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Abstract

This is a review on brane effective actions, their symmetries and some of their applications.
Its first part covers the Green—Schwarz formulation of single M- and D-brane effective actions
focusing on kinematical aspects: the identification of their degrees of freedom, the importance
of world volume diffeomorphisms and kappa symmetry to achieve manifest spacetime covari-
ance and supersymmetry, and the explicit construction of such actions in arbitrary on-shell
supergravity backgrounds.

Its second part deals with applications. First, the use of kappa symmetry to determine
supersymmetric world volume solitons. This includes their explicit construction in flat and
curved backgrounds, their interpretation as Bogomol’nyi-Prasad-Sommerfield (BPS) states
carrying (topological) charges in the supersymmetry algebra and the connection between su-
persymmetry and Hamiltonian BPS bounds. When available, I emphasise the use of these
solitons as constituents in microscopic models of black holes. Second, the use of probe approx-
imations to infer about the non-trivial dynamics of strongly-coupled gauge theories using the
anti de Sitter/conformal field theory (AdS/CFT) correspondence. This includes expectation
values of Wilson loop operators, spectrum information and the general use of D-brane probes
to approximate the dynamics of systems with small number of degrees of freedom interacting
with larger systems allowing a dual gravitational description.

Its final part briefly discusses effective actions for N D-branes and M2-branes. This in-
cludes both Super-Yang-Mills theories, their higher-order corrections and partial results in
covariantising these couplings to curved backgrounds, and the more recent supersymmetric
Chern—Simons matter theories describing M2-branes using field theory, brane constructions
and 3-algebra considerations.
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1

Introduction

Branes have played a fundamental role in the main string theory developments of the last twenty

years:

1.

The unification of the different perturbative string theories using duality symmetries [312,
495] relied strongly on the existence of non-perturbative supersymmetric states carrying
Ramond-Ramond (RR) charge for their first tests.

. The discovery of D-branes as being such non-perturbative states, but still allowing a pertur-

bative description in terms of open strings [423].

. The existence of decoupling limits in string theory providing non-perturbative formulations in

different backgrounds. This gave rise to Matriz theory [48] and the anti de Sitter/conformal
field theory (AdS/CFT) correspondence [366]. The former provides a non-perturbative for-
mulation of string theory in Minkowski spacetime and the latter in AdS x M spacetimes.

At a conceptual level, these developments can be phrased as follows:

1.

Dualities guarantee that fundamental strings are no more fundamental than other dynamical
extended objects in the theory, called branes.

. D-branes, a subset of the latter, are non-perturbative states' defined as dynamical hyper-

surfaces where open strings can end. Their weakly-coupled dynamics is controlled by the
microscopic conformal field theory description of open strings satisfying Dirichlet boundary
conditions. Their spectrum contains massless gauge fields. Thus, D-branes provide a win-
dow into non-perturbative string theory that, at low energies, is governed by supersymmetric
gauge theories in different dimensions.

. On the other hand, any source of energy interacts with gravity. Thus, if the number of

branes is large enough, one expects a closed string description of the same system. The
crucial realisations in [48] and [366] are the existence of kinematical and dynamical regimes
in which the full string theory is governed by either of these descriptions: the open or the
closed string ones.

The purpose of this review is to describe the kinematical properties characterising the super-
symmetric gauge theories emerging as brane effective field theories in string and M-theory, and
some of their important applications. In particular, I will focus on D-branes, M2-branes and
Mb5-branes. For a schematic representation of the review’s content, see Figure 1.

These effective theories depend on the number of branes in the system and the geometry they
probe. When a single brane is involved in the dynamics, these theories are abelian and there exists
a spacetime covariant and manifestly supersymmetric formulation, extending the Green—Schwarz
worldsheet one for the superstring. The main concepts I want to stress in this part are

a)

b)

)

the identification of their dynamical degrees of freedom, providing a geometrical interpreta-
tion when available,

the discussion of the world volume gauge symmetries required to achieve spacetime covariance
and supersymmetry. These will include world volume diffeomorphisms and kappa symmetry,

the description of the couplings governing the interactions in these effective actions, their
global symmetries and their interpretation in spacetime,

1 Non-perturbative in the sense that their mass goes like 1/gs, where gs is the string-coupling constant.
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d) the connection between spacetime and world volume supersymmetry through gauge fixing,
e) the description of the regime of validity of these effective actions.

For multiple coincident branes, these theories are supersymmetric non-abelian gauge field theories.
The second main difference from the abelian set-up is the current absence of a spacetime covariant
and supersymmetric formulation, i.e., there is no known world volume diffeomorphic and kappa
invariant formulation for them. As a consequence, we do not know how to couple these degrees of
freedom to arbitrary (supersymmetric) curved backgrounds, as in the abelian case, and we must
study these on an individual background case.

The covariant abelian brane actions provide a generalisation of the standard charged particle
effective actions describing geodesic motion to branes propagating on arbitrary on-shell super-
gravity backgrounds. Thus, they offer powerful tools to study the dynamics of string/M-theory
in regimes that will be precisely described. In the second part of this review, I describe some of
their important applications. These will be split into two categories: supersymmetric world volume
solitons and dynamical aspects of the brane probe approximation. Solitons will allow me to

a) stress the technical importance of kappa symmetry in determining these configurations, link-
ing Hamiltonian methods with supersymmetry algebra considerations,

b) prove the existence of string theory Bogomol'nyi-Prasad—Sommerfield (BPS) states carrying
different (topological) charges,

¢) briefly mention microscopic constituent models for certain black holes.

Regarding the dynamical applications, the intention is to provide some dynamical interpretation to
specific probe calculations appealing to the AdS/CFT correspondence [13] in two main situations

a) classical on-shell probe action calculations providing a window to strongly coupled dynamics,
spectrum and thermodynamics of non-abelian gauge theories by working with appropriate
backgrounds with suitable boundary conditions,

b) probes approximating the dynamics of small systems interacting among themselves and with
larger systems, when the latter can be reliably replaced by supergravity backgrounds.

Content of the review: I start with a very brief review of the Green—Schwarz formulation of
the superstring in Section 2. This is an attempt at presenting the main features of this formulation
since they are universal in brane effective actions. This is supposed to be a reminder for those
readers having a standard textbook knowledge of string theory, or simply as a brief motivation for
newcomers, but it is not intended to be self-contained. It also helps to set up the notation for the
rest of this review.

Section 3 is fully devoted to the kinematic construction of brane effective actions. After describ-
ing the general string theory set-up where these considerations apply, it continues in Section 3.1
with the identification of the relevant dynamical degrees of freedom. This is done using open
string considerations, constraints from world volume supersymmetry in p + 1 dimensions and the
analysis of Goldstone mode in supergravity. A second goal in Section 3.1 is to convey the idea
that spacetime covariance and manifest supersymmetry will require these effective actions to be
both diffeomorphic and kappa symmetry invariant, where at this stage the latter symmetry is just
conjectured, based on our previous world sheet considerations and counting of on-shell degrees of
freedom. As a warm-up exercise, in Section 3.2, the bosonic truncations of these effective actions
are constructed, focusing on diffeomorphism invariance, spacetime covariance, physical considera-
tions and a set of non-trivial string theory duality checks that are carried in Section 3.3. Then, I
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Figure 1: Layout of the main relations covered in this review.

proceed to discuss the explicit construction of supersymmetric brane effective actions propagating
in a fixed Minkowski spacetime in Section 3.4. This has the virtue of being explicit and provides a
bridge towards the more technical and abstract, but also more geometrical, superspace formalism,
which provides the appropriate venue to covariantise the results in this particular background to
couple the brane degrees of freedom to arbitrary curved backgrounds in Section 3.5. The main
result of the latter is that kappa symmetry invariance is achieved whenever the background is
an on-shell supergravity background. After introducing the effective actions, I discuss both their
global bosonic and fermionic symmetries in Section 3.6, emphasising the difference between space-
time and world volume (super)symmetry algebras, before and after gauge fixing world volume
diffeomorphisms and kappa symmetry. Last, but not least, I include a discussion on the regime of
validity of these effective theories in Section 3.7.

Section 4 develops the general formalism to study supersymmetric bosonic world volume soli-
tons. It is proven in Section 4.1 that any such configuration must satisfy the kappa symmetry
preserving condition (215). Reviewing the Hamiltonian formulation of these brane effective actions
in 4.2, allows me to establish a link between supersymmetry, kappa symmetry, supersymmetry al-
gebra bounds and their field theory realisations in terms of Hamiltonian BPS bounds in the space
of bosonic configurations of these theories. The section finishes connecting these physical concepts
to the mathematical notion of calibrations, and their generalisation, in Section 4.3.

In Section 5, I apply the previous formalism in many different examples, starting with vacuum
infinite branes, and ranging from Blon configurations, branes within branes, giant gravitons, baryon
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vertex configurations and supertubes. As an outcome of these results, I emphasise the importance
of some of these in constituent models of black holes.

In Section 6, more dynamical applications of brane effective actions are considered. Here, the
reader will be briefly exposed to the reinterpretation of certain on-shell classical brane action cal-
culations in specific curved backgrounds and with appropriate boundary conditions, as holographic
duals of strongly-coupled gauge theory observables, the existence and properties of the spectrum of
these theories, both in the vacuum or in a thermal state, and including their non-relativistic limits.
This is intended to be an illustration of the power of the probe approximation technique, rather
than a self-contained review of these applications, which lies beyond the scope of these notes. I
provide relevant references to excellent reviews covering the material highlighted here in a more
exhaustive and pedagogical way.

In Section 7, I summarise the main kinematical facts regarding the non-abelian description of N
D-branes and M2-branes. Regarding D-branes, this includes an introduction to super-Yang-Mills
theories in p + 1 dimensions, a summary of statements regarding higher-order corrections in these
effective actions and the more relevant results and difficulties regarding the attempts to covariantise
these couplings to arbitrary curved backgrounds. Regarding M2-branes, I briefly review the more
recent supersymmetric Chern—Simons matter theories describing their low energy dynamics, using
field theory, 3-algebra and brane construction considerations. The latter provides an explicit
example of the geometrisation of supersymmetric field theories provided by brane physics.

The review closes with a brief discussion on some of the topics not covered in this review
in Section 8. This includes brief descriptions and references to the superembedding approach to
brane effective actions, the description of NS5-branes and KK-monopoles, non-relatistivistic kappa
symmetry invariant brane actions, blackfolds or the prospects to achieve a formulation for multiple
Mb5-branes.

In appendices, I provide a brief but self-contained introduction to the superspace formulation
of the relevant supergravity theories discussed in this review, describing the explicit constraints
required to match the on-shell standard component formulation of these theories. I also include
some useful tools to discuss the supersymmetry of AdS spaces and spheres, by embedding them as
surfaces in higher-dimensional flat spaces. I establish a one-to-one map between the geometrical
Killing spinors in AdS and spheres and the covariantly-constant Killing spinors in their embedding
flat spaces.

Living Reviews in Relativity
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2 The Green—Schwarz Superstring: A Brief Motivation

The purpose of this section is to briefly review the Green—Schwarz (GS) formulation of the su-
perstring. This is not done in a self-contained way, but rather as a very swift presentation of the
features that will turn out to be universal in the formulation of brane effective actions.

There exist two distinct formulations for the (super)string:

1. The worldsheet supersymmetry formulation, called the Ramond-Neveu-Schwarz (RNS) for-
mulation?, where supersymmetry in 1+ 1 dimensions is manifest [432, 404].

2. The GS formulation, where spacetime supersymmetry is manifest [256, 257, 258].

The RNS formulation describes a 1+ 1 dimensional supersymmetric field theory with degrees
of freedom transforming under certain representations of some internal symmetry group. After
quantisation, its spectrum turns out to be arranged into supersymmetry multiplets of the internal
manifold, which is identified with spacetime itself. This formulation has two main disadvantages:
the symmetry in the spectrum is not manifest and its extension to curved spacetime backgrounds
is not obvious due to the lack of spacetime covariance.

The GS formulation is based on spacetime supersymmetry as its guiding symmetry principle.
It allows a covariant extension to curved backgrounds through the existence of an extra fermionic
gauge symmetry, kappa symmetry, that is universally linked to spacetime covariance and supersym-
metry, as [ will review below and in Sections 3 and 4. Unfortunately, its quantisation is much more
challenging. The first volume of the Green, Schwarz and Witten book [260] provides an excellent
presentation of both these formulations. Below, I just review its bosonic truncation, construct
its supersymmetric extension in Minkowski spacetime, and conclude with an extension to curved
backgrounds.

Bosonic string: The bosonic GS string action is an extension of the covariant particle action
describing geodesic propagation in a fixed curved spacetime with metric g,

Sparticle = *m/dT \/*Xangmn(X) (1)

The latter is a one-dimensional diffeomorphic invariant action equaling the physical length of the
particle trajectory times its mass m. Its degrees of freedom X™ (1) are the set of maps describing
the embedding of the trajectory with affine parameter 7 into spacetime, i.e., the local coordinates
x™ of the spacetime manifold become dynamical fields X™(7) on the world line. Diffeomorphisms
correspond to the physical freedom in reparameterising the trajectory.

The bosonic string action equals its tension T times its area

Sstring = —1f / d?cv/—det G. (2)

This is the Nambu-Goto (NG) action [402, 249]: a 1+ 1 dimensional field theory with coordinates
o* 1= 0,1 describing the propagation of a Lorentzian worldsheet, through the set of embeddings
X™(o) m = 0,1...d — 1, in a fixed d-dimensional Lorentzian spacetime with metric g, (X).
Notice, this is achieved by computing the determinant of the pullback G,,,, of the spacetime metric
into the worldsheet

g,ul/ - ap,Xmaan gmn(X) (3)

2 The discovery of the RNS model of interacting bosons and fermions in d = 10 critical dimensions is due to
joining the results of the original papers [432, 404]. This was developed further in [405, 232].
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Thus, it is a nonlinear interacting theory in 1+ 1 dimensions. Furthermore, it is spacetime covari-
ant, invariant under two-dimensional diffeomorphisms and its degrees of freedom {X™} are scalars
in two dimensions, but transform as a wvector in d-dimensions.

Just as point particles can be charged under gauge fields, strings can be charged under 2-forms.
The coupling to this extra field is minimal, as corresponds to an electrically-charged object, and
is described by a Wess—Zumino (WZ) term

S = Qf/3(2)7 (4)
where the charge density @)y was introduced and B stands for the pullback of the d-dimensional
bulk 2-form By, i.e.,

1
By = iauXm&,X" Bn(X) do* A do”. (5)

Thus, the total bosonic action is:
Sstring = _Tf/dQU vV—detG + Qf /8(2) (6)

Notice the extra coupling preserves worldsheet diffeomorphism invariance and spacetime covari-
ance. In the string theory context, this effective action describes the propagation of a bosonic
string in a closed string background made of a condensate of massless modes (gravitons and Neveu—
Schwarz Neveu-Schwarz (NS-NS) 2-form By(X)). In that case,

1 1

oral 2ml2’

Ty =Qf = (7)
where ¢ stands for the length of the fundamental string.

For completeness, let me stress that at the classical level, the dynamics of the background
fields (couplings) is not specified. Quantum mechanically, the consistency of the interacting theory
defined in Eq. (6) requires the vanishing of the beta functions of the general nonlinear sigma models
obtained by expanding the action around a classical configuration when dealing with the quantum
path integral. The vanishing of these beta functions requires the background to solve a set of
equations that are equivalent to Einstein’s equations coupled to an antisymmetric tensor. This is
illustrated in Figure 2.

Supersymmetric extension: The addition of extra internal degrees of freedom to overcome the
existence of a tachyon and the absence of fermions in the bosonic string spectrum leads to super-
symmetry. Thus, besides the spacetime vector {X™}, a set of 1+ 1 scalars fields % transforming
as a spinor under the bulk (internal) Lorentz symmetry SO(1,d — 1) is included.

Instead of providing the answer directly, it is instructive to go over the explicit construction,
following [260]. Motivated by the structure appearing in supersymmetric field theories, one looks
for an action invariant under the supersymmetry transformations

604 =€, SX™ =ETmeA, (8)

A A

where €4 is a constant spacetime spinor, € = ¢4*C with C the charge conjugation matrix and
the label A counts the amount of independent supersymmetries A =1,2,...A. It is important to
stress that both the dimension d of the spacetime and the spinor representation are arbitrary at
this stage.

3 The calculations of beta functions in general nonlinear sigma models were done in [17, 215]. For a general
discussion of string theory in curved backgrounds see [124] or the discussions in books [260, 425].
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In analogy with the covariant superparticle [118], consider the action
$ = [ do Vi,
1= d“c Vh 11, -11,. (9)

This uses the Polyakov form of the action® involving an auxiliary two-dimensional metric hyw. 11,
stands for the components of the supersymmetric invariant 1-forms

™ = dX™ + 647 de*, (10)

whereas I, - I, = I TID 0y,

Even though the constructed action is supersymmetric and 2d diffeomorphic invariant, the
number of on-shell bosonic and fermionic degrees of freedom does not generically match. To re-
produce the supersymmetry in the spectrum derived from the quantisation of the RNS formulation,
one must achieve such matching.

The current standard resolution to this situation is the addition of an extra term to the action
while still preserving supersymmetry. This extra term can be viewed as an extension of the
bosonic WZ coupling (4), a point I shall return to when geometrically reinterpreting the action so
obtained [294]. Following [260], it turns out the extra term is

Sy =Ty / o (— 0, X™ (I'T0,0" — F°T0,0%) + 8T 0,01 T ,00,6%) . (11)
Invariance under global supersymmetry requires, up to total derivatives, the identity
052 =0 <= 2Ll by =0, (12)

for (11, a2, 13) = (0, 0 = 90/dc, 6= 00/90") . This condition restricts the number of spacetime
dimensions d and the spinor representation to be

e d =3 and 6 is Majorana;

e d =4 and 6 is Majorana or Weyl,;
e d =06 and 6 is Weyl;

e d =10 and 0 is Majorana—Weyl.

Let us focus on the last case, which is well known to match the superspace formulation of N' = 2
type IIA/B® Despite having matched the spacetime dimension and the spinor representation by
the requirement of spacetime supersymmetry under the addition of the extra action term (11), the
number of on-shell bosonic and fermionic degrees of freedom remains unequal. Indeed, Majorana—
Weyl fermions in d = 10 have 16 real components, which get reduced to 8 on-shell components
by Dirac’s equation. The extra N/ = 2 gives rise to a total of 16 on-shell fermionic degrees of
freedom, differing from the 8 bosonic ones coming from the 10-dimensional vector representation
after gauge-fixing worldsheet reparameterisations.

The missing ingredient in the above discussion is the existence of an additional fermionic gauge
symmetry, kappa symmetry, responsible for the removal of half of the fermionic degrees of freedom.®

4 Polyakov used the formulation of classical string theory in terms of an auxiliary world sheet metric [116, 176]
to develop the modern approach to the path integral formulation of string theory in [427, 428].

5 Recently, it was pointed out in [390] that there may exist quantum-mechanically consistent superstrings in
d = 3. It remains to be seen whether this is the case.

6 The existence of kappa symmetry as a fermionic gauge symmetry was first pointed out in superparticle actions
in [169, 170, 451, 171]. Though the term kappa symmetry was not used in these references, since it was later coined
by Townsend, the importance of WZ terms for its existence is already stated in these original works.
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This feature fixes the fermionic nature of the local parameter k(o) and requires 6 to transform by
some projector operator
60 =1 +T,)k,  with TI?=1. (13)

Here T is a Clifford-valued matrix depending non-trivially on {X™, 6}. The existence of such
transformation is proven in [260].

The purpose of going over this explicit construction is to reinterpret the final action in terms
of a more geometrical structure that will be playing an important role in Section 3.1. In more
modern language, one interprets S7+.55 as the action describing a superstring propagating in super-
Poincaré [259]. The latter is an example of a supermanifold with local coordinates ZM = {X™ §°}.
It uses the analogue of the superfield formalism in global supersymmetric field theories but in
supergravity, i.e., with local supersymmetry. The superstring couples to two of these superfields,
the supervielbein E4/(Z) and the NS-NS 2-form superfield Bac, where the index M stands for
curved superspace indices, i.e., M = {m, a}, and the index A for tangent flat superspace indices,
ie, A= {a, a}’.

In the case of super-Poincaré, the components Eﬁ[ are explicitly given by

Er =4, ES =0, Er =0, ES = (HI‘“)a e (14)
These objects allow us to reinterpret the action S; + S in terms of the pullbacks of these bulk
objects into the worldsheet extending the bosonic construction

G =11, -1, = 0, ZME3(2)0, ZN E8(Z)Nab ,
B, = 0,ZME{(2)0,ZN ES(Z) Bac(Z). (15)

Notice this allows us to write both Eqgs. (9) and (11) in terms of the couplings defined in Eq. (15).
This geometric reinterpretation is reassuring. If we work in standard supergravity components,
Minkowski is an on-shell solution with metric g, = Mmn, constant dilaton and vanishing gauge
potentials, dilatino and gravitino. If we work in superspace, super-Poincaré is a solution to the
superspace constraints having non-trivial fermionic components. The ones appearing in the NS-NS
2-form gauge potential are the ones responsible for the WZ term, as it should for an object, the
superstring, that is minimally coupled to this bulk massless field.

It is also remarkable to point out that contrary to the bosonic string, where there was no a priori
reason why the string tension T’y should be equal to the charge density (), its supersymmetric and
kappa invariant extension fixes the relation Ty = @f. This will turn out to be a general feature
in supersymmetric effective actions describing the dynamics of supersymmetric states in string
theory.

Curved background extension: One of the spins of the superspace reinterpretation in Eq. (15)
is that it allows its formal extension to any N = 2 type IIA/B curved background [263]

1 [, 1

The dependence on the background is encoded both in the superfields E]\A}[ and Bac.

The counting of degrees of freedom is not different from the one done for super-Poincaré. Thus,
the GS superstring (16) still requires to be kappa symmetry invariant to have an on-shell matching
of bosonic and fermionic degrees of freedom. It was shown in [89] that the effective action (16) is
kappa invariant only when the A" = 2 d = 10 type ITA/B background is on-shell®. In other words,
superstrings can only propagate in properly on-shell backgrounds in the same theory.

7 For a proper definition of these superfields, see Appendix A.1.
8 See Appendix A.1 for a better discussion of what this means.
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curved background

RNS superstring GS superstring
quantum|consistency spacetime[supersymmetry
Weyl kappa symmetry
invariance invariance
vanishing B function superfield constraints

on-shell supergravity

Figure 2: Different superstring formulations require curved backgrounds to be on-shell.

It is important to stress that in the GS formulation, kappa symmetry invariance requires the
background fields to be on-shell, whereas in the RNS formulation, it is quantum Weyl invariance
that ensures this self-consistency condition, as illustrated in Figure 2.

The purpose of Section 3.1 is to explain how these ideas and necessary symmetry structures
to achieve a manifestly spacetime covariant and supersymmetric invariant formulation extend to
different half-BPS branes in string theory. More precisely, to M2-branes, M5-branes and D-branes.
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3 Brane Effective Actions

This review is concerned with the dynamics of low energy string theory, or M-theory, in the presence
of brane degrees of freedom in a regime in which the full string (M-) theory effective action” reduces
to

S~ SSUGRA + Sbranc~ (17)

The first term in the effective action describes the gravitational sector. It corresponds to N =
2 d = 10 type ITA/IIB supergravity or N' = 1 d = 11 supergravity, for the systems discussed in this
review. The second term describes both the brane excitations and their interactions with gravity.
More specifically, I will be concerned with the kinematical properties characterising Shrane when
the latter describes a single brane, though in Section 7, the extension to many branes will also be
briefly discussed. From the perspective of full string theory, it is important to establish the regime
in which the full dynamics is governed by Sprane- This requires one to freeze the gravitational
sector to its classical on-shell description and to neglect its backreaction into spacetime. Thus, one

requires
(Thcksround | 5, brane, (18)

where T, stands for the energy-momentum tensor. This is a generalisation of the argument used
in particle physics by which one decouples gravity, treating Newton’s constant as effectively zero.

