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Dually Weighted Multi-matrix Models
as a Path to Causal Gravity-Matter Systems

Juan L. A. Abranches, Antonio D. Pereira® and Reiko Toriumi

Abstract. We introduce a dually-weighted multi-matrix model that for a
suitable choice of weights reproduce two-dimensional Causal Dynamical
Triangulations (CDT) coupled to the Ising model. When Ising degrees of
freedom are removed, this model corresponds to the CDT-matrix model
introduced by Benedetti and Henson (Phys Lett B 678:222, 2009). We
present exact as well as approximate results for the Gaussian averages
of characters of a Hermitian matrix A and A? for a given representation
and establish the present limitations that prevent us to solve the model
analytically. This sets the stage for the formulation of more sophisticated
matter models coupled to two-dimensional CDT as dually weighted multi-
matrix models providing a complementary view to the standard simplicial
formulation of CDT-matter models.

1. Introduction

The search for a consistent theory of quantum gravity that is valid up to ar-
bitrarily short length scales remains an open challenge in theoretical physics.
The direct quantization of the gravitational field described by general relativity
using the standard perturbative field-theoretic techniques renders a perturba-
tively non-renormalizable quantum field theory (QFT), see, e.g., [1-3]. In the
history of the construction of quantum theories of the fundamental interac-
tions, perturbative non-renormalizability of a given well-grounded theoretical
model was circumvented by the replacement of such a model by a more funda-
mental description either by the addition of new fields or by the discovery that
the degrees of freedom to be quantized were different ones. As such, successful
models were constructed and the fulfillment of perturbative renormalizability
became a paradigmatic prescription. Such an attitude could be taken in the
case of quantum gravity. Perhaps, the Einstein-Hilbert action is not the cor-
rect starting point and just corresponds to an effective description of classical
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gravity at sufficiently low energies and the fundamental degrees of freedom are
completely different. Alternatively, one could add more fields that restore a
well-behaved ultraviolet behavior for the would-be quantum theory of gravity.
In all those cases, there is an insistence in keeping the tools of perturbative
renormalization as the guiding principle in the construction of the underlying
QFT. However, as it is well-known nowadays, perturbative renormalizability
is neither necessary nor sufficient to define a theory that is valid across ar-
bitrary length scales. The existence of Landau poles in scalar field theories
in four dimensions or in quantum electrodynamics shows that perturbatively
renormalizable theories might require the introduction of a ultraviolet cutoff
at some finite energy scale in order to be non-trivial, see, e.g., [4-7]. In prac-
tice, however, such Landau poles live at scales far beyond our experimental
capabilities and therefore are harmless. Similarly, by introducing a cutoff for
the standard QFT of general relativity, one has a perfectly well-defined frame-
work to compute quantum corrections to gravitational processes at energy
scales below the cutoff [8-10]. Hence, constructing a fundamental theory of
quantum gravity, as opposed to such an effective field theory does not neces-
sarily require the construction of a perturbatively renormalizable QFT. One
possibility to define a QFT that is valid up to arbitrarily high energies is by
demanding that the coupling constants that enter physical observables reach
a renormalization group fixed point. When this happens, the theory attains
a scale-invariant regime and the ultraviolet cutoff can be safely removed. A
paradigmatic example is quantum chromodynamics which is asymptotically
free, i.e., the theory reaches the free (or Gaussian) fixed point in the ultravio-
let,! see [11,12]. In this case, since the coupling becomes sufficiently small at
high energies, perturbation theory is applicable and can probe the existence
of such a fixed point. Alternatively, the theory could have an interacting (or
non-Gaussian) fixed point in the ultraviolet. In this situation, the values of
the couplings at the fixed point might not be small and perturbation theory
is not sufficient to probe it. When such a non-trivial fixed point exists,? we
say that the QFT is asymptotically safe. In [13], Weinberg put forward the
conjecture that quantum gravity could be realized as an asymptotically safe
QFT. Evidence for that was obtained through the so-called 2 + € expansion
[14-17]. However, due to its non-perturbative nature, the search for such a
fixed point needs different techniques with different systematics in order to
make its finding a robust claim. For many years, this conjecture was not in-
vestigated systematically due to the lack of suitable technical tools. However,
during the 1990s, this situation suffered a twist due to the development of two
major frameworks: the use of functional or non-perturbative renormalization
group equations to quantum gravity, see, e.g., [18] and reviews [19-24] and ref-
erences therein and the proper understanding of how to put quantum gravity
on a lattice in a consistent fashion with causality constraints, see [25,26] and
reviews [27,28] and references therein. Those computational techniques can

Mn this case, the theory is also perturbatively renormalizable.
2 Actually, besides having a non-trivial fixed point, it is necessary that just finitely many
couplings are adjusted in order to reach it, otherwise the theory is not predictive.
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be viewed as complementary approaches to the search for a non-perturbative
ultraviolet fixed point for quantum gravity and it has become usual to call
the search for the fixed point using continuum techniques as the asymptotic
safety approach while the search for a suitable continuum limit of discretized
path integrals with causal constraints as the Causal Dynamical Triangulations
(CDT) program. Both lines of research have provided a large body of evidence
for a suitable continuum limit in four dimensions. We refer the reader to the
references in the reviews above mentioned for a comprehensive list of the most
recent results in those fields.?

Despite the tremendous progress achieved in the physically motivated
four-dimensional case, the employment of non-perturbative techniques require
substantial truncations and approximations that still need a lot of effort to
produce quantitatively reliable results for those universal quantities, i.e., ob-
servables that could tell the existence of the continuum limit. Yet a fruitful
playground is to consider two-dimensional quantum gravity. In this case, the
interplay between continuum and discrete descriptions of the path integral
of quantum gravity has witnessed a significant progress over the last decades
ranging from the development of novel techniques to perform explicit calcula-
tions to rigorous mathematical results. We refer to, e.g., [34,35] for reviews on
the topic. In particular, the Dynamical Triangulation program was born in two
dimensions within an Euclidean setting while its continuum counterpart is en-
coded in Liouville quantum gravity. In particular, a successful implementation
of the discretization of the path integral of quantum gravity and thus a sum
over geometries and possibly topologies can be achieved by purely combina-
torial means with the use of the so-called matrix models [34,36-43]. Triangles
can be taken as dual representations of cubic-matrix vertices and Feynman
diagrams of such a model are simply triangulations of two-dimensional sur-
faces. The perturbative expansion of matrix-models partition functions can
be organized in powers of 1/N with N standing for the size of the Hermit-
ian random matrices and each power of such an expansion is associated with
a specific genus g. Such a remarkable expansion allows for the investigation
of continuum limits, e.g., where just spherical topologies contribute (the so-
called planar limit) or where all topologies are taken into account (double-
scaling limit). Thanks to the rich combinatorial framework behind the the-
ory of random matrices, very powerful results could be established in such a
discrete-to-continuum approach. The two-dimensional case is simple enough
so that one can still solve the Dynamical Triangulation model with no need
to make use of random matrices, but such a perspective opens up the pos-
sibility to think about higher-dimensional discrete approaches as theories of
higher-order tensors. So far, the higher dimensional tensor models were not

3We highlight that both approaches follow the inspiring idea put forward by Weinberg but
there is no reason a priori to expect that the would-be continuum limits belong to the
same universality class. In particular, CDT implements a Lorentzian path integral while
the continuum computations employing the functional renormalization group are mostly
Euclidean, with few exceptions, see, e.g., [29-33].
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successful in producing a suitable continuum limit in higher dimensions. Pri-
marily, the main obstacle was the lack of the analogue of the 1/N-expansion
in matrix models. Such a difficulty was lifted thanks to the works of Gurau
that introduced the so-called colored tensor models [44-47]. Yet the continuum
limits obtained from the colored tensor models up to date do not feature an
extended-geometry-like phase very much in agreement with the simulations
performed for Dynamical Triangulations in dimensionality greater than two
[48-52], see however [53-61]. This suggests that one could inspect more in-
tricate continuum limits from those models, see, e.g., the realization of such
a reasoning following the functional renormalization group [62-65], or that a
restriction to the configuration space should be implemented. This is precisely
what is achieved with CDT which displays a robust body of evidence that
such a suitable continuum limit exists in higher dimensions [25,66—75]. Nev-
ertheless, the analogue of CDT in a tensor-model language is still unknown.
In this paper, we explore a matrix model that would be such a realization in
two dimensions introduced by Benedetti and Henson in [76]. In essence, this
model implements the (non-local) global time foliation of CDT together with
the avoidance of spatial topology change by means of local constraints. This is
achieved by the so-called dually weighted matrix models introduced in [77-80].
On top of the CDT configurations generated by the Benedetti-Henson model,
we will introduce degreess of freedom arising from the Ising model, i.e., we
develop a (multi-)matrix model of the Ising model coupled to CDT in two di-
mensions. Alternatively, the combinatorial models can be enriched with more
structure such as group-theoretic data giving birth to the so-called Group Field
Theories which may or may not include a Lorentzian setting [81-84]. Thus,
two-dimensional quantum gravity might be too simplistic for some purposes
but certainly is an inspirational source for more sophisticated candidates in
higher dimensions.

Moreover, a realistic description of our Universe must accommodate mat-
ter degrees of freedom whose fluctuations can affect the existence of a suitable
continuum limit. Hence, it is conceivable that our comprehension of the poten-
tial mechanism that drives quantum gravity asymptotically safe (irrespective
of the approach followed here) depends on a simultaneous treatment of gravita-
tional as well as matter degrees of freedom. This ambitious goal has witnessed
significant progress over the last two decades both from the point of view of
the functional renormalization group as well as from lattice simulations and
encouraging results were found [23,28,85-87]. In the present work we provide
several results regarding a simple but still quite rich gravity-matter model:
two-dimensional CDT coupled to the Ising model. There are several motiva-
tions to look at this model but we emphasize the following: Implementing the
causality constraint at the level of a matrix model is a first step towards its
implementation in tensor models. As it is known, such a model does not have
a known exact solution and developing appropriate tools to deal with it is
mandatory. The inclusion of the Ising model produces a multi-matrix model
which is interesting on its own. Clearly, having the Ising model as the matter
component is tremendously far from the rich structure of the Standard Model
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of Particle Physics coupled to quantum gravity. Yet the purpose here is to ex-
plore the impact of the dynamical (and causal) lattice to the Ising model and
vice-versa. We emphasize that matrix models for Euclidean two-dimensional
gravity coupled to the Ising model were investigated in the past [88-91] as well
as its higher-dimensional version [92-94]. Moreover, the coupling between the
Ising model and CDT was also investigated since the birth of two-dimensional
CDT, see, e.g., [95-101]. We establish several properties of such a CDT-Ising
multi-matrix model paving the way for a future complete solution or making
its structure well-grounded for studies using non-perturbative tools such as the
functional renormalization group methods* or numerical simulations.

This paper is organized as follows: In Sect.2, we will briefly review
CDT-like matrix model as a dually weighted matrix model as introduced
by Benedetti and Henson [76]. In Sect.3, we develop an analysis concern-
ing topologies which admit global foliations, specifically within the Benedetti-
Henson pure CDT-like matrix model (in Sect. 2) and further on non-orientable
symmetric matrix models. In Sect.4, we discuss briefly the well-known two-
matrix models which can be interpreted as Ising model on random two-surfaces.
In Sect.5, we present our CDT-matrix model coupled to the Ising model by
combining the models in Sects. 2 and 4. In Sect. 6, we study the properties of
the matrices C,,, which, in the case of m = 2, is responsible for generating the
global foliation structure on the dual triangulation graphs of the CDT-like ma-
trix models. Theorem 6.1 is one of the main results of this paper. In Sect. 7, we
present the character expansions for partition functions of the two models, i.e.,
pure CDT-like matrix model by Benedetti-Henson and CDT-like matrix model
coupled to Ising model presented in Sects.2 and 5 respectively. We base our
further analyses on these character expansions. In Sect. 8, we analyze the char-
acter expansion of the partition function for the latter model (i.e., CDT-like
matrix model coupled to Ising model) and present an expression in Proposi-
tion 8.1 in terms of Clebsch-Gordan coefficients using Weingarten calculus. In
Sect. 9, we evaluate Gaussian averages of characters for a given representation
r, (xr(A))o and (x,(A?))o for CDT-like matrix models presented in Sect. 2,
using various techniques, e.g., Schur-Weyl duality, theory of symmetric group
algebra, etc. Theorem 9.6, one of our main results, is related to Brauer alge-
bra. In Sect. 10, we conclude by revisiting and summarizing the various results
reported in this work.

