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Abstract

This thesis deals with strings on three-dimensional Anti-de Sitter back-
grounds and their dual conformal field theories. We analyse string
theory on these backgrounds from first principles by employing world-
sheet techniques. We explore the large moduli space of string back-
grounds and consider in particular mixed NS-NS and R-R flux back-
grounds using the hybrid formalism of Berkovits, Vafa and Witten.
We solve the worldsheet description of the theory completely in the
plane-wave limit. This constitutes a direct derivation of the plane-wave
spectrum from the worldsheet with mixed flux. We also derive the
behaviour of the string spectrum close to the pure NS-NS flux point.

We then study the tensionless limit of string theory on the backgrounds
AdS; x S x T* and AdS;3 x S® x S® x S!. Superstring theory on these
backgrounds with the smallest amount of NS-NS flux through one
of the three-spheres is shown to be dual to the spacetime CFT given
by the large N limit of the symmetric product orbifold Sym™ (T*#)
and Sym™(S® x S!), respectively. To define the worldsheet theory
at the tensionless point, we employ the hybrid formalism in which
the AdS; x S3(xS®) part is described by the WZW model based on
psu(1,1|2); or 9(2,1;«) at minimal level. Unlike the case for higher
background flux, it turns out that the string spectrum at minimal level
does not exhibit the long string continuum, and perfectly matches with
the large N limit of the symmetric product. We generalise the analysis
away from the minimal flux case, in which case the dual CFT can be
described by a symmetric product orbifold of a suitable Liouville the-
ory. We construct a complete set of DDF operators, from which one can
read off the symmetry algebra of the spacetime CFT. We also show that
a similar analysis can be done for bosonic string theory on AdS; x X.
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Zusammenfassung

In dieser Arbeit studieren wir String Theorie auf drei-dimensionalen
Anti-de Sitter Hintergriinden und deren duale konforme Feldtheori-
en. Wir analysieren String Theorie auf diesen Hintergriinden durch
Weltflachentechniken. Der grofse Modulraum dieser Kompaktifizierun-
gen wird erforscht und insbesondere gemischter NS-NS und R-R Fluss
betrachtet. Diese Hintergriinde kénnen durch Berkovits, Vafas und
Wittens Hybrid Formalismus studiert werden. Wir losen diese Welt-
flachenbeschreibung komplett im Ebene-Wellen-Limes, was eine direk-
te Herleitung des String Spektrums bei gemischtem Hintergrundfluss
liefert. Wir leiten auch das Verhalten des String Spektrums nahe des
NS-NS Punktes her.

Wir studieren anschlieffend den spannungslosen Limes von String
Theorie auf den Hintergriinden AdS; x S* x T4 und AdS; x S® x S x
S!. Wir zeigen, dass Superstring Theorie auf diesen Hintergriinden mit
dem kleinstmoglichsten Wert von NS-NS Fluss durch eine der Drei-
Sphédren dual zur konformen Feldtheorie der symmetrischen Orbifal-
tigkeit Sym™ (T4) (bzw. Sym™ (S® x S1)) ist. Um die Weltflichentheorie
am spannungslosen Punkt zu definieren, benutzen wir den Hybrid
Formalismus, in welchem der AdS; x S3(xS?) Teil des Hintergrundes
durch ein psu(1,1|2); (bzw. 9(2, 1; &) mit minimalem Level) Supergrup-
pen WZW Modell beschrieben ist. Im Gegensatz zu hoherem Hinter-
grundfluss weifit das String Spektrum bei minimalem Fluss kein Kon-
tinuum durch lange Strings auf und stimmt direkt mit dem Spektrum
der symmetrischen Orbifaltigkeit im Grenzwert von groffem N {iberein.
Wir verallgemeinern die Analyse fiir den Fall nicht-minimalen Flusses,
in welchem die duale konforme Feldtheorie durch eine symmetrische
Orbifaltigkeit einer geeigneten Liouville Theorie beschrieben werden
kann. Wir konstruieren einen vollstindigen Satz von DDF Operatoren,
aus dem die Symmetrie Algebra der dualen konformen Feldtheorie
abgelesen werden kann. Wir zeigen auflerdem, dass eine dhnliche Ana-
lyse fiir bosonische String Theorie auf AdS3 x X durchgefiihrt werden
kann.
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Chapter 1

Introduction

1.1 String Theory

Theoretical Physics has thrived from two independent major developments
taking place a century ago. General relativity describes well the large-scale
phenomena, like the formation of galaxies, stars, black holes and even our
universe as a whole. On the other hand, quantum mechanics is well-suited
for the description of microscopic phenomena and has become indispens-
able for our everyday technology. Quantum mechanics describing quantum
fields like the electromagnetic field is called quantum field theory and has
been tested experimentally to a staggering precision [1,2]. The standard
model is the well-established quantum field theory, which describes three
of the known four fundamental forces of nature: the electromagnetic force,
the weak force and the strong force. The fourth force is gravity and is much
weaker compared to the others.

It has long been clear that general relativity and quantum mechanics are in-
compatible, at least in any naive sense. Treating general relativity in the stan-
dard quantum field theory formalism is plagued by the appearance of infini-
ties, which cannot be removed. General relativity is thus non-renormalisable.

There are few phenomena in nature, in which both gravitational and quan-
tum mechanical effects play a role. One such instance are black holes. It was
understood by Hawking that they are not completely black, but rather emit
thermal radiation [3]. This effect is entirely quantum mechanical in its origin
and is caused by quantum tunneling out of the black hole. Related to this is
the black hole information paradoxon [4]. According to standard quantum me-
chanics lore, information can not be destroyed. And yet it seems that we lose
information about objects falling into black holes irreversibly, see e.g. [5] and
references therein for an overview of the possible resolutions. Another in-
stance, where gravity and quantum mechanics clash unavoidably is the very
beginning of our universe. We know quite well the chronology of our uni-
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Quantum field theory String theory

Figure 1.1: The worldline and the worldsheet in quantum field theory and string theory.

verse starting 10712 seconds after the big bang till the present day, roughly
13.8 billion years later. While the unknown first 10~1? seconds may seem
unimportant, they have an enormous influence on cosmology. The theory
of inflation was proposed to explain various problems with standard cosmol-
ogy, such as why the universe appears so homogeneous and isotropic [6]. In
yet earlier periods, gravity becomes the dominant force and sets the initial
conditions for the inflationary period, much in the same way as inflation
sets the initial conditions for standard cosmological scenarios.

In order to remedy the situation and unite the four forces of nature, String
theory was proposed [7-13]. Historically, it was a candidate to describe the
strong force, where flux tubes at strong coupling resemble strings. It was
later understood that string theory contains a graviton in its spectrum and
is thus a full-fledged theory of gravity [14,15]. In string theory, particles are
replaced by strings, meaning one-dimensional extended objects. In particu-
lar, the world line (the trajectory of a particle through spacetime) is replaced
by the world sheet, a two-dimensional surface traced out by the string as it
moves through spacetime.

In quantum field theory, particles may be created or annihilated, which re-
sults in the worldline to branch. Similarly, in string theory, the worldsheet
is allowed to have non-trivial topology, which is interpreted as particle cre-
ation or annihilation. This is sketched in Figure 1.1. Contrary to quantum
field theory, the worldsheet of string theory is smooth. In quantum field
theory, loops can shrink to an arbitrarily small size and this leads to the in-
finities mentioned before. String theory has an intrinsic length-scale (namely
the size of the string) which provides a natural regularization of the integral.
Thus, string theory is an inherently (UV-)finite theory and there is no need
for renormalisation. The probability that the string worldsheet branches is
measured by the string coupling constant. The picture of a string worldsheet
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is reliable in the regime of a small string coupling constant.

Note that in the limit where the characteristic size of the string (the string
length) becomes small, the right picture in 1.1 degenerates again to the left
one. Thus, if our accelerators are not powerful enough to resolve the string
length, then we do not have a direct way of knowing whether the particles
in our universe are actually strings. The expected length scale of strings can
be estimated as follows. In nature, we have the fundamental constants c (the
velocity of light), 71 (the Planck constant) and G (the Newton constant). These
three constants control the scale where relativistic effects matter, the scale of
quantum effects and the strength of gravity. The natural length scale is the
Planck length, which is the unique combination of these constants with units
of length. It takes the form

NIw

Cptanck = 12G2c™2 ~ 1.6 x 1075 m . (1.1)
Equivalently, we can form the unique energy combination, which is the
Planck energy Epjanck ~ 1.2 X 10" GeV. For comparison, the LHC can probe
energies of up to 1.3 x 10*GeV, about 15 orders of magnitude below the
Planck scale.

String theory contains a graviton (i.e. a massless spin-2 particle) in its spec-
trum [14, 15]. This particle is visible in the low-energy effective description
of string theory. Thus, string theory naturally incorporates general relativity
and one can recover Einstein’s equation of gravity from string theory [16].
In fact, one recovers (a generalisation of) general relativity in the low-energy
limit of string theory. Thus, string theory provides a natural candidate for a
UV-complete unification of general relativity and quantum field theory.

A first naive version of string theory is bosonic string theory, which only pos-
sesses bosons in its spectrum. It turns out that this theory can be only con-
sistently quantised in 26 spacetime dimensions. Moreover, it suffers from
having a tachyon (a particle with negative mass square) in the spectrum.
This renders the theory unstable. Furthermore, experience tells us that the
real world contains also fermions, such as the electron. Thus, in order to
construct a realistic string theory, one is led to superstring theory [17-24].

It was shown that there are five different consistent superstring theories.
These are the open string theory of type I (with gauge group SO(32)), the
type IIA and IIB string theories and the two heterotic string theories with
gauge groups SO(32) and Eg x Eg (where Eg is the largest exceptional Lie
group) [25-28]. Type I is an open string theory, i.e. its strings have boundaries,
whereas the other theories are closed string theories, where the worldsheets do
not have boundaries. All these theories are only consistent in 10 spacetime
dimensions. Moreover, they are interconnected by a web of dualities, which
is sketched in Figure 1.2 [29-37]. The string theories can become equivalent
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Figure 1.2: A sketch of the string dualities.

upon compactification on a circle or an interval, which is referred to as T-
duality and is indicated by a blue arrow in the figure. Additionally, there
is the conjectured S-duality, which is a strong/weak duality (in the string
coupling constant), these are the red arrows in the figure. Finally, type
ITA and the heterotic Eg x Eg become effectively eleven-dimensional in the
strong-coupling regime and appear as the compactification of M-theory on a
circle or an interval, respectively. M-theory is a somewhat mysterious theory.
The different string theories seem to be different descriptions of M-theory
in different regions of its parameter space. Thus, it is thought that there is
only one unique theory [35,38].

String theory can be given a good perturbative description in terms of a
worldsheet theory. This theory is a two-dimensional theory living on the
worldsheet, which describes the embedding of the string in spacetime. The
worldsheet theory turns out to be a two-dimensional conformal field theory,
which is often under good computational control.

Besides the perturbative degrees of freedom in the string coupling constant,
string theory contains many more non-perturbative objects. The mass of
these objects scales like an inverse power of the string coupling constant,
which is very much analogous to an instanton in gauge theory. These are
the so-called p-branes or Dp-branes [39].! Dp-branes are higher-dimensional
extended objects. In much the same way as the string is a one-dimensional
extended object, p-branes are p-dimensional extended objects (in space). For
instance, type IIB string theory contains besides the fundamental string F1
its magnetic dual, the NS5-brane, and a D1-, a D3-, and a D5-brane.? Thus,
while we started out with just a single string, string theory automatically
yields all these additional degrees of freedom. In fact, S-duality maps strings

1Sometimes, the name D-brane is reserved for non-perturbative excitations in the
Ramond-Ramond sector of the superstring theory, whereas p-brane can refer to a generic
extended object.

2t also contains a D(—1)-instanton and D7-branes, as well as spacetime filling D9-branes.
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Figure 1.3: D-branes with open strings ending on them.

into branes and versa. Thus the duality chain forces the inclusion of these
non-perturbative objects into the theory.

D-branes emerge naturally in string theory as the boundaries of open strings.
In fact the name stems from Dirichlet, since they are associated to Dirichlet
boundary conditions. As such, they feature open string excitations, for a
sketch of this, see Figure 1.3. Open strings can stretch between the various
D-branes. Open strings carry massless gauge fields (in the same way as
closed strings have a graviton in their spectrum). Thus, the low-energy limit
of the effective theory residing on a single D-brane can be described by a
supersymmetric gauge theory. If multiple D-branes coincide, the strings
stretching between them become massless. As a consequence, there are
more fields in the low-energy limit surviving and one obtains a non-abelian
U(N) gauge theory, where N is the number of coincident branes [40].

1.2 The AdS/CFT correspondence

As we have mentioned above, there are a number of very powerful dualities
relating the various formulations of superstring theory with each other. The
duality chain of string theory is however far more impressive. It was realised
at the end of the last century, that string theories can be also dual to gauge
theories, but in one dimension lower. This duality is called the AdS/CFT
correspondence.

To see this, we consider the archetypal example. Consider a stack of N D3-
branes (in type IIB string theory) on top of each other. As we have discussed
above, the effective theory on the D-brane can be described by a supersym-
metric gauge theory, which in this case is the four-dimensional A = 4 super
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Yang-Mills (SYM) theory with gauge group U(N).> On the other hand, we
can describe the low-energy limit also in terms of geometry. A large num-
ber of D3-branes backreacts on the geometry and curves it. This gives a
(super)gravity solution analogous to a black hole. Since the D3-branes are
extended, this is often referred to as black branes [42]. As such, the black
brane solution has an event horizon. Taking the low-energy limit in the
gauge theory picture corresponds to approaching the horizon in the geom-
etry picture. At this point, the geometry tends to the near-horizon geometry,
which is the space AdSs x S°. AdS;, 1 is the (d + 1)-dimensional Anti-de Sit-
ter space, which is a space of constant negative curvature. The appearance
of these spaces is typical in the near horizon limit. For instance, the near
horizon geometry of the familiar Schwarzschild black hole is AdS; x $?. A
sketch of this procedure can be found in Figure 1.4. Thus, one obtains the
statement [41,43,44] (for a review, see also [45]):*

IIB string theory on AdSs x S° <= SU(N) N/ =4 SYM . (1.2)

On the left hand side, the number N controls the flux through the five-
sphere and as such its size. Moreover, both sides have one further coupling
constant. The string coupling constant on the left hand side is mapped to
the Yang-Mills coupling constant on the right-hand side. While we have
motivated the correspondence in the large N limit, it is expected to hold
true irrespective of the value of N.

N = 4 SYM theory is an example of a conformal field theory. Since we took
the low-energy limit of the effective quantum field theory residing on the
branes, it is expected in general that the theory will flow to a conformal
fixed point in the IR. Thus, one obtains in general the statement that a string
theory on an AdS;;; background is dual to a conformal field theory on
a d-dimensional space, thus giving the correspondence its name. The d-
dimensional space can be interpreted as being the boundary of the Anti-de
Sitter space. This is why the AdS/CFT correspondence is referred to as the
holographic principle. The dynamics of a (d + 1)-dimensional gravity theory
can be described entirely in terms of a gauge theory on its boundary and
thus gravity appears as a hologram [48,49].

In fact, the holographic principle is expected to be even more general. While
we have motivated the AdS/CFT correspondence in string theory, there are
by now many examples of dual AdS/CFT pairs which do not involve string
theory. Moreover, there are many examples of dualities using deformed
versions of AdS, which are then dual to non-conformal field theories.

31t turns out that the overall U(1) in U(N) actually decouples and the gauge group is
SU(N) [41].
4See also [46,47] for precursors from the field theory and gravity side.
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Figure 1.4: The geometry of a stack of D3-branes.

Progress in understanding the inner workings of the AdS/CFT correspon-
dence is hampered by the insufficient understanding of string theory on AdS
spaces. D-branes are sources for Ramond-Ramond fluxes, which are hard to in-
clude in explicit string descriptions. Happily, there is another instance of the
AdS/CFT correspondence, where one can overcome this difficulty. For this,
it is convenient to compactify type IIB string theory on a four-dimensional
torus T#. Upon taking the size of the internal torus to zero, one obtains a
theory, which is effectively six-dimensional. In this six-dimensional theory,
one has two types of strings: the original ten-dimensional string F1 and an-
other type of strings, which arise from wrapping NS5-branes in the original
theory on the four-torus.” These strings form a bound state in the theory,
and one can again consider the system formed of Q; F1-strings and Qs NS5-
branes. In the gravitational description, this system is a black string, whose
near horizon limit is AdS; x S®> x T%. On the other hand, we can consider
the effective gauge theory on the F1-NS5 brane intersection, which flows to
a two-dimensional conformal field theory in the infrared. This conformal
field theory has a description in terms of a deformation of the sigma-model
on the symmetric product orbifold Sym@195(T*). This consists in Q;Qs copies
of the theory of four bosons and fermions, where we identify the copies un-
der permutations. Thus, one obtains the statement [43], see also [50] for a

5There are of course more string-like objects, namely the D1-brane, wrapped D3-branes
or a wrapped D5-brane. For the moment, we do not consider these.
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IIB string theory on AdS; x S x T* <= deformation of Sym“<1% (T*) .
(1.3)
Here, we stress that the duality is somewhat weaker than in the AdSs x sd
case. Both sides of the duality have 20 parameters (the moduli space of the
background), which describe the shape of the torus and various fluxes in the
background and the precise identification of these parameters is not clear.’”
In particular, the right hand side takes a very simple form on a codimension
4 space of this parameter space, where it becomes a symmetric orbifold. At
generic points in the moduli space, the theory becomes quite intractable.

We also mention that the backgrounds we discussed so far are all supersym-
metric. D-branes are BPS objects, meaning that their presence breaks half of
the spacetime supersymmetry. In the AdSs x s° example, the presence of the
D3-branes in the geometry breaks half of its supersymmetry. However, the
supersymmetry is again enhanced by a factor of two when taking the near-
horizon limit. The original type IIB string theory in ten-dimensional flat
space is N’ = (2,0) supersymmetric (thus the name II). This corresponds
to 32 (real) supercharges. 32 supercharges in the dual four-dimensional
CFT indeed correspond to N = 4 superconformal symmetry. Similarly, we
have introduced two types of D-branes to construct the AdSz background,
which leaves one quarter of the supercharges. This is enhanced to twice
that amount in the near-horizon limit. Thus, the background supports 16
supercharges, which corresponds to N = (4,4) supersymmetry in the two-
dimensional dual CFT.

We have explained that the dual CFT is under very good control at the orb-
ifold point in moduli space. Remarkably, there is also a point in moduli
space, where the string theory is under good control. This happens pre-
cisely when the background is entirely supported by Neveu-Schwarz-Neuveu-
Schwarz (NS-NS) flux. In terms of branes, this means that we do not include
D1-, D3- or D5-branes in the construction, but rather only the Fl-string and
NS5-brane as we did above. At the pure NS-NS flux point, the worldsheet
theory of the string can be described in terms of a Wess-Zumino-Witten model
on the group manifold SL(2, R) [54-62]. This is a well-understood CFT, so
that string theory on AdS3 with pure NS-NS flux can be exactly solved in
the weak string coupling limit.

Another important AdS3 background is AdS; x S3 x S? x S! [63-69]. This
background supports also N' = (4,4) supersymmetry. In contradistinction
to AdS; x S x T#, the relevant superconformal algebra is the so-called large

6In the literature, one often finds the same picture, but starting from a D1-D5 bound
state. This is the S-dual picture of the one described.
7See however [51-53] for a discussion of the moduli space.
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N = 4 superconformal algebra [70]. This algebra has many peculiar features,
which are not shared by the usual small N' = 4 superconformal algebra. The
background depends on three quantum numbers Qj, Q5+ and Qs , which
correspond to the number of D1-branes in the background and the amount
of flux through the two three-spheres. Thus, the background can be thought
of as a refined testing ground of the AdS3;/CFT, correspondence.

1.3 The tensionless limit

The Planck length sets the natural length scale of string theory. Equivalently,
we can express this in terms of the string tension T, which measures how
much energy the string stores per unit length. The relation is T = ¢;2. Thus,
the smaller the Planck length, the more energy is stored inside the string.

While we usually think of string theory in the low-energy limit, where the
string tension is high and the string almost point-like, the true stringy nature
of the theory only emerges in the high-energy regime. In this regime, the
size of the string is large compared to the length-scale probed at that energy.
Thus the string can be thought of as being very flabby. The excitations of
the string can be conveniently visualised in the Regge-diagram, where we
plot the lowest mass square of a given string excitation versus its spin. We
have sketched this for bosonic string theory in Figure 1.5; the situation for
the superstring is very similar. The only massless excitations are at most
of spin 2, after that the mass square increases linearly with the spin. The
slope of this line is given by the string tension T. Thus, when taking the
string tension to zero (with respect to the relevant energy scale), also higher
excitations may become massless [71].

This is a sign of a higher gauge symmetry in string theory, which is spon-
taneously broken at energies below the Planck scale. This symmetry is a
higher spin gauge symmetry. It is the natural generalisation of gauge sym-
metry of massless spin-1 fields and diffeomorphism symmetry of massless
spin-2 fields (gravitons). It was indeed found by Gross and Mende [72-74]
that the high-energy limit of amplitudes shows signs of a very large symme-

try.

In flat space, we can only explore the broken phase of string theory. The
reason is that the string tension is dimensionful and can be sent to zero
only in comparison with the relevant energy scale. The situation is much
richer in AdS backgrounds. AdS backgrounds introduce a new dimension-
ful constant into the problem, namely the size of AdS /54s. Thus, there is a
dimensionless combination given by

_ lags
n= o (1.4)
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Figure 1.5: The Regge-diagram of the closed bosonic string. We plotted the mass squared of the
string spectrum versus the spin. States lie on linear trajectories, the so-called Regge trajectories.
We have indicated a few well-known excitations such as the graviton, which is the massless spin-2
excitation in the figure. In the tensionless limit, the slope of the trajectories becomes zero and
there are many more massless excitations of higher spin.

In the example of AdSs x S°, this combination is related to the parameters
of the dual CFT (the N' = 4 SYM theory) as follows:®

& =8m, Nm=1", (1.5)

where g; is the string coupling constant, gy is the gauge theory coupling
constant and N is the amount of flux in the background, which is in turn
identified with the rank of the gauge group. Ng%,, is known as the 't Hooft
coupling constant, since one can define a large N limit with fixed "t Hooft
coupling constant. Thus, the tensionless limit # — 0 implies a small "t Hooft
coupling constant in the gauge theory. In other words, the gauge theory
dual to the tensionless string simplifies significantly and is (almost) a free
gauge theory.

Since the dual CFT is free, there are many more conserved quantities than in
a generic interacting gauge theory. These additionally conserved quantities
correspond holographically to the massless higher spin fields in the AdS
bulk [75-77]. One is thus led to the statement that the high-energy limit of
string theory has a dual description in terms of a free theory.

8Here and in the rest of the introduction, we suppress numerical factors of 2 and 7,
which do not influence the discussion.
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While the AdS/CFT correspondence allows one to observe this higher sym-
metry directly from the boundary, one has not succeeded so far in comput-
ing the spectrum of string theory on AdSs x S° directly in the tensionless
limit. This is a somewhat unsatisfactory situation, since one does not have a
direct test of these ideas. Moreover, succeeding in constructing a tensionless
string theory directly would give one an example of the AdS/CFT corre-
spondence, where many aspects of the correspondence could be tested in
much detail.

As we have discussed above, AdS3 backgrounds offer the opportunity to
achieve this goal, since the corresponding string theory is under far better
control, at least at the pure NS-NS flux point. In the case of AdS3 x S5 x T,
the relation between the parameters is

k=n? (1.6)

where k is the amount of NS-NS flux in the background. The qualitative
difference of (1.5) and (1.6) comes from the different dimensionality of the
AdS spaces, as well as from the fact that the AdSs x S° background is sup-
ported by Ramond-Ramond flux, whereas the AdS; x S3 x T background
is supported by NS-NS flux. In particular, the flux k is quantised and has to
take an integer value. This means in turn that we cannot take the tensionless
limit in a continuous manner. The most tensionless point of the background
appears at k = 1, i.e. for precisely one unit of NS-NS flux.

It will be one of the main objectives of this thesis to explore this tensionless
point of string theory on AdSs. In the dual CFT description, the embedding
of higher spin theory [78-82] in string theory was understood in [83-85]. As
we shall demonstrate, this point indeed realises the idea of the tensionless
string and there are additional massless higher spins appearing in the theory.
Moreover, the k = 1 point is exactly the point in the string moduli space,
which is dual to the symmetric product orbifold in (1.3). In other words,
we will show that the symmetric orbifold of T* is dual to the pure NS-NS
flux background at k = 1 (and not only on the same moduli space). Thus,
this provides an instance of a stringy AdS/CFT duality where both sides are
under complete control.

In a similar vein, we will show that

IIB string theory on AdS; x S® x S® x S at k™ = 1 «<= Sym“(S}_ x S!) .
(1.7)
For this background, there are two fluxes and the tensionless limit corre-
sponds to setting one of these fluxes to its minimal amount of one. The
other flux remains arbitrary in the tensionless limit and then determines the
amount of flux through the three-sphere in the dual CFT.

After successfully identifying the dual CFT for the tensionless point in mod-
uli space, we will give also an analogue for higher values of background

11
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flux. We give very strong evidence that the correspondences generalise as
follows to arbitrary values of k (resp. k™):

IIB string theory on AdS; x S
<= Sym% (N = 4 Liouville theory with ¢ = 6(k — 1) x T*) , (1.8)
and

IIB string theory on AdS; x 3 x s xs!

6kTk~
< Sym% <large N = 4 Liouville theory with ¢ = k++k> . (1.9)
(Supersymmetric) Liouville theory is a relatively well-understood two-
dimensional CFT. However, the proposed dual CFT is interacting and does
not possess massless higher spin fields. This mirrors the intuition we gave
above for the tensionless limit of string theory.

1.4 Overview of this thesis

This work is organised as follows. We start off by introducing the neces-
sary background material of which we will make frequent use in the follow-
ing chapters. We include the conformal field theories of interest, namely
Liouville theory, the SL(2, R) WZW model and the symmetric product orb-
ifold, which arises as a dual CFT in many instances of the AdSz/CFT; corre-
spondence. We moreover explain various superconformal algebras, namely
the N =1, N = 2, small N' = 4 and large N' = 4 superconformal alge-
bra. After this, we move on to explain background material on string the-
ory on AdS;. This section comprises the application of the SL(2, R) WZW
model to string theory on AdS;, the hybrid formalism of superstrings on
AdS; x S® x My and background material on the moduli space of the com-
pactification AdS; x S® x My, both from a D-brane point of view and a
gauge theory point of view.

The original work starts in Chapter 4. We use the hybrid formalism to ex-
plore string theory on mixed background flux, in order to explore the string
theory moduli space from the string side. This involves the study of the
sigma-model on the supergroup PSU(1,1|2). It features a non-holomorphic
current algebra, which we use to constrain the spectrum as much as possi-
ble. Using this technology, we derive the plane-wave spectrum of the string
in mixed flux backgrounds, which is the spectrum in the limit of large ge-
ometry and fast rotating strings. This is an important check on the hybrid
formalism formulation of string theory. We are also able to use the hybrid
formalism to derive the qualitative behaviour of the string spectrum as we
approach the pure NS-NS point in moduli space. This limit is very inter-
esting, since the pure NS-NS point is a singular point in moduli space. In
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particular, we show that the spectrum changes discontinuously, thus con-
firming the prediction of [53] explicitly. The results of this chapter are based
on the publications [86,87].

We then move on in Chapter 5 to the study of the tensionless string on
the background AdSz x S3 x T%. To this end, we make again use of the
hybrid formalism, which we already studied in the previous chapter, but
we will be interested in the pure NS-NS point, where the hybrid formalism
is based on the WZW model on the supergroup PSU(1,1|2). We explore
the representation theory of psu(1,1|2) in detail and explain how one can
define the worldsheet theory for the minimal flux k = 1. We show that this
worldsheet theory realises the idea of a tensionless string directly. We check
that its partition function is directly the partition function of the symmetric
product orbifold, thereby providing very strong evidence for the duality
(1.3). The results of this chapter are based on the publication [88].

We develop the duality map further in Chapter 6, where we show that the
symmetry algebra we compute from the worldsheet also matches with the
symmetry algebra of the symmetric product orbifold. Fixing the symmetry
algebra together with the spectrum then constrains the dual CFT signifi-
cantly. Hence this goes a long way towards proving the AdS/CFT duality
in this instance. We will also extend the duality from the tensionless point
to large NS-NS flux. In this case, we can show that the dual CFT is (1.8). We
will also give a simpler bosonic version of the same duality, which involves
a symmetric product of usual bosonic Liouville theory. The results of this
chapter are based on the publication [89].

In Chapter 7, we then extend our findings to the more complicated back-
ground AdSz x S3 x S x Sl. To treat the tensionless limit for this back-
ground, we first develop a hybrid formalism adapted to the background.
This involves a WZW model on the exceptional supergroup D(2,1;«). By
studying the representation theory of 9(2,1; «) in detail, we are again able to
formulate a consistent worldsheet theory for the background at k™ = 1. We
then compute the spacetime spectrum and confirm that it matches the spec-
trum of the symmetric product orbifold of S* x S!. As in the small N = 4
supersymmetric case, we also determine the spacetime symmetry algebra
and confirm that it agrees with the symmetry algebra of S® x S!. We finally
extend the duality away from the symmetric orbifold and show (1.9). The
results of this chapter are based on the publication [69].

Each of the chapters contains a short summary and conclusion. We conclude
in Chapter 8 with a broader discussion of the results of this thesis.

The work is complemented by some appendices, which contain more de-
tails about various technical points. Appendix A contains the conventions
used throughout the main text of the thesis. Appendix B contains details
about representations used in the main text. Finally, we relegated technical

13
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details about the psu(1,1]|2) WZW model and the 9(2,1;4) WZW model to
Appendices C and D.

In the course of this PhD, also the publications [68,90-93] appeared, which
are not included in this thesis.
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Chapter 2

Two-dimensional CFTs

We assume that the reader is familiar with basic concepts of two-
dimensional CFTs. In this chapter, we introduce some CFTs, which are cen-
tral to our discussion, namely Liouville theory, the SL(2, R) WZW-model
and symmetric product orbifold CFTs. Finally, we also explain various su-
perconformal algebras relevant to our discussion.

2.1 Liouville theory

Liouville theory is one of the simplest irrational CFTs. It is characterised by
the following properties [94]

(a) Liouville theory is a family of conformal field theories which exists for
any central charge c.

(b) The spectrum of Liouville theory is a continuum and is given by
%71 dh Vir, ® Viry . @.1)
24

By this we mean that each Virasoro representation of conformal weight
h € [S2, 00) appears precisely once in the spectrum.’

(c) Correlation functions dependent analytically on ¢ and h. For the mo-
ment, we allow branch cuts in the dependence. We will see below how
to resolve them.

These properties characterise Liouville theory completely. It is convenient
to parametrise ¢ and / in terms of the following alternative quantities:

c=1+60Q%, (2.2)

9This is of course a bit subtle in a theory with a continuum spectrum. More precisely,
there is only one independent OPE coefficient for each conformal weight.
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Q=b+b1!, (2.3)
h=a(Q—a). (2.4)

We refer to Q as background charge, to b as Liouville coupling constant, and to
« as Liouville momentum. These quantities are not uniquely determined in
terms of ¢ and h, but the different choices do not differ physically. Note
that « takes values in %Q + iRR. Correlation functions are then meromorphic
functions in b and «.

The theory can be derived from a classical action, which takes the form

1
Slel = - / d’z \/g (g”vay(l)av(l) + QR + yeZb‘P) . (2.5)

Here, the fundamental field ¢ is the called the Liouville field. It is not
holormorphic and hence does not constitute a good variable in the quantum
theory. Here, R is the Ricci scalar on the worldsheet. Thus the theory couples
to the curvature of the worldsheet. Since we are working on the plane and
choose the flat metric, the curvature is entirely concentrated at co. Thus this
term has the effect of placing a charge Q at oo, hence explaining its name.
Finally, there is the exponential coupling. The value of yu is inconsequential,
since we can always shift ¢ by constant, which changes the value of p.

It is customary to denote primary fields corresponding to a by V,(z,2),
where « is the Liouville momentum. In order not to overcount, the primary
fields V,(z) and V_,(z) are identified. The corresponding constant of pro-
portionality is called the reflection amplide. We are then mostly interested in
computing 3-point functions

(Vi (21) Vi (22) Vi (23))
C(aq,ap, a3)

- (21 — zg)l1tha—hs (2, — zg)hatha—Tn (75 — 71 )hths—h ° (2.6)
The z dependence of this expression is entirely fixed by conformal invari-
ance. There is a unique solution for the constants C(ay, a2, a3) (which is
analytic in «; and b and satisfies the crossing equation for the 4-point func-
tion), given by the DOZZ formula [95,96]

Q- a
C(“llazl “3) — (ﬂvy(bz)b2_2b2> b( 1 )

Y(0)Y(201)Y(2a2)Y(2a3)

X :
Y(ar +ay+as—Q)Y(ag +ap —az)Y(ag + a3 —ap)Y(as + a1 — ap)
(2.7)

Here, we have used the special function Y(x), which can be defined by

.12 (Q t

® dt Q 2 ~ sinh (7—x)§
log Y :/ Sl - . @8
08 Y(x) 0 t(<2 x> € sinh%sinhz—tb 28)
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Moreover, we have used the function

['(x)
_ ) 2.9
where T'(x) is the standard Gamma function. v is an arbitrary constant,
which depends on how the two-point function is normalised.

Knowing the 3-point functions solves the theory in principle completely on
the plane, in the sense that all correlation functions can be computed. This
follows from conformal symmetry alone. We have for instance for the four-
point function

(Vi (2) Vi (0) Vi (00) Vi (1))
_ / da C(ar, a2, Q — a)C(a, a3, a)| T (2)]2 . (2.10)
9 +iRso

We have used the OPE on the fields V,, (z)V,,(0). This yields the intermedi-
ate primary state & and all its descendants, whose contributions is captured

by the s-channel conformal block S’,J(CS) (z). The conformal block depends on
z, ¢, n, as well as on &y, ap, a3 and ay. After taking the OPE of the fields
Vi, (2) Vi, (0), the four-point function reduces to the three-point function
of the resulting field (V,(0)V,,(c0)Vy, (1)) (together with its descendants),
which produces the factor C(a, a3, a4) in (2.10). Equivalently, we could have
used the OPE in a different order, which would result in the equation

<V061 (Z) Vle (0) VIX3 (OO) VM (1)>

= da C(ag, a4, Q — a)C(a, az, 043)|3’",5f) (z)|2 . (211
§+iR>o

Equality of (2.10) and (2.11) is the statement of crossing symmetry and is
extremely non-trivial. In fact, it is best checked numerically.

For more details on Liouville theory, see e.g. [94,97-99].

2.2 The SL(2,R) WZW model

Next, we introduce a model, which is of central importance for the study of
string theory on AdS; — the WZW model based on the group SL(2,R). We
take the current algebra sl(2, R); to have defining commutation relations

as T3] = _§m5m+n,0 , (2.12a)
Ui Tl = £oiin (2.12b)
i T ] = kmbpino — 2]y - (2.12¢)
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We impose moreover the hermicity conditions

U =12, ) =1 (2.13)

To construct a conformal field theory based on this chiral algebra, we have
to study its representations. An important class of representations are those
intoduced from representations of the sl(2, R) zero-mode algebra. Thus, we
start by studying s[(2, R) representations.

2.2.1 Representations of s[(2,R)

There are two kinds of unitary representations of s[(2,R) that will be rele-
vant for us [60,100,101]

(a) Discrete representations. These are representations of s[(2, R) that pos-
sess a lowest (highest) weight state. The representation is characterised
by the s1(2, R) spin j of the lowest (highest) weight state.

(b) Continuous representations. Continuous representations of s((2, R) do
not contain a highest nor a lowest weight state. These representations
are characterised by their Casimir C, as well as the fractional part of
the J3-eigenvalues which we label by A € R/Z.

More specifically, the continuous representations of s[(2, R) are defined via

Jo lm) = |m+1), (2.14a)
Jo lm) = m|m) , (2.14b)
Jo m) = (m(m—1)+C)m—1) . (2.14c)

Here, C is the quadratic Casimir of the s[(2,R) representation, which in
these conventions takes the form

1
C==Ik+50h +1Ji) (2.15)

while m takes values in m € Z + A. Provided that the Casimir satisfies
C > A(1 —A) where we take A € [0,1], these representations are unitary,
see [100,101] for useful reviews. (For the case of the discrete representations,
the relevant condition is j > 0.)

The discrete representations can be found as subrepresentations of the con-
tinuous representations. Thus, we mostly discuss continuous representa-
tions. It is convenient to parametrise the Casimir of the continuous repre-
sentations by j as well, i.e. to write

Czﬁu—nzi—Q—if, 216)
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where j € RU (% +iR). In this notation, j and 1 — j parametrise the same
continuous representation. For real j, we then see by virtue of the relation
(2.14c) that J; |j) = 0. Thus, the states |m) for which m —j € Z>( form a
subrepresentation, which is isomorphic to a lowest weight discrete represen-
tation.

We will denote the continuous representation by (‘3{\ and the discrete repre-
sentation by D/, . There exist also highest-weight (rather than lowest-weight)

discrete representations, which we will denote by D ; they are characterised
by
Jo iy =0, J3liy=—jli) - (217)

In addition to these infinite-dimensional representations, there are also
the usual finite-dimensional representations of s[(2,R), although they will
not be part of the worldsheet spectrum. We will simply denote the m-
dimensional representation by m. Except for the trivial representation, these
are non-unitary. Later, we will need the Clebsch-Gordan coefficients of the

tensor product of G{\ and Dji with 2. An explicit calculation shows that

GJA@zzegé@egé, P.ow2=d oD, 7. (2.18)
2.2.2 The energy-momentum tensor and the Sugawara construc-
tion

After having discussed the relevant sl(2, R) representations, we discuss how
to turn the WZW model into a conformal field theory. For this, we have
to construct an energy-momentum tensor out of the fundamental currents
J%(z) and J3(z). As for any WZW model based on a simple group, this is
achieved via the Sugawara construction [102]:

T6) = 5 (PP T @ @)
With respect to this energy-momentum tensor, the currents are primary
fields of conformal weight one. The central charge of the theory is given
by

3k

k=2
This is formally the same central charge as for the su(2)_j theory. In fact, the
two theories are the same, except for having different hermicity conditions
on the currents.!”

c= (2.20)

19Tn the conventions (2.12a)~(2.12c), su(2)_; would be given by

U =T, ) =1 (2.21)
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2.2.3 Spectral flow

As we have mentioned above, we can construct representations of the affine
s[(2,R) algebra by letting the zero-modes act in a specific representation of
s[(2,R) on a set of ground states. These ground states are annihilated by all
positive modes and the negative modes act freely. These are the so-called
conformal highest weight representations. For the s((2, R), WZW model, it
is crucial that further representations are included. They are best described
via the so-called spectral flow.

The affine algebra (2.12a)—(2.12c) possesses an outer automorphism, the so-
called spectral flow automorphism ¢*. We define ¢ on the generators as
follows:

() =Tz » O Un) =T+ %60 . (2.22)

Given a representation of the affine algebra, composing it with the spectral
flow automorphism will yield a new representation.

In fact, for the quantum theory to be consistent, we have to require that
all spectrally flowed images of a given representation are part of the spec-
trum as well. First, 3-point functions can violate spectral flow conservation.
Second, one needs to include spectrally flowed representations to obtain a
modular invariant torus partition function.

Under spectral flow, the energy-momentum tensor transforms as follows:

kw?

0" (Ly) = L —w]y, —
Spectrally flowed representations are no longer conformal highest weight
representations (in the sense that all positive modes annihilate a given high-
est weight state). In particular, this will yield a spectrum which is un-
bounded from below. The theory is still physically sensible and stable, since
the spectrum is bounded from below for a fixed s[(2, R) charge.

2.2.4 The complete spectrum of the theory

Maldacena & Ooguri proposed a set of representations for the theory, based
on semiclassical reasoning in the k — oo limit [60]. In the k — oo limit, the
theory becomes quantum mechanics on SL(2,R) and one obtains the spec-
trum from decomposing L2(SL(2,R)) (with the biinvariant Haar measure)
into SL(2, R) representations. To obtain the spectrum in the finite k regime,
one demands that the spectrum is compatible with the spectral flow sym-
metry. The proposed spectrum consists of the affine representations based
on

discrete : @Q QD , % <j< k;—l , (2.24)
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continuous : 6]}\ ® e , AeR/Z, jE€ % +iR>o, (2.25)

together with all their spectrally flowed images. We will refer to the bound
1 < j < 51 as Maldacena-Ooguri bound. We will see below that there
is another important bound for strings on AdSz;, which is the unitarity
bound arising from the requirement of physical states to have non-negative
norm [55-57,59]. It reads 0 < j < % and is thus slightly weaker. In the

supersymmetric case, the two bounds become actually equivalent [87].

2.3 Superconformal theories

In the context of string theory, supersymmetric CFTs (SCFTs) will be of par-
ticular importance. We review the most important superconformal algebras
in turn.

2.3.1 N =1 supersymmetry

Besides the Virasoro tensor T(z), we also have one supercurrent G(z). The
generators satisfy the OPEs

9
TET() ~ 5 < o éT_f"U;Z + ZT_(“Z’U) , (2.26)
T(z)G(w) 2526_(?)2 iG_(Z;) , (2.27)
G(2)G(w) ~ —2¢ 4 2T(®) (2.28)

3z—w)d  z—w

The algebra affords only a discrete Z, R-symmetry, which sends G(z) —
—G(z), but no continuous R-symmetry.

N = 1 supersymmetry is important in superstring theory, since the world-
sheet CFT has to constitute an A/ = 1 SCFT in order to define the physical
state conditions.

Let us mention here also that the wedge algebra (consisting of all modes V,,
with —h < n < h), which is the subalgebra formed by L_;, Lo, L1, G_% and

G| is given by the Lie superalgebra osp(1]2).

A simple example of a theory with N' = 1 supersymmetry is given by a free
bosons and a free fermion. A somewhat more interesting example, which
plays also a central role in the string theory construction later is given by
an N/ = 1 affine algebra g,(cl). This algebra consists of an affine current
algebra gy generated by the currents |, together with dim(g) free fermions

y” transforming in the adjoint representation of g. The free fermions 1* have
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defining OPEs
koab

z—w

P (2) 9" (w) ~ (2.29)

For simplicity, we chose a basis such that the metric on the Lie algebra
becomes 6. We can define J®9(z) = L% (ypPyc), which gives another
affine algebra at level 11", under which the free fermions transform also as
primary fields in the adjoint representation. Here, 1V is the dual Coxeter
number of the algebra g. Thus, we can define the ‘decoupled” currents

3(z) = J"(z) — J9(z), (2.30)

which have regular OPEs with the free fermions and define an affine algebra
at level k — h". Upon using the fact

s50(N)1 = N free fermions (2.31)

we can write the isomorphism

g]({l) = Ik—nv @50((1111’1(9))1 . (232)

This algebra has a canonical N' = 1 structure, given by

T(z) = % ((33") — (y"ay")) , (2.33)
1 .
Gz) = ¢ ((H“w“) - ;(fabc(w“wblm : (234)
The central charge of the theory is given by
k—h)di hY
= 11 im(g) , % dim(g) = (; . k) dim(g) . (2.35)

The N' = 1 algebra has an interesting representation, which extends the
representation theory of the Virasoro algebra [103].

2.3.2 N =2 supersymmetry

Next, we discuss N' = 2 supersymmetry. Besides the Virasoro tensor,
there are now two supercurrents present, which we denote by G*(z) and
G~ (z). There is a U(1) R-symmetry, under which the two supercurrents
carry charges +1 and —1. The corresponding current will be denoted by
J(z). T(z) itself satisfies the Virasoro algebra and the remaining fields are
primary fields (of conformal weight 3 in the case of the supercurrents and
of conformal weight 1 in the case of the u(1) current). The remaining OPEs
read as follows
N +G*(w)

J(2)G*(w) ~—u (2.36)
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c
3(z—w)?’

c J(w) 2T (w) + 9] (w)
6(z—w)3 * 2(z—w)? + 4(z—w)

J(z)](w) ~ (2.37)

Gt (2)G (w) ~ (2.38)

while G*(z)G"(w) and G~ (z)G™ (w) are forced to be zero by U(1) charge
conservation. By defining

G(z) = V2(e'?G*(z) + e G (w)) (2.39)

for any phase e'?, we see that the N’ = 2 superconformal algebra contains
in particular also the N = 1 superconformal algebra.

Starting from A/ = 2 superconformal symmetry, there are interesting BPS
representations. These are shorter representations, whose energies are pro-
tected by supersymmetry. To see this, consider a superconformal primary
state (in the NS-sector), which satisfies

GElhg) =0, r>0, (2.40)
Lylh,q) =Jm|h,q) =0, m>0, (2.41)
Lolh,q) = I |hq) , (242)
Jolh,q) =qlh,q) . (2.43)

Then generically, there are two superconformal descendants at level 1:
G*, ), |h,q) and G, , |1, q). The norm of these states is

1

=1 Wal2Lo F Jo |1 q) (2.45)
1

=,2hFq). (2.46)

Hence, for h = j:%q, one of the descendants is absent. Moreover, unitarity
imposes the BPS bound
h>3lql . (247)

A superconformal primary saturating the bound is called chiral primary (resp.
antichiral primary). Usually, the U(1)-charge in a given theory is quantised.
Since h = +14 for (anti)chiral primaries, it also follows that their conformal
weight is quantised.!’ The set of chiral primaries provides however more
structure, since it can be turned into a ring. The OPE between two chiral
primaries has to be regular, since by the conservation of U(1) charge, any
singular term would violate the BPS bound (2.47). By the same argument,

HFor a complete analysis of null-vectors of the superconformal A = 2 algebra, see e.g.
[104-109].
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the constant term in the OPE is again a chiral primary and hence normal-
ordering induces a ring structure on the chiral primaries. This ring structure
is referred to as the chiral ring [110].

N = 2 superconformal symmetry plays also a central role in string theory.
An N = 2 supersymmetric worldsheet theory (in the RNS-formalism) leads
to a spacetime supersymmetric theory [111]. Moreover, N = 2 SCFTs are
the fundamental building blocks to define topological CFTs and topological
strings. This can be achieved by the so-called topological twisting [112-115],
where the energy-momentum tensor is modified to

T(z) = T(z) £ 19](2) . (2.48)
With respect to this new energy-momentum tensor, GT(z) (G*(z)) is still
primary and of conformal weight 1 (2). Thus, we can view G7(z) as a BRST
current and define a BRST charge as

Qbrst = f dz G¥(2) . (2.49)

The BRST cohomology defines then a topological theory. The cohomology
is in fact again the chiral (or antichiral) ring. In the context of string theory,
this leads to topological strings [116-118].

We again mention that the wedge algebra (or global algebra) for this super-
conformal algebra is given by the Lie superalgebra osp(2|2) = s[(2|1).

