorem 6.2.6, f > 0 if and only if the
inner coefficient ¢ of f satisfies ¢ > —©; = —1. But the inner coefficient
c of the Motzkin polynomial equals its negative circuit number. Hence, the
Motzkin polynomial is contained in the boundary of the cone of nonnegative
polynomials.

If ¢ = —©y, then we know by Proposition 6.2.4 that f(e¥) = 0 at the unique
point s* with

1/3-e*12% = 1/3  and 1/3.e*1% = 1/3.
Thus, s* = (0,0). Since, by the proof of Theorem 6.2.6, f(x) = 0 only if

f(z1],|z2]) = 0, we can conclude that every affine root v € R" of the Motzkin
polynomial satisfies |v;| = 1.

We give a second example where nonnegativity is not already known. Let
[=1/4+2- 2325 + xtzj — 2.5 2223, Again, it is easy to see that \; = 1/2
and Ay = 1/4. Hence,

by M by re 1/2 1/4 \/‘
0, = () (3] =@22 097 = 2.v2 ~ 288
A1 A2

Since |c| < Oy, we can conclude that f is a strictly positive polynomial.

6.2.4 A-Discriminants and Gale Duals

For a given (n+1) x m support matrix M* with A C Z" and conv(A) being full
dimensional, a Gale dual or Gale transformation is an integral m x (m—n—1)
matrix M7 such that its rows span the Z-kernel of M4, i.e., for every integral
vector v € Z™ with M“v = 0 it holds that v is an integral linear combination
of the rows of MP (see, e.g., |GKZ08, PT]).

If A is a circuit, then M? is a vector with n + 2 entries. It turns out that
this vector is closely related to the global minimum e € R™ and the circuit
number Oy.

Corollary 6.2.8. Let f = Z;L:o bjxo‘(j) + cxY be a polynomial supported on a
circuit A of the Form (6.0.1). Let e € R™ be the global minimizer and ©; be
the circuit number. Then the Gale dual MP of the support matriz M4 is an
integral multiple of the vector

(boe® ) bl o) @ el W) e R,

Proof. The Gale dual MP needs to satisfy M4 (M?B)! = 0. Since A is a circuit,
M?® spans a 1-dimensional vector space. From y = > j—o Aja(j) it follows by
construction of ¢ and O (see proof of Proposition 6.2.4) that

(b0€<s*7a(0)>7 e b”e<s*7a(n)>7 _@fe<s*7y>) — ()\07 ey )\n’ _1)
and the statement follows by definition of M4 and y. [ |
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We furthermore want to point out that the circuit number ©; and the
question of nonnegativity is closely related to A-discriminants. Let A =
{a(1),. ( )} C Z" and denote by C# the space of all polynomials of the
form Z ) with b; € C*. Since every polynomial in C# is uniquely de-
termined by its coefficients, C* can be identified with a (C*)? space. Let V4
be the closure of the subset of all polynomials f in C* for which there exists
a point z € (C*)" such that

of

f(z) = 0 and 8_(Z> =0 forall 1 <j<n.

<j

It is well known that V4 is an irreducible Q-variety. If V4 is of codimen-
sion 1, then the A-discriminant A4 is the integral irreducible polynomial in
C[by, ..., bag], which has variety V4 (see, e.g., [GKZ08]).

The discriminant of a polynomial is a very important tool, since it describes
the algebraic boundary of the cone of nonnegative polynomials ([Niel2|). The
following statement is an immediate consequence of Proposition 6.2.4 and The-
orem 6.2.6. Without the nonnegativity aspect, it was already known before
and can also be derived from [GKZ08|, [TdW13].

Corollary 6.2.9. A polynomial f € PX vanishes under the A-discriminant if
and only if f € OP,,, if and only if |c| O andy ¢ (2N)" or ¢ = —O; and
€ (2N)™.

6.3 Sums of Squares Supported on a Circuit

In this section, we completely characterize the section Efmd. It is particularly
interesting that this section depends heavily on the lattice point configuration
in A, thereby yielding a connection to the theory of lattice polytopes and
toric geometry. By investigating this connection in more detail, we will prove
that the sections szd and E‘;{Qd almost always coincide and encounter large
sections, on which nonnegative polynomials are equal to sums of squares (see
Corollaries 6.4.2 and 6.4.4).

Surprisingly, the sums of squares condition is exactly the same as for the
corresponding agiforms in [Rez89|. For this, we briefly review the Gram matrix
method for sums of squares polynomials. Let N} = {o € N" : a;+- - -4, < d}
and p = >, _, h? where p(x) = D aeng, al@)x* and hy(x) = 35 br(B)x?
Let B(B) :== (b1(B),...,b.(8)) and G(B, ') = B(B) - B(8") = >_,. bi(8)br(5).

Comparing coefficients one has
al@)= > G(B.B)=> G(B.a—p).
B+B'=a B

In this case [B(8)- B(8')]s,seny is a positive semidefinite matrix. Furthermore,
we need the following well known lemma (see, e.g., [BPT13]).
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Lemma 6.3.1. Let f € X, 24 be a sum of squares and T' € GL,, be a matriz
yielding a variable transformation x — Tx. Then f(Tx) also is a sum of
squares.

Theorem 6.3.2. Let [ := Ao+ 2?21 bx*0) +c-xY € Pfjgd. Then
fexy,y ifandonlyif ye A" or ¢>0 aswell as y € (2N)".
Furthermore, if f € E%Qd} then f is a sum of binomial squares.

Proof. First, assume that f € 2%,2(1- We can assume that ¢ < 0 by the follow-
ing argument: If y € (2N)" then f is obviously a sum of (monomial) squares
for ¢ > 0. If y ¢ (2N)" and ¢ > 0, then, by Lemma 6.3.1, and a suitable
variable transformation as in the proof of Theorem 6.2.6, we can reduce to
the case ¢ < 0. Let f =Y hi and define M := {8 : b(8) # 0 for some k}.
Following [Rez89, Theorem 3.3], we claim that the set L := 2M UAU{y} is A-
mediated and hence y € A*. For this we write every 3 € L\A as a sum of two
distinct points in M, which implies that 3 is an average of two distinct points
in 2M C L. Note that if G(a, ') < 0 then b(a)bx(a’) < 0 for some k and
hence a # o and o € M. Hence, it suffices to show that for g € L\ A there
exists a with G(a, 8 — a) < 0. We have a(y) = ¢ < 0, so G(a,y — o) <0
for some ap. If B # y then S € L\ (AU {y}) and a(8) =0 =3 G(a, 5 — a).
But 8 € 2M, so G(13,18) > 0 and there must exist o with G(a, 3 —a) <0
to make the sum vanish.

Let now y € A*. We investigate two cases. Firstly, y ¢ (2N)". Then it
suffices to prove the statement for ¢ = £0; by the following argument: Let
fr=20+32770, bjx*U) —c.x¥ € P, and f, = Ao+ 0 bjx*U4c.x¥ € PY,y,.
Let ¢* be such that —c < ¢* < cand f3 = Ao+ D7 bx% + " -x¥ € P},
Then we have f3 = /\1f1 + )\2f2 with )\1 = 0—52—00*7 /\2 = % and /\1,/\2 > 07
A1 + A2 = 1. By the same argument about the variable transformation as
above (proof of Theorem 6.2.6, Lemma 6.3.1) it suffices to investigate the
case ¢ = —Oy. Consider the following linear transformation of the variables

T1yeeoy Ty

T:(x1,...,2,) — ((es*)lxl, e (es*)nxn) ,

where (e*"); denotes the j-th coordinate of the global minimizer €% of f. By
construction, f € X7 ,; if and only if f(T'(x)) € X ,,;, where

f(T(x) = X+ Zn: Ax) —xv, (6.3.1)

But f(T'(x)) is the dehomogenization of an agiform and, therefore, by Theo-
rem 6.1.4, f € ¥} ,; if and only if y € A*.
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If y € (2N)", we use the same argument to prove that f is a sum of squares

for c = —O4. For ¢ > —Oy, the polynomial f is obviously a sum of squares,
since the inner monomial can be written as —© ;x¥ plus a sum of squares term
(C + Gf)Xy.

In [Rez89, Theorem 4.4] it is shown that the agiforms in (6.3.1) are sums
of binomial squares. Thus, for y € A*, the nonnegative polynomials f € szd
are also sums of binomial squares, since the binomial structure is preserved
under the variable transformation 7. [ |

Agiforms can be recovered by setting b; = ); and hence Theorems 6.2.6
and 6.3.2 generalize results for agiforms in [Rez89|. Furthermore, by setting
a(j) =2d-e; for 1 < j <mn, we recover what is called an elementary diagonal
minus tail form in [FK11], and, again, Theorems 6.2.6 and 6.3.2 generalize one
of the main results in [FK11] to arbitrary simplices.

