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Abstract

Following the approach of [1], we construct the master T-operator for the quantum Gaudin model with
twisted boundary conditions and show that it satisfies the bilinear identity and Hirota equations for the
classical KP hierarchy. We also characterize the class of solutions to the KP hierarchy that correspond
to eigenvalues of the master T-operator and study dynamics of their zeros as functions of the spectral
parameter. This implies a remarkable connection between the quantum Gaudin model and the classical
Calogero—Moser system of particles.
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1. Introduction

In this paper we discuss a correspondence between the following integrable systems:

(1) The quantum Gaudin model,
(i1) The classical Kadomtsev—Petviashvili (KP) hierarchy,
(iii) The classical Calogero—Moser (CM) system of particles.

The link (i)—(ii) is a limiting case of the correspondence between quantum spin chains with the
Yangian Y (g/(N))-invariant rational R-matrices and the classical modified KP hierarchy based
on the construction of the master 7T -operator [1,2]. The link (ii)—(iii) is a well-known story about
dynamics of poles of rational solutions to soliton equations started by Airault, McKean and
Moser [3] for the KdV equation, developed by Krichever [4] for the KP equation and extended
to the whole KP hierarchy by Shiota [5]. The composition of (i)—(ii) and (ii)—(iii) implies the
connection between the quantum Gaudin model and the classical CM model which is a limiting
case of the connection between quantum spin chains and classical Ruijsenaars systems found
in [1]. The link (i)—(iii) was also earlier established in [6] from a different reasoning.

The master T-operator was introduced in [1].> It is a generating function for commuting
transfer matrices of integrable vertex models and associated quantum spin chains which unifies
the transfer matrices on all levels of the nested Bethe ansatz and Baxter’s Q-operators in one
commuting family.

It was also proven in [1] that the master 7 -operator, as a function of infinitely many aux-
iliary parameters (“times”), one of which being the quantum spectral parameter, satisfies the
same hierarchy of bilinear Hirota equations as the classical tau-function does. This means that
any eigenvalue of the master 7'-operator is the tau-function of a classical integrable hierarchy. For
finite spin chains with Y (gl/(N))-invariant R-matrices this tau-function is polynomial in the quan-
tum spectral parameter. The close connection of the spin chain spectral problem with integrable
many-body systems of classical mechanics comes from dynamics of zeros of the polynomial
tau-functions.

In this paper we obtain similar results for the quantum g/(N) Gaudin model [8] with twisted
boundary conditions and spins in the vector representation. It is known that this model can be
treated as a certain limit of the integrable spin chain. However, the construction of higher integrals
of motion emerging from the limiting procedure is not obvious. This makes the master T -operator
for the Gaudin model a meaningful object interesting by itself.

The results of this paper can be outlined as follows.

e We construct commuting integrals of motion for the gl/(N) Gaudin model, with twisted
boundary conditions and vector representations at the marked points in the quantum space,
corresponding to arbitrary representations in the auxiliary space. They are presented in an
explicit form using the matrix derivative operation. We also find functional relations satisfied
by them.

e The master T -operator for the gl(N) Gaudin model is the most general generating function
for the commuting integrals of motion. It depends on an infinite number of auxiliary “time

3A preliminary form of the master T -operator was previously discussed in [7].
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variables” t = {1, 12, 13, .. .}, where #; can be identified with the spectral parameter x. The
master T'-operator is constructed explicitly using the matrix derivative.

e We show that the master T-operator satisfies the bilinear identity for the classical KP hier-
archy and hence any of its eigenvalues is a KP tau-function. Here is a short dictionary of the
Gaudin—KP correspondence:

Gaudin KP hierarchy
master T-operator «—> T-function
spectral parameter <~ the t1-variable

higher transfer matrices <—>  Pliicker coordinates

Moreover, from the explicit form of the R-matrix and the Yang—Baxter equation it follows
that this tau-function is a polynomial in x = #;. Therefore, according to [4,5], the dynamics
of its roots in #; with i > 1 is given by equations of motion of the classical CM system of
particles.

e The Gaudin—Calogero correspondence implies that the marked points x; in the Gaudin model
(the inhomogeneities at the sites in the spin chain language) should be identified with initial
coordinates of the CM particles while eigenvalues of the Gaudin Hamiltonians are their ini-
tial momenta. Eigenvalues of the Lax matrix for the CM model coincide with eigenvalues
of the twist matrix (with certain multiplicities). Therefore, with fixed integrals of motion
(action variables) in the CM model determined by invariants of the twist matrix, there are
finite number of solutions for their values which correspond to different eigenstates of the
Gaudin model. In other words, the eigenstates of the Gaudin Hamiltonians are in one-to-one
correspondence with (a finite number of) intersection points of two Lagrangian submani-
folds in the phase space of the CM model. In short, the dictionary of the Gaudin—Calogero
correspondence is as follows:

Gaudin Calogero—Moser

marked points (inhomogeneities) <—  initial coordinates
eigenvalues of Hamiltonians S initial momenta

twist parameters «—> integrals of motion

Here is a more detailed summary of the Gaudin—Calogero correspondence. Let @ be the
2n-dimensional phase space of the classical CM model with canonical coordinates {p1, ..., pn,
X1, ..., Xn}. As is known, the model is integrable and the complete set of integrals of motion in
involution is given by H; = tr Y/ (j=1,...,n), where Yiy = —p;8ix — ;l__‘i’ci is the Lax matrix.

In particular, —H| = Zi pi is the total momentum and

2

P P By

i=1 i<j
is the CM Hamiltonian. Let £; C ¢ be the Lagrangian hyperplane defined by fixing the
x;’s and let Lo C @ be the Lagrangian submanifold defined as the level set of all the in-

tegrals of motion H; = Ziv=1 mgak;, with some fixed non-negative integer m, € Z and real
k,’s. Their intersection is a union of a finite number of points: £1 N Ly =J,c; Vo, With
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Yo = (p(a), cees p,g @) X1,...,%,) € @. The claim is that the values —pl.(a) coincide with the

spectrum of quantum Hamiltonians

N @,

H = Zk e(z)+z Z €ab%ha_

Jj#i a,b= 1 N
of the twisted GL(N) Gaudln model with the twist matrix diag(kq, ..., ky) in the sector where
the operators M, = > j_ 1€aa (higher rank analogues of the spin projection operator) have

eigenvalues m,. Here (esp)y'y = Sqa'0pp 18 the basis in the space of N x N matrices and
(1) H@(l 1) Qe ab ® H®(n l)

Most of these results can be obtained by a limiting procedure from the corresponding results
for quantum spin chains proved in [1]. The limit from spin chains to the Gaudin model is rather
tricky, especially in the construction of higher integrals of motion, but in some cases it appears to
be easier than the direct approach. In particular, the direct proof of the KP hierarchy for the master
T -operator is more complicated for the Gaudin model because of a high degree degeneration of
the latter. (Roughly speaking, it is technically easier to deal with a number of simple poles than
with a multiple pole of high degree.) At the same time, along with the proof through the limit
from spin chains (Section 4.2.1 and Appendix C.1), we also give two direct proofs: one based on
combinatorics of the symmetric group (Appendix C.2) and another one which exploits the matrix
derivatives and matrix integrals technique (Appendix D).

2. The quantum Gaudin model as a limit of inhomogeneous spin chain

Consider generalized quantum integrable spin chains with Y (gl(N))-invariant R-matrix

N
R =I®I+ " > eab ® epa (2.1)
xab:l

Here x is the spectral parameter, 7 is an auxiliary parameter, I is the unity matrix. By e, we
denote the basis in the space of N x N matrices such that e, has only one non-zero element
(equal to 1) at the place ab: (eqp)cd = 84c6pa- Note that P = Zab eap ® epy 1s the permutation
matrix in the space C¥ ® CV. A more general Y (g/(N))-invariant R-matrix is

Rx(x)—ﬂ®]1+ Zeabem(eba) 22)
ab 1

which acts in the tensor product of the vector representation space CV and an arbitrary finite-
dimensional irreducible representation 7, of the algebra U(gl/(N)) with the highest weight A.
We identify A with the Young diagram A = (A1, A2, ..., A¢) with £ = £(X) non-zero rows, where
Ai €72y, M1 = Ay = -+ = Ay > 0. By e;p we denote the generators of the algebra U(g/(N))
with the commutation relations e,p€,/p' — €4k €ab = 84/b€ab’ — Saiy €a'p- In this notation we have
eap = 1(1)(€4p), Where (1) is the N-dimensional vector representation corresponding to the
1-box diagram A = (1).

Fix a matrix g € GL(N) called the twist matrix. For our purpose it is enough to consider diag-
onal twist matrices. A family of commuting operators (quantum transfer matrices or T -operators)
can be constructed as

To.(x) = trr, (R (x — xR (x — x2) -+ RV (x — ) (I @ A (9))). 2.3)
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where x; are arbitrary complex parameters The trace is taken in the auxiliary space V, where the
representation i, is realized. By R’ (x) we denote the R-matrix (2.2) acting in the tensor product
of the j-th local space CV of the chaln and the space V;, (labeled by 0).* The T -operators act in
the physical Hilbert space of the model V = (CV)®"_ Tt follows from the Yang—Baxter equation
that the T -operators with the same 7, g, x; commute for all x, A and can be simultaneously
diagonalized.

The normalization used above is such that Ty(x) = I®". It is convenient for the limit to the
Gaudin model. Another useful normalization is

n
T.00) = [ [ = xj) To(o). (2.4)
j=1
In this normalization all 7, (x) and all their eigenvalues are polynomials in x of degree n.
At n = 0 the transfer matrix (2.3) is just the character: Ty (x) = x,.(g), where x,(g) =try, g
is the character of the representation m; given by the Schur polynomials s, (y) of the variables
y={1y2, ...}, k= % tr g (the Jacobi—Trudi formula):

XA(g)ZSA(Y):i . fléae(x)hk"_iﬂ(y)’ (2.5)

with the complete symmetric polynomials 4 (y) = s)(y) defined by

exp(£(y. 2)) th(y)z : (2.6)

where £(y, z) := Zk>] yrz¥. It is convenient to set iy = 0 at k < 0. A “dual” form of (2.5) is
x.8) =)= d]et N ex—it+; (¥, 2.7
i,j=1,...,A1

where the elementary symmetric polynomials e (y) = (—l)khk(—y) = 5(1k)(y) are defined by

oo
exp(—£(y. ) = Y _(—Drer(y). 2.8)
k=0
Here and below A’ is the transposed (reflected about the main diagonal) of the diagram A. Let
Pl ..., pn be eigenvalues of g € GL(N) realized as an element of End(CY). Then y; = %(p]f +
-+ p’fv) and

TN—
det;; j<N(P]I Y

x:(8) = (2.9)

detici j<n (P} ™)

(see [9]). This formula implies that xy(g) = sg(y) = 1.
A different but equivalent construction of quantum transfer matrices was suggested in [10]. It

uses the special derivative operator on the group GL(N) called there the co-derivative operator.

Let g be an element of the Lie group GL(N) and f be any function of g. The (left) co-derivative

is defined as’

4 LeF us denote (2.2) symbolically as R (x) = Y_; a; ® b;. Then R){O(x) is realized as R){O(x) =) ®U-D g a;i ®
[®n-)) bi, where j =1,2,...,n. Here the operator b; acts in the auxiliary space V) labeled by 0.
5 Originally, the co-derivative was defined [10] as
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d
Df(@) =" el (8)|,_y (2.10)
ab

The result of the action of D to a scalar function is a linear operator in CV, acting by D twice we
get an operator in CV ® C" and so on. In practice, we will specify in which space the operator
is acting by adding a suffix, in the following way. Let V; = C" be several copies of C", then,
applying D to a scalar function k times we get an operatorin Vi ® - - - ® Vj:

kD1 f(g) €End(VI® - - ® Vi)

In particular, applying the second D to (2.10), we can write

2)
D201 /(8) = 5 -7~ Z S el el fletrenmenng)| (2.11)
arby a1by
and so on. If we work in the space (C")®", these operators can be realized as e =1%0-D g

eqpr @ 1= These are of course commutative [egb) el =

{1,...,N}.
According to [10] the transfer matrix (2.3) can be represented as a sequence of co-derivatives
acting to the character:

D nD;
Tk(x)=<1+ "”) <1+
X — Xy X —

The Gaudin model can be obtained from here in the limit 7 — 0 provided that g is put equal
to " after taking the group derivatives. Here / is an element of the Lie algebra g/(N) called the
twist matrix for the Gaudin model. The standard way is as follows. Take A = (1) (one box), then
X(1)(g) =trg. Let us expand:

T(l)(x)=< Zm-{- “)tl‘g.

