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Supersymmetric vacua of two dimensional ' = 4 gauge theories with matter, softly broken
by the twisted masses down to N/ = 2, are shown to be in one-to-one correspondence with
the eigenstates of integrable spin chain Hamiltonians. Examples include: the Heisenberg
SU(2) X X X spin chain is mapped to the two dimensional U(N) theory with fundamental
hypermultiplets, the X X Z spin chain is mapped to the analogous three dimensional super-
Yang-Mills theory compactified on a circle, the XY Z spin chain and eight-vertex model
- are related to the four dimensional theory compactified on T2. A consequence of our
duality is the isomorphism of the quantum cohomology ring of various quiver varieties,
such as T*Gr(N, L) and the ring of quantum integrals of motion of various spin chains. In
all these cases the duality extends to any spin group, representations, boundary conditions,
and inhomogeneity, including Sinh-Gordon and non-linear Schrédinger models as well as
dynamical spin chains like Hubbard model. These more general spin chains correspond to
quiver gauge theories with twisted masses, with classical gauge groups. We give the gauge-
theoretic interpretation of Drinfeld polynomials and Baxter operators. In the classical

weak coupling limit our results make contact with the construction of H. Nakajima of
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the quantum affine algebra action in the K-theory of quiver varieties. A lift to a four
dimensional A/ = 2* theory on R? x S? leads to (instanton-) corrected Bethe equations,
thereby possibly expanding the domain of integrable systems beyond the factorized two-
body scattering S-matrix approach. We also relate the instanton corrections in the four
dimensonal gauge theory to the finite-size effects in the integrable two dimensional field

theories.

1. Gauge theories and integrable systems

The dynamics of gauge theory is a subject of long history and the ever growing im-
portance.

In the last fifteen years or so it has become clear that the gauge theory dynamics in
the vacuum sector is related to that of quantum many-body systems. A classic example is
the equivalence of the pure Yang-Mills theory with gauge group U(N) in two dimensons
to the system of N free non-relativistic fermions on a circle. The same theory embeds as
a supersymmetric vacuum sector of a (deformation of) N' = 2 super-Yang-Mills theory in
two dimensions.

A bit less trivial example found in [1] is that the vacuum sector of a certain supersym-
metric two dimensional U(N) gauge theory with massive adjoint matter is described by
the solutions of Bethe ansatz equations for the quantum Nonlinear Schrodinger equation
(NLS) in the N-particle sector. The model of [1] describes the U(1)-equivariant intersec-
tion theory on the moduli space of solutions to Hitchin’s equations [2], just as the pure
Yang-Mills theory describes the intersection theory on moduli space of flat connections
on a two dimensional Riemann surface. This subject was revived in [3], [4], by showing
that the natural interpretation of the results of [1] is in terms of the equivalence of the
vacua of the U(N) Yang-Mills-Higgs theory in a sense of [3] and the energy eigenstates
of the N-particle Yang system, i.e. a system of N mnon-relativistic particles on a circle
with delta-function interaction. Furthermore, [3],[4] suggested that such a correspondence
should be a general property of a larger class of supersymmetric gauge theories in various
spacetime dimensions.

Prior to [1] a different connection to spin systems with long-range interaction ap-
peared in two dimensional pure Yang-Mills theory with massive matter [5], [6]. Three
dimensional lift of latter gauge theory describes relativistic interacting particles [7], while

four dimensional theories lead to elliptic generalizations [8].
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In this paper we formulate precisely the correspondence between the two dimensional
N = 2 supersymmetric gauge theories and quantum integrable systems in a very general
setup. The N = 2 supersymmetric theories have rich algebraic structure surviving quan-
tum corrections [9]. In particular, there is a distinquished class of operators (O 4), which do
not have singularities in their operator product expansion and form a (super)commutative
ring, called the chiral ring [9],[10]. These operators commute with some of the nilpotent
supercharges of the supersymmetry algebra. The supersymmetric vacua of the theory form
a representation of that ring. The space of supersymmetric vacua is thus naturally identi-
fied with the space of states of a quantum integrable system, whose Hamiltonians are the
generators of the chiral ring. The duality states that the spectrum of the quantum Hamil-
tonians coincides with the spectrum of the chiral ring. The nontrivial result of this paper is
that arguably all quantum integrable lattice models from the integrable systems textbooks
correspond in this fashion to the AN/ = 2 supersymmetric gauge theories, essentially also
from the (different) textbooks. More precisely, the gauge theories which correspond to
the integrable spin chains and their limits (the non-linear Schrédinger equation and other
systems encountered in [1], [3], [4] being particular large spin limits thereof) are the softly
broken N = 4 theories. It is quite important that we are dealing here with the gauge
theories, rather then the general (2,2) models, since it is in the gauge theory context that
the equations describing the supersymmetric vacua can be identified with Bethe equations
of the integrable world.

