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1 Introduction

String theory has been the leading candidate over the past years for a theory that consis-
tently unifies all fundamental forces of nature, including gravity. In a sense, the theory
predicts gravity and gauge symmetry around flat space. Moreover, the theory is UV-
finite. The elementary objects are one-dimensional strings whose vibration modes should

correspond to the usual elementary particles.

At distances large with respect to the size of the strings, the low-energy excitations can
be described by an effective field theory. Thus, contact can be established with quantum
field theory, which turned out to be successful in describing the dynamics of the real world

at low energy.

I will try to explain here the basic structure of string theory, its predictions and prob-

lems.

In chapter P] the evolution of string theory is traced, from a theory initially built to
describe hadrons to a “theory of everything”. In chapter J a description of classical bosonic
string theory is given. The oscillation modes of the string are described, preparing the scene
for quantization. In chapter [, the quantization of the bosonic string is described. All three
different quantization procedures are presented to varying depth, since in each one some
specific properties are more transparent than in others. I thus describe the old covariant
quantization, the light-cone quantization and the modern path-integral quantization. In
chapter ff a concise introduction is given, to the central concepts of conformal field theory
since it is the basic tool in discussing first quantized string theory. In chapter § the
calculation of scattering amplitudes is described. In chapter P the low-energy effective

action for the massless modes is described.

In chapter [LJ superstrings are introduced. They provide spacetime fermions and real-
ize supersymmetry in spacetime and on the world-sheet. I go through quantization again,
and describe the different supersymmetric string theories in ten dimensions. In chapter [[]
gauge and gravitational anomalies are discussed. In particular it is shown that the super-
string theories are anomaly-free. In chapter [[J compactifications of the ten-dimensional
superstring theories are described. Supersymmetry breaking is also discussed in this con-
text. In chapter [[J, I describe how to calculate loop corrections to effective coupling
constants. This is very important for comparing string theory predictions at low energy
with the real world. In chapter a brief introduction to non-perturbative string con-
nections and non-perturbative effects is given. This is a fast-changing subject and I have
just included some basics as well as tools, so that the reader orients him(her)self in the
web of duality connections. Finally, in chapter [[§ a brief outlook and future problems are

presented.

I have added a number of appendices to make several technical discussions self-contained.



In Appendix A useful information on the elliptic ¥-functions is included. In Appendix B,
I rederive the various lattice sums that appear in toroidal compactifications. In Appendix
C the Kaluza-Klein ansatz is described, used to obtain actions in lower dimensions after
toroidal compactification. In Appendix D some facts are presented about four-dimensional
locally supersymmetric theories with N=1,2,4 supersymmetry. In Appendix E, BPS states
are described along with their representation theory and helicity supertrace formulae that
can be used to trace their appearance in a supersymmetric theory. In Appendix F facts
about elliptic modular forms are presented, which are useful in many contexts, notably
in the one-loop computation of thresholds and counting of BPS multiplicities. In Ap-
pendix G, I present the computation of helicity-generating string partition functions and
the associated calculation of BPS multiplicities. Finally, in Appendix H, I briefly review

electric-magnetic duality in four dimensions.

I have not tried to be complete in my referencing. The focus was to provide, in most
cases, appropriate reviews for further reading. Only in the last chapter, which covers
very recent topics, I do mostly refer to original papers because of the scarcity of relevant

reviews.

2 Historical perspective

In the sixties, physicists tried to make sense of a big bulk of experimental data relevant
to the strong interaction. There were lots of particles (or “resonances”) and the situation

could best be described as chaotic. There were some regularities observed, though:

e Almost linear Regge behavior. It was noticed that the large number of resonances
could be nicely put on (almost) straight lines by plotting their mass versus their spin
J
m? = e (2.1)
with o/ ~ 1 GeV~2, and this relation was checked up to J = 11/2.

e s-t duality. If we consider a scattering amplitude of two— two hadrons (1,2 — 3,4),

then it can be described by the Mandelstam invariants

s = _(pl +p2)2 ) t= _(p2 +p3>2 , U= _(pl +p3)2 ) (22>

with s + ¢ +u =3, m?. We are using a metric with signature (— + ++). Such an ampli-
tude depends on the flavor quantum numbers of hadrons (for example SU(3)). Consider
the flavor part, which is cyclically symmetric in flavor space. For the full amplitude to
be symmetric, it must also be cyclically symmetric in the momenta p;. This symmetry
amounts to the interchange ¢ < s. Thus, the amplitude should satisfy A(s,t) = A(t, s).

Consider a t-channel contribution due to the exchange of a spin-J particle of mass M.



Then, at high energy

Ay(s,t) ~ t(:sz\)p . (2.3)

Thus, this partial amplitude increases with s and its behavior becomes worse for large
values of J. If one sews amplitudes of this form together to make a loop amplitude, then
there are uncontrollable UV divergences for J > 1. Any finite sum of amplitudes of the
form (2.3) has this bad UV behavior. However, if one allows an infinite number of terms
then it is conceivable that the UV behavior might be different. Moreover such a finite sum

has no s-channel poles.

A proposal for such a dual amplitude was made by Veneziano [

_ T(-a(s)(-a()
A0 = T as) — atr) (24)

where I' is the standard I'-function and
a(s) = a(0) + o's. (2.5)

By using the standard properties of the I'-function it can be checked that the amplitude

(R-4) has an infinite number of s, t-channel poles:

al(s)+1)...(a(s)+n) 1
n! alt)—n’

Als,t) == ( (2.6)
n=0

In this expansion the s < ¢ interchange symmetry of (£:4) is not manifest. The poles

in (2:0) correspond to the exchange of an infinite number of particles of mass M? =

(n — a(0)/a’) and high spins. It can also be checked that the high-energy behavior of

the Veneziano amplitude is softer than any local quantum field theory amplitude, and the

infinite number of poles is crucial for this.

It was subsequently realized by Nambu and Goto that such amplitudes came out of the-
ories of relativistic strings. However such theories had several shortcomings in explaining

the dynamics of strong interactions.
e All of them seemed to predict a tachyon.

e Several of them seemed to contain a massless spin-2 particle that was impossible to
get rid of.

e All of them seemed to require a spacetime dimension of 26 in order not to break

Lorentz invariance at the quantum level.
e They contained only bosons.

At the same time, experimental data from SLAC showed that at even higher energies
hadrons have a point-like structure; this opened the way for quantum chromodynamics as

the correct theory that describes strong interactions.



However some work continued in the context of “dual models” and in the mid-seventies

several interesting breakthroughs were made.

e [t was understood by Neveu, Schwarz and Ramond how to include spacetime fermions

in string theory.

e [t was also understood by Gliozzi, Scherk and Olive how to get rid of the omnipresent

tachyon. In the process, the constructed theory had spacetime supersymmetry.

e Scherk and Schwarz, and independently Yoneya, proposed that closed string theory,
always having a massless spin-2 particle, naturally describes gravity and that the scale o
should be identified with the Planck scale. Moreover, the theory can be defined in four
dimensions using the Kaluza—Klein idea, namely considering the extra dimensions to be

compact and small.

However, the new big impetus for string theory came in 1984. After a general analysis of
gauge and gravitational anomalies [JJ], it was realized that anomaly-free theories in higher
dimensions are very restricted. Green and Schwarz showed in [J] that open superstrings in
10 dimensions are anomaly-free if the gauge group is O(32). Eg x Eg was also anomaly-free
but could not appear in open string theory. In [ it was shown that another string exists
in ten dimensions, a hybrid of the superstring and the bosonic string, which can realize

the EgxEg or O(32) gauge symmetry.

Since the early eighties, the field of string theory has been continuously developing and
we will see the main points in the rest of these lectures. The reader is encouraged to look

at a more detailed discussion in [J]-[g].

One may wonder what makes string theory so special. One of its key ingredients is that
it provides a finite theory of quantum gravity, at least in perturbation theory. To appreciate
the difficulties with the quantization of Einstein gravity, we will look at a single-graviton
exchange between two particles (Fig. lla). We will set h = ¢ = 1. Then the amplitude is

proportional to E? /M2 where F is the energy of the process and Mpja,e is the Planck

lanck>
mass, Mpianac ~ 10 GeV. It is related to the Newton constant G ~ M3, ... Thus, we
see that the gravitational interaction is irrelevant in the IR (E << Mpjane) but strongly
relevant in the UV. In particular it implies that the two-graviton exchange diagram (Fig.

Mb) is proportional to

1 /A A4
dE E* ~ : (2.7)
M, é’lanck 0 élanck

which is strongly UV-divergent. In fact it is known that Einstein gravity coupled to matter
is non-renormalizable in perturbation theory. Supersymmetry makes the UV divergence

softer but the non-renormalizability persists.
There are two ways out of this:

e There is a non-trivial UV fixed-point that governs the UV behavior of quantum

gravity. To date, nobody has managed to make sense out of this possibility.



Figure 1: Gravitational interaction between two particles via graviton exchange.

e There is new physics at E ~ Mppna and Einstein gravity is the IR limit of a more
general theory, valid at and beyond the Planck scale. You could consider the analogous
situation with the Fermi theory of weak interactions. There, one had a non-renormalizable
current—current interaction with similar problems, but today we know that this is the IR
limit of the standard weak interaction mediated by the W* and Z° gauge bosons. So
far, there is no consistent field theory that can make sense at energies beyond Mpj.nqac and
contains gravity. Strings provide precisely a theory that induces new physics at the Planck
scale due to the infinite tower of string excitations with masses of the order of the Planck

mass and carefully tuned interactions that become soft at short distance.

Moreover string theory seems to have all the right properties for Grand Unification,
since it produces and unifies with gravity not only gauge couplings but also Yukawa cou-
plings. The shortcomings, to date, of string theory as an ideal unifying theory are its
numerous different vacua, the fact that there are three string theories in 10 dimensions
that look different (type-I, type II and heterotic), and most importantly supersymmetry
breaking. There has been some progress recently in these directions: there is good evidence

that these different-looking string theories might be non-perturbatively equivalentf].

3 Classical string theory

As in field theory there are two approaches to discuss classical and quantum string theory.
One is the first quantized approach, which discusses the dynamics of a single string. The
dynamical variables are the spacetime coordinates of the string. This is an approach that
is forced to be on-shell. The other is the second-quantized or field theory approach. Here
the dynamical variables are functionals of the string coordinates, or string fields, and we

can have an off-shell formulation. Unfortunately, although there is an elegant formulation

2You will find a pedagogical review of these developments at the end of these lecture notes as well as

in 4.



of open string field theory, the closed string field theory approaches are complicated and
difficult to use. Moreover the open theory is not complete since we know it also requires
the presence of closed strings. In these lectures we will follow the first-quantized approach,

although the reader is invited to study the rather elegant formulation of open string field
theory [[LT].

3.1 The point particle

Before discussing strings, it is useful to look first at the relativistic point particle. We
will use the first-quantized path integral language. Point particles classically follow an
extremal path when traveling from one point in spacetime to another. The natural action

is proportional to the length of the world-line between some initial and final points:

sf 1
S = m/ ds = m/ Iy —— 3.1.1
Sq T0 nu ( )

where 7, = diag(—1,+1,+1, +1). The momentum conjugate to z*(7) is

oL md,,
= 1.2
ozt /=32’ (3.1.2)

and the Lagrange equations coming from varying the action (B.1.1) with respect to X*(7)

o, (?_%‘2) 0. (3.1.3)

Equation (B.I.2) gives the following mass-shell constraint :

Pu =

read

P> +m?=0. (3.1.4)

The canonical Hamiltonian is given by

oL
Hcan: —M_L 3.1.5
o : (3.1.5)
Inserting (B.1.9) into (B.1.5) we can see that H.4, vanishes identically. Thus, the constraint
(B-IT4) completely governs the dynamics of the system. We can add it to the Hamiltonian

using a Lagrange multiplier. The system will then be described by

N
H=—(p* 2 3.1.6
(), (316)
from which it follows that
N Nzg#
=gt H) = —pl = —— 3.1.7

or
i? = —N?, (3.1.8)



so we are describing time-like trajectories. The choice N=1 corresponds to a choice of scale

for the parameter 7, the proper time.

The square root in (B.1.]) is an unwanted feature. Of course for the free particle it is not
a problem, but as we will see later it will be a problem for the string case. Also the action
we used above is ill-defined for massless particles. Classically, there exists an alternative
action, which does not contain the square root and in addition allows the generalization

to the massless case. Consider the following action :

S=-1 /d7'6(7') (6_2(7')(:'5“)2 — m2) : (3.1.9)

The auxiliary variable e(7) can be viewed as an einbein on the world-line. The associated

metric would be g,, = €%, and (B.1.9) could be rewritten as

S = _% /dTV dethT(gTTaTx ’ 87—25 - m2)‘ (3110>

The action is invariant under reparametrizations of the world-line. An infinitesimal repa-

rametrization is given by

Sat (1) = (1 + £(7)) — 2* (1) = £(7)i" + O(&2). (3.1.11)

Varying e in (B.1.9) leads to

58 =1 / dr <€227) (i) + m2> de(r). (3.1.12)

Setting 05 = 0 gives us the equation of motion for e :

1
e’ +m*=0 — e= E\/—ﬁ : (3.1.13)

Varying x gives
58 =1 / dre(r) (¢7%(7)2i") O, 0. (3.1.14)

After partial integration, we find the equation of motion
O-(e~ta") = 0. (3.1.15)

Substituting (B-I.13) into (B-I.15), we find the same equations as before (cf. eq. (BI3)).
If we substitute (B.I.I3) directly into the action (B.I1.9), we find the previous one, which

establishes the classical equivalence of both actions.

We will derive the propagator for the point particle. By definition,

z(1)=az' 1 r1/1
(x]z"y = N DeDaxtexp (5/ <—(:)‘s”)2 — em2> d7‘> : (3.1.16)
0

z(0)=x e

where we have put 7o =0, 7, = 1.

11



Under reparametrizations of the world-line, the einbein transforms as a vector. To first
order, this means

de = 0, (e). (3.1.17)

This is the local reparametrization invariance of the path. Since we are integrating over
e, this means that (B.1.1G) will give an infinite result. Thus, we need to gauge-fix the re-
parametrization invariance (B.1.17). We can gauge-fix e to be constant. However, (B.1.17)
now indicates that we cannot fix more. To see what this constant may be, notice that the
length of the path of the particle is

1 1
L:/d\MtW:/d, 3.1.18
; T¢/detg ; Te ( )

so the best we can do is e = L. This is the simplest example of leftover (Teichmiiller)
parameters after gauge fixing. The e integration contains an integral over the constant
mode as well as the rest. The rest is the “gauge volume” and we will throw it away. Also,

to make the path integral converge, we rotate to Fuclidean time 7 — 7. Thus, we are left

with o(1)=d’ Lo
(x]z') N/ dL/ Daztexp (——/ <—x’2 + Lm2> d7'> . (3.1.19)
(0)==x 2Jo \L
Now write
(1) = 2* + (' — 2")T + d2H(7), (3.1.20)

where d2#(0) = 0x#(1) = 0. The first two terms in this expansion represent the classical

path. The measure for the fluctuations dz* is

| 6z ||*= / dre(6xt)? L/ dr(6z*)?, (3.1.21)

so that

ot ~ [ VLdéa" (). (3.1.22)

Then

(z]’) N/cm/HVWmu e L2 [y 0 (3.1.23)

The Gaussian integral involving di* can be evaluated immediately :
D
2

[TIVEas (o) RO o (e (~Le2)) (3.1.24)

We have to compute the determinant of the operator —92/L. To do this we will calcu-
late first its eigenvalues. Then the determinant will be given as the product of all the

eigenvalues. To find the eigenvalues we consider the eigenvalue problem
1
—Z&(ﬂ:Awﬂ (3.1.25)

with the boundary conditions ¢(0) = 1(1) = 0. Note that there is no zero mode problem

here because of the boundary conditions. The solution is

Un(T) = Cpsin(nrr) , Ap=— , n=12,... (3.1.26)



t T J . .]_.2;

Obviously the determinant is infinite and we have to regularize it. We will use (-function

regularization in whichfj
H L0 = 12 Hn =0 = (27)¥/2, (3.1.28)

Adjusting the normalization factor we finally obtain

/ 1 o -D —M—mQL/2
<.TIJ'|LU> = W 0 dLL™ Ze 2L = (3129)
1 |z — 2| (2-D)/2
~mE () Re-antrle =

This is the free propagator of a scalar particle in D dimensions. To obtain the more familiar

expression, we have to pass to momentum space

- / dPze?|z) (3.1.30)

<p‘p/> — /dD:L,e—ip-m/de/ ez‘p/,x/<x‘x/>
— /de’e’(” -») / dL e~ 0+m?) (3.1.31)

= (2m)P(p - p)w,

just as expected.

Here we should make one more comment. The momentum space amplitude (p|p’) can

also be computed directly if we insert in the path integral e”® for the initial state and
e~ for the final state. Thus, amplitudes are given by path-integral averages of the

quantum-mechanical wave-functions of free particles.

3.2 Relativistic strings

We now use the ideas of the previous section to construct actions for strings. In the case
of point particles, the action was proportional to the length of the world-line between
some initial point and final point. For strings, it will be related to the surface area of the
“world-sheet” swept by the string as it propagates through spacetime. The Nambu-Goto
action is defined as

Sne = —T/dA. (3.2.1)

3You will find more details on this in [L].

13



The constant factor 7' makes the action dimensionless; its dimensions must be [length] =2
or [mass]®. Suppose &' (i = 0,1) are coordinates on the world-sheet and G, is the metric
of the spacetime in which the string propagates. Then, G, induces a metric on the
world-sheet :

oXF oX”
"og o

ds® = G, (X)dX"dX" = G de'de’ = Gyde'de? (3.2.2)

where the induced metric is
Gij - GW&X”@X”. (323)

This metric can be used to calculate the surface area. If the spacetime is flat Minkowski

space then G, = 1, and the Nambu-Goto action becomes

[ / \J/—detGyd%€ = -T / VX X7)2 — (X2)(X72)d2%, (3.2.4)

where X+ = 9% and X' =22 (71 =¢° 0 =¢' ). The equations of motion are

oL oL
0r (5)(—“> + 0, <5X’“> = 0. (3.2.5)

Depending on the kind of strings, we can impose different boundary conditions. In the

case of closed strings, the world-sheet is a tube. If we let ¢ run from 0 to & = 2w, the

boundary condition is periodicity
X*(o+a)= X" (o). (3.2.6)

For open strings, the world-sheet is a strip, and in this case we will put & = 7. Two kinds

of boundary conditions are frequently used[] :

e Neumann :

oL
Sxn o = 0; (3.2.7)
e Dirichlet : 5L
—_— =0. (3.2.8)
6X“ o=0,6

As we shall see at the end of this section, Neumann conditions imply that no momentum
flows off the ends of the string. The Dirichlet condition implies that the end-points of the
string are fixed in spacetime. We will not discuss them further, but they are relevant for

describing (extended) solitons in string theory also known as D-branes [IJ].

The momentum conjugate to X* is

L <X">.(/)XW_. (X)X . (3.2.9)
oXH [(X7 - X)? = (X)2(X7)?]1/2

4One could also impose an arbitrary linear combination of the two boundary conditions. We will come

back to the interpretation of such boundary conditions in the last chapter.
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the occurrence of two constraints that follow directly from the definition of the conjugate

The matrix has two zero eigenvalues, with eigenvectors X# and X’#. This signals

momenta. They are
I-X'=0 , II*+7*X”=0. (3.2.10)

The canonical Hamiltonian B
H= / do(X 11— L) (3.2.11)
0

vanishes identically, just in the case of the point particle. Again, the dynamics is governed

solely by the constraints.

The square root in the Nambu-Goto action makes the treatment of the quantum theory
quite complicated. Again, we can simplify the action by introducing an intrinsic fluctuating
metric on the world-sheet. In this way, we obtain the Polyakov action for strings moving

in flat spacetime [[7]

T . ,
Sp =~ [ d*\/=detg 670, X0, X . (3.2.12)

As is well known from field theory, varying the action with respect to the metric yields

the stress-tensor :

2 1  6Sp
Tp=——————— =9, X 93X — L9.507°0. X - 95X. 2.1
B T \/—detg 6g°° 0 9 29089 o s (3.2.13)

Setting this variation to zero and solving for g,3, we obtain, up to a factor,
Jap = aaX : 05X (3214)

In other words, the world-sheet metric g,g is classically equal to the induced metric. If
we substitute this back into the action, we find the Nambu-Goto action. So both actions
are equivalent, at least classically. Whether this is also true quantum-mechanically is not
clear in general. However, they can be shown to be equivalent in the critical dimension.

From now on we will take the Polyakov approach to the quantization of string theory.

By varying (B-2.13) with respect to X*, we obtain the equations of motion:

1
- — of my —
_detgaa(\/ detgg*”0sX*") = 0. (3.2.15)

Thus, the world-sheet action in the Polyakov approach consists of D two-dimensional scalar
fields X* coupled to the dynamical two-dimensional metric and we are thus considering
a theory of two-dimensional quantum gravity coupled to matter. One could ask whether
there are other terms that can be added to (B.2.19). It turns out that there are only two:

the cosmological term
Al/,/—detg (3.2.16)

Ao / \/—detgR®, (3.2.17)
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where R® is the two-dimensional scalar curvature associated with g,5. This gives the
Euler number of the world-sheet, which is a topological invariant. So this term cannot
influence the local dynamics of the string, but it will give factors that weight various
topologies differently. It is not difficult to prove that (B.2.16) has to be zero classically. In
fact the classical equations of motion for A\; # 0 imply that g, = 0, which gives trivial
dynamics. We will not consider it further. For the open string, there are other possible

terms, which are defined on the boundary of the world-sheet.

We will discuss the symmetries of the Polyakov action:

e Poincaré invariance :
OXF =wb X" +a" | dgu3 =0, (3.2.18)
where w,, = —w,,;
e local two-dimensional reparametrization invariance :

59&6 - gﬁ/a'ygaﬁ + aagﬁ/gﬁ'y + aﬁgwgaw = Vozgﬁ + vﬁgaa
SXFP = £, X",

d(y/—detg) = 0,(£*\/—detg); (3.2.19)
e conformal (or Weyl) invariance :

0X* =0 5 59@6 = 2Aga5. (3220)

Due to the conformal invariance, the stress-tensor will be traceless. This is in fact true
in general. Consider an action S(gas,¢") in arbitrary spacetime dimensions. We assume

that it is invariant under conformal transformations
00ap = 2M(T)gap 09" = di(z)o" . (3.2.21)

The variation of the action under infinitesimal conformal transformations is

0S 0S
— 65 = /d2 222 g0 4+ 3" d 22 .| A 2.22
Using the equations of motion for the fields ¢;, i.e. g%_ =0, we find
0S
TS ~ *f — 2.2
. 5gaﬁg 0, (3.2.23)

which follows without the use of the equations of motion, if and only if d; = 0. This is
the case for the bosonic string, described by the Polyakov action, but not for fermionic

extensions.
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Just as we could fix e(7) for the point particle using reparametrization invariance, we
can reduce ¢,s to 14 = diag(—1,+1). This is called conformal gauge. First, we choose a

parametrization that makes the metric conformally flat, i.e.

Gop = g, (3.2.24)

It can be proven that in two dimensions, this is always possible for world-sheets with trivial

topology. We will discuss the subtle issues that appear for non-trivial topologies later on.

Using the conformal symmetry, we can further reduce the metric to 7,3. We also work

with “light-cone coordinates”
Ey=7+4+0 , £ =T—0. (3.2.25)

The metric becomes
ds* = —dg,dE_. (3.2.26)

The components of the metric are

94+ =9—=0 , g4 =94 = —% (3.2.27)

and )
0y = 5(& +0,) . (3.2.28)

The Polyakov action in conformal gauge is
Sp~T / %€ 0, X1O_X 1. (3.2.29)

By going to conformal gauge, we have not completely fixed all reparametrizations. In

particular, the reparametrizations

Er — f(&) & — (&) (3.2.30)

only put a factor 0, f0_g in front of the metric, so they can be compensated by the

transformation of d?¢.

Notice that here we have exactly enough symmetry to completely fix the metric. A
metric on a d-dimensional world-sheet has d(d+1)/2 independent components. Using
reparametrizations, d of them can be fixed. Conformal invariance fixes one more compo-
nent. The number of remaining components is

d(d+1)
—

This is zero in the case d = 2 (strings), but not for d > 2 (membranes). This makes an

—d—1. (3.2.31)

analogous treatment of higher-dimensional extended objects problematic.

We will derive the equations of motion from the Polyakov action in conformal gauge

(eq. (B:2.29)). By varying X*, we get (after partial integration):

58 =T / PE(0X10.0_X,) — T / N drxoxe. (3.2.32)
70
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Using periodic boundary conditions for the closed string and

X¥ =0 (3.2.33)

o=0,6
for the open string, we find the equations of motion
0,0_X"=0. (3.2.34)

Even after gauge fixing, the equations of motion for the metric have to be imposed. They

are
Tws =0, (3.2.35)
or .
T10 = T01 == %X . X/ == y TOO - T11 == E(Xz + X/2) == 0, (3236)
which can also be written as
(X +£X')?=0. (3.2.37)

These are known as the Virasoro constraints. They are the analog of the Gauss law in the

string case.

In light-cone coordinates, the components of the stress-tensor are
T++ - %a_;’_X . 0+X 5 T__ - %a_X . 0_X 3 T+_ - T_+ - 0 (3238)

This last expression is equivalent to 7/ = 0; it is trivially satisfied. Energy-momentum

conservation, V¥T,5 = 0, becomes
8_T++ ‘l‘ 8+T_+ — 0+T__ + 0_T+_ — 0 (3239)

Using (B.2.39), this states
a_T++ - 0+T__ - 0 (3240)

which leads to conserved charges

Qr= [ FENT (), (3.2.41)
and likewise for 7__. To convince ourselves that ) is indeed conserved, we need to
calculate )

0= / do0_(f(€")Tss) = 0:Qs + f(ENTes| . (3.2.42)

For closed strings, the boundary term vanishes automatically; for open strings, we need
to use the constraints. Of course, there are other conserved charges in the theory, namely

those associated with Poincaré invariance :

P =-T detgg™ 05X, , (3.2.43)
Jﬁél/ =-T detggaﬁ(XuaﬁXV - XuaﬁXu) (3244)
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We have 0, P = 0 = 9,J5, because of the equation of motion for X. The associated

charges are ) )
P, = /0 doPl | T = /0 doJ, (3.2.45)

These are conserved, e.g.
OP,

_ T/J 2y :T/J 2y
57 ; do0: X, ; doos

= T(0,X,(0 =5) — 8, X,(0 = 0)). (3.2.46)

(In the second line we used the equation of motion for X.) This expression automatically
vanishes for the closed string. For open strings, we need Neumann boundary conditions.
Here we see that these conditions imply that there is no momentum flow off the ends of

the string. The same applies to angular momentum.

3.3 Oscillator expansions

We will now solve the equations of motion for the bosonic string,
0;0-X"=0, (3.3.1)

taking into account the proper boundary conditions. To do this we have to treat the open

and closed string cases separately. We will first consider the case of the closed string.

e Closed Strings

The most general solution to equation (B-3.1]) that also satisfies the periodicity con-
dition
XH(r,0 4 27) = XH(1,0)

can be separated in a left- and a right-moving part:

X*(r,0) = X1+ 0)+ Xi(T—0), (3.3.2)
where
Xi(t+0)= x_u_l_—pu (T+0)+ Z i e~ Hrto)
2 47T v ArT k;éO
(3.3.3)
:L'H/ pu a _
Xh(r—0)=—+-—(1—0)+ k o—ik(r—0)
hr-o) =2 2 e

The o} and af are arbitrary Fourier modes, and & runs over the integers. The
function X*(7, o) must be real, so we know that z# and p* must also be real and we

can derive the following reality condition for the a’s:
(ap)*=a%, and  (ay)" =a’, (3.3.4)
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If we define o = al) = \/Lr—Tp“ we can write

O_Xh = F Z affeh(r=0) (3.3.5)

0, X = —th(r+o), (3.3.6)

T 2 G
keZ,
e Open Strings

We will now derive the oscillator expansion (B.3.3) in the case of the open string.
Instead of the periodicity condition, we now have to impose the Neumann boundary
condition

X"M(1,0)|o=0r = 0.

If we substitute the solutions of the wave equation we obtain the following condition:

o, 1 o (
XMy = e (al — atl), 3.3.7
| 0= \/— \/47T—T = ( k k) ( )
from which we can draw the following conclusion:
pt=p" and o) = ak

and we see that the left- and right-movers get mixed by the boundary condition.
The boundary condition at the other end, o = 7, implies that k is an integer. Thus,

the solution becomes:

n
XH(r,0) =a" + — Ty ak e cos(ko). (3.3.8)
7TT I#O
If we again use af = \/}T—Tp” we can write:
1 .
0L XH = 3 afem ko), (3.3.9)
AT

kel

For both the closed and open string cases we can calculate the center-of-mass position

of the string:

piT
7T’

Thus, x* is the center-of-mass position at 7 = 0 and is moving as a free particle. In the

XPy, = —/ doX"(r,0) ="+ 2T (3.3.10)

same way we can calculate the center-of-mass momentum, or just the momentum of the

string. From (B:2.45) we obtain

G . T -
by = T/ do X" = /da§ off + at)e k(L)
Pem 0 anT p (g %)

2T
= L (abt+ak) =pt. (3.3.11)

VAarT




In the case of the open string there are no a’s.

We observe that the variables that describe the classical motion of the string are the
center-of-mass position z* and momentum p* plus an infinite collection of variables a#
and af. This reflects the fact that the string can move as a whole, but it can also vibrate
in various modes, and the oscillator variables represent precisely the vibrational degrees

of freedom.

A similar calculation can be done for the angular momentum of the string:

J =T / do(XPXY — XVX1) = I 4+ BW 4 Br (3.3.12)
0
where

" = xtp” — x"p* (3.3.13)

1
B = —i Yy —(a",ak — o’ alt) (3.3.14)

n=1 n
= —i Z W00 —a” aly. (3.3.15)

n=1 n

In the Hamiltonian picture we have equal-7 Poisson brackets (PB) for the dynamical

variables, the X* fields and their conjugate momenta:

(X¥(0,7), X" (0", 7)} ps = %5(0 - (3.3.16)

The other brackets {X, X} and {X, X} vanish. We can easily derive from (8:3.14) the PB

for the oscillators and center-of-mass position and momentum:

{ayn’arVL} = {dum>6‘7uz} = _imém-i-n,o 77/“/,
{ah,any = 0, {a"p"} =n". (3.3.17)

Again for the open string case, the a’s are absent.

The Hamiltonian
H= /da (XTI - L) /da (X2 + X7?) (3.3.18)

can also be expressed in terms of oscillators. In the case of closed strings it is given by

= 1) (ampoy + a_nay), (3.3.19)
nez
while for open strings it is
=13 a_,an. (3.3.20)
nez
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In the previous section we saw that the Virasoro constraints in the conformal gauge
were just 7__ = 2(0_X)? = 0 and Ty = 1(0;X)* = 0. We then define the Virasoro
operators as the Fourier modes of the stress-tensor. For the closed string they become

L, =T 0% do T ™) [ _oT 0% do T, ™+ (3.3.21)
or, expressed in oscillators:
Ly =3 Qumntn  Lp=3> Gn_ny. (3.3.22)
They satisfy the reality conditions
L:,=L.,, and L' =L,,. (3.3.23)

If we compare these expressions with (B.3.19), we see that we can write the Hamiltonian
in terms of Virasoro modes as
H =Ly + Lo. (3.3.24)

This is one of the classical constraints. The other operator, Ly — Lo, is the generator of
translations in o, as can be shown with the help of the basic Poisson brackets (B.3.10).
There is no preferred point on the string, which can be expressed by the constraint Ly —
L(] = 0

In the case of open strings, there is no difference between the a’s and a’s and the

Virasoro modes are defined as
Ly, = 2T / do{T__emT=9) 4 T, im(e+n)Y | (3.3.25)
0
Expressed in oscillators, this becomes:

L, = % Z Qyry— Ol (3.3.26)

The Hamiltonian is then
H - L(].

With the help of the Poisson brackets for the oscillators, we can derive the brackets for

the Virasoro constraints. They form an algebra known as the classical Virasoro algebra:

{Lma Ln}PB = _Z(m - n)Lm-l—n 5

{[_/ma Ln}PB = _Z(m - n)Lm-i-n ’ (3327)

{Lmu En}PB = 0.

In the open string case, the L’s are absent.
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4 Quantization of the bosonic string

There are several ways to quantize relativistic strings:

e Covariant Canonical Quantization, in which the classical variables of the string mo-
tion become operators. Since the string is a constrained system there are two options here.
The first one is to quantize the unconstrained variables and then impose the constraints in
the quantum theory as conditions on states in the Hilbert space. This procedure preserves

manifest Lorentz invariance and is known as the old covariant approach.

e Light-Cone Quantization. There is another option in the context of canonical quan-
tization, namely to solve the constraints at the level of the classical theory and then
quantize. The solution of the classical constraints is achieved in the so-called “light-cone”
gauge. This procedure is also canonical, but manifest Lorentz invariance is lost, and its

presence has to be checked a posteriori.

e Path Integral Quantization. This can be combined with BRST techniques and has
manifest Lorentz invariance, but it works in an extended Hilbert space that also contains

ghost fields. It is the analogue of the Faddeev-Popov method of gauge theories.

All three methods of quantization agree whenever all three can be applied and com-
pared. Each one has some advantages, depending on the nature of the questions we ask

in the quantum theory, and all three will be presented.

4.1 Covariant canonical quantization

The usual way to do the canonical quantization is to replace all fields by operators and

replace the Poisson brackets by commutators

{ ) }PB - _i[ ) ]

The Virasoro constraints are then operator constraints that have to annihilate physical

states.

Using the canonical prescription, the commutators for the oscillators and center-of-mass

position and momentum become
[z, p"] = ", (4.1.1)

[alrlm a;ﬂ = mém—i—n,onwj ) (412)

there is a similar expression for the a’s in the case of closed strings, while a# and &
commute. The reality condition (B.3.4) now becomes a hermiticity condition on the oscil-
lators. If we absorb the factor m in (.1.2)) in the oscillators, we can write the commutation
relation as

[a", a’T] = S (4.1.3)

m)'n
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which is just the harmonic oscillator commutation relation for an infinite set of oscillators.

The next thing we have to do is to define a Hilbert space on which the operators act.
This is not very difficult since our system is an infinite collection of harmonic oscillators
and we do know how to construct the Hilbert space. In this case the negative frequency
modes «,,, m < 0 are raising operators and the positive frequency modes are the lowering
operators of Lg. We now define the ground-state of our Hilbert space as the state that
is annihilated by all lowering operators. This does not yet define the state completely:
we also have to consider the center-of-mass operators z* and p*. This however is known
from elementary quantum mechanics, and if we diagonalize p* then the states will be also

characterized by the momentum. If we denote the state by |p*), we have
Qp |p) =0 ¥Ym > 0. (4.1.4)

We can build more states by acting on this ground-state with the negative frequency

modesf]
|p>, a/i1|pu>’ a’ilailofiﬂp“), ete. (4-1-5)

There seems to be a problem, however: because of the Minkowski metric in the commutator

for the oscillators we obtain

| aylp) |? = (plafa?,lp) = —1, (4.1.6)

which means that there are negative norm states. But we still have to impose the classical
constraints L,, = 0. Imposing these constraints should help us to throw away the states

with negative norm from the physical spectrum.

Before we go further, however, we have to face a typical ambiguity when quantizing
a classical system. The classical variables are functions of coordinates and momenta. In
the quantum theory, coordinates and momenta are non-commuting operators. A specific
ordering prescription has to be made in order to define them as well-defined operators in
the quantum theory. In particular we would like their eigenvalues on physical states to
be finite; we will therefore have to pick a normal ordering prescription as in usual field
theory. Normal ordering puts all positive frequency modes to the right of the negative
frequency modes. The Virasoro operators in the quantum theory are now defined by their

normal-ordered expressions

L, = % Z D Qe Qi (4.1.7)
nel.

Only Ly is sensitive to normal ordering,

Ly = %ag + Z Ay * Oy, (4.1.8)

n=1

SWe consider here for simplicity the case of the open string.
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Since the commutator of two oscillators is a constant, and since we do not know in ad-
vance what this constant part should be, we include a normal-ordering constant a in all

expressions containing Lo; thus, we replace Lg by (Lo — a).

We can now calculate the algebra of the L,,’s. Because of the normal ordering this has

to be done with great care. The Virasoro algebra then becomes:
(Lns L] = (1m0 — 1) Ly + 1—C2m(m2 — 16 im0, (4.1.9)

where c is the central charge and in this case ¢ = d, the dimension of the target space or

the number of free scalar fields on the world-sheet.

We can now see that we cannot impose the classical constraints L,, = 0 as operator

constraints L,,|¢) = 0 because

0= (0l[Lun. Loull6) = 2m (6]Lol) + ~sm(m® —1)(6l6) £0.

This is analogous to a similar phenomenon that takes place in gauge theory. There,
one assumes the Gupta-Bleuler approach, which makes sure that the constraints vanish
“weakly” (their expectation value on physical states vanishes). Here the maximal set of

constraints we can impose on physical states is
Lpsolphys) =0 , (Lo — a)|phys) =0 (4.1.10)

and, in the case of closed strings, equivalent expressions for the L’s. This is consistent

with the classical constraints because (phys’|L, |phys) = 0.

Thus, the physical states in the theory are the states we constructed so far, but which
also satisfy (.1.1(). Apart from physical states, there are the so-called “spurious states”,
|spur) = L_,,| ), which are orthogonal to all physical states. There are even states which
are both physical and spurious, but we would like them to decouple from the physical
Hilbert space since they can be shown to correspond to null states. There is a detailed
and complicated analysis of the physical spectrum of string theory, which culminates with
the famous “no-ghost” theorem; this states that if d = 26, the physical spectrum defined
by (.I.10) contains only positive norm states. We will not pursue this further.

We will further analyze the Lo condition. If we substitute the expression for Ly in

(FTI0) with p? = —m? and o = 52~ we obtain the mass-shell condition

o/m? =4(N —a), (4.1.11)

where N is the level-number operator:

N=> a_m an. (4.1.12)

m=1

We can deduce a similar expression for (Ly — a), from which it follows that N = N.
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4.2 Light-cone quantization

In this approach we first solve the classical constraints. This will leave us with a smaller

number of classical variables. Then we quantize them.

There is a gauge in which the solution of the Virasoro constraints is simple. This is
the light-cone gauge. Remember that we still had some invariance leftover after going to

the conformal gauge:
& =r&), E=g(&).

This invariance can be used to set
Xt =zt +dptr. (4.2.1)

This gauge can indeed be reached because, according to the gauge transformations, the
transformed coordinates ¢’ and 7’ have to satisfy the wave equation in terms of the old

coordinates and X clearly does so. The light-cone coordinates are defined as
X*=X"+ X",

Imposing now the classical Virasoro constraints (B.2.37) we can solve for X~ in terms of
the transverse coordinates X, which means that we can eliminate both X+ and X~ and
only work with the transverse directions. Thus, after solving the constraints we are left

with all positions and momenta of the string, but only the transverse oscillators.

The light-cone oscillators can then be expressed in the following way (closed strings):

n, — —— { Yo oral_ab, —2a5n,0} , (4.2.2)

and a similar expression for a~.

We have now explicitly solved the Virasoro constraints and we can now quantize, that
is replace z*, p* , o and @' by operators. The index i takes values in the transverse
directions. However, we have given up the manifest Lorentz covariance of the theory.
Since this theory in the light-cone gauge originated from a manifest Lorentz-invariant
theory in d dimensions, one would expect that after fixing the gauge this invariance is
still present. However, it turns out that in the quantum theory this is only true in 26

dimensions, i.e. the Poincaré algebra only closes if d = 26.

4.3 Spectrum of the bosonic string

So we will assume d = 26 and analyze the spectrum of the theory. In the light-cone gauge

we have solved almost all of the Virasoro constraints. However we still have to impose
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(Lo — a)|phys) = 0 and a similar one (Lo — @)|phys) for the closed string. It is left to the
reader as an exercise to show that only a = a gives a non-trivial spectrum consistent with
Lorentz invariance. In particular this implies that Ly = Ly on physical states. The states
are constructed in a fashion similar to that of the previous section. One starts from the
state |p*), which is the vacuum for the transverse oscillators, and then creates more states

by acting with the negative frequency modes of the transverse oscillators.

We will start from the closed string. The ground-state is |p*), for which we have the
mass-shell condition o/m? = —4a and, as we will see later, @ = 1 for a consistent theory;

this state is the infamous tachyon.

The first excited level will be (imposing Ly = Lo)
al,aly|p). (4.3.1)

We can decompose this into irreducible representations of the transverse rotation group
SO(24) in the following manner
P RS ) (it _ L ik ok
alialy |p) = oyl |p) + |al @l d—_9° 419 ) +
1
d—2

+ §9ak ak |p). (4.3.2)

These states can be interpreted as a spin-2 particle G, (graviton), an antisymmetric

tensor B, and a scalar ®.

Lorentz invariance requires physical states to be representations of the little group of
the Lorentz group SO(d-1,1), which is SO(d-1) for massive states and SO(d-2) for massless
states. Thus, we conclude that states at this first excited level must be massless, since the
representation content is such that they cannot be assembled into SO(25) representations.
Their mass-shell condition is

am?=4(1—a),

from which we can derive the value of the normal-ordering constant, a = 1, as we claimed
before. This constant can also be expressed in terms of the target space dimension d via (-
function regularization: one then finds that a = %. We conclude that Lorentz invariance

requires that a = 1 and d = 26.

What about the next level? It turns out that higher excitations, which are naturally
tensors of SO(24), can be uniquely combined in representations of SO(25). This is consis-
tent with Lorentz invariance for massive states and can be shown to hold for all higher-mass

excitations [f].

Now consider the open string: again the ground-state is tachyonic. The first excited

level is

O/—l|p> )
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which is again massless and is the vector representation of SO(24), as it should be for a

massless vector in 26 dimensions. The second-level excitations are given by
i i g
alylp),  alialyp),

which are tensors of SO(24); however , the last one can be decomposed into a symmetric
part and a trace part and, together with the SO(24) vector, these three parts uniquely

combine into a symmetric SO(25) massive tensor.

In the case of the open string we see that at level n with mass-shell condition o/m? =
(n — 1) we always have a state described by a symmetric tensor of rank n and we can

conclude that the maximal spin at level n can be expressed in terms of the mass

jmax — o/m2 + 1.

Open strings are allowed to carry charges at the end-points. These are known as Chan-
Paton factors and give rise to non-abelian gauge groups of the type Sp(N) or O(N) in the
unoriented case and U(N) in the oriented case. To see how this comes about, we will attach
charges labeled by an index 1 = 1,2, -- - N at the two end-points of the open string. Then,
the ground-state is labeled, apart from the momentum, by the end-point charges: |p, i, j),
where 7 is on one end and j on the other. In the case of oriented strings, the massless
states are a”,|p,i,j) and they give a collection of N? vectors. It can be shown that the

gauge group is U(N) by studying the scattering amplitude of three vectors.

In the unoriented case, we will have to project by the transformation that interchanges

the two string end-points €2 and also reverses the orientation of the string itself:

Qlp, i, j) = €|p, J, ) (4.3.3)

where €2 = 1 since 2% = 1. Thus, from the N? massless vectors, only N(N+1)/2 survive
when e = 1 forming the adjoint of Sp(N), while when ¢ = —1, N(N-1)/2 survive forming
the adjoint of O(N).

We have seen that a consistent quantization of the bosonic string requires 26 spacetime
dimensions. This dimension is called the critical dimension. String theories can also be
defined in less then 26 dimensions and are therefore called non-critical. They are not

Lorentz-invariant. For more details see [g].

4.4 Path integral quantization

In this section we will use the path integral approach to quantize the string, starting from

the Polyakov action. Consider the bosonic string partition function

7 = / DgDAT isy(g.x0) (4.4.1)

)
‘/gauge
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The measures are defined from the norms:

logll = [ & /59576 gun0955

16XH]| = / 7\ JGOX X 1),

The action is Weyl-invariant, but the measures are not. This implies that generically in the
quantum theory the Weyl factor will couple to the rest of the fields. We can use conformal

reparametrizations to rescale our metric
2
Jap = € ‘bhag .

The variation of the metric under reparametrizations and Weyl rescalings can be decom-

posed into
09ap = Vals + Via + 20gas = (PE)ap + 2Mgas, (4.4.2)

where (P&)as = Vals + Vo — (V) gas and A = A + sV,&7. The integration measure

can be written as .
Dg = D(P¢)D(A) = DEDA rLP &,4)

e | (4.4.3)

where the Jacobian is

G

det [ £V )| = jdet P| = Vet PPT (4.4.4)
(&, A) 1

The * here means some operator that is not important for the determinant.

There are two sources of Weyl non-invariance in the path integral: the Faddeev-Popov
determinant and the X* measure. As shown by Polyakov [IJ], the Weyl factor of the
metric decouples also in the quantum theory only if d = 26. This is the way that the
critical dimension is singled out in the path integral approach. If d # 26, then the Weyl
factor has to be kept; we are dealing with the so-called non-critical string theory, which we
will not discuss here (but those who are interested are referred to [§]). In our discussion
here, we will always assume that we are in the critical dimension. We can factor out the
integration over the reparametrizations and the Weyl group, in which case the partition

function becomes:

7 = / DX*det PPleiSelhasX") (4.4.5)

where ilag is some fixed reference metric that can be chosen at will. We can now use the
so-called Faddeev-Popov trick: we can exponentiate the determinant using anticommuting

ghost variables ¢* and b,3, where b,s (the antighost) is a symmetric and traceless tensor:
Vdet PPT = / DeDbet | #ov/ag ban Ve (4.4.6)
If we now choose hq,3 = 145 the partition function becomes:

Z = / DX DcDbel (Sl X1+Smlet)) (4.4.7)
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where
S X] = T / P00, X1_X,, | (4.4.8)

Sunlb,c] = / bird_ct +b__dyc . (4.4.9)

4.5 Topologically non-trivial world-sheets

We have seen above that gauge fixing the diffeomorphisms and Weyl rescalings gives rise
to a Faddeev-Popov determinant. Subtleties arise when this determinant is zero, and we

will discuss the appropriate treatment here.

As already mentioned, under the combined effect of reparametrizations and Weyl rescal-

ings the metric transforms as
8908 = Vs + Vo + 20gas = (PE)as + 2Agas, (4.5.1)

where (P&)as = Vals + Vala — (V1€ )gap and A = A + iV,&7. The operator P maps
vectors to traceless symmetric tensors. Those reparametrizations satisfying

P& =0 (4.5.2)

do not affect the metric. Equation (f.5.9) is called the conformal Killing equation, and
its solutions are the conformal Killing vectors. These are the zero modes of P. When a
surface admits conformal Killing vectors then there are reparametrizations that cannot be

fixed by fixing the metric but have to be fixed separately.

Now define the natural inner product for vectors and tensors:

Vo, W) = [ d*¢y/detgg®®V, W 4.5.3
B
and
(Tap, Sa) = / d*¢\/detgg™ g™ TapSss. (4.5.4)

The decomposition ([.5.1) separating the traceless part from the trace is orthogonal. The
Hermitian conjugate with respect to this product maps traceless symmetric tensors T,z to
vectors:

(P)y = —2V71,5. (4.5.5)
The zero modes of P! are the solutions of
Pt =0 (4.5.6)

and correspond to symmetric traceless tensors, which cannot be written as (]55 )ap for any
vector field £. Indeed, if (£5.4) is satisfied, then for all €%, 0 = (¢, Pit*) = —(P¢, t*). Thus,

zero modes of P correspond to deformations of the metric that cannot be compensated for
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by reparametrizations and Weyl rescalings. Such deformations cannot be fixed by fixing
the gauge and are called Teichmiiller deformations. We have already seen an example of
this in the point-particle case. The length of the path was a Teichmiiller parameter, since

it could not be changed by diffeomorphisms.

The following table gives the number of conformal Killing vectors and zero modes of
Pt depending on the topology of the closed string world-sheet. The genus is essentially

the number of handles of the closed surface.

Genus ‘ # zeros of P # zeros of P!

0 3 0
1 1 1
> 2 0 39— 3

The results described above will be important for the calculation of loop corrections to

scattering amplitudes.

4.6 BRST primer

We will take a brief look at the BRST formalism in general. Consider a theory with

fields ¢;, which has a certain gauge symmetry. The gauge transformations will satisfy an

algebraf]
[0a, 6] = fapdy . (4.6.1)

We can now fix the gauge by imposing some appropriate gauge conditions
FA4(¢;) = 0. (4.6.2)

Using again the Faddeev—Popov trick, we can write the path integral as

D (a3
¢ e~ /D¢5(FA(¢) = O)DbADcO‘e_SO_f ba(daFH)e
‘/gaugc
~ /D¢DBADbADCa€_SO_ifBAFA(@_I ba(aFA)c>
- / DDBADbAD S (4.6.3)
where
S =Sy + S+ , Si=i / BAFA(¢) , Sy = / ba(aFA)e™ | (4.6.4)

Note that the index a associated with the ghost ¢, is in one-to-one correspondence with

the parameters of the gauge transformations in ({.6.1)). The index A associated with the

6This is not the most general algebra possible, but it is sufficient for our purposes.
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ghost b4 and the antighost B4 are in one-to-one correspondence with the gauge-fixing

conditions.

The full gauge-fixed action S is invariant under the Becchi-Rouet-Stora- Tyupin (BRST)

transformation,

OBrsT ¢i = —1€C"0a0i,

dprsT ba = —€Ba, (4.6.5)
dprst ¢ = —%ecﬁcvfmo‘ ;
dprsT Ba = 0.

In these transformations, € has to be anticommuting. The first transformation is just the
original gauge transformation on ¢;, but with the gauge parameter replaced by the ghost

Ca-
The extra terms in the action due to the ghosts and gauge fixing in ([.6.3) can be
written in terms of a BRST transformation:

SprsT(DAF™) = €[BAFA() + bac®0,F4(9)]. (4.6.6)

The concept of the BRST symmetry is important for the following reason. When we
introduce the ghosts during gauge-fixing the theory is no longer invariant under the original
symmetry. The BRST symmetry is an extension of the original symmetry, which remains

intact.

Consider now a small change in the gauge-fixing condition d F', and look at the change

induced in a physical amplitude

Sp(U[Y) = —i(Y|0prsT (baSFN) W) = (W|{Qg, bad F4} '), (4.6.7)

where (Qp is the conserved charge corresponding to the BRST variation. The amplitude

should not change under variation of the gauge condition and we conclude that (Q}; = Qp)

@s|phys) = 0. (4.6.8)

Thus, all physical states must be BRST-invariant.

Next, we have to check whether this BRST charge is conserved, or equivalently whether
it commutes with the change in the Hamiltonian under variation of the gauge condition.
The conservation of the BRST charge is equivalent to the statement that our original gauge
symmetry is intact and we do not want to compromise its conservation in the quantum

theory just by changing our gauge-fixing condition:
0 = [Qp,dH] = [Qp,d5(badF?)]
= [Qp,{Qp,ba0F*}] = [Q%,ba0F4]. (4.6.9)
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This should be true for an arbitrary change in the gauge condition and we conclude
QE =0, (4.6.10)

that is, the BRST charge has to be nilpotent for our description of the quantum theory to
be consistent. If for example there is an anomaly in the gauge symmetry at the quantum
level this will show up as a failure of the nilpotency of the BRST charge in the quantum
theory. This implies that the quantum theory as it stands is inconsistent: we have fixed a

classical symmetry that is not a symmetry at the quantum level.

The nilpotency of the BRST charge has strong consequences. Consider the state Qg|x)-
This state will be annihilated by ) whatever |x) is, so it is physical. However, this state
is orthogonal to all physical states including itself and therefore it is a null state. Thus, it

should be ignored when we discuss quantum dynamics. T'wo states related by

[¥) = [¥) + Qslx)

have the same inner products and are indistinguishable. This is the remnant in the gauge-
fixed version of the original gauge symmetry. The Hilbert space of physical states is then
the cohomology of @p, i.e. physical states are the BRST closed states modulo the BRST

exact states:

Qplphys) = 0,
and |phys) # @p|something) . (4.6.11)

4.7 BRST in string theory and the physical spectrum

We are now ready to apply this formalism to the bosonic string. We can also get rid of the
antighost B by explicitly solving the gauge-fixing condition as we did before, by setting
the two-dimensional metric to be equal to some fixed reference metric. Expressed in the

world-sheet light-cone coordinates, we obtain the following BRST transformations:
dpX* = de(ctdy +c 0 ) X",
Spc™ = =ie(ctOy +c 0. )T, (4.7.1)
opbe = ie(TX +T9").

We used the short-hand notation T = T14(X), etc. The action containing the ghost

terms is

Syn = / @ (byrd_ct +b__0.c7) | (4.7.2)
The stress-tensor for the ghosts has the non-vanishing terms

T = i(2bsiOsct + Osbyich),

T = i(2b__0_c¢ +0_b__c7), (4.7.3)
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and its conservation becomes

O_T9" = o, 79" = 0. (4.7.4)

The equations of motion for the ghosts are

8_b++ = 84_()__ = 8_c+ = 8+C_ =0. (475)

We have to impose again the appropriate periodicity (closed strings) or boundary (open

strings) conditions on the ghosts, and then we can expand the fields in Fourier modes again:
¢ =3 G ) | = ¥ e o)
by, = Z(_)ne_m(TJr”) , b =Y cpem )
The Fourier modes can be shown to satisfy the following anticommutation relations

{bma Cn} = Om+n,0 {bma bn} = {Cm> Cn} =0. (476)

We can define the Virasoro operators for the ghost system as the expansion modes of
the stress-tensor. We then find

Lf,ff - Z(m - n) : bm-i—nc—n R Lfrff = Z(m - n) : Z_)m-i-né—n L. (477)

n n

From this we can compute the algebra of Virasoro operators:
(L8 L9 = (m — n) Lo, + E(m — 13m%)8, 00 - (4.7.8)
The total Virasoro operators for the combined system of X* fields and ghost then become
Ly = LY + L9 — a5, (4.7.9)

where the constant term is due to normal ordering of Ly. The algebra of the combined

system can then be written as

with p )
A(m) = Em(m2 —-1)+ g(m — 13m®) + 2am. (4.7.11)

This anomaly vanishes, if and only if d = 26 and a = 1, which is exactly the same result

we obtained from requiring Lorentz invariance after quantization in the light-cone gauge.

This can also be shown using the BRST formalism. Invariance under BRST transfor-

mation induces, via Noether’s theorem, a BRST current:

jp=cTX +1:cT9" .= cTX+ : beoc 4.7.12
2
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and the BRST charge becomes
Qp = / dojp .
The anomaly now shows up in Q%: the BRST charge is nilpotent if and only if d = 26.

We can express the BRST charge in terms of the X* Virasoro operators and the ghost
oscillators as

Qp = Z cnl™ + Z mn 2_ iy CnCnb__n : —Co , (4.7.13)

where the ¢y term comes from the normal ordering of L. In the case of closed strings
there is of course also a Qp, and the BRST charge is Qg + Q5.

We will find the physical spectrum in the BRST context. According to our previous
discussion, the physical states will have to be annihilated by the BRST charge, and not

be of the form Qg| ). It turns out that we have to impose one more condition, namely
bo|phys) = 0. (4.7.14)

This is known as the “Siegel gauge” and although it seems mysterious to impose it at
this level, it is needed for the following reason[]: when computing scattering amplitudes of
physical states the propagators always come with factors of by, which effectively projects
the physical states to those satisfying (-7.14) since b2 = 0. Another way to see this
from the path integral is that, when inserting vertex operators to compute scattering
amplitudes, the position of the vertex operator is a Teichmiiller modulus and there is

always a b insertion associated to every such modulus.

First we have to describe our extended Hilbert space that includes the ghosts. As far
as the X* oscillators are concerned the situation is the same as in the previous sections,
so we need only be concerned with the ghost Hilbert space. The full Hilbert space will be
a tensor product of the two.

First we must describe the ghost vacuum state. This should be annihilated by the

positive ghost oscillator modes
bn>o|ghost vacuum) = ¢,~¢|ghost vacuum) = 0 . (4.7.15)

However, there is a subtlety because of the presence of the zero modes by and ¢, which,
according to ([E7.0), satisfy b3 = ¢ = 0 and {by, o} = 1.

These anticommutation relations are the same as those of the y-matrix algebra in two
spacetime dimensions in light-cone coordinates. The simplest representation of this algebra
is two-dimensional and is realized by by = (0! +i0?)/v/2 and ¢y = (0! — i0?)/+/2. Thus,

in this representation, there should be two states: a “spin up” and a “spin down” state,

"Look also at the discussion in [E]
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satisfying
bol 1) =0, bol 1) =11),
ol 1) =0, ol ) =11).

Imposing also ([.7.14]) implies that the correct ghost vacuum is | |). We can now create
states from this vacuum by acting with the negative modes of the ghosts b,,, ¢,. We cannot
act with ¢q since the new state does not satisfy the Siegel condition (f.7.14). Now, we are
ready to describe the physical states in the open string. Note that since Qp in (7-13)
has “level” zerof] , we can impose BRST invariance on physical states level by level.

At level zero there is only one state, the total vacuum | |, p*)

0=Qsl L.p) = (L¥ — Dol 1,p). (4.7.16)

BRST invariance gives the same mass-shell condition, namely L{ —1 = 0 that we obtained
in the previous quantization scheme. This state cannot be a BRST exact state; it is

therefore physical: it is the tachyon.

At the first level, the possible operators are o', b_; and c¢_;. The most general state

of this form is then
[V) = (C-a1+&er +&ba)| 1,p), (4.7.17)

which has 28 parameters: a 26-vector ¢, and two more constants &;,§>. The BRST condi-

tion demands
0=QplY) =2(p"co+ (p-Q)er + &p-ay)l L,p). (4.7.18)
This only holds if p*> = 0 (massless) and p- ¢ = 0 and & = 0. So there are only 26

parameters left. Next we have to make sure that this state is not Q-exact: a general state
[x) is of the same form as ([.7.17), but with parameters ¢’*, {;,. So the most general
Q-exact state at this level with p* = 0 will be

Qplx) =2(p e+ &p-aq)| ,p) -

This means that the ¢_; part in (£.7.17) is BRST-exact and that the polarization has the
equivalence relation ¢, ~ (,+2&p,. This leaves us with the 24 physical degrees of freedom

we expect for a massless vector particle in 26 dimensions.

The same procedure can be followed for the higher levels. In the case of the closed

string we have to include the barred operators, and of course we have to use Qp + Q5.

5 Interactions and loop amplitudes

The obvious next question is how to compute scattering amplitudes of physical states.

Consider two closed strings, which enter, interact and leave at tree level (Fig. Pa).

8By level here we mean total mode number. Thus, Ly and L_, L,, both have level zero.
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Figure 2: a) Tree closed string diagram describing four-point scattering. b) Its conformal

equivalent, the four-punctured sphere

By a conformal transformation we can map the diagram to a sphere with four in-
finitesimal holes (punctures) (Fig. Bb). At each puncture we have to put appropriate
boundary conditions that will specify which is the external physical state that participates
in the interaction. In the language of the path integral we will have to insert a “vertex
operator”, namely the appropriate wavefunction as we have done in the case of the point
particle. Then, we will have to take the path-integral average of these vertex operators
weighted with the Polyakov action on the sphere. In the operator language, this ampli-
tude (S-matrix element) will be given by a correlation function of these vertex operators
in the two-dimensional world-sheet quantum theory. We will also have to integrate over
the positions of these vertex operators. On the sphere there are three conformal Killing
vectors, which implies that there are three reparametrizations that have not been fixed.
We can fix them by fixing the positions of three vertex operators. The positions of the

rest are Teichmiiller moduli and should be integrated over.

What is the vertex operator associated to a given physical state? This can be found
directly from the two-dimensional world-sheet theory. The correct vertex operator will
produce the appropriate physical state as it comes close to the out vacuum, but more on

this will follow in the next section.

One more word about loop amplitudes. Consider the string diagram in Fig. Ba. This
is the string generalization of a one-loop amplitude contribution to the scattering of four
particles in Fig. Pa. Again by a conformal transformation it can be deformed into a
torus with four punctures (Fig. Bb). The generalization is straightforward. An N-point

amplitude (S matrix element) at g-loop order is given by the average of the N appropriate
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Figure 3: a) World-sheet relevant for the one-loop contribution to four-point scattering; b)

Its conformal transform where the holes become punctures on a torus.

vertex operators, the average taken with the Polyakov action on a two-dimensional surface

with g handles (genus g Riemann surface). For more details, we refer the reader to [f.

From this discussion, we have seen that the zero-, one- and two-point amplitudes on
the sphere are not defined. This is consistent with the fact that such amplitudes do not
exist on-shell. The zero-point amplitude at one loop is not defined either. When we will
be talking about the one-loop vacuum amplitude below, we will implicitly consider the

one-point dilaton amplitude at zero momentum.

