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Abstract: The goal of this article is to rederive the connection between the Painlevé 5
integrable system and the universal eigenvalues correlation functions of double-scaled hermi-
tian matrix models, through the topological recursion method. More specifically we prove, to
all orders, that the WKB asymptotic expansions of the 7-function as well as of determinan-
tal formulas arising from the Painlevé 5 Lax pair are identical to the large N double scaling
asymptotic expansions of the partition function and correlation functions of any hermitian
matrix model around a regular point in the bulk. In other words, we rederive the “sine-law”
universal bulk asymptotic of large random matrices and provide an alternative perturbative
proof of universality in the bulk with only algebraic methods. Eventually we exhibit the first
orders of the series expansion up to O(N ).
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1 Introduction

We consider the standard hermitian matrix integrals given by the partition function:

NSV
Zn:/.../dMA(A)Fe PPN (1.1)

It is well known in the literature |24} [13] that the correlation functions in the bulk part of the
spectrum are closely related to Fredholm determinants given by the sine kernel. Moreover,
it is also well known that these Fredholm determinants can be rewritten with the use of
Painlevé transcendents. For example, the probability that no eigenvalues lie in an interval
I =10,] is connected to a solution of the o-form of the Painlevé 5 equation. In this article,



we plan to apply the topological recursion method, successfully applied for the Airy kernel
and Painlevé 2 case in [9], 3, [4] 5], to give a new proof of this relation. The general strategy
is the following:

1.

On the matrix model side, we define a partition function as the probability that no
eigenvalues lie in a given interval inside the bulk, and take its scaling limit for which
we write explicitly the spectral curve. Then, the topological recursion developed in
[18] gives a recursive way to write all correlation functions and the % expansion of the
partition function known as the symplectic invariants F@).

On the integrable system side, since the works Jimbo, Miwa and Sato [13, [14] we
know the Lax pair corresponding to the Painlevé 5 equation. Moreover, from the
works of [7], we know how to define correlation functions associated to any 2 x 2 Lax
pair by determinantal formulas. These determinantal formulas obey loop equations,
which imply, under some appropriate analytical assumptions, that their asymptotic
expansions can be computed by the topological recursion of [18], applied to the Lax
pair’s spectral curve.

. In both formalism (Lax pair and matrix model), we explain why quantities involved

(In7 or partition function) have a series expansion in the parameter 1 (connected to
on the matrix model side). On the integrable system side, this was already known for
the case of vanishing monodromy which is the case arising in this paper. On the matrix
model side, after scaling, we obtain a genus 0 curve for which the standard theory of
the topological recursion proves that the correlation functions have a series expansion
in most cases.

We check that the spectral curve of Painlevé 5 matches the one obtained from the scaling
limit of the gap probability. Then we validate the analytical assumptions needed for
matching the correlation functions built on the Lax pair to the one generated by the
topological recursion on the matrix model side (Cf. [6.4). We stress here that this
verification is essential since even if the correlation functions built by the topological
recursion on the spectral curve and the correlation functions built on the Lax pairs
are known to satisfy the loop equations, these loop equations have many solutions and
therefore one needs to validate several conditions in order to ensure that these two
sets of solutions are identical. At the technical level, verifying the three analytical
conditions (presented in appendix , and @ is far from being trivial and each of
them implies the use of sophisticated arguments about the underlying structure of the
integrable system.

. In the end we are able to conclude that correlation functions computed on both sides

(matrix model and Painlevé 5) must match to all orders. In other words, after iden-
tifying the spectral curves and the pole structure, we get uniqueness of the solutions
of the loop equations (satisfied in both cases) and thus we conclude that quantities on
both sides are identical to all orders. In this way, we reconnect the Painlevé 5 solution
to the scaling limit of matrix integral in a more direct way. It also complements similar
results obtained recently for the other known integrable cases: eigenvalues statistics
at the end of the distribution, merging of two intervals, etc. that were studied with a
similar method in [3| [4] 8, 9].



2 Reminder about universality in random matrices

It has been known for a while that the gap probability, i.e. the probability of finding no
eigenvalues of an hermitian random matrix in a given interval, is generically (i.e. local
statistics around a regular bulk point) connected to the Painlevé 5 integrable system. The
most classical way to present the results are the one presented in [24] which we will rapidly
review. Let us define &(s) the unique solution of the o-form of the Painlevé 5 equation:

(56)? +4(s6 — &) (s6 — 6+ (6)%) =0 (2.1)

s

with the behavior 5(s) ~ —=2 — (W)Z. Then one can define a so-called 7-function:

In7(s) = /OS @du (2.2)

u

from which one can deduce the gap probability of the interval [0, s] by:

B0, 5) = exp ( /0 b @du) (2.3)

u

In other words:
E5(0,5) = 7(ms) (2.4)

Since the variable involved in the 7 function is s but not directly s itself, it seems appropriate
to perform the change of variable s — *. Define 6(s) = 7 (ms) then ¢(s) is the unique solution
of the equation (we still denote with a dot the derivative relatively to s):

]- N X ~ X ~ 1
F<SU)2 +4(soc—0)(s6 — 0+ s

(6)*) =0 (2.5)

with a behavior at small s given by &(s) ~ T8 = s?. Defining 7(s) the corresponding
s—

T-function associated to this solution by:
In#(s) = / o) g, (2.6)
0

we get that the gap probability is given by:
Ey(0,5) = #(s) (2.7)

Hence, regarding normalization for the gap probability, we find more convenient to use the
representation ([2.5)) of the o-form of the Painlevé 5 equation for which we shall present in
the next section a standard Lax pair.

3 Painlevé 5 side

In this section, we review the general formalism corresponding to the Painlevé 5 equation.
Our case will cover a generalized version of Painlevé 5 with the addition of a natural small
parameter —mh that will be matched later with the % parameter arising in matrix models.
Of course, one can easily recover the standard case of Painlevé 5 usually presented in the
literature by taking h = —7—1r. Note here that the factor —= is purely conventional and is
introduced here only to recover the same normalization introduced in the previous section.
Our presentation here will mainly follow the one of N. Joshi, A. V. Kitaev, and P. A. Treharne
in their paper “On the Linearization of the Painlevé ITI-VI Equations and Reductions of the

Three-Wave Resonant System” [I], although our goal is different from their.

3



3.1 The Painlevé 5 Lax system
Jimbo-Miwa-Sato-Ueno in [13], [14] give the following 2 x 2 Lax pair:

3\11 . t AO Al def
—Whaa—é(t,g) = <503 + 1? + = 1) ‘I’H<t7f) = D(t,§)¥(t,¢€)
—rh (€)= (g" i (AO A ?”"3» U(t, ) ©R(L (L)

with o3 the diagonal Pauli matrix and

(24l —u(z+60)\ |, —z — fodl= uy (z 4 fo=ltt=)
= (1 TIR) - () e ) 6o

where z = 2(t), u = u(t) and y = y(t) are functions of the time ¢, whereas 6; are constant
monodromy parameters:

92 02
2 2
In other words:
5 + Z+%90 — Z+%90+%0°" _u(2+6o) + uy(2+%90—%91+%900)
P = ‘ . ¢ £-1 3.4
- L0t 01+ ) 1 L (3.4)
2z #500+501+5 0 ¢t zt360 n 241 00+1 0o
ug (6—1)uy 3 ¢ =
and
S __u(z+60) + uy(z+%90,%91+%900)
R(t, &) = 2 ; : Ny
oo : _ zhgloty ity € (3.5)
E o tuy _5

It can be proved (See for example Appendix A of [I]) that the compatibility equation of

ED is

OD(t,§) L IR(t,€)
—T (h T —h o€

which gives the differential system:

) ~ [R(4,€),D(t,€) (3.6)

dy 2 90—91+900 390+91+900
—rht— = ty—2z(y—17%—(y—1 -
mht— y—22(y—-1)7—(y—1) 5 Y 5

dz . 90—01+000 1 90+01+600
—Wht% = yz <z+#) §(Z+60> Z—i-#

_ﬂhtdlogu _ _22_90+y Z+90—91+900 _'_1 Z+90+61+900
dt 2 Y 2
(3.7)

In order to derive the Painlevé 5 differential equation, it is standard to introduce the function

o(t):

B — 01 + Osc 0 0o + 01 + Oos
o(t) = =222 — 2(200 4000 +1) + 12 <z—|— e s )+(2+ 0) (z+%> (3.8)

2 Y 2
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A straightforward computation shows that it satisfies the important relation:

(1) = —=(t)

(3.9)

We note here that there exists also another way to introduce the o(t) function by using the
description of the Painlevé system as a 3 x 3 matrix differential system. This approach is
developed in details in [I] and we refer the interested reader to the article and its appendices.
In the perspective of the recent development of S-ensembles it may also appear that the 3 x 3

matrix systems are more natural than the 2 x 2 Lax pair.
Using the second equation of (3.7) we get:

{ —hto + (0 +2(6)? — (200 + 0 + 1) 5) = % (6 — 0p) (6 — Gotfutbs)

—7hts — (0 +2(6)? — (200 + O + 1) 6) = —2yo (6 — L=lutl=)

Multiplying the last two equations together leads to the o-form of a Painlevé 5 (with the
additional i parameter):

— (wht&)? + (0 +2(6)* — (200 + boc + 1)5)" =

40(0 — 90) (0‘ —_ %) (0- _ 904"9;4’900) (310)

We note here that this 2 x 2 Lax pair has the advantage to be more directly useful in the
correspondence of integrable systems and matrix models. However, for some computations,
it is sometimes easier to use the 3 x 3 formalism presented in [1].