Condition (18) is definitely necessary, but not sufficient, to guarantee the reliability of Sprane. 1
will postpone a more thorough discussion of this important point till Section 3.7, once the explicit
details on the effective actions and the assumptions made for their derivations have been spelled
out in Sections 3.1—-3.6.

Below, I focus on the identification of the degrees of freedom and symmetries to describe brane
physics. The distinction between world volume and spacetime symmetries and the preservation of
spacetime covariance and supersymmetry will lead us, once again, to the necessity and existence
of kappa symmetry.

3.1 Degrees of freedom and world volume supersymmetry

In this section, I focus on the identification of the physical degrees of freedom describing a single
brane, the constraints derived from world volume symmetries to describe their interactions and the
necessity to introduce extra world volume gauge symmetries to achieve spacetime supersymmetry
and covariance. 1 will first discuss these for Dp-branes, which allow a perturbative quantum open
string description, and continue with M2 and M5-branes, applying the lessons learnt from strings
and D-branes.

Dp-branes: Dp-branes are p 4+ 1 dimensional hypersurfaces >, where open strings can end.
One of the greatest developments in string theory came from the realisation that these objects are
dynamical, carry Ramond-Ramond (RR) charge and allow a perturbative worldsheet description
in terms of open strings satisfying Dirichlet boundary conditions in p + 1 dimensions [423].The
quantisation of open strings with such boundary conditions propagating in 10-dimensional R'?
Minkowski spacetime gives rise to a perturbative spectrum containing a set of massless states that
fit into an abelian vector supermultiplet of the super-Poincaré group in p+ 1 dimensions [425, 426].
Thus, any physical process involving open strings at low enough energy, Fva/ < 1, and at weak
coupling, g; < 1, should be captured by an effective supersymmetric abelian gauge theory in p+ 1
dimensions.

9 See [490, 421] for reviews and textbooks on what an effective field theory is and what the principles behind
them are.
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Such vector supermultiplets are described in terms of U(1) gauge theories to achieve a manifestly
ISO(1, p) invariance, as is customary in gauge theories. In other words, the formulation includes
additional polarisations, which are non-physical and can be gauged away. Notice the full ISO(1,9)
of the vacuum is broken by the presence of the Dp-brane itself. This is manifestly reflected in
the spectrum. Any attempt to achieve a spacetime supersymmetric covariant action invariant
under the full ISO(1,9) will require the introduction of both extra degrees of freedom and gauge
symmetries. This is the final goal of the GS formulation of these effective actions.

To argue this, analyse the field content of these vector supermultiplets. These include a set of
9—p scalar fields X' and a gauge field V; in p+1 dimensions, describing p— 1 physical polarisations.
Thus, the total number of massless bosonic degrees of freedom is

Dp-brane: 10— (p+1)+(p—1)=8.

Notice the number of world volume scalars X! matches the number of transverse translations
broken by the Dp-brane and transform as a vector under the transverse Lorentz subgroup SO(9 —
p), which becomes an internal symmetry group. Geometrically, these modes X (o) describe the
transverse excitations of the brane. This phenomena is rather universal in brane physics and
constitutes the essence in the geometrisation of field theories provided by branes in string theory.

Since Dp-branes propagate in 10 dimensions, any covariant formalism must involve a set of 10
scalar fields X™ (o), transforming like a vector under the full Lorentz group SO(1,9). This is the
same situation we encountered for the superstring. As such, it should be clear the extra bosonic
gauge symmetries required to remove these extra scalar fields are p+1 dimensional diffeomorphisms
describing the freedom in embedding >, in R, Physically, the Dirichlet boundary conditions
used in the open string description did fix these diffeomorphisms, since they encode the brane
location in R,

What about the fermionic sector? The discussion here is entirely analogous to the superstring
one. This is because spacetime supersymmetry forces us to work with two copies of Majorana—Weyl
spinors in 10 dimensions. Thus, matching the eight on-shell bosonic degrees of freedom requires
the effective action to be invariant under a new fermionic gauge symmetry. I will refer to this as
kappa symmetry, since it will share all the characteristics of the latter for the superstring.

M-branes: M-branes do not have a perturbative quantum formulation. Thus, one must appeal
to alternative arguments to identify the relevant degrees of freedom governing their effective actions
at low energies. In this subsection, I will appeal to the constraints derived from the existence of
supermultiplets in p+ 1 dimensions satisfying the geometrical property that their number of scalar
fields matches the number of transverse dimensions to the M-brane, extending the notion already
discussed for the superstring and Dp-branes. Later, I shall review more stringy arguments to check
the conclusions obtained below, such as consistency with string/M theory dualities.

Let us start with the more geometrical case of an M2-brane. This is a 2+ 1 surface propagating
in d = 1+ 10 dimensions. One expects the massless fields to include 8 scalar fields in the bosonic
sector describing the M2-brane transverse excitations. Interestingly, this is precisely the bosonic
content of a scalar supermultiplet in d = 1 + 2 dimensions. Since the GS formulation also fits into
a scalar supermultiplet in d = 1 4+ 1 dimensions for a long string, it is natural to expect this is
the right supermultiplet for an M2-brane. To achieve spacetime covariance, one must increase the
number of scalar fields to eleven X" (¢), transforming as a vector under SO(1, 10) by considering
a d = 1+ 2 dimensional diffeomorphic invariant action. If this holds, how do fermions work out?

First, target space covariance requires the background to allow a superspace formulation in d =
1+ 10 dimensions'®. Such formulation involves a single copy of d = 11 Majorana fermions, which
gives rise to a pair of d = 10 Majorana—Weyl fermions, matching the superspace formulation for

10 T will introduce this notion more thoroughly in Section 3.4 and Appendix A.
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the superstring described in Section 2. d = 11 Majorana spinors have 2011/l = 32 real components,

which are further reduced to 16 due to the Dirac equation. Thus, a further gauge symmetry is
required to remove half of these fermionic degrees of freedom, matching the eight bosonic on-shell
ones. Once again, kappa symmetry will be required to achieve this goal.

What about the M5-brane? The fermionic discussion is equivalent to the M2-brane one. The
bosonic one must contain a new ingredient. Indeed, geometrically, there are only five scalars
describing the transverse Mb-brane excitations. These do not match the eight on-shell fermionic
degrees of freedom. This is reassuring because there is no scalar supermultiplet in d = 6 dimensions
with such number of scalars. Interestingly, there exists a tensor supermultiplet in d = 6 dimen-
sions whose field content involves five scalars and a two-form gauge potential V5 with self-dual
field strength. The latter involves 6-2 choose 2 physical polarisations, with self-duality reducing
these to three on-shell degrees of freedom. To keep covariance and describe the right number of
polarisations, the d = 1+ 5 theory must be invariant under U(1) gauge transformations for the
2-form gauge potential. I will later discuss how to keep covariance while satisfying the self-duality
constraint.

Brane scan: World volume supersymmetry generically constrains the low energy dynamics of
supersymmetric branes. Even though our arguments were concerned with M2, M5 and D-branes,
they clearly are of a more general applicability. This gave rise to the brane scan programme [3, 196,
193, 191]. The main idea was to classify the set of supersymmetric branes in different dimensions
by matching the number of their transverse dimensions with the number of scalar fields appearing
in the list of existent supermultiplets. For an exhaustive classification of all unitary representations
of supersymmetry with maximum spin 2, see [468]. Given the importance of scalar, vector and
tensor supermultiplets, I list below the allowed multiplets of these kinds in different dimensions
indicating the number of scalar fields in each of them [73].

Let me start with scalar supermultiplets containing X scalars in d = p + 1 dimensions, the
results being summarised in Table 1. Notice, we recover the field content of the M2-brane in d = 3
and X = 8 and of the superstring in d = 2 and X = 8.

Table 1: Scalar multiplets with X scalars in p 4+ 1 worldvolume dimensions.

p+1 X X X X
1 1 2 4 8
2 1 2 4 8
3 1 2 4 8
4 2 4
5 4
6 4

Concerning vector supermultiplets with X scalars in d = p + 1 dimensions, the results are
summarised in Table 2. Note that the last column describes the field content of all Dp-branes,
starting from the D0-brane (p = 0) and finishing with the D9 brane (p = 9) filling in all spacetime.
Thus, the field content of all Dp-branes matches with the one corresponding to the different vector
supermultiplets in d = p + 1 dimensions. This point agrees with the open string conformal field
theory description of D branes.

Finally, there is just one interesting tensor multiplet with X = 5 scalars in six dimensions,
corresponding to the aforementioned M5 brane, among the six-dimensional tensor supermultiplets
listed in Table 3.
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Table 2: Vector multiplets with X scalar degrees of freedom in p + 1 worldvolume dimensions.

p+1 X X X X
1 2 3 5 9
2 1 2 4 8
3 0 1 3 7
4 0 2 6
5 1 5
6 0 4
7 3
8 2
9 1
10 0

Table 3: Tensor multiplets with X scalar degrees of freedom in p + 1 world volume dimensions.

p+1 X X
6 1 5

Summary: All half-BPS Dp-branes, M2-branes and M5-branes are described at low energies by
effective actions written in terms of supermultiplets in the corresponding world-volume dimension.
The number of on-shell bosonic degrees of freedom is 8. Thus, the fermionic content in these
multiplets satisfies

§ = iMN, (19)

where M is the number of real components for a minimal spinor representation in D spacetime
dimensions and N the number of spacetime supersymmetry copies.

These considerations identified an A/ = 8 supersymmetric field theory in d = 3 dimensions
(M2 brane), N' = (2,0) supersymmetric gauge field theory in d = 6 (M5 brane) and an N' = 4
supersymmetric gauge field theory in d = 4 (D3 brane), as the low energy effective field theories de-
scribing their dynamics'!. The addition of interactions must be consistent with such d dimensional
supersymmetries.

By construction, an effective action written in terms of these on-shell degrees of freedom can
neither be spacetime covariant nor ISO(1, D — 1) invariant (in the particular case when branes
propagate in Minkowski, as I have assumed so far). Effective actions satisfying these two symmetry
requirements involve the addition of both extra, non-physical, bosonic and fermionic degrees of
freedom. To preserve their non-physical nature, these supersymmetric brane effective actions must
be invariant under additional gauge symmetries

e world volume diffeomorphisms, to gauge away the extra scalars,

e kappa symmetry, to gauge away the extra fermions.

3.1.1 Supergravity Goldstone modes

Branes carry energy, consequently, they gravitate. Thus, one expects to find gravitational config-
urations (solitons) carrying the same charges as branes solving the classical equations of motion

11 Here, N stands for the number of world volume supersymmetries.
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capturing the effective dynamics of the gravitational sector of the theory. The latter is the effec-
tive description provided by type IIA/B supergravity theories, describing the low energy and weak
coupling regime of closed strings, and A/ = 1 d = 11 supergravity. The purpose of this section
is to argue the existence of the same world-volume degrees of freedom and symmetries from the
analysis of massless fluctuations of these solitons, applying collective coordinate techniques that
are a well-known notion for solitons in standard, non-gravitational, gauge theories.

In field theory, given a soliton solving its classical equations of motion, there exists a notion of
effective action for its small excitations. At low energies, the latter will be controlled by massless
excitations, whose number matches the number of broken symmetries by the background soli-
ton [243] '?. These symmetries are global, whereas all brane solitons are on-shell configurations
in supergravity, whose relevant symmetries are local. To get some intuition for the mechanism
operating in our case, it is convenient to review the study of the moduli space of monopoles or
instantons in abelian gauge theories. The collective coordinates describing their small excitations
include not only the location of the monopole/instanton, which would match the notion of trans-
verse excitation in our discussion given the pointlike nature of these gauge theory solitons, but
also a fourth degree of freedom associated with the breaking of the gauge group [431, 288]. The
reason the latter is particularly relevant to us is because, whereas the first set of massless modes are
indeed related to the breaking of Poincaré invariance, a global symmetry in these gauge theories,
the latter has its origin on a large U(1) gauge transformation.

This last observation points out that the notion of collective coordinates can generically be
associated with large gauge transformations, and not simply with global symmetries. It is precisely
in this sense how it can be applied to gravity theories and their soliton solutions. In the string
theory context, the first work where these ideas were applied was [127] in the particular set-up of
5-brane solitons in heterotic and type II strings. It was later extended to M2-branes and M5-branes
in [332]. In this section, I follow the general discussion in [6] for the M2, M5 and D3-branes. These
brane configurations are the ones interpolating between Minkowski, at infinity, and AdS times a
sphere, near their horizons. Precisely for these cases, it was shown in [236] that the world volume
theory on these branes is a supersingleton field theory on the corresponding AdS space.

Before discussing the general strategy, let me introduce the on-shell bosonic configurations to
be analysed below. All of them are described by a non-trivial metric and a gauge field carrying
the appropriate brane charge. The multiple M2-brane solution, first found in [198], is

ds® = U™y, datde” + U 6pgdyPdy?
1
Ag =+ U~ te,wpdat Ada” A da” . (20)
Here, and in the following examples, x* describe the longitudinal brane directions, i.e., u =0, 1,2
for the M2-brane, whereas the transverse Cartesian coordinates are denoted by y?, p = 3,...10.

The solution is invariant under ISO(1, 2) x SO(8) and is characterised by a single harmonic function
U in R®

R\©
U=1+ (r) ) = GpgyPyt. (21)

The structure for the M5-brane, first found in [273], is analogous but differs in the dimensionality
of the tangential and transverse subspaces to the brane and in the nature of its charge, electric for
the M2-brane and magnetic for the M5-brane below

ds® = Uf%nwdx“d;v” + U%(Smndymdy",

1
Ry = dAs = i@ 0" O U npgsudy? A dy? A dy® A dy®. (22)

12 The first examples of this phenomena were reported by Nambu [401] and Goldstone [242].
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In this case, p =0,1...,5 and p = 6,...,10. The isometry group is ISO(1,5) x SO(5) and again
it is characterised by a single harmonic function U in R®

R\?

U=1+ <r) ) r? = gy Y - (23)
The D3-brane, first found in [195], similarly has a non-trivial metric and self-dual five form RR
field strength

ds? = U_%nw,dx“dx” + U%(Smndymdy"7
F5 = ié(émnﬁmUenpqsmdyp A dy? A dy® A dyt A dy®
+50mU e pody™ A dzt A dz¥ A dzP A dz”), (24)
with isometry group ISO(1,3) x SO(6). It is characterised by a single harmonic function U in R°

R\

U=1+ <r> , 2 = 6,pgyPy. (25)
All these brane configurations are half-BPS supersymmetric. The subset of sixteen supercharges
being preserved in each case is correlated with the choice of sign in the gauge potentials fixing
their charges. I shall reproduce this correlation in the effective brane action in Section 3.5.

Let me first sketch the argument behind the generation of massless modes in supergravity
theories, where all relevant symmetries are gauge, before discussing the specific details below.
Consider a background solution with field content @EO), where i labels the field, including its tensor
character, having an isometry group G’. Assume the configuration has some fixed asymptotics
with isometry group G, so that G’ C G. The relevant large gauge transformations &;(y?) in our
discussion are those that act non-trivially at infinity, matching a broken global transformation
asymptotically ¢;, but differing otherwise in the bulk of the background geometry

Jim &(y) = e (26)
In this way, one manages to associate a gauge transformation with a global one, only asymptotically.
The idea is then to perturb the configuration gpgo) by such pure gauge, d¢,; and finally introduce
some world volume dependence on the parameter ¢;, i.e., €;(z*). At that point, the transformation
¢, i is no longer pure gauge. Plugging the transformation in the initial action and expanding, one
can compute the first order correction to the equations of motion fixing some of the ambiguities in
the transformation by requiring the perturbed equation to correspond to a massless normalisable
mode.

In the following, I explain the origin of the different bosonic and fermionic massless modes in the
world volume supermultiplets discussed in Section 3.1 by analysing large gauge diffeomorphisms,
supersymmetry and abelian tensor gauge transformations.

Scalar modes: These are the most intuitive geometrically. They correspond to the breaking of
translations along the transverse directions to the brane. The relevant gauge symmetry is clearly
a diffeomorphism. Due to the required asymptotic behaviour, it is natural to consider e? = U* ¢P,
where ¢? is some constant parameter. Notice the dependence on the harmonic function guarantees
the appropriate behaviour at infinity, for any s. Dynamical fields transform under diffeomorphisms
through Lie derivatives. For instance, the metric would give rise to the pure gauge transformation

Bonn = Legloh . (27)

mn
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If we allow ¢P to arbitrarily depend on the world volume coordinates z*, i.e., ¢* — ¢P(x*), the
perturbation h,,, will no longer be pure gauge. If one computes the first-order correction to
Einstein’s equations in supergravity, including the perturbative analysis of the energy momentum
tensor, one discovers the lowest-order equation of motion satisfied by ¢? is

"D, ¢P =0, (28)

for s = —1. This corresponds to a massless mode and guarantees its normalisability when integrat-
ing the action in the directions transverse to the brane. Later, we will see that the lowest-order
contribution (in number of derivatives) to the gauge-fixed world-volume action of M2, M5 and
D3-branes in flat space is indeed described by the Klein—-Gordon equation.

Fermionic modes: These must correspond to the breaking of supersymmetry. Consider the
supersymmetry transformation of the 11-dimensional gravitino ¥,

§U,, = Dp(, (29)

where D is some non-trivial connection involving the standard spin connection and some contri-
bution from the gauge field strength. The search for massless fermionic modes leads us to consider
the transformation ¢ = U® X for some constant spinor \. First, one needs to ensure that such
transformation matches, asymptotically, with the supercharges preserved by the brane. Consider
the Mb5-brane, as an example. The preserved supersymmetries are those satisfying ¥, = 0. This
forces s = —1—72 and fixes the six-dimensional chirality of A to be positive, i.e., A;. Allowing the
latter to become an arbitrary function of the world volume coordinates Ay (x*), 0¥, becomes
non-pure gauge. Plugging the latter into the original Rarita—Schwinger equation, the linearised

equation for the perturbation reduces to
r“o, A+ =0. (30)

The latter is indeed the massless Dirac equation for a chiral six-dimensional fermion. A similar
analysis holds for the M2 and D3-branes. The resulting perturbations are summarised in Table 4.

Vector modes: The spectrum of open strings with Dirichlet boundary conditions includes a
vector field. Since the origin of such massless degrees of freedom must be the breaking of some
abelian supergravity gauge symmetry, it must be the case that the degree form of the gauge
parameter must coincide with the one-form nature of the gauge field. Since this must hold for any
D-brane, the natural candidate is the abelian gauge symmetry associated with the NS-NS two-form

8By = dA; . (31)

Proceeding as before, one considers a transformation with A; = U* V; for some number k and
constant one-form V;. When V; is allowed to depend on the world volume coordinates, the per-
turbation

6By = dU* A Vi (aH), (32)

becomes physical. Plugging this into the NS-NS two-form equation of motion, one derives dF' = 0
where F' = dV; for both of the four-dimensional duality components, for either kK = £1. Clearly,
only k = —1 is allowed by the normalisability requirement.

Tensor modes: The presence of five transverse scalars to the M5-brane and the requirement of
world volume supersymmetry in six dimensions allowed us to identify the presence of a two-form
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potential with self-dual field strength. This must have its supergravity origin in the breaking of
the abelian gauge transformation

§A5 = dAs, (33)

where indeed the gauge parameter js a two-form. Consider then Ay = U* V5 for some number k
and constant two form V5. When V; is allowed to depend on the world volume coordinates, the
perturbation

§Az = dU" A Va(ah), (34)

becomes physical. Plugging this into the Az equation of motion, we learn that each world volume
duality component x, F5 = +F3 with F3 = dV5 satisfies the bulk equation of motion if dF3 = 0 for
a specific choice of k. More precisely, self-dual components require k = 1, whereas anti-self-dual
ones require k = —1. Normalisability would fix kK = —1. Thus, this is the origin of the extra three
bosonic degrees of freedom forming the tensor supermultiplet in six dimensions.

The matching between supergravity Goldstone modes and the physical content of world volume
supersymmetry multiplets is illustrated in Figure 5. Below, a table presents the summary of
supergravity Goldstone modes

Table 4: Summary of supergravity Goldstone modes.

Symmetry M2 M5 D3
Reparametrisations: em = U-lem U-lem U-lom
Local supersymmetry: (= U—2/3)_ U-712) U—5/8),
Tensor gauge symmetry: = U —_1 17(2)_ U —1_17(1) )

(+H =H)  (ixF = F)

where 4 indices stand for the chirality of the fermionic zero modes. In particular, for the M2 brane
it describes negative eight dimensional chirality of the 11-dimensional spinor A\, while for the M5
and D3 branes, it describes positive six-dimensional and four-dimensional chirality.

Thus, using purely effective field theory techniques, one is able to derive the spectrum of
massless excitations of brane supergravity solutions. This method only provides the lowest order
contributions to their equations of motion. The approach followed in this review is to use other
perturbative and non-perturbative symmetry considerations in string theory to determine some
of the higher-order corrections to these effective actions. Our current conclusion, from a different
perspective, is that the physical content of these theories must be describable in terms of the
massless fields in this section.

3.2 Bosonic actions

After the identification of the relevant degrees of freedom and gauge symmetries governing brane
effective actions, I focus on the construction of their bosonic truncations, postponing their super-
symmetric extensions to Sections 3.4 and 3.5. The main goal below will be to couple brane degrees
of freedom to arbitrary curved backgrounds in a world volume diffeomorphic invariant way.

I shall proceed in order of increasing complexity, starting with the M2-brane effective action,
which is purely geometric, continuing with D-branes and their one form gauge potentials and
finishing with M5-branes including their self-dual three form field strength'?.

13 For earlier reviews on D-brane effective actions and on M-brane interactions, see [320] and [101], respectively.
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Bosonic M2-brane: In the absence of world volume gauge field excitations, all brane effective
actions must satisfy two physical requirements

1. Geometrically, branes are p + 1 hypersurfaces ¥,; propagating in a fixed background with
metric gp,,. Thus, their effective actions should account for their world volumes.

2. Physically, all branes are electrically charged under some appropriate spacetime p + 1 gauge
form Cpyi1. Thus, their effective actions should contain a minimal coupling accounting for
the brane charges.

Both requirements extend the existent effective action describing either a charged particle (p = 0)
or a string (p = 1). Thus, the universal description of the purely scalar field X™ brane degrees of
freedom must be of the form

S, = —T, / dPtlo /= detG + Q, / Cpi1, (35)
Ep+1 z

p+1

where T, and @, stand for the brane tension and charge density'?. The first term computes the
brane world volume from the induced metric G,

guy = 3MXmaangmn(X)7 (36)

whereas the second WZ term C,11 describes the pullback of the target space p + 1 gauge field
Cp+1(X) under which the brane is charged

1

Clpe) = G " O X By, X7 iy (X). (37)

© Oupia

At this stage, one assumes all branes propagate in a background with Lorentzian metric gy (X)
coupled to other matter fields, such as Cj41(X), whose dynamics are neglected in this approxi-
mation. In string theory, these background fields correspond to the bosonic truncation of the su-
pergravity multiplet and their dynamics at low energy is governed by supergravity theories. More
precisely, M2 and M5-branes propagate in d = 11 supergravity backgrounds, i.e., m,n =0,1,... 10,
and they are electrically charged under the gauge potential A3(X) and its six-form dual poten-
tial Ag, respectively (see Appendix A for conventions). D-branes propagate in d = 10 type IIA/B
backgrounds and the set {Cp11(X)} correspond to the set of RR gauge potentials in these theories,
see Eq. (523).

The relevance of the minimal charge coupling can be understood by considering the full effective
action involving both brane and gravitational degrees of freedom (17). Restricting ourselves to the
kinetic term for the target space gauge field, i.e., R = dCp41, the combined action can be written
as

/ (1RA*R+QPﬁACp+1>. (38)
Mp \ 2

Here M p stands for the D-dimensional spacetime, whereas 7 is a (D — p — 1)-form whose com-
ponents are those of an epsilon tensor normal to the brane having a J-function support on the
world volume'®. Thus, the bulk equation of motion for the gauge potential C,1 1 acquires a source
term whenever a brane exists. Since the brane charge is computed as the integral of xR over any
topological (D — p — 2)-sphere surrounding it, one obtains

/ *R:/ d*R:/ Qi = Q. (39)
YXp_p-2 Bp_p_1 Bp_p_1

14 Since I am not considering supersymmetric branes at this point, |Qp| = Ty is not a necessary condition.

15 This is the correct way to compute the energy momentum tensor due to the coupling of branes to gravity. The
energy carried by such a brane must be localised on its p + 1 dimensional world volume.
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where the equation of motion was used in the last step. Thus, minimal WZ couplings do capture
the brane physical charge.

