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Abstract: We show that the Kontsevich integral on n x n matrices (n < 00) is the
isomonodromic tau function associated to a 2 x 2 Riemann—Hilbert Problem. The ap-
proach allows us to gain control of the analysis of the convergence as n — oo. By an
appropriate choice of the external source matrix in Kontsevich’s integral, we show that
the limit produces the isomonodromic tau function of a special tronquée solution of the
first Painlevé hierarchy, and we identify the solution in terms of the Stokes’ data of the
associated linear problem. We also show that there are several tau functions that are
analytic in appropriate sectors of the space of parameters and that the formal Witten—
Kontsevich tau function is the asymptotic expansion of each of them in their respective
sectors, thus providing an analytic tool to analyze its nonlinear Stokes” phenomenon.
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1. Introduction and Results

The Kontsevich matrix integral has been introduced in [18] as a tool to prove the Witten
conjecture, which relates the intersection numbers of the Deligne—Mumford moduli
space to a specific solution of the Korteweg—de Vries hierarchy. This integral is given
by the following expression'

M3 .
/d eTr(sz)’MzﬂxM)
Z(x; V) 1= 2oin

[y ame O b

where the integral is over the space H,, of (n x n) Hermitian matrices and Y is a diag-
onal matrix whose entries yi, k = 1, ..., n satisfy the condition Re y; > 0 (to ensure
convergence); the parameter x was absent in the original formulation and it is added
here for later convenience. Kontsevich proved that the function Z,,(0; Y) is a ratio of the
Wronskian of Airy functions and the Vandermonde determinant of the eigenvalues of Y:

(i— 1
det [Al(J 1)(y,? +x)]k,j§n 1_[.',":1()’]')2
[T« G =0

Z,(x;Y) = M3 eiTr Y aaTry , Rey;j>0.

(1.2)

(See Appendix B for a simple proof). A closely related model is the external source
matrix model, with a probability measure of the form

dpu(M) o e VD+AM) qpr (1.3)

where A = diag(Aq, ..., A,), where, in this context, the function V (x) is a real-valued
scalar function. If one considers it as a random matrix model for the eigenvalues of
M then the usual approach of orthogonal polynomials [10] needs to be generalized to
multi-orthogonal polynomials. Then the familiar 2 x 2 Riemann—Hilbert Problem for the
orthogonal polynomials trades places with a different Riemann Hilbert Problem of size
r x r, where r is the number of distinct eigenvalues of the matrix Y and the orthogonality
is replaced by multiple orthogonality [2]. In general (except for special cases [8]), the
case with n distinct eigenvalues leads naturally to a Riemann—Hilbert Problem of size
n + 1. Our goals are however different: we are interested in the integral (1.1) itself and
to study rigorously its limit as n — oo and its convergence to particular tau functions
of the first Painlevé hierarchy.

The Eq. (1.2) is the key step to prove that the Kontsevich integral is a tau function
(in the formal sense of Sato [22]) for the KdV hierarchy, where the eigenvalues y plays
the role of Miwa variables (see Eq. (1.32)). The first goal of this paper is to identify the
Kontsevich integral with another type of tau function, of the type introduced by Jimbo,
Miwa and Ueno [16,17] in the study of isomonodromic deformations of linear ODEs;
the so called isomonodromic tau function.

' We normalize the variables of integration differently from [18]. See Remark 2.2 for the precise compar-
ison.



The Kontsevich Matrix Integral 587

Our approach is conceptually equivalent to the following: consider the “bare system”

d 0 —i

d .
T Wo(hin) = [i(x(ix) 0 ] Wo(A; x). (1.4)

A fundamental matrix joint solution of (1.4) (up to right multiplication by an invert-
ible matrix) can be written explicitly in terms of Airy functions (Sect. 3.1). We then
proceed with a “dressing”, namely, a sequence of n discrete Schlesinger transformations
(in the sense of [16]) in which the monodromy data (Stokes’ matrices) are preserved but
we allow W, to have n poles at the points {A1, ..., A,} = Xwithkk = y,%, k=1,...,n.
The result of this operation is a system of partial differential equations for the unknown
matrix valued function ¥,, of the form

9 ) . 3
ﬁ\yn()\;x’)") =AM x, )Y, (A5 x, 1) (L.5)
3 - - -

a—‘l’n()»;X,K) =U0;x, )Y, (A x, 1) (1.6)
X

0 w0 x.5) A B) (s x, 7) (1.7)

— ;X = - 3 X, .

g A=

where the matrices A, U have the form

- x  da™(x; ) "UA (xR
A x,0) =ioy —i [ A+ s — ——")o_ L 1.8
(h; x, 1) = oy ,<+2 = U+jzlk—kj’ (1.8)
. ' da™ (x; %)
Ul x,A)=ioy —i|Ar— Zd— o_. (1.9)
X

The isomonodromic approach of [16,17] proceeds as follows; one imposes the com-
patibility of the Eqgs. (1.5) (1.6) (1.7), namely, that there exists a simultaneous solution
W, (A; x, X) of them. This requirement implies differential equations that determine the
dependence on x, A, ..., A, of the matrices A, U, Ay appearing in the equations. The
ensuing equations are usually referred to as “zero curvature equations” and take the
following form

0xA—0U+[A,U]=0,

aAkAj 8AjAk |: Aj Ay :|

— + y
A=) A—xj A=A A—2p
o oy A a0
A —)\‘k Ak )\,—)\,k’ = Y
Oy Ag Ay
— 0. U+ Ul=o. 1.10
A—ag [_,\k (1.10)

Vice versa, for any collection of matrices A, U, Ay satisfying (1.10) there exists a joint
solution ¥, of Egs. (1.5, 1.6, 1.7). Since the dependence on A of A is rational, the funda-
mental solution W, of (1.5) (normalized in some way that is not essential to specify now)
is not necessarily single-valued: the analytic continuation of W,, along a non-contractible
contour y in C\{Ay, ..., A, } yields a new matrix that solves the same ODE and hence
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it is related as ¥, — W, M,. The matrix M, depends only on the homotopy class
and is called “monodromy matrix” associated to y: the collection of these matrices,
for all homotopy classes, provides an (anti)-representation of the fundamental group of
C\{A1, ..., An}. In addition to these matrices one needs to compute the matrix Stokes’
multipliers (we refer to the introduction of [17] for a recall of this notion for the inter-
ested reader) and the collection of monodromy matrices and Stokes’ multiplier is the
“generalized” monodromy data: it is important to recall that these monodromy data are
independent of x, A1, ..., A, precisely as a consequence of (1.10), so that they should
be regarded as integrals of the motions.

In [17] the notion of isomonodromic tau function was then defined as follows; for
any solution of (1.10) (and associated W—function) we can define the “isomonodromic
tau function” 7, (x; X) by means of

A, In 7, (x; 1) = res TrA2da; O Inz,(x;h) =a™(x;h).  (L1D)
=AMk

The results of [17] showed (in a much more general setting) that the Eq. (1.11) form
a compatible set of equations provided that the Eq. (1.10) hold, and hence they can be
integrated to define 7, (x; X) (which is, however, defined only up to multiplication by
a scalar independent of x, X). The 7 function depends parametrically on the general-
ized monodromy data (Stokes matrices and monodromy matrices) which replace the
initial value conditions: the case that shall be of interest for us is when the monodromy
representation is trivial and there is only the Stokes’ phenomenon at A = oo

1.1. Results. At this point we can advertise the gist of our first result in the form of the
following Theorem.

Theorem 1.1. Let 7, (x; 51) be the isomonodromic tau function for the isomonodromic
system (1.5, 1.6, 1.7). Then the Kontsevich integral (1.1) is equal to

X

Zp(x;Y) = e 1,(x; A). (1.12)
after the identification yy = /Ax, k=1,...,n

The formulation of the result in terms of isomonodromic deformation may be more
widely recognizable by the readership, but it is not the way we want to set up its proof; the
keen reader may also observe that the isomonodromic problem that we have indicated is
still largely ambiguous because we did not, for example, specify the precise generalized
monodromy data. Moreover, the isomonodromic formulation makes it hard to analyze
the situation when the size of the matrix integral in (1.1) (the number of poles in (1.5))
tends to infinity, which is our second main motivation to be discussed later on.

To remove all these ambiguities we will now reformulate the isomonodromic system
(1.5, 1.6, 1.7) directly in terms of a suitable Riemann—Hilbert Problem, thus displaying
explicitly its monodromy data. This reformulation allows us to handle rigorously a limit
asn — o0. For technical reasons that should become clear later on, we shall fonpulate a
slightly more general situation where the set A of n points is partitioned in two (A, ft) =
Mty ooos Ay 1, - - o5 Mny) (n = 1y +n2). Associated to this data we define the function

d,0) = ]‘[“_“f

(1.13)

I



The Kontsevich Matrix Integral 589

Riemann-Hilbert Problem 1.2. Let X be the union of oriented rays shown in Fig. 3.
Find a 2 x 2 matrix valued analytic function I';, = I',,(A; A, ji) such that:

— I’y is locally bounded everywhere in C, and analytic in C\ X.
— It admits continuous boundary values I', + on each ray and they satisfy the jump
conditions

l—‘n()\)+ = Fn()h)—Mn()‘«) , Aex, (114)

where the matrix M, is piecewise defined by

3 1
4,5 = .
1+d,(V)e 3222225 A e wy:= DR,

M,(A) = (115)

1 4A% 2 A%
IA24+2x

3 o_
a,m°

iop reR_.