At this point we should clarify a possible confusion about the role of integrable systems
in the description of the dynamics of supersymmetric gauge theories.

It is known that the low energy dynamics of the four dimensional N' = 2 supersymmet-
ric gauge theories is governed by the classical algebraic integrable systems [11]. Moreover,
the natural gauge theories lead to integrable systems of Hitchin type, which are equivalent
to many-body systems [12] and conjecturally to spin chains [13].

We emphasize, however, that the correspondence between the gauge theories and
integrable models we discuss in the present paper and in [1],[3],[4] is of a different nature.
The low energy effective theory in four dimensions is described by the classical algebraic
integrable systems of type [11], while the vacuum states we discuss presently are mapped
to the quantum eigenstates of a different, quantum integrable system.

Another possible source of confusion is the emergence of the Bethe ansatz and the spin
chains in the ' = 4 supersymmetric gauge theory in four dimensions. In the work [14] and

its further developments [15] the anomalous dimensions of local operators of the N' = 4
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supersymmetric Yang-Mills theory are shown (to a certain loop order in perturbation
theory) to be the eigenvalues of some spin chain Hamiltonian. The gauge theory is studied
in the 't Hooft large N limit. In our story the gauge theory has less supersymmetry,
N is finite, and the operators we consider are from the chiral ring, i.e. their conformal
dimensions are not corrected quantum mechanically. Our goal is to determine their vacuum
expectation values.

The gauge theories we shall study in two dimensions, as well as their string theory
realizations, have a natural lift to three and four dimensions, while keeping the same num-
ber of supersymmetries, modulo certain anomalies. Indeed, the N’ = 2 super-Yang-Mills
theory in two dimensions is a dimensional reduction of the N’ = 1 four dimensional Yang-
Mills theory (this fact is useful in the superspace formulation of the theory [16]). Instead
of the dimensional reduction one can take the compactification on a two dimensional torus.
That way the theory will look macroscopically two dimensional, but the effective dynamics
will be different due to the contributions of the Kaluza-Klein modes (the early examples
of these corrections in the analogous compactifications from five to four dimensions can
be found in [17]). This is seen, for example, in the geometry of the (classical) moduli
space of vacua, which is compact for the theory obtained by compactification from four to
two dimensions (it is isomorphic to the moduli space Bung of holomorphic G¢-bundles
on elliptic curve), and is non-compact in the dimensionally reduced theory. Quantum
mechanically, though, the geometry of the moduli space of vacua is more complicated, in
particular it will acquire many components. The twisted superpotential is meromorphic
function on the moduli space. We shall show that the critical points of this function de-
termine the Bethe roots of the anisotropic spin chain, the XY Z magnet. Its X X Z limit
will be mapped to the three dimensional gauge theory compactified on a circle. We thus
see a satisfying picture of the elliptic, trigonometric, and rational theories corresponding
to the four dimensional, three dimensional and the two dimensional theories respectively.

The gauge theories we consider also have a natural lift to string theory constructions,
involving the stacks of D—branes and N S5-branes. These constructions make natural the
appearence of various ingredients of the algebraic Bethe ansatz used to solve the dual spin
chains. In particular, we interpret the B(A) and C(\) operators defined as the matrix
elements of the monodromy matrix as the brane creating and annihilating operators in
string theory.

We hope that the duality between the gauge theories and the quantum integrable

systems we established in this paper can be used to enrich both subjects. In particular,
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the notions of special coordinates, topological anti-topological fusion and so on have not
been appreciated so far in the world of quantum integrable systems.

In this note we shall mostly discuss one example, that one relating the X X X spin
chain for the SU(2) group, and the N’ = 4 two dimensional theory with the gauge group
U(N) and L fundamental hypermultiplet, whose supersymmetry is broken down to N' = 2
by the choice of the twisted masses. In some limit the theory reduces to the supersymmetric
sigma model on the noncompact hyperkahler manifold, that of the cotangent bundle to the
Grassmanian Gr(N, L) of the N-dimensional complex planes in CY. Our main statement
then maps the equivariant quantum cohomology algebra of T*Gr(N, L) to the algebra of
quantum integrals of motion of the X X X /5 spin chain.

