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We review the interplay of fuzzy field theories and matrix models, with an emphasis on the
phase structure of fuzzy scalar field theories. We give a self-contained introduction to these
topics and give the details concerning the saddle point approach for the usual single trace and
multitrace matrix models. We then review the attempts to explain the phase structure of the
fuzzy field theory using a corresponding random matrix ensemble, showing the strength and
weaknesses of this approach. We conclude with a list of challenges one needs to overcome
and the most interesting open problems one can try to solve.
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1 Introduction

This text tells a story of the connection between fuzzy field theories and matrix models, with
an emphasis on the phase structure of both. It is an interesting connection, since both these
fields have a long standing place among the concepts in the theoretical physics. Their connection
provides an interesting bridge for ideas to migrate from one side to the other and help to provide
insight. We will investigate, how such migration can help to understand the phase structure of
fuzzy field theories by looking at the phase structure of a particular matrix model.

In the rest of this introduction we briefly summarize the appearance of matrix models in the
fuzzy field theory and give some very basic feeling for the role of noncommutative spaces and
matrix models in physics.

Section 2 then gives a more thorough and complete overview of the construction of the fuzzy
and noncommutative spaces, of the scalar field theory defined on them and of the current under-
standing of their phase structure.

In the section 3 we review the matrix models, with the basic notions and the technique of the
saddle point approximation. We also review the multitrace matrix models, a more complicated
matrix models which will turn out to be essential in the last section. We elaborate on several
examples of matrix models, so that the reader can get good grip on the basic techniques, which
will be used as well as hopefully better understand the concepts.

In the last section 4 we first review and describe more thoroughly how the matrix models
arise in the study of the fuzzy field theory. We then put the machinery of matrix models to work
in a study of two different models which approximate the fuzzy field theory on the fuzzy sphere,
in an effort to explain analytically the phase structure obtained by numerical computations.

1.1 Fuzzy field theory and random matrices

Both fuzzy spaces and random matrices have a firm place in modern theoretical physics. They
arise as object of interest in many areas or are often used as a very useful computational tool.
Since fields on fuzzy spaces have a finite number of modes, observables are naturally defined
as matrices and there is a straightforward connection to the random matrix theory. Computing
expectation values of observables in the fuzzy field theory and in the random matrix theory with
certain probability measure is essentially the same calculation. This was first observed in [1,2,3].

Indeed, the fuzzy fields very naturally define a wide class of new random matrix ensembles,
as was pointed out in [4]. The new feature is the presence of a kinetic term in the measure.
This term couples the random matrix to a set of fixed external matrices, which are related to
the underlying fuzzy space of the corresponding field theory. The new term also introduces new
observables of interest, given by various commutators of the external matrices and the random
matrix, and their products.

The computational problem is clear. The new term in the measure does not reduce upon
diagonalization to an expression involving only the eigenvalues of the random matrix and the
integral over the angular degrees of freedom, which has to be done in order to compute the
averages, is not trivial anymore. Therefore the standard approach of saddle point approximation
which is used to obtain the results in the limit of large matrices is not usable. Some further
investigation into the structure of angular integral revealed that the fuzzy field theory is described
by a particular multitrace model [5]. The generalization of the saddle point approximation to
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multitrace models is known, so we have hope to analyze the fuzzy field theory via this matrix
model.

But to be able to do that, we have a long way to cover.

1.2 Non-commutative spaces in physics

The idea of the non-commutative geometry arises in the correspondence of commutative C* al-
gebras and differentiable manifolds. Every manifold comes with a naturally defined algebra of
functions and every C* algebra is an algebra of functions on some manifold. One then defines
non-commutative spaces as spaces that correspond to a non-commutative algebra [6,7]. One
introduces a spectral triple of a C* algebra A, a Hilbert space H on which this algebra can be
realized as bounded operators and a special Dirac operator D, which will characterize the geom-
etry. Using these three ingredients, it is possible to define differential calculus on a manifold.

More specifically, in a finite dimensional case one arrives at a notion of a fuzzy space, which
will be central for this presentation. Here, the Hilbert space H is finite dimensional and algebra
A can be realized as an algebra of N x N matrices. This can be thought of as a generalization
of a well-known notion from quantum mechanics. With large number of quanta the quantum
theory is well approximated by the classical theory, with the functions on the classical phase
space representing the linear Hermitian operators. The fuzzy space defined by (A, H, Ay ), with
Ay the matrix Laplacian, are finite state-approximation to the classical phase space manifold.
The finite dimensionality of { amounts for compactness of the classical version of the manifold.

The original motivation for considering non-commutative manifolds in physics dates back to
the early days of quantum field theories. It was suggested by Heisenberg and later formalized
by Snyder [8] that the divergences which plague the gft’s can be regularized by the space-time
noncommutativity. Opposing to other methods, non-commutative space-time keeps its Lorentz
invariance. However, since renormalization proved to be effective in providing accurate numeri-
cal results, this idea was abandoned.

More recently, it has been shown that putting the quantum theory and gravity together intro-
duces some kind of nontrivial short distance structure to the theory [9]. Noncommutative spaces,
as we will see in the next section, yield such structure without breaking the symmetries of the
space.

In the spirit of the original motivation for non-commutative spaces, there has been work done
to formulate the standard model of particle physics solely in the terms of the spectral triple and
the framework of the non-commutative geometry [10, 11, 12], for a recent review see [13]. There
have also been attempts to formulate the theory of gravity purely in the terms of the spectral
triple [14, 15].

Fuzzy spaces arise also in the description of the Quantum Hall Effect, i.e. dynamics of
charged particles in the presence of magnetic field. Originally, the problem was considered
in the plane, but fuzzy spaces allow for a natural generalization to higher dimensional curved
spaces. When the field is strong enough, particles are confined to the lowest Landau level and the
projections of the Hermitian operators on this one level no longer commute, with the magnitude
of the magnetic field being related to the noncommutativity parameter [16]. The lowest Landau
level states form the Hilbert space H and considering particle dynamics on a general manifold
reproduces the fuzzy version, with the corresponding Hilbert space. We can explore the geometry
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of the fuzzy space considering the behavior of the electron liquid and even study the case of non-
Abelian background field [17,18, 19].

Something similar happens when considering D-branes in string theory and the effective
dynamics of opened strings is described by the non-commutative gauge theory and the D-brane
worldvolume becomes a non-commutative space [20, 21], see [22, 23] for a review. Finally,
fuzzy spaces arise in the M -theory and related matrix formulations of the string theory as brane
solutions [24, 25], see [26] for a review of M-theory and [27] for a review of fuzzy spaces as
brane solutions.

And last, but not least, fuzzy spaces are useful as a regularization method for lattice calcu-
lations, their main advantage being the preservation of the symmetries of the underlying space.
See [28,29] for a review.

1.3 Random matrices in physics and matrix models

Random matrices, as the name suggests, are matrices with random entries given by some overall
probability measure, usually with some symmetry. Computing the averages in this theory then
amounts to computing matrix integrals with this probability weight.

For a very thorough overview of properties and applications of random matrices, both in
physics and beyond, see [30].

Historically, the random matrices arose in the work of Wigner [31, 32], in an attempt to
describe the energy levels of heavy nuclei. These are too dense to be described individually
and Wigner suggested an statistical approach, where he showed that the level distribution is in a
good agreement with the the eigenvalue distribution of a random matrix. This success lies in the
universality of the statistical properties of the random matrices. See [33] for overview.

On a very different front, ' Hooft suggested an 1/N, expansion of QCD [34]. The gluons
of the theory are N, x N, matrices, here N, is the number of colors, and since the fluctuations
of these need to be integrated out, this is a theory of random matrices. t"Hooft showed, that the
N, — oo limit simplifies the theory greatly, since only planar diagrams survive, and corrections
of higher orders in 1/N,. correspond to topologically more complicated contributions.

This is related to the possibility of using the random matrix theory to discretize two dimen-
sional surfaces. Diagrams are generated by the matrix integrals and when computing large matrix
limit of these integrals, we can count the possible discretizations, incorporate more complicated
structures or obtain the continuum limit by a suitable rescaling of the parameters of the theory.
This is then important in the considerations of conformal field theories and extraction of critical
exponents. Similarly in string theory, the world sheet of the string is two dimensional and con-
sidering a rescaling of parameters of the theory, one can generate two dimensional surfaces of all
genera, i.e. string interactions. See [35,36,37,38].

Random matrix theory has a wide application in the condensed matter physics, again mostly
due to the universality properties. The large number of electrons or other constituents that come
into play corresponds to the limit of a large dimension of the matrix. One can either study
thermodynamical properties of some closed system, then the random matrix is the Hamiltonian
H. Or one can study transport properties, where the matrix of interest is the scattering matrix
S. See [39, 40] for review. Since level repulsion is a characteristic for both random matrices
and chaotic systems, it is believed that random matrix theory will lead to the theory of quantum
chaos [40,41,42].
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From a pure mathematical point of view random matrices and their statistical properties have
applications in fields as combinatorics, graph theory, theory of knots and many more. Let us
mention one quite remarkable and unexpected appearance. Random matrices have a clear con-
nection to Riemann conjecture. Namely, the two-point correlation function of the zeros of the
zeta function ¢(z) on the critical line seems to be the same as the two-point correlation function
of the eigenvalues of a random Hermitian matrix from a simple Gaussian ensemble [43] and also
share other statistical properties with random matrix ensembles [44]. However, there is no true
understanding of the reason behind these observations.
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2 Fuzzy scalar field theory

2.1 Fuzzy and noncommutative spaces

In this section, we will explain what the fuzzy and noncommutative spaces are, how they are
constructed and what are their basic properties. The notions are rather abstract, so before we
proceed with the full treatment, let us give the reader a taste of what is coming and what it
means.

2.1.1 An appetizer - The Fuzzy Sphere

We will start with giving a flavor of what the idea behind the non-commutative spaces is and
what the main features are, with emphasis on the non-commutative version of the two sphere
SZ.. More details will follow in later sections.

Every manifold comes with a naturally defined associative algebra of functions with point-
wise multiplication. This algebra is generated by the coordinate functions of the manifold and
is from the definition commutative. As it turns out, this algebra contains all the information
about the original manifold and we can describe geometry of the manifold purely in terms of
the algebra. Also, every commutative algebra is an algebra of functions on some manifold.
Therefore, what we get is

commutative algebras «— differentiable manifolds .

See [45] for details. A natural question to ask is whether there is a similar expression for non-
commutative algebras, or

non-commutative algebras «— ?77?

Quite obvious answer is no, there is no space to put on the other side of the expression. Coor-
dinates on all the manifolds commute and that is the end of the story. So, as is often the case,
we define new objects, called non-commutative manifolds that are going to fit on the right hand
side. Namely we look how aspects of the regular commutative manifolds are encoded into their
corresponding algebras and we call the non-commutative manifold object that would be encoded
in the same way in a non-commutative algebra.

This is going to introduce noncommutativity among the coordinates. This notion is not com-
pletely new, as one recalls the commutation relations of the quantum mechanics [z%, p;] = zh&é
In classical physics, the phase space of the theory was a regular manifold. However in quan-
tum theory we introduce noncommutativity between (some) of the coordinates and therefore
the phase space of the theory becomes non-commutative. One of the most fundamental con-
sequences of the commutation relations is the uncertainty principle. The exact position and
momentum of the particle cannot be measured and therefore we cannot specify a single partic-
ular point of the phase space. Similarly, if there is noncommutativity between the coordinates,
there is a corresponding uncertainty principle in measurement of coordinates. The notion of a
space-time point stops to make sense, since we cannot exactly say, where we are. This is the
motivation behind the name of the fuzzy space.

In practice, we often ‘deform’ a commutative space into its non-commutative analogue. In
this way we get non-commutative spaces that give a desired commutative limit and also writing
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such a space from scratch is very difficult. An example of such deformation is already mentioned
phase space of quantum mechanics or the more general case of non-commutative flat space R2,
given by

[:ci,xj] =XT5 — T5T; = Zpij, (21)

for some constant, anti-symmetric tensor #%. To illustrate the procedure of deformation better
let us consider a different example and show how this works for a two-sphere [46,47,48].

The regular two sphere is defined as the set of points with a given distance from the origin, i.e.
Z?zl z7 = R?. This comes with an understood condition on commutativity of the coordinates
z;xj — xjx; = 0. Coordinate functions constrained in this way generate the algebra of all the
functions on the sphere.?>!

Now we define the fuzzy two sphere by the coordinates z;, which obey the following condi-
tions

3

~2 2 A A A . ~
g i =p° , T8y — ;8 = 10Ty, (2.2)
i=1

where p, 0 are parameters describing the fuzzy sphere, in a similar way as R did describe the
regular sphere. The radius of the original sphere was encoded in the sum of the squares of the
coordinates, so we will call p the 'radius’ of the non-commutative sphere. We see, that such ’s
are achieved by a spin-j representation of the SU(2). If we chose

3
2r
i = ——————L; , [Li,Lj]=ieglr , » L} =j(j+1), (2.3)
(27+1)2-1 P

=

where L;’s are the generators of SU(2), we get

3
4p> (N -1\ (N -1 2r
12 = 1)=p*, = ——o 2.4
;m N21( 2 )( 2 +) P NZ_1 @9

with N = 2j + 1 the dimension of the representation. Matrices &; become coordinates on the
non-commutative sphere. Note, that the limit N — oo removes the noncommutativity, since
0 — 0, and we recover a regular sphere with radius . This explains a rather strange choice of
parametrization in (2.3). Also note, that this way we got a series of spaces, one for each j (or
N). The important fact is that the coordinates still do have the SU(2) symmetry and therefore
it makes sense to talk about this object as spherically symmetric. This explains the particular
choice of deformation in (2.2).

The non-commutative analogue of the derivative is the L-commutator, since it captures the
change under a small translation, which is rotation in the case of the sphere. The integral of a
function becomes a trace, since it is a scalar product on the space of matrices. As we sill see in
the next section, both of these have the correct commutative limits.

21 Note that this is technically not the easiest way to do so. It is easier to introduce only two coordinates 6, ¢ on the
sphere and define the algebra of functions not by the generators, but by the basis, e.g. the spherical harmonics. However
the two sphere defined in our way is easier deformed into the non-commutative analogue.
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Spherical harmonic functions Y;" form a basis of the algebra of functions on the regular
sphere. These are labeled by [ = 0,1,2,...andby m = —I, -l +1,...,l — 1, and this basis is
infinite. If we truncate this algebra, namely take the following set of functions

ym , m=-,-l+1,...,1-1,1l & l=0,1,...,.N—1, (2.5)
we recover a different algebra. This is obviously not the algebra of functions on the regular
sphere and also to make this algebra closed, it can be seen that we need to introduce some non-
trivial commutation rules [47]. And one can check, that the N2 independent matrices generated
by (2.3) are in one-to-one correspondence with this truncated set of spherical harmonics. This
means, that in the limit of large N the algebra we recover is truly the algebra of functions on
regular commutative sphere S2.

Here we can see in a different way why the fuzzy-ness introduces short distance structure. [
measures the momentum of the mode and cutting off the modes we have introduced the highest
possible momentum. This in turn introduces the shortest possible distance to measure.

2.1.2 Construction of fuzzy CP"

Manifolds with a symplectic structure admit construction of a fuzzy analog. In general, co-
adjoint orbit of a compact semisimple Lie group enjoys being a symplectic manifold and such
spaces can be quantized in a very natural way, described towards at the end of this section. The
Hilbert space which arises in this process is a unitary irreducible representation of this group and
this is in a very intimate relationship to quantization of the phase space of classical mechanics to
a quantum Hilbert space mentioned in the previous section. We will now describe this procedure
in some detail for CP".

Construction of fuzzy spaces which are not derived from a co-adjoint orbit of a semisimple
Lie group, for example higher dimensional spheres, is more involved. One starts from a larger
space which is a co-adjoint orbit and the irrelevant factors are projected out [49, 50]

In this section, we will present the construction of the fuzzy version of the complex projective
spaces, following [51, 52], some of the original references being [53, 54]. To do this, we will
consider CP™ as SU(n + 1)/U(n). This follows from the standard definition of CP™ as lines
in C"*! which go through the origin, i.e. the identification z ~ Az, z € C"*! for some A € C.
Since there is a natural action of g € SU(n + 1) on z by 2’ = gz, we get the advertised relation
for SU(n+1)/U(n). This means, that the functions on CP" are those functions on SU (n + 1),
which are U(n) invariant. This allows for construction of the basis of functions on CP" in
terms of the Wigner D-functions of SU(n + 1). We will do this and then show how these are in
one-to-one correspondence with N x N matrices, which are functions on the fuzzy CP™.

Commutative CP" and the deformation
Consider the totally symmetric representation of SU(n + 1) of rank [. The dimension of this
representation is
(n+1)!
nl!

Now consider the following functions on CP"

vo(9) = VNDL _i(9), 2.7)

N = (2.6)
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D'fn,—l(g) = <lam‘g|la_l> ) (28)
where g is an element of SU (n+1), § is its corresponding operator in this representation, |k, —k)
denotes the lowest weight state and |k, m) ,m = 1,2,..., Ny are the states in the representation.

The fact that we consider only the lowest weight state |k, —k) ensures, that these functions on
SU(n + 1) are correctly invariant under U(n). The D-functions can be constructed explicitly
using the coherent state representation and the local complex coordinates for CP™ [55]. They
are completely symmetric holomorphic functions of order k, but this will not be needed for what
follows.

The basis for functions on regular CP™ is then given by the union of all the functions (2.8)
forl = 0,1,2,.... These functions are eigenfunctions of the quadratic Casimir operator with
eigenvalues and multiplicities given by

(k+n-1))*@+n)
(I ((n—1)1°n (n—1)2n

Now consider space of Ny, x Ny, matrices, where [Ny, is given by (2.6) for k = L, where L
is the cut-off on the number of the modes. These are going to form a basis of functions on the
fuzzy CPp. We need to show, that as L — oo these are in one to one correspondence with the
functions on regular CP", that the matrix product becomes the usual commutative product in
this limit and we need to define object like derivatives and integrals.

CaWl,(9) = (1 +n) , dim(n, 1) =

(2.9)

Symbols and large NV-limit of matrices
We associate an Nz, X N, matrix A with a function A(g) on the classical CP™ by

Alg) =D Dy (9)Amm Dyt (9)- (2.10)

We call this function a symbol corresponding to A and this object is going to be essential and in
the large Ny, or large L, limit, the matrix A will tend to its symbol A(g). We can also define a
product between the functions on CP" (symbols), which we will call the star product and denote
it %, by

A(g) » B(g) = (AB)(9)- 2.11)

This means that the star product of the two symbols is given by a symbol of the product of the
two matrices. This product is not commutative and deforms the original product on CP" by
contributions that are suppressed by powers of 1/Np,, see [56,57]. The symbol corresponding to
the commutator of two matrices becomes the Poisson bracket on CP™ [58]

(14, B])(g) = %{A,B} +0(1/17). 2.12)

This reflects the standard procedure of quantum mechanics, where the Poisson brackets of the
observables get replaced by commutators of the corresponding operators. The trace of the matrix
becomes an integral

Tr(A)=>» Ai=N / dg D, _ AmmDi . (9) = N / dg A(g), (2.13)
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where dg is the Haar measure on SU(n + 1) and we have used the orthogonality property of the
Wigner D functions.

Matrix-function correspondence

The last step is to show how the matrices correspond to the functions on commutative CP"™.
Functions on fuzzy CP} are Nj, x Ny, matrices and we can identify the coordinate matrices.
These we define as

R
Xq=——t 7, (2.14)
Co(L)

where T4 are the generators of SU(n + 1) in the symmetric rank k representation and Cs (k)
is the value of quadratic Casimir in this representation and R is the radius of the CP". In the
large L limit, the symbol of X 4 is S4n212,(9) = 2Tr (thAg*tn2+27l). Here, t4’s are the
generators of the SU(n + 1) that was used to define the CP™ and ¢,2,, is the generator of
the U(1) direction in the U(n) subgroup of SU(n + 1). Moreover, for any matrix function of
the coordinate matrices F'(X 4), the corresponding symbol is given given as a function of the
coordinate functions F'(S4 212, (g)). This shows, that in the large L limit, the matrices and the
functions coincide.
Finally, considering a general matrix M generated by the coordinate matrices (2.14), defining
the derivative operator as
DM = [Ta, M] ~ -+ " _(g M} (2.15)
WA= [ha, M~ = RICES) An242n, M g, .

one can check that D 4’s follow the appropriate SU(n + 1) algebra conditions. Also, in ex-
plicit realization in terms of complex coordinates on CP" these reduce to known expressions for
derivatives.