We remark that in [Rez89] an algorithm is given to compute such a sum of
squares representation for agiforms in Theorem 6.3.2, which can be generalized
to arbitrary circuit polynomials using the variable transformation 7". Theorem
6.3.2 also comes with two immediate corollaries.

Corollary 6.3.3. Let A be an H-simplex and f € PX. Then f € Pfim if and
only if € wad.

Proof. Since A is an H-simplex, it holds that A* = (AN Z") and we always
have y € A*. |

The second corollary concerns sums of squares relaxations for minimizing
polynomial functions. For this, remember that f} = sup{\: f— X € X, 24}
is a lower bound for f* =inf{f : x € R"} (see Chapter 2).

Corollary 6.3.4. Let f € P{. Then f%, = [* if and only if y € A*.

S0S

Proof. We have fi = f*if and only if f — f* € ZZ’Qd. However, subtracting
the minimum of the polynomial f does not affect the question whether y € A*
or not. Hence, if y € A*, this will also hold for the nonnegative polynomial

f — f* and vice versa. [

Now, we consider the case of multiple interior lattice points in the simplex A.
In the case that all interior monomials come with a negative coefficient, we can
write the polynomial as a sum of nonnegative circuit polynomials if and only if
it is nonnegative. Furthermore, we get equivalence between nonnegativity and
sums of squares if the whole support is contained in A*. In the following, let
{)\éi), e )\g)} be the (unique) convex combination of y(i) € I C (int(A)NN")
and scale such that by = Z';I:I1 )\(()j).

Theorem 6.3.5. Let [ = Zlfz‘l A9 4 Sy byx) = 37 epaix?@ be such
that New(f) = A = conv{0,a(1),...,a(n)} is a simplex with a(j) € (2N),
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all a;,b; >0 and I C (int(A) NN"™). Then
]

f € Pn,Zd Zf and O’ﬂly ’],f f = ZEy(z)7
i=1

where all Ey;) € Pg(i) are nonnegative circuit polynomials with support sets

{0,a(1),....a(n), y(i)}.
If furthermore I C A*, then we have
f € Puoa if and only if f € 304 (6.3.2)
if and only iof [ is a sum of binomial squares.

In particular, (6.3.2) always holds, if A is an H-simplezx.

Again, we get an immediate corollary.

Corollary 6.3.6. Let f be as above and I C A*. Then f! = f*.

S0s

In order to prove Theorem 6.3.5, we need the following lemma.

Lemma 6.3.7. Let f = by+ Z?Zl bxV) — Zy(i)el a;x¥" be nonnegative with
simplex Newton polytope New(f) = A = conv{0,a(1),...,a(n)} for some
a(j) € (2N)*. Furthermore, let I C (int(A) NN") and a;,b; > 0. Then f has
a global minimizer v* € RY,.

Proof. Since all b; > 0 and a(j) € (2N)", clearly f has a global minimizer
on R". Assume that all global minimizers are not contained in RZ%Z,. We
make a term by term inspection for a minimizer v in comparison with |v| =
(Jval,- .-, |val): For every vertex of A we have bjv®9) = b;|v*W)|; for every
interior point we have —a;|v[V®" < —a;v¥® and hence f(v) > f(|v|). This is
a contradiction and therefore at least one global minimizer v* is contained in
RZ,.

Assume for at least one component v} = 0. We define g = by+> 7, bx) —
a;x¥® for one y(i) € I. By Proposition 6.2.3, g(e™) has a unique global
minimizer on R" and hence g has a unique global minimizer on R%,. But, by
construction of f and g, we have f(x) < g(x) for all x € RZ;, and f(x) = g(x)

for x € R%, \ RY,. Thus, vj # 0 for all 1 < j < n. |
Proof. (Proof of Theorem 6.3.5) Let
f= Z )\(()J) + Z bjxa(a) _ Z a;xv®
j=1 j=1 y(i)el

be nonnegative and, by Lemma 6.3.7, let v € RZ;, be a global minimizer of f.
First, we investigate the case a(j) = o e; for some o; € 2N and e; denoting
the j-th standard vector. For any 1 < k < n we have

(xkaa_a{k) (0) = by-ak)e-of* = Y a-y(D- o' = 0. (6.3.3)

y(i)el
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Let {)\((f), ce )\g)} be the coefficients of the (unique) convex combination of
y(i) € I and \V) = ()\gz), . ,)\7(;)) € RZ,. For y(i) € I we define

@ ()
a; - A - vY

Since for all i, k it holds that Y7 A\a(j)x = y(i)r and all a(j)x = 0 unless
j =k, we get with (6.3.3) that

b = D by
y(i)el
By Proposition 6.2.4 and Theorem 6.2.6, we conclude that
Eyy(x) = )\(()i) + Z by(i) k" — a;x¥"
k=1

is a nonnegative circuit polynomial and has its minimum value at v. This
yields the desired decomposition:

11| n

f(X) = Z )\é]) —+ Z bkxg’“ — Z aixy(i)
7j=1 k=1 y(i)el
11| n

= Z)\(()j) —|—Z Z by e | 23 — Z a;x¥® (6.3.5)
=1 =1 \y()el yG)el

= Z Eyi)(x).
y(i)el

Now, we head over to the case of arbitrary a(j) € (2N)". Let v € R, be a
global minimizer of f. By Corollary 6.2.2 (and Proposition 6.2.1), there exists
a unique polynomial g satisfying

fe™) = g(e™™) forall weR" (6.3.6)

such that 7" € GL,(R) and ¢ has a support matrix

1 1 . 1 1 1
0 p 0 - 0 pAP oo Al
MA = 0 L : e 7 x (1)
Do .0 : :
00 -+ 0 p pAY o A

where p is the least common multiple of the denominators of all )\y) and 2
(since vertices of New(g) shall be in (2N)").
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Since v € R>0, we can define Log [v/| = T" Log|v|. By (6.3.5) and (6.3.6),
it follows that v’ is a global minimizer for ¢ and thus in particular

]

fw) = fleleslly = g(eTtoelly = ZEWW)(eLOg\v’I)

for some nonnegative circuit polynomials £, with global minimizer v" € RZ,
Since supp(E,\») € supp(g) and New(E,\») = New(g), we have, by
Proposition 6.2.4,

Eﬂ)\(i)<€Log\u’|) _ Ey(i>(€Log|v\)

such that each Ey(i)(eLogM) is a nonnegative circuit polynomial with global
minimizer v and support set {0, a(1),...,a(n),y(i)} satistying f = Zul Ey;

If, additionally, every y(i) € A* (e.g., when A is an H-simplex), we know,
by Theorem 6.3.2, that all £,;(x) are sums of (binomial) squares and hence
f is a sum of (binomial) squares. |

Note that Theorem 6.3.5 generalizes [FK11, Theorem 2.7|, where this is
shown for so called diagonal minus tail forms f with a(j) = 2d for 1 < j < n.

We remark that the correct decomposition of the b; in Theorem 6.3.5 for
the case of a general simplex Newton polytope is also given by (6.3.4), since
due to

elloglvly(i)—a(i)) _ (T "' Log/|. T (n(AD—¢;)) _  (Log|v/|,u(A? ~e;))

these scalars remain invariant under the transformation 7' from resp. to the
standard form.

Example 6.3.8. The polynomial f = 1+%:I:6+3i2y4—%$y—%x2y 18 nonnegative
and has a zero at v = (1,2). By using the constructions in Theorem 6.5.5, we
can decompose f as sum of two polynomials in P ,, with y € {(1,1),(2,1)}
and vanishing at v. More precisely,

P SR WU WA WA (TS IS B
“\12 76" Te? T 12 3 64y2y'

Since A is an H-simplex, we have f € ¥og. Using the algorithm in [Rez89]
and a suitable variable transformation (see proof of Theorem 6.3.2), we get the
following representation for f as a sum of binomial squares:

2
f= %(x — %)+ %(1 — %)% + (x — %y) + %(1 —y?)>.
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6.4 A Sufficient Condition for H-simplices

By Theorem 6.3.2, all nonnegative polynomials in PX supported on an H-
simplex are sums of squares. Here, we provide a sufficient condition for a
lattice simplex A to be an H-simplex, meaning, that all lattice points in A
except the vertices are midpoints of two even distinct lattice points in A. In
the following, we call a full dimensional lattice polytope P C R™ normal, if
every lattice point in kP is a sum of exactly £ lattice points in P, i.e.,

keNmekPNZ"=m=mi+...+my, my,...,mpy € PNZ"

The following theorem uses toric ideals. For an introduction of toric ideals,
see, e.g., [Stu97].

