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Abstract

This work is devoted to study of D-branes and defects in two-
dimensional conformal field theory.

We study D-branes and defects in WZW and gauged WZW models. We
constructed geometrical realization of the non-maximally symmetric
parafermionic D-branes in WZW model. Non-maximally symmetric
non-factorizable D-branes in product of WZW models are found as well.

We construct geometrical realization of the Cardy D-branes,
permutation D-branes and defects in coset models. We find also D-
branes in asymmetrically gauged Nappi-Witten cosmological models and
in Guadagnini-Martellini-Mintchev model.

We studied in detail the symplectic phase spaces of the WZW and
gauged WZW models with defects and established their
symplectomorphism with certain symplectic phase spaces of three-
dimensional (double) Chern-Simons theory with Wilson lines.

We study D-branes also in Gepner model. In particular we study Cardy
D-branes in (2,2,2,2) Gepner model.

We consider topological defects gluing various duality related
backgrounds. We constructed duality defects implementing abelian,
non-abelian and fermionic T-duality transformations and shown that
they are given by the Poincare bundle and its super and non-abelian
generalizations. In particular we consider in detail defects implementing
T-duality between SU(2) WZW model and lens space, and between
axially and vectorially gauged WZW models. We found Fourier-Mukai
transform of the Ramond-Ramond fields under non-abelian T-duality
generated by the gauge invariant flux of the non-abelian Poincare
bundle.

We constructed also topological defects in the Liouville and Toda field
theories.
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Timeliness and relevance

The study of two dimensional conformal invariant quantum field theory
passed long way. Applications to important problems in the various
topics of physics are so numerous that conformal field theory became
one of the most powerful technique in modern physics. The first great
success was the exact computation of critical exponents for the second
order phase transition in two dimensional statistical models.

The vast branch of applications of conformal field theory is String
theory.  String theory offers the most developed candidate for
fundamental theory of quantum gravity and approach to the unification
of known interactions. Conformal field theories appear as solutions of
string equations of motion.

The study of the boundary conditions is very important question in
physics. Realistic systems possess boundaries and hence their full
understanding requires control of boundary conditions. For two
dimensional conformal field theories, study of boundaries was started by
John Cardy in sequence of papers, in particular [1,2]. The presence of
powerful infinite dimensional symmetries has given rise to vast number
exact results on boundary critical exponents and correlation functions.

Boundary conformal field theories are more directly applicable to real
physical systems than conformal field theories on closed surfaces. Many
processes in three space dimensions have rotational symmetry and all the
relevant quantities depend on the time and radial coordinates. Thus,
quantum field theories on the half plane appear naturally. Quantum
impurity scattering, Kondo effect, is the most prominent example [3].

In String theory, we need two-dimensional conformal field theories to
describe open strings.

At the low energy limit, p-branes appear as the supergravity solitons,

which describe stable objects whose masses are distributed along p+1-
dimensional hypersurfaces in spacetime. Beyond the low energy regime,

4
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the supergravity needs to be replaced by the full-fledged String theory,
and we need to understand how to describe branes in the String theory.
For the large class of branes, which became known as D-branes, the
answer was given by Polchinski in [4]: D-branes are objects on which
open string can end. The “D” in D-branes stands for the Dirichlet
boundary conditions, which constrain the open string endpoints to stay
within the brane world-volume.

The importance of D-branes for the understanding of the String theory,
and perhaps many other branches of the modern theoretical physics, is
enormous. Non-complete list of the applications includes: Brane
modelling of gauge theories [5], Braneworld scenario [6,7], Braneworld
cosmology and inflation [8], counting of states on the black holes by the
superstring theory [9], holographic principle: gravitational description of
the quarks, known as the AdS/CFT correspondence [10].

The boundary conformal field theories can be generalized to consider a
situation in which two (or more) non-trivial conformal field theories are
glued together along a common interface.

Interfaces in two-dimensional theories are oriented lines separating two
different quantum field theories. In this dissertation we consider special
class of interfaces, for which the energy-momentum tensor is continuous
across the defect. These interfaces are called topological defects [11].

During the last years topological defects in two-dimensional quantum
field theories appeared in the various topics. Let us mention some of
them. Topological defects appear in quantum Hall problem [12],
quantum wires problem [13], in the consideration of impurities [14-16].
Topological defects played an important role in the topologically twisted
N=4 SYM approach to the geometric Langland program [17]. Defects
provide us with examples of 2-category in physics [18-20]. Defects in the
Liouville and Toda field theories appear as holographic counterpart of
the Wilson lines in the AGT correspondence [21-25]. Defects appear as
domain walls in the Ads/CFT correspondence in the presence of D-
branes [26]. Recently they were found to be useful also in study of the
renormgroup flow [27-28].
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The topological defects have proved to be very useful in study of the
boundary state transformation. Since the topological defect can be
moved to the boundary without changing the correlator, it can be fused
with the boundary producing new boundary condition. Remembering
that in String theory boundary states correspond to D-branes, one arrives
to the conclusion that topological defects induce D-brane
transformation. This property was crucial for example in the
topologically twisted N=4 SYM approach to the Langland problem [17].
On the other side D-branes are classified by their Ramond-Ramond or
K-theory charges. Therefore topological defects should induce also
transformations in the cohomology and K-theory groups [29-31].