Interesting examples of AN/ = 2 superconformal field theories include the
minimal models, which can be represented as a coset

su(2), _ su(2); @ s0(2)s
S = o) , (2.50)

as well as their generalisations, the Kazama-Suzuki models [119]

su(N+ 1), . su(N +1); ®50(2N); (2.51)

su(N)My 1y @u(D)® SU(N)es1 B u(l)
We used here the N = 1 superconformal affine algebras from above. There is
no pure WZW-model based on a simple group, which has N = 2 supersym-
metry. Another prominent example is given by sigma-models on Calabi-Yau
manifolds, which is the standard route to compactify string theory to four
dimensions [120]. See e.g. [121] for the vast literature on this topic. Special
points in the moduli space can be represented by Gepner models, which
are an orbifold of a product of minimal models [122]. This has in particu-
lar led to the development of Mirror symmetry, which is the generalisation
of T-duality to Calabi-Yau manifolds [123,124]. For sigma-models, the BPS
spectrum (i.e. the set of chiral primaries) agrees with the Dolbeau cohomol-
ogy of the target space [125]. Moreover, the chiral ring equals a deformation
of the cohomology ring of the target space [110].
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2.3.3 Small N = 4 supersymmetry

Next, we discuss small N/ = 4 supersymmetry, which has four supercur-
rents G*%(z), where a, B = +. The R-symmetry is given by su(2), whose
currents we shall denote by J?(z), a = £, 3. Moreover, there is an outer
automorphism algebra su(2). The four supercharges transform as bispinors
under the two su(2)’s. The OPEs read

+
Py () ~ 25)
PP @)~ 5t 259
_ k 2] (w)
T (2)] " (w) ~ Ean (2.54)
a\w B
J*(2)G* (w) ~ W : (2.55)
. 2e7ePk 2(0,)*1eP I (w)
G*(2)G" (w) ~ Z—wp z—w)
N (Ug)”eﬁ‘sa]“iai);— e T (w) ' (2.56)

See Appendix A for the conventions of o-matrices. The central charge of the
algebra is given in terms of the level k of the su(2); R-symmetry as

= 6k. (2.57)

Since we are interested in unitary models where k € Z>4, the central charge
is quantised in 6Z. This is contrary to what happens in the ' = 2 case,
where for any ¢ > 3, N = 2 Liouville theory provides an example of a
unitary N/ = 2 SCFT.

One can again define an N' = 2 subalgebra of the N' = 4 superconformal
algebra.!? Thus, N = 4 implies N = 2, which implies N = 1.

One can also topologically twist the algebra, which results in topological
N = 4 CFTs. Applying this to string theory leads to N' = 4 topological
strings [127].

The global subalgebra forms the Lie supergroup psu(1,1|2) (where we al-
ready specified an appropriate real form). This fact plays a crucial role in
the later chapters.

For small N' = 4 supersymmetry, one can again define chiral primaries,
where the relevant BPS condition is now /1 > /, and / is the su(2) spin of the

2In fact, there is a SU(2) /U(1) worth of such choices [126].
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R-symmetry representation.!® Chiral primaries form again a ring. AN = 4
supersymmetry does not only protect the conformal weight of the chiral
primaries, but also the ring structure (i.e. their three-point functions) [128,
129]. In the context of AdS;/CFT; holography, this allows for dynamical
tests of the correspondence [130,131].

Examples of N/ = 4 theories are given by the sigma-models on hyperkéahler
manifolds, in particular on T* and K3. Furthermore, N = 4 Liouville theory
provides another example, which plays a central role in Chapter 6. Finally,
the symmetric orbifold construction described in the next section generates
new N = 4 theories. Of particular importance will be the symmetric orb-
ifolds

Sym™N(T*) and Sym™(K3). (2.58)

2.3.4 Large N = 4 supersymmetry

We also introduce the lesser-known (linear) large AN/ = 4 superconformal
algebra [70]. It has again four supercurrents G*#(z), but the R-symmetry
is extended to su(2)g+ @ su(2)g- @ u(1l). In particular, the algebra depends
on two parameters k™ and k~, which are the two levels of the two su(2)’s.
Moreover, the algebra contains four free fermions Q*?(z). There is also a
non-linear version of the large N = 4 algebra, in which the u(1) current and
the four free fermions are factored out [132].

The defining OPEs of the algebra take the form

U(z)U(w) ~ 255, (2.59a)

A (2)Q (w) ~ m , (2.59b)
A (2), O (w) ~ m , (2.59¢)
0 (2) Q" (w) ~ & tk: )af%w , (2.59d)
AEB (), AEB () 2(zk—iw)2 , (2.59%)
AEB () AB* () ~ iw (2.59f)
ASF (2) A (w) e fiw)z ZAZ&_)ZW) : (2.59g)
U(z)G*(w) = m (2.59h)

13In fact, N' = 4 chiral primaries are simply chiral primaries with respect to the N' = 2
subalgebra.
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(1—7) (¢")%, QP (w)  (¢)", G (w)

(+)a ap ~ — .
AT ()G (w) 2z w)? +— - (2.59i)
B ay a\B ay
oy @) Q@) (0P, G () |
AT ()G (w) 2w ) (2.59j)
wyeBd A(H)a(1p) — 27 (g, )P0 A(—)a
QP (2)G" (w) ~ (7a)*7e” AT (w) — e%7(0a) AT (w)
zZ—w
P oy oo
L e Uw) (2.59K)
zZ—w
2k e¥7eP0
wp Yo ~
G*(z)G"(w) =)
2y (02)%7eP? AH (w) +2(1 — ) €47 (0, )PP AL (w)
(z—w)?
7 (0) 16 DA (@) 4 (1~ 7) 7 (02) DA (w)
zZ—w
ay o6
_ e T(w) (259)
zZ—w
In terms of the levels of the two su(2) algebras, we have
— + —
k 6k™k (2.60)

TSEre T
See Appendix A for the conventions for the Pauli matrices etc.

Representations of the linear large N' = 4 algebra are described by their
conformal weight of the highest weight state, as well as the R-symmetry
representation. We denote such a representation for short by [k, ¢*,¢~,u],
where the four labels are the conformal weight of the highest weight state,
the two su(2) spins and the u(1) charge. There is a BPS bound on represen-
tations, which reads [65,67,133,134]
—0+ Lkt + )2 42

h> hyps(05, 0 u) = =K Ek:ﬁ( Y+ 2.61)
The large N/ = 4 superconformal algebra possesses a N/ = 2 subalgebra.!*
Chiral primaries of the N' = 2 subalgebra correspond to BPS states with
(" = (¢~ and u = 0. In particular, only for these states a chiral ring structure
can be defined. For this reason, we will refer to them as chiral primaries.
Note that only chiral primaries are stable with respect to increasing the levels
k™ and k™. In particular, the classical limit k* — oo of the BPS bound reads
only

k=0t + ke
/P (2.62)
kt + k-
141t also possesses a small NV = 4 subalgebra, but the embedding does not preserve the
energy-momentum tensor, nor the hermitian structure of the algebra [70].
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When going to the quantum theory, BPS states with ¢ 3 ¢~ or u # 0 have
to acquire quantum corrections in order to even satisfy the BPS bound (2.61).
This is important in the context of the AdS;/CFT, correspondence, where
the classical limit on the bulk side corresponds to supergravity.

Examples of large N' = 4 superconformal theories are given by the super-
symmetric WZW model on S® x S! = SU(2) x U(1) [70]. This theory will
be frequently called Sy in Chapter 7, where kt = x+1and k= = 1. In
particular, the large N = 4 theory given by the symmetric product orbifold

Sym™(S® x S!) = SymN(S,) (2.63)

will play an important role. Moreover, there is again a family of cosets
supporting large N’ = 4 supersymmetry. These are the Wolf-space cosets,
whose su(N) family takes the form

(1)
N-+2
su( J e+ ou(l). (2.64)
5u(N)k+N+ZEBu(1)

The "t Hooft limit of this coset is dual to a large N' = 4 higher spin theory
on AdS; [134].

2.4 The symmetric product orbifold CFT

We now explain an example of an orbifold CFT in some detail. This CFT
plays a crucial role in the AdS3/CFT, holography, where it serves as a dual
CFT. We start with some arbitrary CFT of central charge ¢, which we denote
for now by X. We then want to define the CFT

SymMN(X) = xN/Sy, (2.65)

which consists of N copies of X identified under permutations. The replace-
ment X — Sym™ (X) has a similar effect as going from a single particle to
a multi-particle system, which is why this CFT is interesting as a potential
candidate for a dual CFT to string theory.

2.4.1 Orbifold CFTs

In any orbifold CFT, gauging of the orbifold group consists of two steps.
First, we impose the orbifold projection, which means that we keep only
states invariant under the orbifold group. This forms a natural subsector of
the theory and is referred to as the untwisted sector. The theory obtained in
this way is however not yet complete. Since the obtained symmetry algebra
is now smaller as before, there are further possible representations, the so-
called twisted sector. Geometrically, it corresponds to solutions which are
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only periodic modulo a group element g € G:
X(ze?™) = ¢-X(z), (2.66)

where G is the orbifold group and X is a generic field of the theory. Twisted
sectors are labelled by conjugacy classes of the orbifold group G. Modular
invariance of the CFT dictates the inclusion of these sectors as well.

To see this in more detail, we start with the original partition of the theory,
evaluated on the torus. Its fields are periodic in both the space and time
cycle, which we may denote by

Zia(t,7) =1]_], (2.67)
1

the 1 indicating that the fields do not pick up a group element when going
around the respective cycle. In the untwisted sector, we want to project on
orbifold invariant states, which amounts to inserting the projector

el G’ Y ¢ (2.68)

8€G

in the trace of the partition function. In the path integral formalism, this
changes the periodicity conditions of the fields along the time-cycle of the
torus. We hence have

Zuntwlsted ’G’ Z Zgl T, T Zg,l(T/ T) = gD . (269)
g€G 1

Under a S-modular transformation, the space and time cycle are inter-

changed, which shows that the twisted sectors described by Z; ; (7, T) are

also part of the theory. To obtain the modular completion, we note that the

two generators of the modular group act as follows on the cycles:

s:s[ ] — 1], (2.70)
h 8

T: gD — gh|:| . (2.71)
h h

Only sectors with commuting g and / are well-defined, since otherwise the
boundary conditions are ambiguous (following first the time-cycle and then
the space-cycle has to give the same result as first following the space-cycle
and then the time-cycle). Thus, the appropriate modular completion is given
by

Z(t,T) = Y Zyg(t,T) . (2.72)

‘G‘ gh=hg

This defines the full content of the orbifold CFT. See also [135-137] for more
details.

Let us now describe these steps in detail for the symmetric product orbifold.
We first assume the theory to be bosonic and treat the fermionic case below.
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2.4.2 The untwisted sector

Let X%l)(z,z),. . .,X,El)(z, Z) be some fields in the first copy X of the sym-
metric product orbifold. (We denote by the superscript (i) the i-th copy in
the symmetric product.) We can then produce a field invariant under the
symmetric group by

N

Y (xyﬂ . x,ﬁl“) (z,2) . (2.73)

i1,1p,..., ig=1

We will refer to such a field as a k-sum field. The collection of these fields
comprises the untwisted sector.

The number of such fields can be counted as follows. It is convenient to
change to a ‘grand canonical” ensemble

é SymM(X), (2.74)
N=0

where Sym®(X) is by definition the trivial theory. The grand canoncial par-
tition function is defined by

Zuntwisted (T, T) — NZ_:Q PN tr 151;3;‘}?)?;1 (qLO 67&)) . (2.75)

Here, q = e?™T  Note that we have not included the usual shift —% in

the definition of the partition function, as this would diverge in the limit
N — oo. Denoting by

Z(x,7) = trx (g 575 ) = g 57 5 e Bg'T (@276)
h,h

the partition function of X, we can then compute the grand canonical parti-
tion function as

Zuntwisted(,r, ’f') — H (1 _ thq;’l) —c(hh) ‘ 2.77)
bk

This looks indeed like a multi-particle partition function. We shall be partic-
ularly interested in ‘single-particle” fields, which cannot written as a product
of other fields. These correspond precisely to the single-sum fields. Thus,
single-particle fields are in one-to-one correspondence to fields in X.

2.4.3 The twisted sector

As mentioned above, the twisted sectors of an orbifold are labelled by the
conjugacy classes of the orbifold group. In the case of the symmetric group,
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the conjugacy class of a permutation is entirely determined by the cycle
type of the permutation 77. Consider a permutation with 7; cycles of length
1, ny cycles of length 2, etc. Permutations with multiple cycles are again
products of smaller cycles and will hence correspond to multi-particle states.
Let us focus on a single cycle of length n (i.e. a permutation conjugate to
(12---n)). As we shall see below, the states in this sector can be constructed
by a fractional action of the symmetry algebra. We will discuss here the
construction on the level of the partition function.

We have mentioned above that the twisted sector can be constructed by re-
quiring modular invariance. More specifically, since it corresponds to the
twisted boundary conditions (2.66), we can construct it by performing an
S-modular transformation on twisted boundary conditions in time. In the
operator formalism, this means that we should consider

tr (g qLO‘ﬁﬁE‘J‘ﬁ) (2.78)

in the untwisted sector and perform an S-modular transformation. Since
the group action for the symmetric group acts by a permutation, this trace
localises on the fixed point of the group action. For ¢ = (12---n) and the
symmetric group, fields of the form

XD (z,2) - XM (z,z) (2.79)

are fixed under g. Moreover, we can add arbitrary fields for the other N —n
copies of X. Thus,

tr ((12- Cn) qLO*%in*%) = Z(nt,n?)Z(T, D)V " . (2.80)

Upon performing an S-modular transformation and using modular invari-
ance of X, we hence learn that the twisted sector contributes

Z (L) z(r,r)N " (2.81)

n’n

to the partition function. We have now constructed the twisted sector. How-
ever, it is not yet invariant under the orbifold group G. The orbifold pro-
jection can be imposed by demanding full modular invariance. Perform-
ing successive T-modular transformations inserts the group element g™
in the time-cycle of the torus. Since under a T-modular transformation
g"q" — g"g"e¥™ =1, this modular completion will just impose the con-
straint of integer spins, h — h € Z.

The complete single-particle partition function of the theory then reads

2

) . (2.82)

L .
Z qugaz (E’
n=1 h—heZ,
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Here, we have corrected again the ground state energies (remember that

orbifold). In (2.80) we have included the ground state contribution to obtain
good modular properties. So to remove it, one has to multiply (2.81) by

q% q 5 . The total ground state energy of the n twisted sector is given by

c(n*—1)

A, =
" 24n 7

(2.83)

where the additional contribution comes from Z (£, I).

Finally, we can also write down the complete partition function of the theory
in the grand canonical ensemble. It reads [138,139]

) « ol —c(h,h)
]_—[ H < q 24;1 >+%q <21n1)+i1) , (284)

h henZ

which is the completion of (2.77).

This construction has the following microscopic interpretation. Since the
modular parameter T is rescaled by a factor % in the twisted sector, the
modes of the symmetry algebra take now values in %Z. Fields in the twisted
sector still have trivial monodromies in the complex plane, since the mon-
odromy due to the modes being fractional is compensated by cyclically per-

muting the fields, which generates a compensating phase.

2.4.4 The fermionic case

Now we also include fermions in the construction, which cause some addi-
tional subtleties. We work in the NS-sector of the theory. In the untwisted
sector, almost nothing changes, and (2.77) still holds, provided that we in-
clude (—1)F in the partition functions.

On the other hand, there is a complication arising in the previous computa-
tion for the twisted sector. Essentially, we now have

(n—1)F

tr((lz...n)qu%qir%):zf\;;) (nt, 7T) Zns (T, BN, (2.85)

where we denoted by Zyns the partition function of the seed theory X in
the NS-sector without (—1)F insertion and by Z(~1)" the version with (—1)F
insertion. Let us explain how this comes about. The trace again localises on
fixed points of the cyclic group action, but the fixed points can have a minus
sign due to the fermionic nature. When cyclically permuting n fermions,
one has to shift one fermion past the other n — 1 fermions, which results
in the sign (—1)""!. Thus, if n is odd, the result is always +1, also for



2.4. The symmetric product orbifold CFT

fermions. When 7 is even, we get however a minus sign for fermionic fields.
Correspondingly, the twisted sector partition function can now be found by
applying an S-modular transformation. For this, we remember that the NS-
sector maps to itself under an S-modular transformation, whereas the NS-
sector with (—1)¥ insertion maps to the R-sector. Thus, the single-particle
contribution to the twisted sector is

n odd : g% 4% Zns (5,7) (2.86)
n even : quguZg (5, 1) . (2.87)
Finally, the orbifold projection has to be imposed again. This is now a
bit more subtle, since we cannot simply demand invariance under the T-
modular transformation, as also the original theory was not invariant under

the T-modular transformation. Instead, we have to demand that h — h € Z
for bosonic statesand h — h € Z + % for fermionic states.

The ground state energies of the twisted sector are now

c(n?—1)
A, = 2@ 7 nodd, (2.88)
" cir=1) | Mg n even '
24n n ’ :

Here, Ay is the ground state energy of the R-sector of the seed theory X.
For free fermions, we have Ag = 11—6Nf, where N is the number of fermions
in the original theory. We will later consider the case where X has small
N = 4 supersymmetry, where we have always Ar = »;. This can be violated
for different amounts of supersymmetry [68,93,140], for instance for large
N = 4 supersymmetry.
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Chapter 3

String theory on AdS;

In this chapter, we introduce string theory on AdS3;. We discuss the string
sigma-model on AdS; and how the pure NS-NS background can be de-
scribed in terms of a (supersymmetric) WZW model on SL(2,R). We also
recall some general properties about BRST quantisation of (super)string the-
ory and the hybrid formalism.

3.1 Strings on AdS; and the SL(2,R) WZW model

Recall that the general string sigma-model for NS-NS backgrounds has the
following worldsheet action

1
47ra’

S[X] =

/ 422 /3 (8P Gy (X)9u XD X"
¥
+ie"P By (X)9. X"9pX" + &’/ ®(X)R) . (3.1)

Here, G, is the spacetime metric, B, the background Kalb-Ramond field
and & the dilaton field. R denotes the curvature scalar on the worldsheet X.
We consider a background with a constant dilaton, so that the dilaton term

in the action produces the factor g, X where ¢s = e ® and x(X) is the
Euler characteristic of the worldsheet in correlation functions.

In order for the Weyl anomaly to vanish, the background fields have to
satisfy the (super)gravity equations of motion (to leading order in «’). Con-
sidering a background of the form AdS; x X, this requires a constant B-field
flux through AdS;z. The resulting model has the action of the SL(2, R) WZW
model, see e.g. [60].

The SL(2,R) WZW model was already discussed in Section 2.2; here we
discuss the string theoretic interpretation of the model.
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3.1.1 Bosonic strings on AdS;

Let us start with bosonic strings. We treat the case of superstrings below
(which is largely identical). Recall that there are two kinds of s[(2,R) rep-
resentations appearing in the SL(2, R) model and of this, the spectral flow
operation produces new representations. We start with unflowed represen-
tations.

(a)

(b)

Discrete representations. The mass-shell condition Ly = 1 reads for
these representations

_Jolo—=1)

o N =1, (3.2)

where hin; denotes the conformal weight of the representation of the
internal CFT described by X and N the excitation number inside the
representation. This can be solved for jy and one obtains

.1 9
]0:2+\/4+4(k—2)(hint+N). (3.3)
Note that jo does not have to be the actual spin of the physical state,
since it can be changed by the use of the oscillators |, or J,. The
Maldacena-Ooguri bound (2.24) is satisfied, provided that hin + N
does not grow too large.

These string solutions are the so-called short strings, which can be
thought of as (close to) point particle string solutions. The existence of
the Maldacena-Ooguri bound shows that there are only finitely many
such string solutions.

Continuous representations. The mass-shell condition now reads

1+ 4p? B
44(F_454rhmt+N_1. (3.4)

Here, we set jo = 3 + ip. Clearly, this only admits a solution for

1
h; N<1——-—. 3.5
int 1 = 4( k— 2) ( )
These solutions yield to representations in space-time, which are un-
bounded from below. This is the moral analogue of the flat-space
tachyon in the AdS3 background. In the supersymmetric case, there
are no solutions in this sector.

Now, we include spectral flow in our discussion. Spectrally flowed represen-
tations give physical states, both from the discrete and the continuous sector.
They have the interpretation of being winding strings, which asymptotically
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wind around AdS;. The mass-shell condition for a continuous representa-
tion becomes

1+4p? k 2 _
(k—2) wm le +hn+N=1, (3.6)

which can be solved for m as long as w # 0. Here, we have used (2.23).
As we shall explain in Chapter 4, continuous representations are a special
phenomenon occurring only for pure NS-NS flux. As soon as a tiny amount
of R-R flux is switched on, they vanish from the spectrum.

Similarly, the mass-shell condition for a discrete representation in the w
spectrally flowed sector reads

—M—wm—iw2+hint+N=1, (3.7)
where jj satisfies the Maldacena-Ooguri bound (2.24). Moreover, m has to
satisfy m — jo + N € Z>q, since m has to be an affine descendant of the
discrete representation. In particular, this quantises its s[(2, R) charge to be
equal to jp, modulo an integer. The quantisation condition makes it more
complicated to solve the mass-shell condition in this case.

3.1.2 Superstrings on AdS;

In this thesis, we only consider type IIB superstrings. For the supersym-
metric case, the relevant model becomes the N = 1 supersymmetric WZW
model on SL(2, R), based on the algebra

sl(2, R)]El) = 51(2,R)g10 @ 3 free fermions , (3.8)

as discussed in Section 2.3.1. Thus, most formulas are identical, up to a shift
k — k + 2. Moreover, we have to sum in the final theory over the different
spin structures of the worldsheet and impose the GSO projection.

While, any internal N' = 1 SCFT X with the correct central charge will
give rise to a possible superstring background AdS; x X, we would like to
consider backgrounds, which are also spacetime supersymmetric. There are
three maximally supersymmetric backgrounds (where the internal CFT X
has discrete spectrum) given by

AdS; xS® xT*,  AdS; xS*xK3 and  AdS; xS®xS®xS!. (3.9)

The former two backgrounds support spacetime small N = (4, 4) supersym-
metry, whereas the latter background supports so-called large N = (4,4) su-
persymmetry [64-68,70]. There is also a plethora of interesting backgrounds
with less supersymmetry in the literature (see [90,91,93,141-146] for an in-
complete list).

We will mostly be concerned with the background AdSs x S% x My with
My =TH*, K3 or S® x S!, which is easily tractable with worldsheet methods.
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3.2 The hybrid formalism

Here, we discuss the background AdS; x S* x T* in some more detail. We
explain how to redefine the fields in order to pass to the hybrid formalism.

3.2.1 The RNS formalism
In the RNS formalism, the worldsheet theory takes the form [60, 147]

si2,R)Y e su2) Ve (u(1)M)*, (3.10)

where s[(2,R) ]El) describes the AdS; factor, su(2) ,((1) the S® factor and the flat
torus directions are represented by four u(1) currents. The superscript (1)
indicates that these are the corresponding N' = 1 WZW models. We can
decouple the free fermions from the affine generators and hence get

sl(2, R),((l) =~ 5l(2,R)k12 @ 3 free fermions , (3.11)
5u(2),((1) = su(2)x_p @ 3 free fermions . (3.12)

We shall denote the decoupled s((2,R),., currents by J%, the decoupled
su(2)x_, currents by X, and the free bosons of T* by 9X* and 9X*. Here,
a = &£, 3 is an adjoint index of s[(2,R) or su(2), respectively, while x = =+.
Note that we have paired the four bosons of T* into two complex bosons.
The index & = £ will turn out to be a spinor index of the outer automor-
phism group of small A = 4 supersymmetry.

Moreover, we have ten fermions on the worldsheet transforming in the ad-
joint representation of the bosonic groups. We denote the s((2, R) fermions
by ¢?, and the su(2) fermions by x*, where again a4 = =+, 3. Finally, we
pair the four fermions of T* together into two complex fermions, which we
denote by A* and A*. A% is the N' = 1 superpartner of the bosons 0X* on
the worldsheet, and similarly for A* and dX*. The a-index is again a spinor
index of the outer automorphism su(2) of the small N' = 4 spacetime su-
persymmetry. We will see below that the fermions A* and A* give rise to
four fermions in spacetime which transform as doublets under the N = 4
R-symmetry. The (anti)commutation relation of the modes of these fields
are summarised in Appendix A.2.

We again want to quantise this theory via BRST quantisation. For this, we
need the AN/ = 1 superconformal structure on the worldsheet, which is ex-
plicitly given by

T(z) = (-89 + (670 +970)
+ 9Py — L (yray~ +ypay))
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+ %(9@9@ + (KK + KK
— X — Loy +xox))
+ £,5(0X*0XP) + %sw (DAAF — A%9AP) , (3.13)
Gle) = — (~ 29 + 18"y +89") — HwPyty)

- %(9@’2(3 (I X XL + K K0))

+ %ew (9X*1F — 9X*AP) (3.14)
where here, as in the following, normal-ordering is always understood.
Moreover, we introduce the standard ghosts of the superstring, i.e. a bc sys-

tem with A = 2, and a By system with A = 3, satisfying (see Appendix A.3
for our conventions)!®

1 - 1

~ 5 ~— ) 1
b)) ~ ——,  BEw) ~ ——— 3.15)
These fields also generate an N/ = 1 superconformal structure with
Tgn(2) = —2b(3c) — (3b)c — 34(37) — 3(9B)7 , (3.16)
Ggn(z) = (9f)c+ 3B(3c) — 3b7 . (3.17)
The standard BRST operator of the superstring is then given by
Q:jfdz(c(TJr%Tgh) +9(G+3Gg)) - (3.18)
We split Q into three pieces according to their 34 ghost number [23]
Q=Q+Qi+Q2, (3.19)

where

Qo= j{dz (T + Tgn) + b(dc)c + 20(§pc) = j{dz ¢(T + Tgn) + b(ac)c,

(3.20)
Q1= ]4 dz 4G, (3.21)
Q=-1 f dz b44 . (3.22)

Qo is the BRST operator of the bosonic string, for which the 34 ghosts are
treated as additional matter fields. BRST invariance under Q> is usually

15In order to distinguish the superconformal ghosts from the By system that appears in
the Wakimoto realisation of sl(2, R), we denote them with a hat.
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trivial (at least in the canonical picture), and the important piece of the BRST
charge is Q;.

In the following, we will always use the bosonised form of the superconfor-
mal ghosts, i.e. we introduce free bosons with background charge Q, = 2
and Q, = —1 and OPEs

¢(z)p(w) ~ —log(z —w) , x(2)x(w) ~ log(z —w) , (3.23)
and write
B=e %Xy, ¥ =e%e?. (3.24)

The ¢-boson then has ¢ = 13, while the x-boson yields ¢ = —2, see Ap-
pendix A.3 for our conventions. (This then reproduces the central charge
¢ = 11 of the 54 system.) We also define the (&, ) pair via

F=el, py=eAX, (3.25)

where 1(¢) = 0and h(r) = 1. Finally, the picture raising operation on vertex
operators is defined by Z = —-2[Q,¢ - |.

3.2.2 The hybrid formalism

In order to rewrite these degrees of freedom in terms of the hybrid formal-
ism, we now bosonise the ten fermions, i.e. we introduce bosons via

=l -

1 2
OHy = 2 (p*97), o= _(x"x7), OHs=1(¢’x), (326a)
d0H, = (ATA7), d0Hs = —(A"A7). (3.26b)
These bosons satisfy the standard OPEs (with vanishing background charge

Qn =0)
H;(z)Hj(w) ~ d;jlog(z —w) , (3.27)

and we can express the fermions in terms of them as
P = Viett | xF = Ve P g0 = Vet (3.28a)

AT = el A" =e 5 At =elb, A~ =e M (3.28b)

Here and in the following we will suppress cocycle factors. The final step
consists of refermionising these bosons, i.e. by considering the fermionic
generators that can be constructed out of these bosons as

P = o3 Hi+ b Ha+ P Ha+ S Hy+ 1 Hs— S , (3.29a)

o,

9P — o3HithHa— P Hy—JHi—jHs+}e (3.29b)
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Yt = etla—otx (3.29¢)
Yo = Htox, (3.29d)
§+ = efs—otx | (3.29)
Yo = Hatox (3.29f)

These fields constitute again a collection of fermionic first-order systems

8&78ﬁ5
()07 (w) ~ —, (3.30)
o Nigej S‘Xﬁ
Y (2)FP (w) ~ po— (3.31)

where p*f and ¥* have conformal dimension equal to one, while 8*f and ¥*
have conformal dimension equal to zero. In fact the four fields p*? describe
four of the eight spacetime supercharges in the canonical ghost picture, so
the hybrid formalism makes half of spacetime supersymmetry manifest. We
will see in the next subsection that the other four supercharges are also
(almost) manifest.

The fermionic first-order system (3.30) describes six bc pairs each with A =1,
thus giving rise altogether to c = —12. On the other hand, we started with
ten fermions (giving ¢ = 5), as well as the 34 superconformal ghosts with
¢ = 11. Thus we are missing central charge ¢ = 28, which is accounted for
by the boson

p=2¢—Hy—Hs—x, (3.32)

which has background charge Q = 3 in the conventions of Appendix A.3,
and will serve as a bosonised ghost in the hybrid formalism. Thus we have
rewritten the fermionic degrees of freedom of the NS-R formalism in terms
of the fermionic first-order system (3.30) and (3.31), as well as the boson
(3.32).

3.2.3 Supergroup generators

The final step consists of assembling the (unchanged) bosonic fields J*, X*
together with the fermions p*# and 6% into the current algebra for the su-
peralgebra psu(1,1]2); in fact, this is just the Wakimoto representation for
this superalgebra. More specifically, we define

](f)a = %Ca(UIZ)ﬂéﬂgﬂv(pwew) ’ (3.332)
KO = %Eau(o—a)ﬁV(paﬁew) ’ (3.33b)

which generate the s[(2,R)_» & su(2), algebra. The full psu(1,1|2); genera-
tors are then given as

Jr=3" 40, (3.34a)
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K* = X"+ KO (3.34b)
Bt — b (3.34¢)
$*P = kg™ + co(0n)™, (3 + 11007 — ()P, (K7 + 1KD)6%7 . (3.34d)

One checks by a direct calculation, see also [126,148,149], that these gen-
erators then satisfy the relations of psu(1,1|2); that are spelled out in Ap-
pendix A.1.2. Moreover, we have used the conventions of (A.3c) for the
sigma-matrices.

Thus we conclude that the worldsheet theory in the hybrid formalism is
generated by

psu(1,1]2); © topologically twisted T* @ ghosts . (3.35)

Here the topologically twisted T# is described by the bosons 0X*, 9X*, to-
gether with the (topologically twisted) fermions ¥* and ¥*, while the ghosts
consist of the bosonic (b,c) ghosts together with the p ghost. In order for
this to make sense one must also be able to rewrite the BRST operator (as
well as the (§,7) pair) in terms of these redefined fields, and this is indeed
possible, see [126] for details.

3.2.4 Mixed flux

The hybrid formalism has another advantage besides making spacetime su-
persymmetry manifest: it is conceptually relatively simple to add R-R flux
to the background. In the next chapter, we will explore the mixed-flux back-
ground in some detail.

As will be explained in the next chapter, the vanishing of the dual Cox-
eter number of psu(1,1]2) implies that the sigma-model on the supergroup
PSU(1,1|2) is a CFT. In other words, the coefficient of the kinetic term (de-
noted by f~2 in the following) and the coefficient of the WZW term (denoted
by k € Z in the following) can be chosen independently. In string theory, k
is interpreted as the number of NS5-branes creating the background geom-
etry, and therefore also their total charge QN° = k. On the other hand, f~!
describes the radius of AdS; and S?, which we denote by Rags. The relation
with the D5-brane charge QXR can be found for large radii using supergrav-
ity, and reads [50,126,150,151]:

2
1 _ RAdS —

2w V(@) + g2(QR%). (3.36)

Here g; is the ten-dimensional string coupling constant. This explains why
f~2 is not quantised in the worldsheet description: since we are treating
the string perturbatively, gs is small and hence QR has to be of order g;!
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to have a visible effect on f~2. Thus, it is effectively continuous in the
worldsheet theory. In a full non-perturbative description of string theory,
also f~2 would become quantised. Note that (3.36) restrict the parameters
to the range

—1<kf2<1. (3.37)

Negative values of kf? correspond to anti-branes; we will not consider them
in the following.

The FS1- and D1-brane charges enter as follows in the hybrid formalism.
Supersymmetry imposes that the ratios Qs/ Q1 agree for NS- and R-R-fields:

QNS QRR
ﬁ = Q—E{R (3.38)

Finally, QfR determines the volume of the compactification manifold T* as
0= g0, (3.39)

but it does not enter directly in the PSU(1,1|2)-sigma model.

Upon introducing R-R flux to the background, also the action of the ghosts
has to be modified and ghost couplings have to be included [126]. This
makes the theory quite intractable (apart for certain limits explained in the
next chapter).

3.3 The sigma-model description of AdS; X S® X M,

Here, we discuss the D-brane construction of the background AdS; x 33 x
My, where M, = T* or K3. This is mostly a review of the material appear-
ing in [53,152,153].

3.3.1 The D-brane setup

We consider the D1-D5 system on compactified on My. The D-branes are
wrapped as follows:

0 1 23 4 5 6 7 8 9
Qs D5-branes % X X X X X (3.40)
Qq Dl-branes x X ~ ~ o~ o~

The manifold My is located in the directions 6789, x denotes directions in
which the brane extends, while ~ denotes directions in which the brane is
smeared. We can also consider the inclusion of F1-strings and NS5-branes,
and moreover D3-branes can wrap any of the n 4 6 two-cycles of My, where
n = 0 for T* and n = 16 for K3. The charge vector parametrising different
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configurations of the system takes values in the even self-dual lattice I's 5.
The U-duality group is the orthogonal group O(T'ss5.,), under which the
charge vector transforms in the fundamental representation. In the follow-
ing we will assume that this charge vector is primitive, i.e. not a non-trivial
multiple of another charge vector. If this is not so, the brane system can
break into subsystems at no cost of energy at any point in the moduli space,
which renders the dual CFT singular. Note that the U-duality group acts
transitively on the set of primitive charge vectors of a fixed norm. Therefore
we can always apply a U-duality transformation to bring the charge vector
into the standard form Q] = N = Q;Qs and Qi = 1, with all other charges
vanishing [51].

The moduli space is provided by the scalars of the compactification. Locally,
they parametrise the homogeneous space

O(5,5+n)
O(5) xO(5+n)’

(3.41)

on which U-duality acts and which leads to global identifications. In the
near-horizon limit some of the moduli freeze out and the charge vector be-
comes fixed. The remaining scalars parametrise locally the moduli space

0O(4,5+n)
O(4) xO(B+n)’

(3.42)

and U-duality is reduced to the little group fixing the charge vector [51,52].

Seiberg and Witten studied under what circumstances the system can break
apart at no cost of energy [53,154]. For a primitive charge vector, this hap-
pens on a codimension 4 subspace of the moduli space. On this sublocus,
the instability should be reflected as a singularity in the dual CFT. In par-
ticular, the pure NS-NS flux background lies on this locus and is hence a
singular region in the moduli space. In this way, for pure NS-NS flux funda-
mental strings can leave the system and can reach the boundary of AdS; at
a finite cost of energy. These are the so-called long strings. These considera-
tions predict the existence of a continuum of states above a certain threshold
for pure NS-NS flux. Such states indeed exist in the worldsheet description
of string theory, and are associated with continuous representations of the
s[(2, R),-current algebra [60].

3.3.2 The gauge theory description

In this part we review the gauge theory worldvolume description of the D1-
D5 system. For simplicity, we work in the case in which neither D3-branes,
F1-strings nor NS5-branes are present. The worldvolume theory of the D5-
branes is given by a U(Qs) gauge theory coupling to the two-dimensional de-
fects given by the D1-branes. In the low-energy limit, the dynamics becomes
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essentially a two-dimensional gauge theory which lives on the intersection
of the D1-D5 branes [45], and which flows to an N/ = (4,4) superconfor-
mal field theory in the IR. In fact, the IR fixed-point is described by two
superconformal field theories — one corresponding to the Coulomb branch
and one to the Higgs branch of the theory.!® There are a number of ways
of justifying this, the simplest being the comparison of central charges and
R-symmetries [152]. Indeed, these two SCFTs have different sets of massless
tields, and hence different central charges. Furthermore, since the scalars
transform non-trivially under the various su(2) R-symmetries and obtain
non-trivial vacuum expectation values, the R-symmetry is generically bro-
ken down to different su(2)’s.

Let us have a closer look at the different central charges. On the Coulomb
branch, the gauge group is generically broken to U(1)?, while all other
fields are massive. The central charge is then given by the Qs massless gauge
vector multiplets, that is ¢ = 6Qs. On the other hand, on the Higgs branch
only ny — ny hypermultiplets remain massless, while all other fields become
massive. The central charge is then ¢ = 6(ny — ny), where ny is the number
of hypermultiplets and ny the number of vector multiplets. Evaluating this
number gives

_ T4
c = {6Q1Q51 M4_T ’ (343)

6(Qi1Qs+1), My =K3.

We hence conclude that the central charges on the Higgs and Coulomb
branches are generically different, and therefore the IR fixed-point is de-
scribed by two decoupled SCFTs.1”

These two branches meet classically at the small instanton singularity of the
gauge theory. In the quantum theory, the Coulomb branch metric is cor-
rected and develops a tube near the small instanton singularity [53]. Hence
the Coulomb branch moves infinitely far away from the Higgs branch. For
the Higgs branch the story is more subtle: since it is hyperkéhler, it is not
renormalised at the quantum level. Nevertheless, the description of the
Higgs branch SCFT as a sigma-model on the classical Higgs branch breaks
down near the singularities of the moduli space, and one has to use a dif-
ferent set of variables. In those variables, the small instanton singularity
exhibits also a tube-like behaviour on the Higgs branch [53].1®¥ This implies
that an instanton can travel through the tube and come out on the Coulomb

16There can of course be also mixed branches.

7The same result can be obtained semi-classically by using the Brown-Henneaux central
charge [47], which yields ¢ = 6Q1Qs. The correction in the K3 case is a supergravity one-loop
effect [155].

18This tube can be described by a Liouville field in the gauge theory, and the energy gaps
can be seen to match [53,153].
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branch. This is the gauge theory description of the emission of a D1-brane,
i.e. of the long strings. In this process the central charge does not change
since, for example for M, = T4,

Crot = 6Q1Q5 = 6(Q1 — 1)Qs5 + 6Qs, (3.44)

where we have used the central charge for the Coulomb and Higgs branch.

Let us slowly move away from the singular locus in the moduli space of the
theory. From the gauge theory picture we learn that the tube disappears
from the moduli space, since the sigma-model description is always a good
description. Note that this happens immediately at the slightest perturba-
tion away from the singular locus. This means that when perturbing the the-
ory slightly, the continuum provided by the long strings should completely
disappear. The situation is depicted schematically in Figure 3.1.

Coulomb branch Coulomb branch

— T

perturbation away from
~————

emission of /
a D1-brane é

the singular locus

» chiral primary

Higgs branch

A}
~

-

Higgs branch chiral pri;nary

Figure 3.1: The structure of the moduli space on the singular locus and when slightly perturbed
away from it. On the singular locus (left-hand picture), chiral primaries can escape to the
Coulomb branch and are emitted as D1-branes from the system. The Higgs branch and the
Coulomb branch are connected by an infinitely long tube, with the string coupling constant
blowing up in the middle. Associated with the tube are long strings, which give rise to a
continuum in the spectrum. When slightly perturbing the system away from the singular locus
(right-hand picture), the moduli space approximation becomes good and the non-renormalization
theorem makes the Higgs branch flat. The tube disappears and all chiral primaries are confined
to the Higgs branch.

There is one related phenomenon occurring. Starting at a non-singular point
in the moduli space, as we slowly approach the singular locus the small in-
stanton singularity will form at some places on the Higgs branch. The sup-
port of the cohomology cycles associated with the instanton shrinks to zero
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size in this process and, as the tube forms, these cycles will move down the
tube and disappear from the Higgs branch, see Figure 3.1. As cohomology
classes correspond to chiral primaries in the CFT description, this means
that these chiral primaries are missing on the singular locus. In this way,
all cohomology classes which are obtained by multiplication in the chiral
ring vanish from the spectrum. From a string theory point of view, this
means that all multi-particle chiral primary states obtained from a given chi-
ral primary are missing.!” It is hard to say which cycles are these from a
gauge theory perspective, since there is no good explicit description of the
instanton moduli space on T* or K3. In [53,156] it was argued that the first
missing chiral primary should have degree (Qs —1,Qs — 1), i.e. conformal
weights h = h = %(Q5 — 1). However, more chiral primaries are expected to
be missing from the spectrum. We will argue in the worldsheet description
that all cohomology classes of degrees

(w+1)Q5 -1, (w+1)Qs — 1) (3.45)

are in fact missing, where w € {0,1,...,Q;} corresponds to the spectral
flow parameter on the worldsheet.?’ It would be interesting to confirm this
directly from the instanton moduli space side.

These statements are true for Qs > 2, since only for these values of the
flux the RNS-formalism exists. The Qs = 1 (k = 1) case is special and is
discussed in Chapter 5. The Qs = 1 case does not seem to be singular,
since there is no continuum in the spectrum and there are no missing chiral
primaries. In the gauge theory picture, this corresponds to a U(1) gauge
theory. The IR description of this gauge theory is drastically different and
the picture 1.4 breaks down. In particular, the tube metric is absent. This
will be directly visible from the analysis in Chapter 5. See also [53,152,157]
for further discussions on this issue from the brane-picture.

9Furthermore, since the chiral primaries always come in Hodge diamonds of My, the
whole diamond will be missing.

20The importance of spectral flow in the worldsheet description of AdS; was not yet
realised when [53] was published, which explains the differences between our statement and
the one in [53,156].
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Chapter 4

Strings in mixed flux backgrounds

In this Chapter, we systematically analyse mixed flux backgrounds using the
hybrid formalism. We analyse the supergroup sigma-model on PSU(1,1|2)
and its algebraic structure in detail, which leads to a derivation of the plane-
wave string spectrum in the background AdS; x S® x T* with mixed flux.
We also derive the qualitative behaviour of the string spectrum close to the
pure NS-NS point in moduli space.

4.1 Semiclassical analysis

In this section we perform a semiclassical analysis of the worldsheet sigma-
model that will be our focus throughout the paper. We will do this by
finding the worldsheet conformal weight of some classical solutions, and
interpreting them semiclassically.

4.1.1 Classical action and conserved currents

We consider the two-parameter sigma model on a (super)group G

1 -
7 /dzz Tr (E)gg’l agg’l) +k Swzlgl, (4.1)

Slgl= -~
with ¢ € G, and where Swz[g] denotes the Wess-Zumino term. The points
kf? = +1 on parameter space correspond to the usual WZW-model. At
these points (4.1) possesses a local G x G symmetry, while at k = 0 we
recover the principal chiral model [151].

Away from the WZW-point, the model still has a global G x G symmetry,
which gives rise to two local conserved currents.?! Let us focus on the sym-

21 There is another deformation of the WZW-model which preserves conformal symmetry
and gives rise to a current algebra, see [158]. However, it only preserves the diagonal global
G symmetry.
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metry by left-multiplication, with associated current j(z,z).?2 This current
has the following components in complex coordinates:

__1+kf2

1— kf2
]Z - 2f2

g™, jz=-— 2 agg !, (4.2)

and the equations of motion of (4.1) are equivalent to the conservation law

At the WZW-point kf? = 1, j; = 0, and conservation implies the holomor-
phicity of the j, component. However, we stress that in general j, is neither
holomorphic nor anti-holomorphic. We will henceforth write j,(z) but it is
understood that no quantity is assumed to be purely holomorphic or anti-
holomorphic. The associated Noether charges are given by the integral of
the time component of the currents over a constant time slice

%]’f(z) = ]{ dz (jz(z) + jjz(z)> : (44)

|z]=R |z|]=R

Q

Note that, in contrast with the usual techniques in CFT, the integration con-
tour cannot be deformed since the currents are not holomorphic. The conser-
vation of the current ensures the independence of the charge on the radius R,
so we will fix R = 1 from here on. The action (4.1) has conformal symmetry
for any values of k and f? since the energy-momentum tensor is holomor-
phic:

T() = ey T @) = b T (RRRE) . 49
N R
where the second equality follows from the existing conjugacy relation be-
tween the components of the left and right currents. Throughout this paper
L, will denote the modes of the expansion of the energy-momentum tensor,
as usual. If the dual Coxeter number of G vanishes (as for PSU(1,1/2)), sev-
eral non-renormalisation theorems on two- and three-point functions ensure

that this symmetry is preserved at the quantum level [126,151,159,160].

4.1.2 Ground state solutions
The classical ground state solution is given by

g(z,z) = exp (—kf? log(zz) (v-t)) , (4.6)

22 The right-multiplication can be treated similarly, and in fact the components of its
associated current j(z,Zz) are conjugate to those of j(z,z). In particular, they will give rise to
the same energy-momentum tensor.
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where # is an element of the Cartan subalgebra of g, the Lie algebra of G,
andi =1,...,rank(g). Furthermore exp denotes the Lie algebra exponential.
We use here the inner product v -t = vikijtj , where «;; is an invariant form on
the Lie algebra. It can easily be shown that this solution indeed satisfies the
equations of motion. The conserved charges are given by Q = Q = kl/iKi]'tj ,
so that 1/ is interpreted semiclassically as v/ = ¢ /k, where Q' = Q' = ¢}
are the charges of the ground state solution. Finally, the energy-momentum

tensor is 200
T(z) = (2‘; 0), (4.7)

and similarly for T(z). In Section 4.5 we will find the quantum correction to
this result.

4.1.3 Excited solutions

Consider now the following excited solution:

¢(z,2) = exp <\}E (;4 2Pt — z_“z_ﬁt_“>> exp (—kf?log(zz)(v-t)) ,
(4.8)
where t is a step operator or a Cartan-element of g, and yu is a coefficient
to be fixed. Furthermore, ™" denotes the step operator associated with the
opposite root. This has to be included to ensure the reality of the solution.
Single-valuedness requires p — & = n, with n an integer. Finally, the equa-
tions of motion (4.3) are obeyed provided that®®

w=3 (2n @) kPR 2 WP @RS 49)

where a' denotes a if a is a root, and 0 if 4 is a Cartan-index. Plugging (4.8)
into (4.4) and using (4.2), the charges associated with these excited solutions
can be explicitly computed. The expressions for these charges in terms of
i, v, n are quite involved, so we will not reproduce them here. Instead, we
will use the parametrisation

Q=/Vy-t+Ny(a-t), Q=14y-t, (4.10)
which allows us to trade v' for ¢} and u for Ny. The plane-wave limit may
now be obtained by considering n, N, < k, ¢}, f ~2_ In this limit the zero-
mode of the energy-momentum tensor (4.5) becomes

Lo= W * N? <” T (a-)f + \fn2 = 2(a- Lo)nkf* + (a- £o>2f4)

23For this solution we have chosen a specific branch of the square-root, by assuming that
n > 2v. The other branch can be obtained from the first by considering n < 2v.

53



4. STRINGS IN MIXED FLUX BACKGROUNDS

54

+0O(kY) . (411

This expression is to be compared with (4.45), which will be obtained from
the full quantum treatment developed in the following sections. In Section
4.5 these results will be applied to string theory, and the full BMN formula
of [161] will be obtained. This preliminary result shows that worldsheet
methods based on (4.1) may give us access to the plane-wave spectrum with
mixed flux.

Semiclassically, the parametrisation (4.10) suggests that this state is obtained
from the groundstate of charge ¢y by the application of N, generators of the
left symmetry, with mode number 7. This interpretation is reinforced by the
observation that, to all orders in k1,

Lo - Eo = nNn ’ (4.12)
which is indeed quantised in the quantum theory.