2. Causal Dynamical Triangulations as a Matrix Model: A
Short Review

Let us describe via matrix model the Causal Dynamical Triangulation (CDT)
in two dimensions. The CDT was first worked and solved in [108] as a lattice
model. In [76], a definition through a matrix model was given, and we follow

4Functional renormalization techniques were developed for matrix models, see, e.g., [102—
106]. There are studies involving the functional renormalization group equation applied to
the Benedetti-Henson model, see [107].
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this definition. Let us also refer to this model as pure® CDT-like matrix model
of Benedetti-Henson. The CDT-like matrix model graphs can be represented
as ribbon graphs just like other matrix models. In fact, these CDT-like matrix
models fall into a class of so called dually weighted models. In [78], Kazakov,
Staudacher, and Wynter introduced a so called dually weighted graphs where
different weights are assigned for vertices with different coordination num-
bers and for faces with different lengths. As one will see below in elaborating
the features of such CDT-like matrix models, our models generate the dually
weighted graphs only with vertices with coordination number 3, and with faces
with arbitrary lengths however, of particular type (restricting to only having
two edges of a certain type, which we will name timelike).

Definition 2.1. A prime ribbon graph is a set of topological discs and topo-
logical rectangles satisfying the following properties: no two rectangles or two
discs intersect; each rectangle has exactly one pair of opposite sides that are
contained in disc’s circumferences, and this is the only intersection between
rectangles and discs.

Definition 2.2. A rectangle’s edge that is not contained in a disc is called a
strand.

Definition 2.3. A ribbon graph is the boundary of the union of the discs and
rectangles of a prime ribbon graph.

Additionally, one can represent such ribbon graphs as multigraphs. Given
a ribbon graph, we assign a vertex to each disc and an edge to each rectangle.
If a disc and a rectangle are connected, i.e., they intersect, then respective
vertex and edge are connected. See Fig.1 for an example. We may also call
a ribbon graph’s discs and rectangles as vertices and edges, respectively. We
define a face as a closed curve formed by strands, and we carry the notion
of faces from the ribbon graph to the multigraph. An example of a face of a
ribbon graph is shown in Fig. 1a.

The CDT-like matrix model ribbon graphs are edge-colored (not proper),
partitioned into two sets: spacelike edges and timelike edges. Together with the
defining properties of a ribbon graph and the edge coloring, the CDT ribbon
graph also has the following defining properties (CDT conditions):

1. Every vertex is three valent and has exactly one timelike edge and two
spacelike edges incident to it.
2. Every face has either two timelike edges or none.

Notice that the faces can have any number of spacelike edges. Figure 2
shows a representation of the vertices and edges. A triangulation is obtained
with the dual graph; the dual graph is defined by associating a vertex with
each face of the graph, and if two faces share an edge, their respective vertices
are connected by an edge (see Fig.2b). This also leads to each vertex in the
graph being associated with a face in the dual graph, and since all vertices

5We specifically refer pure (gravity) because later, we will talk about a matrix model which
generate random two-surfaces (gravity) with matter.
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(b) The multigraph representation of the ribbon
graph in Fig. la is shown in solid lines and black

(a) A closed loop is called a face of a ribbon vertices. Dashed lines represent the edges of the
graph. The timelike edges are shown in blue, and dual graph and the gray dots are vertices of the
the spacelike edges are shown in red. dual graph.

FIGURE 1. A face of a CDT ribbon graph (color figure online)

A
1
B N

1
A N
(a) Vertex of a CDT ribbon graph.  (b) Edges of a CDT ribbon graph.

FicUure 2. Components of the CDT ribbon graph

are three valent, all faces in the dual graph are triangles. In Fig. 3, we show
an example of a sphere triangulation that satisfies the CDT conditions given
above.

A matrix model that generates ribbon graphs, satisfying these defining
CDT conditions above can be constructed by associating a Hermitian matrix
A with spacelike edges of a ribbon graph and a Hermitian matrix B to timelike
edges of a ribbon graph. An auxiliary partition function for such a pure CDT-
like matrix model is given by

7= [aaam ermliatieoroants] 1)

The action (the negative of the exponent in (1)) of the model has the term
—NgA?B, responsible for the property that every vertex have exactly two
spacelike edges and one timelike edge. A matrix Cs is introduced in the qua-
dratic term of B, and it satisfies, for a positive integer p and in the large N
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FIGURE 3. An example of a CDT triangulation graph (dual
of a corresponding CDT ribbon graph). spacelike edges in the
ribbon graph are dual to timelike edges in the dual triangula-
tion graph, and vice-versa. The vertices of the dual triangula-
tion graph can have two or zero spacelike edges (in red) and
any number of timelike edges (in blue) (color figure online)

limit,
Tr[(Cs)P] = Ny o. (2)

This condition on C5 is what sets the property that faces have only two or
zero timelike edges. In Sect. 6, we study this matrix C5 in more detail. Notice
that this constraint (2) on Cy is overdetermined, once p > N. Therefore, the
condition (2) on Cs can only be imposed in the large N limit. The Gaussian
average of a function f(A, B) is defined by

[ dAdB f(A,B) e VT4 (G B

A, B
(f(A,B))o fdAdB e—NTr[%AQJr%(Cz*lB)z]

: (3)

and we find the following properties:

1
(AijAri)o = N@k@‘l, (4)
1
(BijBri)o = Nc2ikc2jl7 (5)
(AijBri)o = 0. (6)

Since the condition on C5 in (2) can only be set at large N, the partition
function for CDT is only be obtained in the large N limit,

Zcpr = ]\}EHOO Z. (7)
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3. Properties of the Benedetti-Henson Model: Allowed
Topologies and (Non-)orientability

The two defining properties, albeit being local, put a global constraint on
the topologies that our ribbon graphs (and in their dual triangulation) may
represent. Studying the properties of the elements of the graph enables us to
determine the values of Euler characteristic which are allowed. The analysis
can be done either with the ribbon graphs or with the triangulations dual to
them. Here, let us work on the ribbon graphs.

Let us study some properties satisfied by the faces. A face that has no
timelike edges is simply a set of connected spacelike edges. See Fig. 4b. For a
face that has two timelike edges, since the vertices can only have one timelike
edge, a timelike edge in a face is always a neighbor of two spacelike edges of
the face. See Fig. 4a. This way, the edges of a given face of the latter type form
a sequence composed by a timelike edge, a several spacelike edges, a timelike
edge, a several spacelike edges, and then connecting back to the first timelike
edge. Thus, this type of face has two disjoint sets of connected spacelike edges,
and these two sets are separated by timelike edges. Let us call these the two
sets as spacelike boundaries of a face.

Definition 3.1. A strip is defined as a set that contains faces which are sequen-
tially connected by timelike edges, and also contains the edges and the vertices
of these faces. Each face in a strip is glued by timelike edges to either two faces
in the same strip (it can also glue to itself) or none, and one timelike edge is
shared exactly by two faces (these two faces are possibly the same face). If a
spacelike edge has multiplicity two in one face or if it belongs to two faces of
the same strip, consider those two appearances as distinct elements of a strip.

Definition 3.2. A boundary of a strip is defined as a set of spacelike edges that
are sequentially connected by vertices.

Definition 3.3. A interior of a strip is defined as the set of faces and timelike
edges in a strip.

Definition 3.4. A regular strip is a strip that has two boundaries (see Fig. 6a).

Definition 3.5. A singular strip is defined as a strip composed by a face with
no timelike edges (see Fig. 6b).

Definition 3.6. A Mobius strip is a non-singular strip that has one boundary
(see Fig. 6¢).

Some important properties satisfied by CDT ribbon graphs are:

1. Every face belongs to a strip and is in only one strip.

2. A strip has only spacelike edges in its boundary, and all spacelike edges

are in boundaries of strips.

Since there is a finite number of faces, there is a finite number of strips.

4. Every non-singular strip is a periodic sequence which alternates between
faces and timelike edges; and every boundary of a strip is a periodic
sequence which alternates between spacelike edges and vertices.

i
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A

(a) A face with two timelike edges. (b) A face with no timelike edge.

FiGURE 4. Components of the CDT ribbon graph. Spacelike
edges are shown in red, while timelike edges are shown in blue
(color figure online)

(a) The face F; has spacelike boundaries A; and  (b) The edge e; is in the faces fi and g1. The
Bi, and the face F» has the spacelike boundaries  edge ez is in the faces fo and g2. Both faces fi
Az and Bj. Together, they have the spacelike  and f2 are in the strip s and both faces g1 and g2
boundaries A; U A; and By U Bs. are in the strip ¢. In this example, fi = fo.

FIGURE 5. Steps of the demonstration of properties 5 and 6
of CDT ribbon graphs

5. A strip has only one or two boundaries.
6. A boundary of a strip either bounds one other strip or connects the strip
to itself.

Properties 1 to 4 are easy to see, but let us take a closer look at property
5. The singular strip is just a face with only spacelike edges, thus as a strip it
has only one boundary, as shown in Fig. 6b.

For a regular strip or a Mobius strip, we follow the steps below:

e Consider one of its faces, call it F}. F has two spacelike boundaries, call
them A; and Bj.

e Consider also a face, call it F3, that is connected to the previously consid-
ered face I above by a timelike edge. Fy also has two spacelike bound-
aries. Call them A, and Bj. (See Fig. ba.)
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(a) A regular strip. (b) A singular strip. (c) A Mobius strip .

FIGURE 6. Types of strips present in a CDT ribbon graph.
spacelike edges are shown in red, while timelike edges are
shown in blue (color figure online)

These two boundaries are each connected to a boundary of the previous
face by the vertices the faces share. Together, the two faces create two
extended spacelike boundaries, A; U A and By U Bs.
This process is inductively repeated to k connected faces in the strip, and
the number of spacelike boundaries is kept two, A1 U A; U --- U Ag, and
By UBsU---U By.
Call [ the number of faces in the strip. Considering property 4 of CDT
ribbon graphs, when the first and the last faces are connected, there are
two possibilities:
1. The two extended boundaries close into A; U Ay U --- U A4; and
By U By U---U By, forming a regular strip, as shown in Fig. 6a.
2. The extended boundaries connect to each other, A;UAsU---UA; U
By UBs U---U By, creating only one closed boundary, forming the
Mobius strip as shown in Fig. 6c.

We can obtain the property 6 in a similar manner as we did property 5

above:

Given a spacelike edge e1, consider the two faces (that might be the same)
that share e;. Call these faces f; and g;.

Consider the strips (that might be the same) that contain the faces f;
and g; respectively. Call them s and ¢ respectively.

Consider now a spacelike edge, call it e that has a common vertex with
the previous spacelike edge e;. Call f; and g» the two faces that es belongs
to.

The faces fo and g, either satisfy fo € s and gy € ¢, or satisfy fy € ¢t and
g2 € s. Without the loss of generality, assume the first case. (See Fig. 5b.)
The two neighboring spacelike edges have the same two strips at its sides,
s and t.

Inductively, when considering the entire closed cycle of spacelike edges,
either s # t or s = t. Therefore, there are either two or one strip at its
sides.
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Consequently, similarly to the way faces are connected by the timelike
edges to form a strip, the entire graph is construted by strips connected by
spacelike edges. Together with property 6, since the graph is connected, every
strip is connected to each other by a sequence of strips. Therefore, one can say
that a graph is a sequence of strips, and there are three types of strips defined
in 3.5, 3.4, and 3.6.

Possible topologies

Let us now take a look at the Euler characteristics of the CDT ribbon graphs.
The elements of these ribbon graph can be decomposed into two disjoint sets:
boundaries of strips (defined in 3.2) and interiors of strips (defined in 3.3).
Setting V' as the number of vertices, F' the number of faces, Fs the number
of spacelike edges, Fr the number of timelike edges, and E the total number
of edges, the Euler characteristics can be written as:

X=V-E+F=V—-FEs—Er+F=xp+XxI, (8)

with xp = V — Eg being the contribution to the Euler characteristics by the
boundaries of strips, and x; = F' — Ep being the contribution by the interiors
of strips. It is always true that xyp = 0, since every vertex has two spacelike
edges, and every edge connects two vertices, thus 2V = 2Fg. For x;, we need
to differentiate between different types of strips. For the regular strip and
the Mobius strip, since their faces have two timelike edges and every edge is
shared by two faces, these strips have the property 2F = 2FEp, thus x; = 0.
As for a singular strip, since it is composed of only one face and there are no
timelike edges, x; = 1. Therefore, the Euler characteristic equals the number
of singular strips:

X = FS7 (9)
where F§ is the number of faces with no timelike edges, therefore it is equal to
the number of singular strips.