Aim of the dissertation

1. To study non-maximally symmetric D-branes in the Wess-
Zumino-Witten (WZW) models and product of the WZW
models.

2. To study D-branes and defects in vectorially gauged WZW

model.

To construct D-branes in asymmetrically gauged WZW model.

To quantize WZW model with defects.

To quantize gauged WZW model with defects.

o Vs W

To construct topological defects in the Liouville and Toda field

theories.

7. To find geometrical realization of the Cardy states in (2,2,2,2)
Gepner model.

8. To construct defect implementing various string dualities,

namely abelian T-duality, non-abelian T-duality, fermionic T-

duality.

9. To find Fourier-Mukai transform for the non-abelian T-duality.
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Novelty of the work
In this work the following new result were obtained:

1. Geometric realizations of the Cardy states, permutation branes
and defects in coset models were obtained. The geometric
meaning of the field identification and selection rules in coset
theories was revealed.

2. D-branes corresponding to the non-maximally symmetric
Maldacena-Moore-Seiberg states were constructed.

3. New non-factorizable non-maximally symmetric D-branes on a
product of WZW models were constructed. It was shown that
some of them provide D-branes in certain asymmetrically
gauged WZW models.

4. Canonical quantization of WZW and gauged WZW models
with D-branes and defects was performed.

5. Topological defects in the Liouville and Toda field theories
were constructed.

6. Topological defects implementing various T-dualities were
constructed.

7. New approach to the calculation of the Ramond-Ramond fields
under the non-abelian T-duality was developed.

8. Geometrical realization some of the Cardy states in the (2,2,2,2)

Gepner model was found.

Practical value

The results of this dissertation can have applications to condensed matter
problems as well as to String theory. As we mentioned before defects
have numerous applications in the condensed matter problems. In
particular topological defects play important role also in the recently
much discussed entropy entanglement problem.

7
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Our results can be useful in study of the String dualities, which played
crucial role almost in all recent works in String theory. As it is well
known dualities can be used to derive new background from the existing
ones. In particular recently non-abelian T-duality was used to derive
new AdS type background. Our findings concerning defects
implementing non-abelian T-duality can be used to generalize this
program to the superisometry non-abelian T-duality.

Main points to defend

1. We have shown that D-branes in coset models are
geometrically realized as a pointwise product of conjugacy
classes.

2. We have shown that non-maximally symmetric parafermionic
D-branes have geometry of pointwise product of conjugacy
class and a U(1) subgroup.

3. We have shown that certain diagonal embedding of the
parafermionic branes in a product of WZW models provides D-
branes in asymmetrically gauged WZW models like Nappi-
Witten and Guadagnini-Martellini-Mintchev models.

4.  We established symplectomorphisms between the phase spaces
of the WZW and gauged WZW models with defects and
branes and phase spaces of the 3D Chern-Simons or double
Chern-Simons theory with time-like Wilson lines on a
manifold having the form of the product of the certain two-
dimensional Riemann surface and the time axis.

5. We found that defects implementing abelian T-duality, non-
abelian T-duality and fermionic T-duality are given by the
various cousins of the Poincare bundle.

6. In particular we studied in much detail defects implementing
abelian T-duality between SU(2) WZW model and lens space,
and between axially and vectorially gauged WZW models.
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7. We have shown that the transformation of the Ramond-
Ramond fields under the non-abelian T-duality can be written
as the Fourier-Mukai transform with a kernel given by the flux
of the corresponding defect.

8. We found that topological defects in the Liouville and Toda
field theories are labeled by the physical and (semi-)
degenerate primaries and thus constitute discrete and
continuous families.

Approbation of the work

The works on which this dissertation is based on are reported in the
following international conferences:

1.

Workshop Generalized Geometry and T-dualities: May 9-13,
2016, Simons Center for Geometry and Physics, Stony Brook
University, Stony Brook, NY, USA.

Workshop and School “Selected Topics in Theoretical High
Energy Physics”, 21-25 September 2015, Tbilisi.

Conference on Recent Progress in Quantum Field Theory and
String Theory, (smr 2773), 14-19 September 2015, Yerevan.

IX International Symposium on Quantum Theory and
Symmetries (QTS-9), Yerevan, Armenia, July 13-18, 2015.
Second Autumn School on High Energy Physics and Quantum
Field Theory, Yerevan, 6-10 October, 2014.

Frontiers in field and string theory, Yerevan Physics Institute,
Yerevan 22-26, September, 2014.

The International Workshop “Supersymmetry in Integrable
Systems”, Yerevan, 27-30 August, 2012.

The International Workshop “Supersymmetry in Integrable
Systems”, Yerevan, 24-28 August 2010.
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9.

Workshop Geomaps Retreat, Spring 2010, University of
Aarhus, Sandbjerg Estate, Denmark.

10. Workshop CTQM Nielsen Retreat , 2009, University of Aarhus,

Sandbjerg Estate, Denmark.

and invited seminar talks in

g

0 ® N o

L.D.Landau Institute for Theoretical Physics, Chernogolovka,
Russia, 2016.

University of Rome “Tor Vergata”, Rome, Italy 2014.

Arnold Sommerfeld Center, Ludwig Maximilian University,
Munich, Germany 2014.

The Abdus Salam ICTP, Trieste, Italy 2013.

The Racah Institute of Physics, The Hebrew University of
Jerusalem, Israel 2013.

Tel Aviv University, TelAviv, Israel, 2012.

