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1 Introduction

The integrability structure in supersymmetric gauge theories has been intensively studied
since the Seiberg-Witten exact result [1, 2] and its relation to classical integrable models [3—
5]. Considering supersymmetric theories on the Q-background, Nekrasov developed the
technique of supersymmetric localization, and reformulated the Seiberg-Witten theory in
terms of instanton partition functions [6]. These developments have revealed that the
BPS sectors of supersymmetric gauge theories on general (2-backgrounds are governed by
algebras equipped with universal R-matrices, such as the quantum toroidal algebras and the
affine Yangian algebras [7-9]. This hints at a deep connection between the integrability and
supersymmetric gauge theories, potentially arising from some string-theoretical construction
of the gauge theories. The algebraic formulation of supersymmetric gauge theories has
been generalized to various kinds of gauge theories ranging from 2d A = (2,2) theories
to 6d N/ = (1,0) theories (e.g. [10-16]). However, the criteria for determining whether



such integrable structures exist in a given theory is still not well understood, and even
for pure gauge theories with BC' D-type gauge groups, we lack a clear understanding of
their integrable structure. One of the obstacles in studying BC D-type gauge theories is
the complicated pole structure obtained from the Jeffery-Kirwan (JK) prescription [17-19].
However, in the unrefined limit, the calculation is greatly simplified, as one can effectively
label the JK poles with tuples of Young diagrams [20-22]. This may provide a new avenue
for investigating the integrability structures of BC' D-type gauge theories.

Among various different formulations of the integrability in supersymmetric gauge
theories, the qg-characters, a family of physical quantities first named in [23], serve as a
probe to the hierarchy of the integrable structure of gauge theories in different parameter
regions. In the case of A-type gauge groups, the qg-characters as operator-valued quantities
generate a so-called quiver W-algebra, that is the VW-algebra associated to the Dynkin
diagram corresponding to the quiver structure of the gauge theory [24, 25]. In the Nekrasov-
Shatashvili limit, which turns off one Q-background parameter, its expectation value gives
the TQ-relation of a class of quantum integrable models [26], and further in the classical
limit, the expectation value reduces to the Seiberg-Witten curve of supersymmetric gauge
theories with eight supercharges. In supersymmetric gauge theories with BC D-type gauge
groups, the brane construction of qq-characters was proposed in [27, 28] as a generalization
of [29]. Finding exact forms of qq-characters in 5d N' = 1 supersymmetric gauge theories
with BC D-type gauge groups has been a challenging task due to the complexity of the
infinite number of terms of the natural quantity called the Y-function and the evaluation of
JK residues. In this paper, we address this issue by focusing on the unrefined limit, which
greatly simplifies the computation, and provide analytic expression of qg-characters for
these theories. This will provide further strong evidence to support the proposal of analytic
expression as a summation over Young diagrams for the instanton partition functions
presented in [21]. Furthermore, using the analytic expression of qq-characters, we explore
the algebraic structure in gauge theories that may connect to the integrability.

This paper is organized as follows. In section 2, we review the concept of qq-characters
as co-dimension four defect partition functions and provide an analytic expression based
on Young-diagram summation for classical gauge groups. In section 3, we examine the
Lie-algebraic relations between qqg-characters for isomorphic gauge algebras, which serves
as a validation of the analytic expressions derived in section 2. In section 4, we delve into
the construction of a quantum-toroidal-like algebra that reproduces the expression of the
(fundamental) gqq-character for SO(n) gauge theories, utilizing the Ward identity approach
outlined in [30, 31]. Additionally, several appendices are included to supplement the main
text and to provide specific computational details.

2 ABCD of qg-characters

In this section, we will give an overview of the method for deriving qqg-characters through
localization computation and present “finite” expressions for the unrefined limit of the qq-
characters for classical gauge groups, evaluated in terms of Young diagrams. This will provide
a clear interpretation of the qg-characters as the quantization of Seiberg-Witten curves.
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Table 1. Configuration of branes in the brane web construction of ADHM construction with Wilson
lines (introduced by D4’ branes).

2.1 qqg-characters as defect partition functions

The concept of the qq-characters was first introduced by Nekrasov in the context of BPS/CFT
correspondence [23], which generalizes the g-characters of quantum affine algebras [32].
They can also be understood as partition functions of 4d/5d supersymmetric gauge theories
with co-dimension four defects on the Q-background [27, 29]. In this paper, we will focus
specifically on the case of pure Yang-Mills theory with 8 supercharges. The 2-background
effectively reduces the 5d A/ = 1 pure Yang-Mills theory into supersymmetric quantum
mechanics on the instanton moduli spaces. Since the ADHM descriptions of the instanton
moduli spaces are known for classical gauge groups G, the partition function of pure
Yang-Mills theory in the presence of co-dimension four defects can be expressed by a
Jeffery-Kirwan (JK) residue integral:

2T
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where ¢ indicates the gauge coupling constant (or the dynamical scale after taking the
decoupling limit). Note that Gy is the gauge group of supersymmetric quantum mechanics
on the k-instanton moduli space, and |W(Gy,)| is the order of its Weyl group. The JK residue
integral [33-35] is performed on the gauge fugacities ¢; of the instanton quantum mechanics.
The contribution Z‘(,]ég to the integrand can be obtained from the ADHM description as
given in [6, 36, 37]. To read off the defect contribution Z((1 z( Z), one can consider the brane
configurations and open string spectra between D-branes [27, 29].

Let us consider the brane configuration given by figure 1 in Type IIA theory. In

1234_plane R

addition, we introduce the Q-deformation where U(1), x U(1), rotates the z
while U(1),, x U(1)_,, rotates the z757-plane R*. Consequently, the worldvolume theory
on a stack of D4-branes is 5d A/ = 1* theory where the adjoint hypermultiplet has mass m.

The correspondence between the type of 5d gauge group and the kind of O4-plane is as

follows:
A No
B 04
C 04t,04"
D 04~

DO0-branes give rise to instantons and the D4’-brane realizes the co-dimension four defect.
As we will see, the defect can be understood as Wilson loops. Recall that the DO-branes
give rise to the gauge group Gy and the D4-branes to the flavor symmetry G in the N/ = 4



Multiplet | Gy | G
Hyper o0
Fermi O |0
Fermi 0 | O

Table 2. Additional multiplets due to the presence of the D4’-brane.

supersymmetric quantum mechanics on the instanton moduli space. From this viewpoint,
additional fields emerge from the string connections between D0- and D4’-branes, as well as
the strings between D4- and D4’-branes. Table 2 provides a list of these fields. Specifically,
the hypermultiplet and Fermi multiplet charged under G}, arise from the D0O-D4’ strings
while the Fermi multiplet charged under G stems from the D4-D4’ strings. These multiplets
have a real mass parameter ( associated to the relative distance of D4- and D4’-branes
along z°-direction.

By taking the decoupling limit m — oo, we can obtain the partition function of the pure
Yang-Mills theory with the presence of the defect. This brane configuration is considered
in [29] for G = SU(N) while O-planes of other types are introduced in [27] for the other
classical gauge groups. Nevertheless, as we will see below, the defect contributions become
the same as in [27] for the pure Yang-Mills. In what follows, we provide the explicit
expressions for the defect partition functions of 5d theories with classical gauge groups.

Throughout the article, we use q1 = e™ 1, g2 = e~ 2 for the parameters of the -

e1te
2

deformation, and we use the notation e = . The unrefined limit refers to e; = —e5 = h

so that the 5d parameter is ¢ = e " = q; = ¢; '

Type A. To begin with, we will review the well-established case of gauge groups of A-type.
In this case, G = U(k) and the integrand of the instanton partition function is

(k) _ oroi (12641 R
Zvec - ([[61]][[62]]) H H H S ¢] + +) : (22)

i=1a= 1[[E+ _aa]]ZJl
i#j

From figure 2, one can read off the defect contribution [29]

w N k
24t = I TG = oo+ 2 TT S = 60), (2.3)
j=1a=1 i=1
with z; = exp (—(;), Aq = exp (—a,) and S is given by
[e- £
S() = ——=. A4
‘ [e+ =<] 24

In this paper, we adopt the convention that [a] := 2sinh (§) and [a =+ 5] := [a+ B][a — 5].
Note that x in (2.2) is the 5d Chern-Simons level, and it is set to be zero except for
section 3.1. Here, the positions of co-dimension four defects are denoted by (;, with the
total number w (namely the number of D4’-branes). However, our primary focus is on the
case of w = 1, unless otherwise specified (only in (2.18)).



In the case of A-type, the qg-character was obtained with generic 2-background
parameter (e, e2) [23]. This is possible because fixed point sets of the equivariant actions
on the k-instanton moduli spaces are classified by N-tuples X of Young diagrams with the
total number of boxes \X! =k, and the instanton partition function can be expressed as a
sum over N-tuples X of Young diagrams at the refined level [6]. Also, by performing the JK
residue integrals at the refined level, one can obtain the same result [17]. When there are
no defects (i.e., when w = 0), the instanton partition function is therefore given by:

1nst Z q|/\|Zsu Ziu H (a))\([}) Qaﬁ; q1, QQ) (2'5)
7/3 1

where the Coulomb branch parameters enter the formula via Qn.3 = An/Ag, and the
Nekrasov factor Ny, (Q, q1,q2) is expressed by

No(@ana) = [ (1 Qg5 g AL —H—l) I (1 _ Qqé\i—j+1q1—u§+i> ‘ (2.6)

(3,7)EN (3,9)€V

Some relevant properties of the Nekrasov factor are listed in appendix D. Here, for later
use, we write a fixed point set of the equivariant actions U(1),, , x U(1)z (or equivalently
the sets of JK poles) as |4, X)
inner product of Gaiotto states [38]

cof» and represent the instanton partition function with the

- E
) =3 (22N AR, (@ e) =z (27)
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X

Recall that the pure Yang-Mills theory arises from a sphere with two irregular punctures in
the class S construction [38], and the irregular puncture corresponds to the Gaiotto state
as a coherent state in the dual W-algebra [39].

