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ABSTRACT. We develop a general theory of W-algebras in the context of supersym-
metric vertex algebras. We describe the structure of W-algebras associated with odd
nilpotent elements of Lie superalgebras in terms of their free generating sets. As an
application, we produce explicit free generators of the W -algebra associated with the
odd principal nilpotent element of the Lie superalgebra gl(n + 1|n).
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1. INTRODUCTION

The W-algebras first appeared in relation with the conformal field theory in the work
of Zamolodchikov [23] and Fateev and Lukyanov [10]. These algebras were studied
intensively by physicists, both at the classical level through Hamiltonian reduction of
Wess—Zumino—Novikov—Witten models and their connection with affine Lie algebras,
see e.g. [4, 11, 13], but also using BRST formalism [6, 7]. For an extensive review
on physicists works, see [5] and references therein. A definition of the W-algebras in
the context of the vertex algebra theory and quantized Drinfeld-Sokolov reduction was
given by Feigin and Frenkel [12]; see also the book by Frenkel and D. Ben-Zvi [14,
Ch. 15]. A more general family of W-algebras W¥(g, f) was introduced by Kac, Roan
and Wakimoto [20], which depends on a simple Lie (super)algebra g, an (even) nilpotent
element f € g and the level K € C. In the particular case of the principal nilpotent
element f = foun this reduces to the definition of [12]; see also a recent expository
article by Arakawa [1] where basic structure theorems and representation theory of
W-algebras are reviewed.

In the present paper we will be concerned with supersymmetric counterparts of the
W-algebras which can be defined by analogy with [14, Ch. 15]. Such W-algebras
have already been studied, mostly in the physics literature; see [9, 16, 17]. Moreover, a
supersymmetric quantum hamiltonian reduction approach was developed in the work of
Madsen and the second author [22]. We will rely on this work and the supersymmetric
vertex algebra theory developed by Heluani and Kac [15, 18] to describe the structure

of the W-algebras associated with odd nilpotent elements of Lie superalgebras. Our
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main structural result is Theorem 4.11 which describes free generating sets of the W-
algebras.

We will then apply the main result to the case of the general linear Lie superalgebras.
It is well-known that the Lie superalgebra gl(m|n) contains an odd principal nilpotent
element if and only if m = n + 1. We take m = n + 1 (this can be done without a real
loss of generality) and produce explicit free generators of the W-algebra as coefficients
of a certain noncommutative characteristic polynomial (Theorems 5.1 and 5.3). These
formulas can be regarded as supersymmetric analogues of the generators of the principal
W-algebra associated with the Lie algebra gl(n) produced by Arakawa and the first
author [2]. Furthermore, we show that the Miura transformation used in [2] can also
be applied in the supersymmetric context to recover the generators of the W-algebra
appeared in [9, 16, 17].

The second author wishes to thank the School of Mathematics and Statistics at the
University of Sydney for the hospitality and warm atmosphere during his visit, as the

work on this project was under way. The work of the third author was supported by
NRF Grant # 2016R1C1B1010721.

2. SUPERSYMMETRIC VERTEX ALGEBRAS

In this section, we introduce supersymmetric vertex algebras following [15] and [18].
Proofs and additional details can be found in these references. Note that in the ter-
minology of the paper [15] these objects are called Nx = 1 supersymmetric vertex
algebras.

2.1. Notation and basic definitions. We will be considering two couples of coordi-
nates

Z=(z0), W= (w,](),
where z and w are even and # and ( are odd. Introduce the notation
ClZ] =C[z]® C[0], C(Z) :=C(2) @ C[b].
Since 6% = 0 we have C[f] = C & C6. Similarly,
ClZ,Z7Y:=Clz,z7'|®C[d], C[Z,Z7']:=C[z,z']2C[d].

Furthermore, set
Z—-W:i=(z—-—w-0¢0-),

Zoli .= g for joeZ, j;=0,1,
(Z _ W)j0|j1 = (Z —w— 90]’0(9 _ C)jl‘
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Let U = Uy ® U; be a Z/2Z-graded vector space which we will also call a vector
superspace. Accordingly, elements a € Uy (resp. a € U;) are called even (resp. odd)
with the parity p(a) = 0 (resp. p(a) = 1). The corresponding endomorphism algebra
EndU = (EndU); & (EndU)7 is a superalgebra, where

f€EndlU); < [((EndU);) C (EndU)sy;

for any 7,7 € Z/27.
Any element of the vector superspace U[Z, Z 7] := URC[Z, Z~'] is called a U -valued
formal distribution. It has the form

(2.1) a(Z) = Z Z0lhg; . eUlz, 271, ajolir € U.