Since M2-branes do not involve any gauge field degree of freedom, the above discussion covers
all its bosonic degrees of freedom. Thus, one expects its bosonic effective action to be

Sae = *TMQ/d?’O' V—det G + QM2/A37 (40)

in analogy with the bosonic worldsheet string action. If Eq. (40) is viewed as the bosonic truncation
of a supersymmetric M2-brane, then |Qumz2| = Tz Besides its manifest spacetime covariance and
its invariance under world-volume diffeomorphisms infinitesimally generated by

JeX™ = LeX™ = €19, X™, (41)

this action is also quasi-invariant (invariant up to total derivatives) under the target space gauge
transformation dp A3 = dAs leaving N' = 1 d = 11 supergravity invariant, as reviewed in Eq. (553)
of Appendix A.2. This is reassuring given that the full string theory effective action (17) describing
both gravity and brane degrees of freedom involves both actions.

Bosonic D-branes: Due to the perturbative description in terms of open strings [423], D-brane
effective actions can, in principle, be determined by explicit calculation of appropriate open string
disk amplitudes. Let me first discuss the dependence on gauge fields in these actions. Early
bosonic open string calculations in background gauge fields [1], allowed to determine the effective
action for the gauge field, with purely Dirichlet boundary conditions [214] or with mixed boundary
conditions [354], gave rise to a non-linear generalisation of Maxwell’s electromagnetism originally
proposed by Born and Infeld in [108]:

- / d"tto \/— det(n,, + 2ma’'F,,). (42)
Zpt1

I will refer to this non-linear action as the Dirac-Born-Infeld (DBI) action. Notice, this is an
exceptional situation in string theory in which an infinite sum of different o/ contributions is
analytically computable. This effective action ignores any contribution from the derivatives of the
field strength F, i.e., 0, F,, terms or higher derivative operators. Importantly, it was shown in [I]
that the first such corrections, for the bosonic open string, are compatible with the DBI structure.

Having identified the non-linear gauge field dependence, one is in a position to include the
dependence on the embedding scalar fields X™ (o) and the coupling with non-trivial background
closed string fields. Since in the absence of world-volume gauge-field excitations, D-brane actions
should reduce to Eq. (35), it is natural to infer the right answer should involve

V= et(G + 27/ ), (43)

using the general arguments of the preceding paragraphs. Notice, this action does not include any
contribution from acceleration and higher derivative operators involving scalar fields, i.e., 8, X™
terms and/or higher derivative terms.'® This proposal has nice properties under T-duality [24,
77, 16, 75], which I will explore in detail in Section 3.3.2 as a non-trivial check on Eq. (43). In
particular, it will be checked that absence of acceleration terms is compatible with T-duality.

The DBI action is a natural extension of the NG action for branes, but it does not capture all the
relevant physics, even in the absence of acceleration terms, since it misses important background
couplings, responsible for the WZ terms appearing for strings and M2-branes. Let me stress the
two main issues separately:

16 The importance of these assumptions will be stressed when discussing the regime of validity of brane effective
actions in Section 3.7.
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1. The functional dependence on the gauge field V7 in a general closed string background. D-
branes are hypersurfaces where open strings can end. Thus, open strings do have endpoints.
This means that the WZ term describing such open strings is not invariant under the target
space gauge transformation d By = dA;

5 b:/ dA:/ A, (44)
PP P3P )30

due to the presence of boundaries. These are the D-branes themselves, which see these
endpoints as charge point sources. The latter has a minimal coupling of the form |, 0%, Vi,
whose variation cancels Eq. (44) if the gauge field transforms as 6V, = dX™ (o)A, under the
bulk gauge transformation. Since D-brane effective actions must be invariant under these
target space gauge symmetries, this physical argument determines that all the dependence
on the gauge field V; should be through the gauge invariant combination F = 27a/dV; — B.

2. The coupling to the dilaton. The D-brane effective action is an open string tree level action,
i.e., the self-interactions of open strings and their couplings to closed string fields come from
conformal field theory disk amplitudes. Thus, the brane tension should include a g; ! factor
coming from the expectation value of the closed string dilaton e~?. Both these considerations
lead us to consider the DBI action

Soet = ~Th, / P e/~ det(G 1 F), (45)

where Tp, stands for the D-brane tension.

3. The WZ couplings. Dp-branes are charged under the RR potential Cp41. Thus, their effective
actions should include a minimal coupling to the pullback of such form. Such coupling
would not be invariant under the target space gauge transformations (527). To achieve this
invariance in a way compatible with the bulk Bianchi identities (525), the D-brane WZ action

must be of the form
/ cne’, (46)
Ypt1

where C stands for the corresponding pullbacks of the target space RR potentials C, to the
world volume, according to the definition given in Eq. (523). Notice this involves more terms
than the mere minimal coupling to the bulk RR potential C},;;1. An important physical
consequence of this fact will be that turning on non-trivial gauge fluxes on the brane can
induce non-trivial lower-dimensional D-brane charges, extending the argument given above
for the minimal coupling [185]. This property will be discussed in more detail in the second
part of this review. For a discussion on how to extend these couplings to massive type ITA
supergravity, see [255].

Putting together all previous arguments, one concludes the final form of the bosonic D-brane

action is:'”
Spp = —Tbp / dPTroe ?/—det(G + F) + QDP/ cCne’. (47)
pt1 ¥

p+1
If one views this action as the bosonic truncation of a supersymmetric D-brane, the D-brane charge
density equals its tension in absolute value, i.e., |Qpp| = Tpp. The latter can be determined from
first principles to be [423, 24]
1 1
Topp = ——=—7. 48
P gVl (2mVal)p (48)

17 There actually exist further gravitational interaction terms necessary for the cancellation of anomalies [253],
but we will always omit them in our discussions concerning D-brane effective actions.
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Bosonic covariant M5-brane: The bosonic M5-brane degrees of freedom involve scalar fields
and a world volume 2-form with self-dual field strength. The former are expected to be described
by similar arguments to the ones presented above. The situation with the latter is more problem-
atic given the tension between Lorentz covariance and the self-duality constraint. This problem
has a fairly long history, starting with electromagnetic duality and the Dirac monopole problem
in Maxwell theory, see [105] and references therein, and more recently, in connection with the
formulation of supergravity theories such as type IIB, with the self-duality of the field strength
of the RR 4-form gauge potential. There are several solutions in the literature based on different
formalisms:

1. One natural option is to give-up Lorentz covariance and work with non-manifestly Lorentz
invariant actions. This was the approach followed in [420] for the M5-brane, building on
previous work [213, 295, 441].

2. One can introduce an infinite number of auxiliary (non-dynamical) fields to achieve a covari-
ant formulation. This is the approach followed in [384, 502, 375, 177, 66, 98, 99, 100].

3. One can follow the covariant approach due to Pasti, Sorokin and Tonin (PST-formalism) [416,
418], in which a single auxiliary field is introduced in the action with a non-trivial non-
polynomial dependence on it. The resulting action has extra gauge symmetries. These allow
one to recover the structure in [420] as a gauge fixed version of the PST formalism.

4. Another option is to work with a Lagrangian that does not imply the self-duality condition
but allows it, leaving the implementation of this condition to the path integral. This is the
approach followed by Witten [497], which was extended to include non-linear interactions
in [140]. The latter work includes kappa symmetry and a proof that their formalism is
equivalent to the PST one.

In this review, I follow the PST formalism. This assigns the following bosonic action to the
Mb5-brane [417]

~ 1
Sy = —TM5/d6U (\/_ det(G,y + Hyy) — V—det G Ma@ga(a)’H*uvéHWpapa(U))

40,00
1
+TM5/ <AG + 57‘[3 A Ag) . (49)

As in previous effective actions, all the dependence on the scalar fields X™ is through the bulk
fields and their pullbacks to the six-dimensional world volume. As in D-brane physics, all the
dependence on the world volume gauge potential V5 is not just simply through its field strength
dVa, but through the gauge invariant 3-form

Hs = dVs — As . (50)

The physics behind this is analogous. F describes the ability of open strings to end on D-branes,
whereas Hz describes the possibility of M2-branes to end on M5-branes [469, 47918, Tts world
volume Hodge dual and the tensor H,, are then defined as

1
'H*NV/I — MVPalthaaHalaQag , 51
6v/—detG (51

- 1
H, = ———=H",,0%(0). 52
I |(aa)2| pnvp (U) ( )

18 For a discussion on the interpretation of an M5-brane as a ‘D-brane’ for an open membrane, see [55].
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The latter involves an auxiliary field a(o) responsible for keeping covariance and implementing
the self-duality constraint through the second term in the action (49). Its auxiliary nature was
proven in [418, 416], where it was shown that its equation of motion is not independent from
the generalised self-duality condition. The full action also includes a DBI-like term, involving the
induced world volume metric G, = 0, X™0, X" gmn(X), and a WZ term, involving the pullbacks
Az and Ag of the 3-form gauge potential and its Hodge dual in N' =1 d = 11 supergravity [11].

Besides being manifestly invariant under six-dimensional world volume diffeomorphisms and
ordinary abelian gauge transformations 6Va = dAj, the action (49) is also invariant under the
transformation

Sa(0) = A(o), 6V, = Alo) <2MDBI(dv2)Map“>. (53)

[CORRNRY G |(0a)?|

Given the non-dynamical nature of a(co), one can always fully remove it from the classical action
by gauge fixing the symmetry (53). It was shown in [417] that for an M5-brane propagating in
Minkowski, the non-manifest Lorentz invariant formulation in [420] emerges after gauge fixing (53).
This was achieved by working in the gauge d,a(c) = 52 and V5 = 0. Since d,a is a world volume
vector, six-dimensional Lorentz transformations do not preserve this gauge slice. One must use a
compensating gauge transformation (53), which also acts on V,,,,. The overall gauge fixed action is
invariant under the full six-dimensional Lorentz group but in a non-linear non-manifestly Lorentz
covariant way as discussed in [420].

As a final remark, notice the charge density Q5 of the bosonic M5-brane has already been set
equal to its tension Tyis = 1/(2m)°€5.

3.3 Consistency checks

The purpose of this section is to check the consistency of the kinematic structures governing classical
bosonic brane effective actions with string dualities [312, 495]. At the level of supergravity, these
dualities are responsible for the existence of a non-trivial web of relations among their classical
Lagrangians. Here, I describe the realisation of some of these dualities on classical bosonic brane
actions. This will allow us to check the consistency of all brane couplings. Alternatively, one can
also view the discussions below as independent ways of deriving the latter.

The specific dualities I will be appealing to are the strong coupling limit of type ITA string
theory, its relation to M-theory and the action of T-duality on type II string theories and D-
branes. Figure 3 summarises the set of relations between the brane tensions discussed in this
review under these symmetries.

M-theory as the strong coupling limit of type ITA: From the spectrum of 1/2-BPS states
in string theory and M-theory, an M2/M5-brane in R x ST has a weakly-coupled description in
type ITIA

e cither as a long string or a D4-brane, if the M2/M5-brane wraps the M-theory circle, respec-
tively

e or as a D2-brane/NS5 brane, if the M-theory circle is transverse to the M2/M5-brane world
volume.

The question to ask is: how do these statements manifest in the classical effective action? The
answer is by now well known. They involve a double or a direct dimensional reduction, respectively.
The idea is simple. The bosonic effective action describes the coupling of a given brane with a fixed
supergravity background. If the latter involves a circle and one is interested in a description of the
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Figure 3: Set of half-BPS branes discussed in this review, their tensions and some of their connections
under T-duality and the strongly-coupled limit of type ITA.

physics nonsensitive to this dimension, one is entitled to replace the d-dimensional supergravity
description by a d-1 one using a Kaluza—Klein (KK) reduction (see [197] for a review on KK
compactifications). In the case at hand, this involves using the relation between d = 11 bosonic
supergravity fields and the type ITA bosonic ones summarised below [409]

4
3

dsi, = 6_%¢d5%0 +e3? (dy + C1)°

A3:03+dy/\B2, (54)
where the left-hand side 11-dimensional fields are rewritten in terms of type IIA fields. The above
reduction involves a low energy limit in which one only keeps the zero mode in a Fourier expansion
of all background fields on the bulk S!. In terms of the parameters of the theory, the relation
between the M-theory circle R and the 11-dimensional Planck scale £, with the type IIA string
coupling g5 and string length ¢ is
R = g4/, 03 = gsl3. (55)
The same principle should hold for the brane degrees of freedom {®#}. The distinction between
a double and a direct dimensional reduction comes from the physical choice on whether the brane
wraps the internal circle or not:
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e If it does, one partially fixes the world volume diffeomorphisms by identifying the bulk circle
direction y with one of the world volume directions o?, i.e., Y (o) = oP, and keeps the zero
mode in a Fourier expansion of all the remaining brane fields, i.e., ®4 = ®4(¢’) where
{o} = {0’, oP}. This procedure is denoted as a double dimensional reduction [192], since
both the bulk and the world volume get their dimensions reduced by one.

e If it does not, there is no need to break the world volume diffeomorphisms and one simply
truncates the fields to their bulk zero modes. This procedure is denoted as a direct reduction
since the brane dimension remains unchanged while the bulk one gets reduced.

T-duality on closed and open strings: From the quantisation of open strings satisfying
Dirichlet boundary conditions, all D-brane dynamics are described by a massless vector super-
multiplet, whose number of scalar fields depends on the number of transverse dimensions to the
D-brane. Since D-brane states are mapped among themselves under T-duality [160, 424], one
expects the existence of a transformation mapping their classical effective actions under this du-
ality. The question is how such transformation acts on the action. This involves two parts: the
transformation of the background and the one of the brane degrees of freedom.

Let me focus on the bulk transformation. T-duality is a perturbative string theory duality [241].
It says that type IIA string theory on a circle of radius R and string coupling g5 is equivalent to
type IIB on a dual circle of radius R’ and string coupling ¢/, related as [121, 122, 240]

o Vo'
R =— g5 = gs 7

(56)

when momentum and winding modes are exchanged in both theories. This leaves the free theory
spectrum invariant [337], but it has been shown to be an exact perturbative symmetry when
including interactions [400, 241]. Despite its stringy nature, there exists a clean field theoretical
realisation of this symmetry. The main point is that any field theory on a circle of radius R has
a discrete momentum spectrum. Thus, in the limit R — 0, all non-vanishing momentum modes
decouple, and one only keeps the original vanishing momentum sector. Notice this is effectively
implementing a KK compactification on this circle. This is in contrast with the stringy realisation
where in the same limit, the spectrum of winding modes opens up a dual circle of radius R'.

Since Type ITA and Type IIB supergravities are field theories, the above field theoretical realisa-
tion applies. Thus, the R — 0 compactification limit should give rise to two separate N =2d =9
supergravity theories. But it is known [388] that there is just such a unique supergravity theory.
In other words, given the type ITA/B field content {¢4,p} and their KK reduction to d = 9
dimensions, i.e., pa = @a(p9) and pp = pp(py), the uniqueness of N' = 2 d = 9 supergravity
guarantees the existence of a non-trivial map between type ITA and type IIB fields in the subset
of backgrounds allowing an S' compactification

pa=pa(eB)- (57)

This process is illustrated in the diagram of Figure 4. These are the T-duality rules. When
expressed in terms of explicit field components, they become [82, 388]

1
922 = —F7—
gzlz/
/ 1 ’
¢ = ¢ - §1Og |gz/z’|
’
B =
Gz
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Figure 4: Schematic diagram describing the derivation of Buscher’s T-duality rules using type IIA/IIB
supergravities.
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/
9otz

These correspond to the bosonic truncations of the superfields introduced in Appendix A.1. Prime
and unprimed fields correspond to both T-dual theories. The same notation applies to the tensor
components where {z, 2’} describe both T-dual circles. Notice the dilaton and the g,, transfor-
mations do capture the worldsheet relations (56).

Let me move to the brane transformation. A D(p + 1)-brane wrapping the original circle is
mapped under T-duality to a Dp-brane where the dual circle is transverse to the brane [424].
It must be the case that one of the gauge field components in the original brane maps into a
transverse scalar field describing the dual circle. At the level of the effective action, implementing
the R — 0 limit must involve, first, a partial gauge fixing of the world volume diffeomorphisms, to
explicitly make the physical choice that the brane wraps the original circle, and second, keeping
the zero modes of all the remaining dynamical degrees of freedom. This is precisely the procedure
described as a double dimensional reduction. The two differences in this D-brane discussion will
be the presence of a gauge field and the fact that the KK reduced supergravity fields {9} will be
rewritten in terms of the T-dual ten-dimensional fields using the T-duality rules (58).

In the following, it will be proven that the classical effective actions described in the previous
section are interconnected in a way consistent with our T-duality and strongly-coupled consider-
ations. Our logic is as follows. The M2-brane is linked to our starting worldsheet action through
double-dimensional reduction. The former is then used to derive the D2-brane effective by di-
rect dimensional reduction. T-duality covariance extends this result to any non-massive D-brane.
Finally, to check the consistency of the PST covariant action for the M5-brane, its double dimen-
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sional reduction will be shown to match the D4-brane effective action. This will complete the set
of classical checks on the bosonic brane actions discussed so far.

It is worth mentioning that the self-duality of the D3-brane effective action under S-duality
could also have been included as a further test. For discussions on this point, see [483, 252].

3.3.1 M2-branes and their classical reductions

In the following, I discuss the double and direct dimensional reductions of the bosonic M2-brane
effective action (40) to match the bosonic worldsheet string action (6) and the D2-brane effective
action, i.e., the p = 2 version of Eq. (47). This analysis will also allow us to match/derive the
tensions of the different branes.

Connection to the string worldsheet: Consider the propagation of an M2-brane in an 11-
dimensional background of the form (54). Decompose the set of scalar fields as { XM} = {X™ Y},
identify one of the world volume directions (p) with the KK circle, i.e., partially gauge fix the world
volume diffeomorphisms by imposing Y = p, and keep the zero modes in the Fourier expansion
of all remaining scalar fields {X™} along the world volume circle, i.e., 9,X™ = 0. Under these
conditions, which mathematically characterise a double dimensional reduction, the Wess—Zumino
coupling becomes

1 ..
/ _A3 = / d30' *GHVpaﬁ,X"LaﬁXnAmny = (/ dp) 82’ (59)
Yo XSy Yo X Sq 2 S g

where I already used the KK reduction ansatz (54). Here, By stands for the pull-back of the NS-NS
two form into the surface Y parameterised by {o”}. The DBI action is reduced using the identity
satisfied by the induced world-volume metric

e=20/3(Ghp + €29C1Cs) /3¢,
Guw = ( (6@/309 e e4¢/3”> = det Gy = det Gy . (60)

Since the integral over p equals the length of the M-theory circle,

/ dp =2rR =2ngsl, =— 1Tj= TM2/ dp = 5—, (61)
S1

s, 2ma

where I used Eq. (55), Tarz = 1/(2m)%13 and absorbed the overall circle length, expressed in terms
of type IIA data, in a new energy density scale, matching the fundamental string tension Ty defined
in Section 2. The same argument applies to the charge density leading to Q@ = Qa2 27 R.

Altogether, the double reduced action reproduces the bosonic effective action (6) describing
the string propagation in a type IIA background. Thus, our classical bosonic M2-brane action is
consistent with the relation between half-BPS M2-brane and fundamental strings in the spectrum
of M-theory and type ITA.

Connection to the D2-brane: The direct dimensional reduction of the bosonic M2 brane
describes a three-dimensional diffeomorphism invariant theory propagating in 10 dimensions, with
eleven scalars as its field content. The latter disagrees with the bosonic field content of a D2-brane,
which includes a vector field. Fortunately, a scalar field is Hodge dual, in three dimensions, to a
one form. Thus, one expects that by direct dimensional reduction of the bosonic M2-brane action
and after world volume dualisation of the scalar field Y along the M-theory circle, one should
reproduce the classical D2-brane action [439, 477, 93, 480].

Living Reviews in Relativity
http://www.livingreviews.org/lrr-2012-3


http://www.livingreviews.org/lrr-2012-3

Brane Effective Actions, Kappa-Symmetry and Applications 31

To describe the direct dimensional reduction, consider the Lagrangian [480)]

T : 1
S = % /dda <vl det g;(l,lvl) s 35WPAWP) . (62)

This is classically equivalent to Eq. (40) after integrating out the auxiliary scalar density v by
solving its algebraic equation of motion. Notice I already focused on the relevant case for later
supersymmetric considerations, i.e., Qm2 = Thve. The induced world volume fields are

G =396, +¢3°2,2, (63)
Auvp = Cuvp + 3B[IU’ZP] - 3B[WCP] ) (64)
where

Using the properties of 3 x 3 matrices,
det GOV = e7?? det (G + €*° 2,2, = (det Gyu) [e 72 +12]7] (66)

where |Z|? = Z,Z,G"”, the action (62) can be written as

T ‘ 1
S = % o <vle2¢ det Gy — v + 5 [Cup — 3BuC,]

+ v~ (det Gu) | Z|? + P B Z,) . (67)

The next step is to describe the world volume dualisation and the origin of the U(1) gauge
symmetry on the D2 brane effective action [480]. By definition, the identity

d(Z—-C1)=0 (68)
holds. Adding the latter to the action through an exact two-form F' = dV Lagrange multiplier
1
—— | FAN(Z—
— [Frz-c, (69)

allows one to treat Z as an independent field. For a more thorough discussion on this point and
the nature of the U(1) gauge symmetry, see [480]. Adding Eq. (69) to Eq. (67), one obtains

S = % fd3a (v’le’z‘ls detG,, — v+ %6‘“’” [Cm,p + 3.7:WCp]
+ v (det G,)| 22| — P Fun Zy) - (70)
Notice I already introduced the same gauge invariant quantity introduced in D-brane Lagrangians
Fuv = Fuy — By, (71)

Since Y is now an independent field, it can be eliminated by solving its algebraic equation of
motion

"= P Fo. 72

2detG” (72)

Inserting this back into the action and integrating out the auxiliary field @ = —det(G,.)/v by
solving its equation of motion, yields

S = fTDQ/d% eﬂb\/f det(Gw + Fuw) + Too /(c3 + FACY). (73)

This matches the proposed D2-brane effective action, since T2 = Tp2 as a consequence of Eq.s (55)
and (48).
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3.3.2 T-duality covariance

In this section, I extend the D2-brane’s functional form to any Dp-brane using T-duality covariance.
My goal is to show that the bulk T-duality rules (58) guarantee the covariance of the D-brane
effective action functional form [453] and to review the origin in the interchange between scalar
fields and gauge fields on the brane'”.

The second question can be addressed by an analysis of the D-brane action bosonic symmetries.
These act infinitesimally as

sXM =¢"9, XM + AXM, (74)
sV, =¢€"0,V, +V,0,8" + 0uc+ AV,,. (75)

They involve world volume diffeomorphisms £”, a U(1) gauge transformation ¢ and global trans-
formations A¢®. Since the background will undergo a T-duality transformation, by assump-
tion, this set of global transformations must include translations along the circle, i.e., AZ = ¢,
AX™ = AV, = 0, where the original X scalar fields were split into {X™, Z}.

I argued that the realisation of T-duality on the brane action requires one to study its double-
dimensional reduction. The latter involves a partial gauge fixing Z = oP = p, identifying one
world volume direction with the starting S' bulk circle and a zero-mode Fourier truncation in the
remaining degrees of freedom, 9,X™ = 0,V,, = 0. Extending this functional truncation to the p-
dimensional diffeomorphisms &#, where I split the world volume indices according to {u} = {/i, p}
and the space of global transformations, i.e., 9,Az™ = 9,AV,, = 0, the consistency conditions
requiring the infinitesimal transformations to preserve the subspace of field configurations defined
by the truncation and the partial gauge fixing, i.e., 8,s¢" |g,f,+t”mc: 0, determines

/

€
5P (76)

c(o”, p) = &o") +a+

where a, € are constants, the latter having mass dimension minus one. The set of transformations
in the double dimensional reduction are

FX™ =79, X™ 4+ AX™ (77)
5V = €70,V + V0" + 0pé + AV, (78)
5V, = £70,V, + AV, (79)

where AV, = AV, — V,0,AZ, AV, = AV, + ¢//2ra’ and Az™ satisfies 9,Az™ = 0.