From properties 5 and 6 we also get an important fact: The strips can
be ordered by sequencing them according to having a common boundary. This
sequencing induces global foliation, which is one of the fundamental properties
of the definition of CDT [108]. This sequence may be periodic (and therefore
called infinite), just as the strips themselves are a periodic sequence of faces.
The sequence also may be finite, starting with a singular or Md&bius strip, as
they can only share a boundary with one other strip, and may end also with
a singular or Mdbius strip. The singular strip, then, can only appear at most
twice. Therefore, since the Euler characteristics equals the number of singular
strips, the Euler characteristics can only be 0, 1 and 2.

o Considering only orientable surfaces®, we know that the Euler character-
istics can be expressed as y = 2 — 2g, where g is the genus of the surface.
The possibilities follow:

1. When the graph has two singular strips, we find that the genus
is 0, thus the surface is a sphere. This graph has the sequence of

60ne can realize generating orientable two-surfaces by considering Hermitian matrix models.
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strips starting with a singular strip, having some regular strips in
the middle, and then ending in another singular strip.

2. When the graph has one singular strip, there is no solution since
there is no orientable surface with xy = 1 (corresponding to g = 1/2).

3. Lastly, when the graph has no singular strips, the genus is 1, there-
fore the surface is a torus, composed of a periodic sequence of regular
strips.

o When we consider nonorientable surfaces”, the Euler characteristics now
assumes the form
X =2-(29+¢), (10)
where ¢ is the number of cross caps.

1. For a graph with two singular strips, (10) can only be satisfied for
g =0 and ¢ = 0. Then, the topology is of a sphere.

2. When the graph has only one singular strip, the equation (10) can
now be satisfied with ¢ = 0 and ¢ = 1, thus we have the topology of
the projective plane.

3. Lastly, when the graph has no singular strips, the equation (10)
has two solutions. One solution is g = 1 with ¢ = 0, implying it is a
torus. The other solution is ¢ = 0 with ¢ = 2, showing the possibility
of the topology of the Klein bottle.

Existence and construction of topologies

We have shown above that these topologies are allowed, but it does not yet
mean that they indeed exist. For this, let us define orientation of faces and
strips:

Definition 3.7. Orientation of a face: The edges of a face form a closed curve
and thus have the usual notion of orientation. Two faces that share an edge
are said to have a compatible orientation if the directions of the closed curves
are opposite in the common edge. We extend this notion to any two faces by
transitivity.

Definition 3.8. Orientation of a strip: A regular strip admits a compatible
orientation among all of its faces and we define the orientation of a strip as
the orientation of one of its faces. A M&bius strip does not admit a compatible
orientation among all of its faces. Two strips are said to have a compatible
orientation if a face from one strip has compatible orientation to a face of the
other strip.

In the following, we argue that indeed all the possible topologies discussed
above can exist by a simple construction of putting strips together to form the
sequence of strips.

1. Sphere: Start the sequence with a singular strip, follow it by a sequence

of regular strips, and end the sequence with another singular strip. See
Fig. 7.

7One can realize generating nonorientable two-surfaces by considering symmetric matrix
models.
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F1GURE 7. Construction of a sphere graph. The empty cir-
cle represents a singular strip, the circle with two lines inside
represents a regular strip, and the two non-intersecting lines
connecting two circles represent a boundary that keeps the ori-
entation compatible. This example shows four regular strips,
but any non-negative integer is possible

F1GURE 8. Construction of a torus graph. The circle with two
lines represents a regular strip, and the two non-intersecting
lines connecting two circles represent a boundary that keeps
the orientation compatible. This example shows six regular
strips, but any non-negative integer is possible

Torus: Given a finite sequence of regular strips, glue the first strip to the
last in way that the orientation is compatible. See Fig. 8.

Projective plane: (i) Start the sequence with a singular strip, follow it by
a sequence of regular strips (or none), and end it with a Mdbius strip. See
Fig.9a. (ii) Alternatively, start the sequence with a singular strip, follow
it by a sequence of regular strips, and glue the last boundary to itself as a
cross-cap. See Fig. 9b. The last boundary must have even length for this
to be possible.

. Klein bottle: (i) Start the sequence with a Mobius strip, follow it by

a sequence of regular strips (or none) and end it with another Mé&bius
strip. See Fig. 10a. (ii) Alternatively, we can change one or both of these
Mobius strips for (a) cross-cap(s). See Fig.10b, c. (iii) Furthermore, we
can also have a periodic sequence of regular strips, and we glue the first
strip to the last one in a way that their orientations are not compatible.
See Fig. 10d.
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O

FiGURE 9. Two different ways of constructing the projective
plane. The empty circle represents a singular strip, the cir-
cle with two lines represents a regular strip, the two non-
intersecting lines connecting two circles represent a boundary
that keeps the orientation compatible, and the line going in
and out of the same circle represents a cross-cap. Both exam-
ples show four regular strips, but any non-negative integer is
possible

() (d)

FiGure 10. Four different ways of constructing the Klein
bottle. The circle with two lines represents a regular strip,
the circle with one line represents a Mobius strip, and the
two non-intersecting lines connecting two circles represent a
boundary that keeps the orientation compatible. These exam-
ples are constructed with four regular strips, but any number
of them is possible

M, M. 1 1

N1—42 =
N-g N-g

1 v M

M+ M. N1—~2 *

11
M, M. N1—,2 ~———

(a) Spin up vertex (b) Spin down vertex (c) Edges

F1cUure 11. Components of the two-matrix model ribbon graph
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FIGURE 12. An example of a part of an two-matrix model
graph described by the action (12). The solid lines represent
the ribbon graph. The dashed lines represent the dual trian-
gulation. The coloring of the vertices represent the spin

4. Two-Matrix Model Representing Ising Model on Random
Two-Surfaces

Here, let us introduce two-matrix models which have been widely studied start-
ing with Itzykson and Zuber [109], followed by many others [110-113].
Consider the partition function,

Ziv = N*21n/dM+dM_e*SfM, (11)

which is a generating function of connected ribbon graphs. Here M, and M_
are N x N Hermitian matrices and for a Hermitian matrix M, the measure
applied is dM = [],_; Re(M;;)Im(M;;) []; Mi;. For couplings v and g,

1 1
S = N Tr LMi + §M3 — T 2PMyM_ — gM? — gM? (12)

is said to be the action of the system [89,114]. One can interpret that the spins
are located on the vertices (of Feynman ribbon graphs generated perturbatively
by this action) represented by the terms in the action M$ and M?. Figure 11
shows how these elements appear in the ribbon graph, and Fig.12 shows an
example of a ribbon graph represented as a graph.

We can interpret g as a cosmological constant, since it is related to the
volume of the universe. In the ribbon graph, the volume appears as the number
of vertices, while in the dual graph, the triangulation, it is the number of faces.
The coupling v can be related to the Ising temperature T by v = e~T™". For
a Gaussian model with partition function

Zo = / A e~NTrhA® (13)
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with a Hermitian matrix A, consider the average

(F(A))o = Zi / dA f(A) e~ NTEAY (14)

where 0 denotes the Gaussian average. Wick’s theorem says that the com-
putation of this function can be decomposed by taking the products of the
propagators related to each edge in our Feynman graphs, where the propaga-
tors are simply the mean values taken for g = 0,

1 1
— 010k, (15)

<M+ijM+kl>O = <M—ijM—kl>O _ Nﬁ

and
1 ~2

 N1—~4
Diagonalizing the kinetic term in (12) takes us to another interesting version of
the model, where now one can interpret that the spins are localized on the faces
of the matrix model graphs (i.e., ribbon graphs) rather than on the vertices of
the matrix model graphs. We achieve this by a few change of variables. First
change to the Hermitian matrices K and L given by

M, = %(K+L) and  M_ = %(K ~ L), (17)

(M ;M) 0itOr;j- (16)

so that
1 1
Sma=NTr| (1=K + S (149712 = V29K = 3V2gK L2, (18)

and with a last substitution to the couplings 7/, ¢/, and Hermitian matrices U
and V given by

1
—2 _ 07 " rapp_ V29 U2 =~ (1 -~y K2
’y ,7+/y_1? g (1_,}/_2)3/27 ’Y( ’Y ) bl
Vi=4'(1-~97?)L% (19)
we obtain
1 1
S = N Tr 57'71U2 + 57"/2 —q'U% -34'UV?|, (20)

which is the Ising model where the spins, therefore + signs, are assigned for
each face of Feynman ribbon graphs. Here, U (resp. V) can be thought of
as being associated with a ribbon graph edge shared by ribbon graph faces
of the same (resp. opposite) parity. For a third degree vertex, since there is
a face between each neighboring edges, there are three faces (some may be
the same) around it. Either the three faces have the same parity, hence the
term U3, or one of the three has a parity different from the other two, hence
the term 3U V2. For topological reasons, this interpretation is only valid for
planar graphs. For example, consider the torus graph shown in Fig. 13. This
graph can be generated by (20) if we do not restrict ourselves to planar graphs.
Edges associated with U are in green, and edges associated to V are in orange.
In this configuration, the placement of the green edges around almost all faces
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FIGURE 13. A torus graph with an edge configuration that
does not allow an assignment of spin to the faces of ribbon
graphs

would imply that all faces have the same spin, while the existence of orange
edges would imply that some faces have opposite spins, thus a contradiction.

Note however, that the action (20) after simply the change of variables
should contain exactly the same information as the original action (12). The
apparent restriction discussed above is only associated with the interpretation
that we employed for U and V representing the same or opposite parities
respectively.

5. Ising Model Coupled to CDT via Matrix Model

We present a matrix model that describes Ising model on a two-dimensional
manifold which has global foliation, by combining the ideas of the two models
(CDT-like matrix model and Ising model) we introduced above in Sects.2
and 4. We would like to define an action of the matrix model which generates
ribbon graphs satisfying desired properties of both CDT and Ising model.
Hence, we require four types of half-edges to be considered: spacelike half-
edges associated with spin-up vertices, spacelike half-edges associated with
spin-down vertices, timelike half-edges associated with spin-up vertices, and
timelike half-edges associated with spin-down vertices. Therefore, we introduce
four matrices, Ay, A_, By, and B_ so that they induce notions of the space,
time, and parity as desired. Each of these matrices is represented by a specific
type of half-edges. The following conditions are sufficient in order to implement
the desired properties we described above: To impose the existence of spacelike
edges connecting equal parities, we set

1 1

(A At o = (A Ao = Nﬁ@l‘skr (21)

Similarly, for timelike edges connecting equal parities, we impose

1 1

(BtijBii)o = (B—ijB—pi)o = N1z 2l (22)



Dually Weighted Multi-matrix Models

As for spacelike edges connecting unequal parities, we write

L v
(Ao = 51— 5zl5kj- (23)
Lastly, for timelike edges connecting unequal parities7 we put
1
(Bt B—ii)o = NIio CQleij (24)

In order to make sure that only the four types of edges above (21), (22), (23),
and (24) exist, we set

<A+ijB+kl> = <A+ijB*kl> = <Aw'jB+kz> <A71JB > 0. (25)

The presence of spin-up and spin-down vertices is respectively imposed by
introducing the terms A2 By and A% B_ in the action. Therefore,

1 1 1 1
SCDTIM - N TI' |:2A3_ + 5 (0271B+)2 + §A2_ + 5 (OQilB_)z
YAy AL = y(CyT By )(Co T B) — gAZ By —gAZB_| . (26)
The partition function is then given by
Z= lim In / dA,dBydA_dB_ e Scorv, (27)

We can also use similar transformations to (17) and (19), that lead to (20), to
arrive at the version where the spins are on the faces. After the transformation
the action is

L 1 _ 1 1,
Scorm = N'Tr {27_1@3 + 57 O U+ 9V (G )

—gUZU — gV2U; — gUViVe — VU Vi | (28)

where we may interpret that U, generates spacelike edges between faces of
the same spin, U; timelike edges between faces of the same spin, V; spacelike
edges between faces of opposite spins, and V; timelike edges between faces of
opposite spins.