As done in [29], even with one defect w = 1, the JK poles are also classified by two
types of N-tuples of Young diagrams. Poles in the one type come from 25’52,, and therefore
they are the same as X without the defect. On the Ot};:;r hand, in the other type, one of the

poles is located at ¢; = ( — €4, which comes from Z((ief7

Zyét):, which are classified by X where IX| = |X| = 1. The contributions from the poles of

and the other poles originate from

these two types can be nicely packaged into two expectation values as
A su(N) A qca
=7 =Y — 2.8
<X (Z)> defect(z) < (Z)> + <]’A(ZQ3)>7 ( )

where ¢4 = (—1)" and ¢3 = (q1g2)~". Here, (Y4(2)) can be interpreted as the expectation
value of the defect (2.3) where the expectation value of an operator O in the 5d pure
Yang-Mills theory is defined by sandwiching with the Gaiotto state |&)

(0):=(6|0]0), (2.9)
and we can interpret that an operator Y4(z) acts diagonally on the basis {|A, X)ref} as

(2.10)



with

N H Y% [[C - ¢x + 6+]]
é = | | — Qg 2 I | S(¢ - r) — zeA() ) 2.11
and
pp=00—cr+(i—Der+(G—Dea, z=0(i,5) €A (2.12)

Note that A(X)/R(X) is the set of boxes in X that can be added/removed, respectively.
Consequently, the expectation value of Y4 () is then given by
X N
(YA(z) = Y aM(z) 23 ™). (2.13)

X
There exist unphysical poles in both y;\f‘(z) and 1 /y/‘é(zqg). However, it can be shown
that their residues are zero through the evaluation of the JK residue integral because the
pole in yjé(z) cancels out with the pole in cA/y/‘é(zqg), where X satisfies [X| = |X| — 1.
Additionally, the asymptotic behavior of the qq-character near z ~ 0 and z ~ 0o can be
expressed as:

X(2)) ~ 27, 200

(x(2)) ~O(z%), z~0, (2.14)

N
2

which implies that z2 (x(z)) is a degree-N polynomial of z, i.e.

(x(z)) =272 fiz". (2.15)
=0

The coefficients f; are rational functions of /T, q1,2. For further information on qq-characters
of gauge theories with A-type gauge group, we refer to [40] for a comprehensive review.

As suggested in (2.8), the qg-characters actually have an algebraic meaning of the
quiver structure of A-type gauge theories (at the classical level, this relation between the
Seiberg-Witten curve and the fundamental character of quiver was first noticed in [41] and
was promoted to the full Q-deformed region in [23, 24]). For example, the character of the
fundamental representation of su(2) is

x=y+y ', (2.16)

and the corresponding qq-character can be understood as a doubly-quantized version of
the Seiberg-Witten curve. The character for w = 2 corresponds to that of the adjoint

representation
Xw=2 =y +1+y 72 (2.17)
and is lifted to
(xw=2(7)) = (Y (21)Y(22)) + qca <5(C1 — G+ 6+)W> (2.18)
V4(2243)

YA(z 1
+qca <5(C2 -G+ 6+)YA(,:£12¢)),)> + CIQC,24 <YA(21Q3)YA(ZQQS)> )

This interesting relation was found in [41] for A-type gauge theories with AD E-quiver
structures.



Type BD. The nature of qq-characters has been well investigated for A-type gauge
groups, but little has been done for other types. Let us consider the case G = SO(n) in
which the instanton quantum mechanics is described by Gy = Sp(k).

Writing n = 2N + £ (n = £ mod 2), the integrand of the instanton partition function
for the SO(n) puer Yang-Mills [36] is given by

S0 _ Res]? H [£26:][2€4 + 264]

Vec [[61 2]]k

Slep £¢i £ : 2.19
[[e-l-i(bz]]g Ha 1[[6+j:¢2iaa]]g €+ (Z) ¢J) ( )

The contribution from the defect can be derived from table 2

Zol(z) = K1 H [¢ £ aq] HS (i), (2.20)

=1

where S is defined in (2.4). This is equivalent to that derived in [27]. The integration is
carried out using the JK prescription as usual.

Type C. In Sp(N) theories, the calculation of the defect partition function is more
involved because of the discrete f-angle [42]. In fact, the gauge group of the Sp(N)
instanton quantum mechanics is G, = O(k) [36, 37], which has two connected components
O(k)*. A choice of taking the sum or difference of these two contributions depends on the
f-angle in the theory:

>, L ZWH)(2) £ 2()(2)
Zabte" (2 Z g 5 , (2.21)

where the sum corresponds to # = 0 and the difference corresponds to 6 = .
Writing an instanton number k = 2¢ + £, the contributions can be evaluated using JK

residues
o(-1)

209 = e e I s 25755 (222)
j=1

Note that the subscripts here express the contribution from open strings between the corre-
sponding D-branes. The concrete integral expression of the vector multiplet contribution
Z&E for the 5d Sp(N) vector multiplet are given as follows [37]:

vec

¢ 13
k=20+€,+ _ 1 17 [Eil[2e £ 26i]

YA <[[6172]] Hé\le[[@r +a,] s [£0: + €12] (2.23)
ﬁ [2¢4] ﬁ [£6; £ d;][2es + & £ 5]
i1 ler2]ler2 £ 264] H e+ £ ¢i £ a4 i<j le12 £ @i £ &]

k=20~ cosh e ol [22¢] [des £ 2]
T Teral [2612] T [£200 + 264] [[261 2 £ 267]
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Taking into consideration the Cartan subalgebras of O(k)* [37], the defect contributions
can be obtained from figure 2:

N e I3 ¢
ZEHE( >:Hﬂ<iaaﬂ(” “H) TIS(C+ ).
a=1

:I:C]] i=1
ZE=2H = () ﬁ[[(iﬂ ]]COSh (6 ic) ﬁ S(C+ éi),
def _a:1 @ o ( ) et i
N
Zh () = Hﬂci aﬂmﬂs C+¢y), (2.24)

which are the same as those in [27]. Note that the orders of the Weyl groups are given by

WOEOY = gy IWORED] = 5
W00 )| =~ W(O(26+1)7)] = — (2.25)

20-1((—1)!" 2001

2.2 qqg-characters in the unrefined limit

As presented in [27], for a generic 2-background (e, €2), the qg-characters for BC' D-type
gauge theories appear to be “infinite”, that is, they cannot be expressed as the expectation
value of a finite number of Y-operators (at least in an obvious way). This originates from
the fact that JK poles are rather complicated (and yet to be understood) at the refined
level. Nevertheless, the lesson we learned in [21] is that non-trivial JK poles for BC' D-type
gauge theories are classified by a set of Young diagrams in the unrefined limit ¢; = —eg = A.
Therefore, in this subsection, we shall show that the qg-characters for BC D-type gauge
theories take on finite forms in the unrefined limit, thus preserving their algebraic meaning
(see appendix B for further details).

Type BD. As analyzed in [21], non-trivial JK poles of SO(n) pure Yang-Mills theory
are classified by N-tuples of Young diagrams where we write n = 2N + £ (n = £ mod 2).
More explicitly, the location of a pole is indeed the unrefined limit of (2.12):

Gp =00+ (G—ih, x=(ij) e, (2.26)

where |X| = k. Therefore, the unrefined instanton partition function can be written as

1nst Z |/\|Z50 (227)



where explicit forms of Z;U(n) are given in (D.13) and (D.23). Even if we insert a co-
dimension four defect, the pole structure stays intact. Hence, we write the set of poles as
|A, X), and the expectation value of the defect at |4, X) is

YEP(2) = [CIF H [+ aa] [T S(ex £ ). (2.28)

zEX

Then, the total defect partition function receives the two contributions: the one comes from
the poles |4, X) while the other terms from ¢, = +¢ and |4, \') with [X| = |X| — 1. Thus,
the qg-character takes the form as

(P () = Zli () = VPP ) + (TR ) (2.29
where
cpp = [2¢ + A][2(¢]°. (2-30)

Here, the expectation value of the Y-operator can be evaluated in a similar way to (2.13),
namely by sandwiching the corresponding Gaiotto state.

In appendix D, we provide a proof of the pole cancellations at ( = +¢, for & €
A(X) UR(X) with the recursive relations presented there. Given the fact that all JK poles
can be classified by Young diagrams, it follows directly that the qq-character (2.29) is a
Laurent polynomial of degree n in z. Alternatively, the astute reader can independently
verify this property by explicitly evaluating the defect partition function.

Thanks to the polynomial nature of (xBP(z)), (2.29) can be interpreted as the quantiza-
tion (by ¢ = e™") of the Seiberg-Witten curve for the SO(n) pure Yang-Mills theory [43-47]
by appropriately rescaling q and z.

Type C. Now let us move on to the Sp(/N) gauge group. It was observed in [21] that
non-trivial JK poles for the Sp(/V) pure Yang-Mills theory are classified by (N + 4)-tuples
of Young diagrams where there are four additional effective Coulomb branch parameters

an+; (j =1,...,4) depending on the sectors:
%(HZ), 0(4i) (even, +) sector
K ,
ANy = §(+WZ)7 h, mi (odd, +) sector 2.31)
5 (+mi), h(+mi) (even, —) sector
3(4‘7”)7 0, h+mi (odd,—) sector

where we use the notation (even/odd,+) to label the O(k)* with even/odd number k
of instantons. Moreover, the unrefined instanton partition function involves non-trivial
multiplicity coefficients for these effective Coulomb branch parameters, and it schematically
takes the following form:

Z75P (N

inst

qu\\c j:)Zso(2N+8) (2‘32)

We refer the reader to [21] for the explicit form of the multiplicity coefficients C}i%.