Let me comment on Eq. (79). V, was a gauge field component in the original action. But in its
gauge-fixed functionally-truncated version, it transforms like a world volume scalar. Furthermore,
the constant piece € in the original U(1) transformation (76), describes a global translation along
the scalar direction. The interpretation of both observations is that under double-dimensional
reduction

2ra )V, =2’ (80)

7' becomes the T-dual target space direction along the T-dual circle and € describes the corre-
sponding translation isometry. This discussion reproduces the well-known massless open string
spectrum when exchanging a Dirichlet boundary condition with a Neumann boundary condition.

Having clarified the origin of symmetries in the T-dual picture, let me analyse the functional
dependence of the effective action. First, consider the couplings to the NS sector in the DBI action.
Rewrite the induced metric G and the gauge invariant F in terms of the T-dual background (¢’, B’)
and degrees of freedom ({XM'} = {X™', Z'}), which will be denoted by primed quantities. This

19 Relevant work on the subject includes [24, 77, 16, 75].
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can be achieved by adding and subtracting the relevant pullback quantities. The following identities
hold

gpp = Gzz (82)
Gio = Gl + 0a X" 0 X" (G — Ghun) — O X052 gL

_8ﬂZ/al)XM/g;/M/ (83)
Fip =022 — 03 X™ B (84)
Fuo = Fpy — 0a X" 0 X" (Bynn — Byp,) + 05 2'0: X" B,

+0, X0 Z' By, . (85)

It is a consequence of our previous symmetry discussion that X m' — X™ and Vi = Vﬁi’ i.e., there
is mo change in the description of the dynamical degrees of freedom not involved in the circle
directions. The determinant appearing in the DBI action can now be computed to be

det(gp,u + ]:Ml/) = Gzz det (g;),f/ + ]:;/219

+6/1Xm619Xn [(gmn - g:'nn) - (an - B;nn) - (gmz - BmZ)(gnz + BnZ)/gzz]
_aﬂXmaﬁz/ [(g;nz’ - B;nz’) - (gmz - BWZ)/gzz}
7aﬂZIa[,Xn [(g;,n + B;IZ/) + (gnz + Bn2)/9::]

1
7aﬂZ,al‘/Zl <g;’z’ — )) . (86)

zz

Notice that whenever the bulk T-duality rules (58) are satisfied, the functional form of the effective
action remains covariant, i.e., of the form

— f)(p_l) /d”o’ e ¢ \/— det(gl’w + ]:,gf,) ) (87)

This is because all terms in the determinant vanish except for those in the first line. Finally,
e ? \/9z= equals the T-dual dilaton coupling e=?" and the original Dp-brane tension Tp;, becomes
the D(p-1)-brane tension in the T-dual theory due to the worldsheet defining properties (56) after
the integration over the world volume circle

1 1 ,
Ton | = G et 7= o ~ o =

Just as covariance of the DBI action is determined by the NS-NS sector, one expects the RR
sector to do the same for the WZ action. Here I follow similar techniques to the ones developed
in [255, 453]. First, decompose the WZ Lagrangian density as

Lwz =Ly, + Ly, =dpNig,Lwz+ia,(dp N Lwz). (89)

Due to the functional truncation assumed in the double dimensional reduction, the second term
vanishes. The D-brane WZ action then becomes

Tp/ Lwz = T,,/ dp A" Al(ig,C+ig, FACT) (90)
pt1 Tpt1
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where F~ =iy, (dp A F) and the following conventions are used
, 1 H2 Hn
ZapQ(n) = WQPMZWMndU A... dO’
iap(Q(m) A\ Q(n)) = iapQ(m) N Q(n) + (*1)mQ(m) A iB,,Q(n) . (91)

Using the T-duality transformation properties of the gauge invariant quantity JF, derived from our
DBI analysis,

F~ — F' = (o, B' Nio_g') /9. 92)
ig, F — —io.,9' /9. )

it was shown in [453] that the functional form of the WZ term is preserved, i.e., Ty, , Jos: eF N,
whenever the condition
. io., B' Nia,g" io. 9
(=D)PC), = i9,Cpy1 — —————— Nig,Cp1 — —— A Cp1 (94)
gzlzl gZ’Z’
holds (the factor (—1)P is due to our conventions (91) and the choice of orientation eft-fr =
etHoP and €01P = 1).

Due to our gauge-fixing condition, Z = p, the + components of the pullbacked world vol-
ume forms appearing in Eq. (94) can be lifted to = components of the spacetime forms. The
condition (94) is then solved by

. io.,9 .
i9,Cpy1 = (—1)P (ng) - g;— A zaz,C[',> (95)
- (p=1) s ’ ’ iaz,g’ . ,
C1p—1 = <_1) Zf)z/ Cp - Zc’)z/B A Cp,Q - g/ A\ Z@z, Cp72 . (96)

These are entirely equivalent to the T-duality rules (58) but written in an intrinsic way.

The expert reader may have noticed that the RR T-duality rules do not coincide with the ones
appearing in [208]. The reason behind this is the freedom to redefine the fields in our theory. In
particular, there exist different choices for the RR potentials, depending on their transformation
properties under S-duality. For example, the 4-form Cj appearing in our WZ couplings is not S
self-dual, but transforms as

Cy —Cy—Coy N By. (97)

Using a superindex S to denote an S-dual self-dual 4-form, the latter must be
s 1
04 =0y — §CQABQ. (98)
Similarly, Cs does not transform as a doublet under S-duality, whereas
1
C§ =Cs— 1C2 A B2\ By (99)

does. It is straightforward to check that Egs. (95) and (96) are equivalent to the ones appearing
in [208] using the above redefinitions. Furthermore, one finds

g/
cs —Cl, Trj‘ﬁ]z
z'z!

mi...Mg

- 60[/777,1 soms

...mgz’
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gfm 2!
- (C[/ﬂ’h - ;’ / - ) B;an;;B;mlmsB:nG]Z/

z'z!

g;n 12’
_45C[lm1mzz’B':n37n4 <B;n5m5 - 4B':n5z’ g/6

g;n z!
_300[/m1...m4z/B;n5z’ /ij]/ (100)
2'z

, which was not computed in [208].

In Section 7.1, I will explore the consequences that can be extracted from the requirement
of T-duality covariance for the covariant description of the effective dynamics of N overlapping
parallel D-branes in curved backgrounds, following [395].

3.3.3 M5-brane reduction

The double dimensional reduction of the M5-brane effective action, both in its covariant [417, §]
and non-covariant formulations [420, 420, 78] was checked to agree with the D4-brane effective
action. It is important to stress that the outcome of this reduction may not be in the standard
D4-brane action form given in Eq. (47), but in the dual formulation. The two are related through
the world volume dualisation procedure described in [483, 7].

3.4 Supersymmetric brane effective actions in Minkowski

In the study of global supersymmetric field theories, one learns the superfield formalism is the most
manifest way of writing interacting manifestly-supersymmetric Lagrangians [491]. One extends
the manifold R™® to a supermanifold through the addition of Grassmann fermionic coordinates
0. Physical fields ¢(x) become components of superfields ®(z,0), the natural objects in this
mathematical structure defined as finite polynomials in a Taylor-like 6 expansion

O(z,0) = p(x) + %o (x) + ... (101)

that includes auxiliary (non-dynamical) components allowing one to close the supersymmetry
algebra off-shell. Generic superfields do not transform irreducibly under the super-Poincaré group.
Imposing constraints on them, i.e., f;(®) = 0, gives rise to the different irreducible supersymmetric
representations. For a standard reference on these concepts, see [491].

These considerations also apply to the p+1 dimensional supermultiplets describing the physical
brane degrees of freedom propagating in R, since these correspond to supersymmetric field
theories in R, The main difference in the GS formulation of brane effective actions is that it
is spacetime itself that must be formulated in a manifestly supersymmetric way. By the same
argument used in global supersymmetric theories, one would be required to work in a 10- or 11-
dimensional superspace, with standard bosonic coordinates ™ and the addition of fermionic ones
0, whose representations will depend on the dimension of the bosonic submanifold. There are two
crucial points to appreciate for our purposes

1. the superspace coordinates {z™, #} will become the brane dynamical degrees of freedom
{X™(0), 6(0)}, besides any additional gauge fields living on the brane;

2. the couplings of the latter to the fixed background where the brane propagates must also be
described in a manifestly spacetime supersymmetric way. The formulation achieving precisely
that is the superspace formulation of supergravity theories [491].
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Both these points were already encountered in our review of the GS formulation for the su-
perstring. The same features will hold for all brane effective actions discussed below. After all,
both strings and branes are different objects in the same theory. Consequently, any manifestly
spacetime supersymmetric and covariant formulation should refer to the same superspace. It is
worth emphasising the world volume manifold 3,1 with local coordinates o remains bosonic in
this formulation. This is not what occurs in standard superspace formulations of supersymmetric
field theories. There exists a classically equivalent formulation to the GS one, the superembedding
formulation that extends both the spacetime and the world volume to supermanifolds. Though I
will briefly mention this alternative and powerful formulation in Section 8, I refer readers to [460].

Brane Sugra

constraints

ZM = {X"(0),6(0)}

spacetime ‘
covariance E{i(2), Bac(2). Gmn(2), Bma(2),
& C/ll...zlp,l(z) le.,,mp_l(z)

supersymmetry

kappa invariance

p dim diffeos

manifest spacetime supersymmetry

<«
<

Superspace Components

coupling to spacetime superfields

consistent spacetime background

A 4

On-shell

A

Brane geometry

gauge | fixing

massless excitations

p dim susy p susy

field theory multiplet \

(o) c {ZM,V;}

Goldstone
modes

A
A\ 4

Figure 5: Kappa symmetry and world volume diffeomorphisms allow one to couple the brane degrees
of freedom to the superfield components of supergravity in a manifestly covariant and supersymmetric
way. Invariance under kappa symmetry forces the background to be on-shell. The gauge fixing of these
symmetries connects the GS formulation with world volume supersymmetry, whose on-shell degrees of
freedom match the Goldstone modes of the brane supergravity configurations.

As in global supersymmetric theories, supergravity superspace formulations involve an increase
in the number of degrees of freedom describing the spacetime dynamics (to preserve supersymmetry
covariance). Its equivalence with the more standard component formalism is achieved through the
satisfaction of a set of non-trivial constraints imposed on the supergravity superfields. These
guarantee the on-shell nature of the physical superfield components. I refer the reader to a brief
but self-contained Appendix A where this superspace formulation is reviewed for N’ = 2 type I1A/B
d =10 and N/ = 1 d = 11 supergravities, including the set of constraints that render them on-shell.
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These will play a very important role in the self-consistency of the supersymmetric effective actions
I am about to construct.

Instead of discussing the supersymmetric coupling to an arbitrary curved background at once,
my plan is to review the explicit construction of supersymmetric D-brane and M2-brane actions
propagating in Minkowski spacetime, or its superspace extension, super-Poincaré.?’ The logic will
be analogous to that presented for the superstring. First, I will construct these supersymmetric
and kappa invariant actions without using the superspace formulation, i.e., using a more explicit
component approach. Afterwards, I will rewrite these actions in superspace variables, pointing
in the right direction to achieve a covariant extension of these results to curved backgrounds in
Section 3.5.

3.4.1 D-branes in flat superspace

In this section, I am aiming to describe the propagation of D-branes in a fixed Minkowski target
space preserving all spacetime supersymmetry and being world volume kappa symmetry invariant.
Just as for bosonic open strings, the gauge field dependence was proven to be of the DBI form by
explicit open superstring calculations [482, 389, 87].2

Here I follow the strategy in [9]. First, I will construct a supersymmetric invariant DBI action,
building on the superspace results reported in Section 2. Second, I will determine the WZ couplings
by requiring both supersymmetry and kappa symmetry invariance. Finally, as in our brief review of
the GS superstring formulation, I will reinterpret the final action in terms of superspace quantities
and their pullback to p+1 world volume hypersurfaces. This step will identify the correct structure
to be generalised to arbitrary curved backgrounds.

Let me first set my conventions. The field content includes a set of p + 1 dimensional world
volume scalar fields {ZM (o)} = {X™(0), 6%(c)} describing the embedding of the brane into the
bulk supermanifold. Fermions depend on the theory under consideration

e N =2 d = 10 type ITA superspace involves two fermions of different chiralities 6., i.e.,
I'y0+ = £04+, whereI'y = I'gI'y .. . T'g. I describe them jointly by a unique fermion 6, satisfying
0=0,+0_.

e N=2d=10 type IIB superspace contains two fermions of the same chirality (positive by
assumption), #* ¢ = 1,2. The index i is an internal SU(2) index keeping track of the doublet
structure on which Pauli matrices 7, act.

In either case, one defines # = 6 C, in terms of an antisymmetric charge conjugation matrix C
satisfying
It =-cr,c*, ct=-C, (102)

with T, satisfying the standard Clifford algebra {T';,, 'y} = 20, with mostly plus eigenvalues.
I am not introducing a special notation above to refer to the tangent space, given the flat nature
of the bulk. This is not accurate but will ease the notation below. I will address this point when
reinterpreting our results in terms of a purely superspace formulation.

Let me start the discussion with the DBI piece of the action. This involves couplings to the
NS-NS bulk sector, a sector that is also probed by the superstring. Thus, both the supervielbein

20 For a discussion of the supersymmetric and kappa invariant M5-brane covariant action propagating in super-
Poincaré, see [144].

21 Following the same philosophy as for their bosonic truncations, this functional dependence can be derived from
the double dimensional reduction of the supersymmetric M2-brane action to be discussed in Section 3.4.2 [477,
439]. This also provides a derivation of the WZ couplings to be constructed in this subsection. Of course, this
consideration would only apply to the D2-brane, but T-duality would allow one to extend this conclusion for any
Dp-brane [292, 331]
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(E™, E*) and the NS-NS 2-form B, were already identified to be
E™ =10" =dX™+dr™df , E“=d§* (103)
_ 1.
By = —0T4I',,,d0 (dX™ + §9Fmd0), (104)

in type IIA, whereas in type IIB one replaces I'y by 73. The DBI action

SpB1 = _TDp/dp+10 —det(G + F) (105)

will therefore be invariant under the spacetime supersymmetry transformations
00=¢€, 6 XM =e€l"0 (106)

if both, the induced world volume metric G and the gauge invariant 2-form, F, are. These are
defined by

G =y, 1T = 0, X™ — O179,,0 (107)
Fup =21 Fyy — B, (108)

where B stands for the pullback of the superspace 2-form By into the worldvolume, i.e., B,, =
(%ZM&,ZN Byn. Since Bs is quasi-invariant under (106), one chooses

1 - _
0V = eI, 0dX™ + é(él“ﬁrmeermde + €, 00T db), (109)

so that 6.F = 0, guaranteeing the invariance of the action (105) since the set of 1-forms II"™ are
supersymmetric invariant.
Let me consider the WZ piece of the action

Swz = /QPH. (110)

Since invariance under supersymmetry allows total derivatives, the Lagrangian can be characterised
in terms of a (p + 2)-form
Ipio = dQpia, (111)

satisfying
Oelpro =0 = 005411 =dA,. (112)

Thus, mathematically, I(,42) must be constructed out of supersymmetry invariants {II"™, df, F}.

The above defines a cohomological problem whose solution is not guaranteed to be kappa
invariant. Since our goal is to construct an action invariant under both symmetries, let me first
formulate the requirements due to the second invariance. The strategy followed in [9] has two
steps:

e First, parameterise the kappa transformation of the bosonic fields {X™, V1 } in terms of an
arbitrary §,60. Experience from supersymmetry and kappa invariance for the superparticle
and superstring suggest

5. X™ = 6,000
A 1.5 5 1. -
0,V1 = —0,,0041,,, 011™ + §6R9FuFm00Fmd0 — §6R9Fm90FﬁFmd0. (113)

Notice, 6,V is chosen to remove the exact form coming from the kappa symmetry variation
of By, ie., 6,Bs = —20,00'4I',,,dOII"™ + dd,. V7.
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e Second, kappa symmetry must be able to remove half of the fermionic degrees of freedom.
Thus, as in the superstring discussion, one expects §.0 to involve some non-trivial projec-
tor. This fact can be used to conveniently parameterise the kappa invariance of the total
Lagrangian. The idea in [9] was to parameterise the DBI kappa transformation as

SxLppr = 26,07 T} 0,0,  with  (yP)? =1, (114)
requiring the WZ kappa transformation to be
0 Lwyz = 25,€07T(’;)6y9. (115)
In this way, the kappa symmetry variation of the full Lagrangian equals
8x(Lpp1 + Lwz) = 26,0(1 + 7(p))T(l;)5u9 . (116)
This is guaranteed to vanish choosing 6.0 = A(1 — 'y(p)), given the projector nature of

1 £4®),

The question is whether T(’;y ~®) and I (p+2) exist satisfying all the above requirements. The

explicit construction of these objects was given in [9]. Here, I simply summarise their results. The

WZ action was found to be
dﬁwz = —TDpRe]:, (117)

where R is the pullback of the field strength of the RR gauge potential C, as defined in Eq. (523).
Using Il = II"™T,,,, this can be written as [293]

21
R = ECAIDE. call) = ; ()1 gl), (118)

in type ITA, whereas in type IIB [329]

201+1
R=—FE Sgll) n E, Spll) = ;(73)1 (gﬂ)' (119)

Two observations are in order:

1. dLwy is indeed manifestly supersymmetric, since it only depends on supersymmetric invari-
ant quantities, but Lwyz is quasi-invariant. Thus, when computing the algebra closed by
the set of conserved charges, one can expect the appearance of non-trivial charges in the
right-hand side of the supersymmetry algebra. This is a universal feature of brane effective
actions that will be conveniently interpreted in Section 3.6.

2. This analysis has determined the explicit form of all the RR potentials C}, as superfields in
superspace. This was achieved by world volume symmetry considerations, but it is reassuring
to check that the expressions found above do satisfy the superspace constraints reported in
Appendix A.1. T will geometrically reinterpret the derived action as one describing a Dp-
brane propagating in a fixed super-Poincaré target space shortly.

Let me summarise the global and gauge symmetry structure of the full action. The set of gauge
symmetries involves world volume diffeomorphisms (£#), an abelian U(1) gauge symmetry (c¢) and
kappa symmetry (x). Their infinitesimal transformations are

SX™ =L XM+ 5, X™ =19, X™ — 5,010, (120)
$0% = L0 +6,0% = £10,0% + 5,0%, (121)
sV =LV +0uc+ 0.V, =670,V + V,0,8" + 0pc+ 0,V (122)
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where 6,,V), is given in Eq. (113) and 0,0 was determined in [9]

(»)
.
V—det(G+ F)

In type ITA, the matrix p®) stands for the p + 1 world volume form coefficient of Sy {I)e”, where

2041
PP = [Sal)e Jpsa, Sall) = g(rn)lﬂ(g[—i—l)! (124)

, while in type IIB, it is given by

21
1 1

P = sl Col) = () Gy (125)

=0

It was proven in [9] that p? = —det(G + F)1. This proves fy%p) equals the identity, as required in
our construction.
The set of global symmetries includes supersymmetry (), bosonic translations (a™) and Lorentz

transformations (w™™). The field infinitesimal transformations are
AX" =5 X"+ 0, X" + 0, X" =0+ a™ +wm X", (126)
1
AO* = 0.0 4 0,0% = e* + Ewm" (Trn)?, (127)
AV, =6V, (128)

with 6.V, given in Eq. (109) and w™ , = w™P1py,.

Geometrical reinterpretation of the effective action: the supersymmetric action was con-
structed out of the supersymmetric invariant forms {II"™, df, F}. These can be reinterpreted as
the pullback of 10-dimensional superspace tensors to the p 4+ 1 brane world volume. To see this, it
is convenient to introduce the explicit supervielbein components Ej{}(Z ), defined in Appendix A.1,
where the index M stands for curved superspace indices, i.e., M = {m, a}, and the index A for
tangent flat superspace indices, i.e., A = {a, a}. In this language, the super-Poincaré supervielbein
components equal

E% =452, Ex = 05, Er =0, Eg = (0r*)_ da - (129)
manifest that all Clifford matrices I'* act in the tangent space, as they should. The compo-
nents (129) allow us to rewrite all couplings in the effective action as pullbacks

Gu(Z) = 0,2V Ey(2)0, 2" EX(Z)nap,

B (Z) = 0,2 E(2)0,ZN ER(Z) Bac(2), (130)
C#l-u#m—l (Z) = a,ulZMl E]1\4/Ill (Z) s aﬂp-%—lZMerlEJj\Zl;t_ll (Z)CA1-~~Ap+1 (Z)v

of the background superfields E]“‘V[7 Bac and Cly, .. A,., o the brane world volume. Furthermore,
the kappa symmetry transformations (113) and (123) also allow a natural superspace description
as

6. ZMES =0, 0, ZMEy =(1+T,)k (131)
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where the kappa symmetry matrix I'; is nicely repackaged

k
1
T, = Lt ae”  typellA p = 2k 132
(Tw) (o1 0T ;v(zzm " ypellA p (132)
1 k+1
T, = i Anelimy typellBp=2k+1, 133
(Tw) (pr1) 0T ;W(zl) 3 > typellB p (133)

in terms of the induced Clifford algebra matrices 7, and the gauge invariant tensor F

Yy = doty, = dot0,ZM E§ (Z)T,, (134)
F =2rd'F — Bo, (135)

whereas 7(;) stands for the wedge product of the 1-forms v(y).

Summary: We have constructed an effective action describing the propagation of Dp-branes in
10-dimensional Minkowski spacetime being invariant under p + 1 dimensional diffeomorphisms,
10-dimensional supersymmetry and kappa symmetry. The final result resembles the bosonic ac-
tion (47) in that it is written in terms of pullbacks of the components of the different superfields
E{(Z), Bac(Z) and Ca,...a,,,(Z) encoding the non-trivial information about the non-dynamical
background where the brane propagates in a manifestly supersymmetric way. These superfields
are on-shell supergravity configurations, since they satisfy the set of constraints listed in Ap-
pendix A.1. It is this set of features that will allow us to generalise these couplings to arbitrary
on-shell superspace backgrounds in Section 3.5, while preserving the same kinematic properties.

3.4.2 M2-brane in flat superspace

Let me consider an M2-brane as an example of an M-brane propagating in d = 11 super-Poincaré.
Given the lessons from the superstring and D-brane discussions, my presentation here will be much
more economical.

First, let me describe d = 11 super-Poincaré as a solution of eleven-dimensional supergravity
using the superspace formulation introduced in Appendix A.2. In the following, all fermions will
be 11-dimensional Majorana fermions 6 as corresponds to A’ = 1 d = 11 superspace. Denoting the
full set of superspace coordinates as {ZM} = {X™ 0°} with m =0,...,10 and a = 1,...,32, the
superspace description of A' =1 d = 11 super-Poincaré is [165, 144]

B =dX* + d@I‘“@, E* = dega
1
R, = §E“ A EY A dO% A do2 (Tab)ag -

1
S BN A B AB® AE NE® A d= N d02 (T o, avasasas) g (136)

Ry

It includes the supervielbein E4 = {E?, E2} and the gauge invariant field strengths R, = dAs
and its Hodge dual R; = dAg + %Ag A Ry, defined as Eq. (552) in Appendix A.2.
The full effective action can be written as [91]

S = —-Twmo2 3o v/ —det QW + Tvo /Ag, (137)
Gu = EX(X,0)EL(X,0)na, Ei =0,2™ Ey(X,0),

1
Az = igWﬂEf1575’15’[,3ABCD(X, 9).
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Notice it depends on the supervielbeins E4; (X, 6) and the three form potential Capc(z,6) super-
fields only through their pullbacks to the world volume.