We have D; trg = g;, Djg; = P;jg;. Therefore, if g = e, then

O forany i # j andanya b,c,de

)XA (8)- (2.12)
X1

2
trg=N+ntrh+%trh2+0(n3), Ditrg=11+77hi+0(n2),

D;Ditrg=P;; + O(n)

and the n-expansion of the transfer matrix T(j)(x) reads:

Tayx) = N+n<trh+2 _x>
( trhz—}-z Z—Pij )—i—
x—x, . .

oy (x —x)(x _x])

e=0

a
DS (8) = eapy— /(¢
ab @

e = Z EcdCdc-
cd

This definition is equivalent to the one given here.
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The O (1) and O (n) terms are central, so the operators at the order n2 form a commutative family

H(x) = uh2+- 2.13
(x) = Z P 2.13)
where
H; =res H h; 2.14
=y H(x) = +le_xj (2.14)
J#
are the commuting Gaudin Hamiltonians: [H;, H;] = 0. Below we assume that / is diagonal,
h = diag(ky, ..., ky), then the Gaudin Hamiltonians can be written more explicitly in the form
p ) N (lh) e;()j)
Hi=) kqe,, + a2 od 2.15
e+ 3 3 219
Jj#£i a,b=1
It is easy to check that the operators

M, }:d” (2.16)

commute with the Gaudin Hamiltonians: [H;, M,] = O (for diagonal h). Therefore, common
eigenstates of the Hamiltonians can be classified according to eigenvalues of the operators M,,.
Let

V=QVi= B Vlmy)
i=1 mp,...my

be the decomposition of the Hilbert space of the Gaudin model V into the direct sum of
eigenspaces for the operators M, with the eigenvalues m, € Z>g,a =1, ..., N. Then the eigen-
states of H;’s are in the spaces V({m,}). Because ), ¢4, = I is the unit matrix, ), M, = nl®",
and hence

N
E:ma:n. (2.17)
a=1

Note also that
n N
> t= Yk,
i=1 a=1

3. Commuting operators for the Gaudin model

A general algebraic construction of higher members of the Gaudin commutative family was
proposed in [11,12]. In principle, their explicit form can be found from the n-expansion of the
spin chain transfer matrices T, (x) for general A. But there is a problem how to extract non-trivial
integrals of motion from this expansion. For fundamental representations (one-column diagrams)
this problem was solved by Talalaev [ 13]. Basically, Talalaev’s idea was to consider special linear
combinations of the transfer matrices Ty (x) such that their n — 0 limits start from higher degrees
of 1. The coefficients in front of the leading terms as n — 0 commute and can be regarded as
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higher transfer matrices (generating functions of integrals of motion) of the Gaudin model. Here
we extend this procedure to transfer matrices associated with diagrams of arbitrary shape.
Let us modify the definition of the transfer matrices (2.12) as follows:

~ D D
TA(X)=<1+ e )~~<1+ 1
X — X, X —

Here g is put equal to e”” after taking all the derivatives. To avoid misunderstanding, we stress
that T, (x) is not the T -operator for the twist matrix g = g — I because the co-derivatives act to
g rather than g. Since x; (g —1I) is a linear combination of characters x, (g) with different u and
g-independent coefficients, T;.(x) is a linear combination of the T, (x)’s. More precisely, using
(2.9) and the Cauchy-Binet formula, one can prove that

‘ )mg—ﬂ), g=e". 3.1)
X1

@ =D =" cruxu(e), 32
HCA
where
_ Ai+N—i
— ()l et i ). 3.3
=D 1<ig<n \Bj+N—j (3-3)
[A|=73"; %; and (Zl) = ﬁlm), is the binomial coefficient (see [9, page 47, Example 10]). The

sum is taken over all Young diagrams p that are contained in A including the empty diagram and
M itself. Therefore,

T =) aauTu().

RCA
In particular,
k
Tan@ =) (=" <x:/l< ) Tty (x)
1=0

which agrees with Talalaev’s prescription for one-column diagrams. As we shall see, the leading
behavior of Ty (x) as n — 0 is 0(17'“), so we can define the higher Gaudin transfer matrices as

T9(x) = ;%(n_‘klﬂ(x)).

To represent them in a more explicit form, we need to modify the definition of the co-
derivative by passing from the group derivative to the Lie algebra derivative. Let & be an element
of the Lie algebra gl(N) and f be any function of 4. We define

0
df () =2 earf (h+cena)|, - (34)
ab
In fact this is the usual matrix derivative used in the theory of matrix models. For example:

d(trh)* = k(trh)*~'T fork € Z, (3.5)
PY ¥ h @I fork € Zso,

d ® hk — Zl—ol ' ' 20 (36)
—PY W@ Tl forkeZ<_y,

ddet(h) = det(h)h . (3.7)
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Similarly to (2.11), we have

9 9 @ M
dady f(h) = 965 961 DY o [+ E18a + 26000

ayby a1by

(3.8)

e1=62=0

and so on. We remark that our modified co-derivative is commutative (djd, = dpdy), although
the co-derivative for the original spin chain is non-commutative (D1D; # D>D1).
The following lemma is crucial for our construction.

Lemma 3.1. Let f(g) be a homogeneous scalar function of g € GL(N) of degree m, i.e., f(zg) =
7" f(g) for any z € C. Set g = " with n — 0. Then

nka ---D1f(g =) =n™dg...d; f(h) + terms of higher order as n— 0. (3.9

Sketch of proof. We illustrate the idea of the proof by the example k = 2. The general case is
proved in the same way but requires too bulky formulas. Using (2.11), we can write

(2) (1)
DZle(g -D= 882 3 Z azbz a1b1

azbz ayby
x f(g =T+ ¢c1€p a8 + €285a,8 + (€18510)) (€2€12a5)8) |

e1=6,=0"

After the rescaling &; — ne; the leading n — 0 term can be written in the form
1 L@ L0
D2D1f(g =D = _28_82 oe; Z CarbnCarh, L (N0 + €280,0, +e1€010))], _, _o+
arby a1by

The homogeneity of the function f and definition (3.8) then imply that
D2D1 f(g =D =n""2chdi f() +---. O

The character x;(g) is a homogeneous function of degree |1|. Therefore, by virtue of the
lemma, the family of commuting operators for the (twisted) Gaudin model can be constructed as
follows:

dy d
TG (x) = (1 + ) (1 T )Xx(h) (3.10)
X — Xp X — X1
or, in the polynomial normalization,
T (x) = (x — Xy +dy) -+ (x —x1 +d)xa(h). 3.11)
For example:
TG0 =1,
T(l)(x)_trh—}—zx —
1
trh)? +trh - H(x),
(12)(x) (r yru Z X — X Z,:-(x—xi)(x—x]‘) 0
1
(2)(x)_ (trh)2+trhz Z + H(x), (3.12)

Xi j(x—xi)(x—xj)
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where H (x) is given by (2.13). Note that in this approach H (x) emerges from T2y (x) or T2)(x)
rather than Tq)(x).

4. The master T -operator and the KP hierarchy
4.1. The master T -operator

The master T -operator for the Gaudin model can be defined as
TS0, 0) = (x = + ) -+ (x — 11 +d1>exp<2tktrh"), @)
k=1

where t = {11, 12, ...} is an infinite set of “time parameters”. These operators commute for dif-
ferent values of the parameters: [TG(x, t), TG(x', t')] = 0. Note that because e rhyextrh — X,
the role of the variable #; is to shift x — x + #;. Namely, we can write

TG(x, t) = e_“rh(dn —x,) - (d] — xl)exp((x +t)trh + Ztk trhk>.
k>2

Hence it is clear that e* " TG (x, t) depends on x, #; only through their sum x + #1. In particular,
we will use the relation

3 TO(x, ) =8,TC(x,t) — (trA)T G (x, 1). 4.2)

The expansion in the Schur functions is

TOx. ) =) T @)su(b). 4.3)
A

The T -operators TAG (x) can be restored from the master 7 -operator according to the formula
T8 (x) = 5. ()T (x, )], (4.4)

where § = {9y, %8[2, %8,3, ...}. In particular,

1
G G G 2 G
TH(x) =8,TC (x, )], T0, () = 5(a,1 —0,) T (x, )| - 4.5)
With a given z € C, the following special shift of the time variables

1 1
t+ [Zil] = {ll +: L n+ 55273 + 5273, }

is often used. As we shall see below, TG(x, t+[z7'D regarded as functions of z with fixed t
contain an important information. Here we only note that Eq. (4.4) implies that 7% (x, 04 [z~'])
is the generating series for T -operators corresponding to the one-row and one-column diagrams:

N
T(x, [71]) =) 2T (), T (x, —[z7']) =D ()T (). (4.6)
a=0

s=>0
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4.2. The KP hierarchy for the master T -operator

4.2.1. The bilinear identity and Hirota equations
We are going to prove that the master 7 -operator (4.1) satisfies the bilinear identity for the
KP hierarchy [14,15] which states that

ygeg(t_t/’Z)TG(x, t— [z )T (x,t +[z7"])dz=0 forallt,t. 4.7)

o]

Here £(t,2) := ) k> txzF and the integration contour is chosen in such a way that all singulari-
ties coming from the 7¢’s are inside it while those coming from % (t=t'2) are outside it.

Remark. The bilinear identity is invariant under the change of signs of all times: if 7¢ (x, t) is a
solution, then 76 (x, —t) is a solution, too.

Setting t' =t + [zg 1] — [zl_l] —lz; l] —[z3 l] and taking the residues, one obtains from it the
3-term Hirota equation [15-18] (the Fay identity)
(zo— 2@ — 2T (x, t+ [z ]+ [e7 ) TO (xo t+ [25' ] + [251])
+@o—22)@ — 20T (v t+ [z ]+ [ DT (e t+ [z ]+ [25])
+@o—23)@ — )T (et 4[5 ]+ [ DTC (v, t+ [z ] + [25']) =0, 4.8)

Tending z¢p — oo, one obtains a simpler looking 3-term equation

(22— 23T (e, t+ [ ) TO (x, 4+ [25' ]+ [25])
+ (23— 20T t+ [ DT (ot + [ ]+ [251])
+ (21— )T (x4 [z DT (x, t+ [z ] + [27']) =0. (4.9)

It appears to be equivalent to its z3 — oo limit (the differential Fay identity)°

79 (x4 [z DT e, 4+ [51]) = 79 (vt [ Do 70 x4 [51])
+ @ = [TOOT (v t+ [ ]+ [z '])
— T, t+ [ ) TO (x. t+ [25'])] = 0. (4.10)

In fact it was proved in [19,20] that all the Hirota equations of the form (4.8), (4.9), (4.10) are
equivalent to each other and to the bilinear identity (4.7).

This means that each eigenvalue of the master 7 -operator is a tau-function of the KP hierar-
chy. Eq. (4.3) is the expansion of the tau-function in Schur polynomials [16,21,22].

6 This can be shown in the following way. Let us divide (4.9) by z3 and take the limit z3 — o0o. Taking note on the fact
that the shift of t by [23—1] produces det(1 — hz?l)*l =1+ (trh)zgl + 0(z§2) in (4.1), we find that the term of order
O(zg) vanishes and that of 0(23_ l) gives (4.10) with 9;, instead of 9. Applying the relation (4.2), we obtain (4.10).

Vice versa, given (4.10), we divide it by 76 (x,t+ [Zl_] ])TG (x, t+ [12_1 1) and sum such equations for the pairs (z1, z2),
(z2,z3) and (z3, z1). The result is Eq. (4.9).
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4.2.2. The quantum Giambelli formula

All the bilinear equations for 79 (x, t) follow from the quantum Giambelli formula for the
Gaudin model:

TO(x) = det TO .., (x), 4.11
% (xX) et o Thimi = (x) (4.11)

where the notation Tfk (x) = Tg +1 1k)(x) is used and d (1) is the number of boxes in the main
diagonal of the Young diagram A. Note that the quantum Giambelli formula for the Gaudin
model has the same form as the one for the original spin chain’ before the 7 — 0 limit. In the
polynomial normalization we have

TSO(TF W) P = det TO .., (x). (4.12)

If (4.12) holds, then the Jacobi identity for this determinant produces the 3-term bilinear identities
(the Pliicker relations) for the coefficients of the Schur function expansion (4.3). This implies the
KP hierarchy for T (x, t) (see [15, Example 2, p. 959]). A more direct proof is given in the

appendix.
Set
1 w(z)
)= d®” : 4.13
CEO=0"% (w(c)) 19
where

w(z) = (det(I — zh)) "

The proof of the quantum Giambelli formula is based on the following lemma:

Lemma 4.1. The operator Q(z, ¢) obeys the “exchange relation”:
0(z1,81) Q(z2, 82) = Q(22, §1) Q(z1, £2). (4.14)

This is our basic identity. It is proved in the appendix. We give two different proofs: one
through the limit from spin chain (Appendix C.1) and a direct proof (Appendix C.2). Note that
(4.14) is equivalent to the very special case of the Fay identity (4.8) at t = —[z,, 1] —lz3 1] and
X =X| =Xxp =--- =X, (in this case the third term vanishes).

We will use the notation T)(‘_;’" (x) for the T -operator acting on n sites.

Corollary 4.1. The semi-infinite matrix (Myg) = (dn+1Tg’§ (X)), g0 has rank 1.

Proof of the corollary. We will write ng (x):= Tg”" for brevity. It is enough to prove that

G,n
a1 B2

G,n G,n
dn+1Ta2/g1 dn+1Ta2ﬂ2

G.n
dp T,/ dp+1T
T ep —0 forany a;, B > 0. (4.15)

Atn=0 Tgéo is just the hook character xq,g := X(¢41,1#)(h) and the assertion can be easily
proved by passing to the generating function of hook characters [9]

7 The quantum Giambelli formula for Ugq (B,gl))—invariant vertex models was proposed in [23].
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1
EGO= D Kop (0 =- (w@ 1>.

w B0 w(¢)

Let us multiply the determinant by z?” zgz (—21)P1 (—22)P2 and sum over all «;, Bx. We then see
that

dE(z1,¢1) dE(z1,82)
dE(z2,¢1) dE(z2,82)

Indeed,

k k
bl _w(z w(z)/w
=Y L 2@ w@/e)
i>1 278 w(@) (I —zh)(1—2th)
hence the statement follows. More generally, the assertion of Lemma 4.1 means that®

d®*E(z1,¢1) d®FE(z1, &)
d® E(z2,¢1) d®FE(22, 0)

Now we claim that vanishing of the determinant

=0 foranyk>1. (4.16)

dn+1Tgl’gl d"+1T0?1’Zz
dn+1T dn+1T

n =

<¥2/31 af

for any n > 0 is equivalent to vanishing of

G,n—1 G,n—1

ph _ |G Toum dn10n Ty,
-1 = 1

" 10y Tazﬂl o|n+lo|,,T§2;,’2

for any n > 1. This is clear from the identity

d, 1 N
n ( Y — xﬂ) n,n+1Yn—15n,n+1 (x — xn)2 n—1
and the “initial condition” Dy =0 established above. In a similar way, one can show that the
Xalﬁl d® Xmlﬂz
A% Xer 8y 9% Xan o
(4.16) and the corollary is thus proved. O

assertion is equivalent to vanishing of | | for any n > 0. But this follows from

After these preliminaries, the proof of the quantum Giambelli formula is easy. Suppose that
it holds for some n > 0 (for example, it holds for n = 0, in which case it is the usual Giambelli
formula for characters; see, e.g., [9]). Let us apply (1 + ””" ) to the both sides. In the Lh.s. we

get TS’"’H (x) — the T-operator for the model on n + 1 51tes. In the r.h.s. we get

G,n
.. n+1det1<i,j<d(,\)TM_M/._j(X)
det =T " ¥, (x) + !
1<i,j<d() M=M= X — Xpil

Using the rule of differentiating determinants and the fact that the matrix

8 Due to commutativity of the modified co-derivatives d®kE(Z, ¢)=dy---dpE(z, ¢) is equivalent to dy - - - dy E(z, {).
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G,n
(d”"‘]T)L,-fi,)\_’j—j (x))lgi,jgd(x)’

being a submatrix of the (dj,+1 Tf/é” (x))a, >0, has rank 1, we see that the r.h.s. is equal to

G,
G. d"+1TAifi,)J.—j(x) Guntl
det T 0+ / = det T, ”+A, (x).
1<, j<d () i—hA=] X — Xp41 Ii,j<dy M—hA )

This proves the quantum Giambelli formula for the model on n + 1 sites.