Incorporating the effective Coulomb branch parameters, the locations of poles are as
n (2.26). In 5d, the defect contributions (2.24) also depend on the sectors. Consequently,
we can evaluate the expectation value of the defect only in each sector:

H [¢+ad] [[6 ig% H S(C £ ¢a), (odd, +) sector
H [¢+aa] [ S+ ¢a), (even, +) sector
TEX

cosh (E ig)
yc( )= H [¢+ aa]]i H S(C + ¢z), (odd, —) sector

a=1 (€+i<) TEX
H [C+a [[267 i ;g% H S(C + ¢z), (even, —) sector (2.33)

Plugging these into the summation (2.32), one can evaluate the expectation value of the
Y -operator in each sector. Using these expressions, we can represent the defect partition
function in terms of the Y-operator, and it is remarkably independent of a choice of a sector
(even/odd,+)

2
269 (z) = (v9) + [W]P[FTM] <ch> . (2.34)

Finally, depending on the #-angle, we can obtain the defect partition function via (2.21).

However, unlike in the case of ABD-type gauge groups, due to the additional poles (2.31),
one cannot repeat the argument of pole-cancellation, in particular, we can see that the
defect partition function of Sp(IN) theory has explicit poles at z = £1. To address this
issue, we need to subtract a spurious contribution Zeyir, from the defect partition function
to define a regularized qq-character. The form of Zeya is given by:

Zﬁp(N)O

extra

2(142?) 7sb(N)o g0 N 0 =1 mod 2
()= {% S w 25)

Oy 2, forN—g:o mod 2

inst

where Zi,st is the instanton partition function without the defect. The regularized qg-
character is then defined as:

(P (2)) = Zl (2) — Z2 (2), (2.36)

which becomes a Laurent polynomial in z. We have verified this property for Sp(1), Sp(2),
and Sp(3) theories up to six instantons using Mathematica.
The advantage of the universal form of the right-hand side of (2.34) is now clear.
)o

By recognizing that the spurious contribution is proportional to 73N = (1), we can

inst

express (2.34) as

2

W+ ez dve) = (@) @

(YC) + J(N,0) [[2C]]2

~10 -



where
2cosh(¢) for N—£ =1 mod?2

f(N,0) = .
( ) 2 fOI“N—%EO mod 2

(2.38)
In conclusion, the form of the qg-character becomes apparent only at the unrefined limit
for the Sp(N) pure Yang-Mills theory. Also, by appropriately rescaling q and z, it can be
interpreted as the quantization of the Seiberg-Witten curve [46-48]. The presence of the
“spurious” contribution is “essential” for obtaining the correct form as the quantization of
the Seiberg-Witten curve, and it provides the explicit dependence on the f-angle in 5d.
Furthermore, as both cases in (2.38) approach 2 in the 4d limit, we can conclude that the
Seiberg-Witten curve becomes insensitive to the #-angle in the 4d limit.

Remark. In (2.37), there are apparent poles at { = +¢, for x € Ql(X) UER(X) and also
at special values as { = 0, :l:%, +h, coming from four additional Young diagrams used
to describe the Sp(NN) theories. As in appendix D, it is straightforward to show the
pole cancellation at a generic pole like the case of SO(n). However, the cancellations at
these special poles are highly non-trivial and we verify the cancellations only through the
order-by-order instanton expansion up to 6-instanton.

3 Lie-algebraic relations among qq-characters

In section 2.1, it was discussed that a qg-character can be interpreted as a partition function
involving co-dimension four defects. Specifically, the D4-D4’ strings depicted in figure 2
introduce fermionic degrees of freedom [49]. When a 5d gauge theory is coupled to these
one-dimensional fermionic degrees of freedom, it gives rise to a half-BPS Wilson loop.
Moreover, the path integral involving this fermionic Fock space serves as a generating
function for half-BPS Wilson loops in antisymmetric tensor representations [29, 50, 51].
Therefore, the qg-character can be understood as

i dim O
N2 =25 S (—2) W, (3.1)
k=0

where A¥ denotes the k-th anti-symmetric tensor product of the fundamental representation
[ of the underlying gauge algebra, and dim [J is the dimension of the fundamental represen-
tation. At the zero-instanton level, a Wilson loop expectation value is simply the character
of the corresponding representation. While it receives all the instanton corrections, the
isomorphism of representations of gauge algebras leads to the agreement of the Wilson
loop expectation values at all the instanton sectors. This section investigates this aspect
in the gg-characters as viewed from the perspective of Wilson loops. The results in this
section support the physical interpretation of a qq-character as a generating function of
Wilson loop expectation values, shedding light on the relationships between qq-characters
of different gauge algebras. However, as we will see below, it is important to note that
even if two gauge algebras are isomorphic, their qq-characters may not necessarily coincide
entirely due to their dependence on representations.
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3.1 sp(1) vs su(2)

~Y

Let us first consider the isomorphism sp(1) = su(2) of the Lie algebras. Since their
fundamental representations agree, we expect the match of both the qq-characters. However,
there are two subtleties to consider. The first subtlety is the choice (# = 0, 7) of the #-angle
as seen in section 2.1. In this isomorphism of the gauge algebras, it corresponds to a choice
(k = 0,1) of the 5d Chern-Simons level s of the SU(2) theory [28]. The second subtlety
is that the naive Sp(1) defect partition function is not a Laurent polynomial of z, and we
need to remove the spurious contribution Zeytra given in (2.35) in order to compare the
qq-character of SU(2).

First, let us consider the case K = 0 (or equivalently # = 0). The qqg-character of
SU(2) k=0 is well-known [23]:

(2= A)(z—A"
A2qA(1 + 2%) — 2(1 + ¢®)(1 + A?%)
2(1—q)*(1 — A2)?

(@0 (2)) =

+0(q?). (3.2)

At zero-instanton level, it can be expanded as z~! — (A + A~1) + 2z, which is a generating
function of the su(2) characters of (9, 0, H).
On the other hand, the defect partition function of Sp(1)s— is

700 () = B2 A)(ZZ —47) (3.3)
+q (z—A)(1-zA)

2(1—22)2(1 — q)%(1 — A2)2
x (2(14 221 = 9%(1+ 4%) = 2(q(1 + 2*) = 2:2(1 — g + ¢*)) A)
+0(q%)

The zero-instanton part comes from Zp4/py(2), which is equal to that of (3.2). However,
the one-instanton part is no longer a Laurent polynomial of z due to the presence of (1 — 2%)?
in the denominator. The difference between (3.2) and (3.3) at one-instanton is given by
2(1 4 22
_ M ) (3.4)
(1—22)2
Even at higher-instanton, it can be verified that the regularized qq-character defined in (2.36)
is a Laurent polynomial of z, and moreover the following identity holds

_ 2 (1 + 22 _
(@0 (2)) = (P Wo-o(z)) = ZP0=(z) - q(f - 22)2 Zm o (35)

This identity has been checked up to 6-instanton.
Next, we consider the case k = 1 (or equivalently § = 7). Using the procedure outlined
in (2.2), we include the 5d Chern-Simons level k = 1 and perform a JK residue integral to
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obtain the qq-character of SU(2),—1:

(- Az — A

(1+22)q(A+ A3) — 2(q +2(1 — g + ¢*) A2 + gA?)
2(1—q)? (1 - A%

+0(¢?). (3.6)

(B () =

+4q

On the other hand, the defect partition function of Sp(1)p—, is given by

(z=A)(z-A"h

(z—A)(1— Az)
T 22 - g1 - A
x (22(A+2)(14+A2)— (1422) (AAz+(1+A2) (1+22))g+22(A+2) (1+A42)¢?)
+0(q?)

P(1)o=r
ZFN0= () =

(3.7)

While the zero-instanton part remains unchanged, the higher-instanton part will differ from
the previous case. Now, the difference between (3.6) and (3.7) at one-instanton is given by

222
(1—22)2°
Therefore, as in (2.36), we can regularize it by a product of this factor and quIfs(tl)‘g:” to
get the qq-character of Sp(1)p—,, which is equal to (3.6)

2
22 7o Vo=r (3.8)

(B (2)) = (D () = 2 ) — Gy s Za

We checked this identity up to 6-instanton.

3.2 sp(2) vs s0(5)

The comparison between the qq-characters of Sp(2)p—o and SO(5) is more subtle. First of
all, the second anti-symmetric tensor product of the fundamental representation 4 of sp(2)
is reducible:

N4=501, (3.9)

where the first irreducible representation 5 is isomorphic to the vector representation 5 of
50(5). As in (2.36), the regularized qq-character of Sp(2)g—g

(@0 (5)) = Z%Po=0 _ 222 o)

defect q (1 IR ZQ)Q inst ) (3-10)

is the coefficient of its z0-term. On the
(5)

of the qqg-character of SO(5), and the trivial representation 1 in (3.9) correspond to the

and the Wilson loop expectation value Wi‘;f)ezo

other hand, the Wilson loop expectation value W;o is the coefficient of the 2~ 2-term
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instanton partition function without defect. Hence, the isomorphism (3.9) gives rise to the
identity

D=0 g, a,a, = (O] g + 70 (3.11)

)A2—>A1A§ ’

We also checked this proposal up to 6-instanton.

One may wonder about the realization of Sp(2)g—, in terms of SO(5). This can be
achieved by adding a spinor hypermultiplet and taking a suitable limit of the spinor mass [22,
eq. (3.25)]. We expect that this can be verified at the level of qg-characters by inserting a
co-dimension four defect, but we relegate this issue to future work.