JO€Z, j1=0,1

The super residue of a formal distribution a(Z) is defined by

resza(Z) :=a_ip € U.
Since resy Zj‘)'jla(Z) = G_1_jy1—j,, it is convenient to use the notation

agoljy) = Tesy Z0Ma(Z)
so that ajy|;, = a(-1—j,|1—j,) and the distribution a(Z) in (2.1) takes the form

a(Z) = Z Z_l_jo‘l_jla(joUl)'
Jo€Z, j1=0,1

An End U-valued formal distribution a(Z7) is called a super field if for any given v € U
there exists N € Z~ such that

Ajolj1)V = 0 forall jo>N, j1=0,1

Similarly, a U-valued formal distribution in two variables is an element of the vector
superspace U[Z, Z=1, W, W]
a(ZW)y= > zrhwrha o eUZ, 27 W

Jo,ko€Z,

J1,k1=0,1
with ajg(j, kot € U. A formal distribution a(Z, W) is called local if

(z—w)"a(Z,W)=0

for some n € Z~o. We let the formal d-distribution be defined by

(ZW)=(0—-0)) 2w

ne”
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Note that for any f € U[Z, Z~'] we have
resz0(Z, W) f(Z) = f(W).

Since (z —w)d(Z, W) = 0, the formal d-distribution is local.
The differential operators 9,, 9y, 0, and J; act naturally on C[Z, Z~1, W, W~1].
Consider two more odd differential operators

Dy =0y +00,, Dy =0 + (0.

Then [Dy, Dy] = 20,. Set
Dol _ giopi pel) _ (_1)j1$D§)|jl_
Lemma 2.1. Let a(Z, W) be a local formal distribution. Then
a(ZW)= D D2 W) i, (W),

JOEZ>0,
Jj1=0,1

where the sum is finite, and
Cjolin W) = resz(Z — W)Polirg(Z, W).

Definition 2.2. A supersymmetric vertex algebra is a tuple (V,]0),5,Y") where V is
a vector superspace, |0) € V' is a vacuum vector, S is an odd endomorphism of V', and
the state-field correspondence Y is a parity preserving linear map from V' to the space
of End V-valued super fields

Y:V = EndV[Z,Z7Y], a~a(Z)

satisfying the following axioms:
e (vacuum) a(Z)|0) |.=0.9=0 = a, S'|0) =0,
e (translation covariance) [S,a(Z)] = (0p — 00,)a(Z),
e (locality) for any a,b € V there exists N € Z, such that
(z = w)™a(Z), b(W)] = 0.

By Lemma 2.1, the locality axiom implies a finite sum decomposition

a(Z),bW)) = 3 (D82, W) a(W) (il (W)

Jo€Zx0,
Jj1=0,1

for a(W) joljn)b(W) 1= resz(Z — W)l [a(Z),b(W)]. The expression a(W),;,)b(W) is
called the (jo|j1)-th product of the super fields a(W) and b(W).



SUPERSYMMETRIC W-ALGEBRAS 5

Definition 2.3. (1) The normally ordered product of two End V-valued formal dis-
tributions a(Z) and b(Z) is defined by

A 2)(Z) = 4 (Z)(Z) + (—1PDONZ)a_(2),
where
ar(Z) = Z Z0lig; 5 and a_(Z) = Z 770 a1
J0€Z50,j1=0,1 j0€Z<0,j1=0,1
(2) If jo < —2and j; = 0,1, or jo = —1 and j; = 0, then a(Z)j,;,)b(Z) is given by
A(Z) i D(Z) = (=17 (D a(2))0(2) -
Remark 2.4. One can check that
2 a(2)b(Z) :[0) [2=0,0=0 = a1l
and
a(Z) (o jn)b(Z2) |0) |2=0,0=0 = a(jolj)b
for (jo,71) as in part (2) of Definition 2.3.

Lemma 2.5 (Dong’s lemma). Let a(Z),b(Z),c(Z) be pairwise local formal distribu-
tions. Then (a(Z), (bgylj)¢)(Z)) is local for any jo € Z and j; = 0, 1.

Lemma 2.6 (Uniqueness lemma). Let V' be a supersymmetric vertex algebra. If a(Z)
is a super field such that (a(Z),b(Z)) is local for every b € V and a(Z)|0) = 0 then
a(Z) = 0.

By the uniqueness lemma and Remark 2.4,

a(Z) (ol i) 0(Z) = (ajo)in)b)(2),
and we set
cab = acinb =:a(Z2)b(Z) : |0) |.—0,6—0-

Note that for a given supersymmetric vertex algebra V', the state-field correspon-
dence map

YV = (EndV)[Z, 27, a~a(2),

is injective. Hence a supersymmetric vertex algebra V' can be considered as a set of
super fields Y (V). In the following theorem, we construct a vertex algebra as a set of
super fields.
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Theorem 2.7 (Existence theorem). Let V' be a vector superspace and V be a set of
pairwise local End V -valued super fields. Suppose Id € V is the constant field and
V s invariant under the operator D = 0y + 60, and all (jo|j1)-products. Then the
superspace V' with the vacuum vector Id, the operator S given by Sa(Z) = D(a(Z))
and the (jo|j1)-products is a supersymmetric vertex algebra.

