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1. Introduction: partitions

Partitions are extremely useful in many areas of physics and mathematics. A partition
with at most N rows is an ordered sequence of N non-negative integers:

Al =Y. A is called the weight of the partition A. The length of the partition n(\) is the
number of strictly positive rows n(A) = #{\; > 0}.
It is also convenient to represent the partition rotated by /4, i.e. we define

Ay

Ay | |

The h;’s are in 1-1 correspondence with the lower right edges of the rotated Ferrer diagram.

Then, for various applications, ranging from statistical physics of growing/melting
crystals [51], through TASEP [38, 15], to algebraic geometry [46], one would like to measure
partitions with the Plancherel measure P(A) (described below), and compute partition
functions of the form

Zulat) = 5 P) M VIS ter R, 13
n(A\)<N

where the C(\)’s are the Casimirs of the partition A (see section 1.2).
Here in this paper, we find all the coefficients in the large ¢ expansion of Z:

In (Zn(q;tr)) = Z q'9 F,(tx) + exponentially small. (1.4)
g=0

Fy and F} have been known for some time [47], and here we prove that all the other order
F,’s with g > 2 are the symplectic invariants defined in [20].

Beyond computing the partition function, one may also be interested in finding the
large size asymptotic shape of those random partitions. The shape of the typical partition
has been known for some time [56,55,39], [34]-[36], [46,47]; it is related to the Tracy—
Widom law [58]. Here in this paper, we recover the shape of the typical partition, and
we compute corrections to all orders. We also compute all order expansions of density
correlation functions.

We are also interested in a g¢-deformed version of the Plancherel measure P,(\),
which has applications to algebraic geometry/topological string theory, in particular in
computing the Gromov-Witten invariants of some Calabi-Yau threefolds X, described
in section 4.4.2 below (see [12,41]). Here in this paper, we prove, as conjectured by
Marino [41], that the Gromov-Witten invariants of X, are given by a matrix model, and
more precisely by the symplectic invariants of [20] computed for a spectral curve of the
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form H(e®,e¥) = 0. This is typically the form of a mirror spectral curve in the type B
topological string theory. Moreover, using the recent result of [17], this also proves that
this model is equivalent to the Kodaira—Spencer field theory.

Outline of the paper:

e Section 1 is an introduction, where we recall the definition of the Plancherel measure,
the Casimirs.

e In section 2, we rewrite the partition function Z of the Plancherel measure, as a
normal matrix integral. As an immediate consequence, we find that the topological
expansion of InZ is given by the symplectic invariants of [20], associated with a
spectral curve which we compute explicitly. This also gives all order corrections to
density correlation functions.

e In section 3, we repeat the same derivation as in section 2, but for the ¢-deformed
Plancherel measure partition function. We also rewrite it as a matrix integral, and as
a consequence we find that its topological expansion is again given by the symplectic
invariants of [20]. In particular, we study the consequences for the Gromov-Witten
invariants of the Calabi-Yau toric threefolds X,. We prove the conjecture of [41]
that the Gromov—Witten invariants are the symplectic invariants of a mirror spectral
curve.

e In section 4, we explain the main applications: crystal growth, TASEP, length of the
increasing subsequences of a random permutation, and algebraic geometry Gromov—
Witten invariants.

e Section 5 is the conclusion.

1.1. Plancherel measure

The Plancherel measure is
PO = (M)? Tlicieyen (= hy)?
Al Hf\; (hi!)?

where dim A is the dimension of the representation of the symmetric group %(]\|), indexed
by the partition A\. The Plancherel measure depends only on the partition A and it does
not depend on N > n(\).

Its g-deformed version is

I1,;hi — )

) (1.5)

P =T g (16)
where [h] is the g-number:

[h) = q " = ">, (1.7)

P,(\) = [, (q" —q")? (1.8)

N “Dhs e (s — N h; o’
Hi:l gN=Dhi g=(1/2)hi(hi—1) Hi:l szl(l—qJ)Q

The Plancherel measure appears in many physical and mathematical problems. It is
the natural measure on partitions.

doi:10.1088/1742-5468/2008,/07 /P07023 4
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Among famous physical problems related to the Plancherel measure are the 2D
growing/melting crystal [47,33], the length of the longest increasing subsequence [53],
and the totally asymmetric exclusion process (TASEP) [38,15]. The Plancherel measure
also plays an important role in string theory and algebraic geometry, in the computation
of Gromov—Witten invariants [44,46, 47, 41].

We develop those examples in section 4.

1.2. Expectation values and Casimirs

In most applications, one would like to compute expectation values of the following form
(as well as the g-deformed version of this):

Z P(A He kgkck()‘ (1.9)

n(A\)<N

where Ck(A) is the kth Casimir, which can be defined as the kth term in the small z
expansion:

N
1 k ] e_(N_1/2)Z 1
—2"Cr(N\) = AlhmNH1/2) L 2~ 1.10
G0 = e - (1.10)
The Casimirs depend only on \; they do not depend on N.
We may write
N
Cr(A) = (hi = (N = 1) + Cio(N). (1.11)
i=1
For instance,
N(N -1 1 1
S Y T LCL ) S I VR (1.12)
- 2 24 24

=D W —(@2N -1 hi+INN-HN 1) =D N(A—2i+1). (1.13)
In general ), gxCi()\) can be written as

> aCr(N) = kath = ZA(hi), (1.14)

and it is important to notice that the coefficients ¢, may depend on N.
Finally, what one would like to compute is a sum of the form

N d+1
Zyoc Y PO J[e™, A =) #hk (1.15)
n(A)<N i=1 k=0

doi:10.1088,/1742-5468 /2008 /07 /P07023 5
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2. Plancherel measure

In this section, we rewrite the sum
d+1 1—k)/2
t q'
vt = 3 POy o e (-3 B a) 2.)
n(A)<N k=2

as a matrix integral, and as a consequence, we obtain its topological large ¢ expansion:

IHZN q,tk ~ Z ql " F tk (22)
n=0

2.1. Transformation into a matrix integral

Consider the contour C which goes above the positive real axis in the negative direction
and below the positive real axis in the positive direction, i.e. it encloses all non-negative
integers.

The function
) —imé
f(€) = —€T(=E)T(g) 7 = =

sin (7€)

has simple poles with residue 1 at all integers (¢ € Z).
Therefore we have

(2.3)

—A(&)

—A(hi)
féNdél...d&v [T Hffz €+ NGESI Z [I(h: —ny)° Uehﬁ

i<j hny=0 i<j
H‘<j(hi - hj)Q A
_ i —A(h;)
vy Moy
hy>e>hy >0 i
N> TP He*f‘ . (2.4)

n(A\)<N

In other words, the Plancherel measure partition function is a normal' matrix integral:

hy)? Ne/2

[Tic;(hi — " q
i —A(hi) _ AM e~ Va4 TtV (M) 2.5
Y el e o [ e, e

h1>-->hNn>0 7

with the potential
VeV (z) =Inl'(y/qz) —Inl'(—/qx) +iry/qgz +In(\/qz) + A(/q ). (2.6)

! The ensemble Hy(C) is the set of normal matrices whose eigenvalues belong to C; for instance Hy(R) = Hy
is the set of Hermitian matrices. In general Hy(C) = {M = UAUT,U € U(N),A = diag(\1,...,An),\i € C}.
This ensemble is equipped with the measure dM = dU [], d\: ] —\;)?, where dU is the Haar measure on
U(N), and dA is the curvilinear measure on C.

