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Abstract: The KP hierarchy is hamiltonian relative to a one-parameter family of
Poisson structures obtained from a generalized Adler map in the space of formal
pseudodifferential symbols with noninteger powers. The resulting W-algebra is
a one-parameter deformation of Wy, admitting a central extension for generic
values of the parameter, reducing naturally to W, for special values of the para-
meter, and contracting to the centrally extended W, ., W, and further trunc-
ations. In the classical limit, all algebras in the one-parameter family are equivalent
and isomorphic to wp. The reduction induced by setting the spin-one field to zero
yields a one-parameter deformation of W, which contracts to a new nonlinear
algebra of the W -type.

1. Introduction

The topography of W-algebras [1] in two dimensions is beginning to unfold and,
among them, algebras of the W -type provide natural landmarks. Some of these
W-algebras, which are generated by fields of integer weights 2,3, 4, . . . and possibly
also 1, are expected to be universal for some infinite series of finitely generated
We-algebras, in the sense [2] that all W-algebras in that series can be obtained from
it as reductions. The best-known example of such a series is comprised by the W,
algebras [3], of which the Virasoro algebra (corresponding to n = 2)1is the simplest.

These algebras can be realized classically (i.., as Poisson algebras) as a certain
natural reduction of the second Gel’fand-Dickey brackets [4] — a hamiltonian
structure for the generalized KdV hierarchies (see [5] for a comprehensive review).
These are the integrable hierarchies of isospectral deformations (of Lax type) of the
one-dimensional differential operator L = 0" + Z;f;éuj(z)aj in terms of which, the
Gel'fand-Dickey brackets have a very simple expression which we now briefly review.
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Let us introduce the ring of pseudodifferential operators of the form
finite
P=Y p@d, (L1)

j==w

with multiplication given by the generalized Leibniz rule (for a = a(z))

_ aplp—1) - (p—k+1)
0Pa = ad® + kz o
=1
and let P =3 ! p;0’and P, = P — P_ denote the projections onto the sub-
rings of integral and differential operators respectively. Now let X =Y 7_597" " !x,,
and define the Adler map [6]

a®or=k, 1.2)

JX)=(LX).L—- LXL)y = L(XL)- —(LX)_-L, (1.3)
which sends X linearly to
n—1
J(X)= Y Uy x;)d", (1.4)
i,j=0

for some differential operators J;;. The second Gel’fand-Dickey bracket is then
simply defined by

{u;(2), u;(w)} = — J;j(2): 6(z — w) . (1.5)

The constraint u,_,(z) = 0 is second class and, upon reduction, (1.5) yields a local
Poisson algebra which realizes W,

In the study of the isospectral deformations of the differential operator L,
a crucial role is played by its n'" root L'"" = 9 + ) 2 a;0 7. In fact, the hierarchy
can be defined starting from L/ since there is a bijective correspondence between
Lax flows of L and of L'/, This prompts the definition of the KP hierarchy [7] as
the isospectral deformations of a general pseudodifferential operator of the form
A=0+ Y ,a;07. Operators like L' are obtained by imposing the constraint
A% =0. Since the KP flows preserve this constraint, they induce isospectral
. deformations of LY" and hence of L, and thus the KdV hierarchies are natural
reductions of the KP hierarchy.

This fact, together with the relation between the W, algebras and the KdV
hierarchies, suggests that the universal W-algebra for the W, series could be
realized as a hamiltonian structure for the KP hierarchy. This reasoning led
a number of authors to the construction of a new algebra — called Wy, in the
second reference of [8] and (a natural reduction thereof) W, in the third reference
of [8] — by generalizing the Adler map to the space of pseudodifferential operators
of the form A. Nevertheless, all attempts to obtain any of the W, algebras as
reductions of Wy have failed; although as shown in [9] the classical limit of every
W, can be recovered upon reduction from the classical limit of Wep.

The possible physical relevance of Wp has been pointed out in [10], where
a nonlinear W -type algebra was identified as the chiral symmetry algebra of the
black hole conformal field theory based on the coset model SL(2, R)/U(1). It was
then conjectured that this chiral algebra is simply a quantization of Wyp. If this
were so one could expect an infinite set of conserved charges to be present and
eventually account for the maintenance of the quantum coherence of the black
hole. An important step towards the elucidation of this conjecture was achieved in
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[11] via a remarkable transformation for the KP potentials in terms of only two
bosons [12].
The construction of Wgp immediately suggests how to construct an infinite
number of hamiltonian structures for the KP hierarchy [13] (see also [14]). The
-power of the KP operator A is a pseudodifferential operator A, = 3"
+ Q= Ui 0’ which contains the same information as the original KP operator
and, since Lax flows of 4 and A" correspond, can be used to describe the KP
hierarchy. We can moreover define a Poisson structure by the extension of the
Adler map to operators of the form A". This yields a hamiltonian structure for the
KP hierarchy and a new algebra W{) which is not isomorphic to Wyp under
polynomial redefinitions of the fields and which, unlike Wp, does admit a central
extension. It is W5 which reduces naturally to W,. What was proven in [9] is that
the classwal limit of the W} does not depend on n. In other words, Wi for all
1,2,3,...is a deformatlon of the same classical algebra: wgp. ThlS prompts
the study of deformations of wgp which may interpolate between the W),

In this paper we shall focus on one such deformation — which we call W@, Tt is
the Poisson structure induced by the extension of the Adler map to the space of
pseudodifferential operators of the form 07 + Z;‘;l b;0°"J for q any complex
number. Making sense out of this operator requires a bit of formalism concerning
the manipulation of formal pseudodifferential symbols which shall be the focus of
Sect. 2. There we will also discuss the calculus of complex powers of pseudodifferen-
tial operators which will become instrumental in proving that W% is a hamiltonian
structure for the KP hierarchy.

Section 3 contains all our results which are directly conerned with integrable
systems and the KP hierarchy, whereas in subsequent sections we will focus on
more W-algebraic matters. Thus in Sect. 3 we will prove that the extension of the
Adler map to the space of formal symbols does indeed define a Poisson structure
and show that the KP flows are hamiltonian relative to it. We also discuss the
reductions to the KdV hierarchies as well as the bihamiltonian structure.

In Sect. 4 we start the analysis of W as a W-algebra. We compute the algebra
explicitly and we show that a natural reductlon yields a one-parameter deforma-
tion W of W,. We write down the Virasoro subalgebra and investigate how the
generators transform under it. We also investigate whether the deformation para-
meter ¢ is essential.

In Sect. 5 we discuss how to recover other W-algebras of the W -type as
contractions and/or redutions of W&. In partlcular we will show that the full
structure (i.e., with central extension in all spin sectors) of W; ., arises as a suitable
contraction of W& as g — 0. Moreover the algebra appears in a basis in which the
truncation to W is manifest. The similar contraction of W yields a new
genuinely nonlinear algebra W#. Furthermore, contracting W as g — 1 yields the
full structure of W,. This provides a conclusive link between the full structure of
W, and algebraic structures associated to the Gel'fand-Dickey brackets. General-
izing one finds that for N > 1, the contraction as g —» N recovers the centrally
extended W, _y, a further truncation of W, , .

In Sect. 6 we discuss the classical limit of W and we show that it is
independent of g in the sense that the dependence of q can be reabsorbed by
a change of basis. Therefore all classical W-algebras in the one-parameter family
are isomorphic to the algebra wgp defined in [9].

Finally we close the paper, in Sect. 7, with a summary of our results and some
concluding remarks on the emerging landscape of W -type algebras.
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2. Pseudodifferential Symbols and Their Complex Powers

For most practical purposes one can work with pseudodifferential operators as the
ring of formal Laurent series in 9~ ' with multiplication law given by (1.2).
However, for two applications that we have in mind (namely, complex powers and
the classical limit), it is convenient to work instead with the space of pseudodif-
ferential symbols. In this section we will define pseudodifferential symbols and
discuss their complex powers, postponing the discussion of the classical limit until
we need it.

