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Abstract

In this thesis we study the BPS spectrum and vacuum moduli spaces of membrane
matrix models derived from dimensional reduction of the BLG and ABJM M2-
brane theories. We explain how these reduced models may be mapped into each
other, and describe their relationship with the IKKT matrix model. We construct
BPS solutions to the reduced BLG model, and interpret them as quantized Nambu-
Poisson manifolds. We study the problem of topologically twisting the reduced
ABJM model, and along the way construct a new twist of the IKKT matrix model.
We construct a cohomological matrix model whose partition function localizes onto
the BPS moduli space of the ABJM matrix model. This partition function computes
an equivariant index enumerating framed BPS states with specified R-charges.
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Chapter 1

Introduction

In this introduction we motivate the topics to be addressed in this thesis. First,
we give a brief review of M-theory, and discuss the recent M2-brane developments
due to Bagger-Lambert and Gustavsson, as well as Aharony, Bergman, Jafferis, and
Maldacena. We motivate the study of M2-brane BPS configurations using matrix
models, and then describe the methods we will use. We conclude this chapter by
summarizing the remaining chapters.

In order to describe physical phenomena, two theories are required. To explain
gravitational interactions, we use the theory of general relativity, which describes
the gravitational force on a large scale. Understanding the electromagnetic, weak,
and strong interactions requires the use of the standard model, which is a quantum
field theory with gauge group SU(3) x SU(2) x U(1). There is unfortunately one
problem with this description of nature. While the standard model explains the
three forces on a quantum level, general relativity is a classical theory which uses
the differential geometry of manifolds. Attempting to quantize general relativity
and thus unify the theories leads to a theory that is non-renormalizable.

String theory solves this problem mathematically by assuming that the funda-
mental particles are not point-like in nature, but 1-dimensional loops of energy.
From this assumption, the normal laws of electrodynamics and general relativity
emerge in the low energy limit. In the particular case of general relativity, it arises
in a low energy limit in considering a bosonic string with periodic boundary con-

ditions. If one considers supersymmetric strings of this form, then there are five
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different ways to construct a such a string: the type I theory, the type ITA theory,
the type IIB theory, and the heterotic Eg x Eg and SO(32) theories. It was later
shown that these theories are related by various dualities, called s-duality, t-duality,
u-duality, mirror symmetry, and the conifold transition. In 1995 at the Strings 95
conference, Witten suggested that these theories were different perturbative limits
of an underlying theory he called M-Theory.

Not much is known about M-theory. We do know that the low energy limit
is described by 11-dimensional supergravity. Furthermore, it is a nonperturbative
theory which contains no strings. That is, the objects of interest are 2-dimensional
branes and 5-dimensional branes called M2-branes and Mb-branes. Hence, it is
interesting to study the properties of M2-branes and Mb-branes in order to learn

more about M-theory.

1.1 Recent M2-brane developments

Our understanding of the properties of M2-branes has increased significantly due
to the work of Bagger, Lambert, and independently Gustavsson(BLG)[9, 49]. In
these papers, they proposed a lagrangian description for a stack of two M2-branes.
It was a theory with A/ = 8 supersymmetry, as well as a SO(8) R-symmetry group.
The novel feature of this theory was that for the supersymmetries to close, the
matter fields need to take values in an algebraic structure called a 3-Lie algebra. A
3-Lie algebra is a straightforward generalization of the normal Lie algebra in that
it is a vector space equipped with a totally antisymmetric triple bracket obeying
a generalization of the Jacobi identity called the fundamental identity. In order to
write down a meaningful lagrangian, they required the 3-Lie algebras to be equipped
with an inner product. Such 3-Lie algebras are said to be metric 3-Lie algebras. In
order to respect unitarity, the inner product should be positive definite. It was soon
found that there was only one 3-Lie algebra respecting this property, called A4. In
order to generalize the theory, one can relax the requirement of positive-definiteness,
and study 3-Lie algebras with split signature. This does not violate unitarity, as the

ghost modes present in the theory decouple from the action.
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The other option in seeking generalizations of this theory is to relax the amount
of supersymmetry required. A theory of M2-branes with A/ = 6 supersymmetry
was constructed by Aharony, Bergman, Jafferis, and Maldacena(ABJM) [4]. In
this theory, the matter fields take values in the bifundamental representation of
a U(N) x U(N) gauge group. They showed that in the case of N = 2, and for
an SU(2) x SU(2) gauge group, this theory was equivalent to the BLG lagrangian.
Furthermore, they showed that this theory could describe an arbitrary amount of
M2-branes. Following this, Bagger and Lambert showed that the ABJM theory
could be reformulated in a 3-algebraic language. By dropping the requirement of
total antisymmetry of the 3-bracket, they rewrote this theory using what they called

hermaitian 3-algebras.

1.2 M2-brane BPS configurations

States for which the mass is equal to one or more eigenvalues of the central charge
of the supersymmetry algebra of a theory are known as BPS states. They are static
bosonic solutions which minimize their energy, and furthermore are minima of the
action. BPS states are important to study in supersymmetric theories because the
dimension of the corresponding representation is an integer. This means that it
cannot be changed by varying the parameters of the theory in a continuous way. In
particular the BPS states receive no quantum corrections. We should therefore study
M2-brane BPS configurations in order to learn more about the nonperturbative
aspects of M-theory.

In this thesis we will study the BPS spectrum and vacuum moduli space of
the BLG and ABJM theories by studying supersymmetric matrix models that are
related to these theories. A powerful tool for the enumeration of supersymmetric
vacua is provided by the Witten index since it is invariant under deformations of the
continuous parameters of the field theory. However, supersymmetric gauge theories
have much richer structures that are only partially captured by the Witten index; to
extract more information about the field theory, we need to exploit its symmetries.

In three dimensions, a generalization of the Witten index is constructed using not
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only the dilatation operator H, but also the SO(2) angular momentum J and the
generators R; of the Cartan subalgebra of the R-symmetry group; schematically this

refined index is given by
f(gj,yﬂf) = Tr?-lBPs (_1>FxH y2J H tzRi (1'1)

where the fugacities x,y,t are inserted to resolve degeneracies. Like the Witten
index, it can be interpreted as a Feynman path integral with euclidean action by
compactifying the time direction on a circle S! with supersymmetric twisted bound-
ary conditions involving the SO(2) rotation J and the global R-symmetry twists R;;
then H is the generator of translations along S and Hgps is the Hilbert space of
the theory with R? regarded as the spatial slice. In the weak coupling limit z — 0
where the circle decompactifies, this theory reduces to a supersymmetric quantum
mechanics on the moduli space of BPS solutions; these are the models that we will
study in this thesis. We also attempt to study these states directly using 3-algebraic
structures. We will investigate stable bosonic solutions to the equations of motion of

the related M2-brane matrix models, and attempt to make sense of their geometry.

1.3 Quantum geometry

What we know about the geometry of M2-branes has been obtained by considering
appropriate lifts of D1-brane analysis to M-theory. In the string theory setting, the
noncommutative geometries arising are formed from a Lie algebra structure. Lie
algebras can often be regarded as the quantization of a Poisson structure which gives
rise to noncommutative geometries. An important example is the Berezin quantized
sphere, where the operators #?, corresponding to the euclidean coordinates z* which
satisfy z'z® = 1, form the generators of su(2), [2¢,27] = ie¥*2*. This fuzzy sphere
arises naturally in the description of D1-branes ending on D3-branes.

In Type IIB string theory, magnetic monopoles of charge N can be regarded as
a stack of N Dl-branes ending on a D3-brane [26]. From the perspective of the

D1-brane string theory, the effective dynamics are described by the Nahm equations
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AT
ds

+ kI TM =0, (1.2)
where T describe fluctuations of the D1-branes parallel to the worldvolume of the
D3-brane. These equations have a solution T%(s) = f(s) 7, where f(s) = 1 and 7% =
g% [19 7¥], which describes the transverse scalar fields by a fuzzy 2-sphere [74, 31].
The two extra fuzzy dimensions are required to reconstruct the D3-brane from the
D1-branes.

The Basu-Harvey equations [14] are conjectured to describe stacks of M2-branes
ending on an Mb-brane in M-theory, analogously to the Nahm equations describing
stacks of D1-branes ending on a D3-brane. Reformulated, they read

dT . ,
o " R ITI TR T =0 . (1.3)
S

1
V2s

,7]. Thus the transverse scalar fields 7% could live in the 3-

It should allow for a solution via factorization T%(s) = f(s)7*, where f(s) =

and 7¢ = gUM [77 TF
Lie algebra A,, which describes the intersecting configuration in terms of multiple
M2-branes again as a fuzzy funnel, this time with the extra three worldvolume
dimensions of the Mb5-brane arising as a fuzzy 3-sphere.

In [28] it was demonstrated how the Nahm equations can be understood as a
boundary condition for open strings. This point of view becomes insightful when
examining how the worldvolume geometry of the D3-brane is deformed by a constant
B-field applied in the transverse directions to the D1-branes. This induces a constant

shift in the Nahm equations which can be accounted for by a noncommutative

geometry on the D3-brane, described by the Heisenberg commutation relations

[T, 7] =i6" (1.4)

where 0¥ is a constant antisymmetric matrix whose components are related to the
components of the B-field.
Analogously, the Basu-Harvey equations can be derived as a boundary condition

of open membranes. By including a constant C-field on the M5-brane, the M2-
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brane funnel from the Mb5-brane point of view can be reproduced if the Basu-Harvey
equations are suitably modified [28]. This modification identifies the open membrane
boundary conditions in the presence of a C-field, which describes the Mb5-brane

worldvolume by a quantum geometry of the form
[T, 77, T" =10%* | (1.5)

where ©7* is a totally antisymmetric constant tensor whose components are related
to the components of the constant C-field.

Both the Nahm equations and the Basu-Harvey equations are special cases of
generalized Nahm equations built on n-Lie algebras. Just like the commutator (1.4)
arises by quantizing a Poisson bracket on R?, it is suggested in [28] that the correct
form of the 3-Lie algebra (1.5) is given by a quantization of the Nambu 3-bracket
on R?, see e.g. [52] and references therein. One of the questions we answer in this
thesis is: Does such a quantization exist? If so, are we able to make sense of the

resulting geometry?

1.4 Cohomological membrane models

The final topic we consider in this thesis is formulating topologically twisted mem-
brane matrix models that localize the dynamics onto the BPS moduli spaces. These
are theories that have a fermionic scalar supersymmetry that is a twisted version
of the original theory. This technique has already been applied to the IKKT ma-
trix models [51, 71, 61] and solved using the cohomological field theory formalism.
Similar twists have been constructed for the BLG theory [68]; We investigate con-

structing a similar twist for the ABJM matrix model.

1.5 Thesis plan

This thesis is concerned with studying M2-brane BPS states via matrix models.

Specifically, we address the following questions: Do the matrix models constructed
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from the M2-brane theories admit BPS solutions? Can we understand their ge-
ometry in terms of quantized manifolds? Can we twist these models so that their
dynamics localize on the BPS moduli spaces?

In the following chapters we address the answers to these questions. This thesis
commences with a review of the algebraic structures necessary to understand the
M2-brane matrix models. We review the concept of n-Lie algebras, and then discuss
the particular case of n = 3. We present several examples of 3-Algebras relevant to
the remainder of the discussion.

The next chapter contains a review of Berezin-Toeplitz quantization. We discuss
the notion of a prequantization, We then introduce Berezin quantization, discuss
the quantization of complex projective space, and conclude the chapter with a pre-
sentation of the basic ideas behind Toeplitz quantization.

The following chapter concerns the quantization of Nambu-Poisson structures.
In it, we show that for a certain type of Nambu n-bracket, they are mapped under a
modified Berezin-Toeplitz quantization to a specific n-Lie algebra. We then attempt
to make sense of the resulting geometries and apply these results to the geometry
of Mb5-branes.

The next chapter involves using these results in the study of BPS solutions of
the matrix models derived from the BLG and ABJM theories. We first construct
the BLG and ABJM matrix models via dimensional reduction to zero dimensions,
and then show how they can be mapped into each other depending on various
scaling limits, or choice of 3-algebra. We also demonstrate how these models may
be mapped to the IKKT matrix model under the higgs mechanism proposed by
Mukhi and Papageorgakis [73]. We then find several BPS solutions to the reduced
BLG model, and interpret them as quantized geometries in the sense of the previous
chapter.

We would like to use the reduced ABJM model to compute an equivariant index,
so the next chapter is concerned with cohomological 3-algebra models. We review
the twist of the BLG theory constructed in [68], and we investigate the effect of the

Muhki-Papageorgakis map on this model. After dimensional reduction, the resulting
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3-algebra model could potentially induce a cohomological deformation of the reduced
ABJM model under the mappings of the previous chapter. We conclude this chapter
by demonstrating how this is related to a novel twist of the IKKT matrix model.

The final chapter deals with equivariant 3-algebra models, wherein we construct
by hand a cohomological matrix model with ' = 2 supersymmetry that allows us to
compute the equivariant index of the reduced ABJM model index we are interested
in using localization methods. We first briefly review the ideas behind localization,
and then explain the construction of the cohomological model. We end the chapter
with the explicit calculation of the equivariant index.

The work presented in this this appeared in the published papers [34, 35] and

the preprint [36].



Chapter 2

n-algebras

In this chapter we define algebraic structures called n-algebras. The special case
of n-Lie algebras were originally considered by Filippov [42] as a straightforward
generalization of a Lie algebra. 3-Lie algebras have seen recent interest due to the
proposal of Bagger-Lambert and Gustavsson [9, 49] for modeling two M2-branes in
terms of an N = 8 supersymmetric theory.

Hermitian 3-algebras were first studied by Bagger and Lambert [10]. They used
these algebras to rewrite the ABJM theory in a language that uses ternary brackets.
These algebras differ from n-Lie algebras in that one drops the requirement of total
antisymmetry of the bracket.

This chapter is structured in the following way. We begin by reviewing n-Lie
algebras. We discuss the particular case of the Nambu n-bracket, and a specific
truncation of this bracket. We then specialize to the n = 3 case, where we discuss
3-Lie algebras as well as hermitian 3-algebras. We also examine several examples.

Part of the review present here originally appeared in [34].

2.1 n-Lie algebras

An n-Lie algebra [42] is a vector space A equipped with a totally antisymmetric,

multilinear bracket [—, ..., —] : A" — A, which satisfies the fundamental identity

[:Ul,xz, R (TR TER ,y"H = Z [yl, N R A Vi IO ,y”} (2.1)
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for all 2%, 4* € A. The fundamental identity is a generalization of the Jacobi
identity. While the adjoint action of a Lie algebra on itself generates its inner
derivations, the space of inner derivations of an n-Lie algebra A is spanned by

operators D(z! A+~ Aa™ 1t € gl(A), 2* € A, defined by
D' A A"y =2t 2"y (2.2)
for y € A. The inner derivations form a Lie algebra
[D(z), D(y)] -z :== D(2)-(D(y)-z) —D(y)-(D(x)-2) , z,y€ A"V 2ze A, (23)

where closure of the Lie bracket is guaranteed by the fundamental identity. We
call the Lie algebra of inner derivations of an n-Lie algebra A its associated Lie
algebra g 4.

We can reduce an n-Lie algebra A to an n — 1-Lie algebra A’ cf. [42]. We
choose an element xg € A and identifies the vector space of A" with A. The n — 1-
Lie bracket on A’ is defined as [z!,..., 2" 1|4 = [z!,... ;2" x|, 2* € A. By
placing an inner product on the vector space A’, we can moreover restrict A’ to the
orthogonal complement of xy in A’. Applying this procedure n — 2 times, we arrive

at a second Lie algebra h 4 starting from A, which generally differs from g4.

2.1.1 Nambu brackets

The Nambu n-bracket is a generalization of the Poisson bracket to a bracket acting
on n functions that satisfies both a generalized Leibniz rule and generalized Jacobi
identity. Nambu’s original goal was to define an extended hamiltonian mechanics
built on these brackets. Requiring both the Leibniz rule and Jacobi identity makes
the quantization of this bracket extremely difficult. These structures play important
roles in recent proposals for describing M-brane configurations. Here we briefly
review these brackets.

A Nambu-Poisson structure [75, 85] on a smooth manifold M is an n-ary, totally

antisymmetric linear map {—,...,—} : C*(M)" — C>*(M), which satisfies the

10
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generalized Leibniz rule

{fl f27f3a"'7.fn+1} = fl {f??'"7fn+1}+{f17---7fn+1}f2 (24)

as well as the fundamental identity

{f1>'"7fn717{gl7"'7gn}} = {{fl?'"7fn717gl}7'-->gn}+'-'
+ {917"'7{f17"->fn717gn}} (25)

for fi, g; € C*(M). The map {—,...,—} is called a Nambu n-bracket, the manifold
M is called a Nambu-Poisson manifold, and we call the algebra of smooth functions
C>*(M) endowed with the Nambu n-bracket a Nambu-Poisson algebra. The Leibniz
rule and the fundamental identity imply that the manifold M admits an n-vector

field w € (TM)"" called a Nambu-Poisson tensor, such that

{fi,- -, fu}=w(dfi A--- ANdfp) (2.6)

for all f; € C=(M).
In this thesis we will be predominantly interested in the case where M is a

sphere. Recall that the canonical symplectic structure on the sphere S? reads as

0 V019
w= (2.7)
—volyg 0

in the basis given by the usual angular coordinates ¢ = (¢!, ¢?) := (6, ¢), where
0 € [0,7] and ¢ € [0,27]. Here voly = sin@ is the volume element on S%. The
2-vector field w defining the Poisson or Nambu 2-bracket is obtained by inverting
the matrix w, and we have!

e’ 0f1 0fs

volg dpi Api (2:8)

{fi, fo} =w(dfi Adfy) =

!Throughout this thesis, we will always implicitly sum over repeated indices irrespective of their
positions.

11
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Analogously, we define the d-vector field w yielding the Nambu d-bracket on S¢

parameterized by the usual angular coordinates ¢* by

gt Jfy dfq
vol, Opht " Ol

{fi,.. . fa} =w(dfi A--- ANdfg) = (2.9)

Consider now the standard embedding of the sphere S? of radius R into R, where

the cartesian coordinates x#, p=1,...,d 4 1 are given by

z' = R cos(¢'), 2* = Rsin(p') cos(p?), z° = R sin(¢') sin(¢?®) cos(¢?),
(2.10)

This embedding induces the volume element on S¢ given in spherical coordinates by

vol, := R sin ! (') sin™ 2(?) - - - sin(p* ) . (2.11)

We will not use vol, directly in the definition, but rescale it by a factor of R'~2¢.
The Nambu d-bracket of the embedding coordinate functions x#(¢") can then be

calculated to be
{xm@i)’ o ’:C,U«d (901)} — Rdfl gha---Hdttd+1 xudﬂ(gpi) _ (2_12)

We can extend this bracket to polynomials in z* by using the generalized Leibniz
rule in the following way. Given a Nambu-Poisson bracket on a subset T of the
algebra of smooth functions C*°(M) on a manifold M, we can consistently extend
this bracket to the subset C[Y] C C>°(M) of polynomials in elements of Y. We will
use complete induction to verify the fundamental identity. By direct computation,

we can see that the relation

{fiofomrAg gl =D Ao A fan b} (213)
=1
implies

{fio o forAzgn gl =) Azg, o Afi o famrgibgad (214)
=1

12



Chapter 2: n-algebras

for an arbitrary element z € T. Furthermore, the relation (2.13) implies

{xflw"afn—b{gl?"'7971}} = Z{gla-'-7{xfla---7fn—1agi}a'-'7gn} (215)
=1

as well if and only if

n

Z ({91,---79171,96’,---7971} {fl;--'afnq,gi}

i=1

—f-{gl, ey i1, f17 N ,gn} {C(],fg, e 7fn—lagi}) =0. (216)

The relation (2.16) is satisfied for f;, g; € T, as here the fundamental identity holds.
Moreover, it extends trivially to C[Y] by complete induction. Thus the fundamental
identity indeed holds on all of C[Y].

Let us assume that the components of the Poisson tensor @ on a smooth manifold
M are given by homogeneous polynomials of degree d(w) > 1 in some coordinates
(a*). If the polynomial ring C[z*] is furthermore a subset of C>°(M), then there is
a truncation of the Nambu-Poisson algebra C*°(M) to an n-Lie algebra structure
on Clz#] [53, 27] as reviewed below.

We define for every K € N a totally antisymmetric, linear n-bracket on C|[x*]

according to

1,y Jn if d 1 d n d(wo) — SK
{fi,- - ol = t Iu} (fi) +...+d(fo) +d(w) —n |

0 else
(2.17)

where f; € C[z#] and d(f;) denotes the degree of the polynomial f;. It is immediately
clear that the Leibniz rule cannot survive the truncation. The fundamental identity,
however, does, as we show in the following, cf. [53, 27]. Let f;, g; € C[z#]. We then

have

{fi,- o fomi g, Ot bk = Z{gla oS fae Git i gn e - (2.18)
i—1

The cases d(f;) = 0 or d(g;) = 0 for some i are trivial, let us therefore assume

that d(f;) > 0 and d(g;) > 0. Equation (2.18) is nontrivial if and only if the outer

13



Chapter 2: n-algebras

brackets on either side are non-vanishing, which amounts to
d(fi)+ ... +d(foo1) +d(gr) + ... +d(gn) + 2d(w) —2n < K . (2.19)

Because of d(w) > 1, it is easy to see that this condition also implies that none of
the inner brackets of (2.18) vanish. Thus, whenever (2.18) is nontrivial, the brackets
are given by the ordinary Nambu-Poisson brackets and thus satisfy the fundamental

identity.

2.2 Ternary algebras

We now consider the case n = 3. We define metric 3-Lie algebras, as well as the
more general hermitian 3-algebras. We explain several examples important to the

remainder of this thesis.

2.2.1 Metric 3-Lie algebras

A metric 3-Lie algebra is a vector space A equipped with a positive-definite symmet-
ric bilinear form (-, -), along with totally antisymmetric trilinear map [-, -, -], which

maps A" — A so that we have

[Tm Th, Tc] = fabchd s (220)

for generators 7,, and totally antisymmetric structure constants fu.q. This bracket

satisfies the fundamental identity

[Td7 Te, [Taa Th, Tc“ — [[Td7 Te, Ta]a Th, Tc] + [Taa [Td7 Te, Tb]a Tc]"" (221)

+ [Taa Tb, [Tda Tes Tc]]
We require the metric to satisfy the following compatibility condition

([Taa Th Tc]a Td) - _<ch [Ta7 Th Td]) y Ta S -/4 .