6 Conformal field theory

We have seen so far that the world-sheet quantum theory that describes the bosonic string
is a conformally invariant quantum field theory in two dimensions. In order to describe
more general ground-states of the string, we will need to study this concept in more detail.
In this chapter we will give a basic introduction to conformal field theory and its application
in string theory. We will assume Euclidean signature in two dimensions. A more complete

discussion can be found in [[[J].

6.1 Conformal transformations

Under general coordinate transformations, x — z’, the metric transforms as

oz® 0xP
Juv — g;/w(x/) = @Wgaﬁ(x)-

The group of conformal transformations, in any dimension, is then defined as the subgroup

of these coordinate transformations that leave the metric invariant up to a scale change:

G () = g, (2") = Q(2) gy () . (6.1.1)

These are precisely the coordinate transformations that preserve the angle between two

vectors, hence the name conformal transformations. Note that the Poincaré group is a
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subgroup of the conformal group (with 2 = 1).

We will examine the generators of these transformations. Under infinitesimal coordi-

nate transformations, x# — " = x# + €/, we obtain
ds”? = ds* — (O,€, + O,¢,)dxtdx” .

For it to be a conformal transformation, the second term on the right-hand side has to be

proportional to 7, or
2
Ouer + Op€, = 3(6 €)M (6.1.2)

where the proportionality factor can be found by contracting both sides with n**. If we

act on both sides of this equation with 0" we obtain

De,,—l—(l—%)&,(a-e):o,

or if we act on both sides of (f.I1.9) with O = 0,0" we obtain
2
0,06, + 0,0¢, = gme(a “€).
With these two equations, we can write the constraints on the parameter as follows
w0+ (d—2)0,0,]0-€=0. (6.1.3)

We can already see in (f.1.3) that d = 2 will be a special case. Indeed for d > 2, (p.1.3)
implies that the parameter € can be at most quadratic in . We can then identify the

following possibilities for e:

et =a" translations,
et = wha” rotations (W, = —wy,), (6.1.4)
et = Azt scale transformations
and
e = b'a? — 22"(b - 1), (6.1.5)

which are the special conformal transformations. Thus, we have a total of
d+3dd—1)+1+d=3(d+2)(d+1)

parameters. In a space of signature (p, q) with d = p + ¢, the Lorentz group is O(p,q).

Exercise: Show that the algebra of conformal transformations is isomorphic to the
Lie algebra of O(p+1,q+1).
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We will now investigate the special case d = 2. The restriction that € can be at most of
second order does not apply anymore, but (B.1.9) in Euclidean space (g,,, = 0,,) reduces
to

0161 = Oq€q, 0162 = —Ohey . (6.1.6)

This can be further simplified by going to complex coordinates, z,z = x! & iz?. If we

define the complex parameters €, € = €; & 1€, the equations for the parameters become
0E=0, 0e=0, (6.1.7)

where we used the short-hand notation 0 = 9;. This means that ¢ can be an arbitrary
function of z, but it is independent of Z and vice versa for €. Globally, this means that
conformal transformations in two dimensions consist of the analytic coordinate transfor-
mations

z— f(z) and z— f(2). (6.1.8)
We can expand the infinitesimal transformation parameter

e(z) == a,z"t".

The generators corresponding to these transformations are then

b, = —2"*19,, (6.1.9)

i.e. £, generates the transformation with e = —z"*!. The generators satisfy the following
algebra

Wy U] = (M —n) i [l 0] = (M —n)lpin (6.1.10)

and [, £,] = 0. Thus, the conformal group in two dimensions is infinite-dimensional.

An interesting subalgebra of this algebra is spanned by the generators £y 1 and £ 41.
These are the only generators that are globally well-defined on the Riemann sphere S? =
C U oo. They form the algebra of O(2,2)~SL(2,C). They generate the following transfor-

mations:

Infinitesimal Finite

Generator transformation transformation

{_4 Z—zZ—€ z— 2+« Translations
Ly z— z— €z z2— Az Scaling
A z— 7 — €22 z— 2 Special conformal

with equivalent expressions for the barred generators. From this, it is immediately clear
that the generator i(¢y — £) generates a rescaling of the phase or, in other words, it gener-
ates rotations in the z-plane. Dilatations are generated by ¢y + . These transformations

generated by ¢y +; can be summarized by the expression

az+b
cz+d’

z —

(6.1.11)
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where a,b,c,d € C and ad — bc = 1. This is the group SL(2,C)/Z,, where the Z, fixes the
freedom to replace all parameters a, b, ¢, d by minus themselves, leaving the transformation
(B-II1) unchanged. We will call this finite-dimensional subgroup of the conformal group

the restricted conformal group.

6.2 Conformally invariant field theory

A two-dimensional theory will be called conformally invariant if the trace of its stress-
tensor vanishes in the quantum theory in flat space. Such a theory has the following

properties:

1) There is an (infinite) set of fields {A4;}. In particular, this set will contain all the

derivatives of the fields.

2) There exists a subset {¢,;} C {A;}, called quasi-primary fields, that transforms under
restricted conformal transformations

l
N}
+
S

az+b o
z— f(z) = td z— f(z) = (6.2.1)

ol
I
+
S

in the following way,

h =\ h
d(z,2) — <g_£> (%ﬁ) ®(f(2), f(2)) - (6.2.2)

As we shall see later all fields that are not derivatives of other fields are quasi-primary.

3) Finally there are the so-called primary fields, which transform as in (6.2.9) for all
conformal transformations; h, h are real-valued (h is not the complex conjugate of 7). Note
that this transformation property is very similar to the transformation property of tensors.

As for tensors, the expression
(2, 2)d""dz"

is invariant under conformal transformations; (h, h) are the conformal weights of the pri-

mary field.

The theory is covariant under conformal transformations. Consequently, the correlation

functions satisfy

<i:11j[1q>i(2i’2i)> N ﬁ (%ﬁ)hi (%ﬁ)hi <j1]jlq’j (f(zj),f(zj))> : (6.2.3)

i=1 25

Z—Z

As we shall see later on, the conformal anomaly spontaneously breaks the invariance of the
full conformal group. On the sphere, the unbroken subgroup is the restricted conformal
group and (f.2.3) is, thus, valid only for SL(2,C). However, there will be Ward identities

that will encode the full conformal covariance of the theory.
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Infinitesimally, under z — z + ¢(2) and z — Z + €(Z), a primary field transforms as
0ee®(2, 2) = [(hde + €0) + (hde + €D)| ¥ (2, 2), (6.2.4)
and the two-point function G (2;, %) = (®(21, 21)®(2y, Z2) ) transforms as
eGP (21, %) = (6c,e®1, Py ) + (D1,0,:P5) = 0.

If we put these two together, it results in the following differential equation for the two-

point function
[(€(20)02, + h10e(21) + €(22)0s, + haOe(23)) + (barred terms)] G (2, 2) = 0. (6.2.5)

We can now use the series expansion of €(z) to analyze this equation. If we first take e(z) =
1 and €(2) = 1 (remember, this corresponded to translations), then (.2.5) tells us that
G@(z;, %) only depends on 215 = 21 —29, Z19 = Z1—Z. This is not very surprising because in
a translationally invariant theory we would expect the correlation functions to only depend
on the relative distance. If we next use €(z) = z, €(Z) = z (rotational invariance), we find
G® ~1/ (2?21+h22§21+7‘2) and if we finally use €(z) = 2?2 (special conformal transformation)
we find the restriction h; = hy = h and hy = he = h. The conclusion is that the two-point
function is completely fixed up to a constant:

Cl2

2h z2h °
212712

G (z, %) = (6.2.6)

This constant can be set to 1, by normalizing the operators.

A similar analysis can be done for the three-point function and it turns out to be also

completely determined up to a constant:

Exercise: Solve the Ward identities and show that the most general form allowed
for the three-point function is

C'123

A1z Aoz Aszy 5A12 A1 A1 )
212 "R23 %31 A12 R12 A12

G (2, %) = (6.2.7)

where Alg = hl -+ hg — hg, Alg = 711 + FLQ — FLg, etc.

The next correlation function, however, the four-point function, is not fully determined.
Conformal invariance restricts it, using the procedure outlined above, to have the following
form

ij
i<j i<j
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where h = S_ h;, h = ¥ h;. The function f is arbitrary, but only depends on the cross-ratio

Tr = 212223/2’132’24 and T.

The general N-point function of quasiprimary fields on the sphere

GN(Zl,Zl,. ZN,ZN <Hq> ZZ,ZZ > (629)

satisfies the following constraints coming from SL(2,C) covariance

N
Z&- GN =0, (6.2.10)
N
> (20 + b)) GN =0, (6.2.11)
=1
N
Z(z O +2z:h;) GN =0 (6.2.12)

I
—_

and similar ones with z; — %, h; — h;. These are the Ward identities reflecting SL(2,C)

invariance of the correlation functions on the sphere.

6.3 Radial quantization

We will now study the Hilbert space of a conformally invariant theory. We start from a
two-dimensional Euclidean space with coordinates 7 and o. (Note that we can go from
a two-dimensional Euclidean space to Minkowski space by means of a Wick rotation,
7 — i7.) To avoid IR problems we will compactify the space direction, o = o+ 27, and the

two-dimensional space becomes a cylinder. Next, we make the conformal transformation

5 = e'r-‘,—za , 7 = 67'—7,0 ,

which maps the cylinder onto the complex plane (topologically a sphere) as shown in Fig.
.

Surfaces of equal time on the cylinder will become circles of equal radius on the complex
plane. This means that the infinite past (1 = —oc) gets mapped onto the origin of the

plane (z = 0) and the infinite future becomes z = co. Time reversal becomes z — 1/z* on

the complex plane, and parity z — z*.

We already saw that ¢y was the generator of dilatations on the cylinder, z — Az so
{y + fy will move us in the radial direction on the plane, which corresponds to the time
direction on the cylinder. This means that the dilatation operator is the Hamiltonian of
our systemf]
H=1/0y+10.

9Since we are in Euclidean space the term Hamiltonian may appear bizarre. The proper name should

be transfer operator, which upon Wick rotation becomes the Hamiltonian. Similarly the exponential of
the transfer operator gives the transfer matrix, which would become the time evolution operator upon
Wick rotation.
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Figure 4: The map from the cylinder to the compactified complex plane

An integral over the space direction o will become a contour integral on the complex

plane. This enables us to use all the powerful techniques developed in complex analysis.

Infinitesimal coordinate transformations are generated by the stress-tensor, which is
traceless in the case of a Conformal Field Theory (CFT)[M,

T," = 0. (6.3.1)

In complex coordinates this means that the stress-tensor has non-vanishing components
T,. and T3, while T,; = 0 since T,; is the trace of the stress-tensor. This can be shown

by expressing them back in Euclidean coordinates, z = x + iy,

T:=Ts = 2(Too+T11) = iTu“-

1
1
The conservation law 0"7),, = 0 gives us, together with the traceless condition,

8ZT22 =0 and aETZZ = 0, (632)

which implies that the two non-vanishing components of the stress-tensor are holomorphic

and antiholomorphic respectively:
T(z)=T,. and T(2)=T:. (6.3.3)

Thus, we can construct an infinite number of conserved currents, because if T'(z) is con-

served, then €(2)7'(z) is also conserved, for every holomorphic function €(z).

These currents produce the following conserved charges

Q. — QLM fizeo)T) L Qo= QLM faze(=)7(). (6.3.4)

10This is only true in flat space. In general T, ~ ¢R® where ¢ is a number known as the conformal

anomaly and will appear also in the Virasoro algebra; R(?) is the two-dimensional curvature scalar.
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These charges are the generators of the infinitesimal conformal transformations
z— z+€(2), zZ— Z+€(2).

The variation of fields under these transformations is given, as usual, by the commutator

of the fields with the generators:
0ee®@(2,2) = [Qe + Qe, P(2,2)] . (6.3.5)

We know that products of operators are only well-defined in a quantum theory if they
are time-ordered. The analog of this in radial quantization on the complex plane is radial

ordering. The radial-ordering operator R is defined as:

A(z)Bw) [z > |w]

DFBw)A(z) || < || (6:3.6)

R(A() B(w)) = { -
In the case of fermionic operators, there appears of course a minus sign if we interchange
them. With the help of this ordering we can write an equal-time commutator of an operator
with a spatial integral over another operator as a contour integral over the radially-ordered

product of the two operators:
[ [ doB. A] = f d=R(B(=)A(w))

as shown in Fig. fl. This means that we can rewrite (6.3.5) as

5.:D(2,2) = L 7{(dze(z)R(T(z)@(w,w))+dzg(z)R(T(z)q>(w,w)))

211

= |(hde(w) + e(w)d) + (hde(w) + &(1)d)] B(w, ),

where the last line is the desired result copied from (.2.4). This equality will only hold if

T and T have the following short-distance singularities with ®:

R(T(2)®(w, ) = —— ®(w, @) + —

(z —w)? z—

R(T(2)®(w,w)) = ﬁ@(w,w) + :

—0u®(w, @) + ... (6.3.7)

0 ®(w, @) + ... | (6.3.8)

Z—w

where the dots (which we write at first, but end up being implicit) denote regular terms.
From now on we shall drop the R symbol and assume that the operator product expansion
(OPE) is always radially ordered. The OPE with the stress-tensor can be used as a
definition of a conformal field of weight (h, k) instead of (5.2.9).

We will describe here the general Ward identities for insertions of the stress-tensor.

Consider the correlation function

FN(2,2,2) = <T(z) 1T @i(zi,zi)> : (6.3.9)

1=1
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Figure 5: Rearrangement of contours relevant for commutators.

where ®; are primary fields. Viewed as a function of z, FV is meromorphic with poles
when z — z;. The residues of these poles can be calculated with the help of (6.3.§). A
meromorphic function on the sphere is uniquely specified by its poles and residues. Thus,

we obtain

FN(z,21,2) = > <(Z _hZZZ)2 + Za_ZlZZ> <1:[1 @,(z,,zl)> . (6.3.10)

i=1
This Ward identity expresses correlation functions of primary fields with an insertion of
the stress-tensor in terms of the correlator of the primary fields themselves. Multiple

insertions can also be handled using in addition (p.5.1]).

In general, the product of two operators can be expanded in terms of a complete set
of orthonormal local operators

O,(2,2)®;(w, ) = 3 Cijilz — w)™i~hi(z — qg)lehi=hiy (w, ), (6.3.11)
k

where the numerical constants Cjj, can be shown to coincide with the constants in the
three-point function ( ®;®,;®; ). This is true in any quantum field theory; here, however,
because of conformal invariance there is no mass scale that appears in the OPE. This
type of expansion can be thought of as a way to encode the correlation functions, since
knowledge of (B.3.11]) determines them completely in a unitary theory and vice versa.

6.4 Example: the free boson

The action for a non-compact free boson in two dimensions as we encountered it in string
theory is
1 _
S = [d=0x0X . 6.4.1
ol (6.4.1)
The field X (z, z) has the propagator
(X(2,2)X (w,@)) = —log(|z — w’p?). (6.4.2)

This is obtained by taking the massless limit of the massive scalar propagator in two

dimensions; p is an IR cutoff. Equation (p.4.9) can be obtained by starting with the
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massive propagator, with mass p, and taking the limit © — 0, keeping terms that do not
vanish in the limit. The dependence on p should disappear from correlation functions.
Note that X itself is not a conformal field since its correlation functions are IR-divergent.
Its derivative 0,.X, however, is well behaved. The OPE of the derivative with itself is

0. X (2)0,X(w) = 0,0,(XX)+:0,X0,X :

1
= st 0.X0,X (6.4.3)

(z —w)

and 0,X is a conformal field of weight (1,0). Note that x has disappeared. We will now
calculate its OPE with the stress-tensor.

According to the action (.4.1) the stress-tensor for the free boson is given by

_ 1. . 1
T(z) = —5:0X0X 1= —3 Zl% [&ZX@joL Gow?|’ (6.4.4)
_ _ 1
Using Wick’s theorem, we can calculate
T(2)0X(w) = —3:0X(2)0X(z):0X(w)
= —0X(2)(0X(2)0X (w)) +
1
= 0X(z)(z_w)2—l—..
_ 0XW) L vy (6.4.6)

(z—w)? z—w

where the dots indicate terms that are not singular as z — w. Similarly we find TOX =
regular. Thus, 0X is a (1,0) primary field. In the same way we find that 0X is a (0, 1)
primary field.

Are there any other primary fields? The answer is yes. There are certainly several,
constructed out of products of derivatives of X. We will consider another interesting class,
the “vertex” operators V,(z)=: €*() ;. The OPE with the stress-tensor is

1AM

T(2)Va(w, w) = —1 : 0X(2)0X (2) : i "TZ L X" (w, @) ;. (6.4.7)

For all terms in the expansion there can be either one or two contractions. We obtain
T(2)Vi(w) = —5 [za@(XX>]2 10X @) _ 19ia 1 90X (2)0(X X)e X 4.

a/2 iadX (z)
— (Z _/w)zezaX(w)_l_ Z_T(U)ezaX(w)_‘_.“

WVo(w) + ... . (6.4.8)

Z— W
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Thus, the vertex operator V, is a conformal field of weight (a?/2,0).

Consider now a correlation function of vertex operators

N 1 N
GN — <H ‘/:h. (ZZ', Zz)> = exp |:§ Z a;a; <X(ZZ', 22'>X(Zj, Zj)> y (649)
i=1 1,j=1;i#j

where the second step in the above formula is due to the fact that we have a free (Gaussian)
field theory. Using the propagator (6.4.2) we can see that the IR divergences cancel only
if

> a; =0. (6.4.10)

This a charge-conservation condition.

For the two-point function we obtain

Vo(2)V_g(w)) = (:eaXE) . gmiaX(w) )
1

_ 42 )2
e @ log [z—w|* _ |Z_w|2a2’

(6.4.11)

which confirms that a? = 2h = 2h.

In this theory the operator i0X is a U(1) current, which is chirally conserved. It is
associated to the symmetry of the action under X — X +¢€. The zero mode of the current

is the charge operator. From

Va(w, w)

10, X Vy(w,w) =a Cow)

+ finite (6.4.12)
we can tell that the operator V, carries charge a. The charge-conservation condition
(6.4.10) is precisely due to the U(1) invariance of the theory. In the case of string theory,

this type of U(1) invariance is essentially momentum conservation.

6.5 The central charge

The stress-tensor 7}, is conserved so it has scaling dimension two. In particular 7'(z) has
conformal weight (2,0) and T'(z) (0,2). They are obviously quasiprimary fields. From these
properties we can write the most general OPE between two stress-tensors compatible with

conservation (holomorphicity) and conformal invariance.

G C—/i)yl * Q(ZT—(ug)z * iT—(Z) *

T(2)T(w) =

(6.5.1)
The fourth-order pole can only be a constant. This constant has to be positive in a unitary

theory since (T'(2)T(w)) = ¢/2(z — w)*. There can be no third-order pole since the OPE

has to be symmetric under z <+ w. Finally the rest of the singular terms are fixed by the
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fact that T has conformal weight (2,0). We have a similar OPE for T with z — z and
¢ — cand
T(2)T(w) = regular . (6.5.2)

Comparing (b.5.1]) with (B.3.§) we can conclude that T'(z) itself is not a primary field
due to the presence of the most singular term. The constant ¢ is called the (left) central
charge and ¢ the right central charge. Modular invariance implies that for a left-right
asymmetric theory ¢ — ¢ = 0( mod 24) and two-dimensional Lorentz invariance requires
c=_C.

We will calculate the value of ¢, ¢ for the free boson theory. With the stress-tensor
T(z) = —3 : 9X0X : we can calculate the OPE

T(2)T(w) = 1{2(00(XX))*+4:0X(2)0X (w): 09(XX) +...}

12 2y, ]
B (z—w)4+(z—w)2T( )+z—w

T (w) + ... , (6.5.3)

and we see that a single free boson has central charge ¢ = ¢ = 1. In the bosonic string

theory we have d free bosons, consequently the central charge is ¢ = ¢ = d.

Exercise: Consider another (2,0) operator
T=-1:0X0X : +iQ0°X ,

where the second term is a total derivative. This is the stress-tensor of a modified theory
for the free boson where there is some background charge (). Follow the same procedure
as above and show that the OPE of the two stress-tensors is again of the same form as

(B.5.0]), but with central charge:
c=1-120Q%. (6.5.4)

Verify that the conformal weight of the vertex operator V, is now A = a(a — 2Q)/2.
In particular, V, and V_, 90 have the same conformal weight. The charge neutrality
condition (p.4.10) now becomes Y, a; = 2Q).

6.6 The free fermion

We will now analyze the conformal field theory, which describes a free massless fermion.
In two dimensions, it is possible to have spinors that are both Majorana and Weyl, and

these will have only one component. The gamma matrices can be represented by the Pauli
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matrices, i.e. v' = o', v = 02, so that the chirality projectors are %(1 + 03). The Dirac

operator becomes

0 9 —id 0 9
= '9; + 620, = LR IO e . 6.6.1
)= +070 (81+i82 0 3 0 (66.1)

The action for a Majorana spinor ( Z ) is

Sz—%/£dﬁ%+&%) (6.6.2)

The equations of motion are

oY =0 =0, (6.6.3)

which means that the left and right chiralities are represented by a holomorphic and an

anti-holomorphic spinor, respectively.

The operator product expansion of 1 and v with themselves can be found either by
transforming the action into momentum space or by explicitly writing down the most

general power expression with the correct conformal dimension. They are given by

PERPw) = —— | FEI@) = —— . (6.6.4)

Z—w zZ— W

Up to a constant factor, the only expressions with conformal dimension (2,0) and (0, 2)

respectively are

T(z) = -3 :0()00(z): , T(z)=-1:9(2)00(2) : . (6.6.5)
This stress-tensor has the correct operator product expansion
. 1/4 2 1

T(2)T(w) = o) + o w)2T(w) + P w@T(w), (6.6.6)

and a similar expression for T'(2), so that ¢ = ¢ = 1.

Exercise: By calculating the expansions of T'(2)¢(w) and T(2)y(w), show that 1
1
2

and ¢ are primary fields of conformal weight (%, 0) and (0, 2), respectively.

6.7 Mode expansions

We will write the mode expansion for the stress-tensor as

T(z)=> z"7"L, , T(z)=> 2" Ly (6.7.1)
nEZ nEZ
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The exponent —n — 2 is chosen such that for the scale change z — %, under which

T(z) — N\*T (f), we have L_, — \"L_,,. L_,, and L_,, then have scaling dimension n. If
we consider a theory on a closed string world-sheet, the transformation from the Euclidean

space cylinder to the complex plane is given by
w=7T+ic— z=c¢e". (6.7.2)
For a holomorphic field ® with conformal weight h, we would write

()= g™ =Y 9T =3 g2 (6.7.3)
nel, nel, nel.

When going to the plane and using (f.2.2) this becomes, for primary fields:

D(z) = > g (6.7.4)
nel.

Non-primary fields also have an inhomogeneous piece in (p.2.9). In particular the correct

moog n\ 2
f}—, - (?-) } | (6.7.5)

This justifies the expansion of the stress-tensor (B.7.])).

transformation of the stress-tensor is [I4]

T(z) = (fVT(F(2) +

The mode expansion can be inverted by
L,=¢—2"""T(2) |, L,= ¢ —z""'"T(2). (6.7.6)

The operator product expansions of T(2)T(w) and T'(2)T(w) can now be written in terms
of the modes. We have

Ly, L] = < ﬁj{d_w - d—wfﬁ> 2P ()w™ T (w)

2w J 2w 2wy J 2m

dw dz i1 i c/2 2T (w) IT (w)
%w —Z <( + + + .. )

a omi Jo, 2mi v z—w)t  (z—w)? z-—w
dw [ ¢
— DR 1 -1 n—2, m+1
5 (12(71 + Dn(n — Dw" =™+
+2 (n + Dw"w™ T (w) + w"+1wm+18T(w)) : (6.7.7)

The residue of the first term comes from %Zﬁ’z"“‘ = £(n+1)n(n—1)w" 2. We integrate
the last term by parts and combine it with the second term. This gives (n—m)w™ ™ 1T (w).

Performing the w integration leads to the Virasoro algebra

[Lm LM] = (n - m)Ln—i-m + = (n?

"

— )6t (6.7.8)
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The analogous calculation for 7'(z) yields

- - - c
(L, Lyn] = (n —m) Ly + E(n3 — 1) tm.0- (6.7.9)
Since T'T has no singularities in its OPE,

(L, L) = 0. (6.7.10)

Every conformally invariant theory realizes the conformal algebra, and its spectrum forms
representations of it. For ¢ = ¢ = 0, it reduces to the classical algebra. A consequence of

the conformal anomaly is that

C
T8 =553V R®, (6.7.11)

where R® is the two-dimensional scalar curvature. In a generic non-conformally invariant
theory the trace can be a generic function of its various fields. In a CFT it is proportional
only to the scalar curvature. This implies that in a CFT with ¢ # 0 the theory depends
on the conformal factor of the metric, but in a very specific form implied by (p.7.17)).
If we remember that the stress-tensor is the variation of the action with respect to the
metric, we can integrate (B.7.11]) to obtain the dependence of the quantum theory on the
conformal factor. Let §os = €°gas. Then

/[DX]ge_S[gaﬁvX] — ¢~ 5L9ap:9] /[DX]ge_S[gaﬁvX] ’ (6.7.12)

where X is a generic set of fields and

1 1
Stlgas: 8] = 5= / det 990,606 + 1 / Jdet gR® & (6.7.13)

This is the Liouville action. In critical string theory, the ghost system cancels the central

charge of the string coordinates and the full theory is independent of the scale factor.

6.8 The Hilbert space

To describe the Hilbert space we will use the standard formalism of in and out states of
quantum field theory adapted to our coordinate system. For quasi-primary fields A(z, z),

the in-states are defined as
[Ai) = lim_A(7,0)|0) = lim A(z, 2)[0). (6.8.1)

For the out-states, we need a description in the neighborhood of z — oo. If we define z = i,
then this is the point w = 0. The map f : w — z = i is a conformal transformation,

under which A(z, ) transforms as

Alw, @) = A(f(w), f(@))(@f (w))"(Of (@))". (6.8.2)
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Substituting f(w) = <, we find

. 11 .
Alw, )= A=, =) (—w )" (= )" 6.8.3
(w,0) = A, =) (-0 (~a7?) (653)

It is natural to define
(Agus| = 1im0<0|21(w,w). (6.8.4)

We would like (A,,| to be the Hermitian conjugate of |A,,). Hermitian conjugation of
operators of weight (h, k) is defined by
=\11 11 ~—2h _—2h
[A(z,2)]'= A (—, —) Z7 T (6.8.5)

VA4

This definition finds its justification in the continuation from Fuclidean space back to
Minkowski space. The missing factor of 7 in Euclidean time evolution A(o, 7) = e™ A(o,0)e= ™
must be compensated for in the definition of the adjoint by a Euclidean time reversal, which

is implemented on the plane by z — 1/2*. With the definition (f.8-3), we find

= I A o) = I L 1IN _on —on
(Aol = Hm(0)A(w, ) = Lm0} (2.2 ) =72
= lir%<0\ [A(z, 2)]" = | 4.)1 (6.5.6)

The fact that the stress-tensor is a Hermitian operator can be expressed using (£.8.5) in

the following way :

LIn L, 1
TT(Z) - ; 2m+2 = ; 2—m—2 ?’ (687)
or in terms of the oscillator modes :
Ll =L_,, (6.8.8)

and analogously LT = L_,,.
These conditions can also be derived from the hermiticity of 7" in Minkowski space.

Conditions on the vacuum follow from the regularity of

T(2)|0) = Y Lyz"""?|0) (6.8.9)
meZ,

at z = 0. Only positive powers of z are allowed, so we must demand
Ln|0) =0, m>—1. (6.8.10)
The same condition for lim,,_q(0|T(w) gives
(0| Ly, =0, m<1. (6.8.11)

Equation (B.8.10) states that the in-vacuum is SL(2,C)-invariant, along with extra condi-

tions for m > 1. The rest of the Virasoro operators create non-trivial states out of the
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vacuum. The only operators that annihilate both (0| and |0) are generated by Ly and
Ly and constitute the SL(2,C) subgroup of the conformal group.

If we consider holomorphic fields with mode expansion (p.7.4), conformal invariance

and the SL(2,C) invariance of the vacuum imply

®pp]0) = 0. (6.8.12)

6.9 Representations of the conformal algebra

In CFT, the spectrum decomposes into representations of the generic symmetry algebra,
namely two copies of the Virasoro algebra. We will describe here only the left algebra with

operators L,, to avoid repetition.

The Cartan subalgebra of the Virasoro algebra is generated by Ly. The positive modes
are raising operators and the negative ones are lowering operators. Highest-weight (HW)
representations are constructed by starting from a state that is annihilated by all raising
operators. The representation is then generated by acting on the HW state by the lowering

operators.

Suppose @ is a primary field (operator) of left weight h. From the operator product
expansion with the stress-tensor (f.3.9), we find

(L, ®(w)] = ;—;Z_Z”HT(Z)CI)(U)) = h(n + Dw"®(w) + w"od(w). (6.9.1)

The state associated with this operator is

)

©(0)[0). (6.9.2)
First of all, [L,,, ®(0)] =0, n > 0, so
Lim>o[h) = Lin>0®(0)[0) = [Lin, ®(0)]]0) + (0) Lin>0/|0) = 0. (6.9.3)

Thus, primary fields are in one-to-one correspondence with HW states. Each primary
field then generates a representation of the Virasoro algebra. Also, Lglh) = h|h). More
generally, in-states |h, k), defined by (F.9.2) with ® of conformal dimension (h, k), also
satisfy Lo|h, h) = h|h,h) and L,~o|h, h) = 0.

The rest of the states in the representation generated by |h) are of the form
IX) =L_n,L_p,...L_y |R), (6.9.4)

where all n; > 0, and are called descendants. They are L, eigenstates with eigenvalues

h + >, ng. This type of representation is called a Verma module.

We have seen that we can have a one-to-one correspondence with HW states |h) and
primary fields ®;(2) given by (6.9.7). A similar statement can be made for descendants.
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Consider the state L_q|h). It is not difficult to show that the operator that creates this

state out of the vacuum is

(L)) = ¢, % T(w)p(2) | (6.9.5)

using (6.7.6). For the general state (f.9.4) we have to use nested contours

D, (z) = l:Ile{ dw; (w; — 2) "™ (w;) @ (2) (6.9.6)

271

Thus, a general correlation function of descendant operators can be written in terms of
multiple contour integrals of a correlation function of the associated primary fields and
several insertions of the stress-tensor. However, in a previous section we have seen that
conformal Ward identities express such a correlation function in terms of the one with
primary fields only. Thus, knowledge of the correlators of primary fields determines all
correlators of the CFT.

We will also discuss quasiprimary fields. We have seen that on the sphere L_; is the

translation operator

[L_1,0(z2,2)] =0, O(z,2) . (6.9.7)
The quasiprimary states are the HW states of the global conformal group. Consider the

part generated by L., Ly. The raising operator is L, while L_; is the lowering operator.
The HW states are annihilated by L;. The rest of the representation is generated by acting
several times with L_;. Thus, the descendant (non-quasiprimary) states are derivatives of

quasiprimary ones.

An interesting function of a conformal representation generated by a primary of di-

mension h is the character
Xn(q) = Trlg™ 2], (6.9.8)

where the trace is taken over the whole representation. There is an extra shift of Ly in
(6.9.8) proportional to the central charge. The reason is that characters will appear when
discussing the partition function on the torus which can be thought of as the cylinder with
the two end-points identified (with a twist). Going from the sphere to the cylinder there
is precisely this shift of Ly and is due to the fact that the stress-tensor is not a primary
field but transforms as in (5.7.9).

Exercise: For a generic representation without null vectors, calculate the character

and show that it is given by
qh—c/24

T T

From this expression we can read off the multiplicities of states at any given level.

(6.9.9)
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There is a special representation, which is called the vacuum representation. If one
starts with the unit operator, the state associated with it via (.9.7) is the vacuum state.
The rest of the representation is generated by the negative Virasoro modes. Note, however,
that from (6.9.1) L_; acts as a z derivative. However the z derivative of the unit operator
is zero. This is equivalent to the statement that L_; annihilates the vacuum state. For

¢ > 1 the vacuum character is given by

q—c/24

?:2(1 - qn) '

The term with n = 1 is missing here since L_; does not generate any states out of the

Xo(q) = (6.9.10)

vVacuulll.

In a positive (unitary) theory the norms of states have to be positive. The norm of the
state L_,|0), n > 0, is

C
I L]0} I* = (0|LT,,L_|0) = (0] 5 (1’ = n)+2nLo | [0)

= St =n), (6.9.11)

where we have used the commutation relations of the Virasoro algebra and the SL(2,C)-
invariance of the vacuum. Unitarity demands this to be positive. For large enough n,
this means ¢ > 0 (if ¢ = 0, the Hilbert space is one-dimensional and spanned by [0)). A
more detailed investigation shows that for ¢ > 1 we cannot obtain direct constraints from

unitarity. However, when 0 < ¢ < 1, unitarity implies that ¢ must be of the form

6

e (6.9.12)

An example for m = 3 is the Ising model, for m = 4 the tricritical Ising model, and for

m = 5 the 3-state Potts model; m = 2 is the trivial theory with ¢ = 0.

Generically the Verma modules described above correspond to irreducible representa-
tions of the Virasoro algebra. However, in special cases, it may happen that the Verma
module contains “null” states (states of zero norm that are orthogonal to any other state).
Then, the irreducible representation is obtained by factoring out null states. Such repre-
sentations are called degenerate. We will give here an example of a null state. Consider
the Ising model, m = 3 above, with ¢ = 1/2. This is essentially the conformal field theory
of a Majorana fermion that we discussed earlier. Consider the primary state with h = 1/2
corresponding to the fermion |1/2) and the following descendant state

) = (£ - 5220 ) /2. (6.9.13)

Exercise: Show that |x) in (F.9.13), although being a descendant, is also primary
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and that its norm is zero.

6.10 Affine algebras

So far we have seen that in any CFT there is a holomorphic stress-tensor of weight (2,0).
However a CFT can also have chiral symmetries whose conserved currents have weight
(1,0). Chiral conservation implies .J = 0. Thus, such currents are holomorphic. Consider
the whole set of such holomorphic currents, J(z), present in the theory. We can write the
most general OPE of these currents compatible with chiral conservation and conformal

invariance:
Gab 'éfabcjc(QU)
(z —w)? Z—w

J(2)J(w) = + finite, (6.10.1)

where £, is antisymmetric in the upper indices and G is symmetric. Using associativity
of the operator products, it can be shown that the f. also satisfy a Jacobi identity and
fabe = fab G is totally antisymmetric. Therefore they must be the structure constants

of a Lie group with invariant metric G.
Expanding J%(z) = 3, J%2 "' we can translate (f.10.1]) into commutation relations
for the modes of the currents

[J2, T = m G Gppymo +if?eJE

m4+n-

(6.10.2)

This algebra is an infinite-dimensional generalization of Lie algebras and is known as an
affine algebra. Clearly, the subalgebra of the zero modes J§ constitutes a Lie algebra with

structure constants f...

Exercise: Show that a conformal field of weight (1,0) is necessarily primary in a

positive theory.

Thus, the OPE with the stress-tensor should be

J*(w) N 0J%(w)

T(2) I (w) = (z—w)?  z—w

(6.10.3)

and T'(2).J%(w) = regular.

This type of algebra is realized as we will see in many CFTs. The prototype is the

non-linear o-model with a Wess-Zumino term [[§]. This is a theory in two dimensions,
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where the basic field g(z) is in a matrix representation of a group G. The action is

1
C4N2

/ 026 Tr(0,90"g") + & / d°€ Tr(eus, USUPUT), (6.10.4)
Mo 87 JB;0B=M,

S

where U, = ¢7'9,9. The second term in the action is an integral over a three-dimensional
manifold B whose boundary is the two-dimensional space M, we define the theory on. This
is the WZ term and it has the special property that its variation gives two-dimensional
instead of three-dimensional equations of motion. There is a consistency condition that
has to be imposed, however. Consider another three-manifold with the same boundary.
We would like the theory to be the same. This gives a quantization condition on the
coupling AfJ]. The above theory has two different couplings, A and k. It can be shown
that when \?> = 47 /k then the theory is conformally invariant (this is called the WZW
model). In this case it can be verified that the matrix currents J = ¢g~'dg and J = dgg~!
are chirally conserved 0J = 0J = 0. This is a reflection of the symmetry of the action
(b-I0.4) under g — hy g ho, where h; o are arbitrary G elements. Thus, the currents J

generate a G, affine algebra while the currents J generate a G current algebra.

An interesting phenomenon in this theory (which turns out to be generic) is that the
stress-tensor can be written as a bilinear in terms of the currents. This is known as the
affine-Sugawara construction. Consider the group G to be simple. Then by a change of
basis in (6-10.1) we can set G = kd*®. Choose a basis where the long roots have square
equal to 2. Then the (2,0) operator

1
Ta(z) = ———: J%2)J%(2) : 6.10.5
oC) = g ) (6.10.5)
satisfies the Virasoro algebra with central charge

 kDg
k+h'

h is the dual Coxeter number of the group G. In the case of SU(N), we have h =N; for
SO(N), h =N-2 etc. With this normalization, k should be a positive integer in order to
have a positive theory. It is called the level of the affine algebra.

In this type of theories, the affine symmetry is “larger” than the Virasoro symmetry
since we can construct the Virasoro operators out of the current operators. In particular the
spectrum will form representations of the affine algebra. To describe such representations
we will use a procedure similar to the case of a Virasoro algebra. The representation is
generated by a set of states |R;) that transform in the representation R of the zero-mode

subalgebra and are annihilated by the positive modes of the currents

TsolBi) =0 Jg|R) = i(Tg)i|R;) - (6.10.7)

"UThere is another way to show the quantization of k. If we demand positivity of the quantum theory

then we obtain the same quantization condition.
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The rest of the affine representation is generated from the states |R;) by the action of the
negative modes of the currents. The states |R;) are generated as usual, out of the vacuum,
by local operators R;(z,Z). Then conditions (f-10.7) translate into the following OPE
agnp ooy TR o
JY2)Ri(w,w) =1 Ri(w,w) +.... (6.10.8)

(z —w)

This is the definition of affine primary fields that play the same role as the primary fields

in the case of the conformal algebra [[[].

The conformal weight of affine primaries can be calculated from the affine-Sugawara
form of the stress-tensor and is given by
A
where Cg is the quadratic Casimir for the representation R. For example the spin j
representation of SU(2) has h; = j(j +1)/(k + 2).

hi (6.10.9)

We have seen so far that the irreducible representations of the affine algebra g are in
one-to-one correspondence with those of the finite Lie algebra g. This is not the end of the
story, however. It turns out that not all representations of the finite algebra can appear,
but only the “integrable” ones. In the case of SU(2) this implies j < k/2. For SU(N)y the

integrable representations are those with at most k columns in their Young tableau.

The non-integrable representations are not unitary, and they can be shown to decouple

from the correlation functions.

Exercise: The Coset Construction: Consider the affine-Sugawara stress-tensor T¢
associated to the group G. Pick a subgroup H C G with regular embedding and consider
its associated affine-Sugawara stress-tensor Ty constructed out of the H currents, which

are a subset of the G currents. Consider also Ty = T — Ty. Show that
Tom(z)JM(w) = regular |, Tgmu(z)Tu(w) = regular. (6.10.10)

Show also that T/ satisfies the Virasoro algebra with central charge cq/n = cq —cy. The
interpretation of the above construction is that, roughly speaking, the G-WZW theory can
be decomposed into the H-theory and the G/H theory described by the stress-tensor T¢ /u.
As an application, show that if you choose G = SU(2),, x SU(2); and H to be the diagonal
subgroup SU(2),,,1 then the G/H theory is that of the minimal models with central charge
(6.9.17). For a generalization of this construction, see [[7)].

The interested reader can find more details on affine algebras and related theories in

8, I9.
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6.11 Free fermions and O(N) affine symmetry

Free fermions and bosons can be used to realize particular representations of current alge-
bras. It will be useful for our later purposes to consider the CFT of N free Majorana-Weyl
fermions 9
1 L
S = ——/d2 i 6.11.1
= [ viow (6:11.1)
Clearly, this model exhibits a global O(N) symmetry, ¢! — Q;;1;, QTQ = 1, which leads

to the chirally conserved Hermitian (J%T = J%”, ) currents
Ji(z) =i ()l (2) i< (6.11.2)
Using the OPE
69

Z—w

Y (2) (w) =

and Wick’s theorem, we can calculate

(6.11.3)

Gij,kl B Jmn(,w)
g fUM L A1.4
(Z-’(U)2+Zf mn(z_w)_'_ ) (6 )

where GF = (§i*§30 — §i57%) is the invariant O(N) metric and

JU(2)JH (w) =

2 fuk = (5T — §igFmYGIT 4 (§916P — §7FST) 6™ — (m s n) (6.11.5)
are the structure constants of O(N) in a basis where the long roots have square equal to
2. Thus, N free fermions realize the O(N) current algebra at level k = 1.

We can construct the affine-Sugawara stress-tensor
1 N

s 2T @) (6.11.6)

1<j

T(z) =

As discussed previously, T'(z) will satisfy an operator product expansion

cq/2 n 2T (w) +8T(w)

T(2)T = A1,
BT (w) = 220 2o+ T, (6117)
where D
= —. 6.11.8
Tkt h (6118)
For SO(N), one has h = N — 2 and D = IN(N —1). With k = 1, this gives
N(N—-1)/2 N
q= NN =-D/2_ N (6.11.9)

1+N -2 2’

1
2

charge of the tensor product of two theories is the sum of the two central charges. Moreover

i.e. each fermion contributes s to the central charge. This is expected since the central
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if we use the explicit form of the currents in terms of the fermions we can directly evaluate
the normal-ordered product in (6.11.4) with the result

T(z) = —% i LY (6.11.10)
=1

which is the stress-tensor we would compute directly from the free fermion action.

Since N free fermions realize the O(N); affine symmetry, we should be able to classify
the spectrum into irreducible representations of the O(N); current algebra. From the
representation theory of current algebra we learn that at level 1 there exist the following
integrable (unitary) representations. The unit (vacuum) representation constructed by
acting on the vacuum with the negative current modes, the vector V' representation and
the spinor representation. If N is odd there is a single spinor representation of dimension
2(N=1)/2 When N is even, there are two inequivalent spinor representations of dimension
2N/2=1: the spinor S and the conjugate spinor C. From now on we will assume N to be
even because this is the case of interest in what follows. Applying (B.10.9) to our case we

find that the conformal weight of the vector is

(N-1/2 1

vE TN 5 (6.11.11)

The candidate affine primary fields for the vectors are the fermions themselves, whose
conformal weight is 1/2 and which transform as a vector under the global O(N) symmetry.

This can be verified by computing

T )+ (6.11.12)

Z—w

T ()t (w) = i

where T} = (667 — §%6i) are the representation matrices of the vector. Comparing
(B.11.13) with (p.10.8) we indeed see that ¢)* are the affine primaries of the vector repre-

sentation.

The conformal weights of the spinor and conjugate spinor are equal and, from ([.10.9),
we obtain hg = hg = N/16. Operators with such a conformal weight do not exist in the

free fermion theory in the way it has been described so far.

Things get better if we notice that the action (p.11.1]) has a Zy symmetry
P — = (6.11.13)
Because of this symmetry, we can choose two different boundary conditions on the cylinder:

e Neveu-Schwarz : ¢'(o + 27) = —(0),

e Ramond : ¢'(o 4 2m) = ¢'(0).
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We will impose the same boundary condition on all fermions, otherwise we will break the

O(N) symmetry.

The mode expansion of a periodic holomorphic field on the cylinder is
Y(T +io) = e o) (6.11.14)

where n is an integer. Thus, in the Ramond (R) sector 1 is integer modded. In the
Neveu-Schwarz (IV.S) sector, 1 is antiperiodic so its Fourier expansion is like (B.11.14)) but
now n is half-integer. As discussed before, when we go from the cylinder to the sphere,

2 = "™ the mode expansion becomes
P 2) =Y e =Nyl (6.11.15)

We observe that in the NS sector (half-integer n) the field ¢(2) is single-valued (invariant

27ri)

under z — ze while in the R sector it has a Z; branch cut. To summarize

e n € Z (Ramond),

e n € Z+ 5 (Neveu-Schwarz).

The OPE (B.I1.3) implies the following anticommutation relations for the fermionic

modes
(¥ ¥} = 09 0min0, (6.11.16)
in both the NS and the R sector.

We will first look at the NS sector. Here the fermionic oscillators are half-integrally

i

modded and (|6 d) shows that W_n_ 1, n < 0, are creation operators, while ¢} , are
2 2
annihilation operators. Consequently, the vacuum satisfies
Yps0l0) =0 (6.11.17)

and the full spectrum is generated by acting on the vacuum with the negative modded
oscillators. We would like to decompose the spectrum into affine representations. We have
argued above that we expect to obtain here the vacuum and the vector representation.

The primary states of the vector are
i) :W_%\O> (6.11.18)
and the rest of the representation is constructed from the above states by acting with the

negative current modes.

At this point it is useful to introduce the fermion number operator F' and (—1)¥, which
essentially counts the number of fermionic modes modulo 2. The precise way to say this
is

{14} =0 (6.11.19)
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and that the vacuum has eigenvalue 1: (—1)7]0) = |0). Using (6.I1.19) we can calculate
that the vector primary states (B.I1L.13) have (—1)F = —1. Since the currents contain an

even number of fermion modes we can state the following:

o All states of the vacuum (unit) representation have (—1) = 1. The first non-trivial

states correspond to the currents themselves:

J90) = i) 1y 1 ]0). (6.11.20)
2 2
e All states of the vector representation have (—1)" = —1. The first non-trivial states
below the primaries are
T2 k) =i |0MYLy — 6%yl + 947 g 1 0). (6.11.21)
2 2

We will now calculate the characters (multiplicities) in the N.S sector. We will first
calculate the trace of ¢“o~¢?* in the full NS sector. This is not difficult to do since
every negative modded fermionic oscillator wi_n_ , contributes 1 4 ¢"*/2. The first term
corresponds to the oscillator being absent, while th2€ second corresponds to it being present.
Since the oscillators are fermionic, their square is zero and therefore no more terms can
appear. Putting everything together, we obtain

o0

Tryslg™ ) = ¢ 5 [[(1+ ¢ 2)V. (6.11.22)
n=1
Using (A.§) and ([A.1() from Appendix A, we can write this as
9.1/
Tryslgho™¢/%] = l—ﬂ , (6.11.23)
n

where J; = 9;(0]7). In order to separate the contributions of the unit and vector represen-
tations, we also need to calculate the same trace but with (—1) inserted. Then W_n_l
2

contributes 1 — ¢"*t/2 and

i 1 ARG
Teys[(—1)F ¢"*) =% [[(1—¢" 3 = lﬂ . (6.11.24)

n=1

Now we can project onto the vector or the unit representation:

Xo = Trys l%—w) qLO—cm] _ % (l%}m + [%] N/z) , (6.11.25)
xv = Trxs [w qLo—C/24] _ % ([%] v [%r/z) , (6.11.26)

It turns out that, sometimes, inequivalent current algebra representations have the

same conformal weight and same multiplicities, and therefore the same characters. This
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will happen for the spinors. To distinguish them we will define a refined character (the
af fine character), where we insert an arbitrary affine group element in the trace. By an
adjoint action (that leaves the trace invariant) we can bring this element into the Cartan
torus. In this case the group element can be written as an exponential of the Cartan

generators g = e*™ 226 We will consider
Xa(vi) = Tep [ghome/?h e2mivd] (6.11.27)

where 7 runs over the Cartan subalgebra and J are the zero modes of the Cartan cur-
rents. The Cartan subalgebra of O(N) for N even is generated by J32, J3?,.. A
and has dimension N/2. We will calculate the affine characters of the unit and vector
representations. Consider the contribution of the fermions ! and 2. By going to the
basis ¢* = ¢! +i1)? we can see that the J? eigenvalues of )= are £1. Putting everything

together and using the ¥-function product formulae from Appendix A we obtain

N/2 NC N/2 A1)

Xo(vi) = 5 1:[ ; 1:[ (6.11.28)
N/2 s (v N/2 A1)

xv(vi) = 5 1:[1 1:[ (6.11.29)

We will now move to the Ramond sector and construct the Hilbert space. Here the
fermions are integrally modded. For ¢! with n # 0 the same discussion as before applies.
We separate creation and annihilation operators, and the vacuum should be annihilated
by the annihilation operators. However, an important difference here is the presence of

anticommuting zero modes

{0} = 09 . (6.11.30)
This situation occurred when discussing the ghost system. Equation (6.11.30) is the O(N)
Clifford algebra and it is realized by the Hermitian O(N) y-matrices. Consequently, the

“vacuum” must be a (Dirac) spinor S of O(N) with 2V/2 components. We label the R

vacuum by |S,) and we have

Fs0lSa) =0, YhlSa) = 7islSs) - (6.11.31)

Consider also

l_T Wo/v2) , Yl =0 , VTP =1, (6.11.32)

This matrix plays the role of 7 in order to define Weyl spinors. Thus, we obtain the
spinor S = (14 +V*1)/2 S and the conjugate spinor C' = (1 —4N*+1)/2 S. In fact, in the
Ramond sector

(—1)F = AN (—1) 2l vt (6.11.33)
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and with this definition

(=DFIS) =18) . (=1"IC) =~[C). (6.11.34)
By now acting with the negative modded fermionic oscillators we construct the full spec-
trum of the Ramond sector.

Does the R vacuum, the way we constructed it, have the correct conformal weight?
We can verify this as follows. Consider the two-point function of fermions in the Ramond

vacuuln

Gz, w) = (S|P (2)1 (w)]S) . (6.11.35)
This can be evaluated directly using the mode expansion (f.11.15) and the commutation

relations (B.11.1G) and (B.I1.3]) to be
zt+w 1

1 — S
Gi(z,w)=9¢ SNET

Note also that for any state |X) in CFT corresponding to an operator with conformal

(6.11.36)

weight h we have

h
(X|T(2)|X) = = (6.11.37)
Finally, remember the definition of the stress-tensor
T(w) = lim |~ 3 60,0 (w) + - (6.11.38)
w) = lim 72 2) 0" (w 2 —wi| A1,

where we subtract the singular part of the OPE. Putting all these ingredients together we

can calculate
N

16 22’
which gives the correct conformal weight for the spinor. We will now compute the mul-

(ST (2)|9) = (6.11.39)

tiplicities in the Ramond sector. We will first evaluate the direct trace. Every fermionic
oscillator ¢*  with n > 0 will give a contribution 1+ ¢". There will also be the multiplicity
2N/2 from the S and C ground-states. Thus,

- 9,12
Trplqo=e/*] = 2N/ g%~ % [[ (1 +¢")Y = lﬁﬂ : (6.11.40)
n=1

F inserted, we will obtain 0 since, for any state, there

If we consider the trace with (—1)
is another one of opposite (—1)" eigenvalue related by the zero modes. The fact that
Tr[(—=1)"] = 0 translates into the statement that the R spectrum is non-chiral (both C

and S appear). So

Xs =Xc =75 | (6.11.41)

2
The affine character does distinguish between the C and S representations:

1 mm

2050 i=1 N

N/2 ' N/2 g (0
xs(vi) = ! [H LEICON 11 Vi ( z)} | (6.11.42)
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Xo(vi) = % 11 (6.11.43)

For v; = 0 they reduce to (F-IT.4])).

Finally, the R vacua corresponding to the C and S representations are created out of
the NS vacuum |0) by affine primary fields So(z):

1S,) = lim Sa(2)]0) . (6.11.44)

We will raise and lower spinor indices with the O(N) antisymmetric charge conjugation
matrix C*’. We have then the following OPEs:

$'(2)Sa(w) = 74 Sf(i"zu ... (6.11.45)
J(2) S0 (w) = %w’,yﬂ‘]aﬁ (fﬁ_(“;j) .. (6.11.46)
Sa(z)gﬁ(w) = (2_5(1% + ’Yég e _f;gl]\(f]/)S—lﬂ + %[’Yi, ’Vj]oﬁ% +... (6.11.47)

6.12 N=1 superconformal symmetry

We have seen that the conformal symmetry of a CFT is encoded in the OPE of the
stress-tensor T" which is a chiral (2,0) operator. Other chiral operators encountered which
generate symmetries include chiral fermions (1/2,0) and currents (1,0). Here we will study
symmetries whose conserved chiral currents have spin 3/2. They are associated with

fermionic symmetries known as supersymmetries.

Consider the theory of a free scalar and Majorana fermion with action
1 - 1 - -
S=_— / P22OXIX + — / &2 (O + Do) . (6.12.1)
2T 27
The action is invariant under a left-moving supersymmetry
X =€)y , 0p=—€(2)0X , =0 (6.12.2)
and a right-moving one
65X =&z , 0 =—€2)0X , =0, (6.12.3)

where are € and € are anticommuting.

The associated conservation laws can be written as 0G = dG = 0 and the conserved

chiral currents are

G(z) =ipoX , G(z)=ioX . (6.12.4)

66



We can easily obtain the OPE

G)Gw) = — 4o T
(z—w)?  z—w
3 G(w) 0G(w)
T(z)G(w) = = + +..., (6.12.5)
2(z—w)?  z-—w
where T'(z) is the total stress-tensor of the theory satisfying (6.5.1) with ¢ = 3/2,
T(z)=—5:0X0X : =1 : 90 : . (6.12.6)

(BI2Z7) implies that G(z) is a primary field of dimension 3/2. The algebra generated
by T and G is known as the N=1 superconformal algebra since it encodes the presence
of conformal invariance and one supersymmetry. The most general such algebra can be
written down using conformal invariance and associativity. Define ¢ = 2¢/3. Then, the
algebra, apart from (p.5.1]), contains the following OPEs

G()Gw) = — o TW)

(z—w)?  z—w

G(w) N 0G(w)

(z—w)?  z-—w

+.,

T(:)G(w) = g b (6.12.7)

Introducing the modes of the supercurrent G(z) = 3. G,/2"+*? we obtain the following

(anti)commutation relations

1
{GT7 Gs} = 2 Z) 57”+8,0 + 2L7’+s s

A/~ N o
l\>|§ /T~

[Lm, Gr] = - r> Guir s (6.12.8)

along with the Virasoro algebra.

This algebra has the symmetry (external automorphism) G — —G and T'— T. Con-
sequently, N.S or R boundary conditions are possible for the supercurrent. In the explicit

realization (p.12-4)), they correspond to the respective boundary conditions for the fermion.

In the NS sector, the supercurrent modes are half-integral and G,|0) = 0 for r > 0.
Primary states are annihilated by the positive modes of G and T" and the superconformal
representation is generated by the action of the negative modes of G and T'. The generic

character is

14q"2
XS, = Tufghomer2] = g [ (6.12.9)
n=1 _q

In the Ramond sector, GG is integrally modded and has in particular a zero mode, Gy,

which satisfies according to (.12.§)

{Go,Go} = 2Lo — (6.12.10)

OOIO>
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Primary states are again annihilated by the positive modes. In a unitary theory, (.12.10)
indicates that for any state h > ¢/16. When the right-hand side of (p.12.10) is non-zero
the state is doubly degenerate and GGy moves between the two degenerate states. There is
no degeneracy when h = ¢/16 since from (f.12.10) G% = 0, which implies that Gy = 0 on
such a state. As in the case of free fermions, we can introduce the operator (—1)¥, which

anticommutes with G and counts fermion number modulo 2.

The pairing of states in the R sector due to G can be stated as follows: the trace of
(—1)F in the R sector has contributions only from the ground-states with A = ¢/16. This
trace is known as the elliptic genus of the N=1 superconformal field theory and is the
CFT generalization of the Dirac index/.

The generic R character is given by

o 1 mn
XNy = Te[gh =) = "/ [ % . (6.12.11)
n=1"+ " q

The N=1 superconformal theories have an elegant formulation in N=1 superspace
where, along with the coordinates z, Z, we introduce two anticommuting variables 6,60

and the covariant derivatives

Dy = % +600. , Dj= % + 00; . (6.12.12)
The fields X and 1,1 can now be described by a function in superspace, the scalar
superfield

X(2,2,0,0) = X + 60 + 6 + 09F (6.12.13)

where F' is an auxiliary field with no dynamics. The action (f.12.1]) becomes

1 .
S=5- / 22 / d6df DyX DsX . (6.12.14)

Exercise. Write the action (f.12.14) in components by doing the integral over the

anticommuting coordinates, and show that it is equivalent to (5.12.1]).

6.13 N=2 superconformal symmetry

There are further generalizations of superconformal symmetry. The next simplest case is
the N=2 superconformal algebra that contains, apart from the stress-tensor, two super-
currents G and a U(1) current J. Its OPEs, apart from the Virasoro one, are
2¢c 1 2J(w) 0J(w) 2
G (2)G~ = — T ceey 6.13.1
A6 = o+ (P2 + ) s 2ot a3

12 For a further discussion, see [2(].
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G (2)Gt(w) =regular , G (2)G~ (w) = regular, (6.13.2)
_3 G*(w) N IG*(w)

TG W) = St g (6.13.3)
J(2)G*(w) = + W) (6.13.4)
sy - 2 W o115
J(2)J(w) = (zc—/iiy 4 (6.13.6)

The symmetry of the N=2 superconformal algebra is a continuous O(2) symmetry,
which rotates the two supercharges, in a real basis G* = GT + G~, G? = i(GT — G7).
The SO(2) part is an internal automorphism. The extra Z, transformation G!' — G*,
G? — —G? is an external automorphism. We can use the symmetry to impose various
boundary conditions. Twisting with the external automorphism provides an inequivalent
algebra, the twisted N=2 algebra, where G have opposite boundary conditions. More

interesting for our purposes is to use the SO(2)~U(1) symmetry in order to impose
GE(e?™2) = eTMOGE(2) (6.13.7)

while T, J are single-valued. The parameter « takes values in [0,1]. For a = 0 we have
the NS sector, where both supercharges are half-integrally modded. For a = £1/2 we
obtain the Ramond sector, where both supercharges are integrally modded. Since the
U(1) symmetry we used is an internal automorphism, the algebras obtained for the various
boundary conditions, labeled by «, are isomorphic. We can write this isomorphism (known

as “spectral flow”) explicitly:
« c « 2 €
Jr=Jp — a§5n,0 , LY=L,—aJ,+« 66"’0 , (6.13.8)
Guh=Gf G =Gy (6.13.9)
where n € Z and r € Z + % The spectral flow provides a continuous map between the

NS and R sectors.

In the NS sector HW irreducible representations are generated by a HW state |h, ¢),
annihilated by the positive modes of T, J, G* and characterized by the eigenvalues h of L
and ¢ of Jy. The SL(2,C)-invariant vacuum has h = ¢ = 0. The rest of the states of the
representations are generated by the action of the negative modes of the superconformal

generators.
In the R sector, HW states are again annihilated by the positive modes. Here, however,

we have also the zero modes of the supercurrents Gi satisfying

GEGE =0 , {GJ Gy} =2 (LO - 2—04) : (6.13.10)
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Unitarity again implies that A > ¢/24 in the R sector. When A > ¢/24 both GZ act
non-trivially and the HW state is a collection of four states. When A = ¢/24, then G
are null and the HW vector is a singlet. Here again we can introduce the (—1)% operator
in a way analogous to N=1. The trace of (—1)¥ in the R sector (elliptic genus) obtains

contributions only from states with A = ¢/24.
Using (B-13.9) we deduce that

1
LR _ & _ NS _ NS 6.13.11
) 0 24 0 2 ( )

JE =R F o

6
Thus, the positivity condition L — ¢/24 > 0 translates in the NS sector to 2h — |q| > 0.
The Ramond ground-states correspond to N.S states with 2h = |¢q| known as chiral states.
They are generated from the vacuum by the chiral field operators. Because of charge
conservation, their OPE at short distance is regular and can be written as a ring, the

chiral ring

04:(2)04,(2) = Ogr145(2) - (6.13.12)

This chiral ring contains most of the important information about the N=2 superconformal

theory.

From (BI31]]) we can deduce that the unit operator (h=q=0) in the NS sector is
mapped, under spectral flow, to an operator with (h=c/24,q==c/6) in the R sector. This
is the maximal charge ground-state in the R sector, and applying the spectral flow once
more we learn that there must be a chiral operator with (h=c/6,q=%c/3) in the NS sector.
As we will see later on, this operator is very important for spacetime supersymmetry in
string theory.

N=2 superconformal theories can be realized as o-models on manifolds with SU(N)
holonomy. The six-dimensional case corresponds to Calabi-Yau (CY) manifolds, that
are Ricci-flat. The central charge of the N=2 algebra in the CY case is ¢=9. The
(h=3/2,q=13) state, mentioned above, corresponds to the unique (3,0) form of the CY

manifold.

This symmetry will be relevant for superstring ground-states with N=1 spacetime su-
persymmetry in four dimensions. An extended description of the superspace geometry,

representation theory, and dynamics of CF'Ts with N=2 superconformal symmetry can be

found in 21, P2, 3.

