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ABSTRACT: Recently, Gaiotto and Rapcak proposed a generalization of Wy algebra by
considering the symmetry at the corner of the brane intersection (corner vertex operator
algebra). The algebra, denoted as Y7, as n, is characterized by three non-negative integers
L, M, N. It has a manifest triality automorphism which interchanges L, M, N, and can be
obtained as a reduction of Wi, algebra with a “pit” in the plane partition representation.
Later, Prochazka and Rapcak proposed a representation of Y7, a7 y in terms of L + M + N
free bosons by a generalization of Miura transformation, where they use the fractional
power differential operators.

In this paper, we derive a g-deformation of the Miura transformation. It gives a
free field representation for g-deformed Y7, ps n, which is obtained as a reduction of the
quantum toroidal algebra. We find that the g-deformed version has a “simpler” structure
than the original one because of the Miki duality in the quantum toroidal algebra. For
instance, one can find a direct correspondence between the operators obtained by the Miura
transformation and those of the quantum toroidal algebra. Furthermore, we can show that
the both algebras share the same screening operators.
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1 Introduction

W-algebra is an extended conformal symmetry that includes the higher spin currents. It
played an essential role in understanding the statistical mechanics and quantum gravity in
two dimensions and rapidly developed around ’90. Recently, W-algebra begins to attract
a renovated interest both from physicists and mathematicians. One of the reasons is the
discovery of AGT correspondence [1], which suggests the algebra and its representation
theory is critically important to understand higher dimensional gauge/string theories.



A series of studies brought us a novel insight into W-algebras. For example, it was
found that Wi4 is equivalent to affine Yangian of gl [2, 3]. The duality between two
algebra provided us a new perspective on the study of Wy algebras and was helpful to
understand how 4D /2D duality works.

Recently, Gaiotto and Rapcak [4] found a new family of W-algebras from D3-branes
attached to a 5-brane junction. They denoted their algebra as Y7, as n[V] where L, M, N
are the number of D3 branes and ¥ is the coupling of N = 4 super Yang-Mills in four
dimensions. The authors of [4, 5] also claimed that the algebra can be obtained as a
truncation of the plane partition representation of the affine Yangian with a “pit” at the
location (L, M, N), [6]. The algebras are referred to as corner VOAs or Y-algebras. One
of the salient features of Wi4o is the triality [7]. The corner VOA inherits it as the
freedom to reshuffle three integers L, M, N together with an appropriate transformation of
the coupling ¥. A mathematical proof is given in [8].

As an independent study of the generalization of the Wy algebra, the authors of [9]
classified the generic chiral algebras which contain spin three current. Their strategy is
to use the free boson oscillators and a set of screening operators realized by the vertex
operators. They derived a classification on the set of screening operators to have spin three
current to commute with screening currents.

In [10], Prochazka and Rapcak proposed a free field realization of the corner VOAs. It
is one of the most powerful techniques to understand W-algebras and their representation
theories. A typical example is Fateev-Lukyanov’s construction [11], where Wy algebras
were introduced. The explicit form of the generators is determined by the so-called Miura
transformation, which is given by an N-th order differential operator. We note that Wy
algebra together with U(1) current is a special example of the corner VOA with (L, M, N) =
(0,0, N). To obtain the generalization for the arbitrary (L, M, N'), Prochazka and Rapcak
introduced three types of differential operators so that they will respect the triality. The
new feature in this construction is the appearance of pseudo-differential operators, which
involve fractional powers of derivatives. They also found that the free field realization
defined in this way is consistent with the screening charges derived in [9] by checking the
commutativity at low orders.

An interesting unexplored subject in the corner VOA is the g-deformation.! The
first attempt to apply ¢-deformation to the two-dimensional conformal field theory was
made in [14], where the g-deformation of Virasoro algebra was proposed. It was soon
generalized to ¢-deformed Wy algebra, whose generators are defined by g-deformed Miura
transformation [15, 16].

In this paper, we derive a g-deformed version of the generalized Miura transformation
in [10]. It gives an explicit free field realization of g-deformed Y7, s n.

As we wrote, the corner VOA Y7,y v is obtained as a reduction of Wi, or the affine
Yangian. One can obtain the g-deformed Y7, ps x from the quantum toroidal algebra gl
(also known as Ding-ITohara-Miki algebra [17, 18]).

LAfter the corner VOA appeared, several generalizations to a broader class of W-algebras have been
proposed [5, 12, 13].



S-dual

g-deformation Q

Affine Yangian ———— Quantum toroidal algebra
“pit”-reduction
Yo mn _ q-Yr,M,N

It implies several advantages of considering g-deformed Y-algebras by comparing its
universal symmetries — the first line in the above diagram. First, the coproduct becomes
simpler, and it allows us to deal with the tensor product representation spaces. Second, the
quantum toroidal gl; is more symmetric. It has SL(2,Z) symmetry (Miki-automorphism),
which the affine Yangian does not share. It helps to write the free boson representation
of the Drinfeld currents, and one may compare it directly with that of ¢-W algebra or
q-Yr, v N algebra. Finally, the quantum toroidal gl has a universal R-matrix, which helps
us understand that the connection with the integrable models [19].

We utilize the benefits of the toroidal algebra in our free field construction. We first
introduce three types of difference operators and define the ¢-Y7, ys n algebras by ¢-deformed
Miura transformation. While the general form of higher spin currents in [10] are difficult
to manage, the g-deformation is expressed more systematically and easier to handle. In
particular, it enables us to calculate the commutativity with screening charges. We prove
that all the generators in our ¢-W algebras commute with the screening charges derived
in [6]. We also discuss the relation to the quantum toroidal gl;. Because the screening
charges in [6] were originally derived in the context of the quantum toroidal gl;, it should
reproduce the ¢-W algebra defined by ¢-deformed Miura transformation. We found how
we can reproduce all the generators from the Drinfeld currents of the quantum toroidal gl;.

We organize the paper as follows. In section 2, we review the quantum Miura trans-
formation of Y7, a7, v and the screening current associated with it. We also comment on the
singular nature of Yy n n, which should describe a null system. In section 3, we present
the g-deformation of the Miura transformation. We use the g-Pochhammer to propose the
fractional g-difference operator (3.58), and define the Miura transformation for ¢-deformed
Y7 ar,v. As the first consistency check, we compare the generators obtained by the Miura
transformation with the result of [20], where the free boson representation of W, ;(sl(2[1))
was studied. We note that the algebra is identical to g-deformed Yj 12 once we subtract
the U(1) factor. In section 4, we establish a direct correspondence between the Miura
transformation and the Drinfeld currents in the quantum toroidal gl;. We note that there
is no free boson representation for the Drinfeld current in the degenerate limit, and the
direct comparison with the Miura transformation is not possible, which makes it difficult
to show the commutativity with the screening charges. On the other hand, that becomes
almost trivial once we have established the connection to the quantum toroidal gl; because
its screening charge was already obtained in [6]. That is one of the main advantages of
considering ¢-deformed version. In the appendix, we presented our partial proof of the
fTT relation proposed in section 3.



2 Miura transformation for the corner vertex operator algebra Y7 js n

In this section, we review the free boson realization of the Y-algebra Y as n[V]. It is a
generalization of the quantum Miura transformation which defines Wiy algebras [11].

We note that the explicit form of the W-algebra is not known except for the simplest
cases. Nevertheless, the free field realization of the higher spin charges and the screening
currents are enough to construct the representation theory.

The free field realization of Yz, a7 ¥[¥] plays a similar role in the representation theory.
The Y7, p,n[V] algebra contains Wiy-algebra as Wy @ U(1) ~ Yy 0,n. Recently, the authors
of [10] proposed a generalized Miura transformation for Y7, s n[¥] in terms of L+ M + N
free bosons. On the other hand, the screening currents associated with it was developed
independently [9] in the analysis of a generalization of W3 algebra. Since both the defini-
tions of Miura transformation and the screening charges are essential for us, we summarize
these developments here.

2.1 Free field realization of Wy and Yoy ~ Wy & U(1)

We first review the free field realization of the Wy algebra and Yy . The algebra Wy
consists of spin ¢ chiral current U, with £ = 2,3,--- ,N. The precise definition of the
algebra Yy o v will be reviewed in the next subsection. For the moment, what we need to
know is that Yj o n consists of Wy algebra with extra spin 1 current.

Miura transformation. We first explain the Miura transformation for Yy o y since it is
simpler. We introduce N free boson fields ¢; (i = 1,---, N) with OPE,

gbl(z)qb](w) ~ _62']' log(z — w) . (21)

The quantum Miura transformation is

R=Ri-Ry---Rny = (0408+6¢1 (Z))(Oé08+8¢2(2)) (Ozoa—l—8¢]\[ Z Uk Oé()a ,

(2.2)
with R; = a0 + 0¢;. It defines the spin ¢ currents Uy (¢ = 0,1,--- ,N). The first few
terms are

Up = 1, (2.3)

N
— Za@(z), (2.4)

Uy = Za¢la¢j + ag Z i—1) 82(1)17 (2.5)
1<J
Us = Z a¢za¢]a¢k + o Z Z - J a¢za¢])
i<j<k i<j
2
+ a0 Y (j — i — 1)0¢:0%6; + % S (i = 1)(i — 2)0%¢:(2). (2.6)
1<j 7



We identify the stress-energy tensor of Yp o n as,

1 N+1 1 - . - . N+1
T(Z):U2*§¢(U1)2:* 0405U1=*§‘(3¢)2¢+040p-52¢, ()i =i——5—,
(2.7)
where ¢ = (¢1, -+ ,én). The central charge of the system is,
c=N+12037-F=(N—-1) 1+ g N(N +1)) + 1. (2.8)

This is the standard central charge for Wy algebra plus 1. The extra central charge comes
from the nonvanishing U(1) current Uj.
The Miura transformation for Wy algebra is obtained from (2.2) by noting that,

- 1 __® . ¢
R; = ap0 + 9¢; = ap0 + €; - 0P + NUl =e Noo RieNoo | (2.9)

Ri = apd+ ¢ -06. (2.10)

Here we define €; = ¢€; — % > € with (€;); = 65, and ¢ = SN ¢i. We rewrite (2.2) to
define the Miura transformation for Wy,

__¢ . _9_ __¢ _o __ ¢ . ¢
R=:Ry---Ry:=:e N RjeNo ...¢ Neo RyeNao :=¢ Neo ReNeo, (2.11)
N
RE: Rl-”RN = ZUk<Z)(Oéoa)N_k. (2.12)
k=0
The first few terms are
o =1, (2.13)
~ N —
1= &-0(z) =0, (2.14)
i=1
- e o e g7 1 g
9 = 1 (€ - 00)(€5 - 09) : +y Z(z—l)ei -0%P(z) = T(z)—ﬁ 1 (09)° :=T(2). (2.15)
i<j i

The U(1) current is removed and T'(z) generates the Virasoro algebra of the central charge
c=(N-1)(1+a3N(N +1)). (2.16)
R is precisely the Miura transformation in [11].