7,<](

doi:10.1088,/1742-5468 /2008 /07 /P07023 6
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40t

30¢

20¢

10}

W¥'4 6 8 10 12

And we write

A(VGz) = [—xlnﬁ%t’“ ( —N_T;/z)kwxo} _ JiU(). (2.7)

Therefore, the derivative of the potential can be written (using Stirling’s formula) as

V() = V(VE) + 0~ +iT 4 Ul)

, 1 Boy,
=2 (VaD) + V) + =3

d k 00
N—1/2 1 Bon,
=21 § - E 2.
nr -+ thrl (33' \/a ) qx o \/_3;' Qn ( 8)

k=1 n=1
where B,, are the Bernoulli numbers, and ¢ =I"/T".

2.2. The rescaling factor and topological expansion

We have introduced a rescaling factor /g such that h; = /qx;; because typical h;’s are
not of order 1, they are large, and with this rescaling, we expect the typical z;’s to be of
order 1.

Another reason for introducing a rescaling factor /g is that it will serve as an
expansion parameter.

If the matrix model integral has a so-called ‘topological’ large ¢ expansion [54,10],
i.e. an expansion in powers of ¢~! here (and this must be the case by definition for
formal series), then the coefficients are given by the solution of loop equations first found
n [18,13], and are given by the symplectic invariants [20]. It was found in [20] that the
whole 1/¢ expansion can be written in terms of the spectral curve, i.e. the ‘large ¢ density’:

InZy ~ qu_g F,, (2.9)

where the F,’s are the symplectic invariants of the spectral curve. Here, we shall see that
the F,’s do not depend on /N and on g.

Therefore in what follows we aim at determining the spectral curve corresponding to
the potential V(z) and to the integration contour C.

doi:10.1088,/1742-5468 /2008 /07 /P07023 7


http://dx.doi.org/10.1088/1742-5468/2008/07/P07023

All order asymptotic expansion of large partitions

2.3. The spectral curve

Heuristically, the spectral curve is more or less the large ¢ density of the h;’s. It is related
to the ‘large ¢ limit’ of the resolvent W (x) (see [20]):

‘li ’L T ! = ‘lim’ #
W (x) = ‘lim \/5<T x_M> 1 <Z\/§x_hi>. (2.10)

i

Let us make this definition more precise. It is based on the solution of loop equations
(Schwinger—Dyson equations for matrix integrals), found in [18].

The method of [18] consisted in finding all the corrections to the expectation value
of the resolvent, as an expansion in powers of the parameter in front of TrV (M) in
the matrix model weight, i.e. in our case e V™V ‘je a power expansion in /g. The
corrections were found in [18], by solving recursively the set of Schwinger—-Dyson equations
of the matrix model, also called loop equations. The general method for finding the whole
power series in /g was then formalized into the notion of symplectic invariants in [20].

Thus, the definition of the spectral curve needed is the one which allows us to follow
the solution of [18, 13, 20], i.e. the solution of the leading order loop equation?; as follows:

Definition. Given an integer s > 1, and a set of positive real numbers €;,i = 1,...,s,
with ). €; = N/\/q called ‘filling fractions’, we look for a set of cuts [a;, b;] in the complex
plane, and we look for a function W(z) analytical outside the cuts, which behaves like
N/\/qx at 0o, and such that on each cut,

W(xz +10) + W(x —i0) = V'(z), V€ [a;, b (2.11)
and
1
- W(z)dr = €. (2.12)
2im [ai,bi]

The function W (z) is called the spectral curve.

Once the filling fractions are given, the solution is more or less unique. Therefore, we
have to specify filling fractions.

In fact, since the Schwinger-Dyson equations® are independent of the integration
path for the N eigenvalues, there are as many solutions of loop equations of matrix
models (i.e. as many possible spectral curves corresponding to a given potential V(M))
as there are independent integration contours where the integral can be defined. A choice
of integration contour is equivalent to a choice of filling fractions.

Here we want the integration contour for the N eigenvalues ; in equation (2.4) to be
C¥, and we have to find which filling fractions it corresponds to.

The spectral curve is the ‘large ¢’ resolvent, i.e. it gives the asymptotic shape of a
typical large partition. For this problem, the typical shape of large partitions has been
determined for a long time [55, 46,47, 42], and has a very special property called the ‘arctic
circle’. We describe it below. This property will allow us to find the filling fractions, i.e. the
spectral curve which corresponds to our problem.

2 The true definition of the leading order loop equation has nothing to do with a large ¢ limit; it is obtained by
dropping the connected two-point function from the loop equation—see [20]. But for one-matrix models, this turns
out to be equivalent to solving the saddle-point equations for the eigenvalues (i.e. the h;’s), and this simplifies to
give the definition presented here.

3 Schwinger-Dyson equations are just obtained by integration by parts of the eigenvalue integral.

doi:10.1088,/1742-5468 /2008 /07 /P07023 8
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2.3.1. Arctic circle. Our partition function Zy = ZH(A)SN P(A\) e 4™ depends on N
through the summation bound. What was observed [32] is that typical partitions have
a typical length (n(\)) = n(q, tx), and if we choose N > 7, the h;’s with N > i > 7
(i.e. h; < N —m) of a typical large partition are ‘frozen’, i.e. h; = N — i, i.e. \; = 0.

n is sometimes called the arctic circle, because everything above the arctic circle
is frozen [32]. This means that asymptotically Zy ~ Zz, up to exponentially small
corrections, i.e. the F’s should not depend on NN, and the N dependence should be only
in the exponentially small corrections:

InZy ~ > q' "7F, + O(eVI°M), (2.13)

g=0
This also means that, order by order in a 1/¢ expansion,

InZe ~InZy ~InZg~ Y q"9F, (2.14)

g

In other words, if the arctic circle property holds, we may determine the F}’s by choosing
N = 7 for instance, or by choosing our favored value for N. We can also try to find a
spectral curve for any IV, and then check that the Fj’s are indeed independent of N, and
this is what we do below.

2.3.2. Chiral ansatz.  We try to guess the form of the spectral curve, and then we have to
check the consistency of our hypothesis.

The fact that all the h;’s beyond 7 are frozen means that the large g resolvent (i.e. the
spectral curve) can be written as

I v 1 . N -7
7 > x—(N—i)/\/E]+W(x_b>’ b= N (2.15)

1=n+1

W(z) =

where W (z) has a cut [0, a] with an edge at 0.

In general, W may have several cuts, depending on the #;’s. Here we assume that the
ty’s are such that W has only one cut. We discuss this assumption below in section 2.7.

Thus, W (x) corresponds to a multicut solution, with N — 7 4 1 cuts; one of them is
[b, b+ a] with filling fraction 77/,/q, and the others are degenerate cuts [(N —14)//q, (N —
i)/+/q) with filling fraction 1/,/g. This form of the spectral curve is also called the chiral
ansatz in the literature, after the solution of [14, 37]; see [12].

