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Abstract. In this paper, we first briefly review some recent results on the
distribution of the maximal eigenvalue of an (N x N) random matrix drawn
from Gaussian ensembles. Next we focus on the Gaussian unitary ensemble
(GUE) and by suitably adapting a method of orthogonal polynomials developed
by Gross and Matytsin in the context of Yang—Mills theory in two dimensions,
we provide a rather simple derivation of the Tracy—Widom law for GUE. Our
derivation is based on the elementary asymptotic scaling analysis of a pair of
coupled nonlinear recursion relations. As an added bonus, this method also allows
us to compute the precise subleading terms describing the right large deviation
tail of the maximal eigenvalue distribution. In the Yang—Mills language, these
subleading terms correspond to non-perturbative (in 1/N expansion) corrections
to the two-dimensional partition function in the so called ‘weak’ coupling regime.
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1. Introduction

Quite a long time ago, Wigner [1] introduced random matrices in the context of nuclear
physics. He suggested that the highly excited energy levels of complex nuclei can locally
be well represented by the eigenvalues of a large random matrix. A big nucleus is a
rather complex system composed of many strongly interacting quantum particles and it
is practically impossible to describe its spectral properties via first principle calculations.
The idea of Wigner was to model the spectral properties of the complex Hamiltonian of
such a big nucleus by those of a large random matrix preserving the same symmetry. This
was a very successful approach in nuclear physics. Since then, the random matrix theory
(RMT) has gone beyond nuclear physics and has found a wide number of applications in
various fields of physics and mathematics including quantum chaos, disordered systems,
string theory and even number theory [2]. A case of special interest is the one of Gaussian
random matrices (originally introduced by Wigner himself) where the entries of the matrix
are Gaussian random variables.

Depending on the symmetry of the problem, Dyson distinguished three classes for the
matrix X [3]:

e the Gaussian orthogonal ensemble (GOE): X is real symmetric.
e the Gaussian unitary ensemble (GUE): X is complex Hermitian.

e the Gaussian symplectic ensemble (GSE): X is quaternionic Hermitian.

Let us write X' the adjoint of X, i.e. the transpose of X for the GOE, the complex
conjugate transpose for the GUE and the quaternionic conjugate transpose for the GSE.
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A Gaussian random matrix is an N x N self-adjoint matrix X, i.e. XT = X distributed
according to the law

1 for GOE
P(X) x e AT Gith =< 2 for GUE (1)
4 for GSE

where, for convenience, we have chosen the prefactor 3 of the Tr(X?) to be 8 = 1 for the
GOE, 8 = 2 for the GUE and 3 = 4 for the GSE. For instance, for the GUE we have § = 2
and P(X) oc e X o ¢ s Xisl” g X2 = XTX = >, |Xij?. This means that X is
an N x N complex Hermitian matrix with entries Re X” and Im X; ; for ¢ < j that are
independent (real) random variables distributed according to the same centred Gaussian
law with variance 1/4 and the X;; are (real) independent Gaussian variables with mean
0 and variance 1/2. In the case of GSE, there are 2N eigenvalues, each of them two-fold
degenerate and Tr in (1) for 5 = 4 is defined so that only one of the two-fold degenerate
eigenvalues in X is counted.

Self-adjoint matrices can be diagonalized and have real eigenvalues. The joint
distribution of eigenvalues of the Gaussian ensemble is well known [4, 2]

P()\l, R )\N) = BNe*(ﬁ/z) YL H ‘)\] — )\k|ﬁ (2)
j<k

where By is a normalization constant such that [([], dX\)P(A1,..., Ay) =1 (it depends
on () and the power (3 of the Vandermonde term is called the Dyson index g = 1,2
or 4 depending on the ensemble (resp. GOE, GUE or GSE). Note that we have chosen
the prefactor of the Tr(X?) term in (1) to be the same as the Dyson index 3 just for
convenience. This prefactor is not very important as it can be absorbed by rescaling
the matrix entries by a constant factor. In contrast, the value of the Dyson index
8 = 1, 2 or 4, characterizing the power of the Vandermonde term, plays a crucial
role. The normalization constant By can be computed using Selberg’s integral [2]:
By = pNPIHSWNINDA (2m) =L (1 + 5/2)N/[TT, T(L + 45/2))-

Because of the presence of the Vandermonde determinant [] iceN = Ap) in
equation (2), the eigenvalues are strongly correlated random variables, they repel each
other. In this paper, our focus is on the statistical properties of the extreme (maximal)
eigenvalue Apax = max(A, Ag, ..., Ay). Had the Vandermonde term been not there in
the joint distribution (2), the joint distribution would factorize and the eigenvalues would
thus be completely independent random variables, each with a Gaussian distribution. For
such independent and identically distributed random variables {);}, the extreme value
statistics is well understood [5] and the distribution of the maximum, properly shifted
and scaled, belongs to one of the three universality classes Gumbel, Frechet or Weibull
(for large V) depending on the tail of the distribution of individual A;s. However, in the
case of random matrix theory, the eigenvalues \;s are strongly correlated variables. For
strongly correlated random variables there is no general theory for the distribution of the
maximum. In the case of Gaussian random matrices, where the joint distribution (2)
is explicitly known, much progress has been made in understanding the distribution of
Amax following the seminal work by Tracy and Widom [6,7]. This then provides a very
useful solvable model for the extreme value distribution in a strongly correlated system
and hence is of special interest.

doi:10.1088/1742-5468,/2011,/04/P04001 3
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Figure 1. Average density of the eigenvalues of a Gaussian random matrix py ()
as a function of \ (black dashed line). The density has a semi-circular shape
(‘Wigner semi-circle’) and a finite support [—/2N/a, /2N /a]. The maximal
eigenvalue has mean value (Apax) & /2N /a for large N and its distribution
close to the mean value, over a scale of O(N /) has the Tracy-Widom form (red
solid line). However, over a scale (v/N) the distribution has large deviation tails
shown by solid green (left large deviations) and solid blue (right large deviations)
lines.

Let us first summarize some known properties of the random variable A,... Its average
value can be easily obtained from the right edge of the well-known Wigner semi-circle
describing the average density of eigenvalues. For a Gaussian random matrix of large size
N, the average density of eigenvalues (normalized to unity) px(A) = ((1/N) >, d(A—N\))
has a semi-circular shape on a finite support [—v2N,v2N] called the Wigner semi-
circle [1]:

() ~ — (A) ith g(z) = ~vV2—22 for large N (3)
N——g | — wi x) =—v2—a? forlarge N.
The quantity py(A)d\ represents the average fraction of eigenvalues that lie within the
small interval [A\, A+d\]. Therefore, equation (3) means that the eigenvalues of a Gaussian
random matrix lie on average within the finite interval [—v/2N, v/2N]. Note also that one
can rewrite, using the joint distribution in (2)

pn(A) = <%Z§(A— )\Z-)> = /7?()\, Aoy An)dAg - dAy. (4)

Hence the average density of states py(A) can also be interpreted as the marginal
distribution of one of the eigenvalues (say the first one). Thus, the marginal distribution
also has the shape of a semi-circle. Figure 1 shows the average density pn(A) (o =1
here).

It then follows that the average value of the maximal eigenvalue A, is given for
large N by the upper bound of the density support:

(Amax) & V2N for large N. (5)

However, \..x fluctuates around this average value from one realization to another and
has a distribution around its mean value V2N (see figure 1 with a = 1). What is the full
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probability distribution of A\j.«? From the joint distribution of eigenvalues in equation (2),
it is easy to write down formally the cumulative distribution function (cdf) of A\y.x as a
multiple integral

N ot
Py < 1) = Bx [ / O T 1 — Mff oGRS (6)
=17 00 i<k

which can be interpreted as a partition function of a Coulomb gas in the presence of a
hard wall at the location t (see the discussion in section 2). The question is how does
Prn(Amax < t) behave for large N? It turns out that the fluctuations of A.x around its
mean 2N have two scales for large N. While typical fluctuations scale as N~'/¢, large

fluctuations scale as N'/2 and their probability distributions are described by different
functional forms (see figure 1 with ao = 1).

