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ABSTRACT: We study the type II1B superstring in the plane-wave background with Ramond-
Ramond flux and formulate it as an exact conformal field theory in operator formalism.
One of the characteristic features of the superstring in a consistent background with RR
flux, such as the AdS5 x S® and its plane-wave limit, is that the left- and the right-moving
degrees of freedom on the worldsheet are inherently coupled. In the plane-wave case, it
is manifested in the well-known fact that the Green-Schwarz formulation of the theory
reduces to that of free massive bosons and fermions in the light-cone gauge. This raises
the obvious question as to how this feature is reconciled with the underlying conformal
symmetry of the string theory. By adopting the semi-light-cone conformal gauge, we will
show that, despite the existence of such non-linear left-right couplings, one can construct
two independent sets of quantum Virasoro operators in terms of fields obeying the free-field
commutation relations. Furthermore, we demonstrate that the BRST cohomology analysis
reproduces the physical spectrum obtained in the light-cone gauge.
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1. Introduction and summary

Undoubtedly, the AdS/CFT correspondence ][] is one of the most profound structures in
string theory. In the past 10 years, an impressive collection of evidences have been accumu-
lated in favor of this remarkable conjecture. On the CFT side, fairly detailed analyses have
recently become possible, in particular for the N = 4 super-Yang-Mills theory, with the
powerful assumption of integrability [ —[]] as well as with the state of the art perturbative
techniques [§-[l0]. On the other hand, the corresponding developments on the AdS side



have been available mostly in the classical or semi-classical regimes [[[(1]-[[4]. Understand-
ing of the stringy aspects has been comparatively slow due to the difficulty of solving the
string theory in the relevant curved backgrounds with large Ramond-Ramond(RR) flux.
In any case, the fundamental mechanism of this correspondence is yet to be unravelled.

There are strong reasons to believe that the presence of the RR flux must play a key
role in this strong-weak duality. Most directly, the basic relation 4wrg, N = g%MN = RY/d/ 2
expresses the balance between the curvature and the RR flux, which keeps the AdSs x S®
type curved geometry from gravitationally collapsing. Unfortunately, however, the treat-
ment of the RR flux (together with the curved background) is precisely the major obstacle
which has been hampering the progress of the string side of the AdS/CFT correspondence.

One notable exception is the superstring in the plane-wave limit of AdSs x S° [[[§-[7].
As was first shown in [I§], by adopting the light-cone gauge in the Green-Schwarz formal-
ism [[[9—P1]|, the worldsheet theory in this case becomes simply a collection of free massive
bosons and fermions. This fact was exploited in [PJ] to initiate a detailed comparison of
the spectrum of the energy of the string and that of the anomalous dimensions of the
corresponding gauge-invariant operators in super-Yang-Mills theory. Subsequent surge of
researches on this so-called BMN limit advanced our understanding of the nature of the
AdS/CFT correspondence enormously (see [Rd, 4] for reviews).

However, a number of important aspects of the string theory in this background are
still to be clarified. For one thing, the analysis of the interactions of the string is not
straightforward. Although the three point vertex has been computed using the light-cone
string field theory [2J-B4)], higher point functions have not yet been constructed. Another
important aspect which needs to be better understood is the modular property. Because
the modular S-transformation affects the light-cone gauge condition itself, the partition
function is not modular invariant but only modular “covariant” (in a certain sense) [B5, Bf].
Including these questions, one should understand the string theory in this background more
fully as a precious prototypical model, in particular for understanding the role of the large
RR flux in the AdS/CFT correspondence.

One major factor which has been preventing further understanding of the theory is
the lack of conformal invariance in the light-cone gauge formulation. As a string theory, it
should be possible to formulate it as an exact conformal field theory (CFT) and make use
of its tight structures and poweful techniques.! Once it is achieved in a tractable manner,
we should be able to construct the interaction vertices more easily and discuss the modular
invariance in a proper setting. Also, it should serve as a basis for constructing an operator
version of the covariant pure spinor formalism in this background [[f3-[4].

One would expect, however, that such a CFT formulation is not so straightforward.
This is because the theory at hand has quite an unusual feature. Namely, just as in the
AdS5 x S° background, the left- and the right-moving degrees of freedom on the worldsheet
are coupled in the plane wave background right from the beginning. In the light-cone
gauge, this is manifested as the massive nature of the bosons and the fermions. On the

'For the CFT formulation of a superstring in a class of AdSs backgrounds with RR flux, there have
been a large number of investigations. See for example [@7



other hand, a CF'T description means, by definition, that the “left” and the “right” sectors
must “decouple” in the sense that they form representations of two mutually commuting
Virasoro algebras. It is extremely interesting to see how these two features are reconciled.
Another obvious difficulty is that in the conformal gauge the action is no longer quadratic
and even the classical analysis, let alone the quantum extension, would become quite non-
trivial.

In this paper, we shall show that, despite such anticipated obstacles, it is possible to
achieve an exact CFT description, not only classically but quantum-mechanically as well,
in an operator formalism. In the case with the NSNS flux, a similar CFT formulation was
recently achieved in the RNS formalism using the canonical quantization method [45, [6].
As we shall see, with the RR flux the left-right coupling is much more inherent and such
a canonical method encounters a severe difficulty. We will overcome this difficulty by
the phase-space formulation, which does not require the knowledge of the solutions of the
equations of motion.

Let us now give a summary of our results, which at the same time serves to indicate
the organization of the paper.

We begin the analysis at the classical level in section 2. We take our basic Lagrangian
to be the one constructed by Metsaev [L§] in the Green-Schwarz formalism in the semi-light-
cone(SLC) conformal gauge 7 [d]. As briefly reviewed in section 2.1, it is composed of
the string coordinates X# = (X+,.X~, X7), (I = 1 ~ 8) and the two sets of 16-component
Majorana spinors 9&4, (A =1,2) and contains quartic interactions expressing the coupling
to the curved space and to the RR flux through a “mass” parameter pu.

For a pedagogical reason, we will first describe, in section 2.2, what happens if one
tries to treat this system by the canonical method. Despite non-linearity, the equations
of motion can be solved and the general solutions for all the basic fields are obtained.
However, at this stage one already encounters a sign of difficulty. Except for X+, which is
a free field, all the other fields are expanded in terms of the basis functions, to be called u,,
and 1,, which not only depend on the modes of Xt but also on the worldsheet light-cone
coordinates o+ =t + o inseparably due to the presence of u.

To see how this is compatible with conformal invariance, we compute the energy mo-
mentum tensors 71 (= T4+ ) and substitute the solutions of the equations of motion. We
then find that indeed 74 become functions of o4 respectively but in a peculiar manner.
All the dependence on X!, X~ and 9£ disappear and 71 collapse to exceedingly simple
expressions involving X and unknown “holomorphic functions” fi (o4 ), which appear in
the solution of X ~. This situation is not smoothly connected to the flat case with u = 0.
These functions are to be determined by the requirement that the basic fields and their
conjugate momenta must satisfy the canononical Poisson bracket relations. The problem
is that, although the Poisson brackets can be defined in the usual manner, it is practically
impossible to analyze what fi should be, due to the highly complicated completeness rela-
tions for the operator-valued basis functions u,, and @,. In this sense the canonical analysis
“fails” even at the classical level.

To overcome this difficulty, we turn, in section 2.3, to the phase-space formulation.
Although the method itself is completely standard, a crucial observation is that for theories,



such as a string theory, where the Hamiltonian is a member of a large symmetry algebra,
the dynamics can be encoded in the “kinematics”, namely its representation theory. This
allows us to focus on the Virasoro algebra structure at one time slice, say at t = 0, without
recourse to the knowledge of the equations of motion. In spite of the presence of left-right
couplings, one can indeed verify that 75 satisfy two mutually commuting sets of Virasoro
algebras at the classical level.