4.2.3. The master T -operator and matrix derivatives

Another proof of the bilinear identity (4.7) can be given using the technique of matrix deriva-
tives and matrix integrals.

Let us first consider the special case of the master T -operator for the Gaudin model (4.1) at
X=X|=X2="+-+=Xp:

TO"(t) := dn--~dlexp<2tktrhk>. 4.17)

k=1

The operator d is just the matrix derivative with respect to the transposed matrix A’, which is
well known in the theory of matrix models (for more details see, e.g., [24]):

9

=
One can introduce the generating function for the master 7 -operators which depends on an aux-
iliary external matrix A:

a
TO(t, A) = exp(trAw> exp<z tx trhk> = exp( Ztk tr(h + A)k>. (4.18)
k>1 k>1

Clearly, this function generates the master 7T -operators for any 7:

G’"(t)’jll """ M= — TY(t, A) (4.19)
""" " 8A{1‘ aA{” A=0
1
Here A=Y, AL Leij and TG”(t)_Z{lk e TG”(t)'1 jl 1(131 . eff}n.

In a s1mllar way, one can introduce a generatlng function for products of the master
T -operators

QN (t,t) ;=T ()T (1). (4.20)

It has the form

a
@G(t t': A) —exp(trAWa—) exp(I;tktrhk) exp(Ztktrg >

k>1

=h

(n 1)

2
=1+ (1 +1])trh+ (trh)* + (o +15) trh® + 1yt tr A

3
M(t h)’ + (;1 + 1) (2 + tﬁ)trhtrh2 + (53 + té)trh3

+ 1t (t1 + 1) trAtch +2(t11) + 111) tr(Ah) + - 4.21)
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This expression can be regarded as a formal series in A with coefficients which are functions of
t and t'. Equivalently, it can be regarded as a formal series in t and t’ with coefficients depending
on A.

We have, for example:

N i k
a
—@Y(t,t; A)| Z( ) (—> exp(Ztktrhk+t/trgk>
s b A=0 — k
BAIJ ah! ! j k>1 g=h
N .
761 )i Gl _ pG (s ¢\
Z O;TON () =2 (¢ 1)’ (4.22)
and
9 a
Ji J1 G(t’t/; A)
dA; 0A; A=0
> (5i), (o), (5 ), (o) (S vt
= — — — — exp< trh* g trg )
kel oht ki agt 1 oh! ko 8g’ j i>1 g=h
al k1 ,k
G2 G,2 , G2 i1,i
- Y TR O e ) a2
k1,ky=1

In general, the product (4.20) is just the n’th matrix derivative of this function with respect to the
(transposed) matrix A:

Dooln _ 7 Yt t; A) (4.24)
Jlseees Jn 8A1“ aA/,, |A =0

Therefore, the bilinear identity (4.7) for (4.17) and any n is equivalent to the following scalar
identity:

f SO (t— [z ¢+ [z71]; A)dz=0. (4.25)

]

The proof of this identity, as well as its generalization to arbitrary x and x;’s, is given in Ap-
pendix D.

4.3. Functional relations for higher Gaudin T -operators
Here we present analogs of the Cherednik—Bazhanov—Reshetikhin (CBR) determinant formu-

las [25,26].
The CBR determinant formulas for the original spin chain are:

| = det Tou—iti —(j—Dn), 4.26
2 (x) 1<i,je<£(/\) (oX l+])(x (J )77) ( )
T = det T ., .. +(j — Dn). 4.27

» (%) 1<i,?<11 (lkiﬂ”)(x ¥ )77) ( )

They are spectral parameter dependent analogs of the Jacobi—Trudi formula for characters of the
group element g (the twist matrix). In fact, (4.26) and (4.27) reduce to (2.5) and (2.7) in the limit
|x]| = oo.
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We have found the following analogs of the CBR formulas for the Gaudin transfer matrices:

T (x) = 1<f}e<tm><2( 1>"( )8§T8,._,~+,,~_k)<x)>, (4.28)

T9()= det (Z( 1)k< )ak Gk, i (x)) (4.29)

\ljg 1

In the same ways as (4.20), Eq. (4.28) is also an analogue of the Jacobi—Trudi formula (2.5)
and reduces to it in the limit |x| — oco. Eq. (4.29) is a “dual” determinant formula (an analogue
of (2.7)).

The determinant formulas (4.28) and (4.29) follow from the differential Fay identity.”
A sketch of proof is given in Appendix B. Here we present an auxiliary determinant formula
obtained by iterations of the differential Fay identity.

For any positive integer N and any subset {iy, i2,...,in} C {1,2,..., N} where all iy are
different, we introduce the operator

rGinieind (x ¢) =70 (x, t+ Z[zikl]> = exp(ZS )TG(x t). (4.30)
k=1

Solving (4.10) for (4.30) recursively, we obtain the determinant formula

j—1 ] m—l ] G {i}
TG Aini2,. lm}(x t) = det1<k1<m(z ( 1)( ) T (x, t)) 431)

dety g, J<m(Z] "WT O (x, )]

the that (4.9) is a Pliicker identity and (4.10) is the Jacobi identity for minors of the matrix
@ " - zi—klax)f*1 Tk} (x, £)) 1<k, j<m entering (4.31). As is shown in Appendix B, (4.31)
is a generating function for (4.28).

4.4. The Baker—Akhiezer functions

According to the general scheme, the Baker—Akhiezer (BA) function and its adjoint corre-
sponding to the tau-function (4.1) are given by the formulas

Y(x, t;z) = eTEED (TG (x, t))_lTG(x, t—[z71]). (4.32)
Y (x, b 2) = eV EC (TG (1)) T 70 (x, b+ [271]). (4.33)

For brevity, we will refer to both 1 and y* as BA functions. In terms of the BA functions, the
bilinear identity (4.7) can be written as

fll//(x,t; z)lﬂ*(x,t’;z) dz=0. (4.34)
o0
Using the definition (4.1), we have:

9 We also remark that the quantum Giambelli formula (4.11) follows from (4.28).
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_ —1
Yt =z Ve (T, 1)

x H(x —xi +d,~)|:det(z —h)exp<sztrhk>}, (4.35)

i=1 k>1

Pt 2) = Ne D (10 1) !

X l_[(x —x; + |:d v— xp(Ztk trhk>] (4.36)

k>1

where we write simply det(z — &) instead of det(Iz — &). From these formulas we see that
e—xz—é(t,z)w(x’ t; z) is a polynomial in 77! of degree N while ex“'é(t’z)w*(x, t; 7) is a ratio-
nal function of z with poles at the points z = k; (eigenvalues of the matrix %) of at least first
order (because of the det(z — /) in the denominator). Moreover, since each co-derivative raises
the order of the poles, these poles may be actually of a higher order, up to n + 1. Also, as is seen
from the second formula, this function has the N-th order zero at z = 0. (We assume that k; # 0.)

Regarded as functions of x, both e™**vr(x, t; z) and e***(x, t; z) are rational functions of x
with n zeros and n poles which are simple in general position. From (4.1) and (4.35), (4.36) it
follows that

lim (e 58y (x, t;2)) = 27V det(z — h), (4.37)
X—> 00

lim (e*¥H®Dy*(x t; 7)) = 2V (det(z — h)) . (4.38)
X—> 00

The BA functions for any solution of the KP hierarchy satisfy the following differential equa-
tions:

I (x, 6 2) = 29 (x, t; 2) + 2u(x, Y (x, t; 2), (4.39)

—0n, Y (x, b 7) = 2P *(x, t; 2) + 2u(x, Y (x, t; 2), (4.40)
where

u(x,t) =02log T (x,t). (4.41)

We also note the formulas for the stationary BA functions v (x, z) := ¥ (x, 0; 2), ¥*(x, z) :=
¥*(x, 0; z) which directly follow from (4.35), (4.36):

n

_ _—N xz d; _
v(x,2)=z"e 1_[<1+X_Xi)det(z h), (4.42)

i=1

n ; 1
w*(x,z)zzNe“H(l + d ) ) (4.43)

i x —x; Jdet(z — h)

Below we will also need the relation
Or,, 0, 10g T (x, ) = resoo (¥ (x, t; )Y * (x, t; )" dz). (4.44)

(Here resqo(---) = 2m $o(-++) and 2m $..2""'dz =1.) This relation follows from the bilinear
identity (4.7) by applying 9;,, and putting #; = 1 afterwards.
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5. Zeros of the master T -operator as the Calogero—-Moser particles

The eigenvalues of the master 7 -operator are polynomials in the spectral parameter x:

n
TG (x,t) = I TT (x4 1y — (. 13,..). (5.1)
k=1

The roots of each eigenvalue have their own dynamics in the times #;. This dynamics is known
[4] to be given by the rational CM model [27]. The inhomogeneity parameters of the Gaudin
model play the role of coordinates of the CM particles at #; = 0: x; = x;(0). In particular, we

have TS (x,0) = TG(x) [Tiz (x — xp0).
Using (4.5), we easily obtain the formula for T(l)(x) (1)(x)/TG(x) given in (3.12). For

12)()c) the second equation in (4.5) yields

1

(x —xj)

1
G —
Tl (0) = x(12) (h) +trh Z — Z r—
i i<j

1 i
l >

b
X — X

where X; = 0;,%; (t2)|;,—0. Comparing with the third equation in (3.12), we conclude that the
initial velocities are proportional to eigenvalues of the Gaudin Hamiltonians:

& = —2H;. (5.2)

This unexpected connection between the quantum Gaudin model and the classical CM model
was observed in [6] using a different reasoning.

5.1. Dynamics of poles
5.1.1. The Lax pair for the CM model
Following Krichever’s work [4], let us derive equations of motion for the #;-dynamics of the

x;’s. It is convenient to denote t, = ¢ and put all other times to zero since they are irrelevant for
this derivation. From (4.41) we see that

. 1

The method of [4] is to perform the pole expansion of the linear problem (4.39) for the BA
function . From (4.35) we have

xz+tz ¢i(z,1)
¥ = (c @+ Z P (t)) (5.4)

where ¢ (z) = det(I — z~'h) (see (4.37)). Plugging this into (4.39), we obtain

e—xz*fzz(al 0 )[ e <C +ZX —xl)}
+2(Xn:(x _1x,)2>(CO+ZX_Xl>
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The Lh.s. is a rational function of x with first and second order poles at x = x; (possible poles of
the third order cancel automatically) vanishing at infinity. Therefore, to solve the linear problem
it is enough to cancel all the poles. Equating the coefficients in front of each pole to zero, we get
the following system of equations fori=1,...,n:

(i +22)¢i +2 Z
k#£i

1 Ck
¢i +2¢ —_— =2 — =0 (from I-st order poles).
T ; (xi — xp)? ; (xi — x¢)?

= —2c¢9 (from 2-nd order poles),
Xi — Xk

These equations can be rewritten in the matrix form:

ZI—Y)e= —cp(2)1,

6= T, (5.5)
where ¢ = (c1,¢2,...,¢cp), 1=(1,1,..., Dt are n-component vectors and the n X n matrices
Y=Y(@), T =T(t) are given by

1 — i 1,
Yik = —pidik — . Pii= X, (5.6)
Xi — Xk 2
2(1 = 8ix)
— sy . (5.7)
;(xt_x])z (x i_xk)2
The compatibility condition of the system (5.5) is

=I[T,Y]. (5.8)

It is the Lax representation for the equations of motion of the CM model:
-8 (5.9)
Z (Xl _ xl)3
JF#
The matrices Y, T form the Lax pair for the CM model.
In a similar way, plugging the adjoint BA function
w* e ¥ 172 —1 )+Z ¢ F(z, 1) (5.10)
x —xi(1) ’
to the adjoint linear problem (4.40), we get
R PR |
{ (Z]I Y )C =c, (D1, (5.11)
¢*=—-Tc",
where ¢* = (¢], ¢}, ..., ¢

Using (5.5), (5.11) and recalling that co(z) =z~ det(z — k), we find the solutions for the
vectors ¢, c*:

oz, ) =—zNdet(z —h)(z — Y(@)) 1
¢z, =" (detz =)~ (z = ') 1. (5.12)
Set X (t) = diag(x(¢), ..., x,(¢)). For the functions ¥, ¥* themselves we then have:
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¥ =co@e (1= 1'(x = X)) 'z = Y (©)) "),
V=o' @ T (141 (z — Y () (x = X (©) 7). (5.13)

5.1.2. Properties of the matrices X (t), Y (¢), T (t)
Here we list some properties of the matrices X, Y, T to be used in what follows.
As is well known (and easy to check), the matrices X, Y satisfy the commutation relation

X, Y]=I-1®1 (5.14)

(here 1 ® 1!is the n x n matrix of rank 1 with all entries equal to 1).

Lemma 5.1. For any k > 0 it holds

1Y% = Yk, (5.15)

Indeed, we have: 1'Y¥1 =tr(1 @ 11 Y*) = tr((T — [X, YD Y¥) = tr Y* — tr[ X, Y*F!] but the
last trace is 0 as trace of a commutator.
Let E;; be the basis matrices of g/(n) having just one non-zero element (equal to 1) at the
place ik: (Eix)i'x = 8;i'0rr - The following relations are easy to verify directly:
aY Yy 1
— =—FEj, — =—[E;, T]. (5.16)
3[),’ 8xi 2
5.1.3. Integrals of motion
The matrix Y is the Lax matrix for the CM model. As is seen from (5.8), the time evolution
preserves its spectrum, i.e., the coefficients J; of the characteristic polynomial

det(zl — Y (1)) ijz” —k (5.17)

are integrals of motion. The highest integral, .7,,, was found explicitly in [28], where a recurrence
procedure for finding all other integrals of motion was also suggested. In fact this procedure is
equivalent to the following explicit expression for the characteristic polynomial:

3,0,
det(zl — Y (1)) = exp<2 &> [T+ (5.18)
i =1

Cx:)2
oy (xi —x;)

Note that this expression is well-defined because the sum obtained after expansion of the expo-
nential function in the r.h.s. contains a finite number of non-zero terms.

