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Abstract

In this report, we review some basic techniques used in the theory of
random matrices and apply them to solve 2-matrix models. Specifically, we
study, for large matrix dimension and weak coupling, the Lens Space model
which corresponds to the Chern Simons theory on S%/Zs. We also extend
some of the results to the ABJM matrix model.



Chapter 1

Introduction

A random matrix is a matrix with random entries. The distributions they follow
are generally inferred from the symmetries involved in the problems. Random
matrices have long been used in physics to study, among others, the energy level
spacings in nuclei, chaotic quantum systems and 2-dimensional quantum gravity
[1]. Certain matrix models have also been shown to represent non-perturbative
formulations of String Theory with low space-time dimensions [2, 3]. Many tech-
niques have been employed to solve matrix models, some of them being method of
orthogonal polynomials, saddle-point analysis, and Feynman perturbative methods
[4].

In Chapter 2, we review some of the basic concepts of the random matrix
theory. We study the reduction of the matrix measure to the eigenvalue space
for Hermitian matrices with action only dependent on the eigenvalues. We then
use saddle-point analysis to get the planar eigenvalue distribution. The term
planar has been used because saddle-point analysis gives, in the limit of large
matrix dimension, the genus zero contribution to the expression which can be
obtained by summing the contributions from the planar diagrams in the Feynman’s
diagrammatic method. We also give an expression for the planar free energy in
terms of the eigenvalue distribution, which may further be reduced to certain
contour integral of the resolvent [5].

Two-matrix models involve two random matrices with effective potentials that
couple the two matrices. Chern-Simons theory on Lens Space L(2,1) (S%/Z,) has
been shown to reduce to a Hermitian 2-matrix model with unitary Haar measure
[6]. We study this matrix model in Chapter 3. We show how the one-matrix
model saddle-point analysis can be extended two-matrix problem and obtain a
closed form solution for the planar resolvent of the lens space model. We then use
perturbative calculations to explicitly compute the 't Hooft parameters in terms
of the branch cut endpoints in the weak coupling regime. It has also been shown
that the path integral in the calculations of expectation values of supersymmetric



Wilson loops in Chern-Simons theories with matter reduce to matrix model [7].
Since this matrix model for the ABJM theory is related to the lens space model
by an analytic continuation of one of the 't Hooft parameters, we easily extend
the results from lens space model to calculate the vacuum expectation value of the

1/2 BPS Wilson Loop.



Chapter 2

Random Matrices

In this chapter, we study the formal aspects of Hermitian one-matrix models with
a unitary Haar measure. We derive the planar eigenvalue distribution and free
energy using the saddle-point analysis and resolvent formalism.

2.1 Basics

Consider the following action formed from Hermitian N x N matrix M [8]:

1 1 1 g

—W(M) = —Tr(M?*) + — 22 ( MP). 2.1

W) = 5= Tr ) + 3 S Tr(M7) 2.1)
p>3

The action has a gauge symmetry
M — UMU! (2.2)

and the partition function for the theory is given by

1 ~Lw(m)
Z = dM 9gs 23

s | e 29
The measure in the integral is the unitary Haar measure (dM = d(UM) for every
unitary matrix U)

N(N-1)

dM =277 [[dMy; ] dRe(M;)dlm(M;;) (2.4)

i=1 1<i<j<N

and vol(U(N)) is the volume factor of the gauge group.



2.2 Eigenvalue Space

The Hermitian matrix M can be reduced to a diagonal form [3]

M = UAUT (2.5)

where U is a unitary matrix and A = diag(A1, A2, ..., Ay). Now we have
dM = dUAU" + UdAU' + UAdU! (2.6)
= U'dMU = dA + [UTdU, A (2.7)

da = U'dU is the infinitesimal element in the tangent space to the unitary group,
the measures [dM] and [dM'] = [UT dM U] are the same, and

upon change of coordinates from M;; to (A, aij(izs)). Therefore,
N
itj i=1

The factor A(A)? = [[,; [(Ai — Aj)| is known as the Vandermonde determinant.
Since, our original action only included traces of powers of the matrix M, the
integrand can be represented only in the terms of the eigenvalues, and the integral
over da is just a numerical factor.

