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Enumerative AG and Integrability
String theory have been suggesting for a long time that there is a strong 
connection between geometry and integrability

Study of Gromov-Witten invariants was influenced by progress in string theory. 

For a symplectic manifold X GW invariants appear in the expansion of quantum 
multiplication in quantum cohomology of X

A particular attention is given to genus zero GW invariants 

In this talk, we study equivariant quantum K-theory of a large family of spaces 
and its connection to quantum (Bethe Ansatz) and classical integrable systems as 
well as some applications to representation theory



I got really fascinated by these (1+1)-dimensional models that are solved by the Bethe 
ansatz and how mysteriously they jump out at you and work and you don’t know why.  

I am trying to understand all this better.



I. Many-Body Systems
Calogero in 1971 introduced a new integrable system. Moser in 1975 proved its integrability using Lax pair
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The Calogero-Moser (CM) system has several generalizations: rational CM  trigonometric CM  elliptic CM→ →
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where shrieks in the superscripts above designate the absence of terms with i = j in the
corresponding sums in (2.5), and where
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i.e., ζ̃ is the standard ζ function without the linear term. Note that if we have included

the linear term we would have had δ−1uz term in the ILW equation. Note that ζ̃ = θ′1(ζ|p)
θ1(ζ|p) ,

which was used, say in [BSTV1]. Now, if we denote ũ = u0−u1 then the following equation
holds

(2.8) ut + uuz +
i

2
βũzz = 0 ,

which is equivalent to (2.1) provided that xj’s satisfy equations of motion for the elliptic
Calogero-Moser-Sutherland model for k particles

(2.9) ẍj = −β2∂j
∑

i #=j

℘(xj − xi) , i = 1, . . . , k ,

where the Weierstrass ℘ and ζ functions are related to each other via ℘(ξ) = − ∂
∂ξ ζ(ξ).

Notice that the potential for the integrable many-body system is represented by the same
function as in the pole ansatz for particles xj and momenta yj(2.5).

2.2. Quantization. The model is also quantum integrable, this was studied in details
earlier, see [KS1] and references therein. Complex velocity field u can be expanded intro
infinitely many oscillator modes u(z, 0) =

∑
ameimz which obey canonical commutation

relations. The quantum ILW Hamiltonians which provide quantization of (2.3) have the
following form (see [KS2] for review)
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where ε = log q, m = log !, and p̃ is the elliptic parameter. The operators an for negative
n create ILW solitons from the Fock vacuum |0〉 which is annihilated by all positive modes
a>0|0〉 = 0. The operators an obey the following commutation relations of the doubly-
deformed Heisenberg algebra

(2.11) [an, am] = m
1− qm

1− !m
δm,−n ,

where the deformation is a rational function of parameters q and !. In the semi-classical
regime of the ILW model, when these two variables are expanded around unity this rational
function becomes equal to ε/m, which plays the role of the Planck’s constant.

One can see how the scaling limit ! → ∞ is manifest in the ILW pole Ansatz construction
(2.5) and (2.6). Due to (2.11) we are required to rescale generators an → an!

−n
2 in this

limit. If we return back to the oscillator representation of the velocity field u we see
that this rescaling entails shift in z-variable: z → z − i ε2 , where ! = eε, in order to
keep the decomposition u(z, 0) =

∑
ameimz in place. Additionally we put β = !ν, where

ν is a nonzero constant which can be fixed later after we shall complete the quantum

Another relativistic generalization called Ruijsenaars-Schneider (RS) family
rRS  tRS  eRS→ →

HCM = lim
c!1

HRS � nmc
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Example: tRS Model with 2 Particles
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T2 = p1p2

Hamiltonians Symplectic form
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Integrals of motion
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Ti = Ei

Quantization
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q 2 C⇥

tRS Momenta are shift operators
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pif(⇠i) = f(q⇠i)

Eigenvalue Equations
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Calogero-Moser Space
Let  be an N-dimensional vector space over . Let  be the subset of  
consisting of elements  such that 

V ℂ ℳ′ GL(V) × GL(V) × V × V*
(M, T, u, v)

qMT − TM = u ⊗ vT

The group  acts on  by conjugationGL(N; ℂ) = GL(V) ℳ′ 

(M, T, u, v) ↦ (gMg−1, gTg−1, gu, vg−1)

The quotient of  by the action of  is called Calogero-Moser space ℳ′ GL(V) ℳ

Flat connections on punctured torus

ABA�1B�1 = C

Mn = {A,B,C}/GL(n;C)

[PK, Gukov, Nawata, Pei, Saberi 
[arXiv:2206.03565]  SpringerBriefs (2023)]

Integrable Hamiltonians are ~  
-Lax matrix

TrTk

T

https://arxiv.org/abs/2206.03565


Hierarchy of Models
[Gorsky PK Koroteeva Shakirov ]
[Mironov, Morozov, Gorsky…]

[PK Shakirov LMP 2020]

rational trigonometric elliptic

r rational CMS trigonometric CMS elliptic CMS
quantum cohomology

t rational RS 
(dual trig. CMS) trigonometric RS elliptic RS

quantum K-theory

e dual elliptic CMS dual elliptic RS DELL
Elliptic Cohomology

qp



Quantum Integrability
Quantum group  is a noncommutative deformation of the loop group with 

a nontrivial intertwiner — R-matrix

Uℏ(�̂�)

RV1,V2(a1/a2) : V1(a1)⌦ V2(a2) ! V2(a2)⌦ V1(a1)

Yang-Baxter equation

RV,W

V (a)

W (u)
Z

Integrability comes from transfer matrices 

which generates Bethe algebra

[TW (u), TW (u0)] = 0

Transfer matrices are usually polynomials in  whose 
coefficients are the integrals of motion

u
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TW (u) = TrW (u)((Z ⌦ 1)RV,W )

Classical IS can be quantized using methods of physics — Omega background [Nekrasov], 
Quantization by branes [Gukov, Witten]



The XXZ Spin Chain
g = sl2 V = C2(a1)⌦ · · ·⌦ C2(an)spin-1/2 chain on  sitesn

Consider Knizhnik-Zamolodchikov (qKZ) difference equation

 (a1, . . . , an) 2 V1(a1)⌦ · · ·⌦ Vn(an)
where

Z

RV1,V2

V1

V1

V2
Vn

VnV2

 (qa1, . . . an) = (Z ⌦ 1⌦ · · ·⌦ 1)RV1,Vn · · ·RV1,V2 (a1, . . . an)

[I. Frenkel Reshetikhin]

In the limit q ! 1
qKZ becomes an eigenvalue problem

q 2 C⇥



Solutions of qKZ
Schematic solution

 ↵ =

Z
dx

x
f↵(x, a)K(x, z, a, q)

indexed by physical space universal kernel
representation

q ! 1
logK(x, z, a, q) ⇠ S(x, z, a)

log q
@S

@xi
= 0 Bethe equations for Bethe roots x

ai
@S

@ai
= ⇤i Eigenvalues of qKZ operators

The map ↵ 7! f↵(x
⇤) provides diagonalization

[Aganagic Okounkov]

So we need to find `off  shell’ Bethe eigenfunctions f↵(x, a)



The Nekrasov-Shatashvili Correspondence 
The answer will come from enumerative algebraic geometry inspired by physics

Hilbert space of states

of quantum integrable system

Equivariant K-theory of 

Nakajima quiver varitey


gauge group G =
rkgY

i=1

U(vi) ( ) encode weight of repv1, v2, … ↵

Bethe roots x live in the maximal torus of , by integrating over x we project on Weyl invariant 
functions of Bethe roots

G

Flavor group GF =
Y

i

U(wi) whose maximal torus gives parameters a

Bifundamental matter Hom(Vi, Vj)
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Part (4) of the Theorem above immediately implies that the eigenvalues of the operator
of quantum multiplication by τ̂(z) can be computed from the asymptotics of the bare
vertex functions.

Corollary 2.14. The following expression:

(20) τp(z) = lim
q→1

V (τ)
p (z)

V (1)
p (z)

gives the eigenvalues of the operator of quantum multiplication by τ̂(z) corresponding to a
fixed point p ∈ XT.

3. Computations for Partial Flags

In this section we will study in detail and apply the formalism which we have developed in
the previous section to the case when Nakajima quiver variety X is the cotangent bundle to
the space of partial flags. In other words, we are interested in studying quantum K-theory
of the following quiver of type An

2

v1 v2 . . . vn−1

wn−1

The stability condition is chosen so that maps Wn−1 → Vn−1 and Vi → Vi−1 are sur-
jective. For the variety to be non-empty the sequence v1, . . . ,vn−1,wn−1 must be non-
decreasing. The fixed points of this Nakajima quiver variety and the stability condition
are classified by chains of subsets V1 ⊂ . . . ⊂ Vn−1 ⊂ Wn−1, where |Vi| = vi,Wn−1 =
{a1, . . . , awn−1}. The special case when vi = i, wn−1 = n is known as complete flag va-
riety, which we denote as Fln. It will be convenient to introduce the following notation:
v′
i = vi+1 − vi−1, for i = 2, . . . , n− 2, v′

n−1 = wn−1 − vn−2, v′
1 = v2.

Remark. In principle, in the computations below one could add extra framings to vertices
to study the most generic situation in the setting of An quiver, but we shall refrain from
doing it in this work to make calculations more transparent and simple.

3.1. Bare vertex for partial flags. The key for computing the bare vertex is the local-
ization theorem in K-theory, which gives the following formula for the equivariant push-

forward, which constituetes bare vertex V (τ)
p (z):

V (τ)
p (z) =

∑

d∈Zn
≥0

∑

(V ,W )∈(QMd
nonsing p2

)T

ŝ(χ(d)) zdqdeg(P)/2τ(V |p1).

2We are using standard quaternionic notations.
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The quiver variety    = {Matter fields}/gauge groupX
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weighted by degree zdegf

(cf Gromov-Witten invariants)

 is a module of a quantum group in the Nakajima correspondence constructionX

subject to equivariant action on the base nodal curve C⇥
q

f X

f : C ��� > X

C⇥
q
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V (1)
p (z)
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ization theorem in K-theory, which gives the following formula for the equivariant push-

forward, which constituetes bare vertex V (τ)
p (z):

V (τ)
p (z) =

∑

d∈Zn
≥0

∑

(V ,W )∈(QMd
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Rep(v,w) — linear space of quiver reps

µ : T ⇤Rep(v,w) ! Lie(G)⇤Moment map

Quiver variety

Maximal torus (a) T = T(Aut(X))

Tensorial polynomials of tautological bundles Vi, Wi and their duals generate classical T-
equivariant K-theory ring of X

BAXTER Q-OPERATOR FROM QUANTUM K-THEORY 5

where the symbol µ−1(0)s denotes the intersection of the set µ−1(0) ⊂ T ∗R with the
stable locus corresponding to injective elements in R:

stable points in T ∗R = {(A,B) : rank(A) = k}.(3)

Now we give the description of fixed points on Nk,n, tautological bundles, torus
action and equivariant K-theory once again, this time from the perspective of Nakajima
varieties. First, we note that Nk,n is naturally equipped with the following tautological
bundles:

V = µ−1(0)s × V/GL(V ), W = µ−1(0)s ×W/GL(V ).

Since GL(V ) does not act on W the bundle W is trivial, and because A is injective we
have V ⊂ W and thus V ⊂ W.

More generally, letKGL(V )(·) = Λ[s±1
1 , s±1

2 , · · · , s±1
k ] be the ring of symmetric Laurent

polynomials in k variables. Every such polynomial τ ∈ KGL(V )(·) is a character of some
virtual representation τ(V ) of GL(V ) (tensorial polynomial in V and V ∗).2 We denote
the corresponding virtual tautological bundles on Nk,n by the same symbol τ :

τ = (µ−1(0)s × τ(V ))/GL(V ).

The tautological bundles τ can be uniquely represented by the symmetric Laurent poly-
nomials in the corresponding Chern roots of V and thus there should be no confusion
in our notations.

We set a framing torus A = C×a1 × · · ·× C×an to be a n-torus acting on W by scaling
the coordinates with characters ai. Let C×! be a one-torus acting on T ∗R by scaling
the cotangent directions with character !. We adopt the notation T = A× C×! .

The action of T on T ∗R induces its action on Nk,n. The fixed set NT
k,n consists of

n!/k!/(n−k)! isolated points representing the k-planes spanned by coordinate vectors.
They are conveniently labeled by k-subsets p = {x1, · · · , xk} ⊂ {a1, · · · , an}.

Let us set the following notation for the disjoint union of Nk,n for all k:

N(n) =
n∐

k=0

Nk,n,

so that the fixed point set N(n)T consists of total 2n points.
The equivariant K-theory KT(N(n)) is a module over the ring of equivariant con-

stants: R = KT(·) = Z[a±1 , · · · , a±1
n , !±1]. The localized K-theory

KT(N(n))loc = KT(N(n))
⊗

R

A =
n⊕

k=0

KT(Nk,n)
⊗

R

A(4)

is an A-vector space (A = Q(a1, · · · , an, !)) of dimension 2n spanned by the K-theory
classes of fixed points Op.

2For example, the polynomial

τ(s1, · · · , sk) = (s1 + · · ·+ sk)
2 −

∑

1≤i1<i2<i3≤k

s−1
i1

s−1
i2

s−1
i3

corresponds to τ(V ) = V ⊗2 − Λ3V ∗.

Ex:  T*Grk,n

v1 = k, w1 = n

BAXTER Q-OPERATOR FROM QUANTUM K-THEORY 5

where the symbol µ−1(0)s denotes the intersection of the set µ−1(0) ⊂ T ∗R with the
stable locus corresponding to injective elements in R:

stable points in T ∗R = {(A,B) : rank(A) = k}.(3)

Now we give the description of fixed points on Nk,n, tautological bundles, torus
action and equivariant K-theory once again, this time from the perspective of Nakajima
varieties. First, we note that Nk,n is naturally equipped with the following tautological
bundles:

V = µ−1(0)s × V/GL(V ), W = µ−1(0)s ×W/GL(V ).

Since GL(V ) does not act on W the bundle W is trivial, and because A is injective we
have V ⊂ W and thus V ⊂ W.

More generally, letKGL(V )(·) = Λ[s±1
1 , s±1

2 , · · · , s±1
k ] be the ring of symmetric Laurent

polynomials in k variables. Every such polynomial τ ∈ KGL(V )(·) is a character of some
virtual representation τ(V ) of GL(V ) (tensorial polynomial in V and V ∗).2 We denote
the corresponding virtual tautological bundles on Nk,n by the same symbol τ :

τ = (µ−1(0)s × τ(V ))/GL(V ).

The tautological bundles τ can be uniquely represented by the symmetric Laurent poly-
nomials in the corresponding Chern roots of V and thus there should be no confusion
in our notations.

We set a framing torus A = C×a1 × · · ·× C×an to be a n-torus acting on W by scaling
the coordinates with characters ai. Let C×! be a one-torus acting on T ∗R by scaling
the cotangent directions with character !. We adopt the notation T = A× C×! .

The action of T on T ∗R induces its action on Nk,n. The fixed set NT
k,n consists of

n!/k!/(n−k)! isolated points representing the k-planes spanned by coordinate vectors.
They are conveniently labeled by k-subsets p = {x1, · · · , xk} ⊂ {a1, · · · , an}.

Let us set the following notation for the disjoint union of Nk,n for all k:

N(n) =
n∐

k=0

Nk,n,

so that the fixed point set N(n)T consists of total 2n points.
The equivariant K-theory KT(N(n)) is a module over the ring of equivariant con-

stants: R = KT(·) = Z[a±1 , · · · , a±1
n , !±1]. The localized K-theory

KT(N(n))loc = KT(N(n))
⊗

R

A =
n⊕

k=0

KT(Nk,n)
⊗

R

A(4)

is an A-vector space (A = Q(a1, · · · , an, !)) of dimension 2n spanned by the K-theory
classes of fixed points Op.

2For example, the polynomial

τ(s1, · · · , sk) = (s1 + · · ·+ sk)
2 −

∑

1≤i1<i2<i3≤k

s−1
i1

s−1
i2

s−1
i3

corresponds to τ(V ) = V ⊗2 − Λ3V ∗.

X = µ�1(0)//✓G = µ�1(0)ss/G

W = ℂn

V = ℂk
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Quasimaps
A quasimap f : C �� ! X is described by
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as automorphisms of X, where Qij stands for the number of edges between vertices i and
j, C! scales cotangent directions with weight ! and therefore symplectic form with weight
!−1. Let us denote by T the maximal torus of this group.

The main object of study in this paper will be a certain deformation of the classical
equivariant K-theory ring KT(X). For a Nakajima quiver variety X one can define a
set of tautological bundles on it Vi,Wi, i ∈ I. Tensorial polynomials of these bundles and
their duals generate KT(X) according to Kirwan’s surjectivity conjecture, which is recently
shown to be true on the level of cohomology [MN]. All bundles Wi are trivial. Let (·, ·) be
a bilinear form on KT(X) defined by the following formula

(1) (F,G) = χ(F ⊗ G⊗K−1/2),

where K is the canonical class and χ is Euler characteristic. Such necessary extra shift
will be explained below. For more information on quiver varieties in this context, one can
consult original papers [Nak9802], [Nak] or [Neg], [MO12].

2.2. Quasimaps.

Definition 2.1. A quasimap f from C to X

(2) f : C !!" X

Is a collection of vector bundles Vi on C of ranks vi together with a section of the bundle

(3) f ∈ H0(C,M ⊕ M ∗ ⊗ !),

satisfying µ = 0, where

M =
∑

i∈I

Hom(Wi,Vi)⊕
∑

i,j∈I

Qij ⊗Hom(Vi,Vj),

so that Wi are trivial bundles of rank wi and µ is the moment map. Here ! is a trivial line
bundle with weight ! introduced to have the action of T on the space of quasimaps. The
degree of a quasimap is a the vector of degrees of bundles Vi.

For a point on the curve p ∈ C we have an evaluation map to the quotient stack evp :
QMd → L(v,w)/G defined by evp(f) = f(p). Note that the quotient stack contains X as
an open subset corresponding to locus of semistable points:

X = µ−1
ss (0)/G ⊂ L(v,w)/G.