Typical fluctuations. From an asymptotic analysis of the multiple integral in equation (6),
Forrester [8], followed Tracy and Widom [6, 7] deduced that for large N, small and typical
fluctuations of the maximal eigenvalue around its mean value v/2N are of order O(N~1/6)
and can be written as

Amax & V2N +agN 10y (7)

where a;, = 1/v/2 (for GOE and GUE) and a4 = 277/ (GSE) and x is a random variable
characterizing the typical fluctuations. Tracy and Widom [6, 7] proved that for large NV,
the distribution of x is independent of N: P(x < x) = Fj(z). The function Fj(x) depends
explicitly on [ and is called the Tracy—Widom distribution. For example, for § = 2 [6, 7],

R e |- [ o) (®)

where ¢(z) satisfies the special case of & = 0 of the Painlevé II equation
q"(2) = 2¢°(2) + 2q(2) + . (9)

For a = 0, the solution only requires the right tail boundary condition for its unique
specification: ¢(z) ~ Ai(z) as z — oo, where Ai(z) is the Airy function that satisfies the
differential equation Ai”(z) — zAi(z) = 0 and vanishes as, Ai(z) & (1/2,/72%/4) e~ (/3=
as z — oo. This solution of the special case a = 0 of the Painlevé-II equation is called
the Hastings—McLeod solution [9]. For 5 = 2 and 4, one has [6, 7]

Fie) = (R o | -3 [ a) s (10)

Fu(w) = [Fa(2)]Y2 cosh [g / T 4) dz} | (11)

Note that Fg(x) = Prob(x < x) is the cumulative probability of the scaled random
variable x and hence it approaches 1 as * — oo and vanishes to 0 as x — —oo. The
corresponding probability density function (pdf) Fj(z) = dFjs(x)/dz vanishes as z — 400

doi:10.1088/1742-5468,/2011,/04/P04001 5


http://dx.doi.org/10.1088/1742-5468/2011/04/P04001

A simple derivation of the Tracy-Widom distribution for Gaussian unitary random matrices

in an asymmetric fashion. For 3 =1,2

Fjj(x) ~ exp {—% |x|3] as r — —00 (12)
2
~ exp {—?6 x3/2} as T — 00 (13)

1
Fy(z) ~ exp [_ﬂ \x|3] as T — —00

4
~ exp [_5 xB/Q] as xr — 00.

Over the last decade or so, the Tracy—Widom distribution has appeared in a wide variety
of problems ranging from statistical physics and probability theory all the way to growth
models and biological sequence matching problems (for reviews see [10]-[13]). These
include the longest increasing subsequence or the Ulam problem [14,15,10], a wide
variety of (1 + 1)-dimensional growth models [16]-[20], directed polymers in a random
medium [21] and the continuum Kardar—Parisi-Zhang equation [22]-[25], the Bernoulli
matching problem between two random sequences [26], and non-intersecting Brownian
motions (see e.g. [27, 28] and references therein). This distribution has also been measured
in a variety of recent experiments, e.g., in the height distribution of fronts generated in
a paper burning experiment [29], in turbulent liquid crystals [30] and more recently in
coupled fibre laser systems [31].

Large deviations: Tracy-Widom distribution describes the probability of typical
fluctuations of A\pac around its mean (on a scale of N~'/6), but not the atypical large
fluctuations, i.e., fluctuations of order O(v/N) around the mean value v2N. Questions
regarding such large/rare fluctuations do arise in various contexts [32]-[34] and have
recently been computed [32]-[35] to dominant order for large N. As a summary, the
probability density of Ajax, P(Amax = t) = (d/dt)[Pn(Amax < t)], is given for large N by:

P(Amax = 1)

(exp{—ﬁ]\ﬂz/}(\/t—ﬁ)jtu-} for t < VAN and |t — V2N| ~ O(VN)
et ()

agN*1/6 B aﬁNfl/6

\exp{_5N¢+<\/Lﬁ)+...} for t> V2N and |t — v2N| ~ O(VN)

where Fj(z) is the Tracy-Widom distribution and where ¢_ and 1 are respectively the
left and right large deviation functions describing the tails of the distribution of Ajax.
The rate function v_(z) was explicitly computed in [32,33], while ¥, (z) was computed
in [35], both by simple physical methods exploiting the Coulomb gas analogy. A more
complicated, albeit mathematically rigorous, derivation of ¢, (z) in the context of spin

for [t — v2N| =~ O(N~1/6) (14)

Q

doi:10.1088/1742-5468,/2011,/04/P04001 6
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glass models can be found in [36]. These rate functions read

2 2 (23 4+ 152)
R o S Gl )
Vv-(2) =3~ g VIt
V2t n3
_in z\/i+z —I;, for z < v/2

2 _ /2
Uy(z) = % +In [%] , for z > /2. (15)
Note that in [35], the function v, (z) was expressed in terms of a complicated
hypergeometric function, which however can be reduced to a simple algebraic function
as presented above in equation (15). Note also that while Fj(z) depends explicitly on f,
the rate functions ¢_(z) and 1, (z) are independent of 3. These rate functions only give
the dominant order for large NV in the exponential. In other WOI‘dS the precise meaning
of ~ is that for large N: limy oo (1/BN?) InP(Apax = 2V N) = —10_(2) for z < /2 and

limy oo (1/8N) INP(Apay = 2V/N) = —1p, (2) for z > /2. When 2 approaches V2 (from
below or above) it is easy to see that the rate functions vanish respectively as

b(2) = (VB (10
27/4
0i(z) = e = VI a7)

Note that the physics of the left tail [32,33] is very different from the physics of the right
tail [35]. In the former case, the semi-circular charge density of the Coulomb gas is pushed
by the hard wall (z < v/2) leading to a reorganization of all the N charges that gives rise
to an energy difference of O(N?) [32,33]. In contrast, for the right tail z > /2, the
dominant fluctuations are caused by pulling a single charge away (to the right) from the
Wigner sea, leading to an energy difference of O(N) [35].

The different behaviour of the probability distribution for z < V2 and z > /2 leads
to a ‘phase transition’ strictly in the N — oo limit at the critical point z = /2 in the
following sense. Indeed, if one scales A by v/ N and takes the N — oo limit, one obtains

NPy (Amax < 2VN) = p_(2) for z < V2

=0 for z > /2. (18)

Note that since Py (Apax < ) can be interpreted as a partition function of a Coulomb
gas (see equation (6)), its logarithm has the interpretation of a free energy. Since
Y (2) ~ (V2 — 2)% as z — /2 from below, the third derivative of the free energy is
discontinuous at the critical point z = v/2. Hence, this can be interpreted as a third order
phase transition.

However, for finite but large N, it follows from (14) that the behaviour to the left
of z = v/2 smoothly crosses over to the behaviour to the right as one varies z through
its critical point z = v/2 and the Tracy-Widom distribution in (14) around the critical
point is precisely this crossover function. Indeed, if one zooms in close to the mean value

V2N by setting t = V2N +2N -9 /y/2 (for # = 1,2) in the rate functions v_(t/v/N) and

doi:10.1088/1742-5468,/2011,/04/P04001 7
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Yy (t/v/N) in (14), one expects to recover, by taking large N limit, respectively the left and
the right tail of the Tracy—Widom distribution. With this scaling, and using (17), one finds
Uy (t/v/N) = 22%2 /3N and thus P(Amayx = t) ~ exp{—(23/3)x*?}, which indeed matches
the dominant order in the far right tail of the Tracy-Widom distribution for g = 1,2
n (13). Similarly for the left tail (z < 0), using (16), one finds v_(t/v'N) ~ |z|?/24N?,
thus P(Amax = t) ~ exp{—(3/24)|z|*}, which matches the left tail of the Tracy—Widom
distribution in (12).

More recently, higher order corrections for large N have been computed for the left
tail of the distribution [37] using methods developed in the context of matrix models.
Note that in [37] a different notation for § was used: 5 =1/2 (GOE), § =1 (GUE) and
B =2 (GSE). To avoid confusion, we present below the results in terms of the standard
Dyson index 3 =1, 2, 4.

