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Abstract 11

Abstract

The discovery of the dualities between the large N gauge theories and the string
theories on the particular curved backgrounds has made the later subject of
‘much study over the last decade. Of particular interest is the string theory on
AdS5 x S° which was shown by Maladacena to be dual to the conformal A = 4
super Yang-Mills theory. This string theory, however, is difficult to quantize
and it proved useful to work in the specific Penrose limit of the AdSs x S°.
String theory on this limit, called pp-wave background, proved to be explicitly
quantizable and furthermore it turned out to be itself a dual of the particular
limit of the corresponding Conformal Field Theory. It became therefore an
important case for testing the principles of the AdS/CFT correspondence. The
properties of the string theory on this background have been studied extensively
by Metsaev and Metsaev and Tseytlin in the papers hep-th/0112044 and hep-
th/0202109 and this thesis is mostly a review of their results. The type 1IB
superstring action is constructed and quantized on the background and the
supergravity spectrum of the theory is found. Finally some results concerning
two-point functions and vertex operators, not given in Metsaev, are derived.
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Chapter 1

Introduction

1.1 AdS/CFT Correspondence

"The common motivation for string theories is the need to’incorporate the quan-

tum gravity into a consistent quantum theory. The way this is accomplished
is by replacing the point-like particles with the Planck scale extended one-

dimensional objects called Strings as the fundamental objects of the theory.

Strings are allowed to oscillate and thus there will exist a spectrum of energies
(and masses) associated with different modes of the oscillations. At the low-
energy scale (and most observational scales will be low-energy compared with
the Planck-scale of the strings) such oscillating strings will look like the point-
like particles they replaced. In this way, single string will be able to give rise to
a full spectrum of particles depending on its state of oscillation. An important

fact is that every String theory includes an oscillation state with zero mass and

the spin two, the expected characteristics of a Graviton. Furthermore, the only
consistent interaction of this state is gravity, indicating that gravity is indeed

present in every string theory. This makes a string theory a serious candidate

for the much desired Theory of Quantum Gravity [1].

This motivation, however, was not the original source of the string theory.
It was developed to answer less fundamental problem, that of the certain peri-
odicity in the spectrum of the large number of Mesons and Hadrons that were
discovered in the 1960’s. True to the modern string theory, those particles were
supposed to be represented as the different oscillation modes of a fundamental
string. This model was initially successful, explaining, among other things, the
simple relation between the spin and the mass of the lightest hadron of that
spin. Ultimately, however, it was found incomplete and was abandoned with
the advent of the QCD which provided much more thorough understanding of

‘the Mesons and Hadrons. (2]

QCD is an SU(3) based gauge theory. It is also a non-Abelian gauge theory,
which makes it asymptotically free. As such, it has the coupling constant that
is inversely proportional to energy. The resulting difficulties in working in the
low-energy limit of the QCD have motivated the search for the simplified model
of that theory. It was suggested by T°Hooft [3] that the SU(N) based gauge
theories simplify as the IV is allowed to become very large. Specifically the
N = oo case was supposed to be exactly solvable. It would then be potentially
possible to do the expansion in 1/N = 1/3. An interesting feature of the N = co
theories was observed that helped in this project and also explained the limited
success the string theory had in describing the spectrum of the SU(3) theory.
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Namely, large N theory appeared to be a dual of a free string theory with the
string coupling constant equal to 1/N.

Duality phenomenon was known for many years in two dimensional field
theories and has been discovered in many instances of string theories. It refers
to the theories that have more then one different description such that when
one description is weakly coupled the other is strongly coupled and vice versa.
Mostly, both sides of the duality were string theories, but there was a hope that
a dual theory of the QCD could be found. If it were found, analytical study of
the low-energy regime, where the standard gauge-theory description is strongly
coupled, would become possible. Supporting the idea that such dual theory
might exist, and that it might be a string theory, is the fact that the QCD-like
gauge theories have their own string-like objects. Those are the Wilson lines (or
flux tubes) that appear between the quark and an anti-quark that separate from
each other. Being extended one dimensional objects, Wilson lines have a some
string-like properties and a number of attempts have been made to express the
gauge theories in terms of a string theory of Wilson lines.

The original case for the duality between the t’Hooft limit SU(N) and the
string theories came from the comparison between the vacuum diagrams of the
SU(N) theory in the t'Hooft limit and those of the perturbative theory with
closed oriented strings with string coupling gsring = 1/N [2]. That analysis
gives strong indication that there indeed is a connection between the gauge
theories and the string theories but it does not specify which string theory is
dual to the particular gauge theory. The matching was done with considerable
success for two dimensional gauge theories [4], but for the four-dimensional cases
no appropriate duals were found until the work of Maldacena [2] in the 1990’s.

Attempts to construct the dual of the 4 — D gauge theory were dogged by
the fact that the planar diagram expansion in this case was prohibitively com-
plicated. Alternative approach was to attempt to directly construct the relevant
string theory based on the loop equations of the Wilson loop observables of the
gauge theory [5]. This approach ran into the standard problem of attempting
to construct the string theory in four dimensions.

The fundamental property of the string theory is conformal invariance. The
derivation of the string action requires the metric of the world-sheet (which is a
string theory equivalent of the world line of the particle) to be conformaly invari-
ant. If it is not, in quantizing the theory, the anomaly will appear. For the flat
space only theories that posses the requisite conformal invariance are the theory
of bosonic strings in 26 dimensions and supersymmetric theory of bosons and
fermions in 10 dimensions. Neither of these theories, nor the hybrid ”heterotic”
string theory are the candidates for the string theory of Wilson loops in 4D for
the simple reason that none of them carries a set of symmetries that would be
associated with the supersymmetric SU(N) gauge theory in four dimensions.
The conformal group for the theory of interest in four dimensions ends up being
S0(4, 2) including the 4-dimensional Poincare transformations, scale transfor-
mations and special conformal transformations. There is also a global SU(4)
R-symmetry that rotates the six scalars and four fermions that form the spec-
trum of the theory. Only one geometry exists that contains SO(4, 2) isometries:
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Five dimensional Anti-deSitter space or AdSs. In order to have the proper
flat space limit however, any theory of superstrings has to live on exactly ten
dimensions and therefore we require an additional five dimensional geometry.
A mnatural choice for the remaining dimensions, given the SU(4) = SO(6) is
the five sphere. It can therefore be expected that the appropriate dual for the
SU(N) gauge theory on four dimensions will be a string theory on AdSs x S°
ten dimensional space.[2]

Much less heuristic argument, that firmly established this conjecture, was
produced by Maldacena.[2] The exact nature of this argument is beyond the
scope of this review. It relies on the properties of the string-theoretic objects
called D-branes (Dirchlet Membranes: regions where an open string can end)
and the black holes in string theory. The argument establishes the SU(N) gauge
theory with A/ = 4 supersymmetry with the strong coupling as describing the
near horizon region of the black-brane, black-hole like objects, whose geometry is
AdSs x 8%, A number of calculations, such as graviton absorption cross-section,
on both sides of the duality, further confirm the conjecture.

1.2 AdSs x S® and the pp-wave limit

With the advent of the Maldacena conjecture the String Theories on the curved
spaces’in general and on AdSs x S° in particular became ever more important. A
number of papers was written developing the string theory on this background.
The difficulty here was the fact that while it was possible to formulate the
the superstring action on the AdSs x S° background [6] quantizing it in the
light-cone gauge proved complicated.

The root cause of this difficulty is that the relevant AdSs x S contains,
in addition to the gravitational field represented by the curved metric, further
Ramond-Ramond background fields which couple to the strings and have to
be included in the action. The presence of the Ramond-Ramond fields makes
the use of the standard Ramond-Neveu-Schwartz (RNS) formulation of string
theory extremely inconvenient [7]. It is therefore preferable to use the Green-
Schwartz (GS) formalism with its manifest supersymmetry. Quantization of
the GS string in the flat space is most effectively done in the light-cone gauge.
The backgrounds in question here, however, have no globally defined light-like
direction and therefore no light-cone gauge. Much effort is used in determining
the appropriate gauge for the GS quantization and even the most successful
choices still retain non-trivial interaction terms. [6]

The question then rises whether it is possible to find some sort of a limit of
the AdSs x S space that would still be appropriate background of string theory,
preferably one that can be explicitly quantized. The answer [8],[9],[10] turns out
to be yes and this will be the main subject of this review. The background in
question is given by the plane-wave metric supported by a Ramond-Ramond
5-form background.

ds? = 2datdz~ — fPxdxtdatdalida’ I=1,...,8 (1.0
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Fii34 = Fysers = 2f (1.2)

This background has several desirable properties. It is a Penrose limit of the
AdS5 x 8% obtained by focusing on the single trajectory within it. Furthermore
this limit has the natural light cone direction thus making the gauge choice
simple. As a consequence, not only is there a string theory on this background
but it can also be explicitly quantized with not much greater difficulty then the
flat space one. Finally, as the AdSs x S® pp-wave background has the simple
flat-space limit and the superstring action reduces to the standard GS action
in that limit. In addition, it was shown [10] that this string theory has its
own dual in the large N limit at fixed gf, u of maximally supersymmetric Super
Yang-Mills U(NN) which itself is a limit! of the dual theory of the strings on
AdSs x §5. This made the pp-wave background one of the best places to test
the principles of the AdS/CFT correspondence.

This review will have the following structure: In Chapter 2. we consider the
geometry and symmetries of the Anti-deSitter space and how they carry over
into the pp-wave limit and derive the isometries of that background. Supersym-
metry superalgebra is also considered and the argument is given as to why both
AdSs x 85 and pp-wave background have maximal number of Killing spinors.
The exact superalgebra is given at the end of the chapter. In Chapter 3. we
will follow Metsaev [8] and derive the Superstring action on pp-wave using the
formalism of Cartan forms defined on the coset superspace. In Chapter 4. we
will derive the equations of motion from the Lagrangian and review the Met-
saev and Tseytlin [9] canonical quantization of this system. The symmetries of
the superalgebra will be made manifest in the light-cone gauge through their
generators, and those generators will be given in terms of the creation and anni-
hilation operators. Hamiltonian and stress-energy tensor will also be calculated.
In Chapter 5. there will be a discussion of the spectrum of type 1IB supergrav-
ity near the pp-wave background, in particular lowest energy eigenvalues will
be found for the supergravity fields and the equations of motion of those fields
will be derived. Finally in the Chapter 6. some of our own results concerning
the two point functions and string vertex operators on this background will be
presented.

150 called ”double scaling limit”
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Chapter 2

AdSs x S° and pp-wave
geometry

2.1 Geometry of AdS; x S° and their Killing
vectors

The AdSs and S° are maximally symmetric spaces. This means that they are
homogenous (symmetric under the translations) and isotropic (symmetric under
rotations) and also that they have maximum number of killing vectors. As those
killing vectors will be of interest to us in the pp-wave limit we derive them here
from the basic equations for these spaces.

Out requirement for the AdSs was the SO(2,4) isometry which corresponds
to the conformal symmetry of the flat four dimensional Minkowski space. Such
a space would be a solution of the following equation of the hyperboloid:

4
Xe+XZ-> X}=R’ (2.1)

i=1

.in the flat six dimensional space. It has metric:

4
ds® = —dX} — dX2+ Y dX} (2.2)

=1

This equation can be solved by setting:

Xo = Rcosh(p) cos(r) (2.3)
X5 = Rcosh{p)sin(r) (2.4)
4
X; = Rsinh(p)Q; > 07=1 (2.5)
i=1

Substituting these into the 2.2 we obtain the metric given by:

4
ds? = R%(— cosh?(p)dr? + dp? + Z sinh(p)d0?) (2.6)

i=1

Where 7, p and ;s are called global coordinates of the AdS because for 0 < p
and 0 < 7 < 27 the solution covers the entire hyperboloid once.
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In finding the Killing Vectors we use the method for maximally symmetric
spaces from Weinberg [11].

d d
ax; T X

Tdx, (2.7)

€5 = X;

where the sign is given by the sign of the appropriate X in the metric. To
perform this calculation in terms of global coordinates we will need:

1 X5 -1 Xo

et T S —_—
VXZ+X? e VXZ+ X2

V2 im X7

(2.8)

T =sin"

p =sinh™! = cosh™* VX + X (2.9)
VX3 - Ti XP+ X2 V&G - T, X+ X3
Q; = + (2.10)
Ei:l X‘L2
From these we get:
dr Xo 9 cOST dr —sinT dr
BT DOty BT 4T TSnT 9Ty (o1
ax; R P Rcosh?(p) dXo  Recosh?p dX; (2.11)
dp _ —costsinhp dp —sinTsinhp dp _ coshp(); (2.12)
dXo - R ’ dX5 - R ’ dX, - R e
@__I—Qf d_Q’_ LAY @_dﬂi_o (2.13)
dX; Rsinhp’' dX; Rsinhp’' dX, dXs ’
Having this, we can now write:
d d
=Xg— — Xs—— = 2.14
B0, T X, (2.14)
Xo cos(t) d _ sin(r)sinh(p) i]_ [—sm(T) d _ cos(r)sinh(p) i] _d
Rcoshpdr R dp Rcoshpdr R dp' ~ dr
d d
€2.5 = XodX +X;— Xo (2.15)
X [cosh(p)Q d  1-02 d
YR dp ' RsinhpdQ;
Z ]+ 1 —sin(r) d  cos()sinh(p) i] _
Rsmh(p dQ; Rcosh(p) dr R dp’

Z coth(p) cos T —

d ) d
cos(T)Qizi—p + coth(p) cos (1 — 23) dQ N dQ

v g
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tanh(p) sin('r)Qi%
d d
€6.11 = Xid_Xj + Xjﬁ = (2.16)
cosh{p)€Y; 1- Q0
Xil R dp + Rsmh(p) dQ Z Rsmh(p
cosh(p)); d 1-9; 0,
Xl R dp Rsmh (p) dQ Z Rsinh(p) d;
d d
S O, .
aQ,  an,
d d
£12...15 -—Xst + Xi=— X (2.17),
X [cosh(p)Qii S 1-92 d
SR dp ' RsinhpdSy
E ]+ 1 —cos(r) d  sin(r)sinh(p) i] B
Rsmh(p ) d§Y; R cosh(p) dr R dp’

. d . 2y d d
sm(*r)Q,d—p + coth{p)sinT(1 — Q; )d Zcoth(p) sin 7O — dQ

J#i
tanh(p) cos(T)Q-i
P Ydr

Those killing vectors represent all isometries of the AdSs given in the global
variables.