Finally, we stress that this is an exact classical solution and is hence expected
to yield the correct conformal weight in the classical limit. The classical limit
is given by k, i, f~2 — oo, with all their ratios fixed, and for any n and
Nj. In particular, this is a much more powerful limit than the plane-wave
limit, and even the decompactification limit [162]. However, we are so far
limited in our computations, in that we have only managed to find a single-
excitation solution.?*

4.2 Review of the current algebra

In this section we review the current algebra introduced in [163] and further
analysed in [160, 164], which will be the main tool of this work. In particu-
lar, its applications to string theory via the hybrid formalism [126] will be
described in Section 4.5.

4.2.1 Conformal current algebra

A non-chiral current algebra in two-dimensions compatible with conformal
symmetry was first formulated in [163] in all generality. This algebra was
constructed at the level of OPE’s by requiring their consistency with lo-
cality, and Lorentz and parity-time reversal symmetries. The non-linear
sigma models of the kind (4.1) were then seen to consistently realise the
constructed general OPE structure, by computing the current-current corre-
lators and the OPE’s of the models in conformal perturbation theory. This
result holds for sigma models based on Lie supergroups whose superalge-
bra has vanishing Killing form, such as PSU(1,1|2) (see Appendix A.1.1

24In particular our solution will not be level-matched in string theory.
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for a review of the relevant properties of Lie superalgebras). For those, a
non-renormalisation theorem [151] allows one to do the computation to all
orders in perturbation theory.

The OPE’s between the components of the currents were found to be as
follows:

N2, ab vy 2
k) ~ G o e (B )

zZ—w
— kA2 (z—w
PACE0) k), s
: —kf2)2® g kf?) (1 —kf?) .
e w) ~ G + % (ST
+ 4 ‘é‘j 2_);(,';2_ ) j;(w)> , (4.13b)
FEw) ~ -k (EE g B 4130

where ~ denotes equality up to regular and contact terms. A regular term
is by definition less divergent than a pole, in particular there are logarithmic
corrections to these OPE’s. Their explicit form can be found in [160]. Here
k™ and f*. are the components of the invariant tensor and the structure
constants of g, respectively (see Appendix A.1.1). Notice that at the WZW-
point this current algebra reduces to a Ka¢-Moody algebra.

4.2.2 Energy-momentum tensor

The holomorphic energy-momentum tensor is as usual the regularisation of
its classical counterpart:

2 2 -
) = o EDE) = g wEDE) 1)

It was shown in [160] that this energy-momentum tensor is indeed holomor-
phic. In fact,

WO (2) = doyoa, (j2 -+ 12) (2) (4.15)

is holomorphic for every Casimir d;,...,,t" - - - t* of g. These fields generate
the full chiral algebra of the CFT.”> This chiral algebra is much too small
to constrain the spectrum of the CFT and is hence not very useful for our
purpose. In particular, the CFT is not rational.

2The algebra psu(1,1]2) possesses one further Casimir of order 6 for which the result
applies, so the chiral algebra of this theory is a W(2, 6)-algebra. For an explicit construction
of this algebra, see [165].
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Despite the fact that j,(z) and j:(z) are not holomorphic nor anti holomor-
phic, their OPE’s with T(z) are those of primary fields of dimension one and
zero, respectively:

T(z)j2(w) ~ (z]g—(aa)u))z + BZ]Z_(@;JU) , (4.16a)
T(z)j2(w) ~ azjg_(z;)) , (4.16b)

possibly with logarithmic corrections. We take this as an indication that it is
useful to think of the currents and their OPE’s as the spectrum-generating
algebra, even away from the WZW-point. We will see in Section 4.4 that this
is true in a BMN-like limit.

4.2.3 Conserved charges and the mode algebra

As usual in quantum field theory, the symmetry algebra must be realised
on the Hilbert space of the theory through a set of conserved charges.?
These charges were introduced in (4.4), and their bracket [Q%, Q] may now
be computed. Here and in the following it is implicit that if both a and
b are fermionic indices the bracket [Q% Q"] is to be understood as an anti-
commutator. Moreover, for the sake of simplicity we suppress possible signs
arising from the fermionic nature of the supercurrents. Nevertheless, our
final results hold for bosonic as well as for fermionic currents. The compu-
tation is subtle since we cannot rely on usual CFT techniques like contour
deformation. However the commutator can be written as

[Q"Qb—hm< fdz 74 w— jfdz fdw>

|z|=R+e |z|=R |z]l=R—e |z|=R
< (26+226) (2 + SE@) . @12

Inserting the OPE’s (4.13a)—(4.13c) and performing the integrals we indeed
obtain

[Q%, Q" =if". Q. (4.18)

This is a very good consistency check on the construction. Similarly, one can
compute the commutators of Q“ with the modes of the energy-momentum
tensor L, and L,. Holomorphicity of T(z) simplifies the computation con-
siderably, and yields the expected result

Ly, Q%] = [L,, Q"] =0, (4.19)

26The symmetry could also be anomalous, but we will see shortly that this is not the case.
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i.e. the internal and conformal symmetries commute. In particular, this
shows that the charge is indeed conserved, since it commutes with the
Hamiltonian Lo + Lg.

Motivated by this construction, we now define a convenient set of operators
(of which the conserved charges above form a subset) which allows us to
build the spectrum of our model. In analogy with the usual chiral currents
in CFT we define?”

Xt = Cllf Z"ji(z), Yi= 4z no1 i2(z), (4.20)

|z|=R |z|=R

and analogously for the right-current j(z), which give rise to operators X%,

Y?. As before, the commutation relations of these quantities can be worked
out. It is quite convenient to define the combinations

X Y2
Q=X +Yy, Pfj:Zkf2<l+Zf2 kf2> , (4.21a)
A G P? = —2kf? X __ W 4.21b
Qn— 1’l+ n n - f 1—kf2 1—|—kf2 4 (' )

for which we find the commutation relations

[Q%, Q) = kmx™6 o +ifC.Q5rn, Q% DY =kmA®L, ,  (4.22a)
Q" Pb]:ka”b5m+no+lf P [Q7, AP] = ift Al (4.22b)
(Qh Qb = kS0 +if" Qi s [Qh A = i AR, (4220)
[Q2, PY] = —kmx™ 8,y +if ™ 5 [Qi,P”J —kmAL,,, (422d)
with all other commutators vanishing, and in particular [P%, P2} = 0. The

barred and unbarred modes constitute two non-commuting non-semisimple
super-Ka¢-Moody algebras at level k and —k.?® A rescaled version of this
algebra appears already in [163]. The non-commutativity of these algebras is
of course related to the non-holomorphicity of the currents, and it is encoded
in the bi-adjoint field

A" = STr (g’lt“g tﬁ) , (4.23)
where #7, t7 are the generators of each of the two copies of g in the adjoint

representation. It has conformal weight zero, since the Casimir of the adjoint
representation of g vanishes.

27In contrast with the usual conventions in CFT, all operators are defined via contour

z-integrals. The contour relation z = R%z~1 will lead to some unusual signs in our modes.

On the other hand, in line with usual QFT results, no physical implication stems from the
actual value of R.

2The negative sign of one of the levels is immaterial: it is simply a consequence of our
unusual conventions for barred modes.
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Since P! commutes with itself, its scaling is arbitrary.?’ Therefore the only
meaningful parameter which appears and which is subject to possible uni-
tarity restrictions is k. At the WZW-point, the Y} become null fields and Qy,
reduce to the modes of the chiral currents of the WZW model.* Finally, note
that the conserved charges constructed above are simply the zero-modes Qj.

It is important to notice that not all the modes of the mode algebra are
independent, i.e. this mode algebra does not act faithfully on the Hilbert
space. The relations between the different modes can be found in [160], and
their precise form is mostly irrelevant for our results.

4.2.4 The Virasoro modes

Since T(z) is holomorphic, the computation of the commutation relations of
the Virasoro modes with the current modes can be simplified by contour-
deformation techniques, and by ignoring non-singular terms in the OPE’s.
Alternatively, we can use (4.5) and (4.20) to first write

S (x°Xxb) = S - 5(X7X0) (4.24)
R (R

and then take commutators of normal-ordered products as usual. The two
methods yield the same result, namely the following commutation relations:

L,=

_1+kf2 a 1—k2f4

(L, Q] = Qo — TEHP

Pﬂ
5 n

G- (4.25a)

)
(L, P?] = —kf2nQ0,, — 12kfnPﬂ+m i (QUPY), ., (425b)
1—kf?> . 1—k2f4

[Lml Q_Z] = — 5 n n+m + Tfﬂnpﬁﬁﬂ , (425C)
7 . 1+kf? . s ¢ ~Era
(L, P7] = kf*nQ?.,, — Tfnpgm —if? % (Q°P) - (4.25d)

These results can be derived from both expressions for the Virasoro modes
in (4.24). Note that the result above is independent of the normal-ordering
scheme we use, since f*,. Qb PS = e P Q! because of the vanishing of the
dual Coxeter number. It is important to notice that, due to the appearance
of normal-ordered operators in (4.25a)—(4.25d), the Virasoro tensor does not
act diagonally. Therefore the spectrum-generating currents are not (combi-
nations of) quasi-primary fields, which hinders the computation of the con-
formal weights of the states on the Hilbert space. In Section 4.4 a BMN-like
limit which simplifies this issue will be presented.

Note that P = —kTr ( g*18¢ ), where ¢ is the compact direction on the worldsheet. It is
then natural that P commutes with itself, since it contains no time derivatives.

30 Analogously, at the WZW-point X% become null and Q% reduce to modes of the anti-
chiral currents.
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4.3 Representations

After having established that an extension of the affine Lie superalgebra
O D g_x (see (4.22a)—(4.22d) for the complete commutation relations) natu-
rally acts on the Hilbert space of the theory, we go on and study possible
representations of this algebra.

There is immediately a severe problem arising, which hinders us from solv-
ing the complete theory. At the WZW-point, the representation theory of the
algebra gi @ g_j is very-well understood, see [149] for the case of psu(1,1|2).
In particular the modes Qf, define lowest weight representations on the
Hilbert space,®! while the modes Q7 define highest weight representations.
Since the algebra depends only on k, this should not change when going
away from the WZW-point. When adding the modes P% and PZ, it is natu-
ral to assume that they define the same kind of representations, since they
form an affine algebra together with the modes Q% and Q%. This how-
ever implies, by virtue of the commutation relations (4.22a)—(4.22d), that the
modes AJ" define neither highest nor lowest weight representations on the
Hilbert space. This fact prevents us from computing conformal weights of
excitations with both barred and unbarred oscillators. We will explain in the
next section how to circumvent this problem in a BMN-like limit.

4.3.1 Affine primaries

Similarly to [160,163] and analogously with the WZW-point, we define an
affine primary state |®) transforming in the representation Ry as follows:

2|D) =0, m>0, Q4d)=t% |®), PLI®)=0,m>0 (426a)
3, (@) =0, m<0, Qh®)=th |®), PL|®)=0,m<0, (426b)

where t%g are the generators of g in the representation Ry. As we have
mentioned, we cannot impose a highest or lowest weight condition on A%7.
These conditions are consistent with the Jacobi identity.

One might also be worried with the fact that the anti-holomorphic Vira-
soro modes L, can be expressed in terms of the unbarred oscillators, simi-
larly to (4.24). Our definition of affine primary states implies that the anti-
holormophic Virasoro modes act in the opposite way than usual. Thus, it
seems as if the spectrum is unbounded from below. However, due to the var-
ious identifications among the modes, several other states are removed from
the spectrum. In particular negative energy states are consistently removed
from the physical spectrum.

31This is of course not quite true for spectrally flowed representations, but for the sake of
this argument, we restrict to the unflowed sector.
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We note in particular that the conformal weight of the ground state is now
very easy to compute:

2f2 a~za 1 2 4a g4 1 2
Lo|®) = e (X0 [0) = 32 th, th, 19) = 37C(Ro) @)
(4.27)

Thus, the conformal weight of an affine primary is given by
h(|®)) = 3f*C(Ra) , (4.28)

where C(Ry) denotes the quadratic Casimir of g in Ry. This matches with
[151,160], and is the quantum analogue of (4.7).

4.3.2 Spectral flow

We can also define so-called spectrally flowed representations of the mode al-
gebra. For this, we introduce the following notation for Lie (super)algebras.
Cartan-indices will be denoted by latin letters i,j,..., while roots will be
denoted by greek letters «, 3, . ... Hence Qé denote the Cartan-generators of
g, while Qf denote the step operators. We assume for ease of presentation
that g is simply-laced (this is in particular true for psu(1,1|2)), but the same
analysis goes also through in the non simply-laced case. To match the usual
conventions for su(2) and psu(1,1|2), all roots are assumed to have length
1. The commutation relations of the Qf, with themselves take the following
form in this basis [166]:

[Ql, Q] = ki mo , (4.29)

Q. Q0] = &' Qhn (4.30)
kméu1n0 + Kijl’éiQZnJrn , a+p=0,

[Q/ Qg] = Na,ngzjﬁl , a + Bis aroot, (4.31)
0, otherwise ,

where «/ = %(517, and we used k% = Ou+p0- Here Na,ﬁ are constants whose
precise values do not play a role in the following. Similarly, all other com-
mutation relations of (4.22a)—(4.22d) can be written in this form. The action
of the spectral flow on the modes is as follows:

Qi = Qly + 2kw's,, D = Pi 4+ Mkw's,0 — k@' A, (4.32a)
Q= Qa2 P = Py = 3K AL pya (432D
Q= QL — ka'dyy, Bl =P, — k'S0 + Lk A, (4320)
@% = _51+5¢~w/2 ’ 71 = pﬁwmw/z + %kKijwiAjanrﬁc-w/z ’ (4.32d)
Afn_ = izd+a~w/2+a-w/2 ’ (4.32¢)
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where w', @' are the spectral flow parameters. Here, a - w = Kjja'w/ is the
inner product on the root space. We also used the notation a - w, which
equals « - w if a is a root index and zero if 4 is a Cartan-index. One can
check that this indeed leaves the algebra (4.22a)—(4.22d) invariant. Note that
the modes A% play a crucial role in defining this automorphism.

One can in particular investigate the effect of this automorphism on the
energy-momentum tensor. For this, we observe that the spectral-flow sym-
metry in terms of the X}, reads as follows:

A 1 . 1 e (1 + k 22
L,=L,+ Exijwlxﬁ + EKUwZXL + Kl-jwlw](ngé)én,o
__1_k2 ‘__1_k24 .
+ Ki]—wlwf( 32f£ )(5,1,0 — Kinl]ZUlwll6f2fA]"] . (4.33)

One may check that this indeed still satisfies the Virasoro algebra. The ap-
pearance of X} and X}, ina symmetric way is a very satisfying feature of this
spectral flow symmetry. Unfortunately, also the modes Ag appear, which
makes it generally hard to compute the effect of this spectral flow on states.
Note also that these expressions reduce to the ones of [60,149] at the WZW-
point.

Similarly to the simplification in the representation theory, the spectral
flow simplifies considerably when flowing only with the unbarred algebra,
i.e. @ = 0. Then the field A/ disappears and the effect becomes computable.
However, the physical spectrum seems to rather require w = @ [149], so it
is not clear whether it makes sense to look at states which are only partially
spectrally flowed. This deserves a better understanding.

4.4 The large charge limit

In this section we will consider a limit where all charges are sent to infinity.
Since for affine algebras the charges are at most of the same order as their
level k, we also require k — oo at the same rate. Finally, we require that kf?
remains constant in the limit. In its applications to string theory (see Section
4.5), this will precisely correspond to the BMN-limit [161]. In this limit, the
theory simplifies drastically, as we will see below.

4.4.1 The contraction of the mode algebra

Let us consider the effect of this limit on the mode algebra (4.22a)—(4.22d).
The eigenvalues of the Cartan-generators Qj are of order O(k), since we
assumed that all charges are of this order. The step-operators Q are of order
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O(k%) (since their commutator gives back the Cartan-generators). From
(4.26a) we know that P} |®) = 0, and so P} is not large even though it is a
Cartan-generator. The modes Qf, and Pj, for m # 0 are then of order O (k%)
in this limit, since their commutator gives the Cartan-generators and central
terms. Hence, the Cartan-generators QB are of order O(k), while all other
oscillators are of order O(k%). Keeping only the leading terms gives the
following contraction of the mode algebra (4.22a)—(4.22d)

Q5 Qb = (k™ +if Qb ) o (4.34a)
[ fn/ PE] = kaab(Sern,O 7 (4.34b)
[Ps, Ph] =0, (4.34¢)

and similarly for the barred oscillators. Furthermore note that the Cartan
zero-modes Qf) become central extensions of this almost-abelian algebra.
Likewise, the field A" appears solely as a central extension. Since the Q)
are central, we may replace them with their eigenvalues ¢' in the given rep-
resentation.

Let us now look into the action of the modes A% in this limit. In [160] it
was found that these modes are not all independent. In fact, we have the
following relation:

AL = & e (A = — f (DA™, (435)

From this relation we conclude that any non-zero mode is of order O (k_%),
whereas A{" is of order O(1), see (4.23). Therefore all non-zero modes are
subleading in this limit. Evaluating (4.23) on the classical ground state (4.6)
yields A7 = «'. It is then natural to assume

Af |®@) =« |D) . (4.36)

In particular, this is consistent with all commutation relations, as well as
with all the identifications between the modes.

4.4.2 The spectrum-generating algebra

We now look at the commutation relations of L, with Q% and P;, which
follow from taking the appropriate limit of (4.25a)—(4.25d). Indeed, the com-
mutator of L,, with Qf does not change, while the commutator of L,, with
P} becomes

[Lim, Py] = _kfanfn-i-n - %(1 - kfz)npgﬁn - ifzfuic gipﬁwn
= —kf*nQ%., — (1 —kf>)nP%,, + fx;a ('PL . (4.37)
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In the second line, @/ denotes &/ if a is a root and 0 if a is a Cartan-index.
Note that the coefficients of all three terms in (4.37) are of the same order
O(1). Thus we see that in this limit L,, only mixes Q% and P{, so we can
simply find the eigenvectors. For n # 0, they are given by:

—f2(a-0+kn) £ \/n2+2(a Okfin+ (u-€)2f4pa ‘

Ji,=Qn+ K (4.38)

where a - { = Ki]'aj ¢'. Their commutation relations with L,, are given by

L T = 5 (0 O —nF w2 4200 Okt + (0 02f4) [ - (439)

We can similarly diagonalise the barred modes and compute commutators
with L,,. The other relevant commutation relations are given by

_ 1/, - — — _
Lo TLa) = 5 (@ D)2 = nF 2 =20 Dfon+ @ D2 i

(4.40)

Moreover, Ly — Ly, J& .l = —nJ4 , and similarly for the barred oscillators.

This was expected, since L, — L,, measures the spin of the state which
should be an integer.

We thus seem to obtain four oscillators J% ,, J© , generating the CFT spec-
trum in this limit, but in fact only two are independent. Indeed, knowing
the two currents j, and j;, for example, is enough to completely determine
(up to an isometry transformation) the classical solution g(z,z) using (4.2).
The quantum version of this statement is the relation [160]

Q_lrln - _Kab(QaAbﬁ)m + Kab(PaAba)m (441&)
Py =k (P" A"y, (4.41Db)

between the modes introduced in (4.21a) and (4.21b). This relation allows us
to express the actions of Q%, P% on an affine primary, for example, in terms
of the actions of Q% and P%.32 More concretely, the semiclassical solutions
suggests that we should identify the following two states up to a phase:

JeN0 T +ay «—— T+ a, Ty, (4.42)
with (a-¢) = —(a-?). Here |¢!,0' +a') and |¢' + a',0') are affine primary

states with charges (¢!, ' + a') and (¢' + a’, ¥'), respectively. These two
affine primary states can be obtained from each other by the action of the

$2Note that the action of A%¥ can be likewise, in principle, expressed in terms of the modes
7, and Py,. For our purposes it is enough to notice that the number of oscillators is reduced
from four to two.
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zero-modes. It is easy to see that the charges of the states (4.42) are the same,
as well as their conformal dimension.

Thus, we can now generate the spectrum by considering solely the states

o N, . o Nj o
v =TI1T175. TITIT @) . (4.43)
n=1i,=1 f=11;=1

The conformal weight of these states follows from (4.39) and (4.40):
h([¥)) = h(|P))

FETY (@ 07 ek Jo =2, Okt (o, 02

((af,., D) fF i+ \/ﬁ2 = 2(ay, - Dkf*n + (a7, - Z)Zf‘*) - (4.44)

In later applications, we will always take the left- and right-moving repre-
sentations of |®) to coincide, i.e. we will consider the diagonal modular
invariant. Let us now restrict to this case, where ¢ = /. Then we use the
notation 7 = —n for n < 0 to write the formula in a compact way as follows:

where we also inserted the conformal weight of the affine primary (4.28).
This is the main result of this section.

The spin s = h — h of the state is given by
s([¥)) = h([¥)) —h([¥)) = ) nNu. (4.46)
n=-—oo
In particular, it is integer, which is a consistency check of our analysis. One
may also check that this formula reduces to the correct conformal weight at
the WZW-point kf2 = 1.

4.4.3 Characters

We can work out the characters of the representation we just found. Since
k is large, the Verma-module does not contain any null-vectors. We can
directly read from (4.45) the character of such a representation:

oo a- 2 n=—2(a- n a- n__n
(6, = ol TT T (1 @7V To T g s)

n=—o0 g

n#0

—la]

(4.47)
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Here a runs over the complete Lie superalgebra and |a| = 1 if the index is
bosonic and |a| = —1 if it is fermionic. Also, xo denotes the character of the
zero-mode algebra of the representation Ry. We have not included chemical
potentials in the formula, their inclusion is straightforward.

4.5 Applications to string theory

In this section, we will apply the formalism we constructed in the pre-
vious sections to string theory on the backgrounds AdS; x S® x T* and
AdS; x S® x S* x S1.33 For this, our starting point is the hybrid formal-
ism for AdS; x S® x T* [126], in which the sigma-model on the supergroup
PSU(1,1|2) features prominently.

4.5.1 The BMN limit

The plane-wave or Berenstein-Maldacena-Nastase (BMN) limit [161] is the
following limiting case of the theory:

i bk f2—oo0, (4.48)

with all their ratios remaining constant in the limit. Here, j and ¢ are the
eigenvalues of the Cartan-generators of s[(2, R) and su(2), respectively. Also,
the BMN limit is near-BPS, meaning that j — ¢ is kept finite in the limit.

The complete action for the worldsheet theory reads
S = f2(So + S1) + kSwz + Sghost (4.49)

where 728y + kSwyz is the action of the PSU(1,1|2)-sigma model as in
eq. (4.1). Furthermore, S; are ghost couplings [126, eq. (8.39)]. These ghost
couplings are bilinear in the fermionic currents, and the ghosts which appear
are at worst of order O(1). As discussed in Subsection 4.4.1, the fermionic
currents scale in the BMN limit as O (k). Therefore S; is of order O (k).
On the other hand, &; is bilinear in the bosonic currents, which can be of
order O(k). Hence Sj is of order O(k?). Thus, the ghost couplings are very
much suppressed in the BMN limit and can be neglected. This was to be
expected, since the ghost couplings vanish in flat space and the BMN limit
is an almost-flat space approximation.

Berenstein, Maldacena and Nastase derived in [161] a formula for the string
spectrum in this limit:

o0 2nk 2 1 -
N wli;+Lg’f4+Lf2<L3f4+L5f4>+o<k-l>- (4.50)

33 A similar treatment applies to AdSs x S% x K3.

n=—oo
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Here, L?)r4 is the conformal weight coming from the torus excitations, L =
¢ + 0 is the total su(2)-spin from both left- and right-movers, and A = j +7
is the scaling dimension of the dual CFT. Since A and L are both large, but
their difference is finite, this is a near-BPS limit. The summation goes over
the different worldsheet oscillators, where n < 0 refers to right-movers and
n > 0 to left-movers. Also, N, is the occupation number of the respective
mode. Level-matching translates into

Yy nN,=L§ —Lf, (4.51)
n=-—co
in this language. Notice that while the RHS of (4.50) contains L, we could
have also written A since these quantities differ only by subleading terms.
We also assume that only finitely many occupation numbers N, are non-
zero.

4.5.2 Reproducing the BMN formula of AdS3;xS3 x T* from the
worldsheet

We are finally in the position to reproduce (4.50) from the worldsheet. For
this, we note that the BMN limit coincides on the worldsheet precisely with
the large charge limit we considered in Section 4.4. So we may start with
(4.45), which we derived in the last section. Requiring the state to be level-
matched, i.e. (4.51) to be satisfied, (4.45) simplifies to

W) = 2/°C(Ro) + L'

o Ny
P20 Y (o O + 4 fo2 2 kP + (a2

n=—oo j, =1

n#0
1 1 4 4
= Lpe(ra) + g + 18
1 oo Nn
+5 2 Y (@ 0f+ \/”2 — 2(a;, Okfn| + (a;,: f)zf‘*) :
w0 =

(4.52)

We included a possible conformal weight from the torus. For the case of
psu(1,1|2), the Casimir equals (A.5):

C(Ro) = —2jo(jo — 1) + 260 (L + 1), (4.53)

where jo and ¢y denote the sl(2, R)-spin and the su(2)-spin of the ground
state |®), respectively. Note that the generic charges ¢' of Section 4.4 corre-
spond now to jo and ¢p. Furthermore, notice that solving the mass-shell con-
dition h(|¥)) = 0 will imply that jo = ¢y + O(1). To this order, we may there-
fore replace jy everywhere by ¢y, except in (4.53). Thus we have a - ¢ = aly,
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where a takes the following values for the generators of psu(1,1(2):
7?0, JF:F2, K*:0, K¥:+2, S§FF.0, SEFF. 32, (4.54)

For the complete commutation relations of the affine algebra psu(1,1]2); in
this basis, see Appendix A.1.2. With all this in mind, we now solve (4.52) for
jo and expand the result in orders of the characteristic scale k to obtain:

2a; kln| ~ n?
= +1+ § § 24
jo=to < ¢zn A egf4>

n——wln_l

n#0

1 (L + I + ok ). @55

4/ f2
The summand 1 comes from the fact that jy and ¢y measure the s((2, R) and
su(2)-spin of the highest weight state. As one can see from the structure of
a typical multiplet of psu(1,1|2) (see A.6), the state with the lowest j — ¢ is
not the highest weight state and it has precisely j — ¢ lowered by one.3*

Finally, we have to take into account the contribution of the oscillators to the
s[(2,R) and su(2)-spins. We notice that 2 measures precisely the difference
of sl(2, R)-spin with su(2)-spin of every oscillator:

a =2 X (su(2)-spin) — 2 x (sl(2,R)-spin) . (4.56)

Combining these observations, we find

[ee) A& 1 -1 n
]—f—]O—EO_l_*ZZaan J—l=jo— 0—1—5 Y. )4,
n=1i,=1 n=—00j,=1

(4.57)
where j, ¢ denote the s[(2,R) and su(2) spins of the state |¥), respectively.
Defining A = j+7and L = ¢+ ¢, and combining all the ingredients, we
finally obtain

o Ny

A—L=2jy—2l— 2—7 Y. ) a4,
"**‘”z,,fl

n#0

_ b a@kln] n? 1 T | 7T4 -1
= Z Z Z_ 2o +4£%f4+260f2(L0 +Ly )+ 0Ok

o0 Nn az

oooaikln| o n? T4 _
=Y Y +L2—f4+L—fz(L +Ly)+O(k).

(4.58)

341n fact there are four such states.
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Finally, we impose the remaining physical state conditions which have the
effect of removing all oscillators with 4;, = 0. This can be most easily
seen by comparing the pure NS-NS case with the partition function derived
in [61,167]. The cohomological argument was given in [168]. Therefore
the physical oscillators are the ones with a;, = %2, and thus the physical
spectrum reads

o 2k 2 .
A-L= leifn’Zﬂ +ad ) o), 6s)

which matches the BMN formula (4.50). This concludes the derivation of
the BMN formula from the worldsheet.

One can furthermore confirm that the analysis holds also true in the spec-
trally flowed sectors. For this, we choose w = w'@R) — _psl2R) — gpsu(2) —
—@**(2) 35 We spectrally flow the ground state on top of which we build the
spectrum, e.g. the state in the psu(1,1|2)-multiplet with quantum numbers
(jo —1,4p). From (4.33), we conclude that on this state

Lo|®) = f2(—jo(jo — 1) + Lo(lo + 1)) |®) = 32C(Ro) |®) ,  (4.60)

where jo = jo + kzﬂ and ¥y = £y + %w are the spectrally flowed spins of the
ground state, see eq. (4.32a)—(4.32e). After this, we can apply hatted oscil-
lators on this spectrally flowed ground state to generate a state in this new
representation. Since the spectral flow is an automorphism of the spectrum-
generating algebra, the derivation is from hereon exactly the same as before,
except that everything is replaced by spectrally flowed quantities. We obtain
precisely (4.58), except that all quantities are now spectrally flowed. So we
conclude that (4.58) continues to hold true in the spectrally flowed sectors.

4.5.3 The case of AdS3xS3xS3xS!

We can similarly treat the background AdS; x S® x S® x S!, which has re-
cently attracted considerable attention [65-68,140,169,170].

Currently, there is no hybrid formalism a la Berkovits, Vafa and Witten for
this background and for mixed flux.3® Nevertheless we expect that in the
BMN limit, in analogy with AdS; x S® x T*, the theory can be described by
a sigma model on D(2,1;a) together with the theory on S! and free ghosts.
The bosonic part of the Lie supergroup D(2,1; a) is AdS; x $3 x S?, with the
parameter « giving the ratio of the radii of the two spheres (for more details,

35The sign for the barred spectral flow parameters seem peculiar, but this is again related
to our mode conventions for the barred modes.
36For the pure NS-NS flux case, we develop a hybrid formalism in Chapter 7.
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see Appendix A.1.3). Representations are now labelled by the three spins
(jo, 45, ¢y ). The Casimir of such a representation is given by

Cljo, b3, by ) = —2jo(jo — 1) +2cos® ¢ L5 (4 +1) +2sin® ¢ £5 (£~ + 1),
(4.61)
where we introduced the angle 0 < ¢ < 7 such that & = cot? ¢.¥ In the
limit we are taking, we set

o =Y 5 =Y, (4.62)
cos ¢ sin @

where 0 < w < 7 is another angle parametrising the ratio of the spins as
these are taken to infinity. Then as before we have jo = ¢y + O(1), and hence
again a - £ can be replaced with afy, where a takes the following values for
the different elements of the superalgebra 9(2,1; a):

KH)E: £2cos(@)cos(w), K +2sin(¢)sin(w), J5: F2,

(4.63a)
SEEE . T ogin? (%) SEFE . 2 cos? (“T“’) (4.63b)
STEF . F2sin? <q0—|—Tw) ,  STFF: F2cos? (%) i (4.63¢)

All three Cartan-generators J° and K(*)% have a = 0. Solving the mass-shell
condition for jj as in (4.55) yields

o Ny 2
in =/ 2 (P - W 2 2aink]n\ n
jo = fo+cos? (£ ) +2 ) ( \/ Wt

n=-0 j —1

n#0

Ny

1

+ fz(le+L51)+(’)(k ), (4.64)

where we again used the mass-shell condition to simplify the result. We
recognise that in this case, 2 measures

a = 2cos(¢p) cos(w) x (su(2)"-spin)
+ 2sin(¢) sin(w) x (su(2) -spin) — 2 X (sl(2,R)-spin) . (4.65)

Defining ¢ = cos(¢@) cos(w)¢™ + sin(¢)sin(w)f~ and L = 0+ 1, A = j+7],
the same steps as before yield the final result

co Ny

'n _a,kln n?
oo a(75) e £ BT

nffoo in=1

37We thank Andrea Dei for bringing this parametrisation to our attention.
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gt | 7ot -1
sz (Ly +Lg ) +O(k™"), (4.66)
which formally coincides with (4.58), except for the constant squared sine.
As before, in order to choose the state in a typical 9(2,1;«) multiplet with
smallest A — L, a constant term 1 was included in the relations between j — ¢
and jo — p.

Notice that the BPS condition for (2, 1; «) takes the form (A.9)

Agps = cos” () L* +sin*(9)L~ = cos(¢ — w)L, (4.67)
and so
oo N,
: . a; k|n| n?2
A_ABPS:(ZL_l)SlrIZ +Z Z 111_1,,7+7
(*57) L& T+ o

tip L+ +or) . e
In particular, since all terms on the right-hand side are positive,*® we see
that this is only a near-BPS expansion if ¢ = w, i.e. Lt = L~. Hence, all
BPS states on the background AdSs x S% x S3 x S! have (in the large k limit)
¢t = £~. This was recently shown in [67,68,169], our calculation confirms
the result again. The squared sine of (4.66) then vanishes for near-BPS states.
After discussing the BMN-limit of the model, we turn towards a different
regime. We

4.6 The spectrum of the sigma-model

In general we would like to determine the conformal weight of states ob-
tained by the action of normal-ordered products on a primary state |®),
such as for example Q%|®), (Q*PY),|®), (Q*Q%),|®), (A*),|®), and oth-
ers. In the following we will be able to compute the conformal weight of a
state containing either solely unbarred oscillators or solely barred oscillators,
and no A%". The reason for this is that Ly mixes only finitely many states
constructed using solely unbarred oscillators, say, and in this way its eigen-
values can be computed. In this case, we will be able to make use of the
definition of affine primary states (4.26a) associated with the ‘chiral” lowest
weight representations introduced in the previous section. When including
also barred oscillators or the A?-field, infinitely many states get mixed un-
der the action of Ly, and its eigenvalues cannot be extracted with a finite
amount of calculation. This is a difficulty which we have not been able to
overcome.

38Gince L > 1, 2L — 1 is also positive.
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We are then interested in the conformal weights of the single-sided states of
the type

00 N, . M, b 00 Ny, -z M, 5.
I (H Q™ 11 P:;) |®) or < [10: I1 P,;n) |®) . (4.69)
n=1 \i,=1 in=1 n=1 \i,=1 ip=1

For simplicity, in the following we illustrate the computation of the confor-
mal weights of such states using single-oscillator excitations, i.e. using states
of the type

QL |®), P |®). (4.70)

The multi-oscillator states can be treated using the same methods, but we
have not managed to find a closed form solution. Nevertheless, we will be
able to derive strong results concerning the expected qualitative behaviour
of the spectrum described in Section 3.3 using only (4.70). In particular, in
Subsection 4.6.3 we will derive a unitarity bound on the values that kf? can
take, in Subsection 4.6.4 we will argue that the continuous representations
cannot be part of the CFT spectrum, and in Subsection 4.6.5 we will retrieve
the chiral primaries that are missing at the pure NS-NS point.

4.6.1 The spectrum at the first level
The states in the spectrum at the first level are
Q|®), Py|D) . (4.71)

They mix under the application of L¢ as follows:

1=K b 1) ), (4.72)

Lo 119) = (h(@)+ 31+ k)0 + 15 P

LaP?, () = (H(@)+ kPP + 11— kPIPY, — P74 (Q'P) ) )
= (W@) + kA + (I — i ) [)
4.73)

We have used the definition of affine primary (4.26a) and the commutation
relations (4.25a)—(4.25d). Note that the structure constants if be — (tgd)“c are
the generators in the adjoint representation and hence

ifubc tb = _Kbd(tgdyzctc . (474)

This can expresses as a difference of Casimirs:

1
b 4d b b d d b 4d byd
Kbdtadt = E (Kbd(tad +t )(tad +t ) — Kbdtadtad — Kpat' t )
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1

= > (¢(Ro@ad) —C(Ry)), (4.75)
where we have used that the Casimir of the adjoint representation vanishes
C ( ad) = 0. Note that the states (4.71) transform in the (reducible) representa-
tion Ry ® ad. Restricting to an irreducible subrepresentation R; C Ro ® ad
we find

iPft = L (CR) — C(Ro) )0, = ~1ACE, , (476

where we denoted by AC the difference of Casimirs.? Thus Ly mixes only
Q" |®) and P?, |®), and in this basis Ly takes the form

3(1+kf?) kf?
Lo = h(|® 2N e , 4.7
0 (| >)]l+ ( 14}:}{ %(1—kf2)+%f2AC (4.77)

where we used (4.28). The associated eigenvalues are

he(Q%q|®), PLy|®@)) =h(|D@))
n i(szc 124/ 4kpiaC +FHACR) . (478)

Notice that this result is similar to the large-charge formula found above
(4.45), except that 2(a - £) has been replaced by AC. It is easy to confirm that
in the large-charge limit AC indeed becomes 2(a - £), and the exact formula
(4.78) is therefore consistent with the one found in the large-charge limit.
Furthermore, it was argued above that only the solution /. is physical. In
fact, due to the identifications between the modes of the algebra, the solution
h_ can be interpreted as the application of a barred oscillator with the wrong
mode number. On the other hand, only the solution /2, reduces to the correct
result hy = h(|]®)) + 1 at the WZW-point kf? = 1. Hence we will discard
the state with eigenvalue h_ from the physical spectrum. It is not clear at
this point if this should be the only effect of the physical constraints on the
one-sided worldsheet spectrum.

4.6.2 The spectrum at the n-th level
Now we generalise the analysis to level n excitations of the form
Qv |®), P, [®) . (4.79)

As we will see, under the action of Ly these states mix with multi-oscillator
states such as f, Qv 1P, |®). However, Lo behaves as follows: under the

3The pertinence of the difference of Casimirs to the computation of conformal weights
was already noticed in [160].
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action of Ly the number of oscillators either increases or stays the same, but
never decreases.

To prove this assertion, we start with a state of the form

g[lbl'”bm]@?h U En;”lm ‘q)> * (4‘80)

Here g“blm p. is an invariant tensor of g of the form
m

a __ fa a -2
8 b1t = Fovar ey " b (4.81)

up to possible permutations of the free indices. In the expression (4.80), each

J ﬁ"ni can stand either for Qlﬁni or Pﬁ"ni. Moreover, we require that the state is
at level n,

ini =n. (4.82)

i=1
The invariant tensor (4.81) has the property

b b;b;
&bt =0, &% 4y f =0, (4.83)

thanks to the vanishing of all Casimirs of the adjoint representation, see
[151]. This implies that normal ordering in (4.80) is not relevant: the os-
cillators can freely be reordered, since the commutator produces structure
constants. They vanish because of the second relation in (4.83). We compute
Ly on the state (4.80). There will be two types of terms appearing, corre-
sponding to the two types of terms in the commutation relations (4.25a) and
(4.25b). The first type of terms are linear in the modes and obviously pre-
serve the number of modes. The second type of terms yields the following
expression:

i b b; m
gubl"'bmfblcd ]Elm e —nLl(QCPd)_”i —;3“ e ]inm ‘q>> : (4'84)

The invariant tensor g%, fb"c ; still has the same property as (4.83), so we
may still freely reorder the oscillators. In the normal-ordered product term
(QCPd)_nl. in (4.84), either both oscillators have negative modes or one is
a zero-mode (a term with positive mode vanishes, since we can commute
it through to the right, where it then annihilates |®)). In the former case,
we obtain a term with m + 1 oscillators, whereas in the latter case, the zero
mode on |®) gives a generator t° or t and hence the number of oscillators
remains the same. Also, we note that the action of Ly closes on the set (4.80),
we do not have to consider other invariant tensors. This proves the above
assertion that the number of oscillators can never be decreased by the action
of Lo.
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When computing the matrix-representation of Ly on all level 1 states which
can be mixed by the action of L, we hence get the following block structure:

1 oscillator * 0 0 --- 0 0 O
2 oscillators * x 0 -+ 0 0 O
3 oscillators 0 « = --- 0 0
. (4.85)
n — 1 oscillators 00 0 -+ % % 0
n oscillators 00 0 -+ 0 % %

Thus for the purpose of computing the spectrum of Ly on single-oscillator
excitations, we can simply ignore multi-oscillator excitations, since they do
not contribute to the eigenvalue. They do however contribute to the precise
eigenvector.

With this at hand, the computation is completely analogous to the computa-
tion in (4.6.1): Lo acts on Q% ,, |®) and P, |®) as follows:

T4+ kf)n kf?n
e 2 2 4
bo = MIPNTH ( e 10— kP + 5f2AC) S e

where we ignored all multi-oscillator terms. The correction to the eigenval-
ues with respect to the ground state is given by

s (QL, @), P, (@) = ; (fPAC+2n % 42 — 4kftnAC + FH(AC)) |
(4.87)

We again expect only the positive sign eigenvalue to be part of the physical
spectrum. This reduces again to the BMN-like limit (4.45) for large values of
the charges. Furthermore, at the pure NS-NS point kf? = 1 we retrieve the
WZW result.

This result makes it seem as if the structure is always so simple. However,
once one tries to compute the conformal weight of multioscillator excitations,
the computations become quickly very complicated.

4.6.3 A unitarity bound

There is one very interesting consequence of (4.78). Classically, we know
from (3.36) that —1 < k f2 < 1, and we will see that also holds at the quan-
tum level, assuming that k > 2.4 According to [149, eq. (6.3)], for k > 2

#0The k = 1 theory behaves quite differently. Since su(2); C psu(1,1|2); has no affine
representation based on the adjoint representation of su(2), the theory cannot have a field in
the adjoint representation. In particular, the biadjoint field A** does not transform in a valid
representation of psu(1,1]2); x psu(1,1|2); at the WZW-point. Hence it is not clear whether
we can deform the model away from the WZW-point. The k = 1 theory at the WZW-point is
discussed in [140,171] and in Chapter 5.
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the spectrum of the sigma-model on psu(1,1]2) should contain the represen-
tation Ro = (j,{ = % — 1), where j is the s[(2, R)-spin and ¢ = % — 1 the
su(2)-spin, see also Appendix A.1.2 for the conventions of psu(1,1|2). In this
way, we can choose

Ri=(5 c(si-1)®ad. (4.88)

This choice of representations yields AC = 2k, and inserting this into (4.78)
we obtain the following conformal weight of the excited state:

h:%(kf2+1+,/1—k2f4). (4.89)

An obvious requirement of any CFT is that the conformal weights are real.
We see that this is only the case provided that

—1<kf?<1. (4.90)

4.6.4 Continuous representations

We found that the conformal weight of states constructed with a single os-
cillator depend on the difference of Casimirs AC between the ground state
representation and the representation of the state. Consider then a ground
state representation with su(2)-spin ¢ and s((2,R) spin j = 1 +ip, i.. the
s[(2,R) part transforms in a continuous representation. Its Casimir is then
C=-2(j—1)+20(+1) = L +2p> +20(£ +1). At first excitation level,
we have states in the representations with spin j — 1, j and j + 1 of s[(2,R)
appearing. The respective differences of Casimirs are

AC=2—4ip, 0, and 2+4ip. (4.91)

Plugging this result into the formula for the conformal weight at level one
(4.78), we realise that the conformal weights for p # 0 generated by charged
oscillators become generically complex.

Since the appearance of complex conformal weights implies that the energy
momentum tensor is not self-adjoint in these representations, these represen-
tations are forbidden and hence cannot be part of the spectrum. The only
exception to this statement is the WZW-point, where the conformal dimen-
sions do not depend explicitly on the difference of Casimirs AC. This result
should continue to hold once we consider complete representations of the
mode algebra, and not just of its ‘chiral’ version. Since already the ‘chiral’
continuous representations contain complex conformal weights, the full rep-
resentations must be ruled out. Hence we confirm the fact that long strings
disappear from the spectrum in a mixed-flux background.
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4.6.5 Missing chiral primaries

We are also in the position to retrieve the chiral primaries that are miss-
ing from the spectrum at the WZW-point. In the following we review this
phenomenon in the worldsheet description. For simplicity, we focus on the
background AdS; x S® x T*. The psu(1,1]2)y WZW-model has [149] discrete
representations (j, ¢, w) with % <j< k%l and ¢ € {0, %,...,k;Z}, where
w € Z is the spectral flow number. Every discrete representation of the
form (¢ +1,¢,w) yields four chiral primary states [50,53,68,172]. These are
the four s[(2, R) & su(2) representations in (A.6) for which j — ¢ is minimal.*!
They have the followings su(2)-spins:

(l+kw), 2x({+3+kw), ((+1+kw). (4.92)

Combining with the right-movers, we obtain the complete Hodge-diamond
of T4, with the lowest state having left- and right-moving su(2) spin ¢ + kw.
It has the following form:

(1,1)
2% (3,1) 2% (1,3)
(0,1) 4% (3,3) (1,0) (4.93)
2% (0,3) 2% (3,0)
(0,0)

where (6,5) denotes an su(2) & su(2) representation with spin (¢ + kw +
5,0+ kw + §). Note that because of the restriction £ € {0, %, e, k‘—z}, 0+ kw
takes values in 37\ (%Z — 1) and thus every k-th Hodge diamond is missing.
This was alluded to in Section 3.3.2 and is what we mean by “missing chiral
primary’.

The absence of the chiral primaries on the worldsheet is caused by the uni-
tarity bounds constraining the worldsheet theory. The main bounds are the
restriction to j < k%l and / < %, whose origin we will briefly review in
the following. We will only treat the unflowed sector w = 0. Consider the

state ], Sy " j, £), whose norm at the WZW-point is (see Appendix A.1.2):
GAST™ RTS8 i) = (20— ) + k)= 3 li— 30 . (494)

This norm is non-negative if

j<—— (4.95)

#n fact, these representations saturate the psu(1,1]2) BPS bound and are therefore atypi-
cal representations. Thus the representation splits up into four atypical representations, each
of which yielding one BPS state.
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which is the Maldacena-Ooguri bound. For this to be a unitarity restriction,
the state /|7, S; ""|j) has to be physical in string theory, which is in fact
the case. This can be seen from the fact that there is no state at level zero
with the same quantum numbers.*> Hence all positive modes of uncharged
operators have to annihilate the state and so it lies in particular in the BRST-
cohomology of physical states. This is then the most stringent bound possi-
ble. In the RNS formalism, it arises from considering the no-ghost theorem
in the R-sector [87].

Similarly, the unitarity constraint for su(2) representations can be obtained
by requiring the norm of the state K*,S; *"S*|j, ¢) to be non-negative.
This yields

k—2
2
which is the familiar bound from the RNS formalism. The considered state
is again physical. These are the bounds we mentioned above.

(< (4.96)

Let us move away from the WZW-point and see how these bounds change.
For this we first find the eigenvectors of Ly at the first level, which are (Q” ; +
biP?,)|®), where

= ACf? —2kf? £ \/4 — 4ACKkf* + (AC)2f*

b 4k f2

(4.97)

These have Ly eigenvalues hi as in (4.78), respectively. As noted before,
only the state with conformal weight /1, is part of the physical spectrum.
The analogue of the state ]Sy " |j, £) in the mixed flux case is

JY +be "0y 4 0, (4.98)

where we use the notation J9 for the J-currents of the Q-modes and J”
for the J-currents of the P-modes. Using the algebra (4.22a)—(4.22d) and the
explicit form of by with AC = 4j — 4, the norm of this state can be computed.
Requiring this norm to be non-negative gives the constraint

. _k+1 1 44 k2f4 -1 k+2
okl 1 VPRI ke

<5 +5 27 o (4.99)

which is less constraining than the usual bound (4.95), and reduces to it at
kf? = 1. We see that the bound changes slightly when going away from the
WZW-point, but nothing spectacular happens.

#This would not be true for the state J~11j), since at level zero there is a state with the
same quantum numbers, namely ST TS~ [7).
q Y 20 o
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The situation is entirely different when looking at the corresponding state
for the su(2)-spin bound

%) = (K& 4+ b KPS 8@t 7,0y (4.100)

Asking for |¥) to have positive norm led at the WZW-point to the constraint
< %, which in turn excluded the missing chiral primary at ¢ = k%l from
the spectrum. Now we find that the norm of this state is in general*’

(FIY) = £/f* 40+ 1)(k— £~ 1)

WP, (k—20—2)" = £(k—20—2) . (4.101)

As indicated, the term under the square root becomes a perfect square at
the WZW-point. From this description it is not clear which sign should be
chosen in the last equality, but from the WZW-description we know that we
should take the positive sign. The two branches for the norm of are plotted
in Figure 4.1. We see that away from the WZW-point, the two branches no
longer cross. In particular, the first branch has always positive norm and
there is no unitarity bound on /¢!