6.14 N=4 superconformal symmetry

Finally another extended superconformal algebra that is useful in string theory is the
“short” N=4 superconformal algebra that contains, apart from the stress-tensor, four
supercurrents and three currents that form the current algebra of SU(2),. The four su-

percurrents transform as two conjugate spinors under the SU(2),. The Virasoro central
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charge c is related to the level k of the SU(2) current algebra as ¢ = 6k. The algebra is
defined in terms of the usual Virasoro OPE, the statement that J¢, G®, G are primary
with the appropriate conformal weight and the following OPEs

JU(2)J(w) = g(zi;wﬁ + ieabc(z‘]c_(wlz) - (6.14.1)

B(w _ 28 (w
J%(2)G° (w) = %aga (f_( w)) b TG (w) = —%agﬁ% +oL o (6142)
G*(2)GP (w) = % + 205, (QZJ_Q(Z>)2 + ?ji(iuu)) + 26%9 (ZT(_wZJ) +..., (6.14.3)
G*(2)G%(w) = regular , G*(2)G’(w) = regular . (6.14.4)

As in the N=2 case there are various conditions we can impose, but we are eventually
interested in NS and R boundary conditions. There is again a spectral flow, similar to
the N=2 one, that interpolates between NS and R boundary conditions.

In the NS sector, primary states are annihilated by the positive modes and are char-

acterized by their conformal weight h and SU(2)y spin j. As usual, for unitarity we have
j<k/2.

Exercise: Use the same procedure as that used in the N=2 superconformal case to
show that in the NS sector h — j > 0, while in the R sector, h > k/4.

The representations saturating the above bounds are called “massless”, since they
would correspond to massless states in the appropriate string context. In the particular
case of k=1, relevant for string compactification, the N=4 superconformal algebra can
be realized in terms of a o-model on a four-dimensional Ricci-flat, Kahler manifold with
SU(2) holonomy. In the compact case this is the K3 class of manifolds. In the NS sector,
the two massless representations have (h,j)=(0,0) and (1/2,1/2), while in the R sector,
(h,j)=(1/4,0) and (1/4,1/2).

Again the trace in the R sector of (—1)¥ obtains contributions from ground-states only

and provides the elliptic genus of the N=4 superconformal theory.

More information on the N=4 representation theory can be found in [B4]

6.15 The CFT of ghosts

We have seen that in the covariant quantization of the string we had to introduce an

anticommuting ghost system containing the b ghost with conformal weight 2 and the ¢
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ghost with conformal weight —1. Here, anticipating further applications, we will describe
in general the CFT of such ghost systems. The field b has conformal weight h = A while
c has h =1 — A. We will also consider them to be anticommuting (e = 1) or commuting

€ = —1. They are governed by the free action
1 o =
Sy=— /d 2 bde, (6.15.1)
T

from which we obtain the OPEs

c(z)b(w) = , b(z)c(w) = : (6.15.2)

The equations of motion 9b = dc = 0 imply that the fields are holomorphic. Their con-

formal weights determine their mode expansions on the sphere and hermiticity properties

c(z)=> 2" "N, d=cn, (6.15.3)
nez
bz)=> 2" b, , bl =eb_,. (6.15.4)
nez

Thus, their (anti)commutation relations are
Cmbn + €0nCy = Oimano 5 CmCn + €CnCrm = by by + €bpby, = 0. (6.15.5)

Here also, due to the Zy symmetry b — —b,¢c — —c, we can introduce the analog of NS

and R sectors (corresponding to antiperiodic and periodic boundary conditions on the

cylinder):
NS : b, n€Z—-XN , ¢, n€EZ+ A, (6.15.6)
1 1
R : by, n€§+Z—)\ . Cn, n€§+Z+>\. (6.15.7)

The stress-tensor is fixed by the conformal properties of the bc system to be
T = —Xbdc+ (1 — \)(9b)c. (6.15.8)

Under this stress-tensor, b and ¢ transform as primary fields with conformal weight (\,0)
and (0,1-1).

Exercise. Show that T satisfies the Virasoro algebra with central charge

c=—2e(6) —6A+1)=¢€(1-3Q% , Q=c¢€(1-2)\). (6.15.9)
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There are two special cases of this system that we have encountered so far. The first
is A = 2 and € = 1, which corresponds to the reparametrization ghosts with ¢ = —26.
The second is A = 1/2 and ¢ = 1, which corresponds to a complex (Dirac) fermion or

equivalently to two Majorana fermions with ¢ = 1.

There is a classical U(1) symmetry in (B.15.1): b — ¢?b, ¢ — e~"c. The associated
U(1) current is
J(2) == :b(z)c(z) = > 27", (6.15.10)
nel,
where the normal ordering is chosen with respect to the standard SL(2,C)-invariant vacuum
|0), in which (¢(2)b(w)) = 1/(z — w). It generates a U(1) current algebra

J(2)J(w) :m+... , (6.15.11)
under which b, ¢ are affine primary
J(2)b(w) = —Zb(_wzu o, J@)e(w) = ZC(_‘”L . (6.15.12)

A direct computation of the T'J OPE gives

Q 4 J(w) _'_awj(w)+

(z—w)? (z—w)? z—-w

T(2)J(w) = (6.15.13)

Note the appearance of the central term in (B.15.13), which makes it different from ([.10.3).

Translating into commutation relations, we obtain

[Lin, Jn] = —ndmin + %m(m + 1)6mtno - (6.15.14)
The central term implies an “anomaly” in the current algebra: from (b 4) we obtain
Ly, J A =Jo+Q , Q+J&=[Li, ]t =, (6.15.15)

so that JJ = —(Jo+Q) and the U(1) charge conservation condition is modified to 3, ¢; = Q
(@ is a background charge for the system). This is a reflection of the zero-mode structure

of the bc system and translates into
# zero modes of ¢ — # zero modes of b = —%Qx, (6.15.16)

where x = 2(1 — g) is the Euler number of a genus ¢ surface.

According to (B.8.13) we obtain (NS sector)
b 2|0} = Crori|0) = 0. (6.15.17)

Consequently, for the standard reparametrization ghosts (A = 2) the lowest state is not

the vacuum but ¢;|0) with Ly eigenvalue equal to —1.
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We will also describe here the rebosonization of the bosonic ghost systems since it will
be needed in the superstring case. From now on we assume ¢ = —1. We first bosonize the
U(1) current:

JE) =06 (6(2)o(w)) = ~log(z — ). (615,19
The stress-tensor that gives the OPE (b.15.13) is

Folo e ogrZ Ligge - 9y

T= 31 4+5Q00 = 5(90) = £0%. (6.15.19)

The boson ¢ has “background charge” because of the derivative term in its stress-tensor.
It is described by the following action

Q

VIR o], (6.15.20)

So =5 [ = [0006 -

where R is the two-dimensional scalar curvature. Using (0-3) we see that there is a

background charge of —Qx /2, where x = 2(1 — g) is the Euler number of the surface.

However, a direct computation shows that 7' has central charge é = 1 + 3Q2. The
original central charge of the theory was ¢ = ¢ — 2, as can be seen from (f.15.9). Thus, we
must also add an auxiliary Fermi system with A = 1, composed of a dimension-one field
n(z) and a dimension-zero field {(z). This system has central charge —2. The stress-tensor

of the original system can be written as
T=T+T. (6.15.21)

Exponentials of the scalar ¢ have the following OPEs with the stress-tensor and the U(1)

current.

T(z) : e®®®) .= _((1,(zq—+w?g + p, _1 wﬁw cet?) (6.15.22)
J(z) : ™) = . E o W) s [Jo, e =g e (6.15.23)

In terms of the new variables we can express the original b, ¢ ghosts as
c(z) = e®Dn(z) | b(z) = e ?POE(2). (6.15.24)

Exercise. Use the expressions of (f.15.24) to verify by direct computation ([15.9),
(p-15.8) and (p.15.10).

Finally, the spin fields of b, ¢ that interpolate between NS and R sectors are given by
e*?/2 with conformal weight —(1£2@Q)/8. Note that the zero mode of the field & does not
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enter in the definition of b, c. Thus, the bosonized Hilbert space provides two copies of the

original Hilbert space since any state |p) has a degenerate partner &|p).

We will not delve any further into the structure of the CFT of the bc system, but we
will refer the interested reader to [24],

7 CFT on the torus

Consider the next simplest closed Riemann surface after the sphere. It has genus g = 1
and Euler number xy = 0. By using conformal symmetry we can pick a constant metric
so that the volume is normalized to 1. Pick coordinates oy, 09 € [0,1]. Then the volume
is 1 if the determinant of the metric is 1. We can parametrize the metric, which is also a
symmetric and positive-definite matrix, by a single complex number 7 = 7 + i 75, with

positive imaginary part 7 > 0 as follows:
1 1 T1
= — ) 7.1
. ( |T|2> oy

The line element is

1 dw dw
ds® = gijdodo; = —|doy + 7 dos|* = v , (7.2)

where

w=o0,+7T0y , W=0+T0y (7.3)

are the complex coordinates of the torus. This is the reason why the parameter 7 is known
as the complex structure (or modulus) of the torus. It cannot be changed by infinitesimal
diffeomorphisms or Weyl rescalings and is thus the complex Teichmiiller parameter of the

torus. The periodicity properties of o1, 0o translate to
w—w+l | w—ow+T. (7.4)
The torus can be thought of as the points of the complex plane w identified under two

translation vectors corresponding to the complex numbers 1 and 7, as suggested in Fig. f.

Although 7 is invariant under infinitesimal diffeomorphisms, it does transform under
some “large” transformations. Consider instead of the parallelogram in Fig. fj defining the
torus, the one in Fig. [Ja. Obviously, they are equivalent, due to the periodicity conditions
([.4). However, the second one corresponds to a modulus 7 + 1. We conclude that two

tori with moduli differing by 1 are equivalent. Thus, the transformation
T : T—71+1 (7.5)

leaves the torus invariant. Consider now another equivalent choice of a parallelogram,

that depicted in Fig. [lb, characterized by complex numbers 7 and 7 + 1. To bring it to
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Figure 6: The torus as a quotient of the complex plane.

the original form (one side on the real axis) and preserve its orientation, we have to scale
both sides down by a factor of 7 4+ 1. It will then correspond to an equivalent torus with

modulus 7/(7 + 1). We have obtained a second modular transformation

T

TST : 77— .
T+1

(7.6)

It can be shown that taking products of these transformations generates the full modular

group of the torus. A convenient set of generators is given also by T in ([.5) and

1
S i r——-=, =1, (ST)P*=1. (7.7)

T

The most general transformation is of the form

b
T,_a7'+b — Az(a ), (7.8)

et +d c d

where the matrix A has integer entries and determinant 1. Such matrices form the group
SL(2,Z). Since changing the sign of the matrix does not affect the modular transformation
in ([7-§) the modular group is PSL(2,Z) = SL(2,Z)/Zs.

As mentioned above, the modulus takes values in the upper-half plane H (75 > 0),
which is the Teichmiiller space of the torus. However, to find the moduli space of truly
inequivalent tori we have to quotient this with the modular group. It can be shown that
the fundamental domain F = H/PSL(2,Z) of the modular group is the area contained
in between the lines 73 = £1/2 and above the unit circle with center at the origin. It is

shown in Fig. §.

There is an interesting construction of the torus starting from the cylinder. Consider
a cylinder of length 277 and circumference 1. Take one end, rotate it by an angle 277y
and glue it to the other end. This produces a torus with modulus 7 = 7 + im,. This

construction gives a very useful relation between the path integral of a CF'T on the torus
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Figure 7: a) The modular transformation 7 — T + 1. b) The modular transformation
T—T1/(T+1).

Figure 8: The moduli space of the torus.

and a trace over the Hilbert space. First, the propagation along the cylinder is governed
by the “Hamiltonian” (transfer matrix) H = L§¥ + L&', The rotation around the cylinder
is implemented by the “momentum” operator P = L — L¢¥. Gluing together the two

ends gives a trace in the Hilbert space. From (B.7.9)

Ly — 7.9
; 0 0 247 ( )

Lcyl:L _i
0 0 24

where Ly, Ly are the operators on the sphere. Putting everything together, we obtain
/ €_S — Tl" {6—27”'2 H e27ri'r1 P} — TI' |:e27TiTLgyl e-27ri?f,8yl _ (710)
- Tr {qLo—c/24 qLo—a/zﬂ :

where ¢ = exp[2miT]. The trace includes also possible continuous parts of the spectrum.
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This is a very useful relation and also provides the correct normalization of the path

integral.

7.1 Compact scalars

In section p.4 we have described the CFT of a non-compact real scalar field. Here we will
consider a compact scalar field X taking values on a circle of radius R. Consequently, the

values X and X + 2mmR, m € Z will be considered equivalent.

We will first evaluate the path integral of the theory on the torus. The action is

1 -
S = o / do\/G 499,X0;X

1 1o ,
= —/ dO’l/ d0'2—|’7'01X—02X|
41 Jo 0 Ty

1 2
= —— XO0X 1.1
= [@oxo X, (7.1.1)
where the Laplacian is given by
1
0= —|7'81 —02|2. (712)
T2
We wish to evaluate the path integral
Z(R) = / DX ¢S (7.1.3)

on the torus. As usual, we will have to find the classical solutions of finite action (instan-
tons) and calculate the fluctuations around them. The field X should be periodic on the
torus and is a map from the torus (topologically S* x S1) to the circle S'. Such maps are
classified by two integers that specify how many times X winds around the two cycles of

the torus. The equation of motion OX = 0 has the following instanton solutions
Xeass = 2mR(noy +mos) , mne€Z . (7.1.4)
They have the correct periodicity properties
Xeass(o1+1,00) = X(01,02) +2mnR , Xyass(o1,00+1) = X(01,09) +2rmR , (7.1.5)

and the following classical action

2
Smn = E|m—n7‘|2. (7.1.6)
T2

Thus, we can separate X = X455 + X, and the path integral can be written as

Z(R) = Z /DX e~ Smn =50

m,nEZ

= Y S / Dy ¢S50, (7.1.7)

m,nEZ

78



What remains to be done is the path integral over y. There is always the constant zero
mode that we can separate, x(o1,02) = xo0 + dx (01, 02), with 0 < x¢ < 27 R. The field dx
can be expanded in the eigenfunctions of the Laplacian

Oy = =X ;. (7.1.8)

It is not difficult to see that these eigenfunctions are

2mi(mio1+mao2) 47T2 2
Vimymy = € D W T—|m17' —mal?. (7.1.9)
2

The eigenfunctions satisfy

/dza ¢m1,m2¢n1,n2 = 6m1+n1,06m2+n2707 (7110)
so we expand
/

X =D Amima¥mims (7.1.11)

ml,mQEZ

where the prime implies omission of the constant mode (my, my) = (0,0). Reality implies

AL s = A-my,—my- The action becomes
1 /
SO0 =72 20 Amime [Amama (7.1.12)
ﬂ-mlymZ

We can specify the measure from

HMWz/meWﬂWVzE:ﬁmWMQ (7.1.13)

mi,m2

to be - A
/DX:/O dyo [ Hmums (7.1.14)

mi,m2 2

Putting everything together we obtain

2R 21T R
Dye 50 = , = : 7.1.15
/ Ly g Aty Vdet'D ( )

Using the explicit form of the eigenvalues, the determinant of the Laplacian can be calcu-

lated using a (-function regularization [[3],
det'0 = 4?0 (7)72(7), (7.1.16)

where 7 is the Dedekind function defined in (AZI0). Collecting all terms in ([-I7]) we
obtain

R —ﬁ|m—n7\2
= — e T2 . (7117)

This is the Lagrangian form of the partition function. We have mentioned in the previous

Z(R)

chapter that the partition function on the torus can also be written in Hamiltonian form
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as in ([(.I(). To do this we have to perform a Poisson resummation (see appendix A) on
the integer m. We obtain

P PR
Zr) =Y 121° (7.1.18)
m,nEZ "
with . .
m m
p=— (" R) , P:—(—— R). 7.1.19
v= 5 (e w= s (o (7119)

This is in the form ([.1() and from it we can read off the spectrum of conformal weights
and multiplicities of the theory. Before we do this, however, let us return to the sphere and
discuss the current algebra structure of the theory. As in section p.4 there is a holomorphic

and anti-holomorphic U(1) current:

J(2) =idX , J(z)=idX (7.1.20)

satisfying the U(1) current algebra

We can write the stress-tensor in the affine-Sugawara form
1 21 5 e Lo 15
T(z) = —5(8X) =3 J2 o, T(z2) = —5(8X) =3 Je (7.1.22)

The spectrum can be decomposed into affine HW representations as discussed in section
6.10. An affine primary field is specified by its charges @) and Qg under the left- and
right-moving current algebras. From ([[.1.29) we obtain that its conformal weights are
given by
1 - 1
A= 5@% ., A= 5@%. (7.1.23)

The rest of the representation is constructed by acting on the affine primary state with
the negative current modes J_, and J_,. We can easily compute the character of such a
representation (¢ =¢=1):
2 —N?2
Xoun(a: ) = Tegho-ighaa - LT (7124
nmn

A comparison with ([.I.T§) shows that the spectrum contains an infinite number of affine
U(1) representations labeled by m,n with Q;, = P, and Qg = Pr. For m = n = 0 we
have the vacuum representation whose HW state is the standard vacuum. The other HW

states, labeled by m,n satisfy
Jolm,n) = Py |m,n) , Jo|m,n) = Pg|m,n) . (7.1.25)

In the operator picture, they are created out of the vacuum by the vertex operators (we
split X (z,2) ~ X (z) + X(2) as usual):

Vinn =t expli pp X +1ipr X] ¢, (7.1.26)
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Vi (w, @)

J(2)Vin(w, w) = pLﬁ‘l‘--- ;
J(2)Vn(w, w) = pRWJF.... (7.1.27)

Their correlators are again given by the Gaussian formula

N

N N i i, J
< I Vi (20, 2) > = [ = z 5=, (7.1.28)
=1

i<j
where as usual z;; = z; — 2;. Using the Gaussian formula
 ga9() L W) L ()b giad()+ibe(w) .
= (z—w)" [ ) 1Oz —w)] (7.1.29)

we obtain the following OPE rule for U(1) representations

[leynl] : [Vmg,nz] ~ [Vm1+m2,n1+n2] ) (7130)

compatible with U(1) charge conservation. Under the U(1);, x U(1)r transformation

e?r+9r the oscillators are invariant but the states [m, n) pick up a phase e (m+m0r+im=n)ir

In the canonical representation, the momentum operator is taking values m/R as re-
quired by the usual (point-particle) quantum mechanical quantization condition on a circle
of radius R. The existence of the extra spatial dimension of the string allows for the pos-
sibility of X winding around the circle n times. This is precisely the interpretation of the

integer n in ([-I.19). It has no point-particle (one-dimensional) analogue.

In a CFT, there is a special class of operators, known as marginal operators, with
(A, A) = (1,1). For such an operator ¢, ;, the density ¢ dzdz is conformally invariant.
If we perturb our action by g [ ¢11 we would expect that the theory remains conformally
invariant. There are subtleties in the quantum theory, however (short distance singulari-
ties) which sometimes spoil conformal invariance. When conformal invariance persists, we
call ¢, exactly marginal. In this way, perturbing by ¢;; we obtain a continuous fam-
ily of CFTs parametrized by the coupling g. The central charge cannot change during a

marginal perturbation.

In our present example we have an occurrence of this phenomenon. There is a (1,1)
operator namely ¢ = X9X = JJ. By adding this to the action ([_1.1)), it is easy to see
that the effect of the perturbation is to change the effective radius R. The theory, being
again a free field theory, remains conformally invariant. In this case the operation seems

trivial, however, marginal operators exist in more complicated CFTs.

Finally let us go back to the torus and take another look at the partition function.
For string theory purposes we would like it to be invariant under the full diffeomorphism

group. In particular it should be invariant under the large transformations, namely the
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modular transformations. This is important in string theory since modular invariance is at
the very heart of finiteness of string theory and is essential for the cancelation of spacetime

anomalies.

It suffices to prove invariance under the two generating transformations 7" and S, since
these generate the modular group. We will use the Lagrangian representation of the
partition function ([T-I.17). It is not difficult to verify, using the formulae of appendix A,
that |/mn7 is separately modular-invariant. Thus, we only need to consider the instanton
sum. Under 7 — 7 + 1 we can change the summation (m,n) — (m + n,n), and the full
sum is invariant. Under 7 — —1/7 we can again change the summation (m,n) — (—n,m)
and again the sum is invariant. We conclude that the torus partition function of the
compact boson is modular-invariant. It is interesting to note that invariance under the T’
transformation in the Hamiltonian representation ([(-I() implies
c—¢C

24

A—A-

= integer (7.1.31)

for the whole spectrum. In particular, for the vacuum state A = A = 0, it implies that
c—¢=0mod (24). In our case ¢ = ¢ = 1 and from ([-I.19), ([.1.23) P?/2 — P3/2 =
mn € 7.

Another comment concerns the partition function on the torus of a non-compact boson.
This can be obtained by taking the limit R — co. We expect that the partition function
in this limit diverges like the volume of our space, so we have to divide first by the volume.
The free energy per unit volume is finite. From ([-I(]) we note that as R gets large, the

only term that is not exponentially suppressed is the one with m =n = 0, so

lim 2R _ 1

= . 7.1.32
e N (r1.32)

Before we proceed, we will derive the torus propagator for the boson. It can be di-
rectly written in terms of the non-zero eigenvalues and the associated eigenfunctions of

the Laplacian:
A(O’l, O'Q) <5X(0'1, UQ)(SX 0 0 Z |m7_ — n|2 27ri(m01+n02) . (7133)

The sum is conditionally convergent and has to be regularized using (-function regulariza-

tion. We obtain 42
T
0 Aoy, 2) = = [a(o1)olo2) = 1] (7.1.34)

so that the integral over the torus gives zero, in accordance with the fact that we have
omitted the zero mode. It can also be expressed in complex coordinates in terms of -

functions as
—or Imz2

A(oy,09) = —logG(z,z2) , G=e 72

(7.1.35)
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The above discussion can easily be generalized to the case of N free compact scalar
fields X%, 7 =1,2,..., N. We will take them to have values in [0,27]. They parametrize

an N-dimensional torus. The most general quadratic action is

1 o o
S= / do\[det 99" G0 X' 0,X7 + / Poe® B0, X 0,X7 | (7.1.36)
s m

% is the usual e-symbol, €2 = 1; G;; is a constant

where g, is the torus metric ([]]), €
symmetric positive-definite matrix that plays the role of metric in the space of the X*
(target-space torus). The constant matrix B;; is antisymmetric. It is the analogue of the

f-term in four-dimensional gauge theories.

An analogous calculation of the path integral produces

VA G mCutBp
Z4o(G,B) = o LS T )

(\/7—72777_7)]\7 it

This partition function reduces for N=1, G = R?, B = 0 to ({1(). Using a multiple

Poisson resummation on the m;, it can be transformed in the Hamiltonian representation:

(7.1.37)

T,4(G, B sPE 3Pk
Z..(G,B) = % - ¥ q N?N ’ (7.1.38)
nn N nen
m,ne
where

P} n=P}pGyPlg, (7.1.39)

' G ) G
Py = —=(m; + (Bji + Gjr)ng) , Pr=—=(m; + (Bjx — Gjx)ny) - (7.1.40)

V2 V2

The theory has a left-moving and a right-moving U(1)" current algebra generated by the

currents
Ji(z) =i0X" , J =i0X", (7.1.41)
(A G
J'(2) ] (w) = m+ (7.1.42)

and similarly for Ji. The stress-tensor is again of the affine-Sugawara form
1 a1 .

Affine primaries are characterized by charges Qi r and

1 o - 1 S
Comparing this with (T-I33§) we obtain Q7 z = Pj p.

It can be shown that the partition function ([.I1.3§) is modular-invariant.
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7.2 Enhanced symmetry and the string Higgs effect

Something special happens to the CFT of the single compact boson when the radius is
R = 1. The conformal weights of the primaries are now given by

1

A:i(ern)z A= fm-n) (7.2.1)

Notice that the two states with m = n = £1 are (1,0) operators. For generic R the only
(1,0) (chiral) operator is the U(1) current J(z) = 10X . Now we have two more. We expect
that the current algebra becomes larger if we also include these operators. Similarly, the
states with m = —n = £1 are (0,1) operators and the right-moving current algebra is also
enhanced. We will discuss only the left-moving part, since the right-moving part behaves

in a similar way. The two operators that become (1,0) can be written as vertex operators

(.1.26)

JE(2) = % L eFVIXE) L (7.2.2)
Define also ) ,
F(2) = —=J(2) = —=0X(2). (7.2.3)

V2 V2
They satisfy the following OPEs, which can be computed directly using (X (2)X(0)) =
—log z,

+ w
J3(2)JE (w) = ii_(w) +.o.., JR)JTw) =,
J () (w)=..., (7.2.4)
T (w) = 1_/1)2 + f_(wlz T
T3 (2) T (w) = % I (7.2.5)

It is not difficult to realize that this is the SU(2) current algebra with level £ = 1. This
is not too surprising, since the central charge of SU(2)y is given by ([.10.6) to be ¢ =
3k/(k + 2). It indeed becomes ¢ = 1 when k = 1. This realization of current algebra at

level 1 in terms of free bosons is known as the Halpern-Frenkel-Kac-Segal construction.

We have seen before that SU(2); has two integrable affine representations, the vacuum
representation with j = 0 and the j = 1/2 representation with conformal weight A = 1/4
(from (p.10.9)). The primary state of the ;7 = 0 representation is the vacuum. The
primary operators of the j = 1/2 representation transform as a two-component spinor of
SU(2)y, and a two-component spinor of SU(2)g with conformal weights (1/4,1/4). They
are represented by the four vertex operators V,, ,, with (m,n) = (0,41) and (£1,0). They
have the correct conformal weight and OPEs with the currents ([7.2.9).
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This phenomenon generalizes to the N-dimensional toroidal models. The U(1) charges
P}, r take values on an N-dimensional lattice that depends on Gjj, B;. For special values
of G,B this lattice coincides with the root lattice of a Lie group GG with rank N. Then some
vertex operators become extra chiral currents and along with the N abelian currents .J°

form an affine G algebra at level k = 1.

When the toroidal CFT acquires enhanced current algebra symmetry then the associ-
ated string theory acquires enhanced gauge symmetry. Consider the bosonic string with
one of the 26 dimensions (say X?°) compactified on a circle of radius R. Then the mass-
less states are again similar, but with a slightly different interpretation. There are now
25 non-compact dimensions, so we have 25-dimensional Lorentz invariance. The massless
states are

aya” |0y -, a%@®00) , a®a00) , a®a%0), (7.2.6)

which are the graviton, antisymmetric tensor, dilaton, two U(1) gauge fields and a scalar.
Note that the scalar state is generated by 0X?°0X?, which is the perturbation that
changes the radius. Thus, the expectation value of the scalar is the radius R. There are

other massive states, among them

|AL) = at|lm = +1,n = £1), (7.2.7)
which are massive vectors with mass m? = (R — 1/R)?/4 and

|AL) = at|lm = +1,n = F1) (7.2.8)

with the same mass as above. As we vary R the mass changes, and at R = 1 they become
massless. At that point, the string theory acquires an SU(2)xSU(2) gauge symmetry.
Moving away from R = 1, SU(2)xSU(2) gauge symmetry is spontaneously broken to
U(1)xU(1). This is the usual Higgs effect and the scalar whose expectation value is the
radius plays the role of the Higgs scalar (although there is no potential here).

7.3 T-duality

We now return to the example of a single scalar, compactified on a circle of radius R,

discussed in the previous section. As we have seen the primaries have

_ 1 2 _
H:L0+L0:§<%+n2R2> . P=1Lo—Lo=mn. (7.3.1)
It is obvious that the above spectrum is invariant under
1
R — R0 men. (7.3.2)

This corresponds to the following transformation of the U(1) charges
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Only the right charge changes sign. The action on the respective currents is analogous
J(z) — J(2) , J(Z)— —J(Z). (7.3.4)

It can be easily checked that not only the spectrum but also the interactions respect this
property. This is a peculiar property since it implies that a CF'T cannot distinguish a circle
of radius R from another of radius 1/R. This is, strictly speaking, not a symmetry of the
two-dimensional theory. It states that two a priori different theories are in fact equivalent.
However, in the context of string theory it will become a true symmetry and is known
under the name T-duality. Notice that the presence of winding modes is essential for the
presence of T-duality. Therefore it can appear in string theory but not in point-particle
field theory.

There is an interesting interpretation of T-duality in string theory. We start from
the CFT with R = 1. We have seen that at this point there is an enhanced symmetry
SU(2)1, x SU(2)gr. Then, at this point, the duality transformation ([(.3.4) is an SU(2)r
Weyl transformation, which is an obvious symmetry of the CFT. This explains the self-
duality at R = 1. Move now infinitesimally away from R = 1 by perturbing the CFT
with the marginal operator € [ J3J® = ¢ [ 0X0X. Because of the self-duality of the un-
perturbed theory, the € perturbation and —e perturbation give identical theories. This is
the infinitesimal version of R — 1/R duality around R = 1. We can further extend this
duality on the whole line. In this sense the duality is a consequence of SU(2) symmetry
at R = 1 and the duality transformation is an SU(2)g transformation. Consider again the
bosonic string with one dimension compactified. At R = 1 the SU(2)y, transformation is
a gauge transformation. Away from R = 1 the gauge symmetry is broken and the duality

symmetry is a discrete remnant of the original gauge symmetry.

We can generalize the T-duality symmetry to the N-dimensional toroidal models; here
the duality transformations form an infinite discrete group, unlike the one-dimensional

case where the group was Z,.

First observe that the partition function ([-1.37) is invariant under shifts of B;; by any
antisymmetric matrix with integer entries. Also by construction the theory is invariant
under GL(N) rotations of the scalars G;; and B;;. However, since the rotations also act
on m;, n; they have to rotate them back to integers. The GL(N) matrix must have integer
entries and such matrices form the discrete group GL(N,Z). Finally there are transfor-
mations such as the radius inversion, which leave the spectrum invariant. Together, all of
these transformations combine into an infinite discrete group O(N,N,Z). It is described

by 2N x 2N integer-valued matrices of the form

Q:(A B) | (7.3.5)
D
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where A, B,C, D are N x N matrices. Define also the O(N,N)-invariant metric

0 1y
L= <1N . ) , (7.3.6)

where 1y is the N-dimensional unit matrix. {2 belongs to O(N,N,Z) if it has integer entries
and satisfies
Q'LQ=1L. (7.3.7)

) . (7.3.8)
In the special (but useful) case N=2 we can parametrize

T (1 U, 0 T
Gy =— , Bij= , 7.3.9
! U2<U1 U12+U22> ! (—Tl 0) (7.3.9)
with T, Uy > 0. Defining the complex parameters T' =T} + i1, U = U; + iU,, the lattice

sum ([(.1.3§) becomes

Loo(T,U) = Zexp [—

Define E;; = G;; + B;;. Then the duality transformations are

33

—

E — (AE+B)(CE+ D)™ | (m) —>Q(

Ty
ThU,

| — mlU + mo + T(nl + Un2)|2+

+ 2miT(myng + mgng)} ) (7.3.10)

The duality group O(2,2,Z) acts on T and U with independent PSL(2,Z) transformations
([.8) as well as with the exchange T' « U.

T-duality can be generalized to s-models that have a curved target space. For a more
detailed discussion, see 7.

7.4 Free fermions on the torus

In section we have analyzed the CFT of N free Majorana-Weyl fermions. We will
now consider the partition function of this theory on the torus. The action was given in
(B.I1.1]). To do the path integral, we have to choose boundary conditions for the fermions
around the two cycles of the torus. For each cycle we have the choice between periodic and
antiperiodic boundary conditions. In total we have four possible sectors. The fermionic
path integral will give a power of the fermionic determinant defined with the appropriate

boundary conditions (also known as spin-structures).

/ =5 = (det 9)V/? . (7.4.1)
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This can be computed by finding the appropriate eigenvalues and taking the (-regularized
product. We will first consider antiperiodic boundary conditions on both cycles (A A).
Then the eigenvalues are

1 1
Aaa ~ <<m1 + §> T+ <m2 + 5)) , Mi2 € Z . (742)
A calculation of the regularized product gives
U5(7)
det 0)aa = . 7.4.3
(det 0) a4 ) (7.4.3)
For (A,P) boundary conditions we obtain
1
)\AP ~ ((m1 —+ 5) T+ m2> , Mig € Z, (744)
Uy (7)
det 0)ap = . 7.4.5
( )AP 7](7—) ( )
For (P,A) boundary conditions we have
1
Apa ~ (mlT + (m2 + 5)) , Mig € Z, (746)
9
(det §)py = 2207) (7.4.7)
n(7)

Finally for (P,P) boundary conditions the determinant vanishes, since these boundary
conditions now allow zero modes. By coupling to constant gauge fields (which act as
sources for the zero modes) it can be seen that the determinant here is proportional to

¥1(7), which indeed is identically zero.

We can summarize the above results as follows. Let a = 0,1 indicate A,P boundary
conditions respectively around the first cycle and b = 0, 1 indicate A P around the second.
Then

o _ VBI(7)
(det 0)[] = () (7.4.8)

The (P,P) spin-structure is known as the odd spin-structure, the rest as even spin-structures.
From appendix A we can see that modular transformations permute the various bound-
ary conditions since they permute the various cycles. To construct something that is
modular-invariant, we will have to sum over all boundary conditions. Including also the

right-moving fermions we can write the full partition function as

N

O[]
U

1
fermionic __ 1
2 DY

a,b=0

(7.4.9)

It can be checked directly that it is modular-invariant. To expose the spectrum, we can

express the partition function in terms of the characters (6.11.23), (6.11.29), (b.11.49),
(b.11.43) as

Zrmenie — |xo 2 + xv[? + xsf? + ol (7.4.10)
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from which we see that all O(N); integrable representations participate.

The two-point functions of the fermions in the even spin-structures can be fixed in terms
of their pole structure and transformation properties under modular transformations. They
are given by the Szego kernel

(W) (0)) = 07 S[N(=)  SEI(2) = 5 sy (7.4.11)

We will also discuss the zero modes in the odd spin-structure further. Each real fermion
has a zero mode, and the path integral vanishes. The first non-zero correlation function
must contain N fermions so that they soak up all the zero modes. The integral over the
zero modes gives a completely antisymmetric tensor, which we normalize to the invariant
e-tensor. The rest of the contribution is given by the partition function in the absence of

zero modes. Since the oscillators are integrally moded and since there is a (—1)%" insertion,

the non-zero mode contribution is

19,0 (U)‘UZO] e ' (7.4.12)

—N/24001_nN: N _
q nlill( ) =1 [27r .,

Thus,

N o

<Hw<zk>> = et (7.4.13)
odd

7.5 Bosonization

Consider two Majorana-Weyl fermions *(z) with

5

Z— W

P (2)Y (w) = +.... (7.5.1)

We can change basis to

Lo e —_i 1 _ a2
ﬁ(w +i7) w—ﬁw V7). (7.5.2)

The theory contains a U(1) current algebra generated by the (1,0) current

Y =

ﬂ@:Wu,J@ﬂw:G%W+m, (7.5.3)
J@wm:ﬁ2+m ,NW(%»ﬁ%+m. (7.5.4)

Equation (.5.4) states that 1, are affine primaries with charges 1 and —1. The stress-
tensor is

T(z) = —% SO = % ST (7.5.5)

It has central charge ¢ = 1.
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We can represent the same operator algebra using a single chiral boson X (z). Namely

J(z)=i0X |, Y= | =N, (7.5.6)

Exercise: Verify that the above definitions reproduce the same OPEs as in the
fermionic theory.

Moreover, applying these definitions to ([(.5.5) they produce the correct stress-tensor
of the scalar, namely T = —% : 0X? .. This chiral operator construction suggests that two
Majorana-Weyl fermions and a chiral boson might give equivalent theories. However, the
full theories contain also right-moving parts. When included, we are considering on the
one hand a Dirac fermion and on the other a scalar. For the scalar theory, however, we
have to specify the radius R. To do this we start from the partition function of the torus
for a Dirac fermion ([7.4.9) for N=2.

Applying a Poisson resummation to the ¥-functions we can show that

9[2]|? = T exp {——\n—b—l—T( a)|2+i7rmn] (7.5.7)

v 27—2 m,nez

1 .
= 7 > exp {—2172|n+7m|2+27r(m+a)(n+b)} .
mnez

The second equation is valid when a,b € Z. Then,

2

1 & |9f]
Z - -
2a,bZ:O n
- ! 21: D ex [—i|n+7m|2—|—m(m+a)(n+b)] (7.5.8)
2m Ay = L 2 ' >

Summation over b gives a factor of 2 and sets m + a to be even. Thus, m = 2m + a.

Summing over a resets m to be an arbitrary integer. Thus,

> exp {——\n+7m\ } (7.5.9)

m nEZ

ZDirac =
\/—

and comparing with ([.I.T7) we see that it is the same as that of a boson with radius
R=1/V2.

To summarize, a Dirac fermion is equivalent to a compact boson with radius R = 1/ V2.
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7.6 Orbifolds

The notion of orbifold arises when we consider a manifold M that has a discrete symmetry
group G. We may consider a new manifold M = M /G, which is obtained from the old one
by modding out the symmetry group G. If G is freely acting (M has no fixed-points under
the G action) then M /G is a smooth manifold. On the other hand, if G has fixed-points,
then M /G is no longer a smooth manifold but has conical singularities at the fixed-points

known as orbifold singularities. We will now provide examples of the above.

Consider the real line R. It has a Z5 symmetry  — —x. This symmetry has one fixed-
point, namely x = 0. The orbifold R/Z, is the half-line with an orbifold point (singularity)
at the boundary x = 0. On the other hand the real line R has another discrete infinite
symmetry group, namely translations x — x + 2w A. This symmetry is freely acting, and

the resulting orbifold is a smooth manifold, namely a circle of radius .

Orbifolds are interesting in the context of CFT and string theory, since they provide
spaces for string compactification that are richer than tori, but admit an exact CFT
description. Moreover, although their classical geometry can be singular, strings propagate
smoothly on them. In other words, the correlation functions of the associated CFT are
finite.

We will describe here some simple examples of orbifolds in order to indicate the im-
portant issues. They will be useful later on, in order to break supersymmetry in string

theory. More can be found in the original papers [R7].

Consider first a simple example of a non-freely acting orbifold. Consider a circle of
radius R, parametrized by x € [0, 27], and mod out the symmetry x — —z. There are two
fixed-points under the symmetry action, x = 0 and z = 7. The resulting orbifold is a line
segment with the fixed-points at the boundaries, (Fig. f).

It is not very difficult to construct the CFT of the orbifold. Every operator in the
original Hilbert space has a well defined behaviour under the Z; orbifold transformation,

X — —X, and for the vertex operators, Vi, — V_., _n.

The orbifold construction indicates that we should keep only the operators invariant
under the orbifold transformation. Thus, the orbifold theory contains the Z, invariant
operators and their correlators are the same as in the original theory. In particular the

invariant vertex operators are V,t = %(van + Vo —n)-

However, this is not the end of the story. What we have constructed so far is the
“untwisted sector”. An indication that we must have more can be seen from the torus
partition function. We will start from ([-I.1§) in the Hamiltonian representation. In order

to keep only the invariant states we will have to insert a projector in the trace. This
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0
Figure 9: The orbifold S*/Zs.
projector is (14 g)/2, where g is the non-trivial orbifold group element acting on states as
N N N N
H H an;lm,n) | = (=) N[ azn, [ @, | —m, —n). (7.6.1)
i=1 j=1 i=1 j=1
Thus,
. 1 1 L
Z(R)mvarlant _ §Z(R) + §Tr[g qLo—1/24 qLo—1/24] ] (762)

To evaluate the second trace we note that (mq,ni|ma,n2) ~ 0y +my0n;+ny, Which implies
that only states with m = n = 0 contribute to that trace. These are pure oscillator states
(the vacuum module) and every oscillator is weighted with a factor of —1 due to the action
of g. We obtain

1 Lo—1/24 =Lo—1/24 —1/24 _|m
5 1tlg ¢ q | = qq H 1+q i = 1%, (7.6.3)
and
invariant 1 n
Z(R) =3 2(R) + | (7.6.4)

A simple look at the modular properties of the ¥-functions indicates that this partition
function is not modular-invariant. Something is missing. This is precisely the set of
twisted states. There is now another boundary condition possible for the field X, namely
X(o 4+ 2m) = —X (o). This is again a periodicity condition, since now X and —X are
identified. In this sector (which is similar to the Ramond sector for the fermions) the
momentum and winding are forced to be zero by the boundary condition and the oscillators
are half-integrally modded. Imposing the boundary condition above to the solution of the

Laplace equation, we obtain the following mode expansion in the twisted sector

X(o,7) =20 + > < Ontl)2 gitnt1/2)(o+r) 4 dntl/2 e‘i(”+1/2)("‘T)> . (7.6.5)

i
VarT 1= n+1/2 n+1/2

The zero mode z is forced to lie at the two fixed-points: xy = 0, 7 R. This indicates the
presence of two ground-states | H%™) in this sector, which are primaries under the Virasoro

algebra and invariant under the orbifold transformation. They satisfy

an+1/2|H0’7r> = dn+1/2|H0’”) =0 n>0. (766)
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Their conformal weight can be computed in the same way as we did for the spin fields in
the fermionic case. It is h = h = 1/16. The rest of the states are generated by the action
of the negative modded oscillators on the ground-states. However, not all of the states are
invariant. To pick the invariant states we will have to do a trace with our projector in the

twisted sector:

thistcd _ %Tr[(1+g)qLo—1/24 qu—1/24]

1 s 1 s 1

= = +
el e e e
n n

= |= — 7.6.7
AR (7.6)

The full partition function
i i 1 n U U

Zorb R) = Zuntw1sted th1sted = ~7(R e e e 7.6.8

(R) - SZ0R) + ||+ |5 + |3 (763)

is modular-invariant. In fact, the four different parts in ([(.6.§) can be interpreted as
the result of performing the path integral on the torus, with the four different boundary
conditions around the two cycles, as in the case of the fermions. We will introduce the
notation 7 [Z] where h, g take values 0,1; h = 0 labels the untwisted sector, h = 1 the
twisted sector; g = 0 implies no projection, while ¢ = 1 implies a projection. In this

notation the orbifold partition function can be written as

Z" = Z Z (7.6.9)
hg 0
with Z[§] = Z(R) and
2l =2l L (hg) #(0,0). (7.6.10)
ﬁ[l—g]

They transform as follows under modular transformations

ToT+1  Z[ = Z[L,], (7.6.11)
1

T —— o 2= Z[] (7.6.12)

and we conclude that ([.6.9) is modular-invariant.

Notice also that the whole twisted sector does not depend on the radius. This is a
general characteristic of non-freely acting orbifolds. As we will see later, the situation is

different for freely acting orbifolds.

The twisted ground-states are generated from the SL(2,C)-invariant vacuum by the
twist operators H%™(z,%). Correlation functions of twist operators are more difficult to
compute, but this calculation can be done (see [Bg, for more details). The following
schematic OPEs can be established 2§, P9

Z sz 2n 2m 2n] + C2m72n+1[‘/2¢n,2n+1] ) (7613>
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[HT] - [HT] ~ 3 CF 2 Vg o] = P Vg o4 (7.6.14)

n,m

(HO) - [HT] ~ 3 Co 2 Vo o] (7.6.15)

Here [V, ] stands for the whole U(1) representation generated from the primary vertex
operator V! = (Vinn + Vom,—n)/V2 by the action of the U(1) current modes. The OPE

coefficients are given by
Cmn = /2272 hmathma) Gy =1 (7.6.16)

and
Bmn = (m/R+nR)?*/4 | hp,=(m/R—nR)*/4. (7.6.17)

Notice that the two U(1) currents 9X and 0X of the original theory have been projected
out. Consequently, in the orbifold theory we do not expect to have the continuous U(1)y, x
U(1)g invariance any longer. This is already obvious in the twisted OPEs, which show

that the charges m,n are no longer conserved. There remains however a residual Zy x Z5

symmetry
(H°, H™, V5 ) — (=H° H",(-1)™ V,}].), (7.6.18)
(H, H™, V,t ) — (H", H°, (-1)" V,} ). (7.6.19)

When these transformations are combined with the extra symmetry that changes the sign
of the twist fields
(H H™, VT ) — (=H°, —H™,V.} ), (7.6.20)

» Ym,n » Ymyn

they generate the group Dy, which is the invariance group of the orbifold.

The orbifold theory depends also on a continuous parameter, the radius k. Moreover,

we also have here the duality symmetry R — 1/R, since from ([.6.§):

Z°"(R) = Z°(1/R). (7.6.21)

Exercise: Use the OPEs in ([7-6.13)-(-6.19) to deduce the following transformation
rule for the twist fields under R — 1/R duality,

<g:>_’%<1 _11)(2[:) : (7.6.22)

Exercise. Consider further “orbifolding” the orbifold theory by the Z, transforma-
tion in (7.6.20). Show that the resulting theory is the original toroidal theory. In this

respect the toroidal theory is not any more fundamental than the orbifold one.
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Exercise. Show that when R = /2 the orbifold partition function becomes the

square of the Ising partition function

; 1
ZIsmg i
2 [

]
0

Vs
0

V4
U]

+

] : (7.6.23)

which was computed in ([.4.9). Here N=1. You will also need (A.14).

The orbifold from above can be easily generalized in various directions. First we can
consider other starting CF'Ts, such as higher-dimensional tori or interacting CFTs. More-
over the symmetry we mod out can be a bigger abelian or non-abelian discrete group. We

will not delve further in this direction for the moment.

We will now discuss a simple example of a freely acting orbifold group. We will start
again from the theory of a scalar on a circle of radius R. However, here we will use a
Zy subgroup of the U(1) symmetry that acts as |m,n) — (—1)™ |m,n) and leaves the
oscillators invariant. The geometrical action is a half-lattice shift: X — X + 7 R. We will
calculate the partition function using the same method as above. It will be written again
in the form ([[.6.9) with Z[J] = Z(R). Z[}] must contain the group element:

exp “TTT %+nR2—”{ %—nR2
Z[ = > (1" { ( )_ ( )] (7.6.24)

m,nEZ "

The computation of Z[}] can be made by noting that the twisted boundary condition is
similar to that of a circle of half the radius, so that n — n + 1/2, or by performing a

7 — —1/7 transformation on Z[?]. Both methods give

exp |7 (1 4 (n+ L) R)' — i (m _ (4 1) R)’
2hl= > p{z(}ﬁ( t4) )_ Gl Gha) )] (7.6.25)

m,nEZ 7]7]

Finally Z[}] can be obtained from Z[}] by a 7 — 7 + 1 transformation or by inserting the

group element:

exp |57 (% + n+%R2—”§ m— n+§R2
Zhl= > (=" [ (e (nss) )_ G = (nrd) ” (7.6.26)

m,nEZ

We can summarize the above by

exp |2 (2 4 (n+ L) R)’ — i (= _ (n 4+ 1) RY’
-y T )R - (G- () R) .
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or, in the Lagrangian representation, by

R mR?
ZM = — exp |——
g VTenm ng;Z { P

2 2

m+g+<n+ﬁ>7

T . (7.6.28)

Summing up the contributions as in ([[-6.9) we obtain, not to our surprise, the partition
function for a boson compactified on a circle of radius R/2. This is what we would have
expected from the geometrical action of the orbifold element. Note also that here the
twisted sectors have a non-trivial dependence on the radius. This is a generic feature of
freely acting orbifolds.

Although this orbifold example looks trivial, it can be combined with other projections
to make non-trivial orbifold CFTs.

Exercise. Consider the CFT of a two-dimensional torus, which is a direct product
of two circles of radii Ry and coordinates X; 5. This theory has, among others, the Z,
symmetry, which acts simultaneously as X; — —X; and Xo — Xy + nRy. It is a freely

acting symmetry. Construct the orbifold partition function.

We will comment here on the most general orbifold group of a toroidal model. The
generic symmetry of a d-dimensional toroidal CFT contains the U(1)§ x U(1)% chiral
symmetry. The transformations associated with it are arbitrary lattice translations. They

act on a state with momenta m; and windings n; as

d
Jtranslation — €XP 2mi Z(mzez + m@) ) (7629>

i=1
where 6;, ¢; are rational in order to obtain a discrete group. There are also symmetries that
are subgroups of the O(d,d) group not broken by the moduli G;; and B;;. These depend
on the point of the moduli space. Consequently, the generic element is a combination of
a translation and a rotation acting on the left part of the theory and an a priori different

rotation and translation acting on the right part of the theory.

Exercise. Consider the CFT of the product of two circles with equal radii. It is
invariant under the interchange of the two circles. This transformation forms a Z5 subgroup
of the rotation group O(2). Orbifold by this symmetry and construct the orbifold blocks of

the partition function. Is the partition function modular-invariant? You will need (A17).
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Figure 10: a) The double torus. b) The degeneration limit into two tori.

There are constraints imposed by modular invariance that restrict the choice of orbifold
groups. The orbifolding procedure can be viewed as a gauging of a discrete symmetry.
It can happen that the discrete symmetry is anomalous. Then, the theory will not be

modular-invariant.

Exercise. Redo the freely acting orbifold of a free scalar, but now use the following
group element: g = (—1)"*". Tt corresponds to a non-geometric translation. Show that
it is impossible to construct a modular-invariant partition function. Thus, this is an
anomalous symmetry, something to be expected since it corresponds to a gauging of a Z
subgroup of the chiral U(1)y..

7.7 CFT on higher-genus Riemann surfaces

So far we have analyzed CFT on surfaces of low genus, namely the Riemann sphere (g = 0)
and the torus (g = 1). Similarly, we can define and analyze various CFTs on surfaces with
more handles. A general N-point function on a genus g > 2 Riemann surface depends on
the N (complex) positions of the operators and on 3(g — 1) complex numbers that are the
moduli of the surface. They are the generalizations of the modulus 7 of the torus. There is
also the notion of a modular group that acts on the moduli. The partition function must

be invariant under the modular group of a genus g surface with N punctures.

There is a set of relations, however, between correlation functions of the same CFT
defined on various Riemann surfaces. This is known as factorization. Consider as an
example the partition function of a CFT on a genus-2 surface depicted in Fig. [Oa. It
depends on three complex moduli. In particular there is a modulus, which we will denote

by ¢, such that as ¢ — 0 the surface develops a long cylinder in between and, at ¢ = 0,
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Figure 11: The Hamiltonian description of its degeneration into a pair of tori.

degenerates into two tori with one puncture each (Fig. [l0b). This implies a Hamiltonian

degeneration formula for the partition function
(1)g=2 = thi_c/m qﬁi_é/m (i) g=1 (Di)g=1, (7.7.1)

where the sum is over all states of the theory and the one-point functions are evaluated on
the once-punctured tori. This happens because as the intermediate cylinder becomes long
we can use the cylinder Hamiltonian to describe this part of the theory. Equation ([-7-1])
is schematically represented in Fig. [ This can be generalized to arbitrary correlation

functions and arbitrary degenerations.

Factorization is important since it will imply perturbative unitarity in the underlying
string theory. For example a ¢ = 2 amplitude is a two-loop correction to a scattering
amplitude and we should be able to construct it, in perturbation theory, by sewing one-

loop amplitudes.

8 Scattering amplitudes and vertex operators of bosonic

strings

We have seen in the previous chapter that to each state in the CF'T there corresponds a
local operator that creates the respective state out of the SL(2,C)-invariant vacuum. So to
all states in string theory there correspond local operators on the world-sheet. However,
we need only consider physical states. How do the physical state conditions translate to

local operators?

We will work in the old covariant approach and consider the case of closed strings. We
have seen that physical states had to satisfy Ly = Ly = 1 and they should be annihilated
by the positive modes of the Virasoro operators. In CFT language they have to be primary
of conformal weight (1,1). Moreover, from their definition, spurious states correspond to

Virasoro descendants.

The Polyakov action in the conformal gauge is
1

4o’

Sp = / &0 X OX 1 | (8.1)
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from which we obtain the two-point function

/

(X4 (2, 2) X" (w, @) = =™ log 2 — w? (8.2)
and the stress-tensor 5
T = —Jn,w@X“aX” (8.3)

and similarly for T

The states at level zero |p) correspond to the operators V, =: e?*X" .. Under T, T they
are primary of conformal weights A = A = o/p?/4. In order for them to be (1,1), and thus

physical, we need p* = —m? = 4/a/, which is the tachyon mass-shell condition.

The mnext set of states is a”;a”,|p) and corresponds to the operators

: OXHOX"V, :. We consider the linear combination O(e) = ¢,, : X X"V, : of these

operators and compute their OPE with T, T
o 0"V,

T(z)O(w,w) = —ip“ewzm + (1 +

a’p2> O(w, w) n 0, O(w, W) + (8.4)

4

(z —w)? z—w

and a similar one for 7. In order to have a primary (1,1) operator we must have the

third-order pole vanish
p“qw = pVE;w =0 (85)

and p? = 0, which are the mass-shell and transversality conditions for the graviton (e
symmetric and traceless), the antisymmetric tensor (e antisymmetric) and the dilaton

(€ ™~ Npw — Pubv — Pupy with p* =0, p- p = 1). Higher levels work in a similar fashion.

In modern (BRST) covariant quantization the physical state condition translates into
(QBRsT: Vphys(2, Z)] = 0, which reduces to the usual condition on physical states. In this
case the physical vertex operators are the ones we found in the old covariant case multiplied

by cc.

N-point scattering amplitudes (S-matrix elements) on the sphere are constructed by
calculating the appropriate N-point correlator of the associated vertex operators and inte-
grating it over the positions of the insertions. As we mentioned before, there is a residual
SL(2,C) invariance on the sphere that was not fixed by going to the conformal gauge.
This can be used to set the positions of three vertex operators to three fixed points taken
conventionally to be 0,1, co. Then we integrate over the remaining N-3 positions. See [f]

for explicit calculations of tree (sphere) scattering amplitudes.

Moving to one-loop diagrams we have a similar prescription. For an N-point one-loop
amplitude we first have to calculate the N-point function of the appropriate vertex op-
erators on the torus. Due to translational symmetry of the torus (c,¢ zero modes) the
correlator depends on N-1 positions as well as on the modulus of the torus 7. These are

moduli, and they should be integrated over. Diffeomorphism invariance implies that the
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correlator integrated over the N-1 positions should be invariant under modular transfor-

mation. Finally we have to integrate over 7 in the fundamental domain (Fig. B).

We will calculate the one-loop vacuum energy of the closed bosonic string. This is
the one-loop bubble diagram, and corresponds to calculating the torus partition function
of the underlying CFT and integrating over the torus moduli space. We will do this
computation in the covariant approach. We have seen that the torus partition function
for a single non-compact boson is given by 1/(,/72nn), and we have 26 of these. The
b, c ghosts contribute n? to the partition function and cancel the contribution of two left-
moving oscillators. Similarly the b, ¢ ghosts contribute 7%, Finally the integration measure
contains an integral over 7, which imposes Ly = Lo and the usual Schwinger measure

dre/T. Putting everything together, we obtain

>t At 1

A4 :/ 5 Zbosonic(Ta 71) :/ TS T — —oi (86)
F T3 F 13 (Vrnm)*

where F is the fundamental domain. Note that Zposonic is just the contribution of the 24

transverse non-compact coordinates. In the light-cone gauge a similar calculation would

include Zposonic for the transverse coordinates, an extra 1/7 factor from the light-cone zero

modes and the Schwinger measure giving again the same result as in (B.6).

In field theory, the 7 integration extends down to 75 = 0 and this is the region where UV
divergences come from. We see that in string theory this region is absent, due to modular
invariance. This provides a (technical) explanation for the absence of UV divergences in
string theory. Of course in the case of bosonic strings the vacuum energy is IR divergent

due to the presence of the tachyon.

In a similar fashion, g-loop diagrams can be calculated by integrating correlators on the
CFT on a genus-g Riemann surface. One final ingredient is the string coupling gsring. A
g-loop contribution has to be additionally weighted by a factor gs_ti‘mg, where y = 2(1 — g)
is the Euler number of the Riemann surface. The perturbative expansion is a topological
expansion. Notice also that the insertion of a vertex operator creates an infinitesimal hole
in the Riemann surface and increases its Euler number by 1. It is thus accompanied by a

factor of 1/gstring, as it should.

We will briefly describe here the topological expansion for the case of open strings. A
tree-level four-point diagram in this case is shown in Fig. [Ja. By a conformal transfor-
mation it can be mapped to a disk with four points marked on the boundary (Fig. [Zb).
These are the positions of insertion of the appropriate vertex operators. Thus, the open
string vertex operators are inserted at the boundary of the surface. Open strings can
also emit closed strings. In such amplitudes, closed string emission is represented by the

insertion of closed string vertex operators in the interior of the surface.

Here the topological expansion also includes Riemann surfaces with boundary. More-

over, we can consider orientable strings (where the string is oriented) as well as non-
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Figure 12: a) The four-point open string tree amplitude. b) Its conformal transform to a

disk with four points marked on the boundary.

T o

a) b) c) d)

Figure 13: a) The disk. b) The annulus. ¢) The Mébius strip. d) the Klein bottle.

orientable strings (where the orientation of the string is immaterial). In the second case
we will have to include non-orientable Riemann surfaces in the topological expansion. Such
a surface is characterized by the number of handles g the number of boundaries B, and the
number of cross-caps C' that introduce the non-orientability of the surface. A cross-cap is
a boundary that instead of being S, is S'/Z, = RP'. The Euler number is given by

x=21-9g)—B-C. (8.7)

In Fig. [[3 we show the four simplest surfaces with boundaries: the disk with y = 1, the
annulus with y = 0, as well as two non-orientable surfaces, the Mobius strip with y = 0
and the Klein bottle with xy = 0.

As we will see later on, consistent theories of open unoriented strings necessarily include
couplings to closed unoriented strings. An easy way to see this is to consider the annulus
diagram (Fig. [3b). If we take time to run upwards, then it describes a one-loop diagram
of an open string. If, however, we take time to run sideways then it describes the tree-level

propagation of a closed string.
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9 Strings in background fields and low-energy effec-

tive actions

So far, we have described the propagation of strings in flat 26-dimensional Minkowski
space. We would like, however, to be able to describe string physics when the massless
fields G\, B, and ® have non-trivial VEVs. This can be done by a finite perturbation of
the flat CFT, using the vertex operators for the massless fields. The correct prescription for

coupling the dilaton was given by Fradkin and Tseytlin. The Polyakov action becomes[]
1

4o

[ € [Vag"Gu(X) + €7 BLu(X)] DX 70X, +

Sp =

+8iﬁ/d2£\/§R(2)q)(X)’ (9.1)

where R® is the scalar curvature of the intrinsic word-sheet metric g,. An interesting
observation is the following: consider the constant part of the dilaton field (VEV) ®,.

Since the Euler character of the world-sheet is given by

1
- (2

we observe that we have a factor e X®0/2 in front of e=%7. Thus, the string coupling is

essentially given by the dilaton VEV

gstring = 64)0/2 . (93)
For general backgrounds, this o-model is not conformally invariant. Rather

Ll _ 5% per o L (g8 g 1 58 ey, x00,X 9.4
\/5_9671'3 _'_%(;wg +,u1/€>a bAv ()

where the (-functions can be obtained perturbatively in the weak coupling expansion of

the o-model, o — 0. To leading non-trivial order,

G

1
ﬁ =R, — ZH“””H”M +V,V, 0+ 0(d), (9.5)
B
L=V ™ H,| +0(a) (9.6)
and .
B® =D — 26+ 3d {(vcp)? — 200 — R+ EHQ} + 0(a?), (9.7)

where H,,, is the totally antisymmetric field strength of B,,,

Hulfp = 8MBVP + &pru + 8pB;w (9'8)

13We are discussing here closed oriented strings.
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and D is the spacetime dimension.

When G, B, ® are such that Ey = fy = 0, then the o-model describes a CF'T with
central charge ¢ = 3®. It can be shown in particular that 3% is a constant when the other

[B-functions vanish.

The conditions for conformal invariance and thus consistent string propagation are

given by the equations
g =55 =00,=0. (9.9)

- Muv 7%

These conditions are second-order equations for the background fields and can be ob-

tained from an action

1 D -2
/D=2 gtree / dPxy/=det Ge™® | R+ (V) — H” + —

+0().  (9.10)

At this point it is useful to pause and ask the question: Why do we need conformal
invariance? After all, since we are integrating over two-dimensional metrics we expect
conformal invariance to be enforced by the integration. In fact we will consider two distinct

cases:

e The background fields and spacetime dimension are such that all f-functions vanish.
Then we have conformal invariance at the quantum level, the conformal factor decouples,
and we have to factor out its volume from the definition of the path integral. This is the
case we considered so far. Moreover, the vanishing of the -functions implies, to leading

order in o/, second-order equations for the background fields.

e The (-functions are not zero. Then the conformal factor does not decouple. Since
1," ~ d4log Z, where ¢ is the conformal factor, we can solve this equation to derive
the dependence of the effective action on ¢. Apart from the Liouville action discussed in
(B-7-13)), we will also have couplings of ¢ to the scalars X* if 32:¢ do not vanish. Effectively
we have a new og-model in D + 1 dimensions (¢ provides the extra coordinate), which is

by construction Weyl-invariant.[] Thus, we are back to the first case.