Its symmetry structure is analogous to the one described for D-branes. Indeed, the action (137)
is gauge invariant under world volume diffeomorphisms (£#) and kappa symmetry (k) with infinites-
imal transformations given by

SX™ = LeX™ + 6, X™ =10, X™ + 6,070, (138)

0% = L0 + 6,0% = £"0,0% + (1 + Ty, (139)
1 14 a c

T, = e"PELE)ES Tape - (140)

3'vV—detGg

The kappa matrix (140) satisfies T2 = 1. Thus, .0 is a projector that will allow one to gauge
away half of the fermionic degrees of freedom.
The action (137) is also invariant under global super-Poincaré transformations

1
80 = €+ w0, (141)
SX™ = ™0 + 0™ + W™, X" (142)

Supersymmetry quasi-invariance can be easily argued for since R4 is manifestly invariant. Thus,
its gauge potential pullback variation will be a total derivative

0cAs = d[EAQ} (143)

for some spinor-valued two form A,.

It is worth mentioning that just as the bosonic membrane action reproduces the string world-
sheet action under double dimensional reduction, the same statement is true for their supersym-
metric and kappa invariant formulations [192, 476].

3.5 Supersymmetric brane effective actions in curved backgrounds

In this section, I extend the supersymmetric and kappa invariant D-brane and M2-brane actions in
super-Poincaré to D-branes, M2-branes and M5-branes in arbitrary curved backgrounds. The main
goal, besides introducing the formalism itself, is to highlight that the existence of kappa symmetry
invariance forces the supergravity background to be on-shell.

In all effective actions under consideration, the set of degrees of freedom includes scalars ZM =
{X™,0*} and it may include some gauge field V,, whose dependence is always through the gauge
invariant combination dV,, — B,11%*. The set of kappa symmetry transformations will universally
be given by

6 ZM E$,(X,0) =0,
6. ZM B3 (X,0) = (1 + Tk,
6:Vy = Z%i;Bpi1. (144)

The last transformation is a generalisation of the one encountered in super-Poincaré. Indeed, the
kappa variation of the pullback of any 7T;, n-form satisfies

0xTn = 6NZ*T77, = Z*Ean = Z*{d, im}Tna (145)

where Z* stands for the pullback of T}, to the world volume. The choice in Eq. (144) guarantees
the kappa transformation of dV}, removes the total derivative in §,,Bp;.

22 For p = 1, By is the NS-NS 2-form, whereas for p = 2, B3 = Az is the d = 11 3-form gauge potential.
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The structure of the transformations (144) is universal, but the details of the kappa symmetry
matrix I', depend on the specific theory, as described below. A second universal feature, associated
with the projection nature of kappa symmetry transformations, i.e., 2 = 1, is the correlation
between the brane charge density and the sign of T'y in Eq. (144). More specifically, any brane
effective action will have the structure

Sbrane - *Tbrane/dp+10 (EDBI - 61‘6‘/VZ) . (146)

Notice this is equivalent to requiring Thrane = |Qbrane|, & property that is just reflecting the half-
BPS nature of these branes. It can be shown that

8 Sbrane & (14 €104)8.0 = 6.0 = (1 — 1T )k (147)

The choice of €; is correlated to the distinction between a brane and an anti-brane. Both are
supersymmetric, but preserve complementary supercharges. This ambiguity explains why some of
the literature has apparently different conventions, besides the possibility of working with different

Clifford algebra realisations®®.

3.5.1 M2-branes

The effective action describing a single M2-brane in an arbitrary 11-dimensional background is
formally the same as in Eq. (137)

Suz=-Twz | d®o\/—detG,, + Tae /A?)y (148)

with the same definitions for the induced metric G and the pull back 3-form A3. The information
regarding different 11-dimensional backgrounds is encoded in the different couplings described by
the supervielbein E4, (X, 0) and 3-form Aapp(X, 0) superfields.

The action (148) is manifestly 3d-diffeomorphism invariant. It was shown to be kappa invariant
under the transformations (144), without any gauge field, whenever the background superfields
satisfy the constraints reviewed in Appendix A.2, i.e., whenever they are on-shell, for a kappa
symmetry matrix given by [90]

1
3lv/—detG

where B (X, 0) = 0,,uX™E}, (X, 0) is the pullback of the curved supervielbein to the world volume.

T, = eMPEY(X,0) E)(X,0) ES(X,60) Tape, (149)

3.5.2 D-branes

Proceeding in an analogous way for Dp-branes, their effective action in an arbitrary type IIA/B
background is

SDp _ _TDp / dPtlg e /— det(g + ]:) + TDp/C A 6]:, (150)

1
Fuw =210/ F, — E) ES Bac, Cr= ﬁe“l'““’“Eﬁf . EACy, A (151)

Hr

It is understood that G, (X, 0) = EXE}n., and C is defined using the same notation as in Eq. (523),

v
i.e., as a formal sum of forms, so that the WZ term picks all contributions coming from the

23 The derivation of the property (147) is made more manifest in formalisms in which the tension is generated
dynamically by the addition of an auxiliary volume density [86, 356, 94].
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wedge product of this sum and the Taylor expansion of e’ that saturate the p + 1 world volume
dimension. Notice all information on the background spacetime is encoded in the superfields
E{(X,0), ¢(X,0), Bac(X,0) and the set of RR potentials {Ca,.. 4, (X,0)}.

The action (150) is p + 1 dimensional diffeomorphic invariant and it was shown to be kappa
invariant under the transformations (144) for V; in [141, 93] when the kappa symmetry matrix
equals

1

T pr1y = —det G 1 7) Z’Y arn it Ae” typellA p = 2k, (152)
1
(T) (ps1) = Z YanTs Ael it typellBp=2k+1, (153)

v/ —det(G + F)

and the background is on-shell, i.e., satisfies the constraints reviewed in Appendix A.1. In the
expressions above 71 stands for the pullback of the bulk tangent space Clifford matrices

Yy = doty = do" Ej (X, 0)0y, (154)
and ~y(,y stands for the wedge product of r of these 1-forms. In [94], readers can find an extension

of the results reviewed here when the background includes a mass parameter, i.e., it belongs to
massive ITA [434].

3.5.3 Mb5-branes

The six-dimensional diffeomorphic and kappa symmetry invariant M5-brane [45] is a formal exten-
sion of the bosonic one

Swvs = Tws /d6§ (ﬁo + sz) s

- det G v .
Lo = —\/— det(G, + Huy) + \(/8&76&1)(8 a)(H* )P H,p, (0a) (155)
Lwyz = Ag + %7‘[3 A As, (156)

where all pullbacks refer to superspace. This is kappa invariant under the transformations (144)
for V4, including the extra transformation law

Sea =0, (157)

for the auxiliary scalar field introduced in the PST formalism. These transformations are deter-
mined by the kappa symmetry matrix

v Y

V- det(Gpu + Hy)

v/ —det ~ 1
Teg ,YVPHW) I 5#1”'#51/1)1/’7;11---;15 , (158)

I, =
5!

Mt +

where 7, = E,T'; and the vector fields t* and v, are defined by

dua

N vt (159)

1
o — priv2p1p2t 1 =
t 3¢ H,,1 v lep2 with v, =
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Further comments on kappa symmetry: k-symmetry is a fermionic local symmetry for which
no gauge field is necessary. Besides its defining projective nature when acting on fermions, i.e.,
8.0 = (1 +T,) K with T'2 = 1, there are two other distinctive features it satisfies [449]:

1. the algebra of x-transformations only closes on-shell,
2. k-symmetry is an infinitely reducible symmetry.

The latter statement uses the terminology of Batalin and Vilkovisky [52] and it is a direct conse-
quence of its projective nature, since the existence of the infinite chain of transformations

k= (1—-Tg)k1,k1 = (1+Tx)ka... (160)

gives rise to an infinite tower of ghosts when attempting to follow the Batalin—Vilkovisky quantisa-
tion procedure, which is also suitable to handle the first remark above. Thus, covariant quantisation
of kappa invariant actions is a subtle problem. For detailed discussions on problems arising from
the regularisation of infinite sums and dealing with Stueckelberg type residual gauge symmetries,
readers are referred to [326, 325, 254, 223, 84].

It was later realised, using the Hamiltonian formulation, that kappa symmetry does allow
covariant quantisation provided the ground state of the theory is massive [327]. The latter is
clearly consistent with the brane interpretation of these actions, by which these vacua capture the
half-BPS nature of the (massive) branes themselves®*.

For further interesting kinematical and geometrical aspects of kappa symmetry, see [449, 167,
166] and references therein.

3.6 Symmetries: spacetime vs world volume

The main purpose of this section is to discuss the global symmetries of brane effective actions, the
algebra they close and to emphasise the interpretation of some of the conserved charges appearing
in these algebras before and after gauge fixing of the world volume diffeomorphisms and kappa
symmetry.

e before gauge fixing, the p + 1 field theory will be invariant under the full superisometry
of the background where the brane propagates. This is a natural extension of the super-
Poincaré invariance when branes propagate in Minkowski. As such, the algebra closed by
the brane conserved charges will be a subalgebra of the maximal spacetime superalgebra one
can associate to the given background.

e after gauge fixing, only the subset of symmetries preserved by the brane embedding will
remain linearly realised. This subset determines the world volume (supersymmetry) algebra.
In the particular case of brane propagation in Minkowski, this algebra corresponds to a
subalgebra of the maximal super-Poincaré algebra in p 4+ 1 dimensions.

To prove that background symmetries give rise to brane global symmetries, one must first
properly define the notion of superisometry of a supergravity background. This involves a Killing
superfield £(Z) satisfying the properties

Le(E* @5 )y =0, (161)
LeRy=LeRr =0, M-theory (162)
LeHs =Lep=LeRp=0. Type HA/B (163)

24 T will prove this explicitly in Section 5.1.
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L¢ denotes the Lie derivative with respect to £, n is either the d = 11 or d = 10 Minkowski
metric on the tangent space, depending on which superspace we are working on and {Ry, H3} are
the different M-theory or type ITA/B field strengths satisfying the generalised Bianchi identities
defined in Appendix A. Notice these are the superfield versions of the standard bosonic Killing
isometry equations. Invariance of the field strengths allows the corresponding gauge potentials to
have non-trivial transformations

1
£§A3 = dAg , E&A(} = dA5 — §A2 AN R4 , M—theory (164)
ﬁfBg = d)q s £50p+1 = dwp — dwp_g N H3 y Type IIA/B (165)

for some set of superfield forms {As, As, w;}.
The invariance of brane effective actions under the global transformations

seZ2M = M(2), (166)

was proven in [94]. The proof can be established by analysing the DBI and WZ terms of the action
separately. If the brane has gauge field degrees of freedom, one can always choose its infinitesimal
transformation

Ve = 7Z*(As), M-theory (167)
oV =7"(\), Type 1TA/B (168)

where Z* stands for pullback to the world volume, i.e., Z*(\;) = dZ™(\1)ys. This guarantees the
invariance of the gauge invariant forms, i.e., L¢F = L¢Hz = 0. Furthermore, the transformation
of the induced metric

LeG = 0,2M0,7ZN Le(EYGEXNab) (169)

vanishes because of Eq. (161). This establishes the invariance of the DBI action. On the other
hand, the WZ action is quasi-invariant by construction due to Egs. (164) and (165). Indeed,

0Lwz = Z* (dAs) , M2-brane
1
0Lwy = 7* <d(A5 + 57‘[3 N Ag)) R M5-brane
§Lwz = LeCAel = 7% (dw) . D-branes (170)

Summary: Brane effective actions include the supergravity superisometries £(Z) as a subset of
their global symmetries. It is important to stress that kappa symmetry invariance is mecessary
to define a supersymmetric field theory on the brane, but not sufficient. Indeed, any on-shell
supergravity background having no Killing spinors, i.e., some superisometry in which fermions are
shifted as 66 = ¢, breaks supersymmetry, and consequently, will never support a supersymmetric
action on the brane.

The derivation discussed above does not exclude the existence of further infinitesimal transfor-
mations leaving the effective action invariant. The question of determining the full set of continuous
global symmetries of a given classical field theory is a well posed mathematical problem in terms
of cohomological methods [50, 51]. Applying these to the bosonic D-string [111] gave rise to the
discovery of the existence of an infinite number of global symmetries [113, 112]. These were also
proven to exist for the kappa invariant D-string action [110].

3.6.1 Supersymmetry algebras

Since spacetime superisometries generate world-volume global symmetries, Noether’s theorem [406,
407] guarantees a field theory realisation of the spacetime (super)symmetry algebra using Poisson
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brackets. It is by now well known that such (super)algebras contain more bosonic charges than the
ones geometrically realised as (super)isometries. There are several ways of reaching this conclusion:

1. Grouped theoretically, the anticommutator of two supercharges {Qa, Qg} defines a sym-
metric matrix belonging to the adjoint representation of some symplectic algebra Sp(N,R),
whose order N depends on the spinor representation @,. One can decompose this repre-
sentation into irreducible representations of the bosonic spacetime isometry group. This can
explicitly be done by using the completeness of the basis of antisymmetrised Clifford algebra
gamma matrices as follows

{Qaa Qﬁ} = Z(lemmpc_l)aﬁzml...mp 5 (171)
p

where the allowed values of p depend on symmetry considerations. The right-hand side
defines a set of bosonic charges {Z,,,...m, } that typically goes beyond the spacetime bosonic
isometries.

2. Physically, BPS branes in a given spacetime background have masses equal to their charges
by virtue of the amount of supersymmetry they preserve. This would not be consistent with
the supersymmetry algebra if the latter would not include extra charges, the set {Z,,,..im, }
introduced above, besides the customary spacetime isometries among which the mass (time
translations) always belongs to. Thus, some of the extra charges must correspond to such
brane charges. The fact that these charges have non-trivial tensor structure means they
are typically not invariant under the spacetime isometry group. This is consistent with the
fact that the presence of branes breaks the spacetime isometry group, as I already explicitly
discussed in super-Poincaré.

3. All brane effective actions reviewed above are quasi-invariant under spacetime superisome-
tries, since the WZ term transformation equals a total derivative (170). Technically, it is a
well-known theorem that such total derivatives can induce extra charges in the commutation
of conserved charges through Poisson brackets. This is the actual field theory origin of the
group theoretically allowed set of charges {Z,,,...m, }-

Let me review how these structures emerge in both supergravity and brane effective actions.
Consider the most general superPoincaré algebra in 11 dimensions. This is spanned by a Majorana
spinor supercharge Q,, (= 1,...,32) satisfying the anti-commutation relations®® [487, 478, 481]

— 1 mmn Y— ]‘ my...Mp5 AY—
{Qow Qﬁ} =([mc 1),1ng + i(F c 1)Q5Zm” + Q(F C 1)a5Ym1--»m5 . (172)

That this superalgebra is maximal can be argued using the fact that its left-hand side defines
a symmetric tensor with 528 independent components. Equivalently, it can be interpreted as
belonging to the adjoint representation of the Lie algebra of Sp(32,R). The latter decomposes
under its subgroup SO(1,10), the spacetime Lorentz isometry group, as

528 — 11 © 55 ¢ 462. (173)

The irreducible representations appearing in the direct sum do precisely correspond to the bosonic
tensor charges appearing in the right-hand side: the 1l-momentum P,,, a 2-form charge Z,,,,
which is 55-dimensional, and a 5-form charge Y,,,, . m,, which is 462-dimensional.

25 All our charge conjugation matrices are antisymmetric and unitary, i.e., CT = —C and CTC = 1. Furthermore,
all Clifford matrices satisfy the symmetry relation I'}, = —CT',,,C 1.
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The above is merely based on group theory considerations that may or may not be realised in
a given physical theory. In 11-dimensional supergravity, the extra bosonic charges are realised in
terms of electric Z, and magnetic Z,, charges, the Page charges [410], that one can construct out
of the 3-form potential A3 equation of motion, as reviewed in [467, 466)

1 1
= — R —A3 AN R 174
. 497/8/\48(* 4+ 54 1), (174)
1
Q Joms

The first integral is over the boundary at infinity of an arbitrary infinite 8-dimensional spacelike
manifold Mg, with volume 7. Given the conserved nature of this charge, it does not depend
on the time slice chosen to compute it. But there are still many ways of embedding My in the
corresponding ten-dimensional spacelike hypersurface Myy. Thus, Z, represents a set of charges
parameterised by the volume element 2-form describing how Mg is embedded in My. This pre-
cisely matches the 2-form Z,,, in Eq. (172). There is an analogous discussion for Z,, which
corresponds to the 5-form charge Y,,,, . m;. As an example, consider the M2 and M5-brane config-
urations in Egs. (20) and (22). If one labels the M2-brane tangential directions as 1 and 2, there
exists a non-trivial charge Z15 computed from Eq. (174) by plugging in Eq. (20) and evaluating
the integral over the transverse 7-sphere at infinity. The reader is encouraged to read the lecture
notes by Stelle [467] where these issues are discussed very explicitly in a rather general frame-
work including all standard half-BPS branes. For a more geometric construction of these maximal
superalgebras in AdS x S backgrounds, see [211] and references therein.

The above is a very brief reminder regarding spacetime superalgebras in supergravity. For a
more thorough presentation of these issues, the reader is encouraged to read the lectures notes
by Townsend [481], where similar considerations are discussed for both type II and heterotic su-
pergravity theories. Given the importance given to the action of dualities on effective actions, the
reader may wonder how these same dualities act on superalgebras. It was shown in [96] that these
actions correspond to picking different complex structures of an underlying OSp(1|32) superalgebra.

Consider the perspective offered by the M5-brane effective action propagating in d = 11 super-
Poincaré. The latter is invariant both under supersymmetry and bulk translations. Thus, through
Noether’s theorem, there exist field theory realisations of these charges. Quasi-invariance of the
WZ term will be responsible for the generation of extra terms in the calculation of the Poisson
bracket of these charges [165]. This was confirmed for the case at hand in [464], where the M5-brane
superalgebra was explicitly computed. The supercharges @, are

_ L. 1 . . .
Qo = i/d5a [(m+ 6T Pp)o + (P2 + 17{*0'”2)@3@)& — " (A2 el (176)

where 7, P, and P¥ are the variables canonically conjugate to 6, X™ and Vij. As in any Hamilto-
nian formalism, world volume indices were split according to o# = {t, o'} i = 1,...5. Notice that
the pullbacks of the forms Ay and Aj appearing in §Lwz for the M5-brane in Eq. (170) do make
an explicit appearance in this calculation. The anti-commutator of the M5 brane world volume
supercharges equals Eq. (172) with

oL
P = d5 YTy 1
" / 75@xm) i
ARE */ dX™ AdX" A dVy, (178)
Ms
yma-ms AX™ Ao A dX™s , (179)
M
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where all integrals are computed on the 5-dimensional spacelike hypersurface M5 spanned by the
Mb5-brane. Notice the algebra of supercharges depends on the brane dimensionality. Indeed, a
single M2-brane has a two dimensional spacelike surface that cannot support the pullback of a
spacetime 5-form as a single M5-brane can (see Eq. (179)). This conclusion could be modified if
the degrees of freedom living on the brane would be non-abelian.

Even though my discussion above only applies to the M5-brane in the super-Poincaré back-
ground, my conclusions are general given the quasi-invariance of their brane WZ action, a point
first emphasised in [165]. The reader is encouraged to read [165, 168] for similar analysis carried
for super p-branes, [281] for D-branes in super-Poincaré and general mathematical theorems based
on the structure of brane effective actions and [438, 437], for superalgebra calculations in some
particular curved backgrounds.

3.6.2 World volume supersymmetry algebras

Once the physical location of the brane is given, the spacetime superisometry group G is typically
broken into
G— GQ X Gl. (180)

The first factor Gg corresponds to the world volume symmetry group in (p + 1)-dimensions, i.e.,
the analogue of the Lorentz group in a supersymmetric field theory in (p + 1)-dimensions, whereas
the second factor G; is interpreted as an internal symmetry group acting on the dynamical fields
building (p + 1)-dimensional supermultiplets. The purpose of this subsection is to relate the
superalgebras before and after this symmetry breaking process [328].2°

The link between both superalgebras is achieved through the gauge fixing of world volume
diffeomorphisms and kappa symmetry, the gauge symmetries responsible for the covariance of
the original brane action in the GS formalism. Focusing on the scalar content in these theories
{X™, 0}, these transform as

sX™ =k"™(X)+ L X" 4+ 0, X"+ 0. XM, (181)
s =€+ 0,0+ L0+ (L+Tw)k+ 6,6 (182)

The general Killing superfield was decomposed into a supersymmetry translation denoted by e
and a bosonic Killing vector fields k™ (X). World volume diffeomorphisms were denoted as £. At
this stage, the reader should already notice the inhomogeneity of the supersymmetry transforma-
tion acting on fermions (the same is true for bosons if the background spacetime has a constant
translation as an isometry, as it happens in Minkowski).

Locally, one can always impose the static gauge: X" = o*, where one decomposes the scalar
fields X™ into world volume directions X* and transverse directions X! = ®!. For infinite
branes, this choice is valid globally and does describe a vacuum configuration. To diagnose which
symmetries act, and how, on the physical degrees of freedom ®¢, one must make sure to work in
the subset of symmetry transformations preserving the gauge slice X* = ¢*. This forces one to
act with a compensating world volume diffeomorphism

SX“|X;L:0;L = O = 5“ = —k'u — 6,QXI—L — 6€XI—L . (183)

The latter acts on the physical fields giving rise to the following set of transformations preserving
the gauge fixed action

s | xugn = kL — k10,87 + ..., (184)
80| xumon = —kFO0 + L0+ ... . (185)

There are two important comments to be made at this point

26 For earlier work, see [4], which extended the original Volkov—Akulov approach in [489)].
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1. The physical fields ®! transform as proper world volume scalars [3]. Indeed, ®!(c) =
(®")! (o) induces the infinitesimal transformation k*9,®! for any k* (o) preserving the p+ 1
dimensional world volume. Below, the same property will be checked for fermions.

2. If the spacetime background allows for any constant k! isometry, it would correspond to an
inhomogeneous symmetry transformation for the physical field /. In field theory, the latter
would be interpreted as a spontaneous broken symmetry and the corresponding ® would be
its associated massless Goldstone field. This is precisely matching our previous discussions
regarding the identification of the appropriate brane degrees of freedom.

There is a similar discussion regarding the gauge fixing of kappa symmetry and the emergence
of a subset of linearly realised supersymmetries on the (p + 1)-dimensional world volume field
theory. Given the projector nature of the kappa symmetry transformations, it is natural to assume
PO = 0 as a gauge fixing condition, where P stands for some projector. Preservation of this gauge
slice, determines the kappa symmetry parameter s as a function of the background Killing spinors
€

sllpo—o =0 = Kk==r(e). (186)

When analysing the supersymmetry transformations for the remaining dynamical fermions, only
certain linear combinations of the original supersymmetries € will be linearly realised. The difficulty
in identifying the appropriate subset depends on the choice of P.