Screening currents. The screening current for Yy o v (and the associated Wy ) is defined
as the integral of the vertex operator which commutes with all the higher spin currents
defined by the Miura transformation. It is defined using the neighboring bosonic fields as,

d
Si = %277:@ s exp(aidi(z) — bidit1(2)) 1 i=1,---,N—-1. (2.17)



We note that the part in the Miura transformation which may have the nonvanishing OPE
with &; is restricted to,

RiRiy1 = ZU (0gd)" (2.18)

Up = 1, Up = 0¢; + 0¢iy1, Uz = 0¢;i0¢it1 + apd’is1, (2.19)

since other parts do not contain ¢; and ¢;+;. In order to have vanishing commutation
relation with U; and Us, one determines,

(2.20)

if we parametrize ag = —b — 1/b. The symmetry b <> 1/b is known as Feigin-Frenkel dual-
ity [21]. We note that the screening current for Wy takes exactly the same form [11] since
the screening currents thus determined automatically commute with the vertex operator
exp (¢/Nayp) in the similarity transformation (2.11).

2.2 Affine Yangian of gl; and Y y n

There are two definitions of the corner vertex operator algebra. Original one is obtained
by combining the Drinfeld-Sokolov reduction of super-Lie algebras and the coset construc-
tion [4]. The second one is the reduction of the plane partition representation of the affine
Yangian of gl; [5]. For our purpose, it is more convenient to use the second.

Affine Yangian. The affine Yangian of gl; is described by Drinfeld currents

e(w) =3 =4 Zqu’ b(u —1+oz i (2.21)

J=0

The parameter u is the spectral parameter. We follow the notation in [3] where the algebra
is parametrized by three numbers h1, ho, hg € C with a constraint,

hi1+ ha + hg = 0. (2.22)

We denote o = hihahs. The defining relations of the affine Yangian of gl; is as follows:

(2.23)
P(u)e(v) ~ p(u —v)e(v)P(u), P(u)f(v) ~ oo —u)f(v)(u),
[, 5] = 0, [ei, f] = ity (2.24)
[Yo.e5] =0, [1,e5] =0, [, €5] = 2¢;, (2.25)
[¢Oaf]]zo7 [¢1,f]]20, [¢27f]]:_2fja
together with Serre relations. ¢(u) is the structure function,
QO(U): (u+h1)(u+h2)(u+h3) (2.26)

(u — hl)(u — hz)(u — h3) '



We note that “~” implies both sides are equal up to regular terms at « = 0 or v = 0.
o is the central element of the algebra. The structure function (2.26) is invariant under
the scale transformation h; — ~vhi, Yo — v 2to, u — ~yu. It implies that we have two
independent parameters.

Prochazka [22] introduced new parameters A\; € C (i = 1,2,3) which is convenient to
describe the null states associated with the plane partition. They are related to h; and

17[)0 bY7
Yoo

Ai = — e (2.27)
This combination is invariant under the scale transformation. The relation (2.22) is re-
placed by
3
doat=o. (2.28)
i=1

Use of \; with the constraint (2.28) is more symmetric representation of the two parameters
in the algebra.

Relation with Wi .. We remind the reader of the relation between Wi oo
algebra [7, 23] and the affine Yangian. W -algebra consists of an infinite chiral currents
W™ (2) with n = 1,2,--- where W® is the stress-energy tensor, W (z) is a free U(1)
current and W (z) (n > 2) are the higher spin currents. One may define it as a Wy-
algebra with N — oo limit with an extra decoupled U(1) current and an extra deformation
parameter. Fach current has an expansion W®)(z) = ¥, ., W) 2=s=n. See also [24]
for Wo.

W10 looks very different from the affine Yangian while they are equivalent. Roughly

speaking, the correspondence between the generators is
W) o eer, W ooy, W o foly (2.29)

In general, the correspondence is much more involved, see, for instance, [25].2 In a sense,
the expansion (2.21) is with respect to the spin (upper) index of WV(LS), while the expansion
in W11 is with respect to the lower index. There is an obvious asymmetry between them,
the upper index goes from 1 to oo, while the lower index can take arbitrary integer.

The algebra contains two parameters, ¢ and x, where c is the central charge of Virasoro
algebra and z is the parameter which describes the OPE coefficients of higher currents.
The relations between the parameters of two algebras are [22],

3 3
c=1+][N-1), 22=14d(c+1)J[N\i—2)(\—3)7". (2.30)
i=1 i=1
As we see, the reduction to Y7, s n is easiest to describe in the affine Yangian. On the other
hand, the free boson representation of Y7, ys n describes higher spin currents of Wio. This
is the origin of the complication to define the Miura transformation.

2The basic idea is as follows. The identification of two algebra can be made through three generators
ep ~ W£11)7 for~ Wl(l)7 1~ WéS). One may generate the whole algebra by taking commutator of these
elementary generators.



Representation by plane partition and the reduction to Yz, as,n. In the following,
we consider a representation by the affine Yangian in terms of a plane partition [3, 26]. We
introduce a set of basis with a label of a plane partition A, and it spans the Hilbert space
of the algebra. The operator v; is diagonal with respect to |[A) and e;(f;) play a role of
adding (removing) a box to A:

$(u) 1A) = () 4), (2.31)

W) = T - respngia@ A+ 0), (2.32)
[JeA+ O

) = Y s g A -0, (2.33)
OeA— [l

and

Pa(u) = o(u) [T e(u—ho),

A (2.34)
U + Yoo

u

Yo(u) =

Here, AT are the places where we can add (or remove) boxes so that the shape of plane
partition is consistent. We introduce a coordinate for each box in the plane partition. We
assign (0,0,0) to the origin of the partition and (z1,z2,23) € (Z>0)® for a general box.
We assign

hD = hix1 + hoxo + h3xs (2.35)

to the box located at (z1, 2, x3).
To define Y7, ar,n, we impose A; to satisfy an extra condition:
LM N_ (2.36)
A1 A2 A3
From the explicit representation (2.32), (2.33), one can derive the basis |A) which contains
a box with a coordinate (L, M, N) becomes null. In [6], the authors analyzed the simi-
lar problem for the quantum toroidal algebra. They describe the restriction to the plane
partition realization as “pit” at (L, M, N). In [5], the authors claimed that the affine Yan-
gian whose parameter is constrained by this condition is equivalent to the vertex operator
algebra Y7,y n[¥] in [4]. The parameter ¥ of the algebra is written as,

U=—X\/As. (2.37)

One may solve (2.28), (2.36), (2.37) to express \; as,

A =L— MU+ N -1), (2.38)
L 1

AQ——\IJ—FM—FN(\I,—l), (2.39)
L MU

=g ti—g TN (2.40)



We note that the condition (2.36) has a shift symmetry,
L—-L+k5 M-—->M+k, N-—=N+E. (2.41)

for k € Z due to (2.28). It allows the redefinition the location of the pit such that the
smallest elements are zero and others are greater than zero. The character of the plane
partitions with a pit was derived in [6].

For the special case Yj o v, we have a pit at the box (0,0, N). With such condition, the
height (the number of layers in z direction) of the plane partition A for the nonvanishing
states is restricted to V. One may decompose the plane partition layer by layer into -
tuple Young diagrams Y7, - -- , Yy with the condition Y; > --- = Yn. We note that the Fock
space of the free boson is written in terms of the basis labeled by Young diagrams. They
give a representation space of Wy algebra with an extra U(1) factor, which we discussed
in the previous subsection.

2.3 Miura operators

In [10], the authors proposed the Miura transformation which generate the higher spin
charges of the algebra Y7, p n. It is written in terms of L + M + N free boson fields ¢;(z)
(¢ =1,---,L 4+ M + N) which obeys the standard OPE relation (2.1). Y7y n always
contains the Virasoro current in the following standard form:

T(z) = —% .08 06 . +70°3. (2.42)

with the central charge ¢ = L + M + N + 1272, The vertex operator and the conformal

dimension is given by,

- (27— ). (2.43)

DO |

Va(z) = exp(d@-§(2)) :,  A@) =

The Miura transformation [10] consists of three types (pseudo-)differential operators,
which we will refer as the Miura operator

RO(¢) =: (0, + pedsp)e =1 e HePeehe? . ¢=1,2,3. (2.44)
The parameters are set to,

H1 = &, vy = 527
pe =0, v2=a? (2.45)
u3 =af, v3=1,

with «, 8 € C with a constraint:
2 2 _
a‘+p°4+1=0. (2.46)

They are related to the W parameter in Y7, a7, n[V] as,

U=—-0?/f% o o!=—°% p=—,. (2.47)



These parameters are introduced here to simplify the free boson representations. The other
parameters of the affine Yangian can be set to,

1
hi=pB/a,  hy=a/B, h320402076, Yo = Lvi + Mvy + Nus, (2.48)
Ac = _wO/VC (c=1,2,3). (249)
Our definition of the Miura operator is identical to the [10], which we refer to as R(’f:)
h3 hc/hi’:
R(PRe) _. <aoaz + hJ(C)) : (2.50)
h 1
(c) (c) - - 2.51
JO(2)J (w) o P (2.51)

up to the overall coefficient and the rescaling of the currents by J(©)(z) = w%aqﬁ, with:

1 [h, he
=Sy = e 2.52
e =3\ Ve = (2.52)

The parameters p., V. satisfy the relations,
Z ve=0, p=w/v, w=da?p*=(0)"% (2.53)
c=1,2,3

Expansion of pseudo differential operators. The action of the pseudo-differential
operator on a given function is given by,

o1z = 3 T e o apyor, (2:54)
n=0 :
where
Wn=w+n—-1)---(v+ 1), (2.55)

is the Pochhammer symbol. For the expansion of the pseudo-differential operator, the

following formula is useful.

(D4 pdP) - = e HPVel?

= > e o, (2.56)
P lJ =:(@+J)": 1. (2.57)

The first few examples of P, are,
PJ=J, PRI =0J+:J%: PJ]=0*J+:3J0J:4:J%: . (2.58)

We will use a notation,
(0 + pedP)e : = f: Uldgre (2.59)
n=1

Ul = (-1 p o), (2.60)

where Uéc) is the “spin n” component of the expansion.

~10 -



2.4 Miura transformation

One defines a generalized Miura transformation for Y7, v as,

R =R (¢1)R) () --- R (g,) = ZU ) o™, (2.61)

where n = L + M + N. We use a notation 7y = > 1" ; Ve, = Lvy + Mvy + Nvs = —1pg. We
will generalize it to 73 = Y1 (v¢,)® = Lvj + Mvs 4+ Nvj§ in the following. Among the set

c={ci, - ,enty (2.62)

L indices equal 1, M indices equals 2, and N indices equals 3. The expansion coefficient
U 5(@ plays the role of spin s current in Yz, a7 n. When all {c1,--- , ¢y} equal 3, we recover
the original Miura transformation of W), algebra (2.2) up to overall constant.

The authors of [10] proposed,

o The algebra Y7, ps n does not depend on the order of the product of the Miura oper-
ators.

o There is a shift symmetry Y7y v — Y41, 041,8+1-

There is a partial arguments for the first point [27]. It is based on the existence of R-matrix,
which changes the order of the Miura operators,

Rerea B (61) R (62) = R (62) RV (1) Reyey - (2.63)

Their argument is a generalization of [28, 29] for the R®) operator in the homogeneous
form (2.2). There is also a different reasoning [9] based on the correlation function of the
screening currents.

For the second point the existence of the shift symmetry implies that the currents
U, defined by RM(¢1)R® () R®)(¢3) = 322, U,(6)0~", which describes Yi 11 ~ Yy

should be null operators. We will give some arguments that this statement holds.
We come back to the expansion of (2.61) more explicitly.