It is useful to express the 5-sphere in the global coordinates as well. It solves
the equation:

4
Xg+XZ+> X7 =R? (2.18)
=1

in the flat six dimensional space. It’s metric is:
4
ds® = +dX3 + X2+ ) dX? (2.19)
i=1
The equation solves in the same way as the hyperboloid above:
Xo = Rcos(0) cos(vp) (2.20)

X5 = Rcos(0)sin(y) (2.21)

4
X; = Rsin(0)Q, Y Q=1 (2.22)

=1
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with the metric:
4
ds? = R2(—cos®(0)dy? + db* + » _sinh(0)dQ}?) (2.23)
i=1
Once again we get the global coordinates:

-1 X5 -1 XO

— =08 =
VXE+ X2 VXE+ X2
4
i= X7 vV 24 X2
6 =sin~! iz Xi = cos™! Xo + X (2.25)

¥ = sin (2.24)

VX + L, X2+ X2 VX + T, X2+ X2
XA
Q= —— (2.26)
Vi X}
dp Xo o  cosy dy  —siny dy
aX, - P P= Reos’(8)©  dXe  Reos26’ ax, 0 (&%)
i@_ __ —costsinf df  —sinysinf g cos QY (2.28)
dXo R TodXs R ’ dXi R '
aq; - QP ﬂ _ —Q;Q; dQY,  dQy -0 (2.29)
dXi Rsm0 dX;  Rsing’ dXo dX5 '
We produce the Killing Vectors in the same fashion as for the AdSs
d d d
=00 T X dy (2:30)
d d
€17..20 = Xod_Xi - X‘im = (2.31)
d 2 FeY
cos(zp)Q,do + cot(8) cos (1 — )dQ’ ;cot‘,(ﬂ) cos YO dQ’._
tan(6) sin()Q2; C.iiﬁ
B d d , d , d
€21..26 = deXj X ax, Q‘dQ’ i~ o (2.32)
d d
€ =Xg——r —~ Xj—5 = 2.33
27...30 5dX.i Fra (2.33)
sin(y)Q — + cot() sinp(1 — Z cot(0) sin PO, — d
‘Bdg dQ/ F ] dQ/

J#i
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tan(6) cos(w)Q;—%

Now we have all 30 Killing vectors of the AdSs x $° These however, are
not all the symmetries of the space. While SO(2,4) is indeed the same as the
conformal group on the four dimensional flat space, supersymmetry on both
sides of the duality still needs to be accounted for. The superconformal group
on 4 dimensional space is SU(2,2 | 4) [6] and ultimately so is the supersymmet-
ric generalization of the above isometry called AdS supergroup. In trying to
understand the nature of the AdS Supergroup we follow Aharony at al. [2] and
Nahm [12] and start with the simple supergravity with a cosmological constant
A. In the simple four dimensional case of N' = 1 theory the action is:

1 _ -
5— / d*a(—/G(R — 28) + 3775,7>3, Do) (2.34)
where
- i JA
Dy =Du+34/3% (2.35)

and the D, is a standard covariant derivative. Here gravitno , transforms
under supersymmetry as: ~
0, = D,e(z) (2.36)

The global supersymmetry of the background is determined by the requirement
that the gravitino remains unchanged under the € transformation. This leads
to the Killing Spinor equation:

- . (A
Dy =Dy + 51/ 3l =0 (2.37)

and the € spinors that solve it are the Killing Spinors, playing the same role in
the Supergroup as the Killing Vectors.
The integrability of the above requires:

< = 1 2
[Dy, Dy]e = Q(Ruupao'po - gAUuu)G (2.38)

If AdS is a classical solution of the supergravity above then cosmological
constant has to be A = T%f where R is the size of the hyperboloid from the 2.1
{2]. Also, because AdS is maximally symmetric:

1
R;n/pa = ﬁ(gupgua - g;wgup) (2'39)

and therefore integrability equation is obeyed for every spinor €. Given that
the Killing Spinor equation is a first order equation this implies that there is as
many solutions to the equation as there are independent spinor components and
therefore AdS is maximally supersymmetric as well as maximally symmetric. It
is this supersymmetry that introduces the Ramond-Ramond background fields
which force use to use GS formalism when attempting to quantize this theory.
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The Ramond-Ramond five-form flux that gives us the required symmetry in
AdSs x S case is given by: [14]

F5 = 4R%[cosh(p) sinh®(p)d7 A dp A dQ2s + cos(8) sin®(8)dw A df A dQy  (2.40)

it can be easily checked that the Killing spinor equations using the covariant
differential constructed from this 5-form behave much as the sample ones listed
above. This property will carry through to the pp-wave limit and we will discuss
it some more there.

In the next section we are going to see how the AdSs x S% metric, as well
as the 5-form R-R flux, transform into those of the pp-wave in the appropriate
Penrose limit. We are also going to apply the same limit on the Killing vectors
to see how the isometries of the space are preserved. With respect to the super-
symmetries our approach will be slightly different. We will present the group
theoretic argument as to form of the superalgebra and will use the commutation
relations therefrom together with the form of the kinematical charges derived
from Killing vectors to obtain supercharges.

2.2 PP-wave as the Penrose limit of the

AdS5 X Ss
Penrose Limit [14] is a limit describing the neighborhood of a certain geodesic
in the curved space. In this case we are interested in the light-like equatorial

geodesic on the §°. subspace. To see how we go from the full AdSs x S to this
limit [10] consider once again the full AdSs x S5 metric as given above:

ds? = R*[~dr? cosh®(p) + dp? + sinh®(p)dQ3 + (2.41)
W2 cos®(6) + db? + sin?(0)dy]

the geodesic of interest is a trajectory of the particle moving along the ¢ direc-
tion while sitting at 0 in p and 0 coordinates. To observe its neighborhood we

first introduce the coordinates #t = Tﬁ and then re-scale:
- 1 T Y
t= t o = ZR% =—, f§==%. R 2.42
T wxT', T " ., p ok B - o0 ( )

Here we can express the  and €Y as the components of the vectors r and y
whose magnitudes are given by p and 0 as follows:

T = RpQ;, y; = RO, (2.43)

With those we can now write the metric as:

ds® = Jim (R¥- (smh2( +1)(udzt + )2+——+s1 h2(

)

(1—Sln2( )(/_Ldz‘ + )2+—+Sln (y)dy,

R y?
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taking the limit and using the:

Rlim (R?sinh®*(r/R)) = Rlirn (R%sin®*(r/R)) = r* (2.45)
—00 00
we get:

ds? = —ddz*dz~ — p2idzt? + da? (2.46)

where the vector & is an 8 dimensional vector composed of the components 7;
and y;. This has the form of the metric of the pp-wave.
Now we can use the same limit to see what is happening with the killing
vectors. First we need the derivatives:
8 ozt 9 dx~ 0 w8 R? 3

Z - 2 % k2 12 4
or or Ozt + or Oz~ 2 9zt + 2u2 oz~ (2.47)

g u? o R 0

36 " 2957 5202 (2.48)
8 RT’—L' 6
i Z e (2.49)
- = Z — (2.50)
o0 el Ay
19} a
9 9
3 = y@ (2.52)
The simple Killing vectors such as 1 or €¢_11 have obvious limits:
0 u? 0 R? 9
il e X re ek (253)
) d d d d
_ e — () = 2.54
fo.11 = Qige = ga = TG ~Tigy (2:54)

Here we calculate one of the more difficult ones, others being obtained in the
exactly the same manner:

d d
€17.20 = cos(z/))ﬂé@ + cot(8) cos (1 — Q?)dﬂg —
Z cot(f) cos ¢Q(Q'»i — tan(6) sin(q/))Q’--i
o REpTeY Qe

i Ry; 8 R 2.9
:cos(lp)[g—}—z y]———+——1—y—’ —_—

fiy; g
y45 oy %y oy Y27 Oy,
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R 24 n)lon( 1)
— dy; R
J#L
2 L2 2
R S I
= Rcos(?,b)[y2 + 7 }8y + sin(t)[tan( R) ( 2 Ba+ 22 8z )]
-9 roriop? & R* 9
B b2\ 8 +_ e 9 9
= Rcos(pz IJ'R2)6yi + sin{uz R2)t (R) , ( 2 Or+ 22 Oz )l
And taking the limit:
B By O
€17..20 = cos( 9 )“"’az-

We can now write entire set of Killing vectors for the pp-wave and therefore
obtain the symmetries of the metric. Uncoupling the linear combinations and
tenumbering them they are:

a a
= = — 2.55
=307 27 Gz (2:59)
. a
£ sin(ua* )iz~
d d ..
511..16—551‘21“;:‘]"_-773'327_1: 1,7 €(1,2,3,4)
d d . .
€17.22 = sz] - ij i,7 € (5,6,7,8)
€93.30 = sin(uz*’)i + # cos(pzt)z; —
- oxt 2 Oz~
and therefore the symmetries will be:
szt =at (2.56)
6z~ = b~ +c¢; sin(uz™)z; + df cos(uz )zt (257
bz* = €} + - cos(uz™) + d- sin(uz™) (2.58)

with 1,j in the last line being both either from the first or from the second set
of 4.

Already, a very important property of the pp-wave geometry becomes appar-
ent. In contrast with both flat and the AdSs x S5 cases, there is no symmetry
mixing the 2% light cone direction with any other. This will have several im-
portant consequences. First one is that it is not possible to obtain the critical
dimension using the usual operator formalism argument [1]. Second, and more
important, consequence is that the usual way of defining the Vertex Opera-
tors for the Green-Schwarz string [15] will not work. This method consists of
constructing the vertices in a frame where the formulas are particularly simple
(momentum along the z axis) and then rotating to a generic case using the
symmetry. Some of the problems this causes will be discussed in Chapter 6.
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Also, it would appear from the form of the metric that in addition to the
30 symmetries inherited from AdSs x Ss the new ones appear that mix the
|1, %2, 23 and 4] coordinates with the |zs, zs, 7 and zg] ones. We did not list
those symmetries in the above for, while they would indeed exist in the purely
geometric sense they are precluded by the form of the R-R flux as seen bellow.

Given has shown that the Penrose limit generalizes to the background fields
beyond metric {16]. To see what happens with the 5-form R-R flux we simply
take the limit using the same coordinate transformations:

Fs = 4R*{cosh(p) sinh®(p)d7 A dp A d3 + cos(9) sin®(8)dw A d A dY  (2.59)

ARt st Tt o B A 9 4

= 4R*|(sinh (R)+51nh (R))(udx + MR)AR/\ .
N O T
+(sin (R) sin (R))(ud:c ,uR)AR/\ ”

= 4pdz™ A [dz' A dz® Ada® Adz?* + do® A dxb A dz" A dz®)

or, writing alternatively:

Fy1234 = Fysers = 41 (2.60)

with the other components being equal to zero.

As predicted by Giiven [16] the supersymmetries of the background are pre-
served in the limit. This means that there are exactly 32 supersymmetries in
addition to 30 isometries. Once again, this.can easily be checked using the
Killing spinor equation De = 0. Here we follow Metsaev [8] and adopt the
normalization in which the Einstein equations take the form:

1
HY — (__FBPL--PA VP P4 261
R = (5 ) (261)
and take the 5-form to be anti-self dual:
1
Fuq... J—— H1---P5P1---P5 [PP1---P5 2.62
1. 145 (120)6 (2.62)

Raising the indices in 2.60 and expressing the anti-symmetry explicitly we have:
F—il'“i“ — 2/167:1"7:4, F“zll"’:& — 2/.1:61111:1 (263)
In the equation above and from here on we adopt the convention:
i,7 €[1,2,3,4, ,5'€[56,7,8],

I’J€[1’2?37435767778]$ /J/7V7p€[+a—al]
With this:
I‘l--'uss,PePFlu-nus (2.64)

i
960 "

1
D= d+ Zwl‘“”yl"’ —_
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where ef are 10-beins of the plane wave space and w*¥ is a Lorentz connection.
Inserting the above forms for the 5-forms field 2.63 it can be shown [17] that
the integrability equation is satisfied for all € in the same way as in 2.38 with
D? = 0, so, once again, we have 32 Killing spinors.

We now proceed to give the full superalgebra of the pp-wave R-R back-
ground. It can be seen from the above argument that this algebra will be
divided into the even, or Bosonic, part (coming from Isometries) and the odd,
or Fermionic, part (coming from supersymetries). The bosonic part will in-
clude the ten translations P#, two SO(4) rotational sub-algebras J and J¢7’
and eight rotational generators in the (z',ml ) plane J*!. The fermionic part
will consist of the 16-component spinor @, o = 1,...,16 which is a half of a
32-component negative chirality spinor.

