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1. Algebraic structures in the theory of classical integrable
systems: two types of structures

2. Algebraic structures in the theory of quantum integrable
systems: two types of structures

3. Physical applications: integrable models with
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4. Physical applications: integrable spin models with
long-range spin-spin interactions

5. Physical applications: integrable fermion models of
nuclear physics

6. Physical applications: integrable spin-boson models of
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I. Algebraic structures in the classical theory
ILA. Hamiltonian systems and Lax representation
Assume that Hamiltonian equations on a Poisson manyfold
(P, {. }) with a Hamiltonian H are written in the Lax form:

dL(u)
dt

= [L(u), Mu(u)], (1)

where L(u) and My(u) are some matrices depending on the
initial dynamical variables — local coordinates on the space P
— and the auxiliary complex parameter u. The Lax matrix
L(u) takes values in a finite-dimensional Lie algebra g.

The Lax representation (1) provides generating functions of
the first integrals of the corresponding Hamiltonian equations,
which may be chosen to be the traces of its powers

l(u) = tr L(u)*, k € T, n. (2)



I.B. Classical r-matrices and linear tensor structure

In order to guarantee the Poisson-commutativity of the above
generating functions needed for the Liouville integrability of
the corresponding hamiltonian system we will assume that the
initial Poisson brackets are re-written on the level of the Lax
matrices in the form of the so-called linear tensor brackets:

{L1(v), La(v)}1 = [n2(u, v), Li(u)] — [raa(v, u), Lo(v)],  (3)

where L;(u) = L(u) ® 1, Lr(v) = 1 ® L(v) and the function of
two complex variables

dimg

r(u,v) = Z rap(u, v) X5 @ Xp (4)

a,b=1

with values in g ® g is called classical r-matrix.
The Poisson bracket (3) guarantee the commutativity of (2):

{(u), 1(v)}2 = 0. (5)



The generalized classical Yang-Baxter equation:

[f12(U, V), I’13(U, W)] — [r23(v, W), I’12(U, V)]—f-
+ [r2(w, v), n3(u,w)] =0 (6)

provides the Jacobi condition for the brackets (3).
We will consider r-matrices possessing the decomposition:

r(“a V) = u_v+r0(u> V)7 (7)
dimg
where Q = > X, ® X3 and ro(u, v) is a regular on the
a,f=1

diagonal u = v function with values in g ® g.
Example. The simplest possible r-matrix has the form:

r(u,v) = {2 : (8)

u—v




I.C. Classical r-matrices and quadratic tensor structures
In the case of skew-symmetric r-matrices, i.e. when

f12(U1, Uz) = —f21(U2> Ul),

the generalized classical Yang-Baxter equation reduces to the
usual classical Yang-Baxter equation [Sklyanin 1979]:

[ra(u1, u2), na(un, us)] = [r23(u2, us), ra(ur, w2) + rs(ur, us)],

(9)
solutions of which have been classified [Belavin, Drinfeld 1982].
In this case are defined also quadratic brackets [Sklyanin 1979]:

{La(v), Lo(v)}2 = [na(u, v), L(u) L2(V)], (10)

which also guaranty the Poisson-commutativity of (2):

{l(u), (v)}> =0. (11)



Let r(u — v) be a skew-symmetric classical r-matrix. Let o be
an automorphism of g of second order, such that

(c ®0)-rna(u—v)=ra(u—v).

In this case one can define the following quadratic brackets
(Sklyanin 1988):

{L1(uv1), La(w2)}2 = [r2(wn — w2), Ly (ur)Lo(u2)]+
-+ Ll(U1)512(U1 + U2)L2(U2) — L2(U2)512(U1 + U2)L(U1), (12)

where
512(U1 -+ U2) =1®o0- r12(u1 + Uz).

It also guaranties the Poisson-commutativity of (2):

{h(w), 1(v)}2 =0 (13)

and possess one more generalization.