We then turn, in section 3, to the quantum analysis. As we employ the phase-space
formulation, the quantization of the basic fields, described in section 3.1, is straightforward.
A great advantage of our formulation is that although these quantized fields time-develop
non-trivially according to the full non-quadratic Hamiltonian, they obey the free-field com-
mutation relations. What is non-trivial, however, is to find the appropriate normal-ordering
prescription for the quantum Virasoro operators. In section 3.1.1, we define what we will
call the phase-space normal-ordering and compute the commutators of the Virasoro op-
erators. We find that, with an addition of a suitable quantum correction, they form two
independent sets of Virasoro algebas with central charge 26, as desired. We also examine,
in section 3.1.2, another scheme, to be called massless normal-ordering, which appears more
natural for g4 = 0. Extending it to the u # 0 case, we find that the Virasoro commuta-
tors produce operator anomalies proportional to 2, which cannot be removed by quantum
corrections. Some details of these computations are displayed in appendix A.

Having found the quantum Virasoro operators, it is straightforward to construct the
BRST operator and study its cohomology. This is performed in section 4.1. Just as in
the usual free string theory, the physical states will be identified as those in the transverse
Hilbert space Hr, i.e. without the non-zero modes of X*, their conjugates and the ghosts,
satisfying the Hamiltonian and the momentum constraints H = P = 0. These constraints
can be easily diagonalized in terms of “massive” oscillators constructed out of the phase
space fields in section 4.2. The re-normal-ordering constants produced in this process cancel
between the bosons and the fermions and we precisely reproduce the spectrum obtained in
the light-cone gauge together with the level-matching condition.

The final section, section 5, will be devoted to a discussion of some issues to be further
clarified and future perspectives.

2. Classical analysis

2.1 The basic Lagrangian in the semi-light-cone gauge

The Lagrangian of the type IIB Green-Schwarz superstring in the plane-wave background
with RR flux was constructed in [I§, f0]. The basic fields are the string coordinates X#* =
(X, X7, XT) (where X* = %(XgiXo) and I =1 ~ 8) and the two sets of 16-component
Majorana spinors 0:/(A = 1,2) of the same 10 dimensional chirality. We will essentially
follow the convention of [[§ with slight changes.? The 32 x 32 I'*-matrices are decomposed

2In [E] Metsaev flipped the sign of X" just before writing down the form of the Lagrangian in the
semi-light-cone gauge. We do not make this change and adopt his original convention.
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into 16 x 16 v* and 4" matrices as I'* = ( s ), where (v4)*% = (1,7/,4)* and
Y

(F)ag = (=1,71,9%)as. A matrix T is defined as %5 = (v'42435%)%5 and it enjoys the

property ' = 1. The worldsheet coordinates are denoted by & = (¢,0),i = 0,1 and we
define o4+ =t+ 0. The conventions for the flat worldsheet metric 7;; and the €' tensor are
nij = (—1,+1) and "' = 1.

After fixing the x symmetry by imposing the semi-light-cone(SLC) gauge condi-

tion ][9]

T4 =0, (2.1)
the Lagrangian density is given by
L =Lyin + Lwz , (2.2)
Liin = — ;/—ggij (20, X190, X~ — p*X70;: X1 0; X + 0, X"9; X7)
+iT/—g9" [0;XT(0'50;0" + 0*°579;0%) + 2u0; X T0; X 10'57T0%] ,  (2.3)
Lz = —iTe90; X (0'"50;0" — 6*°50;0%). (2.4)

Lyin is the kinetic part and Lywy is the Wess-Zumino part. The quartic terms in Ly,
proportional to p? and p describe, respectively, the coupling to the curved geometry and
to the RR flux. We will keep the parameter p carrying the dimension of mass throughout.
We also keep the string scale explicitly. It is expressed through either the slope parameter
o/, the string tension T' = 1/27d’, or the string length £, = \/a//2.

Due to the SLC gauge condition, we can reduce the fermions to 8-component SO(8)
spinors and simplify the Lagrangian. In the basis where 57 is diagonal, the spinor is decom-
posed as 62 = (021,04, and the SLC condition eliminates SO(8)-anti-chiral components
9(‘-14. Furthermore, since the matrix I' commutes with 5%, it can also be restricted to the
SO(8)-chiral sector, retaining its basic properties I'qpI'pe = 04 and 'y = T'p,. Hence, we
may make a redefinition I'9?> — 62 and eliminate I' altogether. The resultant Lagrangian
reads

T »
Ekin = — 5\/ —gg” (26iX+an_ — /L2X126iX+an+ + 8¢XlanI)
+iV2T/—=gg"” [0, X T (010;0" + 6%0;0%) + 2u0; X T 0; X T6016?] | (2.5)
ﬁWZ = — z'\/iTeijZ?,-XJ’(HlZ?jHl — 928]'92) s (26)
where 019,01 = 010;0%, 610> = 0102, etc. This is the form to be used in the subsequent
analysis.
2.2 Canonical analysis

The usual method for quantizing a field theory is to first find the complete set of solutions
of the equations of motion and then set up the commutation relations among the time-
independent coefficients in those solutions in such a way to realize the canonical equal-time
commutation relations for the basic fields. In the case of string theory, one must , in



addition, identify the Virasoro constraints and express them in terms of such quantized
fields. In this subsection, we will describe what happens if one follows this canonical path.
We will see that one encouters some unusual features for the system at hand.

2.2.1 Equations of motion and their solutions

Let us begin with the analysis of the equations of motion, with g;; set equal to 7;;. The
simplest is the equation for the field X ™. By varying £ with respect to X~ one obtains
9;0' Xt = 0. So the solution is a free massless field and we will write it as

XH(op0) = X (oy) + X (o), (2.7)
+ 1 .
X (o4) = % + Pptoy + il Z Ed;’e—m‘” , (2.8)
n#0
+ LA : L o4 —i
Xp (o) = - +lpTo_ + il Z 0 e "M (2.9)
n#0

Here and hereafter, we use the calligraphic letters, such as X, to denote the fields satisfying
the equations of motion. The original notation, like X T, refers to the one without such a
requirement. This distinction will be very useful and important, especially in the sebsequent
sections.

Next consider the equation of motion for X’. Varying £ with respect to X!, we get

0L0_ X"+ p2(0sXfo_x) X! =0. (2.10)

The general solutions of this equation, 2r-periodic in o, were given in the appendix of [[f].
Let us quickly reproduce them. First make a change of variables and define the derivatives
with respect to the new variables as follows:

(U+7U—) - (p-i-ap—) = (XZ—(O'-%)?X}-{(U—))? (2'11)
) = 6% = (Oxps) "0z (2.12)

This produces the same effect as going to the light-cone gauge and the equation for X7’
simplifies to

O, 0_XT +u2xT =o0. (2.13)
Further form the following combinations:3
- 1
t= _ o= —p_). 2.14
2€§p+(p++p ), & 2@p+(p+ p-) (2.14)

Under the shift ¢ — o + 27, & undergoes the same shift & — & + 27, while ¢ is invariant.
In terms of these variables, the equation (R.13) becomes

82 82 I 21

3Here and throughout, we take p™ to be non-vanishing. In the Green-Schwarz formulation, such a
restriction is necessary whenever we make an explicit separation of the first and the second class constraints.



where the dimensionless “mass” M is defined as
M=dptp=20p"pu. (2.16)

This is nothing but the equation of motion for a free massive field and the general solution,
2m-periodic in o, can be easily obtained. In terms of the original variables, it can be written
in the following form:

X1 = "(ahuy + alin) (2.17)
n
wy, = e~ iwnltnd) e—i(A:{Xg+>\;X£r)’ (2.18)
i, = o1 @nt-—nd) _ ~i(Ay XZ+ALX) (2.19)
Here a! and @l are constant coefficients and A} etc. are given by
Ai—L(w +n) Xi—L(@ +n) (2.20)
n_2£§p+ n ) n_2£§p+ n ) .
wn:@n:ﬁ n2+ M2 forn#0, (2.21)
n
wo = —(:J(] =M. (2.22)

Note that for M # 0 the functions u,, and %, inherently depend on both o_ and o4 and
hence it is hard to construct a purely right- or left-moving field out of X'’.

The equations of motion for the fermions 4 can be derived and solved in a similar
way. In terms of the pL variables they become

D01 = —ub*,  0_6% = pbt. (2.23)
Combining them, #* satisfies the same equation as X' (.13), namely
D400 + 1204 =0. (2.24)
Therefore the solution can be written in terms of the w,, and 4, functions:

9 = (bfun + by i) - (2.25)

n

Putting this back into (R.23), the coefficients get related as
pb? =aXtel o b =i bl (2.26)

So only the half of these coefficients are independent.

