These are lectures which I gave at LPTHE in January-Febrary 2009. The lectures
are based on our recent works with H. Boos, M. Jimbo, T. Miwa and Y. Takeyama.
All the material presented in these lectures can be found in [1, 2, 3]. However, in
my opinion. these lectures are worth publishing because they provide certain logical
organisation of the results obtained in these papers.

1. LECTURE 1.

1.1. Introductory remarks. In this lectures I shall consider the XXZ spin chain.
Let us begin with the model in the finite volume with periodic boundary conditions.
The Hamiltonian is given by

(L1) Hy=1 % (oloho +0lole + Aol ), A=lgtq).
k=—N+1
where
ON41 = 00N -
I shall consider only the disordered regime:
g=¢e", veR.
The integrability is based on Yang-Baxter relations. Consider the R-matrix
R15(Q) = g2\ 1HI¢ — 2 ENC 4 (g — g7 (0 0y + 07 07).
This R-matrix satisfies:

e Yang-Baxter equations:

Rip(G/CG)Ris(Ci/G) Ras(C2/G) = Ro3(Ca/C) Rus(G/Ca) B2 (Gi/G) -
e Unitarity
Ris(QR1(CTY) = (Cg—¢lg (™ = ¢g)
e Crossing
Ri5(¢T") = —03Ri5(Ca o3
Two additional properties are
Ris(1)=(q—q P2 Rialg")=2(q— q_l)?im

where P, 5 is the permutation and Tiz is the antisymmetriser.
We have

, 2_1q 1 B
Rus(0) = ¢4 (1 T K) Pua C¥4(gc% = ¢,
q¢* —q
where
o +q! —q!
K1,2 = (Uf% + 0, ‘7; + 4 4q (U?US - 1) + d 4q (‘7{) - US)) )

is the generator of Tempeley-Lieb algebra, one of its properties is

Kiy=—(q+q )Ky2.
1
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Introduce the notation

~ -1

Then define and evaluate the transfer-matrix

tN(C) = Tra (R—N—I—l,a(C) o RN,a(C))
= (QCQ - q_1)2NT1"a (E—N+1,a(C)§—N+2,—N+1(C) e 'EN,N—l(C)P—N—i-l,a o 'PN,a>

= Tt (RoneralO) B wa va1(Q) -+ Bvv1(Q)Pwa ) U,

K172 .

where U is the shift by one site along the lattice:
Uop =0,_,U.

Campbell-Hausdorf formula implies that

gl

=171y

1

tn(Q) =ev

I,, are local integrals of motion:

N
I, = Z dp [k k+p] 5
k=—N+1

where the local density d, 1y acts non-trivially only on the interval [k, k + p],
periodical boundary conditions are implied. In particular,

1
q—q!

Hy .

Notice also that

(12)  twle ) = (= ¢ Ty (29 s1a(Q) - 2P5a(0) = U,
where I used

APy = 0;(A)%i5
with

0(A) = oc?Alo?.
Obviously, 0;(2P; ;) = P, ;.
Combining the above formulae we find
HO)t(g™Y) S (@=L,

(13) @@=qa—qb © .
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1.2. Formulation of the problem. Consider the limit N — oo. Denote by |vac)
the ground state of the Hamiltonian. Consider the Vacuum Expectation Values
(VEV)

(vac|g***©9|vac)

1.4 225000) xx 7 =
(14) {a Jxxz (vac|q2*5(0) |vac)

where S(k) = %Z;?:_Oo o, and O is a local operator. From [5] integral formulae
were known for these VEV’s for a long time. However, we were not satisfied with
these formulae, and put many efforts in their simplification (see [6] and references
therein). We have shown that all the integrals can be evaluated, and the VEV’s are
expressed in terms of one transcendental function. I shall not go into details because
our results allow significant generalisation which will be discussed in these lectures.

In the paper [7] an evidence was given that formulae similar to ours exist for the

Temperature Expectation Values (TEV)
Tre <e—ﬁH+hSq2aS(0) O)

Trg (e—ﬁH-i-hS q2aS(0)>

(1.5) (@500 xxz, o0 =

where Trg stands for the trace on $)s. For § — oo and h = 0, the expectation value
(1.5) reduces to (1.4).

At this point we ask ourselves a question: why don’t we consider instead of
exp(—BH) the general linear combination exp(— 7, 3,I,). For an integrable
model such a generalisation looks very natural even if its physical meaning is not
very clear.

After some consideration one comes with the following most general case. Our
main concern is the limit N — oo. This limit tas to be treated carefully, as is
explained above. Having all that in mind we shall formally use the space

s = ® C?.

j=—o0

Let us consider also the space

n

o 2s:+1

v = QT
j=1

where M stands for Matsubara. With every space C?57! I associate the parameter
73. Introduce

Tim(C) = Rjn(C/Ta) -+ Rja(C/71)
and
Tina = Tim(1).
Further,
Tsm = ]\}I_I)Iloo T nypm- T
In other words, using obvious notations we can rewrite:

Tsm=Tsn--"Ts1.



The generalisation of TEV which we shall study is

Tl"sTI"M (TS7MC]2HS+2QS(O) O)
(1.6) z+{ 500} -

TrsTryp (TS,MQ%S"'MS(O) )

Using (1.3) it is easy to see that if all s; = %, and

2 -1
(sz - 1) = Hv Toj—1 = @

and mivk = h then in the limit n — oo the linear functional Z* coincides with
TEV. This is the original idea of the method of” Quantum transfer-matrix” which
was proposed in [9, 12]. Making clever use of parameters 73 we can obtain from Z*
all the generalisations of TEV discussed above.

It is convenient to present the numerator of Z“{qu‘S(O)O} graphically:

Space

RN \
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NENENENENENENE

NN, ] ]
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\

+ :Rij %:chﬂ + :q(a+|<)o3 fi 1

1.3. Formulation of the result of our computations. Let me announce the
main result which I shall explain in these lectures.

First, we forget about Matsubara direction and describe the space of operators
in space direction. The main idea is similar to that of Conformal Field Theory: we
have to consider the space W, of operators of the form ¢?**$(" (O with spinless O,
and to introduce certain operators acting on this space. To be precise we have to
consider bigger space:

W = é Wass -

S=—00
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On this space we defined the creation operators t*(¢), b*(¢), ¢*(¢) and annihilation
operators b((), c(¢). These are one-parameter families of operators of the form

[e.9]

() =) (=1 ',
p=1
b (Q) =Y (=1, (O =Y (G =1,
p=1 p=1
=N (G- 1)7by, () =¢ Y (1) e,
p=0 p=0

The operator t*(¢) is in the center of our algebra of creation-annihilation operators,

[£°(C1), £7(C2)] = [67(C1), € (G2)] = [t°(C1), b (¢2)] =
[£7(¢1), e(C2)] = [t7(C1), b(G)] =

The rest of the operators b, ¢, b*, ¢* are fermionic. The only non-vanishing anti-
commutators are

[b(C1), b (G)]+ = —¥(C/Cr,a),  [e(Cr),c"(C)]+ = ¥(G/C, ),

where
241
(1.7) wm#&%&w

Each Fourier mode has the block structure
(1.8) t)r Wass = Wass
b* Cp Wa—s+1 s—1 — Wa—s )89 C* b : Wa—s—l B Wa—s )8

Among them, 7 = t7/2 plays a special role. It is the right shift by one site along
the chain. Consider the set of operators
(1.9) LA SRR ) R Sl SO (qw(‘”),
wherem € Z, j,k € Z>o,p1 > - >p; > 2,1 > --->¢q, > landr; > --->rp > 1.
It has been shown [4] that (1.9) constitutes a basis of W, . In the next two lectures
I shall explain how these operators are constructed.