3.3 s0(4) vs su(2) @ su(2)

As noted above, we should be careful about the representations we consider respectively in
50(4) and su(2) su(2) to extract out the corresponding coefficients that give the same W,x.
The vector representation 4 of so(4) is isomorphic to the product of the two fundamental
representations 2 of su(2), i.e. 4 = 2 ® 2, so it is natural to expect that

WZO(4) 2 W;u(Z) % W;“(Q)' (3.12)

However, in 5d N/ = 1 gauge theory, an extra U(1) factor needs to be included. As shown
in [20], the partition function of pure 5d N'=1 SO(4) gauge theory can be written as

1 1 1 1
Z30(4)(A1, A2;9) = Zgu 2 (Af /A3, q) Zsu(2) (Af A3, CI) Zya)(a), (3.13)

where the U(1) instanton partition function, expressed in terms of the plethystic exponential

Zuy(q) = PE. ((1 _qq)Q ) : (3.14)

corresponds to the contribution from the parallel branes colored in red in the 5-brane web
construction of SO(4) shown below:

(3.15)

Therefore, the isomorphism of the representations for the Wilson loop expectation values
amounts to

s0(4) Cysu@) (4343 su(2) (13 43
W4 (Al, Ag) = W2 Al /A2 X W2 Al A2 X ZU(I) . (316)
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From (3.1), the Wilson loop with the vector representation of so(4) is the coefficient of
z~1-term of the qq-character y*°(4)

Wio(4) _ *<X50(4)(Z)>|z—1
(Ar + A2)(1+ A1 Ag) (Ar + A2)(1 4 A1 A)
+ 2 2 2
A1A2 (1 — q) A1A2(A1 — Az) (1 — A1A2)

x (A142(1 + A3)(1 — g)* + A Ao(1 + A)(1 — g) + A3q + A} Aq
+A%(q + Afq — 443(1 - g+ %)) + O (%) (3.17)

Likewise, (3.1) indicates that the Wilson loop with the fundamental representation of su(2)
is the coefficient of 2%-term of the qq-character (3.2)

2 2
WED = (), = A+ AT 4 g A L)

T +0 (a?) - (3.18)

It is clear from (3.17) and (3.18) that the zero-instanton part is simply the character of the
corresponding representation. In addition, we have verified the proposed identity (3.16)

using Mathematica up to 4-instanton.

3.4 s0(6) vs su(4)

The vector representation 6 of s0(6) is isomorphic to the rank-two antisymmetric repre-
sentation H of su(4). The Wilson loop expectation value Wgo(G) can be read off from the
coefficient of z~2-term in x*°(®). On the other hand, (3.1) tells us that Wéu(4) is equal to

the coefficient of z0-term in ™4 . Therefore, we have the identity

(O ()], = D) 0, (3.19)

where we make the following change of the Coulomb branch parameters from the orthogonal
basis of su(4) to that of so(6)

Ay = (A1AA3)2, Ay — (A1A7 AZY)2, As — (AT AxA3 Y2, Ay — (ATYA 1 Ag)7

It is straightforward to check the equality (3.19) with Mathematica, and we checked it up
to 4-instanton.

4 Ward-identity approach to qq-character and algebraic structure

Another interesting aspect of the qg-characters comes from their connection to the algebraic
structures of supersymmetric gauge theories. In the context of 5d A-type gauge theories,
qg-characters generate the quiver W-algebra of the gauge theory [24] and can be embedded
in the quantum toroidal algebra Uy, 4, 45 (al1) of gly [52], which frames the topological vertex
formalism of 5d gauge theories [9]. In the latter algebraic framework, there exists a purely
algebraic method for deriving qqg-characters through the use of a trivial identity, referred to
as a “Ward identity”, in the quantum toroidal algebra [30, 31]. The existence of such an
algebraic structure is deeply related to the integrability nature of the gauge theory we are
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considering. Unfortunately, at the current stage we do not know for sure if the BC' D-type
gauge theories have integrable structures on the generic 2-background. In this section,
we try to construct a candidate for the underlying algebraic structure of BD-type gauge
theories by employing the “Ward identity” approach to qqg-characters in these theories
inversely. It may uncover some integrability nature of BD-type gauge theories in the
unrefined limit.

4.1 Quantum toroidal algebra

The underlying algebraic structure of A-type gauge theories is governed by the quantum
toroidal algebra Uy, 4.4 (gl;) of gly, which is defined by the Drinfeld currents z*(z), 1= (2)
with the commutation relations [53-55]

v (z) ot (w) = g (55 22/w) 2t (w) v (2) (4.1)
WEE) e (w) = g (732/w) o (w) ot (2)
75(2) 2t (w) = g (2/w) 2 (w) 2% (2)

[#(2),27 ()] = = (Res. o1 5(2)) (8 (w/2) v (32w) = 6 (37 'w/z) v~ (972w)) .

Here 4 is a central element of the algebra, g3 := q; lqg ! and the structure function g(z) is
given by

s(z) (1 —qi2)(1 —gq22)(1 — g32) (1 —2zq1)(1 — zq2)
9(z) = 1\ 1 1 I s(z) = 1— 1_ , (4.2)
s (I—aq 2)(l—qy 2)(1—q5 2) (1-2)(1 - 2q142)
which satisfies a nice property,
gz =g(x) 7" (4.3)
Taking the mode expansions of the Drinfeld currents as
i) = Yara T, gt = Y ¢Ea, (4.4)
nez +n>0
an important relation, the Serre relation, needs to be imposed:
|:x7i17 |:x7:|L:717 wrﬂL:Jrl” =0, (45)

for Yn € Z. Then, the central elements of the algebra are 4 and @ba[, which are mapped to
constant numbers in representations. It is often convenient to parameterize them with two
new operators /1 and ég,

(B, 45) = (v"1,77%), (4.6)

with v := ¢3, where we used the automorphism ¥ (2) — a?¥*(2) and 2% (2) — az®(2)
for a € C*.

-
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Now, we proceed to examine the unrefined limit (g1g2 = ¢35 1 1) of this algebra. Note
that in this limit, the function g(z) tends to 1 so that a naive reduction would lead to a
commutative algebra at a first glance. However, this is not the case. By introducing the
following mode expansion

1

o* (531) = i esp ( X mhsn™) ()
m>0

where ki, := (1 — ¢*)(1 — ¢5")(1 — ¢¥"), the commutation relations of Uy, 4,4, (al;) can be

re-expressed as [56]

+ A—(m:I:|m|)/2’

1 A —
B, 2t = F— T T e T P — 4.8
[ :En] :mem—f—n’y [ ] +m,0 m ( )

Then, in the unrefined limit g3 — 1, we obtain [57, 58]

1 1)
[hmvxn} - :mem+n7 [hma hn] 5n+m,0m[[j:mh]] ;
(2 27| = =[] [(m + 0) [E(m 4+ 0) Rl + S o(nls + D)), (4.9)

with ¢; = ¢; ' = ¢ = e ". Here we use the concise notation [+mh] := (1 —¢™)(1 — ¢~™).
In terms of the Drinfeld currents, the unrefined limit of Uy, 4, 45 (1) can be rewritten as
hm + — ﬁ +
o2 (2)] = 2 (2),
o (4.10)
[2F(2), 2™ (w)] = —[£A] | 6(z/w) > m[Emhlhmz"" +> (z/w)"(nly + {2)

meZ
m#0

A family of representations of the algebra known as the vertical representations is of
relevance to the current context. Under the vertical representations, the algebra acts on
the fixed point sets {|4, X),.;} of the equivariant actions of the instanton moduli spaces.
Moreover, the Drinfeld currents 2% (z) add/remove a box to N-tuples X of Young diagrams.
In other words, they act as instanton creation/annihilation operators. The Cartan part
¥*(z) of the Drinfeld currents is related to the Y-operator (2.10).

Vertical representations. The vertical representation maps
(gl,ég) = (OaN)a (411)

for some positive integer N. With a suitable normalization of the basis, the Drinfeld currents
act under the representation as

o 1 .
7 (2) A, A of Z 3(z/xz) Reszy, Y1) A, N+ ) o
zeA(N) X
() [ A X = Y 0(2/Xa) Resaoy, Vi (2a5") [ A X = ),
zeR(X)
.o Vi(zgs D] - -
VE(2) AN o = [A AN o 4.12
AR = || 1A (1.12)
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where the y;\f‘—function is defined in (2.11), and x, = exp(—¢,). Here [...]:+ means that
the expression inside the bracket is to be expanded in terms of zF. Namely, it should be
expanded in powers of z~! for )T while in powers of z for ¢ ~.

In the unrefined limit, we use the identity

(1—¢")*™" = exp (+log(l — ")) = exp (4[ i ;q”m> : (4.13)
m=1

and (D.4), (D.5) to obtain!

()AL X =[] > 6(z/x0) A X+ )
zeA(X)

N Am pm<q()\(°‘))t+p+1/2)

B | A, X) = A X
wldd) = 3 TP )
N o yg-m (A@)Yttrpr1/2
pfm(q )7y
h_m |A )\ E: 7(;1 mp— |A, ), (4.14)
where py,(z) = >, 2" is the power sum function, p = (—%, —%, —%, ...),and m > 0 in the

above equations. We will explain in appendix C how to directly check that the above action
becomes a representation of the unrefined limit (4.10) of Ug, g4o.45(gl1)-

4.2 BD-type algebra

In this paper, we propose an algebra associated to BD-type gauge theories in the unrefined
limit defined with the following commutation relations.

(o (2™ )] = = [ (6(:/w) + 6(zw) X [Emlz ™

mMEZ
m##0

+ D020 fw™ + 2 w™) (mly + )| (4.15)
meZ

'"We changed the normalization condition of the basis here, |4, X) = n(X) |4, X)..,. We define n(}) via

the following recursive relation with n(f) = 1,

) _ Hyem(i) H¢z - ¢y]]

) Hyele(i) [[d)z - ¢y]] ’
y#T

n(X

+
[7] G

and then .
nA—xz) Hyem(j() [¢a — &y]

”(X) a Hyem(X) [z — &yl .
y#x

[-7]
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This algebra also has two central elements, /1 and f5. A new feature of the above algebra
that was absent in the A-type (4.10) is that there is an apparent automorphism realized by

227 = b, 25(2) = 2 E(2). (4.16)

The proposed algebra is indeed constructed from the recursion relation of SO(n) unre-
fined instanton partition function [21]. Since it is written as a summation of Young diagrams,
it makes perfect sense to add/remove a box, which will yield the vertical representation of
the algebra.

Vertical representation. The vertical representation again parameterizes the central
elements as (@1, fg) — (0, N) for some positive integer N.

e () AX) =[] S0 (0(2/x0) + (2xa)) | A X + ),

zeA(X)
(@) AN = =[] > (6(2/xa) +6(2x2)) |4, X = ), (4.17)
zER(X)
Lo Pm (q<A<“>)t+p+1/2) _P-m (q<A<“>)t+p+1/2) -
hin| A, X) =D | AT T + A g |A, \).

a=1
We check that it satisfies the algebraic relations presented in (4.15) in appendix C.