14



Chapter 2: n-algebras

Every metric 3-Lie algebra admits an associated Lie algebra, g4. We define the

generators of g4 to be the operators D, expressed in terms of the 3-Lie bracket as

Dab(Tc) = [TaaTbaTc] . (222)

They form a Lie algebra with respect to the commutator given by

[Daba Dcd](Te) - [TaaTIn [TcaTdaTe] - [TcaTda [TaaTInTe]] y Te € -A . (223)

The closure of this bracket is guaranteed by the fundamental identity.
One can reduce a 3-Lie algebra to a Lie algebra generally different from g4 [42].
One chooses an element 7y € A, and identifies the vector space A" with A. The Lie

bracket on A’ is defined as

[Tlth] = [T(MTZNTO] , Ta € A . (224)

Let us review some important examples of metric 3-Lie algebras. A subspace I C A
is an ideal if [I, A, A] C I. A 3-Lie algebra is said to be simple if it has no proper
ideals. There is a unique simple 3-Lie algebra over the complex numbers. With

respect to a basis {7, 7o, 73, 74}, define the 3-Lie bracket as

[Tay Th, Tc] = €abedTd - (225)

The inner product relations read as

(Ta, Tb) = (5(117 . (226)

This algebra is denoted A4 and is the 3-Lie algebra that describes a stack of two

M2-branes in the BLG theory.

What we call the Nambu-Heisenberg 3-Lie algebra Ayp is generated by four

15
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elements {7y, 7, 73, 1} and has defining bracket

[Taa Th, Tc] = Eabc]1 . (227)

The element 1 is central in the sense that

(1,70, 7] =0 . (2.28)

This 3-Lie algebra is not strictly metric. We have

(1,7.) =0 ,7, € Ang - (2.29)

However, 1 is a nonzero element, so the symmetric bilinear form is degenerate.

2.2.2 Lorentzian 3-Lie algebras

It is possible to cure the degeneracy of the Nambu-Heisenberg 3-Lie algebra by con-
sidering 3-Lie algebras of split signature. A large class of 3-Lie algebras A, with
compatible metric of lorentzian signature are described as the semisimple indecom-
posable lorentzian 3-Lie algebras of dimension d + 2 which are obtained by double
extension from a semisimple Lie algebra b of dimension d [33]. Let 7,, a =1,...,d,
be a set of generators for h with antisymmetric structure constants f,,. defined by
the Lie bracket [7,,75] = fape 7. The 3-Lie algebra Ay has generators 7,, J and 1

with the 3-bracket relations

[TaaTbaTc] = fabc]l ) [J7Ta77—b] = fabcTc ) []17Ta7Tb] =0= []17TOJJ] (230)
and the inner product relations

(1,1) =0, (1,7)=0, (1,))=-1,
(2.31)

<J>7_a) =0 y (JaJ) = B y (TaaTb) = 6ab s

16
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where 5 € R is an arbitrary constant. Note that with Z; = 7y, the reduced bracket
(2.24) coincides with the Lie bracket of h and Ay = b @ R. On the other hand, the

associated Lie algebra of Ay is the semi-direct sum

g4, =u(l)x b . (2.32)

We will often be interested in the following example of a lorentzian 3-Lie algebra.
The Nappi- Witten 3-Lie algebra Aynw, with generators { 71,7, 73,J, 1 }, is defined

by the relations

[TayTlnTc] = eabc]l ) [J77—a77—b] = €abcTe []17771’7—6] =0. (233)

This 3-Lie algebra is the semisimple finite dimensional indecomposable lorentzian
3-Lie algebra obtained by double extension from the Lie algebra so(3). This is a

metric 3-Lie algebra of lorentzian signature. The inner product relations read as

(1,1)=0, (L,7,)=0, (1,))=-1,

(2.34)
(J,7) =0, (JLDH=b, (1a,7)=0%.
where b € R. Its associated Lie algebra is
OAyy = i50(3) . (2.35)

2.2.3 Hermitian 3-algebras

We will now relax the requirement of total antisymmetry of the 3-bracket; these 3-
algebras are generally called 3-Leibniz algebras. Here we are interested in the special
class of 3-Leibniz algebras called hermitian 3-algebras. They comprise a complex
metric 3-algebra which is a finite-dimensional complex vector space A equipped
with a hermitian inner product (—,—) and a trilinear map [—, —; —] : A" — A.
We require that the 3-bracket is antisymmetric in its first two entries only, and that

it is complex linear in its first two arguments and complex antilinear in its third

argument. A complex metric hermitian 3-algebra is a vector space A equipped with
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hermitian inner product (-,-), along with a map [-, ;]

[7—07 Tb; Tc] = fabchd . (236)

We require that this bracket is antisymmetric in the first two entries only. It is
complex linear in the first two arguments and complex anti-linear in the third. It

satisfies a version of the fundamental identity

[[Trm Tn; Tk] » Tas Tb] - [[Tmy Ta; Tb]7 Tns Tk] - [[Tm; [7—117 Tas Tb]; Tk] (237)

+ ([T, T [Ty T3 7a]] = 0

We require the metric to satisfy the following compatibility conditions

([7as 73 7] 7a) = —([Ta, To; 7al s 7e) - (2.38)

Every complex metric 3-algebra satisfying the fundamental identity admits an asso-
ciated Lie algebra g 4. The generators of g4 are defined to be operators D, expressed

in terms of the 3-bracket as

Dab(Tc) = [TcaTa;Tb] . (239)

They form a Lie algebra with respect to the commutator given by

[Dap, Dea)(Te) = [[Te, Te3 Tal, Tas 7] — [[Te> Tai To), T3 Ta) - (2.40)

The closure of this bracket is guaranteed by the fundamental identity. In this thesis
we are primarily interested in the following hermitian 3-algebra. Consider the vector
space A = Hom (V, V) of linear maps X : V, — Vg between two complex inner

product spaces V;, and Vi. The 3-bracket defined by

(X, Y;Z|=XNXZ'Y -Y Z1 X), (2.41)

18
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for an arbitrary constant A € C, satisfies the fundamental identity (2.37). The

metric on A given by the Schmidt inner product

(X,Y) = Try, (XTY) (2.42)

then satisfies the compatibility conditions (2.38). This 3-algebra has associated Lie
algebra g4 = u(V7) ® u(Vg): An endomorphism ¢ = (¢, dr) € ga acts on X € A

as

¢X =X ¢ —9rX . (2.43)
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Chapter 3

Berezin-Toeplitz quantization

In this chapter we review both Berezin and Toeplitz quantization as well as geometric
quantization of complex projective spaces CP", as this is the approach we consider
in this thesis. The original constructions are due to Kostant and Souriau [67, 66,
83]. Berezin-Toeplitz quantization is a hybrid form of geometric and deformation
quantization in that it uses the Hilbert space of geometric quantization together
with the relaxed correspondence principle of deformation quantization. The Hilbert
space is chosen as the space of holomorphic sections of a very ample line bundle over
the Kéhler manifold one wishes to quantize and functions turn into endomorphisms
of this Hilbert space under quantization.

This chapter is organized in the following way. We first review prequantization,
and then proceed to the geometric quantization of complex projective spaces. Then,
we review Berezin quantization of complex projective spaces, and we conclude this
chapter with a review of Toeplitz quantization. Parts of the review presented here

appeared in [34].

3.1 Prequantization

Prequantization is a procedure that relates a a Kahler manifold M, together with its
algebra of smooth functions, to a hermitian line bundle equipped with a hermitian
connection V, called a prequantum line bundle. The resulting line bundle is of too

large a dimension, so we will see how to reduce its dimension using polarizations.
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Chapter 3: Berezin-Toeplitz quantization

We fix a Kéhler manifold M with complex dimension n. Let V : I'(TM) x
['(E) — T'(F) be a connection on a vector bundle £ — M. The space of sections
is denoted by I'(E), and the space of vector fields on the manifold is denoted by
['(TM). The curvature of this connection is a section of A>(T*M) ® End (F). Tt is
defined by

F(X, Y)S = V)((VYS) — Vy(VXS) - V[X’y]s R (31)

for vector fields X, Y and sections s.
If V is hermitian, then its curvature is a 2-form with values in End (E). If E is

a complex line bundle, then we have
End (F) 2 M x iR . (3.2)
This implies that we have
iF € O*(M,R), (3.3)

so that F is a real valued 2-form.
Now consider the collection of all triples M := (L, h, V). L — M is a complex

line bundle, and h is a hermitian metric. The curvature defines a map
M — Q*(M) , (L, h, V) —iF . (3.4)

In order to define a prequantization we need to consider the inverse of this map. In
particular, given a Kéhler manifold (M,w), one would like to find a hermitian line

bundle with connection A so that we have

i
=_—F. 3.5
W= oo (3:5)

This is the prequantization condition. In geometric quantization, this condition guar-

antees that the correspondence principle is satisfied. For our purposes, we merely
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observe that (3.5) implies that L is a positive or ample line bundle and therefore
that a certain power L% of this line bundle is very ample!. In the following, we
will assume that L is already very ample, for otherwise one can make the necessary
replacements L — L®% w — kow, V — V®%0 and h — h®%_ The line bundle
(L, h) is called a quantum line bundle for (M,w) and (M,w, L, h) is a prequantized
Hodge? manifold.

The hermitian metric h together with the Liouville volume form du = ‘jL—T on M

induces a metric on the space of smooth sections I'*°(M, L) given by

(51]52) = /M A by (s1(2), 5a()) . (3.6)

for s1,55 € T°°(M, L). This yields a projection from L?*(M, L), the L?-completion
of the space I'™°(M, L), to H°(M, L), the space of global holomorphic sections of L.
The inner product on L*(M, L) also induces an inner product on H(M, L), which
we denote by the same symbol.

We are now ready to define prequantization. Prequantization is a linear map
Q:C*(M) = Hom (I'(E),I'(E)) , f = Q. (3.7)
The operator @) is defined by
Qs(s) = Vg, s — 2mifs | (3.8)

for all functions f € C*°(M) and sections s € I'(E). 6; denotes the hamiltonian
vector field of f with respect to the Kahler form w. This map is a map of Lie

algebras in that

[Qr, Qgls = Q15 (3.9)

for all sections s € I'(E) and functions f,g € C*°(M). This map is also skew-

I A line bundle is very ample if it posses enough global sections to set up an embedding of its
base manifold into complex projective space
2We can choose an appropriate normalization such that [w] € H%(M, Z).
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hermitian:

h(Qys,s" )+ h(s,Qss’) =0 . (3.10)

It associates to a Kahler manifold a Hilbert space H°(M, L) and to each function f
on M a skew-hermitian operator ). Unfortunately this results in a Hilbert space
that is too large. For the case of a real manifold, we consider the real line R. The
corresponding phase space is the cotangent bundle 7T*R with canonical symplectic
form w = dp A dg. The corresponding prequantum line bundle is £ = TR x C —
T*R. Therefore, the prequantum Hilbert space H°(T*R, L) is the space L*(T*R, C)
of complex valued square integrable functions. However, quantum mechanics tells
us that the correct Hilbert space is square integrable functions of one variable, not
two variables. A standard solution to this problem is to use polarizations.

A complex polarization is a complex distribution P on a manifold M such that
1. For all m e M, P,, C T,,M is lagrangian.

2. The dimension of V, is constant.

3. It is integrable .

A lagrangian manifold is a manifold that is maximally isotropic. A distribution on a
complex manifold M is a choice of subspace V,,, of each tangent space T},,(MM) which
changes in a smooth way . It is integral if, at least locally, there is a foliation, of
constant dimension, of M by submanifolds such that V,, is the tangent space of the
submanifolds containing m. A complex manifolds has at least two polarizations, the
holomorphic polarization spanned by vectors % and antiholomorphic polarization,

spanned by vectors %. In this thesis, we identify H°(M, L) with the Hilbert space

H = 1, and by doing so we choose to work with holomorphic polarization.

3.2 Berezin quantization

In this section we briefly review Berezin quantization. Previously, we considered

mappings that assigned operators to functions using the geometry of the Kéahler
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manifold. Here we consider mappings in the other direction. That is, we assign

functions to operators; These functions are called the symbol of the operator.

3.2.1 Coherent states

Consider the total space L. of the line bundle L, with projection 7 : L. - M, and
L, = L\o, where o is the zero section. We define a function 1,(s) which indicates
how much we have to scale a section s € 7, to pass through a given point ¢ € L,
via

s(m(q)) = ¥y(s)q - (3.11)

By Riesz’s theorem, there is a unique holomorphic section e, such that

(eq|5> = %(S) (3.12)

for all sections s € .77. The element e, is called the Rawnsley coherent state vector,
a generalization of the Perelomov coherent states appearing from a group theoretic

perspective. The Rawnsley coherent state projector is given by

p, oo leled oy (3.13)

Note that P, only depends on m(g) = x. This is due to the scaling of ¢, ¥, = %%-
In our quantization of M = CP" with L = O(k), the Rawnsley coherent states

are simply the truncated Glauber vectors |z, k) on C"*! (cf. e.g. [59]) given by

o

2) = exp (zaa})[0) = Z 1) = Z 2, k) | (3.14)
where
1, ik 23 .
|2, k) = H(zaag) 0)=>" \/ﬁ_!|p> . (3.15)

The coherent state projector takes the form

_ |z k) (2 k|

P, = e (3.16)
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Useful relations for the computations which follow are a,|z,k) = Z,|z,k — 1) and

<Z,]€|Z,k> - 1! ‘Z|2k‘

Kl

3.2.2 Berezin quantization

The lower or covariant Berezin symbol of an operator f € End (A7) is defined as

o(f)(a) = tr(f ). (3.17)

The space o(End (7)) is the space of quantizable functions ¥ C C*°(M). The map
o is injective and thus we can define the Berezin quantization of a function as the

inverse of o on X given by

fr— Qf)y=f=0'(f), feXD. (3.18)

3.3 Toeplitz quantization

In Toeplitz quantization (see e.g. [24]), the operator Ty (f) corresponding to a func-
tion f acts on an element s of the Hilbert space .77 by multiplying the correspond-
ing section s and subsequent projection back to holomorphic sections via the inner

product (—|—). Hence
To(f)(s):=1I(fs), felC*M), se€ . (3.19)
The appropriate projector is the coherent state projector P, and we arrive at

To(f) = /M dyi f(z) P, (3.20)

The Toeplitz quantization map is the adjoint of the Berezin quantization map with
respect to the Hilbert-Schmidt norm and the L?-measure induced by the Liouville
volume form [81]. The ordering prescriptions resulting from Berezin and Toeplitz
quantizations of M = CP" correspond to Wick and anti-Wick ordering, respectively,
cf. [59].
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Toeplitz quantization is of interest for various reasons. First, it converges towards
geometric quantization as shown in [87]. Second, strict convergence theorems can

be deduced, and in particular for M = CP" one has [24]

lim
k—o00

ik [Tow (), Tow(9)] — Tow ({ . 9}) HHS =0. (3.21)
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Kinematical quantization of n-Lie

algebras

Quantization in physics is best understood as a recipe for passing from a classical
system to some corresponding quantum system. It is expected that in the limit
where Planck’s constant goes to zero, the quantum system should reduce to the
classical system. Over time, it has been shown that that this idea is not totally
appropriate. In fact, there are several mathematical theorems that state that there
is no quantization recipe that satisfies all the required quantization axioms. This is
especially true in considering the quantization of n-Lie algebras. As we mentioned
earlier, n-Lie algebras in physics were first considered by Nambu in attempts to
generalize hamiltonian physics. Finding both a correspondence between classical
and quantum observables, as well as deriving appropriate quantum dynamics, has
proved to be a difficult problem.

In this chapter we consider only the problem of kinematical quantization. That
is, we find an explicit map that relates truncated Nambu-Poisson brackets on a
sphere to a generalization of the commutator. This chapter is structured in the
following way. We first list our generalized quantization axioms and write down a
deformation quantization of truncated Nambu-Poisson structures. Then, we perform
Berezin-Toepiltz quantization of these brackets on a sphere, and show how they are
mapped to a particular n-Lie bracket, in both the even and odd dimensional case. We

also show how our quantized spheres are related to previously studied fuzzy spheres.
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We then consider the quantization of Nambu-Poisson brackets on a hyperboloid.
Finally, we consider the quantization of R™ and in particular study the case of the
Nambu-Heisenberg 3-Lie algebra. We then interpret this algebra as a quantization
of an Mb-brane geometry in a constant C-field background. The work presented

here appeared in [34].

4.1 Quantization of Nambu-Poisson structures

4.1.1 Conventional quantization

The problem of quantization splits into two parts. The first task is to establish the
kinematical relationship between classical and quantum observables. The second is
to deduce the dynamical laws of a quantum system from their classical counterparts.

Classically, the state space of a dynamical system is a Poisson manifold M and
the observables are the smooth functions on M. We will demand that the Poisson
structure is non-degenerate, which requires that M has even dimension and turns
the Poisson structure into a symplectic structure on M. At the quantum level, the
states of a physical system are given by rays in a complex Hilbert space 2 and
observables are linear operators acting on 7.

The problem of finding a quantization for a given Poisson manifold is highly
nontrivial and not understood in full generality. We will impose the following axioms,

which yield a full quantization (cf. e.g. [2]):

Q1. The map f + f is linear over C and maps smooth real functions on M to

hermitian linear operators on .77.

Q2. If f is a constant function, then f is scalar multiplication by the corresponding

constant.
Q3. The correspondence principle: 1f {f1, fo} = g then [fl, fz] =—ihg.

Q4. The operators 2 and p, act irreducibly on 7.

Here f, fi;, g € C>°(M) and {—, —} and [—, —] denote the Poisson bracket on M and

the commutator of elements of End (.%7), respectively. However, the Gronewold-
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van Howe theorem states that there is no such quantization, see [2] or [46]. There
is an analogous theorem for M = S2.

There are three common loopholes to this obstruction. First, we can drop irre-
ducibility and ignore axiom Q4. Second, we could quantize a subclass of functions in
C>®(M). Third, we could generalize the correspondence principle such that it only
holds up to first order in A. The first two approaches lead to prequantization and fur-
ther to the formalism of geometric quantization [90], while the third approach leads
to approximate operator representations and eventually to the machinery of defor-
mation quantization [16, 65]. We recall that the canonical quantization prescription
of Weyl, von Neumann and Dirac is not Q3, but just the corresponding condition
on the coordinates of phase space, which further supports the third approach.

Our constructions are based on Berezin! and Toeplitz quantization, which are
hybrids of geometric and deformation quantization. They both rely on the Hilbert
space constructed in geometric quantization but satisfy the correspondence principle
only to first order in A. We restrict to quantizing only a subset of functions in Berezin
quantization. We will therefore impose axioms Q1 and 2, and axiom Q3 only to
linear order in A. In Berezin-Toeplitz quantization, these representations are usually
irreducible. In our extension of this construction we will, however, have to allow for
reducible representations as well.

We will not require that quantizing a complete set of classical observables yields

a complete? set of quantum observables, which would establish a one-to-one corre-

spondence between End () and C*>(M).

4.1.2 Generalized quantization axioms for Nambu brackets

We start by demanding that a quantization associates to a Nambu-Poisson manifold
M a Hilbert space s and maps a set of quantizable functions ¥ C C>°(M) on M

to endomorphisms on 7. We impose the quantization conditions Q1, Q2, and Q4’,

1By Berezin quantization, we mean the standard constructions of fuzzy geometry. The algebra
of functions is reduced to the algebra of lower Berezin symbols of End (), where the product is
given by the corresponding operator product.

2Completeness here means Schur’s lemma: If an operator commutes with each element, it is
proportional to the identity. Completeness in the classical case is the analogous statement involving
the Poisson bracket and the constant function.
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but relax Q3 in the spirit of Berezin-Toeplitz quantization. The quantization map
will always be injective, and on its image S C End (A) we introduce its inverse o.
(In Berezin-Toeplitz quantization, o is the lower Berezin symbol.) The axiom Q3 is

then modified to

Q3’. The quantization maps a subalgebra of the Nambu-Poisson algebra on M
to an n-Lie algebra structure on a subspace of End (), which satisfies the
constraint?

(i, ful) =iy fud]] =0 (4.1)

L2

ti |5

for all quantizable functions f; € 3.

In conventional quantization, ¢ is bijective and therefore the correspondence prin-
ciple as stated here is equivalent to the usual one formulated in terms of operators.

The canonical choice for an n-ary linear and totally antisymmetric bracket on
End () in the literature (cf. e.g. [75, 85, 32]) is the totally antisymmetric operator

product

~

[Fryo oo fa] = et fo  fi (4.2)

This bracket neither satisfies the fundamental identity nor the Leibniz rule, in gen-
eral.

A different bracket can be defined on Nambu-Poisson manifolds, on which we
can truncate the Nambu-Poisson structure as discussed in §2.1.1: In the cases we
are interested in, the set of quantizable functions X is a set of polynomials of a
certain maximal degree K. On this set, an n-Lie algebra structure is given by the
truncated Nambu-Poisson bracket {—,...,—}x. This n-Lie algebra structure can

be lifted from ¥ to an n-Lie algebra structure on End (.7): The bracket

[Ay, .. A =0 (=ik{o(A)),...,0(A)} k) (4.3)

is linear, antisymmetric and satisfies the fundamental identity for arbitrary operators

A; € End (), as 0 o 0! = id. We note that for i — 0, we have K — oo, and

3We assume the existence of a measure dy on M. As we quantize Kéhler manifolds exclusively,
we can use the Liouville volume form du = %+, where w is the Kéhler 2-form and dimg M = n.
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the truncated n-Lie algebra approaches the Nambu-Poisson algebra on M. For this
reason, the correspondence principle Q3’ is satisfied by definition. Also, in some
cases this bracket will turn out to be equal to the totally antisymmetric operator
product if all the arguments are linear polynomials. For n = 2, this bracket does

not reproduce the commutator, but a deformation thereof.

4.1.3 Quantization of complex projective spaces

To quantize M = CP", we choose L to be the holomorphic line bundle O(k) of
degree k € N and w the Kéhler form giving rise to the Fubini-Study metric on CP".
For L = O(k), the space 4, := 7, = H°(M, L) is finite-dimensional and spanned

by homogeneous polynomials of degree k in the standard homogeneous coordinates

2oy @ =0,1,...,n on CP". Hence
IG, = span@{zal---zak |0¢i:0,1,...,n}
= Span@{zgo A2kl p, € No o, |P] = Zopa = k} . (4.4)

For later convenience, we identify this space with the k-particle Hilbert space in the

Fock space of n + 1 harmonic oscillators given by

Gt -eeal o (ot .
1 spane{ 0210} = span {0 B ) — i) )

where N € R is a normalization constant. The creation and annihilation operators
satisfy the usual Heisenberg-Weyl algebra |G, d;] = 043, and |0) denotes the vacuum
vector with a,|0) = 0.