Up =1, (2.64)
=S U =3 peve,06i =G 06, §= (Ve fenve,),  (2.65)
= =1
N (ei)pr(es) (c5)
Uy => U™ + ) (U U7 + v, 0U,7) (2.66)
i=1 1<J
Ug—ZU;UrZ Uy + U Uy + S vyl
i<j i<j<k
+ 3 (e, 00U + (ve, — UL OUL)
1<J
4 Z (ch CJ)U(Ck))+U(Cz) ]aUl(Ck))
i<j<k
+Z”“l Ve~ Do) 4 STy PUS) (2.67)
1 Ci ey 1 .
1<j i<j<k

- 11 -



The generic generator Uy is formally written as,

H?:l ((*1)&(7%)51‘) — ey $1 91 c1 P1—Hey P2 Hl2 coP2—Hes P3 Hls
Us,= Z gllgnl e M1 1 (6“1 Heq 92 5 (6“2 He3 @3 0) ()))
Gl =5, £;>0
(2.68)
Let us summarize the basic properties of CFTs defined by these operators.
e Spin one U(1) current: J(z) = Ui(z). Their OPE is
w7
J(z)J = ——. 2.69
() = s (2.69)

o Stress energy tensor T'(z): it takes of the form (2.42) by combining

To(2) = i(UQ— % L (Uh)? :): —% H(09): 470 - 0%6,  (R)i =

(2.70)

We have to modify Ty by adding a term proportional to d.J(z) to impose 7 - g = 0.3

~ = 1 B .
T(z) = To(z) - 9520&](2) = =51 (99)?: 47 %3, (2.71)
(7); = i Ve ~ il (2.72)
2pte;
We note that
7= Z,uiui =w Z Ve, = W, (2.73)
i i
_ Ve, = 1423 i ve, 1
G 10 = Zﬁq%i c % VS R §7T1(7r1 -1), (2.74)
i Ci
2 2
" i
TOZ*Z :—Zyci Vci_l"i‘QZVc-
15 (pe;)? dw 5 i
1 1 4
== (-3773 +20m)? — 2(m)? +m) . (2.75)
It implies that the central charge of (2.71) is,
PN 1
c=n+12 (Fg (g gﬂO) >:n+w((7r1)37r3). (2.76)

It is identical to (2.30) after some computation by using the indentities (2.48), (2.49).

3When L = M = N, §* = 0 and the expression for T'(z) appears to be ill-defined. Actually the operator
0J becomes null operator and its coefficient is arbitrary. Such a modification does not change the central
charge and the structure of the screening operators.
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Comments.

1. When the Miura transformation is homogeneous, namely R(1)(¢) = ... = R(®)(¢) =
R©)(¢), the central charge becomes
3
Ce=mn+ Uc(n?’ —n). (2.77)
We note that
3 3 3

o -2 Y2 _ -2 Y3 _ 2
C=latan)S == (8457, = =(a/f+B/a).
It takes the form of the central charge of W), algebra and a U(1) boson. As we will
see, the screening currents for Yn 00, Yo n0, Yo,0, 7 takes the similar form. It implies

that these three Miura transformations defines the same algebra with the parameter
redefined.

2. Tt is clear from the final expression (2.69), (2.76) that the level of U(1) (the numer-
ator factor of (2.69)) and the central charge is independent of the order of Miura
transformation (2.61).

3. For Y] 1 1, which be equivalent to Y( 0,0, 71 = 0, m3 = 3w. It gives the level of U(1) cur-
rent algebra and the central charge of W, to vanish. It implies that there are no op-
erators proportional to the identity operator in the commutation relations. From this
fact, one may claim that the norm of the states generated by USST)L, s,m=1,2,---,00
(obtained from the mode expansion of Us(2)), vanishes, while it is generated by non-
trivial free bosons. Thus, the Miura transformation for Y7 11 gives “null operators”

U; while their appearance is very complicated.

2.5 Screening currents

The screening currents for the Miura transformation (2.61) should commute with the neigh-
boring Miura operators, R()(¢;)R(¢+1)(¢;41). One expands,

R(a) (¢1)R(b) (¢2) — aua-f—ub 4 Ulaua+ub—1 + U281/a+ub—2 4o (278)
We define the screening currents as
dz - - - 1 12 o
Sab = o exp(kap - 9(2)) 5 kab = (kap, kap), & = (¢1,02) - (2.79)

They should commute with U, in (2.78). We use the notation (g, 7) in section 2.4 for this
short Miura transformation. The commutativity with U; and Us gives,

|z sl
g ka =0, A(kab) = §k12 ) (27— - kab) =1. (280)
The solutions to these equations are given as follows,
ke =%, -, (2.81)
e
Koy = <””, —”“) . a#b. (2.82)
Ha  Hb
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More explicitly,

ki = (@, —a®), ke = (85, ), ks = ((0/B)*, —(a/B)*Y), (2.83)
k12 = (o, —f), ka1 = (8, —a), ki3 = (a7l =B/a), ka = (B/a,—a™l),
Koz = (B~ —a/B), ka2 = (a/B,—B71). (2.84)

We note that for R©R(©) we have two solutions which depends the index a which is
different from ¢ in the set {1,2,3}. We denote them as ¢ £ 1. This is the reason that Kee
has an extra upper index. For the inhomogeneous case R(® R(®) (a #b), we have a second
solution —QEab for (2.80). The vertex operator for the second solution, however, does not
commute with the higher currents.

The screening current for Sy (@ # b) anticommutes with itself. Thus it is nilpotent
(Sap)? = 0 [6]. We refer such screening charge as “fermionic”, while we refer the screening
charge SE as “bosonic”.

To examine the commutativity of the screening currents with the higher charges U, in
general, we evaluate,

o0

Y [Saby Un(w)] oo™
n=0

d - -

= Res,—y : eFard(2) ., R(@) (w)R® (w) :

= Res,—y (: oFab3(2) .. g =Had1(w) Gla phtadi(w) | o—Hpb2(w) Gib pHad2 (w) :> ) (2.85)
In order to show the screening charge commutes with arbitrary U,, one has to show the
residue in the last line is zero.

To go further, we note that there are some components that do not have OPE
with eFav®,

e Bosonic screening charge a = b: since Kua X (1,—1), we have the following decompo-
sition.

b+ = d1 £ d2, O+(2)P+(2) ~ —2log(z —w), ¢4+(2)p—(w) ~0. (2.86)

We rewrite,
: ROR@ . = ¢~'59+ Rlag) (¢ _)e+'5 0+ (2.87)
R@9(_) =: ¢~ 9= Jrachad-grae—'5é- . | (2.88)

Since the vertex operator in the screening operator commutes with ¢, the last line
in (2.85) is simplified to,
Fa

B0 i Reseny (s RO ) s) e (28)

where we take Eé@ (b # a) for the choice of the two screening currents.

~ 14 -



e Fermionic screening charge a # b: let ¢ be the third number other than a,b in the
set (1,2,3). First we note some identities,

Mot gy = —V2,  fafty = ficVe. (2.90)

We redefine the free boson generator,

b = HyP1 ‘:Ma¢2’ b = Ma¢1y—ub¢2 7 (2.91)
¢+(2)9+(2) ~ log(z — w), ¢+ (2)p—(w) ~ 0. (2.92)
We derive after the help of (2.90),
Rab &=, (2.93)
: R@R®) . . e_“5¢+R(ab)(¢_)e“C¢+ 0, (2.94)
R (¢_) =: 0= gragred=gioerad=; (2.95)

Since the vertex operator in the screening operator commutes with ¢, the last line
in (2.85) is simplified to,

s e Mt (w) Res,—uw <: e?-(2) .. R(ab)(qﬁ_) :) . ghed+ (w): . (2.96)

We do not have an analytic proof the residue appearing in (2.89), (2.96) vanishes. It is,
however, possible to calculate them by computer. We check the residue in (2.89), (2.96)
vanishes up to spin 8. In section 4, the commutativity of the screening currents is explicitly
proved for the g-deformed case. By taking the degenerate limit ¢ — 1, we obtain the
analytic proof of the statement.

3 g-deformation of corner VOA
In this section, we propose a g-deformation of the Miura transformation for Y7, s n.

3.1 g¢-deformation of the Miura transformation for Yoy and Wy algebra

As a warm-up, we first review the g-deformation of the Miura transformation of ¥ x and
Wiy-algebra [14-16]. It is written to get accustomed to the g-deformation of the oscillator
algebra. The readers who are familiar with the subject can skip this subsection.

3.1.1 ¢-deformation of the Heisenberg algebra and the Miura transformation
for YO,O,N

As in the previous section, the construction of the g-deformation of Yp o n is similar to
Wy algebra up to the subtraction of U(1) part. We introduce the g-deformed Miura
operators. By expanding the product of these operators we obtain the explicit generators
which generate ¢-Yp o v
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Y0,0,n before the g-deformation depends on three parameters h1, ha, h3 and they satisfy
hi+ hg + hg = 0. Let the parameters of the g-deformation be q1, g2, ¢3. he (¢ = 1,2,3) and
q. are related with?

qc = €Ehca (31)
where € is a constant. They have the following relation corresponding to hy + he + hg = 0,
q1q2q3 = 1. (3.2)

We introduce a ¢-deformation of the N free bosons defined by the Heisenberg alge-
bra [6],

m m

) ) 2, 2)3
(0@, a¥)] = —m(q3,€q3)5m+n,05i7j, (i=1,2,---,N) (3.3)
where k,,, is defined as
3 m _m
km = H(QCZ —qe *). (3.4)
c=1

In the ¢ — 1 (or € — 0) limit, which we will refer to as the degenerate limit, the
coefficient in the right-hand side of (3.3) becomes

m m

2 . 2)\3 h2
—m(%ﬁ%) ~—m hlzz +O(e). (3.5)

This is the same as (2.51).
We define vertex operators A; by using free bosons ag) as

h1h2 i N q%(iil)
Ai(z) = exp (6 n a(@) eXp Z l‘]?; : T 2 _T a(l)rzr
3 >0 " (43 —as®)?
N qll Kr N qu(jfl)
X exp Z g2 . ay)z—r + Z gz Z : B a1(ﬂ])z—r ,
>0 (g3 — g5 2)? >0 j=i+1 93 — g3 ?

The second term in the second line describes the mixing of the off-diagonal (j # i) compo-
nents of the free bosons. It comes from the coproduct structure of the quantum toroidal
algebra, which we discuss later in section 4. In the degenerate limit,
hih ;
Ai(z) =1+ e— 2 a(_zzﬂz’” + O(e%). (3.7)
3 rez

4The parameter € can be absorbed by rescaling h;. However, we keep € in order to take the degenerate
limit.
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It will be useful to recombine free bosons to include the off—diagonal parts to make the
definition of the vertex operator simpler. For r > 0, we define h,(f) (i=1~N) as:

(i—1)

_r = q3 T T a_,
" (43 —q32)*
) hihs (;
h((]z) — ¢ e 61)’
" ke TN q;fz " Ky TN N q;g(]*l) )
hy” = —q3 T ——a, — — 3 Z T —a,’ (3 8)
(g a3 ?)? U e

The commutation relation between them is

i ke 1 Kr . .