5.2. Eigenvalues of the Lax matrix

The singularities of the c(z, 1), c*(z, t) as functions of z are the same as singularities of the
functions ¥, ¥* in the finite part of the complex plane. From (4.35) we see that c(z, ¢) has the
pole of order N at z = 0 and no other poles. At the same time the first equation in (5.12) states
that there are possible poles at eigenvalues of the matrix Y (¢) (which do not depend on time).
Therefore, they must be canceled by zeros of det(z — &) which are at z = k; and are assumed to be
simple. If all eigenvalues of Y are distinct, such cancellation is possible only if n < N. However,
the most interesting setting for the quantum spin chains and for the Gaudin model in particular
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is quite opposite: n > N or even n > N (large chain length at a fixed rank of the symmetry
algebra). Therefore, we conclude that in this case

o The Lax matrix Y has multiple eigenvalues k; with multiplicities m; > 1 such thatmi+- - -+
my =n.

On the first glance, a multiple eigenvalue k; might lead to an unwanted pole of i at z = k; coming
from the higher order pole of the matrix (z — ¥)~! which now cannot be compensated by the
simple zero of det(z — h). In fact the higher order poles do not appear in the vector (z — ¥)™'1
because 1 is a special vector for the matrix ¥ which can be decomposed into N Jordan blocks
of sizes m; x m;. However, they do appear in the vector (z — Y')~!1 and the function ¥* has
multiple poles at z = k; (with multiplicities m; + 1).

Another way to see that eigenvalues of the Lax matrix Y are the same as eigenvalues of the
twist matrix s (with appropriate multiplicities) is to compare expansions of (4.42) and (5.13) at
large x. From (4.42) we have:

(@)

_ _ -1 Xz _l Caa -2
Y, 2) = det(1 — 2~ h)e (1 LI ok )).

a Z_ka

The expansion of (5.13) at t = 0 gives (the lemma from the previous subsection is to be used):

1
o(x7?) ),
-+ 0lY)
where we set Yy := Y (0). Therefore, we conclude that
1 (@)

€aa
trZ—Yo:Xi:ZZ—ka

a

1
W(X, Z) = det(l — Z_lh)exz<1 — —tr
X

and, since tr(z — Yp)~! = 8. logdet(z — Yp), we have

N _ N
det(z — ¥o) = [ [ (2 — ko) 2= % = [ [z — k)™, (5.19)

a=1 a=1

where M, is the operator (2.16). Hence we see that the M, is the “operator multiplicity” of the
eigenvalue k,. In the sector V({m,}) the multiplicity becomes equal to m,.

5.3. Equations of motion in the hamiltonian form
The hamiltonian form of equations of motion is
X 0p, Ha
. )= ! 5.20
(Pi) (—3)5,-7'[2) (5:20)
with the Hamiltonian

sztrY2:Zpi2—Z# (5.21)

)27
i< (xi —xj)

This result was generalized to the whole hierarchy in [5]:



194 A. Alexandrov et al. / Nuclear Physics B 883 (2014) 173-223

athi _ apin _ k
(Btkpi ) - (—ax[Hk ) . Hp=tuYh (5.22)

The Hy’s are higher integrals of motion (Hamiltonians) for the CM model. They are known to
be in involution [28-30]. This agrees with commutativity of the KP flows. The integrals H; are
connected with the integrals J; introduces in (5.17) by Newton’s formula [9]

Y TniHe =0 (5.23)
k=0

(here we set Ho =trY? =n).
For completeness, we give a short derivation of (5.22) which is a version of the argument from
[5]. The main technical tool is Eq. (4.44) which states that

Ziatmxi =res c +Z i c_l+Z o 7"dz
(x —x;)? o\ %0 ~ X —Xj 0 ~ X —Xj '

i

Matching coefficients in front of the poles at x;, we get

By Xi = TeSoo(ci (t, 2)cf (8, 2)2" d2). (5.24)
Using (5.12), we have:

N ¢ 1 1 1 1
e =—(1 1) =—1'——E;——1.
z=Y /) \z—-Y /; z—=Y z-Y

Egs. (5.16) and (5.15) allow us to rewrite the result as follows:

N 0 i 1 0 1
cici=—\1 1)=—1tr s
pi\ z—Y api z—Y

hence 9;,, x; = 9, tr Y™. This proves the first equality in (5.22). Next, applying 9, to (5.24), we
get:

1 1
— 0, pi = —5312(35,,36[) =-3 resoo ((ci¢F + ¢ic})™ dz)
1 1
=3 resoo ((ci (T¢*), — ¢f (Te);)" dz) = — 5 Tesoo (c*t[Ei,-, Tlez" dz).

We continue the chain of equalities using the second formula in (5.16):

Y 1 9Y 1
9, pi =resao | c'——cz"dz | =resoo | 1! — 17" d
tm Di oo< ox; 74 Z) oo< T Yox—Y 7 az

9 1 9
__2 1t 1mdz ) = ——L ey,
ax; res‘”( —v © Z) o

This is the second equality in (5.22).
5.4. Determinant formula for the master T -operator

The results of [5] imply an explicit determinant representation of the tau-function. It is easy
to adopt it for the master T -operator TY(x,t) (5.1). Let Xo = X(0) be the diagonal matrix
Xo = diag(xy, x2, ..., Xxp), where x; = x;(0) and Y; be the Lax matrix (5.6) at t = 0, with the
diagonal elements being the Gaudin Hamiltonians H; = —p; (0) (see (5.2)). Then
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TG(x, t) = A1 ttrh* det(xH — X0+ Zktk Yé‘l), (5.25)
k>1

Plugging this into (4.32), (4.33) we find formulas for the stationary BA functions:

det(x — Xo— (z — Yo) 1)
det(x — Xo)
. N —xedetx = Xo+(—Yo)) ™
Yr(x,z)=2"e det(= — h) detr — Xo) (5.27)

Let us show that these formulas are equivalent to the stationary versions of (5.13). Using
commutation relation (5.14), we have:

V(x,z) =z Ndet(z — h)e**

, (5.26)

det((x — Xo)(z — Yo) —I) =det((z — Yo)(x — Xo) —1®1")
= det(x — Xo) det(z — Yo) (1 — 1'(x — Xo) " '(z — Yo)'1)
and
det((z — Yo)(x — Xo) +1I) =det((x — Xo)(z — Yo) + 1®1')
= det(x — Xo) det(z — Yo) (1 +1'(z — ¥o) "' (x — X0) "),
which shows that (5.13) and (5.26), (5.27) are indeed equivalent at t = 0.

5.5. Spectrum of the Gaudin Hamiltonians from the classical CM model

It follows from the above arguments that eigenvalues of the Gaudin Hamiltonians H;, i =

1,...,n (2.15), can be found in the framework of the classical CM system with n particles as
follows. Consider the matrix
1 1 1
Hl X)—X1 X3—X]| Xn—X1
1 H, 1 1
Yo = X1—X2 X3—X2 Xp—X2 ] (528)
! ! ! e H,

X1 —Xp X2—Xp X3—Xp

The spectrum of H;’s in the space V({m,}) is determined by the conditions

N
tr¥y = mgk; forall j>1, (5.29)
a=1
i.e., given the initial coordinates x; and the action variables H; =trY, ({ one has to find possible
values of the initial momenta p; = — H;. Taking into account Eqs. (5.17) and (5.18), we can
represent the equations for H; in the form of the equality
n N
exp(in;ZE)Hi aHj) l_[(z —H)= l_[(z — k)™, xij=x —Xx; (5.30)
i<j I=1 a=1

which has to be satisfied identically in z. This identity is equivalent to n algebraic equations for
n quantities Hy, ..., Hy.
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In other words, the eigenstates of the Gaudin Hamiltonians correspond to the intersection
points of two Lagrangian submanifolds: one obtained by fixing the x;’s and the other obtained
by fixing the H;’s, with values of the latter being determined by eigenvalues of the twist matrix.
This purely classical prescription appears to be equivalent to the Bethe ansatz solution and solves
the spectral problem for the quantum Gaudin Hamiltonians.

Example. Consider the vector v, € CV with components (v,); = 845. Since P; i (ve)®" =
(va)®", the vector (v,)®" is an eigenstate for the Gaudin Hamiltonians H; with the eigenvalues
ka+> jti ﬁ It is also an eigenvector for the operators M} with eigenvalues m;, = nd,p. The
matrix (5.28) in this case is the n x n Jordan block with the only eigenvector 1 with eigenvalue
kq and trYy = nk.

6. Concluding remarks

We have shown that the most general generating function of commuting 7 -operators in the
Gaudin model (the master T -operator) satisfies bilinear equations of the classical KP hierarchy.
This implies that each eigenvalue of the master T -operator is a classical tau-function. By con-
struction, these tau-functions appear to be polynomials in the spectral parameter x of the Gaudin
model which can be identified with the KP time #;. The dynamics of zeros of polynomial tau-
functions leads to a close connection with integrable many-body problems.

This result immediately leads to the important conclusion that the eigenstates of the Gaudin
Hamiltonians are naturally labeled by intersection points of two Lagrangian submanifolds in the
phase space of the classical Calogero—Moser system of particles. This is a degenerate case of a
more general correspondence between quantum spin chains (of the XXX and XXZ types) and
the classical Ruijsenaars—Schneider model outlined earlier in [1,2]. Presumably, this “quantum—
classical” correspondence extends to models with elliptic R-matrices and to supersymmetric
integrable models.

Recently, the link between quantum spin chains and integrable many-body problems of clas-
sical mechanics has been discussed [31,32] in the context of supersymmetric gauge theories.
Physical consequences of this “quantum—classical correspondence” are yet to be recognized and
articulated while its mathematical roots lie deeply in quantum theory of Hitchin’s integrable
systems [33,31].

In the main text the Planck constant in the Gaudin model was set to 1. Here we would like
to remark that if one introduces the Planck constant / in the Gaudin model, then the master
T -operator satisfies the /i-version of the KP hierarchy [19] which is obtained by the transforma-
tion tx — it for k > 1 and x — i~ !x. The coupling constant of the CM model (the coefficient
2 in the numerator of the second term in the r.h.s. of (5.21)) becomes 2/42.

Because of the space limitation, in this paper we have not addressed the construction of
Baxter’s Q-operators for the Gaudin model. In fact the master T-operator unifies them in one
commuting family with the higher T-operators. Namely, taking residues of 7¢ (x, t + [z]) at the
poles (at the points k; which are eigenvalues of the twist matrix) one can introduce a family of
2N Q-operators. The bilinear identities among them define the Bicklund transformations from
which the Bethe equations follow. For the original spin chains, the Bicklund transformations
were discussed in [34-37] on the level of the eigenvalues of the transfer matrices, and in [7,1,2]
on the level of operators. We plan to extend this approach to the Gaudin model in a separate
publication.
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7. Note added

After the arXiv version of the current paper [arXiv:1306.1111] appeared, a paper [A. Gorsky,
A. Zabrodin, A. Zotov, Spectrum of quantum transfer matrices via classical many-body systems,
arXiv:1310.6958] appeared on the arXiv. They clarified the relationship between inhomogeneous
quantum spin chains and classical integrable many-body systems.
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Appendix. Proofs and details

In this appendix, we present some details omitted in the main text. Some of the facts related to
the KP hierarchy are consequences of the general theory known in the literature (see, e.g., [14—16,
19,22]). However, to make the text self-contained, we give here some details of the calculations
in our notations.

A. KP hierarchy from Giambelli relation

Here we show that if the coefficients ¢, of the expansion t(t) =), casi(t) satisfy the

Giambelli-like relation

C)p = (C(/j)l d lgi’(.}egtd()\) C(A‘l‘_il)\’}_.i)’ (Al)
where ¢ (k) = ¢(141,1%) are the coefficients for the hooks, then 7 (t) is a KP tau-function, i.e., it
solves the bilinear identity for the KP hierarchy. We assume ¢y # 0.

In this section the Frobenius notation for the Young diagrams is convenient. Given a Young
diagram A = (A1, ..., Ag), let (&|B) =(o1,...,%4|P1, ..., Ba) be the Frobenius notation for the
diagram A [9]. Here o; = A; — i, Bi = )L; — 1. In other words, «; is the length of the part of the
i-th row to the right from the main diagonal and §; is the length of the part of the i-th column
under the main diagonal (not counting the diagonal box). Clearly, a1 > a2 > --- > g > 0 and
Br>pr>-->pa=0.

Using this notation, we can represent (Al) and the Giambelli identity for the Schur func-
tions as d x d determinants: ¢; = det;g; j<a() ClailB))> s () =detigi, j<am) S(a,'\ﬂj)(t)~ Plug-
ging these into the expansion and separating the contribution of the empty diagram, we get:

T(t) = 1 ~d det 18y det 180 () ).
() cw( +Y ¢ > 1<i’j<d0(a,|ﬂ]>KinS(oelﬁ,>()>

d>1 ay>ap>->ay 20
B1>Bp>>By 20

The sums over 8; in each term can be handled with the help of the Cauchy—Binet formula:
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() = C(/)<1 + Z Z 1<gf;t<d<(cw)l Z Clo; k) S(ajlk) (t)))

d>lay1>ay>>ay 20 k=0

Next, it is not difficult to notice that the sums over «; and d represent the expansion of the
determinant det;; (5;; + A;;) in terms of diagonal minors of the matrix A;;. Therefore, we have

rm_mg®t0”+@m 2:%%%@“0 (A2)

k=0

To proceed, we need the identity [9]

if j >0,

k>0
It means, in particular, that the lower-triangular matrices (with 1’s on the main diagonal) 4; _; (t)
and h;_;(—t) are inverse to each other. (Recall that s (t) = 0 at k < 0.) This is obvious from

the fact that the product of their generating functions is 1. Using this identity, we rewrite (A2) as
follows:

T(®=cp det (Zh, 1©h— (=0 +a) Y Y (=D hi O (- t)c(,k))

120 120k=>0

=cy i’gl,;tO(hif ,»(t))i’g;t()(h,» (=t + (cp)! ;)(—l)khik(—oc(ﬂ_k_l)).
—_— <
1

Finally, we conclude that Eq. (A2) can be represented in the form
T@-%udd(E:&],k(ﬂ) (A4)

where the Z x Z>o matrix S is given by

Ski = (_1)kc(j\—k—1)/C®, k<0,
kT k>0.

