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Abstract

In this article, we study the large n asymptotic expansions of n x n Toeplitz deter-
minants whose symbols are indicator functions of unions of arc intervals of the unit
circle. In particular, we use a Hermitian matrix model reformulation of the problem
to provide a rigorous derivation of the general form of the large n expansion when
the symbol is an indicator function of either a single arc interval or several arc inter-
vals with a discrete rotational symmetry. Moreover, we prove that the coefficients in
the expansions can be reconstructed, up to some constants, from the Eynard—Orantin
topological recursion applied to some explicit spectral curves. In addition, when the
symbol is an indicator function of a single arc interval, we provide the corresponding
normalizing constants using a Selberg integral and thus we obtain a generalization of
Widom’s result.
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1 Introduction: general setting and several reformulations of the
problem

1.1 General setting

In this article, we are interested in the computation of Toeplitz integrals of the form:

6, |2

810], — ¢

(1.1
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where 7 is a union of d (d > 1) intervals in [—m, 7 ]:

d
T=J[e;. Bj] with - <a; <Bj <7 (1.2)
j=1

Note that in the case of a full support Z = [—m, 7] it is well known that (see [1]):
Zy([—m, 7)) =1 (1.3)

Thus, in the rest of the article, we assume that Z # [ — w,x]. Since the integral
is obviously invariant under a global angular translation (@ +— 6 — Cste 1), we may
assume that no interval ([ocj, ﬂj])lfj5 4 contains . Integrals of type (1.1) can
also be understood as the partition functions of a gas of particles restricted to the
set 7= {e'’, t € I} with interactions given by [, <p<q<n |e'0r — &% |2. Moreover,
it is also well known that integrals of type (1.1) are Toeplitz integrals that can be
reformulated as the determinant of a n x n Toeplitz matrix with a non-vanishing
symbol (defined below) on some arc intervals of the unit circle. Asymptotic expansions
of Toeplitz determinants and integrals of the form (1.1) have been studied for a long
time, and many results already exist in the literature using different strategies. For
example, studies using orthogonal polynomials on the unit circle, properties of powers
of random unitary matrices, Fredholm determinants, Riemann—Hilbert problems, etc.,
have been used to tackle the problem. A non-exhaustive list of articles on the subject
is [2-15].

The purpose of this article is to provide a rigorous large n expansion of Toeplitz
integrals of the form (1.1) to all order in % using the Eynard—Orantin topological
recursion defined in [16]. In particular, we shall prove the following results:

e A complete large n expansion when the support is restricted to only one interval
(i.e.,d = 1) in Sect. 2.
e Resultsupto O (1) when the supportis composed of d = 2r+1 > 3 intervals of the

2rj _  me 2 j . _ .
2+ m,m-{- :IWlth r§]§rand0<e<l

form [a, B;] =
in Sect. 3.3.
e Results up to O(1) when the support is composed of d = 2s > 2 intervals of

e
2r+1

s 2s s

i1 i1
the form [e;, B;] = [ﬂ(/ 2) -z n('/ 2) + %} with —(s — 1) < j < s and

0 < € < 11in Sect. 3.6.

The strategy used in this article is to reformulate the Toeplitz integrals in terms
of some Hermitian matrix integrals (with some restrictions on the eigenvalues sup-
port). Then we compute the associated spectral curve and the corresponding limiting
eigenvalues density. Using the theory developed in [17-19], we are able to rigorously
prove the general form of the large n expansions of the correlators and of the parti-
tion function, as well as relate them with quantities computed from the topological
recursion. In the case of a single interval, we finally use a Selberg integral to fix the
normalization issues of the partition function and thus provide the complete large n
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Asymptotic expansions of some Toeplitz determinants via... 213

expansion of the Toeplitz integrals. We eventually compare our theoretical predictions
with numeric simulations performed on the Toeplitz determinant reformulation (which

is very convenient for numeric computations) up to o (n%)

1.2 Various reformulations of the problem

There are several useful rewritings of the integral (1.1). We list them in the following
theorem:

Lemma 1.1 (Various reformulations of the problem) Defining 7 = Uj{: laj, Bj1 C

(=7, 7), T= U‘;:l {ei’ . 1€ [aj, ﬁj]} and J = U?Zl[tan % tan %], the following
quantities are equal to each other:

1. A Toeplitz integral with symbol f = 11:

1 " . . 2
Zy(D) = ﬁ/ do; ...do, (l_[ f(e’g")) 1_[ e — ¢%
@m)tnl Sz ay k=1 l<p<q<n
1 / 0 o 12
= —— [ a6...a6, T[] ‘e’ p — et (1.4)
! Jm
Q2m)tn! Jp L<p<qsn
2. The determinant of a n x n Toeplitz matrix:
Z (I)_det( pq_tp 4)1<pq<n (15)
with discrete Fourier coefficients given by:
d
1 III
Iy = 2_ X_: ,B] - (x]) =
1 &t k(B —a))
= E}Z_;e (B — o) sine ——5 Yk #£0 (16)
91[1)6

where we denoted sin.(x) = the cardinal sine function.
3. A real n-dimensional integral wzth logarithmic potential and Vandermonde inter-
actions:

2nn=1) o (0p— g
Zn(I) = W /;n d91 . d@n l_[ Sin (T)

I=p<q=n
2"2 n 2
= — f dfy..odty At . ) e " 2d=t AT (17
@m)'n! J
where A(ty, ..., t,) is the usual Vandermonde determinant A(t) = H1§p<q5n (tp—

19)%
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4. A Hermitian matrix integral with prescribed eigenvalues support:

dMm,

Zn(D) = cn —_— 1.8
@=c /an) (det(, + M?)) 19

where N, is the set of Hermitian matrices with eigenvalues belonging to J. The
normalizing constant c,, is related to the volume of the unitary group:

I R L) ’ﬁ,'
T Qo Voll, — Qmytn! rerh T, nenh j_lj'

Cn

5. A complex n-dimensional integral over some segments of the unit circle with Van-
dermonde interactions:

n(n+l) |

Zo(D) = (1) 2 l"/ duy ... duy Ay, ..., up)le " 2=t (1.9)
T

Proof The proof of the previous lemma is rather elementary. The reformulation in
terms of Toeplitz determinant is standard [3,4]. Indeed, it is well known [4] that for a
function (usually called “symbol” in the context of Toeplitz integrals) f measurable
on the unit circle we have:

_ 1 - if
L) = Gy L 90106 (L[1 ne k)) I

1<p<q=<n

0% _ %

= det (Tp’q = tp_q)lfp,qfn with #;

1 [
= 2—/ f@®e*?do , Yk e [-(n—1),n —1]
T Jo

Thus, equality between (1.4) and (1.5) corresponds to the application of the last identity
with f = 17. Equality between (1.4) and (1.7) follows from the change of variables
0; = tan %’ which is allowed since the support of the angles is included into (—m, ).

With this change of variables, we get:

2
QP 9‘1
P 4 (tan - —tan - )

it _ ot | —
(1 + tan? 97”) (1 + tan2 97‘1)

Observing that d6; provides a factor d6; = ﬁdtk and that we have:
[

1<p<q=<n k=1

1 z 1
[ (1 +t§) (1 +t§> =11 1+t
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Asymptotic expansions of some Toeplitz determinants via... 215

immediately gives (1.7). Reformulating the real integral (1.7) in terms of a Hermitian
matrix integral is standard (see [1]) from diagonalization M = UAUT of normal
matrices. We only note here that the support of eigenvalues is prescribed to 7. Even-
tually the volume of the unitary group can be found in [20] and equality between (1.4)
and (1.9) is straightforward from the change of variables u ; = el O

As presented in the previous theorem, the complex (1.9) and real (1.7) integral
reformulations of the problem share the important point that the interactions are given
by a Vandermonde determinant A (x)2. We stress that this situation is rather exceptional
since a (non-affine) change of variables in such integrals does not generally preserve
the form of the interactions.

Remark 1.1 We inform the reader that part of the results proven in this article have
already been presented in [21] using the reformulation in terms of the complex inte-
grals (1.9) in the context of return times for the eigenvalues of a random unitary matrix.
Indeed, as one can obviously see from (1.7) and (1.9), the complex and real integral
reformulations share the crucial fact that the interactions between the eigenvalues are
of Vandermonde type: A (x)>. This implies that correlation functions of both reformu-
lations satisfy some loop equations and that the topological recursion may be applied
to both models. This leads to the fact that the spectral curves found in this article are
related by some symplectic transformations to the ones presented in [21] and thus
that they provide the same sets of free energies (that reconstruct up to some con-
stants In Z,,(Z)). However, we stress that several practical and theoretical issues were
disregarded in [21] that can be solved using the real integral reformulation:

1. In [21], results from [19] were used to justify the form of the large n expansions
of the correlators and partition functions. However, results from [19] have only
been proved for integrals with support included in R, but not in the case of a
generic closed curve in C as would require the unit circle. Though it is believed
that the tools developed in [19] should remain valid for certain non-real domains
of integration, the mathematical proof is still missing.

2. In [21], normalization issues related to the partition function were completely
disregarded. Consequently, the large n asymptotic expansions of the Toeplitz deter-
minants presented in [21] lack some constant terms that we provide in this paper.
Though the normalization issues were not particularly important for the physics
problem studied in [21], they become essential when one wants to compute exact
probabilities and compare them with numeric simulations. It turns out that the
reformulation (1.7) offers, at least in the one-interval case, a simple way to deal
with the normalization issues by connecting them to a Selberg integral. In the
complex setting the connection to a known integral is less obvious and thus the
normalization issues were disregarded in [21].

3. Stronger results than those developed for general interactions [19] regarding the
large n expansion and the reconstruction by the topological recursion are available
in the case of real integrals with Vandermonde interactions like (1.7) in [17-19].
In particular, these results allow a proper rigorous mathematical derivation of the
full asymptotic expansion of the Toeplitz integrals (1.1) and provide the explicit
expressions of the first orders including the proper normalizing factors.
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216 0. Marchal

4. Numerical simulations in [21] were only performed to leading order O (n?), while
we are able to match the theoretical results with numeric simulations up to O (n’6)
in this article.

