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Abstract: We propose the operatorial Baxter’s TQ-relations in a general form of the
operatorial Béacklund flow describing the nesting process for the inhomogeneous rational
gl(K|M) quantum (super)spin chains with twisted periodic boundary conditions. The
full set of Q-operators and T-operators on all levels of nesting is explicitly defined. The
results are based on a generalization of the identities among the group characters and
their group co-derivatives with respect to the twist matrix, found by one of the authors
Kazakov and Vieira (JHEP 0810:050, 2008). Our formalism, based on this new “mas-
ter” identity, allows a systematic and rather straightforward derivation of the whole set
of nested Bethe ansatz equations for the spectrum of quantum integrable spin chains,
starting from the R-matrix.

1. Introduction

It has been noticed long ago that the mathematical structures behind the quantum integra-
ble spin chains have many similarities with the theory of classical integrable systems,
such as KP or KdV hierarchies. It goes of course not only about the obvious corre-
spondence between the quantum integrable systems and their classical limits when, for
example, the quantum transfer matrix of a quantum 1+1-dimensional system becomes
the classical monodromy matrix of the corresponding classical Lax connection. There
is a more striking “classical” feature of the quantum integrability: The quantum transfer
matrix represents a natural (spectral parameter dependent) generalization of the Schur
character of a classical algebra [2] given by the so called Bazhanov-Reshetikhin (BR)
determinant formula and, as such, it satisfies a certain Hirota bilinear finite difference
equation, which appears in the quantum context as a certain fusion relation among
the composite quantum states appearing in quantum spin chains as certain bound states
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(“strings”) of Bethe roots [3—7]. Similar, though a more complicated realization of Hirota
discrete “classical” integrable dynamics has been observed in the context of the quantum
(1+1)-dimensional QFT’s, or sigma-models [6,8,9], an observation which appeared to
be at the heart of an important advance in the study of the spectrum of the AdSs/CFTy4
correspondence [10-13].

Hirota equation immediately brings us to the idea that quantum integrability, at least
for certain quantities, such as transfer-matrix eigenvalues, can be viewed as a specific
case of classical integrability and of the theory of classical tau-functions. Indeed, the
character of a classical group, say g/(K), is nothing but a tau-function of the KdV hier-
archy. It was proposed in [1] to view the quantum transfer matrix of a rational quantum
Heisenberg-type gl(K|M) (super)-spin chain with twisted boundary conditions as a
quantum, operatorial generalization of the character and to construct the transfer matrix
(T-operator) by acting on the character in a given irrep, as a function of the group
element (twist), by special group derivatives, called the co-derivatives. The formalism
of co-derivatives has led to a direct proof of the BR formula [1] (see also [14—17]), and
the basic underlying identity for the characters found in [1] seems to be just a new form
of the KdV Hirota identity (the fact yet to be understood).

In the present paper, we want to move even further in this classical interpreta-
tion of the quantum integrability and to generalize the basic identity of [1] to include
Baxter’s TQ-relations into our formalism. This implies a natural definition of all Baxter’s
Q-operators, rather different from the one known in the literature [6,18-36], and more
generally, of the T-operators on all levels of the nesting procedure. This nesting takes the
form of a Bicklund flow, directly for the T- and Q-operators. Due to the fact that all of
them belong to a commuting family of operators, all these relations can be immediately
transformed into the well known functional form, for their eigenvalues [37—40].

Our main identity given in the next section offers an interesting alternative and a
concise approach to the quantum integrability uncovering the whole structure of the
nested Bethe ansatz, from the R-matrix and the Yang-Baxter relations all the way to the
nested Bethe ansatz equations, in the general operatorial form for all the intermediate
quantities.

2. Transfer-Matrix, Co-derivative and TQ-Relations

We recall that the main object of our study is the transfer matrix of an inhomogeneous
quantum spin chain!

Tw =t (R @ -0 @ 8 RMw - m9). (M
where 1, (g) is a matrix element of a twist matrix g € GL(K) in an irrep A and

RMY W) =ul+2 el @ m(eap) = u+2 P )
op

is the R-matrix in irrep A in auxiliary space (and in fundamental irrep in the quantum
space). The identity operator [ is implicit in the r.h.s., it will often be omitted for brevity.

1 Throughout this paper, all operators will act on the same Hilbert “quantum” space H = (CKH®N (resp
(CKIM)Y®N for supersymmetric spin chains). We use the Young diagram A to label the irreducible tensor
representation. The fundamental representation corresponds to the Young diagram with one box.
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The gl(K) generator egg corresponds to the i™ quantum space” (which is in the funda-
mental representation) and 1), (eqg) - to the auxiliary space. When A is also fundamental

then P; ; becomes a usual permutation operator eg; =120"D ® eg, @ I®N=D 50 that
P = Zaﬁ eg; ® eqp. P; permutes the indices of the auxiliary space and the quantum

subspace. This Tt} (i) is a spectral parameter u € C dependent operator on the quantum
space H. It is polynomial in # and in the inhomogeneities 6; € C.

The main goal is to find all the eigenvalues of this transfer matrix for the g/(K)
quantum spins. For that we work out an operatorial Backlund transformation, which can
be also called the nesting procedure, whose main goal is to derive, in a deductive way,
without any assumptions, the nested system of Bethe ansatz equations defining these
eigenvalues. On the way, we will encounter a collection of the intermediate T-operators,
and Baxter’s Q-operators as their particular case, at each level of nesting. The operato-
rial TQ-relations, representing the Biacklund transformation reducing the problem for a
gl (k) subalgebra to a similar problem for the g/(k — 1) subalgebra, in the nesting pro-
cedure corresponding to the chain of embeddings g/(K) D gl(K — 1) D --- D gl(1)
were given in their functional form in [38] (for the super-spin chains in [37]). All the
T- and Q- operators in this nesting procedure are labelled by the subsets I of the full set

J=1{1,2,...,K}as T{I)‘}(u) and Qy («). The original transfer matrix (2) corresponds

to the T-operator for the full set T™ W) = T{j”(u). There are 2X subsets of the full
set J and they can be described in terms of the Hasse diagram based on the inclusion
relations. A chain of subsets of the full set J = Ix D Ix_1 D --- D Iy = ¥, where
|Ix| = Card(ly) = k, forms a path on the Hasse diagram. We will call this the nesting
path, and (K — k) - the level of nesting. There are K! different nesting paths for g/(K)
(see Fig. 1b). This description of all the 2X Q-operators based on the Hasse diagram
was proposed in [40], and will be used throughout this paper.
The general TQ-relations, derived in Sect. 4 in the operatorial form, are given by

T;)Qy,j () =T} ;)Q(u) — x; Ty (u+2)Qs(u — 2), 3)

where g = diag(xy, x2, ..., xx) is the twist matrix in the diagonal basis, the super-
script s in the T-operator denotes the symmetric A = (s) irrep in the auxiliary space,
by I Cc J={1,2,...,K} we denote a subset of the full set of indices (labeling the
eigenvalues) and by I, j = I U{j} C J we denote a subset with one more index j ¢ I.
This TQ-relation relates the T-operator T} and the T-operator T} j of the previous level
of nesting (which has one more index). A chain of these relations allows to relate the
original transfer matrix T%(u) on the level zero of nesting to the u-independent operator
Tj;(u) given by (41). We will also show that the Q-operators are equal to the T-operators
taken at an empty Young diagram:

Q () = TY(w). 4)

In the papers [37,38], all the T- and Q-operators at intermediate steps were assumed,
by self-consistency and without a proof, to be polynomials in . This analyticity assump-
tion immediately leads to the nested Bethe ansatz equations defined by the nesting path.

2 Here {eij}in:l satisfy the commutation relations [e;;, ex;] = & jxej; — djjexj. The ith quantum space is

the i™ factor in H = (CX) ® (CX) ® - - ® (CKX). In this way, e.g. eg; =180 @ egy @ ¥V = The

N times
generalization of our construction to the case of g/(K|M) super-spins will be given in Sect. 5.
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Qi23
Q12 Qi3 Qa3
Q Q2 Qs
Qg

(a) Hasse diagram for the Q-operators: gl(3)
case. There are 23 = 8 Q-operators.