P(Amaxzt)%exp{—q)]\; (\/Lﬁﬁ)} for t < V2N and |t —v2N|~ O(VN)
(19)

where
dy(z,8) = BN*Y_(2) + N(B — 2)P1(2) + ¢3 In N + Oo(3, 2) (20)

with 1_(2) given in equation (15) (dominant order). The subleading terms are given
by [37]

2

V22 +6
Bi(z) = —NETO L F (2 6V 16— 22)V?

6 12 13
+ 1{# — —In2vV22 + 6 — 2 + V3(22 + 6)V4(V22 + 6 — 22)Y?] (21)
and
b=-1-5(5+3). 2
and (see equations (4)—(35) in [37])

1 1 1 195
(5, ) (125+%—§)1n2+<m+—+8)ln3

+ 111r17r—|— (ﬂ-kg (1 +é))1n[6+22]

2 48 24\ 4
+ (g—ﬁ—g) [ 2z+\/6+7z2}
+ (%—é_l’;)n[ﬁm]
- (_?4+%+ >ln{\/—22+\/6+7+\/§(z2+6)1/4}
+§(1—%—§>1nl—z+2\/m+\/§(z2+6)1/4 V6 + 22 — 2z
— In[(- 18+z)z+(6+22)3/2}—¥—/{g (23)

doi:10.1088/1742-5468,/2011,/04/P04001 8
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Figure 2. Rate function —InP(Apax = VN ) associated with the distribution
P(Amax = t) of the maximal eigenvalue of a random matrix from the GUE for
large N. Close to the mean value z = /2, the distribution is a Tracy-Widom
law (red line), it describes the small typical fluctuations around the mean value.
Atypical large fluctuations are described by the large deviations: the left large
deviation in green (z < v/2), the right deviation in blue (z > /2).

where kg is a complicated function of 8. For 3/2 integer, it reduces to [37]

o= (P2 oy 2060 O TS o (), o

For instance, for the GUE (8 = 2), we find ko = (In(27)/2) + ('(—1). For g = 1,2
and 4, the expression in equation (20) matches the left asymptotics of the Tracy—Widom
distribution, i.e. the asymptotic behaviour of Fj(x) for 2 — —oo0, see [38]. However, for
the right tail of the distribution of \.y, the corrections to dominant order for large N
are, to our knowledge, not known until now. In fact, one of the results of this paper is
to compute these right tail corrections for the GUE (8 = 2). Both left and right large
deviations are plotted in figure 2 for the GUE. The left tail is described by ®x(z,2) in
equation (20), the right tail is described by our result given in equation (26).

Another result of this paper concerns a simpler and pedestrian derivation of the
Tracy-Widom distribution for the GUE case. The original derivation of the Tracy—
Widom law for the distribution of typical fluctuations of Apax [6,7] is somewhat complex
as it requires a rather sophisticated and nontrivial asymptotic analysis of the Fredholm
determinant involving the Airy Kernel [6,7]. Since this distribution appears in so many
different contexts, it is quite natural to ask if there is any other simpler (more elementary)
derivation of the Tracy—Widom distribution. In this paper, we provide such a derivation
for the GUE case. Our method is based on a suitable modification of a technique of
orthogonal polynomials developed by Gross and Matytsin [39] in the context of two-
dimensional Yang—Mills theory. In fact, the partition function of the continuum two-
dimensional pure Yang—Mills theory on a sphere (with gauge group U(/N)) can be written

doi:10.1088/1742-5468,/2011,/04/P04001 9
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(up to a prefactor) as a discrete multiple sum over integers [40, 41]

e}

D D | N e s (25)

ni,ng,...,ny=—00 1<i<j<N

where A is the area of the sphere. In the N — oo limit, the free energy In Z, as a function of
A, undergoes a third order phase transition known as the Douglas-Kazakov transition [42]
at the critical value A, = 7%. For A > A, the system is in the ‘strong’ coupling phase
while for A < A, it is in the ‘weak’ coupling phase. For finite but large N, there is a
crossover between the two phases as one passes through the vicinity of the critical point.
In the so called double scaling limit (where A — A., N — oo but keeping the product
(A—A.)N?/3 fixed), the singular part of the free energy satisfies a Painlevé IT equation [39)].
Gross and Matytsin (see also [43]) used a method based on orthogonal polynomials to
analyse the partition sum in the double scaling limit, as well as in the weak coupling
regime (A < A.), where they were able to compute non-perturbative (in 1/N expansion)
corrections to the free energy. Actually, a similar third order phase transition from a
weak to strong coupling phase in the N — oo limit was originally noticed in the lattice
formulation (with Wilson action) of the two-dimensional U(N) gauge theory [44,45, 14]
and in the vicinity of the transition point the singular part of the free energy was shown to
satisfy a Painlevé 1T equation [46]. Note that similar calculations involving the asymptotic
analysis of partition functions using orthogonal polynomials were used extensively in the
early 1990s to study the double scaling limit of the so called one-matrix model (for a
recent review and developments, see e.g. [47]).

In our case, for the distribution of \,.., we need to analyse the asymptotic large
N behaviour of a multiple indefinite integral in equation (6), as opposed to the discrete
sum in equation (25). However, we show that one can suitably modify the orthogonal
polynomial method of Gross and Matytsin to analyse the multiple integral in equation (6)
in the limit of large N. In fact, we find a similar third order phase transition (in the
N — oo limit) in the largest eigenvalue distribution Py (Ayax < ) as a function of ¢ at
the critical point t. = v/2N. The regime of left large deviation of Py(Apax < ) (& < t.)
is similar to the ‘strong’ coupling regime (A > A.) of the Yang-Mills theory, while the
right large deviation tail of Py (Apax < t) (¢ > t.) is similar to the ‘weak’ coupling regime
(A < A.) of the Yang-Mills theory. For finite but large N, the crossover function across
the critical point that connects the left and right large deviation tails is precisely the
Tracy-Widom distribution. Thus the Tracy—Widom distribution corresponds precisely
to the double scaling limit of the Yang—Mills theory and one finds the same Painlevé II
equation. A similar third order phase transition was also found recently in a model of
non-intersecting Brownian motions by establishing an exact correspondence between the
reunion probability in the Brownian motion model and the partition function in the 2d
Yang—Mills theory on a sphere [27,48].

The advantage of this orthogonal polynomial method to analyse the maximum
eigenvalue distribution is two fold: (i) one gets the Tracy—Widom distribution in a simple
elementary way (basically one carries out a scaling analysis of a pair of nonlinear recursion
relations near the critical point and shows that the scaling function satisfies a Painlevé
IT differential equation) and (ii) as an added bonus, we also obtain precise subleading
corrections to the leading right large deviation tail (t > v/2N). The subleading corrections,

doi:10.1088/1742-5468,/2011,/04/P04001 10
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in the Yang—Mills language, correspond to the non-perturbative corrections in the weak
coupling regime as derived by Gross and Matytsin [39]. More precisely we show that

VN
P(Amax = t) & e 2NY+(t/VN) for t > V2N, |t—V2N|~ O(VN)
2mv/2 (12 — 2N)

(26)

where 1, (z) is given in equation (15). Note that only the leading behaviour
exp[—2N1,(z)] was known before [35], but the subleading corrections are, to our
knowledge, new results. We also verify that our expression matches the precise right
asymptotics of the Tracy—Widom distribution. Figure 2 shows the distribution of A
for the GUE: close to the mean value it is described by the Tracy-Widom distribution,
whereas the tails are described by the large deviations. The right tail (right large
deviation) is given by our result in equation (26). Together with the subleading terms
in the left tail in equation (20), our new result in equation (26) then provides a rather
complete picture of the tail behaviours of the distribution of A,., on both sides of the
mean v2N.