Finally, let us consider the equation of motion for X ~, which is obtained by varying
L with respect to XT. After some simplification using the equations of motion for 84, it
can be written in the p+ coordinates as

0, 0_ X~ = p2X1(0y +0)&T +iv2u(9'o, 9 — 920 91). (2.27)



The r.h.s. consists of already known functions and the Lh.s. is the Laplacian acting on X .
Therefore X~ can be readily solved in terms of the other fields once we define a suitable
inverse of the Laplacian. As we will not need the resultant rather complicated expression,
we do not exhibit it. Obviously, we can always add a massless free field satisfying the
homogeneous part of the equation, which is equivalent to 90X~ = 0. It is important
to note that this free part can contain the modes of X7 and ¥4 and can only be fixed by
requiring the correct canonical commutation relations with all the other fields.

So we have obtained the general classical solutions of the system. They are expressed
in terms of the basis functions w,, and 1,,, which themselves depend on the modes of the
field X*. Moreover, they depend both on oy and o_ inseparably, as already emphasized.
We will now investigate how this situation is compatible with the existence of the right-
and left-moving components of the energy-momentum tensor.

2.2.2 Energy-momentum tensor

Because the Lagrangian in the SLC gauge is classically conformally invariant, the ++ and
the —— components of the energy-momentum tensor, to be denoted by 7., become the
Virasoro constraints. Through a standard procedure one obtains

Ty

_1 + _ 2
? —§a:|:X 8:|:X +Z(8:tXI)

)
V2
(0L X2 (2 X7 + 4V2iu6'6?) (2.28)

0L X T (0100 + 6%0,6?)

1
4
1~ . = 1 -
=(01p)? §a:l:X+aj:X_ + Z(aj:XI)2

V2
(LX) (2 X? + 4&2'#9192)] , (2.29)

DL X+ (010,60 + 0%0,6%)

1
4
where we have exhibited the form in the py basis as well.

Now we substitute the equations of motion to see if 71 are functions of o respectively.
Let us focus on 7. Using 0, XT =1 and pd? = —0,9', it reduces to

) = §(5+P+)2 [5+X_ + % <(8~+X1)2 - M2X12> - Z'\/5(1925#92 - 1915#91) . (2.30)

Now let us act d_ on the second and the third term in the square bracket. By using the
equations of motion for X7 and 94, it is straightforward to get

5 B (02 - m})] 2B, 8 (2.31)
a_ [—i\/§(025+192 - 1915+791)] = iV 2u(918,9% — 925_9"Y). (2.32)

Note that the expressions on the r.h.s. are precisely those that appear in the equation of
motion for X~ (2.27), with the signs reversed. This means that once-integrated equation
of motion for X~ is

0 X" = —% ((5+X1)2 - M2X12> +iV2(0%019% — 91 000") + fi(oy), (2.33)



where fi (o) is an arbitrary function of oy. Substituting this into (R-30), 7. collapses to

T, = S (0. X7+ (04). (2.34)

In an entirely similar manner, we get
5 x = _% (-1 — 12 X7) — V(5007 — 9'3_9") + f (o), (2.35)
T = g(a_ngf_(a_). (2.36)

Thus we have a very unusual situation. Although 7. are indeed functions of o4 respectively,
explicit dependence on the fields other than X' is yet undetermined at this stage and hence
invisible. Moreover, since X! and 94 consist of u,, and 4, functions, it is not possible to
construct a purely left-moving or right-moving field out of a local product of these fields.
The only possible way for these fields to contribute to fi (o) is through the coordinate-
I

al ete.

independent coefficients a,,, a;,,

This is in striking contrast to the flat background case, for which p is set to 0 right
from the beginning. In that case, different fields are mutually independent and one obtains
the familiar form of 71 for free massless fields. This shows that the y — 0 limit is not
smooth: No matter how small p is, as long as it is finite the interactions connect up all the
fields and lead to the unconventional result above.

This does not mean, however, that the system is inconsistent in this conformally in-
variant gauge. It only indicates that the conformal structure in a system where the left-
and right-moving degrees of freedom are coupled is indeed quite subtle. What we need to
do is to go to the next stage of the canonical analysis, namely to set up of the canonical
Poisson-Dirac brackets for the fields, and try to find fi(o4) functions which realize the
correct commutation relations among X~ and other fields.

2.2.3 Poisson-Dirac brackets for the fields and the modes

Let us now set up the Poisson Dirac bracket between the basic fields and their conjugates.
We will denote the momenta conjugate to (X, X, X!) as (P~, PT, PT). They are given
by

Pt =T§X™, (2.37)
P~ =T[0oX™ — oo Xt (12X} + 4v/2ip0'0%)

— 2V2i(0'0,.0" + 620,67)] (2.38)
Pl =T, x". (2.39)

As for the fermionic fields, the momenta p* conjugate to #* take the form

pl =iV2T (B X — 8, X1)ot = inTlot, (2.40)
PP =iV2T (0 X T + 8:X1)0% = int20%, (2.41)

where
=Pt —ToXt), aP2=V2Pt+ToXT). (2.42)



Just as in the flat background case, these equations actually give the constraints
dA =pt —int9t = 0. (2.43)

They simply say that p* can be solved in terms of 84 and hence they are of second class.
We define the Poisson brackets as

{XI(U,t),PJ(UI,t)}P =6175(0 — o),
{Xi(O',t),P$(O'/,t)}P = 5(0- - OJ) )
{6:14(0'7 t)apbB(OJa t)}p = _5AB6ab5(U - OJ) )
rest =0.
Under this bracket, the fermionic constraints d2 form the second class algebra
{d(o,1),df (o, 1)}, = 2i6*P5m 4 (0,1)0(0 — o) . (2.48)
Defining the Dirac bracket in the standard way, #’s become self-conjugate and satisfy*

{02(0,1),08 (o', 1)}, = mé(a — o) (2.49)
a ) ' Yh 9 D 27T+A (O', t) . .

By going to the Dirac bracket, the relations (2.44) and (P.45) conitinue to hold, but the
brackets between (X, P~) and 64, which vanished under Poisson, become non-trivial.?

One finds

- / 1 /
_ / 1 / ! /
{P(0,1),0%(" 1)}, = —WHA(J ) (0—0o'). (2.51)

However, if we define the combination 04 = v2r+44
they satisfy

A it is not difficult to check that

a

{©2(0,1),08 (1)}, = 16*P6,46(0 — o), (2.52)

and commute with all the other fields. So the fields to used are (X*, X! P+ P ©4),
which satisfy the canonical form of the Diract bracket relations.
I d’[ bA BA

We now come to the question of finding the brackets among the modes ay,,a;,, b5, b7,

etc. which realize these canonical equal-time Dirac bracket relations for the fields. In the
case of free fields, this is a textbook matter as one can easily express the modes in terms of
the fields using the completeness relations of the basis functions e+ at each time slice.
Here we encounter a serious difficulty: Our basis functions, u, and 1, obtained in (2.1§)
and (R.19), are highly complicated functions of o at equal t, since X ZF and X ;{ , appearing
in the exponent, themselves depend on o exponentially. Although we have been able to

4The inverse 1 / 74 is well-defined since its zero mode x p* is non-vanishing.
5The bracket {Xﬁ7 Pf}D still vanishes due to 0202 = 0.

— 10 —
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s Gy, in terms of fields, but such expressions turned out to be

express the modes, such as a
quite formal and complicated, and so far not of practical use.

In this regard, note that if ¢(¢,0) and &(¢,0), defined in (B-I4), were the time and the
space variables, the situation would have been much simpler, just like in the light-cone
gauge. Thus, the difficulty we encountered is due to the non-trivial relation between the
symplectic structures in the canonical (¢, o) basis and the (¢,5) basis, which are connected
by a field-dependent conformal transformation.

Fortunately, there is a nice way out of this problem. As we will explain in the next
subsection, we can formulate the theory, including its dynamics, entirely in terms of the
Fourier modes of the phase-space fields at ¢ = 0, without the use of the solutions of the
equations of motion.