Q1234

PIARN

Qi23 Q124 Qi34 Qo234

(b) Hasse diagram for the Q-operators: gl(4) case. There are

24 = 16 Q-operators.
Fig. 1. Hasse diagram for the Q-operators in the g/(3) and gl(4) case. In (b), the red thick lines denote one
of the 4! = 24 nesting paths characterized by a chain of the index sets 3 = I4 D I3 D I D I1 D Iy, where

Iy ={1,2,3,4}, 3 = {1,2,3}, I, = {2,3}, I} = {2}, Ip = V. Note that (b) contains the diagram (a) for
gl(3) as a subdiagram

In this paper, we complete the missing link of the chain and find the explicit operatorial
form of the Backlund flow (3).

In what follows, we will extensively use the definitions and the identities of [1]. In
particular, the co-derivative D defined there and used through the whole current paper
is a very simple object defined by its action on any function of g as follows:



Operatorial Baxter’s TQ Relations in Form of Operatorial Bicklund Flow 791

R 0
D® f(g) = 36 ® fee 9| Q)
¢=0

. .. P _ J _
where ¢ 1§ a matrix in the fundamental representation: ¢ - ¢ = > f ealg(ﬁ‘é and Fr i
D 5 €ap ﬁ Its main property, which also could serve as its definition, manifests in its

action on the group element in the fundamental irrep:

DRg=P(1®y),

where P is the operator of permutation between the 1% and the 2" spaces.’

Many other useful properties of this co-derivative, mostly following from the appli-
cation of the standard Leibniz rule can be found in [1] and some of them are summarized
in Appendix A.1.

Using the co-derivative we can for example rewrite the T-operator (1) in the following
way:

T™ ) = (u1 +2D) ® (2 +2D) ® - - ® (uy +2D) x,,,(2), (6)

where u; = u — 6; and x,,(g) = tr m,(g) is the character of the twist g in the irrep A.
The action of each of N brackets adds a new spin to the system, with its fundamental
quantum space.

3. The Master Identity

In this section we will formulate the main identity of this paper, called here the mas-
ter identity (8) - the basis of our approach to the quantum integrability. It is proven in
Appendix E.

This identity involves the generating function of characters in symmetric (A = (s))
or antisymmetric (A = (1¢)) tensor irreps,

w(z) =det L _ ! —izs (&)= ! 7
T e [ a—axy & YT IR @)

where x; are the eigenvalues® of the twist matrix g, and z € C. This master identity
will relate operators of the form ®; (u; + Zﬁ) [T w() (for an arbitrary set of complex
numbers {#;}), which is a generalization5 of the T-operator (6). To avoid the bulky nota-
tions in this definition, we assume all the terms like u#; and 2 + u; to be multiplied by the
identity operator I, and the tensor product ®; is taken as® @) lN: | unless it is explicitly
stated otherwise. Due to the commutation relation (71) following from the Yang-Baxter
2 = 8;21 gljl2 .Itis ausual matrix derivative obeying
the Leibniz rules. Throughout this paper, we define the tensor (or matrix) indices of any operator A with respect
to abasis {vg; ®vg, ®- - @k, } as Avy ®v, ®- - -®vy, = Zk1,k2

3 Explicitly in indices, the last relation looks like ﬁ;ll g

1:k2
----- kN All ,12...., N
In particular, a usual notation of a matrix element Ay ; is written as A;‘.
4 Throughout this paper, we shall assume that Vi # j, x; # x;.

P N A
5 The T-operator in symmetric irrep can be indeed obtained as T (1) = % (l ) [®i (uj +2D) w(z )]

7=

6 @{\’:IA,- =A]1 ® Ay ®---® Ay for any indexed operators {Ai}zN:I'
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relation, the operators ®; (u; + Zﬁ) [T, w(t) are conserved charges, in the sense that
they belong to the same family of commuting operators as the T-operators.
The master identity reads as follows (z, z € C):

(t — z)[®,~(2 +u; +2D) w(z)w(t)H] : [@,»(u,- +2D) 17]
—1 [@,- (u; +2D) w(z)H] : [@i 2 +u; +2D) w(t)H]
—z [@i(zmi +2D) w(z)]'[] : [®i(u,~ +2D) w(t)H], )

and it holds for any function I7(g) of the form I7(g) = [[; w(t), or equivalently,
M(g) = det(f(g)) = Hle f(x;j), where f(z) is an arbitrary fixed function analytic
in the vicinity of z = 0. In (8), the dots between consecutive brackets stand for multi-
plication of operators acting on the quantum space, and each co-derivative operator D
acts on what lies to its right inside the square brackets.

The proof of our main identity (8) is given in Appendix E, but it can be easily proved
directly, for a few small N’s, on Mathematica. The identity represents a natural gener-
alization’ of Eq. (4.1) [Eq. (20) in the arXiv version] in [1].

To conclude this section, let us demonstrate the use of the master identity (8) by
deducing from it a particular case of the Hirota relations for the transfer matrices in
particular representations. For that purpose, let us focus on the case when IT = 1. Then,
by expending w’s in symmetric characters according to (7) and keeping the coefficient
of 57" in each term of (8), we get the relation

[®i(2 + i +2D) (-1 X — xsxsq)] . [H(ui)]

= [@i(u +2D) x| - [@i @+ ui +2D) 1]
—[®i@+ui+2D) x| [@iwi+2D) x]. ©)

Choosing s/ = s + 1, and rewriting (9) using® (6), we get a relation in terms of the
T-operators of rectangular Young diagrams :

— T +2)TO ) =T @) T D+ 2) =TT w0 + 2)TTD W), (10)

where (a, s) denotes the representation with an a x s rectangular Young diagram A =
(59), i.e. T@9 (i) = TIED ).

Equation (10), is a particular case of general Hirota relations (35) for the fusion in
rational spin chains known a long time and proven in [ 1] at zero level of nesting (I = J).

4. Baxter Relations for T- and Q-Operators

In this section we will derive from our main identity the operatorial Bicklund flow in
the form of the TQ-relations described above, and even more generally, of TT-relations

7 The identity (4.1) of [1] corresponds to a particular case when I7 = 1 and Vi, u; = 0.
8 We also use the fact that the characters for rectangular representations x (@s) = x {Gs a)}, satisfy a simple
Hirota relation X(a.s+l)X(a,sfl) —x (a.,s)X(a.s) =—yx (afl,,r)x(a+l,s).
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at every step of the nesting procedure, as well as the QQ-relations [33-35,37,39,41-44]
(see also earlier papers [45—47], and a recent presentation in [40] used in this paper)
which give immediate access to the full set of nested Bethe ansatz equations (also writ-
ten in an operatorial form in quantum space in Subsect. 4.5). At the same time, it will
give a natural operatorial definition of these quantities on every step of the nesting, and
in particular of all the 2% Q-operators. Since all these T- and Q-operators belong to the
same family of mutually commuting operators, we can transform these relations, at any
stage of the nesting procedure, to the operatorial ones, for T- and Q-operators.

4.1. First level of nesting. Now we will obtain from the master identity (8) the operato-
rial Baxter’s TQ-relations. We will start from the first level of nesting. In what follows
we will frequently use the notation / = J\/ for the complimentary set of /. In particular
for any element j € J, we use a notation j = J \ {;}.

Definition of Q-operators. In accord with (4) and (6) (where T} (1) denotes Tg} (w)),
the Q-operator on the zero level of nesting is, by definition,

N
Qu2.x () = Qz(u) = (H ui) ®V, (11)

i=1
which is a simple function of u;’s, times the identity operator in the full quantum space.
In particular, the last factor in the Lh.s. of (8) becomes Q@(u) when IT = 1.
We will see in what follows that the Q-operators of the first level of nesting ij(u)
can be defined through the residues at the poles in the expression:

K -

(1—g)®N. |:®(ui +2D+2) w(t)i| => lQ—]()I:-)t +polynomial in 7, (12)
i J

j=1

where the normalization factor (1 — gt)®N is necessary in order to have only sim-
ple poles. Indeed, the co-derivative acting on w(¢), having simple poles at each ¢ =
xj_l, j =1,2,..., K, produces the double poles in the same points, as it is clearly
seen from (64) in the diagonal basis. The factor (1 — gt)® N transforms them again into
simple poles, thus justifying the pole expansion in the r.h.s. of (12).