‘Weizmann Institute of Science, Rehovot, Israel 2012.

King’s College, London, UK, 2008.

Ecole Polytechnique, Paris, France 2003.

and also on numerous seminars of the chair of theoretical
physics of Yerevan State University and division of theoretical
physics of Yerevan Physics Institute.

Publications

The dissertation is based on 20 published works listed at the

end.
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Length and structure of the dissertation

The dissertation contains an Introduction, 8 chapters, the last
chapter contains conclusions, 5 appendices, list of bibliography

with 193 names and has 289 pages.
Content of the dissertation

The dissertation consists of 8 chapters. In chapter 1 we review
the material necessary to present our findings. In chapters 2-7
we deliver our findings. The last chapter 8 contains the list of

the findings.

In chapter 1 we collect and review the necessary stuff and
technique of two-dimensional conformal field theory. In
section 1.1 we review two-dimensional conformal field theory
on closed surfaces. [n section 1.2 we collect all the necessary
gadgets of conformal field theory on a world-sheet with a
boundary. In section 1.3 we review topological defects. In
section 1.4 we illustrate the developed technique in important
case of free boson theory.

In section 1.5 we introduce Wess-Zumino-Witten (WZW)
model and gauged WZW model (coset models).

In chapter 2 we study non-maximally symmetric branes on
WZW model, preserving only part of the diagonal affine
symmetry. /n section 2.1 we analyze properties of WZW model
on a world-sheet with a boundary. In section 2.2 we study so

called parafermionic D-branes. [n subsection 2.2.1 we define
non-maximally symmetric D-branes, sometimes called also
parafermionic, as pointwise product of the conjugacy classes
and a U(1) subgroup. We construct Lagrangian with the
boundary conditions constraining group field to take on a

boundary values in the parafermionic D-brane world-volume.

11
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We study symmetries of the action and show that it is
invariant under axial combination of the left and right U(1)
currents, and vectorial combination of the currents belonging
to the subgroup commuting with U(1) group. In subsection
222 we study geometry of the parafermionic D-branes for
SU(2) group and show that generically it is three-dimensional
and given by an inequality constraining the values of the
second Euler angle. /n subsection 2.2.3 we review construction
of the boundary states of the parafermionic D-branes for SU(2)
group, called MMS (Maldacena-Moore-Seiberg) states, given in
[32]. In subsection 2.2.4 we compute the overlap of the MMS
boundary state with the graviton wave packet and show that in
the semiclassical limit it gives the inequality derived in
subsection 2.2.2. In section 2.3 we study permutation branes
on a K+1-fold product of group G on a world-sheet with a
boundary, with boundary condition constraining product of
group fields to take value again in discrete set of conjugacy

classes defined in 2.1.2. In subsection 2.3.1 we describe

geometry of the permutation branes. [n subsection 2.3.2 we

write the Lagrangian with these boundary conditions and show
that it has symmetries of permutation branes studied in 1.2.4.
In subsection 2.3.3 we compute for SU(2) group overlap of the
permutation boundary states defined in 1.2.4 with the graviton
wave packet and show that in the semiclassical limit they
indeed have the geometry described in 2.3.1. In section 2.4 we
construct type I non-maximally symmetric non-factorizable
branes on a product of identical groups. [n subsection 2.4.1 we
define new branes as product of permutation branes studied in
2.3 with elements of an U(l) subgroup. We construct
Lagrangian with these boundary conditions and study their
symmetries. [n subsection 2.4.2 we study geometry of these
branes for SU(2) x SU(2) group. In subsection 2.4.3 we
construct boundary states of the type I branes for SU(2) x SU(2)

12
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group, compute the overlap with the graviton wave packet and
show that it is in agreement with the calculations in 2.4.2. We
also check that type I boundary states satisfy the Cardy criteria.
In section 2.5 we study type II non-maximally symmetric non-
factorizable branes on a product of identical groups. In
subsection 2.5.1 we define new branes as product of
permutation branes studied in 2.3 with elements of two U(1)
subgroups. We construct Lagrangian with these boundary

conditions and study their symmetries. /n subsection 2.5.2 we

study geometry of these branes for SU(2) x SU(2) group. In
subsection 2.5.3 we construct boundary states of the type II
branes for SU(2) x SU(2) group, compute the overlap with the
graviton wave packet and show that it is in agreement with the
calculations in 2.5.2 We also check that type II boundary states
satisfy the Cardy criteria.

In chapter 3 branes and defects in gauged WZW model are
constructed. /n section 3.1 we study branes in the vectorially
gauged WZW model G/H. In subsection 3.1.1 we construct D-
branes in the vectorially gauged WZW model using the
representation of the gauged WZW model Lagrangian via the
auxiliary fields reviewed in 1.5.5. and the action of the WZW
model with a boundary presented in 2.1.1. Analysing global
issues mentioned in 2.1.2 we find correspondence of the found
D-branes with the Cardy states of a coset model in the absence

of the common center of G and H. In subsection 3.1.2 we

analyze special case of a coset when G and H have common
center. We show that found D-branes satisfy present in this
case field identification and selection rules for the primary
fields of coset models. [n section 3.2 we present the Lagrangian
approach to defects in WZW models. [n section 3.3 we
construct Cardy defects and permutation branes in vectorially