2.3 Phase-space formulation and the Virasoro algebra
2.3.1 Basic idea

In ordinary field theories, the knowledge of the Poisson(-Dirac) brackets of the phase-space
fields at one time is not enough to describe the dynamics. Although one can promote these
brackets into quantum brackets, it is not possible to compute the correlation functions of
the fields at different times. This is why one needs to first obtain the solutions of the
equations of motion and then find the brackets for the ¢-independent modes in them in
order to construct the quantized fields at an arbitrary time.

The situation can be different, however, for a theory in which the Hamiltonian is a
member of the generators of a large symmetry algebra. In such a case, provided that the
symmetry is powerful enough, the representation theory of the algebra in the field space
alone may fix the dynamics as well. String theories in a conformally invariant gauge belong
to this category. To our knowledge, this observation has not been duly utilized in the past.
This is simply because it has not been needed: Solvable string theories have been limited
in number and the usual canonical procedure was sufficient to quantize and solve them.
We would like to emphasize that the method to be described below is very powerful for
the cases where the equations of motion are hard to solve due to non-linearity or, as in our
case, the canonical quantization is difficult.

2.3.2 Classical Viraosoro algebra in the phase space

Hereafter we will be dealing with the phase-space fields, which are not subject to any
equations of motion. The central objects are the energy-momentum tensors 7, which are
given in (R.2§). To express them in terms of the phase-space variables, it is convenient
to introduce the following dimensionless fields {A, B, ﬁ, I1, S}, with appropriate sub- and
super-scripts, and a dimensionless constant fi:

1 T
X = A, P = _B>
V27T 2w
~ 1 1
M=——(B+dA), M=—(B—8A),
\/5( 1 ) 2( 1 )

— 11 -



O=-—285, f=—t_. (2.53)

V2T 21T
Then, 7+ can be written as
1
T+ == _(H + P)
1 i [~ i =
I H 829,82 + LIt A2 — =V II+II+Ssts? 2.54
27T< + 517+ 5570187 + 5 7 \/5\/ sts?) (2.54)
~2 N —
U (- 4 lme 516151+”—H+H+A§—ﬂ\/n+n+sls2 . (2.55)
27‘(’ 2 2 \/5

P and H are, respectively, the momentum density and the Hamiltonian density. Since the
basic fields satisfy the canonical form of the Dirac bracket relations given in the previous
subsection, we can compute the brackets among P and H and hence among 7. We need
to make use of the following formulas for the derivatives of the J-function for a general field

O:

O(c")' (0 —0') = 0(0)d (6 — ') + 010(0)d(0 — o'), (2.56)
008" (0 — ') = O(6)8" (0 — ') + 20,0(0) (6 — &) + 320(0)d(0 — o), (2.57)

which must be understood in the sense of distributions. After a straightforward but long
calculation, we obtain the expected results:

{'H(a, t),H(U/,t)}D = {'P(U,t),P(a/,t)}D
(0,1)

= 2P(0,t)8' (0 — o') + 1 P(0,t)d(c — o), (2.58)

{P(o,t),H(o", 1)}, = {H(0,t),P(o’, 1)},
= 2H(0,t)8' (0 — 0') + O1H(o, t)0(0 — o), (2.59)
{Ti(o,t), T2 (o’ )}D =427, (0,t)8' (0 — 0') £ 01T (0, )6(0 — 0'), (2.60)
{Te(0,t), T (o', 1)}, = 0 (2.61)

The last two lines show that 73 form mutually commuting Virasoro algebras.® Integrating
the first two equations with respect to o’ and identifying [ do"H(o’,t) to be the Hamiltonian
H, which generates the time-development of a field A(o,t) as dpA = {A, H} ), one readily
finds

OH={H,H}p=01P, P ={P,H}p=0H. (2.62)

Combining them, we get 0+71 = 0, showing that 7 = 74 (o). Therefore, we can define
the Virasoro mode operators Ti& by

1 + _—in(tto
TiZ%Zn:Tne (t+0) | (2.63)

5+ signs on the r.h.s. are just right for the Virasoro mode operators T to satisfy the same algebra. See
the discussion below.
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Putting this into (R.60), one verifies that T satisfy the usual form of the classical Virasoro
algebra, namely

{T:. 177}, = %(m —n)T3

m»—n m—+n

{TF. 17}, =0. (2.64)

m’—n

What is important here is that since Tf are independent of ¢ and o they can be obtained
from 74 at one time slice, which we take to be t = 0:

27
T+ = doet™ T, (0,t = 0). (2.65)
0
But at ¢t = 0, we know the exact Dirac brackets for the fields composing 75 and hence we
can quantize them in the standard way. Moreover, any properties of the system which are
dictated by T can in principle be calculable. The spectrum of physical states is one such
quantity and in section 4 we will demonstrate that it can indeed be computed.

The vertex operators that create these physical states sould also be obtainable. Once
they are constructed, one can calculate the correlation functions at unequal times, which
reflect the dynamics of the system. This and the related matters will be investigated in a
separate publication.

3. Quantization and quantum Virasoro operators

3.1 Quantization of basic fields

Let us now quantize the phase-space fields by replacing the Dirac brackets by the (anti-
Jecommutators and §(o — o) — id(c — o’). As already said, we will do this at time ¢t = 0
and hence drop t for all the fields from now on. The non-vanishing (anti-)commutators
among the basic fields are then given by

[AT(0), B (¢")] = [A™(0), BT (¢")] = 2mid(c — '),
[AI(J), BJ(J')] = 216’7 6(0 — o),
{S:M0), SE(0")} = 21648 6,40(0 — o).

We take the Fourier mode expansions of A*, B* (x = (#,I)) and S2 to be
A(o) =) _Are™™,  BYo)=>_Bre ™,  SHo)=)_ Sl (34)
n n n
Then, these modes satisfy the simple (anti-)commutation relations:

[Arjfm Brzﬂ = 10m+4n,0 ; [A;Tna Br{] = Z.5L]6m+n,0 )

{Stf,m7 Sgn} = 6AB6ab(5m+n,0 > rest=0.
As for the II and II fields, we have

[ﬁ+(a),n—(a')} = — [T (o), 11 (¢")] = 2mid' (o — o),
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[HI(J),ﬁJ(J')} = [l (0), 117 (¢")] = 2i6" 5/ (0 — o),

it (0), 4 (0")] = [T} (0), 47 (0")] = —%5“5(0 ey (3.7)

From the definition, their modes are given by

1 1
IIF = —(Bf +inAY), 1l = — (Bl +inAl), 3.8
7 ) 1 ) (33

~ 1 ~ 1
IIf = —(Bf —inAY), IIl = —(B! —inAl), 3.9

and they satisfy the following commutation relations:

1L, IIF | = —mdmatn,0 [, IE)] = —md" 6 (3.10)
[ﬁg;,ﬁﬂ = MOmtno s [ﬁ{n,ﬁ,ﬂ = M8 Spmo (3.11)

Note the difference in sign for II commutators and II commutators.

Let us make a remark. Although these quantum fields satisfy the free-field commu-
tation relations, they are not bonafide free fields. The reason is that they time-develop
non-trivially according to the Hamiltonian H = [ doH, which contains non-quadratic
terms. Nevertheless, one can compute all the commutators as if they were free massless
fields. This is a great advantage of the present formalism.

3.2 Normal-ordering for quantum Virasoro operators

Now we want to define the quantum Virasoro operators with an appropriate normal-
ordering and see if they form proper quantum Virasoro algebras. This turned out to be a
rather delicate problem due precisely to the terms depending on the “mass” parameter fi.

To begin, let us recall the classical Virasoro algebra derived in (R.60). It tells us that
both —7_ (o) and 7_(—o) satisfy the same algebra as 7 (o) including the signs. In terms

of modes, it means that —1_,

», and T~ satisfy the same standard form of the Virasoro

algebra as T,. Accordingly, we will study two different quantum extensions.