Second step consists in using the above description of W, ¢ for computation of
Z". We prove the following:

(1.10) {8 (X)) = 22X},

(1.11) 25 (X)) = 5 § (¢ OZ (O} G
: ! e

(1.12) 29 (O} = =5 F €02 O} G

r
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where I" goes around &2 = 1.
Form these formulae we derive

(113) 278 OB ) b GG (G (@) )

27]:17 7l ’

k
= [T 20(¢%) x det (w(¢.¢)))

Taking the Taylor coefficients in (¢f)> — 1 in both sides, one obtains the value of Z*
on an arbitrary element of the basis (1.9).

2. LECTURE 2.

2.1. Quantum affine algebra U, (E/r\[g) We shall need some information about the

quantum affine algebra Ué(sAb). So, I have to apologise for presenting some formal
mathematical facts in this lecture.

Consider the affine algebra sl,? with central charge equal to zero. It is generated
by Chevalley generators

eo, €1, fo, fi, h=hi=—hg.
They are subject to two kinds of relations. The trivial commutation relations:
e, f5] = by N,
and the Serre relations
ad e; = ad’ eg = 0, ad‘;iofl = adi’clfo =0.
We have decomposition into direct sum of two Borel subalgebras:
s’ =bt @b

which are generated respectively by e;, h and f;, h. The algebra ;[20 allows evaluation
representation:

eve(eo) = CF, evc(er) =CE, eve(fo) =C'E, ev:(f1)=¢'F, ev(h)=H.

I shall need the g-deformation of the universal enveloping algebra of loop algebra.
Let me remind formal definitions concerning the quantum groups. Quantum group
is a Hopf algebra which means that it allows two operations: multiplication with
unit 1:

m: AQA— A,

and comultiplication
A: A-ARA,

with the requirement that A is a homomorphism:
Alzy) = Alx)Ay) -

Additional requirement consists in existence of antipode and counit. Antipode is
an anti-homomorphism s : A — A, it is a deformation of inverse for Lie algebra.
The counit is a homomorphism € : A — A, roughly speaking it projects A as linear
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space on 1 in a way compatible with the multiplication. The antipode and counit
satisfy
mo (s®id)oAlx) =mo (id® s)o Alx) = e(x).
Let o be the permutation of two copies of A in the tensor product:
c: AQRA—-ARA, oczRy)=yQ=x.

The main requirement which distinguishes quantum groups among other Hopf alge-
bras is the quisi-triangularity. Let A’ = o o A. Obviously, A’ is also a comultipli-
cation. The quasi-triangularity requires existence of universal R-matrix R € A ® A
which intertwines two comultiplications:

A =RART.
The universal R-matrix satisfy the Yang-Baxter equations:
(2.1) R12R13R23 = Ry 3R 3R1 2,

where usual notations for different embedding of R into A®3 are used. Another
property is

(2.2) (id®s)R=R"".

We shall be interested in a particular example of quantum group which is U, (E/r\[g)
Similarly to the loop algebra U, (5A[2) is generated by e;, fi, h; (i = 0,1). We consider
the case of central charge equal to zero: h; = —hy = h. Two Borel subalgebras
U,(b%) and U,(b™) are generated respectively by e;, h and f;, h. We have the com-
mutation relations:

t_l
[€Z7f]] _5,]q g )
where t; = ¢". The deformed Serre relations are
(2.3) ele; + (¢ + q 2+ 1)(eleje; — eiejel) —ejes =0,

Ffi+ @+ a2+ V) fifi = fifif]) = 7 =0
The comultiplication and antipode are given by
Ale))=e;@1+6Qe, A(fi)=fiot;'+1® fi, Alt)=t:®t;,
s(e)) ==t 'er,  A(fi) = fiti, s(t;) =t;".

The comultiplication looks quite simple, but the universal R-matrix intertwining A
and A’ is complicated. It can be written as follows:

iR' ﬁq h%h
R=1-(q—q") Zez@)f] € Uy(b™) @ Uy(b7),
where the --- stands for terms of higher degree in generators. A formula for the

general term of the series is not known, only first several terms were calculated
directly.
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2.2. Representations. The evaluation representation is exactly as in undeformed
case. Consider the (2s+ 1)-dimensional representations of U, (sly) (explicit formulae
are given later). Its composition with the evaluation representation gives rise to the

representation Wézs) of Ué(;[g). We have the following formula:

(ev, @ TIN(R) = 7(Q)L°() s ¢ =Ci/Go,s

2 HA1 (-1 5
(2’4> LO(C) = (_1(q —qu_l)CE 1(3 <2(z]—h)(§-f) tg /27

where in the case under consideration (|q| = 1) the multiplier 7(¢) is some transcen-
dental function depending on ¢ and on the Casimir of U,(sly). The formula (2.4) is
rather a result of consistency with Yang-Baxter, crossing and unitarity then of an
honest computation. First of all, as it has been said, the formula for the universal
R-matrix is not completely known. This is unpleasant, but can be fixed in principle.
But knowing the full series for the universal R-matrix would not completely solve
the problem. The expression through the universal R-matrix can provide only power
series in (¢, while the function 7(¢) is such that this power series do not converge
being only asymptotical ones. That is why I shall use the relation to U, (;[2) only as
an intuitive idea, all the algebraic formulae which I shall use can be verified directly.
We shall use the following representations for U,(sly) in the L-operator (2.4):

e [inite-dimensional of dimension 2s + 1:
FUj = Vj+1, H’Uj = (—28+2j)1)j, t() :q_H,
By = (¢ —q 7)) — g 2072 WYy, j=0,---,2s.

e Shifted Verma module with lowest weight A and shift m are denoted by
Vym(A). They are defined by

FUj = ’Uj_|_1, H’Uj = (A + Qj)Uj,

E’Uj:q_A+1(qA_H_2—1)(qA+H—1)'Uj_1, jzo’ ,00.
tov; = q_H_mvj ,
where v_; = 0.

Recall that R € U,(b%) @ U,(b~). Suppose we have two homomorphisms
U,(6%) — A", U, (b7) — A~

I shall use the term L-operator for the image of the universal R-matrix under these
maps. This is an observation of Bazhanov, Lukyanov and Zamolodchikov that for
constructing L-operator it is not necessary to represent the entire affine algebra as
we did before, but only its Borel sublagebras.

Consider the important example. The g-oscillator algebra Osc is an associative
with generators a, a*, ¢” and defining relations

¢"aq P =q'a, ¢"a‘q”=gqa",

aa>)<:1_q2D—|—27 a*azl—q2D.



Representations of Osc relevant to us are p* : Osc — End(W*) defined by
(2.5) W = @p0Clk), W™ = BpoClE),

¢"|k) = ¢"[k), alk) = (1 — ¢*)|k — 1), a’lk) = (1 = 0 1)k +1).
We shall use the trace functional Tr(¢**P-) : Osc — C(q%) given as follows. For
each x € Osc and y € C, the ordinary trace £Try+(y”z) on W= is well-defined
for sufficiently small |y|*!, and gives the same rational function g¢,(y) in y. By

definition, Tr(¢**Px) means g,(¢>*) € C(¢“). Notice that Tr(¢**P-) is a purely
algebraic operation characterized as the unique linear map with the properties

Tr(¢**PXY) = Tr(? PPy X) (X,Y € Osc,¢"XqP = ¢*0 X)),

1
Tr(q2aquD) _

Ry — e (m € Z).