One can see that this formula is the general solution to the KP hierarchy given in the form of
determinant of a semi-infinite matrix [14,16]. The unusual argument of 4;_; (—t instead of t)
does not spoil anything because the KP hierarchy is invariant under changing signs of all times
(see the remark after Eq. (4.7)). Therefore, (A2) provides the general solution to the KP hierarchy
and thus solves the bilinear identity for any c( ;).

B. Details on functional relations for higher Gaudin T -operators
B.1. From the determinant (4.31) to CBR formula (4.28)

The equivalence of (4.31) and (4.28) can be shown in the following way.'? First, let us rewrite
(4.31) as follows

10° See also discussions on the generation function of the transfer matrices in [7,37].
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deti <k, j<m( Zj_ eXP(Zf )TG(X t)

det1<k,<m<2 =D ol exp(e(d. 2, N T O (x. 1)

B1
(TG(x, t))m-! B
Using (2.6) and expanding the determinant in both side of (B1), we obtain
o o0 m 5
Y sen@) YD [ ha T @ g O
geSy, a1=0 a,=0k=1
a(1)—1 o(m)—1 oo O’(k)
=Yoo ¥ 33 e ()
0ESm bn=0 a1=0  au=0k=1
x Bb"hak(a)TG(x t)zg O (70 (x, t)' ", (B2)
where S,, is the permutation group on {1, 2, ..., m} and sgn(o) is the signature of o € Sy,. Then,
comparing the coefficient of z; ~M lzkz ez * in the both side of (B2), we get
i deti<ijcm (120 (1 (7 0k oy k1B TO (x, 1)
@O Tx, 0 = : (B3)

(TC(x, t)ym=!

where we used (2.5). This reduces to (4.28) at t = 0 after a renormalization'' and the identifica-
tion m = £(A).

B.2. The dual form of the CBR (4.29)
Eq. (4.29) can be proved, for example, by repeating a similar argument as above with the

formulas (2.7) and (2.8) for the equation obtained by the shift t — t — [zl_l] — [zz_l] in (4.10).

B.3. From CBR (4.28) to the quantum Giambelli formula (4.11)
Let us introduce the notation

j—1 .
fj(x) = Z(—nk (J >8kTG it () (B4)
k=0

Then (4.28) can be rewritten as

11" One has to use the relation
j—1 j—
Z(_l)k< )3§T<§ —itj—ky &)
k=0

j—1 .
-1
=60 ) (=D <] k >3§T8~i7i+j*k)(x)
k=0
-1

j—1 ;
; -1 i -1
+Z(71>1"(j_1)(a£ ’¢(x))2(71>"< B )ang i (),
=1

k=0

where ¢ (x) = []7_; (x — xg).
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G
TO) = det  (ti-3,.7). (B5)
L, j<E)

Using the same argument as in Appendix C of [1] for (B5), one can prove (4.11).

B.4. The determinant (4.31) solves the Fay identities (4.8)—(4.10)
We will show that the determinant (4.31) satisfies the following identities:
iy — Zipy )iy, — Zi,,,)TG’Iu{i'"_3’i"1_2}(X, t)TG»]U{i);1—]sir71}(x’ t)
— (Zim,3 — Zim71 )(Zim,2 —_ Zim )TG’Iu{im—.?vim—l}(x’ t)TGvIU{in1—2air7l}(x’ t)
+ iy = ) @iy = 2y ) TSI 7Ot (e ) =0, (B6)

where I ={iy,ip,...,im—4a},

(Zim—l —_ Zl.m)TGaIu{imfZ}(x, t)TGJu{imflvim}(x’ t)
+ (Zim — Zim_z)TG’Iu{i’?171}(x, t)TGsIu{imfZ’im}(x’ t)
+ @iy = 2y )T O (e, 7O T2 () = 0, (B7)

where I = {iy, i,...,i,—3}, and

(Z_l _ Z;ﬂl)TG,I(x’ t)TGJU{im—l»im}(_x7 t)

Im—1

— Z_l TG,IU{im—l}(x’ t)(l _ Zl_ml ax)TGylu{im}(x’ t)

im—l
— Z;anG,IU{im}(x’ t)(l _ Zl‘;llil 8X)TG,I\_I{im,1}(x’ t), (BS)
where I = {iy,i2,...,in—2}. Note that (B6) for (m, iy, i2,13,i4) = (4,0, 1, 2, 3) corresponds to

the Fay identity (4.8), (B7) for (m, i1, i2,i3) = (3, 1,2, 3) corresponds to (4.9), and (BS8) for
(m,i1,i2) = (2, 1,2) corresponds to the differential Fay identity (4.10).

For any m x n matrix M, we will denote a minor determinant whose ji, jo, ..., je-th rows
. Jls J2s s J .
and k1, k, ..., kg-th columns removed from it as M I:kh ko k; ], wherem —a=n—8, j1 <

J2<--<jgand ky <kp <--- <kg. We will use the following identities for determinants:

M[jl, jz}M[Jé, j4}_M[j1, js]M[jz, 14]

JrM[jl, 14}/\4[]2’ Jﬂ:o, ®9)
o T P e e e [
1 k i

jt. Ji /2 /1 2
M[ }M[kl, kz]_M[kl]/\/l[kz}+/\/l[k2}/\/l[kl}—0. (B11)

(B9)—(B10) are specialization of the so-called Pliicker identity and (B11) is the Jacobi identity.
The Jacobi identity (B11) for the matrix

M= (Zl{;m(l _ Zi—klax)j—lTG,{ik}(x7 t))lgk,jgm

for ji =k; =m — 1 and j, = k» = m corresponds to (B8). In fact we obtain the relations
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M } = A(I Utim—1,in}) (T (x, )" TG im1ind (g, (B12)
M Z - } Z} = A(I)(l_[zﬁ)(TG(x,t))m3TG”(x,t), (B13)
- ’ kel
mlm- }] — A1 Uin) <l_[zk_1>(TG(x,t))m_2
- kel
G
X((l—z;‘a (Za—(m PR t)>)TG"““'"}(x,t), (B14)
" kel T%(x. 9
M ﬂ =A(I|_|{im1})< I1 zk_1>(TG(x,t))m_zTG'I"'{i"‘—l}(x,t), (B15)
kelU{ipm_1}
M mm 1} A(T U i} < I1 zk1>(TG(x,t))m_zTG’I"'{i’”}(x,t), (B16)
kelufin}
M mm 1] A Il_l{lm 1} (HZ ) TG()C’t))m_Z
kel
G
x ((l—z:1 o) +3, (sz_(m_ Pl t)))TG"u“m”(x,tx (B17)
m—1 m—1 oy T ( t)
where I = {i1,ip,...,im—2}and A({i1,i2,...,in}) = nga<bgm(zz‘:1 - Zi_;,l)' Substituting the

above relations to (B11), we obtain (B8). Among (B12)—(B17), Egs. (B14) and (B17) are rather
non-trivial. Eqs. (B14) and (B17) can be proved using the Leibnitz rule for the derivative with
respect to x, taking linear combinations of columns in determinants and using the following
identity valid for any matrix (A ji)1<k, j<m and parameters zj:

m

det % A det  (Ag). BI18
11§k3'<m %" Ay) (ZZ’J>1<ke<m( &) (B18)

In a similar way, one can show that the Pliicker identity (B9) for the matrix M = (z{;mﬂ( 1—
Zi:lax)j_lTG’{ik}(x»t))lgkgm,lgjgm—z for (ji1, j2, j3, ja) = (m —3,m — 2,m — 1, m) corre-
sponds to (B6), and the Pliicker identity (B 10) for the matrix

M= (7" (1= 27 0,) T T (1)

ik ISksm, 1< j<m—1

for (j1, j2, j3, k1) =(m —2,m — 1,m,m — 1) corresponds to (B7).
C. Two proofs of Lemma 4.1

C.1. Proof by means of the limit from spin chain
The proof is based on the limit from the spin chain, where the relation

D% Xa.p1(8) D xarpr(8) | _, (1)
D®kX0(z.ﬂ1 (g) D®kXQ’2’/32 (g)

follows from the Hirota equations for the master T -operator (or from the quantum Giambelli
formula for the transfer matrices) proved in [1].
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Applying the general formula (3.3) for the hook characters xq4,(8) = X(4+1,1#)(8), We get

a B
waipp (N+a\(N—p —1
Yap(g =D =) ) (=)™ <N+a/><N—/3—1)X““’3’(g)

o'=0p8"=0
B
a+1—j N+(X+ﬂ—j N
DIE (). ()
j=

Alternatively, this expansion can be derived by comparison of the generating functions. The
generating function of the hook characters is

E®C o= xa,mg)z“(—;)ﬁ:#(w@ —1).

w B30 z=&\w(©)

It is easy to obtain the following relation between generating functions for the characters x4, g(g)
and x4, 8(g —D):
ES D@ =0+ V0 + 0V T EQE D+ EPE ),

where 7 = IZ?, = ﬁ Therefore,

D xaple —DZ (=0
o, =0

= > Xep @A+ VT 1+ PN L ECD @ ).
o ,f' =0

This implies the relation for characters (C2).
The important thing is that the coefficient in front of x g/(g) in (C2) factorizes into a product
of o’ and B’-dependent factors. Using Lemma 3.1 we can write

o o p(h) = lim [ 17Dy y (g = D], g=e". (C3)
n—
Substituting (C2) into (C3) and taking note on the relation (C1), we see that

d® g5 () Ky, g, ()
A% 05 (1) K5, 5, (1)

which is (4.16).

=0 foranyo;,Bj€Zxpandk € Z>1, (4

C.2. Direct proof

We will now provide an alternative proof of Lemma 4.1 which does not rely on the results
proven in [10,7,1], although it uses some ideas similar in spirit to the ones used in these papers.
The same argument will also prove the commutation of the operators Q(z, ). More precisely,
we will show that

S:(Q(z1.41) 0(22.02)) =S¢ (0(z1, 01) Q(22,8)) =0, (C5)

SZ(F(le 22, é’lv {2)) = F(Zla 22, Clﬂ 4'2) - F(ZZv <1, {17 ;2)

Seg(F(z1, 22,1, 82)) = F(z1. 22, 1, &) — F (22,21, &2, £1). (€6)

where {
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The S; case is the assertion of Lemma 4.1. The S; ; case is the commutativity of these operators
that can also be proven from the Yang—Baxter equation. Our argument is universal and works for
both cases, thus, later on we denote both S; and S; ; by the same symbol S.

In order to prove (C5), one can first notice that

Z Z z
d = , g®? =(I+P - Y , C7
@) = ;W w(z) =1+ 1,2)<1 —® _hz>“’(Z) ()
z on
and generally d®"w(z) = Z P, w(z), (C¥)
1—hz
oeS,
where S, is the permutation group over the set {1, 2,...,n}; and P, denotes the permutation

operator associated to the permutation o, i.e. the operator such that for any vectors vy, v2, ... v, €
CN,wehave Py @ 1o ®- - Quy = Vo (1) ® Vg (2) ® - - - ® Vg (n) - For instance, for the transposition
7(;,j) (which permutes indices i and j, 7 j)(i) = j, 7(,j)(j) =i, and does not act on all other
indices, 7(;, j)(k) =k if k #1, j), we have ]P’,(i’j) =P; ;.

The expression (C8) is easily proven by recurrence over the number of spins, by noticing
that in dnd®(”’1)w(z), the derivative d, can (due to the Leibnitz rule for derivatives) either
act on w(z) to give (d®"Dw(z)) ® 1+hz which corresponds, in Eq. (C8), to the permuta-
tions such that o (n) = n, or it can act on any factor'” 1_;@2 of (1—th
ZaeS,H P; nPos ( 1—th)®n’ which produces, in Eq. (C8), all the terms where o (n) # n.

Moreover, for arbitrary numbers o1, o2, ..., &y and 21, 22, . . . , Z;, the Leibnitz rule for deriva-
tives of products gives

d]_[w(Zk) * —Zak

H w(zx)™,

m m ®2
B o

k=1

(€9)

Noticing that for any operators A, B, the tensor product A ® B can be written as (A ® ) I® B),
we can also write this last equality as

m

d® [Jweo™ = ((Hzak (l) ) +Py 22%“ (l) ) [ [w@o™.
k=1

k=1 i=1k=1

In what follows we will often use this notation. For instance, it is convenient for the following
generalization of (C9):

o o= 1 Sl h<,)z)nw<Zk>ak e

k=1 o€ES, ceC(o) k=1 iec

12 We remind that h¥) denotes the operator I®'~! @ h @ I®"

tllh(z)'
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where C(c) denotes the set of the cycles'? of the permutation o for instance if n = 2, then
the identity permutation has two cycles C(1) = {{1}, {2}}, whereas the cyclic permutation has
only one cycle C(t) = {{1, 2}}. The expression (C10) can be proven by recurrence by the same
argument as (C8).