3.2.1 Phase-space normal-ordering

First, consider the case where we take the two sets of Virasoro operators to be

— _ 1 + _—ino + — p+
Li(o)=Ti(0) = 5 En L'e , LT =1, (3.12)
1 2 : — _—ino - — _ 7=
E_(O') = —T_(O') = % Lne s Ln = T_n . (313)

n

The most natural normal-ordering scheme in this case is to regard Bj(n > 0), A% (n >
1),S£n(n > 1) as “annhiliation operators”, where x = (£,1). We will call it the phase-
space normal-ordering. Its naturalness can be seen, for instance, by quickly computing the
central charge terms for the bosons in “+” sectors. As a matter of fact, since we know that
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L4 form the standard Virasoro algebras classically, what we have to study are the quantum
contributions, such as the central charge terms, coming from the “double-contractions”.

Consider first the commutator [£4 (o), L4 (0”)], which is defined as L (0 —i€) L4 (0") —
L (0" —ie)L (o), with an infinitesimal positive regulator e. There are two different types
of double contractions in this computation. One type consists of the usual contributions
which are present for i = 0 case as well. They produce the familiar c-number anomaly of
the form —(i/247)(8" (0 —0")— &' (0 —0")) for a boson and (—i/247) (36" (c—0')+' (0 —0”))
for a self-conjugate periodic fermion. The other type, which will be our central focus from
now on, consists of the contributions from the following commutators in the bosonic and
the fermionic sectors respectively:

- 2~
= # <[;HI( ) 7H+H+A?(0'>] — (0o 0’)> : (3.14)
(%) [ [T S 82 (o), — P VeSS } (3.15)

As shown in appendix A.1, they yield the same non—vanlshlng singularity but with opposite

Cr =

signs, namely

Cp=—Cp=— “; QI (0 — o) + 0, ([TTTTT)8(0 — o)), (3.16)
and hence cancel each other precisely. Similar cancellations take place also in

[L_(0),L_(0")] and [L4(c),L_(c")]. In this way we obtain the closed Virasoro algebra

[Li(o), Li(0")] = i<2£i(a)5/(0 —0')+ 0y Li(0)6(c — ')

1 1" / ! /
—%(145 (c—0')—2¢ (O’—O’))) , (3.17)

[Li(0),L_(c")] =0. (3.18)

It should be emphasized that the bosonic string in the plane-wave background is con-
formally invariant classically but not quantum-mechanically: The contribution from
the fermions coupled to the RR flux is crucial in cancelling the potential operator
anomaly (B.16)).

Now we have to discuss the issue of the central charge. As it stands, the central charge
is only 14, 10 from the bosons and 4 from the self-conjugate fermions. We need to supply
12 more units to construct a consistent string theory. This situation, however, is exactly
the same as for the flat background in the SLC gauge and the proper cure is known [F1].
One only needs to add the quantum corrections of the form

ALy = 2RI, AL = LTIt (3.19)
27 27
to L, respectively. It is straightforward to verify
[L4(0),ALL(0")] + [ALL(0), L (0")]

= i<2A£i(a)5'(J — 0"+ 0,(ALL(0))6(0c — ') — L126’”(0’ - 0')> . (3.20)

247
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This means that ALy are primary operators of dimension 2, except that they provide
the desired 12 units of central charge. Hereafter, £ will be understood to include these
quantum corrections.

3.2.2 Massless normal-ordering

Although we have already found that the phase-space normal-ordering scheme works, it is
instructive to examine another scheme, one which appears natural for the case with i = 0,
i.e. for the usual free massless fields in 2 dimensions.

For it = 0, the terms proportional to A% and S'S? are absent and, in particular, the
bosonic sector consists of II* and IT* fields only. This suggests that we may define the
normal-ordering based on the modes of II* and II*. However, as we saw in (B.10), the

w_»

commutators of II\’s are opposite in sign to those of ﬁfl’s. Therefore, in the sector,
it is natural to reverse the mode number and define I}, = II*,. At the field level, we

introduce

(o) =M% (—0) = Y IIhe . (3.21)

Then, IT* statisfies the same commutation relation as II*, i.e. [ﬁ*(a), I* (o’ )] = 2mid' (o —

o’). Correspondingly, the Virasoro generator for the “—” sector should be taken as T (o) =
7_(—o), which classically satisfies the standard form of the Virasoro algebra, as discussed
at the beginning of section 3.2. The fermion S' appearing in the “—” sector should also
be treated in a similar way. Namely we define S} = S', and introduce S'(¢) = S'(—0) =
>on S*,lle_m". What we shall call the massless normal-ordering is then defined by regarding
IIX (n > 0), II%(n > 0), S (n > 1), S2(n > 1) as “annihiliation operators” and will be
denoted by the symbol X  %. For i = 0, the Virasoro operators 74 (o) and 7_(o) consist
of mutually independent sets of fields and are readily shown to satisfy the isomorphic
quantum Virasoro algebras of the standard form.

Let us try to extend this scheme to the ji # 0 case. We now have to express the
non-zero modes of A’ in terms of ﬁfl and II! as

). (3.22)

The splitting of the field Aj(o) into the annihilation ((+)) and the creation((—)) parts
should be made as

Ar(o) = A (o) + AT (o), (3.23)
; 1/~ . .

AP () = N7 = (e ™ + e ) | 3.24
P =52, ( ) (3.24)
_ ) 1 /~ . ~ .

AT (o) = Ao — % > - <H_nem" + H_ne_““’) . (3.25)

n>1
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Although A; commutes with itself, AYF) and .Ag_) do not, and hence ﬁ*’HJFA% must be de-
fined with non-trivial normal-ordering, which discards the operator Il II* with a divergent
coefficient.”

The Virasoro operators take the form (suppressing the normal-ordering symbol ¥ %)

To(0) = <ﬁ+ﬁ—(a) + %ﬁ%(a) + %528152(0)

o7
n2 in /= .
+ %H+H+(U)A§(U) - %\/HJFHJF(U)SI(—U)SQ(J)) , (3.26)
. 1

T (o) =~ <ﬁ+ﬂ—(a) + %ﬂ%(a) + %Slalﬁl(a)

27
+ %Qﬁ+ﬁ+(g)A§(—a) — % mgl(o.)sz(_a)> . (3.27)

An unusual feature is that due to the simultaneous presence of the hatted and unhatted
operators, the mode number is not conserved for certain terms in the Virasoro generators.
The calculation of the commutators between the Virasoro generators above proceeds in the
similar way as before. Again the crucial part is the computation of the double-contraction
contributions, which is described in appendix A.2.

There are several differences from the phase-space normal-ordering scheme. First, the
contribution from the fermions, corresponding to (B.15), vanishes. On the other hand the
bosonic contribution in the commutators [7 (o), 74 (0”)] and |7_(0),7_(c")| is the same
as Cp given in (B.1). Consequently, these Virasoro commutators contain extra uncanceled
operator anomalies of the form

in? ~ ~
[T(0), T4 (0")] (ira = —%(2H+H+(O’)(5,(0’ -0+ 0,(T T (0))5(0 — o)),  (3.28)
.

T(0) T ()] = U Ol T (o) (0 — o) 4 0, (I T (0))(0 — o). (3.29)

extra s

Second, in the remaining commutator [’TJF (o), ’f'_(a’ )|, a similar anomaly of the following

form is produced from the bosonic sector:®

. A 2 .
T (o), 7" (a')] = () (0)d(0 + o) . (3.30)
T
As far as we know, these operator anomalies cannot be removed by adding some quantum
correction to the Virasoro generators.

The conclusion is that while the massless normal-ordering works perfectly for g = 0
case, it is plagued with operator anomalies for ji # 0.

"Since, as can be easily checked, Ot is an exactly marginal operator, subtraction of such an operator
by itself does not interfere with conformal invariance.