Let us consider four tensor a, b, c, d satisfying equations:
[812(U1, Uz), 313(U1, Us)] = [323(U2, U3), 312(111, U2)+313(U1, U3)],
[d12(U1, Uz), d13(U1, U3)] = [d23(U2, U3), d12(U1, U2)+d13(U1, U3)]7
[312(U1, U2)7 C13(U1, U3)] = [C23(U2, U3)7 a12(U1, Uz) + C13(U17 U3)],

( ( )]

[d12(U1, Uz), bis(u, U3)] = [b23(U2, U3)7 d12(U1, U2)+b13 us, us

where tensors a, d are skew-symmetric,

cia(ur, uz) = bor(u2, tn).
Then it is possible to define the Poisson brackets (Maillet):

{L1(wn), Lo(u2)} = aro(ur, o) La(un) Lo(uz)+La(ur) bro(un, tn)

X Lz(Uz) - L2(U2)C12(U17 U2)L1(U1) - L1(U1)L2(U2)d12(U1, Uz),
(14)

This is the most general form of quadratic brackets satisfying
(13) under condition:

arp(ur, u2) + bio(ur, r) = cra(u, u2) + dio(ur, n).  (15)



Il. Algebraic structures in quantum theory

Il.LA. Classical r-matrices and linear quantum structures
In quantum case the Lax matrix L(u) is replaced by the
quantum Lax matrix: L(u) — L(u) which reflects the fact that
the basic dynamical variables — coordinates on P — are now
quantum operators.

The quantisation of the linear brackets (3) is achieved by
substitution of the Poisson brackets by commutator:

[[1(u), ZZ(V)] = fh([flz(ua v), [1(U)] — [ra1(v, v), [2(V)])-

(16)
Finding commutative quantum analogs of all tr L(u)*, k € 1,n
is an open problem. Nevertheless it is possible to show that for
small grades we indeed have the needed commutativity:

[tr(L(u)¥), tr(L(v))] =0, k. le1l,2. (17)



I1.B. Quantum R-matrices and quadratic algebras
In the case of the quadratic algebras the quantisation problem
is more complicated. After replacement of the Lax matrix L(u)

by the quantum Lax matrix L(u) — L(u) the quantum analog
of the Poisson relations (10) are the following (Faddeev et all):

Ria(u, v)L1(u)La(v) = Ly(v)Ly(u)Ria(u, v),  (18)

where the quantum R-matrix R'2(u, v) satisfies quantum
Yang-Baxter equation:

Ria(u1, o) Riz(u1, us) Roz( U2, u3) = Raz(u2, us)Ruz(ur, us) Ria(un, u2)
(19)
and possess the following quasi-classical expansion:

Rip(u1, p) = 1® 1+ ihro(ur, u) + o(R%),  (20)

The algebra (18) provides commutativity of the quantum
analogs of tr L(u)*, k € 1, n.



After replacement of the Lax matrix L(u) by the quantum Lax

matrix L(u) — L(u) the quantum analogs of the relations (12)
are the following ones (Sklyanin 1989):

ng(u, v)[l(u)Slg(u, V)[2(V) = [2(V)512(U, V)zl(U)Rlz(U, V),
(21)
where the quantum R-S matrices satisfy the equations:

R12(U1, Uz)R13(U1, U3)R23(U2, U3) = R23(U27 U3)R13(U17 U3)R12(U17 Uz),
Rio(uy, up)S13(u1, uz) Sos( Uz, u3) = Saz(uz, uz)Sis(ur, us) Ria(u, u2),
and possess the following quasi-classical expansions:

Rip(un, tp) = 1® 1+ ihr?(uy, up) + o(h?), (22)

512(U1, U2) =1 & 1 + ih512(U1, U2) + 0(h2), (23)

The algebra (21) also provides commutativity of the quantum
analogs of tr L(u)*, k € 1, n.