Thus, (C10) allows one to express Q(z, ¢) as

(@)/w(@) ¢
0. ;)_pr I1 [(Hl_;h()z)_ozlmﬂ (C11)

ceC(o) iec

As an example of manipulations with this operator, one can check that for arbitrary k,/ €
{1,2,...n} we have Q(z,¢) =Pr10(z, )Py : for each o, we have Py jPs Py = Pr(k,l)ogo,(kyl),
where 7( ) is defined above as the transposition which exchanges k and /, and where o denotes
the composition of permutations. Moreover, o > T ;) 0 0 o Tk, ) is a bijection of §,, and the
set {i1,i2,...,im} is acycle of 7 ;) 00 o Tk if and only if {Tk 1y (@1), Tk,1)(E2)s - - ., Teh,1) (k)
is a cycle of o. Hence the relation Q(z, ¢) = Px10(z, {)Px is clear as soon as we notice that
K )Pk,l = ]P’k,lh(f(’ﬂ’)(" ) This relation, which can also be obtained directly from the commutation
relations d;d; = d;d;, also implies by recurrence that

Voo € Sy, Pl 0@z, OPgy = 0(2, ). (C12)

For notational simplicity, we introduce the operators

((1 = hzm) (1 = hgm)®"

Om = Oem, n) = Qam, bn) = o= (C13)
1 ‘ .
a— o, ] ([]_[zm(l—h(’)s“m)]—[]—[;“m(l—h(%m)]). (C14)
" "o ceC(o) ““iec iec

Relation (C5) is then equivalent to

SO 0y) =0, (C15)

where S(O; 0y) is a polynomial of degree at most two in each "), Of course, one can note that
due to relations like ¢ )}P’,-, =P jh(-/ ), the degree in each individual h® is well defined only if
the position of the operators P, is specified. We will define degrees by putting all permutation
operators to the left of all operators 7).

We will first see that the term with degree O in all of the h)’s vanishes, then that the terms
having degree 2 in any of the 4")’s vanish, and finally that the terms having degree 1 in any of
the 2’5 also vanish. To this end we will proceed by recurrence assuming that > 2 and that for

all 1 <n’ <n,wehave S ((9 "l (9[" 1y = 0, where O} denotes the operator defined in (C13) for

a spin chain of length'* n. In particular, one can see that Om = 1, which makes the statement
S(OEI] (’)g]) = (0 obvious.

13 Rigorously, what we call cycle should actually be called orbits, because we view them as non-ordered set. For instance
if n =3, there are two cyclic permutations (sometimes denoted as (1, 2, 3) and (1, 3, 2) in the literature); in the present
notation we say that both of them have one single cycle {1, 2, 3}, which does not distinguish these two permutations.

14 If there is no indication of the length of spin chain, we assume that Oy, always denote the operators for the length n
spin chain.
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Terms of degree 0 The terms with degree 0 in all of the #()’s are obtained by substituting # = 0
in (C14), to get

1 o
Omln=o = ﬁzﬂ% [T [eh - ¢il. (C16)

o ceC(o)

where #c denotes the number of elements in c.
Interestingly enough, one can show from the expression [38,39] of the characters of the rep-
resentations of S,,, that (C16) can be rewritten as

Oml=0="Y 23 (=& ™' D " Poxn—tk-1(0), (C17)
k=1 o

where yq g(0) denotes the character of the permutation o in the hook representation (o + 1, 1#)
of the symmetric group Sy4g+1. Indeed, the Murnaghan—Nakayama rule [38,39] says that for
o € Sy, the character x4 g(0) is obtained by summing contributions from each Young tableau
like the following one (which contributes to xq g(0) where « =7, 8 =4, and o is for instance
the permutation 1,2, 3,4,5,6,7,8,9,10,11,12+— 1,4,2,3,5,7,8,9,10,6, 12, 11)

«
1 1\1\1‘2‘2‘2 5
1 T e
3]
Bl —|¢c3
| 3]
4] (C18)

i.e. for each tableau such that each number i appears ¢; times (where the permutation o has [
cycles of respective size cy, ¢3, ..., ¢), in such a way the these numbers increase in each row
or column, and that for each number i, the set of boxes having the label i is convex.'> The
contribution of each such tableau is Hﬁ:l (—l)hi—l where h; is the number of rows where the
label i is present at least once.

Hence (by denoting as [ the set of all labels i > 2 present in the first column) one gets

Xn—kk—1(0) = > (—D*Zier D [T =
1c{2,3,....1} iel
k—c1 <Y ciSk—1
= > (=D (C19)
1c{2,3,...,0}

k—c1 <Y ey ci<k—1
where |I| denotes the number of elements in /.
By comparison, the coefficient of z *¢k=1P, in (C16) (ie. in 3, P, Zj>0(§_;)z X

m
[T, [z — ¢57) is equal to

15 For a more general representation than the one associated to the hook-diagram (o + 1, 18), this Murnaghan—
Nakayama rule also requires an additional constraint that there is no two-by-two-square of boxes labeled by the same
number.
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> =pll= > (—n, (C20)

1c{1,2,...,1} 1c{2,...0}

2jer ciSk—1 k—c1 <Y pep ci<k—1
where the equality is obtained by noticing that in the Lh.s., each term where I 5 1 cancels with
the term where /[ is substituted with 7 \ {1}. This proves that the relations (C16) and (C17) are
identical.

One can then note that up to a numerical factor ay, g, each combination ZU Ps Xa,p(0) is

a projector onto the space associated to the irreducible representation (« + 1, 1#) of Sa4+p+1-
Hence the orthogonality of these spaces implies the relation'®

> Poxap(©@) Y Porxa'p(0) = apSu.crdpp Y PoXap(0). (€21
o o/ o
This allows us to compute
n
01 Oz2lp=0 = Zan—k,k—l @122)" *(@1e)* ! ZPaXn—k,k—l (0), (C22)
k=1 o

which clearly shows that S(O; O>|,—9) = 0, which is the vanishing of the term with degree 0 in
all the AV’

Terms of degree 2 1In order to understand the terms of higher degree in 1") of the product

01 O,, we will first investigate the terms of higher degree in ) of the operator O,,,: for instance,
if we denote by (O;n)(h(n))l the coefficient!” of 1™ in O,,, we get

(Om)(h(n))l = Z_é‘%zgn Z Py l_[ (|: l_[ Zm(l — h(l)g-m)jl

o€eSs, ceC(o) i€c
o(n)#n i#n
— [ [Ten(1- h(i)Zm)i|>
iec
i#n
_ —fm2 0)
<k<n—1 ceC(c) iec
C}ESn_l
~[TTent-,)] ) (€23)
iec

where & € S, is defined by

(i) = {O’(i) ifo(i)#n

on) ifo(i)=n, hence 0 = 1(;,5(n)) 0 0, (C24)

16 One way to show (C21) is by introducing the Young symmetrizer c; associated to a representation A, which obey
ex=Y o Poxr(o) x Y, PscyP,— (see for instance (3.11) on page 126 of [40]). In the case A A/, Lemma (4.3.H)
on page 126 of [40] says that €, €;, = 0, whereas the relation written as €€ = € right before (3.11) on page 126 of [40] is
the statement that if A = 1/, then €3¢,/ x€;,.

17 In this notation, (---) 1 denotes the coefficient of degree one in h®) | where the ambiguity in the degree of each

individual 1% (due to Pi’jh(i) = h(j)IP‘i,j) is fixed as explained above: by moving all permutation operators to the left
of all h®.
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where 7; ;) is the transposition of i <> j defined previously. The first line in (C23) comes from
the fact that if o (n) = n, then {n} is a cycle of o and 2™ can only appear through the factor
[Ticpn G@m (1 — hD¢) — (1 —h®z,)) =z, — &, hence h™ is actually absent from the terms
where o (n) = n. The second line in (C23) is a simple rewriting of the first line.

From there we see that

n—1
(Om)(h(n))l = <—§m2m ZPk,n) (O,[:_l] ® ]I) (C25)
k=1

Analogously, one can see that for arbitrary j < n, the coefficient of degree 1 in h'/) is
Om) iy = (—~LmzmPjn Y421 Pen) (O~ @D P

Now we are ready to compute the coefficient of ()2 in the product (’)E"] (’)gl]: it is
given by the coefficient of /™ in —{212(95"](22’;} ]P’k,n)(Og’_” D= —szz(zz;} Py.n) X
oMo @1y, which is equal to

n—1 2
212281 Q(Zm,n) (O "ol er), (C26)

k=1
where we used (C12) and (C25). Using the recurrence hypothesis, which contains the statement
that S((’)E”_l] (’)g”_l]) =0, we see that the coefficient of (2™)2 in S((’)g"] (’)5”]) (which we will
denote as (8((’)5"] Ogn]))(h(n))Z) does vanish.

Some notations The analysis of the terms with degree 1 requires a couple of notations
that we will now introduce. We have already seen that the coefficient of O, with degree
1 in A is Om) iy = (—LmzmPjn Z;} Pr.n) (O 1) P; », where one can notice
that Y01 P;, Pr, = > ke(t,2,..npj Prj Pjn. This allows to rewrite this expression as

(—Emzm gz Prj) (O~ <10), where
O~ 410 denotes P;,(ON~"UI)P;,. (C27)
One can also notice, using the same arguments as in the proof of (C12), that it is equal to

. [n—1] - l_[k#'(I*h(k)zm)(lfh(k)gm
Pl,n (Om ®D ]P)J*” - : w(Zm)/w(&m)

eralizations of this notation, for instance

) [Tiszj 9k ﬁg:; We will also use natural gen-

Ol 4y =p; (OB~ @ h)P; ,, (29
(9,[;1_2] ) o1 — P; 1P (05111—2] Qh® H)Pk,npj,nfl when j # k, n. (C29)

Another important remark is that all the operators that we deal with are of the form )" Pyco,
where ¢, is a coefficient which only contains some scalars and the operators 4. We denote this
coefficients ¢, as [- - -], . For instance, we have

Om = Z Pcf [Om]aa 0102 = Z ]Pcr [Ol 02]0’ (CSO)
oeS, oeS,
1 . .
h OmU: ml_h(l)mi|_|: ml_h(l)m])a
where [O,,] — cel;[g)([gz ( e ) g( ( z )

(C31)
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[01 02l = Y P5-1[011,05-1P5[02]5 (C32)

GeSs,

where P;_1[O1],.5-1P5 coincides with [O1],,5-1 up to the substitution 1)) — REIGD,
We also have

ohlel= Y P,[oh eI,
o€eS,
0 ifo(n)#n
(O, ®1 ifo(m) =n,
where we identify the permutations o € S,_1 with the permutations o € S, such that o (n) =n.
For any operator O on (CV)®" and any o, 7 € S, with 72> = 1, we also have'®

where [0V QI = {

[Ols =P [OP;]50:P: (C33)
=[P Olroo (C34)

Using this notation (and at intermediate steps the convention PP, , = ), one can see that ex-
pression (C25) can be rewritten as

n—1
<_§m2m ZPk,n> (O,[:il] ® ]I)

k=1

—§m2m<H_ZPk ) n ”@H)

= " Botmzm @~ Boou) (O N @ 1)],

oeS,

= Y Bo[tnzn (O A1) A= Proia)],
o€eS,

= Z P, |: ;mzm OL:‘_H<1]I(J("))) Z Pk’g(n):| . (C35)
oeS, ke{l,2,....n}\{o(n)} o

Here the first equality comes from the fact that (OE,',’ g I) only contains P; where o (n) = n.
Hence, one can only get Py , P; =P if k = o (n). The next line is an elementary manipulation
with the permutation operators (using the fact that in I — PP, 5, the term I contributes only if
o (n) = n), and the last equality comes out by the same argument as the first one.

For simplicity, the sequence of equalities (C35) will be written as —pnzm Y5 1( (O[" 1
©1) = tmmt 0 Xy Pe O @) = i~ B o) O 01)) = ;mzm«OL’Z B

QIO T = Py ) = —Emzm (O~ ST T Phoomy). where!” (F (o)) for the
operator F (o) of o € S, by definition equals to ZJ Py[F(0)]s.

18 Multiplying P; from the right of the expansion OP; = )" Py [OP;]s, we obtain O = Y Py [OP;]P; =
Yo Poor Pr [OP; 1Py = Y PoPr [OP;lpor P, where we used the fact that P2 = 1, PoP; = Pyor and 2 = 1.
Taking note on the fact that Pr[OP;]s0rPr does not effectively contain the permutation operator, and comparing the
above equation with an expansion O =} P [O]s, we obtain (C33). (C34) follows from a similar argument.

19 1f F (o) is independent of & € S, then (F(0)) = (F) = Y, Py [Fly = F. In general (F(0)) # F (o).
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As a first example of using the above notations, let us note that forany i <n, Y oS, PsP;, x

[0102]5P; ,, which coincides with O1 0O, up to the substitution hD « h®  can also be written
as (IP’UIP’L,,IP’;I(%OQ]P’[,”), which is also equal to (}P’U]P’,',,,]P’;I]P’i,nOlOg) (due to (C12)). A con-
sequence is that, since we have already proven that in O} O,, the coefficient of (h("))2 vanishes,
we deduce that it also vanishes in (P;P; , P IIE”,-,,,(’)I 05). It means that in O] O;, the coefficient
of (h")? vanishes just like the coefficient of (h")2.

An important remark about the equalities (C35) is that the left-hand side is the expression
(C25) of (Om) oyt = > Ps ([Omlo) (o1 - This expression allows to conveniently find that

for instance (P; jOm) my = 35 Pi jPo ([Omlo) gyt = —EmzmPi,j Z;I Pi.n ((9%'_1] ® D).

On the other hand, the right-hand side —Zy,z, ((OF 1 <T@ M)y Y ko () Ph.o(m)) is convenient
in order to express (O, P; ;) ()1 for instance one sees that

(OnP10) weyt = (Om) oy P1p = —§m2m<((9,[,'f_1] <) Z Pk,a(1)>]P’1,n
ko (1)

:—é‘mzmng |:(O£”Zl] <1]I(U(]))) Z ]Pk,a(l):| Pl,n
o

k#o (1) o

= —LmZm men[(oﬁg—” <T@ Z IPk,m)P],n}
o

ko (1) a0T(1,n)

= —lnm ZPa[(OL’f‘” <I@m) 3" Pk,amﬂ?l,n]
5 I

k6 (n)

=—cmzm<(o,[:—”<ﬂ<"<"”) > Pk,a<n>P1,n>, (C36)
k#o (n)

where (C33) is used. More generally we get (OnP; ;) w1 = Lz (O 4 )y 5
Zk;ﬁa(n) Pr.o@m)Pi, ), for arbitrary i, j.

