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Abstract

In this thesis, we compute the twisted covariant form hierarchies (TCFHs) of minimal
supergravity theories in four and five dimensions, as well as, eleven-dimensional super-
gravity and the internal space of its warped AdS backgrounds. As a consequence, the
form bilinears satisfy a generalised conformal Killing-Yano equation with respect to the
TCFH connection. Then, we find the (hidden) symmetries generated by the form bilin-
ears in spinning particle actions propagating in certain supersymmetric backgrounds of
D=4 N =2and D =5, N =1 minimal supergravities, M-brane backgrounds which
include the M2-brane, M5-brane, pp-wave and KK-monopole, maximal supersymmetric
AdS backgrounds and some AdS backgrounds that arise as near horizon geometries of
intersecting M-branes. In addition, we explore whether the form bilinears are sufficient
to prove the integrability of particle probe dynamics on M-brane backgrounds. More-
over, we show that the covariantly constant forms of heterotic backgrounds with SU(2)
and SU(3) holonomy generate a W-symmetry algebra in two-dimensional non-linear su-
persymmetric sigma models with the previous backgrounds as target spaces and analyse
the consistency conditions of the chiral anomalies arising from all symmetry generators
required for the closure of the algebra.
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Chapter 1

Introduction

The notion of symmetry has evolved as our comprehension of nature improves, from
being closely related to harmony, unity and beauty in Plato’s theories to our current
most common definition as “invariance under a group of transformations.” Symmetries
play a fundamental role in our understanding of Physics and often they help to describe
a system. These are extremely useful since they can be applied in diverse contexts, from
relativistic to non-relativistic theories, as well as, classical and quantum regimes.

Symmetry is a powerful tool to study physical systems since it imposes constraints
that limit the types of quantities that may appear in a theory or the form of its equations
of motion or Lagrangian. It is often related to conserved quantities and allows us to get
insights of certain properties of physical theories. It is instructive to explain the work done
in this thesis to distinguish between two types of symmetries in physical systems, Noether-
type symmetries and gauge symmetries. The first ones are continuous global symmetries
that leave the action invariant and by Noether’s theorem give conserved quantities. These
are physical symmetries which sometimes are also referred to as rigid symmetries. While
gauge symmetry is a local symmetry that strictly speaking is a redundancy in the way we
describe a system rather than a symmetry that transforms a physical state into a different
physical state of the system. One identifies all the states related by a gauge transformation
with the same physical state. To see this consider Maxwell’s equations of motion which
do not uniquely define the evolution of the gauge potential A, but rather its equivalence
class subject to a gauge transformation. Many properties desired in physical theories such
as Lorentz invariance, locality and unitarity can be described manifestly in the dynamics
using the redundancy of gauge fields. For instance, in electromagnetism gauge symmetry
allows us to describe a photon with a four component field that transforms under the
Lorentz group and remove two of its degrees of freedom to leave only two polarisation
states.

In this thesis, for the most part we consider Noether-type symmetries which are not
apparent in the spacetime but arise by analysing the dynamics of test particles propa-
gating in different gravitational backgrounds. In this context these symmetries are often
called “hidden symmetries.” The ones analysed here are associated either with Killing-
Stackel or Killing-Yano tensors found in relativistic and spinning particles propagating
on supersymmetric backgrounds. The generalised Killing-Yano forms investigated here
emerge from a geometric structure called twisted covariant form hierarchy (TCFH) and
the probe actions studied are expressed as one-dimensional non-linear supersymmetric
sigma models.

Killing-Stéckel and (conformal) Killing-Yano forms have a long and distinguished his-



tory in general relativity as they have been used to investigate the integrability and
separability properties of many classical equations, like the geodesic, Hamilton-Jacobi,
Klein-Gordon, Dirac and Maxwell equations, on black hole spacetimes, see selected refer-
ences [1, 2, 3,4,5,6,7,8,9, 10] and reviews [11, 12]. In particular, Killing-Stéckel tensors
generate (hidden) symmetries for relativistic particle probes propagating on gravitational
backgrounds and so symmetries of the geodesic flow. While Killing-Yano forms, which
can be thought of as the “square root” of Killing Stéckel tensors, generate (hidden) sym-
metries for spinning particle probes [13, 14, 15] propagating on gravitational backgrounds
[16]. For some other applications, see also [17, 18, 19, 20, 21].

More recently, it has been demonstrated in [22] that the conditions imposed by the
Killing spinor equations on the (Killing spinor) form bilinears of any supergravity theory,
which may include higher order curvature corrections, can be arranged as a twisted
covariant form hierarchy (TCFH) [23]. This means that these conditions can be written
as

DV =ixP+XAQ, (1.1)

for every spacetime vector field X, where () is a multiform with components the form
bilinears, P and Q are appropriate multi-forms which depend on the bilinears and the
fields of the theory. Note that X also denotes the associated 1-form constructed from the
vector field X after using the spacetime metric g, X (Y) = ¢(X,Y). Furthermore D7 is
a connection on the space of forms which depends on the fluxes F of the supergravity
theory that it is not necessarily form degree preserving. A consequence of the TCFH is
that the form bilinears 2 satisfy a generalisation of the conformal Killing-Yano equation
with respect the D7 connection

1

e XA (1.2)

(DZk = ix((d™ Q1) —
as one can easily verify by skew-symmetrising and taking the contraction with respect
to the spacetime metric of (1.1)'. This raises the question of whether the form bilinears
generate symmetries in appropriate probes propagating on supersymmetric backgrounds.
Chapters 3-5 investigate the conditions under which such symmetries® occur in 4- and
5-dimensional minimal supergravities [27], as well as 11-dimensional supergravity [28] and
the internal space of its warped AdS backgrounds [29].

Symmetries generated by Killing-Yano forms in sigma models were studied before the
realisation of TCFHs, see [30, 31, 32, 33|. In particular, it has been known for a while
that covariantly constant forms® with respect to a connection with torsion, V=V+
%H , generate symmetries in two-dimensional non-linear supersymmetric sigma models.
Such connection corresponds to the TCFH for heterotic supergravity. Therefore, as an
additional application of the TCFHs, chapter 6 focuses on the W-symmetry algebra
generated by V-parallel forms and their chiral anomalies in (1,0) sigma models with
heterotic backgrounds with SU(2) and SU(3) holonomy as target spaces [34].

This thesis is organized as follows. In chapter 2, we provide a review of the basics
about Killing-Stackel tensors, Killing-Yano forms, 11d supergravity, the chiral anomaly,

LAn alternative way to state the above condition is that the highest weight representation in the
decomposition of the tensor D7 in orthogonal irreducible representations vanishes.

2This has also been explored in Type II supergravity theories [24, 25, 26]

3Covariantly constant forms can be seen as a special case of the Killing-Yano equation (2.11) with
vanising right-hand side.



W-symmetries and the main developments utilized for the analysis done in the following
chapters are introduced, such as the definition of TCFHs, the construction of spinning
particles as one-dimensional non-linear supersymmetric sigma models and Wess-Zumino
consistency conditions. Next, in chapter 3, we present the TCFHs of D = 4, N = 2
and D = 5, N = 1 minimal supergravities and the spinning particle actions invariant
under symmetries generated by the TCFHs of these theories. In chapter 4, we present
the TCFH of D = 11 supergravity and compute the Killing-Stackel, Killing-Yano and
closed conformal Killing-Yano tensors of all spherical symmetric M-branes which include
M2-brane, M5-brane, KK-monopole and pp-wave, and demonstrate that their geodesic
flows are completely integrable by giving all independent conserved charges in involution.
Then we turn back our attention to the TCFH and analyse the symmetries generated
by the Killing spinor bilinears in each M-brane. In chapter 5, we present the TCFH of
the internal space of all warped AdS backgrounds of 11-dimensional supergravity and
explore the hidden symmetries of spinning particle probes propagating on these back-
grounds. We give examples of hidden symmetries for probes on some AdS backgrounds
arising as near horizon geometries of intersecting M-branes as well as the maximal super-
symmetric AdS backgrounds. Afterwards, in chapter 6, we show that the sigma models
with supersymmetric heterotic backgrounds with SU(2) and SU(3) holonomy as target
spaces are invariant under a W-symmetry algebra generated by the covariantly constant
forms of these backgrounds. We prove that the chiral anomalies of all these symmetries
are consistent at one-loop in perturbation theory and explore the conditions required to
cancel them. Finally, in chapter 7 we explore the question of whether the form bilinears
are sufficient to prove the integrability of particle probe dynamics on supersymmetric
backgrounds and provide the conclusions of this thesis and some future directions.



Chapter 2

Review of background material

2.1 Killing-Stackel and Killing-Yano tensors

Spacetime symmetries are transformations which preserve the spacetime geometry. Killing
vectors (isometries) are responsible for continuous symmetry transformations called ex-
plicit symmetries. However, there are other types of symmetries that do not manifest
explicitly in spacetime, i.e. do not generate spacetime diffeomorphisms, but can be dis-
covered by studying the dynamics of the system. These symmetries are described with
tensors of rank 2 or higher called Killing-Stéckel (KS) tensors and we refer to them as
hidden symmetries. For a classical system, these are transformations that left invariant
the dynamics; whereas for a quantum system, they are related to a set of phase space
operators that commutes with the evolution operator and maps solutions into solutions.

Historically, Carter’s work in 1968 had an influence on the study of hidden symme-
tries in the following years. He derived an additional integral of motion quadratic in
momentum, nowadays known as Carter’s constant, by showing the separability of the
Hamilton-Jacobi and Klein-Gordon equations in the Kerr geometry [1, 2]. Followed in
1970 by Walker and Penrose’ demonstration that the Kerr metric admits a rank 2 KS
tensor responsible for the extra integral of motion [35]. Then Penrose [3] and Floyd [4] in
1973 showed that the KS tensor can be obtained from ”squaring” a Killing-Yano (KY)
tensor. Several discoveries regarding the separability and integrability of dynamical sys-
tems, Killing-Stackel and Killing-Yano tensors have taken place since Carter’s work. In
the context of higher-dimensional black holes and the desire for a better understanding
of the nature of gravitational theory, this topic has gained interest due to the discovery
of non-trivial hidden symmetries in higher-dimensional rotating black holes which are
related to the existence of KS and KY tensors. Moreover, the most general Kerr-NUT-
(A)dS spacetimes admit a special geometric object called principal tensor which uniquely
determines the geometry. In the sense that from it, one can construct a set of hidden and
explicit symmetries. This principal tensor can be identified as a rank 2 closed conformal
Killing-Yano (CCKY) tensor. For a detailed review of hidden symmetries in this context
check [11, 12]

Phase space formalism is a natural choice to describe dynamical symmetries. It re-
quires a symplectic manifold equipped with a symplectic form and a Hamiltonian function.
In general, without further structures, all dynamical symmetries are described infinites-
imally by flows in phase space that leave the symplectic structure and the Hamiltonian
invariant. However, if one can identify the phase space as the cotangent bundle, T*M,
of a well-defined configuration space, M, then a distinction between explicit and hidden

10



2.1. KILLING-STACKEL AND KILLING-YANO TENSORS

symmetries arises. In natural Hamiltonian systems,! explicit symmetries are those that
admit conserved quantities linear in momenta, while conserved quantities of higher order
in momenta are defined as hidden symmetries.

We called conserved quantities or constants/integrals of motion to those observables
K which remains constant along the dynamical trajectories (geodesics). These quantities
must (Poisson) commute with the Hamiltonian.

Killing vectors:
Continuous transformations of the spacetime into itself preserving the metric g are called
isometries. These are generated by base manifold (configuration space) vectors K =

K*(z)52: satisfying

V(NK,,) =0 <— VMKV = V[NKZ,] . (2.1)

After projecting the Hamiltonian vector field of explicit symmetries into the configu-
ration space, it reduces to a quantity that depends only on the spacetime variables, i.e.
independent of momenta. Thus, we say that these symmetries are well-behaved trans-
formations of the phase space into the base manifold. Let us give an example, consider
a free relativistic particle with Hamiltonian H = ﬁg“bpupy and the existence of Killing
vectors, such that the constants of motion can be expressed as C' = K*p,, {C,H} = 0.
The corresponding Hamiltonian vector field reads X¢ = K#*0.u — %%p,ﬁp“. It is com-
mon to find in the literature that upon a canonical projection to the spacetime manifold,
m:T"M — M, 7, Xc reduces to the Killing vector, K = K"0,.. However, it is more
precise to say that 7, X¢ is the vector field that is m-related? to X as the push-forward
map 7, in general, does not map vector fields to vector fields.?

One can also see that a transformation is well defined in spacetime when the variation
dx* is not proportional to p and §H = 0. In our previous example, this is the case since
we get

dat =ef", Op, = —(—:Ep 0H =0 (2.2)
’ . Oz’ ’ '

where € is an infinitesimal parameter.

Killing tensors:
Conserved quantities of higher order in momenta lead to hidden symmetries described by
Killing tensors. For every integral of motion that is monomial in momenta, there exists
a Killing tensor. Suppose there is an integral of motion C' = K*#s(x)p,, - - pp,, then
its Poisson bracket with the Hamiltonian for the free relativistic particle gives

{07 H} - VHOK,U«l"',U«sp#Op‘ul  Pus - (23)

For C to be a constant of motion, it must Poisson commute with the Hamiltonian. Since
this must hold for an arbitrary number of p,’s, the tensor K must satisfy

Vo irans) — (2.4)

!Physical systems with a metric defined on configuration space and Hamiltonian function quadratic
in momenta. From now on we will consider only natural Hamiltonians and drop the word natural.

2A vector field X on M and a vector field Y on N are p-related if for all f € C°(N), X(7*f) =
©*(Y(f)) or equivalently ¢(X;,) = Y, () for all points m € M.

3There are two problems: if 7 is not surjective there is no candidate to define the push-forward for
the section M — T*M away from the image of m. If 7 is not injective there may be more than one
candidate over some points in the image of 7.

11



2.1. KILLING-STACKEL AND KILLING-YANO TENSORS

This equation defines a symmetric tensor of rank s called Killing-Stackel tensor. For s = 1
we recover Killing vectors, hence KS tensors are symmetric generalizations of the latter
ones. The phase space symmetry associated is generated by the Hamiltonian vector field

e aKyl...l/s
Xo = sKH? "Pus " 'pysax# - Wpcl . -pysapﬂ . (25)
After projecting into the base manifold gives
W*Xc — SK/‘LVQ'-'VSPVQ .. 'pusa:r” . (26)

Here again, one should say that 7, X¢ is the vector field that is w-related to X¢. For s > 2,
m,Xc cannot be seen as a pure spacetime quantity since it still depends on momenta.
Hidden symmetries do not have a simple description in spacetime.

As before, the same conclusion can be derived from the perspective of the canonical
transformations generated by the conserved quantity C

DR
—e——

T Doyt Do - (2.7)

6:[;# — ESKMVzu-VspCQ .. .pys , 5])# —

Now both variations are proportional to p, and hence its transformation to the spacetime
is not well defined.

A symmetrized product of two KS tensors gives again a KS tensor of rank s = s; + s5.
If a KS tensor can be decomposed in terms of symmetrized products other KS tensors
and Killing vectors it is called reducible.

Conformal Killing vectors and Killing-Stickel tensors:
These are generalizations for the propagation of light of the objects previously discussed
given by

v (ko jrmns) — g(#omoéw-ws)7 (2.8)

where « is a symmetric tensor of rank s — 1. It is related to the divergence of K and
derivatives of its traces. For s = 1 we get conformal Killing vectors whereas for s > 2 we
obtain conformal Killing-Stéckel (CKS) tensors. They provide conserved quantities along
null geodesics [35, 36]. Similarly, one can get another CKS tensor by the symmetrized
product of CKS tensors and for s > 2 they give rise to hidden symmetries.

Conformal Killing-Yano forms:
One way to define the Killing-Yano tensor is by studying the decomposition of the covari-
ant derivative of an antisymmetric form w into its irreducible parts [37]. The Killing-Yano
family is given by the decomposition depending only on the exterior derivative and the
divergence (co-derivative) parts. The most general case is called conformal Killing-Yano
(CKY) p-form given by

p

Voo ooy = V[Mwﬂl“‘ﬂp} + D_—p_l_lgu[ulvl’w‘ym‘..up] (2.9)
or in differential notation
v L ixd ! A (2.10)
w = Ixdw — « w . .
X X D_ptl X



2.1. KILLING-STACKEL AND KILLING-YANO TENSORS

Killing-Yano forms are those with vanishing co-derivative

VoW, = VipWpyop,) == Vxw = , ixdw . (2.11)

+1
Note that this equation is the antisymmetric generalisation of the Killing vector equation

[38]. On the other hand, if the covariant derivative depends only on the divergence part
we get closed conformal Killing-Yano (CCKY) forms [39, 40]

p v 1
Properties:
e The Hodge dual of a CKY form is again a CKY form.

The Hodge dual of a CCKY form is a KY form.

(C)KY “square” to (C)KS, i.e. the symmetrized product of two (C)KY p-forms, w;
and we, is a rank 2 (C)KS tensor.

K™ = W gy (2.13)

Having two CCKY p-form and g-form. Their exterior (wedge) product is a CCKY
(p + q) form

Principal tensor:
A principal h is a non-degenerate* CCKY 2-form satisfying

1

5V (2.14)

Vol = goubo — GpuSp » & =
where the indices are raised with ¢ and it can be shown that ¢ is a Killing vector called
the primary Killing vector. In order to check this one needs to plug the expression above
in the Killing vector equation (2.1) and use the Einstein space condition, R,, = Ag,.,
where A is the cosmological constant.

From a principal tensor h one can construct a sequence of various symmetry objects
called the Killing tower [8, 41, 42].
Here we will show a sketch of the objects we can build:

o CCKY hY of rank 2j by taking its wedge powers

) 1 )
A = ﬁh“ : (2.15)

e KY forms w® of rank (D — 2j) by taking the Hodge duals

W@ = «xh9) | (2.16)

4The condition of non-degeneracy implies that A has the maximal (matrix) rank and the maximal
number of functionally independent eigenvalues.

13



2.2. SEPARABILITY AND INTEGRABILITY

e Rank 2-KS tensors Ky by the symmetrized product of two KY

KM = !

) —(D — 2j — 1)!w(j)(MPQ“.pD_Qj_lw(j)V)pQ"‘PD—Qj—l _ (2.17)

e Rank 2-CKS tensors @(;) by the symmetrized product of two CCKY

v 1 . N _
Q@) - (2] _ 1)!h(])(#p2"’PD72j71h(]) )2 Pb-2-1 . (218)

e Killing vectors f;
fo) =Ky - €. (2.19)
where “-” means the contraction of two tensors in adjacent indices.

All the description discussed until now is for vacuum solutions, in the presence of
fluxes, at the classical level is not always possible to build symmetries to generalised the
ones presented without flux and at the quantum level there might be anomalies. There
are different generalisations of KS and KY tensors, in supergravity theories, one is that of
a connection twisted by a 3-form torsion [43, 44, 45, 46] which can be identified naturally
with one of the fluxes in the theory. For instance in 5D minimal supergravity the torsion

can be identified with Ls x F'. However, the generalisation used in this thesis arises from
the twisted covariant form hierarchies which will be introduced later.

2.2 Separability and Integrability

Integrable systems are nonlinear differential equations which in principle can be solved
analytically. This means that the solution can be reduced to a finite number of algebraic
operations and integrations. A very informal and naive approach to integrability can be
stated in the following ways:

e (lassical level: An integrable system is a dynamical system in which all its classical
solutions can be expressed in a closed form in terms of simple functions.

e Quantum level: An integrable system requires that the eigenvalues and eigenfunc-
tions of a set of characteristic observables can be evaluated in a closed form.

Integrals of motion facilitate the study of dynamical systems. A dynamical system with N
degrees of freedom is called completely integrable if the number of independent integrals
of motion that are in involution (Poisson commuting) is equal to the number of degrees
of freedom, as a consequence, its solution can be written in terms of integrals. This result
is known as the Liouville theorem.

The existence of a principal tensor and therefore a Killing tower implies complete
integrability of geodesic motion in all dimensions.

Another method to study the geodesic motion in any dimension is using the Hamilton-
Jacobi equation. This a partial differential equation for Hamilton’s principal function

S(q,t)

aa—erH( w95 w o (2.20)
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A complete integral is defined as a function S = S(t,¢*, P,) + C, where P, and C are
constants. The complete integral can be interpreted as the generating function of a
canonical transformation between the original Hamiltonian system and a new one with
variables Q*, P, and H'. The relations between the variables are given by

oS

"o

_ 08

P,

0S

H =H+ — . 2.21
+ 5 (2.21)

pu(t,q, P)

Q"(t,q,P)

The function S generates a canonical transformation that trivialises the system since eq.
(2.20) implies H' = 0. Then @ and P are constants of motion after assuming that the
second equation in (2.21) is invertible one gets ¢ = ¢(Q, P,t) and p = p(Q, P, t)

For a time-independent Hamiltonian, the principal function can be solved with the
ansatz S(q, P,t) = W(q, P) — Et. The Hamilton-Jacobi equation reads

Y

H(ge 23

=F 2.22
7 5) (222

where the function S is called Hamilton’s characteristic function and the constant E is
the energy.

For a natural Hamiltonian with a positive definite, time-independent Riemannian
metric and orthogonal coordinates such that ¢g"” = 0 for u # v, the coordinate system is
separable if the Hamiltonian-Jacobi equation

1,05 05

= 2.23
59" 9 0 (2.23)

admits a complete solution of the form
S, P) =3 Sula", P) (2.24)

p=1

with det [%} £ 0.

The Hamiltonian-Jacobi equation is separable on a Riemannian manifold if and only
if it admits r Killing vectors r¢y (¢ = 0,---7 — 1) and D — r rank 2 Killing tensors K4
(¢ =1,---D —r), all of them independent and satisfy the following two properties

e All mutually (Nijenhuis-Schouten) commute
(K@) Kolys =0, [e: K@lys =0, [5a, 5] yg=0- (225
e Killing tensors K, have in common D — r eigenvectors m,, such that

(K@) K] =0, [Ka:km) =0, g(m), ku) =0. (2.26)
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2.3 Kerr geometry

The Kerr geometry was the first example where it was realized that the existence of
Killing-Stackel and Killing-Yano tensors play a big role in the integrability of the geodesic
flow. This discovery motivated several discoveries about the separability and integrability
of dynamical systems and put Killing-Yano tensors on the map for many physicists. For
these reasons, it is instructive to discuss the Kerr geometry from a perspective of hidden
symmetries. The details of the Kerr metric can be found in standard textbooks [47, 48,
49, 5]

The Kerr metric is the most general stationary vacuum solution of Einstein’s equation
in an asymptotically flat spacetime describing a rotating black hole with a regular event
horizon. In Boyer-Lindquist coordinates it is given by

)
dg? + ——dr* + Xd6* ,  (2.27)

> - dtde¢ + > A

( QMT’) , 4Mrasin®0 Asin®
g=— dt* — ————
where ¥ = r?2+a?cos? 0, A, = r?—2Mr+a?, A = (r*+a%)?—A,a%sin® §. Note that it has
two commuting Killing vectors, ) = 0, and &) = 0y, since it is independent of ¢ and ¢.
The first one generates translations in time while the second one is the generator of axial
rotations. The conditions to specify these Killing vectors uniquely® are the following: &
is timelike at infinity, meaning the metric is stationary, and the integral lines of {4 are
closed. In the exterior of the black hole, the points where {4) = 0, i.e. when 6 = 0,7,
form a regular two-dimensional geodesic submanifold, called the axis of symmetry; the
metric is axisymmetric. The induced metric in the axis is
y=—Fdt* + F'dr*, F= B (2.28)
’ r2+a? ’

The Kerr metric is characterized by two parameters, the mass, M, and rotation pa-
rameter, a < M, associated with the angular momentum of the black hole, J = aM.
Taking the limit » — oo, the metric simplifies to

2M 4Masin® 6
g~ — (1 — 7) dt? — %dtdqﬁ + dr® + 1 (d6* + sin® 0d¢®) . (2.29)

The Boyer-Lindquist form gives the Kerr metric in a convenient coordinate system
that generalises the Schwarzschild coordinates. However, one can perform a coordinate
transformations in which the hidden symmetry is more evident.

¢

y=uacosl, ==, T=t—ap. (2.30)
a
Then the Kerr metric reads
1 2 2 dr?  dy?
9=5 [—AT (dr + y*dy)” + A, (dr — rPdy) } +3 {Ar + a0 (2.31)

where ¥ = r?+y? A, = r*—2Mr+a* and A, = a®—y*. These coordinates (7, r,y, 1) are
sometimes referred as canonical coordinates. It is common not to specify the functions

®Any linear combination of the Killing vectors with constant coefficients is again a Killing vector.
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A, and A, and work with arbitrary functions instead. The downside is that in this form
the metric is not a solution to Einstein’s equations, and it is called off-shell metric.
The metric (2.31) admits a principal tensor [11]

h=ydy A (dr — r*dy) — rdr A (dr + y*di) (2.32)

which can be generated from a potential b, h = db, given by

b= —% [(r? = y?) dr + r*y*dy)] . (2.33)

It can be verified by a straightforward computation that h satisfies the CCKY equation.
In addition, one can construct the following Killing tower from it.

e Killing-Yano tensor f = xh

f=rdy A (dr —r?dy) + ydr A (dr + y°dip) . (2.34)

e Conformal Killing tensor @, = h,,h,”

27,2 27,2
Yy dy redr

— (2.
A Ar:| (2.35)

Q= % [r%r (dr + y2d¢)2 +y°A, (dr — r2d¢)2} + ¥ {

y
e Killing tensor K, = fu,f.”

r’dy?  y?dr?
— . (2.
A A } (2.36)

K = % [y2AT (dT + dew)Q +r2A, (dT — 7’2d1b)2] + X [

Y

e A primary Killing vector ﬁfi) = %V,,hw = O~

e Secondary Killing vectors fé‘w) =—K"¢() = Iy

The primary Killing vector is timelike at infinity, as expected since the metric is
stationary. Furthermore, one can construct a Killing vector as a linear combination,
o) = a1&y — a&(r) = 0, whose fixed points form the axis of symmetry and its integral
lines are closed cycles, indicating the metric is axisymmetric.

The Killing vectors, {) and &), the Killing tensor, K, and the metric, g, are all
independent and mutually (Nijenhuis-Schouten) commute. As a consequence, the follow-
ing integrals of motion associated with these objects are independent and in involution,
hence, the geodesic motion is completely integrable [1, 2, 35, 3, 4].

g'uypupu = _m2 5 K}Wpupu =K y Pr= gé:-)pu =—-F s
Py = 5@)]9“ =Ly =alLy— a’F , (2.37)

where p,, is the four-momentum of a free relativistic particle with mass m, and E and

L, are its energy and angular momentum, respectively. The conserved quantity K is the
analogue of the Carter constant for the off-shell metric.
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2.4 Non-linear sigma models

Non-linear sigma models have been studied for more than 60 years, going back to the
work of Gell-Mann and Lévy [50]. Since then they have found widespread applications.
In this brief review, we have skipped some details and encourage the reader to check [51,
52, 53, 54] and references within.

A non-linear sigma model is a scalar field theory whose fields take values in a Rie-
mannian manifold M, called the target space. The action of a theory of n free scalar
fields X?(z), i =1,...n, in a d-dimensional spacetime N with coordinates a#, y,v, - =
0,1,...d — 1, and metric v, is given by

1 : .
S = §u2_d/ddwﬁ’y“”gij(X(w))aquﬁyX] : (2.38)
The fields X* can be thought of as coordinates of the curved manifold M with metric
gij- The X' are dimensionless and the mass scale u is required to make the action
dimensionless. Note that this coupling makes the theory non-renormalizable for d > 3
whereas in d = 2 is absent and hence renormalizable. It is common to choose units where
=1
The action is independent of the choice of coordinates on M and N since it is invariant
under the general coordinate transformation

; ; oxX*t ox*
X' = X", gy(X)— ggj(X/) = IS HX (2.39)

or, for some transformation with respect to an infinitesimal vector field v’

X" = X"+ 0'(X), g;(X) = gis — 2V (X) . (240)

Two sigma models with metrics g;; and gj;, which are related by coordinate trans-
formations as in (2.39) or (2.40) are equivalent; hence, they describe the same physics.
Consider the action (2.38) with metric as in (2.40), then it satisfies

S0, 94;(X)] = S[X, gi5(X)] . (2.41)

where X’ = X’ — v, This means that S[X, ¢ (X)] is related to (2.38) by redefining
X% — X% Thus the sigma model is determined by an equivalence class of metrics related
by diffeomorphisms.

In addition, one can introduce a spacetime reparameterization invariant term, called
the Wess-Zumino term, constructed from the alternating tensor on N ¢€,...,, providing
that n < d.

Sy = %/dnxﬁemmunbilmin (X)a,thil .. .(‘)“nXi" ’ (2.42)

where ¢ is a constant. This action is M-coordinate independent if b is a n-form on M,
b= %bil...indqb“ A --- Adg'. The variation of this term under shifts b — b + d\ for any
(n — 1) form A is only a surface term

inein = Olixhiy-in] - (2.43)
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The field equation for X* obtained from §(S + Sy z) is given by

1 . :
~9ij (ﬁﬁw‘wﬁ@)@ + F@@X’“aﬂxﬁ
(n+1)

: g, X9, X =0, (2.44)
n!

+q

Huzn
where H = db is the field strength. It is well known that if H is closed but not exact, the
charge ¢ must be quantized to have a consistent quantum theory. If b is globally defined
then there is no quantization condition. The field equation (2.44) is well-defined since it
does not depend explicitly on b. However, the action (2.42) is not well defined since it
involves b, so one could find potential obstacles in quantization.

One can couple spacetime fermions A\ (z) labelled by an internal index A =1,...,7
to the sigma model through

Sp =i / A\ /NG ap(p(x)) N p" D AP (2.45)

where p* denotes the spacetime gamma matrices® satisfying p*p” + p"p* = 24** and the
covariant derivative is D, = V, A\ + AAp(X(2))0,X A\, Here V, is a derivative

covariant with respect to spacetime Lorentz transformations”.

2.4.1 1D-Supersymmetric non-linear sigma models

In this thesis, we write the actions for supersymmetric sigma models using superfields,
which has the advantage that supersymmetry is manifest and writing down the actions
is straightforward. First, let us review some basic aspects about supersymmetry and
Minkowski superspace [55, 56, 57, 58, 59, 60].

At the algebra level, supersymmetry is an extension of the d-dimensional Poincaré
algebra which incorporates anticommuting charges ). The graded Poincaré algebra is
generated by the Lorentz generators, M, the translation generators, P, and the supersym-
metry generators, . It might include an internal symmetry group G and central charge
generators, Y and Z, which commute with all other generators. The central charges exist
only in extended supersymmetry, N > 1.

Supersymmetry is inherently manifest in superspace by construction. Besides the even
coordinates x* from Minkowski space, superspace introduces odd Grassmann coordinates
carrying a spinor index, 8%. Minkowski superspace can be defined as the coset space (super
Poincaré group)/(Lorentz group).

A superfield is a function encoding the spacetime coordinates and the Grassmann
coordinates, X = X(x,0). Superfields can be expanded in a terminating Taylor series in
0.8 In particular for 1-dimension and N = 1, we have

XH(t,0) = X!+ 0DX*| =: aM(t) + OX(t) , (2.46)

where | indicates the part independent of 6, i.e. | = 0. The number of supersymmetries
N is given by the a-index in #“ and is the same as that on Q“. The supercharges @
are defined to anti-commute with the supersymmetry covariant derivatives, {D, @} = 0.

SHere following standard notation v*¥ corresponds to the spacetime metric
"This means that V,, is built as an Ehresmann connection on a bundle of orthonormal frames.
8This is a consequence of Grassmann coordinates being nilpotent.
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2.5. SYMMETRIES IN PROBE ACTIONS

These objects can be written in terms of differential operators. For 1-dimension and N=1,
the supersymmetry charge and the covariant derivative D are given by

.0 0 o .0

Q—zag—l—ﬁat, D—ae+z€at, (2.47)
which satisfy the supersymmetry algebra {Q,Q} = 2i0; = 2P and D? = i9,. The com-
ponents of the superfield in (2.46) are derived by projecting out the #-independent part.
This means that the leading term X| = z is a bosonic scalar field and the components
DX| = X are fermionic (Grasmmann odd) since the operators D are odd. The physical
fields with propagating degrees of freedom are x and .

The action of the 1d, N = 1 supersymmetric sigma model reads

S = —% / dtdfg,, DX"9,X" | (2.48)

where 0; = a%. Note that this action contains the bosonic action after integrating over
the odd coordinate, 6, using the properties of the Berezin integral and expanding in the
components of the superfield X

s = _% / dtD (g, DX"9,X")|
1 14 7; 14 i v
:/dt Eg,w@tx“&gx +§g,“,)\“8t)\ ~3 G AN O
—_—
Bosonic action

1 .
:/dt ngatx“atxw%gwwvw , (2.49)

TV
Spinning particle action

where V, AV = O, \" + F;Uatxpr. Therefore, the non-linear supersymmetric sigma model
in 1 dimension describes spinning particle actions.
The most general N = 1 sigma model in 1d [61] with dimensionless couplings and
attaching mass zero to X and introducing a fermionic superfield ¢ with mass dimension
1

[5] is given by

. 1 v 1 v ( a 1 a c

S =—i / dtd9(§gw,DX“8tX + 57 DX"DX"DX? = Shat "V’ + il "'y
: 1

F fuaO X " + %mwbwawmx“ + WMDXMDX%/;“) , (2.50)

where Vi* = Dy* + DX*A,%y°, with A being a connection.

2.5 Symmetries in probe actions

We have introduced Killing-Stéackel and the Killing-Yano family from the Hamiltonian
formalism. However, in this thesis we look at the symmetries generated by Killing-Yano
forms in spinning particle probe actions propagating in supersymmetric backgrounds. We
shall summarise the applications of KS, KY and CKY tensors in generating symmetries
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for particle actions. Consider the action of a relativistic particle probe propagating on a
spacetime M with metric g

1
S = 5/ dt gy i i | (2.51)

where & denotes the derivative of the coordinate x with respect to t. The equations of
motion are those of the geodesic flow on M with affine parameter ¢t. Given a rank k KS
tensor on M, i.e. a symmetric (0, k) tensor d on M which satisfies

Viulyrir) =0, (2.52)

where V is the Levi-Civita connection of g, the action (2.51) is invariant under the
infinitesimal transformations

oxt =ed",, .., _ - L (2.53)
with parameter €. The associated conserved charge is
Q(d) = dyyyoy, T2 T (2.54)

For k =1, d is a Killing vector field. The symmetrised tensor product of two KS tensors
is also a KS tensor. Hidden symmetries are those generated by rank £ > 2 KS tensors d
with d # g¢.