2.2. Supersymmetric Lie conformal algebras. Recall that a Lie conformal algebra
(LCA) R gives rise to a vertex algebra called a universal enveloping vertex algebra V (R)
3, 18]. Now we introduce its supersymmetric analogue: that is, a supersymmetric LCA
and the corresponding universal enveloping supersymmetric vertex algebra. Consider
two superalgebras:

e Let £ be the associative superalgebra generated by a pair of elements A = (A, x),
where A is even and y is odd, such that

Ax] =0, [x,x]=2x"= -2\
e Let K be another associative superalgebra generated by a pair of elements
V =(T,S), where T is even and S is odd, such that
[T,5] =0, [S,S]=25*=2T.
Note that £ and K are isomorphic via the map A — —T and x — —5.
Set
(Z—W)A=(z—w—00)X+ (6 —Q)x.
Given a formal distribution a(Z, W) of two variables Z and W, consider the formal
Fourier transformation
Fé\,w a(Z,W) =resyexp((Z — W)N)a(Z,W)
which can be expanded as
FrwaZ, W)= > (=17 A (W),
Jo€Z>0, j1=0,1

where o
JO~/J1
J1 A X

Abolin) — (1 :
(=1) o

and cj,|;, (W) is defined in Lemma 2.1.
Define the A-bracket (a,b) — [asb] of a local pair (a(Z),b(Z)) by

[anb)(W) == Fwla(Z),6(W)].

Proposition 2.8. The A-bracket satisfies the following properties for all pairwise local
distributions (a(Z),b(Z),c(Z)):
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(1) (sesquilinearity)
[Saab] = x[aab],  [aaSB] = —(=1)P'V(S + x)[anb];
(2) (skew-symmetry)
[baa) = (_1)p(a)p(b) [a_p_vb],
where
aasbl= 3 (—1P (A= V)ag b
J0€Z50,j1=0,1
for —=A =V = (=A—=T,—x — S) with
[x,S] =2\ and I, T|=\NT)=[\S]=0;
(3) (Jacobi identity)
[aalbre]] = —(=1)"{[arb]asre] + (= 1)FOTVEO [ [an ],

where

(i) T' = (v,n) with [y,n] = [v,7] =0 and [n,n] = =27,
(i) A+T = (A+7,(+n) with [\, 9] = [A\,7] = [(,7] =[¢(,n] = 0.

This motivates the following definition.

Definition 2.9. A supersymmetric Lie conformal algebra (LCA) R is a Z/2Z-graded
KC-module endowed with odd bilinear map R ® R — L ® R, called A-bracket, given by
a finite sum expansion

a®b— [aAb] = Z (_1>j1A(j0‘j1)a(jo\j1)b
j0€Z>0,j1:0,1

with a(j,;,)b € R, satisfying the following properties:

Jolgn
(1) (sesquilinearity) In £ ® R we have
[Sanb] = x[anb], [arSb] = —(=1)"V(S + x)[aad],

where S and x obey the relation [S, x] = 2A;
(2) (skew-symmetry) In £ ® R we have

[bAa] _ (_ 1)p(a)p(b) [&—A—vb] ’
where

[afAbe] = Z <_1)j1(_A - V)(j0|j1)a(J'()|j1)b

J0€Z>0,j1=0,1
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for —A =V = (=\ =T, —x — 9) satistying
[x,S] =2\ and X, T]=[\T)=[\S]=0;
(3) (Jacobi-identity) In £ ® L' ® R we have
[aalbre]] = —(=1)"{Jaab]asre] + (= 1)TTVEO I [an ],

where

(i) T'= (v, n) such that [y,n] = [y,7] = 0 and [n, ] = =27,
(ii)) A+ T = (A +7,¢+n) such that [\, n] = [\, 7] = [¢,~] = [¢(,n] = 0.

Note that the tensor product sign is often omitted in the notation.
The next theorem provides an equivalent definition of supersymmetric vertex alge-
bras in terms of A-brackets; cf. [19, Thm. 4.1].

Theorem 2.10. A supersymmetric vertex algebra is a tuple (V,S,[a],]0),::) such
that

(1) (V,S,[a]) is a supersymmetric Lie conformal algebra.
(11) (V,S,|0),: :) is a unital differential superalgebra, where S is an odd derivation of
the product : :, and the following properties hold:

a a (_T)J
b —(=1P0 b = (1O S ),
(2.2) 77
mab:c:—:1a:bci= Z (I(,Q,ﬂl)(b(ﬂl)C) + (—1)p(a)p(b) Z b(,27j|1)<(l(j‘1)0).
§=0 J20
(111) The A-bracket and the product : : are related by the non-commutative Wick for-
mula :

)\k
(2.3) lap @ be:] = Z F[a/\b](k,m)c + (=)@ - plg,e]

k=0

The properties (2.2) of the product : : are referred to as the quasi-commutativity and
quasi-associativity, respectively.

Definition 2.11. (1) A set B = {a; | i € I} of elements in a supersymmetric
vertex algebra V' strongly generates V if the set of monomials

{I&jlan...ajSZ |j1,...,j5€[,SEZ>O}

spans V. If s = 0, the monomial is understood as |0). For s > 2 the product in
the monomial is applied consecutively from right to left.
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(2) An ordered set B = {a; | i € I} C V freely generates a supersymmetric vertex
algebra V' if the set of monomials

{:ajaj,...a; : |jr <jrp1 and jr < jriq if p(a;,) = 1}
forms a basis of V over C.

Theorem 2.12. Let R be a supersymmetric Lie conformal algebra with an ordered
C-basis B = {a; | © € 1}. Then there exists a unique supersymmetric vertex algebra
V(R) such that

(1) V(R) is freely generated by B,
(ii) the operator S on V(R) is defined by S(: ab:) =: (Sa)b: +(—=1)P@ : a(Sb) :,
(111) the A-bracket on R extends to the A-bracket on V(R) via the Wick formula (2.3).