The commutators of the bosonic part can be obtained directly from the
Killing vectors as given in 2.55. Obtaining the commutators between the bosonic
and fermionic generators and the anti-commutators between the fermionic ones
is more difficult as it would require actually calculating the exact form of Killing
Spinors from 2.64. While this can be done, we choose to follow Metsaev [8] and
just present it as a known algebra with the representation given above. As a
confirmation of its form we will check that in the flat-space p — oo limit it
reduces to the standard d=10, IIB Poincare superaigebra.

The commutation relations between even generators are as follows:

[P, Pl = —p2Jt! (2.65)

P =-s"p+, (P70 =P! (2.66)

[P, g% = s pi — gikpi [P Ji'K) = §70 pi' — 7% pT (2.67)
(J¥E, J9K] = §9 Ttk §ikgte, I, g ] = 679 K K T (2.68)
[J9, T8 = g% g 4 9L g 4 5k It 4 67 g9 (2.69)

[Jiljl’ Jkll/J _ (Sjlk/ J‘i'l/ + 5j,l,']ilk/ + 6i1lij/ll + 6i’l,Jj"kl

Between the odd and even generators they are:

U9,Qal = 2@ 17, Qal = 3@ (270)
[T, Qa] = %Qa(v“ )a, (2.71)
[P*,Qu] = u2—;—Qﬁ(Hv+*‘r‘*)§ (2.72)

and the commutators that come from the complex conjugations of the above.
"The anti-commutator is of the form:

{Qa, Q) = —209/5 P* + p[-2(¥'ap ** — (7 T )apJ ¥ (2.73)

+2(F T o5 I + 2(F TN o5 JY]
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Here and hereafter the v* are 16 x 16 gamma matrices. ~y#*#* are anti
symmetrized products of k gamma matrices and the II are given as follows:

03 = (Y775, 15 = (*¥*'7")8 (2.74)

It should be noted here that the (anti) commutation relationships of the
superalgebra are invariant under U(1) transformation of supercharges: Q@ —
e'*Q,Q — e'®Q which is the original U(1) symmetry of the type IIB super-
gravity realized on the pp-wave.

It is trivial to see that the above reduces to the subalgebra of the IIB super-
algebra in the flat space limit. The transformation group G above, then, has
the generators: P*, Qq, Qa, J¥, J¥3' J*! it is easy to see that this group has a
subgroup H, also called stability subgroup, with generators: Ji7 J¥4' J+I We
can then define the pp-wave R-R superspace as the coset superspace G/H
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Chapter 3

The superstring action

3.1 Cartan 1-forms

Looking back at the derivation of the superstring action in the GS formalism
for the flat space [1] we see that the Lagrangian was fully determined by its
symmetries, those being isometries, global supersymmetries and the local « -
supersymmetry that helps simplify the equations of motion. Having defined the
global symmetries of the pp-wave R-R background we will now follow Metsaev
[8] and try to use them to construct the action.

The most convenient way to express these symmetries is through the Cartan
1-forms. The Cartan forms are the objects that map the tangent vectors on the
Lie group onto the elements of the appropriate Lie algebra in linear way.

On our coset superspace we define these in the following fashion:

LA =dXML{, XM= (z* 6% 6% (3.1)

they are then given in terms of members of the (super)symmetry group G by:
- - 1
G YdG = L*P* + L*(Q)o + LoQ, + §L‘“’J’“’ (3.2)

The fact that the generators J™* and J%" do not exist means that we need to
impose the following condition on the above:

Lt =0, LY =0 (3.3)

in the above, the L* are the 10-beins, L* and L* = (L*)! are spinor 16-beins,
and the LAY are the tensors called ”Cartan H connections”.

The important feature of the Cartan forms that makes them convenient way
to express the symmetries of the group is s Maurer-Cartan equation that gives
their external derivative. The external derivative d takes the Cartan 1-forms
into the 2-forms as follows:

dLA = %Z fA-LB A LS (3.4)
BC

where f#. are the structure constants that determine the commutation relations
on the Lie algebra. We can then write:

ALt = —LM ALY — %L, A LP (35)
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dL® = —EL“”(V“”)% ANLP + @;Lu(n7+7u)g ALP (3.6)
dL% = I () A TP ~ %U‘(nww)g AP (3.7)
dL™ = LY ALY 4+ L7 A L% 4 20%(F M) p A LP (3.8)
dL¥ = L* A LM + L*(Y Y )ap A LP (3.9)

with the similar ones for L=% and L7’
From here on we can suppress the wedge product symbols keeping in mind
the standard properties of the wedge product between the vectors and spinors:

LMY = —LYLF,  LFL® = —L°[*, L[°L° =LPL* (3.10)

from here also we temporarily suppress the factor of . We will eventually
recover it by the following re-scaling:

L* — p2L#, L — L#, L® - uL*, z# — plzh, ¢ — /1(6 )
3.11

3.2 Action on Flat Space

We want to draw the analogy between the pp-wave R-R case and the flat space
case. To do that lets recall the form of the flat space GS Lagrangian [1]:

Lot = Lifiat + Lofiat (3.12)
1
Liflar = —iﬁgabngng (3.13)
where ~ ~
IY = 0, X¥ — 1074 3,6 — i07"9,0 (3.14)

is not to be confused with our Il matrix.
Loflar = —i€®(0pX* — i07"0,0 — 107"0,0)07" 540 + h.c (3.15)

It is obvious that the TT# from equation 3.14 was constructed to possess all the
reparametrization invariances and the global supersymmetries. As such it is
nothing more then the vielbein L‘;, ot analogous to our Cartan form L. and
given by:

(L:?)ﬂat = aaXM(Lf/!)flat (316)

To see that the TI is indeed a Cartan form for the flat space we can then use
the commutators and anti-commutators of flat space:

[PH,P']=0, {Qa,Qp} = —2inhsP" (3.17)
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to write the Maurer-Cartan equation for the L%, and L$,,
ALYy, = 0 Adat — iL$1,, 705 A Ly, (3.18)
dL$,, =0ANdb (3.19)
from which we get the:
L?lat = dz* — i05*d6 ~ i05"dab (3.20)
which is equivalent to the equation 3.14, and
L§q = dO* (3.21)

Being subject to all the (super)symmetries of the background, the Lsfiq; term
also has to be a closed form constructed from the flat L forms. From the
equations 3.15, 3.20 and 3.21 it is not hard to see that it is in effect a 3-form
given by:

Loftar = 4 " Hyrar (3.22)
Hitat = iLlleatL?lat;ygﬁL?lat + h.c.
With the coefficient of the H ;q; being given by the condition of « invariance.

What we attempt to do in the rest of this section is find the analogous action
for the pp-wave case with the Cartan forms as defined above.

3.3 Action on the pp-wave R-R space

Metsaev [8] gives four conditions (some of which are not completely indepen-
dent) that the action that the superstring action must satisfy:

a) Its bosonic part is the standard e-model in the pp-wave background.
b) It has global super-invariance with respect to supersymmetry given above.
¢) It is invariant under local k-symmetry.

d) It reduces to the standard Green-Schwarz type IIB superstring action in the
flat space (p — 0) limit.

Such an action would have its leading fermionic term contain required coupling
to the R-R five form background field.

As in the flat space this action will be given by the sum of the o-model term
L1 and the term responsible to ensure the xk-symmetry. £ = d~'H. Again, in
order to satisfy the invariance with respect to the symmetry superalgebra both
of those will have to be constructed in terms of the Cartan 1-forms L* and L°.
The strategy will be to find the action in terms of those forms and then find the
forms themselves using the Maurer-Cartan equations 3.5 - 3.9.
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The first thing to note is that under the action of an arbitrary element of
the group G these forms transform as the tangent vectors (and spinors) of the
stability subgroup H. This means that any combination of the L*s and L%s
that is invariant under the stability group transformations will automatically
be invariant under the full transformations of G.

The conditions a) and b) fix the structure of the o-model part of the La-
grangian. It can be obtained by replacing the L‘;lat in the L£;fiq: of the flat
space action by the Cartan 1-forms of the pp-wave R-R background L#. As in
the flat space the L5 part is more difficult but we deduce that, like in the flat
case it will be a closed 3-form built out of the L¥s and L%s that is also invariant
under the transformations generated by the elements of the stability subgroup.

It turns out that the only relevant 3-form satisfying these requirements is
one given by:

H=HI+HI, HI=HI (3.23)
where

HY = iLF Loy LP
While it is difficult to actually prove that this is the only such form we can
demonstrate that it indeed satisfies the requirements. Furthermore the £ com-
posed using this form provides the necessary s-symmetry thus making the action
satisfy the condition c).
First we demonstrate that the form is indeed closed:

dHI = i[dL*LoF4,LP + L#dLF5, LP + LF L) 5d LP)
which we can write using the Maurer-Cartan equations 3.5 - 3.9 as:
dH? = —iL* [V L34 LP + 20030 L L3k 1P

1
——%L“L""('y””);’Lm?agLﬁ + QLMLV(H7+,7V)$LV:Y&BL[3

] 1
~ 7L L5ag L (150 5L + S LM L®%ap L ("7 L7

Splitting this into the parts proportional to L*” and the rest, and using the
following relationship:

TP = T 4 0T — P (329

We can write the part of H proportional to L*¥ as:
1
dM{ = i[- L LY LOLPAfg + S LA L7 (Y07 + 037 — npuoy?lyg LYLP

1
— DAL + 00T — npo7*)apL?” LP

Commuting the L. s according to 3.10 and changing the dummy variables to
match, we get:

N vrv =~ =~ 1 g roa ~ T
dM{ = iL* LY L*LP =Yg + Yag) + 5 LULP7LOLP(%)ag
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1
= ELHLPO'LQL,B(,—YIJ'PU)aﬁ
The remainder is given by:
dH} = L* LY L*(A*TIy 4" ) opLP

We know from 3.10 that L*L? which is present n all the remaining terms is
symmetric under the exchange of indices. We now have to check the matri-
ces (7#°9)ap and (F*IyT7")ap As said before, v#1#* are anti symmetrized
products of k gamma matrices so we can write:

(**)ap = V¥ lap= 177 L+ 7Y o= 1V Y apH Y Y ¥ las =17 77 )as
= (1)a6(7)°7 ()2 + (F)as ()T (¥ + (a3 ()55
~(1)er (1) ()58 = () ar (PP ()55 = (19)ar (7)° (1" )5
where in the last line we have used the fact that the v matrices themselves are
symmetric in the indices. It is obvious that the above is anti-symmetric in the
a and S and that therefore this matrix multiplying the Cartan forms will be
equal to zero. For the (F#IIy*9"),s we have three possible cases: (u=v = +),
(u = 4,v = +) and (&g = 4,v = j). The first will clearly be zero due to
anti-symmetry in u and v in Cartan form part. second we can express as the:
(¥'T)op because of dirac algebra and the third we can anti-symmetrize and

write as: (TIy*5%),p using the anti-commutator: ‘Il = —IIy*. That same
anti-commutator allows us to write:

Yaslly = —Tl 75

thus explicitly showing the anti-symmetry in @ and 8. Similarly, in the (IIy*5% )4
there will be three anti-commutations (IT with 4%, I with 47 and 4* with v7)
ensuring the sign change with the flip of indices.

Therefore these symmetry properties combined with the Maurer-Cartan
equations ensure that in the end dH? = 0 and the form is indeed closed. Because
all Cartan 1-forms in the pp-wave R-R, background reduce to the corresponding
Cartan 1-forms in the flat space background in the appropriate limit the 3-form
‘H given in 3.23 will also reduce to the second part of the Lagrangian given in
3.22 thus ensuring that the action given in terms of these forms satisfies the
condition d).

We can therefore write the Lagrangian in terms of the Cartan forms as
follows:

L=L1+Ls (3.25)

1
L= —§¢§gabLg‘Lg, Lo=d'H (3.26)

The s-symmetry invariance is established in a way similar to that in the flat-
space case. First the variations are defined in terms of Cartan forms and then
the careful algebraic process is followed to make sure of the symmetry including
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the fitting of the variation of the metric. The sketch of the process can be found
in Metsaev [8] and here we only list the actual variations.

62" =0, 80 =2Ltytke (3.27)
8(/39%) = —8i/(L°R® + L&* — %g“bLCRC) + he. (3.28)

With the self-duality constraints of the k-parameter in the complex notation
being given by:
6ab eab ( )
—Kp = —K%, —Rp = —k° 3.29
V9 V9
The importance of the x-symmetry for determining the exact form of the action
is among other things in fixing the coefficient in front of the £y to 1. We will
also use the fixing of the k-symmetry to simplify the differential equations from
which the explicit 2 dimensional form of the action is obtained.

3.4 Explicit form of the action

It is now our goal to obtain the explicit form of the action on pp-wave R-R
background in terms of the fields x and @ that generalizes the equations 3.14
and 3.15. In particular, we would like to express the £y = d~'H part with the
integration given explicitly.

First of all, we choose a particular parametrization of the group element G
from the equation 3.2:

G(z,0) = g(x)g(d),  9(0) = exp(6°Qu + 0°Qu) (3.30)

This parametrization is by no means unique. What it does is specializes the
choice of fermionic coordinates. This particular parametrization is called ” Wess-
Zumino” or W7 parametrization.