Remark. We note that in this paper, we consider only the vertical representations of the
BD-type algebra proposed here, specifically by setting /1 = 0. As a result, the commutation
relation between z7(2) and x ™~ (w)

[27(2), 2™ (w)] o< 6(z/w) + 6(zw), (4.18)

and in fact one cannot check the consistency of the term containing 0 (such as a horizontal
representation) in the context of this paper.

Additionally, we mention that by multiplying factors fi(z) and f2(z), which obey the
symmetry f12(271) = f12(2), to 2%(2), the commutation relations between h,, and z*(2)
remain unchanged, while the commutator between z(z) and x~ (w) transforms as follows:

[27(2), 27 (w)] = f1(2) fo(2) [T (2), 27 (w)]. (4.19)

This is due to the fact that the commutator for ¢; = 0 only contains terms proportional to
the d-function, §(z/w). However, this ambiguity is not fixed within the current approach.

Remark 2. As previously noted, the proposed algebra is derived from the recursive
relations of the instanton partition function. However, for the C-type gauge groups, the
partition function involves non-trivial multiplicity coefficients as shown in (2.32), which
are dependent on Young diagrams. As a result, it becomes challenging to consider the
recursive relations of the partition function for C-type gauge group, and thus, uncovering
the underlying algebraic structure is beyond the scope of this paper.

~19 —



Remark 3. Let us comment about the potential relation with the quantum groups of
affine Lie algebra. The quantum group of affine sl,, (and also that of gl,,) is embedded in the
quantum toroidal algebra of gA[n [59, 60] as the zero modes. We notice that no BC' D-type
Lie algebraic structure can be found from the zero-mode part of the BD-type algebra
proposed in this article. Another connection between the quantum toroidal algebra of gAll
and the quantum group of affine sl has been pursued at the level of representations in [16],
as it is easy to see that the structure function defined in (4.2) reduces in the limit ¢ — oo
(with g2 fixed to finite) to

(4.20)

which is nothing but the structure function of the quantum group of affine sly with ¢? = go.
Unfortunately the Hall-Littlewood limit g1 — oo cannot be considered in the current
approach, and a shifted version of the algebra also needs to be further constructed. A
more relevant result is presented in [61], where a boundary operator K (u) associated to
the Maulik-Okounkov R-matrix is constructed and the twisted Yangian defined by this
boundary operator might be related to the candidate algebra proposed here.

4.3 “Ward identity” approach

In [30, 31], a so-called “Ward identity” approach was proposed to derive the qq-characters
from the vertical representations of quantum toroidal algebra and its 4d sibling. In this
section, we re-formulate the computation in the unrefined limit and relate the BD-type
algebra proposed in this paper with the qg-characters presented in the previous section.

Type A. To start with, let us first work out the action of the quantum toroidal algebra
on the bra states <14T, A| in the unrefined limit with the normalization,

We can use the identity

(A X+ 22%(2)) |4, %) = (4, X £ 2| (+2(2) |4, X)), (4.22)
to obtain the conjugate of the vertical representation (4.14):
zeR(X)
(A X2 (2) = =[] > (A X+2]8(z/xa),
zeA(X)
N —(A(‘”)t—p—l)
. Lo NoAm P, (q 2
A AN b = (AN —-= )
A A = (AN 2 =
N - —(A@)t—p—3
RN - A" P-m (4
(A X ho = — (A3 3 2o ( ) (4.23)
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The key step in deriving the qq-character from the vertical representation is the following
“Ward identity” which is a trivial identity:

((822(2))18) = (8] (2£(2) |8)) , (4.24)
where we define the operators containing only non-negative modes in z¥(2) as
ri(z) = Z ", (4.25)
n>0
By definition, we see that
. 1 -
HOUAN =] Y o A4,
zeA(N) v
o . 1
AXat() =1 Y (AKXl g—— (4.26)
zER(N)
From (D.12), we have
1
1 1 oL
[[h]]Z( Nz NS =~ | A X+x) (4.27)
zeA(N) Xz
_N-1 _ 1 1 by 1 511( - =
=(-1)""7 q Z Zﬁ m(q' g ) lim [(—¢.] Vi ()4 X+z)
X zeA(X)
—1 —1 N7 3 v
(- EY Y #(qnguv)) Res. oy, VA (2) |4, X),
> L 1=Xz/z A
X zeR(N)
and
1
Y & . 1
(®late) = 13 (aMZg ™) X (A X al g (4.28)
A z€R(N)
-1
- No1 o1 Ty X X su(N) 1
= (-7 g2 Y (A X X (g7} ) Res,_y, ——
1-— v yd
N Ql(x’) X‘T/Z y/\/(Z)

Then we derive from the trivial identity (4.24) that

)1 (x;)* 1

where the sets {x} respectively run over all poles (except z = 0, 00) in yA( ) and 1/y§4(z)
(functions obtained after (Y4 (z))*!' evaluated in the expectation Value) This “Ward
identity” suggests that the apparent poles (excluding z = 0, 00) in the qg-character are all
cancelled, and the expectation value of the combination

_1\N
Y(z) = YA(2) + 3(//41(;;) , (4.30)
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which can only have poles at z = 0 and z = co. A rational function that only has poles at
z = 0,00 on the entire complex plane must be a Laurent polynomial. From the asymptotic
behavior (2.14), it follows that up to an overall factor 27%, the expectation value of the
qg-character is a polynomial of degree N. For A-type gauge groups, similar arguments apply
to all qg-characters associated with higher-weight representations and higher-rank quivers.
By constructing special combinations that cancel the apparent poles, the expressions of
qq-characters (in terms of Y-operators) can be derived completely from the underlying
algebraic structure of 5d gauge theories.

Type BD. In the case of D-type gauge theories, i.e. gauge theories with SO(2N) gauge
group, it follows from (4.22) that the bra expression of the vertical representation is

AN o e =11 Y (A X o] (5(/x) + (),
:L‘EER()\)
(A Nz (2) =—[1] > (A X+2|(6(2/xz) + 6(2xa)),
zeA(N)
RN . N P (q()\(@))f+p+1/2>  pem (q()\(a))t+p+1/2>
(AN i = (AN 3 AT + A" - . (431)
a=1 L—qm 1—qg™

Now we split the operators z¥(z) in a novel way into 2=(z) and z£(z) in the vertical
representation (4.17) of the BD-type algebra as

- 1 1 oo
AN =1-0 ¥ (1o + 7o) A+ 9. (4.32)
zeA(X) v *
. 1 1 R
et AN =1-q) Y (1_Z/X +1_Z_1X_1)|A,)\+x). (4.33)
zeA(X) * x

Even for this algebra, we consider the insertion of 23 (z) in the inner product of the Gaiotto
state |&) of D-type and derive the pole cancellation condition of qg-characters from the
Ward identity (4.24).

It is then parallel to derive

23(2) ) (4.34)
1
X 2N)\ 2 o o
D N (-l K il (S S S Y 5 P
X zeA(N)
1 D
_ (=9 -3 IN+1 502N\ 2 5. [€=0=0VF (2) 1
=ra . X Gt Jim =g (i + 2) AL X+ @)
X zeA(X)
1
— _1 NG 35
= Gita2 > X (aVizg®Y)?
X zeR(\V)

z_ R, Z_ly)%(z) 1 R, 5 EX/
X\ 2oxe VeSa—xe TT20ER] "‘Z_X;l S xz ! TT2CEA] AN,
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where we used the identities in (D.22), and the fact that
lim [¢ — ¢.]YP(2) = — Ui VP (2). 4,
Jim ¢ = 6ul¥P(2) = — Tim [¢+ 6,190 (4.35)

Acting on the bra state, we have

&zt (2 4.36
>
1
o iy X (2N)\ 2
=3 ¥ AX-al0-o (V) (S + =)
A zeR(N)
1
_ Y 1-q) 1 ( |X|—1,50(2N)\ 2 ¢—ga][2¢]?
S (A X — 2 Gpdqz (X1 220N (Lo 4 1_;@)& 0 I . ]][EZ)]]
X zeRr(X)
1
= 2 (1—q) L Y 2N)\ 2
—-% X (AN Yat (V1250
X zeA(N)
2 (]2 1 z_2¢]?
X (Z_Xx Res; sy, yf,(z) + p—— Reszﬁxﬁ y?,(z) )

Finally, we obtain the desired formula from the Ward identity (4.24)

0 ( & [2]2 \ _
s Resz‘”]g m + q(il) Z 50’ Res Sz—¢7 <YD(Z)> =0, (4.37)

where 0 = £1, {n?} = {X )} denotes all the poles in <YD(z)> and {7} = {Xx@[ Iy

denotes all the poles in <Y Te) > This identity shows explicitly the pole cancellation in the
qq-character. The factor

cop = [2¢ + H][2CT?, (4.38)

appearing in (2.29) is successfully reproduced from the pole-cancellation condition here.
This indicates that the pole cancellation property of the qg-characters in SO(2N) theories
is a direct consequence of the existence of such a BD-type algebra.

The derivation of the qg-character in the B-type case is analogous to that in the D-type
case. By noting that the recursive relation for the partition function of SO(2N + 1) is
identical to that of SO(2N) when yf is replaced by yf (see (D.25)), it follows that the
pole cancellation in qg-characters is also a direct consequence of the same BD-type algebra.
This highlights the universality and consistency of the algebraic structure in the 5d gauge
theories with BD-type gauge groups.

