N

N
N

HAL

open science

A path model for Whittaker vectors
Philippe Di Francesco, R. Kedem, B. Turmunkh

» To cite this version:

Philippe Di Francesco, R. Kedem, B. Turmunkh. A path model for Whittaker vectors. 2016.

01251620

HAL Id: cea-01251620
https://cea.hal.science/cea-01251620

Preprint submitted on 6 Jan 2016

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

cea-


https://cea.hal.science/cea-01251620
https://hal.archives-ouvertes.fr

arXiv:1407.8423v1l [math.RT] 31 Jul 2014

A PATH MODEL FOR WHITTAKER VECTORS
PHILIPPE DI FRANCESCO, RINAT KEDEM, AND BOLOR TURMUNKH

ABSTRACT. In this paper we construct weighted path models to compute Whittaker vec-
tors in the completion of Verma modules, as well as Whittaker functions of fundamental
type, for all finite-dimensional simple Lie algebras, affine Lie algebras, and the quantum
algebra U, (sl,11). This leads to series expressions for the Whittaker functions. We show
how this construction leads directly to the quantum Toda equations satisfied by these func-
tions, and to the g¢-difference equations in the quantum case. We investigate the critical
limit of affine Whittaker functions computed in this way.

1. INTRODUCTION

Whittaker functions are fundamental objects in classical representation theory, which
relate quantum integrable systems (the quantum Toda hierarchy and its generalizations)
to Lie theory [KosT78, [Kos79]. Whittaker functions have also been defined for affine, as
well as quantum, algebras [Eti99], and satisfy corresponding g-difference equations. In
addition to their representation theory connections, these functions are important in the
study of integrable systems, number theory, harmonic analysis, probability theory and
algebraic geometry, and have been studied from these points of view by many authors (see
for instance |[GLOI0al, (GLOT11l [CO12, [CO13, Bum&4, BCI14l [O’C12, [Giv97, [GLOI0b]).
More recently, analogues of Whittaker vectors for W-algebras called Gaiotto vectors have
proved to be essential ingredients the AGT correspondence [AGT10].

Eigenfunctions of the quantum Toda Hamiltonian are Whittaker functions correspond-
ing to the classical Lie groups. They can be classified either according to their analytic
properties or by choosing an appropriate class of representations through which they are
obtained. The latter Whittaker functions can be defined using Whittaker vectors, which
are elements in the (possibly completed) representation space. The so-called fundamen-
tal Whittaker functions are obtained from irreducible Verma modules of the Lie algebra
associated to the Lie group, whereas the so-called class I Whittaker functions are related
to the principal series representations of the Lie group. This latter type of eigenfunctions
can be obtained [Has82] as linear combinations of fundamental solutions. In this paper,
we concentrate on the construction of Whittaker vectors in Verma modules, and their cor-
responding fundamental Whittaker functions. So far, our methods do not apply to other
types of representations such as principal series.

Date: August 1, 2014.
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Recently, the notion of Whittaker vector has been generalized to the case of the ¢-
deformed Virasoro or W-algebras, where they are known as the Gaiotto vector [AY11].
The norm of this vector is the central object of the so-called AGT conjecture, relating
conformal blocks of Liouville field theory to the so-called Nekrasov partition functions,
defined as some instanton sums computing amplitudes of supersymmetric gauge theory.

Although much is known on Whittaker functions, Whittaker vectors have proved sur-
prisingly difficult to compute. In this paper we present a general explicit construction of
Whittaker vectors associated with Verma modules for simple and affine Lie algebras, as
well as the quantum algebra U,(sl, ;). We use a unified approach involving statistical
sums over weighted paths. This can be considered a combinatorial representation-theory
method, instead of an analytic one. (After writing this paper, we became aware of a similar
idea contained in[GWS8()] for the case of simple Lie algebras).

The method is as follows. By using the definition of the Whittaker vector in the irre-
ducible highest weight Verma module, together with a choice of spanning set of the module
indexed by directed paths on the positive root lattice, we find a choice of path weights,
factorized into local contributions, such that the corresponding linear combination gives
the Whittaker vector. The Whittaker function is then obtained as the matrix element of
a generic Cartan subgroup element, between the Whittaker vector and its dual. It satis-
fies the appropriate Toda type differential or difference equations as a consequence of the
recursion relations satisfied by the partition function of the path model, i.e. the weighted
statistical sum over paths with a fixed end.

The Whittaker function of the affine case at the critical level, when the central element
acts by a scalar equal to minus the dual Coxeter number, is more subtle. In this pa-
per, we show that the non-critical Whittaker function has an essential singularity in the
critical limit, and admits a subleading asymptotic expansion, whose leading term is an
eigenfunction of the critical affine Toda differential operator. This case is of great inter-
est, because the center of the universal enveloping algebra of the affine algebra becomes
infinite-dimensional [FR99] in the critical limit, and contains the deformed classical (Pois-
son) W-algebra.

Let us briefly define Whittaker vectors and functions in the classical case, and describe
our results. Let V' be an irreducible, highest weight Verma module of the algebra g, where
g is either a simple or affine Lie algebra. Let n be the positive nilpotent subalgebra. We
look for an element w in the completion of V' on which U(n) acts by non-trivial characters.
That is, if {e;}ic; are the Chevalley generators of n, then e;w = p;w with p; € C* for all
1. We can also say that w is a simultaneous eigenvector of the elements of the nilpotent
subalgebra. Then w is called a Whittaker vector. It is an infinite sum and exists only in
an infinite-dimensional module. It is uniquely determined up to a scalar multiple which
is fixed by requiring the coefficient of the highest weight vector of V in w to be 1. A
similar treatment using the opposite nilpotent subalgebra gives the Whittaker vector in
the restricted dual of V. The matrix element of a generic element of the associated Cartan
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group between the Whittaker vector and its dual is the fundamental Whittaker function. It
satisfies a quantum Toda differential equation, related to the action of the second Casimir
element in the universal enveloping algebra.

Our method proceeds as follows. Consider the spanning set {fi, fix_, - fi,v, N €
Zy,i, € 1} C V, {fi}ier the Chevalley generators of n_, v the cyclic highest weight
vector of V. Each such vector can be thought of as a path p on the positive cone of the
root lattice Q1 = ®;erZ, v, starting at the origin, and taking successive elementary steps
Q0. We look for a Whittaker vector w in the form of a linear combination of such
path vectors w = Zp z(p)p. The crucial idea behind the present work is that instead of
looking for expressions for w in a basis that incorporates the Serre relations of the algebra,
we choose to write w as a linear combination of non independent vectors p. There is an
infinite freedom in writing such expressions. Our main result (Theorem [B.7] for the finite
case, and Theorem [4.3] for the affine case) is the construction of a particular, remarkably
simple solution, in which the weight x(p) factorizes into a product over the vertices vis-
ited by the path. The coefficient z(p) can therefore be thought of as a product over local
Boltzmann weights for the path p.

Our approach also provides an alternative elementary derivation of the Toda type differ-
ential equations for the Whittaker functions (Theorem for the finite case and Theorem
for the affine case). Indeed, using our particular solution, we derive easily an expression
for the corresponding Whittaker functions, which admit a series expansion with coefficients
given by the path partition functions Zz = Zpathsp: 08 z(p) for all § € .. The factorized
form of z(p) allows to write a simple recursion relation for these coefficients, which turns
into the expected Toda type differential equation for the Whittaker function.

In this paper, we also generalize this construction to the quantum algebra U,(sl, 1)
(Theorems and [6.19).

The paper is organized as follows. We give the basic notation for the necessary data on
simple and affine Lie algebras in Section 2. In Section 3, we compute the Whittaker vectors
in the Verma module for finite-dimensional simple Lie algebra. We do the same for the
affine algebras in Section 4. In Section 5, we compute the critical limit of the Whittaker
function of the affine algebra. Section 6 is devoted to the generalization of our approach
to the quantum algebra of type A. We gather a few concluding remarks in Section 7.

Acknowledgments. We thank O.Babelon, M.Bergvelt, A.Borodin, I.Corwin, N.Reshetikhin
and S.Shakirov for discussions at various stages of this work. R.K.’s research is supported by
NSF grant DMS-1100929. P.D.F. and B.T. are supported by the NSF grant DMS-1301636
and the Morris and Gertrude Fine endowment. R.K. would like to thank the Institut de
Physique Théorique (IPhT) of Saclay, France, for hospitality during the completion of this
work.
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2. NOTATIONS AND DEFINITIONS

Before presenting our results, we fix the combinatorial data defining the simple and affine
Lie algebras.

2.1. Roots and weights. Let g be a finite simple Lie algebra or affine Lie algebra, with a
Cartan matrix C' of rank r, and a Cartan decomposition g =n_®h@n,. The set I denotes
the index set of the simple roots, that is I = {1,...,r} in the finite case and I = {0, ..,7r}
in the affine case. The simple roots of g are the set Il = {a; : i € I'}. The root lattice @ is
the Z-span of II and the positive root lattice is denoted by Q4 = @,.; Zi ;.