There is a homomorphism of algebras o : U;b™ — Osc given by

C C * —2D 2D
oc(eg) = a, ocle1) = a’, oclty) =q 77, oct)=q".
(len) = —a, ocler) = ——a’, og(to) ((t)

We define representations ocjE : U,b7 — End(W#) by
of =pToo;, of =p oocou,
where ¢ denotes the involution e; — e;_;, t; — t1_; of U,b™.
We define
(0F @ me)R = o (C/€) - L%~ (¢/€).
Then by self-consistence one finds:
. o 1— C2q2DA+2 _CaA q—DA 0
26) = (10T S (0 o)
Here I started to put indices counting different algabras. They are often tautological,
but many formulae are unreadable if we do not use them. The ruleis: A, B, --- for ¢-
oscillators, a, b, - - - for auxiliary two-dimensional spaces, j, k, - - - for space direction,
J, Kk, - - - for Matsubara direction.

The main property of the g-oscillator representation is that its tensor product
with usual evaluation representation has reducible but not decomposible structure.
Without going into much details let me write directly the manifestation of this fact:

(27) Liaayg(€) = (Foa) " Laj(¢)La;(¢)Fa

_ (_11 . 0) <LA,j<q<>q—U?/2 o )
ol 1) 0 Laj(q7'Q)q7 "),

where F, 4 =1 —auo;.
The explicit formula for o(¢) is not important, but the functional equation and
relation to p({) are given by:

_1/20(Q‘1<)
a(¢)

1
=1 o

(2.8) p(¢) =4q , o(Qolg™'¢)
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3. LECTURE 3.
3.1. Evaluation of Z*. Let us return to the functional Z*. It is defined as

TrpinTrm (T[—l+17l]7Mq2HS[’l“’”+ 20S-1+1,0) O)

(31 z+{¢*500} = Iim

)
I kS| _ 208
© Tr gy, Tem (T[—l+1,l],Mq RS[—i41, 205 L+1,0])

where I used obvious notations for traces over finite chain [—I + 1,[]. Consider the
transfer-matrices in Matsubara direction:

3

Tm(C, k) = Tr; (ijM(C)qRC’f) o Tm(C ki +a) =Ty (ijM(C)q(“a)C’?) ,

where
Tim(C) = Lin(C/ma) -+ L34 (¢/71) -

These are two commutative (but not mutually commutative) families of operators.
Since O is local in the expression for Z* there are infinitely many Ty(1, k) to the
right of O and Tm(1, k + «) to the left of O. Suppose that Ty ((, k) (Tm(¢, < + @))
has unique eigen- (co)vector |k) ({k + a ) such that

o If T((, k) (T(¢, Kk + a)) is corresponding eigenvalue, T'(1, k) (T'(1,xk 4+ «)) is

of maximal absolute value.
e Nondegeneracy:

(k+alk) #0.
Suppose that
q2a5(0)o — q2a5(k—1)X[k’m} ’

where X, acts non-trivially only on the space interval [k,m]. Then it is quite
clear that

1 <I{ 4 Oé|T1"[k7m] (T[k7m]7Mq2nS[k,m]X[hm]> |I€>
T(1, k)™ 1k + a|k) ’

Zﬁ{qzasm)o} — p(1)*~

where

(3.2 plo) = Tt

Let us discuss the diagonalisation of Ty ((, k) using @Q-operators and Baxter equa-
tions . One can say that the diagonilasation is solved simpler by Bethe Ansatz, but
later we shall need the algebraic structure described during the previous lecture for
more serious goals, so, the diagonilasation will serve a good exercise.

3.2. Spectral problem in Matsubara direction. Introduce the Q-operator (transfer-
matrix with g-oscillator as auxiliary space):

Qm(C, k) = ¢ STrd (Tam()g™P*) |

where Tr™ is trace over W,

Tam(C) = Ly n(C/Tn) -+ L51(C/ 1),
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S is the operstor of total spin in Matsubara direction. Recall that we allow ar-
bitrary spins in Matsubara direction, corresponding L-operators L‘27j(§ /7;) are ob-
tained from (2.6) by standard fusion procedure. Using the fusion relation (2.7) we
immediately obtain the Baxter equation:

(3.3) T (¢, #)Qm(¢, &) = a()Qm(Ca™, k) + d(C)Qm(Ca, k) ,

where
(s ) ()

By construction Ta (¢, x) and (*+SQw (¢, k) are polynomials of (2. That is why the
equations (3.3) imply Bethe equations and, hence, defines the spectrum of transfer-
matrices.

Denote by J the operation of spin reversal in Matsubara direction. It is easy to
see that

JTM(C) K’)J = TM(Ca _K') :
The Q-operator Qm(C, k) is originally defined for ¢ < 1, but then it is analytically

continued. I shall often denote Qn(C, k) by Qi;(¢, k). We have another solution of
Baxter equation

Qm(C k) = JQu (¢ R)T
This Q-operator is directly defined by
Qua(C, k) = Ty (Tx m(Qg ™)
and

Ly;(Q) = UleZj(C)ajl .

3.3. Commutation relations. BLZ construction. I want to prove the commu-
tation relations:

(3.4) (G, k), T(C, k)] =0,

(3.5) T (G, k), QT (Coy 0)] = [T(Gr, k), @ (G, k)] = 0,
(3.6) QT (G, k), QT (G, w)] = [Q7 (11 K), @™ (G, 8)] = 0,
(3.7) QT (¢, k), Q7 (G, k)] = 0.

The equation (3.4) we already know. The equations (3.5) follow from
Laa(G/C)Laj(G) Laj(Cr) = Laj(C)Laj(C2) Laa(C2/Ch) -

The equations (3.6) are more complicated. The point is that a priori we cannot
expect that the R-matrix intertwining L4 ;(¢1) and Lp;((2) because both A and
B correspond to representations of the same Borel subalgebra. However, by direct
computation we find that the R-matrix satisfying

Rap(Ci1/C)Laj(C)Lej(C) = Lpj(C2)La;(C)Rap(Ci/C) -

does exist. It is given by
(3.8) Ra5(C) = Paph((,uap)CP4*Ps,

—_— — —



12

where we have set us p = a%q¢ ?P4ap, and h(¢,u) is the unique formal power series
in u satisfying

(3.9) (1+ Cu)h(C,u) = (1+ (T u)h(C, ¢*u),
(3.10) h(¢u) = (1+ Cu)(1+¢7*Cu)h(g™*C u)
and h(¢,0) = 1.

Finally, let us consider the most complicated equation (3.7). Trying to find an
R-matrix intertwining L7 ;(¢1) and L () one immediately finds a contradiction,

Let us introduce the following elements of Osc®? which will play a role in the
sequel.

(3.11) Uap(C) = Caj + an

(3.12) Va(¢) = Cajp + aag®”

(3.13) Ya5(C) = (C¢* — asagp )quA ;
(3.14) Zap(¢) = (PP —ajapg P

These operators appear as matrix elements of products of L-operators,
(3.15)

LT (G) L3 (G2)
_ <1 — (1GYas(C) =G - 2Za5(()as — (G Cz)VA,B(C)) g~ (Da=Dp)?

