MULTIPLICATIVE QUIVER VARIETIES AND GENERALISED
RUIJSENAARS-SCHNEIDER MODELS
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ABSTRACT. We study some classical integrable systems naturally associated with multiplicative
quiver varieties for the (extended) cyclic quiver with m vertices. The phase space of our integrable
systems is obtained by quasi-Hamiltonian reduction from the space of representations of the
quiver. Three families of Poisson-commuting functions are constructed and written explicitly
in suitable Darboux coordinates. The case m = 1 corresponds to the tadpole quiver and the
Ruijsenaars—Schneider system and its variants, while for m > 1 we obtain new integrable systems
that generalise the Ruijsenaars—Schneider system. These systems and their quantum versions
also appeared recently in the context of supersymmetric gauge theory and cyclotomic DAHAs
[BEF, BFN1, BFN2, KN], as well as in the context of the Macdonald theory [CE].

1. INTRODUCTION

Among the most powerful geometric techniques in the theory of integrable systems is the method
of Hamiltonian (or symplectic) reduction. Invented initially for reducing the degrees of freedom in
Hamiltonian systems with symmetries, the concept of a moment map and symplectic reduction have
since found a multitude of uses beyond their initial scope. One of the earlier examples of a Hamil-
tonian reduction was given by Kazhdan, Kostant and Sternberg [KKS], who demonstrated how
to obtain the celebrated Calogero-Moser system from a very simple system on 7*gl,,. Since then,
many integrable systems have been obtained or interpreted by similar methods. Among those is a
remarkable generalisation of the Calogero—Moser system introduced by Ruijsenaars and Schneider
[RS]. The latter system was interpreted in terms of an infinite-dimensional symplectic reduction
by Nekrasov [N1], extending his earlier work with A. Gorsky [GN]. Hyperbolic Ruijsenaars—
Schneider system can also be obtained by a finite-dimensional reduction in the spirit of [KKS],
as was demonstrated by Fock and Rosly [FR]. Although Fock and Rosly employ Hamiltonian
(or Poisson) reduction, their construction allows an interpretation in terms of quasi-Hamiltonian
reduction. We recall that the method of quasi-Hamiltonian reduction was developed by Alekseev,
Malkin and Meinrenken in [AMM], see also [AKSM]. The main difference is that the reduction
is performed on a space which may not be symplectic, and the moment map takes values in the
Lie group rather than the Lie algebra. Not attempting at a comprehensive review, we refer the
reader to some of the more recent papers [P, FK1, FK2, FK3, M, FG|, where the Ruijsenaars—
Schneider model and its variants are treated by the method of (quasi-)Hamiltonian reduction, and
where further references can be found. Let us also mention an alternative geometric approach to
many-body problems by Krichever [Krl], in which the Lax matrix structure play the central role
instead, and the Hamiltonian picture is derived from that, cf. [KrP, Kr2, KrS].

From yet another perspective, a unified view onto the Calogero—-Moser and Ruijsenaars—Schneider
system can be achieved by noticing that in both cases the reduction is done on (the cotangent bundle
to) the space of representations of a one-loop quiver. Such a view onto the (complexified) Calogero—
Moser system was brought forward by G. Wilson’s work [W] relating the rational Calogero—Moser
system, adelic Grassmannian, and the KP hierarchy, and it has been further deepened in [BW1],
[BW2], cf. [BC, BP]. The present paper stems from a natural idea to look for a generalisation of
Wilson’s results for more complicated quivers. We recall that with any quiver Nakajima associates
in [N2] a class of symplectic quotients called quiver varieties. There exists also a multiplicative
version of quiver varieties, introduced by Crawley-Boevey and Shaw [CBS] and interpreted via
quasi-Hamiltonian reduction by Van den Bergh [VdB1]. Affine Dynkin quivers are a particularly
well studied class, and a large part of Wilson’s (and Berest—Wilson’s) results have already been
extended to this case by Ginzburg, Baranovsky and Kuznetsov [BGK1], [BGK2] (see also [Esh],
[CS]). However, the multiplicative case has not been systematically looked at, apart from the
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already mentioned case of a one-loop quiver. This was the main motivation behind our work. We
will focus on the link to integrable particle dynamics; other aspects of the Calogero—Moser corre-
spondence will be discussed elsewhere. Our main result is a construction of new generalisations
of the Ruijsenaars—Schneider system, related to cyclic quivers. This is achieved by performing a
quasi-Hamiltonian reduction on the space of representations of the associated multiplicative pre-
projective algebras A? of Crawley-Boevey and Shaw [CBS]. Our main tool is the formalism of
double (quasi-)Poisson algebras due to Van den Bergh [VdB1, VdB2]. The constructed integrable
systems come equipped with a complete phase space (represented by a suitable multiplicative
quiver variety), and the associated Hamiltonian dynamics can be explicitly integrated. By con-
structing Darboux coordinates on the phase space, we express the new integrable Hamiltonians in
coordinates, which then allows us to identify them as generalisations of the Ruijsenaars—Schneider
system. For non-multiplicative quiver varieties, analogous integrable systems can be identified with
the rational Calogero-Moser system for W = S, 1 Z,,, see [CS]. Thus, the systems constructed in
the present work can be considered as g-analogues of the rational Calogero—Moser system for such
W. The very fact that such g-analogues exist is somewhat surprising. Indeed, the group S, 1Z,, is
noncrystallographic for general m, while trigonometric or hyperbolic Calogero-Moser systems and
their g-analogues are usually expected to have a crystallographic symmetry group.

Interestingly, quantum versions of some of these systems appeared in a seemingly unrelated
context in [CE], where they were called twisted Macdonald-Ruijsenaars systems. By computing
some of these quantum Hamiltonians explicitly, we are able to see this relationship in the case of the
quiver with two vertices, although a direct comparison in the general case is more difficult. However,
a recent work by Braverman, Etingof and Finkelberg [BEF], which appeared while we were finishing
the present paper, clarifies this connection rather remarkably. It introduces a cyclotomic version
of the double affine Hecke algebra (DAHA) in type A. Inside the cyclotomic DAHA there are
three natural commutative subalgebras and they give rise to quantum integrable systems, in the
same way as the usual DAHA can be used to produce the Macdonald-Ruijsenaars operators. The
classical versions of these systems correspond to the ¢ = 1 limit of the cyclotomic DAHA (cf.
[O] for the case of the usual DAHA), and this leads to the multiplicative quiver varieties for the
cyclic quiver. Thus, the integrable systems constructed in [BEF] coincide (on the classical level)
with those constructed by us. The interpretation of these integrable systems via the cyclotomic
DAHA in [BEF] allows to explain their relationship to the twisted Macdonald-Ruijsenaars systems
from [CE] in type A. Our methods are quite different in comparison, and they allow us to find
explicit formulas for the corresponding classical Hamiltonians and integrate the Hamiltonian flows
(the approach via the cyclotomic DAHA in [BEF] is less explicit). Curiously, these Hamiltonians
become much simpler under the Cherednik—Fourier transform. In this form they appeared in the
work of Braverman, Finkelberg, and Nakajima [BFN1, BFN2] on the quantized Coulomb branch
of quiver gauge theories, see also a related work of Kodera and Nakajima [KN]. This can also be
seen from our formulas at the classical level, when the Cherednik—Fourier transform becomes the
angle-action transform studied by Ruijsenaars [R]. See Section §5 below for more details. Apart
from being more explicit compared to [BEF], our approach also has an advantage of being better
suited for studying spin versions of the Ruijsenaars-Schneider system and its generalisations; this
will be a subject of a future work.

The structure of the paper is as follows. In Section §2 we first describe the general formalism
of double Poisson brackets and quasi-Poisson algebras due to Van den Bergh [VdB1], and then ex-
emplify it for the multiplicative quiver varieties. Section § 3 looks at the tadpole quiver, explaining
how to obtain the hyperbolic Ruijsenaars—Schneider system by quasi-Hamiltonian reduction. In
Section §4 we consider the multiplicative quiver varieties (Calogero-Moser spaces) for the framed
cyclic quiver with m vertices. We introduce three Poisson commuting families of functions on those
Calogero—Moser spaces, and integrate the corresponding Hamiltonian flows. We then write these
Hamiltonians in suitable Darboux coordinates, identifying them as generalisations of the hyper-
bolic Ruijsenaars—Schneider system. Finally, in Section §5 we discuss the relationship between
our work and the results of [CE] and [BFN1, BFN2, KN, BEF]. In particular, we were able to
write explicitly the integrable quantum Hamiltonians from [BEF] in the case of a quiver with two
vertices. The paper finishes with three appendices containing some of the more technical proofs.
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2. PRELIMINARIES

In this section we first recap the theory of double Poisson brackets and double (quasi-)Poisson
algebras due to Van den Bergh [VdB1]. We then describe a concrete example of this formalism,
related to multiplicative preprojective algebras and multiplicative quiver varieties of Crawley-
Boevey and Shaw [CBS]. We will follow the notation of the papers [VdB1, VdB2], where the
reader can find many more details.

2.1. Double brackets and double derivations. We fix an algebra A over C. For an element
a € A® A, we will use a shorthand notation o’ ® a” for )", al ® a;. We set a® = a” ® a’. More
generally, for any s € S, we define 7, : A®™" — A®" by 7,(a1 ® ... ® an) = a5-1(1) @ ... @ Ag=1(n)-
Thus, a® = 7(12)a. The multiplication map m : A% - Aism(ag ®...Qa,) =ay...a,. We view
A®™ as an A-bimodule via the outer bimodule structure b(a; ® ... ® ap)c =ba; @ ... R apc. If B
is a C-algebra, then we say that A is a B-algebra if it is equipped with a C-algebra map B — A.

An n-bracket is a linear map {—, ..., —} : A®™ — A®" which is a derivation in its last argument
for the outer bimodule structure on A®™, and which is cyclically anti-symmetric:
—1 1
T(1..n) © {—,....,—}o Thom) = (-t g— =)

If A is a B-algebra then we assume that the bracket is B-linear, i.e. it vanishes when its last
argument is in the image of B. We call a 2- and a 3-bracket respectively a double and a triple bracket.
In particular, a double bracket satisfies {a,b} = — {b,a}}" and {a,bc} = b{a,c} + {a,b} c. Any
double bracket {—, —} defines an induced triple bracket {—, —, —} given by

{a’ b’ C}} = {{a’ {{b’ C}}/}} ® {bv C}N + 7_(123) {{b7 {{C, a}/}} ® {C’ a’}}” + 7—(2123) {{C’ {av b}}/}} ® {{av b}}// .

A double bracket on A is called a double Poisson bracket if the associated triple bracket vanishes.
For any double (respectively, double Poisson) bracket {—, —}, the bracket {—, —} :=mo {—, -}
descends to an antisymmetric biderivation (respectively, a Lie bracket) on A/[A, A] [VdB1, 2.4.1,
2.4.6].

Following [CB], we call the elements of D,/ := Derg(A, A ® A) double derivations, and we
make D 4, p into an A-bimodule by using the inner bimodule structure on A® A: if § € D4/ and
a,b,c € A, then (bdc)(a) = d(a) c®bd(a)”. Let DA := TaD 4 p be the tensor algebra of this
bimodule; this is a graded algebra, with A placed in degree 0 and D 4,p in degree 1. The elements
of degree n in Dg A can be used to define n-brackets on A:

Proposition 2.1. ([VdAB1, 4.1.1]) There is a well-defined linear map p : (DpA), — {B-linear

n-brackets on A}, Q— {—,..., —}}Q which on Q = 61 ...6, is given by
n—1 o _ )
T T L T S
i=0

{{al, RN @n};) = (57,(0,”)/51 (al)” ® 01 (a1)/(52(a2)u ®...Q 5n_1(an_1)'5n(an)” .
The map p factors through DgA/[DgA, DgA] (for the graded commutator).