W (x) is thus a one-cut solution and behaves for large z as

W)~ =L (2.16)
VazT

and is such that
5 N

~ . ~ 0) = V'(x 2 1
W(x +1i0) + W(z —i0) = V'(z + 1) \/éi:zﬁ;lirb—(N—i)/\/é’

Va € [0, al.

(2.17)

doi:10.1088,/1742-5468 /2008 /07 /P07023 9
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In other words, we have to solve the same problem as for W, but with a new condition
that the cut is of the form [0, a].
Notice that

N
2 1 z+b 1 1
= : =2In - +
ﬂi;1x+b_(N_Z)/\/c_1 T Var  \/q(z +D)

— By (1 1
— 2.18
where B, are the Bernoulli numbers, and therefore the RHS of equation (2.17) is

N

2 1
Vi(x +b) — — ,
( ) \/azx+b—(N—z)/\/§
d _ k 00
7—1/2 1 By,
=2lnx + t (x— ) + — - —_—. 2.19
I e R T W 219

Notice that it is independent of N.

2.3.3. Edge at zero. We want to determine W (z), which has only one cut [0, a].
One-cut solutions are better written in the Zhukovski parametrization:

2(2) = (z 2 %) a=4dy. (2.20)

Notice that each value of x corresponds to two values of z, namely z and 1/z. We call the
domain |z| > 1 the physical sheet, and |z| < 1 the second sheet.
Then we write

d

Ztkﬂ (x—"_l/z) Zu k2R, (2.21)

where the coefficients wuj, are functions of y. We determine ~ by the condition

v=e ". (2.22)

The one-cut resolvent W (x) is then

d 0o

w(z) =W(z(2)) = > upz ™ +2In(1+1/2) + N fx ZQn BQ" (2.23)

k=1

and it does indeed satisfy equation (2.11):

d _ 00
w(z) +w(l/z) =2z + Yt (x—n_1/2) N —Z B (2.24)
k=1 m=1

\/a mqm x2m

doi:10.1088/1742-5468/2008,/07 /P07023 10
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and it has (order by order in 1/,/q) no singularity in the physical sheet |z| > 1, and it
behaves like O(1/z) for large z:

1 1 ,

n

Vau(z)

l.e. we find m:
n—3=(u+2)7q (2.26)

The uy’s are then found from equation (2.21):

d d k
_ hu 1
kE_O uk(zk + z k) — kg_l trt1€ kug (Z + ; — ul) . (227)

In particular, the coefficients of z° and 2! are

d (k/2] Lol o/f 2
2up = 3 (1)t o™ Y ot
P 34k = 2j)!
(2.28)
d [(k—1)/2] Lol o k21
U = — —1)Fty, e kw0 ! ,
! ;( Sl ]Zo G+ DIk —2j — 1)

which means that (after eliminating u) ug satisfies a transcendental equation of the form

Polynomial(ug,e™") = 0. (2.29)

It is important to notice that this equation is independent of N and ¢, and thus, ug, uq,
and all the u;’s depend only on the t;’s; they do not depend on N and q.
The resolvent W (z) is thus given by equation (2.15):

1 & 1

1
Wi(x(z)) = — , + w(z), x(z) =b+ ”y(z +2+ —) : (2.30)
\/ai:ﬁJrlx_(N_Z)/\/a o
The spectral curve* is the density y = (W (z —i0) — W (2 +10)), i.e. the discontinuity
of W along the cut, i.e. y(z) = 3(w(1/2) — w(z)); therefore our spectral curve is

= L —1/2 e "z 1 —u
o) = S v (s )
E(ty) = (2.31)

<
—~
[\
S~—
I
—_
=
—~
I\
S~—
+
DO [
(1=
<
e
—~
N
e
|
N
ko
~—

k=1

The same spectral curve was obtained by Marshakov and Nekrasov in [42]; it was derived
from finding the optimal profile function which maximizes the free energy Fy. It is well
known that the extremization equation gives also equation (2.11).

4 All the construction of [18,20] is unchanged if we add to the spectral curve an arbitrary rational function of z;
this is why the spectral curve can be sometimes chosen to be W(z), and sometimes y(z). From now on, we will
call y(z) the spectral curve.

doi:10.1088/1742-5468/2008,/07 /P07023 11
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2.8.4. Consistency of the chiral ansatz.  We have to check that the F;’s are independent of
N. The resolvent W (x) is parametrically given by the spectral curve:

=222 o (2,

(2.32)

d
1
Y wz F+2In(1+1/2) + ——
+1 Z:;k ( /2) 2,/qx(z)

BQTL

M

- 2n

It was proved in [20,21], that the F},’s are invariant under transformations of the spectral
curve which preserve the symplectic form dz A dy (this is why they are called symplectic
invariants). In particular they are invariant if we add a constant to the function z(z),
and if we add to W (x(z)) any rational function of z(z). Therefore, the previous spectral
curve is symplectically equivalent to

2(z) = e (z + % - ul),
a (2.33)

and this last spectral curve is clearly independent of N and q.

Therefore the F}’s are indeed independent of /N, which proves that the chiral ansatz
(i.e. the arctic circle property) was consistent.

As a bonus, we also find that the F,;’s are independent of g.

2.4. Summary: asymptotic expansion

Using the known properties of matrix models, the logarithm of the following partition
function:

N tk q(l—k‘)/Q
~N(g, ty) = Z P\ ¢ exp (—Z — C’k()\)) (2.34)
k>2
can be written as a large ¢ expansion:
In Zn(q,t) ~ qu "FL(E(ty)), (2.35)

where the F},’s are the symplectic invariants of [20] computed for the spectral curve E(t)
of equation (2.31). The spectral curve, which depends only on the t;’s, is found by solving
the transcendental equations of equation (2.28).

Some explicit examples are treated below in section 2.6.
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2.5. Asymptotic shape of large partitions

2.5.1. Leading order shape of large partitions. If we write z = €' we have the equilibrium
density in trigonometric form:

i = Gt - ot (o).

7

x=>b+2vy(1+ cose),

and the integrated density I = ,/q f;HV Peq d 1S

I= @ (2(sin¢ — ¢ cos @) + uy(p — sin ¢ cos @)

- Z (Sm kk:lngz) sin ]ik_—11)¢) ) 2,37

soI(gb:O):Oand](gb:W):ﬁ—l.

2
I(x) is the integral of the density, i.e. the number of h;’s between x and b + 4-.

Remember that h; = /qz;, and thus hy,) = /gr = /q(b+27(1+cos ¢)). In other words,
the inverse function /g (/) gives the typical partition hjg). We have parametrically

h; = N — 7+ 2v./q(1 + cos ¢),

I= @ (Q(Singb — ¢ cosP) + uy(p — sin ¢ cos @)

(2.38)
zd:u (sm (k+1)¢ sin(k— 1)¢))'
~ kE+1 kE—1
The typical A\; = h;y + [ — N’s are given by
A =1 —n+2v/q(1+ cos¢). (2.39)

If we plot A\; + I as a function of A\; — I, we get the typical shape of the 7 /4 rotated
partition. Examples are plotted below in section 2.6.