—GUa,(C) 1 — (1G2Za,8(C)
(3.16)
Ly (G)LLT(G)
< 1- ClCzZB A(Ch) —GUpA(CTY) ) (Dp—Da)o3
61— Cq%Zp a(C))ap — (G, G)VBa(CY) 1= GGYpalch)) '

Here we have set ¢ = (1/Co, and ¢(C1, (&) = ¢HE(1 — g?).
Let us list the commutation relations that are relevant to us.

e Usp, Yan, Zap, as among themselves:

Ya(Q)Uas(C) = ¢*Uan(()Yan(C),

Zap(Q)Uas(C) = ¢ *Uan(()Za5(C),
(3.17) aaUap(¢) — ¢*Uap(¢)aa = ¢(1 - ¢%),

Yap(Qas = ¢ asYans(C)
Zap(Qaa=gq aAZA B(C) +¢* (1= ¢*)CVans(C),
Ya5(¢)Zas(C) = ¢ — ¢ q"Uan(()Van((),
Zap()Yan)=¢ —C 'PUA(O)VaB(C).
o Uap, Yan, Zap, aa, ap with Vy p:
(3.18) Vap((),X]=0 for X =Uap((),Yan((), Za5((C),au,

Vas(Qag — ¢ *apVap(() =C(1—¢7%).
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® Uap, YaB, Zap, as with ag:

(3.19) [Uap(C),ap] = [Yans(C),as) = [as,ap] =0,
Zap(Q)ag =apZap(C) + (1= ) Uan(Og? P20

The following result can be extracted from [8].
Lemma. Set

_G
(3.20) (= &’

The tensor product ngr ® W, has an increasing filtration by U,b" -submodules

" =qC.

(3.21) o =wiVcw@cwlc...cwMc...cwWiew,,

(m) _ i+ -
U w"=wiew,,
m=—1
such that each subquotient is isomorphic to a shifted Verma module

~

(3:22) W WY S Vg am(A).

The tensor product W & Wg in the opposite order has a decreasing filtration by
U,b" -submodules

(3.23) WoeW:=wiVowy >-.owg” 5.,
n WI(%m) =0,
I=—1
such that each subquotient is isomorphic to a shifted Verma module
m—1 m) ~
(3.24) v WY WY 2V e ()

Proof. The vector space W+ ® W~ has the following basis
ejp=Uan((Yapy [0)®|—1) (j,p € ZLs).

Let WL(m) denote the linear span of e;, with j > 0 and p < m. Introduce the
operator H by ¢"¢;,, = C¢¥*'ej . A direct calculation using (3.17)-(3.19) shows
that (with x denoting an irrelevant constant)

UaB(C)ejm = €js1m

Yap(Q)ejm=q"""ejm,

Zap(Q)ejm=q " ejm+* €jyim,

(1—¢ g2 Zas(0)aneim = ¢ (¢ = 1)(Cg"™ = 1)ej 1 +* €jm1,

Vap(C)ejm=* €jm-1

2(Da—D _ +~—1_H+2m+1
q ( B)ej,m - q €im -
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In view of the relations
(a—q A(eo) = G(1 — "¢ Zap(Q))an + ¢ G Vas(C),
(a—a7")A(er) = GUas(Q),
Ato) ™ = Aty) = ¢*P27P7),

we see that WL(m) are U,bT-submodules, and the factors coincide with the Verma

modules.
Similarly, for W ® W we introduce a basis

fir= (1= Ca2Zp.a(C"))ap) Ve —1) ®]0).

Let_Wém) be the linear span of f;, with j > 0 and p > m. Setting ¢ f;,, =
Cq* ™ fj.m, we have

(3.25) (1=¢q¢*Z.a(¢CY) aBfim = fitim,
Up (¢ fim = ¢ (¢ = D)(Cq™ = 1) fiim
ZB,A(C 1)fym = qH+1me +xfitmt1
YealC) fim=a""" fim,
Vea(C") fim = fim+1,
)

2(Da—Dp fi

1H2 1
7,m C +m+f]m~

q
The second statement follows from these. QED

Let us say that an operator X*(¢) € End(W* @ W™) (resp. X(¢) € End(W~ ®
W™)) is left (resp. right) admissible if it preserves the filtration (3.21) (resp. (3.23)).
The operators

UA’B(C)’ VA,B(C)v YA,B(C), ZA,B(C); ayu, qz(DA—DB)
are left admissible, and
UBvA(C_1)7 VB7A(C_1)7 YB,A(C_I), ZB,A(C_I), ag, q2(DA—DB)

are right admissible. By the isomorphisms (3.22),(3.24), we have the correspondence
of operators on each subquotient,

o XM (¢) ot =X(C) = tro XT(¢) o1z,

where X%(¢), X%(¢) and X(¢) are related to each other via the following table 1.
The above Lemma has two corollaries which are important to us. We shall omit
writing the intervals [, [].
If XL(¢) is left admissible, then

N(o—S)Trap {X"(¢) Tham(Cr,a)Tpp(G )} 70
(3.26) = ~Try {X(Q) T(v/GGr o)}
:N(Oé—S TrAB{xR BM(C% )TAM Clv }Ca S
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TaBLE 1. Correspondence of operators: W @ W, (left), Vi (A) (mid-
dle), W, @ W (right)

xXE X XF
VA B(C) 0 *
0 VB,a(C™)
Ya B( ) gt Zp,a(C)
ZA 5(C) gt YA
V(1 =¢! 4 2Zap(())aa|(g—qgHF 1 VCUB AT
Vv Uas(¢) (—¢HE |V (1-Cq*Zpa(C"Y))as

The operators X(¢), XE(¢) are obtained from X*(¢) via the table (1). In particular
taking X% (¢) = X(¢) we get the commutation relation (3.7).

4. LECTURE 4.

4.1. Construction of annihilation operators. During the last lecture I explained
several properties of the g-oscillator representation and applied it to diagonalisation
of transfer-matrices in Matsubara direction. If this were the only application I would
not bother you with it: there are simpler ways to diagonalise the transfer-matrix.
Today I shall explain much more important application of g-oscillators. Here we
shall forget about Matsubara and concentrate on the space direction.

Consider the operator X[, which acts on C®U=k+1)  Define

Taﬂ[kvl](C) = Z,l (C) e Z,k‘(g) :
The adjoint monodromy matrix T, ((, «) is defined by

To(C, ) (X)) = Ta,[k,l}(C)anZX[k,l]Ta,[k,l}(C)_la :

Here and later I use the abbreviation: in the left hand side the suffix [k,{] is used
only for the argument and not for T,((, «).
Define

S(Xiwap) =[Sy Xiwals St = 5 2 ey 75

Notice that Lg ;(¢)~" has poles at ¢* = ¢**. Hence T4((, a)(X,) is a meromorphic
function of (? which has poles of degree at most | — k + 1 at the above points.
Define similarly the matrices T4(¢,«) and T, a(C,a). It is easy to compute
szj(g“)_l and to make sure that it has simple pole at ¢(? = 1. Hence T((, @)
has pole of degree at most [ —k + 1 at ¢ = 1, and T, 4(¢, @) has poles of degree at
most [ —k+ 1 at (2 =1, ¢*.
Due to the fusion relation (2.7) we have

(4.1) T} (€ ) (Xy) = (Faa)™' (TalC, ) Ta(C, ) (Xip)) Fua

<AA(C>Q)(X[k,l}) 0 )
Ca(¢, ) (X)) DalCa)(Xpn)),’
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where
(4.2) Aa(¢ ) (X)) = Talg¢, @)g* > (X)),
(4.3) Da(C, o) (Xpey) = Talg "¢, ) (Xpuy).-

At the previous lecture we took in the relations similar to (4.1) trace of the diagonal
element which led to Baxter equations. The main idea of our construction is to take
the trace of the off diagonal element defining

(4.4) k(C, a)(Xpy) = TrA{(CA(Q 0)Co5 (g2 X[k,l])} ,

This operator raises spin of X{;;. We introduce another operator which lowers the
spin:
QS(k)(C, Oé) = q_lN(a e 1) oJo k(Ca —CY) © J>
where J is the adjoint of spin reversal, N(z) = ¢~* — ¢*.
In what follows I shall often use the ¢-difference operator:

Acf(C) = f(Cq) — f(Ca™).

