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The instanton partition functions of ' = 1 5d super Yang—Mills are built using elements of
the representation theory of quantum W, , algebra: Gaiotto state, intertwiner, vertex operator.
This algebra is also known under the names of Ding—Iohara—Miki and quantum toroidal gl(1)
algebra. Exploiting the explicit action of the algebra on the partition function, we prove the
regularity of the 5d qq-characters. These characters provide a solution to the Schwinger—Dyson
equations, and they can also be interpreted as a quantum version of the Seiberg—Witten curve.

Subject Index B14, B16, B35, B81, B84

1. Introduction

Since the seminal work by Seiberg and Witten [1], the relation between the BPS sector of N = 2
supersymmetric Yang—Mills (SYM) theories in the Euclidean spacetime R*, and classical integrable
models has attracted intensive studies (see Ref. [2] and references therein). In 2004, Nekrasov [3]
derived by localization the exact form of the A/ = 2 SYM partition functions in a supergravity
background, the Omega-background Rgl X REZ, depending on two deformation parameters € and
€. The exact partition function, including instanton corrections, was obtained as a perturbative sum
over instanton sectors of coupled contour integrals. The evaluation of these integrals by the Cauchy
theorem produces a sum over residues in one-to-one correspondence with the set of boxes of Young
diagrams. Sending the infrared cutoffs €, e, to zero, the Omega background reduces to R*. In
this limit, the sum is dominated by large Young diagrams and the partition function reproduces the
exponential of the prepotential obtained by Seiberg and Witten [4]. On the other hand, in the limit
€ — 0 while €; fixed, the theory becomes effectively bidimensional and the BPS sector of N' = 2
SYM manifests the presence of quantum integrability [5—7] in the form of a TBA-like nonlinear
integral equation [5,8,9] and a set of Bethe equations [10—15].

In 2009, Alday, Gaiotto, and Tachikawa [16] conjectured a duality between Nekrasov partition
functions of A" = 2 SYM with U (2) gauge groups and 2d Liouville theory. This conjecture was then
extended to U (n) gauge groups and Toda theories in Refs. [17,18]. In several proofs of this conjecture
[19,20] and related, it has been essential to understand the action of the symmetry algebras of 2d
conformal field theories (Virasoro for Liouville, VW, for Toda) on a natural basis for the expansion
of Nekrasov partition functions. This basis, named after Alba, Fateev, Litvinov, and Tarnopolski
(AFLT), is composed of states parameterized by n-tuple Young diagrams, where # is the rank of the
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gauge groups [19]. This representation is called rank-n representation. The underlying symmetry
of BPS N' = 2 SYM was found to be a deformation of W) that contains Virasoro and W,
algebras combined with a U (1) Heisenberg factor [21,22]. As shown explicitly in Ref. [23](see also
Ref. [24]), this algebra turns out to be equivalent to the affine Yangian Y (g/[\l) and to a spherical version
of Cherednik’s double degenerate Hecke algebra called SH¢, and built by Vasserot and Schiffmann
in Ref. [20]. The rank-» representation of SH€ is equivalent to a VW, algebra for arbitrary n, even in
the case of degenerate representations [25,26].

The AGT correspondence can be lifted to five-dimensional A/ = 1 SYM theories compactified
on a circle, in correspondence with conformal blocks of q-Virasoro and g-Toda theories [27-30].
The algebraic structures involved in the correspondence are the gq-deformed versions of the previous
ones. In this paper, we focus on the quantum continuous gl,, algebra [31,32], denoted £, which is
equivalent to the Ding—Iohara algebra [33] with two additional Serre relations. In the degenerate limit,
it reduces to the affine Yangian Y(g’;.[\l ) [23] in a similar manner as quantum loop algebras degenerate
into Drinfeld second realization [34] of Yangians of semisimple Lie algebras [35]. In Ref. [31], £
is also conjectured to be isomorphic to the spherical double affine Hecke algebra (sDAHA) built
in Ref. [36]. More importantly in the context of the six-dimensional origin of AGT correspondence
[37,38], this algebra £ is essentially equivalent to the Ding—Iohara—Miki (DIM) [33,39] algebra, also
called a quantum toroidal gl; [40,41] or an elliptic Hall algebra [42].!

The covariance of the partition function under the algebra £ originates a set of Ward identities
between the correlators of the theory. These identities are equivalent to the regularity property of a
sort of resolvent, the qg-character introduced in Refs. [44,45].2 This object corresponds to a (double)
deformation of the character of (affine) Lie algebras. It has been interpreted in Ref. [46] as the trace
of the transfer matrix of a TQ-system that generalizes the concept of a quantum Seiberg—Witten
curve developed in the limit e — 0 [10—12,15,47—50].3 Some primitive forms of Ward identities
were studied in a series of works in Refs. [21,52—54]. In Ref. [55], some of the authors developed a
direct method to derive the regularity of qq-characters by exploiting the covariance of the 4d partition
functions building blocks under the algebra of symmetries, in their case SHC. The building blocks
for the correlation functions are given by the Gaiotto state (which describes the vector multiplet),
the flavor vertex operators (fundamental hypermultiplets), and intertwiner operators (bifundamental
hypermultiplets). A trivalent vertex supplements this construction in the case of gauge theories with
nonlinear quiver diagram. These few elements permit the construction of arbitrary ' = 2 quiver
gauge theories with a U(n) (or A-type) gauge group on each node. The action of the symmetry
generators on these elements was expressed in terms of a single operator ) diagonal in the AFLT
basis. The qq-character has a simple expression in terms of this operator, and its regularity followed
from the transformation properties of the partition functions building blocks.

The aim of this paper is to provide a direct generalization of the construction exposed in Ref. [55]
to quantum Wi ;o. To do so, the transformation properties of the 5d building blocks under the
generators of the algebra £ will be worked out. The regularity of the qq-characters for 5d N = 1
SYM will follow from an equivalence between left and right actions in the expectation value of

! Quantum toroidal algebras [43] are obtained as the quantization of two-variables loop algebras, here
g[l[xil’yil]'

2 The term resolvent here refers to an analogy with matrix models developed in Ref. [45].

3 Alternatively, it can be constructed as a line defect in the 5d gauge theories, which also provides a different
proof for its regularity [51].
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operators. The definition of the algebra and its representation are given in Sects. 2 and 3 respectively.
Section 4 presents the different building blocks of the partition functions, and Sect. 5 provides the
action of the algebra on these blocks. The regularity of the qq-characters is discussed in Sect. 6; it
is interpreted as a quantization of Seiberg—Witten theory in Sect. 7. It is shown in Sect. 8 that the
results obtained in Ref. [55] are recovered in the limit of small radius of the compact dimension for
which £ degenerates to SH¢. Several additional comments are gathered in the discussion section.
Finally, the most relevant details of the calculations are presented in the appendices.

2. Quantum W,

The algebra £ depends on three Kerov deformation parameters g, with o« = 1,2, 3 constrained to
obey the relation ¢1¢2q3 = 1. The two independent parameters ¢ and ¢, are the K-theoretic versions
of the 4d Omega background equivariant deformation parameters €; and €;. Their dependencies will
be encoded in the scattering function /(z) and the parameter y; defined as*

1 — -1
=[] —22 n= [] 0-q. @.1)

1 —gqyz
a=1,23 do a=1,23

Note that the scattering function /(z) obeys the unitarity property 4(z)h(z~') = 1. The algebra & is
spanned by the set of generators ey, f; and the Cartan elements w;;o, Vi ~o- These generators form
the Drinfeld currents

e@) =Y azt, f@O=)_fir", vFe) =) v, 22)

keZ keZ k>0

and the algebra £ is defined by the following set of relations:

e@)e(w) = h(w/z2)e(we(z), f(@)f W) = hz/w)f W)f (2), (2.3)
YE(@ew) = h(w/2)eW)W™ @), Y=@)f W) = h(z/w)f W)Y (@), (2.4)
e 01 = -5 (Z) @ = v, 23)
[v=@. v W] =[¥T@., ¥y~ w)] =0, (2.6)

[eo. [er1,e—111 =0,  [fo.[Ai./1]1 =0, 2.7)

with the §-function

8(z) = sz, 8(z)F(z) = 8(z)F(1). (2.8)

kel

In addition, gl/g—L are central and invertible elements of the algebra. It is important to note that, in
contrast with the works presented in Refs. [37,38,46,56], the algebra is considered here without the

4 In Ref. [31], a function of two variables g(z, w) is used instead of /(z); they are related as

gew = [] c—amw. h(zjw) = —E&W)

9
ws123 gw,z)

with the implicit understanding in Egs. (2.3), (2.4) that z # g*'w.
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extra central element, or twist parameter. This difference turns out to have deep consequences for
the representations, which we will comment on in the discussion section.

For the description of 5d SYM, the set of generators defined in £ is not so convenient. Instead of
using ¥ T, it is more useful to introduce the current D(z) = Y okez Dyz ¥ that satisfies the following
commutation relations with the Drinfeld currents:

[D(2),eW)] = d(z/w)e(2), [D(z),f(W)] = —d(z/w)f (w), [D(z),D(w)] = 0. 2.9)

These relations, together with Eqgs. (2.3), (2.5), provide an alternative definition of the algebra.’ As
we see below, the operators ¥ (z) are expressible in terms of vertex operators built from the Dy
generators. So in this second picture, e(z), f(z), D(z) are the fundamental generators while ¥ ¥ (z)
are the derived generators.

As in Ref. [55], it is useful to introduce “free boson" generators by a formal integration of the
current D(z), which will enable us to define later the “vertex operators". It is useful to distinguish
between the action of positive/negative modes, and define two operators as

7k Zk
@ (z) =log(z)Do — Y —~ D () =— > Dk (2.10)
k>0 k>0

Using the corresponding vertex operators, we define the two )-operators )+ (z) referred to as chiral
ring generating operators by Nekrasov, Pestun, and Shatashvili (NPS) [15].° These operators will
play an essential role in the definition of qq-characters:

V) = e @ exp (91710 + 01512 - 01(@32) — B1()),

V7@ = e Dexp (0 (@12) + D-(022) — D (g5'2) — D)), 2.11)

where the series ¢ (z) are defined in terms of the central parameters of the algebra. In fact, the rank-n
representation introduced in the next section depends on n Coulomb branch parameters t; that play

the role of the representation weights. In terms of these parameters, the central series are given
k —k —k
by ct(z) = =201 D0 %z‘k andc™(z) = =Y )1 Sh0 B kt‘f zF. As a result, the operators

¥ ¥ (z) can be expressed as

Yy =1 —g;H( — g Wy egs Hhy T,
U@ =1 —q;H(— g HdwY~ @Y (zg3) 7, (2.12)

with

V= U (q_—l) (2.13)

5 In Ref. [41], the operators D; are also introduced in the algebra £, and this extension is denoted £’. For
simplicity, here we keep the same name for the two possible presentations of the algebra.

¢ Qur definition slightly differs from the one given in Ref. [15]: YV*(z) = Vius (qfl/ ’2).
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For the description of super Yang—Mills in 5d, we need to introduce an extra generator with the
following commutation relations with e(z) and f (z):

Ue(z) = ze()U, Uf(z) =z 'f@)U. (2.14)

Finally, it is worthwhile to introduce the decomposition of Drinfeld currents into positive and
negative modes:

e@) =es@ e e =) ezt e(@)=) e, (2.15)

and similarly for f'(z) = f (z) + f- (z). With this decomposition, the commutation relation Eq. (2.5)
takes the following form:

n _ 'l
ey (2).fyr (W)] = — "y’: @) Zwytw) (2.16)

zZ—Ww Y1

where 1,7’ = %, and it has been assumed |z| < |w|forn =7 =+ and |w| < |z| forn =7n' = —
The derivation of this identity is presented in Appendix A.