We use the notation {e;, fi,h; : i € I} for the Chevalley generators of n,,n_, b, respec-
tively. Then g is generated by the Chevalley generators as a Lie algebra, with relations

his ej] = Chaeg, i, f3] = =Chafy,  lew fi] = dijhy
together with the Serre relations
(ad €;)' =% (e;) = (ad f;)' " (f;) = 0.

The positive coprime integers d; are defined by requiring the symmetry C; ;d; = C ;d;.
Then the co-roots of g are {a : i € I} with o; = d;), where dy = 1 in the affine case.

In the finite dimensional case, the highest root of g is denoted by 6 and defines the positive
integers (marks) a; as 0 = >_._, a;c. For the affine algebra, the null root 6 = 6 + o with
the mark ag = 1. The co-marks are defined by d;a; = a;, and the dual coxeter number of
gis b’ =37 ya;.

We define an inner product on the Q-span of II by (as|ay) = Cj;. In the affine case, this
is a proper subspace of h* since C' is singular. We define the pairing between h* and b by
hj(a;) = (ai|a)), extended by linearity.

Let {w; : i € I'} denote the fundamental weights, defined by (w;|a) = d; ;. That is,

(21) hi(wj) = 52"]‘.

Define p € h* to be the element such that (p|ay) = 1 for all ¢ € I. In the finite case,
p =7 ._,w;. In the affine case, define the affine weights Ay = wo, A; = @/ Ao +w; (i > 0),
and p= > .., Ai = hVAg + p where p is the finite element.
We will need the following bilinear forms:
(2.2) (0lai) = (0]6) = 0; (6]Ao) = 1;
((A)Z'|O[;'/> = (AZ‘Oé;/) = 5i,j; (Ao‘A()) =0.

2.2. Verma modules. In this paper, we work with the irreducible Verma modules V)
generated by a cyclic vector v with highest weight A € h* such that h;(\) € C* \ N for all
1€ 1

hv =h(ANv, npo=0, Vy=U(n_)v.
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The affine Cartan algebra contains a one-dimensional center with generator ¢ =y ._, a;/h;.
It acts on any irreducible module by a constant denoted by k. One can write the affine
highest weight as kAg + A where X is a weight with respect to the finite part of the Cartan
subalgebra.

The Verma module is infinite-dimensional, but it decomposes into a direct sum of finite-
dimensional eigenspaces V[u] C V' with respect to the action of b:

Vip] ={w € Vy: hw = h(p)w}.

The subspace V[u] is non-trivial if and only if u = A — 8 where 5 € Q,. We define the
restricted dual V¥ of V) as the completed direct sum of the spaces V[u]*, where the pairing
is the natural Hermitian inner product on a complex vector space.

For the benefit of the mathematician reading this paper we define Dirac’s very useful
bra-ket notation, and will use it extensively throughout the paper. Assume V is a complex
vector space with a Hermitian inner product, which gives the corresponding natural iso-
morphism % : V' — V*. Let w* € V* and v € V, then (w| is the notation for w* € V*, |v) is
the notation for v € V', and (w|v) = w*(v) by definition. Moreover, A acts on V' then it has
a right action on V* as follows: (w|A = (A*w|. Then (w|A|v) := ((w]|A)|v) = (w|(A|v)).
Here, A* is the Hermitian conjugate.

In the present context, we have V' = V), is the Verma module, V* its restricted dual, and
we denote the cyclic, highest weight vector v € V) by |A). We have (\| the corresponding
vector in the dual to V), such that (A|A) =1 and

Alh = hN) Al (Ano =0, V= (AU(ny).

In Section 6, we will also use the corresponding definitions for the quantum universal
enveloping algebra U,(A,). The combinatorial information of the roots and weights is the
same, but we will use a slightly different definition of Whittaker vectors and functions than
the one which follows.

2.3. Whittaker vectors and fundamental Whittaker functions. For the classical Lie
algebras, we have the following definition.

Definition 2.1. Let w be an element in the completion of V such that
(1) (Aw) = 1;
(2) e;w = pw for alli € I, where p; € C*.

Such an element is called a Whittaker vector.

We denote the unique solution to this set of equations by |w)) or simply |w) when there
is no room for confusion about the parameters. It is the Whittaker vector corresponding
to the nilpotent character p = (;);er. Clearly, w must be an infinite sum in V) and hence
in the completion of the vector space, and any finite-dimension module does not contain a
non-trivial Whittaker vector.
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The fundamental Whittaker function is defined as follows. Let ‘;/ (w| be the element
in the restricted dual of V', satisfying the corresponding conditions for a dual Whittaker
vector. Namely, (w|A) =1 and (w|f; = pi(w| with ), € C*.

Definition 2.2. The fundamental Whittaker function is the matriz element
W = § wleRrer )y

We consider ¢; as formal variables for the moment. Important considerations of analyt-
icity and convergence are at the heart of Whittaker theory.

In the rest of the paper, we will compute series expressions for these functions and their
quantizations.

3. WHITTAKER FUNCTIONS FOR FINITE DIMENSIONAL LIE ALGEBRAS

The Verma module V) is spanned by monomials in the generators of n_, {f;} with
i € [1,...,r], corresponding to the simple roots, acting on the highest weight vector,

u= fiy - fulA),

with weight A — 8 where 8 = o, + -+ + o, € @+. The set of all such vectors is not
linearly independent, due to the Serre relations. However, this set is in bijection with the
set of directed paths on Q, ~ Z", with steps only in the direction of the simple roots, as
we explain below.

3.1. Path models. Let p be a path on the positive cone of the root lattice () with steps
from the set II, written as p = (po, p1, .-, pv). Here, N is the length of the path, py is the

origin 0 € Q4, py =8 € Q, and p; — p;—1 € 1.
Definition 3.1. The set Pg the set of all such directed paths from the origin to B in Q4.

The trivial path (pg) € Py is denoted by O.
The correspondence between a path p = (po, p1, ..., pn), With py —pr_1 = «;,, and vectors
in V) is the following:

(3.1) P = (po,P1, -, oN) = [P) = fin -+ fu|A)-

For example, the path p = (0, oy, @y + aw, 201 + @z, 31 + g, 3o +2ap) for r = 2, N = 5,
and 8 = 3y + 2ay is illustrated below. The corresponding vector is |p) = fofZf2f1])).
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(3,2)

(8%

Q9

-
0,00 ™

A path model can be defined by a vertex weighﬂ function v : Q4 — C. The Boltzmann
weight of a path is the product of vertex weights along the vertices visited by the path.
That is, p = (po, ..., pn) € Ps has a Boltzmann weight z(p), where 2(0) := 1 and otherwise

(3.2) z(p) =] . (;k).

Definition 3.2. The partition function Zg is the sum over all paths in Pg of the Boltzmann
weights of the paths:

(3.3) Zg=>_ x(p)

pefPﬁ

Notice that Zy = 2(0) = 1. The partition function Zz satisfies the following straightfor-
ward recursion relation:

Lemma 3.3. We have:
(3.4) v(B) Zs =Y Zsa,
i=1

With the initial condition Zy = 1, this determines Zg for all f € Q4.
Definition 3.4. Gwen € Q)+, define the “vector partition function”

(3.5) Zs) = Y «(p)[p)

pefPﬁ

where |p) is defined in ([B.1).

Our goal is to find vertex weights v(f) so that the Whittaker function can be written as
a sum over vector partition functions.

IThe reader is advised of the two unrelated usages in this paper of the word “weight”: One refers to the
representation theoretical definition, and the other is used in the context of statistical models, also known
as a Boltzmann weight.
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3.2. Path model for Whittaker vectors. We need the following preliminary Lemma.

Lemma 3.5. The vertex weight function v : Q4 — C given by

1
(3.6) v(8) = A+ pl8) - 5(819)
1s the unique solution to the difference equations
(3.7) v(B+a) —v(B)=A=Bley)  (i=1,2,...7)

subject to the initial condition v(0) = 0.

Proof. To show that v(f) satisfies the recursion relation, we compute
1
v(iB+a) = (A+plf+ai)—5(B+ailf+a)

1
= v(B) + (M) + (p— §ai|ai) — (Bai)
= o(8) + (A= Blay),
where we used the fact that (p|a;) = d; and L (o;|oy) = d;. O

In terms of coordinates, writing § = .., fi; and A = Y., A\jw;, the above weight

reads:
T

v(B) =0(Br,. ... 0) = Z(l + Ni)di B; — Z d; 37 — Z d;C; ;i B;,
i—1

i=1 1<i<j<r

and it satisfies the difference equations:
(B, .., Bic1, Bi + 1, Biva, o, Be) = 0(Br, ..., Br) = di( N — ZCj,iﬁj)-
j=1

We will construct the Whittaker vector |w) in the completion of V) by expressing it as a
linear combination of elements in the spanning set (B.1I):

(3.8) w)y=>"p" > y(p)p)

BeQ+ pePs

for some coefficients y(p) to be determined. Here we have used the multi-index notation
p® = TTi_,(dips)? for the vectors p = (dipiy, ..., dyptr) and 8= >, Bic;. As the vectors
{Ip), p € Ps} are not linearly independent, we have some freedom in the choice of the
coefficients, and we will choose them so that they have a factorized form.