3.2 Vanishing monodromies

In this article, we shall be interested in the case where all monodromies #; vanish:

This requirement will simplify most of the formulas but if one wants to study other quantities
than the gap probability, as for example a fixed proportion of eigenvalues, it will require the
use of the total Painlevé 5 system for the direct adaptation of our proof. This is the reason
why we kept the full Painlevé 5 system before specializing it to our case.

In that case, the Lax pair simplifies into:

t Z z uz uyz
Z + £ = e + ad- Aol
2 ¢ &1 13 -1
D(t,§) = ( 3 . .. . ) (3.12)
€ e el
and )
5 TEr Tt
R(t, &) = B . : (3.13)
tu  tuy 2

The Chazy equation for o(t) reduces to

—(mht5)? + (to — o) (t6 — 0 — 46%) =0

(3.14)
and the connection between o(t) and (y(t), z(¢)) (3.8) simplifies into:
2
o(t) = =222 — tz 4 y2? + = (3.15)
Y



3.3 Proper normalization to recover the standard universality for-
malism

So far we have used by simplicity the Lax pair given by Jimbo-Miwa-Sato-Ueno found in
[1]. Unfortunately, even in the case without monodromy, one can see that the normalization
chosen for the ¢(t) function is different from &(s) presented in from which universality
results like the gap probability and the correctly normalized 7-function are simply expressed.
However it is quite simple to observe that the two differential equations and are
essentially the same and linked through the correspondence:

1t 1 1
et t = —, 5 g — s h = —— 316
s=at= g(s)=o (as) - (3.16)
Indeed, we observe by homogeneity that t<£o(t) = s£5(s) and t2%0(t) = 52%&(3) thus the

only modified terms are the coefficient in front of ¢(¢)? changing from —4 to —4a? and also
the coefficient in front of 2 (5(¢))* which is also multiplied by a?. Taking o = ;- gives the

coefficient in front of 52 to be % as wanted. The coefficient in front of *G(t) then becomes

%L and hence multiplying by 4 we recover the standard form given in ({2.5)). Hence with this

rescaling we find that saying that o(t) satisfies (3.14)) is completely equivalent to saying that

o (s) satisfies ([2.5)):
N PS A A ~ 1 S
P(SO)Q +4(s6 —0)(s6 — + F(U)Q) =0 (3.17)
We stress again that the —m coefficient in front of A is only a matter of normalization that
can be easily handled with simple multiplicative renormalization of time and functions in all

formalism (matrix models, Lax pair and differential equation).

3.4 Spectral curve arising in the Painlevé 5 formalism

With the help of the Lax Pair , we can apply standard results between matrix models
and integrable systems. Indeed it has been shown in [7] how to construct the spectral curve,
correlation functions and the 7-function when dealing with a 2 x 2 Lax pair like coming
from integrable systems. We also remark that this work have been recently generalized
for any d x d Lax pair in [29]. The spectral curve is defined as the limiting (when A — 0)
characteristic polynomial of the —%D(t, ¢) matrix (the factor —% is present since the spectral

curve is defined throughout the system h%—?(t,f) = D(t,&)W(t, &) with D(t,£) = —%D(t,é")):

™

1
Spectral Curve: lllirr(l] det(Y I, — (——) D) =0 (3.18)
—

A straightforward computation gives the following characteristic polynomial (without
taking the limit & — 0):

o ey ag o
e e—1e e Tema

7Y% =y +

(3.19)

with coefficients given by:

t2
[67)) = —IZ
aq = —19(2)



1
[6%) = ——09%

0 0 Oy + 01 + 0
ay = —(z+§>(t+2z+90+9m)+&yo>(z+%)
( 90—91+900)
oy (2 2
t 0 Oy — 01 + O
Oy = (224-90‘1‘900)(24—54-50)—3/2(2+%>
_(2+‘90)(z+90+91+9m)
Y 2

(3.20)

It is worth mentioning that the function as + a4 satisfies the following identity:

7

s+ ay = ?’ot (3.21)
When all monodromies are vanishing 6, = 6, = 6, = 0 the spectral curve greatly

simplifies into (using (3.15])):

2 (¢2 a(t)
1T T 1EE-1) |
As presented earlier, the normalization used in the Lax pair is not directly suitable to get
the universality results arising in matrix model and therefore we need to apply the change of

variables (3.16)). It leads to the spectral curve:

m2Y? = —

a(s) o(s) s262 — 5% — L6(s)

P RE-1) T fE-1)

(3.23)

In the next section we shall see that the spectral curve of a double-scaled hermitian matrix
model always matches with this curve.

3.4.1 Expansion at h =0

In this paper we consider the asymptotic expansion in A of the o(¢) function (solution of
(3.14) that directly follows from the existence of an asymptotic expansion at large ¢ of the
h = 1 Painlevé 5 system proven in [13] and the scaling argument presented later in section
B.42] In a weaker sense, one could also simply consider a formal series expansion in .
Anyway, a straightforward computation shows that the only non-trivial case (i.e. we want to
avoid linear solution o(t) = at+ (3 that always exists) corresponds to the following expansion:

o
o(t) &t Z 2 oy 2R 22k (3.24)
k=0
We stress here that since the differential equation ([3.14)) only involves A% but not directly
h we automatically get the existence of an asymptotic series in A2 rather than A. Inserting
the series expansion into the differential equation gives the following recursion:

1 1
oy = — o1 = — 0'2:1,0'3:40,0'4:4]_92



k—1
op = 162 2 —2j)(1 = 25)(4 +2j — 2k)(3+ 2j — 2k)o;04 ;1

Jj=

k 1
162 (20 — 1)(1 — 2k + 2i)0;04—;

—64 Z D (2 25)(2 - 20+ 25) (1 — 2k + 20)0504_ 0k
i=1 j=0

(3.25)

In particular, we observe that this recursive form implies that V& > 2 : o0 is an integer
which is not trivial from the differential equation. This surprising fact may have some
interests in combinatorics as it is often the case with matrix models but so far we do not
have any real application in relation with this observation. The proof of is presented
in appendix . From these results and the correspondence it is easy to deduce the
asymptotic expansion of &(s):

= —7T2 N 1 (25)> 7R = —r? f — —h2 + h—4 + O(R%) (3.26)
4 4 452

3.4.2 Time rescaling and alternative interpretation of A

Another interpretation or natural way to introduce the h factor in the Lax system is to
observe the following: if we define:

cosnsnan (bl 1 () () (9)
Ut = \I/(%g)

(3.27)

then it is straightforward to observe that the Lax equations satisfied by \T/(t,ﬁ) are h-
independent:

ov t Ay Ay
_ﬂa_g(t’g) = <§O'3+?+£_ 1
_W%_f(t,g) = (gag + % (flo + Ay + %@)) W (t,€)
(3.28)

with the matrices Ay and A; identical to Ay and A; except that all function z,y, u have to
be changed for their tilde counterpart. Consequently, the Painlevé 5 equation satisfied by &
also becomes A-invariant (and recover the more standard one):

— (nt6)” + (6— +2(5)% — (200 + 00 + t)&>2 =



T . O+ 0, +90
45(5 — 6p) (5_%—'—‘”> (5—_%) (3.29)

thus ensuring also that Z, y and u are h-invariant too.

In the case of vanishing monodromies, the previous observation has important conse-
quences regarding the asymptotic expansions of both o(¢) and ¥(¢,¢€) (and consequently
y(t), z(t) and u(t)). Indeed, from the previous remark, we observe that the i asymptotic ex-
pansion of these functions can be recast in a large ¢t expansion for the tilde functions. Since
both times are connected through ¢ = %, then we immediately get the following theorem:

The existence of a h asymptotic series for quantities arising in the A Lax

pair formalism is equivalent to the existence of a % asymptotic series for the

corresponding quantities arising in the 7 = 1 Lax pair formalism.

o0
For example, the existence of an asymptotic series ¢(t) = ) =5 is equivalent to o(t) =
k=0

oo
S" eph?¥ 272k with the same numbers ¢,. As mentioned earlier since the existence of a series
k=0
expansion at large ¢ has been proved in the h = 1 Lax pair [13] [14], it automatically justifies

the existence of our series expansion (|3.24)).