1+ r € wy = e=R,

— Near A = o0, in each sector, it satisfies the following asymptotic expansion

_al+io a™ (x; x, i)
T,(0) =3 1+
’ V2 ( VA

It is implied that the rays can be slightly deformed with respect to Fig. 3 so that none
of the poles of d,, (1) lie on @y and none of the poles of d,; 1 (A) lie on . As a matter
of fact the problem can be posed on arbitrary (non-intersecting) contours issuing from
the origin and extending to infinity as long as the asymptotic directions at infinity are
the ones indicated.

o3 + O(A‘l)) ) (1.16)

Remark 1.3 (Gauge arbitrariness). The asymptotic condition (1.16) implies a gauge fix-
ing; indeed we could multiply I';, on the left by a constant matrix of the form 1+co_, and

this would not change the jump conditions. However that coefficient matrix of A~2 inthe
expansion (1.16) would be changed by the addition of a term proportional to 7. In other

. 1 . . . .
words the requirement that the O (A~ 2) term is proportional to o3 is part of the normaliza-
tion condition at infinity (otherwise there would be a one—parameter family of solutions).
It is not hard to prove that the solution, if it exists, is unique under this normalization.

We now explain how the Riemann—Hilbert Problem 1.2 provides the precise (gener-
alized) monodromy data for the isomonodromic approach. The matrix

W, = W, (A x, &, 1) i= Dy (Me 7993 p1 oy,
2
9 (h x) = (gﬁ +xﬁ> (1.17)
D) = D(; %, i)

ny ni
[Tr+Vo [T =V 0
J=l i=l (1.18)

0 ﬁ(/ﬁ—ﬁ)f{(m+ﬁ>

j=1 j=1
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satisfies a jump condition on X with matrices independent of A, x, X, it. It then follows
by standard arguments that it satisfies an overdetermined system of PDEs generalizing
Egs. (1.5), (1.6), (1.7), namely

ol > . > .
8—)L‘I‘n()»;x,k,/¢) =AM x, A, W)W, (A; x, A, 1) (1.19)
9 . . .
B—‘Pn(X;x,k,u) =U@;x, A, W)W, (A; x, A, 1) (1.20)
X
9 - Ar(x, %, i) -
— U, (X M) = —— T (A x A ), k=1, 1.21
Ik n(h; x 7)) x— Ap n(A; x ) ni ( )
9 - By (x., A, ji .
O g ixgngy =By G R k=1 (122)
ik A — pk

where the matrices A, U now have the form

S oL . x  da™(x; X, j2)
Ad;x, M, u) =ioy — i k+5—— o_

dx

ni T - ny T -

Aj(x; A, ) Bj(x; A, 1)
+ - + , 1.23
Z A—Aj Z A— ( )

S da®™ (x; %, i)
UGsx, h i) = oy =i [h—2——=— | o (1.24)
X

and the function a™ (x; A ib) is defined (implicitly) above by the Eq. (1.16).
These equations, together, represent a system of “monodromy preserving” deforma-
tion of the rational ODE (1.19), in the sense of [17].

Remark 1.4. While a general rational connection d) — A with A asin (1.19) has nontrivial
monodromy around the Fuchsian singularities of (1.5), our particular case corresponds
to a situation where the monodromy is trivial; more specifically, the residue matrices
Aj(x; A i) and By (x; x i) have all eigenvalues 0 and +1, since they were produced
adding zeros and poles of order one in the first or the second column of the jump matrix
M, in (1.15). Thus the Fuchsian ODE is “resonant” [23]. The no-monodromy condition
is a special constraint that determines the particular solution relevant to our problem.

In this extended case the Jimbo—Miwa—Ueno definition of tau function translates to the
following set of first order differential equations

0, In 7, (x; A i) = res Tr AZdx 3, In 7 (x5 A, i) = res Tr A%dA
A=tk A=Wk

A Int,(x; A, 1) = res Tr (W0, W,Vh03) = a™ (x; X, ji) (1.25)
=00

generalizing straightforwardly the formul® (1.11). Equation (1.25), as it is customary
in the Jimbo—Miwa—-Ueno setting, determine the t function up to a multiplicative factor
that may depend on the monodromy data of the problem. To address this ambiguity, the
definition was generalized in [3] (with a correction in [5]) to one that applies also to

general Riemann—Hilbert Problems:
-1y -1 da
alnt,,, = | Tr (Fn I OM, M, )
=

—_— 1.26
2im ( )
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where ¥ = R_UwyUw, U _. Since the jump on R_ in the Riemann—Hilbert Problem is
independent of parameters, the integration in (1.26) extends only on the three rays @y .

In this case the two definitions are completely equivalent but we will continue using
the second one. Note that, however, the function 7 is only defined up to multiplicative
constants. In the cases where explicit integration of the above equation is possible, the
integration constant will be tacitly set to zero, without further comment.

Extension of the Kontsevich matrix integral to arbitrary sectors. The right side of
(1.2), can be extended to an analytic function in the left planes of the variables because,

up to the factor [](y j)%, the Airy functions are entire functions and the ratio in (1.2)
is well defined on the “diagonal” sets {y; = yx, j,k = 1,...,n}; however we now
contend that we need to define it differently. To explain the rationale we remind the
reader that the interpretation of Z, (x; Y) as a generating function requires that it ad-
mits a regular’ asymptotic expansion as y i — o0. Using the well-known asymptotic
expansion of the Airy function (Ai) in the sector |arg A| < m we see that

[S1%)

e_%)L 3 2
3
Ai(L) = 1+0072) = e *Ai(y? +x)

1

NLIX

e%y3+2xy

_2mh

A+0(7?) argy € (%, %)

1 _ -7 7
mam(y ) argy € (F. %)

where we have used that ( yz)% = —y3 if Rey < 0 (and we use the principal roots).
Therefore (1.2), as written, cannot possibly admit a regular asymptotic expansion if
yj — oo in the sector Re y; < 0 for some ;.

The reader familiar with the Stokes’ phenomenon of the Airy function will see that
the way to recover a regular expansion in the left half plane is to use either Ai(w*!y?)
instead. To this end we introduce the following notation

2im

Ai,(A) == Ai(@"A), w:=e3 , v=0,1,2. (1.27)

The functions Ai, are solutions of the Airy equation and satisfy Aig+wAij +w?Ai, = 0

. 2,3 . . Lo .
and the functions ,/ye3”" Ai, (y%) admit a regular expansion in inverse integer powers
(without exponential terms) as |y| — oo within the following sectors:

So=fare() € (-3, 5)}: Si=farem e (£, 2)}; S=fareny e (2. 14x)}

> e e

Definition 1.5. For any partition of the set ) of the eigenvalues of Y into three disjoint
sets YO s =0,1,2of respective cardinality ng, n1, ny (n = no+n1+ns), we consider
the following determinant which we call generalized Kontsevich integral

2 Here “regular” means that it is a (formal) series in inverse powers of the y}s, without exponential factors.
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Zy(x; YO,y @)y
e%Tr Y3+xTrY 1—[;@:1 (Yj)%

[Ty —vo

= (—0)" QYT

[ (k=1 1
Alé )(y]2-+x) 3,90

1<k<n

k-1, 2
det _All (yj +x)_ yey® | (1.29)
1<k<n
L(k—1
_Alg )(yjz. + x)_ ¥V @

1<k<n

The generalized Kontsevich integrals (1.29) reduce to (1.2) if Y© =y, YD = ¢ =
V@ and hence Theorem 1.1 is a special case of the theorem below.

Theorem 1.6. [1] The function Z,(x; Y@, YD Y2) (1.29) and the isomon-
odromic tau function t, defined by (1.25) and associated to the Riemann—Hilbert
Problem 1.2 are related by

3
Zo(; YO, Y0 YDy = e g, (x; YO, YO, y @), (1.30)

with the identification y; = /A; if Re(y;) > 0 and yj = — /1 if Re(y;) <0,
all roots principal.

[2] The expression (1.29) admits a regular asymptotic expansion if the variables
y;’s tend to infinity provided that YW S, with the sectors S, defined in (1.28)

[3] This asymptotic expansion is independent of the assignment of the variables to
the different groups Y or Y) if they belong to the overlap of the sectors S, N Sy.

The points [2], [3] of Theorem 1.6 follow simply from the fact that e%y3+xy Ai, 5( v+
x) have the same regular asymptotic expansion if |y| — oo and y € S, N Sy. Indeed,
the analysis of the asymptotic behaviour for y — oo for the Airy function shows that

6%5'3Ai,, (y*) admits the same regular (nontrivial) expansion in integer inverse powers of
y’s if and only if y tends to infinity in the corresponding sectors S, (see [1], 10.4.59).
In particular, if all y;’s tend to infinity in the right half-plane and we assign them all
to So, then we get (1.1) and hence this expansion is the formal expansion that generates
the intersection numbers of tautological classes as explained in [18].
Using the alternative but equivalent formula (1.26) we can restate the Theorem 1.6
in the form

Theorem 1.7. The Kontsevich integral Z, (x; Yoy y<2>) in (1.29) satisfies

X3

7 - 1y —435 g1 dA
9In Zy(x; A i) = 0= +2 (r,, (,\)rn(x))21 ad, (Ve 3 Ly
@0

12 2im

_ _ 4,3 .05 dA
+2§Li (rn‘(x)r;(x))n 0, (et 25 (131)
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where 3 is the derivative with respect to any parameter x, A, ji. The relationship

between the parameters {y;} and {X, i} is y; = «/A; if Re(y;) > 0 and yj = =1
if Re(y;) <0.

For the proof see Sec. 3.3.1.