The defining conditions for the Whittaker vector, e;|w) = p;|w) for all ¢ result in a
recursion relation for the coefficients in (B.8]).
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Oo— Oe—
(@) (b)

FIGURE 1. A sample path p for Ay with a marked vertex py (a) and the two
corresponding augmented paths at py, px,1 and pg2 (b).

Lemma 3.6. A sufficient condition for the vector |w) of B.8) to satisfy the Whittaker
vector conditions of Definition 211 is that the coefficients y(p) obey the following linear
system:

N

(3.9) y(P) =Y (A= prlew)y(prs)  forall p = (po,....pn) € P

k=0

where the augmented path pr; € Ppia, is obtained by inserting a step «; at the vertex py
of p (see Figll for an illustration):

(3.10) Pri = (D0s D1y -y Diy Pk + iy D1 + Qi ooy DN+ Q)
Proof. Since ¢;|p) = 0 if the path p has no step a;, we may write

N
ei‘w> = Z uﬁ_aidi:ui Z y(p) Z 5pk+1—ll7k7ai 5p§m-7p <)‘ - pk‘az\/) |p/>

Bea;+Q+ PPy k=0
p=(PQ,--»PN4+1)
N
=m0 Y D ypk) A=) [P)
B'eQ+ p'EPy k=0

wlw) = Y p’ > y(p)Ip)

The Lemma follows by identifying the coefficient of |p) in the last two lines. This is only
a sufficient condition, as the vectors |p) are not linearly independent. O
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Using these two Lemmas, we have the main result of this section (see also [GWS80]):

Theorem 3.7. The unique vector in the completion of the Verma module of g with highest
weight X which satisfies the properties of a Whittaker vector as in Definition[2.1] is

(3.11) wy =" | Zy)
BEQ+

where |Z3) are the vector partition functions ([B.0) of the path model for g with the weights
defined in Lemma [323,

Proof. The coefficient of |\) in (BI1]) is 1, so condition (1) in Definition 2] is satisfied. We
need to show that e;|w) = p;|w) for each i € {1,...,r}. That is, we must show that the

coefficients x(p) in Equation ([B.2) satisty ([3.9). By definition, z(p) = va 1 U— where N
is the length of p. Using (B.I0), p has length N + 1 and
N
1
Prj) = H

We have (since v(py) = v(0) = 1)

N N i N
> (A =prled)z(prs) = > (w(pr + ) — v(pe) H H
N
= —v
(Po) jl}) v(pj T al)
=0 ~
N-1 k N
+ v(pk + @ — v
kzogv(pﬂ) ( o )”(pk+az) O(Prt1) (le))jH (p; + )
~
N .
+ v\p + (07 =T\p
9'1:[1 v(p;) (b ) (pn + ;) (p)

where we have rearranged the terms in the sum so that it is clear that everything but the
last term in the summation over k cancels. U

3.3. Rank 2 examples. We give explicit examples for the case where g has rank 2, that
s, g = As, By >~ (5, and G5. The paths for all rank 2 Lie algebras look the same, as Q)
can be identified with (Z,)? in all cases.
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(0,2)¢
0,1) o (1,1) .(2,1)
(0,0) 1.0) (20 (3.0 %

For each algebra, we consider two paths that start at the origin and end at the vertex
(1,1): (0,1, 4 + ) corresponding to the vector fofi|A) and (0, aa, i +a2) corresponding
to the vector fifa|A). The difference between the Whittaker vectors is in the weights
corresponding to each path.

Ag: In this case, di = dy = 1. Writing A = \jw1 + Aws and = Biag + Paan, we have

v(B) =0(B1,B) = M+DBi+ (A4 1)B2— B — B3 + 1B
= Bi(M+1=051) + Ba(Ae + 1= B) + Bifs.

For example,

v(ay) 0(1,0) = Aq;
v(20n) = 9(2,0) =2(\ — 1);
v(ag) = 0(0,1) = Ag;
viag+ag) = (L) =X+ A+ 1;
V(200 +a2) = 0(2,1) =2\ + Ao
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The Whittaker vector with character p = (1, o) is given by:

wi = n,(’““) i + Z ETOWRAL

nely
it Hfhz
A
+ )\1()\1+)\2+1)f2f1| >+)\2()\1+)\2+1)f1f2| )
2
el Pk )
A A
D WO VS W 1 WS W AT A W WSS WIS 10 WS W AR
2

(A)2(A1 = 1)(2A1 + Ag)

By: Here, dy = 2,ds = 1. The vertex weight function is given by:

(1, B2) = 2\ + 1B+ (A +1)B2 — 267 — B3 + 26152
= 2680(M + 1= B1) + Bo(Ae + 1 = Ba) + 261 fo.

The first few terms in the Whittaker vector are

ulf = 3 g +Zk,“2 ALY

neZly

(2001) o
(2A1)(2A1 + Ao + 2)
(2p11)% 1o
(2A1)(2A1 + Ao+ 2) (41 + A2)

(2001)% 12 )
22(A)2(A\; — 1)(4A + A2)fzfl I\) +

(2001) o
fafilA) + a2\ +)\2+2)f1f2|)\>
(2p11)% 12

fifafilA) + A2(2A1 + A2 + 2)(4M1 + o)

+

_|_

fLRIN)

+

The case (Y is obtained from B, be switching the indices 1 and 2. In particular, we have
di = 1,dy = 2, and the vertex weight function is

0(B1,B2) = (M +1)B1+ 2+ 1)B2 — 57 — 285 + 215,
= fi(A+1—=051)+28(Ma+1—52) + 2615 .

G9: Here, d; = 1,dy = 3 and vertex weight is

(1, B2) = (M4 +20+1)8: — 57 — 365 + 3616
= Bi(M+1=051) +362(A +1 = Ba) + 361 fo.
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The first few terms in the Whittaker vector are

Wi = 2 i +23k2,“2 7

neEZ4

pa(3pe) 111 (3112)
+ )\1(A1+3)\2+3)f2f1|>\>+ (3)\2>(>\1+3)\2+3>f1f2|)\>

1(34n) 13 (3p12) )
TN M 30+ 3)(2M 1 3h + 4) hbzhlN) B T30 £ 3)( 20 130+ D! f2|A)

M%(g’ﬂz)
T oI S D@, T TN

3.4. The Whittaker function. The Whittaker function is defined in Def. 2.2l The
dual Whittaker vector can be expressed in terms of path partition functions in the same
way as the Whittaker vector itself. We associate a dual vector (p| € V) to each path

P = (p07 7pN) € :PB via:
(Pl = (Aleies, -~ €5

where pp — pr—1 = oy, for k=1,2,..., N. In the same way as for the Whittaker vector, we
have

Wlwl = () (Zs)
BEQ+

where p' = (dip), ..., d.p.) and with the obvious definition for the left vector partition
function for the path model with the vertex weights v of Lemma B35, namely: (Zg| =

> _pep, T(P)(PI-

Before proceeding, let us introduce some more notations and definitions.

Definition 3.8. Define

(3.12) ¢ = > ¢
=1

(3.13) v, - Y 2,
= 0%

Notice that we have

0 0¢;
(3.14) %(Wina}/) - ﬂ(wz,ay) = 0jj

We have the following result:
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Theorem 3.9. The Whittaker function is the following generating series for the partition
functions of the corresponding path model with fixed endpoints:

(3.15) W (¢) = S piedlo 7,
BEQ+
where v = (dypia iy, oy dppippil.).
In coordinates, the Whittaker function (3.I5]) can be written as:

(3.16) W (6) = 3 TT(dipsp)e=iam o 0sba=Castin 7,

BEQy i=1

Proof. Let us first compute the scalar product: ¥, = (p|w) between a left path vector with
p = (po, ...,pn) € Pz and the right Whittaker vector. We get:

N T
z:P = <>“ei1€i2 o 'eiN‘w> = H:uiz<)‘|w> = H:uii
(=1 i=1

by use of the property e;|w) = p;|w). Using the result of Theorem B.7, we may now compute
explicitly:

5 ! ! i @il J— B i Pilli
WEH(0) = K (wleZomw)y = 3w ZpleZ e )
BEQ+
— Z p'? eO=Blo) Z 2(p)Sp = Z VPe=019) 7,
BEQ+ pePs BEQ+

where we have used the fact that for all p € g the left path vector (p| has weight A\ — 3, so

that (Zs|h; = (A — Blay’)(Zs]. O
For later use, we introduce the modified Whittaker function defined as:
(3.17) W () = eZim o W () = 3 wielosle) 7,
BEQ+

These modified Whittaker functions are usually referred to as fundamental Whittaker func-
tions, and are characterized by their form as power series expansions of the variables
e~ 23 %% which, up to the factor e®719) remain bounded when ¢; — oo in the domain
Zj C;;0; > 0 (i.e. ¢ — oo within the fundamental Weyl chamber of g).

Example 3.10. For G = Ay, the modified Whittaker function W/{"“/(@ is

W (8) = D (uapy) e Cart=20 7,

B1€Z 4
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where the coefficient
1
BN —=1) - (M +1=0)
obeys the recursion relation v(31)Zs, = Zg, 1, with 9(81) = (A + 1)B1 — 7.

