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Abstract of the Dissertation
Aspects of T-dually extended Superspaces
by
Martin Polacek

Doctor of Philosophy

in
Physics
Stony Brook University

2017

This dissertation is divided into three main parts where we derive various
properties of the T-dually extended superspaces.

In the first part we reformulate the manifestly T-dual description of
the massless sector of the closed bosonic string, directly from the geome-
try associated with the (left and right) affine Lie algebra of the coset space
Poincaré/Lorentz. This construction initially doubles not only the (space-
time) coordinates for translations but also those for Lorentz transformations
(and their “dual”). As a result, the Lorentz connection couples directly to the
string (as does the vielbein), rather than being introduced indirectly through
covariant derivatives as previously. This not only reproduces the old defini-
tion of T-dual torsion, but automatically gives a general, covariant definition
of T-dual curvature (but still with some undetermined connections).

In the second part we give the manifestly T-dual formulation of the mass-
less sector of the classical 3D Type II superstring in off-shell 3D N/ = 2
superspace, including the action. It has a simple relation to the known su-
perspace of 4D N = 1 supergravity in 4D M-theory via 5D F-theory. The
pre-potential appears as part of the vielbein, without derivatives.

In the last and the most involved part we find the pre-potential in the
superspace with AdSs x S® background. The pre-potential appears as part

il



of the vielbeins, without derivatives. In both subspaces (AdSs and S°) we
use Poincaré coordinates. We pick one bulk coordinate in AdSs and one
bulk coordinate in S® to define the space-cone gauge. Such space-cone gauge
destroys the bulk Lorentz covariance. However, it still preserves boundary
Lorentz covariance (and gives projective superspace) SO (3,1) ® SO (4)
and so symmetries of boundary CFT are manifest.
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Chapter 1

1 General Introduction

T-duality is an important duality that we know exists in string theory. We
also know that there should exist a low energy effective theory coming from
string theory. This low energy theory is known as supergravity and string
theory hints to us that supergravity should exhibit a natural appearance
of T-duality. As in usual general relativity also in supergravity the Rie-
mann curvature tensor is of uttermost importance. The T-dual analog of the
Riemann tensor was first obtained by Professor Warren Siegel in his paper
Superspace duality in low-energy superstrings [I]. The derivation of
that tensor was not direct. In our first paper Natural curvature for man-
ifest T-duality [11] we therefore obtained the T-dual Riemann tensor in a
natural way directly using a certain T-dually extended superspace (though
this did not require supersymmetry). Our derivation of the Riemann tensor
paralleled the original Einstein theory. We also discovered that additional
covariance compensators should be added to the original T-dual Riemann
tensor.

As we saw in our first paper the T-dually extended superspace has po-
tential to produce objects of interest (like the Riemann tensor) in a very
natural way. In the next paper we proceeded to include supersymmetry into
the model. One of the easiest models of supergravity is three dimensional
supergravity with two kinds of supersymmetry, often written as 3D N = 2
supergravity. It is known that this supergravity naturally comes from an
even easier theory of four dimensional supergravity with only one supersym-
metry, also known as 4D N = 1 supergravity. The process of going from
4D N = 1to 3D N = 2 supergravity is called dimensional reduction where
one basically forgets about one spatial dimension. It did not take long to
realise that this setting was even more interesting with respect to the emer-
gence of the T-dually extended superspace. One can imagine that the four
dimensional supergravity with one supersymmetry could be thought of as
coming from a curious five dimensional space with one supersymmetry, but
with two dimensions of time! It was even more fascinating because this idea
parallels some formulations of twelve dimensional two-time theories called
F-theory. So we also called our peculiar two-time theory a low dimensional
F-theory. The reason why we looked one dimension higher and at two-time



theory was the twofold use of the dimensional reduction. Starting from five
dimensional F-theory one can dimensionally reduce in the time direction,
i.e. forget about one time direction and re-obtain the classical N' = 1 su-
pergravity in four dimensions. However, one can alternatively remove one
spatial dimension and thus get a very interesting two-time and two-space
dimensional theory. Surprisingly, this theory can be naturally re-casted as
the theory living at three dimensional T-dually extended superspace. This
identification was our starting motivation for the second paper T-duality
off shell in 3D Type II superspace [12]. The objective was to use the
T-dually extended superspace to solve three dimensional supergravity via
an object called the pre-potential. One can imagine a pre-potential as the
basic vacuum field from which all the physical fields can be obtained by ac-
tion of covariant derivatives. We succeeded and obtained the right form of
pre-potential again in a very natural way.

The long term objective was to look at real superstring theory, which nat-
urally lives in ten dimensions. The real space is however four dimensional.
Superstring theory therefore has to be somehow constrained or compactified
to four dimensions. In the last paper Pre-potential in the AdS; x S° Type
IIB superspace [13] we examined fully fledged ten dimensional N' = 2
superstring theory, i.e. IIB supergravity using the T-dually extended super-
space. We solved it for flat and also for the AdSs x S° background. The
AdSs x S° background is a curved, but still maximally symmetric back-
ground. This space is of high importance because of the AdS/CFT corre-
spondence. In recent years physicists realised that there exists a dictionary
between problems formulated in terms of superstring theory i.e. supergrav-
ity living in ten dimensional space and Conformal Field theory living at the
boundary of that space, this is the AdS/CFT correspondence. It is of high
interest because it shows how to translate hard problems in one theory to
hopefully easier problems in another. The natural formulation of objects in
the supergravity is therefore very important. That was our motivation to use
our T-dually extended superspace to understand solutions in the AdSs x S°
background. The pre-potential solution we obtained for both backgrounds
(flat and AdS5 x S®) is in a sense united. We started with the T-dualised ver-
sion of type IIB superstring theory in a flat background. As in usual general
relativity this theory could be made curved by using generalised vielbeins. To
see the physical content of the theory one needs to solve various constraints,
known as the ABC'D constraints. In the theory with extended T-dual su-
perspace one also finds a huge gauge symmetry. Therefore we picked the



gauge to be a generalised light-cone gauge. This choice fully fixes the gauge
freedom. We solved the theory at the linearised level around the flat and
the AdSs x S° background. The particular treatment of the AdSs; x S°
background was in its own right interesting. In order to put it on the same
footing with the flat space we needed to extend the AdSs; x S° symmetry
group (after the Wick rotation) SO (5) ® SO (5) to the the double flat
space space symmetry group SO (10) ® SO (10) (after the Wick rotation).
That added some non-trivial contributions into the solutions of the torsion
constraints. Finally we found the right pre-potential solution for both flat
and the AdSs x S° background and even more interestingly the AdSs x S°
pre-potential was a certain curvature dependent deformation of the flat so-
lution. We also provided the near horizon limit in the case of AdSs x S°
and a more detailed analysis about the connection with the boundary C'F'T
theory.



Chapter 2

2 Introduction: Natural curvature for mani-
fest T-duality

2.1 Outline

T-duality invariance can be manifested on all the fields of the massless sector
of bosonic strings [I]. This was based on the treatment of the compactifi-
cation scalars, for dimensional reduction of d dimensions, as elements of the
coset SO(d, d) /SO(d)? [2]. This symmetry was expanded to:

SO(D, D)/ SO(D — 1, 1)? (2.1)

for the full D dimensions to include all fields without compactification, where
the symmetry is broken spontaneously to the usual SO(D—1,1), except when
partially restored by dimensional reduction. (Generalization to GL groups [4]
was also treated, but turned out not to be convenient for supersymmetry, and
will not be considered here. For relations to later approaches, and extensions
beyond what is needed here, see [3] and references therein.)

We will work on a space with explicit Lorentz coordinates. Dependence
of the (background) vielbein on them is completely fixed (up to gauge) by
the coset constraints, as applied by fixing the associated parts of the torsion
to take their “vacuum” values. Moreover, as in [I], D-dimensional spacetime
will be dualized. To do the stringy generalizations (of oscillator algebras to-
gether with the Lorentz algebras), we will need to introduce a new current
X for consistency with the Jacobi identity [5]. (The necessity of this current
was first realized in the context of AdS;xS® [16].) The usual oscillator Lie al-
gebra will become the extended affine Lie algebra (Lorentz and X' generators
included).

The generalized torsion is constructed from this affine Lie algebra in a
general background, which acts as the stringy generalization of covariant
derivatives. Because of the additional currents, the enlarged vielbein that
describes this background includes the Lorentz connection, and the enlarged
torsion includes also the curvature. Closure of the algebra implies the orthog-
onality constraints EnET = 1 on the vielbein. Solving these together with
the coset constraints reduces the vielbein to the usual T-dual generalization



of the vielbein and Lorentz connection, as well as a new curvature-like field.
There is also an extension of dimensional reduction to the usual D coordi-
nates. At the end we will obtain the same results for the torsion constraints
and curvature tensor as previously, but by a much more direct way.

The rest of this paper is organized as follows: In the remainder of the
Introduction we summarize the general procedure. In the next section we
review the description of fields on general coset spaces, and then apply this
to the case of spin for Poincaré/Lorentz to give a “first-quantized” approach
to general relativity. The corresponding affine Lie algebra is described in
section 3. In section 4 we introduce the vielbein and the coset constraints on
the torsion, and orthogonality. The new analysis of Lorentz connections and
curvatures is given in section 5, followed by our conclusions.

2.2 Procedure

The general procedure (to be applied in detail below for the present example)
is thus:

1. Begin with a coset space G/H. By the usual construction (left and right
group multiplication) this comes with two Lie algebras for G, one for
“symmetry generators” and one for “covariant derivatives”, represented
by derivatives on the group space.

2. Generalize to the affine Lie algebras by making the group coordinates
functions of the worldsheet coordinate o. The number of currents is
double that of the original Lie algebra, since they are also worldsheet
vectors. (I.e., there are 7 and o components, or “left” and “right”,
depending on the basis. In the present case, the left and right currents
are also left-propagating and right-propagating on the worldsheet; this
is determined by the definition of the Virasoro operators, which we
don’t discuss here.) The covariant derivatives and symmetry generators
become currents Z and Z that commute with each other, [Z, Z] = 0.

3. The zero-modes of this affine Lie algebra define an enlarged ordinary
Lie algebra/group, the inhomogeneous version IG of the original group
G [16]. For manifest T-duality, double the coordinates to describe this
enlarged group space, using the standard construction for the affine Lie
algebra of a group [19].

4. Make this group space into a general curved space (describing massless
fields) by multiplying the covariant derivative currents Z by a “viel-



bein” E: The group currents Z are thus a basis for general currents
IT on this space; they define the “vacuum”, (II) = Z. The algebra of
these currents I replaces the structure constants of the affine Lie al-
gebra IG with covariant “torsion”. Requiring that the inhomogeneous
term still gives the group metric imposes orthogonality on the vielbein.

. The coset constraints are then imposed by requiring that commutators
of the currents Il of H with arbitrary II’s yield the same result as in
the coset (before introducing the vielbein). This implies the IT for H
can be gauged to its coset value, and fixes the H-dependence of the
remaining currents. These constraints can be stated as conditions on
the torsion.

. Apply any additional torsion constraints, such as those in ordinary
(super)gravity.

. Finally, to spontaneously break T-duality symmetry and return to the
usual coordinates, half of the currents for the symmetry generators
Z (forming a subalgebra) are taken as Killing vectors [6]. (This cor-
responds to removing the coordinates for the inhomogeneous part of
IG, reversing step 3 above.) Since they commute with the basis Z for
the covariant derivatives, the requirement that they commute with the
(curved space) covariant derivatives II implies that the vielbein E is

independent of the corresponding coordinates.



Chapter 3

3 Coset spaces and their generalizations

3.1 Group spaces

Coset constructions have proven useful in defining representations of the
Poincaré, (anti) de Sitter, and conformal groups, and their supersymmetric
generalizations. With these in mind, we now review the general procedure
for defining fields on coset spaces.

Cosets are often used to construct nonlinear o models: There one focuses
on the coset space itself, of which the scalar fields are elements. For example,
one usually first-quantizes string theory about symmetric backgrounds by
treating the spacetime coordinates X (7,0) (etc.) as coordinates of a coset
space. (Of course, more general backgrounds are also considered, but are less
tractable.) The string wave function is then implicitly a scalar functional of
these coordinates (at fixed 7).

There is some difficulty with this approach for the superstring, since the
ground state, and thus the string field/wave function, is not a scalar. Sim-
ilar remarks apply to introducing massless backgrounds into the string ac-
tion, since the coordinates carry “curved” indices, while coupling gravity to
fermions requires also “flat” ones.

The generalization that solves this problem is simple: For the coset G/H,
keep all the coordinates of G (the “symmetry” or “isometry” group), rather
than the usual procedure of immediately going to a unitary gauge where
the coordinates of H (the “gauge”, “isotropy”, or “stabilizer” subgroup) are
gauged away. The dependence of the fields on the H coordinates will be fixed,
by defining their representations of H, but will be trivial only for scalars.

For this purpose we need to distinguish the differential operators respon-
sible for left and right group multiplication:

9 =9L99r (3.1)

Parametrizing any group element g by coordinates a! in terms of the gener-
ators Gy

(G, Gy] = —ifis" Gk (3.2)



(e.g., using any exponential parametrization), we can then write the corre-
sponding infinitesimal transformations as

g = ierGrg+ giegGr = (epqr + €xDr)g(a) (3.3)
where
qa = LM(a)oy, (dg)g™' = idd™ L, G; (3.4)
Dr = RM(a)0y, ¢ 'dg) = ida™R,,’ G; (3.5)
where dyy = «Q efine the symmetry generators ¢ and covariant
h 0 /0 aM) defi h d

derivatives D in terms of the vielbein appearing in the differential forms
invariant under one or the other type of transformation. Because left and
right group multiplication commute, so do the symmetry generators and co-
variant derivatives:

lgr,Dy] = 0 (3.6)

Thus the “covariant” derivatives are actually invariant; they become only
covariant in unitary H gauges, due to compensating gauge transformations.

3.2 Fields on coset spaces

We then decompose the basis of generators G; of the symmetry group G
into the generators H, of the isotropy group H and the remaining ones T;
of the coset G/H. The representation space for the coset is constructed as
follows: Define the linear space with basis elements |0, ,,). Let that space
carry the matrix representation p (H,),,* of the isotropy subgroup algebra;
i.e., we have:

HL |O, m> = p(HL)mk |Oa k> (37)
We also have the action of the whole group on this basis:
|, m) = g(@) [0, m) (3.8)

We can then express the representation of the symmetry generators and
covariant derivatives as differential operators on the wave function

Ym() = (a, m|V) (3.9)



The wave function 1, (a) depends also on the isotropy group coordinates o,
but this dependence is fixed: In a convenient exponential parametrization,

@Dm(a) - <07 m| e—z‘aLHL e—iaiTi

vy = (emoroti)) Ty ety

= (efio/p(HL)> k¢k (al) = 6mk(al,)¢k (&1)
" (3.10)
The vielbein e,,"(a*) is dependent only on the coset coordinates a* and can
be gauged to the identity.
From the above construction we know how the covariant derivatives cor-
responding to the isotropy subgroup act on 1, (a):

Dt (a) = {0, 4l p(H)n* 7 (0) ) 1)
= p (Hb)mkwk ()
We can also calculate the action of the symmetry group generators on the
wave function: () ( ) )
QIme‘ = 07m g_OéGjl/J
3.12
= (G (o) (8-12)

Since we know how the covariant derivatives with respect to the o act,
we can therefore solve those constraints and replace partial derivatives (with
respect to the o) with matrices in ¢y and D;. The dependence of all objects
on the coset coordinates is thus fixed. The remaining covariant derivatives
D; act nontrivially.

3.3 Curved spaces with isotropic coordinates

We can also covariantize the covariant derivatives Dy with respect to (super)
Yang-Mills symmetry. (The (super) Yang-Mills gauge group is unrelated to
the isotropy gauge group, except for the case of gravity.) We can write the
(super) Yang-Mills covariantized covariant derivatives as:

Vi:=D;+iA;, [V, V)= fi/"Vi +iFy (3.13)

In the first-quantized approach to (super)gravity the derivatives are gauge
covariantized with respect to the (super-)Poincaré group [5]. The Yang-Mills
generators are replaced with partial derivatives with respect to all coordi-
nates:

D[ — VI = elKﬁK = é[KDK (314)

9
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The vielbein e;™ or ¢;™ are arbitrary. The local Lorentz transformations
are now included with the rest of the coordinate transformations and the
covariant derivatives transform under the symmetry transformations as:

V' =e'Ve ™ where A= AMDy = A1V, (3.15)

The torsion 7' is a combination of the structure constants and field strengths
of Yang-Mills:
(V5. V] =T, Vi (3.16)

We divide indices as before, for the isotropy group, which in our case will
be the Lorentz groups SO(D — 1,1)?, and for the coset space: We can write
Vi = (Vu, Vgyu ). Using the newly defined indices:

(Vu,Vul = fuu”Vau
Vo, Vel = fu o Ve (3.17)
Va/u, Voyul = Reym e/ Vi + Te/n G/HG/HVG/H

The R in is the usual curvature (its stringy analog will be calculated
in the Riemann tensor subsection ; Tam a 7" is the usual torsion.

We have required that Vg act as in coset space (which in our case will be
flat space): The fact that the torsions Ty g and Ty &/ (=0) take their
free values implies that Vi can be gauged to its free value. The isotropy
transformation of the coset part Vg g is fully fixed by the requirement that
the torsions Ty G/HH (=0) and Ty G/HG/ H get their free values. (We will
see the stringy analog of this in subsection ) By keeping this dependence
on the H coordinates, rather than gauging them away entirely, we have the
first-quantized way to define the spin (for arbitrary representations), as a
differential operator on that space [5].

10



Chapter 4

4 Affine Lie algebra and generalized T-duality

4.1 Current algebras

For application to the string, we consider current algebras on the worldsheet,
or affine Lie algebras

[Zpm (1), Zn )] = —inund' (2 — 1) —ifaun” Zpd(2 —1)  (41)

where f is the structure constants of the ordinary Lie algebra. (Note that all
the generators are understood as string currents, so they are dependent on
the string coordinate 0 = o7 = “1”. There is an implicit 27 with every d(o).
Also, for dimensional analysis there is an implicit 1/a’ with n.) The metric 7
of the affine (Schwinger) term is invertible as a consequence of our including
both components of the current, as should be clear from the Abelian case
considered below. Due to our doubling of coordinates for manifest T-duality,
the group coordinates X™ carry the same index. Acting on background
fields ¢, these reduce to the group covariant derivatives Dy, of the ordinary
(non-affine) algebra (with the same structure constants),

[Zm(1), (X (2)] = —i(Dm@)d (2 = 1) (4.2)

(Similar remarks apply to a second Lie algebra Z for which ¢ replaces D and
[Z,Z] = 0.) We are interested in the affine Poincaré algebra, where the index

m o= (uw, o, ™M) (4.3)

has dimension 2D?, as we will now describe.

We begin with the current algebra associated with the usual X coordi-
nates. In string theory one naturally gets the interpretation of T-duality as
the reflection subgroup of the bigger O(D, D) group. One can rewrite the
string oscillator algebra using the explicit O(D, D) vector

Py = (P, X™) (4.4)
Using this generalized O(D, D) momentum one gets the algebra
[Pr (1), Py (2)] = inund (2 — 1) (4.5)

11



where nyy is the O(D, D) metric:

0 o,
NMN = (5nm 6”) (4.6)

In the future we want to use a different basis for the string oscillator
algebra (4.5)). Therefore we introduce the left/right vector

Prr 3= (P Pa) = 75 (P + X0 P = X)) (47)

In this basis the oscillator algebra has the same form as (4.5)) except for the

form of the metric:
mn 0
NMN = (770 ) (4-8)

—Nmn

4.2 Lorentz

In the next step we want to merge the algebra (4.5)) with the Lorentz algebra
so(D—1,1)2. The reason is that the metric g and b field are in the coset space
SO(D,D)/SO(D — 1,1)2. This suggests that the coordinate space should
be obtained by modding out by the subgroup SO(D — 1,1)2. The left /right

basis of (4.7 is then appropriate.
The generators for this Lorentz algebra are denoted as

SMN = (Smna Sﬁlﬁ) (49)
and satisfy the usual commutation relations

[Smn (1), Skl (2)] = —in[m[kSn]l] 5(2 — 1) (410)
[ Smn (1), Sgi(2)] = 0 (4.11)
~_» Same for Left — Right
(where [...] is the unweighted anti-symmetrization). Since P and S form the
ordinary Poincaré algebra, we have:
[Smn (1), Px(2)] = ikmPajd(2 —1) (4.12)
Sen (), Be@] = 0 (4.13)

~__x Same for Left — Right
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However, the set of generators (Syn, Py) does not form a closed affine
Lie algebra. The Jacobi identity requires a new field X such that

[P,P]xé + % and [S, Y] xd + X% (4.14)

Using the commutators [S, [ P, P|] and the Jacobi identity, we obtain the
new set of generators

Z/\/l = (SMN7 PM, ZMN) (415)

for which we have the following affine Lie algebra (providing only non-zero
commutators):

[ Span Skl (2)] —iMm[kS1n] 6(2 — 1) (4.16)
[S Be@] = imkgmPad(2—1)
[ Smn Zk‘ @] = im0 (2 = 1) — O s ZE0(2 — 1)
[P Pa2] = imand (2 = 1) + i Dmpas 26 (2 — 1)
—_» left algebra — — right algebra
[left, right } = 0.