The fuzzy sphere as a special case of CP}.

The sphere is CP! and the explicit formulae should also illustrate rather abstract treatment
of the previous section.

We will deal with representations of SU (2), which are given by the standard angular momen-
tum theory. The spin-j representation is given by the maximal angular momentum L = j/2 and
N =2j+ 1= L + 1. Generators of the group are angular momentum matrices L; and relation
(2.14) becomes (2.3). The number of spherical harmonics, which form a basis on regular sphere,
up to a certain angular momentum is 2520(2 j +1) = (L +1)? = N2, which is the number of
independent N x N matrices.

The basis of matrices is given by the symmetrized products of the coordinate matrices X,
ie. id, X;, X(;Xj,.... The same is true for the spherical harmonics, which are formed by the
products of S;3 with contractions removed, functions with up to k factors of S;3 correspond to
spherical harmonics of angular momentum up to k. There is thus one-to-one correspondence
between the matrices and spherical harmonics and as L — oo, the matrix algebra corresponding
to fuzzy sphere becomes the algebra of functions on regular sphere.
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2.1.3 Limits of CP2 — R?"

After the construction of the fuzzy CPf, one is left with several possibilities of taking the large
N limit. Let us discuss those in some more detail.

Commutative CP"

Most of the previous section was devoted to proving that when one takes the N, — oo limit
with a fixed radius R, we recover the commutative version of CP". Matrices become functions,
etc. However, let us stress here that this correspondence is geometrical. If we define some
structure on top of the geometry, like field theory for example, we are not guaranteed to obtain
the commutative counterpart. And as we will see, this is, as a rule, not the case.

Non-commutative R3"
Here, it is useful to consider the explicit realization of the fuzzy CPy coordinates as

R R
x; = Ly , [zix]=1 fijpxr (2.16)
BICES) R s L T 5L

where f;;), are the structure constants of SU(n + 1), L, are the generators of SU(n + 1) in
the corresponding representation and R is the radius of the CP". If we now scale the radius as
R? = L5, we blow up the CP" around one point. What is left is a non-commutative R3".
We will show this for the case of fuzzy sphere, more general details can be found in [53]. For

n = 1 we find

9, /N0
. 2 NGO .
[.’xl,xg] :Zﬁ 7 — X1 — T2 4’29, (217)

which means that z, x5 are coordinates on the non-commutative R%.

Commutative R2"
If we scale radius with a power of L smaller than %, ie. R? = L'"°,0 > ¢ > 1, the
commutators of the left-over coordinates vanish and we obtain the commutative R2",

2.1.4 Quantization of Poisson manifolds

To conclude, let us note that the presented approach was an explicit realization of a more general
concept of quantizing a Poisson manifold [59, 60, 61]. We will not worry too much about the
proper definitions and existence of what we are about to work with and will simply assume that
the objects can be defined and behave nicely.

We start with a manifold equipped with an anti-symmetric bracket {., .} satisfying the Jacobi
identity. Quantization map is then defined as a map between the algebra of functions on the
manifold and a matrix algebra A(C),

T: f(z)—=FeA (2.18)
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Algebra A is generated by the images of the coordinate functions X# = Z(x*). To be a good
quantization, Z has to satisfy

I(fg) —Z(f)Z(g) — O,

HET R TR 00)| )
ash — 0, (2.19)

where we have defined a parameter 6 by {z,,z,} = 064" (x). The star product is then defined
as a pullback of the matrix product using Z,

frg=T HT(HI(g))- (2.20)

The integral of a function over the manifold then tends to the trace of the corresponding matrix

/de — Tr(Z(f)), @.21)

where d€Q is the volume defined by the Poisson structure 6 6/”. Finally, when we consider the
manifold to be embedded in some R? by coordinate functions =%, images of these define the
coordinate matrices X® = Z(x*). These matrices then follow the same embedding conditions
as the original coordinate functions did.

When the algebra A is finite dimensional, we refer to the resulting non-commutative space
as a fuzzy space.

Finally, note, that (2.10) is a particular choice of the quantization map Z.

2.2 Scalar field theory on noncommutative spaces
2.2.1 Formulation of the scalar field theory

As in the case of the regular space, the scalar field on a fuzzy space is a power series in the
coordinate functions and thus an element of the algebra discussed in the previous section. It is
itself an NV x N matrix, which can be expressed as

M=> cmDim , 1=01,...,L , m=12,... dim(nl) , (2.22)

l,m

where T} ,,, are the polarization tensors, the eigenfunctions of the laplacian and the analogue of
the spherical harmonic functions

(n+1)%~1
Z [le [leirl,m” :l(l + n)Tlm R
i=1
Tr (ﬂ,mn’,m’) :5ll’§mm’ s
dim(n,!
Z (T T ) :#511’5@' , (2.23)

m
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where L; the SU(n + 1) generators in the N dimensional representation. The field theory is
defined by the action. In what follows we work with the Euclidean signature.

The field theory on the fuzzy space is then defined by “starring” all the products in the com-
mutative action. The free field action is then

Sol¢] = /dm <;(8Z¢) * (0;0) + %rqﬁ* (b) . (2.24)

The symbol r for the square of the mass is not standard in the field theory literature, but is very
common in the matrix context and we will use it throughout the text.

By construction, this action has the desired commutative limit. As we have seen in the
previous section, in the case of fuzzy spaces, when we represent the field ¢ with a N x N matrix
M, the integral becomes a trace and 0; becomes a commutator with L; and the star product is
just the regular matrix product. Therefore, this action becomes

_ ‘/n 11 1 2|
So = T {_2}32 [L;, M[L;, M] + 5T M ] =
Va1 1 5
= 5 [QRZTr(M[LZ,[LZ,MH)—i— 5T (M )} , (2.25)

with V,, the volume of CP™.
We will denote the kinetic part of the action by K and for the standard kinetic term we get

Later, we will work with more general kinetic terms . We will assume that /C vanishes for the
identity mode ! = 0 and that the polarization tensors are eigenfunctions of C with

KT =K m - (2.27)

Clearly for the standard kinetic term K (1) = I(l 4+ n).
We will rescale the fields to absorb the 1/N and the volume factors. Using the expansion
(2.22) the free field action becomes

So=>_ %(1(1 +n) +7)(cim)? (2.28)

l,m
The correlator of the two components of the field is

i 1

ClomClm’ = mfsll’(smm’ (2.29)

which is an expression analogous to the usual propagator (p? — m?)~!. Using this, one can
compute the free field correlation functions. The full interacting field action is then given as
S =5y + Sy, with

k

2

SiM] =" g @i) o (M*) =" giTr (M*) . (2.30)
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The field theory is defined by the functional correlations

[dM e SF[M)]
F)y=—"F"70——¥¥— 2.31
(F) = S ey @31)
or by the generating function for the correlators
1
72(]) = ——— dAM —S+Tr(JM) 2.32
)= anress [ M , .32)

or in any other usual way. One then derives the Feynman rules and Feynman diagrams [62].

2.2.2 The UV/IR mixing

The key property of the noncommutative field theories for our purposes will be the UV/IR mixing
[63]. It arises due to the nonlocality of the theory and introduces an interplay of the long and
short distant processes. There is no longer a clear separation of scales and the theory becomes
nonrenormalizable. Most surprisingly, this phenomenon persists in the commutative limit and
the naive “’starred” theory has a very different limit than the theory we did start with.

Let us present a short discussion of the appearance of the UV/IR mixing in the case of the
noncommutative euclidean space RZ" [23]. We will get to the case of the fuzzy spaces shortly.

The action of the quartic scalar field on R3™ is given by

500 = [ e (5007 + 316 4 goxix620) | 2.33)

where we have taken into account the fact, that for the quadratic expressions [dx f * g =
J dx fg. The propagators of the theory thus do not change and the vertex contribution acquires
a phase

V(pr,...,pa) = [J e 207 @edile)s (2.34)

a<b

which is invariant only under cyclic permutations of the momenta. This leads to the planar self-
energy diagram contribution

1 d>k 1
- 2.35
3 / (2m)2n k2 +r ( )

and the nonplanar self-energy diagram contribution

1 [ d2nk eif" (0)i(k);
/ ¢ (2.36)

6] @ iy

The planar diagram is the same as for the commutative theory and needs to be regularized by
introduction of a cutoff A. This introduces an effective regulator for the nonplanar diagram
Acgp = 1/(A=2 — 6% (p);(p);). This is finite in the large A limit and the nonplanar diagram
is thus regulated by the noncommutativity. But then, the divergence reapers in the p — 0 limit.
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Moreover, if we try to use such formulas for construction of the effective action, the corrected
propagator becomes a complicated nonlocal expression which cannot be considered as a mass
renormalization.

As we have seen in the section 2.1.3, the noncommutative euclidean space can be obtained as
a particular limit of the fuzzy CP}. It is not surprising that the UV/IR mixing will exhibit itself
also here [64, 65]. There are no divergences, as all the integrals are finite, but the UV/IR mixing
leads to a finite difference between the planar and the non-planar diagrams of the theory. In the
case of the fuzzy sphere, this translates into a the finite, non-vanishing difference between the
planar and the non-planar contributions to the two point functions at one loop, which is equal to

2 NI+ 120 +1)
N2 -1 2 I+ 1)+

(2.37)
=0

At the level of large N effective action, this introduces a non-local, momentum dependent contri-
bution, which cannot be canceled by a counter term and thus is referred to as a non-commutative
anomaly [64]. When treating the sphere as an approximation of the flat space and taking the
large R limit as in the section 2.1.3, this results into an infrared divergence in the non-planar
contribution to the above one loop divergence.

In order to remove this mixing and reproduce the expected commutative limit, we need to
redefine the naive action (2.25). One possible procedure is to define a normal ordering of the
interaction term, which results into the cancellation of the extra non-commutative contribution
[66]. This leads into the following modification of the action for fuzzy sphere theory

Voo 11 1
SIM) = S+Tr |3 7z MCoZ(Co)M + oM (t - gR(t)) M+ gM4] : (2.38)

where CoM = [L;, [L;, M]] is the quadratic Casimir of SU(2). Function Z(C5) is a power
series in Cy starting with 1 + kQ(Cx) and & is related to r and g. Both Z and R are related to
the renormalization of the wave function and the mass of the theory.

For the case of R2", a different approach was suggested in [67]. Here, the UV/IR mixing is
treated as an effect of the asymmetry between the high energy and the low energy regimes of the
non-commutative theory and the models is modified to restore this symmetry. This is achieved
by introduction of a harmonic oscillator-like term into the action, which modifies the dispersion
relation.

2.3 Phases of noncommutative scalar fields

As was mentioned in the previous section 2.2, the commutative limit of the fuzzy scalar field
theory is much more complicated than one would expect. The UV/IR mixing of the non-
commutative theory on the plane is related to the non-commutative anomaly on the fuzzy sphere.
This, on the other hand was argued to be the source of a distinct phase in the phase diagram of
the theory, which is classically not present and which survives the commutative limit [68, 69].

For review of the phase structure of fuzzy field theories, see [28,29,70].
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2.3.1 Description of the phases of the theory in flat space

Scalar ¢* theory on commutative R? allows for two phases [71]. A symmetric phase, where the
field configurations oscillate around the symmetric vacuum ¢ = 0 and a phase which sponta-
neously breaks the @ — —¢ symmetry of the theory. In this phase, the field oscillates around one
of the minima of the potential and the phase transition between these two is of the second order.
Later, using the lattice techniques, the critical line of the theory has been identified [72]. These
two phases are referred to as a disorder phase and non-uniform order phase.

The phase structure of the non-commutative theories [69, 73, 74] predicted existence of a
third, striped phase or the uniform order phase. In this phase, the field is non-vanishing in both
of the minima of the potential, if those are sufficiently deep. Existence of this third phase is
a nonlocal, non-commutative effect and the phase does not disappear in the commutative limit
of the theory. This is the result of the UV/IR mixing and reflects the fact that the naive non-
commutative theory does not reproduce the expected commutative counterpart. If we consider
modifications of the action which remove the UV/IR mixing and reproduce the expected com-
mutative limit, it is natural to expect that such modification would remove this phase.

Since non-commutative theory on the plane can be obtained from the theory on the fuzzy
sphere, a third phase of the theory is expected also there.

2.3.2 Numerical simulations for the fuzzy sphere

There are several numerical results for different fuzzy and noncommutative space [75, 76, 77].
The simulations investigate the commutative limit of the noncommutative theory. In this work,
we will concentrate on the case of the fuzzy sphere and the quartic scalar field.

In [78], the three phases of the scalar field theory on the fuzzy sphere, disordered, uniform
ordered and non-uniform ordered, were identified. The explicit formula for the critical lines
between the uniform/disordered phase and the non-uniform/disordered phase was obtained, but
the non-uniform/uniform phase transition was not accessible.

The phase transition between the disorder and non-uniform order phase has been identified
and carefully studied in [79]. The split of the eigenvalue density was observed and it was shown
that a gap around the zero eigenvalue develops for a critical value of the coupling. The coordi-
nates of this critical point have been found for a range of values of g and 7.

In [80, 81] the whole phase diagram of the theory was obtained. The result is shown in the
figure 2.1. All three phases of the theory are identified, with the corresponding boundaries of co-
existence. This work was also able to pin down the triple point, with coordinates, in our notation,

ge = 0.13+£0.005, r, = —2.3+0.2, (2.39)

A more recent work [82] used a different approached and obtained a diagram with the same
qualitative features and identified the location of the triple point to be

ge = 0.145£0.025, r. = —2.49 £ 0.07 . (2.40)

We thus conclude, that the numerical simulations of the quartic scalar field theory on the fuzzy
sphere predict three phases in the phase diagram even in the commutative limit and the location
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Fig. 2.1. (Color online) The phase diagram for the fuzzy sphere obtained numerically in [81], presented
here with a kind permission of the authors. The horizontal axis is related to —r and the vertical axis is
related to the coupling g.

of the triple point in the interval

ge € (0.12,0.17) . (2.41)
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3 Matrix models

This sections reviews matrix models, with the most important notions and techniques. We explain
the properties of ensembles of random matrices and investigate the limit of a large matrix size.
We then show computational technique of the saddle point approximation and how it can be used
to calculate the quantities of interest in this limit. In the second part of this section we study
more complicated matrix ensembles characterized by a higher power of a trace of the matrix
in the probability distribution and show how to use the saddle point approximation there. We
elaborate on several examples to make the ideas as clear and understandable as possible.

A number of wonderful reviews of matrix model techniques is available. A classic, yet
a mathematically minded [33], several other reviews [83, 84, 85, 86] or very readable original
papers [87,90]. Some of the techniques are nicely reviewed in [36,37,38].

3.1 General aspects of the matrix models

We start with the description of the single trace Hermitian matrix models and the treatment of
the limit of large matrix size.

3.1.1 Ensembles

As mentioned in the introduction, random matrix theory is given by the ensemble of matrices M
with the integration measure dM and the probability measure exp —S (M ). The expected value
of a function f(M) of the random matrix is then computed as

(f) = % / dMe S f(M) . 3.1)

Here, the normalization 1/Z is such that (1) = 1.

The ensemble usually has some symmetry and it is assumed that the integration measure dM,
as well as the weight S(M) and any reasonable function f(M) are symmetric also.

The choice of the matrix ensemble is then dictated by the physical or mathematical setup.
Most usually, matrix M is hermitian, real symmetric or quaternionic self-dual, with SU(N),
SO(N) and Sp(2N), or a sub-group, being the symmetry group. Matrix M can be also directly
an unitary, orthogonal or symplectic matrix. In some mathematical applications, such as statistics
or number theory, more complicated matrices, which need not to be square, arise, see e.g. [86].

The most general choice of the probability measure is then dictated by the choice of the
ensemble and the symmetry group. To be more precise, let M be a square N x N matrix with
symmetry group G, with the action M — gMg~! with g € G. We then write the measure as
e—N?S(M) the factor of N2 makes it explicit that the measure is of the same order as dM and
thus contributes. The action S(M) is then finite in the limit of large N. Then, the most general
invariant measure is given by

1 N
S(M) =5 > _gnTr(M") , (3.2)
n=0

where the factor of 1 /N ensures proper large N limit, as the sum of N eigenvalues is of the order
N. Any other invariant function can be re-expressed in terms of the first NV traces. The constant



388 Phase structure of fuzzy field theories and matrix models

and the linear terms are usually not considered, since they can be absorbed into redefinition of
M. Also, the M? term is usually considered separately and we write

N
S(M) = %r%n (M?) + Zgn%Tr(M") : (3.3)
n=3

This is because of the fact that the n > 3 terms introduce “interactions” into the theory, which
means that this renders also some of the higher order correlation functions nontrivial. Theory
with only Tr (M 2) term can be solved exactly and the extra terms can be considered as a pertur-
bation.

We will treat the measure dM explicitly only for the case of N x N Hermitian matrices. In
the general case, upon the diagonalization of the matrix, the measure will become

dM = J(\)dAdU , (3.4)
where dA is the measure on the space of eigenvalues A of M, dU is the measure of the symmetry

group G and J () is Jacobian corresponding to the change of variables from M;; to A and U. In
the case of Hermitian matrices, G = SU (V) and the integration measure is given by

dM = H M;; H dReM;; dlmM,; . (3.5)
i=1 i<j
We can diagonalize the matrix
M =UAU', (3.6)

where A = diag (A\1,...,An) is the diagonal matrix of the eigenvalues of M. The integration
measure then becomes

N
dM = | J](ni = \))? (H d/\i> du . (3.7)
i<j i=1
There are number of ways how to compute the Jacobian, which turned out to be the square of the
Vandermonde determinant in this case. Thanks to the invariance of the measure, J depends only
on \’s, and we can compute it in the vicinity of U = 1. Here

dM = dUA + dA + AdUT = dA + AdU — dUA , (3.8)
where we have used dUT = —dU. This means that

dM;j = dX\idij + (N — Aj)dUs; (3.9)

the change of variables is diagonal and the Jacobian is just the product of the factors (X\; — A;).
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Fig. 3.1. Figure shows the double-line notation of a matrix element M;; and the double line notation of a
quartic vertex Mqp MycMcaMaq.

3.1.2 Planar limit as the leading order in the limit of large matrices

One is usually interested in the behavior of the results in the limit of a very large matrix. For the
case of N x N Hermitian matrices this means N — oo limit. There are many reasons for this,
being mathematical, physical and also practical.

From the mathematical point of view, the quantities like eigenvalue distribution become con-
tinuous in the large matrix limit. Also in this limit, certain properties of eigenvalue distribution
become independent of the exact probability distribution and depend only on the symmetry group
of the ensemble. This notion is called universality and allows to study certain properties on the
simplest ensembles [33].

When random matrices describe a physical system, large matrix limit is the limit of large
number of constituents. When studying the spectra of large nuclei, this means large number of
levels. In condensed matter this means large number of electrons or other particles of interest.
When one uses the random matrix to describe a lattice or to discretize some surface, large N
limit is the continuum limit. In all these cases the limit is well justified by the physics of the
problem.

When one considers field theory on a fuzzy space, large N limit is the limit of commutative
theory and if the fuzzy structure was introduced to regulate the theory, this removes the regulator.
Also, if there is noncommutativity present in the nature, it is very small and this justifies the limit
of large N. The subleading contributions then represent the non-commutative correction.

And lastly, the large N limit provides a considerable simplification to the calculations. As we
will see, the diagrams involved in computation of the averages give contributions with different
powers of N and this power is related to the topology of the diagram. The leading order is
given by the planar diagrams and this simplifies greatly the resulting combinatorial problem.
The subleading corrections can then be computed systematically.

To compute expectation values of invariant functions f (M), one has to compute correlators

of the form (Tr (M*) [W (M)]"). To compute these, we use the Wick’s theorem. One has to sum
[
over all possible pairing of M’s in the expectation value, weighted by a propagator M;; My, for

each pairing. Since the contractions are done with the Gaussian, or free, measure, the propagator

is given by the inverse of the quadratic part of (3.3) and is equal to
1

M;; My = méiléﬂf . (3.10)

To compute the higher correlators, we use method of fat graphs due to 't Hooft [34]. We

will indicate the matrix M in the diagrams by a double line, which represent the double index

structure of M;;. Since the matrix is in the adjoint representation of SU(XN), indexes ¢ and j

can be viewed as in the fundamental and anti-fundamental representation and the lines and the

arrows reflect this structure. This is illustrated in the figure 3.1. Vertices are then given by a star
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Fig. 3.2. a) shows the planar diagram contribution to the g' order of the two point function
(M;; My Tr (M*) ), b) the nonplanar contribution.