In summary, away from the pure NS-NS point we found that the upper
bound on j is slightly shifted upwards, but always strictly less than kﬁ
On the other hand, the bound on ¢ completely disappears. This has the
following consequences for the chiral primaries. As we discussed above,
chiral primaries come from representations with £ = j —1 € %]No. While
there is no longer an upper bound on /¢, there is such a bound on j, which
now allows the values ¢ € {0, 1 ey k1 }. Thus, we see that there is one new
chiral primary compared to the WZW-point, namely ¢ = 2 . Combining
this with spectral flow, it precisely fills the gaps (3.45) in the BPS spectrum.
We conclude that the missing chiral primaries are indeed reinstated by any
perturbation away from the WZW-point.

4.7 Summary and Conclusion

In this Chapter, we started to explore the moduli space of the compactifica-
tions AdS; x S® x T* and AdSs x S® x K3 from the string side. We analysed
the string theory in a mixed flux background in detail, which is described
by a sigma model on the supergroup PSU(1,1|2). The theory is governed
by a non-holomorphic current algebra, which extends the affine symmetry
psu(1,1]2)x x psu(1,1]2);, which is present at the pure NS-NS flux point.
We used this symmetry to organise the spectrum and succeeded to use it to

#3Notice the state with conformal weight /i has negative norm and is therefore unphysi-
cal, as argued before.
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su(2)-spin ¢

Figure 4.1: The two branches of the norm of |¥). At the WZW-point, the two branches intersect
at { = "2;2 For a slight perturbation away from the WZW-point, we have an ‘avoided crossing’
and the first branch has always positive norm.

compute the string spectrum in the plane-wave limit, thus reproducing the
spectrum derived in [161]. Our results provide a direct link between Green-
Schwarz-like computations and worldsheet methods to determine the spec-
trum. The tools developed in here seem much more powerful than necessary
to derive the plane-wave spectrum. We can in principle derive the exact con-
formal weights of arbitrary one-sided excitations (i.e. constructed using only
unbarred modes), at least level by level, as discussed in Section 4.6. With the
help of this, we can confirm some well-known conjectures explicitly, such as
the fact that long strings disappear from the string spectrum away from the
WZW-point. We can also retrieve the missing chiral primaries in the space-
time BPS spectrum [53,167,173].

We have presented in Section 4.1 an exact one-excitation solution of the clas-
sical theory. One can hope to extend this result to multi-particle excitations
by employing integrability methods [174-176]. In particular, the presented
solution corresponds to a one-cut solution of the spectral curve. In principle,
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the spectral curve can be used to extend the result to multi-cut solutions.
This would provide a way to compute the spectrum of string theory beyond
the plane-wave limit.

We expect that the analysis can be extended to other backgrounds like
AdSs x S°, AdS; x CIP? and AdS, x S? x T®, where similar supergroup ac-
tions exist [177-181]. They feature the supergroups PSU(2,2|4), OSP(6|2,2)
and PSU(1,1/2), which all have vanishing dual Coxeter numbers. However,
the backgrounds require us to consider cosets of these supergroups, so one
should effectively consider a coset of the current algebra considered in Chap-
ter 4. We expect that this can be worked out, but have not tried to do so.

The dispersion relation obtained using integrability methods [182], in the de-
compactification limit, contains a term which is linear in the mode number
and a squared sine term. In [183] the comparison with the giant magnon so-
lution suggested a transcendental analytic structure of the string spectrum.
On the other hand, our conformal weights arise through diagonalisation, so
the current algebra approach we have presented can only produce an alge-
braic structure for the spectrum. In particular, we cannot reproduce the giant
magnon solution. We believe this is not a contradiction: the giant magnon
solution is not physical, since it is not level-matched, and likewise we can so
far only compute non level-matched conformal weights, as mentioned above.
So there is no a priori reasons for the two formulas to agree. It would be
very interesting to establish a connection between the two approaches.



Chapter 5

The symmetric product from the
worldsheet

In this chapter, we focus on the AdS;z x 33 x T*, where we have much more
tools to analyse the worldsheet theory at our disposal. We can solve the
worldsheet theory completely. A particularly interesting point occurs when
the background is supported by exactly one unit of NS-NS flux. This point
in moduli space is not directly accessible in the RNS-formalism. We show
that it is the point, where the string theory becomes precisely dual to the
symmetric product orbifold.

5.1 Representations of psu(1,1|2)

For the following, it will be important to study various aspects of the rep-
resentation theory of psu(1,1]2);. We will denote the generators of the
bosonic affine subalgebras s[(2, R); and su(2), by J4, and K4, respectively,

while the fermionic generators are labelled by S%7_Our conventions for the
(anti)commutators of psu(1,1|2), are given in Appendix A.1.2.

5.1.1 Long representations of psu(1,1|2)

Next we describe the representations of psu(1,1|2). We first consider the
long (typical) representations, which come in the form of continuous and
discrete representations for the sl(2,R) subalgebra. Let us concentrate on
the continuous case, since the discrete representations arise as subrepresen-
tations.

The eight supercharges of psu(1,1|2), i.e. the generators Sgﬁ v generate a
Clifford module. We can find a highest-weight state of the supercharges

which is annihilated by half of them. Let us assume that the highest weight
state transforms in the representation (C]Nn) with respect to the bosonic
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subalgebra s[(2, R) @ su(2), where n here refers to the dimensionality of the
su(2)-representation. The supercharges transform in the bispinor represen-
tation 2 - (2,2) of the bosonic subalgebra. Thus we conclude that a typical
multiplet takes the form:

(€}, n)

@2 n+1) (@ n-1) (@ 2,n+1) (€ 73,n-1)
/\+%/ /\+%/ /\“F%, /\“F%/

@ n)  (€,n+2)  2-(@€,n)  (€n-2) (€ 'n) 61

@2 n+1) (@2n-1) (€ 2n+1) (€ 2,n-1)
A1 A+l A+l A+l

(€},n)

Here, the top state is the highest weight state of the Clifford module, and
the action of the supercharges moves between the different bosonic repre-
sentations.

For the important cases of n = 1 and n = 2 some shortenings occur. For
n = 2, the representation involving n — 2 is absent, i.e.

irl i1 (GJA,Z) i1 i1
R L R U )
(€£+1/2)j+1 (61,4)”1 2-(6&,2)]._1 ) ©12 (2
<8A+2%’3) (GAJ%’I) ' (GA+2%’3> <6A+2%’1>
(€}, 2)

while for n = 1 even more representations are missing,

(€ 1)
| €52 ©4D
(e 1) (€3) €1 €L (5.3)
(€2 (6h2)
(€4, 1)

All of these representations exist also in the discrete version; they can be
obtained by replacing the continuous by the corresponding discrete repre-
sentations, , ,

¢, — D, . (5.4)

5.1.2 Short representations of psu(1,1]2)

Below we will be interested in the affine algebra of psu(1,1]2); at level k = 1.
Then the su(2); factor also has level k = 1, and as a consequence, the affine
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highest weight states are only allowed to transform in the n =1 and n = 2
representations of su(2).* Thus it is clear that all of the long representations
we have presented above are not allowed at k = 1. Let us therefore look
systematically for short multiplets. Specifically, we will consider shortening
conditions for the multiplets (5.2) and (5.3).

Starting with (5.2), we require that the two representations with a 3 in the
second line are null. This will remove also all other representations that
appear further below in the multiplet. Thus, the multiplet would reduce to

(€),2)

(e;+2%,1) (e

(5.5)

Actually, we will see below that this requires j = % Similarly, for the multi-
plet (5.3), the only way to eliminate the representation involving the 3 is to
require one of the representations in the second line to be null. This gives
then the following two possibilities:

_1 ]‘+l
2,2) or (€°2,2)

' ' Ay’
€ (€ 1)
(5.6)
However, after redefining j — j & } (and rearranging the picture),®> these
representations become equivalent to (5.5). Thus, there is at most one such
multiplet, and we shall describe it using the conventions of (5.5). The above

discussion works similarly for the discrete case where we replace (3])'\ by D];t.

Next, we want to analyse the conditions under which this shortening can

happen. For the discrete case ®]+, these multiplets are well-known in the
context of superconformal field theories with small A/ = 4 superconformal
symmetry, since psu(1,1|2) is the global subalgebra of this superconformal
algebra. In particular, this algebra has the well-known BPS bound h = j > ¢,
where / is the su(2)-spin. In this context, the s[(2, R)-spin is identified with
the conformal weight. Thus, for a BPS-representation, we need j = ¢ = %
in the discrete case. (Formally, j = ¢ = 0 is also possible, but this just

corresponds to the lower representations in (5.5) with j = ¢ = %.)

Since there is no sl(2, R) highest weight state for the continuous represen-
tation, the analysis for the continuous case is a bit more involved. First,

“1n this section we are discussing the representations of the finite-dimensional Lie super-
algebra psu(1,1]2). The affine highest weight states of the corresponding affine algebra will
therefore transform in representations of this algebra. We will also see the shortening of the
psu(1,1|2) representations at k = 1, from the affine viewpoint, in the next section.

#5‘Rearranging’ means here that we change which state we regard as the highest weight
state of the Clifford module.
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we note that the psu(1,1]2)-Casimir decomposes into its bosonic and its
fermionic components as

1,12 1,12
) _ Gty it o
Cbpztsl(l,1|2) — CEI(Z,R) + C’5u(2) , (58)
1
ijrtrlfll’”Z) - _Eea}teﬁvswsgﬁvsgw : (5.9)

The fermionic component of the Casimir commutes by construction with
the bosonic subalgebra. It is not difficult to compute its value on the dif-
ferent constituents of the short representation (5.5). For instance, on the
representation (€}, 2), we determine its value on the highest weight state of
the su(2)-algebra, which we denote by |m,1). (Here m labels the state in the
s[(2, R) representation €}, see eq. (2.14).) We have

1
C?esrl;(llll‘Z) lm, 1) = _ES“VSﬁvswsgmsgvp |m, 1) (5.10)
1 _
= —eanenp{Sy Sy "} Im, 1) (5.11)
1
= —ES,WSW( — "0, M J§ + ™o, TTKG) [m, 1) (5.12)
= —2K3|m, 1) = —|m, 1) . (5.13)
Thus,
1,12 j 1,12 i+1
Chm 7 (€h2) =1, c"P(eA ) =0, (514

where the second equality follows by a similar computation. Since the com-
plete psu(1,1|2)-Casimir must be equal on all the representations appearing
in (5.5), we conclude that the sl(2, R)-Casimir must satisfy

1

CoI2R) (eji% ) = R (eJA) -1

¥ (5.15)

(Here we have used that the Casimir of su(2) equals C**®? = 0onn =1
and C4(2) = % on n = 2.) Together with (2.16), this then implies that j = %,
see the comment after eq. (5.5) above. (Incidentally, this is also the same
condition as for the discrete case.) Note that, as a consequence,

crsu(L12) — (5.16)

on these representations.

This is the only condition for the shortening to occur. The details of this
short representation are spelled out in Appendix B.2. As we also explain

there, the case A = 1 is special since then the s[(2, R) representation (‘3])'\
(with j = 1) becomes indecomposable.



5.2. The psu(1,1]2); WZW model

5.2 The psu(1,1|2); WZW model

This section is devoted to a detailed study of the psu(1,1]2); WZW model.
Our main aim is to show how to define a consistent CFT for this chiral alge-
bra. We will discuss, in particular, the fusion rules and modular invariance.
Subtleties appear due to the fact that this CFT is logarithmic.

5.2.1 psu(1,1)2); for k > 2

Let us first review the WZW model based on psu(1,1|2); for k > 2. The
super Wakimoto representation states the equivalence [126,148,149]

psu(1,1|2) = sl(2, R)ir2 D 5u(2)k—2
@ 8 topologically twisted fermions in the 2-(2,2) . (5.17)

This looks then similar to what one would obtain from the RNS formulation
upon rewriting it in GS-like language, i.e. applying the abstruse identity.
Here, the 8 fermions transform in the 2 - (2,2) with respect to the bosonic
zero-mode algebra s[(2,R) @ su(2) C psu(1,1|2). The fermions will lead to
an 22 = 16-dimensional Clifford module, and there cannot be any short-
enings in the Clifford module since the fermions are free. Thus only long
representations of psu(1,1|2) appear in the theory. Furthermore, for the
continuous representations, every s[(2, R)-Casimir C > % (corresponding to
j = 1 +is with s real) is allowed in the spectrum; the corresponding states
describe the continuum of long strings in the spectrum of string theory on
AdS;3 x S® x T [60].

5.2.2 Representations of psu(1,1|2);

Let us now consider the case of k = 1. Then the equivalence (5.17) does
not hold any longer since the affine su(2);_, algebra has negative level —1,
leading to an additional non-unitary factor. This is also reflected by the fact
that the long representations lead to n = 3 representations for su(2), that are
not allowed for su(2); C psu(1,1]2);. (In particular, the n = 3 representation
is non-unitary at su(2).)

As we have explained before, there is a natural way around this problem: at
k = 1 we need to consider short representations of psu(1,1|2) that do not
involve the n = 3 representation of su(2). Such short representations exist,
and they take the form of (5.5) with j = 1

(5.18)

(Gi%,l) (G())w%’l)
Since the shortening condition fixes j to j = %, in particular also the Casimir
is fixed. Thus the continuum of states (corresponding to arbitrary values of
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the Casimir for the continuous representations) is not allowed any longer,
but only the bottom component (corresponding to j = % + is with s = 0) sur-
vives. These psu(1,1|2)-representations can then be extended to consistent
affine representations.

This is the main mechanism for how the problem with the RNS formalism
at k = 1 is circumvented in the hybrid description. In the RNS formalism
only long representations of psu(1,1|2) appear, since the fermions are free
and transform in the adjoint representation of su(2). This is reflected in the
equivalence (5.17). On the other hand, in the hybrid formalism it is possible
to consider instead the short representations of psu(1,1[2).#¢ The introduc-
tion of short representations has another drastic consequence: it makes the
string spectrum significantly smaller than in the generic case. In particu-
lar, the final spectrum will seem to have effectively only four bosonic and
fermionic oscillators on the worldsheet, instead of the usual eight oscillators.

We should mention that the structure of the representations can also be
deduced from the null-vector of psu(1,1]2);. The generating null-vector may
be taken to be the vector K™;K™,|0) = 0, which sits in the same psu(1,1]2)
multiplet as the null-vector

112 2R 2
(L'f’;‘( PR - 1) j0) =0, (5.19)
This equation just means that we have a conformal embedding
sl(2,R); @ su(2); C psu(1,1)2)1, (5.20)

see also [184] for a related discussion. Evaluated on affine highest weight
states, we therefore conclude that

oru(L12) _ _osI2R) %csuu) , (5.21)

which together with the condition that the only possible su(2) representa-
tions are n = 1 and n = 2, fixes the allowed representations. On the other
hand, for k > 2, the null-vector, i.e. the analogue of (5.19), appears at higher
mode number (conformal dimension), and hence we do not get a constraint
on the quadratic Casimir.

We shall denote the affine representations that are generated from the affine
highest weights in (5.18) by J,. These representations will be the main focus

40In [140], a proposal was made for how to make sense of the theory at k = 1 in the RNS
formalism. It was proposed there that the su(2)_j-factor can be represented by symplectic
bosons, which effectively cancel half of the fermions. This prescription yields essentially the
same spectrum as the introduction of the short representations in the hybrid description.
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of study. For A = %, the affine representation is not irreducible (see below),
and we also need the affine representations associated to (5.18) where GZ\ has
been replaced by @J;t with j = 1 (see also Appendix B.2); the corresponding
affine representations will be denoted by G-.. Finally, we also need the affine

representation based on the trivial representation (i.e. the vacuum represen-
tation), which is also consistent; it will be denoted by £.

5.2.3 Spectral flow

psu(1,1]2), possesses a spectral flow automorphism ¢. On the bosonic sub-
algebra s[(2,R); @ su(2)y, it acts by a simultaneous spectral flow on both
components. Explicitly, we have

o (J3) = I, + %omp , (5.22a)

(i) = o » (5.22b)

o (Kp) = K3, + 5 0mo , (5.220)

7(Ky) = Kyt + (5.22d)

apy apy
o’ (Sy ') = Sm+%w(ﬁ_a) (5.22e)
In addition, the energy-momentum tensor transforms as

0“(Ly) = Ly + w(K3, — J3) . (5.23)

Notice that the simultaneous spectral flow in s[(2,R); @ su(2) keeps the
supercharges integer moded. As we shall see, it will be necessary to include
also spectrally flowed representations into the theory so that the fusion rules
close, see also [60].#” Thus, we are considering the set of representations (for
k=1)

a’(Fy), weZ. (5.24)

As regards the discrete representations and the vacuum representation, we
have in fact the identity

c(L)=2g,, o HL)=g. . (5.25)
Thus, it suffices to consider the spectrally flowed versions of the vacuum,
a’(L), weZ. (5.26)

There is one final complication: since the CFT is actually logarithmic,*® ad-
ditional (indecomposable) representations will appear. This can already be

47The necessity to add spectrally flowed representations of s[(2, R) was first noticed, using
arguments based on modular invariance, in [58].
48In fact, the same phenomenon also appears for psu(1,1|2); with k > 1, see [185,186].
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seen at the zero-mode level, see also Appendix B.2: 6])'\ is not irreducible

for A = j (since it contains D/, as a subrepresentation), but indecomposable.
Hence, we expect that A = 1 will play a special role. In fact, it turns out that
F1,2 is not separately part of the spectrum. Instead, o(%7,2), two copies of
the representation J 5, as well as 0~ !(F} ;) join up to form one indecom-
posable representation, which we denote by 7. Thus, the representations
appearing in the spectrum are in fact

c“(Fr), A#L and 0Y(T), weELZ. (5.27)

While the emergence of the indecomposable representation T leads to many
technical complications, it will turn out that the resulting physical spectrum
is largely unaffected by this subtlety, see also [185,186]. Furthermore, for
many considerations (in particular, for the analysis of the partition function)
we may work with the so-called Grothendieck ring of modules, where mod-
ules related by short exact sequences are identified, i.e.

C~APBE — 0—A—C—B—0. (5.28)

This equivalence relation therefore forgets the indecomposablity of modules.
On this, level T becomes then equivalent to o(F,2) 2 - F1 /2 ® o H(Fy2).
(Similarly, F7,, becomes equivalent to G4 ©2- L @& G_, see the end of Ap-
pendix B.2.) There is no material difference between the A #  contribu-
tions and that for A = % in (5.27), except potentially for a factor of 4 that
will also be resolved below, see eq. (C.73). A more careful treatment of the
indecomposable representations is given in Appendix C.2.

5.2.4 The fusion rules of psu(1,1(2);

Let us next discuss the fusion rules of the theory. For this, we use the well-
tested conjecture that spectral flow respects fusion [187]. More precisely, for
two modules A and B, we have

o (A) x 0™2(B) 2 g™ T2 (A x B) . (5.29)

In particular, since £ is the identity of the fusion ring, this determines the
fusion of ¢™(£) with any representation. Furthermore, it follows that it is
sufficient to compute A x B without worrying about spectral flow.

In order to motivate our ansatz for the fusion of F,, we note that, on the
level of the Grothendieck ring, we have

Fijo~ G4 @2-LBG_o(L)@2- Lo (L), (5.30)
and hence

Frjo X Fija ~ (U(L) ©2- 0 @a*l(z:)) X F1 /2 (5.31)
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> g (F10) D2-F1p Do HF1)) . (5.32)

Assuming that the general structure is similar for generic A, this then sug-
gests that (on the level of the Grothendieck ring, i.e. ignoring indecompos-
ability issues)

Fa X\rfy :U(g/\—ky-&-%)@2'3:?\4-}14-%@0—_1(9:?\-0-}!4-%) , (5.33)

where the dependence on A and y follows by requiring that the J§ eigenval-
ues add up correctly — this requires that the right-hand-side must only de-
pend on A + u — together with the requirement that (5.33) reduces to (5.31)
for A = u = 1. Note that the J charges of the middle term differ by 1/2 with
respect to those on the left-hand-side; since only the fermionic generators of
psu(1,1|2) have half-integer charges, it follows that the middle term has op-
posite fermion number relative to the left-hand-side (and indeed opposite
fermion number relative to the other two terms on the right-hand-side, since
one unit of spectral flow shifts the J3 eigenvalue by 3, see eq. (5.22a)). In
terms of fusion rules, this means that the middle term arises in the ‘odd’
fusion rules, while the other two terms are part of the ‘even’ fusion rules,
see e.g. [188]. This will play an important role in Section 5.4.2.

5.2.5 A free field construction and the full fusion rules

We can in fact deduce these fusion rules (including the correct indecompos-
able structure, see Appendix C.2), using a free field realisation of psu(1,1|2);.
To start with, we have the free field constructions

su(2); @ u(l) =2 complex fermions , (5.34)
s[(2,R)1 @ u(1) = 2 pairs of symplectic bosons . (5.35)

The first equivalence is well-known: if we denote the two complex fermions
by * and P* with « = +, then the su(2); @ u(1)y generators come from the
bilinears ¥*P. The second equivalence was first discussed in [189] and is
probably less familiar. Recall that a pair of symplectic bosons consists of the
two fields ¢ and ¢, whose modes satisfy the commutation relations

[gm/ gn] = 5m+n,0 ’ [Cmr gn] = [5mr gn] =0. (5-36)

(Thus, the fields are bosons of spin 1.) Considering two such pairs &* and ¢*
with a = &, the bilinears ¢* &P generate the Lie algebra s[(2, R); & u(1)y.*
If we consider in addition the (neutral) bilinear generators involving one
fermion and one symplectic boson, i.e. the generators *&# and ¢*¢F, we

“9This is exactly the same construction as described in [140], except that it was interpreted
there in terms of s[(2, R); = su(2) ;.
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obtain eight supercharges. Altogether, we thus generate the superalgebra
u(1,1]2)q

u(1,1|2); = 2 pairs of symplectic bosons and 2 complex fermions . (5.37)

In order to reduce this to psu(1,1|2);, we thus only need to quotient out by
the two u(1) currents u(1); and u(1)y, i.e. we have™

u(1,1)2)q
su(1,112)1 & ———— 5.38
p ( | )1 u(l)u@u(l)v ( )
2 pairs of symplectic bosons and 2 complex fermions

w(luy @ u(l)y
(5.39)

The details and our precise conventions for the free fields are summarised
in Appendix C.1.2. As expected, this free field construction only has short
representations of psu(1,1|2);, since it makes use of only four fermions.

While representations of complex fermions are standard, the fusion rules
of the symplectic boson theory were worked out in detail in [190]. One
should note that even though this is a free field construction, the fusion
rules are highly non-trivial. (In particular, the symplectic boson theory is
also a logarithmic CFT.) Translating the fusion rules of the free fields leads
then to the fusion rules of the psu(1,1|2);-theory, see Appendix C.1

FAxF :{U_l(?”ﬂﬁ)@z'?Aﬂwé@‘T(SFHH;)/ A+u#0,

T, A4+u=0,
(5.40a)
FaxT=02F))@4-c 1 (FN)D6-F\@4-0(F)) Dc*(Fr), (5.40b)
TIxT=0c2(TN@4-cY(T@6-TDd-o(T) D7) . (5.40¢)

In particular, this argument shows that the set of representations given in
(5.27) closes under fusion. As we shall see below, the chiral fields of the dual
CFT come from the representation o(7T), whose fusion with itself indeed
contains ¢(7) again.

One can also obtain these fusion rules from a Verlinde formula; this is ex-
plained in Appendix C.1.6.
5.2.6 The partition function and modular invariance

Next we will demonstrate that these representations give rise to a modular
invariant spectrum, thus making the psu(1,1|2); model also well-defined on

50More abstractly, while su(1,1|2) is a subalgebra of u(1,1|2), psu(1,1|2) is obtained from
su(1,1]2) by quotienting out the ideal generated by the identity, i.e. su(1,1|2) is a central
extension of psu(1,1]2).
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the torus. The relevant modular invariant is the ‘diagonal modular invariant’
with spectrum

He D ¢cm o (F2) ® V() . (5.41)
UL o\

Including the indecomposable module T makes the structure of the Hilbert
space slightly more complicated. In particular, an ideal has to be factored
out to make the action of Ly — Ly diagonalisable and ensure locality [191];
this is again described in more detail in Appendix C.2. Once this ideal is fac-
tored out, and working on the level of the Grothendieck ring (as appropriate
for the discussion of the partition function), the above factor of 16 = 4 x 4
is removed (see the discussion below eq. (5.28)), and the indecomposable

representation just fills in the contribution for A = 1.

To show that (5.41) is indeed modular invariant, we have to determine the

characters of the representations J,. This is done in Appendix C.1 with the
help of the free field realisation (5.39), and leads to (see eq. (C.38))

chio®(5)] (4 7) g% Y w2 D) (5T)

reZA n(T)* ' 642

where our conventions for theta-functions are spelled out in Appendix A 4.
Here x = e>™" is the chemical potential of s(2,R), while y = ¢*™ is the
chemical potential of su(2). In particular, t will play the role of the modular
parameter of the boundary torus of AdS;. The characters are treated as
formal power series and not as meromorphic functions. Indeed, the sum
over r formally leads to the factor

Z xrqfrw — eZ?’liA(f*TZU) Z (S(t —TWw + m) , (543)
reZ+A mez

and thus modular invariance is a somewhat formal property. Note that
this problem is not specific to k = 1, but also arises for generic k in the
original discussion of [60], see Appendix B.4 of that paper. Incidentally, the
delta-functions that appear in (5.43) arise precisely at the points in the 7-
plane where the worldsheet torus can be mapped holomorphically to the
boundary torus, see eq. (74) of [61]. Unlike the situation described there
(where for these values of T there was a pole in partition function), the
partition function localises in our case to these maps, thus suggesting that
the AdS; x S® factor has become topological.

Under modular transformations, the characters transform into one another.
Since invariance of (5.41) under the T-modular transformation is clear, we fo-
cus on the S-modular transformation. As usual in string partition functions,
to get a good modular behaviour, we have to include a (—1)F into the char-
acter. With this, the S-modular transformation of the characters is described
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by the formal S-matrix

S(wA) (W ) = —isgn(Re(T)) e2mi(WAtwh) (5.44)
see Appendix C.1.5 for more details. The fact that the S-matrix depends
on T is typical of logarithmic conformal field theories [192,193], and it will
cancel out once left- and right-movers are correctly combined. The S-matrix
is formally unitary and symmetric. This allows us to deduce that (5.41) is at

least formally modular invariant.

Up to the zero modes, the character (5.42) agrees precisely with the character
of four R-sector fermions and two bosons (where the fermions transform in
the (2,2) with respect to s[(2, R) @ su(2)). Morally, they originate from the
four free bosons and fermions of the free field construction, of which two
bosons have been factored out by the coset (5.39). We should note that, for
generic k, we should have expected to find six bosonic oscillators correspond-
ing to the six-dimensional bosonic subalgebra (capturing the 6-dimensional
space AdS; x S%), and eight fermionic oscillators, one for each supercharge.
Thus the character (5.42) has four bosonic and fermionic oscillators fewer
than in the generic case. (In particular, these representation have therefore
many null-states!) This feature will carry through and is responsible for
the fact that also in the final string theory answer, we will only have four
bosonic and four fermionic oscillators.

5.3 The string theory spectrum

In the final step we now combine the psu(1,1|2); WZW model with the
other ingredients of the hybrid formalism and discuss the physical state
conditions.

5.3.1 Physical state conditions

In addition to the psu(1,1|2); WZW model, we have the sigma model corre-
sponding to My, as well as the ghosts. In this subsection we will first deal
with the ghost contribution.

For any k > 2, we can obtain the physical string spectrum of the hy-
brid string by comparison to the RNS formalism.” The characters of the
psu(1,1]2)y WZW model for k > 2 are known [149], and thus the spectrum
before imposing the physical state conditions can be computed in the hybrid
formalism. By comparison to the known physical spectrum as determined

510ne could also attempt to calculate the physical spectrum directly in the hybrid formal-
ism, using the cohomological description of the physical state condition, but this calculation
seems to be difficult. In fact, even for generic k, this has only been done for the first few
energy levels and in the unflowed sector, see [168].
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in the RNS formalism, we then conclude that the ghost contribution to the
partition function in the hybrid formalism cancels four fermionic oscillators
transforming in the (2,2) of s[(2,R) & su(2), and two bosonic oscillators.>?
Thus, we have for k > 2

n(0)*
V4 t,z;T) = . 5.45
ghost( z T) ﬁZ(Z}Lt} T) 192(2;,5; T) ( )

Since this is independent of k and the ghosts are free fields not interact-
ing with the WZW model at the pure NS-NS point, the ghost contribution
should remain the same also for k = 1. Comparing with (5.42), we note
that at the end of the day only the zero mode contribution survives after
the physical state conditions have been imposed. This will, in turn, be fixed
by the mass-shell condition. We should note that this structure is strongly
reminiscent of a topological theory.

5.3.2 The sigma-model on T*

Let us concentrate in the following on the case where My is described by
the sigma-model on T* with small ' = (4,4) supersymmetry. As discussed
in [126], we actually need a topologically twisted version of the sigma-model.
The topological twist will effectively amount to evaluating the partition func-
tion in the R-sector, for which we then find

2

z+t. z—t.
(55060557 g (0. (5.46)

n(1)°

Here, the two theta-functions account for the four fermions in the R-sector,
which transform in the (2,2) with respect to s[(2,R) @ su(2), and the eta-
functions in the denominator describe the four free bosons. We have also
included the lattice theta-function

on(t)= Y ¢rg”, (5.47)
(p.p)€T 44

2%4 (z,5T) =

which accounts for the non-zero winding and momentum states. Here I'y 4
is the Narain lattice of the torus.

Combining the three ingredients (5.42), (5.45) and (5.46), we see that the
representation () ) contributes altogether

|2

Yo xMgTmTT | ZR (2,5 7T) (5.48)
mezZ+A

52Note that, prior to imposing the physical state condition, the hybrid string has 8 + 4
fermions (8 from the psu(1,1|2)y WZW model and 4 from the T#) but only 6 + 4 bosons.
Thus this is the expected number.
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to the worldsheet spectrum. Next we have to impose the mass-shell and
level-matching conditions, i.e. we need to demand that

w? w h
b —0 = m= 2 s 5.49
osc — W + > m > + - (5.49)

where hs. is the conformal dimension coming from the T sigma model,
and similarly for the right-movers. Thus only one term in the sum survives,
and the string partition function becomes

Zstring(,2) = Z 12278, (2,1 L) . (5.50)

Here, we have performed already the sum over the spectrally flowed sec-
tors.> We should note that there is one additional constraint coming from
the physical state conditions: since the left- and right-movers are both in J,
(for the same A), we have to have

Hose — Mose =0 mod w . (5.51)

We have indicated this constraint by a prime in (5.50). Next we can use the
theta-function identity

.t
ﬂz(Lﬂ.i) — y$%x7% {192(21121) ’ w even, (552)
27w

to simplify the torus partition function (5.46). Thus, we finally arrive at the
complete string partition function

(o) oo
Zewing(b2) = Y. xixiZ{(z,0;5)+ Y xixiZiP (z,0,L), (5.53)
w=1, even w=1, odd

where Z%}If, is the NS-sector version of (5.46), for which the ¢, factors have
been replaced by ¢3. This then reproduces precisely the single-particle par-
tition function of the symmetric orbifold of T#, see [140]. The spectral flow
index w is here identified with the length of the single cycle twisted sector
of the orbifold CFT. We expect the analysis to work similarly for My = K3.

5.3.3 The chiral fields

Given that w corresponds to the length of the twisted sector cycle, the un-
twisted sector arises for w = 1. In particular, the chiral fields of the dual CFT
therefore come from the w = 1 sector, as was already anticipated in [194]

53We have restricted the spectral flow to w > 0, see Section 5.4 below for an interpretation
of the other states.
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and [195]. We also see from (5.49), that for w = 1 the quantum number
m must be a half-integer, i.e. that A = % Thus the chiral fields come in
fact from o (7). While 7 is the indecomposable representation discussed in
Appendix C.2 in detail, this is largely invisible on the level of the physical
spectrum. Indeed, as shown in the Appendix, we have to divide the space
Buez 0™ (T) ® 0™ (T) by an ideal to obtain the true atypical contribution to
the Hilbert space. In the resulting quotient space, we can choose a gauge

such that T becomes the moral analogue of J7 5, i.e.
(Tygrusefixed | oLy @2 L@ (L) ~ Fipn, (5.54)

where £ denotes the vacuum representation of psu(1,1|2);. After the gauge-
fixing, o(T) consists then of the modules £, 2 - ¢(£) and ¢?(£).

The vacuum module £ yields exactly one physical state, namely the vacuum
itself. (Any excited state has positive conformal weight on the worldsheet
and hence cannot satisfy the worldsheet mass-shell condition.) This state
has vanishing spacetime conformal dimension and hence corresponds to
the spacetime vacuum. Thus, as one might have anticipated, the spacetime
vacuum comes directly from a vacuum module on the worldsheet — which
sits however in a larger indecomposable module.

Next, (L) = G4 is part of a continuous representation. In particular, its Ly
spectrum is bounded from below and hence only the ground states of the
representation survive the mass-shell condition. In spacetime, o(£) hence
yields exactly one psu(1,1|2)-representation, which corresponds to a h = }
BPS-representation. The only such representation in the vacuum sector of
the symmetric orbifold are two of the fermions together with their super-
conformal descendants. Accounting for the multiplicity, we thus see that
2-0(L) yields in spacetime the fundamental fields, i.e. the four fermions

and the four bosons together with their derivatives.

Finally, the remaining chiral fields come from the module ¢%(£). Since its
Ly eigenvalue on the worldsheet is unbounded from below, there are many
excited states which satisfy the mass-shell condition. In particular, this is the
sector where the higher spin square (HSS) symmetry generators of [83,84]
sit.

It is also instructive to understand where the exactly marginal operators
come from. In the untwisted sector they sit in the sector

4-0(L)®0(L) Co(T)@0(T), (5.55)

corresponding to the 4 x 4 = 16 moduli which deform the 4-torus T*. The
theory has one more exactly marginal operator that comes from the 2-cycle
twisted sector, and hence arises from

c(L)®c(L) C o*(T)®*(T). (5.56)
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We should mention that each worldsheet representation ¢(£) gives only
rise to one physical psu(1,1|2) multiplet in the dual CFT, and hence each
(L) ®o(L) factor yields four moduli. This structure therefore reflects the
SO(4,5) symmetry of the moduli space of the theory [196].

Finally, it is worth mentioning that T plays also another special role in our
construction: all spacetime (quarter)-BPS states come on the worldsheet
from the spectrally flowed images of 7! This is simply a consequence of
the fact that the spacetime conformal weight of the BPS states is in 37, and
hence they have to come from ¢ (7T) on the worldsheet. (A more careful ar-
gument shows that they cannot come from ¢ (%y).) In particular, the chiral
ring sits entirely in ¢ (7T), which ties together with the fact that @ .5 ¥ (7T)
closes under fusion on itself, see eq. (5.40c). Furthermore, each summand
in (5.54) contains precisely one BPS state, and similarly for the w-flowed
versions.

5.3.4 A subtlety at w =0

Finally, we notice that there are in fact also ‘physical” states for w = 0. Look-
ing back at (5.49) we see that for w = 0 the ground states of psu(1,1|2) satisfy
the physical state condition, without any excitation along either psu(1,1/2)
or T*. (This is a direct consequence of (5.16), and therefore independent of
A.) From the perspective of the spacetime CFT, these states therefore trans-
form as in (5.18). In particular, this representation is non-unitary since it
contains the summand

(GL%J) , (5.57)

which is a non-unitary representation of s{(2, R) (unless A = %). Since (5.57)
is the ‘zero-momentum’ ground state of AdS; x S?, these states are the natu-
ral analogue of the state in, say, bosonic string theory given by

a?y|p=0), (5.58)

which is also physical despite having negative norm. (Here a” ; denotes the
time-like oscillator, and |p = 0) is the ground state with zero momentum.)
These states should therefore be discarded. We note that this is consistent
since the w = 0 states can never be produced in OPEs of physical states with
w > 0, which follows, as we shall see, from the fusion rules (5.66).

5.4 The fusion rules

In the previous sections we have shown that the spectrum of the hybrid
string on AdS; x S x T* with a single unit of NS-NS flux (k = 1) agrees
precisely with that of the symmetric orbifold of T%. However, on the face of
it, it seems that the fusion rules of the worldsheet theory, see in particular
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eq. (56.29), are not compatible with those of the symmetric orbifold theory.
(This issue was already alluded to in [171].) Indeed, the above dictionary
implies that we should identify w with the length of the twisted cycle ¢ in
the symmetric orbifold. However, as was shown in [197-199], the fusion
rules of single cycle twisted sectors at leading order in 1/N take the form

l1+0—1

L] x[]= & 1, (5.59)

(=|01—b5|+1

where /¢ denotes the length of the cycle, and the sum on the right-hand-side
runs over every other value, i.e. {1 + ¢, + ¢ is odd.

5.4.1 The x-basis

In order to see how to reconcile this with the worldsheet description, we
recall from Section 2.2.1 and Appendix B.1 that the representation theory
of the Mobius group of the dual CFT requires us to work in the so-called
x-basis of [60].>* In that ‘basis’ the fusion rules were worked out at the
end of Appendix D of [62], where it was argued that they only lead to the
constraint (see eq. (D.8) of [62])

w<w +w+1, (5.60)

but that the lower bound (that is visible in the m-basis, see for example
eq. (D.7) of that paper) is not present any longer. As a consequence, the
fusion rules of the symmetric orbifold are then compatible with those of the
worldsheet theory.

In the following we want to explain the fusion rules in the x-basis more
conceptually. To start with we recall that the spectral flow in eq. (5.22a)
and (5.22b) can be understood as arising from conjugation by a loop in the
J3 direction [200,201]. Under the action of the spacetime M&bius group
SL(2,R), a state in a spectrally flowed representation is hence mapped to
one in which the spectral flow direction has been conjugated, see also the
paragraph below eq. (D.8) in [62]. Thus there is really a moduli space of
(isomorphic) spectrally flowed representations that are characterised by the
direction of the spectral flow. This direction is described by an element in
the Lie algebra of s[(2,R), and hence transforms in the 3 of sl,.

54As is also explained there, this is not just a basis change of a given representation, but
rather considers certain direct sums of representations. In fact, the x-basis only depends on
j, i.e. the value of the Casimir C = —j(j — 1), but does not fix A; it therefore includes all
representations corresponding to the different values of A. We should also note that in the
m-basis the fusion rules preserve the J3 eigenvalue modulo integers. If the m-basis was the
correct basis for the description of the dual CFT, this would imply that conformal dimensions
in OPEs of the dual CFT would add modulo integers, which is not true in general.
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The above analysis applies directly to the case of unit spectral flow (w = 1).
If we combine two spectral flow automorphisms corresponding to w = 1, we
may in principle choose them to point in different directions. The resulting
spectral flow automorphism thus transforms in the tensor product

393=1®3d5. (5.61)

Note that the special case where the two spectral flow directions point in
the same direction describes the highest weight state of this tensor product,
and hence lies in the 5 of this sly; this is therefore the spectral flow that
should be identified with the w = 2 sector. Recursively proceeding in this
manner we thus conclude that the w-spectrally flowed sector is characterised
by transforming in the 2w + 1 dimensional representation of sl,.

We note in passing that this prescription naturally incorporates the con-
straint w > 0: the states with negative w lie in the same representation
of the spacetime Mobius group SL(2, R) since the conformal transformation

r(x) = —% inverts the sign of w. Indeed, -y induces the inner automorphism
of sI(2,R) corresponding to
Pe =P, Jo=]F, (5.62)

which inverts the sign of w in (5.22a) and (5.22b). This also ties in with the
fact that, as already argued in [62], w > 0 describes the ‘in’-states at x = 0,
while w < 0 corresponds to the ‘out’-states that are inserted at x = co =

7(0).
The fusion rules of the spectral flow (in the x-basis) are therefore constrained
by the representation theory of this sl,, and hence take the form

w1 +wy
[wi] x [wa] = @ [w]. (5.63)
w=|w,—wy|

This selection rule replaces (5.29), which was derived under the assumption
that all spectral flow automorphisms point in the same direction — this is
the situation that arises for w = w; + w,. Together with the shift by 1 in
spectral flow that comes directly from the fusion rules, see eq. (5.40a), the
upper limit of (5.63) thus reproduces (5.60).

Since the different spectral flow directions lead to isomorphic representa-
tions — they are related to one another by an inner automorphism — one
may wonder why one cannot always choose them to lie in the same direction.
The reason why this is not possible is that this is a singular ‘gauge’ choice;
indeed, from the viewpoint of the dual CFT, the spectral flow direction is
related to the position x in the dual CFT since the Mobius group that maps
the ‘in” states at x = 0 to some generic point also rotates the spectral flow
direction. Thus requiring the spectral flow directions to align corresponds
to the (singular) configuration where the points in the dual CFT coincide,
see also the discussion leading to (5.66) below.
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5.4.2 Symmetric orbifold fusion rules

While these fusion rules are now compatible with the symmetric orbifold
answer of (5.59), they do not quite match precisely yet. In particular, the
upper and lower bounds on w are w = wy +wy + 1 and w = |wy; — wy| — 1,
respectively, while from the symmetric orbifold we would expect w = w; +
wy, —1 and w = |wy — wy| + 1, respectively. In addition, in the symmetric
orbifold we have the parity constraint that ¢; + ¢, + ¢ = w; + w, + w is odd,
which is not visible in the above fusion rules.

As regards the second point, we note that spectral flow by one unit changes
the fermion number by one, see e.g. [195]. If we use the convention that the
ground state of the vacuum representation £ is bosonic (as is natural), then
the ground state of 0(£) = G4 C Fy, is fermionic, and hence the ground
state of 0™ (F) ) has fermion number

fermion number [Uw (Fr) } = (-1)¥*t. (5.64)

Here by the ‘ground state” of 0™ (F,) we mean the (spectral flow) of the

affine primaries transforming in the ((‘3%{, 2) of F), see eq. (5.18). Incidentally,
the fermion number may also be read off from the su(2) spin: since the
fermionic generators transform in the 2 with respect to su(2), we note that
the states in 1 are bosonic, while those in 2 are fermionic. Together with the
fact that each single spectral flow exchanges the two su(2) representations,
this also leads to (5.64).

Thus the term ¢®(J,) has the same fermion number as ¢ (F,) x c“2(F)
(and hence appears in the ‘even’ fusion rules) provided that

(_1)zu1+1 (_1)w2+1 — (_1)w+1 , ie. if wy +wy+w = odd . (5.65)

On the other hand, as we have seen in Section 5.3 above, the ghost contri-
bution removes the entire psu(1,1|2); descendants, including the fermionic
zero modes, since only the bosonic zero modes survive, see eq. (5.48). Thus
the physical states all come from ‘bosonic” fields in psu(1,1|2);, and hence
in correlation functions of physical states only the even fusion rules con-
tribute. This then implies that for the OPE of physical states we need to
have wy + wy + w = odd.

This leaves us with understanding the extremal values w = w; + w, + 1 and
w = |w1 — wy| — 1. Looking back at (5.63), it is clear that w = wy +w> + 1
can only arise if the two spectral flow directions point in exactly the same
direction, i.e. it comes from the w = w; + w, term in (5.63).> In terms
of the dual CFT this means that two of the fields are inserted at the same

%The analysis for w = |w; — wy| — 1 is similar since again the three spectral flow direc-
tions all have to align.
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point, which we should exclude. Incidentally, the same issue is also visible
from the viewpoint of [198,199], where it is assumed that the branched
coverings are regular in the sense that the branch points do not coincide; if
we relaxed this condition, w = w; + w, would also appear in the analogue
of (5.63). Thus we conclude that the even fusion rules (that are relevant for
the physical states) are

wi+wy—1
cN(F)xd(F) = P a“(F), (5.66)

w=|wy—wy|+1

where w; + w; + w is odd, and we have suppressed the dependence on A and
u — as we have mentioned before, see footnote 54, the actual representations
of the spacetime Mobius group involve all values of A. This is then in precise
agreement with the symmetric product fusion rules (5.59).

5.5 Summary and Conclusion

In this Chapter, we went on to study the tensionless limit of string theory
on AdS; x S® x T%. We have systematically analysed the hybrid formalism
on the background and studied in particular the tensionless point described
by one unit of NS-NS flux (k = 1). By studying the representation theory of
the relevant affine algebra psu(1,1|2);, we have discovered that only short
psu(1,1]2) multiplets are allowed to survive at this minimum value of the
background flux. This had several important and dramatic consequences for
the string spectrum on the background. First, no discrete representations are
allowed at this value of the flux (which would correspond to conventional
short string solutions). This in particular also implies that there are no string
states originating from the unflowed sector of the PSU(1,1|2); WZW model.
Second, only the ‘bottom of the continuum’, i.e. the continuous represen-
tations with lowest energy are allowed to survive in the string spectrum.
Finally, since the relevant representations are all short, the string spectrum
is much smaller than in the generic case. There are effectively only four
bosonic and fermionic physical oscillators on the worldsheet instead of the
usual eight. We have computed the string partition function for k = 1 and
found that the previous observations conspire such that we obtain precisely
the partition function of the symmetric orbifold Sym™ (T*), thereby giving
strong credence to the idea that the symmetric orbifold is precisely dual to
the k = 1 point with pure NS-NS flux.

Hence, we have brought together several of the observations in [194,195],
and more specifically [140], into a coherent picture of the tensionless limit
of AdS; superstring theory (with NS-NS flux) and its precise equivalence to
the free symmetric product CFT. The evidence for this equivalence consists
of matching, not only the spectra, but also the fusion rules governing vertex
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operators on the worldsheet with the selection rules for correlators in the
orbifold CFT. It will be nice to actually compare a set of three point correla-
tors on both sides such as for the extremal ones of [199] but especially those
of non-BPS operators.

The resulting picture that emerges fits in with many of the expectations one
has on the tensionless limit of AdS string theory. The match of the spectra di-
rectly implies that there are enhanced unbroken symmetries: they arise from
the massless higher spin gauge fields which are dual to the additional con-
served currents in the dual free CFT [74,75,83,202,203]. Indeed, as explained
in [84,85], the tensionless string theory dual to the symmetric product CFT
must have an enlarged stringy symmetry — the Higher Spin Square (HSS)
— which organises the entire perturbative spectrum. We identified, in Sec-
tion 5.3.3, the sector of the worldsheet spectrum which corresponds to the
chiral currents generating the HSS. Given the explicit description that we
have now proposed for the string theory, it should be possible to investigate
the properties of the HSS and its representations from the worldsheet view-
point. We find it quite striking that the dual of the spacetime free CFT is also
given in terms of free fields on the worldsheet. Note that the free field de-
scription on the worldsheet arises precisely at k = 1 whereas the supergroup
sigma model is generically an interacting theory for k > 2. This is perhaps
a reflection of the general phenomenon whereby additional symmetries in
spacetime are mirrored on the worldsheet.