Recall that a spinning particle probe propagating on a spacetime M with metric g is
described by the action

?

§=—3 / dtdf g,, DX" X" (2.55)

where ¢ and 6 are the even and odd coordinates of the worldline superspace, respec-
tively, X are worldline superfields X = X (¢,6) and D? = id,. Spinning particles are
supersymmetric extensions of relativistic particles.

Given a KY form, a, on M, the infinitesimal transformation

Xt =ea, . DX - DXL (2.56)

with parameter ¢ leaves the spinning particle action (2.55) invariant®.

5S = —% / dt d (—26X"g,, V:DX")
=i / dt d0g,, (e ..., DX"" - DX"1)V,DX"
—i / dt deéam...yk_lvt(pxw ... DX"-1DX")
= / dtdeévuayyl...yk_lc‘)tx“DX”l---DX”’“—lDX”

€
= — [ dtdd———V, ..,  D(DX*DX" ... DX"1DX"
/ k(k+1)v#a 1 VE—1 ( )

9Tt is clear that this result can be extended to sigma models in two dimensions with adequate mod-
ifications to DX and 0; X such that the corresponding superspace differential operators anti-commute
with the supercharges Q.
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=0 «<— Vuawl...yk_l = V[Ma,,yl...l,k_l] , (2.57)
where V., DX" = 0,DX" +1",,0,X?DX?. The associated conserved charge is

Q(a) = (k + 1)y, X" DX - -- DX" — %H(da)yl...kaDX”l .. DXV (2.58)

Observe that Q(«) is preserved, DQ(a) = 0, subject to the equations of motion of (2.55).
Note that if do = 0 and so « is covariantly constant (or equivalently parallel) with respect
to the Levi-Civita connection, then

Q) = Qyyyyy, DX DXY2 .. DX (2.59)

is also conserved subject to the field equations of (2.55), 0;Q(a) = 0. There are several
generalisations of the KS and CKY tensors, see e.g. [62, 43, 44, 46, 18, 63, 30, 31].

The commutator algebra of transformations (2.56) generated by spacetime forms has
been examined in detail in [32, 33]. Given two symmetries (2.56) generated by the k-form
a and f-form (3, the commutator contains two types of terms. One term depends on the
Nijenhuis tensor of o and 8 and the other term is the transformation

SX" = e(a -5 B) o, &X'DXM .. DX (2.60)
generated by the tensor

< Akto—a

(O./ ‘s 6>MV>\1---/\1€+£—4 = aMH[A1--~>\k—2/BK\V|/\1@—1--~>\1¢+[—4] + aVN[Al--~>\k—25’{‘l/«‘)\k—1~-v/\k+2—4] ) (2'61)

where € is an infinitesimal parameter. Clearly if o and S are rank 2 KY tensors, then
a-s 8 is a KS tensor. In the case that both o and § are covariantly constant with respect
to the Levi-Civita connection, the Nijenhuis tensor vanishes and so the transformation
(2.60) is a symmetry of the spinning particle action (2.55). This will be the case for
all symmetries generated by the form bilinears of pp-wave and KK-monopole solutions
covered in Chapter 4.

Consider a dynamical system with 2n-dimensional phase space P. This is completely
integrable, according to Liouville, provided that P admits n independent functions (ob-
servables) @, r = 1,...,n, including the Hamiltonian, in involution. @), are independent
provided that the map @ : P — R", where Q = (@1, ...,Q,), has rank n. Moreover Q.
are in involution, iff {Q,,Q,}ps = 0, i.e. Poisson bracket of any two @,s’ vanishes'’.

Returning to the relativistic particle, the conserved charges (2.54) can be written in
phase space variables as

Q(d) = dyl..lykpm Dy (262)

where p,, is the conjugate momentum of z# and we have raised the indices of d with the
spacetime metric g. These clearly commute with the Hamiltonian H = % 9" pupy as they
are constants of motion. Furthermore the Poisson bracket algebra of two constants of
motion Q(d1) and Q(dz) is {Q(d1), Q(d2) }ps = Q([d1, da]xs), where

([dy, do]ng)"t 4+ = k,dllt(Vl“'quaudgk'“l/kw—ﬂ _ gdlg(l’l'“l’z—18Mdllfk'“Vk+£—1) : (2.63)
is the Nijenhuis-Schouten bracket of the KS tensors d; and dy. Observe that if d; is a
vector, then [dy, ds]ns = Lag,da, i.e. the Nijenhuis-Schouten bracket is the Lie derivative

of dy with respect to the vector field dy. Therefore two charges are in involution provided
that the Nijenhuis-Schouten bracket of the associated KS tensors vanishes.

10Complete integrability is related to the separability of the equations of motion of a dynamical system.
In the phase space coordinates (Q1, ..., Qn,¥1,...,%¥,) defined by the charges Q1, . .., @, and the action-
angle coordinates (¥1,...,1,) adapted to the Hamiltonian vector fields, X¢g, = Jy,, the time evolution
of the system is at most linear.
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2.6 Supersymmetric backgrounds

A supergravity background is an n-tuple (M, g , F, ¢) satisfying the classical equations
of motion for the bosonic fields, i.e. the metric g, scalar fields ¢ and fluxes F in the
theory. If these solutions also preserve some residual supersymmetry of the original
supergravity theory, they are called supersymmetric backgrounds. The SUSY variations
leave the fields invariant and transform bosons into fermions and vice versa, however
classically the fermonic fields must vanish, which in turn implies that the supersymmetry
variations of the bosons are identically zero. On the other hand, the SUSY variations of
the gravitino and the remaining fermions A\ will give rise to a parallel transport equation
for the supercovariant connection, D, and some algebraic equations depending on the
fields, respectively. These vanishing conditions of the SUSY variations of the fields are
called the Killing spinor equations (KSEs).

OUnlypr=0 =Dpue =0, 0Au[pr=0 = Aue =0, (2.64)

where A is a Clifford algebra element that depends on the fields and the supercovariant
connection is

D, :=V,+o.e F), (2.65)

where V is the spin connection of the spacetime acting on spinors
— O+ 20, T 2
vu =0yt Z o ) ( '66)

and o(e, F') is a Clifford algebra element which depends on the coframe e and the fluxes
F.

In other words, the classical solution (M, g , F, ¢) is supersymmetric if there exists
a nonzero spinor € which is parallel with respect to the supercovariant connection and
satisfies the constraints imposed by the algebraic KSEs. The amount of linearly inde-
pendent solutions € admitted by the KSEs is called the number, N, of supersymmetries
preserved. Thus, we call Killing spinors those nonzero spinors € which are parallel (or
covariantly constant) with respect to the supercovariant connection, D, and satisfy the
algebraic KSEs.

Before proceeding let us clarify that the usual geometrical notion of Killing spinor is
given by

Vxe=nX € (2.67)

for a vector field X, where n € C and - is the Clifford product. The word Killing is
standard in the supergravity literature and alludes to the property that these spinors
are “square roots” of Killing vectors, i.e. the one form, K., defined for all X € T'"M by
K. = (¢, X - ¢)!! is dual to a Killing vector field.

The linearity of KSEs and especially the gravitino KSE which is a parallel transport
equation uniquely defines a Killing spinor on all points of spacetime from its value at any
given point. As a consequence, the dimension of the vector space formed by the Killing

"The notation (-,-) indicates Dirac inner product, i.e. (e, €) := (Ige, €)
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spinors is at most the rank of the spinor bundle S of which € is a section. The amount of
supersymmetries preserved can be defined by the fraction v as the ratio
_ dim(Killing spinors)

v= RS . (2.68)

The maximal amount of sypersymmetries preserved by a supergravity background is
given by the number of supersymmetry charges of the theory, i.e. the number of compo-
nents of the spinor representation in given dimensions times the number of gravitinos. In
the absence of other fermionic fields beside the gravitino, as it happens in 11 dimensional
supergravity, the kernel of the connection D corresponds to the parallel sections of the
spinor bundle, i.e. the Killing spinors, and maximally supersymmetric solutions are those
which saturate the kernel. However, generally the kernel of D cannot be identified with
the Killing spinors for all supergravity theories since one must take into consideration
the remaining algebraic KSEs. In general, maximal supersymmetry implies the flatness
of the connection D and the determination of such backgrounds requires the analysis of
the integrability conditions. In addition, one can find generic supergravity backgrounds
that do not preserve any amount of sypersymmetry.

The integrability conditions of the KSEs are useful to study the holonomy and the
field equations of supersymmetric backgrounds. Schematically these conditions can be
expressed as

Rue=[D,DJe=0, [DyA=0, [AA=0. (2.69)

First, let us consider the (reduced) holonomy group, hol(V), of the spin connection
V for a d-dimensional spacetime

1
V., V., ]e= L—LRwaﬂraﬁ : (2.70)

This corresponds to vacuum solutions, i.e. the fluxes vanish, 7 = 0, and I'y3 are the
generators of the Spin(d — 1,1) algebra. As a consequence, hol(V)C Spin(d — 1,1).
However, for generic supergravity backgrounds, one has to consider the presence of fluxes,
F # 0. In this case, the integrability condition for the gravitino KSE includes more
Cifford algebra element terms due to o in (2.65) and the holonomy, hol(D), generically
is contained in a GL group instead of a Spin group. The computation of the Lie algebra
of hol(D) is determined by the span of the values of the supercovariant curvature R and
its covariant derivatives D*R evaluated on spacetime vector fields'?, in general, these
expressions are given by all possible skew-symmetric products of gamma matrices. As
a consequence of Clifford algebra representation theory, the hol(D) is the Lie algebra
generated by all the anti-symmetric product of gamma matrices {1,1',, [yp, ...} which is
identified as a gl(n, F) algebra and leads to the claim that the holonomy is contained in
a GL(n,F) group, where n is associated with the dimension of the gamma matrices. As
an example the holonomy of the supercovariant derivative for 11d [64, 65, 66] and type
IT [67] supergravities is SL(32,R) and a list of lower dimensional supergravities is given
in [68].

Another key feature employed in the analysis of the supersymmetric solutions is
the gauge symmetry in the KSEs. These gauge transformations transform a spacetime
coframe e, fluxes F and spinor € but leave the KSE covariant

12This is a consequence of the Ambrose-Singer theorem.
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D,(e,F) = U 'Dy(e, F)\U =D,(,F), A,—=U'A,(e,F)U=A,(e,F).(2.71)

The holonomy group of D in most supergravity theories is bigger than the gauge
group, which always contains Spin(d — 1,1) as a subgroup.

2.7 Twisted Covariant Form Hierarchies

It has been known for sometime that Killing spinor bilinears constructed from Killing
spinors €

1
™ = E<6’ Dy €)da™ A e Ada™ (2.72)

satisfy the CKY equation. This can be seen as follows if € satisfies the geometric Killing
condition, see (2.67)

Vue+nTye=0. (2.73)
Then, using the Dirac inner product (-,-), a direct computation

Vutn,..n, = (Vue, Uy no€) + (6, Tny N Ve) (2.74)
reveals that for Lorentzian signature manifolds
Vxrh = (7 — (=DFn) ix7* + (7 + (-1)*n) ax ATF, (2.75)
whereas for Euclidean signature manifolds
Vit =— (77 + (—1)k77) ixTE — (77 — (—1)’“7}) ax AP (2.76)

where V is the Levi-Civita connection, ix is the inner derivation on the space of forms
with the vector field X and ax(Y) = g(X,Y).

Comparing the equations above with (2.10) one concludes that the bilinear 7% satisfies
the CKY equation. However, the KSEs of generic supergravity theories impose more
complicated conditions on the Killing spinor bilinears and a suitable generalisation of the
CKY is required.

Let M be a n-dimensional manifold with metric g and signature (r, s), A%(M) be the
complexified bundle of all forms on M and F a multi-form, i.e. a collection of (complex)
forms of non-necessarily different degrees. A twisted covariant form hierarchy (TCFH)
with F is a collection of forms x? [23], with possibly different degrees p which satisfy

VLX) = ixP(F X"} + ax A Q(F, {X"}) (2.77)

where P, Q : T'(AZ(M)) — T'(AZ(M)) and V7, the covariant hierarchy connection, is a
connection acting on I'(&™A%(M)) constructed from the Levi-Civita connection and F.
Such connection is not necessarily degree preserving.

In supergravity theories, F are the form field strengths and {x*} are the Killing spinor
bilinears. Comparing the left and right-hand sides of (2.77) one finds [22]

1

(V§ {Xq}) |p = PR

(ixd” ({xa}) | ox A (0" ({xg}) p-1 - (2.78)

p_n—p—I—l
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where (---)|, denotes a restriction of the expression to p-forms, d and ¢ are the ex-
terior derivative and the adjoint constructed using V%. This equation can be seen as a
generalisation of the CKY equation which differs with respect to other generalisations
since it relates a collection of forms with possibly different degrees and the connection
V% may not be degree preserving in contrast to the conditions on a form with a definite
degree imposed by the standard CKY and other generalisations.

It should be noted that equation (2.78) is implied by (2.77) however one must impose
additional conditions to guarantee the converse is true

77 (O = (xP) o () = Q- (219

_n—p+1
Thus there might be solutions of (2.78) which are not solutions of (2.77).
Let us give a sketch of how to prove that KSEs of a supergravity theory give rise to a
TCFH, one starts with the structure of a supercovariant connection of such theories, see
[22] for all the details of this proof.

DX:VX—i—c(iX’H)—i—c(ch/\Q) s (280)

where ¢ denotes the Clifford algebra element associated with the multiforms ixH =
>, ixHP, G =5 GP made with the p-form field strengths H? and GP. Vx usually is
the Levi-Civita connection but it can also be twisted by a gauge connection.

Then, considering the Killing spinor form bilinears {x?} with respect to Dirac inner
product

1 , .
Vi’ = _H ((c(zXH)e, Laa€) + (€ FAl__ApC(ZXH)€>) NN et

—1; (elax A G)e, Ty €) + (e Ta o clax AG))) €M A Aet | (2.81)
where {e?} is a (pseudo)-orthonormal frame adapted to the spacetime metric. Here note
that since the action of multiforms H and G is linear on the right-hand side, it is sufficient
to take them as single forms H = H* and G = G* of degree /.

After using the Hermiticity properties of the inner product, the definition of the form
bilinears and extensive Clifford algebra manipulation one derives the expression

Vxxp, + <Z ((chixH + clixG) - x* + (Ghix H + ¢ixG) - XQ)) =

q

—ix (Z(CZ’G X'+ EG - xq)> lp

q

—ax A (Z(ch xT+ E;G : Xq)) lp—1 (2.82)
q

é, 6;, c?], 62, cg, 62, cg, 63 are combinatorial coefficients which depend on p, ¢ and the
Dirac inner product (-,-) and whose values can be omitted for the proof, H and G are
the comples conjugates of H and G, respectively.

Finally, the expression above defines a TCFH (2.78) with the following identifications

where ¢

Viv =V (z ((yixeH +ixG) X'+ (GyixeH + i) Xq’) "

q
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(Z){P) ’p = —iX (Z(C:;G . Xq + 62@ . Xq)) ’p ,

q

Q1 =—axA (Z(c;*G X+ EG- x%) -t (2.83)

q

where F = {#, G }ina are the linearly independent field strengths.

Let us give some remarks about this proof. Note that no restriction on the signature
of the spacetime were imposed, the proof works for all (r, s)-signature manifolds. Further-
more, all the arguments used can be generalized to Killing spinor bilinears constructed
from different Killing spinors 7, ¢ with respect to any Spin invariant inner product, i.e.
XP = i(n, FAI_,,APE)SeAl A --- A et One can also generalise it to include supergravity
with higher-order corrections since the supercovariant connections are expected to have
the same general structure as in (2.80). The main goal of this connection is to give a
geometrical interpretation to the form bilinears as generalised CKY forms with respect
to the TCFH connection V¥. Taking this into consideration, there might be terms F - x,
which generate an ambiguity in the definition of V7, note that

Z‘X (‘F : Xp) - ZX‘F *Xp (284)

e.g. terms for which all the indices of x, are contracted to indices of F since these
terms can be placed on the connection side or on the right-hand side and in both cases
the bilinears satisfy a generalised CKY equation. If all such terms contribute to V7
the TCFH is defined with respect to a maximal connection whereas if all those terms
contribute to P the TCFH is defined with respect to a minimal connection.

Another feature of the TCFHs arising from supergravity theories is that depending
on the set of bilinears {x”} chosen, one can have the Hodge duality operation on {x”}
as an automorphism if such set consists of all the bilinears and their Hodge duals, in
this case the hierarchy is twisted by F. On the other hand, if one chooses the set
{x*} up to a Hodge duality operation, it might not be an automorphism of the TCFH
which now will be twisted by F and its dual *F. Furthermore, the fluxes of the theory
can be chosen such that the supercovariant derivative Dx depends only on ixF, as a
consequence there is a choice {x? }Hor which the associated TCFH is a parallel transport
equation with respect to V7 connection. This can be done with an appropriate basis
for the fluxes and bilinears, some examples include the TCFH of heterotic supergravity
whose V7 connection is identified with V# = V + %H , where H is the three-form flux
which is understood as torsion. Another example can be found in the appendix A.2 where
we construct such TCFH for minimal 4d supergravity.

As an example, consider the TCFH associated with the one- and two-form Killing
spinor bilinears of 11-dimensional supergravity'®. First, the conditions imposed on the
two-form by the supercovariant derivative read

1 1
vuwl/ﬂe = ﬁFﬂplmpsTplmpsww - §FMV1V2Pkp
—3 3‘TM[V191p2p3Fy2}pw2p3 + mgu[,jl7V2]P1p2p3p4Fp1p2p3p4 ; (2.85)

Here, k, is a one-form killing spinor bilinear, w is a two-form and 7 is a five-form. Then

13The full TCFH of 11d supergravity will be presented in Chapter 4
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after some manipulation

1
F — p1P2p: — p
DM Wiy = vaV1V2_2 . 3;FMP1P2p3T e dI/wz - _gFlwwzpk
p1p2p P1p2p3P4
ECWETHCE 1 paps T 3. 41 Inln Tre] O papapa (2.86)

This expression is not degree preserving. Now look at the connection side of the TCFH,
the underlined term twists the Levi-Civita connection and is responsible for this expres-
sion to satisfy a generalised CKY equation since it arises by reorganizing the terms of this
type such that the antisymmetrization bracket includes the index of the supercovariant
derivative. Similarly, the TCFH of the one form bilinear is given by

1 a1,
Dik'/zvukv: ~Flapw b — =F,

P1P203P4P5
6 6! pvp1p2papapsT

, (2.87)

In this case, the TCFH connection is the standard Levi-Civita connection. We have
included this equation to remark on the fact that the connection side is different for every
bilinear in the theory. Nevertheless, these forms satisfy a generalised CKY equation

1
Drk, =Dk, D wiw, = Dl Wi, — ggu[,,lpfﬂwyg]p : (2.88)
Note there are terms having all the indices in the form bilinears contracted, these terms

can contribute to the connection or the right-hand side. The maximal TCFH connection
arises when all such terms are included in the connection side.

ka‘l, = Viky = éFwaﬁw o 6! Eyvpipapapaps TV 22012 =0
' 1

V;—wml/z = vuwml/z_ﬁFup1p2png1p2p3u1V2 + gF/wﬂapkp
1
- _2~—3!T[m/1p1p2p3Fl/2]p1p2p3 T mgﬂ[vlTVz}plmpsmFmpzpsm , (2.89)
satisfying the following CKY equations
1
ka:,, =0, Viw,,m = V[ﬁwym] — —Guin prw,,z]p ) (2.90)

5

Finally, let us give some comments about the curvature associated to the TCFH
connection and explain how to compute it for certain cases. In general, the curvature
characterises a connection and is related to parallel transport around a loop. In order to
calculate it, we usually take the commutator of two covariant derivatives which measures
the difference between parallel transporting a tensor in two opposite orderings. The
TCFH connection is not degree preserving which makes unclear what connection must
be used to derive the curvature and how such TCFH connection acts on the fluxes and the
metric. To illustrate this consider again the TCFH of the two-form in 11d supergravity
(2.86). Then if one takes the commutator

F NF _ NFF FyF
(D5, D, Jwuy s =D,/ D, Wiy, — D;, Dy

1 1
f
- Du/ (_gFuvwzka - 2__3!T[W1p1p2p3Fu2]p1pzp3
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1
+m9u[u17—uz}plp2p3p4Fp192p3p4) - (H e :u/) . (291)

Immediately, we can see that one must act with a different TCFH connection for each
term in the second equality. Therefore, in general, the standard procedure to compute
the curvature associated with the TCFH seems to be not applicable. Now let us assume
there is a theory where the TCFH reads

1
Vukl, — §Fupw’oy =0 R Vuwl,lw — F#[l,lk,,ﬂ =0. (2.92)

The curvature expression of the two-form reads

Vo, Viws,  =VuVuww, — VYV,
= Vo (Fupn k) — (1 4> 1)

1
=V Fup k) + §FM[V1IFM’pIWpu2] — (p ')

1
2R nlpls) = Ve Fatn Kon) + S Eutin Fplwa) = (10 6 1) (2.93)
where we used the fact that the bilinears are parallel and replace D7 with the Levi-Civita
connection V. This approach can be extended to TCFHs for which the Killing spinor
bilinears are not D’ -covariantly constant.

2.8 11D Supergravity

The eleven-dimensional construction of supergravity [69] can be seen as the effective
theory of M-theory obtained from the strong coupling limit of Type ITA string theory
[70, 71]. Consider 11d supergravity compactified on a circle with radius Ry, then the
DO0-brane is identified with the first Kaluza Klein excitation of the supergraviton given by
M3 = (%)2 and Ry, = {,q,. Taking the limit R;; — oo implies the decompactification of
the eleventh circular dimension, leading to an eleven-dimensional theory called M-theory
whose low energy limit is 11d supergravity. The M2- and Mb5-branes [72, 73], as well as
their superpositions and intersections [74, 75, 76| are some examples of supersymmetric
solutions of 11d supergravity. These have a wide range of applications regarding the
existence of M-theory and the web of string dualities and more recently in the AdS/CFT
correspondence. There are several detailed review articles and books that discuss M-
theory and the web of dualities [77, 78, 79, 80, 81, 82, 83| and describe the sypersymmetric
solutions of 11d supergravity [84, 85].

Let us review the main aspects of 11d supergravity. The bosonic flied content includes
the metric g and a 4-form field strength F.The action for these fields [69, 86] is

1 1 1
/ —Rdvol — —FAxF+ —FANFAA) , (2.94)
au \2 4 12

where F' = dA, A is the 3-form gauge potential, R is the scalar curvature of the metric
and dvol is the spacetime volume form.
The field equations read

d*F——%F/\F,
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1
— 1P2P3 1P2P3
R, = pﬂppp [ p1p2ps

— g, F
12 1449¢

plmpgmpmpzpam ) (2.95)
We will work throughout this thesis with the Clifford algebra
Lo+ 150 = 421,51 , (2.96)

with the mostly plus signature of the metric . The Clifford algebra ClLiff(R'*!) is iso-
morphic (as an algebra) to Mat(32, R)@Mat(32, R) which has two irreducible (pinor)
representations S* corresponding to each factor in the decomposition above and given
by the standard action of Mat(32,R) on R3%. These are distinguished by the action of
volume element I''? = +1. There is a unique real-spinor S (Majorana) representation of
Spin(10,1) C Cliffer(R'%!) =Mat(32, R).

The supercovariant connection is

DM = VH + FMVUQVBVALFVlel/:aVz; - SFMV1V2V3FV1V2V3) (297)

28 |

The supercovariant curvature reads [87]

1 N 2
R = ZRHV’O"BF T+ WFmazocamFﬁlﬁﬁaﬂzxeuv
48

+W <4Fﬂala2a3Fa1a2a35FﬂV - 4FVO¢1O¢2O¢3Fala2a35F/BM

—36F g FP 5T 4 Foospsans F12°3T

s
36

a1a2a3a4ﬁ1ﬁzﬂ3ﬂ4(sr5

a1oQ
<qul/a1a2a3 - VVFualaga;g) F 15243

8 <
_W (F5152ﬁ3ﬁ4mewl’euﬁlﬁzgS@WIW%041042043 - (V < M)) [ o208

1
_E 4Fﬁa1a2a3FBMVOt4

Fa1a2a3a4

+3F57a1a2Fﬁ’Y&3yFa1a2ua3 o 3Fﬁ’ya1a2 Fﬁ'yagul-\alagl/a3>

1 ajasa3Q
_@ (qua1a2a3a4F ! 3 41/ - (1/ <~ u))

1
_W (_6Fuﬁlﬁ2ﬂ3FV’YW2“/3

6,316263%72%
a1asazoaas

_ 4 B1B2v17273
6F 15818, L 712 Ev arazazaaas

5 )
_6F1/6,8152F Eﬂﬁﬁz’h’vz%

Y1273 Q12030405

+9F6'{5152 Fén’yl'y? 6;U"/Bl52’y1'y2ala2CV3C‘f3C‘f40[5) Fa1a2a3a4a5 ) (298)

Contracting with I' and using the Bianchi identity of the curvature tensor R}, ., one gets

an expression in terms of the field equations and Bianchi identity for the field strength
[33]

1
DR = Bl — gLy (D5 = GT%)
1
aBFa1a2aga4a5 (Fualazagoc4a5 - 10531—‘&2&3&405) ) (299)

30



2.9. HOLOGRAPHY M-BRANES

where

1
E,. =R, = ﬁpﬂmpzpsFympzps _

F

P1P20P3P4
P1P2P3P4F )

: mg‘“’
LF,,,=x(dxF := —§F ANE)ywp
BF = (dF)

B2 3 a5

(2.100)

W1p2 U3 HAMS

The expression above vanishes provided the background satisfies the equations of motion
and F is closed as in 11d supergravity.

The Lie algebra of the holonomy group of the supercovariant connection, hol(D), is
given by all possible products of gamma matrices of first order and above in (2.98), i.e.
the expression does not contain terms proportional to 135. Thus the trace

tr(R(X,Y)) =0, (2.101)

on the spinor indices vanishes. Hence the values of R(X,Y’) are spanned by the subset
Mat®(32,R) CMat(32,R) of 32 X 32 matrices with vanishing trace. One can identify the
Lie algebra s[(32,R) = Mat®(32,R) of SL(32,R). Therefore the reduced holonomy group
of D is contained in SL(32,R), hol(D) C SL(32,R) [64, 65, 66].

2.9 Holography M-branes

The AdS/CFT correspondence [89, 90] associates the vacuum state of a conformal field
theory (CFT) to a gravitational solution that contains an anti-de-Sitter (AdS) subspace.
The latter is known as the gravitational dual of the correspondence and its fluctuations
are related to the gauge invariant operators of the CFT. This correspondence allows to
model strong coupling effects in CFT’s in terms of gravitational theory considerations
which are out of reach of perturbation theory.

The AdS/CFT correspondence in its simplest form proposed that in the large N limit,
the non-Abelian gauge theory on a stack of N branes in string/M-theory is equivalent to
the string/M-theory living on the near horizon geometry of the branes, see Table 2.1'%.

Eleven-dimensional supergravity has four types of elementary solutions preserving
half supersymmetry: M2-brane, M5-brane, pp-wave and Kaluza-Klein monopole. For
now, we will focus on the M2-brane and Mb5-brane near horizon geometries are super-
symmetric solutions of the type AdS, s x S, where p indicates the brane, and their
worldvolume theory is a superconformal field theory. In such cases, there is a holographic
duality between M-theory in AdS space and the superconformal field theory (SCFT) at
the boundary. The AdS supersymmetry in p + 2 dimensions can be matched with the
superconformal symmetry in p + 1 dimensions.

H Case Near Horizon Geometry Gauge theory H
N D3-branes Type IIB on AdSs x S° 4d N'=4 Super-Yang-Mills
N M2-branes M-theory on AdSy x S7 ABJM model

N M5-branes M-theory on AdS; x S* 6d N=(2,0) theory

Table 2.1: Basic examples of the AdS/CFT.

14A large number of extensions and generalisations have been done since the AdS/CFT inception.
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M2-brane
A system of N parallel M2-branes is described by

g = h7sndatde” + hs (dr® +12dQ2) ,  F = +da® Ada' Ada> Adh™' ) (2.102)

where p,v = 0,1,2. Taking the harmonic function to depend only on the transverse
radial coordinate r

6

_ a 6 _ o5 2746
h—l—i—ﬁ, a:27rN€p, (2.103)

where /£, is the Planck-length.
In the near horizon limit

, a
ll_r)r(l) h(r) ~ el (2.104)

the metric becomes
g=a*rigo + a®r2dr® 4+ a’ggr | (2.105)

where ga11 = 1. daxtdx”. Note that the last term is the metric on S7 with radius a,
whereas the first two terms under a change of coordinates, u = 4R’"jds with Raqs = 3,
give the metric on 4d AdS spacetime with radius R aqs.

du? +< u )2 G241
u? Raas) R

Therefore, the near horizon geometry is of the form AdS; x ST with the radii of
curvature 2R a4, = Rgr = £,(32rN)s. The bosonic symmetry is SO(3,2) x SO(8). In
addition, this is a maximally supersymmetric solution preserving 32 supercharges which
implies just by symmetry arguments that the field theory describing a stack of M2-branes
must be some N'=8 3d SCFT. The SO(3,2) part is identified with the conformal group
of the 3d SCFT and SO(8) with the R-symmetry.

The relation between the parameters of the field theory and supergravity indicates
that one might trust the supergravity description, as long as the radius of the AdS space
is much larger than the Planck scale, which happens in the large N limit.

The M2-brane is a solution that preserves 16 supersymmetries and it interpolates
between two maximally supersymmetric solutions, AdS, x S” in the near horizon limit,
and flat Minkowski space far away from the brane, lim,_,oh(r) ~ 1.

gaas = Rigs (2.106)

M5-brane
A stack of N parallel M5-branes is described by

g = h™sndatde’ + b (dr® +12dQ2) . F = %5 dh (2.107)

where p, v = 0,1,2,3,4,5. We can choose the harmonic function to depend only on the
transverse radial coordinate r
3

_ @ 3 _ N3
h—l—l—ﬁ, a’ =7l (2.108)
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where /), is the Planck-length.
Taking the near horizon limit

71&]% h(r) ~ el (2.109)
the metric becomes
g =a 'rgsy + a’r2dr* + a’gga | (2.110)

where gs41 = nudrtdz”. Here the last term is the metric on S* with radius a, whereas
the first two terms under a change of coordinates, u? = 2R 4497 with Raqs = 2a, produce
the metric on 7d AdS spacetime with radius R q4s.

du? i ( U )2 J5+1
u*  \Raas/) Rigs
Hence, the near horizon geometry is of the form AdS; x S* with the radii of curva-

1
ture Rags = 2Rge = 20,(7?N)3. The bosonic symmetry is SO(6,2) x SO(5). As in the
previous case, this is a maximally supersymmetric solution preserving 32 supercharges.
Symmetry arguments tell us that the field theory describing a stack of Mb5-branes must

be some N'=(2,0) 6d SCFT. The SO(6,2) part is identified with the conformal group of
the 6d SCFT and SO(5) with the R-symmetry.

gaas = Rias (2.111)

Similar to the M2-brane case, one might trust the supergravity description of the
M2-brane in the large N limit when the radius of the AdS space is much larger than the
Planck scale. The Mb-brane also interpolates between two maximally supersymmetric
solutions, AdS; x S* in the near horizon limit, and flat Minkowski space far away from
the brane.

2.10 AdS Backgrounds of 11D Supergravity

The most general expression of the metric and the 4-form flux of all the warped AdS
backgrounds in 11-dimensional supergravity can be expressed as near horizon geometries
using Gaussian null coordinates [91, 92] as

o 1
ds® = 2ete” + d;e'e’ = 2du(dr + rh — 57“2Adu) + ds*(S) ,
F=e"Ne AY +ret Ad)Y + X | (2.112)

where we have introduced the frame
1 . . L
e"=du, e =dr+rh— §T2Adu . e =eéydy’ gy = dije' 1€’ 5 (2.113)

and

ds*(S) = gie'e’ . (2.114)
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is a metric on the near horizon section S given by r = u = 0. The dependence on the
coordinates r, u is given explicitly, h = h;e’ and d,Y = dY — h AY. In addition, A, h,Y
and X are a 0-form, 1-form, 2-form and 4-form respectively that depend only on the
coordinates y of S.

An example of a near horizon geometry is the metric

ds® = A?ds*(AdS,) + ds*(M™ ™) (2.115)

on a warped product of AdS,, with an internal space M''~" where A is the warp factor
which depends only on the coordinates of M~ The AdS,, x, M~ backgrounds are
invariant under the isometry group SO(n —1,2) of AdS,,. After imposing this symmetry,
the expression (2.112) for AdS, now reads

1
ds* = 2du(dr + rh — §r2Adu) + ds*(M?) |
F=etNe ANY +X, (2.116)

with h = —dlog A2 = dlog A, d,Y = 0 and where A,Y and X are a 0-form, 2-form and
4-form on M? respectively.
The expression (2.112) for the rest of AdS,,,n > 2 reads

n—3
ds® = 2du(dr +rh) + A*(dz* + e Z(dxa)Z) Fds? (MM

a=1

F =dvol(AdS,) \W+ X =e" Ne T AY + X | (2.117)

with A =0,h = —(%dz +dlog A?),d,Y = 0 and where ¢ is the radius of AdS, W, X and
Y are a (4 — n)-form, 4-form and 2-form respectively.

Y=dzAW, (n=3); Y=W(A%idzAdz"), (n=4);
Y=0, (n>4). (2.118)

Later W will be identified with the 1-form Q or the 0-form S when we work in AdS3 or
AdS, respectively.
Now let us turn to the KSEs of D = 11 supergravity given by'®

1

1
V€ — (@FFM - %Fu) e=0, (2.119)

where V is the spin connection and F'is the 4-form field strength of the theory and € is a
Majorana Spin(10, 1) spinor'®. The KSEs evaluated on the ansatz (2.112) are integrable
along the lightcone directions to yield

e=¢€ +e , Tieg =0,
€L = ¢+ + UF+@_¢_ s €E_ = Qb_ + TF_®+€+ s (2120)

15See Appendix A.1 for the forms notation.
16Here we used the standard terminology in supergravity. More precisely, these should be pinors as
one requires the odd part of the Clifford algebra.
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where 'L are lightcone projections, gbi depend only on the coordinates y of § and

1 1
= - —X+=Y. 2.121
CH h+ mk T Y (2.121)
Furthermore, one can show after plugging (2.120) in (2.119) and using the Bianchi
identities and field equations, see [93] for a more detailed description of the analysis, the

remaining independent KSEs are

Df¢r = Vipe + UL =0, (2.122)

where

1

1 1
q, _ X 4+ _I¥V. V.. 2.123
=¥l 288 K, + 6X1 24I7Yz¢ 6Yz ( )

In addition, one derives two useful integrability conditions of the solution of the KSEs
along the remaining AdS directions.