5 Conclusion and discussion

In this paper, we present analytic expressions for the fundamental qq-characters of BC D-
type gauge theories based on the pole classifications by Young diagrams in the unrefined
instanton partition functions proposed in [21]. The expectation values of the qq-characters
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in ABC D-type gauge theories are shown to take the following schematic form

(x(z)) =(Y(2)) + <§£2§l> , for ABD-type (2.8), (2.29)
c(2)g?
(x(2)) = (Y(2)) +¢c(2)q(1) + < 1(/():) > , for C-type (2.37) (5.1)

with properly defined operators Y. Our results demonstrate the polynomial nature of
the expressions of these qq-characters and establish Lie-algebraic relations among them.
Furthermore, we introduce a new algebra referred to as the BD-type algebra, which is
closely related to the quantum toroidal algebra of gl in the gig2 — 1 limit. This algebra
is constructed using a technique known as the “Ward identity”, which is used to derive
the qg-characters. While many of the fundamental properties and consistency of this
new algebra are yet to be fully understood, it is expected to have a deep connection to
the integrability aspect of SO-type gauge theories. We leave further exploration of these
properties as future work.

Certainly, there are still many directions that can be explored in future research. One
limitation of our work is that it only covers the unrefined limit, as the computation on
the general 2-background remains a technical challenge. To overcome this limitation, one
approach is to use the blowup equation, which has been generalized for gauge theories beyond
A-type gauge groups in [62]. This method can be used to solve the instanton partition
functions with an integer ratio between €; and ey starting from the unrefined instanton
partition function. Additionally, blowup equations with the presence of defects in 4d/5d/6d
theories have been formulated in [63-68]. These developments open up the possibility of
exploring qqg-characters on more general 2-backgrounds using the unrefined expressions
derived in this paper. There were also other interesting attempts to refined formulations
of gauge theories with gauge groups beyond A-type [69, 70] and quiver gauge theories
with quiver structure beyond A-type [71-73] mainly based on the brane construction and
topological vertex formalism, and it will be desired to explore how to compute qq-characters
to some closed form in such methods.

We only considered the calculation of the fundamental qq-character, i.e. the defect
partition function with only one defect of co-dimension four. However, it is important to note
that the higher qq-characters, which involve more defects, contain additional information
and their relationship with Wilson loops, particularly in BC D-type gauge theories, is
not yet fully understood. In A-type gauge theories, the qq-characters, as operator-valued
quantities, generate the quiver W-algebra, and they commute with the screening charge
in the W-algebra. One can show that the product of topological vertices assigned to the
brane web plays the role of the screening charge with the “Ward identity” introduced in
section 4.3 [52]. It is an interesting open question to explore if a similar formulation of
screening charges can be done in BC D-type gauge theories.

We proposed a new algebra, the BD-type algebra, but our proposal is still in its early
stages, and there are many properties of the algebra that are yet to be discovered. In
particular, the extension of the algebra to the refined case is proven to be challenging, due
to the difficulty in labeling JK residues using Young diagrams in that case. Additionally, we
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have only constructed vertical representations for the algebra, which are related to D5-branes
in the brane web, and it is currently unclear how to construct horizontal representations
with /1 — 1. From the perspective of the brane web construction of SO-type gauge theories,
it is expected that the algebraic structure for the vertical representations or the D5-branes
added with an orientifold is modified while the algebra associated to NS5-branes remains
unchanged. Therefore, it is of interest to explore whether it is possible to embed the
O-vertex formulated in [20, 21] into the coproduct of the BD-type algebra and the usual
quantum toroidal algebra of gl; in the unrefined limit. However, it is currently challenging
to envision the role that the O-vertex could play in the purely algebraic context of the
BD-type algebra.

The basis of the vertical representation in the quantum toroidal algebra Uy, 4,45 (gly)
of gl; is nothing but the Macdonald symmetric polynomial [55, 74], and in the unrefined
limit, it reduces to the Schur polynomial equivalent to the character of A-type Lie algebras.
One further obtains the generalized Macdonald polynomial introduced in [75] by taking the
coproduct of the vertical representations [76, 77]. In the current context, it is natural to
expect the orthogonal and symplectic Schur polynomials, which are naturally defined from
the characters of BC'D-type Lie algebras, to play a similar role in the vertical representation
constructed in (4.17). The relation between such symmetric polynomials and BC D-type
Wi +oo-algebras have been explored in [78], but there seems to be a gap between the
vertex-operator formulation there and our approach at the current stage.

Our study did not include a discussion of the candidate algebra for C-type gauge
theories, as both the instanton partition function and the qqg-characters of these theories
involve the multiplicity coefficients (2.32) for four pieces of Young diagram summations,
making it difficult to apply the “Ward identity” approach. However, an alternative method
for computing the Sp(/N) instanton partition function using the topological vertex formalism,
where the partition function does not involve the multiplicity coefficients, was proposed
in [79]. It is worth investigating the possibility of constructing a vertex-operator formulation
of this approach and studying the underlying algebraic structure.

The similarity between the integrand structure in instanton counting for supergroups
and BCD-type groups has been noted in [80], and the topological vertex formalism for
supergroups has been established in [81, 82]. A potential direction for future research is to
further explore this similarity and its origin in the unrefined limit.
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A Notations and conventions

Here, we summarize the notations and conventions employed in this paper. Roughly
speaking, a relationship between a 5d parameter Py and a 4d parameter pyy, which is
given by

Psq = exp(—pasa) (A1)

We define the Q-background parameters as q; = exp (—¢;), where qigags = 1 is a result
of the constraint €; + €2 + €3 = 0. Additionally, we introduce the notation e; = %,
and the unrefined limit is defined as €; = —ea = B, resulting in 2¢; = ¢; + €2 = 0. The
Coulomb branch parameters are represented as A, = exp (—a,), and the variables of a
qq-character are denoted as z; = exp (—(;). The poles of JK residues are represented by
Xz = exp (—¢z), with ¢ = a5 — ey + (i — 1)e; + (j — 1)e2. Lastly, we employ the shorthand
notation [a] := 2sinh (§) and [a £ ] := [a + f][a — £] for convenience throughout the
article. This notation has an advantage when we take the 4d limit of a partition function
because we can simply take only the argument [a] — a removing the double bracket, and
ignore cosh terms.

In this paper, we use the following notation for Young diagrams. A Young diagram is
represented by A = (A1, Ag, - - - ), where the entries are arranged in non-decreasing order, i.e.
A1 > Ag > ---. The length of a Young diagram, denoted by ¢()), is defined as the number
of non-zero entries in A\. The number of boxes in a Young diagram is given by |A| = Ef(:)‘l) i
and we denote the transpose of A by A'. A set of N Young diagrams is written as

X= (A(l),...,)\(N)) ,

and the total number of boxes in this set is denoted by

. N
NEDPID
a=1

The set of boxes in A that can be added or removed is represented by 2A(\) or R(N),
respectively. (See figure 1.) When considering an N-tuple of Young diagrams, we denote
the corresponding sets by 2(X) and R(X).

We use the following notation for a plethystic exponential:

> fak k.
PE.[f(z,y,...)] =exp (Z JC(’Z’)> ;
k=1

which transforms a single-particle index f into a multiparticle index.

B Finiteness of qg-characters in the unrefined limit

In this appendix, we present the argument that the qq-characters take the finite form in the

unrefined limit whereas they involve an infinite number of terms at the refined level [27].
The evaluation of the partition function with or without defects follows the JK pre-

scription. We first assign a vector ¢ = Z§:1 ci€; to each denominator factor ), c;¢; + d,
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Figure 1. The red (resp. blue) boxes can be added to (resp. removed from) the Young diagram,
and they form the set denoted by A(X) (resp. R(N)).

where €; is a k-dimensional vector with (€;); = d; ;. We also need to choose a k-dimensional
reference vector 7 for each instanton number &, usually taken to be

ﬁk:(Ll+51)1+527--'>1+6k—1)’ (Bl)

where §; are small real numbers that are not linearly dependent on integer numbers, i.e. for
VIL,eZ
(2 I

k—1
51+ Y 16 #0. (B.2)
i=2
For example, for & = 2 we can choose 72 = (1,1.001) and for k& = 3 we can choose

N3 = (1,1.001, 1.0007), but the choice 73 = (1,1.001,1.002) is not appropriate. At the level
of k-instanton, for a set of k poles to be permitted, their corresponding vectors #ii = 1%
must satisfy the following condition:

k
N = ZCZ"L_);;, Hci >0, ¢1=1,...,k. (B.3)
=1

As an example, in the two-instanton computation of SO(2N) theories, we have vectors
(1,0) attached to e+ + ¢1 £ a,, (—1,0) attached to €4 — ¢1 £ a4, (1,1) corresponding to
€+ + ¢1 + ¢2 £ e and etc. In total, from the set of vectors

{(£1,0),(0,£1),(1,1),(1,-1),(-1,1),(—-1,-1)}, (B.4)
the allowed combinations in the JK prescription are

{<_170)7(171)}7 {(_171>7(171)}7 {(07 1)7<17_1)}7 {(07 1)7(171)}7
{(1,0), (=1, 1)}, {(1,0),(0,1)}. (B.5)

When we add the defect contribution, i.e. poles at e, &+ ¢; £ ¢ for ¢ = 1,2, the set of
vectors and allowed combinations remain unchanged. However, if we pick up a pole in the
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defect contribution, it must be a combination containing (+1,0) or (0,+1) respectively
corresponding to €4 + ¢; + (. If we do not pick up any new poles in the defect contribution,
we get a term (Y'P), and if we pick up one pole, we get a term proportional to <Y%>

To show that the qg-characters are expressed as a finite combination of expectation
values of Y-operators in the unrefined limit, we need to rule out two possibilities. The
first is that terms picking up more than one pole in the defect contribution vanish in the
unrefined limit. The second is that poles of the form +( + e, are allowed in the unrefined
limit, but poles of the form +( + €1 + i€y + jeg for 4,5 € Z give trivial residues.

In the example of two-instanton calculation of the SO(2N) theory shown above, we
first want to exclude the possibility of the combination {(1,0),(0,1)} selecting the poles
€+ + ¢1 £ Cand eg + ¢ + (. It is straightforward to demonstrate that these poles vanish
even in the refined 2-background. This is because among the variables e 4 ¢1 & @9, at
least one must be equal to e; or —e; whenever one of the above combinations of poles is
chosen. The factor S(e; + ¢1 + ¢2)~! in the integrand then introduces an additional zero,
eliminating any contribution from this case. This argument holds for all cases we consider
in this paper and for an arbitrary number of instantons.