-

of n double lined legs. Let us illustrate this at the computation of the first order correction to the
two point function (M;; Mj;) of the theory with quartic interaction gTr (M*).

The relevant diagrams are shown in the figure 3.2. There are two possible kinds of contrac-
tions, one planar 3.2a and one non-planar 3.2b. They give respective contributions

1 1 1 1 /1\*
planar = Ng—0diadjb 57— 0vdik 37— 0dadic = 779 | - ) Oindji (B.11)
and
non-planar = N ! 0iali ! OabO. ! Oar0,
P - gNT‘ ia JbN’f' abOcd Nr dkOcl
1 /1\°
= ﬁg (T) 050k - (3.12)

Following the summation of indexes on delta functions we observe that the overall factor of N
depends on the number of closed lines in our fat graph. Each line produces, after the summation
of all but one of the indexes, factor of ¢;;, which then gives a factor of NV when summed over the
last index.

Now comes a crucial observation for a general diagram. Let it have F propagators, or edges,
V,, vertices with n legs and h closed loops. The factor for this diagram is then

N

1 E
<M) N TT(~Nga)™ G.13)

n=3

where V' = >V, is the total number of vertices. If we now consider the diagram as a Riemann
surface of genus g, we have the topological relation

2-2g=h—E+V. (3.14)

So (3.13) can be rewritten as

N? [ <i)EH(g7,)Vn] HQ]Q (3.15)

We see that the first factor is given by the type of the diagram. The second factor is given by the
topology of the diagram and diagrams of the same type, with higher genus g are all suppressed
by a factor of 1/N?9. This also means that the leading order contribution is given by the g = 0,
i.e. planar diagrams.
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To connect the two-point functions (3.11) and (3.12) to this result, we need to realize that
the two diagrams cannot be realized as Riemann surfaces, since they are not an average of an
invariant function of the form Tr (M k) In order to be able to do so, we need to contract the
two external matrices with d;,6;;, i.e. to close the loops, and consider them as a new, 2-point
vertex, which brings an extra factor of N. Then, we see that the planar diagram really has N2
dependence, and the non-planar N 0,

3.2 Saddle point approximation (for symmetric quartic potential)

This section introduces our main tool to analyze the matrix models, the saddle point approxima-
tion.

3.2.1 General aspects of the saddle point method

In this section, we will show how to obtain the eigenvalue distribution of the random matrix
without explicit computation of any expectation values. We will later show that doing that and
counting the diagrams leads to the same result as computed here.

We absorb the Jacobian in (3.7) into the action and obtain a theory governed by the measure

N
11 2
N2Sy(\) = N? SN S AN+ - e > log|Ai = Ajl| (3.16)
=1

1<j

where we have denoted the n > 3 part of the measure as

1 N
W) = ngﬁZ/\?- (3.17)
k i=1

In some literature the notation effective in (3.16) is standard, but since we will encounter different
kind of effective quantities two more times in this text, we shall not use this notation. Since we
will need the notation for this object only rarely, we will denote it Sy and reserve the term
effective action for something else.

We will assume, that the matrix and the parameters are scaled in such way, that the terms are
of order 1 in the large N limit. The key feature will be the fact, that the sums in the expression
are of order IV in the large NV limit. The Vandermonde term is thus already of order 1 and any
scaling of the matrix ads only a constant term to it, which can be disregarded.

We further introduce scaled quantities

r=7N% g, =g.N% K6 M= MN% . (3.18)

The mass terms behaves like N'1+9+2% and the k-th term of the potential part like N1H0x+50z
And we want both these to scale as N2, so we obtain conditions

1=6,+20,,1=0,+k0,. (3.19)
These do not fix the scaling uniquely and for the simplest choices we get

1 k
Oy =1—— (3.20a)

97*: ’91:7’
0 2 2
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0, =1,0,=0,0,=1. (3.20b)

We will not denote the scaled quantities by tilde and write expressions like (3.16), but we will
keep in the back of our mind that such form is achievable for example by using the scaling (3.19).
Therefore as N — oo, the integral in (3.1) will be dominated by the saddle-point configura-
tion of the eigenvalues )\f , which extremizes the action (3.16), or in other words has the largest
probability. The average of an invariant function f(M) is then given, in the large N limit, by

N

(fy=> (). (3.21)

i=1

We vary the action with respect to \; to obtain

2 1
E I(NEY _
rA; +W(Ai)—ﬁz/\57/\57 (3.22)
it J
forv =1,2,..., N. This form of the equation will be very useful later, but often we will work

with the eigenvalue distribution. For the solutions of the equation A\Z, it is formally defined as

1 N
PN =+ > s(A=A). (3.23)
=1

This function becomes continuous in the large N limit. For a function of the eigenvalues f(\)
we then have in the large N limit

N
Y500 =N /C Ao FO) | (3.24)

where the integral is over the support of the distribution, which is a bounded interval or a bounded
union of intervals, thanks to the requirement on the scaling of the action .S. Using this property,
we change (3.22) to

rA+ W' (\) = 2P / N A” (_XA)/ . (3.25)

Here, P f denotes the principal value of the integral. We introduce a function, called the planar
resolvent,

1 1 (\)
“O(Z)ZNEZ—AZE :/dxm. (3.26)

It is very important to note, that for large |z|, we have wy — 1/z thanks to the normalization of
p-

Computing a square of the resolvent

wo(2)? :]\;; (Z—l/\ZE> (Z_l)\f> i
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1, 2 1 1
:7Nw0(2)+ﬁizj <)\f—)\f> P (3.27)

We neglect the second term, as it is subdominant in the large-/N limit. We then rewrite this
equation using the saddle point condition (3.22) as

wo(2)? = (PAF + W/ (AF)) wo(2) + P(2) , (3.28)
where
P(Z)_izrz—i—W’(z)—r)\f—W’()\lE) (3.29)
N2 BT | |
This is a quadratic equation for the resolvent, which can be solved as
1 / E EY]2
wo(z) = 3| + W (2) =/ [TAE + W (AE)]" —4P(2)| . (3.30)

The polynomial P is not know yet, but it is much simpler to determine than wy directly from
(3.25).
Also note, that the resolvent is not well defined on the support of the eigenvalue distribution,
which is clear from both the definition (3.26) and the solution (3.30).
In terms of the resolvent function the eigenvalue distribution can be computed using the
discontinuity equation
1

p(A) = ~3— [wo(A +ig) — wo(X —ig)] , (3.31)

and equation (3.25) becomes an equation for the resolvent

wo(z +ig) —wo(z —ie) = —rz — W'(2) . (3.32)

3.2.2 One cut and multiple cut assumptions

To proceed further, one has to make an assumption about the topology of the support of the
distribution C. Namely on the number of the disjoint intervals on the real axis which form this
support, which are going to be referred to as cuts.

One cut assumption
If C is given by the interval [b, a], the equation (3.32) is solved by

1l fdd e W) | (2 —a)(z—D)
wolz) = 2 Joomi  z—2 (2 —a)(z' —b) (3:33)

To see this, we first realize that from (3.30) we must have

(PAF + W/ (A2)? = 4P(2) = M(2)2(2 — a)(z — b) (3.34)
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for some polynomial M (z), given by the condition
rAE + W(\EF)
(z—a)(z—=0)

where Pol denotes the polynomial part and which is the result of dividing (3.30) and taking the
large- NV limit. It can be deduced also from

dz' r/z +W'(1/2) 1
M(z)= ¢ — 3.36
(2) fg 2mi 1—zz VI —a)1—b2)’ (330

M(z) = Pol (3.35)

with contour around z = 0. Once M is known, the ends of the cut are again given by the
asymptotics wo(z) — 1/z and

7{d72’ rz! + W' (2)
¢ i o — @) D)

7{ dz2' 2 re' + W(2)] 9 (3.37b)
¢ 2mi /(2 —a)(2' —b) . |

=0, (3.37a)

Once M (z) is known, these are equivalent to requiring
1
Pol wy(z) = Pol 3 [rz + W' (2) — M(2)\/(z — a)(z — b)} =0. (3.38)

Finally, the distribution is given by

1 1
AN =—MNVA—a)A=b) = =M MDA -b). 3.39
P = 5= MOV =) = b) = 5 M)V(a - V- ) (339)
We have assumed that M (z) > 0. If this is not the case, we are clearly running into trouble. The
one cut assumption is not valid and we need to go further.

Knowing the distribution, one can now compute various expectation values of the theory. For
example the normalized traces of powers of M are given by

% (Tr (M*)) = /c dAXFp(N). (3.40)
Similarly, the planar free energy is given by

Fo = fﬁmg (/ dM eN2S<M>) = fﬁloge*NQSv[P@)l = Sy[p(\)].  (3.41)
Note that

Svlp] =57 [ AR+ [ AW OIp)-

-2 / d\d\ p(N)p(N)log | A = N|. (3.42)
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This formula can however be simplified a little into a form more suitable for numerical integration
we will do later. For this purpose, we introduce a Lagrange multiplier £ into the action fixing the
normalization of the eigenvalue distribution

Svlp] =57 [ A2+ [ AW ONp)-
2 / AN AN p(\)p(N)log |A — N| + ¢ (/ dAp(\) — 1> . (3.43)
Varying this equation with respect to the density we obtain®!
%MZ LW -2 / AN p(V) Tog |\ — V| + £ =0, (3.44)

which has to hold for any value of A. The choice is free, we will mostly chose the larges eigen-
value such that we do not have to think too much about the absolute value in the logarithm but
other choices are possible. Using this, the free energy can be simplified to

Fo= % [/ d\ (;m? + W(A)) p(\) — 5} . (3.45)

Often in the literature the free energy is defined without the free part

Fo= —% [log (/ dM eN2(éM2+W(A>)> —log (/ dMeNQ(%MQ)ﬂ . (346)

This is equivalent to removing the vacuum bubbles. We will not do it here, as the free energy is
going to be a tool for determining the most probable solution at given values of parameters. This
answer is unaffected by this removal so we choose the simplest possible definition of F.

We should also mention that the resolvent is connected to the moments of the distribution by

Lo~ (Tr(MY)) S~ en
2w(z) = v Z = Z =, (3.47)

k=0 k=0
This is indeed the defining relation for the full resolvent with contributions from diagrams of any
topology. The planar part is then given by the planar diagrams of (Tr (M*)), which together
with (3.40) gives our original definition of planar resolvent (3.26).

Two and more cuts

The situation gets more complicated when the potential has more than one minimum. If
the minima are deep enough, the gas of particles can split into two or more disjoint parts, each
located in one minimum. In the language of the eigenvalue density, the one cut assumption is no
longer valid and we need to assume a more complicated support of the distribution.

We illustrate the approach on the case of two minima of the potential. We will therefore
assume that the support C is given by the union of two intervals [a, b] and [c, d]. Equation (3.30)
the becomes

wo(z) = % rz 4+ W'(2) = M(2)\/(z — a)(z — b)(z — ¢)(z — d) (3.48)

31The variation of this equation with respect to A would yield the saddle point equation (3.25).
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and the endpoints of the intervals are given by

7{ LU D — (3.49)
c2mi/(z—a)(z' —b) '

7§ 42 2 T W (3.49b)
c2mi\J(z—a)(z —b) '

7{ ' (P + W] (3.49¢)
¢ 2mi /(2 —a)(z' —b) ’ '

or by

Polwo(z) = Pol% [m FW(2) =~ M)z —a)(z—b)(z—c)(z — d)] =0. (3.50)

Recall that these are given by the 1/z asymptotics of wg(z). There are too few conditions to
determine the endpoints! In general for s-cut case, there are s + 1 conditions but 2s unknowns
to be determined. Here, we have to make some extra assumptions.

The rescue is the free energy (3.41). Note that the solution with the the lowest free energy
has the largest probability and will dominate the large-/N limit.

One can show that assuming the free energy of the system to be minimal gives exactly the
extra s — 1 conditions that are needed. One introduces the filling fraction x4 of the eigenvalues
in the s-th cut as

T :/ dAp(A), >z, =1, (3.51)
C S

s

and the variation of the free energy as a function of x; should vanish. This condition has also a
very intuitive physical meaning. Recall the problem as a NV particle gas of eigenvalues and lets
get back to the two cut case. These now sit in two wells. If we try to move one eigenvalue from
one well to the other, this should cost us no energy in the equilibrium case. If we could gain
something, the fluctuations of the eigenvalues would eventually make this change spontaneously.
If we lose energy this process would happen the other way and at the end of the day, we would
reach balance given by the no-work-done condition.
The force on the i-the eigenvalue is

2 1
f()‘) = _r)\i + W/()\z) + N Z ﬁ = —T/\i + W/()\Z) + QW()()\i) . (352)
i 1 J

If we now fix the eigenvalues and try to move one eigenvalue from one cut to the next one, the
work required is

b b
/ ar () = —/ MO G —a) =0z —d). (3.53)
The no-work-done condition then gives
/bcM(z)\/(z—a)(z—b)(z—c)(z—d) ~0. (3.54)

For a multiple cut solution, similar condition is straightforwardly derived and has to hold between
any two neighboring cuts.
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3.2.3 The Wigner semicircle distribution
The simplest example is clearly the no potential case W (A) = 0 and the probability measure
given by
1
S(M) = 5rTr (M?) . (3.55)

The first the condition (3.37a) or (3.38) becomes
r

4(a+b):0$b:—a, (3.56)

which is the expected symmetric distribution for the symmetric potential. The second condition
(3.37) or (3.38) then yields

— =1 (3.57)
and

a=2/Vr. (3.58)

Equation (3.36) or (3.35) then yields M (z) = r and we finally obtain

wo(z) = % <rz — /2% — Z:) , (3.59)

and using the discontinuity equation (3.31) or the expression (3.39), we obtain the celebrated
Wigner semicircle law

r 4 4
p()\):% ;7/\2,/\2<;. (3.60)

Note that this distribution is normalized to 1, which is the result of the assumed scaling. To find
out this scaling explicitly, we can either look at the general formulas (3.19) or do something a
little different.

We first solve the model without any rescaling. This normalizes p(A) to N, which is the
number of eigenvalues, rather than to 1. This yields an eigenvalue distribution

AN AN
pAN) = 28 a2 a2 0 (3.61)
2T r r

Again, introducing rescaled quantities
r=7N% M= MN?% (3.62)

this becomes

A ro /4 <y % 4
PEV) _ N29m+9T—12T7T\/7:N1—9r—29w —22, N < ;Nl—%—?@m . (3.63)
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So we see we obtain the same condition
1-6,—-20,=0. (3.64)

for both the radius and the distribution to finite in the large /NV. And this is clearly equivalent to
the general formula (3.19).

Let us note, that without the scaling, the eigenvalues would spread to the infinity. This means
that the Vandermonde repulsion would win over the potential and to include the effect of the
potential, we need to enhance it by a corresponding power of V.

On a little different front, with such scaling, the second moment of the distribution is then
given by

ra’ 1
== (3.65)
and reflects the fact that the distribution is getting narrower as we increase the . This is on the
other hand very intuitive in the gas analogy, where the steeper potential confines the eigenvalues
in a smaller region. The figure 3.3 illustrates the distribution for several values of r.

3.2.4 The quartic potential

We now introduce a simple interaction potential W ()\) = gA*, which corresponds to the term
gTr (M 4) in the measure and we have

S(M) = %m (M?) + gTr (M*) . (3.66)

Positive r
Again, the condition (3.37a) or (3.38) yields

1

gla+ b)(5a*g — 2abg + 5b*g + 2r) = 0, (3.67)
which has a clear solution @ = —b = /4. In terms of this the second condition gives

3 1

=52 —or=1. 3.68

109+ 107 (3.68)

The radius of the distribution is then given by

1
b= (\/r2 T 48¢ — r) . (3.69)
g
Equation (3.36) or (3.35) then yields
M(z) = 492 +2g6 +r (3.70)

and we finally obtain

1
wo(z) = 3 4923 + 1z — (492% + 290 + 1)/ 22 — 5} , 3.71)
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Fig. 3.3. (Color online) The semicircle distribution (3.60) in solid green, together with the corresponding
potential, in dot-dashed, for vales of r = {1,4,9, 16,25, 36}, left to right, top to bottom. The horizontal
axis represents the eigenvalue, the vertical either the potential or the distribution. We have introduced a

green color for the one cut solution.

and

p(A) = % (r+ 290 + 4922) V5 — X2, A2 < 4.

The free energy of this distribution is given by

—r252 +40r5 1 (5) 3
LT Clog

7= 384 2©

4 8

+=.

(3.72)

(3.73)

These results were first obtained in [87]. Again, this distribution is normalized to 1. If we used
the normalization to IV, the result for the square of the radius would be

5= g (VT H Iy - 1)

(3.74)
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and it is left as an exercise, that this leads to the same scaling as the general formulas (3.19).
The moments of the distribution can then be deducted from the 1/z expansion (3.47) or by
explicit integration and are

1 1 5 &g
g, L1 0 375
R T A I T (3.752)
9 1 5% 38y
-7 st 53 = — —J 3.75b
45’9t RTT s T ; (3.75b)

For positive r, this is the end of the story.

Negative r

However if we allow for negative r, things change. Potential has then two minima and we
expect a two cut solution to emerge. However not immediately for any value of r, since the
potential price eigenvalues have to pay for being close to the origin has to be large enough to
overcome the repulsion of eigenvalues. In other words, the peak that the potential develops at the
origin has to he high enough to split the eigenvalues apart.

There are two ways to treat this situation. First, we can look at the one cut distribution (3.72)
and see, that for some value of r, the distribution becomes negative. This indicates that something
is going wrong and we have to start over. Clearly, the distribution becomes negative at x = 0, so
the condition becomes M (0) = 0 and

r+ % (\/7“2+48g—7‘) =0 = r=-47. (3.76)

This tells us, where the behavior of the solution should change, but does not tell us what the new
solution is.

Two cut solution
The second approach is to directly look for this solution. To find it, we look for a symmetric
two cut solution with the support

c— (—m,—m) U (m, JTM) . (3.77)

The conditions (3.37),(3.38) become

4Dg+r =0, (3.78a)
52 _1 (3.78b)
g

and are trivial to solve. For the solution to be well defined, we must have D — § > 0, which
yields

r<—43, (3.79)

in agreement with (3.76). The polynomial M (z) becomes simply

M(z) = 4g]2| (3.80)
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and eigenvalue distribution is then

o) =20 e, G81)

which has the following free energy

2

r 1

and the following second and fourth moment
co =Dé%*g=D, (3.83a)
1

" (3.83b)

1
cy =D?*6%g + 154g =D+
It is interesting to note, that at the transition point

r=—4/3, (3.84)

the distributions (3.72) and (3.81) coincide, as do the moments (3.75) and (3.83).
The figure 3.4 shows the eigenvalue distribution for g = 1 and several different values of r,
together with the potential. We can observe the interval being split by the peak.

Asymmetric one solution

However, as it turns out this is still not the end of the story. It is difficult to see from the
equation (3.67), but the model does have a different one cut solution [88].

This can be seen in the particle gas analogy. The particles repel each other so generally if we
place all of them in one of the wells they spread. Potential confines the particles and it is not hard
to imagine a situation, where the wells of the potential are steep enough to win over the repulsion
of the eigenvalues before they start to leak over the barrier.

If we rewrite the boundaries of the interval a little, namely

c— (D*\ﬁ,D‘F\/g) : (3.85)

the condition (3.38) becomes
9 1

D | 2D*g+ 36g + §Dr =0, (3.86)

which has apart from the symmetric solution D = 0 an asymmetric solution
9 1

2D%g + 369 + §Dr =0. (3.87a)

This is supplemented by the second condition form (3.38)

1
3D%5g + %529 + Zér =1. (3.87b)
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Fig. 3.4. (Color online) The comparison of the one cut and the two cut solutions to the quartic model (3.66).
The plots are for the value g = 1 and from right to left, top to bottom r = {1,0, —4/+/2, —4, -5, —6,
—7, —8}. We can see that beyond r = —4,/g the one cut solution becomes negative and that at this point
the one cut and the two cut solutions coincide. We have introduced a blue color for the two cut solution.
Note that the potential, the dot-dashed line, has been shifted so that the minimum is at the bottom of the
picture and not lower. The horizontal axis represents the eigenvalue, the vertical either the potential or
the distribution. The solid line is the realized solution, the dashed line is the formal one cut solution for

r < —4,/9.
The polynomial M (z) (3.35) is

M(z) = 4D%*g+25g +r + 4Dgz + 4g2* (3.88)
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and the solution of the equations (3.87) is given by

5= —r — +/—60g + r2 D_i\/—3r+2\/—609+7‘2

15¢ 20g

(3.89)

and there is plenty to be noticed about it. First, there are two solutions with the same ¢ and
opposite D, which says that the distribution can live in either well of the potential. Second, it
exist only for negative 7, as 0 has to be positive. And since both D and § have to be real, we
obtain r < —24/15g. Finally, for |r| very large, we get

1 _
§=0,D=+4-/—", (3.90)
2V g

which is easily seen to be the location of the minima of the potential. And as expected, in the
limit » — —oo0, as the walls of the potential well become very steep, the eigenvalues become
localized at its bottom.