2 Study of the one-interval case
2.1 Known results

When d = 1, we can use the rotation invariance and take 8 = —a| = mwe with
0 < € < 1. For simplicity we shall denote in this section a = tan’* and a function
of € will equivalently be seen as a function of a and vice versa depending on the
relevance of the parameter in the discussion. In this section, we want to compute the
large expansion of the Toeplitz integral:

i 1 . 2
Zn(@) E" 7, (¢) = — / doy...do, ] [e% —e%
(2m)"n! [—me, el I<p<q<n

2.1

The corresponding Toeplitz determinant reformulation is particularly easy:
Zn(€) = det (Tpg = tp—q) < 4<n (2.2)

with the discrete Fourier coefficients given by:

ty = esinc(kme), Vke[-(n—1),n—1] 2.3)

The reformulation in terms of a n-fold integral corresponding to the diagonalized form
of a Hermitian matrix integral is given by:

I‘lz

2 .
Zn(a) = —/ Aty . Aty A1, . .., 1) 2e " i A+ (5 4y
Qryn! Ji—g.ap

Such integrals have been studied by Widom in [3,29] and do not fall in the standard
theory of Toeplitz integrals developed by Szeg6. Indeed, the standard case corresponds
to a symbol f which is strictly positive and continuous on the unit circle. In that case,
the standard theory of Toeplitz determinants can be applied and one would obtain the
strong Szegd theorem [2]:

n—0o0

2w
llndet(Tn(f)) = i/ In(f(e'?))do (2.5)
n 2 Jo

When the symbol is discontinuous but remains strictly positive, adaptations of the the-
ory, known as Fisher—Hartwig singularities, have been developed and the convergence
of % Indet (T,,(f)) is still obtained though formulas get more involved. However, in
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Asymptotic expansions of some Toeplitz determinants via... 217

our present case, the symbol is vanishing on several intervals of the unit circle and
the convergence of % Indet (7,,(f)) does no longer hold. Indeed, in this case, Widom
proved the following proposition [3]:

Theorem 2.1 (Widom’s result) Let 0 < 0y < m and define T(6y) = {e'',t €
[—60, O01}. Then we have:

. 90 1 1 90
Indet (7, (L)) = n*In (sm ?> — =7 <cos ?)

1
43¢ (=1) + T3 2+ o()

where ¢ denotes the Riemann zeta function.

We propose in this section to improve Widom’s result by providing a mathematical
proof of the form of the large n expansion of In Z,(¢) as well as a general way to
compute all sub-leading corrections.

2.2 Spectral curve and limiting eigenvalues density

Integral (2.4) may be seen as a gas of eigenvalues with Vandermonde interactions and
evolving in a potential V (x) = In(1 + x?). Consequently, it falls into the category of
integrals studied in [17-19]. In particular, the potential is analytic on R and has only
one minimum at x = 0. Moreover, since the support of the integration is restricted to
a compact set [—a, a], the convergence issues are trivial. Under such conditions, it is
proved in [22,23] that the empirical eigenvalues density §, converges almost surely
toward an absolutely continuous limiting eigenvalues density:

8,1 — l Zs(x _ tk) N d'uoo(x) = v(x)dx (26)

whose support is a finite union of intervals in [—a, a]. Determining the limiting eigen-
values density can be done in many ways, but since we plan to use the topological
recursion, it seems appropriate to derive the limiting eigenvalues density using the
loop equations method. We define the following correlation functions:

Definition 2.1 (Correlation functions) We define the correlation functions by:

I
Wi a(x) =<Zx_tk>

k=1

Wn.c.( ) . 1 1
x7"'5~x = § “e e
poa ] b X1 — 1ty

1

Xp — i,

ityeensip=1

- 1 1
Wp,a(xl,...,xp)=< Z okt s >
i1 1 P lp

1

i1,.ip=1 ¢
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where the average of a function of the eigenvalues is defined by:

(g(t1, ... 1)) = oty gt t) A1) 2™ Xk MOHD)

(277)"71'2 (a) / a a]"

The index . stands for “connected” or “cumulant” in the sense that:

Waa(x1, x2) = Wy g (x1,x2) — Wi a(x1) Wi 4 (x2)
W34 (x1, X2, x3) = W3 (x1, X2, x3)=W1 o (x1) W3 (x2, x3) = Wi o (x2) Wy " (x1, X3)
—Wia(x3) W3y (x1, x2) + 2Wi o (x1) W10 (x2) W1 4 (x3)
etc.

or in a more general way by the inverse relation:

1(w)

Wnc(xlan-,xp): Z HWW,\a(/it

W) =1

Integral (2.4) is a Hermitian matrix integral with hard edges at t = Za. Loop
equations for Hermitian matrix integrals with hard edges have been written in many
places [24-26]. They can also be easily obtained with the integral:

n

1 d 1 n
_ dty...dt, Z — A, ..., t,,)2e_" Yioi In(+17)
Q2m)*(n")Z,(a) dej \x —¢;

[—a,a]" =1

2.7)

Indeed, the last integral is equivalent to:

Tnx n ! _ v/
Wi () +Waa(x, x)— T ——Wia(x)+n <Z rw-v (tk)>=;1£nc)l - ;25_116)[

X — 1
k=1 k

(2.8)

Equation (2.8) is exact, and the coefficients ¢ (n) and c>(n) are given by:

e—nIn(1+a%)
A = o
@m)*(nh)Zy(a)
n —n i In(1+12)
/ dr ...dl‘j_ldl‘j+1 Loudt A, .. ti—1,a,tj41,..., ln)ze k]
j=1 [—a,a]"!
e—nIn(1+a?)
c(n) =

@m)"(n!)Zn(a)
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n

n
—n'Y In(1+:7)
/ dey...dtj_qdtjqy ... dt, Aty ... i1, =, tj41, s zn)ze ki
—1 /—a.alr!
j=1

2.9)

Note that since the integral (2.4) is invariant under the change t — —t we automati-
cally get c;(n) = cz(n). In order to obtain the spectral curve of the problem (which
is the Stieltjes transform of the limiting eigenvalues density), we take the leading
order in n of Eq. (2.8). Results from [17-19] show that W} 4(x) ~— 00 n W, (x) and
Wa.4(x1, X2) =p— 00 O(1). Defining

0)
,a

() = 2V(x) = WOy — —
2 La 1+ x2

yx) = W (2.10)

we end up with:

2 x? 2 i (1 U i (1 ok
X = — m \ — — X lm \ —
Y (T+222 T2 \nooo\n &= 1447 noo\n = 1+ 12

n c(a) _ c(a)

X —a X +a

@2.11)

where the constant c(a) is given by c(a) = lim,_ %cl(n). Since the integral (2.4)

is invariant under t — —t, we get that <ZZ=1 15#> = 0 so that:
k

) = x? 2d(@) | cla) e

= — 2.12
(1+x32 14x2 x—a x+a 2.12)

where d(a) and c(a) are so far undetermined constants (i.e., independent of x). More-
over, note that by definition we must have at large x:

1 1< 1 1
O, \ _ :
me—;—nhf;o<;sz>;+0(x—s>
k=1

—1+0(5) = rw=-o(5) 213)
X X X

since the integral is invariant under t — —t. Using the fact that y?>(x) = O (}%)

in (2.12) provides two independent equations satisfied by (c(a), d(a)) that can be
explicitly solved. We find:

2+a®

c@ 2(1+a2)

and d(a) = (2.14)

= 2a(1 + a?)
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Fig. 1 Empirical eigenvalues density obtained from 100 independent Monte—Carlo simulations of the
integral (2.4) in the case € = % and n = 20. The black curve is the theoretical curve corresponding to (2.17)

Finally, we get:

2(x) 1+a’ ! (2.15)
Xx) = = :
Y (I4+x2)2(x2 —a?)  cos? (%) (1 +x2)2 (x2 — tan? (%))
In other words since cos(%) > 0 fore € (0, 1):
1
yx) = (2.16)
cos (&) (1 + x2),/x? — tan? (%)
This is equivalent to say that the limiting eigenvalues density is given by:
d
al 2.17)

ditoo(x) = I an ZF tan I (x)
meos () (1 + x2),/tan? (%) — x? [Frnon ]

The last density can be verified numerically using Monte—Carlo simulations (Fig. 1):
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The limiting eigenvalues density is supported on the whole interval [— tan %¢,
tan 5] and exhibits inverse square-root behavior near the edges of the support:

x—tan ¢ dx x——tan 7 dx
diteo(x) = O —————— | andduo(x) = O —
/x — tan %F X + tan 75

(2.18)

Moreover, it is strictly positive inside [— tan ZF, tan Z£].

Remark 2.1 The spectral curve (2.16) is related to the one found in [21] (eq. C.14)
using the complex integral reformulation rather than the real integral reformulation.

- =112
Indeed, in [21], the spectral curve in the one-interval case is y2 = 1= (iﬂ)(,-’f,f)l()i T
In fact, both curves are equivalent up to the symplectic transformation:

. 2
5= eZiArctan(x) d;f f 1 lie—ZiArctan(x)y (2.19)

(x)and y = my =

This transformation follows from the combination of x = tan % and ¥ = €'? corre-

sponding to a simple reparametrization of the x function (which is a trivial case of
the symplectic invariance). In particular, as explained in “Appendix B,” both curves
provide the same set of “symplectic invariants” (F (g))g>0 that reconstruct the large
n expansion of In Z, (a). However, the Eynard—Orantin differentials attached to both
curves differ which is coherent with the fact that the correlation functions are different
in both settings.

2.3 General form of the large n expansions

As soon as the limiting eigenvalue density (2.17) is determined, we may apply the main
results of [17—19] to obtain the general form of the large n expansions of the correlators
and of the partition function. However, we first need to prove that Hypothesis 1.1 of
[17] is satisfied so that we may apply the main results of [17]. We have:

Proposition 2.1 The following conditions (Hypothesis 1.1 of [17]) are met for integral
(2.4) (note that in our case, the potential V does not depend on n so that some
conditions of [17] are trivially verified):

e (Regularity): The potential V is continuous on the integration domain [b_, b4 ].
o (Confinement of the potential): If £00 belong to the integration domain, then the
potential is assumed to be decaying sufficiently fast:

.. (x)
lim inf
x—zo0 2In |x|

e (One-cut regime): The support of the limiting eigenvalues density is a single inter-
val [a—, a4 ] not reduced to a point.
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222 0. Marchal

o (Control of large deviations): The function x +> %V(x) + fR [x — &|dueo(€)
defined on [b—, by ]\ (x—, ay) achieves its minimum only in a— or o4..
e (Off-Criticality): The limiting eigenvalues density is off-critical in the sense that it

is strictly positive inside the interior of its support and behaves like O (ﬁ)

if by is a hard edge or like O (4 /x — ai) if a4 is a soft edge.
o (Analyticity): V can be extended to an analytic function inside a neighborhood of

[o—, ay]
Proof In our case, most of the points required are easily verified:

e (Regularity): x — In(1 + x2) is obviously continuous on [b_, by ] = [—a, a].

e (Confinement of the potential): No confinement is required since the support is a
compact set of R.

e (One-cut regime): This condition directly follows from Eq. (2.17).

e (Control of large deviations): Since «— = b_ = —a and oy = by = a (the
limiting density is supported on the whole integration domain) then [b_, b4 ] \
(0—, a4) = {a—, a4} so the condition is trivially realized.

e (Off-criticality): We only have two hard edges and Eq. (2.18) provides the correct
behavior. Moreover, we directly observe from its expression that d i« (x) is strictly
positive inside its support.

e (Analyticity): x — In(1 4 x?) is trivially analytic in a neighborhood of [—a, a].