The limit n — oo: first Painlevé hierarchy. It was one of the main points of Kont-
sevich’s original work [18] that the integral (1.1) is formally a KdV tau function in the
Miwa variables®

_2ksl

To(Y) := 2 gy (1.32)
ARG Y T ' '

More precisely, in these variables, the function U (x; T) = 3T = log Z,(x; Y) satisfies

the KdV hierarchy with the normalization adopted in [24]. This particular solution of
the KdV hierarchy was known by physicists even before the formulation of Witten’s
conjecture and its proof by Kontsevich [18]. In the physics literature, this is referred to
as the partition function of 2D topological gravity (see the references in [12]). It can be
defined as the solution satisfying the initial value condition U (x, 0) = x. As originally
discovered by Douglas [13] using the so—called string equation (see Sect. 2 below, keep-
ing in mind that there the normalization is different from Witten’s, see Remark 2.2), the
Witten—Kontsevich solution of the KdV hierarchy satisfies an infinite number of ODE’s
in Ty (or x, which is the same) known as the Painlevé I hierarchy, and where the higher
T;’s play the role of parameters. Indeed this is very close to the procedure of Flaschka
and Newell [14] who deduce the Painlevé II hierarchy as a self—similar reduction of the
modified KdV one. To see briefly how it works, recall that, in the Witten’s normalization,
the equations of the KdV hierarchy are written as

U 3Ry
aT, 9T,

, 1 >0, (1.33)

where the R; are differential polynomials in U (7p) defined by the recursion

dRps1 1 <8U oy 1 93

= — +2U — +-—
aTo 9Ty 49713

— Re: Ry(U)="U. 1.34
0Ty 2k+1 )" =v (1.34)

Besides these equations, the function F(x; T) := log Z,(x; Y) satisfies also the first
Virasoro constraint (which can be deduced as a consequence of the fact that Z,(x; Y)
is a matrix integral)

T; 1.35
BTO Z maT (1.35)

Differentiating once (1.35) with respect to Ty and substituting the integrated version of
(1.33) (integration constants are seen to be equal to zero) one obtains the set of ODE’s
in Tp, depending on the parameters {7;},

To+(Ty — DU+ Tii Riv1 = 0. (1.36)

i>1

_ 2k+l L
3 The factor 2~ "3 stems from our normalization, see Remark 2.2.
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More precisely the N-th member of the Painlevé I hierarchy is obtained by putting
T; = Owhen j > N +1 and it is an ODE in x = Ty depending parametrically on
T1, ..., Ty (more details are recalled in Sect. 2). Making sense of the formal statement
“the Kontsevich matrix model Z, (x; Y) satisfies the Painlevé I hierarchy”, requires a
limitn — oo because, for fixed n, the variables T; are not even independent. This leaves
open the question as to what kind of convergence we should expect. Also, Z,(x; Y) is
usually treated as a formal series, while it would be interesting to analyze the analytic
properties of these solutions of the hierarchy. Thus the issue becomes:

Question 1.8. How to choose a sequence Y = Y, of variables ), = { yl("), R y,<,">}

and an appropriate partition into three subsets in such a way that generalized Kontse-
vich integral (1.29) converges to a tau function of the N -th member of the first Painlevé
hierarchy? Which particular solution does it converge to and in which domain of the
parameters?

To address the question, let ¥ € N and P, be the r-th Padé approximant to e™* (see
(3.34)), which is a polynomial of degree r. Denote by ay, . .., a, its zeroes. It is known
[21] that they are all in the region Re z > 0 (see Fig. 7). Fix N € N and set

y:{y1,...,yn}=[y: P,(zzy2N+‘)=0}, n=r@N+1). (137

The set ) is naturally partitioned into subsets of cardinality r as follows (see Figs. 1 and 2)

. RN
Ve = {eZan (a—j>2N+l, lfjfr}; argka(— id i )

2t 4N +2° 4N +2
argt (1.38)
2N +1 ’
K =-N,...,N—1,N, (1.39)

where arg()x), denotes the set of the arguments of the elements in ).

We then address Question 1.8 for the subsequence n = r(2N + 1) and let r — oo
while keeping N fixed. For a brief review of the first Painlevé hierarchy, its Riemann—
Hilbert formulation and associated tau function we refer the reader to Sect. 2.

\ 1 AN
N
\ 1 / \\_.n
\ S / 'y
N 1) - -
YO -~ . ’
7 peS -
N4 N N2
X
SN 0
o A . ' _
T A z -7
- - 3 i
= = [ H
= % < Thel_d
- P N I
o . /. N
N / | \ Ny
25 oY 2N
P o/ N2 N
. @y«__ ! w N
SN A \ >
/ | \ -
/ I

Fig. 1. Example with N = 3: the assignment of the ), ’s to the disjoint subsets Y(©.1.2) indicated in the figure
corresponds to ky = 1, kg =0, k— = —1
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Fig. 2. Example with N = 4; the assignment of the ) s to the disjoint subsets Y©-1.2) indicated in the figure

corresponds to ky = 1, kg =0, k— = —1

Theorem 1.9. Fix N € N. Partition the set of indices k (with —N < k < N modulo
2N + 1) into three consecutive disjoint groups such that the corresponding subsets
Vi ’s (1.38) belong to the sectors So.1,2 (1.28); let YO-1.2) pe their respective unions,
correspondingly. Define ki > ko > k—_, ki > k_ as follows

o ko = (number of Y. ’s in the second quadrant that we assign to Y®) - (number
of Vs in the third quadrant that we assign to Y1)
o k_=— I_%J + ( number of Y, ’s in the first quadrant that we assign to YV );

o k.= L%J - ( number of Y, ’s in the fourth quadrant that we assign to Y@ );

Then

the formula (1.29) converges, with rate of convergence O(n=°°) as n — oo, to
the tau function T (x; t) of the special tronquée solution of the N -th member of the
P1 hierarchy defined by the formula (2.6) in terms of the solution of the RHP
3.5 with the chosen (ks, ko, k—). Then the function u(x,t) = 28)% Int(x;1)
satisfies the nonlinear ODE

2N + DtLy[u(x; )] +u(x;t) +x =0. (1.40)

All these particular solutions u(x; t) have no poles for |t| sufficiently small
within an open sector of width at least 7 that contains arg(t) = 0. Within the
common sector where they have no poles they differ, as |t| — 0, by O(|t|*°)
terms. If ko = 0, then the width of this sector is at least w on either sides of
argt = 0.

The limitatt = 0, from within this common sector, of the derivatives of arbitrary
order equal those of the formal topological solution.

For the proof see Sec. 3.4. Here Ly [u] is the Lenard differential polynomial in u(x)
whose definition will be reviewed below in (2.9).

The idea behind the binning of the groups ), into the three disjoint subsets Y©-1-2)
of Theorems 1.6 and 1.9 is as follows; referring to the Figs. 1, 2 we see that some groups
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can only be assigned to one V) because they belong to only one S,, while others fall in
the intersection between two different sectors Sp, 1,2 and can be assigned to either. The
different choices are reflected in the choices of the parameters k., ko, k— that character-
ize the particular tronquée solution in the Riemann—Hilbert Problem 3.5. The Theorem
1.9 is therefore a first foray in the study of the nonlinear Stokes’ phenomenon for the
Witten—Kontsevich tau function.

Remark 1.10. From the recurrence relation (2.9) we can see that the Lenard polynomials

L n[u] are homogeneous of degree 2N under the rescaling U (X) = oZu(e1X). Setting
U(X,t) = t21\%+1 u(t_ZNIﬁX, t), we obtain the equation

QN+ DLN[UX; D]+t~ FTUX: 1)+ X =0 (1.41)

and this shows that u(x, ) is single-valued on the Riemann surface of ¢#2¥+1. This ex-
plains how it is possible to have no poles in a sector of amplitude 27 or even bigger.

Example 1.11. For N = 2, 3 the Eq. (1.40) reads
5
N =2z (u”+3u2)+u+x=0 (1.42)

7
N =3 (M +10uu” +50)2 + 1ou3) +u+x=0. (1.43)

2 1
The case N = 2 above is, up to the map u(x) = (%)5 U(X)—lisﬂ x=—(§)°X— %5:
the standard first Painlevé 1 equation U” +3U? = X; in this case the particular solution

is precisely a tritronquée solution [15].

In Theorem 1.9 we restricted ourselves to the subsequencen = r(2N+1) only because

2N+1
222 ; to extend the statement

2N+1

of the way we constructed the rational approximation of e
to the whole sequence one would have to consider the Padé approximants to e
directly (of which, the polynomials P, (2tz>V*!) are a subsequence). More generally, the
full fledged member of the Painlevé hierarchy as in (1.36) would require the analog of
the estimate (3.39) for the location of the zeroes and the estimate of the remainder term

N o 2j+ .. .
of the general exponential e2i=1 2127 e regard this issue as a technical one; we
expect that the general phenomenon will be the same we observe in this restricted case.