6. Properties of the Matrices C,,
Let us study the properties of C,,, and find its expression explicitly.

Theorem 6.1. Let C,, be a GL(N) matriz that satisfies Tr[(Ci,)?] = Ny q
forq = 1,...N, with N > 0 and N = 0 mod m. Its eigenvalues can be
approximated by

N = €7 W(= RO (14 0N,
t=1,..,N/m and s=1,...,m. (29)
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Proof. We show (29) by finding the characteristic polynomial of C,,. Recall
[115] that, if the characteristic polynomial of a GL(N) matrix C' is given by

p(\) = det(C — A1) Zwk k (30)

then the coefficients 7, are related to the power traces of C, t; = Tr (C*), b
Girard-Newton formulas

T = (k!)_l det[aij]iyj:1 ..... k> (31)

where

0 ifi>j+1.
Evaluating for C' = C,,, we have m;, = 0 for k£ # 0 mod m, and for kK = mr,
with 7 an integer satisfying 0 < r < k/m, we get
(_1)mrN7'

mr — . 33
(—m)rr! (33)
Therefore, imposing that N is divisible by m,
N/m N/m
_ N—mr __ (71)mTNT N—mr
N = 3 T (YT = Y S ()
r=0 r=0
N/m r
1 N N
_ (_\WN Y y—m _ (_\WN _ 2t y—m
=N () = s () 6

where s, is the nth partial exponential sum polynomial, and we only need
to investigate its zeros because we are interested in eigenvalues A\;s. In the
large n limit, the polynomials s,(nz) have been shown [116,117] to have the
roots lying on the curve |ze!=%| = 1 with |2| < 1, and arg(ze!™?) increases
monotonically from each zero. The zeroes z;, t = 1,...,n, are approximately
given by z; = Z;(1+ O(N*I/Q)) with

5elH = e wilt=1/2) t=1,..,n. (35)

Using the principal branch of the Lambert W function, W, defined by
W1(2) = ze*, we invert (35)

7 = —W(—enit=1/2)=1y, (36)

Now, in order to go back to eigenvalues A5, we use n = N/m and —\.," =
%(1+ O(N~2)) in (36), and

Mg = e%’is (_62?Vmi(t—1/2)—1)—#(1 + O(N_l/Q)),
t=1,..,N/m and s=1,...,m. (37)

We note that the eigenvalues are discrete, and the set is finite, with N eigen-
values in total. g
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(a) N=4 (b) N =20 (¢) N =100 (d) N =500

F1GURE 14. Eigenvalues of C; in their complex plane, with
vertical axis being Im(A) and the horizontal Re()). In blue,
we plot the numerical values of the zeros of the polynomial
p1(A) in (34) using Mathematica, and in red we plot the values
obtained from (37) for large N (color figure online)

—— Approximate curve

e Approximate solution for N=100

o Numerical solution for N=100

o Numerical solution for N=50

Fi1GURE 15. Eigenvalues of C5. We obtained the approximate
curve in green by letting ¢ and s continuous parameters in (37)
(color figure online)

We let Mathematica solve numerically the zeros of the polynomial (34).
We compare those with (37). We show in Fig. 14 and in Fig. 15 a comparison
for different values of N for C7 and Cs.

Taking the values of the roots of (34) computed by Mathematica and
evaluating the power traces Tr(C;) and Tr(C2)?, we indeed obtain the correct
results within the machine error. Now, let us also check the validity of the
expression (37), by inserting the values of A5 back to compute the power
traces Tr(C1) and Tr(C3)%. We found that for m # ¢, we obtain 0 up to certain
power (¢maz) of Cyy, but the value of the power traces quickly increases after
we reach ¢pqz. For example, ¢nqz. is about 20 for N = 10000. We find that
the value of ¢4, also increases as N increases.
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Let us consider the resolvent of the matrix C,,

1 m
The resolvent (38) evaluates to
' 1 p(N)
1 S —
NEI})OZN]_—/,L)% /0 dxl—ﬂ)\(x) [Yd)\l—u)\’ (39)

where = t/N and p(\) = dx/d) is called the spectral density, and the indices
s and ¢ are joined to only ¢. By equating (38) and (39), we can solve for p()\).

Let us change the variables, a = A7 1;

—a~lp(a~)
/dAl_MA [y/da P (40)

Assuming ~' is a simple closed curve enclosing p, using Cauchy’s theorem we
can use that

1 14+ a™
1 m=—[d . 41
th 27 L, @ a— [ (41)
Equating (40) and (41), we find a solution
1
|
— 1 42
ol pla™t) = (14 a™), (12)
which, in terms of A, translates to
1
A)=——A\"+ A, 43
pO) = 5= (AT (43)
At this point, let us check the validity of (37). Taking (37) to the power of m,
AT = W(—e FH2-) (44)
to the leading order in large N. Manipulating the expression (44),
_ AfmelJr)rm _ e%i(tflﬂ) 27rmz:c (1 =+ O( )) , (45)

where we change variables © = ¢t/N. Taking a derivative with respect to A,
—m dx
(—=mA™L —mATm T (AT = 2mmi—re e (1+O(NTY),  (46)

and noting that p(A) = dx/dA, we again obtain the same solution (43). This
concludes checking the validity of the solution (37).

Let us go back to (43) and continue solving for the distribution of A.
Inserting p(A\) = dx/d)\, where € R with 0 < 2 < 1 in (43) and integrating
both sides, we obtain

Afme)\’m — Hemeiz7 (47)

where k is some integration constant. In (37), x was determined to be k =
e~!. Therefore, in Figs. 14 and 15 we only had one curve 7 each. However,
(47) gives us a series of solutions because £ is free. A larger class of solutions
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means that now we should have many curves representing families of eigenval-
ues, with each curve corresponding to a particular value of k. The observation
of (47) is that, given two possible values of m, m; and ma, their solutions are
related by A7 = A3"2. Therefore, we can focus on m = 1 without losing any
essential information. For m = 1, we have

AL = g emin, (48)

Then, each value of & is associated with a distinct solution for C,,. The eigen-
values of C,, are represented by a curve 7,. Equation (48) can be inverted
with the help of the W Lambert function,

A= Wy(k ™)1, (49)

where W, is a branch of W and b is an integer we assign to each branch. In
Fig. 16, we show a few of the infinitely many branch regions of the W function
with 2 = A~!. Let us assign b = 0 to the branch where the point z = 0 belongs
to. As is shown in Fig. 16b, only curves around the origin can be closed. These
closed curves are the contours associated with the values of || = |ze*| with
0 < |k| < e7!. The maximum value || = e~! is associated with the branch
point of Wy. Our previous solution (45) picked this particular value |x| = e~ 1.
However, our current analysis indicates that all these closed curves around
the origin are valid not just |x| = e~!. In the previous solution (45), the
condition k = —e~! appeared because of the polynomials SN/m in (34). We
speculate that the reason for the existence of multiple solutions is related to
the fact that the large N limit condition limy_ e % Tr[(Ci)P] = 6 can be
approached through different ways. That is, £ may be a function of Tr[Cl,]
and Tr[(C),)™], and this function might not have trivial limits. For example,
Tr[(é’m)p] = Ndp,m + 0,1 has the same large N limit, limn_. o %Tr((é’m)p) =
Op,m- The value of k may vary when changing the condition on TrC,,.

7. Character Expansion of Partition Function

For a N x N matrix M with eigenvalues My, where k € Z with its range
1 < k < N and given a set of N increasing non-negative integers {h} =
{h1,...,hn}, the character of this matrix can be given by

_ det(k,l) [(Mk)hl]

X{h}(M) = Wa (50)
where
A(M) = geg[(Mk)l‘I] = [I - (51)
’ 1<i<j<N

is the Vandermonde determinant. In general, the set {h} can be used to
uniquely label a representation of GL(/N). We have as a result of character
expansion [78]

2
"M ey xny (M), (52)
{n}
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(a) Contour lines of arg(ze”). Complex plane of z (b) Contour lines of In|ze*|. Complex plane of z
(Re(z) on horizontal, and Im(z) on vertical). (Re(z) on horizontal, and Im(z) on vertical).

FIGURE 16. Plots for the function ze®. On the white curves,
the image of ze” is on the negative real line. The black point
is the branch point (color figure online)

with a summation over all such sets {h} and where, as we use from now on, ~
indicates equality up to a constant. We separate the set {h} into a set of only
even integers {h}° and of only odd integers {h}°. If the numbers of even and
odd h; are equal or the numbers of even is one more than the number of odd,
the coefficient ¢y, is given by

_ A({RA{RY)
T, L{ha}/2)!

where, in a similar manner to (51), for a set of complex numbers {m} =
{m1,...,mny}, the Vandermonde is defined as

A({m)) = det[(mi)' )= [T (m; —m). (54)

1<i<j<N

Cny , (53)

We use |-| to represent the floor function. When the condition above is not
met, we simply have

C{h} =0. (55)

The character expansion for the more general case e™ k, for integer k > 1 is
also known [78].

7.1. Character Expansion for the Pure CDT-Like Matrix Model of Benedetti—
Henson

The partition function (1) for the pure CDT-like matrix model due to Benedetti-
Henson studied in [76], after integrating out B is given by

Z= /dA e NTHEA?— 5 (47C2)] (56)
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By applying the character expansion given in (52) with M = /£ ¢g2A%C,, we
expand the partition function (56),
2\ .
2o (WE) T e [aAnma2C)e YL
{r}

where #h = leil hy— 1 N(N —1). With the diagonalization A = QAQT, with
Q € U(N) and A a diagonal matrix, we preform a change of variables and
rewrite

2\ #h/2

z~3 (NL ciny / dA A(A)2eNTHEAY dQ x () (QA2QTCy).
) 2 RN U(N)

(58)

In order to factorize the dependence on Cs, let us use the Schur orthogonality
relation,

A? C
[ a0 xpy(aarcy) = X (), (59)
U(N) h

where d, = A(h)/ Hfi_ll i! is the dimension of the representation given by
{h}. We can then rewrite

g\ ey ~NTH[3A
2o (V) (o) [ b A2 (A7) eV
h RN
{n}
(60)
now with the integral independent of Cs as desired, and cypy is given in (53)
or (55), depending on which case {h} satisfies. By changing the variables back
to A = QAQT, the integral part of the expression (60) can be written, up to a
constant, as

1 NTeia?
Caan (A0 = 5 / dA Xy (A2) e~ NTTEA”, (61)

This integral had yet no known general solution in terms of the representation
{h}. A conjecture was also given in [76]. It was proposed that

3
(X (4200 = kg ] A@n)? TTA), (62)
e=0 i

where the set of integers {h} has been divided into four sets {h(®}, ..., {h(3}
according to equivalence modulo 4.
The conjecture stated in (62), given in [76], can be rewritten as

<X{h}(A2)>O

kN = P 3
o [T AR{RYO)2 [T, (2h{)1
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where {h}(© = {a € {h} | @ = ¢ mod 4} and for a set B, we define 2B =
{20|b € B}. ky only depends on N, and not on {h}. We can test this conjec-
ture by applying it to some representations which we already know the result.
Fix N = 4. For the trivial representation, which is given by {h} = {3,2,1,0},
the conjecture (63) tells us that the proportionality factor is ky = 1/768.
On the other hand, for the defining representation, which is given by {h} =
{4,2,1,0}, the conjecture tells us that the proportionality factor should be
kn = 1/(8 - 768). Therefore, a contradiction.

Furthermore, let us look at representations that have size proportional
to N. For example, the kth power determinant representation is one. The
representation {h} for which x,(A?) = det(A%?) is given by {h} = {q +
N—-1,g+ N —2,...,q+1,q}. Evaluating the average integral (14) for f(A) =
det(A2?) we obtain

|
_ 2q + 2k + 1)1(2q + 2k — )N
detA%7)y = N~V ( 4
(detA™)o kl;[() (2k + D12k — 1)II (64)
According to (63), we would have
H%—l (2q+2k+1)11(2q+2k—1)!!
ko = k=0 R+ 1) 1(2k—1)1 (65)

oN9gN (¥ -1) (H?:gl i!)g T, (g+ N — k)!.

We then see that ky depends on the representation through ¢, which again
goes against the assumption that ky only depends on N.

7.2. Character Expansion for CDT-Like Matrix Model Coupled with Ising
Model

For CDT-like matrix model coupled with Ising model, the expression is more
involved. We write its partition function as

2 1—+2
)

(66)

- P 2 P P 2 P 5 2 P P P
7= [aapan, NHEA A A R L o 2 (At

and diagonalize the kinetic part,
Z:/dUdV e—NTT[%(l—v)Uer%(H'Y)Vz—%%((UZJer)Cz)Q—i%((UV+VU)02)2]
(67)

where U = (A; + A)/v/2 and V = (A; — A3)/+/2. The character expansion
(52) for the latter partition function (67)

2 Z ( Ng? )#hl/2 ( Ng? )#hZ/2 s
~ _ {1} C{n2} L{n*},{h?}
ey V=) 4(1+7)

(68)
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where the sum is performed over representations labeled by {h'} and {h?},
and we defined the integral

Iy ey = /dUdV NIV g (U +V2)Co)
X{hg}((UV+VU)C2). (69)
Transform U = QlAlQI and V = QQAQQE, and furthermore, by substituting
Qo = 010, we have

1 2,1 2
I{hl},{hZ} = ANXRN dA1dAs A(A1)2A(A2)267N’I‘r[§(177)A1+§(1+v)A2}

/ A x gy (Q (A2 + QAZQNHQTCo) x a2y (21 (A1 QA0
U(N)xU(N)

+ QAQQTAl)QICQ), (70)

that allows us to integrate over 2y, however, the orthogonality relation (59)
is not enough, but one has to be equipped with a more general expression for
Schur orthogonality relation.