There have been indications from several directions that the tensionless limit
in AdS is a topological string theory. For instance, this is the natural way
in which one can reproduce correlators of a dual free CFT. Thus, in the
proposed general scheme of [204-206] to obtain the string worldsheet theory
from the free CFT, one sees signatures of localisation of correlators on the
worldsheet [207-210], a property common to topological string theories. In
particular, a similar feature was also noticed in [198] in their attempt to
construct worldsheets dual to the symmetric orbifold CFT. It will be very
interesting to connect our worldsheet description with these approaches that
start from the field theory.

As remarked at several places, we see independent signatures of an under-
lying topological string description of our worldsheet theory. We have only
short representations of the worldsheet CFT contributing and as a result
there are no net string oscillator degrees of freedom in the AdS; x S® di-
rections after including the ghost contributions (see eq. (5.48) which has
only the zero mode contributions in these directions). Yet another indica-
tion comes from the worldsheet partition function of the psu(1,1|2); theory
which is formally a sum of contact terms — see eq. (5.43). This kind of locali-
sation to maps which are holomorphic from the worldsheet to the boundary
spacetime torus is seen in A-model topological string theories [211]. It will
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be interesting to relate our worldsheet description to proposals made by
Berkovits et.al. for an A-model topological string dual for the free N' = 4
Super Yang-Mills theory [212-215] (see also [216] for the AdSy case). These
works are similar in spirit to the present case in that they start from the cor-
responding supercoset sigma models. We also note the topological sector of
AdS3 superstring theory studied in [217,218] though their specific proposal,
based on the RNS formalism, appears to be for k > 2.

Other directions also open up through having a worldsheet dual to the space-
time CFT. These include the possibility of much more refined tests of the Ad-
S/CFT correspondence in this background, going beyond tree level in string
coupling. One should also be able to study specific marginal perturbations
away from the free theory and study their possible integrability, thus con-
necting with the growing literature of integrable spin chain descriptions for
this system — see the recent works [219-221] and references therein. Finally,
studying the effect of the specific marginal perturbation which corresponds
to the blowup mode of the symmetric orbifold can shed light on the stringy
higgsing of the higher spin symmetries — see [222] for a study from the
orbifold CFT point of view.



Chapter 6

Spacetime DDF operators and
Liouville theory

After having discussed the tensionless point k = 1 for the pure NS-NS back-
ground AdS; x S® x T#, we analyse now also the case with higher flux. We
also develop the theory further and construct the symmetry algebra of the
dual CFT directly on the worldsheet. We will show that the dual CFT can in
general be described by the symmetric product orbifold

Sym™ ((N = 4 Liouville theory with ¢ = 6(k — 1)) x T4> . (6.1)

At k = 1, the Liouville factor disappears and we reproduce the previous
result. We also show that there is a similar statement for bosonic strings on
AdS3. More precisely, we sow that string theory on AdS; x X are dual to
the symmetric product orbifold of

N . . . 6(k — 3)2
Sym Liouville theory with c =1 + o x X . (6.2)

Since many of the complications of superstring theory are absent in this

example, we start with the bosonic case.

6.1 Bosonic strings on AdS;

As a warm-up to the technically more complex situation with supersymme-
try, let us begin by analysing bosonic string theory on

AdS; x X . (6.3)
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6.1.1 The sl(2,R); WZW model and its free field realisation

The AdS; part of the background can be described by an sl(2, R), WZW-
model. Criticality of the background imposes then

3k
In order to describe the vertex operators of the background, it is useful to
employ the Wakimoto representation of s[(2, R)x. Let us introduce a pair of
bosonic ghosts with A = 1 (see Appendix A.3 for our conventions)

1
pl)y(w) ~ ——, (6.5)
as well as a free boson
1
The free boson has background charge Q = /15 so that the total central
charge equals
6 3k

We then have the Wakimoto representation

Jt =8, (6.8a)

PP =50+ (Br), (6.8b)

I~ = /2(k=2)(0®7) + (Byy) — ko . (6.8¢)

We should mention that treating ® as a free field is only adequate near the
boundary of AdSs, see [147] for a discussion. More generally, it should be
understood as a Liouville field. However, since we are mainly interested in
constructing the boundary CFT, the above description will be sufficient for
our purposes.

6.1.2 Vertex operators

The spectrum of the WZW model consists of affine highest weight represen-
tations of s[(2, R); (whose ground states we label by |j, m)), together with
their spectrally flowed images. In the above free field realisation of sl(2, R ),
the affine highest weight state |j, m) is described by

jm) =  dz a7 eV (z) o). ©9)
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Indeed, this state is annihilated by the positive modes of (6.8a)—(6.8c), and
it transforms under the zero mode algebra s[(2,R) in a representation with
Casimir C = —j(j — 1)

Jo lj,m) = (m+j)ljm+1), (6.10a)
Jolj,m) = mlj,m) , (6.10b)
Jo ljym) = (m—j)ljm—1). (6.10c)

Here j can either be real, in which case we are dealing with a discrete rep-
resentation, and then either m — j € Z>o or m +j € Z<( so that the repre-
sentation truncates. Alternatively, j can also take the value j = 3 + ip where
p € R, in which case the Casimir is still real. In this case, m € Z + A for
an arbitrary A € R/Z and the representation does not truncate (except for

p = % and A = %). These are the continuous representations of s((2,R),

which we shall denote by GA. In the following we shall be treating both
cases simultaneously.

We should mention that the continuous representations with j = 1 +ip
correspond to the usual representations of the Liouville field ®, whereas
the discrete representations with j real describe non-normalisable represen-
tations. Indeed, the conformal dimension of the highest weight state |j, m)
is

h(lj,m)) :—M:—a(a—Q), Q= !

) > (6.11)

where we have written j = §, so that j = 3 +ip translates into & = % +ip.
In fact, this will be a common theme throughout this paper, namely that
the continuous representations on the world-sheet behave much better than
the discrete (non-normalisable) representations. Finally, we should mention
that the representations with j and 1 — j are in fact identified thanks to the
reflection formula of Liouville theory [97].

Spectral flow

We will also need the behaviour of the Wakimoto representation under the
spectral flow automorphism o of sl(2,R);, which transforms the fields ac-
cording to

o (J)(z) = J*(2)zF, (6.12a)
o (P)(z) = JP(z) + 52 (6.12b)

This forces the fields of the Wakimoto representation to transform as

(B)(z) =B(z)z™", (6.13a)

0_w
c?(7)(z) = v(2)z", (6.13b)
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o (0D)(z) = 09 (z) + /2L . (6.13¢)
Applying spectral flow to the affine highest weight state (6.9) thus leads to

lj, m,w) = ]4 dz 27 MeV 22 (2)[0) . (6.14)

6.1.3 The DDF operators

The next step of our analysis consists of constructing the DDF operators
[223], i.e. the spectrum generating operators of the spacetime CFT from the
world-sheet.

The Virasoro algebra

The most generic spacetime generators are the Virasoro generators that can
be constructed following [147]. They can be formulated purely in terms of
the sl(2, R), worldsheet currents; this reflects that the conformal symmetry
of the spacetime CFT is a direct consequence of the AdS; factor. To this end
we make the ansatz

Lo = fdz (as(m)y" P+ (m)y" T +a(m)y" ) (), (615)

where we have introduced the curly £ symbol in order to distinguish the
spacetime Virasoro algebra from the world-sheet Virasoro generators. Here
the exponents of < are chosen such that the s[(2, R)-charges are homoge-
neous. In order for £,, to be a DDF operator, it has to satisfy the following
requirements:

(i) It has to commute with the physical state conditions, i.e. the string
theory BRST operator. In the context of bosonic string theory this re-
quirement is equivalent to the condition that the integrand is a primary
tield of conformal dimension 1. A direct computation shows that this
requires

maz(m) + (m+1)ay(m)+ (m—1)a_(m) =0. (6.16)

(ii) It must not be BRST trivial, i.e. the integrand must not be a Virasoro
descendant. The BRST trivial combination of the integrand is

,ym]3 . %,Ym—l—l]—l— _ %,),m—ll— = %,Ym—la,y , (6.17)

which is a total derivative unless m = 0 (in which case this will only
shift the zero mode Ly by the spacetime identity (6.21), see the discus-
sion in Section 6.2.3). Thus we are free to redefine the DDF operator
by adding a multiple of (6.17).
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(iii) Finally, we may require that the three global (M&bius) generators cor-
respond to the global s[(2, R) charges,

ﬁ():fdzf(z), £,1:7{d2]+(z), £1:fdz]’(z). (6.18)

These requirements admit the following (symmetrical) solution

2 2
(6.19)
By construction, these operators then map physical states onto physical
states. One can directly compute their algebra as

(L, L] = (m—n) Lyin+ %Im(m2 — 1) dmtno, (6.20)

where
7= j{ dz (77197)(z) . (6.21)

We will discuss the meaning of 7 below. For now, we remark that Z com-
mutes with all Virasoro generators £, and is hence a central element of the
algebra. One way to see this is to note that

(L, I] = <?§dzfdw—7{dzfdw> ~197) (w)

2l>fw 2I<lul
((1 _ mZ),Ym]?) + m(mz_ 1) ,Ym+1]+m(m2+ 1) ,)/mfljf) (Z)
= fawf az (— ( W) m(’)/m_lafy)(w)> (6.22)

z—w)? zZ—w
= —mj{dw (v toy) , (6.23)

where the OPE in (6.22) follows directly by inserting the Wakimoto repre-
sentation (6.8a)—(6.8c) and using the free field OPEs (6.5) and (6.6). The
integrand in the last expression is a total derivative for m # 0 and hence

vanishes, whereas for m = 0 the prefactor vanishes. In either case we con-
clude [£,,, Z] = 0.

Kac-Moody algebras

In the superconformal situation to be discussed below, the internal manifold
X will contain an S® factor, which can be described by an su(2) WZW model.
Whenever the world-sheet theory contains a WZW factor, we have an affine
Kac-Moody algebra gy, on the world-sheet whose generators we denote by

(K%, Kb] = kg mé™ 8y no +if0. Koy, (6.24)
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where f®_ are the structure constants of the Lie algebra g corresponding
to the group G. We may then construct DDF operators realising the corre-
sponding symmetry in spacetime via [147]

K2 = fdz (Y"K*) (z) . (6.25)

These operators are BRST invariant and lead to a Kac-Moody algebra in
spacetime with commutation relations

(K2, K8 = kg Zmé™ 8y yno +if " KSyn - (6.26)

Here 7 is again defined by (6.21).

6.2 Higher spin fields in spacetime

In this appendix we explain how to construct DDF operators associated to
the higher spin generators on the world-sheet. Since this construction does
not seem to have been discussed in the literature before, we will be fairly
explicit.

6.2.1 Internal Virasoro algebra

Let us now construct the DDF operators associated to the (internal) Virasoro
algebra arising from X, whose Virasoro tensor we denote by T™(z). We
define the corresponding spacetime Virasoro generators via

LR = §dz (@) 19" ()

+ C;;]{dz ,),m+1 <§(82,Y)2(a,)/)—3 _ aS,Y(a,Y)—Z> . (627)

This definition is a bit formal, but as we shall see it makes sense. In par-
ticular, since dv is a primary field on the worldsheet, the first term in the
definition is a quasi-primary field on the worldsheet. The second term cor-
rects for the fact that 7™ is only quasi-primary and makes the expression
primary. It is essentially the Schwarzian derivative of the transformation
z +— ¥(z). There are no normal-ordering ambiguities in the definition (6.27),
since y(z) has regular OPE with itself (as well as with all its derivatives).

We can calculate the algebra of modes via

3] = f dw § dz @v(2) 7 Or(@) ()" ()
c™/2 2T™(w) = oT™(w)
% ((z —w)*  (z—w)? zZ—w > (628)
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— ?{dw (C83(,)/711—&-1(8,),)—1),)/1—5—1(8,)/)—1
0 12
+28(7m+1(a,)/)1),yn+1(a,)/)1Tm+,ym+n+2(a,y)ZaTm> (6.29)

— faw (P00 e

+ (m — n)ymﬂ“(ay)—le) (6.30)
=(m—-n)Lhy,,+ Cl—zm(m2 —1) fgdw A1

N j‘ﬁ dw 9 (7m+n+2 (i(azﬂz(a?)_‘* - 337(37)‘3» . (6.31)

The last term vanishes upon integration. In the second term, the same in-
tegral which defined the identity, see eq. (6.21), appears. Thus we obtain
indeed a Virasoro algebra. When identifying 7 = w1, we see that the cen-
tral charge equals c™w, but the generators are again fractionally moded as
in the discussion of Section 6.2.4.

6.2.2 Higher spin fields

It should now be clear how to generalise the discussion to an arbitrary chiral
field on the world-sheet. Given a primary field W) (z) of spin s on the
worldsheet, we define its spacetime analogue as

Wi = f dz ((99) 59" WO (2) (632)

Note that this expresses basically the coordinate transformation z — 7(z) of
the field W) (z), except that the coordinate transformation itself is described
by a dynamical field. If the field in question is not primary, one can add extra

terms as we did in the definition (6.27). The commutation relations of W,Sf )
can be computed as follows. First, we note that we can organise the OPE of
W) (z) with another primary V() (w) in terms of Virasoro representations,
i.e. that we can restrict ourselves to the primary fields appearing the OPE.
Thus,

WV = X dz(eutm,m) (97)! 9"+ 1UM) (2) ) + descendants,
u>0

(6.33)
where ¢, (m, n) are at this stage arbitrary coefficients, and we have summed
over all primary fields of spin u appearing in the OPE on the right hand
side. The fields U™ (z) have to appear in this combination with v, since this
is the only combination which is primary and of conformal weight one on
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the worldsheet. Moreover, the exponent of 7 is fixed by noting that -y carries
charge —1 under the s[(2,R) on the worldsheet and hence the number of
7’s has to be conserved in the expression.

In order to determine the c,(m, n), we note that they do not depend on 7,

and hence we can compute them by setting y(z) = z. Then )/V,(ns ) agrees with

the modes W,(ns ) of the worldsheet field, and thus the coefficients are exactly
the same as those that appear in the commutation relations of the algebra
on the worldsheet. We have therefore shown that the commutation relations
of the spacetime algebra are identical to the commutation relations of the
modes of the respective fields on the worldsheet.

The argument we have presented and the definition (6.32) holds in particular
also for the identity field, in which case it reduces to the definition of Z,
see eq. (6.21). Thus, the central terms of the commutation relations are
replaced by Z, which can be identified with the spectral flow parameter w,
as discussed in the main text, see Section 6.2.5.

One can also check that these generators transform indeed as primary fields
of spin s in spacetime,

(L, W,SS)] = (m(s —1) —n) W,Sfln , (6.34)
where L,, is the Virasoro algebra (6.19).

6.2.3 The identity operator

For the following it will be important to understand the structure of the
central extension 7 of eq. (6.21). As we have seen above, Z commutes with
all DDF operators and hence acts as a constant in a given representation
of the spacetime algebra. Since its definition only involves v, its value can
only depend on the given s[(2, R) representation. To determine the relevant
constants, we recall that the highest weight states of the s[(2, R) WZW model
can be described by (6.9)

) =  dzq eV B2 )]0) (635)

in the unflowed sector. Since |j,m) does not contain  (and < has regular
OPE with itself as well as with 0®), it follows directly that Z has trivial
action in the unflowed sector

Zlj,m)y=0. (6.36)
On the other hand, upon spectral flow
c¥(T) = %dz (v '27"9(7z")) (z) =T +wl. (6.37)

Thus, we conclude that 7 acts as w times the identity in the w-th spectrally
flowed sector.
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6.2.4 The moding of the spacetime algebra

Next we want to analyse the structure of the algebra of DDF operators, in
particular, that of the central terms. For this it will be important to analyse
carefully the conditions under which the action of these DDF operators is
well-defined.

Let us first consider the unflowed sector. Because of (6.36) together with
the explicit formula for (6.21), it follows that log(y)(z) can be consistently
defined without branch cut by>®

log(y / dw (17197) (w) . (6.38)
Thus we conclude that

7"(z) = exp(mlog(v)(z)) (6.39)
is a single-valued field for any (real) number m € R.

Next we consider the w-th spectrally flowed sector. Because of (6.13b), the
m-th power of 7 becomes

(@“(7))" (2) = 2"7"(z2) . (6.40)

This therefore defines a single-valued field provided that m € 1Z. Since
it is 9™ that appears in the definition of the various DDF operators, see
egs. (6.19), (6.25), as well as (6.32), we conclude that we may take the mode
numbers of the DDF operators to be fractional, with the fractional part being
determined by the spectral flow,”

w-th spectrally flowed sector: neilz. (6.41)
We should stress that these fractionally moded operators map in general
different s[(2, R) representations into one another. In particular, an oscillator
Z, with mode number n carries charge —n under ]8, and hence Z,, acts on
the continuous representations as

Z,: ¢ el . (6.42)

Thus for n ¢ Z, the two representations are inequivalent, but since both
are part of the world-sheet spectrum, these operators are still well-defined.
Note that for the diagonal world-sheet spectrum (that is appropriate for

S6Gtrictly speaking, this argument only shows that log(y)(z) can be defined without
branch cut in a neighborhood of 0. However, this is all what is needed in the following.

In the unflowed sector we may take n € R. We should remind the reader that the
only physical states (except for the tachyon) that arise from the unflowed sector come from
discrete representations.
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the description of AdS3), the left- and right-moving values of A agree; this
turns out to incorporate the orbifold projection in the w-cycle twisted sector,
see [140,171] and Chapter 5 and the comments below in Section 6.4.4.

We should also mention that on the discrete representations we necessarily
need n € Z (since otherwise the image lies in a representation that is not part
of the world-sheet spectrum). In the following we shall therefore consider
the continuous world-sheet representations; we will comment on the role of
the discrete world-sheet representations in Section 6.2.6.

Untwisting

As we have just seen, the spacetime generators are naturally fractionally
moded when acting in the w-th spectrally flowed continuous representa-
tions, see eq. (6.41). This suggests that these worldsheet representations
give rise to the w-cycle twisted sector of a symmetric product orbifold from
the viewpoint of the spacetime CFT, see also [140,171] and Chapter 5. In or-
der to read off the structure of the underlying seed theory we can ‘untwist’
these generators. Let us explain this for the case of the (overall) Virasoro
generators. We propose to define the untwisted generators L, via

15  k(w?-1

Lo= L7, @1 O s (6.43)
v oW 4w

where m now takes values in Z. While the central term for the original £,

modes depends on w (because Z = w 1), the above correction term ensures

that the £,, satisfy a Virasoro algebra with ¢ = 6k, independently of w.

Indeed, it follows from (6.20) that [,Em, E,m] equals

c oA k ,m /m?
(L, L] = 2mw Ly + SW (ﬁ - 1>W5m+n,o (6.44)
=2mLy+m I; [(w2 —1)+ (m* — wz)] Om+n0 (6.45)
=2m Lo+ m(m>—1) §5m+n,0 . (6.46)

Note that the relation between the two sets of modes in eq. (6.43) has exactly
the same form as for the case of a symmetric orbifold, where the £, modes

act on the covering space, while the Z,, generators are those of the seed
theory, see e.g. [224-226].

The analysis for the other DDF operators is similar. For example, for the
current algebra (6.26), the untwisted generators are defined via

K% =K, (6.47)

SRR
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leading to an affine Kac-Moody algebra of level kg for the seed theory. This
formula generalises directly also to the higher spin DDF operators of Ap-
pendix 6.2: for a primary field of spin s, the untwisted generators are de-
fined via

W = wl=s W) (6.48)

and these untwisted generators then have exactly the same commutation re-
lations as the original world-sheet chiral algebra. Note that (6.47) and (6.48)
are simply the transformation rules of a primary field of conformal weight
s under the map z +— z%, which relates the modes defined on the cover-
ing space to those of the base space. The fact that the correction term in
(6.43) appears is due to the fact that the stress-energy tensor is only quasipri-
mary, and that its transformation rule therefore also involves the Schwarzian
derivative.

The seed theory

The above considerations suggest that the w = 1 sector corresponds to the
untwisted sector of a symmetric product orbifold in spacetime. As a con-
sequence, the DDF operators in the w = 1 sector give describe the chiral
algebra of the seed theory of the symmetric product. The construction we
have discussed so far shows that this chiral algebra contains the chiral alge-
bra of X, together with the overall Virasoro tensor of central charge c = 6k,
under which the primary fields of X transform also as primary fields. In
order to elucidate the structure of this algebra, it is convenient to decouple
the X factor by defining the (coset) Virasoro tensor

L=, -Lcm, (6.49)

where we have subtracted the ‘matter” Virasoro algebra associated to X, see
Appendix 6.2 for its explicit construction from the worldsheet. The modes
of L. commute by construction with all modes of X and lead to a Virosoro
algebra of central charge [53]

L ep—ov— e (g 3K\ _ ., 6(k=3)
c" =6k —cx =6k (26 ) =1+ o (6.50)

Here, we have used that the string background is critical, see eq. (6.4). Thus,
the spacetime algebra is a Virasoro algebra of central charge ¢! together with
the (decoupled) chiral algebra of the internal CFT. We note that the Virasoro
algebra can be represented by a Liouville field with

, k-3
Q=" (6.51)

This will play an important role in the following.

113



6. SPACETIME DDF OPERATORS AND LIOUVILLE THEORY

114

6.2.5 Identifying Liouville theory on the world-sheet

The previous discussion now suggests that the seed theory of the spacetime
symmetric orbifold is given by

6(k —3)?

Liouville with ¢ =1 + )

x X . (6.52)

Since we have already shown that the spacetime theory has the correspond-
ing symmetry generators, it remains to match the spectrum of the two the-
ories. Recall that bosonic Liouville theory is believed to be uniquely char-
acterised by having Virasoro symmetry, together with the full spectrum of
primary fields [94,227].

To match the spectrum, we look at the string theory mass shell condition,
which reads in the bosonic case

where h is the conformal weight of the state in the dual CFT, N the excitation
number on the worldsheet and hi,; the conformal weight of the state in the
internal CFT. For w > 0, we can immediately solve for h,?8 which gives

h:_zx((x—Q) +kw2—4+hmt+N

, 6.54
w 4w w ( )

where we have rewritten the conformal dimension of the s[(2, R ), part using
eq. (6.11). Next we observe that

ala—Q) kw*—4 1 O\2 Q% ku*—4
w + 4w w ((X E) + 4w * 4w (6.55)
1 Q\2, Q% k.,
——%((x—5> + ot (@ 1) (656)
W@ -Q), ¢ .,
=t (@ 1), (6.57)
where we have used that (6.11) and (6.51) imply that
QP =Q%—(k—4), (6.58)
and identified
! : =+ Q 6.59
W -F=(e-3). (6.59)

8This step only works in this manner for the continuous world-sheet representations
since the ]g eigenvalues (modulo one) are not already determined by j, but are parametrised
by the independent parameter A.
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Moreover, we have used the fact that the seed theory has central charge
c = 6k. Thus the spacetime seed theory has exactly the spectrum of (6.52),
where the last term 55 (w? — 1) is exactly the ground state conformal weight
in the w-cycle twisted sector. Furthermore, the continuous representations
on the world-sheet (that correspond precisely to the usual representation of
the Liouville field ®), see the discussion below eq. (6.11), map one-to-one to
the usual Liouville representations of the spacetime Q' theory.

We have therefore shown that the continuous representations on the world-
sheet lead precisely to the symmetric orbifold

a2
Sym™ ( [Liouville with cb =1+ 6(2_;)] X X) (6.60)

in spacetime.

Let us mention that for k = 3, the Liouville part has ct =1, and in partic-

ular there is no gap in the spectrum. This ties in with the observation made
in [194], that there are massless higher spin fields appearing for this special
amount of flux. Contrary to what happens in the supersymmetric setting
Chapter 5, this does, however, not mean that the long string continuum
disappears.

6.2.6 Discrete representations

We end this bosonic analysis with a brief discussion of the role of the dis-
crete world-sheet representations. As we have seen above, the continuous
world-sheet representations lead precisely to the spacetime spectrum of the
symmetric orbifold (6.60), which defines a well-defined spacetime CFT by
itself. One may therefore wonder what role the states from the world-sheet
discrete representations should play?

It follows from the analysis in Section 6.2.5 that the discrete representations
can give rise to physical states that lie below the Liouville gap, see in partic-
ular eq. (6.59). However, the analysis of the discrete representations is some-
what complicated since the ]8 eigenvalue, modulo integers, equals the spin
j, and hence one cannot just solve the mass-shell condition as in eq. (6.54).
As a consequence, the existence of a physical state also depends on the pre-
cise value of hj; (and N). Furthermore, the Maldacena-Ooguri bound [60]

constrains j to lie in the interval (%, k%l)

There are actually two theories with this spectrum for ¢ = 1, one being Liouville theory
and the other being the Runkel-Watts theory [228,229], see [230-232]. From what we have
shown, it is not entirely clear what the correct theory should be. However, Liouville theory
exists for any real k, whereas non-analytic Liouville theory (of which the Runkel-Watts theory
is a particular case) only exists for b> € @, where ¢ = 1+ 6(b +b~1)2. Since we expect a
continuous behaviour in k, it is natural that the correct theory should always be Liouville
theory, also at ¢t = 1.
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Figure 6.1: The spacetime conformal weight in dependence of the internal conformal weight
hint + N.  For definiteness, we have chosen k = 20. Dashed lines indicate the bottom of
the continuum in the respective sector. We have plotted the discrete representation as solid
lines. There are several lines which correspond to the choice of state in a particular s[(2,R)
representation.

We have analysed systematically which spacetime states arise from the dis-
crete representations (as a function of hint + N), and the picture that emerges
is the following,60 see Fig. 6.1: the discrete representations with spectral flow
w lead to spacetime states that either lie inside the continuum — this is the
case for the vast majority of these states — or are a number of isolated states
just below the Liouville gap. (For large k, the distance to the Liouville gap
scales as k.) These isolated states in turn lie above a line that interpolates
between the gaps coming from the w’th and w + 1’st twisted sector of the
symmetric orbifold. The fact that these states lie below the symmetrically
orbifolded Liouville gap will be important below in the susy setting, since
the discrete representations account for the BPS states of the spactime theory
(which are not part of the symmetric orbifold of N/ = 4 Liouville theory).
However, apart from these special cases, the resulting spacetime states do
not seem to correspond to special Liouville representations — in fact, given
that they depend sensitively on the value of hi,: + N, this cannot be other-
wise.

As explained in [62], the discrete representations on the world-sheet lead
to non-normalisable operators in the spacetime CFT that are not really part

60This also ties in with the findings of [195].
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of the spacetime CFT. In particular, not all of their correlation functions are
well-defined; for example, in the unflowed sector the condition for the n-
point correlator to be well-defined (and make physical sense) is that

Y ji<k+n-3, (6.61)

see footnote 19 of [62]. As we have seen above, see eq. (6.59), the dictionary
to the spacetime CFT implies that the discrete representation with spin j =
G corresponds to a field in the spacetime Liouville theory with

W -$=(G-HQ. (6.62)

Thus the above bound (6.61) becomes

Z("‘g_%:ZPK (k+3(n—6)Q=qQ, (6.63)

1

where P; are the so-called Liouville momenta, and we have used that (k —
3)Q = Q'. In the semiclassical limit, k and hence Q’ are large, and hence

Q=v+)'2v, (6.64)

the parameter that appears in the exponential of the Liouville potential.
Thus the condition on the Liouville momenta implies that the Liouville po-
tential dominates over the excitations of the fields in the correlator. This
therefore realises the idea of the quantum mechanical toy model in Sec-
tion 3.2 of [62], and thus nicely ties in with their findings.

6.3 The psu(1,1]|2), WZW model

In the following sections we shall essentially repeat the above analysis for
the supersymmetric setting. We shall concentrate on the case of superstring
theory on AdS; x S® x T*. There are essentially two formalisms for describ-
ing the background, the RNS formalism [60] and the hybrid formalism [126],
see Chapter 3 for a review. The RNS formalism is technically simpler, since
it involves only bosonic WZW models and free fermions on the worldsheet.
On the other hand, the hybrid formalism makes spacetime supersymmetry
manifest. Moreover as demonstrated in Chapter 5, it is well-defined for all
values of NS-NS background flux k, in particular for k = 1. In the following,
we shall actually use a mixture of both formalisms, treating the fields of T*
in the RNS-formalism, and the fields of AdS; x S° in the hybrid formalism.

In the next step we discuss the psu(1,1|2); WZW-model and its vertex oper-
ators. Details about the OPEs are collected in Appendix A.2.
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6.3.1 Wakimoto representation of s[(2,R);,, and vertex operators
We recall from Section 6.1.2 that
jm) = f dzq T e VE®(2)0) (6.65)

defines an affine highest weight state of a 5[(2, R);,» representation.®! These
states can also be viewed as part of a psu(1,1]2) multiplet. Since in the
Wakimoto representation S*+ = p*f, these states are annihilated by all
supercharge zero modes of that form. In order to match the conventions of
Chapter 5, we now shift j by one half, and define

lj,m,0,1) = j{dz 'y_j_m+%e(j_%)\/%®(z)|0> , mezZ+A+3. (6.66)

Here the penultimate entry in the ket indicates the transformation properties
under the R-symmetry su(2)g, while the last entry describes the representa-
tion with respect to the outer automorphism. Thus these states transform

1

in the representation (6’/;2, 1) with respect to sl(2, R) @ su(2)g, but are the
highest weight states of a non-trivial representation of the outer automor-
phism.

We can now find the other vertex operators of the psu(1,1|2) multiplet
by applying the supercharges Sgﬁ . First we consider the four states
Sgﬁ ~|j,m,0,7). Diagonalising the sl(2,R) & su(2)r action leads to the lin-
ear combinations

|j’ mlT’0> = S(_)‘—+_|j’m - %/0’T> -l- SO_+_U/m + %/ 0/ T> 7 (667&)
j,m,1,0)" = (=j+m+1)S7 " |j,m—3,0,1)
+(+m—1)S; " |j,m+1,01). (6.67b)

The states in the first line are the spin up component (with respect to su(2)g)
of the representation (GJA,Z), whereas the states in the second line are the

spin up component of (Gé:l, 2). In the explicit Wakimoto representation, we
thus have

‘]', m, T,O> = (] — %) %dz (9++,),—j—m+1 + 9—+,Y—j—m)e(j—%)\/%©(z)|o> ,
(6.68a)
o 1,0) = (= 1) fdz ((—m— 1)o7t
= (j+m=1)8 )l VER(2)[0)
(6.68b)

We can similarly construct the vertex operators for the other descendants.

INote that the decoupled s!(2, R), algebra is now at level k + 2, and hence k is shifted
by +2 relative to the formulae of Section 6.1.
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6.3.2 The short representation

As an aside we should mention that the above multiplet shortens for j = 1,
which was one of the key insights in Chapter 5. Indeed, (6.68b) becomes null
for j = 3. In this special case, the psu(1,1|2) representation is particularly
simple and the complete list of vertex operators reads (we suppress the label
j = 3 in the following):

m,0,1) = fdz97"0), (6.69)
Im,1,0) = — ?{dz (o+9 4+~ H) o), (6.69b)
Im, 1,0) = — ]4 dz (079" 0797 1) o) , (6.69¢)

m,0,1) = fdz (— 0~ 0 Tyl g TeT T
A AR L 9+79++7—m+1) 0). (6.69d)

We should stress that this shortening happens regardless of the value of k.
While this multiplet is usually not part of the string theory spectrum as con-
jectured in [60], at k = 1 it is the only consistent multiplet Chapter 5. This
follows from the fact that any long multiplet contains a spin > 1 representa-
tion of R-symmetry su(2);, which is not allowed at level k = 1.

6.3.3 Spectral flow

We will also need the behaviour of the Wakimoto representation under the
spectral flow ¢ of psu(1,1|2); (which acts both on sl(2, R), and su(2)). The
generating fields transform under spectral flow as

o (pF)(2) = 22 P (z) (6.70a)
oV (0%F)(z) = z~2(F~2)gab (z) (6.70D)

o (B)(z) = B(z)z7", (6.70¢)

c?(7)(z) = v(2)z", (6.70d)
oV (0®)(z) = 9d(z) + /52, (6.70e)
o (XE)(z) = XK*(2)z*7, (6.70f)
(K3 (z) = K3 (z) + K2 . (6.70g)

6.4 The spacetime symmetry algebra

In this Section we define the boundary symmetry generators for the back-
ground AdS; x S® x T* following [147,164,233,234]. These boundary sym-
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metry generators are DDF operators [223] that commute with the BRST op-
erator and map physical states to physical states. We will first show how to
construct the operators that realise an extended spacetime A = 4 algebra.

In the following it will be convenient to treat the torus excitations (that are
independent of k) in the RNS formalism, while the AdS; x s3 part will be
analysed in the hybrid formalism. This then also remains well-defined at
k = 1 (where only the AdS; x S® part becomes ill-defined in the RNS formal-
ism).

6.4.1 Spacetime operators in the RNS-formalism

We begin by constructing the spacetime operators for the torus directions in
the RNS-formalism. Since these are independent of k, there is no need to
invoke the hybrid formalism for them. In any case, we can always rewrite
them in terms of the hybrid variables if we want to.

Free bosons
The spacetime operators for the free bosons of the torus are given in the
canonical (—1)-picture as

o = faz ey, 0B = fazte . 671)

One readily shows that these operators are BRST invariant under the BRST
charge (3.19). Indeed, since the integrand has conformal weight h = 1, it is
invariant under the bosonic piece Qo (3.20). On the other hand, both Q; and
Q> have regular OPEs with the integrand.

For the following it will also be convenient to evaluate these operators in the
(0)-picture, where they become

axV — o f dz G_1 2 (A%"™)(2) 6.72)
= f dz (9x*y" — %A"‘ (29" — ot — wwm*)) (z), (6.73)

and similarly for the barred bosons. These generators satisfy then the com-
mutation relations®?

X", 08P = —nePTl?) (6.74)
where we have defined
70 = j{ dz (7""197)(2) . (6.75)

©2This is most easily evaluated by taking one of the generators in the (—1) picture and
the other in the (0) picture, and then changing the picture, but one can also work this out
directly with both of them in the (0) picture.
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For m # 0, the integrand is a total derivative and vanishes, and thus I,(no) =

1 61,0, where T is the ‘identity” operator that was already introduced in the
bosonic analysis, see eq. (6.21). Thus we arrive at

X, 08P = 16y e T . (6.76)
Of course, this relation now holds in any picture. Similarly, one checks that

PO x VP =0, pPAYY VP =0. (6.77)

Free fermions

Next we come to the fermionic operators. The free fermions are best con-
structed in the canonical (—1)-picture, where the relevant vertex operators
are given as®®

—1 1 1 ( 1 1 1
A1(’ 7 — k1 j{dz <e§H1+%H2*%H3+§H4*§H5*%,yr+§
—1H+H,+4H3+1H,—1Hs— 2 r—1
+e 2 2 2 2 2 4772, (6.78)
and similarly for the complex conjugates
_ (=1 1 1 1 1 1
A£ 2)“ — k—z ‘%dz <e§Hl+%H2_%H3_§H4+§H5_% 7’+§
—1H\+4Hy+$H3— Y Hy+ 3 Hs— % r—1
+e 2 2 2 2 2 272, (6_79)

Here a will be an R-symmetry index, and we have suppressed the cocycle
factors that are necessary for locality. These vertex operators (anti)commute
again trivially with Qp and Q. To demonstrate invariance with respect
to Qy, one has to show that G(z) has no (z — w)~3/? singularity with the
integrand. There are two potential contributions to this singularity, one
arising from the cubic fermion terms in (3.14), and one from the contraction
of the s[(2,R) part in the first line of (3.14) with the 7’s in the integrand of
(6.78) or (6.79). As it turns out the two contributions cancel precisely, thus
proving that these operators are indeed BRST invariant. Furthermore, since
the exponents of the H; involve an even number of (—)-signs, the operators
also respect the GSO projection.

The anticommutators of these fermionic operators can be computed directly,
and one finds

(AP APy o, (6.80)

63Gince they describe spacetime fermions they come from the R-sector on the world-sheet;
their structure can then be read off from (3.26a) and (3.26b).
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A(-2)e 7 (=2)B
(A2 APy g, (6.81)
Ly < (=1 P
{A£ %) ,Ag %)/3} — %dze (p(w—i-,)/—o—s—i-l 21P3 r+s+lp—,yr+s—1) (Z)
(6.82)
= b7V (6.83)

where we have used picture changing in the last step.64 Thus, the fermions
behave as free fields in spacetime.

6.4.2 The spacetime operators in the hybrid formalism

Next we want to construct the spacetime N/ = 4 algebra whose supercharges
will transform these boson and fermion fields into one another. Since the
superconformal symmetry arises from the AdS; x S® part of the background,
we should now switch to the hybrid formalism.

The Virasoro algebra

Let us begin with the spacetime Virasoro algebra that was already (in the
zero picture) given in [147]

fdz ]37n+ (n— 1]+ n+1+ ﬂ+1 ]7 n— 1) (Z) . (6.84)

Incidentally, this formula is the same in the NSR and the hybrid formalism
— the calculations of [147] were done in the RNS formalism — since the
sl(2,R); currents J* are the same in both descriptions.®®> A direct computa-
tion similar to the bosonic case shows that

L, L) = (m—n)Ly)

m-+n

k
+5m(m® = 1)L, (6.85)
where I,(no) = 7 b, is again given by (6.75). One also checks that the space-
time free fields from the torus transform as primary fields of conformal
weight 1 and % (for the bosons and fermions, respectively) with respect to
this Virasoro algebra, which is the analogue of (6.34).

The supercharges

Next we want to find the DDF operators for the supercharges. In the (—1/2)
picture they are given as

64Gtrictly speaking, since we have not kept track of the cocycle factors, our calculation
only shows that the last anti-commutator is given by the right-hand-side up to a sign (which
could in principle also depend on « = —f). However, given that « and B are spinor indices
with respect to the outer su(2) symmetry, the dependence must be proportional to e*f.

%These generators describe spacetime symmetries, and hence should agree. One can also
check this explicitly by inserting (3.29a) and (3.29b) into (3.34a).
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gr(—%)aﬁ — fdz ((r— 1)eiHitiHats Hy+ b Hy+ G Hs =4 o r+
+ (r+ L)e tMit3H-§Hy+ bHu b= %)(Z), (6.86)

We have written this formula in terms of the RNS fields since then the ex-

1 o+
pressions are simpler (and more symmetrical). Note that for the QJF B/2

generators, the integrand is equal to pf*, see (3.29a), and hence these gen—
erators also have a simple description in the hybrid formalism; the G% 5/2
generators are more easily described in terms of the hybrid fields in the

(+3) picture, see below.

One can again check that these operators commute with the BRST charge
and preserve the GSO-projection. Furthermore, they indeed transform the
bosonic and fermionic spacetime operators into one another, i.e.

{gr “’B A "r} a,anrJ,»s) 7 (687)
G 00T = mePrAl 2, (6.88)

and similarly for the barred free fields.

In order to confirm that the supercharges generate the N' = 4 supercon-
formal algebra, it is convenient to take the supercharges G* in the (—%)
picture, and the supercharges G¥~ in the (—f—%) picture. Applying picture

Ly
changing on Q(ilz)“ gives rise to (3.34d) with two extra terms,®
2

Dya
g2

2

= +8F (6.89)
= £S5 £ fdz <]ojF“ep(E))_("~I’+ —9X ¥) + %p”bep> , (6.90)

where we have now written the generators in terms of the hybrid fields. We
should mention that the two extra terms will not modify the psu(1,1|2)
algebra.

The expression for general mode number r can be obtained by taking the
commutator with the Virasoro generators, and one finds

G = faz ((r+ DSy b (r- DSy

+ (1’ )(2]39 o r—i +2]39+zx H—% _ ]+9—¢x,)/+%
— ] 6 tx,yr 2 ]+9+¢x,yr+2 _I*Qﬂc,),rf%)) , (6_91)

Thus the Wakimoto representation (3.34d) essentially implements picture changing.
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i.e. there are further correction terms that are spelled out in the second and
third line. Incidentally, this expression can also be obtained directly by ap-
plying picture changing to the expressions for the supercharges in the (—3)
picture.

The spacetime su(2)-currents

With these expressions at hand we can now calculate the anti-commutators
of the supercharges, and thereby read off the form of the spacetime affine
su(2) algebra generators,

K}S?)a _ ?{dz <Ka,),m _ %(Ua)aﬁ(s+a+9+ﬁ,ym+l + S—zx+9—ﬁ,),m—1
+§tatgBam 4 S*‘”e*ﬁym)) . (6.92)

This agrees with what one obtains from [147], upon rewriting the RNS fields
in terms of the hybrid fields.

6.4.3 The complete spacetime algebra

It remains to check that the generators (6.84), (6.86), (6.90) and (6.92) satisfy
the (anti-)commutation relations of the small N' = 4 algebra,

(Lo, L] = ETm(m? = 1)6yino + (m—1)Loin , (6.93a)
(Lo, GXF] = (Am—1)G. (6.93b)
(L, Ki] = —nK5 0 s (6.93¢)
K3, K] = KT mbuinp , (6.93d)
5w K] = £ (6.93¢)
(Ko K] = kI Mbuinp +2KC5, (6.93f)
(K5 GF) = 30, 6L (693g)
(G, GIY = k(P = D) 1ePT 6,0+ TP L, + (r — 8)eP (02) KL

(6.93h)

and this turns out to be the case. Furthermore, the free boson and fermion
fields extend this algebra to the so-called extended small A = 4 algebra,

(GHP A1} = &7(0x),,, (6.94a)
GF,020) = mePTA%,,, (6.94b)
{GIP, AT} = e (02)F, (6.94¢)
GF, 0] = mePY A%, , (6.94d)
(DX, 0.8 = meP T Sy, (6.94e)
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(A8 AL} =P To,gp. (6.94)

We have checked these relations in specific pictures, but they remain then
also true in general (and we have therefore not written the picture numbers
explicitly). We should also mention that the identity operator Z commutes
with the N = 4 generators and the free fields, and that the free fields trans-
form as Virasoro primaries.

6.4.4 The action of the spacetime algebra on physical states

As in the bosonic case discussed in Section 6.2.4 it remains to understand
the values the various mode numbers can take. The argument that was
given there continues to hold essentially unmodified — the < field has the
property that o™ is single-valued for any m € R, see eq. (6.39). Given the
form of the spectral flow on v, see eq. (6.70d), as well as the form of the
various DDF operators, it follows that the mode numbers of bosonic DDF
operators may be taken to lie in®

w-th spectrally flowed sector:  n € 17, (6.95)
while the condition for the fermionic generators is instead
w-th spectrally flowed sector: relz+3. (6.96)

This is again reminiscent of the fractionally moded algebra in the symmetric
orbifold [235], and indeed the untwisting that was done in the bosonic case,
see Section 6.2.4, can be similarly performed. As in the bosonic case, the

DDF operators map then different continuous representations Gf\ into one

another, see eq. (6.42). While both GA and C?].A_n are part of the world-sheet
spectrum, there is actually a non-trivial constraint in that in the ‘diagonal

modular invariant’ we are considering, only the combinations €, ® € ap-
pear in the Hilbert space, i.e. the left- and right-moving A always agree.
This means that, in order to map physical states to physical states, we need
to combine left- and right-moving DDF operators such that the total left-
and right-moving mode numbers differ by an integer (for bosons). This con-
dition reflects precisely the orbifold invariance condition of the spacetime
CFT [140,171] and Chapter 5.

6.5 The symmetric product orbifold

As we have seen above, the spectrally flowed continuous world-sheet repre-
sentations give rise to the different single-cycle twisted sectors of a symmet-
ric orbifold. In the previous section we have identified some of the gener-
ators of the corresponding seed theory; in particular, we have shown that

7For w = 0 the modes can a priori take any real value.
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the seed theory contains the extended small N = 4 superconformal algebra
with ¢ = 6k, see eq. (6.93a). In this section we show that the full spectrum
generating algebra of the spacetime CFT is

small \/ = 4 Liouville with ¢ = 6(k — 1)} ® T, (6.97)

In particular, for k = 1, the Liouville part vanishes and we recover the sym-
metric orbifold of T* Chapter 5, see Section 6.5.5 below.

6.5.1 The T* algebra

The first step of our argument consists of separating out the torus degrees
of freedom from the rest (which is the A/ = 4 analogue of (6.49)). In order
to do so, we note that we can construct small ' = 4 generators out of the
free fields as

(K&)m = 3(0")ap(AAP),, (6.98a)
(G3F), = (A"9.XP), — (A%2XP), , (6.98b)
(Lps)m = eap(@X“DXP),, + eap (OA*AP), — (A*IAP),) . (6.98¢)

These generators satisfy the small ' = 4 algebra with ¢ = 6. We can then
decouple the T* part from the small N/ = 4 algebra by considering the dif-
ferences L, — (L4 )m and similarly for G, P and KC4,. These difference satisfy
again the small N' = 4 algebra, but commute with the torus modes. This

shows that the chiral algebra of the seed theory of the symmetric product
orbifold is

[small N =4 withc=6(k— 1)} @ 4 free bosons and 4 free bosons . (6.99)

6.5.2 AN =4 Liouville theory

Next we want to show that the first term should be thought of as N = 4
Liouville theory. Since N' = 4 Liouville theory is not very well known, we
briefly review its main features below.

We start by recalling that bosonic Liouville theory is a marginal deformation
of a single free boson (with background charge). Similarly, N' = 4 Liouville
theory can be constructed starting from an N' = 1 supersymmetric WZW-
model based on SU(2) x U(1) [53,70,236,237], together with some back-
ground charge for the U(1) factor so that the total central charge is ¢ = 6x.
(For the application we have in mind, we will later identify x = k —1.) We
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denote the generating fields by®
¢, 9¢ and J°. (6.100)

Here, d¢ is the bosonic generator of the U(1) factor. The indices « and B
are spinor indices while a is an adjoint index of su(2), and the currents J*
generate the affine su(2) algebra at level x — 1. Our conventions for their
OPEs can be found in Appendix A.2.3. The chiral algebra has actually large
N = 4 superconformal symmetry, but it also contains a small A/ = 4 algebra
[70,237], whose generators take the form

1
T= = (PP+10YT + J*))+ Searepsd Py

K
a 99+ —————3%p, (6.101
I CESY) ¢, ( a)

(= (o) (17 + 30 P
+ %(‘Tu)ﬁﬂ(fﬁ)al[’m + Ka#’aﬁ) ’
(6.101b)
Ko = Jo g jla (6.101¢)

G = *(3901#""3 )+

3

Vi+1

where the fermionic currents are

Joe = i(%)mgﬁzs(lﬁaﬁw‘s) and "= %M(‘Tﬂ)ﬁé(‘/’aﬁlpm' (6.102)

The vertex operators of this theory can be described by

1 2p—i
o VA BP9y, (6.103)

where p € R, and V, denotes the su(2),_1 primary of spin /. It has confor-
mal weight

w+%f+p2+x—1

h = 104
k+1 4 (6.104)
In particular, the lowest conformal dimension of spin £ is therefore
e+ D k-1
avs — (Ha)  x ) (6.105)

T k1 4

above which there is a continuum of conformal weights. Here the su(2) spin
{ takes values in {O, 5reees KT_l}, in agreement with the unitarity bound for
the small N = 4 superconformal algebra [238].