The rest of the paper is organized as follows. In section 2, we start with some
general notations and scaling remarks for the GUE. In section 3, we explain the method
of orthogonal polynomials on a semi-infinite interval and derive some basic recursion
relations. In section 4, we compute the right tail of the distribution of Ap.x (dominant
order and corrections for the GUE): it describes atypical large fluctuations of Apax to
the right of its mean value. In section 5, using results of the previous sections and basic
scaling remarks, we derive the Tracy-Widom law (with § = 2 for the GUE) that describes
small typical fluctuations close to the mean value.

2. Notations and scaling

In the rest of the paper we focus only on Gaussian random matrices X drawn from the
GUE (8 = 2). They are Hermitian random matrices X = X such that P(X) o e~ X",
where we have introduced an additional parameter o« > 0 for the purpose of certain
mathematical manipulations that will be clear later. Setting o = 1 at the end of the
calculation, we will recover the usual GUE. With the additional parameter «, the joint
distribution of the eigenvalues of X is given by (see equation (2)):

P(A1,- ., Aw) = Br(a)e @ Z= TT( — A2 (27)
i<k
where By(a) = (20)N*/2(27)N2/[[T2_,n!] is the normalization constant. The

Vandermonde determinant appears with a power 2 as we consider the GUE (8 = 2).
This determinant indeed comes from a Jacobian for the change of variables from the
entries of the matrix to its eigenvalues. The power is related to the number of real degrees
of freedom of an element of the matrix, which is 2 for complex entries, i.e., for GUE (it is
1 for real entries GOE and 4 for quaternion entries GSE). As we will see later, this power
2 is crucial for the method of orthogonal polynomials to work. The technique of Gross
and Matytsin [39] that we adapt here also works only for the GUE [ = 2 case.

doi:10.1088/1742-5468,/2011,/04/P04001 11
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Given the joint distribution of eigenvalues in equation (27), it is easy to write down
the cumulative distribution of the maximal eigenvalue A .

ZN(yv a)

PN(AmaXSy):PrOb[Al Sya)\2§ya"';)\N <y] = Z (OO a)
N )

(28)

where the partition function Zy is given by the multiple indefinite integral

¥, @ NIH/ d)‘H)‘_AkZ_aZ”’- (29)

i<k

The normalization Zy (oo, @) is actually related to By(«) in equation (27) as By(«) =
1/(N!Zy(oo,)). Note that, by the trivial rescaling /aX; — \; in (29), it follows
from (28) that

Zn(y, @) _ Zn(yva,l) (30)

P )\max S = - .
N( y) ZN(OO,OZ) ZN(OOa ]-)

Thus y and « always appear in a single scaling combination y+/a.

We will henceforth focus on the large N limit. For fixed «, one can easily figure out
from the joint pdf in equation (27) how a typical eigenvalue Ay, scales with N for large
N. Let us rewrite the joint distribution of eigenvalues in equation (27) as

P, .. ) ocexp{—aZA2+221n\A —)\k\} (31)

i<k

which can then be interpreted as a Boltzmann weight ocexp[— Eq|, with effective energy
Bt = ), A7 =23, In|A\; — Ax|. The eigenvalues can thus be seen as the positions of
N charges of a 2D Coulomb gas (but restricted to be on the real line) which repel each
other via a logarithmic Coulomb potential (coming from the Vandermonde determinant
in equation (27)) [12]. In addition, the charges are subjected to an external confining
parabolic potential. For large N, the first term of the energy is of order N )\typ, whereas
the second is of order N* because of the double sum. Balancing the two terms N7 | ~ N?
gives the scaling of a typical eigenvalue for large N: Ayp ~ V/N. For large N, the
eigenvalues are close to each other and they can be described by a continuous charge
density (normalized to unity) pn(A) = (1/N)> ., 6(A — A;). The average density of
states for large N can be obtained by evaluating the full partition function Zy (oo, a)
(the denominator in equation (28)) via a saddle point method. The saddle point
density is the density that minimizes the effective energy (see the book of Mehta [2])
Eg = aN [dXpny(MNA?= N2 [dX [dN pn(A)py (V) In|A—N| (in its continuous version).

This gives the well-known semi-circle law (which is exactly the same as in equation (3)

for @ — 1):
() = = (%ﬁ) with p(z) = %\/? (32)

The density is plotted in figure 1.
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The average value of A\, is again given for large N by the upper bound of the density
support (see figure 1):

2N
(Amax) ~ 1/ - for large N. (33)

For a = 1, this evidently reduces to the usual expression for (Ay.x). The typical scaling
for large N is thus Ajpax ~ V/N. Hence, we will use A\, = 2 VN , where z is of order one.

3. Orthogonal polynomials

In this section, we introduce the method of orthogonal polynomials to evaluate the
partition function in equation (29). As mentioned in the introduction, to evaluate
this multiple indefinite integral we will adapt the method developed by Gross and
Matytsin [39] to enumerate the partition sum (25) in the two-dimensional Yang—Mills
theory. Orthogonal polynomials are very useful to handle the square Vandermonde
determinant in the distribution of the eigenvalues in equation g27). A Vandermonde
determinant can indeed be written as [[,_;(A; — X)) = det(X\]"")i; = det(p;—1(Ni))ij,
where p;(A) = N + -+ is any polynomial of degree j with leading coefficient one. The
idea is to choose these polynomials p; well in order to simplify the computation of the
integral.
We define an operation on pairs of polynomials as follows:
y

)= [ e g0, (34)
We consider a family {p,},>¢ of orthogonal polynomials with respect to the operation
defined above, i.e. with weight e=*** on the interval |—oo,y]. Without any loss of
generalization, we define the polynomial p,(\) of degree n such that the coefficient of
the A" term is always fixed to be 1, i.e., p,(A) = A" + - --. These polynomials satisfy the
orthogonality property: (pn,pm) = 0 for all n # m. We also write h,, = (pn, pn). Thus,

(Dns Pm) = Onmhin for all n > 0. (35)

Note that p,(\) and h,, are implicitly functions of o and y, i.e. p,(\) = p.(A|y, @) and
hp = h,(y, ). In particular, we can easily compute by hand the first few p,,(\)s for fixed
a > 0 and y, but the expressions become rather complex as n increases and it is hard to
find a closed form expression for p,(\) for every n (except for the limiting case y — o0):

po(A) =1

p1(A) = A+

—ay?

vrall +erf(y/a)]
2y /@ — 71+ 2%0) (1 + enflyy/a]) .
Ja(@ T 20y /a(l + erflyva]) — Pan(l + erllyy/all)
—4 — eV /ryy/a(l + erflyy/a]) + e (1 + erf[yy/a])®
da + dev’ e /myad/2(1 + erf[y/al]) — 2e2v*era(l + erf[y/a])?’
Thus we get for instance hy = (po|po) = (v/7/[2V/a])[1 + erf(yv/a)] and hy = (p1lp1) =

(—2y/ae " + /m[1 + erf(y/a)] — 267209 /(\/7T[1 + erf(y/a@)])) /4032, ete. In the limit
y — 00, we recover the Hermite polynomials: py = 1, p1 = X, po = A\ — 1/(2a) and

ho = VT /Va, hn = /7/(20°%), hy = /7/(2a°?).
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3.1. Partition function

The partition function Zy(y, @) in equation (29) can be written as a function of the h,s.
By combination of rows, the Vandermonde determinant in the joint distribution of the
eigenvalues can indeed be written

H(Ak—A) det(A 1), = det(p;_1 (M)

Then, the partition function can be expressed as

Y, o N,H/ Ay JTOy = A)2ee X

i<k

1 Y
N H/ dA; det(pj_1(Ai))sj det(pry (Ae))pg e Tz ¥
Ti=1Y 7

— det [/_: dhe pm()\)pjl()\)]

0,
= det((pi—1|pj-1))i,; = det(d; jhi— H hi

where in going from the second to the third line we have used the Cauchy-Binet
formula [2]. Note that this step works only for # = 2. Therefore the partition function
reduces to:

ZN(y7 Oé) = H hn(y7 CY). (36)

Thus the integral Zy(y, ) is now expressed as a product of the coefficients h,,. The goal
of next subsection is to find recursion relations for the h,s in order to compute them and
subsequently analyse their product Zy in equation (36) in the large N limit.