We will now consider the notion of the effective action for the light fields. We have
seen that (ignoring the tachyon for the moment) the massless fields are G, B, ®. All other
particles have masses of the order of the string scale. We can imagine integrating out
the heavy fields that will induce corrections to the action of the light fields. This is the
definition of the low-energy effective action. This effective action contains only the light
fields and is valid up to energies of the order of the mass of the heavy fields. At tree level,
this procedure can be implemented by considering the full (on-shell) scattering amplitudes
of the light fields from string calculations, expanding them in o’ and finding the extra

interactions induced on the light fields. A comprehensive exposition of this procedure

4 There are subtleties having to do with the signature of the extended spacetime. We refer the interested

reader to [§.
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can be found in BJ]. Since the amplitudes used are on-shell, the effective action can be

calculated up to terms that vanish by using the equations of motion.

It can be shown that, up to terms that vanish on-shell, the o-model conformal in-
variance conditions and the string amplitude calculations produce the same low-energy
effective action (P.10).

In (BI0) the fields that appear are those that couple to the string o-model. This is
known as the “string frame”. In this frame, the kinetic terms of the metric G and the
dilaton are not diagonal. They become diagonal in the “Einstein frame”, related to the
string frame by a conformal rescaling of the metric. Separating the expectation value of
the dilaton ® — &y + ® and defining the Einstein metric as

GE = e 136, (9.11)

we obtain the action in the Einstein frame:

gtree % / 4P v/ GE lR - ﬁ(vw - 6_@1/;1)_2) A
+e2¢/<D—2>¥ +0(d), (9.12)
where the gravitational constant is given by
K= gstringa'(D_Q)/z ) (9.13)

10 Superstrings and supersymmetry

We have seen so far that bosonic strings suffer from two major problems:
e Their spectrum always contains a tachyon. In that respect their vacuum is unstable.
e They do not contain spacetime fermions.

On the other hand, we have already seen, during our study of free fermion CFTs that
they contain states that transform as spinors under the associated orthogonal symmetry.
Therefore we should be willing to add free fermions on the world-sheet of the string in
order to obtain states that transform as spinors. These fermions should carry a spacetime
index, i.e. 9*, ¥, in order for the spinor to be a spacetime spinor. However, in such
a case there will be additional negative norm states associated with the modes of 9°.
In order for these to be removed from the physical spectrum, we need more constraints
than the Virasoro constraints alone. The appropriate result comes from considering an
N=1 superconformal algebra of constraints. In the bosonic case, we started with two-
dimensional gravity coupled to D scalars X* on the world-sheet, which eventually boiled
down to a set of Virasoro constraints on the Hilbert space. Here, we would like to start

from the two-dimensional N=1 supergravity coupled to D N=1 superfields, each containing

104



a bosonic coordinate X* and two fermionic coordinates, one left-moving 1/* and one right-
moving ¥*. The two-dimensional N=1 supergravity multiplet contains the metric and a
gravitino x,.

The analog of the bosonic Polyakov action is

1
4o/

SII —

[ Va |gouxranxn + Surpirs
1 1
§(wa7“w“) (&,X " bew“)] : (10.1)
It is invariant under local N=1 left-moving (1,0) supersymmetry
6gab = Z-'E('anb + ’YbXa) s 5Xa - 2va€> (10'2)

SXH = jeph | Syt =9 <8aX“ - %Xaw) € . SPh=0, (10.3)

where € is a left-moving Majorana-Weyl spinor. There is a similar right-moving (0,1)
supersymmetry involving a right-moving Majorana-Weyl spinor € and the fermions *. In

our notation we have (1,1) supersymmetry.

The analog of the conformal gauge is the superconformal gauge

Gab = ed)(sab y Xa = 7&C7 (104>

where ( is a constant Majorana spinor; ¢ and ¢ decouple from the classical action ([[0.]).

Apart from the Virasoro operators we also have the supercurrents
Gmattor = “ﬁuﬁXﬂ ) Gmattcr = uE#éXﬂ : (105>

We also have to introduce the appropriate ghosts. We will still have the usual b, ¢ system
with A = 2 associated with diffeomorphisms, but now we also need a commuting set of
ghosts 3,7 with e = =1, A = % associated with the supersymmetry. Superconformal
invariance will be present at the quantum level, provided the ghost central charge cancels
the matter central charge. Each bosonic and fermionic coordinate contributes 3/2 to the
central charge. Since we have D of them, the matter central charge is cpatter = %D. The
b, c system contributes —26 to the central charge while the 3,y system contributes +11.
The total central charge vanishes, provided that D = 10.

The classical constraints imply the vanishing of T, G,T,G. Consequently, we have

enough constraints to remove the negative norm states.

The BRST current is

) 1
JBRST = ’meatter + CTmatter + 5 (CTghost + ’}/Gghost) ) (106)

where

1 1
Gmattor = ub#&Xﬂ 5 Tmattor = _§aX“aX“ - §¢H8¢H7 (107>
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. 1 3 1 3
Gghost = —Z(C 8/6 — 57 b + 560 /6) s Tghost = Tbc — 5’}/ 8/6 — 58’}/ /8 . (108)

Exercise. Verify that Ghost and Tynost satisfy the OPEs of the N=1 superconformal
algebra (6.5.1),(6.12.7) with the correct central charge.

The BRST charge is

1 . =
Q= 5 b{ dz jprsT + j{dz ]BRST} . (10.9)

It is nilpotent for D = 10 and can be used in the standard way to define physical states.

10.1 Closed (type-II) superstrings

We will consider first the closed (type-1T) superstring case. We will work in a physical gauge
and derive the spectrum. The analogue of the light-cone gauge in the supersymmetric case
is):

Xt =2t 4+ptr , YT =9yt =0. (10.1.1)
As in the bosonic case, we can explicitly solve the constraints by expressing X~ 1=, 1)~

in terms of the transverse modes. Then, the physical states can be constructed out of the

transverse bosonic and fermionic oscillators. However, all zero modes are present.

As we mentioned before, we have two left-moving sectors corresponding to NS and R
boundary conditions for ¢* and G' and another two sectors corresponding to NS and R

boundary conditions for ¥* and G.

For the moment we will discuss only the left sector to avoid repetition. We will intro-

duce as usual the modes L, and G, of the superconformal generatorsm.

In the light-cone gauge we have solved the constraints, apart from those associated
with the zero modes. In the NS sector, GG is half-integrally modded and the only zero
mode is Lg. There is also a normal-ordering constant, which can be calculated either by
demanding Lorentz invariance of the physical spectrum, as we have done for the bosonic
string, or by realizing that in the covariant formulation the lowest “energy” state is not

the usual vacuum |0) but ¢;7_1/2|0). Both approaches result in a normal-ordering constant

15 There is a subtlety here concerning the super-light-cone gauge. If ¢/ for example has N'S boundary
conditions, then it can be set to zero. If it has R boundary conditions, then it can be set to zero except

for its zero mode. A similar remark applies to 9.
6Remember that in the light-cone gauge there are no ghosts and only transverse (bosonic and fermionic)

oscillators.
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and Lo — % should be zero on physical states. The state |p) is a physical

—m? =2/d’, and it is a tachyon. The next states are of the form wi_l/2|p>

equal to a = %,
state with p? =
and satisfy Ly = % if p> = 0. These states are massless. However, we would prefer not
to have a tachyonic state. Since the tachyon has (—1)t = 1 we would like to impose
the extra constraint (GSO projection): physical states in the N.S sector should have odd

fermion number.

In the R sector we have two zero modes: Ly and Gg. The Ly constraint is the same as
in the NS sector. A quick look at the expression for Gy in ([[0.5) is enough to convince
us that there can be no normal-ordering constant, and that G should be zero on physical

states. On the other hand we know from the superconformal algebra

0={Go. Gok =2 (Lo - %) | (10.1.2)

Compatibility with the Ly constraint implies again that D = 10. The R ground-states
are spinors of O(10). Consequently, these states satisfy the Ly constraint. Also remember
that Go = Yfag +2 X550 ¥ha",. As shown in section B.17], the operator ¢ is represented
by v* and afy by p,. The other terms in G do not contribute to the ground-states. Go =0
implies the Dirac equation p = +* p, = 0. Thus, the potentially massless states in the
R sector are a spinor S and a conjugate spinor C' of O(10) satisfying the massless Dirac
equation. Under (—1)™¢, S has eigenvalue 1 and C has —1. All other states are built on
these ground-states and are massive. So far, there is no a priori reason to impose also a
GSO projection in the R sector. As we will see later on, one-loop modular invariance will
force us to do so. Anticipating this fact, we will also fix the fermion parity in the R sector.
Since (—1)¥" = plus or minus is a matter of convention in the R sector, we will allow both

possibilities. We will only keep the S or C' spinor ground-states, but not both.

A similar discussion applies to the right-moving sector. Combining the two we have

overall four sectors:

e (NS-NS): These are bosons since they transform in tensor representations of the
rotation group. The projection here is (—1)f% = (—=1)fr = —1. The lowest states allowed
by the constraint and the GSO projection are of the form ¢" /Q@E{ 1 /2| p), they are massless
and correspond to a symmetric traceless tensor (the graviton), an antisymmetric tensor

and a scalar. The tachyon is gonel!

e (NS-R): These are fermions. The GSO projection here is (—1)'2 = —1 and by con-
vention we keep the S representation in the R sector. The lowest-lying states, 1" /2| p,S)
are massless spacetime fermions and contain a C' Majorana-Weyl gravitino and an S

fermion.

e (R-NS): Here the GSO projection in NS is (—1)% = —1, but in the R sector we have
two physically distinct options: keep the S spinor (type-I1IB) or the C' spinor (type-11A).

Again the lowest-lying states W_l /2|p, S or C') are massless spacetime fermions.
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e (R-R): In the ITA case the massless states are |S, C'), which decomposes into a vector
and a three-index antisymmetric tensor, as will be shown below. In type-1IB they are
S, S), which decomposes into a scalar, a two-index antisymmetric tensor, and a self-dual

four-index antisymmetric tensor.

There are also the bosonic oscillators for us to use but, as we have seen, they are not

involved in the massless states. They do, however, contribute to the massive spectrum.

Both type-ITA and IIB theories have two gravitini and are thus expected to have
N=2 local supersymmetry in ten dimensions. In type-IIB the gravitini have the same
spacetime chirality, while the two spin % fermions have opposite chirality. Thus, the
theory is chiral. The type-IIA theory is non-chiral since the gravitini and % fermions have

opposite chiralities.

In the light-cone gauge, the left-over constraints are essentially the linearized equations

of motion. In the NS-NS sector the constraints are

= 1
L() = LQ y L() - 5 =0 X (1013)

and, as we have seen already in the bosonic case, it gives the mass-shell condition. This
corresponds to the free Klein-Gordon equation. The R-NS sector contains spacetime
fermions and the constraints are as in ([[0.1.3), plus the Gy = 0 constraint, which provides
as we showed above, the Dirac equation both for massless and massive states. Its square,
from ([L0.1.9), gives the Klein-Gordon equation; the independent equations are thus Gy = 0
and Ly = Lo. Similar remarks apply for the NS-R sector. Finally in the R-R sector the
states are bispinors and they satisfy two Dirac equations: Gy = Gy = 0. Ramond-Ramond
massless states are special for two reasons. First, they are always forms and always coupled
to other states via derivatives. No perturbative states are charged under them. As we will
see later on, they are in the heart of non-perturbative duality conjectures. A more detailed

discussion of their properties can be found in the next section.

We will examine more closely the spacetime meaning of the operators (—1)FZ:%. In the
NS sector

(—1)F = exp [m > @bflwi_rl . (10.1.4)

reZ+1/2
In the R sector

9 00 o0

(—=1)" =T ¢ exp [@'ﬂ > w:;wi_n] =T" exp lm 3 w;@bin] : (10.1.5)
u:0 n=1 n=1

where T''! is the analog of 4° in ten dimensions. We can deduce from the form of the

supercurrents ([[0-]) that the zero modes satisfy
{(—1)f,Go} =0 , {(-1)'= Gy} =0. (10.1.6)
These generalize the field theoretic relation

{r‘*, ¢ =o0. (10.1.7)
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Note that in string theory this equation holds also for the massive Dirac operator Gy.

Exercise. Show that at the massless level there is an equal number of on-shell
fermionic and bosonic degrees of freedom. This would be necessary if the theory has (at
least one) spacetime supersymmetry. Find also the physical states at the next (massive)
level both in type-ITA and type-1IB theory. Show that they combine into SO(9) represen-
tations, as they should, and that there is again an equal number of fermionic and bosonic

degrees of freedom.

We will now study the one-loop vacuum amplitude (or partition function). For the
bosonic part of the action we have eight transverse oscillators and, in analogy with the

—8. Here, however, we

case of the bosonic string, we will get a contribution of (y/717)
also have the contribution of the world-sheet fermions. We will consider first the IIB case.
In the NS-NS sector the two GSO projections imply that we have the vector on both
sides. So the contribution to the partition function is yy¥y. From the R-R sector we
have projected out the C' representation so the contribution is ysxs. In the R-N.S and
NS-R sectors we obtain —ysXy and —xy g respectively. The minus sign is there since

spacetime fermions contribute with a minus sign relative to spacetime bosons. So

s (xv —xs)(Xv — Xs)
CE VT

Using the formulae (6.11.26) and (F.11.43) for the SO(8) characters, we can write the

partition function as

(10.1.8)

1 1 P15 ')
ZIIB - a+b+ab ( 1)a+b+ab - b ’ (10‘1‘9)
(\/7_27777 2 ; 2 GEO n* it
a = 0 labels the NS sector, a = 1 the R sector and similarly for the right-movers.

In the type-IIA case, the only difference is that xg should be substituted by xc. The

partition function becomes

11 1 avprar O[] O[]
ZIIA - -1 atb — -1 atbtab Z b1 7 1b] . 10.1.10
Wl 2@,20 (-1 2%::0 (-1 - ( )

Exercise. Show that Z//B 714 are modular-invariant. Using (A.1§), show that

they also are identically zero. This implies that there is at each mass level an equal number

109



of bosonic and fermionic degrees of freedom, consistent with the presence of spacetime
supersymmetry.

10.2 Massless R-R states

We will now consider in more detail the massless R-R states of type-1IA,B string theory,
since they have unusual properties and play a central role in non-perturbative duality
symmetries. Further reading is to be found in [B(].

I will first start by describing in detail the I'-matrix conventions in flat ten-dimensional

Minkowski space [f].

The (32 x 32)-dimensional [-matrices satisfy
{TE T} = =20 | ™ =(—++...4). (10.2.1)
The I'mmatrix indices are raised and lowered with the flat Minkowski metric n*:
r,=n,I" TF=n"T,. (10.2.2)

We will be in the Majorana representation where the I'-matrices are purely imaginary, I'°

is antisymmetric, the rest symmetric. Also

r'rir®=r, , I°r,r’=-r7. (10.2.3)
Majorana spinors S, are real: S’ = S,;
Fllzro...rg 5 (Fll)zz]_ 5 {Fll,F“}:O; . (1024)

I'11 is symmetric and real. This is the reason why, in ten dimensions, the Weyl condition

I'1S = &S is compatible with the Majorana condition[] We use the convention that

019 — 1. We will define the antisymmetrized products of

for the Levi-Civita tensor, €
[-matrices 1 ]
EF[’“ Tl = ] (k.. T £ permutations) . (10.2.5)

We can derive by straightforward computation the following identities among I'-matri-

bk —

ces:

(ST

—1)[3]
[ Drete = ﬁe“l"'“loFuk+l,,.ulo, (10.2.6)
1

k

[H Bk = _(_1)[7 M1 pi1o
11 (10 — /{:)!6 Hk41---H10 9

1"Tn a space with signature (p,q) the Majorana and Weyl conditions are compatible, provided |p — ¢ is

(10.2.7)

a multiple of 8.
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with [z] denoting the integer part of x. Then

1

DALV = Dot — e, (10.2.8)
1

& —1)!

with square brackets denoting the alternating sum over all permutations of the enclosed

[V VB — [Vi-Veb _

n#[vkrl/lml/k—l] , (1029)

indices. The invariant Lorentz scalar product of two spinors x, ¢ is x%(I'°)asds-

Now consider the ground-states of the R-R sector. On the left, we have a Majorana
spinor S, satisfying I'1;7.S = S by convention. On the right, we have another Majorana
spinor S, satisfying I';;.8 = €S, where ¢ = 1 for the type-IIB string and & = —1 for the
type-ITA string. The total ground-state is the product of the two. To represent it, it is

convenient to define the following bispinor field

F.5 = S.(iT%)5,S, . (10.2.10)

With this definition, F,z is real and the trace F,30*° is Lorentz-invariant. The chirality
conditions on the spinor translate into

IWF=F , FIy=—¢(F, (10.2.11)

where we have used the fact that I'y; is symmetric and anticommutes with I'°.

We can now expand the bispinor F' into the complete set of antisymmetrized I's:

10 k
)
Fop =3 7m0 "*)as (10.2.12)
k=0 "V*
where the £ = 0 term is proportional to the unit matrix and the tensors F},, ,, are real.

We can now translate the first of the chirality conditions in ([[0:2.T7]) using ([[0:277) to
obtain the following equation:

MM (_1) %] H1---H10
F = 107 € Fr oo - (10.2.13)
The second chirality condition implies
TR (_1)[§]+1 P10

Compatibility between ([0.2.13) and ([0-2:14) implies that type-IIB theory (¢ = 1) con-
tains tensors of odd rank (the independent ones being k=1,3 and k=5 satisfying a selfdual-
ity condition) and type-ITA theory (£ = —1) contains tensors of even rank (the independent
ones having k=0,2,4). The number of independent tensor components adds up in both
cases to 16 x 16 = 256.
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As mentioned in section [[0.1], the mass-shell conditions imply that the bispinor field
( [0.211)) obeys two massless Dirac equations coming from Gy and Gj:

(pI")F = F(p L") =0 . (10.2.15)

To convert these to equations for the tensors, we use the gamma identities ([[0.2.§) and
([0:2.9). After some straightforward algebra one finds

p[,uFul...z/k] — p“FuW...I/k — 0’ (10216)

which are the Bianchi identity and the free massless equation for an antisymmetric tensor

field strength. We may write these in economic form as
dF =d*F =0. (10.2.17)

Solving the Bianchi identity locally allows us to express the k-index field strength as the
exterior derivative of a (k — 1)-form potential
1
F

[l pe — ma[mcm...pk} ’ (10.2.18)

or in short-hand notation
Fiy = dC(k_l) . (10.2.19)

Consequently, the type-ITA theory has a vector (C*) and a three-index tensor potential
(C*P) | in addition to a constant non-propagating zero-form field strength (F’), while the
type-1IB theory has a zero-form (C'), a two-form (C*) and a four-form potential (C'**7),
the latter with self-dual field strength. The number of physical transverse degrees of
freedom adds up in both cases to 64 = 8 x 8.

It is not difficult to see that in the perturbative string spectrum there are no states
charged under the R-R forms. First, couplings of the form (s| RR|s) are not allowed by the
separately conserved left and right fermion numbers. Second, the R-R vertex operators
contain the field strengths rather than the potentials and equations of motion and Bianchi
identities enter on an equal footing. If there were electric states in perturbation theory we

would also have magnetic states.

R-R forms have another peculiarity. There are various ways to deduce that their
couplings to the dilaton are exotic. The dilaton dependence of an F?*™ term at the k-th
order of perturbation theory is e*=D®e™® instead of the usual e*~D® term for NS-NS

fields. For example, at tree-level, the quadratic terms are dilaton-independent.

10.3 Type-I superstrings

We will now consider open superstrings. There are two possibilities: oriented and unori-

ented open superstrings. Unoriented open strings are obtained by identifying open strings
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by the operation that exchanges the two end-points. The bosonic case was discussed ear-
lier. We had seen that we can add Chan-Paton factors at the end-points. In the oriented
case we obtained a U(N) gauge group, while in the unoriented case we obtained O(N) or
Sp(N) gauge groups. As usual, in the superstring case, the GSO projection will remove
the tachyonic ground-state and the lowest bosonic states will be a collection of massless

vectors.

From the Ramond sector we will obtain a Majorana-Weyl spinor in the adjoint of the
gauge group. Thus, the massless spectrum in the open sector would consist of a ten-
dimensional Yang-Mills supermultiplet. Anticipating the discussion on anomalies in the
next chapter we will point out that Yang-Mills theory in ten dimensions has gravitational
and gauge anomalies for any gauge group. It is necessary to couple the open strings with
appropriate closed strings for the resulting theory to be anomaly-free. The only anomaly-

free possibility turns out to be the unoriented O(32) open string theory.

The modern way to make this construction uses the concept of the orientifold. An
orientifold is a generalization of the orbifold concept: along with the projection acting
on the target space, there is a projection acting also on the world-sheet. This projection
is an orientation-reversal (parity) operation on the world-sheet Q: z < Z or in terms of
the cylinder coordinates 7,0: ¢ — —o. For this to be a symmetry we must start with a
left-right-symmetric closed superstring theory. From the type-IIA,B theories that we have
considered so far only 1B is left-right-symmetric (Ramond ground-states of same chirality
on left and right). We will thus consider the IIB string and construct its orientifold using
the world-sheet parity operation as the projection operator. As in the case of standard
orbifolds, we will have an untwisted sector that contains the invariant states of the original

theory. We will first find what the untwisted sector is, in our case.

In the NS-NS sector, the states that survive are the graviton and a scalar (the dilaton).
The antisymmetric tensor, being an antisymmetrized product of left and right oscillators,
is projected out. In the R-R sector the two-index antisymmetric tensor survives, but
the scalar and the four-index self-dual antisymmetric tensor are projected out. Finally
from the fermionic sectors that contain two Majorana-Weyl gravitini and two Majorana-
Weyl fermions we obtain just half of them. Thus, in total, we have the graviton, a scalar
and antisymmetric tensor, as well as a Majorana-Weyl gravitino and a Majorana-Weyl
fermion. This is the content of the (chiral) N=1 supergravity multiplet in ten dimensions.

To summarize, the untwisted sector of the orientifold contains unoriented closed strings.

What is the twisted sector? We usually define it by imposing a periodicity condition

together with the orbifold transformation, which we will also do here:
X(o+2m)=X(27—0) (10.3.1)

and similarly for the fermions. Using also the fact that they satisfy the two-dimensional

Laplace equation 92 — 92 = 0, we can show that the solutions with these boundary con-
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ditions can be written as a sum of open string coordinates satisfying Neumann boundary
conditions at both end-points and open string coordinates satisfying Dirichlet-Neumann
boundary conditions. It turns out that consistency (tadpole cancelation) demands that the
second kind of oscillators to be absent. The upshot of all this is that the twisted sector is
the open superstring. In this context, we can interpret the Chan-Paton factors as labels of
the twisted sector ground-states. Thus, together with the untwisted (closed string) sector,
we obtain that the massless sector is ten-dimensional N=1 supergravity coupled to N=1
super-Yang-Mills. This is the (unoriented) type-I superstring theory. As we will see later

on, anomaly cancelation restricts the gauge group to be O(32).

10.4 Heterotic superstrings

So far, we have seen that we could use either the Virasoro algebra (bosonic strings) or
the N=1 superconformal algebra (superstrings) to remove ghosts from string theories.
Moreover, the closed theories were left-right symmetric, in the sense that a similar algebra
is acting on both the left and right. We might however envisage the possibility of using a

Virasoro algebra on the left and the superconformal algebra on the right.

Consider a string theory where we have on the left side a number of bosonic coordinates
and an equal number of left-moving word-sheet fermions. The left constraint algebra will
be that of the superstring and, the absence of Weyl anomaly will imply that the number
of left-moving coordinates must be 10. In the right-moving sector, we will include just a
number of bosonic coordinates. The constraint algebra will be the Virasoro algebra and
the Weyl anomaly cancelation implies that the number of right-moving coordinates is 26.
Together, we have ten left+right bosonic coordinates X*(z, z), ten left-moving fermions
Y"(2) and an extra sixteen right-moving coordinates ¢!(z), I = 1,2,...,16. The X* are
non-compact, but the ¢’ are necessarily compact (for reasons of modular invariance) and
must take values in some sixteen-dimensional lattice L. To remove the tachyon, we will
also impose the usual GSO projection on the left, namely (—1)¥ = —1. Here, we will have
two sectors, generated by the left-moving fermions, the N.S sector (spacetime bosons) and
the R sector (spacetime bosons). Also the non-compact spacetime dimension is ten, the

¢! being compact (“internal”) coordinates.

We will try to compute the one-loop partition function in this case (light-cone gauge).
The eight transverse non-compact bosons contribute as usual (y/7217)~%. The left-moving
fermions contribute (due to the GSO projection) xy — xs. Finally the contribution of the
right-moving compact bosons ¢’ can be obtained by taking the right-moving part of the

toroidal CFT (["1:3§):

T

_ 16

Zcompact(Q) = Z 16 =16 (1041)
Lis 1 n
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where pg is a lattice vector. Putting everything together we obtain

: 1 g 1 & J[3]*
Zhotorotlc _ 2 - (_1)“"'5""6”!’L . (1042)
(Vmnn)® 7' 2@,120 "

In order for Z"eterotic to be modular-invariant, the lattice sum I'yg must be invariant
under 7 — 7+ 1, which implies that the lattice must be even (p% = even integer). It must
also transform as

7'—>—% : Ty — 7 Ty, (10.4.3)

which implies that the lattice is self-dual (the dual of the lattice coincides with the lattice

itself). There are two sixteen-dimensional lattices that satisfy the above requirements:

o Eg x Eg lattice. This is the root lattice of the group Eg x Eg. The roots of Eg
are composed of the roots of O(16), €;;, which are eight-dimensional vectors with a +1
in position i, a +1 in position j and zero elsewhere, as well as the spinor weights of
O(16), e = ((1,¢, - +,C8)/2, a = 1,2,--- 128, with ¢; = £1, and >, {; = 0 mod (4).
The roots have squared length equal to 2. A general lattice vector can be written as
Dicj Mij€ij + 2 May, With ni;,me € Z. The lattice sum can be written in terms of

Y-functions as

Troxny = (Is)? = E > 19[51]8] =1+2-240 7+ O(7). (10.4.4)

a,b=0,1

Combining it with the oscillators, we observe that there are 2-240+16 = 2-248 states with
Loy = 1, which make the adjoint representation of Eg x Eg. In fact this left-moving theory
realizes the current algebra of Eg x Eg both at level 1. The only integrable representation is
the vacuum representation, and the first non-trivial states above the vacuum are generated

by the current modes J¢,.

e 0(32)/Z, lattice. This is the root lattice of O(32) augmented by one of the two
spinor weights. The roots of O(32) are €;;, which are sixteen-dimensional vectors with
a 1 in position i, a £1 in position j and zero elsewhere. The spinor weights are €, =
(¢, Gy, Ci6) /2, @ = 1,2,3, -+, 216 with ¢, = &1, and ;¢ = 0 mod (4). The roots
have squared length equal to 2. The generic lattice vector is 35, n4;€; + X, M€, With

nij, M € Z. The lattice sum can be written as
_ 1 _
Loz = 5 S 9 =1+480 g+ O(F%). (10.4.5)
a,b=0,1
This theory has a O(32) right-moving current algebra at level 1. The integrable represen-

tations that participate are the vacuum and the spinor and again the states at Ly = 1

come from the current modes J?,. The spinor ground-states have Ly = 2.

Both right-moving current algebra theories can also be constructed from 32 free right-
moving fermions 9%, i = 1,2, ...,32. We will start from the O(32)/Z, theory. The currents

J9 = igpiafd (10.4.6)
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form the level-one O(32) current algebra. In the Ramond sector, all fermions are periodic,
in which case O(32) invariance is not broken and we obtain the two spinors S, C' of O(32).
Finally imposing a GSO-like projection (—1)f = 1 keeps the vacuum representation in the

NS sector and one of the spinors in the R sector.

For the Eg x Eg theory we will consider separate periodic or antiperiodic conditions
for the two groups of sixteen fermions. In this case the O(32) invariance is broken to
O(16) x O(16). In the Ramond sector, however, we obtain one of the spinors of O(16)
with Ly = 1. This spinor combines with the adjoint of O(16) to make the adjoint of Eg.

We can now describe the massless spectrum of the heterotic string theory (light-cone

gauge). In the NS sector the constraints are

1 _

Taking also into account the GSO projection, we find that there is no tachyon and the
massless states are ¢ | /2 a, |p), which gives the graviton, antisymmetric tensor and dilaton,
and wi_l/2j21|p), which gives vectors in the adjoint of G = Eg x Eg or O(32).

In the R sector the independent constraints are
Go=0 , Ly=1, (10.4.8)

which, together with the GSO condition, give a Majorana-Weyl gravitino, a Majorana-
Weyl fermion, and a set of Majorana-Weyl fermions in the adjoint of the gauge group G.
The theory has N=1 supersymmetry in ten dimensions and contains at the massless level
the supergravity multiplet, and a vector supermultiplet in the adjoint of G. Moreover, the

theory is chiral.

There is another interesting heterotic theory we can construct in ten dimensions. This
can be obtained as a Zs orbifold of the Eg x Eg theory. The first symmetry we will use is
(—1)F. In each of the two Eg’s there is also a symmetry that leaves the vector of the O(16)
subgroup invariant and changes the sign of the O(16) spinor. We will call this symmetry
generator S;, 1 = 1, 2 acting on the first, respectively second Eg’s. The Z5 element by which
we will orbifold is (—1)F*" & S,. We will construct the orbifold blocks. In the sector of
the left-moving world-sheet fermions only (—1)*! acts non-trivially. Using (B.11.24) and
(F-IT.43) we can see that (—1)F*! acts as unity on the vector and as —1 on the spinor.
The twisted blocks are

7 ) [h] _ 1 i (_1)a+b+ab+ag+bh+gh 194[1[)1] (10 4 9)
fermions|g] — 9 . 7’]4 . .

On each of the Eg’s the non-trivial projection is §;, which gives the following orbifold
blocks

~ _1h 1 ! vg+0h @8[:{]
Zelll=5 3 (- —E (10.4.10)
~,0=0 N



The total partition function is

Zheterotic — 1 ! ZEB [h] 2

1 1 a al a 294[(1]
0(16)x0(16) = 5 > TmniP 2 S (—1)etbrabragtbhigh Z b2 (10.4.11)

4
h,g=0 a,b=0 n

Exercise. Show that ([0.4.11)) is modular-invariant. Show also that it describes a
ten-dimensional theory with gauge group O(16) x O(16) and find the massless spectrum.

Is this theory supersymmetric ?

Exercise. To construct the partition functions of ten-dimensional heterotic theories
we need in general the characters of O(8) for the left-moving fermions and the characters
of a rank 16, level one current algebra for the internal right-moving part (the bosonic
contribution is always the same). Consider first the case G=0(32). Write the most
general partition function as linear combinations of the characters, and then impose the

following constraints:
e Normalization of the vacuum contribution to 1.
e Modular invariance.
e Correct spin-statistics relation.
e Absence of tachyons.
How many theories do you find? How many are supersymmetric?

Repeat the procedure above for G = Eg x O(16) and O(16) x O(16).

10.5 Superstring vertex operators

In analogy with the bosonic string, the vertex operators must be primary states of the
superconformal algebra. Using chiral superfield language (see (b.12.19),(6.12.13)) where

X"(2,0) = X*(2) + 04 (2). (10.5.1)
The left-moving vertex operators can be written in the form:
/dz /de V(z,0) = /dz /de (Vo(2) + V_1(2)) = /dz V.. (10.5.2)

The conformal weight of V; is % while that of V_; is 1. The integral of V_; has conformal

weight zero. For the massless spacetime bosons the vertex operator is
Vbosen(e p 2 0) = ¢, : DX* eip'X, (10.5.3)
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Voboson = euw“eip'X . VP (e p 2) = €, (OX" +ip - PpM)e?X (10.5.4)

where € - p = 0. In the covariant picture this vertex operator becomes
VP (€, p, 2) = [Qprst, £(2)e™*Pe - 1p ] (10.5.5)

The spacetime fermion vertex operators can only be constructed in the covariant for-

malism. For the massless states (p> = 0) they are of the form

Vv olr/rgion(ujp, Z) — ua(p) . €_¢(Z)/2 SQ(Z) e X 5, (1056)

¢ is the boson coming from the bosonization of the 3, v superconformal ghosts, e~%/? is the
spin field of the 3, system of conformal weight 3/8 (see section p.15) and S, is the spin
field of the fermions * forming an O(10); current algebra, with weight 5/8 (see section
B-I7). The subscript —1/2 indicates the ¢-charge. The total conformal weight of V_; 5 is

1. Finally, u® is a spinor satisfying the massless Dirac equation pu = 0.

There is a subtlety in the case of fermionic strings having to do with the (3, v system.
As we have seen, in the bosonized form, the presence of the background charge alters the
charge neutrality condition[". This is related to the existence of supermoduli or superkilling
spinors. Thus, depending on the correlation function and surface we must have different
representatives for the vertex operators of a given physical state with different ¢-charges.
This can be done in the following way. Consider a physical vertex operator with ¢ charge
¢, V,. It is BRST invariant, [@grst, Vy] = 0. We can construct another physical vertex
operator representing the same physical state but with charge ¢+ 1 as V41 = [@srst, £V
since (Jprst carries charge 1. Since it is a BRST commutator, V4 is also BRST-invariant.
However, we have seen that states that are BRST commutators of physical states are
spurious. In this case this is avoided since the ¢ field appears in the commutator and its
zero mode lies outside the ghost Hilbert space. The different ¢ charges are usually called

pictures in the literature. The % picture for the fermion vertex can be computed to be
‘foémi"“(u,p) = [@srsT, §(Z)V—fe1r/n2non(uapa z)]
= u¥(p)e?/?SaePX .. (10.5.7)

where the ellipsis involves terms that do not contribute to four-point amplitudes. The
ten-dimensional spacetime supersymmetry charges can be constructed from the fermion

vertex at zero momentum,

1
Qo = 3t %dz 1?2 G (7). (10.5.8)
It transforms fermions into bosons and vice versa

fermi b
[Qa, V5" (u, p, 2)] = VI (e = uPyf,, p, 2) (10.5.9)
18The charge neutrality condition was given in () It states that the sum of the charges of vertex

operators in a non-zero correlation function has to vanish.
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[Qa, V" (e, p, 2)] = V_fef/nzlion(uﬁ = iphe” (V)2 D, 2) - (10.5.10)

There are various pictures for the supersymmetry charges also.

10.6 Supersymmetric effective actions

So far we have seen that, in ten dimensions, there are the following spacetime supersym-

metric string theories.
e Type-I theory (chiral) with N=1 supersymmetry and gauge group O(32).

e Heterotic theories (chiral) with N=1 supersymmetry and gauge groups O(32) and
EgXEg.

e Type-IIA theory (non-chiral) with N=2 supersymmetry.
e Type-IIB theory (chiral) with N=2 supersymmetry.
We would like to find the effective field theories that describe the dynamics of the

massless fields. A straightforward approach would be the one we used in the bosonic case,
namely either extracting them from scattering amplitudes or requiring Weyl invariance of
the associated o-model in general background fields. In the presence of supersymmetry,
however, these effective actions are uniquely fixed. They have been constructed during the

late seventies, early eighties, as supergravity theories.

First we would like to obtain the low-energy effective action at the leading order ap-
proximation. When only bosonic fields are present, we just have to keep terms of up to two
derivatives. In the presence of fermions, however, we would like to modify our counting
rules a bit so that the kinetic terms ¢O¢ for bosons and @) for fermions are equally
important at low energy. We will give weight 0 to bosons, weight % to fermions and 1 to
a derivative. Then, both kinetic terms have the same weight, namely 2. These weights
are also respected by supersymmetry (SUSY) as can be directly verified from the generic

SUSY transformations

Sep ~ O™ e, b ~ O™ € + o™ e (10.6.1)

The effective actions in the leading order must have weight 2, and this is true for all

supergravity actions.

In ten dimensions, in order to have massless fields with spin not greater than 2 we have
to restrict ourselves to N< 2 SUSY.

We will first consider N=1 supersymmetry. There are two massless supersymmetry
representations (supermultiplets). The vector multiplet contains a vector (A4,) and a
Majorana-Weyl fermion (x,). The supergravity multiplet contains the graviton (g, ),
antisymmetric tensor (B, ) and a scalar ¢ (dilaton) as well as a Majorana-Weyl gravitino

(¥#) and a Majorana-Weyl fermion (A,). The effective action of an N=1 supergravity
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coupled to super Yang-Mills is fixed by supersymmetry, the only choice that remains

being that of the gauge group. The super Yang-Mills action is (in the absence of gravity)
1

Lyw = = F, " = XT"Dyx", (10.6.2)

where
F8, = 0,AL — 9,A% + gf*, A A (10.6.3)
Dux® = 9uX" + g " AL X (10.6.4)

and ¢ is the Yang-Mills coupling constant. The pure N=1 supergravity action is

_ 1 9 o 1
L]SVUGerA = _2—/€2R - ¢ 3/2H/u/pHM P— 1612 HT - §wupu pVpr -
2 _
__)\IWV A — iagb ¢MPVFMA + \{[76%¢—3/4Hup0 {wuruupa'r,l?b‘r_‘_
6P TP — V2P, I THA] + (Fermi) (10.6.5)

where x is Newton’s constant, ['1--#» stands for the completely antisymmetrized product
of I' matrices, H,,, is given in (D.§) and we did not write explicitly terms involving four

fermions.

The two actions can be coupled together

Lirasym = LEGdra +¢7%/* Ling. (10.6.6)

The prime in the Yang-Mills action implies that covariant derivatives now contain the
spin connection. The prime in the supergravity action implies that we have to modify the
definition of the field strength of B:

~ K
H/u/p = Huup - EWSVS;> (1067)

where the Chern-Simons form is

= AF® — A2 AP A° + cyclic . (10.6.8)

Wp wtvp f“bc p vt

This modification implies that in order for the full theory to be gauge-invariant the anti-

symmetric tensor must transform under gauge transformations 6A — dA + [A, A] as

9B = —STr{AdA], (10.6.9)

so that the modified field strength H is invariant.

The theory contains a single parameter, since the combination g*/x3 is dimensionless

and can be scaled to 1 by a rescaling of the field ¢.

When we have two supersymmetries, there are only two possibilities:
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e Type-ITA supergravity. This is the low energy limit of the type-ITA superstring in

ten dimensions. It contains a single supermultiplet of N=2 supersymmetry containing the
graviton (g,,), an antisymmetric tensor (B, ), a scalar ¢ (dilaton), a vector A, and a
three-index antisymmetric tensor C,,, as well as a Majorana gravitino (¢#) and a Ma-
jorana fermion (A,). The supergravity action is completely fixed and can be obtained
by dimensional reduction of the eleven-dimensional N=1 supergravity [BI] containing the
eleven-dimensional metric G, and a three-index antisymmetric tensor CA’WP. The action
is

D=1 Gy NG, ANC +

I 1
- ;2 i, THYP - -
22 1730 4!G] WV T S Sy
1

153 (508770, 12077957 (G + G upor (10.6.10)

where V is defined with respect to the connection (w + @)/2, and w is the spin connection
while

- iK?

Wh,ab = Wyyab T ——

7 [0 Topant? + 2T tha — 0L athy + uT b)) (10.6.11)

is its supercovariantization. Finally, G4 is the field strength of C,

~ N ~

G,uz/po = 8,uéupo - al/CpO'/J, + apco'uy - aa'Cuyp (10612)

and (G4 is its supercovariantization

Guupa - Guupa - 6'L{'2'J][urupwa} . (10613)

Upon dimensional reduction, the eleven-dimensional metric gives rise to a ten-dimensional

metric, a gauge field and a scalar as follows (see Appendix C):

y 20’A AV 20A
G = <g” T Ay e ”) . (10.6.14)

20 20
e’ A, e

The three-form C gives rise to a three-form and a two-form in ten dimensions

Chup = Chup — (Copm Ay + cyelic) | By = Cuni - (10.6.15)

The ten-dimensional action can be directly obtained from the eleven-dimensional one

using the formulae of Appendix C. For the bosonic part we obtain,

1 1 1
1A _ 10 _ 2 027 2 2 172
s _M/dwge [R 24'G e T HE = R
——— | B 10.6.1
%248 / NGANG, (10.6.16)
where
F. =04, -0A, , H,,=0,B,,+cyclic, (10.6.17)
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GMVPU = Guwpo + (FuwB,s +5 permutations) . (10.6.18)

This is the type-ITA effective action in the Einstein frame. We can go to the string frame

by g — € 7gu,. The ten-dimensional dilaton is ® = 30. The action is

R 1 10 - |:< 2 1 2) 1 A2 1 2
- PP )~ (2 p
S0 2%2/(1 ry/ge ™ (R + (Vo) - — G — 7F| +
1
M /B/\G/\G. (10.6.19)

Note that the kinetic terms of the R-R fields A, and C),,, do not have dilaton dependence
at the tree level, as advocated in section [10.9.

e Type-1IB supergravity. It contains the graviton (g,,), two antisymmetric tensors

(B},,), two scalars ¢', a self-dual four-index antisymmetric tensor 7", two Majorana-Weyl
gravitini and two Majorana-Weyl fermions of the same chirality. The theory is chiral but
anomaly-free, as we will see further on. The self-duality condition implies that the field
strength F' of the four-form is equal to its dual. This equation cannot be obtained from a
covariant action. Consequently, for type-I1IB supergravity, the best we can do is to write

down the equations of motion [BJ].

There is an SL(2,R) global invariance in this theory, which transforms the antisym-
metric tensor and scalar doublets (the metric as well as the four-form are invariant). We
will denote by ¢ the dilaton that comes from the (NS — N.S) sector and by y the scalar

that comes from the R-R sector. Define the complex scalar
S =y +ie 2. (10.6.20)
Then, SL(2,R) acts by fractional transformations on S and linearly on B®
aS+b BN d —c\ (BY
S Y “" 10.6.21
T eS+d <Bfu>_><—b a)(BfV ’ ( )

where a, b, c,d are real with ad — bc = 1. BY is the NS-NS antisymmetric tensor while

B! is the R-R antisymmetric tensor. When we set the four-form to zero, the rest of the

equations of motion can be obtained from the following action

1 1 S 1 |HF4+ SHN|]?
1B _ ﬁ/dmx ety lR_ iaigs - E| +S;S’ | ] | (10.6.22)

where H stands for the field strength of the antisymmetric tensors. Obviously ([0.6.23) is
SL(2,R) invariant.

11 Anomalies

An anomaly is the breakdown of a classical symmetry in the quantum theory. Two types of

symmetries can have anomalies, global or local (gauge) symmetries. In the following we will
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h)

Figure 14: a) The anomalous triangle diagram in four dimensions. b) The anomalous

hexagon diagram in ten dimensions.

be interested in anomalies of local symmetries. If a local symmetry has an anomaly, this
implies that longitudinal degrees of freedom no longer decouple. This signals problems
with unitarity. In two dimensions, anomalies are not fatal. The example of the chiral
Schwinger model (U(1) gauge theory coupled to a massless fermion) indicates that one
can include the extra degrees of freedom and obtain a consistent theory. However, we do
not yet know how to implement this procedure in more than two dimensions. Thus, we

will impose an absence of anomalies.

Consider the physical effective action of a theory containing gauge fields as well as a

metric {4, g, ...]. The gauge current and the energy-momentum tensor are
STt 1 oref
JH = L T = (11.1)
0A, V=903,
The variation of the effective action under a gauge transformation d, A = [a, A] is
. 51—‘05 51—‘05
SATe = Tr/DAM _Tr/ADuéA /TT[ADuJ“], (11.2)

where we have used integration by parts. Consequently, iff D,J* # 0 there is an anomaly
in the gauge symmetry. Similar remarks apply to the invariance under diffeomorphisms:

oTef
O

sar ™ = [ (v v T [y (113)

Thus, a gravitational anomaly implies the non-conservation of the stress-tensor in the

quantum theory.

Anomalies in field theory appear due to UV problems. Consider the famous triangle
graph in four dimensions (Fig. [4a). It is superficially linearly divergent, and gauge
invariance reduces this to a logarithmic divergence. If the fermions going around the
loop are non-chiral, we can regularize the diagram using Pauli-Villars regularization and
we can easily show that the graph vanishes when one of the gauge field polarizations

is longitudinal. There is no anomaly in this case. However, if the fermions are chiral,
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Figure 15: Two-loop diagram with physical external legs in which longitudinal modes prop-

agate.

Pauli-Villars (or any other regularization) will break gauge invariance, which will not be

recovered when the regulator mass is going to infinity.

In ten dimensions, the leading graph that can give a contribution to anomalies is the
hexagon diagram depicted in Fig. [[4b. The external lines can be either gauge bosons or
gravitons. It can be shown that only the completely symmetric part of the graph gives
a non-trivial contribution to the anomaly. Non-symmetric contributions can be canceled
by local counterterms. If the diagram were non-zero when one of the external lines is
longitudinal, then this will imply that the unphysical polarizations will propagate in the
two-loop diagram in Fig. [[3.

We will consider the linearized approximation, which is relevant for the leading hexagon
diagram: F' = Fy+ A% Fy = dA and A — A+ dA. Here, A is the gauge parameter matrix
(zero-form). The anomaly due to the hexagon diagram with gauge fields in the external

lines can have the following general form
0T | yuge ™ / d"x [clTr[AFg’] + e Tr[AFy | Tr[Fy] + c3Tr[AFy) (Tr[Fg])Q] : (11.4)

where powers of forms are understood as wedge products. For comparison, the similar
expression in four dimensions is proportional to Tr[AF?]. The three different coefficients
¢; correspond to the three group invariants Tr[T°], Tr[T*]Tr[T?] and (Tr[T?])? of a given
group generator 71" in a symmetric group trace. There is a similar result for the gravitational
anomaly, where the role of F'is played by the O(D) two-form Rffl’, = egegR”“ w- The matrix
valued two-form R is obtained by multiplying R* with the O(D) adjoint matrices 7% It
can be written in terms of the spin connection one-form w as R = dw + w?. Considering

the anomaly diagram with graviton external lines we obtain

0Ty ~ / "z |dTr[OR]] + dyT[ORo| Tr[Ry] + dsTr[ORo] (Tr[RZ))?| . (11.5)
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Finally, by considering some of the external lines to be gauge bosons and some to be

gravitons we obtain the mixed anomaly

o) ~ / APz [erTr[AFy Tr[RY] + e Te[© Ro| Tr[ R+

mixed

+e3Tr[ORo|(Tr[FZ])* + e4Tr[AFO](Tr[RO])2} : (11.6)
There is also another potential term Tr[AFo] Tr[FZ] Tr[R2], but it can be removed by a local
counterterm.

There is a geometric construction that provides the full anomaly from the leading lin-
earized piece (for a more complete discussion see, [, p. 343). First, the anomaly satisfies
the so-called Wess-Zumino consistency condition, which reflects the group structure of
gauge transformations. Let G(A) = §I'/dA. Then

dn, G(A2) — 0p,G (A1) = G([A1, Ag]) - (11.7)

The field strengths transform as follows under gauge transformations and diffeomorphisms
SF =[F,A] , éR=[R,0]. (11.8)

It is straightforward to show that the traces Tr[R™], Tr[F™] are gauge-invariant and closed:
d Tr[R™] =d Tx[F™] =0. (11.9)

Also, the traces are non-zero for even m. In order to construct the anomaly D-form in
D-dimensions we start with the most general gauge-invariant and closed (D + 2)-form
IP+2(R, F), which can be written as a linear combination of products of even traces of

F, R. Since IP*? is closed, it can be written (locally) as
IPT2(R, F) = dQP (w, A), (11.10)

where the (D + 1)-form QP! is no longer gauge-invariant, but changes under gauge trans-

formations as

SAQP T (w, A) = dQP (w, A, \) . (11.11)

This is required by the fact that IP+? is gauge-invariant. Finally, the D-dimensional

anomaly is the piece of QF linear in A.

Except for the irreducible part of the gauge anomaly proportional to TrAF and
Tr[OR]], the rest can be canceled, if it appears in a suitable linear combination. This

is known as the Green-Schwarz mechanism.

Assume that the reducible part of the anomaly factorizes as follows
oT| o~ / d"z (TY[AFy] + Tr[©Ro)) (ai Tr[Fy] + axTr[ R+
+a3(Tr[F3])* + as(Tr[RE])* + a5Tr[FO2]Tr[Rg]) : (11.12)
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We have seen that, in N=1 supergravity, the field strength of the antisymmetric tensor is
shifted by the gauge Chern-Simons form. We can also add the gravitational Chern-Simons

form (it will contribute four derivative terms):
H=dB+Q°(A) + Q% (w). (11.13)

We have also seen that this addition makes the B-form transform under gauge transfor-

mations and diffeomorphisms to keep H invariant. Since
SAQ°%(A) = dTr[AdA] |, 6602°° (w) = dTr[Odw)] (11.14)
the antisymmetric tensor must transform as
0B = —Tr[AFy + ORy] . (11.15)
Thus, the counterterm

Peomier ~ [ 4 B (@ T[] + axTe[RY) + ay (T FE)*+ (11.16)

+as(Tr[R3))? + as Tr[F3) Tr[RY))

can cancel the reducible anomaly. This mechanism can work also in other dimensions,
provided there exists an antisymmetric tensor in the theory. There are also generalizations
of this mechanism in theories with more than one antisymmetric tensor. Such theories can

be obtained by compactifying superstring theories down to six dimensions.

What kind of fields can contribute to the anomalies? First of all they have to be
massless, secondly they must be chiral. Chirality exists in even dimensions, and fields that
can be chiral are (spin 1/2) fermions, (spin 3/2) gravitini and (anti)self-dual antisymmetric

tensors B Their field strength F' = dB is a D/2-form that is (anti)self-dual

H1---fD/2—1"

r 4t

e = pyyman ETE (11.17)

For gravitational anomalies to appear, we must have chiral representations of the
Lorentz group O(1,D-1). They exist in D = 4k + 2 dimensions. For gauge anomalies,
we must have chiral representations of the gauge group G. This can happen in even di-

mensions and when the gauge group admits complex representations.

We will now give the contributions to the anomalies coming from the various chi-
ral fields. As we argued before, the anomaly is completely characterized by a closed,

gauge-invariant (D+2)-form. By an orthogonal transformation we can bring the D x D
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antisymmetric matrix Ry to the following block-diagonal form

0 2 0 0
—z; 0 0 0
0 0 0
Ro=| 0 0 -z 0 : (11.18)

0 Ip/2
—rpp 0
Then Tr[RZ"] = 2(-1)™3,;z2™. The contribution to the gravitational

anomaly of a spin % fermion is given by [B4]

. D/2 .
Lip(R) =] (WZ%) . (11.19)

i=1
In the previous formula, we have to expand it in a series that contains forms of various or-
ders and pick the piece that is a (D+2)-form. Similarly, we have the following contributions
for chiral gravitini:
) D/2
i=1
and self-dual tensors
1 D2 .
I4(R) = —= — . 11.21
a(R) 8 2:1_[1 (tanh(:cﬁ) ( )
The gravitini and self-dual tensors do not contribute to gauge or mixed anomalies, since
they cannot be charged under the gauge group. However the spin 1/2 fermions can trans-

form non-trivially and their total contribution to anomalies is given by
Lijo(R, F) = Tr [e"] L 2(R). (11.22)

Assuming D = 10 and expanding the formulae above we obtain

Tr[F® Tr[FYTr|R?
Lys(R, F>’12—f0rm - 7[20 | T [24]. 48[ |
Tr[F? (Tr|RY] (Tr[R?)?
256 < 15 36 ) *

n <TT[R6] N Tr(R?|Tr[RY N (TT[R2])3> |

64 \ 5670 4320 10368

where n is the total number of spin 3/2 fermions.

495 (Tr[RY]  Tr[RTr[RY = (Tr[RY)?
]3/2(3)}12_form - _6—4< 5670 320 10363 >+
e
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La(R) i3 torm = T1/2(R)| — Iyps(R)|

The anomaly contributions I/, and I3/, given above correspond to Weyl fermions. Since

(11.23)

12—form 12—form
in ten dimensions we also have Majorana-Weyl fermions, their contribution to anomalies
is half of the above.

We are now in a position to examine which ten-dimensional theories are free of anoma-

lies.

The theory of N=1 supergravity without matter contains a Majorana-Weyl gravitino
and a Majorana-Weyl spin % fermion of opposite chirality. It can easily be checked from

the formulae above that this is anomalous.

Type-ITA supergravity is non-chiral and thus trivially anomaly-free. Type-1IB, how-
ever, is chiral and contains two Majorana-Weyl gravitini contributing I3/, to the anomaly,
two Majorana-Weyl fermions of the opposite chirality contributing —1;/,, and a self-dual

tensor contributing —74. The total anomaly can be seen to vanish from ([T.23).

We will now consider N=1 supergravity coupled to vector multiplets. The gaugini have

the same chirality as the gravitino. The total anomaly is
2IV=" = I35(R) — Lija(R) + L1 2(R, F) . (11.24)

We should at least require that the irreducible anomaly corresponding to the traces of
R® and F° cancels. The Tr[R®] cannot be written as a product of lower traces, since the
group O(10) has an independent Casimir of order 6. Thus, the coefficient of the Tr[RY]
term in ([I.24) must vanish. This implies that n = 496. Since the gaugini are in the
adjoint representation of the gauge group, their number n is the dimension of the gauge
group. We obtain that a necessary (but not sufficient) condition for anomaly cancelation
is dimG = 496. Inserting n = 496 in ([1.24)) we obtain

96Itotal —

_Tr[FG] n Tr[R?) Tr[F] N Tr[R?| Tr[RY N (Tr[R?])3
15 24 8 32
Tr[F?]
960
It is obvious from the above that the only hope for canceling the leftover anomaly is to be

- (11.25)

(4Tx(RY) + 5(Tx[RY)?) .

able to use the Green-Schwarz mechanism. It would work if we could factorize %! This

will happen iff

1 1
Tr[FO] = —Tr[F?|Te[FY — ——— (Tr[F?])3. 11.2
] = S TF T — s (Tr[F?) (11.26)
Then )
961! = (Tr[R2] - %TI[FQD Xg, (11.27)
with

_DFY () DFYLRY | DR | (TR

X,
8 24 720 240 8 32

(11.28)
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and the rest of the anomaly can be canceled via the Green-Schwarz mechanism. The only
non-trivial condition that remains is ([1.24).

Consider first the gauge group to be O(N). Then the following formulae apply [{]
Tr[F°®] = (N — 32)tr[F®] + 15tr[F?Jtr[F7] (11.29)
Tr[FY) = (N — 8)tr[FY] + 3(tx[F?])* , Tr[F?] = (N — 2)tr[F?], (11.30)

where Tr stands for the trace in the adjoint and tr for the trace in the fundamental of

O(N).

Exercise. Show that the factorization condition ([T.26) and dimG = 496 are satisfied
by G=0(32). Thus, the type-I and heterotic string theories with G=0(32) are anomaly

free.

Consider now G = Eg x Eg, which has also dimension 496. Eg has no independent

Casimirs of order 4 and 6,

T[] — %O()(Tr[Fz])?’ TR[FY :ﬁ(mﬁ])? (11.31)

Exercise. Verify that Eg x Eg satisfies ([1.26). Thus, the EgxEg heterotic string is
also anomaly-free. Check also that the groups EgxU(1)*® and U(1)%% are anomaly-free.

No known ten-dimensional string theory corresponds to these groups.

The presence of the Green-Schwarz counterterm ([[1.16)) necessary for the cancelation
of the reducible anomaly, was checked by a one-loop computation in the heterotic string
B3]. Moreover a direct relation between modular invariance and the absence of anomalies

was obtained.

From ([T.13) we obtain that (G=0(32))
dH = tr[R?] — 3—10Tr[F2] : (11.32)
Integrating ([I:24) over any closed four-dimensional submanifold, we obtain the important

constraint to be satisfied by the background fields:
1
/ tr[R?) = %/ Te[F?]. (11.33)
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Exercise. Consider the non-supersymmetric O(16) x O(16) heterotic string in ten
dimensions. It is a chiral theory with fermionic content transforming as (V, V), (S, 1) and
(1,5) under the gauge group. S stands for the 128-dimensional spinor representation of
O(16). Use

trg[F°] = 16tr[F°®] — 15tr[F2Jtr[F?] + %(u[ﬁ])?’, (11.34)

trg[F] = —8tr[F'] + 6(tr[F?))* | trg[F?] = 16tr[F?], (11.35)

with trg the trace in the spinor representation space and tr the trace in the fundamental
representation space to show that the theory is anomaly-free. What is the Green-Schwarz
counterterm? Are there any other chiral, non-supersymmetric anomaly-free theories in ten

dimensions?

Exercise. Consider the Eg x Eg heterotic string in ten dimensions. This theory has
a symmetry Z that interchanges the two Eg factors. Consider the Z, orbifold of this theory
with respect to the symmetry transformation g = (—1)f*!.Z. Construct the modular-
invariant partition function (you will need the duplication formulae for the ¥-functions
that you can find in appendix A). What is the gauge group and the massless spectrum?
Is this theory supersymmetric? Chiral? Anomaly-free?

12 Compactification and supersymmetry breaking

So far, we have considered superstring theories in ten non-compact dimensions. However,
our direct physical interest is in four-dimensional theories. One way to obtain them is
to make use of the Kaluza-Klein idea: consider some of the dimensions to be curled-up
into a compact manifold, leaving only four non-compact dimensions. As we have seen in
the case of the bosonic strings, exact solutions to equations of motion of a string theory
correspond to a CFT. In the case of type-II string theory, they would correspond to a
(1,1) superconformal FT, and to a (1,0) superconformal FT in the heterotic case. The
generalization of the concept of compactification to four dimensions, for example, is to
replace the original flat non-compact CFT with another one, where four dimensions are still
flat but the rest is described by an arbitrary CFT with the appropriate central charge. This
type of description is more general than that of a geometrical compactification, since there
are CFTs with no geometrical interpretation. In the following, we will examine both the

geometric point of view and the CFT point of view, mainly via orbifold compactifications.
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12.1 Toroidal compactifications

The simplest possibility is that the “internal compact” manifold be a flat torus. This can
be considered as a different background of the ten-dimensional theory, where we have given

constant expectation values to internal metric and other background fields.

Consider first the case of the heterotic string compactified to D < 10 dimensions. It is
rather straightforward to construct the partition function of the compactified theory. There
are now D — 2 transverse non-compact coordinates, each contributing /7n7. There is no
change in the contribution of the left-moving world-sheet fermions and 16 right-moving

compact coordinates. Finally the contribution of the 10 — D compact coordinates is given
by ([-I:3§). Putting everything together we obtain

e Tw-p10-p(G,B) Ty 1 ¢ bras U*15]
Zgotorotlc — s _ Z 0‘+ +ab 7 10] s (1211)
5 7 i 2% L

where 'y stands for the lattice sum for either O(32) or Eg x Eg; Gop, B, are the constant
expectation values of the internal (10 — D)-dimensional metric and antisymmetric tensor.
It is not difficult to find the massless spectrum of the theory. The original ten-dimensional
metric gives rise to the D-dimensional metric, (10 — D) U(1) gauge fields and $(10 —
D)(11 — D) scalars. The antisymmetric tensor produces a D-dimensional antisymmetric
tensor, (10 — D) U(1) gauge fields and 3(10 — D)(9 — D) scalars (the internal components
of the gauge fields). The ten-dimensional dilaton gives rise to another scalar. Finally the
dim H ten-dimensional gauge fields give rise to dim H gauge fields and (10 — D)- dim H

scalars. Similar reduction works for the fermions.

We will consider in more detail the scalars Y¢ coming from the ten-dimensional vectors,
where a is the adjoint index and « the internal index taking values 1,2,...,10 — D. The
non-abelian field strength ([0.6.3) contains a term without derivatives. Upon dimensional

reduction this gives rise to a potential term for the (Higgs) scalars Y.
VHiggs ~ fabcfab’c’ G G65 Yoi) Yﬁc Y»f/ Yéd . (1212)

This potential has flat directions (continuous families of minima) when Y,* takes constant
expectation values in the Cartan subalgebra of the Lie algebra. We will label these values
by Y, I = 1,2,...,16. This is a normal Higgs phenomenon and it generates a mass

matrix for the gauge fields
ab ’
(m?|" ~ G e YR Y (12.1.3)

This mass matrix has rank-H generic zero eigenvalues. The gauge fields belonging to the
Cartan remain massless while all the other gauge fields get a non-zero mass. Consequently,
the gauge group is broken to the Cartan ~ U(1)"**~H_If we also turn on these expectation

values, then the heterotic compactified partition function becomes
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e _ Doopanp(G.B.Y) 1 ¢ vrar V3]
chtcrotlc — O~ p) Z Z (_1)a+ +ab 5] , (1214)
7'2% nn® 2 a,b=0 "

where the derivation of the I'yg_p 26—p lattice sum is described in detail in Appendix B.