The equivalent definition of the Q-operators is

Qr(u) = lirr} (I—-x;1) (1 —gt)®N . |:®(2+u,- +215) w(t):| . (13)

t—)g

This Q-operator acts on the same quantum space H = (CK)®N a5 the T-operator (6). It
is also important to notice that the Q-operator Q7 («) loses its dependence on some u;’s

(see Appendix B). For instance, for one spin (N = 1), if we denote’ by |ex) a basis of
eigenstates of g, we get

(1 +2) (1= /xj) + 20 /x)) Ty s lew) ifk# )

Qy(u)lex) = | . .
! 2115 Ty lee) itk =,

9 In this definition of the “diagonal basis”, |eg) is such that glex) = xi|ek).
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where we see that on the state |e;), Q7(u) is u-independent, while the action of other
states is less trivial.

T-operators and TQ-relations. Now we will transform the master identity (8) into a
set of TQ-relations (3) on the first level of nesting.'!? For that we simply put I7T = 1.

Multiplying (8) by the matrix (1 — gt)® N which commutes with all the factors of both
the L.H.S. and the R.H.S.!!, and picking the poles at r = 1/x j we come to the equation

lim (1 = x;0)(1 = 2/1) (1 = gn®" - |:®i(2+u,-+2ﬁ) w(z)w(t)] - Q)
I—)*
xj

= [8iwi +2D) w@)] - Q) — x; [@Q+u; +2D) 2w |- Q2. (15)

It is useful to note that the factor (1 —z/¢) ~ (1 —zx;) in the L.H.S. can be carried over
to the right of the co-derivatives D allowing to use the relation

1 1
(I -zxpw(z) =1 —zx;)det ——— = det ——,
1—zg 1—z g7
where g = diag(xy, x2,...,Xj-1, Xj+1, . . ., Xk ) in the diagonal basis. The possibility

to move this factor across the derivatives comes from the factor (1 — gt)® N introduced
to avoid poles of higher orders in (12). Indeed, for example in the simplest one spin case
N = 1,wecaneasilycheckthat(xjH—g)~13x] (xjI-g)Pj-x; = x5 P —gPjx; =0,
where P; is the projector on the j™ eigenspace of g. The generallzatlon to any N is
rather trivial and is discussed in Appendix F.

Now we introduce the characters of the first level of nesting x (gj_) = X{r=(s)}(8~)

corresponding to the symmetric tensor representations of the sub-algebra gl(K — 1) C
gl(K), defined by the generating function

1
Wil =dety —zg er7(1 z k) ZZ %87 (1o

and define the T-operators of the first level of nesting labeled by a Young diagram
A= (s):

— f
Xj

N A
T(u) = lim (1—xj1)(1—gn®V. |:®(ui +2+2D) Xs(gj)w(t):| . (7
l
The last formula also allows for an alternative to definition (12) of the Q-operators
as of the T-operators for the singlet irrep in the auxiliary space corresponding to an
empty Young diagram s = 0: Q]f(u) = ijo(u) confirming the (more general) relation

announced in (4).

10 The “first level of nesting” means that we will relate the original T- and Q-operators labeled by the full
set ¥ = J with some T and Q-operators labeled by j, which has one index less.

T Which is clear in the diagonal basis since (1 — gt)® N obviously commutes with permutations, and with
tensorial product of diagonal matrices, and hence with any operator of the form ®; (a; + D) w(b), due to its
diagrammatic expansion given in Appendix A.1.
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In the definition (17), we take a residue of a given pole and at the same time use
a character y; (gf) where one eigenvalue is “removed”. This “removal” will be at the

heart of our nesting procedure, and its repetition defines a certain Backlund flow (nesting
path).

Let us take the coefficient of z° (s € Zx¢) in (15), analogously to what was done in
(9), and rewrite!? it, using (17), as follows:

T-)Qg(u) = T(w)Q;(u) — ij%fl (u+2)Q5(u — 2), (18)

which is the simplest Baxter’s TQ-relation in the operatorial form, the first of the chain
of Bicklund transformations among the commuting T- and Q-operators of the zero™ and
first level of nesting known for a long time [38] on the level of their eigenvalues. Here
T%(u) = T{®}(u) is the T-operator of the zero" level of nesting, the original transfer
matrix (1), or (6), in the symmetric tensor irrep A = (s). The T- and Q-operators labeled
by j =3\ {j} have K — I indices, and are considered in the first level of nesting.'?
Let us also note that the T-operators can be also defined as the residues at the poles:

K TS (u) A
Z - _/x‘t =(1— gl)®N . |:®(u, +2+2D) (t X{s}(g) - X{S—l}(g)) w(t):|
] -

J=1

1
+ polynomial in ¢. (19)
It is clear from these definitions and from (71) that all these T- (and hence the
Q-)operators, belong to the same family of commuting operators [T;(u), Tsj/, W] =

[T%(u), T‘;)/ (u)] = 0. It will be also shown for all T- and Q-operators, on all levels of
nesting.

4.2. Next levels of nesting. Now we will generalize this procedure, and the correspond-
ing TQ-relations, to all nesting levels. Suppose we want to consecutively “remove”
the eigenvalues x;,,x,, ..., x;, from the characters in the definition of T-operators,

where [ = {j1, j2, ..., jx} is a subset of the full set of indices: 1c3 (their order is
not important but they are all different). At such arbitrary level of nesting, we define a
normalization operator

By =[]0 —xjt)-(1—gtp®" (20)
jel
and the following product of generating functions of characters:
;=T way. @1
jel

The definition of the Q-operator labeled by a subset'* I = J\ T of the full set J becomes

Q/(w)= lim B;- |:®(2|7|+ui+2ﬁ) 17,} where |I| = Card)=K —|I|, (22)
ti—>+ i
J
jel
12 Ag explained above, we also use the fact that w(z)(1 — x_,-z) = wj(z).

13 1n the same spirit, the k™ level of nesting will involve the quantities with K — & indices.
14 The subset / defines the node on the Hasse diagram where the nesting process has arrived.
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and once again, it is an operator on the quantum space (CX)®¥ which is polynomial
(of degree N if I # ¥) in the spectral parameter u. Its eigenvalues have degree < N,
and it can be shown (see Appendix B) that Qy(u)|ex, k,,.-ky) 1 independent of all u,,
such that k, € T.

We will show how to write a T Q relation between the T- and Q-operators labeled by
I and the operators of the previous level of nesting, labeled by 7 U ji.