After replacement of the Lax matrix L(u) by the quantum Lax

matrix L(u) — L(u) the quantum analogs of the relations (14)
are the following ones (Maillet 1991):

A12(U, V)[l(U)Blz(U, V)[Q(V) = [2(V)C12(U, V)[l(U)Dlz(U, V),
(24)
where the quantum A,B, C, D matrices satisfy the equations:

Ara(u, un A13(U17 U3)A23(U27 U3) = A23(U2, U3)A13(U17 U3)A12(U1, Uz),
(

C23(U2, U3)C13(U1, U3)A12(U17 Uz),

O
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possess the following quasi-classical expansions:

A12(U1, U2) =1 & 1 + ihalg(ul, LI2) + O(h2),
Blz(ul, Ug) =1®1+ ihblz(ul, U2) + O(hz),
C12(U1, U2) =1®1+ ihClz(Lll, Uz) + O(hz),
D12(U1, U2) =1®1+ ihdlg(ul, U2) + O(h2).

and the following properties:

B12(U1, U2) = C21(U2, U1)-

It is also assumed that the unit matrix satisfies (24), i.e.
ABCD-matrices are connected among themselves as follows:

A12(U1, U2)312(U1, Uz) = C12(U1, Uz)Dlz(Uh Uz)-

The algebra (24) also provides commutativity of the quantum
analogs of tr L(u)*, k € 1,n.



Quadratic structures and Heisenberg models
The famous Heisenberg Hamiltonian is the Hamiltonian with
the nearest neighbours interaction:

3 N
=33 d50s0, (25)

The Hamiltonian (25) is integrable if all quantum spin
operators §C(yl), a€1,3, 1 €1,N act in a representation of
s0(3)®N with all spins being equal to one-half.

The integrability of the Hamiltonian (25) is based on the
theory of quantum algebras. In particular the Hamiltonian (25)
is connected with the algebra (18) and quantum elliptic
R-matrix of Baxter and J, are expressed via the branching
points of the elliptic curve.

Other quadratic quantum structures e.g. (21) lead to the
additional boundary terms in the hamiltonian (25).



Linear structures and Gaudin-type models
Let 53"), ael,dimg, / €1, N be quantum operators that
constitute a representation of the Lie algebra gV i.e.:

dimg

S0, 559 =4 5,85,
c=1

Let vy, vk # vy, k, 1 € 1,...; N be some fixed points in the
complex plane belonging to the open region U/ in which the
r-matrix r(u, v) possesses the decomposition (7).

Let c(u) be a “constant Lax matrix" solving the equation:

[r2(u, v), ci(v)] — [r1(v, u), c(v)] = 0. (26)

Let us define the following Lax matrix:



Then the operators H
~ 1 ~
H, = Eresu:l,/tr(L(u)2).

of the following explicit form:

dimg N

I:I/ = Z Z r b(l/k,l//)s 5(l)+

a,b=1 k=1,kI

dimg dimg
r V/,V/ &) &l I &(
+ Yy 82, 1) (S8 + 808 + 3" (1) 8. (27)
a,b=1 a=1

constitute an abelian (commutative) algebra (Skrypnyk 2006).
In the skew-symmetric case they coincide with the usual
Gaudin hamiltonians in an external field (Gaudin 1976):

dimg N dimg

I:I/ = Z Z (Vk,V/ k)S() + Z §I 28)



Example 1: Standard rational Gaudin hamiltonians

The rational Gaudin hamiltonians in an external magnetic field
are obtained by a specification of the formula (28) for the case
of the rational r-matrix:

&(k) &1
N Z gabs«?(’) t(;) dimg

A a,b=1 A
A= > = » kS0 2
: wi—w) o (29)

ab

here k? are the components of an external field K € g and g
are the components of the invariant bilinear form.

Let us assume that K belongs to the Cartan subalgebra h of g.
It has a reductive centralizer g& generated by the elements

A

M,=Y S50, (30)

N
k=1

where X, € gK. The Casimir element fgg of g& commute

with all H,. Besides @gf and H, commute with any integral



belonging to the “global” Cartan subalgebra, in particular with

N rankg

/A75K Z Z Ik ( S(), where dx = Z o.