By definition, the algebra is clearly invariant under the permutations of g1, g2, and ¢3. In the
degenerate version of this algebra, known as SH¢, this G3 transformation was referred to as a triality
automorphism [26], which is related to the level-rank duality in WZW coset models [57,58] for
finite-rank representations.

The algebra £ also exhibits an invariance under two discrete symmetries involving the inversion of
the parameters g,. When these parameters ¢, are substituted by their inverse, the scattering function
h(z) is replaced by its inverse and the sign in front of y is flipped. There are two ways to render the
algebra invariant under this symmetry. The simplest one is to exchange the two Drinfeld currents
e(z) < f(z). A more involved realization consists in exchanging the positive and negative modes
of the generators, ¢, < e_g, fr < [k, w,j < ¥, , while also inversing the spectral parameter
z <> z~!. This automorphism can be physically interpreted as a parity transformation along the S'
compact direction.

3. Rank-n representation

The rank-n representation is obtained as an n-tensor product of the action over Macdonald polyno-
mials [59] using the coproduct of £ [23,25,60]. Thus, the Hilbert space V is spanned by the AFLT
states |7, Y ) parameterized by n Young diagrams Y = (Ye)y_,- The n-vector 7 defines a set of central
charges (or weights) characterizing the space of representation. This basis is orthonormal, and is
sometimes called the “fixed-point basis” [23], because each state corresponds to a fixed point in the
calculation of Nekrasov’s partition function for A-type gauge theories. The shape of Young diagrams
can be encoded in one of the two sets A(f/ ) and R( Y ) respectively corresponding to the set of boxes
that can be added to or removed from the diagrams. In addition, we introduce for each box x = (¢, i, )

with (i,j) € Y; a coordinate-like number x, = tgq’1 1q£ L

3.1. Representation of algebra £

The action of the generators e(z), f(z), wi(z) on the AFLT basis may be found in Refs. [23,60].
We make a minor modification of the action of e(z) and f'(z) and change the normalization of the
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basis’ to render the coefficients symmetric between e(z) and f (z), up to the overall factor z” as in
Ref. [21]:

e@LY) = Y 8/ x)AD) LT +x), 3.1)
xeA(Y)
f@RY)=z2" 3" 8G/x)A(Y) 1Y —x), (3.2)
xeR(Y)
VEQLY) = [V )], 1L T). (3.3)

Here Y + x denotes the addition/subtraction of a box x from the n-tuple Young diagram Y. The
coefficients Wy (z) and Ay(Y) are defined by

—1

_ — zZ—q3X z—4q3 X
V@ =0-gHd-gw [ —= [ —== (3.4)

o Z— Xx - 27 Xx

x€A(Y) x€R(Y)
- 1 1 - XxX_lqg_1 1—x X*Iq_l
A =3 R @) = [ ——=— [] ===~ 69
4 ! veaty - XK ey T XKy
y#X y#X

The sign in the second term in Eq. (3.5) is negative for x € A(f/ ) and positive when x € R(I7 ). The
consistency of the representation (3.1)—(3.3) with the algebra (2.3)—(2.6) is checked in Appendix B.
The eigenvalues Wy (z) are rational functions with simple poles at z = x, forx € A(}7 yu R()? ), and
their residues coincide with the coefficients in the action of e(z), f(2).

We added brackets [- - -]+ in Eq. (3.3). Even though the eigenvalue Wy (z) is common to both
operators ¥ (z), it should be expanded in powers of z~! if we consider the action of ¥+, while in
powers of z for the action of ¥ ~. The notation [- - - |1 implies that the expression inside the brackets
should be expanded in terms of zT!. Such a distinction is essential, and may be better understood in
the following example. Let us consider the two expansions of

(3.6)

zZ—Ww

z _ {zziow/z)", 2] > |wl,

=2 /W), 2] < wl.

While the left-hand side of both series is formally identical, the difference between the right-hand
sides is nonvanishing: ) _, _,(z/w)" = §(z/w). Likewise, the difference between the actions of YE(2)
does not vanish, but is instead represented by a sum of §-functions centered at the poles of W5 (z2):

W@ -y @) i, ?>=y1(— Yo+ > )x;”s(z/xx)Ax(ff)2 LY).  (37)
x€d(Y) xeR(Y)

In the following, we meet some operators with a & index that apparently have the same eigenvalue.
The notation [- - - |+ will be used to make the distinction explicit.

7 The precise form of the modification of the basis and generators is given in Appendix B.
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The action of positive and negative modes of e(z), f (z) is easily deduced from Egs. (3.1), (3.2):

- = [ A ? - =
@) == 3 ) } 7,7 +x),
1 —zxy
xed(¥) L +
.- [ A(D)
fr@Y)y== > 1 }
xeR(Y) L -
.- [ ALY -
@)=Y —()_1} 7Y +x),
Tl —zxy
xed(¥) L -
B, (A - -
@Y= > | === | LY —x). (3.8)
1 —ZXx
xeR(Y) L -
We define the bra basis by {1, |7 Y’ ) = 85 j,- The action of any generator O on the bra basis is
determined by ((t Y|(9)|t Y) (? f’|((9|? 17) In particular, we have
LYl = Y 8(/x)A(V)({E Y —x|, (3.9)
xeR(Y)
EYf@=2" ) 8E/x) AN Y +x|. (3.10)
xeA(Y)

In the derivation of these formulae, we have used the identities Ax(f/ —x) = Ax( Y ) forx € R(I? )
and Ay (Y +x) = A, (Y) forx € A(Y).

3.2.  FEigenvalues for the extra Cartan generators and vertex operators

As emphasized in the previous section, it is more useful to extend the algebra £ by the introduction
of the extra diagonal generators D(z), U, together with the vertex operator written in terms of ®.
The action of these generators on the basis is written in a compact diagonal form. For instance, the
action of D(z) on the AFLT basis reads

Dilt,Y) =" ()" 2. 1),

re?
or D@)I,Y) =) 8@/x)lt.Y) with D@) =Y Dz *. (3.11)
xeY kel

The action of exponentiated operators on the AFLT basis can be derived from Eq. (3.11). The
expansions at z = oo (for &) or z = 0 can be re-summed to produce simple products:

LYy = |[]e—xo | BY). e PELY)=|[[a-zx7 | EY). (.12
xe¥ + xeY -

Since the expressions in the right-hand side have no singularities, their asymptotic series expansions
are convergent in the whole complex plane, and the vertex operators can be safely analytically
continued.

7/41



PTEP 2016, 123B05 J.-E. Bourgine et al.

Using a specialization of the shell formula that describes the cancelation between the factors
associated to the boxes of a Young diagram to produce only edge contributions,

(Z — X))z — 93 Xx) nxeR(f’)(Z — Xx43 )

it is possible to evaluate the action of J*(z) on the AFLT basis,
YE@ T = |VEa D] ), (3.14)

with the eigenvalues expanded at z = oo and z = 0 respectively,

ey =27 'x oo ey 26!
xeA(Y) x , y_(Z,Y)Z xeA(Y) X 13

YY) = ——
nxeR(?) 1 =27 xxq5 erR(f/) I —zxx

(3.15)

It can be shown using the shell formula that these rational functions are related through the formula
V3. V) = v(zg3)" V@ V). (3.16)

Finally the action of the operator &/ on the AFLT basis is written

ULY) =] x:lf. 7); (3.17)

xe¥

it will be employed to describe the contribution of Chern—Simons terms to the partition function of
5d super Yang—Mills.

4. Nekrasov partition function and discrete Ward identities
4.1. Building blocks

As in the description of the 4d case in Ref. [55], 5d Nekrasov instanton partition functions can be
obtained by combining specific coherent states and operators of the finite-rank representations of
E. They are the g-deformed version of the Gaiotto state, intertwiner, dilatation and flavor vertex
operators, and trivalent vertex. In this section, we define these building blocks and explain how the
partition function is constructed by combining them.

Gaiotto state. The simplest N' = 1 SYM theory contains only a single gauge multiplet with gauge
group U (n). It is associated with the rank-n representation space V of the algebra £. In this case, the
Nekrasov partition function® is obtained as the norm of the Gaiotto state defined in Refs. [27,28,30]
as a Whittaker state for the q-Virasoro (or q-W) algebra. The construction for the algebra £ is given in
Refs. [60,61]. This q-deformed version of the Virasoro Gaiotto state [62—65] produces the instanton
partition function by inner product:

Zinst. = (G, 114" |G, 1), (4.1)

8 We regard here only the instanton contribution to the full partition function. The perturbative part, consisting
of classical and one-loop contributions, will not be discussed.
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Y!

Fig. 1. Convention for the labeling of a box x = (7,/) in Young diagrams.

where the grading by the exponentiated gauge coupling ¢ = exp(2mwit) has been factorized out
of the states. The dilatation operator D = Dg corresponds to the zero mode of the operator D(z)
defined in Eq. (3.11): it is equivalent to the Virasoro zero-mode Lg. This operator is diagonal in the
AFLT basis |7, Y ) with eigenvalue |I7 | equal to the total number of boxes in the n-tuple diagram Y.
The Gaiotto state corresponds to a sum over all the states |7, }7) with a weight expressing the vector
multiplet contribution to the partition function,

6.1 =Y (2@ D)) ), (4.2)

Y

where the vector contribution is a product over Nekrasov factors Ny, y,(z) indexed by two Young
diagrams [66]:

n
Zuea & V)7 = [T Myt ™, (4.3)
k=1

"4 y®_jq YO —ipt _yOy,
Ny = ] (1—zq1 g > I1 (1—tqlf a ) (4.4)

@F))ely @er;

In this expression, Y’ denotes the transpose of the Young diagram Y, and Y; is the number of boxes
in the ith row of the diagram Y.° The Nekrasov partition function for pure U (n) gauge theory is
reproduced from Eq. (4.1) using the orthonormality of the AFLT states,

Zinst. = Z q‘levect. (?9 ?) (4'5)
Y

Intertwiner. When the quiver diagram of the gauge theory has more than one node, we need to
introduce several representation spaces, one for each node. The intertwiner inserted between nodes

° The convention for box labels inside Young diagrams has been reversed from what was used in Ref. [55]:
(i,7) now denotes the box in the ith row and jth column (see Fig. 1).
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k and [ is defined as an operator acting in the space V;, and taking a value in the space Vj,'°
Via (g, il i) = Vi = Vi (4.6)

In addition to the central parameters 7, and 7; of the two representation spaces, it also depends on an
extra twist parameter itz;. In gauge theory, the intertwiner describes the contribution of bifundamental
fields transforming under the gauge group U (n;) x U (n;), and g denotes the mass of these fields.
Hence, the definition of the intertwiner involves the bifundamental contribution to the instanton
partition function, suitably normalized by the vector contributions of the two gauge groups:

Vica (s il ) = Z Zofa. (e, Yies 11, Yilpwa) 11, Yie) {81, Y1l
?k:fll

N . N V) Y e Lo
Zoga. (s Vi3 11 Vliaaa) = (Zueet Gt V) Zvect 0, 1)) Zoga s Vis, Vilpua). - (47)

The bifundamental partition function is a well-known quantity that can be found, e.g., in Ref. [27,71].
It can be expressed as a product over the Young diagrams composing the n-tuples Y and n’-tuple 74
of the Nekrasov factor (4.4),

n /

n
Zopa G Y0, W ) = ][] N, oty 1. (4.8)
p=1¢g=1

It is readily observed that the vector contribution given in Eq. (4.3) is a particular case of the
bifundamental contribution, obtained for two identical n-tuple Young diagrams and a bifundamental
mass of unity:

- -

Zyeet. i, V) = Zosa. (4, Y51, Y1) 7L (4.9)

Once defined, the intertwiner, pure A/ = 1 SYM instanton partition function with gauge group
U (n1) x U(ny) and exponentiated gauge couplings ¢ and g, can be written as a double expectation
value in each representation space,

Zing. = (G 11107 V12 (11, 2|w) a7 |G, 1)
ni_|Y - 3 - 3 R R
=Y a0y Zoeer, (1. V1) Zveer, (2. Y2) Zoga. (1. Y13 12, Vol ). (4.10)
f]ls?Z
This expression generalizes without effort to linear quivers in the absence of fundamen-

tal/antifundamental matter fields. Affine 4 quiver partition functions are obtained by taking the
trace over the representation space. For instance, for a single gauge group U (n),

Zing. =t [aPV2@ 1] = 30" Zueer (1. 7) Zoga (. V172 V| 10)
Y

=Y a1 Zyeer (. V) Zag. (s 1. V), (4.11)
Y

10 This intertwiner is affiliated to the vertex operator constructed in Ref. [61] upon the Ding—Iohara algebra.
For the rank-two representation, it is expected to be equivalent to the g-Virasoro vertex operator constructed
in Ref. [67] (see also Refs. [68—70] for previous works).
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where the trace tr is defined as a sum over the vectors |7, Y ) spanning the AFLT basis, with a weight
of 1:

trO=> ({@Y|0[7Y). 4.12
w0 =) (Y0l ¥) (4.12)

Chern—Simons term. In five dimensions, a Chern—Simons term with level « can be added to the
action without spoiling the supersymmetry. As a result, the partition function associated with the
fixed point of the localization is modified by the inclusion of the factor

Zeste, V) = | (o) (4.13)
xeY

As we previously mentioned, the inclusion of such a term is implemented by the insertion of the
operator (U4)* in the inner product of the representation space associated to the corresponding node.
The insertion of this operator is equivalent to a modification of the representation by a redefinition
of the basis,

2,7) := UL, 7). (4.14)

In the new representation space V), the action of the Drinfeld currents is modified as

e@EY) =27 Y 8G/x)AY) LY +x),, (4.15)
xed(Y)

f@ET) =2 3" 8/ x)A(T) 1Y —x) . (4.16)
xeR(Y)

As before, the action on bra vectors is determined from the orthonormality condition

YY) =[]0 ™ 85 5 (4.17)

xeY

Flavor vertex operators. To introduce matter fields in 5d SYM, it is necessary to distinguish
between fundamental and antifundamental representations of the gauge groups, since the two contri-
butions are different. These contributions depend on a mass vector m (resp. n for the antifundamental)
with ny (resp. n7) components, in addition to the parameters 1, n characterizing the node with which
the matter is coupled. They are obtained from the bifundamental contribution (4.8) by specialization
to an empty ny-tuple Young diagram,

Zhund. (51, Y) = Zoga. 0, V3, B11),  Zag (31, Y) = Zppa (i, 57, Y|1). (4.18)
Explicitly,
ny
Zfuna. (131, Y) = H [10=xas'mD, Zar@mi D =[][[a-mxH @19
f=1xey f=1xey
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These factors can be obtained by acting on the states of the rank-n representation with the vertex
operators defined in Eq. (3.12),

Uoa @ILT) = [Zana 57D 7). U le T = [Zac@ii D] T @20

nf ;‘f
Upoa () == [ [mpqz) Pe®+r ) U= (i) o= [ e, (4.21)
S=l1 f=1

where the action of the zero mode of ®, (z) has been canceled using the dilatation operator D. These
operators are diagonal in the AFLT basis and reproduce the contributions (4.18) when acted upon
these states. For instance, matter ' = 1 SYM with U (n) gauge group is obtained as

Zing. = (G, 10 Uy U )G, 1) = Yo" Zyeet (7, V) Ziuna (37, V) Za 5. (1 7, 7). (4.22)
Y

With the use of the Chern—Simons operator, one may obtain an alternative expression for U;gn 4 and
U_.:
£

a

nf
Uppna ) = U | [(=myq3)~Pe®-4, (4.23)
f=1
ny
Uty =uU™" H(_I)D o P+ (p) (4.24)
f=1

Finally in Eq. (4.20) we have the symbol [- - - ] to imply the expansion with respect to the mass
parameters my, my at 0 or oo since they appear as the arguments of ®... We note, however, that
the two formal expansions [ Zgg.]+ coincide after the summation since there are no simple poles
in Zfnd., Zat. In this sense, we will abbreviate the formal expansion symbol [- - - ]+ and treat the
parameters my, iy as taking finite values in the following.

Trivalent vertex. For the description of the quiver gauge theory with bifurcation, we need to further
introduce a trivalent vertex,

T Dm =D Zuect Y)Y ) @ EY), @ [1,7),,. (4.25)
Y

We refer to the discussion section of Ref. [55] for some examples. Unlike the other building blocks,
the action of £ generators on the trivalent vertex is difficult to evaluate at this moment. For this
reason, our discussion in this paper is limited to the linear (and affine) quiver gauge theories.

4.2. Discrete Ward identities

In Appendix C, a set of identities is derived by examination of the variation of the most general
Nekrasov-type factors under the addition or subtraction of boxes in the Young diagrams. These
identities are the analogue of the loop equations in random matrix models; here they will be called
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discrete Ward identities to emphasize the fact that they encode the covariance under the symmetry
algebra acting on instanton partition functions. They are the g-analogue of the recursion relations
studied in Refs. [21,55]:

1

- = - o _ -1 -1 —
Zoa Y +x;0, W) eaoin ! — ety a3 1

- = - — , (4.26)
Zora (0, Y30, W |w) [Tyerqin L = xexs 7!
7y o - ~1,,—1
Zoua 0V — it W) Tlherain L= 000 1 (4.27)
2o @YW Tlheagin ! = xexy a5 w71
2 V.o T - —1,-1
bed( s Y’ /7 W +x|/'L) _ l_[yeA(Y) 1 - XyXx 2 (4 28)
Zoia, (4, Y31, W |0) [Teriy ! — Xoxe gy tul
- = 2 - _ -1 —1
Zoia (&, Y0, W —x [1 il —xx 1CI M
bed. ( Be - [1) _ yer@ yXx 43 . 4.29)

Zota. (1, Y51/, W) [eay ! = xpxs 1!

The recursion formulae for the vector multiplet can be obtained by using the relation (4.9) after a
careful treatment of the contact terms in the limit 4 — 1:

ZVCCt.(?a ? +x) N 1 HyeR(f/)(l - Xny_l)(l - XyXx_lqg,_l) (4 30)
Zvea V) (=) =) [Ty, (1 = ey a5 DA = xx: ) '
y#x
Zyeer £,V —x) 1 [eady = xexy a3 D = ) s
Zve 7)) (T=a)( =02 [T cpiy (1= ey DA = x5 a5 ) '
YF#X

5. Action of the algebra on Nekrasov partition functions

5.1. Gaiotto state

The Drinfeld currents have a very remarkable action on Gaiotto states that can be written in terms of
the operators Y. The corresponding expressions, obtained after imposing a certain constraint on the
Chern—Simons level, can be written in a projected form that removes singularities at infinity/origin.
The projectors on the positive/negative powers in the expansion at z = oo, will be denoted PZ ; they
are defined as follows:

_ F(w) dw
Pt +P_ =1, PLF() = —, 5.1
S (@) ioz—w2in SR
or explicitly for any function F'(z) expanded at z = oo as
o) 00 d
F(z) = Z Fiz%, P_F(z) = Zsz—k, PLF(z) = ZF_kzk. (5.2)
k=—d k=1 k=0
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Similarly, P(jf denotes the projection on the positive/negative powers in the expansion at z = 0:'!

_ _ Fw) dw
Pl +P, =1, P F(z) = —,
0 % 0 @) 7% z—w?2in
0 d o0
Foy= Y Fz* = PiF@ =) Fuz* PiF@ =) F (5.3)
k=—d k=1 k=0

It is now possible to present one of the main results of this article: the actions of the Drinfeld
currents on a Gaiotto state. We refer the reader to Appendix D for the details of the derivation:

e+ ()G, = =P, (Z Vs H) 16,7 fork <0,

e-(|G, 1) =rP{E YV @)IG, 1) fork >n,

f+ @G, 1) = Py, (;+_(z)) |G,7) fork >0,

K

/- @G, 1) = —rvgiPy (m) |G, ) fork <n, (5.4)

where we have introduced a shortcut notation for the normalization constant

r=[1—-q)—g)]" V2. (5.5)

We note that positive modes of the Drinfeld currents involve a projection at infinity to remove an
unwanted pole contribution, while negative modes involve a projection at the origin. These compact
expressions are only possible upon a restriction on the Chern—Simons level parameter. The dual
actions on the bra Gaiotto state are given by the following expressions:

—K

(G.iles(z) = rPL, (K(G,7|;+—(Z)) for k <,

Zn—l(
Y~ (zq3)
G TIf () = =rvP, (o (G, AV s ) fork = m,

« (G tle—(z) = —rvgiP (K<G,7| ) for k > 0,
G- (@) = rP{ (G, 112"V (z))  fork < 0. (5.6)

Expanding these results either at z = oo or z = 0 in the case of vanishing Chern—Simons level « = 0
produces the characterization of the Whittaker states in the rank-# representation,

HIG, 1) = —vrgh|G, 1), £ilG, =0, k=1,....n—1, f|G1=r|GD, (57

In the case n = 1, these conditions reproduce the characterization of the Whittaker state for the
Ding—Iohara algebra employed in Ref. [60].

' The role of P* is naturally exchanged here since the singular part of the expansion contains (strictly)
negative powers at z = 0 and positive powers at z = co.
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5.2.  Intertwiner

When the representation spaces carry a Chern—Simons index, the intertwiner operator defined in
Eq. (4.7) has to be modified into

Vi, Bl ke, k) 2 VE — P,

Vio(i, bl k') = Y Zofa (0, Yis b, YVal) [11, V1) o (2, Y2l (5-8)
i}l:i}z

The action of the positive/negative modes of the Drinfeld currents e(z) and f(z) on this deformed
intertwiner is evaluated in Appendix D. It is observed that the action simplifies when the Chern—
Simons levels « and «” of the two representation spaces are related through

k' =k +ny —ny, (5.9)

where n1 and n, denote the rank of the representation. In this case, the action of the currents can be
written in terms of the diagonal operators Y (z), suitably projected, and provided a proper behavior
is assumed at z = 0 or z = oo. The latter condition imposes a further restriction on the range of the
CS parameters:

’ V1 ) / -1 _—1
e+(Z)V12(M,K,K)—E(6]3M) w2V, ke, ke (zu™ g3 )

Vi ny — —k" N+ —1 ! 1
= -t P- |2y V(e k) ———— | , k<0,
nh { °°< @ 2zl )yﬂL(czglu—lz)ﬂJr

V1 7 1
e @) V2, k") — E(qzu) UV, i,k Ve (z g3

=r [P(—;_ (Z_Ky_(Z)VIZ(MaKaK/)m)}_ s K/ > 05
Fr@Via(us e,y — 1 2 Vin (s e, k) f (2™

I Y A -1 -
=rvu m POQ (y+—(Z)V12(M,K>K,)y+(ZQ31M 1))i| , k>0,
Jr

F-@Via (s, k") — X T2V ke, kN (i)

n [ z* NV~ - /
= _VV1Q31 -Pa_ (mVIZ(MaKvK )y (Z,bL 1))]_9 K < 09 (510)

where we have employed the shortcut notation V1, (71 , b |, i, k") = Via(u, i, k7). It is easy to verify
that when one of the representation spaces becomes trivial, the intertwiner reduces to a Gaiotto state
(bra or ket), and the identities (5.4) and (5.6) are recovered.