2.5.2. Subleading fluctuations. The correlation functions Wi? defined in [20] give all the
corrections to the densities and density correlations of the h;’s, to all orders in /q. For
instance we have

<fo_ > Zq 9 W9 (), (2.40)

and more generally the cumulant functions expand as
—g-—n/2 117(9)
— ~y g W I xq, ... ), (2.41)
(Eaia)) -2
where the Wi?’s are the correlators defined in [20] for the spectral curve equation (2.31).
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By taking the discontinuity (or by subtracting the principal part), we also obtain the
correlations of densities p(x) = >, d(x — h;):

[e. 9]

{p(x)) ~ Va % - % > g w9 (@), (2.42)

and more generally

(p(z1) -~ plan)), ~ qu I WD (1, ). (2.43)

(2\/§7T

The method for computing the W9 s is explained in [20], and it can easily be implemented
on a computer.

2.6. Examples

2.6.1. No Casimirs. We choose all t;, = 0.
Consider the partition generating function:

¢ ¢
ZP Y =1+g+L +L 4.0 (2.44)

2 6
n(\)<N

Equations (2.28) reduce to uy = 0 for all k, and v = 1, and 7 — % = 2,/q. The spectral
curve is thus

N —1/2-2,/3

= + + +2,
e ) ra) = NG z (2.45)
y(z) =In(2),
and therefore
InZn(q) ~ Y q"¢ Fy( (2.46)
g=0

In fact, it is well known [46] that when N — oo, the generating function of partitions is

=> P M =e, (2.47)

ie.,
InZ, =q, (2.48)
which shows that
Fy) (&) =d40. (2.49)
e Density and typical shape
We have
I = 2\/_ (sin ¢ — ¢ cos @), A=1— % + 2,/q cos ¢, (2.50)
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i.e. by writing A — I = 2,/qu we recover the famous [6,56] asymptotic shape of large
partitions:

A —1=2\/qu, A1 =4/q(V1—u?+uarcsin(u)). (2.51)

A+T

A-I

2.6.2. Second Casimir. In this example, we choose only 5 # 0. Consider the following
sum:

q’t2 Z ’P |>\\ e—(t2/2\/§)02(>\)' (2.52)
(<N

Equations (2.28) give

QU() = _tQ e Yo Uy, Uy = tg e*“O, (253)

i.e. ug is determined by

o 2ug __ 42 o _ kk_l
2up e =15 — QUO—Z

k!

3

Then we have
u = v/—2uo, y=e ", n—z=024u)e™ /g (2.55)

The spectral curve is

E(tz) = V—=2ug (Z 1) — up = 3 e, (2.56)

The same spectral curve was already found by [42] who computed Fp. Here, we also have
the full topological expansion'

In Zy(q,ts) ~ qu 9 Fy(E(ty)). (2.57)

For example we find (using Mathematica with the definitions of [20])

Fy = LIn(e7" (1 + 2ug))

e?u0 3 (1 — 12uy)
Fy, = 0
27180 (1 + 2u0)? (2.58)
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As an example, we plot the typical shape of a partition with 5 = 0.2:

A+I

and corrections to the limit shape are given by

<Z m> =w(z)+ éwg)(»’«') +0(¢7), (2.59)

where
2
(1) _ ? 2 2 4 3/2 3
z) = 14+ 291 —142"+2") — 24 (—2u z
+ 2V 2upz (1 +102% + 2*) + dug (1 + 22)(1 — 82% + 2%)). (2.60)

One may observe that the density 1/imy(z) is positive (as a density should be) only
if t, < e”/2. At ty = e /2 there is a phase transition at which our ‘one-cut’ hypothesis
ceases to be valid.

2.7. Phase transitions and number of cuts

In section 2.3.2, we made the assumption that W (z) has only one cut [0,a]. Then we
could compute the density of the h;’s on the cut. It may happen that the density that we
compute this way is not positive, which means that our one-cut assumption was possibly
wrong.

For example, in the example of section 2.6.2, a ‘pure gravity’ phase transition
(i.e. conformal field theory (3, 2), characterized by the Painlevé I equation) occurs when
ty = e 1/2 (1e Ug = —%)

In fact, all situations may occur as we vary the parameters t;: cuts may split, merge,
shrink, or appear; they can move to the complex plane, and branch so that they form trees.
Most of those transitions have been described in the random matrix theory literature, and
take place also in this particular matrix model.

In principle, the correct assumption is the one which minimizes Re Fj.

It would be interesting to study the phase transitions between different regimes of
the t;’s, and see how the cuts change, and thus how the shape of typical large partitions
change. This would be merely an adaptation of mostly known phase transitions of matrix
models, specialized to this case. Although the method of [18,20] is applicable to all those
situations for any number of cuts, we will not use it in this paper.

However, a non-positive density is not a problem when the partition functions that
we consider are only formal series.
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The importance of the one-cut assumption comes from the fact that most often,
this is the assumption which gives the formal generating series which enumerates some
objects. Formal generating series are very often obtained from Feynman’s method, i.e. a
perturbative expansion near a minimum of an action. We keep the quadratic part of
the action in the exponential, and Taylor expand the non-quadratic terms, so that we
end up having to compute series of polynomial moments of Gaussian integrals, which are
represented diagrammatically through Wick’s theorem. This method naturally associates
combinatorics objects to integrals [19].

A one-cut case means that all eigenvalues of the random matrix are expanded near
the same minimum, whereas multicut cases mean that we expand near several minima.
Multicut cases lead to formal series which enumerate objects of different types (one type
for each minimum, i.e. for each cut). This is less natural than one-cut cases where we
enumerate only objects of the same type.

Thus, for formal series, the correct assumption on the number of cuts is not obtained
by minimizing Re Fj, but is obtained from the type of objects which we wish to enumerate,
i.e. near which minimum that we want to expand.

Here in this paper, we focused on the one-cut case for simplicity, but it is clear that
the entire method would work for any number of cuts. The symplectic invariants of [20]
were indeed defined for any number of cuts.

2.7.1. Universal regimes. Since we have a matrix model, we find the same universal regimes
as usual in matrix models. Correlation functions in various regimes are obtained from
some universal kernels. Also, it was found in [20] (cf theorem 8.1 in [20]) how to study
the vicinity of phase transitions of the Fj’s.

For instance it is clear that we have a ‘sine kernel’ in the bulk of the spectrum at
microscopic scaling, a ‘Szegd kernel’” in the bulk at macroscopic scaling, an ‘Airy kernel’
and the Tracy-Widom law [58] (which is also the conformal minimal theory (1,2)) near
regular turning points, and we have the Kadomtsev—Petviashvili (KP) kernels (i.e. minimal
conformal field theory (p,q)) near singular points of the type y ~ 2/, and polynomial
kernels of [23] when a new cut opens. In general, the KP kernel for a (p, q) critical point,
is the kernel (defined in section 9.1 in [20]) of the limit spectral curve (see section 10.3
of [20]) of equation

c :{w(Z)ZQ(Z), deg Q = ¢,

y(z) = P(z),  degP=p. (2.61)

However, we shall not study the details of those universal regimes and transitions in
this paper.

3. The g-deformed Plancherel measure

In this section, we repeat the same transformation into a matrix integral, chiral ansatz
and topological expansion, for the g-deformed Plancherel measure.
We compute

d+1 k
1 t
Zn(g, tr) = E Py(N) exp (— — E —kkgs C’k()\)), g=-e"%, (3.1)
(AN 5 k=1
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in the small g, topological expansion regime:
In Zy(e %, ty) ~ ZgQg 2 (3.2)

We shall discuss an important application of this model to topological string theory
in section 4.4.2 below.