The algebra DpA may be viewed as a noncommutative version of the algebra of polyvector
fields: according to [VdBI1, 3.2.2] DpA admits a canonical double Schouten—Nijenhuis bracket,
which makes DA into a double Gerstenhaber algebra. We denote this bracket as {—, -}y, and
we compose it with the multiplication on DA to obtain {—, —}sn :=mo {—, —}qy-
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2.2. Double quasi-Poisson algebras. We now assume that B is commutative and semi-simple,
i.e. B=Ce @...® Ce, with e;e; = d;;¢;. We define for all i a double derivation E; € Dy/p
such that F;(a) = ae; ® e; — e; ® ae;. A double quasi-Poisson bracket on A is a B-linear bracket
{—,—1}, such that the induced triple bracket satisfies {—, —, =} = 5 >, {—, —, —} s, where the
brackets in the right-hand side are defined in Proposition 2.1. In this case, we saylthat Ais a
double quasi-Poisson algebra.

A multiplicative moment map for a double quasi-Poisson algebra (A, {—,—}) is an element
¢ =), ®; with ®; € e;Ae; such that we have {®;,a} = %(@lEl + E;9;)(a) for all a € A. When
a double quasi-Poisson algebra is equipped with a multiplicative moment map, we say that it is a
quasi-Hamiltonian algebra.

Assume that there is an element P € (DpA) such that {P, P}sn = ¢ >, E? mod [DA, DpA]
(for the graded commutator). Then we say that A is a differential double quasi-Poisson algebra
with the differential double quasi-Poisson bracket {—, —} . This implies that {—, —}  is a double
quasi-Poisson bracket [VdB1, 4.2.3].

2.3. Representation spaces. For a C-algebra A and any N € N, the representation space
Rep(A, N) is the affine scheme that parametrises algebra homomorphisms ¢ : A — Maty(C).
The coordinate ring O(Rep(A, N)) is generated by the functions a;; fora € A,4,j=1,...,N de-
fined by a;;(0) = o(a);; at any point o € Rep(A, N). The functions a;; are linear in a and satisfy
the relations (ab);; = >, a;xbr;. We can therefore associate with any a € A a matriz-valued func-
tion X (a) := (a;j)i j=1,..,~ on Rep(A, N). Similarly, any double derivation § € Der(A, A® A) gives
rise to a matrix-valued vector field X(8) = (6;5)i,j=1,....5 on Rep(A, N), where ¢;; is a derivation
of O(Rep(A, N)) defined by the rule d;;(ay,) = 6'(a)wy;0” (a)iv-

Everything can also be defined in a relative setting, i.e. for a B-algebra A, where B is of the
foorm B = Ce; @ ... ® Ce,, with e? = ¢;. Representation spaces are now indexed by n-tuples
a=(a,...,a,) € N*. Given a with ag +...+a,, = N, we embed B diagonally into Matx (C) so
that Idy is split into a sum of n diagonal blocks of size ag, ..., a,, representing the idempotents
e;. By definition, Repg(A,«) = Hompg(A, Maty(C)), and it can be viewed as an affine scheme
in the same way as Rep(A, N). Note in particular that for any ® € @, ¢; Ae;, the matrix-valued
function X'(®) on Repg (A, a) takes values in block matrices [[, Mat,, (C).

On Rep(A, N) we have a natural action of GLy, induced by conjugation action on Mat y (C).
Similarly, we have an action of GL, = [[; GLa, on Repg(4, a).

2.4. Quasi-Poisson manifolds. A double quasi-Poisson bracket on an algebra A makes its rep-
resentation space into a quasi-Poisson manifold. Let us first recall the geometric setup of [AKSM],
following the notation of [VdBI, 7.13]. Let M be a G-manifold, for G a Lie group whose Lie
algebra g admits a non-degenerate G-invariant bilinear form (—, —). If (e,) is a basis of g and (e®)
the dual basis with respect to (—, —), the Cartan 3-tensor is defined as ¢ = 1—120‘“’06& Aep A e, for
C%¢ = (e, [eb, €°]) the tensor of structure constants. Write ¢& and &% respectively to denote the
left and right invariant vector fields on G, for £ € g.

The G-action on M gives rise to a Lie algebra homomorphism (=), : g — Der O(M ), which can
be extended to polyvector fields to define a 3-tensor ¢5;. We say that M is a quasi-Poisson manifold
if there exists an invariant bivector field P on M such that its Schouten-Nijenhuis bracket with itself
satisfies [P, P] = ¢ps. One associates with P a bracket on O(M) defined by {f, g} = P(df,dg). A
multiplicative moment map is an Ad-equivariant map ® : M — G satisfying

f9o®, -} = S () (e + ef)(g) 0 @) (21)
for all functions g € O(G). A Hamiltonian quasi-Poisson manifold is such a triple (M, P, ®). In
the case where the action of G on M is free and proper, for each conjugacy class C, of g € G the
subset ®~!(C,)/G is a Poisson manifold, and this process is called quasi-Hamiltonian reduction.

Now let us turn to geometric structures induced on representation spaces of a double quasi-
Poisson algebra A. Assume that {—,—} : Ax A - A® A is a B-linear double bracket on
A.

Proposition 2.2. ([VdB1, 7.5.1, 7.5.2, 7.8, 7.12.2]) There is a unique antisymmetric biderivation
(bivector) {—, =} : O(Repg(4,a)) x O(Repg(4,a)) = O(Repg (A, a)) such that for all a,b € A,

{aij7 buv} = Jl{a’ b};j {CL, b}:lv : (22)
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If {—, =} is a double Poisson bracket, then this bivector is Poisson so O(Repg (A, a)) is a Poisson
algebra.

Theorem 2.3. [VdBI, 7.8, 7.13.2] Assume that (A, P) is a differential double quasi-Poisson al-
gebra, which is quasi-Hamiltonian for the multiplicative moment map ® € ®;e;Ae;. We have
that Repg (A, a) is a GLq-space with a quasi-Poisson bracket {—,—} determined from {—, =} p
by (2.2). Then the matriz-valued function X (®) : Repg(A,a) — ][, Mat,, (k) is a (geometric)
multiplicative moment map for Repg(A, a). Therefore, Repg (A4, «) (if smooth) admits a structure
of a Hamiltonian quasi-Poisson manifold.

2.5. Multiplicative preprojective algebras. Let Q = (Q, ) be a quiver with vertex set I and
arrow set Q. Let @ denote the double of @, obtained by adjoining to every arrow a € @Q its
opposite, a*. Define the maps t,h : Q — I that associate to every arrow a its tail and head, t(a)
and h(a). In particular, t(a) = h(a*) and h(a) = t(a*). We define € : Q — {1} the sign function
which associates 1 to every arrow of Q and —1 to each arrow of Q \ Q. We write CQ for the path
algebra of ; it is generated by the idempotents e; (zero paths) associated to the vertices i € I, and
arrows a € @, with multiplication given by concatenation of paths. We view CQ as a B-algebra,
with B = @;c7Ce;. Finally, we extend # to an involution on CQ by setting (a*)* = a.

Remark 2.4. We will use the convention that the composition of paths in CQ is written from left
to right, i.e., ab means “a followed by b”, with ab =0 if h(a) # t(b).

Let A be obtained from CQ by inverting all elements (1 + aa*),eq- For all a € Q, define the
element % of DA which on b € Q acts as

ab . €t(a) @ €n(a) ifa=»b
da { 0 otherwise (2.3)
Fix an arbitrary ordering < on @ and consider the following element ® € A:
o= [ +aa"), (2.4)

aGQ

where the product is taken with respect to the chosen ordering <. Following [CBS], given ¢ =
> icr Giei with ¢; € C*, we define the deformed multiplicative preprojective algebra as the quotient
AT = A/(®—¢q). Up to isomorphism, the algebra A? is independent of the ordering [CBS, Theorem
1.4].

Theorem 2.5. ([VdB1, 6.7.1.]) The algebra A has a quasi-Hamiltonian structure given by
1 L0 0 1 o . 0 a0 . 0

1=te] a<beQ

and the multiplicative moment map given by (2.4).

Note that the corresponding double-Poisson bracket is defined also on CQ, but the elements
1 + aa™ need to be invertible to define the moment map ®.
The corresponding double quasi-Poisson bracket on CQ is calculated as follows.

Proposition 2.6. Suppose that the arrows of Q are ordered in such a way that a < a* < b < b*
for any a < b€ Q. Let {—,—} be the double bracket associated to the bivector (2.5). Then one
has:

1
fa.a} =5e0) (" ®erq) —enw ®a)  (a€Q), (2.62)
* 1 *
{{a,a }} =€n(a) ® €t(a) + 5& a® €t(a)

1
2
1 1
{a, b} = 2¢ha) ® ab + §ba ® e4(a)

1
+5Ch@) @ aa* + S(a" ®a—a®a*)0n(a) 1(a) (a€Q), (2.6b)

1 1 _
- 5(17 ® a)dh(a),h(b) — 5(0 ® b)dy¢(a),t(b) (a,be@, a<b, b#a"). (2.6¢)
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All other brackets are obtained by using {a,b} = — {b,a}°, with (¢’®c”)° = ¢’ ®@c'. Note that
(2.6a) is zero unless ¢(a) = h(a) (i-e. a is a loop), and (2.6¢) is zero unless a and b share a vertex.

Proof. We give a proof for (2.6a) with a € @, other formulas are similar. First, recall that if
01,09 € Dy, then the double bracket associated with §1d2 € (DgA)s is given in Proposition 2.1:

{{a, b}}5152 = 52(b)/51 (a)” ® 0 (a)'52(b)” — 51(())’52(@)” R 09 (a)’51(b)” . (27)

When calculating {a, a}p, the only nonzero contribution comes from the bivector

1 0 0
Pa=3 (“aa) (aﬁ) ’

Y s +_ 0 —
Pa—QUU, U = 54% U =ag.- (2.8)

Using the inner bimodule structure on D4, p, we get

which we write as

Ut(a) = €t(a)a ® €p(a) = @ &K €En(a)
U™ (a) = €i(a) @ ap(a) = €1(a) @ a-
Hence, combining this with (2.7) we find:

//_1

fa,akp = fn.adp, =5 U (@)U~ (0)" ©U~(@) U (a)' = U (@) U*(@)" © U+ () U (a)"

1, 1 2
= 50 ® €4(a)Ch(a) ~ 5Ct(a)Ch(a) D A" -

Since ey(q)eh(a) = €t(a) = €n(a) if a is a loop and zero otherwise, we obtain (2.6a) for a € Q). Similar
calculation for {a*,a*}; leads to the same result with the overall minus, which explains €(a) in
(2.6a). O

For any a € A, define tr(a) = ZL‘;‘Il a;;; this is a GLy-invariant function on Repg(A,a). We
have the following useful formula [VdB1, Proposition 7.7.3]:

{tr(a), tr(b)} = tr{a,b}. (2.10)
Here the bracket on the left is the one induced on O(Repg(4,a)) by (2.2), while {a,b} in the
right-hand side stands for the bracket on A obtained from the double bracket:

{a,b} = mo {a,b} = {a, b} {a,b}" . (2.11)

We finish this subsection with two remarks. The first remark is that a total ordering on Q is
not necessary to define a quasi-Hamiltonian structure on A. Indeed, a bivector P can be obtained
by fusion, see [VdB1, Proof of Theorem 6.7.1]. The construction only requires to order arrows that
start at any given vertex i, and the resulting bivector P can be written as

1 L. 000 1
P:§Ze(a)(l+aa)%aa*—§z Y F.F, (2.12)

9 i€l <beq
acQ t(;):t(b):i

where
o . 0
= at —a—.
* 7 dar da
The moment map P is also well-defined, since each ®; = e;Pe; can be written as

D, = H (e; + aa*)<(®) (2.13)
a€q, t(a)=i

so the order of the factors is only needed to be prescribed at each vertex.