O

Therefore, we can apply the main result of [17] for 8 = 2 (as well as Theorems
1.3 and 1.4 of [18] or results of [19] for the partition function with hard edges) and
we obtain that:

Theorem 2.2 (Large n expansions) The correlators and the partition functions Z, (a)
admit a large n expansion (usually called “topological expansion”) of the form:

o0
(2—p—2g} 2—p-2
Wp,a(xl,...,xp):ZWp,a (x1,...,xp)n"" P78

nt S k
Z,(a) = — exp ZF{}(a)n_

k=—2

1 o0
In Z,(a) = —Zlnn + Z F (@)n=* (2.20)
k=-2

The previous large n asymptotic expansions have the precise meaning that¥ K > 0:
{2—p-2 —p— —p—
Wpalxi, ... xp)—ZW P22 ey, xpn® P 2g+0(n2 p 2K>

1
n Z,(a) = — Inn + Z F@n™ + o0 (n=¥) @21)
k=-2
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Asymptotic expansions of some Toeplitz determinants via... 223

where the o (n27P*2K) and o (n’K) are uniform for x1, ..., x, in any compact set
of [—a, a] but are not uniform in n nor K. In the rest of the article, series like
> re_s fxn™* will always be considered as asymptotic expansions in the sense pre-
sented above.

Notice that the asymptotic expansion of a given correlation function only involves
powers of n with the same parity and that the series expansion of W, , starts at ( = )
On the contrary, the large n expansion of the partition function Z, (a) may involve

all powers of n and has an extra factor n”+% and n!. Indeed, the results of [18,19]
providing the r.h.s. of (2.20) only apply directly to QZT):"!ZH (a). While the factors

(2m)" and o may be absorbed in the definition of the constants F K} (a), the term n!
may not. A direct corollary of the previous theorem is that the coefficients W,{,?a_ p=28)
of the correlators are obtained from the topological recursion:

Corollary 2.1 (Reconstruction of the correlators via the topological recursion) For all
p>1landg >0, we have:
{2=p—2¢}

W, G xp)da L = 0 (L xp) (2.22)

where a)(g) (x1,...,xp) is the (p, g) Eynard—Orantin differential (see “Appendix B”
or[16]) computed from the application of the topological recursion to the (genus zero)
spectral curve (2.16).

Details about the topological recursion are presented for completeness in “Appendix
B’ and more can be found in [16] and [27]. In particul_ar, since the spectral curve (2.16)
is of genus zero, it can be parametrized globally on C = C U {oo} via:

x(2) == tan (n;) (z + %)

2
v = sin(%F) (1 + %tan%%) (Z + %)) (Z - %)

(2.23)

Moreover, the normalized bi-differential wéo) (z1, 22) required to initialize the topolog-
dzidzp

(zwzz‘)2 . .
2.1 is standard. Indeed, by construction the correlation functions W, 4(x1, ..., xp)

satisfy the loop equations arising in Hermitian matrix models. Moreover, Theorem
2.2 ensures that they have a topological expansion and by definition these correla-
tors may only have singularities at the branchpoints or at the edges. These properties
are also satisfied by the Eynard—Orantin differentials (see [16]) and thus both sets
must match since, under these conditions (topological expansion and location of the
singularities), the loop equations admit a unique solution.

The situation is more complicated for the partition function Z, (a). Indeed, as
discussed in [18] and [19], only M can be matched with W where In 7 is

ical recursion is w, )(zl, 20) = for genus zero curves. The proof of corollary
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the free energies generating series associated with the spectral curve (2.16) defined
by:

e ¢]

Int(@=-Y_ FT<§;. Ree (@) n?7%8 (2.24)

g=0

The coefficients (FT(§;)>. Rec'(a))g>0 are computed from the topological recursion
and are commonly called “symplectic invariants” or “free energies” (see “Appendix
B” or [16] for the formulas). Note that there is a change of convention regarding the
indexes between the indexes of the topological recursion (noted ¢ and correspond-
ing to n?~2¢) and the indexes of the asymptotic expansion of Z,(a) (noted %} and
corresponding to n~%). We keep the notation of [16] for the topological recursion side
to avoid confusion (hence, the notation is F. © FY 2 5% and

Top. Rec.” © Top. Rec.
so on). Thus, the coefficients (F*! (a)) P

some constants terms (in the sense independent of a). For applications in topological
string theory and integrable systems, these constants are generally disregarded because
normalization issues are mostly irrelevant. But in the context of Toeplitz determinants
and probability one needs to find a way to compute them. Otherwise, one may only
consider ratio of Toeplitz determinants as studied in [15]. In our case, we may compute
these constants from the knowledge of the asymptotic expansion of lim,, .o In Z;, (ap)
and using results of [28] as we will see below.

for powers n

match with (FT(g) Rec (a)) only up to
p- . g>0

2.4 Normalization and limite — 0

From [18] we have for all (a, ap) € R} x R%:

+o00 +00
=Y F¥@n ™+ > Fl@gn*
k=-2 k=-2

+00 +00
(8) 2-2 () 2-2
- Z FTop. Rec. (a)n f+ Z FTop. Rec.(aO) n §
g=0 g=0

(2.25)

InZ,(a) — In Z,(agp)

Note that when a and ag are positive numbers, the corresponding potentials satisfy con-
ditions of Proposition 2.1 (in particular, the limiting eigenvalues distributions remain
one-cut) thus allowing the use of results of [18] that directly gives the previous result.
In order to have convergent quantities when ag — 0, we then isolate a trivial divergent
term for g = O:

+o00
I Zy(@ = = Y FiE) gee (@172 + (In (Za(a0)) = n* Inao)
g=0
+o00
+ Z (FT%}), Rec.(@0) + 8g=0 In ao) n?=28 (2.26)
g=0
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In “Appendix A.3” we prove that (In (Z,(a)) — n” Inag) has a limit when ag — 0
which is given by a Selberg integral whose asymptotic expansion can be computed
exactly. More precisely, we find:

In Z, (ag) — n’ In(ap) —>04ln(G(n + 1) —In(GR2n+ 1)) + 2n°In2 —n In(2m)
ag—

(4 —272)Bagy2

L +3(1)+112+Z
= ——1nn — In
4 3 2¢(2g +2)n%8

3 (2.27)

where G is the G-Barnes function, ¢ is the Riemann zeta function and (B )¢ are the
Bernoulli numbers. Moreover, using invariance of the free energies under symplectic
transformations (we only need a trivial symplectic transformation but not the difficult
and controversial (x, y) <> (y, —x) exchange), we prove in “Appendix A.4” that the

F(g)

limits when ag — 0 of the free energies ( Top. Rec.

(ap) + Sg:0n2 In ao> are given
g>0

by the free energies of Legendre’s spectral curve y = \/+71 whose values have been
o

recently computed in [28] for all ¢ > 0. This term by term convergence is extended
to a large n asymptotic expansion in “Appendix A.5” using results of [18]. We find:

+00 (2¢-2)
X B 4 278~

(2) 2-2g 40— 2g )

E (FT;‘;p Ree. (@0) + 8g=0In ao) n-—-8 —> 2n2— E 2g(2g DniE2

(2.28)

Note in particular that we have the simplification (to be understood again in the sense
of large n asymptotic expansions):

+00
5 (g0) 2-2¢ @020 2 1 1
(In (Zy (a0)) — n® Inag) + Z (FTf;p. Ree. (@0) + 8g=0 lnao) n“8 "5 " n"In2 — 1 Inn+3¢'(=1) + - In2

=0
(2.29)
Thus, we get from (2.25) the following final result:
= 1 1
InZ,(a) = — ;) FT(§; ree @128 40212 — g+ 3¢ (—1) + o In2
(2.30)

Application of the topological recursion to the spectral curve (2.16) is standard
and is presented in “Appendix A.1” with details for the specific computations for

(F;g; Ree (), FT(OE) Ree. (e)) given in “Appendix A.2” (equations (A.9) and (A.11)).
We remind here that a = tan % ‘We obtain the first orders:

FO

. TE
Top. Rec.(€) =12 —1In (sm 7)
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(D 1 TTE
FTOp Rec. (6) = Z In (COS (7))
1 1 TE
(2) 2
Frop.rec.(€) = 7 = 35 tan (7)
1 1 TE 5 TE
3) 2 4
F _— (—)——t (—) 231
Top.Ree. () = ~ 956 ~ og A" (57 — g a0 (3 @31)

so that Eq. (2.32) gives:

In Z,(a) = n*In (sin (%)) — ilnn — %m (cos(nz )) +37(=1) +—21n2

641 5 <2tan (%)—1)+2517(1+2tan (7)+10tan (%))

+o(%> (2.32)

2.5 Final result

Using the rotation invariance of the problem, we may easily generalize the previous
result for any interval [¢, 8] and we obtain the following theorem:

Theorem 2.3 (Asymptotic expansion of Toeplitz determinants in the one-interval case)
For (a, B) such that 0 < |B — «| < 2w, the Toeplitz determinant with symbol f =
L 70,p) where T(a, B) = (€'t € [a, B]} admits a large n asymptotic expansion of
the form (with the same meaning as the one given in Theorem 2.2):

o (e (1Bmel\) 11 B —al
lndetTn(]lT(a’ﬁ))_nln<sm< 2 )) 4lnn 4ln cos 1

1 o
+37/(—=1) + 2= > F®(ayn® 3
g=2

where a = tan <|54;01\) and the coefficients (F ® (a))g22 are the Eynard—Orantin free
energies (also called symplectic invariants) associated with the spectral curve

1
cos? (“34;"“> (1 +x2)2 (xz _ tan? (\ﬂ |>)

The previous large n asymptotic expansion has the precise meaning given in Theorem
2.2. In particular;, the first orders of the expansion are given by:

— 1 1 —
Indet T, (1 7(a.p)) = n”In (sin ("B 1 al)) - Zlnn - Zln (cos ('ﬁ 1 a|))

+3§’(—1)+Lln2+L 2 tan? 16— o -1
12 64n2 T4

Y2 (x) =
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1 |8 —ol 4 (1B—al 1
142tan® (224 p1otant (224 ) ) o (—
+256n4( Hetan ( 4 )+ W\ )T e

2.6 Numerical study

We can efficiently compute the Toeplitz determinants (2.2) numerically up to n = 35.
This allows to compare the theoretical formula (2.32) with the numeric simulations

up to order o ( 14). We obtain the following picture (Fig. 2):

n*
We obviously see on the last figure that the numeric simulations are compatible with

n%) This provides additional credit for the general
formulas proved in Theorem 2.3 and the reconstruction of the expansion from the
topological recursion. Note that the reformulation of Z;, (a) in terms of the determinant
of a symmetric Toeplitz matrix is particularly useful since it allows fast computations
of Z, (a) even for relatively large values of n. We performed the computations using
Maple software and could compute the values of Z, (a) fromn = 2 ton = 35 in no

more than a few minutes on a standard laptop.

the theoretical results up to order o (

3 Toeplitz determinants with a discrete rotational symmetry

Let » > 0 be a given integer and let € € (0, 1) be a given number. In this section, we
consider the Toeplitz determinants:

1 i0), i0, >
Zn(Ir)ZW/(I)ndel...den l_[ )e P —e with
" I=p<q=n
-
2k e 2k 143

I = - , 3.1

' kgr[zrﬂ 2r +1 2r+1+2r+1i| ©1)