%These fields should not be confused with the world-sheet fields we were describing
earlier: from now on we shall only talk about the fields of the (seed theory) of the spacetime
CFT. We use the same symbols as before since this is the usual convention for A" = 4 Liouville
theory.
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The above discussion applies to the NS-sector. In the R-sector there is an
additional contribution from the ground state energy of the four fermions,
whose zero modes generate the su(2) representation 2@ 2-1. As a conse-
quence, the value of the su(2) spin ¢ is shifted by one unit, and the gap in
the R-sector is
R P+p? L= 1
£ k1 4

+ (6.106)

I

In the R-sector, the su(2) spin ¢ takes values in {%, 1,...,5}

6.5.3 Identifying Liouville theory on the world-sheet

In the bosonic case, Liouville theory is believed to be uniquely characterised
by having Virasoro symmetry, together with the full spectrum of Liouville
tields [94,227]. It is tempting to speculate that a similar statement should be
true for N = 4 Liouville theory. Since we have already shown that the first
factor has small N = 4 superconformal symmetry, it only remains to show
that the world-sheet theory gives rise to the full spectrum of Liouville theory.
Since the single-particle perturbative part of the spacetime theory only has
a NS-sector, we need to show that the spacetime spectrum exhibits the gaps
(6.105), together with a continuum above. Similarly, we show that the same
is true for the twisted sectors of the symmetric orbifold (where for even
twist w we also need the R-sector ground state energy (6.106), see [140].)
This mirrors then precisely the analysis of Section 6.2.5 for the bosonic case.

In order to establish this, we first note that the restriction of the su(2) spins
to ¢ € {0, %, ..., 521 is correctly implemented in the world-sheet theory,
since the bosonic su(2) algebra (which we denoted by X* above) is at level
k — 2. To determine the gap predicted by the world-sheet theory, we simply
have to solve the mass-shell condition on the worldsheet for a continuous
representation. In the w spectrally flowed NS-sector, it takes the form [140]

1., .2 2
it kw=  ((0+1) 1
4 — _ = —
o+ S 5 (6.107)

where the first term comes from the Casimir of the sl(2, R);.;, representation,
the next two terms arise from the spectral flow and the last term is the
su(2)_o ground state energy. Finally, the right-hand side is the appropriate
normal ordering constant in the NS-sector. Here, /i denotes the spectrally
flowed ]S’ eigenvalue, which corresponds to the conformal weight in the
dual CFT. From this, we solve

(C+3)°+p  kwP-2 _ ek ANS 2

— 2 _ =t
h= wk 4w _24w(w D+ w +

L (6.108)
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which matches precisely with (6.105), provided that x = k — 1. This state is
allowed to exist only for an odd unit of spectral flow, because of the GSO
projection.®

For even spectral flow, we have to apply another fermion, which we take to
be x*, ,, i.e. the positively charged su(2) fermion. The mass-shell condition

then reads L
itp kw? L(0—1) 1 1
1 _ = — ==
r hw + i T T35 (6.109)
where / is the actual su(2) spin of the state. (Since we have applied x*, /27
it differs by one unit from the spin of the ground state, which is therefore

{yp = £ — 1.) Solving the mass-shell condition yields now

R
(=) +14p ko ek, Ay
e T T Ve

p?

— +— . (6.110
wk * 4w ( )
This matches with the R-sector ground state energy of Liouville theory, us-
ing that the symmetric orbifold in even twist sectors behaves effectively as
in the R-sector, see [50,235]. Note that the additional contribution +ﬁ in
(6.110) comes from the fact that also the additional T* in (6.97) is now in the
R-sector for which the ground state energy is ;. Furthermore, the su(2) spin
{ is shifted by 1 with respect to pure Liouville theory, because of the addi-
tional zero modes of the torus theory T*. Thus, the representation content

matches exactly.

6.5.4 Spectrum generating algebra

So far we have only shown that the w-spectrally flowed continuous repre-
sentations give rise to a spacetime spectrum on which the w-cycle twisted
sector operators of the generators in (6.97) act. Now we want to show that
these twisted sector operators generate in fact the entire spectrum.

We shall first consider the case k > 2; the case k = 1 will be discussed sep-
arately in the following section. For k > 2, the argument works essentially
as in flat space. For k > 2, we have 8 bosonic and fermionic DDF operators
as follows. For the bosonic operators, 4 of them come from N = 4 Liouville
theory (namely from the J* and d¢ in (6.100)), while the other 4 are the 4
torus modes. For the fermions, we have 4 fermionic generators from N = 4
Liouville theory (namely the ¥*f in (6.100)), while the other 4 generators are
the 4 torus fermions.

These DDF operators can now be compared to the world-sheet description.
The matching of the fermions is straightforward since they define free fields

®Here we have only spectrally flow in the s(2,R) sector; then the GSO projection de-
pends on the cardinality of the sepctral flow, see e.g. [195].
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(and hence do not contain any null-vectors). As regards the bosons, we
have before imposing the physical state conditions, 10 bosonic generators
on the world-sheet: 3 from s[(2);,2, 3 from su(2);_», and 4 from the torus.
s[(2,R)x4o does not have any null-vectors (for k > 2), and hence the physi-
cal state condition removes two of the bosonic generators, leaving essentially
one boson behind (that we may identify with d¢ in (6.100)). The su(2);_»
generators of the world-sheet can be directly identified with the su(2),_q
generators of (6.100) — in particular, their characters agree precisely, includ-
ing null-vectors — while the remaining 4 bosons are torus bosons in both
descriptions. The fact that our DDF operators generate the entire spectrum
then follows by the usual character argument. This is to say, we can easily
calculate the character of the physical spectrum from the world-sheet, and
it manifestly agrees with the corresponding character of the DDF operators.
This works separately for each w, and for each ground-state representation.
Thus the DDF operators we have constructed generate the full spacetime
spectrum.

6.5.5 Thecaseof k=1

The case k = 1 is very special. In particular, the Liouville part of the seed
theory (6.99) now has ¢ = 0, and we would expect that it vanishes entirely
from the spectrum. In fact, this is precisely in agreement with what was
shown in Chapter 5, where we determined the world-sheet characters at k =
1, and demonstrated that they are generated by 4 free bosons and fermions.
Thus we should only expect to have 4 + 4 DDF operators, and these are
precisely the ones associated to T* (that will always exist). Furthermore, at
k = 1 the continuous representations account for the complete worldsheet
theory, since there are no discrete representations on the worldsheet in this
case Chapter 5. In view of the discussion in Section 6.2.6, this also has a
natural interpretation from the dual CFT perspective: since the Liouville
part is absent, there are no new fields propagating in intermediate channels
and hence no additional representations should appear in the symmetric
orbifold.

We should emphasise that relative to Chapter 5, where ‘only” the spectrum
was matched, we have now established that the algebraic structure of the
spacetime theory is indeed that of the symmetric orbifold of T*: we have
shown that the spacetime CFT contains the spectrum generating operators
of the symmetric orbifold with the correct commutation relations. This es-
sentially amounts to proving that the spacetime theory is indeed the sym-
metric orbifold of T*.



6.6. Summary and Conclusions

6.6 Summary and Conclusions

In this Chapter, we have continued our study of the background AdS; x S x
T* and in particular its tensionless limit described by k = 1. By considering
a complete set of DDF operators, we have shown that the spacetime theory is
given by a symmetric orbifold of Liouville theory together with the internal
CFT. We have established this for bosonic string theory on AdS; x X, as well
as for superstrings on AdSz x S3 x T*%: in the latter case, the dual CFT is the
symmetric orbifold of the product of A" = 4 Liouville theory with the T*
theory. We have moreover seen that the k = 1 limit comes about naturally,
since in this case the N/ = 4 Liouville part (together with its long string
continuum) disappears.

This gives a fairly complete picture of holography on AdS; with pure NS-
NS flux. The background is indeed ‘singular’, but this does not hinder the
existence of a well-defined dual CFT. In the general case, the proposed dual
CFTs contain also a continuum of states, and in particular the vacuum is non-
normalisable. As we have seen, the entire spacetime spectrum is accounted
for by the continuous representations on the world-sheet. We have argued
in Section 6.2.6 that the discrete representations on the world-sheet give rise
to non-normalisable operators in the dual CFT that are not directly part of
the CFT spectrum, see also [62].

While our discussion in the bosonic case was general, we focused on the
specific example of AdS; x S® x T* in the supersymmetric case. This is
because the fermions couple the AdS; factor to the rest of the background,
and one cannot easily treat the general case uniformly. For instance, in the
case of K3, the spacetime theory has also small N = 4 supersymmetry and
at least at the orbifold point of K3, one easily sees that the general answer
for the dual CFT will be

sym" (| = 4 Liouville with ¢ = 6(k —1)| & K3) . (6.111)

In particular, for k = 1, one simply recovers the symmetric orbifold of K3
[239].

It is interesting to note that the seed theories of the dual CFTs we have given
are essentially the Drinfel’d Sokolov (quantum Hamiltonian) reductions of
the respective worldsheet theories, in close analogy to the higher spin setting
[240]. Indeed, it is well-known that the quantum Hamiltonian reduction of
s[(2,R)y yields Liouville theory with central charge [241]

B 6 . 6(k—1)?
which differs by 24 from (6.50). This is related to the fact that in bosonic
string theory, the ghosts contribute central charge ¢ = —26, whereas in the
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quantum Hamiltonian reduction, they only contribute ¢ = —2. Thus, while
our construction is certainly related to quantum Hamiltonian reduction, it
is not exactly clear what the precise relation should be.
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Chapter 7

AdS; x S® x S3 x S?

In this chapter, we explore the background AdS; x S3 x S3 x S, which sup-
ports large N = (4,4) spacetime supersymmetry. We will develop a hybrid
formalism for the background. We will see that a similar phenomenon oc-
curs as in the background AdS; x S* x T*: When one of the fluxes through
the three-spheres attains its minimal value, the long string continuum dis-
appears. We will show that the background with one unit of NS-NS flux is
precisely dual to the symmetric orbifold of the WZW model on the space
S3 x Sl In the higher flux case, we demonstrate in the same spirit as in the
previous chapter that the theory admits a dual description in terms of the
symmetric product orbifold of a large N/ = 4 Liouville theory.

7.1 The worldsheet theory

In the RNS-formalism, the worldsheet theory is described by the WZW-
model
sl(2, ]R),({l) 69511(2),&) @511(2)]({1,) ou(1)l, (7.1)

together with the usual superconformal ghost system. Here, g,((l) denotes

the ' = 1 superconformal affine algebra of g at level k. Criticality of the
background requires the three levels to be related according to

1 1 1
=t (7.2)
As is well known, the fermions of this algebra can be decoupled, leading to
sl(2, IR)](:) = 51(2,R)g12 @ 3 free fermions , (7.3)
5u(2),(<1i) = s5u(2)gs_p @ 3 free fermions . (7.4)

We shall denote the decoupled currents by 3 and KH)1 with levels k + 2
and k* — 2, respectively. Here, a € {+, —,3} is an adjoint index of s[(2,R)
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or su(2). Similarly, we denote the corresponding fermionic partners as ¢*
and x(*)?. Finally, the free boson of the S' will be denoted by d® and the
corresponding fermion by A. The relevant commutation relations are spelled
out in Appendix A.2. The N = 1 superconformal currents on the worldsheet
are defined by
1
1) = (=8P +3@°0 +378) + 9% — L oy +y o))
L1 (g<<+)39<(+)3 (I g

k+
— X(+)3ax(+)3 — %(X(+)+ax(+)7 _|_ X(+)7ax(+)+))

| =

+ = (g{(—)3g<(—)3 + %(g{(—)+g<(—)— + g{(—)—j((—)+))

1 1

+ E(aobacln) 5 (AoA), (7.5)
Ge) = — (~ 29+ 1ET 9 +a ") — HwPyty)

_ ki+ (g<<+>3x(+>3 (I R g x‘”*))

_ k% (j{(—)3x(—)3 S K(‘)‘x(‘”))

_ (ki)z (3P (=) — (kl)zkl-(x(”x”*x“)

+ %(acb)\) : (7.6)

The N = 1 superconformal structure on the worldsheet allows us to define
the BRST charge as

OBRrsT = ]{dZ (C(T—|— %Tgh) + ’)/(G + %Ggh)) . (7.7)

Here, T8" and G8" are the NV = 1 generators of the superconformal ghost
system; this consists of a bc system with A = 2 and a By system with A = %,
whose OPE’s we take to be (see also Appendix A.3)

1
b ~ ~ — '
(Ee(w) ~ 2, plEkr(@) ~
In these conventions, the A" = 1 superconformal algebra of the ghost system
is then

(7.8)

Tgn(2) = —2b(3c) — (3b)c — 3B(39) — 3(9B)7 , (7.9)
Ggn(z) = (9B)c +3B(3c) — 3b7 (7.10)

which realises the N’ = 1 superconformal algebra with central charge ¢ =
—15.



7.2. The hybrid formalism

7.1.1 Bosonisation

In order to relate this description to the hybrid formalism it is convenient to
bosonise the fermions as

IHi(z) = L(pTP (), IH(z) = ()G, (711a)
9H(z) = V%(wﬁwﬁ)(z), IHi(z) = = (A ) (@), ()
dHs(z) = i ki_(AXHS)(z). (7110)

This bosonisation scheme reduces to that of the previous chapter in the limit
v — 1, in which the geometry degenerates to AdS; x S® x T*. The bosons
are normalised as

el (7.12)

We also choose the same bosonisation of the superconformal ghost system
(the By system) as there, i.e. we write

aHl(z)aH](w) ~

B(z) = e*#’(Z)JrX(z)aX(Z) , v = e?@xE) (7.13)

where the two bosons ¢(z) and x(z) have background charge Q, = 2 and
Qy = —1, respectively, and OPEs

¢(2)p(w) ~ —log(z—w),  x(z)x(w) ~log(z —w) . (7.14)

The energy-momentum tensor for the free-field representation then takes
the form

T=T%+TX, (7.15)
T? = —1(09)> + %9, (7.16)
T = L(ax)* + 19%x . (7.17)

Finally, the picture charge is defined as
Qpic = %dz (0x —99) . (7.18)

7.2 The hybrid formalism

Next we want to rewrite these degrees of freedom in a way that makes space-
time supersymmetry manifest. This can be done by passing to a 9(2,1; &)
WZW-model, thereby leading to the natural analogue of the ‘hybrid formal-
ism’ for this background; as far as we are aware, the hybrid formalism for
AdS; x S® x S® x S! has not been developed before.
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7.2.1 Defining free field variables

We start by defining the vertex operators, cf. (3.29a) and (3.29b) in the case
of AdS; x S* x T*

ptB — o} (xHiBHatapHy+HitHs—g) (7.19a)
af _ e

3 (aHy+BH, —apHz—Hy—Hs+¢) (7.19b)

7

0

which obey the free field OPEs

exY 8‘35

p*P(2)87 (w) ~ (7.20)

z—w

We have suppressed the cocycle factors in the expressions. These fields have
conformal weight 1 and 0, and picture numbers (—3) and (3 ), respectively.
The indices &, B € {+, —} are spinor indices of s[(2, R) & su(2),+. Note that
we have explicitly broken the second su(2) symmetry: p*F carries charge + 1

under su(2);-, while that of 6 is —1.

In the case of AdS; x S® x T*#, one can construct out of these fields the affine
algebra psu(1,1|2)s. Analogously, as we shall now explain, we can define a
0(2,1; a); affine algebra in our case (and it will be part of the hybrid formu-
lation). To start with, we define

k+
ap+ _ af
S p >

GETE (J&)*eeby , (7.21)

which define half of the supercurrents in 9(2,1;«);. They are also part of
the Wakimoto construction of 9(2,1; ), that is described in detail in Ap-
pendix D.1, see eq. (D.7).

7.2.2 Remaining fields

In order to construct the remaining fields of the hybrid formalism (and com-
plete the construction of 9(2, 1; &);) we now recall that the bosonic generators
of 9(2,1; )y form the Lie algebra s((2, R); @ su(2)+ @ su(2),-. The original
boson 9P corresponding to S' commutes with 9(2, 1;a);, and can be directly
added to the theory. (It is naturally defined in the (0)-picture.) This accounts
for all bosonic degrees of freedom. Furthermore, we have not used the bc
ghosts in our reformulation and they simply continue to be also part of the
hybrid description.

As regards the fermions, we can define four more fermions which commute
with the p*#’s as well as with the 6*/’s. As in the standard hybrid formalism
(see Section 3.2.2), they are given by

ets—otx efs—otx e Hito—x e Hsto—x (7.22)
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where we have also made use of the boson x that was introduced in the
bosonisation of the superconformal ghosts, see eq. (7.13). The conformal
weights of the first two fermions is one, while that of the last two fermions
is zero; thus they define 2 pairs of topologically twisted fermions (i.e. two bc
systems of conformal weight 1 and 0). Finally, we replace the other boson ¢
from the bosonisation of the superconformal ghosts by the combination

p=2¢—Hy—Hs—x, (7.23)

that commutes with all the above fields, and defines the new ghost field of
the hybrid formalism. As in Section 3.2.2 one then checks that the central
charge of all of these fields is equal to zero, i.e. that we have accounted
for all degrees of freedom. Thus, we have reassembled the RNS degrees of
freedom as

9(2,1;a)x ®u(l) & 2 pairs of topologically twisted fermions from eq. (7.22)

® bc and p ghosts .
(7.24)

While this construction is fairly parallel to the case of T, there is one impor-
tant difference: the su(2),- currents that appear in 9(2,1; a);, see egs. (D.8),
(D.9) and (D.10a), do not correspond to the correct spacetime supersymme-
try currents. One can repair this by redefining the generators of 9(2,1; &)
as

R .= KB 4 99 — 9H5 , (7.25)
RO~ = K~ —2(d9 — 8Hs )%, (7.26)
3 Kkt
ap— . qup— _ «B
SuB— .= gvB- 4 P (dp — 0H5)0"F , (7.27)

without changing the commutation relations of 9(2,1;«);. Here, 4 is the
free field appearing in the Wakimoto representation of s((2, R),- _», see Ap-
pendix D.1 for details. However, this redefined 9(2,1;«); algebra does not
commute any longer with the remaining free fermions (7.22).

We should mention that we can also express the physical state conditions
in terms of these new variables, which entails rewriting the BRST operator
(7.7). The explicit expressions are quite complicated (as already in the T*
case [126,186]) but since we will not need them for our purposes, we have
not written them out explicitly.

7.3 Representations of 9(2,1;«)

For the following, it is important to understand representations of 9(2,1; «)
in detail. The bosonic subalgebra of 9(2,1;a) is sl(2,R) & su(2) & su(2).
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While the representations of su(2) that appear are the familiar finite-
dimensional spin ¢ representations, the representations of sl(2,R) that are
relevant are either discrete lowest (or highest) weight representations that
we denote by fD]+ (or D’ in the case of lowest weight); the other class of
s[(2,R) representations that appear are the continuous representations that
are neither highest nor lowest weight and that will be denoted by €. In
either case, j determines the value of the quadratic Casimir of s[(2, R)

1
C==Ik+50h +1Jd) (7.28)

as C = —j(j — 1), and in the case of the continuous representations A €
R/Z denotes the fractional part of the ]g-eigenvalues. Since the Casimir
C is invariant under j — 1 — j, we may assume without loss of generality
that Re(j) > 1/2. More details about our conventions can be found in
Appendix B.

7.3.1 Long representations

Next we want to understand the structure of the representations of 0(2,1; ).
The fermionic generators of 9(2,1;«) form a Clifford algebra, and the rep-
resentations of 9(2,1;«) are thus generated from an irreducible representa-
tion of the bosonic subalgebra s((2, R) @ su(2) & su(2) by the action of these
fermionic modes. We shall mainly focus on the case where the representa-
tion with respect to sl(2,R) is a continuous representation,”’ and we shall
label the representations of su(2) by their dimension m*. A generic (long)
multiplet decomposes then with respect to the bosonic subalgebra as

_1
2

J —
_(GA+%’m+’m )
(€, m"+£1,m +1)
@ mt+2,m) 2, mt,m @ m*,m +2
( A ,m~) ( Ay M7, m ) ( Ap MY, m )

(€£L+1, mt+1,m +1)
i3
(Gj/:f%,mﬂm_)
(7.29)

7OThe situation for the discrete representations is essentially identical.
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For small m*, additional shortenings occur; for example if m* = 1 — this
case will be important below — the representation shortens to

I -
(¢A+2%’1’m )
1 (GJA,Zl,m_il) 1
i+ _ +3 _ +3 _
(esz%,s,m ) (G]Aé,l,m ) (GJMZ%,l,m +2) . (7.30)

(€, 2,m= +1)
(GH% 1, m")
Ay

However, even in this case, the multiplet still contains a representation with
+
m" > 3.

In the following we shall mainly be interested in the d(2,1;a) representa-
tions that can appear as (Virasoro) highest weights of an affine 9(2,1;«)
representation at k™ = 1. Then, because of the usual representation theory
of su(2)1, see also the analogous discussion in Chapter 5, only 9(2,1; a) rep-
resentations with m* < 2 are allowed. The above argument therefore shows
that only ‘short’ representations of 9(2,1;«) are then possible.

7.3.2 Short representations

We have analysed systematically the (short) representations with m* < 2.
The analysis is fairly parallel to the case discussed in detail in Chapter 5,
and up to relabelling, the only representations with this property have the
form ‘

(€, 2,m)

i1
(GJHZ%,Lm +1) (€

[ (7.31)

/\+%/1/m—1) 7

where j (with Re(j) > 1/2) will be determined momentarily. Note that
if the multiplet was a discrete multiplet (i.e. if the continuous representa-

tions €, were replaced by the discrete representations 7’,), we could eas-
ily determine the relevant shortening condition: it requires that the lowest
weight state, i.e. the state in (TD]J: / 2, 1,m + 1) is BPS, and hence saturates
the familiar BPS bound [65,133], which in the above parametrisation (see

also [67,134]) takes the form

j=0=p+3)+3. (7.32)

o

Here we have defined ¢y = Tias

its spin, m = 2/ + 1.

and expressed the su(2)-representation via

The same result is also true in the continuous case, as we shall now explain.
One way of seeing this is to decompose the 9(2, 1; «)-Casimir into its bosonic

139



7. AdS; x S3 x S3 x S!

and its fermionic pieces

2,1;x) _ 0 2,1; 0(2,1;
CD( " = Cb(()s Y + Cfe(rm Y 4 (733)
Csc(,i'l;“) — CsI2R) 4 ,chu(2)+ +(1- ,)/)6511(2)_ , (7.34)
. 1
Crm™) = _Eea;tsﬁvs”rpsgmsgvp - (7.35)
The fermionic Casimir can be computed explicitly on the representations of
the bosonic subalgebra with the result’!
2(2L;a) - 2(2La)| = —(1—9)(20+1
Cferm (G&,Z,m) v Cferm (GJ*%] ,1/m+1) ( ’Y)( + ) :
A5

2

(7.36)
On these two representations of the bosonic subalgebra, the full 9(2,1;«)
Casimir therefore takes the values

. » 3
| =)+ A=) =y, (737)
(€),2m)
| 1y = U DO+ A=+ (E4)

—(1=7)(20+1) . (7.38)

Demanding the two expressions to be equal reproduces then (7.32), in which
case the Casimir simplifies to

COC1) — (1 =) (£+1)?. (7.39)
We should mention that for the minimal value of ¢ = 0, the third term in

(7.31) is absent, i.e. the representation is ultrashort, and takes the form

; i1
(©,2,1) @ (GJHZ%, 1,2) (7.40)

withj=1-7.

In the limit v — 1, 9(2,1; ) degenerates to psu(1,1|2) and the second su(2)
becomes an outer automorphism. Then the short representation reduces as

(G&, 2,m)

AR 1 €2 1m-1
( i Lmt ) ( i Lm )

1
L x <(€i,2) e2- (Gg\ﬂ,l)) .

(7.41)
The expression in the bracket on the right hand side is the short representa-
tion of psu(1,1|2) that was discussed in Chapter 5. Similarly, the shortening

i1
710ne can also work this out on the third representation (G];— 2,1, m — 1), but the analysis
is more complicated in that case.
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condition (7.32) just becomes j = % in this limit, again in agreement with the
analysis of Chapter 5.

The continuous representations €} of s[(2, R) are indecomposable for j = A
and 1 —j = A, ie. for A = £j(modZ). The same property carries, of
course, also through to the 9(2,1;«) representations. For the above short
representations this becomes

A=4j=%A, M=0-7E+H+1. (7.42)

In each case, there is a discrete subrepresentation, and we can define the
continuous representation such that the discrete subrepresentation is either
highest of lowest weight. Altogether there are therefore four cases.

In addition there is another degeneration that occurs if the Casimir of a
s[(2,R) representation vanishes, since it contains then the trivial represen-
tation as a subrepresentation. There are two ways in which this may occur
in (7.31). First, we can formally set m = 0, in which case we just keep the
left-hand-factor

<e(/)\+%/ 1/ 1) ’ (743)
where we have used that m = 0 leads to ¢/ = —% and hence to j = % in (7.32).

This then contains the trivial representation for A = 1. The other case arises

for ,
m=_——¢cZ>, (7.44)

since then (7.32) leads to j = 1. (This is obviously only possible provided
that (1 — ) ~! is an integer.) In this case the middle representation in (7.31)
can contain the trivial s[(2, R) representation, and then the two other terms
will be absent. Thus, we conclude that also

is a consistent multiplet. Note that there is no analogue of this in the limit
v — 1

7.4 The 9(2,1;,0) WZW-model at k* =1

In the following we shall concentrate on the WZW-model based on 9(2,1; «)
with kt = 1. We shall set k= = x + 1 with k € Z>, as this will be convenient
below. With this choice of parameters, we then have

x+1 1

1=, sothat (I=v)=—m (7.46)

see (7.2).
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7.4.1 The affine short representations

As we have explained in the previous section, the only allowed ground
state representations are the short continuous representations of (2, 1; «) of
eq. (7.31). We will denote the resulting affine representations by F%, where
¢ = 2m + 1. Since the su(2),- ground state representations must have spin
less or equal to 3k~, ¢ is allowed to take only the values ¢ € {0,3,...,5} —
note that the multiplet (7.31) also contains a representation with m + 1. This
bound was noted in the discrete case already in [133].

As we have explained above, the ground state representations of F} become
indecomposable for A = £A, (7.42) and the same is, of course, also true
for the affine representations. We shall denote the corresponding discrete
subrepresentations by

9. CTy,,  SL.CTL,,, (7.47)

where =+ refers to whether the representation is lowest weight (+), i.e. runs
to the right, or whether it is highest weight (—), i.e. runs to the left. Note
that for v # 0, 1, the parameter A, ¢ %Z, and hence A, and —A, never differ
by an integer (and hence never define the same representation).

The other representations that will be relevant for us is the vacuum represen-
tation £ of 9(2,1; &), — this is the affine representation based on the trivial
representation of 9(2,1;«) — as well as the representation £’, whose ground
state representation is (7.45). Note that, because of (7.46), (1 — N t=x+2
is an integer, and hence this representation exists for all x. As we shall see
below, see eq. (7.50c), L’ arises naturally by applying the joint spectral flow
in the two affine su(2)’s to the vacuum representation.

Thus, up to now, we have the following irreducible modules of 2(2,1; &) for
k=1
EF[ 7 9‘€<,:|: 7 9E>,:|: 7 ’C 7 L/ 7 (7'48)

where ¢ runs over ¢ € {0, %,..., 5tand A € R/Z with A # £A,.

7.4.2 Spectral flow

For the following it will be important that 9(2, 1; &) possesses a spectral flow
automorphism ¢. On the bosonic subalgebra sl(2, R); & su(2)x+ & su(2)x-,
we define it to act by a simultaneous spectral flow on s[(2, R)j & su(2)s+,

o (Jo) = I + %0mp0 , (7.49a)
7 (J) = Iz » (7.49b)
oU (K P) = KP4+ s, (7.49¢)
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o (KG*) = KL (7.49d)

o (K ") = Ky (7.49)
afyy _ qapy

P(SHT) = ST, e (7.49¢)

In particular, this spectral flow keeps the supercharges integer moded. As
we will see below, see also [60], these spectrally flowed representations will
have to be included in order to get a well-defined worldsheet theory; we
therefore need to extend (7.48) by their spectrally flowed images.

We should mention that we have made an artificial choice in flowing in
su(2)g+, and not in su(2);-. This is reflected by the existence of another
spectral flow p, which flows simultaneously in the two su(2)’s. This spectral
flow does not generate any new representations, and it satisfies p?> = 1.7

Since spectral flow maps representations to representations, there are in fact
a number of identifications. In particular, we have

PN =91, pSLa) =810, @) =4, (7.50)
o(L) =392, o l(L)=gL (7.50b)
o(L) = 9i+ , o (L) = 92, , (7.50c)
ey =gl ., gl =gl (7.50d)

Finally, as in the case studied in Chapter 5, the CFT is actually logarithmic,
and one also needs to consider indecomposable representations. We have
already seen that for A = A, the module F becomes indecomposable and
contains a discrete subrepresentation. As it turns out — this is typical for
logarithmic CFTs — T itself does not appear in the spectrum of the theory,
but it is instead part of an even larger indecomposable module. While these
indecomposable modules lead to many technical complications, most of our
results are largely unaffected by this subtlety, see also [185,186]. We have
therefore relegated the analysis of these indecomposable representations to
Appendix D 4.

7.4.3 The fusion rules

Next we want to describe the fusion rules of the model. For the case of
psu(1,1]2); that was discussed in Chapter 5, there exists a free field realisa-
tion from which the fusion rules can be deduced. We are not aware of such
a free-field representation in the present case, except for ¥ = 0; this free-field
realisation for x = 0 is discussed in Appendix D.3.

72This is to say, p? is an inner automorphism that maps each representation to itself.
However, p? does not act trivially on the individual states.
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We therefore have to resort to other methods. In particular, we can use a
continuum version of the Verlinde formula to determine the typical fusion
rules, i.e. those that do not involve indecomposable representations.”> The
calculation is somewhat lengthy, see Appendix D.2, but it leads to the simple
result

T X TR = @ Nfsgz( (54 )@&Jﬁ%

MAA—1 M+A+]
1
3772 63
& 3f\1+/\2+ (I, +7)) . (751)

1 51
Here, Njffz are the su(2), fusion rules, and, by definition, F , - and J,?

are considered to be zero. Since the Verlinde formula is blind to indecom-
posability issues, it is conceivable that some modules on the right hand
side are actually part of a bigger indecomposable module. In fact, if
AM+Ay+1 7 ==xA s for some /3, then we expect indecomposable modules
to appear. While it is difficult to derive this for general x, we can use our
knowledge from the free-field realisation at x = 0, see Appendix D.3, and
from the psu(1,1|2); analysis (which arises for x — o) to make a reasonable
guess for the indecomposable structure in general. This is also described in
Appendix D.4.

As in Chapter 5, the fusion rules are compatible with spectral flow,
oUH(T) X 02 (FR) o (T x TR, (7.52)

and they reduce to the ones for psu(1,1|2); in the limit x — oco. In that limit,
su(2),4+1 becomes an outer automorphism, and we therefore get from (7.51)

1
o 2 -1
T X T =0T 0 ©T0 0,180 (T ) (7.53)
~ -1
= 0_(3:{)]\14-/\24‘%) ®2- g?\]-ﬁ-)\z-i-% Do (?{))xﬁ-/\z-l-%) ’ (7.54)

where the isomorphism breaks the outer automorphism su(2); this then re-
produces (5.33). As a second cross-check, we notice that they reduce, for
x =20, to

7, x5, 20(9,,,,_ ) 807 (3]

MAAo— MAAr+1 ) ¢ (7.55)

thereby reproducing the special case derived in Appendix D.3 from the free
field realisation.

73For the case of psu(1,1/2)y, this is also done in Appendix C.1.6.
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7.4.4 The Hilbert space and modular invariance

With these preparations at hand, we can now write down the complete
worldsheet spectrum. It takes the form

%
H=0D D My ¢ dA o (54) @ 0@ (57) (7.56)
WEZ (=0, 1=0 [0,1)

where M,; is any su(2), modular invariant. In Appendix D.2, we determine
the S-matrix for the modular transformations of the characters, see eq. (D.52)

. w /
27T (w’/\erA’ - %) 5;;,(2)

Stware),w e = —isgn(Re(t))e , (7.57)

where SZE,(Z) is the standard modular S-matrix of su(2),. The S-matrix in
(7.57) is formally unitary, and hence the spectrum (7.56) is (formally) mod-
ular invariant. This is true for any modular invariant of su(2),, since the
S-matrix is of tensor product form, i.e. the spectral flow part and the su(2),
part are independent.

In writing down (7.56) we have ignored the subtlety that the fusion rules
require us to consider also some indecomposable modules. There is a gen-
eral recipe for how to deal with this issue that was already explained in
some detail in Appendix C.2; we have sketched some aspects of this in Ap-
pendix D.4.

In Appendix D.2, we have also derived the characters of the spectrally
flowed representation c® (H’f\), which take the form

102 K w
ch [(rw (EFf\)] (t,u,v;,7) = quz(,<¥jz)wy7
ﬂz(w%;r)ﬂz(t-&-l%;l_) X}({E)
n(t)*

x Y XA 5 (¢ — T — 1) (v;T) . (7.58)

nez

Here, u, v and t are the chemical potentials of su(2)1, su(2),+1, and s[(2, R)y,
respectively, which we write as

q= eZﬂ'lT , x = eth , y= eZmu , 7 = eva . (759)

We have also included a (—1)¥ factor in the character, and )(,(f)(v;r) is the
su(2), affine character, for more details see Appendix D.2.3. At this point,
the appearance of su(2), is somewhat mysterious, since we started out with
su(2); ®su(2)er1 C0(2,1;a),. However, its appearance is very natural from
a spacetime perspective since the dual theory is expected [68] to be the sym-
metric orbifold of Sy, which also contains a su(2), algebra; this will be ex-
plained in more detail in Section 7.5.
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We should also draw attention to the delta function which appears in the
character. As in the case discussed in Chapter 5, it means that the character
localises on solutions which map the worldsheet torus (with modular pa-
rameter T) holomorphically to the boundary torus (with modular parameter
t). This is the hallmark of a topological string theory and hence suggests
that also AdS; x S® x S® becomes essentially topological at k™ = 1.

7.5 Physical states in string theory

Now we are ready to compute the full string theory spectrum of our theory.
As we shall see, it will turn out to equal the partition function of the sym-
metric orbifold of Sy, nicely confirming the prediction of [68], see also [242].
Here Sy is the N = 1 supersymmetric WZW-model on S$® x S! (with x units
of flux through the S%), which exhibits in fact large N’ = (4,4) supersymme-

try.

7.5.1 The theory S and its symmetric orbifold

Let us begin by reviewing briefly the S theory [65,68,70]. The S theory is
defined by

5u(2),(<1+)2 @u(1)M = su(2), ® u(1) & 4 free fermions (7.60)

and possesses large N' = (4,4) superconformal symmetry whose R-
symmetry group is su(2),41 @ su(2); @ u(1). Some background material
about the large N = 4 superconformal algebra can be found in [65,67,134].

For the comparison with the worldsheet answer, we will need the partition
function of the S, theory, which is explicitly given (in the NS sector) as

O3 (575 8) 93 ("5 1)
n(t)?
Here, ©(7) is the momentum-winding sum of the free boson, u and v are

the chemical potentials for su(2),,1 and su(2);, respectively,’* while ¢ is the
modular parameter, and

2
Zap), @O . (7.61)

Z$5 (u,0;t) =

Zew) (0:1) = Y Myz X (0:1) X (03 1) (7.62)
/=0

is the partition function of su(2),. The central charge of this theory equals

6(k+1)
c=——"-—", 7.63
K+ 2 (7.63)
74To keep the notation simple, we have not introduced a chemical potential for the u(1)
factor. It is straightforward to include it and in fact the analysis of this paper carries through
directly.
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and the formula in the R-sector is obtained upon replacing ¢3 by ,.

Given the partition function of the seed theory; it is straightforward to work
out the partition function of the N-fold symmetric product [68,138,139], and
the partition function of the single particle states equals

N
_Nc __ Nc w _cw NG/ ot
ZsymN(SK)(u vt) =x #x Z x#x2 Zg° (u,0; %)
w=1 odd

N
+ ) xEEz( ,v;;})>. (7.64)

w=1 even

Here ’ denotes the orbifold projection, which ensures that only states with
h—h € Z are kept (resp. h —h € Z + % for fermions in the NS-sector).
Since we are interested in the large N limit, we will strip off the prefactor
x~%x % in the holographic setting, it corresponds to the divergent vac-
uum contribution.

7.5.2 Adding the remaining matter and ghost fields

Now we want to reproduce this answer from our worldsheet description.
Recall that the complete worldsheet theory has in addition to 9(2,1;a), an
additional u(1) current, four topologically twisted fermions, as well as the
bc and p ghost system, see eq. (7.24). The additional fields are all free, so it
is a trivial matter to compute their partition functions. For the free bosons
describing S!, we have

o(7)
(0P’

where O(7) is the momentum-winding sum. We have already accounted
for eight fermions on the worldsheet (since we constructed 9(2,1;a) out of
8 fermions). So there should not be any additional fermionic contributions
to the partition function, and indeed the p ghost cancels the four topologi-
cally twisted fermions, as was discussed in Chapter 5. Finally, the bosonic
ghosts remove two neutral oscillators. Thus the full partition function of the
worldsheet theory is simply obtained by multiplying the partition function
of 9(2,1; &), with O(7) - |57(7)|>.

ZSI (T) (765)

7.5.3 The mass shell condition

Finally, we need to impose the mass shell condition on the worldsheet, i.e.
we need to demand that Ly = 0. For this it is convenient to rewrite the delta
function in (7.58) as an infinite sum — this is in fact how the delta function
was obtained in the first place — so that the character reads
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IUZ K
ch [(Tw (S'ﬁ)} (t,u,v;7) = g*=+2 x2(Kt—12)
f+”+v;~() ﬁz(w.

S S R T Oy 766

meZ+A+3

w
w3

Imposing the mass shell condition now amounts to solving

w? w Nosc
m_mw+hosc—0 = m—m—f— w ’ (767)

where hg is the conformal weight coming from the oscillator part (i.e. the
theta-functions, the eta-functions and the affine su(2), character). Thus one
term in the infinite sum of (7.66) is picked out, for a specific choice of A
(which is thereby also fixed). We correspondingly solve the mass shell condi-
tion for the right-movers. Since A is the same for both left- and right-movers,
this imposes the additional condition

Hose — Hose = 0mod w . (7.68)

In terms of the character, imposing the two mass shall conditions can thus be
implemented by removing the infinite sum, replacing T — L, including the
appropriate prefactor (coming from the first term in (7.67)), and imposing
the constraint (7.68). Using the theta-function identities

_w _w w 192(@,' i) ’ w even ,
192(15—&-%:5);%) =x 8y F R {ﬂs(”‘zﬂ’;z) ’ w0 odd . (7.69)

the partition function of the physical spectrum can thus be written as

e )

Zowing(w,vit) = Y xFEHZ$ (o L)+ Y xBxHZ5 (wu ),
w=1 odd w=1 even

(7.70)

where c is given by (7.63). This then agrees precisely with the large N limit
of (7.64). We note in passing that this works for any modular invariant of
su(2)y.

We should mention that we have restricted the calculation here to the w > 1
sector. It is easy to see that there are no physical states in the w = 0 sector,
while the states from the w < —1 sector have the interpretation of out-states
in the dual CFT [62], and hence should not be included in the partition
function.

7.5.4 The BPS spectrum

It is instructive to understand how the BPS spectrum arises from the world-
sheet. Recall that the single-particle BPS spectrum of the symmetric orbifold
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of S, is [65,68]"°

N
12

PBh=00" =00 =tu=0]@h=L0r=00=Lu=0]. (7.71)
=0
Here, [h = hgps(¢*, 0=, u),£*, 0", u] denotes a large N' = 4 BPS multiplet
in the representation (¢*,¢~,u) of the R-symmetry algebra su(2) & su(2) @
u(1). This BPS spectrum also agrees with the supergravity BPS spectrum for
AdS; x S® x S? x S! [67,169].

The different states in eq. (7.71) arise as follows. There is a BPS represen-
tation in every w-twisted sector, provided that w ¢ (x +2)Z. In order to
describe it, we write

w=m(k+2)+20+1 (7.72)

for some m € Z and ¢ € {0, %,. .., %} ; this is possible since w is not divisible

by (x +2). Then we consider the (2¢ + m(x + 1), m)-fold spectral flow of the
ground state representation of spin (0, ¢) of su(2)1 @ su(2),41. This gives a
state in the w twisted sector which is indeed BPS. It was furthermore shown
in [68] that all BPS states arise in this manner.

This structure can be directly translated to the worldsheet: BPS states come
from the representations

m(x+2)+20+1 (rfﬁf) (m even), and oM (K+2)+20+1 (9»“§Xi p) (m odd) .

(7.73)
To see this, we first recall that the m-fold spectral flow on su(2), maps the
spin-/ representation back to itself if m is even, and to § — £ if m is odd; the
resulting state therefore sits in the correct representation of s1(2)41. This
leaves us with determining the A-parameters, which can be computed by re-
quiring that the s[(2, R) weights agree with the BPS bound up to an integer.
We see that we obtain precisely the values at which the modules become
indecomposable. (Strictly speaking, we should therefore replace S"fw by its

o

1 K_ Kl
indecomposable analogue ‘T,;rz and J2 Af , by ‘J’g g, see Appendix D.4 for
5o

more details). The fact that BPS states live in indecomposable representa-
tions is typical for supergroup theories [185,186].

Finally, we discuss the moduli of the theory. Moduli of large N = 4 theories

are superconformal descendants of (¢,¢~,u) = (%, %,O) BPS states [65].
These can come from the vacuum representation or the large N' = 4 BPS
representation labelled by [h = %,ﬁ = %,E_ = %,u = 0]. These states in
turn come from the worldsheet representations

o(F) ~Lao(sL,), (7.74)

75There are some additional BPS states in the N-twisted sector, which disappear in the
large N limit [68]. We therefore do not consider them here.
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A(F2) ~ o(9L ) D A(SY2). (7.75)

The module £ contains a single physical state, namely the vacuum itself,
which corresponds to the spacetime vacuum. The actual moduli therefore
come from the representation ¢(32 ) which indeed appears twice. This re-
flects the situation in the dual CFT, where one of the moduli comes from the
untwisted sector and changes the radius of S! whereas the other modulus
carries one away from the symmetric orbifold point. The two moduli in the
theory are exactly on the same footing, in agreement with the fact that the
geometry of the two-dimensional moduli space is the upper half plane [65].

7.6 The spacetime DDF operators

In the previous sections we have shown that the spacetime partition function
of string theory on AdS; x S x S® x S! coincides with the partition function
of the symmetric orbifold of Sy if k™ = 1. In this section we want to establish
that also the algebraic structure of the two sides agree, thus extending the
analysis of Chapter 6 to the present setting. Moreover, we show that the
correspondence can be extended to the case of kt > 1, in which case the
dual CFT becomes the symmetric orbifold of large N/ = 4 Liouville theory.
Most of the arguments are very similar to what was done in Chapter 6, and
we shall therefore be rather brief.

7.6.1 Spacetime operators

In [242] the DDF operators generating the large N = 4 superconformal alge-
bra were constructed for the background AdS; x S% x S3 x S, The analysis
was performed in the RNS formalism assuming that kT > 2, and it is a
priori not clear whether the construction continues to make sense also for
k* = 1. Using similar argument as in Chapter 6, we have checked that the
DDF operators of [242] are also well-defined for k* = 1.

Let us denote the large N = 4 spacetime algebra generators (our conven-
tions follow [68]) by

L, o kK5 U, W, (7.76)

where L,, are the modes of the spacetime energy momentum tensor, G, P

those of the spacetime supercharges, while IC,(ﬂi)a and U, define the R-
symmetry generators. In addition, there are four free fermions that are

denoted by o,

As was explained in Chapter 6 — the argument is essentially the same here

— the modes of this algebra can take values in %Z (or %(Z + %) in the

case of fermions). By the same reasoning as in Chapter 6 this then suggests
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that the spacetime states that arise from the continuous representations on
the worldsheet are in general (i.e. for arbitrary k* and k) described by the
symmetric product orbifold of

large A/ = 4 Liouville theory with (k*, k™) . (7.77)

We shall review the construction of large N' = 4 Liouville theory in the
following section, and explain the crucial steps in this derivation in Sec-
tion 7.6.3. In Section 7.6.4 we will then demonstrate that large ' = 4 Liou-
ville theory reduces, for k™ = 1, to Sx. Furthermore, since for kt = 1 the
entire worldsheet spectrum comes from the continuous representations, this
is in fact a complete description of the theory.

7.6.2 Large N = 4 Liouville theory

Let us first discuss large N/ = 4 Liouville theory, which does not seem to
be well-known. We shall first assume k* > 2, and study the case of k™ =1
in Section 7.6.4. To motivate the construction of this theory, we consider a
free boson coupled to the curvature of the worldsheet (i.e. with background
charge), together with the su(2)g+ o @ su(2),-_» @ u(l) R-symmetry and 8
free fermions. (This is basically the same field content as for the worldsheet
theory in the RNS formalism, except that the s[(2,R) factor has been re-
placed by a boson with screening charge.) It was noticed in [243] that this
theory supports large N’ = 4 supersymmetry with levels k* and k~ for the

two su(2) currents. The free boson with screening charge Q = % leads to
a continuous spectrum, whose gap above the vacuum equals
?—1 k—1)>2
Ay="© _ (k=17 (7.78)

24 4k

We can combine this with arbitrary su(2)+_, and u(1) representations, thus
leading to the general formula for the gap

(k—1)2 +£+(£++1) +£*(£*+1) u?

Berpou = g I+ ik 7.79)
T+ (e +3)? k-2 u?
=T T T T (7.80)

where we have used (7.2). We should note that, generically, all the BPS
representations lie below this gap since

k

20041 20741
A+ -y — heps (€1, 07, 1) = = <1_ 41207+

k= k+

2
i >zo, (7.81)

where we have used the expression for the BPS bound, see e.g. eq. (A.13)
of [68]. The only BPS states that appear in large N’ = 4 Liouville theory
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therefore arise if
200 +1 20t +1 B
TR
The fact that such solutions exist is related to the fact that also the continuous
sector of the worldsheet theory of AdS; x S® x S® x S! contributes to the BPS
spectrum [68].

1. (7.82)

The full spectrum of large N' = 4 Liouville theory is obtained by taking
the diagonal modular invariant of all of the representations that lie above
the gap (and have allowed su(2);+_, and u(1) representations). We should
note that in large N' = 4 Liouville, each representation appears precisely
once, whereas in the free bosons realisation from above, each representation
appears twice since opposite values of the momentum lead to the same
Virasoro representation.

7.6.3 The Liouville spectrum from the worldsheet

Next, we want to reproduce this Liouville spectrum directly from the world-
sheet. Solving the mass-shell condition in the spectrally flowed sector leads
to

ity

ko, 0H(er+1) o +1) u?
A +

Twht g T - ke

1
N=5. (78

Here, N is the conformal weight which is contributed by the oscillator part.
Solving this equation for the conformal weight & of the dual CFT yields

k 2 A 0+ 0 u N pZ
This matches exactly the form expected from the symmetric orbifold of large
N = 4 Liouville: the first term is the universal ground state energy of the
twisted sector, which equals 5 (w? — 1), where ¢ = 6k is the central charge
of the “seed theory’, while the second term describes the gap in the w-cycle
twisted sector. Since the modes are %-fractionally moded in the w-cycle
twisted sector, the contribution of N has to be divided by w. Finally, the

term % leads to a continuum in the spectrum (since p is any real number
corresponding to the momentum of the long string). Furthermore, the rep-
resentations belonging to p and —p are identified on the worldsheet — they
describe the same s[(2,R) representation — and appear only once in the
spectrum, as appropriate for N' = 4 Liouville, see the comment at the end
of the previous section.