And finally, the formula for the distribution itself is

1
p()\):%(4ng+4ng+2Jg+r+4gx \/D+\[—x (m—D—F\/g):

1
=5 (4D%g + 4Dgx + 259 + 7 + 4g2%) \/§ — (x — D)? (3.91)
™

and the free energy of this solution is given by the rather unappealing formula

) 2 1 S|
]__78 [196 253+52( gr + — 7 2D2>+5<33g2D2 5g7’D2+T8+g5)

1 1 1 1 5
+15¢*°D% + 7grD* + (12g + 2r2> D? +3r| + =rD* 4 —gD* — 5 log () -1

4 2 4
(3.92)

In the figure 3.5, the asymmetric one cut solution is plotted, together with the two cut solution,
for the value of g = 1.

It is interesting to compute the asymmetric eigenvalue density just when it starts to be possi-
ble. We plug r = —2,/15¢ into (3.90) and obtain for the edges of the interval

1\ V4 1\ /4
+ | — d +5 — . 3.93
(609> o (609> G99

Note that the interval does not start at 0, but at some depth into the well. This is easily understood
in the particle gas analogy. The particle at the edge of the interval is being repelled by the rest of
the particles. So there has to be a force acting on it in the opposite direction and thus it cannot sit
at the top of the peak at z = 0.

The last question to answer is, which of the two solutions that exist in the region r < —2,/15g
is eventually realized. This depends how we look at the model. We can either view the large NV
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4 4
3 £
2 )

Fig. 3.5. (Color online) Plot of the asymmetric one cut solution (3.91) to the model (3.66) for the value
g = 1 and for left to right, top to bottom r = {—2+/15, —9, —12, —15, —30, —80}, together with (a part
of) the potential, shown in dot-dashed. Note that the potential has been shifted so that the minimum is at
the bottom of the picture and not lower. The horizontal axis represents the eigenvalue, tho vertical either
the potential or the distribution. We have introduced the red color for the asymmetric one cut solution. The
dashed line is the two cut solution, which is energetically preferred.

limit as a process. Then 1/N? plays the role of a temperature and the large N limit is the limit
of freezing the particles in the well. However if we assume that this process takes some “time”,
in the sense that the fluctuations of the eigenvalues can take one state from another sufficiently
many times, the solution with the lowest free energy (3.41) is realized. Or in other words the
more probable solution.

If we on the other hand assume that the system is in the N = oo state to begin with, there
are no thermal fluctuations and the eigenvalues cannot get from one well into another even if it
lowers the free energy. This is a view we are not going to take! First of all because we usually
do have some limiting process in mind>? and because it just leaves room for too many solutions,
as for example any two cut solution, once it exists, would be stable.

32In our case for example the process of taking the noncommutativity parameter to zero.
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Fig. 3.6. The phase diagram of the quartic model (3.66). Above the solid line, the eigenvalue distribution
is in the one cut phase. Under the solid line, the eigenvalue distribution is in the two cut case. Under the
dashed line, an asymmetric one cut phase exists, but is not realized as it has higher free energy.

So we are to determine which of the two solutions, the two cut (3.81) and the asymmetric one
cut (3.91) has lower free energy in the region where both exist. Without summoning any explicit
formulas for the free energy, it is easy to solve the dispute. In the two cut case, eigenvalues are
further away from each other, so the energy of the interaction lowers. They are also in region of
lower potential, so the potential energy lowers. The free energy is thus lower in the two cut case
and the two cut solution is the preferred one everywhere.

So we got our first phase diagram! It is shown in the figure 3.6 and describes the phase
structure of the quartic model (3.66). The figure 3.7 shows the free energies of the two three
solutions, clearly indicating that the asymmetric one cut solution has always higher free energy.

We got only symmetric solutions as the energetically preferred solutions in this model. We
can use the notion of freezing the solution to obtain a preferred asymmetric solution in the case
of the symmetric potential (3.66).

We first introduce a symmetry breaking term of the form Tr (M) or Tr (M 3) which lowers
one of the wells of the potential. If the term is strong enough, the asymmetric solution living in
this well will become the preferred solution since its free energy will be the lowest. After we
take the large- N limit, we remove the symmetry breaking. This brings the two wells back to the
same level again. However the eigenvalues are now frozen in one well and cannot get to the other
one, obtaining an asymmetric solution.

We will not employ this strategy though. The matrix model we will need to study as a
description of the fuzzy field theory will not allow to remove the symmetry breaking term, so we
will have to study the asymmetric models completely. But before that, let us summarize what we
have learned in this section.
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1.0

Fig. 3.7. (Color online) The free energy diagram of the quartic model (3.66). The green region denotes the
one cut solution, the blue region the two cut solution and the red region the asymmetric one cut solution.
We can see that the asymmetric solution has higher free energy everywhere it exists.

3.2.5 Lessons learned

We have seen that the particle picture for the eigenvalues is very useful. There are two forces
on the particles, one from the outside potential which pushes the eigenvalues towards the min-
ima and one from the interaction among eigenvalues which pushes them away from each other.
These two forces compete, until the equilibrium is reached, where the net force on each particle
vanishes.

If the potential has more than one minimum, there are sometimes more equilibria available,
simply because the wells allow for more complicated stable situations. We then assume that the
particles can find the configuration of the lowest free energy in the process of lowering tempera-
ture, which is equivalent to taking the large- N limit.

And we have seen that if the potential is even, the resulting distribution is symmetric. To get
an asymmetric solution, we need to add odd terms into the potential, which we are going to do
in the next section.

3.3 Saddle point approximation for asymmetric quartic potential

The most general quartic action for the matrix M is
1
S(M) = aTr (M) + SrTr (M?) + hTr (M?) + gTr (M*) . (3.94)

With a shift and rescaling of the matrix and dropping an irrelevant constant term, we can bring
this to the form

S(M) =Tr (M) + %m (M?) + gTr (M*) . (3.95)
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Such ensemble can be treated by the saddle point approximation in the same way we treated the
symmetric case in the section 3.2.

One cut solutions
First, let us consider the one cut solution of this problem. We will discuss the two cut solution
afterward. We have already encounter an ansatz for the general one cut support (3.85)

C=(D—-V5,D+V5). (3.96)
(3.38) now leads to equations
1 5 1
3 +2D°g +3Dég + iDr =0, (3.97a)
3 1
3D2%6g + 1529 + Zér =1, (3.97b)

which are slightly more complicated than (3.87). We invite the reader to show, that in the free
case these equations give rise a distribution, which is the original semicircle shifted by 1/r to the
left, which is exactly what we would expect.

The polynomial M (z) (3.35) is the same as (3.88), since it depends only on the form of the
cut

M(z) = 4D*g+ 20g +r +4Dgz + 4g2* . (3.98)

For a general coupling, because of to the extra term 1/2, the equations are not solvable any-
more, as solving (3.97a) for § turns (3.97b) into the equation of sixth order in D. The moments
of the distribution are given in terms of the solution of these equations by

3 1
c1 =3D35g + §D52g + 1D(Sr , (3.99a)
1 1 1
co =3D%g + 3D%*5%g + Z53g + ZD2(5T + 1—6527« , (3.99b)
5 21 3¢2 9 3 1 3 3 2
33 27 9 1 3 1
=3D% g+ ==D*$%g+ —D?*6%g+ —6*g + ~D*ér + =D?6*r + —6r . (3.99d
cy4 g+4 g—|—8 g—|—64 g—|—4 T+8 r—|—32 r. ( )

Every one cut solution of this model is an asymmetric one. However, we are going to distin-
guish two kinds of one cut solutions, which are rather different. We are going to them almost-
symmetric solution and the asymmetric solution.

As suggested by the name, the almost-symmetric solution is not going to be too different
from the symmetric solution (3.72). We will define it by the condition that the extremum of the
polynomial M (z) is within the supporting interval. This means that the eigenvalue distribution
will have two peaks, even though not of the same height.

The asymmetric solution will have this extremum outside of the supporting interval. This
means that the eigenvalue distribution will have only one peak and all the eigenvalues will be
located in one well only.
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The extremum of M given by (3.98) occurs at = = —D/2, so in terms of the solution of
(3.97), the solution is asymmetric if

3

§D+\/5<O. (3.100)
To find the phase transition, we need to look for the moment when the asymmetric solution does
not exists, i.e. when the distribution becomes negative. Since the extremum of the potential is
outside the interval, this will happen at the edge of the interval and we get the condition for the
boundary of existence of the asymmetric solution

M(D +V§) =12D%g + 12DV5g + 659 +1 = 0. (3.101)

For the almost-symmetric solution, the distribution becomes negative at the minimum of the
potential, so the boundary is given by

M(-D/2) =3D%*g+25g+r=0. (3.102)

These two equations, together with the conditions (3.97) determine the two boundary lines of the
regions, where the two solutions exist. They cannot be solved analytically, but after some algebra
D and § can be removed for the almost symmetric case to give a condition just in terms of  and

g

45,/ — V15 [47“ +/—80g + 97‘2] \/—2r 4/ 809+ 92 =0, (3.103)

This condition can now be solved either numerically or perturbatively.

When doing the perturbative calculation for either case, we introduce a factor of ¢ in front
of the linear term, see where the ¢ propagates into (3.103) and look for the solution as a power
series in €. The result is

3 2343 123
= —4 3.104
"9) = 33 " S3ss008  3ZHOR G VY G109
for the almost symmetric solution and
154614 1 199 733
r(g) = —2V15\/g+ —=— + — + + +
(@) Ve V2 12 51844/2151/1g1/4 ~ 62208v/15,/9
4 2431 244091717

9807 3 0917 (3.105)

+ +
59719681/2153/4¢g3/4 ~ 11337408g = 1393140695040/2151/4¢5/4

for the asymmetric solution. These two lines are shown in the numerical phase diagram of the
theory in the figure 3.8. Note that they intersect and beyond this intersection there is no true
distinction between the two solutions. We will see this better once we plot the solutions a little
later. In the empty region, only a two cut solution exists.

To obtain this phase diagram of the one cut part of the problem numerically, we have cho-
sen particular values of 7 and g, solve the equations (3.97) with these particular values. From
the numerical point of view, it is rather challenging to navigate one’s way around a slew of
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Fig. 3.8. (Color online) The numerical phase diagram of the asymmetric quartic model (3.95). The red
region denotes the asymmetric one cut solution and the red line the perturbative boundary line (3.105). The
green region denotes the almost symmetric one cut solution and the green line the perturbative boundary
line (3.104). Note the difference in the g axis.

solutions. For example figure 3.9 shows all the numerical solution one obtains for the values
r = —12,¢g = 1/2. Once drawn, it is clear which solution is the correct one. It is however useful
to be able to determine the correct solution just from the values of D and . Once all the imagi-
nary results and negative §’s are thrown away, it is the solution with D closest to the minimum
of the potential.

We have exhausted the discussion of the one cut solution and will proceed to the description
of the two cut solution. It has to be the solution of the model in the blank region in the figure 3.8,
but as we will see it exists also outside this area.

Two cut solution
The ansatz for a general two cut solution is

C = (D, —61,D1 +6)U (D3 — 62,Ds + 55) . (3.106)

The three conditions we get from (3.38), recall that it is the condition w(z) ~ 1/z for large z, are
then

1
2D%g + 2D Dag + 2D2g + 629 + 629 + 37 =0, (3.107a)
1
5 —2D?Dyg — 2D D3g +2D163g 4+ 2D205g = 0, (3.107b)
1
2D10tg — DiD2dtg — D30tg + 1019 — Didsg—
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Fig. 3.9. All the real solutions to equations (3.97) obtained numerically at r = —12, g = 1/2. The dot-
dashed line is the potential, the dashed lines are the negative solutions and are not well defined. The solid
solutions are well defined but the solution in the right well has higher free energy.

1 1
—D1Dyd3g +2D3635g — 555559 + Zcsg%g =1. (3.107¢)
The polynomial M (z) is given by
M(z)=4(D14 D2+ g) (3.108)

and the distribution becomes

_ 2|Dy+ D +g|
™

P V(63— (D1 — X)) (53 — (D2~ N)?) (3.109)

The moments of the distribution are given by

¢1 =2D781g — DiDy8tg — D1D301g + D161g — D Dadsg
— D1D363g + 2D3059 — D167059 — D267639 + D263g (3.110a)

9 1
ca =2D101g — DiD>d1g — DiD30tg + J Didlg — 1 DiDadlg

1 1
— —D35ig+ gé?g) — DiD365g — D1 D365+ 2D353g

4
3 1
— D10{03g — 5 D1D26103g — D30Td39 — 20103
A p2sa, Lp s + Ip2sig - Lszgs + 156 ) (3.110b)
4129 41229 4229 8129 8297 .

. 3
c3 =2D781g — D Dy8%g — Di D387 g + 4Djdig — ZD%DQCS%Q

3 3 -
= D1D301g +  Di0tg — DiD303g — D1D3d3g + 2D3059
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3 3 1
— Di6703g — 5 DI D20}03g — 5 D1 D30703g — D3oTd39 — 5 D16103g

1 3 3 1
— D20103g — S DID2d39 — S D1 D309 + 4D3059 — £ D161029

1 3
— §D25§6§g + ZD25§g : (3.110c)
25 3
¢y =2D967g — DY D28%g — D D367 g + ZD%S%Q - §D:13D25119
3 5 1 1 5
— 5 DID3d1g + 5D10Yg — S D1D2dYg — 2 D367g + d1g
3
— DID385g — D1D3d5g + 2D5059 — D167659 — 5 D1D201839
3 3 9 7
— 5 DiD30t05g — 5 D1D361039 — Dy61039 — S DI61639 — £ D1D20105g
1 1 3 3 25
- ZDSCS%C%Q - T65?5§9 - inDSCSgg - §D1D§5§9 + ZD§5§19
1 7 9 1 1
- ZD%CS%(%Q - §D1D25%5§9 - ngéchgg - 3*2511539 - gD%‘SSQ
1 5 1 5
— gD1D25§g + 5Dgégg - Esfégg + 6—45§g : (3.110d)

Finally, the condition for the minimal free energy (3.54) for the asymmetric two cut solution
(3.109) becomes

0=( - 4D} +12D{D; — 8D{D§ ~ 8D{D§ + 12D1 D} — 4D — 10563
+ 22D2D50? — 14Dy D36? 4 2D36% + 14D167 + 2Dy61 — 8D36,6,
+ 8D3Dy8162 + 8D1 D315 — 8D36169 — 28D18305 — 4D96305 + 2D363
— 14D? D903 + 22D, D365 — 10D363 + 16D, 0203 + 16D26%03 — 4D16,55
(D1 — D2)? — (61 + 62)?
(D1 — D3)? — (81 — d2)?
+ (6D} — 12D} D3 + 6D, D} + 6D16, — 12D3D35, + 6D45, +20D363

— 98D,5,6% + 2D, 5% + 14D25§)E [

—12D%D20% + 15D, D36? + 16 D367 + 29D36% + 20D, D263 — D353

+ D1 0% — 4D96} + 63 + 8D35,05 — 8D2D26,65 — 8Dy D26165 + 8D351 05
+ 28D16305 + 4D 6365 + 15D352 + 36 D2 D203 — 3D, D362 — D?6,62

+ 20D D26162 + 29D26,62 — 30D1 0265 — 28 D633 — 26352

(D1 — Dg)? — (61 + 62)?
(D1 — D)2 — (61 — d2)?

n ( —12D%5, + 24D2D25, — 12D35, — 58D?6% — 40D D»5?

4D, 5,63 + 28D58,0% — 3D, 64 + 515§)K [

+2D36% — 209 4+ 2D3?6,05 — 40D D26163 — 58D36,63
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Fig. 3.10. (Color online) The phase diagram of the asymmetric model (3.95) including the two cut phase.
The color code is as before, green for the almost symmetric one cut, red for the asymmetric one cut and
blue for the two cut solution. Note that the dots of the two cut solution have been shifted slightly to the
right to the right not to overlap with the red dots. See the text for details.

Di — Dy — 61 — 62 (Dl — D2)2 — ((;1 + 52)2
Dy — Dy + 61 — 62" (D1 — D2)? — (61 — 02)?

+ 45362 — 25153)11 [ (3.110¢)
where K is the complete elliptic integral of the first kind, F is the complete elliptic integral of
the second kind and II is the complete elliptic integral of the third kind.

The mission is now straightforward. Solve equations (3.110) and obtain the parameters
D 2,01,2. However these equations are not only beyond any chance to solve analytically, but
also their numerical treatment is extremely complicated. Available computer programs cannot
be used, since the equations are very sensitive to the starting point used as the first trial in the
numerical computation and there is very little we can do systematically here.

We have thus programed our own algorithm to deal with the equations (3.110) described in
the appendix A. It is almost surely far from being optimal both in precision and speed, but it
gives results sufficiently fast and precise for our purposes.

Using this algorithm, we obtain the phase diagram shown in the figure 3.10. The first thing
to notice is no overlap of the region of the symmetric one cut and the two cut solutions, i.e. green
and the blue regions, as is expected. And there is an overlap between the asymmetric one cut and
the two cut, i.e. the blue and the red regions, as expected. In this region, both the asymmetric
one cut and the two cut solutions exists. And we identify a region, where only an asymmetric
one cut solution exists. We see, that our algorithm did miss several points along the boundary
of this area. The numerics becomes very sensitive and it is extremely challenging to pin down
the boundary precisely. Fortunately, we will not need the exact location of the boundary for our
purposes.
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Fig. 3.11. (Color online) Plots of the eigenvalue distribution of the asymmetric quartic model (3.95). The
plots are for the value g = 0.1 and from right to left, top to bottom r» = {0, —0.91, —1.19, —1.47, —1.68,
—2.66, —5.04, —5.32}. In dashed are shown the solutions which either do not exist or have higher free
energy. We can see that beyond some value of r, the asymmetric one cut solution becomes the proffered
one, thanks to the large enough difference between the two minima. Note that the potential has been
shifted vertically and rescaled so that it fits into the figure, so the differences between the extrema were not
preserved. But it has been not shifted horizontally, so the position of the extrema of the potential have been
preserved.

For a better idea what happens there, we give a series of plots of the distributions in the figure
3.11.

As we lower the value of r, the two wells of the potential become too deep for a solution
extending over both of the wells to exists and we obtain a two cut solution. As we go lower with
r, the walls of the left well become steep enough to confine all the eigenvalues in the left well,
which has a lower potential.>* However, such situation has a large free energy. But as we go

33There might be a solution living also in the right well, but it always has a higher free energy.
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Fig. 3.12. (Color online) The free energy diagram of the asymmetric model (3.95). The free energy of the
two cut solution is shown as a filled area to emphasize its location in the diagram. See the text for details.

even further lower with the value of r, the difference between the right and the left well becomes
so large, that the energy loss for the eigenvalue when moving into from the right to the left well
is high enough to pay for the energy gain in the interaction energy. The two cut solution with the
lowest free energy is the asymmetric one cut solution living in the left well.

This is shown in the free energy diagram in the figure 3.12. We can see how the free energy
of the two cut solution interpolates between the energies of the two one cut solutions.

Let us note, that to our best knowledge the asymmetric quartic model has not been analyzed
in this detail in the literature.

3.4 Saddle point approximation for multitrace matrix models

Up to now, we have considered only matrix models with simple polynomial action (3.16). We
would now like to generalize our treatment for more complicated models. Recalling the formula
for the moments of the distribution (3.40) we see that (3.2) is simply

S(M) =Y gncn (3.111)

a linear expression in moments. A natural way to generalize such action is to include nonlinear
terms into the action and consider a general action

S(M) = f(c1,c,...) + %rTr (M?) + gTr (M*) (3.112)
where we have considered an addition of a new term to the original quartic action. We will refer
to this kind of models as multitrace models, opposing to the single trace models (3.2). Such
models arise when the matrix M is coupled to some external matrix A via some interaction
term Tr (M A) or Tr (M AM A) [89]. Such terms are not invariant under M — UMU and the
angular integral will not be trivial anymore. We will see an explicit example of this for the case
of the scalar field on the fuzzy sphere in the sections 4.1 and 4.2.
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The integration will introduce a multitrace term of the form (3.112), with the function f given
by the form of the interaction and the eigenvalues of the matrix A [90]. We will not consider any
general cases here and after a swift description of the saddle point approximation we will work
our way through several examples slowly building apparatus towards the matrix models which
describe the scalar field theory on the fuzzy spaces.