=1 i=1 ac(A/Ak)+

The linear combination of these hamiltonians:

1.
HgBCS = Z V/H/ + = Z C/ 2h5K, (31)

in terms of the root basis it is written as follows:

N rankg
UERE 9 SPZCLED Dl DECE I
=1 i=1 k=1 ae(A/Ak)+

This is spin Hamiltonian that will be used for the construction
of the integrable fermion models of the s-type.



Example 2: Z,-graded r-matrices
Let o be an automorphism of g of a second order. Let
g = gg + g7 be the corresponding Z,-grading of g, such that

g5 =06, 071 =01 +9°,,

where subalgebra g& is reductive, subalgebras gf are abelian.
The corresponding Z>-graded r-matrix has the form:

rankg
2
I’12(U, V) = U2 _VV2 (Z HI®HI+ Z (Xa®X—a+X—a®Xa))
i=1 OCE(AK)+
2u
= Y (K@ X o+ X0®Xa), (33)
a€(A/Ak)+

where A is a system of roots of the algebra g and Ak is a
subsystem of roots of the subalgebra gf.



Example 2: Z,-graded Gaudin hamiltonians
In the case of Z,-graded r-matrices the generalized Gaudin
hamiltonians in magnetic field (28) have the following form:

N rankg
i - : 69
B St ST SRC
k=1,k#I i=1 aE(AK)+
2Vk )&l (k)
i, S 5(k5 Sk &)
FE, 2, )
a€(A/Ak)+
1 rankg
= [SOXSO) sl &) &
LY 80504 30 (3050 + 8050)+
=1 a€(Ak)+
1 rankg
— SWSN 1 SN EMY + = N7 8" (34
c Ly (05048050)+ £ 3 kg,
ac(A/Ak)+ i=1
rankg

where K = > k;H; is the element of the Cartan subalgebra
i=1
centralized by gX.

25M)



Let us consider the following combination of the integrals (34):

Hgggg)y = Z I//_lH/ + = V Z C/, (35)

where C; are quadratic Casimir operators of /-th copy of g:

dimg
G- g3
a,b=1

More explicitly:

rankg

Hg;zz’ezu, > (ki + 0k(H:)) 5+

i=1

+2 Z vyt Z 5,35&’% (36)
k=1 ae(A/Dk)+
where x = Y. «. The hamiltonian (36) is our general
O(E(A/AK)+
integrable p, + ip, hamiltonian written in the spin form.



Integrable BCS-type hamiltonians

Using the fermionization procedure, i.e. expressing the spin
operators via fermion creation-anihilation operators we define
integrable pairing hamiltonian containing m types of fermions:

m

A . T= s
HgBCS - : : : : : :EI’C/IO'CI’I7J 2 : : G~II ki CII+C/I—Cka’7_Ck7l1+‘

i=1 I=1 cex k=1
m N

T ) ) . )
E : § : uk/ Cu +C/:—+C/:+Cu (i, Chjot - Chej— i) —

ij=1,i<j k,I=1
m N

T T T . . . .
E E GU Kl C/L, +Cl,i,f_Cl,i,+cl,j,f)(ck,h—Ck7J7+_CkJ7—Cka'7+)7

ij=1,i<j k,/=1

where ck7,-7(,,c,da, k,le1l, 1N, i .j € 1, n are fermion operators:

{cl i Clio} = 0ubiloer, {cl;prcli o} =0, {civ Cljo} =0.

In m = 2 case they are N = Z proton-neutron Hamiltonians.



The integrability requirements for the free energies are:
€1i = €1j = €, Vi,jG].,m

The integrability requirements for s-type couplings are:

1
)Gukl Gukl :2g, )Gukl =0, Gukl =&

3)G ki _0 GUkI =&

i,
The integrability requirements for p, + ip,-type couplings are:

)Gyk/ uk/ ——g\/_\/— 2)Guk/ =0, U/J = gVer/el,

3)Gukl =0, Ukl —g\/_\/_

The three cases above are connected with the generalized
Gaudin Hamiltonians based on Lie algebras g/(2m), sp(2m)
and so(2m), respectively.