3.5 The h expansion of the 7-function

From the existence of the h asymptotic expansion of the (s) function, we can deduce the
asymptotic expansion of the corresponding 7-function. With the introduction of the A pa-
rameter (and the corresponding 7 factor attached to it), the definition of the 7-function is
modified into:
s A

m2h*log 7(s) = / #du & a(s) = h27r28diilog 7(s) (3.30)
Note that the 7 function is only defined up to a multiplicative constant (as usual in inte-
grable system) which corresponds to choosing the lower bound of the integral in the previous
equation. We therefore take term by term integrals discarding the undefined coefficients in
accordance to the expected singular behavior at s = 0 corresponding to the merging of the
two edges of the gap interval. Therefore log7(s) has an asymptotic expansion of the form:

log 7(s) € 7i(s)h? 2 (3.31)
k=0
with
(28)27216
Vk#1 : 7(s) = (_1)k*1mak and 71(s) =o1lns (3.32)
The first orders are:
52 1 h? 5h* 131h°  6375R8
log#(s) = ——— + ~Ins + —— — - _ Bl
087(s) = —gm T st gz Tga T o 1 T O 3.39

The purpose of the article is to prove using the topological recursion that this 7-function
has the same asymptotic expansion (to all orders) as the one naturally occurring in matrix
models.



4 Matrix models side

4.1 Gap probability

Consider a N x N hermitian random matrix M with a probability law given by a Boltzmann
weight with a potential V' (x), which we assume polynomial and bounded from below, i.e.:

1
dp(M) = — dM e T TV (4.1)

where
Z:/ dM e~ T TV (4.2)
Hy

The induced law for the eigenvalues of M is obtained by diagonalizing
M=UAU'

where U € U(N) and A = diag(A1, Ag, ..., Ax). One gets (see [24]):

1 N
dp(A) = AN JJe ™V dx, (4.3)

—_

~

with the Vandermonde determinant:

and v
Z—/ A2 TTe TV gy,
- (A) l}

The gap probability is the probability that there are no eigenvalues inside an interval
[0, x1] within the bulk of the limiting distribution. In the matrix models terminology, this
is called having “hard edges” at xg and x, i.e. an integration contour for eigenvalues which
ends at a point where the measure is normally not vanishing. In other words, it is given by:

2 o v
f(R\[Io,rl])N A()\) Zl;lle . VA

(4.4)

p2($0,$1) =

N

Jox A2 T[TV ),
=1

4.2 Notations and loop equations

Loop equations for matrix models with hard edges have been developed in [25].They consist
in finding algebraic relations between the following expectation values:

Wp(zy, .. ap) = <Zx1—1)\imxp_1)"'>

10




Viz) = V'(Ny) 1 1
P (x1,29,...,7 = :
p( 1 2 P) <217Z;p I‘l — )\il I‘Q — )\ig Ip - )\ip
(4.5)

Wi (z) is the expectation value of the resolvent, also called one-point function, it is the Stieljes
transform of the density of eigenvalues:

W (2) = / d dp(2) (4.6)

r—z

c

where

= <ZN: d(z — )\Z)> dz. (4.7)

The functions W,(z1, ..., z,) are called p-point connected correlation functions (the sub-
script < . >, means cumulant).

The function P, is defined only for technical intermediate purposes, it has the property
to be a polynomial function of its first argument. Loop equations are traditionally obtained
from integration by parts but in the case of hard edges this method is tricky since we have

)> A possible

way to avoid those terms which we develop here is to properly adapt the numerator of the
previous quantity so that the boundary terms vanish. We get:

0 $0—)\i fﬂl—)\i 9 A
0 = Z/R\[Iom] Nox <( xz(/\l ) H(Ak—)\j) He e ))

to get into account the boundary contributions if we compute <Z I (z X

_ 2 TTe-2vow (2o — Ai) (1 — Ni)
Z/R\[mo o 1--.dAN g()\k Aj) 1;[ ( (@ = N)?
2(zo — A1 —Ni) N V() (w0 — Ni)(x1 — Ni) | 2N — 20 — 13
; (7 — )0y — )\) T Py Ay )

(4.8)

Using the decomposition (zg — \;)(x1 — \;) = (x — zo)(x — 1) + (xo + 71 — 22) (x — \;) +
(x — ;)% we get (see [25]):

Wi(z)” + Wa(w, ) = %V/(x)wl(x) - %H(x)
: 2N T r—x9— 1)V’
(z — mo)(x — 1) (N 7 < T+ o — x1)V'(M) >> (4.9)

Notice that without hard edges we would have < TrV/(M) >= 0 by translation invariance of
the eigenvalues, and < Tr MV'(M) >= NT by dilatation invariance, which are both broken
by the presence of two hard edges.

4.3 Large N topological expansion

Let us assume that our matrix model has a large N expansion, i.e. all correlation functions
have a 2 expansion of the form:

Wi(z) = f: (g)”g W9 (z) (4.10)



o] N 2—2g—p
UACTHESEDS (T) W (zr,. .., xp). (4.11)

00 N 2—2g—p
Py(z1,...,2p) = Z (T) ng)(xl,...,xp). (4.12)

o] N 2—2g
InZ = <T> F9 (4.13)
g=0

where the coefficients Wég) and F9 are functionals of the potential V(z) and functions of
o and ;.

This assumption has been proved to hold for many potentials (typically convex potentials
V(z), but also more general cases) [19 20} 21, 27, 28], and is also known to be wrong for
some potentials (typically potentials with several wells), where the correlation functions have
oscillatory behaviors at large N [15] [16, 2§].

Here, we shall not debate on the specific conditions required to obtain the existence of
such an expansion, we shall assume directly that our matrix potentiel is taken so that such
an expansion exists.

4.4 Getting the spectral curve and the double-scaling limit

The spectral curve is defined as the leading order, of the first loop equation and is classically
presented with the function, Y (z) = Wl(o) (x) — VT(I) The spectral curve is thus:

Qo a1

V/Q(x) (0)
=——=—P
4 1 (x)+x—xo+x—m1

Y2(z) (4.14)

where ag and a; are coefficients to be determined with additional considerations. In fact a
close analysis shows that they are formally expressed as:

—1+]\}i£?)o< 7 < Tr (MV'(M)) > —xlj\}ﬁoﬁ < Tr (VI(M)) >

Qo =
1 — 2o
) _ 1—]\}1_r>r(1)o<ﬁ< Tr(MV’(M))>+$0A}1_I>HOOﬁ< Tr (V/(M)) >
! 1 — o
(4.15)
leading in particular to:
_ ! li ! < Tr (V/(M)) > (4.16)
Gota=r Ny < ‘

We observe that when xy — x; the hard edges disappear, and the spectral curve should
be Y?(z) = # — P(x), i.e. we expect the coefficients ap and a; to be vanishing in the
limit g — x1.We shall make the assumption that they vanish linearly in O(xy — x;) which is
coherent with the fact that + < Tr (V'(M)) > is expected to vanish linearly when xq — ;.
It also corresponds to the standard double scaling limit in the bulk for which we expect
universality.

12



We want to study a double scaling limit around z(. It means that we should shrink the
gap interval [zg, x1] simultaneously with the increase of N. Therefore we need to introduce
the following scaling:

z(8)

1 — Zo

+ &(x1 — 20)

2] &

N — o0, zg fixed (4.17)

This scaling limit corresponds to focusing around the point xyg when N goes to infinity and
thus to recover universality which is known only to apply for local statistics around a fixed
point (here a regular bulk point) of the limiting eigenvalues density. Concretely, it transforms
the global variable = to the local variable £. The parameter s introduced in the scaling limit
controls the renormalized size of the gap of eigenvalues. This interpretation makes it
obvious that it should be trivially related to the time parameter ¢ arising in the Painlevé 5
formalism. Eventually, we remind the reader that standard results regarding universality in
the bulk (as the gap probability presented in section [2)) are expressed with the requirement
that the density of eigenvalues is taken at a normalized point (density set to 1). Here we deal
with the spectral curve that also has to be normalized properly. In our case, it corresponds
to defining y(§) as the following rescaling:

Y(z)
Y (o)

V/(QZQ)Q

dr = %y(ﬁ)df with Y (z0) = — P(x0) (4.18)

Y (xg) is required to normalize properly the spectral curve and thus set the density at zq to 1.
The function P(xzq) is the corresponding value of Pl(o)(a:) when the hard edges are removed
(i.e. Y(xo) defines the spectral curve for the limiting curve without hard edges). Since we
have assumed that xq is a regular bulk point, then p(z¢) > 0, i.e. 17(3:0) # (0 ensuring that
the former definition makes sense. To sum up, we have detailed here how to pass from global
variables (z,Y) (for which the relation Y'(x) = 0 describe the global spectral curve, hence the
global eigenvalues distribution) to local (focused around a regular bulk point x) variables
(&,y) corresponding to the double scaling limit around xy. The local (double-scaled) spectral
curve is then obtained by the N — oo limit of in the local variables. We find:

(4.19)

which is exactly of the same form as the spectral curve arising on the Painlevé 5 side
with the identification t = s. From [I§], we know that the topological recursion commutes
with such limit and therefore we expect the asymptotic expansion of the limiting partition
function (which is known to be the 7-function) to be given by the free energies (also called
symplectic invariants) £ of the curve . In other words, we expect:

F9(s) =%(s) VE> 0 (4.20)

where 75 (s) are given in (3.31). Moreover, the correlation functions W (x1,...,2,) are also

known to have a scaling limit and therefore will define double-scaled functions WY (SN
that can be computed with the topological recursion applied to the new spectral curve. These
functions will also be proved to match the ones built from the Lax pair presented earlier.