A quasimap f is called nonsingular at p if f(p) ⊂ X. In short, we conclude that the open
subset QMd

nonsing p ⊂ QMd of quasimaps nonsingular at the given point p is endowed with
a natural evaluation map:

(4) QMd
nonsing p

evp
−→ X

that sends a quasimap to its value at p. The moduli space of relative quasimaps QMd
relative p

is a resolution of evp (or compactification), meaning we have a commutative diagram:
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on C viof ranks

section satisfying µ = 0
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Part (4) of the Theorem above immediately implies that the eigenvalues of the operator
of quantum multiplication by τ̂(z) can be computed from the asymptotics of the bare
vertex functions.

Corollary 2.14. The following expression:

(20) τp(z) = lim
q→1

V (τ)
p (z)

V (1)
p (z)

gives the eigenvalues of the operator of quantum multiplication by τ̂(z) corresponding to a
fixed point p ∈ XT.

3. Computations for Partial Flags

In this section we will study in detail and apply the formalism which we have developed in
the previous section to the case when Nakajima quiver variety X is the cotangent bundle to
the space of partial flags. In other words, we are interested in studying quantum K-theory
of the following quiver of type An

2

v1 v2 . . . vn−1

wn−1

The stability condition is chosen so that maps Wn−1 → Vn−1 and Vi → Vi−1 are sur-
jective. For the variety to be non-empty the sequence v1, . . . ,vn−1,wn−1 must be non-
decreasing. The fixed points of this Nakajima quiver variety and the stability condition
are classified by chains of subsets V1 ⊂ . . . ⊂ Vn−1 ⊂ Wn−1, where |Vi| = vi,Wn−1 =
{a1, . . . , awn−1}. The special case when vi = i, wn−1 = n is known as complete flag va-
riety, which we denote as Fln. It will be convenient to introduce the following notation:
v′
i = vi+1 − vi−1, for i = 2, . . . , n− 2, v′

n−1 = wn−1 − vn−2, v′
1 = v2.

Remark. In principle, in the computations below one could add extra framings to vertices
to study the most generic situation in the setting of An quiver, but we shall refrain from
doing it in this work to make calculations more transparent and simple.

3.1. Bare vertex for partial flags. The key for computing the bare vertex is the local-
ization theorem in K-theory, which gives the following formula for the equivariant push-

forward, which constituetes bare vertex V (τ)
p (z):

V (τ)
p (z) =

∑

d∈Zn
≥0

∑

(V ,W )∈(QMd
nonsing p2

)T

ŝ(χ(d)) zdqdeg(P)/2τ(V |p1).

2We are using standard quaternionic notations.

[Ciocan-Fontanine, Kim, Maulik]
[Okounkov]

4. The line bundle ! eC

⇣P
i
p
0
i
+
P

j
qj

⌘
⌦ L

✏

✓
is ample for every rational

✏ > 0, where L✓ = P ⇥Gv C✓, eC is the closure of C \C0, qj are the nodes

of eC, and C✓ is the one dimensional Gv-module defined by the stability
condition ✓.

Figure 2: An example of the domain of a relative quasimap with four marked
points. A chain of rational curves is attached to each point pi, and condition
4 implies that the last component of each chain has a marked point p0

i
. The

map ⇡ collapses each chain to a single point.

Definition 2. A relative quasimap (C, p01, . . . , p
0
m
, P, f, ⇡) is nonsingular at

p 2 C if f(p) is stable in the sense of (4). In this case, f(p) gives a point in
the quiver variety.

Definition 3. The degree of a quasimap (C, p01, . . . , p
0
m
, P, f, ⇡) is the tuple

d = (di)i2Z where di is the degree of the rank vi vector bundle P ⇥Gv Vi ! C.

Theorem 1. ([CKM14] Theorem 7.2.2) The stack QMd
relative p1,...,pm parame-

terizing the data of stable genus zero quasimaps to X is a Deligne-Mumford
stack of finite type with a perfect obstruction theory.

Definition 4. Let QMd
nonsing p1,...,pm be the stack parameterizing the data of

degree d quasimaps to X relative to p1, . . . , pm such that C ⇠= D ⇠= P1.
For such a quasimap, most of the conditions in Definition 1 become trivially
satisfied.

7

vector bundles 
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where

• C is a connected, at most nodal genus zero projective curve and p′i are nonsingular
points of C,

• P is a principal G - bundle over C,
• f is a section of the fiber bundle

(2) p : P ×G (R ⊕R∗) → C

over C satisfying µ = 0, where R = Rep(v,w) - is a representation of G defined
in Section 2.1 (the moment map condition is satisfied pointwise, so for every point
we can consider the moment map and the image of the section f restricted to every
point should be 0),

• π : C → D is a regular map,

satisfying the following conditions:

(1) There is a distinguished component C0 of C such that π restricts to an isomorphism
π : C0

∼= D and π(C \ C0) is zero-dimensional (possibly empty).
(2) π(p′i) = pi.
(3) f(p) is stable for all p ∈ C \B where B is a finite (possibly empty) subset of C.
(4) The set B is disjoint from the nodes and points p′1, . . . , p

′
m.

(5) ω
C̃
(
∑

i p
′
i +

∑
j qi) ⊗ Lε

θ is ample for every rational ε > 0, where Lθ = P ×G Cθ

(θ = det is the character of G), C̃ is the closure of C\C0 and qi are the nodes C0∩ C̃.

We call D the base curve of the quasimap (although for some quasimaps the actual
domain might be bigger). Note that it can have one or multiple components.

Let (C, p′1, . . . , p
′
m, P, f,π) be a quasimap and let V1, V2, . . . be representations of G as in

Section 2.1. Let us denote by

(3) Vi = P ×G Vi → C

the associated rank vi vector bundle over C and bundles Wi and R defined in an analogous
way.

Definition 2.2. The degree of a quasimap (C, p′1, . . . , p
′
m, P, f,π) is the vector of degrees of

vector bundles Vi associated to it.

Definition 2.3. Let QMd
relative,p1,··· ,pm denote the stack parameterizing stable genus zero

quasimaps relative to p1, . . . , pm, (i.e. the data of Definition 2.1) of fixed degree d. Two
quasimaps are considered isomorphic if there is an isomorphism between the bundles which
intertwines the sections.

For any point on the curve p ∈ C we have an evaluation map to the quotient stack
evp : QMd → L(v,w)/G defined by evp(f) = f(p). Note that the quotient stack contains
X as an open subset corresponding to locus of semistable points:

X = µ−1
ss (0)/G ⊂ L(v,w)/G.

A quasimap f is called nonsingular at p if f(p) ⊂ X and the quasimap is not relative to p.
In short, we conclude that the open subset QMd

nonsing p ⊂ QMd of quasimaps nonsingular
at the given point p is endowed with a natural evaluation map:

(4) QMd
nonsing p

evp
−→ X

that sends a quasimap to its value at p. The moduli space of relative quasimaps QMd
relative p

is a resolution of evp (or compactification), meaning we have a commutative diagram:
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Evaluation map to quotient stack
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evp(f) = f(p) 2 [µ�1(0)/G] � X

Quasimap is stable if  for all but finitely 

many points — singularities


f(p) ∈ X

The moduli space of stable quasimaps
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as automorphisms of X, where Qij stands for the number of edges between vertices i and
j, C! scales cotangent directions with weight ! and therefore symplectic form with weight
!−1. Let us denote by T the maximal torus of this group.

The main object of study in this paper will be a certain deformation of the classical
equivariant K-theory ring KT(X). For a Nakajima quiver variety X one can define a
set of tautological bundles on it Vi,Wi, i ∈ I. Tensorial polynomials of these bundles and
their duals generate KT(X) according to Kirwan’s surjectivity conjecture, which is recently
shown to be true on the level of cohomology [MN]. All bundles Wi are trivial. Let (·, ·) be
a bilinear form on KT(X) defined by the following formula

(1) (F,G) = χ(F ⊗ G⊗K−1/2),

where K is the canonical class and χ is Euler characteristic. Such necessary extra shift
will be explained below. For more information on quiver varieties in this context, one can
consult original papers [Nak9802], [Nak] or [Neg], [MO12].

2.2. Quasimaps.

Definition 2.1. A quasimap f from C to X

(2) f : C !!" X

Is a collection of vector bundles Vi on C of ranks vi together with a section of the bundle

(3) f ∈ H0(C,M ⊕ M ∗ ⊗ !),

satisfying µ = 0, where

M =
∑

i∈I

Hom(Wi,Vi)⊕
∑

i,j∈I

Qij ⊗Hom(Vi,Vj),

so that Wi are trivial bundles of rank wi and µ is the moment map. Here ! is a trivial line
bundle with weight ! introduced to have the action of T on the space of quasimaps. The
degree of a quasimap is a the vector of degrees of bundles Vi.

For a point on the curve p ∈ C we have an evaluation map to the quotient stack evp :
QMd → L(v,w)/G defined by evp(f) = f(p). Note that the quotient stack contains X as
an open subset corresponding to locus of semistable points:

X = µ−1
ss (0)/G ⊂ L(v,w)/G.

A quasimap f is called nonsingular at p if f(p) ⊂ X. In short, we conclude that the open
subset QMd

nonsing p ⊂ QMd of quasimaps nonsingular at the given point p is endowed with
a natural evaluation map:

(4) QMd
nonsing p

evp
−→ X

that sends a quasimap to its value at p. The moduli space of relative quasimaps QMd
relative p

is a resolution of evp (or compactification), meaning we have a commutative diagram:

and 
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f vary



Quantum K-theory
Quasimaps spaces admit action of  on base  with two fixed points ℂ×

q ℙ1

Define vertex function for  with quantum (Novikov) parameters zτ

Define quantum K-theory as a ring with multiplication
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and call the corresponding ring quantum K-theory of Nk,n. The word “deformation”
here means that for two K-theory classes A,B we have

A!B = A⊗B +
∞∑

d=1

A!dBzd,

so that if the deformation parameter is equal to zero z → 0 (this special case is usually
referred to as classical limit), the quantum product ! coincides with the classical
tensor product ⊗. The definition of the quantum product follows closely the definition
of the product in quantum cohomology: the classes A !d B ∈ KT(N(n)) (quantum
corrections) are given by certain degree d curve counting in Nk,n.

Next, for a tautological bundle τ ∈ KT(Nk,n) as above, we define a deformation
which will be referred to as quantum tautological bundle:

τ̂ (z) = τ +
∞∑

d>0

τdz
d ∈ KT(Nk,n)[[z]]

One of the goals of this paper is to study the spectrum of operators of quantum multipli-
cation by quantum tautological bundles. The following Theorem is the generalization
of Proposition 1 to the quantum level.

Theorem 1. The eigenvalues of operators of quantum multiplication by τ̂ (z) are given
by the values of the corresponding Laurent polynomials τ(s1, · · · , sk) evaluated at the
solutions of the following equations:

n∏
j=1

si − aj
!aj − si

= z !−n/2
k∏

j=1
j !=i

si!− sj
si − sj!

, i = 1 · · ·k.(4)

When z = 0 we return to the statement of Proposition 1.

1.4. XXZ model and Baxter Q-operator. A specialist can immediately recognize
that (4) are nothing but the Bethe ansatz equations for the so-called XXZ spin chain.
Let us briefly recall some basic facts about this quantum integrable system, see also
[31], [7] for a more detailed outline.

Let us consider a system of n interacting magnetic dipoles (usually refered to as
spins) on a 1-dimensional periodic lattice. Each spin can take two possible configura-
tions “up” and “down”, such that the space of the quantum states of this system has
dimension 2n:

H = C2 ⊗ C2 ⊗ · · ·⊗ C2.(5)

In this system of spins only the neighboring ones (with labels i and i+1) can interact.
The energy of the interaction is described by the following Hamiltonian:

H2 = −
n∑

i=1

σi
x ⊗ σi+1

x + σi
y ⊗ σi+1

y +∆ σi
z ⊗ σi+1

z ,(6)

where ∆ = !1/2 + !−1/2 is the parameter of anisotropy and σi
m are the standard Pauli

matrices acting in the i-th factor of (5). The periodic boundary conditions are imposed

[Okounkov]
[Pushkar Smirnov Zeitlin]

Theorem:  is a commutative associative unital algebraQK(X)

C⇥
q
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is ([Oko15] Section 7.2). Using equivariant localization, we can thus make
the following definition.

Definition 6. The bare vertex function with descendant ⌧ inserted at p1 is
the formal power series

V(⌧)(z) =
X

d

evp2,⇤( bOd
vir ⌦ ⌧ |p1 ,QM

d
nonsing p2)z

d
2 KT⇥C⇥

q
(X)loc[[z]]

where bOd
vir is the symmetrized virtual structure sheaf on QMd

nonsing p2 .

In what follows, we will omit the superscript (⌧) in the bare vertex func-
tion when ⌧ = 1.

2.5

Definition 7. The capping operator is the formal series

 (z) =
X

d

evp1,⇤ ⌦ evp2,⇤( bOd
vir,QM

d
relative p1
nonsing p2

)zd
2 K

⌦2
T (X)loc[[z]]

where bOd
vir denotes the symmetrized virtual structure sheaf on QMd

relative p1
nonsing p2

The standard pairing on equivariant K-theory

(F ,G) = �(F ⌦ G)

allows us to interpret  (z) as a linear map

�(z) : KT(X)loc[[z]] ! KT(X)loc[[z]]

We have the following theorem:

Theorem 2. ([Oko15] Section 7.4) The capping operator satisfies the equa-
tion

V̂(⌧)(z) =  (z)V(⌧)(z)

9

p1 = 0, p2 = 1
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KT (X)loc = KT (X)⌦Z[a,~] Q(a, ~)

f X

fixed pts
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The first two factors on the right side give M(z) by definition (34). For the last factor
we note that ⇡ is locally an isomorphism at the point p2 because p2 is not a relative
point. Thus H•(V ⌦ ⇡⇤(Op2)) = Vp2 = Vf(p2) where V is the tautological bundle over
Nk,n. The last equality holds by the definition of the evaluation map. We conclude
that H•(V ⌦ ⇡⇤(Op2)) = ev⇤

p2
(V) and detH•(V ⌦ ⇡⇤(Op2)) = ev⇤

p2
(detV).

In the K-theory of Nk,n we have detV = O(1) and thus
1X

d=0

zdevp ⌦ evp2

⇣
QMd

relative p

nonsing p2

, bOvir ⌦ detH•(V ⌦ ⇡⇤(�Op2))
⌘
=  (z)O(1)�1.

Finally,  (0) = ONk,m
which is a boundary condition for the fundamental solution. ⇤

By definition, (34) is a power series M(z) =
P1

d=0 z
dMd. It was computed explicitly

for Nakajima varieties in [35], in particular the following Theorem holds:

Theorem 13 ([35]). For the given k, n the power series M(z) =
P1

d=0 z
dMd is a

Taylor expansion of a rational function, i.e., M(z) 2 KG(Nk,n)(z).

Once M(z) is known explicitly, the corresponding q-di↵erence equation (33) turns
into a system of linear equations for unknown coe�cients  i:

 (z) = ONk,m
+ 1z + 2z

2 + . . . .

This provides the most e�cient tool for computing the capping operators  (z). For the
case Nk,n, which we investigate in this paper, the operator M(z) is described explicitly
in the Section 7.3.6 of [35].

3. Quantum K-theory ring of Nk,n

3.1. Multiplication in quantum K-theory . Recall that we denote by G the gluing
matrix given by Theorem 10. Using the standard scalar pairing in KT(Nk,n), namely
(29), we can think about this tensor as a linear operator, i.e., G 2 End(KT(Nk,n))[[z]].
Let QMd

p1,p2,p3
be the moduli space of quasimaps from P1 with 3 relative points and let

bOd

vir be the virtual structure sheaf on this moduli space. Given a class F 2 KT(Nk,n),
one can construct the following tensor:

F~ :=

 1X

d=0

zdevp1⇤ ⇥ evp3⇤
⇣
ev⇤

p2
(G�1F)⌦ bOd

vir

⌘!
G�1.(39)

By definition, F~ is a rank two tensor, which, thanks to the scalar product in K-theory,
can be identified with the linear operator:

F~ 2 End(KT(Nk,n))[[z]].

Definition 12. We call F~ the operator of quantum multiplication by a class F .

As a diagram, this operator can be represented in the following form:

F~ =
G�1F

G�1

(40)
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3.2. Multiplicative identity element of QKT(Nk,n). Until now, most of the def-
initions and statements about the quantum equivariant K-theory were analogous to
ones in quantum cohomology. However, there is one major di↵erence related to the
structure of the multiplicative identity element in the ring QKT(Nk,n). In quantum
cohomology, the element representing the multiplicative identity with respect to the
quantum product coincides with the multiplicative identity of the classical theory, i.e.
it is given by the fundamental class. In the quantum K-theory it is not true anymore:
the multiplicative identity in the quantum K-theory ring does not always coincide with
the structure sheaf ONk,n

.5

Let 1̂(z) 2 QKT(Nk,n) be the quantum tautological bundle from Definition 10 for
⌧ = ONk,n

:

1̂(z) =
1X

d=0

zdevp2,⇤
⇣
QMd

relative p2 ,
bOd

vir

⌘
.(42)

Theorem 15. 1̂(z) is the multiplicative identity of the quantum K-theory ring, i.e.,

1̂(z)~ ↵ = ↵ for all ↵ 2 QKT(Nk,n).

Proof. We start from the identity Id = G ·G�1. Thanks to the Theorem 10, we can
represent it via the following diagram:

Id = G�1 =
1

G�1 =

1

G�1

= G�1

1

G�1

The second equality is the degeneration of the parametrized domain D in to a nodal
curve given by union of D with rational curve P1. This domain is represented by
the third term in the above equalities. The last equality is the gluing formula (25).
Comparing with the definition (40) we see the last diagram is the operator of quantum
multiplication by the class 1̂(z). ⇤

3.3. Quantum tautological line bundle. Let [O(1)(z) be the quantum tautological
bundle from Definition 10 for ⌧ = O(1) = detV : As an example of tautological class
⌧ , one can consider the line bundle over Nk,n given by ⌧ = O(1) = detV :

[O(1)(z) :=
1X

d=0

zdevp2,⇤
⇣
QMd

relative p2 ,
bOd

vir ⌦ det(V |
p1
)
⌘
2 QKT(Nk,n).(43)

5More precisely, the identity element of the quantum K-theory ring coincides with its classical
version ONk,n in the case n � 2k. We, however, will not discuss this property of the quantum
K-theory ring in this paper.
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Vertex function coefficient with trivial insertion
two fixed points
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Ss(!ζ(n−1)/ζn, t) of Ts(sn) to get the following formula for the eigenvalue of Tr(a):

(29) Sr

(
ζnt

1−wn−1
2 , . . . , ζnt

wn−1−1

2

)
·

min(r,wn−1−vn−1)∑

s=0

qdim
(
Λwn−1−vn−1
s

)
·Ss(!ζ

(n−1)/ζn, t) ,

where for the first polynomial we used that Sr

(
ζnt

1−wn−1
2 , . . . , ζnt

wn−1−1

2

)
=

ζrner
(
t
1−wn−1

2 , . . . , t
wn−1−1

2

)
. It can be shown using properties of Schur polynomials that

the above expression is equal to an r-symmetric polynomial of variables listed in (24). !