(a+2GH- g+ —Y)@+)¢+=0,

(——A+2(——%+@X+ Lye ) =0 (2.124)

Then one must reduce the KSEs from S to the internal manifold, evaluate (2.122) along
the z-direction to find

0.0+ == s (2.125)
where
1 1
=t = F AF —+ — AT X + 2.12
i, T2+ 283 X Z (2.126)

where 7 is taken according to the corresponding value of Y in (2.118). Taking the second
derivative with respect to z and using (2.124) gives
P2¢. £ %angi =0. (2.127)
This can be solved to yield
¢r =0y +eFimy (2.128)
where
0,00 = 0,7+ =0,
=g, =0, =Zfr = q:%a . (2.129)
The remaining z* coordinates of AdS do not generate additional integrability conditions

and after integrating them one gets expressions similar to the second line in (2.129). For
more details see [94] and references within. Hence spinors for AdS, >4 can be written

1 -, 1
b =04 — Vid Ty +€77L, ¢_=o0_+ ef(—zw“Faza, +7), (2.130)
and the independent KSEs are given by
Dfo. =0, Dfr.=0, (2.131)
and the algebraic ones are
1
=, =0, =+ Vi 0. (2.132)
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2.11 Anomalies

The basic idea of an anomaly can be explained as follows. Consider a quantum theory
whose classical action is invariant under a symmetry group G, 65, = 0. Thus, an anomaly
is the failure of a symmetry of the classical theory to be preserved in the quantum effective
action. If the symmetry G is global, then anomalies in G imply that classical rules
are not obeyed in the quantum theory and previously forbidden processes may occur.
However, it does not indicate an inconsistency of the theory. On the other hand, if G is
an anomalous gauge symmetry, this would indicate an inconsistency in the theory since
gauge symmetries are redundancies of our theory that help us to remove negative norm
states and to prove unitarity and renormalizability. Therefore, all gauge anomalies must
vanish if one tries to build a consistent theory. The best way to ensure gauge symmetries
are non-anomalous is to work with Dirac fermions and gauge fields which couple to left-
handed and right-handed fermions in the same manner. For a review of anomalies, see
(95, 96]

Below, we will explain the chiral anomaly as it provides the introductory background
required to understand the anomalies analysed in chapter 6, which occur as a consequence
of the presence of worldsheet chiral fermions in the sigma model action.

2.11.1 Chiral anomaly

Let us introduce the Chiral anomaly following Fujikawa’s method [97, 98, 99, 100] and
for simplicity let us carry out the computation in 4 dimensions. Consider

eVl = / DUDYe S d2Wi¥y (2.133)

where YV = (0, + w,, + A,). One can always compactify the space in such a way that
the geometry (spin connection) plays no role.
The classical action f d*x UiV VU is invariant under

U — ey T P (2.134)

where ~° is chirality gamma matrix operator. We can expand the spinors in terms of
Dirac eigenspinors

U=> anh, V=Y b, (2.135)

where a; and b; are Grassmann-valued numbers. The operator YV has eigenspinors satis-
fying

since 1Y is Hermitian, ), is real. If we consider a compact manifold, 1; can be normalized
Wilts) = [ d'ail(@)us()sy =5 (2137)

Consider the transformations
U(x) = U(x) +ia(z)y"U(x) , U(z) = U(z)+iV(z)a(z)y’ . (2.138)
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Then
/d4x\1/iy7\lf — /d4x‘I/iY7\IJ —l—i/d4x (oz\ifvg’iW\I/ + \IfiW(ow‘r’\I/))

_ / 1TV + / A0 (2)9,4 () | (2.139)

where 9,58 (x) = ¥ (2)y* U (z).
In quantum theory, there is a change in the path integral measure

/ DYDY = / I dadb; — / I daidv; . (2.140)
From the orthonormality of v);, we find that

a; = (i V') = (Y| (1 + z'(w5)\11>
- Z<¢%|(1 + i@75>¢j>aj = Z Cijaj , (2.141)

J

where Cij = 5@' + ZO(<1/11”}/517D]> Then

H da; = (det Cij)il H da; = p—trinci; [Tda;
~ ¢ e ) TT da,
— eiio‘ ZZWZI'Y%J H dai ) (2142)

Similar Jacobian computation can be done the change b; — b;. Thus,

[] daidb; — [ daldbie2 ) dsa@Zehnint (2.143)
Now, the effective action reads
e—W[A] _ /H daidgie—fd‘lx\ifiv\lf
_ /H dagdz_);effd‘lx@ivllfff d*za(z)0yujt (z)—2i [ diza(z)A(z) ’ (2144)

where A = ), Wl ()5 (x). Since a(x) is arbitrary, the axial current is not conserved
in quantum theory. This is called the chiral anomaly.

0,51 (x) = —2iA(z) . (2.145)

Note that the integral (2.143) is not well defined and must be regularized'”. After
introducing a Gaussian cut-off

[ dea= S D vl (2.146)

1"We will skip the details of this computation.
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where A is a regularisation scale. Then, one can prove that the contribution to the right
hand side of (2.146) comes only from the zero-energy modes. After applying the fact that
(iV)* = -V, V+ — i[’y“,”y”]}“w, where F,, = [V,, V,], one gets

Alz) = (Wil)(@y’e™ 3 i) ase - (2.147)
After some computation, it can be shown that one gets the well-known result
1 vVpo
Alw) = =G Fu Fos (2.148)

Dealing with anomalies [101, 102] implies the computation of trF", and finding ways
to cancel such terms. It is instructive to explain the relation of this expression with
Chern-Simons forms as it is a crucial part of the anomaly cancellation method.

We define!®

Py =ttF", F=dA+ANA, D=d+]A ], (2.149)

where A is a Lie-algebra valued one form connection and the graded commutator satisfies
la, Bl = a AN B — (=1)P3 A« for a g-valued p-form, a, and a g-valued g-form, f.
Note that

APy, = dtrF" = ntr(dFF* 1) = nte(DFF" ) =0 , (2.150)

where we have used the Bianchi identity, DF = 0, in the last step.

Let Aq, Ay be two connections on a principal bundle P over a manifold, M, and let
A(t),0 <t <1, be an interpolation between A, Ay, A(t =0) = Ay, A(t =1) = Ay. We
can define Py, (t) for each value of t. Then

d dA(t)\  dA(t) dA(t)
= =d( — )+ AW + A=

- D, (%it)) . (2.151)

d d
—P — n

Thus

dt

= ntr (Dt (%p) F”_l(t))

= ndtr <%it>f"1(t)> : (2.152)

where we have used in the last step the Bianchi identity and the fact that D, commutes
with the tr operator. Then, integrating from ¢t =0tot =1

= ntr (if(t)]-""_l(t))

Pon(Ag) — P (A1) =dn /01 dttr (%9?"%))

- ngn—1<At7]:t) ) (2]‘53)

where 9, ; is the Chern-Simons form.

8There are different ways to define P, here we follow the notation where the subscript indicates the
degree of the form.
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2.12 Wess-Zumino consistency conditions and De-
scent equations

The anomaly equation under infinitesimal gauge transformations of the fermionic effective
action implicitly is given by [101]

5,T[A] = / troa(A) = Wi, A] (2.154)

where «(A) is a local functional which corresponds to the anomaly. The commutator of
two infinitesimal gauge transformations [d,,d,] gives another infinitesimal gauge trans-
formation

As a consequence, we have
S W v, Al = 6,Wu, A] = W([u,v], A) . (2.156)

This statement is known as the Wess-Zumino consistency conditions. These can be
written in terms of differential forms (Chern-Simons forms) in what is called the descent

equations'?.

6Q(2)n—1(v7 A) + dQ%n—2(vv A) =0 9
5@%71—2(@7 A) + dQ%n—S('Uv A) =0 )

6Q* (v, A) +dQ2" (v, A) =0,
5Q" v, A) =0, (2.157)

where the upperscript index indicates up to which power of v we can include in the terms
(ghost number?®), whereas the subscript indicates the degree of the form.

2.13 W-symmetries

W-algebras first appeared in 2-dimensional conformal field theory. Usually, they are
introduced with the standard example of Ws-algebra [103, 104]. However, here we will
explain them with 2 examples applied to non-linear sigma modes.

Consider a non-linear two-dimensional sigma model defined on some D-dimensional
target space M with metric g, [105].

1
Sy = 3 / d*2g,, 0 X 0_X" (2.158)

where the two-dimensional space-time has null coordinates z# = (2%, 27). If d,,, is a
covariantly constant symmetric tensor on M, V,d,,,, then the sigma model is invariant
under the semi-local transformations

SXH = k_OWX" + Aed,,0:X"0s0 | (2.159)

9The details of this computation can be found in [101, 102, 100]
20In the language of Faddeev-Popov and BRST formulation.
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where the parameters satisfy
O_k_-=0, 0-A__=0. (2.160)

The conserved currents are the energy-momentum tensor and one constructed from the
tensor d given respectively by

1 1
T = 59u0pX 0pX" ;. Wi = 2y, 05X 0L X7 0LX" . (2.161)

In general, the closure of two symmetries as in (2.159) will lead to an infinite sequence
of currents. However, if the tensor d satisfies

d([},VTdU)pT = KGuwYop » (2162)
then the algebra closes to give
[0y + Oxys Oky + Ony] = Oky + Oy (2.163)

where

k’3 = k?ga#/fl + 4%()\284)\1)T#— (1 e 2) ,
)\3 = 2)\28#@ + ]{?284:/\1 — (1 < 2) . (2164)

This type of algebra, where the parameters depend on the currents, is often called a
We-algebra?! of the sigma model.

Now, let us consider the N = 1 supersymmetric sigma model defined on some D-
dimensional target space M

S, = / d*od®0g,, D X"D_X" (2.165)

where (0=,0%,0%,07), D2 = i0., D* = i0_, {D;,D_} = 0. The sigma model is
invariant under the following transformations

S XH =ap L’y A\Ds XM ... D XM
5TX“ == QZ(XTa-J{XM + D+OZTD+XH 5 (2166)

provided that L is covariantly constant, where ay, is the parameter chosen such that d;, X*
is even under Grassmannian parity and az is a parameter with even Grassmannian parity.
The corresponding charges associated to these transformations are given by

Jp = Ly g, Dy XM T = g DL XFOLXY (2.167)

which are conserved, i.e D_J;, =0, D_T = 0. For a Calabi-Yau target space where the
holonomy group is SU(3), we will give only the commutator between two d;, symmetries
to illustrate the additional symmetries, admitted in certain supersymmetric non-linear
sigma models, which are of W-type. For more details check [106].
For a;, with even Grassmannian parity we have

[0r,6z] = o1 , (2.168)
with a; = —Zf—él(a’LDJraL —aLDJra’L)Jf’l, where d; is the transformation generated by the
complex structure which is associated with the Kahler form and J; is its corresponding

charge. While for odd ay,
[0r,0L] = 6r +dr , (2.169)

. | - 0(6—1)0 _
with ap = —%a’LaLJf Vand a; = — (24_2) a’LaLTJf 2,

21The W-algebras found in sigma models are the classical Poisson versions of those in Conformal Field
Theory.
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Chapter 3

Symmetries, spinning particles and
the TCFH of D=4,5 Minimal
supergravities

3.1 Introduction

The presence of the TCFH, and consequently, the existence of generalized CKY for
all supersymmetric solutions raises the question on whether the form bilinears can be
used to investigate the separability properties’ of many classical equations, like the
Hamilton-Jacobi, Klein-Gordon, Dirac and Maxwell equations, of these backgrounds,
and on whether they generate symmetries in spinning particles propagating on such back-
grounds. In this chapter, we shall demonstrate that the form bilinears of a large class of
supersymmetric D = 4, N = 2 and D = 5, N = 1 minimal supergravity backgrounds
generate symmetries in spinning particle actions with appropriate couplings. The key
observation is that some of the conditions for invariance of the particle actions of [61]
under some fermionic transformations can also be expressed as TCFHs. In this case, the
associated TCFH connection depends on the couplings of the particle action and acts
on forms that determine the infinitesimal fermionic symmetries of the system. Thus the
task is to match the TCFHs of supersymmetric backgrounds with those of the spinning
particle symmetries after an appropriate identification of the supergravity fields with the
couplings of the particle system and of the form bilinears with the forms that generate
the fermionic symmetries, respectively. We shall demonstrate that this can be achieved
in a variety of cases. We shall also comment on the use of the form bilinears to investigate
the separability properties of supersymmetric backgrounds.

3.2 Minimal D=4, N=2 supergravity

The supercovariant connection of minimal D = 4, N = 2 supergravity is

D,=V,+ iFabrabr“ , (3.1)

IThe separability properties of differential operators are described by separability structures. Sepa-
rability structures are classes of separable charts for which the differential operators allow a separation
of variables. For each separability structure there exists a family of separable coordinates that admits a
maximal number of, r, ignorable coordinates.
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3.2. MINIMAL D=4, N=2 SUPERGRAVITY

where F'is a 2-form field strength, dF' = 0. The field equations also imply that F' is
co-closed, d*F = 0. If € is a Killing spinor, D,e = 0, the form bilinears of the theory up
to a Hodge duality are

f=A(ee)y, h={(eTs¢), k={(le)e”,
Y= (e, T lse) e, Y3 +iY? = (€T, Ise) e,

1
wh = 5(6, Tae)e® e’ W +iw? = §<€, TCape) e® A el (3.2)
where the spacetime metric g = nge®e® with e = endx” a local co-frame, (-,-)p is the
Dirac inner product, C' is a charge conjugation matrix such that C'x I’y = —I',C'x and
CxCx = —1,and € = Cxe. C = T3 in the conventions of [107], where % indicates

complex conjugation of the following object. Observe that if € is a Killing spinor so is €.
The TCFH of the theory [22] reads

Vof =iFu k", Vuh="F,k", Vk,=ifF,—h*F,

1
VY] + 2 Fwy = 2" Fpw™) = 50w Fpw™  r=1,2,3,
Vwy, =47 Yy = =3 Fu Y — 20, EnY™, r=123. (3.3)

In what follows we shall also consider the TCFH associated with the dual 2-forms y" of
w” which can be defined as

X' = —%(e, Taplse) e Ae? P +ix? = —%(g, Luplse) e Ae . (3.4)
One can show that the Killing spinor equations imply the TCFH

1
VY, +2F,x""y = 2E0X ) — §ngpAXW , r=123

ViXop =4 FupY) = =3 Fu Y] =29 FpnY™ . r=1,2,3. (3.5)
It is clear from (3.3) that k is a Killing vector which also leaves F' invariant, LxF = 0.

To determine whether the above TCFH generates symmetries in a particle system
propagating in the supersymmetric backgrounds of D = 4, N = 2 supergravity consider
the worldline action

: 1
S = / dtdo( — %QWDX“@X” + i DX" DX+ S DY) | (3.6)

where X is a bosonic and v is a fermionic superfield that depend on the worldline time ¢
and the odd coordinate # and D = 9 + 100, with D? = i0,. The fields have components
X = X|,A = DX|, v = 9| and A = Dv|, where the restriction means evaluation at
0 = 0. X and A are worldline bosons while the rest of the components are worldline
fermions. The couplings of the theory are the spacetime metric g and the 2-form ¢ which
depend on X. Later ¢ will be identified with either F' or its dual *F. This action is
manifestly invariant under one worldline supersymmetry. To write the action above we
adopted the reality conditions?

(10) =i0,, =0, X' =X, ¢v"==, (x\N)"'=x"\", (3.7)

2The reality conditions are anti-linear maps that square to —1.
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3.2. MINIMAL D=4, N=2 SUPERGRAVITY

for every two worldline fermions y and A. With these reality conditions, the coupling
of the theory g and ¢ are real. Such a choice of reality conditions is not unique. For
example, one could have chosen 1* = 1 at the cost of removing the imaginary unit ¢ from
the coupling term ¢(DX)?¢ in the action. However, such a choice is not suitable for the
application we are investigating. The action (3.6) is a special case of a general class of
actions for spinning particles presented in [61].

Identifying ¢ with either F' or *F the Killing vector k of the TCFH (3.3) generates
the infinitesimal transformation

SXM =ak', =0, (3.8)

which is a symmetry of the action. Thus the isometries of the supersymmetric back-
grounds of D = 4, N = 2 supergravity generate a symmetry in the particle system action
(3.6).

It remains to see whether the remaining conditions of the TCFH (3.3) are associated
with symmetries. For this consider the fermionic transformations

§X* =ial",DX" + aL’yp , 6 = iaM,dX" (3.9)

where I, L and M depend on X and « is an anti-commuting infinitesimal parameter. The
reality condition for « is chosen as a* = —a which has as a consequence the presence
of an imaginary unit in the 7DX term of the infinitesimal transformation of X. Again
this is essential for the application we shall present below. With this choice of reality
condition the tensors I, L and M are real. After some simplification, the conditions for
the invariance of the action (3.6) under the infinitesimal transformations (3.9) can be
expressed® as

Vil = 4qu[vMpl = _6q[pr] ) [[Vp] =1y,
L,=-M,, V.M, +2q,[" =0, dpul',=0 L'q,=0. (3.10)

Note that if instead we had chosen as reality conditions ©¥* = 1 and o = « with the
rest remaining the same, the sign of the term ¢/ in the conditions above would have been
different. The differential conditions as stated in (3.10) on the tensors associated to the
infinitesimal transformations (3.9) are in a TCFH form with connection which depends
on the coupling ¢ of the theory.

The associated conserved charge, @, of the symmetry generated by (3.9) is

: 1
Q = 1, DX"9,X" + %(dl)w,pDX“DX”DX” —iM,0,X" ) — 5 (dM),, DX" DX" 4(3.11)

It can be verified using the equations of motion of (3.6) and (3.10) that DQ = 0.
To compare (3.3) with (3.10), one has to consider three copies of the transformation
(3.9) generated by the tensors I" and M", r = 1,2,3 and set

I"=w', M=Y", q="F. (3.12)

With these identifications the connection part of the TCFHs in (3.3) and (3.10) match.
However, consistency requires that the right-hand-side of the last two equations in (3.3)
must vanish. As a result, w", Y" are parallel with respect to the TCFH connection. Note

3The are many inequivalent ways to write the conditions for the invariance of the action (3.6) under
the transformations (3.9). However, the form given below is suitable for the investigation of this example.
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also that d*F = 0 as a consequence of the field equations and so the last condition in
(3.10) is satisfied.

The commutators of the symmetries (3.9) can be easily computed [61]. After the
identification (3.12) and for the backgrounds investigated below, it can be easily seen
that they do not close to the standard supersymmetry algebra {Q", Q*} = §"*H in one
dimension. This is in agreement with the commutators of the fermionic symmetries
generated by KY forms in [16].

The supersymmetric solutions of minimal D = 4, N = 2 supergravity have been
classified in [108]. A class of backgrounds for which the right-hand side of the last two
equations in (3.3) vanishes are those that admit a null Killing spinor, i.e. a spinor
for which the bilinear K is null. For all such backgrounds, one can demonstrate as a
consequence of the Killing spinor equations that the non-vanishing components of the
fluxes and form bilinears are

k=ke , Y =Y'e , w":w:ie_/\ei,
F=F_ e Ne', "F="F_,e ANe", (3.13)

see [107] for more details, where (e, e™,¢€’) is a co-frame such that the metric ¢ =
2ete”+d;;¢'e, 1, j = 1,2, i.e. the form bilinears and the flux F are null forms. Using this,
one can easily verify that the right-hand-side of the last two equations in (3.3) vanishes.
Therefore particles systems described by (3.6) propagating on backgrounds with a null
Killing spinor and couplings the spacetime metric g and ¢ = *F admit symmetries (3.9)
generated by the associated form bilinears. Such solutions include for example pp-wave
type of backgrounds.

One can also consider the symmetries generated by the TCFH (3.5). The investigation
for this is similar to the one we have presented above for the TCFH (3.3). The only
difference is that in this case I" = x" and ¢ = F. Thus again the spinning particles
described by the action (3.6) with couplings the spacetime metric g and ¢ = F admit
symmetries (3.9) generated by the form bilinears Y and x".

A similar analysis can be performed for supersymmetric backgrounds with a time-
like Killing spinor, i.e. k is a time-like vector. However in this case one can show that
either the condition *F),, Y™ = 0 which arises from the comparison of (3.3) with (3.10)
or F,, Y™ = 0 which arises from the comparison of (3.5) with (3.10), for all » = 1,2, 3,
require that F' = 0. This is because the 1-forms Y are spacelike and span the three
spatial directions of the spacetime, see [107]. The only solutions with F' = 0 are locally
isometric to Minkowski spacetime.

3.3 Minimal D=5, N=1 supergravity
Next let us turn to investigate the TCFH of D = 5, N = 1 minimal supergravity. The
supercovariant connection of the theory is
Z’ 14 v
D,=V, - 4—\/5(1““ PF,, — 4F,,T") . (3.14)
If € is a Killing spinor, D,e = 0 the independent (Killing spinor) form bi-linears up to a
Hodge duality operation are

1
f={(ee), k={(eTqe) e, wh = §<€,Fab€> e Neb
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1
w? +iw? = §<€, Lupé) e® A e, (3.15)

where e, a = 0,1, 2, 3,4 is a co-frame such that the metric is g = nge%’, € = I'jgx€ in the
conventions of [107]. The spinor representation is quaternionic and D acts quaternionic-
linearly, so its kernel is a quaternionic vector space. The supersymmetric backgrounds
have been classified in [109].

The conditions imposed by the Killing spinor equation on the form bilinears have
been derived in [109]. Writing them in a TCFH form, one finds [22] that

21 y 1, 21
VMf = _ﬁFuuk ) V#/{y = % Fp,ypkp - %g;ujf ’
Vi, = 2\/§*F/\M[VWMP] = _2\/§*F/\[prmu] + ﬁgu[v *Fp}aﬂwmﬁ , (3.16)
where pu, v, p = 0,1,2,3,4 are spacetime indices and r = 1,2, 3. In what follows, it is also
useful to state the TCFH for the form bilinears

1 1
)\1 = §<€7Pabc€> €a VANKICIRNVAN GC s /\2 + ZA3 — §<€; Fabc€> ea JARERIA ec 9 (317)

which are Hodge duals to w”. This reads
VN, e = 3V3 Fopin N vais] = —4V3 " Fofpun N ] + 2V3G0000 " Fralap NP g -(3.18)

To find whether the above TCFHs are associated with symmetries of a particle system
propagating on the spacetime consider the action

1 1
S = _§/dtd0(igWDXuath+chpDXuDXvDXP) , (3.19)

where the superfields X are as in (3.6) and ¢ is a spacetime 3-form which depends on X.
Actions with such couplings have been considered before in [61]. This action is manifestly
invariant under one supersymmetry.

Next consider the fermionic symmetry

§X" = al",DX" (3.20)

where the infinitesimal parameter « satisfies the reality condition a* = «. Invariance of
the action under this fermionic symmetry implies [62] that

Vidvy = Vidvg ;L = Iy
dijc — 3irde =0 , (3.21)

where
. 1
VX" =V, X"+ §CVWX” , (3.22)

is a connection with skew-symmetric torsion ¢ and i; denotes the inner derivation* with
respect to I. The associated conserved charge, @), is

Q= I, DX"0,X" + é(dI)WpDX“DX”DX’J + %IAHCA,,,)DX“DX”DX" . (3.23)

4The inner derivation of a m-form y with respect to the vector (k — 1)-form L is ipxy =
1 e
mLyﬂl---/‘k—l Xyltk-~~l’«n+k—2dxul N-ee N dahan=z,
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where D@ = 0 subject to the equations of motion and the conditions in (3.21).
One can also consider the invariance of the action (3.19) under the infinitesimal
(bosonic) transformations

0XH =alt, ,DX"DX" . (3.24)
These transformations leave the action invariant provided [30] that
Luvp = Lywgl + ViLowwsws = VigLoisvs s digc+4dipde =0 . (3.25)
We shall explore these in relation with the TCFH in (3.18). The conserved charge is

Q = Lyyuuu DX" DX™0,XP5 —116(dL)m,,,N4DX“1...DXM

s Lopgps DXM DX DX DXH (3.26)

_
8

To identify the symmetries of a particle system with action (3.19) propagating in the
supersymmetric D = 5, A" = 1 supergravity background, one has to match the conditions
of the TCFH (3.16) with those of the invariance (3.21) of the particle system (3.19). For
this let us consider three independent transformations (3.20) generated by the tensors I”,
r =1,2,3 and identify I" with the 2-form bilinears w” of TCFH, i.e. I" = w". Comparing
the TCFH connection on w” with that on I” in (3.21), one concludes that the coupling ¢
of the particle system should be chosen as

c=2V3*F . (3.27)
Then consistency of (3.16) with (3.21) after this identification requires that
Frap™™ =0, dip*F = 3id"F =0 . (3.28)

These two conditions impose strong restrictions on the possible backgrounds for which
the particle system (3.19) admits (3.20) as a symmetry.

Before we turn to investigate (3.28) for various backgrounds, observe that k is a Killing
vector that leaves F' invariant. As a result . X* = ak* is a symmetry of (3.19).

To find the backgrounds that satisfy (3.28), let us begin with the supersymmetric
backgrounds of D = 5, N/ = 1 supergravity that admit a time-like Killing spinor, i.e.
a Killing spinor such that vector bilinear k is time-like [109]. For such backgrounds,
without loss of generality the Killing spinor can be chosen as € = 1V° in the conventions
of [107], where V' is a spacetime function and the metric and 2-form flux are given as

ds®* = —V*Hdt + B)* + V2ds*
3 1
FeY300  Lagy (3.29)
2 3
with & = 9; and €® = V?(dt + ), where (df3).sq is the anti-self dual component of d
and ds? is a 4-dimensional hyper-Kahler metric. In our conventions w” are self-dual and
in addition dw" = 0, 7,w" = 0 and

wh w, = 6" (Vigukuk,) + VWi, . (3.30)

5The Killing spinor can be expanded in the space of forms as € = al + a’e; + %a”ei A e, where e;
denotes an orthonormal coframe and a,a’,a"”’ are complex valued functions. Then, one can prove that
the representative of the gauge group of the theory on the space of spinors can be chosen as e = 1V
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Also one finds that £,w™ = 0.
The first condition in (3.28) implies that

V =const , (dfB);w™ =0. (3.31)

As V is constant set for convenience V' = 1. Furthermore, the equations of motion imply
that (df)asa = 0. As dw” = 0, set

dp = u,w" (3.32)

where u is a constant vector. Without loss of generality pick (u,) = (1,0,0). Implement-
ing all the restrictions mentioned above, the resulting solution is expressed as

ds® = —(dt + B)* +ds*, F = ?wl : (3.33)
The solution can be viewed locally as a circle fibration over a 4-dimensional hyper-Kahler
manifold whose fibre U(1) curvature is given by w'. It turns out that the last condition
in (3.28) is also satisfied for the transformations (3.20) generated by w? and w®. Thus the
action (3.19) with couplings given in (3.33) is invariant under the transformations (3.20)
generated by w? and w?.

Note that this is unlike what has been encountered before in the context of super-
symmetric sigma models where two supersymmetries of the type (3.20) generated by
I? and I3, respectively, always imply the existence of a third supersymmetry generated
by I?I3. However to derive this, there have been some assumptions. In particular, it
had been taken that I? and I® are invertible and the sigma model manifold is (almost)
hyper-complex. However here w? and w? are not invertible as spacetime tensors and w!
is singled out as the curvature of the U(1) bundle over the hyper-Kéhler manifold.

It remains to solve (3.28) for D = 5, N' = 1 supergravity backgrounds that admit a
null Killing spinor. In such a case the Killing vector bilinear k£ = 0, is null and one can
show that there is a co-frame

et =du+Vdv+nde' , e =h'dv, e =héldx', i=1,273, (3.34)

where (u,v,z'), I =1,2,3 are the spacetime coordinates and V, h,n; depend only on z’
and v. Moreover one has that

wh=e Ae', (3.35)
and

ds® = 2e” et + gy ee’ |

F= —4\1/§€1JKh2(dn)JKdv Ada! — \/TgéuKaKhdxl Adx? (3.36)
where € is the Levi-Civita tensor of the flat metric.

The first condition in (3.28) for all w” implies that h must depend only on v, h = h(v).
It turns out that this condition is also sufficient for the second condition in (3.28) to be
satisfied. There are many solutions with h = h(v). For example one can take n = 0,
h = 1 in which case the field equations imply that V is a harmonic function on R?® with
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3.3. MINIMAL D=5, N=1 SUPERGRAVITY

delta function sources and the solution a multi pp-wave. Another solution is to take
h =1, n=n(z!). Then the field equations imply, see e.g. [107], that

1
@Idnjj =0 s aIa]V = gdn”dnu s (337)

i.e. dn satisfies the Maxwell equation and V' the Poisson equation on R*. For a solution
set ny = Az, A constant 2-form and V = (1/3)6"/\jgAjpz®at + Vy, where 1 is a
harmonic function on R? with delta-function sources.

The commutators of two (3.20) transformations can easily be computed and involve
the Nijenhuis tensor of the I’s that generate the transformations. In the examples ex-
plored above, these do not satisfy the standard supersymmetry algebra in one dimension.
This can be easily seen as w” does not satisfy the algebra of imaginary unit quaternions,
see (3.30). Nevertheless the commutator is a symmetry of the action (3.19).

Next, let us consider whether the 3-form bilinears (3.17) generate symmetries for the
action (3.19). For this consider three transformations as in (3.24) generated by the tensors
L™ and identify L" = A". Then consistency of (3.18) with (3.25) requires that

c=2V3'F, diy"F+4iyd'F=0, FEw7, —F,w’,=0. (3.38)

The third condition above arises from the requirement that the last term in the TCFH
(3.18) must vanish.

There are solutions to the conditions (3.38) for supersymmetric backgrounds with
both a timelike and null Killing spinors. In the former case, the last condition in (3.38)
together with the field equations imply that V' = 1 and (df3).es = 0. Without loss of
generality one again can choose d = w!. The spinning particles described by the action
(3.19) on such such backgrounds are invariant under the transformation generated by
Al but they are not invariant under the transformations generated by A\? and A\3. For
backgrounds with a null Killing spinor, one again finds as a consequence of the last
equation in (3.38) that h = h(v). Then the analysis proceeds as for the symmetries
generated by w” giving the same backgrounds as solutions.

A dynamical system with a 2n-dimensional phase space is Liouville integrable or
equivalently completely integrable provided it admits n independent conserved charges,
including the Hamiltonian, which are in involution, i.e. all n conserved charges Poisson
commute. This definition can be extended to the spinning particle systems described by
the actions (3.6) and (3.19). The phase space of these systems is a supermanifold with
dimension (2D|k), where D is the spacetime dimension and « is the number of worldline
fermions. A generalisation of the Liouville’s definition is to declare that such spinning
particle systems are completely integrable provided that they admit (D|["T+1]) indepen-
dent conserved charges in involution including the Hamiltonian. This is a rather strong
concept of complete integrability as there is no dynamics in the worldvolume fermion
directions because the Lagrangians of spinning particle systems are at most linear in the
worldvolume fermion velocities. Alternatively one can declare that the spinning particle
systems described by the actions (3.6) and (3.19) are completely integrable provided that
they admit D independent (even) conserved charges in involution including the Hamil-
tonian, where the Poisson bracket used is that of the phase space supermanifold of these
systems. This concept of integrability is weaker than that of the direct generalisation of
the Liouville’s definition. One can easily construct first order systems coupled to second
order ones where the Hamilton-Jacobi equation can be separated under the weaker defi-
nition of integrability. The complete integrability of the spinning particle systems, under
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3.3. MINIMAL D=5, N=1 SUPERGRAVITY

either of the two definitions, implies that the underlying bosonic system which can be
obtained by setting all worldline fermions to zero must also be completely integrable. We
shall use this below to determine whether the TCFHs imply the complete integrability
of the spinning particle systems associated with supergravity backgrounds.

The 2-form bilinears of both D = 4 and D = 5 supergravities that generate symmetries
in the spinning particle actions we have investigated are not principal. This means that
they do not have 2 independent eigenvalues. The existence of a principal CCKY form on
a background implies the separability of the geodesic equations and some of the classical
field equations, see e.g. [12, 11]. Therefore one should not expect that the backgrounds
we have investigated exhibit similar separability properties unless they admit additional
symmetries, e.g. additional rotation or axial symmetries. To give an explicit example
consider the solution of D = 5 supergravity which is locally a circle bundle over a 4-
dimensional hyper-Kahler manifold. We have found that a particle system in such a
background admits additional fermionic symmetries. However if one chooses as a hyper-
Kéhler manifold one without additional isometries, e.g K3, one should not expect that the
geodesic equations of the 5-dimensional solution to be separable. In turn the associated
spinning particle system described by the action (3.19) is not completely integrable.

The separability properties of D = 5 N = 1 supergravity backgrounds have been
investigated before in [43, 44, 46]. These authors explored the properties of the general-
ized CKY equation which is the CKY equation with respect to a connection with skew-
symmetric torsion, like V in (3.22). In particular, they considered generalized closed CKY
2-forms, i.e. 2-forms which are closed with respect to d the exterior covariant derivative
associated to V. The 2-form bilinears w” we have considered here do not satisfy the same
conditions as the generalized closed CKY forms. In particular, w" satisty the generalized
CKY equation as a consequence of (3.16) with skew-symmetric torsion ¢ given in (3.27).
However for general supersymmetric solutions w” do not satisfy the closure (or indeed the
co-closure) condition with respect to @, ie. dw' # 0. Of course as a consequence of the
TCFH in (3.16) w" are closed, dw” = 0, in the standard sense. Therefore the gravitational
backgrounds investigated in [43, 44| and in this chapter are different.
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Chapter 4

TCFHs, hidden symmetries and
M-theory backgrounds

4.1 Introduction

One purpose of this chapter is to present the full TCFH of 11-dimensional supergravity.
We shall find that the reduced holonomy of the minimal’ TCFH connection is included
in SO(10,1) x GL(517) x GL(495) while the reduced holonomy of the maximal TCFH
connection is included in GL(528) x GL(496). The latter holonomy is the same as that of
the maximal connection of ITA and IIB TCFH [24]. Then we shall explore the question on
whether the TCFH conditions can be identified with the invariance conditions of a probe
action under transformations generated by the form bilinears. As the supersymmetric
backgrounds of 11-dimensional supergravity have not been classified, we shall focus our
investigation on the M-brane solutions? which include the M2- and M5-branes as well as
the pp-wave and KK-monopole.