8. Unitary Integral of Degree 4 Monomial

A more general way to state the Schur orthogonality relation is that for a
compact group G and for matrix elements ¢7; (g) of an element g € G, where
the upper index indicates the representation and the lower indices indicate the
corresponding elements of a given orthogonal basis,

| 615 a)da = J-8asbudy. ()

(073

Here, with G as U(N) and for « = 8 = h by multiplying both sides by qﬁ?l (A?)
and ¢!, (Cs) and summing over the repeated lower indices, we recover (59). Let
us apply (71) to the unitary integral of (70), by defining the matrices which
are independent of Q; as M; = A? + QAZQT and My = A1 QALQT + QALQTA,.
Then, we can factorize the expression

X{hl}(QlMlﬂ]{CZ) X{hz}(QlMZQ];CZ)
= Bl () (M) (1)l (Ca) bl ()l (M) gl () (Cs).

(72)

Then, in (70), we have an integral
L= [ o0k s (73)

where g = Q7. This integral has some properties similar to the previous one
(71), but has the double amount of matrix elements. This integral is also
similar to the type of integral studied with the Weingarten calculus, however,
here, more than one representations o and 3 appear.
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Putting all together, (70) becomes
1 2
Iy ey = Tij 9a(C2) 05, (C2)
X/ dAldAQ A(Al>2A(A2>26_NTr[%(1_"/)A%+ 1+’Y)A]
RN xRN

[ dasanelon) (74)
U(N)
and with the Theorem 8.1 below, we can evaluate I;;.

Proposition 8.1. Given g € U(N) and a representation «, set its matriz ele-
ments as ¢5,(g), where the indices a and b are associated with some chosen
basis. The following holds true for a Haar integral:

/U " 650(9)801(9)8%5(9)80:(9)dg = > chmreit cheried, . (75)

,m,n,p,q

Proof. In order to apply the Weingarten calculus [118] to the left hand side of
(75), we need to know a basis for the invariant space of « ® 8 ® @ ® 3. Indeed,
finding the basis for the invariant space amounts to identifying the trivial
representations 1@l?ﬁaﬁ, upon decomposing the tensor product representation
into irreducible representations,

@laﬁaﬁ

awpeawf= P o, (76)

allirrep r

where lff@‘iﬁ is the number of times the representation r appears in the expan-
sion of the tensor product, known as Littlewood-Richardson coefficients. One
can decompose separately the products o« ® §and & ® 3, i.e.,

a®B=@Pr,  aci=@re =@t (77)
T T T
Then, using Z?ﬁ =127 we can write

a®foanf=@ro oo
=P o 2 o @rot” @ 5257, (78)

r#s
but the representation orthogonality relation tells us that for two irreducible
representations r and s, I7° = §,5. Therefore, we notice that the second big
sum contains no trivial representations and the first contains one trivial rep-
resentation for each product. In the end, we arrive at

a ® 6 Ra® B — @I@U:ﬁ)Q @ @ r@l:‘/’&[;. (79)

allirrep r

r#1
Therefore, we conclude

1007 =31y, (80)

T
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Remark that there are infinite number of representations to sum over, however,
only finite number of them have nonzero (2”. Equation (80) is important to us
because it allows to verify that the set we find later in (93) for the invariant
space is indeed a basis because it contains as many elements as the dimension
of the invariant space.

Let us analyze a basis for the invariant space @, 190 ﬁ)z, since it allows
us to evaluate I;; in (73). First, let us define a basis for the vector space of the
tensor product representation o ®  ® & ® B,

|Ei) = |Eabar) = lea)les){eal (€5, (81)
where a, @, b, b, and i are integers and i is a relabelling of indices abab with
1 <i < (da)?(dg)?, and |es), |en), (ea] and (ef], with 1 < a < d,, 1 < a < d,,
1<b<dg, 1< b < dg, are respectively a basis for representations a, 3, &
and 3. Writing T,, as a basis for this invariant space, where 1 < 1 < l?ﬁ ab , let
us define the A matrix

Aip = (EilTy), (82)
and the Weingarten matrix w through the inverse of a matrix
Wy = (Tu|T). (83)
The Weingarten theorem states that (73) can be expressed as
Iij = ZAilthVAITJj’ (84)
v

which is a function of T. T being invariant under o ® 3 ® @ ® 3 is equivalent
to

MTM™' =T, (85)

for every M € a ® (8. Furthermore, there exists a V' € U(d, dg) such that, for
every M, V transforms M into a block diagonal matrix,

VMV~ = Mp, (86)
where,
_MT1 0 . 0
0 ]\47,2 L. 0
0 0 ... Mrn

with n = )" 198, For every representation r appearing in the decomposition
of « ® B asin (77), M, is M in the specific representation r and appears as a
block element in the diagonal of Mp, appearing as many times as it appears
in the decomposition (77), i.e., 27 times. Now, transform 7 by a change of
basis by V'
VTV =Tp, (88)
which implies
MpTpMp' =Tp. (89)
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Tp can be found by focusing on the sector of a representation r that appears
in the decomposition, where a sector is the block consisting of [ number of
block diagonal M, matrices. Evaluating

MT.‘I1 0 0
0 Mrzl 0
0 0 oo M1

Tn

and using properties of block matrix multiplication, each section can act inde-
pendently. As an illustration, suppose that r appears twice, i.e., [% = 2,

~ 0 0 0
0 M, 0 0

Mp=1¢9 M, 0| (91)
0 0 0

Then, denoting 1,- as the identity in the representation r, it is easy to see that

0 0 0
0 ~yuul, my2l. O
Th = 92
b 0 9211, 22, O (92)
0 0 0

satisfies (89) for any complex numbers 11, Y12, Y21, and Y22. In general, (92)
can be written as

Tp = v T (93)

where for any representation r, that appears 2% times, we can construct (199)2
independent matrices T, by putting an identity matrix in an element of the
198 % 19P matrix block corresponding to the representation r. If we consider
all representations, we find as many independent invariants as (80), thus we
have a complete basis for the invariant space. Using T TP? = §,4,6"PT,"?
and T = T (where §"' = 1 for r = s = t and zero otherwise), the
graham matrix elements are given by

TPYT™™) = Ty TP T™ = Ty TPT™ = §,,.,6P™Tr TI™ = 54,6769 d,, ¢
s s s T s T t
(94)

where repeated indices are summed over. Consequently, 77" is an orthogonal
basis and

(T T") = dy, (95)

where d, is the dimension of the representation r. Recalling (83), we can readily
invert (94) to obtain

wmnP = § 5P (96)
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We also need to calculate the A matrix defined in (82), but from (88) we see
that

T, = VHT™). (97)
Therefore, the A matrix is given by
Ay = BV T = Te B[V Ty =T [(VEV ) 1] (98)
where in the last expression, we insert
VEV ™! = Vlea)ley)(eal(es|V ™ = Vlea)leo)(Vea)lep)) - (99)
Notice that we can also write, now being more explicit on the representation,

Vied)ley) = chbpler®), (100)

where cZ’g‘p are the Clebsch-Gordan coefficients, and the representations o and

[ are written explicitly on the left but not on the right. We also introduce a
new index k, an integer which satisfies 1 < k < [2” to distinguish the same
representation 7 which appears I8 times in the decomposition of a® 3. Then,
we can compute (98)
k* 5k 5k k kx 5k k 5k

Aip = Tr cippcapsles”)ep” T = coppapslep [T ") (101)
and using the coefficients for 7, in this basis, (5" \T[”"|e§’5> = §557 5, z0Fm gk
we further compute

sk* sk: 785 km skn __ <rss_smx _sn __ _rm#* _rn
Ay = cappCapd " 0ppd O = Cabp Cabp = Cabp Cabps (102)

where in the last expression there is a sum only over p. However, remark that
there is no known formula for these coefficients for a general representation,
therefore one cannot compute explicitly A;, with the expression above (102).
Nevertheless, inserting (102) in the expression (84), we get

_§ . T § rS3 sm* sn stkk ku Kok um gvn j—1
IZ] = A“‘w,U'VAVj = 1) abp (lbp6 bdq bdq(srtq(s 1) dg B

r,m,n,t,u,v

2y

(103)

Performing some of the sums, we find that I;; in (73) can be expressed in
terms of the (unknown) Clebsch-Gordan coefficients as

— TM* Tl TN ¥ 1
I; = E Cabp C&bpcbdqcbdq d, . (104)

r,m,n,p,q

O

We comment that the result in (104) is expressed in terms of the Clebsch-
Gordan coefficients which are base dependent. The possibility of choosing dif-
ferent bases shows that there is a degree of freedom in the summation. This
freedom is manifest in the summation over the indices p and ¢. Further sim-
plification could be achieved by expressing (104) in a base invariant way.
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9. Evaluation of {x,(A))o and {x,(A?))o

In this section, we study and present several computational results on the
large N limit of the Hermitian Gaussian matrix model averages (x,(4))o and
(xr(A?))g as the latter appeared as a key quantity as in (61) and the former can
be an useful exercise and preparation for computing the latter. The Gaussian
average of a character of A for a given representation {h} is given by

1 NTeia?
(e (Ao = - / A N (), (105)

where Zj is an Gaussian integral of A;
Zy = /dA e NTr3 A, (106)

Similarly to (105), the Gaussian average of a character of A? for a given rep-
resentation, given by

1 NTeLA?
(X (4%))o = - / dA e NTHAT 3 (42), (107)

For {h}¢ = {a € {h}|a iseven} and {h}° = {a € {h}|a is odd}, (105) evalu-
ates to [119]

Cu o TLe =R Xy (C9)
Xy (A))o = N78 dy ot i = =% gy, S22
(X{n1(A))o IL, (s — h2) " Xy (Ch)

where n =), h; — N(N —1)/2 is the size of the representation, and dj, is the
dimension of the representation h, which can be evaluated as

= X ) = Sy (109)
k=1 "*

(108)

We also used
[L(h — DAY _ xy(C2)
Hi,j(hg - h;)) X{h}(cl),

as presented in more detail in the appendix of [78].

(110)

Lemma 9.1. If there exists a GL(N) matriz M such that Di Francesco-Itzykson
integral (105) can be computed as the character of M;

(Xqny(A))o = xqny (M), (111)
then the integral of our interest (61) can be solved as:
Oeeny (A%))o = xqny (M?). (112)

Proof. The function x;)(A?) is a class function of A, therefore there exists
an expansion

X (A%) = ey iy x gy (A)- (113)
(n}
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This expansion is finite, since it is the same as the present in the identity
X(n} (A%) = Xsym?{n} (A) = Xawz(n} (A). Thus,

1 B 142
(X (A?)o = — [ dA x(ny(A?) e NTr2A
Z

1 142
= [ 44 D ey iy (A) e VA
0
{n'}
_NTri A2
= Z =3 e /dA Xy (A) e A
{n'}
=7 Z ey qny Iy (1)
{n'}
2
=D ey Xy (M) = Xy (M?).
! (114)
We note that the exchange between the summation and the integral is legal,
since the summation is finite. O

Lemma 9.1 suggests that we shall study the expression in (108) in order
to see if we can find such a M as in (111). Let us present a more general
normalized version of (105);

IGh(B) = / dA Xy (A)e NTraABTABT (115)

The generalized normalized Di Francesco-Itzykson integral (115) can be ex-
pressed as a product of characters

1) (B) _ Xy (B)xny (C2)
Z(B) X{ny(C1)

where we used (110) and Z(B) = [dA e NT34B7'AB™ i 3 normalization
factor. Remark that on the right hand side of (116), the only part that depends
on the choice of B is x4} (B).

If we set B =1 in (116), we indeed recover (108). By setting B = C} in
(116), we find that

SL)}(Cl) /dA X{h}(A) e—NTr%ACflACfl = Z(Cl) X{h}(02)~ (117)

Since (Cy)? = (O in the large N limit, by summing over all representations as
n (113) on both sides of (117) we obtain

I53(C1) ~ xqny(Co), (118)

or performing change of variables,

, (116)

e ~ [aAxa@ANeNT < e, )

which can also be written as

<X{h}(ClA)2>o ~ X{h}(Cl)v (120)
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where ~ denotes equal up to a constant in N, and () denotes the Gaussian
average over A as defined in (14). This result is nearly the expression we aim
at computing in (61), except for the extra C; in the left hand side.

On this note, let us now investigate further what the condition in (108)
tells us about the matrix M in (111).

Proposition 9.2. Given a representation r of GL(N) defined through the set of
shifted weights h;, i = 1,...N,, consider x, the character in that representation
r. If M is a GL(N) matriz that satisfies

_NTrlAa2
/dA X{h}(A) e NTrz A% — X{h}(M), (121)
then, for a positive integer q,
1
NTr(M%) =q". (122)

Proof. From (50) we can deduce that

N
Te(MP) = I; X){gh:é’%> (123)

by using a representation {h} where x5 (M) # 0 and the modified repre-
sentations {hP*} where the shifted weights are related to the ones of {h} by
WP* = hy 4+ p by, fori=1,..,N.