The second circumstance is more involved, as its contribution is non-zero in the refined
case, but only vanishes in the unrefined limit. For example in the two-instanton calculation
of SO(2N) theory, picking up the pole ¢ = ( — €4 — €1, ¢p2 = ( — €4 corresponding to the
combination {(0,1), (1, —1)} gives non-trivial residue:

[—(e1 + e2)][2(e1 — Q)] [er — 2¢][2¢ — 2] [2€ — €1 — 2] [2(—=C + 261 + €3]]

8[[62]] |I—61 + 62]] Hévzl [[61 + C + aa]] |I61 + €9 — C + ua]] [[261 + €9 — C + Cla]]
X [[QC — 2€1 — 62]] [[2( — 31 — 62]] [[—2C + 3e1 + 262]] . (BG)

The origin of the factor [—2e4] = [—(e1 +€2)] can be explained as follows. As in (2.20),
the defect contribution include the terms

= £ (¢ =]

S(p; () = . B.7
(%) [e+ £ (¢i £ )] (B.7)

However, when the pole ¢1 = ( — e — €1 is taken, the following factor becomes
[e- + ¢1 — (] = [—(e2 + &1)] = [-2e4], (B.8)

in the numerator of S(¢; &+ (). The astute reader may notice that there are also [+£2e. ]
even in the denominator after evaluating the residue, but they cancel the prefactor [2¢,]*
in (2.19). Consequently, the qq-character of SO(2N) gauge group is not simply written in
terms of Y and 1/Y at the refined level [27]. However, this pole yields a trivial residue in
the unrefined limit €4 = 0. A similar argument holds for the poles ¢; = £( — €4 — €12 and
¢i = £( + €4 + €12. Their residues become trivial as they are proportional to [+2e.] at
the refined level. (Note that the residues at ¢; = £( — ey + €12 and ¢; = £( + €4 — €12
are zero even at refine level.)

Note that this phenomenon can also be observed in the instanton partition function
without a defect [21]. Poles that cannot be classified by Young diagrams provide residues
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proportional to [+2e;]. However, at the unrefined level, these non-trivial poles do not
contribute to the partition function as their residues vanish.

The above argument applies to all BC' D-type gauge theories as they all possess a similar
structure, and for an arbitrary number of instantons. In this manner, it can be shown
that poles containing each defect parameter can be selected only once in each set of JK
residues in the unrefined limit. Thus, this ensures the finiteness of qq-characters, which are
expressed as finite combinations of expectation values of Y-operators in the unrefined limit.

C Vertical representations in the unrefined limit

In this appendix, we present the verification of the algebraic relations satisfied by the

vertical representations in the unrefined limit.

Type A. The vertical representation in the unrefined limit is specified by (4.14), and here
we verify the commutation relations of the Drinfeld currents. In the vertical representations,
we set £1 — 0 (i.e. 4 — 1), hence all h,,’s commute. Therefore, the only non-trivial relations
that need to be verified are those in (4.10).

Let us show the first commutation relation of (4.10). A useful equation is

D (q()\+x)t+p+1/2> . (q)\t+p+1/2) _ {qA§.+1—(j—1)}m _ {qA§—(j—1)}m
= ("~ 1) {qAEH*j}m : (C.1)
Also, the delta function admits the following expansion
i(z) = Z 2™ (C.2)
MEZL

Then, the explicit computation of the commutation relation is given by

)
_ 5 m A@ ) pr1/2) (@) tpr1/2Y) 1Y
Z Aa 6(Z/Xac) ( m (q ) Pm (q )) ’A,)H—LI?)

N
_ A SOy ar {q(x<a>)§+1—j}m5(z/Xx) | A, X )
M a=1 gea(ale)

N
=S S ) A )

a=lge(A(@)

Bz & oo
__[n]= SO 6(z/xe) | A At
m
a:lwgm()\(a))

=2 2t (2)]A,N), (C.3)

m

where z = (()\(a))§ +1,7) € AA). One can show the commutation relation [f,,, z~ (2)]

in a similar way.
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To show the second commutation relation of (4.10), we notice the identity

o [e.e]

Z m[Etmh]h,z" " |AN) = Z m(l—q") (1 —q ™hnz ™A\
m=1 m=1
=S (1-q ZA’” [ ] 2 14, ) (C.4)
= | S A [ S S A [] " A,
|m=17=1 m=1j=1
= Z (Xa/2)™ = Y Z (Xa/2)™ | A, A),
| zeA(N) m=1 zER(N) m

which follows from the cancellation between columns satisfying >\ = )\] 11- Similarly, we
also have the identity of the negative modes

— 00 —0o0

Z m[tmh]h,z"™|A,\) = Z m(l—¢™)(1—q ™hmz" ™A, N) (C.5)
m=—1 m=—1

:Z 1—qg™ ZA m{/\ﬂ J} mzm]A,/\)
m=1

[ > Z (Xa/2)™™ = D] Z (Xe/2)"" [ [AA) -
zEAN) m zeR(N) m=1
Then the explicit computation of the commutation relations is given by
2" (@) 2" ()] |4 X) = [P6(z/w) | 2 6(z/xa) = D 6(z/xa) | |A,X)
zeA(N) zeR(X)
= —[+h]6(z/w) [Z mEmhi]hmz"" 4+ N | |A, X) (C.6)
m#0
= —[£A] |3(z/w) > m[EmA]hyz™ + N Y (z/w)"| |4, X),
m70 neZ

which shows the second relation of (4.10) with 01— 0 and fy — N. The first line results
from the fact that the nontrivial parts only come from adding or removing the same boxes
from the Young diagrams.

In conclusion, (4.14) is a representation of the unrefined limit (4.10) of the quantum
toroidal algebra Uy, g,.45(al;).

Type BD. Now let us move on to the BD-type algebra (4.15), and verify the validity of
the vector representations (4.17). The method is analogous to the A-type. Using (C.1), we
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can show the first commutation relation of (4.15)
[P 2 ()] 1A, ) = =[R] 32 (0(2/x2) (G +x™) + () (X + xz™)) |4, X+ )
zeA(X)
= — (2" 4 27zt (2) |4, X). (C.7)
One can verify the commutation relation [hy,,z” (z)] in a similar way.

Similar to (C.4) and (C.5), we have
Z [£mh]hmz"""|A,A) = Z 1—=¢"™A—=q ™hnz""|AN)

MEZ meZ
m70 m=70

Pt zAm(v G-0)" ©8)

meZ
m=#0

5 m(l B qm) ZAfm (qAé—(j—l))_m |A7)\>

J=1

= k E - F e 148
mez zeA(N)  zeR(N)
m#0
[( > - % )6/ +6ex) -2 14N
zeA(N)  zeR(N)

Then, the second commutation relation of (4.15) with #; — 0 and /5 — N follows:
() ()] 14, X)
= [[ﬁ]]z{ Y (0(z/w)d(2/xa) + 6(2w)d(2/xa) + 8(2w)d(2x2) + 8(2/w)d (X))

zeA(X)

— > (6(z/w)d(2/xa) + 6(2w)3(2/xa) + 5(2w)S(2xa) + 6(2/w)3(2x2)) | |4, X)
zeR(X)

= [A1? (5(z/w) +5(zw)) [ | Do = D | (6(2/xa) +(2xa)) | |4, X)
zeA(X)  zeR(N)
= —[EH] (3(2/w) + d(zw))

) | [Emhlhy ™ + 2N | A, X). (C.9)

m#0

In conclusion, (4.17) is a representation of the BD-type algebra (4.15).

D Recursion relations of instanton partition functions

In this appendix, we derive the recursion relations for the SU(N) and SO(n) instanton
partition functions in terms of Young diagrams. These recursion relations are essential
for the Ward identity approach to qg-characters in section 4.3. To this end, we provide
explicit expressions for the unrefined instanton partition functions as summations over
Young diagrams and discuss their properties briefly.
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Type A. Let us first consider the recursion relation of the instanton partition function (2.5)
for A-type gauge group. In this paper, several different types of Y-functions are introduced
to give analytic expressions to qg-characters. These Y-functions are all related to the
A-type Y-function (2.11). The eigenvalue of the Y“4-operator (2.10) on the state |4, X)
can be factorized into a product of Y“-functions, each depending solely on a single Young
diagram:

N
i) = I Yo () (D.1)
a=1

where the Y-function associated with a single Young tableau A and Coulomb branch

parameter a is given by

y/,\q(z) =[¢ —a+2¢e4] HS(C_C%) (D.2)

TEA

For this reason, it suffices to enumerate the various useful properties of the Y-function for a
single Young tableau. The most important formula, referred to as the “shell formula” in

some literature, is:

[Locanl¢ — éz +€4]

Vi(z) = : (D.3)
[Leen[¢ — ¢z — 4]
Another useful expression that is easy to derive from the definition of Y-function is
1 1 z’
24142 \ 2 B
W) = - (BE) ] e (D4
x' €X) 29192
=1 i AL—1 1
=exp | — Z —(1 - qg”)Amqu(J 2)qT( J )z_m + i + Elog(quqg/A) ,
m,j=1 m
and equivalently
1
A 3 1 _ Z‘I1/¢Z2
Vi(z) = ( > — D.5

> 1 s A —m(j—2) —mA-1) ]
= exp (— > Ez(l_‘h YAy MU T +2108§(A/ZQI<12))7
k

m,j=1
i1,
where X\ = {Aqy ¢, }52;.
From now on, we consider only the unrefined limit, and the unrefined limit of the
Nekrasov factor (2.6) admits an equivalent expression and associated recursive formulae [83]:

(o] 1 _ Qq—l/t—kl—i-z-f—]—l

NAV(Q)Q) = H '