13



Note that so far, the matrix model analysis does not fully determine the spectral curve
since the constant by(s) and by (s) (coming from the scaling of ay and a; that were unknown
too) are not determined with the loop equations method. In order to do so, we need two
other conditions, naturally arising in the matrix models perspective that we discuss in the
next section.

4.5 The genus zero assumption

We shall now explain how to determine the parameters by(s) and by (s).

Classically in matrix models, the loop equations do not completely determine the spectral
curve and additional information must be inserted in order to do so. For convergent matrix
models, the use of potential theory gives a complete way to determine the whole spectral
curve as explained for example in [26]. However the method used there is tedious and even
if the limiting eigenvalue distribution is proved to exist and satisfy a variational problem,
finding explicitly the solution to this problem is in general quite involved. Fortunately, in
many cases some heuristic arguments give us some clear insights about what to be done and
in our present situation this can be carried on in full details. Indeed, in our case, we have
forced the absence of eigenvalues inside [zg, x1] by inserting two hard edges at x = xy and
x = x1. Classically, inserting hard edges in an hermitian matrix model forces the support of
the eigenvalues distribution to end at those hard edges. Since we have assumed that xg is a
regular point in the bulk, and because the rescaled ¢ variable zooms around z(, we expect
the cuts in the £ variable to extend from —oo to 0 and then from 1 to oo. In general inserting
hard edges in © = xg and x = x; does not necessarily mean that there will be no eigenvalues
inside [z, z1]. Therefore if we did not look at the gap probability, we would expect another
cut inside [0, 1] in the £ variable. This would mean that the function y*(£) described in (4.19)
should in general have two distinct zeros inside [0, 1]. But here, since we are dealing with the
gap probability, we have imposed the absence of eigenvalues inside [0, 1] by construction and
thus the only possible way to achieve this situation is the degenerate case happening when
the two inner roots collapse to a double zero. We illustrate the discussion with the following
picture:

Density of eigenvalues

with’hard edges Rescaled density of eigenvalues
(N, -~
2 fx, X b X 0 c 05 1 xi

k dgenvalues k eigenvalues

Gap probability Rescaled gap probability

y

a

1
i

us‘\ 1 e’
no eigenvalues

no eigenvalues

Fig.1: Rescaling around a regular point of the bulk in the case of hard edges with or without
imposing the gap condition
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Regarding the previous argument, we expect the matrix model rescaled spectral curve to
be of the form: ) )
s*(§ — a)

Y (§) = fE=1)

Moreover, if we want to avoid the tunnel effect between the two sides we need to impose
equilibrium of the chemical potentials on both sides. In matrix models, this leads to the
condition:

, a € [0,1] (4.21)

/0 y(€)dE = 0 (4.22)

Since y(§) is given by (4.21)), the symmetry of the integral only leads to one solution: a = %
and thus we get on the matrix model side the spectral curve:

s?2(¢—-1 2
i (&) = €-3)
§¢—1)
(4.23)
In particular, matching (4.23) with (3.23]) leads to the fact that the leading order of the &(s)
function must be given by 6¢(s) = —"5~ which is indeed the case.

Hence, we conclude that the two spectral curves arising from the matrix model
and the integrable system side match.

Note: In the end we observe that the spectral curve arising on the matrix model side is
1

symmetric about { = 5. Although we started from a possibly non-symmetric eigenvalues
distribution (there is a priori no reason that z, is a center of symmetry of the eigenvalues
distribution without hard edges), the double scaling limit focuses around xy so that in the
leading order, the general shape of the eigenvalue distribution has no influence on the local
spectral curve. This is not surprising since local statistics are expected to be universal and
using directly the knowledge of universality, we could have directly guessed that the spectral

curve had to be symmetric about £ = %

4.6 Parametrization in the Zhukovsky variable

In order to apply the topological recursion, we need to choose a proper parametrization of
the spectral curve around the branchpoints. Here the hyperelliptic equation defines
a genus zero Riemann surface with two sheets and therefore a global parametrization with
a variable living on C exists. The branchpoints are located at € = 0 and ¢ = 1 giving a
standard Zhukovsky parametrization (Cf. [23]) given by:

= bt

(4.24)

We will apply the topological recursion developed by in [18] to this curve in a following
section and we shall see that the symplectic invariants (@) match the series expansion of the
T-function arising from Painlevé 5.
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5 Topological recursion and invariants

In the previous section, we have been able to identify the spectral curves coming from the
matrix model problem and the spectral curve (as defined by [7]) arising in the Painlevé
5 Lax pair ([3.19). This tells us that the first correlation function Wl(o) (&) (from which y(&)
is directly defined) are the same on both sides. In this section, we want to prove that all
correlation functions are the same on both sides at any order (formally in powers of A or
%) Unfortunately, this result is not automatic even if the initial spectral curves are the
same. Indeed, the formalism developed on both sides to define correlation functions is quite
different: on the matrix model side, correlations functions W,Sg ) (&1, ..., &,) can be obtained by
the topological recursion as explained in [I8]. On the integrable system side, some correlation
functions can be defined with determinantal formulas as presented in [7]. In order to be sure
that both quantities match, we need to prove that a few technical conditions are realized. In
general, this is achieved by studying in details the pole structure on the integrable system
side in order to show that some possible unwanted poles do not arise in the formulas. The
key ingredient to get such results is to use the second equation of the Lax pair that so far
has not been fully used. This is what we will do here after reviewing rapidly the formalisms

on both sides.

5.1 The topological recursion of [18]

In [I8], was introduced a recursive way to construct the corresponding correlation functions
W and F©® from any spectral curve. In our case, the curve is of genus zero so that:

dfl ® d&o
(& — &)

Since the curve is of genus 0, there exists a global parametrization of the curve with the
introduction of the Zhukovsky variable given in (4.24). With this parametrization, the one-
form yd¢ is a meromorphic form in z and the branchpoints (zeros of df) are z = £1. Since
the curve is hyperelliptic, the conjugate point around the branchpoints are defined globally
and are obtained by z = % We define the following forms:

Wi (&1, &) = (5.1)

w(z) = %2 C;Z}/(Z))dé“(z)
B(z,7) = (Z'_—;Z/>2
K(zo,2) = % / " B(s, 2)ds zjig
o) = [ e
(5.2)
Then, the correlation functions are defined by recursion I = {z1,...,2,} and A = {a,b}:

’C(Zl, Z) -1 =
Wrsz-)l<zla"'7zn) = Z&sT(WéLﬁ-Q )<Z7Z’p1)

+Z Z |I \+1 z ZIl)VV\(I |+1)(2 ZI2)> (5.3)

m=0L1Uls=
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In particular, from the topological recursion, it is well known that the correlation functions
satisfy the loop equations and may only have poles at the branchpoints of the curve, i.e.
z = £+1. In fact, the structure of poles at the branchpoints is characteristic of the solution
of the loop equations. Indeed, it is known that although there are many possible solutions
of the loop equations, there is only a unique one with poles only at the branchpoints of the
spectral curve. For reasons that we will not develop here, these particular solutions are the
ones of interest in matrix models and thus appear naturally as the solution in the topological
recursion. In the same spirit we can also define the symplectic invariants as:

1
Vg>2, ﬂwzw#%:57?§jR%¢QWWWa (5.4)
— g wed zZ—ra;

They are invariant under any symplectic change of the spectral curve ((§,y) — (€,7) such
that d¢ A dy = dé A dg). In the next sections we will prove the following:

Theorem 5.1 The symplectic invariants F9 computed from the spectral curve obtained in
the double-scaling limit of an hermitian matriz model around a reqular point in the bulk are
identical to the series expansion of InT arising from the Painlevé 5 Lax pair (defined in

E)

5.2 Computation of the first orders of the topological recursion

In this section, we implement the topological recursion in order to get the first correlation
functions and free energies of the curve . In particular, we will find agreement with
m. The computation from can be carried out with a symbolic computation software
and thus we will only give our results there. We warn the reader that even with a symbolic
computation software, the computations rapidly become difficult and time consuming. In
order to have rational functions, we use the Zhukovsky parametrization:

1 1 1
&(z) = B + 1 (Z + ;)
o s(2+1)
y(z) o1
(5.5)

Therefore, the fundamental differential is given by:

s(z%+1)
w(z) =y(z)dz(z) = ——=dz 5.6
() = y(e)da(z) = (56)
and the fundamental bi-differential that starts the recursion is (it is the same for every genus
Zero curve):

le dZ2
(21 — 22)?
Note that the spectral curve is a little singular from traditional genus 0 curves. Indeed, if
the x function is standard with two branchpoints at z = +1 and a conjugate local coordinate
given by z = %, the y function does not have simple zeros at those branchpoints but rather

some simple poles there. Fortunately, this does not affect the standard topological recursion

B(z1, 22) = W (21, 25) = (5.7)
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which can be carried out by the standard formulas developed in [I§]. The next step is to
compute the recursion kernel function KC(zp, z). We find:
K(z,2) (22 —1)22

w(z) (202 —1)(z = 20)(22 + 1)s

(5.8)

From there, the computation of the topological recursion can be performed by taking residues
at z = £1. We only mention here the results of the computation:

WOz, 2) = 0¥n>2
2
(1) . B (Z + 1)
Wiz = 2s(2%2 —1)2

2 (21, 22) 25%(z1 — 1)%(20 — 1)? " 25%(z1 + 1)%(22 + 1)2

(22 +1)(z* = 1122 + 1)

(2) _
W) = - 2s3(22 — 1)4
2 1 1
— _ 2
3 (21,22, 2) ﬁ(@—nmqu%—mﬂwa+muﬁqm@+m)
W) = (22 +1)(52® — 472° + 3092* — 4722 + 5)
1 55(22 _ 1)6
12 1 1
W (2, ... - =
i e 2) &(@—nz“@—ana+n%4a+w)
(4) B (262212 — 284120 4+ 1575628 — 8147920 + 157562* — 284122 + 262)
Witz = - 257(22 —1)8
96 1 1
Wi (z, .., = = +
5 (#1000 25) @(@—nz”%—n2(a+wux%+w
(5) 5(22 + 1)28 8 -8 6 6 4 —4

—434810(22 + 272) + 1646095)
(5.9)

We computed all correlation functions necessary to get F©® we find:

1
F? = —_
852
F®) — =
85t
o 131
1256
1658

(5.10)

Specific computations (that can be adapted directly from [I§] in our case) also give the two
leading free energies:



1
FO _ 21
1 ns

(5.11)

that is to say that the 7-function associated to the matrix model has a formal series expansion
of the form:
> 2 2 4 6 8
InT = E F@Op2-2 _ _ 1 I 5h 1314 6575h

In _—— — Ko 12
Sh2 T 4 S 8s2  8st + 1256 1658 +O(RT) (5.12)

9=0

In other words, up to the fifth order we recover exactly the asymptotic series of
the 7-function arising from the Painlevé 5 side (3.31))

We shall see in the next section how to prove the identity to all orders using uniqueness
of the solution of the loop equations.

6 Determinantal formulas on the integrable system
side

In [7] is presented a natural way to build “correlation functions” from any 2 x 2 Lax pair.
Indeed, from any Lax pair of the form ({3.1)), they introduce:

S0 =299 = (4 1) vee, veo = (U G5 dertm =1
(6.1)

with a,b, ¢, d rational functions of € and a + d = 0 (Traceless form of the Lax pair). Then
one can define the Christoffel-Darboux kernel by:

U(t, )Pt &) — V(t, &)o(t, &)

K(&1, &) = " (6.2)
Then the correlations functions are defined by:
Wi(€) = lim K (&, &) = v/(t,€)0(t,€) = v (t,©)¢/(1,€) (63)
and recursively:
On, -
Wallr, .. &) = =+ ()M Y T K &) (6.4)

(& - &)

T cycles i=1

The authors are able to show that these functions satisfy some loop equations similar to the
ones found in matrix models (L =&, ...,&,):

—P(GL) = W& 6 L)+ Y Wi (&) Wi (6 L\ J)
JCL
~ d Wal&, L\ {&}) - W(& L\ {&))
Zd@ £-¢
(6.5)

with P,,1(&; L) a rational function in & with possible poles only at the poles of a,b ¢ with
degree at most max(deg(a), deg(b), deg(c)) —2. Then, in the case where the Lax pair depends
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on some small parameter (in our case i), they also prove that under the assumption that the
correlation functions have a series expansion in this small parameter, then one can break
into the usual standard loop equations arising in matrix models. In particular, the natural
spectral curve arising is the one that we introduced earlier: the limit of the characteristic
polynomial of D when the small parameter tends to 0. One could think that since the
correlation functions satisfy the loop equations, then applying the topological recursion to
the limiting spectral curve should reconstruct every correlation function defined by .
Unfortunately, this is not always the case because the loop equations may have several (and
usually many) solutions. Thus one needs some sufficient criteria in order to ensure that the
correlation functions obtained from the topological recursion of [I§] applied to the limiting
curve (which by definition are the one we construct on the matrix model side of the problem)
will be the same as the one obtained from the determinantal formulas . In other words,
are there some additional criteria to ensure that the loop equations have a unique solution?
The paper [7] answers positively to the question and give us some sufficient criteria to ensure
uniqueness:

Hypothesis 1: If we denote by A the “small” parameter, then the correlation functions
W,, defined by the determinantal formulas must have a series expansion at A = 0 of the form:

W, = WOpt-2 (6.6)

g=0
Hypothesis 2: Let }_Lin% det(Y — D) = 0 & Y? = E(t,€) be the limiting spectral curve.
- —

Then & — E(t,§) is algebraic and may have odd or even zeros. By construction, W will
possibly have branchcut singularities at odd zeros of E and possibly pole singularities at even
zeros of E. The second hypothesis consists in saying that W have no pole at even zeros of
E.

Hypothesis 3: We assume that the W, have fixed filling fractions, i.e.:

w9 =0 (6.7)
A;
for the homology cycles A; defined on the Riemann surface given by the limiting spectral
curve.
If the 3 hypotheses are satisfied we get the following theorem (proved by [7]):

Proposition 6.1 If the previous three hypotheses are satisfied then the functions W con-
structed by the determinantal formulas (6.4]) are identical to the correlation functions con-
structed through the topological recursion applied to the limiting spectral curve limy,_,o det(y —
D) = 0. The results also extend to InT which corresponds to the case n = 0.

Since we already know that the two spectral curves computed with each formalism are the
same, we only need to prove the validity of the three hypotheses to prove that the correlations
functions and 7-functions computed on both sides are identical.

6.1 Validation of hypothesis 3

Hypothesis 3 is obvious. Indeed, since the limiting spectral curve is of genus 0 (there is only
one cut) then the only filling fraction is automatically fixed and therefore hypothesis 3 is
empty and trivially verified.
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6.2 Validation of hypothesis 2

Validation of hypothesis 2 is more difficult. Indeed, we need to prove that the Lax pair wave
functions have no singularity at £ = % which is not obvious. Up to the rescaling t = —27%, the
problem can be directly studied through the Lax pair given earlier. The analysis is detailed
in appendix |B| where we prove the following:

Theorem 6.1 If we denote by:

P(t, &) = exp (Z wk(t,f)hk> = exp <Z ¢I;£§) hk> (6.8)

k=—1 k=-—1

the WKB expansion of the wave functions, then we have ¥_4(t,£) = ty(t,£). Moreover, the
only possible finite singularities involved in & — Yy (t, &) are located at & = 0,1. In particular

they are not singular at € = L. These results also apply to the three other wave functions

o6, B(E,€) and $(1E).

With the help of the previous theorem, it is easy to see that the kernel K(&;,&) will
have an asymptotic series expansion in A (the exponential part of the WKB expansion of the
wave functions cancels as proved in appendix [C]and the rest of exponential can be expanded
around i = 0) and that all orders will have no singularity at £ = % Thus, the determinantal

formulas (6.4) will lead to correlation functions W,, whose WY asymptotic expansion in A
have no singularities at ¢ = . Hence, as soon as theorem (6.1)) is proved, hypothesis 2 is

2
verified.

6.3 Validation of hypothesis 1

Hypothesis 1 is subtle and had sometimes been overlooked in some papers. In fact, from the
existence of an asymptotic expansion of the o(t) function, it is straightforward to see that the
determinantal formulas will lead to a h asymptotic expansion for W,,. However two crucial
points are still missing. The first one is the order of the leading order which is claimed to
be "2 for W,. Then the second one is the parity, i.e. that only even powers of A will be
involved (we have in the end an expansion in /A% and not ).