5.3.  Flavor vertex operators

The Chern—Simons and flavor vertex operators are special cases of a more general vertex operator
depending on two sets of insertion points {z;} with i € I and {w;} withj € J,

Ur(zih twih) = exp [ D @ulz) — Y da(wy) | . (5.11)

iel jeJ
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The commutation relations with Drinfeld currents are derived by considering the action on the AFLT
basis, forming a faithful representation of the algebra,

(W) — )

U (21}, D)~ e U (i), (w)) = %ew,

Us({zi), (W)™ @ Uy (zi), wyh) = %f@),
[ (W)
(A —wu)

U_(zi), D)~ e U—(lzi), wy)) = %em

. I =z )

U-({zi}, (W)™ f@U-({z:}, {w;}) = mf(u)- (5.12)

j j

Similar identities can be established for the positive/negative modes by applying the projections P~
or P to the Laurent expansion of the right-hand side. It is instructive to specialize to the case of the
flavor vertex operator,

Utund. () T e(2) Upyna. ()" = prund. (2q5 ) Fe(2),
Utund. (M) (2) Upand. () ! = prana (25 HEf ),
Ut (M) e@ Ups () *' = pas(2)Fe(2),

Ut ()T @ Ut () = pas(2)*' (), (5.13)

where we have introduced the mass polynomials in variables z or z~! respectively,
y y
Pnd.@) = [[A=2zm ), par@ =[] —apz". (5.14)
f=1 f=1

6. qq-character and Ward identity

6.1. Pure U(n) gauge theories with a Chern—Simons term

The simplest 5d ' = 1 SYM theory consists of a single U (n) vector multiplet without any matter
field. The Hilbert space contains only one copy of the rank-n representation space V. Including a
Chern—Simons term, it is more convenient to consider two representation spaces V*1) and V*®)
with the deformed scalar product (4.17). A weighted trace for operators @ : V*1) — V&R) acting
in this space can be defined as the g-graded normalized expectation value in a Gaiotto state,

(G,114°0|G, D 1 d e e -
(0) =2 >R . . 0" Zveet (0, 7) i (LY IO Y ) g
R (G T1PIG T KL<G,r|qD|G,t>KR; e -
(6.1)
The instanton partition function coincides with the normalization factor,
Zinst. = (G, 11871G, D (6.2)

Two Chern—Simons levels have been introduced, «1. and xR, each associated to a different Hilbert
space. However, due to the form of the scalar product (4.17), the instanton partition function depends
only on the difference of the Chern—Simons levels. Accordingly, all physical quantities are expected
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to depend only on the effective Chern—Simons level keff = kr — kL. If so, the theory is invariant
under the shift of k., and xr by an arbitrary integer; this extra symmetry will be fixed later.

The Ward identities can be deduced from the equivalence between the action of Drinfeld currents
on the left and on the right for the Gaiotto states defining the trace. Considering the trace of /1 (z),
the two Chern—Simons levels must be restricted to k< > n and kg > 0 to be able to employ the
projection formulas given in Egs. (5.4), (5.6), and derive

ZKR—N

G <<J}+—(Z)><KL,KR>> =P <VZKLy+(Zq3_1)>(KL,KR>’ (63)

where the commutation relation with g2 is easily obtained by noticing that £ (z) adds boxes to (7, Y |
when acting on the left. The Ward identity follows,

ZHeff

P ZKL_"<vz”y+(Zq3_l) + q—> } =0, (6.4)
> |: Yt (KLkR)

which corresponds to a particular linear combination of the discrete Ward identities presented in

Eq. (4.30). It suggests defining the qq-character as

K

eff
x+(2) = <vz”y+(zq3_ D+ yZ T (Z)> : (6.5)
(kL,kR)

As seen from formula (3.15), the eigenvalues of the operator ) (z) do not depend on the Chern—
Simons level of the representation space. As a result, x4 (z) depends only on the effective level kefr.
Its asymptotic properties can be deduced from those of the eigenvalues of Yt (z), and lead to the
expansion

d
x+@ > > xi, (6.6)
k=—00

with d = max(n, kefr). Setting » = k. — n, the Ward identity (6.4) takes the form

—r—1

d
Po| Yo kA =) k=0, (6.7)
k=—00

k=—00

or equivalently x ,:r = 0 for £ < —r. The strongest requirement is obtained for » = 0 (or kL = n)
leading to le = 0 for k£ < 0. The result is that x4 (z) is a polynomial of degree max(n, ketr), and
Keff > —n. Furthermore, the expression (6.4) is reminiscent of the Seiberg—Witten curve YV 4 q/) «
P, (z), with P, (z) representing a polynomial of degree » in z. In fact, it is shown in the next section
that the qq-character degenerates to the polynomial P,(z) in the limit q1, g2 — 1. It is thus natural
to assume that it is of degree d = n. Given the previous constraints on the Chern—Simons level, the
effective level of the theory is restricted to the range —n < k. < n, in agreement with the bounds
obtained in Ref. [72].

The same result can also be derived by examination of the action of the positive modes of the
Drinfeld current e(z),

1
<€+(Z)>(/<L,KR) = —VP;O |:VZn_KR (y+(ZCI3_1)>(KL’KR)i| = qu;o |:Z_KL <y+(Z) >( ):| > (6.8)
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with the restrictions kg < 0, k. < n. The Ward identity reads

po |z <vz"y+(zq3‘ h gt > — 0.
V(@) (kL,KR)

The strongest requirement is obtained by setting kg = 0, and again this imposes that y (z) defined
in Eq. (6.5) is a polynomial, and k.ff > —n. As explained previously, assuming that it is of degree
exactly n further constrains the effective level to be in the physical range —n < ke < n.

A similar analysis can be performed for the negative modes of the Drinfeld currents, with the
projections taken at the origin. For instance, the trace of /_ (z) provides the Ward identity

Keff +n
Py (] =0, with y_() = (V- Z—> : 6.9
d [Z X (Z)] Wi X (Z) <y (Z) + q Uqu_ (Zq:;) ) ( )

for kg < nand k. < 0. Like x4 (z), the qq-character y_(z) depends only on the difference ke of
the two Chern—Simons levels. Introducing the asymptotic expansion of

o
z7 " _(z) >~ Z Xk_zk, d = —min(—n, kefr), (6.10)
k=—d’

into the Ward identity (6.9) gives

o8} o0
Py | Do x| = Y M=o, (6.11)
k=—d’ k=—xr.

equivalent to x, = 0 for k > —«.. This identity is valid for ki, < 0, and the strongest requirement

is obtained after setting ki, = —1 (so that ket = kg + 1 < n). It provides x,~ = 0 for k > 0, and
d/
-@ =) x5 (6.12)
k=0

is a polynomial provided that d’ < n, which is realized in the physical range —n < ke < n. Due to
the relation (3.16) between the eigenvalues of the operators ) (z) and Y~ (z), the two qg-characters
defined in Egs. (6.5) and (6.9) describe the same quantity, i.e., x_(z) = x.(z).'? This is why in the
following we will drop the index + of the notation for the qq-character.

An explicit expression for x (z) can easily be derived by expanding the right-hand side of (6.5) at
infinity, using the expression (3.15) for the eigenvalues. In the pure gauge case, k.¢f = 0, and only
the first term in Eq. (6.5) contributes to the polynomial part,

1
x(@) =vz" 1+;< Dot ) qaxx> +0@E"). (6.13)

xeR(Y) xed(¥)

This result can also be expressed as a sum over the box content of Y using the shell formula (3.13);
this is done in Appendix E up to the order O(z"3).

12 The qq-characters x (z) (resp. x_(z)) were primarily defined as an expansion around z = oo (resp. z = 0).
However, being polynomials, they can be analytically continued safely to the whole complex plane on which
they coincide.
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6.2. qq-characters for super Yang—Mills with fundamental multiplets

The weighted trace associated to a U (n) gauge theory with a number of fundamental and antifun-
damental flavors is normalized by the instanton partition function (4.22). Its definition involves the
introduction of flavor vertex operators in the expectation value of a Gaiotto state,

(G, 719 Upuna. () Uy £ (M) O| G, 7)
(G, 119 Ugung, () Uy 1. (1) | G, 1)
1 N

= — > 2o, V) Zpuna. (131, ¥) Zo.5. (3 7, 7) (7,
Zinst. ?

(0) =

|O[4, 7). (6.14)

Here, for simplicity, we have turned off the Chern—Simons levels k r.

In order to derive the regularity of the qq-character, we need to know the action of the
positive/negative modes of the Drinfeld currents e(z) and f'(z) on the flavor vertex operators. Unfor-
tunately, this action was only given in terms of the full currents in Eq. (5.13), and these relations
need to be projected on the proper modes. For the sake of the argument, let us consider the positive
modes e (z) and the fundamental mass operator. The relation (5.13) involving the full current e(z)
reads

Utund. ()€ (2) = Prund (245 e (2) Ugand, (772) (6.15)

where pfund.(2) is a polynomial of degree ny < n. The action of e (z) on a state |7, Y ) is obtained
from e(z) by projecting out the positive powers of z at infinity, so that formally e, (z) = P_ e(2).
Using the property that for any polynomial p(z) we have P__p (Z)P;rO =0and P__p(z)P,, = P_p(2),
it is shown that!?

Uuna G)e+ (2) = P, [ Prund. (205 )e () Usuna ()| = P, | runa. G5 e+ () Upna G0 |+ (6.16)

A similar relation can be obtained for the antifundamental flavor vertex operator, exploiting the fact
that zp, £ (z) is a polynomial for k¥ > ny. For this purpose, it is useful to introduce the identity in
the form U~ U* = 1 in the trace (6.14), and consider the commutation relation of

U Uy g, ()e(z2) = 2Pas.(2)e@U Uy g (), (6.17)
which can be projected on positive modes,
U Uy (e (2) = P, U  Ung (ine(@) | = PX, [#*pas @e@U Uar (i) ]
= P [#Pur @es U Vg )| (6.18)

These properties can be applied to derive the regularity of the qq-character. First, consider the
action on the right using the formula (5.4),

(€4 (2)) = —rvP2" (y+(zq3—1)>, (6.19)

13 This property is due to the fact that for any rational function F(z), P! F(z) is a polynomial, and so is
p(z)PL F(z). Expanded at z = o0, a polynomial has no negative powers of z, and so P__p(z)PZ = 0. The
second relation is deduced from the definition of the dual projector P, = 1 — P,
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and then on the left, inserting the two spurious Chern—Simons levels, taking k > 7y

(e4(2)) = (G, 710 Upuna. (1) Up £ (U~ U¥ €4 (2)|G, 1)

inst.

| _ - . 5 .
= P [#Puna a5 DPas ) (G, 11074 (2) Utund. () Ua. () G ) |
1nst.