A longer version. This note is a shortened version of [18]. In [18] we give the precise

microscopic description of the matter sector, superpotential and twisted superpotential of
the theories under consideration. We also explain how one lifts these theories to three and
four dimensions. We then compute the twisted effective superpotential Weff(a) on the
Coulomb branch for the all our models. We then derive the exact equations describing

quantum-mechanical supersymmetric ground states:

Ti7eft o
exp <8VV8—JZ()> =1 (1.1)

We present several examples, and remind the connection to quantum cohomology of various
homogeneous spaces, like Grassmanians and flag varieties. We then discuss the theories
with N/ = 4 supersymmetric matter content softly broken down to N = 2 by the twisted
masses. In this case the equations (1.1) are identified with the Bethe equations of the
dual quantum integrable systems. Also [18] reviews the methods used to solve exactly
spin chains and related quantum integrable systems, like the eight vertex model, Hubbard
model, Gaudin model, non-linear Schrodinger system and so on. Finally, after all these
preparations we formulate the duality dictionary between the gauge theories and spin
chains. We show that the Bethe eigenvectors in quantum integrable systems correspond to
the supersymmetric ground states in gauge theory. We identify the so-called Yang-Yang
(YY) function of quantum integrable system with the effective twisted superpotential W of
the gauge theory. The vacuum equation (1.1) then coincides with the Bethe equation, while
the Hamiltonians correspond to the chiral ring observables. We discuss the naturalness
of the gauge theories which we map to quantum integrable systems. We show that the

pattern of the twisted masses which at first appears highly fine tuned is in fact the generic
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pattern of twisted masses compatible with the superpotential of the microscopic theory.
We show that the gauge theories with U(N) group map to periodic spin chains, the gauge
theories with SO(N), Sp(N) gauge groups are mapped to open spin chains with particular
boundary conditions. We show that the A, D, E-type, as well as the supergroup spin
chains, with various representations at the spin sites correspond to quiver gauge theories
with the x;U(N;) gauge groups. Furthermore, [18] provides the string theory construction
of some of these theories. The string theory point of view makes some of the tools of
the algebraic Bethe ansatz more transparent. In particular, the raising and the lowering
generators of the Yangian algebra are identified with the brane creation and annihilation
operators. In [18] we develop the gauge theory/quantum integrable system correspondence
further, by looking at the more exotic gauge theories, coming from higher dimensions via
a compactification on a sphere, with a partial twist, or via a localization on a fixed locus
of some rotational symmetry. We also discuss the relation of our duality to the familiar
story of the classical integrability describing the geometry of the space of vacua of the four
dimensional N = 2 theories [11].

In [18] the Hamiltonians of the quantum integrable system are identified with the
operators of quantum multiplication in the equivariant cohomology of the hyperkahler
quotients, corresponding to the Higgs branches of our gauge theories. In particular, the
length L inhomogeneous X X X 1 chain (with all local spins equal to %) corresponds to
the equivariant quantum cohomology of the cotangent bundle T*Gr(N, L) to the Grass-
manian Gr(N, L). This result complements nicely the construction of H. Nakajima and
others of the action of the Yangians [19] and quantum affine algebras [20] on the classical
cohomology and K-theory respectively of certain quiver varieties. Next, [18] applies our
results to the two dimensional topological field theories. We discuss various twists of our
supersymmetric gauge theories. The correlation functions of the chiral ring operators map
to the equivariant intersection indices on the moduli spaces of solutions to various versions
of the two dimensional vortex equations, with what is mathematically called the Higgs
fields taking values in various line bundles (in the case of Hitchin equations the Higgs
field is valued in the canonical line bundle). The main body of [18] has essentially shown
that all known Bethe ansatz-soluble integrable systems are covered by our correspondence.
However, there are more supersymmetric gauge theories which lead to the equations (1.1)
which can be viewed as the deformations of Bethe equations. For example, a four dimen-
sional N' = 2* theory compactified on S? with a partial twist leads to a deformation of the

non-linear Schrodinger system with interesting modular properties. Another interesting
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model comes from the quantum cohomology of instanton moduli spaces and the Hilbert

scheme of points.
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2. Grassmanian and the X X X spin chain.
2.1. The gauge theory