Definition 2.13. For a given supersymmetric Lie conformal algebra R, the super-
symmetric vertex algebra V(R) in Theorem 2.12 is called the universal enveloping
supersymmetric vertex algebra associated to R.

2.3. Supersymmetric nonlinear LCAs. In this section we follow Section 3 of [8] to
introduce nonlinear supersymmetric LCAs. We omit the arguments which are straight-
forward supersymmetric analogues of those in [8].

For a positive integer n, consider a K-module R = ¢y, R¢ with (N/n)-grading
so that gr(a) = ¢ for a € R¢. The grading gr is naturally extended to the grading of
the tensor algebra T (R) by

gr(a®b) = gr(a) + gr(b).
Set

T(R)o- =EP TR
<

Definition 2.14. Suppose that R is endowed with a nonlinear A-bracket
[ReaRe]l € LA T(R)(crery-s
satisfying skew-symmetry, sesquilinearity and Jacobi identity in Definition 2.9. Then

R is called supersymmetric nonlinear Lie conformal algebra.

Proposition 2.15. Let R be a supersymmetric nonlinear LCA. Then the normally
ordered product and A-bracket admit unique extensions to the linear maps

TR)®T(R)—-T(R), A® Bw~:AB:,
TR)®T(R) = LRIT(R), A® B~ [A\B],
in such a way that for any a,b € R and A, B,C € T(R) we have
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(i) anb] is defined by the A-bracket on R,

(ii) : aB :=a® B,

(11i) : 1A :=: Al := A,

(i) : (a® B)C': —:a: BC :: is defined by the quasi-associativity,
(v) [AA(b® C)] and [(a ® B)AC| are defined by the Wick formula.

For a given supersymmetric nonlinear LCA R, consider the two-sided ideal J(R) of
T (R) generated by elements of the form

—_T\I
(:ab: —(—=1)P@PO) : pg ) — (=1)p@r®) Z <J+|)b(—1+j1)aa
j=1 ’
where
baal = > (=1 APbGa.

J0€Zx0,51=0,1
Then the A-bracket and the product : : on 7(R) induce a well-defined A-bracket and
product on the quotient
V(R) =T(R)/T(R).
Since V(R) satisfies quasi-commutativity, quasi-associativity and Wick formula, it is a
supersymmetric vertex algebra which is called the universal enveloping supersymmetric
vertex algebra of R; cf. Definition 2.13.

Proposition 2.16. For a given ordered basis B of R, the supersymmetric vertex algebra
V(R) is freely generated by B.

3. GOOD FILTERED COMPLEXES OF SUPERSYMMETRIC NONLINEAR LCAS

Here we reproduce some useful facts about bigraded complexes. Proofs can be ob-
tained by suitable supersymmetric versions of the arguments in [8, Sec. 4]. Introduce
the notation

Z L= Lo
F = — F = = F, = —
D N D)

Let g be a graded vector superspace and R = K ® g be a nonlinear Lie conformal
algebra such that

(3.1) = P o R= P rRA]L

p.9€l’, p+q=Z+, p,q€l’, p+q=2Z+,
AeT?, AeT”,

where .
p,q — n p,q —
RM[A] =P s" @ g™ [A - 7]

n=0
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The universal enveloping supersymmetric vertex algebra V(R), which is strongly
generated by a basis {a; |7 € I} of R, has the I" -grading

V(R)= € V(R)[A]
AeT”,
where
V(R)[A] = spanc{: a;,a;y ... a;, : |1 € I, a;, € RIAL], Y7 Ap = A}

We assume that

VR AV (R)A] € V(R)[Ar + Ag = 1o — 2 - %].

Consider a I'filtration and a Z-grading of R induced from (3.1)
F'R=EPR"A],  R'= fH R,

p'>p, ptg=n
A

and the corresponding filtration and Z-grading of V(R) defined by
V(R)" = spanc{: aj,ai, ... a;, : |ig € I, a;, € RPR® S0 pr+ gy = n},
FPV(R) = spang{: a;,aiy ... a;, : |ig € I, a;, € RP#%, >0 pr = D}

Set
FPV(R)" = FPFV(R)NV(R)", FPV(R)'[A] = FPV(R)"NV(R)[A]

and consider the associated graded algebra

grV(R) = B g™V (R),

p,qel’

where

g1V (R)[A] = FPV (R)PH[A]/FPH2V (R)PFI[A],

@1V (R) = PPV (R FP 2V (R = € eV (R)[A].
Aer,
Suppose a differential map d : V(R) — V(R) satisfies
(3.2) d(FPV(R)") C FPV(R)™™,  d(V(R[A]) € V(R)[A].
Then we set for the cohomology spaces

FPH™(V(R),d) = Ker(d|py(ry)/Imd N FPV (R)",

gP H(V(R),d) = FPHPY(V(R),d)/FP 2 HPY(V(R), d).
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In addition, for the graded differential map d® : gr V(R) — gr V(R) induced from d,
we define cohomology spaces by