= quoo |:Z Pfund. (ZCI3 l)pa.f. (Z)Poo <y+ ) >i|

-1
] 620

The second equality is obtained using the commutation relations (6.16) and (6.18), and then absorbing
the Chern—Simons operators within the Gaiotto states. The third equality follows from the left
action (5.6) on the Gaiotto state, which is obtained for ¥ < n, which implies 7y < n. This inequality
is always true for a physical theory. Finally, it is observed that the second projector can be omitted
since « is assumed strictly positive in this computation. Combining the two previous results, we find
that

_ - m(z) -
PLIxT®]=0, xT2)= <VZ"37+(ZQ3 H+ qy+—(z)> m(z) = prund. (245 pas @), (6.21)
which implies that x (z) is a polynomial. For physical theories with ny + 7y < n, it is of degree n.
Using the negative modes of the Drinfeld currents, it is possible to show that the qq-character defined
around z = 0 by

_(Z)—<y_(z)+ v(zq3)" m(z) > (6.22)
s Wy 2g3) '

is also a polynomial of degree n. In fact, due to the relation (3.16) between the eigenvalues of
operators Y1 (z) and Y~ (z), the two qg-characters are identical, namely x*(z) = x ~(z) for the
analytic continuation to z € C.

It is instructive to compare the results obtained in this section with the work of Nekrasov, Pestun,
and Shatashvili in Ref. [15] (see also Ref. [46]) where two operators were introduced,

n PE(z q1/2) +1/2
XNPS(Z) = prs(Z) + yi( ) = prs( q3 )5 (6.23)
prs(Zq3)
with the following mass-dependent functions:
Pr@) =qulz7"miz), P () = qugiz"m(). (6.24)

Using the previous identification, it is possible to relate our definition of the qg-characters to the
operators defined in Ref. [15],

- y_m) 1 M)
Tes(as ) = V7@ +aveqn)'5mC s AsEay ) = Ve v g
= x (@)= <)A(§ps(ZQ3 > +(Z) =z <XNPs(Z‘I3 1/2)>- (6.25)
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6.3.  Characters of linear quivers

In a general quiver gauge theory, a representation space V; is attached to each node i of the quiver.
To each operator O; acting in the space V; can be associated the following weighted trace:

1

)_} 54 i - - - = - d 2
O =23 [T 0 Zvect G Yo Zuna ok e, Vo) Za. (s T V) Zes (e, Vi)
mnst. ¥, nodesk
x [T 2ot G Vsl Viliw) x (G, Vil Oi [, o). (6.26)
links (ki)

This quantity can be obtained by insertion of the operator in the corresponding expectation value,

1 - - = - -
(0i) = ——(G, 117 Ununa. (1) Ua (i) Ucs (D) Vi (11, fa 12
nst.

-+ Ucs (k) O Vi1 (i, i1 | i 1) - - |G, 1), (6.27)

A gq-character Xii (2) is attached to each node of the quiver, and we can repeat the same procedure
as in the one-node case to obtain their expressions, introducing a Drinfeld current e (z) or f1(z)
acting in the space V;. Again, it is useful to deform the representation spaces by adding spurious
Chern—Simons levels «1; and xR; for the bra and ket states of the ith node respectively, the final result
depending only on the differences «; = «r; — kL;-

As an illustration, the case of a quiver 4> without fundamental/antifundamental matter fields is
treated in Appendix F. There, it is assumed that the Chern—Simons levels belong to the physical
range [15]'

—n1 <Ky <np—mny, ny—ny<ky<ny. (6.28)

Traces of operators are defined explicitly as

(O1) = Z (G 11 aY OV (B, 2l i, kR1 KL2) 05 |Gy 1) gy 5
1nst.
1 - - S -

(O7) = Z (G0 af Vit Bl kr1, €02) 95 O G, 6) i, - (6.29)
1nst.

Using the positive modes of the Drinfeld current, it is shown that the following qq-characters

+ -1 -1 K1+K2
+ nyy)+ -1 —ny _K1+n yZ (ZqS no) —ky 2
X @ = (2" V] (zg5 ) + qop PN e P ),
1 < 1 3 yl-F(Z) y;‘(zu—l)
+ K1+K2+n2—ny
+ ny -+ —1 K yl (Z/’L) V2 ki+my—n1 | k—ni 2
Xy (2) = {1z Y) (23 ) + @z ——— + q1d2—¢ pMN —————), (6.30)
’ < 2 @) w Vg

14 1t is also assumed that the theory is in the asymptotically free or conformal class, which restricts the ranks
of the gauge groups to obey % < % < 2, thus ensuring that the physical range of Chern—Simons parameters
is nonempty.
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are polynomials in the physical range (6.28), of degrees 71 and n, respectively. Similarly, it follows
from the invariance under the action of the negative modes that the qq-characters

_ _ yZ_ (Z;,L_l) by e K1+
x; @ ={Y (Z)+q1v1qnlzk1+n1_—+q1q2U2q zlu Ko—n) = ,
X @) =(), @)+ q22qn2_nlﬂ_nlzk2+”2—n1 yl__(zqsu) + q1q2U2qK1+n2+n1M,K1 AR
(6.31)

are also polynomials of degree n; and n5. It is observed that due to the relation (3.16) between the
eigenvalues of Y7 (z) and Y~ (z), the qg-characters defined in Eqgs. (6.30) and (6.31) are actually
equivalent, namely x;"(z) = x; (z) fori = 1,2.

The Z,-symmetry corresponding to exchanging the two nodes of the A quiver involves a nontrivial
mapping of the parameters that can be understood upon examining the bifundamental contribution

— Zoga (2, Ya3 11, V1 (1eq3) ™).
Zcs(ny, 12)
(6.32)

When the two nodes are exchanged, the ranks of the two gauge groups are obviously mapped to each

SN —1%al (V1| —mIVal —ny|Tal=ma|Fy) 2CS (12, Y1)
Zpta. (11, Y1502, Y2l ) = vy 750y g p il =22

other, n1 < ny, and so are the central parameters ?1 <~ ?2 (and v{ <> vy). On the other hand, due to
the presence of extra factors in Eq. (6.32), the Chern—Simons levels transform as

K1+ ny — Ky, ky—np — ki, (6.33)

the mass of the bifundamental multiplet is inverted and shifted, u — (g3 w)~ !, and the gauge
coupling parameters receive corrections in the form of extra factors:

Q™ = g2, qavy(ga) ™M — g1 (6.34)

Under this symmetry, it is readily observed from Egs. (6.30) and (6.31) that the qq-character Xli(z)
is mapped to Xzi (z) and vice versa.

7. Quantum Seiberg—Witten geometry

In the limit g1, g» — 1, the background reduces to R* x S1, and the expressions of the qg-characters
x T in terms of the operators YT reproduce the Seiberg—Witten curve. In the case of A" = 2 4d SYM,
this fact is shown explicitly in Ref. [55], built on previous works [4,10,11,13,15]. A similar argument,
although partly heuristic, can be given for the 5d theories we are studying here. For simplicity, we
focus on the case of a single gauge group of rank #, with a Chern—Simons term of level «, and
fundamental/antifundamental matter fields,

Zin. = Y a1 Zes (e, ¥) Ziuna, (137, 1) 2o, 075 1, Y ) Zyeer. (0, 7). (7.1)
Y

As a first step, we would like to derive the quantum Seiberg—Witten curve in the Nekrasov—
Shatashvili limit go — 1. To perform this limit, we proceed by analogy with the 4d case and assume
that the sum over Y is dominated by an n-tuple Young diagram Y* that extremizes the sum. The
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critical Young diagrams composing Y* are supposed to contain an infinite number of boxes, and
obey the discrete saddle point equation

g Zes (e, Y 4 ) Zpand (757, Y +0) Za g (151, Y +30) Zgeet (1, V* +3)
0171 Zes (e, Y4) Zguna, (75 1, V) 21,075 1, V) Zyeer, (7, T¥)

1 (7.2)

forallx e A(f/ *). Using the discrete Ward identities (4.30), this condition can be written explicitly as

- 1 -1
X)’gcm(Xx) l_[)/GR(Y”")(1 - Xx Xy 1)(1 = Xy Xx 1Q3 )

(1 =g (1 = 42) [T, 550 = 2oty a5 DA = xpxs )
Y#X

=1, (7.3)

with m(z) = pfund.(zq5 1)pa,f_ (z) a rational function containing the dependence in the mass of the
fundamental/antifundamental fields. We further assume that Y* is such that a box can be added or
removed from each row i, so that

RY*) ={(Li, Y, i=1,. .m I=1,. . n},

AV = (LY + 1), i=1,....m+1,1=1,...,n}, (7.4)

where n; denotes the number of rows in the diagram Y;*, and Yim the number of boxes in each row.
Under this condition, Eq. (7.3) can be expressed using the variables e?* for the coordinates of the
boxes in R(Y*) withr =1,...,Np =) ;n;, and e = thrl” for the n extra boxes in A(Y™),

e2KA,~m(e2k,) Np a- 82}‘"_2)‘5)(1 . qg—leZAS—ﬂ»r) B

q — — =
]—[;l:l(l — 45 1ezx,—2g,)(1 _ 6251_2)") s;l (1 — 43 1ezxr—2xs)(1 _ ezxs—zxr)
SFr

1, (7.5)

where the factor (1 — ¢1)(1 — ¢») has been canceled by the term (1 — Xxxy_l)(l — nyx_lqgl) for
XyeR(T*) in the same column as xy, i.e., x, = quz_l. It is now possible to set g» = 1, g3 = ‘11_1 =
e~ and
an sinh(A, — pr + icx) ]_[ﬁf sinh(A, — fir) Mo .

f=1 r— Ky L1 r— Ky sinh(A, — Ay — i)

[T, sinhGy, — & + i) sinhGi, — &)+ L sinhGl, — Ay + @) -
SEF

o2ty =i

1, (7.6)

where we have also introduced the notation my = e mp = &2 for the mass parameters, and the
renormalized gauge coupling constant,

§ = q(— 1) pny iy =2n giany—m)  2p 1y =27 B (7.7)

The parameters n; (or &) play the role of cutoffs, so they must be sent to infinity at the end of the
computation. The equations obtained in Eq. (7.6) are reminiscent of the Bethe equations for the XXZ
spin chain. In general, the integrable system pertaining to a 5d gauge theory compactified on a circle
of radius R is the relativistic (or anisotropic) version of the system obtained in the four-dimensional
case, and 1/R is identified with the speed of light (or anisotropy parameter) [73].
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The limit g — 1 of the qg-character can be performed under the same assumptions, namely that
the trace is dominated by the classical state |7, Y*) with Y* defined by the properties mentioned
above. For this specific state, the eigenvalue of the operator YT (z) simplifies into

- N sinh(u — A;)
O+ ?* ~ N > 1 &—iaNg ,—nu inh(y — N 78
V(e Y*) = 2% e Esm (u 5’)r1:[1smh(u-ia-xr)’ (7.8)
with the spectral parameter z = . Define the Baxter Q-function
o : ()
Q) = ™ [ [sinh(u — 1), Y¥(z,¥*) > 2"(—=1)"/*5!2e~™ [ [ sinh(u — &) ————,
r=1 I=1 Qu —ia)
(7.9)

where ¥ = (—1)"e2@Ns=2Y., ig the limit of the parameter v.!5 Then, taking the limit g — 1 of
definition (6.21), the qq-character can be written in the form of a Baxter TQ-equation associated to
the set of Bethe equations (7.6),

T@)Q) = [ [ sinh(u + ia — &)0(u + icx)
=1

]_[;f:l sinh(u + iot — pur) ]_[?le sinh(u — fir)
[T/—y sinh(u — &)

+ Ele(2l(+nf—ﬁf)u

O —ia), (7.10)

where x T (z) degenerates to the T-function

Tw) =2""e™(=1)"?31/2 lim xt (). (7.11)
qr—1

In the case of pure gauge, k = ny = iy = 0, we recover in the limit Re £ — oo the TQ-equation
of the relativistic periodic Toda chain with a twist,