Consider the N' = (2, 2) supersymmetric two dimensional theory with the gauge group
U(N), which is a compactification of the Ny = L, N, = N, four dimensional ' = 2 theory
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on a two-torus. In four dimensions this theory has an SU(Ny) global symmetry group, in
addition to the SU(2) non-anomalous and U(1) anomalous (for Ny # 2N.) R-symmetry
groups. We turn on a Wilson loop for these symmetry groups (ignoring the anomaly issue
for a moment). The condition of unbroken supersymmetry requires these Wilson loops
be flat. In the limit of the vanishing two-torus, if these Wilson loops are scaled appropri-
ately, the resulting two dimensional theory has the so-called twisted mass couplings. The
flatness condition means that the twisted masses belong to the complexification of the Lie
algebra of the maximal torus of the global symmetry group. Note that there are certain
mass couplings, the so-called complex mass terms, which one can turn on already in four

dimensions. We first discuss the theory with both complex and twisted masses vanishing.

2.2. The T*Grassmanian sigma model

Let us analyze the low energy field configurations of the theory whose matter content
we just presented. The four dimensional theory and its two dimensional reduction have a

superpotential
W = tror QPQ (2.1)

where Q is in the representation (N, L) of U(N) x SU(L), Q is in (N, L) of U(N) x SU (L),
and @ is in the adjoint of U (V).
The low energy configurations have vanishing F- and D-terms. The vanishing of the

F-terms means:

QQ=0,dQ0=0,Qd=0 (2.2)

while the vanishing of the D-terms means, in the presence of the Fayet-Illiopoulos term 7r:
QQ'-Q'Q+ [N =r 1y (2:3)

Finally we identify the solutions to (2.2) and (2.3) which differ by the U(N) gauge trans-

formations. The low energy limit of the gauge theory is a sigma model on the cotangent

b

bundle to the Grassmanian®. This is a hyperkahler manifold, as required by the N' = 4

supersymmetry in two dimensions.

b Let us assume 7 > 0 (the case r < 0 is similar, the case 7 = 0 is complicated and will not
be discussed). By taking the absolute squares of the norms of (2.2) and (2.3) we can deduce that
® = 0, while @ has a maximal rank. Then, (Q,@) obeying (2.3) with ® = 0, define a point in

the Grassmanian Gr(N, L), as follows: define a positive definite Hermitian matrix H = H' as the
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The superpotential (2.1) is SU(L) invariant (it is actually U(L) invariant, but U(1)

is a part of the gauge group). The maximal torus of SU(L) acts as follows:

(@.Q)~ (¢mQ, Qe™) (2.7)
where
m = diag (my,...,mp) , (2.8)
with
L
> -
a=1

In addition it is invariant under the U(1) symmetry acting as:
o (3.0.0) (G0 ) 29

These symmetries allow us to turn on the twisted masses. We have L — 1 twisted masses
corresponding to the SU(L) symmetry, which we shall parametrize as the mass u which

corresponds to the U(1) symmetry (2.9), and L masses ji,u, which sum up to zero:

L
Z“a =0. (2.10)
a=1

In the sigma model description these symmetries correspond to the isometries of
T*Gr(N, L).

- 1/2
unique square root H = (rlN + QTQ> . Define:
E=H'Q,E'=Q'H™! (2.4)

Then E defines an orthonormal set of N vectors in C*:

EE' =1y (2.5)
This is our point in the Grassmanian. Now, given FE, the rest of our data is F' = @H ~! obeying
EF = 0. Indeed, given F', such that ||F|| < 1, we can reconstruct H:
e _ -2
F'F =1y —rH (2.6)

The matrix @ defines a point in the cotangent space to the Grassmanian at the point E.
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2.3. Supersymmetric ground states

The main subject of our storty is the space of supersymmetric ground states of the
gauge theory. In the supersymmetric sigma model description, which is a kind of a Born-
Oppenheimer approximation, the ground states correspond to the cohomology of the target
space?.