Theorem 6.4.1. Let A := {a(0),a(1),...,a(n)} € (2N)" and A = conv(A)
be a lattice simplex. Furthermore, let B := %AHN” and Ig be the corresponding
toric ideal of B. If

1. Ip is generated in degree two, i.e., Ip = (Ip2) and
2. the simplex %A s mormal,

then A s an H-simplex.

Proof. Let L := (ANN")\ A. Note that for u € L\ (2N)" the statement
follows from normality of %A, since we have u = s+t with s,¢ € B. Therefore,
u= % Now, let

{%Q(O), . %a(n)} ={a(0),..., a(n)}

be the vertices of %A and consider u € B\ %A By clearing denominators in
the unique convex combination of v we get a relation

Nouw=Xa(0) +--+Man), N=) X x>0
=0

For the corresponding toric ideal I, this yields that x) — 1T, xii(i), € Ip.

Since Ip is generated in degree two, we have the following representation:

for some polynomials f,,,. Matching monomials, it follows that there exists
m such that ™ = 22 (note that f,,,, contains z2¥=2). Since |m| = 2, we have
22 — 2,3 € I with v,v’ € B, yielding the relation 2u = 2422, |

u_
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Corollary 6.4.2. Let A C R? be a lattice simplex as in Theorem 6.4.1 such
that %A has at least four boundary lattice points. Then A is an H-simplez.

Proof. Since every 2-polytope is normal, we only need to prove that the corre-
sponding toric ideals are generated in degree two. But this is [Koe93, Theorem
2.10]. |

Hence, in R?, almost every simplex A with even vertices is an H-simplex, a
fact that was claimed in [Rez89| without proof. This yields that the sections
Py, and XY, almost always coincide.

Example 6.4.3. We demonstrate Theorem 6.4.1 by two interesting examples.

1. The Newton polytope of the Motzkin polynomial
m =1+ 2%’ + 2%" — 32%* € Py \ Sag

is an M-simplez A = conv{(0,0), (4,2), (2,4)} such that A has ezactly
three boundary lattice points. One can check that the corresponding toric
ideal Ig is generated by cubics.

2. Note that the conditions in Theorem 6.4.1 are not equivalent. The sim-
plex A = conv{(0,0),(2,4), (10,6)} is easily checked to be an H-simplez,
but 8%A contains exactly three lattice points.

In higher dimensions things get more involved both in checking the condi-
tions in Theorem 6.4.1 and in determining the maximal A-mediated set A*.
Note that A* can lie strictly between A(A) and (A N Z™), which correspond
to M-simplices resp. H-simplices. In [Rez89| an algorithm for computing A*
is proposed. However, one expects to do better, but to our best knowledge,
there is no algorithm known being more efficient. On the other hand, checking
normality of polytopes and quadratic generation of toric ideals is an active
area of research. It is an open problem to decide whether every smooth lattice
polytope is normal and the corresponding toric ideal is generated by quadrics
(see, e.g., [Gubl2, Stu97]). However, for an arbitrary lattice polytope P, the
multiples kP are normal for £ > dim P — 1 and their toric ideals are generated
by quadrics for k& > dim P (|[BGT97]). In light of these results, we can draw
another interesting corollary from Theorem 6.4.1.

Corollary 6.4.4. Let A C R" be a lattice simplex as in Theorem 6.4.1 such
that %A = MA' for a lattice simplex A" C R™ and M > n. Then A is an
H-simplex.

Proof. The result follows from the previously quoted results together with
Theorem 6.4.1. [}

Note that Corollaries 6.4.2 and 6.4.4 yield large sections on which nonneg-
ative polynomials and sums of squares coincide.
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6.5 Convex Polynomials Supported on Circuits

In this section, we investigate convex polynomials/forms supported on a cir-
cuit. Recently, there is much interest in understanding the convex cone of con-
vex polynomials/forms. Since deciding convexity of polynomials is NP-hard in
general [AOPT13|, but very important in different areas in mathematics, such
as, e.g., in convex optimization, it is natural to investigate properties of the
cone of convex polynomials/forms.

Definition 6.5.1. Let f € R[x]. Then f is convex if the Hessian Hy of f
is positive semidefinite for all x € R™, or, equivalently, V! H;(x)v > 0 for all
x,v € R™.

Unlike the property of nonnegativity and sums of squares, convexity of
polynomials is not preserved under homogenization. Therefore, we need to
distinguish between convex polynomials and convex forms. The relationship
between convexity and nonnegativity resp. sums of squares arises when con-
sidering homogeneous polynomials, since every convex form is nonnegative.
However, the relation between convex forms and sums of squares is not well
understood except the fact that these cones are not included in each other.
The problem to find a convex form that is not a sum of squares is still open.
For an overview and proofs of the previous facts see, e.g., [BPT13, Rezl1|.
Here, we look for convex polynomials/forms in the class P{. We start with
the univariate (nonhomogeneous) case.

Proposition 6.5.2. Let f = 1+az¥ +bz* € P{ and b > 0. Then f is convex
exactly in the following cases.

1. y=1,
2.a>0andy=2l fory>1andl € N.

Proof. Let f = 1+ ax¥ + bw?!. Note that the degree is necessarily even and
b > 0. Then f is convex if and only if D?*(f) > 0 where D*(f) = ay(y —
1)a¥=2 + 2db(2d — 1)2%?72. For y = 1 the polynomial D?(f) is a square and
hence f is convex. Now, consider the case y > 1. First, suppose that a < 0.
Then D?(f) is always indefinite, since the monomial z¥~2 in D?(f) corresponds
to a vertex of the corresponding Newton polytope of D?(f) and has a negative
coefficient. Otherwise, if @ > 0 and y = 2 for [ € N, then D*(f) > 0 and
fis convex. If y = 21 + 1 then x¥~2 has an odd power and hence D?(f) is
indefinite, implying that f is not convex. [

The homogeneous version is much more difficult than the affine version. We
just prove the following claims instead of giving a full characterization.

Proposition 6.5.3. Let [ = 2°? + ax¥2%7Y + bz*? € P{ be a form and b > 0.
Then the following hold.
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1. Fory=2l—1,1€ N, ora <0, the form [ is not convez.

2. Fory=2l and 0 < a < % the form f is convex.
Proof. We have

02 f

022

Evaluating this partial derivative at z = 1, in order to be nonnegative, it is

obvious that y must be even and a > 0, proving the first claim. For the second

claim, we investigate the principal minors of Hy. We have that 3 f > 0 if and

only if D?*(f) > 0 where D?*(f) is the dehomogenized polynomlal —(x 1).

This yields y = 1 or a > 0 and y = 2[. From % we get again that y

must be even and a > 0. Finally, one can check that all exponents of the
dehomogenized determinant det Hy(x, 1) are even and have positive coefficients

f0r0<a§% Hence, fory—2[and0<a<%theform

f is convex. [ |

=2d(2d = 1) + (2d — y)(2d — y — axz*"V2.

Note that for y = 1 the form f = 2??+ax¥2?7Y 4+ b2?? € P is never convex,
whereas, by Proposition 6.5.2, the dehomogenized polynomial is always convex.
As a sharp contrast, we prove the surprising result that for n > 2 there are no
convex polynomials in the class PX, implying that there are no convex forms
in P} for n > 3.

Theorem 6.5.4. Let n > 2 and f € P{. Then f is not conver.
Proof. Let

—1+ZA :ca(j CoxtUn Bt g

with A; > 0 for 1 < j <n and B € R*. We will prove that the principal
minor [1,2] X [1,2] (deleting all rows and columns except the first and second
one) of the Hessian of f is indefinite, implying that the Hessian of f is not
positive semidefinite and hence the polynomial f is not convex. We have

O2f 02 f _( 2f )2

0x3 O3 Or179
n n
a(j)1—2 _oa(j)2 -2
= <cjx1() 252 20U dy ¥ %ﬁ;)
j=1 i=1
a(t a(i)g—2 : 2
(cixl( )11’2( 2m2 -a:g(")l + dox " a - x%”)

2
n
a(k)1—1_ alk)e—1 a(k 1 1
— ( ckxl()l xQ()Z 1’3()3'--- Y A xgsx%”>
k
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where

i = Aja(ha(ih -1,
¢ = Aja(i)a(i); —1,
Cp = Akoz(k') a(k)s,

di = Byi(y — 1),
dy = Bys(y2 — 1),
d3 = Byys.

