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1 Introduction and overview of the main results

As we know from quantum mechanics, every quantum system can be described by a Hilbert space
‘H, an algebra of observables A and a Hamiltonian H, which is some special observable defining the
dynamics of the system. Any other observable A changes according to the following well-known
formula (look [3]):

dA
i [H, A].
Observable is called the quantum integral of motion (IM), if it commutes with the Hamiltonian,

i.e. is invariant under change of time. Quantum system is called integrable, if there is a complete
set of mutually commuting IM. The term ”complete” is not quiet clear, especially in infinite case,
but from the beginning it can be understood in the following way: the set of IM is complete, if
they are independent, but any other IM, commuting with all of them, can be written as a function
of them (is not independent). The main problem is to construct these mutually commuting IM for
a given quantum system. It was solved by the Quantum Inverse Scattering Method (QISM, look
for example [4]). The main idea of this method is briefly described below.

Some of the real 14+1-dimensional quantum field systems can be approximated by the discrete
("lattice”) quantum models, which are easier to solve. So, it is reasonable to restrict ourselves on
lattice models. The most well-known examples are quantum spin models of the magnetic chains.
The field-theoretical models will appear as their continuous space limits.

Homogenious 1+1-dimensional lattice model can be described by the representation of its sym-
metry algebra. In this case

N
H=Qhn=h@h®..0h,®..®hy,
n=1

N
A=QUy =Uh U ® ... Uy, @ ... ® Uy,
n=1
where each U,, is isomorphic to the symmetry algebra U/ and each h,, is the representation space
of U (index n only shows the place of h in tensor product).
For any u € U let’s assume the following notation:

Up =1IRTR®..® U ® .1,
n—th place

where [ is the identity operator. Thus, u,, acts non-trivially only in the space h,,.
All other observables are the linear combinations of products of such "trivial” elements.



Our method to solve such quantum models can be realized in two steps:
e To construct the corresponding L-operator L(\) € M(k) ® U and an auxiliary R-matriz
R(\) € M(k) @ M(k), s.t. the following equation in M(k) @ M(k) @ U ( Yang-Baxter eq.)
Ria(A) Lis( M) Laz(p) = Lag(p) L13(Ap) Ri2(A) (1)

is equivalent to the defining relations of U. A, u € C are called spectral parameters.
Notation Rjo means that it acts non-trivially only on the first two components in tensor
product. It can be written as Rj2 = R ® I (and analogously for Li3 and Lo3).

We get such equation corresponding to each lattice site (they differ only by index n):

Ra, as (A)La17n(AM)La2,n(M) = Lazm(u)Lahn()‘M)Rahaz ()

(this is the equation in M (k) @ M (k) ®U,,). Indices a1, as correspond to the auxiliary spaces
M(k), index n correspond to the representation space U,,.
Let’s consider the monodromy matriz:

Ta(A) = Lan(A) .. Lo (N).

It satisfies the following equation:

Ral ;a2 ()‘)T(h ()‘U)Taz (.u) = Ta2 (,U)Tal ()\,U)Ral ,a2 (/\)

This equation implies that the trace of the monodromy matrix is the generating function for
mutually commuting IM {I,, }:

T(A) = traTa(A) = Y A",

However, these IM are in general non-local, i.e. they involve terms acting non-trivially not
only on the several neighbour sites of the lattice. The method for construction of the local
IM is described in the next step.

e To find the corresponding fundamental R-operator R()\) € U @ U satisfying the following
equation in M(k) @ U Q@ U:
Rog(N) Lis(Ap) Laa(p) = Li2(p) Lis(Ap) Ras (),

where L()\) is the L-operator constructed in the previous step.
The trace of the corresponding monodromy matrix

T(A) =tre(Re,n(A) ... Raa1(N),

where index a stands for an auxiliary copy of U, generates now the local mutually commuting
IM (under some regularity conditions).