For the cotangent bundle of the Grassmanian the cohomology space is isomorphic to

the N-th exterior power of the L-dimensional vector space:
H* (T*Gr(N, L),C) = A"NC* (2.11)

The isomorphism (2.11) is a little bit mysterious since the grading in the cohomology
group is not obvious on the right hand side of (2.11). The space C* in the right hand
side of (2.11) has nothing to do with the space C¥ whose N-dimensional subspaces are
parametrized by the Grassmanian Gr(N, L). Perhaps a bit more geometric description of
the cohomology of T*Gr(N, L) is via the cohomology of the Grassmanian Gr(N, L) itself.
The latter is generated by the Chern classes of the rank N tautological vector bundle E.
Let

Qz) =2 — 1 (B)a™ 4 co(B)aN 2 — .+ (=D Nen(E) (2.12)

be the Chern polynomial of E. The cohomology ring of the Grassmanian Gr(N, L) is gen-
erated by ¢;(E), co(E),...,cn(E). Let us now describe the relations. Let W ~ CF be the
topologically trivial vector bundle over Gr(N, L). Let E+ = W/E be the dual tautological
bundle. Let Q1 (z) = 2=V — ¢y (EH)al "Nt pey(BL)2 N2+ 4+ (=) Nep_n(BE)
be the Chern polynomial of E+. Then

Q(2)Q (z) = 2" (2.13)

defines the relations among the generators of the cohomology ring®.

¢ For the non-compact target spaces one should use some kind of L?-cohomology theory. Most

of our discussion will be about the theory with twisted masses, where there are no flat directions.

C

For example, if N = 1, then the generator is 0 = ¢1(F), and the relation (2.13) reads:
(x — 0)Q™*(z) = =¥, which implies 0¥ = 0, and ¢, (E*) = (=1)*0". The cohomology ring is, in
this case, the L-dimensional vector space C[o]/ o¥. In general the cohomology ring is the space of

symmetric polynomials in N variables o1,...,0n, subject to the relations G‘iL =0,2=1,...,N.
N 4;4+i—N—1
i=1 97 (%) )
where L > 1 > 2 > ... > ¥y > 1. In the quantum cohomology of the Grassmanian itself these

A basis in this quotient can be chosen to be the monomial sums: m,, = Eﬂ cSn I

relations are modified to o = Q, see [21].



2.4. Chiral ring

Every two dimensional N = (2,2) supersymmetric field theory comes with an in-
teresting algebra: the so-called chiral ring. It is the cohomology of one of the nilpotent
supercharges of the theory in the space of operators.

This algebra, thanks to the state-operator correspondence and the standard super-
symmetry arguments, is isomorphic, as a vector space, to the space of the supersymmetric
ground states, i.e. to the cohomology of the Grassmanian, in our example. The ring
structure, however, need not be isomorphic to the ring structure of the classical cohomol-
ogy. It is parametrized, in fact, by the Kahler moduli of the target space. The deformed
cohomology ring is called the quantum cohomology, [10], [22], and is by now well-studied
mathematically [23]. In our case this is a one-parametric deformation of the classical
cohomology ring of T*Gr.

In addition, if the target space has isometries, as is the case of the Grassmanian or
its cotangent bundle, the theory, and the corresponding chiral algebra can be deformed by
the twisted masses. The mathematical counterpart of this theory is called the equivariant
Gromov- Witten theory, it was introduced in [24].

The chiral algebra of our theory is, therefore, the U(1) x SU(L) equivariant quantum
cohomology of the cotangent bundle to the Grassmanian T*Gr(N, L). It can be described
using the twisted effective superpotential [18] on the “Coulomb branch” of the theory. It
is a function of the scalars o in the vector multiplet ¥ of the gauge group U(N), obtained

by integrating out the massive matter fields:

N
W(o) =D [(0i — pau+u/2) (log (07 — prau +u/2) = 1)+

a=11i=1

(=0i + pat +u/2) (log (=03 + pau + u/2) = 1)+

N 2.14
+Z(O'i—O'j—U)(lOg(O’i—Uj—U)—l) ( )
i,j=1
N
+27it » o
i=1

where t = r + 19 is the linear combination of the Fayet-Illiopoulos term and the theta
angle. The quantum cohomology algebra is generated by the symmetric polynomials cg,
s.t.

N
Q) =[]z —0i) =2V —c1a¥ " VP — 4 (D) Vey (2.15)



subject to the relations (1.1), which become®:

L
Hai_’uau+u/2:eQWitHUi_Uj+u (2.16)
st 0 — patt — u/2 P R

The solutions to (2.16) are the supersymmetric vacua of the gauge theory.