Before we proceed with the investigation of the TCFH for M-branes, we shall give
the KS tensors and KY forms associated with the complete integrability of the geodesic
flow of spherically symmetric M-brane solutions, i.e. those that depend on a harmonic
function with one centre. The geodesic equations of these backgrounds are separable in
angular variables. Here we shall present all independent conserved charges which are in
involution. Moreover, we shall demonstrate that a relativistic particle probe propagating
on spherically symmetric M-branes admits an infinite number of hidden symmetries gen-
erated by KS tensors. In addition, we shall find that the spinning particle probe action
admits 2%, 27 and 2* symmetries generated by KY forms on the pp-wave, M2-brane and
Mb5-brane backgrounds, respectively. Spinning particle probes exhibit enhanced worldline
supersymmetry propagating on the KK-monopole.

After this, we shall return to investigate under which conditions the form bilinears
of M-brane backgrounds, which may now depend of a general harmonic function and so
they are not necessarily spherically symmetric, generate symmetries for spinning particle
type of probes. For this, we match the conditions required for a transformation generated
by the form bilinears to leave a spinning particle probe action invariant with the TCFH
conditions on the form bilinears. We shall find that all form bilinears of pp-wave and
KK-monopole backgrounds generate symmetries for the spinning particle probes. This is
because as a consequence of the TCFH and the vanishing of the 4-form field strength for

1See [22] for the definition of these connections.
2These have been instrumental in the understanding of string dualities [110, 111].
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4.2. THE TCFH OF D=11 SUPERGRAVITY

these solutions, the form bilinears are covariantly constant with respect to the Levi-Civita
connection. Furthermore, we demonstrate that there are Killing spinors such that the
1-form, 2-form and 3-form bilinears of the M2-brane are KY forms and so generate sym-
metries for spinning particle probes propagating on this background. A similar analysis
for the Mb5-brane reveals that only the 1-form bilinear generates symmetries for spinning
particle probes. To demonstrate these results, we have computed all the form bilinears
of M-brane backgrounds using spinorial geometry [112].

This chapter is organised as follows. In section 2, we present the TCFH of 11-
dimensional supergravity and give the reduced holonomy of TCFH connections. In section
3, we give the KS and KY tensors of spherically symmetric M-brane backgrounds and
prove the complete integrability of their geodesic flows. In section 4, we identify the form
bilinears of M-branes that generate symmetries for probe actions, and in section 5 we give
our conclusions. In appendix A, we give the form bilinears of the M5-brane. In appendix
B, we explore the symmetries of spinning particle probes with 4-form couplings.

4.2 The TCFH of D=11 supergravity

The supercovariant connection of 11—dimensional supergravity [69] is

V + 25138 (FMV1V2V3V4FV1V2V3V4 - 8FuV1V2V3FV1V2V3) ) (4'1)
where V is the spin connection of the spacetime metric and F' is the 4-form field strength
of the theory. The reduced holonomy of supercovariant connection on generic backgrounds
is included in SL(32,R) [65, 66].

Supersymmetric backgrounds with N-dimensional space of Killing spinors, €, r =
1,..., N, are those that admit N linearly independent solutions to the KSE, D,e" = 0,
where € is a Majorana spin(10,1) spinor®. Given N Killing spinors, one can construct
the form bilinears

o=, k= e, = (L) s Phtops = (€ Do €)
s T S rs
9;},1#2#3#4 = <6 ’ FH1H2H3H4€ > ’ T/L1,LL2;L3;L4;J,5 = < F#1H2#3,“4/J56 . (42)

Note that the form bilinears k£, w and 7 are symmetric in the exchange of €¢” and €* while
the rest are skew-symmetric. There is no classification of supersymmetric solutions of
11-dimensional supergravity. However, there are many partial results. For example, the
maximally supersymmetric solutions have been classified in [87] and the KSE has been
solved for one Killing spinor in [88, 113, 112], see review [107] for the current state of the
art.

The TCFH of 11—dimensional supergravity for the form bilinears which are symmetric
in the exchange of the two Killing spinors has been given in [22]. Here we shall present
the TCFH for all form bilinears. The TCFH of 11—dimensional supergravity expressed
in terms of the minimal connection Df reads

1

1
Fr. . _ af _ P1P2P3P4P5
Du ky = Vyk, = 6Fwaﬂw 6! FvpipapspapsT )
wa =V, w _ F TP1P2P3 — _lF kP
pnrvive T puviv2 9. 3' Hp1p2pP3 vive T 3 uvivap

3Here we follow standard terminology. We can be more precise and call these pinors as we need to
know how they act in the whole Clifford algebra.
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pLP2P3P4 |

p1p2P
9. 3|T[MV1 P p1paps T 3. 4|gu[V1TV2} pLP2P3P4

F — _ U= p1P2P3 __
Du Torvavsvavs = Y pTorvausiars + 5FM[V1V2V3WV4V5] 6 Fu[szVslmpzpsleus} =
1
__* 4 _ _ P1P2P3*
6 FMV1V2V3V4V5pk5 + 9 [pv1vovs Wrgvs)] 67—[W1 FV2V3V4V5]p1p2p3
10 5

P _ 2 P1p2P3 P4
3 i W’ va Frgvavs)p 189u[V17V2 Fosvavs)orpapsps s

1 V1V
,fo = Vuf = EF;WWQVsSO >

gPrr2es

F — b P12 S
Du Puivavs = V uPrivovy — 4F.U[V1|Plp2|6 vovg] — 69#[1/1 Fs1p1p2p4] 3]

1 1 1
——*F pP1P2P3 __ P12 __F
36 pv1vavsp1p2ps 9 [MVl\plmle Vs3] 3 HV1V2V3f )

1
F — _Ix P1P2P3 P _
D# Ovivavsvs =V pubvivavsa ulvrvevslprpaps) 0 va] T 3E ufurunlpl P’ vava) =

) 3
_ * pP1P2P3P4 __ __ * P1P203
18gu[u1 FV2V3V4]p1pzp3p49 18 F[umlle/glplpng\e 4]

_gu[mFl/zus\plpzl@plmm] + g [uuluz\p\‘PPIQVd ) (4'3)
where for simplicity we have suppressed the indices r and s on the form bilinears with
label the independent Killing spinors. In our conventions e€piasasersoy = —1, “Flypp, =
%em...w””'”‘lel...m and I'y = I'g_o, where § denotes the 11th direction. Clearly, the
equations above are of the form stated in (1.1), where Q is the multiform spanned by
the form bilinears (4.2), Q can be read from the terms in the right-hand side of (4.3)
that explicitly contain the spacetime metric g and P is spanned by the remaining terms
on the right-hand side of (4.3). Clearly (4.3) provides a geometric interpretation of the
conditions induced by the KSE on the form bilinears as it relates them to a generalisation
of the CKY equations.

Viewing Df as degree non-preserving connection on k-forms, £k = 0,1,2,3,4,5, the
reduced holonomy of Df factorises as the connection preserves the subspaces of k-degree
forms for k = 1,2,5 and for £ = 0, 3, 4, i.e. it preserves the subspaces of the form bilinears
which are symmetric and skew-symmetric under the exchange of the two Killing spinors.
This is also the case for the maximal connection defined in [22] which we do not consider
here in detail. In addition, Df preserves the subspace of 1-forms, and the subspace of
2- and 5-forms, and acts trivially on 0-forms. As a result the reduced holonomy of Df
is included in SO(10,1) x GL(517) x GL(495) group. Note that the reduced holonomy
of the maximal connection is included in GL(528) x GL(496) as it does not preserve the
subspace of 1-forms but instead, it mixes them with the subspace of 2- and 5-forms and
it acts non-trivially on 0-forms. The reduced holonomy of the maximal connection is the
same as that of the maximal TCFH connections of type ITA and type IIB supergravities
[24]. Of course, for special backgrounds, the holonomy of D7 reduces further.

4.3 Symmetries of probes on M-brane backgrounds

4.3.1 Symmetries and integrability

In the examples that follow below, the complete integrability of the geodesic flow of the
spacetimes considered is due to the large number of isometries that these spacetimes
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admit?. As the Lie algebra of these isometries is not abelian, the associated conserved
charges are not in involution. Nevertheless, it is possible to use these charges to construct
new ones associated with KS tensors which are in involution, see the example below.

4.3.2 Complete integrability of black hole geodesic flow

Before we proceed to investigate the symmetries of probes on M-theory backgrounds, let
us present some examples. The standard example is the integrability of the geodesic flow
of the Kerr black hole. However more suitable for the results that follow are the examples
of Schwarzschild and Reissner-Nordstrom black holes in four and higher dimensions. The
metric of both these solutions in four dimensions can be written as

g = —A(r)dt* + A7 (r)dr® + r*(d6? + sin® 0d¢?) . (4.4)

The associated geodesic equations of the metric above can be explicitly separated in the
stated coordinates. However, it is instructive to provide a symmetry argument for the
complete integrability of the geodesic equations.

The isometry group of the above backgrounds is R x SO(3). There are two commut-
ing isometries given by ky = 0; and ky = J, which give rise to the conserved charges
Ky = p; and K; = py. These together with the Hamiltonian H = %g“"pupl, give three
conserved charges in involution. Note that [K,, H|xs = Lk, ¢"'pup, = 0, 7 = 0,1, as k,
are isometries. It remains to find a fourth conserved charge in involution for the complete
integrability of the geodesic system. For this consider the Killing vector fields

ki =0y, ko= —sin¢gcotf0;+ cospdy, ks = cos¢cothO,+ sinpdy , (4.5)

which generate the SO(3) isometry group and notice that [k, ky) = —€4°k.. Then another
conserved charge can be constructed utilising the (quadratic) Casimir operator of the Lie
algebra of SO(3) which can be used to construct a symmetric tensor that commutes with
all the isometries of the background. As the quadratic Casimir is proportional to the
identity matrix in the basis chosen for the Lie algebra, the associated symmetric tensor
is

1

sin? 6

d= 0", 2k, =

(05)" + (3p)" - (4.6)

This is a KS tensor because k, are Killing vectors. Thus

Q(d)

= mpzs + 15, (4.7)

is a conserved charge of the geodesic flow of the metric (4.4). It turns out that K,, H
and Q(d) are independent and in involution implying that the geodesic equations are
completely integrable for any function A = A(r) in (4.4).

The metric (4.4) also admits a CCKY 2-form [11]. This is given by

B =rdtNdr, (4.8)
which can be verified after a computation. The dual

a=*B=r3sinfdd Ado , (4.9)

4See 2.5 for a review of the main concepts used in this chapter.
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is a KY 2-form. As a result, it generates a symmetry for the spinning particle action
(2.55) given by the infinitesimal variation in (2.56). There are four additional KY 1-
forms constructed from the Killing vector fields kg, ki, ko, k3 using the metric. All of
which generate symmetries for the action (2.55). One can also square the KY tensor
(4.9) to construct a KS tensor. It turns out that this is not independent from (4.6).

The analysis we have done can be extended to black holes in higher than four dimen-
sions. Indeed consider the metric

g=—A(r)dt* + A~ (r)dr?* +r?g(S™) , (4.10)

where ¢(S™) is the round metric on S™ with n > 2. Again the geodesic equation can
be separated in angular coordinates and the geodesic flow is completely integrable. The
above metric admits a R x SO(n + 1) group of isometries. Viewing S™ embedded as the
hypersurface, Y, (z")? = 1, in R™™', the Killing vectors of the spacetime metric g can be
written as

ko = Oy , kij = IZ'&]‘ — x]@i 1< 7, (411)

whereé,7 =1,...,n+1 and x; = 2'. Note that k;; are tangent to S™ as (d(2? —1))(ki;) =
kadxk(kij) = 0. The associated conserved charges are Qo = p; and Q;; = x;p; — z;p;,
where p; is the momentum on S™ and so z'p; = 0. These conserved charges are not in
involution. However

Q. Dm== Y (@), m=2..n+1, (4.12)
i,j>n+2—m
are independent conserved charges of the geodesic flow and in involution which together
with the Hamiltonian, H, of the geodesic motion imply the complete integrability of the
geodesic flow of the metric (4.10).
To explain the choice of D,, charges in (4.12), note that D,,.; is the Hamiltonian of
the geodesic flow on S™ and it is constructed using the quadratic Casimir operator of
so(n + 1). The so(n + 1) algebra admits a decomposition

50(2) Cs0(3) C--- Cso(n) Cso(n+1). (4.13)

The D,, conserved charge is constructed using the quadratic Casimir operator of the
s0(m) subalgebra of so(n+1). At each stage as the quadratic Casimir operator of so(m)
is invariant under so(m), it is also invariant under the so(m — 1) subalgebra of so(m).
Therefore the quadratic Casimir operator of so(m — 1) commutes with that of so(m). As
a consequence, D, i is in involution with D,,. This method of constructing observables
in involution has been generalised and used in [114] to investigate the integrability of
geodesic flows on homogeneous manifolds.

Moreover, a direct computation reveals that 5 in (4.8) is a CCKY form for the metric
(4.10) and therefore its dual « is a KY n-form. It turns out that § in (4.8) is a CCKY
with respect to a metric as in (4.10) with ¢(S™) now replaced with the metric, g(N), of
any n-dimensional manifold N provided it is independent from the coordinates r and t.

4.3.3 Hidden symmetries and spherically symmetric M-branes

Next, let us turn to investigate the symmetries of relativistic and spinning particle probes
described by the actions (2.51) and (2.55), respectively, propagating on M-branes. The
focus will be on those KS and KY tensors which give rise to conserved charges related to
the integrability of the geodesic flow on some of these backgrounds.
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M-theory pp-waves
The M-theory pp-wave solution is

1 o
g = 2du(dv + éh(y, v)du) + §;;dy'dy’ (4.14)

with F' = 0, where (u,v,y) are the coordinates of 11-dimensional spacetime and h is a
Harmonic function on R?, 97h = 0. As the d;h = 0 condition appears in other M-brane
backgrounds below, the solutions of this equation that we shall be considering on R",
n > 2, are

_q0+z‘y y|n27 q020717 (415)

where ¢, are constants, | - | is the Euclidean norm on R" and y,, are the centres or
positions of the harmonic function A.

Here we shall investigate the symmetries of probes propagating on a spherically sym-
metric pp-wave, i.e. a pp-wave that depends on a harmonic function with one centre.
After a coordinate transformation to put the centre at 0, h = ﬁ, where ¢ is constant

denoting the momentum of the pp-wave. This solution has an R? x SO(9) symmetry
generated by the Killing vector fields k, = 0, k- = 0, and

kij = v:i0; —y;0; , 1<], (4.16)

where y; = y'. The latter vector fields are generated by the action of SO(9) on the y
coordinates.

Clearly all the above vector fields generate symmetries for the probe action (2.51)
with conserved charges

Q= Q(ks) =ps , Qij = Q(kij) = yiv; — Y;pi - (4.17)

In addition, one can demonstrate with a direct calculation that
dil"'k = yjl A yjqa’jl...jq,il...ik ) (418)

are KS tensors of the pp-wave spacetime provided that the constant tensor a satisfies the
condition®

Ay ggrir)oie = Q. (grinig) = 0 - (4.19)

These in turn generate transformations as those in (2.53) which leave the action (2.51)
invariant. The associated conserved charges are given in (2.54) or equivalently in (2.62).
It is evident from the above analysis that a probe described by the action (2.51) and prop-
agating on this pp-wave spacetime, and so the geodesic flow, admits infinite number of
hidden symmetries. Note that KS and KY tensors on 4-dimensional pp-wave spacetimes
have been investigated before, see e.g. [115, 116].

Although the probe (2.51) admits an infinite number of symmetries propagating on
a pp-wave background, it does not immediately imply that the dynamics is completely

°For q = k, the (0,2q) tensors that lie in the irreducible representation of GL(9) associated with the
2 rows and ¢ columns Young tableau solve the condition on a. A similar statement is true for the KS
tensors of the M2- and Mb5-branes below.
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integrable. Clearly the conserved charges Q;; = Q(k;;) and Q+ = Q(k1) generated by
the vector fields k;; and ki are not in involution-the Poisson bracket algebra of @);; is
50(9). However, @);; can be used to construct conserved charges which are in involution.
In particular, one can show that the 10 conserved charges

Q:I: y Dm = i Z (Qij)2 s m = 2, e ,9 s (420)

i,j>10—m

are in involution. These together with the Hamiltonian of the geodesic system H =
%g“"pup,, give 11 independent conserved charges in involution leading to the complete
integrability of the geodesic flow. As in the black hole analysis, Dy is the Hamiltonian
of the geodesic flow on S® which is constructed from the quadratic Casimir operator of
50(9).

Turning to the investigation of the symmetries of the probe (2.55) propagating on a
pp-wave, one has to determine the KY tensors of the background. One can verify after
some calculation that

Bly) = vidy' A ANduAdv (4.21)

are CCKY forms for any constant k-form ¢ on R?, where y; = y*. As aresult a(p) = *S(y)
are KY forms. These generate the transformations (2.56) which leave the spinning par-
ticle action (2.55) invariant with associated conserved charges given in (2.58). Therefore
the probe (2.55) propagating on a pp-wave background admits 28 linearly independent
conserved charges® generated by the KY forms a(yp).

M2-branes

The M2-brane solution [72] can be expressed as
g = b 3nudo®de® + h3dydy'dy’ | F = +do® Ado' Ado® Adh™" | (4.22)

where 0%, a = 0, 1,2, are the worldvolume coordinates of the brane, y*, i = 1,...,8, are
the transverse coordinates and h is a harmonic function ajh = 0 on the transverse space
R®. An explicit expression for h is as in (4.15) with gy = 1 and n = 8.

For the spherically symmetric M2-brane solution that we shall consider in this section
h=1+ ‘y%. This solution is invariant under the action of the SO(1,2) x R* x SO(8)
group, where the Poincaré group acts on the worldvolume coordinates of the M2-brane
while SO(8) acts on the transverse coordinates with standard rotations. The Killing
vector fields are k, = 04, kap = 040, — 030, and k;; = y;0; — y;0;, where o, = Nap0”
and 3" = y;. It is clear that the probe (2.51) propagating on this background admits
symmetries generated by these vector fields and the associated conserved charges are

Qo =Qka) =pa s Qab=0aPb — OoPa » Qij = Q(kij) = vip; — y;pi - (4.23)

As for the pp-wave, the probe (2.51) admits additional symmetries generated by KS
tensors. To find these tensors we use an ansatz which preserves the worldvolume Poincaré
symmetry of the solution. Then after some computation, one can verify that
l _ . .
d = h3(k 2m)y31 .. -yjqajl‘..jq,il...ikn(alaz < Nagm_1a2m) > (424)

aj...agmil...1k

6The maximal number of independent KY k-forms [17] on a n-dimensional spacetime is (n+1)!/((k+

D)l(n — k).
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4.3. SYMMETRIES OF PROBES ON M-BRANE BACKGROUNDS

are KS tensors provided that the constant tensors a satisfy

A(51...5q,01) i — Aj1.(Ggyit-ip) — 0. (4-25)

These in turn give additional conserved charges (2.54) for the relativistic particle probe
(2.51). Therefore the probe (2.51), and so the geodesic flow on this M2-brane, admits an
infinite number of hidden conserved charges.

The dynamics of the relativistic particle (2.51) propagating on this M2-brane back-
ground, and so the geodesic flow, is completely integrable. Indeed one can verify after
some calculations that the conserved charges

Qu | Dm:}1 (@), m=2,....8, (4.26)

i,j>9—m

are in involution. These together with the Hamiltonian of the relativistic particle (2.51)
yield 11 independent conserved charges in involution.

Next, let us turn to investigate the symmetries of the spinning particle probe (2.55)
propagating on the spherically symmetric M2-brane. Clearly the Killing vector fields
of the M2-brane generate symmetries for the probe (2.55). Additional symmetries are
generated by the KY forms of this M2-brane. To find these, we adapt an ansatz which
is invariant under the worldvolume Poincaré group of the M2-brane. Then after some
computation, one finds that

Blp) = hi " Dyidy A o A dvol(R*!) | (4.27)

are CCKY tensors of the M2-brane for any constant k-form ¢ on R®, where dvol(R*?)
is the volume form of R*!. As a result a(p) = *B(p) are KY tensor and so spinning
particle action (2.55) is invariant the under transformation (2.56) generated by a(ep).
The associated constants of motion are given in (2.58). These KY tensors generate 27
linearly independent hidden symmetries for the action (2.55). .

M5-branes
The Mb5-brane solution [73] is

g = h 3ngdo®do® + hidydy'dy’ | F =+ xsdh (4.28)

where 0%, a = 0,...,5, are the worldvolume coordinates, 3, i = 1,...,5, are the trans-
verse coordinates, the Hodge duality operation has been taken with respect to the flat
metric on the transverse space R®> and h is a harmonic function, 8§h =0, on R%. h is
given in (4.15) with n =5 and ¢o = 1.

For the spherically symmetric M5-brane solution that we consider here, h has one
centre and so it can be arranged such that h = 1 + #. Such a solution admits a

SO(1,5) x R® x SO(5) isometry group. The Killing vector fields are k, = 04, kap =
0,0y — 030, and k;; = y;0; — y;0;, where y; = y' and 0, = nu0°. The transformations
generated by these vector fields leave invariant the relativistic particle action (2.51) and
the associated conserved charges are

Qo =Da, Qab = 0aPb — OpPa Qij = YiPj — Y;Pi - (4‘29)
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4.3. SYMMETRIES OF PROBES ON M-BRANE BACKGROUNDS

As for M2-branes, relativistic particles propagating on the above Mb5-brane background
admit additional symmetries associated with KS tensors. Adapting again an ansatz which
is invariant under the worldvolume Poincaré symmetry and after some computation one
finds that

d = h3(2k )yjl o yjqajl...jq,il...ikn(alag s na2m71a2m) ) (430)

aj...a2mil...1k

are KS tensors provided that the constant tensors a satisfy

A1 Ggyin)-ie = Aji...(fgsin-ix) — 0. (4'31)

Clearly, these generate infinitely many hidden symmetries for the relativistic particle
action (2.51). So the geodesic flow on the spherically symmetric M5-brane has infinite
many conserved charges.

Furthermore, one can show that the dynamics of relativistic particles propagating
on this M5-brane is completely integrable. Indeed one can verify that the 10 conserved
charges

Qu | Dm:i S @), m>2....5, (4.32)

1'7]26*771

are in involution. These together with the Hamiltonian of (2.51) yield 11 independent
conserved charges in involution as required for complete integrability.

As for the M2-brane, the spinning particle action (2.55) admits, in addition to the
symmetries generated by the Killing vectors field of the M5-brane, hidden symmetries
generated by KY forms. To find these we adapt an ansatz which is invariant under the
worldvolume Poincaré group of the M5-brane. Then after some computation, one can
verify that

Ble) = h3® Dydy’ A o A dvol(R>) | (4.33)

are COKY forms for any constant k-form ¢ on R®. As a result a(p) = *B(p) are KY forms
and so generate symmetries (2.56) for the spinning particle probe (2.55) with conserved
charges (2.58). These KY forms generate 2* linearly independent hidden symmetries.

KK-monopoles

The KK-monopole solution is
g = nado®do’ + gy, gy =h ' (dp + w)?* + hédy'dy’ | (4.34)

with /' = 0, where 0%, a = 0, ..., 6, are the worldvolume coordinates and g, is in general
the Gibbons-Hawking hyper-Kahler metric with x3dh = dw. h is a harmonic action on
R?, 92h = 0. An expression for i can be found in (4.15) for n = 3.

Here we shall consider the KK monopole solution with g4 the Taub-NUT metric. In
such a case h has one centre and so one can set without loss of generality h = 1+ \%I' The
isometry group of the solution is SO(1,6) x R” x SO(2) x SO(3). As for the solutions
investigated already, the Killing vector fields generated by the Poincaré subgroup acting
on the worldvolume coordinates are k, = 0, and ky, = 0,0, — 0,0,. To give the vector
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4.3. SYMMETRIES OF PROBES ON M-BRANE BACKGROUNDS

fields generated by the SO(2) x SO(3) subgroup, write the Taub-NUT metric g is
angular coordinates as

gy = h™'(dp + qcos 0d¢)* + h(dr* + r*(df? + sin® 0d¢?)) | (4.35)
with |y| = 7. Then the Killing vector fields generated by SO(2) x SO(3) are given by
sin ¢

léozap, 1}1:3¢, 122:—51n¢cot98¢+cos¢89+q1 08
kg—cos¢cot68¢+sm¢89—q(;0§z) ) (4.36)

The SO(3) Killing vector fields are as in (4.5) with the addition of a component along 0,
because w is not invariant under (4.5) but instead it is invariant up to a gauge transfor-
mation.

As the relativistic particle action (2.51) is invariant under all these isometries, the
associated conserved charges are QQ, = Po, Qub = TuPb — TbPa QO = p, and QT = klpz,
r =1,2,3, where 0, = 10" and l;:,n are given in (4.36). The background admits several
KS tensors. As the solution is a product R%! x N, where N is the Taub-NUT manifold,
one can consider the KS tensors of R®! and N separately. One can easily verify that the
symmetric tensors

b b
..o qcbl...bq,al...ak R (437)

dal...ak =0

are KS tensors’ provided that the constants ¢ satisfy Cy..(bgar..a) = 0. IV also admits
three KS tensors given in [118] which we shall not explicitly state them here. They
are constructed from the Kéhler forms and the KY tensor of N given below. All these
isometries and KS tensors generate infinite number of symmetries for the relativistic
particle action (2.51).

The dynamics of the relativistic particle probe (2.51), or equivalently the geodesic
flow, is completely integrable on this background. Indeed the commuting isometries
of the KK-monopole are k, = 80‘“ ko = 0, and ky = 0p. These together with the
Hamiltonian of the geodesic system give ten conserved charges in involution. There is
an additional independent conserved charge in involution associated with the quadratic

Casimir of SO(3) and constructed using the Killing vector fields (4.36) as
1

D=
sin? 0

(ps — qcosOp, )+ pa + ¢*p2 (4.38)

which proves the statement. The integrability of the geodesic flow on the Taub-NUT
space has been known for some time, see [118].

The SO(1,6) x R” x SO(2) x SO(3) isometries mentioned above also generate symme-
tries for the spinning particle probe (2.55) propagating on the KK-monopole background.
Such probes have additional hidden symmetries. For example, it is well known that gqy
is a hyper-Kéhler metric for any (multi-centred) harmonic function h. The associated
Kahler forms are

. 1 ) .
= (dp+w) ANdy" — Sheirdy’ A dy* . (4.39)

"There is a systematic investigation of KS tensors on Minkowski spacetime as well as on some black
hole spacetimes. For example there is a 20 dimensional space of rank 2 conformal KS tensors on 4-
dimensional Minkowski spacetime, see for a summary [117]. But the approach adopted here suffices.
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4.4. HIDDEN SYMMETRIES FROM THE TCFH

These 2-forms are anti-self-dual on the transverse directions of the KK-monopole, par-
allel with respect to the Levi-Civita connection and the associated complex structures
satisfy the algebra of imaginary unit quaternions. As a result, these Kahler forms can
be thought as KY tensors and so generate symmetries (2.56) for the probe action (2.55)
with conserved charges (2.58).

The KK monopole admits additional KY tensors. These are those of R®!' and those
of N. Observe that

o= %(Xalmak + Ubgob,al,,,ak) do™ A --- Ndo® | (4.40)

are KY tensors of R%! for any constant tensors y, ¢ with the latter to satisfy vpa,. o, =
Plbar..ay) [17]. If N is the Taub-Nut space, it is known [118], see also [119], that

& = (dp + qeos 0de) Adr + r(2r + q)(1 + =) sin6d0 A do , (4.41)
q

is the KY form. All these KY forms generate symmetries for the spinning probe action
(2.55). Incidentally the three KS tensors mentioned above are constructed from squaring
& with /{(i).

4.4 Hidden symmetries from the TCFH

4.4.1 Hidden symmetries and M-theory pp-waves

Assuming that the pp-wave propagates in the 5th direction® and allowing the pp-wave
metric (4.14) to depend on a (multi-centred) harmonic function as in (4.15) with ¢y = 0
and n = 9, the Killing spinors of the background are constant, ¢ = ¢; and satisfy the
condition® T'ysep = F=€g. To solve this condition, we shall use spinorial geometry and write
€0 = N+esA\, where np and \ are Majorana'® spin(9) spinors'!, i.e. n, A € A*(R{ey, ..., eq))
with the reality condition imposed by the anti-linear operation ['g7z9*. Choosing the plus
sign in the condition for €y, this can be solved to yield € = ¢y = 1, i.e. ['g5¢9 = €y implies
that A = 0.

Given the solution of the condition on e implied by the KSE, it is straightforward to
compute all the bilinears of the background. In particular one finds that f™* = 0 for all
Killing spinors and the rest of the form bilinears (4.2) can be written as

(2 —€e°) A" (4.42)

where

1 . .
QSTS - E <77T7 F211k773>H et N Net ) k= 07 17 27 37 4 ’ (443)

8This choice of worldvolume directions for the pp-wave, and those of the rest of M-branes below, may
seem unconventional. But they are convenient as they are aligned with the basis used for the description
of spinors in the context of spinorial geometry that we utilise to solve the conditions on the Killing
spinors.

9All gamma matrices considered from in section 4 and appendix A.4 are in a frame basis.

1ONote that the reality condition on € in the spinorial geometry basis is I'g7gg * € = € which in turn
implies that n and A are real as well.

11 As before, more precisely these are pinors as we need to know how 1 and A act on the odd part of
the Clifford algebra.
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4.4. HIDDEN SYMMETRIES FROM THE TCFH

(-, ) g is the Hermitian inner product restricted on the Majorana representation of spin(9)
and iy, ...,1, = 1,2,3,4,6,7,8,9,1. Moreover (e', e® ¢') is a pseudo-orthonormal frame
such that —e® + ¢® = 2 du, € + e® = V2 (dv + $hdu) and e’ = dy after a relabelling of
the transverse coordinates y of the spacetime. For example k™ = (", n®) g (¢Y — €°) and
SO on.

It remains to specify the k-form bilinears ¢"®. It turns out that these span all the
constant forms on the transverse space of the pp-wave up and including those of degree
4. To see this decompose ¢™ = ef A o™ + (", where o’* and ™ have components
only along the directions transverse to ef. The tensor product of two Majorana spin(8)
representations, Aq1g, can be decomposed as

A]_ﬁ ® Alg == @2:0Ak<R8> . (444)

Therefore the forms " which are up to degree 4 span all forms of the same degree on
R® subspace transverse to e?. On the other hand the Hodge duals of the forms " span
all forms of degree 5 and higher in R®. Thus the space of all bilinears of a pp-wave spans
a 28-dimensional vector space.

As for the pp-waves we have been considering the 4-form field strength F' vanishes,
all the form bilinears are covariantly constant with respect to the Levi-Civita connection.
As a result, all of them generate symmetries for the spinning particle probe action (2.55).
The associated conserved charges are given in (2.58). They also generate symmetries for
string probes as well similar to those investigated in [24]. The algebra of symmetries can
be of W-type and has been described in [33, 32].

4.4.2 Hidden symmetries and the KK-monopole

Choosing the worldvolume directions of the KK-monopole along 012567 and allowing h
in (4.34) to be any multi-centred harmonic function as in (4.15) with n = 3, the Killing
spinors € = ¢y of the background satisfy I'syg9eg = F€g, where €, is a constant spinor.
To solve this condition with the plus sign, we shall use spinorial geometry and write
€0 =n' + ez AN +e3 An? + eg AN N2, where n and \ are Dirac spinors of spin(6,1), i.e
n, A € A*(C(eq, es,e5)). To begin, let us assume that ¢y is a complex spinor and impose
the reality condition at the end. Then I'syzgeg = €y implies that n? = A2 = 0 and so
€0 = N+ esq AN\, where n = n! and A = A'. The reality condition on €y, Igrz9 * €9 = €0,
implies that A = —I'g7n*. Therefore the spinors that solve the Killing spinor condition
are

e0="n—es A", (4.45)

where 7 is any Dirac spin(6, 1) spinor.
The non-vanishing Killing spinors bilinears read

7 =2Re(n",n°) , k" =2Re(n",Ton’)e”,
W' = %Re(nr, Lapn®ye® A e’ — 2Re(n”, A*)(e* A et — e® Ae?)
—2Im(n", n*)(e* A e® + et Ae’) — 2Im(n", NN (e Ae? — et Aed)
P = §Re<777", Capen®he® Ae? Aef — 2Im(n", Tan®)(e® A e® +e* A e?) A e
—2Im(n", T, A%) (e Ae? — et AeP) Ae® |
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1
0" = ERe(nr, Capean®ye® Ae? Aec Aet —Re(n", TapA*)e® Ae? A (2 Aet —eB Ae?)
—Im(n", Tan®le® Ae® A (2 Ae® + et Ae?) —Im(n", TapA¥)e® Ae? A (e Ae? — et Aed)
+2Re(n", n¥)e* Aet AeB A e,
T = @Re(n Layas®he™ Ao Ae® 4+ 2Re(n”, Tan®Ye® Aed Aet Aed A e’
1
—gRe@y’", Capc e Ae? Ae A (€2 Aet —eB Ae)
1
—§Im<nT, LCapen®he® Ae® AeC A (B Aed +et Ae?)
1
—§Im<nr, CapcAe Ae? Aet A (B ne —et Ned) (4.46)

where (-,-) is the Dirac inner product, a,b,c = 0,1,2,5,6,7,1, ¢* = dz®, and €', i =
3,4,8,9, is an orthonormal frame of gy in (4.34), e.g

(dp+w), e =hidy*, e =hzdy", e®=h2dy®, (4.47)

N:\»—t

et =h"

after a relabelling of the coordinates of the spacetime. The bilinears of the spinors 7 span
all real forms on the worldvolume R%! of the KK-monopole solution. The argument is
similar to that produced for the pp-wave.

As for the KK-monopole solution, the 4-form field strength vanishes F' = 0, a con-
sequence of the TCFH is that all the form bilinears in (4.46) are covariantly constant
with respect to the Levi-Civita connection. As a result, they generate symmetries (2.56)
for the spinning particle probe (2.55). The conserved charges are given in (2.58). The
algebra of symmetries can be a W-type of algebra [33, 32].

4.4.3 Hidden symmetries and the M2-brane

Choosing the M2-brane worldvolume directions along 05, the Killing spinors of the so-
lution are € = h_%eo, where ¢ is a constant spinor satisfying the condition Iosyep =
+¢p and h is a (multi-centred) harmonic function as in (4.15) with n = 8. To solve
the condition with the plus sign use spinorial geometry to write ¢g = n + e5 A A,
where 7, A € A*(R(ey,e2,e3,€e4)). Then the condition I'psep = € implies that n, A €
A% (R{eq, eg, €3, €4)), i.e. M, A are Majorana-Weyl spin(8) spinors, where the reality con-
dition is imposed with the anti-linear map ['g7gg*.