To represent the L3 = d~'H term as a density over the two-dimensional
space we rescale § — 0, = 10

Lo=Lo(t=1), Lo=d [HI0)+ /1 dtOyHI(t)] (3.31)
0

From the Maurer-Cartan equations 3.5 to 3.9 we can then read out the differ-
ential equations for the ”shifted” Cartan 1-forms L} = L4 (x, 1)

B,LY = db + 1 /ALy 0% — %Lf(ﬂ’y*’f‘y"&)a (3.32)
QLY = —2i0°5 ,LF — 2623 ;17 (3.33)
ALy = 20% (VM) o LY — 20%(7 M) o L? (3.34)

O LY = —20%(F 4 T0) s L2 + 20%(7 4 MN) o L? (3.35)
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with the similar ones for the 9,L; ¥ and 8thj ", These equations should be
supplemented by the initial conditions:

L#=0 = e“, Lé“l:yo = w“nu, Lgl:O = 0 (3.36)

Where e* is a set of orthogonal unit vectors on the pp-wave geometry (10-bein)
and the w*” is a Lorentz connection between them. Putting these directly into
the equation 3.23 and using the Maurer-Cartan equations again we get:

AHI(t) = —24d(L}0°7 5 LY) (3.37)

and can write: .
R / dtLF0°Fag Ll + hc. (3.38)

0

and therefore, finally:
1 1 - -
L= =5VagLELE =% [ dte L (6% Lf, + 0Tapll) (339
0

What remains to be done now is expressing the Lagrangian 3.39 in terms
of some set of bosonic and fermionic vielbeins related to the fields z and § and
then proceeding as in the flat space case to fix the light-cone gauge in which we
can hope to obtain simple equations of motion. This light-cone gauge fixing is
done in two parts [1], first fixing the fermionic light-cone gauge through the use
of k-symmetry to set 3+t = 0 and then using the conformal invariance to set
\/Z]g“b = 7™ and the residual diffeomorphism symmetry to set z+ = p*r.

While it is possible to do things in this order in this case as well [8], the
system of differential equations 3.32 to 3.35 simplifies considerably once we
impose the fermionic light cone gauge. What we begin with, therefore, is solving
these equations in the fermionic gauge 6 = 0.

First of all we can write 3.33 for u = +

oL = —2i0°5} ,Lf — 26°5} ,L] (3.40)

which is obviously proportional to the ¥ and is therefore equal to zero. To-
gether with the initial condition from 3.36 this means that:

Ly =e* (3.41)

We then multiply the equation 3.32 by the 4T getting:

B (FTL) = 7df + 1/4L 3Ty — -;—Lf’y+l'['y+'7"0 (3.42)

v v 1 _
= 1/4L" {7, y*}0 - §Lé‘{7+,ﬂfy+v“}9

which is equal to zero because L™* = 0 by construction, and those are the
multipliers of the only terms with the non zero anti-commutators. We therefore
have 8;(¥* L) = 0 and therefore, with initial conditions:

FTLE =0 (3.43)
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We can use this in the equation 3.33 for p = I inserting the decomposition of
unity 1 = 3(7*5~ +~~%*) between the s and L®s:

1

ALy = —~2i0%5,45

__ s reg 1 __ .
(7 + LY - 2009 55 (7Y YL (3449)

Because v" anti-commutes with v/ this then disappears as v+ annihilates, either
# using the light-cone gauge condition, or the Lf using the equation 3.43. Once
again, 8, L] = 0 together with initial conditions gives us:

Li=¢l (3.45)

So far we have only chosen parametrization of the fermionic coordiantes. To
simplify our expressions even further we can choose the bosonic bodies of the
Cartan H connections L¥” and L*7 to be equal to zero.

wh =0, W' =0 (3.46)

Together with the light-cone gauge condition, in the manner similar to above
this leads to: B »
Ly =L{7 =0 (3.47)

We can then go back to the equation 3.32 and write:
8Ly = df — %Lé‘l‘[{fﬁ,ﬁ“} = df — ieTTIO (3.48)

or:
Ly = t(d6 — ie*T10) (3.49)

finally, using this in the equation 3.33 for © = — we obtain:

O Ly = —2it(67~dO + 67~ df) — 4teT 65110 (3.50)
Solving for ¢ and setting t = 1 we get:

L™ =e™ — (67 df + 67 df) — 2¢Oy~ 110 (3.51)

Only thing that remains is to find the appropriate expression for the bosonic
10-beins e* consistent with the 3.46. The choice that parallels the flat space
case most closely is:

1
et =dzt, e =dz” - Qm?dzﬂ e! = dx! (3.52)

Simply inserting the thus obtained Cartan forms into the expressions for £ and
restoring the y dependance we get:

L= —I%ﬁgab(28az+8b:c_ — w222 d,xt O™ + B,a' Byx!) (3.53)

—iy/gg* 0z (077 0,0 + 077 840 + 210,27 20id,x 077 116)
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Lo = 1€z t07~ 80 + h.c (3.54)

where the second term is straightforwardly obtained by the integration of the
expression 3.38.
This lagrangian can be rewriten in such a way as to separate the bosonic
and fermionic components.
L=Lp+LFp (3.55)

where:
1
Lg= —1—2-\/§gab(23az+6bm_ — u2m§8Gz+8bm+ + Bamlabxl) (3.56)
is a standard bosonic sigma model on the pp-wave geometry. And
Lr = —iy/gg®0ha™ (077 0,0 + 677 9,0 + 268,27+ 2id,x 657 TI6) +  (3.57)
1€ 0,z (077 850 + 07 0,8)
We can now proceed to fix the bosonic light-cone gauge
\/ggab — nab’ __n-r‘r — naa =1 (3.58)

Again we have a residual diffeomorphism freedom that we can use to set the 7
direction along one of the z coordinates. We choose £+ and write:

-+

at(r,0) =pr , (3.59)

Writing the Lagrangians in this gauge we get:
1
Lp = =5[0uz'0" + (up*)*(=")?] (3.60)

Lrp =i(07 0,0 + 05 0,0 + 07 0,0 + 077 9,0) — 2(up™)07 110  (3.61)
With the .

et = (@ +z” 3.62

ﬁ( ) (3.62)

and the complex Wey! spinor 4 split into two real Majorana-Weyl spinors given
by:
1

V2

Lagrangian can also be written as:

9 (0* +i6%), 0= —i6?) (3.63)

1 1
VoA

+

L= %(mxla_m' ~m?a?), m=ptu (3.64)

Lr=i(0'370,0" + 0> 0_6% — 2mp'5~16?) (3.65)

Which is the way they are given in [9].
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Chapter 4

Canonical quantization

4.1 Equations of motion

First we get the equations of motion from the Lagrangain through the standard
Euler-Lagrange method:

which in our case translate to:
9,0z +m?z’ =0 (4.2)
8,0 —mIle? =0, 9_6%+mllo* =0 (4.3)

for the bosonic and fermionic fields respectively. In addition, given that we are
dealing with the closed string, we also have periodicity condition:

e+ 1,7) =2 (0,7), @ (c+1,7)=06"(0T) (4.4)
The solutions of these are:
1 . 1
o1 (0,7) = cosmr)eh + —sin(mr)ph +i 3 = (040, 7)ok + g0 7)o
n#0 n
(4.5)
n kn
6 (0, 1) = cos(mr)6} +sin(m7)II67 + Z en(l (o, 7)0L +in<pfl(a, 7)I162)
n#0
(4.6)
6%(o, 7) = cos(m7)8% —sin(m7)116} + cnli (o, 7)02 —iwwl g, 7116}
0 0 n n n n
nF£0 m
(4.7}

where:

ol (0,7) = exp[~i(wnT ~ kno)], ©2(0,7) = exp[~i(wnT + kno)]  (4.8)

and
wn=VkZ+m2, n>0 w,=+vVkZ+m? n<0 (4.9)
kn =210,  Cn m = n n=+1,42,..

B \/m2 + (wn - kn)2 \/2wn(wn - kn)’

(4.10)
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4.2 Stress-Energy tensor and the z~

Before we proceed with quantizing the action, let us derive the relationship
between the £~ and the other x fields in the light cone gauge. This calculation
will be of use in a number of different places, starting with the derivation of the
canonical equations.

In both, bosonic and the GS theory on the flat space, going to the light-
cone gauge not only simplifies the z+ coordinate considerably but also defines
the more complicated = embedding function, fully as a quadratic combination
of the remaining z* functions [1]. This relationship comes from the Virasoro
constraint conditions, which demand the vanishing of the stress-energy tensor

1 68
“0 = =k 5haP

~

(4.11)

Given that the diagonal components of T wanish automatically as a consequence
of the Weyl symmetry the remaining Virasoro constraints are:

T++ = T__ = O (412)

The vanishing of the Stress Energy Tensor is a requirement for the equivalence
between Nambu and the Poincare formulations of the string theory and therefore
of great importance. In flat space the Virasoro constraints give the equation:

(#+4)2=0 (4.13)
and therefore:

1 . .
(&~ +47) = 2F(a’:i + £%)2 (4.14)

The Virasoro conditions hold in more or less the same form in the pp-wave
R-R background as well. The difference is that the relatively simple formula
4.13 is replaced by a more general one derived from 4.12.

In order to use 4.12 we need to derive the stress-energy tensor. It is easiest
to do that from the form of the Lagrangian with the explicit g dependance
3.53. Performing the functional derivative 4.11 we get the:

T++ = 26+fl;+8+113-— - /.L2IE,L2(9+$+8+33+ + (9+miz9+:vi (415)
—i0, (077040 + 077040 + 2ipd, 2077 110,6] =0
which can also be written as:
Tyy =2p70,0™ —m22? + (8,.2%)? + 2i04570,04 — 4imf* 57118 (4.16)

with A going over 1 and 2. Here one factor of p* has been absorbed into each
pair of #s in order to remain consistent to Metsaev notation [9]. In the same
fashion we get:

T _ =273 z~ —m?z? + (0_z*)% + 2045~ 0_64 — 4imf*5116°  (4.17)
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We can therefore get the following constraints on the derivatives on z7:

dya = —ﬁ;[—msz + (04272 + 2605~ 0,64 — 2mO 5 TI62)]  (4.18)

ot = —%%[—m%c? 4 (D_a')? + 2i(645~0_0% — 2mA'yTI6?)]  (4.19)

or, in terms of the ¢ and 7 derivatives:

L 1 i) cipAe— g
£ = —p—+[:1::1: + (6457 64)] (4.20)
1.1 ... o A .
i = F[E(:b’dc’ + #1° — m22'zt) + (047764 — 2meATI0%)]  (4.21)

These will be used later to give the exact value of the £~ in terms of the oscil-
lators but for now they will be used in calculating the phase space Lagrangian.

4.3 Hamiltonian and the canonical equations

Next step in quantizing the action is to derive the classical Poisson-Dirac brack-
ets for the oscillators in the above equations and promote them to the equal-time
(anti)commutators of quantum coordinates. We follow Metsaev [8] and derive
the classical brackets by going to the phase-space formulation. We will use this
formulation to derive the Hamiltonian and the Noether charges of the superal-
gebra as well.

Given that we will be making a Legendre transformation (transformation
into the frame governed by the canonical momentum) with respect to the bosonic
coordinates only, it simplifies our calculation to separate out the parts of the
Lagrangian that do not depend on the 7 derivative of the bosonic fields.

We go back to the equations 3.55 - 3.57 with the bosonic light-cone gauge
still not fixed and rewrite Lagrangian in the following form:

1 1
L =—h®d,z ™ ~ 5ha”aaa;’a,,ac’ + —2—h“b8aa:+8bz+B +0,2TA® +C (4.22)

where:
hab — \/ggab, hTThoo — (h‘ra)Z = -1 (4.23)
and _ ~ .
A% = —ih® (077 8,0 + 05~ 0p0) + i€ (076 + 677 6) (4.24)
B = p’z? + 4077110 (4.25)
C = —igt (6570 + 6570) (4.26)

With dot and prime being the derivatives over 7 and o respectively. We can
now easily get the canonical momenta for the bosonic coordinates:

_ac
£ s

(4.27)
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gives:
Pt =—h"T3T — K%t (4.28)
Pl = —hm it - hod! (4.29)
P~ =—-h""%" —h™%" + A" — BP* (4.30)
We can then write out the phase-space Lagrangian:
1
L=Pti~ +P gt + 2117(27#79' +2¢%E™ + (PTPY —£T41)B)  (4.31)
hT + .- -4t 1 + TO A+ AT At AC
+——(Pti~ + P 3T) — —(PT +h™%H)A” +£TA° + C

hr‘r hr‘r

1.0 L 2 oy Mo
+P'z +2hTT(PI +$1)+7]7_‘;,P T
Now, we can impose the light cone gauge:

et=7, Pr=pt, K" =-pt (4.32)

Inserting this into the equation above we get the light-cone gauge form of the
phase-space Langrangian:

1 T0

I
— e (TR (T T
L= 2p+(p )°B pe pTE7)+ A (4.33)

TR S S N oY
+P'z ~ (P} +z1)—p—+Pm

2p+
and
C=0 (4.34)

We now reinsert the A and B functions back into the Lagrangian and get:
L =Pla! +ipt (056 + 036) — 2}%(?,2 + 22 + pt2(z? + 4677 110))  (4.35)
+i(056 + 078)
—Z;(p“‘;i‘ +PIE +ipt (6776 + 659)
Where the entire last line is equal to zero due to the constraint 4.20 leaving the:
L="Pil +ip* (076 + 650) — é;1;(795 + &% + pt2(2? + 4677 19))  (4.36)

+i(076 + 650)

Which gives us the equation for the Hamiltonian density:

1 _ ., .z
H = —2?(73? + #% 4+ pT2(2? + 46077 116)) + +4i(6776 + 670) (4.37)




Chapter 4. Canonical quantization 29

which together with 4.21 confirms that as in the flat case we have:
H=P" (4.38)

From the above Lagrangian we can also easily derive the the canonical momenta
for the fermionic coordinates §“ and 6%:

9L _ . +58s
Pa = an =W 0", (4.39)
and 8£
Do = =ipT0°5;, (4.40)
80"

We can now write down the classical Poisson-Dirac brackets:

[P1(o),27(¢")] = 6" 6(0,0") (4.41)
(P(0),0°(5")} = 3" )36(0, ") (4.42)
(76(0), 8°(s")} = 5 (r*3")56(a, ") (4.43)

where % 5(¥797) has been inserted to maintain the light-cone gauge condition on
fs and Gs Usmg the equations for the fermionic momenta 4.39 and 4.40 and
the properties of the v matrices we can rewrite the last two as:

iled B¢\ — +yaB
{6%(0),0°(d")} = 2p+ (7 )*#8(a,0") (4.44)
or in the alternative notation:
{042 988} = ; (vF)*#54B§(5, ") (4.45)

Using those, the Equations for the fields 4.5 - 4.10 and the expression for the
canonical momentum that comes directly from 4.5:

P!, 7) = cos(m7)p) — msin(m7)z{ + Z(d);(ar)a}f + ¢2(a7)a) (4.46)
n#o0

we can obtain the commutation relations for the modes «,, and 6,,. Equation
4.41 can be written as:

[P!(0),27(0")] = cos?(m)[pg, 23] — sin®(m7)[z5, pg] (4.47)
+sin(m*r)cos(m‘r)(%@o, 0] —mlzd, z7])

+4 Z —-i[(wn+wm)r—(k"a+kmo’)} [a}‘I’ airlr.ll]+e—i[(wn+wm)‘r~(kn0—kma')] [Ol:LI, a?rl]]

n, 7n
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—1 +wm )T+ (kno—kmo’ 25 1J71,—i[(wn kno4-kmao’ 2 _2J
e llntwm)T+no—kma N [o2] | G10)g=illon +um)TH(knothma (g2 | 2]

_5IJ5 0,’ _5IJZ 2irn{c—0c')
n=0

by simply matching the terms we obtain the following Poisson-Dirac brackets:
plad) =67, [oZ,af’) = swnbnind! 87 (4.48)
and in the same fashion, Equation 4.45 leads to the bracket:

{aIa 9.7[7} —

m'n

;1_( +)aﬁ51'.75m+n (4'49)

4.4 Noether charges and the superalgebra

Another thing that we can do before proceeding with quantization is deriving
the Noether charges that generate the symmetries of the action. Given that
the symmetries are not manifest in the light-cone gauge, expressing the Noether
charges explicitely is the best way to demonstrate them. In addition, those
charges are important in formulating the superstring field theory in the light-
cone gauge [18].

The difficulties introduced by the light-cone gauge manifest themselves in
the symmetries involving the £~ embedding function and their fermionic equiv-
alents. We can therefore divide the generators into the two groups, one whose
generators not change significantly by the introduction of the light-cone gauge,
and are thus quadratic in the string fields, and the other whose generators re-
ceive higher order interaction dependent corrections. Those two groups are:

P, PLog¥, e, QY QF (4.50)
the simple ones, which Metsaev (8] calls kinematical generators and:
P, Q, @ (4.51)

referred to as the dynamical generators. In the above the Q) generator has been
split into kinematical and dynamical part according to:

Q' =37 Q=7 R (452)
We follow the standard way of obtaining the Noether charges stating with
the conserved currents [19]. The method consists of obtaining the currents based
on the localization of the parameters of the associated global transformation and
then obtaining the charges as the integrals of those currents.
Noether equation for the currents is:

j* = Z a(a 5% (4.53)
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Where ¢ are the fields related by the symmetry. We will use this formula
to find those currents that are related by the symmetries that do not involve
compensating k-symmetries to preserve the light-cone gauge. We will find the
remaining currents by using the form of the action with both light-cone gauge
and the s-symmetries fixed. We start with the translations and rotations derived
originally from the Killing vectors and given in the equations 2.56 - 2.58. Once
again, those symmetries are:

ozE = o (4.54)

associated with the translations P¥,
6z = ¢y psin(uz )z, oz’ = ¢fcos(uz™) (4.55)
associated with ”translations” P7,

1
6™ = dj cos(uzM)zr, oz’ = d;;sin(paﬁ) (4.56)

associated with the rotations J+!
ozt =e2l, 60, = Ze” (v19)*Pg4 (4.57)
with ¥/ antisymmetric, associated with SO(4) rotations J¥. And exactly same
ones for the SO(4) rotations J*7 .
Using the equation 4.53 and the above we then get:
P+a - _\/ggababx+ (4.58)

Ple = — /g9®[cos(uxT)Bpx™ + psin(pzt)z! Gpat (4.59)
P4 = — /59 (O™ + 107 0p8 + 107 0 — 230 — 4uf7 IOz ™| (4.60)
+€2[i07~ 846 + h.c.]

1
Jtie = —\/Eg“b[; sin pzt Oz’ — cos(uz ™)z BpzT] (4.61)

JHe = —\/ﬁgab[wi(%mj — 29 0yx — 1077700, — eab[%ﬁﬁ_'yim +h.c] (4.62)
T = — fgg° [z ya? — 27 By’ ~ 167 7" 98y t] (4.63)
—e“b[%e'_y_'yi'jIO + h.c)]

The invariances with respect to the super-transformations that do not require
compensating & transformations are:

50 = e e 5 = ¢ Mg, (4.64)

5z~ = —iee™® 1§ — jgeiz " Tp (4.65)
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which lead to conserved super-currents:

Q*e = —2y ¢ (, /gg Oz 0 + ¢ Byzt O) (4.66)
ot = —25~ e~ (/5082 +f + 3zt 6) (4.67)

We can now use those to calculate the actual charges using the equation:
G= / &G (4.68)

Writing those and including the light-cone gauge conditions we get:

Pt =pt (4.69)
Pl = /cos(mT)'PI + msin(m7)z p* (4.70)
JH = / isin(m‘r)’P’ — cos(m7)z p* (4.71)
Qt = / 2ty et™g (4.72)
Qt = / 2pty=e~imilg (4.73)
J = / P — TPt — iy 48 (4.74)
J = /mi’Pj’ — P - iéﬁ_'yi’jla (4.75)

Out of the three remaining,”dynamical” charges, P~ has already been de-
rived as a Hamiltonian in the equation 4.37 and is given by:

1 _ L.
P = / —-2-5;(17,2 + #2 +pT2(2? + 4ub7110)) + +i(6770 + 050)  (4.76)

The remaining two supercharges Q~ and Q~ are somewhat more compli-
cated to derive from the symmetries because we would need to use the &-
symmetry as well. Instead we can derive them from the commutation relations
of the superalgebra in the following way:

First we re-express the commutators from the equations 2.70 - 2.73 in terms
of Q1 and @~ as given in 4.52:

9, Q%) = 2QE ()8 (4.77)

177, Q] = 2@E (NS (479)

U, Qal = 5@ (r™)E (479)
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U, Q3] = 2 @5 (rE (480)

[P,Qz] = SQ3(Iy*)8 (481)

[P~,Q7] =iQ}T (4.82)

{QF, Q%) = —2iyapP™ (4.83)

{QF,Q5} = =iV Y )P’ = V7 F)apd ' = (T7 7 ap ™ (4.84)
{Qz,Q5} = ~2iv P~ + (Y Y M)apJ¥ + (7+7" 7 Mg (4.85)

Because we know the form of all the other charges, we can now derive the
Q™ = [ Q7. We start with the general anzats:

QT = P’A{o +zfAl9 + 4" B'g (4.86)
and can, using the equations 4.71, 4.72, and the above commutators write:
[sin(m7)P’ — mcos(mr)z’, PTAL0 + 2" AL9 + £BT0) = 2mA e™™ 9 (4.87)
sin(m7)AL[P7, 2T] — mcos(m7)Al[z’, PT] = 2m7y! ™I
we can then use the Poisson-Dirac brackets 4.41 - 4.45to write:
sin(m7) Al + mcos(mr) Al = 2m7T ™ (4.88)
In the exact same fashion, equation 4.70 leads to:
~— msin(m7) Al + cos(m7) A} = 2im7y e (4.89)
The two above equations are solved by:
Al =231 Al =2im5'TI (4.90)
And we thus have:
Q" =2P'3%9 4 2imz'5'116 + ' BTO (4.91)

and a very similar expression for Q~°.
We use the conservation law for the super-current Q e

;277 +0,27°=0 (4.92)
to determine the B! = —23' and thus we can write:
Q = / 2P1519 — 247319 4+ 2ima’5' 110 (4.93)

Q = / 2P 716 — 241510 + 2im2'5'116 (4.94)
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4.5 Quantization

What remains is to actually perform the quantization. In this we follow Metsaev
and Tseytlin [9]. The quantization is done in the standard way by promoting
the coordinates and the momenta of the Fourier components in the equations:
4.5 - 4.10 to operators and replacing the poison (anti)brackets given in 4.48-4.49
by the appropriate equal-time (anti)commutators using the rules:

{-: ~}classical - i{'v -}quantumy [-7 -]classical - ’i[., ']quantum (4'95)

With that, we can write:

[ph, z3] = —is"’ (4.96)
o, 0] ) = %wmémMé’ 1677 (497)
{670,6:7%) = %(7*)""5” mn (4.98)

Hamiltonian is already given by in the equation 4.37:
H= p—1+ / dar[%(?’? + &2 +m?z?)+2im0'7116% —i(617~6' — 625 6°)] (4.99)
which can be rewritten with the use of the fermionic equations of motion 4.3 as:
H= :r% / da[%(’P,z + &2+ m22?) + (050" + 62776?)] (4.100)

before we express this in terms of the quantum coordinates it makes sense to
reintroduce those in terms of the creation and annihilation operators:

1 . N 1 .
a(I) = \/%(pé + meé)» a(I) = \/%(p(l) - z'mm(l)) (4.101)
af{l = ,/%aﬁl, aﬁ’ = %di’ (4.102)

Vo1, .2 7 L o1 a2
00 = —ﬁ(eo + 260), 00 = —\7_5(00 — 290) (4.103)

1 1 _
6, = Enf, 0% = —\/—ﬁn;f (4.104)
In terms of those we can write the commutation relations:
alal] =6V, [aZ!, a7 = 6,077 81 4.105)
0> 0 T T
= 1 ~ 1

{03.06} = 30, AR ml?Y = 5 () Pomad™ (4.106)

Where o = 1, ..., 16 and the light-cone gauge condition on fermions reads:

yOE =0, ApE=0 (4.107)
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We can now write the light-cone energy operator while taking care of the normal-
ordering:

E=Ey+ E' + E? (4.108)
where: ~
Bo = p&, & = alad + 2007716, + 4 (4.109)
and:
1 & TI-TT |  Te—l
EI = p_+ an(a‘n ay” +m7 nn) (4110)
n=1 )

In the ET there is no normal-ordering constant because there is an equal number
of the bosonic and fermionic operators and the constants due to the two cancel
out as they do in the flat space case. In the Eg the factor that is obtained from
the commutator of fs: Tr{y*5~II) is equal to zero and therefore the fermionic
zero modes do not contribute to the normal ordering constant. What is left is
the bosonic term: (§ x 8 = 4 which is added.

As in the flat-space we can now define the vacuum as the direct product of
the zero-mode vacuum and the Fock vacuum for the string oscillations, or in
other words:

aploy=0, 0510)y=0, @ai’joy=0, #*0)=0 (4.111)

With the generic states being then obtained by acting with the creation opera-

tors a,a!, 0%, 7E* on the vacuum.

|@) = ®(ao, @n, b0, 7:)|0) (4.112)

As in the flat space case for the GS formalism the physical state condition is
automatically satisfied. Only remaining condition is the level matching condi-
tion that is present for all closed string theories. In this case it can be written
as:

Nqu)PhyS> = N2|q)phy8>’ N = Z kn(aﬁl‘_ﬁ[ + 77711’7_”_77[;) (4.113)

n=1

It is possible to derive these constraints from the stress-energy tensor but here
it suffices to see that in the flat-space limit m — 0 it reduces to the standard
level-matching condition

EY®phys) = E?|@phys) (4.114)

with E given by 4.110.

It is now possible to perform the integrals in the equations 4.70 - 4.75 and
4.93 - 4.94 and obtain explicitly the generators of symmetries. The example of
how this is done can be 4.70:

Pl = /dacos(mr)’PI + msin(m7)zp* (4.115)
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= / dofcos? (m)ph +sin’ (mr)pd +m sin(mT) cos(mT)zl —m sin(mr) cos(m)z{

+ Z[COS(?TLT)(e—i(w"T—k"U)a.}LI + e—i(wn‘r+kn0)ail)
n#0
im —i{wnT—kno) 1T —i(WnTt+kno) 2T
+w_ sin(mr)(e 7 "WrTTEn Yl 4 eTHWnT TR gl
n
We can see immediately that all the terms in the sum will disappear as we are
integrating over the entire length of string, which is to say the full period of o.

What is left simplifies to:
Pl =pl (4.116)

in the exactly same fashion we have:

JH = —ixlp* (4.117)
Qt =2pt7 6 (4.118)
QY =2v/pt7 0o (4.119)

In the remaining ones we have terms with the products of the exponentials.
In some of those the ¢ dependent term will disappear and therefore there will
be terms dependant on the non-zero modes. Performing those integrals we get:

oc
_ ~ 1 7 _ _
PO S S -+ i) (@a20)
I=1,2n=1
where: 1
B = ki — a5 3 06 (4.121)
I==1,2

and finally we have:
1
4 /p+
> m
2 S 1I-T=1 21—11‘[—2 h.c.
+;( wncna’n v T]n+ \/“—;,:cnan Y nn+ C)]
1
-——I[ng:y’ 62 + 2maz {7 116} (4.123)

ol

[o.o) .
I im Iy
+ > (2y@nenad 372 — —\/w:;ai’v’ﬂni + h.c.)]
n=1 -1

Q™" = —=[2pp7"05 — 2mafy TI05 (4.122)

Q=

It is a trivial if somewhat tedious exercise to demonstrate that the com-
mutation relations of the super-algebra can be derived from the above and the
commutations of the oscillators in the equations 4.105-4.106.
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Chapter 5

Supergravity Spectrum

In the last part of their paper, Metsaev and Tseytlin [9] derive the type IIB
supergravity spectrum of the pp-wave background. The supergravity fields of
this spectrum are in one to one correspondence with the lowest energy string
states of the above model. Namely those string states obtained by acting with
the bosonic and fermionic zero-mode creation operators on the vacuum defined
in 4.111.