3.2. Recursion relations

In general, for orthogonal polynomials (with any reasonable weight function), one can
write a recursion relation of the form:

APn(A) = Pr1(A) + Supn(A) + Rupn1(A) (37)

where S,, and R,, are real coefficients. This relation comes from the fact that p,, = A"+
and that (p,|¢) = 0 for any polynomial ¢(\) of degree strictly smaller than n. The
coefficients S,, and R,, are functions of @ and y, i.e. S, = S,(y,«) and R, = R, (y, ).

Let us first demonstrate that the coefficients R,, and S,, can be expressed in terms of
hyps. From equation (37), we get: (pn_1|Apn) = Ru(Pn-1|pn-1) = Rphn—1. On the other
hand, we have <pn—1|)‘pn> = <)‘pn—1|pn> = <pn+5n—1 Pn-1+ Rn1 pn—2|pn> = <pn|pn> = hy.
Therefore R, h,_1 = hy,, thus R, = hy,/h,_1.

From equation (37) again, we also get: (pn|A\pn) = Sn(Pulpn) = Sphn. By
definition we have (p,[Ap,) = [Y_dX e M \p2(\).  After integrating by parts we

find:  (pu|Apn) = —(1/(20))e ¥’ p2(y) = —(1/(2a))dhy(y,)/dy. The last equality
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follows from the definition of h,. As h, = [’ _dX e *Mp2(\), we have indeed

Ohn(y, @)/Dy = V' pl(yly, a) + 2(pa|Opn/Dy). However, (p,|0pn/dy) = 0 as Ip,/dy
is a polynomial of degree strictly smaller than n (as p,(Aly,a) = A" + ---). Therefore

Sn=—(1/(20)) 0In h,, /0y.

Combining these relations, R, and .S,, are then given by:

hn(y, @) 1 9lnhy(y,a)

By, ) = hn-1(y, @) " 2a dy

and Sn(y, a) = (38)

[terating the recursion relation h,, = R,h,_1 starting from n = 1, we can write h,, in
terms of Rys:

o = (ﬁ Rk> ho. (39

Substituting this result in equation (36), we see that the partition function Zy can be
entirely expressed in terms of a product over the R,s. Thus, if we can determine R,s, we
can evaluate the partition function explicitly.

Thus the next task is to determine the R,s. To do this, we will first derive a set
of coupled recursion relations for R,s and S,s. We have 0h,, /0o = O{p,|p,)/0a =
—[?_dx e N A2 p2(\) = —(Apu|Apn) where we have used the fact that (p,|dp,/da) =0
(which follows from the observation that dp, /0« is a polynomial of degree strictly less
than n and hence orthogonality dictates that it is identically zero). On the other hand,
using equation (37) we find: (Apn|Apn) = (Dnt1 + Snpn + Ruprn—i1|Pns1 + Subn + Rupn_1) =
Boir + S2hy, + R2hy 1 = hy(Rui1 + S? + R,,). Therefore,

_81n h,
Oa

We can eliminate h,, from the relations (38) and (40) and get a pair of coupled nonlinear
recursion relations for R, and S,. Using equation (40) for n and n — 1, and as
R, = hp/hy_1, we find —0In R, /0a = R,y — R,,_1 + 5% — S2_,. Using equation (38), we
also find 01ln R,,/0y = 2a(S,,—1 — S,,). Finally, we then get our desired recursion relations:

olnR,

R = ——5— 4 Bn1 — Sn+ Sns (41)
1 0lnR,

It is easy to show by induction that the two relations (41) and (42) together with the
initial conditions Ry, Ry and Sy uniquely determine R, and S,,. The additional initial
condition hg is enough to determine h,, as given in equation (39).

By definition, py is a polynomial of degree 0 with dominant coefficient 1. Thus
po(Aly, @) = 1. Therefore ho(y, o) = (polpo) = [7__ dA e~ N = (1/2)/7/a(l +erf(y /a)).
We also have Ry(y, «) = 0 as the recursion relation in equation (37) must reduce for n = 0
to Apo(A) = p1(A) + Sopo(A), i.e., p1(A) = A — Sp. Moreover we get from equation (38)

So = —(1/(2a))0Inhy /0y = —e*ayQ/(Qozho) = —e*ayQ/[\/Woz(l + erf(y/a))]. We
now have Ry, Sy and hg, we can thus determine R; from equation (40) for n = 0:
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Ry = —0Inhg/da — Ry — Sg = ySo + 1/(2a) — S2. Thus, the initial conditions can
be summarized as:

Ro(yv a) =0, pO()‘|y7 a) =1,
ho(y, ) = /y dre ™ = %\/g (1 + erf(yv/a))

Sy - Lo et e )
WY =T Ty 2ahy | Jra(l+erf(yy/a))
1
Ri(y,a) = ySo + CY S

3.3. Normalization: limit y — oo

As y — oo, we can explicitly compute the functions S,,, R, and h,. As mentioned above,
in the limit y — oo the polynomials p, are indeed simply the Hermite polynomials.
Hence everything can then be computed explicitly in this case. We have hy(oo,a) =
S22 dA e = \/m/a and Sy(oo, @) = 0. Then, by recurrence it is easy to show that:

n

Sn(00,a) =0 R, (00, cx) = o (44)

Finally, using equation (39) we get

m  nl
=z o .

and thus (see equation (36))

Z(o0,a) = (2m)(20) 2 [ T(n) (46)

n=1

which could also have been computed directly using Selberg’s integral. We recover the
normalization By = 1/(N!Zy) in equation (27).

4. Right tail of the distribution of \,..: large deviation function

In section 3 we derived a pair of coupled recursion equations (41) and (42) with initial
conditions given in equation (43) that determines uniquely R,, S, and thus h, and
subsequently Zy via (36). However, these equations are hard to solve explicitly for general
n and y (apart from the case y = +o0 as shown in section 3.3). In this section, we derive
an approximate solution for Zy and hence for the cdf (28), in the large N limit where
N is the number of eigenvalues of the matrix X and we will see that this solution for
cdf is valid only for Apax > (Amax) = V2N /q, i.e., it only describes the right tail of the
probability distribution.

We have seen in section 2 that for large N and fixed «, the maximal eigenvalue
typically scales as Amax ~ V' N. We are going to work on this scale, hence in the definition
of the maximal eigenvalue cdf in (28) and (29), we will set y = 2v/N with z ~ O(1).
We will then work in the limit of large N with 2 fixed. With this scaling, the operation
(f,g) defined in equation (34) for polynomials depends on N (since the upper limit of
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integration in (34) is now 2/N). The coefficients R,, S, and h,,, for a given n, are also
now implicitly functions of N. We can make an expansion of these parameters for large
N and fixed n. The dominant order will be given by the y = 400 case (as in section 3.3)
as y = 2V N — 0o as N — oo for fixed z. In this section, we want to determine the first
correction to this dominant term.

However the partition function Zy and thus the cumulative distribution (cdf) of Apax
is a product of all the h,s for 0 <n < N. Our expansion will thus give us the behaviour
of the cdf of A\ for large N only if we can show that it is valid not only for fixed n
but also for n of order up to N. This constraint of validity will be discussed later. We
will see that this expansion is actually valid only on the right of the mean value, i.e. for

y > /2N /a or equivalently z > \/2/a. This method allows us to describe the right tail
of the large deviation of the distribution of Ay, i.e. P(Apax = t) with £ > /2N /a and

it — /2N /a| ~ O(VN).

4.1. Expansion of R, and S,

Let us start by expanding the initial conditions for large N. With the scaling y = 2v/ N
with z ~ O(1), equations (43) become (for z > 0) for large N:

1

1 2 1 Z\/N 2
S N ~ — —Naz R N ~ —Naz
o(zV'N, a) 5= (V' N, ) 5 T 5=t

The dominant term for large N corresponds to the limit y — oo (see section 3):

Vr/a= fj;o dhe N = ho(oo, ). Therefore, ignoring the exponentially small correction
for large N leads to R,(2v/N,a) =~ R,(c0,a) = n/(2a) and S,(2v/'N,a) =~ 0.