We claim that there is a point x € R™ at which this minor is negative. For
this, note that all exponents in (%) also appear in oo 9] Hence, we can

822 93
restrict to the latter ones. The ( ) different exponents are of the following
type:

(1)
(2)

n—+2
2

206( )1 -2 205(])2 —272()6(j>3,7205(j)n> for 1 S .] S n

(
(a(i)r +a() =2, a(i) + alj)e — 2,a(i)s + a(f)s, - . ., a(i)n + a(j),) for
1<i<y<n.

B) (e +wmn—2,a(f)e+y2—2,a())s +yss ..., a(J)n+yy) for 1 <j<n

(4) (2y1 - 27 21/2 - 27 21/37 R 2yn)

We claim that the point (2y; — 2, 2ys — 2, 2y, .. ., 2y,) is always a vertex in the
convex hull of the points (1)-(4), i.e., in the Newton polytope of the investigated
minor. The points in (2) are obviously convex combinations from appropriate
points in (1) and the points in (3) are convex combinations from points in (1)
and (4). Hence, it remains to show that (4) is not a convex combination of the
points in (1). Therefore, denote the points in (1) by P; and the point in (4)
by Q. Let

Zuij with Zuj =1 and p; >0 forall 1<y <n.
j=1 j=1

But since 2?21 pj(—2) = —2, this equation is equivalent to

n n 1
Z,uja(j) with Z,ujzl and W= forall 1<j<n.

j=1

But this means that y lies on the boundary of A, the Newton polytope of
f. This is a contradiction, since f € PX, in particular, y € int(A). Hence,
(4) is a vertex of the Newton polytope of the investigated minor. Extracting
the coefficient of its corresponding monomial in the minor, we get that this
coefficient equals — B2y ys(y1 + y2 — 1) < 0. Therefore, the Newton polytope
of the minor of the Hessian of f has a vertex coming with a negative coefficient
and hence it is indefinite, proving the claim. [ |
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Note that this already implies that there is also no convex form in PX
whenever n > 3, since non-convexity is preserved under homogenization. Since
it is mostly unclear which structures prevent polynomials from being convex,
Theorem 6.5.4 is an indication that sparsity is among these structures.

6.6 Sums of Nonnegative Circuit Polynomials

Motivated by results in previous sections, we introduce a new family of non-
negativity certificates.

Definition 6.6.1. We define the set of sums of nonnegative circuits polyno-
mials (SONC) as

k
Chod = {f eR[xlog + f= Z/M’gz‘,m >0,9; € Pgi N Pn,zd}

i=1
for some simplices A; C R".

Remember that membership in Pszd can be easily checked and is completely
characterized by the circuit number ©; (Theorem 6.2.6). Obviously, for o, 3 €
R and f, g € C), 24, it holds that af + Bg € C), 2¢ and hence C), o4 is a convex
cone. Then we have the following relations.

Proposition 6.6.2. The following relationships hold between the correspond-
Mg CONeESs.

1. Cn,Qd C Pn,?d;

2. Cn,2d ,:CZ 2n,2d and 21@,2(1 SZ Cn,2d;

3. Cpoa N Ky0a = {0} for n > 2, where K, o4 is the cone of convex polyno-
mials.

Proof. Since p1,9; € P, 24, the first inclusion is obvious. Considering sums of
squares, the Motzkin polynomial is a sum of nonnegative circuit polynomials
but not a sum of squares, proving the first non-inclusion. For the second
one, we use the following argument. Let f € Xg¢ be such that f has nine
zeros. Concretely, let f = f2 + f2, where the two cubics fi, f intersect in
nine distinct real points. If f = Zle Wigis i > 0,9, € Pgi N P, 24 for some
simplices A;, then all g; € Pgi N P, 2¢ must vanish at the nine intersection
points, in contradiction to Corollary 6.2.7, yielding at most 22 = 4 zeros for
g;- The property C), 24 Q K, 24 for n > 2 immediately follows from Theorem
6.5.4. [ |

Hence, the convex cone (), 54 serves as a nonnegativity certificate, which,
by Proposition 6.6.2, is very different than sums of squares certificates.
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Example 6.6.3. Let f = 3 + 42°% + 4y5 + 28 + 2%y* — 3oy + 523y + 22%y2.
The Newton polytope New(f) = conv{(0,0)T, (0,4)7, (4,4)T,(8,0)T)} is not a
simplez and f € Cyg. An explicit representation is given by

f=(1+2%4+2y* —32y) + (1 + 32° + 2y* + 52%y) + (1 + 2® + 2%y* + 22%9?).

Of course, it is a priori completely unclear, which type of nonnegative poly-
nomials have a SONC decomposition resp. how big the gap between C), oq and
P, 24 is. Furthermore, it is not obvious how to compute such a decomposition,
if it exists. But, as a promising and fruitful first step, we can deduce the
following corollary from Theorem 6.3.5.

Corollary 6.6.4. Let f =by+)_ 7, bx0) + 3 a;x¥9 be nonnegative with
bj € Ryo and a; € R* such that New(f) = A = conv{0,a(1),...,a(n)} is a
simplex and all y(i) € (int(A) NN™). If there ezists a vector v € (R*)" such
that a;v¥® < 0 for all 1 < i < k, then f is SONC.

Proof. Every monomial square is a strictly positive term as well as a 0-simplex
circuit polynomial. Thus, we can ignore these terms. If a particular vector
v € (R*)™ with the desired properties exists, then Theorem 6.3.5 immediately
yields a SONC decomposition after a variable transformation z; — —x; for all
J with v; <0. [ ]

6.7 Extension to Arbitrary Polytopes

In Section 6.3, for f € PX, we proved that f € X ,; if and only if y € A*. One
might wonder whether this equivalence does also hold for arbitrary polytopes.
More precisely, let () C R™ be an arbitrary lattice polytope with even vertices
and denote by AP% the set of all polynomials of the form Zaevert(@ box* 4 cxY
that are supported on the vertices vert()) of @ and an additional interior
lattice point y € int(Q). As a generalization of our previous notation, we call
f € AP} an agiform if D aevert(@) Lot =y and 35 o io1ba =1, all by >0
and ¢ = —1.

In [Rez89| it is asked whether the lattice point criterion y € Q* is again an
equivalent condition for a polynomial in AP% to be a sum of squares. Here,
we provide a solution to this question. Let P} resp. %, denote the set of non-
negative resp. sums of squares polynomials in AP%. As for a simplex A, for
an arbitrary lattice polytope ) we use the same definition of an M-polytope
resp. an H-polytope as for an M-simplex resp. an H-simplex (see Section 6.1).

The implication f € Ezé = y € * does always hold. For agiforms, this
is proved already in [Rez89]. The proof in the case of arbitrary coefficients
follows exactly the same line as the proof of Theorem 6.3.2, since it mainly
uses negativity of the interior monomial, which we can assume by suitable
variable transformations as before. However, the reverse direction fails to be
true in general as we now prove.
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Proposition 6.7.1. There exists f € Py \ X, and y € Q.

Proof. We provide an explicit example. Let
Q) = conv{vy, vy, v9,v3} = conv{(0,0),(4,0),(4,2),(2,4)}, y = (2,2).