I shall say that Acf(¢) is g-exact 1-form if (T f(¢) or (“f(¢) is a meromorphic
function os (2, singular at ¢? = 1 only.

Using the R-matrix for the first case and BLZ construction for the second one
arrives after some calculations to the following relations:

(4.5) k(G a)k(Co a0+ 1) + k(G a)k(Cryar + 1)
= Qg m(++)(§1, Co,x) + ACQm(++)(C27 G, a),
(4.6) k(G @)o(k)(C a0+ 1) + ¢(k) (G2, a)k(Cry a0 — 1)

= A¢ m™ ({1, G a) + Acgm(_+)(C2, (1, a),
where for m*+), m+=) we have rather frightening formulae.

m (¢, G, @) (X )

= Trpa (Mya5(C1/C)TalC, @) Ty (G, ) (C1G2)* > (g 00 X))
My a5(¢) = g__lqg__ll (quB‘QD”"E”(a*A)QO? — ¢+ CuA,B)anDBaJ> :
m (¢, G, @) (X )

= Nl = 8T (M 4 5(G/G@ITE (G )T, py (G2 0) (X)) 1775,

1 3 _ _ N o3

MI;,A,B(C) = C _ C—_lq bDa (%(C _I_C 1)0-2 +< IUA,B(C)Ub ) q bDa .

It can be shown that the singularity of m™)((y, &, ) at (2 = (2 is fictitious, so, the
only singularities of m*+)({y, (3, @) as function of ¢? are situated at (? = 1. Hence,
the right hand side of (4.5) can be called g-exact 2-form. Having an equation like
(4.5) with classical exact form in the right hand side we would integrate it over
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closed cycles in both variables to find operators whose anti-commutator vanishes.
Similar trick applies to our case, namely, if we define

&(C, @) (Xpk) = 5 i 0 </s,a+s>k<s,a><x[k,”>‘§%2,
c(¢,a)(Xp) = 75 $n (/€ a +8) {k(g€,a) + k

(¢~
where T' goes clockwise around ¢? = 1, then integrating (

(47) C(Cl, OZ)C(CQ, a+ 1) + C(<2a CM)C(Cl, o+ 1) =0 s
and the same if we replace one or both ¢ by ¢. Actually, as we shall see ¢ and ¢
are not independent, so, in practice I shall use only c. This is the first important

property of c((, a).
Define further

2

)} (X[k l}) €2 >

4. 5) one easily gets

b(¢, @) = ¢(c) (¢, ).
The relation (4.7) implies

(48) b(<1> Oé)b(gg, o — 1) + b(gg, Oé)b(gl, a — 1) =0.

In order to find commutation relations between ¢ and b one has to use (4.6). Here
there is one trouble: the right hand side of (4.6) is a singular g-exact 2-form: it has
a simple pole at (? = (3 because

(G, Gra) =9(G/Ga+S)+0(1), G~

This fact is very important for the commutation relations with creation operators
which we shall consider later, but it does not affect the commutation relations be-
tween c and b which are

(4.9) c(Cr,a)b(Ca, a4+ 1) + b((e, @)c(¢,aa— 1) = 0.

Now I want to discuss one more miraculous property of operators ¢ and b. I shall
concentrate on c. By the very construction it is quite obvious that for an operator
Xppop = ¢2DSkm—11 ® Y}, with k < m < [ we have

k(¢, a) (" VIm @ Vi) = ¢**Shm=1 @ K((, ) (V)

where the convention is that in the right hand side k((, a) is constructed on the
interval [m, []. We call this relation the left reduction relation.

Really nontrivial relation occurs when we consider X ;) = Y[gm @ Ijm41,). In that
case we compute:
(4.10)

k(Ca O‘)(Y'[km"b] ® [[m—i-l,l]) (Ca )( [k,m] ) ® I[m-i—ll + ACV(Ca )( [k,m] X [[m—i-l l])
where v is rather messy operator, but its only property which interests us here is

that it is singular at (2 = 1 only. So, the last term of (4.10) is a g-exact 1-form and
we obtain for ¢((, a):

(4.11) c(¢, a) (IS @ Vi ) = 21 @ (¢, @) (Vi)
(412) (<7 )( [k,m] ®I[m+1l}) _C( )( [km)®l[m+1l}
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These reduction relations allow to define the operator c¢((, a) in the infinite volume
as operator sending quasi-local operators of the type ¢?(@+t1)5(0) 9 to operators of the
type @50’ Notice that the spin of O’ is greater than the spin of O by 1. Now we
construct the operator c(¢) acting on W from blocks ¢({,a—8) @ Wq_si161 —
Wa—s,s~

This non-violent construction of operators in infinite volume out of operators in
finite volume is the essence of our approach. Notice the contrast with the thermo-
dynamic limit for Bethe Ansatz which is a complicated and mathematically non-
rigorous procedure.

One important property of ¢, b is that they kill the primary field:

(@) =0, b)) =0.
For that reason and for the fact that ¢, b do not increase the length of operators we

call them annihilation operators.

4.2. Construction of creation operators. Our next goal is to construct creation
operators which produce the space W® acting on the primary field. I start with
the simple one.

On the interval [k, (] consider the operator

t°(¢ ) (Xpeyy) = TraTo (¢, ) (X)) -
For trivial reasons it satisfies the left reduction relation:
(4.13) (¢, @) (gm0 @ Xy ) = ¢ @ (¢, ) (Xpmay)

which allows to define the inductive limit & — —oo.
Let us expand %tfkvl](g,a)(X[k,m}) in ¢(? — 1. Recall the formulae from the first
lectures and set

RY;(C?) = C7PRi QP RY(C) = R ()P ;¢
We have
£, (G ) (Xm) = Tra{RY ((CIRY)_1(¢%) -+ Ry 1 (C)(@°F T (X m)) -
Define an operator r; ;(¢?) by
RY;(C%) =1+ (¢* = Driy(¢3).

Note that r;;(¢?) is regular at ¢(* = 1 and that r;;(¢*)(Z) = 0 if Z is a local
operator such that its action on the 1-th and the j-th components is proportional to
the identity operator or ¢*i 7). We define R, " 1](C2) acting on M, by

R (C )(X[kl) Rll 1(4) Rk+1k(§ )(X[k,l])-
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We have

=2 Z(C2 — 1770 5(C%) Tt (CORY(C) (Yimay)

+(C2 - 1)l_mTra {ra,l(C2>rl,l—1(C2) e 'rm+2,m+1(Cz)Rv(&)(Y[k,mH})} :

where Yj, 1] = qa"gT(X[km]). There are no gaps between ry, 1 x(¢?) for k > m due
to the vanishing property of r; ;(¢?)(Z) discussed above. Therefore, the inductive
limit [ — o0 is well-defined as a formal power series in (2 — 1. Namely, for X € W
such that the support of X is contained in [k, m] we define

t(OX) = lim ¢®@EDeG (¢ o= 8)(Xpom)

|—00

2¢%5k=1) Z Y 1,5(C7) - o (CRY(C) (Yikmay)-
‘]:m

The operators t are the coefficients of t*().

f: p lt*

p=1

It can be shown that t*({) is a commutative family of operators. Moreover, t*((;)
commute with c((s), b({2). As I said the operator ¢(() is not independent:
N dg?
m/wg RGEGES

where a takes value a — s on W, ;. Actually, the operators t; have rather simple
nature: they are constructed from form shift 7* and adjoint action of local integrals
of motion. Acting on the primary field they create operators from W, o, but certainly
only a part of them. So, we have to find the rest of creation operators.