Thus we get the general structure of an affine Lie algebra . (Non-affine
stringy Lorentz algebras were considered in [20]. Left and right spin algebras
have also been used in [21], but commuting with P. Neither of those had X.)
For dealing with antisymmetric pairs of indices we have introduced an
implicit metric such that for any two antisymmetric tensors we have

A-B = %Am“an (4.17)
The identity matrix with respect to this inner product is
5mnpq = 6[mp5n]q (418)

The only nonvanishing terms in the metric and structure constants are
(as could be guessed by dimensional analysis)

npp, Nss: fspp, fssx (4.19)

where we have lowered the upper index on f with 7 to take advantage of its
total antisymmetry, and used “schematic” notation, replacing explicit indices
with their type:

M= (un, o, ™) = (S, P, X) (4.20)

13



Explicitly these are, for the left-handed algebra,

(n)mn - 77mn7 (n)mnpqzémnpq (421)

fonP? = —0mn®Y fumnpg” = n[m[p(;q]nfs

For the right-handed algebra we change the signs of the corresponding terms
in Ny but not in f.

14



Chapter 5

5 Curved spaces with affine algebras

5.1 Background fields

We now introduce background fields following [I], but using the affine algebra
(10.1]). Using the vielbein we can write:

[4(1) = EsM(XM)Z0 (5.1)
Then we get the affine Lie algebra for the 114 operators:
[I14(1), [e(2)] = —inacd (2 — 1) —iTac® g d (2 — 1) (5.2)
where T’ is the stringy generalization of the torsion:
Tac® = EuM(DmEe™)EN'E + 5157 Ep™ (DB Ex* nz
+ EAMEN Ep'e faan” (5.3)

where [4]|c] indicates antisymmetrization in only those indices. Note that
the Jacobi identities imply the total antisymmetry of the torsion, just as for
the structure constants.

This torsion can be identified with that of “ordinary” curved-space co-
variant derivatives (as in subsection by use of the strong constraint: We
write

Vi i= E4MDy (5.4)
Using this and the strong constraint
(VA0)(Vay) = 0 (5.5)
we get the same torsion in
[Va, Vel = Tac® Vo (5.6)

when acting on fields, since the second term in (|15.3]) can be added for free.
By setting the coefficient of the Schwinger term to be the metric n, the
vielbein is forced to obey the orthogonality constraints:

E M BEcY = nac (5.7)

15



This choice does not affect the physics, and simplifies many of the expressions.
For example, it implies the total antisymmetry of the torsion, when the upper
index is implicitly lowered with 7:

Tyupe = %E[A\M(DMEIBN)EC]N + ExMEsN Ee” fanr (5.8)

where we have used E_/\l,(A = A By nEBV. (Also note that in the first
term the antisymmetrization can be written as a cyclic sum without the 1/2,
since it is already antisymmetric in the last two indices.) Thus, because of
orthogonality, the vielbein is like (the exponential of) a 2-form, while the
torsion is a 3-form; similarly, the Bianchi identities are a 4-form.

When solving the orthogonality constraint, note that we are also putting
some parts of F to zero or to some particular constant value, which comes
from the coset constraints on the torsion, as explained later. We get:

MN M
MN
AB Sap™MV 0 0
EM= 4 waMN eaM 0 (5.9)

AB TABMN _ leAB (UCMN

: MwCAB 5ABM

—€c N

where the new field r has a role to be explained later, and satisfies

#ABCD | CDAB _ (5.10)

5.2 Coset constraints

Our aim is to generalize the coset construction described in subsection (3.3
to affine Lie algebras, specifically the affine Poincaré algebra . Coset
space dependence is fixed by the constraint that the covariant derivatives
with the Lorentz group indices S = 4p act on fields by some particular
matrix representation, i.e.,

(Vs)s = (Ms)s® s (5.11)
For the covariant derivatives themselves, this implies, as described in section

B.3}

Vs, Val=[fsa®Vs  (Tsa® = fs4®) (5.12)
L.e., all covariant derivatives are in the same representations of S as in flat
space. In particular, this means the subalgebra of Vg is unmodified from flat
space, so we can choose the gauge

Vs=Dg (EsM=26M) (5.13)
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(However, other gauges, such as lightcone gauges, may also be useful [5].)
This gauge was used, in addition to orthogonality, to obtain the expression
for the vielbein in ([5.9).

The rest of the coset constraint gives the action of Dg on the
nontrivial components of E4*:

DSEPP = DABSCK = —nC[Aer]f + GCMT]M[A5B]K (514)
Ds Ep® = Dapwc™ = —nepawp™* (5.15)

+we™ i adp ™ on"

Thus in this gauge the dependence on the Lorentz coordinates is fixed for
the vielbein, as well as the (residual) gauge parameters. (E.g., the Lorentz
gauge parameters still have arbitrary dependence on x.)

Dimensional analysis is useful for further analysis of the torsion. The
following table summarizes the torsion engineering dimensions:

Torsion component Dimension Torsion component Dimension
Tss - —2 Tp PP 1
Tss " —1 Ts ES 2
Tgs® 0 Tpp® 2
Tgp” 0 Tps” 3
T PS 1 T, ES 4

Note that most of the torsions, including all torsions of nonpositive dimen-
sion, have already been fixed by the coset constraint.

17



Chapter 6

6 Relations to previous tensors

6.1 Remaining torsion constraint

The “usual” torsion constraint (generalized to 2D-valued indices)
Tpp' =0 (6.1)

eliminates the last surviving torsion of dimension 1, and gives the constraints
that were previously found in [I] by a different method. This can be expanded
in schematic notation as

0 = Tppp = 5Ep"(DcEp™)Epp + EPEp™Ep” fione (6.2)

(Colored indices are not summed.)
For comparison, the analog of the torsion that appears in [I] (but taking
into account orthogonality):

Fagc = te™ (Oxes™ecn (6.3)

is the same except that the range of indices is over only P, where (in our
gauge) e, = E M and Dp = 0y acting on a field. Thus, expanding the
indices in (6.2)) over (S, P, X') will separate it into F and w terms.

Using the structure of the vielbein £ 4™ in , from the former term

of (6.2) we get:
Frpp + 2Ep°(DsEp")Epp (6.4)

(Repeated schematic indices (S, P, X)) are summed over the subset indi-
cated.) The latter term in this expression vanishes according to the first
condition in ([5.14)) and structure of the vielbein. The latter term of (/6.2))

gives:

EpNEp™Ept fine = 3Ep°Ep"En" fspp
P A|P—B|P—=C (6.5)
= %W[AB(T]

We thus get the relation
Fapc + swape) = 0 (6.6)
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This agrees with the constraints on w42¢ in [1],
w[abc} = _2Fabc> wagé = _FaBé (67)

There are also constraints involving the dilaton, which work the same
way as previously; these are needed to allow definition of a Ricci tensor and
scalar (i.e., field equations and action) independent of those connections that
are not fixed by the above constraint.

6.2 Riemann tensor

Previously no full curvature tensor with manifest T-duality was derived, and
even those pieces that were found came in an indirect way, not by commuta-
tion of covariant derivatives. Here we duplicate the known curvature directly

as a torsion, and the missing pieces are identified as corresponding to the
new field 748D,

From (3.17)) the curvature tensor is Tp p° = R g/u'':

Trp® = Ep®(Ds Ep)®)Ex"” + 507" ES(Ds B pX)Ex'  nie p) (6.8)
+E[PP(DP EP]R)E']_Q,I S + %T’SE EEP(DP E[PR>E'}_21’CTIIC|P]
+%7752E22(D2 E[PR)EﬁlKﬁmP] + EPSEPSEi; 7 fss®
+E[PSEP]PE7}> S fspt + EpPEPPE’é S frp”

Rewriting using explicit forms of the schematic indices and f, and using
(5.14) and (6.3)), after some algebra we get the final expression:

TABCD = e[AM 8MwB]CD + w[A|CHwB]HD — %WMCD(A)MAB (69)
—Fas" wn? + rPap + (Ds)P ea™)enk
In the usual representations, Dy = qx = 0Jx; as part of dimensional

reduction, we set gs; ¢ = 0. Then the curvature reduces to:

TP = e[AMaMwB]CD + w[A?HwB?D — 1w, P WM o (6.10)

2
N CD cD
—F, g wy 7+ 1"

This form was derived also in [I] up to the antisymmetric 77 45 part, re-

quired for covariance. Here the curvature tensor was obtained in a more
direct way.
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r can also be fixed by constraining the corresponding part of the curvature
to vanish:
Tabed = Tedab = Typea — Teaap = Tabea — Ledab = 0 (6.11)

As the final step we reduce the coordinates to the usual half by dimen-
sional reduction, with the conditions

qx¢ = (qp, —qry)® = 0 (6.12)

Here ¢ indicates a Killing vector of the original (“flat”) coset space, commut-
ing with all the flat covariant derivatives D. Since ¢y are Abelian, we can
always choose coordinates where g5, = 0x; and since the rest are Abelian mod
¢x, we can also choose coordinates where they are dp, — Jp, mod Oy terms.
We have also fixed the dependence of the fields on the Lorentz coordinates
previously by the coset constraints. In that way the original 2D2-dimensional
coordinate space is reduced to RP.
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Chapter 7

7 Conclusion: Natural curvature for mani-
fest T-duality

We outline the results we have obtained: We began with the generalized affine
algebra SPY , enlarging the configuration space to 2D? dimensions.
The background fields were introduced via vielbein E4M(X*). The orthog-
onality constraints were applied to them. Together with coset constraints on
torsions the specific structure of the vielbein was derived . From dimen-
sional arguments we obtained one particular torsion constraint reproducing
that originally obtained in [I]. From the torsion Tpp® = R n ¢/u'’ we got
the curvature tensor. The result matches the result from [1] except
for the antisymmetric part r“” 45, which can be fixed by an additional con-
straint. The resulting curvature tensor has explicit O(D, D) index structure,
which was our goal.

Various generalizations suggest themselves:

1. supersymmetry (especially AdS),

2. o corrections, which may clarify the results of [3],

3. the corresponding first-quantization of the string (ghosts, BRST, etc.),

and
4. string field theory (with vielbein fields).

21



Chapter 8

8 Introduction: T-duality off shell in 3D Type
II superspace

In previous chapters and in the paper [I1] we obtained the curvature tensor
(previously discovered in [I]) in a manifestly T-dual way. The aim of the
following chapters is to extend the techniques of the (only bosonic) T-dually
extended spaces to the supersymmetric case.

The manifest T-duality is in general constructed by doubling the space-
time coordinates, as shown in [I]. This doubled space-time is further ex-
tended by the coordinates for the Lorentz generators. The dependence of
the background vielbein on them is fully fixed (up to gauge) by the coset
constraints [I]. This is done by requiring that the associate torsions take
their vacuum values. The generalisation of this approach to string theory
requires the use of the affine symmetry algebra (oscillator algebra together
with the Lorentz algebra). The consistency (closure of the Jacobi identities)
of the new affine symmetry algebra requires addition of the new current 2™
for every Lorentz current .S,,,. We also add the new coordinates for the cur-
rent X" (The necessity of this new current was first realized in the context
of AdS; x S5 [16] ). In the supersymmetric case the fermionic coordinates
are being doubled as well. For the fermionic current D, we need to add a
dual current 2* (for the consistency of the affine supersymmetry algebra),
see [I]. By this way we obtain the affine supersymmetry algebra with the
extra currents 2+, 3",

The generalized torsion is constructed from this affine Lie algebra in a
general background, which acts as the stringy generalization of covariant
derivatives. Because of the additional currents, the enlarged vielbein that
describes this background includes the Lorentz connection, and the enlarged
torsion includes also the curvature. Closure of the algebra implies the orthog-
onality constraints £ E? = 1 on the vielbein. In the following chapters we
solve these just on linear level together with the coset constraints also solved
on linear level. There is also an extension of dimensional reduction to the
usual D coordinates.

In the following chapters (as a starting point for a bigger program on
T-dually extended superspaces) we consider the 3 dimensional T-dually ex-
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tended superspace. The higher dimensional case is discussed in [I7]. We
would also see that this (toy) model of 3 dimensional T-dually extended space
goes with the idea of lower dimensional F-theory (i.e. lower dimensional ana-
logue of the 12 dimensional F-theory, see [37]). At the end we will show that
the physical spectrum (and the structure) of the theory coincides with the
N = 2 supergravity in 3 dimensions (after the dimensional reduction). That
should be expected since as we will show the classical NV = 1 supergravity in
4 dimensions could be interpreted as to have the same F-theory origin as the
T-dual 3D supergravity. So does the 3D A = 2 supergravity (after the com-
pactification of 4D N = 1 supergravity to 3D). The doubling in this paper is
obtained naturally from the compactification of the F-theory along one space
direction. We will get: SO (3,2) — SO(2,2) ~ SO(2,1) ® SO(2,1)
(to be explained in the text) what is the T-dual NV = 2 string theory and
effectively the T-dual 3D N = 2 supergravity.

We are following the procedure described in the articles [I1], [I] and [17].
The differences are that we are working just to linear order in fields and in
the 3D T-dual superspace. On top of that will also find the relation of the
T-dually extended theory to the (lower dimensional analog of) F-theory.
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Chapter 9

9 F-theory (membrane vs. strings)

9.1 F-theory and its compactification

The F-theory has first been proposed by Cumrun Vafa as 12 dimensional
theory, see [37]. The theory is further compactified on the two-torus or more
generally on the elliptically fibered Calabi-Yau manifolds. We discuss the 5
dimensional analogue of this theory. We want to motivate the natural iden-
tification between the 4D N = 1 supergravity, further compactified to a 3D
N = 2 (the 3D N = 2 supergravity is recently discussed in [38]), and the
T-dual 3 D N = 2 string theory. Both can be thought to have an origin in
higher dimensional F-theory. This theory will be further compactified in two
ways. One compactification produces the 4 dimensional M-theory that will
effectively become the N = 1 supergravity with the specific chiral compen-
sator that contains a 3-form. This is expected since this N' = 1 supergravity
is an effective theory of 2-branes (discussion of the lower dimensional su-
persymmetric membrane theory could be found in [39], (super) membrane
theory discussed in [40], [41], [42], [43]). The other compactification gives the
3 dimensional T-dual N/ = 2 string theory so effectively the T-dual N/ = 2
supergravity.

9.2 5D vs. 4D vs. 3D - compactifications

The 5 dimensional F-theory is the (supersymmetric) 2-brane theory in the
space with the signature (4, 4+, +, —, — ) . The Lorentz group is SO (3, 2).
We can pick the time direction and compactify the F-theory along one time
direction, so we will get the Lorentz group breaking SO (3, 2) — SO(3, 1).
The 4 dimensional N' = 1 SO(3, 1) theory is just the 4 dimensional M-
theory, which is effectively the 4 dimensional N = 1 supergravity. We can
also pick the space direction and compactify the F-theory along this direction,
so we will get: SO (3,2) — SO(2,2) ~ SO(2,1) ® SO (2, 1) what will
become the T-dual N' = 2 string theory and effectively the T-dual 3D N = 2
supergravity. If we further compactify the 4 dimensional N' = 1 supergravity
along the space direction we will get the 3 dimensional N' = 2 supergravity
coupled to a vector multiplet. On the other hand, if we take the T-dual 3D
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N = 2 theory and compactify half of the dimensions we would again get the
3D N = 2 supergravity coupled to a vector multiplet. We therefore have the
natural identification of the objects from the 4D A = 1 supergravity (further
compactified) and the T-dual 3D N = 2 supergravity. We can therefore use
the techniques of T-dually extended superspace and derive the 3D N = 2
supergravity coupled to a vector multiplet.

In the 4D (n = —% minimal and linearised) supergravity we have the
prepotential H, ;5 and the scalar prepotential V. The scalar prepotential
becomes a particular (chiral) compensator of the form ¢ = D?V. That
contains a 3-form, see section 4.4.d in [22], or more generally [23]. This is
expected since 4D N = 1 supergravity is the effective theory for 2-branes.

The 4D N =1 gauge transformations are, see section 5.2 in [22] or [7]:
0H,3 = DaLy — DyLo and 6V = DL, + DLy (9.1)

where D, and D, are usual 4D N = 1 covariant derivatives. We can dimen-
sionally reduce the theory to 3D and obtain the 3D N = 2 theory. Using the
dimensional reduction we get:

Da:\/Li(Da—i—iDa/) and Dd:\%(Da—iDa') (9.2)

where D, and D, are real 3D N = 2 covariant derivatives. The gauge
parameters can be written as:

Lo = 25 (Ao —idy) and Ly = J5 (Ao + ide). (9:3)

The 3D N = 2 gauge transformations thus are:

6H(oc,3) - 5Ho<ﬂ’ == ’i(D(a/ AB) + D(a AB/)) (94)
0Hy,y = 0V = DAy — D Ay (9.5)
5V = D*A, + DY Ay (9.6)

The 4D N = 1 prepotential H,; = (H,z), H,z) is a 4D vector and
becomes the 3D vector H, gy and a prepotential V' (for a vector multiplet).
We also have the 4D prepotential V (for the chiral compensator ¢ = D?V)
that becomes the 3D prepotential V . On the other hand the 3D T-dual
prepotential (symmetric part) H, gy (after the dimensional reduction to 3D
N = 2) is again a vector (describes the conformal supergravity) but the

Hj, gy becomes the prepotential V), see the transformations (10.24f), and the
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prepotential H, g is just part of vielbeins, see table . Finally the 3D T-
dual N’ = 2 prepotential V becomes the prepotential for the vector multiplet
in 3D N = 2 supergravity.

Therefore we have an identifications between 3D N = 2 T-dual super-
gravity and 3D N = 2 supergravity coupled to a vector multiplet: H, gy —
H(ag/), H[ag/] — VandV — V.

We also have the identification between 4D N = 1 supergravity and 3D
N = 2 supergravity coupled to a vector multiplet: H, (af) Hpgy, H g
VandV — V.

The situation could be summarised in the following diagram

Ht[g ]
................................ SR
| ~ -
................................................................................ \lr ~ -
| 3D, T-dual, N = 2, L D N=1,
S0(2,2) ~ SO(2,1)® SO(2,1) - 50(3,1)
Haﬁ/ \%4 - g / Hoz,@ v
................................................................................. e P P
| _ ~
............................. sz/

Figure 1: F-theory breaking

where H'(, g is the 5 dimensional prepotential (a € {1,..4},“” means
that it is traceless, it has 5 real components).
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Chapter 10

10 Algebra

We give very brief outline of the algebraic objects and steps that will lead
to the formulation of the linearised T-dual 3D supergravity. The interested
reader may see the following references (where the subject is explained in
great detail): [11], [II.

10.1 Current algebra of 7,

As in the paper [11], we consider the (super)string generalisation of the string
oscillator algebra. Because of the T-duality and the (super)Bianchi identity
the current algebra has a structure:

[Zm (1), Zn )] = —inund' (2 — 1) — i faun” Zpd(2 — 1) (10.1)

where Zy = (Sun, Dy, Py, 20, XMY) is the generalisation of the (su-
per)string oscillators and the metric nans (given later). The Py, genera-
tors are the O (D, D) generalisation of string oscillators P,,. In the explicit
O(D, D) basis are the Py generators given as: Py = ( P,, X’™). For the
future purpose we want to use a different left /right basis. In left/right basis
the Pyy == (Pm, Pa) = \/Li (P, + X, P, — X],). The Lorentz genera-
tors also have the left /right structure: Sy;n = ( Smn, Swma), where Sy, are
generators of left (or equivalently Sig right) Lorentz transformations. The
D, := (D,, Dj) are the generators of left and right supersymmetry trans-
formations. The generators ¢ := (0#, QF) and XMV = (ymn ymi)
are the new generators, needed to satisfy the Bianchi identity. For further
reference see [11], [1].