3.1. Transformation into a matrix integral
Let
q=-¢ 7, T = gs(N —3). (3.3)

Let the contour C, be a circle of radius r with |[¢7] > r > 1 centered at 0. In
particular it encloses all the ¢" with h € N.

Consider the g-series
" 1
= 1—=q"). 3.4
9(x) n|:|1 ( —q ) (3.4)

It vanishes when = = ¢" with h € N*, and we have

9(1)2 ei?‘(h q—h(h—l)/2

h 1/ h
g(q") =0, g(q')=— ; 3.5
(@) (@) q"(1—q") g(q™") (3:5)
and thus the function
1)2 —in/gs In (x) 41/2gs (In z)?
fay = -9 . (3.6)

(1 —2)Vrg(r)g(l/r)

has simple poles with residue 1 when x = ¢" for h € N (one easily sees that it has a pole
of residue 1 at =z = 1 as well).
Notice that if z = ¢" with h € N, we have
(g2 — 12y = g hrD/4 g9(1)
=q . (3.7)
g9(1/x)

::]a

J=1
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Therefore we have

d .. .d | | /A 7 | | ’ Z

e~ A (1=N)h;
B Zh 0 1:[ H R
----- N=0 i<j i

[T (g™ —q")?
AT i<j —A(hi) (1=N)h;
= NI Z T He q

h1>-->hn>0

_(qimha)/2  glhi=ha)/2)2
=N > i, 4 He*A . (3.8)

112
hi>->hn>0 [hl]'

In other words, the ¢-deformed Plancherel measure partition function is a matrix
integral:

S [T,k : h;] T = 1 / AM e~ (/9:) THV (M) (3.9)
(]! N Jayen

h1>-->hn>0

with the potential

] :
—V(z) =Ing(z) —lng(l/z) + (N —1)Inz + = Inz+1In(l—x)
s 9s

1 izi(_llzkt’“ (T + Inz)*. (3.10)

9s 4

Remark. Since the contour C, is a circle of radius 7, the ensemble Hy(C,) is (up to a
scaling ) the ensemble of unitary matrices

Hy(C,) =1 U(N). (3.11)

It was already noticed [5,33] that sums over partitions with the Plancherel measure have
many common properties with unitary matrix models, and here the connection becomes
very apparent.

3.2. The potential

We use the following asymptotic expansion of the g-series (for [¢71 > |z| > 1):

1\ B
In(g(z)) = —— Z Lig_p(z71) o (3.12)
where B,, is the mth Bernoulli number (By = 1, B; = coyand Boyy =0if m > 1),
and Li,(z) = Zk—l 2% /k™ is the polylogarithm function. We have
B,
) ZL1 m(@™) = gl (3.13)
9(2) !
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The polylogarithm functions have many properties, in particular,

Lt = %LGl, (3.14)
Li_p(1/x) = (=1)"Li_(2) m >0, (3.15)
Liy(z) = —In (1 — 2), M“@:1fx’ (3.16)

and Li_,, with m > 0 is a rational fraction with poles at x = 1 and which vanishes at
r =0 and at x = oo.
Therefore,
, — . . v B o
V(@) = S (Lir-(@) + Lism(a™) 22 g

m!
m=0

) x
+ (N = 1)gs +ir +gs—1 — (=1)"tj 1 (T + Inz)*
v k=0

BQm

_(_ o o % - : —am 2m
=(2In(l—2z)+Inzx—ir) + 5 —|—2leL21_2m(x) ol Js

d

+ (N — 1)gs+17r+gs Z Vot (T + Inx)*
N k=0
d
= —2In(l—2z)+nz+T-— Z(—l)ktk+1(T+lnx)k
k=0

BQm 2m

Notice that terms on the last line are rational fractions with poles at x = 1, and which
vanish at x = 0 and at x = oo.

3.3. Restriction to two Casimirs

In principle, the recipe above should allow us to find the spectral curve for any t,’s, but
for simplicity, from now on, we shall assume that ¢, = 0 if £ > 3, and we write

tlzt, tgzp—]_, t3:t4:t5:"':0. (318)
The potential is then

N By gsT
V'(z) = —2In(1 - 1 T)—t+2Y Lijgn(z) = g™ + ——. 3.19
wV'(w) = =2 (1 — ) +p(nz +T) —t + le iam() o7 02"+ = (319)
The notation (t,p — 1) = (t1,t2) is motivated by the application to algebraic

geometry [12,41], namely the computation of the Gromov-Witten invariants of X, which
we present in section 4.4.2, see equation (4.13).

Also, a motivation for the assumption ¢, = 0 for £ > 3 is that the spectral curve is
much simpler in that case. For higher t,’s, we would need to play with tedious identities
among polylogarithms, and thanks to this assumption, we do not need polylogarithms
higher than Liy(z) = —In (1 — ).
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3.4. Chiral ansatz and dependence on IV

We shall not repeat the discussion of sections 2.3.1, 2.3.2 and 2.3.4. We leave it to the
reader (following the same steps as for the undeformed Plancherel measure) to check that
the spectral curve has an arctic circle property, i.e. all h;’s with ¢+ > 7 are frozen, and
we can choose a chiral ansatz [14,12] such that the F,’s do not depend on N. Therefore
we chose N = m, such that the edge of the small ¢ average distributions of the h;’s is at
h = 0, i.e. z = 1. The authors of [12] checked the consistency of the chiral ansatz, by
verifying that Fy is independent of T' (there is a T? scaling between ours and that of [12]).

In other words, in an appropriate regime of t and p, we may choose 7', such that the
spectral curve corresponds to a one-cut distribution, with edge at z = 1.

3.5. Spectral curve
Like in section 2.3, the spectral curve is determined by

W(x +10) + W(x —i0) = V'(z), V x € la, 1], (3.20)
and W (z) is analytical outside the cut [a, 1], and at large z,

W (z) ~ ﬁ;’s. (3.21)

Since we look for a one-cut solution, we again use the Zhukovski parametrization and
write

1
x(z):1—7(2+2+—), a=1-—4y. (3.22)
z

Notice that each value of x corresponds to two values of z, namely z and 1/z. We call the
domain |z| > 1 the physical sheet, and |z| < 1 the second sheet.
Define zy such that |zy| > 1 and z(zp) = 0, that is,

% = (14 2)(1+1/2). (3.23)

Then, the resolvent is W (z(z)) = w(z2):
2(2)w(z) = -2(In(1+1/2) —=In(14+1/2)) + p(In (1 — 1/22) —In (1 — 1/27))

Indeed, one easily checks that w(z) has no singularity in the physical sheet |z| > 1. The
condition w(z) ~ gsn/x(2) at large z implies

2In(1+1/2) —pn(1 —1/23) =T = gs(n — 1/2). (3.25)
Then, the loop equation, equation (3.20), implies
2(2)(w(2) +w(l/z) = V'(z(2))) = 0
=2(Iny+2In(1+1/2)) —p(n(yz) +2In (1 —1/23)) +t — pT, (3.26)
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and therefore zy, T" and v are determined by the three equations
0=2(nvy+2In(1+1/2)) — p(n(y20) +2In(1 —1/23)) +t — pT,
T=2In(1+1/z)—pn(l—1/2), (3.27)
1
- = (]_ + Zo)(]. + 1/2’0),

and after a little bit of algebraic manipulation, zy is determined as a function of ¢ and p

by
1 1 p(p—2)