®Due to the definition 7_(¢) = 7 (—0), the argument of the d-function below is o 4+ ¢’, not o — ¢’. In
any case, the point is that the Virasoro generators for the “+” sectors do not decouple.
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4. Spectrum of physical states

4.1 BRST operator and its cohomology

With the quantum Virasoro generators defined with the phase-space normal-ordering, we
can construct the nilpotent BRST operators () and @ for the “—” and the “4” sectors in the
usual way and study their cohomologies. As it will become evident, the analysis is exactly
parallel to the case of the free bosonic string. This is because the structure of the unphysical
quartets and the mechanism of their decoupling from the physical space is identical to that
case, despite the presence of the additional interaction terms and (physical) fermions. Thus
one may refer to the standard argument, a particularly suited one being that given in the
Polchinski’s book [bJ], and state the result. However, for self-containedness and for a need
of some additional explanations, we shall recapitulate the essential part of the argument.
To make the presentation concise and transparent, it is convenient to first recall the
following basic theorem on the cohomology, which will be repeatedly invoked.
Theorem:  Let (Q,K,N) be a triple of operators, Q, K being fermionic and N bosonic,
and assume that they satisfy the following relations:

Q? =0, {Q,K} =N (4.1)

Then the cohomology of Q is in the kernel Ker (A) of N.
Proof: ~ The proof is simple. Let |®) be a Q-closed state, i.e. Q|®) = 0. Then, from the
relation above, (QK + KQ)|®) = N|®) = QK|®P). Now if |®) is not in Ker (NV), then, this
can be rewritten as |®) = Q(N!K|®)), where we used the commutativity of Q and N
which follows from ([f.1). Thus, such a state is Q-exact and hence the cohomology of Q
can only be in Ker (V).

Now we begin the analysis for our system. Since the argument is entirely similar for
Q@ and @, we will focus our attention on @, which is given by

_ 1
Q= ZC—nLn ~5 Z(m —n): ComConbmin (4.2)
n m,n
Define the “light-cone number” operator N. by
1 _ _
N = Z E (H—nH:L— - Hi—an) ’ (43)

n>1

which assigns +1 to I} and —1 to II,, for n # 0. Together with the non-zero modes of
ghosts, IT* will form the unphysical quartet ¢, = (I, ¢,,, b,,). In terms of this grading, Q
is split into

Q=0Q-1+Qo+Q>1, (4.4)
where the subscript refers to the light-cone number. )_q is given by
Qai=—p"> M,cn, pr=T107, (4.5)
n#0
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while Qg is of the same form as @ in ([£J) except that II* in L are replaced by their zero
modes p*. The remaining piece (Q>1 is complicated for our system but it contains at least
one non-zero mode of IT*. The important point is that the explicit forms of Qo and Q>1
will not be required. This is the reason why we can apply the reasoning for the free bosonic
string to our case as well. The only information needed will be the relations that follow
from the nilpotency Q? = 0 and the ghost number structure of the states.

Since Q% = 0 follows immediately from Q% = 0 and the grading ([..4) above, one first
considers the cohomology of this simple operator ()_1. To make use of the basic theorem,
introduce the operator

1
K=-—) T"b,. (4.6)
p n#0

Its anti-commutator with (J_; produces a bosonic operator
o0
Ny ={K,Q_1} = (n(b—ncn + c_pby) — 7, ILT — IIT, 1) . (4.7)
n=1

N, counts the Virasoro level of the quartet members in the sense [Ny, q_p] = ng_p. Evi-
dently, the set (Q_1, K, N,) forms a triple. Hence we can apply the basic theorem to learn
that the cohomology of @_; must be in Ker (N;), namely the transverse Hilbert space Hr
where the quartet members are not excited.

In fact one can easily prove that the ()_1- cohomology is equal to Ker (IVy). Although
Ker (IVy) contains a sector with ¢y ghost, to make the presentation shorter, we will hereafter

impose an additional condition bo|¥) = 0, as in [fJ], to eliminate such a sector.® In this

1
29

setting, the states in Ker (IN;) carry the ghost number of the ghost vacuum, namely —
and conversely any state with a ghost number different from this is not in Ker (INy).

Now let us show first that all the states in Ker (N,) are ()_j-closed. Let |t)g) be in
Ker (Ny), i.e. Ng|tbg) = 0. Apply Q_1 and use the commutativity of @_; and N, (which
follows from (JL.1])). Then, we get N,(Q—_1|t)0)) = 0. But since Q_; carries ghost number
1, Ny on Q_1|¢p) is non-vanishing. It follows that Q_;|¢p) = 0.

The proof that [1g) is not Q_j-exact is equally straightforward. Assume that |¢g) =
Q-1]x) for some |x). Applying N, one gets 0 = Ng|thg) = Q_1(Ng|x)), showing that Ng|x)
is Q_1-closed. But since Ny|x) is not in Ker (IVy) due to its ghost number, the basic theorem
tells us that it must be of the Q_j-exact form, i.e. Ny|x) = Q_1]§). As N, is invertible in
this sector, this means that [x) = Q_1(N, '[¢)). Hence [1yo) = Q_1]x) vanishes identically
and there is no Q_j-exact state in Ker (V).

One can apply exactly the same method to the study of Q-cohomology itself. To this
end, one introduces another triple of operators (@, K, N), where N is given by

N ={Q,K}. (4.8)

9The full analysis including the co sector can of course be done, with more involved ghost number
analysis.
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Following the same logic as before, we immediately conclude that ()-cohomology is isomor-
phic to Ker (N).

The final step is to prove that in fact Ker (N) and Ker (N,;) are the same. This is done
by an explicit construction of the isomophism between these spaces. For this purpose, we
split the operator IV into two parts as follows:

N:Nq+N,, N:{Qo—FQZl,K}. (49)

Since K carries light-cone number 1, N raises the light-cone number at least by 1 unit. In
this sense, N is an upper triangular matrix, while N, is diagonal. Due to this structure,
Ker (N) is no larger than Ker (N,), i.e. Ker (N;) 2 Ker (IV). To show the converse, let |¢g)
be any member of Ker (N,) and construct a state |¥g) by

o) = Tl = (1 NN (VA ). (4.10)
N, 1 is well-defined when operated after N, since N raises the light-cone number at least by
1 unit. Operating N = N, + N from left, one readily finds N|¥q) = Ny|1)p) = 0, showing
the inclusion Ker (N,;) C Ker (N).

We have now established the chain of isomorphisms: @Q-cohomology ~ Ker (V) ~
Ker (Ng) = Hr =~ Q_;1-cohomology. Actually, there is one more condition on Hr. It comes
from the requirement by|¥) = 0. Since both @ and by annihilate the physical state |¥), we
must have'® L' |¥) = 0, where Ly""” = {Q,bo}. As Hr contains no ghost excitations,
it is equivalent to the usual “on-shell condition” Ly |¥) = 0.

Combining the result of an entirely analogous analysis for the “4” sector, we conclude
that the physical states of the theory are the ones in Hp satisfying the conditions L(jﬂ\IJ) =
0.

Before concluding this subsection, we need to make a remark. In the preceding analysis,
we have not been specific about the nature of the Hilbert space on which various operators
act. According to our phase-space normal-ordering scheme, the natural space would be
the Fock space Hpock built upon the oscillator vacuum |0) annihilated by the positive
modes of A%, By, S;? and Bj. However, as will be shown in the next subsection, non-trivial
renormal-ordering will be required to diagonalize the on-shell conditions. This means that
the physical eigenstates are not in Hp,qc and we must consider a larger Hilbert space as
our arena. Precisely how large it should be is not clear at the moment and is left for future
research. Nonetheless, as the cohomology analysis itself is fairly general and its essence is
simply the decoupling of the unphysical quartet, its validity should be independent of such
uncertainty.

4.2 Physical spectrum and comparison with the light-cone gauge formulation

Having shown that the spectrum of physical states is dictated by the LS—L constraints in the
transverse Hilbert space Hy where the non-zero modes of II* and IT1* (and all the ghosts)
are removed, we now study these constraints in detail.