Terms of degree 1  Finally, let us investigate ((95"] Ogn])(h(n))l , i.e. the coefficient of degree 1 in

h™ in the expansion of OE"] (95"]. Using the arguments above (cf. Egs. (C12), (C25), (C35), and
the last paragraph above), we see that this term is equal to

n—1
(—5222 ZPk,n 05"1(05"‘” ®I) — §121<((9En_1] < H(”(”)))Og'] Z Pk,a(n)>>
k=1 ko (n) (hm)0

n—1
) _<<§2Z2 Y PO (OF N eT) + gz o <H(”(n))>
k=1

(C37)

Xogl] Z Pk,o(n)>

ko (n)

hm=0
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where we used the notations defined above.”” In what follows we will show, with the necessary
details, how this term vanishes (when S is applied) for permutations o such that o (n) # n. We
will also discuss very shortly how the argument can be transposed to the simpler case of the
permutations such that o (n) =n.

In order to prove that it vanishes (after the functions S is applied) we can use the recurrence
hypothesis S(Q"~!(z1,¢1) 0"~U(z2,¢)) = 0, where Q"~!l denotes Wd@’(” 1)(“’(Z))
If we take the derivative (i.e. apply d® from the left) of this relation and use the deﬁmtlon
(C13) to rewrite Q(z, &) in terms of O,,, we get

S(A) =
where A= 0{"(0)""® ((1 - hea)(1 ~ h2)))
+ (0" N (1 —hz)(1 - hep))Ob. (C38)

Hence, we also have S[ f(A)] = 0 for any linear transformation f which commutes with S.
In particular we have’!

k=1 k#o (n)

n—1
(S[ZP/@MJFPn,cr(n)AIP’n,o(n) > Pk,cr(n)] ) =0. (C39)
o (h(n))z

Assuming that o (n) # n, this identity reads

8
> SIBils =0. (C40)
k=1
where
n—1
Bl = Z2§22Pk,nogn] (05"—1] by ]I) h =0
k=1
n—1 2
By=z1t1(z2+ &) (Zm,n> (O e O e,
k=1

By =z181(z2 = )P, o(n)(O[" Ton oy e,
Bi=z1612202 Y Pea(OV <1 @ (1= hzp)(1 = hty)))
k#n,o (n)

—1
(OB W) T BBy
k'#n,o (n)

= (21 — $)20Puo o (O 1) (0 e 1),

20 For simplicity, we denote by (X)|, ) _ the coefficient (X)I(h(,,))o of (h("))0 in X.
21 We will use the notation S[...]g for S([...15).
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Be=z1012280 ) ((OE”‘”<1J1<"(">>)(O£"‘2]<1]1<"<")><1((1—hzz)(l — h2)) ™)

1<k<n
k#£n,o (n)
X Po ),k Z IP’k/,a(n)>,
1<k <n
k'#n,0(n)
By =z (O a 1@ M) 0l Z Pr.o ) lpm =0
k#o (n)
1 1 :
= (21 + {225 (O a1 M) (04 ]<1]1<”<">>)< > Pk,g(n)> . (C41)

k#o (n)

The identity (C40) is just an explicit reformulation of (C39), as discussed in more details in
the very end of the present appendix.

We can rewrite the terms S[By], by manipulating the permutation operators: for instance we
can rewrite S[Bg], using

|:(O£n—1]<]]1(0'(n))) (On 1] I[(O'(l‘l)) Z ]Pk’a(n) Z Pk G(”)i|

k'#0 (n) ko (n)

_ (Ogn—l] 4 ]I(o(n))) (02’1 1] H(U(”)) o ( Z P (T(I‘l):|
L k;én o(n)
=P, ,o(n) Z Py o(n) 4]1(’1))((/)%”_1] <1H(n)):|
k#n,o (n) “
_ P O[n 1] H(n) O[n—l] H(’l) C42
= Z k,n P, o(n) < ) ( 2 < ) ’ ( )
~k#n,o (n) 7

where the first equality comes from the fact that we take the coefficient [---],, which implies
that in (Xyso (1) P m)® = Lk Prar o 7oy » W should only keep the terms where
(T .o(n)) © Tk,o(n))) (n) = o (n), i.e. the terms where k' = n and k # n. From (C42), we see that
S[B1]s and S[Bgl, sum up to

S[B2 + Bsls

|: <1 1 1 l)
=S|atino| —+—+—+—
a2 a &

which is zero due to the recurrence hypothesis S(O);

IP)k,nIP)n,a(n) (Ogn_l] &® ]I) (Ogl_l] ® H)] s
o

k+#n,o (n)
(C43)

(=1 oln=11y — 0. Similarly, we get

1 1 1 1
SIBs + Bsle =S —— ==+ =+ = |Pusn OM?”@H O[n1]®]1i| ,
(53 5] [Zlé“l@h( a »nn Q) o (O] )(0; ) 3

(C44)

which is zero by the same argument. We can also express the sum S[B4 4 Bgl, as
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S[Bs+ Bslo = 3[Z1§1Z2§2 Z Pr.n
k#n,o (n)

X (O <1 @ ((1 = hzn) (1 = hen)) (05~ a1« ™)
+ (O 1) (05 1™ @ (1 — hz))(1 - he)))

- pk,,nm,g(n)} (C45)
k'#n,o (n) o

which contains the same quantity as (C38) up to the transformation n — n — 1. Hence S[Bs +
Besls vanishes if n > 3, because the recurrence hypothesis contains S ((9%"_2] (95"_2]) =0, which
allows to obtain (C38) even for n — 1 spins. On the other hand, if n = 2, then B4 + B¢ vanishes
because the sum over k # n, o (n) has no terms.

Finally, the above discussion ((C40) and (C43) = (C44) = (C45) = 0) implies that the remain-
ing terms S[B;], and S[B7], sum up to zero, which gives

S[B1 + Bl
n—1
zs[zzgzzpk,noﬁ”](og’” ®1) + 2151 (O 1) Ol H Pk,g(m]
k=1 k0 (n) o lhm=0
—o. (C46)

For simplicity, the argument was here written for permutations o such that o (n) # n. On the
other hand, if o (n) = n then one obtains the same outcome (C46), by writing the condition
(S[Zz;ll Pen A+ AZ,{#(”) Pt.omlo) gmy2 = 0, and following the same steps as above, the
main difference being that B3 and 55 are then absent from (C40).22
By summing up over all permutations, we hence obtain that

n—1
S (<zz§22ﬁ”k,n0£"] (O o)

k=1

=0, (C47)
h(m) =0

+ 2181 (Ogn_l] < ]I("(”)))Ogl] Z Pk,(r(n) >)
ko (n)

which exactly shows that in S ((95"] (95"]) the term of degree one in 4™ (cf. (C37)) does vanish
as we wished to prove.

To conclude the proof, we have seen that in & (OE"] (95"]), the terms of degree 2 in any 1)
vanish, as well as the terms of degree 1 in 2" . Multiplying by permutations, we deduce that the
terms of degree 1 in any 2) vanish, and we have also shown that the term of degree 0 in all the
h(©)’s vanishes. Hence we proved (by recurrence) that S(OU"! Oy = 0.

More details for Eq. (C40) In this paragraph we will show that (C40) is equivalent to (C39).
First, we can see that the first two terms in this expression are B + By = (ZZ;]I ]P’k,nOE"I X
((95"_1] ® (1 — hz2)(1 — h2)))) gy 2, Where we used (C25). Next, we can see that [B3], =

2 Indeed, for o(n) # n, By was the term where k = o'(n) in (S[Y 4oy P (O ® (1 = hzp(1 -

hy )))Og"]]a)(h(m)z. In the case when o (n) = n, there is no term k = o (n) in this sum.



A. Alexandrov et al. / Nuclear Physics B 883 (2014) 173-223 213

([IP’,,,U(,,)(OE"_I] ® (1 —hz1)(1 — h{])))ogn]]g)(h(n))zt namely, if we introduce C = [Py o (1) X
OV M@ (1 = hz))(1 = he) O, =[OV @ (1 = hzy)(1 = he1)) Oy where 6 =
T(n,0(n)) © O Obeys & (n) =n, and we decompose it as in (C32) then we see that C only involves
[O;], where o’ (n) = n. But from (C31) one sees that for such permutations, one has [Og"]]gr =
(22 = )I[OY @11, hence € = (22 — )P0 (OF 1 @ (1 = hz))(1 = he))(OF 1 @
D], which gives [Bsls = ([Pu.o () (O @ (1 = hz) (1 = he)) O M) gy -

Let us also show that [Bs], = ([Zk#’o(n) Pk,n(Ognfu ®((1—hz)(1 - h{l)))(’)lznl]g)(hm))z,
i.e. that [Bs + Balo = (X Pen (O @ (1 = hz1) (1 = 1)) O515) gy 2t e have

<[ 2. Pk,n(oﬁ"—”®(<1—hzo<1—hm))0£’”])

k#n,0(n) o/ (hM)?2
=<[ S a0V @ ((1 - ka1 — he)) (O )(,,(,1))})
k#n,o (n) (h)!

—(|:22§2 Z Pk,n(OE”‘” ® ((1 —hz))(1 — hy)))

k#n,o (n)

x Y Ppa (O ®]I)] ) [by (C25)]

k/;én o (h(”) )1

Z—[Zzé“z > Ben Y P (0 < (= ey = h2)®) s
k#n,o (n) k'#n

< (01 g 11)]
o
=ZI§112§2|: Z Z Z Py nPrr nP
k#n,o(n) kK'#n ktn k'

x (O 4 (1 = hzp (1 = hen) ™ @) (O~ ”@}1)}

=21§122§2|: > Y PuaPuaPuow

k#n,o (n) k'#n,o (n)

o

% (O < ((1 = hzn) (1 — hep) ™ @ T) (OF' ”®11)}
~ [Bil (C48)

where the first equality relies on the condition o(n) # n and the fourth equality rewrites
O a (@ = hzn) (1 = k) ®) gyt = P (=218 Yjsge P OF 2 < 18 @ ((1 -
hz1)(1 — h&1))P, 1 (which is obtained from the definition (C27) and the relatlon Om) iy =
(—=&mzm Zk# Py ;) (O%‘ 1l < 1)) obtained before) as —z;¢; Zk;ék/’n ]P’k,n(OE" 2 a -
hz)(1 — he)*®) @ I). The fifth equality in (C48) uses the same argument as in the deriva-

tion of (C35), namely that when we pick the coefficient [-- -], all terms with k # o (n) vanish.
Then we find Yy [Bilo = (X021 PronAlo) rin -
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In order to conclude the proof that (C40) is an explicit rewriting of (C39), we will show that
we also have 22:5 (Bilo = P61y AP o) Zk;&a(ﬂ) Pk o (m)1o) (nmy2, which will require to
use a slightly different notation for the degrees in the variables #"). So far, we have been using
the notation X ;& to denote the coefficient in front of the term which has degree p in h® in X.
In this definition, the ambiguity which arises in the definition of the degree in each individual
R (due to relations like P; ;7)) = h)P; ;) was fixed by conventionally moving all permutation
operators to the left of the operators 2). We will now also use the notation X ()7 1o denote the

coefficient in front of the term which has degree p in 2 in X when the ambiguity in the degree
is fixed by moving all permutation operators to the right. For instance, when i # j, we have

(Pi,jh(i))(hm)l =P (Pi,jh(i))(m/'))l =0 (C49)
@i)y1 (N1
@i k)" =0 (P a0 =P, (C50)
(Om)(h(i))l = <_szm Z]Pk,i> (OE,',’_” 411(”), (C51)
ki
(i1 _ .
(@)™ = (O~ <H<’>)<—cmzm ZIPM). (C52)
ki

Let us now show that 22:5[[5}(]0 = ([Py,o () APn.om) Zk;éa(n) Pk o (n)1o) (nmy2, by split-
ting the right-hand side into pieces. The first piece is ([]P’n,g(n)OE"] (Ogl_” ® ((1 — hz)(1 —
hoIN Py o (n) Zk;éo(n) ]P’k,g(n)]g)(hm))z, which splits into the term k = n on the one hand, and the
other terms in the other hand. The term where k = n is given by:

([Pr.oO™ (OF M @ ((1 = hz2) (1 = h2))) o Pron], ) yim 2
=[IP’,,,(,(,1)(OE ])(h(n))l(o[n 1]®((1 }122)(1_}l§2)))(h“’))1

+ ]Pn,a(n) (OE ])(h(n))() (Ognil] ® ((1 - hZ2)(1 - h{Z)))(h(n))z]a
=0+ [Bsly, (C53)

by the same argument as in the derivation of 33. Next the terms with k # n are given by

<|:Pn’g(n)05n](0£nl ((l - hZZ)(l - h;Z) n ,o(n) Z Pk a(n):| )

kn,o (n) (hm)?2
[n] (h(a(n)))l n—1] (@) (h(a(n)))l
= ((01) (07 < (A =hz) (A = hi)) ")) Y Prom

k'#n,0(n) o
(C54)

h(k) 1

[ a0 (01 SIC™) 3 By (08 4 (1= hao)(1 — ) 7))

k#o (n)

x ) Pk’o(n)} (C55)

k'#n,o (n)

—ZIQIZZCZI:( o1 I[(o(n)))
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X Y Poui(OF T <I® < (1= haa)(1 = he2) 7™
ko (n)

x > B > Pk/um} (C56)

k+#k,o(n) k'#n,o (n)

= zmzzcz[ > (O IO A1) < (1 = hza) (1 — ) )

k#o(n),n
X PomyaPuk Y Pk/,[,(n)] (C57)
k'#n,o(n) o
=[Bsls, (C58)

where the equality (C57) arises because only the terms with k = n contribute to (C56). Finally,
the second piece in ([Py,(n) APn,o(n) 2k 20 (n) Phoom]o) )2 is given by ([IP’n,G(n)(OE”_” ®
(1= hz))(1 = hE))OS P () Yitr (ny Pheso )] ) i 2+ Which is given by

<|:Pn,(r(n) (O[lnill ® ((1 —hz)(1 - h;l)))olznlpn,a(n) Z ]P)k,cr(n)j| >

k#0 (n) o/ (hm)2
[n— 1] (o(n))
([ —hz))(1 = k) 7™ 0y Y Pk,a(m} ) (C59)
ko (n) o/ (hm)?
(o(n))y2
=[ (O < ((1 = hzn)(1 = he) T 0y) T 3 Pka(m} (C60)
ko (n) o
J((m)y1 (o (n)\1
[ O 4 (1 = han) (1 = b)) @) (0, )

_ p(@m))y2 (6 ()0
+ (01 < (= hz (1 = hen) ") 0T

x Y P U(m} (C61)

ko (n)
— By + Bl (C62)

where the equality (C61) uses the fact that [OE"_I] a((1 = hzy)(1 — hep)) @5 vanishes unless
o(o(n)) =o(n).