The full current algebra of Z,, oscillators is the affine (super)Lie
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algebra 1) and its explicit form is:

[ Sean (1), Skt (2) = —iMmxSa] 0(2 = 1) (10.2)
[Smn 7Dp (2) = _i%<fymn)o-PD0'5(2_1)

[S 17P (2) = an[mpn]5(2 - 1)

[ Stan (1), £27(2) = i3(7mn )’ 276(2—1)
[ Smn (1), Ek‘ (2) = 00 (2 = 1) — W0 KN X0 (2 — 1)

[ Dy ( = 2(Ym)po £27°6(2 — 1)

]

]

]

]

]
{D,1, D@} = 2(y)uPud(2~1)

1, P (2)]
{D,( Q"()} = 0678 (2 —1) —ig(Ymn ), 2™ 0(2 — 1)
(2)]

[ Pm (1) = iNen 0 (2 — 1) + i Pas 250 (2 — 1)
—_» left algebra — — right algebra
[left, right } = 0.

The only nonvanishing terms in the metric and structure constants are
(as could be guessed by dimensional analysis)

npp, Nsx, Mpa,; [fspp, fssx, fopp . fspo (10‘3>

where we have lowered the upper index on f with n to take advantage of
its total (graded)antisymmetry, and used “schematic” notation, replacing
explicit indices with their type:

M= (uny oo ¥ MYV ) = (S, D, P, 02, 5) (10.4)
Explicitly these are, for the left-handed algebra,

(Mmn = Tans (Mmn®* = oma®?, (7).” = 07 (10.5)

fon®? = —0mn® || fonpq” = Nimipiqn)” (10.6)

Jop ™ = 2(7m)ap | fano” = _%(an)g

For the right-handed algebra we change the signs of the corresponding terms
in N but not in f.

For dealing with antisymmetric pairs of indices we have introduced an
implicit metric such that for any two antisymmetric tensors we have

A-B = %Am“an (10.7)
The identity matrix with respect to this inner product is

SmnP? =GP0 (10.8)
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10.2 Cartan-Killing metric

Having the Lie algebra G, one can define a symmetric bilinear form:

K(X, Y) = %Tr(adx ady> = i <EZ‘ adX ady |Ez> (109)
where X, Y € G and z), = Dynkin index
and E;, F' € Gand G*

then for X, Y € basis of G:

K(E;, E;) = Ky = ﬁfm"fjnm (10.10)
a

where f,;¢ are  struc. cons. of G

The Cartan-Killing metric has many important group theoretical properties.
We are interested in it because of the way we will fix the (engineering) di-
mension 1 torsion constraints. They are fixed using the (generalized) Cartan-
Killing metric (using its free values). To see that, we need to generalize the
Cartan-Killing metric to the case of the graded algebra (14.7). We
use the direct generalisation of the expression for the algebra in
the presence of the background fields (vielbeins). In that case the structure
constants are given by ([15.3). We get (the Dynkin index z,q = 2):

Kap = $Tac” Tpp© (10.11)

We are interested in linearised version of previous equation. Again we expand
the vielbeins to the first order and get:

Kuag = 5fac” foo° + éf(AlCDT(l)B]Di (10.12)
K(I),AB
+0O(EY)
where TW 450 = %D[AE(I)BC) + %E(l)[AM Imise)

10.3 Background fields

The aim is to find linearised formulation of the 3D T-dual theory. We are
following the approach used in the paper, see [I1], section 1.2. We will briefly
mention the outline here:
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We want to use the T-dual formulation of the stringy generalisation of the
oscillatory algebra (14.7). We introduce the background fields via vielbeins.
Following [I] but using algebra ({10.1)) we get:

II4(1) = ELNXNZy (10.13)
the affine Lie algebra for the I14 could be compactly written as:
[ITA(1), Te(2)] = —inacd (2 — 1) —iTyuf e 6 (2 — 1) (10.14)
where T4cf is a (super)stringy generalisation of torsion, see [I1]:

Tac® = Eu™(DmEN)EGE + 50" Ep™ (DmEa™) B nzic)
+EAMEN ES'YE fun” (10.15)

where [4|]c) indicates graded antisymmetrization in only those indices. By
the Dy, in the and in the whole text we mean the group covari-
ant derivatives of the (non-affine) part of algebra (14.7): [Duy, D} =
— i fan® De.

Note that the (super)Jacobi identities imply the total graded antisymme-
try of the torsion, just as for the structure constants. Torsion can be
identified with that of “ordinary” curved-space covariant derivatives by use
of the strong constraint, as explained in [11], [1].

We can set the coefficient of the Schwinger term to be the metric 7, the
vielbein is forced to obey the orthogonality constraints:

EMnn B¢ = nac (10.16)

This choice does not affect the physics, and simplifies many of the expressions.
For example, it implies the total graded antisymmetry of the torsion, when
the upper index is implicitly lowered with 7:

Tase = $E 4™ (DMmEY)Eeyn + EaMEsVEc” funp (10.17)

where we have used E_/\l,(A = " Byy wEgY. (Also note that in the first
term the graded antisymmetrization can be written as a cyclic sum without
the 1/2, since it is already graded antisymmetric in the last two indices.)
Thus, because of orthogonality, the vielbein is like (the exponential of) a
super 2-form, while the torsion is a super 3-form; similarly, the Bianchi iden-
tities are a super 4-form.
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The (super)orthogonality constraint could be fully solved for the
general structure of the vielbein E4M. However, we are interested just in
the linear level. Thus we get the (super)orthogonality constraint for the
linearised part of the vielbein EM 4M:

EM = 5,M 4+ EO M 4+ O(E®) = using (15.4) (10.18)
EV g = 0 (10.19)

We would also need the linear level version of the equation ((15.5)):
Tage = fase +TWapc + O(ED) (10.20)
where T(I)ABC = %D[A E(I)BC) + %E(I)MM fm IBC) (10.21)

10.4 Further constraints and gauge fixing

Following the discussion in the subsection 4.2 in the paper [I1], we get the

coset constraint on the torsion piece Ts4® = fs4® (where we used the s
index as the schematic index ((10.4) and 4, B are general indices). On the
linear level the previous condition becomes: TWs 45 = 0. From this one

gets the condition for the linear vielbein: EM M = 0 + O (E®).

We would like to gauge fix some of the remaining gauge freedom. Note
that the coset constraints discussed above sets the gauge parameter (defined
below) A\s = 0. From specific gauge fixing we get the further conditions on
the linear vielbein E(M. The gauge transformations are given as (see also

[1):
Salla = [—iA, 4} (10.22)

where A = /dl)\M(X)DM

We are working in the basis where the covariant derivatives satisfy:

[ Dats Dx'} =i faan™ Dp (10.23)
Thus the (linear)gauge transformation of (linear)vielbein are:

5AE(1)AB = —%D[AAB) + fABC Ac (10.24)
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Now, we can pick the following gauge:

% PED, 5 =0 = A o %P D,y Ag (10.25)
VPEW, =0 = X o 7P Dy g (10.26)
EWap =0 = Xab o< Dia My (10.27)

~_» Same for Left — Right

We can see that by (10.25]), (10.26)), (10.27) we automatically have expres-
sions for gauge parameters Ap, A\, Ay as derivatives of another gauge pa-
rameter Ap. It is unlike the usual A/ = 1 supergravity where we need first
to solve the chirality condition to relate derivatives of A with K, see section

X.A.1 in [10], also section 5.3 in [22]. Moreover, the ((10.25)-(10.27)) give the

constraints on E and solving those we will get:

EYpp EWas =0 || BEWpp = EWa, =0 (10.28)
EWeB s = 0 (part of EMP)p)
Later (by dimension —% constraints) one can see that the EMpp = 0.

We thus need to set up the dimensional constraints. The following table
summarise the torsion dimensions:

Torsion Dim.
Torsion Dim. TS‘DS T Torsion Dim.
) - 2 g
TSSQ _g Tsp” > TSZS 2
Tss — 3 Tpp” > Tpo 2
S
TSD —1 TSPS | TP_Q 2
T. D _ 1 — T S 5
SSQ 2 Ts o 1 DES 2
Tsp . 3 Tp pP 1 Tp 2 2
R Too® 1 Toa 2
Tss 0 Trp" 1 TPZS 3
TSD 0 TS QS % Too 3
P 5 7
TSPP 0 TDPS % TQES 2
TDD 0 D 3 T 4
TD QD % PP
Tpp 5

Table 1: Torsion dimensions
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Notice that many of the torsions in the previous table 1] are fixed (to flat
structure constants fs 7).

We put the torsions of the negative (engineering) dimensions to 0 (as
always in QFT, see the red coloured torsions in the previous table). We also
put the (unfixed) torsions of the zero dimension to 0 (see the blue torsions
in the previous table), see [11]. We will also put the dimension % (unfixed)
torsions to 0 (the green torsions in the table). Doing that we produce just
algebraic constraints on veilbeins.

The nontrivial dimensional constraints are:

Tpp® =0, Top” = fop", Top"” =0, Tpp® =0 (10.29)

10.5 Dimensional constraints: solution

The solution of the previous nontrivial dimensional constraints could be given
in a full generality, however in the following chapters we are interested just
in the linearised case. The tables[d and [10lsummarise the linearised solutions
of those four constraints (notice that we have also the possibility of mixed
left /right indices):

Tpp” =0 and v*°PED,, =0 = EDpp =0
Tpp” = fop" = EDpn =0
Tpp? =0or Tpp” =0 ~ EU,, — p0ab__

_94la,  EMeIp]

Table 2: Unmixed constraints

Tpp” =0 = EW,5=EW,;=—-17DsEW;
Tppt' =0 = EW,;=EV ;= -11DyEW ¢
Thp” =0 = EW,5=FEW% = —£+2*D EO 2
T,p7 =0 = EW, s = EWe; = 1 PecaD ED,
TPPQ -0 = E(l)Z‘D = E(l)aba — ,r]ac,r]bd D[c E(l)d]&

Table 3: Mixed constraints

From the table [l we can see that we have one linear relation:

EVgp o« EWgp (10.30)
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From the table [10] we have linear relations:
{EWpp EWpp, EW g5, BV, BV 5} o BV (10.31)

Again, we have automatically obtained the expressions for the vielbeins as
derivatives of E) 5 vielbein (prepotential). It is unlike the A" = 1 super-
gravity where the prepotential comes as the solution of the bisection condition
(or chirality condition in covariant approach), see section X.A.1 in [I0] and
section 5.2.a and 5.3 in [22].

10.6 Dimension 1 unmixed constraints

To proceed we need to find the constraints for the dimension 1 torsions.
We can see that putting those to zero in general introduces the differential
constraints, that we do not want (except of the strong constraint and later
the equation of motion). However there is a way how to fix dimension 1
torsions without producing differential constraints. We will use the following
set of unmixed constraints (again we have two cases for the torsion index
structure: mixed and unmixed):

TWppp = TW,ape = Yeane B (10.32)

T(l)aﬁab — €7abaﬁB
T(l)aaﬁ = C’YagB

TWpp s
TWppg

where the new object B is determined from ((10.32)). Using the linearised
Bianchi identity the coefficients in ((10.32)) are related as:

& =—-8¢C— 29 (10.33)

Equation (10.21)) gives explicit relations for the 7M’s from (10.32)):
T(l)abc = - %n[a\dnmeE(l)dec] (1034>
TW, 5" = D EWg + 244 EV2P, (10.35)

T, = DyEWP 424, , BV 4 1e g 4°8 B ed (10.36)

From (10.34)) and first relation of ((10.32]) we get:
20 B = —enqentc EWde, (10.37)
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From ([10.36) and requiring that we want just algebraic constraints we get
the second equation for ((10.32)) fixing constants:

0=—-3¢—3(20+3¢) — 39 (10.38)
Substituing result (10.33) we have soultion for any ¢ and ( except when
¥ = —6(. That condition would produce the differential constraint on

EW g p (see eq. (10.39)). From (10.36) and third of (10.32) we will get fixing
(10.35)

of EW 0. From ((10.35) and second of (10.32) we will get fixing of EMp .
The net result of dimension 1 unmixed algebraic constraints is that
everything could be expressed in terms of E(Y)p 5 and so (see table (@)) by
EWp g (and two constants 9, ¢ s.t. ¥ # —6):

B = — 5578 Da BEW (10.39)
EWqg = EWel = Laatlep g 4 Ly «fphab (10.40)
EWpy = EU 2 — _1yafp g b (10.41)

+ (9 + 4¢) Neec®?*P B

10.7 Dimension 1 mixed constraints

Some of the mixed dimension 1 torsions are determined in terms of E(l)a 5=

EW 5 and EWp g already. Using the previous results (tables [9] [10] and
results of previous section) we can see that mixed dimension 1 torsions
TWaak = TW,p5, and TWs22 = TWs o are fully determined, see
(10.42)). The mixed determined and undetermined torsions are summarised
below:

7O, =TW,.# = D EWS 4 DB ED,, o
T(l) 5 — T(1)~ ab __ D~ E(l) ab Dab E(l)” ( ' )
DDX = ag. - (& g T ap

TW s =TWspe= DpEVga — mhanee BV
T(l)PDQ = T(l)éaﬂ = D(a E(I)B)é + %1 Yde aﬁ E(l)deé
TO, o= TO, = DB+ 250 BV
T(l)DDE = T(l) ab _ D(& E(l)é)ab + Q,Védﬁ E(l)éab

(10.43)

From the ([10.43) is evident that by putting 7"~ , , = 0 we can determine
EW 5 in terms of E® , 5 and so WY, 5. Equivalently we can obtain that
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fixing either of 7W ., , or TW,  ~. By putting 7W,,5 = 0 we can
determine E(I)QQ in terms of E(I)D(} and E(l)PQ and so again in E(l)DD.
The dimension 1 mixed constraints give:

E’(l)Q[~2 = E(l)aB — ,Ya e D[a E(I)E]B =7 D[P E(I)D]fz (1045>

1
6

The dimension 1 constraints could be viewed also form another perspec-
tive. For that we would need to borrow the expression for the Cartan-Killing
metric K 45 that is discussed in section(10.2] The expression for the linearised
Cartan-Killing metric:

KW 5 = 3 fac”TWg)p° (10.46)
taking the (10.46) for A, B € {a, 5} we will get:
KW,5 o easB, KV 5 x es5B, KO 3 (10.47)

then using the exercise XA2.6 in [I0] we could write the dimension 1 con-
straints as:

T(l)abc X €abc 5aﬁK(1)Ba s T(l)aﬁab X ’Yabaﬁ 560K(1)U€ (1048)
T(l)aaﬁ x ,yaggeo K(l)ge ’ T(l)a&6 x fYa,Be K(l)ed (1049>
T(l)dﬁab o ,yabbf K(l)ed 7 T(l)aaB x r)/aOéEK(l) el (1050)

Remaining dimension 1 torsions have to be 0 since we do not have appropriate
nonzero Cartan-Killing metric. We also put second torsion of to 0.
Since that does not produce any differential constraints and fixes B, 5,
see (10.45). Moreover in the spirit of the exercise XA2.6 in [10], we can
identify (K(l)aﬁ*, B, B) with a SO(3, 3) vector G*# = (G% B, B) in
SL(4) notation (form the N' = 1 supergravity).

10.8 7T = 0 constraints

In the previous subsections we discovered that all the vielbeins (mixed and
unmixed) (except of EM oy and EW 5 5) could be determined in terms of
EWp, and EW pp- We need further constraint to relate those two unde-
termined vielbeins. We are following article [I]. There a new torsion was
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introduced. It came from the requirement of partial integration also in the
presence of the new integration measure ¢* (dilaton). Following [1] the new
torsion is:

Toim= 2V 4072 (10.51)
where V4 = E M Daq. The torsion ([10.51) should vanish, so we get the T
torsion constraint: T4 = 0. We are interested just in the first order part of
TAI
Ta=0+TV, +O(E?) = TO, = DPEDg, + 2D 490
where ¢ =1+¢Y 4+ 0?) (10.52)
The relation TMg = 0 gives Dg¢® = 0. Using TMp = 0 we get the
relation:
b SEM =2, s EWF = DPEM. 4 D3 EM, (10.53)
- D; EWE _9p, M
= Dy EWp, + Dp EVp)
—~DEW 5, — Dp ¢ (10.54)

Where we used the results of table@ Using the table for EM5,, and B Ba
we have the relation between E()p, and E 5 and linearised dilaton ¢™):

v EWgp = 29 EWP, = — L1425 Dy D31 BV, (10.55)
+142%¢ D, D; EW;, — 2D, ¢V

—7 [Dp. D] EY 5

+ DPDD E(l)DD — DD¢(1)

37
1
57

We notice that result (10.55)) is exactly the right combination in order to
express B from ((10.39)) in terms of E(l)]jD and ¢, This will be used in

next sections:

B = —y5i5:€"D, [v‘”g(— ¢ Ds, D5]+§D5DB)E“)M(1O.56)
_D, (1)}
= ¢Dp [7([1915, Dpl - DpDD> EW g, — Dng(l)}
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Using the relation T p = 0 and similar steps we get:

—26ape? 2Dy EW e 4 2D, EW, — 4D, o) =
— 37 %[ Da, D3]7a"" Do EWzeo + $72 7 Da D" Dy BV =

,YaUaDO'< - 27bﬂéﬁE(1) Eb ) (1057)
_28abcfyb?DaE(l) e + 2DQE(1)aa - 4Da¢(1):
—2eape P Do EV < 4 2D, EM, — 4D, ¢V (10.58)

So, from relation T El) p = 0 we will get no new constraints.
From relations T, = 0 and TM 5, = 0 we will get some constraints on
unfixed (and unused) vielbeins EM 5 and EW g 5.

10.9 Structure of linearized dilaton

After imposing all the constraints we have found that everything could be
expressed in terms of E(Vp g and EY , 5. The gamma “trace” part of EMp g,
is related directly to B, 5 by . Therefore we want equation of
motion for the field EW ) 5.

We start with some action S and vary it with respect to vielbein EP P and
put it to the zero, i.e. °/5 zop S = 0. The variation produces the dimension 1
antisymmetric tensor. On the other hand in the previous subsection we have
seen that Kp p is the canonical antisymmetric dimension 1 tensor. Therefore
we can impose the equations of motion:

6E6D_D S=Kpp =0 (10.59)

To obtain the structure of linearized dilaton we do the variation of the S
with respect to £%% and E*?. We get:

Kap =KV, =0 and K;53=KY.5=0  (10.60)

where
KW, 5 o cap B KW, 5 o e,5B (10.61)
Equations (10.60f) and (10.61)) could be rewritten in a different way:
B+B=0and B—B =0 (10.62)
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where B is given by eq. (10.56). Because the explicit structure of B and B
is important for the next considerations we repeat it here:
B o« 9D, (D + 1439 Ds D) BV, + 2P Dy D, 6 (10.63)
= ¢Dp(Dg + v DpDp)EYp, + Dp Dp gV
B « €Dy (—D*+ 142P*D,Dg)EV;, + &% D; D5 ¢!'{10.64)
= ¢Dj(—=Dg + v DpDp)EW s, + D Dpy oY

To analyse the second terms in (10.63)) and ((10.64]) we need the following
identities:

89 DDy = 4D* — 1D D, (10.65)
V3% DaD; = —4D% + 1D D, (10.66)

where D?> = £*D, D3 = Dp Dp (similarly for D?). Using (10.65) and
(110.66|) we get:

B o —iD*(e* e D, D; EW:,) + D* ¢V (10.67)
B o« —1D*(e*¢°D,D; EW;,) + D* ¢V (10.68)
Then the first of becomes the equation:
0= (D*>+ D*)(—%e"c" D, D; EWzo + ¢) (10.69)
We can rewrite using a new field V:
(D> = D*)V = (=1 D, D; EV;,, + ¢M) (10.70)
Using this definition the could be written as:
0= (D?+ D*)(D* - D*)V (10.71)

The operator ( D* + D?)(D? — D?) is acting on the scalar field V. It can
be rewritten in a nicer form:

(D?* + D*)(D? — D*)V = 4(0 - D,D" + D' D, (10.72)
— (0 = Dy D" + D" D;))V
A4DADLV (10.73)
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Therefore the first equation of ((10.62)) could be rewritten as:
DADLV =0 (10.74)

and so (10.74]) is identically satisfied since it is just the strong constraint.
Using the relation ((10.70)) we find the structure of the linear dilaton:

oW = leovéop popO. 4 (D2 - D)V 10.75
8

We notice that the structure of the linearized dilaton matches the structure
of the dilaton field obtained by compactifying the 4D N = 1 supergravity to
3 dimensions, see section 7.2.b in [22].
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Chapter 11

11 Conclusion: T-duality off shell in 3D Type
II superspace

We outline results we have obtained: we started with the T-dual N' = 2 string
theory, i.e. effective NV = 2 supergravity in 3 dimensions. We knew that this
theory should be equivalent to the theory obtained from the classical N' =1
supergravity in 4 dimensions. In the following chapters we first obtained
the dimension — 1 prepotential as the vielbein component E) pp =FE (1)a E
and the dimension — % unconstrained gauge parameter Ap = A, (also A

without solving any differential constraints. In the usual 4 dimensional N' = 1
supergravity they appear only through their derivatives in objects of higher
dimension after solving differential constraints, see section X.A.1 in [I0]. We
have also derived the structure of the N' = 2 supergravity in 3 dimensions
using the techniques of the T-dually extended superspace. In particular the
structure of the linear dilaton ¢ has been derived. It matches the structure
obtained from 4D A = 1 and its compactification, see section 7.9 in [22]
and [7]. This suggest that T-dualy extended superspace approach could be
extended also to higher dimensional cases, see [17].
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Chapter 12

12 Introduction: Pre-potential in the AdS; x
S° Type IIB superspace

In the paper [I1] we obtained the curvature tensor (previously discovered in
[1]) in a manifestly T-dual way. In the paper [12] we extended the techniques
for the case of three dimensional N/ = 2 T-dual extended superspace. There
we correctly obtained the pre-potential (as a part of vielbein), structure of
linearised dilaton and field equations. The aim of this paper was to look at
the full ten dimensional N' = 2 T-dually extended superspace in the flat
and also in AdSs x S® background, i.e. IIB string theory expanded around
AdSs x S° background. The AdS was earlier analysed in superspace in
papers [24], [25], [14] and [15]. In following chapters discovered the projective
(and also the chiral) pre-potential to sit in a certain combination of Hggz
and H,, 5. This was first obtained in the flat case and later generalised for
the AdSs x S°. We also performed the near horizon limit and derived the
equation of motion for the pre-potential in that limit. This limit also picks out
the projective pre-potential instead of the chiral pre-potential, even though
both pre-potentials are valid bulk solutions. The projective and harmonic
superspaces were earlier analysed in [26] and [27].
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Chapter 13

13 Motivation

The massive development of the AdS/CFT correspondence (and its generali-
sations) started with foundational papers [29] and [30]. It is considered to be
one of the best achievements in string theory. The correspondence promises
the way of computing quantum effects in strongly coupled field theory us-
ing the classical (super) gravity theory. The AdS/CFT correspondence (and
its generalisations) is currently used in many different areas, like study of
confinement, condensed matter systems or investigation of non-equilibrium
phenomenas in strongly coupled plasma.