Represented as the products of Fermionic operators on the vacuum the
lowest-lying states can be expressed as:

|0) - complex scalar

66|0) - spin 1/2 field

808010} - complex 2-form field

6080605|0) - spin 3/2 field

00606080|0) - graviton and self dual 4-form field

... - complex conjugates of the above

We can then act with the bosonic zero mode operators to create the entire
type IIB supergravity spectrum.

Here, we follow the Metsaev and Tseytlin and use the field theoretical ap-
proach based on the work of Schwarz [20] to explicitly derive this spectrum.
We will take the results of the paper [20] as our starting point. To give struc-
ture to what will follow we present the decomposition of the 128+128 physical
transverse supergravity degrees of freedom in the light-cone gauge using the
SO(8) — SO(4) x SO(4) decomposition:

First we have the graviton field. The breakdown of the SO(8) into SO(4) x
SO(4) means that the graviton is not wholly symmetric. Rather its hy; and by
parts will be symmetric (and traceless) but the h;; will have no such constraints.
The graviton therefore decomposes like:

h[_](35) = hij (9) D hi/j/ (9) D hijl(36) (&) h(l) (5.1)

with number in brackets giving the total degrees of freedom of that field.

Similarly we have the 4 - form field which is one of the two fields that
together form the equivalent, for this theory, of the antisymmetric B tensor.
Again, antisymmetry is relaxed for the components mixing the i s with j’ s so
se have the decomposition:

a17kL(35) = iz (16) © ayjirj (18) @ a(1) (5.2)
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where the number of the degrees of freedom of the second component is derived

from the antisymmetry requirement: a;ji'j’ = ——%qjk;ei’ KV agypy

Second heir of the B tensor is the complex 2-form field which with the
similar properties with regard to antisymmetry gives:

bry(56) = b;;(12) @ by (12) @ ;5 (32) (5.3)

Finally last among the bosonic fields are Dilaton and the R-R scalar which
together form what is referred to as the complex scalar field

#(2) (5.4)

The fermionic fields are positive and negative chirality complex spinors.
Negative chirality spinor is A whose light cone projection A® = 13~y X is
a spin 1/2 field
% (16) (5.5)

Positive chirality spinor is a gravitino or the spin 3/2 field which splits
into the y-transverse and ~y-parallel parts:

P(112) = pPH (48) @ v+ (48) @ 2!l (16) (5.6)

5.1 Energy of the massless fields

One of the interesting features of the of this model is that, as in the case of the
AdS supermultiplets and contrary to the flat space, the spectrum of the lowest
eigenvalues of the light-cone energy operator is non-degenerate. The following
method will give us the exact energy values for various fields of the massless
spectrum.

We begin by deriving the Christoffel symbols, Riemann and Ricci tensors
for our metric 1.1. From 1.1 we can read out:

g4+ =42}, g4-=2, gy=-06; g--=0 (5.7
g*t=0, gt =5, V=689, g =ptd (5.8)
The Christoffel symbols of the first kind are then given by:
1
[mn,r] = -2—(8,,ng + OmGyrn — OTGmm) (5.9)
Clearly, the only non zero ones in our case will be:
[+4,+] = [i+, +] = —[++,4] = p’z; (5.10)

The Christofell symbols of the second kind are defined as:

I, =g"°mn,s (5.11)
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Which, for our case gives:
Iy, =I5 =-TI' =—p’z; (5.12)
The Riemman tensor is given by:
Ry sinn = Omfsn, 7} — O[sm, 7] + T2 [rn,p] — T, [rm, p] (5.13)

which in our case gives:
Ripyr=—p° (5.14)

with only other non zero ones being determined by the antisymmetric property
of R. Finally, the Ricci tensor Rgy,, = ¢"™ Rysmn 18 here given by:

Ri+=8u° (5.15)

We can then find the Laplacian of the geometry which will give us the massless
scalar equation !.
V2 = ¢"'V, Vo (5.16)

1
= -V/V+ plzrz/V_V_ + 5(V4V_+V_Vy)

1
= —V1(0r) + pPzrzV_(8.) + 5(v+a_ +V_dy)
= [—8]0[ + PT_Bm] + u2x1$1[8_8_ - F'_n_am] + [8+(9_ - F:'_L_('?m]
=201 + 220 + 07

Where we have used the 8t = d_, 8~ = 8,.,87 = 8; notation in the last line.
We than write: the massless scalar equation:

Vi =[2070" + p?220%2 + %o =0 (5.17)

We now perform the Fourier transform in the = and z! corresponding to the
light-cone description where the ™ is an evolution parameter:

_ dptd®p spte 1plal)
o(e*,z”,z") = Wez(p THE) G (2, pt, pl) (5.18)
The equation now becomes:
(2p* P~ — p?p 22 +p1)E =0 (5.19)

As before, we interpret the quadratic P~ operator as a Hamiltonian for the free
harmonic oscillator in 8 dimensions with mass pt and frequency p:

— - _ 1 2 292

1Here and henceforth I use the symbol V for the covariant derivative in breach with the
Metsaev’s notation.
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If we introduce the standard creation and annihilation operators:

Il

o! . =1 J 17
(p' —md,), a'= (p' +md,), [a',a’]=4 (5.21)
\/_— \/—

we can write the Hamiltonian, taking care of normal ordering:

1
H = §u(c‘11a1 +afa’) = ua’a’ +4) (5.22)

where 4 comes from 4= 2 ,D = 10. Solution of the 5.17 is then found as
usual by acting by o on a vacuum satisfying the a’{0) = 0.

Not all the equations we will deal with are of the same form as 5.17. We will
therefore need the following generalization:

(V2 + 2ipcdt)p(z) = 0 (5.23)

where V? is same as defined above and the c is an arbitrary constant. The
Hamiltonian then would be:

2452
p? —m?282
H=-pP" ———-2—1-)1—L + pe=pla’a’ +44¢) (5.24)

so the lowest energy value will be given by:

Ey=p& =pud+c) (5.25)
As we discuss the various fields of the supergravity we will be able to reduce

their equations of motion to the form 5.23 and will therefore be able to obtain
their lowest energy values.

5.2 Bosonic Fields

Complex scalar field
The dilaton and the R-R scalar do not interact with the 5-form background,
so they satisfy the 5.17
V=0 (5.26)
and therefore:
Eo(d) =4 (5.27)
Complex 2-form field
We begin with the result from [20] which gives the nonlinear equations de-
termining the complex two form field By,y:
V™ Gommama = PG’ - %le__,msama'"ms (5.28)

mmimsg

where Gape = 30(, By We are interested in the equation for the small fluctua-
tions Byun = by in the pp-wave background, with P, = 0, using the light-cone
gauge:

b =0 (5.29)
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Based on 5.29 we can write:
G_IJ = B_b”, G].__ =0 (530)

It is sufficient to analyze the equation 5.28 for the following values of the indices:
(m1,ma): (—,I) and (I,J). From the definition of the covariant derivative we
have:

quu[J = gV”[a,,G,uJ — FZVGa]J — F‘IIUG“aJ — F?,JG“[G] (5.31)

= g""(0,Gurs) — (94 T4 +297°T4)Gars — gH* T, Gy — ™15, Gur -
= g""(3Gurs) — 29" T, G-y
= QV"(auGﬂIJ)
=0,G_15+0_Gyr5+0kGirs + p*a30_G_1;

and in the very similar fashion:
V™G = (9_G+_1 +3kGr_1 (5.32)

where the remaining terms are missing because of the 5.30. Simply combining
the equations 5.32 and the 5.28 we get:

O_by; = Okgbkr (5.33)
Similarly, we can expand the equation 5.31 in terms of b.
VHGurg = 040_bry+0_0bry —0_0rbyy — 0_0sbry (5.34)

+0xOkbry + OxOrbrk + Ok Isbky + pzwr;’a_a_b” = V2b1J

because middle four terms cancel out according to the 5.33 We now use the
equation 5.28 and the fact that the only surviving R-R fields are the F 1234 =
F 5678 = 2p to derive:

Fijrmamams =0 (5.35)

I'_‘ij.'mgmﬂn.sGmsm(lm5 = 6N5ijkla+bkl (536)

and therefore we can write the equations for the physical modes by ;:

V2bij/ =0, V2bij + 27:/116ijk:l3+bkl =0, Vzbi/j/ + 2iN€i'j’k'l’a+bk'l’ =0
(5.37)
Therefore, using the results of the previous section the lowest energy level for
the bij' is E(byy» = 4. To figure it out for the remaining fields we need to
decompose the antisymmetric field b;; into the irreducible tensors of the SO(4)
algebra:

1 1

we then have:

(V2 +4ipd )b =0,  (V? — 4ipd, )b§ =0 (5.39)
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and the exact equivalent for the by ;. We can therefore write the lowest energy
values for all the complex 2-form fields:

Eo(b) =&(5,) =2, &OE)=&0E,) =6, Eolby)=4 (5.40)

Graviton and 4-form field

The calculation for the case of Graviton and the 4-form field is very similar
to the one we just performed. The difference is that the fluctuation modes of
the two are mixed and need to be considered together. Again, we begin with
the full nonlinear equations:

1

1
le...m5 = _5\/ _geml..Am5n1...n5Fn1mn5 (542)
VTR, . =0 5.43
2 5
le...m5 = 5a[m1 Am2...m5] (5'44)

We can then expand in the neighborhood of the pp-wave R-R background,
treating the graviton as the correction to the metric and the 4-form a5 as
similarly related to the 5-form field F:

\

Gmn = Gmn + Pnn (5.45)
Aml..me = Amy.mg T Cmymy (5'46)
Ry — Rypn + T (547)
le.‘.“ITL5 - F7n1...7n5 + fmlmms (548)

Where R is a Ricci tensor as calculated in 5.15 and pick the light-cone gauge
for the hppn and am, .. .m,:

h_m=0, O mamam, =0 (5.49)
We can then write the linearized form of the Einstein equation 5.41

1
Tmn = éz(mel...mq ’I?I:nlmmd + mel--~m4 ’:LnlmmA (550)

— m3... M5 L, N1Ns5
4an1ms.--mann2 3

This follows directly from the 5.41 by taking the first order in fluctuations. In
the similar fashion we can derive the fluctuation in the Ricci tensor straight
from the Ricci tensor equation by considering the fluctuations in the metric:

(=V2hn + Vo VERn + Vi VL — Vi Vo hE (5.51)

DO =

Tmn =

+2Rmmymanh™ ™ + Rypich® + Ruphk)
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We use the combination of the two last equations to establish the number of
conditions for the modes of the graviton. First of all we can consider the (mn) =
(——) components. For those the equation 5.50 clearly gives zero because any
F tensor with a — index disappears. On the other hand, the light-cone gauge
condition 5.49 and the known properties of the Riemman and Ricci tensors 5.14,
5.15 ensures that almost all elements in the equation 5.51 go to zero. Specifically,
all the ones with a — index either in the h or in either of Rs. The only survivor
will be the 4th term that consists only of the trace of the transverse modes of
the graviton. By combining these two results we get the zero-trace condition on
the transverse modes:

' hir=0 (5.52)

The similar consideration can be applied to the components (mn) = (—1I) again,
the — will suffice to ensure r_; = 0 from the equation 5.50 as well as most of
the terms in 5.51. With trace term set to zero by the above consideration, the
only remaining one term will be the V™h,,,; one leading to the constraint:

V™ hy = 0 (5.53)

In conjunction with the light-cone gauge conditions this leads to the constraint
akin to the one for the 2-form field:

a_h_H = —dyhyy (5.54)

We now need a similar expression for the field a. We derive it from the self-
duality condition on 5-form F, equations 5.43,5.2. Considering the components
(I1I21314—) of the 5-form we derive the:

O_ayg 1,0, = —05051 11, (5.55)

We can also rewrite the equation 5.42 in terms of the ajjx 1 as:

1
Oly.ds = = g€l dad Ja Oy .. s (5.56)

Putting the above the results into the equations 5.50 and 5.51 and solving for
the components (mn) = (++) we obtain the expression for the k. component
of the gravition in terms of the transverse modes:

(8- hyy = 0185k (5.57)

We now consider the transverse directions, four by four. The first thing we
notice is that by using the constraints on h from equations 5.52,5.54 and 5.57,
together with the light-cone gauge condition, we can eliminate all the terms in
the equation 5.51 except the first, being left with:

1
Tij = —§v2hi]’ (558)
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In the same way, the conditions on a, together with the self-duality condition
give the following simplification for the equation 5.50:

1
Tij = ubi;0-a, a= ‘éfil..uail...u (5.59)
So we get the equation combining the SO(4) part of the graviton with pseudo-
scalar part of the 4-form potential:

V2hj +2u8_a =0 5.60
¥

Using the constraints on a and the equation 5.43, in a very similar way we get
the parallel equation:
V2a — 8phy; =0 (5.61)

to get those equations in the requisite form 5.23 we need to diagonalize them
by introducing the traceless graviton and the complex scalar:

1
hi5 = hij — 79 hwr (5.62)
h=hy—ia (5.64)
We can then write, again using the _ = 8% identity:
2p1 _
Vehi; =0 (5.65)
(V2 - 8iudt)h =0 (5.66)
(V24 8ipd")h =0 (5.67)