2. The Riemann—Hilbert Problem for the First Painlevé Hierarchy
and Associated 7 function

In order to discuss the various solutions of the first Painlevé hierarchy, we need to review
the relevant Riemann—Hilbert Problem ([7] , page 365). The Riemann—Hilbert Problem
of the N-th member of the first Painlevé hierarchy is constructed as follows; define the
phase function

N-—1
2N+1 2j+1
(X)) ==ty A 2 +E hjr"Z , ti=x. (2.1)
i=0

and let @, be the rays arg(A) — 2;}{;%(;) = 22]H1, —N<v<N.
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Riemann-Hilbert Problem 2.1. (First Painlevé hierarchy) Find a 2 x 2 matrix I"'(}1),
locally bounded everywhere in C, analytic away from the rays @, (oriented towards
infinity) and R_ (oriented towards the origin) and such that

— it admits non-tangential boundary values at the points of the rays and they satisfy

[y(A) =T_e ?Wog Moz ) e Ty(M)=T_(Wioy, *eR_

(2.2)
with
1 8525 .
s=[L 4] v
Sy = | 0 , v=—-N...,N, (23)
Szj+1:|:52j+l 1] v=2j+1.
and such that the 2N +2 parameters s_y, . . . sy are subject only to the no monodromy
condition
S_N---So---Sy =ion. 2.4)

— Near A = oo the solution has the same sectorial asymptotic expansion in each sector,
normalized by

_o31+io] 03 -1

Fat)y=1"14 —(1+a(t)—+0(k )). (2.5)
V2 v

The connection with the equations of the hierarchy arises as follows. The tau function

of a solution corresponding to the above data is defined in [17] as

Oy InTp1y () = — res Tr (xz’%lr—l(x; O (n: t)a3> da, (2.6)
=00

where the residue is to be intended as a formal one (the formal series in the residue turns
out to have only integer powers of A and the residue is the coefficient of the power A~
of the expression in the bracket). The function

ulx,t3,ts,...,ton41) ;= 20ya(x,t3,t5,...,0N+1)
=202 Intp1y((x, 13,15, ..., aN+1) (2.7)
satisfies the following ODE in x = #1, depending parametrically on #3, ..., fn+1:
N
Z(Zk + Diogar Lelu] +x = 0. (2.8)
k=1

Here Ly [u] are the Lenard-Magri differential polynomials defined [11] by the recursion
relations:

dx 49x3 ax 2

The Stokes’ parameters § = (s_p, ..., sy) (subject to (2.4)) parametrize the solution
space of (2.8).
In addition to the ODE (2.8) above, u satisfies also
ou a0

8l2j+1 0x

3
i£n+1[u] = (1 0 +M(X)i + lth(x)) Lplul, Lolul=1, L,[0]=0 (2.9)
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Remark 2.2. The Egs. (2.8), (2.9) and (2.10), up to a rescaling and a shift of 77 = 13,
correspond to (1.36), (1.34), (1.33). The source of the difference comes from the nor-
malization we have used for the matrix integration variable in (1.1); indeed Kontsevich
writes the integrand as exp [éTr X3 — %Tr XAX ], from which we conclude that the
relationship between our M, Y and his X, A is

M=273X, Y =273A. @.11)

This translates to the following scaling relationship for the times (comparing our phase
function (2.1) with the phase function in [6], Eq. (1.9), which yields the correct normal-
izations)

2j+1
275 (T; —651)

2j + D! @.12)

Djy1 = —

. 1
In particular our #; = x corresponds to —23 Tj.

Remark 2.3. The Eq. (2.8) is the statement that the tau function of the solution to RHP

(2.1) is the reduction of a Korteweg—de Vries (KdV) tau function satisfying the string

equation [P, L] = 1, where L := % +2u(x, ty, ..., 1) is the Lax operator for the KAV
2k+1

hierarchy and P := 21/(\]:1 (2k + D)togs1 L, >, see for instance [19]. The formulation of

the Painlevé I hierarchy in terms of the string equation is originally due to Douglas [13].

Example 2.4. The case N = 2 corresponds to the first Painlevé equation and the special
solution is the famous tri-tronquée solution [15]. Also, for all even N these are the so-
lutions (conjecturally) relevant to the study of the “higher order” critical behavior of the
largest eigenvalue in certain random matrix models [7].

We shall need also the formula for the higher derivatives of In tpj,, (t); this formula is
explained in [6] in the more general context of the KdV hierarchy (of which the Painlevé
I hierarchy is a reduction).

k

Intpy(t) = ]"[ArgiongFk(,\l, ) (2.13)
=1

1 Z Tr (@A) -+ - O(hp,))

ak
012,41 - .. 0241

Fr(A, ..., A) = ——
k(A1 ) k& 1_[];'=1()ij — pr)
_5,{2M > (2.14)
T —Aa)? T
OM) = O t) = (ko (s 1), (2.15)

where Sy is the permutation group of k elements and in the formula we convene that
Pk+1 = P1-

3. Kontsevich’s Integral as Isomonodromic Tau Function

This section contains the proof of the main Theorems 1.6 and 1.9, presented respectively
in the Sects. 3.3 and 3.4.
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Fig. 3. The jumps of the Airy Riemann-Hilbert Problem

3.1. The bare solution: Airy RHP. The RHP (1.2) for dyg = 1 corresponds to an explic-
itly solvable problem involving Airy functions: we call it the bare solution. This is also
the solution of the Painlevé hierarchy (2.1) with N = 1 and 13 = %

Definition 3.1. Let o := e*7/3 and A(¢) be the matrix satisfying the jumps indicated
in Fig. 3 and such that

[AIQ)  Ai(?) | =iz,
L AV'() w%/(m%)]e ° forz eI,
[ —wAi(w)  Ai(w??) iz o

| —w?Al'(00) szi’(wzg“)}e ¢%, forfell,
[ —w?Ai(0?¢) —w?Ai(w?)

| —0AT (0?¢) —Ai' () e

[ Ai(¢) —w?Ai(wi)
| Ai'(¢) —Ai'(w?) }e % for¢ e 1V,

A(L) = V2me™ T x (3.1)

3, for¢celll,

where the four regions are separated by the rays ¢/®+R, and R_ with the angles 6y +
in the ranges

by € ( Z 737) 6 € (%n) 6, € (—7(, —%) 3.2)

The matrix M has the same asymptotic expansion in each of the sectors I-IV (see,
e.g. [9D);

o0
ey B 1+ 101 172 3/2 (DR +m) i =) || ~2¢30
A~ e 457 F Z: 2 —i(—l)k(uk —rE)  uptrg ¢’ ,

(3.3)

I'Gk+1/2) 6k + 1

= . fork > 1. 3.4
SAKIT (k +1/2) ok —1 % Ot (34)

Up =
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The matrix A solves the Airy equation (in matrix form)

d 0 1
A = [ : 0] AQ©). (35)

Now we define

_im

2,3 x)
TFo(h; x) :=e” 4 "3A(k+x)e<3 /i 03,

(3.6)
—(%A%uﬁ)m

Wo(h; x) =t e~ T9 A +x) = To(h: x)e 3.7)

The matrix 'y provides the explicit solution of the Riemann—Hilbert Problem 1.2 for
n = 0. Using the property (3.3) one can verify directly that

) -3 1+i0] x2 03 X _3
Fo()»,x):)» 4 ﬁ I_ZW_HUZ+O(A 2) as A — 00.
(3.8)

By construction, A(¢) solves a Riemann—Hilbert Problem with jumps indicated in
the left pane of Fig. 3. Consequently one can check that I'g(A; x) solves the Riemann—
Hilbert Problem 1.2 for n = 0. The only point worth remarking is that the jump contours
of A should be preemptively translated by x so that the jump contours of Iy coincide
exactly with rays issuing from the origin.

The initial tau function. The isomonodromic tau function of the RHP for n = 0 (which
is a function solely of x) is computed directly from the formula (1.11) (using (3.8))
which yields directly

2 3

Bxln‘to(x)z—xz = 10(x) =e 12.

=

)

(3.9)

It is worth remarking that tp(x) is nowhere vanishing: this is a signal that the RHP (1.2)
for n = 0 is always solvable.

3.2. The dressing: discrete Schlesinger transformations. The goal of this section is to
determine the change of the following one form on the deformation space t;

-1 / -1 da
QO; M) = / Tr (FO_ A OC_ (A 0M A )M ™ (A t)) —  (3.10)
b 2im

when M (X; t) is replaced by M, (A; t, 5\, i) = D:l(A)M(A; t)D,(A) and D given in
(1.18). Now, in our setting the one form (3.10) is the total differential of the logarithm
of the tau function (see also Eq. (1.26)).
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Theorem 3.2. The effect of the dressing of the jump matrices My (A; t, x ) =
D= YW)M(x; ) D()) on the one-form (3.10) is given by

Q@; [My(t)]) — Q@; [M®)]) = 3 1n (AR, ) det G) (3.11)

where A(X, i) and the n x n matrix G(n = ny + ny) are given by

1 1
n s n 4
[T2 A7 TTGL w)

AL L) = (3.12)
[T WA=V T wai—vio [ A+ Vi
Jj<k<np Jj<k<ny Jj<na,k<n
LS T -1
res AC e, Ty (M) Goo(A)€((e—1) mod 2)+1 <k <n
Gie = XZOOLHJ | % = A)
' AT (k) Goo (M) e o—
res eIy (Uk—ny) Goo(A)€((¢—1)mod2)+1 mtl <k <nitm
A=00 = /’Lk—nz)
(3.13)
1—; Ak n =2k
— 101
Goo(X) :=To(A) D) (3.14)

AT Tk o
0 a7k

i| n=2k+1.

Here 0 denotes any derivatives with respect to t together with the variables x, L.

A proof by induction can be extracted from [16] but we will provide a different one
which relies upon prior work in [4] in Appendix A. We point out that the setting of
Theorem 3.2 is precisely the one relevant to the Riemann—Hilbert Problem 1.2, where
M (A; t) is the jump matrix of the Airy Riemann—Hilbert Problem for (3.6).