Using the solution of the condition on the Killing spinors and setting ¢™ = h_%gg”
for for all bilinears ¢"*, one can easily find

fr8:_< 7)‘>H+<>‘r7775>H7
k” (7" n%)m + (N, A% m)e” () + (NN m)e® + (07, A+ (N, n°) et
= (0", X+ N 0% m)e® A e+ (", n*)m — (N, X%) i )e® A el

1 . .
(=" ") — (NN m)e’ A et + 5(—(77T,Fij/\s>H + (N Tyn*)m)e’ Nel

1 ) . 1 . .
B 5( 0" D’y + (N Ty X ) m)e’ Ael Ae + 5(—(77T, Lin® ) + (N LA m)e® Aet Aed
1
*3

(n"
(0", DA+ N T’ ) m)ef Aet Ae? + (=" X+ (V) )e” A e’ Aet
%(((ﬂra Lo’y i + (A DX ) i)e® Ae® + (07, Tign®) i — (A7, Ty A%) ) e A ef
—((n", Din®ym + (N, TN m)e® A eb> Ae'Nel
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1 . ‘
(" Doy A — (N Liy ™y m)e™ Ao Ae'

4!
07‘5_1 /T Y N - 0 5 b 7 i l r 8 0__ 5
T = 2( (n , Lij Y+ Lign yu)e NeP Nef Net Aed + A1 " iy ) (e e’)

+<>‘T7 I‘ilmial/\s)l'{(eo + 65) + (<77T7 F1’1~~~2'4>‘S>H + <)‘T7 Fi1~~i4ns>H)€h) A eil ARRERA 6i4 7(448)

where (e%,e') is the pseudo-orthonormal frame with e* = h™'/3do®, a = 0,5,4, and
el = WSyt i, 5, k.0 = 1,2,3,4,6,7,8,9, after an appropriate relabelling of the coordi-
nates of the spacetime. As the product of two positive chirality Majorana-Weyl spin(8)
representations, Ag, is decomposed as

@A = A°(R®) @ A% (R®) @ A*(RY) (4.49)

it is expected that the form bilinears above span all the 0-, 2- and self-dual 4-forms along
the transverse directions of the M2-brane.

It remains to find which of the above form bilinears are KY tensors with respect to the
Levi-Civita connection so that generate symmetries for the spinning particle probe (2.55).
To begin as the 1-form bilinears k are Killing they generate symmetries for the action
(2.55) and the associated conserved charges are given in (2.58). For the bilinear w to be
a KY form, it is required that the terms in the TCFH connection that are proportional
to F' as well as those in the TCFH that contain explicitly the spacetime metric g must
vanish. After some investigation, these terms vanish provided that the components, T4,
of the form bilinear 7 are zero, Tu;; = 0. This in turn implies that w;; = 0. Setting
wij =0, w= %wabe“ A€’ is a KY tensor and generates a symmetry transformation (2.56)
for the action (2.55) with associated conserved charge given in (2.58). Note that w has
components only along the worldvolume directions of the M2-brane. There are Killing
spinors such that w # 0, even though w;; = 0, as a consequence of the decomposition
(4.49). A similar investigation reveals that 7 cannot be a KY form as the conditions
arising from the analysis of the TCFH imply that 7 = 0.

Next ¢ is a KY form with respect to the Levi-Civita connection provided that the
terms proportional to F' in the TCFH connection as well as those in the TCFH that
contain explicitly the spacetime metric g vanishes. This is the case provided that the
components, 8, of 6 vanish, 04,; = 0. This in turn implies that ¢,;; = 0. Therefore
P = %apabcea Neb Aefis a KY form and so generates a symmetry for the spinning particle
probe action (2.55) with conserved charge (2.58). Note again that the KY form ¢ has
components only along the worldvolume directions of M2-brane and that there are Killing
spinors such that ¢ # 0 even though ¢,;; = 0 as a consequence of (4.49). A similar
investigation concludes that @, as 7, cannot be a KY form.

4.4.4 Hidden symmetries and the M5-brane

Choosing the worldvolume directions of the M5-brane along 012567, the Killing spinors
of the background are € = h_ﬁeo, where the constant spinor €, satisfies the condition
[si01€0 = +€o and h is a multi-centred harmonic function as in (4.15) with n = 5.
To continue it is convenient to solve the condition on €y with a plus sign by taking
€p to be complex and impose the reality condition on ¢y at the end. Indeed for ¢
complex, one can use spinorial geometry to write ¢g = n' + esy AN 4+ e3 An? + eq A
A2 where n',n?, A, A2 € A*(C(eq, e, e5)). Then the condition I'ssseeg = €o implies
that n', 7%, AL, A% € AY(Cley, e, e5)), i.e. n',n? A1, A? are positive chirality spinors of
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spin(5,1). Next imposing the reality condition on ey, [grs9 * €¢ = €p, one finds that
M = —Tg:(nh)* and A\? = —T¢7(n?)*. Hence the spinors that solve the Killing spinor
condition are

co="n"—esa Aler(n')* +es An® —es ATer(n?)* (4.50)

where n',n? are any positive chirality spin(5,1) spinors. The form bilinears of the Mb5-
brane expressed in terms of the n' and n? spinors can be found in appendix A .4.

The 1-form bilinears k™ are isometries and so generate symmetries for the spinning
particle probe action (2.55). Next for the bilinear w to be a KY tensor, and so generate a
symmetry for the spinning particle probe (2.55), the term that contains F' in the minimal
TCFH connection D7 and the term proportional to the spacetime metric g in the TCFH
(4.3) must vanish. This is the case provided that the component, 7;jxs, of 7 vanishes.
However this in turn implies that w = 0 and so w does not generate a symmetry. It turns
out 6, like w, does not generate a symmetry for the probe (2.55) because the conditions
required by the TCFH for 6 to be a KY form are too restrictive and yield 8 = 0. Next
¢ is a KY form as a consequence of TCFH provided that 6;,, = 0455 = 0. This implies
©qij = 0 and leaves the possibility that the remaining component of ¢ ¢ = %gpabce“/\eb Ne‘
is a KY form. However after some computation'? one can verify that there are no Killing
spinors such that ¢ # 0. A similar conclusion holds for the 7 form bilinear.

4.5 Summary

We have presented the TCFH of 11-dimensional supergravity and we have demonstrated
that the form bilinears of supersymmetric backgrounds of the theory satisfy a generalisa-
tion of the CKY equation with respect to a connection that depends on the 4-form field
strength. We have also given the reduced holonomy of the minimal and maximal TCFH
connections for generic backgrounds.

As KY forms with respect to the Levi-Civita connection generate symmetries for
spinning particle actions, we investigated the question on whether the form bilinears of
11-dimensional supergravity generate symmetries for suitable particle probes propagating
on supersymmetric backgrounds. For this we focused on M-branes which include the pp-
wave, M2- and M5-brane, and KK-monopole solutions. As all the form bilinears of pp-
wave and KK-monopole solutions are covariantly constant with respect to the Levi-Civita
connection, they generate symmetries for the spinning particle action with only a metric
coupling. For the M2-brane, there are Killing spinors such that the 1-form, 2-form and
3-form bilinears are KY tensors and therefore generate symmetries for the same spinning
particle action. For the M5-brane only the 1-form bilinears generate symmetries for the
spinning particle action.

We also took the opportunity to demonstrate the complete integrability of the geodesic
flow of spherically symmetric pp-wave, M2- and M5-brane, and KK-monopole solutions.
For this we presented a large class of KS and KY tensors on all these backgrounds.
Relativistic particles on these solutions admit an infinite number of symmetries generated
by K8 tensors. We have also explicitly given all independent and in involution conserved
charges of the geodesic flow on these backgrounds.

12This computation uses spinorial geometry to solve the conditions ¢q;; = 0. Geometrically the
solutions lie in the intersection of conics. Using these solutions one can verify that ¢ = 0.
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Chapter 5

The TCFHs of D=11 AdS
backgrounds and hidden symmetries

5.1 Introduction

This chapter intends to give the TCFHs on the internal space of all warped AdS back-
grounds of 11-dimensional supergravity theory. This will put the conditions on the form
bilinears implied by the KSEs in a firm geometric basis. For this, we shall use the solution
of the (gravitino) KSE of the theory along the AdS subspace of a background presented
in [94]. Then we shall explore some of the properties of the TCFH connections which
include their (reduced) holonomy for generic internal spaces. In addition, we shall ex-
amine the conditions under which the form bilinears give rise to KY or CCKY forms!.
The existence of such forms will imply in turn the presence of constants of motion in
the propagation of spinning particles on the internal spaces of such backgrounds. We
shall present several backgrounds with KY forms arising from the TCFH of their internal
space. These include the maximally supersymmetric AdS solutions of the theory as well
as the near-horizon geometries of some intersecting M-brane configurations.

This chapter is organised as follows. In sections 2, 3 and 4, we present the TCFH of
warped AdS,, AdS; and AdS,; backgrounds of 11-dimensional supergravity, respectively,
and investigate some of the properties of the TCFH connections. In section 5, we give
the TCFHs and investigate their properties of the remaining AdS backgrounds. In sec-
tion 6, we explore the hidden symmetries of probes that arise from the TCFH of some
solutions that include the maximally supersymmetric AdS backgrounds as well as some
AdS backgrounds which are the near horizon geometries of intersecting M-branes, and in
section 7 we give our conclusions.

5.2 The TCFH of warped AdS, backgrounds

5.2.1 Fields and Killing spinors

The bosonic fields of 11-dimensional supergravity for warped AdS, backgrounds, AdSs %,
M?, can be written as

g=2¢ete +4,e'e, F=e"Ne AY +X, (5.1)

!The Hodge dual of a CCKY form is a KY form.
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where Y and X are a 2-form and 4-form on the internal space M? with metric g(M?) =
d;;€'e’, respectively,

1 , .
e"=du, e =dr+rh-— §r2€_2A_2du . el =eédy’ (5.2)

is a null pseudo-orthonormal frame on the spacetime with e’ an orthonormal frame on
the internal space M?, h = —dlog A? and A is the warp factor which is a function on M?.
The y! are coordinates on M? and (u,r) are the remaining coordinates on the spacetime.
It can be seen after a change of coordinates that the above metric can be rewritten in the
standard warped product form, g = A2%g,(AdSy)+g(M?), where g,(AdS,) is the standard
metric on AdS, of radius /.

The KSE of 11-dimensional supergravity can be solved along the AdS, subspace of
AdS, x,, M? [94] and the Killing spinors € can be expressed as ¢ = €] + €5 with

€1 — ¢7 —+ UF+@7¢, + TUF,@+F+@,¢7 s €y — ¢+ + T'F,@+¢+ . (53)

where ¢4 are spinors that depend only on the coordinates of M? and satisfy the light-
cone projections '+ ¢, = 0, where [y have been adapted to the frame? (5.2) and ©. are
Clifford algebra elements that depend on the fields. For the explicit expressions of O as
well as for the spinor notation we use below, see [94]. The dependence of Killing spinors
in (5.3) on the (u,r) coordinates is explicit as it is that of the fields in (5.1). In addition,
the (spacetime) gravitino KSE implies that ¢, satisfy the KSEs

D¢y =0, DFf=V,+ U7, (5.4)
on the internal space M?, where V is the Levi-Civita connection of the metric g(M?)
induced on the spin bundle and

1 1
U = b — —TIK, + — X, +
I3 :F4 288 K’L—'— X’L

1 1 1

V. =Y. . 5.5
o TUERRRL (5.5)
The TCFHs on M? that we shall explore below are associated with the supercovariant
connections D*.

5.2.2 The TCFH on the internal space

To begin, the internal space M? of warped AdS, backgrounds is a Euclidean signature
9-dimensional manifold. Therefore, one has n = 9 and n;; = d;;. After integrating the
gravitino KSE of 11-dimensional supergravity over the AdS, subspace, which has been
summarised in the previous section, the Killing spinors ¢+ on M? satisfy the KSEs (5.4).
To proceed a basis in the space of form bilinears on the internal space M?, up to Hodge
duality, is

frre = (1 LoL) . K= (¢, Tigh) e’ .
0 = 11095 Tijked) eNe/net e Wt = 50k Tiyot) e'Nne,

1 -
ot = §< L Tedl) el Ael net (5.6)

2From here on, the gamma matrices are always adapted to a (pseudo-)orthonormal frame.
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5.2. THE TCFH OF WARPED ADS; BACKGROUNDS

where all (time-like) space-like gamma matrices are (anti-)Hermitian with respect to the
inner product (-,-). As the Killing spinors of 11-dimensional supergravity are real, note
that the bilinears f, k& and 6 are symmetric in the exchange of spinors ¢, and ¢3 and
the rest are skew-symmetric.

After using that ¢, with ¢% are Killing spinors of the supercovariant connections D%,
one finds that the TCFH of the form bilinears (5.6) that are symmetric in the exchange
of ¢!, with ¢ is

DI £ = Vif* & 0ilog A * = £ 0" Xigues 805 & LYk
Dl(i k’i = V k‘i + 8 IOgAk’:t Xignggg
1
- E

112 0:|:€1€2€3j
1 C10o03¢0. 1
144(5UX51€253@49i ne 4; §Yijf T 12

Mor =V +£0;log AGE + = X0

l J1J2J374 J1J2733J4 J1J2J374 2

1 *
+2X; [717273 ka] + g Yﬁﬂﬂﬁ[hjéjseieleﬂgh]
d, ) 1,
= :|:§ X0, ijljzeiﬁ&jajd + EX[UIJQ]SI{;;E] + e 6 Xij1j2j3j4f:t

+010203 *
:F 5 J2J3\k‘1k2k39 ja) T 5 X]2]3J4]ek 185i[j1 Yj2j3j4]€152€3€4

+01405¢ +01¢
Xoyorus ™77 + Yeleﬁ 25

J3ja]

9:|:Z1Z2€3[4

14243

5
t3 Yv[ij1j2j3|é152€3|€i (57)

18
While the TCFH on the bilinears which are skew-symmetric in the exchange of ¢’} with
o is

ja] T 25@[91 msk

ja] -

1 1
Dk, =Vt £0logAwt, — §Xe1e2¢[j190ﬂ1%13F§Yw%0ﬂmz

? .71.72 Jij2
= —}lXelez[ileO at T T2 *Xijijatreaw ™ — 51[31 D CRTRC A
i%@[jl(ﬂﬂl&’m]yzleg + %Yf[i@ieﬁjg] ;
Dz(i)fgo;tljwa =V, %11233 +0; logAgO]ij + i Xfﬂzﬂ[]mSoﬂle2
_;Xfi[jljzw ja] T ;Y[Jl jim}
= ig*Xélﬂz[im%O 0 = gXe[z‘jm s T 5 "Kjpialatats ™
%1 jaisllats T — % zguugelzzegso“l% F Y wis iy F ity Yilgw™ ) (5.8)

where *X is the Hodge dual® of X and similarly for the other fields. In the TCFH above
we have suppressed the r, s indices on the bilinears that count the number of Killing
spinors.

The TCFH above has been expressed in terms of the minimal connection D)7 see
[22] for the definition. As expected, D™*) is not form degree preserving connection.
As the action of Dgi)f on the space of forms preserves the subspaces of symmetric and
skew-symmetric bilinears in the exchange of ¢" and ¢* Killing spinors and acts trivially
on the scalars f, the reduced holonomy? of the connection is included in (the connected

3In our conventions T';, ; d+ = te;, . i, P+ with €123456789 — 1,
4From here on with the term holonomy we shall always refer to the reduced holonomy of the TCFH
connection, i.e. the connected component of the identity of the holonomy group.
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component of the identity) GL(135) x GL(120). Note that the holonomy of the maximal
TCFH connection, see again [22], is contained in GL(136) x GL(120) as it acts non-
trivially on the scalars.

An alternative way to see that the holonomy of D™®)7 is included in G L(135) x GL(120)
is to observe that ¢+ can be thought of as Majorana spinors of spin(9). It is well known
that the tensor product of two spin(9) Majorana representations, Ayg, decomposes as

A1 @ A1g = @i:oAk<R9) ) (5.9)

where A®(R?) is the irreducible representation of spin(9) on the space of k-degree forms
on R?. The action of the supercovariant connection on the tensor product of two spin
bundles, i.e. on a bispinor, preserves the symmetric and skew-symmetric subspaces. As
the rank of the spin bundle is 16, these sub-bundles have rank 136 and 120, respectively.
So the holonomy of all connections of the TCFH is included in GL(136) x GL(120).
Although the form bilinears are CKY forms with respect to the TCFH connection
DH)F as expected, it is clear from the TCFH (5.7) and (5.8) that they are neither KY nor
CCKY forms for generic supersymmetric backgrounds. However, we shall demonstrate

that for special solutions several terms in the TCFH vanish and as a result some bilinears
become either KY or CCKY forms.

5.3 The TCFH of warped AdS;3; backgrounds

5.3.1 Fields and Killing spinors

The bosonic fields of 11-dimensional supergravity for a warped AdS3 background, AdS3x,,
M?, can be written as

g=2ete + (e°)?+dee’, F=e"ANe AdzANQ+ X, (5.10)

where the metric, g(M?®), on the internal space M® is g(M?®) = §;;e’e¢’ and @ and X are
a 1-form and a 4-form on M?, respectively. Moreover,

et =du, e =dr—20""rdz—2rdlnA, e =Adz, e =é\dy’, (5.11)

is a null pseudo-orthonormal frame on the spacetime with e’ an orthonormal frame on
M3, y are coordinates on M® and (u,r, z) are the remaining coordinates of the spacetime
and A is the warp factor. As for the AdS, backgrounds in the previous section, there is a
coordinate transformation such that the spacetime metric g can be put into the standard
warped form, g = A?g,(AdS3) + g(M?), where g,(AdSs) is the standard metric on AdS;
with radius ¢.

The gravitino KSE of 11-dimensional supergravity can be solved [94] along the AdS;
subspace of a AdS3 X,, M® background with fields (5.10). The Killing spinors € can be
expressed as, € = €(04) + €(73), with

e(or) = oy +o_ —0 A WD o,
e(te) = e ity =LA re T IT 1y teiT (5.12)

where o4 and 74 spinors satisfy the lightcone projections 'y o. = ' 7 = 0, and depend
only on the coordinates of M®. In addition, they satisfy the KSEs

Difo. =D =0, (5.13)
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on the internal space M?®, where
Df =V, + L 10 4 — LEX + iX Lyor 0. + Laor Qi (5.14)
A 7 Zzg 288 i 36 z:F12 z i 6 2\ .

are the supercovariant connections on M® and V is the connection induced on the spin
bundle from the Levi-Civita connection of the metric g(M®). Furthermore, oy and 7.
satisfy an additional algebraic KSE on M?® arising from the integration of the gravitino
KSE of 11-dimensional supergravity along the z coordinate. These algebraic KSEs have
been explained in detail in [94] and they will be used in the examples below to produce
the right counting for the number of Killing spinors of the AdS backgrounds but they do
not contribute to the TCFH below.

5.3.2 The TCFH on the internal space

A basis in the space of form bilinear on the internal space M?® is

o R A R L Ll
0 = 11095 Tijredt) e nel nefnet, ot = 5@;, Lil.¢%) e nel neb

~ . 1 . )
kir,s — <¢Tia Fzrz¢i> ez ’ wir,s — 5( " Fl]¢ft> el A e] ’
1 . . 1 4 .
oEs = 5< L hulLes) el nel | o™ = 5@;, Tipdl)e' nel neP (5.15)

where ¢4 stands® for either o4 or 7. The first five form bilinears are symmetric in the
exchange of ¢, with ¢} while the rest are skew-symmetric.
The TCFH expressed® in terms of the minimal connection is

1 1 ~
Dz(i ]:fi = Vlfi + 0, lOgAfi _ j:% *Xihfz&s@?:lbfs ¥ §A—1Qifi 7
1
DIk = Viki £ 0 log Ak} — = Xinyear, 712,
1 +01424 {2032 V4
= 18X[ \415253\6 v 3]] + 14451]X515253549i61 M 6A 1@ Spi j
+ + +
Z 0]132]3)]4 =V 9]1]2]3]4 + 8 IOgA + 3 XZZ[J1J290 J3Jal + 2X i[j14243 k] ]
I - f
+§A Q51€253i[j1j2j39ié1£2€3j4}
10 5 -

2
=+3 Xz[m”@ dsdal T 6X[211]2J3k]4 F 20i5, " J2Js|5152\90 S T gdi[lejzjstkie

3
1 . O 14
T Y0y *Qjagsiatntatse 01 4 1_8A Qeutatsligigais?™ 5]
(£)F ~ _ ~+ ~+ 3 * +014
Dy Phrjajs = Vi®jijage T 0108 A5 5050 F = " Xernifin 0777 o)

4
. 1 e, Ly Lo
= X0 0 o) — 3 Xiddeda f T+ g Kinieds e 30ii Xialtr 51005
1 C1x
_36 ! szl]2]3€1f2€3§0i€1€2£3 :FA 15 ]1Q72 Js]

~ ~ ~ 1 B 1
D§i fE=V,ff+£0,log AfF = 18leegégs0ﬂlw3 F 514 'Qif*

50ne can also consider mixed o4 and 74 form bilinears. The TCFH is the same as the one stated
below for the form bilinear basis above.
In our conventions I',T;, ;. ¢+ = te;, P+ with e12345678 = 1,
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1
HF
D( ) :t =V; w + 8 10g AWJUQ - §X51€2i[]'190 ]2] + A IQZ Wi 4

.71]2 Jij2
1 1 1.
- —ZXeléQ[ijl =l — E@[ﬁXjQ]élezeasOﬂME‘ ¥5 Xmmekﬂ

4= A Y 0 Qe £ = A QU
3

Dg 7 90j1j2j3 = Vigojljm + 0; log Agojljzjg — ;X&Um jg] + 3 *Xgi[jm(fjﬂjg]

= i% “Ketijn o js) — §nglj2w js) £ %1 X jjaltrta @12 — 1 it Xiajalaea™ 12
—%A 1 *Q2]1J2]3Z162£3gpi61£2£3 T A5, Jle2 £

DI kF = Vi £0,log Al = %XWQQH% F % . WQ wEhe £ lA*IQMﬂU :
DM oE =Vl +0log AdE, F % *Xotaitjy 05 £ A 1szm

- :F% "Xueali SOHMQJQ] - ;quzék + 52[31 JQ]@MQ%SO:‘:EMQ& + 2A IQ [i jm]
i%A—lai[jlwifMQg , (5.16)

where *X is the Hodge dual of X on the internal space M® and similarly for the other
fields. We have also suppressed the r,s indices on the form bilinears that count the
number of Killing spinors.

The action of the minimal TCFH connection on the space of forms preserves the
subspaces of forms with are symmetric and skew-symmetric in the exchange of the Killing
spinors ¢’ and ¢%.. Furthermore, it preserves the subspaces of 1-forms l;;i, where it acts
as the Levi-Civita connection up to a rescaling with the warp factor A, and acts trivially
on the scalars f* and f*. Therefore the reduced holonomy is included in GL(134) x
SO(8) x GL(112). The reduced holonomy of the maximal TCFH connection instead is
included in GL(136) x GL(120) because it preserves only the subspaces of forms which
are symmetric and skew-symmetric in the exchange of the Killing spinors ¢, and ¢7.

The holonomy of the TCFH connection can be understood in a way similar to that of
AdS, backgrounds. As ¢+ can be viewed as Majorana spin(8) spinors, it is known that
the product of two such Majorana representations, Ayg, can be decomposed in terms of
form representations, A*(R8®), of spin(8) as

A16 ® A16 - @2:0Ak<R8) . (517)

As the supercovariant derivative preserves the space of symmetric and skew-symmetric
bi-spinors, it is clear that the holonomy of all TCFH connections will be included in
GL(136) x GL(120), where 136 is the rank of the sub-bundle of symmetric bi-spinors
while 120 is the rank of the sub-bundle of skew-symmetric bi-spinors.

As expected all form bilinears are CKY forms with respect to the TCFH connections
D in agreement with the general result in [22]. Apart from A*FF which is a Killing
1-form, the TCFH does not imply that the remaining form bilinears are KY forms for
generic supersymmetric backgrounds. However, we shall demonstrate that many of them
are either KY or CCKY forms for some AdS3 solutions of 11-dimensional supergravity.
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5.4 The TCFH of warped AdS, backgrounds

5.4.1 Fields and Killing spinors

The bosonic fields of 11-dimensional supergravity of warped AdS, backgrounds, AdSy X,
M7, can be written as

g=2e"e + () + (") +g(M"), F=Se"ANe Ae*rne”+X, (5.18)

with g(M") = d;;e'e’, where S and X are a 0-form and 4-form on the internal space M7,
respectively. In addition,

et =du, e =dr—20""rdz—2rdlnA, e =Adz, e"=Acidx,
e = ¢ ydy’ (5.19)

is a null pseudo-orthonormal frame on the spacetime with e’ an orthonormal frame on M7,
y are coordinates on M7 and (u,r, z,z) are the remaining coordinates of the spacetime,
and / is the radius of AdS,. As in previous cases, after a coordinate transformation, the
spacetime metric can be written in the standard warped form with warp factor A2

The gravitino KSE of 11-dimensional supergravity can be explicitly integrated along
the (u,r, z,z) coordinates and the Killing spinors can be written as, € = e(o1) + €(74),
see [94], with

€lor) =0y +0_ — (“eial o — YAl Lo,
E(Ti) = 67%74 - 671A717’6%F7Z7'+ _ gflxrm7_+ + elr. , (5_20)

where the spinors o4 and 7. depend only on the coordinates of M7 and satisfy the
light-cone projections I'toL = 0 and ' 7 = 0. Furthermore, these spinors satisfy the
KSEs

Dfor=0, Dire=0, (5.21)

on the internal space M7, where the supercovariant connection is

L 1 1 1 1
with V induced by the Levi-Civita connection of the metric g(M7) on M”. The spinors
o+ and 74 satisfy an additional algebraic KSE which arises from the integration of the
gravitino KSE of 11-dimensional supergravity along the z coordinate. These algebraic
KSEs can be found in [94] and they are essential for the correct counting of Killing spinors
for warped AdS backgrounds.

5.4.2 The TCFH on the internal manifold

A basis in the space of form bilinears on the internal space M7 is

; ~ ] 1 r S 7 j
f:l:r,s = < g:a ¢f|:> ) k,:l:r,s - <¢;>F2¢ft> e' ) wi S = §< :I:aFiszxgb:l:> e’ Ne’ ’
s 1 r s i j 7.4rs r S 4
Soi S = §<¢:|:7 Fijkrzx¢i> e’ Nel A ek ) ki = < + FZFZI¢i> €,

WS = 5( LlgoL)e el ot = 5( L Tgrot) el nel nel
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FE = (00, Tl (5.23)

where ¢ stands’ for either o4 or 4. Note that the bilinears f, k¥ @ and ¢ are symmetric
in the exchange of spinors ¢, and ¢ while the rest are skew-symmetric.

The TCFH expressed in terms of the minimal connection can be written as®

1
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Dfi kE = Viki £ 0;log Ak Z

~+010203

g*XZMg[i@ f 2j] + 1861] X5152£3§0 5

(i)f + 1 +010
D; Wi1ja =V w]mz + 0;log Aw]m 2X41521[3190 M )

1 ] ] 1. 1
- _ZXflfz[ul(tOielb - E(gi[lejz]ﬁbﬁggpiélbeg + 6 ij1j2f:t + _561[]1ki 5

3 3
D( 7t = Vi@, _Xfi[jljza)igh] +5 *X ki

4 Pirjags = YV i¥Pj1jajs 9 9 ilj12 Mg

Xf[ijljz JS] + 61[31 JQJs]fk

Y

~i€1€2
102 P

+0; log Ac‘bjjijzjé B

4, "

= 3 ‘c[ijlﬁkj?,] 3
1 ~ 1, ~
_Z_l(si[jl‘<J'2]'3Vlfz('uiglﬁ2 - 36 ij1j2j3€1€2€390i£1£2£3

1
f
Dl( : injz =V w]m +0; log ijuz - §X5142i[jl Spﬂlbjﬂ

1 1, - 1 -
— _4 eleQ[ﬁjlgOith ] — Eé X. ]2t goih&fg ¥ 6 ijljzfi 4 5561[]1 ki 7

3 3.

5 Xt ™ ) £ 5 " Xigjin K

4, 2

= :I:g Xlijja kji:z,] N §X€[z‘m‘z ]3] =+ i, J2Ja]€k
5 X toe, Lo 12ty

J2jall1eaW 36 " Si1j2j3l102ls P

1

Dz(:t fi_VfiiﬁlogAij_:FE*Xl12 wite
1,

Dz(i ki_Vki:ﬁ:@logAki 4_1 it 2@:&@2

(HF _+
Di Pj1jajs —

_ + +
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where *X and *S are the Hodge duals of X and S on the internal space M7, respectively,
and we have suppressed the 7, s indices on the form bilinears that label the number of
Killing spinors.

The action of the minimal TCFH connection on the space of forms preserves the
subspaces of symmetric and skew-symmetric bilinears in the exchange of ¢’ and ¢3

(5.24)

Killing spinors and acts trivially on the scalars f and f. As a consequence, the holonomy
of the connection is included in GL(63) x GL(63). Note that the TCFH on the 0-, 1- and
3-form bilinears which are symmetric in the exchange of ¢’. and ¢7 is almost identical
to that of the corresponding form bilinears which are skew-symmetric in the exchange of
the same spinors. The difference is a sign in the terms containing the fluxes S and *F'.
The holonomy of the maximal TCFH connection is included in GL(64) x GL(64) since
it acts non-trivially on the scalars.

"Unlike the case of warped AdSs backgrounds, the o4 and 74 Killing spinors of all warped AdSy,
k > 3, backgrounds are related with Clifford algebra operations.
SIH our conventions FzzFi1i2i3i4i 16i7¢i :I:eilz-ﬂ-ﬂu' i6i7¢i with 61234567 =1
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The spinors o4 and 74 are associated with the (reducible) Majorana representation
Aje of spin(8). This decomposes under spin(7) as Ajg = Ag @ Ag, where Ag is the
(irreducible) Majorana representation of spin(7). Moreover, the tensor product of two
such representations, Ag, decomposes in terms of form representations as

3
Ag @ Ag =Y A*(RT). (5.25)
k=0
Clearly the TCFH includes two copies of the forms that appear in the above decomposi-

tion. This implies that the holonomy of the maximal TCFH connection to be included
in GL(64) x GL(64).

5.5 The TCFH of warped AdS;, £ = 5,6,7, back-
grounds

5.5.1 Fields and Killing spinors

The fields of 11-dimensional supergravity for warped AdS; x.,, M=% k =5,6,7, back-
grounds can be written as

g=2ete” + () +) (") +gM"F), F=X, (5.26)

with g(M''7%) = §,;e'e’, where X is a 4-form on the internal space M=% The null
pseudo-orthonormal frame (e*,e™, e?, e?, e') is expressed as

et =du, e =dr- .26_1‘7‘0[7; —2rdln A, e = Adz,
e’ = Aetda®, € =edy (5.27)

where y are coordinates of the internal space M=% and (u,r, z,2%) are the rest of the
coordinates of the spacetime, ¢ is the radius of AdS subspace and A is the warp factor.

As in all previous cases, the KSEs of 11-dimensional supergravity can be integrated
over the AdS subspace and the Killing spinors can be expressed as, € = €(04) +€(71), see
[94], with

€loy) = op+o_— (e z Ty —0PA Wl Lo,
e(ry) = e i, — 0P AT e Iy — 0 Ty e, (5.28)
where the o4 and 74 spinors satisfy the lightcone projections I'yoy = 't = 0, and
depend only on the coordinates of M=% In addition, they satisfy the KSEs
Df¢r =0, (5.29)

along the internal space M=% where the supercovariant connection is
1 1 1
DE=V,4+ -0;log A — —TIK,+ —X, , 5.30
; 50ilog A — 5o0 K+ 36X (5.30)

V is the connection on the spin bundle of M=% induced from the metric g(M*'~*) and
¢4 stands from either o, or 7. Note that for warped AdS; backgrounds the term IX
in the supercovariant connection vanishes. As in previous cases, o4 and 74 satisfy an
additional algebraic KSE which arises from the integration of the gravitino KSE of 11-
dimensional supergravity along the z coordinate and can be found in [94]. It will be used
to determine the number of Killing spinors in some examples below.
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5.5.2 The TCFH of warped AdS; backgrounds

A basis in the space of form bilinears on the internal space MY is
e =(eh0t) . K= (0L Tigh) e’ KT = (o Tilel) e
O = %@;,rijr(g)qs@ enel | W= %( L Diot) el Ael
phe = 0L Turoh) e Ao Aek 0 = (g Tiyot) (531)

where I'gy = I',;1,2, i.e. it is the product of gamma matrices along the directions e*
and e® for a = 1,2. The first four bilinears are symmetric in the exchange of ¢, and ¢%.
spinors while the rest are skew-symmetric.

The TCFH expressed? in terms of the minimal connection is

1 ~
Dgi)]:fi = Vlf:t + E)Z log Af:t = :lié * iﬁkif ’
1
DK = Vi + 0, log AkF + 3 *X®

2, - 1., .
= ig X[i|e|wﬂj} + 651']' Xoo, @005

DI kE = Vit £ 0,log Ak = éX”MQ srhle 4 é "X f*

D(i)F ijz =V, w]m + 0; log ijm + *X; ]lk]j;]

— —%Xijmgkﬂ - 5,[]1 Jok Xk

D(i)F im =V, wjm + 0; log ijm — ;Xglgﬂ[hgpﬂl& 2]

= —i talin @) — %@Uth}eleQeg@ﬂl&& :

Dgﬂ;@iegzg = V‘@zegeg, + 0;log A@eilezeg - gXﬁ[jlszﬂjs]

== 5 1 X jajaltr oW Tht g e S szs}fi )

DE* fi V.t + 0;log AJ* = q:é X 2<pﬂl’fz (5.32)

where *X is the Hodge dual of X on M and we have suppressed the indices r, s of the
form bilinears.

As expected, the minimal connection of the TCFH D™®)7 is not form degree preserv-
ing. On the other hand, its action closes on the form bilinears which are either symmetric
or skew-symmetric in the interchange of spinors ¢/, and ¢%. The holonomy of D)7
contained in SO(6) x GL(21) x GL(35) as in addition it acts with the Levi-Civita con-
nection on the 1-form bilinear A k and trivially on the scalar bilinears f and f. Note that
the holonomy of the maximal TCFH connection is contained in GL(28) x GL(35) as it
only closes on the symmetric and skew-symmetric form bilinears under the exchange of
spinors ¢’ and ¢7.