Let us first generalize (16) to define the characters of g, = diag ((x i)je 1):

o0
w(z)
wr(z Edet = = = . 23
1) Hl_”J ; X&) = -3 (23)
If we choose in the master identity (8), [T = Il;5:- IUjk = 7\/k t =tj,and u —

u+2|TU ji| = u+2|T| — 2, then after multiplying'? it by —L— T B BIUM and taking

the limit¢; — L we get
J Xj

By - R
lim ( Rt [®,~<2|1|+ui+2D>w(z)w(r,-pnmjk])-owjk(u)
Uk

B—
= lim (&.[@)i(mﬂ 2+u; +2D) w(z)HIUJk] Q;(u)

th# Wiy (2)
jel
% [eeli+u+2D) @i @u-2). e
wyg5,(2)
where I U jx = {j1, j2,..., ji—1}. These expressions are obtained by rewriting the

z-independent factors using formula (22). For instance, the last factor of the last term
obtained from (8) is

By - [@QIT1=2+ u; +2D) wit) My, | =By [@i2T1 =2+ +2D) 7], ©9)

which becomes Q; (# — 2) when the limit #; — xi is taken.
J
We define the T-operators for symmetric tensor representations as follows:

N
T () = hm B - |:®(u,- +2D +2|I]) XS(g,)]'[I:| , (26)
gy % i=1
jel
where x;(g;) is defined by (23). Then the action of co-derivatives on x;(g;) is a priori
rather nontrivial. The recipe to avoid this complication and compute T-operators is given
in Appendix F. In terms of the generating function of T (1) we have

15 Once again, the normalization factors By and By~ cornmute with all the other factors, because they

commute with all permutations, and with all operators g’l ® g‘2 ® - ’N , which are the building blocks of
all other factors. On the other hand, we will see a posteriori in Appendlx F that the factor wy(z) can be freely

moved across the D’s.
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Wy (u, z) EZZST“}(M) = li%m1 B;- |:®(u, +2D +2|T)—= v 1:| 27

s=0 =5 i=1 wy(z)
jel

N
_ 1 lim By |:®(ui+215+2|7|)w(z)ﬂl:|. (28)

w I (Z ) tji— —] i=1

jel
(—zxj)
wigg @ T wr (z)
expanding (24) with respect to z and taking the coefficients of z*, we obtain using the
definition (28) the following operatorial TQ-relation

Finally, we can notice that the L.H.S. of (24) contains Then,

T; () Qyuji () = Ty, W)Qy (u) — xJATiuj (u+2)Qq(u —2). (29)

It generalizes the similar, obvious relation among the characters of symmetric tensor
irreps:

xs(&r) = xs(&r,j) — xjxs—1(81,7)> (30)

where j € T and s € Z>.

Notice that again the Q-operator on any level of nesting is equal to the T-operator,
with the same index set /, for an empty Young diagram A = ¢} (which corresponds to
s = 0 case):

Q) =TV (w). G1)

4.3. Generalization to any representations. There is a natural way to generalize the
T-operators to any irreps A in the auxiliary space:

N
T ) = i, By [@(ui +2D+2|T)) x, (g,)H,] : (32)
7% i=1
jeTJ

where the gl/(K — |I|) characters of the irreps A are given through the characters of the
symmetric tensor representations x;(g;) by the Jacobi-Trudi determinant formula

xoi(e) = | det (s, (33)

where a is the number of rows in the Young diagram A. It is noteworthy that, due to the
definition (32), T{I)“} = 0if A has more than || rows, because x(;(g7) = 0.
The Bazhanov-Reshetikhin (BR) formula proven in [1] at the zero™ level of nesting
is also true for the T-operators on every level of nesting, and it reads
AL A2 hg T+
T{]( 1,72 )}(u) — i— f

= m (w+2— 21)) (34)

detlsiy]’Su (
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In the particular case of the rectangular Young diagrams A = (s“) this means that the
T-operators satisfy the immediate equivalent of the BR formula - the Hirota equation, '
which is the same on any level of nesting, namely

(u S)(u+])T(a s)(u 1) = (a+1 A)( +1)T(a 15)( 1
+T§“+”(u — DT D+ ). (35)

It can be proven that it is a consequence of the equation (86)!” of Appendix E. It is also
well known that the TQ-relation (29) implies the generating series expression (75) of
T-operators for symmetric representations in terms of Q-operators, detailed in Appen-
dix C (see for instance [38] at the level of eigenvalues). Then the Bazhanov-Reshetikhin
determinant formula (or, equivalently, the Hirota equation) allows to write arbitrary
T{IM (u) operators in terms of Q-operators and to check the following bilinear relations
on the nested T-operators [38] (see [39] for the case with non-zero twist g):

T3 @ T @) = 175 T w)
=T w4+ 2T W - 2), 37)
T3P @ ) = T T @)
=ij§f’;1’S)(u+2)T§” b —2), (38)

The TQ-relation (29) is a particular case of Eq. (37) when a = 0, and the two equations
(37, 38) coincide with the definition of Béacklund flow given in [39] up to the permuta-
tions on the index set I, so that the definitions (31, 32) for nested T- and Q-operators
explicitly give a solution of the linear system (37, 38).

4.4. QQ-relations. In the previous subsections, the TQ-relations were proven from the
formula (8). This formula contains the explicit factors w(z) and w(¢), and one of them
was incorporated into I7 (by defining Hm = w(t)ITy) and was associated to the nest-

ing level. The other factor (w(z) = > z*xs) was decomposed into the characters of
s-symmetric representations.

But it is also possible to generate other identities from (8), for instance by incorpo-
rating both w(#) and w(z) into 17, which gives rise to different nesting paths. Then,
a careful rewriting'® of (8) immediately gives the following well known QQ-relations
between Q-operators:

16 Hirota relation can also be written in terms of the T-operators defined as Ty 5 (1) = T(a"‘)(u +a—s).
In terms of these T-operators, (35) takes the usual form Tg s ( + DTq,s(u — 1) = Tyy1 s @)Tq—1 (1) +
T4 s+1 )Ty s—1(u), more frequent in the literature.

17 1o prove the BR at arbitrary levels of nesting, one actually needs to rewrite (86) in the following slightly
more general form, which is also equivalent to (8):

det (57 W =2k +2)) ey
1<k<|J|

J|—-1
det(j k) jer T Wi -2t
1<k<|J|

Wy ) =

(36)

which becomes the nested Bazhanov-Reshetikhin formula after the limit z; — 1/x; is taken fori € 1.
18 1n B)letusputr =,z =1;, 11 = Hlu{z J},where I C Jandi, j € I (i # j). Then note the following
relations: w(x)w ()T = [, w()[1 = M5 w(t)17 Iy TGy
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(xi—x;) Qr(u —2)Qyi,j () =x;Qy,j (u—2)Qpi () — x;Qs j(W)Qy,i(u —2), (39)

where i, j € T and i # j. These are relations among Q-operators in 4-cycles made of
{Qs,Q1,i,Qy,j, Qy i, ;) in the Hasse diagram (cf. Fig. 1).

We can immediately solve these QQ-relations, which are actually a particular case
of the Pliicker identities for all the Q-operators to get the following determinant repre-
sentations. '’

det (x[/1717FQu - 20) .,
0<k<|J|—-1

( VIl Q- zk)) det (xylflfk) jel

0<k<|J|-1

Qru() = (40)

In particular, choosing I = ) gives the expression of any Q-operator in terms of K + 1
Q-operators, namely, the K single indexed Q; (1) operators describing the last level of
nesting, and the u-independent operator Qg (). More explicitly Qg () can be defined
by its action on the diagonal basis of the quantum space by

K

- K x\" !
Qu(w)le) = Ty~ (w)le) = 2NkHInk! I (1 - i) le). (41)
= j=

1
(J#k)

where |e) = e, iy,...ix) = l€i)) ®lei,) ® -+ @ leiy_,) ® ley) and ny is the number of
Jj such thati; = k.