YEven in the treatment retaining the co sector, the same condition arises: If L;**** does not annihilate

a state |U) € Hr, |¥) becomes Q-exact as |¥) = Q <ﬁbg|\ll>>, which is a contradiction.
0
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Consider first the Hamiltonian constraint. Because of the redefinition (B.13), the (di-
mensionless) Hamiltonian should be identified as H = L§ — Ly. In Hr it simplifies
considerably and becomes quadratic in the modes. It takes the form (the phase-space
normal-ordering is understood)

H=Hp+ Hp, (4.11)

Hy = olp"p™ + 5 S (BL,BL+ (02 + M%) AL al) (412)
1

Hp = > (—nSL, S, +nS?, 88 —iMSL,Sh+iMS?,S)). (4.13)

Obviously the bosonic part Hp describes the collection of free massive excitations
and one can diagonalize it with ease. For the non-zero modes, we introduce the following
oscillators:

1 1
<1 I I I I : I
a,, = E(Bn —iwp4,), a, = E(B_n —iwpAZ,), (4.14)
where w, is as defined in (B:21)), i.e. w, = (n/|n|)v/n2 + M? for n # 0. Using the commu-
tation relations for A, and B, oscillators, we easily verify

[dma dn] = [Oéma an] = Wn5m+n,0 s [dmy an] =0. (4'15)

Now we re-express the non-zero-mode part H ;0 in terms of these oscillators, and re-normal-
order such that a,, &, for n > 1 are taken as annihiliation operators. This gives

0 T~
Hfé = Z(BinB,IL +w2AL ALY = Z(al_nafl +al,al)+8 Z W, (4.16)
n>1 n>1 n>1
where the last term is a divergent re-normal-ordering constant, suitably regularized. We
shall see shortly that this gets canceled by the fermionic contribution. As for the zero mode
part, we identify
1

o = —2(35 —iMA}). (4.17)

Then, [aé, OZOJT} = 6!V M = 6"/ wy and the zero mode part H% can be rewritten as

1
HY, = S((B§)? + M(4)?) = ab'af +4M . (4.18)
In total Hp becomes
Hp=dptp + aéTa(I) + Z(aj_nafl +al, al)+8 an +4M . (4.19)
n>1 n>1

Next turn to Hr and again consider the non-zero mode part Hlfo first. It can be
written in the form

H7 =Y (st 52N K (n) (ﬁé) . K(n)= <Z_]\Z _;M) : (4.20)

n>1
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where S;?T = S4 . For each n, the hermitian matrix K (n) is easily diagonalized by a
unitary matrix V(n) as

V() K(n)V(n) = (‘““ 0 ) . (4.21)

0 wp

Now we define a new basis of fermionic oscillators S, and §n by
St s
<§n) =VTi(n) <S§> . (4.22)

S, = N(n) (sin - 1%530 , S, = N(n) <s§ + i%@ﬁ) L (123)

OF
QO =w, +n, N(n) =4/ —=2. (4.24)
Wn

Obviously the new oscillators satisfy the same anti-commutation relations as the old ones,
namely, {sa,m,sgm} = SO, {savm,sgm} = SO, and {sa,m,sgm} — 0. Then we

The explicit expressions are

can rewrite H;fo as

~ —wp, 0 S) Sy
H;«fo = Z(Smsl) ( 0 Wn) <§n> = an(_snsl "‘SILSn)

n>1 n>1
= wn(SSn + 8150) =8 " wn, (4.25)
n>1 n>1

where in the last line we made a re-normal-ordering so that S,, for n > 1 are regarded
as annihiliation operators. Notice that the re-normal-ordering constant generated by this
process precisely cancels the one produced in the corresponding bosonic part, due to su-
persymmetry.

As for the zero mode part, the eigenvalues of the matrix K(0) are =M and defining
the new zero mode by

1 )
So= (8 —i8Y).  {Susif=1. (S’ =0, (4.26)

we can rewrite H% as
HY% = —iMS}53 = MS} Sy — 4M . (4.27)

Again the re-normal-ordering constant —4M cancels the corresponding contribution in H %.
Combining all the results, we find

H=dptp~ +aoflaf + 3 (ol ol +al ,al)
n>1
+ MSISo+> " wal(ShSn + S1Sn). (4.28)

n>1
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Setting this to zero and solving for —p~, we precisely reproduce the familiar light-cone
Hamiltonian Hj. computed in the light-cone gauge [Lg].
It remains to analyze the momentum constraint, which is expressed as P = Lar +Ly =

0. In the transverse Hilbert space Hp, P reduces to

P=> in(AL, Bl - B, Al)+> (nSL,S) +nS%,S7). (4.29)

n>1 n>1

As was done for the Hamiltonian, we rewrite it in terms of the new oscillators. Again the
re-normal-ordering constants cancel between the bosonic and fermionic contributions and
we find

P=Y (Zalal+ndl5) - (Lol e ensis,) . a0

n>1 n>1 n

Thus, as expected, P = 0 yields the level-matching condition.

5. Discussions

As already summarized in the introduction, we have been able to construct an exact world-
sheet CFT description of the superstring in the plane-wave background with RR flux in
terms of “free fields”. There are, however, several issues which require further understand-
ing.

One is the relation of our formulation to the canonical approach, described in section
2.2, which unfortunately could not be pursued to the end due to a technical difficulty. This
does not of course mean that the canonical approach should be abandoned. It would be
very interesting if we can resurrect it by making use of the knowledge of the phase-space
formulation.

Another point that should be clarified is the nature of the Hilbert space on which the
Virasoro and the BRST operators act. As remarked in section 4.1, this has not yet been
fully specified.

Let us now list some further future problems.

The most urgent is the construction of the primary operators, in particular the (1,1)
primaries corresponding to the low lying physical excitations. Our method developed in
this paper gives priority to the quantization and the conformal symmetry structure and
in a sense postpones the real dynamical issues. As already emphasized, the dynamical
properties are encoded in the representation theory and by constructing the primary fields
we can make them explicit. In this regard, one needs to understand as well the basic issue
of what are the physical quantities to be computed in this background and how they should
be compared to those in the super Yang-Mills theory.

Another obvious task is the understanding of the realization of the global symmetries
of the theory [[I§, F0]. We should construct the generators of such symmetries in terms of
the quantized fields and check that they close up to BRST- exact terms. This would shed
further light on the justification of the normal-ordering we have adopted and the role of
the quantum corrections required in the Virasoro generators.
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The modular invariance issue mentioned in the introduction can now be addressed in
the proper setting. As shown in [BY, Bf], massive generalization of the elliptic functions
appear and the further clarification of their properties would be interesting both physically
and mathematically.

It would be an interesting project to use our CFT description as the starting point of
a covariant pure spinor formalism in operator formulation. One way would be to apply
the double-spinor formalism developed in [53], which allows one to derive the pure spinor
superstring starting from a simple extension of the Green-Schwarz formalism.

Finally, it is a great challenge to try to apply the phase space formalism developed here
to some suitable version of superstring theory in the AdSs x S® background. In principle,
one should be able to quantize the theory and construct the Virasoro operators just as we
did for the plane-wave background, since the knowledge of the solutions of the equations
of motion is not required. Of course the analysis of the spectrum would be much more
difficult.

We hope to report on these and related matters in future communications.
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A. Double-contraction contributions in the Virasoro algebra with different
normal-orderings

In this appendix, we display the computations of the double-contraction contributions in
the Virasoro algebra in two different normal-ordering schemes and clarify their differences.

To facilitate the discussion, we first introduce a useful function that appears in the
regularization of the commutators and prepare some formulas. Define the quantity ¢ and
a function d(q, €) by

g=e'") (A1)
n 1
d(g,€) = Z (ge)" = T_ge < (A.2)
n>0

where € is an infinitesimal positive parameter. Then, it is straightforward to obtain the
following formulas:

d(g,e) +d(g "t €) — 1 =2md. (0 — o), (A.3)
d(g,€) +d(g " —e) =1, (A.4)
d(q,€) —d(qg,—€) =d(q7t,€) —d(qg !, —€) = 2md. (0 — o). (A.5)
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Here 6.(c — ¢’) is the usual regularized form of the d-function given by

N —  in(o—o’) —fnle _ 1 €
de(c—0') = — e e =—

—_—. A.
27 (o —0')2+¢€ (A.6)

Furthermore, the following formula involving the derivative of the d-function will be useful:
271—56(0- - OJ) [d(q_lv 6) + d(q_lv _E)] = d(q_lv 6)2 - d(q_lv _6)2
=2mib. (0 — o) + 216 (0 — 0'). (A.7)
To derive this relation, one must expand d(¢~!,¢) up to the subleading order in powers of
o—o —ie.
A.1 Phase-space normal-ordering

Consider first the commutator [7 (o), 7+ (¢’)] in the phase-space normal-ordering. In the
bosonic sector, the double-contraction contributions of interest comes from

oz (T@LV ] + V). 7)) (A8)
where
L e 2 S
T:§:HI:, V=x:47:, X:?HH . (A.9)