The (10 — D)(26 — D) scalar fields G, B,Y are called moduli since they can have ar-
bitrary expectation values. Thus, the heterotic string compactified down to D dimensions
is essentially a continuous family of vacua parametrized by the expectation values of the

moduli that describe the geometry of the internal manifold (G, B) and the (flat) gauge
bundle (Y).

Consider now the tree-level effective action for the bosonic massless modes in the
toroidally compactified theory. It can be obtained by direct dimensional reduction of the
ten-dimensional heterotic effective action, which in the o-model frame[ is given by (P.10)
with the addition of the gauge fields

/ eterotic _ 1 - 1 ,
o/® SPgrenetic = /dlox\/—det Groe™® [R +(V®)? — EH2 - ZT1~[F2] +0(). (12.1.5)

The massless fields in D dimensions are obtained from those of the ten-dimensional theory
by assuming that the latter do not depend on the internal coordinates X . Moreover we
keep only the Cartan gauge fields since they are the only ones that will remain massless
for generic values of the Wilson lines Y/, I = 1,2,...,16. So, the gauge kinetic terms

abelianize Tr[F?] — Y%, FI F'# with

Fl, =0,A, - 9,A]. (12.1.6)
Also )
Hyp = 0uBup = 5 ZI: Al F] + cyclic, (12.1.7)

where we have neglected the gravitational Chern-Simons contribution, since it is of higher

order in «'.

There is a standard ansatz to define the D-dimensional fields, such that the gauge
invariances of the compactified theory are simple. This is given in Appendix C. In this

way we obtain

. 1 ' 4
Sgotorotlc — / de \/me_q) R -+ 8“(1)8uq) - EHHVPH;LVP_

1 - o 1 N
—Z(M—l),-jF;VFwwgTr(auMaﬂM-l) : (12.1.8)

where ¢ =1,2,...,36 — 2D and

~

1 S
H,uz/p = apByp - §LijAZ FJ + CyCliC . (1219)

ptvp

19This is also called the “string frame”.
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The moduli scalar matrix M is given in (BA). This action has a continuous O(10-D,26-D)
symmetry. If A € O(10-D,26-D) is a (36 — 2D) x (36 — 2D) matrix then

M—-QMQT | A, —Q-A, (12.1.10)

leaves the effective action invariant. However, we know from the exact string theory treat-
ment that the presence of the massive states coming from the lattice break this symmetry to
the discrete infinite subgroup O(10-D,26-D,Z). This is the group of T-duality symmetries.
The (10—D)(26—D) scalar action in ([2.1.§) is the O(10—D, 26—D)/(O(10—D)xO(26—D)
o-model.

We can also go to the Einstein frame by (0:I11]), in which the action becomes

4P
. 1 D2 . o
steotc — [ aPa \[=det Gp | R = 50" 00,® — 1" ],
29
e D=2, . i i 1 o V1
— )y F I+ Tr(@, 0517 | (12.1.11)

For D = 4, the ten-dimensional gravitino gives rise to 4 four-dimensional Majorana
gravitini. Consequently, the four-dimensional compactified theory has N=4 local SUSY.
The relevant massless N=4 supermultiplets are the supergravity multiplet and the vector
multiplet. The supergravity multiplet contains the metric, six vectors (the graviphotons),
a scalar and an antisymmetric tensor, as well as four Majorana gravitini and four Majorana
spin % fermions. The vector multiplet contains a vector, four Majorana spin % fermions

and six scalars. In total we have, apart from the SUGRA multiplet, 22 vector multiplets.

In D = 4 the antisymmetric tensor is equivalent (on-shell) via a duality transformation

to a pseudoscalar a, the “axion”. It is defined (in the Einstein frame) by

e P A 12.1.12
€ nrp \/w ol ( )

This definition is such that the B, equations of motion VHe [ wp = 0 are automatically
solved by substituting ([2.1.19). However the Bianchi identity for H from ([2.1.9)

ehvpo R L
— 9,H,,, = —L;Fi i 12.1.13
\/% H P J = v ( )
where
1@ p (12.1.14)
- 2y/—det g5 7’ o
becomes, after substituting ([2:1.17), an equation of motion for the axion:
1. ~.

VH 2V a0 = —F (12.1.15)
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This equation can be obtained from the “dual” action

o | 1
e = [ dtey/=det g [R — S0"00,0 — S ad,a+

_ie_(ﬁ(M_l)ijF,inj’W + ia LijFleFW”jL
+%T1"(3HM3“M_1) : (12.1.16)
Finally defining the complex S field
S=a+ie?, (12.1.17)

we can write the action as

Sheteroti 10"89,5 1 _—
[terotic — /d4x\/—det 9B [R - — b —ImS(M_l),-jF;VF]’“”

2 ImS?2 4
1 D RV N2 1 -
+ZReS L F, F* +§Tr(8uM8“M Dl (12.1.18)

From the definition ([2.I:17), 1/ImS is the string loop-expansion parameter (heterotic
string coupling constant). As we will see later on, the 4-d heterotic string has a non-
perturbative SL(2,Z) symmetry acting on S by fractional transformations and as electric-
magnetic duality on the abelian gauge fields. The scalar field S takes values in the
upper-half plane, SL(2,R)/U(1). The rest of the scalars take values in the coset space
0(6,22)/0(6)x0O(22).

We will briefly describe here the toroidal compactification of type-II string theory to
four dimensions. It can be shown that in closed string theory with a compact dimension of
radius R, a duality transformation R — 1/R is accompanied by a reversal of the chirality
of the left-moving spinor groundstate. This is explained in more detail in the last section.
Thus, type-IIA theory with radius R is equivalent to type-I1IB theory with radius 1/R.
Once we compactify on a torus, both theories are non-chiral. We need only examine the
type-IIA theory reduction to D = 4. First the two Majorana-Weyl gravitini and fermions
give rise to eight D = 4 Majorana gravitini and 48 spin % Majorana fermions. Thus, the
D = 4 theory has maximal N=8 supersymmetry. The ten-dimensional metric produces
the four-dimensional metric, 6 U(1) vectors and 21 scalars. The antisymmetric tensor
produces (after four-dimensional dualization), 6 U(1) vectors and 16 scalars. The dilaton
gives an extra scalar. The R-R U(1) gauge field gives one gauge field and 6 scalars. The
R-R three-form gives a three-form (no physical degrees of freedom in four dimensions) 15
vectors and 26 scalars. All of the above degrees of freedom form the N=8 supergravity

multiplet that contains the graviton, 28 vectors, 70 scalars, 8 gravitini and 48 fermions.

Exercise. Start from the ten-dimensional type-ITA effective action in ([0.6.19) and
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by using toroidal dimensional reduction (you will find relevant formulae in appendix C)

derive the four-dimensional effective action. Dualize all two-forms.

12.2 Compactification on non-trivial manifolds

The next step would be to attempt to compactify the ten-dimensional theories on non-flat
manifolds. Such backgrounds, however, must satisfy the string equations of motion. As we
described in a previous section, this is equivalent to conformal invariance of the associated
o-model. When the background fields are slowly varying, the o’ expansion is applicable
and to leading order the background must satisfy the low-energy effective field equations

of motion.

We will be interested in ground-states for which the four-dimensional world is flat.
In the most general case, such a ground-state is given by the tensor product of a four-
dimensional non-compact flat CF'T and an internal conformal field theory. A CFT with
appropriate central charge and symmetries is an exact solution of the (tree-level) string
equations of motion to all orders in . In the heterotic case, this internal CFT must have
left N=1 invariance and (c, ¢) = (9, 22). In the type-II case it must have both left and right
N=1 superconformal invariance and (¢, ¢) = (9,9). If the CFT has a “large volume limit”,
then an o/ expansion is possible and we can recover the leading o-model (geometrical)

results.

It is also of interest, for the compactified theory, to have some left-over supersymmetry
at the compactification scale. For phenomenological purposes we eventually need N=1
supersymmetry, since it is the only case that admits chiral representations. Although the
very low energy world is not supersymmetric, we do need some supersymmetry beyond

Standard-Model energies for hierarchy reasons.

In the effective field theory approach, we assume that some bosonic fields acquire
expectation values that satisfy the equations of motion, while the expectation values of the
fermions are zero (to preserve D = 4 Lorentz invariance). In the generic case, a background
breaks all the supersymmetries of flat ten-dimensional space. A supersymmetry will be
preserved, if the associated variation of the fermion fields vanish. This gives a set of first
order equations. If they are satisfied for at least one supersymmetry, then the full equations
of motion will also be satisfied. Another way to state this is by saying that every compact

manifold that preserves at least one SUSY, is a solution of the equations of motion.

We will consider here the case of the heterotic string on a space that is locally M, x
K with M, the four-dimensional Minkowski space and K some six-dimensional compact
manifold. Splitting indices into Greek indices for M, and Latin indices for K, we have

the following supersymmetry variations (in the Einstein frame) of the ten-dimensional
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heterotic action

oh, = Ve + gezq’ (v ® H) e, (12.2.1)
St = Ve + gem’ (YmH — 12H,,) €, (12.2.2)
oA = V2(Y"V,,®)e + %e”He, (12.2.3)
ox* = —iech,‘jL,nvm"e, (12.2.4)

where 1 is the gravitino, A is the dilatino and x“ are the gaugini; € is a spinor (the

parameter of the supersymmetry transformation). Furthermore we used
H=H, .. Y™ , H, = Hypn. " (12.2.5)

The ten-dimensional I'-matrices can be constructed from the D = 4 matrices v*, and the

internal matrices 7", as

M=9'®1ls , ImM=~y"0+y™, (12.2.6)
Ii vVpo Z mnrnr S
’}/5 — EEHVPO.’}/'UI p s ’}/ = a\/detgemnrpqs’y Pq . (1227)

7 is the analog of 7% for the internal space.

If, for some value of the background fields, the equations d(fermions) = 0 admit a
solution, namely a non-trivial, globally defined spinor €, then the background is N=1 su-
persymmetric. If more than one solution exist, then we will have extended supersymmetry.
This problem was considered in [B@] with the assumption that H,,,, = 0. The conditions
for the existence of N=1 supersymmetry in four dimensions for H = 0 can be summarized
as follows: the dilaton must be constant and the manifold K must admit a Killing spinor
£,

Vi §=0. (12.2.8)

Moreover this condition implies that K is a Ricci-flat (R,,,, = 0) Ké&hler manifold. Finally
the background (internal) gauge fields must satisfy

Frony™ €=0 (12.2.9)
and (T1.33) then becomes
TS 1 a a
R [manq}T’s = %F[mn pql (12210)

In a generic six-dimensional manifold, the spin connection is in O(6) ~ SU(4). If the
manifold is Kéhler, then the spin connection is in U(3) C SU(4). Finally, if the Ricci
tensor vanishes, the spin connection is an SU(3) connection. Such manifolds are known as
Calabi-Yau (CY) manifolds.
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A simple way to solve ([[2.2.9) and ([2.2.10) is to embed the spin connection w € SU(3)
into the gauge connection A € O(32) or Eg x Eg. The only embedding of SU(3) in O(32)
that satisfies ([2Z:2.17) is the one in which O(32) 2 32 — 3 + 3 + singlets € SU(3). In
this case O(32) is broken down to U(1) x O(26) (this is the subgroup that commutes with
SU(3)). The U(1) is “anomalous”, namely the sum of the U(1) charges p = 3, ¢* of the
massless states is not zero. This anomaly is apparent, since we know that the string theory
is not anomalous. What happens is that the Green-Schwarz mechanism implies here that
there is a one-loop coupling of the form p B A F. This gives a mass to the U(1) gauge
field and it cannot appear as a low-energy symmetry. There is a more detailed discussion
of this phenomenon in section [[3.4. The leftover gauge group O(26) has only non-chiral

representations.

More interesting is the case of Eg x Eg. Eg has a maximal SU(3) x Eg subgroup, under
which the adjoint of Eg decomposes as Eg 3 248 — (8,1) ® (3,27) ® (3,27) ® (1,78) €
SU(3) x Eg. Embedding the spin connection in one of the Eg in this fashion solves ([2.2.10).
The unbroken gauge group in this case is Eg x Eg. Let Ny be the number of massless left-
handed Weyl fermions in four dimensions transforming in the 27 of Eq and Nk the same
number for the 27. The number of net chirality (number of “generations”) is |[N; — Ng|;
it can be obtained by an index theorem on the CY manifold. The 27’s transform as the
3 of SU(3) and the 27 transform in the 3 of SU(3). Thus, the number of generations is
the index of the Dirac operator on K for the fermion field 1,4, where « is a spinor index
and A is a 3 index. It can be shown [B{], that the index of the Dirac operator, and thus
the number of generations, is equal to |x(K')/2|, where y(K) is the Euler number of the
manifold K.

The above considerations are correct to leading order in . At higher orders we expect,
generically, corrections and only some statements about the massless states survive these

corrections.

As another example we will consider the compactification of type-II theory on the K3
manifold down to six dimensions. K3 is a topological class of four-dimensional compact,
Ricci-flat, Kahler manifolds without isometries. Such manifolds have SU(2)CO(4) holon-
omy and are also hyper-Kéahler. The hyper-Kahler condition is equivalent to the existence
of three integrable complex structures that satisfy the SU(2) algebra. It can be shown
that a left-right symmetric N=1 supersymmetric o-model on such manifolds is exactly
conformally invariant and has N=4 superconformal symmetry on both sides. Moreover,
K3 has a covariantly constant spinor, so that the type-II theory compactified on it has
N=2 supersymmetry in six dimensions (and N=4 if further compactified on a two-torus).
It would be useful for latter purposes to briefly describe the cohomology of K3. There is a
harmonic zero-form that is constant (since the manifold is compact and connected). There
are no harmonic one-forms. There is one (2,0) and one (0,2) harmonic forms as well as 20
(1,1) forms. The (2,0), (0,2) and one of the (1,1) K&hler forms are self-dual, the other 19
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(1,1) forms are anti-self-dual. There are no harmonic three-forms and a unique four-form

(the volume form). More details on the geometry and topology of K3 can be found in [B7.

Consider first the type-IIA theory and derive the massless bosonic spectrum in six
dimensions. To find the massless states coming from the ten-dimensional metric G, we

make the following decomposition

Carn ~ hu(@) © $(y) + Aul2) ® finly) + B(2) @ hyun(y) (12.2.11)

where = denotes the six-dimensional non-compact flat coordinates and y are the internal
coordinates. Also = 0,1,...,5 and m = 1,2,3,4 is a K3 index. Applying the ten-
dimensional equations of motion to the metric G we obtain that h,, (the six-dimensional

graviton) is massless if
0, ¢(y) = 0. (12.2.12)

The solutions to this equation are the harmonic zero-forms, and there is only one of them.
Thus, there is one massless graviton in six dimensions. A,(x) is massless if f,,(y) is
covariantly constant on K3. Thus, it must be a harmonic one-form and there are none
on K3. Consequently, there are no massless vectors coming from the metric. ®(zx) is a

massless scalar if h,,,(y) satisfies the Lichnerowicz equation

The solutions of this equation can be constructed out of the three self-dual harmonic
two-forms S,,,,, and the 19 anti-self-dual two-forms A,,,. Being harmonic, they satisfy the

following equations (R,,s is anti-self-dual)
Dfmn - Rmnrs.frs = Dfmn + 2Rmrsnfrs =0 ’ (12214)

Using these equations and the self-duality properties it can be verified that solutions to

the Lichnerowicz equation are given by
R = AL Sy + AL Sp . (12.2.16)

Thus, there are 3 - 19 = 57 massless scalars. There is an additional massless scalar (the
volume of K3) corresponding to constant rescalings of the K3 metric, that obviously pre-
serves the Ricci-flatness condition. We obtain in total 58 scalars. The ten-dimensional

dilaton also gives an extra massless scalar in six dimensions.

There is a similar expansion for the 2-index antisymmetric tensor:
Bun ~ B () @ ¢(y) + Bu(z) ® fim(y) + @(x) @ Bun(y). (12.2.17)

The masslessness condition implies that the zero-, one- and two-forms (¢, f., Bmn, re-
spectively) be harmonic. We obtain one massless two-index antisymmetric tensor and 22

scalars in six dimensions.
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From the R-R sector we have a one-form that, following the same procedure, gives a
massless vector and a three-form that gives a massless three-form, and 22 vectors in six
dimensions. A massless three-form in six dimensions is equivalent to a massless vector via

a duality transformation.

In total we have a graviton, an antisymmetric tensor, 24 vectors and 81 scalars. The
two gravitini in ten dimensions give rise to two Weyl gravitini in six dimensions. Their
internal wavefunctions are proportional to the covariantly constant spinor that exists on
K3. The gravitini preserve their original chirality. They have therefore opposite chirality.
The relevant representations of (non-chiral or (1,1)) N=2 supersymmetry in six dimensions

are:

e The vector multiplet. It contains a vector, two Weyl spinors of opposite chirality and

four scalars.

e The supergravity multiplet. It contains the graviton, two Weyl gravitini of opposite

chirality, 4 vectors, an antisymmetric tensor, a scalar and 4 Weyl fermions of opposite
chirality.

We conclude that the six-dimensional massless content of type-ITA theory on K3 con-
sists of the supergravity multiplet and 20 U(1) vector multiplets. N=(1,1) supersymmetry
in six dimensions is sufficient to fix the two-derivative low-energy couplings of the massless
fields. The bosonic part is

1
St = [ doy/=det Gge {R VIOV, B — I,
TR ! A
+§Tr(auMaﬂM—1)} — 1 [/ GO FLF

| A
be [ doae B, B Ly

TU )

(12.2.18)

where [ = 1,2,...,24. Supersymmetry and the fact that there are 20 vector multiplets
restricts the 4 - 20 scalars to live on the coset space O(4,20)/0(4) x O(20) and there will
be a continuous O(4,20) global symmetry. Thus, they were parametrized by the matrix
M as in (B4) with p = 4, where L is the invariant O(4,20) metric. Here H,,, does not
contain the Chern-Simons term. Note also the absence of the dilaton-gauge field coupling.
This is due to the fact that the gauge fields come from the R-R sector.

Observe that type-IIA theory on K3 gives exactly the same massless spectrum as the
heterotic string theory compactified on T*. The low-energy actions ([2.1.§) and ([l 3)
are different, though. As we will see later on, there is a non-trivial and interesting relation

between the two.

Now consider the type-IIB theory compactified on K3 down to six dimensions. The
NS-NS sector bosonic fields (G, B, ®) are the same as in the type-IIA theory and we
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obtain again a graviton, an antisymmetric tensor and 81 scalars.

From the R-R sector we have another scalar, which gives a massless scalar in D=6,
another two-index antisymmetric tensor, which gives, in six dimensions, a two-index anti-
symmetric tensor and 22 scalars and a self-dual 4-index antisymmetric tensor, which gives
3 self-dual 2-index antisymmetric tensors and 19 anti-self-dual 2-index antisymmetric ten-
sors and scalar. Since we can split a 2-index antisymmetric tensor into a self-dual and
an anti-self dual part we can summarize the bosonic spectrum in the following way: a

graviton, 5 self-dual and 21 anti-self-dual antisymmetric tensors, and 105 scalars.

Here, unlike the type-IIA case we obtain two massless Weyl gravitini of the same
chirality. They generate a chiral N=(2,0) supersymmetry in six dimensions. The relevant

massless representations are:

e (2,0) The SUGRA multiplet. It contains the graviton, 5 self-dual antisymmetric

tensors, and two left-handed Weyl gravitini.

e (2,0) The tensor multiplet. It contains an anti-self-dual antisymmetric tensor, 5

scalars and 2 Weyl fermions of chirality opposite to that of the gravitini.

The total massless spectrum forms the supergravity multiplet and 21 tensor multiplets.
The theory is chiral but anomaly-free. The scalars live on the coset space O(5,21)/O(5) x
O(21) and there is a global O(5,21) symmetry. Since the theory involves self-dual tensors,

there is no covariant action principle, but we can write covariant equations of motion.

Exercise. Use the results on anomalies to show that the O(5,21), (2,0), six-dimensional

supergravity is anomaly-free.

Exercise. Consider compactifications of type-IIA,B theories to four dimensions.
Greek indices describe the four-dimensional part, Latin ones the six-dimensional internal
part. Repeat the analysis at the beginning of this section and find the conditions for the
internal fields gy, Byn, ® as well as A, Cpn, for type-IIA and x, BEE FF . for type-1IB

so that the effective four-dimensional theory has N=1,2.4 supersymmetry in flat space.

12.3 World-sheet versus spacetime supersymmetry

There is an interesting relation between world-sheet and spacetime supersymmetry. We
will again consider first the case of the heterotic string with D=4 flat Minkowski space.

An N-extended supersymmetry algebra in four dimensions is generated by N Weyl super-
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charges Q! and their Hermitian conjugates Q7 satisfying the algebra

{Qéa Qé} - EaﬁZIJ 5

{Q6.Q3) = 2",

{QL,Qay = 0" olsPy, (12.3.1)
where Z!7 is the antisymmetric central charge matrix.

As we have seen in section [[0.5, the spacetime supersymmetry charges can be con-

structed from the massless fermion vertex at zero momentum. In our case we have

QN = jlédz e 25,2l Qf = jlédz e ?2C, 5t (12.3.2)

o i

where S, C' are the spinor and conjugate spinor of O(4) and X!, 3! are operators in the R

sector of the internal CFT with conformal weight %. We will also need
L9 1 n20(W0) = (5 _qp) TN ; glnte)ow) (12.3.3)

Sa(2)Cq(w) = ok, Y (w) + O(z — w), (12.3.4)

ax

Su(2)Ss(w) = —2_ +OKWz—w),

m W
IS
S

Ca(2)Ch(w) = —L—+0(Wz-w), (12.3.5)

z —

g

Using the above and imposing the anticommutation relations ([233.])) we find that the

internal operators must satisfy the following OPEs:
51 J

Y(2)8 (w) = G wpn + (z —w)* T (w)+ ..., (12.3.6)

()8 (w) = (z—w) V4 (w) + ...

S8 (w) = (z—w) VA (w)+ .. (12.3.7)

where J?/ are some internal theory operators with weight 1 and W7/, W!7 have weight 1/2.

The central charges are given by Z// = § /7. The R fields X, ¥ have square root branch
cuts with respect to the internal supercurrent

G (S (w) ~ (z —w) Y2 GPY()S (W) ~ (2 —w) Y2 (12.3.8)

BRST invariance of the fermion vertex implies that the OPE (e=%/25,%7)(e?@) does have

a single pole term. This in turn implies that there are no more singular terms in ([2.3.§).

Consider an extra scalar X with two-point function

(X(2)X (w)) = —log(z — w). Construct the dimension-% operators

M(z) = 21(2)e™? | Nz) = Bl (2)e7 /2 (12.3.9)



Using ([2.3.9) and ([[2.3.7) we can verify the following OPEs

MM (w) = Z(s_wa +J7 40z —w), (12.3.10)
MM (w) = XV +0(z —w), (12.3.11)
M(ON (w) = eV + 0>z —w), (12.3.12)

where JI/ = JI7 4 %51 JoX. Thus, M, \ are N complex free fermions and they gen-
erate an O(2N); current algebra. Moreover, this immediately shows that W// = —W¥/!,
Thus the original fields belong to the coset O(2N);/U(1). It is not difficult to show that
O(2N); ~U(1)xSU(N);. The U(1) is precisely the one generated by 0X. We can now
compute the OPE of the Cartan currents J

. X 17
J(2) 7 (w) = Gowpe + regular, (12.3.13)
from which we obtain
1J _ 4
JH ()T (w) = % + regular . (12.3.14)

e N=1 spacetime supersymmetry. In this case, there is a single field ¥ and a single

current that we will call J

3
J=2J" | J(2)J(w) = )y + regular (12.3.15)

and no ¥ operator. Computing the three-point function

= 3 25/4
(J(21)8(22)8(2)) = 5 —

2 z19213

(12.3.16)

we learn that X,Y are affine primaries with U(1) charges 3/2 and —3/2 respectively.

Bosonize the U(1) current and separate the charge degrees of freedom
J=iV300 | ¥ =Vt 8 = emiVER 2y (12.3.17)

where W+ do not depend on ®. If we write the internal Virasoro operator as T = T+Ts
with Tp = —(8®)2/2, then T and Ty commute. The fact that the dimension of the X fields
is equal to the U(1) charge squared over 2 implies that W= have dimension zero and thus

must be proportional to the identity. Consequently ¥, 3 are pure vertex operators of the
field .

Now consider the internal supercurrent and expand it in U(1) charge eigenoperators

Gint — 3 1@ 4 ema®p(=a) (12.3.18)

q>0
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where the operators T*% do not depend on ®. Then, ([2.3.8) implies that ¢ in ([2.3.18)
can only take the value ¢ = 1/4/3. We can write G = Gt 4+ G~ with
G=(w)

(z —w)

J(2)GF(w) = +

(12.3.19)

Finally the N=1 superconformal algebra satisfied by G implies that, separately, G* are
Virasoro primaries with weight 3/2. Moreover the fact that G satisfies (B.12.1) implies
that J, G, T satisfy the N=2 superconformal algebra (§.13.1))-(F.13.9) with ¢ = 9. The
reverse argument is obvious: if the internal CFT has N=2 invariance, then one can use

the (chiral) operators of charge £3/2 to construct the spacetime supersymmetry charges.
In section we have shown, using the spectral flow, that such Ramond operators are

always in the spectrum since they are the images of the N.S ground-state.

We will describe here how the massless spectrum emerges from the general properties
of the internal N=2 superconformal algebra. As discussed in section .13, in the .S sector
of the internal N=2 CFT, there are two relevant ground-states, the vacuum |0) and the
chiral ground-states |h,q) = |1/2,+1). We have also the four-dimensional left-moving
world-sheet fermion oscillators ¢#, the four-dimensional right-moving bosonic oscillators
a,. Also in the right-moving sector of the internal CFT we have, apart from the vacuum

state, a collection of h = 1 states. Combining the internal ground-states, we obtain:
hogih) o 10,0;0) , (0,0, 1), [1/2,41;1)° (12.3.20)
where the indices I = 1,2,---,M, i = 1,2---, M count the various such states. The

physical massless bosonic states are:

o M, 207 110, 0;0), which provide the graviton, antisymmetric tensor and dilaton.
o M, /2|0, 0; 1)1. They provide massless vectors of gauge group with dimension M.

e |1/2,£1;1)". They provide M complex scalars.

Taking into account also the fermions, from the R sector, we can organize the massless
spectrum in multiplets of N=1 four-dimensional supersymmetry. Using the results of
Appendix D, we obtain the N=1 supergravity multiplet, one tensor multiplet (equivalent
under a duality transformation to a chiral multiplet), M vector multiplets and M chiral

multiplets.

e N=2 spacetime supersymmetry. In this case there are two fields ¥*? and four cur-
rents J'7. Define J* = J1 4 J#2 J3 = (J'' — J??)/2 in order to diagonalize ([2.3.14):

J(2) ] (w) = m +...,

3 > 3 w — 1/2

J3(2).J% (w) et

J(2) P (w) = ---. (12.3.21)
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In a similar fashion we can show that under (J*, J®), X! has charges (1/2,1/2), 35 (1/2, —1/2),
¥ (=1/2,-1/2) and £2 (—1/2,1/2). Moreover their charges saturate their conformal

weights so that if we bosonize the currents then the fields ¥, 3 are pure vertex operators

.

J¥ =100 J3 =—0 12.3.22

1 ) \/*2 X7 ( )

¥ =ex —i o+ —i ¥? = ex —i ¢ — —i (12.3.23)
p 2 \/éx ) p 2 \/§X Y M

S =exp l—%qﬁ — %X] . Y2 =exp l—%gb + %X] : (12.3.24)

Using these in ([23.0) we obtain that J'? = expl[iv/2x] and J?' = exp[—iv/2x]. Thus,
J3, J12, J?! form the current algebra SU(2);. Moreover, W2 = expli¢], U'? = exp[—id)].

We again consider the internal supercurrent and expand it in charge eigenstates. Using
(I2:33.3) we can verify that the charges that can appear are (£1,0) and (0,41/2). We can
split

G = Go +Gu , Gu = GEE) + Gé) ,

Guy=Gl+ Gy, (12.3.25)
Gia (w)
J(2)Gh) (w) = iz@iiw o,

3 + 1 G@(“’)
J(2)Go(w) = i—ii +..., (12.3.26)

Z—Ww
J*(2)G G (w) = finite ,  J?(2)G{G, (w) = finite (12.3.27)
Gy =e"2*. (12.3.28)

Z* are dimension-1 operators. They can be written in terms of scalars as Z* = i0X*.
The vertex operators e™™® are those of a complex free fermion. Thus, the part of the
internal theory corresponding to G® is a free two-dimensional CFT with ¢ = 3. Finally
it can be shown that the SU(2) algebra acting on Ga) supercurrents generates two more
supercurrents that form the N=4 superconformal algebra (6.14.1)-(6.14.3) with ¢ = 6.

Since there is a complex free fermion ¥ = e in the ¢ = 3 internal CFT we can
construct two massless vector boson states 1_y»a",|p) and ¢_y/9a";|p). One of them is
the graviphoton belonging to the N=2 supergravity multiplet while the other is the vector
belonging to the vector-tensor multiplet (to which the dilaton and B,, also belong). The
vectors of massless vector multiplets correspond to states of the form ", /QJﬁl\m, where
J? is a right-moving affine current. The associated massless complex scalar of the vector
multiplet corresponds to the state ¢_y/; J,|p). Massless hypermultiplet bosons arise from
the N=4 internal CFT. As already described in section p.14, an N=4 superconformal CFT
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with ¢ = 6 always contains states with A = % that transform as two conjugate doublets
of the SU(2); current algebra. Combining them with a right-moving operator with A =1

gives the four massless scalars of a hypermultiplet.

e N=4 spacetime supersymmetry. In this case going through the same analysis we find
that one out of the four diagonal currents, namely J + J22 4+ J33 4+ J* is null and thus

identically zero.

Exercise. Bosonize the leftover three currents, write the ¥, ¥ fields as vertex oper-

ators and show that in this case the left-moving internal CFT has to be a toroidal one.

The six graviphotons participating in the N=4 supergravity multiplet are states of
the form dﬁ1¢£1/2|p> where I = 1,...,6 and the v are the fermionic partners of the six

left-moving currents of the toroidal CF'T mentioned above.

In all the above, there are no constraints due to spacetime SUSY on the right-moving
side of the heterotic string. We will use the notation (p,q) to denote p left-moving su-
perconformal symmetries and ¢ right-moving ones. To summarize, in the D=4 heterotic
string the internal CFT has at least (1,0) invariance. If it has (2,0) then we have N=1
spacetime SUSY. If we have ¢ = 3 (2,0) & ¢ = 6 (4,0) then we have N=2 in spacetime.
Finally, if we have six free left-moving coordinates then we have N=4 in four-dimensional

spacetime.

In the type-1I theory, the situation is similar, but here the supersymmetries can come
from either the right-moving and/or the left-moving side. For example, N=1 spacetime
supersymmetry needs (2,1) world-sheet SUSY. For N=2 spacetime supersymmetry there
are two possibilities. Either (2,2), in which one supersymmetry comes from the left and
one from the right, or ¢ = 3 (2,0) @ ¢ = 6 (4,0) on one side only, in which both spacetime

supersymmetries come from this side.

More details on this can be found in [B9, [(].

12.4 Heterotic orbifold compactifications with N=2 supersym-

metry

In this section we will consider exact orbifold CF'Ts to provide compactification spaces that
reduce the maximal supersymmetry in four dimensions. We will focus for concreteness on

the heterotic string.
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We have already seen in section [[2.]] that toroidal compactification of the heterotic
string down to four dimensions, gives a theory with N=4 supersymmetry. What we would
like to do is to consider orbifolds of this theory that have N=1,2 spacetime supersymmetry.
We will have to find orbifold symmetries under which some of the four four-dimensional
gravitini are not invariant. They will be projected out of the spectrum and we will be left
with a theory that has less supersymmetry. To find such symmetries we will have to look
carefully at the vertex operators of the gravitini first. We will work in the light-cone gauge
and it will be convenient to bosonize the eight transverse left-moving fermions 1; into four

left-moving scalars. Pick a complex basis for the fermions

Y° —7(w3+w4> , Y= (¢5+z¢6) (12.4.1)

%\

w:%wwuﬁ) =+ i) (12.4.2)

%\

and similarly for ¢!, They satisfy

5IJ

(W' ()9 (w)) = (W (w)) = (W' ()07 (w)) = 0. (12.4.3)

Z—w

The four Cartan currents of the left-moving O(8); current algebra J! = 4’ can be

written in terms of four free bosons as

J(2) =i0.0'(2) , (¢'(2)¢" (w)) = —6" log(z — w) . (12.4.4)

In terms of the bosons
Pl = e’ .Yl = e (12.4.5)

The spinor primary states are given by

Vier) = exp[ Zenﬁ] (12.4.6)

with €; = 1. This operator has 2* = 16 components and contains both the S and the C
O(8) spinor.

The fermionic system has an O(8) global symmetry (the zero mode part of the O(8);

current algebra. Its U(1)* abelian subgroup acts as
¢1 _ e27ri91¢1 ’ 151 _ €—2m'917$[' (12'4'7>
This acts equivalently on the bosons as
¢! — o' +2r 0. (12.4.8)

A Z, subgroup of the U(1)* symmetry, namely 67 = 1/2 for all I, is the (—1)f symmetry.
Under this transformation, the fermions are odd as they should be and the spinor vertex

operator transforms with a phase exp[ir(>X; €!)/2]. Thus,
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o Y, e/ =4k, k € Z corresponds to the spinor S.
o>, ¢/ =4k + 2, k € Z corresponds to the conjugate spinor C.

The standard GSO projection picks one of the two spinors, let us say the S. Consider
the massless physical vertex operators given by

VEC=0XF Vg(e)e?X | X* = L(X3 +iX1). (12.4.9)
V2

The boson ¢ was constructed from the D = 4 light-cone spacetime fermions and thus
carries four-dimensional helicity. The X* bosons also carry four-dimensional helicity
+1. The subset of the vertex operators in ([[2.4.9) that corresponds to the gravitini are
OX*V(e® = 1), with helicity 3/2, and X~V (&® = —1), with helicity —3/2. Taking also
into account the GSO projection we find four helicity (£3/2) states, as we expect in an
N=4 theory.

Consider the maximal subgroup O(2)xO(6)CO(8) where the O(2) corresponds to the
four-dimensional helicity. The O(6) symmetry is an internal symmetry from the four-
dimensional point of view. It is the so-called R-symmetry of N=4 supersymmetry, since
the N=4 supercharges transform as the four-dimensional spinor of O(6), and O(6) is an
automorphism of the N=4 supersymmetry algebra (with vanishing central charges) . Since
the supercharges are used to generate the states of an N=4 supermultiplet, the various
states inside the multiplet have well-defined transformation properties under the O(6)

R-symmetry. Here are some useful examples:

e The N=4 SUGRA multiplet. It contains the graviton (singlet of O(6)) four Majo-

rana gravitini (spinor of O(6)), six graviphotons (vector of O(6)), four Majorana fermions

(conjugate spinor of O(6)), and two scalars (singlets).

e The massless spin 3/2 multiplet. It contains a gravitino (singlet), four vectors (spinor),

seven Majorana fermions (vector plus singlet) and eight scalars (spinor + conjugate spinor).

e The massless vector multiplet. It contains a vector (singlet), four Majorana fermions

(spinor) and six scalars (vector).

If we break the O(6) R-symmetry, then we will break the N=4 structure of supermul-
tiplets. This will break N=4 supersymmetry.

We will now search for symmetries of the CFT that will reduce, after orbifolding, the
supersymmetry. In order to preserve Lorentz invariance, the symmetry should not act on
the four-dimensional supercoordinates X*, 1*.f9 The rest are symmetries acting on the
internal left-moving fermions and a simple class are the discrete subgroups of the U(1)3
subgroup of O(6) acting on the fermions. There are also symmetries acting on the bosonic

(6,22) compact CFT. An important constraint on such symmetries is to leave the internal

20There is an exception to this statement, but I will not consider this further.
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supercurrent

10
G"=>"¢' 0 X' (12.4.10)
=5

invariant. The reason is that G'™ along with GP=* (which is invariant since we are not
acting on the D = 4 part) define the constraints (equations of motion) responsible for the

absence of ghosts. Messing them up can jeopardize the unitarity of the orbifold theory.

We will start with a simple example of a Z5 orbifold that will produce N=2 super-
symmetry in four dimensions. Consider setting the Wilson lines to zero for the moment
and pick appropriately the internal six-torus G, B so that the (6,22) lattice factorizes as
(2,2) ® (4,4) ® (0,16). This lattice has a symmetry that changes the sign of all the (4,4)
bosonic coordinates. To keep the internal supercurrent invariant we must also change the

sign of the fermions 1%, i = 7,8,9,10. This corresponds to shifting the associated bosons
= 4+, ¢ =P —7. (12.4.11)

An immediate look at the four gravitini vertex operators indicates that two of them are
invariant while the other two transform with a minus sign. We have exactly what we need.

We are not yet done, though.

Exercise. Compute the partition function of the above orbifold. Show that it is not

modular-invariant.

We must make a further action somewhere else. What remains is the (0,16) part.
Consider the case in which it corresponds to the Eg x Eg lattice. As we have mentioned
already, Eg > [248] — [120] @ [128] €0O(16). Decomposing further with respect to the
SU(2) x SU(2) x O(12) subgroup of O(16), we obtain:

[120] — [3,1,1] @ [1,3,1] & [1,1,66] © [2,1,12] & [1,2,12]

€ SU(2) x SU(2) x 0(12), (12.4.12)

[128] — [2,1,32] @ [1,2,32] € SU(2) x SU(2) x O(12). (12.4.13)

The action on Eg will be to take the spinors (the [2]’s) of the two SU(2) subgroups to
minus themselves, but keep the conjugate spinors (the [2]’s) invariant. This projection
keeps the [3,1,1],[1,3,1],[1,1,66],[1,2,32] representations that combine to form the
group E; x SU(2). This can be seen by decomposing the adjoint of Eg under its SU(2) x E;
subgroup.

Es > [248] — [1,133] @ [3,1] @ [2,56] € SU(2) x By, (12.4.14)
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where in this basis the above transformation corresponds to [3] — [3] and [2] — —[2].
The reason why we considered a more complicated way in terms of orthogonal groups is
that, in this language, the construction of the orbifold blocks is straightforward.

We will now construct the various orbifold blocks. The left-moving fermions contribute

PE1G 1006 ,]

b—g

1 i b+ab
Y (e
2

> (12.4.15)
a,b=0

The bosonic (4,4) blocks can be constructed in a fashion similar to ([[.6.10). We obtain

222
nn

The blocks of the Eg factor in which our projection acts are given by

—Z [gi‘}’lwi] ALY (12.4.17)

Finally there is a (2,2) toroidal and an Eg part that are not touched by the projection.
Putting all things together we obtain the heterotic partition function of the Z orbifold

. 1 & Too T Zunll] 1 & @[nghW[ ]196[ ]
Zheierotlc _ = ) 8 gl 9 12.4.18
VS 2 T e 2 P (12415

e L e ] e

b—yg

1 1
= Z (_ 1)a+b+ab
2 0 't

Exercise. Show that the above partition function is modular-invariant. Find the
bosonic (¢ = 0) massless spectrum. In particular show that, from the untwisted sector
(h = 0) we obtain the graviton, an antisymmetric tensor, vectors in the adjoint of G =
U(1)* x SU(2) x E7 x Eg, a complex scalar in the adjoint of the gauge group G, 16 more
neutral scalars and scalars transforming as four copies of the [56,2] representation of
E7;xSU(2). From the twisted sector (h = 1), show that we obtain scalars only transforming
as 32 copies of the [56, 1] and 128 copies of the [1,2].

As mentioned before, this four-dimensional theory has N=2 local supersymmetry. The
associated R-symmetry is SU(2), which rotates the two supercharges. We will describe
the relevant massless representations and their transformation properties under the R-

symmetry.

e The SUGRA multiplet contains the graviton (singlet), two Majorana gravitini (dou-

blet) and a vector (singlet).
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e The vector multiplet contains a vector (singlet) two Majorana fermions (doublet),

and a complex (two real) scalars (singlets).

e The vector-tensor multiplet contains a vector (singlet), two Majorana fermions (dou-

blet), a real scalar (singlet) and an antisymmetric tensor (singlet).

e The hypermultiplet contains two Majorana fermions (singlets) and four scalars (two
doublets).

We can now arrange the massless states into N=2 multiplets. We have the SUGRA
multiplet, a vector-tensor multiplet (containing the dilaton), a vector multiplet in the ad-
joint of U(1)?xSU(2) xE;xEg; the rest are hypermultiplets transforming under SU(2) x E;
as 4[1,1] + [2, 56] + 8[1, 56] + 32[2,1].

We will also further investigate the origin of the SU(2) R-symmetry. Consider the
four real left-moving fermions 1. Although they transform with a minus sign under
the orbifold action, their O(4)~SU(2)xSU(2) currents, being bilinear in the fermions, are
invariant. Relabel the four real fermions as ¢° and ¢, a = 1,2,3. Then, the SU(2); x
SU(2); current algebra is generated by

_ w0¢a abcwb¢c ’ ja _ _% wOwa . %Eabc¢bwc ) (12419)

Although both SU(2)’s are invariant in the untwisted sector, the situation in the twisted
sector is different. The O(4) spinor ground-state decomposes as [4] — [2,1] 4 [1, 2] under
SU(2) x SU(2). The orbifold projection acts trivially on the spinor of the first SU(2)
and with a minus sign on the spinor of the second. The orbifold projection breaks the
second SU(2) invariance. The remnant SU(2); invariance becomes the R-symmetry of the
N=2 theory. Moreover, the only operators (relevant for massless states) that transform

non-trivially under the SU(2) are the (quaternionic) linear combinations
Vap = Fi(0apy’ £ iogs v°) | (12.4.20)

which transform as the [2] and [2] respectively, as well as the [2] spinor in the R-sector.
We obtain

Vi ()Vih(w) =V (2)V 5(w) = %ap_ _ 202 5(J(w) — J*(w)) + Oz —w), (12.4.21)

VE (2)Vis(w) = 5’5_ Loty Jw) + Oz — w), (12.4.22)
Vi (Vo (w) = Z?"S_“fu 0%y Jo(w) + Oz —w), (12.4.23)

where a summation over 7y is implied.

This SU(2); current algebra combines with four operators of conformal weight 3/2 to
make the N=4 superconformal algebra in any theory with N=2 spacetime supersymmetry

agree with the general discussion of section [2.3.
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In an N=2 theory, the complex scalars that are partners of the gauge bosons belonging
to the Cartan of the gauge group are moduli (they have no potential). If they acquire
generic expectation values, they break the gauge group down to the Cartan. All charged

hypermultiplets also get masses.

A generalization of the above orbifold, where all Higgs expectation values are turned
on, corresponds to splitting the original (6,22) lattice to (4,4)®(2,18). We perform a Z;
reversal in the (4,4), which will break N =4 — N = 2. In the leftover lattice we can only
perform a Z5 translation (otherwise the supersymmetry will be broken further). We will

perform a translation by €/2, where € € Ly 5. Then the partition function is

F2 18 ) ] Z(44)[3] 1 i (_1)a+b+ab 192[;]19[?:5]19[2:5]
Tan*'n?0 2 %% n

4 b
the shifted lattice sum I'y15(€) [g] is described in Appendix B.

1 1
Zkfciczrotlc _ 5 Z (12424)

Exercise. Show that ([2.4.24) is modular-invariant if €2/2 =1 mod(4).

The theory depends on the 2 x 18 moduli of I'y15(€)[?] and the 16 moduli in Z4[f].
There are, apart from the tensor multiplet, another 18 massless vector multiplets. The
2 x 18 moduli are the scalars of these vector multiplets. There are also 4 neutral hypermul-
tiplets whose scalars are the untwisted (4,4) orbifold moduli. At special submanifolds of
the vector multiplet moduli space, extra massless vector multiplets and/or hypermultiplets

can appear. We have seen such a symmetry enhancement already at the level of the CFT.

The local structure of the vector moduli space is that of O(2,18)/0(2) x O(18). From
the real moduli, G g, Bag, Y,] we can construct the 18 complex moduli T' = T} + iTy, U =
Uy + iUy, W1 = Wll + ZW2I as follows

o - 0,
- 0, U UR)

Wiwi\ (0 1
B = |Ty - —— 12.4.25
and W! = —Y)] + UY{. There is also one more complex scalar, the S field with Im S =

Sy = e~?, whose real part is the axion a, which comes from dualizing the antisymmetric

tensor. The tree-level prepotential and Kahler potential are

f=STU-iW'Wh) | K =—log(S) - log [U>T5 — sW3 W] . (12.4.26)

The hypermultiplets belong to the quaternionic manifold O(4,4)/0(4) x O(4). Since

N=2 supersymmetry does not permit neutral couplings between vector- and hypermulti-
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plets, and the dilaton belongs to a vector multiplet, the hypermultiplet moduli space does

not receive perturbative or non-perturbative corrections.

In this class of N=2 ground-states, we will consider the helicity supertrace By which
traces the presence of N=2 (short) BPS multiplets Y] The computation is straightforward,
using the results of Appendices E and F. We obtain

V29? V3092 V3092
T By = 7 <)\ ) =T 18[1]F F2,18[3]ﬁ _F2718H]#

['21800) 4+ T'2,18]Y] To1slh) — T'2,15]Y)]

- ol Bt
2 ! 2 't
_F2,18[é] + 2150 F. — [21808) — T2,1808 ]F_ (12.4.27)
2 2
with 192192 52 (512 192)
_ _ +
A=20, Fe= 22 (12.4.28)
For all N=2 heterotic ground-states, B, transforms as
1
T—741 : Byb—By , 7T— —— : By —71*B,. (12.4.29)
T

All functions F; have positive coefficients and have the expansions

JR— 1
F = p +Y di(n)g" = p + 16 + 156¢ + O(q?), (12.4.30)
8 1/4 - 8 1/4
F, = o +q E:d_l_(n) = + 8¢"*(30 + 481¢ + O(¢?)), (12.4.31)
32 3/4 32 3/4
F o= it Z d_( =t 32¢*/%(26 + 375q + O(q?)) . (12.4.32)

Also the lattice sums 5(1}718[ ] + T'y.15[%]) have positive multiplicities. Overall plus signs
correspond to vector-like multiplets, while minus signs correspond to hyper-like multiplets.
The contribution of the generic massless multiplets is given by the constant coefficient of
F; it agrees with what we expected: 16 = 20 — 4 since we have the supergravity multiplet

and 19 vector multiplets contributing 20 and 4 hypermultiplets contributing —4.
We will analyze the BPS mass-formulae associated with ([Z:4.27). We will use the

notation for the shift vector € = (€r; €g, 5 ), where €1, eg are two-dimensional integer vectors
and ( is a vector in the O(32)/Z, lattice. We also have the modular-invariance constraint
/2 =¢, & — (22 =1 (mod 4).
Using the results of Appendix B we can write the BPS mass-formulae associated to the
lattice sums above. For h = 0 the mass-formula is
| — U +my + Ty + (TU — 2W2)ny + W - G
4 8, (ToUs — $Tmi2)

21You will find the definition of helicity supertraces and their relation to BPS multiplicities in Appendix

D.

M?* =

, (12.4.33)
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where W is the 16-dimensional complex vector of Wilson lines. When the integer

p=m-p+it-eg—Q-C (12.4.34)
is even, these states are vector-like multiplets with multiplicity function d,(s) of ([2:4:30)
and

1

s:ﬁz-ﬁ—ié-é; (12.4.35)

when p is odd, these states are hyper-like multiplets with multiplicities d;(s). In the h =1

sector the mass-formula is
M? = |(mi+ LU = (ma+ 3€1) = T(m + Sep)+
—(TU — W) (ng + 1e%) +
W (@ + 3O /4 S (Tl — STmi?) . (12.4.36)

The states with p even are vector-multiplet-like with multiplicities d(s’), with

s/:(m+%>~(ﬁ+g§>—%(é+%)-(@+%) : (12.4.37)

while the states with p odd are hypermultiplet-like with multiplicities d_(s’).

12.5 Spontaneous supersymmetry breaking

We have seen in the previous section that we can break maximal supersymmetry by the
orbifolding procedure. The extra gravitini are projected out of the spectrum. However,
there is a major difference between freely acting and non-freely acting orbifolds with respect

to the restoration of the broken supersymmetry.

To make the difference transparent, consider the Z, twist on 7" described before,
under which two of the gravitini transform with a minus sign and are thus projected out.
Consider now doing at the same time a Z5 shift in one direction of the extra (2,2) torus.
Take the two cycles to be orthogonal, with radii R, R’, and do an X — X + 7 shift on
the first cycle. The oscillator modes are invariant but the vertex operator states |m,n)
transform with a phase (—1)™. This is a freely-acting orbifold, since the action on the
circle is free. Although the states of the two gravitini, a”,|S!) I = 1,2 transform with a
minus sign under the twist, the states a”,|S!) ® [m = 1,n) are invariant! They have the
spacetime quantum numbers of two gravitini, but they are not massless any more. In fact,
in the absence of the state |m = 1,n) they would be massless, but now we have an extra
contribution to the mass coming from that state:

1/1 2 1/1 2
2 _ _ J— 2 = — _— —
mL =7 (R +nR> , MR =g ( nR) . (12.5.1)

153



The matching condition m; = mpg implies n = 0, so that the mass of these states is
m? = 1/4R% These are massive gravitini and in this theory, the N=4 supersymmetry
is broken spontaneously to N=2. In field theory language, the effective field theory is a
gauged version of N=4 supergravity where the supersymmetry is spontaneously broken to

N=2 at the minimum of the potential.

Although there seems to be little difference between such ground-states and the previ-

ously discussed ones, this is misleading.

We will note here some important differences between explicit and spontaneous break-

ing of supersymmetry.

e In spontaneously broken supersymmetric theories, the behavior at high energies is
softer than the opposite case. If supersymmetry is spontaneously broken, there are still
leftover broken Ward identities that govern the short distance properties of the theory.
In such theories there is a characteristic energy scale, namely the gravitino mass ms/,
above which supersymmetry is effectively restored. A scattering experiment at energies
E >> myg/, will reveal supersymmetric physics. This has important implications for such

effects as the running of low-energy couplings. We will come back to this later on.

e There is also a technical difference. As we already argued, in the case of the freely-
acting orbifolds, the states coming from the twisted sector have moduli-dependent masses
that are generically non-zero (although they can become zero at special values of the
moduli space). This is unlike non-freely acting orbifolds, where the twisted sector masses
are independent of the original moduli and one obtains generically massless states from

the twisted sector.

e In ground-states with spontaneously broken supersymmetry, the super-symmetry-
breaking scale mg3/; is a freely-sliding scale since it depends on moduli with arbitrary
expectation values. In particular, there are corners of the moduli space where ms/,, — 0,
and physics becomes supersymmetric at all scales. These points are an infinite distance
away using the natural metric of the moduli scalars. In our simple example from above
mgss ~ 1/R — 0 when R — oco. At this point, an extra dimension of spacetime becomes
non-compact and supersymmetry is restored in five dimensions. This behavior is generic

in all ground-states where the free action comes from translations.

Consider the class of N=2 orbifold ground-states we described in ([2.4.24). If the
(2,18) translation vector € lies within the (0,16) part of the lattice, then the breaking of
N =4 — N = 2 is “explicit”. When, however, (€7,€g) # (5, 0) then the breaking is

spontaneous.

In the general case, there is no global identification of the massive gravitini inside the
moduli space due to surviving duality symmetries. Consider the following change in the
m-+n

previous simple example. Instead of the (—1)™ translation action, pick instead (—1)

In this case there are two candidate states with the quantum numbers of the gravitini:
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a1 |SH) ® |m = 1,n = 0) with mass mgzss ~ 1/R, and @",|S!) ® [m = 0,n = 1) with mass
mgje ~ R. In the region of large R the first set of states behaves like massive gravitini,

while in the region of small R it is the second set that is light.

12.6 Heterotic N=1 theories and chirality in four dimensions

So far, we have seen how, using orbifold techniques, we can get rid of two gravitini and
end up with N=2 supersymmetry. We can carry this procedure one step further in order

to reduce the supersymmetry to N=1.

Exercise. Consider splitting the (6,22) lattice in the N=4 heterotic string as (6,22)=
®?_,(2,2);®9(0,16). Label the coordinates of each two-torus as X;°, i = 1,2,3. Consider
the following Zs x Zs orbifolding action: The element g; of the first Z, acts with a minus
sign on the coordinates of the first and second two-torus, the element g, of the second Z
acts with a minus sign on the coordinates of the first and third torus, and g;g- acts with
a minus sign on the coordinates of the second and third torus. Show that only one of the

four gravitini survives this Zy X Z, projection.

To ensure modular invariance we will have to act also on the gauge sector. We will
assume to start from the Eg x Eg string, with the Eg’s fermionically realized. We will
split the 16 real fermions realizing the first Eg into groups of 10+2+2+2. The Z; x Z
projection will act in a similar way in the three groups of two fermions each, while the

other ten will be invariant.

The partition function for this Zy x Zs orbifold is straightforward:

1 1 1 1
N=1 o - - a—i—ﬁ—i—aﬁ
ZZz><Z2 - T 1202 4 Z Z X
27 % by g1=0,ha,g2=0 “ a,8=0

O3] 9l P57a] P16 —ss] Ts

—_

[\

B—g1— 1 th1]772 (h2173 [hi+h
X noon n ?71 - 7 s Za2lgi1Z22lga) 2 0lg1 40 ] X
Sra15 ara-h a+ho1 gra—hi1—h
X} i 19[ ] ?9[5_,_91] 19[54_922] ﬁ[ﬁ—g:—g;] . (12.6.1)
2«1,5:0 775 U 7 7

We will find the massless spectrum, classified in multiplets of N=1 supersymmetry.
We have of course the N=1 supergravity multiplet. Next we consider the gauge group of
this ground-state. It comes from the untwisted sector, so we will have to impose the extra

projection on the gauge group of the N=2 ground-state. The graviphoton, vector partner
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of the dilaton, and the two U(1)’s coming from the T are now projected out. The Eg

survives.

Exercise. Show that the extra Z, projection on E; x SU(2) gives Eg x U(1) x U(1)".
The adjoint of Eg can be written as the adjoint of O(10) plus the O(10) spinor plus a U(1).

Thus, the gauge group of this ground-state is EgxEgxU(1)xU(1)” and we have the ap-
propriate vector multiplets. There is also the linear multiplet containing the antisymmetric
tensor and the dilaton. Consider the rest of the states that form N=1 scalar multiplets.

Notice first that there are no massless states charged under the Eg.

Exercise. Show that the charges of scalar multiplets under Eg x U(1) x U(1)’ and

their multiplicities are those of tables 1 and 2 below.

E¢ | U(1) | U(1)" | Sector | Multiplicity
27| 1/2 | 1/2 | Untwisted 1
27| -1/2 | 1/2 | Untwisted 1
27 0 -1 | Untwisted 1
1 |-1/2 | 3/2 | Untwisted 1
1| 1/2 | 3/2 | Untwisted 1
1 1 0 Untwisted 1
1] 1/2 0 Twisted 32
1| 1/4 | 3/4 | Twisted 32
1] 1/4 | -3/4 | Twisted 32

Table 1: Non-chiral massless content of the Zy x Z, orbifold.
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E¢ | U(1) | U(1)" | Sector | Multiplicity
271 0 1/2 | Twisted 16
27| 1/4 | -1/4 | Twisted 16
27 | -1/4 | -1/4 | Twisted 16
1 0 3/2 | Twisted 16
1 | 3/4 | -3/4 | Twisted 16
1 |-3/4| -3/4 | Twisted 16

Table 2: Chiral massless content of the Zy x Z5 orbifold.

As we can see, the spectrum of the theory is chiral. For example, the number of 27’s

minus the number of 27’s is 3x16. However, the theory is free of gauge anomalies.

More complicated orbifolds give rise to different gauge groups and spectra, even with
some phenomenological interpretations. A way to construct such ground-states, which
can be systematized, is provided by the fermionic construction [[]]. We will not continue
further in this direction, but we refer the reader to [2] which summarizes known N=1

heterotic ground-states with a realistic spectrum.

12.7 Orbifold compactifications of the type-II string

In section we have considered the compactification of the ten-dimensional type-II
string on the four-dimensional manifold K3. This provided a six-dimensional theory with
N=2 supersymmetry. Upon toroidal compactification on an extra 72 we obtain a four-

dimensional theory with N=4 supersymmetry.

We will consider here a Z, orbifold compactification to six dimensions with N=2 super-
symmetry and we will argue that it describes the geometric compactification on K3 that

we considered before.

If we project out the orbifold transformation that acts on the 7% by reversing the sign
of the coordinates (and similarly for the world-sheet fermions both on the left and the
right), we will obtain a ground-state (in six dimensions) with half the supersymmetries,

namely two. The partition function is the following

L& Zuwlg] 1 P10 10l
ZH-N _ - Udlgl o 2 _1)atb+ab t9 9° x 12.7.1
6—d 2 hgzjo 7_22174174 2 aJ,Z:() ( ) 774 ( )
L& e PEIOEIG
><§ Z (_1) +b+Aab b:i; b—g ’
@,b=0 gl

where Z4 4[] are the T*/Z, orbifold blocks in ([2:4:16) and A = 0, 1 corresponds to type-

9
IIB,A respectively.
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We will find the massless bosonic spectrum. In the untwisted NS-N.S sector we obtain
the graviton, antisymmetric tensor the dilaton and 16 scalars (the moduli of the T%/Z,).
In the NS-NS twisted sector we obtain 4-16 scalars. The total number of scalars (apart
from the dilaton) is 4-20. Thus, the massless spectrum of the NS-N.S sector is the same
as that of the K3 compactification in section [[2.3.

In the R-R sector we will have to distinguish A from B. In the type-IIA theory, we
obtain 7 vectors and a three-form from the R-R untwisted sector and another 16 vectors
from the R-R twisted sector. In type-IIB we obtain 4 two-index antisymmetric tensors
and 8 scalars from the R-R untwisted sector and 16 anti-self-dual two-index antisymmet-
ric tensors and 16 scalars from the R-R twisted sector. Again this agrees with the K3

compactification.

To further motivate the fact that we are describing a CFT realization of the string
moving on the K3 manifold, let us look more closely into the cohomology of T*/Z,. We
will use the two complex coordinates that describe the 7%, z;5. The T* has one zero-
form, the constant, 2 (1,0) one-forms (dz, dzz), two (0,1) one-forms (dzr, dzz), one (2,0)
form (dz; A dzp) one (0,2) form (dz; A dzz), and 4 (1,1) forms (dz; A dz;). Finally there
are four three-forms and one four-form. Under the orbifolding Zs, the one- and three-
forms are projected out and we are left with a zero-form, a four-form, a (0,2), (2,0) and
4 (1,1) forms. However the Z, action has 16 fixed-points on T, which become singular
in the orbifold. To make a regular manifold we excise a small neighborhood around each
singular point. The boundary is S®/Z, and we can paste a Ricci-flat manifold with the
same boundary. The relevant manifold with this property is the zero-size limit of the
Eguchi-Hanson gravitational instanton. This is the simplest of a class of four-dimensional
non-compact hyper-Kéhler manifolds known as Asymptotically Locally Euclidean (ALE)
manifolds. The three-dimensional manifold at infinity has the structure S3/I". T is one of
the simple finite subgroups of SU(2). The SU(2) action on S? is the usual group action
(remember that S® is the group manifold of SU(2)). This action induces an action of the
finite subgroup I'. The finite simple SU(2) subgroups have an A-D-E classification. The A
series corresponds to the Zy subgroups. The Eguchi-Hanson space corresponds to N = 2.
The D-series corresponds to the Dy subgroups of SU(2), which are Zy groups augmented
by an extra Z, element. Finally, the three exceptional cases correspond to the dihedral,
tetrahedral and icosahedral groups. The reader can find more information on the Eguchi-
Hanson space in [[IJ]. This space carries an anti-self dual (1,1) form. Thus, in total, we
will obtain 16 of them. We have eventually obtained the cohomology of the K3 manifold,
which is of course at a singular limit. We can also compute the Euler number. Suppose
we have a manifold M that we divide by the action of an abelian group G of order g; we
excise a set of fixed-points F' and we paste some regular manifold N back. Then the Euler

number is given by

x= ﬁmM) —(F)] + x(V). (12.7.2)
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Here x(T%) = 0, F is 16 fixed-points with x = 1 each, while y = 2 for each Eguchi-Hanson
instanton and we have sixteen of them so that in total x(7"/Z) = 24, which is the Euler
number of K3. The orbifold can be desingularized by moving away from zero instanton
size. This procedure is called a “blow-up” of the orbifold singularities. In the orbifold CFT
description, it corresponds to marginal perturbations by the twist operators, or in string
theory language to changing the expectation values of the scalars that are generated by the
sixteen orbifold twist fields. Note that at the orbifold limit, although the K3 geometry is
singular, the associated string theory is not. There are points in the moduli space though,
where string theory becomes singular. We will return later to the interpretation of such

singularities.