3.3. Proof of the main theorems. We now return to the original setting and I'g as given
in (3.6); in this case we can further simplify det G and see that it provides the main
ingredient for the Witten—Kontsevich tau integral (1.1) and extensions (1.29).

Proposition 3.3. The following formula holds

1<k<n

- ]A*EIUIV

]

1<k<n

AjE”

My (k=1
det _All (/L/"'x)] I<k<n

Wi elllurv

3 3 1 1
%(zx} fzu£>+x(z_,~ Xf*ZM,f)
detG ox e

[ hs(k—1
Alg )(H’j +)C)] 1<k=<n

wjelull

_(3.15)
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2in

where Aig(A) = Ai(w*A),w = e3 ,and I, II, I, IV denote t@e regions depicted in
Fig. 3 and the proportionality is up to a constant independent of A, [i.

The proof is an elementary but somewhat lengthy manipulation using the form (3.13)
of the entries of G, the explicit form of the matrix I'g (3.6), column operations and the
differential equation satisfied by the Airy functions. We postpone it to the Appendix C.

3.3.1. Proof of Theorems 1.6, 1.7, 1.1. We denote Ay = y,% , Yyr € {Rey > 0} and
e = ye2 , Vye € {Rey < 0}. Since the roots we use are all principal, we have

T ol

1
e%)x +X}‘k2 — e%y]fﬂfyk , e—%u +xXye (3.16)
Then the determinant in (3.15) becomes precisely the same as the determinant in (1.29)

when written in terms of the y;’s, while A(X, i) reduces to

-, (3.12) 1_[’}:1 Y

A A = t————"— 3.17
010 H./<k()’j = YK) ( )

up to an 1nessent1al s1gn We want to apply Theorem 3.2; in this case the jump matrix
M,, depends on A i and x only, and Q(9; [M,]) = dlnt,(x; A i), L0y; [M]) =

oy In 79(x) = —TZ (see (3.9)). From Theorem 3.2 we obtain
T, (x; o, i) (1.29) > .
8lnT = Bln((detG)A(X i) oln Z,(x; A, b). (3.18)
To(X

The isomonodromic tau function 1, is defined up to a multiplicative constant and there-
fore we can claim (using the expression for 7y (x) in (3.9))

- X—” -
T (x5 A, 1) =€ 2 Zy(x3 A, ). (3.19)
The proof is now complete. O

Remark 3.4. The variables t, depend on, can be denoted as X, porbyy = Jh Yk =
— /M (in the right/left half-planes of the y—plane). Furthermore, since the determinant
in (3.15) is split into blocks depending on the index v in Ai,, we can equivalently de-
note the dependence as 7,,(x; Yo yn 3/(2)). This is the way it was presented in the
statement of Theorem 1.6.

3.4. Approximation of tau functions of the first Painlevé hierarchy: Proof of Theorem
1.9. We start with the following specializations of Riemann—Hilbert Problem 2.1 as
indicated below.

Riemann-Hilbert Problem 3.5. Choose three integers k4, ko, k- € {— L#J ,
| Y1 ]} with ky > k—, ks > ko > k— and specialize the Riemann-Hilbert Problem
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ot

il wo 2arg(t)
2N+1

w

. 3

Fig. 4. The jumps of the Riemann—Hilbert Problem 3.5. In the example N = 11 and the width of each darker
sector is 27t /23. The rays w4 must extend to infinity within the sector shaded in both hues, while z( within
the white sectors. In this example there are five choices for the ray @ and four for each w+. Each choice
determines a particular solution of the Eq. (1.40) of the P 1 hierarchy. In the example above (which is relevant
to the setting of Theorem 1.9), shifting arg# by 7 one of the two dark sectors adjacent to R_ disappears
on the second sheet of /A and one of the rays @ is pinched. If we choose @y as indicated by the lighter
shade, then we can rotate arg ¢ up to a smaller angle than —m because the ray @ will be forced to move in
the sector S, but we can still rotate up to 7. In general, the reader can convince oneself that the minimum
amplitude of rotation of arg ¢ is indeed 7 in the positive and/or negative direction, and thus all these solutions
of the hierarchy converge to the Airy parametrix exponentially fast as || — 0 and arg(#) in a sector of width
at least 7 that contains the positive real z-axis

2.1 to the case so, = 1, 2k, +1 = —1. Furthermore set ] = x, 13 = %, thy+1 =t and
all other ¢; = 0. Explicitly, the jump matrices read (with the rays oriented as in Fig. 4)

1+e 2RtNg ) e mp = DR,

MR ={1+e2® g ) e wy =R, (3.20)
0o reR_
w2 3 1
PO 1,0) =072+ TAT 4 a2 (3.21)

; . 3 2N+L
where the ray @y = e!®R, is such that ReA2 > 0 < Reri 7, and the two rays

oy = e’ R, are such that Re A2 <0 > Retn”7" (Fig. 4 for example). Namely we
must have (3.2) and

T b4 dkom 2 arg(t)
0 ko, t) == (— ) - ko ez
b € Jo(ko, 1) ( IN +1 2N+1>+2N+1 N+l €
" t)'-( T T >+(4ki:|:2)n
S W) VI R Y V| 2N +1
2 t
3 arg()’ ky € Z (3.22)

2N +1
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\Y 0

Fig. 5. The points 1y (red) and A j (black). N = 6 (left) and N = 5 (right)

Proposition 3.6 [1]. Let 1';()»; t, x) be the solution of the Riemann—Hilbert Problem (3.5)
with a choice of integers k = (ko, k4, k—) such that
-7
3
b4
T (k_, )N (—71, _E) £ 0. (3.23)

T T
Jo(ko, 1) N ( , g) # 0 Tilky, DN (3,7[) “0

Then for x ranging in a compact set the solution I is analytic for t in a sector {|t| <
r, arg(t) € (a, b)} containing argt = 0, that depends on the choice of k and has width
at least . For the case ko = 0 the sector contains the sector arg(t) € (—m, ).

[2] This solution, fort — 0, converges to the Airy parametrix (3.6) and also its tau func-
tion tpyy (t) defined by (2.6) (with t| = x, tpny41 = t and all other t; = 0), converges
3

X

toenz:
[3] The derivatives of arbitrary order with respect to thyy1 = t,11 = x of Tp1,(x, 1)
also converge as |t| — 0 in the same sector to the derivatives of the topological solution.

Proof. [1] The matrix [ in Definition 3.1 solves the RHP (1.2) with dg = 1. The three
rays wR, can be rotated to rays @w; = elfiR,, j = 0, =1 within the range (3.2).
Indeed, within these ranges the jump matrices in Fig. 3 are of the form 1+O(|A|~>°) as
3 3
|A| = oo since the functione™ 24 decaying along z and e is decaying along .

On the other hand the well-posedness of the Riemann—Hilbert Problem 1.2 for I'
2N+1 2N+1

2

is decaying along @y and e’* *

requires that the rays satisfy (3.22) so that e =%
is decaying along w, see Fig. 4.

In general there are several possible choices of k¢, k+ in (3.22) that satisfy both ranges
(3.2), (3.22); for a given choice of rays, the conditions will remain satisfied within a cer-
tain maximal open sector in the z-plane; it should be noted that different choices of
ko,+ lead to inequivalent Riemann—Hilbert Problems and solutions of the first Painlevé
hierarchy (see below); in particular the poles of the corresponding Painlevé transcendent
depend on this choice.

Let us assume now that we make one such choice of sector and consider the RHP for

the matrix £ with jumps on @y +; as follows
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2N+1

3
Ex(hst,x) = E_(A;t,x) <1 T (e_’)“ L 1) Lok x)ou Tyt (4 x)) ,

A€y (3.24)
233 4ai 025 1
Ex(hit,x) =E_(A 1, x) (1 3t rVA <e”‘ — 1) Co(h; x)o_Ty ' (4 x)) ,
A Ewy (3.25)
EQt,x) =1+007 Y, 2> . (3.26)

Along the rays in the chosen sector, the matrices I'g, I'y’ ! (Airy parametrix) in (3.24),
(3.25) remain bounded, uniformly with respect to x ranging in a compact set. Fur-
thermore, within the chosen sector, we can send |[t| — 0 and the jump matrices will
converge to the identity matrix in all L” norms, 1 < p < oo, uniformly with respect to

. . 2 3 2N+1
x in compact sets: for example on z, the function e3** A | belongs to
Z)L% ﬁ S 21\é+1 .
all L? (o, |dA|) because e3“**¥* does, and | ¢’ — 1 ) is bounded. Consequently

the matrix £ converges to the identity as || — 0 in the given sector and has an expansion
near A = oo of the form

Et,x) =1+ %51 (t, x) + OO72). (3.27)

Most importantly, for || sufficiently small, the existence of the solution £ (and its
analyticity with respect to the parameters ¢, x) is guaranteed by standard arguments. By
construction of the jump relations (3.24), (3.25), the matrix £(X; t, x)['o(A; x) solves a
Riemann—Hilbert Problem with the same jumps as I"(4; ¢, x) but in a different gauge (see
Remark 1.3). By a left multiplication with A-independent matrix and by the uniqueness
of the solution of the Riemann—Hilbert Problem 1.2, we deduce that

T, x) =0 — (&8, x)120-) EAs 8, x)To(A; x). (3.28)

The left multiplier is crafted so as to guarantee the same gauge as I at infinity (see
Remark 1.3). We conclude that I"(4; ¢, x) is analytic in the specified domain. The width
of the sectors is explained by way of example in the caption of Fig. 4.

[2] Since £ — 1, we deduce that the tau function for I'(A; 7, x) defined by (2.6)
converges to that of ['g as given in (3.9).