4.2. Vertex Functions from tRS Eigenfunctions. We can also demonstrate how to
compute vertex functions from Proposition 3.1 using the general tRS solution (22) by
properly specifying the contour of integration. In order to do that we need to understand
how to identify each chamber C by choosing contour C in (22).

The prescription goes as follows. We shall only pick poles of functions H in the integrand
and ignore poles of E functions3. Poles of Hvn,vn+1(sn, sn+1) have the form sn,i/sn+1,k =
q−dn,i for some nonnegative degrees dn,i. Thus there is a one-to-one correspondence between
chambers described in the beginning of Sec. 3 and poles of the integrand – we merely select
those poles for which the degrees dn,i satisfy the corresponding inequalities which describe
a given fixed point of the maximal torus.

Once the contour is chosen for a given point p the integral from 3.1 can be evaluated.

Theorem 4.9. Consider αp and V (1)
p as defined previously in Theorem 3.1. Then for

each fixed point p of the maximal torus of X there is a contour C for which integral (22)
evaluates to

(30) V = e
log ζn

∑n−1
i=1 log ai

log q αpV
(1)
p .

Let us illustrate this statement on a simple example.

4.3. Example for T ∗P1. The vertex function (5) for T ∗P1 for a trivial class τ = 1 reads

(31) V (1)
p =

1

2πiαp

∫

Cp

ds

s
(z!)−

log s
log q

2∏

i=1

ϕ
(
t s
ai

)

ϕ
(

s
ai

) ,

for the two fixed points p = {a1} and p = {a2}. The poles are given by s = apq−d for
nonnegative d. By taking the residues we arrive to the q-hypergeometric function

(32) V (1)
p =

∑

d>0

(z!)d
2∏

i=1

(
q
!
ap
ai
; q
)

d(
ap
ai
; q
)

d

=2φ1

(
t, t

ap
ap̄

,
ap
ap̄

; q; z!
)

.

3Moreover, it can be argued [BKK15] that for a contour which encircles all poles of φ functions of the
integrand only poles of H functions survive, whereas poles of E functions are cancelled by zeroes of H ’s.

V (1)
p =

X

d>0

zd
2Y

i=1

⇣
q
~
ap

ai
; q
⌘

d⇣
ap

ai
; q
⌘

d

=2�1

✓
~, ~ap

ap̄
, q

ap
ap̄

; q;
q

~z
◆

.
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Vertex functions are eigenfunctions of quantum tRS difference operators!

[PK [arXiv:1805.00986]  
Comm.Math.Phys. (2021)]

Truncation on  - Macdonald Polynomials!!V

[PK Zeitlin [arXiv:1802.04463]   
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Ti(a)V (z, a) = ei(z)V (z, a)
<latexit sha1_base64="Of7HUlgRs5/LGAfiRuMK1srDrgc=">AAACAnicbVDLSgMxFM3UV62vUVfiJliEFqTMSFE3QtGNywp9QTsMmfS2Dc08SDJCOxQ3/oobF4q49Svc+Tem7Sy09UDg3HPu5eYeL+JMKsv6NjIrq2vrG9nN3Nb2zu6euX/QkGEsKNRpyEPR8ogEzgKoK6Y4tCIBxPc4NL3h7dRvPoCQLAxqahSB45N+wHqMEqUl1zyquawwLjYK4zNSvAZdkLRwzbxVsmbAy8ROSR6lqLrmV6cb0tiHQFFOpGzbVqSchAjFKIdJrhNLiAgdkj60NQ2ID9JJZidM8KlWurgXCv0ChWfq74mE+FKOfE93+kQN5KI3Ff/z2rHqXTkJC6JYQUDni3oxxyrE0zxwlwmgio80IVQw/VdMB0QQqnRqOR2CvXjyMmmcl+yLUvm+nK/cpHFk0TE6QQVko0tUQXeoiuqIokf0jF7Rm/FkvBjvxse8NWOkM4foD4zPH6wYlQ0=</latexit>

Ti(z)V (z, a) = ei(a)V (z, a)
<latexit sha1_base64="R8nW9obTQOT/4FX3J7DdilebmpA=">AAAB+3icbVDLSsNAFL3xWesr1qWbYBHcWBIp6rLoxmUF+4Amlsl02g6dzISZiVhCfsWNC0Xc+iPu/BunaRbaeuByD+fcy9w5Ycyo0q77ba2srq1vbJa2yts7u3v79kGlrUQiMWlhwYTshkgRRjlpaaoZ6caSoChkpBNObmZ+55FIRQW/19OYBBEacTqkGGkj9e2KPw6R9LXI+0N65mV9u+rW3BzOMvEKUoUCzb795Q8ETiLCNWZIqZ7nxjpIkdQUM5KV/USRGOEJGpGeoRxFRAVpfnvmnBhl4AyFNMW1k6u/N1IUKTWNQjMZIT1Wi95M/M/rJXp4FaSUx4kmHM8fGibM0cKZBeEMqCRYs6khCEtqbnXwGEmEtYmrbELwFr+8TNrnNe+iVr+rVxvXRRwlOIJjOAUPLqEBt9CEFmB4gmd4hTcrs16sd+tjPrpiFTuH8AfW5w/PlpRN</latexit>
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Part (4) of the Theorem above immediately implies that the eigenvalues of the operator
of quantum multiplication by τ̂(z) can be computed from the asymptotics of the bare
vertex functions.

Corollary 2.14. The following expression:

(20) τp(z) = lim
q→1

V (τ)
p (z)

V (1)
p (z)

gives the eigenvalues of the operator of quantum multiplication by τ̂(z) corresponding to a
fixed point p ∈ XT.

3. Computations for Partial Flags

In this section we will study in detail and apply the formalism which we have developed in
the previous section to the case when Nakajima quiver variety X is the cotangent bundle to
the space of partial flags. In other words, we are interested in studying quantum K-theory
of the following quiver of type An

2

v1 v2 . . . vn−1

wn−1

The stability condition is chosen so that maps Wn−1 → Vn−1 and Vi → Vi−1 are sur-
jective. For the variety to be non-empty the sequence v1, . . . ,vn−1,wn−1 must be non-
decreasing. The fixed points of this Nakajima quiver variety and the stability condition
are classified by chains of subsets V1 ⊂ . . . ⊂ Vn−1 ⊂ Wn−1, where |Vi| = vi,Wn−1 =
{a1, . . . , awn−1}. The special case when vi = i, wn−1 = n is known as complete flag va-
riety, which we denote as Fln. It will be convenient to introduce the following notation:
v′
i = vi+1 − vi−1, for i = 2, . . . , n− 2, v′

n−1 = wn−1 − vn−2, v′
1 = v2.

Remark. In principle, in the computations below one could add extra framings to vertices
to study the most generic situation in the setting of An quiver, but we shall refrain from
doing it in this work to make calculations more transparent and simple.

3.1. Bare vertex for partial flags. The key for computing the bare vertex is the local-
ization theorem in K-theory, which gives the following formula for the equivariant push-

forward, which constituetes bare vertex V (τ)
p (z):

V (τ)
p (z) =

∑

d∈Zn
≥0

∑

(V ,W )∈(QMd
nonsing p2

)T

ŝ(χ(d)) zdqdeg(P)/2τ(V |p1).

2We are using standard quaternionic notations.

https://arxiv.org/abs/1805.00986
https://arxiv.org/abs/1802.04463
spires-open-journal://
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Next, in Section 2.7, (Definition 10), for a tautological bundle ⌧ 2 KT(Nk,n) as above,
we define a deformation which will be referred to as quantum tautological bundle:3

⌧̂(z) = ⌧ +
1X

d>0

⌧dz
d 2 KT(Nk,n)[[z]]

One of the goals of this paper is to study the spectrum of operators of quantum multi-
plication by quantum tautological bundles. The following theorem is the generalization
of Proposition 1 to the quantum level.

Theorem 2. The eigenvalues of operators of quantum multiplication by ⌧̂(z) are given

by the values of the corresponding Laurent polynomials ⌧(s1, · · · , sk) evaluated at the

solutions of the following equations:

nQ
j=1

si � aj
~aj � si

= z ~�n/2
kQ

j=1
j 6=i

si~� sj
si � sj~

, i = 1 · · · k.(9)

When z = 0 we obtain the statement of Proposition 1.

1.4. XXZ model and Baxter Q-operator. A specialist can immediately recognize
that (9) are nothing but the Bethe ansatz equations for the so-called XXZ spin chain.
Let us briefly recall some basic facts about this quantum integrable system, see also
[37], [8] for a more detailed outline.
Let us consider a system of n interacting magnetic dipoles (usually refered to as

spins) on a 1-dimensional periodic lattice. Each spin can take two possible configura-
tions “up” and “down”, such that the space of the quantum states of this system has
dimension 2n:

H = C2 ⌦ C2 ⌦ · · ·⌦ C2.(10)

In this system of spins only the neighboring ones (with labels i and i+1) can interact.
The energy of the interaction is described by the following Hamiltonian:

H2 = �
nX

i=1

�i

x
⌦ �i+1

x
+ �i

y
⌦ �i+1

y
+� �i

z
⌦ �i+1

z
,(11)

where � = ~1/2 + ~�1/2 is the parameter of anisotropy and �i

m
are the standard Pauli

matrices acting in the i-th factor of (10). The periodic boundary conditions are imposed
by identifying the first with (n+ 1)-th spin space. Up to a gauge transformation such
identification is given by a diagonal matrix. Modulo an irrelevant scalar this matrix
can be chosen to be in the following form:

✓
z 0
0 1

◆
: C2

(1) ! C2
(n+1).

This free parameter z, defining the periodic boundary condition will play the crucial
role in this paper, namely it is the parameter of deformation in the quantum K-theory.

3To the best of our knowledge, this object is introduced in the present paper for the first time.
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Part (4) of the Theorem above immediately implies that the eigenvalues of the operator
of quantum multiplication by ⌧̂(z) can be computed from the asymptotics of the bare
vertex functions.

Corollary 2.14. The following expression:

(20) ⌧p(z) = lim
q!1

V
(⌧)
p (z)

V
(1)
p (z)

gives the eigenvalues of the operator of quantum multiplication by ⌧̂(z) corresponding to a

fixed point p 2 X
T
.

3. Computations for Partial Flags

In this section we will study in detail and apply the formalism which we have developed in
the previous section to the case when Nakajima quiver variety X is the cotangent bundle to
the space of partial flags. In other words, we are interested in studying quantum K-theory
of the following quiver of type An

2

v1 v2 . . . vn�1

wn�1

The stability condition is chosen so that maps Wn�1 ! Vn�1 and Vi ! Vi�1 are sur-
jective. For the variety to be non-empty the sequence v1, . . . ,vn�1,wn�1 must be non-
decreasing. The fixed points of this Nakajima quiver variety and the stability condition
are classified by chains of subsets V1 ⇢ . . . ⇢ Vn�1 ⇢ Wn�1, where |Vi| = vi,Wn�1 =
{a1, . . . , awn�1}. The special case when vi = i, wn�1 = n is known as complete flag va-
riety, which we denote as Fln. It will be convenient to introduce the following notation:
v0
i = vi+1 � vi�1, for i = 2, . . . , n� 2, v0

n�1 = wn�1 � vn�2, v0
1 = v2.

Remark. In principle, in the computations below one could add extra framings to vertices
to study the most generic situation in the setting of An quiver, but we shall refrain from
doing it in this work to make calculations more transparent and simple.

3.1. Bare vertex for partial flags. The key for computing the bare vertex is the local-
ization theorem in K-theory, which gives the following formula for the equivariant push-

forward, which constituetes bare vertex V
(⌧)
p (z):

V
(⌧)
p (z) =

X

d2Zn
�0

X

(V ,W )2(QMd
nonsing p2

)T

ŝ(�(d)) zdqdeg(P)/2
⌧(V |p1).

2We are using standard quaternionic notations.

k

n

Baxter Q-operator has eigenvalue

Equivariant parameters , 

twist , 

Planck constant 

ai
z

ℏ

<latexit sha1_base64="RuhVa+vImBZll1BYHAzTJ9JQTYw=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyxCu7AkUtRNoejGZQv2AW0Mk8mkHTqZCTMToYTixl9x40IRt36FO//GaZuFth64cDjnXu69x48pkcq2v43cyura+kZ+s7C1vbO7Z+4ftCVPBMItxCkXXR9KTAnDLUUUxd1YYBj5FHf80c3U7zxgIQlnd2ocYzeCA0ZCgqDSkmceNUtJudaPBQ+8lNScyf2olJxJj5Q9s2hX7BmsZeJkpAgyNDzzqx9wlESYKUShlD3HjpWbQqEIonhS6CcSxxCN4AD3NGUwwtJNZy9MrFOtBFbIhS6mrJn6eyKFkZTjyNedEVRDuehNxf+8XqLCKzclLE4UZmi+KEyopbg1zcMKiMBI0bEmEAmib7XQEAqIlE6toENwFl9eJu3zinNRqTarxfp1FkceHIMTUAIOuAR1cAsaoAUQeATP4BW8GU/Gi/FufMxbc0Y2cwj+wPj8AXvnljg=</latexit>

Q(u) =
kY

i=1

(u� si)

<latexit sha1_base64="NFV2ZNxSyXSSlBT7jeLwqrTAvCg="></latexit>

Q(u) =
kX

i=1

(�1)kuk�i(⇤iV )(z)~

[Pushkar Smirnov Zeitlin]



The QQ-System for A1
V

W

<latexit sha1_base64="ZtTELygndMQcbaD4R6IKL9brBoM=">AAACBHicbZC7TsMwFIadcivlFmDsYlEhMVUJqoCxgoWxSPQiNaFy3JPWqnOR7VSqog4svAoLAwix8hBsvA1OmgFajmTr03/Okf3/XsyZVJb1bZTW1jc2t8rblZ3dvf0D8/CoI6NEUGjTiEei5xEJnIXQVkxx6MUCSOBx6HqTm6zfnYKQLArv1SwGNyCjkPmMEqWlgVm1HBXhTnZ1cY4PzhQgI2tg1qy6lRdeBbuAGiqqNTC/nGFEkwBCRTmRsm9bsXJTIhSjHOYVJ5EQEzohI+hrDEkA0k1zE3N8qpUh9iOhT6hwrv7eSEkg5Szw9GRA1Fgu9zLxv14/Uf6Vm7IwThSEdPGQn3CsLWaJ4CETQBWfaSBUMP1XTMdEEKp0bhUdgr1seRU653X7ot64a9Sa10UcZVRFJ+gM2egSNdEtaqE2ougRPaNX9GY8GS/Gu/GxGC0Zxc4x+lPG5w98hpa7</latexit>

0 ! V ! W ! V _ ! 0

Short exact sequence of bundles

Eigenvalues of Q-operators

Satisfy the QQ-relation

equivalent to the XXZ Bethe equations

<latexit sha1_base64="NFV2ZNxSyXSSlBT7jeLwqrTAvCg="></latexit>

Q(u) =
kX

i=1

(�1)kuk�i(⇤iV )(z)~

<latexit sha1_base64="MROY9usbsjMPDIgxpJziG5SRWAg="></latexit>

eQ(u) =
kX

i=1

(�1)kuk�i(⇤iV _)(z)~

<latexit sha1_base64="zVAL4DL4UNgK8GhqxfEuSO5L3WI="></latexit>

z eQ(~u)Q(u)� eQ(u)Q(~u) =
nY

i=1

(u� ai)
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Thus, we have arrived at a nondegenerate Z-twisted Miura (SL(2), q)-oper in the sense

of Section 4: A(z) = gα̌(z)e
Λ(z)
g(z) e, where g(z) = ζQ+(zq)Q+(z)−1.

6. Miura-Plücker q-opers, QQ-system, and Bethe Ansatz equations

In this section, we generalize the results of the previous section to an arbitrary simply
connected simple complex Lie group G. We establish a one-to-one correspondence between
the set of nondegenerate Z-twisted Miura-Plücker (G, q)-opers and the set of nondegenerate
solutions of a system of Bethe Ansatz equations associated to G. A key element of the
construction is an intermediate object between these two sets: the set of nondegenerate
solutions of the so-called QQ-system.

6.1. Miura (G, q)-opers and the QQ-system. First, we construct a one-to-one corre-
spondence between the set of nondegenerate Z-twisted Miura-Plücker (G, q)-opers and the
set of nondegenerate solutions of the QQ-system.

Recall that we have chosen a set of non-zero polynomials {Λi(z)}i=1,...,r, which we will
assume from now on to be monic, and a set of non-zero complex numbers {ζi}i=1,...,r that
correspond to a regular element Z of the maximal torus H ⊂ G by formula (3.1). In this
section, these data are assumed to be fixed. (In the next section, we will also consider
elements w(Z) of the orbit of Z under the action of the Weyl group WG of G and the
corresponding ζi’s.)

From now on, we will assume that our element Z =
∏

i ζ
α̌i
i ∈ H satisfies the following

property:

(6.1)
r∏

i=1

ζ
aij
i /∈ qZ, ∀j = 1, . . . , r .

Since
∏r

i=1 ζ
aij
i $= 1 is a special case of (6.1), this implies that Z is regular semisimple.

Introduce the following system of equations:

(6.2) ξ̃iQ
i
−(z)Q

i
+(qz)− ξiQ

i
−(qz)Q

i
+(z) =

Λi(z)
∏

j>i

[
Qj

+(qz)
]−aji ∏

j<i

[
Qj

+(z)
]−aji

, i = 1, . . . , r,

where

(6.3) ξ̃i = ζi
∏

j>i

ζ
aji
j , ξi = ζ−1

i

∏

j<i

ζ
−aji
j

and we use the ordering of simple roots from the definition of (G, q)-opers.
We call this the QQ-system associated to G and a collection of polynomials Λi(z), i =

1, . . . , r.
A polynomial solution {Qi

+(z), Q
i
−(z)}i=1,...,r of (6.2) is called nondegenerate if it has

the following properties: condition (6.1) holds for the ζi’s; for all i, j, k with i $= j and
aik, ajk $= 0, the zeros of Qj

+(z) and Qj
−(z) are q-distinct from each other and from the

zeros of Λk(z); and the polynomials Qi
+(z) are monic.