In our case it will be more convenient to work with r(A) = R(A)P, where P is the permu-
tation operator in Y QU : Pz @ y)P =y @ x for any =,y € U.
The equation for r(\) takes the following form:

723(A) L12(Ap) La (i) = Laa(p) Lia(Ap)r23(A)- (2)



In this work we’ll consider the case of the symmetry algebra U = GL,(2), i.e. the g-deformed
algebra of functions on the Lie group GL(2). Such objects are usually called algebras of functions
on quantum groups, or just quantum groups (because they don’t exist separately from their alge-
bras). They admit the structure of a bialgebra (moreover, of a Hopf algebra, but we don’t need
this), which will be very helpful to solve the Eq.(2). More precisely, we’ll consider an extended
bialgebra é\iq(2) with one additional generator. The procedure described above was applied to
the models with such symmetry algebra for the case |gq| = 1 (look [1]). So, the main goal of this
work is to apply the same procedure to the essentially different case, when ¢ € R, 0 < g < 1. In
this case there is no positive representation of this algebra (where all generators are invertible),
that’s why some proofs developed for the previous case fail here.

The work is organized as follows. At first I'll give some general information about the quantum
groups in general and about GL4(2) in particular. Then I'll collect some facts about it that we
assume to be known and briefly describe the construction of the corresponding L-operator. And,
finally, we’ll turn to our main problem.

2 Some words about quantum groups

2.1 Algebra of functions on a group

Quantum group can be seen as the g-deformation of an algebra of functions on some group.

So, at first let’s consider some group G (usually it’s a Lie group) and some algebra A = F(G) of
functions on it. In general, this is a unital associative and abelian algebra with multiplication and
identity defined by the following formulas:

(f1f2)(g) = fi(g)f2(9), I(g)=1.

For simplicity, it can be seen as (some extension of) an algebra of polynomials on G.
In this case F(G x G) ~ A® A and A admits the structure of a Hopf algebra:

1. comultiplication A: A— AR A, (Af)(g1,92) = f(9192);
2. counity e¢: A—C, €(f)=f(e);
3. antipode S:A— A, (Sf)(g9) = f(g71).

One can check that these operations satisfy all needed conditions.

2.2 Example: F(GL(2))

Let’s consider the case G = GL(2), the Lie group of invertible 2 x 2 - matrices.
Then the corresponding abelian bialgebra F(GL(2)) is generated by so-called coordinate functions
m11, T2, 721, T2 acting as follows:

911 912
» = gij, h = € GL(2).
mij(9) = gij, where g <g21 922> (2)

Let’s assemble these generators into a matrix and choose more convenient notations:

T11 T12 — a b
21 T2 B c dj)’
One can check, that comultiplication and counity introduced above in this case are:
Ala) =a®a+b®c, Ab)=a®b+bR®d,

Ale)=c®a+d®c, A(d)=c®b+d®d,
ea) =¢€(d) =1, €(b)=¢€(c)=0.



2.3 g-deformation of F(GL(2))

Definition. GL,(2) is a unital associative algebra with generators a, b, ¢, d and defining
relations:

[a7d] = (q - qil)bca [ba C] = Oa
ab =gba, ac = qca, bd = qdb, cd = qdc.

(3)

Comultiplication and counity are defined as in previous section.
Thus, setting ¢ = 1 we get the non-deformed abelian bialgebra F(GL(2)).

a b
c d
Then the expressions for comultiplication and counity can be rewritten in matrix form:

The generators of GL4(2) can be assembled into a matrix ¢ =

. 1 0
(id® A)g = g12913, €(9) = (0 1) .

Let’s consider an element D, = ad — gbc = da — ¢~ *be, which is called the quantum determinant.
One can check that it commutes with all generators, i.e. belongs to the center of GL,(2). In
fact, the center is generated by D,. Moreover, it is group-like with respect to the introduced
comultiplication and counity, i.e.

A(Dq) =Dy ® Dy, G(Dq> =1

2.4 Geometric interpretation of GL,(2)

Lie group GL(2) is a group of invertible transformations of the complex plane C2. Analogously,
the defining relations (3) of GL,(2) appear, if we interpret the matrix ¢ = (Z Z) as a trans-
formation of the quantum plane (C3 (i.e. the algebra with generators x,y satisfying zy = qyz (x)).

Let’s define the left and the right action of this matrix:

z _(a b o (%) = aRr+b®y
y ) \c d y) \c®@z+dey)’

(" y)=(= y)®<z Z>:(x®a+y®c T@bt+y@d).