<0 <0

One should notice that this equation is symmetric in p < 2 — p, which reflects the

symmetry of the Calabi-Yau space X, < Xy_,. The same equation was found in [12]

where the authors wrote w = 1—1/22 (see equation (4.34) in [12] or equation 3.14 of [41]).
Order by order in e™* we have (using the Lagrange inversion formula)

o —e '+ — [ kolp —2) + 1)
0 k=2 = j=0

=e 4 p(p—2)e+ 5 (3.29)
We also determine 7" and 7 through
1—1/2)P
v 1= 1/z)" = (1+ 20)(1 + 1/z). (3.30)

N (1 + 1/2’0)271}’
The arctic circle is at N =7 = 1 + T'/gs.
Finally, our spectral curve is
1-— 1-1
.77(2) _ ( Z/ZO)( /ZZO> p(r—2)
(1+1/z)? . (1 ! )

g(t,p) =

y(z)zﬁ( 1nz+21n(11%2//;))’ ¢ =2z 22
(3.31)

One may check that this spectral curve is identical to that of [12,41] (see
equation (3.31) in [41]); therefore it gives the same F,’s.
This proves the conjecture of [41].

3.6. Topological expansion

3.6.1. Topological expansion. Since Z is by definition a formal power series in g (it is the
generating function of Gromov—Witten invariants of X,; see section 4.4.2), and is given
by a matrix model, using [20], we find that Z has a topologlcal expansion

InZ = 2929 2F, (& (3.32)

where the coefficients Fg(é’ ) are the symplectic invariants defined in [20].
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Let us compute the few first orders (the first orders were computed in [12]):

e Fjy is found from the general theory of [20] through its third derivative:

62F0 1) ) —t
o7 = —In (1——) Zk‘ka ) k, (3.33)

It can be checked that this leads to the expression found in [12,41]:

Fy = plp — 2)Lis (1%3) (p—1)2Lis(1)28) — 2= 2)6(79 - (log (1 - %))3

(3.34)
For instance if p = 0 or p = 2 we have F" = Y, e ie. Fy =Y, e¥/k3 = Lis(e").
And for p =1 we have FJ' = >, (—=1)* e, ie. Fy = Liz(—e').
e [ is equal to (according to [20])

Fy = 21—41n (Vy'(Dy'(-1)) = 241 ( (((1__1;))3 ZO))’ (3.35)

which is the same as in [41].
e [} is obtained from [20] (taking a few minutes with the basic Mathematica program):
B 1
2880 (% — (p— 1)?)
+ (p—1)22(— 5+zo—|—220)+35( —1)*25(=1+23)
+ (p—1)%25(2 4 22 — 523) + 25(12 — 1222 + 23)). (3.36)

e Higher F;’s can be obtained easily with a higher computing time.

= ((p—1)5(=1 41222 — 1229)

3.6.2.  Comparison with the conjecture of [{1]. The authors of [12] have computed the
spectral curve as the solution of the large N saddle-point equation for the h;’s.
Then, Marino [41] computed the first few orders Fy and F; for that spectral curve,
and conjectured that the Gromov-Witten invariants were generated by the symplectic
invariants I, of the same spectral curve for all g. However, our approach is rather different,
and it is worth commenting on ‘why it works’. It is due to a few ‘miracles’.

In fact, in their computation, the authors of [12] worked in the leading large N limit,
and they made several approximations.

e The first of them is that they set T'= Ng; instead of T'= (N — %)gs. This makes no

difference to leading order, but it can make a big difference to subleading orders.

e The second is that they neglected all terms with a 1/N behavior in the Plancherel
measure, keeping only Lio and Liq; they neglected all the Bernoulli series.

e The third is that they neglected the discreteness of the h;’s, and replaced them by
continuous variables, i.e. they replaced sums by integrals, whereas here in this paper,
we encoded the discreteness of the h;’s by the g-series g(g"), which forces (without
approximation) the h;’s to be integers. The ‘miracle’ is that the g-function combines
very well with the Plancherel measure.
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With those approximations, they deduced a spectral curve, and quite miraculously, it
turns out that it is indeed the same curve as we found here, modulo symplectomorphisms.
In some sense the three approximations compensate each other, and they indeed found
the right spectral curve which gives the answer to all orders. This ‘miracle’ is of course
due to the very special nature of the Plancherel measure; it would not have worked with
another arbitrary measure.

3.7. Symplectic invariance and mirror symmetry

Here, we use the fact that the F;’s are symplectic invariants, i.e. two spectral curves which
have the same symplectic form dz A dy have the same Fj’s.
Notice that the spectral curve equation (3.31) has the form

2(2) = u(2),

E(t,p) = 1 (3.37)
=—1
V) = o o),
where both v and v are rational fractions of z.
The symplectic form dx A dy is thus
dz Ady =dIn u(z) A dlnw(z), (3.38)

and therefore the spectral curve (¢, p) is symplectomorphic to the following new spectral
curve:

x(z) = Inu(z), u(z) =7z (1- =% — % :
g(tap) = ! <1 2/2(1 )
y(x) =Inv(z), oz =1 (f5)

which is an algebraic curve in e* and €Y, i.e. there exists a polynomial H (u,v) such that

H(e®, ) = 0. (3.40)

(3.39)

This is typically an equation of a mirror Calabi—Yau threefold in type B topological string
theory [30,4,31,9].

Remark. Notice that the transformation (u,v) — (uf,v) is also a symplectic
transformation which leaves the Fj’s unchanged. It corresponds to the so-called framing
transformation.

3.8. Mirror curve
The curve H(e”,e¢¥) = 0 can be written by eliminating z:

(e¥ +e7Y) (1 + Zio)p/2 =" (7;) (_;)j Tj 1 ((1 + 20) (1 -+ Zio) (1—e") — 2>,

j 0

(3.41)
where Tj is the jth Tchebychev polynomial, such that T;(z + z71) = 27 + 277,
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e Example p = 0 (2 = e"/?):
1
v =+ 2=(1—u)(1+e/?)(1+e?), (3.42)
(%
ie.,
0=(1+e")(1+e¥) 4 (e® = 1)(1 +e?)(1+e?). (3.43)

Example p =1 (28 — 1 = ¢'):
1
vt = = (L4 20)u+ (1= 20)°u™" = 225, (3.44)

Example p = 2 (29 = —e/?):

vFvT 42 = (1 —u ) (14 e?) (1 +e7'/?), (3.45)

which is symplectically equivalent to the case p = 0 on changing u — u™!.

Example p = —1 (25%(1 — ;%)% = e7):

1\? 1\? 2
vi4vi = (1+—) u+ (1——) ut - S (3.46)

20

4. Some applications

In this section we discuss some applications of our method.

Important applications of sums of partitions with the Plancherel measure include
growth phenomena (crystals), lengths of increasing subsequences of a random sequence,
totally asymmetric exclusion processes, and algebraic geometry through the computation
of Gromov—Witten invariants and Hurwitz numbers.