2.5. The X X X spin chain

Fig.1 The X X X spin chain

We shall not present here the X X X spin chain in the way it was originally defined.
To save time, we shall proceed directly with its algebraic formulation. The spin chain is
a quantum integrable system, whose commuting Hamiltonians are the generators of an
abelian subalgebra of a larger, noncommutative associative algebra, called the Yangian.
In our story we shall be dealing with the Yangian Y (gl,) of the gl, Lie algebra. The
generators of Y (gl,) look like the (negative) loops in gl :

oo
Tij(w) = 0+t Va (2.17)
p=1
where 7,7 = 1,...,n. The defining relations of the Yangian are:
+1 +1
L] = D) = = (1 — ) (2.18)
¢ In the limit © — oo with mgs = peu finite, upon the redefinition o; — o; + u/2, and

the renormalization t — ¢ + %log(—u) these equations go over to the equivariant quantum
cohomology of Gr(N, L)
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or, in terms of T'(x):

_ Thj(2)Tu(y) — The (y) Ta ()
Ty

(T35 (x), Tra(y)] = (2.19)

It follows from (2.19) that for any diagonal matrix ¢ = diag(qi,...,¢,) the following

operators
T(z,q) = Z ¢ Tii(x) (2.20)
i=1

commute:
[7(x,q), 7(y,q)] = 0 (2.21)

Given a representation H of the Yangian Y (gl,,) one can define a set of commuting quantum

Hamiltonians acting in H as the coefficients of expansion of 7(x,q) at x = oo:
7(x,q) = Ho+ Hiz™' + Hyz 2 + ... (2.22)

where Hy = fo\;1 ¢;, and
(Hy, Hy] =0, Lm=1,... (2.23)

Whether the resulting quantum integrable system is interesting or not, depends on the
representation H.

The spin chains correspond to H which is obtained by the tensor product of the so-
called evaluation representations. Let n = 2, and let V, ~ C?,a =1,...,L be L copies of

the two dimensional representation of the gl, Lie algebra. Let

H=_)V. (2.24)

Let e;; be the standard matrix with zeroes everywhere except for the i-th column and the

j-th row, where it has 1. Each V, can be viewed as a representation of Y'(gl,), via:

Tij(z)la] = i + ~ _”Ma (2.25)

where p, € C is an arbitrary complex parameter. The representations of the Yangian have
these extra parameters, since the commutation relations (2.19) are translation invariant.
Consider an operator L,(x) which acts in the tensor product of V, and the auxiliary C2:

_ (Tu(z)la] Tio(z)la] | _ 1 eiifa] e1z|a] N 5
La(x)‘(Tm(x)[a] Tm(a:)[a])‘”x—ua(em[@ ezz[a]>€Ed(Va®C(2)26)
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(the index [a] should not be confused with the superscript (p) in the definition of the

expansion modes of the Yangian generators). Note that:

1 0 0 0
€11 €12 o 0O 01 O .
(621 622) o 0O 1 0 O o P12 (2.27)
0 0 0 1

is the permutation matrix acting in C? ® C?. Now let us define the operators Tj;(z) €
End(H) via:

Ti(z) Tig(z)\ . . .
(Tzl(l’) Tzz(:z:)) = Li(z)La(2)... L(z) (2.28)

where the product is the matrix product in the auxiliary space C2?. More precisely, we
should view the operators e;; in (2.26) as acting in H, as:
a'th| factor
(2.29)
eijlal =1®..0e; ®...®1
The commutation relations (2.19) can be written in the so-called R-matrix form, which
makes it obvious that (2.28) defines a representation of Y(gl,) in H. Since the scaling
of ¢ by an overall factor simply multiplies 7(x,q) by the same factor, one can set ¢; = 1
without much loss of the generality.
The parameter Q) = ¢2/q1 is called the twist parameter. The parameters pu, are called
the impurities. The translation invariance of (2.19) again implies that the shift of all u,’s

by the same amount leads to physically equivalent system.

2.6. Special cases and limits

The Heisenberg spin chain corresponds to p, =0, @ = 1.

The higher spins can be obtained by arranging the impurities in a special way and
then restricting onto an irreducible submodule. In this way one can get the local spins to
be in arbitrary representations of slo. This is done by choosing, e.g. {uq} = {fig + ka},
where kg = —s4+1/2,—s4+3/2,...,84 —3/2,84 — 1/2, where 2s4 € Z,, A=1,... /.
Thus, one can view the spin chain of length ¢ with the local spins s1, ..., s, as a subsystem
in the spin 3 chain of the length L =Y , 2s4.