HP(grV(R),d*) = Ker d*|gway(r)/Im d® N grV(R).
Definition 3.1. Let d be a differential on V(R) satisfying (3.2).
(1) We say d is almost linear differential of R if
d=(g"[A]) C g HA];
or, equivalently, d(gP9[A]) C gPetA] @ FrraV (R)rHatL
(2) A differential d is called a good almost linear differential of R if
HP(g,d*) =0 if p+q#0.
In the rest of this section we assume that V(R)[A] has finite dimension for any
A €T” and d is a good almost linear differential of R. Take bases
BY[A] = {ei|i € IT[A] } for some index sets ZF[A],
" n
B%[A] = {e(m) |€(i,n) =5 €i, €; € Bg[A/], A/ + 5 = A},
of g» P[A] N Ker d® and RPP[A]NKerd® = H” P(gr R, d®)[A], respectively. Then
Br:= || BRIAI={ewmlein =5"e i€y}
AeF’Jr,peF
is a basis of H(grR,d®"), where
= || A

AeFLr,peF

Proposition 3.2.

(1) H(grV(R),d?") is freely generated by Br.
(2) HP7P(grV(R),d)[A] has the basis

B@(R) [A] = { D €(i1,n1)€i2,n2) - - - E(ig,nk) - },

where the sets of indices (iy,ny) € I [Ay] X Zo satisfy the conditions:
(i) (ie,ne) < (i1, nesr),

(i) if €iyny) AN €3y iy meyy) are 0dd then (iy,ny) < (Gp41, Met1),

(iti) 3oy i = p,

(iv) iy (A + %) = A
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For ¢; € ghP[A] N Kerd# there exists an element f; € FP*2V(R)[A] such that
E;=e;+ fi € FPV(R)°[A] N Kerd. Set
HP P (g,d)[A] = span { E; |i € T}[A]},  H(g, d)[A] = ) H (g, d)[A].
pel

Theorem 3.3.

(1) H(V(R),d) = H*(V(R),d).

(2) If the K-module H(R,d) = K ® H(g,d) admits a nonlinear supersymmetric

LCA structure, then

H(V(R),d) ~ V(H(R,d)).

4. BRST COHOMOLOGY

We are now in a position to define supersymmetric WW-algebras via BRST cohomology
following [22]. We will rely on the supersymmetric vertex algebra theory developed by
Heluani and Kac [15, 18] to describe the structure of the W-algebras associated with
odd nilpotent elements of Lie superalgebras.

4.1. BRST complex. Let g be a finite-dimensional simple Lie superalgebra with a
(3Z)-grading g = @D, 1, 9() satisfying the following conditions:
(i) There exists h € gg such that g(i) = {a € g| 3[h, a] = ia}.
(ii) There are odd elements foqq € g(—%) and eyqq € g(%) such that
Span{ea €odd; h7 fodd7 f} = 0513(1‘2)a
where (e, h, f) is an sly-triple.

We will suppose that g is equipped with a nondegenerate invariant bilinear form (|)
normalized by the conditions (e|f) = 1 (h|h) = 1.
Introduce two supersymmetric vertex algebras.

(1) Let g = {@|a € g} be the vector superspace defined by g; = g5 and g5 = g7.
The supersymmetric current nonlinear LCA is

Rcur =K X E
endowed with the A-bracket
[@nd] = (=1)PP0a,b] + k x(alb).
(2) Set n=@P,.,9(i) and n_ = €p,_, 9(7). Then there are bases

{uo|ao€e I} and {u*|a€li}
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of n and n_, respectively, parameterized by a certain index set I,, such that
(u*|ug) = 0q,5. Introduce two vector superspaces

pn~nCyg, ¢ ~u_Cy,

spanned by the respective families of elements ¢, and ¢® with b € nand @ € n_.
Consider the supersymmetric nonlinear LCA Ry, = K @ (¢ D ¢") endowed
with the A-bracket

(67 Ads] = [P 97| = (alb).
Due to the results of Section 2.3, the two above supersymmetric nonlinear LCAs give

rise to respective universal enveloping supersymmetric vertex algebras V(Re.) and
V(Ren). Their tensor product

O(ﬁ; foddv k) = V(Rcur) ® V(Rch>

also carries a supersymmetric vertex algebra structure. Introduce the element d by

(4.1) d=Y": (U — (foaa|ta))e” + > (- PO By 8707

acly a,BelL
where ¢% = ¢™", ¢q = ¢u,, P(a) = p(ua) and p(@) = p(Ta).

Proposition 4.1. The A-brackets between d and elements in C(g, foad, k) have the

form:
[daa] = > (=177 % ug,a] : + > (1P k(x + )0 (tala),
O¢€I+ O!GI+
« 1 p(a)p(B U ua .
[dA¢]=§aBZ€I< 1P gf gl
[dada) = (1P @ ug = (foaalua) + D (=17 Py -
Bely

Proof. The formulas are verified by a direct calculation in the same way as for the
supersymmetric classical W-algebras; see [21]. O

Set @ := dojp)- Then, by the Wick formula (2.3), we have
(4.2) Q:AB:) = Q(A)B: +(—1*"W: AQ(B): .
Proposition 4.2. The linear map Q on C(g, foad, k) satisfies Q* = 0.

Proof. This follows by a direct computation with the use of Proposition 4.1 and prop-
erty (4.2). O
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By taking the cohomology of the BRST complex C(g, foaq, k) with the differential
@, we can now define the corresponding supersymmetric W-algebra as in [22]; cf. [1]
and [14, Ch. 15].