Another remark is about a slight modification of Theorem 2.5 which will be useful later. Let
S C @ such that for all @ € S we have a* € S. Write 15 : Q — {0, 1} for the characteristic function
of the subset S; we have 15(a) = 15(a*) for all a € Q.
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Theorem 2.7. Let Ag be obtained from CQ by inverting all elements (1s(a) + aa*),cq. The
algebra Ag has a quasi-Hamiltonian structure given by

1 L9000 1 o ., aN[a, .0
Ps=32 e@(ls(@) +a’a)go50 -5 D) (a _“aa> (8b*b bab>’ (2.14)

a€qQ a<beq®

and the multiplicative moment map ®g = (Pg;)icr given by

si=  J] (sla)e; +aa®) ™. (2.15)
a€q, t(a)=i

Proof. In the case S = @ this is Theorem 2.5, and the general case can be proved by the same
method. Alternatively, Ag can be obtained from A by inverting arrows in Q). Indeed, take a : i — j
in @\ S and adjoin to A the formal inverse of a, i.e. an element a~* such that e;a™! = a~te; = a1,
ac" ' =e;, a"ta = ej. Set a = a~! + a*, then e; + aa* = ad and ej +a*a = aa. Define a = a for
a € @Q\S, while for a € S set a := a*. Therefore, for all a € Q the elements 15(a)e;q) + ad are
invertible in Ag. Inside Ag we have a subalgebra (over B), isomorphic to CQ and generated by
all a,a with a € Q. One can now define double derivations % and % on this subalgebra, in the
same way as we define %, T(Z* on CQ in (2.3). One can think of this as a change of variables from

a,a* to a, a; then a simple calculation shows that under this change of variables,
0 0 40 _ 0 0

— s — = -

9o 0a " 9" 7 9ar ' da
Substituting this into (2.5) and then renaming d as a*, we obtain (modulo graded commutators)
the bivector (2.14), as claimed. O

Explicit formulas for the double bracket on Ag are almost the same, the only difference is (2.6b)
which gets replaced by

{a,a*} = 1s(a)en(a) @ esa) + J¢a ® ey(a) + 2¢h(a) ® aa™ + i(a ®a—a®a*)dpa)ia) - (2.16)

2.6. Multiplicative quiver varieties. Let us turn now to representation spaces. Below we
will always work in a relative setting, and from now on we will drop the subscript B from the
notation. For instance, given a € N’ a representation Rep(CQ, ) will always mean Rep 5(CQ, ),
where B = @;Ce;, with e¢; acting as the identity on V; = C®. For each arrow a € @, we have
a = €4(q)aep(q), therefore, a is represented by a matrix with at most one non-zero block of size
Qy(a) X Qp(q)- Therefore, this can be viewed as a quiver representation, consisting of vector spaces
Vi = C%, i € I and linear maps X, : Vi(q) — Vy(a) for each a € Q.! With this interpretation, we
have

X € Mata,, a,.,(C),  Rep(CQ,a) = [] Mata, ) .a, ., (C)- (2.17)

acqQ

Next, Rep(A, a) is an affine open subset of Rep(CQ, a), so it is smooth. By Theorems 2.3, 2.5,
this is a quasi-Hamiltonian manifold, with the quasi-Poisson bracket determined by P and with
a multiplicative moment map X (®). The representation space Rep(A?, «) is a level set {® = ¢}
of the momentum map, so it is a closed affine subvariety in Rep(4,a). Let ¢® = [[;c; ¢**. Then
Rep(A?, ) is empty unless ¢* = 1 [CBS, Lemma 1.5]. Isomorphism classes of representations
correspond to orbits under the group

G(a) = (HGLM >/<cx : (2.18)
iel
acting by conjugation. Here C* denotes the diagonal subgroup of scalar matrices. Semi-simple
representations correspond to closed orbits.

Consider the affine variety S, := Rep(A9, a)//G(«), whose points correspond to semi-simple
representations of A? of dimension . We will mostly deal with the situation when ¢ and a are
such that all representations in Rep(AY, «) are simple. In this case, we have the following result
which is a combination of [CBS, Theorems 1.8 &1.10] and [VdB1, Proposition 1.7].

1If this looks to the reader as a representation of the opposite quiver, that is because of our convention for
composing arrows, see Remark 2.4.
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Theorem 2.8. Let p(a) = 1+ ZaeQ Q(a)An(a) — @ -, where a - = ), ; a?. Suppose that
Rep(A?, o) is non-empty and all representations in Rep(AY, ) are simple. Then « is a positive root
of Q and Rep(A?, &) is a smooth affine variety of dimension g+2p(«), with g = dim G(a) = a-a—1.
The group G(a) acts freely on Rep(A?, &), so Sa,q = Rep(A?,a)/G(a) is a Poisson manifold of
dimension 2p(«), obtained by quasi-Hamiltonian reduction.

The Poisson bracket on O(S, ,) = O(Rep(A?,a))¥(®) is obtained from 2.2, 2.5. Moreover, it
follows from [VdB2, 8.3.1] that this Poisson bracket is non-degenerate, so the variety S, 4 is, in
fact, symplectic. The varieties S, 4 are sometimes referred to as multiplicative quiver varieties,
though we will reserve this name for a special case related to framed quivers, described below.

Let @ be an arbitrary quiver with the vertex set I. A framing of @ is a quiver @ that has one
additional vertex, denoted oo, and a number of arrows i — oo from the vertices of @ (multiple
arrows are allowed). Given o € N! and ¢ € (C*)!, we extend them from Q to Q by putting cee = 1
and ¢, = ¢~“. Thus, we put

a= (1,0[) ) q§=q “ex + Z%’ei . (219)
iel
Consider the representation space Rep(A?,a) for the multiplicative preprojective algebra of @
The quotients

M, 4(Q) := Rep(A?, &) //G(q) (2.20)

are called multiplicative quiver varieties. Note that since a, = 1, we have

G(a) = ( [[ CL. ) JC* 2] GLa, = GLa . (2.21)

ieIu{oo} icl

We say that ¢ = >, gie; is regular if ¢ # 1 for any root a of the quiver Q. We have the
following result, cf. [N2, Theorem 2.8], [BCE, Proposition 3].

Proposition 2.9. Choose an arbitrary framing @ of Q and let & and q be as in (2.1~9). If q is
reqular, then every module of dimension o over the multiplicative preprojective algebra A7 is simple.
Hence, the group GL, acts freely on Rep(A?, ) and the multiplicative quiver variety Mg ¢(Q) is
smooth.

Proof. Let V be a A9-module of dimension @ = (1,«). If V is non-simple, then it has a proper
submodule U C V. The dimension vector of U is either of the form (1,3) or (0,3), for some
B € NI, In the latter case, by passing to a submodule, we may assume that U is simple. But then
B must be a positive root of Q and ¢” = 1, by [CBS, Lemma 1.5 & Theorem 1.8]. Therefore, g
cannot be regular. In the case when dimU = (1, 8) we consider the quotient module V/U and
repeat the argument. O

It follows that if ¢ is regular and M, 4(Q) # 0, then @ = (1, @) is a positive root of Q and
M ¢(Q) is a smooth affine variety of dimension 2p(&).

Remark 2.10. The varieties Mg 4(Q) are the same as framed multiplicative quiver varieties
studied by Yamakawa [Y] (with the zero stability parameter), see also the Appendiz by Nakajima
and Yamakawa in [BEF].

3. TADPOLE QUIVER

In this section we describe the way to obtain the hyperbolic Ruijsenaars—Schneider system by a
quasi-Hamiltonian reduction. The main results in this section are not new, see e.g. [R], [FR], [O],
[FK3], but we provide self-contained proofs which will serve as a preparation for the later sections.
We should stress that we focus on algebraic and geometric aspects, working over C. Therefore, we
do not address more subtle questions about various real, compact and non-compact forms of the
complexified system, see [R], [FK3] and references therein. Note that the choice of a real form is
crucial for studying the particle dynamics and scattering, cf. [R].

Let @ be a tadpole quiver with vertices {co0,0} and two arrows, z : 0 — 0 and v : 0 — oo.
Let us write y = *, w = v* for the opposite arrows. We choose an ordering z < y < v < w on
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Q. As before, form an algebra A by adjoining {(1 + aa*)fl}aeQ to the path algebra CQ. The
quasi-Poisson bracket on A is given in Proposition 2.6:

foo) =5 (@ ee o), {ny) =3 (@or v o) (3.1a)
{z, v} =€0®60+%y$®60+%60®xy+%(y@x—x@y), (3.1b)
{v, v} = {w,w} =0, {{v,w}:ew®eo+%em®vw+%wv®eo, (3.1¢c)
{{x,v}:%eo(@xv—%x@v, {{m,w}z%wx@eo—%w®m, (3.1d)
{{y,v}}»:%e()@yv—%y@i}, {{y,w}}z%wy@eo—%w@)y. (3.1e)

If we further localise A by adding !, then we can replace y by z = y + !, and the brackets
between z, z are very similar, cf. Proposition 2.7 and (2.16):

1 1 1 1
{z,z2} = 3 (eo®z*—2"®e), fa,2} = §z$®eo—|—560®xz+§(z®x—a:®z). (3.2)
Let us calculate some further brackets. Let {—, —} denote the bracket A x A — A defined by
(2.11). This bracket is not anti-symmetric in general, but it satisfies Leibniz’s rule in the second
argument, and by [VdB1, 2.4 & Proposition 5.1.2] A is a left Loday algebra. I.e., we have the
following identities:

{a,bc} = {a,b}c+ b{a,c}, {a,{b,c}} = {{a,b},c} + {b,{a,c}}. (3.3)
Proposition 3.1. We have the following identities in A for all a,b > 0:
{a2"} =0, {y"9"} =0, {(zp)" (zy)"} =0.
If we further localise A on x, then we also have
{222} =0, z=y+a '

Proposition 3.2. Let A’ denote the algebra A localised on =, and z = y+ x~*. For any a,b > 0
we have

{2%, 22°} = azz®® mod [A', A'], (3.4a)
a b
{229, 22t} = Z za” ag T Z za" 2z tPT" mod [A', A']. (3.4b)
r=1 r=1
Proofs can be found in Appendix § A. |
For ¢ = (goo, 90), the multiplicative preprojective algebra A? is the quotient of A by the relation
(1+2y) (1 +yz) (1 +ow) (1 +wv) ™! = goeo + Gootoo - (3.5)
Multiplication by the idempotents e, eg turns this into two relations:
(eo + zy)(eo + yx) ™" (eo + vw) = goeo (3.6a)
(oo +w0) ! = goooo - (3.6b)

Choose a dimension vector o = (1,n) and set goo = ¢ " to satisfy ¢* = 1. A representation of A9
of dimension « is a pair (Vao, Vo) = (C, C") together with linear maps representing arrows of @) and
satisfying (3.6a), (3.6b). Denote the matrices representing the arrows as X, Y, V,W. Therefore,
points of Rep(A?, o) are represented by quadruples (X,Y,V, W),

X,Y € Mat,x,(C), V € Mat,x1(C), W € Mat;y,(C),
satisfying
(Id, +XY)(Id, +Y X) " (Id, +VW) = go Id,, , (3.7a)
A+WV) =0 (g0=a")- (3.7b)
The group GL,(C) acts on these quadruples by
g (X, Y, VW) = (9Xg~ ", gYg~ " gV\Wg™'), geGL,, (3.8)
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and the orbits in Rep (A9, «) // GL,, correspond to isomorphism classes of semisimple representa-
tions. Introduce the Calogero—Moser space Cy, 4, as

Cn,qo = Rep (AY, ) // GL,, .
This is a multiplicative quiver variety for a framed one-loop quiver, and applying the results of

§2.6, we have

Proposition 3.3. Suppose qo is not a root of unity. Then the group GL, acts on Rep(A?, )
freely, and C, 4, is a smooth symplectic variety of dimension 2n.