In order to conclude from this that the complete spectrum matches we use
again a character argument. To compute the relevant characters, we again
make use of the free-field construction of [243]. Both the worldsheet theory
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as well as Liouville theory has 8 free fermions (after imposing the physical
state conditions on the worldsheet). In addition also the bosonic degrees
of freedom match: the su(2)+_» & su(2)-_, G u(1) algebra is the same on
both sides and the s[(2, R); factor has the character of a free boson after
imposing the physical state conditions. This reproduces the contribution of
the Liouville boson.

Thus, we have matched the spectrum as well as the chiral algebras on both
sides of the duality. Since Liouville theory is believed to be uniquely charac-
terised by this data (and the same should be true for large N = 4 Liouville),
this goes a long way towards proving the duality in this case.

We should stress that the ‘symmetric orbifold of Liouville theory” contains
single-particle states for which only one copy is in the ground state of Liou-
ville theory, while the other copies are in the ‘vacuum’” — this is part of the
spectrum as determined from the dual worldsheet analysis. (This is differ-
ent from the naive definition of the symmetric orbifold where the ‘vacuum’
would not be allowed for any copy.) As a consequence, the effective central
charge scales as 6N %, and the spectrum has the correct density at large
conformal dimension.

7.6.4 Thecaseof kK =1

Upon setting kt = 1, the construction of N/ = 4 Liouville theory breaks
down since the level of the corresponding bosonic algebra is —1, which
makes the theory non-unitary. Instead, the superconformal algebra collapses
to S, i.e. as chiral algebras we have the equivalence [132]

A (kT =1k =x+1) =su(2)c Du(l) ®4 free fermions , (7.85)

mirroring exactly what happens on the worldsheet.

Contrary to the kT > 2 case, the S theory (and hence also A, at kT =1)
contains only BPS representations. This just follows from the fact that the
conformal weight of a representation with su(2) spin £~ and u(1)-charge u

1S
ey W _
A=y gy = (0.0, u). (7.86)

As a consequence, any large N' = (4,4) theory at k* = 1 cannot have
a continuum (such as the one that appears in Liouville theory). Further-
more, the above DDF analysis predicts that the CFT dual of string theory
on AdS; x S x S® x S! must be a symmetric orbifold, whose seed theory
has large N’ = 4 superconformal symmetry with levels k* = kvivorl dsheet+ FOT

k™ =1, the seed theory must therefore be Sy, thus inevitably leading to the
proposal of [68] (for kT = 1).
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7.7 Summary and Conclusions

In this Chapter, we have considered the background AdSz x 33 xS xst
with pure NS-NS flux and minimal flux through one of the two $*s, while
the dual CFTs are symmetric orbifolds of the so-called Sy theory, the sim-
plest conformal field theory with large N' = 4 superconformal symme-
try [65,70]. We have shown that the spacetime spectrum of the worldsheet
theory agrees precisely with the dual symmetric orbifold CFT in the large
N limit. We have furthermore shown that the spectrum generating fields on
the worldsheet (the DDF operators) obey the same algebra as those of the
symmetric orbifold. This gives strong support to the identification of the
dual CFT that was proposed in [68], see also [242]. Our results are a natural
generalisation of the results obtained in the previous two Chapters.

We have also analysed the situation where the NS-NS flux through both
spheres is bigger than its minimal value (k* > 1), and in this case, our anal-
ysis suggests that the dual CFT is the symmetric orbifold of large V' = 4 Li-
ouville theory. In this case the spectrum of the symmetric orbifold is entirely
accounted for in terms of the continuous representations on the worldsheet,
while the role of the spacetimes states that originate from discrete represen-
tations on the worldsheet is less clear.”® Again, this mirrors precisely what
was found for the T* case in Chapter 6.

It is suggestive that, apart from some small technical differences, the analy-
sis (as well as the resulting picture) that we find here is quite similar to that
obtained in the T* case. This suggests that similar results may also hold for
other backgrounds (say with less supersymmetry), and it would be interest-
ing to explore this. It would also be interesting to probe these dual pairs
in more detail, say, by comparing their 3-point functions, or by computing
1/ N corrections (which should correspond to higher genus corrections from
the worldsheet viewpoint). In any case, we feel that these three dimensional
examples will provide a useful testing ground for various aspects of the
AdS/CFT correspondence.

76Note that if one of the levels takes the minimal value, say kt =1, then the worldsheet
spectrum does not contain any discrete representations.



Chapter 8

Conclusion and Outlook

Over the last twenty years, string theory on Anti-de Sitter spaces has played
a major role in theoretical high-energy physics. Via the AdS/CFT corespon-
dence, the theory can be holographically described by a conformal field
theory on the boundary. A particularly tractable instance of the AdS/CFT
correspondence is the case, where the boundary CFT is two-dimensional.
Then there is an efficient description of the string theory, as well as of the
dual CFT. In this thesis, we made significant progress in establishing the
dictionary for AdS3;/CFT, holography.

8.1 Summary

We started in Chapters 2 and 3 by reviewing background material on con-
formal field theory and string theory, putting particular emphasis on topics
needed for the applications in the later chapters.

We then initiated a systematic study of the string spectrum in the back-
ground AdS3 x S% x T* (and its cousins AdS; x S® x K3 and AdS; x S® x
S% x S). We considered in particular mixed NS-NS and R-R background
flux. Only for d = 2 can AdS;, be supported by a mixture of the two types
of fluxes and thus AdS; provides a unique opportunity to learn something
about the technically hard R-R backgrounds by starting from the tractable
NS-NS background flux. On the worldsheet, we can turn on R-R flux by
considering the hybrid formalism [126], where the background is described
by a supergroup sigma-model on PSU(1,1|2) or D(2,1; ), respectively. We
have seen that there is a natural algebra acting on the Hilbert space of these
models given by an extension of two affine algebras. This algebra constrains
the string spectrum significantly and a complete understanding of the rep-
resentation theory of the algebra would in principle lead to the exact string
spectrum in the background. Unfortunately, the algebra is quite unwieldy
and we have managed only to extract certain parts of the string spectrum
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from it. In particular, we have seen how to derive the string spectrum in the
plane-wave limit from first principles, thereby reproducing the celebrated
result by Berenstein, Maldacena and Nastase [161]. We have however also
seen that our formalism is capable to yield far stronger results. In particular,
the conformal weight of certain excited states in the model can be computed
exactly. We have used this to confirm some old conjectures by Seiberg and
Witten [53] directly. We have seen that the string spectrum behaves discon-
tinuously as we approach the pure NS-NS locus in moduli space. This is
signalled by two phenomena: The long string continuum appears in the
string spectrum, whose existence is forbidden away from the pure NS-NS
point. Second the BPS spectrum (i.e. the spectrum of supersymmetric pro-
tected states) jumps; we called this phenomena the missing chiral primaries
at the pure NS-NS point.

In Chapter 5, we considered the pure NS-NS point in more detail. At this
background, we have in principle full control over the worldsheet theory.
One conventionally describes string theory at pure NS-NS flux in the RNS
formalism, where supersymmetry on the worldsheet is manifest, but super-
symmetry in spacetime is not. This formalism is only adequate to describe
string theory with at least two flux quanta. As we have motivated in the
Introduction, we would like to study the tensionless limit of string theory
on this background, since we expect it to be dual to the symmetric orbifold
Sym™(T*). The most tensionless point in moduli space is the point with
one unit of NS-NS flux. We have found that while the RNS-formalism does
not appropriately describe the background, the hybrid formalism based on
the sigma-model on PSU(1,1|2) does. We have systematically studied the
relevant PSU(1, 1|2) representations and found that the k = 1 theory can be
consistently defined. We confirmed our expectations that the k = 1 theory
is exactly dual to the symmetric product Sym™ (T*) in the large N limit by
matching the partition functions of both theories. By showing also that the
selection rules for the three-point functions for both theories agree, we have
given strong evidence for the duality

IIB string theory on AdS; xS x T*atk=1 = SymN(T*). (8.1)

Hence, this provides us with an example of a stringy AdS/CFT duality,
where both sides are under complete computational control.

We continued the study of this duality in Chapter 6 by analysing the symme-
try algebra for both theories. Following the work of [141,147] and [244], we
constructed a set of so-called DDF operators (after Del Giudice, Di Vecchia
and Fubini [223]). These are operators which act on the physical Hilbert
space of string theory (i.e. which commute with the BRST operator defin-
ing physical states in string theory) and generate the complete physical
Hilbert space. In particular, one can directly define the Virasoro algebra
of the dual CFT in string theory. The complete set of DDF operators on the
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background AdS; x S® x T* defines an N = 4 superconformal algebra with
central charge ¢ = 6(k — 1), together with four free bosons and fermions.
We have checked that this statement continues to hold true for k = 1 by
switching to the hybrid formalism. In particular, for k = 1, the N' = 4
superconformal algebra has vanishing central charge and decouples from
the spectrum. Thus, the symmetry algebra consists of four free bosons and
fermions, which represent the four-torus T* of the symmetric orbifold. We
have also seen that the k > 1 case has a natural interpretation in terms of a
symmetric product of a Liouville theory, as stated in the Introduction, see

eq. (1.8).

Finally, we applied this logic to a more complicated background, namely
AdS; x S® x S x S!. This background is characterised by two fluxes k* and
k=, one for each three-sphere. Hence, it provides a more refined testing
ground for the ideas explored in the previous chapters. We have seen that
the background becomes tensionless when one of the two fluxes attains its
minimal value, say k* = 1. The matching of the spectrum and the DDF
construction go through as in the previous chapters, but are somewhat more
intricate.

8.2 OQutlook

We give now an overview about future directions and applications of our
work.

In Chapter 4, we have discussed the existence of a powerful algebraic struc-
ture constraining the string spectrum on AdS; x S* x T* with mixed NS-NS
and R-R background flux. Although it does not directly yield the full string
spectrum on the background, it strongly constrains its structure. We expect
that a similar algebra exists in more realistic settings of holography, for exam-
ple on the background AdSs x S°, which is dual to ' = 4 Super Yang-Mills
theory. Thus, AdSs backgrounds offer the opportunity to gain insights into
string theory on R-R backgrounds, which is indispensable when studying
the AdS/CFT correspondence in higher dimensions.

We have found strong evidence for the fact that the symmetric product orb-
ifold CFT Sym™(T*) is the dual description of the pure NS-NS flux k = 1
background on AdS; x S® x T*. A CFT is completely determined by its spec-
trum together with all its 3-point functions. Thus, to prove the AdS/CFT
duality in this instance, we would need to compute all the three-point func-
tions on both sides of the duality. In the symmetric product orbifold, these
are well-known, for relevant work see [198, 199, 224-226,235,245]. On the
other hand, few results have been obtained for the string theory answer
(see however [62,97,246-248] for relevant work in this direction). We are in
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the process of completing the proof of the correspondence by matching the
three-point functions on both sides of the duality [249].

The symmetric orbifold Sym™ (T*) remains tractable in the finite N regime,
which corresponds to a finite string coupling constant on the string side.
Thus, it seems that we can gain unique insights into string theory, since
this duality allows us to consider finite coupling constants. Even in flat
space string theory, higher string loop computations are extremely hard to
perform. As in higher dimensions, the correlators of the symmetric product
orbifold Sym™ (T*) admit a genus expansion (a large N expansion), which
can be identified with the genus expansion of string theory [198]. Contrary
to the usual genus expansion of gauge theories [46], this expansion is finite
and truncates after a finite number of terms. In particular, the spectrum
(2-point functions) are exact at leading order and do not receive any N !
corrections. These observations make it possible to extend the proposal
to the finite coupling regime. This direction would be complementary to
what was achieved in the AdSs x S° case for the spectrum using integrability
[250-253] and whose extension to three-point functions is currently an active
topic of research [254]. In this case, the spectrum is known exactly in the "t
Hooft coupling constant, but at large N.

In [255], the first successful matching of black hole entropy [4] in the con-
text of the AdS/CFT duality was achieved. A five-dimensional black hole
obtained by compactifying type IIB string theory on S! x K3 was considered.
The near-horizon geometry of the black hole is given by AdS; x S® x S! x K3,
which for large radii of S! can be well-approximated by AdS; x S® x K3 and
therefore the microstates of the black hole are described by the dual CFT
Sym™ (K3). Given the more detailed understanding of the AdS;/CFT, cor-
respondence obtained in this thesis, there is hope to understand the black
hole microstates directly in string theory. Similarly, a proposal was made
in [256,257] on how to understand entanglement entropy geometrically in
the context of the AdS/CFT duality, which should be revisited in the context
of AdS3/CFT; holography.

One can also study non-perturbative states in AdS3 stringy theory. The sym-
metric product orbifold has a Ramond-sector, which describes black hole
excitations in the bulk. Given that there is a complete understanding of how
to map perturbative excitations in the duality, one is tempted to believe that
a similar matching can be done for the remaining non-perturbative states.
In any case, we feel that a continued study of this particular correspondence
will prove to be a very useful guiding example in our quest for a full under-
standing of the holographic principle.



Appendix A

Conventions

Here, we fix the conventions used in the main text.

A.1 Affine Lie (super)algebras

Affine Lie (super)algebras play a central role in our constructions and we fix
here the conventions for the algebras, which appeared.

A.1.1 Root system and classification

In this paper, basic classical Lie superalgebras with vanishing dual Coxeter
number play an important role. These are completely classified by Kac [258]
and are [259-261]:

psl(n|n), osp(2n + 2|2n) and  0(2,1qa), (A1)

where n > 1 is any integer and a > 1.7/ These algebras are called basic
because they possess an invariant bilinear form, which we need to construct
the action, and hence also the Virasoro tensor. For simple superalgebras a
Cartan subalgebra b can be chosen. For basic Lie superalgebras h agrees
with the Cartan subalgebra of the bosonic subalgebra, and is thus unique
up to conjugation. Hence a root system can be defined.

It is well-known (and explained in the Section 4.2) that the principal model
with WZW-term on a supergroup is a CFT if the respective dual Coxeter
number vanishes. The dual Coxeter number is half of the Casimir of the
adjoint representation, so in particular the quadratic Casimir of the adjoint
representation vanishes for the above Lie superalgebras.

77We have the isomorphism osp(4[2) = 9(2,1;& = 1) and 2(2,1;&) = 2(2, ;&™) for
« € R. Since we want to choose a real form, we also restrict to & € IR. We also have an iso-
morphism 9(2,1;& — o0) = psu(1,1|2) x su(2), where su(2) acts as an outer automorphism
on psu(1,1|2). This will discussed further in Appendix A.1.3.
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A.1.2 The affine psu(1,1|2); algebra

The psu(1,1]2); current algebra takes the following form in our conventions:

o T3] = = 3kmbyinp , (A.2a)
o Ja) = £ i (A.2b)
Um, ng Kimbueno — 2) 5 (A2¢)
K5 %]szmémw, (A.2d)
K3, Kﬂ + Ky (A.2¢)
(Kot Ky | = kméyyno + 2K, (A.2f)
8, i) = % (), ShE (A2g)
(K5 837 = 3"\ S3T (A0
(S0, Sh"} = kme'eP e TP 8y 0 — PPy (00) I8,

+ e (o, )ﬁvKu

m+n *

(A.2i)

Here, «, 8, ... are spinor indices and take values in {+, —}. The third spinor
index of the supercharges encodes the transformation properties under the
outer automorphism su(2) of psu(1,1]2). Furthermore, a is an su(2) adjoint
index and takes values in {+, —,3}. The constant ¢, equals —1 fora = —,
and +1 otherwise. Finally, the c-matrices are explicitly given by

() =2, (03)* =-1, ()", =1, (¢"),=2, (A3
1, ()7 =1, (0v)""=-1, (A3b)
1, (@ =1, (") =-2, (A30)
while all the other components vanish.

The representations we considered for string theory applications in Chap-

ter 4 are lowest weight for the s((2, R)-oscillators, and half-infinite.”® For
su(2), they are finite dimensional. Hence they are characterised by

Ioli ) = jlj,€) K3l 0) = €lj, 0),
Jolj.€) =0, Kilj, ¢y =0, (A.4)
Juli, 0y =0, m>0, Ki|j¢)=0, m>0.

Requiring that the zero-mode representation has no negative-norm states
imposes ¢ € 3Zx, j is continuous. The Casimir of such a representation
reads

C(j,t)=—j(j—1)+L(l+1). (A5)

78 Also so-called spectrally flowed representations occur. For non-vanishing R-R-flux, they
cannot be described on the level of the algebra psu(1,1|2); alone.
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A representation |j, () is atypical if the BPS bound j > ¢+ 1 is saturated,
and it is otherwise typical. A typical representation |j, ¢) consists of the
following 16 s[(2, R) & su(2)-multiplets:

4(,0), j£1,0), (j,ex1), 2(j£3,0+3). (A.6)

A.1.3 The (affine) Lie superalgebra 2(2,1; a);

The (affine) Lie superalgebra 9(2,1;«) is used to describe string theory on
the background AdS; x S® x S® x S!, so we review it here and fix our con-
ventions. The non-vanishing commutation relations for the affine algebra
take the form

[]%/]2] = _%km5m+n,0 , (A.7a)

o Ja 1 = £ aiin » (A.7b)

[]7:1_/ ]n_] = km5m+n,0 - 2]1:::’1-‘,-;1 7 (A.7C)
K5 K] = e mno s (A7d)
K K5 = £k (A7e)
[Kr(11i)+/ Kr(zi)_] = kim5m+n,0 + ZK,(ﬂjj_)s ’ (A.71)
i Si = 30" ShE (A7g)
K7, 0P = L(o®)f s, (A.7h)
K, soP = Loy o (A7)
(SHBY, SIPY = kme eV e1P5,, 0 — EPVETP () M0, + e (0, )Y K(++)Z
+ (1= y)e e (0,) PR (A7)

Again, a, B, ... are spinor indices and take values in {£+}. As before, a is
an adjoint index and takes values in {+£,3}. It is raised an lowered by the
standard su(2)-invariant form. Finally, v, k™ and k™~ are related to « and k
by

o« + (a+1)k -

=11z kT = P k™ = (a+1)k. (A.8)
We note that k™, k= € Zx, so the affine algebra imposes furthermore « €

Q>0 U {oo}.
(-)

In the limit &« — o0, v = 1 and the modes K;, " decouple from the rest of the
algebra. After decoupling, the algebra becomes again psu(1,1|2);.”” There
is a unique (up to rescaling) invariant form, which can be read off from the
central terms in the commutation relations.

v

79Physically, this corresponds to the fact that when decompactifying one of the three-
spheres, the geometry of the background becomes AdS; x S* x R3 x S!, which is locally
isometric to AdSz x S® x T* and hence has psu(1,1|2) as a symmetry algebra.
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In chapter 4, we considered representations which are half-infinite in the

4

sl(2,R), and finite-dimensional in the two su(2)’s. Hence they are again
characterised by (A.4), where the conditions on the K-modes apply to both

K,(,:r)a and K,("_)a. A representation is consequently parametrised by the three
spins |j, ¢*,¢7). A representation |j, ¢, ¢~) is atypical if the BPS bound

jzalt+(1-7)e, (A.9)

is saturated, and it is otherwise typical. A typical multiplet consists of the
following 16 s[(2, R) & su(2) & su(2)-representations:

2(,07,07), GE1L,%,607), (j, 07 +£1,07),
(G eF, 00 £1), 3,00 £50 +£3). (A10)
Its quadratic Casimir reads
CH L0 )=—jG—1)+T" (T +1)+ Q=) (£ +1). (A.11)

In the main text, we shall find it useful to parametrise oy by the angle ¢
through v = cos? ¢.

A.2 Various commutation relations

A.2.1 The RNS formalism of strings on AdS; x S3 x T*

The bosonic part of the worldsheet algebra is given by the WZW-model
s1(2, R) k10 @ su(2)k_o, together with four bosons. They have commutation
relations

(35, 35) = k+2m5m+n0 , (A.12a)
(35,35 = £ (A.12b)
[0, 3] = (k + 2) M n0 = 285m0 / (A.120)
[5G 9<3 3 = m5m+no , (A.12d)
(330, Ki] = +K5,,, (A.12¢)
(Ko, | = (k 2)MBpmin0 + 2K im0, (A.12f)
[9X2, axﬁ] = mePSping - (A.12g)

There are moreover ten bosons on the worldsheet, which we denote by ¥*,
X*, A* and A*. We take them to have anticommutation relations

{9}, 92} = 56150, (A.13a)
{0 95} =kbrisp (A.13b)
(X33} =560, (A.13¢)
(X5 x5} =koriso, (A.13d)
(A8 A8} = €6, 0 . (A.13¢)



A.2. Various commutation relations

A.2.2 The RNS formalism of strings on AdS; x S3 x S3 x S!

The bosonic generators on the worldsheet give rise to the affine algebra
SI(2,R)gr0 @ su(2)g+ o @ su(2)g-_o, together with one free boson. Their
modes satisfy the commutation relations

35, 85) = =52 mbuinp , (A.142)

(35, 3,] = i3m+n, (A.14b)

[ gn ] (k + 2)m5m+n 0—2 H?ﬂ+n,0 ’ (A.14C)

3¢ %, 1) = K2 my 0, (A.14d)

gk, 3¢ = iﬂCfﬁf , (A.14e)
3¢, 7] = (K = 2)mbyn o + 2K (A.14f)
[0y, 0Pn] = Mynp - (A.14g)

There are moreover ten fermions on the worldsheet, which we denote by *,
X% and A. We take them to have anticommutation relations

{9, 93} = =5 61450, (A.15a)
{v, ,lIJs } = k5r+so, (A.15b)
PPy = 2600, (A.15¢)
0T Y =k G0, (A.15d)
(A A} = i - (A.15¢)

Out of the bosonic currents at level k +2, kT —2 and k= — 2 and the free
fermions, one can define ‘supersymmetric’ currents at level k, k™ and k~,
respectively

=0t F L), (A162)
P=+ ), (A.16b)
KEE = g+ 4 k%(x(iﬁx(i)i) , (A.16¢)
K3 — ()3 kii(x(i”x(i)’) , (A.16d)

whose zero modes correspond to the global (bosonic) generators of the space-
time supersymmetry algebra. Via picture changing, we can also write them
in the canonical (—1) picture, where they simply read

JE—ypte?, Poyle?, KBE_ EEeme  KEB _ +ep
(A.17)
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A.2.3 The N =4 Liouville fields

To construct N' = 4 Liouville theory, we start with a free field construction
of the N = 4 algebra in terms of the free fields

dp, P, I, (A.18)

where d¢ is a free boson, ¥*f are four free fermions and J* is a su(2),_1
current. They have defining OPEs

1

Ip(z)og(w) ~ Z—w)?’ (A.19a)
PP ()7 (w) ~ Zisiz , (A.19b)
P2) P (w) ~ 2(;{__;)2 , (A.19¢)
P(2)]* (w) ~ ];_(u;]) , (A.19d)
' (@) (w) ~ (ZK__J)Z + 22] 3_(6;) . (A.19%)

These fields can be cast into an N/ = 4 superfield.

A.3 Free field systems

A.3.1 bc system

A bc system consists of anti-commuting fields b(z) and c(z) with conformal
dimensions

h(b) =X, hic)=1-A, (A.20)
and defining OPE

. (A.21)

The corresponding energy momentum tensor is

T = (db)c — Ad(bc) , (A.22)
and it has central charge ¢ = 1 —3(2A — 1)2. In particular, the bc system
with A = 2 has ¢ = —26.
A.3.2 By system

A By system consists of commuting fields B(z) and y(z) with conformal
dimensions

hB)=A, h(y)=1-A4A, (A.23)
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and defining OPE

1
~ — . A24
Bz)y(w) ~ ——— (A24)
The corresponding energy momentum tensor is
= (9B)y —Aa(BY), (A.25)

and it has central charge ¢ = 3(2A — 1)? — 1. In particular, the By system
with A = % has c = 11.

A.3.3 Free bosons
For a free boson with OPE

9(2)p(w) ~ elog(z — w) , (A.26)

and background charge Q, the stress-energy tensor is

T = e[%(aq))Z - %Qazgo} , (A.27)

with central charge
c=1-3eQ?. (A.28)

The conformal dimension of the field ¢7? is then

h(e1?) = %sq(q +0Q). (A.29)

A.4 Theta functions

We follow the notation of [262] and define the theta functions as

ﬂ[g] (z1) = Z o7 (n+a)*T+27i(n+a)(2+p) (A.30)

nez
27mxz+/5 %lo—o]: 1_q
% (1 +qn+zx—§e2m(z+ﬁ)) (1 +qn—a—%e—27ﬂ'(z+ﬁ)) . (A.31)

The four Jacobi theta functions are the special cases

1 1 0 0
ﬂlzﬂm , ﬁzzﬁH , ﬂgzau , 194519[1] N
2 0 0 3

In particular, we have the identity

O (M2 1) (4525 T) = 02(u;27)03(0; 27) + B3(u;27) 02 (v;2T) ,  (A.33)
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B (1) (5 T) = =0 (u;27)03(0;2T) + 03(1;2T) 02 (v;2T) ,  (A34)

which expresses the equivalence of four free fermions to su(2); @ su(2);.

We also make use of the behaviour under modular transformations, in par-
ticular of ¢ (z, 7) and 7(7),

% <Z;_i> = —q _iTe%Zzﬁl(z;qj , n <—i> = —iTﬂ(T) . (A35)

T



Appendix B

Representations

In this Appendix, we will give some details about representations of relevant
groups and algebras which appeared in the main text.

B.1 Representations of SL(2,R)

Here, we describe the representations of (the universal cover of) SL(2,R)

that are relevant for the description of the Maldacena & Ooguri theory [60].

We begin by reviewing the “usual” construction of unitary representations of
SL(2,R), see e.g. [100].

B.1.1 Representations of SU(1,1)

The unitary representations of SL(2, R) are most easily constructed in terms
of the group SU(1, 1), which is isomorphic to SL(2,R). The group SU(1,1)
consists of the complex 2 x 2 matrices of the form

a b
D= <B ﬁ) (B.1)
with [a|? — |b|?> = 1. These matrices have a natural action on the unit disc
|z| <1via

az+b
— = = , B.2
z+— vp(z) S (B.2)
which in particular maps the unit circle, |z| = 1, to itself. The irreducible

unitary (continuous) representations of SU(1,1) can be constructed on the
Hilbert space

LhS) ={f:s' = Clflo+2m) =e 0 Vf(g)}, (B3
where the action of a group element D € SU(1,1) is defined via

(D-f)(z) = (1p") @) flrp' (2)), (B4)
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and yp(z) is given in (B.2). (Here we identify S' with the set |z| = 1, and
write z = e'?.) We have denoted the spin by j (or equivalently the quadratic
Casimir by C = —j(j — 1)).

It is not difficult to show that the whole group SU(1,1) acts on LJZ, L (Sh).
There is a natural set of basis functions f,,(¢), m € Z + A, of L]% ,(Sh), given
by

fulg) = e UFM7, (B.5)

and on them the Lie algebra generator

Ao = % <(1) _01) € su(l,1) (B.6)

acts diagonally with eigenvalue

(Mo - fu) (@) = im fu(9) - (B.7)

Note that Ay generates the compact Cartan torus U(1) C SU(1,1). Depend-
ing on the value of j and A, these representations therefore define the usual
continuous and discrete representations of SU(1,1).

B.1.2 Representations of SL(2,R)
On the other hand, the Lie group SL(2, R) consists of the real 2 x 2 matrices

a b
M—(C d)’ ad—bc=1. (B.8)

This group acts naturally on the upper half-plane via

_at+b

T+ ’)/M(’L’) = m ’ (B.9)

and it fixes the real line T € R. Its Lie algebra is generated by the elements
Lo, L1 with

1/1 0 01 0 O

that satisfy the Lie algebra
[Ly, Ly] = (m —n)Lysn , m,n=-1,0,1. (B.11)

Note that the Cartan torus corresponding to Ly is, in this case, the noncom-
pact subgroup of diagonal matrices of SL(2, R).



B.1. Representations of SL(2,R)

The Lie group SL(2,R) is isomorphic to SU(1,1): the isomorphism is
achieved by the Cayley transform that maps the upper half-plane to the

unit disc, ,
e % (1 —i T—i
C_ﬁ<1 i)’ c(T)—z—T_H,. (B.12)
Indeed, for any M € SL(2,R),
D=CcMC'esu(l). (B.13)

As a consequence, any irreducible unitary representation of SU(1,1) gives
rise to such a representation of SL(2,R), and vice versa. Under this isomor-
phism, the generator Ay that acts diagonally on the unitary representations
of SU(1,1) becomes

—_

Ly=C'AgC=-(L_1+1Ly). (B.14)

2
In the analysis of [60] J3 is taken to be the (compact) L) generator of the
WZW algebra sl(2,R) (which acts diagonally on the standard representa-
tions of s[(2,R)). However, from the viewpoint of the spacetime theory, ]8
is identified with the (non-compact) Mobius generator Ly (rather than L)
of the dual CFT. This has important consequences since the corresponding
representations are not isomorphic as representations of SL(2,R). This is a
consequence of the fact that Ly and L{ are not conjugate to one another in
SL(2,R), but only in SL(2, C).

In order to understand the structure of the representations for which Lj acts
diagonally, we consider the vector space of functions

H={f:R—C}, (B.15)
on which M € SL(2,R) acts via
(M- f)(x) = (1) () f(mif (%)), (B.16)
where
m(x) = m, for M= <‘Z Z) €SL(2,R). (B.17)

In this representation the Lie algebra generators Ly, of s[(2, R) are the differ-
ential operators

d J . ) 0 .
oy Lo = —xa— -7, L1=—x Pl 2jx, (B.18)
and the Casimir equals C = —j(j — 1). The Lie algebra generators act on the
subspace of functions that is generated by

L=

gn(x)=x7T", meZ+A, (B.19)
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where L acts diagonally with eigenvalue
(Lo - &m)(x) = m gm(x) . (B.20)

For generic A, the Lie algebra generators map the different g,,(x) into one
another, and hence realise a representation of the Lie algebra that is iso-
morphic to the usual continuous representation €. On the other hand, for
A = —j, we can restrict to the subspace of functions with m +j € Z <y which
leads to Dy, while for A = j we get D;“ from the functions with m —j € Z>.

However, unlike the situation described above in the context of SU(1, 1), this
realisation does not actually lead to the corresponding representation of the
Lie group SL(2,R). Indeed, for the inversion element of SL(2,R),

0 1 1
Mil’lV - <_1 0) 7 ’)’Minv (x) - _; 7 (B'21)

we find N ‘
(Miny - gm) (x) = e~ ™MUTm x=jtm (B.22)

which cannot (in general, i.e. if A & %Z) be written in terms of the g (x)
functions. (Similarly, the discrete representations D+ do not define a rep-
resentation of the Lie group by themselves, but the inversion element of
SL(2, R) maps D;“ to D;, and vice versa.) Other group elements in SL(2,R)
(in particular, translations) map g, (x) also to functions that have branch-
cuts originating from other points x # 0 on the real line. While one can for-
mally write these functions in terms of Laurent polynomials around x = 0,
the more natural way to describe the space on which (the universal cover-
ing group of) SL(2, R) acts, is as the full space (B.15), with the action being
given by (B.16). This is then the so-called x-basis of [60].80 In particular, the
representation of this SL(2,R) incorporates all representations of sl(2, R)
with a given value of j (and hence of the Casimir C = —j(j — 1)), but with
all values of A, including the two discrete representations D;r and Dy, see
also [263] for a related observation. This observation plays an important role
in Section 5.4.

B.2 The short representation of psu(1,1|2)

In this appendix we describe the short representation described by (5.5) ex-
plicitly. We label the states as

m, 1,0y, |m, 1,0y € (€2,2) (B.23)

80Incidentally, the fact that both D? and @17 appear in this basis was also already noticed
there.



B.2. The short representation of psu(1,1|2)

|m,0,1) € (e§+%,1) , |m,0,1) € (eh%,n : (B.24)
Thus m € Z + A in the first line, while m € Z + A + % for the states in
the second line. In each case the third entry keeps track of the quantum
numbers with respect to the outer automorphism su(2). In particular, the
two states in the second line transform actually in a doublet under the outer
automophism.8! The bosonic subalgebra s[(2, R) ¢ su(2) acts on these states
according to the representation theory we described in Subsection 2.2.1 and
the usual representation theory of su(2). In our conventions, this takes the
form

Jo Im,3,0) = m|m,1,0) J§ Im,0,3) = m|m,0,1) ,  (B.25a)

Jo Im,3,0) = [m+1,7,0) , Jo Im,0,1) =|m+1,0,7) , (B.25b)
Jo Im,3,0) = (m—1)*m—1,3,0) , Jy [m,0,3) = m(m—1)|m—1,0,3) ,
(B.25¢)

K3 m,1,0) = 3 [m,1,0) , K3 |m, 1,0) = =3 |m,1,0) , (B.25d)
Ky |m, 4,0) = |m,*,0) , Ky |m,1,0) = |m,1,0) . (B25€)

Here, by § we mean either of the two states corresponding to 1 or |. On the
other hand, the 8 supercharges act as

SO___ ‘mITIO> - _(m_ %) ‘m_ %/OI\J/> 7 S(—)i___ |mITIO> - ‘m+ %,O,\L> 7

(B.25f)
So " Im,0,1) =m|m—3,4,0), S¢ T Im0,1) =—|m+1,1,0),
(B.25g)

5077+ |Wl,T,O> = _(m - %) ‘ﬂ’l - %/01T> ’ SE)F?JF |m,T,O> = ‘m+ %IOIT> ’
(B.25h)

S m 0L = mlm-10,0), S5m0y =|m+},L0),
(B.251)
St Im, 4,0y = (m=3)|m=13,0,1),  S§F|m,0)=—|m+30,),
(B.25))
So T Im,0,1) =m ‘m — %,T,0> , S&t Im,0,1) = — |m+ %,T,0> ,
(B.25Kk)
So T lm, 1,0y = (m—3)[m—301), S |mL,0)=—|m+30,1),
(B.25])

SO_++ ‘mlol\l/> =—m ‘m - %/T/O> ’ S(—]i_++ ‘mlol\l/> = ‘m + %/T/O> ’
(B.25m)

81Note that Cg 10 = C}\ 112 since both have the same Casimir C = 0. On the other hand,

the Casimir of the representation (?}L/ 2 equals C = %.
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while all other actions are zero. This characterises the representation com-
pletely. As we have indicated in the main text, for A = %, the states

m, 3,00, m>1 and |m0,]), m>1 (B.26)

form an irreducible subrepresentation which is obtained from (5.5) upon
replacing C‘Z%% by its subrepresentation ZD}F/ 2, and €l = €Y by its subrepre-

sentation D! . Similarly, the states
m, 3,00, m>3 and  [m0,]), m>0 (B.27)

form a slightly bigger indecomposable subrepresentation. The quotient of
(B.27) by (B.26) consists of the two states |0,0,]), which is isomorphic to
twice the trivial representation.

B.3 The short representation of 9(2,1;«)

In this Appendix, we will display the short representation (7.31) explicitly.
We will denote the states that appear by

\m,my,m_) , meZ-+A, m+€{—%,% , m_e{—g,...,g},
(B.28)
m,0,m_, £y, meZ+i+r, m_e{-4,. . H}. (B.29)

For the action of the bosonic subalgebra we choose the conventions that for
s[(2,R) we have

Joljom) = m ljm)  Jg"ljm) = (m£j) lm=1) . (B30)
while for the spin ¢ representation of su(2) we set
Ky |e,m)y=ml|t,m),  Kil|t,m)=(Fm) |[{,mE1) . (B.31)

The states are then not unit normalised, but this convention is nevertheless
convenient. The action of the supercharges is

wePr2ms
V20+1

+ (m+aj) (vl —m_) |m+5,0,m_+ l,—>) ,
(B.32a)

ng |m,my,m_) =

(_ |m+%101m— +%r+>

(am+(i=3)) (v (¢+3) -
V20+1

m_
SeP "m0, +) = L+, 8m_+3),

(B.32b)
SeP |m,0,m_, —) = zg+1 ‘m+%,§,m_+%> . (B.32¢)
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One can check directly that this defines a representation of 9(2,1;«) (in the
conventions of eqgs. (A.7a)—(A.7j)), provided that

j=0—7)(+3)+1, (B.33)

see eq. (7.32) in the main text.
q- (

Note that for ¢ = 0, the states |m,0,m_, —) are never produced by the ac-
tion of the generators, and hence can be decoupled from the multiplet, see
eq. (7.40). Similarly, the states

|m,my,m_) , mej+Zso, (B.34)
|m,0,m_,+) , mejFL+Zsg (B.35)

form a subrepresentation, which is the discrete representation on which
9> + is based, while the states

|m,my,m_) , me —j+Z<o, (B.36)
lm,0,m_,£) , me —j+l+Z< (B.37)

form the discrete subrepresentation which gives rise to G- _ in the affine
algebra. In order to obtain the other two discrete representations (which
give rise to G~ _ and G- ; in the affine algebra), one has to replace j by 1 —j
in the continuous representations of s((2, R).
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Appendix C

Details about the psu(1,1[2); WZW
model

In this appendix, we will give some details about the psu(1,1[2); WZW
model, which played an important role in the main text.

C.1 The free field representation of psu(1,1|2),

In this appendix we provide details about the free field realisation of
psu(1,1]2);. We begin by reviewing the free field realisation of s((2,R);,»
in terms of a pair of symplectic bosons [190, 264].

C.1.1 The symplectic boson theory

We begin with a single pair of symplectic bosons ¢, and [ satisfying the
commutation relations

[ En] = Om,—n - (C1)

It gives rise to an sl(2,R);, affine algebra since we have
i==3COm,  Ji=3C0m, Ju=3E0w. (€2

Both &, and ¢, are spin-; fields and possess therefore NS- and R-sector
representations. The NS-sector highest weight representation is described
by

&10y=0, ¢&l0)=0, r>1, (C.3)

and gives the vacuum representation of the theory, which we denote by X.

On the other hand, the R-sector representations of the symplectic boson pair
have a zero-mode representation on the states |m) with action

Glm)y=v2im+1), &lm)=—-v2(m—-1)m—-1), (C4)
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so that, in terms of the s[(2, R) generators we have
Rlm) = mlm), R ) = 2 ). ©5)

Thus the R-sector representations of the symplectic boson are labelled by
AeR/ %Z, describing the eigenvalues of J3 mod %Z; these representations
are denoted by €,. At A = %, &1/4 becomes reducible, but indecomposable
(as follows from the second term in (C.4)). It is not separately part of the
Hilbert space, but rather combines together with other representations into
an indecomposable representation 8 [190]. Its structure is best described in
terms of the so-called composition series, which takes for § the form

/\

8: (C.6)

\/

Here the bottom line is the irreducible vacuum representation X, and it
forms a proper subrepresentation of 8. Since 8§ is indecomposable, the com-
plement of X does not form another subrepresentation of 8. However, the
quotient space 8/XK contains subrepresentations, namely the two irreducible
representations described by the middle line of §. Again, their complement
is not another subrepresentation, so one needs to quotient again by the rep-
resentations in the middle line. The resulting space is then the irreducible
vacuum representation X appearing at the top of the diagram. In this lan-
guage, the direction of the arrows indicates the symplectic boson action:
symplectic bosons can map from top to bottom, but not back. The top el-
ement of the composition series is called the “head”, whereas the bottom
element is called the “socle”.

The representation 8 is closely related to &£;,4 since, on the level of the
Grothendieck ring, we have

Elu~a(X)@o (K) = S~c(&i) @ (&) . (C.7)

Here ¢ denotes the spectral flow of the symplectic boson theory which acts
via
o(¢r) = Cr_f ’ U(‘fr) = §r+% . (C.8)

The fusion rules of this theory were worked out in [190, eq. (5.8)],

T(Extur1) ® 0_1(8A+y+1) , A+p#0,

Eix €&, = 4 1 C.9a
A X Ey {S, Atp=0, (C.9a)
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EAXS82*(EN) D2 -Ex Do 2(EN), (C.9b)
SXx8=2a?(8)®2-SPor 2(8). (C.9¢)

C.1.2 The explicit form of the free field representation

In order to describe the free field realisation of psu(1,1]|2); we combine
together two such pairs of symplectic bosons, together with 2 complex
fermions. More explicitly, let us denote the fermions by ¢*, %, and the
symplectic bosons by ¢* and ¢* with & = + and (anti)-commutation rela-
tions

{1,55/ ll)sﬁ} = ga‘str,—s ’ [Ef/ gsﬁ] = Saﬁfsr,—s . (ClO)

(Anti)-commutators of barred with barred oscillators vanish, and similarly
for the unbarred combinations. As is clear from the previous section, we
can construct two sl(2,R);/, algebras out of the symplectic bosons, which
are explicitly given as

o = =3 E ), G2 = & E ), (C.11a)
Wt =1E Wt =1EE ), (C.11b)
" =3EE Wt =1EE (C11c)
We define the two spectral flow symmetries via
dM@EhH=¢",, dEH =&, (C.12a)
&) = 6,;2 : o) = ;Z : (C12b)

so that o(*) only acts on &+ and &~ (that appear in the J(*)? generators),
while o(-) only acts on ¢~ and ¢". We also define their action on the
fermions via

d ) =y, G =", (C.13a)
c@G) =9, )=y, (C.13b)

We now realise the u(1,1|2); algebra via the combinations

Bo= 3@ E ) —3@ ), K== ) — 2
(C.14a)
E_ e, KE = +(¢p 95, (C.14b)
S = (P8, S = =€, (149
Un = =3E ) m+3E D, V= =30 0 )+ 3§ )
(C.14d)
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Here the generators J4, define s[(2,R);, but they are not just the direct sums

of the ]r(ni)” generators from (C.11a)-(C.11c). It is convenient to define the
two linear combinations

Zw=Un+Vy and Yy=Uy—Vy. (C.15)

Then the modes J;;,, K, and Sub satisfy (A.2a) — (A.2i) with k = 1, except
that Z,, appears as a central extension in (A.2i),

{ngh, S0V = kmeePVe1P 5, o — eﬁ"swca%“”]ﬁHn
+ s""‘swaaﬁvK”mM + eMePrsr—rz, . (C.16)
Here 677f denotes as usual the Kronecker delta. [, Kf,, the supercharges
SP7 and the central extension Z,, generate then the superalgebra su(1,1(2);.

In particular, Z,, commutes with the modes of J, K, ng 7 and its own
modes. The remaining commutators involving Y;, are given by

[You, T3]
[Ym/ Yn] =

0, [YmKi]=0, Yo, $i7] = —4S¥7,  (C17)
’ [Ymr Zn] = —MOpinp - (C.18)

From these commutation relations, we see that only the zero-charge sector of
the central extension Z lifts to representations of psu(1,1|2);. Furthermore,
in order to obtain complete psu(1,1|2);-representations, we have to sum over
all charges of u(1)y, because the supercharges carry charge with respect to

u(l)y.

We should mention that the combination of spectral flow ¢(*) o (¢(~))~1
keeps the bosonic generators J;;, and Kj, invariant. On the other hand, the
spectral flow ¢ of psu(1,1|2); can be identified with

c=ct) o), (C.19)

Its action on the generators coincides with (5.22a) — (5.22¢).

C.1.3 The fusion rules
The coset representations of (5.39) are labelled by

(cHmey), o meE); Y, 2),  m4nelz, (C.20)

where the first entry c(+)" (&) denotes the representation of the pair of sym-
plectic bosons ¢* and ¢, while the second entry 0(_)”(&[) is a representa-
tion of the pair of symplectic bosons ¢~ and ¢ . The condition m + n € 27
imposes the constraint that all four symplectic bosons are equally moded,
see (C.12a) and (C.12b). Since the supercharges are bilinear expressions of
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one symplectic boson and one fermion, and since we require them to be
integer-moded, the moding of the symplectic bosons also fixes that of the
fermions. Thus the fermions will be in the R sector if m is even, and in the
NS sector if m is odd. In particular, this thereby fixes the representations of
the su(2); algebra. Finally, Y and Z denote the eigenvalues of Yj and Zj.

We recall that Z is the central extension of psu(1,1|2), while Yj is the other
u(1)-charge extending su(1,1|2) to u(1,1]2). With these conventions, the
symplectic bosons and free fermions transform with respect to s((2,R) ®
su(2) du(l)y du(l)z as

symplectic bosons : (2,1)11®(2,1)1,-1, (C.21)
fermions : (1,2)1-1®(1,2) 17 . (C.22)
We have explained above that for psu(1,1|2)-representations we have to re-

quire Z to vanish, but should sum over all possible charges of u(1)y. Fur-
thermore, we have the selection rules that both Z and Y must satisfy

Z,YEJL+A—p. (C.23)

Since A,y € R/ %Z, the condition Z = 0 allows us to choose, without loss of
generality, A = . We have the identifications

Fy = @(Um(gg), Uﬁm(E%),’ Y, 0), (C.24a)
YeZ

L= @ (0"(%), 0 "(K); Y, 0), (C.24b)
YeZ

where the spectral flow parameter m is arbitrary (and we have suppressed
the indices (4) on the spectral flows). Since the spectral flow (¢®, c~%)
leaves the bosonic subalgebra of psu(1,1|2);-algebra invariant, (C.24a) and
(C.24b) define indeed highest weight representations. We can then readily
compute the fusion rules: for A 4+ u # 0 we find from (C.9a)

(€4, €471, 0)® (€, €45 Y2, 0) = (0(Eau sy 1); i+ Y2, 0)
); Y1+ Y2, 0)
; Y1+ Y2, 0)

;Y1 +Y,, 0). (C.25)

Summing over the Y-charge yields then the fusion rules for the psu(1,1|2),
representations

FaX Fu =0Ty, 1) @2-F 1 80 (Fny,pa) s (C.26)

where the middle term arises from the last two lines in (C.25).
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Let us also consider the exceptional case, where A + p = 0. Then the sym-
plectic boson language predicts the appearance of the module (8,8;Y; +
Y>,0). This module has a composition series of 16 terms. When summing
over the Y-charge, we get by definition the module 7. Its composition series
is (we have not specified how the arrows act on the different summands that

have non-trivial multiplicities)

T (C.27)

\/\/
\/

for the complete description, see Appendix C.2. In particular, because of
(5.30), we have in the Grothendieck ring

Tr~o(F) ®2- 9, 690‘1(3"%). (C.28)

Next, we compute the fusion rules of J, with 7. Because of (C.28), we
expect that only J) and spectrally flowed images can appear on the right
hand side, and this indeed follows from the symplectic boson fusion rules
(C.9b), leading to

FaxTEa?(F))@4-0(F))@6-Fndd-oc YT @0 2(Fy). (C29)
Finally, the fusion of T with itself follows from (C.9c), and we find
TxT2oX(T)©4-0(T)D6-Td4 o H(T) Do (7). (C.30)
This reproduces (5.40a) — (5.40c).

C.1.4 The characters

We can also use the free field realisation to compute the character of
psu(1,1]2);-representations. For this, we recall that four free fermions in
the R-sector have the character

O (FE 1) 0 (B5 1) 85(220) Bs(p — v;2T) + 03(2;27) 0o (4 — v;27)

n(7)? 1n(7)?

(C.31)



C.1. The free field representation of psu(1,1|2)1

Our conventions regarding modular functions are collected in Appendix A 4.
Here, we have introduced the chemical potentials y and v, which are associ-
ated to Y and Z, respectively, while z is the chemical potential with respect
to the su(2) algebra, see eq. (C.22). The right hand side of the equation ex-
presses the character in terms of su(2); @ su(2);-characters, which separates
the chemical potentials, see eq. (A.33). Similarly, the character of the contin-
uous representation of two pairs of symplectic bosons (€, /2, €,/2) is given

by

Z xm+n62m'(‘u+v)(mfn)
mn E%Z+%

n(t)*

_ ( Z + Z >xre2ni(y+v)s;7(11_)4 , (C.32)

r€Z+M\SE€EL reZAA+L,s€Z+)

where t is the chemical potential of s[(2,R); and we have set x = e*™, see
eq. (C.21). The oscillator part of the character is uncharged, since any charge
can be absorbed into the zero-modes of the representation. (C.31) and (C.32)
can be multiplied to obtain the character of the numerator algebra in (5.39).
It is then straightforward to obtain the coset character of (£,,2,€1/2,Y, Z)
by restricting to the respective exponents of e2™* and e?™". In particular, we
find for Z =0

Y?/4 r 92(2,27)
q Yrez4r X 1 Y even,
ch[(En/2, €072, Y, 0)](t, z;T) = n(1) (C.33)
7 g V22D Y odd.