5.5.3 The TCFH of warped AdSs backgrounds

A basis in the space of form bilinears on the internal space M? is

IS =, 6%, K = (o Tigl) e, 0 = (¢, Twol)

123456 _ |

9Tn our conventions F(3)F¢1...16¢i = £€;,..is0+ and €
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l%:l:T,S = <¢§:7 Fzr(4)¢j:> ei ’

1 . . ~drs 1 r s i i
W = S0k, Lijoi) e nel Wt = (0L DLl e’ ne (5.33)

where the first four form bilinears are symmetric in the exchange of ¢, and ¢7 spinors
while the rest are skew-symmetric and I'(y) = I',;1,2,3.
The TCFH expressed'® in terms of the minimal connection, D)7 is

1

DS = Vif*t £ 0log Af* =+ 27X f*

DI kE = Vil £ 0,1log Ak F ; Xk = % Xkt ¥ 5,.j “ X kE

D@(i FE =V, +0log At = é*Xifiv

DI kE = Vil £0,log AkF F 1*Xi/c.i = 2 “Xpkt F (z-j *ng“

Dz(i) ]m =V, wm2 + 0; log Aw]m ; *X@jih =F *X[ il T 351[31 ]2] Xy,
Dz(i) Jm =V, wjm + 0; log Awm2 F % *Xiwj-ip =F *X[Z-wjm] F §5i[j1w jal *X5.34)

where *X is the Hodge dual of X and we have suppressed the r, s indices on the form
bilinears as in previous cases.

Unlike previous cases, the minimal TCFH connection D)7 for AdSg backgrounds is
form degree preserving. Furthermore, its action can be diagonalised on the forms

(= +0C, = -, (5.35)

+

where (* stands for either k* or w™, i.e. one has that

1,
DI G = Vi) £ i log ACE) F 5" Xic |

1
DI GE) = Vit £ Oilog AGE) £ 57X (5.36)

Such a connection arises provided one gauges the scale transformation ( — s accompa-
nied with *X — *X 4 2s7!ds, where the sign is plus for C(J;) and C(i) while it is minus
for the rest of the form bilinears. Clearly, there are two sectors and the holonomy of the
connection in each sector is SO(5) x (R — {0}).

5.5.4 The TCFH of AdS; backgrounds

A basis in the space of spinor bilinears on the internal space M* is

PO = (@0t K = (Gl Tl T = (6L Tiet)

5 = (¢ Tl 5 ¢h) e, w™ = 5 (05 Tl ) e'nel, (5.37)
where the first three are symmetric in the exchange of spinors ¢, and ¢7. while the rest
are skew-symmetric and I's) = I[';51,2,3,1.

The TCFH expressed!! in terms of the minimal connection D™)7 is

In our conventions I'(yyTy, 5+ = Fe€;, iy o+ with €235 =1,
"In our conventions I'(5)Ty, . 5,0+ = £6€;, i, ¢+ and €23 = 1.
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DT =, i +8,log Af* =0 :
DIk = Vikf £0,log Ak} = 50, XJ* |

. . _ 1
Dgi)ffi =V. [T+ 0, log Af* = :I:g

9  _
=V,wi. +0log Awt. = igfsz[' k52X

Jij2 J1j2 J17V50]

Xk

(BH)F, +
Dy wiij,

- ~ ~ 1

3 S
where *X is the Hodge dual of the 4-form X on the internal space M*.
It is clear that the (reduced) holonomy of D)7 is contained in SO(4). Furthermore,
AT and AT'w® are CCKY forms. Therefore, their dual in M* are KY. In addition,
AF'EE are KY tensors. It is well-known KY tensors generate symmetries in spinning
particle actions.

5.6 Probes and symmetries

5.6.1 Relativistic and spinning particles

We have integrated the KSE of 11-dimensional supergravity along the AdS; subspace
of a warped spacetime, AdS; x,, M=% and found the TCFHs on the internal space
M=% To investigate whether the form bilinears of the TCFHs on the internal space
generate symmetries for spinning particle actions, we have to integrate the dynamics of
the spinning particle along the AdS; subspace and describe the effective dynamics of the
system on the internal space M11=*.

For this consider first the dynamics of a relativistic particle on a warped spacetime,
N x,, M, with metric ¢ = A%h + 7, where h is a metric on N and v is a metric on M
and A is the warped factor. Varying the action

1
=7 / 0t g3 . (5.39)
one finds that the equations of motion are
1
Vi(A%") =0, VG = oy 0sA happ" =0, (5.40)

where V" and V7 denote the Levi-Civita connections of h and 7, respectively, p® are
coordinates on N and y! are coordinates on M. It is clear that

1
Q* = A happ’ (5.41)
is conserved as a consequence of the field equation on N. Then notice that the dynamics

of the relativistic particle on M can be described by the effective action

1

1 . _
Sy = 5 / dt (imyly‘] —-Q*A7?) . (5.42)

The action apart from the usual kinetic term exhibits a potential depending on the warped
factor. There are various sectors to consider parameterised by the value of Q2. If either
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Q?* = 0, which is the case for p constant, or A% is constant, A;; becomes the standard
action for geodesic motion on M possibly shifted by an ignorable constant.

A similar analysis can be performed for a spinning particle probe [13] propagating on
a spacetime with metric g described by the action

S = —%/ dtdf g, DX" X" | (5.43)

where (t, 0) are worldline superspace coordinates, X are worldline superfields X = X (¢, 0)
and D is a worldline superspace derivative with D? = i0,.

The equations of motion of the spinning particle (5.43) propagating on a warped
spacetime N x,, M, as for the relativistic particle above, are

1
VA% +VIH(A2DpY) =0, V' = 571J8JA2hapr“p’b : (5.44)

In this case, there is not a simple description of the effective dynamics on M as for the
relativistic particle described by the action (5.42). However, note that p equals to a
constant is a solution of the equations of motion above. So if either p is constant or
the warp factor A is constant, the effective dynamics of the spinning particle on M is
described by the action

It is well known that the action above is invariant under an infinitesimal transformation

Sy =ealy..;. Dy’ Dy’m-1 (5.46)

provided that « is a KY form [16], where € is the infinitesimal parameter.

There is an extensive list of 11-dimensional supersymmetric AdS solutions, see e.g.
[120, 121, 122, 123, 124, 125]. The purpose here is to give some examples of TCFHs and
investigate their properties instead of being comprehensive. So we shall focus below on
the TCFH of the maximally supersymmetric AdS solutions and some AdS solutions that
arise as near-horizon geometries of intersecting M-branes.

5.6.2 Maximally supersymmetric AdS backgrounds
AdS4 X S7

The TCFH of warped AdS, backgrounds with only electric flux, i.e. X = 01in (5.18), can
be written as

DHET £ =, L9 log AfE =0,

)

1
DIk = ikt £ 0,log AkT = 165%,

Dl(i) jm =V, wmz) +0; logAcum2 =F3 55 ]1]{;]12] ,

DI G 1y = Vi gy £ OB Ay, = === St 705
Dz(i) 31J2 =V, wjm + 0; logA(,um2 = i%&i Jlki] 7

i Civinis = Viijnss T Oilog Al o = —% * Sijringsts bats P
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DI £ =V, f Lo logAfE=0,

(
Dgi)fl;:f = w}:]i + 0; 1ogA/~fj-E = :F%Sw;—; ) (5.47)
It is clear from the TCFH above that A¥'k, A*'k, A* ¢ and A¥'$ are KY forms, and
A*lw and A*'@ are CCKY forms. As A*'w and A*'@ are CCKY forms their duals in
the internal space are KY forms. The holonomy of the TCFH connection is included in
SO(7).

The maximally supersymmetric AdS, solution is a Freund-Rubin type of background
with internal space M7 the round 7-sphere, M7 = S”, and the warp factor A constant.
All the forms bilinears above generate symmetries for the spinning particle probe action
(5.45). Note that the form bilinears on S” are not necessarily invariant forms under the
SO(8) isometry group of S7.

AdS; x S*

The maximally supersymmetric AdS; solution is again a Freund-Rubin type of back-
ground with internal space M* the round 4-sphere, M* = S*, and the warp factor A
constant. An inspection of the TCFH of warped AdS; backgrounds in (5.38) reveals that
the bilinear &% is a KY form, and k* and w* are CCKY forms. Again the duals *k= and
*wE of k* and w® in S4, respectively, are KY forms and so k*, *k* and *w* generate
symmetries for the spinning particle probe action (5.45).

5.6.3 AdS backgrounds from intersecting branes

More examples of AdS backgrounds emerge as near-horizon geometries of intersecting
M-branes [126]. We shall not explore all the possibilities, see [127] for more examples.
Instead we shall focus on the AdS; and AdSj solutions that arise as near-horizon geome-
tries of the intersection of three M2-branes on an 0-brane, the intersection of an M2-brane
and Mb5-brane on a 1-brane and the intersection of three M5-branes on a 1-brane config-
urations.

AdS, solution from intersecting M2-branes

One could take the near horizon geometry of the three intersecting M2-brane solution
on a 0-brane and proceed to examine the associated TCFH. Instead, we shall write an
ansatz for the fields which includes the solution. In particular, we set

g = ge(AdSy) + g(S*) + g(R®) ,  F = dvol,(AdSy) A Y, (5.48)

where g;(AdSs) and dvol,(AdSs) is the standard metric and volume 2-form on AdS, with
radius £, respectively, g(5?) is the round metric on S? of unit radius, g(R®) is the Euclidean
metric on RS and Y is a constant 2-form on R®. Using the scale symmetry g — Q%g and
F — Q3F of 11-dimensional supergravity as well as some coordinate transformations,
one can show that the near horizon geometry of three M2-branes, with arbitrary charge
densities, intersecting on a O-brane solution can be cast into the above form. Clearly for
this ansatz X = 0 in (5.1) and we have set A = 1.

Focusing on the ¢, Killing spinors, the gravitino KSE along the directions of RS
implies that Y is a non-degenerate 2-form and proportional to a Kéhler form A\ on RS
associated with the Fuclidean metric, i.e. Y =y, v € R. Furthermore ¢, has to satisfy
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the conditions 19340+ = no, and 9560+ = (¢, where n,( = +1 and we have arranged
such that R® lies in the directions 1,...,6. Then the warp factor field equation in [94]
implies that 42 = ¢=2. Next the field equation along S®, which is the round unit sphere,
gives {72 = 4. All the remaining KSEs and field equations are satisfied without further
conditions. Therefore, the background (5.48) with the above choice of parameters admits
4 ¢, Killing spinors. The solution also admits 4 more ¢_ Killing spinor and so it preserves
1/4 of the supersymmetry.
Next notice that the supercovariant derivative along S® can be written as

1
D=V + 5ilaY (5.49)

where a here labels the three orthonormal directions tangential to S®. Note that I',Y =
YT,. Moreover, considering only those components of the form bilinears that lie on S?,
ie.

Ry = (0L, Tadh) s wig® = (04, Tagdl) @i = (05, Tapsdl) . (5.50)

one can demonstrate that k£ and ¢ are KY forms while w is CCKY form. Therefore, all
of them or their Hodge duals on S? generate symmetries for the probe action (5.45).

AdS; solution from M2- and M5-branes

An ansatz which includes the near horizon geometry of an M2-brane intersecting an
Mb5-brane on a 1-brane is

g = gi(AdSs) + g(S*) + g(R®) , F = dvoly(AdSs) A Q + dvol(S*) AP,  (5.51)

ie. @, X # 0in (5.10), where g,(AdS;3) and dvol,(AdS;) are the standard metric and
volume 3-form of AdS; with radius ¢, respectively, and g(R®) is the Euclidean metric
on R®. Similarly, g(S%) and dvol(S®) are the metric and volume 3-form of unit round
3-sphere, respectively, and the 1-forms P and () are constant and lie along the same
direction in R®, e.g. P = pdw and Q = g dw with p, ¢ constants.

Focusing on the KSEs on ¢, and setting without loss of generality A = 1, the in-
tegrability of the gravitino KSE along the R® directions implies that p? = ¢?. More-
over, one has to also consider the algebraic KSE =to, = 0 which arises from the in-
tegration of the KSE of 11-dimensional supergravity along the z direction of AdS;. As

2T = —(20)7" + 7zl X + §@, see [94], the algebraic KSE can be arranged as

1 P 1

( — Do+ 0l + 5q) oo =0, (5.52)

where I'(3) is the product of the three gamma matrices along orthonormal directions

tangential to S3.

As p? = ¢? to solve (5.52) let us set p = ¢. The other case p = —¢q can be treated in

a similar way. Then decompose (5.52) into eigenspaces of I, and I'.I'5). Using I'2 =1
and (I',T'3))? =1 and I',[.T'3) = I'.T'(3) T, we have that

1 qg 1

—nZ 24 Z0=0 5.53

Ny tigTza=0, (5.53)

where I'y0 = no, and I'.I'(3y0, = (o with n,{ = £1. There are four cases to consider

leading to ¢ = £2¢~! and ¢ = £6/~!. Two of these solutions are related to the other
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two by a change of the overall sign of the 4-form field strength F'. So there are only two
remaining independent solutions. Furthermore the ¢ = £6¢~! solution is ruled out by
the warp factor field equation [94]. In addition, the field equation along S* implies that
p? = 4. As ¢ = £2¢7!, one finds that ¢2 = 1, which is the near-horizon geometry of
the M2- and M5-brane intersection on a 1-brane solution. This solution preserves 1/2 of
supersymmetry as each of the KSEs on o1 and 7. give 4 independent solutions.

As in the previous AdS, case, we next consider the KSE along the S3 directions whose
supercovariant derivative can be put in the form

1 1
Di =V + Lol (Gp¢ + 500 (5.54)
where « labels the three othonormal directions tangential to S3. Considering the form
bilinears (5.50) with ¢, = o, it is easy to show that k& and w are CCKY forms on S3. As
a result, their Hodge duals on S3 are KY forms and generate symmetries for the probe
action (5.45). The bilinear ¢ is also a CCKY form but its dual is a scalar.

5.6.4 AdS; solution for intersecting Mb5-branes

An ansatz which includes the near horizon geometry of three M5-branes intersecting on
a 1-brane is

g = ge(AdS3) + g(S*) + g(R®) ,  F =dvol(S*) AW , (5.55)

ie. @ = 0 in (5.10), where g,(AdSs) is the metric of AdS3 with radius ¢, ¢(S?) and
dvol(S?) are the metric and volume 2-form of round 2-sphere with unit radius, respec-
tively, g(R®) is the Euclidean metric on R% and W is a constant non-degenerate 2-form
on RS,

To continue let us focus on the gravitino KSE on o,. The integrability condition of
this equation along the R® directions implies that W = v\ and that I'j53404 = no, and
[i2560+ = Co,, where )\ is a Kihler form of the Euclidean metric on R® and we have
chosen R® along the 123456 directions. Without loss of generality, one can always choose
A = Midat A dz? + Noda® A dat + Agda® A da® with A\, A, A3 = £1. Then the algebraic
KSE, Zfo, = ( — (2071 + (288)_1FZX)0'+ = 0, implies, after imposing I'.T'12I'9)04 =
0o, 0 = £1, that either v = £60" or v = £207!, where I'(5) is the product of two
gamma matrices along two orthonormal directions tangential to S2. The warp factor
field equation is not satisfied for v = £6/~1. While for v = +2¢7!, the Einstein equation
along S? gives ¢ = 2. This is the solution that describes the near horizon geometry of
three intersecting M5-branes and preserves 1/4 of supersymmetry.

After imposing all the conditions above on o appropriate for this solution, the grav-
itino KSE along S? can be written as

1
D =V, =+ §eaﬂr/3r12 : (5.56)
where a,b are restricted along two orthonormal tangential directions of S?. Next it is
straightforward to show that the 1-form bilinears restricted on S? are KY forms and
the 2-form bilinears restricted on S? are CCKY forms. So the 1-form bilinears generate
symmetries for the probe action (5.45).
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5.7 Summary

We have presented the TCFH of all supersymetric AdS backgrounds of 11-dimensional
supergravity. Therefore, we have demonstrated that all the form bilinears on the internal
space of these backgrounds are CKY forms with respect to the TCFH connection. This
provides a geometric interpretation for all the conditions on these form bilinears implied
by the KSE of the theory. We have also given the reduced holonomy of the TCFH
connections for generic supersymmetric backgrounds and we have found that it factorises
on the space of symmetric and skew-symmetric form bilinears under the exchange of the
two Killing spinors. We have illustrated our results with some examples that include
the maximally supersymmetric AdS backgrounds of 11-dimensional supergravity as well
as some other AdS backgrounds that arise as near horizon geometries of intersecting M-
branes. We have found that some of the form bilinears on these backgrounds are KY
forms and so generate symmetries for spinning particle probes propagating on the internal
spaces.
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Chapter 6

W-symmetries, anomalies and
heterotic backgrounds with SU
holonomy

It is well known that 2-dimensional supersymmetric sigma models with couplings a metric,
g, and a Wess-Zumino term, b, are invariant under symmetries generated by @-covariantly
constant forms [128, 129, 106, 130, 131], where V is a metric connection with torsion,
H = db. The sigma model target spaces considered so far are manifolds N" that admit
such a connection V whose holonomy is included in the groups U (), SU(%), Sp(%),
Sp(§) - Sp(1), Ga(n = 7) and Spin(7)(n = 8). We call these symmetries, holonomy
symmetries, since they arise from the reduction of the holonomy of V to a subgroup of
O(n). It has been found that the algebra of holonomy symmetries is a W-algebra [106,
130, 131], i.e. the structure constants of the algebra depend on the conserved currents of
the theory. The structure of these algebras has been explored both in the classical and
quantum theory, see [106, 130, 131, 132, 133, 134, 135]. More recently in [136], some of
these backgrounds have been considered as target spaces of heterotic sigma models and
the chiral anomalies of these symmetries have been investigated.

Symmetries of heterotic sigma models are expected to be anomalous in the quantum
theory because of the presence of chiral worldsheet fermions in the sigma model actions
[137, 138, 139]. Preservation of the geometric interpretation of these theories requires the
anomaly cancellation of some of these symmetries. Certainly, after assigning an anoma-
lous variation to the sigma model coupling constant b [140], the anomalies of spacetime
frame rotations and the gauge sector transformations are cancelled. A consequence of
this variation, is a non-tensorial transformation law for H which appears as a coupling in
many vertices in the background field method of quantising the theory. The covariance
in the quantum theory is restored by modifying H with appropriate Chern-Simons terms
(141, 142] at all loops.

According to the classification of supersymmetric heterotic backgrounds [143, 144], a
more general class of spacetimes can be used as target spaces of heterotic sigma models
than those previously considered in the literature and stated above, for a review see
[107]. These backgrounds exhibit a variety of V-covariantly constant forms constructed
as Killing spinor bilinears all of which have been identified. All these forms generate
holonomy symmetries in heterotic sigma models. The purpose of this work is to identify
the algebra of symmetries generated by the covariantly constant form bilinears, as well as,
to find and investigate their chiral anomalies using Wess-Zumino consistency conditions.
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We shall demonstrate that the anomalies are consistent at one loop in the sigma model
perturbation theory. Furthermore, they cancel at the same order by either the addition of
plausible finite local counterterms in the sigma model effective action or by the assumption
that the transformations are appropriately quantum mechanically corrected.

In this chapter, we shall focus on two classes of heterotic supersymmetric backgrounds
those for which the connection with skew-symmetric torsion, V, has holonomy included
in SU(2) and in SU(3). The spacetime, M, of the former backgrounds can be locally
described as a principal bundle whose fibre is a 6-dimensional Lorentzian Lie group G
with self-dual structure constants and base space a 4-dimensional conformally hyper-
Kéhler manifold [143, 144, 107]. The holonomy symmetries of sigma models on SU(2)
holonomy backgrounds are generated by 1-forms and 2-forms. The 1-forms are those
associated with vector fields generated by the action of G' on MY with respect to the
spacetime metric ¢g. In the SU(3) holonomy case, the spacetime is locally a principal
bundle with fibre a 4-dimensional Lorentzian Lie group G and base space a conformally
balanced Kéhler manifold with torsion [143, 144, 107]. The holonomy symmetries are
generated by four 1-forms which are associated with the vector fields generated by G on
M9 with respect to g as well as one 2-form, I, and two 3-forms, L; and L.

We find that the closure of the algebra of holonomy symmetries in both cases requires
the inclusion of additional generators. The incorporation of right-handed worldsheet
translations and supersymmetry transformations generated by the right-handed energy-
momentum tensor, 7', as well as the symmetries generated by the second Casimir operator
of the Lie algebra of GG are required for the closure of the algebra of symmetries since the
sigma models we shall consider manifestly exhibit a (1,0) worldsheet supersymmetry. In
addition, the closure of the algebra of symmetries of the sigma model on SU(3) holonomy
backgrounds requires the symmetries generated by the conserved current which is the
product, T'J;, of T" with the conserved current, .J;, of the symmetry generated by the
2-form I. In both cases, the symmetry algebra is a W-algebra because the structure
constants of the algebra depend on the symmetries’ currents.

To analyse the chiral anomalies of the holonomy symmetries, we assume that there is a
regularisation scheme which manifestly preserves the (1,0) quantum-mechanically world-
sheet supersymmetry of the theory. The fact that the perturbation theory for the model
can be done in (1,0) superfields justifies this. The anomalous part of the effective action
for spacetime frame rotations and gauge transformations has been computed in [101, 145].
After possibly including appropriate finite local counterterms [145] in the effective action
of the theory, the anomaly of spacetime frame rotations and transformations of the gauge
sector can be brought into the standard form given here in (6.30) and (6.31), respectively.
Then, the use of Wess-Zumino consistency conditions allows to show that the anomalies
of the holonomy symmetries of the sigma model generated by the @-covariantly constant
forms can be expressed in terms of the Chern-Simons form of an appropriate connection
as in (6.33) up to possibly spacetime frame rotation and gauge transformation invari-
ant terms, see also [136]. Similar arguments apply to the anomalies of the additional
symmetries required for the closure of the algebra of holonomy transformations.

We show that if the associated Chern-Simons terms are expressed in terms of the frame
connection associated with the connection with torsion —H, V, and the connection that
appears in the classical action of the gauge sector, all these anomalies are consistent at
one loop. In fact, the anomalous part of the effective action is naturally expressed in
terms of these connections [145]. The cancellation of anomalies is done in two different
ways. One way assumes that the form generators of the holonomy symmetries receive
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quantum mechanical corrections such that to the given order in perturbation theory
they are covariantly constant with respect to a new connection V" with skew-symmetric
torsion H" which includes the Chern-Simons form. Such a modification of the torsion
is also justified as part of the anomaly cancellation mechanism for the spacetime frame
rotation and gauge anomalies of the theory mentioned above. It is also consistent with
the fact that the Killing spinor equations of heterotic supergravity retain their form [146]
up to and including two loops in the sigma model perturbation theory provided that
the 3-form field strength H is replaced by H”. Such a replacement is a consequence of
the cancellation of gravitational anomalies for heterotic supergravity [141]. For certain
symmetries, the anomaly cancellation is based on the existence of finite local counterterms
which can be added to the effective action. Under particular assumptions, we show that
these finite local terms can be used to remove the anomalies of the symmetries generated
by 1-forms and 2-forms.

This chapter is organised as follows. In section 1, we introduce the action of the
heterotic sigma model and present its sigma model and holonomy symmetries. We also
give the main formulae for the anomalies, present the consistency conditions and discuss
the mechanisms for anomaly cancellation. In section 2, we present the commutators of
the symmetries of the sigma model with target space the heterotic backgrounds with
SU(2) holonomy. We also give the anomalies of these symmetries, prove that they are
consistent and describe their cancellation. In section 3, we describe similar results for
the symmetries and anomalies of sigma models with target space heterotic backgrounds
with SU(3) holonomy. In section 4, we provide a summary.

6.1 Classical symmetries of chiral sigma models

6.1.1 Action and sigma model symmetries

The classical fields of the (1,0)-supersymmetric 2-dimensional sigma models that we shall
investigate are maps, X, from the worldsheet superspace Z2' with coordinates (6=, 0¥, %)
into a spacetime M, X : =" — M, and Grassmannian odd sections 1) of a vector bundle
S_® X*E over Z2I' where S_ is the anti-chiral spinor bundle over Z2I' and E is a vector

bundle over M. An action! for these fields [140] is
S =i / Podt* (g0 + by) D XO_X" + ihat Do) (6.1)

where ¢ is a spacetime metric, b is a locally defined 2-form on M such that H = db is a
globally defined 3-form, D3 = idy, h is a fibre metric on E and

Dy = Do + Dy XHQ (6.2)

with €2 a connection on F with curvature F'. We take without loss of generality that
D, har, = 0. We shall refer to the part of the action with couplings h and D as the gauge
sector of the theory. Note that

§S = —i / Podd (6X'S, + Ayt S,) | (6.3)

!The action can include a potential term [147]. But we shall not consider this here.
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where
AY? = 0" + XHQ, M0 (6.4)
is the covariantisation of di)_ and

SH = —ZQMV@:DJFXV - i¢inD+XVFuuab )
Sa — 221D+wa, , (65)

~

are the field equations. In addition, the connection, V, is
- 1
V., 2" =V ,Z" + §H“VAZA , (6.6)

where V the Levi-Civita connection on M with respect to the metric ¢ and H is the
torsion of V which is skew-symmetric.

The transformations of the fields X and 1, as well as the coupling constants g, b,
h and €, that leave the action (6.1) invariant, are known as sigma model symmetries.
This is to distinguish them from the standard symmetries of a field theory which act
only on the fields and leave the action invariant. Clearly, such transformations are the
diffeomorphisms of the target space M as well as the gauge transformations of the gauge
sector. The fields and coupling constants under infinitesimal diffeomorphisms generated
by the vector field v transform as

OXH=v" g =—LoGu , Obu =—Lb, ,
St = w8 = —LoQ% — Gy + we Q' — Qe wy

Ohap, = —Lyhay, — wahe, — hacw®, ’ (67)
where it is assumed that the diffeomophisms generated by the vector field v lift to the
vector bundle E and generate a fibre rotation®> w = w(v). The fields and coupling

constants under the infinitesimal gauge transformations of the gauge sector transform as

(Sulpi = U/abwli s 6uQ“ab = —auuab + 'U,ac Qucb — Q“ac ’U,Cb ,
5uhab - _ucahcb - hacucb ) (68)

where u is the infinitesimal parameter, and the remaining fields and couplings of the
theory remain inert.

In quantum theory, it is practical to introduce a frame on the tangent bundle of the
spacetime. This is because it is convenient to express the quantum fiield in a frame basis
when computing the effective action using the background field method, see section 6.1.3
for more details. In such a case, if we write the metric as g, = na Bel’jeVB , then the action
of infinitesimal spacetime frame rotations will be

5[ef} = éABef s (5@&)#143 = —8“€AB + EAC WHCB — w#AC ECB s (69)

where ¢ is the infinitesimal parameter and w is a frame connection of the tangent bundle
which we shall always assume preserves the spacetime metric. Of course, w transforms
under diffeomorphisms as € in (6.7), as well as the spacetime (co-)frame e,

The commutator of two gauge transformations (6.8) is [0y, 6| = O, Where [+, -] is
the usual commutator of two matrices. A similar result holds for the commutator of two

spacetime frame rotations (6.9). In addition to these, there is a gauge symmetry
Oby = (dm) (6.10)

associated with 2-form gauge potential, where m is a 1-form on the spacetime.

2Typically, one sets w(v) = 0 as w(v)s generate gauge transformations which are independent sigma
model symmetries of the system.
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6.1.2 Holonomy symmetries

Consider the infinitesimal transformation generated by the vector ¢-form, L,on the sigma
model target space.

0L X" = ap Lty 3Dy XM Dy XM = ap LDy XY At =0, (6.11)

where ay, is the parameter chosen such that d;, X* is even under Grassmannian parity,
the index L is the multi-index L = A\; ... \; and D, X% = D, X* ... D, X*_ The action
(6.1) is invariant under such transformations [106, 131] if L is an (¢ + 1)-form, after
lowering the vector index with the metric g, and

Volrya =0, Fypn Ly, =0. (6.12)

VIRt DVASY

The second condition® above has appeared in [136] and generalises the condition required
for the model to admit (2,0) worldsheet supersymmetry, see [147]. Moreover, the param-
eter ay, satisfies O_ayr = 0, i.e. ar = aL(:r;*, 61). Tt is straightforward to observe that for

=0, L = K is a Killing vector field and i H = dK. As H is a closed 3-form, LxH = 0.

The existence of @—covariantly constant forms implies the reduction? of the holonomy
group of V to a proper subgroup of SO. This occurs in several scenarios that include
string compactifications on special holonomy manifolds. The geometry of all supersym-
metric heterotic backgrounds has recently been shown in [143, 144] to be characterised
by the reduction of the holonomy group of the V connection to a subgroup of SO(9,1).
As a result of this reduction, @—covariantly constant forms on the spacetime which are
constructed as Killing spinor bilinears exist. In addition, the second condition in (6.12) is
a consequence of the gaugino Killing spinor equation. Therefore, the action (6.1) exhibits
symmetries associated with all these covariantly constant forms which will be investigated
below.

The commutator of two transformations (6.11) on the field X has been explored in
detail in [134]. Here, we shall summarise some of the formulae and emphasise some
differences as some assumptions made previously on the algebraic properties of the V-
covariantly constant tensors are not valid for those of general supersymmetric heterotic
backgrounds. Moreover, we shall describe the commutator of the transformations on the
field ¢. The commutator of two transformations (6.11) on the field X generated by the
vector (-form L and the vector m-form M can be written as

[0, O] X# = 60, X# 4+ 68 x4+ 61 x| (6.13)
with
O X" = aprap N(L, M)# Dy XEM (6.14)

(553218/1)();1 = (—mayDiar(L-M)yry s,

3This can also be written as i;, F' = 0, where i, is the inner derivation of F with respect to the vector /-
form L. In general, the inner derivation of a p-form, P, with respect to Lisiy, P = le’LP,,p2 dx™Pz,
where Py = 1. . fip.

4The structure group of the spacetime reduces as well. The structure group is a subgroup of the
holonomy group of any connection.
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+0(=1) gy D ang(L - M)ry oan ) Dy X222 (6.15)

and
(680, X), = —2ilm(—1) arrar (L - M) () 02X " D X P22 (6.16)
where
(L M)xpypurts = Loap, MP s (6.17)
and
Nurarda™™ = (= Hyup L't MPag + ML L Hyp Mygrs, = s Hyr, Ly,

+€me>\1M1(L ' M)(M|L2|7P)M2> d‘rLM
= < — (f +m + 1)H[M|VP|LVLMPM] + émeM#l (L . M)(M|L2|7P)M2) d‘TLM(6.18)

The multi-index M stands for M = py ... p,, while the multi-indices L, and M, stand
for Ly = Ag... Apand My = po . .. fiy, respectively. The tensor N (L, M) is the Nijenhuis
tensor of the vector-forms L and M which has been rewritten using that L and M are V-
covariantly constant. This concludes the description of the commutator of two holonomy
symmetries. The conserved current of a symmetry generated by the (¢ + 1)-form L is

Jp = Loy, Dy XPtiess (6.19)

Leefhot1

In can be easily seen that 0_J, = 0 subject to field equations (6.5).
The investigation of the commutator (6.13), requires to include the symmetries gen-
erated by the vector (q+1)-form

S*pr.pg = gu/\SA,Vm..-pq = 0" Qpy..pq) - (6.20)

It turns out that if Q is a V-parallel g-form and igF =0, i.e. it satisfies (6.12), one can
show that the infinitesimal transformation

N —1)¢ .
05X, = a5V+D+XVSV,MQD+XQ+(q—>v+(aSSH,VQD+XVQ)

+1
qg+3
— T gH L, QoD X"
3(q_|_1)a5 [u PQQ] +

—1)¢
— (q +)1 aSQQFMVab¢ED+XQ#V s (621)

Ayt =

is a symmetry of the action. To prove the invariance of the action (6.1) under the trans-
formations (6.21), the Bianchi identity below is needed. This identity will be important
later for the analysis of the anomaly consistency conditions.

N 1.
Rujy.po] = _gquvm ] (6.22)

where H is taken to be a closed form, dH = 0. The associated conserved current is T'Jg,
where T is the right-handed (super) energy-momentum tensor

N 1
Tt = guDe X"V DL X" = S H,up DL XM (6.23)
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which does not depend on the left-handed fermionic superfield . It can be easily demon-
strated using (6.22) that 0_T = 0 subject to the field equations (6.5). Note that the
infinitesimal transformation generated by T is

o X" = 2i0, 0 X" + Dy, DL XY Apyp? = _aTFuuab¢ED+XW ) (6.24)

which is a right-handed worldsheet translation followed by a right-handed supersymmetry
transformation. The proof that the action (6.1) is invariant under (6.24) again requires
the use of the Bianchi identity (6.22).

To proceed, the commutator (6.13) has to be re-organised as a sum of variations
where each variation is independently a symmetry of the action. Such a re-organisation
has first been proposed for the models with H = 0 in [148] and later in the models with
H # 0 in [134]. However, the @—covariantly constant forms of general supersymmetric
heterotic backgrounds that we shall be discussing, do not satisfy the necessary conditions
mentioned in these references. Locally, all supersymmetric heterotic backgrounds with
compact holonomy group are fibrations with fibre a group manifold® [143, 144, 107].
The conditions mentioned in [148, 134] fail along the fibre directions but still apply
provided that the right-hand-side of the commutator (6.13) is restricted along orthogonal
directions to those of the fibres. Because of this, the formulae in [134] are still useful for
the analysis. Eventually, the whole commutator (6.13) of holonomy symmetries generated
by the @-covariantly constant forms of general supersymmetric heterotic backgrounds can
be rewritten as a sum of symmetries. But as we shall demonstrate, this will require the
addition of new generators which will be investigated on a case-by-case basis.

Next, let us consider the commutator of two (6.11) transformations on the field ©). As
Ay = Ay = 0, one finds that

(61, O0r]00™ = — Q"0 [00, O] X PP — F 00 XHop XV (6.25)

Therefore, the commutator may give rise to a non-trivial transformation, Ay, on
given by

Apyh® = —F 00 X P X P (6.26)

Such a transformation, which appears on the right-hand side of the commutator of two
holonomy transformations, may have been expected for consistency as the invariance of
the action under (6.24) and (6.21) require such a contribution.

For the analysis of anomalies described below, it is necessary to find the commutators
of sigma model and holonomy symmetries. As it can always be arranged for the diffeo-
morphism sigma model symmetries not to be anomalous up to possibly the addition of a
finite local counterterm in the effective action [101], it remains to describe the commuta-
tor of gauge transformations (6.8) and (6.9) with the holonomy symmetries (6.11). It is
straightforward to see that they commute

[0¢,02] = [0u,0r] =0, (6.27)

on both X and v fields.