4.5. Operatorial Bethe equations. In this subsection we derive the set of nested Bethe
ansatz equations.

From the QQ-relations (39) one immediately sees that since Qy, ; (1) should be, by
its definition, a polynomial of u, then (for i, j € T and i # j)

Qri(w) | (xi —x))Qr(u —2)Qy i, j(u) +x;Qr ;(w)Qy;(u —2), (42)
Qri(w) | (xi —x)Qr@)Qy i j(u+2) —x,Qr ;(w)Qy;(u+2), (43)

where P|P’ denotes the fact that the polynomial P’ contains the polynomial P as a
factor. By adding x;Qy ; (# + 2) times the first line to x;Qy ; (u — 2) times the second
line, one gets

Qi) | xQr(u—2)Qy;,j(w)Qyi(u+2)+x;Qrw)Qy; j(u+2)Qy;i(u—2). (44)

This is written for the Q-operators, but when acting on particular eigenstates, the opera-
torial Bethe equations (44) become the usual polynomial Bethe equations (46) [48-51]

(cf. Eq. (68) of [39]) on the Bethe roots {u,(cl)} along a chosen nesting path. Indeed, now

we know, by construction, that the Q-operators are polynomials>’ of u and therefore for
each eigenstate their eigenvalues are also polynomials of a degree K; < N in u:

19 The factor det (x\'llflfk) jer = Hi<j;i,jej(xi — x;) in the denominator corresponds to the
0<k<|J|-1
denominator formula of the character of g/(|J]).
20 This fact was missing in the analytic Bethe ansatz construction of [39] and appeared there only as a
hypothetic ansatz for the solution of the Hirota equation by the Bécklund procedure.
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K
Q) = cr [ [ —u, (45)

k=1
so that, substituting u = u,((”) into an eigenvalue of (44), we obtain the usual nested
Bethe ansatz equations:
Li Li Li
Cx Q" =2)Qpi " +2)Qp i ()
- K 1 IK;
Xj Qr(uy")Qy i (u} l)—Z)QI,i,j(M;(( D 42)

for ke{l,2,....K.;}. (46)

The Q-operators are formal polynomials Qy(u) = z,]{vzl uk c,(cl) whose coefficients

{c,(cl)} are also operators in the quantum space. On particular quantum states - the eigen-
vectors of the spin chain Hamiltonian, a part of them becomes zero, which explains the
fact that the power of Q-functions - the eigenvalues of the Q-operators - can diminish
on each step of the Bécklund procedure.

Given all solutions of the Bethe equations (46) it is possible, in principle, to find all
eigenvalues of the Q;; operators and then to reconstruct all T-operators using TQ-rela-
tions (see (75)) together with the Hirota relation.

5. Generalization to the Supersymmetric Case

In the case of the g/(K|M) super-spin chain, T- and Q-operators are labelled by the
2K+M gubsets I of the full set J = {1,2,..., K + M}. For any element of J, we define
the grading parameter:

ppb=0 for 1 <b <K, and pr=1 for K+1<f<K+M. &)

Now the Q-operators are described by the colored Hasse diagram (see Fig. 2).
In the case of the gl(K|M) super-spin chain, the co-derivative can be defined by

o5, = i,

~ 0 k
— L D Pen
D® f(9) Eij ¢ij o) ® f (e ; g)¢:o g
1

(48)

where {e;;} are generators of g/(K|M) in the fundamental representation and a matrix
¢ is expressed as ¢ = > q§§ e;j, and g is a matrix in the fundamental representation of
GL(K|M).

As explained in [1], the properties of co-derivatives are exactly the same as in the
bosonic case, including the expression of T-operators in terms of co-derivatives (at the
zero™ nesting level). The diagrammatics of the co-derivative is also the same as in
the bosonic case, except the signs to be introduced into every permutation operator, to
getP =3, B (—=1D)P*egy ®eyp. In particular, the formula (8) still holds in the super-case
but (7) has to be substituted by

LA -2y & !
) = sdet = —1 = " Xs =< ’
R gy [ —zx) ;Z B8 = 5 Chi x@g)
(49)
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Q1234

7z 7

Fig. 2. Hasse diagram for the Q-operators: g/(2|2) case. There are 24 =16 Q-operators in the same way as
gl(4) case (Fig. 1b). Q; and Qy\ (¢} are connected by a solid line if k € {1, 2} (bosonic py = 0), dashed line
if k € {3, 4} (fermionic py = 1)

where (x1,...,XK,V1,-..,ym) = (&1,...,Ek+m) are the eigenvalues of g €
GL(K|M) in the fundamental representation and sdet denotes the super-determinant.
With slight generalizations of the definitions w.r.t. the bosonic case, all the supersym-
metric TQ- and QQ-relations follow from (8) if we define T- and Q-operators in the
following way:

= [Twap D™, By =[] -8 1)1 —g1)®Y, (50)
jel jel

N
T ) = im, By |:®(u,~ +2D+ 205 —2np)x, (g,)n,] , (51)

i7E i=1

jeTj
N
Q/(u) = lim By- [@(u,- +2D +2n5 —2n ,T)n,} : (52)
g i=1 '
jel

where nj = [I N {1,2,..., K}|, and*! ny= [T N{K +1,..., K+ M}|. In particular,
the Q-operator for an empty set (41) now becomes

K+M K+M £; nj—(=1)Pi*Pk
Qule) = T wley=2" T (=v™™m ] (1——1) le).  (53)
k=1

—— &k
J=1,
(J#k)

21 Ag before, |I| denotes Card (/).
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In what follows, the indices i, j € {1,2, ..., K}rﬁandlg, [ e {K+1,K+2,..., K+
M} NI will correspond to the opposite gradings (we might call i and j “bosons” and k, /

“fermions™), and we will use the notation/ = [+K forl € {1,2, ..., M},so that &=
In (51), x»(gr) is defined through (33), where x,(g7) is defined by the generating series

[lje; A=z

1
wy(z) = sdet = 1=K = 2 xs(gn)- (54)
l—zg; [ljer(-zx) SZ(; '
j=K -

That implies [7,52] that T{;} = 0 if the Young diagram A = (A1, A2, A3...) con-
tains the highest weight Axy; > M (i.e. unless A is inside the “fat hook region”
indicated in Fig. 10 in [1]), while for nested T-operators T{)‘}, the same “fat-hook condi-
tion” holds, but the corner of the fat hook is displaced from (M, K) to (n s, np), where
np=[IN{L2,....,K}|,ny=[IN{K+1,..., K+ M}|. This means that the “hook
region” decreases by one row or one column at each level of nesting.

Then the TQ relations (29)22 become

T3 )Qy; () = T (0)Qs () — x; T u +2)Qs (u — 2), (55)
T, ;@)Qi () =T;w)Q, j(u) — T w+2)Q, j(u —2) (56)
forl<j<KandK+1<I<K+M.
The QQ-relations?® also become grading-dependent:

(xi—x;) Qr(u—2)Qyi,j () =x;Qy j(u —2)Qy,i () —x;Qy;WQyi(u—2), (57)

(i =yD) Qpjw—=2)Qpi () =x;Qr(u—=2)Q, ; ;W) =y Qr()Q, ; j(u —2),  (58)
O1=ym) Qpj 7 =2)Qr () =y1Qy 1 (U—2)Qy i (W) —ymQ ;()Qy ;5w —2), (59)
for i,jef{l,2,....,K}NI and [,me{K+1,K+2,....,K+M}NI.

These are relations among Q-operators in 4-cycles made of {Q;, Q;;, Q. Qi j} in
the Hasse diagram Fig. 2. For example, in Fig. 2, Eq. (57) corresponds to 4-cycles made
of 4-solid lines, (58) corresponds to 4-cycles made of 2-solid lines and 2-dashed lines,
(59) corresponds to 4-cycles made of 4-dashed lines.

All these TQ- and QQ- relations are derived by choosing an appropriate I7 in (8),
but, as explained in [53], they could have been obtained from the bosonic relations by
the so called “bosonization trick” : For instance, (58) can be rewritten as

(i =y Qi —=2)Q, ;) =x:Q \j(u = 2)Qyi () — y1Q,\;w)Qsu—=2), (60)

where J = U {i }, which has exactly the same form as (57), up to the formal replacement
J — I, J\ Il — I,l. This is interpreted as the fact that adding a “boson” to the set
I (which indexes Q or T-operators) is equivalent to removing a “fermion”.>* This trick

22 Obtained from the master identity (8) by putting [T = HW’ t =t;for (55); 11 =, t = t;. for (56).

23 Obtained from the master identity (8) by putting /7 = Hm, t=tj, 2=t for (57); I1 = Hm, t =
hz=1 for (58); IT = I t=15,z2= t; for (59).

24 As explained in [39], the same linear system describes the addition of a column to the “fat hook™ or the
removal of a line (see (41) and (42) in [39,37]). In our notation, the former case is the addition of a “fermion”
to the set I, while the latter is the removal of a “boson”.
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can be viewed as a mnemonic rule, and in this construction of the T- and Q-operators, it
comes? from the power (—1)PJ in the definition (50) of I1;. This trick means that the
Hasse diagram for g/(K|M) can be “rotated” by putting Qx+1.x+2.....k+m on the top
row and Q2 ... x on the bottom row, so that the QQ-relations take the same form for
all the facets of the modified diagram.