3.4.1 General aspects of multitrace matrix models

To derive the saddle point equation for the action (3.112), we need to realize that the variation of

n

o= o Ar (3.113)
J
with respect to the i-th eigenvalue is
n—1
n 0 m -1 m—1
d(ch)=n Z AT 3y Z AT dA; = nel tmAT T, (3.114)
J J

and we get

a T

aCAnZ = nc™ ImAT L (3.115)

If we have more than one moment coupled to each other, we straightforwardly get

OCpmy Cmy

I — o A+ N (3.116)

and similarly for more moments coupled in a more complicated way. This way we obtain the
saddle point equation of a general form

of

—n
— dcy,

1
X— A

2
n—1 § :
)‘i + 7‘)\,‘ + 49)\1' = 7N o
7]

(3.117)

This means, that multitrace terms will introduce terms into saddle point equation, which
include the moments of the distribution multiplied by \;. If we view the saddle point equation
as the equilibrium condition for the gas of particles, these terms generate a force on the i-th
eigenvalue which depends on the position of other eigenvalues. This means that they introduce
further selfinteraction among the eigenvalues. However this is not a standard pair interaction
between two particles. Multitrace terms rather couple the eigenvalue to an overall distribution of
all the eigenvalues.

The approach we will use is based on rewriting the saddle point equation as an equation of an
effective matrix model, which has only single traces in the potential. This is the second time we
have encountered the word effective. There will be one more setting where we will use the word
effective. To distinguish this effectivnes from the future one, we will always refer to this as an
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effective single trace model, action of the effective single trace model, moments of the effective
single trace model, etc.
The form of the saddle point equation will thus be

2 1
neff ATl = = . 3.118

This way, appearance of c};, will be seen as a correction to the coupling constant g,, — gm ef-
We then compute the eigenvalue distribution of this effective single trace model as if these pa-
rameters were constant. After that the moments of the effective distribution will be functions
of the effective couplings and thus of the moments themselves. Equations for the moments like
(3.75) for example will thus turn into a set of selfconsistency conditions. Simply because

Cn = /d)\ NP, Gnefr) = /d)\ A"p(A 1,2, . 0) (3.119)

the eigenvalue distribution to be used to compute the moments is a function of moments them-
selves. The solution will be valid however only in the large N limit, as what we effectively do is
we rewrite

Te(M™)™ = <Tr(M”)m*1> Tr (M™) (3.120)

which uses the factorization property valid only in the large N limit.

Technically, there is really not much more to it. It is good to keep in mind the picture, where
the eigenvalues create an outside force among themselves that acts on them. With that in mind,
we shall proceed to some, gradually more complicated, examples.

We will first study matrix models which have the standard quartic potential in the action
accompanied by a multitrace part that contains even moments of the distribution

S(M) = f(ca,ca,...) + %rTr (M?) + gTr (M*) . (3.121)

We thus expect the resulting distributions to be symmetric. Later, we will get to some simple
examples of models involving also asymmetric moments in the multitrace.

3.4.2 Second moment multitrace models

Let us start with a very simple model which we will use to illustrate the method outlined in the
previous part. As the name of the section suggests, we will deal with models involving only the
second moment in the multitrace.

The most simple model
Let the multitrace part be given just by the square of the second moment

S(M) =c2+ %rTr (M?) + gTr (M*) . (3.122)
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According to (3.115), the saddle point equation for this model is given by

2 1
2eai + A 4+ 4gA2 = v > VY (3.123)
A
and can be rewritten as
2 1
[r+202])\i+4g)\§zﬁz)\‘_>\l : (3.124)
itk Y
If we now denote
Tefpf =T+ 2¢o, (3.125)

this corresponds to the well-known and by now very familiar quartic model. The one cut solution
(3.72), together with the expression for the second moment (3.75a) leads to a rather unappealing
unsolvable equation. However, at the phase transition, things simplify. First of all at the phase
transition

Tepf =17+ 25 = —4,/g (3.126)

and as we have seen at the phase transition the second moment of the distribution is independent
of royy and is equal to 1/,/g. A little surprisingly we obtain a phase transition of the line

r=—4/g— 5@ . (3.127)

We are tempted to conclude that for any point in the parameter space under this line, we obtain a
two cut solution but this is something not to be taken for granted. We will investigate this further.

The conditions for the two cut solution (3.78) are much simpler. rcrs = r + 2co with (3.83a)
yields

- T
C 244g°

c2 (3.128)
This is a well-defined positive number everywhere under (3.127) and thus the solution exists
in the whole region. To understand better what is happening, let us investigate how the phase
diagram of the effective single trace model and the multitrace model are connected.

The strategy is as follows. We take a point in the phase diagram of the effective single trace
model (rcf¢, gesr) for some particular values of the parameters. The moments of the effective
distribution as well as its free energy are then known. We then invert the relation (3.125) to
obtain

r=Tepp — 2c3 . (3.129)

This way, we obtain a point (r, ¢) in the phase diagram of the original model. We then repeat this
procedure for different values of the effective parameters, obtaining a deformation of the phase
diagram of the effective single trace model.
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Fig. 3.13. (Color online) The numerical phase diagram of the simple multitrace model (3.122). The green
region denotes the one cut solution, the blue region denotes the two cut solution. The black line is the
analytic transition line (3.127), the dashed line is the transition line of the single trace model. The green
and blue lines connect the points of constant s to stress the deformation of the original phase diagram.

The resulting phase diagram is shown in the figure 3.13, together with the transition line
(3.127). The lines of constant 7.y are also shown to make the deformation more clear.

The most striking feature of this diagram is the region near the negative r axis, where a one
cut solution exists even for negative r and small g. This is very different from the original model
with no multitraces.

This is due to the attractive nature of the interaction the extra term c2 introduces. The fact that
the force is indeed attractive can be seen either from the effective description where it corresponds
to parabolic potential or directly in the original description (3.122) where we see, that bigger c
costs energy. Eigenvalues will therefore not like to have a large second moment and will be
attracted toward the origin.

In the free theory with negative r, the eigenvalues would normally spread out to infinity. But
now, while they spread the second moment of their distribution rises and at some point energy
lost by going further down the potential and away from each other is outgained by the rise of the
energy due to larger second moment and the distribution stabilizes.

This is illustrated in the plots of the eigenvalue distribution in the figure 3.14. Note that the
potential has been shifted vertically and rescaled so that it fits into the figure, so the differences
between the extrema were not preserved. But it has been not shifted horizontally, so the position
of the extrema of the potential have been preserved.

The natural question is whether a solution could be stabilized in the case of negative coupling
g? The answer is no, as we see in the phase diagram. The interaction is not strong enough to
overcome a strong outward force of the negative quartic potential. But this also gives an answer
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Fig. 3.14. (Color online) The eigenvalue distributions for the simplest multitrace model (3.122) for the
value g = 0.1. The values of r are from left to right, bottom to top

r = {1.594, —0.252, —3.152, —9.3, —17.1, —24.9}

The potential is shown and the eigenvalue distribution for the model with no multitrace term is shown in
dashed.

how to do that. Introduce c? terms into the action. From the point of view of the transformation
of the diagram this will lead to a deformation in the g direction. From the point of eigenvalues
this will introduce interaction strong enough to overcome the mentioned strong force.

The second most simple model
But before we do that, let us complete the study of quadratic multitrace models with the study
of the model

S(M) = —c2+ %rTr (M?) + gTr (M*) . (3.130)

At first, this model does look similar to (3.122), but after the previous discussion we know better.
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Fig. 3.15. (Color online) The numerical phase diagram of the multitrace model (3.130). The green region
denotes the one cut solution, the blue region denotes the two cut solution. The black line is the analytic
transition line (3.131), the dashed line is the transition line of the single trace model and the horizontal line
denotes the g = 1/2.

The force introduced pushes the eigenvalues outward, as having a high second moment lowers
the energy. The algebra is similar to the previous case and we obtain the phase transition line

2
=—-4/9+ — 3.131
r Vg 7 ( )

and for the second moment of the two cut solution

T
49 —-2°

C2 (3.132)
This formula already suggests some strange behavior. For r < 0, this expression is positive only
for g > 1/2. The system does not have a two cut solution for < 0,¢g < 1/2! But it has a
reasonable two cut solution even for r > 0if g < 1/2!

This can again be understood in the particle gas picture. The multitrace term introduces a
repulsive force among the eigenvalues. They like to have a large second moment and as long as
the potential well is not too steep (which means g small enough) they will start to split. Only
when they get far enough from the origin, the potential becomes steep enough to provide enough
force to tame the repulsion. And as we will see for small r and g, not even that.

And the phase diagram in the figure 3.15 confirms this. Moreover we see that there is a small
region in the » > 0,g > 0 part of the diagram where no solution exists. And it is not clear
whether there is a two cut solution in the whole area ¢ < 1/2 above and g > 1/2 below the
line (3.131). To resolve this issue, we consider the transformation of the line 7.y = —x./g for
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Fig. 3.16. (Color online) The numerical free energy diagram of the multitrace model (3.130). Again, the
green region denotes the one cut solution, the blue region denotes the two cut solution. See the text for
detailed discussion.

x > 4. This line is transformed into the line

1
r(g) ai( \/§+2\/§> . (3.133)
Therefore, the whole region » > 0,9 < 1/2 is covered by some z as is the whole region
r<0,g>1/2.

Another question is what happens in the region of overlap between the one cut and the two
cut solutions. The answer is in the free energy diagram in the figure 3.16.

The free energy diagram shows what has happened. The part close to the negative r axis has
been folded upwards under the part close to the positive r axis. Since the free energy of this
part is lower, the preferred solution is this “folded” one. So apart from the usual matrix phase
transition at the line (3.131), the model exhibits a new, “multitrace” phase transition at the line
g = 1/2,7 > 0, where the usual one cut solution changes into the “folded” two cut solution.
This phase transition is of the first order, as the free energy is discontinuous.

The last unanswered question is the region where no solution is available close to the origin.
To find its boundary, we again consider the transformation of lines r.y; = —x,/g, but now for
x < 4. After some algebra we find out that such lines transform to

T2x 4 3 + 48/48 + 2 4 22/48 + 22
+ .
432,/

The boundary is then given by the envelope of these curves for all values of x < 4. To find this
envelope, we consider two curves for x and = + dx and find their intersection, which gives one
point of the enveloping curve. We solve this equation for g and plug into the formula for r. At
the end of the day, we find the boundary of existence of the one cut solution do be

" 1 (£1+ 249 F 180g%) \/—12 + 1 + 369 { ~ g<
rg) = ——73
108v20%2 \ +(1469)2, /12 + 1 + 369 S

r(9) = —7/g (3.134)

(3.135)
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Fig. 3.17. (Color online) The phase diagrams of model (3.136). The green dots denote the existence of the
one cut solution, blue of the two cut solution and red of the asymmetric one cut solution.

This line nicely fits into the diagram 3.15, but is not shown to keep the figure clear. The fact that
we have been able to find this line explicitly is due to a simple form of the multitrace term. Later,
for more complicated models we will not be able to do so and the line could be found using the
same method numerically, which we will however not do.

A general 3 model
Similar model has been studied before. Namely the model with F/(co) = hc? and a fixed
r = —11n [91], i.e. the model given by the action

S(M) = —%Tr (M?) + hTr (M?)® + gTr (M?) (3.136)

The phase structure in the (g, h) plane was then considered. It is very easy to analyze this
structure using the outlined numerical approach.

The figure 3.17 shows the phase diagram of such model. There are three regions in the phase
diagram, the green region where only the one cut solution exists, the blue region where only the
two cut solution exists and the red region, where both the asymmetric one cut solution and the
two cut solution exist. The three regions are separated by two parabolas, which are not difficult
to compute. We take royy = —1 + 4hcy and repy = —4, /g or 7oy = —2,/15¢ for the upper or
the lower boundary respectively. This then yields the two boundary lines

h(g) % (Vg —4g) , (3.137)

h(g) :83—2 (\/ﬁ\/g - 309) . (3.138)

As we can see, both these expression precisely fit into the diagram 3.17. The green region extends
all the way up for positive h. But since for the second moment we obtain

1

- o (3.139)

C2
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if h < —g the solution is not well defined and does not exist. Which is also seen in the diagram,
as there is no solution under the h = —g line.

Note that the expression for the second line computed in [91] is different and does not repro-
duce the line in the diagram.

3.4.3 The fourth moment multitrace models

We will now proceed further with the discussion of the multitrace matrix models which include
the powers of the fourth moment in their action. We will begin with two simple models and later
consider a models which includes both the fourth and the second moments in the multitrace.

Very simple fourth moment multitrace models
To begin our study of the quartic multitrace matrix models, let us consider two very simple
models given by the action

S(M) = %rTr (MQ) + gTr (M4) +ci. (3.140)
This action leads to the saddle point equation
A + 4gA3 £ 8ey N = %Z Y i 5 (3.141)
i#£]
Looking at the formula for the corresponding effective coupling
Jeff =9+ 2¢q, (3.142)

we know what to expect. Far from the r axis, the value of ¢4 is not substantial and we will get a
small deformation in the phase diagram. Close to the positive r axis, we still expect a finite shift,
as the eigenvalue of the effective single trace model becomes the Wigner semicircle. This shift
will be to he left for the positive sign and to the right for the negative sign.

Close to the origin this shift will become more significant and as r becomes negative, the
fourth moment of the effective distribution diverges and the diagram is deformed to the infinity,
in the same direction as before. This expectation is confirmed in the phase diagrams in the figure
3.18.

The boundary lines are computed as follows. The upper line is given by gy = 0, with ¢4
the corresponding expression of the fourth moment of the semicircle distribution

L o3
= — .]4
Cq 326 r (3.143)
and is given by
r(g) = ——. (3.144)

The lower line is given by r = —4,/g.rs, With ¢4 the corresponding expression of the fourth
moment of two cut solution

1
cs = D*0%gess + 50" Gess (3.145)
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Fig. 3.18. (Color online) The phase diagrams for the matrix model (3.140), with the positive sign on top
and the negative sign on bottom. The green region denotes the one cut solution, the blue region denotes the
two cut solution. See the text about the discussion of the boundary lines.

at the phase transition. In the case of the positive sign it is given by the expression

r(g) = —2v2\[g + /10 1 g2 (3.146)

and in the case of the negative sign it is given by the two lines

r(g) = —2V2\/g+ /=10 + g2, 7(g) = —2v2\/g — /—10 + 2. (3.147)

The free energy graphs in the figure 3.19 show the following phase transitions of the models.
Not much new for the model with the positive sign, the usual third order phase transition at the
line (3.146). However for the negative sign we get some new behavior. At the line r = 2/,/g the
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Fig. 3.19. (Color online) The free energies of the the matrix models (3.140), with a positive sign in to top
row and a negative sign in the bottom row.

models goes through a first order phase transition from a narrow to a wide one cut distribution.
And then at the second line in (3.147) the third order phase transition, with some area missing in
the phase diagram even for positive g.

Not that simple fourth moment multitrace models
As a second step, we will consider a slightly more complicated model given by

S(M) = %rTr (M?) + gTr (M) & (e — 263)" (3.148)

motivated by the kinetic term effective action of the fuzzy field theory. Deriving the saddle point
equation is now a simple exercise and from that we get the effective mass and coupling given by

Teps =1 F 16c2(ca — 263) , geps = g £ 2 (ca —263) . (3.149)

The extra term vanishes for the semicircle distribution and thus the points near the positive r
axis in the phase diagram will not be shifted at all. It however still diverges as we approach the
negative r axis and its vicinity will be shifted dramatically.

The phase diagram of both models is presented in the figure 3.20. The diagram confirms our
expectation. For the positive sign we get a greatly extended region of existence of the one cut
solution for negative r and small g, but the system does not have a stable solution for negative
values of g. Interestingly, for negative sign the system has a stable solution for negative g as long
as r is positive and large enough. The two cut solution is however destabilized for a large part of
the diagram and shifted under other solutions.
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Fig. 3.20. (Color online) The phase diagrams for the matrix model (3.148), with a positive sign on the left
and a negative sign on the right. The green region denotes the one cut solution, the blue region denotes the
two cut solution. See the text about the discussion of the boundary lines.

The phase transition lines in the figure 3.20 have been computed as follows. Taking the
moments of the two cut solution and plugging in the condition on the phase transition 7.7 =

—4,/Gerf We obtain

4 4

D=——" §=——" (3.150)
Teff Teff

This and (3.149) yields a pair of selfconsistency conditions

1 5

Cy = , C4 = .
2T /223 tg E8(ca—263) +5g

(3.151)
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Fig. 3.21. (Color online) The free energies of the matrix models (3.148), with a positive sign on the left and
a negative sign on the right.

For the positive sign these equations have two different solutions and we obtain two lines

4 3/2

r(g) =—2V2 9—\/927—6—%(9‘*‘\/92_6) (3.152a)
3/2

r(g) = —2v2\/g— Vg — 6 — % (9 Vo? =) (3.152b)

For the negative sign in (3.148), the selfconsistency conditions have only one solution and we
obtain the phase transition line

/
r(g) = =2v2\/g+ V¢> + 6 + % (\/92+6—9)3 - (3.153)

Looking at the phase energy diagrams in the figure (3.21) we see the fold of the diagram in the
case of the negative sign. It is however very difficult to compute the line, along which the diagram
is folded. What can be checked more easily is that the folded part of the diagram extends all the
way to infinity. Considering the transformation of the line refs = —x,/gery for large values of
the parameter = we see that in this limit, the line is mapped to the line r = (:/2)%/%.

This means that there is a blue dot under every dot in the folded region and the “folded” two
cut case is the preferred solution almost everywhere. Apart from the small region on the left of
the black line in the top left part of the second diagram in the figure 3.20.
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Lessons learned

We thus see, that the introduction of the multitrace terms into the matrix model action yields
quite dramatic changes to the phase diagram, possibly introducing new phase transitions and
regions of (in)existence. The key to this drama has been the large values of the moments of the
single trace model distribution close to the negative r axis, which diverge as g — 0.

To obtain a reasonable deformation of the phase diagram, we need to have a finite 7.y ¢ and
gesr €ven as the moments diverge. We will see one such model in the section 4.3.

But before that, let us look at a simple model which introduces an asymmetry into the multi-
trace action.

3.4.4 Asymmetric multitrace model

As an example of an asymmetric multitrace model, let us solve a very simple model given by
1
S(M) = —c} + 57T (M?) + gTr (M*) (3.154)

which leads by now straightforwardly to the effective single trace model

1
Sess (M) =Tr (M) + SressTr (M?) + gegsTr (M*) (3.155)
with
r g
e = — y e = —_—, 3156
ress = 3z 955 = Toea (3.156)

But since we have rescaled the matrix, we need to be careful about the relation of the effective
distribution moments and the moments of the true distribution. The scaling involved in changing
(3.154) to (3.155) was M — M /xo = M /(—2c1), which means on one hand

S

Teff = x% » Geff = e (3.157)
and we also obtain a condition
o = SLeff _ Chelf (3.158)
To —2cq
which can be easily solved
= - %(—c17eff) = x9=1/2(—C1erf) - (3.159)

Since we have no explicit expressions for the distributions, there is very little we can do
further. Therefore, we will perform the same numerical procedure as before. We take the phase
diagram of the effective single trace model in the figure 3.8 and by choosing particular values
of royy and g. sy and inverting (3.156) with a corresponding effective moment we obtain a point
(r, g) in the phase diagram of the original model. This way we obtain the phase diagram and the
free energy diagram as in the figures 3.22 and 3.23.
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Fig. 3.23. (Color online) The numerical free energy diagram of the asymmetric multitrace model (3.154).



430 Phase structure of fuzzy field theories and matrix models

We have obtained an extremely drastic transformation of the phase diagram. The asymmet-
ric one cut solution is deformed only slightly, but the other one cut solution have been shifted
towards the origin due to a small value of ¢q ¢ff.

Unfortunately there is very little we can do further. It would be interesting to analyze the
model with a faster numerical procedure, especially to see the extent of the symmetric one cut
and the two cut regions in the figure 3.23. Here, we just conclude with the observation, that the
asymmetric solution of the model (3.154) is the preferred solution everywhere it exists and other
solutions have a bleak chance of existing, apart from a small region close to the origin.