The variety C, 4, admits a description in terms of pairs of matrices as follows:

Cn.go = {X,Y € Maty,,(C) | rank ((Id, +XY)(Id,, +Y X) "' = go1d,,) = 1}// GL,, .
We may also consider the open subset C?qu C Cp,q, on which X is invertible. Introducing Z :=

Y + X! we have Id,, +XY = X Z, Id, +Y X = ZX and therefore
Co o =1X,Z € GL, |rank (XZX'Z7' — g1d,) = 1}// GL,, .

;490

The Poisson bracket on O(C, 4,) = O(Rep(A?, a))*»(©) is induced by the double bracket on
A. Proposition 3.1 together with (2.10) give us

Theorem 3.4. The following families of functions on C, 4, are Poisson commuting:
{trx7|jeN}, {&Y/|jeN}, {aQ+XV)|jecz}, {au(Y+X"V|jecZ},

where the last family is viewed on Cg’qo C Cr, g -

Remark 3.5. If we assumeY invertible, we can get another commuting family {tr(X + Y’l)j| je Z},

To interpret these families as integrable particle systems, we next write them down in suitable
canonical (Darboux) coordinates.

3.1. Darboux coordinates. We take h = C" with coordinates z1,...,z,, and define
breg={z €h | i #0, i # x;, T;i # qox; for all i # j}.
Let h* = (C*)™ with coordinates v, ...,v, € C*. We are going to define a map
€1 breg XX = Cp 0 -
Given x € Breg, v € h™, we set &(z,v) = (X, Z) where
. . qo — Dv;
X =diag(z1,...,z,), Z=(Z), with Z;; = W

One can check directly, using Cauchy’s determinant formula, that Z is invertible. We also have
(XZ —quZX)ij =2 Z;ij — qoZijrj = (1 — qo)vjz;,
which shows that the matrix XZX 12~ — ¢y Id,, has rank one, and so the pair (X, Z) determines

a point of Cg’qo. Moreover, if one simultaneously permutes x; and v;, the resulting (X, Z) get

conjugated by the matrix of that permutation. Therefore, we have in fact a map
£ breg X b /S = Cp -

It is easy to see that ¢ is injective, and since dimC,, 4, = 2n, we can use (Z1,...,&n, V1,...,Vy) a8
local coordinates on ngqo. Note that by [O], the variety ngqo is connected, hence the image of £
is dense.

Proposition 3.6 ([FR], [0]). The local diffeomorphism & : breg X % /S, — CO . becomes a

;40
Poisson map if we equip hreg X h* with the following S, -invariant Poisson bracket {—, —}':
{xiv &€ }I =0 ) (393)
{zi, v} = diyaivy, (3.9b)

(1 — qO)Q(JJi + a:j)xia:jviyj

o) = G =) @ — t0my) a; — o)

(3.9¢)
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Proof. We need to check that the map ¢ satisfies £*{f, g} = {£*f,&*g} for any f,g € O(C° 70)-
Since the functions f, := tr(X®) and g, := tr(ZX®) with a,b = 1,...,n form local coordinates
at a generic point, it suffices to check the Poisson property for these functions (cf. the proof of

Proposition 2.7 in [Et]). From (2.10) and Propositions 3.1, 3.2 we have:

{faa fb} = 0; {faagb} = aga+b , {gbagc} = Z hr,b-‘rc—ra (310)

r=b+1
where h,. s == tr(ZX"ZX®) (we assume b < ¢ in the last formula). Next,

—1)2 i
g*fa = in‘la E*gb = ZW1€7 g*hr,a+b—r = Z ( ( K ) v -TTIEQ_H] " (311)

90 — zi/x;)(q0 — xj/xi) 7

Therefore,
a
Z €*hr,a+b r — a — Z V2 a+b + Z Vll/j Z LUT a+b " . (312)
r=b+1 7,75] do — xz/xj)( do = xj/ r=b+1

Now notice that (3.9a) and (3.9b) give
{g favg fb} _Z{xz7 g} _O {€ faa€ gb} _Z{xzvl/j b} —G,Zl‘aer

i 0
which agrees with the first two formulas in (3.10). Next, we use (3.9¢) to find that

(1 — qo)*(xi + z;)viv;aal
el =Yl = Py

iJ ity T z;)(@i/xj — qo)(x;/xi — qo)

It is easy to see that this expression coincides with (3.12). O

The coordinates (z;,v;) are not yet canonical since {v;,v;}’ # 0. A set of log-canonical coordi-
nates can be constructed analogously to [FR]. Namely, introduce

o =u; Hﬁ (i=1,...,n). (3.13)

Then one checks directly that
{l‘i,l‘j}lzo, {l‘i,O'j}/:(sijl‘iO'j, {O'i,O'j}l:O.

In these coordinates, we can identify some of the known integrable particle systems among those
in Theorem 3.4. The best known is the one corresponding to the Hamiltonians tr(Y + X ~1)J.
Namely, after writing Y + X ! in coordinates x;, 0;, we have

-1

Y+X'=2, where Z = 0; —0 H qox]x’f . (3.14)
qo — Ty szk
This gives
n 1— qozzit

trz=S o [ —— 3.15
Z H 1-— xix-_l ( )

i=1 VE) J

which is equivalent to the classical hyperbolic Ruijsenaars—Schneider Hamiltonian. In fact, Z after
conjugation by diag(y/v1,...,+/Vn) and a change of notation coincides with the Lax matrix from
[RS, Section 4].

Remark 3.7. The Hamiltonian (3.15) is written in the so-called Macdonald form related to the
original formulation from [RS] by a canonical change of variables. Namely, let us replace the

variables o; with
doTi — 1 1/2
e ()

T — qoTy
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It is easy to see that the transformation from (x;,0;) to (x;,$;) is canonical. In these new coordi-
nates the Hamiltonian (3.15) becomes
1/2

wz=Ys(]] (i — qox;)(qoi — ;) 7

DAY
i=1 i S

which is easily seen to be equivalent to Sy in [RS, (2.27), (2.29)].

Other families in Theorem 3.4 lead to closely related integrable systems. The family {tr X7} jeN
is trivial, while the simplest Hamﬂtonians for the other two are:

-1
trY = ZO’IH Zw r(l+ XY) = ZszzHLl_jl
i=1 JFi i=1 VED) L]
The second Hamiltonian tr(1+X Y) reduces to the Ruijsenaars—Schneider Hamiltonian by a canon-
ical change of variables &; = z;, 6; = o;x;. The first Hamiltonian trY, as explained in [BEF,
Remark 3.25], is related to the quantum system introduced by J.F. van Diejen [VD, VDE] and
a closely related system considered by Baker and Forrester [BF]. In slightly different canonical
coordinates, the classical Hamiltonian system described by trY was also considered by P. Iliev [I].
See also recent works [M, FG, FM] devoted to the study of some special cases of the van Diejen’s
system.

Note that the interpretation of these systems through quasi-Hamiltonian reduction achieves two
things at once: a completed phase space allowing particles to coalesce, and explicit dynamics on the
affine space Rep(A, a). Since this is mostly well-familiar (cf. [RS, FR, CF, I]), we skip the details
(see Proposition 4.7 below for the more general systems related to the cyclic quivers). Another
benefit is that we can see rather easily the self-duality for this system, originally established by
Ruijsenaars.

— Q%%

1—331

Proposition 3.8 ([R], [FK3]). The transformation (X, Z) — (Z,X) induces a Poisson map ¢ :
e, = C° ! (more precisely, ¢ changes the sign of the Poisson bracket).
40

n,q0

Proof. From the proof of Proposition 3.6, we know that the Poisson bracket on C,g’qo is completely
determined by the brackets between the functions tr (X®Z°) with a,b > 0. These brackets, on the
other hand, are determined by the antisymmetric biderivation (bivector) on Rep(CQ, «), defined
according to (2.2). Using this and (3.1a), (3.2), we find that

1 1 1

{Xija Xuv} = §(X2)uj5iv - §5uj(X2)iv P {Zij7 uv} uj (22) 5(22)11]'5@ 5
1 1 1

{Xij7 Zuv} = §(ZX)uj§w + iéug(XZ)w + §Zquiv - §X’u]Z’L’U .

It is now obvious that swapping X with Z in these formulas leads to a change of sign. Therefore,
{tr XoZ° tr X¢Z9} = —{tr Z° X" tr Z¢X 4} for all a,b,c,d > 0, as needed. a

For the later use, let us formulate the above proposition in coordinates. We already have
log-canonical coordinates x = (x1,...,2,), 0 = (01,...,0,) on Cj) ., obtained by taking X =
diag(x1,...,2,) and Z as in (3.14). The second set of coordinates z = (z1,...,2,), 0 = (01,...,6,)
on the same space is given by

-1 ~1
Z = diag(zl, ey Zn) 5 Xij = (9]‘ qo 1 H qo ijk . (316)
o — %% ijk

Then the Proposition 3.8 can be reformulated by saying that the transformatlon (x,0) = (2,0) is
anti-symplectic, i.e.

{Zi,Zj} = O, {Zi, 9]} = —(5ijzi9j 5 {9“ GJ} =0. (317)

Remark 3.9. From the construction, it is obvious that the transformation (x,0) — (z,0) is an
involution. In [R] the canonicity of that involution was established by a rather roundabout method.
For a more natural geometric approach, see [FK3, FGNR]. This can also be deduced from the
results of (O], where the space CJ) . was related to the centre Z(Hy ;) of the double affine Hecke
algebra H, ;. Indeed, we have the Cherednik—Fourier transform ¢ : Hyr — Hy-1 -1 as in [O,
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3.5]. It is an algebra homomorphism, so in the classical limit ¢ — 1 it gives a Poisson map
Z(Hy,) — Z(Hy,;-1) which interchanges X and Z (the bracket changes sign because q goes to
g~ under €).