[3] By the same argument, using (2.13) we conclude that all derivatives of Intp,
converge as |f| — 0 within the common sector, to the same expression (2.13) evaluated
using the Airy parametrix I'g. These are [6] precisely the derivatives of the topological
solution of KdV (note that we are using a different normalization of the time ¢ from loc.
cit. but this is inconsequential to our discussion). O

3.4.1. Equivalence to all orders of different solutions: proof of Theorem 1.9(3}. Propo-
sition 3.6 has already established Theorem 1.9} and part of Theorem 1.93;. It remains
to show that two solutions of the Riemann—Hilbert Problem 3.5 (and the corresponding
tau functions) with different choices of k= (ko, k4, k) differ by exponentially small
terms as |f| — O as long as the corresponding sectors appearing in the Proposition 3.6
have non-empty overlap. See Fig. 6 illustrating a typical such setup.
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0 wo

Fig. 6. Left the jump contours @y, + and @, + (marked in different colors) of two solutions T, T of the RHP
3.5 with different choices of the integers (kg, k+, k—) (specifically, N = 7 and (k4 = 3,kg = 0,k— = —-3)
while (E. =2, Zo =-1k = —2)). Right the jumps of their ratio £ = I'T'~! after the contour deformation.
On the dashed arcs the jumps cancel each other and hence £ is continuous across them

The proof is a simple application of perturbation analysis of Riemann—Hilbert Prob-
lems; the ratio of two solutions with different choices k1, k» has a jump which approaches
the identity in any L? (1 < p < o0) at an exponential rate in with a power law that
we are going to compute.

We need to analyze the signs of the real part of the phase function ¢ (3.21) as |[¢| — 0.
Treating the term with ¢ in ¥ as a perturbation, it is clear that for |¢| sufficiently small
the signs of Re ¥ (; ¢, x) are dominated by those of fy = Re (%A% +x+/A) in any fixed
compact set in the A—plane. Let us fix a bounded domain for x: |x| < K.

We are free to deform the jump contours of the RHP 3.5 as we wish as long as the
asymptotic directions at infinity satisfy the appropriate conditions, we shall deform them
in a way that we explain below.

[T

Contour deformation. We consider ¢ € R, for simplicity because the steps are valid

in a small sector. For definiteness we only treat ., with similar considerations in the

remaining cases. Let 6 = %, 6, = % be the bisecants of the sectors

visited by the jumps of the two solutions (refer to Fig. 6) and recall that by assumption
we must have 01 2 € (%, ). Along the two rays arg A = 0 » we have (here r = |A|)

) 3 2
Red = —|t|r# + §r% cos (56’]-) +RexvV < ﬁ[—|t|rN — Q§r+ K:| (3.29)

where Q = min | cos(%@ ;)| is a positive number because of the condition 0; € (5, 7).

Consider the rays y; given by argA = 0; r > rg = (Q/2)ﬁ|t|N;—ll; along these
rays the function e” belongs to any L? (1 < p < oo) and the corresponding norm
decays exponentially as || — O; in fact from (3.29)

supRe ¥ (1) < 1282
rey 2N-T

N+1/2 1
-3 QN-I 1 2 K|t|v-T
2 3

N+1/2 ; K 1
_ N=1 ARE
— @ (T, KT (3.30)
2N-T 6 7
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which clearly tends to —oo as |¢| — 0. Consider now the arc of circle II, joining the
two points roet? to roet??; along this arc we have (with ¢ = argA);

+ 2N +1 2 3 3
Re ¢ —|t|r2N21cos< 5 ¢>+§r2cos<§<p)+Re(x\/X)

N+1/2 1

_3 Q N-1 1 K|[|N—l

N2 = ——+ ———— (3.31)
ON-T 6 o122

IA

where we have used that cos(%q)) < —Q along the arc. Once more the L” norm of e”
along this arc is easily estimated to tend to zero exponentially.

Exponential rate of convergence. Now, referring to Fig. 6 we deform the rays @, @4
as indicated and consider the RHP for the matrix £ with jumps only on the union of
the rays y1,2 and the arc IT as shown in the figure and with the jump matrix given
by 1+e? @ OT (0 1, x)o_T~1(A; 1, x). We know from Proposition 3.6 that I' (A; 7, x)
tends to the Airy parametrix as |[f| — 0 in a small sector around R, uniformly with
respect to A on the Riemann sphere and hence it remains bounded as |f| — 0. The L”

norms of e” on the two rays are O (e_C“ _ZN_2> while the L? norms on the arc I1

_. 3
(whose length grows like |t|_ﬁ), are all bounded by O <|t|_Nlle_C|’ =2 > where

C, C are positive constants that follow from the estimates (3.29), (3.31). In total the L?
norm of e” along the whole contour are bounded by

3
9 _ 1 a—Clf| W2
1”1 s gromaumiany = © (’N ‘e ) : (3.32)

uniformly with respect to 1 < p < oo. By standard arguments [10] on small norm
Riemann Hilbert Problems, we conclude that £ converges to the identity on the Rie-
mann sphere, at the same exponential rate (3.32) Then, by the same argument used in
Proposition 3.6, we conclude that

Pt x) = (1= (E1(t, X)) 120-) EQs 1, )T (A x)

(with &1 (¢, x) similar as in (3.27)) and hence F(A; t,x), (A, t, x) differ from each other
by exponentially small terms as |¢| — 0 in a small sector around R;. In particular, the
ratio of the corresponding tau functions defined via (2.6) will also tend to unity ex-
ponentially fast as || — O0; therefore, the asymptotic expansion of the logarithms of
the two tau functions in powers of ¢ will be identical in the overlapping sector. Since
the estimates are uniform with respect to x in a compact set (we used |x| < K in the
estimates (3.29), (3.31)), the coefficients of these expansions must also be analytic in x
at least in the same domain.

3.4.2. Padé approximation: Proof of Theorem 1.9(11. The exponential function admits
a Padé approximation of the form

r

-z _ aj —z 2r+1 Pr(z) 2r+1
e _Jl:[laj+z+0(z ) = X )+O( ). (3.33)
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Fig. 7. The zeroes of P,(2nz) forn =70

o

Fig. 8. The poles of the Padé approximation are within the shaded sectorial annulus

The polynomial P, is explicitly known* ([20], p. 433)

L @r —k)(=7)F
P)=Y — 2 (3.34)
ZE) k\(r —k)!

The location of the zeros 3, := {aj, j =1,...,r}, of P.(z) (plotted in Fig. 7 by way
of example) is known to belong to the annular sector [21]

4
2 <lajl<2r+ 3, >0, we ™ =1 (u~0.278465...) (3.35)
1
|arg(a;)| < cos_l(l/r) Re(aj) > 2u > 5 (3.36)

Estimate for the remainder. The remainder of the approximation is also known exactly

B Pr(Z) B (_1)r+1Z2r+1
P (—2) N r'P.(—=2)

—Z

1
/ e (1 =)'t dr. (3.37)
0

The estimate (3.35) on the position of zeroes implies that for Re (z) > 0, the minimum
distance from the poles —3, for | arg(z)| < % — 0o for some small fixed 6, is (see Fig. 8)

4 We have normalized the polynomial to be monic.
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1 2
dist(z, =3,) > > ——. (3.38)
V(lz] = 2rpcos60)? + 2rusin )2 ~ |zl +2rusin6p
Then we can estimate
P 217" Rez
e ¢ — r(2) < . i . / e ' dt
P.(—2) rl(sin6p)" (2ru sin by + |z|)" Jo
2|z|"
< — ; . (3.39)
(sin 8g)" 2nu sin Gy + |z])"
2N+1
1) 2

Let N € N be fixed. We want to obtain an approximation of e 2 in a suitable

sector; of course we will use (3.33) replacing z +— 20075

Proof of Theorem 1.9(1). From (3.39) we have (we set t = foy41,n = r(2N + 1) for
brevity)

P e N
—  wa.  © =0 - - eN+h_ |
P.(—=2tA " 27) (sin 0g)" ((2n e sin(Bp))” + |t]7 A~ 2 )
il T 4k — 2arg(t)
A€ Jolk. 1) = (‘ ’ ) + . (340
wen € Rty IN+1 2N +1 IN+1 (3-40)

The estimate above shows that inside the growing disk )MMQJ‘ <K r (with K =
(4N +2) (sin2 0p)) the expression is bounded as follows:

2N+1
P.2tA"27) e—mTZN“

2N+1
P (=2t)"7)

3 r=5 Al < Kﬁmﬁrﬁ, arg(A) € Jo
(3.41)

Let I'y(A;t,x)(n = r(2N + 1)) be the solution of the RHP (1.2) with d, =

2N+l
Lﬁ\,)rl) and let I'(X; ¢, x) be the solution discussed in Proposition 3.6. Similar esti-

P(—12"2 )

2N+1 2N+1
mates hold for Z2E2% 2 ) _eth 2 i the sectors Ja (3.22). We now choose k4., ko, k—
P22 )

and the corresponding ways @y +; the tau function 7, (z; X, i1) is then given by (1.29)
according to Theorem 1.6(1]. The relationship between the positioning of the jump rays
wo,+ and the integers ko + follows from the formula (3.15) and careful inspection.

It only remains to show that the solution of the Riemann—Hilbert Problem 1.2 con-
verges to the solution of the Painlevé auxiliary Riemann—Hilbert Problem 2.1, which we
now accomplish.