We leave it as an exercise for the reader to try to analyze the model (3.154) with a positive
sign in the multitrace term.>* Both these models can be handled analytically in the case g = 0
and the reader is invited to do it also.

34 A hint. There will be no stable asymmetric solution to this model. Why?
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4 Matrix models of fuzzy scalar field theory

In this last section, we will put the introduced machinery of the matrix models to work in the
particular case of the fuzzy field theory.

First, we will show why and how a fuzzy field theory can be described by a matrix model
and then we will show that this is a multitrace matrix model. We will not be able to describe it
completely, but we will arrive at different approximations to it.

We will then consider the phase structure of two rather different models, both approximating
the scalar field theory on the fuzzy sphere in a very different way.

The first approximation will be nonperturbative*!, but will contain only the multitraces of
the first and second moments of the distribution. The second approximation will be consistently
perturbative and contain multitraces of the first four orders. Interestingly, as we will see, the first
approximation does a pretty decent job in explaining the numerical phase diagram of the section
2.3, opposing to the second one.

Before we proceed, let us comment on the connection between the phases of the fuzzy field
theory from the section 2.3 and the phases of the matrix model. Since the eigenvalues of the
matrix correspond to the values of the field on the discretized noncommutative “lattice”, and the
eigenvalue distribution describes possible intervals for these values, it is natural to identify the
symmetric one cut phase of the matrix model with the disorder phase of the field theory. And
similarly the asymmetric one cut case with the uniform order phase and the two cut phase with
the non-uniform order phase.

4.1 Fuzzy scalar field theory as a matrix model

The statement that the fuzzy field theory is equivalent to a particular matrix model is at this point
rather self-evident. The field theory correlation functions (2.31) are matrix integrals (3.1). And
the large- NV limit of the matrix models corresponds to the commutative limit of the fuzzy theory,
recalling (2.4).

The question is, what kind of matrix model describes the fuzzy field theory. It is not a simple
Hermitian matrix model (3.3) for some set of couplings g,,, since the kinetic term is not invariant
under the diagonalization of the matrix A/ — UAUT. It has a very non-trivial U dependence and
the angular integral cannot be straightforwardly computed. Assuming that the function F'(M) is
invariant, we can write

(F) = l/ (H dA-) F(A)e—NZ[Tr(V(M))—% e log A=Al /dU o~ N AT (MKM) (4.1)
Z (2 ? *
where
7 = / (H dAi) e~ N [TV AD) =5z Ticjlog A=) / AU e NP ETMEM) (4 9y
The computation of the angular integral will be the key point and we will denote it

I = /dU e—Nz%Tr(]M)CM) _ 4.3)

41We will see later in what precise sense we mean this.
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Some of the results we obtain will be valid for a general kinetic term, some only for the standard
double commutator kinetic term (2.26). We will do our best to comment on this every time a
confusion could be possible. Both in the standard or in the more complicated cases, the kinetic
terms couples the matrix M to some external matrices, usually the L;’s, in a way usually not
considered in the literature.

The integral I is only a function of the eigenvalues of the matrix M. So regardless of its
structure, we can write it as

/dU o~ N?ATH(MKM) _ ~N*Sers(A) (4.4)

for some effective action S, ¢¢ to be determined. We thus came the third time across a quantity
we name effective, this time the kinetic term effective action, an effective interaction among the
eigenvalues due to the coupling to the matrices L;. We have reserved the name effective action
for this object in section 3.2.

Notice, that at this point the large- N behavior of the dU integrand is not evident and we may
have to introduce some different scaling of the couplings and the matrix to make all the terms
contribute in the large- Vlimit than before. This should be possible, as we have three scalings
to play with and three terms to fix. However, we expect this scaling to be unique, without any
freedom we had before. We will return to this later.

4.1.1 The free theory case and the persistence of the semicircle

In this section, we will show that the eigenvalue distribution of the model given by the free theory

S(M) = %Tr (MKM) + %rTr (M?) (4.5)

is just a rescaled semicircle. This was first realized in [1] and later in a different context in [4].
Here, we will follow the latter derivation.

We will be interested in the recursion rules for the moments of the distribution, derived using
explicit Wick contractions. Knowing the moments, we will be able to reconstruct the eigenvalue
distribution.

Looking at the distribution (4.5) and the expansion of the random matrix M in terms of the
basis 77, (2.22) we see that the correlation of two components of the field is

CimCrrms = O S G(1), (4.6)

where G(1) is the propagator given by the kinetic term G(I) = 1/[K(l) + r]. As mentioned
before, for the standard Laplacian kinetic term, we get G(I) = 1/[(I(I 4 1) + r|. This then yields
the two point function of the form
| N2
(MM)ij) = > @+ 1)G(1)si; = £, (4.7)
1=0
where f is defined by this equation. We are now ready to investigate the moments of eigenvalue
distribution of M. According to (3.40), these are given by (Tr (M>™)). We expect only the
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even moments to be non-vanishing due to the symmetry of the measure. We now single out one
of the matrices in this trace and consider the contraction of this matrix with other matrix in the
product, i.e.

<(M2m2p)iler(Mp)riji> =cC 511'57“]‘ <(M2m > p) (Mp)71> (4.8)

where the two matrices that are being contracted are connected by the usual clip. Due to the
planarity of the diagram, there are no contractions between the two groups of matrices. We can
therefore write

2m—2-py. P\ M. ) = i P 2m—2—p
<(M ) My (M )TJMJ1> =N (Tr (MP)) (Tr (M ). (4.9)

Summing over all possible contractions, i.e. over all possible values of p yields

,_n

m—

(Tr (M?™)) (Tr (M?P)) <Tr (M2<m*1*1’>)> Sm>1. (4.10)

_ I
N
p=0

The condition on m arises from the fact that we need at least one matrix M to be able to consider
any contractions. We now define the rescaled moments

Fop = <Tr l(;‘;)ﬂ > , @.11)

which are going to be finite and in the terms of which the recursion rule becomes

m—1

4Fy,, = Z FopFom—1-p)- (4.12)

p=0

Note that F{y enters here as an initial condition and is not given by this formula. But clearly
Fy = (Trid) /N = 1. One could immediately recognize equation (4.12) as a property of the
Catalan numbers and identify F5,,, with a rescaled version of these. However, to illustrate better
the method used in [4] for further calculations, we will do something different. We will define
the function

o0

G(t) = > " Fom, (4.13)

m=0

which is the moment generating function for the distribution p(x), the distribution of the eigen-
values of the matrix M. If we now multiply (4.12) by 2™ and sum over all m, we obtain

oco m—1

4Zt2mF2 =¢2 Z thPF 2P R (4.14)

m=1 p=0

4(¢>(t) — 1) =t?¢°(t). (4.15)
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This is an easy quadratic equation for ¢(¢). We chose the solution which has the correct ¢ — 0
limit and obtain

1—+1—1¢2

M) =2—3 (4.16)
Looking back at the definition of the resolvent (3.47) we find
1
w(z) = —¢(1/2) 4.17)

and with the discontinuity equation (3.31) we see that such generating function corresponds to
the distribution

p(A) = %\/1 — A2, (4.18)

As advertised, this is nothing else than the normalized Wigner distribution, which has Catalan
numbers as the moments.*? From the definition of the moments (4.11) we see that the radius of
the distribution is

R=2\f. (4.19)

It is not difficult to compute the factor f for the case of the usual kinetic term. We introduce
I = Nz and compute

N-1 1 2
2041 2Nz 1 N
dp——>— = —log(1+— ] . 4.20
N T /OxN2x2+r NOg(+r> (4:20)
‘We obtained
4 N2
R?*= —log (1 + ) . 4.21)
N r

Clearly to obtain a value which includes r, we have to scale r — rN 2. To obtain a finite value
for the radius, we then need to scale M — M N -1/ 2, which can be checked to give a finite value
for p(\)/N. Note, that opposing to the case of the matrix models from the section 3.2, we did
not have a freedom in scaling and both the scaling of  and M are now given. This is easily seen
in terms of the action, which now includes one extra term, the kinetic term. We need to fix the
scaling of this term to N2 also, which uses up the freedom from before.

Note, that without any scaling, the eigenvalues would slowly come together in the large N
limit, even faster so if we enhance the mass term. This means that the Kinetic terms introduces
an attractive force among the eigenvalues, which overcomes the Vandermonde repulsion.

After everything is rescaled, comparing the formula for the radius of the Wigner distribution
(3.58)

4
R? = -~ (4.22)
r

42More precisely the 2n-th moment of the semicircle distribution of radius R is cn (R/ 2)2", with ¢, the n-th Catalan
number.
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with the new radius

1 2 1
R?_u%(1+>z_2+”. (4.23)
T T T

we see, that the effect of the kinetic term is to shrink the eigenvalue distribution. We again see
that the kinetic term thus corresponds to an attractive force among the eigenvalues, competing
against the repulsive force of the Vandermonde determinant, however now tamed by the scaling
to give a finite value for the radius in the large NV limit. As we have seen before, we can expect
two new possible features of this new attraction.

First of all, we could obtain a stable solution for the values of parameters, where the pure
matrix model does not allow such solution, as we have seen for for example in (3.122). However,
since the radius of the semicircle distribution diverges as  — 0, this is not going to happen also
in the interacting theory, as we will see in the section 4.3.

Second, the asymmetric one cut solution of the interacting pure matrix model (3.91) could
become the energetically preferred solution. Recalling the results of the numerical simulations
mentioned in the section 2.3, we expect this to be happen.

The same method of explicit Wick contractions was used in [4] also to compute the eigen-
value distribution of the matrix B = KCM and the joint distribution of the matrices M, B. It was
shown that B follows also the semicircle law with radius given by (B B) and that the eigenvalues
of M and B are correlated as follows

_ 1—9?
where
(MB)
= f 4.2
7= J(BB) (MB) (4-25)

In [92], this result was extended to the joint distribution of three and four matrices.
In [1,2], it was proposed to take the rescaling of the radius of the distribution into account by
describing the fuzzy field theory by a matrix model with the action

1 1 11 ,

§Tr (MKM) + irTr (M?) — §mTr (M?) | (4.26)
or3

I = o 3(ty—r)m(M?) (4.27)

Looking at (3.58) and (4.19), it is not difficult to see that the two models do have the same
eigenvalue distribution. Adding the interaction term gTr (M 4) to (4.26), one can investigate
consequences of the kinetic term to the interacting theory. The following prescription for the
renormalization of the theory was proposed.

43Note, that this is not very satisfactory, since the integral I should depend only on the matrix M. However, it is still
a good starting point for the investigation of the consequences of the kinetic term.
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The range of the eigenvalue distribution of the model

11
Sepr(M) = inr (M?) + gTr (M*) (4.28)

can be straightforwardly computed using (3.69) to be

/489 + = —
5— IHONEION (4.29)

69
This radius can be used to define a correlation length. Since the correlation length is given by
the mass parameter, one can look for a free theory of the same correlation length and identify
its mass parameter 7 as the renormalized mass. Matching the radii of the free and interacting
distributions we obtain

1 1
Byt w=H ~ 70

69 =4f(rg) . (4.30)
In [1], this formula was used in the context of regularizing the theories on non-compact Rgd and
it has been shown that it reproduces the conventional one loop calculations in both two and four
dimensions.

The phase structure of the model (4.28) was further investigated. The conditions for the
eigenvalue distribution have solution only above some critical value g.. It was then concluded
that the deformed phase transition line (3.84) terminates, reproducing the numerical results. We
will however see, that this is not the case. When one considers a better approximation of the
angular integral I, this critical point vanishes and the line extends all the way to origin. We will
return to this point later.

4.2 Fuzzy scalar field theory as a multitrace matrix model

Even though the considerations of the previous section could explain some properties of the field
theory, they are not sufficient if one wants to treat the theory more precisely. We will have to
find a way how to handle the integral (4.3). We will present three different way how this can be
approached. They differ in their precision and scope and are useful in different settings.

The first two compute the integral perturbatively [5,93,94], order by order in the powers of
kinetic term. At higher orders, the formulas become very involved and not very practical, but at
low orders this method can capture all the features of the angular integral.

The third method approaches the integral little differently [95]. It is capable of capturing
some part of the integral 4.3) non-perturbatively, however misses a class of other terms com-
pletely.

In the rest of this section we will describe the methods and their results, in the next section
we will analyze the resulting phase structure.

4.2.1 Perturbative angular integral via the character expansion computation

The first attempt to consider the angular integral was made in [5], where a method was developed
to compute the angular integral as a perturbative expansion in the powers of the kinetic term. This
method was later extended in [93] to compute the terms of the first three orders.



Matrix models of fuzzy scalar field theory 437

Let us introduce a small parameter €
/dUeféeTr(MlCM) — /dU e*%ETr(]\/f[Li,[Li,M]]) , 4.31)

where we have restricted ourselves to the the standard kinetic term (2.26).** Parameter € can be
thought of as an inverse temperature in the statistical model and we are thus performing a high
temperature expansion.

If we introduce a collective index p = 0, ..., N? — 1 for the polarization tensors 7} ,,, and
write M = ¢, T, with ¢, = Tr (MT),), we can write

%Tr (M[Ly, [Ls, M])) = chV%Tr (TulLs (L, T])) = enen K 4.32)

Note, that the matrix K is constant and does not depend on the matrix M. Since the kinetic term
vanishes for the identity matrix, 4 = 0 term can be omitted. In this notation, the argument the
integral (4.31) can be written as a series in €

/dUe—%ET“M’CM) =1— /dUKmncmcn +e 5/dU( KpnCmen)?+

1 1
+ e é/dU( mncmcn)3 =1-—¢l —&—525[2 ey

6
(4.33)
where m,n = 1,..., N2 — 1. Once we know the integrals I 1,2,3, it is straightforward to reex-
poniate and obtain
I — e*(EllJrEZ%(If*[g)ﬁ*isé(137311[2+21?)) . (434)

The integrals I; o 3 are computed using several group theoretic methods and identities. After
the separation of M into eigenvalues and angular degrees of freedom M = UAUT, instead of
explicitly computing integrals of the form

/dU Uprgr - Ul 5, - (4.35)

one writes e.g. for I;

I = Kppim, /dU Tr (U@ U)A@A) (U@ U (T, @ Th,)) (4.36)
and similarly for the other two cases. We have thus rewritten the integral of product of traces as
an integral of a single trace in a (tensor) product of the fundamental representation. This product

can be decomposed into irreducible representations of SU(N) and an orthogonality relation for
the Haar measure [5] can be used to compute integrals like (4.36). We then get

= Komyin, Z e Tr,, (A@N)Tr, (T, ® Tyy) (4.37)

44The factor of N2 is to reappear shortly.
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where the sum goes over all the irreducible representations contained in the 2 (or 4 or 6) fold
tensor product of the fundamental representation of SU (V). The traces are taken in the particular
representation p, and the first trace of A is simply the character x,(A). The computation of the
other trace is more involved and will be omitted here. Interested reader is refereed to the original
work [5,93]. As aresult, one obtains rather complicated formulas for the integrals I; » 3 involving
traces of powers of the matrix K,,,, which are valid for any value of N. Here, we will present
only their large-N limit, which was computed in [93] for the cases of CP™,n = 1,2, 3.

Si;?l) :N2% [5; <02 — ]1[0%) — 82% <02 — ]1[0%)2 — (4.38a)
— 632716N <63 3]1[6102 + 2N2 )2],

So? _n2l [ g;; ( ;&) - 529—;2 (02 ;&)2 - (4.38b)
f53405% (8 (02]176%>3+5N <03301CQ+2;2 )2>],

ngl?s) —N2 |;§ 62;33ﬁ <02 = ;g) - 52%# <c2 - ;63)2 —  (4.38¢)

31 1,)\° 1 1 .\?
3400 Rz (10 (CQ — NC%) + 3N <03 — SNclcg + 2N20‘;’> ) ] .

For all the terms to contribute, we have to rescale the matrix M, or equivalently the eigenvalue =
such that the terms in the parentheses do not contain any factors of N. If we write M = M N9,
we obtain

c1 ~ N0 oy o N1H202 (4.39)

Note that this means that opposing to the section 3, we are defining the moments without the
normalization factor 1/N. The finite value of the moments in the large N limit will be guaranteed
by the scaling of the matrix M. This condition fixes the scaling of the matrix to

1 1
Oz1 = 5 Or2=0,0,3= 6 (4.40a)

This the fixes the scaling of the mass and the coupling r = # N, g = gN%, such that the cor-
responding terms scale as N2

2
97‘,1 =2 ; 07“,2 =1 ) 07“,3 = § ) (440b)
and

1
Og1=3,042=1,043= 3" (4.40¢)
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Let us also mention that the original work [93] uses rather different notation than the pre-
sented formulas. We will now present a short dictionary between the two notations, the quantities
as in [93] denoted by a bar. The action has been

S =BTr (M[L;, [L;, M]] + 7M> + gM*) | (4.41)

To bring the kinetic term into the same form, we need to write M = M/ 4. This then means
thatr = 7 and g = 1¢5- For the different scaling we obtain

:§A+%ég 9:@"
Y I n

0, , 0= ———, (4.43)
n

where the extra factor of n is simply due to the fact that in [93], quantities were scaled with L.

And finally, since the moments were not normalized, we have

l’n

Com = a(4@)’”/2(—:,,1 . (4.44)

4.2.2 Perturbative angular integral via the bootstrap

Recently a different method has been developed to compute the perturbative expansion of the
integral (4.3) [94]. The expressions one encounters are easier to manipulate and authors of [94]
have been able to push the expansion one order further. This will be particularly interesting, as
we will encounter multitrace terms of quartic order. We will now briefly describe the idea of the
method and then state the results.

The idea is the following. We write the kinetic term effective action as a general multitrace
expression

Seps =asTr (M?) + a1 Tr (M) Tr (M) + asTr (M*) + a3 1 Tr (M?) Tr (M) +
+asoTr (M?)? 4 a1, Tr (M?) Tr (M) + ... . (4.45)

If we now find a differential operator, for which
De=%rin(M) = O(A)e™Srin(M) (4.46)

where O(A) is an expression invariant under M — UMUT, we clearly obtain

D / AU e~ Srin (MUY — g (A) / dU e~ Skin(UMUT) (4.47)
This then yields
De=Sessr(M) — O(A)efseff(l\) ] (4.48)

So if we find an operator such that (4.46), we get a constraint on the coefficients in (4.45).
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One such operator is given by the translational invariance of the kinetic term and is

0
Dy = Za: T (4.49)
Since Dye~Srin = 0 we get Dye~5¢/# = 0. This yields constraints
ay = Naz ;031 = N aq ,
_ ! — — L 3051 + dass)
a1,1,1,1 = QNa2,1,1 ;02,11 = on as,1 a22) ,
1 1
0111111 = T535021.1.11 5 04,11 = ﬁ(&lt’),l +2a42) , (4.50)

Further, considering higher order differential operators of the form

o 0 o 0
OMay OMp | yy—g ' OMaa OMyy |4y’
o 9o o 0 o 9o o9 0
8Mab 8Mbc aMcd 6Mda M=0 ’ 6Mab 8Mbc BMca 8Mdd M=0 ’
o o9 o 0 o o o9 0
My, OMpg OMeg OMac |y~ OMay OMpg OMee OMag |y’

0 o 0 0

4.51
OMeyq OMyy, OMee OMaa | 4, “51)

yields remaining conditions up to fourth order. For higher orders, similar higher order differential
operators need to be considered.

This way, one obtains algebraic equations for the coefficients a in terms of traces of products
of matrices L;. The general formulas valid at a general N and a general CP" are again rather
complicated. The first three expressions are, in the large NV limit,

2
a9 —W s (452)
BE1(2n(n +1)(n +2)N* + N2(4 — n(n +2))%;)
ay = , (4.53)
32(n+2)N?®
BE14n(n +1)(n + 2)NS BY2(—NY)
ag o = — , (454)
’ 16n(n +2)N12 16n(n + 2)N12
where ¥ is trace over the eigenvalues of the quadratic Casimir given by (in the large-/V limit)
2L2n+2
Y= . 4.55
LT D=1 (4.55)
Thus
ag = (nIN)*™ (4.56a)

“2(n+1)
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(4= n(n+2))n% ()" N=-3
8(n +1)2(n +2) )

n 4/n %72
1252 (n!) . (4.56¢)

ay = (4.56b)
as 2 = —

For the case of the fuzzy sphere, after rescaling, which turns out to be the same as (4.40), the
effective action becomes in the large NV limit

1 34
Serr =N2|Zty — t2 — ta—
11 l42 3x16 2 135 x 162 2
4, 0 40

— 2 — t tyt? 4.57
97 % 643 T 135 % 1624 T 135 x 162 42| (4.57)

where t’s are the systematized moments

tn =Tr (M - ifﬁ(M)) , (4.58)
or explicitly

to =Tr (M?) — %Tr (M)* (4.59a)

ts =Tr (M?) — 3% LIy (M) Tr (M?) + 2%%(]\4) , (4.59b)

ty =Tr (M*) — z%Tr (M?) Tr (M) + 6Tr (M?) Tr (M)* — 3%%(1\4)“ . (459%)

Note, that the effective action could be rewritten in the terms of ¢’s rather than ¢’s thanks to the
conditions (4.50). (4.57) can then be rearranged into

1/1 1 1 1 1
=N2| =ty — —t2 4 —t5 | — —t2 — ty — 2t : 4,
St [2 <2 27 5512 F ogg0"2 ) 32" 3156 (4 )’ (4-60)

4.2.3 Non-perturbative angular integral via the boostrap

We will now present the third method to handle the angular integral. It has been developed in [95]
for the fuzzy sphere and later used in [96] for the higher projective spaces.