gauged WZW model. In subsection 3.3.1, using again the

13
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reoresentation of the gauged WZW model Lagrangian via the
auxiliary fields presented in 1.5.5 and the Lagrangian of the
WZW model with defects reviewed in 3.2., the geometry and
action of the topological defects and permutation branes in
GWZW are constructed. We show that they are in one-to-one
correspondence with the primary fields of coset models. /n
subsection 3.3.2 we consider overlap of the permutation brane
boundary state on product of cosets SU(2)(k)/U(1) x
SU(2)(k)/U(1) with the graviton wave packet and show that it
has the geometry found in 3.3.1. In section 3.4 we consider D-
branes in asymmetrically gauged cosmological Nappi-Witten
model and in the Guadagnini-Martellini-Mintchev mode. In
subsection 3.4.1 we present D-branes in the Nappi-Witten
model, construct the action with these boundary conditions

and check gauge invariance. [n subsection 3.4.2 we study in

detail D-branes in the Nappi-Witten cosmological model
SL(2,R) x SU(2)/U(1) x U(1) and present the explicit equations
of the corresponding D-brane hypersurface. [n subsection 3.4.3,
in a similar way D-branes in the Guadagnini-Martellini-
Mintchev model are considered. In subsection 3.4.4 we
consider in detail D-branes in the SU(2) x SU(2)/U(1) GMM

model. We show that D-branes are classified according to the

Cardy theorem.

In chapter 4 we establish symplectomorphisms between certain
phase spaces of the three-dimensional Chern-Simons and
double Chern-Simons theories and that of WZW and gauged
WZW models with branes and defects. [n section 4.1 we
review three-dimensional Chern-Simons theory with sources
on a product of a Riemann surface and a time line. /n
subsection 4.1.1 we elaborate phase space of the Chern-Simons
theory and show that it is given by the moduli space of flat
connections on the Riemann surface punctured at the points

where Wilson line hit it, with the holonomies around

14
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punctures belonging to the set of conjugacy classes considered

in 2.1.2. In subsection 4.1.2 we present details on symplectic
forms on moduli space of flat connections on two-dimensional

sphere with Wilson lines and holes. /n subsection 4.1.3 we

present symplectic forms on moduli space of flat connections
on a Riemann surface of genus g with Wilson lines. [n
subsection 4.1.4 we write down the symplectic form of the
double Chern-Simons theory. In section 4.2 we establish
symplectpmorphisms between certain phase space of the
Chern-Simons theory and that of WZW model with branes and

defects. In subsection 4.2.1 we compare the Hilbert space of
the Chern-Simons theory with Wilson lines on certain spaces
and that of WZW models with branes and defects and list the
statements which we prove here. In subsection 4.2.2 we review
bulk WZW model and establish that the symplectic phase
space of the WZW model on circle coincide with that of CS
theory on annulus [33]. In subsection 4.2.3 we recall that the

symplectic phase space of the WZW model on a strip coincide
with that of CS theory on a disc with two Wilson lines [34]. In
subsection 4.2.4 we establish that the symplectic phase space of
the WZW model with a defect is symplectomorphic to that of
CS theory on an annulus with a Wilson line. /n subsection 4.2.5
we establish that the symplectic phase space of the WZW
model on a strip with a defect inserted is symplectomorphic to
that of CS theory ona disc with three Wilson lines. /n
subsection 4.2.6 we establish that the symplectic phse space of
the WZW model G x G on a strip with boundary conditions
specified by permutation branes coincide with that of CS on an
annulus with two Wilson lines. [n section 4.3 we perform
canonical quantization of the vectorially gauged WZW model
G/H with defects and boundaries and establish
symplectomorphisms between their phase spaces and certain

phase spaces of the double Chern-Simons theories. In
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subsection 4.3.1 we present short summary of the statements

proved in this section. /n subsection 4.3.2 we review bulk
gauged WZW model and show that its phase space on a
cylinder coincides with that of double CS theory [35,36] on
product of an annulus and time-line. /n subsection 4.3.3 we

show that the phase space of the gauged WZW model on a
cylinder with a defect line coincides with that of double CS
theory on a product of an annulus and time-line with gauge
fields of groups G and H coupled to a Wilson line. /n subsection
4.3.4 we show that the phase space of the gauged WZW model
on a strip with a defect line coincides with that of the double
CS theory on a disc times time-line with gauge field of groups
G and H coupled to three Wilson lines. /n section 4.4 we
analyze especially interesting case of the topological coset G/G.

In subsection 4.4.1 we analyze bulk G/G coset and show that

the phase space of a bulk G/G theory on a cylinder is
symplectomorphic to that of a CS theory on a product of two-

torus and time-line. /n subsection 4.4.2 we show that the

topological coset G/G on a cylinder with a defect line is
isomorphic with that of a CS theory on a product of two-torus

and time-line with two Wilson lines. /n subsection 4.4.3 we

demonstrate the symplectomorphism of the phase space of G/G
topological coset on a strip with a defect line and a CS theory
on product of two-sphere and time-line with six Wilson lines.
In section 4.5 we analyze a product of cosets G/H x G/H on a
strip with boundary conditions specified by permutation branes
and show that its phase space is symplectomorphic to the phase
space of the double CS theory on an annulus times the time-
line and with G and H gauge fields both coupled to two Wilson
lines. In section 4.6 we establish symplectomorphism of the
phase space of product topological cosets G/G x G/G on a strip

with boundary conditions given by the permutation branes and

16
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that of CS theory on a torus times the time-line with four
Wilson lines.