In the AdS/CFT correspondence the strongly coupled quantum field the-
ory (four dimensional N/ = 4 super Yang-Mills theory) is related to the
supergravity theory living on AdSs x S° space. The strongly coupled con-
formal field theory is hard to work with. The correspondence provides feasible
way to calculate effects in such theory by translating it to weakly coupled
supergravity.

It is therefore of high interest to develop suitable framework to handle
supergravity living on AdSs x S® background. This framework could be later
used as a base for perturbative calculations. In this paper our aim was to
look at type IIB supergravity living on AdSs x S® background. We are look-
ing for solutions generated via field called pre-potential. The pre-potential is
a basic field from which all physical fields (in the massless spectrum) arise.
Thus we get the classical solution of supergravity living on the background
AdSs x S°. This solution is interesting because of our later aim to use it in
perturbative calculations. Our novel approach unites the way how this so-
lution is found. The first interesting observation is universal usage of string
based framework of T-dually extended superspaces, that started with foun-
dational paper [I] and later examined in [I1] and [12]. Another interesting
feature is the way how the AdSs x S° pre-potential solution was obtained in
this paper. The approach is actually an analogy of how we derived the flat
ten dimensional pre-potential in this paper. We started with flat supergrav-
ity where it was much easier to identify the pre-potential. Inspired by this
solution we turned on the AdSs; x S° background, modified the equations
and looked for the AdSs x S° deformed solution. This gave us both tech-
nical and also geometrical advantages to look at the pre-potential as coming
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from the same field solution. The sanity checked worked here, if we flatten
back the AdSs x S° (i.e. the R — oo limit) we would get back the flat
space pre-potential solution. Moreover by looking at the near horizon limit
(R — 0) it was easy to naturally identify the equations of motion and find
the correspondence between gravity fields and CF'T fields.

We believe that the use of the string based T-dually extended superspaces
in various contexts is fruitful and natural way to cast supergravity, as was
observed in [II] and [I]. In this particular work we showed how it can be
effectively used to naturally find the pre-potential solution in the fully fledged
type IIB supergravity on the AdSs x S° background. That is a novel result
that to our best knowledge has never been derived. In the future we would
like to look how similar approach might shed some light on the supergravity
solutions on different backgrounds, relevant for generalizations of the AdS5 x
S5. Moreover in this framework the calculations beyond linearized level are
also feasible and are left for future work.
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Chapter 14

14 Type II superspace, notation and motiva-
tion

14.1 10 dimensional type II superspace

The T-duality is important duality we know to exist in (super)string theory.
The low energy limit of superstring theory is version of ten dimensional
supergravity. The T-duality then forms T-duality symmetry which is the
symmetry of such low energy theory. That symmetry can be manifestly
realized by doubled spacetime coordinates. This realization was first made
in the paper [IJ.

In the next introduction we are closely following paper [I7]. To T-dualize
ordinary space we start with space that can be built by the coset construc-
tion. In the procedure of T-dualizing the coset construction one starts with
ordinary Lie algebra generated by GG;, where by I we mean some particular
set of indices. We require this Lie algebra to have non-degenerate metric.
As for the usual coset construction, one can exponentialize the Lie algebra
and get the Lie group (more precisely the vicinity of the unit element), i.e.
one constructs the Lie group element g( Z!), where Z! are group coordi-
nates. The covariant derivatives and symmetry generators (Lie derivatives)
on that space are obtained by considering left and right actions of the group.
Since left and right action on a group element commute so do the covariant
derivatives and symmetry generators. More explicitly for ordinary (particle)
construction we get:

Symmetry generators: V; = L;M 10y, (14.1)

O
Covariant derivatives: V; = R/M 19y

where L;M and Ry’ are matrices defining right and left invariant one forms:
(dg)gt =idZM Ly Grand g7t (dg) = id Z™ Ry! G;. The L matrix is
used in left action generator and R matrix is used in right action generator

O
in (|14.1)). It follows from construction that the covariant derivatives V; and
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symmetry generators v s satisfy the following Lie algebra:

~ ~ ~ (@] [e) (@)

Vi,V = ifi/"Vi || [V, Vi) = —ifr/S Vg (14.2)
O ~

[VI7 VJ} = 0

where we included graded commutators as an immediate superalgebra gen-
eralization. The graded bracket in ({14.2) is anticommuting for two fermions
and commuting for others. Having the covariant derivatives in hands we can
curve given space arbitrarily via vielbeins V4 = F ! % I

The next step is to generalize the algebra to the (super)string case.
It is obtained by string extension of particle one parameter Z7 (7) to stringy
ZT (7, 0). By that we get string generalization of , the string affine
Lie algebra:

[S[, S]} = if]JK§K+i81Jao(5(2—l) (14.3)
[é[, [gj} = _if]JKng_i/)Q/]Jao—Cs(Q_l)
(>, éj} =0

where the metric 77, is the (graded), constant, non-degenerate (super) Lie
group metric and 9,0 (2 — 1) = 0,,0(2 — 1) = ¢’ (2 — 1). In analogy
with the left and right action generators could be solved explicitly in
the string case:

Symmetry generators: >; := L (%3]\4 +0, 2N BNM> (14.4)
— 0, ZM L’ 1

Covariant derivatives: él = RM <%8M +0, 2N BNM>
+0, ZM Ry 01

where By, is the B-field. We can get the curved version of the string
covariant derivatives (in paper [17] also called curved current) via vielbeins:

Sai= BA(Z (7, 0))5r = BEAl S (14.5)

Using ((14.5) we can introduce geometric objects like torsions. Looking at
stringy affine algebra in the curved background we get:

[>a, >} = —iTup® Do 6(2 —1) —inapd,6(2 —1)  (14.6)
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where T4 5 is the string generalization of torsion and 74 p is the curved
group metric. In general are both functions of vielbeins. We will impose con-
straint on 14 g and require 14 g to be a constant metric 707 Ap. Such constraint
does not impose any restrictions on physical content and makes calculations
simpler.

In the next step we will describe particular realization of above con-
struction. For the usual particle we can start with algebra of translations
generated by pp,, where m € {1, ..., dim}. Next we can include the su-
persymmetry generator D,, where p is fermionic index and range depends
on dimensionality of space. By including D, we get the supertranslations.
Finally we can add the Lorentz generator Sy, and thus get a particle alge-
bra of super-Poincaré transformations. All previous can be described by nice
diagram (see table {4f), see also reference paper [17].

translations — supertranslations — super-Poincaré
Pm Dy Pm Smn; Dy Pm

Table 4: Particle algebra generators

To build the T-dual analog of table [4] for type II string we first need to
double the translation generators and also have in mind that those gener-
ators are forming an affine Lie algebra as seen in . We get the set
of string translation generators Py, Pg, they generate left and right trans-
lations. Next we will include the supersymmetry generators that are for
obvious reasons also doubled to D,, Dz. Including those generates a small
issue. Because we consider the non-degenerate group metric 7;; and the
affine Lie algebra of supertranslations has to satisfy super-Jacobi identities
we need to include another independent fermionic generators (dual currents)
Q" QF . The necessity for the dual currents was discussed in great detail
in [5]. Finally, if we include the Lorentz generators Spn, Sma we also dis-
cover yet another set of dual currents X™?, Y™ We summarise the type II
generators in diagram [5

translations — supertranslations — super-Poincaré
P Dy P, 2! Smn, Dy, P, 2, 27
Pﬁl Dﬁa Pﬁl? o Sﬁﬁa Dﬁa Pﬁl> Q/L, Jmn

Table 5: String affine algebra generators
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We can see that the whole set of generators is doubled for type II string
affine algebra. That introduces space with high dimensionality. In the end
the dimensional reduction, coset constraints and section condition are im-
posed on fields (living on such high dimensional space) to remove unphysical
degrees of freedom. To deal with indices and generators in table [5| we intro-
duce notation for various forms of graded indices, notation can be found in

table [6]

EXpliCitI M = (mna My my mn)
Carried by: Sman, Dyy P, 20, 200
Explicit: = (mm, Gy ms ﬁ? ﬁ)
Carried by: Swn, D, Pa, (2F, Xm0

Symbolic: m = (S, D, P2 %)

Multiindices: M := (S, g, D, 15, P, ﬁ, 0, f?, 275) =(m 57)

Table 6: String affine algebra indices

Using definition from table [ we can define stringy super-Poincaré covari-
ant derivatives (and string coordinates) in the sense of generic string affine

(super) Lie algebra from ([14.3)), see table

Covariant derivatives: [ v = (Smn, Dy, P, 20, 2™0)
@) -~ i

D> = (S{n‘ﬁ, Dﬁ, P, .Q‘“, Emn)
Coordinates: ZM = (u™® 04 2™, 04, Vmn )
ZM = (u™ GF 3™ on Vg )

Table 7: String covariant derivatives and coordinates

The table [7] covariant derivatives satisfy the following explicit string type
IT affine super-Poincaré algebra, for which the non-zero structure constants
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and the central charges are:

[Smn (1), Sk (2) = _Z‘n[m[k Sl]n] 5(2 — 1) (147)
[Smn (1), D, @] = —i5(9mn)7pDsd(2 — 1)
[ Span (1), Pk (2) = iMcjm Pa)d(2 — 1)
[Smn (1), 2°2)] = i5(Ymn)’e270(2 - 1)
(2)

]

]

]

]

| = i6mn 0 (2 = 1) — i0m M 25 (2 — 1)
2} = 2(Y™ )po Pmd (2 — 1)

| = 2(mle 270(2 = 1)

o= 0670 (2—=1) — i3 (Ymn )7, X™"6(2 — 1)

I = imn0 (2 — 1) + iNmn s S6(2 — 1)
—_» left algebra — — right algebra
[left, right } = 0.

As indicated above, the algebra for the right generators is the same up to
the overall sign. We can assign the canonical dimensions to the genera-
tors: dim (S, D, P, 2,%) = (0, %, 1, %, 2). The S generators generate the
SO (9,1) ® SO(9, 1) algebra, i.e. left (and right) local Lorentz transfor-
mations. The D generate left (and right) supersymmetry transformation
and P left (and right) translations. The (2 and X are the left (and right)
dual currents (corresponding to D and S), see also [I]. We can see once
again that the only non-vanishing terms (for left handed algebra, similarly
for right handed algebra) in the metric and structure constants in are

(as can be guessed by dimensional analysis):

nep, Nsx, Mpe;  fspp, fssx, fopp ., fspo (14.8)

where we have lowered the upper index on f with n to take advantage of
its total (graded) antisymmetry. In that notation we explicitly have, for the
left-handed algebra:

(n)mn = Thmn (7]>mnpq = 5mnpq y (n)ap = 55 (149>
fmnp 1= — 5mnpq ‘ ‘ fmn pqrs - n[m[péq]n} " (14 10)
fgpm =2 (’Ym )O’p || fmnop = - % (’an )g
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The type IIA and IIB theories are distinguished by the choice of ten
dimensional fermionic coordinates. For ITA theory we pick fermionic coordi-
nates with both ten dimensional chiralities ( Z#, Z#) = (6", 6,,). Note that
now the # coordinate uses concrete ten dimensional fermionic index (in chiral
representation), in contrast with generic fermionic index used in description
of 0 coordinate in table[Zl Moreover those indices are ten dimensional chiral
indices with respect to the common (diagonal) local Lorentz group (defined
after the dimensional reduction). The IIB theory uses the indices of the same
ten dimensional chirality ( Z#, Z") = (6,", 0y"), therefore we denoted them
by substript ; and .

The above construction is very natural from the point of view of the su-
perstring theory, where we know the T-duality is a symmetry of low energy
theory. Moreover as we have seen in papers [II] and [I2] this description
has advantages to naturally introduce objects of interest. For example in the
paper [I1] we derived the T-dual version of Riemann curvature tensor using
T-dually extended space (even though there without supersymmetry). That
tensor has been previously discovered in [I] but by indirect methods. In pa-
per [12] we discovered that the pre-potential for NV = 2 three dimensional
supergravity is naturally part of vielbeins living on the T-dually extended
superspace (i.e. the three dimensional version of above construction). It was
known how to find the pre-potential for ' = 2 three dimensional supergrav-
ity before, however some further differential constraints were needed (like the
bisection condition) see [22]. In paper [12] all constraints are coming natu-
rally from the torsion constraints (we will discuss them later in this paper
as well). We will see that ten dimensional generalization of [11] and [12] is a
fruitful way how to treat the pre-potential in ten dimensional flat and even
AdSs x S° space.

In next sections we will use the Wick rotation. We feel free to Wick
rotate from Minkowski to Euclidean metric and back because in the following
chapters we do not discuss the reality conditions, so the rotation is the matter
of convenience.

Our first and most significant use of Wick rotation is in the description
of space-cone gauge in the case of AdSs x S°. The procedure is described
more precisely in [8] and so we are giving just short overview. In order to
introduce the space-cone basis in AdSs; x S® one can first Wick rotate the
sphere S° to AdSs. This is done by extension of one S° coordinate to complex
numbers and then taking it to be purely imaginary. After that we have space
AdS5 x AdSs5. At two corresponding Poincaré patches (at the AdSs x AdSs)
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we take two bulk coordinates (two space-like coordinates one from the original
AdSj5 and another one from the Wick rotated sphere) and introduce the space-
cone coordinates x+ and z~ as their combinations. The near horizon limit
is attained by x+ — 0. This limit turns the superspace into the projective
superspace. In the text we will use those ™ and = coordinates and related
space-cone gauge (for vielbeins living on the extended space). The space-
cone gauge destroys the explicit local Lorentz covariance but still preserves
the boundary (near horizon limit) Lorentz covariance SO (3, 1) ® SO(4)
the symmetries of boundary CFT.

We will also use the Wick rotation whenever we find it easier to explain
or define some notion. For example, we define ten dimensional I matrices
as matrices for SO (10) Lorentz group. To get the gamma matrices for
SO (9, 1) one can Wick rotate back.

14.2 Gamma matrices

The gamma matrices (Ym),, used in the algebra (14.7)) are the 16 ® 16 block
gamma matrices from 10 dimensional 32 ® 32 chiral representation:

0 (vm)‘“’)
D = where {Im, T} = 27mnd.  (14.11
((vm)w 0 { b= (14.1)

Moreover the block gamma matrices satisfy:

('Vm)/ux = (7m>uu I (7(m)uy(7n))ua = 2Nmn 0 (14.12)
(Ym) (ur (Y™)oyr = 0

The IIB fermion generators (in algebra are described by 16 ¢ 16
chiral fermion generators (for left and right generators) with the same 10
dimensional chirality. For the future use we need to look closer at the struc-
ture of the matrices (ym)u, from equation (14.11). The gamma matrices
from equation could be constructed from SO (9) gamma matrices or
equivalently from SO (8) gamma matrices and the chirality matrix. We can
go one step down and construct the SO (8) gamma matrices from SO (6)
gamma matrices. For the SO (6) gamma matrices we use the Majorana rep-
resentation of those matrices (they are purely imaginary). Thus we can get
the Majorana - Weyl representation of the SO (8) gamma matrices.
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For the future reference we will define the following 16 ® 16 matrix I 5

4
I5o= 0 [[ (14.13)

m=1

where vy, are block gamma matrices from (14.11)).

14.3 Space - cone basis and indices

In the following sections we will use the space-cone basis we introduce it
for the gamma matrices we constructed in previous subsection. We first
notice that the block gamma matrices v, in equation (14.11) could have
either upper indices (ym)*” or lower indices (ym),». From the construction
it follows that those matrices are equal up to the sign.

In the equation let us further divide the (either upper or lower)
16 dimensional index x to 8 @ 8 pieces (they are the SO (8) chiral indices),
thus we introduce p := (p, ). In another words we want to look how the
block vy, matrices look in the SO (8) (Majorana - Weyl) basis. Furthermore
we introduce the following space-cone combinations of the equation (14.11])
block gamma matrices:

0 O
Cede = 100+ 50dr = (3 0 ) G0 = 30 = 20y
_ (0w O
(%) ous
14 14 5”” 0 v v
(0 = 10+ 900 = (°0 0) 16 = Em = 0

0 O
— (O 5#11’/)(1415)

For the convenience we also write the remaining gamma matrices using the

SO (8) indices:

e = (50 T ) oo = (5 ) avs)

where the 7; are the SO (8) gamma matrices.
In the above introduced 8 & 8 basis the ([14.13|) looks like o3 ® 1 where
1 is the 8 ® 8 unit matrix and o3 is the Pauli matrix.
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Chapter 15

15 The AdS background in the T-dually ex-
tended superspace

15.1 Short review of the theory in curved background

In the treatment of the theory (of T-dually extended superspaces) the curved
background is introduced via vielbeins E4M(ZV), see papers [1], [11], [12].
Note that the index m was introduced in table [6}

ba= EMZY) B (15.1)

where > M are generators of the flat algebra 1) The affine Lie algebra
for the curved covariant derivatives >4 can be written as:

[ >4 De } = —inacd (2 — 1) —iTygef e 6(2 — 1) (15.2)
where T4c¢ is the superstring generalisation of the torsion, see [11:

Tac® = Eu™(DmEN)ENE + 30 P Ep™ (DmE™) By P nzi15-3)
—i—EAMEcj\/Eﬁlng/\f7>

where [ 4] |c) indicates graded anti-symmetrization in only those indices. By
Dy in and in the whole next text we mean the group covariant deriva-
tives of the (non-affine) part of algebra (14.7): [Dam, Dy} = i frun® De.

Note that the super-Jacobi identities imply the total graded antisymmetry
of the torsion, just as for the structure constants. We can set the coefficient of
the Schwinger term (the central charge in algebra ) to be the flat metric
1 (now we rename it to 7, to simplify notation). After that the vielbein is
forced to obey the orthogonality constraints:

EMnun EeN = nac (15.4)

This choice does not affect the physics, and simplifies many of the expressions.
For example, it implies the total graded antisymmetry of the torsion, when
the upper index is implicitly lowered with 7:

Tage = B4 (DME V) Eeyw + BEaMESVE” frune (15.5)
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where we have used E_/\l,lA = "8y NvEgY. Also note that in the first
term the graded anti-symmetrization can be written as a cyclic sum without
the 1/2, since it is already graded antisymmetric in the last two indices.
Because of orthogonality, the vielbein is like (the exponential of) a super
2-form, while the torsion is a super 3-form. Similarly the Bianchi identities
are a super 4-form.