2.3 Saddle-Point Analysis

The partition function can be now be written as [5]

N'/H Lo Serr(Y) (2.10)

where the effective action Seg is given by

+ 22
N = STV + 1 S los h - A (2.11)
=1

i<j

with the 't Hooft parameter t = g, V.
As the summation over N is roughly of order O(N), the effective action can
be seen to be O(1) in the large N limit. In the limit g, — 0, the contribution
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to the partition function will be dominated by the saddle-point configuration that
extremizes the action. This is analogous to attaining lowest energy configuration
in the limit of zero temperature. We obtain the saddle-point equations by varying
the effective action with respect to the eigenvalues

1 1 1
—V'(\) = — ,=1,...,N. 2.12
QtV(z) NZ)\Z—AJ7 ? ) ) ( )

We may interpret the \; as the coordinates of charged particles moving in an
effective potential

Vg = V() — % > loglxi = Ajl (2.13)
J#i
where the logarithmic term acts as coulomb repulsion. Near ¢ = 0 the potential
term dominates over Coulomb interaction, and the eigenvalues lie close to a critical
point with V/(z*) = 0. As t grows, the Coulomb interaction starts spreading out
the eigenvalues. The distribution of eigenvalues may be written as

N

p(A) = % S 6= A) (2.14)

i=1

where \; are taken from the solutions of the saddle-point equations. In the large
N limit, we expect the distribution to form a continuum around the critical point
x* of the potential. If the support is taken to be such an interval, it is known as
one-cut solution.

Using the continuum approximation

¥ 2100 = [ rmin (2.15)

we may write the saddle-point equation as

1., po(N)dN
—y'(\) =p [ B2 2.1
TR /C A= N (2.16)

where P denotes the principal value of the integral and pg is the distribution in
the large N limit. One standard way to solve the integral equation for p, is to
introduce an auxiliary function called the resolvent, which is defined as

w(p) = %Z L (2.17)



and labelled w(p) in the limit of large N. The genus zero resolvent has a discontinu-
ity along interval C (the support of the eigenvalue distribution). The discontinuity
can be calculated by contour deformations.

Wo(p + te) = AdA]% :/]R_LE d)\go%)\))\ (2.18)
_ P/dA%+/O dA%, (2.19)

where C, is a counterclockwise oriented contour around A\ = p in the lower half
plane. The last integral can be evaluated as a residue, and we have

o+ 10) =P [ 2 i) (2.20)
Similarly,
wo(p — te) = /Rﬂs d)\go%)\/)\ = P/dA% + mepo(p). (2.21)
Hence, we find
Wo(A + te) —wo(A —te) = —2mpo(N) (2.22)
wo(p + te) +wo(p —te) = P/d)\% = %V’(p) (2.23)

where the last equality follows from (2.16). The problem of finding the eigen-
value distribution has reduced to the Riemann-Hilbert problem of computing the
resolvent [8].

2.4 Free Energy

The free energy of the matrix model is given by

F=logZ. (2.24)
As can be seen from (2.10), in the limit g, — 0, the free energy scales as
F(g,t) = g5 Fo(t) (2.25)
where Fjy(t) is the genus zero, or planar, free energy given by
Fo(t) = Setr(po) (2.26)
and
Saow) ==t | gV )+ [ DX (6o A= X] - (227)
x

is the continuum limit of (2.11).
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Chapter 3

Two-Matrix Models

In this chapter, we extend the saddle-point and resolvent formalism from the one-
matrix model solution in previous chapter to two-matrix models, specifically lens
space model in this report. We illustrate a perturbative calculation to obtain
the branch cuts in terms of the 't Hooft parameters. We also use the ’t Hooft
parameter dictionary between the lens space matrix model and ABJM matrix
model to calculate the vacuum expectation values of Wilson Loops.

3.1 Solving the Lens Space Model

The partition function for the Chern Simons theory on the S3/Z, is given by [9]

Z ~ /Hduin,ua A (u, p) exp (— gisV(u,u)) i€ (1,Ny), e € (1, No)

(3.1)
where the measure

:HQsinh( ) HZSth( NB) HQcosh (Uz'—Q,LLa) (3.2)
1<J a<f
w, 1) = (2Zuf + 2Zpi)/2 (3.3)

In the limit of large N and for weak coupling, we obtain from saddle-point
analysis, by varying the action with respect to u; and

2u; = ¢ Z coth < ) + gs Z tanh (
o Mo — Mg Mo — Uj
20 = gs Z coth < 5 ) + gs Z tanh ( 5 ) (3.5)

p#a

and the potential is

) (3.4)
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Observing the above the saddle-point equations, and proceeding in a similar
manner as for one-matrix model, we define the resolvent as

w(z) = gs Zcoth (2 —2uz> + gs Ztanh (Z _2/%‘). (3.6)