Following the same idea as in Proposition 3.6, let £ = £(X; ¢, x, n) be the solution
of the Riemann—Hilbert Problem with jumps on @y 11 of the form

=38o(})

23 i ( P el |
5+=6’_F(1+e3 —x <——e’ )m)[‘ -

2N+1

Pr(—1A72)

(3.42)
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2)3 VA Pr(—f)\ZNTH) )\M%l 1
E,=E_T|1+e34° ¢ o_ |7, Lewst

2N+1

P(t2"27)
=F+£(D)

(3.43)
1
Et,x,n) =1+ Xgl (t,x,n)+O0™3), »— . (3.44)

Consider (3.42), with similar considerations for (3.43): given the estimate (3.41) we
have that, uniformly for x in compact sets,

r -2 1
s, 3 O@™2) A < |t|2W+Tr2N+T, A € g
e_iﬂ_)‘ﬁ&)(k) = -3 3 A< |72 1
O <exp (—C|[|2N+l r4N+2>) [A] > |t|2¥+Tr2N+T, A € @Y.
(3.45)

According to Proposition 3.6 for |¢| sufficiently small and x in a compact set, the function
["(A; £, x) remains uniformly bounded and therefore it is easy to see, using (3.45), that
the jump matrices (3.42), (3.43) converge to the identity in all L? norms (1 < p < 00)
as r — 00, and hence so does &; the rate of convergence is the same as in (3.45) and
it is faster than any inverse power of r and thus on n. Note that the angle of the ray @y
ranges in a sector where there are zeroes of the numerator in §o(X) and since the zeroes
and poles of the numerator/denominator are contained in disjoint sectors, the function
Fo(A) is bounded and analytic along the ray . Similarly for the other two rays.
Then, by the same token used in Proposition 3.6 we must have

(A t,x) = (1 — &, x, n)zla_)E(A; t,x,m)C(A; t, x) (3.46)

and we conclude that the tau function for the problem I',, (i.e. Z,) converges to the tau
functionof I'. O
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A. Proof of Theorem 3.2

Letl',, =T\ t, X, ﬂ)ﬁdenote the solution of the Riemann—Hilbert Problem with the
jump matrices M, (A; t, A, i1). It can be written as ', (A) = R(A)o(A) D(L) where R())
is a suitable rational matrix and D(A) as in (1.18). Indeed the matrix ratio

R() :=T,(M)DM)~'To() ™! (A1)

is seen to have no jumps on X. It clearly has at most simple poles at A = Ag, ux and
decays algebraically at infinity. By Liouville’s theorem R () is a rational function.

We now seek a set of characterizing conditions for the matrix R as a solution of a given
Riemann-Hilbert Problem. To this end let r > 0 be sufficiently small so that all the
disks below are disjoint and define:
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n
D, :=]DOOU|_|]D)k,

k=1
Dy = {|A — Al <71}, k < o,
Disny = {IA — x| <1}, k < ny

Do = Hl >r}
A

D_ := C\D;. (A.2)

Deo

Riemann-Hilbert Problem A.1. Find a 2 x 2 piecewise analytic function R(X) on D,
and D_, admitting continuous boundary values and satisfying the following conditions

Ri:(M) =R_W)J), RM)=1+00"H, »> o0 (A.3)
where J(A) is the matrix that on each component of dID; restricts to

Je() = To(M) (g — 1)E2 A—l=r k<n

30y = 4 Ik ) =ToM e =05 o=l =r k=m (54

Joo () = To DO I % 31 =
o0 - ﬁ — -

We shall use interchangeably R (A) for the boundary values or the restriction of the
solution R(}) to D4, respectively. We prove the following:

Proposition A.2. The matrix R(\) in (A.1) is a rational matrix—valued function with
simple poles at A = A, k. Restricted to D_ it coincides with R_()) in the Riemann—
Hilbert Problem A.1, up to a left constant multiplier of the form 1—ia™ o _. In particular;
the matrix R_(A) extends to a rational function of A.

Proof. We already proved that R(A) is a rational function. Moreover near Ax, ux we
have, from (A.1),

RO =0 — )7 E205 00, RO =00 —w) BTyt (AS)

and thus R(A) must have simple poles at Ag, uy (here O(1) stands for a locally ana-
lytic matrix function, with analytic inverse). Now in order to establish the connection
between R and R we have to study the behaviour at A = co. We multiply both sides of
I';, = RTgD (D defined in (1.18)) as follows

1—io. o

o l+io] W% (A6)

I'n(d) <A4

—1
) = R®*) To(A)D()

Joo (A)

Because of the asymptotic behavior (1.16) the left side admits a regular expansion at
A = oo with leading coefficient of the form Co = 1 +ia™o_.
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Hence we define R()) as

(1—ia™Wo_ )T,)D 'MW — A2 LeDi, k=1,...,n,,

(1—ia™o_)T,(WD 'MW — w)E A€ Dy, k=1,...,n1,
R = (1-ia™o_) Ty =2 % € Do,

(1—ia™o_)T,(W)D )y W) reD_.

(A7)

It is easy to check that R, defined in this way, satisfies the jump conditions in (A.3) and,
moreover, also the asymptotic condition at infinity. The identification (up to a normal-
ization constant) between R_ and R is read off directly from the last line of (A.7). O

The jump matrix J(1) admits (formal) meromorphic extension in the interior of I (by
construction) and moreover the total index of det J(A) around 9D is zero. Under these
conditions, the analysis in Appendix B of [4] applies. We briefly remind it with notation
adapted to the current use.

Let H4 denote the vector space of (formally) analytic valued row-vectors in D4 (re-
spectively) and C+ the Cauchy projection operator; consider the following two (finite
dimensional, see B.14 in loc. cit.) subspaces of H_

Vi=C[HJI 'MW, W:=C_[HJI0)] (A.8)

Proposition A.3 (Proptition B.3 in [4]). The solution of the Riemann—Hilbert Problem
A.1 exists, and is unique, if and only if the linear map

G:V — w
v — C_[v]]. (A.9)
is invertible. In this case, the inverse is
—-1.
G W —YV (A.10)

w— C_ [wJ_lR_l]R.

Remark A.4. Even if R and R differ by the multiplication of a constant left multiplier of
the form 1 + xo_, the expression of the inverse (A.10) is unaffected by such multiplier.

Now, following [4], we choose properly two bases for V and W in such a way that the
determinant G of G gives the variation of the one form € as in (3.11).

The jump on the large circle given by Jo, (A.4) has an asymptotic expansion in integer
powers of A of the form (the » symbol means a constant of no interest to us, which turns

2
out to be —%-)

n=2k=0mod2 Jo() = (—)"ik (1 o+ O(A‘l))
=: Goo(W)AFL, (A.11)
n=2k+l=1mod2 Joo(h) = (=) (i,\a_ oy + %1+ O(rl)) =
= (=" (02 4 xEzp + OG7) ) 2D et

= Goo (M)A KFDEIHED, (A.12)
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where G (1) (as in (3.14)) has been introduced for convenience.
Following [4], Appendix B, we choose the bases

o vy = C[lJ ] =S8 j <<,
V = @ (C{Uk}; - | ;rl"jfl(;l,-) ) (A13)
k=1 vjsm, = C-[e)J7 W] = 5 1< j <y,

na+ng

W= Clwl:  waeri =€ _poar ATV 1< (A14)
=1

The basis of W = C_[H+J] is obtained by noticing the vector space is the same as
C_[H+G ;}J ] (because G is (formally) analytic at A = oo) and hence it is the same as
C_[H AL+ D/2]En+ln/2]En | The matrix Gk ¢ representing G (A.9) for k < nj is then
given by a direct computation as

ey ()

ntl n €(¢—1mod 2)+1
Gryp= 1es res ————— G (A ALz JEN+[5]Ex 2 1mod 2)+1 A.15
SR T - o AR
Tr—1
. e,y (M) 2L | By 42 | Eap €(¢—1mod 2)+1
T TG CW TS @ (A-10)

A similar computation yields the rest of formula (3.13). Since we are interested in the
determinant of G (up to multiplicative constants), we rearrange the basis in W; then the
matrix can be written more transparently as

=1 —
XLTJe?z}FO] ([ H }) Goo(M)€(t—1mod2)+1
1

Hk—nyp

(=120

where for brevity the notation {} denotes two choices, according to the cases k < nj
(top) or k > ny + 1 (bottom).

Gy ¢ = res (A.17)
r=00

Variations of det G. It was shown in Appendix B of [4], Theorem B.1, that (translating
to the current setting)

i
dlndet G = f Tr (R_IR/BJJ‘I) il
o 2

9 1
& 1 E E dx

+) Tr (r— T a0 — ME2 (g — A)™ 22) il
P fi)@k 0 0 2im
e 1 E E dx

+Y Tr (T 050 (e — 1)1 Guge = )7F) =
2 ﬁmﬁk r Ly Tod(ue —A) ™ (g — 2) i

i
- j£ Tr (R—IR’aJJ—‘) ekl res Tr (ralrgaDD—‘>, (A.18)

D 2im — =¢

LM

where d means any derivative of the A’s, i ’s or x and in the last step we have used the
fact that

N py
OVhe _ O +O1), *— AL (A.19)
NIV Ve

and similarly for ug.
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Proof of Theorem 3.2. We use the trivial algebra below with I';, = R['gD and M,, =
D~'MD:
U, T, =D 'ry'RT'R'TyD + D'y ' Ty D + D7D/,
ap'MD)D'M'D=D"'"oMM'D—-9DD '+ D 'MD'oDM ' D,
Tp-dM,M,'T, L =0ar, ., —ar, _I,L. (A.20)

Plugging into the integrand of (3.10) and simplifying, using the cyclicity of the trace
several times and (A.20), we find (below A denotes the jump operator A(f) = fi— f-):

Tr [F,LI_F;’B(D_IMD)D_IM”D} =
— Tr [1“0—1_1“{),_31\/1M1 +RIR'A (a(roD)D”rO—l) +A (FO_IF(/)BDD’]) +
—M'M'aDD"'+ DD’ (aMAr1 — DD '+ MD*IBDM’I) } (A21)

Given the particular triangularity of the jump matrices M, all terms on the last line of
(A.21) are traceless and thus drop out.