So we get the lowest energy levels for the gravitons:
Eo(hi; =4, &) =0, &(h)=38 (5.68)

With the same results for the other four transverse directions.
We can now apply the exactly the same analysis (equations 5.50, 5.51 and
5.43) to obtain the equations for the components mixing the two SO(4)s:

1
V2ai — 4pd_hijy =0,  ay = 3 Citainis Qjisiaia (5.69)

V2hij/ + 4}1«3..(11;]'/ =0 (5.70)

we diagonalize those in the same way, defining the complex tensor:

hij' = hijl + iaij/ (5.71)

hijr = hij’ - ’iaijr (572)
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with the attendant differential equations:

(V2 — 4iu0t)hij = 0 (5.73)
(V2 + 4ip0™)hij =0 (5.74)
So we get the lowest energy eigenvalues:
Eolhij) =2,  Eolhijy) =6 (5.75)
And finally we have:
Vzaiji,j/ =0 (5.76)
and consequently:
Solaijey) =4 (5.77)

5.3 Fermionic Fields

Spin 1/2 fields

The calculations for the fermionic Spin 1/2 and Spin 3/2 fields are similar to
the ones in Bosonic cases. The starting point non-linear supergravity equations
of motion are still taken from the [20] and adopted to our case. The main
difference is that instead of V™ we now deal with the spinor covariant derivative:

1
Din = O + b7 (5.78)

Again, we use the vielbein basis corresponding to the metric:
2
et =dzt, e =dz - 7x%da:+, e =dz’ (5.79)
We can then write the Spinor covariant derivative explicitely:
2
D_=08_, D;=08, Dy =08~ 7.7;”7“ (5.80)

With this in mind we can write the complex 16-component version of the
Schwarz’s equation of motion for the Majorana-Weyl negative chirality spin
1/2 fields [20]:

i
(Y"Dm — @7"'!--“51?,”1,,.,"5))\ =0 (5.81)

Here the matrices v are given by the:

"= eyt (5.82)

where €)' are the inverses of the Vielbein matrix given above with:

et = eh dz™ (5.83)
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From the form of the F field we know that the indicies m,...m5 in the
above equation can only be (+,1,2,3,4) or (+5,6,7,8) in some antisymmetric
combination. At the same time y*t™1--™s is an antisymmetized product of the
~* and the four v matrices with number indices as above. We also know that
the product of the numbered matrices is given by:

0= (v' 7%y (5.84)

with anti-commutation being taken care with the antisymmetry in the y+™: s
we can write:

yrmms B e = 480py I (5.85)
Using that and the 5.82 equation above we can write the equation of motion as:
2
[y (O~ + %-x%z# —apdl) +470% + 473 A =0 (5.86)
We can then decompose the A as:
A=2% 4 )° (5.87)
Where:
A8 =1+ A =(1-)A (5.88)
or:
A =77yt ) AP =3ty (5.89)

The A® is the light-cone projection of the A. A® is a non-dynamical mode that
we need to express in terms of A®. To do that we need the following properties
of the v matrices:

T =30 - DGO = 3(1-1) =0 (5.90)

2o

1 1
YA =50+ DO+ ) =52+ 27 =" (5.91)

Using the above we can act with 4~ on the equation 5.86 from the right. The
first term disappears and the last we write in terms of A® getting:

20_)8 = 1974+ A® (5.92)

Now we can act with the 25~ 8+ on the equation 5.86 from the right and, using
the above result get:

(V2 = 2iulIot)N® = 0 (5.93)
It is now trivial to further decompose the A® into:
1+1I 1-1I
A =28 408  Ar= -i2——)\, Ap = —5=A (5.94)

getting the equations in the desired form:

(V2= 2ip0M)AE =0, (V2 +2ipd" )\ =0 (5.95)
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Thus finding the lowest energy values for the spin 1/2 fields:
808 =3, &(A) =5 (5.96)

. Spin 3/2 fields
The approach for the Spin 3/2 fields is again very simmiar: we start with
the equation for the gravitino of positive chirality:

ﬁnanm = Dptp — f"'acz.g60ﬂ7n7nlmnanl---ns;Ym'(ﬁn =0, P = ’7n¢n (597)

Which, due to the equation 5.85 is equal to:

_ (I T
5" Db = Dot = 27 Wit = 0 (5.98)
On this we impose the light-cone gauge condition:
P_=0 (5.99)

We can then test the equation 5.98 for the case m = —. The first term disapears
and in the last term 4_ commutes through leaving the entire equation as a
multiple of the psi from which we can read:

we can multiply the above equation by v+ and use 5.91 to obtain:
Yty =0 (5.101)

We can use this to simplify the expression /Iyt 4;40; by commuting the 7’
all the way to the right. We can then write:

Yyt ¥y = 2I05F (65 — v i (5.102)
and the
Yy 3, = =205 (85050 — Yi7})W; (5.103)
and use those in the 5.98 with m = ¢ component to write:

o+ gx%t?*) +370" + 770510 — iyt (85 — i)Y (5.104)

and the equivalent for the m = ¢'.
Now we can divide the 9 into the ¥® and 1© in the same way as in the Spin
1/2 case. Using the very same trick as in that case we end up with:

20-99 =" (778,07 (5.105)

and

V2P — 2pll(6;; — ;)OS (5.106)
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we can now decompose the 1/)? into the v-transverse and y-parallel parts:
.1
PP = (8] — W)Y (5.107)
POl = 7,4@ (5.108)
And for those we get:
(V2 = 2ipTIa* )yt = 0 (5.109)
(V2 — 6iplla+)y®ll =0 (5.110)
splitting into the left and right modes as before we get:
(V2 — 2ipd+ St (5.111)
(V2 + 2ipd+ )&+ (5.112)
(V2 — 6ipo™ )y (5.113)
(V2 + 6iuo ™)y 2l (5.114)
and consequently:
LW =3, &@IH=5 &EEN=1 &@H=7 (5.115)
Similarly:
V22 + 2iull(8iryr — Yy )O-Y5) (5.116)
leading to the
E(Pgr) =5, &®EL) =3 (5.117)

This ends the part of our paper in which we review the work of Metsaev [8]
and Metsaev and Tseytlin [9]. In the last section we will present the results of
our attempt to find the vertex operators for some of the lowest energy states
listed above.
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Chapter 6

Explicit form of = and its
two-point function

6.1 Vertex operator of the graviton

It was our intention to follow up on the work of Metsaev and Tseytlin [9] by
finding the vertex operators for some of the lowest energy states listed above.
While we are able to present the candidate for the vertex operator of the graviton
(and, in the same manner, most of the other lowest energy states) we can not
prove that those are indeed proper vertex operators due to the difficulties in
calculating their conformal dimension. We present the reasoning and some of
the calculations we did in the attempt to calculate the conformal dimension.

As it can be seen from the above, the overall lowest energy state of the
spectrum is one of the components of the graviton field label above as h given
by the equations 5.66 and 5.68. In keeping with the [1] we request that the
Vertex operator for h V(h) satisfies the equation 5.66:

[20_0; + p?229% + 82 — 8iud_|V(h) =0 (6.1)

We can see immediately that the solution of this equation will have to be a
Gaussian so we can write the following anzac form for V(h):

V(h) = exp(Az;z; + kTz™ + ™zt + k'z;) (6.2)
We can then put this into the above equation:
[20_8, + p*x20? + 07 — 8ipd_|V(h) = (6.3)
[Tk~ + p2zlkt k' + 16A 4 4A%2? + 4Ak 'z, + k7 - 8ipkTIV(h) =0

Working in orders of z; we see immediately that the k* = £k~ = 0 and that we
can express the A by:

A= %ulﬁ (6.4)
Putting this in 6.2 and writing & in terms of the momenta p we can write:
i _ 1 _
V(h) = explp* 5z + 27)] = exp[zmaf +p¥a] (6.5)

Method used by Green and Schwarz [15] in calculating the light-cone gauge
Vertex operators is to take a most convenient momentum direction possible
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to prove the properties of the operator and then use the rotation symmetries
to obtain the general form. It is immediately obvious that this method will
not work in our case. Not only are the rotations involving the zt direction
absent from the symmetries of the action but also, the only simplifying choice
of momenta p* = 0 makes the expression above entirely vacuous. We have
therefore to work with the Gaussian forms such as the one given in 6.5 if we are
to learn anything about the vertex operators.

6.2 Two point function of the Vertex Operators

Our main attempt to show that the 6.5 really gives the vertex operator for
the lowest energy state of graviton was by trying to demonstrate that it is
an operator of the anomalous dimension 2. As is well known [1] the anomalous
dimension of the operator is determined by its two point function in the following
way:

(V(z)V(0)) = || (6.6)

Where d is the anomalous dimension of the operator V.

The two point function for the Gaussian operator given in the 6.5, however,
is difficult to calculate. What we chose to do is find the first terms of the Taylor
expansion:

<e%mz?(z)+p+z_ (z)le%mzf(0)+p+m—(0)> - (67)

)
2
and see if we can extrapolate from those. Because both z? and 272 are quadratic

in the creation/anihilation operators it is obvious that this expansion will have
a form:

A+ [zmzi(z) +pt = (2)] + .| + [%mzf(z) +pTz™(2)] + 1)

<e§mw?(z)+p+m‘(z) e%mx?(0)+p+m_(0)> — (6.8)

L+ (Ema(e) +p*a™ (2)|emal(0) + p* 2~ (O)+

1,1 _ ) C
S {(Gma2(2) + p¥a ()P (Gmat(0) + 2 (0))) + ..
It can be seen that this can be rewritten as:

(e%mac?(z)+p+x_ (z)|e%m:c?(0)+p+z_(0)> — (69)

L+ (mad(s) + p72 () 5mal(0) + PPz~ () +

1,4

GIAD)
Where c.t. refers to the cross-terms t.hat come from the two point functions
of the squares and higher powers of (¢ma?(0) + p*z~(0)) are not themselves
included in the corresponding powers of the two point functions of the same.

mxs(z) +pta” (z)[-;-mxf(O) +ptz=(0) + ... +ct
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We thus end with:

(e2mzi(@)+pTa™(2)| o3 mal (0)+pF 2™ (0)y — (6.10)
(amat ()4t e () §mal 00495~ (0)) 4 o p.

Some combinatorics on the cross-terms best done with the use of diagrams
actually shows that, the above can actually be written as:

<e%mz?(z)+p+z‘ (z) Ie%mzf Q) +pTz— (0)) — (6. 11)
[1 + et Je3mei (@ +p7 e @)1§mal©)+p* 2™ ()

The significant amount of information about the anomalous dimension of the
V(h) then rests in the two point function:

)

2mac?(z) + p+a:“(z)|%m:cf(z’) +ptz=(2") (6.12)

(
and in what follows we proceed to calculate this two point function. The hope
was that the cross-terms will prove insignificant in comparison and that we will
be able to extract the two point function of the operator from the exponential
in the 6.11.

6.3 2z~ two point function

We have found two ways for calculating the two point function in 6.12. The
more elegant one involves using the defining properties of ™ in the equations
4.18-4.19 directly and expressing the 6.12 in terms of the two point functions
G(z — ') = (zi(2)|zi(2')). We shall present the entire calculation using this
method. More brute-force approach was to use the 4.18-4.19 and the known
forms of z; in terms of creation/anihilation operators to express the z7 in
terms of as and fs as well, and then calculate the two point function using the
commutation relations. At the end of this chapter we calculate the £~ in terms
of the cretion/anihilation operators and confirm our result using the brute-force
method.
We begin by writing splitting the 6.12 into the components:

(5mal(e) +p*a (gmad() + ptem () = (6.13)

imp* 2, 1 2 ’
5 (27 (2)lzi (= N+p 2z~ (2)|z ("))

Using the G(z — 2') = (z4(2)|z;(2’)) we write the first term as:

T @)+ T (a2 )l () +

- m—z(zf(z)le(z')) =-8x ZmTzG(z ~2') (6.14)

4




Chapter 6. Explicit form of = and its two-point function 52

Where 8 comes from the number of components of z; and 2 is a combinatorics
factor Second and third term cancel each other: to see that we write their
derivatives with respect to o using the equation 4.20 for the o derivative of the
xrT

3o {a? (2)|z™(2)) = —(@}(2)|00r2™ (2')) (6.15)
= —(@i(2)zi(2)|3i(2)E:(2)) = ~G(z — 2)C(2 — &)

Where the minus sign comes from acting on the function of z’ with the derivative.
Each of the Gs will also carry the minus sign because they pick up derivatives
with respect to the primed variable but there are two Gs in the product so those
signs cancel. At the same time:

95z (2)|23(2)) = (9527 ()23 (2") (6.16)
= (@i(2)di(2)|zi(2)2i(2)) = Gz ~ 2')C(z — 2)

so the derivatives of the two terms cancel out, leaving their sum without ¢
dependance. Because the 7 derivative of 2™ is also quadratic in the derivatives
x; exactly same sort of calculation sets the 7 derivative of the sum to zero and
therefore we conclude that the second and third terms cancel out.