Recall Definition 4.3 of nondegenerate Z-twisted Miura-Plücker (G, q)-opers.

Theorem 6.1. There is a one-to-one correspondence between the set of nondegenerate Z-
twisted Miura-Plücker (G, q)-opers and the set of nondegenerate polynomial solutions of the
QQ-system (6.2).

QQ-System in General
Consider complex simple Lie algebra  of rank 𝔤 r

Cartan matrix aij = ⟨α̌i, αj⟩

Polynomials  contain Bethe roots,  contain equivariant parametersQ+(u) Λ(u)

Polynomials  are auxiliaryQ−(u)

<latexit sha1_base64="J5X8AbePmpNyK04xt2GoJcOyXbM="></latexit>

e⇠i Qi
�(u)Q

i
+(~u)� ⇠iQ

i
�(~u)Qi

+(u) = ⇤i(u)
Y

j>i

h
Qj

+(~u)
i�aji Y

j<i

h
Qj

+(u)
i�aji

, i = 1, . . . , r,
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Bethe Ansatz equations for XXX, XXZ models — eigenvalues of Baxter operators
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(G,q)-Opers



III.    (G,q)-Connection
Mq : P1 ! P1

Consider vector bundle  over  ℱG ℙ1

q

-connection  is a meromorphic section of (G, q) A Hom𝒪ℙ1
(ℱG, ℱq

G)

Locally q-gauge transformation of the connection

-simple simply-connected complex Lie groupG

Compare with (standard) gauge transformations

<latexit sha1_base64="IUHcwlQ5V4Z0iDkEjjyEa25Kkww=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsK9gHtUDJppg1NMmNyI5Shn+HGhSJu/Rp3/o1pOwttPRA4nHMvuedEqeAGfP/bK6ytb2xuFbdLO7t7+wflw6OWSaymrEkTkehORAwTXLEmcBCsk2pGZCRYOxrfzvz2E9OGJ+oBJikLJRkqHnNKwEld25MkNZDgR9svV/yqPwdeJUFOKihHo1/+6g0SaiVTQAUxphv4KYQZ0cCpYNNSzxqWEjomQ9Z1VBHJTJjNT57iM6cMcJxo9xTgufp7IyPSmImM3KQkMDLL3kz8z+taiK/DjKvUAlN08VFsBXYZZ/nxgGtGQUwcIVRzdyumI6IJBddSyZUQLEdeJa2LanBZrd3XKvWbvI4iOkGn6BwF6ArV0R1qoCaiKEHP6BW9eeC9eO/ex2K04OU7x+gPvM8fbbeRXA==</latexit>

u 7! qu
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A(u) 7! g(qu)A(u)g(u)�1
<latexit sha1_base64="m/tkvcz93x1aa7aaKfB+ToDnbOM=">AAACAXicbVBNS8NAEJ3Ur1q/ol4EL4tFaC8lkaIeiz3osYJthaaUzXbbLt1swu5GKKFe/CtePCji1X/hzX/jps1BWx8MPN6bYWaeH3GmtON8W7mV1bX1jfxmYWt7Z3fP3j9oqTCWhDZJyEN572NFORO0qZnm9D6SFAc+p21/XE/99gOVioXiTk8i2g3wULABI1gbqWcfDUtx2WMCXZe8AOuR7yf1qZHKPbvoVJwZ0DJxM1KEDI2e/eX1QxIHVGjCsVId14l0N8FSM8LptODFikaYjPGQdgwVOKCqm8w+mKJTo/TRIJSmhEYz9fdEggOlJoFvOtMr1aKXiv95nVgPLrsJE1GsqSDzRYOYIx2iNA7UZ5ISzSeGYCKZuRWREZaYaBNawYTgLr68TFpnFfe8Ur2tFmtXWRx5OIYTKIELF1CDG2hAEwg8wjO8wpv1ZL1Y79bHvDVnZTOH8AfW5w9OcZWH</latexit>

g(u) 2 G(C(u))
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of A to the Zariski open dense subset U∩M−1
q (U) can be written as a section of the trivial G-

bundle on U ∩M−1
q (U), and hence as an element A(z) of G(z).1 Changing the trivialization

of FG|U via g(z) ∈ G(z) changes A(z) by the following q-gauge transformation:

(2.1) A(z) #→ g(qz)A(z)g(z)−1 .

This shows that the set of equivalence classes of pairs (FG, A) as above is in bijection with
the quotient of G(z) by the q-gauge transformations (2.1).

Following [FRS,SS], we define a (G, q)-oper as a (G, q)-connection on a G-bundle on P1

equipped with a reduction to the Borel subgroup B− that is not preserved by the (G, q)-
connection but instead satisfies a special “transversality condition” which is defined in terms
of the Bruhat cell associated to the Coxeter element c. Here is the precise definition.

Definition 2.1. Ameromorphic (G, q)-oper (or simply a q-oper) on P1 is a triple (FG, A,FB−),
where A is a meromorphic (G, q)-connection on a G-bundle FG on P1 and FB− is a reduc-
tion of FG to B− satisfying the following condition: there exists a Zariski open dense
subset U ⊂ P1 together with a trivialization ıB− of FB− such that the restriction of the
connection A : FG −→ F

q
G to U ∩M−1

q (U), written as an element of G(z) using the triv-
ializations of FG and F

q
G on U ∩ M−1

q (U) induced by ıB− , takes values in the Bruhat cell
B−(C[U ∩M−1

q (U)])cB−(C[U ∩M−1
q (U)]).

Note that this property does not depend on the choice of trivialization ıB− .
Since G is assumed to be simply connected, any q-oper connection A can be written

(using a particular trivialization ıB−) in the form

(2.2) A(z) = n′(z)
∏

i

(φi(z)
α̌i si)n(z),

where φi(z) ∈ C(z) and n(z), n′(z) ∈ N−(z) are such that their zeros and poles are outside
the subset U ∩M−1

q (U) of P1.
We remark that the choice of a particular Coxeter element c in this definition can be

viewed as a choice of a particular gauge, at least for orderings differing by a cyclic permu-
tation. Indeed, we will see below in Proposition 4.10 that the spaces of q-opers we consider
for such a pair of Coxeter elements are isomorphic under a specific q-gauge transformation.

2.3. Miura q-opers. We will also need a q-difference version of the notion of differential
Miura opers introduced in [F2,F3]. These are q-opers together with an additional datum:
a reduction of the underlying G-bundle to the Borel subgroup B+ (opposite to B−) that is
preserved by the oper q-connection.

Definition 2.2. AMiura (G, q)-oper on P1 is a quadruple (FG, A,FB− ,FB+), where (FG, A,FB−)
is a meromorphic (G, q)-oper on P1 and FB+ is a reduction of the G-bundle FG to B+ that
is preserved by the q-connection A.

Forgetting FB+ , we associate a (G, q)-oper to a given Miura (G, q)-oper. We will refer to
it as the (G, q)-oper underlying the Miura (G, q)-oper.

The following result is an analogue of a statement about differential Miura opers proved
in [F2,F3].

Suppose we are given a principal G-bundle FG on any smooth complex manifold X
equipped with reductions FB− and FB+ to B− and B+ respectively. We then assign to

1Throughout the paper, if K is a complex algebraic group, we set K(z) = K(C(z)).
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of A to the Zariski open dense subset U∩M−1
q (U) can be written as a section of the trivial G-

bundle on U ∩M−1
q (U), and hence as an element A(z) of G(z).1 Changing the trivialization

of FG|U via g(z) ∈ G(z) changes A(z) by the following q-gauge transformation:

(2.1) A(z) #→ g(qz)A(z)g(z)−1 .

This shows that the set of equivalence classes of pairs (FG, A) as above is in bijection with
the quotient of G(z) by the q-gauge transformations (2.1).

Following [FRS,SS], we define a (G, q)-oper as a (G, q)-connection on a G-bundle on P1

equipped with a reduction to the Borel subgroup B− that is not preserved by the (G, q)-
connection but instead satisfies a special “transversality condition” which is defined in terms
of the Bruhat cell associated to the Coxeter element c. Here is the precise definition.

Definition 2.1. Ameromorphic (G, q)-oper (or simply a q-oper) on P1 is a triple (FG, A,FB−),
where A is a meromorphic (G, q)-connection on a G-bundle FG on P1 and FB− is a reduc-
tion of FG to B− satisfying the following condition: there exists a Zariski open dense
subset U ⊂ P1 together with a trivialization ıB− of FB− such that the restriction of the
connection A : FG −→ F

q
G to U ∩M−1

q (U), written as an element of G(z) using the triv-
ializations of FG and F

q
G on U ∩ M−1

q (U) induced by ıB− , takes values in the Bruhat cell
B−(C[U ∩M−1

q (U)])cB−(C[U ∩M−1
q (U)]).

Note that this property does not depend on the choice of trivialization ıB− .
Since G is assumed to be simply connected, any q-oper connection A can be written

(using a particular trivialization ıB−) in the form

(2.2) A(z) = n′(z)
∏

i

(φi(z)
α̌i si)n(z),

where φi(z) ∈ C(z) and n(z), n′(z) ∈ N−(z) are such that their zeros and poles are outside
the subset U ∩M−1

q (U) of P1.
We remark that the choice of a particular Coxeter element c in this definition can be

viewed as a choice of a particular gauge, at least for orderings differing by a cyclic permu-
tation. Indeed, we will see below in Proposition 4.10 that the spaces of q-opers we consider
for such a pair of Coxeter elements are isomorphic under a specific q-gauge transformation.

2.3. Miura q-opers. We will also need a q-difference version of the notion of differential
Miura opers introduced in [F2,F3]. These are q-opers together with an additional datum:
a reduction of the underlying G-bundle to the Borel subgroup B+ (opposite to B−) that is
preserved by the oper q-connection.

Definition 2.2. AMiura (G, q)-oper on P1 is a quadruple (FG, A,FB− ,FB+), where (FG, A,FB−)
is a meromorphic (G, q)-oper on P1 and FB+ is a reduction of the G-bundle FG to B+ that
is preserved by the q-connection A.

Forgetting FB+ , we associate a (G, q)-oper to a given Miura (G, q)-oper. We will refer to
it as the (G, q)-oper underlying the Miura (G, q)-oper.

The following result is an analogue of a statement about differential Miura opers proved
in [F2,F3].

Suppose we are given a principal G-bundle FG on any smooth complex manifold X
equipped with reductions FB− and FB+ to B− and B+ respectively. We then assign to

1Throughout the paper, if K is a complex algebraic group, we set K(z) = K(C(z)).
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of A to the Zariski open dense subset U∩M−1
q (U) can be written as a section of the trivial G-

bundle on U ∩M−1
q (U), and hence as an element A(z) of G(z).1 Changing the trivialization

of FG|U via g(z) ∈ G(z) changes A(z) by the following q-gauge transformation:

(2.1) A(z) #→ g(qz)A(z)g(z)−1 .

This shows that the set of equivalence classes of pairs (FG, A) as above is in bijection with
the quotient of G(z) by the q-gauge transformations (2.1).

Following [FRS,SS], we define a (G, q)-oper as a (G, q)-connection on a G-bundle on P1

equipped with a reduction to the Borel subgroup B− that is not preserved by the (G, q)-
connection but instead satisfies a special “transversality condition” which is defined in terms
of the Bruhat cell associated to the Coxeter element c. Here is the precise definition.

Definition 2.1. Ameromorphic (G, q)-oper (or simply a q-oper) on P1 is a triple (FG, A,FB−),
where A is a meromorphic (G, q)-connection on a G-bundle FG on P1 and FB− is a reduc-
tion of FG to B− satisfying the following condition: there exists a Zariski open dense
subset U ⊂ P1 together with a trivialization ıB− of FB− such that the restriction of the
connection A : FG −→ F

q
G to U ∩M−1

q (U), written as an element of G(z) using the triv-
ializations of FG and F

q
G on U ∩ M−1

q (U) induced by ıB− , takes values in the Bruhat cell
B−(C[U ∩M−1

q (U)])cB−(C[U ∩M−1
q (U)]).

Note that this property does not depend on the choice of trivialization ıB− .
Since G is assumed to be simply connected, any q-oper connection A can be written

(using a particular trivialization ıB−) in the form

(2.2) A(z) = n′(z)
∏

i

(φi(z)
α̌i si)n(z),

where φi(z) ∈ C(z) and n(z), n′(z) ∈ N−(z) are such that their zeros and poles are outside
the subset U ∩M−1

q (U) of P1.
We remark that the choice of a particular Coxeter element c in this definition can be

viewed as a choice of a particular gauge, at least for orderings differing by a cyclic permu-
tation. Indeed, we will see below in Proposition 4.10 that the spaces of q-opers we consider
for such a pair of Coxeter elements are isomorphic under a specific q-gauge transformation.

2.3. Miura q-opers. We will also need a q-difference version of the notion of differential
Miura opers introduced in [F2,F3]. These are q-opers together with an additional datum:
a reduction of the underlying G-bundle to the Borel subgroup B+ (opposite to B−) that is
preserved by the oper q-connection.

Definition 2.2. AMiura (G, q)-oper on P1 is a quadruple (FG, A,FB− ,FB+), where (FG, A,FB−)
is a meromorphic (G, q)-oper on P1 and FB+ is a reduction of the G-bundle FG to B+ that
is preserved by the q-connection A.

Forgetting FB+ , we associate a (G, q)-oper to a given Miura (G, q)-oper. We will refer to
it as the (G, q)-oper underlying the Miura (G, q)-oper.

The following result is an analogue of a statement about differential Miura opers proved
in [F2,F3].

Suppose we are given a principal G-bundle FG on any smooth complex manifold X
equipped with reductions FB− and FB+ to B− and B+ respectively. We then assign to

1Throughout the paper, if K is a complex algebraic group, we set K(z) = K(C(z)).
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of A to the Zariski open dense subset U∩M−1
q (U) can be written as a section of the trivial G-

bundle on U ∩M−1
q (U), and hence as an element A(z) of G(z).1 Changing the trivialization

of FG|U via g(z) ∈ G(z) changes A(z) by the following q-gauge transformation:

(2.1) A(z) #→ g(qz)A(z)g(z)−1 .

This shows that the set of equivalence classes of pairs (FG, A) as above is in bijection with
the quotient of G(z) by the q-gauge transformations (2.1).

Following [FRS,SS], we define a (G, q)-oper as a (G, q)-connection on a G-bundle on P1

equipped with a reduction to the Borel subgroup B− that is not preserved by the (G, q)-
connection but instead satisfies a special “transversality condition” which is defined in terms
of the Bruhat cell associated to the Coxeter element c. Here is the precise definition.

Definition 2.1. Ameromorphic (G, q)-oper (or simply a q-oper) on P1 is a triple (FG, A,FB−),
where A is a meromorphic (G, q)-connection on a G-bundle FG on P1 and FB− is a reduc-
tion of FG to B− satisfying the following condition: there exists a Zariski open dense
subset U ⊂ P1 together with a trivialization ıB− of FB− such that the restriction of the
connection A : FG −→ F

q
G to U ∩M−1

q (U), written as an element of G(z) using the triv-
ializations of FG and F

q
G on U ∩ M−1

q (U) induced by ıB− , takes values in the Bruhat cell
B−(C[U ∩M−1

q (U)])cB−(C[U ∩M−1
q (U)]).

Note that this property does not depend on the choice of trivialization ıB− .
Since G is assumed to be simply connected, any q-oper connection A can be written

(using a particular trivialization ıB−) in the form

(2.2) A(z) = n′(z)
∏

i

(φi(z)
α̌i si)n(z),

where φi(z) ∈ C(z) and n(z), n′(z) ∈ N−(z) are such that their zeros and poles are outside
the subset U ∩M−1

q (U) of P1.
We remark that the choice of a particular Coxeter element c in this definition can be

viewed as a choice of a particular gauge, at least for orderings differing by a cyclic permu-
tation. Indeed, we will see below in Proposition 4.10 that the spaces of q-opers we consider
for such a pair of Coxeter elements are isomorphic under a specific q-gauge transformation.

2.3. Miura q-opers. We will also need a q-difference version of the notion of differential
Miura opers introduced in [F2,F3]. These are q-opers together with an additional datum:
a reduction of the underlying G-bundle to the Borel subgroup B+ (opposite to B−) that is
preserved by the oper q-connection.

Definition 2.2. AMiura (G, q)-oper on P1 is a quadruple (FG, A,FB− ,FB+), where (FG, A,FB−)
is a meromorphic (G, q)-oper on P1 and FB+ is a reduction of the G-bundle FG to B+ that
is preserved by the q-connection A.

Forgetting FB+ , we associate a (G, q)-oper to a given Miura (G, q)-oper. We will refer to
it as the (G, q)-oper underlying the Miura (G, q)-oper.

The following result is an analogue of a statement about differential Miura opers proved
in [F2,F3].

Suppose we are given a principal G-bundle FG on any smooth complex manifold X
equipped with reductions FB− and FB+ to B− and B+ respectively. We then assign to

1Throughout the paper, if K is a complex algebraic group, we set K(z) = K(C(z)).
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of A to the Zariski open dense subset U∩M−1
q (U) can be written as a section of the trivial G-

bundle on U ∩M−1
q (U), and hence as an element A(z) of G(z).1 Changing the trivialization

of FG|U via g(z) ∈ G(z) changes A(z) by the following q-gauge transformation:

(2.1) A(z) #→ g(qz)A(z)g(z)−1 .

This shows that the set of equivalence classes of pairs (FG, A) as above is in bijection with
the quotient of G(z) by the q-gauge transformations (2.1).

Following [FRS,SS], we define a (G, q)-oper as a (G, q)-connection on a G-bundle on P1

equipped with a reduction to the Borel subgroup B− that is not preserved by the (G, q)-
connection but instead satisfies a special “transversality condition” which is defined in terms
of the Bruhat cell associated to the Coxeter element c. Here is the precise definition.