The Ring of Pseudodifferential Symbols. To every pseudodifferential operator P we
associate its symbol — a formal Laurent series — as follows. We first write P with all
s to the right: P = Y, . y p;(z)?". (Each P has a unique expression of this form.) Its
symbol is then the formal Laurent series in £~ ! given by

Pz = ) pi(2)E. @1
i<N
Symbols have a commutative multiplication given by multiplying the Laurent
series; but one can define a composition law - which recovers the multiplication law
(1.2). In other words,

P(2,8)°0(z,8) = (PQ)(z, 9 , 2.2)

where PQ means the usual product of pseudodifferential operators. This composi-
tion is easily shown to be given by
1 0*Po*Q
P(z,0°0z8= ) w7 - (2.3)
WSokl ogk ok
For example, £oa = af + a' which recovers the basic Leibniz rule: da = ad + '
and which, upon iteration, gives rise to (1.2). Since we will be working with symbols
throughout this paper, we will often drop from the notation the explicit mention of
z and ¢, referring to the symbol P(z,&) = Y, - ypi(2)&* simply as P.

Symbol composition has the advantage that it is a well-defined operation on
arbitrary smooth functions of z and ¢ and can therefore be used to give meaning to
such objects as the logarithm or a noninteger power of the derivative. For example,
for a = a(2),

=1y ...
logéoa = alogé — Y, J—,a‘”f i, (2.4)
j=1
which shows that the commutator (under symbol composition) with logé, denoted
by adlogé, is an outer derivation on the ring of pseudodifferential symbols.
Similarly, if g is any complex number, not necessarily an integer, we find

fqoa = i I:‘;:Ia(j)fq—j , (2‘5)
j=0

where we have introduced, for g any complex number, the generalized binomial
coefficients

P}Eﬂq—Dn-@—j+D_

; i (2.6)
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Conjugation by &7 is therefore an outer automorphism of the ring of pseudo-
differential symbols, which is the integrated version of adlog¢:

toA(z,¢)o¢™* = exp(qadlogf)-A(z, ) . (2.7)

It follows from (2.5) that (left and right) multiplication by &2 sends pseudo-
differential symbols into symbols of the form ) ; . yp;(z)€9*/. Let us denote the set
of these symbols by . It is clear that %, is a bimodule over the ring of pseudo-
differential symbols, which for g €Z coincides with the ring itself. In fact, since
S = S for p = g mod Z, we will understand % from now on as implying that g is
reduced modulo the integers. Moreover, symbol composition induces a multiplica-
tion ¥, xS = %1y, where we add modulo the integers. Therefore the union
& = | forms a ring graded by the cylinder group C/Z.

On %, one can define a trace form as follows. Let us define the residue of
a pseudodifferential symbol P(z,¢) = ;< nxp;(z)&’ by res P(z, &) = p—4(z). Then
one defines the Adler trace [6] as TrP = [resP, where [ is any linear map which
annihilates derivatives. It is easy to see that Tr[P, Q] = 0, since the residue of
a commutator is a total derivative. The Adler trace can be used to define a symmet-
ric bilinear form on pseudodifferential symbols

(A,B)=TrA-B, (2.8)

which extends to a symmetric bilinear form on all of &. Relative to this form the
dual space to ¥ is clearly isomorphic to /., and it is an easy calculation to show
thatfor 4 = aé'*9e ¥ and B = b&/ "% ¥, the residue of their commutator is still
a total derivative. In fact

A= (] T (= rpaopeio) 29
res[A4,B] = i1 Y (—1a ; 2.9)
1=0

proving that the trace form extends to all of .

The ring ¥, of pseudodifferential symbols splits into the direct sum of two
subrings % = £, @ % _, corresponding to the differential and integral symbols
respectively. This decomposition is a maximally isotropic split for the bilinear from
(2.8), since Tr A, B, =0, where 4, denotes the projection of 4 onto % along
R+ . A similar split could in principle be defined in %, but the induced split
S = L. @S is no longer a split into subrings as can be clearly seen from (2.5),
since even if g > 0 its composition with a(z)e %, has an integral tail. We will
therefore only write P, for Pe %, a pseudodifferential symbol.

Complex Powers of a Pseudodifferential Symbol. Let A(z, &) = &" + Z;O:luj(z)f”_j
for n eZ be a pseudodifferential symbol and let « € € be any complex number. The
purpose of this subsection is to define A* and to prove the main properties that we
expect powers to obey. Complex powers of pseudodifferential operators were first
defined by Seeley and our treatment follows the one in [15].

The resolvent R; of A is the pseudodifferential symbol defined by

Ryo(A—J)=1, (2.10)

for AeC. Let us rewrite A — A as A — A= Y:0a,(z, ¢ A), where a,(z, &, ) =
"—4 and a,-j(z, ¢ 4) = u(2)¢"7, for j=1. Notice that a,—;(z, t& t"4) =
t"Ja,_;(z, & A), whence the index of a,_; reflects its degree of homogeneity under
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the above rescalings. Formula (2.10) implies that the resolvent is given by
R, =Ys0b-,—;(z & ) and that its coefficients can be solved for recursively from
a,b_,=1and
10 o
—b_,_ i —a,-, =0, 2.11
o R i 10
for all r = 1. This implies that the coefficients of the resolvent are homogeneous
under rescalings b_,_;(z, t&, t"A) =t 7" 7b_,_;(z, £, A).
For Re « < 0 let us define

Ay(z,&) = ——fl"‘R,ldl =— Z [A%b_n—j(z, & A)dA , (2.12)
2 jzor

where the contour I'=1I(¢) =1+ I, + I3 is specified as follows. I} =
{A=reé% oo >r>p}, L= {A=pe?0; > ¢ > 0. — 2n}, and Iy =
{A=re® 29 p <r < o0}, where 3|¢|" > p and 6; are such that for the given ¢, the
contour does not contain any poles. The contour is oriented in such a way that the
circular part is traversed clockwise. The power A* in (2.12) is defined as exp(«log 4)
with log A the branch of the logarithm with a cut for arg 4 = .. Because Rea < 0,
the integral converges and each term in (2.12) is well-defined. We can therefore
write

A= ) a2,
jzo

where

an—j

482 &) = o= [ by (2, & DA, (2.13)
2ny
where again the indices reflect the degree of homogeneity. Indeed, for ¢ > 0,

a®_ (z,18) = é [4%b_,_(z, t€, H)d)
r

oan—j

i
= E!(tnﬂ)ab—n—j(za tg, t"wydut"

=t J j:uab-n J(Zi& Wdu

=" 7ig®_ (2, &), (2.14)

an—j
where we have used that the contour I'* is homologous to I'. This implies that

=Y u?_ (¢ e . (2.15)

an~j
jzo0

The following result shall prove very useful in what follows. We shall refer to it as
the semigroup property of 4,.