It is easy to check that @ is an H-polytope (indeed, it can actually be proved
that Theorem 6.4.1 is true for arbitrary polytopes). Since @) is not a simplex,
there are many convex combinations of y:

3
Y = )\01)1 + /\1’01 + )\QUQ + /\3U3, Z)\Z = 1, )\Z Z 0.
=0

The set of convex combinations of y is given by

1 1 1 3

1
{(/\0,/\1,/\27/\3) = <§ — 5/\3, 5 + 5)\3, 11— 2)\37>\3) '3 < A3 <

b

1 1 1 3
f(Q, A\ y) = (5 - 5/\3> + <—§ + 5/\3) ot + (1= 2X)2'y” + Aga®y" — 2%y,

N | —

The corresponding agiform f(Q, A, y) is then given by

For \3 = %, the nonnegative polynomial

_ 3 Loy 1ao, 25, 2,2
f—10+10$+5my+5xy 7y
can easily be checked to be not a sum of squares (in spite of the fact that
y € Q) [

Actually, one can prove that the polynomial f(Q,\,y) in the above proof
is a sum of squares if and only if A3 = 1. In [Rez89] the author suspects that
the condition y € Q* is not sufficient by looking at similar examples. However,
in all of these examples the constructed polynomials that are nonnegative but
not a sum of squares are not supported on the vertices of () and an additional
interior lattice point y € int()). We conclude that in the non-simplex case the
problem of deciding the sums of squares property depends on the coefficients
of the polynomials, a sharp contrast to the simplex case. However, motivated
by a question in [Rez89| for agiforms we are interested in the following sets:
Let C(y) denote the set of convex combinations of the interior lattice point

y € int(Q), i.e.,

C(?J) = {/\: (AOW":)‘S) iyZZ/\i% Z/\i: 1, A\ ZO}
i=0 i=0

where v; are the s vertices of (). Note that C(y) is a polytope. Fixing f and
y, we define

SOS(f,y) ={X € C(y) : f(Q,\,y) is a sum of squares}
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where Q = New(f). We have already seen in the proof of Proposition 6.7.1
that the structure of SOS(f,y) is unclear and highly depends on the convex
combinations of y. It is formulated as an open question in [Rez89|, whether
one can say something about SOS(f,y) for fixed f and y. For this, let

Q=0 U uQY,
be a triangulation of ) for 1 <7 <t, where ¢ is the number of triangulations
of @) without using new vertices. We are interested in those simplices Qg-l)

(1) \ %

A J ) )

Recall that for every lattice simplex A with vertex set A we denote A* as the
maximal A-mediated set (see Section 6.1).

Theorem 6.7.2. Let Q C R™ be a lattice n-polytope, y € (int(Q) NN"), and
f € AP be an agiform. Then SOS(f,y) = C(y), i.e., every agiform is a sum

that contain the point y € int(Q) and their maximal mediated sets (Q

of squares, if and only if y € Qy) implies y € (QEZ))* for every 1 <1 <t and
1<j<r(i).

Proof. Assume y € ng) =y € (Qy))* for every 1 < i <tand 1 < j <
r(i). Let A € C(y) with f(Q,\,y) being the corresponding agiform. By
[Rez89, Theorem 7.1], every agiform can be written as a convex combination
of simplicial agiforms. In fact, following the proof in [Rez89, Theorem 7.1], it
can be verified that the vertices of the corresponding simplicial agiforms form
a subset of the vertices of @), since the set C'(y) of convex combinations of y is
a polytope with vertices being a subset of vert(Q)). Hence, these agiforms come
from trlangulatlng the polytope @) into simplices without using new vertices.
Since y € (Qy )*, by Theorem 6.1.4, the corresponding simplicial agiforms are
always sums of squares and since f(Q A, y) is a sum of them, the Claim follows.

For the reverse direction, we prove that y € Q(y . and y ¢ ( ) for some
i,k implies that SOS(f,y) # C(y). Therefore let Q¥ be a trlangulatlon

of @ and k € {1,...,7(i)} be such that y € Q wand y ¢ (Q yL)* Suppose
vert(Q) = {v,. .. ,vm} Then C(y) is a polytope ‘of dimension m— (n+1) =:d.
Let

@\ y) = ZA [y f1g)X% — XY

be the corresponding agiform. Note that the coefficients \; depend on d param-
eters p, ..., g, since dim C'(y) = d. By assumption, there exist ay,...,aq €
R such that f(Q, A\, ¥)|(u1,....a)=(ar,...a)) = 9 is a simplicial agiform Wlth re-

spect to the simplex Q(yl)k Since y ¢ (Q y)k)* the agiform ¢ is not a sum of
squares. By continuity, we can construct a sequence (ug,...,g) converging
against (ai,...,aq) with the properties that f(Q, A, y)|(u,...ua)=(a1+e,....ag+c) 19
an agiform for some € > 0 with its support equal to {vq,...,v,,y} and not
being a sum of squares, since, otherwise, if every sequence member is a sum of
squares, this will also hold for the limit agiform g corresponding to (a4, ..., aq)
by closedness of the cone of sums of squares. Hence, SOS(f,y) # C(y). [
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Example 6.7.3. Let again
Q = conv{vg, vy, va,v3} = conv{(0,0), (4,0), (4,2),(2,4)}

be as in the proof of Proposition 6.7.1. There are siz interior lattice points in
Q given by

nt(Q) NN" = {(1,1),(2,1), (3,1),(2,2), (2,3), (3,2)}.

Since Q has four vertices, C(y) for y € (int(Q) NN") has a free parameter \;
(see proof of Proposition 6.7.1). In the following table, for ally € (int(Q)NN"),
we provide the range of the free parameter A3 yielding valid convexr combina-
tions for y as well as the set SOS(f,y).

y A3 SOS(f,y)
(1,1) | § < A3 <3| A3 €[0.191; 5]
(2,1) [0<A A< L| N e0]]
(3.1) | 0< A <i | Xef0d]
(2,2) [$<a<t ] Aed{d)
(2,3) | 2 < A3 <3| A3 €[0.683; 3
3,2) |+ <A <] el

The sets SOS(f,y) are computed with SOSTOOLS ([PPSP05]). Note that
Q has two different triangulations (see Figure 6.7). The lattice pomts (2,1)
and (3,1) are the only lattice points that satisfy y € Q =y € (Q( )* for all
i€{1,2} and j € {1,...,7(i)}. Hence, exactly for y € {(2,1),(3,1)}, every
agiform is a sum of squm’es.

6.8 Outlook

We want to give an outlook for possible future directions of research. Starting
with the section X7 ,;, we renew some open questions in [Rez89]. Is there
an algorithm to compute A* that is more efficient as the one in [Rez89|7
What can be said about the asymptotics of A*, in particular, what is the
“probability” that a simplex is an H-simplex? This is settled in R? in Corollary
6.4.2, but seems widely open for n > 2. However, every sufficiently large
simplex is an H-simplex (see Corollary 6.4.4). Tackling this problem from the
viewpoint of toric geometry (see Theorem 6.4.1), it would be a breakthrough
to characterize simplices that are normal and their corresponding toric ideals
are generated by quadrics. In Section 6.6 we introduced the convex cone
Ch,24 of sums of nonnegative circuit polynomials, which is different from the
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Figure 6.2: The two different triangulations of Q).

convex cone of sums of squares. From a practical point of view, the major
problem is to determine the complexity of checking membership in (), 24. In
particular, when is every nonnegative polynomial a sum of nonnegative circuit
polynomials? In Corollary 6.6.4, we already proved this for a rich class of
nonnegative polynomials, but we suspect that the relationship between P, o4
and C), o4 should be more delicate. Another very interesting problem is to look
for more classes of polynomials, for which nonnegativity can be derived by the
norm relaxation method introduced in subsection 6.2.1.



Chapter 7

Lower Bounds for Polynomials
with Simplex Newton Polytopes
Based on Geometric Programming

Finding lower bounds for real polynomials is a central problem in polyno-
mial optimization. Several well known approaches to this problem work well
in small dimension or with additional structure enforced on the polynomi-
als. The best known lower bounds are provided by Lasserre relazations using
semidefinite programming (see Sections 2.3 and 2.4). In spite of the fact that
the optimal value of a semidefinite program can be computed in time polyno-
mial up to an additive error, the size of these programs grows rapidly with the
number of variables or degree of the polynomials. Therefore, recently, there is
much interest in finding lower bounds for polynomials using the alternative ap-
proach of geometric programming (see (7.2.1) for a formal definition). In recent
works [GM12, GM13] several important observations are made for polynomial
optimization via geometric programming. The two key observations are the
following ones:

1. Lower bounds based on geometric programming are not as good as
bounds obtained by semidefinite programming.

2. Even higher dimensional examples can be solved quite fast with geomet-
ric programming whereas semidefinite programs do not yield an output
at all due to the too high dimension resp. degree of polynomials.

For f € R[x]oq of degree 2d we consider again the polynomial optimization
problem

o= inf{f(x):xeR"} = sup{A\eR:f—A>0}

with the lower bound [ given by the semidefinite relaxation of f* as

k
foos = sup{/\eR 1 f—)\Zqu for some qieR[x]},

=1

117
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Based on our results in Chapter 6, in this chapter we extend results in
[GM12] in order to provide lower bounds for polynomials using geometric pro-
grams, which can be solved in time polynomial in the input using interior point
methods ([NN94]). We denote these lower bounds by fr .