For an analogy with the theory of singular Riemann surfaces it is very tempting
to consider Aglk((’ ,a). 1 do not want to go into details of this analogy because I
have never been able to explain it clearly, but let me say that taking Agl is natural
at least for the reduction relation (4.10). The operator k((, «) has singularity, so,
before applying Ac_l it is convenient to make some subtractions in order that no
transcendental function occur. These subtraction are done with operators which are
already familiar:

f(Ca Oé)( [k l] ({k Ca E(C, Oé) - C(q<> Oé) - C(q_1<> Oé)} (X[k,l])) :

It is easy to see that (~*"°f((, a)(X, ) is a meromorphic function of ¢? with sin-
gularities at (? = 1 and (? = oo.
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Now I give the main definition. I cannot explain where these formulae come from,
for us it was a result of long experimental work

(414) b* (Ca Oé) (X[k,l]) = (f(q<> Oé) + f(q_ICa Oé) - t*(<> a)f(<> Oé)) (X[k,l]) e

We define one more operator in familiar way

(4.15) (¢, a) (X)) == —o(0")(¢, @) (Xppp)-
The first property of b*((, «) is the right reduction relation:

(4.16) b*(C, Oz)(X[k,m} X I[m+1,l}) = Tr, {Tc,[m+1,z](C) (gC(Ca a) (X[k,m]) ® [[m+1vl]>} )

where

(G 0) (Xpim) = (3(aC, @) + 3(g7¢, 0) = TG, )F(C, @) + el ) ) (Xip),
UC(C, O‘)<X[k,m}) = TrA,a {Ya,c,AT{a,A} (Cu a)ca—S (q_zs[k’m] X[k,m})} )

_ 1.3 4+, +_3 + o+
Yoea=—50.0, +0.0, —aso o, ..

The formula for g.({, ) is given for completeness, here we need only to properties:

e The operator g.(¢, @)(Xk,m) is localised on the interval [k, m].
e As a function of ¢* the operator g.(¢, )(Xpm)) regular at ¢* = 1.

So, using the reduction relation (4.16) and the above properties we realise that
b*(¢, ) considered as power series in (?—1 allows the inductive limit ¥ — —oo, | —
0o. Then from blocks we combine the operator b*(¢). Similarly, the operator ¢*(¢)
is defined.

The operator t*((;) commutes with ¢*((z), b*({2). The operators c, b, c* and b*
are fermions:

(4.17) [b(G1); e*(G)]+ = [e(Cr), b (G)]+ =0,
[b(¢1), b*(C2)]4+ = —¥(C2/Cr, e+ ),
[c(G), " (Q)]+ = ¥(G/C e +8).
Proof of these commutation relations is extremely complicated. It is based on (4.5)

and (4.6) and uses a lot of algebra.
Finally, we prove the completeness (1.9).

5. LECTURE 5.

5.1. Functional Z* and creation operator t*((). In the previous lecture we
introduced the operators which create the entire space W, ¢ from the primary field.
The goal of this, last, lecture is to compute Z* on the descendants created by these
operators.

Consider X € W, o. Without loss of generality we set

X = X[17l]q2a5(0) )
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The functional Z* is evaluated as follows:
Z’i{t*(ga Oé) (X[l,m}q2aS(0)) }

- (wtalTrpga. (T[u],MqQ“S“'” To1,0(¢, a)(X[Lm])) %)
= lim
1=00 T(1, k)Kk + a|k)

An important consequence of the definition of t* is that if we define for some matrix
K

2

trk,l}(ga «, K)(X[k,m}) = mTra (Ka’]ra,[k,l](ga a)(X[k,m})) s

then it is easy to conclude that
(5.1) le (G 0 K) (Xpmg) = t7(C, @) (Xpmg)  mod (¢ — 1)

From this observation we derive

(k+ a|Trp g0 (T[u],qu'{S“'” Ta (C)(X[l,m})> |#)

2
T,
o mod (¢? — 1),

The idea here is exactly as in (5.1). The monodromy matrix 7, ,171\/1((’)q"“’g plays
the role of K,. The fact that it carries the additional structure as operator in the
Matsubara space is not important. What is important is that the state |x) is an
cigenstate of Trq(Thm(¢ )q"“’g) with eigenvalue T'((, k). Now we can proceed using
the Yang-Baxter equation and the cyclicity of trace:

<l-{, + 04|Tr[1,l],a (ir[l,l},M q2ﬁs[1'l]Ta,M(C)qmnga,[l,l} (<7 a)(X[l,m})> |K’>

T(¢, k)
2

= T ) (k4 a|Trp e (Ta,u,l](C) <Ta,M(C)q(K+a)02T[1,l],M qz'{S“'”X[Lm})) |K)
2 .

= T T (7ean(Qa ™ Ty r @511 ) )

= 2p(Q){r + a|Trpy (T[l,l],M g*on X[l,m}) k),

Which implies the first of our main relations:

(5.2) 2L () (@*500) } = 20(Q) {0}

Notice the important property of this formula. The operator t*({) was defined as
formal power series in ¢ — 1, it did not make sense to talk about convergence of
these series. However, when substituted under Z* the operator t*({) provides the
analytical function p(().
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5.2. Functional Z" and creation operator b*({). Preparation. Now consider
the operator b*({). Using the reduction relation (4.16) and the arguments used
when considering t* we get

(5.3) T, k)Z" (b*(C, a)(qz(aH)S(O)Xu,m]))
_ Tr[l,m},c (<"€ + O“ﬂl,m},M(L K;>TC,M(C7 H)2g6,[1,m](<—7 Oé) (X[l,m])"f>)
T(1, k)™ (k + a|k) ’
The right hand side of this equation is of the form (*R((?), where R((?) is a mero-
morphic function of (? with poles at (> = ¢*2. The first goal is to compute the

singularities. This is not very complicated problem comparing to other computa-
tions which we had to do during this work. The result is

(5.4) TG mz{ (b(¢a) - 2% ]{wsym(c,ﬁ)c(ﬁ,a)i—f

where X € Wy _1, I' encircles £ =1,

a(§)d(Q)¥(q¢/§, @) — a(Q)d(§)v (g~ ¢/ @)
T(¢ R)T(E k)
A (C/E, ) +20(C/8, a) (p(C) — p(8)) -

and P,(¢?) is a polynomial in (? of degree at most n.
Inspired by (5.4) we conjecture that

(5.5) ﬂmmwmwm%i¢TMMMWM@

J(X)} =P,

Wsym(Ca g"@ Oé) =4

de?
5—2’

271
r

with some function w((, ).
Applying the operattion ¢ we obtain similar equation for ¢* and b. There are two
ways to compute

Z"{b*((1)e* (G) (g**5 ) } .

Comparing the results and making explicit the dependance on «, k we get the
condition on w((,§):

(56) (U(C,S|Oé,/€) :C&J(S,C| _O‘a_"{) :
The case v = 0 is not very simple for our construction in general: some indefi-

nitenesses should be uncovered using the L’Hopital rules. However, the function
w((,€|0, k) is perfectly well defined, it satisfies the symmetry

w(¢, €10, k) = w(C, £]0, —K),

and, hence,

(5.7) w(¢, €10, k) = w(£, €0, K) .