Proposition 2.16. For Rea < 0 and Re f <0, then A0 Ag = Ay1p
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Proof. Let us define a contour I"=TI)+4+T1%+T% as follows. I'}=
{A=ré% 90 >r>3p}, I'h={A=3pe®|0 —¢>¢p>0+¢—2n}, and I's =
{A=re®* e 2M3p < r < oo}, where ¢ is chosen small enough so that I” can also
be used to define 4,. Again the contour is oriented so that the circular part is
traversed clockwise. We then use these contours to write

1
Ao Ay = — ZprfliRloRul“u”dydl. 2.17)

We now use the identity

1
RiRy = 7= (R, — R, 2.18)

to rewrite the above product as

1
A‘,(O14ﬂ= —4 2I§ Rldﬂd/’{+4 ijR dldﬂ

- ifi‘””&di 40
)

= Aa+ﬂ ’

where we have used the fact that since the contour I is inside the contour I’ the
second integral vanishes since the integrand is holomorphic in 4. M

An immediate corollary of the semigroup property is that if k is a positive
integer, A_; = (A~ 1) In fact, since A~ ! agrees on I'y and I3, the integral around
I' in the definition of A_; reduces to the contour integral around I', which is
a closed negatively-oriented contour. Using that A°R; = 1 + AR;, we find

i i
AcA_ 1 =—§171dA+—§R,di=1 2.19
1 27'C[§; + 271:[{ A s ( )

since R, is holomorphic in the disk bounded by I',. Therefore it follows that
A_; = A and applying the semigroup property, 4_, = A~ X

We can finally define the complex powers. Let a € C be an arbitrary complex
number and let ke Z be such that Rea < k. Seeley’s proposal is to define

A% = AkoA,_, . (2.20)

For this to make sense it should not depend on which k we choose. In fact, if
k,jeZ are such that Rea <k and Rea <j then we should show that
A¥oA,_, = Ao A, ;. For definiteness let us assume that k > j. Then p =k —j is
a positive integer and let § = a — k. Therefore what we have to show reduces to
Ap = A"PoAg,, for Re(f + p) < 0. But this follows immediately from the semi-
group property and the fact that A™7 = A4_,.

Notice that if Rea < 0 then we can simply take k = 0 and 4* = A4,; whereas for
jEZ, A’ agrees with the usual j* power: simply choose k = j + 1 and compute:

Aj+1°Aj_(j+1)=Aj+10A._ _14"-'—1 AJ (221)

Finally we prove the general group property of complex powers.
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Proposition 2.22. Let o, f €. Then A% A* = A**F,
Proof. Choose j, k such that Reo < j and Re f < k. Then
A% AP = Ao A, _jodko Ay,
= AloAbo A, oAy,
= Ao Ay e
— A*P

where we have used the fact that R, commutes with A and the semigroup
property. W

It is possible (see, e.g., [15] §§9 and 10) to topologize the space of symbols in
such a way that the mapping a +— A% is holomorphic. Since it agrees with the power
for o € Z it makes sense to consider it as the symbol for an arbitrary complex power.
In particular, a standard density argument allows us to prove that all the usual
properties of rational powers are obeyed by the complex powers as well. In
particular, for «, f € C,

(A% = A% (2.23)

It is also clear from (2.15) that taking the o™ power maps symbols of the form
EP + -+ - to symbols of the form &% + - - -

3. The KP Hierarchy and its Hamiltonian Structures

In this section we will prove that the generalization of the Adler map to the ring
& of symbols defines a Poisson structure which depends on a complex parameter g.
We then prove that the KP hierarchy is hamiltonian relative to this Poisson
structure for all ¢ but that, unless g is an integer, neither the reduction down to
n-KdV nor the bihamiltonian structure seem to be present.

The Generalized Adler Map and Some Formal Geometry. In order to define the
generalized Adler map, we need to briefly introduce some formal geometry on the
space .#, of symbols A@ of the form

AD = g1 4 i u;(z)¢a7 (3.1)

j=1

The affine space .#, plays the role of the manifold on which the KP flows are
defined. The tangent space J, to .4, is parametrized by the infintesimal deforma-
tions of A9, which are given by symbols of the form

0

A=Y ajzE 7. (3.2)

j=1

Every A€ J, of the above form defines a vector field 0, as follows. If F is any
function on .#,, then

© §F
0, F[A9] = %F[A“’) +ed] = [ ak(‘;—w . (3.3)
e= k=1
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One-forms are parametrized by the dual space ;' of 7, under the bilinear form
(2.8). In other words, 7 ¥ is made up of symbols of the form

X = Z i lox; . (3.4)
ji=1
Then, for 4 and X as above,
TrAoX = Z ja,-xj R (3.5)
j=1

J

which is clearly nondegenerate.
If we define, as usual, the gradient dF of a function F by

TrdFoA = 04F , (3.6)
for all AeJ, then, for A as in (3.2), one easily computes
Z OF
0,F = —a;; 3.7)
! j; jé“i ’
hence, comparing with (3.5), yields
. oF
dF = ) &7a7 1, . (3.8)
j; ou;
Hence the gradient of a function is a 1-form as expected.
Given a 1-form X as in (3.4) we define a vector field J?(X) as follows:
J(‘”(X) = (A(q)oX)+ o@D — A(q)o(XgA(q))Jr
= A(q)o(XQA(q))_ _ (A(q)cX), o A@D (3.9)

Notice that since 49> X and XA belong to %, it makes sense to project onto
their integral and/or differential parts. It is clear that J(X) e 7,, so that it defines
a tangent vector. It is moreover easy to see that if Y is another 1-form,

TrJ9(X)eY = — TrXoJ9Y; (3.10)

making J@ into a skewsymmetric linear map J: 7} — Z,. This allows us to use
J@ to define a bracket on the functions on .#, as follows:

(F,G} = TrJ9(dF)-dG . (3.11)

Equation (3.10) implies that this bracket is antisymmetric, and it is not too difficult
to show directly that it satisfies the Jacobi identity. The proof of this fact is
straightforward and can be adapted from the proof of the hamiltonian property of
the original Adler map for the KdV hierarchies, to be found, for example, in [5].
Therefore we shall restrict ourselves to sketching the proof, trusting that the
interested reader will have no trouble in filling in the details with the help of the
existing literature.

Hamiltonian Property of the Generalized Adler Map. In fact, it is easier to describe
the proof in a more general setting than that of the ring of symbols. Let S = | J,,S,
be an associate algebra (over some ground field k of zero characteristic) graded by
some commutative group written additively. Then S, is a subalgebra and S, is an
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So-bimodule. Suppose further that S, decomposes as the vector space direct sum of
two subalgebras S, = R, @R_. Given any element X €S we denote by X, its
projection to R, along R;. Suppose further that we have a nondegenerate trace
form Tr: So — k inducing a symmetric bilinear form {(X,Y) = Tr XY which is
maximally split; that is, such that the subalgebras R+ are maximally isotropic. In
other words, Tr X + Y+ = 0. Let us now extend Tr to all of S by letting it be zero on
S, + 0. Then the bilinear form extends to all of S in such a way that S, and S _, are
nondegenerately paired.

Choose an element Le S, and define the generalized Adler mapJ: S_, — S, by

J(X)=(LX),L — L(XL), = L(XL)- — (LX)_L . (3.12)

We can view this as an infinitesimal deformation dx L = J(X). More geometrically,
however, we can view J(X) as a vector field tangent to S, at L as follows. Since S, is
a linear space, we can identify its tangent space with S, itself and the cotangent
space with §_,, where the dual pairing between the tangent and cotangent spaces is
given by the bilinear form. Then J can be interpreted as a way to assign vector
fields to 1-forms and 0y is simply the Lie derivative in the direction J(X). In
particular, acting on functions, 6y = 0;x).

The first thing one should prove is that the vector fields obtained by J close
under Lie bracket or, in terms of the infinitesimal deformations dy, that they too
form a closed algebra.

Lemma 3.13. For all X,YeS_,,
[ox,0y] = 5[X,Y]*L >
where [ X, Y]} is given, modulo the kernel of J, by
[X,Y]f=0xY+ X(LY)- —(XL), Y — (XY). (3.14)
Proof. See Proposition 3.2.2in [5]. M
This bracket makes S_, into a Lie algerba as shown by the next proposition.
Proposition 3.15. The bracket [,1} defined by (3.14) satisfies the Jacobi identity.