In fact, this extension relies on the key observation that nonnegativity can
not only be certified via sums of squares, but also via sums of nonnegative
circuit polynomials (abbrev. SONC), which we introduced in Chapter 6, Sec-
tion 6.6. In [FK11] Fidalgo and Kovacec provide nonnegativity resp. sums of
squares certificates for a class of polynomials, which have the scaled standard
simplex conv{0,2d - eq,...,2d - e,} as Newton polytopes. In [GM12] Ghasemi
and Marshall show that these certificates can be translated into geometric pro-
grams in order to find lower bounds for polynomials. But since the certificates
in [FK11] are special instances of the ones in Chapter 6, it is self-evident to
ask, whether the translation into geometric programs can also be generalized.
The purpose of this chapter is to show that this is indeed the case.

As main theoretical results we contribute in this chapter some easily check-
able criteria on the coefficients of a polynomial, which imply that the polyno-
mial is a sum of nonnegative circuit polynomials (Theorems 7.1.1 and 7.1.2). In
many cases this implies that the polynomial is also a sum of binomial squares.
The key observation is that, as in [GM12], these criteria can be translated into
geometric optimization problems (Corollary 7.2.2), which are naturally con-
nected to SONC certificates (Theorem 7.1.3). As a surprising fact we show in
Corollary 7.1.4 that for very rich classes of polynomials with simplex Newton
polytope, the optimal value fj, satisfies f;, > fZ,., in contrast to the general
observation by Ghasemi and Marshall in [GM12, GM13], which we outlined in
the beginning. Additionally, the computation of f, is much faster than in the
corresponding semidefinite optimization problem. This is a win-win situation
and establishes a very interesting connection between sums of nonnegative cir-
cuits and geometric programming.

Let f € R[x]oq be of the form f = ZaeNgd fox®. Throughout this chapter we

assume that New(f) = A is a simplex with even vertex set {0, a(1),...,a(n)} C
N3, and corresponding coefficients fo, fo;) > 0 for 1 < j < n. Following exist-
ing literature [FK11, GM12, Las07|, we define

Qf) = {aeNy: fo 703\ {0,a(1),... a(n)}.
Hence, we have a decomposition
Fo=fot D faX" 4D fax®?
aeQ(f) Jj=1
where fj is the constant term in f. Let

A(f) = {aeQ(f): fox® is not a square}
= {aeQf): fa <0orq;is odd for some 1 <i < n}.
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The degree of our extension of the work [GM12] is strongly based on our results
in Chapter 6. It relies on decompositions of nonnegative polynomials as sums
of nonnegative circuit polynomials. When considering the scaled standard
simplex 2dA,,_; as the Newton polytope of a polynomial, our results coincide
with the results in [GM12]. Therefore, considering arbitrary simplices yields
a significant extension of [GM12] and contains the scaled standard simplex
2dA,,_1 as one special instance.

7.1 A Sufficient Condition on the Coeflicients of
a Polynomial for the SONC Property

In this section, we provide sufficient criteria on the coefficients of a polynomial
that imply the SONC property of a polynomial (see Definition 6.6.1), thereby
generalizing many existing results in the literature along the way. For the re-
mainder of this chapter we make the following assumption.

Asssumption: Let f € R[x|o4 be a polynomial such that its Newton poly-
tope New(f) = A with vertices {0, a(1),...,a(n)} C (2N)" is a simplex.

Note that every a € Q(f) can be written as a unique convex combination
of the vertex set {0,a(1),...,a(n)}:

o = Y M(i) with Y AY =1 and A¥ >0 (7.1
=0

1=0

where )\éa), e )\%a) € R, denote the scalars in the convex combination of
a € Q(f) in terms of the vertices of New(f). Thus, we can write the polynomial

f as
o= D N fapx® P Y S (7.1.2)
7=1

aeQ(f) a€Q(f)

with fo;) > 0 for 1 < j < n and f, € R. Scaling the polynomial by a new

constant positive term fy = ZQEQ( N Aéa) is obviously irrelevant for nonnega-
tivity of f and for polynomial optimization. The chosen scaling will turn out
to be very suitable for our statements. In order to further simplify connections
to the results in [FK11, GM12] we consider the homogenized polynomial

a7 d—|a(j o d—|a
P o S s T e
Jj=0 aeQ(f)

with a(0) = 0 € N, fu) = Yacapn A and Jaf = 37 |ay] € [0,2d] NN for
all o € New(f) NN,
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Theorem 7.1.1. Let F' be a homogeneous polynomial as above and suppose
there exist ao; > 0 for all « € A(F) and 0 < j <n such that

)\(&)

(1) |fa|:H?:0 (%) J for allaEA(F>.

(2) fOé(j) Z ZQEA(F) Qg 5 fOT all 0 S j S n.

Then F — ZQGQ(f)\A(f) fo x> x?)d_l(” and hence also F' is a SONC. If, addi-
tionally, A(F) C A*, then F is a sum of binomial squares.

Proof. Using Theorems 6.2.6 and (1) we conclude that

n

N 2d—|a(d 2d—
E:aa,jxa(j)xo ‘a(])‘+faxax0 ]
Jj=0

is a SONC for every a € A(F'). By summing over all « € A(F) it holds that

n

Z Z o xa(j)xgd_la(m—l— Z faxaxgd—m (7.1.3)

J=0 \a€A(F) a€A(F)

is a SONC. Then condition (2) yields that

Z fa(j)xamxgd—la(j)\ i Z faxaxgd—m\
7=0

a€A(F)

is a SONC. Since for every a € Q(F) \ A(F) the term f,x* is a monomial
square, I’ is a SONC. The sum of binomial square property follows from The-
orem 6.3.2. ]

Setting a(j) = 2d for 0 < j < n the sum of binomial squares statement
recovers |[GM12, Theorem 2.3|. Additionally, e.g., by [GM12, Remark 2.4,
we can assume that a,; = 0 if and only if )\E-a) = 0. Theorem 7.1.1 yields a
new sufficient criterion on the coefficients of a polynomial to imply the SONC
property as well as the sum of (binomial) squares property and significantly
extends previous sums of squares criteria given in [FK11, GM12, Las07|. This
extension relies on the fact that the cited results assume the Newton polytope
of the polynomial being the scaled standard simplex with degree 2d, whereas
Theorem 7.1.1 is, in particular, valid for all H-simplices containing the scaled
standard simplex as a special instance.

We now describe the application of Theorem 7.1.1 in global optimization.
To provide new lower bounds for polynomials, we prove our second main result.
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Theorem 7.1.2. Let f € R[x|oq be of the Form (7.1.2) with constant term
fo=Yacarp )\éa) > 0 and let r € R. Suppose that for every a € A(f) there
ewist Aa1, .-, an > 0 with ay; = 0 if and only if A;O‘) =0 (with /\5'04) in the
sense of (7.1.1)) such that the following conditions hold.

A(D‘)

(1) 1fal =11}, () J for all o € A(f) with |a| = 2d,

@)
Aj

(2) fa() = Daen(y) Qo for all1 < j <m,
ale)

1 v
N & e (2@ @
(3) fO_TZEaeAQd(f))‘(())'|fa|AO 'Hj:l( . ) °

Qa,j

where A<*(f) = {a € A(f) : |a] < 2d}. Then f—r — D aca(ag fox® and
hence also f —r is a SONC. If, additionally, Q(f) C A*, then f —r is a sum
of binomial squares.

Proof. We apply Theorem 7.1.1 to the homogenization of the polynomial f—r,
which is given by
F=r = (fo—ma 43 fagx@alt el §7 g xog2ilal,
7=l a€Q(f)

Then f — ris a SONC resp. a sum of binomial squares if only only if f —r is a
SONC resp. a sum of binomial squares (see [GM12]). Our sufficient conditions
in Theorem 7.1.1 now read as follows.

A;a) )\ga) A§a>
(1) 1fal = ITj= (W) = <W> T, (W) for a € A(f),
J J

(2) fai) = ZaeA(f) aoj foralll <j<nand fo—r> ZaeA(f) Ao 0-
Solving (1’) for a, o yields

ale)

5o (T
oo = M1 T o
j= o

1

if |a| < 2d. Set anp = 0 for || = 2d. Conversely, defining a, o in this way, for
every a € A, one can verify that conditions (1) — (3) imply conditions (17),(2’)
as follows: (2) follows immediately from (2) and (3) and definition of a,p.
Condition (1’) follows from (1) again by homogenization and using definition
of A 0- |
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Again, setting a(j) = 2d for 1 < j < n, the sum of binomial squares
statement recovers [GM12, Theorem 3.1]. Now, we can define

Va € A(f) Vje{l,...,n} Ja,,; > 0 with
fop = sup{reR : aavjzo(:))\g-a):()
s.t. conditions (1)-(3) of Theorem 7.1.2 hold

Indeed, f,, is naturally connected to SONC certificates of nonnegativity as
the following theorem shows.