Using (109) in (108) we can deduce that, for some constant ¢y,

Xiny (M) = ex N™EA{RY)A{RY) [T (h§ — 1)img1. (124)

We assume N and p even. For i even, we set h; = p(N —i)/2+1, therefore h; is
always odd for ieven. For ¢ odd, we set h; = p(N — i — 1)/2+2, therefore h; is
always even for ¢ odd. Consequently, for i even, hf’k =p(N —4)/24+1+pdi,,
making hf’k odd and, for i odd, hf’k =p(N —i—1)/2+ 2+ poy,, making
hP* even. Notice that {h}¢ = {a + 1]|a € {h}°}, thus the Vandermonde
determinants A({h}¢) and A({h}°) are

Ay = () =T[ = 1) =TT (475 10752 <)

_ Hpj;i, (125)

1<j

where the indices ¢ and j are always even. Because of this, by setting ¢ = 2m
and j = 2n we find

N
N1

Ay = A =p EE D [T —m) =p 5G D [T mt. (126)

m<n m=1
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We then get that
|

A({R)A({RY) = pF(E-1) TT (m)?, (127)

m=1

which will be necessary for the normalization in (123). The terms involving
double factorials in (124) are:

[T _1||_Hhov:ﬁ( (Z;[—m>+1>!!. (128)

i m=1

The size of the representation is

e S MO N iy MO

This way the character of M in the representation {h} is

Xiny (M) = ey N=% p3(5-1) iz(m!ff_ll (p @f — m) + 1)!!2. (130)

Now, for the representations {h?"*}, set {hP**}¢ = {a € {hP*}|a is even} and
{hPFYo = La € {hP*}| a is odd}. For k odd, {hP*}¢ = {h}*, then

|
A3y = ARy =ppF G T me (131)
m=1
For k even, {hP¥}° = {h}°, then
J-1
A({hP+}) = A({n}) = pp 357D TT ml. (132)
m=1
Another consequence for k even is
Aty = It —nety)
A
4,J even
N —1 N—j
= 11 (pQZ +2+ POk, —ij -2 —p5k,j)
i<y
i,J even
j—i
= II ( 5 + (0 — 5k,j)> : (133)
i<y
i,j even

Setting i = 2m, j = 2n, and k = 2r we find

({hp k} ) %%(%_1) H (Tl —m + (57'77n - 67',n)) . (134)

m<n
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Let us emphasize that n > 1 since n > m > 1. For k = 2,

A2y =pr FED T (0 —m+ 61m) :p%%(%_l)g 2H il. (135)

For k > 2, k even, since the factor for m = r — 1 and n = r in the product is
zero,

A({rPF1e) = 0. (136)
It is also true that {hP*}° = {a — 1| a € {RP**1}e}, then A({hP1}°) =
A({hP2}¢), therefore

N
A({hp,l}o) = %%(%_I)N 21:[1 il (137)
=p 7 1 il.

For k odd with k > 2, since A({hPF}°) = A({hPF+1}e),

A({nP*}°) = 0. (138)
Using (131), (132), (135), (136), (137) and (138) we get

pFEDNE 2 itk =12

2 =m

139
0 itk >2 (139)

AR )N = {

The consequence of (139) in the sum in (123) is that only the terms for & =1
and k = 2 are nonzero. For k = 1 or k = 2, the double factorial terms in (124)
i (p(F -1+,

is
N
<p (2 - m) + 1) 2. (140)
1
The size of the representation is

N(N -1 1IN N(N -1
np’k:thvk—¥:p+§5(p(N72)+6)—7( 5 ),

E vz

N
H(hf — DAY = (p5 + D!

(141)

This way the character of M in the representation {hP*} is, for k = 1 or
k=2,

Xy
_apk N ﬂ,l)N 2 , (@& + 1)
Xy (M) =cy N™ 2 p2 (-2 (m!)
> L e =y
%
N
H (p (2 — m) + 1>!!2, (142)
m=1
and zero for k > 3. Hence, inserting (130) and (142) in (123), we find that
p T+ 1)1
Te(MP) = N1-% (b +1) (143)

(p(F =1+
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We evaluate a large N limit by keeping only the largest order in N,

Te(MP) = N1~ ﬁ <p @7 . 1> +1 +2j> =N (g)f (1+O0(NY).

j=1
(144)
Setting the integer ¢ = p/2, we get the trace property
1
—Tr(M??) = ¢“. 145
TR = g (145)
O

In principle, this information should be enough to find M up to matrix
conjugation, similarly to what is done in (30) for the matrix C,,,. We leave this
possibility of computation of M to future studies.

Let us now evaluate (x,(A42%))o for a finite N. In particular, in Theo-
rem 9.3, the integral over matrices has been evaluated and replaced with a
summation over integers.

Theorem 9.3. Let A be a random variable for a N x N Hermitian matriz under
the Gaussian measure. Given a representation v of GL(N) defined through the
set of shifted weights h;, i = 1,...N, and considering X, the character in that
representation r the following holds true:

L (2R (=1)% — (=1)F (k+ )l 4+ v —2)!!
[Tay k!t (2N)Zihiij 2 Klullly! '

k+1=2h;
utv=2h;

(xr(A%))o =

(146)

Proof. For a Hermitian matrix A of size N whose eigenvalues are denoted by x,
we write X as a diagonal matrix whose diagonal elements are the eigenvalues
z’s. For a given representation r, we are interested in:

(0 (A2))o = Zi / dA Xy (A?) e~ ¥ T’

é det (x?hj> R

N 2 %J — 5 TrX

= — dX (IL‘Z 71") —_— 55 € 2

NI /RN g @ =)
éN 2h Ty —X; _N 2

_ o dth( ) i Pl S 147
N! /RN 3 i g X —‘r.l?je ( )

where

CN

L vol(U(N)) _ o2 o N
_ZT)W—N (27) (H) k!) . (148)

See [120], [121], and [122] for the change of variables from A to X. We use de
Bruijn’s formula [123],
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7 L () deti(e) PrAGeia)) = PE [ du@)iuty) fi(z) AGe.s) £,

N' RN
(149)

so we can reduce the integration over the N variables on the left hand side to
a Pfaffian of an integral over two variables on the right hand side. du(x) sets

the measure on z. Here, it is a Gaussian measure du(z) = e~ %" Since [124]

1= =Pf<xi_xj>, (150)
T + T, L\ T+,

let us first rewrite (147),

(xr(A%))o = %/ dXd_ejt(:vfhj) Pf<w> e~ TTX7 (151)
L JRN ,

ij \ T; + X

An important thing to notice is that when z; + x; = 0, the Pfaffian has a
divergence that is controlled by the zero in the determinant. However, when
we use the de Bruijn’s formula the determinant is removed. Therefore, it is
best to deal with this divergence already here. We introduce a damping with
a small constant e to prevent a divergence from appearing. We take care of

this by multiplying the elements in the Pfaffian by the term % We

regularize (151) by defining, for € > 0,

C 2 — 2 N 2
(A2 e:c—N/ dX det(z2) Pf ——— 9 ) e~ 2 TX7 (152
(er (A7) N! Jgn ze} (xl ) g\ (z; +x5)% + €2 ¢ (152)

We expand the Pfaffian in (152), a polynomial, into its monomials. We do
the same for the Pfaffian in (151). By comparing the absolute values of these
integrands, term by term, we see that the ones from (152) are bounded by the
ones from (151). Therefore, the dominated convergence theorem [125] tells us
that

<X7"(A2)>0 = 121(1)0(7"(142»6- (153)

Now we can use the de Bruijn’s formula in (149) and we obtain the damped
average

2 ~ z? —y? 2h;, 2h; — N (22 +y?)
(Xr(A7%))e =N Rf . dxdy ch y=re 2 - (154)

We remark that at this point, if we take the e — 0 limit, the integral in (154)
turns into a principal value integral. Let us define

2,2
T, = /RQ dady ﬁx%iy%je*%w*yﬂ (155)
Then, according to (154),

(xr(A%))e = éijf Tij. (156)
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We can simplify the N dependence by changing variables z,y — N~ 22, N~ 2y,

Nh1+hj+1 T + y)2 + N€2

Introducing sources o and 3 through the terms ax and Sy in the exponential,
we can turn the factors 2" and y?" into derivatives:

1 2 _ 2
R /Rdedy( ety e @ (157)

1 d2h"’ dzhj :(32—y2 10,22
Tii = dedy ————— < —5 (" +y*)taz+pBy .
T NhithitL do2hi 42k /R2 e (x +y)? +N€2e @,8=0
(158)
Let us also define
1’2 — y2 1/..2 2
IT = [ dedy ——"———e 2@y )raztly 159
()= [ dnty e . s
thus
1 d2hi d2h,-
Ty = —I(a,8) (160)

N HT Jo2hi 4G2h; w0

By changing integration variables to v = (z +%)/v2 and v = (z —)/v/2, and
also defining a = (a + 8)/v2 and b = (a — 3)/V/2, it becomes
uv 10,2, .2
1T = [ dudv ————e 2 v )Fautby, 161
(. 6) e Y 2 foNe (161)
Here we notice that the integration over u and over v are independent, hence
we can separate them,

I 3 d —Lu?tau / d v —1v24bv 11 H(2) b
(e, 8) /]R we * v 02 27\7626 2 - (a) Ne( )s
(162)

(&

where we define the integrals

II(l) :/d —Lu?tau d 11(2) b :/d v —lv2+bv.
(a) Ruue 2 an () RU02+2N62€ 2

(163)
The first integral is easily evaluated as
1M (a) = V2raex® . (164)
The second integral we solve by introducing another integral,
1@ - [ di VP i
() = /0 db/Rdv 2 rane© 2 . (165)

At this point we can evaluate the € — 0 limit due to the dominated convergence
theorem. Thus, by defining

115? (b) = lim 1) (b), (166)
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we find that

b -
1% (b) = /0 db /R dv e~ 2V HY, (167)

The integral over v in (167) is a simple Gaussian, and we can evaluate it to
find

11{? (b W/ db 2’ (168)

This function is, up to normalization conventions, the imaginary error function.
Joining (164) and (168) in (162), we deduce that

(e, 8) =27a ez / db 2’ (169)
0
Going back through (160) and (156), we obtain
2 thi 82h 1,2 b 172
(xr(A%)o = CNPf ez db e2" ;
j Nhithj+1 §o2hi 352h 0
a,3=0
(170)
and by using that
12 o a2kt b & p2h+1

ae?? = kZ:OQTk' and / db ez zz: o+ 1)2°H (171)

and that a = (a+)/v/2 and b = (o — 3)/+/2, we can evaluate the derivatives
n (170) to find that

2r  (2h;)!(2h;)! Z (_1)u(k+u)!!(l+v—2)!!

(xr(4%))o = CNPho +hi+1 9hi+h, klulllv! ’

k+1=2h;
u+v=2h;
k4w is odd

(172)

which becomes (146) by using (148), Pfaffian properties and that (—1)F =
—(=1)“ for k 4+ u odd and (—1)¥ = (—1)% for k + u even. O

We wish to remark here about the quantity (x,.(4%))o which we computed
by taking the limit of € — 0 in the expression (x,.(42)). given in (156). For a
given (in other words, finite) N, the expression we obtained in (172) is valid
and therefore Theorem 9.3. However, if we pay attention the expression (157),
we notice that N comes with €. Then, one notices that once we send N to
infinity, this procedure becomes sensitive to the ratio in which N — oo and
€ — 0 are sent.

One naturally wonders if the expression obtained in Theorem 9.3 may
become simpler in large N limit. Let us explore this possibility in Proposi-
tion 9.4.
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Proposition 9.4. Let A be a random variable for a N x N Hermitian matrix un-
der the Gaussian measure. Given a representation r of GL(N) defined through
the set of normalized shifted weights h; = h;/N,i=1,..N,. Consider x, the
character in that representation r. Defining

1 vol(U(N)) / 2Nh; a7 — o} _ N2
A2)), = — YO\ [ x det 2N hipr T T ETXE (g3
<X7"( )> ZO N' (27T)N 13 ‘Tz i,j (mz +:L,j)2 +€26 2 Y ( )
which satisfies {x,(A?))o = lim_.o(x,(A?))c, the following holds true:

lim <X7"(A2)>e -1, (174)

N—oo —Nhy (97, \Nh (hi=h;)(hit+h;+€*/2)
e [1i 26~ (2hi)Vhe Pt | s

where ¢ = NNTZ(QW)_%( fg\:ol EN~L.