Many of those applications are based on standard Young tableaux.

A standard Young tableau is a Ferrer diagram filled with numbers such that the
numbers are increasing along each row and along each column. The number of standard
Young tableaux of shape A is dim(\).

4.1. Longest increasing subsequence

Let o0 € ¥ be a permutation of k elements. Call [(¢) the length of the longest increasing
subsequence of o.

The Robinson—Schensted algorithm [52,53] gives a bijection between the group of
permutations Sy and the set of pairs of standard Young tableaux with k boxes (7,7")
with the same shape A (shape(T") = shape(T”) = A, |A| = k). This bijection illustrates
the formula

K= )" (dim()))*. (4.1)

A=k

The length of the longest increasing subsequence is in bijection with the length of the
partition n(A). The uniform probability law on permutations induces the Plancherel
law on partitions. Therefore, the probability law of the length of the longest increasing
subsequence of a random permutation (uniformly chosen) is the probability law of n(\)
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with the Plancherel measure [1, 5, 6], [33]-[36], [39, 53, 55, 56]. What one needs to compute
is the expectation value:

E(l(c) < N) =y = % > 1=k > P(N). (4.2)

L o0€S (0)<N A A=k, n(AN)<N

Instead of working with permutations of a given number of elements k = |)|, it may be
more convenient to work with a ‘Poissonized’ version (grand canonical ensemble), where
we sum over all numbers k& = |A|, with a ‘chemical potential’ of the form ¢/ In the end,
we need to compute

k
_ q _
Zn(q) =e71 § :EWH — e § P ¢, (4.3)
k A, (AN

Baik et al [6] proved that Zy(q) is related to a Henkel determinant, and that in the
large ¢ limit, the distribution of the length of the longest increasing subsequence converges
towards the Tracy—Widom law [58]. In particular they were able to find the ‘typical shape’
of a large partition. For instance they found that the typical size k = || is given by

(1Al =g, (4.4)

and the typical length [(0) = n(\) is given by

and typical fluctuations are of order ¢'/¢:
(o) = 2y/g) ~ O(¢"*). (4.6)

Here, in this paper, we compute not only the large ¢ leading order of Zy(q), but also the
whole 1/¢ expansion of Zy(q) for large gq.

4.2. Growing/melting crystal

The Robinson—Schensted algorithm also gives a simple growth model for a two-dimensional
crystal.

The crystal is represented by 7/4 the rotated partition A. At time ¢t € N, we drop a
new box, falling from the sky at a random position o(¢). When the box hits the crystal,
it slides to the left or to the right until it can no longer move. If we assign the box the
time ¢ at which it arrives (resp. the position o(t) from which it came), we clearly obtain
at each unit of time a standard Young tableau, and the number of ways of obtaining a
given standard tableau of shape A after || units of time is the number of permutations o
which can lead to it, i.e. it is the number of standard Young tableaux of shape A, i.e. it is
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dim(A). The two standard tableaux that we obtain from assigning the box ¢ or o(t) are
precisely the two tableaux of the Robinson-Schensted bijection.

&

|
|
QY
05

This is a model of a growing crystal.

The other way around, it is also a melting crystal, where at each unit of time only
boxes which are at corners can evaporate. If we label each box with the time at which it
evaporates, we get a standard tableau.

Therefore it is natural to associate with each partition a weight which is its entropy,
namely the number of ways of obtaining it, i.e. dim(\)?. If the number of boxes is not
fixed, we may consider a grand canonical ensemble, with a weight depending on A, for
instance of the form ¢/*. Again, the partition function that we need to compute is of the
form

Z(q) =Y P ¢, (4.7)

and we are also interested in expectation values of various observables, typically
expectation values of Casimirs.
This analogy between partitions and crystals has been very useful and fruitful,

and has generated a considerable amount of work and discoveries in physics and
mathematics [51, 36, 5, 25, 26, 46].

4.3. TASEP

The acronym TASEP stands for totally asymmetric exclusion process. It is a famous model
of statistical physics, where particles are at integer positions on the real axis [38, 15, 16, 29].
At each unit of time, we choose one particle, and with a certain probability, either it stays
at the same place, or it jumps to the next position to the right if unoccupied. This model
is very important because it is the simplest ‘out of equilibrium’ statistical physics model.

There is a bijective mapping between this model and the growing crystal. Indeed,
in the growing crystal, at each time ¢, we have a partition A(t) of weight |A(¢)| = t.
If we consider the 7/4 rotated partition, we have for each ¢ a set of ordered integers
hy(t) > ho(t) > -+ > hy(t) > 0. If we interpret the integer h;(t) as the position of the
1th particle at time ¢, we see that those particles follow a TASEP, whose initial condition
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at t = 0 is a ‘Dirac sea’ (Z_ full of particles, N empty).

Here, in this paper, we give a method for computing the correlations of particle
positions of the form

Eo)ote) Eo))

for all k, and to any order in the large ¢ expansion.

4.4. Algebraic geometry

4.4.1. Gromov-Witten theory of P'. P! is the complex projective plane, i.e. the complex
plane with a point at oo; it is (the only) compact Riemann surface of genus 0, and it is
also called the Riemann sphere.

A stable map (C,py,...,pn, f) to P! comprises the data of a (possibly stable nodal)
curve C' (of complex dimension 1), with n smooth marked points pi,...,p,, and a
holomorphic function f of degree d, from C to P!. A nodal curve is a possibly degenerate
compact Riemann surface (some cycles may have been pinched), and stability means
that if we remove the pinched cycles, all connected domains have strictly negative Euler
characteristics, so there are only finitely many holomorphic automorphisms preserving
the marked points. The degree d of map f : C — P!, is the number of preimages of a
generic point in P!. Critical points are the points with less than d preimages, i.e. such
that df = 0. Generically, if C' is a smooth curve, f has 2d 4+ 2g — 2 critical points.

The set of all stable maps (C,pi,...,p,, f) to P! is a finite dimensional complex
manifold (it is locally described by a finite number of complex parameters called moduli;
indeed the data of a given degree function are more or less the data of the coefficients of
a polynomial), which is called the moduli space.

Let M, (P!, d) be the moduli space of stable maps of degree d to P'. Since each
point p; is smooth, we have a natural line bundle £; over MW(P% d), whose fiber is, for
each point (C,py,...,pn, f) € My.(PL, d), the cotangent space of C at p;, i.e. T C. We
can consider the first Chern class ¢;(£;) of this line bundle, i.e. the curvature form of a
U(1) connection.

There is a virtual fundamental homology class on M, (P!, d) of dimension 2d +
2g — 2 + n where the intersection theory can be computed (i.e. where classes ¢;(£;) can
be integrated). By Poincaré duality, classes are dual to cycles, and integrals for classes
compute the number of intersection points of the cycles, provided that this number is
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finite, i.e. provided that the sum of dimensions is the total dimension of the whole space.
If the dimension is wrong we say that the intersection number is zero. The virtual class
allows us to extend the generic dimension of smooth curves 2d + 2g — 2 to degenerate
curves.

Also, some points of moduli spaces may have extra symmetries, and the moduli
spaces are orbifolds (one needs to quotient by the symmetries), and intersection numbers
are counted with the symmetry factor, so that they can be rational numbers instead of
integers.