Theorem 7.1.3. Let f € R[x|sq be of the Form (7.1.2). Then

g1, ..., 9s € Rx|oq with New(f) = New(g;)
f;p = supreR : forl1<j<sand

Note in this context again that Zaeﬂ(f)\A(f) fax® is a sum of monomial
squares, which is irrelevant for the computation of f7, by Theorem 7.1.2.

Proof. By definition of f7, and by Theorem 7.1.2, we already know that for
every r < fr it holds that f —r — Eaeﬂ(f)\A(f) fax® is a SONC. And, by
the construction (7.1.3) in the proof of Theorem 7.1.1, we know that every
polynomial g; in the SONC decomposition satisties New(g;) = New(f).

Hence, assume that there exist nonnegative circuit polynomials gy, ..., g, €
R[x]2q with New(g;) = New(f) for every j satisfying

f—T’— Z faxazzgj'
j=1

acQ(M\A(S)

W.lo.g., we can assume that every o € A(f) is contained in the support of a
unique g; — otherwise we can replace some g; + g; by gj. By Theorem 6.2.6,

every g; satisfies g; = /\g(gj) + 30 g5:x%0 4 ¢;x293) with /\g(gj) € Roo,9i; €

o)) (@95
Roo forall 1 < i < n, a(g;) € A(f) and |¢j| < [T, (g5.:/ AW Hence,
we have
f=r= Y fx* = D g

a€Q(FN\A(S) j=1

_ i )\éa(gj)) + i (i gj,i) Xa(i) + icjxa(gj)
7j=1 =1 7j=1 7j=1

satisfying conditions (1’) and (2) in the proof of Theorem 7.1.2 and hence also
conditions (1) — (3) of Theorem 7.1.2. |
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In the beginning of this chapter, we denoted that the observation of Ghasemi
and Marshall was a trade-off between fast solvability of the corresponding
geometric programs in comparison with semidefinite programs and the fact
that f,, < fi,s- Here, we conclude the surprising fact that geometric programs
do not have this lack in case of polynomials with simplex Newton polytope
satisfying the conditions of Theorem 6.3.5. Quite the contrary, the bound f7,
will be at least as good as the bound f; .. Note that the special instance
#Q(f) = 1 and New(f) being the standard simplex with edge length 2d was

already observed by Ghasemi and Marshall (see [GM12, Corollary 3.4]).

Corollary 7.1.4. Let f be a polynomial of the Form (7.1.2) with New(f) =
conv{0, (1), ..., a(n)} being a simplez, all a(j) € (2N)", and such that Q(f) C
(int(A) NN™). Suppose that there exists a vector v € (R*)"™ such that fo,v* <0
for all a € Q(f). Then the following statements hold.

L foos < fop = 17,
2. if A(f) C A*, then f5,. > f,, and hence f;, = fi,. = f*,

S0s

Proof. The statement follows immediately from Theorems 6.3.5 and 7.1.3. W

If A(f) C A*, then it always holds that f; < f ., since the SONC property
coincides with the property of being a sum of binomial squares, regardless of
the existence of a vector v € (R*)" such that f,v® < 0 for all a € Q(f).
However, note that the condition Q(f) C (int(A) N N") is essential as the

following example shows.

Example 7.1.5 (|GM12]). Let

P2 a4y 20 4 a2ys? —at — gt — 2y —
Here, Q(f) contains boundary points of the simplex

New(f) = conv{(0,0,0)", (6,0,0)",(0,6,0)",(0,0,6)"}

and there exists v € R3\ {0} at which all non-vertex monomials have a negative
sign (e.g., v = (1,—1,—1)). One can check (e.g., with the method described in
the net section) that f;, = fi, ~ —1.6728 < f* = 0.667

S0s

7.2 Geometric Programming

In this section we prove that the number f7 can be obtained by a geometric
program, which we introduce first.

Definition 7.2.1. A function f : RZ; — R of the form f(x) = cx{* - - -z with
c¢>0,a; € R and x = (x1,...,2,) is called a monomial. A sum of monomial

functions Y, c;x" - - - xlr with ¢; > 0 is called a posynomial function.
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A geometric program has the following form.

inf{fo(x) : € R"} such that (7.2.1)
filx) <1 forall 1<i<m and g;(x)=1 forall 1<j<p,

where fy, ..., f,, are posynomials and g, ..., g, are monomial functions.

Geometric programs can be solved with an interior point method. In [NN94|
the authors prove worst-case polynomial-time complexity of these programs.
For an introduction and practical ability of geometric programs, see, e.g.,
[BKVHO7, BV04]. Based on our main results Theorem 7.1.1 and 7.1.2, we
can draw the following corollary.

Corollary 7.2.2. Let [ € R[x] be a non-constant polynomial of degree 2d with
Jo= Zaeg(f) )\éa) and foj) > 0 for 1 < j <n. Then f;, = fo—m*, where m*
18 given by the following geometric program.

ale)

1 n >\(a) )\Z)a) n
. (Oé) . A(a) . j ( i (aa’l, “e . ,aa’n) E RZO
inf Z(f) Ao - fal II ( ) © for all o € ATH(f)

acA<2d j=1 Qav,j

s.t. Z (aa’j) <1 forall 1<j<n and
(1) \ew

acA

n A
Il T1 (%) =1 forall aeA(f) with |o| = 2d.

Jj=1 J

Proof. We have f; = fo —m* by definition of f; . Since

% n )\(Ol) )\(Of) 3
> I (35) " e T () mansss
(f) )

a .
aeA<2d j=1 @J aEA(f a(j)

are posynomials in the variables a, ; and for all @ € A(f) with |a| = 2d

Qq,j
U111 (A(QJ))

Jj=1 J

*

is a monomial in the variables a, ;, m* is indeed the output of a geometric
program. [

Corollary 7.2.3. Let {(an.1,. .- 00n) : @ € A(f)<*} be the global minimizer
of a geometric program as in Corollary 7.2.2. If A(f) = A(f)<?*¢, then we have
> aen(f) G = fagg) for every 1 < j <n.

Proof. Follows immediately from Theorem 7.1.3 and Corollary 7.2.2. [ |
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7.3 Examples

We demonstrate our method and reflect our results by various examples. All
geometric programs are solved via the MATLAB solver GPPOSY'.

1. First, consider the polynomial f = § + 2% 4+ 22y + 423y, The geomet-
ric program proposed in [GM12] is infeasible, since the pure power 3° is
missing in the polynomial to make the Newton polytope a standard sim-
plex of edge length 8. However, New(f) is an H-simplex and we can use
our results to compute fy. Here, we have A = {a} = {(3,3)}. Hence,
we introduce the variables a,; for j € {1,2}. Therefore, by Corollary
7.2.2, we have to solve the following geometric program.

4 4
1 1\* 1)\?2
inf {Z_l . 44 . (71) . (5) : a;llagé P01, 00,2 S 1} .

The optimal solution is given by a,1 = as2 = 1 (as expected due to
Corollary 7.2.3) yielding m* = 4 and hence f; = 1 —4=-3.75= fi =
f* by Corollary 7.1.4.

2. Let f = 28T+a8%0+y™—82%y3. Again, the geometric program proposed in
[GM12] is infeasible. But New(f) is an H-simplex and with A"® = 1/16
and )\§5’3) = 1/26 our corresponding geometric program is given by

13 8
187 VAR (LN & &
inf {2—08 . 8% : (E) ) (%) 'aa,iw 'aocé87 Do, (a2 S 1} :

Using the software GLOPTIPOLY (see |[HLJLO09|), f* ~ —5.6179 was
computed in 4327, 2 seconds, i.e., approximately 1.2 hours. However,
using the above geometric program, we get a global minimizer a,; =
an2 = 1 (again, as we would expect due to Corollary 7.2.3) and the

1
. . 208 187
optimal solution m* = %g . (Hﬁzgw) and hence f* = \g — m* =
1
208 187 .
%g . (1 — (Mﬁgw) ) ~ —5.6179 in 0.5 seconds.

3. Let now f = i + 3a8y* + 2258 — 102y® + 2°y*. Again, the geomet-
ric program in [GM12| cannot be used but the geometric program in
Corollary 7.2.2 with A = {@, a} = {(3,3), (5,4)} now reads as follows:

o f9-25.55 s 11-100 31200 s
inf 1250 Uo7 " Qoo T 10 “Am,1 Maga2 M
such that Gol T Gait <1 and w < 1.