For simplicity, we denote o\ = 22r7f|-kl — T ﬁ,ﬁ” = 22,11{1 + 5y and yk(r) = 22r7:-kl

for —r < k < r. We also define:

) o ) 8
a, = tan " andbk = tan =N for —r<k<r

Note that Z,,(Z,) can also be interpreted as the probability to obtain all angles (6;) 1< j<n
in Z,. Similarly to the last section, we also introduce the sets:

" ") L) " wk Te wk e
= by = t —— ), t _—
7= U [ak k ] U [an<2r+l 2(2r+1)> an<2r+1 +2(2r+1))]

k=—r k=—r

T = {e"",e eI,]
Therefore, from Lemma 1.1, Z,(Z,) can be reformulated as follow:
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05 1 15 E3 25 05 1 15 2 25

Fig. 2 Computations (from (2.2)) of the Toeplitz determinants 6 +— In Zn(%) with0 < 6 < 7 for2 <
n < 35 with subtraction of the first coefficients of the large n expansion (2.32) (colored dots: starting from
orange to yellow, green and purple as n increases). The black curves are the theoretical predictions given by

(from top to bottom and from left toright): 6 +— In (sin (%)),9 — —% In (cos (%))4—3 {’(—1)+ﬁ In2,
0 +— é (Ztam2 (%) - l) and 6 — ﬁ (1 + 2 tan? (%) + 10 tan* (%)) (color figure online)

= ti—j the n x n Toeplitz matrix given by:

1. Z,(T,) = det T,” with (T,fr))

L]
|Z |
o = =
0= 2n ¢
. ek
Iy = €81n, ﬁ 8k50[2r+1] for k 7& 0 (32)

Note in particular that the Toeplitz matrices are mostly empty since only bands
with indexes multiple of 2r 4 1 are nonzero.
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2. A real integral with Vandermonde interactions:

2
o \
Z,T) = ——— Afy ... dty Aty ..., ) e " Zia MU+ (3 3)
(27‘[)"1’!! T

3. A complex integral:

(z“)i"f dut .. diy Ay, . .. uy)2e " Sizt 0 (3 4)
(T))l

The situation can be illustrated as follows (Fig. 3):

3.1 Computation of the spectral curve

We want to compute the spectral curve associated with the integral (3.3). This inte-

gral corresponds to a Hermitian matrix integral with hard edges at ( (r)) . and
—r<k<r

(b(r)> e Following the same method as in Sect. 2.2, we define (g(t)), as the
—r<k<r

average of the function g(t) relatively to the measure induced by (3.3). With the same
arguments as in Sect. 2.2 , we get a spectral curve of the form:

2 2 1o 1 e 1)
y(x)? = a 5 lim —Z 5 ) —x lim {— ! 3
A+x)2 142 | oo n 1 + 12 neo\n £ L4175
S r

By
+ 3.5
Z <x — a — b,E”) G-

j=-r

where the constants Ay (resp. By) are given by Ay = —lim,— %Ak,n and B, =
—limy— o0 + Br,n with:

o In(1+(@a™)?)

Akj‘l = ni
Q@m)'(n)Zy(Zr)
2
codtjgdtjyy..dy ) , T2 In(l+rg)
Z/ - (r) ' A(tl;-u,tj—l,ak ,tj+1,.‘.,t,,)e a#
) —tj
o~ In(+B)?)
Bk,n =

Qm)"(n)Zy(Zy)
—n Z ln(l+t4)

...dl‘_ldl‘_H ...dt,
Z/ 1 bj(” J DA, st bt 1) Pe 9
)ll k _t]

(3.6)
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Fig.3 Illustration (in green) of the set 7,—, for € = é (color figure online)

Note that the integral (3.3) is invariant under t — —t; thus, we get that

<Z’}:1 lj:tZ> = 0. Therefore, we end up with:
ilr

2 r
) X 2d Ag By
= — 3.7
Y= T Y ]Z__r <x BRI G

where the coefficients d and (Ag, Bi)_(-—1)<k<r—1 are so far undetermined and inde-
pendent of x. Observe now that the choice of Z, implies that we have:

a(_rlz = —b,((r) forall0 <k <r
Using the invariance of the integral relatively to t — —t, we obtain that:
Ay =—Brand B_y = —Aiforall0 <k <r (3.8)

Consequently, we can reduce the spectral curve to:

r (r)
) x 2d 26" By
x)° = - + —_— 39

Similarly to the one-interval case, the study of large x implies that y?(x) = O (%)

giving some algebraic relations between the 2r + 2 undetermined coefficients
(d,B_,, ..., B,). However, unlike the one-interval case, when r > 1, these rela-
tions are not sufficient to determine completely the coefficients. Indeed, when r > 1,
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the number of unknown coefficients is strictly larger than the number of relations
obtained from the fact that yz(x) = 0 (;{;) Therefore, some additional relations

are required. In order to obtain them, we perform the following change of variables
(denotingl = (1, ..., ) e R",t=(t1,...,t,)" andt = (f1, ..., f,)") in the integral
(33).Let—r < jo<r:

o 1) £+ tan (52 )

t = tan (Arctan(t) +

2r+1 l—ttan(”ﬁ)

. ; t — tan (2 ])

t = tan <Arctan(t) _ T 1) = i (3.10)
2r+1 1+ttan(27;i°]>

Note that the domain of integration 7, is invariant under the former change of variables
r) b( ) " pn

’ k—jo> “k—Jjo
are to be understood modulo 2r + 1. Then, straightforward computations show that:

since any interval [ak ] is mapped to [a ] where the indexes k — jo

2 (i
1+ tan (;fl) 3
dt

di, = dtp
(l — iptan (%))
(1 + tan? (%)) (14172
1+1¢ : 3
(1 Iy tan (%))
2
2 Y
i (1+tn (;jfl)) () — )
(tp_tq) = 3.11)

: N2
7 7 jo 7 jo
(1 —Iptan <2r+1) ( — Ig tan (TH))

Therefore, the general form of the integral remains invariant:

2

2” n
Zn(Ir) = — / dtl . dtnA(tl, e tn)ze—n Zk:l ln(l—‘,-[kz)
Q2m)"n! Jizm
n2
— 2— / df] .. .dan(fls RN fn)ze*n ZZ=1 1n(]+fl3)
Q)" n! J g

and thus the function W (x) is given by:

2

n n n
Wi = > ey L) aqpensiomaspy -2
QmY"(NZy (T J gy ok Qm)y"(n)Z,(Z,)
d{ i 1— lk tan <2r+l> A(f)ze*” ZZ:I ln(l+tdlf) (3 12)
n 7 jo z 7 jo '
(Jr) f—=1 x—tan(2r+1)—tk <1+xtan<2r+1>>
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We now observe that the equation:

1 —at g v pt (3.13)
x—a—t(l—i—ax)_u x—t x2—1¢2 ’
where (i, v, p) are independent of ¢ admits the following solution:
a x(1+a?) (1 4+a®A +x?) 2x
(I'L5v7107a)= 5 T 27_ 2
l1+ax (x —a)(l+ax) (x—a)(1+ax) xc—1
(3.14)
In particular, we always have % = H)-CT = %V/ (x). Inserting these results with
a = tan (;fl), t = f; and:
Xj, = tan (% - ﬁ) if jo = 2ig is even

\2rif T 2erep) T AT A0 (3.15)
Xjy = tan (m—oT + m) if Jo = 2l0 +11is odd

that are solutions of a(x2 — 1) + 2x = 0 located outside of 7, we end up in (3.12)
with:

k=1 xy< —
Yo

Wilxj,) = M+vW1(xjo)+p<Zn 2;t2> (3.16)

Using the fact that <ZZ: ! xztj> = 0 from the symmetry t — —t, we get to:
r

® X;j
Wixjy) =+ vWixj) = Wixj) = —— = —2 5 = y(x),) =0
1-v 1_l_xjo

(3.17)

Hence, the values (tan <2r 7t 30 +1)>>7r<j<r71 (that are identical to

wj .. .
(tan (m - m))—(r—l)sjgr)) are 2r distinct zeros of the function x +— y(x)

located outside 7,. This provides 2r distinct double zeros for y2(x). From (3.9) and
the fact that y%(x) =, 00 O (}%), we get that the spectral curve must be of the form:

P,
V2 (x) = 4r4(x) with P4,4+4 a polynomial of degree 4r

A+ 22T, 2 — b))

(3.18)
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Since we have found 4r zeros (counted with their multiplicities), we have:

2
r=1 (.2 2 ( _mk b4
k=0 (x — tan <2r+1 + 2(2r+1))>

(3.19)
(A +x2 e, (x2 — tan’ (% + ﬁ))

YIE) = A

with the convention that for r = 0 we take empty products (like
2
]_[;zlo (x2 — tan? (% + ﬁ)) ) equal to 1. The constant A, can be deter-

mined using the behavior of y?(x) around +i. Indeed, by definition the function
z = Wi (z) is analytic in a neighborhood of =i. Consequently, the poles of y?(x)

at x = =i only come from the shift by —%V/ (x) =7 + ——. Therefore, we should get

yz(x) ~y i m. We get:

2
-1 2 ( _xk L ST S
1 , o (1 + tan (#ﬂ + m)) o [Tizo cos (2;T+1 + 2(27+1))
_——= r r
k k
4 4TTre, (1 + tan? (Jﬁ + ﬁ)) Hk:—r cos? (2;T+1 + 2(27511))
(3.20)
Finally, we get:
2
k r—=1 (.2 2 k
[T,z cos (Jﬁ + ﬁ) k=0 (x —ftan <2f+1 + 2(2f+1)>)

V) = p p
r r
iy cos? (27+1 + 207531)) (442 [T <x2 — tan? (2;%?1 + ‘2(2%;1)))

2
r=1 (12 o052 ( 7k 2 mk
[Ti=o (x cos (zf+1 + 2(2f+1)> —sm (27+1 + 2(27+1)))
- r
2)2 2 cos? ((k 2 (_mk
(1+x2) k]_[ (x cos (Zfﬁ-l-ﬁ) — sin (ﬁ%—%))
=—r

2
~1 (2 2 ((_xk
k=0 ((x + 1) cos <2’r’+1 + 2(2f+1)> - 1)

= - 3.21)
k
1+ 1 (02 + Dcos? (55 + ;) - 1)
=—r
The corresponding limiting eigenvalues density is therefore given by:
r—1 2 ( _mk g r—1 2 ( _mk b4 2
k=0 €O\ 507 + 3371y k=0 |10\ 527 + 537 ) — X
Ao (x) = <2 J;I 2(2 +1)) ‘ <2 +1 2(2 +1)> ‘ 1 (¥)dx
r bLg €
[Tr=—, cos (TH + 72(2r+1)> a1+ x2) [T, \/‘tanz (% + ﬁ) —x2
r—1 2 2 (_mk b1g
k=0 | (L +x7)cos” | 527 + 331 ) — |
- ‘ (2 e +1)> ) 17 (x)dx (3.22)

(1 +x2) [T, \/‘(1 + x2) cos? (% + %) -1
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15 1

Fig. 4 Histogram of 50 independent simulations of the eigenvalues density induced by (3.3) in the case
r=1,e= - and n = 60. The black curve is the theoretical limiting eigenvalues density computed in
Eq. (3.22)
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Fig. 5 Zoom of the previous histogram in each of the three intervals. The black curve is the theoretical
limiting eigenvalues density computed in Eq. (3.22)

In particular, one can verify that it is properly normalized: [ 7 dieo(x) = 1. Note that
in the case r = 0, we recover the spectral curve for a single interval (2.16). We can
verify numerically the last limiting eigenvalues density with Monte—Carlo simulations
(Fig. 4).