13 Loop corrections to effective couplings in string

theory

So far, we have described ways of obtaining four-dimensional string ground-states with or
without supersymmetry and with various particle contents. Several ground-states have the
correct structure at tree level to describe the supersymmetric Standard Model particles and
interactions. However, to test further agreement with experimental data, loop corrections
should be incorporated. In particular, we know that, at low energy, coupling constants run
with energy due to loop contributions of charged particles. So we need a computational
framework to address similar issues in the context of string theory. We have mentioned
before the relation between a “fundamental theory” (FT) and its associated effective field
theory (EFT), at least at tree level. Now we will have to take loop corrections into account.
In the EFT we will have to add the quantum corrections coming from heavy particle loops.
Then we can calculate with the EF'T where the quantum effects are generated only by the
light states. In order to derive the loop-corrected EFT, we will have, for every given
amplitude of light states, to do a computation in the FT where both light and heavy
states propagate in the loops; we will also have to subtract the same amplitude calculated
in the EFT with only light states propagating in the loops. The difference (known as
threshold correction) is essentially the contribution to a particular process of heavy states

only. We will have to incorporate this into the effective action.

We will look in some more detail at the essential issues of such computations. Start
from a given string theory calculation. We will only deal here with one-loop corrections,
although higher-loop ones can be computed as well. A one-loop amplitude in string theory
will be some integrated correlation function on the torus, which will be modular-invariant
and integrated in the fundamental domain. As we have mentioned before, there are no
UV divergences in string theory and, unlike a similar calculation in field theory, there is

no need for an UV cutoff. Such calculations are done in the first quantized framework,
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which means that we are forced to work on-shell. This means that there will be (physical)
IR divergences, since massless particles on-shell propagate in the loop. Formally, the
amplitude will be infinite. This IR divergence is physical, and the way we deal with it in
field theory is to allow the external momenta to be off-shell. In any case, the IR divergence

will cancel when we subtract the EFT result from the ST result.

There are several methods to deal with the IR divergence in one-loop calculations, each

with its merits and drawbacks.

e The original approach, due to Kaplunovsky [{4], was to compute appropriate two-
point functions of gauge fields on the torus, remove wave function factors that would
make this amplitude vanish (such a two-point function on-shell is required to vanish by
gauge invariance), and regularize the IR divergence by inserting a regularizing factor for
the massless states. This procedure gave the gauge-group-dependent corrections and the
first concrete calculation of the moduli-dependent threshold corrections was done in [A5].
However, modular invariance is broken by such a regularization, and the prescription of

removing vanishing wavefunction factors does not rest on a solid basis.

e Another approach, followed in [f], is to calculate derivatives of threshold corrections
with respect to moduli. Threshold corrections depend on moduli, since the masses of
massive string states do. This procedure is free of IR divergences (the massless states
drop out) and modular-invariant. However, there are still vanishing wavefunction factors
that need to be removed by hand, and this approach cannot calculate moduli-independent

constant contributions to the thresholds.

e In [I7] another approach was described which solved all previous problems. It pro-
vides the rigorous framework to calculate one-loop thresholds. The idea is to curve four-
dimensional spacetime, which provides a physical IR cutoff on the spectrum. This pro-
cedure is IR-finite, modular-invariant, free of ambiguities, and allows the calculation of
thresholds. On the other hand, this IR regularization breaks maximal supersymmetry
(N=4 in heterotic and N=8 in type-II). It preserves, however, any smaller fraction of

supersymmetry. It also becomes messy when applied to higher derivative operators.

The last method is the rigorous method of calculation. We will describe it, in a sub-
sequent section without going into all the details. Since the result in several cases is not
much different from that obtained by the other methods, for simplicity, we will do some

of the calculations using the second method.

We will consider string ground-states that have N> 1 supersymmetry. Although we
know that supersymmetry is broken in the low-energy world, for hierarchy reasons it should
be broken at a low enough scale ~ 1 TeV. If we assume that the superpartners have
masses that are not far away from the supersymmetry breaking scale, their contribution
to thresholds are small. Thus, without loss of generality, we will assume the presence of

unbroken N=1 supersymmetry.
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13.1 Calculation of gauge thresholds

We will first consider N=2 heterotic ground-states with an explicit 72. This will provide
a simple way to calculate derivatives of the correction with respect to the moduli. Af-
terwards, we will derive a general formula for the corrections. Such groundstates have a
geometrical interpretation as a compactification on K3x7T? with a gauge bundle of instan-

ton number 24.

In N=2 ground-states, the complex moduli that belong to vector multiplets are the S
field (1/.S5 is the string coupling), the moduli 7', U of the two-torus and several Wilson lines
W1, which we will keep to zero, so that we have an unbroken non-abelian group. Because
of N=2 supersymmetry, the gauge couplings can depend only on the vector moduli. We
will focus here on the dependence on S,T,U. At tree level, the gauge coupling for the
non-abelian factor G; is given by

Lok s, (13.1.1)
9i ltree  Ystring
where k; is the central element of the right-moving affine GG; algebra, which generates the
gauge group G;. The gauge boson vertex operators are

VE ~ (9XH +i(p - p)yh) J* e X (13.1.2)

In the simplest ground-states, all non-abelian factors have £k = 1. We will keep k arbitrary.

The term in the effective action we would like to calculate is

g, 1 a rauw
/ Aoy P (13.1.3)
where the coupling will depend in general on the vector moduli. Therefore we must
calculate a three-point amplitude on the torus, with two gauge fields and one modulus.
We must also be in the even spin-structures. The odd spin-structure gives a contribution
proportional to the e-tensor and is thus a contribution to the renormalization of the 6
angle. The term that is quadratic in momenta will give us the derivative with respect to
the appropriate modulus of the correction to the gauge coupling. The vertex operators for

the torus moduli 7', U are given by
Vi s = (0X" +i(p - )y") X7 e® . (13.1.4)

modulus

So we must calculate
oo = V51, DV (2, 0)V g (02: 0)
~ 8%py - pa™ — phps) FT(T,U) + O(p") (13.1.5)

where p; + ps + p3 = 0, p? = 0. Because of supersymmetry, in order to get a non-zero

result we will have to contract the 4 ¢* fermions in ([3.1.3), which gives us two powers of
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momenta. Therefore, to quadratic order, we can set the vertex operators e”* to 1. The

only non-zero contribution to F!” is

L: /’ = [ Pw () (7)) X 0X(0). (13.1.6

The normalized fermionic two-point function on the torus for an even spin-structure is

given by the Szego kernel
a a 1
SBI) = WO = ooy =~ + - (13.1.7)
It satisfies the following identity:

S2[7](2) = P(2) + 4mid, log 97[;(]5? , (13.1.8)

so that all the spin-structure dependence is in the z-independent second term. We will
have to weight this correlator with the partition function. Since the first term is spin-
structure independent it will not contribute for ground-states with N> 1 supersymmetry,
where the partition function vanishes. For the N=2 ground-states described earlier, the

spin-structure sum of the square of the fermion correlator can be evaluated directly:

e e

(WEO)) = 5 > (=1 S 573 (=)
(a,b)£(1,1) m
= An® n? IhIgl0hT] (13.1.9)
where we have used ([A.T1]) and the Jacobi identity ([A.21]).
The two-point function of the currents is also simple:
Ta(3\ Tb kéab 22 q (= a 71b
(FEIO) = S 0gdy(2) + Tel g )
Eo_ _

= 5ab (4—71_202 lOg ’191(2) + TT[Q2]> s (13110)

where Tr[@Q?] stands for the conventionally normalized trace into the whole string spectrum
of the quadratic Casimir of the group G. This can be easily computed by picking a single
Cartan generator squared and performing the trace. In terms of the affine characters x g(v;)
this trace is
92 Xr(v;)/(2mi)?|y,=0. This is the normalization for the quadratic Casimir standard in field
theory, which for a representation R is defined as
Tr[TeT?) = I,(R)§%, where T® are the matrices in the R representation. The field the-
ory normalization corresponds to picking the squared length of the highest root to be 1.
For the fundamental of SU(N) this implies the value 1 for the Casimir. Also the spin j
representation of SU(2) gives 25(7 + 1)(25 +1)/3.
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Finally, (0X7(0)0X”(0)) gets contributions from zero modes only, and it can be easily

calculated, using the results of section [.1], to be

vdetG

(0X7(0)0X7(0)) = (\/7_,27777)2 Z m! +n'r)(m? +n'7) x
X exp [—W(GKL;L BKL)(mK+nKT)(mL —I—nLT)] : (13.1.11)

A convenient basis for the 7% moduli is given by ([-3.9). In this basis we have

Vi, = vy (T3)0X' X7, (13.1.12)
i (1 U T, (1 U
1 VA 2
T =——1|_ U)=—=|_- _— 13.1.13
o) =51 (U W) )= (U Uz) , (13.113)
v(T) =v(T), v(U) = v(U). Then
T2 1Py
)= ——0n—— - 13.1.14

Using (A-34) we obtain for the one-loop correction to the gauge coupling in the N=2
ground-state

i 1672
oT;  g?

0 d’TTQFQQ
T, Jr 3 it

Trint l(—l)F <Q§— i )1 + constant . (13.1.15)

1—loop 47TT2

The internal theory consists of the (4,20) part of the original theory, which carries N=4
superconformal invariance on the left. The derivative with respect to the moduli kills the

IR divergence due to the massless states.

For the remainder of this section, we will be cavalier about IR divergences and vanishing
wavefunctions. This will be dealt with rigorously in the next section. For a general string
ground-state (with or without supersymmetry), we can parametrize its partition function
as in ([G.9), where we have separated the bosonic and fermionic contributions coming from
the non-compact four-dimensional part. In particular, the ¥-function carries the helicity-
dependent contributions due to the fermions. What we are now computing is the two-point
amplitude of two gauge bosons at one loop. When there is no supersymmetry, the 0.X
factors of the vertex operators contribute (9, X ()X (0))?, where we have to use the torus

propagator for the non-compact bosons:

(X(2,2)X(0)) = —log |¥1(2)]* + QWImZ (13.1.16)
T2
In this case the z-integral we will have to perform is
d*z k- _
[ S5 S1E) — (X0X)?) (500108 01(2) + TH[Q?] ) =
To 472
= 47i0, log ok (Tr[Q2] — i) (13.1.17)
i ATy
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O O,

Figure 16: a) One-loop gauge coupling correction due to charged particles. b) Universal

one-loop correction.

where we have used ([3:1.§), (A333) and (A33). The total threshold correction is, using
(G3)

1672

97

Zy =

:471r2/fd7 1 S drio, < H) Tring lQ%—;ﬂ ¢, (13.1.18)

1—loop T 7] 77 even 2

where the trace is taken in the [¢] sector of the internal CFT. Note that the integrand is
modular-invariant. This result is general. The measure [, %T will give an IR divergence
as 7, — 0o coming from constant parts of the integrand. The constant part precisely
corresponds to the contributions of the massless states. The derivative on the ¥-function
gives a factor proportional to s — 1/12, where s is the helicity of a massless state. The
k /Ty factor accompanying the group trace gives an IR-finite part. Thus, the IR-~divergent

contribution to the one-loop result is

1672

g3

IR 2
_ (4T Str Q7 <i —32) : (13.1.19)

1—loop F T 12

where Str stands for the supertrace.

Inserting by hand a regularizing factor e~1*™ we obtain
IR

1672

93

= by log(p*a’) + finite, (13.1.20)

1—loop

where b; is the conventional one-loop (-function coefficient

— Str Q2 (E—s)

We will try to better understand the origin of the various terms in ({l §). The term

(13.1.21)

massless

proportional to Tr[Q?] comes from conventional diagrams where the two external gauge

bosons are coupled to a loop of charged particles (Fig. [[Ga).

The second term proportional to k seems bizarre, since all particles contribute to it,
charged or not. This is a stringy correction to the gauge couplings due to the presence of

the gravitational sector. There is no analog of it in field theory. Roughly speaking this
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term would arise from diagrams like the one shown in Fig. [[@b. Two external gauge bosons
couple to the dilaton (remember that there is a tree-level universal coupling of the dilaton
to all gauge bosons) and then the dilaton couples to a loop of any string state (the dilaton
coupling is universal). One may object that this diagram, being one-particle-reducible,
should not be included as a correction to the coupling constants. Moreover, it seems to
imply that there is a non-zero dilaton tadpole at one loop (Fig. [[7]). When at least N=1
supersymmetry is unbroken, we can show that the dilaton tadpole in Fig. [7] is zero.
However, the diagram in Fig. [[Gb still contributes owing to a delicate cancelation of the
zero from the tadpole and the infinity coming from the dilaton propagator on-shell. This
type of term is due to a modular-invariant regularization, of the world-sheet short-distance
singularity present when two vertex operators collide. We will see in the next section that
these terms arise in a background field calculation due to the gravitational back-reaction
to background gauge fields. It is important to notice that such terms are truly universal,
in the sense that they are independent of the gauge group in question. Their presence is

essential for modular invariance.

There is an analogous diagram contributing to the one-loop renormalization of the 6-
angles. At tree-level, there is a (universal) coupling of the antisymmetric tensor to two
gauge fields due to the presence of Chern-Simons terms. This gives rise to a parity-odd
contribution like the one in Fig. [[Gb, where now the intermediate state is the antisymmetric

tensor.

It was obvious from the previous calculation that the universal terms came as contact
terms from the singular part of the correlator of affine currents. In open string theory, the
gauge symmetry is not realized by a current algebra on the world-sheet, but by charges
(Chan-Paton) factors attached to the end-points of the open string. Thus, one would
think that such universal contributions are absent. However, even in the open string case,
such terms appear in an indirect way, since the Planck scale has a non-trivial correction

at one-loop for N < 2 supersymmetry, unlike the heterotic case [[g.

We will show here that there are no corrections, at one loop, to the Planck mass in
heterotic ground-states with N > 1 supersymmetry. The vertex operator for the graviton
is

Viray = €, (0X* +ip - ") 0 X" . (13.1.22)
We have to calculate the two-point function on the torus and keep the O(p?) piece. On

the supersymmetric side only the fermions contribute and produce a z-independent con-

tribution. On the right, we obtain a correlator of scalars, which has to be integrated over
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Figure 17: One-loop dilaton tadpole

the torus The result is proportional to

/@<X03X> = /@ <a§ log 94 (2) + 1) =0. (13.1.23)
T2 T2 T2

In the presence of at least N=1 supersymmetry there is no one-loop renormalization
of the Planck mass in the heterotic string. Similarly it can be shown that there are no
wavefunction renormalizations for the other universal fields, namely the antisymmetric
tensor and the dilaton.

13.2 On-shell infrared regularization

As mentioned in the previous section, the one-loop corrections to the effective coupling
constants are calculated on-shell and are IR-divergent. Also, for comparison with low-
energy data, the moduli-independent piece is also essential. In this section we will provide
a framework for this calculation.

Any four-dimensional heterotic string ground-state is described by a world-sheet CFT,
which is a product of a flat non-compact CFT describing
Minkowski space with (¢,¢é) = (6,4) and an internal compact CFT with (¢, ¢) = (9, 22).
Both must have N=1 superconformal invariance on the left, necessary for the decoupling
of ghosts.

To regulate the IR divergence on-shell, we will modify the four-dimensional part. We
will consider the theory in a background with non-trivial four-dimensional curvature and
other fields B,,, ® so that the string spectrum acquires a mass gap. Thus, all states are
massive on-shell and there will be no IR divergences. The curved background must satisfy
the exact string equations of motion. Consequently, it should correspond to an exact CFT.

We will require the following properties:

e The string spectrum must have a mass gap p?. In particular, chiral fermions should

be regularized consistently.

22Strictly speaking the amplitude is zero on-shell but we can remove the wave-function factors. A
rigorous way to calculate it, is by calculating the four-point amplitude of gravitons, and extract the O(p?)
piece.
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e We should be able to take the limit y? — 0.
e It should have (¢, ¢) = (6,4) so that we will not have to modify the internal CFT.

e It should preserve as many spacetime supersymmetries of the original theory as

possible.

e We should be able to calculate the regularized quantities relevant for the effective
field theory.

e The theory should be modular-invariant (which guarantees the absence of anomalies).

e Such a regularization should be possible also at the effective field theory level. In
this way, calculations in the fundamental theory can be matched without any ambiguity
to those of the effective field theory.

There are several CFTs with the properties required above. It can be shown that
the thresholds will not depend on which we choose. We will pick a simple one, which
corresponds to the SO(3)y WZW model times a free boson with background charge. The
background fields corresponding to this CFT are:

N
ds* = Gdatda” = (dX°)* + — (da® + B + dy? + 2sin(8/ V') dady) ,  (13.2.1)

where the Euler angles take values 3 € [0, vVa/7], a, 7 € [0,2v/a/x]. Thus, the three-space
is almost a sphere of radius squared equal to N. For unitarity, N must be a positive even
integer.
N X!
B, dX" NdXY = —cos(B/Vo!) dandy , D= . 13.2.2
The linear dilaton implies that the scalar X has a background charge Q* = 1/(N+2). We

will also work in Euclidean space. The spectrum of operators in the X° part of the CFT

with background charge is given by A = E?+ /4a’(N+2)-+integers, where E is a continuous
variable, the “energy”. In the SO(3) theory the conformal weights are j(j+1)/a/(N +2)+
integers. The ratio j(j + 1)/a/(N + 2) plays the role of p? of flat space. So

1 1 (G +1)
Ly=—— + E? o 13.2.3
T T T Tl TNt T ( )

All the states now have masses shifted by a mass gap u?

M?2 . 1
2 string
= — Mtrine = —— . 13.2.4
B ooy o e = D ( )

Taking N — oo, 1 — 0, we recover the flat space theory. Moreover, this CF'T preserves the
original supersymmetries up to N=2. The partition function of the new CFT is known,
and after some manipulations we can write the partition function of the IR-regularized

theory as
Z(p) = D1t/ Mseing) Z(0), (13.2.5)
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where Z(0) is the original partition function and

D/ Miaies) = AT aelple) = plo/D]]
p(z) = Vz Y exp [—%|m+n7|2 : (13.2.6)

m,nez

Here, I'(pt/ Msring, 7) is modular-invariant and I'(0) = 1.

The background we have employed has another interesting interpretation. It is a neutral
heterotic five-brane of charge N and zero size [[[9]. The background fields are those of an

axion-dilaton instanton.

We will now need to turn on background gauge fields and compute the one-loop ampli-
tude as a function of these background fields. The quadratic part will provide the one-loop
correction to the gauge coupling constants. The perturbation of the theory that turns on
gauge fields is

51 = / a2 (AL(X)OX™ + Fogt) J*. (13.2.7)

In this background, there is such a class of perturbations, which are an exact solution of

the string equations of motion:
5T = / a2 B (P +i'y?) J*, (13.2.8)

where J?3 is the current belonging to the SO(3) current algebra of the WZW model and *,
1 =1,2,3, are the associated free fermions. It turns out that for this choice, the one-loop
free energy can be computed exactly as a function of B®. I will spare you the details of
the calculation, which can by found in [f7q]. Going through the procedure described above,
we finally obtain the expression ([3.1.1§), but with a factor of I'(jt/Mgying) inserted into
the modular integral, which renders this expression IR-finite. We will denote the one-
loop regularized result as Z2 (11/Miying). So, to one-loop order, the gauge coupling can be

written as the sum of the tree-level and one-loop result

1672
kr—— + Z3 (1) Mstring) » (13.2.9)

string
where ggring 1 the string coupling.

In order to evaluate the thresholds, we must perform a similar calculation in the EFT
and subtract the string from the EFT result. The EFT result (with the same IR regulator)

can be obtained from the string result by the following operations:
e Do the trace on the massless sector only.

e Only the momentum modes contribute to the regularizing function I'(pt/Mying). We
will denote this piece by I'epr(1t/Mstring)-
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e The EFT result is UV-divergent. We will have to regularize separately this UV
divergence. We will use dimensional regularization in the DR scheme. With these changes,

the field theory result for the tree-level and one-loop contributions reads

F t 13.2.1
BT <\/7Mstr1ng ) ( 3 0)

The extra factor of /7 comes in since ¢ = 77, and we chose Mgying as the EFT renor-

1672

g I bare

dt

+ by (47 /0 -

malization scale. In the DR scheme the relation between the bare and running coupling
constant is

1672 167> o dt
— = —b1(47r)5/ et/ (13.2.11)
9T bare g[(:u) 0o te

Putting ([3.:2.11)) into ([3.2.10) and identifying the result with ([3.2.9), we obtain

1672 1672
= kr—— + Z3 (1) Mygring) — br(27 + 2), (13.2.12)
g%(ﬂ) DR gs2tr1ng ? e
where v = 0.577 ... is the Euler-Mascheroni constant. We can separate the IR piece from
ZI using
&2r M2, 274 < " )
“Tp Mirin log —=™8 + 1o , 13.2.13
/-7'— T2 (M/ ' g> & ,uz & vaT \/_ strlng ( )

in order to rewrite the effective running coupling in the limit 4 — 0 as

167> 167> MZ,; 2e! ™
= ]{,‘I —l—b[ lOg srlng +b] log +A], (13214)
g% (/"L) DR ggtrlng :U“ ™V 27

Ar

>~ (—]> Tint [Q; pr— ] i —bI] . (13.2.15)

F T l|77|4 ovon
This is the desired result, which produces the string corrections to the EFT running cou-
pling in the DR scheme. We will call A; the string threshold correction to the associated
gauge coupling. It is IR-finite for generic values of the moduli. However, as we will see
below, at special values of the moduli, extra states can become massless. If such states
are charged, then there will be an additional IR divergence in the string threshold, which
will modify the S-function.

13.3 Gravitational thresholds

We have seen above that the two-derivative terms in the effective action concerning the
universal sector (G, B, ®) do not receive corrections in supersymmetric ground-states.
However, there are higher derivative terms that do. A specific example is the R? term
and its parity-odd counterpart R A R (four derivatives) whose one-loop (-function is the
conformal anomaly in four dimensions. In theories without supersymmetry, the corrections

to these terms are unrelated. In theories with supersymmetry the two couplings are related
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by supersymmetry. The one-loop correction to R? can be obtained from the O(p*) part
of the one-loop two-graviton amplitude, summed over the even spin-structures. The odd
spin-structure will give the renormalization of R A R. Going through the same steps as

above we obtain (assuming N > 1 supersymmetry)

9\ B,
— b 2 ~intra)
Agm—/F - Z ( ) TR bgm] : (13.3.1)

|n|4 even
where the modular form B, is defined in (F9). The R?* and R A R run logarithmically

in four dimensions, and the coefficient of the logarithmic term 90bg,, is the conformal
7

anomaly. A scalar contributes 1 to the conformal anomaly, a Weyl fermion 7, a vector
—13, a gravitino —%, an antisymmetric tensor 91, and a graviton 212. Again Ay, is

IR-finite, since we have subtracted the contribution of the massless states bgyay.

13.4 Anomalous U(1)’s

It turns out that some N=1 ground-states contain U(1) gauge fields that are “anomalous”.
We have seen this already in our earlier discussion on compactifications of the heterotic
string. The term “anomalous” indicates that the sum of U(1) charges of all massless
states charged under the U(1) is not zero.?® In a standard field theory, this would imply
the existence of a mixed (gauge-gravitational) anomaly in the theory. However, in string
theory things work a bit differently.

In the presence of an “anomalous” U(1), under a gauge transformation the effec-
tive action is not invariant. There is a one-loop term (gauge anomaly) proportional to
(X: ¢ )F A F. For the theory to be gauge-invariant there should be some other term in the
effective action that cancels the anomalous variation. Such a term is (32, ¢')B A F. You
remember from the chapter on anomaly cancelation that B has an anomalous transforma-
tion law under gauge transformations, 0 B = €F. This gives precisely the term we need
to cancel the one-loop gauge anomaly. There is another way to argue on the existence
of this term. In 10-d there was an anomaly canceling term of the form B A F*. Upon
compactifying to four dimensions, this will give rise to a term B A F' with proportionality
factor [ FF A F A F computed in the internal theory. The coefficient of such a term at
one loop can be computed directly. The torus one-point function of the associated world-
sheet current, being proportional to the charge trace, is non-zero. Moreover the coupling
is parity-violating so it will come from the odd spin-structure. Consider the two-point
function of an antisymmetric tensor and the “anomalous” U(1) gauge boson in the odd
spin-structure of the torus. In this case, one of the vertex operators must be put in the

zero picture and an insertion of the zero mode of the supercurrent is needed:

_ 1 2 8%z orH ; M YXVetr1X
<U(l) - €uuep/7_—2<( €T +Zp1'7vb¢ ) € ’ZX

23 Also the higher odd traces of the charge are non-zero.
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X ¢Pjeip2-X’0fdw(¢aaXa + Gint)

). (13.4.1)

If N> 2 there are more than four fermion zero modes and the amplitude vanishes. For
N=1 there are exactly four zero modes, and we will have to use the four fermions in order
to obtain a non-zero answer. This produces an e-tensor. The leading (in momentum)
non-zero piece is

Cuay = e}weie““p” “OX70XY (2))(J) + O(p?). (13.4.2)

The integral over the scalar propagator produces a constant. Putting everything together

we obtain 2
T
@UN/———m¢1VQh, (13.4.3)

where the trace is taken in the R sector of the internal CF'T. The odd spin-structure
projects on the internal elliptic genus, which is antiholomorphic. Thus, the full integrand is
anti-holomorphic, modular-invariant and has no pole at infinity (the tachyon is chargeless).
Such a function is a constant and it can be found by looking at the limit 7, — oo, where
only massless states contribute. This constant is the sum of the U(1) charges of the

massless states:

oy~ Y. 4. (13.4.4)

i,massless
It is easy to see that an “anomalous” U(1) symmetry is spontaneously broken. Consider
the relevant part of the EFT in the Einstein frame:
1
Sz/V@Mﬂ-ﬁfwﬁwHWH{BAF; (13.4.5)
dualizing the B to a pseudo-scalar axion field a we obtain

S = /vdetG e**(Dua + CAL)?. (13.4.6)

Consequently, the gauge field acquires a mass ~ ¢ Mying. There is also a Fayet-Iliopoulos
D-term generated, that produces a potential for the dilaton and the scalars charged under
the anomalous U(1). The coefficient of this term can be calculated using the (auxiliary)
vertex for a D-term [B{], JJ, where J is the internal U(1) current of the N=2 supercon-

formal algebra and J is the U(1) world-sheet current of the anomalous U(1).

Exercise Calculate the one-point function of JJ on the torus and show that the
result is again given by ([3.4.3).

The generated potential is of the form
2
Vi ~ Ce? <6_¢ + Zqihi|ci|2> , (13.4.7)

171



where ¢; are massless scalars with charge ¢; under the anomalous U(1) with helicity h;.

13.5 N=1,2 examples of threshold corrections

We will examine here some sample evaluations of the one-loop threshold corrections de-
scribed in the previous sections. Consider the N=2 heterotic ground-state described
in section [[2.4. The partition function was given in ([2.4.1§). The gauge group is
EsxE;xSU(2)xU(1)? (apart from the graviphoton and the vector partner of the dila-
ton). From ([3I:2])) we find that, up to the group trace, a vector multiplet contributes
—1 and a hypermultiplet 1 to the g-function.

First we will compute the sum over the fermionic ¥-functions appearing in ([3.2.19).

951\ AOEEIEL Zul)
77) 773 |77|4 _415[%13]@[%:3]’ (13.5.1)

11
2m 2

(_1)a+b+ab ar (

even

for (h,g) # (0,0) and gives zero for (h, g) = (0,0).
We will also compute the group trace for Eg. The level is £ = 1 and the Eg affine

character is . . -
1 iz1 V5] (vi)

Xo*(vi) =5 2 (13.5.2)
a,b=0 n
Then
L ! Yo® (v;) 1(EE Es), (13.5.3)
—— 0 — v; — 5.
(2mi)2 " Awmy Xo — RV 0

which gives the correct value for the Casimir of the adjoint of Eg, namely 60. Using also

1 IG5, 1Es
5 =22 (13.5.4)
(h,9) g/Z 0) abZO HIZWH—Z] 4 776

and putting everything together, we obtain by, = —60 and

@7 | 1 E,EEe— B
Ag :/ er [——PMMMOI . (13.5.5)
F U]

8 Ty

Exercise Calculate the threshold for the E; group. The E; group trace is given by

1 1 111 9B GG
TrQs. — —} = 0% — - AR 13.5.6
I"QE7 4779 |:(27T7;)2 Y 47T7'2‘| 2 GZJ) T_] o ( )
Show that the f-function coefficient is 84 (I5(133) = 36, I5(56) = 12) and
d2’7' 1 E2E4E6 E
Ag, = / — | —=Iy———— — 84 13.5.
E7 F T |: 12 2,2 17]24 8 ( 3.5 7)
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Show also that bgy2)=84.

The difference between the two thresholds has a simpler form:

d2
Ap, — Ap, = —144A . A= | 01y, —1). (13.5.8)
F T2
The integral can be computed [[IJ] with the result
A = —log [4m*T3Us|n(T)n(u) ||| . (13.5.9)

As we will show in the next section, ([3.5.§) written as A; — A; = (b; — b;)A applies to
all K3xT? ground-states of the heterotic string. Taking the large volume limit 75 — oo
in ([3.5.9) we obtain

lim A = ng +O(logTy) . (13.5.10)

To—00
In the decompactification limit, the difference of gauge thresholds behaves as the volume of
the two-torus. A similar result applies to the individual thresholds. This can be understood

from the fact that a six-dimensional gauge coupling scales as [length].

Consider now the N=1 Z, x Z, orbifold ground-state with gauge group EgxEgxU(1)xU(1)’.
The partition function depends on the moduli (7}, U;) of the 3 two-tori (“planes”). In terms
of the orbifold projection there are three types of sectors:

e N=4 sectors. They correspond to (h;,¢;) = (0,0) and have N = 4 supersymmetry

structure. They give no correction to the gauge couplings.

e N=2 sectors. They correspond to one plane being untwisted while the other two are
twisted. There are three of them and they have an N=2 structure. For this reason their

contribution to the thresholds is similar to the ones we described above.

e N=1 sectors. They correspond to all planes being twisted. Such sectors do not
depend on the untwisted moduli (7}, U;), but they may depend on twisted moduli.

The structure above is generic in N=1 orbifold ground-states of the heterotic string.

In our example, the N=1 sectors do not contribute to the thresholds, so we can directly
write down the the Eg and Eg threshold corrections as

d27_ [ 1 3 E2E4E6 — E2 3
AN=t = [ | Ny (T, U /26 4 =60 13.5.11
Es F T 12 ; 2,2( ) ) ’7]24 + 2 ) ( )
AN=1 _ @ 1 ip (T, U)E2E4E6 — B} 384 (13.5.12)
B T Jr o | 125700 72 2 h

The extra factor 3/2 in the g-function coefficient comes as follows. There is a 1/2 because

of the extra Zy orbifold projection relative to the Z; N=2 orbifold ground-state and a
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factor of 3 due to the three planes contributing. This is what we would expect from the
massless spectrum. Remember that there are no scalar multiplets charged under the Eg.
So the Eg S-function comes solely from the N=1 vector multiplet and using ([3:1:2]]) we
can verify that it is 3/2 times that of an N=2 vector multiplet.

The structure we have seen in the Zy x Zy orbifold ground-state generalizes to more
complicated N=1 orbifolds. It is always true that the untwisted moduli dependence of the

threshold corrections comes only from the N=2 sectors.

We will also analyze here thresholds in N=2 ground-states where N=4 supersymmetry
is spontaneously broken to N=2. We will pick a simple ground-state described in section
[2:4. It is the usual Z, orbifold acting on 7% and one of the Eg factors, but it is also
accompanied by a Z, lattice shift X! — X' 4+ 7 in one of the coordinates of the left
over two-torus. This is a freely-acting orbifold and we have two massive gravitini in the
spectrum. The geometrical interpretation is that of a compactification on a manifold that

is locally of the form K3xT? but not globally. Its partition function is
11 Tayfg] T, 1 & IG5, 1000

ZN=4—N=2 = e ——Z(4.4 = —
2,52, Wt P il 5 7%::0 n
1 1 192 a 19 a+h 19 a—h
w Z (_1)a+b+ab [b] [b+j] [b—g] 7 (13513>
2 a,b=0 n

where I'y 5 [Z] are the translated torus blocks described in Appendix B. In particular there
is a Z3 phase (—1) ™ in the lattice sum and n; is shifted to ny + h/2.

Exercise Show that the gauge group of this ground-state is the same as the usual Z,
orbifold, namely EgxE;xSU(2) xU(1)?. Show that there are also four neutral massless
hypermultiplets and one transforming as [2,56]. Confirm that there are no massless states
coming from the twisted sector. Use ([[.3.10) to show that the mass of the two massive

gravitini is given by

, _ |UP
M = i (13.5.14)
Show that the [-functions here are:
bgs = —60 , bg, = —12 | bgyp) = 52. (13.5.15)

After a straightforward evaluation [6J] we obtain that the thresholds can be written as

A =biA+ <b—31 - bI> §— kY, (13.5.16)
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where by are the ( functions of this ground-state, while b; are those of the standard Zs

orbifold (without the torus translation). Moreover

2
ng = —log | = [0u(T)[*|192(U)|* ToUs | (13.5.17)
F 7'2 4
_ hy=rh
5= /f - hz;rm[g]a[g], (13.5.18)
1 E2 _ _
- 7_2 ZFQQ —2 o1 [g] +p[2] —|—400'[Z]] s (13519)
where .
QN = §E419§193(19§ +4971), (13.5.20)
and its modular transforms
N 1912[ ]
[g] - 4 7712 ) (13521)
plil=f1—2) , pll=f(z) . ph]=flz/(z-1)), (13.5.22)
with z = 93 /9% and
_ 2 _ 40,3 4
flz) = 4(8 — 49z + 662* — 49z° + 8z*) ‘ (13.5.23)

3z(1 — x)?

We would be interested in the behavior of the above thresholds, in the limit in which
N=4 supersymmetry is restored: ms,, — 0 or T — oo. From ([3.5.17), A — —log[T5] +
. while the other contributions vanish in this limit. This is different from the large
volume behaviour of the standard Z, thresholds ([3.5.5), which we have shown to diverge
linearly with the volume 7,. The difference of behavior can be traced to the enhanced
supersymmetry in the second example. There are two parts of the spectrum of the second
ground-state: states with masses below mg/,, which have effective N=2 supersymmetry
and contribute logarithmically to the thresholds, and states with masses above mg/,, which
have effective N=4 supersymmetry and do not contribute. When we lower my,,, if there are
always charged states below it, they will give a logarithmic divergence. This is precisely
the case here. We could have turned on Wilson lines in such a way that there are no
charged states below mg/, as mg/, — 0. In such a case the thresholds will vanish in the

limit.

13.6 N=2 universality of thresholds

For ground-states with N=2 supersymmetry the threshold corrections have some univer-
sality properties. We will demonstrate this in ground-states that come from N=1 six-
dimensional theories compactified further to four dimensions on T2. First we observe that

the derivative of the helicity ¥-function that appears in the threshold formula essentially
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computes the supertrace of the helicity squared. Only short N=2 multiplets contribute to
the supertrace and consequently to the thresholds (see Appendix D). This projects on the
elliptic genus of the internal CFT, which was defined in section .I3. Thus, the gauge and

gravitational thresholds can be written as

d*r Py kr \ -
Ar= /f7-—2 lnm (TI[QI] T, Q=10 , (13.6.1)
d27' F22E2
Agrav = /77—2 Wﬁﬁ Dgray | - (13.6.2)

The function € is constrained by modular invariance to be a weight-ten modular form,

without singularities inside the fundamental domain. This is unique up to a constant
O =¢E,E. (13.6.3)

Consider further the integrand of A; — k;Ag,, (without the by and bgay). We find that
it is antiholomorphic with at most a single pole at 7 = 700; thus, it must be of the form
Arj + By, where Aj, By are constants and j is the modular-invariant function defined in
(FI0). Consequently, the thresholds can be written as [5]]

d? k E ELE,
AIZ/—T I L S+ Afj+ By | = b (13.6.4)
F To 12 7]2
Pr | BBy By
—_— — 13.6.
grav f F T 22 1217]24 bgrav ( 3.6 5)

We can now fix the constants as follows. In the gauge threshold, there should be no 1/¢
pole (the tachyon is not charged), which gives

¢k
A= -2 13.6.
1= (13.6.6)

Also the constant term is the S-function, which implies
744AI+BI —b[—l—k‘l bgrav - 0, (1367)

with bgray = —22¢ from ([3.6.3). Finally by, can be computed from the massless spectrum.

Using the results of the previous section we find that

22 — N, N
bgrav == 1‘; R y (1368)

where Ny is the number of massless vector multiplets (excluding the graviphoton and the

vector partner of the dilaton) and Ny is the number of massless hypermultiplets.

Moreover 6-d gravitational anomaly cancelation implies that N&=6 — N&=6 — 29 N4=6 —

273 where N{/7] are the number of six-dimensional vector and hypermultiplets while N{=
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Figure 18: Plots of the universal thresholds Y (R, Ry) as a function of Ry for Ry = 1,2,3, 4.

is the number of six-dimensional tensor multiplets. For perturbative heterotic ground-
states N4=¢ = 1 and we obtain N&6 — N&6 = 244, Upon toroidal compactification to
four dimensions we obtain an extra 2 vector multiplets (from the supergravity multiplet).
Thus, in four dimensions, Ny — Ny = 242 and from ([[3.6.§) we obtain by, = 22, { = —1
for all such ground-states. The thresholds are now completely fixed in terms of the (-

functions of massless states:

Ar=b A=k Y, (13.6.9)
with
A = /dz—T[F (T,U) —1]
- F T 2,2 )
= —log(4m*In(T)|*n(U)|* ImT ImU) , (13.6.10)
]. d2’7' E2E4 6 _
Y= — | == Tys(T —7+1 13.6.11
12 7 272( ,U) ’/_]24 j+ 008 y (36 )
and .
d27_ E2E4E6
Am:—/—r Zalae ool 13.6.12
& F Ty 2712 724 (13.6.12)

As can be seen from ([3.2.14), the universal term Y can be absorbed into a redefinition
of the tree-level string coupling. We can then write
16 72 16 72 M?

=k +brlog == + Ay, 13.6.13
B P o2 ( )
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where we have defined a “renormalized” string coupling by

921; i

2 string

Yrenorm — : (13614)
- 16Y7T2 gs2tring

Of course, such a coupling is meaningful, provided it appears as the natural expansion
parameter in several amplitudes that are relevant for the low-energy string physics. In
general, this might not be the case as a consequence of some arbitrariness in the de-
composition ([[3.6.9), which is not valid in general. Examples of this kind arise in N=1
ground-states as well as in certain more general N=2 ground-states. It is important to keep
in mind that this “renormalized” string coupling is defined here in a moduli-dependent way.
This moduli dependence affects the string unification [f7]. Indeed, as we will see in the
sequel, when proper unification of the couplings appears, namely when A; can be written
as brA, their common value at the unification scale iS ¢renorm, Which therefore plays the
role of a phenomenologically relevant parameter. Moreover, the unification scale turns
out to be proportional to M. The latter can be expressed in terms of the “low-energy”

parameters grenorm and Mp, by using the fact that the Planck mass is not renormalized:

M renorm
Maing = L9 . (13.6.15)

tring —
Yy 2
\/1 _'_ 16 72 grenorm

How much Y, which is moduli-dependent, can affect the running of the gauge couplings

can be seen from its numerical evaluation. We take T' = iR1 Ry and U = iR;/R», which
corresponds to two orthogonal circles of radii R 2. The values of Y are plotted as functions
of Ry in Fig. [[§.

13.7 Unification

Conventional unification of gauge interactions in a Grand Unified Theory (GUT) works by
embedding the low-energy gauge group into a simple unified group G, which at tree level
gives the following relation between the unified gauge coupling gy of G and the low-energy
gauge couplings
1 o k T
9 9
where k; are group theory coefficients that describe the embedding of the low-energy gauge

(13.7.1)

group into G. Taking into account the one-loop running of couplings this relation becomes,
in the DR scheme:

1672 1672 M?2
=k +blog 2. 13.7.2
gl gy T (13.7.2)

In string theory, the high-energy gauge group need not be simple. We have seen that
(I3.7.1)) is valid without this hypothesis, where now the interpretation of k; is different.
kr here are the levels of the associated current algebras responsible for the gauge group.

Moreover, in string theory we have unification of gravitational and Yukawa interactions as
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well. We will further study the string running of gauge couplings given in ([3.2.14). We
would like to express it in terms of a measurable mass scale such as the Planck mass, which
is given in ([3:6.19). We will assume for simplicity the case of N=2 thresholds ([3:6.9).
We obtain a formula similar to ([[3.7.2) with

9gu = YGrenorm = gﬂ:%gy 5 (1373)
1 - 25
21 2e1 g
2 Ang2 2 Agr2 U
U 71_\/2_7 Pgstrmg 71_\/2_7 P i g%]Y ( )
1672

Both the “unified” coupling and “unification mass” are functions of the moduli. More-
over, they depend not only on the gauge-dependent threshold A but also on the gauge

independent-correction Y.

The analysis of the running of couplings in more realistic string ground-states is sum-

marized in [I4 where we refer the reader for a more detailed account.

14 Non-perturbative string dualities: a foreword

In this chapter we will give a brief guide to some recent developments towards understand-
ing the non-perturbative aspects of string theories. This was developed in parallel with
similar progress in the context of supersymmetric field theories [53, p4]. We will not discuss
here the field theory case. The interested reader may consult several comprehensive review
articles [B3, pd]. We would like to point out however that the field theory non-perturbative
dynamics is naturally understood in the context of string theory and there was important

cross-fertilization between the two disciplines.

We have seen that in ten dimensions there are five distinct, consistent supersymmetric
string theories, type-ITA B, heterotic (O(32),EgxEsg) and the unoriented O(32) type-I the-
ory that contains also open strings. The two type-II theories have N=2 supersymmetry
while the others have only N=1. An important question we would like to address is: Are

these strings theories different or they are just different aspects of the same theory?

In fact, by compactifying one dimension on a circle we can show that we can connect the
two heterotic theories as well as the two type-II theories. This is schematically represented
with the broken arrows in Fig. [[9.

We will first show how the heterotic O(32) and Egx Eg theories are connected in D = 9.
Upon compactification on a circle of radius R we can also turn on 16 Wilson lines according
to our discussion in section [[2.]. The partition function of the O(32) heterotic theory then
can be written as

1 Tim(R Y 1 < A
ZO(_32) _ _ 1,17 - ) - -1 a-+b+ab b ’ 14.1
D= ()T T 2 a,%zjo - 0t (14.1)
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Figure 19: The web of duality symmetries between string theories. Broken lines correspond
to perturbative duality connections. Type-IIB in ten dimensions is supposed to be self-dual
under SL(2,Z).

where the lattice sum I'y 17 was given explicitly in (B.3). We will focus on some special
values for the Wilson lines Y/, namely we will take eight of them to be zero and the
other eight to be 1/2. Then the lattice sum (in Lagrangian representation (B.])) can be

rewritten as

F1717(R R Z exp [——|m -+ Tn‘2] Z 198 198 gj_—:;
mnez
1 ! 1 981a+h
=5 2 DGR 53 7 ), (142
a,b

where Flvl[Z] are the Z, translation blocks of the circle partition function

(m+g)+7(n+g)

Fll(R)[ =R > exp [—W—R2 ] (14.3)

m,nez 72
== Z 1) exp { u |m—|—7‘n|2} . (14.4)
mnEZ R2

In the R — oo limit, ([4-33) implies that (h,g) = (0,0) contributes in the sum in ([4:2)
and we end up with the O(32) heterotic string in ten dimensions. In the R — 0 limit the
theory decompactifies again, but from ([[4.4) we deduce that all (h,g) sectors contribute
equally in the limit. The sum on (a,b) and (h, g) factorizes and we end up with the Egx
Eg theory in ten dimensions. Both theories are different limiting points (boundaries) in

the moduli space of toroidally compactified heterotic strings.
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In the type-II case the situation is similar. We compactify on a circle. Under an
R — 1/R duality

X% —-0x? |, ¢ —y? | 0X®— —0X? |, ¥ — —°. (14.5)

Due to the change of sign of 1/° the projection in the R sector is reversed. Consequently
the duality maps type-IIA to type-IIB and vice versa. We can also phrase this in the
following manner: the R — oo limit of the toroidally compactified type-ITA string gives
the type-ITA theory in ten dimensions. The R — 0 limit gives the type-IIB theory in ten

dimensions.

Apart from these perturbative connections, today we have evidence that all supersym-
metric string theories are connected. Since they look very different in perturbation theory,

the connections necessarily involve strong coupling.

First, there is evidence that the type-1IB theory has an SL(2,Z) symmetry that, among
other things, inverts the coupling constant [f7]. Consequently, the strong coupling limit
of type-IIB is isomorphic to the perturbative type-IIB theory. Upon compactification this
symmetry combines with the perturbative T-duality symmetries to produce a large discrete
duality group known as the U-duality group, which is the discretization of the non-compact
continuous symmetries of the maximal effective supergravity theory. In table 3 below, the
U-duality groups are given for various dimensions. They were conjectured to be exact

symmetries in [5g]. A similar remark applies to non-trivial compactifications.

Dimension | SUGRA symmetry | T-duality U-duality
10A SO(1,1,R)/Zy 1 1
10B SL(2,R) 1 SL(2,Z)
9 SL(2,R)xO(1,1,R) Zs SL(2,Z)xZy
8 SL(3,R)xSL(2,R) | O(2,2,Z) | SL(3,Z)xSL(2,Z)
7 SL(5,R) 0(3,3,2) SL(5,Z)
6 O(5,5,R) 0(4,4,72) O(5,5,2)
o Es(6) 0(5,5,Z) Eo(6)(Z)
4 Eq7(7) 0(6,6,2) Ez¢7)(Z)
3 Es) O(7,7,2) Es) (Z)

Table 3: Duality symmetries for the compactified type-II string.

Also, it can be argued that the strong coupling limit of type-ITA theory is described
by an eleven-dimensional theory named “M-theory” [F9]. Its low-energy limit is eleven-
dimensional supergravity. Compactification of M-theory on a circle of very small radius

gives the perturbative type-IIA theory.
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Figure 20: A unique theory and its various limits.

If instead we compactify M-theory on the Z, orbifold of the circle T" /Z, then we obtain
the heterotic EgxEg theory [b0]. When the circle is large the heterotic theory is strongly

coupled, while for small radius it is weakly coupled.

Finally, the strong coupling limit of the O(32) heterotic string theory is the type-I
O(32) theory and vice versa [B]]].

There is another non-trivial non-perturbative connection in six dimensions: the strong
coupling limit of the six-dimensional toroidally compactified heterotic string is given by
the type-IIA theory compactified on K3 and vice versa [pg.

Thus, we are led to suspect that there is an underlying “universal” theory whose various
limits in its “moduli” space produce the weakly coupled ten-dimensional supersymmetric
string theories as depicted in Fig. P{ (borrowed from [[(]). The correct description of this
theory is unknown, although there is a proposal that it might have a matrix description
[69], inspired from D-branes [63], which reproduces the perturbative ITA string in ten

dimensions [64].

We will provide with a few more explanations and arguments supporting the non-
perturbative connections mentioned above. But before we get there, we will need some
“non-perturbative tools”, namely the notion of BPS states and p-branes, which 1 will

briefly describe.
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14.1 Antisymmetric tensors and p-branes

We have seen that the various string theories have massless antisymmetric tensors in their
spectrum. We will use the language of forms and we will represent a rank-p antisymmetric

tensor Ay, ..., by the associated p-form
Ay = Ay, d NN dTt (14.1.1)
Such p-forms transform under generalized gauge transformations:
Ay, — A, +d Ny, (14.1.2)

where d is the exterior derivative (d? = 0) and A, is a (p — 1)-form that serves as the
parameter of gauge transformations. The familiar case of (abelian) gauge fields corresponds
to p=1. The gauge-invariant field strength is

Fpi=dA,. (14.1.3)
satisfying the free Maxwell equations

d*F,py =0 (14.1.4)

The natural objects, charged under a (p+1)-form A, ., are p-branes. A p-brane is an
extended object with p spatial dimensions. Point particles correspond to p=0, strings to

p=1. The natural coupling of A, and a p-brane is given by

exXp |:7'Qp / Ap+1
world—volume

which generalizes the Wilson line coupling in the case of electromagnetism. The world-

= exp [iQ, / Ao dz? A A da| | (14.1.5)

volume of p-brane is (p+1)-dimensional. Note also that this is precisely the o-model
coupling of the usual string to the N'S antisymmetric tensor in (P.1]). The charge @, is the
usual electric charge for p=0 and the string tension for p=1. For the p-branes we will be

considering, the (electric) charges will be related to their tensions (mass per unit volume).

In analogy with electromagnetism, we can also introduce magnetic charges. First, we
must define the analog of the magnetic field: the magnetic (dual) form. This is done by
first dualizing the field strength and then rewriting it as the exterior derivative of another
formf :

dAp_p 3 ="Fp po="F,y="dA,,, (14.1.6)

where D is the the dimension of spacetime. Thus, the dual (magnetic) form couples to

(D — p — 4)-branes that play the role of magnetic monopoles with “magnetic charges”
QD—p—4-
24This is guaranteed by ([[4.1.9).
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There is a generalization of the Dirac quantization condition to general p-form charges
discovered by Nepomechie and Teitelboim [f3]. The argument parallels that of Dirac.
Consider an electric p-brane with charge @, and a magnetic (D — p —4)-brane with charge
@D_p_4. Normalize the forms so that the kinetic term is % " FyioF, 0. Integrating the
field strength F,;2 on a (D-p-2)-sphere surrounding the p-brane we obtain the total flux
® = Q,. We can also write

o — By = /5 oAby, (14.1.7)

SD7p72

where we have used ([4.1.9) and we have integrated around the “Dirac string”. When the
magnetic brane circles the Dirac string it picks up a phase e“’QD*P*‘l, as can be seen from
([4.1.7). Unobservability of the string implies the Dirac-Nepomechie-Teitelboim quanti-
zation condition

PQp_ps=QQpps=21N , neZ. (14.1.8)

14.2 BPS states and bounds

The notion of BPS states is of capital importance in discussions of non-perturbative duality
symmetries. Massive BPS states appear in theories with extended supersymmetry. It just
so happens that supersymmetry representations are sometimes shorter than usual. This is
due to some of the supersymmetry operators being “null”, so that they cannot create new
states. The vanishing of some supercharges depends on the relation between the mass of a
multiplet and some central charges appearing in the supersymmetry algebra. These central
charges depend on electric and magnetic charges of the theory as well as on expectation
values of scalars (moduli). In a sector with given charges, the BPS states are the lowest
lying states and they saturate the so-called BPS bound which, for point-like states, is of
the form

M > maximal eigenvalue of Z, (14.2.1)

where Z is the central charge matrix. This is shown in Appendix D where we discuss in

detail the representations of extended supersymmetry in four dimensions.
BPS states behave in a very special way:

e At generic points in moduli space they are absolutely stable. The reason is the
dependence of their mass on conserved charges. Charge and energy conservation prohibits

their decay. Consider as an example, the BPS mass formula

2
Min = Im + n7* ’ (14.2.2)

T2

where m, n are integer-valued conserved charges, and 7 is a complex modulus. This BPS
formula is relevant for N=4, SU(2) gauge theory, in a subspace of its moduli space. Con-

sider a BPS state with charges (mg,ng), at rest, decaying into N states with charges
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(m;,n;) and masses M;, i = 1,2,---, N. Charge conservation implies that my = Zf\il m;,
ng = Y~ ,n;. The four-momenta of the produced particles are (\/M? + p?,p;) with
SN = 0. Conservation of energy implies

N
Mmo,no = Z V M7,2 +]§? > M; . (1423)
=1

=1

Also in a given charge sector (m,n) the BPS bound implies that any mass M > My, ,,
with M, ,, given in ([4.2.9). Thus, from (I4.2.3) we obtain

N
Mm07n0 Z ZMWL“TLZ 9 (1424)

i=1
and the equality will hold if all particles are BPS and are produced at rest (p; = 6)
Consider now the two-dimensional vectors v; = m; + 7n; on the complex 7-plane, with
length ||v;||?> = |m;+n,7|?. They satisfy vo = >V | v;. Repeated application of the triangle

inequality implies
N
ool < 3 Il - (14.2.5)
i=1

This is incompatible with energy conservation ([4.24) unless all vectors v; are parallel.
This will happen only if 7 is real. For energy conservation it should also be a rational
number. On the other hand, due to the SL(2,Z) invariance of ([4.2.9), the inequivalent
choices for 7 are in the SL(2,Z) fundamental domain and 7 is never real there. In fact, real
rational values of 7 are mapped by SL(2,Z) to 7, = oo, and since 73 is the inverse of the
coupling constant, this corresponds to the degenerate case of zero coupling. Consequently,
for 7 finite, in the fundamental domain, the BPS states of this theory are absolutely stable.
This is always true in theories with more than eight conserved supercharges (corresponding
to N> 2 supersymmetry in four dimensions). In cases corresponding to theories with 8
supercharges, there are regions in the moduli space, where BPS states, stable at weak
coupling, can decay at strong coupling. However, there is always a large region around

weak coupling where they are stable.

e Their mass-formula is supposed to be exact if one uses renormalized values for the
charges and moduli. The argument is that quantum corrections would spoil the relation
of mass and charges, if we assume unbroken SUSY at the quantum level. This would give
incompatibilities with the dimension of their representations. Of course this argument
seems to have a loophole: a specific set of BPS multiplets can combine into a long one. In
that case, the above argument does not prohibit corrections. Thus, we have to count BPS
states modulo long supermultiplets. This is precisely what helicity supertrace formulae do
for us. They are reviewed in detail in Appendix E. Even in the case of N=1 supersymmetry

there is an analog of BPS states, namely the massless states.

There are several amplitudes that in perturbation theory obtain contributions from

BPS states only. In the case of eight conserved supercharges (N=2 supersymmetry in four
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dimensions), all two-derivative terms as well as R? terms are of that kind. In the case of
sixteen conserved supercharges (N=4 supersymmetry in four dimensions), except the above
terms, also the four derivative terms as well as R, R?F? terms are of a similar kind. The
normalization argument of the BPS mass-formula makes another important assumption: as
the coupling grows, there is no phase transition during which supersymmetry is (partially)

broken.

The BPS states described above can be realized as point-like soliton solutions of the
relevant effective supergravity theory. The BPS condition is the statement that the soliton
solution leaves part of the supersymmetry unbroken. The unbroken generators do not
change the solution, while the broken ones generate the supermultiplet of the soliton,

which is thus shorter than the generic supermultiplet.

So far we discussed point-like BPS states. There are however BPS versions for extended
objects (BPS p-branes). In the presence of extended objects the supersymmetry algebra
can acquire central charges that are not Lorentz scalars (as we assumed in Appendix D).
Their general form can be obtained from group theory, in which case one sees that they
must be antisymmetric tensors, Z,, ,,. Such central charges have values proportional to
the charges (), of p-branes. Then, the BPS condition would relate these charges with
the energy densities (p-brane tensions) p, of the relevant p-branes. Such p-branes can
be viewed as extended soliton solutions of the effective theory. The BPS condition is the

statement that the soliton solution leaves some of the supersymmetries unbroken.

14.3 Heterotic/type-I duality in ten dimensions.

We will start our discussion by describing heterotic/type-1 duality in ten dimensions. It
can be shown [Bg] that heterotic/type-I duality, along with T-duality can reproduce all

known string dualities.

Consider first the O(32) heterotic string theory. At tree-level (sphere) and up to two-

derivative terms, the (bosonic) effective action in the o-model frame is

1 . 1
s' = [ d0rv/Ge® [R+ (V) — — I~ ZF?} . (14.3.1)
On the other hand, for the O(32) type-I string the leading order two-derivative effective
action is

1

St = /dwx@ [e—q’ (R + (V<I>)2) — Ze—wﬁ — 11—2H2} : (14.3.2)

The different dilaton dependence here comes as follows: the Einstein and dilaton terms
come from the closed sector on the sphere (xy = 2). The gauge kinetic terms come from

the disk (x = 1). Since the antisymmetric tensor comes from the R-R sector of the closed

superstring it does not have any dilaton dependence on the sphere.
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We will now bring both actions to the Einstein frame, G, = e®/ o

Shet — /dloz\/ﬁ {R - %(V(I))z — ie—‘l’/ﬁtzﬂ - 1—126_¢/2[:[2} , (14.3.3)
I 10 1 » 1 ®/4 12 1 /2 72
st= [ d°yg {R—g(vcb) — eV e H] . (14.3.4)

We observe that the two actions are related by ® — —® while keeping the other fields
invariant. This seems to suggest that the weak coupling of one is the strong coupling
of the other and vice versa. Of course, the fact that the two actions are related by a
field redefinition is not a surprise. It is known that N=1 ten-dimensional supergravity is
completely fixed once the gauge group is chosen. It is interesting though, that the field
redefinition here is just an inversion of the ten-dimensional coupling. Moreover, the two

theories have perturbative expansions that are very different.

We would like to go further and check if there are non-trivial checks of what is suggested
by the classical N=1 supergravity. However, once we compactify one direction on a circle
of radius R we seem to have a problem. In the heterotic case, we have a spectrum that
depends both on momenta m in the ninth direction as well as on windings n. The winding
number is the charge that couples to the string antisymmetric tensor. In particular, it is
the electric charge of the gauge boson obtained from By,. On the other hand, in type-I
theory, as we have shown earlier, we have momenta m but no windings. One way to see
this is that the open string Neumann boundary conditions forbid the string to wind around
the circle. Another way is by noting that the NS-NS antisymmetric tensor that could

couple to windings has been projected out by our orientifold projection.

However, we do have the R-R antisymmetric tensor, but as we argued in section [[0.2, no
perturbative states are charged under it. There may be, however, non-perturbative states
that are charged under this antisymmetric tensor. According to our general discussion
in section [[4.] this antisymmetric tensor would naturally couple to a string, but this is

certainly not the perturbative string. How can we construct this non-perturbative string?

An obvious guess is that this is a solitonic string excitation of the low-energy type-I
effective action. Indeed, such a solitonic solution was constructed [6§] and shown to have

the correct zero mode structure.

We can give a more complete description of this non-perturbative string. The hint is
given from T-duality on the heterotic side, which interchanges windings and momenta.
When it acts on derivatives of X it interchanges 9,X <« 0.X. Consequently, Neu-
mann boundary conditions are interchanged with Dirichlet ones. To construct such a
non-perturbative string we would have to use also Dirichlet boundary conditions. Such
boundary conditions imply that the open string boundary is fixed in spacetime. In terms
of waves traveling on the string, it implies that a wave arriving at the boundary is re-
flected with a minus sign. The interpretation of fixing the open string boundary in some

(submanifold) of spacetime has the following interpretation: there is a solitonic (extended)
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Figure 21: Open string fluctuations of a D1-brane

object there whose fluctuations are described by open strings attached to it. Such objects

are known today as D-branes.

Thus, we would like to describe our non-perturbative string as a D1-brane. We will
localize it to the hyperplane X? = X3 = ... = X? = 0. Its world-sheet extends in the
X0 X1 directions. Such an object is schematically shown in Fig. BI Its fluctuations can

be described by two kinds of open strings:

e DD strings that have D-boundary conditions on both end-points and are forced to

move on the D1-brane.

e DN strings that have a D-boundary condition on one end, which is stuck on the

D1-brane, and N-boundary conditions on the other end, which is free.

As we will see, this solitonic configuration breaks half of N=2 spacetime supersymmetry
possible in ten dimensions. It also breaks SO(9,1) — SO(8) x SO(1,1). Moreover, we
can put it anywhere in the transverse eight-dimensional space, so we expect eight bosonic
zero-modes around it associated with the broken translational symmetry. We will try to
understand in more detail the modes describing the world-sheet theory of the D1 string.
We can obtain them by looking at the massless spectrum of the open string fluctuations

around it.

Start with the DD strings. Here X’ ¢! ¢!, I =2, ...,9 have DD boundary conditions
while X*#, # " 1= 0,1 have NN boundary conditions.

For the world-sheet fermions NN boundary conditions imply

—0, (14.3.5)

O=T

NN NS sector @D—l—@‘ :OZ@D—@
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NN R sector Y —’l/_i‘ = W —@E’ _=0. (14.3.6)

The DD boundary condition is essentially the same with ¢ — —1:
DD NS sector ¥ — 9| = +9| _ =0, (14.3.7)

DD R sector (e ﬂazo =Y+ IE‘U:W =0, (14.3.8)

and a certain action on the Ramond ground-state, which we will describe below.