—rs

)

r gy —1
(@)

*,., we can rewrite the vertex operator A; as

where 7 is positive. Using these bosons h

Ai(z) =:exp (Z h@,zr) , (i=1,---,N). (3.10)

reZ

Using the vertex operator A;, we define the quantum Miura operator as
Ri(z) =1-Ai(2)gs 7=, i=1,--- N. (3.11)
Here the derivative D, is defined as D, = zd% and the shift operator qé) * acts as

g5 f(2) = f(az2). (3.12)

In the degenerate limit, by using (3.7),

Ri(2) = ehs (Dz - % 3 a%f> + O(€2) = ehs2(0 + psdd(2)) + O(2),  (3.13)

reZ
which coincides with the Miura operator in section 2 (2.44) up to the multiplication of z.
The quantum Miura transformation is constructed from the product of N Miura op-
erators as

N

t R1(2)Ra(2) -+ Rn(2) =Y (1) Ty(2)q5 "= (3.14)
=0

In the right-hand side, the coefficient of each order of g3 is the generator of the algebra

Yo,0,n:
Tl(z) :Al(z)—l—Ag(z)—i—AN(z), (315)
To(z) =: A1(2)Aalgz '2) : 4+ A1(2)A3(g3 2) : +-- -+ Av_1(2)AN(g5 ' 2) &, (3.16)
Tn(z) = Mi(2)Aa(gz '2) - An(gz " H2) - (3.17)
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3.1.2 Miura transformation for ¢-Wy

W algebra can be obtained from Yo n by subtracting U(1) current. The procedure is
parallel to the undeformed case.

We remove the diagonal U(1) current from the the vertex operators A; to define A;
(t=1~ N),

7 hby [ i) 1K ()
Ai(z) = exp [e > (ao _NZ%]

j=1
- N z(i-1)
1 2 ; Kr —IZN Q3 ;
X exp —ﬁ = - Z TQ3 B (Z(,])Zr + Z lq 2 qu Tfa@ ZT
r sN _ —5N 5 —5 r 13 5 ~3y2
>0 T —a? S g >0 (5 —a3°)
i N —5(G-D —5i
K 1 2 . Kr TN 2 )
X exp - — > 9 W4 > =gz Bl
r 5N N 3 3 r 2 2)2
r>0 q35 — 43 Jj=143 —ds3 r>0 (q3 — 43 )
K N N q—i(]—l) )
SRR L S et (315)
r>0 j=i+1q3 —q3°

In the degenerate limit, the vertex operator reduces to

. N .
(a(l)r — % Z a(JB,) 2"+ O(?) (3.19)
j=1

This is the subtraction of the diagonal U(1) which we met in section 2.
As in Y0 n, we introduce free bosons Eff) (i =1 ~ N) by combining the off-diagonal
part. For r > 0,

hiha

Ai(z) =1+¢ T

reZ

. 1 N 5J . . 5(i—1) ,
@ _ _Fr Z 43 a(])—l——rq_EN 43 O]
- r sN_ N <L« 5 577 p 5 —5yv
a3 a3 J=143 — 43 (a3 —q5°)
N
i) _ hho [ @ 1 (
éz _ » ( OZ) _ N Z:aoﬂ) 7
7=1
o 1 N q_%(j—l) Ko TN q;Ll
- . . . .
W= o e e e
a3 — 43 J=143 — Qs (a5 —gq3°)
ooy ML goE0D
- TTQ?)Q o (3.20)
j=i+1q3 —q3°
The commutation relation is,
R U = B L o s 0> (3.21)
[ —ry o ] 7 qu _ 1 qg o 1 2¥) (Z -7) .

where r is positive. Due to the subtraction of the diagonal U(1), 57(];) satisfies the condition,

N .~ .
S @R =o0. (3.22)
=1
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(@)

*,, the vertex operators A; is simplified,

Ai(z) =: exp (Z ltL(_ZZ,zT) i (3.23)

rez

Using these bosons h

We define Miura operators as
Ri(2) =1 — Ai(2)g5 7. (3.24)
In the degenerate limit € — 0,

p 1&g
R; = chy (Dz - h;LZQ 3 <a(3, -5 Za@) zT) +O(é). (3.25)
3 =1

reZ

From the same procedure as (3.13), we see that this is the same as the Miura operators of
Wy algebra before the g-deformation up to the multiplication by z.
The quantum Miura transformation is constructed by the product of N Miura opera-
tors as
N

t Ri(2)Ra(2) - R (2) = > _(—1)'Ty(2)q5 "= (3.26)
1=0

In the right-hand side, the coefficient of each order of g3 is the generator of the algebra.
By expanding the above equation, we obtain the generators as

Ti(2) = A(2) + Ao(2) 4+ - - - An(2), (3.27)
To(z) =: A1 (2)Aa(gzt2) : +: Ar(2)As(g3t2) - + -4 Av_1(2)An(g3'2) o, (3.28)
Tn(z) = Ai(2)Aa(gz '2) - An(a M H2) o= 1 (3.29)

These are almost the same as (3.15)—(3.17), but vertex operators A; are replaced with
A;. The only difference is that the generator Tn(z) becomes an identity operator as a
consequence of the subtraction of U(1).

3.1.3 Quadratic relations

In the g-deformed case, the commutation relations (or the operator product expansion) in
2D CFT is replaced by so-called fTT (or quadratic) relations. We review it here for the
simplest example, ¢g-Virasoro algebra, along the line of [14].

In this case, we have only one non-trivial generator,

T(z) = Ay (2) 4 Aa(2). (3.30)
It satisfies the following equation, which is referred to as the f7T'T (or the quadratic)
relation,
3 3Y( 2 3

w z af —q, %)(a3 —q gzw w
(L) Temw - 1 (2) Twre) = W=a e 26 ) (o) (L)),

z w 2 p) z a3z

q3 — 4q

(3.31)
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where §(z) is the delta function defined as

=y " (3.32)

mezZ
f(2) in the above equation is defined as
m=1 g3 — 43

A similar quadratic relation holds for all ¢-Wy algebras [15]. The fTT relation reduces to
the commutation relation in the degenerate limit.

(4)

Degenerate limit. The commutation relation of ilr becomes
i 4 2hyh
R0, 59 = L;?u +26;) + O(Y). (3.34)

We note that 7\ ~ O(e). In the small € limit, T'(z) is expanded as

() =2+ Y (A¢ )+ = Z WAL 4+ RERD)rts 4 o). (3.35)
reEL rsEZ

Here it looks like that T'(z) has O(e) term, but because we have the condition (3.22) the the

lowest term except the constant term is O(e?). By writing h7(~) using a,(n ), we can rewrite

T(z) as

T(2) =2+ 2hihy h h drap2"+ Y taga—s: 2T+ O(h), (3.36)
1 2 rez r,s€Z
where @, is defined as
oo Yhihy (1 ) 1 o
ar = h3 (—2017. + 5(17« ) (337)
and it has the following commutation relation:
L r
[ar,as] = —§5r+3,0. (3.38)

One can obtain the Virasoro generator multiplied by z? from the coefficient of —e?hiho by
subtracting some constants [14],

ra_p2" % — Z CA_pd_g: 2572 4 const., (3.39)

so we see that g-Virasoro algebra becomes the Virasoro algebra in the degenerate limit.
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3.2 ¢g-deformation of the Miura operators from g-Pochhammer

To define the g-deformation of the Miura operators, we find that the g-analogue of the
Pochhammer symbol is useful. For a comprehensive review, see for example [30].

In the original Y-algebra, the quantum Miura transformation was represented by a
fractional power differential operator (2.44). To illustrate the relevance of the Pochhammer
symbol, we consider a simplified operator (0 + 0¢)”, and examine a simplified situation
where v is a positive integer n. We note that a formal expression in terms of Pochhammer
symbol (2.55) gives a correspondence between the integer power differential operators. We
use —D, — D,¢ = z(—0 — 0¢) as the argument of Pochhammer symbol,

= (2(=0-0¢)+n—1)--(2(=0 — 0¢) + 1)(2(—0 — 99))
= 2"(—0 — )" (3.40)

n

This is the Miura operator multiplied by (—z)™.
An advantage of replacing the differential operator by the Pochhammer symbol is that
the g-deformation (¢-Pochhammer) is well-known:

n—1
(300 = [ (1 - z¢’). (3.41)
=0
In the limit of
r=q¢%,qg— 1,y : fixed, (3.42)

g-Pochhammer gives a proper definition of the ¢-deformation in the following sense,
o (zg)n
gq W = (Y)n- (3.43)

One can also define the analytic continuation of the parameter n to a complex number
v, which is essential to rewrite the fractional power appearing in the Miura operator. For
this purpose we introduce,

o
(;¢)00 = H(l —zq’). (3.44)
§=0
We can define the analytic continuation as,
(23 9)
(x19)y = (q”:v;q(io' (3.45)
One can derive that it reduces to the original definition when v is an integer n,
(3 9)oc I = -
= — = [](1-dz) = (2;0)n. (3.46)
("3 9)0  [I520(1 — g z) };[O "
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Finally, we will use the ¢g-binomial series to express the ¢-Pochhammer symbol in terms
of the powers of the operator,

(x3q)y = i(—x)kq@ [Z] : (3.47)

k=0

where [Z] is a g-binomial coefficient defined as
q

l”] __ wa (3.48)

kl, (6 O(@ )k

When v is a positive integer n, the summation over k is truncated by n. This is the
g-deformation of the binomial theorem. Otherwise, it defines the analytic continuation.

3.3 Definition of quantum Miura transformation

From the analysis of the previous subsection, we propose a g-deformed Miura transfor-
mation which gives the generators of g-deformed Y7, 57 n. The main claims of the section
are (3.58) and (3.67). This proposal will be justified by,

o It gives the generators of g-deformed W (sl(2|1)) [20] which corresponds to Yp 1 2 after
removing the U(1) factor.

o The generators of g-deformed Y7, ys, v can be naturally identified with a direct product
representation of the quantum toroidal gl .

e One can find the g-analog of the screening currents which commutes with the Miura
transformation.

The first statement is provided in section 3.4. The second one is critical to justify our
proposal since g-deformed Y7, ps n should be directly related to the quantum toroidal gl;.
Finally, the third statement follows the second observation. The commutativity with the
screening currents becomes the consequence of the known result. We will explain them in
section 4.

Free bosons and vertex operators. We start by preparing the notation. The Miura
transformation before the g-deformation depends on hi, ha, hs and they satisfy hy + ho +
hs = 0. To construct the g-deformed version, we introduce q1, g2, g3. These satisfy q1q2q3 =
1. The relation between ¢, and h. is (3.1). We combine q1, g2, g3 to define gz as

L+M+N

= ]l t=ae'sd, (3.49)
=1

where € is defined as (2.62). From (2.48) and (2.52), gz will be related to a central element
of the toroidal gl;, C', as we see in section 4. As we will show later, the corresponding
formula is (4.3) in terms of the quantum toroidal gl;.
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While the Miura transformation before the g-deformation is written by free bosons
J; and derivatives, the ¢g-deformed quantum Miura transformation can be written by the
vertex operators A; and shift operators.