We want to determine the first correction for large N. Let us make the following

ansatz:

(47)

Rn(z\/ﬁ, Q) & % + ¢, e Naz? and Sn(z\/ﬁ, o) & d, o~ Noz? (48)

where ¢, = ¢,(2v/N,a) and d,, = d,(2v/N, ) are expected to be polynomials of zv/N.
This will be valid as long as ¢,(y, a)e ™ V*** <« n/(2a), where y = 2v/N.
The initial conditions in equation (47) give:
1
Wy =0, o) =-gr= ad de) = —go=

(49)

Let us replace R,, and S, in the recursion equations (41) and (42) by the ansatz in
equation (48). We see that S? and S?_; are actually negligible in the equation (41) giving
R, 1, as they are exponentially smaller than the Rys. We thus get recursion relations for
the coefficients ¢, (y, @) and d,(y, a):

2 1
Cn+1 — Cpn—1 = — _a (acn) + ayQCn dn - dnfl = 204nd - acn - (50)
n Oa oy ) n

h., is the product of the Ry, it can thus be expressed in terms of ¢;. As Zy is a function of
the h,s, it is thus a function of hy and the R,s for 1 <n < N, we can use the ansatz (48)
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only if ¢,(2v/N,a)e N*** « n/(2a) for all n < N. In this case we can write:

k 20zck —Naz?
(3e) 5]

Inh,(y, ) =Inho+ Y IRy~ Inhg+» [m
k=1

~ Inh,(co,a)+

where y = 2v/N, and In Zy(y, a) = Zf;ol In h,(y, @) is thus given by

N i 200y, @) | _Nas?
_ \/7_1-—’_227/{3 ]e . (52)

In Zn(y,a) ~ In Zy (oo, a) + 5
Yy n=0 k=1

The partition function only depends on the cxs. We want now to solve the recursion
relation for the ¢xs in equation (50). We do not need to determine the dys.

4.2. Solution of the recursion for the ¢,

Let us define £ and G,, such that:
2

£ = oy’ = Naz? and ey, ) = _#w_gG”@ (53)

¢ is large for large N (proportional to N). G, (£) depends only on & = ay?. This can easily
be shown by recurrence with initial condition G1(£) = 1 (as ¢; is given by equation (49)).
The recursion (50) for the ¢,s becomes

Guas©) — Goal) = 2{ (6= 3 ) Gul0) +€CLt0) (54)

with initial condition Gy(§) = 0 and G1(§) = 1. By recurrence again, it is easy to show
that G,,(€) is a polynomial of ¢ of degree (n — 1), with leading coefficient 2"~ /(n — 1)!.
Let us consider the generating function of the {G,(£)}:

F(&x) =) a"Gn(6). (55)
n=1
The G,,(§) are obtained from F' by a contour integration:
dr 1
g —

where C' is a contour in the complex plane that encircles the origin x = 0 in such a way
that all singularities of F'(§,z) (as a function of x for fixed &) are outside the contour.
From equation (54) and the definition of F, we deduce that F(&,z) satisfies the
following partial differential equation:
oF oF

(1—x2)%+2£a—§:{x+%+2§—1} F. (57)
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This equation together with the requirement that F'(¢,z) ~ z + O(2?) as * — 0 (as
G1 = 1) determines uniquely F(&,x). We find:

_ z 26z /(z+1)
P& = apvi=—=" (58)

G, (&) is given by the contour integral in equation (56) where the contour C' encircles
x = 0 in such a way that z =1 and —1 are outside of the contour.

Let us compute G, (§) with £ = Naz? for large N, fixed z and n = ¢N with fixed
0<c¢<1. We have

de 1 dz eN®e(®)
© = g P& = § 3 TERe (59)
where
Do() = 2958 o ith ¢ = — (60)
= —cln i = —
(x | clnz with ¢ =

is of order one for large N when n = ¢N with c of order one. For fixed ¢ < 1 and for large
N, the contour integral can thus be computed using a saddle point method. The integral
will be dominated by the neighbourhood of x* such that:

do.| 20022 n c

=0 ie. = = . 61
dz la= e (1+=z*)? Nz* z* (61)

There exists a real solution for z* iff 22 > 2¢/«, i.e. 2% > 2n/(aN). We want this condition
to be satisfied for all n < N, therefore we must have 2% > 2/« i.e. z > /2/a. Our method

can only describe the regime z > /2/a, i.e. y > /2N /a, which corresponds to the right
tail of the distribution P(Apax < y) (region where Ay is above its mean value). Let us
call the critical point y., = \/2N/a, i.e. zoe = /2] .

For y > Y., there are two real solutions z* = —1 + (Naz?/n)[1 £ /1 — 2n/(Naz?)].
The contour C' must encircle 0 but not 1 and —1, therefore we impose —1 < z* < 1. This
implies

Thus

The saddle point gives for large N:

1 eV ®e(z™) 2
27 (14 2%)V/1 — a*2 N|d2®,. /da?
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where
d?®,
da?

B 4/ (az?/c) — 2

(V@20 -2 — Ja [ vJale
In this subsection we have found, as given in equation (64), the expression of G, (&) and
thus the solution ¢, (y, @) = —y%/(2v/7E) G, (€) (with € = Naz? = ay?) of the recursion
relation (50) for large N and n = ¢N with fixed 0 < ¢ < 1. We have also shown that the
validity of our approximation is the regime y > ye with yo = /2N /v = (Apax)-

xT*

4.3. Computation of the distribution of A\, for large INV

We want to compute for large N and for y > .. (with the scaling y = /N for large N)
the cdf Py(Apax < ¥) = Zn(y, @)/ Zn (00, ). Using equation (52) and the definition of
G, in equation (53), we get:

InPy(Amax < y) =InZn(y,a) — In Zy(oc0, @)
et — /N-n
N—Q\/W_f{l%—QfZ( - )Gn@)}- (65)

Therefore we need to compute Iy (€) = S0 (N — n)/n)G,(€) for large N and € = Naz?
(with fixed o and z). For that purpose, we do not actually need to use the approximate
expression of G, for n of order N that we derived in section 4.2. We can use the formal
expression of G, as a contour integral G, (§) = ¢, dz/(2ir)(1/2"") F(£, x) and compute
the sum over n before computing the integral by the saddle point method. In particular

we have:

N—
— " c2ira(r—1)  Jo 2ir xN(l — :c) o 2im xN(l — :c)
The function F(&,z)/[z(z—1)] = (1/[(2? = 1)V1 — 22]) e*%/@+D has indeed no
singularity at the origin, its integral is thus zero. On the other hand, we have:
n  Jo2in e pant! U Je2im aN N-—-1

n=1

where »F} is a hypergeometric function: 2Fj(a,b,c,z) = > ,-,((a)p(b)r/(c)x)2* /k! with
(a)p =ala+1)---(a+k—1). For large N, we find: -

2F1(171_N72_N7 ) ~ k
N -1 Z—l—k+N Z T

k>0

1 1
“Ni—o Ta—an

Therefore we get for large NV

IN(f):N21<N;n) Gl NfQIMNl’_xQJr---. (66)
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Equivalently we can write:

N®q(z) 67
Inte Nf?m 1+z 3/2(1 )5/2e (67)

where ®(z) = (2a2%z/[r 4+ 1]) — Inz (see (60)). For large N, the saddle point method
thus gives

11 z* . o
In() ~ —— N1 (@) 68
NO~Nos (1+27)32(1 — z* )52 o/ A, (%)

where z* is given in equation (62) with n = N:

2
2 az? 2
—— N I [ [ . s [ [—— 69
. Tz a22] 2 [ a22] (69)
Thus we find
NG — ! S (70)
N32\om /a2 (uz? — 2)3/2
with
az? az?
dy(z%) = a2? [1—\/1—@]—211&{\/ \/——1}. (71)
Therefore