The justification of the parity in A is directly related to the following theorem:

Theorem 6.2 Let us denote:

Pt &) = Z Da(t, O = Z Yr(§)N

k=-1 k=-1 tk
oo oo k.
ot = Y anon=y 2T
k=-1 k=-—1
(€)= ) k(O =) ¢k§i)hk
k=-1 k=-1
o€ = D et OnF =D ¢k(ti)hk
k=-—1 k=—1
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the asymptotic series of our wave functions. Then we have:

Ot &) =h(—t,6) & VEk > —1: ¢(&) = (—1)" () (6.10)
and
b(t,€) = ¢(—t,&) & VEk > —1 1 (&) = (-1 éi(€) (6.11)
Moreover:
b1 (6) = da(8) and ¢-1(6) = 6-1(¢) (6.12)

The proof of this theorem as well as the connection with the parity of W, are given in appendix
. The proof uses the invariance t <+ —t as well as symmetry /antisymmetry arguments when
expanding the determinantal formulas.

Then, we also need to prove:

Theorem 6.3 The leading order of W, is:
W, = O(h"2). (6.13)

The proof of this theorem is given in appendix [D] The proof is based on the introduction of
a “loop insertion operator” which acting on W, gives W,,11:

O Wal1, ..o, 2n) = Woga (21, ..., T, Tnga) (6.14)

and we have to prove that d, adds a power of h. This is proved using the fact that R(¢, &) is
linear in &.

6.4 Conclusion and outlook
With the validation of the three hypotheses, we conclude with the following theorem:

Theorem 6.4 The correlation functions W) generated by the topological recursion
are identical to the determinantal formulas coming from the Lax pair . Moreover, the
symplectic invariants F9) computed by the topological recursion (that generates the logarithm
of the partition function of the matriz model) are generating the T function of Painlevé 5:

VE>0: 7(t) = F®(s) (6.15)

Hence, we recover here the standard bulk universality results directly from the topological
recursion of [I8] and determinantal formulas of [7]. In another words, we have just provided an
alternative proof of the universality in matrix models in the bulk through the loop equations
formalism.

Also, we have proved that the topological recursion and geometric invariants introduced
in [I8] can contain all universal limit laws of random matrices. It had been known for edge
universal laws, like Tracy-Widom and its Airy kernel in [7], but so far this was not known
for the bulk gap probability.

Eventually, this work opens the way to a generalization to higher dimensional Lax pair
and critical points of type (p, ¢) in matrix models [29, 8] that could be studied with the same
method. Additionally, on the integrable system side, one could think about using the same
approach on the other Painlevé equations. So far only Painlevé 2 and 5 have been treated
in details but a complete study of the other 4 equations may lead to interesting results. In
a more general context, the link between Painlevé 5 and the topological recursion applied
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to a simple spectral curve is typical of a mirror symmetry models. We believe that our
approach could be used to prove that the asymptotics of Jones polynomials are given by the
topological recursion of a simple curve (the associated A-polynomial). This problem is known
to be difficult and even if one can compute numerically the first orders on both sides and
observe that they match so far nobody has developed a way to prove this observation even
for at leading order (volume conjecture). Moreover, it is known that the Hitchin systems
underlying knot theory have a Lax pair formulation from Turaev-Reshetikin so that both
sides of the problem are similar to the case presented in this article. In this spirit, having a
proof for the case of Painlevé 5 or any other integrable system is helpful and is a small step
in this direction.
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A Recursion formula for the h expansion of the o-
function

In this appendix, we shall prove the recursion (3.25). We define:

o(t) = Z?TQkath_zkH% (A.1)

k=0

Therefore we find:

9] k
F(t)? =Y w2y (2 = 25)(1 — 25)(2 — 2k + 25)(1 — 2k + 2j)0j0h (A.2)

k=0 =0
le.
00 k—1
—mRCE()? = =Y AR C(2-25)(1-25) (4— 2k +25) (3— 2k +25)jon_j—1 (A.3)
k=1 =0

A straightforward computation also gives:

4(6(t))? +a(t) —to(t) = i e <(2k: —Dop+4> (2-2)(1—k+ j)o—jo—k_j>
o - (A4)
and

to(t) —o(t) = f’: B2k (1 — 2k)oy, (A.5)
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Inserting back these series expansion in A into the differential equation
—m 6% + (to — o) (to — o — 46%) = 0 (A.6)

leads to (Vk > 1):
D (2= 25)(1 = 2))(4 — 2k + 25)(3 — 2k + 24) 00515 =

> ((2@ —1)(1 — 2k 4 2i)0;006_; + 8 iu — )2 -2 +2))(1 -2k + 2¢)ajai_jak_i>

(A7)

Isolating o then gives (3.25)).

B  Singularities of the wave functions: Proof of theo-

rem (/6.1

t t
Let us denote the wave functions by ¥(t,£) = (19( &) o ’5)) In order to have compact

(L, €) o(t,¢)

notations for computations, we introduce the following definition (we dropped the factor —m
in front of A for simplification but of course it can be inserted back by redefining A — —nh
in what follows):

. a(t,f) B(tag)
DtE) = (ygt,@ vy
R(t, f) - (V(it) u—(tg))
Of  det /
def ¢
(B.1)

e §+(€)_§_% )2(t)
u(t)z(t w(t)y(t)z(t
6(t7§> = —()5 + (6)_1
z(t 2(t
V(€)= u(t)€ B u(t)y(t) (€ — 1)
ult) = _U@¥Q)+u@w@y@)
=) ()
v(t) (B_Q) u(t)t  u(t)y(t)t
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Moreover from ([3.7]), the asymptotic expansion of o(t) and the fact that z = —%a(t), it is
straightforward to see that the functions y(¢), u(t) and z(t) will have an asymptotic expansion
of the form:

2 t  2r* 16K° 251528
A= ZtQk—1h2k2_§+t_3+ 5+ +O0(Y)
k=0
= Yk 4ih  8h?  32hY  320R°
y(t) = t_khk:—l—7+t—2+t—4—t—5+0(h6)
k=0
d 2wy, i 2k 16ik3
il | _ Skg2k—1 v 4t 5
- logu(t) kzzof%h 7t T T O)
(B.3)

From there, it is easy to observe the following:

e a(t, ) has an asymptotic expansion of the form a = > a,h¥
k=0

37 has an asymptotic expansion in & starting at h° (because the u(t) function cancels)

e uv has an asymptotic expansion in & starting at h° (because the u(t) function cancels)

Since u(t) only depends on ¢ we have:

B (E-1P—yme -1 (B
5T D0 -1 %=1 +O(ﬁ)_(ﬁ>o+0<h>

When we get a t derivative, the situation is more complex:

p _ Uo
E = % + O(ﬁ)
1 - = —EO + O(h)
pt)v(t) = —— + O(F*) (B4)

16

Eventually, we will sometimes omit to write down explicitly the dependence regarding
the variables (¢, ). Moreover, we will denote with an index i the power of A involved in the
series expansion around i = 0 (for example 3; will be the term in A’ of the function 3(t,£)).

B.1 The detailed proof for v (t,¢)

With these notations, the characteristic equations of the Lax system are:

R = hQ%,@// - (iho/ — ihoz% +a?+ 67) ) (B.5)

and

. , .
2 = h2§¢ - (% o — zh%) " (B.6)
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From the general form of the characteristic equations, we can perform a WKB expansion in
h order to determine . Therefore we define:

Y(t,€) = exp (Z Uit zs)hk) (B.7)

where the functions 1, are independent of A. We can now determine the different functions
involved in the WKB expansion of 1.

Order h°: Using (B.5)), we find at order h°:

t2(26 — 1)?

(VL1 ()" = ~(ad + (910) = ~Jgere =gy = V') (B3)
and . >
(600.0) + St = -5+ o+ (B9

This result was expected since a3 + (7)o is the leading order of the characteristic polynomial
of D which by definition is given as the square of the spectral curve. The two equations are
compatible and give the following answer:

(B.10)

In a similar way (since ¢(t, &) satisfies the same characteristic equation as (¢, &) but with
the sign of ¢’ ,(¢,&) changed):

61(t,6) = = + SVEE- )

(B.11)

Order A': The next step is to look at order A for both characteristic equations. The first
one leads to:

200" = ="+, (F) — il + i (a%) + (& + By) (B.12)
0 0

The differential equation in ¢ becomes trivial and gives:
o =0 (B.13)

which indicates that 1y is independent of ¢t. The {-differential equation can be explicitly
solved and we find:

i) =~ hu(es D)+ 3 (¢~ 5+ VEE D)

(B.14)

In particular we see that the only £-dependent singularities are at € = 0,1 but that £ =
is regular. This result is rather non-trivial from (B.12)). Indeed, since ¥ _; has a simple zer

1
2
0
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at & = % we would expect ¢y, to have a simple pole there, thus giving a log singularity. But
it can be checked that the r.h.s. of (B.12)) has a simple zero at £ = 3 thus canceling the

possible singularity.