Zﬁl =

Example 3.11. For G = A, Wf’“/(¢) is

W)l\h#'(gb) _ Z (,Ul,ui)ﬁl (,u2lu’2)52e¢1(>\1+1—251)+¢2(>\2+1—252) Zs, 8y

B1,B2€L
where the coefficient Zg, g, obeys the recursion relation
(3.18) (M + 1B+ (A2 +1)B2 — 57 = B3 + $1B2) Zpy 52 = Zpi-1,8: + Ly a1

It is easy to show by induction that
10200+ X +2— )
T 50+ 1= )+ de +2 = DTTE 50 + 1=+ Aa +2— )

J=1

(3.19) Zg, 5, =

This formula first appeared in [Bum84]. Similar factorization properties in the case of sl
were observed in [GW80)].

The main result about Whittaker functions is that they satisfy a Toda equation:

Theorem 3.12. The modified Whittaker function is a solution of the Toda differential
equation associated with the root system of the Lie algebra g:

(3.20) HWM (§) = Ey W (¢)

where the Hamiltonian operator H and eigenvalue Ey are defined as:

1 T
(3.21) H = §(v¢‘v¢)+zyje—(aﬂ¢)
j=1
1
(3.22) E, = 3 (A+plA+p)
where v; = djju; ;.

In coordinates, the Hamiltonian and the eigenvalue are given by:

1 0? !
(3.23) H = = g d.(C_l)L.i + E v.e~ 2k Cikdr
2 0J ’ ]a¢ia¢j ’

J=1

1 -1
(3.24) E\ = 5Z.Zjdj(c )i (14 N)(1+ X))
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Proof. Denote by e(¢) = e ?=#1%) and K = E\—1 (V4|Vy). Using (V4|Vy) = > i (wﬂaq)%;%,

we may express the action of K on e(¢) as:
Ke@) = 5 <<A+p|A+p> S CEYE B\aiv)(wz\wj)(aﬂk+p—ﬁ)) “(9)
= (Pt p) = Ot p = B+ p = B)e(6)
= (018 30618)) e(0) = ()0

Here, we used the fact that {o;'} and {w;} are dual bases.
Let us now act with K on the Whittaker function and use the recursion relation in
Lemma [3.4] to rewrite:

KW/(W’(@ — Z B)Zs = Z B e to=Bl9) ZZB—%

BEQ+ BEQ+
_ Z S e B (esl9) 7 Z”J (s0) 7 ()
Jj=1 BeQ+
The theorem follows. U

Example 3.13. In the case of G = A, the quantum Toda Hamiltonian (323) and its
corresponding eigenvalue ([3.24)) read:

1
H = 3 (Df + DDy + Dg) + vy e” (301792 4y, o7 (202701)

1
g(A§+A1A2+A§)+>\1+A2+1

where we use the notation D; = 8%1- fori=1,2.

E>\17>\2

4. PATH MODELS FOR THE WHITTAKER VECTOR OF AFFINE LIE ALGEBRAS: THE
NON-CRITICAL LEVEL

In the case of the the irreducible Verma modules of non-twisted, affine Lie algebras,
denoted by g in this section, the Whittaker vectors and fundamental Whittaker functions
of the previous section can be extended in a straightforward manner, as will be shown in
this section. There one additional feature in this case: The existence of the critical level,
when the central element of g acts by a scalar k equal to —h"Y, where h" is the dual coxeter
number. In this case, our Boltzmann weights have singular values. This is a consequence
of the fact that the affine algebra at the critical level has an infinite-dimensional center,
isomorphic to a deformed classical W- algebra [FR99] (as a Poisson algebra). This case is



A PATH MODEL FOR WHITTAKER VECTORS 17

treated separately in the next section, by using an asymptotic expansion of the formulas
we derive in this section.

Let V) be an irreducible Verma module of g with affine highest weight A. We use the
notation A = kAg + A\, where A is a generic weight with respect to the finite Lie algebra,
and k is a complex number which is not a positive integer. We denote the cyclic, highest
weight vector of Vi by |A).

The definition of the Whittaker vector in the completed Verma module is the same as
in the finite-dimensional case: The Whittaker vector in the irreducible Verma module V,

with character 11 = (o, pt1, ..., ptr) € (C*)"*1 is the unique element |w) in the completion of
Vi such that (Ajw) =1 and:

(4.1) ei|w) = pilw) (i €[0,7]).

The path model defined in Section [3] for classical Lie algebra is generalized as follows.
Paths have steps in II = {ap, ..., .}, and are between the origin to an arbitrary point

B € @+. The set of all such paths is denoted by P5. The vertex weight function v : @+ —-C
is

(1.2 3(5) = (A + 715) - 5 (BIB)

Lemma 4.1. The vertex weight function ([d2) is the unique solution to the set of difference
equations

B+ ) = 9(B) = (A = Blew), (i€ [0,7))
subject to the initial condition v(0) = 0.
The proof is a straightforward generalization of Lemma

In terms of coordinates in (), we can write

T

(4.3) 0(Bo, - Br) = >_(N\i + 1)Bids Z d;C; ;8:5;,

i=0 ,j=0

and the difference equations are
(44)  5(Bos--,Bi+1,...,8,) —0(Bo, .-, Br) = di(Ni —Zcﬂﬁ] (i € [0,7]).

The partition function Z7 is defined in the same way as for the finite dimensional case.
Clearly, it satisfies the recursion relation

(4.5) 0B Z5=> 75 .
=0
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Remark 4.2. [t is easy to see that

-~

(4.6) 35 +7) = 0(B) + 9A) — (BA)

for any affine roots E and 7. Applying this to the root B written as
B=> B =po(0—0)+ > Bioi = Bod + (8 — Bob),
i=0 i=1

where 0 is the null root and 0 the highest root of the finite dimensional algebra g, we find

B) = (Bo0) +0(B — Bobd) — (Bod|B — Bob)
= (A +p[Bod) +v(B — Bob)
= (k+h")By+v(B — Bod).

We have used the bilinear forms (A|6) = k and (p|0) = h", the dual cozeter number, from
(22). Notice that E — Bod = B — Bob is a non-affine weight and the affine vertex weight
function U on B\— Bod reduces to the finite vertex weight function v. Unlike in the finite
case, it is now possible to have @(B\) =0 even ifB\ # 0. This situation happens ezxactly in

the critical case, when the level takes the critical value k = —h", and when E— Bod = 0,
i.e. Bi = a;By forie[l,r].

We can now write the Whittaker vector:

o(

Theorem 4.3. For non-critical level k # —hY, the Whittaker vector for g in the completion
of Vi with character it = (o, - . ., pr) s given by

(4.7) wh =Y f \ZA

BeQ+
where o = (dopto, dyfiy, - - dpflr), ﬁg = [T (dipi)? with dy = 1, and

1Z3) =) =(p)Ip),

pETB

where the sum extends over paths on Q. that end at B, with weight z(p) (as in B2)) equal
to the product of inverses of the vertex weights v of eq.([d2)), at the non-zero vertices visited
by the path p.

Proof. The proof is identical to that of Theorem [3.7] O
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4.1. Whittaker function. We use the notation qb Y i_o ¢ia, while keeping the nota-
tion ¢ =Y., ¢;a) for the finite part, and V, for the gradient defined in (B.I3).
As before, the Whittaker function is defined for non-critical level as

w).

Theorem 4.4. The Whittaker function at non-critical level k # —h" s the following
generating series for the partition functions of the affine path model:

(4.9) Z eA-B19) 7

BeQ+

(4.8) WET(0) = K (wleZio?h

where 07 = [T}y (diguigi}) ™
Proof. The proof is identical to that of Theorem [3.9l O
As before, we define the modified Whittaker function as:
(4.10) W (§) = eZimo s WEF () = 3 58 (A+5-B1d) 7
BeQ+

Like in the simple case, we have the following differential equation for the non-critical
Whittaker function.

Theorem 4.5. The modified Whittaker function at non-critical level k # —h" is a solution
of a deformed G-type Toda differential equation:

~

(4.11) HWLT (9) = EAWIT (9),
where the affine Hamiltonian operator H is

(4.12) b- (k+hV)yoai+ (VolVa) + 3 vyl

7=0
and its eigenvaue is the same as in the finite case:
1
(4.13) E\ = 5()\+p|)\+p).

Here, vj = djp;p; for j € [0,7].
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Proof. Let e(¢) = 1736(/\“33_3";), and K = By + (k + hV)VOa%) — 2(V4|Vg). Then

Re@) = (50+olht0)+ (60

_% Z(wi|wj)(1\ + 75— Blay)(A+p - Elay)) e(9)

~

- ( A+ p| A+ p) + %+h0@r—gk+p—ﬂk+p—§06()
— ( (k4 h")Bo + (X + p|B — Bob) — %(ﬁ —509\5—509)) e(0)
= ((k+h")Bo+v(B — Bob)) e(d, B) = D(B)e(d),

where we substituted B = Bod + (8 — Bof), and finally used Remark .21
Acting on the Whittaker function and using the recursion relation (4.5]),

KW () = K Z e(0)Z; = Z e(6)0(B)Z5

BeQy BeQ+
- ¥ PP e (M7-B19) Nz, =3 PP+ (A+5—BI6)~(a519) Z;
BeQ+ 3=0 7=0 Be@ 4
= Y v W ()
=0
The theorem follows. [

Remark 4.6. We note that our Hamiltonian H of [@I2) reduces to the critical affine Toda
Hamiltonian computed by Etingof [Eti99], when we set k = —hY. We may therefore think
of H as a deformation of the critical affine quantum Toda Hamiltonian.