In the same way as for the gl(K) case, the TQ-relations (55, 56) can be written as
the generating series expansion (78) (see [39,37] at the level of eigenvalues). We can
also generalize the Wronskian expressions (40) for Q-operators to all the T-operators at
all levels of nesting. They do not differ in form from the relations found in [40].

The Bethe ansatz equations for gl(K|M) [48,49] are obtained in the same way as
for the g/(K) case: there are two “bosonic” Bethe Ansatz equations (BAEs) and two
“fermionic” ones.2® The first “bosonic”” BAE follows from (57) and is unchanged with
respect to Sect. 4.5: Eq. (44) on the level of the operator and Eq. (46) on the level of the
eigenvalue. The second bosonic BAE is obtained by isolating Q i in (59) which gives

Qi) [ ymQy ;5 =2)QrQ, j(u +2) + y1Q, ;5 WQ; U+2)Q, j(u—2),  (61)

which is, at the level of eigenvalues, Eq. (81), equivalent to Eq. (69) of [39] (up to the
permutation on the indices (the Weyl group symmetry)).

On the other hand, the “fermionic” BAEs can be immediately obtained from (58) in
the form

Qri) | xiQr(u —2)Q, ; 1(u) — yQrw)Q, ; j(u —2), (62)
Qi) | xiQrw)Qy ; j(u+2) — y1Qr(u+2)Q, ; j(u). (63)

In terms of eigenvalues, the Bethe equation (62) (resp. (63)) is written as (82) (resp.
(83)) in Appendix D.

6. Conclusions

The co-derivative formalism and the master identity (8), together with the definitions
(22), (32) of nested T- and Q-operators proposed in this paper can serve as an alternative
approach to the quantum integrability, rather different from the popular algebraic Bethe
ansatz (see for example [54,55] and the references therein). It allows to complete the
whole procedure of diagonalization of transfer-matrix of the inhomogeneous twisted
gl(K|M) (super)spin chain, all the way from its construction from R-matrices obeying
the Yang-Baxter relations and till the nested system of Bethe ansatz equations, directly
in terms of the operators acting on the quantum space. The master identity (8) presented
at the beginning of the paper and generalizing a similar identity from [1] is the basis
of this approach, encoding all possible operatorial QQ- and Baxter’s TQ-relations at
every step of nesting, or of the operatorial Bicklund flow, generalizing the operatorial
Bicklund transformations of [37,38]. Remarkably, the master identity takes a bilinear
form with respect to the g/ (K|M) characters, or their generating functions. Since the

25 In (50-52) we can see that adding a “boson” to the set / multiplies [T by w(7;), while adding a “fermion”
divides it by w(t;). As the “Master Identity” is only sensible to the addition/removal of w(t;) factors, it is not
surprising that the QQ-relation obtained from “master identity” satisfies this “bosonization trick.”

26 We will call “bosonic” (resp “fermionic”) the Bethe Ansatz Equations having two free indices of the same
grading (resp. of opposite grading). For instance, in (61), the two free indices [ and 77 have the same grading,
hence this Bethe equation is called “bosonic”.
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characters can be viewed as the tau-functions of the KdV hierarchy (which is of course a
reduction of the KP hierarchy) one can speculate that this identity is simply a particular
case of the general Hirota identity for the KP tau-functions, with 7, = %tr g" playing
the role of the KP “times”. It would be an interesting relation between the quantum and
classical integrability, showing that, paradoxically, the former is a particular case of the
latter.

It would be also interesting to generalize our approach to the case of non-compact
representations of gl(K|M) in the auxiliary space, following the observations made in
[53,56,57] for the characters and Q-operators for U (2, 2|4). This might teach us how to
deal with one of the most interesting integrable physical systems, ' = 4 SYM theory
and its AdS dual - the Metsaev-Tseytlin sigma-model having the PSU (2, 2|4) global
symmetry. In general, the Y-systems for sigma-models and their Wronskian solutions
[8,9] might be also an interesting subject for their operatorial generalization in the quan-
tum (physical) space and might give us an interesting tool for the study of the spectrum
of excited states and shed some light on the formulas for the energy of an excited state
conjectured in the literature for relativistic sigma models [58,59,9] and for the AdS/CFT
[60]. It would be also interesting to generalize our master identity to other symmetries
of the spin chains, where the Bazhanov-Reshetikhin-type relations are also known, to
other than fundamental irreps in the quantum space, as well as to the trigonometric and
elliptic R-matrices.
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Note added. When finishing this paper we learned about the results of [36] which deal
with the same problem, the operatorial formulation of the Q-operators and of the TQ-
relations. The objects studied in that forthcoming paper are the same, but the formalism
is radically different from ours.

A. Diagrammatics of Co-Derivatives

A.l. Co-derivatives and characters. The action of the co-derivative on characters and
their generating function is explained in [1]. For instance, we can write

DD w) = o TP (e ) = ([ X) wo

(64)
where I (resp . ) stands for 1§Zx (resp l_lgx ), so that II = lf’;x ® 15;)6 and .\ =
Pl,z(ﬁ ® 1 f’;x ), where P » denotes the usual permutation between the 1% and ond

quantum space.?’ The general expression for D®Nw(x) is given by the formula (4.11)

27 For the supergroups, P 2 is replaced by the super permutation which differs from the usual permutation
only by certain signs (see [1]).
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of [1] (formula (30) in the arXiv version), and it represents the sum of diagrams cor-
responding to all possible permutations, with dashing all the lines going from lower to
upper nodes and directed to the right.

In terms of characters of the symmetric tensor irreps x;(g), the Eq. (64) reads D®

Dy = (I I + .\) Xz whereI (respi ) stands for lf;éfa[ (resp 1—g1e*31 ). If we identify

x = e~ % there is no ambiguity between these two definitions of the diagrammatics.
This diagrammatics can also be extended for the inclusion of the parameters u;, i.e.

(w+ D) (we+ D) wi)= ([[+ ][+ ][ +]]+X)w@.  ©9

where n stands for u or u», according to its position (for instance, HI =uyl® %,

and I n = lf’;X ® Iuo).

A.2. Co-derivatives of products. In this paper, we often use the co-derivatives acting on
products, defining the quantities like D®V IT - w(x) for an arbitrary class function I7.

Then each co-derivative can act either on I7 or on w(x), and at two spins, for instance,
the Leibniz rule gives
[15 ®D I u)(x)] —D® ([13 17] wx) + 17 [15 w(x)]) (66)
- [b@ﬁ n]w(x)+[11®b n] : [ﬁ@ﬂ w(x)]

+[1§®1[ n]-[mi) w(x)]+17[[)®[) w(x)] 67)

7 7
= w(z) + w(z)
17 17
+ w(z) + w(x) (68)

- EEEI L

(69)

The equality between (66) and (67) is just the Leibniz rule, while (68) defines
the graphical representation of each term of (67). Each black dot stands for a
co-derivative, acting on what lies on its right on the same horizontal line (horizon-
tal lines actually hide auxiliary spaces whose characters contribute to I7(g) [resp.
w(x)]). The vertical lines correspond to the quantum space on which the whole
operator acts, and the crossings without dots stand for I. When operators are mul-
tiplied in the quantum spaces, they are represented one above another. For instance

[H@[) H} - [DM w(r)] = i)

The last expression (69) gives a shorter representation of (67), where an implicit

multiplication is taken between the blocks E! The generalization to an arbitrary
number of spins N is straightforward - one has N such blocks instead of two.
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One can also see that due to the relation D det(g) = [ det(g) and to the Leibniz rule,
we have very generally

[@(m +2D) 1 det(g)“j| = det(g)* [@(m +2a+ zﬁ)n} .

i i
A.3. Commutativity of all T- and Q-operators. Everywhere through this paper, the quan-
tities of interest are of the form?® [®IN= (i + ﬁ) 17 (g)], where I1(g) is a class-invari-

ant function of g (a symmetric function of its eigenvalues).