For the purpose of defining the vertex operators, we introduce the free bosons with
the commutation relation:

m

o R R
[a(z) CL])} m(qcz dc; ) S

mn

= m+n,05i,ja (350)
—Km

which is a generalization of (3.3). We check that a(¥ is a g-deformation of the free boson
in the degenerate limit (2.51). The limit ¢, — 1 is the same as ¢ — 0. The coefficient in

the right-hand side of (3.50) becomes

2 g ?)? h3,
{9 = e ") _:2 L, <+ 0e), (3.51)

in the limit € — 0. This is the same as (2.51). .
We define vertex operators A; by using free bosons ag) as

5 ...,
Ai(z) = exp < h2 ) exp Z —Lg.2 7%1 q_clgl a(_zznzr

r>0 (qcz - in2)2
-5 .., "3 L L+M+N —5 =3
xexp |3 Mrgd A g0z 3 Brgd Y ML GO
>0 " (g3 —qe,?)? e e R s

(3.52)

As in ¢-Yj o v, there is a mixing in the second line, which is related to the coproduct of the
toroidal algebra. In the limit ¢ — 0, the vertex operator becomes

Ai(2) _1+e—2a 12" 4 O(€). (3.53)
Cl rez
To simplify the appearance of the vertex operator, we recombine free bosons to define
th). With a positive r,

B Fr =5 44 G ()

—r & T —r _0_p,
" (qCQ'L - inQ)
i o (i)
hg) =e—5ay ,
nz
At P LEMAN (=55
ORI & TR CNO NI S S L WO (3.54)
C r _r c r _r ° N
" (g — e ?)? U I e

We note that h( ") commutes with all generators. The commutation relation of free bosons
B (i=1,2,-- ,L+M+N)is

(00, h9) = 55— TG > ), (3.55)
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where r is positive and all the other commutation relations vanish. The vertex operators

A; can be expressed by B )

reZ

—: exp [Z h@j] . (3.56)

The operator products of A; satisfies the following formula:

exp (Z ) (“’)) (DA w) (=)

M)A () = § s M)A () (i) (357)
ex fr (W ' N (A (w) 1 1) .
p<z()> (DA (w) (i <)

Miura operator.  We are ready to describe the definition of the Miura operators:

Using the vertex operators A; and the g-deformed Pochhammer symbol, we define a
g-deformation of the Miura operator as

ROG) = (4,7 A) )

[e.9]

- % %—q qH 1 D
I - A7) | g (3.58)

3
Il
o
<.
—

1_g=1 _1 j=1
1) = S . 5 a3 * — @ *g3° Alg911 . ,—nD.
RYE) =>":1] |- —L (i5772) | 150, (3.59)
n=0 j=1 q:;)z —q3 2
© n i -~ -1 &G
434 a4 - D,
R(2)(Z) - Z : H — J ,21 : A(gs jHZ)) 7 b ) (3.60)
n=0 j=1 @ —q3°
R®(2) =1—A(2)g5 = (3.61)

We note that R®) consists of finite terms, while R and R® have an infinite number
of terms. This is parallel to the degenerate limit (2.44), where R®) is a differential op-
erator of order one, while RV and R® are the pseudo-differential operators which are
rewritten as infinite series of the differential operators. From this analogy, we sometimes
call R®) a difference operator and call RV and R® pseudo-difference operators in the
g-deformed case.

We may replace the parameter g3 to g; or g2 in (3.58). With such choices the Miura
operator R or R becomes finite instead of R®). This corresponds to an operation
which interchages R(®).
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Degenerate limit. To explain that it describes a g-deformation of the (pseudo-)dif-
erential operator, we use the relations in the previous subsection. The parameters v, 1o, v3
in (3.58) are defined as

ve = log,, qc, (3.62)

which are identical to (2.52) in the degenerate limit. D, = zd% and a shift operator q:? z
acts as (3.12). We also used the g-binomial series (3.47) to obtain the second line of (3.58)
from the first.

To derive the degenerate limit (2.44) from (3.58), we apply the relation between
the Pochhammer and the g-deformed one (3.43), to the definition of the Miura operator
R (3.58). In this case, the deformation parameter is g3. y in (3.43) is

1—v; hh i
V+12 (%)

y=-D,+ 5 %] a_)z", (3.63)
Ci reZ
which rewrite
y = 2(—0 — pc;00i(2)). (3.64)

When n € Z, the Pochhammer symbol (y),, is rewritten as

W =@ +n—1)(y+ Dy = (=2)"(0 + pie;00:)"- (3.65)

By taking analytic continuation from n € Z~ to v, € C, one obtains
(W)ve, = (=2)7 (0 + p1c; 0Pi) ™. (3.66)

This is the same as the Miura operator in the degenerate limit (2.50) up to the first factor
(—z)"¢i. When we multiply such operators in the Miura transformation, we move these
factors to the left or right of the Miura transformation. It causes the shift of the zero mode
of ¢, which can be absorbed in the redefinition.

Miura transformation.  As in the degenerate case (2.61), the Miura transformation is
defined as an ordered product of the Miura operators,

We mutiply the Miura operators L R, M R®?) and N R®),

oo

L RV ()RS (2) - RSN (2) o= 30 (—1)" T (2) g5 ™= (3.67)
n=0
The expansion in terms of the shift operator g5 D= defines T: 1,115,715, -+ which are

the generators of the g-deformed Y7, ps n.

There are (L4 M + N)!/L!M!N! ordering of RV, R R(®). As in the degenerate case, we
expect that the algebra generated by T; are mutually isomorphic for the different choices
of the ordering. We can prove this statement in the next section.
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The explicit form of T; is

L+M+N [ L Lla1—j) 2(1 Jx) L+M+N [ n

ro- x (R ) Y g ey

ni+-- q 7(] 2 =1 51=1
+7LL+M+N i 3 3

(3.68)

The corresponding formula in the degenerate case is (2.68). Since the shift operator is
easier to handle than the higher order differentiation, the ¢-deformed version is easier to

study. Indeed, one can directly compare it with the generators of the quantum toroidal
algebra in the next section.

Removal of the U(1) factor. So far, we define Y7,/ y which contains the diagonal
U(1) current. To compare our construction with the references of ¢-W algebras, such

s [15] and [20], we have to remove the U(1) factor and we refer to the algebra thus
obtained as ffL M,N-

What we need to do is parallel to the ¢-Wy algebra. We redefine the vertex operator,

L+M+N (j
/N\(z): exp | € U (Z) —€ o N a((]j)
! h2 Lhi+ Mhy + Nhg - hcj
i L+M+N —5 5 5 5
K 1 . -l ‘
coxp| Y —fr LY T ) 5 R O )
>0 ¢ —az° j=1 a4 — e’ r>0 (96 — qe*)?
[ LtM#N =5 =3 At Ut |
X €exp —ﬁ% %GQ)Z—T‘FZ i E%a?)z""
R e R Ok >0 " (g8 — g, )?
o o LEMAN =5 q*E
5 (& Cj_— —
Y -2 Y s =LqW (3.69)
r>0 j=i+l 4G — qe;’

r

We note that our construction does not work for L = M = N since the factor qg - qg§

appearing in the denominator vanishes. As in the degenerate case, Y7 1 ; describes a
trivial system, which we will see in the next section. In the following, we ignore these
singular cases.

In the limit € — 0, the vertex operator becomes

1 L+M+N a(j) ,
A =1 L ) | |
—i—ea%z a Lh1+Mh2+Nh3 ]2:21 he. + O(e%) (3.70)

J

This is almost the same as (3.53) but only the choice of the boson is different.
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7 (2)

For convenience of calculation, we express free bosons as h;’. For r > 0,
L+M+N -5 5 5
= (i) Kr 1 T e, ey’ (j) Kr =5 & q&_1 (i)
S S Y I A B e
4z — 4z j=1 QC]- - qu (g6 — qe;”)
L+M+N (j
ONANG o LY ay!
0 = 672(10 — € Z y
hci Lhi + Mho + Nhs = th
L+M+N —5 -5 -5 -3
7). _br 1 g Ge; s ald) L Br L e’ e’ ()
L ZTir*?@% e
9% — 4z = ch — qc (¢é — ae,”)
L+M+N
K r q qc .
-ra: ) 75 121 . (3.71)
j=itl 48 — Qe

We note that fz[()i)
The L + M + N bosons h

relation for a positive r,

commutes with all terms.
(@)

r

(t =1~ L+ M+ N) have the following commutation

(R, )]
N 3 N
K 1 _ _ _ K q: _ _ _
- 7?“ 5 —3\2 Z qclr o qckil(l qc’:) * 77“ 5 - -5 Z q017“ ) .qckr—l(l B quT)
(a7 —az°)* k=1 a2 —qz % k=it
ke 2 gzt R 4ot :
— L#qc—lr R P 9z —+ L Gei =0 — =0(i > 7). (3.72)
r 3 _ T3 J r 3 _ T3 ro3_ = r
4z — 4z 4z — 4z qc; — qe;

All the other commutation relations vanish.

For ¢-Wy algebra, the removal of the U(1) factor is described by (3.22). For Y7 s v,

the generalized formula is,

L+M+N r _r r /.
S (@2 — g2l - qnaihl) = 0.
i=1
Using h(_l, the vertex operator A; can be written as
z) =:ex Zﬁ(i) "l
: exp rer N B
rel
The normal ordering of the A; is
o (3 () A w)
o —gr)(—az) \ 2
< s = Ry w\"\ &, %
N (2)A;(w) = ( exp <> cNi(2)A;(w
(2)A;(w) (;T(l_qc) ) (2)A;(w)
exp (Z (w) > : Ai(2)A(w) :
r=1 1 - qc )
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(3.74)
(i=7)
(i>7)  (3.75)
(i<j) .



We can obtain the Miura operator R by replacing A; with A; in (3.58). The degen-
erate limit of R®) is almost the same as before. We consider the procedure from (3.63)
to (3.66) and replace y slightly as

11—y hiha @ hiha LA dEN (J)
=-D, s T .
Y I ( hZ 72“ " Lhi+ Mhy + Nhj ¢ Z Z . (3.76)

Also in the case without U(1) current, the g-deformed Miura operator reduces to the Miura

>Zm] |
)

(3.77)

operator in section 2 in the degenerate limit.

fTT relation for YL,M’N. When ¢ < j, we define f;; as

-m

I\D‘S

0 1 i _ 1 m _J m j % _ 2 % _ -
fii(z) = exp {Z E(qs?m—qg "2 a3 2" —aq; qum)(qlng qlg)(qz’g T
m=1 F—aq: ) —qs

1\)‘3

We note that the structure functions only depend on ¢ through ¢z. This implies that the
quadratic relations does not depend on the color order ¢, and the algebra of q—f@ M,N s
unique. For i > j, we define f; j(2) = fj:(2).

We conjecture that the quadratic relation between T's is as follows,

1
5 —
a5

gt ZH (1—qig3)(1 — gog3 )

—1-1 —1
q3 — Gz k=1 =1 1_q )(1_q3)

k i
><< <q3w> Fiongin(as® VTiok(as "2) Tiyn(afw)

i k j—z‘
—5 (q“’) Fimkjri(as® >Ti_k<z>T]~+k<w>>, (3.78)

z

where we assume i < j.

The relation is a generalization of fTT relation in [20], where the author gives a description
of W (sl(2|1)) algebra, which corresponds to }70,172. We give a partial proof of the quadratic
relations when one of the generators is the lowest generator Tj(z) in the appendix. The
quadratic relations for other currents can be obtained by using the fusion formulas as in
the main theorem in [20].

3.4 (L,M,N)=(0,1,2) case: W,(sl(2]1))

In this section, we show that the g-deformed Yp 1 o is equivalent to W, (sl(2|1)) proposed
in [31]. The ¢-W algebra W, (sl(2|1)) is defined by the screening charges associated with
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5[(2]1) and realized by two free bosons. Because there are two types of Dynkin diagrams
for sl(2|1), W, +(sl(2]1)) has two free boson representations. As we discussed in section 2,
that corresponds to the fact that the order of the Miura operators is not unique. As we
have seen, the bosonic (resp. fermionic) screening charge arises between the neighboring
Miura operators of the same (resp. different) type.

In the following, we compare the generators derived from the Miura transformation
with those for Wy ,(sl(2[1)), whose detail is studied recently in [20]. This result supports
our proposal of the Miura transformation.