The starting point is the fact from the section 4.1 that the introduction of the kinetic term
into the action of the free matrix model with g = 0 does not change the shape of the eigenvalue
distribution, but only rescales its radius.

We write (4.4) again

/ T ¢~ 3T MEM) _ (=Seps(A) 4.61)

the effective action being function of the eigenvalues of the matrix M and therefor can be written
in the terms of the trace invariants ¢,, = Tr (M™). Moreover, since we have assumed the identity
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matrix to have a vanishing kinetic term, the effective action is a function of the transitionally
invariant traces

t, = Tr <M - ;[Tr(M)) . (4.62)

We obtained the same result as the consequence of the translational invariance not too long ago
in (4.57).

The fact, that for the free theory the solution is a semicircle again is incorporated by writing
the effective action in the following way

1 1
Serr = iF(t2)+a1t§+(b1+b2t2)(t4—2t§)2+01(t6—5t§)(t4—2t§) o= 5F(e)+R . (4.63)

Here, F(t2) is a function to be determined and a, b, ¢’s are some numerical factors. The remain-
der term R contains products of

2n)!
ton — Ot = tan — 2 (4.64)

nl(n+1)
C,, the n-th Catalan number, and captures the difference between the distribution given by ¢,
and the Wigner distribution. The effective action must always contain a product of at least two
such terms. This can be seen as follows.

The saddle point equation given by the action S¢¢¢ + %zTr (M 2) is

IR IR Oty 1
(z+F/<C2)))\i+a—)\i — (z+F/(C2)))\i+Z%8—/\i zzzm. (4.65)
m 1<j

The semicircle distribution has to be solution of this equation. The first term rescales it’s radius,
all the terms in the sum have to vanish when ¢,,, are the moments of the semicircle distribution,
as they would produce higher order terms in the equation. So 'R must contain product of at least
two terms which vanish when (4.64) vanishes.

We can see that the perturbative solution from the previous section (4.60) has precisely the
form given by (4.63).

We will denote to = t. The function F(t) is then determined by (4.19). For a semicircle
distribution R vanishes and equation (4.65) yields a solution with radius

9 4N

=0 (460

and the second moment

N2

Matching these with (4.19) yields after a little of algebra

N2

F'(t) + z o

(4.682)
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t=f(2). (4.68b)

Using the expression (4.20) for f(z) for the case of the standard kinetic term on the fuzzy sphere
then yields

Fgz (t) = N*log ( ) . (4.69)

1—et
The power series expansion of this expression is

1,1 1 1 1
Ft)= ct——t*+ —t'4... = —(ca—3) —

- 2)2
2 24 2880 2 24

(ca—c2 (ca—c2)r+..., (4.70)

+ 2880
matching the first orders of the perturbative solution (4.60).

From (4.69) we see, that we require ¢ not to scale with /V to obtain a consistent large- N limit.
This then yields the scaling of the matrix to be 6,, = —1/2, in agreement with the fuzzy sphere
case of (4.40).

The path from here to the phase diagram is straightforward. This is a particular case of the
multitrace matrix model from the section 3.4 and we will study its phase structure in the next
section. But before we do that, let us conclude this section with the presentation of the method
for a general kinetic term and then for the case of the the fuzzy CP™.

For a general kinetic term, let the large | dependence of K () be

K(I) ~ 1. @71

We then straightforwardly obtain

f(z) = N*7*f(zN"9), 4.72)
where
_ dy
f(x) = / YL (4.73)
If we denote the inverse of f as g, we then get
N2
F'(t) = - Neg(tN*~2) . (4.74)

Thus F has the right scaling properties if ¢ ~ N2~ which yields general scaling of the matrix

e
Opra=1——. 4.75
> (4.75)
Computing the function f(z) for the case of the fuzzy CP™ is straightforward. We just need
to recall the section 2.1.2 and the formulas (2.9) for the eigenvalues of the standard Laplacian
and for the multiplicity. We then obtain

L . 1 2n—1
dim(n, 1) 9 x
f(z) ;:0 0+n)+ 2 nN /0 dmszz pol (4.76)
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where we have rescaled [ = Lx and used the mentioned formulas

l2n—1 L

The result is then
N? IN)2/m
1= r, (1,n;n+1,(n)> 478)
z z

where o F'; is the hypergeometric function. It is a little anticlimactic, as one immediately re-
alizes, that we will not be able to obtain a closed formula for the effective action F'(¢). The
equations involved in solving (4.68) would be transcendental. The only thing we can do is a
perturbative calculation of F'(¢) in powers of ¢, which can be carried out to an arbitrary order.
We simply expand both f and F' in (4.68) and require the equations to hold order by order.

This yields up to the seventh order

n(n!)?/™ _ n(n!)4/m™ 5 \2
F(t) =N?| "~ (N?"2) - ___(N?/n2
®) |: n+1 ( ) 2(n+1)2(2+n)( )
~2(n—1Dn(n)"/n (N2/n—2t)3
3(n+1)3(6 + 5n + n?)
~ n(12 = 24n +n® 4 7n%)(n!)%/" (Nz/"’zt)Al
d(n+1)*(n+2)2(12 4+ Tn + n?)
 2n(=24 4+ 92n — 77n® — 8n® + 17n*)(n!)10/" (NQ/n_Zt)S
5(n+1)3(n+ 2)2(60 + 47n + 12n2 + n3)
720 — 3660n + 3854n2 + 1524n3— Ni12/n
(n)
—2429n* — 439n° + 423n5 + 10n7 (N2 /n_Qt)G
3(n+1)8(n+2)3(n + 3)2(120 + 74n + 15n2 + n3)
—720 + 5304n — 10960n? + 542613 + 4521n*—
12n 5 6 7 8 (nh)14/m
3282n° — 884n® + 472n" + 128n (Nz/”’2t>
T(n+ 1)7(n+ 2)3(n + 2)2(840 + 638n + 179n2 + 22n3 4+ n4)

+} . (4.79)

This shows that we can rescale the matrix M such that all the terms are of the same order and
contribute. We namely get similarly to the previous sections

b1

1 2 4
2 n

O=Z 0, =——1. (4.80)
n n

These scalings agree with the scalings (4.40) from [93] shown in the previous section, as well as
with the CP™ laplacian o = 2/n in (4.75). Moreover, the first terms agree with the perturbnative
results (4.56) of [94].

As we will see in the next section, the perturbative expressions like (4.79) are not sufficient
to study the phase structure of the theory near the origin of the parameter space. To overcome
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our inability to find a closed expression for the effective action, we will approximate (4.79) using
the method of Pade approximants [97].

The behavior of F'(¢) for large and small values of ¢ can be determined universaly [95]. Small
values of ¢ correspond to large z and from (4.68) we obtain

Ft) = ( /O e 21;K(Nx)>t @81)

and we expect ' ~ t. Large values of ¢ correspond to small z and from (4.68a) one expects
F ~ logt. This allows us to search for the effective action in the form

F(t) =log (1 +th(t)) . (4.82a)
We now find 4(¢) in a form of ratio of two polynomials

ap + att +... + aMatMa
1+bit+...+ beth

h(t) = (4.82b)
such that the expansion of (4.82a) in powers of ¢ reproduces (4.79). Since we know the expansion
of F'(t) up to seventh order in ¢, we can take M, = M,;, = 3. If we need more precision, we need
to find more terms in the expansion of F'(¢), as the known seven terms would not determine
the coefficients uniquely. At the end of the day, we obtain the effective action in the form of a
logarithm of the following expressions, F'(¢) = log (.. .)

—11789184402450 + 93978027360t + 5998294160460t
+2932050372000¢% + 497642752529¢4

=2
" " 30(—392972813415 + 527096352132t — 197206475949t2 + 39981049252¢3) ’
(4.83a)
—824984552000 + 27276411960062/3¢ + 1454433162840 61/3¢2
B +1945660952760t3 + 167744125503 62/3¢4
" 560(—1473186700 + 1591968810 62/3t — 2246388516 61/3t2 + 1411751691 ¢3) ’
(4.83b)
148500768040625 + 25279264566220000+/6t + 150340268216376000¢2
B +60165687487957760+/6t3 + 60941670673759896t*
o 5 (29700153608125 + 5008332667471000+/6t ’
—18230533095002200¢2 + 4236389020569472+/6t3
(4.83¢)
159606423231255 24/5153/5 4 9098272445481450 ¢
+6433230719486025 21/5152/5¢2 4+ 2256395876247656 22/5154/5¢3
+5382149790792650 23/5151/544
']’L e

’ 159606423231255 24/5153/5 + 1117951283918700¢—
1890281408310225 21/5152/5¢2 4 562828122041281 22/515%/5¢3
(4.83d)
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4.3 Phase structure of the second moment multitrace model

In this section, we will start with the description of the phase structure of the matrix models
representing the fuzzy scalar field theories. The following two sections are based on [96, 98].

In this section, we will investigate the phase structure of the second moment multitrace model
(4.69). As it has been mentioned several times, this model includes multitrace terms of only the
second moment, but includes it in all orders and packed in a nonperturbative way.

We will first study the symmetric regime with ¢; = 0 and consider the full model afterward.

4.3.1 Perturbative and nonperturbative symmetric regime

The phase structure of the model
1 1
S = 5 F(ea) + 5rTr (M) + gTr (M") (4.84)

with F(cq) given by (4.69) is now a simple exercise. It is a particular multitrace matrix model,
with the phase structure described in section 3.4.

The set of conditions (3.68,3.78) determining the eigenvalue distribution of the model (4.84)
in the one cut and two cut cases is

3 1 1 1
=6%g+ =6 — =1 4.85
1 g+4 <7‘+C2+1_ec2> ) (4.85a)
5 1 1 1
0°=—-,4Dg+r+ — + =0. (4.85b)
g co 1 —e2

together with the conditions on the second moment for the one cut and two cut solution (3.75a,
3.83a)

c=-4+—,c=D. (4.85¢)

Unfortunately this is a set of transcendental equations and cannot be solved analytically, not even
for the two cut case. We will approach these numerically shortly, but first we will look only at
the phase transition line. At the phase transition, the condition on the second model simplifies as
before

o= —. (4.86)
V9
The phase transition line between the one cut and the two cut distribution given by reyy = —4,/g
becomes
1
r(g9) = =59 — T o/ (4.87)

first obtained in [95]. Note that this formula is also general and does not rely on any particular
form of F' and can be used for any kinetic term and we get for the transition line in the general
case

r(g) = =49 — F'(1/\/9) . (4.88)
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Fig. 4.1. Comparison of the different results for the phase transition lines of the model (4.84). The solid
line denotes the exact transition line (4.87), the downward dashed line is the transition line computed from
the first seven terms of the expansion of F'(t), namely

) . U U S — )
9= T3 T 120960097/2 T 30240572 720g°/2 ' 12./g 9g-

The upward dashed line is a similar formula with 50 terms used. The third dashed line is obtained using
an approximation F'(t) using the Pade approximation method from the first seven terms of the perturbative
series.

A striking feature of this formula is the essential singularity at g = 0. Since the expansion
of F'(t) in t turns into the expansion of the transition line in 1/, /g, this renders any perturbative
series an asymptotic one and unreliable near the origin of the parameter space. One has to be
careful when interpreting the results with only first few terms of the expansion known. The figure
4.1 compares the exact, perturbative and approximate formulas for the transition line. Clearly a
reasonable treatment of the raw perturbative data, such as the approximation method (4.82), is
needed to obtain an useful phase transition line.

Note that if we work with a finite term approximation to F' to compute the phase transition
lines, this result is an exact, nonperturbative line of that model. The only incomplete part is the
knowledge of F'.

To get results away from the transition line, we have to retreat to numerical solution of (4.85).
Using the method described in section 3.2 we get a phase diagram and the free energy diagram
of the theory show in the figure 4.2. We show also the asymmetric one cut solution of the model,
but we can see that it has higher free energy than the other solutions and we will not discuss
further.

Several authors have considered some perturbative results for the model [5,93,99]. The phase
transition lines the authors obtain are the perturbative lines similar to the dashed lines in the figure
4.1, which have little hope to accurately describe the theory close to the origin. Moreover since
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Fig. 4.2. (Color online) The phase diagram and the free energy diagram of the model (4.84) obtained
numerically. The green region denotes the one cut solution, the blue region the two cut solution and the red
region denotes the asymmetric one cut solution, which is easily seen to have higher free energy than the
two cut solution. The green lines represent the symmetric one cut/asymmetric one cut phase transition, the
red lines the symmetric one cut/two cut phase transition and the blue lines the two cut/asymmetric one cut
phase transition. The blue line is the analytic transition line (4.87), the dashed line denotes the transition
line of the original model.

no odd terms have been considered in the action, the asymmetric solutions should have a higher
free energy. A region of parameters space where this is not true has been found in [93], but this
is only a relict of the perturbative treatment.

Most recently, perturbative phase structure of the model corresponding to the fuzzy disc
scalar field theory has been considered [100], including the odd terms. Due to the perturbative
treatment only, we expect the results to be changed in nonperturbative considerations.

4.3.2 Perturbative asymmetric regime

The first attempts to include the asymmetric solution of the matrix model corresponding to the
uniform order phase of the field theory was presented in [93]. However the authors considered
only the symmetric terms in the action, which is not satisfactory for the asymmetric regime.

In [96] a model which included asymmetric terms was analyzed perturbatively. A simple
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model was considered, with asymmetry introduced by considering the complete asymmetric ver-
sion of t = ¢y — ¢? in the perturbative expression for F'(¢). This yields a model

1 1
Sefr :§F(02 -3+ irTr (M?) + gTr (M*)
1 1 1
~oA(e - cl) + 5 A2(es = 3)? + 57T (M?) + gTr (M*) . (4.89)
The equations determining the asymmetric one cut solution (3.85) are (3.97,3.99)

1 5
0= g1 (A1 +24s(e2 = ¢f)) +2D% + 3Ddg

1
+ §D(r + A1 +245(c2 — €})) (4.90a)
1 =3D?5g + Zézgid(r + A1+ 245(c — 1)) , (4.90b)
c1 =3D3%5g + ;D(529 + iDé(r + Ay + 245(cs — 7)) (4.90c)

co =3D*g + 3D%%g + 3539 + iD%(r + Ay +245(ca — )+
+ %52 (r+ A1 +245(ca — 1)) . (4.90d)
These are supplemented by the phase transition condition (3.101)
4D?g + 20g + r + 4Dgx + 4gx® + Ay + 2A5(co — ¢162) =0 . (4.90e)

As we have seen in the section 3.3, these equations are beyond any hope to solve analytically.
The procedure adopted in [96] was thus to solve them perturbatively in the kinetic term contri-
bution. Technically, this meant replacing A; — £A;, Ay — £2A, and looking for solution of
the equations (4.90) as a power series in €. Obviously, if we include more terms of the expansion
of F(t) in (4.89), one can go further also in the expansion of the solution. The following, rather
lengthy formula, for the transition line has been obtained for the seventh order approximation of
F

44, 13542 + 84845\ 1
= —2V/15g + — + (1 —+ 4.91
r(g) 9+ — 1500715 NG (4.91)

1 (202543 4 11236 A3 + 101704, Ay
+ = ! -
g 562500

5740875 A% + 32464800A2 A5 + 1980504042
1 +29707560A41 As + 19056256 A4

(V9)? 2025000000y/15
( 19683000 A% + 10817266542 A5 4 70685676 A1 A4 + 31561924 A5 >

1

po)

+

+126372150A3 A5 + 106028514 A3 Ay + 1442302204, A2
g 113906250000

+



450 Phase structure of fuzzy field theories and matrix models

237487696875A% + 1709468550000A% Ay 4 2801052738000A2 A2
+609290035200A3 + 1400526369000.A3 A3 + 2741805158400A1 Ay As
+423995740920A2 + 913935052800A2 A4 + 753770206080 A5 A4

1 +471106378800A41 A5 + 26764511552 A¢

(v9)° 13668750000000001/15

2391484500000A7 + 15074840643750 A% A5 + 9480160743525 A, A2
+9749822053500A3 A, + 4512250464660 A3 A4 + 5266755968625 A2 As
+376020872055A4; Ag + 620602111612A47 + 19049945512500A45 Ay
+43874199240750 A3 A3 A + 16853619099600.4; A4 Ay
+3760208720550 A5 Ay + 40199575050000 A% A2

1\ +12640214324700 A3 A3 + 19499644107000A; A3

192216796875000000

51778255111171875A% + 451444780593000000.A16 A,
+1156207911142500000A% A2 + 886545939600000000.A42 A3
+97520988528864000 A% + 346862373342750000A5 A3
+1329818909400000000A43 Ay A3 4 877688896759776000A4, A2 As
+329133336284916000 A2 A2 + 170459137959667200 A5 A2
+221636484900000000 A% A4 + 585125931173184000A42 A5 A,
+151519233741926400A2 A, + 227278850612889600.4; A3 A,
+23876085465308160A2 + 121901235661080000.A3 A5
+189399042177408000 A1 Ay A5 + 44767660247452800 A3 A5
+9469952108870400A2 Ag + 5969021366327040 A2 Ag

1 +20891574782144640 A1 A7 + 4811616828772352 A5

(V9)" 3690562500000000000000+/15

Note that this formula is also general and does not rely on any particular form of F' and can be
used for any kinetic term.

It is important to stress that this is not truly a phase transition line yet. It is just a boundary
of the region of existence of the asymmetric one cut solution. It is however not guaranteed that
such solution will be realized, as it is not clear where, if at all the free energy of such solution is
lower than of the symmetric solutions.

Moreover, the character of the expansion is not clear at the moment either. Assuming that

the series in 1g is convergent, one can use the formula (4.91) to obtain an approximate location
of the triple point of the theory. The table 4.1 shows the location of the triple point for different

orders of the perturbative approximation for the fuzzy sphere.

The results for the first few CP™’s are given in the table 4.2. If however the expansion is
asymptotic, it is not clear how well or if at all these values approximate the location of the triple
point. Clearly, a non-perturbative tool is needed.
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order Je Te

2 0.02091 -0.7221
0.02127 -0.7282
0.0215 -0.7326
0.02171 -0.7356
0.02185 -0.7379
0.02195 -0.7397
0.02204 -0.7412

0NN N bW

Tab. 4.1. Comparison of the location of the triple point in the case of the fuzzy sphere for different pertur-
bative orders.

n Ye Te

11 0.02160 -0.7369
2 |0.1714 -2.048
31 0.9320 -5.333
4 | 2.890 -0.784
51 6.713 -15.20

Tab. 4.2. Numerical values for the CPz triple points. The value for n = 1, i.e. the fuzzy sphere, was
obtained using the approximate phase boundary and not using the exact expression.

4.3.3 Non-perturbative asymmetric regime

To obtain the free energy diagram as well as a phase transition line reliable for all values of g,
we treat the problem numerically. Starting from the action

1 1

§=F(c2— )+ 57T (M?) + gTr (M*) (4.92)

we obtain the saddle point equation
2 1
—c1F'(cy — &2 F'(co— D)) N +4g\3 = = . 4.
a1 F'(co— )+ (r+ F'(ca — i) i + 4gX; N Z Y (4.93)
i#]
This corresponds to an asymmetric effective single trace model
1

Sess = ey Tr (M) + SressTr (M?) + gTr (M*) . (4.94)
To connect it with the model (3.95) we have studied in the section 3.3, we rescale the matrix (or
eigenvalues) by xg = —c1 F'(ca — ¢3). Now the model is in the desired form

1

Sesg = Tr (M) + SrepsTr (M?) + gepsTr (M*) (4.95)

with

r+ F'(co — c2)
T = =
eff mg » Gef f T

|

(4.96)

O



452 Phase structure of fuzzy field theories and matrix models

0 L
o, 0.02 0.04 0.06 0.08 0.10 0.12 0.14 &
i,
_1 - ..ﬁ
SN ILEE S
-2t LI 3. o2 N
LT } S er e’y * ‘%-"’o"'o -
. .o : : % .e o® .. .:.o \20 ‘52 ‘.‘ \;:"“'D;"'t—.
3l . . ® . - * .. * : . s ’ < \\:
. . o * ® .'. : LY o:. t.': : .. .. y
. .. . e . '. :.. ':0:0 "?.’:o .: =. ....
—4r e . o : LR :o ..: 50::.::0 .:
-5 ‘ . ° .'. .. e ., :.o. ;..
-6 N ® . - & a a .