In chapter 5 we study topological defects implementing various
dualities. In section 5.1 we review some basic facts concerning
topological defects and their relation to T-duality. It is
established that the defect implementing bosonic T-duality is
given by the Poincare line bundle. We demonstrated in the
simple example of a scalar field compactified on a circle how
the defect equations of motion reproduce the appropriate
duality transformations. /n section 5.2 we generalize this to
the factorized T-duality in non-linear sigma models with
isometries. We also present a defect generating a combined
action of the Z(k) orbifolding together with a T-duality
transformation. /n section 5.3 we explain how the T-duality
transformation of the Ramond-Ramond charges can be written
as the Fourier-Mukai transform with the kernel given by the
exponent of the gauge invariant flux on the corresponding
topological defect. /n section 5.4 we study T-dualities in the
special case of the SU(2) WZW model and a lens space. n
subsection 5.4.1 we review [37] kernel of the Fourier-Mukai
transform of the T-duality between SU(2) WZW model and
lens space implementing the map between the corresponding
twisted cohomology group. [n subsection 5.4.2 we use the fact
that defects (at least in rational conformal field theories) are
uniquely determined y their action on bulk fields. We
construct several families of defects by using T-duality and

orbifolding. In subsection 543 for one such family we

determine the geometry of the underlying bibranes. We
recover structure familiar from the Fourier-Mukai transform
studied in 5.4.1. In section 5.5 we construct defect between
axial and vector gauging of G/U(1) gauged WZW models for a
general group G. For the case of G=SU(2) the geometrical

construction is translated to the algebraic parafermionic
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language. In subsection 5.5.1 we present geometry and flux of

the defect gluing axially-vectorially gauged models. In
subsection 5.5.2 we specialize to group SU(2) and show that for
level k parafermions there are k+1 topological defects mapping
axially gauged SU(2)/U(1) cosets to the vectorially gauged
SU(2)/U(1) coset, labeled by the integrable spin j=0,...k/2. In
subsection 5.5.3 we construct them as the appropriate
operators in the parafermion Hilbert space. We show that the
defect corresponding to j=0 implements Z(k) orbifolding
together with T-duality. These defects project A(j,n) Cardy
branes in SU(2)/U(1) coset to the B(j) branes constructed in
[32]. In section 5.6 we study the defects performing the

fermionic T-duality [38]. In subsection 5.6.1 we review the

necessary information on pseudodifferential forms integration.

In subsection 5.6.2 we review the fermionic T-duality. /n

subsection 5.6.3 we show that the defect inducing the
fermionic T-duality is given by the fermionic generalization of
the Poincare line bundle, which we call Super-Poincare line
bundle. We demonstrate that the defect equations of motion
reproduce the fermionic T-duality transformation rules found

in. In subsection 5.6.4 using the exponent of the gauge

invariant flux on this defect as a kernel of the Fourier-Mukai
transform with a pushforward map given by the fiberwise
integration on supermanifold, we derive the transformation of
the Ramond-Ramond fields under the fermionic T-duality. /n
section 5.7 we construct topological defects producing non-

abelian T-duality. In subsection 5.7.1 we review non-abelian

T-duality. In particular we recall the duality relations and
demonstrate general formulas for the case of SU(2) principal
chiral model. In subsection 5.7.2 we present defect performing
non-abelian T-duality and show that the defect equations of

motion reproduce the duality relations derived in subsection

5.7.1. In subsection 5.7.3 using the flux of non-abelian T-
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duality defect derived in subsection 5.7.2 we derive the
Fourier-Mukai transform formula for non-abelian T-duality
and compute the Ramond-Ramond fields transformation for
SU(2) isometry group. We obtain that our results are in
agreement with that of [39,40].

In chapter 6 we study topological defects in the Liouville and
Toda field theories. /n section 6.1 we write down topological
defects in the Liouville field theory. It is shown that defects are
labeled by the physical and degenerate primaries of Liouville
field theory, and correspondingly compose discrete and
continuous families. We also have shown that the well known
relation [41] between the OPE structure constants and the
fusing matrix with an intermediate entry set to the vacuum
proved for rational conformal field theories, holds also for the
Liouville field theory. In section 6.2 we write down topological
defects in the Toda field theory. We have shown that
topological defects in Toda field theory are labeled by the
physical, semi-degenerate and fully degenerate primaries. /n

section 6.3 we analyze classical Liouville field theory with

defects. In subsection 6.3.1 we review the general solution of
the Liouville equations. /n subsection 6.3.2 we present general
solution of the defect equations of motion. /n section 6.4 we
review the heavy asymptotic semiclassical limit. /n section 6.5
we calculate the defect two-point function in the heavy

asymptotic limit. [n subsection 6.5.1 we calculate heavy

asymptotic limit of defect two-point functions. [n subsection
6.5.2 we show that the heavy asymptotic limit of defect two-
point function found in the previous section is given by
exponential of the action with defects evaluated on solution of
defect equations of motion with two singularities.