Definition 2.1. Ameromorphic (G, q)-oper (or simply a q-oper) on P1 is a triple (FG, A,FB−),
where A is a meromorphic (G, q)-connection on a G-bundle FG on P1 and FB− is a reduc-
tion of FG to B− satisfying the following condition: there exists a Zariski open dense
subset U ⊂ P1 together with a trivialization ıB− of FB− such that the restriction of the
connection A : FG −→ F

q
G to U ∩M−1

q (U), written as an element of G(z) using the triv-
ializations of FG and F

q
G on U ∩ M−1

q (U) induced by ıB− , takes values in the Bruhat cell
B−(C[U ∩M−1

q (U)])cB−(C[U ∩M−1
q (U)]).

Note that this property does not depend on the choice of trivialization ıB− .
Since G is assumed to be simply connected, any q-oper connection A can be written

(using a particular trivialization ıB−) in the form

(2.2) A(z) = n′(z)
∏

i

(φi(z)
α̌i si)n(z),

where φi(z) ∈ C(z) and n(z), n′(z) ∈ N−(z) are such that their zeros and poles are outside
the subset U ∩M−1

q (U) of P1.
We remark that the choice of a particular Coxeter element c in this definition can be

viewed as a choice of a particular gauge, at least for orderings differing by a cyclic permu-
tation. Indeed, we will see below in Proposition 4.10 that the spaces of q-opers we consider
for such a pair of Coxeter elements are isomorphic under a specific q-gauge transformation.

2.3. Miura q-opers. We will also need a q-difference version of the notion of differential
Miura opers introduced in [F2,F3]. These are q-opers together with an additional datum:
a reduction of the underlying G-bundle to the Borel subgroup B+ (opposite to B−) that is
preserved by the oper q-connection.

Definition 2.2. AMiura (G, q)-oper on P1 is a quadruple (FG, A,FB− ,FB+), where (FG, A,FB−)
is a meromorphic (G, q)-oper on P1 and FB+ is a reduction of the G-bundle FG to B+ that
is preserved by the q-connection A.

Forgetting FB+ , we associate a (G, q)-oper to a given Miura (G, q)-oper. We will refer to
it as the (G, q)-oper underlying the Miura (G, q)-oper.

The following result is an analogue of a statement about differential Miura opers proved
in [F2,F3].

Suppose we are given a principal G-bundle FG on any smooth complex manifold X
equipped with reductions FB− and FB+ to B− and B+ respectively. We then assign to

1Throughout the paper, if K is a complex algebraic group, we set K(z) = K(C(z)).
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of A to the Zariski open dense subset U∩M−1
q (U) can be written as a section of the trivial G-

bundle on U ∩M−1
q (U), and hence as an element A(z) of G(z).1 Changing the trivialization

of FG|U via g(z) ∈ G(z) changes A(z) by the following q-gauge transformation:

(2.1) A(z) #→ g(qz)A(z)g(z)−1 .

This shows that the set of equivalence classes of pairs (FG, A) as above is in bijection with
the quotient of G(z) by the q-gauge transformations (2.1).

Following [FRS,SS], we define a (G, q)-oper as a (G, q)-connection on a G-bundle on P1

equipped with a reduction to the Borel subgroup B− that is not preserved by the (G, q)-
connection but instead satisfies a special “transversality condition” which is defined in terms
of the Bruhat cell associated to the Coxeter element c. Here is the precise definition.

Definition 2.1. Ameromorphic (G, q)-oper (or simply a q-oper) on P1 is a triple (FG, A,FB−),
where A is a meromorphic (G, q)-connection on a G-bundle FG on P1 and FB− is a reduc-
tion of FG to B− satisfying the following condition: there exists a Zariski open dense
subset U ⊂ P1 together with a trivialization ıB− of FB− such that the restriction of the
connection A : FG −→ F

q
G to U ∩M−1

q (U), written as an element of G(z) using the triv-
ializations of FG and F

q
G on U ∩ M−1

q (U) induced by ıB− , takes values in the Bruhat cell
B−(C[U ∩M−1

q (U)])cB−(C[U ∩M−1
q (U)]).

Note that this property does not depend on the choice of trivialization ıB− .
Since G is assumed to be simply connected, any q-oper connection A can be written

(using a particular trivialization ıB−) in the form

(2.2) A(z) = n′(z)
∏

i

(φi(z)
α̌i si)n(z),

where φi(z) ∈ C(z) and n(z), n′(z) ∈ N−(z) are such that their zeros and poles are outside
the subset U ∩M−1

q (U) of P1.
We remark that the choice of a particular Coxeter element c in this definition can be

viewed as a choice of a particular gauge, at least for orderings differing by a cyclic permu-
tation. Indeed, we will see below in Proposition 4.10 that the spaces of q-opers we consider
for such a pair of Coxeter elements are isomorphic under a specific q-gauge transformation.

2.3. Miura q-opers. We will also need a q-difference version of the notion of differential
Miura opers introduced in [F2,F3]. These are q-opers together with an additional datum:
a reduction of the underlying G-bundle to the Borel subgroup B+ (opposite to B−) that is
preserved by the oper q-connection.

Definition 2.2. AMiura (G, q)-oper on P1 is a quadruple (FG, A,FB− ,FB+), where (FG, A,FB−)
is a meromorphic (G, q)-oper on P1 and FB+ is a reduction of the G-bundle FG to B+ that
is preserved by the q-connection A.

Forgetting FB+ , we associate a (G, q)-oper to a given Miura (G, q)-oper. We will refer to
it as the (G, q)-oper underlying the Miura (G, q)-oper.

The following result is an analogue of a statement about differential Miura opers proved
in [F2,F3].

Suppose we are given a principal G-bundle FG on any smooth complex manifold X
equipped with reductions FB− and FB+ to B− and B+ respectively. We then assign to

1Throughout the paper, if K is a complex algebraic group, we set K(z) = K(C(z)).
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(SL(2),q)-Opers
Let G = SL(2) The q-oper definition can be formulated as

Triple  

 is the  connection 

 is a line subbundle

(E, A, ℒ)
(E, A) (SL(2), q)
ℒ ⊂ E

The induced map    is an isomorphismĀ : ℒ → (E/ℒ)q

in a trivialization ℒ = Span(s)

Allow singularities
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4. (SL(N), q)-opers

4.1. Definitions. We now discuss the generalization of (SL(2), q)-opers to SL(N).

Definition 4.1. A (GL(N), q)-oper on P1 is a triple (E, A,L•), where (E, A) is a (GL(N), q)-
connection and L• is a complete flag of subbundles such that A maps Li into L

q
i+1

and the
induced maps Āi : Li/Li�1 �! L

q
i+1

/L
q
i are isomorphisms for i = 1, . . . , N � 1. The triple

is called an SL(N)-oper if (E, A) is an (SL(N), q)-connection.

To make this definition more explicit, consider the determinants

(4.1)
⇣
s(qi�1

z) ^ A(qi�2
z)s(qi�2

z) ^ · · · ^
⇣ i�2Y

j=0

(A(qi�2�j
z)
⌘
s(z)

⌘����
⇤iL

qi�1

i

for i = 1, . . . , N , where s is a local section of L1. Then (E, A,L•) is a q-oper if and only
if at every point, there exists local sections for which each Wi(s)(z) is nonzero. It will be
more convenient to consider determinants with the same zeros as those in (4.1), but with
no q-shifts:

(4.2) Wi(s)(z) =
⇣
s(z) ^ A(z)�1

s(qz) ^ · · · ^
⇣ i�2Y

j=0

(A(qjz)�1

⌘
s(qi�1

z)
⌘����

⇤iLi

.

As in the classical setting, we need to relax these conditions to allow for regular singular-
ities. Fix a collection of L points z1, . . . , zL 6= 0, 1 such that the q

Z-lattices they generate
are pairwise disjoint. We associate a dominant integral weight �m =

P
l
i
m!i to each zm.

Set `
i
m =

Pi
j=1

l
j
m.

Definition 4.2. An (SL(N), q)-oper with regular singularities at the points z1, . . . , zL 6=
0, 1 with weights �1, . . . �L is a meromorphic (SL(N), q)-oper such that each Āi is an

isomorphism except at the points q
�`i�1

m zm, q
�`i�1

m +1
zm, . . . , q

�`im+1
zm for each m, where it

has simple zeros.

znq
�1

znq
�2

zn

q

q
�lkn+1

zn
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Figure 1. Weight of the singularity zn as q-monodromy around the cylin-
der (P1 with 0 and 1 removed).

In order to express the locations of the roots of the Wi(s)’s, it is convenient to introduce
the polynomials

(4.3) ⇤i =
LY

m=1

`im�1Y

j=`i�1
m

(z � q
�j

zm)

Add Twists
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s(qu) ^A(u)s(u) 6= 0
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s(qu) ^A(u)s(u) = ⇤(u)
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⇤(u) =
Y

l,jl

(u� qjlal)
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Z = g(qu)A(u)g(u)�1
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Z 2 H ⇢ H(u) ⇢ G(u)



q-Opers, QQ-System & Bethe Ansatz
Chose trivialization of L

q-Oper condition — SL(2) QQ-system

Z = diag(⇣, ⇣�1)Twist element

QQ-system to XXZ Bethe equations
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~ = q

k

n
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i = 1, . . . , k

<latexit sha1_base64="9UGymDQdFp/Z4/3kJcrcFQdRZqU="></latexit>

nY

l=1

si � qrlal
si � al

= ⇣2qk
kY

j=1

qsi � sj
si � qsj
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s(u) =

✓
Q+(u)
Q�(u)

◆
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s(qu) ^A(u)s(u) = ⇤(u)
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⇣ Q�(u)Q+(qu)� ⇣�1Q�(qu)Q+(u) = ⇤(u)
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Q+(u) =
mY

k=1

(u� sk)



q-Miura Transformation

Z-twisted q-oper condition

The q-oper condition becomes the SL(2) QQ-system

Difference Equation
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permuting the standard basis. Hence, the associated Miura opers are parameterized by the
Weyl group.

3. (SL(2), q)-opers

3.1. Definitions. We now consider a q-deformation of the set-up in the previous section.
It involves a di↵erence equation version of connections and opers.

Fix q 2 C⇤. Given a vector bundle E over P1, let E
q denote the pullback of E under

the map z 7! qz. We will always assume that E is trivializable. Consider a map of vector
bundles A : E �! E

q. Upon picking a trivialization, the map A is determined by a matrix
A(z) 2 gl(N, C(z)) giving the linear map Ez �! Eqz in the given bases. A change in
trivialization by g(z) changes the matrix via

(3.1) A(z) 7! g(qz)A(z)g�1(z);

thus, q-gauge change is twisted conjugation. Let Dq : E �! E
q be the operator that takes

a section s(z) to s(qz). We associate the map A to the di↵erence equation Dq(s) = As.

Definition 3.1. A meromorphic (GL(N), q)-connection over P1 is a pair (E, A), where
E is a (trivializable) vector bundle of rank N over P1 and A is a meromorphic section of
the sheaf HomOP1 (E, E

q) for which A(z) is invertible, i.e. lies in GL(N, C(z)). The pair
(E, A) is called an (SL(N), q)-connection if there exists a trivialization for which A(z) has
determinant 1.

For simplicity, we will usually omit the word ‘meromorphic’ when referring to q-connections.

Remark 3.2. More generally, if G is a complex reductive group, one can define a meromor-
phic (G, q)-connection over P1 as a pair (G, A) where G is a principal G-bundle over P1 and
A is a meromorphic section of HomOP1 (G,Gq).

Next, we define a q-analogue of opers. In this section, we will restrict to type A1.

Definition 3.3. A (GL(2), q)-oper on P1 is a triple (E, A,L), where (E, A) is a (GL(2), q)-
connection and L is a line subbundle such that the induced map Ā : L �! (E/L)q is an
isomorphism. The triple is called an (SL(2), q)-oper if (E, A) is an (SL(2), q)-connection.

The condition that Ā is an isomorphism can be made explicit in terms of sections. Indeed,
it is equivalent to

s(qz) ^ A(z)s(z) 6= 0

for s(z) any section generating L over either of the standard a�ne coordinate charts.
From now on, we assume that q is not a root of unity. We want to define a q-analogue of

the opers considered in Section 2.4. First, we introduce the notion of a q-oper with regular
singularities. Let z1, . . . , zL 6= 0, 1 be a collection of points such that q

Z
zm \ q

Z
zn = ? for

all m 6= n.

Definition 3.4. A (SL(2), q)-oper with regular singularities at the points z1, . . . , zL 6= 0, 1
with weights k1, . . . kL is a meromorphic (SL(2), q)-oper (E, A,L) for which Ā is an isomor-
phism everywhere on P1 \{0, 1} except at the points zm, q

�1
zm, q

�2
zm, . . . , q

�km+1
zm for

m 2 {1, . . . , L}, where it has simple zeros.

The second condition can be restated in terms of a section s(z) generating L over P1 \1:
s(qz) ^ A(z)s(z) has simple zeros at zm, q

�1
zm, q

�2
zm, . . . , q

�km+1
zm for every m 2

{1, . . . , L} and has no other finite zeros.

Scalar difference operator

Miura q-oper: , where  is a q-oper and  is preserved by q-connection (E, A, ℒ, ℒ̂) (E, A, ℒ) ℒ̂ A
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A(u) = v(qu)Zv(u)�1 Z = diag(⇣, ⇣�1)
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A(u) =

✓
g(u) ⇤(u)
0 g(u)�1

◆
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g(u) = ⇣
Q+(qu)

Q+(u)
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⇣ Q�(u)Q+(qu)� ⇣�1Q�(qu)Q+(u) = ⇤(u)
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v(u) =

✓
Q+(u) ⇣Q�(u)Q+(qu)� ⇣�1Q�(u)Q+(qu)

0 Q+(u)

◆
2 B+(u)
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D2

q � T (qu)Dq �
⇤(qu)

⇤(u)

◆
s1 = 0



tRS Hamiltonians

Let 

qOper condition yields

tRS Hamiltonians!

T1
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Figure 1. The network of dualities between various types of opers and
related integrable systems. Short vertical lines are the quantum/classical
dualities, diagonal arrows show the double scaling limits between the models,
while dashed lines designate the action of symplectic/bispectral dualities.
The momenta p and coordinates x of the many body systems may take
values in C⇥ or C which is displayed in the figure.

corresponding elliptic generalizations of the space of opers on P1 and on the elliptic curve
E which will describe the space of solutions of the novel elliptic QQ-systems. As of this
writing, the bispectral dual of the DELL system is not known.

1.5. Structure of the Paper. In Section 2 we study the top and right corners of the
diamond which correspond to Z-twisted (SL(r + 1), q)-opers and (SL(r + 1), ✏)-opers re-
spectively. Next, in Section 3 we address the bottom and right corners where di↵erential
SL(r+1)-opers on P1 are discussed, one is gauge equivalent to constant regular semisimple
element, another to a simple polar connection with residue given by regular semisimple
element. We call these SL(r + 1)-opers respectively as rationally Z-twisted and trigono-
metrically Z-twisted.

In both Sections we prove the respective quantum/classical dualities between the space of
opers and the QQ-systems (or the qq-systems for the di↵erential opers). We demonstrate,
for each corner of the diamond, that the conditions for the existence of the corresponding
canonical nondegenerate opers provide the recipe to compute the Lax matrices for the
related integrable systems. In the final Section 4 we provide the algebraic description of
the Calogero-Moser space which can be used in deriving the trigonometric Ruijsenaars-
Schneider hamiltonians. Then we consider three di↵erent double-scaling limits which will
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Thus, we have arrived at a nondegenerate Z-twisted Miura (SL(2), q)-oper in the sense

of Section 4: A(z) = gα̌(z)e
Λ(z)
g(z) e, where g(z) = ζQ+(zq)Q+(z)−1.

6. Miura-Plücker q-opers, QQ-system, and Bethe Ansatz equations

In this section, we generalize the results of the previous section to an arbitrary simply
connected simple complex Lie group G. We establish a one-to-one correspondence between
the set of nondegenerate Z-twisted Miura-Plücker (G, q)-opers and the set of nondegenerate
solutions of a system of Bethe Ansatz equations associated to G. A key element of the
construction is an intermediate object between these two sets: the set of nondegenerate
solutions of the so-called QQ-system.

6.1. Miura (G, q)-opers and the QQ-system. First, we construct a one-to-one corre-
spondence between the set of nondegenerate Z-twisted Miura-Plücker (G, q)-opers and the
set of nondegenerate solutions of the QQ-system.

Recall that we have chosen a set of non-zero polynomials {Λi(z)}i=1,...,r, which we will
assume from now on to be monic, and a set of non-zero complex numbers {ζi}i=1,...,r that
correspond to a regular element Z of the maximal torus H ⊂ G by formula (3.1). In this
section, these data are assumed to be fixed. (In the next section, we will also consider
elements w(Z) of the orbit of Z under the action of the Weyl group WG of G and the
corresponding ζi’s.)

From now on, we will assume that our element Z =
∏

i ζ
α̌i
i ∈ H satisfies the following

property:

(6.1)
r∏

i=1

ζ
aij
i /∈ qZ, ∀j = 1, . . . , r .

Since
∏r

i=1 ζ
aij
i $= 1 is a special case of (6.1), this implies that Z is regular semisimple.

Introduce the following system of equations:

(6.2) ξ̃iQ
i
−(z)Q

i
+(qz)− ξiQ

i
−(qz)Q

i
+(z) =

Λi(z)
∏

j>i

[
Qj

+(qz)
]−aji ∏

j<i

[
Qj

+(z)
]−aji

, i = 1, . . . , r,

where

(6.3) ξ̃i = ζi
∏

j>i

ζ
aji
j , ξi = ζ−1

i

∏

j<i

ζ
−aji
j

and we use the ordering of simple roots from the definition of (G, q)-opers.
We call this the QQ-system associated to G and a collection of polynomials Λi(z), i =

1, . . . , r.
A polynomial solution {Qi

+(z), Q
i
−(z)}i=1,...,r of (6.2) is called nondegenerate if it has

the following properties: condition (6.1) holds for the ζi’s; for all i, j, k with i $= j and
aik, ajk $= 0, the zeros of Qj

+(z) and Qj
−(z) are q-distinct from each other and from the

zeros of Λk(z); and the polynomials Qi
+(z) are monic.

Recall Definition 4.3 of nondegenerate Z-twisted Miura-Plücker (G, q)-opers.

Theorem 6.1. There is a one-to-one correspondence between the set of nondegenerate Z-
twisted Miura-Plücker (G, q)-opers and the set of nondegenerate polynomial solutions of the
QQ-system (6.2).