We can show that the quantization axioms are verified for M = CP". The map
Q : ¥ — End (5,) is linear, and the constant function is mapped to the identity

operator since from the form of the coherent state projector we find

2‘/041'..2’/04)251.“2/8 1/\ . X X
Q( |Zk|2k k) = Haiu ---af, [0)(Olag, - - - ag, (4.6)

with |2]? := Z, 24, so that in particular Q(1) = 1. To check the third quantization

31



Chapter 4: Kinematical quantization of n-Lie algebras

axiom, it is convenient to employ a “star product?” on CP"™. The star product is
induced by pulling back the operator product onto the set of quantizable functions
to get

frg=0(f3), fgex. (4.7)

To obtain a particularly nice form, we need an embedding CP"—R™D*~! given

by the Jordan-Schwinger transformation

Zo M, ~
T Ve SR

where /\% are the Gell-Mann matrices of the isometry group SU(n + 1) of CP". In

terms of the coordinates 2™, we can write this star product as [12]

k
(Fra)e) =30 D @ du ) BN KN (0,0 )
=0
(4.9)

where 0y 1= % and

1
KMV = ——Syn + —= (" g +i "V ) 2% — a2V (4.10)

n+1 \/§

Here dMV i and fM¥ - are the symmetric tensor and structure constants of SU(n+1).
Note that (4.9) forms an expansion in terms of i = ¢ for k large. It is possible to
show that the symplectic form which gives rise to the Fubini-Study metric on CP" in
the coordinates 2™ is given by 21 KM~ [12]. The correspondence principle therefore
reads as

lim ||ik(f*xg—gxf)— 2iK[MN}(8Mf)(8Ng)HL2:O, (4.11)

k—o0

which one verifies using (4.9).
Let us examine the case of CP! 22 S? in some more detail. With the choice L =

O(k), X corresponds to the set of spherical harmonics Yy, with angular momentum

4This product, sometimes called the coherent state star product, is not a formal star product.

32



Chapter 4: Kinematical quantization of n-Lie algebras

¢ < k. The Poisson bracket is
{zt 2"} = Re"" " | (4.12)

where R is the radius of the sphere S?. The quantization axiom Q3 implies that the

quantizations z* of the coordinates x* satisfy the Lie algebra
[zH, 27 = —1ih ReM™ 2" . (4.13)

The deformation parameter h here is not continuous. To compute it, we again use

the Jordan-Schwinger transformation (4.8),

R

= FE Za Ohg 28 (4.14)

where z# are coordinates on S? <R3 and z, are homogeneous coordinates on the
projective line CP', while o#, i = 1,2, 3, is the standard basis of 2 x 2 Pauli spin
matrices for su(2), see Appendix A. We work out the quantization of the coordinate

functions to be

. R At . . . R
to— It = E O-Zﬁ CLL a’Ll e CLLk71|O> <0|CL§ Qpy == Upp_y == E O-gﬁ |Oé, k>‘<k7 ﬁ| :
(4.15)
Working through the details, we find
2
h=—. 4.16
- (4.16)

The classical limit is obtained for k¥ — oo, and (4.13) suggests that in this limit the
algebra of coordinate functions (and thus the whole algebra of functions) becomes

commutative.
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4.2 Quantization of spheres

In this section, we will provide an extension of Berezin-Toeplitz quantization to
spheres. We shall also examine in detail the n-Lie algebra structure on the aris-
ing operator algebra and compare these quantizations to previous versions of fuzzy

spheres in higher dimensions.

4.2.1 Hyperspherical harmonics

Consider the space R4*! with its usual cartesian coordinates z#, u = 1,...,d + 1.
Let S¢ be the sphere of radius R embedded in this space as the quadric z# 2 = R2.
The hyperspherical harmonics Yz, spanning the algebra of smooth functions C*°(S?)
correspond to polynomials which are of degree ¢ in the coordinates x* after imposing
the equation z* z# = R2.

There is an embedding of even-dimensional spheres S¢ into CP”, with r + 1 :=
2L“5") the dimension of the spinor representation of SO(d+1). We consider the gen-
erators v, = 1,...,d + 1, of the Clifford algebra® CI1(R**!) satisfying {y*, "} =

20", Tf d is even, the spinor representation of SO(d+ 1) is irreducible. The relation®

[’yw’ O] 1T+17 ,.)/,0 O] ,.)/,0] =0 9 (417)

where v := £ [y*,7"], together with Schur’s lemma implies v* ©9” = ¢ 1,41 © 1,41,
c € C, for even d. Using the generators 755 of the Clifford algebra constructed in
Appendix A yields ¢ = 1, so v ©v” = 1,41 ® 1,11. Therefore, the embedding

relation x* x* = R? is satisfied for

R _
zh = BE Zo Vg 28 » (4.18)

which generalizes the usual Jordan-Schwinger transformation. The space of hyper-

5A construction of the explicit matrix representation of the Clifford algebras yielding spinor
representations is given in Appendix A
6Here and in the following, ® denotes the normalized symmetric tensor product.
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spherical harmonics Yy, with ¢ < k is thus spanned by the functions

I _ _
’ygiﬁl o "YQ;B], 5O¢j+lﬁj+1 e 5ak-,8k Rog "7 Ry, AP RB s (419)

Our embedding S¢ — CP" induces an injection p : C*°(5%) — C>=(CP"). Polyno-
mials in the coordinates z* restricted to S¢ form a dense subset in C*(S?%) and they
are turned into global functions on CP" via the substitution (4.18). Moreover, the
Fubini-Study metric on CP" induces the standard round metric on S?, with volume
form dpge, which is can be seen as the embedding is manifestly SO(d + 1)-invariant.

This implies in particular that for a function f € C>°(M), one has

/ dp p(f) = vol / dpga f (4.20)
CP" Sd

where vol is a constant volume factor. Therefore, the L2-inner product on CP"
with respect to the Fubini-Study metric is naturally compatible with the L2-inner
product on S¢ with respect to the round metric.

We will obtain odd-dimensional spheres as a reduction of even-dimensional spheres.
We reduce S?¢ to S??~1 by putting 22¢*! = 0. Let us introduce s := % Using
the inductive construction of the Clifford algebra given in Appendix A, we have
2 = id1, ® 03, where the gamma-matrices act on €' = C?*. In complex

2d+1

coordinates, the condition x = 0 thus implies

s—1 2s
> Zta— ) ZaZa=0. (4.21)
a=0 a=s

This condition reduces the space CP", into which we embedded S%¢, to CP*™! x
CP*'. In particular, this reduces the embedding S* — CP? to S® — CP! x CP'.
We can further reduce S?=! to 52?2 by putting ?? = 0. In the inductive

construction, we have 72? = 1, ® ¢!, which yields the condition

»
|
—_

(Za Zats + Zars 2a) = 0. (4.22)

Q
I
)

This equation is solved by putting za, s = iza, which reduces CP*~! x CP*! to
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the diagonal subspace CP**. It follows from both the reduction as well as the fact
that the embedding respects the isometries that (4.20) also holds for odd-dimensional

spheres.

4.2.2 Berezin quantization of even-dimensional spheres

Even-dimensional spheres S¢ are straightforward to quantize, and we therefore start
with them. Our goal is to construct a Hilbert space .7, together with a quantization
map x* — 2* taking functions on S? to endomorphisms of 4 such that # & =
R% 1, where the “fuzzy radius” Rp will be identified below. We also want to
construct the bracket of a d-Lie algebra, such that ideally it satisfies the generalized
quantization axiom Q3’. For the spheres, this implies that we are looking for a

quantization map z* — z* together with a d-Lie bracket satisfying
[, ..., 2] = =i h(k) RA™! ghttattarn ghay (4.23)

We return to the embedding of S% into CP" and use the Hilbert space %, of
Berezin-quantized CP" with quantum line bundle L = O(k). Thus %, is identified

as the k-particle subspace of the Fock space of » 4+ 1 harmonic oscillators, with
al, ---al 10y € A4, [da,dg] =005, Gal0)=0. (4.24)

We define the lower Berezin symbol og(f) of an operator f € End () by the L*
projection of the lower Berezin symbol o(f) € & € C®(CP") onto T C C®(S%).

Explicitly, this amounts to introducing the restricted coherent state projector

2 m
Pf:zzajﬂl..-m”mk! <E> ”ygiﬁl...fygzﬁm
m=0
x af, ---al, al ---al  |0)(0lag, - - ag,, Gp, g, (4.25)

k m
2
=: E aht .o ghm k) <E> 75;81 o ~fy§::ﬂm lag ..., KWk, By . Bl
and with eq. (A.4) of Appendix A we conclude that P? P® = PE_The coordinates
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7# can be substituted again by (4.18) to obtain an expression for PZ in terms of
homogeneous coordinates on CP". The restriction of the lower Berezin symbol now

reads

or(f)(w) = tr (P ). (4.26)

The map og : End(74) — Xg is no longer injective due to the projection
involved from ¥ C C*(CP") to Xg. However, since ¥ C X, we can use the inverse

of the unrestricted Berezin symbol ¢ to define a quantization map
Q : ¥p — End(5%4), f— o' (f). (4.27)
For the coordinate functions, this quantization yields

R
ot — gt = Q) = Evgﬁ |, kYo(k, B . (4.28)

The operators i# generate all of End (7). This can be shown in the following
way. We first note that totally antisymmetric products of d — 1 of the operators
i# span the space of all operators of the form |aq, k)(k, 51|. A product of two such
antisymmetric products decomposes into operators of the form |ayaq, k)e(k, (15|
and |y, k)e(k, B1]. In this way, we can inductively construct all of End (J%,) by
noncommutative polynomials in the operators Z* of maximal degree k (d — 1). This
implies in particular that the noncommutative polynomials of degree k (d — 1) form
an algebra. This agrees with the known result for the fuzzy sphere, where the algebra
End (74,) consists of noncommutative polynomials of degree k.

This quantization satisfies the quantization axioms Q1, Q2, and Q4’, as these
properties trivially survive the projection. We will come back to the d-Lie algebra

structure and the correspondence principle Q3 shortly.

4.2.3 Toeplitz quantization of spheres

Recall that the embedding (4.18) induces an injection p : C>°(S%) < C>®(CP"). We

can therefore identify the Toeplitz quantization of a function f € C*(S9) with
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the Toeplitz quantization of p(f) € C*°(CP"). This means, in particular, that the

convergence theorems of [24] hold on S¢ as well. Recall that for M = CP" we have

klgfolo HTO(k)(f)HHS = || fllz2 (4.29)

together with (3.21). On S% we consider the Poisson structure which is obtained
via the pull-back of the symplectic form w along the embedding S? < CP". It
follows that the Poisson algebra thus obtained on S? is embedded in the Poisson
algebra on CP", and the estimates (3.21) and (4.29) for S are just restrictions of

the corresponding estimates on CP".

4.2.4 d-Lie algebra structure

As discussed in §4.1, we will use the d-Lie bracket constructed out of a lift of the
truncation of the Nambu-Poisson structure on ¥Xg. For this, note that Xz consists of
polynomials in the x* of maximal degree k, and that the components of the Nambu-
Poisson tensor are homogeneous polynomials of degree 1. We can therefore endow
Y g with the truncated Nambu-Poisson bracket {—,..., —},. Furthermore, we lift
this bracket to End (.7) as described in §4.1 The resulting d-Lie bracket satisfies
the correspondence principle by definition. Note that it vanishes on operators Ae
End () with vanishing Berezin symbol o (A).

Let us now examine how this bracket is related to the totally antisymmetric

operator product (4.2). First, note that
[2',..., 2% = —iha* . (4.30)
The antisymmetric product of two operators is given by

. (R\’ v
v (y) (125 o, Kk, B1) (25 1, el )

R? R2(k—1)

— m (7“ 7”)&5 |067 k)‘(k, 5| + ik ’75151 72252 |a1a2’ k;).(k’ ﬁ152| )

(4.31)

Due to SO(d + 1)-invariance of the construction, we can focus on the expression
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[#1,..., 2. Using (4.31) we compute
d d
Z Pl B aHd Z R FHH2 L G (4.32)
pi=1 ;=1
where we introduced 2" := 1[i# 2] = % (V") ap |, k)o(k, B|. From (4.31), we

notice that for large k£ the dominant contribution to the above d-bracket is given by

3 e (,%) (k1) (- 1)

pi=1

X (YY) prag o (PP ey |1 g, KR anay Lol

(4.33)

Thus we have to study the symmetric tensor product

d
Z ghtte-td 7#1#2 OXEXXO) f)/“dflud ) (4-34)

Hi=1

and the desired outcome would be proportional to v¥*1 ® 1,,; (and hence the full

result to £9+1).

Before we can evaluate this product, we need the following result. Recall that

we showed the generators v* of CI1(R*"!) obey
’7“ © 'Y“ = :H-T—l—l ®© :H-r-‘rl (435)

in an irreducible representation of SO(d + 1). Using this result, we have

d
- Z ’Y'uu ®© ,.)/;w = (d - 2) 1r+1 © 1r+1 + 2fYch © Yeh - (436)

pr=1
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We also find

d
Z “Ych WW © ’YW = _d’)/ch ® ]17‘+1 y

Hv=1

(ﬂr—H (ORERNO) ]17=+1 + (f - 1) “Vch CDﬂ)/ch

~|

(Yeh © L1 @ ... O Ly ) =
v

© :H-r—l-l (OXRENO) I]-r—l-l) . (437)

We can now evaluate this product for various d. For example, for d = 4 we have

4 4
Z gHIMRHBIA AN ) MBI — Z 75 N O R T 4,7/5 o1, . (4.38)

=1 Hi=1

Including all orders in k£ we find

k42
i3

[21, 242, 24 ] = B8R ghiHzHspalis ghs (4.39)
This agreement between the totally antisymmetric operator product and the d-Lie
bracket on End (%) breaks down, however, for polynomials of higher degree: While
the latter d-ary product satisfies the fundamental identity for arbitrary operators,
the former does not. Also, performing the same calculation for d = 6, one concludes
that both d-ary products do not agree here even for linear polynomials. The same
feature is expected to hold for higher d. Summarizing, the d-Lie bracket agrees with

the totally antisymmetric operator product for linear polynomials and d < 4.

4.2.5 Commutative limit

A nice feature of the rather explicit quantization prescription given above is that the
commutative limit is intuitively very clear. Consider again the product (4.31). While
the first term receives contributions from both symmetric and antisymmetric parts in
i and v, the second term is symmetric. The first term is also relatively suppressed by
a factor of k — 1. It therefore vanishes in the limit £k — oo, rendering the coordinate
algebra commutative. Analogously, one can show that the nonassociativity for odd-

dimensional spheres (see below) vanishes in the limit, cf. [20].
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The radius of the fuzzy spheres is defined through ## ## = R% 1,,. By direct

computation, we find

d 1
3 = R? (HE) L o Lo = o IRk (4.40)
In the limit £ — oo, the fuzzy radius Rp = /1 + % R approaches the classical radius

of S¢.

4.2.6 Quantized isometries

We now examine how the SO(d + 1) isometries of the sphere translate to quantum

level. Recall first that on X, the rotations act according to

M* > f = x“@”f—x”@“fzzayggéf—zavgg%f. (4.41)

This action is contained in the associated Lie algebra of the d-Lie algebra . Note

that the lift of this structure to End () produces the correct action of SO(d + 1)

only for operators A, for which (67! o 0)(A) = A. Operators A for which o(A) =0
are obviously left invariant under the action of genq ().

Note also that the associated Lie algebra of the d-Lie algebra ¥ contains a

subset of the diffeomorphisms, as well, which is similarly translated appropriately

only to some operators in End (7).

4.2.7 0Odd-dimensional spheres

The quantization of odd-dimensional spheres is slightly more subtle. We want to
obtain the odd spheres 52?1 from the even spheres S?? by some kind of reduction
process. A naive approach would be to translate the constraint 22! = 0 to the
operator equation #2¢|y) = 0 for all |u) € 4. This approach does not work,”
as the condition is not invariant under the action of operators corresponding to
other coordinates. The underlying reason is that the Hilbert space 7, corresponds

to a subring of the homogeneous coordinate ring of CP", and imposing operator

"Nor does the slight generalization £24+1 £24+1|,) = 0.
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conditions on the Hilbert space corresponds to factoring by a holomorphic ideal,
cf. [80]. The condition 2?1 = 0, however, is not holomorphic.

The main problem here is that although we still have [y* ® 1,41,7" ©®4?] =0,
Schur’s lemma does not apply as the representation is reducible. It is therefore
necessary to restrict to a maximal set of irreducible representations on which z# z# =
R% 1. The construction [48, 79] is rather technical, and so we just comment on
the interpretation in terms of oscillators.

For simplicity, consider S% < CP' x CP' ¢ CP?. We split the annihilation
and creation operators of the harmonic oscillators appearing in the quantization of
CP?, aq,a!, a =0,1,2,3, into two groups of harmonic oscillators appearing in the
quantization of CP' x CP?, I;g, IA)E and cg, é;, £ = 0,1. The reduced Hilbert space

is spanned by the two classes of vectors

b e bl e el 0) € Vior B e B e eh 0) €Vie L (442)

where s = k+

L and k is restricted to odd values. The operator product is always fol-
lowed by a projection back onto this Hilbert space, which renders it nonassociative.
On the irreducible representations Vs and Vi ;1 of Spin(4), the operator product

z# z# is indeed proportional to the identity operator. We need to recall that

k
Vi = @ Vi,s (4.43)
s=0

is an irreducible representation of Spin(5). Since (7*)? o 14, it suffices to examine
the eigenvalues of the operator O := > ®y*©1,®---® 1y, where 4% = —y1 424344
We can show that the eigenvalues of O in the representations V;, s and Vj, ;s are iden-
tical. Consider the quantization of CP", r = 2n — 1 with creation and annihilation
operators satisfying the Heisenberg-Weyl algebra [&a,dg] = o, @, =1,...,2n.
The vectors af |0) generate the reducible spinor representation V' of SO(d + 1), for
d odd. The k-fold totally symmetrized tensor product representation V© is then
generated by d];l e &£k|0). The spinor representation V' splits into the direct sum

of two irreducible representations, V =V, @ V_, where V. are the + 1 eigenspaces of
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the chirality operator 7.,. The totally symmetrized tensor product representations

then split according to

k k
Vi =V =P (Ve v ) = P V. . (4.44)
5=0

s=0

We now calculate the action of the operator O := Y5, © Ve © 1,41 @+ --® 1,41 on
the subspace V5. To do this, we first split the creation and annihilation operators
into two groups (b;,b!) = (a;,al) and (é,¢) = (Gign, dLrn), where ¢ = 1,... n.

(2

Vectors |p,s) € Vi s then take the form lA)Il bl R é;rk\O) and the operator O

1s “ls+

acts according to

O\p, s) = (b b |k — 208k — 2[by, by, + ¢l el |k — 2)o(k — 2|éi, é,) |7, s) . (4.45)

71 12 11 12

For a vector |p,s) € Vi s with £ > 3, we can verify that O|p, s) « |p,s), and that
the eigenvalue of O is identical in the representations Vy , and Vj j—s.
Moreover, on S®, the totally antisymmetric operator product which agrees with

the 3-Lie bracket at linear level should actually be modified to read as
(24 &Y, &%) = —[2", 27, 2%, %] = i h(k) R* "™ 2 (4.46)

which has been suggested in [14]. Because of these technicalities, we have focused
our discussion on even-dimensional spheres with the extensions to odd-dimensional

spheres being technical, but obvious.

4.2.8 Comparison to other fuzzy spheres

Let us now put our quantization prescription into the context of previous construc-
tions of fuzzy spheres. First, the idea of embedding spheres into complex projective
space has been used previously to construct fuzzy spheres. In particular, the fuzzy
4-sphere has been constructed from the fact that CP? is a sphere bundle over S,
S% s CP? — S*, cf. [70, 38, 1]. Second, a purely group theoretic approach was

pursued in [48, 79].
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The Hilbert space in both approaches agrees with the Hilbert space we found
from a generalization of Berezin-Toeplitz quantization. The point at which the
approaches differ is in the handling of radial fuzziness. As we showed above, the
algebra of quantum operators #* exhausts all of End (74.). Therefore the algebra
of quantum operators is isomorphic to the algebra of lower Berezin symbols of the
complex projective space CP" used in the embedding S% < CP", and not to the
corresponding algebra for S?. This means that at quantum level the multiplication
of two quantized functions yields modes which should be interpreted as transverse
or radial to the embedding S < CP".

There are two solutions to this problem in the literature. In [47, 48, 79] it was
suggested to project out these modes after operator multiplication, which yields a
nonassociative algebra. In [70], where fuzzy S* was used as a regulator for quan-
tum field theories, it was suggested to modify the Laplace operator such that the
unwanted modes are dynamically punished by a mass term, i.e. their excitation is
suppressed.

As eliminating the radial modes by projecting them out after multiplication
immediately yields inconsistencies in the interpretation of solutions to the Basu-
Harvey equation in terms of fuzzy 3-spheres (see e.g. [77]), we insisted on keeping
these modes. This allowed us to interpret fuzzy S* and fuzzy S* as quantizations
of Nambu-Poisson manifolds under the assumption of a reasonable correspondence
principle.

Note also that the d-Lie bracket vanishes if one of the arguments is a purely radial
mode. Moreover, the d-Lie bracket always yields operators which are quantizations
of a function on S?. That is, if d-Lie brackets are exclusively used and the binary

operator product is avoided, the radial modes are naturally projected out.

4.3 Quantization of hyperboloids

Our approach to quantizing spheres S? was based on properties of the euclidean
Clifford algebra CI(R%*1). A natural question at this stage is whether it is possible

to extend our quantization procedure using Clifford algebras for indefinite metrics.
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The answer is affirmative if we relax our quantization axiom Q1 and allow for non-

unitary representations.

4.3.1 Classical hyperboloids

Recall that a space-like direction is turned into a time-like one by multiplying the
Clifford algebra generator y* corresponding to this direction by i. In this way we
obtain the spinor representation of the isometry group of the space RP? of dimension
d+ 1 :=p+ q. Into this space we can embed the d-dimensional hyperbolic space

HP1 as the quadric

o ¥ 1, = (1-1)2 4ot (xp)z _ ($p+1)2 . (xpﬂ)? =7, (4.47)

where 7, is the metric on RP4. We will always consider the case r > 0. This re-
striction eliminates only cones, as by multiplying the embedding equation by —1 one
exchanges the roles of (p, q) and inverts the sign of the curvature. The hyperboloid
HP4 corresponds to the coset SO(p, q)/SO(p — 1,q), and H4T10 = S4. For p = 1,
the hyperboloid splits into two sheets.

The treatment of hyperboloids proceeds analogously to the analysis of spheres.
An embedding into RP™? is obtained by substituting trigonometric functions with
hyperbolic functions in (2.10), as appropriate for angles in a plane of signature
(1,1), and setting R = /r. The same substitution applies to the volume element
(2.11). The natural Nambu brackets differ from those on the sphere only through
the volume element that one divides by, and we thus define the Nambu bracket on

HP4 by
gt Jfy dfq

. = — L 4.48
{fl? 7fd} VOISO 89011 8()07’(1 ) ( )

which translates into the Nambu bracket of the embedding coordinates
{atr, . ahi} = R&Tehba, o ophant (4.49)

B fhd TS Sy TR17
Here we have defined ¢ pap =€ Mopigsr -
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4.3.2 Quantization of H1

As we are concerned only with the kinematical problem of quantization, which we
presume to lead to an algebra of quantized functions approximating the algebra of
functions on a space in a well-defined manner, we can choose to relax the quanti-
zation axiom Q1 by mapping real functions to non-hermitian operators and thus to
work with non-unitary representations. This was done in [40] in order to construct a
fuzzy AdSs. This approach is a straightforward generalization of the description of
quantum spheres given in §4.2, and it also fits into the deformation quantization pre-
scription of §4.1 For a quantization of a hyperboloid using unitary representations,
see e.g. [11].