Hence we have seen that 22=1 Bils = ([ZZ;} Py nAls) w2 and ZEZS [Bils =
([P, (0) AP0 (n) Zk;éo(n) ]P’k,a(n)]g)(h(n))z, which shows that (C40) is nothing but an explicit
rewriting of (C39).

D. The bilinear identity and matrix integrals

In this appendix we give an independent proof of the fact that the master T-operator satis-
fies the bilinear identity for the KP hierarchy. We use the technique of matrix derivatives (see
Section 4.2.3) and matrix integrals (see [41]). As it follows from that section, it is enough to
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prove the bilinear identity in the form (4.25) with an auxiliary matrix A. Here we assume that
the matrix A is positively defined and Hermitian.>*

D.1. A complex matrix integral
Let A be a positively defined (Hermitian) matrix and B, C be arbitrary N x N matrices. We
need the following Gaussian matrix integral over N x N complex matrices W:

/[d2w] exp(—tr(A"'WWT — BW — CWT)) = (det A)" exp(tr ACB), (D1)

with the flat measure [d2W] o ]_[f?’j:l d> Wij, where d? Wij = dRe W;j d Im W;;, normalized in
such a way that f [d*W] exp(—tr W W) = 1. This formula follows from Eq. (14) of [42] (which
is equivalent to (D1) with A = 1) after the change of integration variables W — A-3 w, Wi —

1
WTA~2. Note that the integral (D1) is invariant under the Hermitian conjugation of the matrix
integration variable W — W:

/[dzw] exp(—tr(AT'WW' — BW — CcW"))

= /[dZW] exp(—tr(A™'WIW — BW' — Cw)) (D2)
D.2. Proof of the bilinear identity in the special case x =x1 =--- =X,
Let us start with the special case of the master T-operator at x = x; = - - - = x,, given by (4.17).

The matrix integral representation (D1) suggests to consider the modified generating function
BG(t,t; A) = (det AN DY (L, 15 A)

instead of (4.20). Obviously, this does not affect the bilinear identity (4.25) and so it is enough
to prove it for @Y (t,t'; A). The combination of (4.21) and (D1) gives:

=G . _ 2 . -1 T i_ }i))
] (t,t,A)_/[d W]exp( tr(A ww Wagt Wi

x exp( > (et +1 trgk))

k=1

g=h

= /[d2W] exp(— AW > (e (h+ W o+ W)k)>
k>1

= /[dZW] exp(—tr AT W —m)(WT = h) + ) (a W+ wh)). (D3)
k=1

Here we have used invariance of the complex matrix integral with respect to the shifts of the
integration variables W — W + B, W' — W7 4+ C with arbitrary complex matrices B and C.
(This invariance clearly holds at N = 1 while the N > 1 case is reduced to a multiple integral of
the same type.)

23 The type of the matrix A is actually not very important for us. We take it to be Hermitian for simplicity reasons. For

our purpose it is sufficient to assume that this matrix has enough number (namely, N 2), of independent entries, so that
one could take derivatives with respect to them in (4.21).
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Remark. Note that in general the matrix integrals in the last two lines of (D3) diverge, so they
make sense only as formal series in t; and t';, each coefficient of this series being well-defined.
This is precisely the meaning that we need from the generating function, so one should not worry
about convergence of the integrals of this type ((D3) and below) since their integrands have to be
understood as power series in t; and t'.

The commutativity of the master 7 -operators implies that ¢ t,t;A) = ®C (t', t; A). There-
fore, we have two different expressions for the same generating function:

Y (Lt A) = exp(trAWa—> exp(Ztk trhk> exp(Ztk trg ) (D4)
k=1 k=1 g=h

and

9 9
[o2] (tt A)—exp(trAa taht)exp(}é&trh >exp<

Then, using (D2), we obtain another integral representation of the same generating function:

PG(t,t;A) = /[dZW] exp(— w AT (W —R)(W —h) + ) (uW™ + r,ng)>. (D6)

k=1

> htrg ) ) (D5)

k>1 g=h

A complex matrix W can be decomposed as

W=Uw+RU" (D7)
with unitary U, diagonal w and strictly upper-triangular R. The elements of the matrix w are
eigenvalues of W: w = diag(wy, ..., wy). The flat measure on the space of complex matrices is

N

[@®W] = enldU1 ] [ d?Rij| a@w)* [ ] dwi, (DS8)

i<j i=1

where [dU] is the Haar measure for the unitary group, A(z) =[];. j(zi — z;) is the Vander-
monde determinant and ¢y is an N-dependent constant (see, e.g., [41,43]). There is an equivalent
but different decomposition:

W=V(w+ o)V, (D9)

where V is unitary and Q is strictly upper-triangular so that Q7 is strictly lower-triangular. For
this decomposition the measure is

N
[@®W] = enldV1][d? Q| Aw)[* [ d>wi. (D10)
i<j i=1

Let us use decomposition (D7) for the integral from the last line of (D3),

d4(t,t; A —cN/[dU]Hd2 ,,|A(w)| ]_[d2w,

i<j
x exp(—tr A" (U + R)UT —h)(U(w+ RN U —h)

+ Y (nwh + gwh)), (D11)
k>1
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and decomposition (D9) for the integral (D6):
N
d4(t,t; A) =cN/[dV]nd2Q,-j|A(w)|21_[d2w,-
i<j i=1
X exp(— tI'A_l(V(lZ) + )V — h)(V(w + QT)VT - h)
+ir) (rwt +t,;w")>. (D12)

k>1

Let us re-denote the integration variables in the last integral as V — U (a unitary matrix) and
O — R (an upper-triangular matrix). Then the half-sum of (D11) and (D12) gives

O[]0+ [ )

/[dU]]_[d2 ylaw)’ l_[dzwzn( = w] ,;(w]>)

i<j j=1
% etrzk>l(tkw +t,iwk)(eftrA’l(U(w+R)U17h)(U(u’1+R"')U"?h)

+ e—trA’l(U(u';—}—R)UT—h)(U(w+RT)UT—h)), (D13)

which is again well-defined as a formal series in t, t'. Then, for each term of this series, one
should take the residue at z = oo in the L.h.s. of the bilinear identity (4.25). This means that if we
treat the integral as a formal series, the z-integration should be performed first:

1 —w; w;
E(t—t',2) ? B} J
300 dze iz 1_[(1+ Z( ) )
o) k>0

j=1

—Ze (o) (g [ L (D14)

jk kT

This function is regular at w; = w; for all  and j. Thus the bilinear identity (4.25) is equivalent
to the following relation:

N
> [1avi[]d*r; s Hd wi (g — i) [ | =2
k=1

i<j jk kT Wi
Xexp(zztmw +t w )+Ztm(wlr(n+u—)lr(n)>
m>1 j#k m>1

« (e—trA—l(U(w+R>U"‘—h)(U(w+R"')U"‘—h) + e—trA—l(U(u}+R>U"‘—h)(U(w+R"‘)U"‘—h)) -0
(D15)

In fact each term in the sum over k is equal to zero. To see this, let us consider only the
dependence of the integrand on the corresponding variable wy. It is easy to see that the integrand
is antisymmetric with respect to the interchange wy <> wy (complex conjugation), hence the
integral over the complex plane vanishes. Indeed, the second and the third lines are obviously
symmetric while in the first line we have
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wi —
| Aw) > (wi — r) H = (wg — wp) | [wx — ) (@x — ;) - N(w),  (D16)
w] Jj#k
where N (w) does not depend on wy. This expression is obviously antisymmetric w.r.t. the con-
jugation wy <> wy, so the integral vanishes and the bilinear identity is thus proved.

Example: N = 1. Let us consider the simplest possible example N = 1. Then A € R} is just a
real positive number. Then

G(t,t; A) Z hi®h;( (D17)

i,j=1

where the 4;’s are the elementary Schur polynomials (2.6) and

Pij:/dzwexp<——(w_hﬁw_h)>wiwj (D18)
C
Then
O(t—[7"]. 0 +[z Z hi®©h;(t) P (2) (D19)
i,j=1
where
— 7 — . . — 1 & k
E,-(z):/dzwexp(—w>w‘w1<1+ v Z(3> ) (D20)
A z \z
¢ =
is a series in z~L. Then the right-hand side of (D13) reduces to
> hihy(t) f dzf VI P (2)
i,j=1 %
ijk =1 c A
- Z hi(t)hk(t)fdzw(w — @)exp(—(bu_hi«ﬂ)uﬂiwk (D21)
i,k=1 C

where the third line follows from the second one and the relation (A3). The integral in the last
line is anti-symmetric with respect to the change i <> k, thus the whole sum vanishes.

As it follows from the arguments given in Section 4.2, the special case of the bilinear identity
proven above is already enough for the proof of the general case. However, a sketch of the direct
proof by means of the matrix integrals is given below for completeness.

D.3. Proof of the bilinear identity in the general case
To prove the bilinear identity for arbitrary x — x; let us consider a generalization of (4.21).

@G(t,t’;Al,...,A )—exp(trQ(A) exp(Ztktrh )exp(Ztktrg )

k>1 k>1

(D22)

g=h
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This generating function depends on n external matrices Ay, ..., A, (all of which are assumed
to be positively defined) through
0(A) Xn:A <x Xo + 8><x Xo + 8) (D23)
= ot o nt o Bgf .

The master T -operator (4.1) is a coefficient of the expansion of (D22) in front of the term linear
in all Ay, thus for the proof of (4.7) it is enough to show that

OO0 (=[] [T A ) de =0 (024)
o0

The prove is a generalization of the one given above. First of all, let us simplify the notation
and denote x, — x by x,. As above, we also slightly modify the definition of the generating
function:

SOt t1 AL, ..., Ay) = (etAr - AN OO (LY Ay, ... Ay). (D25)
Then
BC(t,t1 A, ..., Ay)

n N
n -1 i 9 To_0
— | | [dZWa]€7 tr 1Ay Wa Wu*Wa(agt *xm)*Wa(Bht *Xot))eZ(lk trhk+t,£ trgk)
g=h
a=1

n
:/l_[[dZWa]e—tr o (A Wo W e (Wart W) Y (1 (ht oy WK (4 35—y Wp))
a=1

n
_ /H [dzwa]e—tr AT Wi—h=Yh 5 Wp) (W] —h=3"5_y W) —tr 30 (AL Wo W)
a=1

Xetr(z,@l(zkwfk+zgwf)—x1(Wl+Wf—2h)—zg:2(xa—xl)(Wa+W§)), (D26)

where we have used the change of variables

n n

i i i

Wi Wi—h—=Y Wg W > W —h=> W
=2 =2

Again, using the commutativity of the master 7T -operators and symmetry (D2) of the complex

matrix integral, we can obtain another matrix integral representation for the same generating

function:

BO(t,t; A, ..., Ay)
n
_/l—[[dzw ]e—tr(A;Iw.*wl—wm%—x])—vvf(%—xl))
- o
a=1

— d il
e tr ) q—n(Ag ' We WJ*Wa(W*xu)*WJ(@*xa))eZ([k trhk—H]i tr gk)
g=h

X
n ;
_ /l—[[dzwa]e—tm;l(w; ~h=Y gy W) (Wi—h=Y gy W —tr Yty (A Wa W)
a=1

% etr(2k>l(zkwfk+z,;W{‘)—xl(Wl+Wf—2h)—zg:2(xa—xl)(Wa+WJ)). (D27)
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Now we apply the same argument as in the previous proof to the integral over the matrix Wj.
Namely, we take the sum of the last lines of (D26) and (D27) with different parametrization of
complex matrix Wi (D7) and (D9) respectively). After taking the residue in z in (D24) the same
argument as before goes through.

E. More about commutation relations

As stated in the main text, the commutation of the 7'-operators can be derived from the Yang—
Baxter relation, or can as well be obtained from the commutation of T-operators of the spin
chain, by taking the limit n — 0. The derivation of this commutation is a bit technical, and in
[10] it was first obtained for T -operators corresponding to symmetric representations (using the
Yang-Baxter equation), and then for general representations using the Cherednik—Bazhanov—
Reshetikhin formula.

In this appendix, we give another proof of this commutation, based on the results of Ap-
pendix C.2, where the commutation relation

[Q@z1,¢1), Q(z2,£2)] =0 (ED)

was proved. The present proof uses the polynomial normalization (3.11), but the normalization
does not affect the commutation relations, hence the result holds in the normalization (3.10) as
well.

Let us deduce from (E1) that the T -operators corresponding to different hook-representations,
but to the same value of x, do commute with each other. At the level of generating functions, we
should prove that

S ([(yn +dn) - (1 +dp) w(“)} : [(yn ) (31 +d‘)MD =0, (E2)
w(&1) w(¢2)

where y; = x — x; and the notation S, ; was introduced in Appendix C.2. This relation (E2) is
easily proven by recurrence over the number n of spins, if we notice that its L.h.s. is polynomial
of degree at most two in each of the variables y;. The term with degree 2 in y, is exactly the
relation with one less spins while the term with degree 1 in y, is its derivative. Hence the L.h.s.
is independent of y,. Using the relation d;d; = d;d;, we deduce that it is also independent of all
the y;’s. But when all the y;’s are set to zero, (E2) reduces to the relation (E1), which was already
proven. This proves the relation (E2), by recurrence over the number n of spins.

We have proven that the T -operators corresponding to hook-representations commute with
each other. Then the Giambelli formula (4.11) allows us to deduce that all the operators (x —
Xn+dy) ... (x —x1+djy) f(h) commute with each other, for all functions of & which are arbitrary
linear combinations of characters, if they have the same value of x. Noticing that

O (X —xp +dp) - (x —x1 +d) f(R)
=[x —xn +dp) - (x —x1 i) f () trh]
—trh[(f = X+ da) - (x —x1 +d) £(D)], (E3)
one deduces that the successive derivatives Bf (x —x,+dy) -+ (x —x1 +dy) f(h) also commute

with all operators (x — x, +d,)---(x —x1 +dj) f (h), which allows one to conclude that the
commutation also holds for two operators corresponding to different values of x.
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