For a clearer view, it is also interesting to zoom on each interval (Fig. 5).
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3.2 Filling fractions

We want to determine the proportion of eigenvalues in each of the 2r + 1 intervals of
the limiting eigenvalues density. We start with the previous result:

r—1 jm
T2 (x = tan (55 + e

A+ x2)[lee, \/(x — tan (% — %)) (x—tan (% + %))
(3.23)

dx

ydx = A,

and observe that the filling fraction corresponding to the koth interval, with —r <
ko < r,is given by:

€kotr+l = T dptoo (x) (3.24)

i

ko
def 1 /tan(zr+1+2(2ﬁ-|>)
ko .
[an(2r+1 2(27;+1>)

Let —r < jo < r be a given integer with jo # 0. We perform the change of variables
F—tan 5%

x = ———=+= described above in the previous integral. Observe in particular that
1+X tan 5 491
we have li’)‘c 7 = 7 +-2 Moreover, under this change of variable, the interval x €

k . . ~
[tan (%H — m) , tan (m + m)] is directly mapped to the interval X €

[tan (”gﬂm — 2(2’51 1)> , tan (”gﬂ(’) + )] We also have the identities:

wk €
X — tan +
2 +1 22r+1)
~ (k+jo) k I
_ (x — tan <n2r+jlo + 2(2r+1))) (1 — tan (27+1 + 2(2r+l)> tan (%))

1 + X tan (27:_];’1)

igmw T
Xx — tan +
(- (a5 mms)
: G o) :
B (x - tan( STt 2(2f+1))> (1 —tan (27231 + 2(2;r+1)> tan (2ril>>

1 + x tan <2r+1)
ifip + jo # r(2r + 1] (3.25)

202r+1)

When ig + jo = r[2r + 1], then we get instead:

0T
< ( iom w >> —tan (2r+1) —tan <2lr0+1 + 2(2f+1)>
X — tan =

+
2r+1 2Q@r+1 1+itan(2”fl)
-
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—tan( I o ) -—t
vl mn(ztjfl )
= 7 Jjo
1 + x tan <2r+1)
-1

T jo . 7 jo ~ 7 jo
cos (2r+l) sin (2r+1> (1 + X tan (2r+1>)

(3.26)

7 jo
2r+1
numerator and that we can express it like:

1+ X tan T Jo = tan Jo X — tan ”+jo7 + il
2r + 1 2r + 1 2r +1 2Q2r + 1)

Observe now that the powers of 1 + X tan

) produce a factor with power 1 at the

(3.27)
Therefore, collecting the terms depending on x we get:
! < <7r(k+j0) me >> ( <7r(k+j0) e ))
1_[ X — tan - X — tan +
= 2r +1 2Q2r+1) 2r +1 202r + 1)
(o)) (o ()
:H X—tan|——— — x—tan| —— + ——
et 2r+1 2Q2r+1) 2r+1  2Q2r+1)
. r—1 . .
()E —tan<(r2+ ]Oin + 5 27T 1 >) l_[ ()E —tan<(102+ jol)ﬂ + > 27T ] ))
T+ @r+1) ig=—r,ig+joZEr[2r+1] T+ @Gr+1
r . .
<~ (ip + jo)m 7 ))
= l_[ X — tan < +
ig=—r.itjozri2r+1] 2r+1 2Qr+1)
r—1 .
_ - g7 T
B ,»01:_[_, (x o <2r IR To T 1))) G:28)
Thus, we obtain:
€ko+r+1 = Cj()ek()+j()+r+] (3.29)

where the constant C}j; is given by:

r—1 » 7io bud . 7 jo
[Tig=—r ig+jorize) (1 —tan (2r+1 + 2(2r+1)) tan (2r+1 ))

2 ( 7o r k e 7 jo k e 7 jo
cos (2r+| ) [Te=-r \/(1 —fan (m - m) tan (m)) (1 —tan (TM + m) tan (m))

N w(ig+ip) T
1—[r71 cos\ =51 tamn

io==r.io+joFEr[2r+11" (7o ( Tio . —2—Q2r—=1)+Qr+1
cos( 757 ) cos{ 33T < < T Jjo @r=h+@r+l)
= — = 0S
WNEICTNE (ki) 2r+1
cos? ( 7 jo ) L “"‘(W*z;ﬁl)““‘( 271 *z:il) +
B 2r+1 k=-r [k 7 Tk 7 2 mio
°°5(27+1 24 ) C‘”( prani e ) cos (2,+| )

=1 (3.30)
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Hence, we have just proved that all filling fractions are equal:
Proposition 3.1 The filling fractions are the same in each interval:

1

Vi<k<?2 1 : =
skesa+lea=1

Remark 3.1 This result is compatible with the one found in [21] where the filling
fractions were also proved to be equal.

3.3 General form of the large n asymptotic

After determining the limiting eigenvalues density, the next step is to determine the
general form of the asymptotic of the correlation functions and of the partition function.
However, since the spectral curve is of strictly positive genus (g = 2r), the general
form of the asymptotic is more complicated than in the one-interval case. Using the
main result of [18] or [19], we can prove the following:

Theorem 3.1 We have the following large n expansion:

o0
Sk F{k})
g

nn+%(2r+l) <
k=—2

Zy(y) = e

®<'§:li> {—2},2
VT 0 (]S

> , 5
m>0 I,...[p>1 mn =1 Li!
Kiveoskm>—2
m
.Z(li+ki)>0

i=1

(3.31)

where O is the Siegel theta function:

1
Oy, T) =) exp(—i(ery)t -T-(m+y)+v ~(m+y)>

meZ$

and F€{2k}’(1) are defined as the lth derivative of the coefficient Fe{zk} relatively to
the filling fractions € = (e, ..., ey41)' € {u € Q¥ /" u; = 1). The
“optimal” filling fractions €* correspond to the vector of filling fractions (i.e., the
proportion of eigenvalues in each interval of the support of the limiting eigenvalues
density) of the limiting eigenvalues density:
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Again large n asymptotic expansions presented in this theorem are to be understood

as asymptotic expansions up to any arbitrary large negative power of n as in Theorem
2.2

The proof of the last theorem consists in verifying the conditions required to apply
the main theorem of [18] and [19]. The conditions are very similar to the one-interval
case, but for completeness we summarize them here:

° (Regularity) The potential V is continuous on the integration domain

U [b(k) b(k) In our case x — In(1 + x2) is obviously continuous on R.
k=—r
e (Confinement of the potential): Not required since the integration domain is a
compact set of R.
e (Genus 2r regime): The support of the limiting eigenvalues density is given by the
union of 2r + 1 single intervals [aﬁ‘)
from the explicit expression (3.22).

e (Control of large deviations): The function x 1V(x) + fR x — &|ldpeo(€)

defined on (U;__r b®, bsl_()]> \ (Uzz_,( ®) (¥+))> achieves its minimum only
(k)

, agf)] not reduced to a point. This is trivial

at the endpoints «” or ozi). In our case this condition is trivial since the limiting
eigenvalues density spans the whole integration domain.
o (Off-criticality): The limiting eigenvalues density is off-critical in the sense that it

is strictly positive inside the interior of its support and behaves like O ( m)

if by is a hard edge or like O (M) if ot is a soft edge. In our case, we
have 2(2r + 1) hard edges and the explicit expression (3.22) provides the correct
behavior. Moreover, it is obvious from (3.22) that d s (x) is strictly positive inside
its support.

e (Analyticity): V can be extended into an analytic function inside a neighborhood
of the integration domain. In our case, x — In(1 + x?) is obviously analytic in a
neighborhood of any compact set of R.

As one can see, the general form of the large n expansion in the multi-cut regime
is much more complicated than in the one-cut regime since eigenvalues may move
from an interval to another and thus a summation on the filling fractions is necessary
and adds new terms (given by the Siegel theta function). In particular, orders O(1)
and beyond exhibit a far more complex structure than in the one-cut case. Indeed,
Eq. 3.31 and the fact that the present situation has a discrete symmetry (in particular,

t
€ = (ﬁ, ey ﬁ) ) imply that these orders depend on the remainder of the

Euclidean division of n by 2r + 1.
The term exp (Z,fi_ 1 n=kF 6{,2 k}) is usually called the “perturbative” or “formal”

part of the expansion. It is connected to the symplectic invariants computed from the
topological recursion by the following proposition (see [18] for details):

Proposition 3.2 The coefficients (F e{f })k are related to the symplectic invariants
>

(F (s >)g>0 computed from the topological recursion applied to the spectral curve (3.21)
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by:

Vk>—1: Fj?"} = —F@k+2) for with for independent of €
Vk>—1: FZH

P - fok+1 with for+1 independent of €

Note that the non-perturbative part of (3.31) starts at O (1). The main difficulty of the
expansion (3.31) lies in the fact that the non-perturbative part requires the knowledge
of the spectral curve in the case where the filling fractions are arbitrarily fixed in order
to compute the derivatives relatively to the filling fractions. In our case, if we take
arbitrary filling fractions, the symmetries (3.17) are lost and thus the determination of
the spectral curve requires to solve fixed filling fractions conditions:

€L =7§ diteo(x) forall —r <k <r
Ay

with A; a closed contour circling the interval [tan (% — ﬁ),tan

(% + ﬁ) ] Unfortunately, solving analytically these conditions remains an
open challenge and therefore the non-perturbative part of (3.31) remains mostly out of
reach for theoretical computations. Another possibility to bypass this difficulty may
be to rewrite derivatives relatively to filling fractions of F2k}-@) as some integrals over
B-cycles of the correlation functions a)l(kH) using results of [16]. In this case, there
appears to have no need for using arbitrary filling fractions but the strategy requires
the computations of all correlation functions. However, this approach seems more
convenient than dealing with arbitrary filling fractions. In particular, the case m = 0
in (3.31) simply gives:

Termm = 0in (3.31) : O_pe- (0|Fj:2}'(2>) = O e (0] = 2i7T)—er) (332)

where 7 is the Riemann matrix of periods of the spectral curve. In the case € = €* =

1
(ﬁ ey ﬁ) the rotational symmetry of the problem may allow the computation

of the Riemann matrix of periods even if the expression of the spectral curve is rather
complicated (see (3.21)). Since we will have no use of this order, we let it as an open
problem.