Now, if we have f 5 AF 2‘%—; and F has some poles outside of X then this reduces, by the
Cauchy theorem, to the sum of the residues of F'. We are thus left with

Q(9; [M,]) — €2(9; [M])

—1 —1 d)\.
= [ T (Fn I 9M, M, )
z

2im
i
_ — 1y -1\ >
/E Tr (FO oMM >2i71 (A22)
d
zyf Tr (R R'a(CoD)D'TG ") o=
oD 2im
—1 7 -1
+ e Tr (rg'rganp") (A.23)
celii
1y dA
:yf Tr (R—‘R/aJJ—‘) il
D 2w
—1 / -1
+ e Tr (15! @rgmapep~' () (A.24)
celii
(A.18) g T 1) 94
Y S IndetG+ ¢ Tr <R RGTT ' —a)) )) L (A29)
oD 2im

Note that we can substitute R with R in (A.24), because these two matrices differ by a
left multiplication with a A—independent matrix, and the expression (A.24) is invariant
under this operation. The matrix J(}) is read off the above formula and is given by

Co(A) D) A€ 0Dk

Jny = { LoGIDG) 24T 4 € 9D (A.26)
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Therefore the matrix J differs from J (A.4) only on the boundaries of the finite disks
Dy, k=1, ..., n by the factor T'(A) given by the diagonal matrix below

—Enxp

np ni
Iy =I0T R, TG) = DO 0w — 0~ [T — )

k=1 k=1

ny+k ,

(A.27)

where y, denotes the indicator function of the set X. Note that 7' (1) belongs to H(Dy),
Y k.

We now follow the exact same steps as in the proof of Theorem B.2 of [4] and have
—1p/aTT—1 —1y) 94
Tr (RTR'@TT " - 013 )) =
oD

ny E
= — res Tr (A oTT™ )

A=Ak

res Tr ( BTTl)
1 A=k — Mk
ny

Z
RPN I W o
2] i N D (i e e

==

AT )
k=1 j=1 VI *

np . ni

1 1
T2 1w
j=1 =l

= 0ln
ny np
[T &2 =vao [T g = v [T+ v
Jj<k=nz j<k=n j=lk=1
= alnAQ, Q). (A.28)

Combining (A.28) with (A.25) we obtain

Q0; [M,]) — 2(; (M]) 2

dlndet G
—Ip/a71-1 _ -1 d_)”
+£D Tr (R RGJJ " —0JJ )) >
RPN (detG AG., u)) (A.29)

The proof is complete. O

B. Explicit Computation of Z,,

For the benefit of the reader we derive (1.2) (in a way that is slightly different from [18])
as follows. Let dU be the Haar measure on U (n), S = diag(sy, ..., s,) and the s;’s the
eigenvalues of M, and A(S) = Hi<k(5j — 8¢). Considering the numerator of (1.1), and

setting A = Y2 we have
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3
/ dMeTr(i”g—YM%ixM);e%TryzHTrY/' dMe tTr( +(Y2+x)M)

n n

n is3
Weyl imeggon formula Cne%'l‘r Y3+XT1’ Y / AZ(S) 1—[ e”Tj_Hijdsj / dUelTr (AUSUT)
" j=1 Un)
A(S) det [efSi*] n

X is3.
(Harish-Chandra) gne%Tr Y3+xTrY Ji.k=n 1_[ eTj+is-/dej
n A(A) i1
j=

ZTrY34xTrY i3
Andrsiet CnnVe3 det |:f S/ 1 = +H‘()»k+x)ds]
A(AN) R Jj.k<n

det [AiY™D Oy + 1))
A(A)

~ 2 3 i k<
— C,,n!(ZJT)ne3TrY +xTrY J.k=n

(B.1)

where Cy,, C, are proportionality constants (depending only on n) of no present interest

~ 5o
(it turns out that C, = == ) In the step marked with x we have performed a shift

M +— M —iY and an analytlc continuation; the integral is now only conditionally con-
vergent and it can be understood as absolutely convergent integration on H, +i€l, € > 0.
Recall now that

e
+
" nj 14/ H/<k(y1 )’k) l—[;t 1A4 j<k 1\/*_4_\/—
(B.2)
Thus, in total
. 1
3 det[Ai(J*‘)(xk +x)} [T, O TT; <k (Vo + V)
Cooan % 2Tr A2 4xTr VA jok<n t = J=< J
Zy(Y)=2"m2e3 AN .
(B.3)

The overall proportionality constant is determined by observing that Z, as defined
in (1.1) tends to 1 as the eigenvalues of Y tend all to +oco. The Airy function has the
asymptotic behavior

|
W
>
[N

Ai()) =

(1 + O(A_%)) , Jarg(V)| <, (B.4)
TA%

and hence
e j (” +ny)
det [Al(f ])(y +x)] ~ H(y] — Vi) as x — 00
<
jk=<n Mg’ H] ly/ j<k
(B.5)

from which the proportionality constant is deduced. The expression (1.2) follows from
(B.1) by substituting A = Y2 and simplifying.
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Remark B.1. The above computation is carried out under the assumption that Re y; > 0;
to see what happens when Re y < 0, consider the simplestcasen = land Y =y < 0O;
then (set x = 0 for simplicity)

f dMe"MT.a_YA’[2 3
W =i f 5 ds (B.6)
¢ e 4

In order to be able to interpret (B.6) as an average of e’ 3 with respect to a Gaussian

measure, we must choose the path of integration £ in both numerator/denominator so as
to have a convergent integral and also so that the term e' 3 is oscillatory. The choice

arg(s) = e 73 is possible. But this means that the integral gives now Ai(w®!y?) rather
than Ai(y?). This is the underlying reason for the definition (1.29)

C. Proof of Proptition 3.3

Denote the column vectors Goo(A)e 2 (With G as in (3.14)) by Hj 2(A) (respectively)
and the row vectors

{ ey 0w k<nm
k=

_ (C.1)
elTFO l(uk,nz) ny+1 <k <np+ns.

The explicit expression depends on which sector A¢’s, u;’s belong to, and can be read
off from (3.1). Consider the wedge of the first two columns of G;

H 7 0 1"
|:Ak res —1] A |:Ak res ——2 ] . (C2)
r=00 (A — )Lk) k=1 r=00 (A — Ak) k=1

Here and below, [...];_; denotes column vectors indexed by k. Depending on the parity
of n and using (A.11), (A.12), we have (the symbol x denotes a constant that eventually
drops out of the computation, hence irrelevant)

H; {e1+*e2n50m0d2,

Hy
res = res — = .
A=c0 A — A A=oc0 A —ie; n=1mod2,

H, e n=0mod?2,
res =r1es — =1 .
r=00 A — Ap  A=oc0 A ie; +xep n =1 mod?2.

(C.3)

Therefore, for any parity of n (up to an inessential sign), we have

H 1" H 7"
[Ak res —1] A [Ak res —2] =+ [(A) 1T A A0 -

r=o0 (A — Ar) fr=q r=00 (A — Ak) fr—y
(C.4)
Consider now the third and fourth columns: for the third one we have
MH " H " A—A)H "
|:Ak res —l] = [AkAk res —1] + [Ak res ﬂ}
r=00 (A — Ak) =1 r=00 (A — Ak) Jpoy r=o00 (A —AK) Jp—
H] n n
= [XkAk res —:| + [Ak res H1:| (C.5)
=00 A fp—q A=00 k=1
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and similarly for the fourth
AH. " H 1" "
Ay res 2 = | A\ Ay res =2 + | A res Hy . (C.6)
r=00 (A — Ak) Jpe A=o0 A i A=00 k=1

The last terms in (C.5), (C.6), respectively, are in the span on the first two columns
appearing in (C.4) and hence can be dropped. The first two term are in the span of

(A1) A D (A)215—; - (C7)

Proceeding this way by induction we arrive at

A L%J H>_ (r mod2) !
detG = A A L i C.8
© /\ k ks A €8)
r=1 k=1
To have more compact formua we denote fi := Aiy, (Ax + x) and g := Al (g + x),
where sy is the sector to which A (or uy) belongs as indicated in the statement of the

proposition and which follows from (3.1) and (C.1). Then, depending on the parity of
n, we have explicitly, for even n:

3 1
. (Z?il(%)‘/j”}‘?>* ’/11=1<
detG = (=2im)2e\ '

n n na
[fk £l 3 g x,sz’]
det , ., ];T]
[gk ol Juie u,zg,;}
k=1

and, for odd n,

31\ 3
det G = (~2im)* (Z’il(%A’?m’z>_z‘il<%“‘2”“‘2>>
(&) = (—4am €

N I R I I L
|:fk Bl el e fk]
k=1
|:gk 8kl [Mr™ 8k|My™ 8| Mg gk]
k=1

Using the differential equation for the Airy functions repeatedly (all fi, gx’s solve the
same Airy ODE), and further elementary (triangular) column operations, we see easily
that in all cases (up to an inessential sign) we obtain the formula (3.15). 0O
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