Proof. We apply the saddle point method to compute (154). Let us first rescale
integers h; to h; = h;/Nj;
2

2

c Ty ONTi 2Nh; — N (22442

’r‘A2 e = C Pf d.’Ed B —— e ] i i e 2( +y)
(A, = P [ dody iy

(175)

and prepare in a form proper to use the saddle point approximation,

2 .2 By B
<X’I’(A2)>€ =N Pf d(Edy €z Y e—N(%ZZ—&-%yz—thln\x|—2hjln|y|).

g (@t y?+e
(176)
Laplace’s method of integration [126] can be expressed as
Rd Xo det(H(f)(Xo))
(177)

where X is a set of d real variables, f is a twice-differentiable complex valued
function of X, H(f) is the Hessian matrix of f, the points Xy are local maxima
of f, and g is a complex valued function of X nonzero at Xy. Comparing (176)
and (177) we identify
2?2 — 42
(x+y)2+e€
(178)

Computing the saddle point equations x — 2h;z~t = 0 and Yy — 2/~1jy*1 =0,
we find four saddle points:

1 1 ~ ~
f(X) = §$2 + 53/2 — 2h;In|z| — 2h;lnjy| and g(X) =

x=+\/2h; with y=41/2h;. (179)

Therefore, we see that the term associated with f is the same for any X, and
is

e NFX0) — (k) NPi (2]y) NP g~ N (Picths), (180)
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and therefore, for the Hessian,

H(f)(Xo) = ((2) g) and y/det(H(f)(Xo)) = 2. (181)

Additionally,
Y 9(Xo) =2—— i T e
Xo (V2hi + /282 + €2 (V2h; —\[2h)> + &
(h; — h;)(h; + h; + €2/2)
(hi — hj)? + €2(hi + h;) + €1/4

=4

(182)

Joining everything, we obtain the saddle point approximate for the regularized
character of A2 as

~ 1 N(hah) a7 Ao 3
(xr(A%))e = NP | Cem MIER) 20) VI (2hy) V14

(hi — hj)(hi + hj + €2 /2)
(hi = hj)? + €2 (hi + hy) + €t /4
x(1+O(N"1)). (183)

Using some Pfaffian properties we can simplify the expression (183) and get

- - - B — bV b 2
<XT<A2)>E _ ENQ% | I e—Nhk(2hk>Nhka _ (hz~ h])(hz ‘i‘ h] "J' € /2)
L 2,7 (hz—hj)2+62(hz+hj)+64/4

(1+O(N7Y)). (184)

Applying the limit N — oo, we find

(xr(A%))e
_ (;Li__hj)(ﬁi'i‘hjj‘52/2)
i—h;)?+e?(hithj)+et/4

lim pe — -
N—o0 6N27 Hk: e—Nhk (2hk)Nhka i
2,7

=1. (185)

O

One may wish to apply € — 0 limit to (185) and if the limits € — 0 and
N — oo commute, then, (185) can be manipulated to say that in the large N
limit, (x,(A42%))o is equal to
hi + h;

186
— (186)

an2% [[e V™ (2ﬁk)N’3k§jf
: ,

We computed (x,(A%))o using (146) and (186) for 1 < N < 30 (we should
note here that if we use integral form for (x,.(A?))o, then even N = 6 the com-
putation becomes slow) using Mathematica for trivial, defining, and determi-
nant representations. However, for the above values of N that we tested, the
values of the expression (186) do not converge to the values computed using
the expression achieved in (146).

Now, we present first a new way of computing (xr(A4))o below in Proposi-
tion 9.5, whose similar technique is used to compute (x zr(A?))o in Theorem 9.6.



Dually Weighted Multi-matrix Models

Proposition 9.5. Let A be an N x N Hermitian matriz under the Gaussian
measure. Given a representation R of GL(N) defined through the set of shifted
weights h;, i = 1,...N, and considering xr the character in the representation
R, the following holds true:

(Xr(A))o = +

A(h) TI;(h§ — 1)UAN
[Ty it ILi(he = hs)
where the numbers h are separated in a set of [N/2] even numbers h® and

|N/2| odd numbers h°. If such a separation is not possible, then the average
is 0.

(187)

Proof. For A € GL(N), using character orthogonality for the symmetric group
S,, we can write the character of A as

A=Y om0 =Y (X S xaohne (@) (4),  (8)
rkn rbn €S,

where the bar on Yr(co) denotes complex conjugate. Interchanging the sums
and using Schur-Weil duality,

> Xe(0)xr(A) = Tr(c A®™), (189)
rkn
we obtain
xr(A) = ZS: %XR(U)TY(UAW). (190)

Now, we take the average of the above quantity. Wick’s probability theorem
tells us that

(A¥M)g=N"% > 4, (191)
vE[2?]

where [2%] is the conjugacy class of permutations in S, with n/2 2-cycles.
Therefore we obtain

A=Y > N3 x (0)Tr(0)

oeSy, 76[22]

= Z > N gi{ a)xr(a7)xr (1), (192)

gESy ye[22 ) ] rn

where we used (189) in the last equality, with A = 1. Again using orthogonality
relations, rewrite

> 1,XR( )xr(w):éR,rim(v)v (193)
ocES,
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where we denote the dimension of the S,, representation sgp = yg(id), where
id is the identity permutation, and

=3 >~ 251;” (y)drfN*ﬁdR > xaly

vef2z)Thn ® et
(194)

In order to perform Z we use the following trick. Let us first return to

Sekak
the relation (190) for some matrix M,

Xr(M) = 3~ Xn(o)Te(o M) (195)
o€Sy

We observe that (195) sums over all elements in S,,, whereas (194) sums over a
subset of S,,. We aim to extract (194) from (195). We choose M such that the
summation in S,, is restricted to elements of [2%], achieved by Tr(c M®") = 0
for o not in [2%] and constant for when o is in [22]. Using the notation [, k°*]
for the cycle [o] which o belongs to, we wish to find M such that

Te(oM®") = ad, o5 = ades,s o [ dero- (196)
k#2

for some constant a (that might depend on N or n but not on o). But also,
we can write

Tr(cM®") = HTr MFyex (197)

leading us to the identification, for k # 2,
Tr(M*)* =6, 0. (198)

Hence, the possibility of a nonzero ¢, with a general permutation o tells us
that

Tr(M*) =0 (199)
for k # 2. Then, recalling
Tr(C5) = Nék 2, (200)

we conclude M = Oy with a = N2 is a possible solution. Then, setting M = Cy
n (195) with (197), we find that

xr(C2) = ~ >z HTr C3)*. (201)

UESn

Finally, using (200)

xn(Co)= Y —Xr(0)NE, (202)
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we succeeded in restricting the sum to [2%]. Identifying the last summation in
(194) as

> xr(0) =nIN"Fxr(Ca), (203)
ce[2?]
we achieve an expression for the average of character,

(xr(A))o = n!N*”f—I’:xR@). (204)

Let us now compute si. We perform a similar trick as above, by con-
sidering [1"] instead of [22]. This time there is no summation in [1"] because
the only element in this class is the identity permutation. We can show in a
similar fashion that we find the result through the matrix C; instead of Cs.
Skipping to the equivalent of (201), just changing the condition from k = 2
to k =1 in relevant places, we are able to isolate the character of the identity
permutation,

xr(C1) = %XR(id)Nn- (205)

Identifying sg = Yr(id) = xr(id), the dimension of the S,, representation can
be written in terms of xg(Cy) by

SR = n'Nﬁn)_(R(Cl) (206)
Finally, using (206) in (204) also with dg = xg(1) we find that

_ xr(L)xr(C2)
<XR(A)>0 = W

Additionally, with a formula for the character of C,, [78]

\/ m i

(207)

m

m—1 €
H A(h( )) sgn H H(h§62) _ hg_ﬂ)) . (208)

=0 T hP—e ), 0<er<ea<m—1 4,5
i m ! >~€1 2> )

where {h(9} = {a € {h} | @ = ¢ mod m}, we can also find a different
expression for (xg(A))o, by inserting (208) into (207)
(e) o
BrIrI-n -y A0 TLGGT - DR
N-1 . o e :
| H”(hg ) - h§ ))
This expression is written in terms of the highest weights {h}. O

(xr(A))o = (=1) (209)

Following a similar argument as Proposition 9.5, we compute (x.,.(42))o.

Theorem 9.6. Let A be an N x N Hermitian matriz under the Gaussian mea-
sure. Given a representation r of GL(N) defined through the set of shifted
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weights h;, i = 1,...N, and considering X, the character in that representa-
tion, the following holds true:

elao = G (1 0v1) = v TR A (14 0.
(210)
Proof. We start from the relation
(A7) = 3 L Xa(o) Tr(a(47)°"). (211)

g€Sy,
We wish to express in terms of A instead of A%2. We use the relation
Tr(o(A*)®") = Tr((0 ® 1) A®*"a) (212)

where o = (1,14 n)(2,24n) - -+ (n,2n) and on the left the trace considers the
vector space C%"7 while on the right the vector space considered is (C%Q". This
relation can be shown by using the definition of trace on both sides. We then
just write (211),

xr(A%) = Z %)ZR(U)TT((O' ® 1)A®?"q), (213)
€S,

and just like before in Theorem 9.5, taking the average and using Wick’s
theorem we obtain

=Y Y N Xr(o) (e © 1) va) (214)
oESy yE[27]
At this point we need a relation that we prove in Appendix X, which is
Z Tr((e®@1l)ya) = Z Tr(p)Tr(o p) (1+ O(N—?)), (215)
vE[2n] pPESn

where on the right hand side, the traces act on (C%". Using this equation we
then get

(A=Y > N ,xR o) Tr(p)Tr(o p) (1+O(N7?)). (216)
og€S, pES,

The summation over ¢ can then be evaluated by using the summation over
representations (189) with the identity matrix in place of A and the summation
over permutation (193);

Xr(A%))o = Y N™"Tr(p fxr(p) (1+0(N72)). (217)

PESn

Repeating for the summation in p, and using x,-(id) = sg and (206), we find

(A2 = N8 (14 () = 225 (1 o). (e
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Finally, using (109) and (208) we find that

(e (42)) = N~ [ bt AGh) (1+ O(N-2)). (219)

This interesting new result is valid considering N > n. 0

10. Conclusions

A comprehensive understanding of quantum gravity-matter systems is not only
important for phenomenological applications but also to check the consistency
of the the underlying quantum theory. A fundamental theory that encompasses
quantum-gravitational degrees of freedom as well as matter fluctuations de-
pends on the synergy between the collective quantum fluctuations of the full
theory. A paradigmatic example is QCD that loses asymptotic freedom and,
thus, UV-completeness when the number of fermions is sufficiently large. Like-
wise, an asymptotically safe theory of quantum gravity can lose its UV fixed
point for a sufficiently intricate matter content. Therefore, understanding the
impact of matter degrees of freedom to the continuum limit of a candidate
theory of quantum gravity is an essential ingredient in its construction. Con-
versely, quantum-gravity fluctuations can affect the dynamics of the underly-
ing matter fields and trigger non-trivial effects that can leave imprints in the
infrared. Furthermore, the large body of evidence reported by the CDT com-
munity reveals that the implementation of causality constraints can be central
for a suitable continuum limit of the lattice-regularized path integral of quan-
tum gravity. Thus, in view of what was said above, it is natural to investigate
the continuum limit of CDT coupled to matter degrees of freedom. Actually,
it is an active field of interest to understand the relation, if any, between the
Euclidean and Lorentzian formalisms, see, e.g., [127-131].

In the present work, we have defined a toy model that generated two-
dimensional CDT configurations coupled to Ising model degrees of freedom.
This was proposed under the framework of dually-weighted multi-matrix mod-
els. Matrix models enjoy rich analytical tools and, in many occasions, allow for
the establishment of mathematical rigorous results such as eigenvalue decom-
position techniques to explicitly compute matrix-integrals, large N expansion
where the sphere topology dominates at leading order in a Feynman expansion
of the partition function [37,132-135], double-scaling limit in which all topolo-
gies are taken into account [41,136,137], topological recursion which lets us
recursively solve the loop equations of matrix models and bridges combinato-
rial maps with algebraic and enumerative geometry [138], Weingarten calculus
to compute matrix integrals [118], etc. Matrix models indeed generate the
Brownian sphere at criticality and rigorously proven to be equivalent to 2d
Liouville gravity [139-144]. Equipped with such abundant and rich tools, they
therefore provide with us an enticing platform to further explore interesting
mathematics and physics, with also possibly more physically relevant (higher
dimensional) generalization in the context of quantum gravity; Matrix models
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have a higher dimensional generalization, i.e., tensor models [44,47,145-150]
where it is of interest to understand how to incorporate causality.