Let us now assume that all local spins are taken to infinity, and at the same time the

number of spin sites L is also sent to infinity, so that

L
11
> — = finite (2.30)
p— Sa C
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In this limit the spin chain goes over to the non-linear Schrodinger system, NLS.
Now keep L and s, finite, but take u, — oo, instead. In this case the spin chain goes

over to the so-called Gaudin system.

2.7. Bethe ansatz

Solution of the quantum integrable system consists of finding the common eigenvec-
tors of the commuting Hamiltonians. There is the following ansatz for the spin chains
eigenfunctions:

@y = Tio(M)Ti2(M2) ... Tia(Aw) © (2.31)

where €2 € H is the highest weight vector:
Tll(x) 0= r4+ (:L') Q (2.32)

where 4 (z) are the easily computed rational functions:

Pz +3)

ri(z) = W H T — fla) (2.33)

In fact, the vector €2 is just the tensor product of the spin down states over all L factors
Va. The vector (2.31) is the eigenvector of 7(x, ¢) for all z iff X’s solve the following system

of equations, the Bethe equations:

Ai — o t 5 A+ 1
Hk—ua—— QHA_/\ = (2.34)

Equivalently, the polynomial, the so-called Baxter operator, [25]:

Q(z) = [J(x =) (2.35)
has to obey the following difference equation:

ri()Q(x — 1)+ Qr—(z)Q(z + 1) = €(x)Q(x) (2.36)

where €(z)P(x) is a degree L polynomial in z, to be determined from (2.36) at the same
time as Q(z). The equations (2.34) imply that the left hand side of (2.36) vanishes at

14



x = A; and therefore is divisible by Q(z). The rational function €(x) is the eigenvalue of
the transfer matrix 7(z, q).
Finally, the equations (2.34) can be interpreted as the critical point equations for the

YY function:

N
Y()\)ZZ [()\i—;ta—ké)(log ()\i—ﬁba+%)—1>+
a=1i=1
(=i + pa + %) (log (=X + pa +3) = 1)] + (2.37)
N
> (i= A =1 (log (A — A —1) = 1)

2.8. Dictionary

We can now formulate the precise dictionary. The operators (2.15) of the gauge theory
map to Baxter operator (2.35), upon the rescaling, o; = \;u, the twisted superpotential
is identified with the Y'Y function, W(O’) =uY (0/u), and the supersymmetric vacua are
the Bethe eigenstates. The twisted masses corresponding to the SU(L) symmetry are the
impurities, while the twisted mass corresponding to the U(1) symmetry (2.9) set the scale
of the twisted masses. The roots of the Drinfeld polynomial P(z) are the masses of the
fundamental hypermultiplets. Baxter’s equations (2.36) become the Ward identities of the

chiral ring:

<[P(x+u/2)%+@P(x—u/2)%]_>: (2.38)
where [...]_ denotes a negative in z part in the expansion near z = co.

In the string theory realization v is mapped to the topological string coupling constant.
The identification of the Kéahler parameter ¢t and the element of the Cartan subalgebra of
sly (and the analogous identification in the higher rank case) is a particular case of the
famous string realization of McKay duality between the ADE singularities and the Lie

groups.

X %k >k

All these questions are discussed in greater detail in [18].

15



References

G. Moore, N. Nekrasov, S. Shatashvili, “Integration over the Higgs branches”,
arXiv:hep-th/9712241 , Comm. Math. Phys. 209( 2000 ) 97-121

N. Hitchin, “Stable bundles and integrable systems”, Duke Math 54 (1987),91-114
A. Gerasimov, S.L. Shatashvili, “Higgs Bundles, Gauge Theories and Quantum
Groups”, Comm. Math. Phys. 277( 2008 ) 323-367, arXiv:hep-th/0609024

A. Gerasimov, S.L. Shatashvili, “T'wo-dimensional gauge theories and quantum inte-
grable systems”, arXiv:0711.1472, in, ”From Hodge Theory to Integrability and TQFT:
tt*-geometry”, pp. 239-262, R. Donagi and K. Wendland, Eds., Proc. of Symposia in
Pure Mathematics Vol. 78, American Mathematical Society Providence, Rhode Island.
A. Gorsky, N. Nekrasov, “Hamiltonian systems of Calogero type and two dimensional
Yang-Mills theory”, arXiv:hep-th/9304047, Nucl. Phys. B 414( 1994 ) 213-238