Remark 3.10. The Calogero—Moser spaces Cy, 4, and ngqo are q-analogues of Wilson’s Calogero—

Moser spaces [W]. In [I] and [CN] they appeared in the context of the bispectral problem. They have
also been studied from the point of view of non-commutative geometry, as moduli spaces of non-
commutative instantons [KKO] and ideals of the quantum torus algebra (see [BRT] and references
therein).

4. CYCLIC QUIVERS

For m > 2, let @ be a framed cyclic quiver with the arrows a; : ¢ > i+ 1,4 € I = Z/mZ, and
v:0—o00 Writey; =2} :i+1—7and w=v*: oo — 0 for the opposite arrows. We choose
the following ordering of arrows around each vertex:

Tl <Y1 <x; <y; fori#0, Tl <UYm_1 < To<yo<v<wati=0.

As before, we form an algebra A by adjoining to CQ the elements (1 + aa*)~! for all @ € Q. Let
{—,—, } be a double bracket on A, associated to the bivector (2.12). It gives the following brackets
between the arrows x;, y;:

1 1
{zi, 2z} = it ® T3 Tiq1 05441 — S Ti-1%i ®e€;0ji-1, (4.1a)
1 1
fviy; } = SYit1Yi ® €41 0j,i4+1 — 56 ® YiYi—10j,i—1, (4.1b)
1 1
{zi,y; } =di; (€¢+1 ®e; + Vit ®e; + i+l ® «Tiyi)
1 1
~ Yt ® i 0,i+1 + PR ® Yi—1 051, (4.1c)
1 1
{yi,z;} = —di; (ei @ eiy1 + 5 Lili ®eiy1 + ¢ & yszz)
1 1
— ¥ ® i1 04,1 + 5Ti-1 ® Yi bji-1- (4.1d)

Set x =20+ +Tm-1, Y =Y+ + Ym—-1, s0 then x; = e;x = xe; 11, y; = €11y = ye;. If we
formally invert all x;, then in the localised algebra we have 'z = zz~! = 1 witha ™! = dier x;l

Introduce the following elements F11 € A ® A:

E, = E eir1®e, E_ 1= E ei—1®e;.
iel il

With this notation, we have the following easily verified formulas:

Lemma 4.1.

1 1
{xﬂ Z} = 5 (-Elz2 - 1,2E1) ’ {{yay} = 5 (yzE—l - E—lyz) ’ (42&)
1 1 1 1
{z,y} =E1 + §y$E1 + §E1:cy - iyElx + §$E1y, (4.2b)
1 1 1 1
{y, 2} = —E_1 — iE,lyaﬁ — ixyE,l + §xE,1y - iyE,lx. (4.2¢)

Remark 4.2. In the above formulas we use the outer bimodule structure on A® A. For example,
B =3, wi(eir1 ®e) =3, T ®e;.
Let {—, —} denote the bracket A x A — A defined by (2.11).
Proposition 4.3. We have the following identities in A for all integers a,b > 0:
{z*a" =0, {y"9"} =0, {(zn), (2y)"} =0.
If we further localise A by inverting x, then we also have

{202y =0, z=y+a .
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Proposition 4.4. For any a,b,c > 0 with a,b —1,¢c —1=0 mod m, we have

{27, y2®} = az®*7! 4 ayz®™® mod [A, A], (4.3a)
b c
{ya® yz°} = (b — c)ya®Te "t + Zyxtyxb“*t - Z yrtyz®*e=t mod [A, A]. (4.3b)
t=1 t=1

Proofs can be found in Appendix §A.

For ¢ = goo€oo + Y _;cy i€i, the multiplicative preprojective algebra A7 is the quotient of A by
the relations:

(e; + yi—1l’i—1)71(€¢ +xy) = ge; (1 #£0), (4.4a)
(eo + ymflxmfl)_l(eo + zoyo)(eg + vw) = qoeo , (4.4b)
(600 + wv)il = Goo€oo - (44(’,)

Choose a dimension vector & = (1, a) where a € (N*)! and set goo = ¢~ := [[;c; ¢; '~ Recall
that ¢ € (C*)7 is regular if ¢° # 1 for any root of the (unframed) cyclic quiver. The roots for the

cyclic quiver form the affine root system of type A,,_1, therefore the regularity is equivalent to the
following conditions:

H qr 1" for any n € Z and 1 <i < j < m, where t::Hqi.
i<k<j—1 i€l

We use the convention that the product in the left-hand side is empty when ¢ = j, so in particular
t must not be a root of unity. Applying the results of §2.6, we have

Proposition 4.5. For regular q, the variety M, , = Rep(A9,a)//G(Q), if non-empty, is smooth
symplectic, of dimension 2p(a) = 200 + 23, ; i(ipr — ).

A representation of A7 of dimension « is a collection of vector spaces Voo = C and V; = C*,
together with linear maps representing the arrows and satisfying the relations of (4.4a)—(4.4c).
Denote the matrices representing the arrows as X;,Y;, V,W, and set X = Xg+ - - + X;—1,
Y=Yy+ -4+Yn_1. Wecan view X,Y as linear endomorphisms of V := @;<;V;. Proposition 4.3
together with (2.10) gives us

Theorem 4.6. The following families of functions on M, 4 are Poisson commuting:

{trx’™ | jeN}, {twY'"|jeN}, {te(1+XY)|jez}, {a(Y+X '™ jeZ},
where the last family is viewed on the open subset Mqu C My q on which X is invertible.

We can integrate explicitly the associated Hamiltonian flows in the most interesting cases:

Proposition 4.7. Let t denote the time flow associated to Hy := %trY’“, k € mN. Given an
initial position X (0),Y (0),V(0),W(0) on Ma.q, the solution X,Y,V,W at time t is given by
X)) =e ' XO) +Y e ™ — 1), Y()=Y(0), V()=V(0), W(t)=W().
Similarly, if t denotes the time flow associated to Gy := %tr ZF with Z =Y + X1, then the
solution at time t is given by
X(0) =7 X(0), Z()=2(0), V(©)=V(©), W()=W(©).
In both cases the flows are complete: in the first case on the whole of M, 4, and in the second case

on the open subset MO, | C Mq,q where X is invertible.

The proof of the proposition is given in Appendix §B.

We will be particularly interested in the special choice of the dimension vector «; = n for all
t € I, because only in this case Mg’q is nonempty. Accordingly, we choose ¢ € (C*)! and set

goo = t7", where t = [[,.; ¢;- With this choice, points of Rep(A?, @) are represented by a collection
of Xi7 YYZH ‘/7 Wa

X;,Y; € Mat,x,(C), V €Mat,x1(C), W € Mat;x,(C),
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satisfying
(Id, +Y; 1 X;—1) " t(1d, +X,Y;) = ¢ 1d,, (i £0), (4.5a)
(Idy 41 X 1) " (Id,, +X0Y0)(Id, +VW) = g9 Id,, (4.5b)
A+WV)y b =¢. (4.5¢)

Here all factors are assumed invertible, so the last relation can be obtained from the others after
taking determinants. The group G := GL]' acts on these linear data by

Xi — nglgz__t,-ll ) Y;. = gi+1}/;gi_l ) Vi QOV» W ‘/Vg[)_1 )

for any g = (go, ..., 9m-1) € G. The space of equivalence classes of such linear data will be referred
to as the Calogero—Moser space Cy, 4(m), or simply C,, , when it does not lead to a confusion. This
is a special case of a multiplicative quiver variety, so we can apply Theorem 2.8 and Proposition
2.9.

Proposition 4.8. For regular q, the Calogero—Moser space C,, 4(m) is a smooth symplectic variety
of dimension 2n.

In the next subsection we will introduce local coordinates on this space and calculate the Poisson
bracket explicitly.

4.1. Coordinates and Poisson bracket. We choose a regular set of parameters ¢ € (C*)’; it
will be convenient to introduce a separate notation for the quantities

H g (s=0,....m—1).

0<i<s
We will keep using the symbol ¢ for ¢,—1 = qo ... gm—1. Let us define a family of representations
of A? with ¢ = (t7",qo,-..,¢m—1) and of dimension & = (1,n,...,n). We will assume that X; are
invertible, so we can use Z; = Y; + X; ' to rewrite the relations (4.5a)—(4.5¢) as
(szlefl)_lXZZ,L = q; Idn (Z 7& 0) s (46&)
(Zimn-1Xm-1)""X0Zo(Id,, +VW) = o 1d,, , (4.6b)
A+WV) =t (4.6¢)
Then by changing bases we can achieve that Xy = Id,, for s = 0,...,m — 2. If we introduce

A:=X,,_1 and B := qngo, then from (4.6a) we find that Z; = t;B for s = 0,...,m — 2 and
Zm-1 = tA71B. Using this in (4.6b) gives that A=*B~'AB(1 + VW) = tId,,, which we can
rewrite as o

ABAT'BT' 1+ VW) =t1d,, (4.7)
where V = BAV and W = WB_lA_l.NIt is easy to see that isomorphic representation of A?
produce isomorphic quadruples (A, B, Vv, W), up to the equivalence (3.8). Therefore, we obtain

Proposition 4.9 (cf. [BEF], Section 5.2). Let C) ,(m) and C}, ; be the Calogero-Moser spaces
of isomorphism classes of linear data (4.6a)—(4.6¢) and (4.7), respectively. We assume that the
parameters are reqular, so both spaces are smooth varieties. Then the map & sending (A, B, 17, W)
to Xy =1dy, Zs =t,B for s =0,....m—2 and Xp_1 = A, Ziy_1 = tA™'B, V = A"1B~1V,
W = WAB defines an isomorphism of these varieties. In particular, Cg’q(m) is connected because
50 is C ;.

In fact, a stronger claim is true. Recall, that both spaces are Poisson varieties.

Proposition 4.10. The isomorphism & : Cg,q — C?L’q(m) from the above proposition is a Poisson
map.

A proof can be found in Appendix § C.
As a result, we can construct canonical Darboux coordinates on C}) ,(m) by transferring them
from C}) ;. Namely, let us choose A, B as suggested by (3.13), (3.14):

t—1 1 —txx,
A =diag(x1,...,2n), Bjij=o0 J k . 4.8
g(z1 ) J ]t—:cxIIH [~ (4.8)
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Then (4.7) determines 17, W (uniquely, up to a simultaneous rescaling). By mapping these A, B, ‘7, W

to X5, Zs,V,W as described in Proposition 4.9, we obtain local coordinates x = (x1,...,Z,),
o= (01,...,00) on C] ,(m). Then the results of Section §3 combined with Proposition 4.10 tell
us that

{l‘i,l‘j}zo, {Z‘i,O'j}Z(SijZ‘iO'j, {O'i,O'j}:O.

Remark 4.11. By [BEF, Theorem 5.17], the Calogero-Moser space Cp, (m) is connected. There-
fore, Cg’q(m) is a dense open subset, so the above coordinates x,o can be used as local coordinates
on both spaces.

4.2. Generalised Ruijsenaars—Schneider models. Having obtained canonical coordinates on
the Calogero-Moser space C,, 4(m), we can now turn to the Hamiltonians from Theorem 4.6. The
Hamiltonians E; ,, := tr(X/™) = mtr(Xg... X;n—1)? = mtr A =m Y. | 2! are trivial. Next, we
have
Frj=tr(l+XY) =Y tr(ld, +X;V;)) =) te(X;Z:)) = () tr B .
i€l iel i€l

Since B is the Lax matrix for the Ruijsenaars—Schneider model, we do not find anything new here.
Now let us look at

Gy =t (Y + XN =mtr (Zyo1... Zo) = (to- .- tm_1)? tr(A1B™)7.