Proof. Let X, Y,ZeS_, and define Jacobi (X, Y, Z) = [X,[Y, Z]f 1T + cyclic.
We will show that this is zero. For simplicity we work under the assumption that
X, Y, Z are L-independent so that we have no terms of the form 64 Y. The general
case is no harder to prove and we leave this as an exercise. By definition,

[X, LY, Z151F = 6x[Y, Z1f + X(LY(LZ)-)- — X(L(YL) + Z)-
— (XL, Y(LZ)- + (XL)+(YL), Z — Y(LZ)_(LX)-
+ (YD) Z(LX)- + (Y(LZ)-L)+ X — ((YL)+ ZL)+ X
— (YeZ). (3.16)
Also by definition,
ox[Y, Z]i = Y(J(X)2)- — (YI(X))+Z — (Yo2), (3.17)
which we choose to write as

Y(L(XL)-Z)- — Y(LX)-LZ)- — (Y(LX)+ D)+ Z + (YL(XL)+):+ Z — (Ye>2) .
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Therefore we can write
Jacobi (X, Y, Z) = Y(L(XL)-Z)- — Y(LX)_LZ)_ — (Y(LX)+ L).Z
+(YL(XL):)+Z + X(LY(LZ)-)- — X(L(YL) + Z)_

—(X0D).Y(LZ)- + (XL)(YL).Z — Y(LZ)_(LX)_
;Y___)

+(YL),Z(LX)_ + (Y(LZ)_L), X
‘5(__J

—((YL)+ZL)+ X + signed , (3.18)

where “signed” means signed permutations, which make the underbraced terms
cancel. Now we notice that

Y(LZ)_(LX)- + Y((LX)-LZ)_ + signed = Y((LX)-(LZ)+)- + signed ,
Y(L(XL)_-Z)- — X(L(YL)+Z)_ + signed = Y(LXLZ)_ + signed ,
and
(YL(XL)+)+Z + (XL)(YL)+Z + signed = ((YL)_(XL)+)+Z + signed .
Plugging these into (3.18), we find
Jacobi (X, Y, Z) = — Y(LX)-(LZ)+)- + Y(LXLZ)}_ +((YL)-(XL)+)+Z

~

—(Y(LX),L)Z + X(LY(LZ)_)- + (Y(LZ)_L), X
;V_._J

—((YL)+ZL)+ X + signed , (3.19)

where the underbraced terms cancel after taking into account the signed permuta-
tions. What is left is

(YL)_(XL),)+Z — (YL)+ ZL)+ X + (Y(LZ)_-L)+ X — (Y(LX).L),Z + signed .

The first term can be rewritten as ((YL)- X L), Z, which combines with the second
(taking into account the signed permutations) to give (YLXL),Z + signed. Sim-
ilarly, after permuting, the third and fourth terms rearrange to
— (YLXL),Z + signed, which precisely cancels the contribution of the first two
terms. W

Notice that for g # 0, the usual commutator does not close in S_,, and hence
cannot be used together with [, ]7 to give S_, a Lie bialgebra structure. This fact
underlies the apparent lack of bihamiltonian structure for q¢ Z on which we will
comment below.

For F: S;—k a function, its gradient dFeS_,, and J(dF) would be the
hamiltonian vector field associated to F. The Poisson bracket defined by J is then
given by {F, G} = TrJ(dF)dG = 0;,r)dG. In the same way we proved (3.10), one
can show that this bracket is antisymmetric. By definition, J is a hamiltonian map if
and only if the bracket defined above obeys the Jacobi identity. The Jacobi identity
is equivalent to the vanishing of the Schouten bracket of J with itself which, being
a tensorial operation, means that the Jacobi identity is a condition at a point. It
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then follows that it is sufficient to show it for linear functions since the gradient of
any function can be substituted at a point by the gradient of a linear function.

Every X € S_, independent of L defines uniquely a linear function Fy = Tr LX
whose gradient is given by X.

Theorem 3.20. For X, Y, Z independent of L,
{Fz, {Fx,Fy}} +cyclic=0.
Proof. If Fy and Fy are linear functions, their Poisson bracket is given by
{Fx, Fy} = TrJ(X)Y. We now use the fact that for all W, Z,
1
TeJ(W)Z = 5 Te L(IW, Z1E — bwZ + 6,W) ., (3.21)

which follows from (3.14) by explicit computation. In our case, since X, Y are
independent of L, it follows that {Fy, Fy} = 3TrL[X, Y]f. Notice that since
[X, Y]} explicitly depends on L, linear functions don’t close under Poisson
bracket. If F, is another linear function then

1
{Fz, {Fx,Fy}} = ‘Z'aJ(Z)TrL[Xa YL
1 * 1 %
ZETI'J(Z)[X, Y]L +5TI‘L52[X, Y]L .

which using (3.21) can be rewritten as

1 1
= ETrL[Z, [X, YIE1E + ZTrL(SZ[X, Y1r.

Using Proposition 3.15 and (3.17) we find
1
{F4, {Fyx, Fy}} + cyclic = ZTr((LY)JrJ(Z) Y —(YL)_XJ(Z)) + signed ,
which we choose to write as

Tr((LX)+L(ZL)- Y — (LX) (LZ)_LY

J

YT

—(YL)_X(LZ),L + (YL)_XL(ZL)) + signed .
L__Y______J

Using cyclicity of the trace and permuting, the underbraced terms are easily seen to
cancel, whereas the remaining ones can be written as

Tr((ZL)+(YL)_XL — (LX),(LZ)_LY) + signed . (3.22)
We now make use of the following lemma:
Lemma 3.23. For any A, B, Ce S,
TrA,B_C + cyclic = Tr ABC .
Proof. See [5] Lemma 3.24. W
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Using this we can rewrite (3.22) as
To(ZLYLXL — LXLZLY) — (X<Y),
which clearly vanishes by cyclicity of the trace. W
A One-Parameter Family of Hamiltonian Structures for the KP Hierarchy. The KP

hierarchy is the hierarchy of isospectral flows of pseudodifferential symbols of the
form

A=E4+ 5 a8t (3.24)
j=1
which are given by
v
— =[4%,4]. (3.25)
ot,

It is straightforward to show that these flows commute and that they are hamil-
tonian with respect to the Poisson structure defined by the Adler map with

1
hamiltonians H, =ZTrA/. Indeed it is easy to show that we can substitute
dH, = A’ ! in the Adler map to obtain
JdH,)) = (Ao A" ) oA — Aoc(A7 o A), =[A%, 4] . (3.26)

Since the flows commute, the corresponding hamiltonians are in involution.
Now let ge C* be any nonzero complex number and let A% denote the symbol
of the g™-power as defined in the previous section. Then the Lax flows correspond:

Proposition 3.27. For qgeC”™,

oA 041

_— H’ A —_— = H, Aq .

5 ~ UL Ale—-=L ]
Proof. 1t is clearly only necessary to prove it in one direction (=) since for the
other direction we can replace A by A/ after invoking (2.23). So let us assume that

oA A*
i [II, A]. Then it is clear that for k a positive integer, aa—t = [II, A*]. Now let

k be a positive integer such that Req < k. Then A, is given by (2.12). Therefore its
t-derivative is given by

0Ag-x 1 .., OR,
Fraa ; A 5 di. (3.28)
But taking the t-derivative of (2.10) we find
OR, oA
o - Rk

—RAO[H,A]OR;'
—RAO[H,A *iJORl
= [H,Rl] .
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Therefore,

oA,

T [, A,-+], (3.29)

which together with the derivation property of the commutator yields the desired
result. W
In particular, for the KP flows (3.25), Proposition 3.27 implies

oAt
ot,

= [4%, 417, (3.30)

which, using the semigroup property of complex powers, becomes

q
% = J@O(A 79y (3.31)

4

where the generalized Adler map is evaluated at A’ = A4 To prove that the KP
flows are indeed hamiltonian relative to J we have to find functions H® such
that we can substitute A~ for their gradients in J@. It is not surprising that the
naive result is true.