!The Matlab version used was R2011a, running on a desktop computer with Intel(R)
Core(TM)2 @ 2.33 GHz and 2 GB of RAM.
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Here, the variables a, ; come from o = (5,4) and ag; come from @ =
(3,3). Again, we use the MATLAB solver GPPOSY to solve this geometric
program with the following code:

b

>> A0=[-4/3,-1,0,0;0,0
>> A1=[1,0,0,0;0,0,1,0
>> A2=[0,1,0,0;0,0,0,1
>> A=[A0;A1;A2]

>> coeffl = 9/1250%2~(1/3)*5~(2/3)

>> coeff2 = 11/40%10~(3/11)*3~(9/11)*20~(8/11))
>> bO=[coeffl;coeff2]

>> b1=[1/3;1/3]

>> b2=[1/2;1/2]

>> b=[b0;b1l;b2]

>> szs=[size(A0,1) ;size(Al1,1) ;size(A2,1)]

>> [x,status,lambda,nul=gpposy(A,b,szs)

-3/11,-6/11]

—_ .

2 b

The optimal solution is given by
(o1, G02, 01, az2) = (0.5910,0.1685,2.4090, 1.8315)

(Corollary 7.2.3 holds again) yielding m* ~ —6.644 and hence

.17
fop = 55 — 6644~ —5.794.

By Corollary 7.1.4, we have f, = fi,. = f* ~ —5.794.

S0s

The Motzkin polynomial f = 3 + sy + 32°y* — 2%y satisfies f7, =

f* =0 by Corollary 7.1.4. However, = —o0.

*
S0S8

5. Let f =2+ Zab + Za%y* + Za?y® — 2zy. Then one can check that

F5 oA =041 < f5 = f* ~ 0.196.

gp ~ s0s

7.4 Conclusion and Outlook

We have proposed a new geometric program for producing lower bounds for
polynomials that extends the existing one in [GM12]. This extension sheds
light on the crucial structure of the Newton polytope of polynomials. In par-
ticular, our results serve as a next step in optimization of polynomials with
simplex Newton polytopes and connect this problem to

1. the SONC nonnegativity certificates, and
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2. the construction of simplices with an interesting lattice point structure,
namely, what we have called H-simplices in this thesis.

We proved that f;, and ff,; are not comparable, which cannot be observed in
the precursor works about geometric programming. Interestingly, for very rich
classes there is a win-win situation in the sense that f7,, < f/ = f* though
f4p can be computed much faster than f7,.. It would be interesting to classify
more classes for which the bounds are comparable. Hence, an analysis of
the gap f5,; — f;, is an interesting task having major impact on computational
complexity of solving polynomial optimization problems. Equivalently, looking
from a convex geometric viewpoint, it would be interesting to analyze the gap
between the cone of sums of squares and the cone of sums of binomial squares
as well as the gap between the cone of sums of squares and the cone of sums

of nonnegative circuit polynomials.






Chapter 8

Open Problems

In the following we present some open problems that arose during the prepara-
tion of this thesis and that are more general than the open problems formulated
at the end of the chapters.

Boundary Structure

The boundary structure of the cones P,9; and ¥, 94 is very important to
understand the difference between these two cones. In spite of the progress
made, many interesting questions/problems remain widely open. In particular,
the following ones can be considered as an interesting future work.

1. The study of the algebraic boundary of P, 24 and ¥, 24 as well as of
their dual cones. This has been established in [BHO12] for (n,2d) €
{(3,6), (4,4)} but remains open in all other cases.

2. A description of the extreme rays of P, 24 and X, 24 as well as of their
dual cones. This also has been established for special instances (|Blel2a,
Blel12b|) but is widely open in all other cases.

3. Closely related to the question of the extreme rays of these cones is the
problem of determining the maximum number of zeros a nonnegative
polynomial (resp. a sum of squares polynomial) can have (see Theorem
2.6.8 for partial results). This would have a major impact on the study
of the boundary structure of P, 54 and ¥, 24.

Symmetric Polynomials

In Chapter 5 we considered the problem of deciding nonnegativity of symmet-
ric polynomials and added to some earlier results. Considering previous results
on symmetric polynomials (|[BR12, CLR87]), the difference between P, 54 and
Y24 1s conjectured to be much more delicate than in the general case. There-
fore, the following questions are very interesting for possible future directions
of research.

129
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1. What is the quantitative relationship between nonnegative symmetric
polynomials and symmetric sums of squares polynomials?

2. Is it possible to derive explicit semialgebraic descriptions for rich classes
of nonnegative symmetric polynomials and sums of squares?

Sparse Polynomials

In Chapter 6 we studied sparse polynomials with simplex Newton polytope
supported on a circuit and completely characterized nonnegative polynomials
and sums of squares. Furthermore, we extended this approach partially to
arbitrary Newton polytopes. We consider the following questions/problems to
be very interesting in this setting.

1. Let f € R[x]zq be such that supp(f) = vert(New(f)) U {y} with y €
int(New(f)). We characterized nonnegativity in the case of New( f) being
a simplex. It would be very interesting to explicitly characterize the
nonnegativity region of f in the non-simplex case.

2. Similar as in the simplex case, is it possible to determine a global min-
imizer for such polynomials explicitly? We suspect that this can be
established via clever triangulations of New(f) and using results from
the simplex case.

3. In Theorem 6.4.1 we established a very interesting connection between
sums of squares polynomials supported on circuits and properties from
toric geometry as well as from lattice polytopes. Is it possible to gain
more insight to this connection for more general polynomials?

4. In Chapter 6 we introduced the convex cone of sums of nonnegative cir-
cuit polynomials, which plays a major role in polynomial optimization
via geometric programming. It would be interesting to analyze convex
geometric properties of this cone, such as, e.g., the structure of the ex-
treme rays and of the faces as well as intersections with the cones of
nonnegative polynomials and sums of squares.

Convex Polynomials

When restricting to homogeneous polynomials, a very interesting convex cone
is given by the cone of convex forms, since it is contained in the cone of non-
negative forms. But still, the cone of convex forms seems to be mysterious,
as almost nothing is known about structures that characterize/prevent con-
vexity of polynomials. Many polynomial optimization problems can be solved
more efficiently with additional convexity structure in the problems. However,
deciding convexity is NP-hard in general (JAOPT13]). Therefore, it is very
interesting to understand the cone of convex forms in more detail. Specifically,
we consider the following questions/problems to be very delicate.
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1. There are many sums of squares forms that are not convex (|Rezll]).
However, there are also many convex forms that are not sums of squares
([Ble09]). As for now, it is still an open problem to provide an explicit
convex form that is not a sum of squares.

2. What can be said about the (algebraic) boundary structure of the cone
of convex forms?

3. Which structures prevent polynomials from being convex? In Theorem
6.5.4 we proved that sparsity should be among these structures.

4. Which matrix polynomials are valid Hessian matrices? In our opinion,
this is a key problem in analyzing the cone of convex forms in more detail.

In [Tim03] Timofte proves that a symmetric polynomial p € R[x] is non-
negative if and only if p is nonnegative at all points x € R"™ with at most
LgJ distinct components. We conjecture that an analagous version holds for
convexity of symmetric polynomials. More precisely, we provide the following
conjecture.

Conjecture 8.0.1. Let p € R[x|q be a symmetric polynomial and let H,(x) be
the Hessian of p.

1. There exists a function f: N — N such that the following does hold: p is
convez if and only if H,(x) is positive semidefinite at all points x € R™
with at most f(d) distinct components. Note that f is independent of n.

2. FEvery convex symmetric nonnegative polynomial is a sum of squares.
3. Every conver symmetric form is a sum of squares.

Note that we have to distinguish between forms and polynomials in this case,
since convexity is not preserved under homogenization.

Some More General Open Problems

In polynomial optimization, one is interested in the quality of sums of squares
relaxations. This is equivalent to understand the quantitative relationship be-
tween P, o4 and X, 54. The asymptotic result in |Ble06| based on the volume
ratio of a compact section of P, 4 and X, 94 is very poor in small dimen-
sions. Hence, the following questions are very important both theoretically
and practically.

1. What is the precise quantitative relationship between P, 5q and X, o4 in
small dimensions?

2. Is it possible to provide better bounds for the volume ratio of a compact
section of P, o4 and X, o4 than in [Ble06]?
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