Ignoring the constant factor, the simplest Hamiltonian is G, 1 := tr(A~1B™), with A, B given by
(4.8); this formula also makes sense for m = 0, 1. Here are explicit formulas for G,,, 1 with m < 3,

1—tmix-_1 t—;p-x._l
where we use the shorthand notation Y;; = i = —
1-— TiT; 1—z;z,
G0,1=Z$;17 Gll—zoz 1HTm, (4.9a)
i=1 a#z
G 72”1Hr £ oy BIEs (1.9)
2,1 1] )(171_] ta+jas .
aFi i<j aFi,j
—1)2 ( J 422t
Ggl_zgxlnr +Z ” )(t_ = v [TY5
a#i i#£] Tl xTjx a#i b#j
(t= 1% T T T 4.9
+Z Uio-ja.k(t—zgg )(t—xl‘ )(tfl’ﬂj H zaH ]bH kc - (C)
i#j#k Ik ai b#j c#k
The general formula is
m—1 t—1 m—1 n
G = > (0o -+ O )T H = IT II vs.a (4.10)
1<50,fim—1<n Ljs ag+1 520 aj,

Finally, let us look at _ 4
Hy =t Y =mtr(Y,—1...Yp) .

’

We have Y, = Z, — X!, so in terms of A, B we have
Y,=t,B—-1d, (s=0,...,m—2), Y1 =AYty 1B —1d,).
After rescaling,
Hpj =tr(A"'P(B))’, where P(B):=][(B—t '1d,).
il
We see that in the limit ¢; — oo, each H,, ; tends to Gj,,, = tr(A~'B™)/. Thus, {H,,;} is a
more general m-parametric family of integrable systems. For a given m, the simplest Hamiltonian

is Hy, 1 = tr(A~'P(B)), which is nothing but a general linear combination of G,, 1 with smaller
m. For example,

Hyp = tr(A71B?) — (tg ' + t7 ) tr(A71B) + (tot1) ttrA~? (4.11)

is a linear combination of G 1, G1,1 and Gg,1. Therefore, H,, ; can be written explicitly using the
expressions for G;; with [ < m.
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5. QUANTIZATION AND FURTHER LINKS

Integrable systems closely related to those constructed above appeared recently in a different
context, so below we indicate these connections.

5.1. Twisted Macdonald—Ruijsenaars systems. In [CE, Appendix], certain generalisations
of the quantum Macdonald-Ruijsenaars system were proposed. Such generalisations depend on
an integer ¢ > 2 and they exist for any root system R. Their construction given in [CE] is very
implicit: at the first step, the eigenfunctions 1,(A, z) for the twisted system are constructed by
integrating certain products of the Gaussian and the eigenfunctions (A, z) of the usual Macdonald—
Ruijsenaars system. By analysing the properties of 1y(), z), the existence of a complete family
of commuting quantum Hamiltonians is then deduced (see [CE, Appendix| for more details). To
compare these integrable systems with the ones constructed above, let us write the corresponding
quantum Hamiltonian explicitly in the case R = A,,_1 and ¢ = 2.

We consider the algebra of difference operators in n variables z1,..., 2, and denote by T; the
shift operator in the ith variable, acting by T;f(z1,...,2n) = f(21,.-,2i + 1,...,2,). It will
be convenient to introduce ¢ € C*, not a root of unity, and W;)I“k with exponential coordinates
1/2%1 2

x; = ¢*, also allowing mi/Q = ¢*/2. We have T;(x 1/2) =q . In the formulas below we will

also use t # 0 as a coupling parameter of the system.

Proposition 5.1. For R = A,,_1 and { = 2, the Hamiltonian of the twisted Macdonald—Ruwijsenaars
system [CE] is given by the following difference operator Do 1 :

D21—Za T2+Zb” (51)

i<j

where the coeﬁcients a;, bij are given by

—tziz; Y1 - gtz _1)

a,»—H )(1_% = (5.2)

J#i

(x1/2x»_1/2+x»_1/2:z:1»/2) "

bij =q"/2(t = 1)(t = g) Jfl)H (1

i
(1 —gqwiz; ) (1 — qujz; i

—trry ) (1 =tz )

— w1 —wjr )

(5.3)

Proof. According to [CE, Theorem 7.1(1)], for any (reduced) root system R C V of a Weyl group
W, W-invariant multiplicities m, € Z>o, and any ¢ € N, there exists a twisted BA function
Ye(A, z) of the form

be(N2) =g ST g, (g™, N zeV, (5.4)
veNNe-1P
where N denotes the convex hull of the W-orbit of a vector p = > Ry Mad, and P is the
weight lattice of R. The function v, is characterised by the following properties: for each o € R,
j=1,...,m, and any € with €/ = 1 one has

1 . 1
)y ()\, z— 2ja) = elfy ()\, z+2ja> for ¢l /b= ¢. (5.5)

Properties (5.5) determine v, uniquely, up to an arbitrary A-dependent factor. Moreover, by [CE,
Theorem 7.1(3)], the function v, is a common eigenfunction of a family of commuting W-invariant
difference operators D7 in the z-variable, so that D7 ¢, = m; (). Here 7 is any dominant weight
and m.(A\) = > _cpn ¢‘™ is the corresponding orbitsum.

Let us consider the case R = A, _1, mq = m and ¢ = 2. In this case properties (5.5) can be
rewritten as

Yo(N, 2+ jeq) = €Pg(N, 2+ jep)  for qg>l? = eq/? (5.6)

which should hold for all j = 1,...,m, distinct a,b € {1,...n} and e = +1.

To identify the operator Dj; with one of the twisted Macdonald-Ruijsenaars Hamiltonian from
[CE], it suffices to show that

Dy 1ipe(X, 2) (Zq )w (A, 2) (5.7)
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Using the approach of [C, Section 3], this would follow once we establish that the operator Ds 1
preserves the properties (5.6) of 1/14 Note that if we multiply 1, by the function g(z) = ¢{**/4,
where (2,2) = 22 + -+ + 22, then wg()\ z) = g(2)e(N, z) will satisfy the following conditions:

wg(/\, z2+4jeq) = wg(/\, z+ jep) for qz"'/2 = eqzb/2 , (5.8)

which means that

;/}\2()\, z+4jeq) = ;/}\2()\, z+jep) for ¢** =¢*. (5.9)

1

Therefore, it remains to check that the operator 152,1 :=goDy 097" in the case t = ¢~™ preserves

the properties (5.9) for all j =1,...,m. Explicitly, we have
Doy = ZaT2+Zb” (5.10)
i<j
where the coefficients a;, Eij are given by

—twx; H - qtw;x; h

x;) ! , 5.11
= H (1—axx )(1 —qTiT; h ( )
J#
~ =Dt -@ ) L (1t )1 — twja !
b :( )t —q)(x; Z; S H ziz;)( x]xll ) . (5.12)
(1—qzix )(1 —qr;T l# J - Ty H - ziT; )
For this operator we have the following result.
Lemma 5.2. Let Q,, denote the space of functions f(x1,...,x,) holomorphic on (C*)™ and such

that for any 7 = 1,....,m and 1 < a < b < n we have (T,) f = (Ty)' f for vo = x. Then
D31(9m) € Q.

This lemma is proved analogously to [C, Proposition 2.1}, using [C, Lemma 2.5]. It implies that
the operator D 1 preserves the properties (5.9), so we are done. ([l

To see a link with the Hamiltonian G2 (4.9b), consider the classical limit of ﬁg’l. On the
quantum level we have the algebra of ¢-difference operators, with [T}, z,] = d;;(¢ — 1)x;T;. In the

classical limit ¢ = e~ — 1 we obtain 2n commutlng variables T ‘il Tiil with the Poisson bracket
{z;, Tj} = 5iji’iTi. The classical limit of D2,1 is, therefore, the following function D271:

n no t:L' .’E 1)2
D2 1 —Z a; T, Z b; jTiTj ,  a; = —1 H 1 __1 R (513)
i=1 i<j ];ﬁz — &L J
——1 —=—1 n R = =
B (t—1)%*z;7 + z;) H (1 —tzz; (1 -tz ) (5.14)

] — — _ — — .
(1- Til ;- T;T; 1) 11,5 (1-z:7 H1 - TjT) b

A substitution Z; = z;, T; = 0; matches it to the formula (4.9b).

Remark 5.3. More generally, it follows from the results of [BEF| that for any ¢, the twisted
Macdonald-Ruijsenaars system from [CE, Appendix| in type A coincides, in the classical limit,
with the system defined by Gy ; = tr(A~1B*)7, j € N. See [BEF, Remark 3.26].

Remark 5.4. According to [CE, Theorem 7.3], for t = ¢~—™ with m € Z4 the operator Dy is
algebraically integrable. Moreover, in that case its eigenfunctions (X, 2) are given by [CE, (7.2)],
with £ = 2. The operator Da 1 is bispectrally self-dual, namely, one has (N, z) = e(z, N).

5.2. Cyclotomic DAHA and quiver gauge theory. In the process of writing this paper we
became aware of the work of Braverman, Finkelberg and Nakajima [BFN1, BFN2], and of Kodera
and Nakajima [KN], where some operators generalising the Macdonald—-Ruijsenaars operators ap-
peared in the context of quiver gauge theory. In particular, in [KN] an isomorphism is established
between the quantized Coulomb branch of a 3d A/ = 4 supersymmetric gauge theory and the
spherical subalgebra of the Cherednik algebra for W = Z; 1 Sy. The form of this isomorphism
(see [KN, Theorem 1.5]) suggested to us that there should be a relation to the integrable systems
constructed in this paper. Indeed, on the classical level this can be seen as follows. Recall that for
each m, the Calogero—Moser space Cy, 4(m) carries three families of Poisson-commuting functions
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Enj =trX™, F,,; =tr(l+ XY)/, and Hy,; = tr Y7™. We have an open dense subspace of
Cn,q(m) where X is invertible and everything can be written in terms of the matrices A, B that
parametrise the Calogero—Moser space Cg’t for the tadpole quiver, resulting in

Bpj=trA?, Fp;=tB, Hy;=te(A[[(B-t"1d,)). (5.15)
el

Choosing the coordinates z, 0 as in (4.8), we obtain the expressions for these Hamiltonians as in
section §4.2. That coordinate system was chosen so to make A diagonal. Instead, we can choose

to diagonalise B, parametrising A, B by w = (w1, ...,w,) and u = (ul, ..., Uy) as follows:
t—1 -1 L wi
B = diag(ws1,...,w,), A= T — H J k ) (5.16)
t wiw; oy ijk

This corresponds to the canonical transformation ® : (A, B) — (B, A) (which changes the sign of
the bracket), so we have:

{wi,wj} :0, {ui,wj}zéijuiwj, {ui,uj}zo.