)

We may rewrite this as
w(z) = wW(2) + w®(z — um) (3.7)

with

wW(z) = gsZcoth (z;u,) (3.8)
w?(z) = gsZcoth (Z

On multiplying (3.4) by coth((z—w;)/2) and summing over i, as well as multiplying
(3.5) by tanh((z — pa)/2) and summing over «, we obtain for large N limit

_2’”‘0‘). (3.9)

wo(2)\2 w(()l) z w(()z) Z =T
e i N L O
where
f(z) = gs Z(Uz — z) coth (Z _QUZ) + gs Z(ua — (2 — uvm)) tanh (Z _2%“> + iSZ
(3.11)

is a regular function. (3.10) may be written in two ways,

wo(z 2 wol 2 w(()l)z ¥
( i)) —(Z—L?T) i)_m- 4()=f51) (3‘12)

wo(z + 1)\ 2 wo(z +um W (2 Z 4w
<—< I )> —(z—i—wr)—( j )—|—L7T 4( ) = I 1— ) (3.13)

Assuming that the eigenvalues only spread along the real line, it follows that if
wi(z) jumps at a point z then ws(z — vm) does and vice versa. The relative shift
in the arguments of the two resolvents gives a separation of (m between the two
cuts. On one cut the resolvent jumps due to wy(z) alone and due to wo(z) alone
on the second cut. From this we can deduce, in a manner similar to one we used
to derive (2.23)

z = ;l(wg(z + 1€) + wo(z —te))  (u cut) (3.14)
z = }l(wg(z + o 4 1e) + wo(z + vm —te))  (p cut) (3.15)
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which implies that the resolvent has square root branch cuts (observing (2.23) and

that © = %:1:2/).

Consider the function
9(Z) = 02 4 Z2emw0/? (3.16)

where Z = e*. From (3.6), we see that

lim Wy = gle + gSNQ == tl + tg =t (317)

Z—00

lim Wy = —gle - gsNg == —tl - t2 = —t. (318)
z——00

Therefore, the function ¢g(Z) has the limiting behaviour

Jim ¢(2) = Z2e 12 (3.19)
lim g(Z) = e 12, (3.20)

The unique solution satisfying these conditions is
9(Z) =e V22 - CZ +1) (3.21)
where ( is to be determined. Inverting g(Z) we find

WO(Z)
2

1

= l0g (5[9(2) — V/%(2) - 127)) (3.22)

We can easily see that e“° has a square root branch cut involving the function

0(Z)=g*(2) - 47> = e (Z —a)(Z — 1/a)(Z + b)(Z + 1/b). (3.23)
a*!, —b*! can be identified as the endpoints of the cuts in the Z = e* plane with
the constraint . . )
“(a+=+b —) = etl?, 3.24
1 (a + " +b+ 2 e (3.24)
The parameter ( is related to the endpoints as
1 1 1
Y U —). 2
=t 629

The eigenvalue density along the intervals may be computed from the discon-
tinuity in the resolvent as was done in deriving (2.22) and integrated over each
interval to obtain the interval’s filling fraction (N;/N) and hence the 't Hooft
parameters t;,

1 1 dz

ti=— ¢ wy(z)dz = — ¢ wo(2)

= =1,2 3.26
4 Jo, 4 Jo, 7 (3.26)
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3.1.1 Perturbative Solution for Weak Coupling

The resolvent may be written as [9]

—t/4

VEZTOZ 1) - VZ-aZ-1a)])  (327)

At t = 0, the cuts shrink to points with a = b = 1. However, for small 't Hooft
parameters, we may introduce two small parameters ¢; and €5 such that

1
a+a =2(14¢) (3.28)
1

We wish to calculate €; and €5 in terms of the 't Hooft parameters t; and t,. To
this end, we express the resolvent as

wo(z)

~ log (\/22 Y20 te)t1—Z2—2Z(1+ )+ 1) (3.30)

in anticipation of using the formula (3.26), since the first term inside the logarithm
was a holomorphic additive part and would not have contributed to the contour
integral. To integrate the resolvent along C}, we expand the resolvent around
€2 = 0 which gives,

wo(Z) ~ 4log <(Z Y1) - NZ2—2Ze — 27 1 1)