Branes in super-Poincaré: The above discussion can be made explicit in this case. Consider
a p+ 1 dimensional brane propagating in d dimensional super-Poincaré. For completeness, let me
remind the reader of the full set of transformations leaving the brane actions invariant

sXM=a"+am X"+ LXT +ed™0+ 5. X™, (187)
1
s = iozmnrm"9+£59+e+(Syﬁ, (188)

where I ignored possible world volume gauge fields. Decomposing the set of bosonic scalar fields
X" m =0,1,...d — 1 into world volume directions X* p = 0,1,...p and transverse directions
X'=®! I=p+1,...d -1, one can now explicitly solve for the preservation of the static gauge
slice X#* = o*, which does globally describe the vacuum choice of a p-brane extending in the first
p spacelike directions and time. This requires some compensating world volume diffeomorphism

H = —at — a*, 0¥ — at O —ere — 5. XM, (189)
inducing the following transformations for the remaining degrees of freedom
s®! = —a9, 0" — a",070,®" — a";070,9" + a’ +a’ ;07 + a’ ,0" + fermions,  (190)

1 1
s0 = —at,0"0,0 + zawf“”ﬁ + ZaUFUG. (191)

The subset of linearly realised symmetries is ISO(1,p) x SO(D — (p + 1)). The world volume
“Poincaré” group is indeed ISO(1, p), under which ®! are scalars, whereas 6 are fermions, including
the standard spin connection transformation giving them their spinorial nature. SO(D — (p + 1)),
the transverse rotational group to the brane is reinterpreted as an internal symmetry, under which
®! transforms as a vector. The parameters a*; describing the coset SO(1,D — 1)/(SO(1,p) x
SO(D — p — 1)) are generically non-linearly realised, whereas the transverse translations a! act
inhomogeneously on the dynamical fields ®, identifying the latter as Goldstone massless fields,
as corresponds to the spontaneous symmetry breaking of these symmetries due to the presence of
the brane in the chosen directions.
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There is a similar discussion for the 32 spacetime supersymmetries (¢). Before gauge fixing
all fermions € transform inhomogeneously under supersymmetry. After gauge fixing P68 = 0,
the compensating kappa symmetry transformation (e) required to preserve the gauge slice in
configuration space will induce an extra supersymmetry transformation for the dynamical fermions,
i.e., (1—"P)#. On general grounds, there must exist sixteen linear combinations of supersymmetries
being linearly realised, whereas the sixteen remaining will be spontaneously broken by the brane.
There are many choices for P = 0. In [10], where they analysed this aspect for D-branes in super-
Poincaré, they set one of the members of the N' = 2 fermion pair to zero, leading to fairly simple
expressions for the gauge fixed Lagrangian. Another natural choice corresponds to picking the
projector describing the preserved supersymmetries by the brane from the spacetime perspective.
For instance, the supergravity solution describing M2-branes has 16 Killing spinors satisfying

Foioe = *e, (192)

where the + is correlated with the R4 flux carried by the solution. If one fixes kappa symmetry
according to
PO = (]. + F*)H =0, with I',=TI5... Fg].—‘ﬂ R (193)

where I'y stands for the 11-dimensional Clifford algebra matrix, then the physical fermionic de-
grees of freedom are not only 3-dimensional spinors, but they are chiral spinors from the internal
symmetry SO(8) perspective. They actually transform in the (2, 8%) [91]. Similar considerations
would apply for any other brane considered in this review.

Having established the relation between spacetime and world volume symmetries, it is natural
to close our discussion by revisiting the superalgebra closed by the linearly realised world volume
(super)symmetries, once both diffeomorphisms and kappa symmetry have been fixed. Since space-
time superalgebras included extra bosonic charges due to the quasi-invariance of the brane WZ
action, the same will be true for their gauge fixed actions. Thus, these (p + 1)-dimensional world
volume superalgebras will include as many extra bosonic charges as allowed by group theory and
by the dimensionality of the brane world spaces [81]. Consider the M2-brane discussed above. Su-
percharges transform in the (2, 8%) representation of the SO(1,2) x SO(8) bosonic isometry group.
Thus, the most general supersymmetry algebra compatible with these generators, N' = 8 d = 3,
is [81]

{QL. QJ} = 61 Plapy + 210 + capz™) with (8,217 =0). (194)

Pop) stands for a 3-dimensional one-form, the momentum on the brane; Z((O{é; transforms in the

35" under the R-symmetry group SO(8), or equivalently, as a self-dual 4-form in the transverse
space to the brane; Z[!/] is a world volume scalar, which transforms in the 28 of SO(8), i.e., as a 2-
form in the transverse space. The same superalgebra is realised on the non-abelian effective action
describing N coincident M2-branes [415] to be reviewed in Section 7.2. Similar structures exist for
other infinite branes. For example, the M5-brane gives rise to the d = 6 (2,0) superalgebra [81]

QL QY =" Pug + 200 + vl with (v =0). (195)
Here a, 8 =1,...,4 is an index of SU*(4) ~ Spin(1,5), the natural Lorentz group for spinors in
d = 6 dimensions, I,J = 1,...4 is an index of Sp(2) ~ Spin(5), which is the double cover of the
geometrical isometry group SO(5) acting on the transverse space to the M5-brane and Q!7 is an
Sp(2) invariant antisymmetric tensor. Thus, using appropriate isomorphisms, these superalgebras
allow a geometrical reinterpretation in terms of brane world volumes and transverse isometry
groups becoming R-symmetry groups. The last decomposition is again maximal since P4 stands

for 1-form in d = 6 (momentum), Z((igg transforms as a self-dual 3-form in d = 6 and a 2-form
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in the transverse space and Y[gé]]] as a 1-form both in d = 6 and in the transverse space. For an

example of a non-trivial world volume superalgebra in a curved background, see [152].

I would like to close this discussion with a remark that is usually not stressed in the litera-
ture. By construction, any diffeomorphism and kappa symmetry gauge fixed brane effective action
describes an interacting supersymmetric field theory in p + 1 dimensions.?” As such, if there are
available superspace techniques in these dimensions involving the relevant brane supermultiplet,
the gauge fixed action can always be rewritten in that language. The matching between both
formulations generically involves non-trivial field redefinitions. To be more precise, consider the
example of N' = 1 d = 4 supersymmetric abelian gauge theories coupled to matter fields. Their
kinetic terms are fully characterised by a Kahler potential. If one considers a D3-brane in a
background breaking the appropriate amount of supersymmetry, the expansion of the gauge fixed
D3-brane action must match the standard textbook description. The reader can find an example
of the kind of non-trivial bosonic field redefinitions that is required in [321]. The matching of
fermionic components is expected to be harder.

3.7 Regime of validity

After thoroughly discussing the kinematic structure of the effective action describing the propa-
gation of single branes in arbitrary on-shell backgrounds, I would like to reexamine the regime of
validity under which the dynamics of the full string (M-) theory reduces to Spranc-

As already stressed at the beginning of Section 3, working at low energies allows us to consider
the action

S~ SsuGRA + Sbrane- (196)

In string theory, low energies means energies E satisfying Ev/o/ < 1. This guarantees that no
on-shell states will carry energies above that scale allowing one to write an effective action in terms
of the fields describing massless excitations and their derivatives. The argument is valid for both
the open and the closed string sectors. Furthermore, to ensure the validity of this perturbative
description, one must ensure the weak coupling regime is satisfied, i.e., gs < 1, to suppress higher
loop world sheet contributions.

Dynamically, all brane effective actions reviewed previously, describe the propagation of a brane
in a firzed on-shell spacetime background solving the classical supergravity equations of motion.
Thus, to justify neglecting the dynamics of the gravitational sector, focusing on the brane dynamics,
one must guarantee condition (18)

(T 5 phrene), (197)

but also to work in a regime where the effective Newton’s constant tends to zero. Given the low
energy and weak coupling approximations, the standard lore condition for the absence of quantum
gravity effects, i.e., Eﬁz(,w) < 1, is naturally satisfied since EEI(,IO) ~ (E\/J) g;/4 < 1. The
analogous condition for 11-dimensional supergravity is E/, < 1.

The purpose of this section is to spell out more precisely the conditions that make the above
requirements not sufficient. As in any effective field theory action, one must check the validity of
the assumptions made in their derivation. In our discussions, this includes

1. conditions on the derivatives of brane degrees of freedom, both geometrical X™ and world
volume gauge fields, such as the value of the electric field;

2. the reliability of the supergravity background;

27 1 have assumed both the background and the brane preserve some supersymmetry.
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3. the absence of extra massless degrees of freedom emerging in string theory under certain
circumstances.

I will break the discussion below into background and brane considerations.

Validity of the background description: Whenever the supergravity approximation is not
reliable, the brane description will also break down. Assuming no extra massless degrees of free-
dom arise, any on-shell AV = 2 type IIA/IIB supergravity configuration satisfying the conditions
described above, must also avoid
e?~1, R ~1. (198)
Since the string coupling constant g, is defined as the expectation value of e?, the first condition
determines the regions of spacetime where string interactions become strongly coupled. The second
condition, or any dimensionless scalar quantity constructed out of the Riemann tensor, determines
the regions of spacetime where curvature effects cannot be neglected. Whenever there are points
in our classical geometry where any of the two conditions are satisfied, the assumptions leading to
the classical equations of motion being solved by the background under consideration are violated.
Thus, our approximation is not self-consistent in these regions.
Similar considerations apply to 11-dimensional supergravity. In this case, the first natural
condition comes from the absence of strong curvature effects, which would typically occur whenever

RO~ 1, (199)

where once more the scalar curvature can be replaced by other curvature invariants constructed
out of the 11-dimensional Riemann tensor in appropriate units of the 11-dimensional Planck scale
Ly

Since the strong coupling limit of type ITA string theory is M-theory, which at low energies is
approximated by N’ =1 d = 11 supergravity, it is clear that there should exist further conditions.
This connection involves a compactification on a circle, and it is natural to examine whether our
approximations hold as soon as its size R is comparable to ¢,. Using the relations (55), one learns

R~Y{, <<= gs~1 (200)

Thus, as soon as the M-theory circle explores subPlanckian eleven-dimensional scales, which would
not allow a reliable eleven-dimensional classical description, the type ITA string coupling becomes
weakly coupled, opening a possible window of reliable classical geometrical description in terms of
the KK reduced configuration (54).

The above discussion also applies to type IIA and IIB geometries. As soon as the scale of some
compact submanifold, such as a circle, explores substringy scales, the original metric description
stops being reliable. Instead, its T-dual description (58) does, using Eq. (56).

Finally, the strong coupling limit of type IIB may also allow a geometrical description given the
SL(2,R) invariance of its supergravity effective action, which includes the S-duality transformation

e? = e ?. (201)

The latter maps a strongly coupled region to a weakly coupled one, but it also rescales the string
metric. Thus, one must check whether the curvature requirements R (éélo))Q < 1 hold or not.

It is important to close this discussion by reminding the reader that any classical supergravity
description assumes the only relevant massless degrees of freedom are those included in the su-
pergravity multiplet. The latter is not always true in string theory. For example, string winding

modes become massless when the circle radius the string wraps goes to zero size. This is precisely
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the situation alluded to above, where the T-dual description, in which such modes become momen-
tum modes, provides a T-dual reliable description in terms of supergravity multiplet fluctuations.
The emergence of extra massless modes in certain classical singularities in string theory is far more
general, and it can be responsible for the resolution of the singularity. The existence of extra
massless modes is a quantum mechanical question that requires going beyond the supergravity ap-
proximation. What certainly remains universal is the geometrical breaking down associated with
the divergence of scalar curvature invariants due to a singularity, independently of whether the
latter is associated with extra massless modes or not.

Validity of the brane description: Besides the generic low energy and weak coupling require-
ments applying to D-brane effective actions (150), the microscopic derivation of the DBI action
assumed the world volume field strength F),, was constant. Thus, kappa symmetric invariant
D-brane effective actions ignore corrections in derivatives of this field strength, i.e., terms like
0pF,,, or higher in number of derivatives. Interestingly, these corrections map to acceleration and
higher-order derivative corrections in the scalar fields X™ under T-duality, see Eq. (80). Thus,
there exists the further requirement that all dynamical fields in brane effective actions are slowly
varying. In Minkowski, this would correspond to conditions like

Vo'’ X < 0X, (202)

or similar tensor objects constructed with the derivative operator in appropriate string units. In a
general curved background, these conditions must be properly covariantised, although locally, the
above always applies.

Notice these conditions are analogous to the ones we would encounter in the propagation of a
point particle in a fixed background. Any corrections to geodesic motion would be parameterised
by an expansion in derivatives of the scalar fields parameterising the particle position, this time in
units of the mass particle.

Brane effective actions carrying electric fields E can manifestly become ill defined for values
above a certain critical electric field E.. for which the DBI determinant vanishes. It was first
noticed for the bosonic string in [120, 403] that such critical electric field is the value for which
the rate of Schwinger charged-string pair production [442] diverges. This divergence captures a
divergent density of string states in the presence of such critical electric field. These calculations
were extended to the superstring in [25]. The conclusion is the same, though in this latter case
the divergence applies to any pair of charge-conjugate states. Thus, there exists a correlation
between the pathological behaviour of the DBI action and the existence of string instabilities.?®
Heuristically, one interprets the regime with E > FE;;; as one where the string tension can no
longer hold the string together.??

28 There exists some similar phenomena on the M5-brane dynamics with the self-dual 3-form field strength. See [74]
for a discussion on the emergence of noncommutative gauge theories when the self-dual 3-form field strength is close
to its critical value.

29 There are several claims in the literature advocating that extra massless degrees of freedom emerge in brane
effective actions when the latter probe black holes very close to their horizons. See [322, 323, 313, 300] for interesting
work in this direction.
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4 World Volume Solitons: Generalities

Brane effective actions capture the relevant dynamics of M-theory or string theory in some ap-
propriate regimes of validity. Thus, they contain reliable information about its spectrum and its
dynamics in those regimes. In this section, I will develop the tools to study the world volume
realisation of supersymmetric states carrying the extra bosonic (topological) charges appearing in
the maximal supersymmetry algebras introduced in Sections 3.6.1 and 3.6.2.

One such realisation is in terms of classical bosonic on-shell configurations. As it often occurs
with supersymmetric configurations, instead of focusing on the integration of the equations of
motion, I will focus on the conditions ensuring preservation of supersymmetry and on their physical
interpretation. In particular,

e [ will argue the existence of a necessary condition that any bosonic supersymmetric config-
uration must satisfy involving the kappa symmetry matrix I'; and the background Killing
spinors e.

e [ will review the Hamiltonian formulation for brane effective actions to compute the energy
of these configurations. The latter will minimise the energy for a given set of charges carried
by the state. The existence of energy bounds can be inferred from merely algebraic consid-
erations and I will discuss their field theory realisations as BPS bounds®’. Furthermore, the
relation between their saturation and the solution to the necessary kappa symmetry condition
will also be explained.

e [ will discuss the relation between these physical considerations and the mathematical notion
of calibration, which is a purely geometric formulation of the problem of finding volume
minimising surfaces. Since the latter corresponds to a subset of bosonic brane supersymmetric
configurations, this connection will allow us to review the notion of generalised calibration,
which, in physical terms, includes world volume gauge field excitations.

The framework and set of relations covered in this section are summarised in Figure 6.

4.1 Supersymmetric bosonic configurations and kappa symmetry

To know whether any given on-shell bosonic brane configuration is supersymmetric, and if so,
how many supersymmetries are preserved, one must develop some tools analogous to the ones for
bosonic supergravity configurations. I will review these first.

Consider any supergravity theory having bosonic (B) and fermionic (F) degrees of freedom. It
is consistent with the equations of motion to set F = 0. The question of whether the configuration
B preserves supersymmetry reduces to the study of whether there exists any supersymmetry trans-
formation e preserving the bosonic nature of the on-shell configuration, i.e., §F|r=¢ = 0, without
transforming B, i.e., 08|r=¢ = 0. Since the structure of the local supersymmetry transformations
in supergravity is

0B x F, 0F =P(B)e, (203)

these conditions reduce to P(B) e = 0. In general, the Clifford valued operator P(B) is not higher
than first order in derivatives, but it can also be purely algebraic. Solutions to this equation involve

1. Differential constraints on the subset of bosonic configurations B. Given the first-order nature
of the operator P(B), these are simpler than the second-order equations of motion and help
to reduce the complexity of the latter.

30 BPS stands for Bogomolny, Prasad and Sommerfield and their work on stable solitonic configurations [107, 429].
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brane probe covariant couplings background

global symmetry Superisometries
off-shell susy Killing spinors €= fa(z™)ex
on-shell susy Susy algebra

bosonic configuration

kappa condition | {Q., Qs} = Z(I»mln.mpc 1)a3Zm]mmp _ P”(l 41

¢i(0) p
=N I(¢,0 o = T I

solution % brane charges  Algebra bound
Py > g(P;, Zm,..m,)

Algebraic projections  Piex =0

BPS equations  f;(¢',0¢") =0 l BPS | saturation

Hamiltonian € =23(0) + 25(8) + ) _ (Ef(0)" = € V%i(0) + Z3(0)

& =&(¢', 04 ;
formulation o) €2 = (21(8) + 22(6))2 + 3. (EH(#) = €2 12:/(6) + 2el(@)

Figure 6: Set of relations involving kappa symmetry, spacetime supersymmetry algebras, their bounds and
their realisation as field theory BPS bounds in terms of brane solitons using the Hamiltonian formulation
of brane effective actions.

2. Differential and algebraic constraints on e. These reduce the infinite dimensional character
of the original arbitrary supersymmetry transformation parameter € to a finite dimensional
subset, i.e., € = fp(2™)ew, where the function fg(z™) is uniquely specified by the bosonic
background B and the constant spinor €., typically satisfies a set of conditions Pjes = 0,
where P; are projectors satisfying P? = P; and trP; = 0. These € are the Killing spinors of
the bosonic background B. They can depend on the spacetime point, but they are no longer
arbitrary. Thus, they are understood as global parameters.

This argument is general and any condition derived from it is necessary. Thus, one is instructed
to analyse the condition P(B)e = 0 before solving the equations of motion. As a particular
example, and to make contact with the discussions in Section 3.1.1, consider ' = 1 d = 11
supergravity. The only fermionic degrees of freedom are the gravitino components ¥, = EM W,
Their supersymmetry transformation is [466]

1 be 1 bede bpede
ov, = (8a + Zwa Fbc) € — @ (Fa —86,°T ) Rpcde€ - (204)

Solving the supersymmetry preserving condition ¥, = 0 in the M2-brane and Mb-brane back-
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grounds determines the Killing spinors of these solutions to be [466, 467]

M2 —brane e=U"Y%,  with  Toses = Feoo, (205)
M5 —brane e=U"""2c  with  Tpio315€00 = téoo - (206)

A similar answer is found for all D-branes in N' = 2 d = 10 type 1IA/B supergravities.

The same question for brane effective actions is treated in a conceptually analogous way. The
subspace of bosonic configurations B defined by 6 = 0 is compatible with the brane equations of
motion. Preservation of supersymmetry requires sf|z = 0. The total transformation s6 is given by

0= 06,0+ €+ A0+ £49,0 , (207)

where 6,0 and £#0,,0 stand for the kappa symmetry and world volume diffeomorphism infinites-
imal transformations and Af for any global symmetries different from supersymmetry, which is
generated by the Killing spinors e. When restricted to the subspace B of bosonic configurations,

0x0|8 = (1 +Txls) &, (208)
Aflp =0, (209)

one is left with
s0lp=(1+Tglg)k+e. (210)

This is because Af describes linearly realised symmetries. Thus, kappa symmetry and supersym-
metry transformations do generically not leave the subspace B invariant.

We are interested in deriving a general condition for any bosonic configuration to preserve
supersymmetry. Since not all fermionic fields 6 are physical, working on the subspace § = 0
is not precise enough for our purposes. We must work in the subspace of field configurations
being both physical and bosonic [85].This forces us to work at the intersection of § = 0 and some
kappa symmetry gauge fixing condition. Because of this, I find it convenient to break the general
argument into two steps.

1. Invariance under kappa symmetry. Consider the kappa-symmetry gauge-fixing condition
PO = 0, where P stands for any field independent projector. This allows us to decompose
the original fermions according to

0=PO0+(1L—-P)I. (211)
To preserve the kappa gauge slice in the subspace B requires
sPOlp =P +T,|p)k+Pe=0. (212)

This determines the necessary compensating kappa symmetry transformation (e) as a func-
tion of the background Killing spinors.

2. Invariance under supersymmetry. Once the set of dynamical fermions (1 — P)6 is properly
defined, we ask for the set of global supersymmetry transformations preserving them

s(L—P)|p=0. (213)
This is equivalent to
(L+Tk|g)k(e) +e=0 (214)

once Eq. (212) is taken into account. Projecting this equation into the (1 — I',;|g) subspace
gives condition
T.lge =¢. (215)

No further information can be gained by projecting to the orthogonal subspace (1 + I'x|5).
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Table 5: Set of kappa symmetry matrices ', evaluated in the bosonic subspace of configurations B.

Brane Bosonic kappa symmetry matrix
M2-brane Luls = 5r7——= fldetgel"’pva

. —d r7 v
M5-brane Tl = s [T Ay 4 it

1 1..-U5V
5! ettt Uy Yuy...us

IIA Dp-branes FH‘B = \/ﬁ ZZ:O 72l+1ré+1 Ael
1IB Dp-branes Tulg = \/ﬁ > 1=0 YouTg ity A e”

I will refer to Eq. (215) as the kappa symmetry preserving condition. It was first derived in [85].
This is the universal necessary condition that any bosonic on-shell brane configuration {¢*} must
satisfy to preserve some supersymmetry.

In Table 5, I evaluate all kappa symmetry matrices I',; in the subspace of bosonic configurations
B for future reference. This matrix encodes information

1. on the background, both explicitly through the induced world volume Clifford valued matrices
Y = BT = 0, X"E,T', and the pullback of spacetime fields, such as G, F or H, but
also implicitly through the background Killing spinors e solving the supergravity constraints
P(e) = 0, which also depend on the remaining background gauge potentials,

2. on the brane configuration {¢‘}, including scalar fields X" (o) and gauge fields, either V; or
V5, depending on the brane under consideration.

Just as in supergravity, any solution to Eq. (215) involves two sets of conditions, one on the
space of configurations {¢'} and one on the amount of supersymmetries. More precisely,

1. a set of constraints among dynamical fields and their derivatives, f;(¢’, d¢") = 0,

2. a set of supersymmetry projection conditions, Ples, = 0, with P, being projectors, reducing
the dimensionality of the vector space spanned by the original €.

The first set will turn out to be BPS equations, whereas the second will determine the amount of
supersymmetry preserved by the combined background and probe system.

4.2 Hamiltonian formalism

In this subsection, I review the Hamiltonian formalism for brane effective actions. This will allow us
not only to compute the energy of a given supersymmetric on-shell configuration solving Eq. (215),
but also to interpret the constraints f;(¢?) = 0 as BPS bounds [107, 429]. This will lead us
to interpret these configurations as brane-like excitations supported on the original brane world
volume.

The existence of energy bounds in supersymmetric theories can already be derived from purely
superalgebra considerations. For example, consider the M-algebra (172). Due to the positivity of
its left-hand side, one derives the energy bound

Py > (P, Zij, Yi,...is; Zois Yois.ia)» (216)

where the charge conjugation matrix was chosen to be C' = I'’ and the spacetime indices were

split as m = {0, ¢}. For simplicity, let us set the time components Yp;, .., and Zy; to zero. The
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superalgebra reduces to
_ _ , 1. 1 ..
{Q.Q}=P°(1+T), with T =P 'IT"P+ §r°”Zij + ar011-~“>y;-1mi5] . (217)

The bound (216) is now equivalent to the statement that no eigenvalue of I'? can exceed unity.
Any bosonic charge (or distribution of them) for which the corresponding I' satisfies

=1, (218)
defines a projector %(]l +T). The eigenspace of I with eigenvalue 1 coincides with the one spanned
by the Killing spinors €., determining the supersymmetries preserved by supergravity configura-
tions corresponding to individual brane states. In other words, there is a one-to-one map between
half BPS branes, the charges they carry and the precise supersymmetries they preserve. This allows
one to interpret all the charges appearing in I' in terms of brane excitations: the 10-momentum P;
describes d = 11 massless superparticles [93], the 2-form charges Z;; M2-branes [90, 91], whereas
the 5-form charges Y;, . ;,, M5-branes [464]. This correspondence extends to the time components
{Yoi,. .iss Zoi}- These describe branes appearing in Kaluza—Klein vacua [311, 481]. Specifically,
Y0i,...4, is carried by type IIA D6-branes (the M-theory KK monopole), while Zj; can be related
to type ITA D8-branes.

That these algebraic energy bounds should allow a field theoretical realisation is a direct con-
sequence of the brane effective action global symmetries and Noether’s theorem [406, 407]. If the
system is invariant under time translations, energy will be preserved, and it can be computed us-
ing the Hamiltonian formalism, for example. Depending on the amount and nature of the charges
turned on by the configuration, the general functional dependence of the bound (216) changes.
This is because each charge appears in T’ multiplied by different antisymmetric products of Clifford
matrices. Depending on whether these commute or anticommute, the bound satisfied by the en-
ergy Py changes, see for example a discussion on this point in [394]. Thus, one expects to be able
to decompose the Hamiltonian density for these configurations as sums of the other charges and
positive definite extra terms such that when they vanish, the bound is saturated. More precisely,

1. For non-threshold bound states, or equivalently, when the associated Clifford matrices anti-
commute, one expects the energy density to satisfy

=2+ 22+ (P19 (219)

2. For bound states at threshold, or equivalently, when the associated Clifford matrices commute,
one expects

E2= (2, + 22)2 + Z (£ £:(6))° . (220)

In both cases, the set {¢'} involves non-trivial dependence on the dynamical fields and their deriva-
tives. Due to the positivity of the terms in the right-hand side, one can derive lower bounds on

the energy, or BPS bounds,
E>\/Z2+ Z2 (221)
E> 21|+ |2, (222)

being saturated precisely when f;(¢?) = 0 are satisfied, justifying their interpretation as BPS
equations [107, 429]. Thus, saturation of the bound matches the energy & with some charges that
may usually have some topological origin [165].