To write the Hamiltonians (5.15) in these new coordinates, one needs to calculate A~'. This is
done with the help of the Cauchy’s determinant formula; the result is

As a result, we have
—1

L — tw;w T
ml—ZH BT E— Fm,j:;wz‘v ZH H( —t u;

i=1 joti _wle i=1 joti —wle k=0
(5.17)

Note that in this form the integrability of the Hamiltonians E,, 1 and H,, ; becomes obvious: E,, 1
is the Ruijsenaars—Schneider Hamiltonian, and H,, ; reduces to such by a canonical transformation
w; Wy, U — 1_[7,?;01(10z — t;l)ui (i =1,...,n). By contrast, in coordinates x;,c; as in Section
§4.2, the Hamiltonian H,, ; looks complicated and its integrability is not obvious without knowing
that change of variables that reduces it to the Ruijsenaars—Schneider system. We should emphasize
that the Hamiltonian flows defined by H,, ; are not complete when viewed on C) ,(m) ~ Cy ;, s
one does need a cyclic-quiver interpretation in order to get a completed phase space and mtegrate
the flows. '

Now, there is an obvious parallel between (5.17) and the generators E;[1], Fi[1] and ), w] of
the quantized Coulomb branch as in [KN, Theorem 1.5]. Therefore, one should expect the above
Hamiltonians to be connected with the K-theoretic Coulomb branch of a quiver gauge theory, cf.
[BFN2, A(ii) and Remark A.6]. Then the quantized K-theoretic Coulomb branch [BFN1, BFN2]
should also provide quantization of these integrable Hamiltonians.

In fact, a recent paper of Braverman, Etingof and Finkelberg (with an appendix by Nakajima
and Yamakawa) [BEF] greatly clarifies this connection. In particular, it introduces a cyclotomic
version of the double affine Hecke algebra for GL,,, giving a construction of both the quantum and
the classical versions of the integrable systems considered in the present paper. Below we indicate
the relationship between our results and those from [BEF].

The Calogero-Moser space Cy, 4(m) is the same as the space M4 (Z,t) from [BEF, Section 5]
with | = m and N = n. Our parameter ¢ is the same as in [BEF], while their parameters Z;
are related to our ¢; by Z;_1/Z; = ¢;. By [BEF, Theorems 5.16 & 5.17], the coordinate ring
O(MY(Z,t)) is identified with the spherical subalgebra of the cyclotomic DAHA HHL (Z,1,t).
This ring admits a noncommutative deformation, a spherical subalgebra e NH{fv(Z ,q,t)en, where
q is a quantization parameter. The cyclotomic DAHA Iﬂﬂ\,(Z,q,t)7 in its turn, is defined as a
subalgebra of the usual DAHA for GLy, see [BEF, Sec. 3.4]. By [BEF, Theorem 3.28], the

algebra HHY;(Z,q,t) contains three commutative subalgebras generated by X;, Yiil and Dgl) with
1 = 1,...,N. By symmetrisation, one obtains three commutative subalgebras in the spherical
subalgebra of HHY(Z,q,t), see [BEF, Section 3.6]. The elements of the spherical subalgebra
can be realised as difference operators; in this way one obtains three commuting subalgebras of
difference operators that quantize the Poisson-commuting families {E; ; | j € N}, {F}; ;|j € Z} and
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{H;;|j € N} from Section §4.2 (the first family consists of functions of z; so its quantization is
obvious).

Let us note that writing down these quantum integrable Hamiltonians explicitly does not seem
easy. In the case of a quiver with two vertices, we have the following explicit formula for the
quantization of Ho; (4.11).

Proposition 5.5. The quantum Hamiltonian

Hgl_ZazT +ZbUTT +aZH mlmk _lT—i—ﬂZx (5.18)

i<j i=1 k;ﬁz

is completely integrable for any values of the parameters o, 8. Here the coefficients a;, ZZJ are given
by (5.11)—(5.12).

This formula is obtained by combining Proposition 5.1, (5.10) and [BEF, Corollary 3.22, Exam-
ple 3.24, Remarks 3.25 & 3.26]. |

There is also a “dual” realisation of these quantum Hamiltonians, obtained by applying the
Cherednik—Fourier transform, see [BEF, Section 3.6]. These dual families are quantum versions of
(5.17), and they are much easier to write down. Namely, one has the same formulas as in (5.17),
but with u; replaced by the multiplicative shift 7;. For instance, a quantum version of H,, ; is

1 m—1
ml ZH tww H(w, —t;l)ﬂ_l.

i=1 jAi _wlwa k=0

In yet another context, similar operators appeared in a recent work by Di Francesco and Kedem
[DFK]. Namely, the limit ¢ — oo gives

m = Z H . _th zmT;l 7

i=1 j#i

which coincides with the generalised Macdonald operator M., in [DFK, (1.5)].

APPENDIX A. CALCULATIONS WITH THE BRACKETS

In this section we prove Propositions 3.1, 3.2, 4.3, 4.4. We will start with the case of the cyclic
quiver. Given m > 2, we set I := Z/mZ. For r € Z, we set

E, = ZeH_»f@eiEA@A. (Al)
il
Recall that = = Zie] Ty Y 1= Zie[ Yis with e;r = Teiy1, €11y = Ye;. The element e = Zl €;
commutes with z, y, so we will identify it with the identity. If one introduces a Z-grading on k{x, y)
by setting deg x = 1, deg y = —1, then

(uE)° =vEuu, 1'=-—r+degu+deguv, (A.2)
for any homogeneous elements u,v € k(z,y).
Lemma A.1. We have:
fa,ay} = 2yBo — Bory — 3 Eo(ay)? + 5 (e9)* Bo. (43)

Proof.
foy 2y} = foy. 2}y + ooy v} = — =29}y — 2 {y,2y}° . (A4)
Using the formulas (4.2a)—(4.2¢), we have

1
{z, 2y} = {x, 2}y +a{z,y} = (Elzv 71‘2E1)y+$ (E1 + Q(yxEl + Eyxy — yEix +xE1y)> ,
and so

{z,2y}° = (:r yEo — yEox? )+ Eoz + = (onyx + zyEor — xEogxy + yFoz? ).
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Similarly, we find that

{y, 2y}
{y, zy}°

1 1
g(myQE—l —zE_1y°) - E_1y— 5 (Boayay +ayEory - zE_1y* + yE_1zy),

1 1
i(ony2 — y*Eoz) — yEo — 5 WryBo + yBoxy — y?Eox + 2yEoy) .

Substituting these expressions into (A.4) leads, after cancellations, to the expression (A.3). |

Lemma A.2. Let us adjoin to A the elements x;l, so that x~ ' = Yier T L Then for z = y+a~!
one has:

{z, 2} = %(ZQE_l —E_17%). (A.5)

Proof. This formula can be checked directly, using that 0 = {{y, zx ! }} ={y,x} " +x {{y, x! }}
and 0 = {{x, xal }} ={z, 2}z +x {{x, x ! }} Alternatively, we can use the idea from the proof
of Theorem 2.7. Namely, one can rewrite the bivector P in terms of the generators x;, z; = y; —l—x;l.
The resulting double brackets are almost identical (with y; replaced by z;, which is now thought
of as z¥), the only difference appears in the brackets {a,a*}, see (2.16). Therefore, we have

1 1
{z, 2} = §(E1x2 —2°Ey), {22} = i(zzE_l —E_12%), (A.6a)
1
{z, 2} = §(Z$E1 + Fyxz — zEjx + 2Eq2) . (A.6D)
This gives the needed formula for {z, z}. O

Now we need the following general lemma. Let A be an associative k-algebra with a double
bracket {—, —} and the associated ordinary bracket {—, —} = mo {—,—}.

Lemma A.3. Given a € A, suppose that € C A® A is a subset such that for any E € &£
and any r,s > 0 we have (a"Ea®)° = a*E'a” for some E' € & which depends on r + s but
not on r, s indwidually. Moreover, assume that a commutes with any element in m(E) C A. If

{a,a} =X ,(a’E; — E;a®) with E; € &, then {a*,a'} =0 for all k, .

Proof. Since {—,—} satisfies Leibniz’s rule in the second argument, it is enough to prove that
{a*,a} =0 for all a. Now, {{a*,a}} = — {a, ak}}o, while

fa,a"}} = Z a" {a,a}a® = Z Za"(aiEi — E;a')a®,

r,s>0 r,5>0 i
rts=k—1 rts=k—1

for some E; € €. Using that (a""'E;a® — a"E;a*t")° = a*Ela"™" — a*T'Ela", for some E! € &, we
obtain:

m(fataf) == 3 D om@ B -aME) =3 Y (a*m(B)a™ — a* m(Ea”) =0,

r,s>0 7
r+s=k—1

since m(E!) commutes with a. Therefore, {a*,a} = 0, as needed. O

Proof of Proposition 4.3. We now use this lemma with & = @®,¢;CE, with E, as in (A.1), and
with a = 2,y,zy or z = y+x~'. We have m(£) = Ce, where e := Y, e; commutes with any of the
above a. The assumptions of the lemma are satisfied due to (A.2). The rest follows from (4.2a),
(A.3) and (A.5). O
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Proof of Proposition 4.4. We start by calculating some double brackets. First,

1 1
fz.2*}y = > afmapat= ) (2er1xs+2—2xr+2E1xs>,

r,s>0 r,s>0
r+s=a—1 r+s=a—1
a af © 1 5+2 r 1 s r+2
Lz, 2} —{z, 2} = g —5% E,x +§z E.x ,
r,s>0
r+s=a—1
a ..b T a s
{z, 2"} = g " {zt x}x
rs>0
r+s=b—1
1 r4s’'4+2 r’'+s 1 r+s’ r’ 4542
E E ——x E,x + —x E,x ,
2 2
7,820 8" >0

rts=b—1 /4o _q 1

1 ’ ’ 1 ’ ’
— Z Z (_2xr+s +2Eaxr +s + 5.’ET +sEaxr+s +2) ]

7,520 v s'>0
r+s=b—1 7_/+SI:_1171

Next, we have

{y, 2"}

Z " Ly, a} 2®

r,s>0
rts=a—1

1 1 1 1
Z (—xTElxs — ix’"E,lnyH — §xr+1yE,1x3 + §xr+1E,1yms — QxTyEla?sH) .

r,5>0
rts=a—1

For {z¢,y} = — {y,2%}° we, therefore, obtain:
{9} = Z 2B,z + 1yacs'HE "+ 1scsE o Ty — }yxsE "4 leHE z"y
) P a 9 a 9 a 9 a 9 a .

r+s=a—1

From this,

fla",ya"}

oy a® +y {a", 2"}

; 1 X 1 1 1
Z ((L“SEG.%‘TJ'_b + §y$5+1EafE7+b + §$8Eal’r+1yl’b _ *y$sEa$T+1+b + 2xa+1Eaxryxb)

2
r,s>0
rds=a—1
1 r+s'+2 r’-&-s 1 r'+s r+s’+2
+ Z Z —§yx E.x + §yaj E,x .
7,820 s’ >0

r+s=b—1 r+s'=a—1

As a result, for {{ymb,m“}} =— {{m“,ywb}}o we get:

1 1 1 1
{yat = = Z (—2" TP Ey_q2° — §$T+bEb—1yI8+1 - imrHbeEb—leS + §Ir+1+bEb—1yIS - ifvrybeb—leHl)

r,s>0
r+s=a—1
]. ’ ’ ]_ ’ ’
4 § E *LET +5Eb,1y.’ET+S +2 *.’ETJFS +2Eb,1yfﬂr +s
r,s>0 r,s'>0 2 2

r4+s=b—1 ' +s'=a—1

Now we calculate

v, vz} =y, y} 2 +y{y, ="}

1 1
= §y2E_1x“ — §E_1y2xa
+ Z —yx"E_1z° — }ya:TE 1yt — lya?”’lyE 128 + }yxTHE 1y’ — 1ya:ryE 125+t
= B 2 B 2 B 2 B 2 B ’

r+s=a—1
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Therefore, for {yz®, y} = — {yz?, y}° we obtain:
1 1
fv2",y} = =52 Barry® + 5y"2"Ear

1 1 1 1
+ Z (2°Ey_qyx” + inyHEa_lyxr + ixSEa_lya:THy — iyxsEa_lyer + ixS“Ea_lyxry) .