Example 4.7. In the case G = ET, where a; = d; = 1 for all i, The vertex weight function
15 given by

(414)  wB)=(k+r+Dfo+ > 1+ M) — o) — 5 Z Ci (B ~ Bo)

=1 2] 1
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gj/szwe get the f\ollowmg partial differential equation for the modified Whittaker function
W (¢) .= Wit (6), with v; = pip:

{(k‘ +r 4 1)1/0811/0 + Z (C_l)i,j<(1 —+ )\z)z(l + )\J) . %a¢?8¢J> } /V[\?(QZ)

ij=1

(4.15) = <Z v e 2= éﬂ"k‘b’c) W ().
=0

5. THE CRITICAL LIMIT OF THE AFFINE WHITTAKER FUNCTION

When the central element ¢ of the affine algebra g acts as a scalar multiple equal to
k = —hY, where h" is the dual coxeter number, the partition function presented in the
previous section is singular and needs to be treated separately. This case is called the
critical limit. The model has a richer, integrable structure and the universal enveloping
algebra of the affine algebra has an infinite-dimensional center, isomorphic to the classical
(Poisson) deformed W-algebras [FR99]. In this limit, the Hamiltonian of the previous
section becomes the affine Toda Hamiltonian [Eti99]. The goal of this section is to study
the behavior of the Whittaker function at the critical level.

5.1. The Whittaker function at critical level k = —h". Let ¢ = k + h", and consider
the Whittaker function of Section dl when ¢ — 0. Recall the expression for the Whittaker

function Wfﬁ /(g/if) of Theorem [4.4}
NI ~B_(A+7-Bl
W (¢) = Z Zguﬁe( +p—Bl¢)
§€@+
We separate out the terms proportional to € in the exponential:

Lemma 5.1.
(5.1) (A+75—Blo) = edo + (A +p— (B — BoO)|(¢ — dob)) .

Proof. Using A+ p = (k+h")Ao+ A+ p, B = Bod + (B — o) and ¢ = ¢od + (¢ — dob),
we have

~

(A+7—=Bl6) = ((k+h")Ao—Bod + A+ p — (8 — Bof)|dod + (¢ — dob))
= (k4 h")po(Nold) — Bodo(8]6) + (A + p — (B — Bob)| (¢ — ¢ob)).

The Lemma follows using the relations (2.2)). O

This motivates the definition of a renormalized Whittaker function:
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Definition 5.2. The renormalized Whittaker function is defined as

(5.2) Wi (§) = e~ W™ () = Y ZAVAe(Hp (8—P06)| 6—00)
BeQ+

This function depends on the variable QAS only through the combination ¢ — ¢ =
Yoi_y(¢i —a) o)y and therefore satisfies the same eigenvalue equation (LI1]) as W, ().
It is the unique solution (up to an overall factor independent of ¢) with a series expansion
of the form (5.2). This is convenient for computing the asymptotic expansion of the renor-
malized Whittaker function. It has an essential singularity at e = 0 which is independent of
the variable ¢, times a power series in € whose terms depend on ¢. To get the coefficients,
it is simplest to use the variables v as the expansion variables.

Theorem 5.3. In the critical limit € — 0, we have the following asymptotic expansion for
the renormalized Whittaker function W (¢) of Defl52:

(5.3) WL (8) = € (Wol@) + eWi(9) + -+ ),
where F is a power series in the variable D° = [Ty (diprip)® independent of ¢ of the form:
(5.4) F= Y 9™,

Bo€Z>0

and the coefficients {W(A) j > 0} are power series of the form:

>\+P (B—B00) | (¢—00) N

55 = Y Pebwroaoliean)y,
BeQ+

which have the properties:

(1) Wy is an eigenfunction of the (critical) affine Toda equation:

(5.6) HWo () = ExWo(9),
with
~ 1 ~ oF
(5.7) H=§(V¢|V¢)+§Vﬂ (esl#), E)\—E)\‘l‘l/oa o
(2) For higher values of j, W; satisfy
- ~ AW (9) o
(5.8) (F-B) Wid) =n=51%  (1=12..)
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Proof. Substituting the form (5.3]) into the deformed affine Toda equation (4.IT]), and writ-
ing Wi (9) = e<W(9), we get:

—Voa—FW(@ — €l 8W(¢)

0 120} 140

+ HW(9) = E\W(9)

Let us collect terms in this identity order by order in e. This gives:

e : —Vog—F Wo(9) + H Wo(¢) = Ex Wy ()
Yo
. OF  ~ W, 1(9) .. ~ ~
O g W0 - W) = B

which respectively boil down to (5.6]) and (5.8)).
We claim uniqueness of the solutions obtained in this way using the following considera-

~

tions. Equation (5.6)) fixes Wy(¢) up to an overall constant C, which may possibly a power

series of 1%, but is independent of ¢. It also fixes the eigenvalue Ey = E+ yog—i

series of ° equal to E) at v = 0. This function is our main interest, although we may

also use WO(QAS) to solve, using (5.8]), for the functions VV](QAS) as power series. The solution
of (L.6H5.8) as power series (B.4H5.0) is therefore unique up to the overall multiplicative
constant C', and the Theorem follows. O

as a power

The essential singularity arises from the singularity of the Boltzmann weights at points
in the root lattice proportional to 0, when € — 0 (see Remark [2]). The factor e is
a result of a re-summation of contributions from the paths that cross this “diagonal”
{B = 5o0 : By € N}, where they pick up a divergent contribution of the form ﬁ

Let us now write the recursion relations resulting from (B.6H5.8) explicitly. Substituting
(54H5.0) into the equations (5.6) and (5.8), we get the following recursion relations:

(5.9) 0(B = Bob)wyg+ D mamw;g = —Bow; 15+ Y w5 ., 520
=0

m>1

using the conventions that w_; 5 =0, w;5=0if 7 & Q., and woo = 1.

As explained above, this recursion determines the coefficients a,,, m € Z entirely as
rational functions of the \;’s, as well as all w,.5. However wy 5 is only determined up to
an overall multiplicative constant C, which may be an arbitrary series expansion of the
form C = Zm€Z+ 0"™¢,,. This constant is fixed by taking the limit ¢ — 0 of the non-
critical Whittaker function. We may normalize the function by requiring that all diagonal
coefficients in Wy be zero, except for wy,o = 1, namely wq.g,6 = 0 for all 5 > 0.
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This fixes uniquely the solution of the recursion relations (5.9). With this choice, when
B =md and 7 = 0, we get

T

1
Ay = — E Wo;ms—a; »
m

i=0
which determines the function F' in terms of the near-diagonal coefficients wo.ms—q,. Sub-
sequently, when j = 0 and 8 # (5,0 we have a recursion

T
Wo,5 = 5 509 {ZMOB o Z Zwo?mé—aiwo;ﬁ—ma} .

i=0 m>1 i=0

Remark 5.4. Note that this recursion relation is no longer that of a path partition function
with local weights, as the coefficient W5 18 expressed in terms of all the Wo.5_pss M = 1.
This may simply indicate that the path vectors |p) are no longer the “right” spanning set
in this case.

5.2. Example: Agl) at critical level k = —2. Let us consider the case of G = Aj.
Writing:
F=Y (o) am,  Wi(d)= Y vptwftet -2ty , o
m>0 Bo,B120

the recursion relation (5.9) becomes:

Min(Bo,61)
(B1=Bo) M H1=Bi+B0)Wsgop T D, MmWjigo—mr—m = Wjsgo—1,6+Wjs80,51 -1~ BoWj 15606, -
m=1
When j = 0, this gives
Min(Bo,81)
(Br = Bo) (M +1— P+ 50)“’0;50751 = Wo;80—1,61 T Wo;0,61-1 — Z MamWo; 5y —m, 51 —m
m=1

The solution with wg,;ms = 0 = Wo.m,m for all m > 0 is such that

1
(510) Am = E (wO;m—l,m + wO;m,m—l) (m > 1)

and for all n #p e Z,:

Min(n,p)

Wo;n—1,p + Wo;n,p—1 — E MG Wo;n—m,p—m

m=1

1
(p—n)(Ai+1—=p+n)

(5.11)  wonyp =
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Substituting (5.10]) into (5.11J) yields the following recursive definition of the w’s for n # p:

1
Wone = T a1 —ptn)
Min(n,p)
X § Wo.n—1,p + Wonp—1 — Z (Wosm—1,m + Wo:m,m—1) Wosn—m.p—m
m=1
while wp.,., = dn,0. For instance, we find:
1 1
Wo;1,0 = —m, Wo;0,1 = )\—17
1 1
W20 = STy gy ot = Weo2 = gy T
1 12+ 6 + A2
O30 = T DM 200 +3)7 LT TN (w1 230\ £ 3)
4—2)\ + A2 1
oL = T — DML 12 T B0 — D — 2)(M - 3)
We also get:
B 2 B (12 4+ 10A; 4+ 5)2)
T N2 TN —Dn 1280+ 3)

16(96 + 15271 + 11202 + 36)3 + 9)\1)
BAT(A = DA —2)( A1 +2)°(A +3) (A +4)

as =

6. WHITTAKER VECTORS AND FUNCTIONS FOR U,(4,)

Our path model solution for Whittaker vectors and functions can be extended in a
straightforward manner to the case of the quantum algebra U,(sl, 1) for generic q. The
combinatorial data, such as the paths, is the same, but there is a key difference in that
the weights defined on the path are slightly less local: They depend both on the vertices
visited by the paths and on the edges.