To allow for an indefinite metric in the Clifford algebra, we have to allow for
non-hermitian generators.® To quantize the hyperboloid H?? embedded in RP?, we
thus multiply the generators v along the time-like directions u = p+1,...,p+q by
a factor of i and follow the same steps as in the quantization of the sphere SPH-1,
The factors of i guarantee that the equation ## &" 1, = R% 1, is satisfied for the
indefinite metric 7,,. We introduce again the d-Lie algebra bracket by the lift of
the truncated Nambu-Poisson structure on the set of lower Berezin symbols to the
operator algebra. It is only for d < 4 that this bracket agrees with the totally

antisymmetric operator product

(2, ..., 3M) = iR RT gt phan (4.50)

at linear level. This bracket on its own forms the d-Lie algebra A,,. Recall that
every simple d-Lie algebra over R is isomorphic to a d 4+ 1-dimensional d-Lie algebra
A, for some (p,q) with d =p+q—1, cf. e.g. [41].

As the technical details of the construction (e.g. the restriction to certain ir-
reducible representations for odd-dimensional hyperboloids) work exactly as for
spheres, we refrain from going into further details. We stress, however, that while the
quantization of spheres is intimately related to harmonic analysis in the sense that

End (74,) was related to certain hyperspherical harmonics, this is not the case for

8Recall that the square of a hermitian matrix always has positive eigenvalues.
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the quantum hyperboloids. Thus their quantization is somewhat different in spirit
from the standard examples of noncommutative spaces, such as the noncommutative
torus.

Strictly speaking, we actually quantize the one-point compactifications of the
hyperboloids, as there is still an embedding of this compactified hyperboloid into
the complex projective space appearing in the construction. Here a point ¢ =
(o, ..., 9% on HPY is mapped to a point ¢’ on the sphere S¢ with the same an-
gular coordinates and subsequently embedded into CP" via the Jordan-Schwinger
transform (4.8). In this embedding, the point corresponding to infinity on the hy-
perboloid is also mapped to a point of S¢. It is in this sense that we quantize the

compactifications of the hyperboloids.

4.4 Quantization of R" by foliations

As a final set of examples, we will now look at the implications of the quantization
axioms for the quantization of R"™. The relevant n-Lie algebras at linear level cor-
respond to Nambu-Heisenberg n-Lie algebras, which in turn suggest a quantization
of R™ in terms of foliations by fuzzy spheres S5 ! or noncommutative hyperplanes
Rg_l. We also briefly study an extension of this quantization by adding an ex-
tra outer automorphism to the Nambu-Heisenberg n-Lie algebra, which describes a

twisting of the n-Lie algebra and a dimensional oxidation of the quantization of R".

4.4.1 Nambu-Poisson structures on R"” and

Nambu-Heisenberg n-Lie algebras

The natural Nambu n-bracket on R™ is defined by the linear extension (via the
generalized Leibniz rule) and completion (with respect to the canonical L?-norm) of
the bracket

{zh, ... ok} =ehtbn (4.51)

This Nambu-Poisson structure is naturally SO(n)-invariant. Additionally, we can

impose further Nambu-Poisson structures on R” with Nambu n — 1-brackets. The
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SO(n) symmetry suggests to add the Nambu-Poisson structure of a foliation of R™

by spheres? S"~!, with bracket

{x‘”? o ’xunq} — Rn—2 ghiwtn—1n pbn (4.52)

Alternatively, one could break the SO(n) invariance to SO(n — 1) and introduce the

Nambu-Poisson structure of a foliation of R™ by hyperplanes R !, with bracket

{af, . afrt} =gt =1 n—1. (4.53)

In the latter case, we can continue and introduce additionally a Nambu-Poisson
structure with a Nambu n — 2-bracket, and so on. We denote the space R" endowed
with & < n — 2 successive hyperplane foliations and one spherical foliation by R}.
In the case k = n — 2 there is no spherical foliation, while for £ = 0 there is only
the spherical foliation.

The components of the Nambu-Poisson tensor are constants, so that the trunca-
tion of the Nambu-Poisson structure as presented in §2.1.1 unfortunately does not
work here. We will therefore restrict to an n-Lie algebra structure which is non-
trivial only at linear level and there agrees with the totally antisymmetric operator
product. Correspondingly, the quantization axiom Q3’ can only be satisfied at lin-
ear level. Thus, the Nambu-Poisson structure (4.51) has to turn under quantization

into the n-Lie algebra Axy with bracket

(@41, ... @) =~k (4.54)

where the vector space Any is spanned by the operators 2, = 1,...,n, and 1. This
algebra is called the Nambu-Heisenberg n-Lie algebra. The nested foliations yield
additional n — 1-Lie algebra structures on Axg. We will study these quantizations

in the following, starting from the quantizations of R} and R3.

9In the case of RP*?, one would instead use the hyperboloids HP»9.
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4.4.2 Quantization of R and R}

The 3-Lie algebra Axy was examined in the original paper [75], as well as in [85]. Re-
call that it has the defining relation (2.27). This relation is a consistency constraint
for a quantization of both R and R} according to our generalized quantization
axioms.

To realize the quantization map on the endomorphism algebra of some Hilbert
space J€, we assume that the generator 1 appearing on the right-hand side of
(2.27) is central in this algebra and acts on vectors of the Hilbert space .7 as
multiplication by a complex number. This implies that its commutator with any
other endomorphism vanishes. From the definition of the 3-bracket as a totally

antisymmetrized operator product,

A~

A[B,Cl+B[C, A+ C|A,B] for A, B,C e span(z,§,2,1)
0 else
(4.55)

it is clear that a central element of the 2-Lie bracket will not, in general, be a central

element in the 3-Lie algebra. Thus we will have the relations

~

1,4, B =a[A,B], acC” (4.56)

for all A, B, rather than 1, A, E] =0.

The possibilities of realizing the relation (2.27) as a totally antisymmetric opera-
tor product have been listed in [75]. Nambu employs the Lie algebras of SU(2),
SO(1,2) 2 SL(2,R), the euclidean group in two dimensions, and the galilean group
in one dimension. Here we restrict ourselves to the three-dimensional cases. We will
show below that the first three cases correspond to quantizations of R3, ]R(l)’Q, and

R3, respectively.

R

In the first case of SU(2), the Lie algebra yielding (2.27) corresponds to the coor-

dinate algebra of the fuzzy sphere S%. The radial restriction i 2# = pl, for a
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constant p € C*, however, is missing. We thus obtain a foliation of R? by fuzzy
spheres. This space is usually denoted R3 in the literature [50, 15]. Recall that on a
fuzzy sphere built on the Hilbert space .74 = H°(CP*, O(k)), the 3-bracket is given
by

~1 ~2 -3 R3 |2 UvKE LV K 6R3

[T5,2°,2°] = T (k=17 k ("% 0" 0" 0")ap |, kK, B] = —1711%, (4.57)
and the fuzzy radius is Rp = Rpy := Ry/1+ % As R%% 1,4 = 2* 2" is not fixed,
the relation (2.27) admits fuzzy spheres of various radii. For given deformation

parameter h, we have h = % from (4.57) and consequently a quantization of the

/ 2 3/hk
RF,k = 1+ E F (4.58)

radius of the fuzzy sphere

built on the Hilbert space .77;.

We now introduce the Hilbert space 77 := @, . # together with the algebra
of “quantum functions” A := @, End (7). This corresponds to a “discrete
foliation” of R? by fuzzy spheres with radii Rp;. The quantization of a polynomial
in the coordinates z* corresponding to a function on R? is given by a quantization of
this coordinate function on each fuzzy sphere. The 3-bracket is non-vanishing only
on those elements of A which are all at most linear elements of the same subalgebra
End (7). The geometry corresponding to the noncommutative algebra of functions
A is the space R}, with \ = \/2h/3R.

Let us now examine how the associated Lie algebra g 4 is related to the isometries
of R3. A priori, there is no reason to expect a direct connection, as the “funda-
mental” object in this quantization is the Lie bracket of the quantized coordinate
functions z#. The associated Lie algebra of this 2-Lie algebra is the 2-Lie algebra
itself, i.e. su(2), which indeed corresponds to the (continuous) isometries of R3.

The associated Lie algebra g4 is of dimension six with generators D,,, := D(z* A
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), p,v =0,1,2,3, where 2° := —ih 1. In the basis

X'=Diy— D3y, X?=Dy—Dyy, X>=Diz+ Do,

(4.59)
Y'=Dip+Dsy, Y?>=Dy+ Dy, Y?>=Dy— Dy,
the non-vanishing commutation relations read
(X', X =2sR XK YY) =289 YR i k=1,2,3. (4.60)

Thus the associated Lie algebra is s0(3) @ s0(3), as expected since A = A, in this
case. The generators X* — Y generate the su(2) isometries on R3. The remain-
ing generators transform the operator p 1, which corresponds to a (scalar) radius

function in the geometric picture

1,2
Ry

An analogous construction holds for the 3-bracket built on the Lie algebra SO(1,2) =
SL(2,R). Here the fuzzy spheres are replaced by the fuzzy hyperboloids H}w’z (or
H%l) constructed in §4.3. This defines the noncommutative space Rig. We thus

obtain a foliation of R? by fuzzy hyperboloids in this case.

R

In the third case, the euclidean group in two dimensions, we start from the Lie
algebra

[iluiﬂ = _1552‘3 ) [iﬁ?‘%l] = [:%37£2] =0 (461)

with a constant £ € C. This algebra breaks the explicit SO(3) invariance down to
SO(2). Since 2* is a central element of this algebra we can assume it acts as a1,
a € C on any irreducible representation, and thus we can put £ = a—hz The 3-bracket

defined from the antisymmetric operator product is then given by

(2!, 2%, 2% = 2% [2',2%] = —ihl. (4.62)
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The quantum geometry behind this algebra A is thus a foliation of R? in terms of
standard noncommutative planes RZ extending in the directions parameterized by
2! and 2. The eigenvalues of #® corresponding to the x2 position of the noncommu-
tative plane determine the noncommutativity parameter 6 = % This implies that
the plane through z® = 0 is somewhat ill-defined. As SO(3)-invariance is broken by
the Nambu-Poisson structure here, one can equally well interpret the eigenvalues of
(#3)7! as the position of the noncommutative plane. In this case, we obtain a com-
mutative plane R? through the origin. The noncommutative space with coordinate
algebra A in this case is denoted ]Rie.

The associated Lie algebra g4 is again spanned by the six generators D, =

D(z* AN 2Y), p,v = 0,1,2,3 satisfying the non-vanishing commutation relations

(D13, D13) = —D1o,  [Dio, Do) = —Ds3o
(D12, Das) = —Dsg ,  [Dho, D12) = —Dhs (4.63)

[Da3, Di3] = +Dsg ,  [Dag, D13] = —Das .

This is an indecomposable simple Lie algebra. The isometries of ]Ri(,, however, span
the Lie algebra R @ s0(2), corresponding to translations along the z?® direction and
rotations in the foliating planes. As the s0(2) rotations act as outer derivations of
the Heisenberg algebra [#!, 2%] = —i6 1, there is no relation between the isometries
and the associated Lie algebra. Worthy of note is the maximal subalgebra of the

associated Lie algebra given by

[D127D23] = _D20 ) [D12>D20] = D23 ) [D30> _] =0 ) (464)

which is isomorphic to iso(2) x R. We conclude that the associated Lie algebra only
describes non-geometric symmetries, and hence purely quantum isometries of the
space ]Rie in the sense explained above. Note that as the operators appearing in
the construction of R are not trace-class, we cannot use the trick (??) to render 1

a central element of the 3-Lie algebra of coordinate functions in this case.
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4.4.3 Quantum geometry of M5-branes

We have thus found a geometric interpretation of the equations

[X*, XV X" = —ih©"*1 and [1,— —]=0 (4.65)

found by Chu and Smith in [28] describing the quantum geometry of an M5-brane

in a constant C-field background, where

etvs O | v,k =0,1,2
O = ghvss CQ ’ Vs K= 3a 47 5 (466)
0 otherwise

and C,Cy are constants related to the components of the C-field. They corre-
spond to the quantizations of R*? x R?® with foliations by either fuzzy hyperboloids
and spheres or noncommutative planes. We may heuristically regard the foliating
noncommutative geometries as the dimensional reductions of the Mb5-brane configu-
ration in the presence of a C-field to a configuration of D-branes in the appropriate

B-field background.
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Membrane matrix models

Dimensional reductions of ten-dimensional maximally supersymmetric Yang-Mills
theory lead to interesting zero-dimensional and one-dimensional matrix models,
called respectively the IKKT [57] and BFSS [13] models. The IKKT matrix model
is conjecturally a non-perturbative completion of type IIB string theory, while the
BFSS matrix quantum mechanics is dual to M-theory in discrete light-cone quan-
tization on flat space. Their classical solutions describe brane configurations which
have also found interpretations in terms of noncommutative geometry.

In string theory, fuzzy spheres appear as classical solutions to DO-brane equa-
tions of motion in the presence of an external Ramond-Ramond flux [74]. In the
IKKT matrix model description they arise as solutions to the classical equations of
motion if one adds a Chern-Simons term representing the coupling to the external
field [58]. The corresponding modification of the BFSS model is a massive matrix
model with Chern-Simons term, called the BMN matrix model [19], which conjec-
turally describes the discrete light-cone quantization of M-theory on a supersymmet-
ric pp-wave background and lifts the flat directions of the BFSS model. In this case
both fuzzy spheres and fuzzy hyperboloids appear as half-BPS solutions [11, 78],
and describe static large M2-branes or static large longitudinal Mb5-branes.

In this chapter we describe an analogous treatment of the BLG and ABJM
membrane theories. We consider a dimensional reduction of these theories to a zero-
dimensional 3-Lie algebra model and matrix model, respectively. We first introduce

the reduced BLG and ABJM models by describing how to construct them from
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dimensional reduction. We show how both can be mapped to the IKKT matrix
model using the Muhki-Papageorgakis map. We then show how to map between
this models by taking various scaling limits, or by making a choice of 3-algebra. We
end this chapter by finding several BPS solutions to the 3-Lie algebra model, and

interpreting them as Nambu-Poisson manifolds in the sense of the previous chapter.

5.1 Reduced 3-Lie algebra model

5.1.1 BLG theory

The BLG theory [9, 49] is an N/ = 8 supersymmetric Chern-Simons-matter theory in
three dimensions with matter fields taking values in a metric 3-Lie algebra A and a
connection one-form taking values in the associated Lie algebra g 4. The matter fields
consist of eight scalar fields X!, I = 1,...,8 and their superpartners, which can be
combined into a Majorana spinor ¥ of SO(1, 10) satisfying ['g;o¥ = —W; throughout
we denote I'yp..ap, i= % Liag, - - Tag)- The Chern-Simons term is constructed using
the alternative cyclic invariant form (—, —) available on g4 which is induced by the

inner product (—, —) on the 3-Lie algebra A. Altogether the action reads

Spra = /d% (— (VXL VEXT) + (0, TV, 0) + (0, Ty [X7, X7, ¥))

o (X X7 X XX ) e (A 0,40+ § A AN))
(5.1)

where p, v, A\ = 0,1,2 are indices for euclidean coordinates on R'2. The matrices
I'*, together with I/, form the generators of the Clifford algebra C/(R™°). The

covariant derivatives act according to
VX' =0, X"+A, X" = @LXI—i—AZb D(7a, 1) X! = 8uXI+AZb [0, 7, X7, (5.2)

where 7, are generators of the 3-Lie algebra A.
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5.1.2 Dimensional reduction

The reduced 3-Lie algebra model presented in [35] is the zero dimensional reduction
of the BLG lagrangian. We reduce the covariant derivatives V, to an action of the

gauge potential A,, which yields

Sprc = £ Tro, (AL [A), A)]) — 3 (A X7 APXT) + 1 (0, T4, 0) o)
+ L0, Ty X, X7,0) — L (X7, X7, X5 (X X7 XR)) |
This action is invariant under the N' = 8 supersymmetry transformations
SXT=ieT! v |
oW =A,X"TrT e — X, X7 X" Tyke,
6A, =iel, [ X, 0, —]. (5.4)

It is also invariant under the gauge transformations generated by A € g4 given as
A, — —[ALAN, XD — [AXT] U — AU, (5.5)

The vacuum moduli space 9B of the 3-Lie algebra model is defined by setting
A,=0="Vand
(X, X7 X" =0 (5.6)

in order to satisfy the BPS equations implied by (5.4). For the 3-Lie algebra A = Ay,

the moduli space is given by [37]

MELE = (R¥/Zs) x (R®/Z,) . (5.7)

5.1.3 Reduction to the IKKT matrix model

If we assume that the BLG theory describes M2-branes, then we ought to be able to

reduce the BLG theory to the effective description of D2-branes which is given by
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maximally supersymmetric Yang-Mills theory in three dimensions. In the paper [73],
Mukhi and Papageorgakis proposed such a reduction procedure for the BLG theory
with 3-Lie algebra A, which reduces to N = 8 supersymmetric Yang-Mills theory
with gauge group SU(2). Below we briefly review this reduction by going through
the corresponding procedure for the dimensionally reduced model.

We start from our model (5.3) with 3-Lie algebra 44, whose generators are de-
noted e;, © = 1,2,3,4, and assume that one of the scalar fields, corresponding to
the M-theory direction, develops a vacuum expectation value (vev) which is propor-
tional to the radius R of the M-theory circle. Using the SO(4)-invariance of A4, we

can align this vev in the e4 direction so that
(X®) = _z% €4 = —gyme€s , (5.8)

where £, and gyn are the 11-dimensional Planck length and the Yang-Mills coupling

constant, respectively. We now expand the action (5.3) around this vev by rewriting

X = —gymes + Y, (5.9)

where Y® € A still has components along the e4 direction. The 3-brackets containing

X8 reduce according to
[A,B,XB] = gyMm [A,B,€4]+[A,B,Y8] , A BeA, (510)

and in the strong coupling limit, i.e. for large values of gy\, 3-brackets containing
X® reduce to the Lie bracket of s0(3) due to [e;, e, —es] = €ijra €k It is easy to see
that the potential terms in (5.3) containing matter fields reduce to the corresponding
terms of the IKKT matrix model for v — oo and p = 0.

The reduction of the terms involving the gauge potential is slightly more involved.
We consider the splitting ga, = s50(4) = s0(3) @ s0(3). Specifically, we decompose
the gauge field into terms involving the e4 direction and those independent of that

direction.
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AM = ALjD(Gi,ej) :AZD(GZ',€4)+BZ%€Z']']€ D(ej,ek) s (511)
where we use the notation
AL4D(ej, es) = A, D(e;,e4) . (5.12)

In the action (5.3), the field B, appears in the strong coupling limit only alge-
braically, and its equation of motion reads
i vpX Lijk Aj Ak ijk A7 y8k
By, = i € e AL AY — 5= TP AL XY (5.13)
where 7, denotes the Minkowski metric on R*?. Altogether, the reduction (5.10)
together with the splitting (5.11) and the equation of motion (5.13) reduce the action

(5.3) with v — oo and p = 0 to the action of the IKKT matrix model with gauge

group su(2) = so(3),
Sikir = —1 ([Zu, 28], [ZM, Z7N]) + 4 (0, TY [ 20, 9]) (5.14)

where we combined the fields (A,, X') with p = 0,1,2 and [ = 1,...,7 into 2™
with M = 0,1,...,9, and absorbed the coupling gyy into a rescaling of fields.
Here the invariant bilinear inner product coincides with the Cartan-Killing form on
the Lie algebra su(2), (2°,%) = Tr(Z #). This matrix model possesses N' = 2

supersymmetry.
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5.2 Reduced ABJM model

5.2.1 ABJM theory

The Van Raamsdonk formulation of the ABJM model [88] is a matrix valued action
describing stacks of M2-branes with gauge group U(Ny) x U(Ng)! With a gauge
group isomorphic to SU(2) x SU(2), it is equivalent to the BLG lagrangian. The
Z 4 are bifundamental scalar fields, and 4 are bifundamental spinor fields with

A =1,..,4. The covariant derivative is defined to be
D,Z = 8,Z+ Al Z — ZA}, . (5.15)

The gauge transformations of the model are

_ L,R _ _
Z4 = grZh0" . AV = g0 m AT + 90m 09T R

YA — griigrt

(5.16)

The lagrangian is

L= " AL0,AY + BALAL AL — ATO, AT — BATATAT)
— D ZND"Z* — i " Dypa + EH(ZaZ P s — 0P 2 Zh s
=220 254 g + 20P 2 s — PP ZhpZEbn
+ eapopZ P ZC4°) + %(ZAZLZBZTBZCZg

S AVATAN VAW Y AV ANAY AV AY AN VATAY AV AVAY A% B GR v

IStrictly speaking, this is the ABJ model [3]. We will still refer to this model as as the ABJM
model for simplicity, although we refer to the specialization N, = Ny as the “ABJM limit ”.
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The supersymmetry transformations read as

674 = iwByp

874 = pPuwap ,

Sa = —VwapV, 2P + 2 (—WAB(ZCZEZB — 787579 + 2CL’CDZOZLZD) ;

S = 9, 2P 4 % ((2,2°2), - 20292} + 22,292} |

OAL = B (=249 y,0ap + WPy, aZl) |

0AL = T ZPywap + w'P,Zhws) .

(5.18)

5.2.2 Dimensional reduction

We perform a dimensional reduction which modifies the gauge fields and covariant
derivatives change in the following way: Gauge fields Aﬁ’R become scalar fields

AEL’R), 1=1,...,3. Covariant derivatives reduce to the following

D ZA — ARzA — 7AAL | D2\ — ALZL — 2L AR

(5.19)
DA — ARypA —AAL | Dl — AT — gl AR
The gauge transformations are changed so that we have
Z4 = grZigh . AP < g Aigly g -
L (L,R) (L,R) (5.20)

YA — gribigl .

The reduced lagrangian reads as

Saani = Try (3 e (Af AL AL - A7 AL AT)
—2AL ZI AT T AL 2N AL+ AT T A — it A
iyt AL+ L (2] 20—y 20 ZE T — 22 70, (5.21)

+ 207 Z0 28y — €M 2y Ziy + e 2 28

Rl CAVAN A AVAN AR AAVAY AV A

VAV AVARAY AR VAV AN ANA Z,i)) . (5.22)
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The corresponding supersymmetry transformations are

571 = 1wy

(SZiT = 11@ Wij

S = =y (27 Ay — AT Z7) — 5, (wz‘j (28 2L 70 = 27 7] Z¥) — 2w 2" Z] Zl) ;
00 = (2] AR - AL Z1) Wy - L ((7] 2" 2] - 2] 2" Z]) W' — 22] 7' 2 )
AL = & (Z iy~ 7).