5The spacetime of these backgrounds is a principal bundle, P, with fibre a Lorentzian Lie group, G,
and base space, B, a suitable Riemannian manifold with skew-symmetric torsion. In general, the total
space, F/, may not be necessarily of product form, G x B, either topologically or metrically.
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6.1.3 Anomaly consistency conditions

The background field method [149, 150, 151] allows to retain most of the geometric
properties of sigma models in the quantum theory. This involves the splitting of the (total)
field of the theory into a background field, that is treated classically, and a quantum field
that is quantised. However, the understanding of the quantum theory presents several
challenges as this splitting is non-linear for sigma models. These challenges include the
non-linear split symmetry [152] needed to control the counterterms to correctly subtract
the ultraviolet infinities and determine the effective action, I', from the 1PI diagrams
with only external background lines®. After writing the theory in terms of background
and quantum fields and considering the effective action constructed from 1PI diagrams
with external background lines only, some of the symmetries of the theory, like those of
spacetime frame rotations and gauge sector transformations, act linearly on the quantum
fields, for a detailed discussion see [154]. Investigation of such symmetries is significantly
simpler. Unfortunately, this does not apply to the holonomy symmetries, where the
induced transformations on the quantum fields are non-linear, and a much more in-
depth analysis is required [148]. To proceed, we shall consider the effective action, T,
computed from 1PI diagrams with only external background lines. Then, after stating
the spacetime frame rotations and gauge transformation anomalies, which we take to
be expressed in terms of the background fields, we shall use Wess-Zumino consistency
conditions to determine the anomalies of the holonomy symmetries. From now on, it will
be assumed that all fields that are included in the expression for the anomalies as well
as those that appear in the various transformations required for the investigation are the
background fields.

Suppose that the classical theory is invariant under the symmetry algebra whose
variations on the fields satisfy the commutation relations

[04,0B] = dia,B) , (6.28)

where 04 (dp) is a transformation on the (background) fields generated by A (B) generator
with parameter a, (a,) and [A, B] is the commutator of the two generators. If these
symmetries are anomalous in the quantum theory, i.e. 4" = A(a,), then applying the
commutator (6.28) on I', one finds that

dal(a,) —opAla,) = Ala (6.29)

[A,B]) :

These relations between anomalies are known as Wess-Zumino anomaly consistency con-
ditions”. A solution of these conditions will yield an expression for the anomaly of a
symmetry in terms of the fields.

It is well known that the anomaly associated with the gauge transformations (6.9)
is determined by the descent equations [101] starting from a 4-form, P,(R) = tr(R(w) A
R(w)), which is proportional to the first Pontryagin form of the manifold, where R is the
curvature of a connection w. As this is closed, one can locally write Py(R) = dQ3(w),
where Q3 is the Chern-Simon form. As Pj is invariant under the gauge transformations
(6.9), one has that d§,Q%(w) = 0 and so §,Q%(w) = dQ(¢,w). The gauge anomaly® is

6Potential anomalies in the shift symmetry have been examined in [153].

It is customary in the investigation of Wess-Zumino consistency conditions for anomalies to use the
BRST formalism. We shall not do this here. Instead, we shall use the commutators as these emphasise
the geometry structure of the theory.

8For applications to string theory, replace in the formulae below A with ¢’.
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given by

h
A =2 / Podd Ql(w, ), Dy X O_X" | (6.30)

where the numerical coefficient in front is determined after an explicit computation of
the term in the effective action that contributes to the anomaly. A similar calculation
reveals that the anomaly of the gauge transformation (6.8) is
ih 2 1 v
Alu) = —— [ &odd™Qy(Qu)W DL X O_XY . (6.31)
The connection that appears in the expressions for the anomalies is not uniquely defined
since it can be altered upon adding a finite local counterterm in the effective action
[101]. Later, this flexibility in choosing the connection that appears in the expressions
for the anomaly will be used to demonstrate the consistency of Wess-Zumino conditions.
Furthermore, notice that despite the Chern-Simons form having a standard expression,
QY is specified up to an exact form, Q5 — QY + dW. It turns out that this can be
used to cancel some of the anomalies by adding an appropriate finite local counterterm
constructed from W in the effective action.
As the commutator of gauge symmetries with the holonomy symmetries vanishes
(6.27), the anomaly consistency conditions (6.29) in this case imply that

5A(a,) — 5.A(0) =0, (6.32)

and similarly for the gauge transformations (6.8), where A(a,) is the anomaly of the
holonomy symmetry generated by L. A solution to both consistency conditions is
h
Aa,) = i—ﬂ /d2crd0+ QN w, D), 0 X Dy XVO_XP + Ajny(a,) | (6.33)
up to possibly d,- and §,-invariant terms, Aj,,(a, ), where Q%(w,Q) = Q%(w) — Q(Q).
This form of the holonomy symmetry anomaly is also consistent with the second com-
mutator in (6.27). From here on, we shall take Ay,,(a,) = 0.

In the case that L is a Killing vector field K, L = K such that 15 Py = 0, one has that
LxP; =0 and so dLxgQ = 0. Thus LQ(w) = dQ3(a,,w). Then it is straightforward
to show that the anomaly can be wirtten as

h
Alag) = i— /d20d9+Q§(w,aK)WD+X“8X” . (6.34)
T

A(ak) satisfies the consistency conditions that arise from the commutator of isometries
of the sigma model target space.

It remains to investigate the consistency of (6.33) with respect to the commutators
of holonomy symmetries. Consider two holonomy symmetries generated by the forms L
and M. After a direct computation, one finds that

ih
SA(a,) — dpA(a,) = ;—W / Pod0t Py(R, F) 001 X 00 X" Dy XPO_X°
h
+fl—ﬂ / Pod0t QY(w, Q) up[0r, 511| XP D XV O_X" | (6.35)
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where Py(R, F) = Py(R) — P,(F). It turns out that the above consistency condition is
more general. If the anomaly of two transformations §; and ds is given as in (6.33), then
their mutual consistency condition will be given as in (6.35) with 6, = §; and &y = da.

A comparison of (6.35) with the anomaly consistency condition (6.29) suggests the
terms that contain Py(R, F') in the right-hand side of (6.35) may potentially give rise to
an inconsistency. In fact, the consistency condition is more subtle as it also depends on
whether the individual symmetries that appear on the right-hand side of the commutator
[0, 0pr] are anomalous. If they are not anomalous, then the whole right-hand side of (6.35)
must vanish for consistency. It is clear that the study of these consistency conditions
depends on the symmetries that arise in the commutator [0y, dp/]. This in turn depends
on the geometry of the heterotic backgrounds, particularly the details of the properties
of L and M forms.

6.1.4 Anomaly cancellation and consistency conditions revis-
ited

The number of Killing spinors and the holonomy of V for heterotic backgrounds are
thought to be preserved in some form under quantum corrections to possibly all orders in
perturbation theory. There are two scenarios of how this can happen. Let us focus on the
anomaly cancellation at one loop to explain them. We shall comment in the concluding
remarks about anomaly cancellation in higher orders. First, one may expect that finite
local counterterms could remove the anomalies. This is mostly the case whenever there
is a renormalisation scheme that prevents L, the symmetry generator, from receiving
quantum corrections. To illustrate this, consider a spacetime RF x N0=% and L = I a
complex structure on N'°=*_ In this scenario, the part of the sigma model action on N10=*
has a second supersymmetry generated by I and the theory is (2,0) supersymmetric.
In complex coordinates that I is constant, the (2,0) supersymmetry transformations are
linear in the fields. Therefore, one should not expect these transformations to be corrected
in the quantum theory. Furthermore, since the perturbation theory can be set up using
(2,0) superfields, one should not expect a (2,0) supersymmetry anomaly. These manifestly
preserve the symmetry. Thus, there must be a renormalisation scheme that manifestly
preserves the (2,0) supersymmetry. Indeed, it has been shown that if the perturbation
theory is set up in (1,0) superfields, then the anomaly (6.33) of the symmetry generated
by I is cancelled by a finite local counterterm [142, 154].

Secondly, it is plausible that L will receive quantum corrections. This scenario is
consistent with the fact that the Killing spinor equations of heterotic supergravity retain
their form up to and including two loops® in the sigma model perturbation theory [146].
These quantum corrections require to replace H with H”. Let us denote the quantum
corrected L with L". Then note that (6.33) in terms of L" can be rewritten as

M =681 ® £ irW) = Ap(ay) =

2(—1)¢
—i / dPodd™ (ar, é+1) VIL} O-XPD X5 —ia LM F) P D X

12yt Dhy_,) = 0+ O(R?) (6.36)

9Therefore, from the supergravity perspective, the anomalies cancel up to and including two loops in
the sigma model perturbation theory.

91



6.1. CLASSICAL SYMMETRIES OF CHIRAL SIGMA MODELS

where V" is the quantum corrected connection'? with skew-symmetric torsion
h h o 2
H"=H — 4—Q3(w,§2) + O(h7) . (6.37)
T

Similarly, D" is the quantum corrected connection of the gauge sector and for the holon-
omy symmetries Ay = 0. Nevertheless, as we shall see later, this term must be
added as it contributes to the commutator of two holonomy symmetries. Observe that
dH" = —%PAW,Q), i.e is not closed. It is evident that the anomaly is cancelled,

ST = 0+ O(h?), provided that L" is covariantly constant with respect to Vi VILE =0,
and i n " = 0, i.e. the second condition in (6.12) is satisfied with F' = F" and L = L".

Note that the correction of H as in (6.37) is also required to restore the tensorial
properties of the 3-form coupling H. A non-trivial transformation on H at one loop
arises as a consequence of the anomalous variations to b [140] at the same loop order,
b = 1-Q3(¢,w) and 8,b = —7-Q3(u, ), which are needed to cancel the frame rotations
and gauge anomalies, respectively. The transformation of H is cancelled in H" by the
zeroth order variation of the Chern-Simons term. Hence H” is invariant under such a
transformation up to order O(h?). This appropriately persists to all loop orders [142,
154].

The cancellation of holonomy anomalies described above is also consistent with the
corrections to the heterotic supergravity up and including two loops in the sigma model
perturbation theory. It is known that the Killing spinor equations of the theory remain
unaltered to this loop order provided one replaces the 3-form field strength H with H”
[146]. The Killing spinors € are consequently parallel with respect to the spin connection
of @f”, Ve = 0. Thus, the Killing spinor bilinears can automatically be identified with
L" and they are covariantly constant with respect to v, Finally, the gaugino Killing
spinor equation of the theory implies that i, F" = 0.

To continue, let us review the consistency condition (6.35) considering the implications
of corrections on L and M. It can be re-derived by varying (6.36) with %, and taking
the commutator. After assuming that i;»F" = iy#F" = 0, the final expression can be
cast into the form

wvpo

+2i(A] 0" + Fl A 6 X0 X)Dp_,) = 0+ O(R?) (6.38)

—i / dPod0* ( — 29, (0%, 08 X"V D XY + dH", St XPSh XD, XPO_X"

where Al 2 = 08 4 + QﬁabéiMX“z/ﬂj and it should be read as the covariantisation
of the right-hand side of the commutator on v (6.25) after it has been decomposed as a
sum of individual symmetries.

The symmetries appearing in the right-hand side of the commutator [6%,5%,] will
determine how we may proceed. It turns out that, provided our previous assumption
that ipn F" = iy " = 0, the term in (6.38) involving variations of the field 1 is always
satisfied in all cases. In all examples, we shall be considering, the commutator on X will
read

[07, 08 = 0% + 65+ 0p (6.39)

101t is expected that both g and b are also corrected in quantum theory to ¢ and b", respectively. This
is especially the case whenever one searches for a scheme to make the theory manifestly superconformal,
i.e. a scheme that the beta function vanishes. So V7’ should be taken with respect to ¢™ and b". But for
simplicity in what follows, we shall drop the A superscript from g and b.
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where 6% is a symmetry generated by a @h—covariantly constant form N with parameter
ax constructed from those of 67 and 6%, and 0% is a transformation given in (6.21) with
a parameter ag constructed again from those of 6% and §%,. Next 6%, is a transformation
again generated by @h’—covariantly constant forms collectively denoted by P but now
with parameters constructed from those §7 and 6%, and some conserved currents J of the
theory. The structure of 6", will be explained below. We will label, type I, type II, and
type III, the three different types of transformations that take place on the right side
of a commutator. Naturally, a typical commutator will close to a linear combination of
all 3 types of transformations. The consistency condition in each case will be separately
treated.

Type I: If a commutator closes to a d type of symmetry, then the consistency con-
dition (6.38) is

P(w, Q);w[pkr\LuLMVM] =0 s (640)

as the first term vanishes because N is V" covariantly constant and 0_ay = 0. Note that
the condition is expressed in terms of L and M as P(w,(2) is first order in A.

Type II: If the commutator closes to a 0% symmetry, the first term in (6.38) contributes
to the consistency condition since the Bianchi identity (6.22) is involved to prove that a
S type symmetry leaves the classical action invariant. Note that the Bianchi identity is
modified to

. 1. 1
R,u[u,po] = _gv,uHVpa - EdHMVPU ) (641)

for dH # 0. This is the case here as dH" # 0. Therefore the consistency condition now
reads

—1)¢
QS&P(W, Q)U[p)\TQQ] + CLMCLLP(W, Q)uy[p‘a‘LuLMyM} =0 , (642)
3(g+1)
where ag is expressed in terms of a; and a,s, and the indices satisfy A\7Q) = LM.

Type III: Finally, suppose that a commutator closes to a 6%, type of symmetry which
has to be analysed as a straightforward modification of a transformation generated by a
a covariantly constant form P by allowing the parameter ap to depend on 0=, d_ap # 0,
is not always'’ a symmetry of the classical action. Thus, it is not expected to be a
symmetry of the quantum theory. However, since the commutator of two symmetries d;,
and d); of a classical action is also a symmetry of the theory, d;p must be a symmetry
as well. To achieve this, there should exist L' and M’ @—covariantly constant forms that
satisfy (6.12) such that

5JP = (m/ -+ 1>CL/JL/6M/ -+ (6’ —+ 1)CM'=]M/5L/ , (643)

for some constants ¢z, and ¢y and with parameters related'? as (—1)E D0+ 6y, =
cyrars, where Jpr/ is the current associated to L' as in (6.19) and similarly for Jy,. Indeed,
one has that

5]]35 = —i/d20d9+(5]PX'uSM)

"' Though in some cases, ap depends on the currents of the theory in such a way that (5?} p is a symmetry,
see SU examples below.

12As the transformation 6 p arises in the right hand side of the commutator [§1,, 5], the parameters
ars and ay are expressed in terms of ay, and ap; and so they are related.
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= —Z/d20d9+( - 2(—1)£’m,cM/aL/8:(JM/JL/)) =0 5 (644)

where we have used the condition on F in (6.12) for both the forms L’ and M’ Repeating
this computation in the quantum theory reveals that the first term in the consistency
condition vanishes and (6.40) must be satisfied.

The treatment of type III commutators discussed above can be extended to include
cases with currents, J4 and Jp, associated with the symmetries, 4 and dp, respectively,
which are not necessarily generated by a @—Covariantly constant form, i.e. d;p = cpJadp+
caJpds. Note that one may let the parameter ap to depend on ¢~ in order to calculate
the current for a symmetry generated by the variation dg. Then it is known that

535 ~ /d20d9+8:aBJB . (645)

Using the above formula of calculating a current and after replacing ap with Jaap, where
now O—apg = 0, and similarly for Jy, one finds that

5105 ~ / Poditard_(Jay) =0 | (6.46)

after an appropriate choice of constants c4 and cp and a relation amongst the parameters
ay and ap. However if the Bianchi identity (6.22) is used to arrange the d;p variation of
the action as above, then the consistency of anomalies will require the condition (6.42)
instead of (6.40).

6.2 Anomalies and holonomy SU(2) backgrounds

6.2.1 Summary of the Geometry

The spacetime of supersymmetric heterotic backgrounds for which the holonomy of \Y,
is included in SU(2) admits six V-parallel 1-forms e, a = 0, ...,5 and three V-parallel
2-forms [, such that the Lie bracket algebra of the associated vector fields e, to e is a
6-dimensional Lorentzian Lie algebra with self-dual structure constants H%,.. As a result
e, are Killing vector fields'3. In addition, we have that L., H = 0. Moreover,

i, =0, Lo, =0. (6.47)
Furthermore, the endomorphisms (vector 1-forms) I, g(X, [,Y) = I.(X,Y), satisfy
Il = —6,5(1 —e, ®e) + 6., I . (6.48)

These backgrounds admit 8 Killing spinors and all these forms arise as Killing spinor
bilinears.
The metric and 3-form field strength of the backgrounds can be written as

- 1 2 -
g=nupe’e+q§, H= gnabe“ A de® + ge“ ANF+H , (6.49)

1380 far, we have used K to denote the Killing vector fields and we shall continue to do so in the
analysis of the anomalies that will follow. But here, we stress with e* that these 1-forms can be used as
part of a pseudo-orthonormal (co-)frame on the spacetime.
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where 7 is the Minkowski space metric and g = d;;e’e’ with e’ an orthonormal (co)-frame
orthogonal to e*. Moreover, F* = de®— 1H‘Lbce /\e = 1Hc”me Aed and ig, H = i, F* = 0.
Furthermore, Lo, H = 0 and F* is an (1,1)-form™* with respect to all three endomorphisms
I, ie. F(I,X,1.Y)=F(X,Y) ( no summation over r).

The Killing spinor equations also restrict the curvature of connection, F', of the gauge
sector. The conditions are that i, F' = 0 and F([,X,[,Y) = F(X,Y) ( no summation
over r). Therefore, F' is anti-self dual in the directions orthogonal to the orbits of the
isometry group.

The geometry of such spacetime, M9 locally can be modelled as that of a principal
bundle over and HKT 4-dimensional manifold N* with metric § and torsion H, princi-
pal bundle connection e* whose curvature is F and fibre a group manifold, G, whose
(Lorentzian) Lie algebra is R®, s[(2,R) @ su(2) or ctog with self-dual structure constants.
Moreover N* is conformally hyper-Kéhler, i.e there is a hyper-Kahler metric on N*, g,
such that § = ¢?®§, where ® is the dilaton. The hypercomplex structure on N 1is spanned
by the three endomorphisms I, and the associated Kahler forms I are closed. For more
details on the geometry of supersymmetric heterotic backgrounds with SU(2) holonomy,
see [143, 144, 107]. Note that M may not be a product G x N* either topologically or
metrically. The curvature F may not be zero.

6.2.2 SU(2) holonomy symmetries and their commutators

The symmetries generated by the form bilinears e, and I, are

SkXP =ae 6, X' =d}(I,)", D X" (6.50)

Ka)?

with Agv = App = 0. Let us clarify our notation, we use the pseudo-orthonormal frame
(e!) = (e*,€') and define X4 = e/ 0X*, D, X" = e/ D, X* and 0.X" = e;0.X*. In
this notation dx X* = a? and ;X' = aj([,)';D X’ with all the other components of
the variations to vanish. The closure of the algebra of these transformations requires the
following symmetry!®

0o X =a. VD, X+ V,(a,D,X) (6.51)

with dc X = Aty = 0. The Jc symmetry is associated with the quadratic Casimir
operator of the Lie algebra of isometries and the conserved current is

C = nuelel Dy X"V D, X" . (6.52)

It is straightforward to verify using the algebraic properties of the form bilinears that

[(SK,(;}(]X‘U = CL f{’[ea,eb] CLZCL;?HabCe‘g = }/(X‘u s
[0k, 0] X" = a% a}(Lea L), DL XY =0, (6.53)
where (a” )¢ = —a®a’® Hy,".

14Here, we have adopted the terminology of hypercomplex geometry to assign a holomorphic and anti-
holomorphic degree for forms even though I,. is not a hypercomplex structure over the whole spacetime.

15 Although the variations of the symmetries on the fields are given in frame indices, for the compu-
tations of the commutators below it is convenient to re-express them in spacetime indices as those in
section 6.1.2.
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It remains to compute the commutator of two symmetries generated by I,.. To carry
out the above computation, it is helpful to notice that N(I,, I5)";x = 0. After some
computation, one finds that

[67,07] = 61 + 0c + 0k + 07, (6.54)

where o, = afajd,,, o, = —afa}d,s, a = afajé,HJ} J5 and aff = —(afDya] +
atD,a¥)es'. Notice that the parameter of the transformation dx in the right-hand side
of the commutator depends quadratically on the currents Jg associated with isometries.
Nevertheless, dx with the above field-dependent parameter is a symmetry of the theory
because it can be rewritten as

0 X" =a,H" WD, X" (6.55)
for some parameter a_, 0-a, = 0, generated by

]
H= 3Habceb (6.56)

H is a V-covariantly constant form as a consequence of the Bianchi identity (6.22) and the
SU(2) holonomy of V. In principle, we could have introduced (6.55) as an independent
symmetry and compute its commutators. The advantage of this approach would be a
standard Lie algebra as the symmetry algebra of the sigma model, instead of the W-type
of algebra with current dependent structure constants that emerges in (6.54). Initially, we
followed this path, but we later came to the conclusion that it would be more economical
for the presentation that follows not to consider (6.55) as an independent symmetry and
express the commutator of two d; transformations as (6.54).

The commutator of two d; transformations on ¢ (6.25) can be expressed as (6.54),
where

A = App® = —adfa}d,F, > DX (6.57)

and Acth = A%y = 0.

The remaining commutators are
(6,01 =0, [0k,0c]=0% , [0c,dc]=0d¢~+ 0% , (6.58)

where a)t = 2iac0iay + DiacDyay + 2H%acDyady J5, df, = o, = DiogpDiac +
22(&004;040 — acdsay) and aft = o, H".J} J5. Note again that the parameters of the

. and ¢} transformations are field dependent via the currents of the theory and so the
algebra of symmetries is a W-algebra. As we have explained the field dependent part of the
0% transformation is a symmetry of the action as it can be interpreted as a dz symmetry.

Similarly, for the field dependent part of ¢% transformation since 67X = ab H%.D,X*

is a symmetry of the sigma model action generated by the V- covariantly constant 2-forms
Ha = — 1 we€. But as we have already mentioned, we have not proceeded in this way.
Note also that for all transformations in (6.58) Ay = 0 and Ag; = Age = Ace = 0.
Below, we shall demonstrate the symmetries generated by K and C' are not anomalous
as their anomalies can be cancelled with the addition of a finite local counterterm in the
effective action of the theory.
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6.2.3 Anomalies and consistency conditions

The analysis of the anomalies of these models is similar to that of the standard (2,0)-
supersymmetric chiral sigma models in [142, 154]. However, there are some key differ-
ences. There are potentially anomalous isometries present in this class of sigma models.
In addition, [ is not associated with a second supersymmetry as it is not a complex
structure over the whole spacetime — the commutator of two transformations generated
by I given in (6.54) also reflects this fact. Nevertheless, the analysis presented in [154] for
(2,0)-supersymmetric sigma models can be appropriately adjusted to apply to this case
as follows.

So far, the connection on M'? that contributes in the anomalies (6.30) and (6.33)
has been arbitrary. From now on, we shall set w = &, where w is the frame connection
associated with 7, whose torsion is —H. It is well known that if dH = 0, then FA{W,M =
Rpa,uv- Observe that 4 KP4(R, F) = 0 as a consequence of the holonomy of \V/ being
contained in SU(2), the curvature 2-form R satisfies ix R = 0 and R(I, X, Y) = R(X,Y)
(no summation over 7 = 1,2,3). This in turn implies that ix Py(R) = 0 and as a result
of the gaugino KSE, ix Py(F) = 0.

The potential anomalies associated with dx, 07, and d¢ are given as in (6.33) with &,
replaced with the symmetry under investigation. This is the case as those transformations
commute with both frame rotations ¢, and ¢, gauge transformations.

The commutators of dx with dx, d; and d¢ either vanish or close to a type I and a type
IIT transformation, see (6.53) and (6.58). The type III transformation is a symmetry with
the current dependent parameter stated. The condition (6.40) required for the consistency
of the anomalies is satisfied as a result of ix Py(R, F) = 0. Similarly, for the commutator
of 6¢ with d; in (6.58).

The commutator of two d¢ transformations in (6.58) closes to a type II and a type III
transformation generated by C' and K, respectively. The latter is a symmetry regardless
of the current dependent parameters given in (6.54). It is straightforward to check that
the consistency condition (6.42) is also satisfied because ix Py(R, F) = 0.

The commutator of two d; symmetries, (6.54), closes to a type I transformation gen-
erated by I, two type II transformations generated by T" and C, respectively, and a type
1T transformation generated by K. The latter is a symmetry with the current dependent
parameter indicated. In this scenario, the consistency condition needed is given in (6.42),
with the first term associated with the transformation generated by T'. The contribution
of C' and K transformations vanishes as z'KP4(R, F)=0. Setting L = I, and M = I in
the second term in (6.42) demands that P,(R, F') should be a (2,2)-form with respect to
all three endomorphisms I, in order to be satisfied. It turns out that this is the case as a
consequence of the conditions R(I,X,1,Y) = R(X,Y) and F(I,X,I.Y) = F(X,Y) ( no
summation over 7) of the curvature 2-forms.

Therefore, we have shown that the anomalies of all symmetries are consistent at least
at one loop. Following the analysis of section 6.1.4, it can be argued that the anomalies
of these symmetries are removed if the forms which generate the holonomy symmetries
get quantum corrected as explained before. In the next subsection we shall examine the
cancellation of some of these anomalies by adding finite local counterterms in the effective
action.
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6.2.4 Anomaly cancellation and finite local counterterms

The consistency and cancellation of anomalies for holonomy symmetries have already been
discussed in section 6.1.4. Here we shall explore whether the anomalies of the symmetries
generated K, C' and I can be cancelled under certain conditions with the addition of finite
local counterterms in the effective action. The global anomaly is cancelled provided that
Py(R, F) is an exact 4-form. Next Py(R, F) satisfies i Py(R, F) = 0 and Lx Py(R, F) = 0.
Therefore, there is a P, on N* such that P4(R, F) = 7r*]54, where 7 is the projection from
the spacetime M1 to the orbit space, N4, of the group of isometries. As dP, = 0, there
is Q9 such that P, = dQY. Therefore, one has

QY(w, Q) = T°Q5 + dW | (6.59)

where W is a 2-form on M'9. This allows to add the finite local counterterm

i, = ;Z Lodft W,, D, XPO_X" (6.60)
in the effective action. Adding this finite local couterterm implies that the anomalies of
all the symmetries written as (6.33) now will be given with 7*Q9 in place of Q3(w, Q).
This finite local counterterm removes the anomalies of the symmetries §x and d¢ since
1 Kﬂ*@% = 0. Thus, these transformations are not anomalous. The same would have been
the case, if we had considered the symmetries generated by H and H as independent
symmetries.

It remains to investigate the cancellation of the remaining anomalies of the theory.
For this notice that the Hodge dual of P, on N* taken with respect to the hyper- Kahler
metric g, *P4, is a scalar. As P4 is exact, %Py is not harmonic. Therefore, there exists'®
a function f on N* such that P, = V2f, where V is the Levi-Civita connection on N*
with respect to g. As a result, one can write

Qf = —*df +dX (6.61)
where X is a 2-form on N*. Observe that QY can also be written as
Qg =d.Y, +dX , mno summation over r (6.62)

where YT = [Or f and ng is the Kahler form of the hyper-Kahler metric ¢ on N* associated
with the complex structure I, and d, =i, d — di,
Next, adding the following finite local counterterm in the effective action
q th

Py = =7 [ dodd™ (7" X)u + [ (7°G)w) D XMO_X", (6.63)

where f = 7*f. It can be shown that the anomalies, A(ay), associated with the symme-
tries generated by I, endomorphisms cancel as well.

The frame rotations and gauge transformations anomalies can be modified with the
inclusion of the finite local counterterms Fﬂ and F

(L + Ty + Tly)) = A0) + 6,y + 6Ty (6.64)

16 This is the case provided that N 4~ is compact. The same applies for N* non-compact provided that
the operator V2 has an inverse and %Py is in the range of the operator. For a non-compact example take
N* =R" with the flat metric and P, constructed using anti-self-dual instantons, see [155].
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and similarly for the gauge anomaly A(u). The cancellation of these anomalies is done
after assigning an anomalous variation to both the spacetime metric g and b coupling of
the sigma model action (6.1).

We can refine this approach if we assume the parameters of the frame rotations and
gauge transformations depend only on the coordinates of N*. In such a case notice that
Q9 can be written as

Q3(w, Q) = 7" (0xf) + dr* X +dW (6.65)

where 4 is the adjoint of d on N* with respect to the hyper-Kéhler metric. If ¢ depends
only on the coordinates of N4, then

d(QL(l, @) — 67" X — §,W) = 7*(6%6,f) | (6.66)

where we have used that ¢ does not depend on the fibre coordinates in the term on the
right-hand side.

As a consequence of the right-hand side vanishing along the orbits of the isometry
group, the same should hold for the left-hand side in the expression above. In addition,
the Lie derivative of the left-hand side vanishes along the directions of the orbits of the
isometry group. Therefore, d(Q3(¢, @) — 6,m* X — §,W) is the pull-back of a 3-form on N*.
Assuming that it is the pull-back of an exact 3-form on N* and using the orthogonality
of exact and co-exact forms on N4, one concludes that

QMO &) = 6 X + 0,W +dL , 6,f =0, (6.67)

for some 1-form L on the spacetime. As a result, the finite local counterterms F?l) and F?Q)
cancel also the spacetime frame rotation anomaly A(¢). The terms dL can be interpreted
as new anomalies, such as the holomophic anomalies in [142, 154]. These anomalies can
be cancelled by a gauge transformation (6.10) of the coupling b.

6.3 Anomalies and SU(3) holonomy backgrounds

6.3.1 Summary of geometry

The spacetime MY of supersymmetric heterotic backgrounds for which the holonomy of
V is included in SU (3) admits four V-parallel 1-forms e, a = 0,...,3, one V-parallel
2-form I and a V-parallel complex 3-form L such that the Lie bracket algebra of the
associated vector fields e, of e® is a 4-dimensional Lorentzian Lie algebra with structure
constants H%,. As a result e, are Killing vector fields and i., H = de®, and so Lo, H =0
as dH = 0. Moreover, one has that

io ] =0, Lol=0; i, L =0, Lol =——et Hyyl =2

H,i; I .
5 5 Haij (6.68)

Notice that if the Lie algebra of the isometry group is not abelian, L is not invariant

under the action of the isometry group. R
Furthermore, the algebraic properties of the V covariantly constant forms include

PP=—-1-e,®e"), iL=3iL, (6.69)
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where g(X, 1Y) = I(X,Y). Therefore, L is a (3,0)-form!” with respect to the endomor-
phism 1.
The metric and 3-form field strength of the backgrounds can be written as

1 2 N
g=nuee’+g§, H= SMave” A de” + €A F'+H, (6.70)
where g = §;;e'e’, F* = de"— 3 H",.e’Ne® = L H;;e'Ne and §(e,, ) = 0, bo, H = ig, F* =
0. Moreover, ,Ceaf[ = 0 and F*is an (1,1)-form with respect to the endomorphism I, i.e.
F(IX,1Y)=F(X,Y). His a (1,2)- and (2,1)-form with respect to the endomorphism
I, ie.

Hiji — 3HpqiI? 19 =0 . (6.71)

The Killing spinor equations also restrict the curvature of connection, F', of the gauge
sector. The conditions are that ie, /" = 0 and F(IX,IY) = F(X,Y) and i, = 0.
Therefore, F' has non-vanishing components only along the directions orthogonal to the
orbits of the isometry group and it is a (1,1)- and traceless-form with respect to the
endomorphism [, i.e. F satisfies a generalisation of the Hermitian-Einstein conditions of
an SU(3) instanton.

Locally, the geometry of the spacetime, M, can be modelled as that of a principal
bundle over and 6-dimensional KT manifold N® with metric § and torsion H, princi-
pal bundle connection e* whose curvature is F and fibre a group manifold G whose
(Lorentzian) Lie algebra is R*, R su(2), sl(2,R) ®u(1) or ctvy, for more details see [143,
144, 107]. The spacetime M may not be necessarily of product form G x N° either
topologically or metrically.

6.3.2 SU(3)-structure symmetries and their commutators

The symmetries generated by the @—covariantly constant form bilinears e,, I and L are

(5KXH = a?{eg s (5[XM = CL[]MZ,D+XV s
SLXH = a’ (Ly)yyy Dy X172 (6.72)

where L1 = ReL and Ly, = Im L, r = 1,2. We have normalised the form bilinears
such that in holomorphic frame indices 1,5 = —id,5 and (L1) = (€agy, €557) and (La) =

<_i€a57> iedﬂ_ﬁ)'
It is straightforward to verify using the algebraic properties of the form bilinears that
0k, 0%] = 0k , [0k,01] =0, (6.73)

where (a” )¢ = —a%a’ Hy°. The vanishing of the second commutator is a consequence
of LxI = 0 for heterotic backgrounds with SU(3) holonomy. For all transformations in
(673) A’l?b =0 and AKK = AK[ = 0.

The commutator of two symmetries generated by I on X is

[0r,07] = o7 + dc + O (6.74)

"Here, we have adopted the terminology of complex geometry to assign a holomorphic and anti-
holomorphic degree for forms even though [ is not a complex structure over the whole spacetime.
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where ¢ is defined as in (6.51) after appropriately adapting the formulae for backgrounds
with holonomy SU(3), and a, = dja;, a, = —arar and a% = aja;H%J%JE. The
0 transformation in the above commutator’s right-hand side could be written as a d5
transformation (6.55), which would result in field dependent structure constants and a Lie
algebra rather than the expected W-algebra structure. However, it is more practical to
present the commutator as a W-algebra. The commutator of two symmetries generated
by I on 1 can be given as in (6.74) provided that A;¢* = Apyp* = —ayarF,,*,yp° DXM
and ActYy = Agty = 0, where we have used that F is a (1,1)-form with respect to the
endomorhism [ and ixgF = 0.

Next, consider the commutator of dx and d;, symmetries. After using the conditions
on the geometry of SU(3) holonomy backgrounds, one finds that

[0, 01] =7 (6.75)

where a] = —%a?{e’"saiHaqupq and € is the Levi-Civita symbol with €'y = 1. For all

transformations in (6.75) Ay =0 and Ak = 0.
The commutator of the symmetries generated by I and L reads

[0r,0r) = 0F, + dk (6.76)
where

1 1
0f = Ja10 Hopg 5 + 20 Dys’s — gDyl = sy H'y "y, (6.77)

To compute this commutator, we have used that N(I, L,)";;, = 0 and

Hafim|(L1)™ 1) = gHaqupq(L2)z‘jk s Hafijm|(L2)™ j1 = —gHaqupq(Ll)z'jk (6.78)

The commutator of these transformations on % is as in (6.76). Note that A, =
0 as a consequence of iy F' = 0 which is consistent with the vanishing of A for all
transformations contributing to (6.76).