If we also fix the images of points p; € C to be ¢; € P!, the Gromov—Witten invariants
of P! are defined as the intersection numbers [59]:

(Thy = Tho )a = /_ 01(51)k1 N (ﬁn)k" (4.9)
[Mg W(Pl d)}Virm{f(pz) Qiti=1...n

Those intersection numbers count a finite number of intersection points in ﬂgvn(ﬂﬂ, d),
and thus they count certain curves C' with marked points py, ..., p, mapped to qi, ..., qn.
Those curves are instantons which extremize a topological sigma model action (type A
topological string theory). To construct a curve which passes through given points, it
is sufficient to know the first few terms in the Taylor expansion near those points, and
thus the degree of tangency at those points, i.e. the number of vanishing coefficients in the
Taylor expansion. Instantons are entirely encoded by those degrees which form a partition
of the total degree d, and the intersection numbers can be rewritten in terms of sums over
partitions.

In [50,49], it was proved that the Gromov—Witten invariants of P! are

<Tk1 .. 'Tkm>d == (k‘ n 1 Z P IZ[C]%_H(/\) (410)

M|A=d

This sum is nearly of the type of what we computed in this article; we only have to
take derivatives with respect to the ¢;’s at ¢, = 0. The general method for computing
the derivatives of Fj, with respect to any parameter of the spectral curve is explained
n [20], and can be applied here. It would be interesting to study in further detail the
consequences of our formula for Gromov-Witten invariants of P*.

4.4.2. Gromov-Witten invariants of CY threefolds and topological strings. See [43,57,40,7,
48, 9] for an introduction to topological string theory and toric Calabi—Yau threefolds.

For any p € Z, consider the toric Calabi Yau threefold X, which was investigated
by [2,11,41,12,27,28]:

O(p —2)®O(-p) — P, (4.11)

which is a rank 2 bundle over P'. It is often represented by a toric fan diagram [57]:

N
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The partition function of the type A sigma model topological string theory in target
space X, is defined as the generating function of Gromov-Witten invariants of X,,, i.e. a
generating function for counting instantons, i.e. for computing intersection numbers:

In (Zx,(gs,t) Zg% 2F,(t ZZN e g2972, (4.12)

g=0 d=1

N,.a(X,) are the Gromov-Witten invariants of X,, i.e. in some sense the number of
instantons (rational curves embedded in X,) of genus ¢ and degree d (the numbers may
be rational because of orbifold points).

This can be computed with the so-called topological vertex method [3], and it can be
written as a sum of partitions with Plancherel measure [44,45,41,12]:

ZXP gs,t ZP (p e/ eitwv q=-e%, (4~13)

where [\ = >, \; is the weight of the representation A, and Cy(A\) = >, (A, — 20 + 1)
is the second Casimir, and P, () is the ¢-deformed Plancherel measure.

Through mirror symmetry [30,4,31,27,28|, the type A topological string theory on
X, should be dual to a type B topological string theory on a mirror CY threefold, which
we denote as Xp, and whose equation is expected to be of the form

H(e",e) = &C (4.14)

(with z,y,&,¢ € C, so that this is locally a three-dimensional complex submanifold of
C*), and where H(u,v) is a polynomial in both variables. Expressions for H(u,v) (up to
symplectic transformations) were derived in [12,41].

Fy was computed in [12,41,28], and F; was computed in [41]. Marino conjectured
that higher F,’s with g > 2 are given by the symplectic invariants of [20] for the curve
H(e", e?) =0.

Here, we have proved that conjecture for X,.

To summarize, we have rewritten the type A model partition function of X, as
a matrix integral, and therefore we obtained the topological small g; expansion from
loop equations (in other words from Virasoro constraints). To leading order, the loop
equations define a spectral curve (of mirror type). Once the spectral curve is known, all
the topological expansions of the matrix integral, and thus the Gromov—Witten invariants,
are then obtained from the method of [20], as was conjectured by Marino [41].

Finally, we check that the spectral curve of the matrix model (which coincides with
the one found by [12]) is symplectically equivalent to the mirror curve H(e”,e?) = 0, and
therefore it indeed has the same F’s.

5. Conclusion

In this paper, we have shown that the topological expansion of a sum over partitions with
the Plancherel measure:

—k/2
v = 35 PO e (-vas = ) 5.)
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is a matrix integral, and has a topological expansion of the form
IHZN q,tk qu g F tk (52)

where the F};’s are the symplectic invariants of the spectral curve:

x(z) =e " (z + % - ul),
d (5.3)

Moreover, the same method also gives the large ¢ asymptotic expansion, to all orders, of
the density correlation functions.

Our results were derived in a one-cut regime, but it seems easy to extend them to
any other regime; the only difference is that we would need f-functions instead of the
Zhukovski rational parametrization.

We have also obtained similar results for the ¢-deformed Plancherel measure:

1 ty gt
st = 3 P ew (L S EEGW). g-en 6

n(A)<N k

which is also a matrix model, whose topological expansion is of the form:
InZy ~ > g2 Fy(ty). (5.5)

When t; = t,t, = p — 1, the sum Z, is the generating function of Gromov—Witten
invariants of the Calabi-Yau threefold X,. The spectral curve is

v = o (e g (L)), SEEICE N (5.6)

We have thus proved that Zy can be obtained as a matrix integral (a unitary matrix
integral, because the eigenvalues are constrained to be on a circle), and that the F}’s
are the symplectic invariants of the mirror spectral curve H(e”,e¥) = 0. This proves the
conjecture of Marino [41] for X,.

Dijkgraaf and Vafa recently noticed that the symplectic invariants of [20] are also
obtained from the Kodaira—Spencer theory [17], and thus we have proved that the type
B topological string theory on the mirror of X, is equivalent to a matrix model, and to
the Kodaira—Spencer theory.

To go further in the same direction for all toric Calabi—Yau threefolds, one would need
to extend the method to plane partitions, because the topological vertex [3] is expressed
as a sum of plane partitions, and it is only for X, that it reduces to usual partitions. Then
one needs to ‘glue’ topological vertices together. This is a work in progress [22], but with
more involved tools because the spectral curve is no longer hyperelliptical.
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Many other extensions of the present method can be explored. First, we have not
studied in detail the consequences of our method for crystal growth, longest increasing
sequences, or TASEP.

Also, we have not studied in detail the expectation values of Casimirs. That could
have interesting consequences for the Hurwitz number generating functions. Finally, we
have not computed the spectral curve of the ¢g-deformed Plancherel measure, with higher
Casimirs. The method works in the same way, but the solution is slightly more difficult
to write out. It would be interesting to continue this computation.

The same kinds of sums over partitions also appear in Seiberg—Witten theory, as
discussed in [42]. We do indeed find the same spectral curve and same prepotential Fj.
The authors of [42] found their results from the integrable hierarchy structure, and indeed
the symplectic invariants of [20] have such an integrable structure (see section 9 in [20]).
It would be interesting to explore further the computations for that case.

Also, we have studied only one-cut cases, which are the most relevant for
combinatorics formal generating series. However, for many applications to statistical
physics, we have convergent series, and it would be interesting to study phase transitions.
When there are several cuts, the matrix integral no longer has a topological expansion; it
receives an extra oscillatory part, as discussed in [8, 24].
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