3.4 Normalization and limite — 0

Finally, we also note that even the perturbative part is challenging in the multi-cut
regime. Indeed, proposition 3.2 determines the perturbative part up to some constants.
The standard way to compute them is to choose the parameters (in our case €) in such
a way that the initial integral is explicitly connected to a known case. In the one-cut
regime, we connected the integral to a Selberg integral after a proper rescaling. In
the multi-cut case, we may also compute the limit of Z,(Z,) when ¢ — 0 since the
integrals decouple in this regime. We obtain the following theorem:
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Theorem 3.2 (Limit of Z,,(Z,) when ¢ — 0)
For a givenr > 0 andn > 1, we have:

@Qm)™" (Hkir:ﬁj_lk!)mw) ((Lﬁj)z)“’"”
(niia"ﬁl*‘k!)z’“ ((azr))™ ((Lazl+1))"
@r)™ (Hﬁ;ﬂ "k!)mrﬂ) ((';;f; )1)4’"”
(n™ “kz)zr“ (2 ))™ (22 4 1))

This formula may easily be verified numerically by computing the leading order in
the € — O series expansion of the Toeplitz determinants given by (3.2) for low values
of n (up to 25) and low values of r (up to 10). Moreover, the formula reduces for » = 0
to (A.13). When r > 1, we observe as expected that the result depends both on the
value of n but also on the value of » mod (2r + 1). This is of course in agreement
with the asymptotic expansion given by (3.31).

@rD LA PH(2L A 1+

7,1 <° ere)

2 2
n*—my

20 (2mwe) 7 +my

(3.33)

Proof Let us first decompose the partition function as a sum over all possible partitions
of the eigenvalues in the 2r + 1 intervals:

1 n
Z(@) = 5 Z < )/ ey ...de,_, / dby_p, 1. ..db,
@yt G, N e ) S 0 N

. 12
l_[ ‘816,, _ 816"

I=p<q=n
1 n r

_ DI
T @m)"n! HZ <n—r7...,nr>(2ﬂ) ' Db B g )
= Z Zn_r,...,n,»(Ir)

neN,

_ . . 2r+1 r s n
where Ny, = {(i—p,....iy) € Nt />0 it = n}, (, " ) stands for the

multinomial coefficient and

1
Zoyom (@) = . doy...d6, ... A6y, 41 ...d6
¥ [Ti= (0! /[a‘_’ﬁ.ﬁ‘:)] . /[aﬁ”,ﬁﬁ”] et

. 12
l_[ ‘ezep _ 619"

I<p<q=n

stands for the partition function with filling fractions fixed tom = (n_,, ..., n,)".
Note that the normalization prefactor m in the definition of the partition functions
exactly cancels the combinatorial coefficients appearing in the decomposition.

In the limit ¢ — 0, interactions between eigenvalues in two different intervals
reduce to interactions between the center of the two intervals. Thus, the integrals
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decouple and Z,,_, ., (Z,) reduces to a product of one-cut partition functions whose

values are given by (A.13) (with ag = tan ﬁ):

4
i, (T
2ni—1

[Ti=—r T J!
j=1
(3.34)

e—0 r
anr,‘..,nr Z) ~ 1—[

s Zy(e) = (ZnE)ZZ:—r "f(zn)—n

We now observe that the exponent in € is minimal when the sum ), _ n% is

minimal. Since the sum is constrained to ZZ:—r nr = n fixed, it is well known that
the previous sum is minimal when all (nj) [, are equal. This is also coherent with
the fact that the perturbative analysis leads to identical filling fractions (see Proposition
3.1). Indeed, let us define f(n) = Y ;__, n?, then

S, ooonig+1, .o njo—1,....n)— f(n_p, ... 0y, .. Ry ooy Ry)
<0ifnj, <nj, —2
=2(ni0—nj0+1) =Oifn,~0 njo—l
>Oifni02nj0

1A

Therefore, to minimize f on N, ,, one needs to balance the vector n with differences
between the components at most 1. This proves thatif m, =n mod (2r 4+ 1) # 0 the
sum is minimal when we spread the additional m,, eigenvalues in m,, distinct intervals,
i.e., we put |—2r’fH | eigenvalues in 2r + 1 —m,, intervals and Lﬁj + 1 eigenvalues in
the remaining m,, intervals and that all other configurations provide a strictly greater
value of the exponent. Since the sum contains a finite number of terms (n and r are
fixed so N, is a finite set) and because each of them is strictly positive (thus the sum
of terms with the same exponent in € cannot give of a strictly lower order in €), we

obtain from (3.34) the result presented in Theorem 3.2. O

3.5 Final result and conjecture for F{%

Note that the knowledge of the equivalent of Z,(Z,) when € — 0 given by Theorem
3.2 is not sufficient to determine the constants (/) _ , of Proposition 3.2. Indeed,
in order to obtain them, one needs to exchange the limit € — 0 and the limit n — oo
and possible entropy contributions may arise. It is also unclear if arguments similar
to the one-cut case may be adapted to this context. The only known cases are F{=2}
and F{~1) (given in section 1.4 of [18] with the important reminder that we included

n2
a normalization factor ﬁ in the definition of the partition function that is absent
in [18]) . We get:

Fr2=m2-F9 & f,=m2
Fr'i=0 & f,=0
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Remark 3.2 Note that the constants f_» = In2 and f_; = 0 differ from those given
in [18] because our choice of normalization of the partition function is different from
the one used in [18]. Indeed, our partition function is normalized with an additional

2
(Zﬂ)"n' compared to the one used in [18]. In particular, the numerator o’ pro-

vides an additional factor n2 In 2 in the asymptotlc expans1on of In Z,,(Z,), thus giving
f—> = In2. Similarly, the denominator (Zn)”n' (27[)" e~ /2w n provides an
additional factor n In n already included in the general form of the asymptotic expan-
sionofln Z, (Z,) given in Proposition 3.1 as well as an additional factor —n(In(2r)—1)
in the asymptotic expansion of In Z,(Z,) that precisely cancels the one obtained in
[18], hence leading to f_; = 0.

factor 5=

Thus, we end up with:

Proposition 3.3 (First orders of the asymptotic expansion of Z,(Z,)) For a given
r > 0, we have:

n? ne))—2r+llnn+0(l)

In(Z,(Z) = 3 In (sin (7 .

As explained above, the next orders of the large n expansion, and in particular, the
O(1) term, exhibit a far more complex structure than in the one-cut case and depend
on the remainder of the Euclidean division of n by 2r + 1. In fact, as discussed in
[18], for a given remainder m such that 0 < m < 2r, the sequence (Z(2r+l)p+m)p€N
admit a large p expansion taking a similar form as the one-cut case with n replaced
by p (the precise form being given in Theorem 2.2) and with coefficients depending
on the remainder m. However, because we could compute numerically the Toeplitz
determinants up to sufficiently large n, we can propose some conjectures for the
coefficient F{ depending on the value of the remainder m.

Conjecture 3.1 (Conjecture for FO) We conjecture the following:

e Inthe case m = 0, F% has a dependence in € given by — 2r+1 In (COS ( )) + Co
where Cy is a constant. This generalizes the one-cut case that would correspond
tor =0.

e The casesm = j andm = 2r — 1 — j for some 1 < j < r provides the same F*}
coefficient. However, the dependence in € is more involved than for m = 0 and we
conjecture that it is given by:

F{O}(j)—A In (cos (712 ))—i—B In (tan (712 ))—i—C

with some nonzero constants (Aj, Bj, C;) depending on the remainder.
o The constants (Cj)1<j<r and Cq are the same and correspond to the normalization
issue of the partition function.

The case m = 0 exhibits an additional symmetry since the number of eigenvalues
is precisely a multiple of the number of intervals so that they can spread evenly in all

intervals. In particular, when evaluating derivatives of the free energies at €* = 2r1+1 1
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N /,/ | ,’/ /
P / 7 J {
| | |
r=1 r=2
r=3 | /7
/ J (,’/
/
— | | |
| | e =
1 g / 47
e 1 | i |
r=4
Fig. 6 Representation of In(Z, (Z,)) — 2r1+] In (sin (%)) + ZrZrl Inn for values of n ranging from 2 to

70 and classified by the remainder m (from left to right: m = 0, m € {j, 2r — 1 — j}, with j from 1 to r)
of the Euclidean division of n by 2r + 1. The black curves correspond to the best numerical matches of an
affine combination of In (cos (%)) and In (tan (%)) as explained more specifically below

cancellations are more likely to happen, thus explaining why the coefficient in front
of In (tan (%)) vanishes only in this case. We illustrate our conjecture with numeric
simulations (Fig. 6):

More precisely, the black curves correspond to the best matches with curves of the

form:
f©)=aln (cos (%)) 4+ (tan (%)) +y (3.35)

with rational coefficients (¢, 8, y) of the form %6 with i € 7Z. Note that we chose
to express the coefficients as rational numbers with a specific denominator, but we
have no evidence that the coefficients are indeed rational or that the denominator is a
power of 2. However, it seems that this particular choice provides very accurate results
that are not numerically improved by adding multiplicative powers of 3 or 5 in the
denominators or increasing the power of 2. Numerically, we obtain the best matches
for the values:

e Caser = 1:

3 63
m :O : (aaﬂv J/) = <_Za07_@>

@ Springer



244

0. Marchal

me{l,Z}:(a,ﬁ,y):(—

e Caser =2:

m e {l,4}:

m e {2,3}:

e Caser = 3:

me (1,6}

me (2,5}

m € {3,4}:

e Caser =4:

m=20:

m e {1, 8} :

me{2,7}:

m e (3,6}

m e {4,5}:

3.6 Even number of intervals

11 85 63
1287 128" 128

5 3
. (a’ 137 V) = (_Z’ Ov _R>

b 15 203 3
o, P, = T AR A, 4 S
v 32°256° 16

( )_<_L§_i>
“BV)=\"165 16

_ (T
e B, y) —( = 256)
[ 115 109 85
@ F.7) _< 128" 128° 256)
43 183 85
@p.y)= ( 128" 128° 256)
7 219 85
@p.y)= ( 128" 128 256)
(o, B )’)_(—2 0 §>
P 4 256
[ 355 227 255
(Ol,ﬂ,)/)—( ﬁ’ﬁ’ﬁ)
184 398 255
(a,B,7)= (E’ﬁ’ﬁ)
72510 255
@p.y)= ( 256’%’%)
[ 17 565 255
(017,311/)—< E’ﬁ’ﬁ)

The method developed in the last section can be adapted in the case of an even number
of intervals. However, we need to be careful since in order to apply 6 + tan g we
need to avoid the angles & = £m. Therefore, we use the invariance § — 6 + Cste 1
of the integral (3.36) to shift the intervals so that they do not contain £ . We define
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fors > 1:

1 1
o0 TR mE g _mhZg)  me e

s 2s 2s ° Vi
atk—1
:u , V=G -D<k<s
s
N
e U )
k=—(s—1)
s () (s)
a
12,0, (5 (%)
k=—(s—1)
T =1, 1Ty}
and the integral:
Zn(T,) = ;/ do, ...de, ]_[ et _ o’ (3.36)
‘ ' doy ... )
Q2m)"n! J(z,) I<p<g<n
which is also equal to det 7, with (T,,(S)) = 1,—4 the n x n Toeplitz matrix given
P
by:
|Zs |
n = =
0 2w ¢

k
ty = € sing <%> Sk=02s] fork #0

Note again that the Toeplitz matrix is mostly empty since only bands with indexes
multiple of 2s are nonzero. Moreover, it is also equal to a Hermitian integral:

n2

2 \
Z L) = —— ey .. dt, Aty . .. 1) e " Tim A+ (3.37)
(27'[)”71! (]S)Vl

or a complex integral:

nn+l) |

Z,(I) =(=1)" 2 l"/ duy...duy Auy, ..., up)e™" D=1 In (3.38)
(T)"

The situation can be illustrated as follows (Fig. 7).
The method developed in the case of an odd number of intervals can be easily
adapted to this case. In particular, we can prove the following:

Theorem 3.3 (Results for an even number of symmetric arc intervals) In the case of
an even number of symmetric arc intervals (3.36), we have:
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S G T T Ty ——— - [

Fig.7 Illustration (in green) of the set 7,3 for € = %

1. The spectral curve attached to integral (3.36) is given by:

Hi;i cos? (”(’;:2))

P o TL - (3)°
(1) (

) ) k=3
1_[‘11—<x1>0032< T 715) A4+ Thie -y (xz —tan’ | =5 ) + ﬁ))

2. The corresponding limiting eigenvalues distribution is given by:

s—1 ”(k_ %)
i °°S< = T 2 = wan® (36))

s ﬂ(kié) . k—1
[Ti=—(s—1) cos ( Tl (1 +x) [Tie ) |[x? —tan? ”(k 2) + 45

dftoo(x) =

3. The filling fractions are the same in all the 2s intervals:

tan<”<k_%> +Z<

def 2s 4s 1
Vke[-(s—1),s] : €kts =/ 2(1) dMoo(x)=2—
tan( 2s2 _%> s

4. The function In Z,(Zs) admits a large n expansion given by Theorem 3.1 with
partial reconstruction by the topological recursion given by proposition 3.2. In
particular, we have for s > 1:
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2s
4

€

n(Z,(T,)) = %m (sin (”7)) Inn+ O(1)

The O (1) order depends on the remainder m, of n modulo 2s. Numerically, its
dependence in € follows the conjecture 3.1 (with 2r + 1 replaced by 2s and the
special case still given by m, = 0).

5. The limit ¢ — 0 of Z,(Zs) withn = m,, mod 2s is given by:

JLUA - 8s m
o~ (TR k) (L))"

+]— 2s m mp
(&) (CLED)™ (LA +1))
(3.39)

0 n n
ZH(IS) < (27T6)23LZJ2+(2|.§J+1)m,I

4 Conclusion and outlooks

In this article, we proposed a rigorous mathematical derivation of the asymptotic
expansions of Toeplitz determinants with symbols given by f = 17 p) where
T(a, B) = {e'',t € [a, B]}. This generalizes Widom’s result and completes the

approach developed in [21]. We also provided numerical simulations up to o (n%)

to illustrate these results. For symbols f = 17, with 7; = Uzzl[ak, Brland d > 2,
the situation is more complex, but we were able to provide a rigorous derivation of the
large n asymptotic of the corresponding Toeplitz determinants when the arc intervals
exhibit a discrete rotational symmetry on the unit circle. We also provided the first
terms of the large n expansion up to O (1), and we proposed a conjecture for the O(1)
term supported by numeric simulations. Moreover, the results presented in this article
raise the following challenges:

e Prove conjecture 3.1 regarding the O(1) term in the symmetric multi-cut case.
In particular, it would be interesting to find a way to obtain the normalization
constants. This requires to connect the Toeplitz integral to a known integral for at
least one value of the parameter € (very likely € — 0).

e In the multi-cut cases without discrete symmetry, it would be interesting to prove
that, for generic choices of the edges, the corresponding spectral curves are regular
and that the hypothesis required to prove the large n asymptotic of Theorem 3.1
are verified. Contrary to the case with a discrete rotational symmetry, it seems
unlikely that we obtain an explicit formula for the spectral curves. However, it
may be possible to obtain sufficient information on the location of the zeros of
y(x) in order to prove that the spectral curves are regular.

e The method developed in this article could also be tried for more general Toeplitz
determinants. In particular, the transition from a symbol supported on a com-
pact set of {¢/',t € (—m, )} to a strictly positive symbol on the unit circle
deserves some analysis. Indeed, in the case of a strictly positive symbol on the
unit circle, Szegd’s theorem implies that rllln det 7, admits a non-trivial limit

(given by % 02” In(f(€'?))dh) so that the large n expansion proposed in The-
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orem 3.1 requires some adaptations. However, it may happen that the sub-leading
corrections may still be given by Theorem 3.1 and in particular that sub-leading
corrections may be reconstructed from the topological recursion. This conjecture
is supported by the fact that Toeplitz determinants can also be reformulated as
Fredholm determinants (see [8]) that are known to be deeply related with the
topological recursion.
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rigorous way the tools and theorems used in this article. I also would like to thank G. Borot for very fruitful
discussions about the normalizing constants and also an unknown referee for his suggestions. Eventually,
I would like to thank Université de Lyon, Université Jean Monnet and Institut Camille Jordan for financial
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A Topological recursion and normalization for the one-cut case

In this appendix, we provide details about the computation of the free energies

FT(f))' Ree.(€) required for Sect. 2. Computations are direct application of the
P >0

topological recursion whose general definitions and results are presented in “Appendix
B .”

A.1 Computation of the topological recursion

In this section, we present the computation of the topological recursion to the spectral

curve:
@) 1 ) (7‘[6) . 1
= —tan( — -
x(z > 5 z -

2
) (e e @ D) ()

The spectral curve is of genus 0 and the branchpoints are located at z = %1 and we
can define a global involution z = % for which x(z) = x(z) and y(z) = —y(z). Note
that y has simple poles at the branchpoints so that the one form ydx given by:

y(z) = (A1)

dz
zcos(%5) (1 + 1 tan?(%5) (Z + %))

ydx(z) = (A.2)

is regular at the branchpoints. We now need to compute the first free energies

(F%; Rec. (e))g>0 attached to this genus 0 spectral curve using the formulas presented

in “Appendix B.” Specific formulas presented in [16] are required for FT(SI))_ Rec (€) and
FT%; Rrec.(€), and the corresponding computations are presented in “Appendix A.2”

(Egs. (A.9) and (A.11)). We find (remind that ¢ = tan %):
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FT((()); Rec (€) =In2 —1In (sin %)

FT((I)I)3 Rec (€) = lln (cos (%))

1 e
F® _
TopRec() __ﬁt (2)
7® 1 1 2 (7[6) 5 4 (ﬂé)
——— = —t — ) —t — A3
Frop ree () = =356 ~ g 4 57 ) ~ s (3 (A-3)
Remark A.1 Note that we have Wl(,?; (x1,...,xp) = O for all p > 3 because y has

a simple pole at the branchpoints. Moreover, from the definition and the form of the

spectral curve, it is also easy to see that the coefficients (W,(;a (xg,...,x ,,)) L0
p=1.g>

and (FT%})) Rec. (a)) o are polynomial functions of a = tan(%) and V1 +a* =
g>
1

cos(%F) "

A.2 Computation of F;g:) pec and ng) Rec

We want to compute the first two free energies of the curve:

x(z) = %tan (%) <Z + ;)

@) = - 1 1 1 (A4)
sin(%5°) (1 + 7 tan? (%) (z + E)) (z — Z)
We first observe that the one form ydx is given by:
n n 13 14
dx(z) = + + + dz A5
ydx(@) <Z_Zl =2y z1—1Z3 z—Z4> (A2)
with:
1 —cos (&
Z1 =1 - ﬂ(ez)andh:
sin (7) 2
1+ cos (&
Zr =i " ,,(SZ)andtz:—
sin (T)
1+ cos (&€
Z3 = —i ngz)andtgz——
sin (7
1 —cos (& 1
Zy = —i nE 5) andt; = — (A.6)
sin (7) 2
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Thus, the one form ydx has 4 simple poles that are not branchpoints but only poles of
v(z). The local coordinate around each point is given by:

1 _ 2z
x(Z) - X(Zk) tan (%) (Z — Zk) (Z — ZL}()

X (z) =

Hence, the local potential:

Vi(p) = Res ydx(g)In (1 _ M)
q—Zy

x(p) —x(Z1)

is trivially vanishing in all four cases since the poles are simple. Eventually we end
up with the computation of:

= (/0 dx(z) —¢ &> + e In(x(r) — x(Zy)) (A7)
SRV @ —xzo) ¢ '

. x'(2) 1 1 1 .
Observing that TOxZD) = "z + =7 + %, we have:

1 t TE
— thln(o— Z) - er In(Z — Zp) +thn 1= — | + Ftan (7)

Jj#k J#k k
(A.8)

Hence, in the end, observing that 22: 1tj = O we get that the dependence in o vanishes
(as claimed in [16]) and we find:

FO def 1
TopRec - Ztkﬂk
=——ZZtkt]1n(Zk Zj)+ = Ztkln( ——2)
k=1 j#k Zi

4
—tan( )Z
1 _ 1o 1
=-3 Z tktjln(—(Zk—Zj)2)+§Ztkln (1—2—]%)

j<k=1 k=1
( 4
tan ) t,?
k=
—In2—1In (sin %) (A.9)
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The computation of FT((I);.RCC. in the case of two hard edges is relatively straightfor-

ward. First, we observe that we have:

1
2cos (%) (z — D?(z + D?

wi(2) = (A.10)

Then the computation of FT((I)I))VRGC. can be performed with the formalism of [24] that
includes the possibility of hard edges. Straightforward, but lengthy, computations
using equation [149] of [24] give:

1 TE 1 e
FY e = ZIn (cos (7)) =—n (1 + tan? (7)) (A.11)

An alternative approach with detailed computations using a refinement of the for-
malism of [16] adapted to hard edges is developed in [21]. However, we note that
Bergman tau function used in [21] is slightly incorrect. Indeed, since Wl(l)(z) =

1 Lo . B
Teos(F) -7 D then the Bergman tau function in the present case is Intp =

in cos (%))

A.3 Normalization with a Selberg integral

Remark A.2 1In this section, we will use the term “asymptotic expansion” and infinite
series in the same sense as Theorem 2.2. In particular, infinite series like f(N) =
32 jax N~ are to be understood as £ (N) = Y ¢ jaxN ¥ +o (N~K) forall K > 1.