47
Z+1)((Z+1) =22 —2Ze; —2Z + 1)
272 ((Z+ V)WZ* —2Ze; —2Z +1—272* —4Z — 2)

(Z+1D)((Z2+1)—VZ*>=2Ze —2Z +1)2

€2 (3.31)

1

2

€5+ O(eg)

Note that one square root has vanished and this makes the computation tractable.
As an illustration, we compute the coefficient to €; in the the expression for the 't
Hooft parameter ¢;. The expression can be simplified as
47

(Z+1)((Z+1) = V2> —2Ze —2Z +1)
AZ (VZ? =2Ze —2Z + 1+ (Z + 1))

202+ 1)Z (1 +2)
V72 —27e — 27 + 1 2

(Z+1)(e1+2) +61+2

V22 —27e —27 +1 1

= T ZaDGa) e (3.52)
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where pi(e1) = 14€; /2. From (3.26) we see that the second term, being holomorphic
in C'1, does not contribute and the first term gives a contribution equal to

2 _ —
e by 7 = e A 09

From the residue theorem we have
g A(Z)dZ = —2mi(Res(A,0)+ Res(A4, —1) + Res(A,00))  (3.34)
= 2mu(l —2+/per) — 1) = 4w/ puler). (3.35)

Therefore, the contribution to ¢; at first order in €5 is
2 3 4

T ~a(l-3 B om0} 69

The expressions for 't Hooft parameters can be also inverted to give €; and €5 in
terms of ¢; and 5.

3.2 ABJM Theory

The ABJM matrix model is given by [10]
du; 1 d
Zansar(Ny, No, g5) ~ /H T ”J SoA% 255 QT2 5 0%) (3.37)

where

A2 HK]. (2 sinh (M)) (2 sinh (%)) ' (3.38)

IL,; (2 cosh (’“_VJ ))2
The free energy of the ABJM partition function is related to the lens space partition

function by the analytic continuation Ny — —N,. The natural 't Hooft parameters
in the ABJM theory are given by

A =2 (3.39)

where the Chern-Simons coupling k of ABJM theory is related to g, by

47t

s = —]. 4
g k, (3.40)
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Since in the ABJM theory couplings A; o are real, matrix model couplings ¢ » are
purely imaginary.

The vacuum expectation values of the 1/6 and 1/2 BPS Wilson loops may be
calculated from the matrix model using the relations [10]

1/6 dz
(W% = fc () (3.41)
(W2) = jf %w(Z). (3.42)

As an example, we calculate the vacuum expectation value of the 1/2 BPS
Wilson loop. We do the integral calculation for the Lens Space Model as we can
later use the analytic continuation t, — —ty to get the answer for the ABJM
theory. Since the integrand in (3.42) is holomorphic in the annulus A(0, R, co) for
large R, as can be seen from (3.27),

dz 27mL
—w(Z) = —=—- 4
]i () 1, Res(w,00) (3.43)

= (e, —€)=( (3.44)

Note that out result is different from the one obtained in [10] as we have taken a
different coupling to match with the potential used in the previous sections of this
report and in [9].
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Chapter 4

Conclusion and Further Work

In chapter 2 we used the saddle-point analysis and the resolvent technique to
extract the eigenvalue distribution and free energy in the planar (genus 0) limit of
large matrix dimension. Once the resolvent is obtained from the effective potential
solving the Riemann-Hilbert, the eigenvalue distribution may be found with not
much difficulty from a contour integral of the resolvent.

The techniques from chapter 2 easily generalise to two-matrix models, as we saw
in chapter 3. For the lens space model we also derived the closed form solution of
the planar resolvent. We then used this expression to calculate using perturbation
the branch cuts of the planar resolvent in terms of the 't Hooft parameters. We
showed how these relations can be used to solve quite conveniently for quantities
such as expectation values of Wilson Loops which are contour integrals of the
resolvent in the ABJM matrix model. We showed the calculations in detail for one
order, the rest of the calculations proceed similarly.

During our study, we also browsed through free energy calculations with higher
genus corrections, which are obtained from non-planar diagrams in the Feynman’s
diagrammatic approach and become significant for finite matrix dimension, and
may provide a test for the AdS/CFT conjecture [11]. We also glanced over sym-
metric space classification of random matrix ensembles [13], and conformal field
theory techniques used in the solving matrix models that also somewhat explain
the universality of matrix models [12]. We hope to explore further such exciting
properties and applications of random matrices and review them in the next stage
of our report.
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