3.4.1 One bosonic, one fermionic case: R®)RG)IR(2)

In our approach, we first define the Miura operators R(®), and by using the Miura trans-
formation we obtain the generators. In this case, (L, M, N) = (0,1,2), so we use one R(?)
and two R®). The ordering of the R and R®) corresponds to the number of bosonic
currents and fermionic currents. Here we consider one bosonic and one fermionic case, so
one screening current between the same type Miura operators and one screening current
between the different type Miura operators are needed. There is two choices, which satisfies
the above condition, R® RG)R?) and R R®)RG) which should be equivalent. Here we
use the ordering R®) R®) R(?) | which is directly comparable to [20].

The Miura operators (3.58) are written as,

RP(2) = 1- Ai(2)g5 ", (3.79)
RY(z) =1 - Aso(2)5 ", (3.80)
= Z H ( 4 7 q_gi 9 As(gz7t'2 )) g5"D=. (3.81)

n=0 j=1 Q§ — g5 p)

We use A(z) since we need to subtract the U(1) factor. The Miura transformation (3.67)
becomes

: R (2)RY (2)RY) (2) i= 3 (1) (2) g3 "= (3.82)

1 1
~ ~ 5 —_ _§ ~
Ti(2) = Mi(2) + Aa(z) + B8 Ry(2), (3.83)
q3 —q3°
1 _1
_. A X o—1y. 4122—6122.~ 1o —1.n.
To(z) =: AM(2)A2(q3 2) : +=5—"1 : A1(2)A3(q3 2) : (3.84)
q3 —q3”
1 _1 1 1 1 1 11
B —q° < 5 G- 2a30° —q %3 ¢ ~
+ 2; 2,; AQ(Z)A3(Q312)3+ i 2,; 2 —21 2 AB(Z)A3(Q312) )
a3 —q5°? 3 —qz? BB
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1 _gj—-1 1 4—1 1 _gj-1 _1 g1
S a3as P —ay 243 1 i1 N A N ST
Th>3(2)=: H ] As(g3” 7 2z) 4+ Ai(2) —7 Asz(q372) -
j=1 a4 —q3° j=1 a5 —q3°
1 _g=1 _1 =1
N =S 45 2 ¢
+A2()H2 7 7 A(qu)
=t e —ast
1 _j—-1 1 g-1
N = e i S ST
+: A1(2)A2(g5 2) H 7 2 As(gz” "2) - (3.85)
j=1 q3 —q3’

fij (i <j) is give by (3.77),

v[3

X1, iy —im o (1—-L)m —m _(1-4)m
fi,j(z):eXp<_Zm<q32 —q3” )(qf%ﬁ ) —q22q3( ) )
m=1
58
% (Q1 Q1m )(QQ m‘b ) Zm)7 (3.86)
)

(0248 — a2 2 a3™) (a3 — a5

and the fTT relation (3.78) is satisfied.

If we change parameters as

q1 = 127‘7 q2 = x_2(7‘_1)a q3 = x_Qa (387)
the generators are the same as those in [20] up to difference of the argument z, and we

have the same f; ;. Thus the quadratic relation coincides exactly if we shift the argument
z of Ty(2) by qi.

3.4.2 Two fermionic case: R®)R(Z R()

Next, we consider the two fermionic case. Now (L, M, N) = (0,1, 2), we have one R®) and
two R®). The procedures are similar to the one bosonic and one fermionic case. In this
case, two screening currents between the different type Miura operators are needed. The
only ordering which satisfies the above condition is R®) RZ R®).

By (3.58), the Miura operators are written as

RP(z) =1 Ai(2)g5 ", (3.88)
© n 3 - - I
e R .
RP(z) =3 ] (— e Ta M(qﬁ“z)) g5 0", (3.89)
n=0 j=1 q32 — Q3 2
R () =1 As(2)g, (3.90)

The definition of the quantum Miura transformation (3.67) becomes

: R (2) R (2)R{Y (2) = fj(—n"Tn(z)qgnDz. (3.91)

n=0
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We obtain the generators as,

1 _1
~ q2 —q 2 ~ ~
Ti(z) = A1 (2) + 2—27 Ao (2) + As(2), (3.92)
2 2
43 — 43
1 1
- - _ q2 _q 2 - - _
To(z) =: A1 (2)A3(g5'2)  +2—21 1 A(2)Aa(q5 ') - (3.93)
q3 —q3°?
1 it 1 11 1 11
@3 —q° o x 9 — 0 24:q93° — G °q3 v
+ % : Ao(2)A3(qs 12) T+ 21 2_1 273 - _21 3 : Ao(2)A2(qs lz) :
a3 —q3 > @3 —qz® BB
1 g1 1 4=t 1 _j-1  _1 j=1
T a3ay  —qy 2y j+1 i 4 °a3” -
Tnzg( ):: H 7 —7 A (q Z) +:A (Z) H 7 3 Ag(q3 Z):
=1 a3 —qs°’ =1 a3 —q3°
noq 1 izt 1 g1
. 4343 1 — a7 qs F1NK (—ntl
+: 7 7 Aa(g37 ™ 2)As3(g3 " 2)
j=1 a3 —q3°
< ”_2q§q%—q;%q%~ ik 1
+:Ai(2) 3 — 3 Aa(g372)A3(q3" )+ (3.94)
i=1 2 2
J q3 qds

fij (i <j) is the same as (3.86), and the fT'T relation (3.78) is satisfied. If we choose the
parameters as

g =z, =220V =72 (3.95)

our results are consistent with [20].

4 Miura transformation from quantum toroidal gl,

The quantum toroidal gl; is a g-deformation of Wi,. It contains parameters qi, o, g3
and there is a Fock realization F. (¢ = 1,2,3) associated with each of them. The main
claim of this section is that the Miura transformation in the previous section, namely,
the definition of higher currents by taking a product of the Miura operators in an order,
corresponds to taking a coproduct of these Fock spaces in the same order. For instance,
the Miura transformation for the quantum Wy algebra with the U(1) current corresponds
to the tensor product of N Fock spaces of the same type.

In [6], the authors studied the coproduct of the Fock spaces of two different types
in detail. They found that the screening charges associated with the gl
characterizes the corresponding quantum W-algebras.

njm TOOt system

In this section, we prove the claim by expressing the generators, obtained from the
Miura transformation, as the product of the Drinfeld currents of the quantum toroidal
algebra, and show that they are identical.
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4.1 Quantum toroidal gl

The quantum toroidal gl;,> denoted by &£(q1, ¢z, q3) has parameters g, = eche (c=1,2,3)
with the constraint ¢igoq3 = 1, and ¢ = qgl,/ 2 Tt is generated by the Drinfeld currents,

E _ -m — -m + — 1\£1 ﬂ Fr
(2) Z Enz"™, F(z) Z Fnz™™, K¥(z) = (C~)" exp Z ¥ Hy,z ,
meZ meEZ r>0
with the central elements C, C+ and two degree operators D, D+. Here, we use &, defined
in (3.4).
The defining relation of the quantum toroidal gl; is given as follows:
DE(z) = E(qz)D, DF(z) = F(qz)D, DK*(z) = K*(q2)D,
DYE(z) = gB(z)DY,  DYF(z)=q'F(z)D*,  [DH E*(2)] =0,
9(z,w)E(2)E(w) + g(w, 2) E(w)E(2) =0,  g(w, 2)F(2)F(w) + g(2, w)F(w)F(2) = 0,

g(C7lz,w) NEH () = g(w,C712)
9(Cz,w) K ()K" (w) = g(w,C2)

(
g(z,w) KT (CTTV2) B(w) + g(w, 2) E(w) K*(C1FD/22) = 0,
g(w, 2) KF(CTHEV2 ) P(w) + g(z, w) F(w) KT (CHED/2,) =0,

BG) Pl = = (0 () K -5 () k).

K (2)K*(w) = K*(w) K™ (2), K (w)K~(2),

K1 z w
Sym 2323 [E(z1), [E(22), E(23)]] =0, Sym 2023 ' [F(21), [F(22), F(23)]] = 0,
21,22,23 21,22,23
where
3
g(z,w) = H(z — qew).
c=1

The generator H, in the definition of K* satisfies the following commutation relations:

cr-cCr
[HrvHs] = Op4s,0T ——,
r

[H,, E(z)] = —CCm /2B (227, (4.1)

[H,, F(z)] = CCTHID2p(2)m,
They are equivalent to some of the defining relations.

For later convenience, we introduce a current ¢(z) which commutes with the Heisenberg
subalgebra generated by H, as follows [32]:

2 (4.2)
5() = exp(y- S )
N pr:1 r(l1—C-2r)""

®We will use the notation in [6] in this section.
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As we mentioned in section 2, the quantum toroidal gl; has a plane partition repre-
sentation [26], where one of the central elements is set to C' = 1. While it is irreducible for
generic value of O, there appears null states (“pit”) at (L, M, N) if we set,

=g PP, (4.3)

It corresponds to the condition in the affine Yangian (2.36). We note that ¢1g2g3 = 1 implies
that O is invariant under the shift symmetry (2.41). In particular, for L = M = N, the
central charges becomes trivial C = C- = 1. It means that we have a pit at (0,0,0) and
there is no non-vanishing states except for the highest weight state.

We remark here that the quantum toroidal gl; is more symmetric than the affine
Yangian. It is symmetric with respect to “S-duality” transformation referred to as Miki

automorphism.
ct-sCc—ECcHtscot (4.4)
D+ - D— (DY)t = D! (4.5)
Eo — H_ 4 —)FO — H; (46)

It maps the spectral parameter to the world sheet parameter, and the plane partition
representation with a “pit” to the free boson representation. It allows us to describe the
(g-deformed) Y7, ar,n from totally different viewpoint.

For instance, the most fundamental representation where the pit is located at (1,0,0),
(0,1,0), (0,0,1) are originally defined as C = 1 and C*+ = qé/Q for ¢ = 1,2,3. Through the
Miki automorphism, they are mapped to the Fock representation with,%

C=¢% Cct=1 (¢=1,2,3). (4.7)

We note that there are three kinds of representations, which can be shuffled by the triality.
For each ¢, we denote the corresponding Fock module by F.(u). We fix the normalization
of the free boson in the same way as (3.50):7

dc —(qc
_F""I’

r/2 —r/2\3
( ?

[ara as} =T r+s,0- (4.8)

The Drinfeld currents are realized as the vertex operators:

1-— 1—qg ! a
(c) - de (c) L (c) - Y%
AOBE) = ) AP = TG, AU = e (49)
where
00 (]—7“/21‘£ o) K
Ne(2) = uexp <Z - C _Tr a_rzr> exp (Z - . — am”) ,  (4.10)
e (K PR (A A
£e(z) = ulexp (i i a zr) exp (i _q:/QﬂT a z_T> (4.11)
S a7 S g

SIn general, the quantum toroidal algebra has SL(2,Z) automorphism. While we can realize (C,C*) =
(qi/Q7 qg/Q) (¢ =1,2,3) representations by free bosons, the free field description for other cases is difficult.
Therefore, the action of the general element of SL(2, Z) will be hard to describe.