We have the following Selberg integral:

2 n—1 .
2" T T2+ DI +2)
S,(1,1,1) = ui —u)duy ... du, = —
n(h 1D /[_mn [1 i —upidur.du, == JUI T(n+j+ D)

I<i<j<n

27 (T2 j!)4

= ]_[?”:_]1 i (A.12)
We get:
Zn(ao) = (zi—fn, Sicavaop AL - 1) e ™" Yhat U+ gy . ds,
= % flfl,ll" Ay, ..., uy)2e " Xizi ln(H“(Z)”lz)dm ... duy,
2.2
o A Sa (A.13)
with:

Say = / Ay, ... up)2e " Eia MA+aGu) -y, (A.14)
(1,11
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Sao 1s a Hermitian matrix integral on / = [—1, 1] with potential V,,(x) = In(1 —i—a%xz).
It is continuous in ag, and in particular for ag = 0, we find:

2% (nl) (l‘["fl -1)4
. ]:1 J:
e !

So=Sp(1,1,1) = (A.15)

Therefore, we have:

In Z,,(ag) — n* In(ap) —4y—0In (Sy(1, 1, 1)) +2n*In2 — nIn(27) — In(n!)
=4In(G(n+ 1)) —In(GR2n + 1)) + 2n°In2 — nIn(2n) (A.16)

where the function G(z) is the G-Barnes function whose asymptotic expansion is:

N—-1
In(GN+ 1) =M | ] !
j=1
N? N 1 3 > B>
= "IN+ —=InQ@r)— —InN+¢(—1)— ~N? — 8 N2
SN+ 5 In@m) — SN +¢'(=D =7 +;2g(2g_2)

(A.17)

Using this formula for N = n and N = 2n as well as Stirling’s asymptotic formula:

1 1 > By
In(n!) = 2 Q) +nlnn+ S Inn—n+ Z Kk — T (A.18)
k=1

we can compute the asymptotic expansion of the r.h.s. of (A.16). We obtain:

In(S,(1,1,1)) +2n%In2 — nIn(27) — In(n!)
41 =272 Byy s
2¢(2g +2)n%8

oo

1 ) 1
:—Zlnn+3§ (—1)+Eln2+g2;

(A.19)

so that:

In Zy, (ag) — n In(ag) — 4G+ 1) ~In(GQn + 1) + 202102 — nIn(27)
apg—

o0

1 1 4(1 =272 2)Byyin
=—_1 3¢(=1) + —1In2 § g
4nn-l- Z'( )+12n —l—g:]

2¢(2g +2)n%8

(A.20)
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A.4 Term by term limit of the free energies when € — 0

In this section, we compute the limit when € goes to 0 of the free energies
(F (8) (e)) of the spectral curve:
£>0

Top.Rec.
() = 1t (%) 41
= —tan | — -
xX(Z 3 ) Z p

2

¥ = 1 1 1 (A21)
sin (%°) (1 + 7 tan? (%) (z + Z)) (Z - Z)
Using the symplectic transformation:
(%.5) = ( =z ytan = (A22)
V)= —=z,ytan — |, .
Y tan 5= Y 2
we obtain the equivalent spectral curve
() = 1 n 1
x@) =5z -
- 2
y(2) (A.23)

" eos () (1+ et (37) (24 1)) (:- )

In particular, since the symplectic transformation (A.22) is only a rescaling of x and
y by a constant, the free energies computed from either (A.21) or (A.23) are the same
for g > 1. The exceptional case g = 0 provides the same result up to a trivial factor
In tan 75~ Finally, the new parametrization (A.23) admits a regular limit when € — 0
given by:

1 1 2
x0(2) = 5 <z + —) s Yo(2) = (A.24)
2 Z ( — l)
Z
which is exactly Legendre’s spectral curve yg = i whose free energies have

xg—1
recently been computed in [28] (Cf. Sect. 2.3.4 and main theorem of [28]). Thus, we
get:

FT((o)I)).ReC_(G) + Intan %6 %2
(1)
F"l"op.Rec.(e =0 =0
B, (4 — 2*(2g72))
(g) 2g (
§ =0 = L Vg=2  (A25
Topee (€ =0 2¢(2¢ — 2) 8= (A.25)
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where (Bi)g>( are the Bernoulli numbers defined by:

X as xk
= > By (A.26)
k=0
A.5 Convergence of the asymptotic expansion Z;‘;OFg;.Rec.(e)nz‘zg when
e—>0
In the previous section, we have proved that:
€
FT(gg)_Rec_(e) + Intan % 30 In2
1
F"l(“oi).Rec.(E =0 =0
By (4 —27(872)
(&) 2g (
F. €e=0) = , Vg=>2 A.27
Top.Rec.( ) 2¢Q2g —2) 8= ( )

However, the previous results are only term by term convergence results and may only
be used to study formal series in 7€ but not directly in asymptotic expansions that
we deal with in the present article. In order to prove that the limit remains valid in the
sense of large n asymptotic expansion as claimed in (2.28), we need to use results of
[18] rather than formal limit results found in [16]. Let us consider the integrals defined
by (we remind that @ = tan ZF):

, N i 1n(1+a2u%)
M =/ A(uy,...,up)e *=I1 duj...du, (A.28)
[—1,1]

which is trivially connected to Z, (a) by Eq. (A.13). Note in particular that the inte-
gration domain is [—1, 1]"” and thus is independent of a. On the contrary, the potential
V,(w) = In(1 + a?u?) depends continuously in a. In particular, V, converges uni-
formly on [—1, 1] to Vy = 0 when a goes to 0. Moreover, for all a > 0, the potentials
V., satisfy conditions of Proposition 2.1 and in particular the limiting eigenvalues
density is always supported on a single interval. Therefore, we may apply results of
[18], stating that the large n asymptotic expansion of In S, converges to the large n
asymptotic expansion of In Sp:

o0 it _n—(2g¢2)
€3] TEN 209 €=0 2 Bag (4 2 ) 22
gZ_O(FTop-Rec-<€>+5g»olntan7)” VR ) ey

(A.29)

Eventually, the connection between Z,(a) to S, given by (A.13) allows to extend the
result to the large n asymptotic expansions of In Z, (a) as claimed in (2.28).
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Remark A.3 The case a = 0 only appears special at first sight because the definition
of Z,(a) (see (2.4)) is taken as integrals over [—a, a] for which the value a = 0 looks
ill-defined. But after a trivial transformation to integrals over [—1, 1] given by (A.13)
(i.e., transforming Z, (a) to S,), it becomes obvious that a = 0 is no different than any
a > Oregarding the application of results of [18]. Therefore, the asymptotic expansion
of In §,; converges to the asymptotic expansion of In Sy when a tends to 0, thus giving
(A.29) and finally (2.28) using (A.13).

B The Eynard-Orantin topological recursion

In this section, we briefly review the formalism of the topological recursion as pre-
sented in [16]. More general versions of the topological recursion can be found in
the literature, but we restrict ourselves to the original simpler version of [16] that is
sufficient for the purposes of this article. Let us start by the definition of a spectral
curve:

Definition B.1 (Spectral curve, branchpoints, normalized bi-differential) A spectral
curve is the data of two meromorphic functions (x(z), y(z)) on a Riemann surface ¥
of genus g. This is equivalent to the data of a polynomial P such that P(x,y) = 0
and therefore to an algebraic equation between x and y. When the genus g of ¥ is
strictly positive, we complete the data of the spectral curve with the choice of a basis
of homology cycles (A;, B f)lsj - such that:

Vi<jk<g: AjﬂAkZBjﬂBkZQj

Vi<jk<g: A NBc=38;x

Then it follows from standard results of algebraic geometry that there exists a unique
symmetric bi-differential B(z1, z2) (sometimes called “Bergman kernel”) such that:

e B is holomorphic on ¥ x X except at coinciding points where it behaves like:

dz1dzs

B — <2
@1.22) (z1 — 22)?

+ regular

122

e B is normalized on the basis of cycles (A i B j) in the following way:

l<j=g

% B(z1,z2) =0foralll < j <g

Aj

The branchpoints (a;)1<j<g (With R > 1) of the spectral curve are the points where
dx vanishes. The spectral curve is said “regular” if the branchpoints are simple zeros of
dx. When the spectral curve is regular, we can define locally around each branchpoint
a holomorphic involution z — z such that x(z) = x(2).

In this paper, we will only restrict ourselves to the case of regular spectral curves
since the situation is much more complicated when the curve is not regular. We remark
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that when the spectral curve is regular and of genus 0, then there exists a global
parametrization (x(z), y(z)) with z € C U {oo} of the spectral curve. Moreover, the
holomorphic involution z + Z is defined globally on the spectral curve and the
normalized bi-differential B is explicitly given by B(z1, z2) = (ZZ - ZSZ . We now have
all the ingredients to define the correlators and free energies associated with a spectral
curve.

Definition B.2 (Definition 4.2 of [16]) For g > 0 and n > 1, the Eynard—Orantin dif-

ferentials (known also as “correlation functions” or “correlators”) a),(lg) (z1,...,2n) of

type (g, n) associated with the spectral curve (x(z), y(z)) are defined by the following
recursive relations:

oV @) = (1) — yE1)dx(z1) (B.1)
wg))(m,zz) = B(z1,22), (B.2)
R
7] _
wffﬁl(zo,zu e Zn) = Zzligas K (zo, Z)[wf,il @221 )
=1

/
+ Y ofheme), ] B3

81+82=¢
IuJ={1,...,n}

Here

el
2 (y(2) — y(@))dx(2)

K (z0,2) = (B.4)

is called the recursion kernel, and the ’ in the last line of (B.1) means that the cases
(g1, 1) = (0,0) and (g2, J) = (0, ¥) must be excluded from the sum.

The Eynard—Orantin differentials a),(f )°s are meromorphic multi-differentials on X"

and are known to be holomorphic except at the branchpoints if (g, n) # (0, 1), (0, 2).
In [16], the authors also introduced free energies (also called “symplectic invariants™)
(F(g))g>0 defined by:

Definition B.3 (Definition 4.3 of [16]) The gth symplectic invariant F‘€® associated
with the spectral curve (x(z), y(z)) is defined by:

R

F@® = E Res @(z)wig)(z) forg =2
i—>ai
i=1

2-2g¢
where

Z
d(2) = f y(Z)dx(Z) (z, is a generic point).
2o

F© and FO are defined with specific formulas that can be found in [16].
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Note that this definition extends to the case n = 0 (with the identification w(()g) =
F®)) the following property:
1 R
(8) _ (€]
wp ' (21 -, zn)—m Z;zliesi <I>(z)a)n+](z, Z1,..-,2n) forg>0andn>0
1=

Note also that the Eynard—Orantin differentials or the symplectic invariants do not
depend on the choice of parametrization (x(z), y(z)). Eventually as suggested by

their name, the symplectic invariants (F (8 ))g>0 are invariant under transformations of

the spectral curve (x, y) — (x, y) such that dx A dy = dx Ady,i.e., transformations
that preserve the symplectic form dx A dy. Note that the only non-trivial case is the
exchange (x, y) — (y, —x) for which the invariance of the symplectic invariants is
highly non-trivial and controversial. In this article, we only used trivial symplectic

transformations. We remind that this symplectic invariance property does not hold in

general for the Eynard—Orantin differentials a)f,g ) but only for the free energies.
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