SAR = — L (¢ 27y, wij — w7y, Z]0py) (5.23)

where w” are N' = 6 supersymmetry transformation parameters obeying w® =

(wig)* = —% €M .
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We can also regard the ABJM matrix model in terms of a quiver. The ABJM

quiver is constructed by adding arrows to the A; quiver? to give the ABJM quiver

o o (5.24)

We deform the generic N/ = 2 supersymmetric Chern-Simons quiver matrix model
((C.10)) by adding a suitable quartic superpotential of the chiral superfields ®* [44,
17] which reads as

W(®) = £ M Try (@, & @, D)) . (5.25)

The extrema of the superpotential define the relations of the double quiver asso-
ciated to the ABJM quiver (5.24). The BPS equations of the ABJM theory were
derived in [62]; here we present them for the dimensionally reduced model. They

are determined by the quantities
zik = zizl 7k — 7% 71 77 (5.26)

for j < k. We set the fermions equal to zero. The BPS equations for the supersym-
metric solutions of the matrix model then follow from the fermionic supersymmetry

variations in (5.23) using the independence of the gamma-matrices as a basis of the

2 See appendix (C.14) .
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Clifford algebra, and are given by

(A As] = 0= [A5 AT
ARZY - ZPAY -1 (AF ZV -2V AL =0,
ANZN—ZPAL =0 (i#1, p=1,2),
AV 722 - 72 AL —-1z2P =0,
AR - 73 AL -1z =0,
AR AN R e b
zi =20 =27,
ZP=2=20=0=2" =2 =2]",

Zh=0 (i£]j#k). (5.27)

5.2.3 Reduction to the IKKT matrix model

Let us now extend the Mukhi-Papageorgakis map to reduce the ABJM model (5.22).
Here we work within the ABJM limit. We break the product gauge group G =
U(N) x U(N) to a diagonal U(IV) subgroup by taking an axial combination of the
gauge fields

Al =A,+iB, , A=A, -iB, . (5.28)

i

We write the real and imaginary parts of the scalars and the spinors as

7= X' 41X =y iy (5.29)
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for i = 1,2,3,4. We further decompose the fields into the generators of the U(NNV)

gauge group as

. . iia . Ciid
ZZ:X6T0+1X8+ TO+X;TG—|—1X;+ Ta s

W = Z/}(z) 70 + i%H 7o + w; Ta + WZH Ta - (530)

We expand the scalar fields around a fixed vacuum configuration proportional
to a coupling constant g. Using the SU(4) invariance of the matrix model, we can

select the scalar field Z* to expand around so that

Z'=ig8 1+ X o+ X +iX Mo +iXIMr, (5.31)

We first investigate the effect of the scaling limit on the Chern-Simons matrix
action from the first line of (5.22). The various terms of the action separate into
U(1) and SU(N) components, and in the strong coupling limit ¢ — oo the U(1)
terms decouple so we will ignore them from now on. When we make the gauge field
replacement (5.28), the Chern-Simons term reads as in (5.56), which in the scaling
limit will reduce to (5.57).

The contributing terms to the reduction of the second line of (5.22) give

([A, X7 4 [Ay, XTP2) = 49 [A,, X°) B — 49” B, B"
1

S = Trv<—

4

)

4
—1

(67" [Aus X+ ) 009" [ X+ ) (5.32)
1

(2

Combining (5.57) and (5.32), we can integrate out B, using its equation of motion
By = 1[4 XP + 5 e [A7, AY] (5.33)

This causes the scalar field X® to decouple from the action. We write the minimal

spinor of SO(1,2) x SO(7) for the reduced theory as in (5.59), where each x’ is also
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a two-component Majorana spinor. Then the action (5.32) reduces to

3
&:im4 3 (A X2+ [Ap X)) — [, X2

a=1

——852L4MVAA2——1&7W{AMJM> . (5.34)

We now investigate the potential terms from the last four lines of (5.22). The

surviving terms from the bosonic potential are of the form

W(X) = 8;{2 Trv< Z <[Xava]2+ [Xa+47Xb+4]2)

a,b=1

+2§2QXﬂxﬂ?+ﬂXH{Xﬂﬂ>. (5.35)

a=1

The fermions produce a potential that reads as
3 —_ -
Vi(X,0) = =L T (0 (69 [X% 0] + 6 yra [X7H,0]) + 0 [X',0]) - (5.36)
a=1

for a suitable basis of SO(7) gamma-matrices v, v*,v¢™, a = 1,2, 3.

Finally, we rescale the fields as
By — gBu.  Xo — IXE. b — lgb o (537)

and then the full reduced action takes the form

a,b=1
3
- % Z 77Z}’7a Xa +77;’7a+4 [Xa+4aw]) - %@74 [X4a77b] _iqu_}/y“ [Au7¢]> :
a=1

(5.38)

We can combine the bosonic fields into a single field X = (24, X, X*, X*™) with

M =1,...,10. Then this action, along with the choice of Chern-Simons coupling
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constant Kk = %, produces the action of the ten-dimensional IKKT matrix model.
For later use, we note the similarity between the BPS equations of the ABJM and

IKKT matrix models. In the case of the ABJM model the BPS equations are given

by (5.27), while in the case of the IKKT model the BPS equations are determined

by commuting matrices
(XM, XN =0. (5.39)

However, the 3-algebra form (5.46) of the ABJM equations does not map to the
IKKT equations (5.39) under the scaling limit described here. This is due to the
removal of the gauge fields from (5.27): In the axial limit (5.28) of the gauge fields,
the field B, causes a bosonic degree of freedom to decouple from the action in the
scaling limit in order that one may combine the gauge fields with the scalars in the

appropriate way.

5.3 Hermitian 3-algebra Model

Alternative 3-algebra models can be written down if one relaxes the requirements
of maximal supersymmetry and of total antisymmetry of the 3-bracket. We first
break the SO(8) R-symmetry group of the maximally supersymmetric theory to
SU(4) x U(1). The supercharges transform under SU(4) = SO(6), whilst the U(1)
factor provides an additional global symmetry. Introduce four complex 3-algebra
valued scalar fields Z¢, i = 1,2, 3,4. Denote the corresponding four fermions by %
they are two-component Dirac spinors of SO(1,2). We select a real set of gamma-
matrices 7,, with 7912 = 1. The Majorana condition is & = e’ 7. For a generic

hermitian 3-algebra A, the analog of our 3-Lie algebra model (5.3) is given by

SlqajLG = %GW)\ TrQ.A (Au [Aw Ak]) - (AMZJ, AHZi) +1 (&zﬁV” Au@“) - V<Z)
— (", Wi, 27, Z;]) + 21 (', [y, 275 Z3) + L ez (07, (2%, 2" 47])

— Y (2N [ 07 ZM) (5.40)
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where the sextic potential is given by

V(2) =2 (YI(2). t(2)) (5.41)

with

YH(2) =7, 2% 2] - 3 6] 12", 2% Z) + 3 61 (2, 20 2 (5.42)

1
2
The supersymmetry transformations of this model read

57 =164,
Ot = =AM A Zi e + [ Z;, 2% Zi) € + (28, 28 2 e

6A, = —i[=, Z; V5] el +ig? Vo[ =5 055 Zi] - (5.43)

5.4 Matrix model mappings

In this section we describe relationships between our membrane matrix models. The
various formulations of these models are related to each other, and it is possible to
pass between them when certain constraints are placed on the relevant 3-algebras.
For a particular 3-algebra, we show that it is possible to pass from a certain reduced
3-Lie algebra model to our ABJM matrix model. Furthermore, in a certain scaling
limit, one can reach the 3-algebra model from the ABJM matrix model from, again

for a particular 3-Lie algebra.

5.4.1 Mapping to the ABJM matrix model

We will now parallel the construction of [10] to demonstrate that our reduced model,
for a particular choice of hermitian 3-algebra A and gauge group, yields the N' =
6 ABJM matrix model. Let A = Hom (Vy,Vg) with 3-bracket (2.41) and inner
product (2.42). The gauge group is the product U(Ny) x U(Ng), corresponding to

the associated Lie algebra g4 = u(NL) @ u(Ng). With these choices, the action

67



Chapter 5: Membrane matrix models

(5.40) becomes

Shic= Trv(Alzlzi AL+ AR 7' 7] AR — 241 2] AR 70 — iy Al
YT s Ay + g e (AL [A7 AY] - AT AT AY]) - V(2)
— N (P Z] 22 = 200, 2L 2 2 )

i (e 0 2800 20— €M 71y, 2] ¢j)> . (5.44)

Our choice of 3-bracket is antisymmetric in the first two entries. This lets us rewrite

the potential (5.41) as
V(Z)=Tov(-2[2,27;2" [z}, 25, Z]) + (2%, 2%, 2] 2], 21, Z]]) . (5.45)
The global minima of V(Z) are described by the equations
zZh=21,2%2] =0, (5.46)

which are just the BPS equations (5.27) with A, = 0. These equations coincide
with the extrema of the superpotential (5.25), and hence define the relations of the
double of the ABJM quiver (5.24). We can evaluate the 3-brackets explicitly, and

then the potential assumes the manifestly SU(4)-invariant form

V(Z)= -2 Tey (2282l 21 2] 27 Z] + 228 2 7' 7} 77 7]
YA ANAVAVAVARS VANAVAV VAV (5.47)
For the choice of constant A\ = i, we recover the A/ = 6 ABJM matrix model (5.22).
Note that the BPS equations (5.46) and their conjugates imply that the collection
ZJ 77 of endomorphisms of V;, for i,j = 1,2, 3,4 form a mutually commuting set of
N1 x N, matrices; similarly Z7 Zj are a mutually commuting set of Nz x Ni matrices.
In the ABJM limit N, = Ng = N, the operators Z| Z7 and Z7 Z moreover have

the same spectra, and the vacuum moduli space 9MAP™ is therefore given by the
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N-th symmetric product orbifold
MAPM = (€)Y /&y (5.48)

where Gy is the Weyl group of U(N) acting by permuting the components of N-
vectors. As we will make use of this result later, let us derive it explicitly. For
this, we note that the BPS equations in this case are solved by commuting matrices
[Z0,79) = 0,4,j = 1,2,3,4. Then Z° can be put simultaneously into their Jordan
normal forms, with k eigenvalues (},..., (. of each endomorphism Z*, i.e. for each
fixed i € {1,2,3,4}, each ¢/, I = 1,...,k, corresponds to a Jordan block; doing so
breaks the U(/NV) x U(N) gauge symmetry to a diagonal U(/V) subgroup. To every
Jordan block one associates its dimension A;, independently of i € {1,2, 3,4} because

Z" mutually commute. The collection A = (\q,..., ;) of dimensions satisfies
MZX>>2N>0, > N=N, (5.49)

and thus defines a linear partition of the rank N of length k. Then the isomorphism

(5.48) is generated by the map

k
(21,22, 28,2 +— > Nz e (€)Y )6y, (5.50)
=1

.....

by the linear partition \.

5.4.2 Mapping to the lorentzian Lie algebra model

Following [55], we shall now demonstrate how a particular contraction relates the
lorentzian version of the 3-Lie algebra model (5.3) with the ABJM matrix model
(5.22). The first step is to construct the lorentzian Lie algebra model. We fix a

semisimple Lie algebra h and expand the fields of the reduced 3-Lie algebra model
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in terms of the generators of Ay satisfying the 3-bracket relations (2.33) as

X=X+ Xm0+ X] 7,
\I/:\IJC:H_—F\IJ()TO—F\I/aTa,

A" = A}, Doo + A%, Dy (5.51)
It is convenient to make the field definitions
X! = Xi Ta s U=",7, , AF — Al T, BY = fupe Al T (5.52)

We insert these expansions into (5.3), and denote the inner product (2.34) by Try
here. Using (2.24), 3-brackets involving the generator 7y induce the Lie bracket of
Aj through

A

(X7, X7 7] = [X,X7] . (5.53)
A similar reduction occurs for the brackets involving fermions. For the terms involv-
ing the gauge fields, we use (2.34) to infer that terms proportional to the central

element 1 decouple from the gauge interactions, and in fact completely from the

action. In this way we find the lorentzian Lie algebra model

Sy= Ty (4[4 X7+ B X0) 4+ 4 (X2 (X, K72 - ) (g (X7, X))

+ L WTH[A,, ) — i 0T B, & — 10y X7 [X7, T, 9] +

L U XX, Ty,

+ e A, A BA) ' (5.54)

It is invariant under the supersymmetry transformations

00 = ([A X+ B" X T, Tre — IXE (X, X T e,  60y=0,
X' =irlew |, oxX!=irley,,
OB =ieTHT (X1, 0],  0A* =ieTHD, X' Wy +ieD'T,; X 0. (5.55)
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In the following we show how this model is related to the ABJM matrix model
(5.22): For a particular choice of gauge symmetry breaking and scaling limit, we
show that one can recover the lorentzian Lie algebra model (5.54) from (5.22). As
we will make use of similar reductions throughout this paper, we describe it here in
detail.

For this, we consider the ABJM limit N, = Nr = N. To take the scaling limit,
we first make the gauge field redefinitions (5.28) which breaks the gauge symmetry
to a diagonal U(NN) subgroup of G = U(N) x U(N). With this replacement, the

Chern-Simons term from the first line of (5.22) reads
Sy = ke Trv (B, [Ay, A\l — 1 B, B, B)) . (5.56)

We write the real and imaginary parts of the scalars and fermions as (5.29).We
decompose the scalars and fermions further into trace and traceless components as
(5.30)

In this decomposition we have identified 75 with the generator of u(1), and 7,,
a=1,...,d = N?— 1, are the generators of su(N). We scale the fields as (5.37)
with all other fields unchanged, and the coupling constant as kK — élﬂ. Taking the

limit ¢ — 0 we find that the Chern-Simons term (5.56) reduces to
Sy = ke Try (B, [A,, A)l) | (5.57)
while the second line of (5.22) becomes

Sk = _TrV<([AuaXI] + 2BuXé>2 + i/l)EryM [Aua’@ﬂ - 2&’7“ B;ﬂ/’o - 2&07“ Bu¢> .

(5.58)

In this reduction we have combined the indices ¢ and ¢ 4+ 4 for ¢ = 1,2,3,4 into
an index I = 1,...,8, and the components of the spinors into a single Majorana

fermion

v=04 0 (5.59)
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Now we consider the bosonic sextic potential. In the scaling limit, the surviving
terms from the potential contain four trace components and eight real traceless

components. Using SU(4) R-symmetry we arrange them as
Z' =" (X +iX) o+ (XD +iX) 7, (5.60)
If we combine the trace components as
X§ = (X4,0,0,0,X5,0,0,0) , (5.61)
then the reduced bosonic potential reads

2 2 2
V(X) = 5t Trv (3 (x8) (XX - (G XL X)) (562)
We finally consider the quartic Yukawa potential. In this scaling limit, the surviving
term of this potential has contributions from two bosonic trace components and

two traceless bosonic components. We arrange them as in (5.60) and the spinor

components into a Majorana fermion as in (5.59). The resulting potential reads

Vi(X, ) = =L Try (¢ X{ (X7, 715 ¢)) (5.63)

for suitable antisymmetrized products of 8 x 8 gamma-matrices 77, (see e.g. [55,
App. A]).

The fully contracted theory thus reads

Sred = —Trv<([AM,XI] +2B, X 107" [Au, 0] — 204" B,y — 20007 Byt
=5 (GG XL XP = 5 XO XD XP) = Lo XG X )

+ KM A, A B,\> . (5.64)

This is the original lorentzian Lie algebra model (5.54) with h = su(/N) and inner

product (2.42).
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5.5 Solutions to 3-Lie algebra model

In this section we study the equations of motion of the reduced 3-Lie algebra model.
We introduce deformation terms, construct various BPS solutions, and interpret

them as quantized Nambu-Poisson manifolds in the sense of the previous chapter.

5.5.1 Deformations

We introduce deformations consisting of mass and Myers-like flux terms given re-

spectively by

8
Smass = /dgm <_ % Z M%,I (leXI) + %MQ (\I[ar3456\1[>> )
=1 (5.65)

Sﬁux — /d3$ HIJKL ([XI’XJ’XKLXL) ’

HIJKL

where is totally antisymmetric and can be thought of as originating from a

four-form flux. A particularly interesting deformation is given by

glIKL I,JK,L <4
pig=pe=p and HEE=_L 0 (I-H0-OE-OL-4) [ 7K [ >5

0 otherwise
(5.66)

This deformation was studied first in [45], see also [82, 56]. It is closely related
to the deformation giving rise to the BMN matrix model [19] and homogeneous
gravitational wave backgrounds, as we will discuss later on. It explicitly breaks the
R-symmetry group SO(8) down to SO(4) x SO(4), but preserves all 16 supersym-

metries if the matter fields live in a 3-Lie algebra. The complete deformed 3-Lie
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algebra model reads as

S=-1(4,X"A"X") +1 (T, I"A,T)

N[ —=

8
Z ,U [ XI XI + ,u2 (\If F3456\Ij) +HIJKL ([XI XJ XK] XL)
1 (5.67)

+ (0, X, X70) — L (X X7, X5 X, X7 XR))

=

+ LA Tr., (Au [A,, A,\]) )

=]

This deformed model has the same amount of supersymmetry as the original
unreduced field theory. However, it is only invariant under the group SO(1,2) x
SO(8) instead of the desired 11-dimensional Lorentz group SO(1,10), which is due
to the dichotomy of gauge and matter fields in the original BLG theory. This is in
marked contrast to the IKKT matrix model which arises from dimensional reduction
of maximally supersymmetric Yang-Mills theory to zero dimensions, and therefore
exhibits manifest SO(1,9) invariance.

We also consider similar deformations of the IKKT matrix model.In the strong

coupling limit, the Myers-like term in (5.67) is reduced according to
HYRL (X7 X7 XK XE) — dgy HYF (X7, X7, X5 (5.68)

and this is the Myers term appearing in the deformation of the BFSS model to the
BMN matrix model [19]. Including the mass terms, the deformation terms reduce

to

I=1

7
+4gYM Z HIJKS ([%1—5-27 %J+2]’ %K—Q—Z) )

ILJ,K=1

(5.69)
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5.5.2 Equations of motion

The classical equations of motion of this model with a metric 3-Lie algebra A read

A AR X — g X =i [0, X7 Ty, 0]

‘f‘%[XJjXK,[XJ,XK,XIH+4HIJKL[XJ,XK,XL] :O,
(5.70)
r“ Au\I’ + Lo F3456‘1/ + %F]J[XI,XJ,\I/] =0 s

5 @NA, AN = 2 [AL[AY AM] - DX, AMXT) 4+ S D(W,T*) = 0.

The classical equations of motion of the IKKT matrix model (5.14), i.e. the strong

coupling limit of the deformed 3-Lie algebra model (5.67), read

[, (2N, 2] = 5T {07, 0} + AY =0,
(5.71)
(2, W] + o Daus6V =0,

where a, § are spinor indices of a Majorana-Weyl spinor of SO(1,9) and the defor-

mation contribution is

7
AM iy XM+ 129y Y HYWTOS [T 02 for 3< M <9
= I1,J=1

0 for M =0,1,2
(5.72)

In the following we will study solutions to these equations and examine their classical

stability.

5.5.3 Fuzzy spheres

As it is the most prominent 3-Lie algebra, let us start with a solution involving
Ay. For this, we choose the supersymmetric deformation (5.66) to obtain a natural
SO(4) symmetry group, which matches the associated Lie group of A;. We put

A, =V =0. As our scalar fields, we choose

X'=ae, X™=0, with oa*+3pa’+ip*=0, (5.73)
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where e;, i = 1,2,3,4 are generators of A4. This solution corresponds to fuzzy
three-sphere. We can compute the hessian of the action %, where §X"¢
describes the variation of X in the 3-Lie algebra direction e,. We find a 16 x 16
matrix with eigenvalues (0,2,6) occurring in multiplicities (6,9,1). The six flat
directions correspond to variations rotating the fuzzy sphere. (The other eigenvalues
correspond to “squashing” the fuzzy sphere in various ways.) We conclude that the
solution (5.73) is indeed a stable stationary point of the action (5.67). Moreover,
like the ground states used in [45], our solutions are invariant under the full set of 16

supersymmetries of the deformed action. This can be checked explicitly by noting

that the supersymmetry transformation for A, = 0 reads [45]
6.XI =ietv | 5.0 = —L[XT X7 X®|T" e — uTause ' X', (5.74)

where ¢ is a constant Majorana spinor of SO(1, 10) satisfying I'gjoe = ¢, and hence
our fuzzy three-sphere background satisfies the supersymmetry condition J, X! =
0=0.".

We can now apply the Higgs mechanism. We assume that one of the scalar
fields acquires a vev and perform a strong coupling expansion. Let us choose X* =
gym es + Y4 and take a double scaling limit gy, g — oo with i = QYL fixed. The

M

equations of motion reduce to

(X7, (X", X)) — 20" (X7, XM =0,
| | | | (5.75)
[XJ,X’“, [XJ,X’“,X4H + 20X XE XY =0,

for i = 1,2,3. The first equation is the equation of motion of the IKKT model with
a Myers term and its solution is a fuzzy two-sphere, i.e. the matrices X* take values
in su(2). The second equation requires the Lie algebra su(2) to be consistently
embedded in Ay. Altogether, we see that the fuzzy two-sphere originates as the
strong coupling limit of the fuzzy three-sphere. Geometrically, we reduced the fuzzy

three-sphere to its equator with radius gyyr, which corresponds to the fuzzy two-

sphere solution. This is not the projection of the Hopf fibration S* — S — S2.
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Note that our deformation is very similar to that of the BMN model, which can be
considered as the BF'SS model on a non-trivial pp-wave background. The fuzzy two-
sphere solution is in that case interpreted as giant gravitons, i.e. M2-branes wrapping
the fuzzy S? with certain kinematical properties. The supersymmetric deformation
(5.66) has been holographically linked in [45] to the matrix model description of the
maximally supersymmetric type IIB plane wave in discrete light-cone quantization;
this Hpp-wave background is a ten-dimensional Cahen-Wallach symmetric space

with metric

ds? = 2dzTdz™ + Z <dx§ — L2 ad (d$+)2> : (5.76)
I

and constant null self-dual Ramond-Ramond five-form flux Hgrg = pda™ A (dz!'?3 +
da%™®) where the sum runs over I = 1,...,8 and dz//KF := dz! Adx! Adz® Adzt,
which arises as a Penrose limit of the near horizon black hole geometry AdSs x S°
in type IIB supergravity [22]. The fuzzy three-sphere solution obtained here was

identified in [45] with longitudinal D3-brane giant gravitons in this background.