Conclusion: The function ¢ — vy({) may only have branchcut singularities at
& =0,1. In particular, it does not have singularities at & = %

Order A%: The t differential equation simplifies into:
1

P = —m (B.15)

and the ¢ differential equation is:

B B B

Solving both equations leads to:

20! 1 =~ — () + (—) o+ (ﬁ) w_l—maw(a@) (@ +67), (B16)
0 1 1

1

1(5,§) = —F——

Yi(t,€) TV D
(B.17)

Order A?: With the same method we find:
o (26-1)(28-1-2/5(E-1))

valh e = APEE 1)

(B.18)

In particular we observe that it vanishes linearly at £ = %

General order A™: The ¢-differential equation gives:

!/

n—2 n—2 ’
Wb = = et 3 (5 ) v ti(aF) @ mm
i=0 k=0 k n—1

B
(B.19)
which by induction gives ¥/, ;. We observe here that in order to get ¢/, _,, we must divide by
Y’ | which unfortunately has a simple zero at £ = % At least from general considerations, we
can exclude by induction all other singularities, but from the ¢-differential equation it is not
clear why 1,,_1 should not have any singularity at & = % In order to remove this potential
singularity, we can use the ¢ differential equation.

For the t differential equation. We get:

. n—2 n—2 . . .
i H) ) S (E) L n—g(ﬁ)
(@Dl (M | VYn—1 Yn— ;¢¢ 2 +;0 " kﬂb 2k — (uv) o \u).
(B.20)
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Since (ﬁ>71 = —% and from 0) ¥y = =—1 - L /E(E—1) we get:

n—2

—iVE(E = Dn1 = —thu- 2—2%% 2t (g)k%—%k—(#’/)n—% (E)n_1 (B.21)

o H

Therefore if we assume by induction that the ¥ (¢, £) for k& < n—2 do not have any singularity
at £ = , we see that since t,_; is regular at £ = % then the potential simple pole of ¢/
must have a constant residue (¢-independent). However, it is not enough to completely
remove constant (t-independent) simple poles at £ = % for which the ¢ differential equation
does not bring anything.

Using the explicit ¢-dependence: In section (B.22) we have seen how to rewrite the &
series expansion in a large t series expansion. In particular the general WKB form of (B.7))
shows that we should get the explicit t-dependence of the form:

(B.22)

This is of course compatible with our results for the first orders presented earlier in this
appendix. Moreover it is obvious that a solution like (3.4.2)) is correct in (B.21) since we
have:

D,

nlt) = G o (5) )= 25

(B.23)

where C,, and D,, are numbers. Indeed, the first identity comes from:

z(t) 1 L z(t)dlogu(t) ik h2k 1
— [ -2 t — | =th—L—= 7 —
; ( +y<>+y(t)) 2 dlosutt) _ i kz e Zuk

(B 24)
where we have used the expansion (B.3]) for logu(t) and z(t). The second identity also comes

from (B.3]) and the fact that:

() (t) =

L d 1z Y
) = —logu(t)— -+ 2+ —2—
u() 7 logu(t) I
> —1)z sz
o0 2k—1 > & tlZ)kkr Z kykhk
'Lbkh 1 k=1 1
= 1y 0m U 5o
Excluding the singularity at & = l. From the knowledge of the t-dependence of the
Ui (t, &) functions, we deduce from
n—2
Z(n - 1) V 5(5 - 1)1%—1(5) = _(n - 2)(” - 1 Q/Jn 2 Zl n—2—1 wz(£)¢n—2—z(€)
1=0
n—2
€D,
FY =2 D kl€) ~ G- B (B6)

B
Il

0
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which directly gives ,,_1(£) and not only its time derivative. Since we only have to divide
by i(n—1)4y/&(€ — 1) which is regular at f , we get by induction that ¢, 1(£) do not have
any singularity at £ = % In fact from 1t is obvious to show by induction that (&)
will only have singularities at € € {0, 1}. This ends the proof of theorem for 1 (t,€).

B.2 Adaptation of the proof for the other wave functions

The previous proof can directly be adapted for the other wave functions ¢, ¢ and ¢. Indeed,
the characteristic equations and are the same for ¢(¢,¢) and the proof is identical
to the previous one. The only change for &(t,f) is that we must choose the other sign of
the spectral curve: zﬁ,l(t,g) = —1_4(t,¢) and qg,l(t,f) = —¢_1(t,£). The rest of the proof

remains identical.

C Proof of theorem (6.2

We want to prove . In order to do that, we will use the invariance under the transfor-
mation ¢ — —t. We W111 only detail here the relation between 1(—t,¢) and @(t,€) since the
second one between 9)(t, &) and ¢(—t, &) can be immediately adapted from this one. Let’s
observe first that (¢, €) and ¢(t, &) are solutions of the characteristic equations:

RV hQ%/@// - <iﬁo/ — @'ha%/ +a® + Bv) (0
h%ﬁ — hz/% . (é: —|—,UV — Zhgfb) w
(C.1)
and
hz(gu — ;fzqﬁ — [ —iha/ —i—zhozv +a? +5’7)¢
o = 712;@5 - (52 + o +ih 5) ¢
(C.2)

From the invariance of the Chazy equation when ¢ — —t and the various connections
between all the functions we get:

o(—t) = ot
z(=t) = —z(t)
logu(—t) = —logu(t)
() =
’ y(t)
Oé(—t, 5) - —Oé(t, g)
(Wg)(_t) = g)/ﬂ/)(t)

ﬁﬁl(—t) = ;/(t)
- X
3t = " (t)



(C.3)

In order to avoid confusion with the derivatives, we will note in this section G(t,&) =
Y(—t,&). Therefore, we get that G(t,§) satisfy the same characteristic equations

as o(t, f) From the definition and result (B.10) we have G_i(t,&) = v_1(—t,§) =
i ) i 51/€(§ — 1) On the other side, the leading order projection of the characteristic equations

for ng leads to:

(¢.21.9) =200
(ba0.0) 36009 = -S4 +s (4

By definition of the matrix W(¢,&), we must choose é’_l(t,f’) = —' (t,&) = Zg(?gj)) Hence
the resolution of the two differential equations leads to:

ba(t6) = it /EE— 1)+ = G(6.6) (€5)

Therefore the leading orders of ¢ and G are the same. The rest of the proof follows by

induction us1ng recursion formulas similar to and (B.19)) adapted to our characteristic
equations ((C.2]) that are satisfied by both ) and G One can also use the uniqueness of the
solution of Second order linear differential equations like with prescribed leading order.
Anyway by induction it proves that:

B(L,€) = B(—4,6) S VE> —1 : = (—1)u (C.6)

Using similar arguments we also get:
V() = d(—1,6) & V> 1 : g = (-1)'ey (C7)
This proves [6.2]

Justification of the parity of the series expansion of W,,:
We explain here how we can use theorem in order to justify the form of the asymptotic
series of W, which is claimed to be:

Wal&r,....60) = ZVW (€1 E P22 (C8)

First note that we have (see (B.10]) and (| and -:

it it
¢—1(t7§) = _tE €(§ - 1) —tZ t
7 ) 7
o) = SVEE-1) - =—valt9 -3
bt = ;g -1 ftg =i (t,6)+ 5
bt = FVEE-D+7= vt
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Additionally, one can also check that:

w© = (€= 5+ VEE-D) - pl(ee- 1)+ g2+ g

2
czjo(S) = %m (5—%— 5(5—1)> —iln({(f—l))jL%an—{—m
Po(§) = do(§)
Po(§) = o(§) (C.10)
The constants here are chosen for convenience in order to fix det W = 1. Moreover, we

remind the reader that according to [7], the determinantal formulas are given by (6.4]). First

we observe that the result for Wi (&) = ¢/(¢,£)p(t, &) — (L, €)' (t,€) is obvious from (B.8)).
Moreover, a straightforward computation (using the det U(¢,£) = 1) gives:

Wal6n6) = e (V) — Gl () (000.6)9(. &) — (1. 6)0l1. )

— m <w(t,fl)&(t,£2> - ¢(75751)¢(ta52)>

CCANCAIERUCHANUCAS)
(C.11)

Since we get here a symmetric expression in ¢ then the series expansion may only involve
even powers of ¢ and as a consequence only even powers of .
Let’s now deal with the general case n > 2:

Walés, o) = (1" Y T K &) (C.12)

T cycles i=1

which gives for example:

W3<€17 §27 §3> = K(gla 52)K(£27 53)K(€37 gl) + K(fla 53)K(€37 52)K<€27 51) (Cl?))
We rewrite the WKB expansion of the (¢, £) functions as (using (C.9)):