Proposition 3.32. Let ge C*,leNandlet H? = %Tr(/lq)’/q. Then we can substitute
dH;‘” — (Aq)(//q—l) in J@,
Proof. From (3.8), the gradient dH? is given implicitly by
qd ¢ @
= —Tr(A4 + ¢4’%) =TrdHP A . (3.33)
£ de =0
We therefore compute the LHS of this equation and read off the gradient after
. . P ¢
comparing with the RHS. Let k€ Z be a positive integer such that Re— < k. Then,

q
by (2.20), (A% + eAY/" = (A* + eA)*o(A? + €A);q—x, whence the LHS of (3.33) be-
comes

| =

S Tr(A + Ao (AT -il-o0 + 5

NI

% Tr(/lq)k o (Aq -+ EA)//q_.k . (334)

QU

The first can term easily be evaluated to give

k—1
ITr Y (A4 e Ao o (A (3.39)

j=0

which, using cyclicity of the trace and the fact that for any symbol B and Re a < 0.
Bo B, = B,° B, can be further simplified to

k7q Tr(A%y/a~ 1o 4 . (3.36)
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The second term in (3.34) is trickier. Using (2.12),

(A7 + eA),y_; = — [ 2797*R,(e)dA. (3.37)
2m §.
where R,(g) = (49 — A + £A4)~ *. Taking the e-derivative, we find
iR&(E) = —R10A0R19 (338)
d8 e=0

where R, = R,(0). Standard manipulations inside the trace allow us to write the
second term of (3.34) as

_4 ayeo L gk g2 47 \e
4 Tr(an (mil Rld/1> A, (3.39)

The integral is easily evaluated after noticing that R} = 7 R, and integrating by

parts — the boundary contributions vanishing since Re(¢/q — k) < 0. Therefore we
can rewrite (3.39) as

S/ = T o (Ao A = 5 (¢)g = WTEANSE - (3.40)

which together with (3.36) yields
Tr(A9Y1 1o 4, (3.41)
which proves the proposition. W

This shows that the generalized Adler map J@ defines, for any nonzero
complex number ¢, a hamiltonian structure for the KP hierarchy.

Bihamiltonian Structure. It is well known that the KP and KdV hierarchies are
actually bihamiltonian: one hamiltonian structure being the one obtained from the
Adler map and the other structure being given by simply deforming the Adler map.
For example, if we take (g = 1) A = & + ) 2, a;¢ 7/ and we deform the Adler map
J® by shifting A+ A + A, we find that

JDs JO = JO 4 25D (3.42)
where J) is given by
JOX)=[A4,X 1: —[A4, X ]- . (3.43)

Since this shift corresponds to the change of variables ao+ a, + A and the Jacobi
identity holds for arbitrary a;, it means that for all A the new bracket satisfies the
Jacobi identity. This being a quadratic identity, it means that it will contain pieces
of orders 0, 1, and 2 in A which must vanish separately. The A-independent terms
are the old Jacobi identity for the unperturbed Adler map and the terms in A2 are
the Jacobi identity for the new hamiltonian structure; whereas the terms linear in
A are simply the expression of the fact that the two structures are coordinated — one
of the hallmarks of integrability.

It is easy to see that this way of deforming the Adler map to obtain a further
coordinated hamiltonian structure does not work for g ¢ Z. In fact, suppose that we
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shift A9 — A9 + 14, for some AeJ,. Then the deformed Adler map will in
general contain terms quadratic in A. If the deformation is to yield a further
coordinated hamiltonian structure, the quadratic terms have to vanish. In other
words,

(AoX),0A— Ao(XoA), =0 VX . (3.44)

It is easy to show that if g ¢ Z, then the only solution to this equation is 4 = 0.
Indeed, if 4 € 7, has leading term a&? ™" for some N € N, choose X = V790 xe T ¥.
Then (A X); = (X o A), = ax and (3.44) simply says that A and ax commute. The
leading term in their commutator is given by (¢ — N)a(ax) which has to vanish for
all x. Since q ¢ Z, this means that a = 0.

For q = neZ things are nicer. In fact, we can choose A = 1, and the new
hamiltonian structure is given by

JRX)=[A" X 14 —[4", X ]- . (3.45)

It is easy to show [5] that these are hamiltonian structures for the KP hierarchy
with the same hamiltonians.

Reductions to KdV Hierarchies. The n-KdV hierarchy can be obtained by impos-
ing the constraint A”. = 0 on the KP operator A. It follows from Proposition 3.27
that this constraint is preserved by the KP flows. Moreover the hamiltonian
structure defined by J® induces a hamiltonian structure in this subspace, since for
any X, J™(X)is a vector tangent to the space of A™’s obeying (41™)_ = 0. In fact,
this induced hamiltonian structure is nothing but the second Gel'fand-Dickey
bracket for the n-KdV hierarchy. It is easy to see that the analogous constraint on
A9 is not preserved by the KP flows for g¢Z. This is not at all surprising given
that on %, the analogous projections to %, are not natural. It would be very
interesting to see if there are other hierarchies besides the KdV ones to which the
KP hierarchy could reduce naturally in its hamiltonian formulation for q¢Z.

4. The W& Algebra

In this section we start the discussion of the W-algebraic results of this paper. We
first compute the W) algebra explicitly from the fundamental Poisson brackets of
the generalized Adler map J@. We then introduce the reduction consisting in
setting the field of lowest weight equal to zero and in this way obtain a one-
parameter deformation of W, . We work out the first few brackets explicitly before
and after reduction and we show that there is a Virasoro subalgebra with a g-
dependent central charge. We also investigate whether or not there is a polynomial
redefinition of the fields which relates different values of ¢. Finally we restrict to
q = neNN and we prove that W{ reduces naturally to W,

The Fundamental Poisson Brackets of the Adler Map and W{g). We find it conveni-
ent to introduce a further parameter («) in the expression for A@:

AD = gFa 4 z uj(z)éq‘j 4.1)

jz1
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and, at the same time, rescale the generalized Adler map (3.9):
1
J(‘“(X) = & ((A(q)o X)+ o A@) — AqO(XOA(q))+) . (4_2)

Naturally, this does not spoil its hamiltonian properties and will become very
useful when we discuss contractions of the resulting W-algebras. Let X =
Ys1 &7 ox;e Tk Since JW(X )e 7, is linear in X, we can expand it as

JOX)= Y (J@-x;E07". 4.3)
i,j=1
where the J{? are some differential operators. As shown, for example, in the second
reference of [8], the fundamental Poisson brackets arising from J@ are given up to
a sign by these differential operators

{ui(2), uj(w)} = — JP(2)-d(z — w) . (4.4)

It is precisely in expressions like these that W-algebras are classically realized.
The computation of the J; (‘” is straightforward and we simply reproduce the
result:

@ — o j—aq-1 q i1 v | i1 ‘ _ ai-l
7 Z[ wi—1Li-1]° PRI L
o« |Jj—qg—1 q—k i+j—k—1
> ;[,H-l][i_k_l]uka
iojti-1 .
J—a—-1 q i+j—k-1
+1=1 kgl [j+l—k—l}[i—l:|a e

li‘l i—-11+j—-1 ]__q_l q_k L
- al+j—k—m—1 - 45
+oc,;,§’1 m; [j+1—m—1:|[i—k—l e - (43)

This is a nonlinear algebra with fields of weights 1, 2, 3, . . . which for ¢ = 1 reduces
to the (centerless) Wyp defined in the second reference of [8]. Therefore we refer to
it as W@).