Let us supply the necessary definitions in this case. We have the algebra U,(A,) with
generators {F;, Iy, K;*'} and relations

K, — K;* Cis _c., -
(61) [EZ, F]] = 52'7]' ﬁ, KZEJ =(q J’ZEJ'KZ', KZF’] =q J’ZF’]'KZ' ('l,j S [1, T]),
together with the Serre relations

E?E; — (¢+q ")E,EE; + E;E} =0,

PR~ (q+q OREF+ FF =0, J7TEL
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The combinatorial data of roots, weights and the Cartan matrix are the same as for
finite-type g = A,. Combinatorially, the irreducible Verma modules are the same as in
the non g-deformed case. We use the same notation as in the case of finite Lie algebras,
with irreducible highest weight Verma modules V) = U ({FZ-}Z-E[LT}) |A) with highest weight
vector |\) and generic weight A, such that E; |\) = 0 and K; |\) = ¢ |\) for all i € [1,7].
Again, we have the restricted dual module Vi = (A U ({E;}icj1,,)) with left highest weight
vector (\| such that (A|F; = 0, (A|K; = ¢ (\| for all i and (A|\) = 1.
6.1. The g-Whittaker vector: Definition.
Definition 6.1. The Whittaker vector for a highest weight module Vy and nilpotent char-
acter = (ft1, ..., itr) is defined to be the unique element |w) in the completion of Vy such
that (Mw) =1 and:
(6.2) Eilw) = i (K3)' " Hhw) (i € [1,7]).
Remark 6.2. The factors (K;)'"™' appear due to reasons of compatibility with the Serre
relations, which should act by 0 on the Whittaker vector. One may use more general
defining relations than (6.2]), by picking any set of integers my,...,m, on the nodes of
the Dynkin diagram of A, with the property |m;i 1 — m;| = 1 and replacing ([6.2)) with
E;|lw) = p; (K;)™|\w) for all i. Here we chose to use m; = i — 1 for all i, as in e.g.
[EIM11]. Compatibility with the Serre relations is a consequence of the q-binomial identity
1—q(q+q ) +¢* =0, where e = £1, since

(B:Ef, — (q+q E BBy + E7 L E;) |[w)
= (1= (g +q g™ ™ 4 g2mmmie)) ) KWK Jw) = 0.
We look for an expression for |w) as a linear combination of non-independent vectors

indexed by the same paths on the root lattice as in the classical case. The bijection
between paths and vectors in V) is adjusted, as we use the generators

which are better adapted to our definition of the Whittaker vector.

Definition 6.3. Let Ps be the set of paths p = (po, ..., pn), withpy = 0,py = € Q4, and
Dk — Pk—1 = oy, fork=1,...,N. We define a map from Pg — Vy by:

(64) |p> = FiNFiNfl te 'Fh |'U>> Pc ?6-
As in the classical case, we look for the vector |w) of the form:

(6.5) w)= Y"1’ > yp)p)

BEQ+ pePs

with |p) as in (6.4) and some coefficients y(p) which satisfy an appropriate recursion
relation.
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Writing the defining condition (6.2]) for |w) in the form

(6.6) Eilw) = plw)
where
(6.7) B =K, "VE,

we have the recursion relation for the coefficients:

Lemma 6.4. A sufficient condition for lw) of (6.3 to satisfy the Whittaker vector condi-
tions (62) is that the coefficients y(p) obey the following system:

N
N i_iC .

(6.8) y(p) =Y == 0% (X — pilag)] y(pra) (i € [1,7])

k=0
where we have used the notation |x] for the g-number

¢ —q"

6.9 T = —-
(6.9) [] =
and pg; for the “augmented path” (3.10).

Proof. Use (6.6). We first compute E;|w) by use of the commutation relation

_ K, — K NP
Ei Fj = 52',]'7_21 + q(l_j)cj’iFj Ez
q—dq
Since E; |p) = 0 if the path p has no step a;, we may write
N
Eifjw) = Z “’B i Z y(p) Z qu_k+1( ). Opit1—proci 5p§m,p [()‘ - pk|ai)} p’)
Bea;+Q+ pEPy k=0

P=(PQ,--sPN+1)

N
= Ly Z MBI Z ZqZéV:k+1(i_i€)Cil,iy(p;€7i) [(A _pk‘aiﬂ |p’>
=0

B/EQ+ p/E'PB/ k=
p/=(p-Py)

pilw) = i Y > y(p)|p)

BeEQ+ pePs

and the Lemma follows by identifying the coefficients of |p) in the last two lines. O

We will give below a solution y(p) = x,(p) of the system (6.8]), which has the property
that z,(p) is a product of local weights over the path p.

A path model is an assignment of weights to a set of paths. In this case we need to
define edge weights, rather than vertex weights as in the classical case. The analogy in the
continuum is that the weight depends not just on the local position on the path but also
on the first derivative.



28 PHILIPPE DI FRANCESCO, RINAT KEDEM, AND BOLOR TURMUNKH

Definition 6.5. An edge-weight path model on Qy is a map which assigns a weight to each
edge of the path. Let p be a path as before, with p; — p;—1 € Il for all i. An edge weight
v(pi—1, ;) 18 a function of p; and of p; — pi—1. The weight of a path is the product of the
edges traversed by the paths, y(p):

N

y(p) = H%

v pi—lapi>

and the partition function is defined as before by

Zs=Y_ y(p)

pefPﬁ

Lemma 6.6. The partition function for an edge-weight path model satisfies the following
recursion relation:

T

1
(6.10) Zs = ; mzﬁ—ai

This is to be compared the to the equation satisfied by the partition function with vertex
weights Equation (3.4)).

Given the path model, we can define a vector partition function using the map from Pg
to V) of Definition [6.3]

(6.11) 1Zs) = > y(p) Ip)-

We will use this definition below.

6.2. Quantum Whittaker vectors. Local edge weights will be defined using the follow-
ing function.

Definition 6.7. Given an sl weight A and an element 8 of the positive root lattice Q) ,
let

(612) Uq(ﬁ) 2 Z q2(>\+p\wl Wit1) (1 _ (B\wiﬂ—wi))
q - q

with the convention that wy = w11 = 0.

In components we may rewrite (6.12) as:

T

1 5 Z q2(%—%‘+1)(1 _ q2(5i+1—ﬁi))

(6.13) Ug(B1, -, Br) = Qg ) 2



A PATH MODEL FOR WHITTAKER VECTORS 29

where

(6.14)

o 1y gy Cdr+1-4) 1 i : L i N
%_2]-:(0 )Z,]()\]_l_l)_ 5 +7“—|—1 (T‘l—l Z);j)\]—l-zj;l(r—l-l ]))\] ,

and \; = (\|«)).
Lemma 6.8. The function vy(5) ([612)) satisfies the difference equations:

(6.15) (B + ;) — vy(B) = gPHpBluimiwi) [()\ - 5@-)} (i=1,2...,7)

Proof. By direct computation:

1
V(B + ;) —vy(B) = G—q 7 (
1

(=g
_ q(A+p—ﬁ|wi71—wi+1) |:()\ _ 6|az)]

_q2(>\+P—Blwi_Wi+1)(q_2 —1)— q2()\+P_B‘Wi71_UJi)(q2 _ 1))

—242(AMp—Blwi—wit1) 2+2(>\+P—5\wi71—wi))

—4q

by using o; = 2w; — w1 — wi_1. O
This prompts the following:
Definition 6.9. We define the weights

(6.16) v (B) := ¢ P v, (B)

where

(6.17) 7i(B) = A+ p = Blwir1 — wi—1)
with the property:

(6.18) vO(8+a;) =0(8) = |(A = Bla)]

In components, we have:
7i(B) = Yisr — Yi-1 + Bi-1 — Bis1
with 7; as in (6.14]).

In the following we will consider the quantum path model for A, defined as follows.

Definition 6.10. The quantum path model for A, is the edge-weight path model on Q. of
Definition [6.0, with the edge weights:

(6.19) vip—ai,p) =v(p)  (peQ})
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where v are as in (61616.17). Each path p = (po, ..., py) on Q. receives a weight
AT

6.20 Tq(P) = —_

(6.20) 4(P) g 0@ (pr)

where py, — pr—1 = oy, fork=1,2,...,N. The corresponding partition function Zg satisfies

the recursion relation:

(6.21) v(B) Zs = ¢ Zs_a,
i=1
The above definitions guarantee the following cancellation lemma.

Lemma 6.11. The weights v above satisfy the following general cancellation identity:
v (B + ay) v (B) — ¢li=9Cia

W05+ o) W0 ()

for any € Q4, and any i,j € [1,7].