Vo1 @ [ Uy (E)RF
Ut =T (Z +) )

k=0
—y_y(€)t— > k
ot €)= <kZ_O (D’“ﬁ)h)
- _1(e)t+ i X (_1)\F k
Jit,€) = 5 (kz_o CUOON )
5 —v_ (o) X 1\k hk
50,6 = =3 (Z< D) )

(C.14)

This rewriting is merely the expansion of the regular part of the former WKB expansion. We
find it more convenient for the following proof to use such expressions. The functions W (¢),
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(), ‘i’k(ﬁ) and @k(ﬁ) can be directly computed from the former (), ¢r(£), 1[%(5) and
ér(€) functions. Then we get:

K(€g) = e (i —K’“(&’&)hk) (C.15)

tk
k=0

with

Ki(&1,8) = ! (Z (1Y Wi(6)T5(6) — > (—1)j‘1’i(51)‘1)j(§2)> (C.16)

SIS Vit it+j=k

In particular we observe the following symmetry: Kj(&;,&;) is a symmetric function of
(&1,&) when k is odd and is an antisymmetric function of (£;,&) when £ is even.
This observation leads to the following ones:

e For each term of the sum over cycles in , the product of exponential terms
involved cancel. Indeed, each cycle uniquely involves each index in the first and second
variable of one K function and thus in the end they cancel. In particular this proves
that each term in the sum over cycles has an asymptotic series in A even if K(&;,&s)
does not.

e Let’s now look at a given W,,. Since in the sum we deal with a cyclic product of n
functions K (&, &) we get:

n k
15 &) ZGMI,..., Sl (©17)

i=1

with the following symmetry property: If n is odd then G} ; is an antisymmetric
function of (&;,...,§,) when k is even while it is a symmetric function of
(&,...,&) when k is odd. On the contrary, when n is even then Gy, is an
antisymmetric function of (£;,...,¢,) when k is odd while it is a symmetric
function of (£,...,&,) when k is even. Indeed, for a cycle 7, the symmetry of the
product only depends on how many functions of each type (symmetric or antisymmet-
ric) we multiply together.

From the last point, we see that when we sum over all cycles then all antisymmetric functions
Grr(&1,...,&) will add up to zero by symmetry. Therefore we get the expected result:
When n is odd, then the series expansion of W, exists and only involves odd

powers of i whereas when n is even, then the series expansion of W, exists and
only involves even powers of 7

We stress here that it is only the entire sum over cycles that exhibits a series expansion
in A% but that each term taken separately only has a series expansion in h. However our
reasoning does not explain so far why the leading order of the expansion should start at
h"=2. From what we said here, we only proved that it starts at A° or A! depending on the
parity of n.
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D Proof of theorem 6.3

So far, we have considered the Painlevé 5 Lax pair, with matrices D(t,¢) and R(t,£) having
simple poles at & = 0,1,00 with given (vanishing) monodromies, and satisfying the Lax
equation. The most general solution can be expressed, modulo a gauge transformation, as

and (@13)

Here, we are going to introduce an “insertion operator”, which does not preserve the
normalization of (3.12)) and (3.13]), det W(¢,£) = 1 condition, so we need to enlarge slightly
our framework, and we only assume that:

1
R(t,€) = §03+Ro( 0o Relt) =5 (fjgg _“p(’(fz)) | (D.1)
Similarly
D(t,€) = gag + A‘)g(t) 4 ?1_(? (D.2)
Following [7] we define the matrix:
M =069 (5 ) v (D.3)
It is a rank 1 projector:
M(t, &) = M(t, &) , TrM(tE =1 , detM(tE) =0. (D.4)
We shall write it: . L h
.o =g1a+g (o § i) 0
where det M (t,£) = 0 imposes
W2, €) = 1= f(t,&)g(t,€). (D.6)
It satisfies:
hat M(tvf) = [R(t7§)7M(t7§>] (D7>

1.e.

R = (x+pt)f(t,€) — ult)h(t,E)
hg(t,§) = —(z+p(t)g(t, &) + v(t)h(E,§)
)

=

hh(t,€) = 5 (u(t)g(t,€) —v(t)f(,€) (D.8)
It is easy to see that it has an h expansion:
k
MO =35 (e, (D.9)

Then, observe that a rewriting of the determinantal formulas can be done using only the
M (t, &) matrix for n > 2 (theorem 2.1 of [7]):

W&, &) = ()" T Y H§ M, & (D.10)

7 cyclic i=1 57— i+1)
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D.1 The insertion operator

Let us consider the Picard-Vessiot differential ring B generated by the entries of ¥(¢,&) a
well as their ¢ derivatives, over the field of rational functions C(¢) (constant in t). Also
consider the n-variable analog B,, of B generated by the entries of W(¢,&),...,V(¢,&,) as
well as their ¢ derivatives. And let B, = lim,,_,, B,, its projective limit.

We define the following derivation acting in B, in fact sending B,, into B,, ;.

Definition D.1 0, ., : B, = B,1 is a derivation (i.e. it satisfies Leibniz rule), defined by
1ts action on generators:
M(ta §n+1)
de, V(L&) = ———=
bt ( ) fz - §n+1
where we recall that f(t,&) = 2 M 5(t,§).

In order for this definition to make sense, i.e. for d¢ to be well defined, we need to check
that [(551, (552] = O, and that [55, 8t] =0.

For that purpose we first assume that ¢§ is well defined and we deduce:

f(tv fn-i—l) o3

&)+ 2u(t)

U(t, &) (D.11)

Lemma D.1 If ¢ is an insertion operator, we have

0K (&1, &) = —K(&,n)EK® &), (D.12)
_ (M, S,
(e = [+ gy ) (D13
_ (M) f) . M(@n)
0,D(§) = {5—77+2u(t) 3,19(5)] e (D.14)
b Indet W(E) = . (D.15)
577Wn<€17-~~7€n) = Wn+1(777§1,---7§n)- (D'16)

This last property justifies the name “insertion operator”: it sends W,, to W,,11.
Using this lemma, and in particular eq. (D.13)) we have

[M<ta77>7 M(tv€>]l,2 + f(tﬂ?) f(t75>

5f.6) = 2 T o (D7)
The condition [d¢, 0;] = 0 amounts to
(1) 2 ) o ] 1
i.e. using R(t,&) = £% + Ro(t), this defines 6, Ro(t) as
_ f(ta 77) g3 03 f( )
s,Roft) = oy (L0} 22 2 L0 ) — o) (D.19)

In particular

Gyua(t) =0 Gyr(t) —g(t,n)—f(t,n)%- , Oyp(t) = O, <f(t’n)> (D.20)

we see that the condition [d¢, d,,] = 0 amounts to verifying that:
f(ta 7)) f(tvg) 03 f(t,é) 03 f(tﬂl) 03 o
CGd) -G ) 5 -l 550 3]0 o

and one can easily check that this holds true. Therefore the insertion operator o is well
defined.
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D.2 Restriction to the sub ring generated by M and R

Let B, be the subring of B,, generated by the entries of f(¢,&;), g(t,&), h(t, &), i=1,...,n,
and p(t). And let B = lim,_ B, its projective limit. R R

We have seen in the previous paragraph, that the insertion operator sends B,, to B, 1. It
satisfies:

Lemma D.2 The operator ¢ : B, — Iﬁ%nH is well defined (in other words the algebra gener-
ated by p, f,g,h and § closes). When acting on generators of B,, it gives:

Oyu(t) = 0

5,f(1,6) = f“’?({)(tﬂ?)_ uéy . E)f(tﬂ?g - Z(m)f(t,f)

og(t, &) = —g(t’i)({)(t’n) + p(lt)Q hit. £)g (t’”g::;(tm)g(t,é“)

Syh(t,€) = 2u1(t)2 f(t,§)9(tﬂ7§:z(t,n)g(t,é) (0.22)

Our goal now, will be to prove that the right hand sides, are in fact O(h).

D.3 Proving the h"~? property

Define the following matrix C(t, ) € B

_ ; 4 () 0
S = iy ( 2h(t,) £t 5)) (D-23)
One can compute, using eq. (D.8):
(i) C(t,€) = ult) Td — 20() M+, €) + 27(, &) R(t,€) (D.24)
M(t,€) = %Id + f&’t ? R(£,€) — hC(t,€) (D.25)
Now let us compute
I R ]
[ fEm) _\03 . [Cm)
v Rt0) + (€ ) M(ffffi] n |G aree)
— 1 o ) 1]
- L (f(}t,a,M(ua)} h [gc?{]\jw]
o o 1] N ) 7]
- h N(t) R(t,f),C(t,f)] { 5_77 >M(t>£):|
(D.26)

This shows that 9, acting in ]ﬁ%oo, is proportional to h.

Hence from the last line of we see that adding a new variable in W,, for n > 2
lowers its leading order by at least one power of /. Since we know that W5(&1,&s) is of order
h°, we then conclude that the leading order of W, is at least of order h"~2 thus proving the
corresponding part of Hypothesis 1.
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