[Frenkel, PK, Zeitlin, Sage, JEMS 2023]

Theorem: There is a 1-to-1 correspondence between the set of nondegenerate -twisted 
-opers on  and the set of nondegenerate polynomial solutions of the QQ-system 

based on 

Z
(G, q) ℙ1

̂L𝔤
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Y

j>i

h
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+(~u)
i�aji Y

j<i

h
Qj

+(u)
i�aji

, i = 1, . . . , r,
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ei
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SU(n) XXZ spin chain on n sites w/ anisotropies 

and twisted periodic boundary conditions

n-particle trigonometric  
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coordinatestwist eigenvalues

energy (eigenvalues of Hamiltonians)equivariant parameters (anisotropies)
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1 2 n-1

n

n-2

In [KPSZ] (see also [KSZ]) we proved that in this case the polynomials si(z) are of degree
1.

Below we will give a more involved family of Ar � quivers, which we refer to as Xk,l, so
that r = l + k � 1 with the same property.

k

1

1 k-1 k

  k+1

k   1 k-1k

  1  k+1

k

1

k

1

k

1

k

1

⇠1
<latexit sha1_base64="Zi6mG5uph2HVa18lb6/jG6OX3fg=">AAAB7HicdVBNS8NAEJ34WetX1aOXxSJ4Ckksbb0VvXisYNpCG8pmu2mXbjZhdyOW0t/gxYMiXv1B3vw3btsIKvpg4PHeDDPzwpQzpR3nw1pZXVvf2CxsFbd3dvf2SweHLZVkklCfJDyRnRArypmgvmaa004qKY5DTtvh+Grut++oVCwRt3qS0iDGQ8EiRrA2kt+7Z323Xyo7tufVLio15NjOAobUq5Wq5yA3V8qQo9kvvfcGCcliKjThWKmu66Q6mGKpGeF0VuxliqaYjPGQdg0VOKYqmC6OnaFTowxQlEhTQqOF+n1iimOlJnFoOmOsR+q3Nxf/8rqZjurBlIk001SQ5aIo40gnaP45GjBJieYTQzCRzNyKyAhLTLTJp2hC+PoU/U9anu2e295Npdy4zOMowDGcwBm4UIMGXEMTfCDA4AGe4NkS1qP1Yr0uW1esfOYIfsB6+wTW4Y62</latexit>

⇠2
<latexit sha1_base64="Sxp4aAQ5v/sJnUOn6vPVoRbFScQ=">AAAB7HicdVBNS8NAEJ34WetX1aOXxSJ4Ckksbb0VvXisYNpCG8pmu2mXbjZhdyOW0t/gxYMiXv1B3vw3btsIKvpg4PHeDDPzwpQzpR3nw1pZXVvf2CxsFbd3dvf2SweHLZVkklCfJDyRnRArypmgvmaa004qKY5DTtvh+Grut++oVCwRt3qS0iDGQ8EiRrA2kt+7Z32vXyo7tufVLio15NjOAobUq5Wq5yA3V8qQo9kvvfcGCcliKjThWKmu66Q6mGKpGeF0VuxliqaYjPGQdg0VOKYqmC6OnaFTowxQlEhTQqOF+n1iimOlJnFoOmOsR+q3Nxf/8rqZjurBlIk001SQ5aIo40gnaP45GjBJieYTQzCRzNyKyAhLTLTJp2hC+PoU/U9anu2e295Npdy4zOMowDGcwBm4UIMGXEMTfCDA4AGe4NkS1qP1Yr0uW1esfOYIfsB6+wTYZY63</latexit>

⇠k�1
<latexit sha1_base64="Re4thf8xvpYzRTrHwjdjSil4KMs=">AAAB8HicdVDLSgNBEOyNrxhfUY9eBoPgxWU3Jq65Bb14jGAekixhdjJJhszsLjOzYljyFV48KOLVz/Hm3zh5CCpa0FBUddPdFcScKe04H1ZmaXlldS27ntvY3Nreye/uNVSUSELrJOKRbAVYUc5CWtdMc9qKJcUi4LQZjC6nfvOOSsWi8EaPY+oLPAhZnxGsjXTbuWfddHTiTrr5gmO7ZadScpAhZ55b9gzxKmWvWEKu7cxQgAVq3fx7pxeRRNBQE46VartOrP0US80Ip5NcJ1E0xmSEB7RtaIgFVX46O3iCjozSQ/1Imgo1mqnfJ1IslBqLwHQKrIfqtzcV//Laie6f+ykL40TTkMwX9ROOdISm36Mek5RoPjYEE8nMrYgMscREm4xyJoSvT9H/pFG03VO7eF0qVC8WcWThAA7hGFzwoApXUIM6EBDwAE/wbEnr0XqxXuetGWsxsw8/YL19AvPFkIU=</latexit>

⇠k
<latexit sha1_base64="iMlTRcAfNydOOQviRc/idN5Dges=">AAAB7nicdVDLSsNAFL2pr1pfVZduBovgKiS1NXZXdOOygn1AG8pkOmmHTiZhZiKW0I9w40IRt36PO//G6UNQ0QMXDufcy733BAlnSjvOh5VbWV1b38hvFra2d3b3ivsHLRWnktAmiXksOwFWlDNBm5ppTjuJpDgKOG0H46uZ376jUrFY3OpJQv0IDwULGcHaSO3ePetn42m/WHJst+rUKg4y5Nxzq54hXq3qlSvItZ05SrBEo1987w1ikkZUaMKxUl3XSbSfYakZ4XRa6KWKJpiM8ZB2DRU4osrP5udO0YlRBiiMpSmh0Vz9PpHhSKlJFJjOCOuR+u3NxL+8bqrDCz9jIkk1FWSxKEw50jGa/Y4GTFKi+cQQTCQztyIywhITbRIqmBC+PkX/k1bZds/s8k2lVL9cxpGHIziGU3DBgzpcQwOaQGAMD/AEz1ZiPVov1uuiNWctZw7hB6y3TxXckBM=</latexit>

⇠k+1
<latexit sha1_base64="xJqHbpg1IbjKQP0Felk8RafUL/o=">AAAB8HicdVDLSgNBEOyNrxhfUY9eBoMgCMtuTFxzC3rxGME8JFnC7GSSDJnZXWZmxbDkK7x4UMSrn+PNv3HyEFS0oKGo6qa7K4g5U9pxPqzM0vLK6lp2PbexubW9k9/da6gokYTWScQj2QqwopyFtK6Z5rQVS4pFwGkzGF1O/eYdlYpF4Y0ex9QXeBCyPiNYG+m2c8+66ejEnXTzBcd2y06l5CBDzjy37BniVcpesYRc25mhAAvUuvn3Ti8iiaChJhwr1XadWPsplpoRTie5TqJojMkID2jb0BALqvx0dvAEHRmlh/qRNBVqNFO/T6RYKDUWgekUWA/Vb28q/uW1E90/91MWxommIZkv6icc6QhNv0c9JinRfGwIJpKZWxEZYomJNhnlTAhfn6L/SaNou6d28bpUqF4s4sjCARzCMbjgQRWuoAZ1ICDgAZ7g2ZLWo/Vivc5bM9ZiZh9+wHr7BPC5kIM=</latexit>

⇠k+2
<latexit sha1_base64="Ar+ggoOEGQPh4cUNU1g707xq4sY=">AAAB8HicdVDLSgMxFM3UV62vqks3wSIIwjAzto7dFd24rGAf0g4lk2ba0CQzJBmxDP0KNy4UcevnuPNvTB+Cih64cDjnXu69J0wYVdpxPqzc0vLK6lp+vbCxubW9U9zda6o4lZg0cMxi2Q6RIowK0tBUM9JOJEE8ZKQVji6nfuuOSEVjcaPHCQk4GggaUYy0kW6797SXjU68Sa9Ycmy34lTLDjTkzHcrviF+teJ7ZejazgwlsEC9V3zv9mOcciI0ZkipjuskOsiQ1BQzMil0U0UShEdoQDqGCsSJCrLZwRN4ZJQ+jGJpSmg4U79PZIgrNeah6eRID9Vvbyr+5XVSHZ0HGRVJqonA80VRyqCO4fR72KeSYM3GhiAsqbkV4iGSCGuTUcGE8PUp/J80Pds9tb3rcql2sYgjDw7AITgGLvBBDVyBOmgADDh4AE/g2ZLWo/Vivc5bc9ZiZh/8gPX2CfI+kIQ=</latexit>

a1,1, . . . , a1,k+1
<latexit sha1_base64="Jrm8vP3gos+5g6WKq6b0fQViz2U=">AAACFnicdVDLSgMxFM34rPVVdekmWATBWiZ92LorunFZwT6gHUomzbRhMg+SjFCG+Qo3/oobF4q4FXf+jWk7ghY9EDicc+/NvccOOZPKND+NpeWV1bX1zEZ2c2t7Zze3t9+WQSQIbZGAB6JrY0k582lLMcVpNxQUezanHdu9mvqdOyokC/xbNQmp5eGRzxxGsNLSIHfW97AaOwK7MU4GMSqgpNAfBkoWFg33FCWDXN4s1i4qqFqHZtGcQZOaWS2fI4hSJQ9SNAe5Dz2MRB71FeFYyh4yQ2XFWChGOE2y/UjSEBMXj2hPUx97VFrx7KwEHmtlCJ1A6OcrOFN/dsTYk3Li2bpyuqtc9KbiX14vUk7dipkfRor6ZP6RE3GoAjjNCA6ZoETxiSaYCKZ3hWSMBSZKJ5nVIXxfCv8n7VIRlYulm0q+cZnGkQGH4AicAARqoAGuQRO0AAH34BE8gxfjwXgyXo23eemSkfYcgF8w3r8AXBeffQ==</latexit>

a2
<latexit sha1_base64="/EVdUyavH7128aXIDpShzkbAqY0=">AAAB+XicdVDLSsNAFJ34rPUVdelmsAiuQtKHrbuiG5cV7APaECbTSTt0Mgkzk0IJ+RM3LhRx65+482+ctBFU9MDA4Zx7uWeOHzMqlW1/GGvrG5tb26Wd8u7e/sGheXTck1EiMOniiEVi4CNJGOWkq6hiZBALgkKfkb4/u8n9/pwISSN+rxYxcUM04TSgGCkteaY5CpGaBgLNUpR5aTXzzIptNa/qTqMFbcteQpOm3ahdOtAplAoo0PHM99E4wklIuMIMSTl07Fi5KRKKYkay8iiRJEZ4hiZkqClHIZFuukyewXOtjGEQCf24gkv1+0aKQikXoa8n85zyt5eLf3nDRAUtN6U8ThTheHUoSBhUEcxrgGMqCFZsoQnCguqsEE+RQFjpssq6hK+fwv9Jr2o5Nat6V6+0r4s6SuAUnIEL4IAmaINb0AFdgMEcPIAn8GykxqPxYryuRteMYucE/IDx9glDQpQT</latexit>

z2
<latexit sha1_base64="ndNIGXGiVv5Wdg5+kq9XHs1uBQA=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFZL0FXdFNy4rWFtoQ5hMJ+3QyYOZSaGG/IkbF4q49U/c+TdO2goqemDgcM693DPHTxgV0jQ/tNLa+sbmVnm7srO7t3+gHx7diTjlmHRxzGLe95EgjEakK6lkpJ9wgkKfkZ4/vSr83oxwQePoVs4T4oZoHNGAYiSV5On6MERyEnA0ze5zL7NzT6+ahnnh1FoNqEizXms1FXHMuu00oGWYC1TBCh1Pfx+OYpyGJJKYISEGlplIN0NcUsxIXhmmgiQIT9GYDBSNUEiEmy2S5/BMKSMYxFy9SMKF+n0jQ6EQ89BXk0VO8dsrxL+8QSoDx81olKSSRHh5KEgZlDEsaoAjygmWbK4IwpyqrBBPEEdYqrIqqoSvn8L/yZ1tWDXDvqlX25erOsrgBJyCc2CBFmiDa9ABXYDBDDyAJ/CsZdqj9qK9LkdL2mrnGPyA9vYJkzaUSQ==</latexit>

z1
<latexit sha1_base64="+TDvd3ehI1iJrgZa3BWe0xRymDA=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFZI+467oxmUFawttCJPppB06mYSZSaGG/okbF4q49U/c+TdO2goqemDgcM693DMnSBiVyrY/jMLa+sbmVnG7tLO7t39gHh7dyTgVmHRwzGLRC5AkjHLSUVQx0ksEQVHASDeYXOV+d0qEpDG/VbOEeBEacRpSjJSWfNMcREiNQ4Em2f3cz5y5b5Zty75wq8061KRRqzYbmrh2reLWoWPZC5TBCm3ffB8MY5xGhCvMkJR9x06UlyGhKGZkXhqkkiQIT9CI9DXlKCLSyxbJ5/BMK0MYxkI/ruBC/b6RoUjKWRToyTyn/O3l4l9eP1Wh62WUJ6kiHC8PhSmDKoZ5DXBIBcGKzTRBWFCdFeIxEggrXVZJl/D1U/g/uatYTtWq3NTKrctVHUVwAk7BOXBAE7TANWiDDsBgCh7AE3g2MuPReDFel6MFY7VzDH7AePsEkbGUSA==</latexit>
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Figure 6. Self-mirror X1,2 quiver variety.

3.4. Low Rank Example. Consider self-mirror quiver X1,2 The QQ-system reads

⇠1Q
+

1
(qz)Q�

1
(z) � ⇠2Q

+

1
(z)Q�

1
(qz) = (z � a3)Q

+

2
(z) ,

⇠2Q
+

2
(qz)Q�

2
(z) � ⇠3Q

+

2
(z)Q�

2
(qz) = (z � a1)(z � a2)Q

+

1
(qz) ,(3.23)

where Q
+
a (z) = z � sa, a = 1, 2.

The QQ-system of the dual variety X
!
1,2

reads

⇠1Q
+

1
(~�1

z)Q�
1
(z) � ⇠2Q

+

1
(z)Q�

1
(~�1

z) = (z � a3)Q
+

2
(z) ,

⇠2Q
+

2
(~�1

z)Q�
2
(z) � ⇠3Q

+

2
(z)Q�

2
(~�1

z) = (z � a1)(z � a2)Q
+

1
(~�1

z) ,(3.24)

Consider the following K-theory classes for X1,2

(3.25) p1 = � ⇤1(0)

Q
+

1
(0)

, p2 = �Q
+

1
(0)

Q
+

2
(0)

, p3 = �Q
+

2
(0)

⇤2(0)
,

and its mirror X
!
1,2

(3.26) p1 = �⇠3

Q+

2
(~�1/2a1)

Q+

2
(~1/2a1)

, p2 = �⇠3

Q+

2
(~�1/2a2)

Q+

2
(~1/2a2)

, p3 = ⇠2⇠3

Q+

1
(~�1/2a3)

Q+

1
(~1/2a3)

,

Using the above theorems we can rewrite these equations in terms of first tRS integral
of motion. The tRS equations in the electric frame

� (a1~ � a2) (a1~ � a3)

(a1 � a2)
�

~ (a3~ � a1)
p1 +

(a2~ � a1) (a2~ � a3)

(a1 � a2)
�

~ (a3~ � a2)
p2 +

(~ + 1)
�
a3~2 � a1

� �
a3~2 � a2

�

~3/2 (a3~ � a1) (a3~ � a2)
p3

=⇠1 + ⇠2 + ⇠3 ,(3.27)

and in the magnetic frame
(3.28)
(⇠1q � ⇠2) (⇠1q � ⇠3)

(⇠1 � ⇠2) (⇠1 � ⇠3) q
p1 � (⇠2q � ⇠1) (⇠2q � ⇠3)

(⇠1 � ⇠2) (⇠2 � ⇠3) q
p2 � (⇠3q � ⇠1) (⇠3q � ⇠2)

(⇠1 � ⇠3) (⇠3 � ⇠2) q
p3 = a1q + a2q + a3

The mirror map works as follows

⇠1 = a1q, ⇠2 = a2q, ⇠3 = a3

p1 = p1

�
q (⇠1q � ⇠3)

⇠1q
2 � ⇠3

, p2 = p2

�
q (⇠2q � ⇠3)

⇠2q
2 � ⇠3

, p3 = p3

�
q

q + 1
,

a1 = ⇠1q, a2 = ⇠2q, a3 = ⇠3 .(3.29)

as well as ~ = q.

⇠1 ⇠2 ⇠3 ⇠r�1 ⇠r ⇠r+1 ⇠r+k�1 ⇠r+k

⇤
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where Q
+
a (z) = z � sa, a = 1, 2.
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3.4. Low Rank Example. Consider self-mirror quiver X1,2 The QQ-system reads
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�
q (⇠2q � ⇠3)

⇠2q
2 � ⇠3

, p3 = p3

�
q

q + 1
,

a1 = ⇠1q, a2 = ⇠2q, a3 = ⇠3 .(3.29)

as well as ~ = q.