Recall that n is the number of sites in Matsubara direction, so, the singularity at
infinity described by (5.4) is same for all X. This is in contrast with the order of
pole of T'(¢, k) Z*{b*({,)(X) } which is given by (5.4) and which can be of order of
any degree depending on X. Let me make a digression on a similar situation which
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takes place in classical mathematics. This digression will also explain the origin of
certain class of symmetric functions of two complex variables.

5.3. Digression on canonical second kind differential. Consider a Riemann
surface . For definiteness the surface will be hyperelliptic given by equation
w? = P(2), deg(P) =2n.

Genus of this Riemann surface equals n — 1. The holomorphic differentials are

A1

05(z) =

P(z)
The surface ¥ contains two points which project on z = 0o, I denote them by oo
shall consider the differentials which have singularities only at co*, and no residues

(only first and second kind differentials). For such differentials we have canonical
anti-symmetric pairing:

dz, j=1,---,n—1.

=1

W1 0wy = Z res wid tws,
oot
where d~'ws is the primitive function. Among those, singular at oo™ differentials
there are exact forms: y
—(2Fw), Fdz, k>0.
dz

The basis of remaining non-trivial second kind differential is

| d . dz
G ==2 | —(3P(z } —, j=1,--,
! [dz( () + 2¢/P(2)
It is easy to compute that these differentials together with the holomorphic ones
constitute the canonical basis:

n—1.

Construct the 2-form on X x X:

=

n—

(5.9) o(,y) = ) (03(2)53(y) — 03(y)53(2)) -

—
Il
-

Using the above formulae one computes

(5.10) o(x,y) = <%<yix ;:Ez;) - %(xiy \/%))dmdy.

This formula implies the Riemann bilinear identities:

(5.11) L//a@y%:%dmom.

g1 g2

Consider a canonical homology basis (ag, - an_1,b1, - -bn_1), and construct the

matrices:
Amzfﬁagmz/%-

aj aj
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Form the general theory we know that det A # 0, in other words, there is no first
kind differential such that all its a-periods vanish. So, we can define the matrix

X=A"'B.

The Riemann bilinear relations imply that this matrix is symmetric.
On the product of two copies of Riemann surface we have the canonical second
kind differential p(z,y) with the following properties.

e The differential p(x, y) is holomorphic everywhere except the diagonal, where
it has a double pole with no residue

(5.12) p(z,y) = <ﬁ + O(l)) dxdy .

e The differential p(x,y) is normalised with respect to z,

(5.13) /p(x,y)zO, m=1---,n—1.

am

An important consequence of the Riemann bilinear relations is that this differential
is automatically symmetric:

(5.14) p(z,y) = ply,z).

Let us explain this by giving an explicit construction of p(x,y). We start with an

exact form in x,
—g Plx) dxdy .
Oz \ \/P(y)(z —y)

which obviously has the required singularity at = y, but has also additional
singularities at infinity. Because of (5.9) and (5.10), these singularities are cancelled
in the following expression:

a P T n—1 ) n—1
pla,y) = —o- ( P(y)((x )_ y)> drdy + Y 53(x)oy(y) + Y oi(x) Xijoy(y)

where the matrix Xj; must be defined from the normalisation condition

n—1
Z/O’iXiJ—F/a'j:O.
i=1

Ok

ax

j=1 ij=1

Hence X = A~'B, and the symmetry of p(z,y) follows from Riemann bilinear rela-
tion and the formula for o(x,y).

Now suppose that we want to construct a normalised second kind differential with
given singular part at some point. Namely, take the point z = 1 and the Laurent
polynomial
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We want to find the differential n(z) satisfying two requirements:
n(z) =df(z) + O(1), z~1,
and no other singularities,
/ n=0.

aj

It is quite obvious that n can be constructed using p:

(5.15) n(z) = / (2 ) (@),

r
where the integration variable is y, the contour ~ encircles y = 1, the point z is
outside I".

Our guiding intuitive observation was the similarity between the formula (5.15)
and (5.5). Roughly, the correspondence must be like:

¢3¢ < 2y,
T(¢, k) Z*{b*(¢,a)(X)} = n(2),
7€) (X))} = f(y),

w(C,§) < p(zy).

Let me explain how it works.

5.4. Deformed Abelian integrals. The Deformed Abelian integrals appeared in
my works [15, 14, 13] as a result of writing the matrix elements for integrable models
in the frameworks of the Method of Separation of Variables proposed by Sklyanin
[16]. I shall not go into details of this method defining the Deformed Abelian In-
tegrals formally, however, I recommend to look through the simple papers cited
above.

We have the Baxter equation

(5.16) T(¢, NQui(¢ ) = d(OQF(Ca, ) +a(O)QF(Ca™, N,

for us A equals either k of kK + a. For simplicity we consider the Bethe vectors
of spin 0. The functions Ta(¢, ) and (TAQ3;(¢, \) are polynomials of ¢2. The
analogy with the hyperelliptic curves goes as follows. Consider z = ¢2 and y which
satisfies the commutation relations yz = ¢%zy. Let T'(2) = T(¢, ), Q(2) = Q(¢, \)
a(z) = a((), 6(z) = d({) then the Baxter eqaution reads

(a(2)y™" +d(2)y — T(2))Q(2) = 0.
We interpret this as quantisation of the curve a(z)y~'+d(z)y—T(z) = 0 on the plane
(2,y). This curve is brought to canonical form w? = P(2) by w = 26(¢)y — T'(2),
P(2) =T(2)* — 4a(2)d(2).
For the eigenvalue such that 7'(1, A) has maximal absolute value we have

T(Cv )‘) = T(Cv _)‘>7 Q+(C7 Oé) = Q_(Cv _a> :
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Introduce the function ¢(¢) which satisfies the equation

(5.17) a(Cq)e(Cq) = d(¢)w(C) .

This function is elementary,

n 25 1
= H Osm(C/Tm) s ©s(C) = H (2q~2s 2+l 1
m=1 k=0

We had the contour I" which encircles (? = 1, now we consider additional n + 1
contours in the ¢? plane: I'y which goes around 0, and I'y, which encircles the poles
<2 = 2 2sm—2k ! (k =0,--- a2$m) of @Sm(C/Tm)'

Cons1der the functions f*(¢) such that ¢Tef*({) are polynomials of (2. The
g-deformed Abelian integrals are defined by

518) [ 0@ G+ @6 00

It is rather easy to see that for j=1,---n — 1 and for a = 0 in the quasiclassical
limit ¢ — 1 these integrals go to

L
(2) 4.
) VP
J
if (™ f£(¢) = (?L(¢?). This explains the name ”deformed Abelian integrals”.

Using Baxter equations and moving contours it is easy to show that for f* as
before

(5.19)
/ (TR () = Tk + A 4O }OT (G i+ )@ 00 G
/ FHOUOQ G+ Q0™ () o

(5.20
a¢?

/ {T(CR+ A7 5O = TCRAT P} (Cn+ Q€ RO T
j: :F + d§2
fHOAOQT(C, Kk + a)Q™(Cq, k)p (C)?-

These identities serve two goals.

First, they allow to define the deformed Abelian integrals in slightly more general
situation than before. Suppose we take f=(¢) = ¥((¢/€)*!, ). The left hand side of
(5.19), (5.20) are not obvious because it contain transcendental functions. However,
using these relations we can define the left hand sides by the right hand side which
is perfectly well defined if €2 does not coincide with 75¢*". Considering the classical
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limit one realises that this is the way to define the deformation of a-periods for the
second kind differentials.
Second, consider the expression

(5.21)
E(fi(C))
T(CR)IAT (FHOTCR) +T(C R+ a)AT (AT k +a))
T(C,m)A (FFC)T(Cq k4 @) =T (¢ r+a)AT (f5(Cq T (g k)
+a(Cq)d(C) f(Cq) — d(¢a™alC) f5(¢a™),
If (Tof£(() is a polynomial in ¢? one easily finds using the (5.19), (5.20) that
[ )@ € r + )@ €m0

I'm

We call E(f*(¢)) g-deformed exact form. For the same reason as before the g-
deformed exact form is defined for f*(¢) = ¥((¢/€)*, a), and its periods still vanish.