In chapter 7 we study Cardy states in (2,2,2,2) Gepner model.
In section 7.1 we review necessary background material on the

simple current extensions. /n section 7.2 we review Gepner
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model via simple current extension formalism. /n section 7.3
we write down all the necessary information on the (2,2,2,2)
Gepner model: orbit representatives, conformal weights. Using
the resolved characters we compute the torus partition
function and show that it coincides with the one computed in
the appendix 5 as an orbifold partition function at the SU(2) x
SU(2) x SU(2) x SU(2) point. Using the general formulae of
section 7.1 we also derive the annulus partition functions
between the various Cardy states, paying special attention to
the peculiarities caused by the presence of the fixed points. /n
section 7.4 we study DO-branes on the orbifold T4/Z4. We
compute all the annulus [artition functions between D0-branes
located at points in T4/Z4 orbifold that are fully or partially
fixed points under the orbifold group action. Using previously
derived formulae for the annulus partition functions between
Cardy states of the (2,2,2,2) model we establish a partial
dictionary between Cardy states and DO-branes.

In chapter 8 we presented list of our main findings.

In five appendices some technical points are collected. In
appendix 1 double Gamma and Sinus functions are reviewed.
In appendix 2 asymptotic behavior of Gamma function is

reviewed. In appendices 3 and 4 some identities on Theta

functions are collected. /n appendix 5 some technical points on
calculation of the partition function of T4/Z4 orbifold are

delivered.
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Conclusions

Let us briefly summarize our findings.

1. We constructed geometrical realization of the Cardy states
in coset model. We found geometrical meaning of the field
identification and selection rules for primary fields of
coset model.

2. We found geometrical realization of the parafermionic D-
branes in WZW model.

3. We constructed non-maximally symmetric non-
factorizable D-branes in product of WZW models.

4. We have found geometrical realization of permutation
branes and defects in coset models.

5. We have shown that certain diagonal embedding of the
parafermionic D-branes in product of WZW models
provide D-branes in the Nappi-Witten cosmological model
as well as in the Guadagnini-Martellini-Mintchev model.

6. We proved symplectomorphism between phase space of
the WZW nodel with boundaries and defects and that of
3D Chern-Simons theory with Wilson lines on a product
of a Riemann surface and time-line.

7. We proved symplectomorphism between phase space of
the gauged WZW model with boundaries and defects and
that of 3D double Chern-Simons theory on product of a
Riemann surface and time-line.

8. We constructed topological defects implementing abelian,
non-abelian and fermionic T-dualities. We have shown
that they are given by the Poincare bundle and its non-

abelian and super generalizations correspondingly.
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11.

12.

13.

14.

15.

We studied in detail defects implementing T-duality
between SU(2) WZW model and lens space. We have paid
also special attention to the Fourier-Mukai transform of
the twisted cohomology groups generated by the gauge
invariant flux of this defect.

We studied in detail defects implementing T-duality
between axially and vectorially gauged WZW model.

We calculated Fourier-Mukai transform of the Ramond-
Ramond fields under non-abelian T-duality.

We have shown that fusion matrix of the Liouville field
theory with the intermediate state set to the vacuum gives
rise to the DOZZ structure constants.

We constructed topological defects in the Liouville and
Toda field theories as intertwining operators using Cardy-
Lewellen cluster equation. We have shown that in the
Liouville field theory defects are labeled by the physical
and degenerate primaries. We proved that in Toda field
theory topological defects are labeled by the physical,
semi-degenerate and degenerate primaries.

We studied Lagrangian of the Liouville theory with
defects and shown its agreement with the operator
description in the semiclassical limit.

We found geometrical realization of the Cardy states in
(2,2,2,2) Gepner model, using its equivalence with T4/Z4
ordfold.
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JlBymepHEIe KOH(pOPMEEIE TEOPUH MO C AeheKTaMK H FPaHHIaMHK

Pesiome

B oroit pabGore MBI HM3yuyaeM KOH(OpPMHBIE TPaHHYHbBIE YCIOBUA U

TOIIOJIOTUYECKHEe ,ZLE(beKTI)I B IBYMEPHBIX KOH(bOPMHI:IX TeOpHAX IIOJIA.

Ms1 usydaem gedekTsl M D-OpaHBl B CIeLYIONMX TEOPUAX: MOAEIU

Becca-3ymuno-Burrena (B3B), xanu6posounsie mozenu Becca-3ymuto-
Burrena (kocer mozenu), teopuu Jluysumna u Toga, mozens 'emuepa.

Taxxe MbI Hu3ydaem ,I[e(l)eKTBI, BBITIOJIHAIOIIHE CTPYHHBIE AyaJIbHOCTH.

HEPE‘II/ICJII/IM OCHOBHBIE p€3YJIbTaThI.

1.

TToxasaHO, YTO HeMaKCHMaJbHO-CHMMeTpUYHble D-GpaHbl B
B3B Teopum, 3ajmaHHbIe cocTosHuAMH MangaceHs-Mypa-
3aiibepra , TeOMeTPMYECKH OIUCHIBAIOTCS IOTOYETHBIM
mpousBefieHueM kiacca compsokeHHoctd M U(l) moarpymimst.
Otu D-6paHbl TakKe MHOTAA HAa3bIBAIOT ITapadepMUOHHBIMH.
JlokasaHo, UTO  IIOTOYEYHOe  IPOM3BeJEHHe  KJIACCOB
CONPSDKEHHOCTH  JJA€T  TeOMETPHYECKYI0  PeajM3aluio
cocroauuii Kapau B xocer Teopusax.