The u,(z) = 0 Reduction and W%, In order to obtain the W% algebra we must
constraint the field u; of weight 1 to vanish. It follows from (4.5) that for g # 0 this
constraint is formally second-class, since J ) = — god is formally invertible.* The
reduction is effected by going to the Dirac brackets (see, e.g., the second reference of
[8]), which are simply given by

95?’ = JE‘}) _ Jﬁ'{"(J(f”) 1 J(q) = J(q) + 6J@

ij »

(4.6)

! For q = 0,u; decouples from the algebra and we simply obtain a nonlinear algebra without
central extension whose linear terms reproduce W,
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where the differential operators are evaluated on the constraint submanifold
defined by u; = 0. From (4.5) we read off the following Poisson brackets:

J@ — oc[j a4 ]af + [ }af"ku , (4.7)
Y J kzl j—k ‘

whereas J@ = — (J9)* with = the unique anti-involution on the ring of differen-
tial operators defined by 0* = — 0 and a(z)* = a(z). Naturally we could have read
off J' from (4.5), but the resulting expression is rather complicated and simplifies
only after some algebra using identities of the generalized binomial coefficients
(2.6). From this we can immediately compute the correction to the fundamental
Poisson brackets coming from the constraint:

s =2 ([T T e
Yooq i J
( l)l ! q—l ]—q—l i+j—k—1
q i kZZ j—k 0 e
(—I)J[J_q_l:llﬂl[l_q—l:l i+ji—k—1
+—2 _ w(— 0)i*
q J kgz i—k =0

N U s U e
—(Qa) L Z|: zikl}[ ]ql }( Dt
k=21=2

(4.8)

Notice that despite the potential nonlocality present in (4.6), the resulting bracket is
local. Computing the new bracket for u, uncovers a Virasoro subalgebra:

Q% = %q(q2 —1)03 + 120 + u, . (4.9)

Therefore u, generates diffeomorphisms under Poisson bracket in the following
way: an infinitesimal diffeomorphism with parameter ¢ induces a variation of the
u; given by

O.u;= — Q;"z)-s = (Q‘Z"j’)*-s . 4.10)
Using (4.6) and (4.8) we can compute

. 1 j—q—1 j—qg—1 .
6£uj=a(—1)’+1<-——; QI:J cj ]+ [] jjl_l })gﬂl)—juje'—u}s
N Z (1+q[1—q ] 1:I+,:J:'—Z;1:|>(__1)j—k+luk8(j—-k+1)’
J— J—

4.11)

which shows that u; is a field of weight j under difftomorphisms. These fields do not
transform tensorially since they have higher derivatives of the parameter ¢ in their
transformation law, but it seems reasonable to expect that — at least for generic
g — one could redefine the u;. , by adding differential polynomials of fields u; - ; of



One-Parameter Family of Hamiltonian Structures for KP Hierarchy 35

lower weight in such a way that the unwanted terms cancel. For example, if we
define @iy = us + (2 — q)u), then it transforms like a tensor of weight 3:

0.tz = — 3use’ — Ui5¢ . 4.12)
Similarly, the generator i, defined to be

g+ 7Ng-24¢-3) ,
TP TR CRE)

transforms as a tensor of weight 4. Notice that this transformation fails when the
Virasoro central charge vanishes: ¢ = 0, & 1. In particular this means that there is

no primary basis for W, . Nevertheless, for ¢ different from those values, we would
be surprised if a primary basis would not exist; although we have not worked out
a proof. Notice also that if ¢ = 3, then u, is already a tensor. This is a general
feature: if ¢ = N, then uy., is already a tensor.

In summary, the W-algebra_defined by the Dirac brackets Qf;" for i,j=2
defines a classical realization of W% — a one-parameter deformation of W, which
corresponds to g = 1 [8].

1 1
e = 5(a = 3)us + 50 — 2)(a — I3

Are all W& Nonisomorphic? As it stands W& depends not just on g but also on a.
However, the dependence on « is fictitious. We can always reabsorb o by rescaling
all the fields and also the generalized Adler map. Indeed from (4.5) it is clear that

. . . 1 . .
this is achieved by sending u; ou;, J@+—— J@. We consider two Poisson struc-
a

tures equivalent if there is a polynomial redefinition of the generators which takes
one structure into a multiple of the other. Then the inessentiality of the parameter
o can be re-expressed as saying that the Poisson structures corresponding to any
two nonzero values of « are equivalent.

How about the parameter g? We have not been able to determine whether this
parameter is essential. But passing to the reduced algebra W2 and looking at the
central charge of the Virasoro subalgebra, it is clear that for ¢ = 0, + 1, the algebra
is not isomorphic to the other values of g. Working with g a formal variable, we
have investigated the first few brackets with the resulting conjecture.

Conjecture 4.14. Let p + q. Then W® and W are equivalent if and only if p, q¢ Z.

q = neNN and the Reduction to W,. We finish this section with a brief comment
on g = ne N and the algebras this yields. As remarked in the previous section when
g = neNis a positive integer, it makes sense to impose the constraint A® = 0. On
this subspace, the generalized Adler map induces a Poisson structure which is
nothing but the original Adler map for the n™-order KdV hierarchy. Thus the
W-algebra its fundamental Poisson brackets yield is the Gel'fand-Dickey algebra
GD,, which, under the further constraint u; = 0, reduces to W,,. Therefore we have
a_reduction W¢ — GD, - W,. Alternatively we could have first reduced to
W® and then truncated to W,

Moreover, it makes sense to deform the generalized Adler map to obtain the
“first” Dickey—Radul bracket. This bracket gives rise to a W-algebra which can
therefore be obtained as a contraction of W) — namely A — oo in the analog of
(3.42) for J. The contracted hamiltonian map is given by (3.45) which can be
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suggestively rewritten as
JOX)=[AP, X ], —[A", X, ],

from where it follows that the resulting W-algebra breaks up as a direct sum of
commuting subalgebras generated by the coefficients of the differential and integral
parts of A™, respectively. The W-algebra generated by the coefficients of the differen-
tial part is simply the first Gel'fand-Dickey bracket GD{Y), whereas the one generated
by the coefficients of the integral part is again W, ., without central extension.

5. Some Contractions and Reductions of W%

The issue of Lie algebras containing a tower of infinitely increasing spin fields was
launched in the context of two-dimensional conformal field theory in [16] where
the algebra w,, — a contracting limit of W, — was seen to be isomorphic to the local
algebra of two-dimensional area-preserving difftomorphisms and to admit a non-
trivial central extension only in the Virasoro sector. In [17], the W, algebra was
constructed as a deformation, the main motivation being to accommodate for
nontrivial central extensions in all higher spin sectors. The method was brute force
imposition of the Jacobi identity within a suitable Ansatz. Later [18] the
W, ;. algebra was found as an extension of the previous one accommodating for
an extra spin 1 field. The question of the relation of these algebras to the Poisson-
bracket algebras induced by the Gel'fand—Dickey construction was partially
understood in [19], where W, ,, was shown to arise as the first hamiltonian
structure of the KP hierarchy. However, since the algebra obtained was centerless,
the full connection still remained unclear. In this section we will show how to
recover the full structure of W, .., as a suitable contraction of W), as ¢ tends to
0 and not to oo as one would perhaps naively expect. The central extension arises
by judiciously scaling the parameter « introduced in (4.1) and (4.2) in such a way
that o tends to oo, with ag = ¢, a constant. Moreover, W, , ., is obtained in a basis
making its truncation to W, manifest; thus we also recover the full structure of
W.,,. The full structure of W, can also be recovered by a similar contraction of
W@ this time as g — 1. This procedure generalizes as follows: taking the limit
q — N and o — oo such that a(q — N) = ¢, a constant, of the (nonlocal) reduction
of W@ induced by setting the N fields of lowest spin to zero, yields the full structure
of the subalgebra W, _y of W, , ,, generated by the fields with spins greater than N.
Finally we construct a new nonlinear algebra as a contraction of W% as g — 0 or,
equivalently, as a reduction of W, , .