To solve the theory (in terms of pre-potential, to get physical fields and
equation of motion) orthogonality condition has to be solved explic-
itly (or at least at linearised level). Moreover there is a huge gauge group
invariance that should be fixed:

S A= [—id >4} where A i /da)\M(Z)DM (15.6)

At the top of the orthogonality condition and the gauge invariance, we should
include the torsion constraints. The torsion constraints are additional con-
straints on vielbein. They are imposed by putting some of the torsions in
to zero. Of course, not all torsions in are zero. The relevant tor-
sion constraints have been carefully analysed in [I7]. All possible constraints
on torsions are coming from curved space version of the A B C D (first class)
constraints: A Virasoro, (string world-sheet) diffeomorphism constraints, B
and C and D are the first class fermionic x symmetry constraints, for further
details see [9], [32], [33], [34], [35] and [I7]. The rule of thumb is that at least
the torsions of negative (10 dimensional) engineering dimension should be
zZero.

We will not try to solve the full nonlinear version of the theory. We
linearise the theory around some background. In the papers [11], [12] we
linearised around the flat background. In this paper however we linearise the
theory around the AdSs; x S° solution of the classical supergravity (refor-
mulated in the language of the doubled algebra).

After the linearisation we rewrite the orthogonality constraints and
torsions using the vielbein expansion E;? = 6. + EM:P + O (E®).
Let us for simplicity rename the first fluctuation EMP = HP. Then the
equation is just statement that: Hc”npjg) = Hicr) = 0 and the
structure of linearised torsion ({15.5)):

Tase = fase + TWape + O(T?P) (15.7)
where TW gpe = %D[AHBC) + %H[AMch)M
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15.2 AdSs; x S° background

In the expansion we need to have the concrete structure constants
fase (i.e. vacuum values of torsions). We are interested in solving the theory
(at least identifying the pre-potential) around this AdSs x S° background.
The relevant structure constants for the T-dually extended superspace in the
context of the AdSs x S° background were analysed in the last section of
the paper [I7]. We are repeating them here for the convenience. In the next
section we will embed this AdSs x S° version of T-dual algebra (see [17])
to a certain larger algebra that will be actually used in computations. The
relevant non-vanishing AdSs x S® torsions from [17] are:

dim 0 : Tssx = fssx || Tspoe = fspa || Tspp = fspp

TDDP - fDDP

dim 1 : Thss = Rpps i Topo = Rppg
dim 2 : Toor = Raor || Toor = Roop |l Tppy = Bpps
dim 3 : Toss = Rops (15.8)

note that the left and right index notation was introduced in table [6

The fagc in are usual flat superspace structure constants for
the (flat) T-dually extended superspace with the (common) local Lorentz
group SO (4,1) ® SO(5). The nontrivial curvatures from table ([15.§),
for example R, 5, ,Rp5,, etc. are defined using the dimension 1 torsion
To5, The TPDQ = Tod® = Ma aUFﬂ", where the R-R field strength

F,5 = F*B — _L_(I3)*#. Note that the I was defined in (14.13) and the

2 TAdS
new parameter 745 is the AdSs space radius (note, 7445 = rg, i.e. the ra-

dius of S® is the same of AdSs, so that Ricci scalar R = 0). More specifically
some of the table ((15.8) curvatures:

dim1:  Rppy = R,;*" = 73724, (15.9)
dim 1 : PDQERaaB:TaaB:%agFﬂa

cd B cd . «
R, o Ty,” Rz 7"

a

R
dim 2 : Ry
R Rag ab o (T& BU Raeab + Tegu ngab) ,ye o

dim 3 :

ex

D
where the dim 2 curvature is proportional with the constant 2~ 2 T and the
dim 3 curvature is proportional with a constant D (where D is 10 in our
case).
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All the other curvatures in are obtained using the appropriate
Bianchi identities (one can obtain all curvatures from 7, 5, using Bianchi
identities). We note that the torsions and curvatures are con-
sistent with torsions and curvatures given in the [31].

15.3 Extended AdS; x S° T-dual algebra

To identify the pre-potential in the generalised vielbeins, i.e. solving the
spectrum of the theory (on linearised level) we want to proceed as described
in earlier papers [17], [I1], [I2]. There the vielbeins were introduced as in
(15.1) and linearised as above the equation ({15.7)). This procedure means
the expansion of generally curved superspace around some (in those papers
just a flat) background. Moreover the gauge invariance was completely fixed
(in referenced papers the covariant gauge was considered) and after that the
pre-potential was identified as a part of vielbein (acting on by derivatives,
the physical spectrum is produced).

Here we want to proceed in similar way. We want to introduce the viel-
beins and linearise the theory around the AdS; x S® background. We have
tried to use solely the algebra described in the previous sub-section, i.e. to
take the algebra and introduce the vielbeins, gauge fix and linearise.
Even though we still believe that the pre-potential is sitting in that theory
in some combination of vielbeins, it was not easy to identify it. The reason
was that to identify the pre-potential we need to find a scalar contraction
of some linear combination of vielbeins that is anihilated by the D, and Dj
operators. The D, and Dj; are certain combinations of D and D4 (see the
index notation above the , i.e. they are a particular chiral part of
the SO (8) chiral decomposition of the 16 supersymmetry translations D,
defined at the beginning, see and section above )

Because the metric is in H, 5 vielbein, we expected the pre-potential
to be (at least a part of it) in Tr H, 5. The problem with Tr H, 5 is that
it already has dimension 0. To show that it is annihilated by D, and Dj
operators we would need to use torsion constraints of dimension % Moreover
we also know that the pre-potential has to be annihilated by the suitably
defined Py operator (P; o< (P4 + P;) where P, = Dp, and Py = Dp.),
in a light cone basis introduced in and in the near horizon limit
(defined later)). The high dimensionality of Tr H, 5 then requires to use at
least dimension 1 torsion constraints to prove that P, vanishes (in the near
horizon limit). That seemed to be problematic to analyse in the theory based
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just on the algebra and because of the degauging procedure.
The degauging appears since the theory coming from algebras and
(15.9) is really coming from the full SO (10) ® SO (10) so there are some
missing Lorentz connections. By simple dimensional analysis it is evident
that the missing Lorentz connections are first appearing at dimension 1 (for
example the appearance of the full Hpg in the dim 1 torsion Tppp x ... +
Hipis feps + ...).

For that reason we extended the algebra to include the original
(Wick rotated) local Lorentz group SO (10) ® SO (10 ). All the other struc-
ture constants and curvatures in (15.9)) and ((15.8)) stay the same. Except now
we have separate left local Lorentz S, generator together with the right local
Lorentz generator Sg;, where a € {1, ... 10}. The common (Wick rotated)
SO (5) ® SO (5) Lorentz group of original AdSs x S° algebra is then
the subgroup in the diagonal SO (10 ) subgroup of SO (10) ® SO (10). The
extension procedure can be viewed from the different picture. We could start
with the full 10 dimensional string superspace as introduced in [I] and [16].
Then introduce the curved version of that space via vielbeins and then lin-
earise around some background as described earlier. The extension of
and to full SO (10) ® SO (10) is then just a choice of some particular
background that is consistent with the original AdSs x S°. This has an ad-
vantage that now we have a natural place where to put the troubling (part)
of the pre-potential Tr H, 5. Because of the additional Sup, and S5, we can
have Tr H 5 = Tr Hgg instead of the TrHp 5. The TrHpp = H, j is
related to Tr Hgg = Tr H_ | 5 by an action of Dp. = P_ and Dp. = P-
(they are both invertible operators). The vielbein Hg is of the dimension
— 2 and so there is no need to use the higher dimensional torsion constraints.
Moreover in the full SO (10) ® SO (10) theory we do not have to do the
degauging procedure.

This extension comes with the cost. The mixed pieces of the AdS algebra
are breaking the explicit SO (10) ® SO (10) invariance (they are
not the SO (10) ® SO (10) invariant tensors). We still have present the
full Dg = S generators. Those derivatives could hit the (non-invariant)
curvatures. The solution of this is to keep the explicit mixed curvature
dependence (as generic mixed curvatures) till the S derivatives are not being
explicitly evaluated. We will describe this procedure in detail later.
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Chapter 16

16 Gauge fixing

We want to fix the space-cone gauge (T-dual super space-cone gauge) for the
first fluctuation H4p, i.e. like in the usual light-cone we have Dp. = P_
operator invertible, now we have P_ and P-~ invertible (where Dp. = P-).
First we look at the gauge variation more closely and at the lin-

earised level:
oA Hap = D[AAB) + f_ABC/\c (16.1)

In the light-cone gauge we in general pick a vielbein with an P_ or P~ index,
put that vielbein to zero. In order to maintain that gauge we need to fix the

particular gauge parameter. For simplicity we call P. = — and P~ = —
then:

H i =0 = 60,bH. 4 =0 (16.2)
= PAs—Did+ 4N =0
then Ag4 = 2 (DaA_ + f-4%Ac)

Note that there are more possibilities to fix the particular gauge parameters
Aa. To fix A4 we could also put H~ 4, = 0 and use the invertibility of P~. Of
course we can not fix some gauge parameter twice. We have to decide which
vielbeins we are going to fix in this “double” light-cone gauge.

We picked the approach where we used the mixed vielbeins to vanish
by the double light-cone gauge fixing, i.e. we put H~, = 0 for 4 €
{S, D, P, 2, ¥} = left part of algebra. Together with H_ 5 = 0 for
A € {g, 15, ﬁ, ﬁ, Z’} = right part of algebra. By that choice we fully
fix the gauge parameters A4 and A in terms of A_. That parameter can be
fixed by the gauge invariance of the gauge invariance.

The motivation for the previously described mixed left right light-cone
gauge fixing came from the flat space (just the extended AdSs x S° space
with raqs — 00, i.e. the flat SO (10) ® SO (10) T-dual superspace). After
picking this type of the light-cone gauge the mixed torsion constraints of the
type T~ 4,5 = 0 are as algebraic as possible:

T- 45 = P-Hup +DgH- 4 +DaHg~ + H- o 7™MV fapp (16.3)

+H[A|M77MNfB):N
T~45 = P~Huyp=0 = Hyup = 0fora,s: T~ 45 =0 (16.4)
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where we used our mixed light-cone gauge and r,4¢ — 00 of extended
algebra in (|16.4)).

The same as in and holds if one fully swaps left and right
indices. For finite r449 we can have the mixed structure constants nonzero
(i.e. fig= # 0) and so we would have a right hand side in (16.4]). Note
also that there could be the contribution from S derivatives hitting the mixed
structure constants. Even though the right hand side in is not generally
vanishing for finite 445 we found that the mixed left-right light-cone gauge
is still useful in the AdS; x S° case.
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Chapter 17

17 Torsion constraints

17.1  AdSs; x S° curvatures and Dg derivatives

As we noted in the introduction section. Because we have enhanced our
superspace, we have to take special care when the local Lorentz derivatives
Dg = S are hitting the mixed curvatures . This problem arises because
the curvatures in are not full SO(10) ® SO (10) invariant. The
solution is to keep the non-invariant torsions generic and explicitly
act by the Dg = S derivatives on those torsions. Only after this explicit
S action we can evaluate those torsions (or curvatures) and be fixed as in
(115.9).

Let’s take an example, from the equation we can see that in the
AdSs x S® case in the mixed light-cone gauge the H 45 is determined as:

In many instances in the following chapters we use similar relation as in
to fix some particular vielbein in terms of another vielbeins. If all structure
constants f would be SO (10) ® SO (10 ) invariant tensors then there is not a
problem and we can treat the f structure constants as genuine constants also
with respect to the S derivatives. In our case however the mixed f structure
constants (that we call also the curvatures) in explicitly break the
SO (10) ® SO (10) local Lorentz invariance down to the SO (5) ® SO (5)
local Lorentz (as it should be in the AdS; x S° case). One possibility is
to restrict our superspace local Lorentz invariance (the S derivatives) to
SO (5) ® SO (5). Then we would return back to the PSU (2,24 ) that we
wanted to avoid in the first place (in order to have H_ , - instead of H ).
The alternative, that we picked, is to work with the full SO (10) ® SO (10)
local Lorentz group. But then the structure constants that are breaking that
invariance are not invariant tensors and so the action of those S derivatives
on the mixed structure constants has to be accounted for. So we should
keep the mixed f structure constants and when needed explicitly act by the
S derivatives on them. We will evaluate them as the very last step in our
calculations. Let’s look at the example in and look at the action of
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S~

+a’
Stallas = 5;:1<p—1:H[A\M77MN)fB>:N (17.2)

+ = Hoapmor™™ (Srafmzjv)

where a € {1 ... 8}:

= Sa (%H[A\MWMN> fey=w + nee = Ham ™™ foyan

We will evaluate the fgzas in the second equation just after all the (possibly
future) S derivatives have already acted. We also should bear in mind that
whenever we are acting by the S derivative on some vielbein (that is deter-
mined by another vielbeins) there might be the above described issue. The
second term can (and it will) nontrivially contribute to our calculations.

17.2 Torsion constraints and Hgg vielbein

The torsion constraints are (mainly) given by the curved version of the
ABCD (first class) constraints, see [9] and [I7]. There are further con-
straints called TA = 0 coming from requirement of partial integration in
the presence of the dilaton measure, see [I], and [12]. There is also a
strong constraint: on every field in the double field theory one has to re-
quire D4 D4 = 0. There are also a dimensional reduction constraints, as we
see later.

Our aim is to analyse the necessary constraints consistent with the above
constraints by which we can identify the pre-potential. Following the analysis
given in [8], we identify the pre-potential as a scalar super-field (given by
some super-trace of possibly a combination of vielbeins), that is annihilated
by certain combination of the D, and Dy. The precise combination of D,
and Dy is also going to be determined from the constraints.

As usual, we start to eliminate the lowest dimensional vielbeins. The viel-
beins of the lowest dimension are Hg s, Hgg, Hgzg. They are of the d1mens1on
—2 (we mean the ten dimensional dimension). Using equations and
(16.4) for indices 4 = S and 8 = S (also after change left < right) we
immediately get that Hgs = 0 = Hgzgz. Note, that even in the extended
AdSs x S° superspace the structure constant fg3, = 0 = fg=5 = 0.

We mention an important observation that will help us simplify future
calculations. As we saw in previous sub-chapter, we should keep the mixed
structure constants generic and evaluate them at the end. Note however,
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that the mixed structure constants with the S indices are always zero (like
the one we considered here: fg5,). The action of S derivatives on them
results in the mixed structure constants again with the S index and such are
zero after the evaluation. So specifically, we can evaluate the mixed structure
constants with the S indices to zero even before acting by S derivatives on
them.

The mixed vielbein H g is not all zero and the claim is that the part
of the pre-potential is in this particular vielbein. To see which parts are
possibly nonzero we rewrite the H g in the double light-cone components:

H5§ = {H+a;::? H+aq)7 Hfa:f)’ H+af)7:’ Hfal’)\(’:’ Habgi’ HJr*jr:/’ HJr*jr\é
H, ~,H, 5} ® swap (17.3)

where we might swap left index with the right index in . Also note that
in all previous we havea € {1,..., 8}. We remind that P, = + o« 10 + 9
and P. = — o« 10 — 9.

We want to use analog of equations and for the mixed Hyz
and 7445 # 00:

T:ngo = P:HS§+D§HZS+DSH§: (17.4)
MN
+Hiz 1 fsgn
In equation (17.5) we have term H=~ g zero by gauge choice. The vielbein
Hg~ is proportional to fq= . We see that this term is zero after evaluating

fs=an = 0by (15.9). Using the (16.3) and (16.4]) for 4 = S and 5 = — and
keeping f_~ ¢ nonzero, we get Hg_ = P% fo=m N Hg y and similarly for

Hz~ and so the third term in (17.5)) is also fixed. The (17.5)) is then:

T-35=0=P-Hgg + DS(p% fo=m TIMNHﬁN) + Hs "™ fz=
(17.5)
Using equations ((16.3), (16.4), (17.5)) and the mixed light-cone gauge together
with keeping the mixed structure constants and evaluating the explicit ac-
tions of the S and S derivatives we get the first important result for the
structure of the Hgz vielbein (in the AdS case), see table @D in Appendices.
From the table @D we can see that the possibly nonzero Hgz in are
those for which fz-~ ,, are nonzero (after evaluation of mixed structure con-

stants). By simple left <« right swap we get that for Hyg to be nonzero
also fs_ a has to be nonzero. From the [ S, P| part of SO (10) ® SO (10)
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extended algebra of we can see the only possibility: H, , # 0. All
the other components of Hgz = 0 by and table @ after evaluation.
This is a first hint that we are on the right track. The H_,~ # 01is the only
nonzero part (after evaluation of mixed structure constants) of Hygz piece,
it has a scalar trace and we can easily relate it to H, ; = Hpp, where we
expect the part of the pre-potential to be (the symmetric part corresponds
to the metric).

To see how H 5 is related to Hg g consider the third relation from table

@D and after evaluation of mixed structure constants:

(1 + 55y P_lP: )H = H.n (17.6)

2(rads) +a+b

We want to reduce H_ .3 further to get H,y. One can naively expect

to just hit H, 5 with P- to get rid of the S index (or alternatively hit
by P_ the H ;). It works but one has to be more careful since in the
AdSs x S® space one has the mixed structure constant f_ ¢ v 7 0. To see
what is this structure constant (after the mixed structure constants evalua-
tion) we remind that in ((15.9) we saw that dimension 2 structure constant
is given as Rp5,, = R ;% TgaﬁREWCd v2*7. We have to be care-
ful with the indices in the R_;°d. The X indices ! in were indices
for SO(5) ® SO (4, 1) local Lorentz group (or its Wick rotated version
SO(5) ® SO(5)). But the index & in f ¢, # 0 includes the indices
for the full SO (10) ® SO (10). We have already made the claim that the
original local Lorentz group SO (5) ® SO (5) is in the diagonal subgroup of
the SO (10) ® SO (10), i.e. we have the following (at the level of algebras)
50(10) @ s0(10) = 1(s0(10) + s0(10)) & 3 (s0(10) — s0(10)) :=
50(10)p @ so(10)og. (The meaning of previous is to do the operations on
basis. The so(10) — so(10) means for example to combine e.g. Lorentz
generators like: S — S = Sog and similarly for another generators). Now the
so(5) @ so(5) < so(10)p. Let us write the last sequence of algebras more
precisely. Using indices, the diagonal subgroup (subalgebra) is so(10)p =
SP., = %(Sab +Sx) = (5P, SPu, SPix ), wherei € {10, 1,2, 3,4}
andk € {5,6,7,8 9} and thea = (i, k) = {1,..., 10}. The SP;; and
5Py, are the generators of the SO (5) ® SO (5). Moreover, the previous
definitions give precise embedding of those operators.

Defining SPj; and SPy we can see that the structure constant f, - is
either 0 or given by the appropriate Ry 5. We included a small subindex
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to the X' coordinate just to remind us that the X' coordinate is now for the
SO (5) ® SO (5) diagonal subgroup of SO (10 )p only.
Finally, taking definitions of R_;°? and table and our definitions

we can see that f, ¢\ is coming from the mixed commutator:

(-1-)2SP,, ifa&b e {10,1,2 3, 4}
TAdS
[P, Py] o< ¢ — (@) SPw ifa&kbe {56,789} (17.7)
0 otherwise
The proportionality constant is ¢; = —2. With the previous definition
and with P~ = — = (10 — 9) and b € {5,6,7, 8,9} we will get the
[P,,Pg] x SPgy, = 3 (Sop + Sgy,) we can also use Py = ( Py — P_) and
o[P_,P;] o (S;p + S — S-b — 9= ). Knowing the last relation we
can proceed and hit the result of (17.6] - by P- and relate H_ 5 with H_ g

for the evaluated version. For non-evaluated version we need to do the same
for the non-evaluated version of ((17.6)), that is the third top equation in table
@. For vielbein H 5 | needed in this procedure we get:

0=Tpps =T,~73 = P[aH:ﬁD] + H[a\MnMNf:ﬁ,]N (17.8)
= —P-Hy,— PaH-5 — Hey o™ fazn
— dlam UMNf:_ﬁ,N
The term H= , vanishes because of mixed light-cone gauge, the term H~ 3 i

fixed by the tor81on T -5 = 0 and use of mixed light-cone gauge snnllarly
as in equation (A.1). By that we get:

H- 5 = —f ~pn™ = Hyp ~ 0 (17.9)

The last term in (17.8)) is just 7_ 4 7an, the analog term as in ((17.6). The
extra mixed term (after evaluation) in (17.8)) is:

Hyam "N fi_pe o (5 P H (17.10)

Plugging (17.9) into (17.8) and then the result (that is the fixed vielbein

H-~ +ba) into the third top equation in table @ we obtain the non-evaluated

relation between H +aTh

P H+a+b = _ff:MnMNSﬁ)(LH+aN> - ffﬁMnMNp_{H+aJ\/
= _f—iMnMN%P = H _/\/’+f~a/\/ln H.,TE,N
+ 5 H,;; (17.11)
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after evaluation of the mixed structure constants in (17.11f) we get:

Hyp = (PP + o ) Hoa (17.12)

1
(rads

17.3 Torsion constraints and Hpg vielbein

To identify what combination of vielbeins gives the pre-potential, we first
repeat the properties we are looking for. We are looking for combination
of vielbeins (of the low dimension), that has a scalar contraction and is
annihilated by certain combination of D, and Dz (see indices defined above
(14.14)). Moreover the combination has to be annihilated by the properly
defined P, operator in the R — 0 limit (still to be defined).