⇠1 ⇠2 ⇠3 ⇠r�1 ⇠r ⇠r+1 ⇠r+k�1 ⇠r+k

⇤

⇠k+l

zk+l�1

alal�1

zl�1 zl zl+1
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On the magnetic side we get from (3.8)

p1 (⇠1 � ⇠2~) (⇠1 � ⇠3~) (⇠1 � ⇠4~) (⇠1 � ⇠5~) (⇠1 � ⇠6~)

(⇠1 � ⇠2) (⇠1 � ⇠3) (⇠1 � ⇠4) (⇠1 � ⇠5) (⇠1 � ⇠6)

+
p2 (⇠1~ � ⇠2) (⇠2 � ⇠3~) (⇠2 � ⇠4~) (⇠2 � ⇠5~) (⇠2 � ⇠6~)

(⇠1 � ⇠2) (⇠2 � ⇠3) (⇠2 � ⇠4) (⇠2 � ⇠5) (⇠2 � ⇠6)

+
p3 (⇠1~ � ⇠3) (⇠3 � ⇠2~) (⇠3 � ⇠4~) (⇠3 � ⇠5~) (⇠3 � ⇠6~)

(⇠1 � ⇠3) (⇠3 � ⇠2) (⇠3 � ⇠4) (⇠3 � ⇠5) (⇠3 � ⇠6)

+
p4 (⇠1~ � ⇠4) (⇠4 � ⇠2~) (⇠4 � ⇠3~) (⇠4 � ⇠5~) (⇠4 � ⇠6~)

(⇠1 � ⇠4) (⇠4 � ⇠2) (⇠4 � ⇠3) (⇠4 � ⇠5) (⇠4 � ⇠6)

+
p5 (⇠1~ � ⇠5) (⇠5 � ⇠2~) (⇠5 � ⇠3~) (⇠5 � ⇠4~) (⇠5 � ⇠6~)

(⇠1 � ⇠5) (⇠5 � ⇠2) (⇠5 � ⇠3) (⇠5 � ⇠4) (⇠5 � ⇠6)

+
p6 (⇠1~ � ⇠6) (⇠6 � ⇠2~) (⇠6 � ⇠3~) (⇠6 � ⇠4~) (⇠6 � ⇠5~)

(⇠1 � ⇠6) (⇠6 � ⇠2) (⇠6 � ⇠3) (⇠6 � ⇠4) (⇠6 � ⇠5)

= a1,1 + a1,2 + a1,3 + qa2 + (q + q
2)a3 + (q + q

2 + q
3)a4(4.19)

The above two expressions are equivalent upon q = ~ and the following mirror map for
the torus coordinates

⇠1 = a1,1, ⇠2 = a1,2, ⇠3 = a1,3, ⇠4 = qa2, ⇠5 = (q + q
2)a3, ⇠6 = (q + q

2 + q
3)a4,

a5,1 = ⇠1, a5,2 = ⇠2, a5,3 = ⇠3, a4 = ⇠4, a7 = ⇠5, a9 = ⇠6 .(4.20)

as well as for the conjugate momenta

p5,1 = A1,1(⇠) p1, p5,2 = A2,2(⇠) p2, p5,3 = A3,3(⇠) p3,

p4 = A4,4(⇠) p4, p7 = A7,5(⇠) p5, p9 = A9,6(⇠) p6 ,(4.21)

where

A1,1(⇠) =
(⇠1 � ⇠4~) (⇠1 � ⇠5~) (⇠1 � ⇠6~)

(⇠1 � ⇠4~4) (⇠1 � ⇠5~3) (⇠1 � ⇠6~2)
, A2,2(⇠) =

(⇠2 � ⇠4~) (⇠2 � ⇠5~) (⇠2 � ⇠6~)

(⇠2 � ⇠4~4) (⇠2 � ⇠5~3) (⇠2 � ⇠6~2)
,

A3,3(⇠) =
(⇠3 � ⇠4~) (⇠3 � ⇠5~) (⇠3 � ⇠6~)

(⇠3 � ⇠4~4) (⇠3 � ⇠5~3) (⇠3 � ⇠6~2)
, A4,4(⇠) =

1

1 + ~ + ~2 + ~3

(⇠4 � ⇠5~) (⇠4 � ⇠6~)

(⇠5~3 � ⇠4) (⇠6~2 � ⇠4)
,

A7,5(⇠) =
1

1 + ~ + ~2

(⇠4~ � ⇠5) (⇠6~ � ⇠5)

(⇠4~4 � ⇠5) (⇠6~2 � ⇠5)
, A9,6(⇠) =

1

1 + ~
(⇠4~ � ⇠6) (⇠5~ � ⇠6)

(⇠4~4 � ⇠6) (⇠5~3 � ⇠6)
.

(4.22)

⇠l�1 ⇠l ⇠l+1 ⇠k+l�1 ⇠k+l

4.5. Mirror Map for Generic Xk,r. Consider quiver variety Xk,r with Kähler parameters

zi = ⇠i
⇠i+1

and equivariant parameters ak, . . . , ak+r�1 and ak+r,1, . . . ak+r,k+1 (see top of

Fig. 4). On the bottom of Fig. 4 we see quiver variety X
!

k,r
has equivariant parameters

a1,1,, . . . , a1,k+1 and a2 . . . ar as well as Kähler parameters zi = ⇠i
⇠i+1

. The goal of this section

is to prove that Xk,r and X
!

k,r
are symplectic dual to each other.

We shall compare the magnetic frame of Xk,r against the electric frame of X
!

k,r
.
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On the magnetic side we get from (3.8)

p1 (⇠1 � ⇠2~) (⇠1 � ⇠3~) (⇠1 � ⇠4~) (⇠1 � ⇠5~) (⇠1 � ⇠6~)

(⇠1 � ⇠2) (⇠1 � ⇠3) (⇠1 � ⇠4) (⇠1 � ⇠5) (⇠1 � ⇠6)

+
p2 (⇠1~ � ⇠2) (⇠2 � ⇠3~) (⇠2 � ⇠4~) (⇠2 � ⇠5~) (⇠2 � ⇠6~)

(⇠1 � ⇠2) (⇠2 � ⇠3) (⇠2 � ⇠4) (⇠2 � ⇠5) (⇠2 � ⇠6)

+
p3 (⇠1~ � ⇠3) (⇠3 � ⇠2~) (⇠3 � ⇠4~) (⇠3 � ⇠5~) (⇠3 � ⇠6~)

(⇠1 � ⇠3) (⇠3 � ⇠2) (⇠3 � ⇠4) (⇠3 � ⇠5) (⇠3 � ⇠6)

+
p4 (⇠1~ � ⇠4) (⇠4 � ⇠2~) (⇠4 � ⇠3~) (⇠4 � ⇠5~) (⇠4 � ⇠6~)

(⇠1 � ⇠4) (⇠4 � ⇠2) (⇠4 � ⇠3) (⇠4 � ⇠5) (⇠4 � ⇠6)

+
p5 (⇠1~ � ⇠5) (⇠5 � ⇠2~) (⇠5 � ⇠3~) (⇠5 � ⇠4~) (⇠5 � ⇠6~)

(⇠1 � ⇠5) (⇠5 � ⇠2) (⇠5 � ⇠3) (⇠5 � ⇠4) (⇠5 � ⇠6)

+
p6 (⇠1~ � ⇠6) (⇠6 � ⇠2~) (⇠6 � ⇠3~) (⇠6 � ⇠4~) (⇠6 � ⇠5~)

(⇠1 � ⇠6) (⇠6 � ⇠2) (⇠6 � ⇠3) (⇠6 � ⇠4) (⇠6 � ⇠5)

= a1,1 + a1,2 + a1,3 + qa2 + (q + q
2)a3 + (q + q

2 + q
3)a4(4.19)

The above two expressions are equivalent upon q = ~ and the following mirror map for
the torus coordinates

⇠1 = a1,1, ⇠2 = a1,2, ⇠3 = a1,3, ⇠4 = qa2, ⇠5 = (q + q
2)a3, ⇠6 = (q + q

2 + q
3)a4,

a5,1 = ⇠1, a5,2 = ⇠2, a5,3 = ⇠3, a4 = ⇠4, a7 = ⇠5, a9 = ⇠6 .(4.20)

as well as for the conjugate momenta

p5,1 = A1,1(⇠) p1, p5,2 = A2,2(⇠) p2, p5,3 = A3,3(⇠) p3,

p4 = A4,4(⇠) p4, p7 = A7,5(⇠) p5, p9 = A9,6(⇠) p6 ,(4.21)

where

A1,1(⇠) =
(⇠1 � ⇠4~) (⇠1 � ⇠5~) (⇠1 � ⇠6~)

(⇠1 � ⇠4~4) (⇠1 � ⇠5~3) (⇠1 � ⇠6~2)
, A2,2(⇠) =

(⇠2 � ⇠4~) (⇠2 � ⇠5~) (⇠2 � ⇠6~)

(⇠2 � ⇠4~4) (⇠2 � ⇠5~3) (⇠2 � ⇠6~2)
,

A3,3(⇠) =
(⇠3 � ⇠4~) (⇠3 � ⇠5~) (⇠3 � ⇠6~)

(⇠3 � ⇠4~4) (⇠3 � ⇠5~3) (⇠3 � ⇠6~2)
, A4,4(⇠) =

1

1 + ~ + ~2 + ~3

(⇠4 � ⇠5~) (⇠4 � ⇠6~)

(⇠5~3 � ⇠4) (⇠6~2 � ⇠4)
,

A7,5(⇠) =
1

1 + ~ + ~2

(⇠4~ � ⇠5) (⇠6~ � ⇠5)

(⇠4~4 � ⇠5) (⇠6~2 � ⇠5)
, A9,6(⇠) =

1

1 + ~
(⇠4~ � ⇠6) (⇠5~ � ⇠6)

(⇠4~4 � ⇠6) (⇠5~3 � ⇠6)
.
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⇠l�1 ⇠l ⇠l+1 ⇠k+l�1 ⇠k+l

4.5. Mirror Map for Generic Xk,r. Consider quiver variety Xk,r with Kähler parameters

zi = ⇠i
⇠i+1

and equivariant parameters ak, . . . , ak+r�1 and ak+r,1, . . . ak+r,k+1 (see top of

Fig. 4). On the bottom of Fig. 4 we see quiver variety X
!

k,r
has equivariant parameters

a1,1,, . . . , a1,k+1 and a2 . . . ar as well as Kähler parameters zi = ⇠i
⇠i+1

. The goal of this section

is to prove that Xk,r and X
!

k,r
are symplectic dual to each other.

We shall compare the magnetic frame of Xk,r against the electric frame of X
!

k,r
.
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On the magnetic side we get from (3.8)

p1 (⇠1 � ⇠2~) (⇠1 � ⇠3~) (⇠1 � ⇠4~) (⇠1 � ⇠5~) (⇠1 � ⇠6~)

(⇠1 � ⇠2) (⇠1 � ⇠3) (⇠1 � ⇠4) (⇠1 � ⇠5) (⇠1 � ⇠6)

+
p2 (⇠1~ � ⇠2) (⇠2 � ⇠3~) (⇠2 � ⇠4~) (⇠2 � ⇠5~) (⇠2 � ⇠6~)

(⇠1 � ⇠2) (⇠2 � ⇠3) (⇠2 � ⇠4) (⇠2 � ⇠5) (⇠2 � ⇠6)

+
p3 (⇠1~ � ⇠3) (⇠3 � ⇠2~) (⇠3 � ⇠4~) (⇠3 � ⇠5~) (⇠3 � ⇠6~)

(⇠1 � ⇠3) (⇠3 � ⇠2) (⇠3 � ⇠4) (⇠3 � ⇠5) (⇠3 � ⇠6)

+
p4 (⇠1~ � ⇠4) (⇠4 � ⇠2~) (⇠4 � ⇠3~) (⇠4 � ⇠5~) (⇠4 � ⇠6~)

(⇠1 � ⇠4) (⇠4 � ⇠2) (⇠4 � ⇠3) (⇠4 � ⇠5) (⇠4 � ⇠6)

+
p5 (⇠1~ � ⇠5) (⇠5 � ⇠2~) (⇠5 � ⇠3~) (⇠5 � ⇠4~) (⇠5 � ⇠6~)

(⇠1 � ⇠5) (⇠5 � ⇠2) (⇠5 � ⇠3) (⇠5 � ⇠4) (⇠5 � ⇠6)

+
p6 (⇠1~ � ⇠6) (⇠6 � ⇠2~) (⇠6 � ⇠3~) (⇠6 � ⇠4~) (⇠6 � ⇠5~)

(⇠1 � ⇠6) (⇠6 � ⇠2) (⇠6 � ⇠3) (⇠6 � ⇠4) (⇠6 � ⇠5)

= a1,1 + a1,2 + a1,3 + qa2 + (q + q
2)a3 + (q + q

2 + q
3)a4(4.19)

The above two expressions are equivalent upon q = ~ and the following mirror map for
the torus coordinates

⇠1 = a1,1, ⇠2 = a1,2, ⇠3 = a1,3, ⇠4 = qa2, ⇠5 = (q + q
2)a3, ⇠6 = (q + q

2 + q
3)a4,

a5,1 = ⇠1, a5,2 = ⇠2, a5,3 = ⇠3, a4 = ⇠4, a7 = ⇠5, a9 = ⇠6 .(4.20)

as well as for the conjugate momenta

p5,1 = A1,1(⇠) p1, p5,2 = A2,2(⇠) p2, p5,3 = A3,3(⇠) p3,

p4 = A4,4(⇠) p4, p7 = A7,5(⇠) p5, p9 = A9,6(⇠) p6 ,(4.21)

where

A1,1(⇠) =
(⇠1 � ⇠4~) (⇠1 � ⇠5~) (⇠1 � ⇠6~)

(⇠1 � ⇠4~4) (⇠1 � ⇠5~3) (⇠1 � ⇠6~2)
, A2,2(⇠) =

(⇠2 � ⇠4~) (⇠2 � ⇠5~) (⇠2 � ⇠6~)

(⇠2 � ⇠4~4) (⇠2 � ⇠5~3) (⇠2 � ⇠6~2)
,

A3,3(⇠) =
(⇠3 � ⇠4~) (⇠3 � ⇠5~) (⇠3 � ⇠6~)

(⇠3 � ⇠4~4) (⇠3 � ⇠5~3) (⇠3 � ⇠6~2)
, A4,4(⇠) =

1

1 + ~ + ~2 + ~3

(⇠4 � ⇠5~) (⇠4 � ⇠6~)

(⇠5~3 � ⇠4) (⇠6~2 � ⇠4)
,

A7,5(⇠) =
1

1 + ~ + ~2

(⇠4~ � ⇠5) (⇠6~ � ⇠5)

(⇠4~4 � ⇠5) (⇠6~2 � ⇠5)
, A9,6(⇠) =

1

1 + ~
(⇠4~ � ⇠6) (⇠5~ � ⇠6)

(⇠4~4 � ⇠6) (⇠5~3 � ⇠6)
.
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⇠l�1 ⇠l ⇠l+1 ⇠k+l�1 ⇠k+l

4.5. Mirror Map for Generic Xk,r. Consider quiver variety Xk,r with Kähler parameters

zi = ⇠i
⇠i+1

and equivariant parameters ak, . . . , ak+r�1 and ak+r,1, . . . ak+r,k+1 (see top of

Fig. 4). On the bottom of Fig. 4 we see quiver variety X
!

k,r
has equivariant parameters

a1,1,, . . . , a1,k+1 and a2 . . . ar as well as Kähler parameters zi = ⇠i
⇠i+1

. The goal of this section

is to prove that Xk,r and X
!

k,r
are symplectic dual to each other.

We shall compare the magnetic frame of Xk,r against the electric frame of X
!

k,r
.
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On the magnetic side we get from (3.8)

p1 (⇠1 � ⇠2~) (⇠1 � ⇠3~) (⇠1 � ⇠4~) (⇠1 � ⇠5~) (⇠1 � ⇠6~)

(⇠1 � ⇠2) (⇠1 � ⇠3) (⇠1 � ⇠4) (⇠1 � ⇠5) (⇠1 � ⇠6)

+
p2 (⇠1~ � ⇠2) (⇠2 � ⇠3~) (⇠2 � ⇠4~) (⇠2 � ⇠5~) (⇠2 � ⇠6~)

(⇠1 � ⇠2) (⇠2 � ⇠3) (⇠2 � ⇠4) (⇠2 � ⇠5) (⇠2 � ⇠6)

+
p3 (⇠1~ � ⇠3) (⇠3 � ⇠2~) (⇠3 � ⇠4~) (⇠3 � ⇠5~) (⇠3 � ⇠6~)

(⇠1 � ⇠3) (⇠3 � ⇠2) (⇠3 � ⇠4) (⇠3 � ⇠5) (⇠3 � ⇠6)

+
p4 (⇠1~ � ⇠4) (⇠4 � ⇠2~) (⇠4 � ⇠3~) (⇠4 � ⇠5~) (⇠4 � ⇠6~)

(⇠1 � ⇠4) (⇠4 � ⇠2) (⇠4 � ⇠3) (⇠4 � ⇠5) (⇠4 � ⇠6)

+
p5 (⇠1~ � ⇠5) (⇠5 � ⇠2~) (⇠5 � ⇠3~) (⇠5 � ⇠4~) (⇠5 � ⇠6~)

(⇠1 � ⇠5) (⇠5 � ⇠2) (⇠5 � ⇠3) (⇠5 � ⇠4) (⇠5 � ⇠6)

+
p6 (⇠1~ � ⇠6) (⇠6 � ⇠2~) (⇠6 � ⇠3~) (⇠6 � ⇠4~) (⇠6 � ⇠5~)

(⇠1 � ⇠6) (⇠6 � ⇠2) (⇠6 � ⇠3) (⇠6 � ⇠4) (⇠6 � ⇠5)

= a1,1 + a1,2 + a1,3 + qa2 + (q + q
2)a3 + (q + q

2 + q
3)a4(4.19)

The above two expressions are equivalent upon q = ~ and the following mirror map for
the torus coordinates

⇠1 = a1,1, ⇠2 = a1,2, ⇠3 = a1,3, ⇠4 = qa2, ⇠5 = (q + q
2)a3, ⇠6 = (q + q

2 + q
3)a4,

a5,1 = ⇠1, a5,2 = ⇠2, a5,3 = ⇠3, a4 = ⇠4, a7 = ⇠5, a9 = ⇠6 .(4.20)

as well as for the conjugate momenta

p5,1 = A1,1(⇠) p1, p5,2 = A2,2(⇠) p2, p5,3 = A3,3(⇠) p3,

p4 = A4,4(⇠) p4, p7 = A7,5(⇠) p5, p9 = A9,6(⇠) p6 ,(4.21)

where

A1,1(⇠) =
(⇠1 � ⇠4~) (⇠1 � ⇠5~) (⇠1 � ⇠6~)

(⇠1 � ⇠4~4) (⇠1 � ⇠5~3) (⇠1 � ⇠6~2)
, A2,2(⇠) =

(⇠2 � ⇠4~) (⇠2 � ⇠5~) (⇠2 � ⇠6~)

(⇠2 � ⇠4~4) (⇠2 � ⇠5~3) (⇠2 � ⇠6~2)
,

A3,3(⇠) =
(⇠3 � ⇠4~) (⇠3 � ⇠5~) (⇠3 � ⇠6~)

(⇠3 � ⇠4~4) (⇠3 � ⇠5~3) (⇠3 � ⇠6~2)
, A4,4(⇠) =

1

1 + ~ + ~2 + ~3

(⇠4 � ⇠5~) (⇠4 � ⇠6~)

(⇠5~3 � ⇠4) (⇠6~2 � ⇠4)
,

A7,5(⇠) =
1

1 + ~ + ~2

(⇠4~ � ⇠5) (⇠6~ � ⇠5)

(⇠4~4 � ⇠5) (⇠6~2 � ⇠5)
, A9,6(⇠) =

1

1 + ~
(⇠4~ � ⇠6) (⇠5~ � ⇠6)

(⇠4~4 � ⇠6) (⇠5~3 � ⇠6)
.
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4.5. Mirror Map for Generic Xk,r. Consider quiver variety Xk,r with Kähler parameters

zi = ⇠i
⇠i+1

and equivariant parameters ak, . . . , ak+r�1 and ak+r,1, . . . ak+r,k+1 (see top of

Fig. 4). On the bottom of Fig. 4 we see quiver variety X
!

k,r
has equivariant parameters

a1,1,, . . . , a1,k+1 and a2 . . . ar as well as Kähler parameters zi = ⇠i
⇠i+1

. The goal of this section

is to prove that Xk,r and X
!

k,r
are symplectic dual to each other.