In [1], the particular case when I7 is the character of a representation {A} was studied,
and in particular it was proven that the T-operators commute for different representations
{A} and {u}, yielding the relation

N N
ﬂ[@(w + f))xm(g)] : [@(ui +v+ ﬁ)X{u}(g)” =0, (70)

i=1 i=1

where [A,Bj=A-B—-B-A,anduj,veC.
Then, by writing an arbitrary class function as a linear combination of characters,
one gets

N N
|”:®(u,- +B)n} , |:®(ui +v+b)n’ﬂ] =0, (71)

i=1 i=1

which holds when IT, IT’ are two arbitrary class functions of g.

B. Degree in u of the Polynomials Tj (u)

We already claimed that the Lh.s. of (12) only has simple poles. Now that we have
described diagrammatic rules for the action of co-derivative on w(z) functions, we can
make this statement more explicit by writing the matrix coefficients of the Q-operator:

These matrix elements are given by a generalization of the formula (4.16) [(35) in
the arXiv version] of [1], which reads (see also (65))29

[@(2 +u; +2D) w(t):|

I, by oy
o ki
N 2(g t)@((f(l)—l—l)
=2 [N\ wioor+=————) w0 (72)
ceSy i=1 B Lo (i)

where the sum is taken over the permutation group Sy of order N. At this point, we
can already notice that the only non-zero terms in the sum are the permutations such

28 Most often, the operators of interest were actually of the form [®IN= 1 (i +2 D) 11 (g)}, which is equiv-
alent, after the rescaling u; — 2 u; and IT — H/ZN, to |: i (i + D) I'I(g)]
2 Here, the function 6 (n) is equal to 1 [resp O] if n > O [resp. n < —1].
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that Vi, k; = l,(;), since we are working in the diagonal basis. The same property holds
for T-operators, and it implies for instance that the number of spins pointing in each
direction |e) is a conserved quantity.

After multiplication by (1 — gt)® N’ the left-hand-side of (12) has only simple poles
from w(z)|,1/x:

((1 —gn®N. |:®(u,- +2D+2) w(z)D

ki.ka,--kn

Iy, Iy, 1N

N
= > I]s" (u,-(sl,g(i) (1= xp, 1) +2(xk, r)g("(i)ﬂ'*‘)) w@).  (73)

lo (i)
UESN i=1

In the definition of Qy(u), we take the limit + — 1/x;, and we see that
Q7 (u)lek, ky,..ky) is independent of all u, such that k, = j. As a consequence, the
df:gret.a in u of each eigenvalue of Q?(u) i.s equal to the number of spins pointing in the
directions |eg )k in the corresponding eigenstate.

Moreover, the generalization to an arbitrary T or Q-operator is very simple: T{IA}
(w)ley, 1y,....1y) 1s independent of u; for all i such that/; € T, and the degree in u of each
eigenvalue of T{I)‘}(u) is equal to the number of spins pointing in the directions |e;) je;
in the corresponding eigenstate.

C. Generating Series of Symmetric T-Operators

The TQ-relation (29) can be re-written as an expression for the generating series>’

Wi(u,z) = Z?io z* T (u) of symmetric T-operators:[7,37-39]
Q)
Qs (u)
where we used a shift operator ¢20u fu) = f(u+?2) for any function f(u). Let us
then fix a chain of subsets of the full set: J = Iy D Ix_1 D --- D Iy = @, where

Ie = {j1, jo, - - os Ji}s I \ Ir—1 = {jk}, k = 1,2, ..., K. Then from (74), we immedi-
ately get that

W, 2) = (1 - x; U2 o) 20w, 2), (74)

Wi (w,z) =0 - Or—1---O1-Qp(u),

_9 -1
where Oy = (1 - xjkMZezau) Qy, (u)

Qlkfl (I/t) Qlkfl (u)
_ - ) QI/(_| (M - 2) zau)n Qlk (u) 75
- §0 (x”‘ Q. w ) Qw @

which expresses the T-operators for symmetric tensor representations in terms of the
Q-operators Qy,. In particular, taking the coefficient of z in (75), one gets the usual
relation for the fundamental representation s = 1:

Q,w+2)Qyq,_(u—2)
Qy, (u) Qs ()

K
T}, () = Qi (W) Y x;,

m=1

(76)

30 From xs(gp) = 85,0, we can see that 2y (u, z) = Qg (u), which we will use to get (75).
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Note that this T-operator (76) has the same form as the T-function in [50,51] obtained
by the nested Bethe ansatz, if the Q-operators are replaced by their eigenvalues (Q-func-
tions).

The same generating series can also be written in the gl(K|M) case for a fixed
chain of subsets of the full set: J = Igxiy D Igspm—1 DO -+ D Iy = 0, where
I = {j1, j2, oo Jkb e\ Ik—1 = {jk}, k= 1,2, ..., K+ M: (74) still holds for j < K,
while for/ > K + 1 (56) gives:

Q;(u)
Q[j(“)

so that (75) becomes for gl(K|M) :
Wi (u,z) = O - Or—1--- 01 - Qg(u),

Q, ;m=2)
W, 10, 2) = (1= 3~z ) Wi, 2), (77)

o, Q=2 2&,)—1 Q) . .
where Oy, = (1 Xj, —Qlk,l(u) ze —QI]H(M) if jr <K

Qy, () ( Qu(u—2) 4 ) e f
O — 1 _ ek 7 u f = l K, 78
Conw\ T g ) TR 7

which gives for instance the following generalization of (76) :
K+M : .
e Qi (u = 2(=D)P0)Qy, (u +2(—1)Pk)

Tl — -1 Piy ; k=1 k . (79
T ) = Q) ;( )P, Q@ @ (79)

Note that the eigenvalue of (79) coincides with a traditional form of the T-function
from the Bethe ansatz [61]. There are (K + M)! ways to choose the chain {Ik}K M pt
(79) does not depend on this choice. This is the (super) Weyl group symmetry of the
T-operators.

D. Bethe Equations at the Level of Eigenvalues

As explained in Sect. 4.5, the operator equation (44) can be written as a Bethe equation
(46) on the roots of the eigenvalues Qg (u) of the polynomial operators Q; («) for any
eigenstate.

The same can be easily done in the supersymmetric case so that (44), (61), (62)
and (63) imply that for any eigenstate, the eigenvalues of the Q-operators satisfy the
conditions:>!

(L,i) (1,i) (L,i)
] Qruy " = 2)Quiuy " +2)Qpi ) for 1<k <Ky, (80)
X Q" NQ i " = 2)Qp ™ +2) ’

y Q™ +2Q 0™~ 29, ;4 wD)

-1 == 5 (”) b for 1<k<K”7 (81)
Ym (7 )Qlf(“ ’ +2)Q”m( 2)
L, 1,
x Q™ =20, )
1) o _ for 1 <k=<Kjy;, (82)
yl QI(M )QI i, l( )
mt5,Weuseheretheconvention i,j€{l,2,...,K},anddenoteby[ = [+ K and i = m+K

forl,k € {1,2,..., M} for some indices of fermionic grading.
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o Q@ +2)Q, ;g by
x, Q (I/t(l l))QI i [( , l) )

where (u(l) .. (1)) are the roots of the polynomial Q; (u).
These Eqgs. (80 §3) are equivalent to the traditional form of the Bethe equations
[48,49], respectively, [cf. Egs. (68), (69), (71) and (70) in [39].]

for lfkaLi’ (83)

E. Proof of the Master Identity (8)

In this appendix, we will give a proof of the master identity (8) based on the so-called
Bazhanov-Reshetikhin formula’>

Consider the main object of our Master identity the generating operator of the transfer
matrices

W) = ®(u, +2D) [ Tw(zo. (84)

kel

where zx € C and [ is any subset of Z.o. We assume z; # z; forany i, j € Z-¢ such
that i # j. Then the master identity (8) can be rewritten in a form of a Pliicker identity
(or Jacobi identity):