To start, we have one nontrivial hint. We showed that the vielbein H ,
is nonzero and is related to the H_ . So we can examine what is the action

of the Dy on H_ 5, i.e. we look at the torsion constraint:

T T

_ MN
DS3 = a’+aJ:B:O = D[a’HJraﬁ))_'_H[a’\Mn f ~N(17.13>

+a+b)
DO/ H—i—a-i/-\l/) ‘l— S—i,-\l/) Ha/+a + S+aH

—:i)a’
MN
+Hy " o ran

— Da'HJraJ% + S%Ha/+a —+ S+3Hﬁ)a’

1 (rrade® Hig (17.14)

In the (17.14]) we can see various terms with the S derivatives. If we could
evaluate mixed structure constants before an action of S derivatives, those
S terms in (17.14]) would vanish (because the relevant vielbeins are propor-
tional to vanishing mixed constants as we will see). Now they will nontrivially
contribute. We note again that we still have the fz,\ = [0 = 0 =
JTssn = fiapa The vielbeins Hy 4o and H, 5 are fixed by torsion con-
straints Tppg = T=p1a = 0 = Tppg = T_,, 5 and some few other
torsion constraints, as will be shown. We note that as in and
we almost always have the strategy to use invertibility of P_ and P~ together
with our mixed left-right light cone gauge to eliminate/fix vielbeins. Some-
times its not enough and we need to explore some further torsion constraints.
Let’s look at the already mentioned set of torsion constraints:

TﬁDS = T:o/+a =0 = P[: Ha’+a] + H[:|/\/l nMNfa/+a]N(17.15)
= P-Hyio+ Hiap?™™N f~ 0 (17.16)
= Hota = o™ 3= Hian ~ 0 (17.17)
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in ((17.15) we used just the mixed light cone gauge and f 5 ,, = 0 (in flat case
and also in AdS). To evaluate the last term in (17.16)) that is present only

in AdS case we have to take the AdS curvature 15,5 = T’ = fzd’ =
1

o (Va)av I 58 as discussed above ((15.9)). For our specific indices we have

1
tfloéslight cone basis for the gamma matrices in (14.14). The vielbein Hy _5
can be fixed in almost the same set of equations as H, 1. Fixing the vielbein
H, = (and similarly H , =) is also similar but a bit more profound. For that
we first examine torsion analogous to (17.13) but for H , 5 vielbein:

(V=) v I5”'# but the (7-)arr = 0 as we can see in the construction of

— MN
TPD§ = Tia,;;b =0 = P[_ Ha,q)] + H[_|M7] fa’ﬁ)]N (17.18)

MN
= P H,5 +SgpH o+ Hy 0" fo
= H,5 = -3 S3H o (17.19)

The structure constant f_, n < (7-)a s but as before that par-
ticular piece of gamma matrix is zero (remember the non-mixed structure
constants are not breaking the SO (10) ® SO (10) so we can evaluate them
without any concern). The other term in is H_,. That is fixed by
the dim 3 torsion constraint T_~,, = 0:

Tppp =T = =0 = P_H-,y + H_ g™ f= oy (17.20)
= P-Hy_ + Hyomn?™Nf -~y (17.21)
= H,_ = —P%f,:MnMNHa/N s () (17.22)

We used in the mixed light cone gauge, also the fact that f_ .,
(7=)arp = 0. We note that the (17.20) evaluates to zero because the mixed
structure constant f_~,, = 0. Moreover by the light-cone gauge the (17.20)
term H_ o "V f~ o« N = 0 even in the non-evaluated regime. The reason
is that the structure constant f~ , ., is zero after evaluation and the action
of whatever S on this structure constant produces either zero or the right D
index = D (after the summation with the vielbein) i.e. the vielbein H 3
that is again zero by the light-cone gauge. Combining and
we can get a fixed version of the H , 5. By the similar equations as above
we can fix H , w. That result and more detailed analysis is shown in the
Appendix, see table (|10)).

In the Appendix, we also derived the equations (A.16)) and (A.37). Those
are the actions of the S and S derivatives that we need in the equation
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(17.14). Putting the results from (A.16) and (A.37) into ((17.14) we get

fixing of the Dy H , 5, we note that this is an important result:

- _1 1
Do H+a+b - g (radqs) P~ (
1

1 1 B —
L= 5 G ) (a)a” Hy i

W)oro (I5)77 Hy o (17.23)

+
1 1 ~\vB 7.
+ g 2(raas)® P-(P-)? (Ya)arv (I5) H/B +b

where f and g are defined as follows:

e 1

= 0= g5 ) (17.24)
. 1 1

9 = (1= f5g0rp)

Changing left <> right in (17.23) we get the equation for Dz H_, . There
is one simplification we can make in equations . Because only half of
the block diagonal v, matrix is nonzero and is proportional to the § for the
nonzero part. The (Yia)a”® = darv (72)” % = (Ya)ar”.

The observation from and its left <> right swap is that the action
of the D, and Dz on H +afh is producing two new vielbeins H 5Ta and H Gia:
This hints that we need some another vielbein, such that the action of D,
and Dg on it will effectively subtract the fields Hj - and H Fia- We found
such a vielbein, but before giving it we will look at the flat case superspace
first to give a motivation. After that we will generalise it to the AdSs x S°

background.
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Chapter 18

18 Flat space solution

18.1 Flat space diagram

To see what could be possibly a missing vielbein that will subtract vielbeins
in (17.23)) (and its left <> right change) we first solve the same problem in
flat space background. That is the extended superspace with 7445 — 00.
Note that in flat superspace (rags — o00) the relation simplifies
significantly, because there are no 445 dependent parts. The surviving part
after r4q5 — 00 is just the second term on the right hand side of
with g = 1, i.e. 2 (v4a)a” Hy 5

Let us therefore further examine an action of Dy and Dz on Hy - and
H ia respectively:

_ MN
TDD§ = Ta’ﬂ—?z} =0 = D[a’ Hﬁ_f_}'i) + H[a’Mn fﬁ%)/\[ (181)
D, H/@;Va + SJ:;IHalﬁ — D/gervao/ (18.2)
+Ha’M77MNf,8+~a./\/’
+ Heasa ™Y farsn = Hoa ™Y fraaw

The mixed terms in the f part of are zero (note they are zero also in
the AdS background). The structure constant fo sn = 2(7a)ar g 0*n (the
same is in the AdS background). The vielbein H~, ., ~» 0 by the table (10)).
Then the equation can be rewritten as:
0= DarHBJ;;i-i-S%Harg +2(”yc)a/5HJ;ac (18.3)
To evaluate the only S derivative term in ie. S Hy g we would
need to work a bit, in the AdS superspace. The whole AdS analysis of the
actions of Dy and Dz on Hg i and Hz,, is done in the Appendix, see
equations till . In this section we would need only 7445 — 00

limit of that analysis.

In the Appendix we derived the equations and . Those
equations are telling us that in the AdS case (and so also in the flat case) the
actions of Dy and D, result in a combination of H +afh and H L This is
actually a hint that we should add the trace of H 5 to the trace of H, 5 in
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order to subtract an action of a linear combination of D, and Dz (future DV
derivative) on trace H_ -5 In the rest of this paragraph and next chapter
we will look at how the pre potentlal is built up in a ﬂat space limit, i.e.
we consider equations (A.59)) and (| and (| and (| in the limit
rags — 0o. We find equatlons that are ﬁxmg pre- potentlal and vanishing
D,, derivative.

Thus we repeat the flat space limits of the D~/ and D, actlons on Hy

and H . respectively, i.e. the equations and (| in 7445 —> oo
limit:

= Da’H5+a §<7a)a’yH517 (184>
= D, HBJra + 5 ('Ya)o/VHVE (185)

Similarly, we can also look at the equations ((17.23) and (A.59)) and (|A.60))
(in the flat space limit) and together with (18.4)) and (18.5) we can observe

the following interesting flat space diagram:

D, D,

H+a +b Hﬂ +b Hc b

J/Da/ J/Da/
D

H ,5—— Hyp

lDa/

HJraE
Figure 2: Flat space diagram

The scheme is nice and actually tells us what we should do next.
Recall that the nodes H +ath and H ., and H .z could be identified by the
use of invertible operators P_ and P~ see - Our original aim was find
a field that has a scalar trace and could possibly subtract actions of D, and
Dz on H_, 5. We will see that the missing field is exactly Hpyjs (in the flat
space, the only nonzero part of H,, 7). The diagram (2)) suggests what to do.
We calculate the remaining arrows and fill the square.

To fill the remaining arrows we need to calculate the action of D, and
Dz on H, 5 together with some another arrows that will be discussed later.

We consider the dimension % torsion constraint T, , 5 = Twgs = 0. We
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note again that for now on we are working in the flat space. Later we will
generalise the procedure for the AdS space:

Topp = Twps =0 = DwHgz + H(a’|M77MNf35)N (18.6)
= Da/Hﬂg + Q(Va)a’ﬂ H;, (187)

where we used that Hy s = Hys = 0 in flat space (see (A.42) and (A.47)
and do flat space limit). We also have a left <> right swap of ((18.7). The
vielbein Hz . in ((18.7) is related to H,.5. For that consider torsion constraint

Tosp =T tes = O:

Tpsﬁ =T 45 =0 = P[—H+C5) + H[—IM nMNf+c5)N (18'8>
= P_Hic; + n4- Hse (18.9)

where we used left-right light-cone gauge, together with H_,. = 0 that is
shown in the Appendix and holds even in AdS, see (|A.23).

To fill the diagram we need to calculate two more torsion constraints
that are providing the actions of D, on H .z and on H,z. We first consider
Thep = Toryas = O

Thes = Twiaz =0 = DwHiae + Ho s frama (18.10)
= DoHiae + 3 (Vra)o” Heo (18.11)
= DyHias + 5 (Va)o” Heo (18.12)

where we used that H, 1o = 0 (holds even in the AdS, see table ((10])). We
also used that H,s = 0 (that is enough in a flat space to have S 4 Hye =
0). To see that H, s = 0 we use the torsion Tegp =T = 0

—4ca’

= N
Togp = T=tea =0 = PeHpgpy + He 7™ freaar (18.13)

= P:er*éa, + ny_ Hye (18.14)
and previously we saw that H ,, = 0 (even in the AdS case, see table )

From in the flat case follows that H, ¢ = 0. Examining the (18.14
in the AdS case one also finds that H, &z = 0 (after evaluation). The (18.12
however could have some additional term in the AdS case. The structure
constant fozar 7 0 and so the term proportional to that structure constant
in the AdS case is ﬁ (Ve)or o (I5)7Y Hyap. That term is nonzero in the AdS
case. Moreover, in the ([18.10f) one finds one more AdS term, coming from
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evaluated action Sy, Hye. Those terms are not of a big concern right now
(doing the flat space first), we will see them later in the section where we
generalise to AdS case.

Last torsion constraint to examine in order to fill the is the one that
determines the action of D, on Hgz. Consider therefore the dimension 2

2
torsion T, 53 = Twps = O:

Typp = Twse =0 = DiwHgey + H i ™™ fseyn (18.15)
= Da/ Hﬁg + Q(Wa)alg Hga (1816)

where we used the Hy s = 0 (holds also in AdS after the evaluation)
and Hgz, = 0 (also holds in AdS after the evaluation). In the AdS case
in the equation we have two additional terms. They come from
faen # 0 and also fyen # 0. Those terms will be further analysed in
future sections, let just write their structure as ﬁ (Ve)gv (I3)” 7" Hs o and

ﬁ (Ve)or v (ﬁ)” Hz . The vielbein Hz o, = 0 (in flat case and also in AdS
after the evaluation) as can be calculated from torsion constraints 7"z, = 0
and T~ _5 = 0 and the use of the double light-cone gauge. The term Hzg
is nonzero (Hz g vielbein is a part of a pre-potential).

We can add results of (flat space) equations and together
with and their left < right swaps to the diagram and find the
following square diagram:

H+a +b B+b c+b
lDa, lDa, lDa,
D, D,
H,.5 Hyp .5

Figure 3: Full flat space diagram

As we saw before the (3) nodes {H+afb7 H, 5, Hyag, H.z } should be
identified (as one node). We proved that using various torsion constraints,

mixed light-cone gauge and invertibility of P_ and P~. The same way the
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+a b
tified (as two independent nodes). The vielbein H 57 is then just a single

node. After the described identifications the diagram could be rewritten
in the simpler and more informative form.

nodes { H H, 5} and independently nodes { Hj 5, Hgz } should be iden-

H, = H,~
+apg B+b
\\\gi& b 7,

/

4 v

D, H: //D&/
BB

Figure 4: Identified flat space diagram

Note, the dashed arrows stand for action of Ds and solid arrows stand
for action of D,s,. From the nice flat space diagram it is obvious that in
order to have a vanishing derivative we have to combine D, with D and

that combination should act on the combination of traces of H +a i with

a+b
Hys.

18.2 The H matrix

The diagram could be rewritten in the matrix form. The observation is
that each action of the derivatives in the is given by some matrix. The
derivatives are mixing fields just as in . Let us introduce the 2 ® 2 block

matrix H:
H ~ H, =
H := (;;raib Hﬁ‘f) (18.17)
B8+b 8B

The action of D,/ is then given as the left action of some constant (up to P
operator) block off diagonal matrix I,

Do (H+a:b H+a5) - ( 0 %(’Ya)af") <H+c:b H+c5)
Hﬁ-‘:ia HBB QP,(’}/ )a’ﬁ O Hoﬁ) HU'B
DyH = I, H (18.18)

72



The action of Ds on H is given as a right action of similar matrix [5:

D=, (H-i-a—ﬁ) H+a§) = (H+a—/i-vc H+a5) (1 0 2P:(7C)a’ﬁ)
@ H H Hﬁ—’i:?: Hﬁg 5 (f)/b)a’o- 0

B+b BB
Da/ H - HF&/ (1819)

Now we will proceed to the main step. We arbitrarily linearly combine D,
and Dg, i.e. we multiply the Dz with some unknown nonsingular matrix
M7

D, = D'y = (Do — Mo D3) (18.20)

Moreover we impose that in the matrix version of Dy action the matrix M
acts as follows:

Mo Ty = ATs B (18.21)
for some nonsingular matrices A and B. Combining ((18.18) and ([18.19)

together with (|18.20)) and ([18.21)) we get:

D'vH = Iy,H-HAIZB /B! (18.22)
D'vHB?' = I, ,HB ' - HATy /Str (18.23)
D'y Str (HB™') = Str ((B*l Iy — AFa/)H> (18.24)

by the Str we mean the super-trace. We put to zero the Str ((IB%_l I, —

Aly) ]HI) = 0 by finding the suitable matrices B and A and the matrix M.
By that we get the equation:

Dy Str(HB™') = 0 (18.25)
thus the equation ([18.25)) defines the Str (HB™!) as the scalar field on which

particular combination of D, and Dg now called D’, vanishes. So, we
found a pre-potential V' := Str(HB™!). We note that even though the
equation might seem easy to solve just by putting B~! = A. It is
not that simple since I,y # [ . Therefore some more involved solution has
to be found.

18.3 Solution via the gamma matrix identity

We solve the equation ([18.24) using the following identity:
Aa” Ba® C" (Ye)orv = (Va)ar s (18.26)
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has two SO (4) invariant solutions:
L : A% =6, || C.° =6 || Ba® = 8a° (18.27)
I A = (I5)o” || CF = (I3)." || Ba® = (I3)a" (18.28)
The solution ([18.27)) is trivial, the solution (18.28) is based on property of
the I's matrix: [I5,7a] = 0 for a € {10,1,2,3,4} and {[5, 7a} =
0 for a € {5,6,7,8,9}. The previous follows directly from the definition
4-

of Is, see (14.13). The new matrix (I3)a® in (18.28) is defined by the (18.26)
to fix the signs. Note that the indices a in (18.26) have a range: a €

{1,...,8}.

Next, we look explicitly at the equation:

Str ((]B%‘lfa/ - AFa/)H) = StrX, = 0 (18.29)
let’s rename the members of the matrix H:
H = (H+aﬁ> H+a5) = (HS'5 HSﬁ) (18.30)
Hym  Hgp Hps Hpp

Let us define the matrices A and B! to be block diagonal matrices. This is
a consistent choice with the fact that we want to have a pre-potential build
out of Hyz and H, 5. The pre-potential is in given as Str (HB™!).
We do not want to mix in some off diagonal H fields by the action of B~1.
Thus A and B! are:

_ (Ass O 1 (B3 0

With definitions (|18.31]) we get the equation (|18.29) into the following matrix
equation:

1 p-1 _ ~
Str( 2B 557 Hps T (18.32)
2P B DEIYHSE

_(QP:Asg’yHDg ) )>:0

§AD5’}/H55
Then from (18.32) we get two equations (since fields H,z and Hyp are
independent):

1B 'yg —2P-Ags = 0= Ags = B '3 (18.33)

4 P~

P B ' )5 —Ay5 = 0= A,5=4P_B7', 5 (1834
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Now we are prepared to examine the equation ((18.21]) using the A and B
constructed above. Then the matrix equation ((18.21]) can be (schematically)
written:

B g3 0 (0 2P:7) (Bsg 0 ):
0 4P.B' 5) \57 O 0 Bpp

M ( 0 2P:7> (18.35)

SR

0 2P-~ 0 1B 7B ~>
M = _ 27 SSTEDDY) (18.36
(3 507) = ol 270 ) s

We now do the following re-scalings M — %M and Byz — ABgz and
B,5 — pBpp- Rescaled M and Bggs and B, 5 belong to one of the two

solutions of identity (|18.26]). Then we get the version of (|18.36)):

0 2Py _ 0 1A B 557 Bpp
M(%’V 0 ) B (2%PB_1DI~)7BS§ 0 (18.37)

Now we want the A and p and A to satisfy:

& = +4\/P-P_
The (|18.37)) is just a matrix equation:
0 P- 7) ( 0 A7l zP-~vA ~)
M = _ 58 DD 18.39
(7 0 A7 5y Ass 0 ( )

that can be solved by . Even though we saw the appearance of the
nasty square roots in the and so in the definition of D", and in the
pre-potential via super-trace of HB ™. We will see in the AdS case solution
that there is a way how to get rid of it.
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Chapter 19

19 AdS; x S° solution

19.1 AdSs x S° diagram

In the previous sub-sections we saw how to find the pre-potential in the flat
case. We are really interested in the AdS case. Along the way we analysed
the flat case in the previous sub-sections we mentioned also changes one has
to make in the AdS case. We repeat them here again since they are scattered
over the previous flat case sub-sections and in the Appendix. First change has
already been worked out in the relation between H, 5 and H g in .
We also note that there are AdS contributions in equations ((17.23) also in
A.59) and (|A.60). The nontrivial contributions also appeared in equations
A.65) and .

We could visualise the relations (17.23) and (A.59) and and
and by the similar diagram as used in flat case, see . The structure
is very similar just with more arrows between nodes. Since the AdS diagram
is messier we will not provide it. The idea is however the same as in the
flat case. In order to determine the vanishing DV, derivative and the pre-
potential we need to combine Dy and Dg for DY derivative and H_ 5
together with H, ;5 for pre-potential.

The only missing derivative in the set of AdS equations: ((17.23) and
and and and , is an action of D, on Hggz. This
action can be calculated from T, , 5 = Tiwss = 0 torsion constraint. The
AdS contribution in that constraint comes from f, 5 structure constant.
We have already analysed this structure constant, see equations and
till . We can thus directly write the constraint with an extra
AdS term:

Tppp = Twss = 0 = DiwHgz) + Ho ™ fozyn (19.1)
Da/ HB’& + 2(7a>a’ﬁ HEa
+ . (ry[c)crp(FS)py(’Yd])ua’H,Bcd

TAdS

where we again note that the X' indices in the last expression of the ((19.1)
second line are from the SO(5) ® SO(5) diagonal subgroup. The Hgcq

vielbein has nonzero both Hgyp and also H 57h- The second vielbein is the
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term already in the matrix H from the flat section (ultimate goal is to rewrite
the AdS case in the terms of matrix H and use the super-trace trick to get
the pre-potential). The field Hg .y, is related to the H; . as we saw in table

().