With the identification (C.24a), we finally deduce the character of the contin-
uous psu(1,1|2);-representations

ch[Fy](tzT) = Y xrﬁs(ZT)ﬁz(Z;ZT)+ y xrl92(2’f)193(z;27)

(C.34)
. x,t?3(t;27)1924(z;2r) LY w 192(1‘;21')1934(2;2T)
reZt+A 7(7) reZt+A 7(7)
(C.35)
0 (22, 1) 9, (53;
_ E xi’ 2( 2 T) 24( 2 T) , (C36)
reZ+A 17<T)
where x = e?™ and we have used that
Y 7" = 8:(21), Y. g7 =%(21). (C.37)

nez nez+3%
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We have also used the identity (A.33). Thus, the character formally looks
like 4 fermions in the (2,2) of s[(2, R) & su(2) together with two free bosons
and the zero-modes from the continuous representation.

The spectrally flowed character can be obtained from this by following the
rules (5.22a) — (5.22e) and (5.23). This gives

bl () =g ¥ g e BT

rEZAA n(T)4

(C.38)

C.1.5 Modular properties

We now calculate the modular behaviour of the characters (C.38). We stress
that we are treating the character as a formal object and not as a meromor-
phic function. Hence the following manipulations will be somewhat formal.
Our calculations are inspired by [60,265]. To obtain good modular prop-
erties, we include a (—1)F into the character — the new characters will be
denoted by ch — which corresponds to the replacement ¢, — ¢; in (C.38).
We first note that we can write (recall that x = e?™ and g = €?™7)
C]‘I[O'w(ff)\)] (t, Z T) — quZeZTIi(t*uJT)A Z eZm‘(tfwr)r % (HTZ’ T) % (tTZ’ T)
reEZ U(T)4

(C.39)

t+z. t—z.
_ qgeZm'(t—wr)/\ E 5(t —wT — m) 4! (%’ T) 1914(7’ T)
= 7(7)

(C.40)

= (55 1)01 (555 7)
. mm)xé —WT —m 2 2 .
7" ) e )

(C.41)

With this at hand, it is straightforward to compute the S-modular transfor-
mation of the characters from

chlo®(F)](tz 1) — eFEHch[o? ()] (L, 2 1) (C42)
:ezz (ltszz) Z e2nimA(5(t+w—mT) 191 (HTZ’ T) 191 (FTZ’ T)

1T me7z ’ 17(T)4
(C43)

=—isgn(Re(1)) )_ ¢ &2 ezmmé(t +w —mT)

MmeZ
8 (5508 (55 7)

X . (C.44
TGk ’

Here the prefactor e% (?=7%) comes from the general transformation property
of weak Jacobi forms of index 1 and —1, respectively, see e.g. [266], and we
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have used (A.35). In the final step we have also set t = mT — w (because of
the § function), and used that both m and w are integers. Finally, we have
inserted the formal identity

5(%) = tsgn(Re(1))6(x), (C.45)

which follows by writing

O(x) = lim e x . (C.46)

By definition, we put the branch cut of the square root on the imaginary
axis, which is the reason for the jump in (C.45) at this point. Of course,
other choices for the branch cut give in the end the same physical result.??
In particular, the sign cancels out once we combine the left-movers with the
right-movers.

The expression (C.44) can now be written as

1 ~ /
[ a0 S e ()(6z7) c47)
w EeZ
with
S (), (w, 1) = —isgn(Re(t)) @AY (C.48)

Thus, we have derived the formal S-matrix of the S-modular transformation,
see eq. (5.44). As in [265], it is not entirely independent of 7. This depen-
dence cancels out in every physical calculation. The S-matrix is (formally)
unitary since

1 1
oI I AN -
Z / dAN S-(rw A),(w'” /\//)S(w// A (w!,A") - E / d)\// eZm(w A+’ AT —wA"—w"'A)
0 V) iz ’ ’ ’, 0

w'" €7, w'"eZ,
(C.49)
— 5w,w’ Z ezm(w”)\’—w”)\) (C.50)
w'"eZ
= 6y 6(A— A mod 1) . (C.51)

Moreover, it is clearly symmetric. These properties suffice to deduce that
the combination (5.41) is indeed modular invariant.

821 particular, our formula differs from [265]. We feel that the holomorphic prescription
we are using is more adequate, since in particular no T should appear in the S-modular
transformation of (formally) holomorphic characters.
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C.1.6 The Verlinde formula

We now use the formal S-matrix to derive the typical fusion rules a third
time by using a continuum version of the Verlinde formula. For this, we also
need the S-matrix element of the vacuum with a continuous representation.
To this end, we notice that on the level of the Grothendieck ring

o(Fr2) ~LD2-0(L)Bo*(L) . (C.52)

Using this identification repeatedly, one proves by induction

ch[£] = Y (—1)"* m chlo" (F, )]

m=1
+ (=1)"(n+1) ch[c™(£)] + (=1)"nch[c"(£)] (C.53)
for any n. Thus by taking n — co we conclude

chlt] = ¥ (—1)" mchlo™(T12)] - (C.54)

m=0

We can then calculate the S-matrix element

_ - m+1 _ w _isgn(Re(T))
Svac,(w,A) - mZ::O(_l) ms(m,%),(w,)\) = (—1 (einA n efir()\)z . (C55)
Finally, we use the Verlinde formula to calculate the fusion rules:
1 S S S*
(w3,A3) . (w1,A1)(w,A) 2 (w2,A2) (w,A) 2 (w3,A3) (w,A)
N(zulr)Ll)(ZUZIAZ) o w;Z‘/(; dA Svac/(u),/\) (C'56)
— Z /1 dA e27‘£i((w1+zusz3))\+w()\1+)\27)\3))
wezZ 0
x (=1) (e™ + e_m'A)2 (C.57)
= <5u;3,w1+w2—1 + 25W3,w1+wz + 5w3,wl+w2+l)
X (5()\3 — A+t %) : (C.58)

This reproduces (5.33).

C.2 The indecomposable module T

In this appendix, we discuss the indecomposable module T that appears
in the fusion rules (5.40a) — (5.40c) in some more detail. In particular, we
discuss how it modifies the structure of the Hilbert space. The composition
diagram of T was given in (C.27).
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o H(T) T a(7)

o 1(L) 5T, y L N st o(£)

v\ VAR
2072(L) 2L /;1(5) 20(5/)\ 2L 20%(L)

Z N N\ VAR / N /N
c3(L) 4o NL) (L) oK) 45 o2(L) o (L) 4do(L) (L)
N YN\ S NN/ NS N/
207%(L) 20 2071(L)  20(L) 28 202%(L)
4 N/ N 4
o 1(L) L (L)

Figure C.1: The definition of the maps S(i).

i

In a refined version of (5.41), we should not include 77/, in the Hilbert space,
but rather 7. Thus, the naive ansatz for the Hilbert space would be

we= @ (rmerme gac)erm).

wez )\{L}

We refer to the first summand as the atypical Hilbert space Qta;lvf, and the
second term as the typical Hilbert space Hip. While this contains now
only modules which close under fusion, there are two problems with this
proposal. First, locality requires that Ly — Ly acts diagonalisably, since other-
wise the complete correlation functions would be multi-valued. In addition,
(C.59) does not agree with (5.41) on the level of the Grothendieck ring, and
hence would not be modular invariant. As explained in [267,268], the true

Hilbert space is obtained by quotienting out an ideal Z C H;‘f‘yige from Hg‘f‘%e.

There is a very natural way of defining this ideal [186]. For this, let us
describe the module T a bit more conceptually. T has 16 terms in its com-
position series, which we shall denote by (¢1,¢€2,€3,¢€4) for ¢; € {0,1}. The
first line of the composition series (C.27) corresponds to (0,0,0,0), the sec-
ond line to (e1,€p,€3,€4) with Y ;¢; = 1, the third line to (e, €z, €3,¢€4) with
Y& = 2, etc. (e1,€2,¢€3,€4) will correspond to a term ¢~ 17274 (L) in
the composition series (C.27). It is useful to introduce a Z-grading of the
terms in the composition series to lift the degeneracy of the various mod-
ules, see [186]; it takes the form

grad (e, €p,€3,€4) = —€1 + €2 — €3+ €4 . (C.60)

Furthermore, we note that there is an arrow in the composition series (C.27)
from (e1, €5, €3,€4) to (€], €5, €5, ¢€y) if €, = ¢ + 1 for exactly one i and 8; =g
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for all remaining j # 1.3 We can define the intertwiner maps

sp 10V (T) = 0T, (C.61)

where p € {—1,1} denotes the grade of the map, by

w—+1

sT10%(e1,€0,83,€4) = 0V (61 + 1,60, €3, 4) (C.62a)
sT0"(e1,e2,83,84) = 0V (61,824 1,63, ¢4) (C.62b)
s 10Y(e1,€2,€3,€4) = 07 Yey,e0,e34+1,¢4), (C.620)
5,10 (e1,€2,€3,84) = 0 Yey,e0,e3,e4+1) . (C.62d)

By definition, the right hand side is zero if one of its argument is bigger
than one. These maps preserve the grading, and we have given a graphical
representation in Figure C.1. In fact, they generate the long exact sequences

oF ot ot

p o 0
o= H(T) o (7) oVt T) ovt2(T)
S‘; S‘; SE

(C.63)
We stress that the maps are intertwiners, i.e. morphisms of psu(1,1/|2); mod-
ules. With this at hand, we define the ideal Z as the ideal generated by Iﬁc
with

=@ (ssel-18 sfp) (0(T) @ eE1(T)) . (C.64)
wEZ

Then the Hilbert spaces becomes

H=Hayp ®Hyp,  with  Hayp = Haar®/T . (C.65)

Hence we have the equivalence relations
w .5 5. 5. = w—1 .5 5. 5. =
0“(e1+1,e2,€3,€4;81,82,83,84) ~ 07 (€1, €2, €3, €481, 82,83, 84 + 1),
(C.66a)

w .5 5. 5. 3 w—1 .5 5. = =
0Y(e1,€2+1,€3,€4;81,82,83,84) ~ 0V (€1,€2,€3,€4;81, 82,83+ 1,84) ,
(C.66b)

w .F. F. . B w41 .= = = =
0 (e1,€2,€3+1,€4;81,82,83,84) ~ 0V (€1,€0,€3,€4;81, 82+ 1,83,84) ,
(C.66¢)

w .5, Fo F. B w+1 .5 5 5. F
0" (e1,€,83,€4 + 1,81,8,83,84) ~ 0" " (e1,€2, 83,84, 81 + 1,82, 83,84) ,
(C.66d)
83Geometrically, this corresponds to drawing a 4-dimensional hypercube, where the mod-

ules sit on the vertices and the arrows represent the edges. They are given by all possible
shortest paths from one vertex to the opposite vertex.
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where we have included the right-moving modules in a hopefully obvious
way. In particular, these relations imply that the following modules are null:

Uw(l/ €2,83,&4, 51/ ET:2/ g3/ 1) ~ Uw(€1, 1/ €3,€4, g1/ E2/ 1/ 54) (C67)
~ (Tw(£1,82, 1,6e4;81, 1,53,84) ~ 0’w(81,82,83, 1; 1,52,53,54) ~0. (C68)

Thus, out of the 256 terms in the composition series of T x T, 175 are set to
zero. If e1 = 0 and €4 = 1 or vice versa, (C.66a) tells us that the values of €
and &, can be interchanged, if we compensate in the spectral flow,

Uw (1/ €2,€3,84, g1/ g2/ 53/ 0) ~ 01w*1 (0/ €2,83,84, é1/ g2/ g3/ ]-) . (C69)
Hence, we can choose a representative by fixing either ¢; = 0 or &4 = 0.
An analogous statement holds for the other pairs of indices from (C.66b)-
(C.66d). In total, the ‘gauge freedom’ is fixed by setting either &; = 0 or
§s_;=0fori=1,...,4.

To see the structure of the resulting representation of the affine algebra
psu(1,1]2); x psu(1,1|2); most clearly, we first fix the representatives such
that & = 0 for i = 1,...,4. Thus, equivalence classes will be labelled by
[0%(e1,€2,€3,€4)]. The left-moving action acts on these equivalence classes
in the obvious way. There is an arrow for the right-moving action

[0%(e1,€2,€3,€4)] — [crw/(s’l,s’z,sg, ey)] (C.70)

if €; = ¢ + 1 for some i and ¢} = ¢; for the other j # i. Moreover, w’ = w + 1
fori € {1,2} and w’' = w —1 for i € {3,4}. Obviously, we can also choose
g =0fori=1,...,4, and obtain the same structure with the roles of left-
and right-movers interchanged. Thus, the structure of the atypical Hilbert
space is

Hayp = P 0“(T) @ 0" (L) and  Hayp = P (L) ® 0“(T)

weZ weZ

(C.71)

with respect to the left (right) action of psu(1,1]|2);. The module 0¥ (L)
appearing here is always the head of the module o™ (7).

To investigate the structure of physical states in string theory, it is more
convenient to choose the gauge as ¢, = ¢4 = & = & = 0. Then equivalence
classes of terms are labelled by [0% (1, €3; €1, €3)]. Then the structure is of the

/”w\ / AN

ow w+1 ) ® ow— 1 w+1 L) , (C.72)

\/ \/
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where we drew only the ‘obvious’ arrows of the psu(1,1]2); x psu(1,1|2);
action. Since on the level of the Grothendieck ring, F1,, ~ 0~ }(£) ® 2L &
o(L), this equals 0 (F1,2) ® 0%(F1,2) in the Grothendieck ring. Thus, T
becomes the moral analogue of J7,, and in particular the character analysis
does not differ in the atypical case from the typical case. Summarizing,

Hatyp ~ P 0“(F1/2) @ 0% (F12) , (C.73)

wWeZ

i.e. the quotient has removed the factor of 16 = 4 x 4 that was mentioned
below eq. (5.28). Thus the atypical contribution precisely fills the gaps of
the typical contribution in (C.59), so that in total we retrieve (5.41), which is
modular invariant. Finally, one may check that Ly — Ly now acts indeed di-
agonalisably, and thus correlation functions are single-valued. The resulting
Hilbert space therefore defines a local consistent CFT.



Appendix D

Details about the 9(2,1;a0) WZW
model at kT =1

In this appendix, we will give some details about the 2(2,1; 1) WZW model
at k™ = 1, which played an important role in the main text.

D.1 The Wakimoto representation of 9(2,1; &)

Here, we explain the Wakimoto representation that is used in the derivation
of the hybrid formalism for AdS; x S® x S® x S! in the main body of the

paper.
We start with four pairs of topologically twisted fermions (or bc systems),
satisfying

g7 gb?

p*f(z) 67 (w) ~ (D.1)

z—w
Furthermore, we also have the bosonic s[(2, R)io @ 51(2)5+_p B su(2)-_»
currents J% and K(*)?,

D.1.1 The root system of 9(2,1; )

To continue systematically, let us recall the basic idea of the Wakimoto rep-
resentation. Starting from the root system of a Lie (super)algebra, one first
constructs a realisation of the (nilpotent) positive roots in terms of B sys-
tems. Then one extends this construction to the positive Borel subalgebra by
introducing as many free bosons as the rank of the Lie algebra. Finally, the
generators for the negative roots are then uniquely fixed by requiring them
to satisfy all the OPEs. This procedure requires the breaking of some sym-
metries. For 9(2,1;a),, a minimal choice is to break the su(2),- symmetry
and keep the rest of the bosonic subalgebra manifest.
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In the context of (2, 1; «),, we pick as Cartan subalgebra ]8, K(()H3 and K(()f)3,
and take the simply roots to be

7

o= (1,000, a=(0,10), az=(— . 3) (D.2)

N—=
N—=

The first two roots are bosonic, while a3 is fermionic, so this corresponds to

the distinguished choice of simple roots.3* The step operators corresponding

to the positive roots are then
j*t, KHH K+, gt (D.3)

7

fora, p € {+,—}.

D.1.2 Constructing the Borel subalgebra

We first explain how to construct J* and K(*)?. The topologically twisted
fermions lead to the generators of s[(2,R)_, & su(2),

1
](f)“ = Eca(a”)meﬁ(;(p”‘ﬁm‘s) , (D.4)
a 1 a o
KD = ESW(‘T )ps(P"P67°) (D.5)

where the different constants were explained in Appendix A.2. We then
define

Jo =g+ 0 K(Ha = gc(Ha 4 g®(H)a (D.6)

which can be checked to agree with (A.16a)-(A.16d). Next we introduce a
Wakimoto representation for su(2);-_, in terms of a B system® together
with a free boson df, see e.g. [166]. Then the remaining elements of the
Borel subalgebra are

k* ’
ap+ _ afp % paP
K+ =8, (D.8)
— T aa S 1 o
K = ﬁax + (BY) + sewveps (1F67°) (D.9)

where the explicit form of K(7)® is obtained by demanding the OPEs of
0(2,1;06)](.

84Recall that in Lie superalgebras, there is no unique choice of simple roots, see e.g. [261].
8In order to distinguish this from the By system of the superconformal ghost, see
eq. (7.13), we denote the relevant fields here with a hat.
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D.1.3 The complete algebra

The remaining fields are much more complicated, but they can be found by
a direct computation and are uniquely determined. Explicitly they are given
as

KO~ = —(B99) — k99 — V2k~ (9x4) — m%g s (640267)
+ %Ca(%)m%(s (90‘597‘S (3(+)” + %](f)(ﬂu))
- z(kjiq{)%(%)ﬁ(s (007 (x4 JkOH7) ), (D.10a)
e \/EIZ;\/E)(MBX) - 2(k+kik—)(9“’3 BY) = (p**1)
+ ca(0a)", (W (3“ + mﬂf)a))
+ ((7,1)/37 (thv <_k+k+k— K(+)a+mK(ﬂ(+)u>>
Imaeaﬁ _ ’mawm@”f)&” 6*f . (D.10b)

The energy-momentum tensor becomes in terms of the defining fields

1 1 %% a
T= (80 +3(87 +3787) + 5 (010%) + =~ (Ba)
1 - _
+ o (J<(+)3ﬂ<(+)3 41 <g<(+)+g<(+) 4 (=g )+ ) — enyeps(pPOT)

which is the standard energy-momentum tensor of s[(2, R )12 @ su(2)+ _» @
s1(2)g- o, together with the four pairs of topologically twisted fermions.

We should note that, in the limit k= — oo, the above formulae lead to the
construction for psu(1,1|2); [126,148,149], see also Chapter 6.

D.2 Characters and modular properties at k™ =1

In this Appendix, we determine the characters of 9(2,1;«) for kt = 1. To
do so, we exploit the conformal embedding (which only exists for k™ = 1)
[184,269]

sl(2,R), B su(2); ®su(2)- Co(2,1;a). (D.12)
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The modular properties of the characters will allow us to prove modular
invariance of the full spectrum, see eq. (7.56). It will also allow us to compute
the fusion rules via the Verlinde formula. We will use the conventions of the
main text, so in particular

L - . xk+1

kt=1, k =a=x+1, k_'y—K+2. (D.13)
D.2.1 Admissible su(2) WZW-models
We begin by discussing s[(2, R )y at level k = ﬁ—jﬁ On the level of the algebra

(i.e. disregarding the hermitian structure, which does not matter for the
calculation of the characters), this algebra is isomorphic to
su(Z)_% . (D.14)

While the level of the su(2) algebra is negative (and hence the model is non-
unitary), the level is what is called admissible, see e.g. [166,270]. (In the
following we will mostly follow the notation of [271].) To explain what this
means we write

k41 2:K+3:B, (D.15)
K+2 K+2 g
where p = x + 3 and q = x + 2. Admissibility amounts then to the condition
that gcd(p,q) = 1 and p € Z>,, g € Z>1, all of which are obviously satisfied.
The fact that the algebra is admissible means that the vacuum representation
has a null-vector at level (p — 1)q = (x + 2)2. This singular vector restricts
the representation theory of the admissible su(2) WZW-model significantly.
The admissible irreducible representation of su(2) at this level are [272], see
also [273]

Lo, re{l,...,k+2}, (D.16)
Dy,  ref{l...x+2}, se{l,...x+1}, (D.17)
Ersh s red{l,..., x+2}, se{l,...,.x+1}, (D.18)

where A € [0,1) encodes the quantisation of the ]8-eigenvalue mod Z. We
denote the conformal dimension of the ground states by A, s, where

((k +2)r — (x+3)s)? — (x + 3)?

A, =
i 4(x +2)(x + 3) ’

(D.19)

and we have the field identification A,s = Aci3_;x+2-s. As a consequence
Ersaand Exy3_yi0g 2 describe the same representation.

The characters of the representation &, , were determined in [271]

Vir
chle, ol (57) = 22Dy o (D.20)
n(T)? L Za
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where x = €™ is the chemical potential of s(2,R). Here, x,’(7) is the
character of the representation (r,s) of the corresponding Virasoro minimal

model of central charge

Vir __ 1 _ 6
e T T K (D-21)

which are explicitly [166]%¢

' qAXir_i(CVir_l)

XXE(T) =Y (qf(r)qurqr—pS) _ q(pﬂ—r)(qf—S)) i (D.22)
U(T) Ve

The expression in (D.20) is a bit formal because of the infinite sum over m,

which converges nowhere (and will lead to a sum over delta functions as in

Chapter 5).

The theory has again a spectral flow symmetry, which we shall denote by ¢.
It acts on the representations as [271]

o(Lro) = ®K++3—V,K+1 ’ (D.23a)
0 (Lr0) = Dyyay st - (D.23b)
U<'D;S) = fDTj+3*V,K+1*S : (D.23¢)

Finally, there are short exact sequences analogous to (D.85a)—(D.85d), which
read

0— D} — Esn. — Diiarrpos — 0, (D.24a)
0— Dy —&sn. —Dis o —0, (D.24b)
where , +3
r— K
Ars = — . D.2
T2 T 2(k+2)” (D25

Hence, for A = +A,, €, 5, becomes indecomposable.

D.2.2 The branching rules of 9(2,1;&4 = x + 1); into its bosonic
subalgebra

After this interlude we now return to the case of 9(2,1;a4 = x + 1), with
k* = 1. We want to understand the branching rules of the representations
of 9(2,1;a); under the conformal embedding (D.12). For the case of the
vacuum representation of 9(2,1; a), (and generic k¥ # Q), this was worked
out in [269]. This result can be generalised to ¥ € Z>(, and we find

K+2
L@ oMt omtl, (D.26)
r=0

86The modular parameter ¢ = 2™ should not be confused with the parameter g of the
Virasoro minimal model.
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where Mg’;ﬁ) denotes the spin ¢ representation of su(2),;1 and similarly for
the level 1 factor.

By exploiting the spectral flow rules (7.50a)—(7.50d) and (D.23a)-(D.23c) to-
gether with the short exact sequences (D.85a)—(D.85d) and (D.24a)- (D.24b),
we can read off from this the branching rules of all modules,

K+2

T 691 Disreina® M£+)ze+1 mod 2 & MY (D.27a)
v
' N K42 - W (x41)
S.- =P Drari1 ©M, o1 mod s @M, (D.27b)
o
> + @ ‘Dr 20+1 ® MH)ZFJrl mod 2 ® M(K+1) (D~27C)

K+2
(o~ (1) (x+1)
9>, @ Disrari—2e @ Mot moa2 @M (D.27d)

K+2

o~ 1) (k+1
T =D €rperiaresry @ M£+2£+1 mod 2 @ MG " (D.27¢)
r=1

D.2.3 The characters

Given that we know the characters of the individual factors of the above
branchings, it is now straightforward to compute the complete characters of
9(2,1;a) for k* = 1. In particular, the character of the spin-/ representation
of su(2), is explicitly given as
(o) — St (7) = O3, ()
’ 0 (0;1) — 0% (v;7)

1 \O -1\

Ch[M(K)

20+1 , (D.28)

where v is the chemical potential of su(2);- with z = €™, and the theta
functions are explicitly

oM (v;7) = Y gk (D.29)

nezZ+5

We introduce similarly chemical potentials t and u for the subalgebras
sl(2,R), and su(2)y+, respectively,®” and define

X = eth , Y= eZmu , 7= e2mv , q= eZmT (D.30)

where T is the modular parameter of the worldsheet. The characters we are
interested in are
+)3

ch[o®(F)](t,u,v;7) = traw(gﬁ)(x]gyKé zKéf)SqLU’ﬁ> : (D.31)

87In particular, t will play the role of the modular parameter in the dual CFT.
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Because of the zero-modes, they contain in particular a sum of the form

Z eZm‘(t—wT)m — eZm'(t—w'r)A Z eZm'(t—w'r)m (D.32)
meZ+A meZ
= 2T N 5(t— 1 — wr) (D.33)
neZz
= Y et — wr) (D34)
nez

We want to show that the full character can be written as

w? K41

Ch[aw(&rﬁ)] = q4(”2>x2(”2)wy2 Z Q27i(A+3 )n(S( —n—wTt)
nez
191 w;r 191 t+u—v/_T )

We should stress that it is, from this perspective, somewhat surprising that
on the right-hand-side an su(2), character (rather than an su(2),1 character)
appears. We should also mention that, with the exception of the additional
su(2), character, this formula is almost identical to the psu(1,1|2); characters
(5.42).

In order to prove (D.35) it is sufficient to consider the unflowed sector, since
the spectral flow (5.22a)—(5.23) gives immediately the generalisation to any
w. To start with we rewrite the characters of su(2); as

ch[M(l)](u'T) _ L ) iyt — L19 e (u;27) (D.36)
Y@ AT T Lo e

where we have used that su(2); is equivalent to a free boson at the self-dual
radius. We also rewrite the Virasoro minimal model characters (D.22) as

(20(x+2) (5k+3) —s(k+3) +r(x+2))? (20(x+2) (x+3) —s(x+3) —r (x+2))?

Vir
XV _ 1(c12)(x13) _ 4(x+2) (k+3) (D.37)
0=t 2 (1 g )
<1r> E e ) gt edm (D.38)
77 ==+ MEZ+t 5552y (x+2) z(xr+3)

It then follows from a direct computation that

K42 X Vir T
ch[F](t, u,v;7) =) ) "X ()

r= 1TH€Z+/\+[+'+1 7/( )

X Ch[M£+)2£+1 mod 2] (1 T)Ch[MgKH)](U;T) (D.39)
— H Ch[M£Jr)2/+1 mod 2]( T) Z XM

= (12O (0;7) = 04 (10;7)) ezinnes oy
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% Z en Z q(x+3)n2+(1{+2)(K+3)pzz(x+3)n. (D.40)
EN=%  nezi s
2 er

PE S
The expression remains unchanged when extending the sum over r from 1
to 2x + 6 and dividing the result by a factor of 2. Next we want to rewrite

the sums over n and p by introducing

B en(20+1) o r+1
a—sqp—i—nGZ—i—iz(K_i_Z) , b=mn e;y(K—I—Z)pEZ—i—ﬁ—i——z .
(D.41)

The determinant of the matrix describing this change of variables is x + 3,
which can be absorbed by restricting the summation over the 2(x 4 3) values
of v to just r = 1,2. Thus (D.40) becomes

hvt " T
ch[F4)(tu,v;7) = chl r(;)z”lmo‘“](@ ) o
=12 27(1)*(817 (v;7) — @5 (v; 7)) MEZAA+0+E1
% Z en Z q(x+2)a2+b22(x+2)a+b (D.42)
&n=+ aez+ L)
bez+e+FL
Y o ey (0;7) - 0% (v 1)

ez 10207 (037) - 0 (07))

X Ch[M£1+)24+1 mod 2] (145 T)Ch[Mng mod 2 (U T)  (D.43)

_ Ch[MgZ_l] (v;7) (
n(7)?

+ ¥ xmch[mg”](u;r)ch[MS)](v;r)).
m€Z+A+%

Y x"ch MY (u;T)ch[ M) (0; 7)
mezZ+A

(D.44)

Here, we have first used the fact that the expression only depends on the
product €77 and hence we can trivially perform one of the two sums. In
the final expression we have rewritten the result in terms of affine su(2),
characters.

Next we rewrite the two su(2); characters in terms of free fermion characters,
i.e. we use (A.33) and (A.34),

825" T)82(13% 7) — D1 (5 T)91 (4% 7)

2n(t)? ’
(D.45)

chM) (1) ch M) (v 7) =
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ch[MM] (; 1) ch M) (0; 7) = (5% )8 (5% 1) + 1 (M55 D) (5% T)

2n(7)?
(D.46)
Thus we finally arrive the result
Y x"ch[ MY (u;T)ch[ M) (v; 7)
meZ+A
+ ) 2" ch M) (1; T)ch M) (v; 7)
meZ+A+3%
9 t+u+v,. 8 t+ufv,.
— Z ™M 2( 2 T) 22( 2 T) , (D47)
meZ+A+3 1(7)

which reproduces (D.35) upon turning the infinite sum over m into a delta
function as in (D.34).

D.2.4 Modular properties

Next we want to study the modular behaviour of the characters (D.35). To
obtain good modular properties, we insert a (—1)F in the character, which
amounts to the replacement ¥, —> %;. Moreover, to match the conventions
of Chapter 5, we include a (—1)% in the character. This merely defines
what state in the representation is counted as being fermionic and which as
bosonic. We have indicated these changes by a tilde in the character. Our
calculations follow those in chapter 5 and are inspired by [60,265]. For the
S-modular transformation we find

chlo®(F))(t,u,0;7) — el GREOFDP hgw(54)] (L, 4,2, 1) (D.48)

T/ T’T’

_ sgn(Re(7)) e%&’ﬁ’fﬂ (—w+2u(k+2)+(2x+3)) (—1)®
iT

27Tim(/\+%)5<t +w— mr> O (H4E2; 1) 8 (B2 1)

T ()t

mez
Xy, s;‘g,@);(,ﬁ“(v; T) (D.49)
7'=0

x ) e

Timw

K41 m
= —isgn(Re(7)) ), 6]4 3 x 2"y e W 2D 5 (¢ 4w — )
meZ

ﬁl(tJrLZlJrv;T)ﬁl(tJru v. )

5
x (=1)° ) (v;7) . (D.50)
e L s
Here the prefactor o5 (2= (+1)7") comes from the general transforma-
tion properties of weak Jacobi forms of index —k = ZE, kt =1 and
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k™ = x + 1, respectively, see e.g. [266], and we have used the modular trans-
formations of the theta-functions. We have also used the modular properties
of the su(2), characters. In the final step we have set t = mT — w (because
of the § function), and used that both m and w are integers. Finally, as in
Appendix C.1.5, we used the properties of the formal delta-function.

The expression (D.50) can now be written as

Yy / AN S (e ey ) Sl (Fa)] (b1, 0;T) (D.51)
w' ez V=
with
S(w,A,Z),(w/,A/,Z/) = —isgn(Re(T)) 27‘[1(w A+wd’— 71(1"?;))515/;/(2) ’ (D52)

thus obtaining the S-matrix (7.57). As in [265], it is not independent of T,
but this dependence cancels out in physical calculations. The S-matrix is
(formally) unitary, meaning

1
)} Z / A" S, 00, (om0, 0m) S o )G )

w'"eZ 0"=0
= (sw,w’ (S()\ — A" mod 1)5(,@ . (D.53)

Moreover, it is clearly symmetric. These properties suffice to deduce that
the diagonal modular invariant is indeed modular invariant.

D.2.5 The Verlinde formula

We now use the formal S-matrix to derive the typical fusion rules using
a continuum version of the Verlinde formula; the following derivation is
parallel to Appendix C.1.6. For this, we also need the S-matrix element
of the vacuum with a continuous representation. It follows from the exact
sequences (D.85a)—(D.85d), together with the identifications under spectral
flow (7.50a) — (7.50d), that we have a resolution of the vacuum module as

. _>O.4K+772€(3~€7M) - ... 3K+7( z %)
_>0.3K+5(5t§\§) s _>0.2K+2€+5(H:'§L[) s 21<+5(3r9L )
L 2K+3 (St{l)m) ... _>02K+3—2€(§€A[) IO S (S%AK)
. 2
—0F) =T (E) — ()
—L —0. (D.54)
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Thus we can write the vacuum character as

S
ch[£](t,u,v;t) = Y Y (—-1)% (Ch[0.2€+2m(x+2)+1 (?ﬁé)](t, u,v;7)
m=0 ¢{=0

—ch [(72(’”“)(”2)_%_1 (EFK,M)] (t,u,v; T)) , (D.55)

and hence find for the S-matrix element of the vacuum and a continuous
representation

NI=

Vac (w,A,0) Z Z ( - 1)2j (S(2j+2m(1<+2)+1,Aj,j),(w,)\,£)
m=0j=0

- 5(2(m+1)(K+2)72]'71,7/\]-,]'),({0,)\,5))' (D.56)

By using the explicit form of the S-matrix (D.52) together with the su(2),
S-matrix

@) 2 m(2041)(204+1)
SZZ, V2 sin ( P ) , (D.57)
one finds after some algebra
i(—1)“sgn(Re(7))Sis
Svac,(w,/\,é) = - 7(20+1) . (D58)
2cos (F=5~) +2cos(27A)
Thus the Verlinde formula becomes
01) (w,A0) S(wz,)\z,gz)(w,/\,é)szﬁw A3, 03) (w,A0)
N(W3,/\3 fg / dA wl A1, 1 3,/\3,43 A
(w1, M,00) (wa,A2,62) u;Z 420 Svac,(w,/\,é)
(D.59)

= (5w3,w1+wZ5(A3 =M+A2+ %) (N&ﬁ_z + Njffzz)
+ (Susaur 10 (As = M+ A2 — §)

+ s twn18(Aa = A1+ A2+ §) NS, , (D.60)
where, Ngféz are the su(2), rules,

1 ’51 — gz‘ <tz < min(€1 + by, 6 — 01 — gz)

Ny, = 0z(01 + Lo+ ¢
b 2+t b) {O otherwise

(D.61)
We take them by definition to be zero if one of the indices does not take
values in {0, 1 3reees 5}
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D.3 The free field realisation of 0(2,1;«4); at
kt =k =1

D.3.1 The symplectic boson theory

Let us begin by explaining the free field realisation of s[(2,R ), in terms of
a single pair of symplectic bosons. This theory and its fusion rules were anal-
ysed in detail in [190,274,275], see also Appendix C.1.1 for some background
explanations.

The (pair of) symplectic bosons ¢&j, with & = =+, satisfy the commutation
relations
[651/ CE] = Sals5m,—n . (D62)

They give rise to an sl(2,R); /, affine algebra by setting
Jin = =1€a(0")ap (8"EF Y (D.63)

Both & and ¢, are spin-3 fields and possess therefore NS- and R-sector
representations. The NS-sector highest weight representation is described
by

grloy=0, r>%i, ae{+ -}, (D.64)

and gives the vacuum representation of the theory. On the other hand, the
R-sector representations of the symplectic boson pair have a zero-mode rep-
resentation on the states |m) with action

&y lmy =V2Im+13), & lm) =V2m—])|m-1), (D.65)

so that, in terms of the s[(2, R) generators we have,
3\ S(2R) [\ _ O
Jlmy =mim),  CUCR |m) = = |m) (D.66)

Thus the R-sector representations of the symplectic boson are labelled by A €
R/ 37, describing the eigenvalues of J§ mod 17, see also Appendix C.1.1.

Each symplectic boson representation decomposes into two s[(2,R);, repre-
sentations, since the s[(2, R)q/, currents are bilinear in the symplectic bosons.
The NS-sector representation decomposes into the two modules Xy and X,
which can be thought of as the vacuum and vector representation, respec-
tively. Similarly, the R-sector representations decompose into the represen-
tations €, and &€,,1,2, where now A € R/Z describes the eigenvalues of
]8’ mod Z. At A = %, %, the modules become indecomposable, as can be
seen from (D.65). The relevant modules that are required for the description
of the full theory are in fact even bigger, and involve the indecomposable
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representations 8 and 8’ [190], whose composition series takes the form58

/\ /\

S: , S

\/ \/

The representation 8 is closely related to €;,4 and €3/4 since, on the level of
the Grothendieck ring, we have

(D.67)

Eia~o(Ko)@o (K1) = S~o(Eu) @0 (&),  (D.68)
while the analogous statement for 8 is
8 ~0(E1s) Do (Es)y) . (D.69)
Here o denotes the spectral flow of the symplectic boson theory which acts
via
o(8y) =& - (D.70)

The fusion rules of this theory were worked out in [190], and are explicitly

(8A+y )EBO— (8/\_,_‘“_’_%), /\+.u7£0/

ExXE S, Adu=0, (D.71a)
s, A+u=1,

&\ xs202(8A+%)@2.5A@a*2(5A+%), (D.71Db)

&y x 8 %UZ(EA)®2-8A+% ©o2(E), (D.71c)

Sx828 x8=2c?(8)@2-8po2(8), (D.71d)

Sx8=2c?(8)®2-8S®o (8. (D.71e)

D.3.2 The explicit form of the free field representation

In order to describe the free field realisation of 9(2,1;a); at k™ = k= =1,
we now combine a symplectic boson pair with four free fermions, which we
take to satisfy the anticommutation relations

{97, 92} = 7P, . (D.72)

8Note that, unlike the situation discussed in Appendix C.1.1, we are considering here
these modules as representations of s{(2,IR);,,, not as representations of the symplectic
boson theory.
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The generators of 9(2,1; a) are then given by

o=~ 36a(@)ap(EE)m (D.73a)
K = i(o-%eﬁa(w%“)m : (D.73b)
K" = Zew (0) ps (0P, (D.73¢)
ST = \}E(a“wm)m - (D.73d)

The spectral flow automorphism of 9(2,1; a), acts on &y as in (D.70), while
on the fermions we have
afy _ aB
o) =y, . (D.74)

r+3

D.3.3 The fusion rules

With this free field realisation at hand, we can evaluate the fusion rules
directly in this case. Using the conformal embedding (D.12), the 9(2,1; &)
representations decompose as

L= (Ko, 1,1) @ (X1,2,2), (D.75a)
L= (%Ko,2,2)® (X,1,1), (D.75b)
F=(&r2,1) @ (& 21 12), (D.75c¢)
1
T2 =018,1,1) @0 (8,2,2), (D.75d)
1
T2 =0 18, 1,1)D071(8,2,2), (D.75e)

where we have denoted the su(2); representatlons by the dimension of their

ground state representations. Furthermore, ‘J'Z and 3’2 are indecomposable
representations that will be introduced in Appendix D.4. If A +u # 0, %, the
fusion rules are then

= ((Ex,21) @ (€,,1,1,2)) x (£4,2,1) (D.76)
=0(Ep 102 1)@0‘1(8A+H1,2 1)
@U(EMH%,LZ)@U (EAW 1,1,2)
:U(&‘“Aﬂh%)@U—l(&"Mr%L%), (D.77)

The other cases work similarly, and the complete fusion rules are therefore

0(Fp iy )@ (T 1), A+p A0,
1
(#))Lxgg: o(T2), Adu=0, (D.78a)
1
o(T2), Adu=1%,
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R x T =03, ) @2 () @ (T, ), (D.78b)
X T2 =013 @201 (39, ) B0 (TY) (D.78¢)
T2 x T 2T X TL 2 o(TE) B 20 (T2) @0 3(TL), (D.78d)
TEx T2 = (T2 @20 (T2) @ o 3(TE). (D.78¢)

D.3.4 The characters

Finally, it is straightforward to compute the characters using this free field
realisation. Let us demonstrate how to do this for ch[F|(t,u,v;T). The
symplectic boson R-sector representation has the character

x™ x™
1 oo 1 = ) 27 (D.79)
melzaa Q2 I (1 —x2g") (1= x729") 174, 1(7)

where we have used that the chemical potentials of the oscillators can be
absorbed into the zero modes, which allows us to rewrite the denominator
in terms of the eta function. For the character of s[(2,R);/», we have to keep
every second state, and thus obtain

xm
ch[ér](t;T) = . (D.80)
NG

On the other hand, the character of the four free fermions equals
(4% 1) %25 1) — 81(*5% 1) 81 (*5% )

ch[(2,1)](u,v;7) = 2102 , (D.81a)
82 (4% 1) 82 (M7 1) + 41 (5% 1) 6 (5% 7)

h((1,2 ;T) = . .81
Combining these ingredients according to (D.75c), we finally obtain
m
h[F(tu,01) = Y (1) 6 (HE ), (D82)

meZ+A+3% 1(7)

which matches with the general formula (D.35).

D.4 The indecomposable modules

In this Appendix, we discuss the atypical modules appearing in the
0(2,1;a)y WZW-model at k™ = 1. We make an educated guess for their
structure, which passes many non-trivial tests.
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D.4.1 The indecomposable modules

One strategy to determine the possible indecomposable modules is to study
the representations that appear in fusion products. In the typical case we
have, see (7.51)

, +3 ;
‘rf{/)\] X Hjﬁ/\z (ijl +Ar— ) b g:j _i/\ .|_ g:f\1+/\ _|_1 ©o (gj/é\1+)tz+%) : (D83)

If several modules on the right hand side of the fusion rules become inde-
composable, we expect them to join to form one big indecomposable module.
This happens when

M+M+y€{EA 1, %0 1}, (D.84)

since we have the exact short sequences of modules®

061, —F, —G _—0, (D.85a)
06 —3, —GL, -0, (D.85b)
065, — 9, —3s._ —o, (D.85¢)
06 —3F, —gL, —0. (D.85d)

The cases £ = 0 and £ = 5 are special, since then two of these values are

simultaneously attained, but some modules are not present. One finds that
the following modules can join up to form bigger indecomposable modules:

T2 ~ F, D0 2(F0,,) . (D.86a)

7l o~ g \ O o VT, e {135, (D.86b)

7 gt \ o 2(F1 ), (D.86¢)
2

7t~ 5 f oo (5,), Le{li,... 5}, (D.86d)

In order to describe the precise structures of these indecomposables, we first
use the short exact sequences (D.85a) — (D.85d) to decompose the modules
in the Grothendieck ring as

‘.T% ~ G >t 89 @ 3L )eo (st ), (D.87)
9> logl iy o (sChHee (gL, (D.88)

89The notation here is a bit cavalier since the modules CT"[ that appear as the middle term
in the first two lines have different indecomposable structures (since one contains a discrete
highest weight and the other a discrete lowest weight representation).
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TF ol a6l @o (g, ) @39 ), (D.89)
i (=3 o ol=% oy —1(ct ~1(at
c~GFeS teo (L )@ (52 ) . (D.90)

Because of the identifications under spectral flow, see egs. (7.50b) — (7.50d),
the right hand side always contains two isomorphic modules, and hence the
indecomposable structure is

52 _ -
1 RN VRN
T o) 2., T 0TS 5
NS . S
7(9%4) (951
(D.91a)
5%, 5.

(D.91b)

Here, we have used again composition diagrams to display the indecom-
posable structure, see also Appendix D.3. Note that the bottom and top
modules are always identical via the spectral flow identifications.

D.4.2 The atypical fusion rules

A heuristic way to determine the fusion rules of these indecomposable repre-
sentations consists of writing them in terms of their summands as in (D.86a)
—(D.86d). We then apply the naive generalisations of the typical fusion rules
(7.51), and finally reassemble the result, so that the only representations that
appear are the typical representations we considered before, together with
those given in (D.86a) — (D.86d).

Unfortunately, the general formula is rather clumsy, so let us just work out
one example to illustrate the idea. We consider

T T~ (3, @072(3%,)) X (39, 8073(3%,)) (D.92)
%a(ﬂl)@gz o (F,) @207 H(F,) ©2072(F?)

NI N
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@2‘773(9%0)@‘773(302»0)@‘774(3%)‘ ) B >(32,)

(D.93)
~TL 0207 (T) 003 (TE) @ o (3},) 9207 2(F) 00 3(3,)
(D.94)

The other cases work similarly, and the resulting products define an associa-
tive ring, which should therefore agree with the fusion ring.

D.4.3 The atypical Hilbert space

Finally, we discuss the structure of the atypical Hilbert space. Naively, we
would construct an atypical Hilbert space as

naive _ @Z EB [ oo (T) @ (T ®m} . (D.95)
weZ =1

While this contains now only modules which close under fusion, there are
two problems with this proposal. First, locality requires that Ly — Ly acts
diagonalisably, since otherwise the complete correlation functions would be
multi-valued. In addition, (D.95) does not agree with (7.56) on the level
of the Grothendieck ring, and hence would not be modular invariant. As
explained in [267,268], the true Hilbert space is obtained by quotienting out

anideal Z C H;‘fy‘;e from Hg‘f‘;}‘;e.

To construct this ideal, we note that there are natural long exact sequences

2 K1
z%) ot ((‘Ti) % % (7w+2€(7[;) (2_? H gotrtl (rI 2 )

$ gutrtd ((I;zil) 8oL gut(ct2)+20 (‘J’i) 8L § gwt2n3 (‘Jé)

S S S S S_

s 1o s s s s x+1
25 gwt2r45 (‘T§) 2500 got2(k+2)+20 (Tﬁ) 5.0 % gwtdKt5 (‘J'>2 ) ,
S S S— S— S—

(D.96)

where s, maps to the right and s_ to the left. The map s; maps the two
upper right elements of the composition diagram of (D.91a) or (D.91b) to
the two lower left elements of the next term in the sequence. Similarly s_
maps the two upper left elements of the composition diagram to the two
lower right elements of the previous term in the sequence. There are in fact
2(x 4 2) such sequences, that are characterised by w € {0,1,...,2x + 3}. For
each such sequence, let us denote the n-th term in the sequence by ™ (X"),
so that

st 10 (X)) — o (X" (D.97)
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for n € 7. Furthermore, we denote the elements of the indecomposable
modules by X"[e1,€z], where ¢; € {0,1}. [e1,€2] = [0,0] denotes the top
element, [e1,€2] = [1,0] the left element, [e1,€e2] = [0,1] the right element
and [e1, €2] = [1,1] the bottom element. We thus have, cf. Appendix C.2

510 (X" [e1, 2] = o™ (X" ) [e1 + 1, 9] , (D.98)
_o(X") e, e2) = 0@ (X" 1) [er, 82 + 1] (D.99)

The ideal Z by which we have to quotient out is then generated by

2x+3
I.=P P 5+ 9T - 1®55) (¢“(X") @ o™ (X)) . (D.100)

w=0 nez

This leads to the following identifications in the naive atypical Hilbert space,

o (X" [e1 + 1, €] ®W

o™ (X" ) [e1,e2) @ 0@ (Xn-1) [E1,82 + 1], (D.101)
o (X") [e1, €2 4+ 1] Uw( ") (€1, &2

~ (X" )[81,82 ®ov(Xnt1)[e +1,8) . (D.102)

This ‘gauge freedom” allows us, for example, to set ¢ = & = 0, so that

(Té)gauge fixed -~ 9‘{\7% ) and (‘J,i)gauge fixed -~ Fi_jé 1 (D103)
2

{—

[T

for ¢ € {%, 1,..., @} Hence, the indecomposable modules become after
gauge-fixing the moral analogue of the continuous representations for A =
+Ay. The resulting space of states has then essentially the same form as
(7.56), and hence is in particular modular invariant.
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