Centrally Extended W, ., as a Contraction of W{). In this subsection we will
analyze the contraction g - 0 of W% To this effect let us rewrite (4.1) as:

AD =gf+ Y uz)é i =alt + S (5.1)

jz1
which defines S. Notice that lim,_oS = 4_, where A = A®. We can expand (4.2)
as follows:

JOX) = af(E70 X )4 &7 — &90(XE9), ]
F (e X)r oS+ (SoX)1 81— L% (Xo8) — S (X&)

+§[(S0X)+0S—S0(X0S)+]. (5.2)
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Taking the limit we find that the terms quadratic in S disappear, whereas the linear
terms in S contract trivially to give

(A, X]s —[A-, X ]=—[4-,X.]-. (5.3)

Expanding &9 =1+ glog ¢ + O(g?) we find that, upon taking the limit, the S-
independent terms yield

c[(logée X))y + X clogé —logle X, —(Xeologd):], (5.4)

which can be immediately rewritten as — [clogé, X, 1. The limiting hamiltonian
structure is therefore

JOL(X)= —[clogé + A, X, 1. (5.5)

The c-independent part is the standard first hamiltonian structure of the KP
hierarchy [20] which was identified in [197] with a centerless W, , .. On the other
hand, the c-dependent central extension is nothing but the Khesin-Kravchenko
2-cocycle of the Lie algebra of pseudodifferential operators on the circle which
appeared in the context of W-algebras in [21] for the first time.

Taking the limit in the explicit expression (4.5), we find the following well-
known expression for the centrally extended W, , .:

© \ _ ooy U DD
(i3l =c(=1) (i+j—1) ¢

=14 i1 .
+ Y [ I :IauinLj‘l'i -, [ I qui+j—l—1(_a) . (5.6)
=1 =1

Notice that this basis for W, , ., makes manifest a nested sequence of sub algebras
obtained by truncating the spectrum from below. For any N, the generators {u;};> y
close among themselves. In particular for N = 1 we recover the full structure of
W.,. The full structure of W, also arises by first reducing to W% and then taking
the contracting limit ¢ — 1 as we will see in the next subsection. For N = 2, the
resulting algebras (W, — y) do not contain a Virasoro subalgebra and are therefore
not interesting from the point of view of extended conformal algebras. Neverthe-
less, as we will show at the end of the next subsection, they can be obtained by
reducing W) and then contracting to ¢ — N.

The Full Structure of W, as a ¢ — 1 Contraction of W9, We now investigate the
contraction ¢ — 1 and « — oo in such a way that a(q — 1) = ¢, a constant. From
(4.5) it follows that J¢) diverges, hence it is necessary to impose the constraint
u,(z) = 0. However the correction terms implied by the Dirac bracket (4.6) do not
contribute since they contain a (J%))~! which is zero in the limit. For i, j = 2, the
central term is finite in the limit, since letting ¢ = 1 + ¢, we see that the central term
in (4.5) is O(g) — the O(1) terms being absent. The terms of order ¢ all come from [ = i
and [ =i — 1 in the sum:

]——Q~] ]""Q“l i+j—1
Tl e o

which in the limit yield the central terms in (5.6). The nonlinear terms in (4.5) are
polynomial in g and scale inversely with ¢, thus vanishing in the limit. After some
cosmetics, the linear terms reproduce the linear terms of (5.6). Therefore the
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resulting algebra is simply the subalgebra of (5.6) generated by {u;};>; — that is,
W, with central extension.

As advertised before, this fact generalizes. If we take the limit g > N and a — oo
such that a(q — N) = ¢, we find that the central terms in (4.5) for i, j < N all diverge
in the limit. We must therefore reduce the algebra by setting them to zero. The
resulting algebra-denoted tentatively? by W@_y is nonlocal for all values of g.
However in the limit, the nonlocal (as well as the nonlinear) terms all vanish
and we are left — after similar manipulations to the ones described above for N = 1
— with the subalgebra of (5.6) generated by the {u;};>y — namely, W, _y with
central extension. It is possible — although we refrain from doing this here for the
sake of brevity — to obtain for all N an explicit expression for the limit of the
reduced hamiltonian map analogous to (5.5) and featuring the Khesin—Krav-
chenko cocycle.

A New Nonlinear Algebra as a Contraction of W%. Imposing the constraint
u;(z) = 0 on the W, , ,, algebra we obtain W% — a new nonlinear algebra. From the
results of the preceding subsection, it follows that this path to W% can be
summarized as

contraction reduction

we Wit W2 (5.8)

Performing the operations in the reverse order we recover the same algebra
whence we can exhibit W# as the contraction of W@. The explicit expression
of this algebra can be obtained by contracting the operators Q(‘“ defined by (4.6).
The contraction of J{? is simply given by (5.6), whereas the contraction of aJ @ is
given by

—1) ... 1)l |
(5‘1(103'00 = —-C( U) al+J—1 ( l) Z l:l—— 1:|61+J—l—1ul

(.1)1121[;:1] (= a)itimt=1

J

( 1)11 1j-1 1_1 1 N
¢ kgzzgz[k—l}lil—— ](—l)kuka Yy . (5.9)

One can show that this is a genuinely nonlinear algebra in that there exists no
polynomial field redefinition which linearizes it. Moreover it can be shown by
mspectmn of the first few Poisson brackets not to be equivalent to W for any g;
that is, there exists no polynomial redefinition of fields which sends WZ to
a multiple of W for any g.

2 In [22] strong evidence was presented to suggest the existence of nonlinear local algebras
denoted W, _y with the same spectrum as the algebras we obtain here. Our choice of notation
notwithstanding, we have not been able to exhibit between these algebras and the ones we obtain
here any link besides the fact that they are both deformations of W, _y



One-Parameter Family of Hamiltonian Structures for KP Hierarchy 39

6. The Classical Limit of W%,

In this section we investigate the classical limit of W{g. The classical limit of
Gel'fand-Dickey brackets (see, for example, [9]) is defined as the brackets induced
by the Adler map in the commutative limit of the ring of pseudodifferential
operators. We shall briefly sketch this, referring the reader to [9] for more details.

The starting point for defining the classical or commutative limit of the ring of
pseudodifferential operators is the introduction in (2.3) of a formal parameter # as
follows:

hk 0P 0*Q
PoQ=Y ——0 %
9 k;, k! 08 o7

interpolating from the (commutative) multiplication of symbols for # = 0 to the
(noncommutative) composition of symbols for # = 1. The classical limit of any
structure is obtained by introducing the parameter % via (6.1) and keeping only the
lowest term in its # expansion. Therefore, the classical limit of o is simply the
commutative multiplication of symbols; hence the name commutative limit.

Symbols can be made into a Poisson algebra, where the Poisson bracket is
defined as the classical limit of the commutator — namely,?

[P, Q] =limh™'[P,Q], (6.2)

h—>0

6.1)

which can be written explicitly with the help of (6.1) as

POl === — == . (6.3)

One recognizes this at once as the standard Poisson bracket on a two-dimensional
phase space with canonical coordinates (z, &).