TMocrpoensr HeMaKCHMaJIbHO-CHUMMETPUYHBIE
HedakTopusyemsle D- Gpansl B mpousBezenuu B3B Mozeneii.
Haiimema  reomerpuyeckas  peamusanusd  gedekToB U
IepecTaHOBOYHBIX D-6paH B KOCET TEOPUAX.

IloxazaHo, 4YTO ZuAaroHaJIbHOE BIOXEHUe ITapadepMUOHHBIX D-
6paH B IIpou3BefieHHE Ipymi gaeT D-GpaHbl B aCCHMETPHYHO
KanubpoBouyHsx B3B Teopmax. B wactHOocTM Halimemsr D-
Opanbl B Mogensx Hanmu-Burrena wu I'yamansHuHE-
Maprenuan-MunTYeBa.

YcTaHOBIEHBI  CHUMIIIEKTOMOPGU3MBI ~ MeXAy  (a3oBEIMU
npocTpaHcTBaMu Mogenu B3B ¢ medekramu ¢ omHONE CTOpOHEI
u  (asoBBIM IIPOCTPAHCBOM TPEXMEPHOH KaJIuOPOBOYHOM
teopun  Yepma-CafiMoHCca C  JApyrom  CTOPOHBI  C
BPEMEHONMOJOOHBIMK ~ BHJIBCOHOBCKMMM  JIMHUAMH  Ha
MHOTOOOpasHy, HMeIoleM BHJ IPOM3BeJEeHUA HEKOTOPOH
PHUMaHOBOM IIOBEPXHOCTU U BPeMEeHHOH OCH.

YcTaHOBIEHSBI  CHUMILIEKTOMOPGM3MBI  MeXxny  (hasoBbIMHU
IIPOCTpaHCTBaMU KannbpoBouHO# Mozenu B3B c medexramu c
OZHON CTOpOHBI ¥ (ha3OBBIM IIPOCTPAHCBOM TpPEXMEPHOM
nBoitaoit (double) xanu6poBouyHoii Teopuu Yepra-CaiimoHca ¢
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13.

14.

15.

IPYTOH CTOPOHBI C BPEMEHONOJOOHBIMU BHIBCOHOBCKHMHU
JMHUAMM Ha MHOTOOGpasuM, MMeEIOUIeM BH[, IPOU3BeLeHUS
HEKOTOPOI pMMaHOBOM ITOBEPXHOCTH M BPEMEHHOM OCH.
Ilokxasano, uyro MmaTpuma cnaugHusA B Teopuu JlmyBumna c
BAKYyMHBIM IIPOMEXYTOYHBIM 3JIeMEHTOM IIPOIIOPIMOHAIbHA
033 (DOZZ) cTpyKTypHBIM KOHCTAHTaM.

IToctpoensr  gmedexter B Teopuax Jlmysmwnna u Toma u
MIOKA3aHO, YTO OHM  MMEIOT Te JKe HHJEKCH, 4YTO U
BBIPOXKZIEHHBIE, ¢dusmveckue M IIOJNY-BBIPOXKZEHHBIE
TIepPBUYHEIE IIOJIA.

Wsyden Jlarpamxwan reopum JInyBwung c TpaHHIAMH U
YCTaHOBJIEHO €r0 COOTBECTBHE C OIEPATOPHBIM IIOAXOAOM B
KBa3MKJIACCHIECKOM IIpefiee.

TMocrpoensr medexTr!, BRIIOMHAIOMME abeneBy, HeabeneBy u
depmuonnyto  T-gyampHoctn.  IlokasaHo, 4Tro  OHH
OIIMCHIBAIOTCA paccaoeHreM IlyaHkape u ero 06061IeHIAMHY.

B YaCTHOCTH MBI OZApPOGHO M3YIUIH IedeKTsI,
ocymecrsiaiomue T-ayansaocts Mexxay SU(2) B3B mozensio u
IIPOCTPAaHCTBOM JIMH3. B JeTanix u3ydueHO IpeoGpasoBaHHe
®ypre-MyKkas, HOpOXZeHHOe KaIHGPOBOYHO HHBAPHAHTHBIM
IIOTOKOM STHX Jie)eKTOB Ha IIPOCTPAHCTBE KOTOMOJIOTHI.
Taxxxe mogpo6HO n3ydyeHa T-IyasbHOCTD MEXZAY aKCHATBHO U
BEKTOPHO KanubpoBounsiMu B3B mogenamu.

Wcnonesys medekTsl, ocyuecTBadoue HeabenreBy T-
IyaJbHOCTh, MBI HAIUIK HOBBIM CIIOCOO BBIYHCIEHUA
Ipeo6pa3oBaHMAL aHTHUCHIMMETPUYHBIX mosei pu
mpeoGpasoBaHuy HeabeneBoi T-ayamrpHOCTH.