5.5.4 R3 and the noncommutative plane

In the (undeformed) IKKT matrix model, the simplest classical solution is given
by operators 2! = A\ and 2% = )y, where \; and )\, are the generators of
the Heisenberg algebra [\, o] = 01, 0 € R. The D-brane interpretation of this
solution involves D(—1)-branes described by the scalar fields in a background B-field
proportional to #~! which are smeared out into a D1-brane, whose worldvolume is the
noncommutative space RZ. This solution can be evidently extended to direct sums
of RZ, by demanding that further pairs of scalar fields satisfy the Heisenberg algebra.
Note, however, that there is an issue with the normalizability of the central element
1, as the Heisenberg algebra only has infinite-dimensional unitary representations.
The classical vacuum state of the reduced model with action (5.14) is given by

commuting matrices 2. Noncommutative spacetime arises instead as a vacuum
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configuration of the twisted reduced model with action

Stk = Tr( = (2, ) — Oun 1) (127, 2N — 0MN 1) 4 LT TM (25, \p]) :

(5.77)
where the “twist” 6y, is generically a 10 x 10 constant antisymmetric real matrix;
in the special case considered above only #15 = 6 is nonzero. The solutions with
2M = My, [Au, Av] = Oun 1 correspond to BPS-saturated backgrounds which

preserve half the A" = 2 supersymmetry. Upon introducing the covariant coordinates

P = Mg+ O N (5.78)

corresponding to expansion around the infinitely-extended D-branes in the original
IKKT model, we obtain the action for U(1) noncommutative supersymmetric Yang-
Mills theory with 16 supercharges [6] and trivial vacuum state @™ = 0; the gauge
fields &M are interpreted as dynamical fluctuations about the noncommutative
spacetime. To obtain the action for noncommutative Yang-Mills theory with U(m)
gauge group, corresponding to the background of m coincident D-branes, we expand
around the vacuum 2 = \);®1,,. Exactly the same sort of configurations arise in
our model. The configuration X¢ = 7; for i = 1,2,3 and X7 =0 for j = 4,5,6, 7,8,

where 71, 75, 73, 1 are generators of the Nambu-Heisenberg 3-Lie algebra Any,
[7—177—277_3] =01 ) [:u-aTiaTj] =0 ) (579)

forms a solution to our equations of motion (5.70) in the absence of fluxes and for
A, =V = 0. Recently it was derived as a boundary condition on the geometry of
an Mb5-brane in the M2-M5 brane system in a constant background C-field [28]. It
has associated Lie algebra g, = R°.

The solution X! = 77, 17,77, 7] = Ok 1, with ©//K a constant real three-
form flux, describes the vacuum state of the “twisted” version of the scalar potential

of the action (5.67) based on the 3-Lie algebra A = Ayxp in the absence of masses
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and fluxes, which generically reads
V(X)=-L (X" X7, x* - 1, X" X/ x| -e"" 1) . (5.80)

In fact, this solution preserves 16 supersymmetries. This follows from the general
fact that the model (5.67) based on a 3-Lie algebra A with central element 1 for the

configuration (5.66) possesses an additional 16 kinematical supersymmetries [45]
eXT=0, SVU=¢1, (5.81)

where £ is a constant spinor of SO(1,10) satisfying T'g12¢ = —&. Setting X7 = 77,
p =0 and & = %@1 gk T17%¢e in the supersymmetry transformations (5.74) and

(5.81), we find the relations
(0. +0)X =0, (0. +6)¥ =0, (5.82)

and hence half of the 32 supersymmetries are preserved in these backgrounds. This
is consistent with the calculation of [86] which shows that the one-loop vacuum
energy of these backgrounds vanishes.

We can interpret this solution as a quantized Nambu-Poisson manifold. If we
assume that X? acquires a vev proportional to a coupling constant, then in the strong
coupling limit the Nambu-Heisenberg algebra reduces to the ordinary Heisenberg
algebra. In this sense, the noncommutative plane RZ can be regarded as the strong
coupling limit of R3. Again, we can extend our solution to the direct sum R3 & R3
by demanding that three more of the scalar fields form another copy of the Nambu-
Heisenberg 3-Lie algebra; This is the quantized geometry relevant to an M5-brane
in a constant C-field background [28, 34]. As in the case of the IKKT matrix
model, there is a problem with the normalizability of the 3-central element 1; The

compatibility condition (2.22) forbids us to assign finite norm to 1.
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5.5.5 Homogeneous plane wave backgrounds

The homogeneous plane wave with metric (5.76), and supported by a Neveu-Schwarz
flux, can be constructed as the group manifold of the twisted Heisenberg group whose
Lie algebra is an extension of the Heisenberg algebra by one additional generator J

defined by

Do Al =0unl, [Tl =0undv.  [LAv]=[1,J=0. (5.83)

The simplest case is Oy = eyn, M, N = 1,2 corresponding to the Nappi-Witten
algebra [76], which is a non-semisimple lorentzian Lie algebra of dimension four.
The Lie brackets (5.83) are then those of the universal central extension of iso(2).
Let us now consider the mass and flux deformations of the IKKT model (5.69)
given by
pe=pg=pn, H®=h, (5.84)

where all other mass terms and components of H vanish. We choose the ansatz

Z=al, X7=pJ, ZX¥=9\N, Z=9\, (5.85)

with ZM =0 =W for M = 0,1,2,3,4,5, for our solution. Then the equations of

motion (5.71) are satisfied if

p? = 57693 h? and = —24gymh , (5.86)

while the parameters e and v are arbitrary. These solutions are not supersymmetric.

This noncommutative background can be regarded as a linear Poisson structure

on a four-dimensional Hpp-wave. The invariant, non-degenerate symmetric bilinear

forms on the Nappi-Witten Lie algebra are parametrized by a real number b and are
defined by

(NisAj) =05, (L,J)=1, (J,J)=>b (5.87)

for i, 5 = 1,2, with all other pairings vanishing. Then the group manifold possesses
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a homogeneous bi-invariant lorentzian metric defined by the pairing of the left-

invariant Cartan-Maurer one-forms as
dsi = (97" dg,97" dg) . (5.88)
We can parametrize group elements g as
g = exp (eiﬁgﬁ/2 2%+ e_iﬂx+/2§g_) exp (27 20 +2t 27, (5.89)

where 24 = 28 +£i2° 2 € R and z € C. Then the metric in these global

coordinates reads
ds] =2afdatda™ + 47 |dz|* — 1 82 (47 |2 — b) (dz™)? (5.90)

which is the standard form of the plane wave metric of a four-dimensional Cahen-
Wallach symmetric spacetime in Brinkman coordinates. This spacetime is further

supported by a constant null Neveu-Schwarz three-form flux

Hys = —1(g7'dg,d(g7"dg)) =2i87*da* Adz Adz, (5.91)

5
which is proportional to the flux deformation h of the matrix model.

The hessian for this solution is a 16 x 16 matrix with eigenvalues
(0,1728,576,1152) h of multiplicities (6,1, 1,8). The six flat directions corresponds
to the following symmetries of the matrix model defined by (5.14) and (5.69) with
the appropriate inner product (5.87). One direction corresponds to the U(1) sub-
group of the plane wave isometry group rotating the transverse space z € C. Three
directions correspond to translations of the Nappi-Witten generators by multiples
of the central element 1. Of these, only shifts of the generator J are inner auto-
morphisms of the Lie algebra (5.83); In particular, the automorphism J — J — b1
can be used to set the parameter b to 0 in (5.87), which is equivalent to the redef-
28+ in the plane wave metric (5.90). The shifts in \; are

inition =~ — = — %
(0%

isometries which translate the transverse space along the null direction . Another

81



Chapter 5: Membrane matrix models

direction corresponds to scale transformations 1 — e¢ 1, which becomes a Lie alge-
bra automorphism after redefining A\; — €¢/2 \;. The final symmetry of the action
corresponds to the simultaneous scale transformations J — e~ J, \; — e \;.

This Hpp-wave background is thus a stable solution of the deformed IKKT ma-
trix model. It arises as a Penrose limit of the maximally supersymmetric black
hole solution with near horizon geometry AdS, x S? in four-dimensional toroidal
compactification of string theory and M-theory, or alternatively of the near horizon
region of NS5-branes [22]. Extending this solution by an additional noncommuta-
tive plane gives a Cahen-Wallach space which is a Penrose limit of the near horizon
geometry AdSs x S? of the self-dual string in six dimensions [22].

We can find a similar solution to our 3-Lie algebra model if we consider the
Nappi-Witten 3-Lie algebra (2.33), if we choose the background (5.65) with mass

and flux terms

pie = ping =g =p, H®=h, (5.92)

and all other mass terms and components of H are zero. The obvious generalization

of the ansatz (5.85) to the 3-Lie algebra model reads
X'=al, X°=pJ, X°=9n, X' =9m, X’=q9m, (593)

with A, =0 = V¥ and X' =0for I =1,2,3, and from the equations of motion we

obtain conditions on the parameters
p? =64n>, pB=-% (5.94)

while the parameters a and ~ are again arbitrary. It is natural to associate this solu-
tion with the extension of the pp-wave geometry (5.90) by an additional transverse

direction y € R,
ds? = 2o fdatdz” ++* (|dz|* + dy®) — 1 8% (v* (|2)* + ¥*) = b) (dz™)* . (5.95)
This five-dimensional Cahen-Wallach space arises as a Penrose limit of an AdS, x S3
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background, which corresponds to the near horizon geometry of black hole solutions
for N' = 2 supergravity in five dimensions [22].
The hessian of this solution is a 25 x 25 matrix with eigenvalues

(0,192, 64, 128,256, 320) h of multiplicity (8,5, 3,3,3,3). Again the eight flat direc-
tions correspond to the SO(3) subgroup of the plane wave isometry group generating
rotations of the transverse space (z,y) € C x R = R?, to null translations of the
transverse space, to automorphisms J — J — b1 of the Nappi-Witten 3-Lie algebra,
and to conformal rescalings of the 3-central element 1. This background is thus a

stable solution of the 3-Lie algebra reduced model (5.3).

83



Chapter 6

Cohomological 3-algebra models

In what follows we shall be interested in the exact computation of the partition func-
tion of the ABJM matrix model using localization techniques. For this, we shall need
to deform the model in suitable ways in order to obtain a theory with equivariant
cohomological symmetries that will enable the localization procedure to be applied
exactly. In this chapter we shall study cohomological versions of our membrane
matrix models that are obtained by a topological twisting procedure, and point
out various ensuing difficulties. The possible inequivalent twists of Chern-Simons-
matter theories in three dimensions with N' > 4 supersymmetry were classified in
[64]. In the case of an N' = 8 theory with R-symmetry group SO(8), restricting the
supercharges to the vector representation does not generate any additional twists.
However, letting the supercharges transform in the spinor representation via the
triality of the R-symmetry group does allow for two additional twists. One of these
new twists was constructed in [68]; in this section we investigate the effect of ap-
plying the Mukhi-Papageorgakis map to this topologically twisted theory. After
dimensional reduction, the ensuing 3-algebra model can potentially induce a coho-
mological deformation of the ABJM matrix model under the mappings of §5.4 which
is dual to a novel topological twisting of the ten-dimensional IKKT model.

We begin this chapter by reviewing a topological twist of the BLG theory. We
then show how this theory is mapped to the N/ = 4 equivariant extension of the Blau-
Thompson model under the Mukhi-Papageorgakis map. Applying this mechanism

to the dimensionally reduced twisted BLG theory, we find a novel topological twist
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of the ten-dimensional IKK matrix model. We then discuss lifting this twist to the

ABJM matrix model using the mappings of §5.4.

6.1 Topologically twisted BLG theory

We begin by briefly reviewing the topologically twisted theory constructed in [68]. In
the conventions of §5.1.2, the BLG action without deformations in euclidean space

reads

SBLa = / d (56 Tr g, (A0 Ar = § Ay [Au AN]) + 3 (VX7 99 XT)

— (B, TR V,W) + 4 (B, Ty (X X7 ) + 4 (X, X, XK, [XI,XJ,XK])) .

(6.1)
This action is invariant under the 16 supersymmetries generated by
sX!=ier v,
00 =V, X'TrTre— L (X, X7, X T ke,
6A, =ieT,T/[X), ¥, -] . (6.2)

The main difference from the split signature case is that the euclidean action involves

only the holomorphic part of the spinor, so that we must make the definition
U=v'C, (6.3)
where C is the charge conjugation matrix satisfying

cr¥el=(-r™y',  ¢T=—c, (6.4)

and M is the 11-dimensional vector index which decomposes into p = 1,2,3 and
I=4,.. .11

Consider now the rotational symmetry breaking Spin(11) — Spin(3) x Spin(3) x
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Spin(5), under which the corresponding gamma-matrices can be decomposed as

F”:7“®1®1®73,F“+3:]l®'y“®]1®'yl, FZ+6:1®1®71®72
(6.5)
where v#, u = 1,2, 3, are Pauli spin matrices and 4%, i = 1,...,5, are 4 x 4 gamma-

matrices in five euclidean dimensions. The charge conjugation matrix decomposes

as
C=iy’"®iy*eCel, (6.6)

where C' is the five-dimensional charge conjugation matrix. The SO(8) chirality

matrix 1s
M8 =M1l leiy®. (6.7)

This means that the spinors have four indices: two for the SO(3) factors, one for the
SO(5) factor, and one for SO(8) chirality. The twist is constructed by replacing an
SO(3) factor with the diagonal subgroup of Spin(3) x Spin(3). Then we can expand

the twisted spinors
V= (¢, x") (6.8)
into an SO(3) scalar and vector. We also decompose the bosons
X1 = (X" Y (6.9)

into an SO(3) vector and five scalars.

The resulting twisted BLG action is the sum of a topological action

Shop = / G (e Trg, (AL 0,45 + 5 A7 [AF, A7)

— 3 (% Vi = 1% P X, Y1) (6.10)
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plus a metric-dependent cohomological action

Sy = / d*x (i (VIXY —VVXH VXY — VX)) 4+ 3 (VYL VYY) (6.11)
(Vu XF + Leun [XF, XY, XA,V XF 4+ e [XH XY, X))

(WY YR Y Y7 YR + (X Y7, Y ML X YY)

(¢, Vo X" + iy [V XP xul + 3705 Y Y7, 9))

i (>—<,LL7 fylj [Ylv YJJ X}L])) ’
where the gauge fields and covariant derivatives have been complexified so that

A=A F e X7, XA -] V=V, E feun [ XV, XY ] (6.12)

The total action Siop + Si, is invariant under the supersymmetry transformations

OXH =g,
Y'=&v'v,
0 = —(V, X"+ Leun [X, XY, X)) e,
0Xp = €un V' X e+ VIViqe + 1Y, Y7 X ] v5¢

(5A,LL =ig ( - [X,ua wa _] + elW)\ [XV7X)\7 _] + Vi [sz XH? _]) : (613)

Setting the fermions equal to zero in (6.13), one finds that the corresponding BPS

equations for the supersymmetric solutions of the field theory are

ViXH—Leun[XF XV XN =0=V:X, -V} X,,
VY =0=F]

pv

YV Y =0=[Y" Y’ XV (6.14)
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where the twisted field strength is defined by
Fr = Fu —ie, [V X X =] +ieun, [VIXY XP, -] (6.15)
with F,, = [V,, V,].

6.1.1 Mapping to the Blau-Thompson model

Let us consider the metric 3-Lie algebra A = A, and apply the higgsing procedure
to the twisted BLG theory. We proceed by letting the scalar fields Y have classical
values proportional to fixed 3-Lie algebra elements. Using SO(5) symmetry we can
assume that only Y acquires a vacuum expectation value, and by SO(4) invari-
ance we can align this value in the 3-Lie algebra direction 74. Hence we make the

replacement
Y' — —grn Y, (6.16)

where g is a gauge coupling constant. The reduction of the gauge fields works in
the usual way: With respect to the splitting g4 = s0(4) = s0(3) @ s0(3), we make
the replacements

Ay — AT +1B,, (6.17)

where now we regard Ai,BM € s0(3). In the strong coupling limit ¢ — oo, 3-
brackets containing Y reduce to the brackets [X*, X¥] := [X*, X¥, —74] of the Lie
algebra A" = s0(3); We denote the invariant form on either factors of so(3) = su(2)
by Tr 4, which coincides with the Cartan-Killing form. We also define a modified

field strength

= Fu —ien, [V XN X +iem, [V, X, X . (6.18)

By inserting this combination of gauge fields into the total action Si,p + S, We

find that in the strong coupling limit the field B, only interacts with the Chern-
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Simons and scalar kinetic terms algebraically. Its equation of motion reads as

By,= s eun F* =1V, v, (6.19)

2g

where we keep only those terms that will remain in the strong coupling limit. In-
tegrating out the field B, we find that the Chern-Simons term from the first line
of (6.10) reduces to the modified Yang-Mills term [ d3z Tr u ((F}.,)?). We further
find that the field Y'! decouples from the remaining terms of the total action, so we
introduce a new index a = 1,2,3,4. After suitable rescaling of the fields we find

that the reduced action is given by

Sred - / dgx Tr.A’( % (ﬁ,uu)z - %E/W)\ )Zu (vuX/\ + [Xw X)\])
+ g XX (XY YY)
+ (VX" =V, X'V, X'+ L(V, X"+ VYoV, Y

+ 1/_) v,uX# - 11/_} [Xu7X,u] - %&7& [Yav 77b] - %Xﬂ Ya [Yaa Xﬂ]) : (620)

As with the original twisted BLG action, the reduced action is the sum of a topo-
logical term and a metric dependent cohomological action.

In [64] it was shown that the Mukhi-Papageorgakis map is compatible with the
topological twisting procedure. We thus expect that the reduced model is some
topological twist of N/ = 8 supersymmetric Yang-Mills theory in three dimensions.
The possible twists for this gauge theory were classified in [23]: We can either arrive
at a twisted N' = 2 supersymmetric BF-theory, or a twisted N' = 4 equivariant
extension of the Blau-Thompson model. Comparing our lagrangian (6.20) with
those listed in [23], we find that we have obtained the on-shell formulation of the
N = 4 equivariant extension of the Blau-Thompson model; it can be realized as the
worldvolume gauge theory of D2-branes wrapping supersymmetric three-cycles in
Type IIA string theory. Maximally supersymmetric Yang-Mills gauge theories on

S3 are also considered in [43].

89



Chapter 6: Cohomological 3-algebra models

6.1.2 Cohomological IKKT matrix model

As the equivariantly extended Blau-Thompson model is a twist of A' = 8 supersym-
metric Yang-Mills theory, its dimensional reduction should yield some topological
twist of the IKKT matrix model. The zero-dimensional reduction of the action

(6.20) becomes

Ser= Tra(3([Au, A —ien, [[Au, X, X7 +ieum, (4, XY, X))
+ %[AM’XV]Q - [Alu XV] [Aw XH] + % [AWXN]Q

g XX XY 4 S YO YR+ A, Y

N

- % E'ul»\ Xu ([AV7 X)\] + [Xl/a X)\]) - %Xﬂ Ya [Ya’ Xﬂ]

+J}([AM>XM] _iQZ}[XMvXM] - %1/7]%1 [Ya,w])) : (621)

This matrix model defines an N' = 4 equivariant extension of the usual IKKT
matrix model in ten dimensions, which can be solved exactly by using localization
techniques. It possesses a nilpotent N = 2 topological symmetry which acts on the

fields as

0 =10,
= — (A, XH e —1iva [Ya,Yb]g ,
SY = —2i44 . (6.22)

In §5.4 we showed how the reduced ABJM and BLG models are related. We
could thereby hope to lift the cohomological deformation (6.21) of the IKKT ma-
trix model to obtain an analogous twist of the ABJM matrix model which would

enable the exact computation of the deformed partition function using localization
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techniques. However, it was shown in [64] that for three-dimensional N' = 6 Chern-
Simons-matter theories the only possible twists involve vector supercharges, and
hence it is not possible to directly obtain such a cohomological deformation of the
ABJM theory. In the next chapter we shall alleviate this problem by constructing a
cohomological matrix model by hand which explicitly localizes onto the BPS equa-
tions of the ABJM matrix model; hence it computes an equivariant index for the
model explicitly, and moreover possesses the same qualitative features as the matrix

model (6.21) under the Mukhi-Papageorgakis map.
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Equivariant 3-Algebra Models

In this final chapter we shall relate the computation of partition function of the
ABJM matrix model to those of a certain cohomological matrix model. Cohomo-
logical matrix models comprise a certain type of topological field theory which are
constructed by specifying a set of fields, a set of equations, and a set of symmetries;
the correlation functions constructed from this data compute intersection numbers
on the moduli space of solutions to the equations modulo the symmetries [21]. They

have actions of the form
S(®) = QV(®) (7.1)

where Q is the nilpotent BRST charge of the model acting on a gauge-invariant
functional V(®) of the field content ®. Matrix models of this type have appeal-
ing properties. For example, they are often exactly solvable by using localization
methods. A prominent example of this type of theory is due to Moore, Nekrasov
and Shatashvili [71]: They computed the path integral for the Yang-Mills matrix
model by constructing a related cohomological field theory, and then solving the
cohomological deformation using localization techniques. This formalism was gen-
eralized to a large class of quiver matrix models in [30]. Since our dimensionally
reduced membrane models and the IKK'T matrix model are related via the Mukhi-
Papageorgakis map, we could expect that the deformation approach of [71] can be

lifted to our model; in this section we will apply this approach to the ABJM matrix
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model by constructing a related cohomological matrix model and then computing
the path integral using localization methods. The deformation of the matrix inte-
gral is accomplished using the global SU(4) = Spin(6) R-symmetry of the model,
and it preserves N' = 2 supersymmetry. It involves a choice of a generic element
in the Cartan subalgebra of the R-symmetry group, which enables one to construct
well-defined matrix integrals.

The structure of this chapter is as follows. We begin with a review of equivari-
ant localization. Then, we discuss the localization of N' = 2 Chern-Simons quiver
matrix models, and the related difficulties. We then proceed to construct a cohomo-
logical matrix model that will localizes onto the BPS equations of the ABJM matrix
model. We conclude with an analysis of the vacuum moduli space, and an explicit

computation of the partition function.