Definition 4.3. The supersymmetric W -algebra associated to g, foaq and k € C is

W(§7 fodd7 k) = H<C(§7 fodd7 k); Q)

Proposition 4.4. Let A, B € C(@, fodaa, k) satisfy Q(A) = Q(B) = 0 and C be any
element in C(@, foaa, k). Then the following holds:

(1) Q(S4) = Q(: AB ) = 0 and Q([ALB]) = 0;
(2) S(QC), : Q(C) B : and [Q(C)aB] belong to the image of Q.

Proof. By sesquilinearity of supersymmetric LCAs, for any X € C(g, foad, k) we have
S(QX) = —Q(SX). Hence the first properties in (1) and (2) hold. The second

properties follow from (4.2). By the Jacobi identity of supersymmetric LCAs, for
X,Y € C(g, foaa, k) we have

Q(XaY]) = ~[Q(X)aY] + (1) [X,Q(Y)]
which gives the third properties in (1) and (2). O

Corollary 4.5. The supersymmetric W-algebra W (g, foad, k) is a supersymmetric ver-
tex algebra.

4.2. Building blocks of supersymmetric WW-algebras. For any a € g set
Jd =a+ Z (_1)p(&)p(5) : ¢B¢[u5,a} S C(ga fodda k)

Proposition 4.6. For the element d defined in (4.1) we have

[dAJFz] = Z (_1)p(a)p(6) : qbﬁ(‘]ﬂso[u,@ al (ded| ug,aj)) - + Z 6k S+ X> ¢B(uﬂ| )

Bel+ BEILL

where T<o 1 § — Di<o@(i) is the projection map with the kernel ©;~o9(7).
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Proof. By the Wick formula,
[dAJ dACl + Z p(@p(3 dA ¢ qb[uﬁa :]

Bely
(4.3) = [daa] + > (1P @O [d %) Bl
Bel+
N B p@) (o o Tl
(44) DI (o) L O
ByElL, k=1 ’
+ Z a /6 [d/\gb u[; a]]

BELL

Since the coefficients of A%y in [Plug.a) A B Pl ;] are all zero, the coefficients of
APy in
B gbvgb[umuﬁl . Agb[uB,a]] — (_1)19(/3)1)(6) [¢[u5,a] Ay ¢7¢[uwuﬁl ]

are also 0 so that the expression in (4.4) vanishes. The second term in (4.3) equals

1 a U uﬂ
Z 5( 1) p(B)(p(y)+p(a)+1) . ¢7¢ UL ¢[uﬂ,a}i-

Byyel+

By the quasi-associativity in (2.2) and the fact that ¢™ (jj1y¢m = 0 for any n € n and
m € n_ with 7 > 0, we have

O B =2 67 S g

The remaining computations are straightforward, they are analogous to the classical
case in [21]. O

Proposition 4.7. If a,b € @, 9(i) or a,b € P,., 9 then
[ands] = (17O T+ k(S + x) (alb).
Proof. This is verified by a direct computation. O
Introduce the vector superspaces
ry=¢n® Ji and ro=Ji, @ A",
where

Ji =span{J, | b € n} and Jgo =span{Jz|a € @ g(i)}

Z'GZ§0
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It is not difficult to see that both Ry = K ® r; and R_- = K ® r_ are supersym-
metric nonlinear LCAs and that C(g, foad, k) decomposes into the tensor product of
supersymmetric vertex subalgebras:

C(8, foaas k) =V (R4L) @ V(R-).

Lemma 4.8 (Kiinneth lemma). Let Vi and Vy be vector superspaces and d; : V; — V;,
1=1,2, be differentials. If d: Vi ® Vo — V1 ® V5 is defined by

da®b) = dy(a) @b+ (—1)"Ya @ dy(b)

then

Proposition 4.9. The differential () has the properties

(4.5) QV(R4)) CV(Ry) and Q(V(R-)) C V(R-),
so that
(4.6) W8, foad, k) = H(V(R+),Q) @ H(V(R-), Q).

Proof. The inclusions (4.5) follow from Propositions 4.1 and 4.6. The decomposition
(4.6) is then implied by the Kiinneth lemma. O

4.3. Generators of supersymmetric I/-algebras. We now aim to describe the
cohomologies H(V(R4),Q) and H(V(R-),Q).

Proposition 4.10. We have H(V(R.), Q) = C so that W(g, foada, k) = H(V(R-), Q).
Proof. Set Ky = (—1)P™ J;, — (foqa|n) for n € n and introduce the superspace
= ¢n ® Kj, Ki = span {K; |n € n}.
Then Ry = K ® /. Define the conformal weight A and the bigrading on 7/, by
A(pn) = A(Kz) = jn, g8(0n) = (n — 1, —Jn),  8r(Kz) = (ju — L —jn + 1),

assuming that n € g(j,,). The graded differential Q8" associated with @) is good almost
linear (see Section 3) and

H(T,+, Qgr) = 0.
By Theorem 3.3, we have H(V(R,),Q) = C. O
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To describe H(V(R_),Q), recall that
Q(‘]ﬁ) = Z (_1)p(&)p(6) : ¢/B<JW+ (fodd‘[uﬁva])) :