’
’

Proposition. Pairs (a:/) and (x/ y”) satisfy the relation (x) iff a, b, ¢, d satisfy (3).
Y

2.5 Definition of C?Eq(2)

Definition. 5Eq(2) is a unital associative algebra with generators a, b, ¢, d, 6 satisfying all
commutation relations (3) for GLy(2) and four additional relations for 6 :

af =q *0a, 0d=q tds, [b,0]=0, [0,c=0. (4)

An additional element 6 can be chosen as an inverse of b or ¢. Let’s consider the elements:

1"

Then the center of Eiq (2) is generated already by three elements: D,, n;, Mg -



3 Preliminaries

In this chapter we’ll briefly (without proofs) consider the first step of our procedure, i.e. construc-
tion of the corresponding L-matrices for GL,(2) and aqu(Q). Sometimes it is called Bazterization
of the algebra. And in the next chapter we’ll turn to our main problem of constructing fundamental
R-operator.

3.1 Baxterization of GL,(2)

Lemma 1. The defining relations of GL4(2) are equivalent to each of the following relations:

R013923 = 923913 R,

where
¢ 0 00 ¢ 0 0 0
0 1 0 0 _ 0 1 ¢gt—q 0
+ _ _
R = 0 g—qg~* 1 0" B = 0 O 1 0
0 0 0 ¢ 0 0 0 g}

Let’s introduce spectral parameter dependent L-matrices:

a Ab N A e Al
g(A) = ()\—10 d) ;g\ = ( \a Ab ) :
Lemma 2. The defining relations of GL4(2) are equivalent to each of the following relations:

R12(N)g13(A)ga3(p) = ga3(p)g13(Ap) Riz(N),
Ria(N)g13(Aw) a3 (1) = Go3(10)G13(Me) Ria(N)

with
w(gA) 0 0 0 w(gh) 0 0 0
Soay Cy—1p— 0 wA) A lw(g) 0 B 0 w(A) w(g) 0
RO)=ARTATR™ =1 0 V0 Tuny o [P BV=1 0 @) ey o
0 0 0 w(gA) 0 0 0 w(gN)

where w(A\) = X — A7 L

Rem. The term Baxterization was originally introduced exactly for this procedure of constructing
spectral parameter dependent L-matrices from the constant solutions of Yang-Baxter equation.

3.2 Baxterization of C/T‘qu(2)

Lemma 1. The defining relations of Eiq(z) are equivalent to the following set of relations:
R591395 = 93301312, Riz0i395 = 053913 Ria,

0 0)’
On analogy to the previous case let’s introduce spectral parameter dependent L-matrices:

(e W\ M+ Ale Ald
g(/\)<)\9+)\‘1c d)’ 90 = ( Xa /\b)'

Lemma 2. The defining relations of EZq(2) are equivalent to each of the following relations:

c d . . ) . .
where gt = a b and g~ = ) matrices RT are given in previous section.

Ri2(A)g13(An) g3 (1) = g23 (1) g13(A) Raz2 (A),
R12(A) g3 (M) 23 (1) = G2s (1) gas (M) Raz(A),
where auziliary matrices R(\) and R(\) are the same as in the previous section.



4 The main problem

As we have already stated, the main problem is to find the fundamental R-operator for already
constructed L-operator:

. 1 M+X"le Ald
g =X+ Ay ( Ny ¢ Ab)eM(Q)@u

The proposition is that, although there is no positive representation for i, the formula from
the case |¢| =1 (look [1]) remains true. Let’s consider the following representation of GL,(2) (0 <
g < 1) in some Hilbert space $) with orthonormal basis {ex}, kK =0,1,2,

T(a)eo =0, T(a)er =~(1 —¢*) Ve, k>1,
T(b)ex = e g er, T(c)er = —7e?q"  er, T(0)er = €¥q ey,
T(d)e, = (1 — ¢**+)2e, 4.
Here 0 < ¢ < 27 and v > 0 are parameters of the representation. Then we have

TO)T(c)er = —v¢**Ter, T(D)T(0)er = e, ie. 0 is an inverse of b,

T(a)T(d)ex =v(1 = ¢***?)ex, T(d)T(a)er = (1 - ¢*")ey,
T(Dy)er, = vex.
For brevity of notations, we’ll write just  ® y instead of T'(x) ® T'(y) (when the concrete repre-

sentation is not very important).

Main Proposition. The operator #(A) € U @ U defined by the formula

#(\) = (ac ® 0d + be @ D)™, (5)
where o = m, satisfies the equation
Fa3(N)Gr12(A)gis (1) = Gr2(1)gas(Ap) 73 (A). (6)

Proof: It remains to prove that #(\) satisfies the following equation (look [1]):

PN Rd+A"Td@b) = (A10@d+ M b)i(N). (7)
)

At first let’s prove this for the integer powers in expression (5) for #(A), i.e. for the points A = ¢"

(then we have aln X =n). Let’s denote

u=ac®6ld, v=bc®D,.