7.1 Equivariant localization

We begin by summarizing the main features involved in equivariant localization, in
a form that we shall employ it. Localization is a technique used in supersymmetric
quantum field theory by which a path integral over an infinite-dimensional field
domain is reduced to a finite-dimensional integral; here we apply it to reduce the
partition functions for our quiver matrix models to integrals over the critical point
locus of some matrix functional. For this, we perturb the action S(®) of our model

and consider the deformed partition function
9@(2 _ / dP e—S(@)—tQV(@) : (72)

where d® is a suitably normalized, supersymmetry-invariant measure on field space
and t € R parameterizes a continuous family of partition functions such that & :=
%, is the partition function of the original matrix model. Since the action S(®) is

supersymmetric, @ S(®) = 0, and the scalar supercharge Q is nilpotent on gauge-
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invariant operators, we have

02

ST —/ d® QV(P)e S®-1V(®) — —/ d® Q(V(®)e S(®1RVI®)) = |

(7.3)

where in the last step we have integrated by parts using the derivation property of
the BRST operator Q@ with QS(®) = 0, and used invariance of the measure d®
on field space under the BRST symmetry. This means that the original partition
function 2 = 24 is computed by (7.2) at any value of t. In the limit ¢ — oo, the
partition function often simplifies; in particular, if QV(®) is positive definite then
the contributions to the integral in this limit come from the minima ® in field space
where Q V(®) = 0. The partition function (7.2) can then be evaluated by applying
the method of steepest descent. The differences between contributions from ®, and
a generic point @ in field space are exponentially suppressed as t — oo; the dominant
contributions to this integral therefore come from points in a neighbourhood A4 (®)

—tQV(®)

of ®,. Assuming that e=°(® varies slowly with respect to e , the partition

function reduces to
¥ = d®, e 5(®0) / A’ et V() (7.4)
QV($)=0 N (Do)

with ® € A(®y) denoting fluctuations around the minima ®y; here we have
dropped higher order terms using nilpotency of the supersymmetry variations. The
t-dependence of the fluctuation integral in (7.4) cancels by supersymmetry of the
measure d®’ when one performs the bosonic and fermionic integrations. Note that
for cohomological matrix models with actions of the form (7.1), we can apply this
argument directly to the integral [ d® e S(®) jtself, so that (7.4) is given by an

integral over minima of the original action S(®) with S(®() = 0.
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7.1.1 Localization of N' = 2 Chern-Simons quiver matrix

models

Let us apply this formalism to the matrix models having actions (C.10) with a

positive definite quadratic form Trg; to ensure convergence of the matrix integral,

here we set Ay = iAs with As hermitian and 4 = i~3. For the cohomological

deformation of this action we take

QY =00Q9Tr (1 AX-2Do) , (7.5)

where the supercharge Q generates the nilpotent supersymmetry transformations
(C.6) with n = ¢ and the spinor normalization £ = 1. The deformation term then

reads explicitly as
QV = Try(—L[A, AP —[A, 0P+ D>+ I X [A N +i[\o])) . (7.6)

Writing X! = (A%, 0), ¥ = (A}, \?), ! = (y#,il), and F = D, this is just the
action of the four-dimensional Yang-Mills matrix model (B.5) (with ¢ = 1). The

localization locus QV = 0 is given by

(A, A)=0=[A, 0], D=0=X=A\ (7.7)

for the gauge sector, which coincides with the BPS equations (C.11). By noting

that the matter part of the action (C.8) is itself a BRST-exact term
Sn=00Tr(vy—-22"02), (7.8)
we may choose the localization locus
Z=F=0=¢% (7.9)

for the matter interactions. Then the action (C.10) vanishes at the critical points.

For gauge group G = U(N), the fixed point locus thus coincides with the moduli
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variety of quadruples (A4,,0) of commuting matrices; for G = U(N) x U(Ng), it is
a subvariety of the vacuum moduli space of the ABJM matrix model defined by the
BPS equations (5.27). While the analogous localization procedure works nicely in
the field theory setting to provide exact results for supersymmetric Chern-Simons-
matter theories on S? [60, 69] and their dimensional reductions to a point [7, 54], in
our dimensionally reduced model the result of the localization integral (7.4) comes
out to involve terribly divergent integrals over the Cartan subalgebra of g which are
beyond regularization; the partition function in our case is not well-defined because
the action lacks supersymmetric mass terms for the scalars. Below we shall cure
this problem by constructing a cohomological matrix model whose fixed point locus
provides a rigorous definition of the same moduli variety via a further equivariant
deformation parametrized by the R-symmetry group of the matrix model. We follow
the method of [30] to compute a supersymmetric equivariant index using localization
techniques. Although the localization integral still formally diverges, the presence
of twisted masses enables one to define it via a suitable prescription that we explain

in detail.

7.1.2 Cohomological matrix model formalism

As only theories with N > 4 supersymmetry can be twisted to produce deformed
scalar supercharges, we focus our attention henceforth on the N'= 6 ABJM matrix
model from §5.2.2 for definiteness; we construct a cohomological matrix model which
localizes onto the BPS equations. In view of our discussion from §7.1.1, here we
consider instead the localization locus with Aﬁ’R = (0 as the gauge fields do not
themselves transform under the R-symmetry; the BPS equations (5.27) then reduce
to the relations (5.46) of the double of the ABJM quiver (5.24). Put differently, we
localize the partition function of the matrix model onto the F-term constraints rather
than the D-term constraints. We localize the matrix integral with respect to the
equivariant BRST operator in the gauge group G = U(Ny) x U(Ng), twisted by the
toric action of the maximal torus T? of the R-symmetry group SU(4) of the matrix

model; this deforms the nilpotent BRST charge to a differential of SU(4)-equivariant
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cohomology. We denote the generators of this torus by ¢; € R, i = 1,2, 3,4, and set

t; = e'“ with the SU(4)-constraint
d a=0 (7.10)
i=1

on the toric parameters. The full symmetry group of the equivariant model is thus
U(Nz) x U(Ng) x T*. The transformation properties of the fields and equations of

motion under the toric action of T* are given by
7' ezt 2 s eriatana) Zih (7.11)

In order to construct a supersymmetric matrix model we assign superpartners

to these fields to give multiplets (Z%,¢%) with BRST transformations
QZizwi , Qwi:(ﬁRZi—Zi(ﬁL—ei AR (7.12)

where the hermitian gauge parameters ¢ r € End (VL i) transform in the adjoint
representation of the factors U(NNy gr) of the gauge group. (There is no sum over i in
the second equation.) We now add the Fermi multiplet of auxiliary fields (Xf k) Hf k)
related to the BPS equations, where the antighosts are defined as maps ng €

Hom (V,, Vg) with transformations that read as
QH = drxl* —xI"ér — (6 + e — ) X", ot = H* . (7.13)

To these fields we include the gauge multiplet (¢1 r, ¢ r, nr.r) Which is necessary

to close the BRST algebra off-shell; these fields have transformations

Qorr=0, QbrLrR="NLR , Qnrr = [or.r, O] - (7.14)

In order to obtain a localization onto a well-defined moduli space of matrices that
can be described as a non-singular quotient of a critical locus by the gauge group G,

we incorporate additional fields ¢, I, r into the collection of bosonic fields, together
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with their superparters ¢, pr g into the collection of fermions. The new field ¢ €
Hom (V1 V) transforms in the bifundamental representation of the U(Ny) x U(Ng)
gauge group and in the determinant representation of the R-symmetry, and hence is
invariant under the toric action of T* by (7.10). The fields I1 p € Vi g = CNt.® are
also taken to be invariant under the action of the torus T* for simplicity, and they
transform as vectors under the actions of the left and right gauge groups U(Ny g):
in what follows we shall refer to the fundamental matter fields I p as “framing

vectors”. The equations of motion for these additional fields are given by

oI, =0=¢ I (7.15)

and they ensure stability of the vacua of our quiver matrix model, as we discuss in

detail later on. Their BRST transformations are

Qp=¢(, QI r = pLR , QC=odryp — oL, Qprr=¢rrILR -
(7.16)

We now add the corresponding antighost and auxiliary fields {1 r € V] p and hp g

with the BRST transformations

Qrr="hLr, Qhrr = —ELRPLE - (7.17)

The BRST symmetry Q squares to a gauge transformation twisted by a T* rotation
of the fields.
Following the treatment of §7.1.1, we will now write down a cohomological Yang-

Mills type matrix model that has this field content, equations of motion, and BRST
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transformations. It is given by the N' = 2 action

Seon = QTry (X1 (& HI* —1[27, 2% Z,)) + 4" (o1, Z] — Z] dr) + 11 01, 1)
— 1R (PR, PR +f}® (¢" hy —I;%go) —ﬂz@ (¢ hr — IESDT) + ¢ pr ®[£
—orpr®@ Ih+ (0r ¢t — 0T o) C+ L (Z 0] + ZI ) + 2 (I, @ p}, — Ir @ pk)

+ 2 (o' + ' () + hermitian conjugates) (7.18)

where we used the canonical identifications End (Vi r) = Vi,r ® V} . The deforma-
tion by the last three BRST-exact terms in (7.18) removes flat directions from the
matrix integral for the partition function (see [30] for details); the equivariant defor-
mation further has the effect of generating mass terms for all bosonic fields, which as
we will see yields a well-defined matrix integral. Note that the relevant bosonic part
of the action from the first line of (7.18) is Try (¢ H/*t 7" —i H/"t 27*); integrating
out Hf b gives the bosonic potential energy % TI"V(ZiﬂC f ka) and supersymmetry,
and thus the path integral of the matrix model localizes onto the configurations
where 2/ " =0, as desired.

Since this matrix model is cohomological, it is independent of the couplings
9,9, 91, 92, g3 in the action (7.18). We can compute the partition function by taking
various limits of these couplings. The first step is to use the U(Nz) x U(Ng) gauge
symmetry to diagonalize the gauge generators ¢ p; we denote their eigenvalues
by ¢¢, a =1,...,Ng, and ¢%, b = 1,..., Ng. This change of variables produces
Vandermonde determinants [],_, (gb% — gb“LL)Q and [],_, (qbl}% — QS;L%)Q in the path
integral measure. Let us now take the limit ¢ — oo. The dominant part of the

action is

The auxiliary BRST field integrals should not affect the partition function, so we

fix their integration measures such that
/ dH* AH* T exp <TrV(HngHgk)) =1. (7.20)
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Integrating over the fermions gives a factor of the form [T, , TI; [T,o, (¢% — 6% +
€ + € — ei). Now we take the limit g; — oo. The relevant part of the action reads

as

4
g1 Y Tyl + 22 ¢p— ¢ Z] — e Z))) . (7.21)

i=1

Performing the matter integrations puts a term in the localized matrix integral of
the form [[,, [1; (gb% — % —€; —10)71, where we have added a small imaginary part
to the generic real parameters ¢; to ensure convergence of the gaussian integrations.
Next we treat the stabilizing fields I, g, ¢ and their superpartners. We first take the

limit ¢ — oo. The dominant part of the action is

g Trv(hl @by —hl, @ hp— € @€ bn+ €, @ Eror) . (7.22)

The fields h%# can be trivially integrated out, while performing the left and right
fermionic integrations puts terms in the path integral of the form [], #% T, ¢%
Finally, performing the path integral in the large g limit gives terms of the form
(TL gb‘z)_l (TL gzﬁl]’%)_l, while performing the integrations in the limit g5 — oo gives
terms of the form ([],, (¢} — qﬁ%))_l

Combining all of the above evaluations, the final result for the localization of the
cohomological matrix integral can be written in terms of integrations over the left

and right gauge generators in the Cartan torus of the gauge group as

d¢ g 1T (¢ — %) 1) (¢ — ¢%)°
Ly (€) = 7{ H i H 27;? = -
I I (9 — 95— 10)
4 . 3 (¢b Cba +€ — — Ek)
Xa:l blﬂ (#i/_(baR_Q—IO

As a Lebesgue integral, this expression formally diverges. Hence we define it via an
analytic continuation to a suitable contour integral prescription in the complex plane
which picks up the poles of the integrand; the precise choice of contour keeps track

of the auxiliary multiplet of fields that have been eliminated by taking the large
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coupling limits above. It is straightforward to see that the poles occur precisely
on the supersymmetric solutions of the cohomological matrix model. For this, we
consider the critical points of the action (7.18) where the fermions are set equal to
zero. They are determined by the zeroes of the BRST charge. By (7.12) and (7.16)

the fixed point equations are then
w (0L — 9k —a) =0=gu (¢ —0%) =0,  Ihep=0=1.¢7  (7.24)

foreach:=1,2,3,4,a=1,...,Ng,and b=1,..., Ny.

We can evaluate the integral (7.23) explicitly in dimensions N = Ngp = 1. As
its integrand depends only on the combination ¢ := ¢; — ¢y in this case, it can be
evaluated from the residue theorem by picking up the contributions from the simple

poles at ¢ =0 and ¢ =¢;, 1 =1,2,3,4, to get

4
1
25 =] - [[e—e—e)

izl 1 j<k 1 )
Q;EZHQ_Q HH(@’ﬂi—Ej—ek). (7.25)
= #i i'=1 j<k

On the other hand, for Ng = 0 one finds that the contour integral vanishes for
Np > 5; more generally, the integral vanishes for |N;, — Ng| sufficiently large, in
agreement, with recent analysis of the ABJM theory through the partition function
of the U(N) x U(Ng) lens space matrix model [8]. However, for higher dimensions
an explicit evaluation of (7.23) becomes increasingly intractable.

In the remainder of this section we shall develop an alternative local model for
the fluctuation integrals in (7.4) through a geometric analysis of the neighbourhoods
N (®) around the fixed point subset of the critical point locus with respect to the

action of the R-symmetry torus T?. In particular, we compute an equivariant index

4
fNLaNR(t) =Tr HePs (_1)F H tﬁi (726)
=1

whose infinitesimal limit ¢; — 0 explicitly evaluates the contour integrals (7.23); here

Hpps is the Hilbert space of framed BPS states of the cohomological field theory
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and R; are the generators of the Cartan subalgebra of the global symmetry group
SU(4) = SO(6). In writing (7.26) we have used the fact that the hamiltonian H
vanishes in any cohomological field theory, and set the fugacity y = 1 for SO(2)

rotations as we take A, = 0.

7.1.3 Vacuum moduli space and fixed point analysis

The partition function (7.23) can be regarded as computing a regularised volume of
the non-compact vacuum moduli space My, v, [72], which we now define explicitly.
For this, we recall the equations of motion (7.15) which imply that the vector I, sits
in the kernel and the vector I in the cokernel of . The presence of the bifundmental
field ¢ also implies that the quotient of the fixed point locus ZZJ ¥ = 0 by the gauge
group G is equivalent to a quotient by the action of the complexified gauge group

G¢. Then the moduli space can be represented as a quasi-projective variety
My, vp = {(2*)71(0)} ) GL(NL, T) x GL(Ng, C) , (7.27)

where the GIT quotient on the right is taken by removing the points at which the
action of G¢ is not free. Such a quotient can be defined by imposing an additional
stability condition on the data (Z%, I g, ¥); a suitable notion of stability for our
purposes can be given as follows: We say that a datum (Z°, I, g, ) is stable if there
are no non-trivial proper subspaces Wy r C Vi r which contain the vectors I
and which are invariant under the bilinear commuting operators Z| Z7, Z7 Z! for
all 1,7 = 1,2,3,4, respectively. Let us demonstrate that the gauge group G¢ acts
freely on stable data. Suppose that (Z°, I, g, ¢) is fixed by (91,9r) € Ge. Then
grZ' = Z'qr, g1 ZJr ZT gr, and gr r I r = I g, which respectively imply that
the subspaces Wy g = ker(1 — g1, g) have Z Z/(Wy) € Wy, Z7 ZI(Wg) € Wx and
I r € Wi r. It follows by stability that g;, g = 1, and hence the G'c-action is free.
The corresponding quotient (7.27) defines a suitable moduli space of solutions to
the BPS equations (5.46) modulo gauge equivalence.

Let us now characterize the fixed points of this moduli space. A fixed point

1= (Z, I R, ¢) € MY, y, With respect to the action of T* C SU(4) is characterized

102



Chapter 7: Equivariant 3-Algebra Models

by the condition that an equivariant rotation is equivalent to a gauge transformation

of the fields, so that

grZ' gt =t 7", grrlLr = IR, JRY =¥ JIrL - (7.28)

Under the T*-action the vector spaces V;, p admit the weight space decompositions

VL,R = @ VLVR(Oé) (729)
a€Z4
with
Vig(a)={veVir | gprv =111 13215t v} (7.30)

for a = (ay, an, a3, ay) € Z4. Tt is a straightforward consequence of (7.28) that the

nonvanishing components of the maps (Z*, I, g, ¢) are given by
A VL(Oé) — VR(Oé — 62') 7IL,R € VL,R(O) , Q! VL(Oé) — VR(Oé) , (731)

where e; € Z* i = 1,2,3,4, is the vector with 1 in its i-th component and 0
elsewhere. With the weight space decompositions (7.30) and (7.31), it is also easy
to show that the solution of the fixed point equations (7.24) is given by setting the

cigenvalues of the gauge parameter matrices ¢, g in this basis equal to

4

Sin = ear (7.32)

i=1

and Z' = 0 = I, p except for the components Z;_, , and I} . Moreover, the only

non-trivial components of the BPS equations (5.27) are given by

j H\atei—eg,—eg k
Za+eifejfek,a+eifek (Z’L) Za—ek,oz

_ Zk (ZT)O‘Jrei*ej’a*ej Zj (7 33)
- ate;—ej—ep,ate;—e; A a—ej,o ) .
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and for the conjugates of these equations one has

t\atejter—ei,oater—e;
(Zj) Za+€k_ei7a+ek

(Z,i) oa+teg,o

a+tejtep—e;,ate;j—e; 4
_ (Zli) j ek =€ i i

a+tej—e;,ate; (Z]T)a+ej’a : (734)

We can describe the graded components of the T4-module decomposition (7.30)
explicitly in terms of the fixed point maps as follows. Recalling the discussion at

the end of §5.3, we unambiguously define subspaces of V, g by

4 4
=@ I A2 . =@ I @A) . )

n;; >0 2,5=1 n;; >0 2,5=1

Clearly I,z € Wy, g, the subspace Wy, is Z! ZJ-invariant, and Wy, is Z7 Z)-invariant

for all 7, 7. Whence W, p = V1, g by stability, and hence

V)= @ Il @) nvae= @ I @)

> (nij—nji)=a; 4,j=1 > (nij—nji)=a; G,j=1

(7.36)

Note that the constraints on the sums in (7.36) imply that the weights must satisfy

> ai=0. (7.37)

We define finite sets of lattice points [T, r C Z* by
Ipp={aecZ"| Vir(a)#0}, (7.38)

with |HL,R‘ = Np g nodes; the meaning of the restrictions Iy zx C Z* implied by
(7.37) will be elucidated below. The vertices of these lattices are related by the

actions of commuting matrices through the commutative diagrams

zl zi
Vi(a) Vi(a+e; —e) (7.39)
il le \LZ,: z!
Vi(a+ex —¢) g Vila+ e +ep —e;j —e)
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and

73 7]

Vr(a) Ve(a+e; —e;) (7.40)

Lyt Lyt
szl izzk

VR(Q + € — 61) VR(Oé + €; + € — €j — 61)

73 7]

We can gain a better combinatorial understanding of the sets (7.38) by employing
some machinery from the theory of quiver representations (see e.g. [18]); in this
setting we identify torus-invariant framed BPS states II in the cotangent bundle of
the moduli space of framed representations of the ABJM quiver (5.24) with fixed
dimension vector (Np, Ng). In fact, many interesting features of BPS states in
three-dimensional supersymmetric gauge theories find natural realizations within the
quiver framework. For example, there is a conjectural Seiberg duality for Chern-
Simons gauge theories with N' > 2 supersymmetry (see e.g. [3]); in the present
context this duality is realized as a mutation of quivers, which is a tilting procedure
that therefore yields an equivalence of the corresponding derived categories of quiver
representations [89].

A quiver representation is the same thing as a module for the path algebra .o/
of the ABJM quiver (5.24) with relations (5.46). The path algebra 7 is generated
by acting with arrows Z°, ZZ-T, i =1,2,3,4, on the framing vectors I g, as in (7.35);
we refer to such quiver representations as cyclic modules. In this setting we replace
our definition of stable points Il above with the more natural notion of #-stability
appropriate to moduli spaces of quiver representations [63]. By regarding the con-
jugate fields ZJ as independent arrows, our quiver moduli problem is then formally
equivalent to that of the conifold quiver whose path algebra is a noncommutative
crepant resolution of the conifold singularity in six dimensions [84], except that we
use multiple framings as in [29] in order to preserve the left /symmetry inherent in
the original ABJM matrix model. This provides us with a concrete geometrical de-
scription of the vacuum moduli space. The R-symmetry torus T* acts on the arrows
7' i=1,2,3,4; hence it acts on the whole path algebra .7 and leaves the relations

(5.46) invariant. The diagonal torus T? of the gauge group G induces an action of
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T = U(1) on the arrows via overall rescaling; this can be used to set e.g. €4 = 0.
Modding out by this gauge group action, the overall torus action is T¢g = T3. We
shall now argue that the T -fixed points are isolated and are parametrized by cer-
tain filtrations of the finite pyramid partitions of the conifold quiver. For this, we
note that the T-fixed points in the moduli space of framed cyclic modules corre-
spond bijectively to T¢-fixed ideals in the path algebra .27. There is a one-to-one
correspondence between T'g-fixed modules of the path algebra &7 with relations and
the T -fixed annihilator A of the framing vectors I r € Vi p consisting of stabi-
lizing bifundamental fields ¢ which satisfy (7.15); the finite-dimensional annihilator
A is a left ideal of the path algebra and it is generated by linear combinations of
elements of the same weight. We claim that A is generated by monomials of the
path algebra, such that its class [4] is an isolated T'o-fixed point in the moduli space
of cyclic representations with dimension vector (Np, Ng). For this, note that A is
generated by linear combinations of path monomials of the same weights. Given a
torus weight 7" t52 t5*, we can find finitely many monomial paths p; emanating from
the nodes Vy, g. Elements of A with weight ¢7" 5% t5° are most generally written as
finite sums of paths >, & p; for some & € C; if & # 0, then py should be included
as one of the monomial generators of the T g-fixed annihilator A, since each py is a
linear map from the framing vectors I r to different vector spaces. By exhausting
all monomial generators in this way, we conclude that the torus fixed point A is
generated by monomials and hence corresponds to an isolated point in the moduli
space of quiver representations.

The problem of parametrizing finite-dimensional cyclic 7-modules (up to iso-
morphism) is now equivalent to the problem of parametrizing finite-codimensional
ideals of o/ (up to o/-module isomorphism). Following [29], they are classified in
terms of filtered pyramid partitions of length two empty room configurations. Re-
call [84] that a pyramid partition consists of two types of layers of stones, labelled L
(coloured white) and R (coloured black), which denote one-dimensional subspaces
Vi.r(a) of given toric weights a from (7.36). For i > 0, there are (i + 1)? L-type

stones on layer 2i, and (i + 1) (i + 2) R-type stones on layer 2i + 1. A finite subset
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IT of this combinatorial arrangement is a pyramid partition if, for every stone of II,
the two stones immediately above it (of different colour) are also in II.