Fig. 4.3. (Color online) The phase diagram the matrix model (4.92) obtained numerically. Note the differ-
ence in the scales of the two free energy diagrams

A similar, yet simpler model was studied in section 3.4.4 and it was shown there how to relate the
original model to this solution. Let us stress that the moments of the effective single trace model
differ from the true moments by a corresponding factor of (. Also the eigenvalue distribution is
related to the effective one by

p(X) = zoperr(zol) . 4.97)

Following that discussion, with a more complicated relation of 7.y and x to the moments, we
obtain the phase diagram and the free energy diagram as shown in the figures 4.3, 4.4. There are
several interesting features of these diagrams.

First, we see that there is a big part of the phase diagram where the solution does not exist
at all. This does seem a little strange, since opposing to examples like (3.122), we have added
an attractive force so there is no reason for no stable solution to exist. However, as before we
realize that what does not exist is an asymmetric solution. The symmetric solution is still there
and what we found is that for those values of parameters, the attraction is not strong enough to
stabilize an asymmetric distribution.

Second, before we removed them, there were a lot of strangely placed points around the
g = 0 in the free energy diagram. When we looked closer at these points, we found out the the
values of g are very small numbers of order 107" and lower. Looking even closer, we see that
this is a numerical artifact, as the true solution of the equations turns out to be at zy = 0. This
corresponds either to an unstable solution c; — ¢7 — oo or to a symmetric case ¢; = 0. Either
way, that is a solution we are not interested in and these points will be thrown away.

And finally we see, that the asymmetric one cut solution is the preferred solution everywhere
it exists. This means that once the eigenvalues can go and decide to go asymmetric, it goes as
asymmetric as it gets.

If we now look just for the boundary of the asymmetric one cut region, we find the line shown
in the figure 4.5. As we can see, for larger values of g, the perturbative line (4.91) reconstructs
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Fig. 4.4. (Color online) The free energy of the the matrix model (4.92) obtained numerically. Note the
difference in the scales of the two diagrams
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Fig. 4.5. The boundary of the asymmetric one cut solution region from the figure 4.4, shown in solid,
compared with the perturbative line (4.91), shown in dashed.
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Fig. 4.6. (Color online) Comparison of the symmetric and the asymmetric free energies of the model (4.92).

the solution nicely. But for small values the difference is significant. And gets more significant as
we include more terms in the perturbative expansion (4.91). We thus conclude that the expansion
is asymptotic in for small values of g.

We now have all the ingredients needed to obtain the full phase diagram of the theory.

4.3.4 Interplay of the symmetric and the asymmetric regime

To study the interplay of the symmetric and asymmetric regimes, we need to put the free energy
diagrams 4.2 and 4.4 on top of each other, which is done in the figure 4.6. And quite to our
surprise, we see that the asymmetric regime is the preferred wherever it is possible. It is a
surprise, as the perturbative treatment in [93] suggested otherwise. We thus conclude, that this
was has probably been a relict of the perturbative approach not present in the full nonperturbative
results. And we obtain the phase diagram of the theory as in the figure 4.7.

The intersection of the two lines occurs at a critical coupling equal to approximately

ge ~ 0.02. (4.98)

We see that this is a little lower than the value in the table 4.1. This is clearly the result of the
asymptotic character of the perturbative expansion (4.91).

And the value is smaller roughly by a factor of 7 from the numerical values (2.41) of the
numerical works [81, 82]. To compare better, we draw our phase diagram and the numerical
phase diagram in the same picture in the figure 4.8.

We see that the diagrams, together with the location of the triple point are in in a qualitative
agreement, but to claim they agree quantitatively would be a rather bold statement.

One possible source of the discrepancy is clearly the remainder term R in (4.63) which will
deform the transition lines. However there is a possible problem also on the part of the numerics.
The lines in the phase diagrams are linear extrapolation of data. And looking at the original
figure 2.1, we see that the data points are at values in the range r € (0.4,0.6). This is a little
too far away from the triple point and the linear extrapolation does not take into account the turn
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Fig. 4.7. (Color online) The complete phase diagram of the model (4.92). The black line is the numerically
obtained boundary of existence of the asymmetric one cut solution from the figure 4.5. The red line is the
analytic boundary of existence of the symmetric one cut solution (4.87).)
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Fig. 4.8. (Color online) The phase transition lines, shown in dashed, which are linear fits to the data points,
from the numerical work [81] compared with the phase transition lines presented here. The small rectangle
in the top left corner denotes the area covered by the figure 4.7.

the transition lines make for small values of g. As long as this turn is not drastically changed
by the higher terms deformation, numerical data do overestimate the triple point. After some
preliminary numerical analysis closer to the origin of the phase diagram, this seems to be the
case, however it is not clear to what extent [101].
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4.4 Phase structure of the fourth moment multitrace model

In this last section, we will study the phase structure of a model with the perturbative effective
action (4.60). Moreover, as very little changes if we consider the first part nonperturbatively, we
will use the expression for F'(t) rather than the perturbative part. The action includes quartic
multitrace terms, but as we will shortly see, does not explain the phase structure of the field
theory.

Again, we will first study the symmetric case and the asymmetric case afterward.

4.4.1 The symmetric regime

The full action for the symmetric regime is

1 1 2z 1 2 4
S = §F(02) - % (C4 — 2C2) + §TTT (M ) + gTr (M ) s (499)
which is a combination of the nonperturbative part (4.69) obtained in [95] and the perturbative
term obtained in [94]. The effective parameters are given by

(c4 —2c3) . (4.100)

1 1
reff =1+ F'(c) + 2—1602(04 —262), Gefr =9 — 38

Approaching the problem numerically, we can find the phase diagram and the free energy dia-
gram of this model by now familiar method and obtain diagrams show in the figure 4.9.

The free energy diagram has clearly features which we do not expect from the diagram of
the fuzzy field theory. It allows for a solution for negative g, for some values of g > 0 it has no
solution and it has more than one solution elsewhere. This is the first clue that there is something
wrong with the interpretation of the perturbative effective action (4.60) as the action of the scalar
field on the fuzzy sphere. But at the moment, let us follow the discussion.

If we are interested only in the phase transition line, the expressions simplify again and we
are able to find the line analytically. Plugging (4.100) in (3.83) gives

r+ F'(c2) + 2—1602(04 —2¢3)

4(9 = to(ca —263))
1

4 (g — rsglca —2e3))

which together with r.yy = —4, /g, yields after some algebra

Cy = —

(4.101a)

c1=co + (4.101b)

1 2 5\/24g+ V14 5762

+ ,
4v3 3/2 ?
— eV 24g+V/1+57642 \/g (249 + 1+ 57692) 4\/§
(4.102)

r(g) = —

the line shown in the figure 4.9 together with the transition line (4.87) for the model without the
quartic multitrace term. It is important to point out, that this phase transition is exact. Starting
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0.0

Fig. 4.9. (Color online) The phase diagram and the free energy of the the matrix models (4.99). The green
region denotes the one cut solution, the blue region denotes the two cut solution. The blue line is the exact
transition line (4.102).

from the action (4.99), no perturbative considerations have been made. So as long as this models
is viewed this formula is complete.

But if the model is viewed as a representation of the fuzzy field theory, the action is a pertur-
bative expansion and the given formula is just a perturbative approximation of the true transition
line. And we see again that it is not a good approximation to the true transition line, which is
expected to go through the origin. This is another clue, that the perturbative effective action
(4.99), even if the part F'(¢) is taken nonperturbatively, is not a good starting point to the analysis
of phase structure of the fuzzy field theory.

For completeness though, let us continue with the discussion of the consequences of the
perturbative effective action to its bitter end with the asymmetric regime.
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To compare with the asymmetric results we will obtain shortly, we shall compute the tran-
sition line also perturbatively. We will take the expansion of F' up to the fourth order (to be
consistent with the fourth order of the other term) and obtain the transition line

r——4f—1+ ! + ! + 29
VI T T 2 T 5760432 T 19353604572

(4.103)
Note, that this formula agrees with the first terms in the 1/, /g expansion of (4.102).

4.4.2 The asymmetric regime

The full action for the asymmetric regime is again the combination of the perturbative part (4.60)
and the non-perturbative part (4.69), but now with all the odd terms included

1 1 2
S :§F(c2 —c2) - 3456 {(04 — 4desey + 6eact — 3¢t) — 2(cy — C%)Q} —
1 . 1
g (3 —3eiea + 263)% + S Te(M?) +gTr (M*) . (4.104)
This action leads to the following saddle point equation

1
{432 ( — 25¢] 4 3c7(25¢2 — 8) — 25¢]cs + 6¢7(5eg — 2)cs + c3(6cp — 2¢5 + ca)

4¢3 (48¢y — 60c3 + 5cq) 4 ¢1(10¢3 — 18¢3 — 4ci — 50204)) —c1F'(cq — C%):| +

1
+ [432 (25c§>' + (24 — 60cy) — 4cs + 20cics + 4e1 (3 — 2¢)ez+

+¢2(30c2 — 36¢o — Bey) + 20204> + F'(cy — c2) + r} it

1
* {Mll ( —5c] 4263 (5ea — 2) — 2c3 — 4Acies + c1(6ey — 205 + 64))} A7+

1 2 1
+ Lm (50‘1l — 100?02 + 20% + 4cies — 04) + 49} /\i-5 = N ; N )
(4.105)
which we will, for the brevity of the equations, write as
2 1
X XA + XoX2 + (4g + X3)\3 = = . 4.106
O+(T’+ l) + 22+(g+ 3)1 NZA'L_)\j ( )

i#]j
This equation leads to an effective single trace matrix model which is not of the form (3.95),
since the A\? term leads to a Tr (M 3 ) term in the action of the effective model. We can however
get rid of such term by shifting the matrix M. By changing M — (M — aid)/xo, where
2X. 23 (’I“ + X 1 )X 2

=Xy + — , 4.107a
TOTROT ST g + X502 3(4g + Xa) ( )
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Xo
- Az 4.107b
“=3(ig + Xs) (*-1070)

and after dropping the constant term, we obtain the effective single trace matrix model in the
desired form (3.95)

1
S =Tr (M) + 5repyTr (M?) + geppTr (M*) | (4.108)
with
12g(T + Xl) — X22 + 3(7" + X1)X3
eff = 7 4.109
rels 3(4g + X3)x} (*10%)
49 + X,
Gess == 1A 3 (4.109b)

Moreover, the moments of the distribution c¢,,, which are to be used when evaluating X’s are
related to the moments of the effective single trace matrix model distribution (3.99) by

. _Cleff _17 (4.110a)
i) o
_Coeff  2e1ep5a | @ 4.110b
©2= 2 x2 22 * :
0 0 0
c 3c a 3c a®> a®
5 = 3;3ff B Q;ff + 1,;£f -, (4.110c¢)
0 0 0 0
dc; 6 > 4 Pa
oy =Shed]  2C3eff0 | DCelj ACes T | @ (4.110d)
xg x5 Zg Zg Zo

Unfortunately there is little we can do with our approach in this case. If we choose particular
values of 7.7y and g.rr, the moments of the effective single trace model are known and the
equations to be solved numerically are (4.107) plugged into (4.110) together with (4.109). This
system is way too complicated to be handled. So to include the effect of the new terms, we retreat
to the perturbative calculation and repeat the procedure of [96].

This means we reintroduce the parameter ¢ and solve the equations determining the solution
as a series in powers of ¢, later setting € = 1. The final result we obtain is

19 LoH 7886183
18000v/15,/g ~ 11250009  4374000000000v/15¢3/2

r(g) = _2\/5\@% _ L (@111)

We stress that this formula is a perturbative one even if the model (4.104) is viewed as a complete
action. We cannot do much more here, so we continue to the comparison of the two regimes.

4.4.3 The interplay of the perturbative symmetric and asymmetric regimes

The figure 4.4.3 shows a little sad plot of the symmetric transition lines (4.103) and (4.102) with
the asymmetric transition line (4.111). These transition lines do not intersect and the perturbative
model as it stands does not have a triple point. Also, recalling the free energy diagram of the
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Fig. 4.10. (Color online) The phase transition lines (4.102) - the red solid line,(4.103) - the red dashed line
and (4.111) - the black line in one figure, showing the incompleteness of the perturbative description.

symmetric regime in the figure 4.9, the phase structure of such model is not clear at all and surely
does not represent the phase structure discussed in the section 2.3.

We thus conclude, that the phase structure of the fuzzy field theory is very sensitive to the
terms of the perturbative expansion. To be able to make any reasonable statements about the
properties of the phase diagram of the field theory, once we include some multitrace term, we
need to include terms of all orders in that moment. A similar result has been obtained recently
in a Monte-Carlo study of the perturbative multitrace model (4.104) in [102], where it is shown
that the perturbative version of the model (4.99) does not reconstruct the phase structure of the
fuzzy field theory. It would be interesting to see, how our results connect to this work.
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5 Conclusions and outlook

We have presented an application of the matrix model techniques to the study of the phase struc-
ture of the scalar field theory on the fuzzy sphere. Our goal was to reproduce the available results
of various numerical simulations. We have analyzed two different models, which approximate
the field theory in two different ways.

One of the models did a decent job, reproducing the expected qualitative features of the
diagram and giving a reasonable quantitative values of the parameters of the diagram. The second
model did much worse and have been neither in qualitative nor quantitative agreement with the
expectations. As we have seen, the key property distinguishing these two models and leading
to the success or the failure was the fact that the approximation used in the first model was a
nonperturbative. And the fact, that the second approximation was in some sense more precise, as
it included several extra terms, played little role.

So the main lesson we have learned is that if one uses a matrix model to approximate the
fuzzy field theory, it is very important that the terms are arranged in a nonperturbative packing.
Perturbative approximations are of little use if we aim to explain the phase structure of the theory.

We will now conclude our journey with several open questions or interesting related prob-
lems. We start with a short remainder, that we have left two loose ends on the numerical side
of our work. One should try to improve the algorithm for the treatment of the two cut solution
of the asymmetric quartic model and come up with a better numerical treatment of the second,
perturbative approximation matrix model, capable of handling the ¢3 term.

The kinetic term effective action

We do not have to go too far for the further problems. Some better, perhaps a complete
treatment of the angular integral (4.3) is desirable. Unfortunately, there are very few hints on how
to approach this problem further, as the perturbative treatment seems to be way too complicated
[94] and there is no hint how to generalize the nonperturbative treatment of [95] beyond the
second moment. The reason might be that we are on a wrong track. The moments, in which
we try to express the kinetic term effective action, might not be the most useful variable. The
effective action is a function of the eigenvalues and the moments are perhaps a bad way how to
express this dependence. For example if we tried to express the repulsive Vandermonde term
in terms of the moments, we would very soon run into difficulties. So stopping for a while and
rethinking the whole problem over might bring some new insight.

Nonperturbative approximation of perturbative approximation

We have presented a possible method how to pack a perturbative expansion into a nonper-
turbative form, yielding a nonperturbative approximation of perturbative approximation. Even
though still an approximation, it might be useful for computations. We have very little informa-
tion of about the remainder term R (4.63) so the method based on Pade approximants is not very
useful, but we still can cook up an approximation by

1, 1 2 1 1 ,
=— —t5s — —— (t4 — 2t ~ 1 h|l—.t3 ) h| —,t4 — 2t 5.1
R 3515 ~ 356 (14— 22) Og[ (432’ 3) (3456’ 4 2)} » 6D

where
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—ax® x—0

h(a,x) ~ logz T — 0o (5.2)
for example
1 x?
h = 53
(a,z) Tt 1+z (5.3)
h(a,z) =e~ 1+ g (1 - 7). (5.4)

It would definitely be interesting to study a matrix model with such multitrace term.

Other noncommutative spaces

As mentioned in the text, there are numerical results available for several other spaces, the
fuzzy disc [77], three dimensional case of R x 512J [75], noncommutative plane [76] to name
some. Moreover, for the first there is a perturbative analysis available also [103] and for the
second an perturbative approximation similar to the one studied here [100]. The fuzzy disc
effective action includes the linear ¢, term and also does not vanish for the semicircle. It would
be very interesting to generalize the nonperturbative treatment of the section 4.2.3 to these spaces
and see how these results compare.

Also, we could clearly do computations for different spaces, where no previous results are
available, such as CP?, CP3, a general CP" or the fuzzy foursphere S* [50]. Moreover, if one
considers a general ¢>* theory and repeat the procedure of the section, one could look for the
aspects of non-renormalizability of certain theories, like ¢ on R* or ¢* on R, that are reflected
in the regularized matrix versions. This was suggested in [5] and [93], but was not elaborated on
neither there, nor here. Some very interesting structure of M matrix model is revealed in [104]
and the straightforward connection of this model to the ¢° theory conjectured here makes those
results relevant.

Phase structure of the UV/IR free theories

And finally, the most interesting problem. As mentioned in the text, there are several mod-
ifications of the naive versions of the scalar field theory which remove the UV/IR mixing phe-
nomenon. Both for the fuzzy sphere and for Euclidean spaces [66,67,105]. The phase structure
of such spaces is of prime interest, as the non-uniform order phase should be removed together
with the UV/IR mixing. This remains to be shown and perhaps one could learn something new
from the way the extra phase is removed.

Beyond noncommutative field theory

Undoubtedly, there is a lot of possibility to apply the results for the asymmetric quartic model
and the multitrace models beyond the phase structure of the noncommutative field theories, as
the idea has been successfully used before [106, 107, 108]. Interestingly, a similar matrix model
appears also in the study of the random geometry on the fuzzy sphere [109].

Acknowledgement: I would like to thank Denjoe O’Connor for useful discussions. This work
was supported by the Alumni FMFI foundation as a part of the Ndvrat teoretikov project.
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A Description of the numerical algorithm

In this section, we will present the algorithm used to numerically solve the equations (3.107,
3.110e) for the asymmetric two cut solution of the model (3.95). Trying to use numerical methods
of the computer algebra program directly on the equation (3.110e) yields little success, so we
were forced to come up with something else.

The algorithm starts with choosing some particular values of r and g as before. Then we take
the value of Dy to be —D;(1 + x), where x is our new parameter. We chose a particular value
of x and solve the equations (3.107) numerically using standard features of the computer algebra
program. Again, navigating our way through handful of irrelevant solutions*!, we check for the
value of (3.110e) for the relevant solution (if it exists).

Doing this, we scan through a reasonable interval of z observing when does the value change
sign. When we find an interval of x with different sign of (3.110e) at the endpoint, we zoom
to this area and look further. We again split the interval into parts and look for the change of
sign. When we find such interval, we take a linear approximation to the function given by the
values at the endpoints and take the root of this linear fit as the solution for  and thus for all the
parameters D o and 91 2.

We have used the following values for our search. Interval of x has been (0, 0.3), which
was first split into 500, 300, 100 or 50 parts, depending on the values of r and g. Generally, for
small g larger number was needed to find the solution. If the solution has not been found for
smaller value of the number, the algorithm ran again with the value of 500 to make sure there
is no solution. This way we achieved a balance between precision and speed. The part where
the value of (3.110e) has changed sign was divided further into 50 parts. We then chose for our
value of x the midpoint of the small interval where (3.110e) changes sign. The program had
trouble when the edge of the first interval was too close to the zero, so if the value of (3.110e)
was too close to zero (absolute value smaller than 0.5) in our program, we have narrowed down
the second interval.

The biggest problem of the algorithm was the exact location of the transition line between
the asymmetric one cut and the two cut solution. We did our best to tune the parameters of
the algorithm to achieve good precision while having a reasonable speed, but there still might
be points around the boundary which we have missed. Clearly, there is also a lot of room for
improvement of the speed of this algorithm. However for the current purposes this version did
serve quite well.

AlThese are imaginary solutions, solutions with negative §°s and solutions where the two intervals overlap.
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