One can check that they satisfy the commutation relation uv = ¢%vu, i.e. form the Weyl pair.
Thus, we have

") = (ut o)t =3 (Z)ukk

k=0
where g2 - binomial coefficients are defined by the formula:
<n) _ (@24 @®)
k) g2 (@07 2)k(a %47 ) n—k
with



We want to prove that
(u+v)"N@d+A"tdb) =(A"'0®@d+ M\ ®b)(u+v)", where A = ¢".
Let’s try to interchange the multiplicands in each term
uF"TF N @ d+ AT ®b).
For v all is rather simple:
v @d+A"td®b) = (M @d+ \"1¢?d @b,
" FN@d+ AT @b) = (M@ d+ 2P d @ bR (9)
For u there are some difficulties, because of the relation [a,d] = (¢ — ¢~ !)bc :
u@od) =q¢20adu = u@xd=q*0cdu,
u(d®b) = (d@b)u+ (¢ — g ')bc® @ bod.
Substituting bc = ¢(da — D,) we get:
u(d®b) = ¢*(d @ b)u — (¢* — 1)(Dyc @ bod),
uF(d@b) = u P (d@b)u— (¢* — 1)(Dye@b0d)) = ¢*u* 1 (d @ b)u — (¢* — 1)(Dyc @ bhd)u" "t =
= " "2 (d @ b)u® — ¢?(¢* — 1)(Dyec @ bd)u 1 — (¢* — 1)(Dye @ bOd)u* 1 =
= @ (d@b)uf —(PF TV + L+ +1) (P 1) (Dge@bbd)ut ! = ¢*F (dob)ub— (¢ —1)(Dyc@bfd)u* .

So, we have
WA @d+NT1dob) = A0 d+ NP d @ b)uk — AT (¢ — 1)(Dye @ bOd)uF . (10)
And finally we get:
WP N @ d+ AT d @ b) = uFNM @ d+ AP d @ bk =
= (A0 d+ 2P d @ b)uFu" R — AT (1 — ¢ (Dye @ bid)ut o,
In particular, for A =g (i.e. we have aln\ =1):
(u+v)(f@Rd+qldob) = (g 202d+q 'Pd@bu —

— ¢ Hg®* —1)(Dye@bd) + (0 @d+q 'Pd@b)v =
= (¢'0®d+qd@bu+ (¢ @d+qd®@b)v— (q—q ")Dyc® bod.
We want to prove that

(u+v)(@@@d+q¢'dob) = (¢ d+qd@b)(u+v), ie.

('0®d+qd@bu+ (g0 @d+qd@bv—(¢—q ) (Dye®bdd) = (g0 @ d+ qd @ b)(u+v).

After opening all brackets and collecting the similar terms we get:
Rdv=Dyecxbld < (BbRD,)(c®d)=(DyRb0)(c®d).
At this point we have to use our representation:
TOb) T (Dy) =1~y =4I 1 =T(D,) @ T(6b),

So, the action of these two elements is the same and we have proved our formula for the point A = gq.



Let’s now turn to more difficult case A = ¢ for n > 1. We have already derived the following
formula (setting b6 = I):

ukvn—k(qn9®d+q—nd®b) — (qn—2k9®d+qnd®b)ukvn—k _ (qn _ qn—Qk)(D C®d) k—1 o k_

_ (qnf2k9 ®d-+ qnd® b)ukvnfk o (qn o qn72k)q72k+2(qu71 ® qufl)ukflvnfk+1.

Let’s substitute it in our sum (taking into account that b=! =6 and D, = vI):

Z (Z) ukvn—k(qn9 ®d+ q_"d® b) — Z (Z) (qn—le ®d+ q”d® b)ukvn—k _
g2 g2

k=0 k=0

M

. g — 2Ry g2k k,.n—k _ n — (n k, n—k
<k+1) q ) "0 @ d)u " =¢q (d®b)z <k>q_2u " 4

k=0 k=0

n n = n n—2k _ n n _ n—2k—2\ _ —2k k,n—k
¢ "0 @d)u +kZ:0 ((k)ng <k+1>q2(q q )q > (0 ® d)uv" ",