There is one last piece in the equation that we did not relate to
the fields in the H matrix. The field Hz,. As we saw in the flat case, that
field should be related to Hs 1, via P_. We have seen however (for example
in (17.12)) that such relations are a bit changed in the AdS case. Consider
the following torsion constraint (and use mixed light-cone and H_ , ~~ 0):

— N
Tops =T 5ia =0 = D Hy o+ Hojppan™ f5 oy (19.2)
= PoHg o+ Hyp™ fosan
+H+a./\/l77 fog_/\/
= P_ Hg+a + 77_+H~a
¥ AdS (7—)5V(F5)VUH+aV

In the table we derived the relation between H,,, and H,,y. That
result together with ((19.3)) we get:

(P, L ;2) Hins = Has (19.3)

P~ (raas)

With the equation ((19.3)) we succeeded to calculate the last missing deriva-
tive Do Hgz in terms of H vielbeins:

Da/ HBE — 2 ( Pf - PL: (radas) 2 ) (’ya)a/ﬁ +ao (194)
N 2(7“,axds)2P~ <F5) (v )Va’ (I5)s" Hpa — m( 5)o" (7d>ua’ a =0
Da HBU —2(P- - _— TAds )2 ) (V)ars H +ao (19.5)

_W<F5) (v (I5)s" H, g — m( 5)o” (7 d)VO/HBer =0

Where the (13),” := (v7)qx (I5)*”. The AdS equations (17.23) and (A.59)
and (A.60)) and (A.65) and (A.66|) and ((19.4]) and ((19.5]) could be summarised

in the following diagram:
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(H+aq), Haﬁ)?:—_(‘qﬁﬁ)’ H+ag)

Figure 5: AdSs x S® space diagram

From the above diagram is obvious that we again have to combine H | 5
and H i and derivatives Dz and D, to get a vanishing derivative on some

scalar.

19.2 The H matrix in AdS; x S°

We want to repeat the chapter on the flat solution via the H matrix. The
H matrix was defined in (18.30)). We want to write the action D, and Dg

on the H. This was given in components in equations: ((17.23]) and (A.59)
and ([A.60) and (A.65]) and (A.66) and (19.4) and (19.5) and also graphically

in (5). We expect that the resulting matrix equations have pieces given by
the flat equations (18.18]) and plus purely AdS pieces (dependent as
powers of mlds ). We could write those equations in such explicit matrix form,
but resulting equations are complicated and unnecessary for our purpose.
We instead summarise the right hand side of D, H and Dg H using two
new matrices X, and Yg respectively. We propose matrix from of the AdS

equations:

DoH = X (19.6)
DzH = Ya (19.7)

The matrices X and Y are fully fixed by ((17.23)) and (A.59)) and (A.60]) and

(A.65) and (A.66) and (19.4)) and (19.5)). In the ryys — cothe X,y — Iy H
and Yg — H I'5, where the matrices I,y and Iy are given in (|18.18) and

(18.19).
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19.3 Chiral and projective solutions for AdS; x S°

In the next step we repeat the argument we gave in the flat case section but

for the AdS equations ((19.6) and ((19.7). We define:

D, = D'y = (Do + Mo D) (19.8)
now we act by ((19.8)) on H:
D'wH = (Xo + Mo”Y5) (19.9)

we multiply by B and apply Str:
D' Str(HB) = Str((Xo + Mo Y5)B) (19.10)

We will further analyse the structure of (19.10]) in next discussion but before
we note one change with respect to (18.20)). In (18.20)) we used B~! here we
are using (yet to be determined) matrix B, the difference is purely conven-
tional. As in the flat case, we want to put the right hand side of ((19.10) to
zero and by that obtain vanishing D, on some scalar field Str (HB ), that
will be called pre-potential. In the flat space it was crucial that we had the
identity . It was used in the relation . Similarly in the AdS
case the identity will also be crucial.

In the solution of the vanishing right hand side we still want to
maintain the SO (4) ® SO (4) invariance. Therefore the B matrix has a

block-diagonal form:
_ (bratp O
B:= ( 0 baﬁ) (19.11)

Let us also simplify the notation for the constants appearing in the equations
(17.23) and ((19.4) and similarly for their left-right conjugates. In (17.23)) we
redefine:

1 1 11 _
— g (raas) P= H Xp = 29 (1

1 1
X3 = +f9 2(raqs)3 P- (P-)? H

where the f and g were defined in (17.24). In ((19.4) we define:

L )(19.12)

1
f (raqs)® P— P-

Y, = —2<P:—p%m) | %::_m (19.13)
. 1
Y3 = — 2(rads)
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With the definitions , and let us rewrite the right hand
side of explicitly:
0 = (Xl - X3 ) (f5>60 bia+b ('Yb)ao/ - Ma/gl Xobyatb (’Yb)ﬁﬂ’
+YiV7 (a)oor + Y287 (I5)0™ (Ya)aar (I5),” (19.14)
+ Mo Vs b7 (15),™ (a)ror
0 = Mo" (X1 = X3)(I5)°7 brasn ()ow — Xabratn (17)
+ Mo V077 (Ya)ow + Mo Yo7 (I5), (Ya)awr (I5),°
(

+ YZ’) bﬁa (Z:E))U)\ (ﬁ)/a)/\o/ 1915)

where X 1, X5 and }71, Y, are left-right conjugates of the constants defined in

(119.12)) and (19.13)) and X5 and Y3 are the same after left-right swap.

The equations ((19.14]) and ((19.15]) are the AdS analogies of the flat space
equations (18.39)). To solve them we first multiply the equation ([19.15) by

matrix My# . Thus we get the equation (19.15) into the form:

0 = M2oc’y/ (Xl - X3) (fS)BO b+a+b ('Yb)UV’ - Ma’yl X2 b+a+b (7b)ﬁu’
+ M2V (Ya)gw + MPa” Yo b7 (I5),™ (va)aw (I5),” (19.16)
+ Mo/l/ YZ% bﬁa (FE))O')\ (Va))\z/

The equation ((19.16)) is almost identical to the ((19.14)) except of the left-right
swapped constants and M? matrix. By suitable choice of the M matrix we

can turn (|19.16)) into (19.14]) and thus reduce number of equations by half.
By that we get the condition on the matrix M:

M2 = ¢?6.,7 (19.17)

where the constant ¢? = i—j. By that choice of the matrix M? and constant

q? we turn equation 19.16 into ((19.14). Furthermore we should solve rela-
tion (19.17)) for the matrix M. As in the whole AdS section we ask for the

SO (4) ® SO (4) invariance. With that requirement we get two branches
for the M matrix (actually we get four, as we will see, but the + is not very

important to us):
/ / / 60/’8/
(MD) = =67 = M =+, /= { (19.18)

(fE))a/ﬁ,
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We first notice few nice properties of . The solution is actually the
same as in the flat case, see . We are in the AdS space but the matrix
M that combines D, and Dg does not depend on the 7445. Unfortunately
we got the same not very nice square root factor in . We would need
to find some way to deal with it.

Having solved one half of equations and . We solve the
second half, that is just relation (19.14)):

0 = (X1 — X3)(I5)"brase (PW)oar — Ma” Xabiasn (¥°)%0
+ Yi bﬁo (’Ya)oo/ + Yv2 b”7 (FS)O'/\ (f}/a)/\a’ (FE))Vﬂ (1919)
+ Ma’al YE’, bﬂa (F5)0')\ (721))\0’
The claim is that given solution M the block matrices bja+p and b, p are
fixed (up to the overall constant). We will again use the same identity (|18.26)
as in the flat case. We expect the solutions (we have two branches) will be
certain r 49 dependent deformation of the original flat space solutions. We

also require to maintain the SO(4) ® SO (4) invariance of the solution so
the most general ansatz for the equation ((19.19) is:

biash = Adap + B(I5)ab || bap = Coap + D(I5)as  (19.20)

Because of later importance we will first solve the (Is) branch of the M
solution (|19.18)). Later we will also provide solution for the § branch of the
(19.18). We plug M and ({19.20) into ((19.19) and solve for A, B, C' and D

using the identity ({18.26f), we remind that ¢ := +, /]}z—:. We get the following

solutions:

the (I3)q”? branch: (19.21)
det = ((X X3 )2 - (¢X2)?)
A = 2((X - X5) (Vi + %) + X V5)
B = qu(Xz Y1+Y2)+(X1—X3)Y3)
C =0

the d,% branch: (19.22)

det = ((Yi+Y2)? — (qY3)?)
B =0
¢ = Qﬁ((n—i-yz))QﬂL(Xl—Xs)Yé)
D = -5 (M +Y2) (X1 = X3) + ¢* XoV3)
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We can again see that as we do raqs — oo limit in (19.21)) we will get the
flat solution ((18.38)), keeping the D (or A in ¢ branch ) r44¢ independent in
that limit.

19.4 Near horizon limit

In the previous section we found the structure of the linearised pre-potential
(19.21) and ([19.22)) and also the construction of D, that vanishes on the
pre-potential @ and . We will now introduce the complementary
derivative D", that is constructed after picking the DV, derivative (i.e.
picking the matrix M in ((19.18))) and changing the sign in front of the M
(the second linearly independent combination). Thus we have:

D"y = Do — Mo Dy, (19.23)

The notation for the upper indices v and w in ((19.8)) and (19.23)) comes
from equivalent notation for d, and d,, derivatives used in [§], (and also for d,

and dy, whose analogies are to be defined later). In analogy with the paper
[8] we want to define the P, operator that has D’ and D" as eigenvectors
with nonzero eigenvalues. We can solve for P, in full generality, i.e. keeping
the non-local square root factors in derivatives D', and Dv,. This would
introduce the non-local square root factors also into the definition of P, and
would cause further problems. What we will do instead is to restrict the
coordinate dependence of the pre-potential V' to be just the PSU (2, 2|4).
This is the same algebra we wanted to use at the beginning of this project, but
we were forced to extend it to the full SO (10) ® SO (10) T-dually extended
super-algebra. Now, we want to restrict just the coordinate dependence of
the pre-potential. Doing so the P. = P~ on pre-potential, not everywhere.
That is enough to get rid of the non-local factors in DY, and D", as they
act on pre-potential. Then we can redefine and by saying that
the new square root free D' and D" to be our new definitions. With this it
is easy to see that the good definition of P, is:

where the last equality holds on pre-potential.

Following the definitions in [§] of the AdS boundary limit we propose that
any operator K which is an eigenvector of P, operator, i.e. [P, K] = ¢k,
scales as R® as we approach the boundary, i.e. R — 0 limit, where R is a
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radial coordinate on the Poincaré patch. Another way how to state the limit
is that by putting the R — 0 we contract the isometry groups SO (4, 1) and
SO (4,1) to ISO(3,1) and ISO(3,1) (we Wick rotated the S® isometry
group for the purpose of this limit). For more details on this limit (that can
be stated also through the explicit coordinates on AdSs and S®) see notes
[8].

Using the previous definitions of the AdS boundary limit we can analyse
the different branches of the DY solutions . Let’s first pick the d, %
branch (let’s work with both + sub-branches at once). Note that even on
pre-potential the D, # Dz as can be seen from the explicit construction of
those derivatives in [I7] in the section 5. Then the commutator is:

[Py, Do + Dar = £ 2 (3 ) (15)7 7 (Dor £ Dy) + ... (19.25)

The ... part correspond to the current that vanishes in the supergravity
limit (i.e. we do not see string parameter o) and on pre-potential. We also
used the commutators from and the mixed AdS commutators from
(15.9). We also used the explicit solution for the PSU (2, 2|4) (we are on

pre-potential) derivatives in terms of 7 and o currents see section 5 in [17].
Ao (I5)~' 7 Dg,, where
the w® is the current proportional to o derivative and it has to vanish in the
supergravity limit. The equation 1} iS very interesting. It tells us how
the DV scales for the + 6,7 branch . We also notice that the scaling
constant is r44s dependent and vamshes for rags — 00. More importantly
because of the (F5) for fixed rAdg and for fixed sub-branch of +4,° the
scaling constant c is either +( — ) for one half of SO (8) chiral index o’ or
- (mds) for second half. And thls is not good because by [§] the D¥ derivative
should scale like % and D" should scale like R (put r445 = 1 for simplicity).
In (|19.25]) we can see that just % of derivatives scale properly. This boundary
limit then distinguishes between two branches of . In the following
we will see that the (f5) branch has exactly right scaling properties so it
corresponds to the right solution. Wlthout this boundary limit we did not
have a way how to pick a branch in . In the case of (F 5) branch we

have one more (Is) matrix in (19.25) thus we get:
[Py, Do % (I5)a” Dy] =

TAdS

More spemﬁcally we used that D, = DY = w® 4+ 1

(Do + (I5)a” Dy) + ... (19.26)

The equation (|19.26|) will give us the correct solution. From ([19.26]) we can
see that for fixed ra4s and for fixed (I5) sub-branch we will have proper
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scaling for full SO (8) chiral index o/. Because we require DY to scale like
% and DY scale like R we have D', = (Do — (f5)a/pl Dy) and D¥ =
(Do + (f 5)a” D). The positive news is that the blowing-up derivative
Dv is zero on the pre-potential by our construction, so there is no possible
singularity arising as we approach the boundary.

Its easy to see how the derivatives D, and Dj scale. Because the (7,)ap =
0 the [Py, D,] = [Py, Dz] = 0. So they scale like 1. Those derivatives
are building up the D* and D", analogous derivatives to paper [§] derivatives
d, and dy. The explicit forms of D* and D" won’t be needed in this paper
so we do not provide them.

19.5 Near horizon limit and field equations

Comparing result with [8] we want to see that the field equations for the
pre-potential in the near horizon limit (i.e. in the R — 0) is just of the form
P,V =0+ O(R). This will be our final confirmation that we discovered
the right pre-potential. We first notice that the Lorentz generator scales like
O(1), this can be seen from commutator [Sya, P+] = [Sm, P+] = 0. To
see what is P, on pre-potential we could directly use some appropriate tor-
sions (remember pre-potential is a linear combination of fields). We found
it easier however to use a different approach. Let’s look at the torsion con-
straint but for the a index instead of o’ (the « index is one of the
SO (8) chiral indices):

_ MN
TDS§ = TaJraﬁ) =0 = D[a H+aﬁ)) + H[al./\/l n f+aﬁ))/\/(1927>
= D, H—q—a—:b + S_ﬁ] H, s+ S+3H%a(19.28)

First notice that the structure of is very different than the structure
of . There is no f term in and there is the full derivative
term present. Even in the AdS case the f term is missing. This can be
seen as follows. The f -5, = 0in AdS and also in flat case and also
Joipa = 0. The only possibly nonzero f term is coming from fu 1an. The

!

H= v PN foian X (Y4a)a” H,, . The vielbein H, , 5 is zero (also in
the AdS) as was shown in the analysis under . Next, we can recognise
the term H, - as a part of H matrix (18.17). The vielbein H, 1, has also
been analysed in table (L1). It is related to Hiag , see table (11)). We need
to be more careful with that relation because in (19.28)) we again discover
the S derivative peculiarity, we saw earlier.
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In general all fields in H (now better viewed as their irreducible pieces)
could be obtained from the pre-potential V' by an action of appropriate (ir-
reducible) combination of DY on the pre-potential. One could analyse in
full detail what is the exact structure of those pieces and reproduce famous
field content of AdSs x S° supergravity first discovered in [36] and later
used in [28]. This would lead us away from this paper real aim, so we post-
pone this analysis to next paper. The aim of this section is to show that on
pre-potential V' the operator P, vanishes in the near horizon limit.

For this reason we notice following expansions:

H = coV + 2 (DY)?V + ¢, (D)'V + ¢ (DV)°V  (19.29)

+a+b
+cg (Dw)8 \%
Hiaz = 4DV + d3(D¥)’V +d;5(D")°V + d7 (D)"V(19.30)
Hmo, = DV +e3(DY)’V +e5 (DY)’ V + e (D¥)'V (19.31)
where factors cg, c3 ..., dy, dg ... and e, ez ... are constant factors with

appropriate index structure. Note that the cq is non-zero. The important

observation is that for each term in ((19.29)), (19.30]) and (19.31]) we know how

it scales in the R — 0 limit, because we know that D" scales like R.

Next, we want to combine with known scalings of all
objects to get an information how D,V scales. On one hand it should scale
like O (1) on the other hand the relation relates it to different fields.
What we obtain is a nontrivial relation that D,V = O (R) as we go to the
boundary. It just means that D,V = 0 (and so also Dz V' = 0) in the near
horizon limit. Because of the anti-commutator { D,, Dg} = 2(7-)ap P4
This is enough to see that P,V = P,V = 0 in the near horizon limit.
There are two crucial steps. One is to relate the ((19.28) term SIE H,.,to
H.a5. This is relatively straightforward using table (11} and explicit S5

derivative. Second step is to plug expansions ([19.29)), (19.30)) and (19.31)) and
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the scalings of particular pieces into ((19.28)). Doing that we get the following;:

0 = DyH,, 5 + S Hota + SiaHoy, (19.32)
— DuH, 5 + S5 ( - f:aMnMN%HHN) + SiaHop,
Db,y = (1 )as (T5)7 Sy Hoas + Sya Hop (19.33)
~- D, (cOV + e (DY2V + ... ) (19.34)

— L (a (B)7 S (DY + dy (DY + )

TAdS

+ S+a<e1D“’V + eg(Dw)?’V + )

The equation ((19.33) contains all the right expressions to establish the
near horizon limit. By the discussion below the D", derivative scales
like O (R) (for the projective branch), we also have the scaling of S, and
S, that goes like a constant. Applying that knowledge we get the equation

(119.33) in the near horizon limit:
0 = coD,V + O(R) (19.35)

The cp is nonzero constant (tensor) so it follows that D, V = 0 at the AdS

boundary. From { D,, Ds} = (7-)ap P+ we get the field equation for the
pre-potential in the near horizon limit:

0 = P.V+0O(R) (19.36)

= P.V + O(R) (19.37)
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Chapter 20

20 Conclusion: Pre-potential in the AdSs x S°
Type IIB superspace

We outline results we have obtained: starting from the 10 dimensional I1B
string theory. We embedded the AdSs x S® background and expanded the
theory around this background (we also considered a flat background, i.e.
AdSs x S° with rqgqs — o0 ). Our aim was to obtain (linearised) pre-
potential with desired properties in the case of AdSs x S® (also in the flat
case). We succeeded and obtained pre-potential construction for flat and
AdSs x S® background. We derived only the linearised form, but the vielbein
construction makes non-linearisation straightforward perturbation. The pre-
potential (in flat and also in AdSs x S®, the projective and chiral) sits in
the combination (without further derivatives) of vielbeins Hyz and H, 5.
By construction the D" derivative vanishes in bulk on the pre-potential and
the (projective) pre-potential satisfies the near horizon limit field equation
P,V =0+ O(R) together with vanishing of D* and D" on pre-potential
in the near horizon limit. This near horizon limit picks out the projective
pre-potential instead of chiral pre-potential (both were obtained as valid bulk
solutions).

The vanishing of P, at the boundary fixes the difference between the
conformal weights (= A) and U(1) charges (= Ay) of all boundary BPS
operators, since P, o« A — Ay. The P_ «x A + Ay and known expansion
of H in powers of D% from V/, fixes the conformal weights and the U(1) charges
for the boundary BPS operators, the relations important in the AdS/CFT
correspondence, see [29], [30].
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Appendices

A AdS; x S° structure of some vielbeins and
their derivatives

A.l The HS§

Using equations (|16.3)), (16.4), (17.5) and the mixed light-cone gauge together
with keeping the mixed structure constants and evaluating the explicit ac-
tions of the S and S derivatives we derived the first important result for the
structure of the Hgz vielbein (in the AdS case). Note that by the symbol
~> in the in the whole text we denoted the evaluation of the mixed structure
constants in the sense described in section (|17.2]).