Tw)Ow) = Q(u + i) + G2 Q(u — iar), (7.12)

with a minor modification of the functions 7'(x) = " “ O T (y), Q(u) =A""*Qu),A = VLS
In Eq. (7.10), the cutoff-dependent terms can be absorbed by a modification of the definition of
the function Q(u) that consists in introducing spurious poles,

e M ]_[lrvﬁl sinh(u — A,)

O = T T, sinh(a — i e — D — )°

(7.13)

135 Its expression can be obtained by noticing that the shell formula (3.13) specialized at z = 0 implies

]—IxeR(f/) (—=x2)

V= .
I—[xeA(}-’)(_quz’)
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with #; = 2™ and & = 1; + ian;. Then, the TQ-equation no longer contains any cutoff variables,

Tw)Q) = [ [sinh(u + i — 7)Q(u + icx)

=1
[/, sinh(u + i — i) [T, sinh(u — fiy)
[1/—; sinh(u — 7))

This TQ-equation can be written in the form of a quantum algebraic curve by introducing the shift
operator

+ qe(2K+nf—7lf‘)u

O —ia). (7.14)

~ iooy,

y=e s [),},M]Zl.Ol)A/, j\}Z_qIZj}:()a (715)

and it reads
n
Tw)O®u) = <]_[ sinh(u + i — 177)p
=1

[T, sinh(u + i — 2) T sinh(u — i)
/=1 Z e ! y1>Q(u). (7.16)
[1/=; sinh(u — 7))

In this form, the limit g; — 1 is easily obtained: the operator y becomes a variable y commuting

+ Ele(2/(+nf-ff1_f-)u

with u (or z), and the function Q(u) can be factorized out, leaving only

l—[;le sinh(u — pur) 1—[;;1 sinh(u — fiy)

n
T — sinh(u — +4q =1 ,Qu+np—ns)u : ,
= [sinhe =+ T st — )

/=1

(7.17)
or, in the original variables,

n+K
Mm@ ith 1) = lim x*@).  (118)

=y[[0-z7H +a0y ' ——
@) =y —z7H +a=1)" (== Pyt

I=1

Here, t(z) is a polynomial from its definition in terms of x ™ (z), and we recover the expression of
the Seiberg—Witten curve for A" = 1 SYM on R* x ;.16

8. Degenerate limit

In the degenerate limit, the results presented in this article should reproduce those obtained in
Ref. [55] and pertaining to the SH¢ algebra and 4d Nekrasov partition functions. To perform the
limit procedure, it is necessary to express explicitly the dependence on the radius R of the fifth
dimension, which enters the Kerov deformation parameters as ¢, = e Réa where o = 1,2,3 and
€1 +€ +e3 = 0. Italso appears in the central charge parameters #; = e~R% when we try to associate
the 4d Coulomb charges a; with #,. We further denote x, = e ¢ with ¢, = ag+(i— e +(—Des

1 Further defining = yz="/2[],(1 — zt;"), it can be written in the more familiar form [73]

7+ q(—1>”ZK';(Z) =z"1().
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—Rm_and so on in

4
€1,€2°

for abox (¢,1,j) € Y, the spectral parameter z = e ~R¢, the mass parameter 1 = e
terms of R. The radius R is then sent to zero in order to recover the 4d background R and we
consider its first nontrivial order.

As R — 0, it is easily seen from expression (3.15) of their eigenvalues that the operators V¥ (z)

degenerate to the operator Vpmz(z) introduced in Ref. [55],
V(@) - (—R)"VeMmz(0), YV~ (@) = R'Vamz({ — €3), (8.1)

in agreement with relation (3.16), with v — (—1)". As a result, the Cartan currents ¥ = (z), which
are expressed as a ratio of Y* operators in Eq. (2.12), degenerate into the Cartan generator of SH¢,

vt — RPee(=1)"E(). (8.2)

On the other hand, the coefficients Ax(? ) degenerate into the coefficients defined in Ref. [55]
with the same notation up to a phase factor (—1)"/%. As a consequence of the representation (3.8),
the positive/negative modes of the Drinfeld currents degenerate into the generating series of SH®
generators with degree £1 as follows:

ex(z) = FR (="’ D41(¢), fe(z) — FR™U(=1)"?D_1(¢). (8.3)

The coefficient y; behaves as y; ~ R3€1ex¢€3, and the commutation relation (2.5) reduces to one of
the fundamental commutators defining the SH¢ algebra,

_ln _ln /E —E /
O Dy = CD T E©) — EG)

[en(Z),fn(Z )] - R2 R2 €3 é- _ é-/

, (8.4)

where z/f(;r /y1 drops out because it is of subleading order, w(;’ being of order O(R?) as seen in
Eq. (8.2). Finally, the function 4(z) degenerates into a ratio of scattering factors for SH¢:

L S0 S@) = (C + e +e)
S@)”’ 7 +ey)

and the relations (2.3) reproduce the braiding relations satisfied by the currents D1(z) [23].

h(z)

: (8.5)

It is well known that the degeneration of the 5d Nekrasov partition function reproduces the
4d partition function, with the same building blocks. Note however, that the Chern—Simons term
Zcs(k, Y ) — 1+ O(R) disappears in this limit. It is also possible to take the limit of the qq-
character using the explicit expression provided in Eq. (6.13) and recover the 4d qq-character for a
theory with the same field content.

9. Discussion

In this article, we have analyzed the action of the quantum W, algebra £ on instanton partition
functions of A/ = 1 5d SYM. For this purpose, the instanton partition functions have been built
out of elements of the rank-n representation of the algebra: Gaiotto states, intertwiner, flavor, and
Chern—Simons vertex operators (or the Chern—Simons weighted Gaiotto state) encode the presence
of, respectively, the gauge, bifundamental, fundamental/antifundamental multiplets, and Chern—
Simons terms. The action of the algebra on these building blocks has been given in the form of
an action of the Drinfeld currents on the Gaiotto states Eqs. (2.12), (5.4)—(5.6) written in terms
of the operators V*(2), and of their commutation relations with intertwiner and vertex operators
Egs. (5.10), (5.12). These operators are elements of the Cartan of the algebra, diagonal in the AFLT
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basis, and can be used to define the qq-characters. The qq-characters encode, through their regularity
property, a set of Ward identities (or recursion relations) obeyed by the instanton partition function.
We have shown that this regularity follows from an invariance under the action of the Drinfeld
currents e(z) and f(z). This derivation can easily be extended to arbitrary linear quivers, and an
explicit expression has been provided for the gqg-characters of the A> quiver. However, the treatment
of D, E quivers requires the introduction of a trivalent vertex whose transformation properties are
still poorly understood. We hope to be able to provide more details on this issue in future work.

Very recently, a deformed version of the algebra £ has attracted a lot of attention in the context of
AGT correspondence and its extension to five- and six-dimensional gauge theories [37,38,46,74]. Itis
obtained from £ by the introduction of a central element y that twists the commutation relations, and
will be denoted here by £, . As a result, the Cartan elements ¥*(2) of £ are no longer commuting
in £,, and the representation on partition functions presented here no longer holds. In fact, the
representation of the algebra &, on the BPS sector of 5d V' = 1 SYM requires the introduction of a
set of source terms coupled to the operators Dy, defined in Eq. (3.11),

Zins. @) = (exp (0001 = Y (1 =D)L = @)tuDor ) ). ©.1)

The Drinfeld currents generating &, are then expressed in terms of the modes of a g-deformed
Heisenberg algebra [25,38,46,59] based on the bosonic modes a,, = 9;, anda_, = t,. This underlying
action of the algebra &£, accounts for both the Bethe/gauge and BPS/CFT correspondences. The
correspondence with 2d conformal field theories is due to the presence of quantum versions of g-
Virasoro and W, algebras in the rank-n representations [25]. This is already an important feature of £
that can be verified in this paper. On the other hand, the deformation into £, permits the construction
of a TQ-system [46], thus rendering integrability at the level of the full Omega-background.!” The
qq-character studied here corresponds to the trace of the transfer matrix associated to the TQ-system.
The algebras £ and &, share a common subalgebra spanned by the positive modes of the Drinfeld
currents e (z), f4(z), and ¥4 (z). It is clear from our derivation that the action of these modes is
only sufficient to prove the regularity of the qq-character. This fact explains why the same property
can be obtained in our simpler, untwisted context. Furthermore, the operators V*(z) constructed
here can be identified with the positive g-Heisenberg modes of similar operators defined in Ref. [46]
for £,. However, principally due to the fact that both V*(z) are diagonal, it does not seem possible
to construct the full TQ-system in our algebraic framework. But it still provides a fast and efficient
method for the derivation of the polynomial qq-characters encoding the Ward identities of the theory.

Finally we would like to mention the rapid developments on the connection between topological
strings, the Ding—Iohara—Miki algebra, and instanton partition functions for 5d SYM [37,38,56].
In this approach, the Dynkin diagram of the gauge group and the quiver diagram are treated on
an equal footing, and exchanged under S-duality. This treatment seems natural if we consider the
whole algebra of symmetry U, (gl,) affine for the 4, quiver, whereas we focused in this paper on the
diagonal subalgebra (Uq (gl ))®r. We hope to address the whole symmetry algebra in a future work,
and construct algebraically the intertwiner operator representing the bifundamental contribution in
this extended framework.

17 For instance, for gauge theories of rank n = 2, the TQ-system consists of the stress-energy tensor of
g-Virasoro and a g-analogue of the BRST charges obtained by g-integration of the screening! currents.
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Appendix A. Derivation of the identity (2.16)

As an illustration of the derivation of the identity (2.16), we will consider the commutation relation
between the negative modes only. It is obtained by projecting the commutator (2.5) on positive
powers of z and w in an expansion of the right-hand side,

yile— @), /-] = PPt oY <f7) S (vt - v

nez k>0

k
=Yy — Z U Zw"zkf". (A1)

k>0 n=0

The projection operator Par is defined in Eq. (5.3); here the variable on which it is acting has been
made explicit. The modes v/, are obtained from the current v/~ (z) after integration along a contour
circling z = 0,

L (A2)

2im 0 X

This formula is valid provided that the contour of integration does not include any of the current
singularities. Inserting the integral into the expression of the commutator, we obtain

k
Ple- @001 = ¥ — 5 fg Tron Y () (A3)
k>0 n=0

In order to take the sum, we assume |w| < |z| and choose the contour of the integral such that
|z| < |x|. Thus, this contour surrounds the origin but also the points at x = z and x = w. Then we
can use the formula

2

k
YY) =i a4
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to rewrite the commutator as a contour integral that is easily evaluated by residues (under the
assumption that |z| is also smaller than the modulus of all the singularities in ¥~ (x)):
fdx Yo e 2y~ (2) —wy~ (W)

0

x—2)(x —w) 0o~ J— ,  wl < |z|.
(A.5)

yl [e_(Z)’f—(W)] = w(;i_ - 2—

The other three commutators are evaluated using similar arguments.