(6.22)

Proof. Due to the form of the weights v the statement of the lemma reduces to the identity

(6.23) (B + ;) = 7(B) + 75(B) — 7 (B+ i) = (i — §)Cj;
Noting that
(6.24) 7:(B) = 7:(B + i)

as 7;(f) is independent of 3;, we easily compute:
Ti(B+ ) = 7i(B) + 75(8) = (B + i) = 75(8) = 7(B + ) = (ai|wj1 — wj—1) = (0 — ) Cj
O

We are now ready to state the main result of this section.

Theorem 6.12. The Whittaker vector |w) of U,(A,) for the h.w.r. Vy,, characters (K;)"*
and eigenvalues p = (1, ..., it,) is the generating series for the partition functions of the
quantum path model for A, of Definition[6. 10, namely:

(6.25) w) = > 1’ |2)
BEQ+
with |Zg) as in (6.11]), with the weights y(p) = z,(p) of (6.20).

Proof. We must check that the weights z,(p) = Hf\il W, N the length of p, obey the

system (6.8). For p of length N, py; has length N + 1 and weight:

. - 1 1 1 1
2q(Phi) = Hv(ie)(pg) v (pr, + ;) H 00 (pg + )

(=1 {=k+1
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By Lemma and the subsequent Definition [6.9] we may rewrite for any fixed path p =
(pO = Oapbp?a <y PN = ﬁ)

N
N i—i .

Z g2t=k+1(070)Cig i (A = prlew)] 24 (Pr.s)

k=0

N
M i—i0)Ci, i (., (i i
— Z g=rer =i0Chi (0@ (4 o) — 0D () 20 ()

k=0
N al 1
- _ (i)( 2 e=1 (1—ig)Ciy i
= —v"(po)q ¢
]-1:[1 v (p; + o)
~"

N k ] N 1
+ Z gt=kr2(i=10)Cigi H . H i >

k=0 2 00 (Pm) m=k+2 vl (pm + ;)
% <q(i_ik+1)cik+1,i ' vt (pk + o) _ v (p]?_,_l) )

v (pg + ;) ol (ppia + aq) v (e )o@ (P + i)

-

= 0 by Lemma [6.17]

N 1 v (py + )
" <,,1;[1 U(im)(Pm)) v (py + €)
= 24(P)

Tg(P

which is nothing but the equation (6.8). In the above, we have used v (py) = 0 as py = 0

and the cancellation Lemma [6.11] for 8 = p,,1 and j = 441 to eliminate all terms but the
last one. We may picture the cancellation above as occurring between the two paths py ;

and pyy1,; that differ only by the order in which the two steps o, j, j = @41, are taken

from py:
TRFG prata
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Example 6.13. For G = A;, we have C' = (2), y1 = 2 and:

M=) (A=)

(6.26) v (B) = v (B) = (q—q")?

=AM — B+ 1]

and the q-Whittaker vector reads:

(6.27) PP R —

BeLy Hf:ﬂ]][)\ —j+1]

as F = F.

Example 6.14. For G = As, we have C' = (_21 _21), =1+ %, Yo =1+ %
and:

- q—Z’Yl(l _ q261) + q2(’Yl—’Y2)(1 _ q2(62—51)> + q2'yz(1 - q—262)
ve(B1, B2) = (q—q 1)

= [Bo][Ai + Ao+ 2= Bu]g" TPTIIE 4[B) — Bo][M + 1= B+ Balg

while
v (B, B2) = 72 v,(B, Bo) v (Br, Ba) = ¢" T v,(Br, Ba)

6.3. g-Whittaker function and g-difference equations. Whittaker functions are de-
fined as scalar products of Whittaker vectors with the insertion of a function of the Cartan
generators. The dual Whittaker vector (w| = ‘A‘,(w| is determined uniquely by the conditions
that (w| € (AU({E;}), (A\| the left highest weight vector such that (A\|F; = 0 and (A|K; =
¢ (|, and (w|F; = g (w|(K;)~0Y for all i € [1,7], or equivalently (w|F; = i} (w|. The
paths (p| are obtained by acting on the left highest weight vector (\| by Ej;, hence for a
path p = (po, p1, ..., pn) With steps pr — pr—1 = a, , we have:

(pl = (\[Ei By -~ Eiy
To construct (w|, we use the anti-automorphism of the quantum algebra:
Ei_>F’i7 FZ_>EZ7 Ki_>Ki_17 q_>q_1

which also maps F; — F; and E; — F,;. We find:
(6.28) fwl=>" W’ > z1(p) (p|

BeEQ+ pEPgs

with z,(p) as in (G.20).
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Definition 6.15. Let ¢ = >_._, ¢;oi;. The g-Whittaker function associated to the repre-
sentation Vy, with right/left eigenvalues p = (p1, ..., ) and p' = (ul, ..., pl) is defined

by:

(6.29) W (¢ q) = Kwl H

with ’;zw| as in (6.29).
We have the following simple expression for the g-Whittaker function.
Theorem 6.16.

(6.30) Wi (grq) = Y pulq 19 Z,
BEQ+

where Zg denotes the partition function for the edge-weight path model with weights

(6.31) 79(8) = ¢ Pvg(B)

Proof. For a given path p = (po,...,py) from the origin py = 0 to py = 3, let us first
compute the scalar product: X, = (plw). Writing py, — py—1 = o, for k =1,2,..., N, we

have
N N
= <)‘| HEiz|w> = H:uiz = IJ'B
(=1 (=1

where we have iteratively used the Whittaker vector defining conditions E;|w) = us|w).
This allows us to write:

Wi (grg) = Y w0 " 2 (p) (plw)

BeQ+ pePs
_ Z P qm—p19) Z 2,1(p) Tp = Z pb P q=(A=819) Z z,1(p)
BeQ+ pPEPg BeQ+ pPEPg
and the theorem follows. O

Corollary 6.17. The partition function Zg for quantum A, paths is a so-called “bar-
invariant” quantity, i.e. it is invariant under the transformation q — q¢~': Zg = Zj.

Proof. We use an alternative proof of Theorem [6.16] that goes as follows. We first compute
the scalar product X, = (w|p) in a similar way. Writing again p = (po, ...,pn) and
Pk — Di—1 = o, for k=1,2,..., N, we find:

N N
Fal B
= <’UJ‘ HFiN+1fl|>\> = H/"L;[ = /J’/
/=1 /=1



34 PHILIPPE DI FRANCESCO, RINAT KEDEM, AND BOLOR TURMUNKH

by use of the left Whittaker defining conditions (w| [, F; = ,(w|. This allows us to
write:

Wit (gia) = Y P O )y wlp) = Y wla DY T a(p) T,

BeQ+ pePs BeQ+ pEPs
— Z uﬁufﬁq—(k—ﬁki’) Z CEq(p) — Z Mﬁulﬁq_o\_m(’b)zﬁ
BEQ+ pePs BEQ+

Comparing with the result of Theorem [6.16, and identifying the coefficients of o'’
both expressions, we deduce that Zg = Z3, and the Corollary follows. O

We are now ready for the final result, expressing that the g-Whittaker function obeys a
g-Toda difference equation, equivalent to that of [Eti99).

Definition 6.18. We introduce the shift operators S;, i € [0,7 + 1] acting on functions

f(@) as

(6.32) Sif(6) = fl6—w) GEML), So=Su=1
as well as:

(6.33) T; = SitaS; (i € [0,7])

Theorem 6.19. The modified q- Whittaker function

(6.34) W (@) =g "W (¢1q7) = > pPpPqe-A19 7z,

BEQ+

with Zg as in Definition with x(p) = z,(p), satisfies the following q-difference Toda
equation:

(6.35) HW(¢) = EaW(o)

(6.36) Hy = Y TP 4(a—a ') mthg YT,
2 i=1

(637) Eq)\ — Zq2(>\+ﬁ|wi—wi+1)

Proof. We first note that S; g 7=8l®) = ¢(B=A=rlwi)qA+p=8I9) hence S; acts on W(¢) by

inserting ¢#~*=l¥i) = ¢%=% in the expression (6.34) for W (¢) as a sum over 3. Similarly,

T; acts on W (¢) by inserting q(>‘+P_ﬁ|wi—Wi+1) = PPty and T,_,T; by inserting

¢ 0 = ghimimBimitrimi=io1 in the sum (6.34). As a consequence, using the expression
([©12) for v,(/), we deduce that the difference operator

T

Ha ; (q—q71)?

q2()\+p\wi—wi+1) _ 771'2
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acts on W (¢) by insertion of v,(f) in the sum (6.34). Using the recursion relation (6.21))
satisfied by Zg, we finally compute:

Kq W(gb) = Z uﬁulﬁq()‘+p_6|¢) ,Uq(ﬁ) ZB

BEQ+

— Z uﬁulﬁq(mp—ﬁlsb) Zq—Tk(ﬁ) Zia
BEQ+ k=1

= Z /"Lk/’l’;g Z uﬁu/ﬁq@'f‘ﬁ—ﬁ—ak\d)) q—Tk(ﬁ+ak) Zﬁ
k=1 BEQ+

- <Z i 14, q_(ak|¢)Tk—1Tk) W(o)

k=1
and the theorem follows. 0

Remark 6.20. The ¢-Toda Hamiltonian H, is Etingof’s q-Toda operator [Eti99], obtained
from the quantum R-matriz of Uy(sl,41).