J.A. Minahan, A.P. Polychronakos, “Interacting Fermion Systems from Two Dimen-
sional QCD” | Phys. Lett. B 326 ( 1994 ) 288-294, arXiv:hep-th/9309044 ;
“Equivalence of Two Dimensional QCD and the ¢ = 1 Matrix Model”, Phys. Lett. B
312 ( 1993 ) 155-165, arXiv:hep-th/9303153 ;

“Integrable Systems for Particles with Internal Degrees of Freedom”, Phys. Lett. B
302 ( 1993 ) 265-270, arXiv:hep-th/9206046

A. Gorsky, N. Nekrasov, “Relativistic Calogero-Moser model as gauged WZW theory”,
arXiv:hep-th/9401017, Nucl. Phys. B 436( 1995 ) 582-608

A. Gorsky, N. Nekrasov, “Elliptic Calogero-Moser system from two dimensional cur-
rent algebra”, arXiv: hep-th/9401021

S. Cecotti, C. Vafa, “Topological Anti-Topological Fusion”, Nucl. Phys. B 367( 1991
) 359-461, HUTP-91/A021

C. Vafa, “Topological Mirrors and Quantum Rings,’
ed. S.-T. Yau (Intl.Press, 1992)

R. Donagi, E. Witten, “Supersymmetric Yang-Mills Theory and Integrable Systems”,
hep-th/9510101, Nucl.Phys.B460 (1996) 299-334

N. Nekrasov, “Holomorphic bundles and many-body systems”, arXiv:hep-th/9503157,
Comm. Math. Phys. 180( 1996 ) 587-604

A. Gorsky, A. Marshakov, A. Mironov, A. Morozov, “N = 2 Supersymmetric QCD
and Integrable Spin Chains: Rational Case Ny < 2N.”, arXiv: hep-th/9603140, Phys.
Lett. B 380 ( 1996 ) 75-80;

A. Gorsky, S. Gukov, A. Mironov, “SUSY field theories, integrable systems and their
stringy /brane origin — II”, arXiv:hep-th/9710239, Nucl. Phys. B 518( 1998 ) 689-713;
A. Gorsky, S. Gukov, A. Mironov, “Multiscale N'= 2 SUSY field theories, integrable
systems and their stringy/brane origin — I 7, arXiv:hep-th/9707120, Nucl. Phys. B

)

in, Essays on Mirror Manifolds,

16



[14]
[15]
[16]
[17]
18]
[19]
[20]

[21]

22]
23]

[24]
[25]

517( 1998 ) 409-461 ;

R. Boels, J. de Boer, “Classical Spin Chains and Exact Three-dimensional Superpo-
tentials”, arXiv:hep-th/0411110

J. Minahan, K. Zarembo, “The Bethe-Ansatz for N' = 4 Super Yang-Mills, ”
arXiv:hep-th/0212208 , JHEP 0303 (2003) 013

For the current situation see, “Integrability in String and Gauge Theory”, Utrecht,
August, 2008

E. Witten, “Phases of N’ = 2 Theories in Two Dimensions”, Nucl. Phys. B403 (1993)
159, hep-th/9301042

N. Nekrasov, “ Five dimensional gauge theories and relativistic integrable systems”,
Nucl. Phys. B 531( 1998 ) 323-344, arXiv: hep-th/9609219

N. Nekrasov, S. Shatashvili, “Supersymmetric vacua and quantum integrability,” to
appear

M. Varagnolo, arXiv:math/0005277

H. Nakajima, arXiv:math/9912158

E. Witten, “The Verlinde Algebra And The Cohomology Of The Grassmannian”,
hep-th /9312104

E. Witten, in “Proceedings of the Conference on Mirror Symmetry”, MSRI (1991).
M. Kontsevich, Yu. Manin, “Gromov-Witten classes, quantum cohomology, and enu-
merative geometry 7, arXiv:hep-th/9402147

A.B. Givental, “Equivariant Gromov - Witten Invariants”, alg-geom /9603021

R. Baxter, “Exactly solved models in statistical mechanics”, London, Academic Press,
1982

17