INPy(Amax < y) =InZn(y,a) — In Zy(oc0, @)
2N}

~ _i 1+ V az? eNP1(@") U
2VrNaz? VN2V2r(az? — 2)3/2

As @ (z*) > 0 for 2 > 2y, l.e. @z? > 2, the first term in the parentheses can be neglected
for large N:

22

efNozz2 1
ATN \/2(az? — 2)3/2
with y = 2¢/N. Therefore we get the expression of the right tail of the cdf of Apax:

1 [2
NPy Apax < 2V N) ~ e 2NY+(2) for 2 > /= 73

where the rate function ¢, (z) = (az *))/2 is given by:

¢+(z):%22[,/1 |+ {\/@ ,/0‘22—1} (74)

We have thus found

1 2
Py(Amax < 2VN) =~ 1— e W+ () for z > \/j 75
v - ) 4rNV2(az? — 2)3/2 Q@ (75)

NPy (Amax < 4) & — eV P1(z") (72)
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Deriving with respect to t = 27/ N we get an equivalent of the probability density function
of A\nax for large N:

vaN [2N
P()\max = t) ~ @ €_2Nw+(t/\/ﬁ) for t > _—,
212 (at? — 2N) e’

2N
p— ]2
(@

~ O(VN). (76)

We thus recover the dominant order for large N (given by ¢, (z)) that was derived in [35]
by a Coulomb gas method, but in addition this method also provides us with the first
correction term to the dominant order.

Let us now see how this precise right tail large deviation behaviour in (75) behaves
when 2z — /2/a from the right. Using the leading expansion of v, (z) around

z = /2 in (17) and setting y = /2N/a + N-Y%(z/v2a), iec., 2 = y/VN =
\/2/a+ N~%3(x/+/2a) one finds from (75)

e (/32 (77)

]P)N()\max < y) ~1 - 16’77'.1'3/2
On the other hand, using the boundary condition ¢(z) &~ Ai(z) ~ (1/[2y/72Y4])e~ /3"
as z — o0 in the definition of the Tracy—Widom function (8), one can easily derive the
precise leading asymptotics of its right tail, Fy(z) ~ 1—(1/[16723/2]) =@/ a5 1 — 0.
Thus, our right large deviation function for small argument (when the fluctuation of Ay
to the right of its mean value y/2N/a is of O(N~1/)) in (77), matches smoothly with the
precise right tail of the Tracy—Widom distribution Fy(x).

5. Double scaling limit and Tracy—Widom distribution

In this section, we provide an elementary derivation of the Tracy—Widom law for the
GUE based on simple scaling analysis of the recursion relations derived in section 2 in
the vicinity of the critical point y = yo, = /2N /. This derivation, in our opinion, is
mathematically simpler than the original derivation by Tracy and Widom [6, 7] as it avoids
the sophisticated asymptotic analysis of Fredholm determinants. The derivation of the
Painlevé IT equation from the scaling analysis of recursion relations that we follow here is
similar in spirit (though rather different in details) to the analysis of the partition function
in the two-dimensional Yang—Mills theory on a sphere by Gross and Matytsin [39].
Let us recall that the Tracy-~Widom distribution Fy(z) is defined as

R =e { - [T as(s -0 (o)} (79
where ¢(z) satisfies the Painlevé II equation with the boundary condition

¢"(z) = 2¢°(v) + wq(x) Painlevé 11
—(2/3)2:3/2 (79)

as r — OQ.

- 1
W) g it ©
From equation (78), it follows that d®In Fy(x)/dz? = —¢*(z).
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We want to show that for large IV the probability of small typical fluctuations of A\,
around its mean value /2N /«a are described by the Tracy—Widom distribution. For this,
we need to first estimate how do these typical fluctuations scale with N for large N. In
the vicinity of the mean /2N /a, let us then write

JWNPORY -\ B (80)
« V2a

where N7 is the scale of the typical fluctuation and the random variable x has an N
independent distribution for large N. Evidently the exponent v < 1/2 (so that the
fluctuation is less than the mean) whose precise value is yet to be determined. Note also
that since A\pax always appears in the distribution Py (Apax < ) in the scaling combination
yy/a (see equation (30)), we have chosen the prefactor of the fluctuation term as 1/v/2a,
which then ensures that the random variable x describing the typical fluctuation is also
independent of a.

One way to estimate the exponent 7 is from the right large deviation tail computed
in (75) in section 4. The right tail in (75) describes the probability of large fluctuations of
O(V/N) to the right of the mean. Assuming that the right tail behaviour continues to hold
even for fluctuations smaller than v/N, we substitute zv/N = /(2N /a) + (1/v/2a) N7z
in (75). This gives

2N 1 1 1 3/2 N (3v/2)+1/4
air = ATy ~ 1 _ —(4/3)23/2NBY/2)+1/
IP)N (Amax S a + \/% N [L‘) ~ 1 N(1/4)+(3'7/2) 167‘(‘1‘3/2 (§ (81)

valid for # > 0, x large. Assuming that this continues to hold even for not so large x (so
that it even captures the tail of the distribution of typical small fluctuations), we expect
that in terms of this rescaled variable z, the tail of the distribution in (81) is independent
of N for large N. Clearly, for this to happen the power of N must be zero both inside the
exponential as well as in the prefactor in (81), indicating that (1/4) + (3/2) = 0, thus
v = —1/6. Hence, the correct scaling describing typical fluctuations, for large N, is given

by

\ 2N N 1
max Q{ \/ﬁ
where x has an N independent distribution that we now have to compute and show that
it is given by the Tracy—Widom function F;(z).

The meaning of the double scaling limit is now clear. It simply says the following.
Consider the cdf Py (Apnax < y) or rather its logarithm (for convenience) In Py (Apax < ¥).
In general, it is a function of two variables y and N. However, in the vicinity of the mean
y — /2N /a, if one takes the limit y — /2N /a — 0 and N — oo, but keeping the scaling
combination = v2a NV (y — /2N /a) fixed, this function of two variables collapses
into a function of the single scaled variable x

NPy Amax < 4) — f (@ NV/6 <y - @)) (83)

and our job is to show that this scaling function f(x) = In Fy(x), where Fy(x) is the Tracy—
Widom function defined in (78). In other words, we want to show that f”(z) = —¢*(x)
where ¢(x) satisfies the Painlevé II equation (79).

N~y (82)
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Our starting point is the definition of the cdf in (28). From equation (36) it is easy
to see that the partition function Zy satisfies the recursion

Zna(y,a) Zya(y, a) _ hy(y, )
Z3%(y, ) hn-1(y, @)

Taking the logarithm and using the definition in (28) we get

= Ry(y, «). (84)

(85)

In ]P)N—l—l()\max S y) + 1H]P)N—1()\max S y) - 21H]P)N()\max S y) =In (7RN(?J, Oé) > .

Ry (o0, a)

In the double scaling limit, we will now substitute the anticipated scaling form in (83)
for the logarithm of the cdf on the left-hand side of (85). But we need to first evaluate
InPyii(Amax < vy). Replacing N by N £ 1 in (83) and expanding for large N, with

z=+2a N6 (y — \/2N /a) fixed, we get
InPys1 (Amax < y) = f (x/ﬁ (N £1)"° (y— M))

(6]
N74/3
/ (x * 6N T 12
N72/3

= f(x) FN [ (2) + f'(x)+ 0N (86)

Substituting this result in (85) we get for the left-hand side

2

P11 (Amax < Y) + InPy1(Amax < y) —2InPy(Amax < y)
~ N723 f"(z) + O(NY). (87)
From equations (85) and (87), we get for large N

as Ry(0o,a) = N/(2ar) (see equation (44)). This suggests that in this scaling limit, Ry
must scale as Ry (y, a) ~ (N/2a)(1 + N=2/3 f"(z) + - --). More precisely, this leads us to
the following large N expansion of Ry(y,a) in the double scaling limit

Ru(y, ) ~ % (14 N2 i (2) + N ro(a) + N~PBry(x) +--),  (89)
where
f(x) =ri(z) (90)

and ro(z), r3(z) etc describing the higher order scaling corrections. Thus, if we can now
determine the first subleading scaling function 7 (x) in the expansion of Ry(y, «), then
we can determine f(z) by integrating ri(x) twice. So, our next task is to determine ry(x)
by analysing the recursion relations (41) and (42) (setting n = N) in the double scaling
limit.