Living Reviews in Relativity
http://www.livingreviews.org/lrr-2012-3


http://www.livingreviews.org/lrr-2012-3

60 Joan Simén

In the current presentation, I assumed the existence of two non-trivial charges, Z; and Z,. The
argument can be extended to any number of them. This will change the explicit saturating function
in Eq. (216) (see [394]), but not the conceptual difference between the two cases outlined above.
Tt is important to stress that, just as in supergravity, solving the gravitino/dilatino equations, i.e.,
0F = 0, does not guarantee the resulting configuration to be on-shell, the same is true in brane
effective actions. In other words, not all configurations solving Eq. (215) and saturating a BPS
bound are guaranteed to be on-shell. For example, in the presence of non-trivial gauge fields, one
must still impose Gauss’ law independently.

After these general arguments, I review the relevant phase space reformulation of the effective
brane Lagrangian dynamics discussed in Section 3.

4.2.1 D-brane Hamiltonian

As in any Hamiltonian formulation®', the first step consists in breaking covariance to allow a
proper treatment of time evolution. Let me split the world volume coordinates as o = {t, o'} for
i=1,...,p and rewrite the bosonic D-brane Lagrangian by singling out all time derivatives using
standard conjugate momenta variables

L=X"P, +V,E'+4Tp, — H. (223)

Here P,, and E° are the conjugate momentum to X™ and V;, respectively, while H is the Hamilto-
nian density. ¢ is the Hodge dual of a p-form potential introduced in [94] to generate the tension
Tpp dynamically [86, 356]. It is convenient to study the tensionless limit in these actions as a
generalisation of the massless particle action limit. It was shown in [94] that H can be written as
a sum of constraints

H =T + ViK + s"H; + \H., (224)
where
7—1' = _aiTDpa

K=-8;E + (-1)P'Tp, S with S =x(Reh),,
H, = P,E! + E°F;;  with  E! = E49;X™,

1.~ -~
H= 5 [P+ E'EIG;; + T]%pe_2¢’ det(Gs; + Fij)] - (225)

The first constraint is responsible for the constant tension of the brane. It generates abelian
gauge transformations for the p-form potential generating the tension dynamically. The second
generates gauge field transformations and it implements the Gauss’ law constraint X = 0. Notice
its dependence on R, the pullback of the RR field strengths R = dC — C' A Hz, coming from
the WZ couplings and acting as sources in Gauss’ law. Finally, H, and H generate world-space
diffeomorphisms and time translations, respectively.

The modified conjugate momenta P, and Ei determining all these constraints are defined in
terms of the original conjugate momenta as

Py = E," (Pn+ E'Z* (inB); + TopCm ), with  Cpp =+ (Z*(inC) N e)
E'=FE' +TC', with C' =[«(Ce”), 1]". (226)

)

31 For a complete and detailed discussion of the supersymmetric and kappa invariant D-brane Hamiltonian for-
malism, see [94], which extends the bosonic results in [356, 327] and the type IIB superMinkowski ones in [329].
Here I follow [94] even though the analysis is restricted to the bosonic sector.
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Z* (im B), stands for the pullback to the world volume of the contraction of By along the vector
field 9/0X™. Equivalently, Z* (i,,B), = 0; X"Bmn. Z*(i,mC) is defined analogously. Notice %
stands for the Hodge dual in the p-dimensional D-brane world space.

In practice, given the equivalence between the Lagrangian formulation and the one above, one
solves the equations of motion on the subspace of configurations solving Eq. (215) in phase space
variables and finally computes the energy density of the configuration Py = £ by solving the
Hamiltonian constraint, i.e., H = 0, which is a quadratic expression in the conjugate momenta, as
expected for a relativistic dynamical system.

4.2.2 M2-brane Hamiltonian

The Hamiltonian formulation for the M2-brane can be viewed as a particular case of the analysis
provided above, but in the absence of gauge fields. It was originally studied in [88]. One can check
that the full bosonic M2-brane Lagrangian is equivalent to

. . 1 -
L=X"P, —s'P,E!— 3 P? 4+ T, det Gij |, (227)

where the modified conjugate momentum P, is related to the standard conjugate momentum P,,
by
Py =E"™(Pp+Tu2Cn)  with  Cp = % (Z*(imC5)) (228)

where *x describes the Hodge dual computed in the 2-dimensional world space spanned by 7,5 = 1, 2.
Notice no dynamically-generated tension was considered in the formulation above.

As before, one usually solves the equations of motion 6£/ds* = 6L£/dv = 0 in the subspace of
phase space configurations solving Eq. (215), and computes its energy by solving the Hamiltonian
constraint, i.e., 6L/0A = 0.

4.2.3 M5-brane Hamiltonian

It turns out the Hamiltonian formulation for the Mb5-brane dynamics is more natural than its
Lagrangian one since it is easier to deal with the self-duality condition in phase space [92]. One
follows the same strategy and notation as above, splitting the world volume coordinates as o# =
{t, o'} with ¢ = 1,...5. Since the Hamiltonian formulation is expected to break SO(1,5) into
SO(5), one works in the gauge a = ¢ = t. It is convenient to work with the world space metric
Gi; and its inverse G7*?. Then, the following identities hold

- 1 .
HY — ij1k2k3'H
6/det Gs Fakzks
det(Gpw + Hyuw) = (Goo — GoiG’ Goy) det A(G + H) (229)

where det G5 is the determinant of the world space components G;;, det G + H ) = det(G;; + f{ij)
and H;; = GG H™.
It was shown in [92] that the full bosonic M5-brane Lagrangian in phase space equals

L=X"P,, + §H”Vij —ANH — s"H; + O'ijIClj , (230)

32 This notation is introduced to emphasise that géj does not correspond to the world space components of GHY,
but to the inverse matrix of the restriction of G, to the world space subspace.
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where P,, and II¥ are the conjugate momenta to X™ and the 2-form Vij
Pm = Emapa + TM5ém ’
. 1
Co = *[Z* (i Cs) — §Z* (imC3) A (Cs + 2H3)]
1 y
i = ZTMSEUhkzk?,aleksz . (231)

Notice the last equation is equivalent to II = %TM5 *(dV), from which we conclude d*II = 0, using
the Bianchi identify for dV5. The last three functionals appearing in Eq. (230)

1 5
H=3 [P? + Ti5 det (G + H)],

Hi = 0;.X™ P + Tais (Vi — Ci),
. 1 .

KY =T1IY — ZTM5€l]k1k2k3 6k1 Vk‘gk‘g? (232)

correspond to constraints generating time translations, world space diffeomorphisms and the self-
duality condition. The following definitions were used in the expressions above

1
V, = — ghiaisiais .

21 giais Hivigi s
Po = By Py + Taas (VIO X™ Er " — Ca)
Co=EMC,, . (233)

As for D-branes and M2-branes, in practice one solves the equations of motion in the subspace of
phase space configurations solving Eq. (215) and eventually computes the energy of the system by
solving the quadratic constraint coming from the Hamiltonian constraint H = 0.

4.3 Calibrations

In the absence of WZ couplings and brane gauge field excitations, the energy of a brane configura-
tion equals its volume. The problem of identifying minimal energy configurations is equivalent to
that of minimising the volumes of p-dimensional submanifolds embedded in an n-dimensional am-
bient space. The latter is a purely geometrical question that can, in principle, be mathematically
formulated independently of supersymmetry, kappa symmetry or brane theory. This is what the
notion of calibration achieves. In this subsection, I review the close relation between this mathe-
matical topic and a subset of supersymmetric brane configurations [235, 228, 2]. I start with static
brane solitons in R", for which the connection is more manifest, leaving their generalisations to
the appropriate literature quoted below.

Consider the space of oriented p dimensional subspaces of R”, i.e., the Grassmannian G(p, R™).

For any £ € G(p,R"™), one can always find an orthonormal basis {e1,...,e,} in R"™ such that
{e1,...,e,} is a basis in § so that its co-volume is
E=e1N...Nep. (234)

A p-form ¢ on an open subset U of R” is a calibration of degree p if
(i) dp =0

(ii) for every point x € U, the form ¢, satisfies ¢, (§) <1 for all £ € G(p,R") and such that the
contact set

=

Glp) ={€ € G(p,R") : () = 1} (235)

is not empty.
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One of the applications of calibrations is to provide a bound for the volume of p-dimensional
submanifolds of R". Indeed, the fundamental theorem of calibrations [289] states

Theorem: Let ¢ be a calibration of degree p on R". The p-dimensional submanifold N, for
which
p(N) =1, (236)

is volume minimising. One refers to such minimal submanifolds as calibrated submanifolds, or as
calibrations for short, of degree p.

The proof of this statement is fairly elementary. Choose an open subset U of N with boundary
OU and assume the existence of a second open subset V' in another subspace W of R" with the
same boundary, i.e., OU = V. By Stokes’ theorem,

wi@) = [ o= [ o= [e < [ m =vaw). (237)

where py = ai A ...a, is the volume form constructed out of the dual basis {as,...,a,} to
{617"'aen}'

Two remarks can motivate why these considerations should have a relation to brane solitons
and supersymmetry:

1. For static brane configurations with no gauge field excitations and in the absence of WZ cou-
plings, the energy of the brane soliton equals the volume of the brane submanifold embedded
in R™. Thus, bounds on the volume correspond to brane energy bounds, which are related to
supersymmetry saturation, as previously reviewed. Indeed, the dynamical field X*(c) does
mathematically describe the map from the world volume R? into R™. The above bound can

then be re-expressed as
/dpa«/detg,“, > /X*gp, (238)

where X*¢ stands for the pullback of the p-form .

2. There exists an explicit spinor construction of calibrations emphasising the connection be-
tween calibrated submanifolds, supersymmetry and kappa symmetry.

Let me review this spinor construction [159, 287]. For p = 1,2 mod 4, the p-form calibration
takes the form ‘ .
e=dX" A...NdX"P To;,. €, (239)

where the set X? (i = 1,...,n) stands for the transverse scalars to the brane parameterising R",
€ is a constant real spinor normalised so that €”e = 1 and I, ..i, are antisymmetrised products of
Clifford matrices in R". Notice that, given a tangent p-plane &, one can write ¢|¢ as

ole = VTG " Tee, (240)
where the matrix )
Te = T ghrtr g, X089, XTo i (241)

is evaluated at the point to which £ is tangent. Given the restriction on the values of p,
ri=1. (242)

It follows that ¢|¢ < vole for all £. Since ¢ is also closed, one concludes it is a calibration. Its
contact set is the set of p-planes for which this inequality is saturated. Using Eq. (240), the latter
is equally characterised by the set of p-planes £ for which

Fee=e. (243)
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Because of Eq. (242) and the fact that tr ' = 0, the solution space to this equation is always half
the dimension of the spinor space spanned by e for any given tangent p-plane £. However, this
solution space generally varies as £ varies over the contact set, so that the solution space of the set
is generally smaller.

So far the discussion involved no explicit supersymmetry. Notice, however, that the matrix I'¢
in Eq. (241) matches the kappa symmetry matrix I';; for branes in the static gauge with no gauge
field excitations propagating in Minkowski. This observation allows us to identify the saturation of
the calibration bound with the supersymmetry preserving condition (215) derived from the gauge
fixing analysis of kappa symmetry.

Let me close the logic followed in Section 4 by pointing out a very close relation between the
supersymmetry algebra and kappa symmetry that all my previous considerations suggest. Consider
a single infinite flat M5-brane propagating in d = 11 Minkowski and fix the extra gauge symmetry
of the PST formalism by a(c*) =t (temporal gauge). The kappa symmetry matrix (158) reduces

to
1 1 . 1 o
= —[Foritl + iror‘”Hij — aFOFi17.._7i56“"'25] , (244)

det(d;5 + flz'j)

where all {7, j} indices stand for world space M5 indices. Notice that the structure of this matrix
is equivalent to the one appearing in Eq. (217) for T’ by identifying

Yyt = —en 5,Hij:Zij7

. 1 ... ..
Pl = gewlmw ZivinZisis, P°=1/det(8;; + Zij) . (245)

Even though, this was only argued for the M5-brane and in a very particular background, it does
provide some preliminary evidence for the existence of such connection. In fact, a stronger argument
can be provided by developing a phase space formulation of the kappa symmetry transformations
that allows one to write the supersymmetry anticommutator as [278]

1 _ .
{Q,Q} = Fo/dpa T“Pa +1] , with = ol M 0oy XM 00, X'y, - (246)

This result has not been established in full generality but it agrees with the flat space case [165]
and those non-flat cases that have been analysed [438, 437]. T refer the reader to [278] where
they connect the functional form in the right-hand side of Eq. (246) with the kappa symmetry
transformations for fermions in its Hamiltonian form.

The connection between calibrations, supersymmetry and kappa symmetry goes beyond the
arguments given above. The original mathematical notion of calibration was extended in [277,
278] relaxing its first condition dp # 0. Physically, this allowed one to include the presence of
non-trivial potential energies due to background fluxes coming from the WZ couplings. Some of
the applications derived from this notion include [231, 229, 230, 373, 139]. Later, the notion of
generalised calibration was introduced in [344], where it was shown to agree with the notion of
calibration defined in generalised Calabi—Yau manifolds [267] following the seminal work in [298].
This general notion allows one to include the effect of non-trivial magnetic field excitations on the
calibrated submanifold, but still assumes the background and the calibration to be static. Some
applications of these notions in the physics literature can be found in [344, 377, 413]. More recently,
this formalism was generalised to include electric field excitations [376], establishing a precise
correspondence between generic supersymmetric brane configurations and generalised geometry.

Summary: A necessary condition for a bosonic brane configuration to preserve supersymmetry
is to solve the kappa symmetry preserving condition (215). In general, this is not sufficient for being
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an on-shell configuration, though it can be, if there are no gauge field excitations. Solutions to
Eq. (215) typically impose a set of constraints on the field configuration, which can be interpreted
as BPS equations by computing the Hamiltonian of the configuration, and a set of projection
conditions on the constant parts €., of the background Killing spinors €. The energy bounds
saturated when the BPS equations hold are a field theory realisation of the algebraic bounds
derived from the supersymmetry algebra. An attempt to summarise the essence of these relations
is illustrated in Figure 6.
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5 World Volume Solitons: Applications

There are two natural sets of applications involving brane effective actions: kinematical and dynam-
ical. In this section, I will discuss the application of the general formalism developed in Section 4
to study the existence of certain string theory BPS states realised as world volume supersymmetric
bosonic solitons, leaving more AdS/CFT dynamically-oriented applications to Section 6.

The main goals in this section include:

1. In a Minkowski background, the identification of the vacuum of all the p + 1 dimensional
supersymmetric field theories discussed before as half-BPS flat infinite branes, and the dis-
cussions of some of their excitations carrying topological charges, which are interpretable as
brane intersections or branes within branes.

2. Supertubes, as examples of supersymmetric bound states realised as expanded branes without
carrying charge under the gauge potential, which the world volume brane minimally couples
to.

3. As examples of solitons in curved backgrounds, I will discuss the baryon vertex and giant
gravitons in AdSs x S°.

4. T will stress the relevance of supertubes and giant gravitons as constituents of small supersym-
metric black holes, their connection to fuzzball ideas and the general use of probe techniques
to identify black hole constituents in more general situations.

5.1 Vacuum infinite branes

There exist half-BPS branes in 10- and 11-dimensional Minkowski spacetime. Since their effective
actions were discussed in Section 3, we can check their existence and the amount of supersym-
metry they preserve, by solving the brane classical equations of motion and the kappa symmetry
preserving condition (215).

First, one works with the bosonic truncation 8 = 0. The background, in Cartesian coordinates,
involves the metric

ds? = Dmndxdz™ | m,n=0,1,...D—1 (247)

and all remaining bosonic fields vanish, except for the dilaton, in type IIA/B, which is constant.
This supergravity configuration is maximally supersymmetric, i.e., it has Killing spinors spanning a
vector space, which is 32-dimensional. In Cartesian coordinates, these are constant spinors € = €.

Half-BPS branes should correspond to vacuum configurations in these field theories describing
infinite branes breaking the isometry group ISO(1,D — 1) to ISO(1,p) x SO(D —p — 1) and
preserving half of the supersymmetries. Geometrically, these configurations are specified by the
brane location. This is equivalent to first splitting the scalar fields X™ (o) into longitudinal X*
and transverse X’ directions, setting the latter to constant values X = ¢! (the transverse brane
location). Second, one identifies the world volume directions with the longitudinal directions,
XH = gt The latter can also be viewed as fixing the world volume diffeomorphisms to the static
gauge. This information can be encoded as an array

p-brane: 12 ..p____ (248)

It is easy to check that the above is an on-shell configuration given the structure of the Euler—
Lagrange equations and the absence of non-trivial couplings except for the induced world volume
metric G,,,,, which equals 7, in this case.
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To analyse the supersymmetry preserved, one must solve Eq. (215). Notice that in the static
gauge and in the absence of any further excitations, the induced gamma matrices equal

Yo =02 Egla =Tp = Yug..ppy = i (249)

where I already used E¢ = 62,. Thus, I'; reduces to a constant Clifford valued matrix standing for
the volume of the brane, I'yo1, up to the chirality of the background spinors, which is parameterised
by the matrix 7

Iy =Tyar. (250)

The specific matrices for the branes discussed in this review are summarised in Table 6. Since
I'2 = 1 and Tr T, = 0, only half of the vector space spanned by e,, preserves these bosonic
configurations, i.e., all infinite branes preserve half of the supersymmetries. These projectors
match the ones derived from bosonic supergravity backgrounds carrying the same charges as these
infinite branes.

Table 6: Half-BPS branes and the supersymmetries they preserve.

BPS state Projector
M2-brane Toioe =€
M5-brane Tg12345€ = €

ITA D,,,-brane I’o,,,ganHe =€
IIB Dj,_1-brane To. . on—173 iT2e =€

All these configurations have an energy density equaling the brane tension T since the Hamil-
tonian constraint is always solved by

E? =T? detG = T?. (251)

From the spacetime superalgebra perspective, these configurations saturate a bound between the
energy and the p-form bosonic charge carried by the volume form defined by the brane

&= Z,ul...,up = TG,ul...,up- (252)

The saturation corresponds to the fact that any excitation above the infinite brane configuration
would increase the energy. From the world-volume perspective, the solution is a vacuum, and
consequently, it is annihilated by all sixteen world-volume supercharges. These are precisely the
ones solving the kappa symmetry preserving condition (215).

5.2 Intersecting M2-branes

As a first example of an excited configuration, consider the intersection of two M2-branes in a
point corresponding to the array

(253)

In the probe approximation, the M2-brane effective action describes the first M2-brane by fixing

the static gauge and the second M2-brane as an excitation above this vacuum by turning on two
scalar fields (X3, X*) according to the ansatz

Xt =0t |, X'=¢

X3 =y(e®) , X*o%) = 2(c%), (254)
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where a runs over the spatial world volume directions and ¢ over the transverse directions not being
excited.

Supersymmetry analysis: Given the ansatz (254), the induced metric components equal Gop =
=1, Goa =0, Gap = dap + 0a X" Op X %0,s (with r, s = 3,4), whereas its determinant and the induced
gamma matrices reduce to

—detG =1+ |Vy]> + |Vz|* + (Vy x Vz)?, (255)
Yv=T¢ , Va=T0+9,XT,. (256)

Altogether, the kappa symmetry preserving condition (215) is
vV—detGe = (Folz + %0, y0y 2T 034 — sabaaxrrow) €. (257)

If the excitation given in Eq. (254) must describe the array in Eq. (253), the subspace of Killing
spinors € spanned by the solutions to Eq. (257) must be characterised by two projection conditions

Fo12€ = I'o3ae = ¢, (258)

one for each M2-brane in the array (253). Plugging these projections into Eq. (257)
(\/— detG — (1 + aabaayabz)) e = %9, X Topre, (259)

one obtains an identity involving two different Clifford-valued contributions: the left-hand side is
proportional to the identity matrix acting on the Killing spinor, while the right-hand side involves
some subset of antisymmetric products of gamma matrices. Since these Clifford valued matrices
are independent, each term must vanish independently. This is equivalent to two partial differential
equations

82y = —812’, 61:(/ = 822’ . (260)

Notice this is equivalent to the holomorphicity of the complex function U(c™) = y + iz in terms
of the complex world space coordinates o& = ¢! 4 io?, since Egs. (260) are equivalent to the
Cauchy-Riemann equations for U(c™).

When conditions (260) are used in the remaining left-hand side of Eq. (259), one recovers an
identity. Thus, the solution to Eq. (215) in this particular case involves the two supersymmetry
projections (258) and the BPS equations (260) satisfied by holomorphic functions U (o).

Hamiltonian analysis: Since this is the first non-trivial example of a supersymmetric soliton
discussed in this review, it is pedagogically constructive to rederive Eqgs. (260) from a purely
Hamiltonian point of view [225]. This will also convince the reader that holomorphicity is the only
requirement to be on-shell. To ease notation below, rewrite Eq. (260) as

Vy =+Vz, (261)

where standard vector calculus notation for R? is used, i.e., V = (01, 02) and *V = (02, —01).

Consider the phase space description for the M2-brane Lagrangian given in Eq. (227) in a
Minkowski background. The Lagrange multiplier fields s® impose the world space diffeomorphism
constraints. In the static gauge, these reduce to

P,=P;-9,X", (262)

where P; are the conjugate momenta to the eight world volume scalars X7 describing transverse
fluctuations. For static configurations carrying no momentum, i.e., P; = 0, the world space
momenta will also vanish, i.e., P, = 0.

Living Reviews in Relativity
http://www.livingreviews.org/lrr-2012-3


http://www.livingreviews.org/lrr-2012-3

Brane Effective Actions, Kappa-Symmetry and Applications 69

Solving the Hamiltonian constraint imposed by the Lagrange multiplier A for the energy density
& = Py, one obtains [225]

(E/Ta2)? =1+ |Vy|? + [Vz]2 + (Vy x Vz)2 = (1 — Vy x Vz)2 4 |Vy — «Vz|2. (263)

This already involves the computation of the induced world space metric determinant and its
rewriting in a suggestive way to derive the bound

E/Tva > 1+ |Vy x Vz|. (264)

The latter is saturated if and only if Eq. (261) is satisfied. This proves the BPS character of the
constraint derived from solving Eq. (215) in this particular case and justifies that any solution to
Eq. (261) is on-shell, since it extremises the energy and there are no further gauge field excitations.

Integrating over the world space of the M2 brane allows us to derive a bound on the charges
carried by this subset of configurations

E> Ey+|Z|. (265)

FEy stands for the energy of the infinite M2-brane vacuum, whereas Z is the topological charge
Z:TMQ/ dyAdz:Tsz/ dU A dU (266)
M2 2 a2

accounting for the second M2-brane in the system.

The bound (265) matches the spacetime supersymmetry algebra bound: the mass (E) of the
system is larger than the sum of the masses of the two M2-branes. Field theoretically, the first
M2-brane charge corresponds to the vacuum energy (Fy), while the second corresponds to the
topological charge (Z) describing the excitation. When the system is supersymmetric, the energy
saturates the bound E = Ej + |Z| and preserves 1/4 of the original supersymmetry. From the
world volume superalgebra perspective, the energy is always measured with respect to the vacuum.
Thus, the bound corresponds to the excitation energy E — Ey equalling |Z]|. This preserves 1/2 of
the world volume supersymmetry preserved by the vacuum, matching the spacetime 1/4 fraction.

For more examples of M2-brane solitons see [95] and for a related classification of D2-brane
supersymmetric soltions see [33].