In the ABJM limit N;, = Ng = N, we can make this description of the vacuum
moduli space somewhat more explicit. Then the stability condition implies that
the moduli space is a resolution of the N-th symmetric product orbifold (5.48)
provided by the Hilbert scheme (C*)¥! of N points in €*, which parametrizes zero-
dimensional subschemes of C* of length N. The map (Z%,I) — >, \; Z from (5.50)

gives the Hilbert-Chow map
(@Y™ — (@)Y /ey (7.41)

which is constructed in detail in [39]. Following the derivation in [30], the T*-fixed
points in this case are parametrized by three-dimensional solid partitions [5] of the
positive integer N; they are specified by height functions I1(+) € Z on a cubic lattice
with sites ¢ € Z3, such that II(z) > 0 are decreasing functions in each of the three

lattice directions satisfying

> I =N. (7.42)

LEZB
7.1.4 Equivariant index for the ABJM quiver

The localization formula allows one to calculate the contribution to the partition
function from each fixed point; as we have discussed, the sum over fixed points
is captured by applying the residue theorem to write the contour integral (7.23)
as a sum over simple poles at the critical points (7.32). As the explicit form of
the residue formula is difficult to handle, we generalize the technique of [25] to
extract the eigenvalues of the superdeterminants of the BRST operator Q, arising
in the fluctuation integrals (7.4), from the character of the tangent space to the
moduli space at each critical point. Let @ be the fundamental representation of T*
with weight (1, 1,1, 1); the dual module Q* has weight (—1,—1,—1,—1). The local

geometry of the moduli space of BPS solutions 9y, , near a particular fixed point
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Il = (Z% I g, ) can be described by the complex of vector spaces

Hom (V;, Vi) ® @

End (V1) ® Hom (V, Vi) ® (Q*® A*Q)
D i Vi @ Vg i ®
End (VR) ® Vi ® Vg
Hom (V, V)

where the map d!! is an infinitesimal gauge transformation

VAR
an o) _ or 1L |
PR ¢r IR
PrRY — @ PL

(7.43)

(7.44)

while the map dil is the differential of the equations (5.46) and (7.15) that define

the vacuum moduli space so that

Yl

vl
dy = ol + YT IR

UR
pvp+Y I

Y

(7.45)

The first cohomology ker(dy)/im(d}') parametrizes deformations and provides a lo-

cal model for the tangent space Ty, n, at the fixed point II. As supersymmetric

ground states are in one-to-one correspondence with cohomology classes of My, n,.,

the total cohomology of this complex is identified with the Hilbert space Hgps of

framed BPS states of the cohomological field theory.

The complex (7.43) has a natural meaning in the local geometry of the moduli

space of representations of the framed ABJM quiver. Write V for a given repre-

sentation of the ABJM quiver (5.24) with fixed dimension vector (Np, Ng), and

Ext?(—, —) for the extension groups in the abelian category of modules for the path

algebra /. Then the first term of (7.43) is the space Ext?(V, V) = Hom (V, V) of
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nodes of the quiver (5.24), the second term is the space Ext !(V, V) of arrows includ-
ing the framing, and the third term is the vector space Ext2(V, V) of all relations; as
there are no relations among the F-term relations (5.46), in our case Ext?(V,V) =0
for all p > 3 and the deformation complex contains only three terms. Note that
since here the T* action leaves invariant the F-term relations (5.46) but not the
superpotential (5.25) itself, the deformation complex (7.43) is neither symmetric
nor self-dual; as a consequence, the local weight of a fixed point II is not simply
a sign (—1)4m7mMyL.Np but is rather a rational function of the equivariant defor-
mation parameters ¢;, ¢ = 1,2,3,4. In the following we compute the equivariant
Euler character of the deformation complex (7.43) for the ABJM quiver. Via our
deformation of the nilpotent BRST operator, the equivariant Euler character can
still be interpreted as a Witten index in the topologically twisted supersymmetric
quantum mechanics on the moduli space My, n, of supersymmetric vacua.

The equivariant character of the complex (7.43) can be calculated from its coho-
mology which is given by an alternating sum of the weights of the various T* rep-
resentations. In the representation ring of the torus group T, one has Q = >, ¢ !

and \°Q = Zi<j tit;, and we obtain the virtual sum

4
hl'(t)= Vi@V, +Vie Ve — ((VL"‘®VR) 3 t;1+VL+VR+Vg®VR)

=1

4
+(VER@VR) D 6 Y i + Vi + Ve, (7.46)

i=1 j<k

where we use the weight decompositions of the vector spaces

Vir= Y. ﬁtff’R: 3 ﬁtff’“af’%?”**a?’% (7.47)

al-Relly, g i=1 alRelly p i=1

as T* representations, and the second equality here follows from the constraints
(7.10) and (7.37); the dual involution acts on the weights as inversion (t;)* = t;*.

Inserting this decomposition into the character formula (7.46) and using the SU(4)-
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constraint ¢t tat3ts = 1 we find

e (#) (Zttk~|—22t_ 1) 3 ﬁtff‘

J#k (XL’REHL7R =1
4
L_pL R_pgR
+ ) Htf" DD | E (7.48)
OAL,BLEHL 1=1 &R,ﬂRGHR 1=1

The corresponding top form then gives the equivariant version of the fluctuation
integral over the normal bundle .4 (II) in (7.4) at each fixed point II of the vacuum
moduli space My, n,. As the second cohomology of the complex (7.43) is non-
vanishing, there is a non-trivial obstruction theory for the moduli space and the
localization formula computes the equivariant Euler character of the virtual tangent
bundle over My, np, i.e. the difference in K-theory between the tangent and normal
bundles at each fixed point of the moduli space. By summing over all fixed points
IT we arrive at an explicit combinatorial expression for the contour integral (7.23)

given by the finite sum

I (3 (eF-89e)

L e U O S S e o ﬁRenR i=1
memg! . I (% (af-ah)a)
al-Rellp, p ~ i=1
4
2
< 11 11 ((af —af —1) e+ (aff —af) €i> (7.49)
ol-Relly, p j=1 i#]
X H ((af—af+1)ej+(akR—ozé-i—Q)ek—F Z (aﬁ—af)ei) )
ik ik

Consistently with the fact that it computes an equivariant index, the partition func-
tion 2PN (e) is a Laurent series in the deformation parameters (i, ez, e3) with
rational coefficients. The partition weights a°® € TI; g in this formula are nat-
urally interpreted as R-charges of framed BPS particles of the three-dimensional

supersymmetric gauge theory.
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Summary of results

In chapter 4 we considered the quantization of Nambu-Poisson structures. We de-
scribed an extension of the usual quantization axioms in which Nambu-Poisson
structures are translated to n-Lie algebras for both spheres and hyperboloids. We
interpreted the Nambu-Heisenberg n-Lie algebra in terms of foliations of R™ by
fuzzy spheres and fuzzy hyperboloids. We then applied this result to the quantum
geometry of M5-branes in M-theory.

In chapter 5 we constructed our membrane matrix models from dimensional
reduction of the BLG and ABJM theories. We showed how these models map to the
IKKT matrix model under the Mukhi-Papageorgakis map. We demonstrated how
these models are related to each other by using specific scaling limits, or through
particular choice of 3-algebra. We then found several stable BPS solutions to the
3-Lie algebra model, and interpreted them as quantized Nambu-Poisson manifolds.

In chapter 6 we studied cohomological 3-algebra models in order to derive a twist
for the reduced ABJM model. We studied a particular twist of the BLG theory, and
showed that under the Mukhi-Papageorgakis map it reduces to the on-shell N' = 4
equivariant extension of the Blau-Thompson model. For the dimensionally reduced
case, we derived a novel twist of the IKKT matrix model, with the hope that this
twist could be lifted to the ABJM matrix model via the mappings of the previous
chapter. We explain why this is not possible.

In chapter 7 we avoided the the problem of twisting the ABJM matrix model by

constructing a cohomological matrix model by hand which localizes onto the BPS
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equations of the ABJM matrix model. We presented the construction of the cohomo-
logical matrix model. We then analyzed its vacuum moduli space by characterizing
its fixed points. We concluded by explicitly calculating its partition function, which

computes an equivariant index which enumerates framed BPS states.
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Generators of Clifford algebras

If vi,i=1,...,2d — 1 generate the Clifford algebra CI(R??"!), then the 2d-tuple
M) =0"'®dl,00), s=21 p=1,...,2d (A1)

generates C1(IR??). On the other hand, we just add g4, := i?9!---~v%? to the gen-
erators of Cl1(IR*) to obtain a set of generators of CI(R**1). We can start the
induction from the usual Pauli matrices o', which generate CI(R?) and satisfy
[0, 07] = —2ic¥* g% In this case, all the generators are hermitian and we have
Yoo = diag(ls,—1,). In our chapter on quantization, we use the basis of Pauli

matrices given by

ol = : o? = : o’ = . (A.2)
10 —i 0 0 -1
Recall that for even d + 1, there is a set of generators A%, a = 1,...,7? of u(r),
r=2% given by
1 2 21 21 2
— 1., =", —A*, —AHP 4P A3
NG - .t} el (A.3)
where y#1#* is the normalized antisymmetric product of gamma-matrices v, ... .
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With this normalization, they satisfy the Fierz identity

As these generators of u(r) form an orthogonal set with respect to the Hilbert-
Schmidt norm, we conclude that all of them are traceless except for the identity

matrix.
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IKKT matrix model

In this appendix we briefly review the construction of the four dimensional IKKT
matrix model as a dimensional reduction of supersymmetric Yang-Mills theory [57].

In 4 dimensions, the N = 1 Yang-Mills lagrangian reads as
L= %EjFij - %?Z’Yivﬂﬁ . (B-l)

The fields of this model are the gauge fields A, and the fermions ,. The index ¢
runs from 1 to 4. The fields are taken to be in the adjoint representation of a gauge

group G. The field strength is defined as
Fij = 0;A; — 0;A; +1i[Ai, Aj] . (B.2)
The covariant derivative reads as
Vith = Opp +1[A;, 4] . (B.3)
The relevant gauge transformations are
Y= gyt A= gAigT —i(Dig)g " (B.4)

We obtain a matrix model from this action by assuming that the fields are inde-

pendent of space and time. This effectively means we drop terms involving partial
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derivatives. The resulting Yang-Mills matrix model reads as
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Dimensional Reduction of

supersymmetric Chern-Simons

Matter Theories

This appendix concerns reduced supersymmetric Chern-Simons matter models. The
resulting model is a quiver matrix model, which we use in the main body of this thesis
provide an alternative construction of the ABJM matrix model. First, we review
the general N' = 2 Chern-Simons theory coupled to matter, and then consider the
dimensional reduction of this theory to zero dimensions. Then, we show how in
the special case of a product gauge group, this model and its supersymmetries may
be mapped to the A/ = 1 4-dimensional IKKT matrix model under the Mukhi-

Papageorgakis map.

C.1 N =2 Chern-Simons quiver matrix models

The field content for the N' = 2 supersymmetric Chern-Simons gauge multiplet V'
in three-dimensional flat space R'? consists of a gauge field 4,, u = 0,1,2, two
auxiliary scalar fields D and o, and a two-component complex auxiliary fermion

field A\. The fields are valued in the Lie algebra g of a matrix gauge group G. The
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Theories

action is given by

Sy = / &Pz k Trg<e’“’)‘ (A 0,AN+ 2 A, A A)) — AN+ 2Da> : (C.1)

where k € R is a coupling constant and Tr 4 is an invariant quadratic form on the Lie

algebra g. The generators of the Clifford algebra C¢(R'?) are the gamma-matrices

~* which satisfy the anticommutation relations

{77} =29

and are taken to be Pauli spin matrices

while the spinor adjoint is

A= AA0

(C.2)
0 —i

72 = ) (03)
i 0

(C4)

We perform a dimensional reduction to zero dimensions in which the gauge fields

A, become a collection of g-valued scalar fields, and similarly for the other fields of

V. The reduced action is

Sy =k Try(E e A4, A, A\ —AX+2Do) . (C.5)

118



Appendix C. Dimensional Reduction of supersymmetric Chern-Simons Matter
Theories

This action is invariant under the N' = 2 supersymmetry transformations

0A, = %(ﬁfyﬂ)\—jwyue) ,

bo =31 (A= Xe),

0D = 5 (77" [Ap N + [A, Ay e) + 5 (1[N o] + [N ole)

P

—1 (% 7!“/ [Alu Al/] + D + 7M [A,ua U]) €,

SA=1i7 ( — %7’“’ [A, A+ D +A* [Au,a]) , (C.6)

where 7 and € are two independent Dirac spinors of SO(1,2) and v := % [, 1.
The two supersymmetry transformations generated by 7 or ¢ alone commute. The
commutator of an n-supersymmetry with an e-supersymmetry generates a sum of a
gauge transformation, a Lorentz rotation, a dilatation, and an R-rotation.

This action can be extended to include supersymmetric matter fields. The matter
content is a chiral multiplet @ with component fields ® = (Z, ZT, v, 4, F, FT), which
are also valued in the Lie algebra g. The field Z is a complex matter field, F' is an
auxiliary complex scalar field, and v is a two-component Dirac spinor field. The

action reads

S = /d% Tro(V2'V'Z - Z'6*Z+Z2'DZ+F'F

FiPA Vi — o —ipNZ +1ZTAy) (C.7)

where the gauge covariant derivatives act as V,Z := 0,Z +1i[A,, Z]. We perform a

dimensional reduction as above, so that the reduced matter action reads as

Sn= Try(—[A,ZN[A" 2| - Z16*Z+2Z"DZ + F'F

— Y [A Y] — Yoy —iYAZ +iZTAY) . (C.8)
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The supersymmetry transformations are given by

0Z =1,

67" =e

S =i(y"[Ay, Z] -0 Z)e+ Fe*,
o =in (v [A, 21+ Z o) |

oF

7 (Y [A, ] +iNZ + o) . (C.9)

The complete action of the reduced N/ = 2 Chern-Simons-matter theory thus

reads as

S = Trg</£ (2 e™ A, Ay Ay — AN +2D0) — [A,, Z1[A" 2] - 2t 6 Z + 2T D 7

+FTF—WH[AM,¢]—&mp—iwzszw) . (C.10)
The BRST transformations imply that the supersymmetric configurations satisfy
(A, A]=0=1[A,,0], A, Z]=0=[A, 271, D=0=F. (C11)
When the gauge group is a product of unitary groups

G = H U(N,) , (C.12)

we decompose the reduced vector multiplet as V' = @, V* where V* € End (V)
are regarded as linear transformations of complex inner product spaces V, = (Ve
fora =1,...,r, while the reduced matter multiplet is decomposed as ® = @&b P
with @ € Hom (V,,V,) and ®/, € Hom (V},V,) for a,b = 1,...,7; then Tr, refers
to the trace in the fundamental representation of G which is possibly graded over the
factors of GG. In this case the supersymmetric Chern-Simons-matter theory reduces
to a quiver matrix model, which defines a finite-dimensional representation of the

double of the quiver with r nodes that carry the gauge degrees of freedom A, (plus

120



Appendix C. Dimensional Reduction of supersymmetric Chern-Simons Matter
Theories

their superpartners and auxiliary fields) transforming in the adjoint representation
of U(N,), and with an arrow from node a to node b for every non-zero matter field
7% (plus their superpartners and auxiliary fields) transforming in the bifundamental
representation of U(N,) x U(Ny), along with an arrow in the opposite direction for
the adjoint Zlb. The double quiver is further equiped with a set of relations among
the arrows that follow from the BPS equations of the supersymmetric gauge theory,
which define a system of static quiver vortices; geometrically, representations of the

double quiver are cotangent to representations of the original quiver.

C.1.1 A, quiver matrix model

The simplest example of the above construction is with a product gauge group

The matter content ® of the theory provides a representation of the double of the

Ay quiver

. (C.14)

We place complex inner product spaces V;, = CV and Vzp = CV® at the left
and right nodes of the quiver (C.14), respectively. The matter field is regarded
as a linear map Z : V; — Vg representing the arrow of the quiver (C.14), with
hermitian conjugate Z' : Vz — V5. The matrices Z, F and 1 are bifundamental
fields, i.e. they transform in the fundamental representation of U(Ng) and in the
anti-fundamental representation of U(Np). The vector multiplet has field content
V = (Aﬁ’R,JL’R, AR /_\L’R,DL’R). The matrices Aﬁ’R € End (Vo) for p =10,1,2

A are two-component complex

transform in the adjoint representation of U(Ny g),
fermionic matrices, while o%f and DX® are auxiliary matrix fields. The invariant

quadratic form is given by Try = Try, @ (—Try,), and the action of the quiver
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matrix model takes the form

Sa, = Trv</f (%e“”A(Aﬁ AL AL — ATFATAT) — NAE + XA 2D 0"
— 2D ) — (AL ZT - 2V AR) (AR Z - 7 AL) = o (Al -y AL)
+FTF+2ZD 2T —ZTDRZ — i ZNV + i NEZ 1M ZTp —1 2T AB oy

+ZTZU§—ZTU§Z+2ZTURZUL—¢¢0L+¢03¢) , (C.15)

where the trace is taken over V' =V, or V = Vi where appropriate. The supersym-

metry transformations of this matrix model are given by

04T = 5 My AT = My e)

(SO'L’R — % (77} )\L,R _ S\L,R 5) ,

6DL,R _ %ﬁ'}’ﬂ [AﬁR?)‘L’R] _’_% [Aﬁ’R,S\L’R} ,y,ug + %77 [)\L’R,O'L’R] +% [S\L,R’O_L,R] £,
5)\L,R =i (%,yp,l/ [Aﬁ,R,AlI;,R] _ DL’R _ ,yp, [Aﬁ’R,O'L’R]) €,

0Z =01y,

67V = e,

op =gyt (ZVAR — AL ZT) +iq (ch 21 — ZT ")

5F =" (/" (WAL — AR ) 45 (ZN = AR Z) + (ot —aR¢)> . (C.16)

We begin with the simplest example for which the reduction is relatively straight-
forward to construct. We consider the dimensionally reduced N' = 2 Chern-Simons-
matter theory (C.15), and show that under the Mukhi-Papageorgakis map it reduces
to the four-dimensional IKKT matrix model with N' = 1 supersymmetry and gauge
group SU(N). We work with the Clifford algebra C¢(IR}?), and use Dirac spinors.

Our gamma-matrices are the Pauli spin matrices, and the Majorana conditions read

EX=Xe, EVMA=—Aylc. (C.17)
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As previously, we break the gauge symmetry to a U(/N) subgroup by making the
field replacements (5.28). We also restrict the matter field Z to be hermitian. We
decompose Z into components Z' € su(N) and Z; € u(1), and expand it around a

classical value proportional to the identity with a coupling constant g as
Z=gl+2Zy+ 7" . (C.18)

Using global U(1) symmetry, we may take g € R. For the gaugino and auxiliary

fields, we take a diagonal limit in which
Moo= \B =), Dt =DE =D, ol =cf =0, (C.19)

and further couple the gauge and matter sectors of the model together by the re-

quirements
A=—g1), c=97, D=—gF. (C.20)

With these gauge field replacements, and diagonal limits of the gauginos and
auxiliary fields, we find that the pure Chern-Simons component from the first line
of the action (C.15) reduces to (5.56). For the remaining matter contributions in
(C.15), by inserting the field identifications above and expanding around the vacuum

value we obtain

Sm=Trv(—[A,, Z') —4¢° B, B*

+17L7M[A,u’w]_&Vu{Buaw}_‘_lg&[zla@b]—{_FQ) : (021)

We now scale the fields appropriately and take the strong coupling limit ¢ — oo.

We can integrate out the auxiliary field B, using its equation of motion
By = % €un [A", AN . (C.22)
In deriving this equation we have ignored cubic and higher order interactions in-
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volving B, that become suppressed in the strong coupling limit. Inserting (C.22)

into the pure Chern-Simons action (5.56), we find
Sy = =4 Try ([Ay, A7) - (C.23)

We scale the matter field Z by the factor é, and similarly for the matter fermion
(and its adjoint) and the auxilliary field F'. Replacing B, by its equation of motion
(C.22), we find that the matter action (C.21) reduces in the strong coupling limit

to

Sn=Tryv(= 540 2P = 2 (AL AP + L0y [Au vl + 5012, 0] + 5 F?) |
(C.24)

We combine the scalar and gauge fields into a single field
X' = (X* X% = (A" 7) (C.25)

where I = 0,1,2,3. Then with x = %, the sum of (C.23) with the first two terms
of (C.24) can be written as —# Try ([X?, X”]?), which is the bosonic potential of
the IKKT model. For the last three terms of (C.24), we define a four-dimensional

Majorana spinor of the Clifford algebra C'¢(R'?) by

U= (9%, (C.26)

where each real component 1!, 1? of the Dirac spinor v is a two-component Majo-
rana spinor. We then construct a set of four-dimensional gamma-matrices from our

three-dimensional Pauli spin matrices as

=i : =i : (C.27)
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For the chirality and charge conjugation matrices, we take
[° = , C = : (C.28)

We can then combine the last three terms of (C.24) as &% Try (=W T [X;, W]+ F?),
which is the fermionic term of the IKKT model together with an auxiliary field.
Altogether the A; quiver matrix model action is reduced under the Mukhi-

Papageorgakis map to the action of the four-dimensional IKKT model

Sixr = o5 Try (= 5 [X, X7 =0T [X}, 0] + F?) (C.29)

C.1.2 Supersymmetry reduction

We will now show explicitly how the supersymmetry transformations of the A; quiver
matrix model map to those of the IKKT model under the Mukhi-Papageorgakis map.
The original matrix model has N' = 2 supersymmetry, while the IKKT model in
four dimensions has N/ = 1 supersymmetry. Hence the scaling limit must reduce
the supersymmetry; we do this by identifying the infinitesimal supersymmetry gen-
erators in (C.16) so that ¢ = n are no longer independent. We demonstrate the
reduction on each field transformation of (C.16) individually.

For the transformations of the gauge fields A, in (C.16), we make the gauge field
identifications, identify the supersymmetry generators with each other, and scale
the spinor. In four dimensions we write the fermions as four-component Majorana
spinors obeying (C.17), and along with the four-dimensional gamma-matrices (C.27)

we can write
5Au =0, A (C.30)

Following a similar process for the supersymmetry transformations of the matter
field Z, the requirement (C.19) reveals the Majorana spinor condition (C.17). After

expanding Z around its classical value and scaling, we can combine its supersym-
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metry transformation with (C.30) to get
SXT =010 . (C.31)

For the supersymmetry variation of the auxiliary field D in (C.16), we identify
the supersymmetry generators with each other, scale the fields and expand around

the classical value, so that the resulting supersymmetry transformation reads as
0D =5 (E7" [A N +[Au N e) +5 ENZ']+ [N Z']e) (C.32)

Identifying the four-dimensional gamma-matrices (C.27) and (C.28), applying the
Majorana spinor identity (C.17), and combining Z’ with A, as in (C.25) results in

the transformation
6D =ielTV X}, V] . (C.33)

A similar modification occurs for the supersymmetry transformation of the auxiliary
field F. We take an axial combination (5.28) of the gauge fields in (C.16) which
reduces the interaction of the fermion and the gauge field to a commutator, at the
cost of introducing the field B, so that after making the field replacements (C.19)

we arrive at

OF = e (v [Au, ¥ + 19" { By, ¥} + [0, 0] +1{\, Z}) . (C.34)

Expanding around the vacuum, and taking the appropriate scaling limit, the B,
contribution decouples. After combining the gauge and matter fields, and rewriting
the spinor and gamma-matrices, the reduction (C.34) coincides with (C.33).
Finally, we consider the spinor supersymmetry transformations. For the gaugino
variation dA in (C.16), we make the usual field identifications and scalings, and

combine the terms involving A, and Z to get
U= —il; (X, X']e - Fe. (C.35)
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For the matter fermions in (C.16), we take the axial limit of the gauge fields and

make the field replacements to get
o =ivte ([Au, Z) +i{B,, Z}) + Fe* . (C.36)
Inserting the equation of motion (C.22) for B, and taking the scaling limit we find
S =iy"e ([Au, Z) + 2ik ey [AY, AY]) + Fe* . (C.37)
By setting k = % and using the Pauli spin matrix identity
% Ay = A (C.38)

we find that (C.37) coincides with (C.35).
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