_ D.6)
1 (
o 11— Qg

~32 -



It then follows that

N W/deg) g 1ol ;
(A0 4a@ (A1/A2; i I ERYY
N)\(1))\(2)(A1/A2; q) PEX, 1) 1— qxx/_:v’ (Xm/ 2) )\(2)(X:E)a
A

N)\(l)()\(z)+z) (AI/A2; Q) - x,/Xz 1y,A
Nyo)a@ (A1/A2:q) z,el;{m T, A () (D.7)

which can alternatively be checked directly with the Mathematica file attached to this paper.
Combining the above two recursive relations together, we obtain

Novayoe)(Lig)

= — lim y>\+$( )yj\él(z)

Na(1;9) X
= — ] Jim [~ 6.2 (V5(2))
= [ Jim [ - 6l (01a(2) (D.8)

Another important identity we need in the rewriting of the instanton partition functions is
Nao(@Q39) = (—Q)P PN =25IN,\ (Q71q). (D.9)

Let us recall that the pure SU(NN) Nekrasov instanton partition function (2.5) can be

written as
Zp) =37 gz, (D.10)
X
where
5u
Z5 H ,\(aww (Lo [T N )\(a),\(ﬁ) Aa/Ap,q) - (D.11)
aB

Using (D.8), we can derive the recursive relations for A(®) — A(®) 4+ z as follows:

su(N)

Z% 1 2 1

Zz,u(N) NE e (yA(a>(Z))2 o W

— (_1) lim [[C - ¢x]]2
[+7] ¢—de (yf\(z))2

= (—1)N[£A] lim

1
. (D.12)
SO e — o2 (V2 ()

Type BD. Now let us move on to SO(n) gauge groups. The unrefined instanton par-
tition function for the SO(2N) gauge group can be written as a summation over Young
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diagrams [21]. The partition function is given by:

7% (2N) quZsa(QN)

inst

N
3 > (@) _(N—s(2(%) 4>~<A<“>>
= g quX(A)Q Il AWN=HIN ||
X || A‘ IN)\(Q)A(Q) 1 q |I NA(Q)A(;;)(A Aﬁ ,q) 1 (D13)

a=1 a#B
where £(A) :=237; er(J — 9), and the M-factor is expressed as

M(Ar, As, ..., Ay)

[ (A2 O
(e
(,7) €@

(@) _4(B) o ’
11 11 (1—,4&,45(1”]—1—& NI (1= AaAggt AR
1<a<BN (4,5)ex(@ (m,n)eX®)

uElz

Hence, to derive the recursion relations for the partition function, it is necessary to derive the
recursive formula for the M-factor by adding a box in the Young diagrams A(®) — \(@) 4 g

M-
AT _ pE.(X), (D.14)

m—1-2{ o(AB)) 07 i—1-2®
+ Aug "y Aglg +(—q) Y N (D.15)
B#a i=1

(o)
Using xz = Aaqmi)\m -1

X@Z—M<“+Wm—&ﬁwm+ﬂ—f5 3 m)
(0,1)

y€S(A(),y#£a—(0,

, We can rewrite

+Xe (A,Bq“w)) —(1=q" > Xy) , (D.16)

Ba yeS(A(B))

where we denoted &(\) = {(i, \; )}e( 1) as the set of boxes at the surface of a Young diagram
A. Note that if A\; = Aj41 then x ) =q~ X('L+1,)\i+l)’ and thus

X(X):_Xx(Xz+ x>, Xy)
). y#T

yeR(A() yeAN (@),

_XIZ( Yoy Y Xy)- (D.17)

BFa \yeR(A () yeANB))
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Substituting this back to (D.14), we have the following recursive relation

M, (1= vaxy)
Me _ ye%‘ (AB)) Xz Xy
=(1- X (D.18)
Mj\ v H Hygm )\(ﬁ))(l XIX?J)
y#£T

One can directly test the above formula with the Mathematica file attached to this paper
on the arXiv.
Note that
qcn()\+w)/2/qcn()\)/2 _ X;cAc, (Dlg)

we obtain the following recursive relation for the SO(2N) partition function (D.13)

Z50(2N)

. 1N71 ) _ ac2
2:21\!_(1_[‘4) ~o () lim I (M]Q

[[h]]2 (— bz (y?(z))

2
N 1—
% (1 . X:%)Q H Hyei)%()\(ﬁ))( X:EX?J) ‘ (DQO)

Using the D-type Y-function defined in (2.28) and its shell formula

[K + ¢4 N 1 [T EQ[(X)(l = Xz?)
O x@" = (N ] A 20 . (D2
VO L gkEe) ~ ¢ LA RO e
we arrive at the recursive formulae written in terms of the YP-function,
Zio(QN) 1 _ 2 ) 4
St = s (ST
5 (¥2(2))
2¢ & h]?
= (—[A])? Chrg [2¢ £ ] o (D.22)
— Pz _ 2 D
[¢ - 62 (V2 (=)
For SO(2N + 1) theory, the partition function is given by
2 =3z (D.23)

-

A
N

::quM‘ H AN=2)[A@)] H I1 NA(Q)A(@(AQA?’(J)_l
X a=l a#f

_(N=9)r(A(¥)
2

N —
[T ANy @)y (1, )™ Nyorp(Aas ) ™ Noyr (A3 a) 7L

a=1

The key distinction between (D.13) and (D.23) is the presence of the terms Ny )Ny,

whose recursion relation is

Ny 420(Aas O Ngr 12(A21, )

- = —[xa]? (D.24)
Ny@p(Aas ) Nyye (A3, q)
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This recursion relation compensates for the difference in Y-functions (2.28) between the
SO(2N) and SO(2N + 1) gauge groups, as given by

(V2N (2))? = [P0 (2))2.

In summary, the recursive relation for the B-type instanton partition functions is

RS U 'SR 'a L W (R '3 &
Zj‘\o(2N+1) [[h]]Q C—os [[C]]Q (yD( ))2 Hﬁ]]Q C—¢s (y;\B(z))2

= [A]?* lim [2¢ 2+ A" 5
- gl (V2 (2)

The formulas (D.22) and (D.25) can again be checked with our Mathematica file.

(D.25)

D.1 Proof of pole cancellation

Now we are ready to prove the pole cancellations in the expressions of qq-characters (2.29).
For the C-type, we offer a partial answer to the pole cancellation of (2.34).
Recall from the expression (D.21) and the definitions (2.28) and (2.33) that

2V (2) = [CY5™ (=), (D.26)
YO = e ) (D.27)

50 there are poles at ¢ = ¢, g 5) In nyD( z) and poles at ( = D peat(X) (z) in 1/)?;’\90D(z).
The set of such poles from yBCD (z) with all Young diagrams of size /~c + 1 coincide with
that of 1/ yBCD (z) with Young diagram size k. We also notice that although there are four
sectors in the Sp(N) calculation, the relation (D.27) holds universally for all the sectors.

Let us first evaluate the residue of yiNx (z)Zio(ZN) at ( = ¢, which is contained in the

Az
expectation value (Y7 (z2)).

Zso(QN)
. Dy s0(2N) Mz Dy 50(2N)
CILIEZ[[C_gbeyXﬁ_I(Z)ZX_i_ - hm [[C ¢z]] 50 2N)yX+x(2)ZX
)\

[A1?[2¢ + A]? 750(2N)
[¢ — ¢2]2Y p L2

W s0(2N)
Chrgx[[é o I() Zo,

= Chlgx [[C - (bz]]
(D.28)

where we use the recursive relation (D.22) and (2.28), (2.4) in the unrefined limit. The
above rewriting shows that the residue at ¢ = ¢, from (Y (z2)) is precisely equal to the
negative of the residue at ¢ = ¢, from <W@%ﬂ> This shows that the pole is cancelled
and the overall net residue at ( = ¢, in the qq-character (2.29) is zero. The same argument

can be applied analogously in the B-type case.
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m

Figure 2. For A, = +1, j:q%, m is defined to count the number of rows satisfying )\§S) > 7.

. m+1

Figure 3. For A, = +q, m is defined to count the number of rows satisfying /\S.S) >j5+1

The computation for the C-type case follows a similar pattern, but we need to incorpo-
rate the relation (2.32):

sp(N),+ 50(2N+8)
ZJ\'+x . CZ\'+:L~,A' Mo (D.29)
;p(N)i N OX,A Z§0(2N+8)’ ’

where four additional parameters As, s = N+1,..., N+4, are determined accordingly to the
+-sectors and even/odd number of instantons and they take value in {£1, :I:q%, +q} [21]. The
coeflicients CX, 1 only depend on the number mg that counts the number of rows satisfying
/\g_s) > jor )\§~5) > j + 1 in the extra Young diagrams labeled by s = N +1,...,N 4+ 4
depending on the value of Ay (see figure 2 and 3). We call the boxes not at the specific
positions (respectively with & = 7(i,4) and 2 = (3,54 1) in A®) for s = N +1,..., N +4)
that change the characteristic number m, as generic boxes. Clearly, when the added box =

is a generic box, we have
C- -
—arrd (D.30)
C i
For such generic boxes, the computation simplifies as follows

Zsu(2N+8) Dn4a (2) ip(2N),:i:

. B Cn sp(2N), £ _ _ Mz Mz X
dm [C = VL (255 = dim [C— 6] 70N PG E ]
. 1 sp(2N),+
- — ] — ¢yl ——- 77 ’ D.31
Jim [¢— ¢ ]]ygm o5 (D.31)
1 sp(2N), &

=— ClirgzﬂC — ¢4 [2¢]2[2¢ + h]]yXCN(Z) !
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The above calculation then shows the pole cancellation of the qq-character (2.37) at a pole
¢, with a generic box = of the extra Young diagrams. The poles corresponding to boxes on
the special position are located at ¢ = 0, 71, i%, i(% + i), £h, +(h + wi). Interestingly we
still observe highly non-trivial cancellations at these poles from instanton expansions up to
six instantons.

We remark that the pole cancellation shown here is an independent computation of
that presented in appendix B, but they both suggest the same form of the qg-characters
schematically as Y +1/Y.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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