Msl HamIM TreoMeTpPUYecKylO peajH3aliuio  HeKOTOPBIX
cocrossuut Kapgu B (2,2,2,2) mogene I'emmepa, ucrmons3ys ee
9KBUBaJIEHTHOCTh T4/Z4 TopoumansroMy opb6udozy.
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Bnlswh Ynupnpd npuownh nkumpiniibph nhpkljnutph b kqplpp
wnljuym pjudp

Ufthnthnud

Uju woliwwnwipnid dktp niunidbwuhpnud Eup Ynudpnpd Eqpuyhte
wuydwbbpp b pedbjbnubpp  Eplswhwh Ynudnpd nuownh
nbunipnibubpnud:

Munidtwuhpduws Lo phdkljunubpp b D-ppwbitkpp  hEnlyug
nbumpibibpnd dhu-Q@mupin-dhnkth  (4Q9)  unphynid,
npudwswthwlut 929 Unphnud  (pnukp  wbkumpinibbbpp),
Lhnidhth b Gnpugh mkunipniutitpnud, b Skwubph dnpbnud: Uktp
twl niunidtwuhpnud Bup nhdbljnubkpp, npnup hpujuwbwgund Eu
(wpuyht gniwnipnibatbpp:

PJtup hhdttwljwh wpyniupubpp:

1. 8nyg k. wpdws np ns-dwpuhdwy uhdbwnphly D-pputiubpp
99, uUnphmud, npnbp  hwdwywuwupwind ko
Uwpuubiiw-Unin-Quypkpgh Jh&wljukpht,
tpypwsuhnptt - jwupnn - Bu tjwpugpdl) npybu
hwdwnidnipju puu puqUuuyunlyus U(1) thpwpudpny:
Uy D-pputintipn Ynsynid B Epplhidt wuwpwdbpuhntiughte:

2. Uwwugnmgyws L, np  hwdwmbmpju  nuubkph
wpnwnpjuip - wwpu b Lwpnghh Jhdwlukph
Epypuswhulut wwnltpp pnubp nkunipniuubpnid:

3. Gunmgws Eu ns-Uwpuhdu uhutinphly ns-
$uljuninphqugyny D-ppwtiibp 994 Unnbjukpp
wpuwunpyunud:

4. Quiws Gtu phdkjunubph b wbnuihnjunipnitubph
(permutation) D-ppwubtph btpjpuwswthwljuit wwuwunlbkpp
pnubip nwbkunipniubtpnud:

5. 8nyg t wpywés np wyuwpwdkpdhntwght D-ppwlubkph
wlpniimgdughtt ubpnpnudp fudpbph wpuwnpuh Uke
wnuwhu E D-ppubithp wuhdbnphl npudwsuhwlut 429
nbunipnibibpnud: Uwivbwdnpuwbu, gqunudus bLu D-
ppwlbpp Lwthh-dhwnbkuh b 9niunwihuh-Uwppbhth-
Uhupstp Unpljubpnud:

6. Zwunwwnws L uhduybiundnpbhqd, dh Ynnuhg, 99
uUnnkih nkdblinubtph wnljunipjuldp dwquyyhte
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14.

15.

nwpwsdnipjut b, Uniu Ynnuhg, npnpwljh bpkp swthwh
Qbnu-Uwypuntiuh npudwsuthwlut nbunipjut dhjunuth
qotnh wnjuwnipyudp duquyhtt nuwpuwsnipyuh thol:
Zumunwnqws L uhdykunudnpbhqd, dh  Yonuhg,
npudwswthulu 94 uUnnkih nhdblinubtph
wniuynipjudp dwquyhtt mwpwsdnipju b, dnwe Yondhg,
npnowlh  Gpkp  swihwuh  Yphhwlhh Lob-Uwjdntuh
npudwswthulub nbkunipjul 9hiunth gdtinh
wniuynipjudp $uquyhtt mupwdnipyu vhol:
Ugugnigjws £ np Lhnwhth wbumput dhwdnidw
dwwnphgut, nph  dhowllpw; EEdktwnubkphg  dkyp
Juininduyghtt Jhdwljn k, hwdbdwwnwluiu £ 2192
(DOZZ) Ywunnigyugpuwjhtt hwuwnwwnnih:

Yupmigyués Eu  phdbkiunubpp  LThowdhth b Gnnugh
nbunipmnibubpnid b wyugnigyus k, np bpubp qunynd
Eu JEy-dbEy hwdwyuwunwupwinipjut dky dhghulul,
wjjuubpjws b Jhuwuwjjuubpuws wpwetiuyghtt nugwntph
htwn:

Nuunidbwuhpdus E Lhowghth wbunipjui Lugpuiidhwin
ndjnubph wnlunipudp U hwuwnwundws £ upu
hwdwywwnwupwinipniip owkpwwnnpuyhtt Unnbkgdw
htwn:

YQunnigqué L nhdblnbtp hpuwuwhwgunng wpkjjub, ns-
wpkpul b dEpuhntiughtt T-nniwynipnibbkpp:
Uwutwynpuytu, dwipudwutnpbi htnwgnundus tu
ndlnubp hpwuwtwgunng wpkput T-yniwnipiniup
SU(2) 994, unnkih b nuybtwwwlh mwwpwsnipjub thol:
Munilbwuhpquws  t T-nniugnipniup wpuhw] nu
JEjunnpuwi npudwswthwulwi 929 dnghjukph dholi:
Ogquugnpskiny nEdbljnubtp hpuljumgunn ny-wpkjywut T-
nuuunipniiup, dowldus b unp dbpnn wdnt-Nwdnt
nuownbkph dbwthnpunipiniip hwydunpybint hwdwp:
Oquwugnpdtiny (2,2,2,2) Qhyubiph Unnhih
Eydhquikunnipiniin T4/Z4 opphdninht, gnudws ku npny
Lwpnhh Jhdwlubkph tpypuymhwlub wunlbpubpp:
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