Appendix B. Check of the algebra for the rank-» representation
B.1. Preliminaries

Using the shell formula (3.13), the function W3 (z) can also be written as a product over all the boxes
in the Young diagrams,

ztz q3

V) =1 —q;H1—g3 >H [ ] 7/ (B.1)

xeY

As a result, under a variation of the box content of Young diagrams, it is simply multiplied by a
scattering factor,

Vi, (@) . +1
—w?(z) = h(xx/2)" . (B.2)

Taking the residues, we deduce that for x, y such that x, # qa Xy we have the properties

- 2 - 2
A(Y £) o A (Y £x)
Al A A . d (=) =1, B.3
( A ) Ot/ xx) an ( AD) ) (B.3)

B.2. Commutation relations

The commutation relations (2.4) directly follow from the covariance of Wy (2):

YE@eW)LY) = Y 8w/ x) A(V) W5 ()IE, Y +x)
xed(Y)

= Y 8w/ x) A(Dh(xe/2) W5 (D1 Y +x)
xed(Y)

= h(w/2)e(w)¥*(2), (B.4)

and similarly for f'(z).
To check the commutation relation of e(z)e(w), we assume z # qfxtlw fora = 1,2, 3, and consider

e@em) LYy = Y 80 /D8(e/WAN AT + 1) [T +x+)
xed(¥)yed (Y +x)

= Y 80p/D8 /WA ANY +x) [T +x + )

xed(Y)yed(Y)
x#y

+ Y 80/ MAMNA(T + ) [LY +x+y).  (BS)
xeA(Y).yed (Y +x)
y¢A(Y)
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In the second term, we have either x,, = g1 xx or x,, = g2 xx, Which provides a delta function 6 (g, w/z)
with « = 1 or « = 2. This delta function is never realized since g(z, w) kills the nonvanishing
contribution from z = ¢ !w, and there only remains

e@ew) LYy = > 80x/D8C/WIA(N AT +2) Y +x+).
xeA(Y).yed(T)
x#y
Using
Ac(D)AW(F +3) = h(xe/ x) Ay(D) Ax (¥ + ), (B.6)
we find
e@e) LTy = Y 8(xp/DSCt/ Wt/ x) Ay (DALY + ) [T +x +)
x€A(Y).yed(Y)
x#Ey
= h(w/z)ew)e@)|i, Y). (B.7)

Finally, we address the commutator between e(z) and f(w). It is expressed as a sum over states
|;, Y 4+ x — y) with either x € A(f’) and y € R(I? +x),0ory € R(f’) and x € A(f/ — ). Due to the
properties (B.3), only the diagonal terms x = y remain, and using (3.5),

[e(2).f W]E.T) =( Y X "8G/ xS W/ x) AR

xeR(Y)

- > x;"6<z/xx)6<w/xx>A§<?)) %)

xeA(Y)

=i5(z/w) > 8(z/x)xs ' Res Wy(w)
)/1 ‘ XX Xx W X Y
xeA(Y)
-1 - 2
+ D 3G/ ke Res w;(w)) 7.7).
xeR(Y)

The agreement with Eq. (2.5) is obtained by decomposing the §-function into positive and negative
powers,

1 1
X8/ x) = [ } —~ [ } : (B.8)
Z—= XxJd+ Z— Xx]_—

where the first term should be expanded in powers of z~! as in ¥ (z), and the second one in powers
of zas in ¥~ (z).

Eventually, to check the Serre relations, we perform a change of normalization to simplify the
calculation. It is also possible to check it directly, however, the choice of the correct branch for
the square roots in the expressions for e and f may be a little confusing. The renormalized basis is
defined as

oo RN
1) = (Zea@D) D), (B.9)
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and the representation for e(z) takes the form

R —1,—1
HyeR(Y) 1= xxe a3

e@LY) =r Y 8E/x)AM LY +x), ALY) = =

xed(¥) [heaiy 1= aoxe
y#X

where the constant » is expressed simply in terms of ¢; and ¢, and can be found in Eq. (5.5). This

(B.10)

representation is exactly the one presented in Ref. [23] up to the overall factor —g3r~!, which is
irrelevant for the consistency of the representation. Since e(z) adds a box to the Young diagrams, the
only nonvanishing matrix elements of the Serre relation for e(z) are proportional to

(1,7 +x+y+zlleo. ler, et 17, V) = P H (e, xp 4 DAL ALDALY),  (B.1D)

where we have introduced a renormalized bra vector orthonormal to the renormalized vectors. The
function H (xx, Xy, Xz; ¥) can be expressed in terms of the rational function 6(z) defined as

1-2(0—-¢3'2) ALY +y)

0(z) = , =
(I —q12)(1 — q22) AL(Y)

= Q(Xy/Xx) (B.12)

as follows:

H (o X X3 1) =ty (0 0t/ )0t/ %20 Gt X2) = 0 e/ 3090 Ot/ X0 (o X2)
_9(Xz/Xy)e(Xy/Xx)e(Xz/Xx) + 0(XZ/XX)Q(XZ/X)/)Q(XX/X)/))

+ (permutations among x, y, and z). (B.13)

Here it is assumed that x, y, and z are in a completely general position, i.e., no two of them sit side
by side in the Young diagram. Contact terms must be treated separately, case by case. The terms we
explicitly wrote down in the above expression come from the assignment that x is added by ej, y
is added by e_1, and z added by eg. All other permutations cover the remaining assignments. After
a tedious computation (or with Mathematica), it is seen that the coefficients H (xx, Xy, Xz; Y ) are
indeed vanishing. This implies that the rank-» representation also satisfies the Serre relation for e(z)
before the change of normalization.

With the same redefinition of the ket vectors as in Eq. (B.9), the action of /(z) also reproduces the

representation given in Ref. [23] up to an overall factor '

N -1 -1
HyeA(Y) 1— XxXy 43

—1
HyeR(f/) 1— Xx Xy
y#x

Serre relations are obtained using the same arguments as in the case of e(z) treated previously.

/

7Y —x) . (B.14)

S@ILYY = Y 8/x)

xeR(Y)

Appendix C. Recursion formula for the generalized Nekrasov factor
In this appendix, we derive the recursion formula for the generalized Nekrasov factors
Nywy= ] Fe.w/—i.vi—j+1) [] Fe.-Y/+i—1-Wi+)),  (CI)
(i)eY (i)ew

where F (¢, n,m) is an arbitrary function. By setting it as

t+em—eyn fordd,
F(t,n,m) = (C.2)
—n
1 —19,"q% for 5d,
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.

1 3 Y z e R(Y)

,\xeA

Fig. C.1. Rectangular decomposition of a Young diagram Y.

we obtain the Nekrasov factors in 5d and 4d. The index (i, j) refers to the box in the ith row and jth
column. Consider the ratio N”X—”E()t) By adding a box x in the /th row and Jth column of the Young
diagram Y, Yy and Y j increase by 1. The ratio of the Nekrasov factor before and after the addition

of the box becomes,

NY—I—x,W(t)

= =F@t,W;,—1,Y—J+2)
Ny w(t)

F@ W = 1Y, J+2)1—[F(t —Y) 4 i—2,—Wi+J)
X
j=1 F(Zal/Vj/_[5Y1 _,]+1) l.le(ta_Y}_Fl_la_VVl +J)

(C.3)

In the second term, the cancelation between the numerator and the denominator occurs when
Wj/ = W/ , and nonvanishing factors remain at the corners of W where W' changes. Similar
cancelatlon occurs in the third factor and again the nonvanishing factors lie at the remaining corners
of W. In order to show the remaining terms in the ratio, we introduce the rectangle decomposition
of ¥ and W as shown in Fig. C.1. We use the variables r;, s;, . . . to describe the shape of Y, and the

bar variables 7;, 5;, . . . to encode the shape of . After the cancelations, we find the formula

Y f+1 o, < i
Nygo (@) T FWS, = 1.0 = 7p1)

! = (C.4)
Ny, w () [Loi Ft.5p — 1,0 — 1)
Similarly, we have
Ny ew(@ey  THho F5 —1.J —7,) s
Nyw @ U F(.5, — 1,0 = 7p1)
Ny o) [ F( T —sp— Loy +1 —J)
Ny w () ]_[ple(t,]—sp —Lr,—J+1)
Nyw oty T FI—s,— 1Ly —J +1) co
Nyw® [N FI—sp— Ly +1-0) '
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To recover the identities presented in Egs. (4.26)—(4.29) is a matter of identification of the boxes’
coordinates in each set, e.g.,

AY)={(p1+Lsy,+Dforp=1,....f + 1}, RY) = {(rp,sp) forp=1,....f}. (C7)

Appendix D. Action of the Drinfeld currents on the coherent states
D.1. Gaiotto state

The derivations of Eqgs. (5.4) and (5.6) follows what was done in Ref. [55] to treat the 4d case.
Expanding the action of e (z) on the |7, Y), basis, we find

.- 1/2
A(Y — Zyect (8, Y — Lo N2 Lo
ex@IG, D =F Y Z[ =0 } ( t(t“x)) (2w @ 1) 15 P
+

Y XGR(Y) XX ZVGCt.(ta Y)
(D.1)
which gives, using the recursion formulae,
- —1,-1
v X~ [Leaiy 1 — 0t a3 e -
ex(@|G i) =Fr) > — _1] yedd) 1 S [ Zyeer (L ]V Y,
Y xeR(@) - BRUCEEE: HyeR(Y) - XxXy
YF#X
- ~1,-1
1 NLeay 1 —2% a3 .
=Fr). ) | } Res 2% 00 o e D1 T
Y xer(¥) - Xe x5 X HyeR(Y) —ZXy
(D.2)

To rewrite the summation over poles in a compact form, we use the following trick. Let g(z) be a
rational function of the complex variable z. We assume that it has only simple poles, located at z = z;
(i=1,...,N), and possibly multiple poles at z = 0, co. Such a function can be written uniquely in
the form

N Ny N_
Ci n —n
= 7 —_— 5 = 5 — = — 5 D,3
g0 =g1@)+g-G)+ ;Z — &0 X_jgnz g-@) Eg nz (D.3)
where the coefficients ¢; are evaluated as residues of g(z) atz = z;, and ¢; = Res;_, -, g(z) and g+ (z)
are identified with g1 (z) = P} (g(2)), g_(z) = P, (g(2)). One may apply the expansion at z = co
or z = 0 by projecting out the divergent part,

N
[Poe)], =2 () +Z[ - ] . [PlEE)]_ =g+ +Z[
i=1 +

i| . (D.4)
z —z;

This trick can be applied to the right-hand side of Eq. (D.2). In the case of e (z), it can be expressed
as a sum over the simple poles of the function g(z) = z"™* Y+ (zq5 I Y )atz = y, forx € R()7 ).
The trick applies if the function g(z) has no pole at z = 0, so that g_ (z) = 0. This condition imposes
a restriction to k < 0 that is deduced from the asymptotic form Y+ (z, Y ) ~z"atz = 0. In this
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range of the Chern—Simons level, the action of e (z) can be expressed as

-

. L -1 3 L o\12
e+ @G, D) = —r | Y PRI gy 1) (Zue G 1)) 1Y)
Y

= —rvP (" Y (zq5 )G, T).. (D.5)

A similar argument holds for the action of e_(z). In this case, the right-hand side of Eq. (D.2) repre-
sents the sum over simple poles contribution of the function g(z) = Y- (z, Y ), which is equivalent
to the previous one due to the relation (3.16). However, it is now required that the pole contribution
at infinity vanishes, i.e., g4 (z) = 0, which provides a different constraint over the Chern—Simons
level, namely that ¥ > n. With this condition, Eq. (D.2) becomes

. - . LoaN12 L.
e-@NG, e =1 | PPV @) (Zuea @ D) I T

Y —

=Pz Y™ @)IG, ). (D.6)
The derivation of the left action on the bra is similar,
- - Lo N1)2
¢ (Gllex@ =27 Y« (7] (Zuea@.7))

1

1 [ery ! — xxd5 'z~
X Z [ :|i Res z < —XR®) 3 . (D.7)

e [Tieay 1 = xez™!