H 5 = _f—:MnMN > S—a(P H~ bj\/) ~ 0
H_aﬁ, = _f__/vﬂ? 1:% S+b( H—aN)
—f e H_an
W_mﬁHa%:Haﬁ)_o
Hi.5 = —f-:MnMN ; S;TD( Hian)
_f—EMnM P~ HJFBa
~ _mp,lpz H % + 1 HIBa

= (1 + m P_lP: VH a6 = B Haﬁ)
H o=~z 5-Sp(p- Hoan) ~ 0
Hope = faz MUMN ~1 =~ ey
—ff:MnMN ; S+a(pl Hign)
~ _mpl Hbc+a$ H+al§6 =0
Hyoa=—f=m™™ 554 (5 Habn) ~ 0

Table 8: H 3 vielbein
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H == foz ™ p;lp, F-N
_f—:MnMN%S+*<P%H—T-:N) ~ 0
H == [ 55 Hmy
_ff:MnMNp_le-i-—(P%H:VaN) ~ 0
H, = famn’™ s Hi
— N S (- Hiow)
~ mzﬂ,—lﬂﬂ;fiﬁ = H, =0
H 5 =71>m At P:IP_ Hg n

—f_:MnMN%&—(p%Hg,N) ~ 0

Table 9: H 3 vielbein

In the table (9) (and after the evaluation of mixed structure constants) we
have heavily used the structure of the mixed structure constant f, g ,, that is
analysed in the main text, see analysis before equation . Moreover we
used one more torsion constrain to fix Hpg and Hpgz in the table @D Let’s
take an example Hpgs = Hape. To fix that vielbein we consider T~ ,,. = O:

Tpps = T=abe = 0 (A.1)
= P-Hape + Sve H~, + PaHyo~ + Hoer ™™ f~ o n
= P=Have + f=ap ™ Hpen
= Hape = —f:aMUMN%Hch

A.2 The HSf) and H§D

In the section ((17.3) we analysed vielbein H, 5. By the similar set of
equations as in the section (17.3) we can fix H , . We summarise the
structure of the fixed vielbeins from the section ([17.3)) discussion in the table
LOL
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Hy o = f=o ™™ 5= Hoapr ~ 0
Hy o = f:a'/\/ﬂfvaH+a/\fW 0

Hy==—f =/ 5-Swp- Hun ~ 0
H,= = —S;;i(f__MT]MNP_lP: Hoyn) ~ 0

Table 10: H, 5 vielbein

Similarly we can calculate what is the table with o' swapped with
a. We will use the analogous analysis as in section except sometimes
instead of the equation we use T,z and also we fix the Hpg using
Tp 55 (or some left — right swap of those). Let’s look at two such examples
and calculate what is H,_, and Hz _, respectively (we also use the mixed
light-cone gauge):

Tpps =T a=0 = PrHoa)y+ H= 7" facay  (A2)
= P-Hy o+ H o™~y (A.3)
= Hy_a = — a:MnMN ; H—aN

Ha—a ~ (7—)au(f5) H—aa

(T’Ads) P-

Next, examine:

Tpsp =1-aa =0 = B-H_aa) + H-|m nMfoa&)N (A4)

= P H .5+ DzH__, (A.5)
+ H_a g™ fan (A.6)
the H__,isfixed by T, = T~ __, = O:
TPPS = T = 0 = ID[: H,,a) -+ H[:‘MHMNf,,a)N (A?)
= P-H o+ H oy (A.8)

= H _, = f_:M’f]MN%H—aN ~ 0 (A9>

plugging into the we get:
Hoaz = —f =™ & Dap-H oy (A.10)
—feamn™™ - H ay (A.11)
S Hoasw —(0De )7 b Hoao (A12)

TAdS)
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We notice that combining the result (A.12)) with (A.3]) we get after the evalua-
tion of the mixed structure constants that H_,, ~ Oandsoalso H_,5 ~ 0.
Similar analysis can be made for the rest of the vielbeins (we mean those from

table , except o switched with a). Thus we get the table .

Hoa = ~ foza?™™ 5 Hoaw
= Hy_ o~ 0
Ha+a = f:a,/\/[ UMN ! H+a/\/
~ (7*)041/ (F5)VU (TAdS)P~ H+ag
Hsa=f =™ 5-Dap- H an
+foamm"™W E Hoay
= Ha —a ~ 0

Hajrva = _f*:MnMN%D H FaN + ffaMnMN%HJ:éN
—n= -T-P~H
= Ha—‘:ﬁ ~ (7—)&V(F5)VamH_”_‘ag + P—I:Hag

Table 11: H Y vielbein

Let us repeat our goal. We wanted to determine the actions of S5 and
Siaon Hyyn and H Tha! respectively. We wanted to do that because then
the (17.14)) gives the action of D, on H_, 5 (where at least the part of the
pre—potential sits). The action of S, on Hy qa is easily computed using

our table . Taking the second top relation from the table and by
explicitly applylng the S derivative we get:

Sy Horta = S (f2a ™ 7= Hyan) (A.13)
= =3 a5 Hian (A.14)

[0 S (B Hian) (A.15)

= S_FE Ha’ +a 7 — (/yb)a/y (F5)VU m H+a5 (A16)

To evaluate Sya Hy ,, we need to work a bit more. One can directly use the
last relation in the table . We found an easier way however. For that
we need an alternative fixing of the vielbein H 5 . This alternative fixing
seems to be more suited for an explicit evaluation of the S;, action (and
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S_a action). An alternative way how to fix H,  istouse Ts ,5 = T~ 14

instead of one that we used in (17.18]) and ({ m Similarly it will be

useful to find an alternative ﬁxmg for H ,~,. Again that could be done by

considering torsion 15,z = T~ =. Let s look at this alternative fixing
more closely:

TﬁDng:a’falzo = P[:H N)_I_H[ \Mn Nfa—a (A17)

= P- H —|— Da/ H;va: (AlS)

+H:i./\/l nMNf:a’N

The H~, ~ type of vielbein has been fixed in (A.9). Plugging the fixing into
(A.18)) we get an alternative H, —, fixing:

Hy= = —f -y’ & Dy Hy (A.19)
_f:Oé,MTI H—aj\f

again we can see the behaviour of the H , ~ in ({A.20)) as we evaluate the the-
ory, as it should be comparing with its behav1our from the fixing in the table
(10). The alternative fixing for the vielbein H Tho 18 calculated similarly:

Topsg = T-gim=0 = P=Hypmy+ He ™ fom v (A21)
= P-H,7 + Dy Hy - (A.22)
+H$5M PN o + Hoa
The H, = is fixed similarly to (A.9)) resulting in:

He- = f_:MnMN ! —Hpn ~ 0

Topp=T-wa=0 = P_Hya) + H_jpun™ faaN
= PfHa/ﬁ + PaHfa
+ Hor ™™ faw
The last vielbein we need to fix is the H_/, that is again fixed by the dim

(
The H, 3 is fixed by the dim % torsion constraint T, , 5 = T_ vz = 0:
(
(

1 torsion constraint 15, , = 1=__, = O:
- P"H_ /+H/M’I’]MNf~ (A27)

= Hoo = [ = pn™ 5= Hoy ~» 0 (A.28)
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Plugging (A into (|A.25)) and that into (A.22)) we finally get an alternative
fixing for the H

/+a
N
Ha’;é = _f_: M (lep_ P,VLH/N_i_ D H+a/\f>
— fo _M77 H+aN f—aM77 jp_ Hyno (A29)

Now we are ready to calculate an action of S~ and S_, and S and S,

on table 1) vielbeins (with the exception of Sy, H that we want to

+bo _
calculate in the end of this paragraph). We summarise those S (and 5)
actions in the next tables:

S bHo o= —0b)a” from 5= Hoay
—f:a/MnMN&b = H_an
= S Hy_a~0
Sy Ho—a=—fzamm Sy p- Hoax
= S_NbHa/_a ~ 0
S bHuya = —(vb)a” f=om ™ - Hian
—fia/MnMNS—b%HﬁxN
= S pHyia s 0
S:E,Ho/—l-a = _f:a’MnMNSN _H+aN
= SjDHa’+a ~ 0
S—bHa'—Na: —f_: MNS_ 1 LD,/ 1 ~
_(Vfb)a’yf:u/vln H—aj\/ f= /MU NS—b P _a/\/’
= S—bHa/_Na ~ ()
SvHy==—f =W S5 2+ Do p Hoy
—f:anUMNS“gﬁH,aN
= S_NbHa ' T 7 0

Table 12: the S action on H, gz vielbein

Now we calculate S_y, H, . The reasoning will be similar later for the
final calculation of the S+b H ) 7a S0 we first do the former in order to see

how it works. Calculation of the S_p action on H ,  is straightforward. It’s
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done using the relation (A.29)) and applying S_y,, thus we get:

S*bHa’.T_va = _f—:MnMNS*b(P:lP_ PgPLHaN—i— D _H—T-z'i./\/)
— ) =™ = Hew (A.30)

+f /:MnMNS—b%H_i’_‘éN — f_gM’I]MNS_b P:lP, Ha’N

Now, we want to evaluate equation ((A.30). The terms proportional to f_~ ,,
and f., ~ . are vanishing by the AdS algebra. We write what’s left over after
evaluation:

S—b HO&’-‘T—B = % (7—b)a’y (,7_)11” (F5)oe (TAdS) 1 H (A31>
1
+ 5 o Ob ( a’+a+H iHaf_aiHa ~)

Note, the £ in last line in is explained in the section above (17.8]).
According to the table all actions of S_y, in the second line of are
evaluated to zero except of the S_y, H, 1, that we want to determine. Then
the (A.31) could be rewritten in a way that determines S_y, H, (after
evaluation):

<1—mﬁ>57bHa/% = ... (A32>

(’Y—b)o/y (’V )VO'(F5) W%Hﬁlz

/+a

N =

We remind that the Hi; - Vielbein is related to the H ;56 vielbein by the
second top line in the table . Similarly to the and its evaluated
version ((A.32)) we can calculate an action of S~ H The result is:

oz+a
S~ H,=~ = _fizMnMNS~<P:1P7PaP—1:HaN+ LD, rw)
_fa':MnMNS%PTH — Nap fo= P:lP_ Ha n
—foamm 5 pop How (A.33)

and after evaluation, where we again use the results from table :

Finally the action of S,y H,,  is calculated as in (A.30). Now we know
that by an analogy with the (A.30) and its evaluation we would need to

98



know analogy of the table except now for the S,j. Since calculations
are very analogous to those that led to the table ([12)) we list just the resulting

table(s): and

S+bHa’—a - _%(’Y—Fb)a’yf:y,/\/tnMNp_l:H—aN
+ =0 m 77MN5+bp—1:H—aN
= S—l—bHa’—a ~ 0

SpHo—a = 125 fow M p- Hoan + o™ S5 5= Hoaw
= S%Ha/,a ~ 0
SipHyya = — % ('7+b)o/y f:yM HMN% Hian

+ = o ™MV S, % Hyan
= SipHorya ~ — (V4b)ar” (V- )vo (FS)M ('r'AldS) P_1: H+aX

S_”:EHQ/-i-a — n:-T-fBa/MnMN%H—i—aN + f:a’MT]MNS_T_\B%H-&-aN

vo 1 1

= S?b Hy va ~ (W)arw (I5) MEH—Fa&

Table 13: the S action on H, 5 vielbein

S+bHa/:§ = - % (’7+b)a’yf:l,M T]MNPL:H:AN
[N Sin g He

0 fom Y 5o Do p- Hoapr + fo= ™Y 1 5= Do 5= H
= S+bHa’—~a ~ 0
SpHoma = nilf—BM”MNp_lzDa’p%H—NaN
+f,:M?7MNSJ:BP—1~Dar%H:5N
F0=5 fyw MY o Hoan + frwmd Y Sy - Ha
= Sﬁ)Ha’:va ~ ()

Table 14: the S action on H, g vielbein

Now, we calculate the the missing piece in the equation (17.14)), i.e.
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Sib H,) 7. In analogy with (A.30 - we get:

SivHyga = —f-=p ™ Sow (5t Pag Huw + p%Da'p%H;zw>
_77—+fb:,/\/l,’7MN<p~1p PaPLHa/N + = — Do +a/\/>
+5 (rn)a’ f= ™ - Hiw (A.35)

MN
~far =™ Sib pm Ha
MN 1
—Jeamm Sip - Haw

+nt fanm ™™ 525 Hor

and the (partially) evaluate version of ((A.35)):
SiwHym ~ —30—— 5 Do p Hemoy (A.36)

2(radgs)? P~

— (1)’ (- )vo (F5)0)\ (rAldS) P_1: Hx

1
ot St (Hova + Hoa + Hoo + Hymy)

We can see why we just partially evaluated the equation (A.35)). The reason
is that last term leads to an action of Ser Fortunately for us we already

computed all those actions in tabl and (14) except Sy H,, 5 that we
-D

want to calculate. Therefore the (| leads to the evaluated version of the

(1- 5ot 7>S+bH -l LD, L H- (A7)

rads)? P~ P 2(raas)? P~

LGl (oo ()7 ey e Hoa
- (/y+b)aly (,y_)VU (F5)J>\ 2(7‘Alds)3 P: F'I, P: H—&-aX

where we used results of tables and . For completeness we provide
(just the evaluated version) the last remaining part of tables and ,
Le. Sy H,

<1 N 2(TAIds)2 P:lP— ) S—if-vb Ha’-T-Zi ~ m ]:i D, H+a+b (A.38)

3 ()ors (1) 5 7 Hias

VA 1 1
- (lyb)a,l/ <F5) 2(TAdS)3 P: P_ P: H—&-aX
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We repeat the first important relation we derived by the above analysis
from ((17.13)) where we add results from (A.16)) and (A.37):

Dol 55 = _é (rAd;)Fh (Vb)ar o (F5)JﬁHg+a (A.39)

1
Tag (1 o f (raas)? P= P >(’Y+a) Hﬁ-ﬁ)

+ E Q(TAdS)gpf (P~)? (f}/a)o‘/y (F5>V H§+b
where f and ¢ are defined as follows:

Fo= (1— L) (A.40)

(rads)? P~ P-

2
— 1 1
9 = (1= §spumerr )

A.3 The HDfD

To obtain the AdS equation (18.3), we need to fix H, g. This term is fixed
by the zero dimensional torsion 15, 5, = 1=, 5 = O:

I~y3 =0 = PzHyp + H[:|M77 fafg)/\/ (A.41)
= P:Ho/g -+ H(5|M?7MNfa/):N

In we again used the mixed light-cone gauge. In the flat case the mixed
f terms are zero so is Hy . In the AdS case (after evaluation), term propor-
tional to f,, ~ \ is zero because of (7_)n g = 0. But the term proportional to
J5 = is nonzero. Luckily for us the fz~, o Tias (7-)se (f5)gy7717/\/- That
structure constant just eats up the  index and returns v index with some
fixed constant dependence. The torsion constraint T 5, = T 5, = 0 re-
lates Hz o back to H, . (after the evaluation). From that and assuming some
wider invertibility (P_ and P- are bigger than some constant lower bound
in AdS) we get also in the AdS space H, g ~» 0 (after the evaluation).
We apply St on the result of non-evaluated ((A.42] m thus get:

SeaHop = =07 fa(a ™™ 2= Hayw (A.43)
— [ (N S B Hayw

SeaHop ~ —(12)s (157 7 S 5 Hos (A.44)
+(7a>au(F5) TAdSPl~H65
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The last term in (A.44) does not bother us too much (it will be a part of
the pre-potential), the first term in (A.44) is actually something we need to
evaluate. For that we need to fix H, 5. That could be done by the torsion

constraint T, 5, = T_ w5 = 0:
T ws =0 = P_Huyzy + H_ "™ fusyn (A.45)

= P Hyz — Dz H_ o + H_p™ fusn  (A46)
+ Hoy ™V f5_n

moreover the H_ . has been fixed in (A.28)), plugging that into (A.46) we
get fixing of H, 5:

Hyz = [ =m0’ 3= Do p- How — foamm™™ 3= H_y (AAT)
+ s = Ho
We are ready to calculate S+ Hy 5 i.e. the term needed in :
SaHousz = 1n=1 f-am nMNp%DaéHa’N (A.48)

+f7:M77MNSjr‘éP%D5PL:Ha/N

/

+ % (’YJra)aV o' v' M 77MN p% H_y — fa’&M 77MN SI; p% H_

- % (’YJra)aV v—-M UMN p% Ho o + fEfM nMNS;Va p% Heor n
Now, we can evaluate (A.48)), for clearness we include terms that we already
know are evaluated to zero or are zero by the mixed light-cone gauge:

SeaHlus ~ g Do (i (a9
+Ha’/_]:'a :I: Ha/_a :t Ha/:'a>
(%) 5 7 (vsado” (D (T5)p o = (H-ca (A50)
+H z)
—(£) 2 (N (I5)pow Staze (Hoea (A1)
+H )
N TAlds (’77)‘7” (F5)Vp Sjrva P% HO/P (A52>
Note that in the lines (A.50) and (A.51) we have the + symbol. It comes
from the mixed structure constant f 554 = fgg‘"“d, where underline in-

dices are now (and just now) the SO(10) chiral indices (for the left and
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right algebra), and X9 is the X index for the SO(5) ® SO(5) diago-
nal subgroup of the original SO(10) ® SO(10) group. The (£ ) symbol
determines to which SO(5) of the diagonal subgroup given X4 belongs.
This mixed structure constant could be written without the & symbols as
[ = == (796, (I5)?” (YY) or. The £ then comes from the fact that by

TAdS

the construction I's commutes with a € {10, 1...4} and anti-commutes
with a € {5,...9}. We used the prior definition in this section for some
convenience. In the final expressions we will always use the definition without
the + symbol.

Let’s evaluate expressions (A.49), (A.50), (A.51) and (A.52). The line
is evaluated to 0 by the table . We note very important property
in the lines and . The summation over the cd indices is really
just a summation over the SO (5) ® SO (5) diagonal subgroup of the full
SO (10) ® SO(10). The line is evaluated to 0 by the mixed light-
cone gauge (second term) and by the following fixing of the H_.q (coming

from torsion constraint 75,4 = T~ _,, = 0):

Hoan = f =™ p-Haw = Hoap ~ 0 (A.53)

The line (A.52)) has an action S H, that is exactly what we want to
determine. The line (A.51)) is fixed as follows. The vielbein H_z; = 0 by
the mixed light-cone gauge. The action S H_ q is however nontrivial. We

should take fixing (A.53) and apply St:

SJ:éH*Cd = _ffiMnMNpL:Hcd/\/’ (A54>
+f—:MnMNS+ap_1:Hch
Sl ~ sk (s + Hama (A5

j:HCd—a + Hcdra)
By the table @ the only nonzero term in (A.55)) is H, 4 thus we get:
SmH 44 ~» s H (A.56)

2(raas)? P~ T+dta

Then finally the equation ((A.49|till |A.52)) is evaluated to:

—1 d R
StaHus ~ *imgb s (Ve (5o Hiara

- m (7*)01/ <F5)Vp S—l’-\é Ho/p

(A.57)
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Combining (A.57)) and (A.44) we will get the following relation for the eval-
uated action of St Hy g:

(1 - P—P~(7"Ads >S Hlﬂ:

= — oo [5)sn (1) ()0 (T5)a® Hy g
+ (TAd;)P: (Wa)a'l’ (F5)VJ H,@5 (A'58>

where we simplified (A.57] - ) by using the explicit property of v_ and v, being
the unit or zero matrix (depending on specific indices), see m

used this simplification in another equations as well (for example in equatlon
(17.23)). In the equation (A.58) we also used new matrix (I3)q%, that was be

introduced in ([18.28)). We also used the identity ((18.26)) to simplify (A.58)).

Plugging the evaluated expression (A.58)) into ((18.3) we will get the action
of Do H

B¥a
0 = DoHgm — W( Vorp H o a (A.59)
+2(1)a s Hrae + 157 (adarw (15)"7 Hys
left <> right (A.60)
where h is defined as:
h = (1- m) (A.61)

The equations (A.59)) and (A.60]) are very interesting since after applying the

D, (or Dg ) derivatives we are getting terms like H . that is basically our
original H, ., see . Moreover we got also term Hgz that is a new
term and was important in chapters where we constructed the pre-potential.

Another important derivatives are Dy on H 5Ta and D, on H Gia We

will look at those closer:

T5D§ =

Topra =0 = Dr Hﬁa) + Ha /™ fomyn  (A62)

+Hz mm Nfgi;}j\/
+ Heg "™ fasn = Hopa ™™ frazn

The mixed f terms are zero in the flat superspace. In the AdS case the
farpn # 0 and there is also AdS contribution coming from S+, Hz g. This
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contribution can be calculated by analogy with the equations (A.49), (A.50),
(A.51)), (A.52) and (A.58). Thus getting evaluated action S Ha g:

_ (=1) d v (T
S—EH&/U = :I:W(’YJF )o/ (FE’)VO'H-I—H-Fa

e (1-)ow (15)7° Hys (15)7€ (Ya)cor

where h was defined in . The (A.63) mixed structure constant fz = v =
0 and the fa 3 has been dlscussed before (see equations (A.48]) and ( m

till (A.52)). Moreover, the vielbein H, is evaluated to 0, see table
Evaluating everything in (A.64) we get:

0 = DaHym — mroasp (e 1577 s Hig

h4(7'AdS)3 P~ P_ +d +a

d T \eo
_‘_ﬁ(,}/ )a e(FE)) (7+) /3H+d—&'-71

+ W (=) (F5) P Hz\ (Fs)/\E (Ya)ear — % (Y4a)o” Hpw
left < right (A.66)

(A.64)

(A.65)
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