Exercise Show that we have the following mode expansions

I

X o, 1) =2 +wlo+2 Z In gint sin(no) , (14.3.9)
n;éO
n
Xt(o,7) =t +pi7T =203 " In gin™ cos(no) . (14.3.10)
n;éO

In the NS sector

W (0,7) = 30 By p O,y = SO YA (1430)

nez nez

while in the R sector

Wlo,7) =Y bhe™t) (o) = D b7 (14.3.12)
nez nez
Also
R R (14.3.13)
bhiijg = —Unirn » b= (14.3.14)

The z! in ([£39) are the position of the D-string in transverse space. There is no
momentum in ([4.3.9), which implies that the state wavefunctions would depend only
on the X%!' coordinates, since there is a continuous momentum in ([£:3.10). Thus, the
states of this theory “live” on the world-sheet of the D1-string. The usual bosonic massless
spectrum would consist of a vector A, (2%, 2') corresponding to the state " /2|0) and eight
bosons ¢! (2%, X!) corresponding to the states 1, /2|0)ﬂ We will now consider the action
of the orientation reversal Q: o — —0o, 9 < 1. Using ([£.3.9)-([2.3.5),

QU 510) = B2, ]0) = =2, 5[0) (14.3.15)

25The GSO projection is always present.
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Q bl 510) =B 5[0) = bL4 50) - (14.3.16)
The vector is projected out, while the eight bosons survive the projection.

We will now analyze the Ramond sector, where fermionic degrees of freedom would
come from. The massless ground-state |R) is an SO(9,1) spinor satisfying the usual GSO
projection

' R) =|R). (14.3.17)

Consider now the €2 projection on that spinor. In the usual NN case ) can be taken
to commute with (—1)¥ and acts on the spinor ground-state as —1. In the DD case the
action of 2 on the transverse DD fermionic coordinates is reversed compared to the NN

case. On the spinor this action is
QIR) = -I'"*...T%|R) = |R). (14.3.18)

From ([4:317), ([23.13) we also obtain

TRy = —|R). (14.3.19)

If we decompose the spinor under SO(8)xSO(1,1) the surviving piece transforms as 8_
where — refers to the SO(1,1) chirality ([[4.3.19). As for the bosons, these fermions are

functions of X%! only.

To recapitulate, in the DD sector we have found the following massless fluctuations

moving on the world-sheet of the D1-string: 8 bosons and 8 chirality minus fermions.

Consider now the DN fluctuations. In this case Chan-Paton factors are allowed in the
free string end, and the usual tadpole cancelation argument implies that there are 32 of

them. In this case, the boundary conditions for the transverse bosons and fermions become

o.X'| =0, 9,X'| =o, (14.3.20)
DN NS sector V49| =v+y| =0, (14.3.21)
DN R sector W — @\U:O =+ @E\m =0, (14.3.22)

while they are NN in the longitudinal directions.

We observe that here, the bosonic oscillators are half-integrally modded as in the
twisted sector of Z, orbifolds. Thus, the ground-state conformal weight is 8/16=1/2. Also
the modding for the fermions has been reversed between the N.S and R sectors. In the NS
sector the fermionic ground-state is also a spinor with ground-state conformal weight 1/2.
The total ground-state has conformal weight 1 and only massive excitations are obtained

in this sector.

In the R sector there are massless states coming from the bosonic ground-state com-

bined with the O(1,1) spinor ground-state from the longitudinal Ramond fermions. The
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usual GSO projection here is I'°T'! = 1. Thus, the massless modes in the DN sector are 32

chirality plus fermions.

In total, the world-sheet theory of the D-string contains exactly what we would expect
from the heterotic string in the physical gauge! This is a non-trivial argument in favor of

heterotic/type-I duality.

Exercise. We have considered so far a Dl-brane in type-I theory. Consider the
general case of Dp-branes along similar lines. Show that non-trivial configurations ex-
ist (compatible with GSO and 2 projections) preserving half of the supersymmetry, for

p=1,5,9. The case p=9 corresponds to the usual open strings moving in 10-d space.

The R-R two-form couples to a one-brane (electric) and a five-brane (magnetic). As

we saw above, both can be constructed as D-branes.

We will describe now in some more detail the D5-brane, since it involves some novel
features. To construct a five-brane, we will have to impose Dirichlet boundary conditions in
four transverse directions. We will again have DD and NN sectors, as in the D1 case. The
massless fluctuations will have continuous momentum in the six longitudinal directions,
and will describe fields living on the six-dimensional world-volume of the five-brane. Since
we are breaking half of the original supersymmetry, we expect that the world-volume
theory will have N=1 six-dimensional supersymmetry, and the massless fluctuations will
form multiplets of this supersymmetry. The relevant multiplets are the vector multiplet,
containing a vector and a gaugino, as well as the hypermultiplet, containing four real scalars
and a fermion. Supersymmetry implies that the manifold of the hypermultiplet scalars is
a hyper-Kahler manifold. When the hypermultiplets are charged under the gauge group,
the gauge transformations are isometries of the hyper-Kéhler manifold, of a special type:

they are compatible with the hyper-Kahler structure.

It will be important for our latter purposes to describe the Higgs effect in this case.
When a gauge theory is in the Higgs phase, the gauge bosons become massive by com-
bining with some of the massless Higgs modes. The low-energy theory (for energies well
below the gauge boson mass) is described by the scalars that have not been devoured by
the gauge bosons. In our case, each (six-dimensional) gauge boson that becomes massive,
will eat-up four scalars (a hypermultiplet). The left over low-energy theory of the scalars
will be described by a smaller hyper-Kéhler manifold (since supersymmetry is not broken
during the Higgs phase transition). This manifold is constructed by a mathematical pro-
cedure known as the hyper-Kéhler quotient. The procedure “factors out” the isometries

of a hyper-Kahler manifold to produce a lower-dimensional manifold which is still hyper-
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Kahler. Thus, the hyper-Kahler quotient construction is describing the ordinary Higgs

effect in six-dimensional N=1 gauge theory.

The D5-brane we are about to construct is mapped via heterotic/type-I duality to the
NS5-brane of the heterotic theory. The NS5-brane has been constructed [[I9] as a soliton
of the effective low-energy heterotic action. The non-trivial fields, in the transverse space,
are essentially configurations of axion-dilaton instantons, together with four-dimensional
instantons embedded in the O(32) gauge group. Such instantons have a size that de-
termines the “thickness” of the NS5-brane. The massless fluctuations are essentially the
moduli of the instantons. There is a mathematical construction of this moduli space, as
a hyper-Kéhler quotient. This leads us to suspect [67] that the interpretation of this con-
struction is a Higgs effect in the six-dimensional world-volume theory. In particular, the
mathematical construction implies that for N coincident NS5-branes, the hyper-Kahler
quotient construction implies that an Sp(N) gauge group is completely Higgsed. For a
single five-brane, the gauge group is Sp(1) ~ SU(2). Indeed, if the size of the instanton
is not zero, the massless fluctuations of the NS5-brane form hypermultiplets only. When
the size becomes zero, the moduli space has a singularity, which can be interpreted as the
restoration of the gauge symmetry: at this point the gauge bosons become massless again.
All of this indicates that the world-volume theory of a single five-brane should contain

an SU(2) gauge group, while in the case of N five-branes the gauge group is enhanced to
Sp(N), [67.

We will now return to our description of the massless fluctuations of the D5-brane. The
situation parallels the D1 case that we have described in detail. In particular, from the DN
sectors we will obtain hypermultiplets only. From the DD sector we can in principle obtain
massless vectors. However, as we have seen above, the unique vector that can appear is
projected out by the orientifold projection. To remedy this situation we are forced to
introduce a Chan-Paton factor for the Dirichlet end-points of the open string fluctuations.
For a single D5-brane, this factor takes two values, i = 1,2. Thus, the massless bosonic

states in the DD sector are of the form

We have also seen that the orientifold projection € changes the sign of 0", /2 and leaves
vl jo invariant. The action of (2 on the ground-state is Qlp;i, 7) = €|p; j,i). It interchanges
the Chan-Paton factors and can have a sign € = £1. The number of vectors that survive
the Q) projection depends on this sign. For e = 1, only one vector survives and the gauge
group is O(2). If e = —1, three vectors survive and the gauge group is Sp(1) ~ SU(2).
Taking into account our previous discussion, we must take e = —1. Thus, we have an Sp(1)
vector multiplet. The scalar states on the other hand will be forced to be antisymmetrized
in the Chan-Paton indices. This will provide a single hypermultiplet, whose four scalars
describe the position of the D5-brane in the four-dimensional transverse space. Finally, the
DN sector has an ¢ = 1,2 Chan-Paton factor on the D-end and an o = 1,2, - - -, 32 factor
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on the Neumann end-point. Consequently, we will obtain a hypermultiplet transforming
as (2,32) under Sp(1) x O(32) where Sp(1) is the world-volume gauge group and O(32)
is the original (spacetime) gauge group of the type-I theory.

In order to describe N parallel coinciding D5-branes, the only difference is that the
Dirichlet Chan-Paton factor now takes 2N values. Going through the same procedure as
above we find in the DD sector, Sp(N) vector multiplets, and hypermultiplets transforming
as a singlet (the center-of-mass position coordinates) as well as the traceless symmetric
tensor representation of Sp(N) of dimension 2N? — N — 1. In the DN sector we find a
hypermultiplet transforming as (2N, 32) under Sp(N) x O(32).

Exercise: Consider N parallel coincident D1-branes in the type-I theory. Show
that the massless excitations are a two-dimensional vector in the adjoint representa-
tion of SO(N), eight scalars in the symmetric representation of SO(N), eight left-moving
fermions in the adjoint of SO(N) and right-moving fermions transforming as (N, 32) of
SO(N)xSO(32). This is in agreement with matrix theory compactified on S'/Z, [[J.

There are further checks of heterotic/type-I duality in ten dimensions. BPS-saturated
terms in the effective action match appropriately between the two theories [f9]. You can

find a more detailed exposition of similar matters in [I{].

The comparison becomes more involved and non-trivial upon toroidal compactification.
First, the spectrum of BPS states is richer and different in perturbation theory in the
two theories. Secondly, by adjusting moduli both theories can be compared in the weak
coupling limit. The terms in the effective action that can be most easily compared are the
F*, F?R? and R* terms. These are BPS-saturated and anomaly-related. In the heterotic
string, they obtain perturbative corrections at one loop only. Also, their non-perturbative
corrections are due to instantons that preserve half of the supersymmetry. Corrections
due to generic instantons, that break more than 1/2 supersymmetry, vanish because of
zero modes. In the heterotic string the only relevant non-perturbative configuration is the
NS5-brane. Taking its world-volume to be Euclidean and wrapping it supersymmetrically
around a compact manifold (so that the classical action is finite), it provides the relevant
instanton configurations. Since we need at least a six-dimensional compact manifold to
wrap it, we can immediately deduce that the BPS-saturated terms do not have non-
perturbative corrections for toroidal compactifications with more than four non-compact

directions. Thus, for D > 4 the full heterotic result is tree-level and one-loop.

In the type-I string the situation is slightly different. Here we have both the D1-brane

and the D5-brane that can provide instanton configurations. Again, the D5-brane will
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contribute in four dimensions. However, the D1-brane has a two-dimensional world-sheet
and can contribute already in eight dimensions. We conclude that, in nine dimensions, the
two theories can be compared in perturbation theory. This has been done [[[(]. They do
agree at one loop. On the type-I side, however, duality also implies contact contributions
for the factorizable terms (trR?)?, trF%trR? and (trF?)? coming from surfaces with Euler

number y = —1, —2.

In eight dimensions, the perturbative heterotic result is mapped via duality to per-
turbative as well as non-perturbative type-I contributions coming from the D1-instanton.

These have been computed and duality has been verified [[(T].

14.4 Type-ITIA versus M-theory.

We have mentioned in section [[0.G, that the effective type-ITA supergravity is the dimen-

sional reduction of eleven-dimensional, N=1 supergravity. We will see here that this is not
just an accident [, BY].

We will first review the spectrum of forms in type-IIA theory in ten dimensions.

e NS-NS two-form B. Couples to a string (electrically) and a five-brane (magnetically).
The string is the perturbative type-ITA string.

e R-R U(1) gauge field A,. Can couple electrically to particles (zero-branes) and
magnetically to six-branes. Since it comes from the R-R sector no perturbative state is

charged under it.

e R-R three-form C,,,. Can couple electrically to membranes (p=2) and magnetically

to four-branes.

e There is also the non-propagating zero-form field strength and ten-form field strength
that would couple to eight-branes (see section [0.7).

As stated in section [[0.6], the lowest-order type-ITA Lagrangian is

. 1 1 1o, 1
I1A _ 10 —® 2 Lo\ 2 Lo
S = o Ud e KRHW)) 12H> R T
1
B . 14.4.1
+(48)2/ AGAG] (14.4.1)

We are in the string frame. Note that the R-R kinetic terms do not couple to the dilaton
as already argued in section [[0.2.

In the type-IIA supersymmetry algebra there is a central charge proportional to the
U(1) charge of the gauge field A:

{Qa: Q3} = GaaWV . (14.4.2)

This can be understood, since this supersymmetry algebra is coming from D=11 where

instead of W there is the momentum operator of the eleventh dimension. Since the U(1)
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gauge field is the Gy, component of the metric, the momentum operator becomes the
U(1) charge in the type-IIA theory. There is an associated BPS bound

MZ%WL (14.4.3)

where A = e¢®/? is the ten-dimensional string coupling and ¢, some constant. States that
satisfy this equality are BPS-saturated and form smaller supermultiplets. As mentioned
above all perturbative string states have W' = 0. However, there is a soliton solution (black
hole) of type-ITA supergravity with the required properties. In fact, the BPS saturation
implies that it is an extremal black hole. We would expect that quantization of this
solution would provide a (non-perturbative) particle state. Moreover, it is reasonable to
expect that the U(1) charge is quantized in some units. Then the spectrum of these BPS
states looks like

M:§M|,nEZ. (14.4.4)

At weak coupling these states are very heavy (but not as heavy as standard solitons whose
masses scale with the coupling as 1/A?). However, being BPS states, their mass can be
reliably followed at strong coupling, where they become light, piling up at zero mass as
the coupling becomes infinite. This is precisely the behavior of Kaluza-Klein (momentum)
modes as a function of the radius. Since also the effective type-ITA field theory is a dimen-
sional reduction of the eleven-dimensional supergravity, with G111 becoming the string
coupling, we can take this seriously [F9 and claim that as A — oo type-IIA theory becomes
some eleven-dimensional theory whose low-energy limit is eleven-dimensional supergravity:.
We can calculate the relation between the radius of the eleventh dimension and the string
coupling. This was done essentially in section [[0.6, where we described the dimensional
reduction of eleven-dimensional N=1 supergravity to ten dimensions. The radius of the
eleventh dimension R can be obtained from ([[0.6.14) to be R = e°. The ten-dimensional
type-ITA dilaton was found there to be ® = 30. Thus,

R= )3, (14.4.5)

At strong type-IIA coupling, R — oo and the theory decompactifies to eleven dimen-

sions, while in the perturbative regime the radius is small.

The eleven-dimensional theory (which has been named M-theory) contains the three-
form that can couple to a membrane and a five-brane. Upon toroidal compactification
to ten dimensions, the membrane, wrapped around the circle, becomes the perturbative
type-IIA string that couples to B,,. When it is not winding around the circle, then it
is the type-IIA membrane coupling to the type-ITA three-form. The M-theory five-brane
descends to the type-IIA five-brane or, wound around the circle, to the type-ITA four-brane.
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14.5 M-theory and the EgxEg heterotic string

M-theory has Z; symmetry under which the three-form changes sign. We might consider an
orbifold of M-theory compactified on a circle of radius R, where the orbifolding symmetry

is 21t — —z!! as well as the Z, symmetry mentioned above [B{].

The untwisted sector can be obtained by keeping the fields invariant under the pro-
jection. It is not difficult to see that the ten-dimensional metric and dilaton survive the
projection, while the gauge boson is projected out. Also the three-form is projected out,
while the two-form survives. Half of the fermions survive, a Majorana-Weyl gravitino and
a Mayorana-Weyl fermion of opposite chirality. Thus, in the massless spectrum, we are left
with the N=1 supergravity multiplet. We do know by now that this theory is anomalous in
ten dimensions. We must have some “twisted sector” that should arrange itself to cancel
the anomalies. As we discussed in the section on orbifolds, S'/Z, is a line segment, with
the fixed-points 0,7 at the boundary. The fixed-planes are two copies of ten-dimensional
flat space. States coming from the twisted sector must be localized on these planes. We
also have a symmetry exchanging the fixed planes, so we expect isomorphic massless con-
tent coming from the two fixed planes. It can also be shown that half of the anomalous
variation is localized at one fixed plane and the other half at the other. The only N=1
multiplets that can cancel the anomaly symmetrically are vector multiplets, and we must
have 248 of them at each fixed plane. The possible anomaly-free groups satisfying this
constraint are Eg x Eg and U(1)%%. Since there is no known string theory associated with
the second possibility, it is natural to assume that we have obtained the EgxEg heterotic
string theory. A similar argument to that of the previous section shows that there is a
relation similar to ([4.4.5) between the radius of the orbifold and the heterotic coupling.
In the perturbative heterotic string, the two ten-dimensional planes are on top of each

other and they move further apart as the coupling grows.

The M-theory membrane survives in the orbifold only if one of its dimensions is wound
around the S'/Z,. It provides the perturbative heterotic string. On the other hand,
the five-brane survives, and it cannot wind around the orbifold direction. It provides the
heterotic NS5-brane. This is in accord with what we would expect from the heterotic string.
Upon compactification to four dimensions, the NS5-brane will give rise to magnetically

charged point-like states (monopoles).

14.6 Self-duality of the type-IIB string

In section [10.G we have seen that the low-energy effective action of the type-IIB theory in
ten dimensions has an SL(2,R) global symmetry. Its SL(2,Z) subgroup was conjectured
B, BY] to be an exact non-perturbative symmetry.

As described in section [[0.9, the type-IIB theory in ten dimensions contains the fol-
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lowing forms:

e The NS-NS two-form B!. It couples electrically to the perturbative type-I1IB string

(which we will call for later convenience the (1,0) string) and magnetically to a five-brane.

e The R-R scalar. It is a zero-form (there is a Peccei-Quinn symmetry associated with
it) and couples electrically to a (—1)-brane. Strictly speaking this is an instanton whose

“world-volume” is a point in spacetime. It also couples magnetically to a seven-brane.

e The R-R two-form B2. Tt couples electrically to a (0,1) string (distinct from the
perturbative type-1I string) and magnetically to another (0,1) five-brane.

e The self-dual four-form. It couples to a self-dual three-brane.

As we have mentioned before, the low-energy effective theory is invariant under a
continuous SL(2,R) symmetry, which acts by fractional transformations on the complex
scalar S defined in ([[0.6.20) and linearly on the vector of two-forms (B*, B?), the four-form
being invariant. The part of SL(2,R) that translates the scalar is a symmetry of the full

perturbative theory.

There is a (charge-one) BPS instanton solution in type-1IB theory given by the following

configuration [[/3]
c

AAr8 +¢)’

where r = |x — x|, x{ being the position of the instanton, X is the string coupling far away

C .
6¢/2:)\+ﬁ , X:X0+Z (1461)

from the instanton, ¢ = m/7 is fixed by the requirement that the solution has minimal

instanton number and the other expectation values are trivial.

There is also a fundamental string solution, which is charged under B! (the (1,0)
string) found in [4]. It has a singularity at the core, which is interpreted as a source for
the fundamental type-11B string. Acting with S — —1/5 transformation on this solution
we obtain [57] a solitonic string solution (the (0,1) string) that is charged under the R-R

antisymmetric tensor B2. It is given by the following configuration [57):

ds? = A(r) 74— (d2®)? + (dz")?] + A(r)*dy - dy (14.6.2)
e—%0/2

S = xo+ i———, (14.6.3)

A(r)

1
B'=0 , B} =——, 14.6.4
01 \/ZA(T’) ( )

where JE )
_ ., QvA _ 3T _ b0/2[12 L o

Ar)=1+"55 . Q="1 , A= G+ e . (14.6.5)

Here, k is Newton’s constant and 7' = 1/(27a/) is the tension of the perturbative type-11B
string. The tension of the (0,1) string can be calculated to be

T=TVA. (14.6.6)
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In the perturbative regime, e% — 0, T ~ Te %/* is large, and the (0,1) string is very
stiff. Its vibrating modes cannot be seen in perturbation theory. However, at strong
coupling, its fluctuations become the relevant low-energy modes. Acting further by SL(2,Z)
transformations we can generate a multiplet of (p,q) strings with p,q relatively prime. If
such solitons are added to the perturbative theory, the continuous SL(2,R) symmetry is
broken to SL(2,Z). All the (p,q) strings have a common massless spectrum given by the
type-I11B supergravity content. Their massive excitations are distinct. Their string tension
is given by

7,, = P45 \J/F%S )

By compactifying the type-1I1B theory on a circle of radius Rp, it becomes equivalent to

(14.6.7)

the ITA theory compactified on a circle. On the other hand, the nine-dimensional type-ITA

theory is M-theory compactified on a two-torus.

From the type-1IB point of view, wrapping (p,q) strings around the tenth dimension

provides a spectrum of particles in nine dimensions with masses
2

M3 = z—QB + (2rRpnT,,)? + 47T, (N1, + Ng) (14.6.8)

where m is the Kaluza-Klein momentum integer, n the winding number and Ny r the
string oscillator numbers. The matching condition is N, — Ny = mn, and BPS states are
obtained for N, = 0 or Ng = 0. We thus obtain the following BPS spectrum
2 m ?
M| s = <R—B + 27TRBnTp7q> . (14.6.9)
Since an arbitrary pair of integers (n1,ny) can be written as n(p, ¢), where n is the greatest
common divisor and p, q are relatively prime, we can rewrite the BPS mass formula above

as

2| = (I onp, it S 2 14.6.10
Blas = (o + oIt 28] 146.10)

Rp V'S,

In M-theory, compactified on a two-torus with area A;; and modulus 7, we have two
types of (point-like) BPS states in nine dimensions: KK states with mass (27)%|n; +
no7|?/(12A11) as well as states that are obtained by wrapping the M-theory membrane
m times around the two-torus, with mass (mA;;T11)?, where T} is the tension of the
membrane. We can also write Rj; that becomes the ITA coupling as R?, = Ay /(47%m).
Thus, the BPS spectrum is
|y + nat|?
Tt

where the dots are mixing terms that we cannot calculate. The two BPS mass spectra

M}y = (m(2m Ry )*r2T)? + (14.6.11)

should be related by M7 = SM%, where (3 # 1 since the masses are measured in different

units in the two theories. Comparing, we obtain

1 T
S=7 , = =TTuA}> , §= o Ry YL (14.6.12)
R% T
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Figure 22: D-branes interacting via the tree-level exchange of a closed string.

An outcome of this is the calculation of the M-theory membrane tension 77; in terms of

string data.

There are several more tests of the consistency of assuming the SL(2,Z) symmetry
in the IIB string, upon compactification. These include instanton calculations in ten or
lower dimensions [[[J] as well as the existence of the “F-theory” structure [[g] describing

non-perturbative vacua of the IIB string.

14.7 D-branes are the type-II R-R charged states

We have seen in section that D-branes defined by imposing Dirichlet boundary con-
ditions on some of the string coordinates provided non-perturbative extended solitons
required by heterotic/type-I string duality.

Similar D-branes can also be constructed in type-II string theory, the only difference
being that, here, there is no orientifold projection. Also, open string fluctuations around
them cannot have Neumann (free) end-points. As we will see, such D-branes will provide

all R-R charged states required by the non-perturbative dualities of type-II string theory.

In the type-ITA theory we have seen that there are (in principle) allowed R-R charged
p-branes, with p= 0,2,4,6,8, while in the type-1IB p= —1,1,3,5,7. D-branes can be
constructed with a number of coordinates having D-boundary conditions being 9—p=
1,2,...,10, which precisely matches the full allowed p-brane spectrum of type-II theories.

The important question is: Are such D-branes charged under R-R forms?

To answer this question, we will have to study the tree-level interaction of two parallel

Dp-branes via the exchange of a closed string [pJ], depicted schematically in Fig. PJ. For
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this interpretation time runs horizontally. However, if we take time to run vertically, then,
the same diagram can be interpreted as a (one-loop) vacuum fluctuation of open strings
with their end-points attached to the D-branes. In this second picture we can calculate

this diagram to be

APl oo dt 2211
=2V, / BT 5 5 (=)t it 14.7.1
A p+1 (27T)p+1 0 Qte 2 7]12(Zt) 2 GZJ)( ) [b](Z ) ( )
oo (t prn vz 11
=2V / —(87%a/t) "2 e o = —1)atbrabydraliit)
A 2t( Ta't)T T e nl2(it)2a,t>zzo( ) [51(it)

Vpt1 is the world-volume of the p-brane, the factor of 2 is due to the two end-points,
|Y'|? is the distance between the D-branes. Of course the total result is zero, because of
the ¥-identity ([A.15). This reflects the fact that the D-branes are BPS states and exert
no static force on each other. However, our purpose is to disentangle the contributions of
the various intermediate massless states in the closed string channel. This can be obtained
by taking the leading ¢ — 0 behavior of the integrand. In order to do this, we have to

perform a modular transformation ¢ — 1/t in the 9- and n-functions. We obtain

. o dt P tly|?
A|;}1(;Ssi?es:trmg = 8(1 - 1)%"‘1/ 7(871-20/2&)_%1 t4 e 2‘:(1/ (1472)
0
=27(1 = D)V (dr°a’)’ PGy (Y1)
where 1 dt
_ > —t|y|?
Ga|Y]) = y—r /0 premryile (14.7.3)

is the massless scalar propagator in d dimensions. The (1—1) comes from the NS-N.S and
R-R sectors respectively. Now consider the R-R forms coupled to p-branes with action

(6% .
5= / Fopo *Fyo + 4T, Ayr s (14.7.4)

branes

with Fj19 = dA,1;. Using this action, the same amplitude for an exchange of A, between
two D-branes at distance |Y| in the transverse space of dimension 10 — (p+1) =9 —p is
given by
(iT})?
A|ﬁold theory = a—pvle'ng—p(‘Y‘)’ (1475>

P
where the factor of volume is present since the R-R field can be absorbed or emitted at

any point in the world-volume of the D-brane. Matching with the string calculation we

obtain ,
Ly
Qp

= 2m(4n%a/)* 7. (14.7.6)

We will now look at the DN'T quantization condition which, with our normalization of the
R-R forms and D = 10, becomes

T,Ts_,

Qp

=2mn. (14.7.7)
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From ([4.7.9) we can verify directly that D-branes satisfy this quantization condition for

the minimum quantum n = 1!

Thus, we are led to accept that D-branes, with a nice (open) CFT description of their
fluctuations, describe non-perturbative extended BPS states of the type-II string carrying

non-trivial R-R charge.

We will now describe a uniform normalization of the D-brane tensions. Our starting
point is the type-IIA ten-dimensional effective action ([4.4.1]). The gravitational coupling
k1o is given in terms of o as

263, = (2m) . (14.7.8)
We will also normalize all forms so that their kinetic terms are (1/4x2,) [ d"°zF ® F. This

corresponds to o, = 1/(2x3,). We will also define the tensions of various p-branes via their

world-volume action of the form

S, = —T, /wpﬂ PHE 2\ det(r — T, / Aper | (14.7.9)
where G is the metric induced on the world-volume
Gop = GW%%—? (14.7.10)
and 1 OXH X Het
/ A = o / P A G g (14.7.11)

The dilaton dependence will be explained in the next section. The DNT quantization
condition in ([4.7.7) becomes
263, T, Ts—p = 2700 (14.7.12)

while ([4.7.9) and ([4.7.§) give

1
Iy = (27T)p(a’)(p+1)/2 : (14.7.13)

We have obtained the ITA theory from the reduction of eleven-dimensional supergravity on
a circle of volume 27 Ry, = 2mv/a/e®/3. Consequently, the M-theory gravitational constant
is

2k3, = (2m)8(a/)%% . (14.7.14)
The M-theory membrane, upon compactification of M-theory on a circle, becomes the
type-ITA D2-brane. Thus, its tension T2 should be equal to the D2-brane tension:

1

M _ _
BT Gy

(14.7.15)
Consider now the M-theory five-brane. It has a tension T that can be computed from

the DNT quantization condition
1
262 THMTM =210 —  TM = ESErk (14.7.16)
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On the other hand, wrapping one of the coordinates of the M5-brane around the circle

should produce the D4-brane and we can confirm that

omVo/TM =Ty . (14.7.17)

14.8 D-brane actions

We will now derive the massless fluctuations of a single Dp-brane. This parallels our
detailed discussion of the type-I D1-brane. The difference here is that the open string
fluctuations cannot have free ends.fy] Thus, only the DD sector is relevant. Also there
is no orientifold projection. In the NS sector, the massless bosonic states are a (p+1)-
vector, A, corresponding to the state b", /2|p) and 9-p scalars, X! corresponding to the
states b! /2|p>. The X' represent the position coordinates of the Dp-brane in transverse
space. These are the states we would obtain by reducing a ten-dimensional vector to p+1
dimensions. Similarly, from the Ramond sector we obtain world-volume fermions that
are the reduction of a ten-dimensional gaugino to (p+1) dimensions. In total we obtain
the reduction of a ten-dimensional U(1) vector multiplet to p+1 dimensions. The world-
volume supersymmetry has 16 conserved supercharges. Thus, the Dp-brane breaks half of

the original supersymmetry as expected.

In order to calculate the world-volume action, we would have to calculate the scattering
of the massless states of the world-volume theory. The leading contribution comes from

the disk diagram and is thus weighted with a factor of e=®/2.

The calculation is similar
with the calculation of the effective action in the ten-dimensional open oriented string

theory. The result there is the Born-Infeld action for the gauge field [[77]
Spy = / 'z ¢~/ [det(8,, + 21/ ) (14.8.1)

Dimensionally reducing this action, we obtain the relevant Dp-brane action from the disk.
There is a coupling to the spacetime background metric, which gives the induced metric,
(L[4 (). There is also a coupling to the spacetime NS antisymmetric tensor. This can be
seen as follows. The closed string coupling to B, and the vector A, can be summarized
in ,

1

Sp

&€ By da g’ — /B ds A0t (14.8.2)

" 2ral Mo
where M is the two-dimensional world-sheet with one-dimensional boundary B;. Under a
gauge transformation 03,, = 9,A, —0,A,, the above action changes by a boundary term,
1
0Sp=— | ds AOsz" . 14.8.3
B ral B1 nOs® ( )
To reinstate gauge invariance, the vector A, has to transform as 04, = ﬁ/\u- Thus, the

gauge-invariant combination is

Fu =21d'F,, — B, = 21d/(0,A, — 0,A,) — B - (14.8.4)

26Free end-points are interpreted as 9-branes and there are none in type-II string theory.
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We can now summarize the leading order Dp-brane action as

S, =T, [ d*ie e ®2\/det(G + F) — T, / A . (14.8.5)

Wpt1

As we saw in the previous section, the CP-odd term in the action comes from the next
diagram, the annulus. There are however more CP-odd couplings coming from the annulus
that involve g-forms with q<p. Their appearance is due to cancelation of anomalies, and
we refer the reader to [[[g] for a detailed discussion. We will present the result here.
It involves the roof-genus I, /2(R) in ([TT9) and the Chern character. Thus, ([4873) is
extended to

Sy= =Ty [ d"g e Jdet(G+ F) +
Wpt1
T, / ANT[e 2T a(R) (14.8.6)
where A stands for a formal sum of all R-R forms, and the integration picks up the

(p+1)-form in the sum.

As an example we will consider the action of the D1-string of type-IIB theory. The
relevant forms that couple here is the R-R two-form ny as well as the R-R scalar (zero-

form) S;. The action is

S =1 l/d% % \/det(é+]:)+z'/ (BN+ %f)] , (14.8.7)

2o

where e=®/2 = S,. Note that \‘/% = ¢~ ®/2 when S; = 0.

We will now consider the effect of T-duality transformations on the Dp-branes. Con-
sider the type-1I theory with 2° compactified on a circle of radius R. As we have mentioned
earlier, the effect of a T-duality transformation on open strings is to interchange N and
D boundary conditions. Consider first a Dp-brane not wrapping around the circle. This
implies that one of its transverse coordinates (Dirichlet) is in the compact direction. Doing
a T-duality transformation R — o//R, would change the boundary conditions along X? to
Neumann and would produce a D(p+1)-brane wrapping around the circle of radius o'/R.
Thus, the Dp-brane has been transformed into a D(p+1)-brane. The original Dp-brane

action contains T}, [ dPT1¢ e~®/2. The dilaton transforms under duality as

_ Vo o
%2 o—2/2

(14.8.8)
Consequently, T,v/o/ /R = T, 1(2ma’/R) and we obtain
T
T P (14.8.9)

p+l — 271_@ ’
which is in agreement with ([47-13).
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On the other hand, if the Dp-brane was wrapped around the compact direction, T-
duality transforms it into a D(p-1)-brane. This action of T-duality on the various D-branes

is a powerful tool for investigating non-perturbative physics.

So far, we have discussed a single Dp-brane, interacting with the background type-
IT fields. An obvious question is: What happens when we have more than one parallel
Dp-branes? Consider first the case where we have N Dp-branes at the same point in
transverse space. Then, the only difference with the previous analysis, is that we now
include a Chan-Paton factor ¢ = 1,2,---, N at the open string end-points. We now have
N? massless vector states, b, /2\]9; i,7). Going through the same procedure as before, we
will find that the massless fluctuations are described by the dimensional reduction of the
ten-dimensional N=1 U(N) Yang-Mills multiplet on the world-volume of the brane (we
have oriented open strings here). The U(1) factor of U(N) describes the overall center of
mass of the system. If we take one of the Dp-branes and we separate it from the rest, the
open strings stretching between it and the rest N-1 of the branes acquire a mass-gap (non-
trivial tension), and the massless vectors have a gauge group which is U(N —1) x U(1). In
terms of the world-sheet theory, this is an ordinary Higgs effect. For generic positions of the
Dp-branes, the gauge group is U(1)N. The scalars that described the individual positions
now become U(N) matrices. The world-volume action has a non-abelian generalization.
In particular, to lowest order, it is the dimensional reduction of U(N) ten-dimensional
Yang-Mills:

SN = —T,Str /W T, 22 ) (14.8.10)

where
Fo,=8,A, —0,A, +[A,, A)] , (14.8.11)
Fg=0,X"+[A,X" , F,;=[X"X]. (14.8.12)

Both A, and X are U(N) matrices. At the minimum of the potential, the matrices X’ are
commuting, and can be simultaneously diagonalized. Their eigenvalues can be interpreted

as the coordinates of the N Dp-branes. Further information on D-branes can be found in
[al.

The dynamics of D-branes turns out to be very interesting. In particular, they behave
differently from fundamental strings in sub-Planckian energies [f9]. They are interesting

probes that can reach regimes not accessible by strings.

One very interesting application of D-branes is the following. Wrapped around com-
pact manifolds, D-branes produce point-like R-R charged particles in lower dimensions.
Such particles have an effective description as microscopic black holes. Using D-brane
techniques, their multiplicity can be computed for fixed charge and mass. It can be shown
that this multiplicity agrees to leading order with the Bekenstein-Hawking entropy formula
for classical black holes [B(]. The interested reader may consult [BI] for a review.
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14.9 Heterotic/type-II duality in six and four dimensions

There is another non-trivial duality relation that we are going to discuss in some detail:
that of the heterotic string compactified to six dimensions on 7% and the type-IIA string
compactified on K3. Both theories have N=2 supersymmetry in six dimensions. Both
theories have the same massless spectrum, containing the N=2 supergravity multiplet and
twenty vector multiplets, as shown in sections and 2.2

The six-dimensional tree-level heterotic effective action in the o-model frame was given
in ([2.1.8). Going to the Einstein frame by G, — €*/2G,,,, we obtain

1 e
Shet = / R RVAE. [R 0" 20, - %Hﬂ”ﬂﬂwﬁ

P

e 2

~ ) ) 1 ~ ~
—T(M—l),-jF;WFW + gTr(ﬁuMa”M_l)] : (14.9.1)

The tree-level type-IIA effective action in the o-model frame was also given in (| g).
Going again to the Einstein frame we obtain
1 1
s = [dav=G [R — DO — e H

1 . o N
— e (MY, F FJ“”+§T1"(8MM8“M‘1) +

(VY

(14.9.2)

4
1 6, pvpore i 7o
o / Sz B, Fl L F_
where L is the O(4,20) invariant metric. Notice the following differences: the heterotic
H uwp contains the Chern-Simons term ([[2.1.9), while the type-IIA one does not. The type-
ITA action instead contains a parity-odd term coupling the gauge fields and B,,. Both
effective actions have a continuous O(4,20,R) symmetry, which is broken in the string
theory to the T-duality group O(4,20,Z).

We will denote by a prime the fields of the type-IIA theory (Einstein frame) and without
a prime those of the heterotic theory.

Exercise. Derive the equations of motion stemming from the actions ([49.])) and
([4.9.7). Show that the two sets of equations of motion are equivalent via the following

(duality) transformations

¥=-0 , G,=G, , M=M , A=A, (14.9.3)

TE

. lew,”
e<I>H up

vp — . H,
O Ware

oTE )

(14.9.4)

205



where the data on the right-hand side are evaluated in the type-IIA theory.

There is a way to see some indication of this duality by considering the compactification
of M-theory on S'xK3, which is equivalent to type-IIA on K3. As we have seen in
a previous section, all vectors descend from the R-R one- and three-forms of the ten-
dimensional type-ITA theory, and these descend from the three-form of M-theory to which
the membrane and five-brane couple. The membrane wrapped around S! would give a
string in six dimensions. As in ten dimensions, this is the perturbative type-IIA string.
There is another string however, obtained by wrapping the five-brane around the whole
K3. This is the heterotic string [B].

There is further evidence for this duality. The effective action of type-I1IA theory on K3
has a string solution, singular at the core. The zero mode structure of the string is similar
to the perturbative type-IIA string. There is also a string solution that is regular at the
core. This is a solitonic string and analysis of its zero modes indicates that it has the

same (chiral) word-sheet structure as the heterotic string.f’] The string-string duality map

([4.9.3)-([4.9.4) exchanges the roles of the two strings. The type-IIA string now becomes

regular (solitonic), while the heterotic string solution becomes singular.

We will now further compactify both theories on a two-torus down to four dimensions
and examine the consequences of the duality. In both cases we use the standard Kaluza-

Klein ansatz described in Appendix C. The four-dimensional dilaton becomes, as usual,
1
¢ =@ — 5 log[det Gag], (14.9.5)

where G g is the metric of T' 2 and B,s = €43B is the antisymmetric tensor. We obtain

ghet /d%;«/ 9™ [R+ L + Lgauge + Lecalar] » (14.9.6)
where

Loy =R+ 0"00,9, (14.9.7)
»CB = __HquH;wpa (1498)

with .
Hyp = 0B, 5 | By B+ ASFE, 4+ LijALF] | + cyclic (14.9.9)

1 .
=0,B,, — LIJAiFVJp + cyclic .

2TWe have already seen a similar phenomenon in the case of the D1-string of type-I string theory.
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The matrix

(14.9.10)

h

Il
olLOo = O O
o= O O O
oo ©O O =
o O = O
o oL oL oL O

is the O(6,22) invariant metric. Also
1. .
Caﬁ = EaﬁB - §L,]Y02YBJ s (14911)

so that
1 N A ) .
Lomge = — {7+ LigLiyYEGPYS) F P 4+ G 2D, Fi+
+ {Gaﬁ + CPWG'Y(SCM + YOZ;(M ) Y]} FA aFﬁ 4

—2GCL g F Y, FAPM — LY GO, F7 +

o, uy

F2VIM)i; + CoaGPP L)) FutFI )

«a 1%
1

—Z(M‘l)l JELFI (14.9.12)

where the index I takes 28 values. For the scalars

1 ~ ~
Localar = 8u¢8“¢+§Tr[8uM8“M‘1]+

1 - . |
§Gaﬁ(M_1)ij8uY;8“Yﬁj"‘ZauGaﬁauGaﬁ“‘

1

AT |0,B + P Li;Y}0,Y]] [0" B + € Ly;Yi0" Y]]

= 0,00"¢ + %Tr[@uMa“M‘l] : (14.9.13)

We will now go to the standard axion basis in terms of the usual duality transformation

in four dimensions. First we will go to the Einstein frame by

G — e_‘bg,w, (14.9.14)
so that the action becomes
St = [ dtey=g [R— 50006 — e HP 4
1 _ L, 1 _
-3¢ UM L F + gTr(auM(?“M Hi . (14.9.15)

The axion is introduced as usual:

e, = g g, (14.9.16)
V=
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The transformed equations come from the following action:

Spry = / d'ey/—g [R - %0’%0”@5 - %e%@”aﬁuajt

1 1 ~
—Ze_qﬁ(M_l)[JFl{VFJ’wj + Za L[JFJVFJ’WJ +
1
+§Tr(8MM8“M_1)] , (14.9.17)
where
v = 1 (14.9.18)
=y =t 9.
Finally, defining the complex S field
S=a+ie?, (14.9.19)
we obtain
. 10459,5 1
het _ 4 1% -1 I J, v
1 O | N
+ReS LigFl, P/ 4+ STe(0,M0" M 1)} . (14.9.20)
Now consider the type-IIA action (| ). Going through the same procedure and
introducing the axion through
2y _ G’ [ Li vis yi aﬁ]
e °H,,, = Osa+ =L;;Y20,Y € , 14.9.21
wep \ /_g 2 J B ( )
we obtain the following four-dimensional action in the Einstein frame:
GUA _ / d'oy/=g [R+ L35, + L3, + Locata] (14.9.22)
with
even 1 S yar B,uv 0, v
Longe = —i/d‘lx\/—g [e *G*P (th;w - BmFﬁ,"y) (Fﬁ " — Bas 3" )—i—
+e Gag i Fi +
VAetGag(M )i (Fj, + YiF®) (F + Y]F{™)] (14.9.23)
,COdd _ 1 d4 Hvpo 1 FB FA,a 1 aﬁi YZFB Fj lijA,'y
gauge 5 re Za a,uv® po + 56 i 8L a,uv po + 5 ~y+ po +
L8} Buy (1, + YIFAY) (FL 4+ Vi FAS 14.9.24
—§€ ij aﬁ(uu+yuu)(pa+6p0) ) ( e )
Localar = —1(8¢)2 + lc‘?“G 0,G — L@ Bo"B +
seatat 2 4 R 2detG "

1 ~ a 1 Lo ugeni N 2
éTr[(?uM@“M 1] — §€2¢ (0,& + iLUE ﬁYaa"Yé> +

1 r— « i j
—§e¢,/detGaﬁ(M NGO, 0"YS (14.9.25)
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Now we will use unprimed fields to refer to the heterotic side and primed ones for the

type-1I1 side. We will now work out the implications of the six-dimensional duality relations

([Z393), ([£97) in four dimensions. From ([4.9.3), we obtain

0= JdetGl, , e ¥ = /detGys, (14.9.26)

!
Gop __ “op Al = A% (14.9.27)
VdetGas /detGlg
9w = g, ~ Einstein frame, (14.9.28)
M =M, A=A Y=Y/ (14.9.29)

Finally, the relation ([4:9-4) implies
A=B , A=8B (14.9.30)
and

]‘EMV i a,@ B’ - af B Ay 1 Euu A
N FF, =eG |F},, — Cs FY — Li;YiF), } 5 \/_Fpo . (14.9.31)
which is an electric-magnetic duality transformation on the B, , gauge fields (see appendix
H). It is easy to check that this duality maps the scalar heterotic terms to the type-ITA

ones and vice versa.

In the following, we will keep the four moduli of the two-torus and the sixteen Wilson
lines Y. In the heterotic case we will define the T\, U moduli of the torus and the complex

Wilson lines as

W= W] +iWi=-Y] +UY{, (14.9.32)
(Wi)? o
T2 _ 272 1 Ul Z Wi
Gop = —— 22 , B=T, — =12 14.9.33
’ Uy (Ul U? ) 1 20, ( )
Altogether we have the complex field S € SU(1,1)/U(1) ([£9.19) and the T, U, W*
moduli € %. Then the relevant scalar kinetic terms can be written as

1 . .
rhet 50005 K (2, 7) 0,2'0" 2 (14.9.34)

scalar

where the Kahler potential is

K =log lsg <T2U2 - %Z(Wg‘fﬂ : (14.9.35)

In the type-IIA case the complex structure is different: ([4:9:33) remains the same but

T2<1 Uy

Gog = —
T \u U

) , B=T. (14.9.36)
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Also

TiWiWg (e Zi(W3)?
=a—- —F— - . 14.9.
S=a 20, +ife o, (14.9.37)
Here T €SU(1,1)/U(1) and S,U,W* € %. In this language the duality transfor-
mations become
S'=T , T'=S , U=U , W'=W". (14.9.38)

In the type-ITA string, there is an SL(2,Z) T-duality symmetry acting on T by fractional
transformations. This is a good symmetry in perturbation theory. We also expect it to
be a good symmetry non-perturbatively since, as we argued in section [7.3, it is a discrete
remnant of a gauge symmetry and is not expected to be broken by non-perturbative effects.
Then heterotic/type-11 duality implies that there is an SL(2,Z)s symmetry that acts on
the coupling constant and the axion. This is a non-perturbative symmetry from the point
of view of the heterotic string. It acts as an electric-magnetic duality on all the 28 gauge
fields. In the field theory limit it implies an S-duality symmetry for N=4 super Yang-Mills
theory in four dimensions.

We will finally see how heterotic/type-I1 duality acts on the 28 electric and 28 mag-
netic charges. Label the electric charges by a vector (mq, ma, ny,no, ¢*), where m; are the
momenta of the two-torus, n; are the respective winding numbers, and ¢* are the rest of

the 24 charges. For the magnetic charges we write the vector (1my, ma, 71, 12, ¢*). Because
of ([49:31)) we have the following duality map.

my my my my
ma Mo Mo M
nq — 77L2 s 77L1 — —TN9 . (14939)
UP; —ny M2 ny
q' q q q'

One can compute the spectrum of both short and intermediate BPS multiplets. The results

of Appendix F are useful in this respect.

Exercise. Find the BPS multiplicities on the heterotic and type-IIA side in four

dimensions.

There are indirect quantitative tests of this duality. Compactifying the heterotic string
to four dimensions with N=2 supersymmetry can be dual to the type-ITA string compacti-
fied on a CY manifold of a special kind (K3 fibration over P') [B3, B4, Bj]. In the heterotic
theory, the dilaton is in a vector multiplet. Consequently, the vector multiplet moduli

space has perturbative and non-perturbative corrections, while the hypermultiplet moduli
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space is exact. In the dual type-II theory, the dilaton is in a hypermultiplet. Consequently,
the vector moduli space geometry has no corrections and can be computed at tree level.
The duality map should reproduce all quantum corrections on the heterotic side. This has
been done in some examples. In this way, the one-loop heterotic correction was obtained,
which agreed with the heterotic computation. Moreover, all instanton effects were obtained
this way. Taking the field theory limit and decoupling gravity, the Seiberg-Witten solution
was verified for N=2 gauge theory. This procedure gives also a geometric interpretation

of the Seiberg-Witten solution. A review of these developments can be found in [B4].

There are also calculations in the type-II N=4 theory that translate into non-perturbative
effects on the heterotic side. Such an example is the threshold correction to the R? term
in the effective action of the four dimensional theory, [B7]. On the type-II side, it can be
argued that such a threshold comes from one loop only. In the heterotic language, it re-
produces the tree level result as well as non-perturbative corrections due to the Euclidean

heterotic five-brane.

15 Outlook

I hope I managed to provide a certain flavor of what string theory is. There is a lot of new

structure appearing when compared to standard field theory.

Despite the many miraculous characteristics of string theory, there are some major
unresolved problems. The most important in my opinion is to make contact with the real
world and more concretely to pin down the mechanism of supersymmetry breaking and sta-
bility of the vacuum in that case. Recent advances in our non-perturbative understanding

of the theory could help in this direction.

Also, the recent non-perturbative advances seem to require other extended objects
apart from strings. This makes the following question resurface: What is string theory? A

complete formulation, which would include the required extended objects is still lacking.

I think this is an exciting period, because we seem to be at the verge of understanding

some of the mysteries of string theory and plausibly of the high-energy real world.
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Appendix A: Theta functions

Definition

I (wlr) = 3 2 (8) 2mile-4)(n=4) (A1)

2miT

where a, b are real and ¢ = ¢

Periodicity properties

I (wlr) = 9f](ulr) Ol ](ulT) = eI (v]7) (A.2)
IS (lr) = f)(—vlr) . If)(—vlr) = ™ (v]T)  (a,b€ Z). (A.3)

In the usual Jacobi/Erderlyi notation we have 9, = 9[{], ¥5 = 9[}], 95 = 9[5], 94 = 9[3].

Behaviour under modular transformations

I (o] +1) = e" T [ 9 ](v]7), (A4)

a v 1 . i iﬂﬁ
91 (21 - =) = V=i E g o). (A5)
Product formulae

(1= )1 = ) (1 = e > ). (A.6)

—8

Vi (v|T) = 2¢* sin|mv]

3
Il
—

95 (v|7) = 247 cosmo] [[ (1 = ¢")(1 + ¢"e*™®)(1 + g"e~2™) (A7)
n=1
Os(vl7) = TT(1 — ¢")(1 + " /2e*™) (1 + ¢"~/2e7 ™), (A.8)
n=1
Da(v]r) = T (A = ¢") (1= ¢ 2e*™) (1 — " 22 (A.9)

3
Il
—

Define also the Dedekind n-function:

n(r) =% L0 — ). (A.10)

n=1

It is related to the v derivative of ¥y:

9 /
%ﬁl(vﬂvzo =9 =27 n*(7) (A.11)

and satisfies
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where

1(=2) = V=i a). (A.12)

v-periodicity formula

ﬁm(v+%r+%h):ei%%Jm@”““ﬂ”ﬁE;KMﬂ. (A.13)
Useful identities

D2 (0]7)03(0]7)04(0]7) = 2 7p°, (A.14)

D3 (v|T) = 91 (v]7) = D3(v|T) = Ii(v]7), (A.15)

Duplication formulae

2(27) \/_\/192 —93(7 3(27) \/, W3(7) + 0% (7 (A.16)
92(27) = I (r)ia(r) . mzr) = /2D (A.17)

Jacobi identity

52 (v [T = =TT i), (A18

a,b=0 1=1
1 1
v = 5(—01+U2+03+U4) , V= 5(?11 — vy + U3+ y), (A.19)
1 1
vy = 5(211 +vg— vzt , U= E(vl + vy + vz — vy4) . (A.20)
Using ([A.1§) and (A.13) we can show that
1 ¢ b+ab ] e
LS e o) = - T (A21)
a,b=0 i=1 i=1

The Jacobi identity ([A.21]) is valid only when >, h; = >, g; = 0. There is also a similar

(ITA) identity

% S (1) T[] = —1211 91 (V) + T 91 (v2) (A.22)

a,b=0 i=1 i=1
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and
4

3 2 (0TI e0 = ~TToe) + IR (a2

a,b=0 i=1 i=1

The ¥-functions satisfy the following heat equation

1 9 10].,,
e - | fh6I =0 (a21)
as well as Lo .

1T
4—7@% =0, log¥s = 75 (B + 05+ 91) . (A.25)

1 97 i
Ty, = Orloats =15 (B + 03— 07) (A.26)

1 9 X
4—7”19—1 = 8T log 194 = E (E2 - 19;1 - 1931) ) (A27)

where the function Fy is defined in ([F.2).

The Weierstrass function

P(z) = 47id, log n(7) — 9> log ¥, (z) = % + O(2%) (A.28)

is even and is the unique analytic function on the torus with a double pole at zero.

P(—2)=P(z) , Plz+1)=Plz+7)="P(2), (A.29)
Plz,7+1)=P(z,7) , P (;, —%) =72 P(z,7). (A.30)
We will need the following torus integrals
d*z :
/7_— P(z,7) = 4mi0; log(\/T2n) , (A.31)
2
d*z 9 , 9
5 1P = w0, los(y ) (A.32)
2, T 2
/? P(z,7T) [82 log ¥1(2) + 2mi TZ = 4mi0; log(ny/T2) , (A.33)
2 2
d*z T
/ T3 logh(2) = (A.34)

Poisson Resumation
Consider a function f(z) and its Fourier transform f defined as
1 ptoe

f(k) = o | (z)e*dx . (A.35)
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Then:
> f2mm) =3 f(n). (A.36)

nez nez

Choosing as f an appropriate Gaussian function we obtain:

Z e—ﬂan2+7rbn — Z 6_5 n—l—z : (A37)

nez nEZ

2 + z b)?
Z n e~Tan +rbn Z (n & ) _E(n—H%) , (A38)

nez neZ
2
1 n+ i . b2
Z n2 €—7ran2+7rbn — Z _ ( 22) 6_5("+Z§> . (A39)
= neZ 2ma a

The multidimensional generalization is (repeated indices are summed over):

Z e_ﬂmiminj“l‘WBimi — (det A)—% Z e_ﬂ(mk+7;Bk/2)(A71)kl(ml+iBl/2)‘ (A40)

m;€Z m;€Z

Appendix B: Toroidal lattice sums

We will consider here asymmetric lattice sums corresponding to p left-moving bosons and
¢ right-moving ones. To have good modular properties p — ¢ should be a multiple of eight.
We will consider here the case ¢ — p = 16 relevant for the heterotic string. Other cases can

be easily worked out using the same methods.
We will write the genus-one action using p bosons and 16 complex right-moving fermions,
P1(z), 91 (2):

1 1
Spq = - /d20' det gg“bGag&lXo‘ﬁbXﬁ + pp /dzaeabBagﬁaXaﬁbXﬁ + (B.1)

1 2 Iy 1o vy il
+E/d oy/det g ZI: V' (V+Y, (VX
where the torus metric is given in ([(.]). We will take the fermions to be all periodic or

antiperiodic. A direct evaluation of the torus path integral along the line of section [7.]]

gives

vdet G
ZP7P+16(G7 Bv Y) =

T2p/2np7—]p+16
X Y. exp —E(G + B)ag(m® + mn®)(m? + )| x
meneez T2

16

1 1 ayIvyvi,B__ Iy = ay I
iTr(mYy, YynP—b n®Yy) a—2n?Y,
x5 > Il e & [b amOY !

S
o>~
Il
o
~
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vdet G

7r
= —_— G B a @ « 6 T ﬁ X
T R——: >, exp{ 7_2( + B)ag(m® + %) (m” + 7n”)

meneez

1 1 16 _
X exp [—z’wZno‘ (mﬁ + ?nﬁ) YO{YE] 5 > H V(7] YI mY +7n")|T).
T a,b=0 I=1
Under modular transformations
T—T17+1 s Zp,p—i—lﬁ — 64m/3 Zp,p+16> (BQ)

while it is invariant under 7 — —1/7.

Performing a Poisson resummation in m® we can cast it in Hamiltonian form Z, ;116 =
—p+16
Ly pi16/nP7P " with

Fp7p+16(G7 B> Y) = Z qu/2 CYPIQ"/Q 5 (B3)

Ma,Na,QT
where m,, n® take arbitrary integer values, while ) take values in the even self-dual lattice
O(32)/Zs. To be concrete, the numbers @ are either all integer or all half-integer satisfying
in both cases the constraint > ; @ = even. We will introduce the (2p + 16) x (2p + 16)

symmetric matrix

Gt G~IC G y?
M=|CG' GroGICHYY ClGYtY! | | (B.4)
YG! YGIC+Y 146 +YGy?

where 16 is the sixteen-dimensional unit matrix and
1
Cup = Bap — §YO{Y;. (B.5)

Introduce the O(p,p+16) invariant metric

0 1, 0
L={1, 0 0 |[. (B.6)
0 0 1
Then the matrix M satisfies:
MYLM =MLM =L , M'=LML. (B.7)

Thus, M €O(p,p+16). In terms of M the conformal weights are given by

mOé

SR = 1 Q) (M= 1) | o | B3
@

1 1 m

PR =m0, Q1) - (M + L)~ | na | (B.9)
@
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The spin
1 2 2 « 1
§PR — §PL =mng, — 5@;@; (B.10)

is an integer. When Y = 0 the lattice sum factorizes

1

Lypi16(G,B,Y =0) =T, (G, B) To@2)z, - (B.11)

It can be shown [Bg that for some special (non-zero) values Y the lattice sum factorizes

into the (p, p) toroidal sum and the lattice sum of Eg x Eg
T,,116(G,B,Y =Y) =T,,(G" B") Tk, - (B.12)

Thus, we can continuously interpolate in I, 116 between the O(32) and EgxEg symmetric

points.

Finally, the duality group here is O(p,p+16,Z). An element of O(p,p+16,Z) is an
integer-valued O(p,p+16) matrix. Consider such a matrix Q. It satisfies QT L Q = L.

The lattice sum is invariant under the 7T-duality transformation

e} e}

m m
N | = Q| na | , M—=QMQ". (B.13)
Q1 Qr

In what follows, we will describe translation orbifold blocks for toroidal CFTs. Start
from the (d, d + 16) lattice. We will use the notation A = (m®,n,, Q) for a lattice vector
with its O(p,p+16) inner product, which gives the invariant square \?> = 2m°n, — QQ; €
27. Perform a Zy translation by ¢/N ¢ L, where € is a lattice vector. The generalization
of one-dimensional orbifold blocks ([Z6.27)) is straightforward:

r D> L e /2 aph/2
7N h) P7P+16(€)[g] _ HAELHe q q B14
d,d+16(€)[g] - ﬁp’f_]p—l'lﬁ - ﬂp’f_]p+16 ( : )
where h,g =0,1,..., N — 1. It has the following properties
ZN(—ol]=2ZYk] . 2Nt = ZY (o], (B.15)
N _\rh+1 imge’ N/ \1h N/ \h N/ _\ih
Z7(O)lg T =exp | == Z7()g] 27 (&gl = Z7 ()], (B.16)
21t gh e - €
ZN (e + Né)[l] = exp [ gN ] ZN(e)[l. (B.17)
Under modular transformations
A imh? €
To74+1 o ZN([] — exp [? + T] ZN (O] (B.18)
1 27 hg €
T ZN(E)[Z] — exp [_T] AIGIE (B.19)



Under O(p,p+16,Z) duality transformations it transforms as
2Y(e, QMO = ZY(Q- e M) (8.20)

where Q €0(p,p+16,Z) and M is the moduli matrix (B.4). The unbroken duality group
consists of the subgroup of O(p,p+16,Z) transformations that preserve ¢ modulo N? times

a lattice vector.

Appendix C: Toroidal Kaluza-Klein reduction

In this appendix we will describe the Kaluza-Klein ansatz for toroidal dimensional reduc-
tion from 10 to D < 10 dimensions. A more detailed discussion can be found in [B§.
Hatted fields will denote the (10 — D)-dimensional fields and similarly for the indices.
Greek indices from the beginning of the alphabet will denote the 10 — D internal (com-
pact) dimensions. Unhatted Greek indices from the middle of the alphabet will denote the

D non-compact dimensions.

The standard form for the 10-bein is

R T APEQ . el —eV A¥
AZ €u ,ua,@ : ég _ r ra v ' (Cl)
0 ES 0 E

For the metric we have

A y+ ACGas Al GogAP\ v —Apa
Gﬂﬁ:<9u +G Cusdy G u) , Guu:< L M), (C2)
aB4ly af - _‘_ApA7

Then the part of the action containing the Hilbert term as well as the dilaton becomes

. 1
aP2sleic — [Py et g e | R+ 0,606 + 10,G s G+

—%GWFA “F W} , (C.3)

where .
o= b — 5 log(detGap) , (C4)
Fﬁ,a = 0,4, — 8,,Afj. (C.5)

We will now turn to the antisymmetric tensor part of the action:

- / 4/ —det Ge AP, =

1 1 1
= —/dD:E\/—det ge? [ZHWQHWQ + 4HWOCH‘“’O‘ + 12HWPHWP , (C.6)
where we have used H,3, = 0 and

A

Huaﬁ —6 e HoeﬁzHuaﬁa (C?)
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Hul/a e, esé# AVHuVa = H/u/oz A Hl/ozﬁ + Aﬁ pafB s

puevers

A

Hyup = €e5e 626 Hpop = Hyp + [~ AGH oy, + A2 ADH o, + cyclic] .

Similarly,

[y —det G e Z FLFI —

16
= [aPuy[~det g e 3" [FL e 2] Bl
I=1
with
Al = Al —v]As

« a o )

l 1 I _ I 1
Flo=o0y! |, Fl=09,Al —9,AL.

2 S ¢ I A
FW = FW +Y, FW

(C.10)

(C.11)
(C.12)

We can now evaluate the D-dimensional antisymmetric tensor pieces using ([C.7)-(C.9):

Hyap = 0uBas + 5 z[yfa vl -vioxl].