BEL+
(4.7) + ) (1P DkSS (ugla)
Bely
and
(48) Q™) = 5 3 (1D g

BEl+

Consider the conformal weight A and the bigrading on r_ satisfying

1 - )
AU =~ AG™) =~
. - . I 1
er(Ja) = (as ), g1(0") = (m + 5 —Jm + 5);
where a € g(j,) and m € g(j,,) for j, < 0 and j,, < 0. Note that

: A |
where u” € g(—js). Since A(S) = 1 and gr(S) = (0,0). Every term in (4.7) has
conformal weight 3 — j, and every term in (4.8) has conformal weight —j,,. The
bigradings of terms in (4.7) are given by

r 1

( gbﬁ‘] <0[u5 ) = (ja + 57 —Ja + 5)7
(49) gr(¢ (fodd“uﬂv a])) = (jll? _ja + 1)7
(50 (wsla)) = (o + 5~ + ).

The bigradings of terms in (4.8) are

. . 1. 1 Tacol . .
(410) gr(¢m) = (]m + 57 —Jm + 5)7 gl“(: ¢B¢[ gl :) - (]m + 17 —Jm + 1)
Theorem 4.11. Let Ker (ad foaq) = { ua | € T } with an index set J. Then

(1) W (@, foaa, k) is freely generated by |J| elements as a differential algebra,
(2) there exists a free generating set of the form

{tug+As|ae T},
where A, € Fj‘”%V(R—)O[% — Ja) for ua € g(Ja)-
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Proof. Since we know that W(g, foaa, k) = H(V(R-),Q), it is enough to show (1)
and (2) for H(V(R-), Q). The conformal weight and bigrading on r_ induce those on
V(R_-). With respect to the conformal weight and bigrading, ) induces the graded
differential @®". The bigradings listed in (4.9) and (4.10) show that

Q¥ (Ja) = > (—1)P DB (foallug, a]), Q¥ (¢™) =0
Bely

Note that V(R_)"Nr_ = Jy_, and V(R_)' Nr_ = ¢". Since Q¥ (r_) = ¢"~, we have

HP9(r_, Q%) = 0 when p+ ¢ # 0 and so @ is a good almost linear differential map.
Furthermore, Ker(Q#|,_) = {J,]|a € Ker(ad foqq)} & ¢", hence

H(r_,Q®%) ={J,|a € Ker(ad foqa)}-
Thus, using Theorem 3.3, we arrive at (1) and (2). O

5. GENERATORS OF W (@, fpuin, k) FOR g = gl(n + 1|n)
Consider the Lie superalgebra g = gl(n+1|n) with the basis {E; ;|¢,j = 1,...,2n+1}
and the Z/27Z-grading defined by p(E; ;) = i+j mod 2 with the commutation relations
[Eij, By j] = 60 By — (1) 0+ 5, B,

Take the odd principal nilpotent element in the form

2n
Jorin = Z Epiip.
p=1
By Proposition 4.6, for C(g, foin, k) and any m > [, we have

Qma) = (1)"kS™ + Y (=) g
j=l+1
m—1
+ Z(_l)(z‘+m)(m+l+1) LT (=) 4 (—1)mglLm,

i=l

where we set ¢ = (—1)*'¢Fs for i > j and J;; = Jp; fori > j.
We will be working with operators on C(g, fprin, k) of the form Zflo ASt with

Ay € C(8, forin, k), which act on an arbitrary element X € C(g, fpin, k) by the rule

D AS(X) =D ASHX)) k.
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In particular, for the operator A; ; = 8§;;kS + (—=1)"*1J;; on C(§, forin, k) we have
Aij(X) =05k S(X) + (1) T X -
Consider the (2n + 1) x (2n + 1) matrix

[ A -1 0 e e 0
A271 A2’2 —1 ce Ce 0
A= : L : :
A2n,l A2n,2 A2n,3 T A2n,2n -1
_A2n+1,1 A2n+1,2 A2n+1,3 e A2n+1,2n A2n+1,2n+1_

whose entries are operators on C(g, fprin, k). Then the column (or row) determinant of
A is given by the formula

2n
(5.1) cdet A = Z Z Aivior1Aig i1 - Aiyyriv 1

N=0 0=ig<ii<--<iyi1=2n+1
Write

cdet A = Wy + Wi S + -+ Wayp S*H
for certain elements W, € C(§, fprin, k). Clearly, Wy, 1 = k*" 1.

Theorem 5.1. All elements Wi, ..., Wa, belong to the W-algebra W (8, forin, k).