78>0
r4+s=a—1

All this allows us to find the ordinary brackets {u,v} = {u,v} {u,v}”. First, we have for
a =0 mod m:

{z%y} = Z (257 + 2T 7y) = az® ! + axy, (A7)

7,520
r+s=a—1

from which it follows that
{z%, ya®} = {2%, y}2® = az®T*7 + az®ya® = azx® TP 4 ayx®™® mod [A, A],

which is the first relation in Proposition 4.4.
Next, for b=1 mod m

{yl‘b7l‘a} _ Z <xr+b+s - %xr+byxs+1 - %xr+1y:€b+s + %xr+1+byxs o ;xrybererl)
r,s>0
r+s=a—1

+ Z Z (1xr'+syxr+s/+2 o 1xr+sl+2yxr/+s>
)
rs>0 >0 2 2

r+s=b—1 r/4+s'=a—1

from which we get that

1 1 1 1
y{yxb7xa} — Z (_yxr+b+s _ 5yxr—ﬂ—byms—&-l _ §yxs+1yxb+r + §yxr—i-1+byxs _ iyxsyxb+r+1)
r,s>0
r+s=a—1
1 / /
SEED DD DR et B
r,s>0 s’ >0

rs=b—1 /407 g
which, modulo commutators, gives

y{ya® 2%} = —ayx® T — Z yz*Tlyz™  mod [A, A]. (A.8)

r,s>0
r+s=a—1

Finally, for a =1 mod m:

1 1
{yz*,y} = *iw“y%rgyzx“

1 1 1 1
_|_ § <$Syﬂfr 4 nyerlyxr + 5l,syxquly _ §y$5y$r+l 4 2xs+1yxry) ,
rs>0
r+s=a—1

and therefore
a 1 a
{ya®,y}a® = Sly*a’ 2]

1 1 1 1
+ Z (xsyl,'r+b + §y$s+1yxr+b + §$Syfﬂr+1y$b o 5yxsyerrler + §$S+1y(£ry$b) )

r,s>0
rds=a—1

Modulo commutators, this gives

1 1 1 1
Z <yIr+s+b + 5ystrlyerrb + *yJCT+1yIS+b _ §yl,syxr+1+b + 2y$ry$s+1+b> )

7,820 2
r+s=a—1
Therefore,
{yz®,y}a® = aya® T~ 4 Z yr*Tlyz™®  mod [A, A]. (A.9)
rs>0

r+s=a—1
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Now, using (A.8), (A.9), we obtain modulo commutators:

{yﬂ?b,yl‘c} — {yxb,y}a:c—i-y{yxb,arc} — (b_c)yxb+c+1+ Z ystrlyerrc_ Z ystrlyerrb7

s3>0 r,s>0
rts=b—1 rts=c—1
which gives (4.3b). This finishes the proof of Proposition 4.4. |

For the tadpole quiver, the brackets in (3.1a)—(3.1e) look entirely similar (with small sign dif-
ferences), and all the above proofs carry over with E, = Fy = eg ® ¢g for all r, leading to

Proposition A.4. For any a,b > 0 we have

{x, 2%} = {y*, 9} = {(xy)?, (zy)®} = {2%,2°} =0, where z=y+a7 ', (A.10a)
{2, y2"} = az®™7! £ ayx®™® mod [A, A], (A.10b)
a b
{yz®, yzb} = (@ — b)yx*T0~1 4 Z yatyzett=t — Z yzlyz®T*=t mod [A, A]. (A.10c)
t=1 t=1

Finally, replacing y by z — 2! in the last two formulas, one gets after a simple rearrangement
the formulas from Propositions 3.2. ]

APPENDIX B. HAMILTONIAN DYNAMICS

In this section we prove Propositions 4.7. We start with a simple formula, immediate from (2.2):
for any a,b € A,

{tI‘ a, b”} = {a, b}” .
It is convenient to rewrite this relation in matrix form, using the notation X(a) = (a,;) for the
matrix-valued function on the representation space, associated to a € A:

{tr X(a), X(0)} = X({a,b}). (B.1)

Let now @ be the doubled framed quiver as in Section §4, with the double bracket defined
by the bivector (2.5), and {—, —} be the associated bracket {—,—} = m o {—, —}. Recall that
{y*,y} = 0 for all k.

Lemma B.1. For any k € mN,
{Whoy = wb =0, e} =kt - kyte
Proof. From (2.6¢) we have

1 1

{vi, v} = *i(ym—l X U)(Si,m,—l + 5(60 ® yov)&-,o )
1 1

{yi,w} = g(wqu ® €0)0im—1 — i(w ® 10)di0 -

Using this, one preforms a calculation as in Appendix § A to find that

1 1
= S viody= 3 (Qyw@eoysﬂQy”lv@eozﬁ),

r+s=k—1 r+s=k—1

and {y*,v} = 0 as a result. The relation {y*,w} = 0 is checked similarly. The last formula in the
lemma is analogous to (A.7). O

Now consider a representation space Rep((CQ, @) for a dimension vector & = (1,a) € N1 and
let as before V,W, X, Y be the matrices representing the arrows v,w and & = ), z;, y = >, ¥s-
The space Rep(CQ, @) is equipped with an anti-symmetric biderivation {—, —} defined by (2.2).
We put Hy, = 1 tr Y*, where Y is the matrix representing y = Y., y; and k € mN. Then {Hj, —}
defines a derivation (vector field) on the representation space. Since {Hy, H;} = 0 for all k,! and
{—=,—1} is a Loday bracket (see (3.3)), the vector fields associated to Hj with different k pairwise
commute. Let %j denote the vector field corresponding to Hj,,. Using the above lemma and

formula (B.1), we obtain:

Ly Lw_o, Ly_o 2

— X = -yimTl _yimx
dt; dt; dt; dt;
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Integrating the last equation with constant Y = Y (0), we find that
X(t;) =e T X0)+Y e YT~ 1),

This formula is well-defined for all Y because the function z_l(e_tkzk — 1) is analytic in z. By
superposition, for t = (¢1,%2,...) we have:

X(t) = e 2z " X (0) 4y (e Bt 1)

Note that 1+Y X = e~ 221%Y"" (1 4+ Y X (0)), so the matrices Id,, +Ys X, s € I remain invertible
for all times.

If instead of Hj one considers Gy := %tr ZF Z =Y + X! then the brackets look the same,
apart from the bracket between z and  (A.6b). As a result, if ¢; denotes the time flow for G},

we obtain:
d d d d

deV:deWzo, deZzO, %X:—ZW”X.
This leads to

X(t) = e Zi=15%7" X(0), Z=2(0).
In both cases, it is easy to see that the dynamics preserves the moment map equations. Therefore,
the associated Hamiltonian flows are complete. O

APPENDIX C. POISSON ISOMORPHISM BETWEEN C; ; AND C; ()

In this section we prove Proposition 4.10. The map ¢ : ngt — Cg’q(m) is described in Proposi-
tion 4.9, namely:

Xi=1d,, Zi=t;B(i=0...m—2), Xp 1=A, Zp_1=tm 1A"'B.

We need to check that £*{f, g} = {¢*f,£{*g} for any two functions on Cg’q(m). Consider the
functions f, = tr(X*™) and gp := tr(ZX+F™). Expressing them in terms of A, B we obtain:

Efa= trXip1.. Xifam =mtr A%, (C.1a)
iel
5= trZ;X;Xip1.. Xippm =7tr BA® | where 7:=> t;. (C.1b)
icl iel
This implies that fi,..., fn,91,---,9n can be used as local coordinates near a generic point of

ngq(m). Therefore, it is sufficient to check that the brackets behave well just for these functions.
Let us rewrite the formulas from Proposition 4.4 in the algebra A’ with inverted z. We use
z:=y+ 27! so that zz = 1 + yx, and rearrange (4.3a)—(4.3b) as follows:

{2% 22} = azz®*® mod [A’, A'], (C.2a)
b c
{22t 22} = Z zatzabtet — Z zatza®teTt mod [A, A']. (C.2b)
t=1 t=1

Recall that we also have {z?,z°} = 0 for all a,b. Substituting a = am, b=1+ fm, c =1+ ym
and taking traces using (2.10) leads to:

{fomfﬁ}zov {fa;g[j}:amga+ﬁ; (C3a’)
Bm ym

{gﬁa g’y} = Z hr,([ﬂ+'y)m—r - Z hr,(ﬂ+'y)m—r . (C?)b)
r=0 r=0

Here we used the notation h, s := tr ZX'T"ZX!*s. Using that h, s = hs, and assuming 8 < 7,
the last relation can be rearranged to

ym—1

{9579’7} = Z hr,(ﬁ+'y)mfr~ (04)

r=8m



26 OLEG CHALYKH AND MAXIME FAIRON

On the other hand, the Poisson bracket on C?L’t satisfies (3.10), which in terms of A, B reads:

{tr A% tr A’} =0, {tr A% tr BA’} = a tr BA®"?, (C.5a)
b c c—1

{tr BA’ tr BA°} = "tr BA"BA"™ ™" — 3 "tr BA"BA""*"" = "tr BA"BA"**"" . (C.5b)
r=0 r=0 r=b

It remains to check that these formulas agree with those obtained from (C.3a) and (C.4) by
replacing f., gs with their pull-backs £*f, = mtr A* and £*gs = 7tr BAP. For the first two
relations this is obvious. For the third relation, we need to show that for g8 < =y

ym—1 y—1
>y prymor =72y tr BAPBAPYTTP (C.6)
r=pfm p=p

We have £*h,. o = tr XZX" X ZX?, with

XZX"XZX* =Y XiZiXi.. Xitr 1 XigrZigrXitr o Xipria1.
i€l
By expressing this in terms of A, B and taking traces we obtain:
E Ry s = ZtitHT tr BAS(itT) g glitnitrts)
il

where ¢(7,7) = [%] — [#] counts the number of integers between i and j — 1 congruent to —1
modulo m. Here and below the indices in ¢; are always treated modulo m, i.e., t;1,, = t;. Therefore,

if r = 5+ pm then
f*hr,(ﬂ-m)m—r = ZtitH»j tr BAPT0(i+7) B AB+Y—p—9(4,i+7)
icl
Note that for i,5 € I, ¢(i,i + j) equals 0 or 1, depending on whether ¢ + j < m — 1 or not.

We can use this in the Lh.s. of (C.6), replacing the summation over r with the summation over
p € [B,v—1] and j € I, which leads to

y—1 o1
D itigg D wBAPBATIITE 4 Y bty Yt BATT AP
sl p=p igel =3
rasm=t itj>m—1

y—1 v—1
It is easy to see that > tr BAPT!BAPHY—P=1 = 5™ tr BAP BAPH7~P therefore, we arrive at

p=0 p=0
y—1
D titiy; » tr BAPBAPTTTP,
i,j€I p=p

It remains to notice that 3, .  titiv; = (3, ti)* = 77, s0 the obtained expression coincides with
the r.h.s. of the relation (C.6). This finishes the proof of (C.6) and of the Proposition 4.10. O
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