All of the above integrable Hamiltonians are diagonalizable by
means of the nested Bethe anzats (T. Skrypnyk 2012).
Remark. The above s-type integrable fermion Hamiltonians in
the cases of g/(2) and sp(4) were found by Richardson in-1967.



The generalized Jaynes-Cummings-Dicke hamiltonians
For the classical r-matrices possessing special point vq , it is
possible to define spin-boson hamiltonians (T. Skrypnyk 2015):

rankgdlmg
A7P = AC +ZZ “ki SO r(vp, 1)+
i=1 b=1
dimguo dimg
+ 37 RO(bg, b5) S (v, 1)
a=1 b=1
dimg

+ Z Z( v S b+8Vor VO’V/)—'—Ba_aVor_ab(VO’V/))’

aE(A/Dk)y b=1
where HE is Gaudin-type hamiltonian, b}, b, Bose operators:

165, b5] = 6asl, [T, b5] = by, b5] = 0, where o, B € (A/Ak).
(37)

and [ is expressed via IA); bt with the help of the

generalized Jordan-Schwinger formulae (Skrypnyk 2015).



The hamiltonians H7P? mutually commute (Skrypnyk 2015):
(A2 0] = 0
and one can define the following quantum Hamiltonian:

N rankg dlmg

HJCD = Z HJCD /Z Z bz kS(I)82 ’b V l//)—|—
1 j=1 1
dimg

—i—z Z Z Va(K) (b iy (vo, v1)+b, Dyr (VOvV/))At(:I)

I=1 ae(A/Ak); b=1

N dimgyo dimg

N
+Z Z Z/A(O bﬂ,b;” oL a[)(’/077//)4—21‘:/,G, (38)
= a=1 =

I=1

which is an r-matrix generalization of JCD hamiltonian.
Remark. In the case of Cartan-invariant r-matrices one can
add to H,cp also any combination of linear integrals /\/I,Zi.



The rational Jaynes-Cummings-Dicke hamiltonian

In the case of the rational r-matrix we obtain (T. Skrypnyk
2008):

rankg
AP =Af+ > Va(K)(bE N+ Z kiSO,
ac(A/Bk)+
Adding to it linear integrals M?, we will have:
rankg N
Aico = wiMf, + 8> H). (39)
i=1 =1
More explicitly:
rankg rankg N
Aicp = — Z Wi Z OZ(Hi)Aa_B:H’Z Z(Wi+ngki)§(
i=1  ac(A/Ak)+ i=1 k=1

+g Y. Vol Z (68" 4+ b8y, (40)

ag(A/Ak)+



The generalized N =1 Jaynes-Cummings hamiltonian.
The g = gl(n) case
In this case generalized n-level JC hamiltonian has the form:

n

A 3 b+ Y o+ g0

ij=1,i<j
+g Z V'ki — ki(b S + b; 55). (41)
ij=1,i<j

The first term in this hamiltonian is an energy of n(n —1)/2
modes of the electromagnetic field; the second term
correspond to a free energy of n-level atom; the last term is an
atom-field interaction corresponding to the passages from the
level j to the level i and vice verse with the simultaneous
creation /anihilation of photon.
The Hamiltonian (41) is diagonalizable by means of the nested
Bethe anzats (T. Skrypnyk 2008).
Remark. In the n = 2 case the Hamiltonian (41) yields the
famous two-level, one-mode Jaynes-Cummings hamiltonian.



Conclusion and Discussion

In the present talk we have reviewed the theory of algebraic
structures in the theory of classical and quantum integrable
systems and shown that

» Not only quadratic tensor structures are important for the
theory of quantum integrable systems. There are many
physically interesting quantum integrable models
associated with linear tensor structures and classical
(non-skew-symmetric in general) r-matrices

The main open problems in this context are the following:

» To classify all non-skew-symmetric classical r-matrices
and related classical and quantum integrable models

» To develop the method of solution (separation of
variables, Bethe ansatz — both “off-shell” and “on-shell”)
for the corresponding classical and quantum models
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