Finally, we have the following g-deformed version of Riemann bilinear relation:
Consider the following function in two variables

T(C,S) = ’l"+(<,€) - 7’_(5, C) )
where
T+(Ca§) = T+(Ca§|"€’a)> T_(€7C) = T+(€7C| - K, —Oé),
and
(5.22) (¢ Elm, a) = T(CR)AT (V(C/E a)(T(C k) = T(E, k)
+T(C R+ ) AT (W(C/Ea)T(C r+a) =Tk +a
—T(¢R)AT (¢ (QC/f a)(T(Cq,k+a) — (€>%+a)))
—T(Caf<¢+04)A (V(a7'¢/& )T (Cq™" w) = T(E K)))
+ (a(Cq) — a(€))d(O)v (¢ /€ a) — (d(Ca™") — ())a(C)@D(q_lC/f,a)-

)

)
)

Then
(5.23)
2 2
/ / @ (Gt )@ (CRIQHE R+ ) (E RO T o =
Ty 1

Actually, this is only one quarter of the Riemann bilinear relation because here
we integrate only over the a-cycles. However, this is sufficient for our goals which
consist, as in classical case, in constructing the canonical normalised second kind
differential.

Like in classical case define

n

PG, E) = D CPREIET, (60 = ) (€.
m=0

m=0
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Introduce the (n+ 1) x (n + 1) matrices

2

(5.24) A% = / CHBQF(, n+a>@i<c,m>w<4>%,
2
(5.25) / P (CQF (R + )QE(C R <c>dci2.

Then (5.23) reads as
(5.26) BH(AT) = AT(B).

The difference with the classical case is that for a # 0 we have four different matrices
A*, B, It can be shown the conditions det A* # 0 are equivalent to the requirement
(k 4+ a|k) # 0 which was accepted from the very beginning. So, we can define

Yt — (Ai)—l Bt
and the Riemann bilinear relation reads

(5.27) X+ =(X7)

t

5.5. Functional Z" and b*({). The end of computation. Let us return to the
problem of computing Z “{b*(( ) (X ) } We have seen that knowledge of singularities
of T(¢,k)Z"{b*(¢,a)(X)} leaves us with n unknowns. Our logic is that the way
of ﬁxmg them must consist in presenting some normalisation conditions, similar to
vanishing of a-periods. These normalisation conditions are

Form =0, ---,n and anyXEWaH 1
2
628 [ 1Rz {(b(Ca)+ o 5 (DDA 0/ ) el,)) (X))
I'm
_ i dC2
x Q7 (¢, k+a)Q7(C, %)SO(C)C—Q =0,
where

Def(¢) = f(Ga) + f(Ca™) = 2p(¢) F(C) -

It is easy to see that the integral in (5.28) is well defined being independent of the
way of understanding Aglw(g /€, «). This is similar to the previous discussion.

It would be hard to imagine the normalisation conditions (5.28) without the clas-
sical analogy with Riemann surfaces. How do we prove (5.28)7 The computations
are rather complicated, but finally they reduce (5.28) to the following equation. Re-
call that defining f((, o) we first subtracted something from k((, o) and then took
AC_I. This was done in order to avoid appearance of transcendental functions. If we
do not care about these functions we can define

fO(C) Oé) = Ag_lk(<7 Oé) :

Actually, the only transcendental function which we have to define is Aglqﬁ(( , Q)
and the way of understanding this is irrelevant for what follows. In the reduction
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relations for b*(¢, o) (4.16) we had the operator g.(¢,«). Define go.((, ) by the
same formula replacing f((, ) by f5((, a).
Consider the interval [1,m]. Introduce an operator

Ac(Q) (X tmive) = T (000 (Xtmie e(Teim (O)71)
where 6 signifies the anti-involution
0(z) = o*z'o? (x € End(V)).
Then the normalisation condition (5.28) follows from the equation
(5.29) 80c(C, ) = —Ac(Q)gocla ¢ a) -

The proof of this equation is purely algebraic. Actually, reducing our problem to
(5.29) closes a long cycle of our work. Long ago we started study of VEV by in-
vestigating the reduced qKZ equations. Then we considerably simplified the known
solution to reduced qKZ and generalised the problem. Finally, after long computa-
tions we reduced the generalised problem of computing Z* to (5.29) . But it is easy
to see that this equation is intimately related to reduced qKZ equation.
Now suppose we find a function satisfying two requirements:
1. Singular part

(5.30) T (¢, R) (w((,é”) — Weym (¢, f)) is a polynomial in ¢? of degree n.
2. Normalisation
(5.31)

- d¢?
/T(é, k) (W(C€) + DeDeAT Y (C/€ @) QT (¢, w4+ a)Q7(C, H)@(C)C—i =0,
I'm
(5.32) (m=0,---,n).
Then the conditions (5.4) and (5.28) one finds that (5.5) must be satisfied. Indeed,
in this situation T(C,m)Z“{b*(C,a)(X)} given by (5.5) satisfies (5.4) and (5.28),

and the uniqueness follows from the fact that a function (*P((?) with P being
a polynomial of degree n with vanising deformed a-periods is identically zero if

(k + a|k) # 0.
It is not hard to find w((, ) satisfying (5.30), (5.31):
4
(5.33) w(C, €k, a) = Wzﬁ(()@ﬁf@) + Wsym (€, €|k, )

vE(C) are vectors with components v*(¢); = ¢(***4. The uniqueness follows from
(k+a|k) # 0 as before. Remarkably, the symmetry (5.6) follows from the g-deformed
Riemann bilinear identity.

5.6. Concluding remarks. Let me summarise the results presented in these lec-
tures and formulate unsolved problems.

We started with the space W, o which is the space of spinless operators of the form
2a5(0)9. This space looks rather structureless. However, we were able to describe
223(0) by creation operators t*(¢),

q
it as a Fock space created from the primary field ¢
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b*({), ¢*(¢). This construction simplifies the complicated problem of computing the
functional Z" on W, o. Even in the most simple limit of VEV’s the original formulae
of Jimbo and Miwa [5] were given by multiple integrals. The formulae by Jimbo
and Miwa were generalised to the cases of non-zero magnetic field and temperature
using Algebraic Bethe Ansatz in [10, 11]. Our formulae show that evaluation of
multiple integrals is possible reducing the computation to two functions p(¢) and
w(¢, ). This is a considerable progress.

For physical application it would be very important to solve the inverse problem:
namely, to express operators like, for example, ¢***®¢? as linear combination of
descendants created by t*(¢), b*(¢), c¢*(¢). The logic here is similar to the one
used at the free fermion point. There we have special basis of operators created
by the fermions, and for finding the correlation functions of local spins one has to
decompose them in this basis. This inverse problem is not solved yet.

There is another problem whose solution is almost finished. Our construction is
very much similar to that of Conformal Field Theory. Namely, we organise the space
of local operators in a module generated by certain algebra. The XXZ-model allows
a scaling limit which is described by the CFT. the question is: how to relate the
action of t*({), b*(¢), c¢*(¢) in this limit with the action of Virasoro algebra? This
is the subject of our work in progress.
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