"For simplicity, we do not put the subscript ¢ on a,..
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where u is the normalization parameter. We also denote

c - —Rr r
PO (KH(2)) = o (2) = exp (2 R E—— ) . (4.12)
=17(q’" —qc ')
L/2 M/2 N/

To obtain the representation with C' = ¢; which is the counterpart of (4.3),
we need to consider the tensor product of the Fock spaces. The action of the Drinfeld

currents are determined from the coproduct:

AH)=H,®1+C"®H,, AH_,)=H ,0C +1®H_, >0

AB(2) = BE(C5'2) o K+ (C5'2) +10 E(2), )

A(F() = F ()@ 1+ K~ (C7'2) @ F(CT '), ‘
AX)=X®X, for X =C,C*,

where C1 = C ® 1, Co = 1® C. For convenience, we set L + M + N as n. Because the
coproduct of the central element is defined multiplicatively, the representation which is of
our interest is realized by the tensor product of L pieces of F1, M pieces of Fo and N pieces
of F3 in an arbitrary order ¢'in (2.62). In the following, we write Fz(@) = F¢, @ F¢, ®- - - Fe, -
As an example, we consider the action of F(z) on Fz(@). We set

One can see from (4.13) that the n-coproduct of E(z) consists of n factors as follows:

AMD(ER) =By Cil) e KY(CyIes - Cl2) @ - @ KT (Ct2)
+1QEC; - Clle) @ KT (Cyt - Oty @ @ KT (Ctz)

+1®- @ B(z).

(4.15)

The representation pz on the tensor product Fock space Fz(u) is written as the sum of n
vertex operators:

= 1- qc;
pe(B(2) = 3 — = Ail2), (4.16)
=1
Al(z) =1®---®1 Q@MNe; (qc%i{2 e, 172 ) ® SOCZ+1 (qcziﬁz . qc;l/QZ) X & (pcn (QCnl/Z )
i—1
(4.17)

For later convenience, we adjust the normalization parameter u; to rewrite it as,

n q1/2_ —.1/2
i 93 — 43

~ 34—



We note that the A;(z) obtained here are identical to the bosonic representation which we

h1h2h3 ())

proposed in (3.52) if we identify u; = exp (e . For reference, we write down the

contraction between A;(z) and A;(w) again:

o (X (8) ) amr G-

Ai(2)Aj(w) = 4+ Ai(2)A s (w) - (i > §) (4.19)
ex fr (W0 ' N (2N (w) - 1<7).
p<z()> ()As(w) (i <J)

When we need to eliminate the extra gl; factor as in the quantum Wy, we should use
t(z) instead of E(z). We can obtain the coproduct of a(z), 8(z) just by replacing Hy, and
C with A(Hx,) and A(C). Because it consists of a single vertex operator, t(z) also acts
as the sum of n vertex operators,

pz (t(z)) = Z yili(2), (4.20)

where A(z) matches again the vertex operator we obtained in (3.69).

An alternative identification with Drinfeld currents. One can also use the Drinfeld
current F(z) to describe the Miura operators. Instead of (4.16), we write

z)) = Xn:yi/\;f‘(z), (4.21)
i=1
where

A (2) = ¢ (45 P2) @ @ oy (057 451 P2) @ &g, P g5 P2 @1 1

(4.22)
The contraction formula (4.19) are modified to,
exp (Z —1_(1)> PN (A (w) 2 (1 =),
A7 (2)A(w) = 0 A (2)Af (w) (1>7), . (4.23)
2. Ky (w\" . . o
exp (Z —— () > PN (A (w) s (i< )
r=1 r z
For this identification, the definition of the Miura operators should be modified®
o m 12 —(k=1)/2  —1/2 (k—1)/2
qdc’ g —qc 4 nD, _
= Z : H <— 3 Wk 3 A* (qéf 12)) q3D (c=1,2,3).
n=0 k=1 q3 — 43

(4.24)

80ne can indeed obtain the Miura operators and contraction formula for F(z) by using the Miki au-

tomorphism (4.4) directly on the formula derived from E(z). After using Miki automorphism the central
element changes as C' — C~! so we need to reverse all the parameters as q. — ¢ '
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4.2 Comparison with ¢g-deformed Miura transformation

In this section, we establish the direct relation between the quantum toroidal gl; and the
g-deformed corner VOA defined by the Miura transformation (3.67). We first use the first
identification of the Drinfeld currents with the Miura operator (4.16),

We claim that the product of the Drinfeld currents:

En(z) = E(g3 ™ 2)B(g; ™ 22) - E(z), (4.25)
in pgz representation can be identified with the current generated by the Miura
transformation 75, (2):

REVRS - R = 37 (1) T (2)g5 ™" (4.26)

m=0

when it is operated on the Fock space F., ® F;, ® --- ® F,,. Namely,

pe(Em(2)) = Tm(2). (4.27)

It establishes that the Miura transformation we proposed properly describes the
g-deformed corner VOA.?

In the rest of this section, we give a proof of this statement. From (4.19), one can see that
Ai(q32)A;(2) vanishes when i < j. Then we have

W . Mn_1 _ 71) ,
Em(Z) _ Z H ynAn(qS—m—an) H yn71An71(q§m+m"H"712) . H ylAl (qS—m]+zlz).
%17,1~~~ mp >0 ip=1 ipn—1=1 11=1
 m;=m
i=1

(4.28)
The product symbol with an arrow implies a fixed ordering of factors:
e
- —(ma+--tmy)+i;
HAj(qs 2)
ij=
—(mi+--+my)+1 —(mi+--+m;)+2 —(mi+-+mj—
= A(g5 " A g T ) (g T 2) (429)

To confirm the above claim, we only have to check that we can reproduce the coefficient
in (3.58) by rewriting (4.25) with the normal ordered product. The contraction between
the vertex operators can be evaluated from the following formula derived from (4.19):

Aj(g5 2)Ar(2) = (4.30)

P Ay (a3 2)An(2) - (> k),

90One may wonder why the shift parameter in (4.25) is set to g3 although there is triality symmetry

among qi, g2, qs. This is because we defined the Miura operator so that R® would consist of finite terms.
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where we set

® (1-d§)(1 - gia;")
W = . . (4.31)
(1 - qu+IQ3)(1 - QCj—1QS)
Using this relation, we have
mj—1 m; )
Hy] gy = o T OG0 T Al ™) s (482)
ij=1 =1 ij=1
(0 (—a))(1-gbac)
When c; # 3, we have X = - 11“—?)(1—112_1]%_].1) and
m;—1 mj 1/2 (1-0)/2  —1/2 —(1—£)/2
j O\m;— dc; q —fqc; 4
y” 11 (Xg'))m] =117 /2 C]—e/23 : (4.33)
(=1 =1 d3 —ds3

One can check that this expression is also true for ¢; = 3 because both hand sides indeed
become zero for m; > 2. The factor (4.33) is exactly the same as the coefficient in (3.58).
Thus, E,,(z) matches T),(2). O

One may obtain the similar statement for the second identification with the Drinfeld
currents (4.21). Defining the product of Drinfeld currents as

Fin(2) = F(d5'2)F (a5 7%2) -+ F(2) (4.34)

and currents generated from Miura transformation as

RT(CI)R;(CQ) . R* Cn Z mT* qgnDZ’ (435)

m=0

the correspondence between the two is

pe(Fm(2)) = T5(2)- (4.36)

The proof of these claims is exactly parallel to the first identification.

Before finishing this section, we comment on the order independence of the Miura
operators. As we mentioned, one expects that the corner VOA Y7,y n does not depend on
the order of the Miura operators in the Miura transformation. The proof of the statement
was difficult since handling the higher currents was difficult.

In the g-deformed version, we can provide a straightforward proof of this claim. In
this section, we have established a direct link between the Miura transformation in the
order ¢ with the pz representation of the quantum toroidal gl;. We can map the ordering
independence of the Miura transformation to that of the tensor product representation pg.
In the quantum toroidal gly, there is a universal R-matrix.'® One can show the equivalence
between the tensor products of two Fock representations with a different order, F, ® Fu
and Fo ® Fe, by using this R-matrix. This fact, after coming back to the equivalent Miura
transformation, implies the ordering independence of Miura operators.

0The explicit form the R-matrix in terms of the free boson is rather complicated even for the tensor
product of the form F, ® Fq [33] (see also [34, 35]).
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4.3 Screening currents

In this section, we discuss the screening charges of the g-deformed Y algebra defined by
the Miura transformation. The screening charges for the quantum toroidal gl; realized on
Fey @ Fey ® -+ ® Fe, were constructed in [6] as the vertex operators commuting with the
Drinfeld currents. Because we have already expressed all the generators determined by the
Miura transformation as the product of the Drinfeld currents, the screening charges in [6]
work for the g-deformed Y algebra as well. To make this paper self-contained, we give their
explicit form below.

Let us first consider the product of the two Fock spaces F.(ui) ® F.(uz) of the same
type. There are two screening charges as follows:

S — ?{ 4252 (), (4.37)
Si(e) = TR R
r/2 r/2 00 r/2 —r/2
X exp Z —(qﬁ;rzl qu/lz )v 2" | exp Z —(ch/z chrl /2) vz |, (4.38)
1 7(ge ) r=17(qc’ " —qc ")
heeq — .
See(2) = ehzzl Q7. e % +h:+1

(23 -a."1") = (@0
X exp Z ﬁv—rzr exp Z W’l)rzirr s (439)

r=1 7" —{qc ) r=1 (qc c )
where
vr = g%l — ga?), vor =gl g2 (> 0), (4.40)
ag = af’ —ay, Q =W -Q¥. (4.41)

13
:C 0n,0. This is exactly the screening charges for

The operator @ is defined as [a,, Q] =
g-Virasoro algebra [14]. For different types of the Fock spaces, say, Fi(u1) ® Fa(uz), the
screening charge is given by

S1o = fslg(z)dz

. (2) b 1) L @ © 0 1 (4.42)
Siafz) = em @B A i exp (Z ) exp (Z ) ,
r=1 -r r=1 r
where
_ 2 —r/2 —r/2, /2 —r/2
g "6 — 4" FORRN P g ) @
-r r/2 —r/2 a_r r/2 —r/2 -
aq —4q 42 — 4 (4.43)
qr/Q(qr/2 qfr/Q) q*T/Q(qr/Q qfr/Q) ’
r_ 4 2 — 4 (1) 43 1 1 (2)
Ur = r/2 —r/2 Gy r/2 —r/2 ar " (r > 0).
9 — 4 42 — 4
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For a generic tensor product Fe, (u1) ®Fe, (u2)®- - -®Fe, (un), the screening charge S, ., is
assigned to each pair F¢, (u;) ® Fe,,, (uiy1) of neighboring Fock spaces. The commutativity
with the Drinfeld currents can be immediately seen from the coproduct structure such
as (4.15).

Since the screening charges commute with the Drinfeld currents, they also commute
with the generators derived from Miura operators, which are equivalent to the product of
the Drinfeld currents. We conclude that the screening currents for the Miura operators are
the same as the algebra defined in [6].

For reference, we write down the explicit commutation relation between the screening
currents and the higher generators. There are three nontrivial cases: Fi(u1) ® Fz(uz),
Fi(u1) ® Fa(ug) and Fi(ug) ® Fi(uz). For the first case, we have

l

=1 1 _ 1\ L w w i1 _
[Tl(z)a S13(w)] = H WQ; (6 <(]3_IZ> —q20 (—l—l)) : H Al(q3 7t 2)513(q3 ZZ) :

=1

where we used the notation
p g
Dof(w) = —F————, (1q) =a34f —a3°q1 *- (4.45)
We note that (p;q) is not the g-Pochhammer symbol. For the second case, we have

[Ti(2), S12(w)]

I l—-n 1 n
:qu12q32

n=0q=1
SOG40\ T BN (Y G -m) e kg
X}y_ so) I (o) | I 655 (1’1)<H(k+q;0>>

n l—n
_ w i ket len —g—n
X 43 q©q§ <W5 (—n+1> : H A1(gs ) H Ao(g3 "+ 7"2)S1a(q1g5 2) 3) :

q143 < j=1 k=1

(4.46)

For the last case, we have two screening currents Sfcl (w). The commutation relations are
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as follows:

I l—m 11
Ti(2), S (w)] = = 30 (a7 ad)
n=0q¢=1
- Ak (& Gen—gl) [ (k—g—1-1)

! l n—=1, l—n .
Ti2), 55 (w)] = ¢ Fory T U2 T

=1 o1 (:0) 2 (p50)
w n—1 iy " A
X Dy, | wo I ol ] As” T 2) T Ae(as™ " P2)Sh(afes 22) )
2 2 .
a4 " 43 z j=1 k=1

As is expected, all the above relations are expressed in the form of total difference.