We shall compare the magnetic frame of Xk,r against the electric frame of X
!

k,r
.
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On the magnetic side we get from (3.8)

p1 (⇠1 � ⇠2~) (⇠1 � ⇠3~) (⇠1 � ⇠4~) (⇠1 � ⇠5~) (⇠1 � ⇠6~)

(⇠1 � ⇠2) (⇠1 � ⇠3) (⇠1 � ⇠4) (⇠1 � ⇠5) (⇠1 � ⇠6)

+
p2 (⇠1~ � ⇠2) (⇠2 � ⇠3~) (⇠2 � ⇠4~) (⇠2 � ⇠5~) (⇠2 � ⇠6~)

(⇠1 � ⇠2) (⇠2 � ⇠3) (⇠2 � ⇠4) (⇠2 � ⇠5) (⇠2 � ⇠6)

+
p3 (⇠1~ � ⇠3) (⇠3 � ⇠2~) (⇠3 � ⇠4~) (⇠3 � ⇠5~) (⇠3 � ⇠6~)

(⇠1 � ⇠3) (⇠3 � ⇠2) (⇠3 � ⇠4) (⇠3 � ⇠5) (⇠3 � ⇠6)

+
p4 (⇠1~ � ⇠4) (⇠4 � ⇠2~) (⇠4 � ⇠3~) (⇠4 � ⇠5~) (⇠4 � ⇠6~)

(⇠1 � ⇠4) (⇠4 � ⇠2) (⇠4 � ⇠3) (⇠4 � ⇠5) (⇠4 � ⇠6)

+
p5 (⇠1~ � ⇠5) (⇠5 � ⇠2~) (⇠5 � ⇠3~) (⇠5 � ⇠4~) (⇠5 � ⇠6~)

(⇠1 � ⇠5) (⇠5 � ⇠2) (⇠5 � ⇠3) (⇠5 � ⇠4) (⇠5 � ⇠6)

+
p6 (⇠1~ � ⇠6) (⇠6 � ⇠2~) (⇠6 � ⇠3~) (⇠6 � ⇠4~) (⇠6 � ⇠5~)

(⇠1 � ⇠6) (⇠6 � ⇠2) (⇠6 � ⇠3) (⇠6 � ⇠4) (⇠6 � ⇠5)

= a1,1 + a1,2 + a1,3 + qa2 + (q + q
2)a3 + (q + q

2 + q
3)a4(4.19)

The above two expressions are equivalent upon q = ~ and the following mirror map for
the torus coordinates

⇠1 = a1,1, ⇠2 = a1,2, ⇠3 = a1,3, ⇠4 = qa2, ⇠5 = (q + q
2)a3, ⇠6 = (q + q

2 + q
3)a4,

a5,1 = ⇠1, a5,2 = ⇠2, a5,3 = ⇠3, a4 = ⇠4, a7 = ⇠5, a9 = ⇠6 .(4.20)

as well as for the conjugate momenta

p5,1 = A1,1(⇠) p1, p5,2 = A2,2(⇠) p2, p5,3 = A3,3(⇠) p3,

p4 = A4,4(⇠) p4, p7 = A7,5(⇠) p5, p9 = A9,6(⇠) p6 ,(4.21)

where

A1,1(⇠) =
(⇠1 � ⇠4~) (⇠1 � ⇠5~) (⇠1 � ⇠6~)

(⇠1 � ⇠4~4) (⇠1 � ⇠5~3) (⇠1 � ⇠6~2)
, A2,2(⇠) =

(⇠2 � ⇠4~) (⇠2 � ⇠5~) (⇠2 � ⇠6~)

(⇠2 � ⇠4~4) (⇠2 � ⇠5~3) (⇠2 � ⇠6~2)
,

A3,3(⇠) =
(⇠3 � ⇠4~) (⇠3 � ⇠5~) (⇠3 � ⇠6~)

(⇠3 � ⇠4~4) (⇠3 � ⇠5~3) (⇠3 � ⇠6~2)
, A4,4(⇠) =

1

1 + ~ + ~2 + ~3

(⇠4 � ⇠5~) (⇠4 � ⇠6~)

(⇠5~3 � ⇠4) (⇠6~2 � ⇠4)
,

A7,5(⇠) =
1

1 + ~ + ~2

(⇠4~ � ⇠5) (⇠6~ � ⇠5)

(⇠4~4 � ⇠5) (⇠6~2 � ⇠5)
, A9,6(⇠) =

1

1 + ~
(⇠4~ � ⇠6) (⇠5~ � ⇠6)

(⇠4~4 � ⇠6) (⇠5~3 � ⇠6)
.

(4.22)

⇠l�1 ⇠l ⇠l+1 ⇠k+l�1 ⇠k+l

4.5. Mirror Map for Generic Xk,r. Consider quiver variety Xk,r with Kähler parameters

zi = ⇠i
⇠i+1

and equivariant parameters ak, . . . , ak+r�1 and ak+r,1, . . . ak+r,k+1 (see top of

Fig. 4). On the bottom of Fig. 4 we see quiver variety X
!

k,r
has equivariant parameters

a1,1,, . . . , a1,k+1 and a2 . . . ar as well as Kähler parameters zi = ⇠i
⇠i+1

. The goal of this section

is to prove that Xk,r and X
!

k,r
are symplectic dual to each other.

We shall compare the magnetic frame of Xk,r against the electric frame of X
!

k,r
.

⇠k+l�1

⇣1 ⇣k�1 ⇣k ⇣k+1
⇣l+k�1

ak+l�2 ak+l�1,1, . . . , ak+l�1,k+1ak+1ak

Figure 6. Self-mirror Ak+l�1 quiver variety.

The regular singularity parameters a1, . . . , ak+l are labeled as it is shown in the picture.
Notice, that in the l ! 1 limit, we obtain the A1 quiver (see Fig. 3.2). From this

standpoint, one can treat the quiver Xk,l as the ”regularized” version of it.

k

1

k

1

k

1

k

1

3.3. Xk,l, FFlL and the Ruijsennars-Schneider Hamiltonians. Let us consider quiver
Xk,l (see bottom of Fig. 18) of rank and study the corresponding extended QQ-system in
detail. It is described by the following polynomials

Q
+

1
(z) =

kY

a=1

(z � s1,a), . . . , Q
+

r (z) =
kY

a=1

(z � sl,a),

Q
+

l+1
(z) =

k�1Y

a=1

(z � sl+1,a), . . . , Q
+

l+k�1
(z) = z � sl+k�1 ,(3.4)

and framing polynomials

(3.5) ⇤1(z) =
k+1Y

b=1

(z � a1,b), ⇤c(z) = z � ac, c = 1, . . . , l ,

All other polynomials are trivial.

Construct the corresponding space of (SL(N),q)-opers

Specify components of the section of ℒ1
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The corresponding extended QQ-system reads:

⇠iQ
+

i
(~z)Q�

i
(z) � ⇠i+1Q

+

i
(z)Q�

i
(~z) = ⇤i(z)Q+

i�1
(~z)Q+

i+1
(z) ,

⇠iQ
+

i+1
(~z)Q�

i,i+1
(z) � ⇠i+2Q

+

i+1
(z)Q�

i,i+1
(~z) = ⇤i+1(z)Q�

i
(~z)Q+

i+2
(z) ,

. . . . . .(3.6)

⇠i Q
+

k+l�3+i
(~z)Q�

i,...,k+l�3+i
(z)�⇠k+l�2+i Q

+

k+l�3+i
(z)Q�

i,...,k+r�3+i
(~z) ,

= ⇤k+l�3+i(z)Q�
i,...,k+l�2+i

(~z)Q+

k+l�1+i
(z) ,

⇠1Q
+

k+l�1
(~z)Q�

1,...,k+l�1
(z) � ⇠k+lQ

+

k+l�1
(z)Q�

1,...,k+l�1
(~z) = Q

�
1,...,k+l�2

(~z) .

Let s(z) be a section of line bundle Lr+k which in a vector with r + k components as in
(2.38). As we have seen, the extended QQ-system contains the components of s(z):

s1(z) = Q
�
1,2,...,k+l�1

(z) , s2(z) = Q
�
2,3,...,k+l�1

, . . . ,

sk+l�1(z) = Q
�
k+l�1

(z), sk+l+1(z) = Q
+

k+l
(z).(3.7)

The following Lemma characterizes the structure of the components si(z) and their roots
for FFlL.

Lemma 3.5. Given (3.7) we have

(3.8) s1(z) = z � p1, , . . . , sk+r(z) = z � pk+l ,

where

(3.9) pk+l+1�p = �
Q

+
p (0)

Q
+

p�1
(0)

.

Proof. From Lemma 3.4 we conclude that all components of sp(z) are of the first order.
Now we need to prove (3.9). Let us denote the matrix inside the brackets on the left hand
side of the expression (2.38) by Mp(z) and substitute z = 0. The following immediately
follows

(3.10) Mp(0) = �diag(pk+l+1�p, . . . , pk+l+1) · Vp ,

since Mp(0)i,j = �⇠
p�j

k+l+1�p+i
pk+l+1�p+i and (Vp)i,j = ⇠

p�j

k+l+1�p+i
. Therefore

(3.11) � det
⇥
Mp(0) · V

�1

p

⇤
= (�1)p

pk+l+1�p · · · pk+l+1 .

Thus (3.9) follows if we define ↵p = detVp

Wp(0)
. ⇤

For the Xk,l the components of the section have the following degrees. This Lemma will
be used in later sections in proving 3d mirror symmetry for Xk,l.

Corollary 3.6. Given (3.7) quiver Xk,l has the following degrees

(3.12) deg sl+1 = · · · = deg sl+k = 1, deg sl�i+1(z) = i, i = 1, . . . , l .

Proof. The statement direclty follows from Lemma 3.4.
One can see from Fig. 6 that quiver Xk,l contains a ‘tail’ of FFlk. Using the previous

Lemma one can verify that the last k components of the section s(z) of the oper bundle
(3.12) are degree one polynomials. However, since the the rest of the quiver has di↵erent
data the similarity with the complete flag ends and degrees of other components of the
section grow linearly according to (3.6). ⇤
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Proof. The statement direclty follows from Lemma 3.4.
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The space of functions on the space of such q-opers 
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Let us remind that we gave a realization of the algebra Fun(~Op(Yv,w) as Wr(Yv, w).
It turns out that in the case of Yv,w = FFlL, Xk,l there is a more explicit version of that
algebra in terms of the variables {p

k

i
}.

Theorem 3.7. i) There is an isomorphism of algebras:

Fun(~Op)(FFlL)) ⇠=
C({⇠i}, {ai}, {pi}, ~)

{Hi({pj}, {⇠j}, ~) = ei(a1, . . . , aL})i=1,...,L

,(3.13)

where

(3.14) Hk =
X

I⇢{1,...,L}
|I|=k

Y

i2I

j /2I

⇠i � ~ ⇠j

⇠i � ⇠j

Y

m2I

pm ,

and ei are elementary symmetric functions of variables {ai}i=1,...,L.

ii) There is an isomorphism of algebras:

Fun(~Op)(Xk,l) ⇠=(3.15)

S({⇠i}, {ai}, ~)({pi})

((Bi({pj}, {⇠j}, ~) = `i(a1, . . . , ak+l))i=1,...,k+l, low. order Wronsk. relations)
,

where Bi are coe�cients of the characteristic polynomial of the left hand side of (2.38) and
`i are elementary symmetric polynomials of the following k + l(l � 1)/2 variables:

a1,1, . . . , a1,k

a2,

a3, ~a3,

a4, ~a4, ~2
a4

. . . . . .(3.16)

al�1, ~al�1, ~2
al�1, . . . , ~l�2

al�1 .

For insatnce

`k+l(a1, . . . , ak+l) =(3.17)
k+1X

a=1

a1,a + a2 + (1 + ~)a3 + (1 + ~ + ~2)a4 + · · · +
l�1X

l=0

~l�1
al .

Proof. Relations in i) are the standard tRS equations which follow from the oper condition
(2.38).

The proof of ii) follows from calculating the coe�cients in front of powers of z in the right
hand side of (2.38) applied to Fun(~Op)(Xk,l). The polynomial Wk+l has the following form
(3.18)

Wk+l =
kY

i=1

(z � a1,i) · (z � a2) · (z � a3)(z � ~a3) · (z � a4)(z � ~a4)(z � ~2
a4) · · ·

l�1Y

j=0

(z � ~j
al)

⇤
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is described by trigonometric Ruijsenaars-Schneider  
model with n particles
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We started this section from the explicit definition of the principal minors by means of
Gaussian decomposition. The following proposition (see Corollary 2.5 in [FZ1]) provides a
necessary and sufficient condition of its existence for a given group element.

Proposition 4.7. An element g ∈ G admits the Gaussian decomposition if and only if
∆ωi(g) "= 0 for any i = 1, . . . , r.

Finally, we end this section with the fundamental relation ([FZ1], Theorem 1.17) between
generalized minors, which we will relate to the QQ-systems.

Proposition 4.8. Let, u, v ∈ W , such that for i ∈ {1, . . . , r}, !(uwi) = !(u) + 1, !(vwi) =
!(v) + 1. Then

(4.7) ∆u·ωi,v·ωi∆uwi·ωi,vwi·ωi −∆uwi·ωi,v·ωi∆u·ωi,vwi·ωi =
∏

j !=i

∆
−aji
u·ωj ,v·ωj ,

4.2. Generalized Wronskians and generalized minors. First, we introduce a notion
of generalized q-Wronskian which, as we will see later is, under certain nondegenracy con-
ditions, is equivalent to the definition of Z-twisted Miura (G, q)-oper.

Let V +
i be the irreducible representation of G with highest weight ωi with respect to B+.

It comes equipped with a line L+
i ⊂ V +

i of highest weight vectors stable under the action of
B+. Let ν+ωi

be a generator of the line L+
i ⊂ V +

i . It is a vector of weight ωi with respect to
our maximal torus H ⊂ B−. The subspace L+

c,i of Vi of weight c−1 · ωi is one-dimensional

and is spanned by s−1ν+ωi
.

Suppose we have a principal G-bundle FG and its B+-reduction FB+ and thus an H-
reduction FH as well. Therefore for each i = 1, . . . , r, the vector bundle

V
+
i = FB+ ×

B+

V +
i = FG ×

G
V +
i

associated to V +
i contains an H-line subbundles

L
+
i = FH ×

H
L+
i , L

+
c,i = FH ×

H
L+
c,i

associated to L+
i , L

+
c,i ⊂ V +

i .
Consider a meromorphic section G of FG. It is a section of FG on U , a Zariski dense set

of P1. Given the fact that can always choose U , so that restriction of FG to U is a trivial
G-bundle, one can express this section as an element G (z) ∈ G(z).

Definition 4.9. The generalized q-Wronskian on P1 is the quadruple (FG,FB+ ,G , Z), where
G is a meromorphic section of a principle bundle FG, FB+ is a reduction of FG to B+,
Z ∈ H = B+/[B+, B+], satisfying the following condition. There exist a Zariski open dense
subset U ⊂ P1 together with the trivialization ıB+ of FB+ , so that for certain {v+i , v

+
c,i}i=1,...,r

which are the sections of line bundles {L+
i ,L

+
c,i}i=1,...,r on U ∩ M−1

q (U) we have G as an
element of G(z) satisfy the following condition:

G
q · v+i = Z · G · v+c,i,(4.8)

where the superscript q stands for the pull-back of the corresponding section with respect
to the map Mq.

Effectively, the definition implies that there exists a Zariski open dense subset U ⊂ P1

together with a trivialization ıB+ of FB+ such that the restriction of G to U ∩ M−1
q (U)

u, v ∈ WG
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albeit written in a slightly different convention and normalization). The condition corre-
sponding to the whole q-Wronskian reads detW (z) = 1, whereas the others can be readily
written using minors of matrix W (z).

5.3. Lewis Carroll Identity. For the type A root system the relation (4.7) reads

(5.8) ∆uωi,vωi∆usiωi,vsiωi −∆usiωi,vωi∆uωi,vsiωi = ∆uωi−1,vωi−1∆uωi+1,vωi+1 ,

which as we have shown previously are equivalent to the corresponding QQ-system. As
was discussed in [KPSZ,KSZ] these equations can be reduced to the following determinant
identity known from the 19th century (Desnanot-Jacobi-Lewis Carroll Identity) using matrix
of the form (5.7).

(5.9) M1
1M

2
i −M1

i M
2
1 = M12

1i M ,

where Ma
b is the determinant of the quantum Wronskian matrix W (z) with the ath row

and bth column removed and M = detW (z).
The identification between (5.8) and (5.9) works as follows. We put u = 1 and v =

s1 · s2 · · · si−1. This way vsi = s1 · · · si is the element which permutes the first the the last
column of matrix M as well as
(5.10)
M = ∆ωi+1,vωi+1 , M1

1 = ∆ωi,vωi , M2
i = ∆siωi,vsiωi , M2

1 = ∆siωi,vωi , M1
i = ∆ωi,vsiωi

In other words, after acting with element v on the columns the Lewis Carroll identity
can be presented in terms of principal minors

(5.11) M̃1
1 M̃

2
2 − M̃1

2 M̃
2
1 = M̃12

12 M̃ ,

where M̃ = M · v.
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q-Langlands Correspondence
Two types of solutions of the qKZ equation:

Analytic in chamber of equivariant parameters — conformal blocks of {ai} Uℏ( ̂g )

Analytic in chamber of quantum parameters (twists) — conformal blocks for deformed W-algebra {ζi} Wq,ℏ(L ̂g )

The q-Langlands correspondence 

[Aganagic Frenkel Okounkov]

XXZ Bethe -oper (G, ℏ)

Uℏ( ̂g ) Wq,ℏ(L ̂g )

q → 1

Equivalence of categories

Dmodκ(BunG) Dmod− 1
mκ

(BunLG)