The initial hope of formulating CDT coupled to the Ising model as a
multi-matrix model was to find an exact/analytical solution for it (in other
words compute exactly the partition function), possibly using new techniques
developed in the last decade since the work by Benedetti-Henson in [76]. For
example, one new interesting result [151] in recent works is the generaliza-
tion of the Harish-Chandra-Ttzykson—Zuber (HCIZ) integral, where the gen-
eralization considers integrals over tensor powers of U(N). They studied the
integral [ dU e!T"(MUBUY) 'where U € U(N)®P, A and B are self-adjoint op-
erators in (CV)®P and N and D are positive integers. The HCIZ result is
recovered by setting D = 1. For our purposes, a generalization of the HCIZ
integral for a trace with a different power would have been useful. That is,
[dU efTr(AUBUD" " where U € U(N), A and B are self-adjoint operators in
CYN, and N and k are positive integers. Instead, we made use of Weingarten
calculus (in Proposition 8.1), Schur-Weyl duality (in Proposition 9.5, Theo-
rem 9.6), theory of symmetric group algebra (in Proposition 9.5, Theorem 9.6,
and Lemma 10.1), etc to achieve our results in this paper.

Even though matrix models enjoy vast amount of analytical results, it
seems that solving exactly the partition functions of the pure CDT-like matrix
model of Benedetti-Henson and the CDT-like matrix model coupled with Ising
models remains quite difficult.

One problem we faced was the necessity to do the character expansion
more than once for the CDT-like matrix model with Ising model. See (67) and
(68). In Proposition 8.1, the appearance of multiple representations from the
expansion required us to use the theory of decomposition of reducible represen-
tations. The current state of this theory is not sufficient for our purposes, since
it lacks closed formulas in terms of the representations involved; the existence
of algorithms is not enough. For example, given a representation R in terms of
a set of shifted highest weights {h}, the decomposition of the representation
R® R is doable through the Littlewood-Richardson rule. However, this process
is not written in terms of functions which we could apply the standard theory
of calculus (e.g., derivatives and integrals) to; for example, closed formulas for
the Littlewood-Richardson rule, as well as for the Clebsch-Gordan coefficients
are not known.

Indeed, we foresee a similar problem when we consider solving for (x5}
(A?)), by expressing the character in terms of the symmetric square and
alternating representations (which are, in general, reducible). There exists
a relation {h} @ {h} = Sym?*{h} ® Alt>{h}. This expression tells us that
X1n}(A)? = Xsym2{n} (A) + Xar2 ) (A). Another known formula is x 5} (A%) =
Xsym2{n}(A) — Xanz{ny(A). This last decomposition can be done with the
Carré-Leclerc domino tableaux algorithm, in a similar way the Littlewood-
Richardson rule gives an algorithm to decompose the product of irreducible
representations into a direct sum of irreducible representations. Nevertheless,
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this is just an algorithm, and does not give a closed formula to which represen-
tations contribute, and it seems that such formula is not known. Therefore, we
seem to encounter the similar problem as we did in the Proposition 8.1, where
Clebsch-Gordan coefficients are unknown. In order to solve for the partition
functions of the CDT-like matrix models, we do need general explicit formulas
for such coefficients.

Another difficulty lies in the fact that the representations that contribute
most to the character expansion are expected to have the size proportional
to N2. More specifically, the number of shifted weights is N and each shifted
weight grows proportionally to N. See Theorem 9.6. When applying the theory
of symmetric group algebra, one of the symmetric groups considered is S,
where n is the size of the representation (corresponding to the number of
boxes of Young diagram of a given representation). In principle, the size of
the representation n should be proportional to N? [152] [153]. Therefore, if we
want to compute the partition functions (68) and (60), then we need to take
care of the N dependence in n. However, in this current work, our results in
Theorem 9.6 and Lemma 10.1 relied on us taking large N limit but keeping n
finite. Working with S,, for large n is challenging because the dependence of n
is involved in expressions like (213).

Nevertheless, we have achieved several new results concerning the aver-
ages of character of Hermitian matrix or Hermitian matrix squared for a given
representation, which may be of interest in the mathematics community and
alike.

In particular, the results in Theorems 9.4, 9.3 and 9.6 add to the known
properties of the decomposition of the product of representations r @ in terms
of irreducible representations.

In Theorem 9.3, the expression of (xr(A4?%)) in (146) is for finite N and
n. This result reduces the average integral in (14) to a finite sum over integers,
therefore, more computable. The next step is either evaluate this sum, that
has only products and ratios of factorials as terms, or possibly evaluating the
Pfaffian without computing the sum.

We also found an expression for (xr(A?)) at large N and n in Propo-

sition 9.4. The expression itself of the Pfaffian Pf [2:7’5]] is similar to the
known result in (150), except that in (174) each matrix element is inverse to
the respective element in (150) and is unknown to our knowledge.

In Theorem 9.6, we explicitly found the leading order expression of the
character of A2 for a given representation in the large N limit for a finite n.
This result is related to cell modules in Brauer algebra [154].

Additionally, the results Theorem 6.1 on the matrix C,, (which is respon-
sible for yielding the causal structure to the Feynman graphs generated) are
new to our knowledge. We explicitly found the distribution of eigenvalues of
Chp.

For future works, we can consider several possible extensions and addi-
tions of our current work. It should be possible to extend the result of Theo-
rem 9.6 to any powers of A by generalizing the expression used in (215). This
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expression, shown in Appendix X, is obtained by combinatorial evaluations,
which we expect can be applied to extend our result to higher powers of A.

In [76], the critical value of the coupling ¢ in (1) was computed. By solving
for the distribution of highest weights, they were able to observe a critical
behavior where the distribution extended over the entire positive real line. This
criticality happened for coupling g = 1/2, which is the same as the criticality
found in [108]. We may be able to obtain the critical property of partition
hi—h;
(174) well enough, even if we do not know the explicit expression for it.

In summary, the present work puts forward a dually-weighted multi-
matrix model that, for a particular choice of weight, corresponds to two-
dimensional CDT coupled to the Ising model. To the best of our knowledge,
there is no known exact solution for CDT coupled to Ising even in two dimen-
sions. Hence, one possibility to be explored is whether the model here proposed
can be well-suited for different approximations of the CDT-Ising model as, e.g.,
by means of Monte-Carlo simulations. A reformulation of the underlying theory
by a different formalism can lead to new insights and this is worth exploring in
the future. Moreover, we have now the possibility to couple more sophisticated
matter models to two-dimensional CDT in the matrix-model frameowork, such
as the Potts model. This will be reported elsewhere. Lastly, the dually-weighted
multi-matrix model can be investigated on its own, i.e., beyond the choice of
the causal constraint as mainly emphasized in this work.

functions (1) if we can understand the properties of Pfaffians Pf [
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Appendix

We show how to derive the relation in (215). First we show a more general
relation in the following Lemma 10.1, and we obtain (215) by performing left
multiplication on both sides of the equation (220) by o and taking the trace.

Lemma 10.1. Consider the trace Tr over a vector space C’?\?z" =CYy" e CR".
Let PoTr be the partial trace over the second Cf\?}” vector space, and o =
(1,1 4+ n)(2,2+ n)---(n,2n) be the permutation that switches the first and
second C’j%" vector spaces. For a given n,

> PyTr(ya)= Y Tr(p)p (1+O(N?)). (220)

vel2n] pES,

Before we begin our proof, let us see an example of (220), checking it for
n = 2. The permutations in [22] are shown in Fig. 17. For each permutation o
in [22], PoTr(o «) is shown in Fig. 18. This way, we indeed check

Y PeTr(ya) = 14+ N?)(1)(2) + N(12) = [N*(1)(2) + N(12)][1 + O(N?)].
vel2?]

(221)

(a) (12)(34) (b) (13)(24)  (c) (14)(23)

FIGURE 17. Permutations in [22]

(a) (1)(2) (b) N*(1)(2) (c) N(12)

FIGURE 18. Partial trace of permutations in [2?]
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Proof. Let v € [2"]. Defining the interval of integers [a,b] = {z|z € Z,a <
xz < b} and the sets py = {z|z € [1,n|,yz € [1,n]} and p;, = {azx|z € [n +
1,2n]lyz € [n+ 1,2n]}, where @ = (1,1 4+ n)(2,2 + n)---(n,2n). Remark
a = a ! and v = y~!. Noticing the cardinalities of p; and p; are equal, we
call s = |p¢| = |p;|- Define the permutation vy € [22] by

yr ifx€py
vix = . 222

! {x it xel,n]\py (222)
Define the permutation v; € [23] by

x ’
Vi — {a’yam LTxrep (223)

z if v € [1,n]\p;i
Define also p € S,, by

if 2 €1 ’
uxr = Wozasik 1 z€[Lnl\p , (224)
(ya) F@ gz ifz e,

where k(z) = min{m|m > 0, (ya) "z € ps}. Checking each case we see that

VT ifx €py
i if x € ap;
= av;ax 1 T € ap ’ (225)
pox ifxen+1,2n]\ ap;
(pa)~tz ifz e [1,n]\ py
and applying a multiplication by «,
viax if x € apy
i if x € p;
yox = avie 1 rep (226)
U ifxe[l,n]\pi

ap~taz  ifx € n+1,2n]\ aps
Let us review the definition of partial trace of an operator n € End(C3%?). The

tensor coefficients of 7 are defined by

Jisesdan

Miv,..iom <ej1’""ejzn‘77|ei17"'7ei2n>7 (227)

where |e;, , ..., €, ), for 1 < i < N with 1 < k < 2n, is a basis of C3?. In the
case 7 is a permutation, the coefficients (227) can be evaluated as

Jisesdan _ sIn()  sInzn) _ si1 shon sl slacen)
My =60y = 0y a6 L (228)
We define the partial trace of 1 as a trace over its last n indices,
J1seesdn J1s--dnskng1s.,kan
PoTr(n)i, i = E L// A S S S (229)
Kknt1,..,k2n

If 1 is a permutation in S, represented in End(C3%"), its partial trace is equal
to
P Tr( )jh---7jn _ 53’1 6jn6kn+l 6k2n5ln<1) 6l'r[(n)6ln(n+l) 511,(%)

2 Mir,in — Iy Pl Tlpgr 2 i1 T i knty1 " Tkan

Kn+t1,-,kan
1a<~-7l2n
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(230)

Let cy(u) be the number of cycles in p (note that indeed cy(u) = cy(u~1)).
Checking case by case, we then see that for n = va,

NYW™)=s g ifxe[l,n]\p;

o , 231
Ney(e™)—s vy 'u*k(z) vix ifx €p; (231

PoTr(ya)z = {
where the power of N, which is cy(u) — s, is the number of cycles of ary which
contains only elements from n + 1 to 2n. This power also counts the number
of closed loops in the graphic representation, see Fig. 18. By noticing that the
two cases are both equal to v¢puv; restricted to their conditions, simply we can
write

PyTr(ya) = N¥W =5y, ;. (232)
If s =0, then vy = v; = id and ya = pu @ p~ !, therefore
PyTr(ay) = NYW (233)

If s > 0, the coefficient of v;uv; is of lower order than from the from (v; pv;) ®
(vf pv;)~t, therefore

D PaTr(ya) = Y PoTr(pe@p™') (1+O0(N7?))

vE2m] WESn

=Y N0, (1+0(N72)), (234)
HESR

where the order is O(N~2) since s is even.
O

As an illustration of the proof above, we consider a permutation v in [21°]
given by

v = (15)(217)(3 18)(4 15)(6 12)(7 10)(8 13)(9 11)(14 16)(19 20) (235)

and is represented graphically in Fig. 19. For all the lines connecting the bot-
tom to the top, call x and y the values at the bottom and top of the line,
respectively. Each pair x and y falls into one of four distinct cases: 1 < z < 10
and 1 <y<10; 11 <2<20and 11 <y <20; 11 <z <20 and 1 <y < 10;
1 <2 <10and 11 <y < 20. In Fig. 19 we highlight the first two cases in red,
the third case in green and the fourth case in pink.

The sets p; and py used in the lemma 10.1 are p; = {4,6,9,10} and
ps = {1,5,7,10}. The permutation v; defined in (222) is the permutation
associated with the case 1 <z <10 and 1 < y < 10, shown in red on the left
side of Fig. 19, and given by

vy = (15)(710)(2)(3)(4)(6)(8)(9). (236)
The permutation v; defined in (223) is the permutation associated with the
case 11 <z < 20 and 11 < y < 20, shown in red on the right side of Fig. 19,
and given by

vi = (46)(910)(1)(2)(3)(5)(7)(8)- (237)
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FIGURE 19. An example of a permutation in [21°]

The permutation p defined in (224) is the permutation associated with the
case 11 <z <20 and 1 <y < 10, shown in green in Fig. 19, and given by

1= (19)(54)(7 2 6)(3 8)(10). (238)
The permutation ya is
o= (19207261415)(54 16121710 19 11)(3 8)(18 13),  (239)
and according to (232), its partial trace is
PoTr(va) = N (1972 6)(38)(4105). (240)
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