5 Summary and future directions

In this paper, we proposed the Miura transformation associated with the g-deformed corner
vertex operator algebra. It is based on the g-deformed version of the fractional power
differential operators, which can be expressed by ¢-Pochhammer symbol and the vertex
operators. We show that the operator thus defined has much simpler properties compared
with the undeformed case.

e The higher generators have a manageable form than the undeformed case. Indeed,
it can be identified with the products of the Drinfeld currents in the direct product
representations of the quantum toroidal gl;.

e The commutativity of the screening operators with the higher currents is difficult to
prove analytically for the undeformed case. After g-deformation, one can identify
them with those of the toroidal algebra. The proof of the commutativity with the
higher currents becomes a straightforward consequence of the known results.

e We can prove the order independence of the Miura operators from the existence of
the universal R-matrix of the toroidal algebra.

In a sense, the symmetry property (Miki automorphism) of the toroidal algebra helps give
a simple understanding of the whole picture. The appearance of the fractional power in
the undeformed case finds a natural origin in the rewriting of the Drinfeld currents in a
Fock space F. with the coefficients with a different parameter.

There are a few subjects that we wish clarify in the near future.
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o Proof of the quadratic relation (3.78): we have conjectured a quadratic relation for the
g-deformed corner vertex operator algebra. We give a partial proof of the statement

f.11 We are also interested

in appendix A. It will be desirable to complete the proo
in the relation between the quadratic basis of Wi in [22] and the primary basis of

g-deformed corner VOA.

o Matrix analog of the Miura transformation: in [12, 13], the authors proposed a matrix
generalization of the Miura transformation to describe the rectangle W algebra (see
for instence, [37, 38]). We conjecture that its g-deformation can be directly related
to the quantum toroidal gl (see for instance, [39, 40]).

e The computation of the R matrix for the mixed Miura operators: while the existence
of the universal R-matrix is known, the free boson representation of such R-matrix is
very relevant for the explicit computation. While it was conjectured in [27], it does
not capture the deformation parameters appearing in the higher currents and may
need some modifications. In the g-deformed case, the R-matrix is given in [33] for the
bosonic case. We hope to derive the corresponding formula for the fermionic cases.

o The relation between the g-deformation and M-theory: the authors of [41, 42] found
that the Y-algebra appeared also in the system of M2-branes and M5-branes. It may
be interesting to explore how the g-deformation of corner VOA in our paper can be

interpreted in terms of M-theory.
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A Quadratic relations

In this section, we give a partial proof of the quadratic relations, which we conjectured
in (3.78). The analysis is limited to the case where one of the generators is the lowest one
Ti(z). The complete proof would be obtained by using the fusion formulas in [20], which
we will not pursue here. We claim,

m—1 m—1

Jim <¢]3_21;)) T1(2) T (w) = fm1 (Q32;> T (w)T1(2)

_ (g _(Z_;_)((f;_) QQ_%) {6 (qgf) Tyi1(gzw) — 6 <q3mf) Tmﬂ(w)} (A.1)

"While preparing this draft, we noticed a paper [36], which seems to be very relevant to this question.
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In this section we consider the general Fock representation F, (u1)®F, (u2)®- - - &Fe, (uy).
We also assume that the number of Fock spaces of type 1, 2, 3 is not be the same (namely
gz # 1), such that one can eliminate the gl; factor. For later convenience, we rewrite (3.75)
and (3.77) as follows,

fi1(z) = exp (— fjl = q _(q(jg)_( f’_) 5 z> , (A.2)
() @A (w) s (=),

iR w) = {86 D) K@) s (> ), (43)
Aai D) KA (<))

where we set

A = Lm0 =6 g, ) (A4)
(T—q32)(1 —q3°2)
(1—ge2)(1 —q;'2)

N|—=

Ve (2) = = (A.5)
(1—g32)(1—q5'2)
We note y3(z) = 1. We obtain from (3.77)
L(i+1-2k)
[Tie1 f11(q3 2
fri(z) = =2 1045 T ), (A.6)

2:11 A(gs z)

For simplicity, we use the notation

Tin(z) = Z H A(my, ci) H ( H Ai(g Zk L) )) : (A.7)

S my=m k=1 =1 V=1
=1

where we set

my 3 5(1=jk) 5 —3(1—j)
k.2 2 o 2. 732
A(my, ) = |1 o i qif’
Jr=1 5 —q3
The left-hand side of (A.1) is
—_m=1qp m—l z
fim (5 )T1< ) = s (7 2 ) T(w)Ti(2)
( % 71) 1
_ 4 —% z
= % Z Z HA mg, Ck mp—l—l, Cp) (5( “(mittmp_1)+1 )
(43 — a3 ) p=lmit-t+mn=mk#p 3 w
z (Zl mi+ji— 1) .
43 w l 1 V5=1

The right-hand side contains many terms which are not in (A.1), but the terms not con-
. .
taining 5(@) or 5(q_

3
into four parts as follows:

fnw) actually cancel out each other. To see that, let us divide it
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e p =1 of the first delta function

Z H A(my, c)A(my + 1,¢1)
>y mi=m k7L

%+ Ar(gzw lHl ( H Mg Zk L 1’w)> %) <Z> (A.9)

Ji=1 q3w

e 2 < p<n of the first delta function

Z Z H A(mk’7ck)A(mP+1acp>

p=2 Z;;l m;=m k#p

~ -\r- 1'm +1 n i 1 Meti—1 z
=1 Jl 1 q3 J=t ! w

~

e 1 <p<n-—1of the second delta function

n—1
- > 1Ak c)Almy +1,¢)

p=1 Z:;l mi;=m k#p

<Ayt =) T (11 Avtas (i i V) 18 () (A11)

a3

e p =n of the second delta function

- Z H A mk,Ck mn+1acn)

ZZ 1m =m k#n
. Zk lmk+Jl 1) Y moy . z
X H Ai(q w) |An(g3"w) 1 6 | — (A.12)
=1 \j=1 g3 W

In the following, we prove that the terms proportional to § (q—f“w> (1 <r <m) vanish
3

and the remaining terms are given by

(A.10) + (A.11) Z S 1 Almu, ci)A(my + 1, ¢)

p=2mpt-t+mn=m k#p

e T (T A =55 ) ()

l=p ~j=1 3w

n—1
=3 > T Al ) Almy, +1,6)

p=1 Zp mi=m k#p
p

H ( H Al (Ek L mtii— l)w))]\p@g—mw) : 5( il ) (A.13)

Ji=1 a3
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The coefficients of § | =51 | (1 < r <'m) are
q w

3

n n my ~ 7(Zl71m +71)
Z{ z [T AGms, ci) Almp+1, ¢) A3 1w H( Ry(gy 2o it w>>;
p=2 . m__r k#p =1 “j=1

. =m-—-r
i=p

(A.14)
- > 1T A(mi,ce)A(my,  +1,¢p-1)

LV R 7
=1 7

ZTL m;=m—r+1
i=p

%t Rpoi(g; " H(HAz i i >)} (A.15)

=1 = 1
To derive (A.13), we need to prove that the sum of (A.14) and (A.15) vanishes. Be-
cause (A.15) contains at least one Aj,_1, it is convenient to consider separately the case of

mp—1 = 0 and the case of m;_1 > 1 in (A.14). Similarly, we consider m; = 0 and m;, > 1

in (A.15) separately. Then we have

(A.14) i { Z H A(my, ci)A(my +1,¢p)

mittmp_o=r k#p

mp+--+mp=m-—r

mp—1=0
A —r+1 & - Zk 1m’€+]l 1)
Xt Ap(g3" T w) H ( H Ai(q w)) : (A.16)
=1 “j5=1
+ Z H A(my, ci)A(my + 1, ¢p) A(mp—1, cp—1)

mi+-+mp_2=r k#p,p—1
Mmp+-+mnp=m—r
mp7121

A 43 —r+ly, H ( H Mg Zk | - 1)w)> : }7 (A.17)

(A.15) =— Z { 72 H A(mi, ci)A(my,_ +1,¢p-1)

lmgzr—l k#p—1

Z?:erlm m—r+1
B . n my ol ml i1
x : Ap_1(g3" T w) H ( H Ai(gq ey i )w)> : (A.18)
=1 “j=1
+ > I A, ce)A(m,_y +1,cp-1)A(m), c)

1.771 m.=r—1 k:;ép_]wp
1=1 7
m;=m—r-+1

my>1

X ~p_ 5w ﬁ ( ﬁ Ai(q ( I 1)w)> : } (A.19)

i=p
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We can easily see (A.17)+(A.19)=0 under the identification
mp-1>1,  my,>1,
m; =m; (i <p-—2),
Mmp—1 =my,_1 + 1, (A.20)
my+1=m
m; =m
We can derive (A.16)+(A.18)=0 similarly. The sum in (A.16) is

n n
> X =X X (A.21)
p=2 mi+--+mp_2=r p=3 mi+--+mp_2=r
Mmp+-+mn=m—r Mmp+-+mn=m—r
mp—1=0 mp—1=0
because when p = 2 there are no terms satisfying the condition mj +--- +my_o > 1. The

same thing happens with (A.18) and we get

> > = n;; > (A.22)

p=2 Pl —r—1 Pl —r—1

£ =1 v £ i=1 2
Zi:p+1 m;=m—r-+1 Zi:p+1 mi=m—r+1
!’ __ A
my,= my,=0
n
=> > : (A.23)
p=3 p=2 ,_.
i1 =T 1

n
i=p
m! =0

p—17

mi=m—r+1

Applying the same argument, the region of p decreases one by one and finally becomes
zero. Then we obtain (A.16)+(A.18)=0 and (A.14)+(A.15)=0.
Summing (A.9), (A.12), (A.13), we finally arrive at

_m—1,p m-1 5
fl,m <q3 ? Z) T (Z)Tm(w) - fm,l (Q3 2 w) Tm(w)Tl(z)
S
= (¢ — ‘]1l )(qi; ) <Z Z H A(my, cx)A(my +1,¢) = Ap(gzw)
(q32 — 43 2) p=1 mp+--+mp=m k#p
mi=--=my_1=0
n my 1—1 .
T ((TT Aeta 2w o (2)
l=p “5=1 qsw

- zn: Z H A(mk,ck)A(mp +1, Cp) :

p=1 mi+mp=m_kip
Mpt1="Mp=0

p mp _(22;11 ma+ji—1) ~ —m . z
1:1_[1 (jll_ll (g3 w))Ap(Q3 w) : 0 <q3—mw> )
_tab e o) (Tm+1(q3w)5 ()~ Tyafu ( = )) L (a2
(q32 —q 2) qsw q3 w
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The last equation comes from the observation that the normal ordered vertex operator

part of T,,11(2) can be written by adding one vertex operator to each side of the normal

ordered vertex operator part of Tp,(2).

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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