We must now take the classical limit of the generalized Adler map (3.9). The
generalized Adler map can be rewritten as follows:

JOX)=[A9, X4 0 A9~ [A9, (X0 A?), ], (6.4)
which makes its classical limit obvious — namely,
JPX) =[A?D, X [ A9 — [AD (XAD), ] . (6.5)
Expanding J@(X) as
JPX)= ¥ (@) x)e (6.6)

i,j=1
we can read off the fundamental Poisson brackets. Notice that these consist of the
terms in J f;” with exactly one derivative. We can therefore read them off from (4.5)
or else compute them from scratch using (6.5). Either way we obtain an expression
which depends explicitly on g and whose explicit form need not concern us here. As
shown in [9] for the case ¢ = ne N, this depencence in ¢ is fictitious and can be

3 We use [, ] to denote the Poisson bracket to avoid confusion with the Poisson bracket defining
the W-algebras
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eliminated by a polynomial redefinition of variables. Just as in [9] the polynomial
redefinition is easy to describe implicitly and we do so now.

Recall that two Poisson structures are said to be equivalent if there exists
a polynomial redefinition of variables which renders the two structures propor-
tional. We will show that for any nonzero p, g, the classical generalized Adler maps
J® and J9 are proportional.

Again let M o denote the space of symbols of the form &% + 3. ; u;(z)&¢77. Then
by the remark 1mmed1ate1y following Eq. (2.23), the map ¢ takmg A AP defines
a map .#,— ./, with the property that the coefficients of A7 are differential
polynomials in the coefficients of A. The classical limit of this map is simply the
(p/q)™-product as commutative Laurent series, which for noninteger powers is
deﬁned as follows. Let A =¢& + Z 5 u;(z)€%77 and let us rewrite it as

= (14 Y5 1u(2)E70)E% Tts oc“‘-power s defined by

A% = é“‘lexp<oclog <1 + Y ujé"f) , (6.7)
iz1

where both exp and log are defined by their power series around 0 and 1,
respectively. From this definition it easily follows that if ¢ is any derivation,

0A% = 0184 . (6.8)

The map ¢ induces a map ¢,:7, — 7, between tangent vectors and a dul map
©*.7 ¥ — 7 ¥ which are defined as follows. If 4€.7,, then

0.(4) = %(A + Ayl = gA”/q“ 4. (6.9)

t=0

Similarly, if X € 7§, then ¢*(X) is implicitly defined by

@*(X), A) = <X, 94(4)) . (6.10)

Using the fact that the classical limit of the bilinear form is simply given by the
trace of the commutative product, we find

0*(X) =§AP/4-1X. (6.11)

With these two maps we can induce a Poisson structure J., on .#, by complet-
ing the following commutative square:

g% I g

Idq — I,

Ter o, (6.12)
£ Jc/

In other words, J;: 7% — 7, is given by Ji, = ¢, 0J @ - ¢*, where o means here
composition of maps. Explicitly, if Xe 7},

2
JLX) = <§> APl J)(Aria=1x) 6.13)
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where J@ is given by (6.5) at A?@ = A. Using repeatedly the fact that
B[[A, AP 7] = S [A, Z]Ara~ Y = AP, Z] for any Z, we find that
q

JL (X)) = <§>2 AP/““l([[A, APATEXT] A — [4, (AP X))
— g [A/lp/q{[p/q")(]]+ _ [[A"/q,(AP/qX)+]]]

= g JP(X) evaluated at AP = A7/, (6.14)

which proves the equivalence of J¥ and J? for any p, g.

In particular, this shows that all algebras in the one-parameter family have the
same classical limit. In other words, the classical limit of Wi is wy, for all ¢ where
this algebra is defined in [9]. Analogously, and after the u;(z) = O reduction, the
classical limit of W% is independent of q and yields a reduction of wyp denoted W .

7. Conclusions

Extending the Adler map to the space of pseudodifferential symbols of non-integer
powers, we have constructed a one-parameter family (indexed by the highest power
of the Lax-type operator) of hamiltonian structures for the KP hierarchy. These
structures interpolate between the ones found by Radul, to which they reduce when
the parameter is a positive integer. We have been so far unable, however, to
promote them to a bihamiltonian pair by finding a suitable one-parameter family
of coordinated brackets. Nevertheless, our results show that there are a lot more
hamiltonian structures for the KP hierarchy than previously expected.

Under the identification of the fundamental Poisson brackets of hamiltonian
structures of Lax-type hierarchies with W-algebras, this one-parameter family of
hamiltonian structures gives rise to a one-parameter family W), of W-algebras.
This one-parameter family of W-algebras relates many known W-algebras via
reductions and/or contractions and it is our hope that it plays an organizational
role in the surveying of the topography of W-algebras of the W -type. The relation
between the many algebras connected by the one-parameter family constructed in
this paper can be summarized by the following two commutative diagrams of W-
algebras. The first diagram indicates the algebras obtained from W) at special
values of ¢:

reduction ~

WKP > ©
evaluation cvaluation
q=1 q=1
duction ~
(9) it @
WKP W ©
l evaluation l evaluation
q=n qg=n
i duction ~
(1) c=0 contraction n re (n
GD{V x W530, <0ty e, Wi
i reduction l reduction l reduction

contraction reduction

GD{V «—— GD, — W,
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where the horizontal arrows labelled “reduction” correspond to the reduction
induced by setting the field of lowest weight to zero. The contraction from W), is
the first Dickey—Radul hamiltonian structure, which breaks up as two commuting
subalgebras: one isomorphic to a centerless W, ., and the other being the first
Gel'fand-Dickey bracket. Of course, this diagram can be further extended by
considering reductions of GD, induced from imposing definite symmetry condi-
tions on the Lax operator. These W-algebras are associated to the B and C series of
simple Lie algebras in the same way that W, is associated to the A4 series [23].

The second diagram indicates those algebras reached via contractions of
W and its reductions:

truncation truncation reduction

#
W, _n W, Wiio W7
contraction contraction contraction
N—»N q -0 q-0
~ duction reduction ~
@ re () (a)
W o —N WKP W°°
contraction
q—1
W,

The algebra WZ is a new genuinely nonlinear algebra which extends the Virasoro
algebra with generators of spins = 3. It is obtained as a reduction from W . ,, by
setting the spin-one generator to zero. The reduction to W@_y is obtained by
setting the generators with spins < N equal to zero. This reduction yields in
general a nonlocal Poisson algebra, but upon contraction the nonlocal terms, as do
the nonlinear ones, vanish.

Under classical limits we found that the g-dependence disappears and all
classical algebras are isomorphic. This situation can again be summarized by the
following commutative diagram

reduction

(q) A@
wWi& wg
classical classical
limit limit
reduction n
Wkp > Wy

where the horizontal arrows have the same meaning as before.

While in the process of typing this paper, a paper appeared [24] containing
a deformation of W, based on the two-boson realization of [12]. Nevertheless, the
deformation in [24] is such that for all nonzero values of the parameter the algebra
remains isomorphic to Wgp and for the parameter tending to zero, the algebra
contracts to a centerless W,,. Therefore, the results described in this paper provide
the first nontrivial deformation of Wxp (or W.,).

To conclude, we would like to stress that using our results one can find
a continuous link between the nonlinear Wyp algebra and the w,, algebra (obtained
by further contracting W, ). As mentioned in the introduction, the former algebra —
or rather a quantization thereof — is the chiral algebra of the noncompact coset
model describing the black hole solution of Witten; whereas the latter algebra is
known to be relevant for the dynamics of the ¢ = 1 matrix model and shows up as
well in the continuum. If these two models are supposed to represent different
phases of two-dimensional gravity coupled to ¢ = 1 conformal matter, it raises
questions on the nature of the corresponding phase transition. It is plausible that
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further study in this direction will unveil the relevance of the mentioned infinite-
dimensional algebras as underlying dynamical principles of the corresponding
models. We think that the algebraic link that we have set up in this paper will prove
useful in this context.
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