We want to prove that it is equal to

i n
—ng d nd b k n—k.
("0®d+q"d® )é(k) v

q

After cancelling the same terms we get that we must prove the following equality:

n—1 n—1
n n—2k < n > n n—2k—2 2k> k. n—k _ —n <”> k o n—k
q - (" —q )q uv" T =¢q utv" T, e
o<<k)tz‘2 Ft1/ g kz:;) k) g2
n n—2k n n n—2k—2\ _—2k (M
_ — = =
(k)qu <k+1>q2(q q )a q (k)q2
n n—2k -n n n n—2k—2\ —2k
= — = — &
<k>q_2(q ") (k+ 1>q_2(q q )q

n n
o 1— 2(k—n) — ( ) 1— —2(k+1) .
(k)< # = () s

-2

(]

On the other hand, from the formula for ¢~ - binomial coefficients follows that:

n n
1 — g—2(n=k)y — 1 — g~ 2(k+1)y
(k)q2< 0= (1) 0mae)

So, we are done in this case. It remains now to consider the general situation, i.e. an arbitrary A:

— (aln)
f(/\)_(u+v)a1nx_z(0‘; ) Qukvaln)\fk’
.

k=0

aln B k 1—q 2(alnA—j+1) 1=\ 2q2] 2
k q,Q_H 1— _H 1—q=2

j=1

where

Analogously to the previous case we get the following formula:
ukvaln)\fkr()\e ®@d+ A71d® b) _ uk(/\H ®d+ Afqu(aln)\fk)d(g b)valn)\fk _

— ()\q—2k0 ® d T A—1q2aln)\d ® b)ukvalnk—k _ )\—lq2a ln)\(l _ q—2k)q—2k+2(9 ® d)uk—lvaln)\—k-&-l-



aln A

Taking into account that ¢ =\ we get
ukva In /\_k(/\9®d+)\_ld®b) _ ()\q_2k9®d+)\d®b)ukva In )\—k_/\(l_q—Qk)q—2k+2(9®d)uk—1valn )\—k-‘rl.

Now we substitute this in our sum:

> [aln A — [aln A
S ("0 eremtovediation =Y (M) O eeds et
k=0 q? ¢ ?

k k
k=0
_ E : aln A /\(1 _ q_2k—2)q—2k(9®d)ukvaln>\—k — )\(d@ b) aln A ukvalnA—k+
kE+1) _, z : k .
k=0 a k=0 q
B o (a In )\> . <a In >\> (1 — g~2h=2)g=2k | yhyainrk,
k=0 k q=? k+1 q—2

It must be equal to

. /aln )
LT ESYEY Y (0‘ n ) JgeinAk
k=0 k q—2

So, we need to prove the following equality:

> aln )\ aln )\ >
\ —2k 1 — g—2k=2),2k | kpalnA—k _ y~1
;(( k >q‘2q <k+1>q‘2( ! ) o z::

aln A .
( L ) ukvaln)\ k’ ie.
k=0 g2

aln X ok <a In )\> —ok_9\ —9k 5 <a In )\>
( p >q_2q 1 q_2( q )a k)
aln ok 9 (04 In /\) —2k—2y, —2k
= —AT) = 1- ’ &
(%), = (i), a-am

aln A aln )\
1 — \—242k) — 1 — g—2k—2)
= (" >q2< ") (k+1>q2< )

One can easily check that this equality follows from the definition of ¢~2 - binomial coefficients in
this case. So, our main proposition is proved.

5 Appendix: g-oscillator

5.1 Non-deformed case

The algebra of the harmonical oscillator is generated by 2 elements a™ and a satisfying following
commutation relation:
[a,a™] =1, ie. aat =ata+1.

Using this relation we get:

", aT] =a"a" —aTa" =a" HaTa+1)—ata" =a""tata+a" —aTa" = ...

In general:



5.2 qg-deformed case

N

The g-oscillator algebra is generated by elements a™, a, ¢ with folowing relations:

Jr] N N 1 N'

[a,a™]=¢", ¢Vat =qat¢", ¢“a=q'ag

Under this assumptions one can derive the following formula:
[a",aT] =a"a" —aTa" =a" aTa+¢") —ata" =a"tata+a" ¢ —ata" = ...

vo=atad"+a" N +a" 2 Na+ ...+ ag¥a" P+ Na" T —ata” =

1—q"

Va" L if g # 1
l—q

=" " =q¢ P N ="+ .+ P+ g+ DgNa T =

6 Conclusion
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