The right-hand side can be written as the sum over the simple poles of g(z) = z7* yt (z, Y )y~ or
2(2) = vghz" V™ (2¢3,Y)"", leading to

- B o1
K(G, t|€+(z) = I"Poo (K<G,t|m>, for « <n, (D8)
« (G, tle—(z) = —rvgiP (K(G,ﬂm), for k > 0. (D.9)

Similarly the action of the Drinfeld currents /4 (z) decomposed on the |7, Y ) basis reads

fe@IGH =Y Y [ : ]
+

= S LZ — Xx
Y x€A(Y)

1

Mecriy ! — xxd5 'z~ o2 Lo
x Res 2 7n- XKD 22— (2,0 D) L D,
= Xx erA(f’) 1 — ez}
. Lo Y
AGTIf@) =Fr Y o (7] (Ziea @.7))
7
1 -1
1 wl—zx'q
x ) [ } Res zK—”HXEA(Y ) 2 (D.10)
S L2 XX R(F I_ZXX_
XER(Y) X€R(Y)
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Again, the calculation can be performed using the same rational functions with « replaced by n — k
and the action on bra and kets exchanged:

K—I’l

V*(@)

f+@)|G, 1) rP( >|G,?>K, for k > 0,

o zK N
R OIch — <—> G.7e. fork <n.
4 B350\ Y= (zg3)

(Gl () = —rvP, (K(G,7|z"y+(zq3_l)>, for k > n,
AGHf-(@) = rP{ (G, 127"V (2)), fork < 0. (D.11)

D.2. Intertwiner

The strategy to prove the two formulas (5.10) is same as in the case of Gaiotto states. We first analyze
the action of e (z) on the intertwiner. Using the discrete Ward identities on vector and bifundamental
contributions, we find

[yeaciy ! — e, a5
ex(@ V(i) =%r Yy Y S =
Z— Xx 1_[ R(Y 1 - Xx Xy
71,Y, xeR(¥) yEy;xl)

Merin =0 et - L o o o L o L
I 2 (21) — 1 o1 2bfd (1, Y13 22, Vo [1) |11, Y1) e i (2, Y2
yed(T) L M XxXy 43

(D.12)

and

—i! V1 -1 _ _ V1 1
(q310) KMHZU—ZVM(M,K,K/)%:(Z%IM D = Lr(gaw) ™ = Z > ox [—}

-
2 1.1y xed(t) X3l I

Myerin ! = 1 085" Theagy ! =1+
x ~1 reCL 11 bed ({1, Y1312, Val ) |11, V1) o (B2, Y.
l_[yGA(f’z) 1= Xx Xy HyeR(?l) 1 - M Xx Xy(fI3
y#x

(D.13)

We focus on the case of e (z) since the reasoning is the same for the negative modes. Then, these
two expressions can be rewritten as a sum over residues of a rational function:

e Via(s ke, k) = r—u"zz > [

Y1,Y2 xeR(Y1)

-
:| Res zM "2« V¥ (egy > 1)
2=ty VHeulg; !, Ya)

X Zota. (h1, Y1 12, Val )11, V)i o (B2, Yol
_ 1
G V12(M,/< K Vey(zqy 1™ )—r M’“ Z Z [—} (D.14)
Z = Xxq3 J 4
Y] Y2 xEA(Yz)

’ + Zi 7! f]
x Res z7° ~y 45 :111
g Yreutley, Yo)

X Zped. (11, Y15 02, Yol [, Y1) (82, Y2 .
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The two rational functions coincide when the Chern—Simons levels are related through «’ = « +
ny — n1. In this case, it is possible to rewrite the action of e (z) with the help of the diagonal operator
Y1 (z), provided that no unwanted pole appears at the origin. This requirement of regularity atz = 0
imposes an additional restriction to the range of the Chern—Simons parameters: we have to impose
k < 0 1in order to obtain

V1 ! -1 -
er@Vi2(pn, i, k") — E(qzu) V(1 Ve e gy
VI gy - —«' v+ ,—1 4 1
=—1r—u? P \z7" V(g3 DV2(o k6, 6) ———— . (D.15)
+

V2 VH(gy ulz)

A similar expression can be obtained for the action of the negative modes e_(z) in terms of the
operators )~ (z),

V1 ! 1
e—@)Vi2(pu,k,k") — v—z(qm) V(s e,k Ve (ze g3t

1

=r|Py (Z_KJJ_(Z)Vlz(M,K,K')—)} ) D.16

[ ° Y-/ |- (D16

valid for «’ = k +np —ny and ¥’ > 0 (or k > n; — ny) from the condition of regularity at infinity.

The demonstration for f1 (z) is parallel to what has been done for the action of e4 (z). In the case
of f1.(z), we find

1 Vt(gy !, )
f+@Via(u, 6, k") = rvopu ™" } Res Z7MHm=_—2 —
Z Z Z = Xxly 7% Ytz 1)
Y1,Y2 xedA(Yy)

X Zpta. (11, Y13 1o, Yal ) |71, Y1) o (B2, Yol (D.17)

[ 1 ] Res ZK/37+(ZQ3_1M_1,172)
+

1 T2V (i, 1) () = —ropp " = =
Z Z Z— Y | 2o YVt 1)

f’l,f’z xeR(f’z)
X Zptd. (11, Y15 12, V2 ) |21, Y1) w7 (B2, Y2
Again, the two rational functions involved coincide when ' = k + ny — ny. Further, imposing

k > 0, the action of f (z) can be written in terms of the operator Yt (z) acting diagonally in each
representation space:

Fr@Via(us ke, k") — 1 T2 Vi e, 1)y Y (D.18)

=ruu " |:P§o ( = V12(M,K,K/)y+(2qg_lu_l)):| : (D.19)

@ .

Similarly, for /_(z) with k" = k + ny — ny and ¥’ < 0 we find

F-@Via (i, ") — X 2V, k0, k) ) (D.20)

= —rvigy' [PJ <#Zq3) V12(M3KaK/)y_(ZM_l)):| : (D.21)
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Appendix E. Concrete evaluation of the qq-character

In the pure gauge case, k.ff = 0 and the second term in Eq. (6.5) does not contribute to the polynomial
part of x (z). Its only role is to cancel the poles coming from the first term. As a result, it is sufficient
to expand the first term at z = oo since

x(2) =P (v"V (g3 ), (E.D)

where the expectation value (- - -) denotes the weighted trace (6.1) with Chern—Simons level turned
off, i.e., k. = kg = 0. The eigenvalues of the operator Y ¥ (z) can be expressed as a product of the
box content of the n-tuple Young diagram Y upon using the shell formula (3.13),

(1 — xeqy ' /2 = xagy ' /2)
nvir+ l,Y — _ 1 2 . E2
Yt ey D = ”,I | t’%)“ (01— %43/ — x:/2) 2

Expanding the second product at z = oo leads to

x@) =v H(z - tlQ3)<1 + (1 =g - lIZ)— <Z xx>

xeY

1
+ 50 —gh = q2> <Z xxxy>

x,yeY
x#y

+ (=gl - g1 +47H 8 <Zxx>+0<z ) (E3)

xeY

Appendix F. Regularity of the qq-characters: A, quiver case

In this section of the appendix, we show the regularity of the qq-characters in the case of two nodes,
with the Chern—Simons levels x| and «», and no fundamental/antifundamental matter. We assume that
the Chern—Simons levels belong to the physical range (6.28), and traces will be evaluated according
to Eq. (6.29).

We first analyze the trace of the modes £ (z). Using the right and left actions on Gaiotto states
given in Eq. (5.4) and (5.6), it is shown that

(fr1(@) = —ray 'viPy [ZKLI <y1+(2613_])>] , kL1 > ni,

1
(f42@) = rPy, |:z"R2_”2 <y2+(z)>:| , kr2>0. (E.1)

In addition, the commutation (5.10) with the intertwiner provides the identity

+ =1, —1
@) = @7 (faa@u ) = rap P [z <yz(3f+(‘;)>} L riz0 (F2)
1

for k12 = kr1 + ny — n1. Replacing the left-hand side with the help of Eq. (F.1) gives the condition

P [V "y @] = 0. (E.3)
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From this point, the analysis is the same as what was done in the case of a single gauge group. These
equations, valid for k| > ny, imply a tower of constraints, and the stronger requirement is obtained
for k1 = ny. We deduce that x, *(z), which by definition depends only on the effective Chern—
Simons levels k; = kr; — kL, is a polynomial of degree ;. The other, spurious, Chern—Simons
levels are then fixed to the values kr1 = k1 + n1, k12 = k1 + np, and krR2 = k| + k2 + ny. The
method is valid if kxro > 0 and kg1 > 0, which corresponds to k1 > —ny and k1 4+ k3 > —ny. These
conditions are always realized in the physical range (6.28).

A similar analysis can be performed for e (z): using Egs. (5.4), (5.6), and (5.10), we find for
KL2 = kR1 + nz —ny,

(e+1(@) = ra1P5, = , kL1 <ny,
Vi)

(e+.2(2)) = —rmaPy, [2"2_”” (yj (295 l)ﬂ, kr2 <0,

+
(er2(2) — qzz—?(qw)"“pc_”z (e1.1(zg3)) = razPy, [Z‘“LZ <%>} , kr1 =<0. (F4)

These three identities imply that
P, [Z_KRZX;'(Z)] =0, (F.5)

with x, F(2) defined in Eq. (6.30). The strongest condition is obtained for kg» = 0; it implies that
X5 (Z) is a polynomial of degree ny. Setting kry = 0, k2 = —k2, kR1 = H] — Ny — k2, and
KL1 = n] —ny — k1 — k2, the conditions x; < nj and kg1 < 0 are equivalent to x| 4+ k2 > —ny and
k2 > n1 — np; they are always realized in the physical range (6.28).
The analysis of the negative modes is very similar. Starting from (kr» = kR + 12 — n1)

(fo1@) = ra; Py [ (V7 @)], kL1 <0,

_ np+
(f-2(2) = —rv2g5’Py Kyz (Zq3)>} KR2 < 12,

— (-1
(o1 @) = 22 (f 5 (zu™ ) = —rvigy PL [ZKR' <%>} , k2 <0,  (F6)
1

we find
Py [V x @] =0, (F.7)

for all k11 < 0. Choosing k1 = —1 leads to the strongest constraint; it imposes that x, (z) is
a polynomial of degree n1. Then, we have k1 = x1 + 1, k120 = k1 + 1+ ny — ny and kr2 =
k1 + k3 + 1 4+ np — ny. The inequalities kr>» < 1y and kr2 < 0 are equivalent to x| + x2 < ny and
k1 < n1 — ny, which are always true in the physical range.
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Finally, the action of e_(z) gives for k1 » = kr1 + 12 — 11,

1
(e—1@) = —raivigs'Py |:an_KL1 <m>:| , kL1 >0,
1 3

(e—2@)=rP{ [z7%(Vy @))], «r2 > 2,

(e_a(2) — %E—?(%M)mu_"z (e_1(zq30)

= —rqzz((nu)“z_mlu_”ng z *RI —yl_(zq3u) ,  kr2 >0, (E.8)
vl yz (z93)

which implies for the qg-character defined in Eq. (6.31),

Pa' [szRQ Xy (Z)] =0, (F.9)

for all kro > ny. The strongest condition is obtained for kg2 = np + 1; it implies that x, (z) is a

polynomial of degree ny. The other levels are set to k1o = np + 1 — k2, kr1 = n1 + 1 — k2, and
kL1 = n1 + 1 — k1 — k2. The conditions xr; > 0 and x1» > 0 correspond to k1 + k» < ny and
k2 < ny, again always true in the physical range.
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