The symmetry algebra is W-type since its structure constants depend on the conserved
currents Jg and Jy, of the theory.

It remains to compute the commutator of two transformations generated by L. In
particular, one finds that

[02,,0L,] = 05 + 7 + 0k + ¢, (6.79)

where the transformation dg is given in (6.20) and (6.21) for @ = —1I, i.e.

S'ul/po— = _5u[1/]p0] ) (680)
4
as=—6aa> , a, =4a a’C — gaiaiHachf(J%Jf( —2a! d® Jy i, (6.81)

where J{ ina, is JIf = H,;; 1D, X, and
1 -
a, = —2ala’Jr, d =za A H';I7J} +2H" 4 J5 Jfala® Jp . (6.82)

c K72LL
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Notice that the parameters of the transformations that appear in the right-hand side of
the commutator depend on the currents J; and Jg of the theory. Similarly, one finds
that

[5L17 5/Ll] = 51 ) [5L2; 522] = 6] ) (683)

where a; = 2(a Dya’! — a'Dial)J; and a; = —2(a® Dya”? — a’?Dya?)J;, respectively.
This summarises the calculation of the commutators of the original symmetries (6.72) of
the theory.

The commutators of dc with dx and J; are given as in (6.58) for the SU(2) case, i.e.
[0c, 1] = 0 and [0k, 0c] = J},. In addition,

[0r,6c] = 61 + 0k (6.84)

where

1 ..
a'y, = € a3 (ac Dy T + §D+040J?<)Haﬁ[” )

g 1 1 1
a% = Haij[ﬂg?“s (gaiacD+JLr -+ §D+OjiOé0JLr -+ EOJSLD+OCC']L7“) . (685)

This concludes the computation of all commutators of the symmetries of sigma models
on heterotic backgrounds with holonomy SU(3).

6.3.3 Anomalies and consistency conditions

Similar to the analysis for SU(2) holonomy backgrounds, the expression for the anomaly
of frame rotations A(¢) is given in terms of the connection & after possibly adding an
appropriate finite local counterterm in the effective action of the theory. Next, as the
commutators of frame rotations d, and gauge transformations d, with dx, é; and o,
vanish, the anomalies of the holonomy symmetries, A(ax), A(ar) and A(ar), are given
as in (6.33) for L = K, I, Ly, Ly. The commutator algebra of dk, d;, d;, and dr, impose
additional consistency conditions on these anomalies. The commutators of dx with g,
d1, 0z, and d,, eqns (6.73) and (6.75), are easily shown to either vanish or close to a
type I transformation. Thus, the condition (6.40) is necessary for the anomalies to be
consistent. This is satisfied as ix Py(R, F) = 0.

The commutator of two J; transformations in (6.74) closes to two type II transfor-
mations generated by 7" and C', respectively, and a type III transformation generated by
K. The latter is a symmetry with the indicated current dependence of the parameter.
The consistency of the anomaly requires that (6.42) for S =T and S = C' is satisfied. It
turns out this is the case since ig Py(R, F) = 0 and Py(R, F) is (2,2)-form with respect
to the endomorphism /.

Next, consider the consistency condition on the anomalies that arise from the com-
mutators [07,0r,] and [07,dL,] in (6.76). In the former case, the commutator closes in a
type I transformation generated by Ly and a type III transformation, (6.43), generated
by L' = K and M’ = L;. For both cases, the consistency condition is given in (6.40)
for L = I and M = L, which is satisfied as Py(R, F), I and L, are (2,2)-, (1,1)- and
(3,0)+(0,3)-forms with respect to the endomorphism I, respectively. The commutator
[07,01,] can be treated in a similar way.

The commutators [0y, dr,] and [dr,,dr,] in (6.83) close to a type III transformation,
(6.43), generated by L' = M’ = I. In both scenarios, the consistency on the anomalies
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requires that (6.40) for L = M = L; and L = M = Lo, is satisfied. This is the case
because of the skew-symmetric properties of the above forms in the condition (6.40).

The commutator [dr,,dr,] in (6.79) closes to type II transformations generated by
S in (6.80) and C, and type III transformations. The latter are associated with the
symmetries generated by the pair of tensors (A, B) = (I,C) and (L', M') = (I, K), see
(6.46) and (6.43), respectively. After some computation, the consistency condition (6.42)
can be written as

2 . .
—§P4(R, F)[u1u2u3|allu4u5 + P4(R7 F)Ap[mIJl(Ll))\uws (LQ)puzws] =0. (6‘86)

All Py(R, F) which are (2,2)-forms with respect to the endomorphism I satisfy the expres-
sion above. This holds since R and F are (1,1)-forms with respect to I. The connections
R and F do not need to satisfy the traceless condition with respect to I despite what
might have been expected. We have shown that all the anomalies are consistent at least
at one loop. As a result, all of the anomalies cancel, assuming that the forms that gen-
erate the holonomy symmetries are corrected as stated in section 6.1.4. Similar to the
SU(2) case, some of these anomalies can also be removed with the addition of finite local
counterterms in the effective action and this will be described below.

6.3.4 Anomaly cancellation and finite local counterterms

Following the arguments used for the SU(2) case in section 6.2.4, it can be shown that
the anomalies of the symmetries generated by K, C' and I cancel when appropriate finite
local counterterms are added to the effective action of the theory. First, Py(R, F) can be
seen as the pull-back of a form P4(R F) on the orbit space N® of the isometry group.
Then QY(w, Q) can be written as in (6.59), i.e. Q3(w, Q) = 7*QY + dW, where now QY is
a 3-form on N Next, one can argue that both anomahes generated by K and C cancel
by including a finite local counterterm constructed from W in the effective action as in
(6.60).

The calculation of the finite local counterterms that are required to cancel the anomaly
associated with the symmetry generated by I can be done as in [154, 155] for the cancel-
lation of (2,0) supersymmetry anomaly in sigma models. Take Py(R, F) as a 4-form on
N and note it is (2,2) with respect to the complex structure, I, on N°. Then, using the
local dd-lemma P, can be written as Py(R, F) = dd;Y. Therefore, Q) = dX + d;Y for
some 2-form X on N®. Using this, one can construct a finite local counterterm

ih
47T

= — d*od0t (1 Z,, + 7 X)) Dy XPO_X" (6.87)

that cancels the A(a,) anomaly, where Y(-,-) = Z(-,I-). It can be demonstrated that
using

0 X = Qy(0) +dA+d;V , &Y =dV +dyiV (6.83)

and after varying the finite local counterterm with &, one finds that the A(¢) anomaly
is cancelled. The dA terms can be absorbed in a gauge transformation, (6.10), of b while
the remaining terms can be removed by assigning anomalous variations to both g and b.
Note that the remaining holomorphic frame rotations give rise to V terms, see [142; 154].
A similar analysis can be done for the anomaly A(u) of the gauge sector transformations.
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6.4. SUMMARY

6.4 Summary

We have presented all the commutators of the symmetries, which are generated by the V-
covariantly constant forms, of sigma models with supersymmetric heterotic backgrounds
with SU(2) and SU(3) holonomy as target spaces. In both cases the algebra of trans-
formations is a W-algebra and its closure requires additional generators which we have
described. We have also given the Wess-Zumino consistency conditions of the anomalies
of these symmetries arising in quantum theory due to the presence of worldsheet chiral
fermions in the sigma model action. We have shown that these anomalies are consistent
up to at least one loop in perturbation theory. In addition, we have argued that these
anomalies can be cancelled by either adding finite local counterterms followed by suit-
able anomalous variations of the sigma model couplings or by an appropriate quantum
correction of the tensors that generate the associated symmetries in the quantum theory.
The latter is consistent with both the anomaly cancellation mechanism for the spacetime
frame rotation and gauge sector anomalies [140], as well as the preservation of the form
of the Killing spinor equations of heterotic supergravity up to and including two loops in
the sigma model perturbation theory [146].
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Chapter 7

Conclusion

Studying hidden symmetries in physical systems allows us to get new insights and a better
understanding of them. Chapters 3-5 of this thesis analysed the (hidden) symmetries
in spinning particle probes propagating on supersymmetric backgrounds generated by
Killing-Yano forms arising as a consequence of the TCFH. This in turn raises the question
of whether supersymmetry is closely related to integrability. This statement is too general
to be approached. First of all, there are many probe actions that can be consider, see
[61], and a choice has to be made. Moreover, as we have mentioned in chapter 3, there is
no clear straightforward generalisation of Liouville’s theorem to analyse the integrability
of the geodesic flow of spinning particles! Thus, below we will address this question
by looking at the geodesic flow of free relativistic particles propagating in M-theory
backgrounds. Another issue raised by looking at the relation between supersymmetry
and integrability is whether one can determine the amount of supersymmetry required
for integrability.

Based on our work there are some partial answers to these questions but it is required
to examine case by case. We start by reflecting on some results found in the litera-
ture. There are no known examples of supersymmetric backgrounds preserving more
than % supersymmetry, whose geodesic flows are not integrable in 11D supergravity. All
AdS,, x S17" and plane wave solutions have integrable geodesic flows due to the large
amount of isometries. Moreover, it is known that all supersymmetric backgrounds which
preserve more than % supersymmetry are homogeneous spaces [157]. However, not all
homogeneous spaces have integrable geodesic flows. Therefore, it remains inconclusive
whether the geodesic flow of all the solutions preserving more than % supersymmetry in
11d supergravity is integrable.

The geodesic flow of many backgrounds preserving % supersymmetry is not integrable.
To illustrate this, consider the geodesic flow of systems of M-branes, in chapter 4, we
proved that the geodesic flow of solutions with one centre y; is integrable since these
solutions are spherically symmetric. Although, it is not expected that this remains true
for multi-centred solutions with centres at generic points as the large amount of sym-
metries exhibited will be lost. For spherically symmetric solutions, the transverse space
has isometry group, SO(10 — p), as the harmonic function, h, depends on |y|, which is
not invariant under translations. Then following the approach in [114], we have con-

1In [156] it was argued that the bosonic part of the motion of a spinning particle propagating in higher
dimensional rotating black holes is completely integrable due to the existence of hidden symmetries
constructed from a principal CKY. However, the CKY form emerging from the TCFH is not expected
to be principal as this requires that the form possess the maximal number of functionally independent
eigenvalues.
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structed the Casimir charges which together with the translations along the M-brane
directions proved the Liouville integrability. On the other hand, for multi-centre cases,
the transverse space loses the SO(10 — p) isometry group, This implies that one cannot
construct the Casimir charges required to prove Liouville integrability. Suppose we have a
multi-M-brane system at the same centre, then if we move one apart, the isometry group
becomes SO(9 — p). If we continue setting M-branes apart, the isometry group keeps
being reduced to one of its subgroups according to the relative positions of the centres.
As a consequence, the amount of Casimir charges that can be constructed is continually
decreasing. However, the total number of charges required for Liouville integrability stays
the same. For this reason, we do not expect such cases to have integrable geodesic flows?.

Comparing the symmetries required for the integrability of the geodesic flow on M-
brane backgrounds with the symmetries generated by the form bilinears, one can see that
these contribute to different sectors in the probe dynamics. If a form bilinear generates a
symmetry for a particle probe, it will generate a symmetry on all M-brane backgrounds
including those that depend on multi-centred harmonic functions. It was found that the
KY forms responsible for the integrability of the geodesic flow of all spherical symmetric
M-branes differ from those constructed as Killing spinor bilinears. In addition to the KY
forms associated with the TCFH, we computed the most general solution of all the KS,
KY and CCKY tensors of M-branes using their standard definition of general relativity,
i.e. with respect to the Levi-Civita connection. In particular, the KS expressions we
have found should contain the rank 2 KS tensors related to the Casimir charges used
to proved the integrability of the spherically symmetric M-branes. Then, as KY forms
“square” to KS tensors, it is clear that the KY forms that yield the KS tensors associated
with the Casimir charges should be considered in the general KY solution derived. On
the other hand, the expressions obtained after squaring those KY forms constructed from
Killing spinors do not correspond to the KS tensors used to prove the integrability of
the geodesic flow. Therefore, generically form bilinears of supersymmetric backgrounds
are not responsible for the integrability properties of a probe, but generate additional
symmetries for probes, e.g. additional worldvolume supersymmetries, which characterise
the dynamics. In this context, supersymmetry and integrability seem to point to different
directions.

We have found that the Killing spinor bilinears generate symmetries in a variety of
probe actions:

e For minimal 4D, N=2 supergravity we have found probes for which all particle
systems propagating on backgrounds with a null Killing spinor admit symmetries
generated by the form bilinears. For backgrounds with a timelike Killing spinor all
solutions are locally isometric to Minkowski spacetimes.

e Similarly, we have found backgrounds of 5D, N=1 minimal supergravity admitting
a null or timelike Killing spinor for which the form bilinears generate symmetries
in the probe actions.

e Many of the form bilinears of M-brane backgrounds are either KY or CCKY.

e The form bilinears of some internal spaces of AdS backgrounds of 11D supergravity
are KY or CCKY.

2Tt might be possible that a two-centre M-brane system still has integrable geodesic flow. It remains
open to check this case explicitly.
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Clearly, from these results and those of [22], the TCFHs can be constructed for all su-
persymmetric theories that exhibit a gravitino KSE. As a consequence, all form bilinears
are generalised CKY forms with respect to some connection. However, given a TCFH of
a supersymmetric theory, there is not systematic way to construct a probe action which
exhibits symmetries generated by the form bilinears. In the minimal four dimensional
supergravity theory, the matching of the conditions to leave the spinning particle action
invariant with those arising from the TCFH required to consider the scenarios where the
right-hand side was vanishing as they only coincide in the connection side. Moreover,
in appendix A.2 we took the opportunity to construct an explicit example for which all
the bilinears are parallel with respect to the TCFH connection in D=4, N=2 minimal
supergravity and explain how the matching of the TCFH with the conditions for invari-
ance of the probe action leads to severe constraints on the backgrounds. Similar type
of constraints arise in appendix A.3 where we compute the TCFHs of D=5, N=2 and
D=4, N=1 gauged supergravity theories. Furthermore, in 11-dimensional supergravity,
one should also consider spinning particle probes that exhibit a 4-form coupling, as the
TCFH connection depends on the 4-form field strength of the theory. The expectation
would be that in this way one can better match the TCFH with the conditions for in-
variance of the probe action under transformations generated by the form bilinears. Such
a probe action has been presented in appendix A.5. However under some reasonable
assumptions on the couplings and on the transformations constructed from the form bi-
linears, one finds that the conditions for invariance of the probe action are too strong for
M-brane backgrounds and they do not match with those of TCFH. These cases do not
exhaust all possibilities of matching the TCFHs computed in this work with the condi-
tions required for the form bilinear to generate a symmetry for a spinning particle probe
constructed using the results of [61]. One can choose different TCFHs associated with
the same supergravity theory as well as different probe actions. Hence, it remains an
open question whether such a matching of conditions can be achieved in general.

Next, moving to generic heterotic backgrounds, the TCFH connection corresponds to
a connection with torsion®, V+ %H , for which all Killing spinor bilinears are parallel. This
allows for a more straightforward application since probes that are left invariant under
symmetries generated by CKY forms have not been found yet.* For the two-dimensional
sigma models analysed in this work, the covariantly constant form bilinears generate
additional worldsheet symmetries.

Overall, we have concluded:

1. All spacetimes admitting a V7 -parallel spinor are associated with a TCFH.

2. The Killing spinor bilinears generate symmetries in many probe actions propagating
on supersymmetric backgrounds. However, their contribution to the integrability
of the dynamics of probes is subtle.

3. There are different TCFHs associated with the same supergravity theory according
to the basis of Killing spinor bilinears chosen and a plethora of probe actions.
Thus, it remains an open question whether the conditions for invariance of the
probe actions can be matched with those of the TCFHs in most of the theories
analysed.

3Note that the TCFH expressions of heterotic backgrounds act on a single bilinear.
4In most of the cases investigated in chapters 3-5, we look at sectors where the terms involving the
metric were zero, and hence, the bilinears satisfied a KY equation rather than the CKY one.
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4. All the @—Covariantly constant forms of non-linear supersymmetric two-dimensional
sigma models, where the target space is identified with heterotic backgrounds with
SU(2) and SU(3) holonomy, satisfy a W-algebra and its closure required additional
generators.

5. The anomalies of these symmetries are consistent up to at least one loop in per-
turbation theory. The cancellation of these anomalies can be done either with the
addition of finite local counterterms followed by suitable anomalous variations of
the sigma model couplings or with plausible quantum corrections of the symmetry
generators in the quantum theory.

7.0.1 Future directions

A more detailed picture of this work could emerge from the investigation of probe actions
that remain invariant under CKY forms or by finding some cases where the conditions
for invariance of the probe actions can be matched with those of the TCFHs.

One can keep exploring the role of hidden symmetries, KS, CKY and KY tensors
in supergravity and the interplay between separability /integrability in supergravity solu-
tions. For instance, recently an infinite family of asymptotically AdSs x S* supergravity
solutions was found in which the null geodesic problem is completely integrable because
of the existence of a non-trivial conformal KS tensor [158]. Turning back to the TCFH,
all the solutions of the generalized type CKY equation (2.78) are solutions of the TCFH
connection but the converse is not necessarily true. It will be interesting to explore some
of the latter solutions and their applications.

In [159] possible Lie (super)-algebraic structures on the space of parallel forms re-
stricted to the cone metric were discussed. The approach was to extend the Killing
superalgebras by considering higher-rank differential forms. As these forms obey compli-
cated partial differential equations which involve all forms at once, one way to overcome
this difficulty is to use the cone construction which establishes a one-to-one correspon-
dence between geometric Killing spinors on a spin manifold and parallel spinors on its
metric cone. In our case, it will be interesting to analyse whether our conformal Killing-
Yano forms satisfy an algebraic structure and whether they form a Lie superalgebra
together with the Killing spinors.

In addition, one can explore whether the symmetries associated with the TCFH satisfy
a W-symmetry algebra following the work done for heterotic backgrounds.

Moreover, in chapter 6, we have not considered the possibility that the spacetime frame
rotations and gauge transformation invariant terms of the effective action contribute to
the anomalies associated with the holonomy symmetries. These transformations can
potentially give rise to a Ay (a,) term in (6.33). One can extend the work done to
include these terms, as well as sigma models with target spaces heterotic backgrounds
with G5 holonomy and non-compact holonomy groups such as SU(4) x R®, Sp(2) x R® or
RS,
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Appendix A

A.1 Notation for forms

Let M be a manifold with a (local) coframe e’ and coordinates y!

1 1 A ,
X = Ethlkdyh ARRRNA dylk - Exilmike” ARERWAN -5 ) (Al)

Then, the exterior derivative and inner derivation read

1
dy == Eahxb...fkﬂdyh A Adyer (A.2)
; . 1 J i1 th—1 A
IxX ‘= WX Xjir-ip_1€ AERWAN < s ( 3)

respectively. One can define a Clifford algebra element ¥

¥ = Xipea, T (A.4)

where I, i = 1, - - - n are the Dirac gamma matrices. In addition, we have introduced the
notation

Xil = Xlllkrnzk ) 1—/5(1'1 = Fi1i2mik+1Xi2"'ik+1 (A5)

A.2 Construction of a covariantly constant TCFH of
D=4, N=2 minimal supergravity

The supercovariant connection of minimal D = 4, N = 2 supergravity can be written as
1 i
D,=V,+ §*FMAFAF5 — §FMAFA : (A.6)

Now it is linear in gamma matrices and depends only on terms of the type ixF'. There
is a choice of the Killing spinor bilinears such that the associated TCFH is a parallel
transport equation with respect to a connection V. The basis of bilinears in order to
construct such connection is

f={ee)p, h={(eTs5¢)p, k={(eTe)pe”,
Y = (e,Tals6)pe*, Y3 4+iY?= (¢, Is€)pe”,

109



A.2. CONSTRUCTION OF A COVARIANTLY CONSTANT TCFH OF D=4, N=2
MINIMAL SUPERGRAVITY

wh = %(e, Taelpe® Ae’ | W +iw? = %(g) Tae)pe* Aeb,

X' = %(Q Talse)pet Ae’,  x*+ix* = %(g, Lalse)pet ne’.

Q! = %(e, Tapc€)pe® ANeb Ne P 4ip? = %(g, Tac€)pe Ae” Net, (A7)
where the spacetime metric g = n,,e%? with e® = etdr” a local co-frame, (-,-)p is the
Dirac inner product, C' is a charge conjugation matrix such that C'« ', = —I',Cx and

C*xCx=—1,and € = C'xe. C =T3. Observe that if € is a Killing spinor so is €. The
TCFH of the theory reads

Vif=Vuf —iFuk" =0, Vih=V,h—"F,k" =0,
Vik,=Vyuk, —ifFu+h*F, =0,

VY] =V, + F W™, —iF,x", =0, r=12.3,
Viwh, =V, =2 Fup Yy —iFpne™, =0, r=1,2,3
VX = ViXsp = 20 Fup Y = "Fine™,, =0, r=1,2,3

The TCFH derived is parallel in all Killing spinor bilinears. However, finding a probe
action and suitable transformations which reproduce the TCFH remains a complicated
task. Below we provide two attempts

S = / dtdo (—%g,wDX“@tX” + F to,0" + z’*FW@z;gatXV) : (A.9)

under the variations
SX* = aYH + awt A11))(A + BX"ADX* + by, DX |
Syt = axy"\ DX — 50@‘ a DX+ BYADXM 4 buwy, DX |

1
O = aw'\DX* — aY, DX 4 S B!\, DX + by, DX (A.10)

where a, b are commuting infinitesimal parameters whereas o, are anti-commuting.
The conditions for the invariance of the action (A.9) under the variations (A.10) can be
expressed as

V.Y, + *Fpwt, —iFax =0, Vw, —2"FuY,) —iFuet, =0,

VX — 20 Y = *Fine’ 'y =0, Vupup + 3 FupXpn — 3iFupwpn =0,
ViFonY* =0, V" FunY* =0, VyFpne', =0, Vi Fpaw, =0,
Vit =0, Vi Funx® =0, ViFune e =0, Vi Fuxee =0,
FoY"=0, *F,Y"=0, Fow'y=0, *Fow'=0,

FMVXV)\:O s *FMVXV)\:O s FMVQOV,\O-ZO s *FMVQDV)\O-:O . (All)

The first two lines match exactly the TCFH connection for each bilinear. Nevertheless,
the last two lines are too severe on the backgrounds to admit non-trivial solutions. One
could try to use the following action

i

=3 / dtd (g, DX"0, X" + c1F,, DX* DX b, + 5" Fy DX DX ) . (A.12)
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A.3. TCFH OF GAUGED SUPERGRAVITIES

In this case, we found a problem defining the transformation of the superfields. Let
us focus on the two-form bilinear, w. The corresponding connection is twisted by two
terms proportional to *F'Y and Fp. But the latter term cannot be achieved by a simple
transformation as the ones consider below. This can be seen immediately since none of
the conditions to leave the action invariant will have a term proportional to ¢d; DX DX
and such terms are used to match the TCFH.

SXF=aw"\ DX, 61 = apr,DXM | Gy =an0, X" . (A.13)

A.3 TCFH of gauged supergravities

The construction of the TCFH for gauged supergravities holds the same strategy ex-
plained in Chapter 2. We will provide two examples which we will relate with the probe
actions 3.6 annd 3.19.

A.3.1 D=5, N=2 Gauged Supergravity

The supercovariant derivative is given by [160]

: 3 1
Dy =V + éXI(FMAB — 40 TP Fhp — SixViAy + SxViX' T . (AL4)

Consider the following bi-linears constructed from the Dirac inner product.
1
f={eep, k=(eTae)pet, w= §<e,FABe>D et nel . (A.15)

Our conventions are €"'?3 =1, Ty = ilg193, *Fun = sepnapF?5.
Putting them into the TCFH form with respect to the minimal connection, one finds
that

Dy, f =Vuf =iXFi k", X

DY kny = Varky — xViXlwyn = —5 X1 “Flnyak® +iXFinf

'DJ\];[(,UNR = VMWNR + 3X7 *FJ\I/[[N|P|WPR}
= 3X; " Fopnpw” a) — Xiguy “Frypow™@ + 2XViX guwkr ., (A16)

Note that the TCFH for the one form k includes a term where the index M is on the
two form w, this contributes to the P term. Otherwise, we would have to include extra
bilinears which would be unnecessary since the remaining bilinears are dual to the ones
already defined.

For the TCFH associated with the two-form, one can use the same action (3.19)
and transformation laws as in the non-gauged case but now the three-form coupling ¢ is
identified with ¢ = 3X*F! and one can follow with a similar analysis.

A.3.2 D=4, N=2 gauged supergravity

The supercovariant connection is [161]

Dy = V- %AMFg) Filg AL 4+ 0T € (ImX! + iTsReX!)
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A.4. M5-BRANE BILINEARS

0 (tm(FagX7) = iTsRe(FihX7) )N Ty (A.17)

where
1 - ~ )
F,ftté = §(F£B +Flg), Fig= —§€ABCDFéD ; (A.18)

with €0123 — 1 and F5 = iFOlgg.
From now on we set

Fuy = Fyh X ImN7, , X =6X7, (A.19)

to simplify the notation.
The bilinears are

1
f={eé€p, kz(e,FAe>DeA, w:§<e,FABe)D6A/\eB,

Y = {(e,Tal'se)pe?, h={(e,Ts¢)p . (A.20)

Putting them into the TCFH form with respect to the minimal connection, one finds
that

Dy f = Vuf +iAyh = —2ilReX Yy + 2ilm(Fy,  )k?

'Dﬂk’N = VMkN + ﬁReXeMNPprQ

= 20ImXwyy + 2iIm(Fy, 5) f — 2Re(Fyn)h

Dy, Yn = Vi Yy + 4Re(Fy  )wy

= 20gunTXh + 2ilgunReX f — gunvRe(Fip)w™® + 4Re(Fjy 4wy

1
Dijwvr = Vuwnr — 8Re(Fyyy ) Ya) — §AM6NRPQWPQ

= +4£ImX9M[NkR] + 2/Re *XMNRPkP
—4gamnRe(Fpy )Y — 6Re(Fy ) Yay
D h = Vah +iAyf = 200mX Yy, + 2Re(Fy, )k (A.21)

Note that on the right-hand side for the one form k& and the zero form h there are
terms where the index M appears on bilinears instead of the fluxes. This is because it is
interpreted as the P term. Since the remaining bilinears can be obtained by computing
the Hodge duals of the bilinears defined, it is not required to consider more bilinears
beyond the two-form.

One can use probe 3.6 and the same transformations. However, one needs to look
at sectors where the terms that do not resemble those which appear in (A.8) vanish.
As a consequence, this together with the conditions for invariance (3.10) impose severe
constraints on the backgrounds to admit non-trivial solutions. The task to find suitable
probe actions and transformations to match the TCFH with the conditions to leave the
action invariant for generic backgrounds remains open.

A.4 Mb5-brane bilinears

Using the solution (4.50) of the condition on the Killing spinors and setting ¢™ = h_%q;)”
for all bilinears ¢"*, one can easily find

frs =0 7 ]Z:rs — 2(Re<771’", Fa7718> + R€<7’/2T, Fan28>) €% ’
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A.4. M5-BRANE BILINEARS

—2Re<771’” LAY (e Aet —e® Ae?)
+2Re(n*", T A**) (e? /\e +e Ae?)
—2Im(n"", Tan**) (e* A e + e Ae ) A e?
+2Im(n*", Tan*) (> Ae® —e* Ne )
—2Im(n*", T A") (e A €° e Ae )
—|—21m(172’" L A% (e A e +e /\e
—2(Re(n'", Tun*) — Re(n*
—2(Re(n'", T A%) + Re<n2’" r, Als

—2(Im(n"", Tan*) + Im (™"

nl r )\25) —|—IH1<T]2T r )\13)

Re(n'", Lape®) 4+ Re(n, Lapen™))e® Ae® Aef A e?

I
Im e/\eh/\e“,

(n'"
(Re(n
(Im(
12( (
~ L (Rety”
N TapeA?) — Re(n®”, Tape¥))e® A e Ae Aet
— Im(n*", Tapen™))e* Ae? A et A ed

)

— Im(n*, TapeA*))e® Aeb A el A e’

| RO =W | = | =
—~ —~ —~ —~
=
—~ —~ —~ —
Bt
—
=
—
o
>
ey
3
~— ~

0" Tapen'®) — Re(n*, T gpen? >)eaAebAeCAeh

e Net NeP Ae?
( Ye® A (e A et /\eh—eg/\eg/\eh)
{ Ye? A Aet At +eBAed Aeh)
—2Im(n'", T 7715>e“/\(e AP Aet 4 et Aed Ae?)
{ N G e4/\e9/\e“)
( Yer A(e* Ae? /\eh et A e /\eh)
—2Im(n*", F)\25>e AN Nt +et AeB Aed)

. Re<n27’7 Fanls

1
%Ts:—gRewlr,FabCAls)e AP ANeA(ed Net —eB Ae?)

+Z1))Re<fr;2’", Caped®) e AP AeC A (e3 Net +eB Ae?)
—%Im(n”, Capen™ e Ae® Aef A (2 Ae® 4+ et Ae?)
—i—il))lm(n%, Cape®) e AP Net A (€3 N e — et Ae?)
—%Im(nlr, Capc A e AP Aet A (€3 ne — et Aed)
+;Im(n2’", CapcAZ) e Ae® Aef A (2 Ae® + et Aed)
—%(Re(n”, Lanet®®) — Re(n?, Tapen*))e® A e® A e A e A éf
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A.5. SPINNING PARTICLE PROBES WITH 4-FORM COUPLINGS

——(Re(n™, TapeA?) + Re(n*, Tape ™) )e® A e NeC Aet Ae
(Im<n1r7rabcn2s> + Im<n2r71—\abcnls>)ea A 6b A e A 68 A eh
(Im<nlr7 Fabc)\25> + Im<7727”, Fabc)\ls>)ea N eb A ec A 69 A eh

2
—1—5 (Re( Tayasn™) + Re(n®, Fal,,,asn%)) €M A Ne®

|
+2(Re(n'", Fanls) Re( Tan®Ne* Aed Aet AeB A e’
—2(Im(n*", T ,\%) — (7727" T A¥)Net A Aet Aed A e
+2(Im(n"", Ton®®) — Im(n*", Tan™*))e® Ae® Aet A e A e
—2(Re<771 T A2 — Re(n®, Tod*))e® Aed Aed A e A e
+2(Re(n™, Ton®) + Re(n® , Tan**Ne® Ae* AeB A At (A.22)

where after a relabelling of the spacetime coordinates e* = h=/do®, a = 0,1,2,5,6,7,

and e’ = h'/3dy’, i = 3,4,8,9,8, is a pseudo-orthonormal frame of the M5-brane metric
(4.28).

A.5 Spinning particle probes with 4-form couplings

Following the use of spinning particle probes on 4- and 5-dimensional minimal supergrav-
ity backgrounds that exhibit 2-form couplings [27], one may be tempted to generalise
these to spinning particle probes that exhibit 4-form couplings. Such a generalisation
is desirable as the TCFH connection of 11-dimensional supergravity exhibits terms that
depend of the 4-form field strength F. One way to generalise (2.55) is to adapt the gen-
eral construction of [61] and introduce a fermonic superfield ) of mass dimension [1/2].
Insisting for the couplings of the action to be dimensionless, a minimal choice for an
action with a 4-form coupling is

1 . v Z v, (og 4
S = _5 /dtde [ng/Dx“@x o ﬁFﬂupawu PO + ﬁw#Vﬁv¢M p] ) (A'23)
with 8 a constant which will be specified later,
VP = Dy 4 3D Tl (A.24)

and I' are the Christoffel symbols of the spacetime metric g. The numerical coefficient of
the coupling Fy0,x could be arbitrary but the above choice will suffice. Also one could
add additional terms in the action like £’V Dz which we shall explore later. Other terms
include couplings of the type VFy Dx. After a superspace partial integration these can
be re-expressed in terms of the Fyd,x and F'ViDx couplings.

The variation of the action (A.23) can be expressed as

55 = — / At (g 55" + Ay, SH7] | (A.25)
where

AYHe = 5¢“”p+35x’\f‘[“ wlu [vp] ’ (A.26)

0x and 01 are arbitrary variations of the fields and

St = —iV,Da" — 22—4V“F,,p,ﬂw”p"8tﬁ - ivAFﬂmw”ﬂUaﬂA
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A.5. SPINNING PARTICLE PROBES WITH 4-FORM COUPLINGS

i 3
— g Fl v Vi + 3 Bpe DRI T

SHP = gVyHr — iF’“’pA&gzp’\ , (A.27)
are the equations of motion of x and v, respectively.

The action (A.23) is manifestly invariant under one supersymmetry. For a probe
described by the action (A.23) propagating on an M-brane background with spacetime
metric g and 4-form field strength F' to exhibit additional symmetries that are gener-
ated by the form bilinears w and 7 of 11-dimensional supergravity, one can consider the
infinitesimal transformations

ozt = aw", D" + o ey w7
61/)/4VP — OéTMVPU/\DxO'Dl)\ +acy T“Vpo—)\wo-AmeK/ , (A28)

where « is the supersymmetry parameter assigned mass dimension [—1/2] and ¢;, ¢
are constants. These transformations are the most general ones allowed such that the
infinitesimal variations have the same mass dimension as those of the associated fields,
and w and 7 are dimensionless.

For the TCFH on w to be interpreted as an invariance condition for the probe action
(A.23), the conditions that arise for the invariance of this action under the infinitesimal
variations (A.28) should match the TCFH. For this first notice that the equations of
motion (A.27) contain the spacetime curvature R. As such terms do not arise in the
TCFH, these terms in the invariance conditions must vanish. This requires that 5 = 0.
Moreover, if the action had contained a F'ViDx coupling, this would have given rise
to a F'R term in the equations of motion. Because the TCFH does not contain such a
term, the F'Vi¢ Dz coupling was neglected from the beginning. The remaining conditions
that arise from the invariance of the action (A.23) with § = 0 under the infinitesimal
transformations (A.28) read

AKO

Vwyp — EFH/\WT vo =0, C1WpeGuu + ﬂFPUWW“u =0,

(201 + C2)F)\N11€2K3TK1K2K3 [poGvin + Vanzpo')\wﬁ,u - V)\Fuponwn,u =0 5

FH1M2M3[V1WV2V3] =0, = Wi VMa]FvllQVs)\ + VAFV1V2V3[M1WM2MS] =0. (A'29)

The first condition matches the expression of the TCFH connection on w. However, the
second condition is rather strong on both M2- and M5-brane backgrounds to admit non-
trivial solutions. Moreover, this condition persists even if 5 # 0 and the curvature terms
are included. This does not exclude the possibility that there may be backgrounds such
that the TCFH matches with the conditions (A.29) but if this is the case, such examples
will be restricted.
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