We now know, from (89), how Ry(y, a) behaves in the scaling limit with the scaling
combination z = v2a NY%(y — \/2N/a) fixed. In order to analyse the recursion
relations (41) and (42), we also need to know how Sy(y, ) behaves in this scaling limit.
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In order to match the leading N behaviour of Ry(y,«) with x fixed in (42), it is not
difficult to see that to leading order for large N, Sy(y, @) must have the following scaling

behaviour
S ( Oé) ~ N;/(S V2« N1/6 — \/—2N + O(N 1/2) (91)
N\Y, ~ 5 S1 Y

where si(x) is the leading order scaling function. Let us first evaluate the difference
Sn-1(y,a) — Sy (y, ) that appears in (42). Replacing N by N — 1 in (91), expanding for
large N, we get

—-1/2

Sn_o1(y,a) — Sy(y, ) = N s\ (x) + O(N5/0). (92)

It rests to evaluate the partial derivative 0In Ry(y, «)/0y in (42). From the definition of
the scaling variable z = v/2a N'/¢ (y — \/2N/a), it follows, using the chain rule,

OlnRy(y,@) OdInRy(y,a)dz

oy ox dy
/30 N6 Oln Ry (y, «)
Ox
= V2o N7V2 7 (z) + O(N /). (93)
Finally substituting (92) and (93) in (42) (with n = N) we get
V2« (7"’1(95)N’1/2 + O(N’E’/G)) R~ Oln Ry =2a(Sy_1 — Sn)

dy
~ V2a (Nfl/zs’l(x) + O(N*E’/G))) )

Matching the leading order N~/2 term gives a relation between s;(z) and ri(z): s}(z) =
ri(z), i.e., s1(x) = ri(z)+co with ¢ a constant. From (44) and the fact that when y — oo,
x — o0, it follows that both the scaling functions r;(z) and s;(z) must vanish as z — oo.
Thus the constant ¢y = 0 and we have, for all z,

ri(x) = s1(z). (94)

Having determined the relation 7 (z) = si(x), we need one more rela-
tion between these two scaling functions in order to determine them individu-
ally.  This will now be done by substituting the scaling solutions for Ry(y,a)
(given in (89)) and Sy(y,a) (given in (91)) into the remaining recursion rela-
tion (41).

To analyse (41) (setting n = N), we need to evaluate the derivative d1n Ry (y, o)/0cr.
From the definition of the scaling variable, z = v/2a N6 (y — /2N /a), it follows that
Or/0a = x/(2a) + (N?3/a). We then use the chain rule and (89) to express

OlnRy(y,a) 7i(z)—1 N7V3 N—2/3

D I S )+ s [t () — 2n () (@) + 2 @) 4
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Again replacing N by N+1 in (89) and expanding for large N, keeping z = v/2a N'/6 (yy—
V2N /) fixed, we get

r(z)—1 N-1/3
Ry_1 — Ry~ il ; + 7o ()

a
N—2/3
6a
and similarly from (91)

+ [—2r1(z) — ary(z) + 6r5(x) + r{ ()] + - -

N—2/3 )

Sy | — S~ si(z)sy(x) +---.

Substituting these results in (41) and matching the leading order term (O(N~2/3)), we
get the desired second relation between r(z) and s1(x)

2 1

xzry(z) — 2ri(x)ri(z) = —grl(x) — %7"'1 (x) + gr’l"(x) + 2s1(x)s](2).
Eliminating s;(z) by using s;(z) = ri(x) we finally get a single closed equation for
ri(x)

2zr (x) + ri(z) = 37! () + 6r1(2)r] (z). (95)
Let us write

ri(z) = —u?(x). (96)
Equation (95) then becomes an equation for u(z):

u(u” — 6u*’ — 2’ — u) = =30/ (v — zu — 2u?). (97)
Let W(x) = u”(z) — zu(z) — 2u*(z). Then (97) becomes

dw
u(x)& = —3u'(x)W(x) (98)
dz
which can simply be integrated to give
A
Wi(x) = 99
(@)= oo (99)
where A is an arbitrary constant. Hence we have
A

u”(z) — zu(z) — 2u(7) = e (100)
From the boundary condition ri(z) — 0 as x — oo (which follows from (44)),
it follows using ri(x) = w?(x) that u(z) — 0 as * — oo. Taking r —
oo in (100) then fixes the value of the constant A = 0. Finally, from (90),
we have f”(z) = ri(r) = —u?(x), where u(z) satisfies the Painlevé II equation

u'(z) = vu(x) + 2u’(z). (101)

To fix the boundary condition for u(x), we again invoke the matching with the
right large deviation tail in (81). Taking logarithm of (81) with v = —1/6 and using
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InPy(Amax <y, @) = f(z) we find that

1 s
flz) = T /%) as r — 00. (102)

Hence u?(z) = —f"(z) ~ e~ /32" /(47 /7) and consequently as z — oo

_ £3/2 1
u(z) = \/T/(x) ~ o (2/3) Qﬁx_l/‘l' (103)

Finally integrating f”(x) twice and using the appropriate boundary condition as
T — 00, we get

f(z) =— /00 ds (s — z)u’(s) (104)

where u(z) satisfies the Painlevé II equation (101) with the boundary condition (103).
Comparing to (78), we have thus shown that the scaling function f(z) = In Fy(z), where
Fy(x) is the Tracy-Widom function (8 = 2). This then constitutes our derivation for the
Tracy-Widom distribution for the GUE (8 = 2).

Using recursion relations that we have derived for orthogonal polynomials on a semi-
infinite interval, we have shown that the large N asymptotics of the distribution of the
maximal eigenvalue of a Gaussian random matrix (from the GUE) is described in the
double scaling regime by the Painlevé II equation. Similar recursion relations for other
orthogonal polynomials leading to different kinds of Painlevé equations have also been
established in a number of papers, see [49] and references therein, in particular [50, 46, 47).

6. Conclusion

In this paper, we have provided a rather simple and pedestrian derivation of the Tracy—
Widom law for the distribution of the largest eigenvalue of a Gaussian unitary random
matrix. This was done by suitably adapting a method of orthogonal polynomials
developed by Gross and Matytsin [39] in the context of two-dimensional Yang—Mills
theory. Our derivation requires just elementary asymptotic scaling analysis of a pair
of coupled nonlinear recursion relations. Strictly in the N — oo limit, there is a third
order phase transition in the form of the probability distribution of A.x as Apax crosses
its mean value from left to right. For finite but large N, the two regions are connected
by a smooth crossover function and the shape of this crossover function is precisely the
Tracy-Widom distribution that describes the ‘typical’ small fluctuations of A, around
its mean. The ‘atypical’ large fluctuations to the left and right of the mean are described
by large deviation tails that correspond to the two ‘phases’ across this phase transition.
In qualitative analogy to the two-dimensional Yang-Mills theory, the left (left large
deviation) and the right (right large deviation) phases correspond respectively to the
‘strong’ and ‘weak’ coupling phases of the two-dimensional QCD. Apart from the simple
derivation of the Tracy—Widom GUE law, we were also able to compute the precise right
large deviation tail of the maximal eigenvalue distribution that is not described by the
Tracy-Widom distribution. In the language of QCD, these right tail corrections are similar
to the non-perturbative (in 1/N expansion) corrections to the QCD partition function in

2d [39).
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One drawback of our method is that it works only for the GUE case (with Dyson

index # = 2). It would be challenging to see if this method can be extended/generalized
to derive the Tracy—Widom law for the other two Gaussian ensembles, namely the GOE
(8 = 1) and the GSE (f = 4). In addition, this method for § = 2 should be useful
to compute the largest eigenvalue distribution for other non-Gaussian matrix ensembles,
such as the Laguerre (Wishart matrices) or the Jacobi ensembles.
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