Introducing
~ 1
Cop = Bag — §ZYC{YBJ,
T

we obtain from ([C.4)
_ I yI
Hyop = 0,Cap+ > Y,0,Y5 .
T

Also
~ A . 1 ~ ~ ~
H;wa = a,uBua - auB,ua + 5 Z [Azlxa,uyal - Aialfyo{ - YO{F;{I/} :
I

Define 1
By = By + BagAl + 3 Y YA

1
F?  =0,B,,—0,B

a,pv Qa,

we obtain from ([C.7)

Hyvo = FJ, — CagF’ Z YIF!
Finally,
By =B, + = [A“ va + ZAIAO‘YI (1« y)] — A% A} Bag
and

wtavp ntvp

1
H,uz/p = a,uBup 2 lB FAa "‘AaFB +ZAIFI] +Cy€hC
I
=0,B,, L JALFT 4 cyclic

ptvp
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(C.14)

(C.15)

(C.16)

(C.17)

(C.18)

(C.19)

(C.20)

(C.21)



where we combined the 36 — 2D gauge fields A}, B, ., A into the uniform notation AL,
i=1,2,...,36 —2D and L;; is the O(lO-D,ZG—D) invariant metric (B.gq). We can combine
the scalars Gog, Bag, Y, into the matrix M given in (B4). Putting everything together,

the D-dimensional action becomes
) 1 - .
Sheterotic / dPx \/—det ge™? {R + 0"90,,¢ — EH’“””HWP— (C.22)

. . 1
—— (MY F FI 4 éTr(auMauM_l)

We will also consider here the KK reduction of a three-index antisymmetric tensor
Clwp- Such a tensor appears in type-II string theory and eleven-dimensional supergravity.

The action for such a tensor is
Se =5 4l/dd V=G F? | (C.23)

where

A ~

F,ul/po = 8,u0upo a C,uz/p +90 Co;w - al/Cpo"u, . (C24)

We define the lower-dimensional components as

Capy = Capy + Cuap = Cuap — Capy A, (C.25)
Crva = Cuva + Clap Al — Coag Al + Cop, ADAY (C.26)
Chvo = Covp + (—Clopa Al + Cagp A AL + cyclic) — Cogy ATATAT (C.27)
Then,
- / 02/ =g\/AetGas [Fupo FP7 + AF e FMP° +
+6F o PP + AF 05, F*7] (C.28)
where
Fuapy = OuCapy 5 Fuvap = 0uCrap — 0,Cuap + Capy F)), (C.29)
Fovpo = 0,Cppa + Cuag , + cyclic (C.30)
Fuvpo = (0uCupo +3 perm.) + (Cpoa Fl, +5 perm.) . (C.31)

Appendix D: N=1,2,4, D=4 supergravity coupled to

matter

We will review here some facts about four-dimensional supergravity theories coupled to

matter.

221



e N=1 supergravity. Apart from the supergravity multiplet, we can have vector multi-

plets containing the vectors and their Majorana gaugini, and chiral multiplets containing
a complex scalar and a Weyl spinor. There is also the linear multiplet containing an anti-
symmetric tensor, a scalar and a Weyl fermion. However, this can be dualized into a chiral
multiplet, but with an accompanying Peccei-Quinn symmetry. FJ The bosonic Lagrangian

can be written as follows

1 R - 1 Ou'i
£N=1 = _2—,%2R + GijDuQSZDuQSJ + V(Cba Cb) + Z @[FuuFuu]a + Z[FWFM ]a . (D'l)

The gauge group G = [], G, is a product of simple or U(1) factors; ¢' are the complex
scalars of the chiral multiplets, which in general transform in some representation of the

gauge group; D, are the associated covariant derivatives.

Supersymmetry requires the manifold of scalars to be Kéahlerian,
Gij = 0i0;K (¢, 9) - (D.2)
The gauge couplings and #-angles must depend on the moduli via a holomorphic function
1
P =Re fu(¢) , 0,=—Im f,(¢). (D.3)

The holomorphic function f, must be gauge-invariant. The scalar potential V is also

determined by a holomorphic functionf the superpotential W (¢):

V(g,0) = e X (DWGDW - 3:7 W) (D.4)
where G 9K
W — 2
D; W a¢i+l-€a¢iw. (D.5)

Note that the potential of N=1 supergravity is not positive-definite.
There is an overall redundancy in the data (K, f,, W). The action is invariant under

Kahler transformations

K—K+A®)+Ad) , WoWe™ | fo—fa. (D.6)

It seems that this redundancy allows one to get rid of the superpotential. This is true if
it has no singularities. Otherwise one obtains a singular metric for the scalars. Further

information can be found in [BJ].

e N=2 supergravity. Apart from the supergravity multiplet we will have a number

Ny of abelian vector multiplets and a number Ny of hypermultiplets. There is also an
extra gauge boson, the graviphoton residing in the supergravity multiplet. Picking the

gauge to be abelian is without loss of generality since any non-abelian gauge group can

28 A Peccei-Quinn symmetry is a translational symmetry of a scalar field, ¢ — ¢-+constant.
29 We will ignore D-terms.
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be broken to the maximal abelian subgroup by giving expectation values to the scalar
partners of the abelian gauge bosons. Denote the graviphoton by Ag, the rest of the
gauge bosons by Aj, i =1,2,..., Ny, and the scalar partners of Aj, as T°,T". Although
the graviphoton does does not have a scalar partner, it is convenient to introduce one.
The theory has a scaling symmetry, which allows us to set this scalar equal to 1. We
will introduce the complex coordinates Z/, I = 0,1,2, ..., Ny, which will parametrize the
vector moduli space (VMS), M. The 4Ny scalars of the hypermultiplets parametrize the
hypermultiplet moduli space My and supersymmetry requires this to be a quaternionic

manifold. The geometry of the full scalar manifold is that of a product, My x My.

N=2 supersymmetry implies that the VMS is not just a Kéhler manifold, but that
it satisfies what is known as special geometry. Special geometry eventually leads to the
property that the full action of N=2 supergravity (we exclude hypermultiplets for the
moment) can be written in terms of one function, which is holomorphic in the VMS
coordinates. This function, which we will denote by F(Z), is called the prepotential.
It must be a homogeneous function of the coordinates of degree 2: Z! F; = 2, where
F; = %. For example, the Kahler potential is

K =—logli(Z" Fi - 2'Fy)] , (D.7)
which determines the metric G;7 = 0;07K of the kinetic terms of the scalars. We can fix
the scaling freedom by setting Z° = 1, and then Z! = T7 are the physical moduli. The

Kahler potential becomes
K = —log [2 (f(T") + /(T)) = (T' = T')(fi — )] . (D.8)
where f(T") = —iF(Z° =1,Z" = T"). The Kahler metric G;; has the following property
R = GG+ GG — e K Wi G™™ W 57, (D.9)

where W, = 0;0;0, f. Since there is no potential, the only part of the bosonic action left

to be specified is the kinetic terms for the vectors:

1 0 ~
[ectors _EEIJFJVFJ,/M/ N ZILJ F/{VFJJM/’ (D].O)
where . 1

—_ 1 — _
=1y = Z[NIJ — Npjl , O = Z[NIJ + Niyl, (D.11)

— IIIl F[K Im FJLZKZL
Ny =F 2 . D.12
1J 1J + 21 Im FMNZMZN ( )

Here we see that the gauge couplings, unlike the N=1 case, are not harmonic functions of

the moduli.

N=2 BPS statesf have masses of the form

M2 _ |6[ ZI—FC]f F]|2
BPS Im(Z1Fy)

39You will find definitions and properties in Appendix E.

(D.13)

223



where e, ¢’ are the electric and magnetic charges of the state. Further reading can be
found in [pd].

e N=4 supergravity. As we mentioned previously, in the supergravity multiplet there

is a complex scalar and six graviphotons. In general we can also have Ny vector multiplets
containing six scalars and a vector each. The local geometry of the scalar manifold is
completely fixed to be SL(2)/U(1) ®0(6,6 + Nv)/O(6) x O(6 + Ny). The first factor
is associated with the supergravity complex scalar S, while the second, with the vector
multiplet scalars. The bosonic action was given in ([2.1.1§). The BPS mass-formula is

Mips = (0! + S0YM. o+ 86) + 5 /(M) (FM5) — (M5, (D.14)

where «, 3 are integer-valued, (12 + Ny )-dimensional vectors of electric and magnetic
charges, M is the moduli matrix in (B-4) and My = M + Le g4, -

e 4 < N < 8 supergravity. There are no massless matter multiplets, and the La-

grangian is completely fixed by supersymmetry. We will not discuss any further detail,

however.

Appendix E: BPS multiplets and

helicity supertrace formulae

BPS states are important probes of non-perturbative physics in theories with extended

(N > 2) supersymmetry.
BPS states are special for the following reasons:

e Due to their relation with central charges, and although they are massive, they form
multiplets under extended SUSY which are shorter than the generic massive multiplet.

Their mass is given in terms of their charges and moduli expectation values.

e At generic points in moduli space they are stable because of energy and charge

conservation.

e Their mass-formula is supposed to be exact if one uses renormalized values for the
charges and modulif] The argument is that quantum corrections would spoil the relation
of mass and charges, and if we assume unbroken SUSY at the quantum level there would

be incompatibilities with the dimension of their representations.

In order to present the concept of BPS states we will briefly review the representation
theory of N-extended supersymmetry. A more complete treatment can be found in [PT].

A general discussion of central charges in various dimensions can be found in [pJ]. We will

3'In theories with N > 4 supersymmetry there are no renormalizations.
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concentrate here to four dimensions. The anticommutation relations are
I AJ 1J AT AT S1J I AJ IJ
{Qav Qﬁ} = EaﬁZ ) {Qo'u Qﬁ} = EdBZ ) {Qav Qd} =0 2agdpu7 (El)
where Z!7 is the antisymmetric central charge matrix.

The algebra is invariant under the U(N) R-symmetry that rotates Q, Q. We begin with
a description of the representations of the algebra. We will first assume that the central
charges are zero.

e Massive representations. We can go to the rest frame P ~ (—M,0). The relations

become
{Q5, Qi) = 2Mbaa0"  {Q1,Q5) = {QL. Q3 = 0. (E.2)
Define the 2N fermionic harmonic creation and annihilation operators
Al = LQ’ All = LQ’. : (E.3)
RV VD) V

Building the representation is now easy. We start with Clifford vacuum |Q2), which is
annihilated by the Al and we generate the representation by acting with the creation
operators. There are (27]:[ ) states at the n-th oscillator level. The total number of states is
SN (27]:7), half of them being bosonic and half of them fermionic. The spin comes from

symmetrization over the spinorial indices. The maximal spin is the spin of the ground-

states plus N.

Example. Suppose N=1 and the ground-state transforms into the [j] representation
of SO(3). Here we have two creation operators. Then, the content of the massive repre-
sentation is [j] ® ([1/2] + 2[0]) = [j £ 1/2] + 2[j]. The two spin-zero states correspond to

the ground-state itself and to the state with two oscillators.

e Massless representations. In this case we can go to the frame P ~ (—FE, 0,0, E'). The

anticommutation relations now become

@.an=2(" )e. (©.4

the rest being zero. Since Qg,@g totally anticommute, they are represented by zero
in a unitary theory. We have N non-trivial creation and annihilation operators A’ =
Q!/2VE, AT = Q! /2V/E, and the representation is 2"V-dimensional. It is much shorter

than the massive one.

e Non-zero central charges. In this case the representations are massive. The central

charge matrix can be brought by a U(N) transformation to block diagonal form as in
(I1.18), and we will label the real positive eigenvalues by Z,,. We assume that N is even
so that m = 1,2,..., N/2. We will split the index I — (a,m): a = 1,2 labels positions
inside the 2 x 2 blocks while m labels the blocks. Then

{ Zm’ Q(l;n} — 2M5ad5ab5mn ’ { Zm’ Q%n} — Zneaﬁeabémn ) (E5)
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Define the following fermionic oscillators

m 1 im 2m m 1 Im 2m

AL = E[Qa +€apQ3"] , By = E[Qa — €apQ3" ], (E.6)

and similarly for the conjugate operators. The anticommutators become
{Ad, Agy ={Ad, B3y ={By" B} =0, (E.7)
{Am A = 6,56™ (2M + Z,) , {BI, B'} = 6u56™ (2M — Z,). (E.8)
Unitarity requires that the right-hand sides in ([E-§) be non-negative. This in turn implies

the Bogomolnyi bound

M > max [%] . (E.9)
Consider 0 < r < N/2 of the Z,’s to be equal to 2M. Then 2r of the B-oscillators

vanish identically and we are left with 2N — 2r creation and annihilation operators. The

22N—2r

representation has states. The maximal case r = N/2 gives rise to the short BPS

multiplet whose number of states are the same as in the massless multiplet. The other
multiplets with 0 < r < N/2 are known as intermediate BPS multiplets.

Another ingredient that makes supersymmetry special is specific properties of super-

traces of powers of the helicity. Such supertraces appear in loop amplitudes and they will
be quite useful.f They can also be used to distinguish BPS states [[0, PG]. We will define

the helicity supertrace on a supersymmetry representation R asf]
Bon(R) = Trg[(—1)**A?"]. (E.10)
It is useful to introduce the “helicity-generating function” of a given supermultiplet R
Zr(y) = str y**. (E.11)

For a particle of spin 7 we have

(—)% (7?/% +y1__i/ /jjfl ) massive
(—)¥(y* +y=2)  massless

When tensoring representations the generating functionals get multiplied,
Zvsi = Lp L . (E.13)
The supertrace of the n-th power of helicity can be extracted from the generating functional
through
Bu(R) = ("5 5)" Zi(w)lr- (B.14)

32The relation of loop corrections to supertraces was first observed in [@] General supertraces were

computed in @] The relationaship between Bs and short multiplets of the N=2 algebra in four dimensions

was observed in [@] It was generalized to different amounts of supersymmetry in [@]
33In higher dimensions, traces over various Casimirs of the little group have to be considered.
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For a supersymmetry representation constructed from a spin [j] ground-state by acting

with 2m oscillators we obtain
Zm(y) = Zi(y) (1 —y)™ (1 = 1/y)™. (E.15)

We will now analyse in more detail N=2.4 supersymmetric representations

e N=2 supersymmetry. There is only one central charge eigenvalue Z. The long

massive representations have the following content:
Ly o [le ([ + 4[1/2] + 5[0]) - (E.16)
When M = Z/2 we obtain the short (BPS) massive multiplet
S; o+ U@ (201/2]+4[0)). (E.17)
Finally the massless multiplets have the following content
MY 0 EA+1/2) +2(£N) + £(N - 1/2). (E.18)

A = 0 corresponds to the hypermultiplet, A = 1/2 to the vector multiplet and A = 3/2 to
the supergravity multiplet.

We have the following helicity supertraces
By(any rep) =0, (E.19)
By(MY) = (=1)" . Ba(S)) = (=)' D; | By(L;)=0. (E.20)

e N=4 supersymmetry. Here we have two eigenvalues for the central charge matrix

Z > Zy > 0. For the generic massive multiplet, M > Z;, and all eight raising operators act
non-trivially. The representation is long, containing 128 bosonic and 128 fermionic states.
The generic, long, massive multiplet can be generated by tensoring the representation [j]

of its ground-state with the long fermionic oscillator representation of the N=4 algebra:

L : [j]® (42[0] + 48[1/2] + 27[1] + 8[3/2] + [2]) . (E.21)

It contains 128D; bosonic degrees of freedom and 128D; fermionic ones (D; = 2j + 1).
The minimum-spin massive long (ML) multiplet has 7 = 0 and maximum spin 2 with the

following content:
s =2 massive long : 42[0] +48[1/2] + 27[1] + 8[3/2] + [2]. (E.22)
The generic representation saturating the mass bound, M = Z; > Z,, leaves one
unbroken supersymmetry and is referred to as massive intermediate BPS multiplet. It can

be obtained as
I, [j]® (14][0] + 14[1/2] + 6[1] + [3/2]) (E.23)
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and contains 32D; bosonic and 32D; fermionic states. The minimum spin multiplet (j=0)

has maximum spin 3/2 and content

Iy : 14[0] + 14[1/2] + 6[1] + [3/2] . (E.24)

Finally, when M = |Z;| = |Z| the representation is a short BPS representation. It

breaks half of the supersymmetries. For massive such representations we have the content
S; ¢ Ll 6] +4[1/2]+[1]), (E.25)

with 8D; bosonic and 8D, fermionic states. The representation with minimum greatest

spin is the one with 7 = 0, and maximum spin 1:

Sy ¢ 501 +4[1/2] +[1]. (E.26)

Massless multiplets, which arise only when both central charges vanish, are thus always
short. They have the following O(2) helicity content:

M] o [EAF D] +H4AEN+1/2)] +6[N)] +4[EN = 1/2)] + [F(A=1)],  (E.27)

with 16 bosonic and 16 fermionic states. There is also the CPT self-conjugate vector
representation (V) (corresponding to A = 0) with content 6[0] + 4[+1/2] + [+1] and 8
bosonic and 8 fermionic states. For A = 1 we obtain the spin-two massless supergravity
multiplet, which has the helicity content

M o [£2] +4[£3/2] + 6[F1] + 4[+1/2] + 2[0]. (E.28)
Long representations can be decomposed into intermediate representations as
Lj —>2[j+[j+1/2+[j_1/2. (E29)

When further, by varying the moduli, we can arrange that M = |Z;| = |Z5|, then the

massive intermediate representations can break into massive short representations as
Ij - 25] + Sj+1/2 + Sj—1/2 . (E?)O)

Finally, when a short representation becomes massless, it decomposes as follows into mass-

less representations:

J
S;—= > M) |, j—XEL. (E.31)
A=0

By direct calculation we obtain the following helicity supertrace formulae:

B,(any rep) =0 for n=0,2. (E.32)
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The non-renormalization of the two derivative effective actions in N=4 supersymmetry is

based on (E.33).

By(Lj) = B4(I;) =0 , Ba(S;) = (-

l\.’)IC«O

(E.33)

1)
ByMD) = (-1)P3 | By(V) = ; (E.34)

These imply that only short multiplets contribute in the renormalization of some terms in
the four-derivative effective action in the presence of N=4 supersymmetry. It also strongly
suggests that such corrections come only from one order (usually one loop) in perturbation

theory.

The following helicity sums will be useful when counting intermediate multiplets in

string theory:

Bs(L;) =0 |, BG([j):(—l)Zj“ZD] , B6(Sj):(—1)2]§D§’, (E.35)
0 2>\15 2 0 15
Bs(M) = (—1) Z(1+12A) , BG(V):§. (E.36)
Finally,
315 105
Bs(L;) = (—=1)% 1 —D; Bs(fj):(—1)2”1EDJ-(1+D§), (E.37)
27 21 4

Bg(S;) = (—1)% 64D (1+2Dj), (E.38)

0 L 21 ) . o 63
Bs(MY)) = (-1)* 16(1+80)\ +160AY) , Bg(VY) = TR (E.39)

The massive long N=4 representation is the same as the short massive N=8 representation,
which explains the result in (E-37).

Observe that the trace formulae above are in accord with the decompositions ([E.29)-

(E31).

oN=8 supersymmetry. The highest possible supersymmetry in four dimensions is N=8.

Massless representations (7;') have the following helicity content
3 1
(A+2)+8 ()\j: 5) +28(A £ 1) + 56 (A:I: 5) +700\) (E.40)

Physical (CPT-invariant) representations are given by Mg = T3 + Ty and contain 28
bosonic states and an equal number of fermionic ones with the exception of the supergravity

representation M = Ty which is CPT-self-conjugate:
3 1
(+£2) + 8 <i§> +28(£1) + 56 (15) +70(0) (E.41)
and contains 27 bosonic states.
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Massive short representations (S7), are labeled by the SU(2) spin j of the ground-state

and have the following content
[7] @ ([2] + 8[3/2] + 27[1] + 48[1/2] + 42[0]) . (E.42)
They break four (half) of the supersymmetries and contain 27 - D; bosonic states. S7

decomposes to massless representations as

J
ST = > Mgy, (E.43)

A=0

where the sum runs on integer values of \ if j is integer and on half-integer values if j is

half-integer.

There are three types of intermediate multiplets, which we list below:

I [j] @ (5/2] + 10[2] + 44[3/2] + 110[1] 4 165[1/2] + 132[0]) , (E.44)

I [j] @ ([3] +12[5/2] + 65[2] + 208[3/2] + 429[1]+

+572[1/2] + 429[0]) , (E.45)

I : ] ® ([7/2] + 14[3] + 90[5/2] + 350[2] + 910[3,/2]+
+1638[1] + 2002[1/2] + 1430[0]) . (E.46)

They break respectively 5,6,7 supersymmetries. They contain 2°- D; (), 2'*- D; (I}) and
2'3. D, (I}) bosonic states.

Finally, the long representations (L’) (which break all supersymmetries ) are given by
7] ® ([4] + 16[7/2] + 119[3] + 544[5/2] + 1700[2]+

+3808[3/2] + 6188[1] + 7072[1/2] + 4862[0]) . (E.47)
L7 contains 2'* - D; bosonic states.

We also have the following recursive decomposition formulae:

. i1 . i1

D—n™2 42l +1)? (E.48)
- Jt+3 N

-0 yo4+n (E.49)
' i+3 R

I—L2 42412, (E.50)

I — 55 4280 4 5975 (E.51)

All even helicity supertraces up to order six vanish for N=8 representations. For the
rest we obtain:
Bs(M) = (—=1)* 315 , (E.52)
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4725
Bio(Mg) = (=1)* 5 —— (6N +1) (E.53)
10395
Bp(My) = (-1)* G ———(240X\" 4 240A* 4 19) , (E.54)
4504
By (M) = (-1)* o0 5(336A64—840A44—399A24—20) , (E.55)

16
5, 135135

Bus(M3) = (—1) =

(7680A% + 35840\ + 42560A* + 12800\% +457) . (E.56)

The supertraces of the massless supergravity representation M{ can be obtained from
the above by setting A = 0 and dividing by a factor of 2 to account for the smaller

dimension of the representation.

By(s") = (-1)% - 22D, | (57)

Bio(§%) = (=1)% - 478251) (D?+1) (E.58)

Bp(87) = (-1)¥ . 1%g)EDj(3D§+10D§+6), (E.59)

By (89) = (—=1)¥ . é%%§D(3D6+21D4+4202+1zl) : (E.60)
Bis(89) = (—1)% . 42(1);1517)»(1017;? +120D¢ 4 504D7 + 560D + 177) (E.61)
Bs(I{) =0 , (E.62)

Bu(r)) = (-1 0, (E.63)

Biao(I}) = (—1)2ﬂ‘+1.15‘i225pj(217§+3) , (E.64)
BBKI@::(—J)”*l~g§g§§§[%(D?4—lx1ﬁ—+4), (E.65)
BuxLD::(—J)”+1~20?;225Ly(4D§%—42Lf—%112[@—%57), (E.66)
Bs(I3) = Bio(13) =0 | (E.67)

Bu(r) = (-1y7 - 0, (E68)
_BM(Q)::(—1Vj~1£¥§?3§1y(D§4—2), (E.69)
_Bm(@)::(—1Yj-légg?zgl%(GDf%—4OD?4—4U : (E.70)
Bs(I3) = Buo(13) = Biz(I}) =0, (E.71)
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By(I) = (1) 3 i (E.72)
) ) 212837625
Bt = (-t 220 ) oz s (B.73)
Bs(L?) = Byo(L?) = Bio(L?) = Biy(L?) =0 (E.74)
, . 0638512875
Big(L7) = (=1)% - — L (E.75)

A further check of the above formulae is provided by the fact that they respect the
decomposition formulae of the various representations (E.43) and ([E-4§)-E-51).

Appendix F: Modular forms

In this appendix we collect some formulae for modular forms, which are useful for analysing
the spectrum of BPS states and BPS-generated one-loop corrections to the effective su-
pergravity theories. A (holomorphic) modular form F,(7) of weight d behaves as follows

under modular transformations:
Fy(—=1/7) = 19Fy (1) Fy(r +1) = Fy(1). (F.1)

We first list the Eisenstein series:

By :—a logn=1-243 - - (F.2)
n= 1
L/os 8 8 ”3qn
E, 5(19 + 05 +19)_1+2402 (F.3)
n= 1 q
1 o0
By =3 (93 +03) (95 +03) (91— v3) = 1504 Z — (F.4)
In counting BPS states in string theory the following combinations arise
1—FEy > ng" >
E,—1 & n’¢n s
1= 40 nZ::l 1— g nz::l (e (£6)
1— FEs X nPgn >
= = =>d " F.7
6 504 nz::ll_qn nz::l 6(n)q (F.7)
We have the following arithmetic formulae for doy:
dop(N) =>" n*' | k=1,23. (F.8)

n|N
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The FE, and Eg modular forms have weight four and six, respectively. They generate

the ring of modular forms. However, Es is not exactly a modular form, but

~ 3
E2 - E2 I (Fg)
T2
is a modular form of weight 2 but is not holomorphic any more. The (modular-invariant)
j function and n** can be written as
E} 1 o 1

j= = 4T44+... , 7

2
i . = 5 B} - 7] . (F.10)

We will also introduce the covariant derivative on modular forms:

d/2

TTy

Fd+2: < 8 + )FdEDd Fd. (Fll)

Fyyo is a modular form of weight d + 2 if F; has weight d. The covariant derivative

introduced above has the following distributive property:
Dayvay (Fa, Fay) = Fay(Day Fay) + Fay (Day Fa,) - (F.12)

The following relations and ([F.13) allow the computation of any covariant derivative
1 1., 2 2. , -
D2 E2 == 6E4 - 6E2 y D4 E4 - §E6 - gEg E4 y D6 EG = E4 - E2 EG . (Flg)

Here we will give some identities between derivatives of ¥-functions and modular forms.

They are useful for trace computations in string theory:

9" ,19(5)
Q’fﬁl =B, | 191,1 = 2 By (470, log By — w°E,) | (F.14)
19(5) 19/// 2
—3- -+ <ﬁ,> =21'Ey, (F.15)
1
o 350 (9N’ 9P 80x®
—15 + 105 = E F.16
3\ 07 3 (F.16)
1 & 0/ 1
— Lt = —(FEyEy — Fg). F.17
2 ; (2mi)? g (b = Eo) (.17)
The function £(v) that appears in string helicity-generating partition functions is de-
fined as
> (1—qn)? sinmv )
T];[l (1 _ qne27rw)(1 _ qne—27rw) T ﬁl(fu) 5('[1) 5( ,U) ( )

It satisfies



vy

ED0) = — + =+ ————=—(3-10E,+2E,+5E3),  (F.20)
59, 15

atooom?oy 2 (9 2 119@ 7r4
5 3 5( ) 5

6 9" 1072 /9™ 2 19(5)
©@) = T _ %t _ Y1 2 V1
o) = - -n G-I () v

10 (0N 1o
3\ o2 T,
6

- 2—3(—9 + 635, — 105E2 — 42E, + 16E; +

+42E,F, + 35E3) (F.21)

where £ (0) stands for taking the n-th derivative with respect to v and then setting v = 0.

Appendix G: Helicity string partition functions

We have seen in section [[4.] that BPS states are important ingredients in non-perturbative
dualities. The reason is that their special properties, most of the time, guarantee that such
states survive at strong coupling. In this section we would like to analyze ways of counting

BPS states in string perturbation theory.

An important point that should be stressed from the beginning is the following: a
generic BPS state is not protected from quantum corrections. The reason is that sometimes
groups of short BPS multiplets can combine into long multiplets of supersymmetry. Such
long multiplets are not protected from non-renormalization theorems. We would thus like
to count BPS multiplicities in such a way that only “unpaired” multiplets contribute. As
explained in Appendix E, this can be done with the help of helicity supertrace formulae.
These have precisely the properties we need in order to count BPS multiplicities that
are protected from non-renormalization theorems. Moreover, multiplicities counted via
helicity supertraces are insensitive to moduli. They are the generalizations of the elliptic
genus, which is the stringy generalization of the Dirac index. In this sense, they are indices,
insensitive to the details of the physics. We will show here how we can compute helicity
supertraces in perturbative string ground-states, and we will work out some interesting

examples.

We will introduce the helicity-generating partition functions for D=4 string theories
with N> 1 spacetime supersymmetry. The physical helicity in closed string theory A is a
sum of the left helicity A; coming from the left-movers and the right helicity Ag coming
from the right-movers. Then, we can consider the following helicity-generating partition
function

Z(U,@) _ StT[qLO ql_,ge27rz’v>\3—27ri17)\L] ‘ (Gl)
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We will first examine the heterotic string. Four-dimensional vacua with at least N=1

spacetime supersymmetry have the following partition function

1 Z (_1)a+b+ab @ Cint[g], (GQ)

Zheterotic
T 27727’]2
a,b=0

D=4

where we have separated the (light-cone) bosonic and fermionic contributions of the four-
dimensional part. C[f] is the partition function of the internal CFT with (¢, ¢) = (9,22)
and at least (2,0) superconformal symmetry. a = 0 corresponds to the N.S sector, a = 1
to the R sector and b = 0, 1 indicates the presence of the projection (—1)**, where F} is
the zero mode of the N=2, U(1) current.

The oscillators that would contribute to the left helicity are the left-moving light-
cone bosons 0X* = 0X3 £i0X* contributing helicity 1 respectively, and the light-cone
fermions ¥* contributing again +1 to the left helicity. Only X contribute to the right-
moving helicity. Calculating ([G.)) is straightforward, with the result

deizrotic(v’z—o _ f(v)&(@) Z (_1>a+b+ab m Cvint[g]7 (GB)

om0 a,b=0 n

where £(v) is given in (F7I§). This can be simplified using spacetime supersymmetry to

heterotic N\ 5(’0)5(1_)) 19[%](1)/2) intrl
Zp=i® (v, 0) = P 1 C™[](v/2), (G.4)
with
Cint[ﬂ(’l}) _ TIR[(—I)FM e2miv Jo ng‘t—3/8 ng‘t—ll/H] ’ (G5)

where the trace is in the Ramond sector, and Jy is the zero mode of the U(1) current of
the N=2 superconformal algebra; C'"*[{](v) is the elliptic genus of the internal (2,0) theory
and is antiholomorphic. The leading term of C'[{](0) coincides with the Euler number in

CY compactifications.

If we define L8 L8
- - Y V) G.6
2mi v 27 OV (G-6)
then the helicity supertraces can be written as
By = SN = (Q + Q)™ Zp2™(v,0)| (G.7)

Consider as an example the heterotic string on 7% with N=4, D=4 spacetime super-
symmetry. Its helicity partition function is

gherotic(y gy = 12D e Loz (@.8)

77127724 Ty

It is obvious that we need at least four powers of () in order to get a non-vanishing

contribution, implying By = Bs; = 0, in agreement with the N=4 supertrace formulae
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derived in Appendix E. We will calculate By which, according to ([E-33),([E-34) is sensitive
to short multiplets only:

Bi=(Q+Q)")=(Q") =5 (G.9)

For the massless states the result agrees with ([E.34), as it should. Moreover, from ([E-33)
we observe that massive short multiplets with a bosonic ground-state give an opposite
contribution from multiplets with a fermionic ground-state. We learn that all such short
massive multiplets in the heterotic spectrum are “bosonic”, with multiplicities given by
the coefficients of the n=24.

Consider further

~ . 52— E
Bg = <(Q + Q)6> = <Q6 + 15Q4Q2> = @ﬁT‘f (G.IO)
Since there can be no intermediate multiplets in the perturbative heterotic spectrum we

get only contributions from the short multiplets. An explicit analysis at low levels confirms
the agreement between (E-33) and ([G.10).

For type-1I vacua, there are fermionic contributions to the helicity from both the left-
moving and the right-moving world-sheet fermions. We will consider as a first example the

type-1I string, compactified on T° to four dimensions with maximal N=8 supersymmetry.

The light-cone helicity-generating partition function is

Z]{flzg(vﬂ_)) — Stl"[qLO qioe2wiUAR—27riz7AL] —
_ Ly oy e BIOPEIO)
4 ,f=0 &,3=0 n*
()i BP0 E@ED) oo _
7t Im7|n[* |n|'2
Lo U3 (v/2)94(v/2 _
- oo BORBOE o). @)

It is obvious that in order to obtain a non-zero result, we need at least a Q* on the
left and a Q* on the right. This is in agreement with our statement in appendix E:
By = By = By = Bg = 0 for an N = 8 theory. The first non-trivial case is Bg and by
straightforward computation we obtain

- - 315 6
Bg = 5 =70(Q'Q") = ——= . G.12

C=((Q+Q)) =0(@'Q") = =20 (G.12)

At the massless level, the only N=8 representation is the supergravity representa-
tion, which contributes 315/2, in accordance with (E-56). At the massive levels we have

seen in appendix E that only short representations S? can contribute, each contributing
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315/2 (2j+1). We learn from ([G.13) that all short massive multiplets have j = 0 and they
are left and right ground-states of the type-II CFT, thus breaking N=8 supersymmetry to

N=4. Since the mass for these states is

1
M2:Zp2L ., m-n=0, (G.13)

such multiplets exist for any (6,6) lattice vector satisfying the matching condition. The

multiplicity coming from the rest of the theory is 1.

We will now compute the next non-trivial supertracef7]

By = ((Q+Q)") =210(Q°Q" +Q'Q°) =
4725 T (19’1” 4725 T

— " = . 14
7 + 38" + cc) 1 Tmr (G.14)

872 Imr

In this trace, I; intermediate representations can also in principle contribute. Com-

paring (G.14) with (E53), (E.63) we learn that there are no I; representations in the
perturbative string spectrum.

Moving further:

By = (495(Q'Q®* + Q*Q") + 924Q°Q°) =

10395 31185 1T
[ >t Bt 4)}Im7'

[10395-19 1039545 (E; — 1 Te

- 32 1 ( 240 +C)] Tmr (G.15)

Comparison with (E.59) indicates that the first term in the above formula contains the
contribution of the short multiplets. Here however, I, multiplets can also contribute and
the second term in ([G.I5) precisely describes their contribution. These are string states
that are ground-states either on the left or on the right and comparing with (E.68) we
learn that their multiplicities are given by (£, — 1)/240. More precisely, for a given mass
level with p? — p% = 4N > 0 the multiplicity of these representations at that mass level is
given by the sum of cubes of all divisors of N, d4(N) (see Appendix F):

B Y (=1)%D; =dy(N) . (G.16)
J
They break N=8 supersymmetry to N=2.

The last trace to which long multiplets do not contribute is

By = {(Q+Q)") = (G.17)
45045 14189175 / Ey—1 1— E; ﬂ Te
B 2 266
35 20+ 5 ( 210 " 504 %)) Tr

34We use formulae from appendix F here.
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Although in this trace I3 representations can contribute, there are no such representations
in the perturbative string spectrum. The first term in ([G.I7) comes from short represen-
tations, the second from I, representations. Taking into account ([E.69) we can derive the

following sum rule
JEA Z(—1)2JD§ =ds(N) . (G.18)

J

The final example we will consider is also instructive because it shows that although
a string ground-state can contain many BPS multiplets, most of them are not protected
from renormalization. The relevant vacuum is the type-II string compactified on K3x7T?

down to four dimensions.

We will first start from the Z, special point of the K3 moduli space. This is given by

a Zo orbifold of the four-torus. We can write the one-loop vacuum amplitude as

1 1 L 1 192 al .9 a+h 9 a—h
ZII _ - Z Z Z (_l)a-i-ﬁ-i-aﬁ [25] [ﬁ—l—g] [ﬁ—g] < (Glg)
8 9,h=0 a,6=0 &,3=0 n n n
- a+p+afB 5[2 [%] ﬁ[gig] ﬁ[g:g] 1 P272 h
X( 1> 52 > = 4 4 Z474[g]7
7”0 n Im7n* |nl
where . | ‘4 .0 ‘4
Zualll =24 70— el _ U84l G.20
vl =g Ak =10 = T (20
L [9a0s)! " 920"
Zualt) =161 V2B gl a1
4,4[0] |194|4 ‘n‘g 4,4[1] |193‘4 |77|8 ( )

We have N=4 supersymmetry in four dimensions. The mass formula of BPS states
depends only on the two-torus moduli. Moreover states that are ground-states both on
the left and the right will give short BPS multiplets that break half of the supersymmetry.
On the other hand, states that are ground-states on the left but otherwise arbitrary on the
right (and vice versa) will provide BPS states that are intermediate multiplets breaking
3/4 of the supersymmetry. Obviously there are many such states in the spectrum. Thus,

we naively expect many perturbative intermediate multiplets.

We will now evaluate the helicity supertrace formulae. We will first write the helicity-
generating function,
71 (v, 0) =

Z a+ﬁ+a6+a+B+aB 0[5](v)9[3](0) y
Bas

- B wEmCt o202 (@)

3 |
[N}
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where we have used the Jacobi identity in the second line; C[§ ] is the partition func-

tion of the internal (4,4) superconformal field theory in the various sectors. Moreover
C[i 11(v/2,v/2) is an even function of v, v due to the SU(2) symmetry and

G
Cli 1l(v,0) =8 : G.23
[1 1](U7 ) ; 1912(0) ( )
is the elliptic genus of the (4,4) internal theory on K3. Although we calculated the elliptic
genus in the Z; orbifold limit, the calculation is valid on the whole of K3 since the elliptic

genus does not depend on the moduli.
Let us first compute the trace of the fourth power of the helicity:

(V) 9@+ Q)Y = 6(@Q + Q") = 3622 (G.21)
As expected, we obtain contributions from the the ground-states only, but with arbitrary
momentum and winding on the (2,2) lattice. At the massless level, we have the N=4 su-
pergravity multiplet contributing 3 and 22 vector multiplets contributing 3/2 each, making
a total of 36, in agreement with ([G.24). There is a tower of massive short multiplets at
each mass level, with mass M? = p?, where py, is the (2,2) momentum. The matching

condition implies, m - 7 = 0.

We will further compute the trace of the sixth power of the helicity, to investigate the

presence of intermediate multiplets:

I'y0

(A% =)(Q+Q)°) =15(Q'Q* + Q*Q") = 90", (G.25)

where we have used
9;C[1 1)(v,0)]u=o = —167° E, . (G.26)

The only contribution again comes from the short multiplets, as evidenced by ([E.34),

since 22 - 15/8 + 13- 15/4 = 90. We conclude that there are no contributions from inter-
mediate multiplets in ([G.20)), although there are many such states in the spectrum. The

reason is that such intermediate multiplets pair up into long multiplets.

We will finally comment on a problem where counting BPS multiplicities is important.
This is the problem of counting black-hole microscopic states in the case of maximal
supersymmetry in type-II string theory. For an introduction we refer the reader to [E]].
The essential ingredient is that, states can be constructed at weak coupling, using various
D-branes. At strong coupling, these states have the interpretation of charged macroscopic
black holes. The number of states for given charges can be computed at weak coupling.
These are BPS states. Their multiplicity can then be extrapolated to strong coupling,
and gives an entropy that scales as the classical area of the black hole as postulated
by Bekenstein and Hawking. In view of our previous discussion, such an extrapolation is

naive. It is the number of unpaired multiplets that can be extrapolated at strong coupling.
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Here, however, the relevant states are the lowest spin vector multiplets, which as shown in
appendix E always have positive supertrace. Thus, the total supertrace is proportional to

the overall number of multiplets and justifies the naive extrapolation to strong coupling.

Appendix H: Electric-magnetic duality in D=4

In this appendix we will describe electric-magnetic duality transformations for free gauge
fields. We consider here a collection of abelian gauge fields in D = 4. In the presence of

supersymmetry we can write terms quadratic in the gauge fields as

1 Z. .
Lynge = —5Im / d'z\/—detg i, N B (H.1)
where
- x L e
FMV:FUV+Z FUV 3 Fuuzi\/—__ngo-’ (H2)
with  the property (in  Minkowski space) that **F = —F  and

*F*F" = —F,, F*_ In components, the Lagrangian (H.I]) becomes
Lgange = —% / dix [\/—_g Fi Ny Fr + Fi Ny *FW} . (H.3)
Define now the tensor that gives the equations of motion
G, =NyF,, =N F—Ny"F +i(Ny F + N, *F), (H.4)

with N = N; 4+ iNy. The equations of motion can be written in the form ImV“GfW =0,
while the Bianchi identity is InV*F!,, = 0, or

G! 0
Iy ( ) - ( ) | (1.5
F. 0
Obviously any Sp(2r,R) transformation of the form
G A B\ (G,
(v ) (e o) () i
F., ¢ D)\F,
where A, B,C, D are r x r matrices (CA* — AC* =0, B'D — D'B =0, A'D — C'B =1),

preserves the collection of equations of motion and Bianchi identities. At the same time

N' = (AN + B)(CN + D)™*. (H.7)

The duality transformations are

F'=C(NyF=N,*F)+DF | *F =C(Ny F+ N, *F)+ D*F . (H.8)
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In the simple case A =D =0, —B = C =1 they become

1
F'=NF—-N*F |, "F'=N, F+N,*F N’:—N. (H.9)
When we perform duality with respect to one of the gauge fields (we will call its component
0) we have
1 0 ..
A B\ (1-e —e I (H.10)
c pl= . 1. , e= U :
1 N(]i NiO NiONO'
N, = T N/i:— ) Nz/ = A7 N;:Nz_ ! H.11
o0 Noo %" No * No ! ’ Noo ( )

Finally consider the duality generated by

A B 1—
— ‘a2 (H.12)
C D —E€9 1—61
100 .. 0
01 0 .. 1.0 0 .. (H13)
e = , €y = . )
" 1o 0 o0 2 00 .

We will denote the indices in the two-dimensional subsector where the duality acts by
a, 3,7, ... Then

N/ = Ny + Nia €Ny @ N (H.15)
E det Nog
Consider now the N=4 heterotic string in D=4. The appropriate matrix N is
N =S8 L+iSsM™ | S=5+iS,. (H.16)
Performing an overall duality as in (H.9) we obtain
N =-N!'= —‘“S%L + i%M = —%L + i%LM‘lL. (H.17)

Thus, we observe that apart from an S — —1/S transformation on the S field it also affects
an 0(6,22,7) transformation by the matrix L, which interchanges windings and momenta

of the six-torus.

The duality transformation that acts only on Sis given by A=D =0, -B=C =L

under which g g
o —1 - 1 . 2 -1
N =—LN 'L = —WL + ZWM ) (H.18)

241



The full SL(2,Z) group acting on S is generated by

A B 1 bL
— (7 , ad—bc=1. (H.19)
C D cL d ]—28

Finally the duality transformation, which acts as an 0(6,22,Z) transformation, is given
by A=Q, D' =Qf B=C=0.

242



References

[1] G. Veneziano, Nuovo Cimento 57A (1968) 190.
[2] L. Alvarez-Gaumé and E. Witten, Nucl. Phys. B234 (1984) 269.
[3] M. Green and J. Schwarz, Phys. Lett. B149 (1984) 117.

[4] D. Gross, J. Harvey, E. Martinec and R. Rohm, Nucl. Phys. B256 (1985) 253; ibid.
B267 (1986) 75.

[5] M. Green, J. Schwarz and E. Witten, Superstring Theory, Vols I and II, Cambridge
University Press, 1987.

[6] D. Liist and S. Theisen, Lectures in String Theory, Lecture Notes in Physics, 346,
Springer Verlag, 1989.

[7] L. Alvarez-Gaumé and M. Vazquez-Mozo, Topics in String Theory and Quantum
Gravity, in the 1992 Les Houches School, Session LVII, eds. B. Julia and J. Zinn-
Justin, Elsevier Science Publishers, 1995.

[8] J. Polchinski, hep-th/9411028

[9] J. Polchinski, Rev. Mod. Phys. 68 (1996) 1245, hep-th/9607050.

[10] J. Polchinski, [ep-th /9611050,

[11] E. Witten, Nucl. Phys. B276 (1986) 291.
[12] A. Polyakov, Phys. Lett. B103 (1981) 207, 211.

[13] P. Ginsparg, Applied Conformal Field Theory, Proceedings of the XLIX Les Houches
Summer School, eds. E. Brezin and J. Zinn-Justin, North Holland, 1990.

[14] A. Belavin, A. Polyakov and A. Zamolodchikov, Nucl. Phys. B241 (1984) 333.
[15] E. Witten, Comm. Math. Phys. 92 (1984) 455.

[16] V. Knizhnik and A. Zamolodchikov, Nucl. Phys. B247 (1984) 83.

[17] E. Kiritsis, Mod. Phys. Lett. A4 (1989) 437.

[18] P. Goddard and D. Olive, Int. J. Mod. Phys. A1 (1986) 303.

[19] M. Halpern, E. Kiritsis, N. Obers and C. Clubock, Phys. Rep. 265 (1996) 1, hep]
[ th/9001144.

[20] W. Lerche, A.N. Schellekens and N.P. Warner, Phys. Rep. 177 (1989) 1.

243


http://arxiv.org/abs/hep-th/9411028
http://arxiv.org/abs/hep-th/9607050
http://arxiv.org/abs/hep-th/9611050
http://arxiv.org/abs/hep-th/9501144
http://arxiv.org/abs/hep-th/9501144

[21] E. Kiritsis, Phys. Rev. D36 (1987) 3048; Int. J. Mod. Phys. A3 (1988) 1871.

[22] N. Warner, Lectures on N=2 Superconformal Theories and Singularity Theory, Lec-
tures given at Spring School on Superstrings, Trieste, Italy, April 3-14 1989.

23] S. Ketov, Conformal Field Theory, World Scientific Publishing Company, 1995.

[24] T. Eguchi and A. Taormina, Phys. Lett. B200 (1988) 315.

[25] A. Giveon, M. Porrati and E. Rabinovici, Phys. Rept. 244 (1994) 77, hep-th/9401139.

[26] D. Friedan, E. Martinec and S. Shenker, Nucl. Phys. B271 (1986) 93.

[27] L. Dixon, J. Harvey, C. Vafa and E. Witten, Nucl. Phys. B261 (1985) 678; ibid. B274
(1986) 285.

28] L. Dixon, D. Friedan, E. Martinec and S. Shenker, Nucl. Phys. B282 (1987) 13.

[29] R. Dijgkraaf, E. Verlinde and H. Verlinde, Comm. Math. Phys. 115 (1988) 649.

[30] C. Bachas, hep-th/9701019.

[31] E. Cremmer, B. Julia and J. Scherk, Phys. Lett. B76 (1978) 409.

[32] J.H. Schwarz, Nucl. Phys. B226 (1983) 269;
P.S. Howe and P.C. West, Nucl. Phys. B238 (1984) 181.

[33] D. Gross and J. Sloan, Nucl. Phys. B291 (1987) 41.
[34] L. Alvarez-Gaumé and P. Ginsparg, Ann. Phys. 161 (1985) 423.

[35] W. Lerche, B. Nilsson and A. Schellekens, Nucl. Phys. B289 (1987) 609; ibid. B299
(1988) 91.

[36] P. Candelas, G. Horowitz, A. Strominger and E. Witten, Nucl. Phys. B258 (1985)
46.

[37] P. Aspinwall, iep-th/9611137.

[38] P. Ginsparg, Phys. Rev. D35 (1987) 648.
[39] T. Banks, L. Dixon, D. Friedan and E. Martinec, Nucl. Phys. B299 (1988) 613.
[40] T. Banks and L. Dixon, Nucl. Phys. B307 (1988) 93.

[41] H. Kawai, D.C. Lewellen and S.-H.H. Tye, Phys. Rev. Lett. 57 (1986) 1832; (E) Phys.
Rev. Lett. 58 (1987) 492; Nucl. Phys. B288 (1987) 1;
I. Antoniadis, C. Bachas and C. Kounnas, Nucl. Phys. B289 (1987) 87;
H. Kawai, D.C. Lewellen, J.A. Schwarz and S.-H.H. Tye, Nucl. Phys. B299 (1988)
431.

244


http://arxiv.org/abs/hep-th/9401139
http://arxiv.org/abs/hep-th/9701019
http://arxiv.org/abs/hep-th/9611137

[42] K. Dienes, Phys. Rept. 287 (1997) 447, hep-th/9602045.

[43] T. Eguchi, P. Gilkey and A. Hanson, Phys. Rep. 66 (1980) 213.
[44] V. Kaplunovsky, Nucl. Phys. B307 (1988) 145; ERRATUM-ibid. B382 (1992) 436.
[45] L. Dixon, V. Kaplunovsky and J. Louis, Nucl. Phys. B355 (1991) 649.

[46] I. Antoniadis, E. Gava, and K. Narain, Nucl. Phys. B383 (1992) 93;
I. Antoniadis, E. Gava, K. Narain and T. Taylor, Nucl. Phys. B407 (1993) 706.

[47] E. Kiritsis and C. Kounnas, Nucl. Phys. B442 (1995) 472; Nucl. Phys. [Proc. Suppl.]
41 (1995) 331, hep-th/941021%; hep-th/9507051].

[48] C. Bachas and C. Fabre, Nucl. Phys. B476 (1996) 418, hep-th/9605028;
I. Antoniadis, C. Bachas, C. Fabre, H. Partouche and T. R. Taylor, Nucl. Phys. B489
(1997) 160, hep-th/9608013.

[49] C.G. Callan, J. Harvey and A. Strominger, hep-th/9112030.

[50] J. Atick, L. Dixon and A. Sen, Nucl. Phys. B292 (1987) 109.

[51] M. Petropoulos and J. Rizos, Phys. Lett. B374 (1996) 49, hep-th/9601037%;
E. Kiritsis, C. Kounnas, P. M. Petropoulos and J. Rizos, Nucl. Phys. B483 (1997)
141, Fep-th/9608034.

[52] E. Kiritsis, C. Kounnas, P. M. Petropoulos and J. Rizos, Phys. Lett. B385 (1996) 87,
hep-th/9606087.

[53] N. Seibeg, Phys. Rev. D49 (1994) 6857, hep-th/9402044.

[54] N. Seiberg and E. Witten, Nucl. Phys. B426 (1994) 19, hep-th/9407087; ibid. B431
(1994) 484, [rep-th/9408099.

[55] K. Intriligator and N. Seiberg, Nucl. Phys. [Proc. Suppl.] 456BC (1996) 1;
M. Shifman, hep-th/9704114.

[56] L. Alvarez-Gaumé and S.F. Hassan, hep-th/9701069;
A. Bilal, fepth/9601007.

[57] J. Schwarz, Phys. Lett. B360 (1995) 13, hep-th/9508143; ibid. B367 (1996) 97, hep]
[ th/9510080; hep-th /9607201].

[58] C. Hull and P. Townsend, Nucl. Phys. B438 (1995) 109, hep-th/9410167%.

[59] E. Witten, Nucl. Phys. B443 (1995) 85, hep-th/9503124}; [hep-th/9507127].

[60] P. Horava and E. Witten, Nucl. Phys. B475 (1996) 94, hep-th/96031432.

245


http://arxiv.org/abs/hep-th/9602045
http://arxiv.org/abs/hep-th/9410212
http://arxiv.org/abs/hep-th/9507051
http://arxiv.org/abs/hep-th/9605028
http://arxiv.org/abs/hep-th/9608012
http://arxiv.org/abs/hep-th/9112030
http://arxiv.org/abs/hep-th/9601037
http://arxiv.org/abs/hep-th/9608034
http://arxiv.org/abs/hep-th/9606087
http://arxiv.org/abs/hep-th/9402044
http://arxiv.org/abs/hep-th/9407087
http://arxiv.org/abs/hep-th/9408099
http://arxiv.org/abs/hep-th/9704114
http://arxiv.org/abs/hep-th/9701069
http://arxiv.org/abs/hep-th/9601007
http://arxiv.org/abs/hep-th/9508143
http://arxiv.org/abs/hep-th/9510086
http://arxiv.org/abs/hep-th/9510086
http://arxiv.org/abs/hep-th/9607201
http://arxiv.org/abs/hep-th/9410167
http://arxiv.org/abs/hep-th/9503124
http://arxiv.org/abs/hep-th/9507121
http://arxiv.org/abs/hep-th/9603142

[61] J. Polchinski and E. Witten, Nucl. Phys. B460 (1996) 525, hep-th/9510169.

[62] T. Banks, W. Fischler, S. Shenker and L. Susskind, Phys. Rev. D55 (1997) 5112,
lhep-th/9610044;
T. Banks, Nucl. Phys. 62 [Proc. Suppl.] (1998) 341, hep-th/9706168.

[63] J. Polchinski, Phys. Rev. Lett. 75 (1995) 4724, hep-th/9510017

[64] R. Dijkgraaf, E. Verlinde and H. Verlinde, Nucl. Phys. B500 (1997) 43, [ep]
[ th/970303(.

[65] R. Nepomechie, Phys. Rev. D31 (1985) 1921,
C. Teitelboim, Phys. Lett. B167 (1986) 69.

[66] A. Sen, Nucl. Phys. 58 [Proc. Suppl.] (1997) 5, hep-th/9609174.

[67] E. Witten, Nucl. Phys. B460 (1996) 541, hep-th/9511030.

[68] A. Dabholkar, Phys. Lett. B357 (1995) 307, hep-th/9511053.

[69] A. Tseytlin, Phys. Lett. B367 (1996) 84, hep-th/9510173; Nucl. Phys. B467 (1996)
383, hep-th/951208]1].

[70] C. Bachas and E. Kiritsis, Nucl. Phys. [Proc. Suppl.] 55B (1997) 194, hep-th/9611203.

[71] C. Bachas, C. Fabre, E. Kiritsis, N. Obers and P. Vanhove, Nucl. Phys. B509 (1998)
33, |hep-th/9707124;
E. Kiritsis and N. Obers, JHEP 10 (1997) 004, hep-th/9709058.

[72] N. Kim and S. J. Rey, hep-th/9701139;
S. J. Rey, hep-th/970415§.

[73] G.W. Gibbons, M.B. Green and M.J. Perry, Phys. Lett. B370 (1996) 37, fhep]
[ h/95TT080.

[74] A. Dabholkar, G. Gibbons, J.A. Harvey and F. Ruiz Ruiz, Nucl. Phys. B340 (1990)
33;
A. Dabholkar and J.A. Harvey, Phys. Rev. Lett. 63 (1989) 478.

[75] H. Ooguri and C. Vafa, Phys. Rev. Lett. 77 (1996) 3296;
M.B. Green and M. Gutperle, Phys. Lett. B398 (1997) 69, hep-th/9612127; hep]

[ Th/970109%;
M.B. Green, M. Gutperle and P. Vanhove, hep-th/9706175;
E. Kiritsis and B. Pioline, Nucl. Phys. B508 (1997) 509, hep-th/970701§; Phys. Lett.

B418 (1998) 61, Repth/97I007Y;
J. Russo and A. Tseytlin, Nucl. Phys. B508 (1997) 245, hep-th9707134.

246


http://arxiv.org/abs/hep-th/9510169
http://arxiv.org/abs/hep-th/9610043
http://arxiv.org/abs/hep-th/9706168
http://arxiv.org/abs/hep-th/9510017
http://arxiv.org/abs/hep-th/9703030
http://arxiv.org/abs/hep-th/9703030
http://arxiv.org/abs/hep-th/9609176
http://arxiv.org/abs/hep-th/9511030
http://arxiv.org/abs/hep-th/9511053
http://arxiv.org/abs/hep-th/9510173
http://arxiv.org/abs/hep-th/9512081
http://arxiv.org/abs/hep-th/9611205
http://arxiv.org/abs/hep-th/9707126
http://arxiv.org/abs/hep-th/9709058
http://arxiv.org/abs/hep-th/9701139
http://arxiv.org/abs/hep-th/9704158
http://arxiv.org/abs/hep-th/9511080
http://arxiv.org/abs/hep-th/9511080
http://arxiv.org/abs/hep-th/9612127
http://arxiv.org/abs/hep-th/9701093
http://arxiv.org/abs/hep-th/9701093
http://arxiv.org/abs/hep-th/9706175
http://arxiv.org/abs/hep-th/9707018
http://arxiv.org/abs/hep-th/9710078
http://arxiv.org/abs/hep-th/9707134

[76]

[77]

(78]

C. Vafa, Nucl. Phys. B469 (1996) 403, hep-th/9602023;

D. Morrison and C. Vafa, Nucl. Phys. B473 (1996) 74, hep-th/9602114; Nucl. Phys.
B476 (1996) 437, fep-th/9603161]

M. Bershadsky, A. Johansen, T. Pantev, V. Sadov and C. Vafa, Nucl. Phys. B505
(1997) 153, hep-th/9612053.

E.S. Fradkin and A.A. Tseytlin, Phys. Lett. B163 (1985) 123;
A.A. Abouelsaood, C.G. Callan, C.R. Nappi and S.A. Yost, Nucl. Phys. B280 (1987)
599.

M.B. Green, J. Harvey and G. Moore, Class. Quant. Grav. 14 (1997) 47, [hep]

th/9605033.

[79]

C. Bachas, Phys. Lett. B374 (1996) 37, hep-th/9511043;
M. R. Douglas, D. Kabat, P. Pouliot and S. Shenker, Nucl. Phys. B485 (1997) 85,
lhep-th /9608024.

A. Strominger and C. Vafa, Phys. Lett. B379 (1996) 99, hep-th/9601029.

J. Maldacena, hep-th/9607235,

S. Cherkis and J.H. Schwarz, Phys. Lett. B403 (1997) 225, hep-th/9703062

S. Kachru and C. Vafa, Nucl. Phys. B450 (1995) 69, hep-th/9505105

S. Ferrara, J. Harvey, A. Strominger and C. Vafa, Phys.Lett. B361 (1995) 59,

th /9500162

[38]

[89]

A. Klemm, W. Lerche and P. Mayr, Phys.Lett. B357 (1996) 313, hep-th/9506113;
S. Kachru, A. Klemm, W. Lerche, P. Mayr and C. Vafa, Nucl. Phys. B459 (1996)
537, Rep-th7/9508155;

G. Aldazabal, A. Font, L. Ibanez and F. Quevedo, Nucl. Phys. B461 (1996) 85,
hep-th/9510093, Phys. Lett. B380 (1996) 33, hep-th/9602097.

W. Lerche, Nucl. Phys. [Proc. Suppl.] 55B (1997) 83, [hep-th/9611197.

J. Harvey and G. Moore, Phys. Rev. D57 (1998) 2323, hep-th/9610237;
A. Gregori, E. Kiritsis, C. Kounnas, N. A. Obers, P. M. Petropoulos and B. Pioline,
Nucl. Phys. B510 (1998) 423, [iep-th/9708067.

J. Scherk and J. Schwarz, Nucl. Phys. B153 (1979) 61;
J. Maharana and J. Schwarz, Nucl. Phys. B390 (1993) 3.

V. Kaplunovsky and J. Louis, Nucl. Phys. B355 (1991) 649; ibid. B422 (1994) 57,
Fep-th/9402007.

247


http://arxiv.org/abs/hep-th/9602022
http://arxiv.org/abs/hep-th/9602114
http://arxiv.org/abs/hep-th/9603161
http://arxiv.org/abs/hep-th/9612052
http://arxiv.org/abs/hep-th/9605033
http://arxiv.org/abs/hep-th/9605033
http://arxiv.org/abs/hep-th/9511043
http://arxiv.org/abs/hep-th/9608024
http://arxiv.org/abs/hep-th/9601029
http://arxiv.org/abs/hep-th/9607235
http://arxiv.org/abs/hep-th/9703062
http://arxiv.org/abs/hep-th/9505105
http://arxiv.org/abs/hep-th/9505162
http://arxiv.org/abs/hep-th/9505162
http://arxiv.org/abs/hep-th/9506112
http://arxiv.org/abs/hep-th/9508155
http://arxiv.org/abs/hep-th/9510093
http://arxiv.org/abs/hep-th/9602097
http://arxiv.org/abs/hep-th/9611190
http://arxiv.org/abs/hep-th/9610237
http://arxiv.org/abs/hep-th/9708062
http://arxiv.org/abs/hep-th/9402005

[90] L. Andrianopoli, M. Bertolini, A. Ceresole, R. D’Auria, S. Ferrara, P. Fre and T.
Magri, J. Geom. Phys. 23 (1997) 111, hep-th/9605032;
J. Louis and K. Foerger, Nucl. Phys. 55 [Proc. Suppl.] (1997) 33, hep-th/9611184.

[91] J. Bagger and J. Wess, Supersymmetry and Supergravity , Princeton Series in Physics,
second edition, 1992.

[92] L. Andrianopoli, R. D’Auria and S. Ferrara, Int. J. Mod. Phys. A13 (1998) 431,
lhep-th/9612104.

(93] T. Curtright, Phys. Lett. B102 (1981) 17.

[94] S. Ferrara, C.A. Savoy and L. Girardello, Phys. Lett. B105 (1981) 363.

[95] J. Harvey and G. Moore, Nucl. Phys. B463 (1996) 315, hep-th/9510183.

[96] E. Kiritsis, hep-th/9708130.

248


http://arxiv.org/abs/hep-th/9605032
http://arxiv.org/abs/hep-th/9611184
http://arxiv.org/abs/hep-th/9612105
http://arxiv.org/abs/hep-th/9510182
http://arxiv.org/abs/hep-th/9708130