6.4. Examples. For the algebra U,(sly), the Whittaker function is
(6.38) W)=Y (u)'q**H = Z,
BEZy

where

1

[Tl +1 -]
Note that the latter is manifestly bar-invariant (see Corollary 6.17), as all g-numbers are.

Moreover, we have: Sy = Sy = 1, S1f(¢) = f(6—3), T f(¢) = f(6—1), TP f(¢) = f(¢+1),
T()Tl = I, and:

Hy=T3+ TP+ (q—q VPl a7 Egppn=¢" '+
so that, acting on functions f of the variable ¢, we have:
Hyf(¢) = f(o+ 1)+ f¢—1) +(qa—a ) ' ¢ ()

and can we check directly that

Zg

HyW(¢) = Ega W(¢)
as a consequence of the recursion relation v,(8)Zs = Zs_y, with
- )+ (1 - )

w(f) = (g—q1)?
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For the algebra U,(sl3), the Whitaker function is
Ai+1-2 Ao+1-2
W(¢) = Z (,ullufl)&(,uz,u;)ﬁzq(ﬁl( 14+1-281)+¢2(A2+1-252) Zs, s
B1,82€Z+
where Zg, 5, satisfies the recursion relation (see Example [6.14]):
Uq(ﬁlv B2) 2818y = qv2_622ﬁ1—1,ﬁ2 + q51—’y1 Z81,Bo—15

which leads to the solution:
T2 + Az +2 — ]

(TSI +1 = 510+ 2 +2 = 5]) (T2 LI + 1= sl[h + A 42— )

This is the quantum version of the factorized Bump formula (319). Note that this expres-
sion is manifestly bar-invariant (see Corollary [6.17]). Unfortunately, not such nice factorized
formula seem to exist for general A,, r > 3.

The Hamiltonian H, and eigenvalue E, , are:

Hy = To+TP+T5+ (q—q ") (uapy ¢ >N ToTh + papy ¢* 7T T),
B,y = q—2’71 _|_q2(“/1—“/2) _|_q2’72.

251,52 =

where

To f(o1,02) = f(dr—2,¢2—1)
Ty f(¢1,02) = flor+14,02—1)
Ty f(¢1,02) = f(or1+1L,02+2).

7. SUMMARY AND DISCUSSION

Y
Y

7.1. Whittaker vectors. In this paper, we have constructed path models based on Cheval-
ley generators to compute the Whittaker vectors in the completion of irreducible, generic
highest weight Verma modules V), for any finite-dimensional simple Lie algebras and affine
Lie algebras, as well as the quantum algebra U,(sl,;1). In all cases, we wrote a combina-
torial expression for the Whittaker vectors as linear combinations of a generating set of
V) obtained by the free action of the nilpotent subalgebra n_ on the highest weight vector
|A), naturally indexed by paths on the positive root lattice, starting at the origin. We
showed that the coefficients (path weights) in these linear combinations could be chosen in
a very simple manner. In the simple and affine Lie cases, the path weight is taken to be
a product of local factors 1/v(px), depending only on each vertex pj, visited by the path
(vertex weights). In the quantum case, the path weight is still a product, but local factors
1/v(pr—1,px) depend on pairs of consecutive vertices visited by the path (edge weights).
In all cases, our choice of path weights was dictated by the requirement of locality. It
boils down to difference equations of the form v(5 + a;) — v(5) = (A — B|ay) for simple or



A PATH MODEL FOR WHITTAKER VECTORS 37

affine cases, or v (B+a;) —v@(8) = [(A - B|a;)] for the quantum case. For other quantum
algebras U,(g) the situation is more complex and will be addressed elsewhere.

7.2. Whittaker functions. We showed that the path model could be used to determine
the corresponding Whittaker functions. Indeed, the recursion relation for the path partition
functions immediately yields an eigenfunction condition for the corresponding Whittaker
functions, for the Toda type second order differential (resp. difference) operator attached
to the Lie (resp. quantum) algebra.

Solutions of the Toda equation are characterized by their asymptotic properties. The
Whittaker functions we obtain using the path model are characterized by the fact that
they have a well-defined power series expansion in the variables e~ 2 “%3%_ Up to a factor
of e**719) the Whittaker function remains bounded as ¢; — oo in the fundamental Weyl
chamber >, C; ;¢; > 0. Such solutions are referred to as fundamental Whittaker functions
[Has82].

In the case of finite dimensional g, for fixed eigenvalue E)\ of the Toda Hamiltonian,
the images W,(5)(¢) of our function W(¢) under Weyl group reflections o : A — o(A) :=
o(A+p)—p are known to form a basis of the corresponding eigenspace of the Toda operator.
Other Whittaker functions of interest are the so-called class I Whittaker functions [Has82],
computed in principal series (unitary) representations of the real form of the Lie group,
which are not highest weight modules. Class I Whittaker functions remain bounded in
the reflected Weyl chambers as well, and this property allows to decompose them into the
fundamental function basis with simple coefficients [Has82].

The corresponding Whittaker vectors themselves cannot be computed using our path
model, which is specifically tailored to work for highest weight modules (see the expressions
of [KLSTS02] for the U,(sl(2,R)) case). Class I q-Whittaker functions for U,(gl,,,) were
derived in [GLO10al [GLOT1] for a related version of the g-Toda operator, obtained by
acting on H, of (6.36) with an automorphism 7 of the algebra generated by {7;}:cjo,) and
{q= %5 Ciats Yiep,r (see [Eti99]). In this quantum case, the regularity property becomes much
stronger: the class I ¢-Whittaker functions actually vanish outside of the fundamental Weyl
chamber for integral values of the variables n; = % > i C;,;¢5. We have checked for the case
of sl that the class I g-Whittaker function of [GLO10a, [GLO11] is a linear combination of
the two fundamental g-Whittaker functions obtained by acting on W (n = ¢) of (6.38)) and
its Weyl group reflection by the automorphism 7. We expect this property to generalize
to higher rank. Related g-difference equations and their generalizations also occur in the
determination of graded characters for fusion products of special modules of the quantum
algebras, for which the latter play a role analogous to that of class I g-Whittaker functions.
These difference equations arise from the integrability of the so-called quantum Q-systems
involving non-commutative variables that generalize characters [DEFK]. (See also [E.JMI1I]
for similar formulas expanded in the Gelfand-Zeitlin basis, and [GLO11] for a connection
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to McDonald polynomials). It is our hope that our new formulas using path models may
shed some new light on these connections.

7.3. Integrability. The open quantum Toda spin chain is known to be integrable in the
classical case, namely there exist a set of higher order commuting differential operators,
simultaneously diagonalized by the Whittaker functions. In turn, these higher order eigen-
function equations are related to higher degree recursion relations for the same path par-
tition functions. Let us illustrate this in the case of G = Ay (see Example B.IT]). From the
factorized form of the partition function (3.19)), it is easy to write other recursion relations
for the partition function function Zg, g,. For instance, we have:

(71) 51(>\1 + 1 - 51)()\1 + )\2 + 2 - Bl)Z51752 == ()\1 + >\2 + 2 - 51 - 52)2@1_1,ﬁ2
(7.2) Bo(Ma+1—=0)(M+X+2—02)Zs8 = (M+A+2—7051—052)Zs 8,1

These are not independent, as readily seen by taking their sum, equal to the original
recursion relation ([B.I8) up to an overall factor of (A; + Ay +2 — 51 — 52). If we form the
combination (A + 1 — Bo)x ([I)— (A + 1 — 1) x ([2), we obtain:

(Br = Bo) M +1=B1)Ae+ 1= B2) 75,8, = (M + 1= 1) Zs g1 — (A2 + 1 = B2) 23,15,
This leads to a third order differential operator eigenfunction equation for the Whittaker
function W (¢) of the form H® W (¢) = EG)W (¢), with

Dy — Dy)(2D1 + Do) (D1 + 2D
H(3) _ ( 1 2)( 1+ 2)( 1+ 2) _Vle—(2¢1—¢2)(D1+2D2)+V26—(2¢2—¢1)(2D1+D2)

9
A=) 1
E® = (>\1—>\2)EA1,A2_( : 9 2 "9

where we used the notations of Example 313l The higher Hamiltonian H® is readily seen
to commute with the Toda Hamiltonian H.

In the case of affine Lie algebras, we have been able to investigate the limit of critical
level & — —hY, and shown how the limiting Whittaker functions involve eigenfunctions of
the critical affine Toda operator (related to the closed Toda spin chain) with a suitably
transformed eigenvalue. The critical limit is important because the affine algebra acquires
an infinite-dimensional center, isomorphic to the (deformed) classical W-algebras, a phe-
nomenon closely related to the integrability in the form of the existence of higher order
commuting differential operators, simultaneously diagonalized by Whittaker functions. It
would be interesting to investigate the integrable structure of the non-critical case as well,
by use of our path model, namely by looking for higher order recursion relations satisfied
by our path partition functions.

(A1 = A2)(2A1 + A2 + 3) (A1 + 22 + 3)
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