Proof. One readily verifies that

2n+1 2n+1

Q) W, =" Q(W,)S” — W,57Q
p=0 p=0
so that QA = (=)™ A, ,Q + (=1)" ™ Q(J,n,). Therefore,

Q Ai17i0+1 P Aip+177;p+1 “ e AiN+17iN+1

N
= (1" (Aiigrr - (D" Qi) - Aby i)

p=0
- Ai17i0+1 B Aip+1,ip+1 cee AiN+1,iN+1Q'
Hence the property W, € W (g, forin, k) will follow if we show that Z?\?:o By = 0,

where we set
N

BN = Z(—l)ip (Ail,io+1 Ce ((—1)ip+1+1Q(Jip+1’ip+1)) . AiN+1iN+1)‘

p=0
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Using the relations
Jij = (1) (Aij = 6i3kS) and  : ¢y = (—1)ETEDERD g g0
we find that

(=DM Q( iy s p+1)

p+1
- _k5<¢ip+1,ip+1) + Z (_1)ip+j¢ip+1,j (Aip+1,j _ 5ip+1,jk?5)
Jj=ip+2
ipt1—1
3 (D) (A — By kS) G o (1) b ittt s
i=ip+1
and
_k;g(gbip-*-lvipﬂ) + (_1)ip+ip+1+1¢ip+1aip+1s + S¢ip+1»ip+1 =0.
Therefore,
ipt1
()P Qi i) = Y (=L)AL
j=ip+2
ipp1—1
+ Z (_1)z‘p+z‘Ai,iP+1¢z‘,¢p+l (= 1)t gintLie L _ gipsipan
i=ip+1

so that By can be expressed as

N 7;p+1

E o . E _ 1\ At A, . _1)p+1 plptLipt1+l
All”LO‘i’l R A'Lpﬂp—l‘i’l ( ( 1) (b b A1p+1,] + ( 1) P ¢ P P

p=0 J=ip+2
ip+1—1

E 1) A. . Lip+l (1 )ip Jyipsip+1 S ) )

+ ( ( 1) Amerl(b P ( 1) p¢p ’ ) A1p+2,1p+1+1 e 'A1N+1:lN+1'

i=ip+1

By the quasi-associativity property, we have

(@A ) (A sasiiat1 - Aigaysin+1) = 07T (A (A ipiatt - - Aig o rin1)s

(Aiiy 10" ) (A i1 - - Ainrin+1) = Aig i1 (977 (Aip iy - - Aig 1)
forj =i,+2,... 941 and ¢ =4, +1,..., 4,41, so that vanishing of the telescoping sum
implies that 23\7:0 By =0. O

Lemma 5.2. Suppose that {v,|p = 0,...,2n} is a basis of Ker (adfoqa) such that
Ay, = %(2n+ 1—p). TakeV, € W(@, forin, k) of the form V,, = J5, +w,, satisfying the
conditions
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(1) V, and w, have the conformal weight %(Qn +1—p),
(ii) w, lies in the differential algebra generated by Jz for Aj, < Ay,.
Then the set {V,|p=0,...,2n} freely generates the W-algebra W (@, forin, k).

Proof. A generating set of the form {V = J;, +w,|p = 0,...,2n} satisfying the
required conditions (i) and (ii) exists by Theorem 4.11. Set

Wi, := subalgebra freely generated by {V,,., Vini1,- .-, Van},

W, := subalgebra freely generated by {V,,, V1, ..., V5, }.

We will show by a (reverse) induction that W,, = W, for all m = 0,...,2n. Note
that Wa, = W,,, since wy, and ws, are constants. Now suppose that W, = W, for
some p < 2n. Then V, y =V, ; € W, =W, by condition (ii). Hence we can conclude
that V| = V.1 + (w, — w,) € W,_1 and, similarly, V,_; € W;_,. This shows that
Wp-1 =W, ;. Thus, Wy =W, and since W (g, forin, k) = Wy, the lemma follows. [

Theorem 5.3. The set of coefficients {W,|p = 0,...,2n} of cdet A freely generates
W (@, forin, k) as a differential algebra.

Proof. Note that for ¢« > 7 we have
1,
Aaiy0 = 5= +1) +Ax,

and each term in (5.1) satisfies

_2n—|—1

Aipig+1Aig,ig+1--Aiy iy +1(X) T 9

+ Ax.

A direct calculation gives

2n+1—k
Wgn_k = Z (—1)kl(]k+l,l + Wop_k for k= O, 1, «vey 2n,
=1

where Ao, = 2"2—“ - % and ws,_ can be expressed as a normally ordered product

of the elements J;; with 0 < @ — j < k and their derivatives. It remains to apply
Lemma 5.2. m

Example 5.4. Let g = gl(2|1). Then fyin = Eo + Es2 and

ALl —1 O
J4:: 4411 4412 —1
ABJ ~A32 44&3
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The column determinant of A is

cdet A = Ay 1 As0As3 + Az + As1Aszs + A1 1As
= (kS)? + WyS* + WS + Wy,

where
Wy = kQ(Ju + Jao + J33),
Wi =k(=Ji1Jop — J11J33 — Jandsz — Jo1 + J3o — kJy,),
Wo=—Ji1J22d33 — JonJs3+ Ji132 + J31
+ kJsy + ki1 J g — kJy o Js s + kJopJi g+ K2 JY 5,
and X' := [5, X]. Hence W(g, forin, k) is freely generated by Wy, W, and Ws. O

As in [2], by taking the quotient of the W-algebra W(g, forin, k) over the supersym-
metric vertex algebra ideal generated by the elements J; ; with ¢ > j we recover the
presentation of the W-algebra via the Miura transformation; cf. [9, 16, 17]:

[1]

[9]
[10]
[11]

[12]

cdet A — (kS + J11) (kS — Jog) (kS + Js3) ... (kS = Janzn) (kS + Jons1,2n41)-
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