Hereafter, we will drop the transverse subscript I for simplicity. The normal-ordering is
defined by the splitting of fields IT = II(H) +11(-) and A = A + A) | where the superscript
(+) ( (=)) denotes the annihiliation (creation) part. In the phase-space normal-ordering,

we have
4 (g) = Zﬁne_m", (o) = Zﬁ—nem", (A.10)
n>0 n>1
AD(g) =" Ape™™,  AT(0) =D A (A.11)
n>1 n>0

The commutator [T'(c),V (0’)] is defined by T'(0 — ie)V (0’) — V (¢’ —ie)T (o). It is easy to
show that this amounts to taking the usual commutator once and then normal-order the
remaining operator product. We thus obtain

[T(0),V(o")] =~ %X(o/)&(a — o"\Il(0 — i€)A(0") + A0 — ie)II(0))

(66 (0 — o) ([ﬁ<+>(a—z'e), A(_)(a’)] + [A<+> (o' —ie), ﬁ(_)(a)D :
The commutators in the second line are given by
(0~ ie), A ()] = ——=d(a",e), (A.12)

[AH)(J' —z'e),ﬁH(a)} =Ygt —e). (A.13)
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We are interested in the double-contraction (DC) part given in the second line. Using the
formula (A.7), we readily obtain

[T(0), V(a')]DC = —mix(c")d (0 — ') —7x(0)d(0c — o). (A.14)

[T(c"),V(o)] can be obtained from this by the interchange o < ¢’.
Combining these results, the operator parts cancel and we get

[T(c),V(o")] + [V(5),T(c")] = —mi [2x(0)d (0 — 0’) + Dox(0)d(0 — 0”)] . (A.15)

Now consider the contribution in the fermionic sector. The double-contraction contri-
bution of interest comes from

F(o),F(o Al
(2)2 [ (0), F(o )] ) (A.16)
where
F(o) = pS'(0)S%(0),  p= —%Vﬁﬂw . (A.17)
Note the important relation p?> = —y. The normal-ordering of the fermion S is defined

by the splitting
$4(o) = 54 (o) + 5 + 547 (o),
SA(+) (O’) _ Z S;?e—ina 7 SA(_) (O’) _ Z Séneina ) (A19)
n>1 n>1
Defining the regularized commutator in the same way as in the case of the bosons, we get

[F(0),F(0")] =2mp(0)p(c”)dc(c — o) (—52(0 —i€)S? (o) + S (o’ — ie)Sl(a)) . (A.20)

The products appearing here are normal-ordered as

S%(o — i€)S2(0") = S*(0)S%(o) : + % + {5270 i), 5* (o)}, (A.21)
SY(o" —ie)S (o) = SL (") (o) : + % + {51(“(0’ —je), 51(‘)(0)} , (A.22)
where the term 1/2 is from the zero-mode and the anti-commutators are given by
{52(”(0 —je), 52("(0')} —d(g Y e) —1, (A.23)
{51(”(0' — i), 51(‘)(0)} = d(q,e) — 1. (A.24)

The normal-ordered products such as : S?(c)S?(¢’) : vanish at o = ¢’ and hence do not
contribute in the presence of d.(c — ¢’) as above. Using the formulas for the d(qg, €) function
and the relation p? = —y, we then get

[F(0), F(o")] = 21p(0)*dc(0 — 0') = 2mp(0)p(0')0e(0 — o')(d(q™" ) +d(g™", —€))
= 7i (2x(0)8' (0 — ') + Oy x(0)d(0 — o)) . (A.25)
This precisely cancels the contribution ({A.15) from the bosonic sector.
Computations for [7_(c),7_(0")] and [T4 (o), 7_(0")] are quite similar and the double-

contractions again cancel between the bosonic and fermionic contributions. Hence, the
Virasoro algebra properly closes in the phase-space normal-ordering.
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A.2 Massless normal-ordering

Again we begin with the bosonic sector of the commutator [7 (o), 7 (¢")] and focus on
the expression (A.g). The difference from the previous phase-space normal-ordering is that
the field A must be split into the annihiliation and the creation parts in the following way:

A(J) = AN (o )+A<—>( ), (A.26)

(0) \/,Z < e~ino f[nem”> , (A.27)

A (o) = 4 — Z <~_nem" + f[_ne_m") . (A.28)
n>1

The split for Il is as before, namely (A.I(). Denoting this normal-ordering by % X,
[T(0),V(c")] becomes

The commutators in the last line are given by

[ﬁ<+> (o —ic), A<—>(a')] = —%d(q‘l, €),

{A(—l—)(()’/ — i€), ﬁ(_)(a)} = —%d(q_l, —e),

which are identical to (A.19) and ([A.13)). Therefore the rest of the calculations are also as
before and we obtain

[T(c),V(o")] + [V(5),T(c")] = —mi [2x(0)d (0 — 0’) + Dox(0)6(0 — 0”)] . (A.29)
This coincides with (A.13).

We now turn to the fermionic sector. Although the operator F' (o) itself does not require
normal-ordering, we must interpret F(o) as F(o) = p(0)S'(—0)S%(0), where S(—0) is

split into
Sl (—0) = 81 (—0) + S} + 1) (—0), (A.30)
S1H)(—g) = Z Sleino (A.31)
n>1
=> 8l e (A.32)
n>1

The splitting for S? is the same as in the phase-space normal-ordering. Then the commu-
tator [F (o), F(¢')] becomes

[F(0),F(c")] =2mp(0)p(c”)dc(c — o) (—52(0 —i€)S%(0’) + St (—o’ — ie)gl(—a)) .
(A.33)
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Now S'(—0’ — i€)S'(—0) must be normal-ordered as

N 1 N A
S (=o' —ie)S (—0) = X SY(=0")S (=o)X + 5+ {51<+>(—a' — ie), sl<—>(_a)} :

where the anticommutator is given by

~

{§1<+>(—a' —je), 51<->(—a)} —d(g Y e) 1. (A.34)

The crucial difference from the phase-space normal-ordering is that, contrary to (A.24),
{§1(+)(—0’ —ie),gl(_)(—a)} is identical to {52(+)(a—ie),52(_)(0’)} given in ([A.23).
Therefore the contributions from S* and S? cancel in (A33) and we get [F(0), F(o')] = 0.
Thus, in the massless normal-ordering scheme, the double-contraction contributions
from the bosons and the fermions do not cancel and [T, (c), 7, (¢’)] contains an extra

operator anomaly besides the usual c-number anomaly. Reinstating the factor of 8 (due to
the transverse degrees of freedom), it reads

[T4(0), T (0")] e = ——(2X(0) (0 — &) + Box(0)S(0 — o). (A.35)

2
m

A

The computation of [ " (0),T_(c )] is similar and the result again contains the oper-

ator anomaly:

]extra - _%(22(0)5/(0 - OJ) + 60)2(0')5(0' — OJ)) ) (A36)

A

[T_ (0),7_(o)

2+
where X(0) = x(—o) =11 TI7.
Finally, consider the commutator {’Lr(a), T_ (o )] . Actually, to make use of the various
formulas already developed, it is more convenient to compute [T+(0),’j'_(—a’ )|. For this

quantity, while the fermionic contribution for the double-contraction part continues to
vanish, a new situation occurs for the bosonic contribution. The relevant part is
1 ¥ / 7 /
([T 7] = [T V@] ) (A.37)

The double-contraction part of [T(a),V(—a’ )} is easily seen to be the same as given

in ((A-14), namely

[T(U), V(—O'/)] e = —mix(0")d (0 — o') — wx(0)d(0 — o). (A.38)

On the other hand, [T (=0’ ),V(O’)} is not obtained simply by making the interchange

o < o'. Using the additional formulas

1(=0"), A7 (0)] = —% (a0,
A0, T (o)) = = —5d(a,—e),
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we get
{T(—a/), V(a)} e = —mix(0)8 (o — o) — wx(0)d(c — o'). (A.39)

Note that it is identical to [T(a), V(=o' )} above, except for the argument of x in front
of §(0c — ¢’). Due to this difference, they do not quite cancel and produce an operator
anomaly. Flipping the sign of ¢’ and supplying numerical factors, it is given by

[7:(0). ()] = —% o (0)5(0 + ). (A.40)
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