(@Zi—zj)Wriju+2)Wrw)=z;Wy j()Wy;i(w+2)—z; Wy j(u+2)Wy; (), (85)

where i, j € Z-o,i, j ¢ I,i # j.It can be solved recursively in the same way as the
QQ-relations (40)) giving

det(17FW (u—2k+2))

1<j.k=<n (86)
n— —k o .
“ t( )lfj,kgn [Tiz, ¢ u—2k)

Wi(u) =
Here ¢ (u) = Wy(u) = H _uj = Q@ (1), and we consider (without losing generality)
thecase I ={1,2,...,n} for any finite n € Z~.
Hence, to prove the master identity (8) all we need is to prove this determinant for-
mula (86). Let us expand>? the left-hand side of (86) multiplied by a factor with respect
to {zx}:

Wi (u) det (z?k)f[zj:_"z det (zj_k)Wz(u)

1<j.k<n 1<jk=n
= ®<“z 20) Y s S D S Lm0, 67
oES, m1=0mp=0 my=0k=1
where the sum* is taken over the permutation group S, on the set {l 2,...,n} and

sgn(o) is a signature of the permutation o. The coefficient of [[;_, zk for any set of

32 We thank Anton Zabrodin who proposed to us the idea to use the Bazhanov-Reshetikhin formula for the
proof of our master identity.

3 Equation (87) is an operator analogue of a generating function of the T-functions for any Young diagrams
in Eq. (2.44) in [40].

34 The sum over {my}rey can be taken over any integers since x;,(g) = 0ifm < 0.
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integers {Ax}res in (87), due to the Jacobi-Trudi formula (33), is nothing but the transfer
matrix 7, from (6),

Qi +2D) D sgno) [ | xasowr—k(2)

i o€eS, k=1
= Qi +2D) det (3:,44-1(8) (88)
]

Now let us expand the right-hand side of (86) (times the same {z; }-dependent factor):

det (zj*"w =2k + 2)) H ™"

1<j.k=<n :
j=1
o o o0 n
=D sgn) D D DT [T - 20 (k) + 2O (89)
oES, m1=0mp=0 m,=0k=1

The coefficient of [;_, zz" in (89) is

> seno) [ [T O w —20k)+2) = | det (TM”‘—J(u — 2k + 2)) . (90)

oES, k=1 =J.k=
Therefore, the proof of (86) is reduced to the following identity:
deti<jk<n (T (u — 2k +2))
[Ti21 ¢ —2k)

®(u,~ +2D) det_ (40 (8) = ., D)
1

where the Lh.s. is precisely the T-operator T*} (). We recognize here the Bazhanov-
Reshetikhin formula proven in [1]. This proves the formulas (85)-(86), and hence the
master identity (8).3°

F. Co-Derivative and “Removal” of Eigenvalues

The co-derivative of x,(gy) a priori does not have such a simple expression (as (64) in
terms of diagrams) as the co-derivative of x;(g). We will see in this subsection how to
define the action of co-derivative on x;(gy), and then we will see how to compute the
corresponding T-operators. In particular we will prove the relation (28).

Definition. The action of co-derivatives on wy(z) (introduced in (23)), can be defined
by means of Eq. (5), provided we specify what x; is at the point ¢?¢g. The most natural
definition is based on the fact that x; is the j th eigenvalue of g, or in other words the j
root of its characteristic polynomial. In this sense, x; is a function of the group element
g:xj = x;(g). In particular, x; (g H=x j(g) for any similarity transformation.
If g is a diagonal matrix, it is immediate to see that the contribution of the non-diag-
onal-elements of the matrix e?*¢g to the characteristic polynomial det (MI — e?e g) is at

35 Note that both sides of (91) are antisymmetric w.r.t. the set (A1 — 1, 20 — 2, ..., An — n). Hence, when
the determinant is non-zero, we can always relabel 1;’s in such a way that the highest weight components
satisfy the usual inequalities: A1 > Ap > --- > X, > 0.



Operatorial Baxter’s TQ Relations in Form of Operatorial Bicklund Flow 811

least quadratic in ¢. This means that at the point e?“g, x j 1s equal to (ed"“ g)j to the first

order in ¢. As a consequence, we get D X = D;ll g; = 8”6] ,Xj so that Dx] = Pjxj,
where the projector to the eigenspace for the j elgenvalue xj is Pj = ej; in this case.
More generally, if g = £27!3£2 where g is diagonal and 2 is an arbitrary similarity

transformation, then3® we obtain

A

o o :
Dj=— (27 32)| (2erc2™! )]
3(]5 ¢=0 3¢) J ¢=0

=Zei,j]rz}1(9—1)fi'x] > einji (27 eji82)! x, 92)

i1,J1 i1, J1

This exactly means that for a non-diagonal matrix g, Dx j = Pjxj, where the pro-
jector to the eigenspace for x; has the form P; = 7 le jjs2.

Computation of T-operators. The claim which was already glven in (28) is that the
computation of T-operators is done by commuting a factor ( 5y to the left of the co-

derivatives.

We will show that in the definition (27) (or equivalently (26)), the multiplication by
B7 introduced in (20) allows to commute any function of x; (where j € I) across the
co-derivatives. As a consequence, the right-hand sides of (27) and (28) are equal, giving

0 N
> e = []d —xj2 vli)mi B; - |:®(u,- +2D +2|1)) w(z)HIi| , (93)
=i jel J X i=1
jel
where the r.h.s. can be easily computed by diagrammatic methods.
In the case of 1 spin, this is checked by computing®’

tgnl (1 - gr) [[(u+2D) X ]] (1-){%) : (2bx,-) =2(1—xij)xjpj=o. (94)

We see that the key point in this commutation is the multiplication by lim,_, 1 (1 —
\]
gt) = (1 — g/x;), which cancels the terms in D x; = x;P; due to the property
(I1—-g/xj) Pj =0.
At N = m +n spins (m € Zxqo, n € Z>1), the analogous relation is

Con = 0, where Cp = (1 - g/x;)%""™ By, (95)
m m+n

By = (®(u,' + 2D)) ® [[(umﬂ +2D), xjﬂ]] ®( Q) i+ 20)),
i=1 i=m+2

and it is proven by the recurrence over m. For m = 0, this follows from (94). Let’s show
how Cy,41,, cancels under the assumption that C,, , = 0 for all g € GL(K) and any
ujeC,j=1,2,...,m+n.Then for any uo € C, one can calculate:

36 1n (92), we mainly use the relation (2.6) [Eq. (12) in the arXiv version] of [1].
37 Here, [A, B] denotes the commutator AB — BA.
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0= ((1 —g/x)® JI@("“”)) ~ ((uo +2D) ® Cm,n)

=Chara*2 ((=g/x) ®T2") - [ D@ (1-g/x)® "™ |- A® Bu). (96)

where38
o ®(m+n+1)
1/41+1,n = (1 - g/)Cj) " Br/n+1,n’
m . . m+n R (97)
et = Rui+20) ) ® [[(umﬂ +2D),xj]I]] o| & wi+2D)).
i=0 i=m+2

and due to*’ l§®g/xj =P-(1®g/x;)— P;®g/xj, the second term in (96) (multiplied
by 1/2) can be expanded to get

1 !
_5 m+1,n
m+n m+n
= (1 —g/ep @) (> Py -To( Q1 -8 —g/xp) ) ) A& Bu)
k=1 i=1
m+n m+n
— ((1 - g/x]') ®]I®(m+n)) . ij ® ®(1 - Slk - g/xj) -(I® Bm.n) »
k=1

i=1

and the first term becomes

= > Poc - (1% @ (¢/x0) @19 R) - (1@ (1 = g/x0°"™™) - (1® B,
k

which?® is zero because it contains Cyn.n. The second term is also zero because it con-
tains (1 — g/x;) P;. This completes the proof of the fact that C/, ., , = 0, from which
Cin+1,n = 0 follows.

1

As a consequence, we can indeed commute the factors 0 to the left of all co-
7z

derivatives in (27) and get the relation (28).
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