Fourth term involving the two point function of £~ is the most difficult one
to calculate. This time we will use the derivatives of the = to calculate the
second derivatives of the function and will then find the way to integrate the
result. In this case it is more convenient to use the plus/minus derivatives of
z~ given in 4.18 and 4.19. Writing those two equations again:

dpx™ = —zpé[—m%:? + (842 + 2i(0457 0,64 — 2mB'57TI6%)]  (6.17)
0z~ = ———[~m2a? + (9_2')? + 20(645~ 064 — 2mp'3TI6?)]  (6.18)

_2p?

we can rewrite them using the equations of motion for fermions:

0,2~ = —2—;_‘—:[—m2xf +(04a7) +26(—0'570,0" +6°70,6%)]  (6.19)

o_at = —%%[—m%f L (O + 2(0'5-0_6" — 623-0_6%)]  (6.20)

it is obvious that we can separate our calculations for the bosonic and
fermionic part of the £~. Doing that we can write:

82 (x™ (2)|z™ (2)bos = —(9-27 (2)|0-r2™ (2))4os = (6.21)

—Flﬁ,((é’—ﬂci(Z))2 — (mai(2))*](9-r2;(2))? — (ma; ()

1
= -8 x 2W[(BEG(Z — 7)) - 2m2(3_G)? + m*G?
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To perform the similar calculation for the fermionic part of the function we
need a brief detour to find the two point functions of §s. Going back to the
Lagrangian:

Lr =i(0'570,6" + 6?3~ 3_6% — 2mo'77116?) (6.22)
we can write this as:
(0 g2 ¥ 04 -my Il 6
bomito o) (T2 TN (0) ea
We can then write the Matrix L as:
. ’7_3+ —m’?‘ﬂ
L=1 ( tmA-T 3-8 ) (6.24)

We now look for projective inverse L# which satisfies:
L=L*LL* (6.25)

finding it to be:

¥#0_ y~#I1 1
# _ _; it +my 4+
L7 = —g ( _m’_?_#n ’7_#3+ > 8+8_ — m2 (626)

NTHO_ my~#I1
Y +my
== ( —myH#T y-#a, ) G(z—-7)

where ¥~ # satisfies:

V=AY (6.27)
and is therefore given by:
=7 (6.28)

‘We therefore have:

#_ . yto.  +mytIl o
L¥ = z( A G(z -2 (6.29)

From which we can read out the two point functions:

(65(2)05(2")) = —in2 40 G(z — ') (6.30)
(05(2)|03(2")) = —i(y M)apmG(z — 2') (6.31)
(Hi(z)lﬁé(z')) = +i(y ) apmG(z — ') (6.32)

(62(2)l05(2)) = —iy350:G(z — 2') (6.33)

With those we can now write the fermionic part of the two point function
for the z~

Bz (22 () er = —(O—z™ (07~ () er = (6.34)
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1 __ _ __ __
= F[("i%pf?—@}s!ffiwaa—%) (0a7op0-051037,50-63)

= —(027250-051037750-05) + (0537250-05657750-63)]
where the fields in the bra part of the bra-ket are always assumed to be functions

of z and the ones in ket functions of 2’
We then write:

(@ éﬁ;ga—aﬁ] ’7758—95) (6.35)
U | 1
= 2T (OH10-6}) L (0_03182) — L (ehiel) L (0_o1a_6})]

where factors of 2 come from the properties of the Majorana spinors and the
minus signs from the standard expectation value properties of the fermions [19).
Taking care of the sign change due to derivative on the 2’ variable we re-write
this as:

(Oa¥ap0-051057,50-63) = (6.36)
= e Tral=0-(01103)0_(03103) + (036107 (6}103)
= e (OC e — #)P — A2 Gl = #)C (e — )]
= 2Tr()(@26 (= ~ #)) - 32G(z ~ £)G(z ~ 2)
= Z[(aic(z — ) - 8G(z - )G (z - 2)]

Where the T'r(77) = 8 in the last line comes from the fact that the 57 is a rank
8 16-dimensional matrix whose eigen-values can be 1 or 0.
In the same fashion we get:

<0a’7;ﬁa—0ﬁ|077768 65) ( a'yaﬁa—oﬁlo ’7'768 06) - (637)
- §m2[(a_c(z )2 -Gz - )Gz — )]
and also:

(0+0-G(z— 2') — 0:G(2 — 2)0:82G(z — ') =
(6.38)

W~ 0o

(9(21’7;;33—0%'0—2{77_58—0?) =
= 2((m*G(z — ) +m20,G(z ~ £)0_C(z ~ )
Adding all the terms and putting them back into 6.34 we get:
8 (o™ ()2 () per = ﬁ_?[(az Cla— ) —BCz—2)Clz—2) (6.39)

—2m%(0_G(z — 2'))? + 2m20? G(z — 2')G(z — 2)
+(m2G(z - 2'))? + m?0,G(z — 2')0-G(z ~ 2')]
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Adding the bosonic and fermionic parts we can write:

e (2)|z () = -%[(a’fc:)2 +83Go_G (6.40)

—2m?(0_G)? — 2m?6° GG + m*G? ~ m?0,GI_G]

= — =7 [0_(9-GO~.G) — 2m*0_(3_GG) — m*_(2,GO))

- L 82(8_G)? — 2m20% G? — m26_8.G?
+

2
or: 5
p 2z (2)|lz™(2))) = —[(0_-G)% — 2m?*G? — —8im2G2] (6.41)
Following the exactly same method but starting from the 8% (z~|z~) we
obtain:
P @l (@) = ~[(046) - 2026 - w6 (6.42)

Finally we consider 8,9_{(z~|z~) and apply one of the derivatives on bra
and one on the ket side. After the analysis much akin to the one above we get:

pt2z=(2)|z7(2))) = [2m?G? + g_—szz + g—+m2G2] (6.43)
+ —

With three equations with three unknowns as it were, integration becomes
trivial and we can write the final answer for the £~ two point function:

P (@) () = PmiGP — (0,67 - (0GP (644)
and therefore:
(mad(z) +p*a™ ()| gmad () + pte () (6.45)

= —[2m?G® + (8;G)* + (8-G)?]

All that remains now is to obtain the value for G{z — 2z’) from the expression
for z; in terms of creation/anihilation operators 4.5 we can write:

G(z = ') = (zi(2)|z:(2)) = (6.46)

% (—1 cos(m7)|ag —ao) +sin(m7)[ag +agl|i cos(m7')|ag —@o] +sin(m7’)[ag +dq))

-2 wnlm [akol Yok (2)eh,(2') + (o202}l (2)¢% ()]

= 5 [cos(mlrl) + isin(mir])] + )3 A=) + 20
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Taking derivatives we get:

Gl — ) = g1 sin(mir]) + icos(mir))] +4 3 2 [ph(12]) + A(el] (6.47)

n

. . k
Glz—2)=—iy =len(l2l) — wn(lz] (6.48)
Putting those into the equation 6.45 and simplifying we get:
(3mad(=) +pa” (2) mad () + P2 () (6.49)
. Wp —Mm
= [cos(ml]) + isin(mir])] D [on(I21) + @i (l2)]+

W
n n

Z[wnwm + kpky — m?

oo (en(l2)em(l2) + n(lzDen (121))+

nmn

Wnwm — knkm —m2

e GO LA CORACIEN C)

It is clear that the exponential of this does not satisfy the anomalous dimen-
sion requirement for the vertex operator, and therefore, if the V(h) as given by
6.5 is indeed to be the vertex operator, then so far neglected cross-terms must
be taken into account. Even so, the above result will be necessary starting point
for such more detailed calculation. It can also be useful in studying the string
interactions on the pp-wave once forms of the vertex operators are known.

6.4 Explicit form of z~

The above calculation can be performed in another manner as well. The exact
form of the 2~ in terms of creation/anihilation can be obtained by integration
from the equations 4.20 and 4.21 and then the commutation relations can be
used to calculate the two point function. This is a rather lengthy calculation
and, being as it is the case that it just confirms the result of the previous sec-
tion, we would need not perform it here. Reason we do, however, has to do with
the other way in which it may be possible to confirm that the V(h) is indeed a
vertex operator for the graviton. In the original Green-Schwarz paper [15] the
way the form of the vertex operator was determined was by imposing not the
anomalous dimension condition 6.6 but rather the supersymmetry conditions
through the (anti)commutation properties of the operators with the generators
of the supersymmetries Q. Given that the expressions for Qs in terms of cre-
ation/anihilation operators are already derived in 4.118-4.119 and 4.122-4.123
the way to test those relations is to have the ™~ also expressed in this way.

This time it is more convenient to start with the expressions 4.20 and 4.21
for the derivatives of the x~. Writing their bosonic parts we have:

- 1
Lpos = _F

(&%) (6.50)
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1
Epps = —p—+[2(:1: &t + £13t — m2atz?)) (6.51)

we then need the expression for z* given by 4.5

. | A 1 A .
z* = cos(m)zy + o sin(mr)py + ¢ Z w—((p;(a, ot 4+ 92 (o, 7)a2) (6.52)

n

n#0
and the appropriate derivatives:
» kn ) )
g =Y —(phokl - pL20%) (6.53)
wn
n#0
& = cos(mr)ph — msin(mr)ah + 3 (phak +ph20%)  (6.54)
n#0
We can then write:
iy = [cos(mr)ph — msin(mr)ab] 3~ (phaki - pl207)  (6.59)
n#0 wWn
+ Z 11. ].’L _ a21.a2_zn]
n#0 Wn

k
+30 3 o lenemartan, - P2t aZial

n#0 m#FOm#—n

k
+ Z Z w [wn(pmaham (pn(pma%ah]
n#0 m#FO,m#F—n,m#En m

In the above, we have separated out those terms where the products of the
exponential functions ¢ no longer depend on the o or 7 derivatives. In the
go,l,gol_ and the <pn<p_ case the products simply disappear leaving the expo-
nential of zero multlplylng the appropriate factors. The exponentials of o and
7 resulting from the ¢!¢? products with n = m and n = —m cancel between
themselves due to the minus sign between the ¢l ¢2, and p2¢?k terms and the
fact that we are summing over both positive and negative values of n.

We can then integrate:

/dozéb_owmc = [cos(mT)p} — msin(m7)zl] Z w—ﬂ((p1 all — L2023  (6.56)
n#0

_Z_o.[alz 11 _ 2za2_1n]

n#0 Wn

. knwm + knw
+e Z Z M—[wn(pmahah + <pn<pma21a2z]
n#0 m#OMm#E—n

2wnwim (kn + k)
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HY Y g plptolil + plehaliol]
2Wn Wi (kn — km)
n#0 m#AO0,m#-—n,m#n

The same, but lengthier, kind of calculation can be done with respect to the
&t .. We know already from the integrability of the 4.20 and 4.21 equations that
the terms depending on both ¢ and 7 will have to be same coming from both.
Nevertheless it is a confirmation of our calculations to see that they indeed do
come out that way in terms of the creation/anihilation operators.

Picking up a few T dependant terms from the 7 integration we can write:

_ 1 ) . ) g ) )
Ty, = E[mzwg + P2l + [cos(mT)ph — msin(m7)z}) Z (4}—((,4),,1101111z — pl2a2h)

n#0 n
(6.57)
ka o ovu 2 2 kn o 101 20 2 2% prr 102
+ E ﬁf[a" ot oot ] — w—a[an al, —ata® |+ e [ o]
n#0 n n T

. knwm + knw C1s ;9
HY 3 Gl harion + dehaliel)
n#0 mAOmM#—n nEmARn m

. kWi — knw ;o P 14
YD g slenemanal + lenaran]
n#0 m#0,m#—~n,m#n nEmitn m

The calculation for the fermionic part follows the same steps, producing the
following result:

Ter = 3 enkaleos(mr) + 122 sin )ik (G~ 6L) + 03 (637 02)]
" (6.58)
Fenkalsin(mr) — <25 cos(mr)] (L (03763) ~ @by 62)]
+ikno {05770, — 0L 0L,] + [wn — 25 (wn — kn)]T[077 0%, + 077 0L,]

b — kn m? — (wn, — k) (wm — km)
+ Z Z CmCn T 2
n#0 mA0m#—n km + kﬂ 2m

[0n2m (037 05,) — 0o (057 62,)]
_H.Z Z c km + ky (wm_wn)" (km"kn)

" ke — ko 2m

n#0 m#0,m#—n,m#n
[one (077 6%) — Phon(02776;,)]
and
T = Tpoe + Thep (6.59)

By expressing the z*z? in terms of the creation/anihilation operators and
combining this result with the above it is actually possible to directly confirm the
result from the equation 6.49 using the commutation relations of the operators.
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The hope is that, following the Green and Schwarz [15], it may be possible
to use the generators of supersymmetries 4.118-4.119 and 4.122-4.123 acting on
the V(h) to find the candidate for the vertex operator for the super-partner of
the h particle and then acting with them again return to the V' (h), proving that
it satisfies the supersymmetry requirement for the vertex operator. We have
not yet been able to perform that calculation.




Chapter 7. Conclusion 60

Chapter 7

Conclusion

The bulk of this thesis, Chapters 3-5, was a review of the work of Metsaev [8]
and Metsaev and Tseytlin [9] on the string theory on the pp-waves. Results
of this work are quite impressive. The light-cone gauge action for the type
1IB superstring on this background was found and explicitly quantized. The
generators of the superalgebra were also explicitly presented. The supergravity
spectrum of the theory was derived.

The close relationship between this theory and the theory on the AdSs x S5
makes these results useful in investigations of the AdS/CFT correspondence,
even more so after the discovery by Maldacena et al. [10] of the limit on the
Conformal Field Theory side corresponding to the Giiven-Penrose limit that
produces the pp-wave out of AdSs x S°.

The original part of the thesis, Chapter 6, consists mostly of the investiga~
tion of the operator 7, of this theory, which, in the light-cone gauge becomes
quadratic in the creation/anihilation operators in the similar way it does in the
flat space case. Our original intention of finding the vertex operators for the
lowest energy states of the spectrum has not been fully realized. Although we
have a plausible candidate for the vertex operator of the scalar component of
the graviton we have yet to give definitive proof that it satisfies the require-
ments for the vertex operator. We have, however, found the exact forms of z~
operator and its two point function, which are necessary for the discussion of
Vertex operators and can be useful in other calculations as well.
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