5.3 Intersecting M2 and M5-branes

As a second example of BPS excitation, consider the 1/4 BPS configuration M5 1 M2(1) corre-
sponding to the brane array
Mb5: 12345 _____

M2 ___ _56____. (267)

The idea is to describe an infinite M5-brane by the static gauge and to turn on a transverse scalar
field X6 to account for the M2-brane excitation. However, X° is not enough to support an M2-
brane interpretation, since the latter is electrically charged under the 11-dimensional supergravity
three form As. Thus, the sought Mb5-brane soliton must source the Agsg components. From the
Wess—Zumino coupling

/ dVa A As, (268)

one learns that the magnetic (dV),;, components, where hatted indices stand for world space
directions different from o9, i.e., @ # 5, must also be excited.
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The full ansatz will assume delocalisation along the ¢® direction, so that the string-like excita-
tion in the X% direction can be viewed as a membrane:

Xt =0t |, Xi=(,
X%(o") = y(o®),
I (269)

Supersymmetry analysis: The M5-brane kappa symmetry matrix (158) in the temporal gauge
a = 7 reduces to

1

1 1 N
T, = € T0Ya, a5 — 5\/— det G TV H® — Toyat®| . (270)

= |=&l
— det(G + H) [5'
For the subset of configurations described by the ansatz (269), it follows

ta=0 , H® =9

H54 = fndltg ;I8 = L0203y, ooa . (271)
This reduces Eq. (270) to
1 . A ;
I = ———— [To12345 + 0ayL05y L0 "To12345 — LosTall” — 9ayIl*Tos, | - (272)
—det(G+ H)

To solve the kappa symmetry preserving condition (215), I impose two projection conditions

Foi2345€ = €,
F05y6 =€ (273)
on the constant Killing spinors €. The eight supercharges satisfying them match the ones preserved

by M5 L M2(1). Using Eq. (273) in Eq. (272), T'x keeps a non-trivial dependence on T'g5T;.
Requiring its coefficient to vanish gives rise to the BPS condition

Il = —day. (274)
Overall, the kappa symmetry preserving condition (215) reduces to the purely algebraic condition

—det(G+ H)e = (1 + 5&l;8dy85y> €. (275)

To check this holds, notice the only non-vanishing components of H Ly are Hsg

5 ®
Hy; = G556, ——— . 276
5a 55Y4b —detg ( )
This allows us to compute the determinant
—det(G + ﬁ) = det(gaé + FIMFI&}) = det(g&l;) (1 + gdi)ﬁ%ﬁa}) ) (277)

which becomes a perfect square once the BPS equation (274) is used

— det(G + H) = (1 + 5&58@y85y>2 . (278)
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This shows that Eq. (275) holds automatically. Thus, the solution to the kappa symmetry preserv-
ing condition (215) for the ansatz (269) on an Mb5-brane action is solved by the supersymmetry
projection conditions (273) and the BPS equation (274). Since the soliton involves a non-trivial
world volume gauge field, the Bianchi identity dH3 = 0 must still be imposed. This determines
the harmonic character for the excited transverse scalar in the four dimensional world space wy

%0y = 0. (279)
Hamiltonian analysis: The Hamiltonian analysis for this system was studied in [225] following

the M5-brane phase space formulation given in Eq. (230). For static configurations, the Hamilto-
nian constraint can be solved by the energy density £ as

&2 1, -~ -
—— =140y’ + S|HP + [H-0y* + |V (280)
T2, 2
where
~ -~ ~ 1
‘H‘Q _ HabHCd(sacabd , Hab _ égadeeHCda
|H - 0yl® = HOH Oy daydac,
V[P = VaVis®, (281)
and world space indices were denoted by latin indices 0® a = 1,...,5. It was noted in [225] that

by introducing a unit length world space 5-vector ¢, i.e., (*(®Sq, = 1, the energy density could be
written in the suggestive form

E _ a .y qabgy | L yed]
TTI\/I5 - ’C +H aby| +2 a[abe] + §§ac5bd7-[
+ (¢ 0uy)? + V2. (282)

The unit vector provides a covariant way of introducing a preferred direction in the 5-dimensional
world space. Choosing ¢> = 1 and ¢ = 0, to match the delocalisation direction in our bosonic
ansatz, one derives the inequality

& 1_.
— > 14 —11%0y. 283
Tvs — 6 Y (283)
The latter is saturated if and only if
Osy =0 Heoop =0 (284)
and
Hs = £ xdy (285)

where Hg is only defined on the 4-dimensional subspace wy, orthogonal to ¢, and x is its Hodge
dual. This confirms the BPS nature of Eq. (274). Since H3 is closed, y is harmonic in wy.

To regulate the divergent energy, one imposes periodic boundary conditions in the 5-direction
making the orbits of the vector field ¢ have finite length L. Then, the total energy satisfies

E>Ey+L-|Z|, (286)

where Z is the topological charge
z:/ Ha A dy. (287)
wy
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The tension of the soliton, i.e., energy per unit of length, equals T'= E — Ey/L. It is bounded by
Z. It only equals the latter for configurations satisfying Eq. (285). Singularities in the harmonic
function match the strings found in [301]. To check this interpretation, consider a solution with a
single isolated point singularity at the origin. Its energy can be rewritten as the small radius limit
of a surface integral over a 3-sphere surrounding the origin. Since y is constant on this integration
surface, one derives the string tension [225]

T = p lim y(8) where uw= Hs (288)
§—0 S3

is the string charge. Even though this tension diverges, it does so consistently, being the boundary
of a semi-infinite membrane.

5.4 Blons

Perhaps one of the most pedagogical examples of brane solitons are Blons. These were first
described in [128, 234] and correspond to on-shell supersymmetric D-brane configurations repre-
senting a fundamental string ending on the D-brane, i.e., the defining property of the D-brane
itself. They correspond to the array of branes

(289)

Working in the static gauge describes the vacuum infinite Dp-brane. The static soliton excites a
transverse scalar field (y = y(¢®)) and the electric field (Vy = Vp(0®)), while setting the magnetic
components of the gauge field (V) to zero

Xt =0ot | X'=c
X o) =y(o®) , Vo =Vo(o®). (290)

The gauge invariant character of the scalar ensures its physical observability as a deformation of
the flat world volume geometry described by the global static gauge, whereas the electric field can
be understood as associated to the end of the open string, which is seen as a charged particle from
the world volume perspective. A second way of arguing the necessity for such electric charge is
to remember that fundamental strings are electrically charged under the NS-NS two form. The
latter appears in the effective action through the gauge invariant form F. Thus, turning on Vj is
equivalent to turning such charge®?.

Supersymmetry analysis: Let me analyse the amount of supersymmetry preserved by config-
urations (290) in type ITA and type IIB, separately. In both cases, the matrix G,, + F,, equals

(-1 Fop 7 _ B
(291)
while the induced gamma matrices are decomposed as
Yo = Do, Yo =To+ 8ayrya (292)

33 There are many papers studying the dynamics of Blons, including [353, 31, 335] and [475], where the solution to
the Born—Infeld action reviewed here is proven to solve the equations of motion derived from higher-order corrections
to the effective action.
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where a stands for world space indices. Due to the electric ansatz for the gauge field, the kappa
symmetry matrix I',; has only two contributions. In particular, for type IIA (p = 2k)

1 p+1
Fngl + ( 2 )Fuom'Vugmung) . (293)

= 'Euo...up <'7uo..~up
\/7 det(gpu + fpy) (p + 1)

Summing over world volume time, one obtains

K

1 1
= —&
V= det(Gpu + Fiu) P!

Using the duality relation

aj...a p
tode (FO’Yal...aprg—i_l + §F0a17a24..aprg> : (294)

K

ghttdiidniing G = ()M (g 1 — k)l = det G T, (295)
one can write the first term on the right-hand side of Eq. (294) as
Lo I3t =T Oyl Lo Iy (296)
Using the same duality relation and proceeding in an analogous way, the second term equals
Foal“T'1. pTf + FoaOpyl', 74T T (297)
Inserting Egs. (296) and (297), the kappa symmetry preserving condition can be expressed as

V—det(G + Fe = [1+TToTy(Foa — 0ayToyTy) — T Foa@byToyTy] To. pT5 e (298)

Given the physical interpretation of the sought soliton, one imposes the following two supersym-
metry projection conditions

Lol le=e (299)
FoyTie =€ (300)
corresponding to having a type IIA Dp-brane along directions 1,...,p and a fundamental string

along the transverse direction y. Since both Clifford valued matrices commute, the dimensionality
of the subspace of solutions is eight, as corresponds to preserving v = 1/4 of the bulk supersymme-
try. Plugging these projections into Eq. (298), the kappa symmetry preserving condition reduces

to
V—=det(G + F)e = (1 + TToly(Foq — Gay) — T FoaOpy) €. (301)

It is clear that the BPS condition
Foo = Ouy, (302)

derived from requiring the coefficient of I'*T'¢I'y to vanish, solves Eq. (301). Indeed, the last term
in Eq. (301) vanishes due to antisymmetry, whereas the square root of the determinant equals one,
whenever Eq. (302) holds.

The analysis for type IIB Dp-branes (p = 2k + 1) works analogously by appropriately deal-
ing with the different bulk fermion chiralities, i.e., one should replace I‘g by 78 iry. Thus, the
supersymmetry projection conditions (299) and (300) are replaced by

Do pms *imse, = € (303)
Toyse =€, (304)
corresponding to having a type IIB Dp-brane along the directions 1, ..., p and a fundamental string

along the transverse direction y.
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Satisfying the BPS equation (302) does not guarantee the on-shell nature of the configuration.
Given the non-triviality of the gauge field, Gauss’ law 9, E* = 0 must be imposed, where E® is the
conjugate momentum to the electric field, which reduces to

oL
E* = o = 0 Fy, (305)
when Eq. (302) is satisfied. Thus, the transverse scalar y must be a harmonic function on the
p-dimensional D-brane world space

9,0y =0. (306)

Hamiltonian analysis: Using the phase space formulation of the D-brane Lagrangian in Egs. (223)
and (224), I will reproduce the BPS bound (302) and interpret the charges carried by Blons.
Working in static gauge, the world space diffeomorphism constraints are trivially solved for static
configurations, i.e., P; = 0, and in the absence of magnetic gauge field excitations, i.e., F, = 0.
The Hamiltonian constraint can be solved for the energy density [225]

2
E—Q = E“E’Gup, + det Gyp - (307)
T3,
Since det Gup = 1+ (9y)?, Eq. (307) is equivalent to [225]
52
= (1£ E®ay)” + (E ¥ 0y)*. (308)
P

There exists an energy bound

£y |E*D,
Tpp

(309)

being saturated if and only if

E, = +0.y. (310)
This is precisely the relation (302) derived from the solution to the kappa symmetry preserving
condition (215) (the sign is related to the sign of the fundamental string charge). Thus, the total
energy integrated over the D-brane world space w satisfies

E > Ey+|Zal, (311)
where Z,; is the charge
T = / E,y. (312)

To interpret this charge as the charge carried by a string, consider the most symmetric solution
to Eq. (306), for Dp-branes with p > 3, depending on the radial coordinate in world space r, i.e.,
2 a b
e = 0% 4,

a q
y(o®) = Wa (313)

where (2, stands for the volume of the unit p-sphere. This describes a charge g at the origin. Gauss’s
law allows us to express the energy as an integral over a (hyper)sphere of radius § surrounding the
charge. Since y = y(d) is constant over this (hyper)sphere, one has

= hm ‘y / ds - E
= ¢ lim y(0). (314)

Thus, the energy is infinite since y — oo as § — 0, but this divergence has its physical origin on
the infinite length of a string of finite and constant tension ¢ [128, 234]. See [164] for a discussion
of the D-string case, corresponding to string junctions.
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5.5 Dyons

Dyons are on-shell supersymmetric D3-brane configurations describing a (p, ¢) string bound state
ending on the brane. They are described by the array

D3:123______
F: ___4_____ (315)
Di:___4_____.

Since the discussion is analogous to the one for Blons, I shall be brief. The ansatz is as in Eq. (290)
but including some magnetic components for the gauge field. This is both because a (p, q) string
is seen as a dyonic particle on the brane and a D-string is electrically charged under the RR two
form. The latter can be induced from the Wess—Zumino coupling

/ CoAF. (316)

This shows that magnetic components in F couple to electric components in Cy. Altogether, the
dyonic ansatz is

Xt=gh | Xi=¢
X4o") =y(e") . Vo=Vo(o") , Va=Valo"). (317)

)

Supersymmetry analysis: In this case, the matrix elements G, 4+ F,, are

_ -1 Fop
gw—ﬁ-}—#u— (—FOa 5ab+aayaby+Fab>7
- det(g,uu + ]:;LU) = det(aab + aayaby - FOaFOb + Fab)v (318)

while the induced gamma matrices are exactly those of Eq. (292). Due to the electric and magnetic
components of the gauge field, the bosonic kappa matrix has a quadratic term in F,,

1 . .
Ly = MO (Yo T2+ 68 gy Vs s 1+ 3F gy Fluops 172) - (319)

41\ /—det(G + F)

To correctly capture the supersymmetries preserved by such a physical system, we impose the
projection conditions

Lo123im2€ = &, (320)

oy (cosams +sinam)e = ¢, (321)

on the constant Killing spinor €, describing a D3-brane and a (p, ¢)-string bound state, respectively.
Defining B = 1¢%°F,,. as the magnetic field and inserting Eqs. (320) and (321) into the resulting
kappa symmetry preserving condition, one obtains

v —det(G + Fle = [1 +TT0,y(cos ars + sinar) — I'To3Fo,
+T% Fy,py(cos ars + sinary) — [Ty B,
+B%0,y(cos ats + sinary) + B Fy,its] . (322)

This equation is trivially satisfied when the following BPS conditions hold

Foo = cos adyy, B® = sina 6*yy. (323)
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Hamiltonian analysis: Following [225], the Hamiltonian constraint can be solved and rewritten
as a sum of positive definite terms3*

E2 =1+ |Vy|* +|EP? +|Bl* + (E - Vy)? + (B - Vy)* + |E x B?
=(1+sina E-Vy+cosa B-Vy)?+|E —sina Vy|*> + | B — cosa Vy|?
+|cosa E-Vy —sina B-Vy|> + |E x BJ? (324)
where the last equality holds for any angle a. This allows one to derive the bound
2> (1+sina E-Vy+cosa B-Vy)2. (325)
Thus, the total energy satisfies

E > Ey+sinaZe + cos @ Zpag , (326)

with

Za=[ BNy Zueg— / By (327)
D3 D3

The bound (325) is extremised when
tan o = Ze1/Zmag, (328)

for which the final energy bound reduces to

E > Eg+ /24 + 22, (329)

Here E, corresponds to the energy of the vacuum configuration (infinite D3-brane). The bound (329)
is saturated when

E =sina Vy, B = cosaVy. (330)

These are precisely the conditions (323) derived from supersymmetry considerations, confirming
their BPS nature. Using the divergence free nature of both F and B, y must be harmonic, i.e.,

V2y =0. (331)

The interpretation of the isolated point singularities in this harmonic function as the endpoints of
(p, q) string carrying electric and magnetic charge is analogous to the Blon discussion.

In fact, all previous results can be understood in terms of the SL(2,Z) symmetry of type IIB
string theory. In particular, a (1,0) string, or fundamental string, is mapped into a (p, q) string
by an SO(2) transformation rotating the electric and magnetic fields. The latter is a non-local
transformation in terms of the gauge field V', but leaves the energy density (324) invariant

£ cosa —sina B
(B’“) - <sina cos o ) (Ba) ' (332)

Applying this transformation to the Blon solution, one reproduces Eq. (330).

34 For simplicity I am setting the D3-brane tension to one.
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5.6 Branes within branes

The existence of Wess—Zumino couplings of the form

/ Cor1 NFAF, / Cpr1 NF, (333)
Dp4a Dp+t2

suggests that on-shell non-trivial magnetic flux configurations can source the electric components
of the corresponding RR potentials. Thus, one may speculate with the existence of D(p + 4)-Dp
and D(p + 2)-Dp bound states realised as on-shell solutions in the higher dimensional D-brane
effective action. In this section, I will review the conditions the magnetic fluxes must satisfy to
describe such supersymmetric bound states.

The analysis below should be viewed as a further application of the techniques described previ-
ously, and not as a proper derivation for the existence of such bound states in string theory. The
latter can be a rather subtle quantum mechanical question, which typically involves non-abelian
phenomena [496, 185]. For general discussions on D-brane bound states, see [447, 424, 425], on
marginal D0-D0 bound states [445], on D0-D4 bound states [446, 486] while for D0-D6, see [470].
DO0-D6 bound states in the presence of B-fields, which can be supersymmetric [391], were consid-
ered in [501]. There exist more general analysis for the existence of supersymmetric D-branes with
non-trivial gauge fields in backgrounds with non-trivial NS-NS 2-forms in [372].

5.6.1 Dp-D(p +4) systems

These are bound states at threshold corresponding to the brane array

Dp+4):1.p...p+4__

Dp: 1.p___ _ __. (334)

Motivated by the Wess—Zumino coupling C A F A F, one considers the ansatz on the D(p+4)-brane
effective action

Xt=0ct, pu=0,...,p+4, X'=c, i=p+5,...,9,
Vo =Valo®), ab=p+1,...,p+4. (335)

Let me first discuss when such configurations preserve supersymmetry. Consider type IIA
(p = 2k), even though there is an analogous analysis for type IIB. T',; reduces to

1 1
 V/—det(nu + Fu) (2k +5)!

2k +5
+( 2 ) FM1N2FM3"'”’2’C+5F§

1 /2k+5 4
+§ ( 4 ) (2) Fm#zFH3H4F#5~--M21¢+5F§+1> ’ (336)

where I already used the static gauge and the absence of excited transverse scalars, so that v, = I',,.
For the same reason, det(n,, + Fj,) = det(dqp + Fop), involving a 4 x 4 determinant.

Given our experience with previous systems, it is convenient to impose the supersymmetry
projection conditions on the constant Killing spinors that are appropriate for the system at hand.
These are

L'y

gh1--H2k+5 (1’* F§€+1

H1---H2k+5

Lo pralitle=e¢ (337)
Lo i e=e (338)
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Notice that commutativity of both projectors is guaranteed due to the dimensionality of both
constituents, which is what selects the Dp-D(p + 4) nature of the bound state in the first place.
Inserting these into the kappa symmetry preserving condition, the latter reduces to

1 - 1
det(8ap + Fup)e = (1 + EF“bFab - QF‘leﬁFab> €, (339)

where Fb = %s“dech. Requiring the last term in Eq. (339) to vanish is equivalent to the self-

duality condition ~
Fob = pab, (340)

When the latter holds, Eq. (339) is trivially satisfied. Eq. (340) is the famous instanton equation
in four dimensions®°. The Hamiltonian analysis done in [225] again confirms its BPS nature.

5.6.2 Dp-D(p + 2) systems

These are non-threshold bound states corresponding to the brane array

Dip+2):1.pp+1lp+2____

Dp: 1.p _ o (341)

Motivated by the Wess—Zumino coupling C A F, one considers the ansatz on the D(p + 4)-brane
effective action

Xt=0ot, pu=0,...,p+2, X'=c, i=p+3,...,9,
Vo = Va(a?). (342)

Since there is a single non-trivial magnetic component, I will denote it by F,;, = F to ease the
notation. The DBI determinant reduces to

—det(Guy + Fu) = 1+ F?, (343)

whereas the kappa symmetry preserving condition in type ITA is

V14 F2e = (Fommrg + ro,,,pF{;HF) ¢ (344)
for p = 2k. This is solved by the supersymmetry projection
(cos OZFO.NP+2F§: + sin al"ompl"g“) €=k, (345)
for any «, for the magnetic flux satisfying
F =tana. (346)

To interpret the solution physically, assume the world space of the D(p+ 2)-brane is of the form
R? x T?2. This will quantise the magnetic flux threading the 2-torus according to

2 /
F—onk —s p— 27)ka’

347
T2 LiL, (347)

To derive this expression, I used the fact that the 2-torus has area L L, and I rescaled the magnetic
field according to I’ — 2wa/ I, since it is in the latter units that it appears in brane effective actions.

35 This equation has a huge history in mathematical physics. For a self-contained presentation on all the mathe-
matical developments regarding this equation, see [178]. For generalisations to higher dimensions, see [180, 179].
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Since the energy density satisfies £2 = T ]%(p +2)(1 + F?), flux quantisation allows us to write the
latter as
B2
2 _ 2 2

matching the non-threshold nature of the bound state
E =, /El%(p+2) + E,%Dp, (349)
where the last term stands for the energy of k Dp-branes.

5.6.3 F-Dp systems

These are non-threshold bound states corresponding to the brane array

Dp:1 /A
F:o o po (350)
Following previous considerations, one looks for bosonic configurations with the ansatz
Xt =0t |, Xi=(,
Fop = Fop(0%). (351)

Given the absence of transverse scalar excitations, vy, = I', and \/ —det(G+ F) = V1 — F2, where
Fy, = F. The kappa symmetry preserving condition reduces to

V1= F2 = (To. 0% — FTo,[yCo. %) € + (1 — FLo,I'y) To. plfe. (352)
This is solved by the supersymmetry projection condition
(cosal'y. pI'f +sinal'o,T'y) e =, (353)

whenever
F=—sina. (354)

To physically interpret the solution, compute its energy density
E2=E24F?, (355)

where I already used that Fp, = F' = EP. These configurations are T-dual to a system of DO-
branes moving on a compact space. In this T-dual picture, it is clear that the momentum along
the compact direction is quantised in units of 1/L. Thus, the electric flux along the T-dual circle
must also be quantised, leading to the condition

_ 1 n
T ol L

F (356)

where the world volume of the Dp-brane is assumed to be R? x S;. In this way, one can rewrite

the energy for the F-Dp system as
2 2 (M)?
E=\Ep, + T} (f) , (357)

which corresponds to the energy of a non-threshold bound state made of a Dp-brane and n funda-
mental strings (7).
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5.7 Supertubes

All reviewed solitonic configurations carry charge under the p+ 1-dimensional gauge potential they
minimally couple to. In this section, I want to consider an example where this is not the case.
This phenomena may occur when a collection of lower-dimensional branes finds it energetically
favourable to erpand into higher-dimensional ones. The stability of these is due to either an
external force, typically provided by non-trivial fluxes in the background, or presence of angular
momentum preventing the brane from collapse. A ITA superstring blown-up to a tubular D2-
brane [200], a collection of DO-branes turning into a fuzzy 2-sphere [395] or wrapping D-branes
with quantised non-trivial world volume gauge fields in AdS,, x S™ [419] are examples of the first
kind, whereas giant gravitons [386], to be reviewed in Section 5.9, are examples of the second.

Supertubes are tubular D2-branes of arbitrary cross-section in a Minkowski vacuum spacetime
supported against collapse by the angular momentum generated by a non-trivial Poynting vector
on the D2-brane world volume due to non-trivial electric and magnetic Born—Infeld (BI) fields.
They were discovered in [381] and its arbitrary cross-section reported in [380], generalising some
particular non-circular cross-sections discussed in [30, 32]. Their stability is definitely not due
to an external force, since these states exist in Minkowski spacetime. Furthermore, supertubes
can be supersymmetric, preserving 1/4 of the vacuum supersymmetry. At first, the presence of
non-trivial angular momentum may appear to be in conflict with supersymmetry, since the latter
requires a time-independent energy density. This point, and its connection with the expansion
of lower-dimensional branes, will become clearer once I have reviewed the construction of these
configurations.

Let me briefly review the arbitrary cross-section supertube from [380]. Consider a D2-brane
with world volume coordinates o# = {t, z,0} in the type IIA Minkowski vacuum

ds3y = —dT? + dZ* + dY - dY , (358)

where ¥ = {Y?} are Cartesian coordinates on R®. We are interested in describing a tubular D2-
brane of arbitrary cross-section extending along the Z direction. To do so, consider the set of
bosonic configurations

—

T=t, Z=z Y=o,
F=FEdtNdz+ B(o)dz Ado. (359)

The static gauge guarantees the tubular nature of the configuration, whereas the arbitrary embed-
ding functions Y = y(o) describe its cross-section. Notice the Poynting vector will not vanish, due
to the choice of electric and magnetic components, i.e., the world volume electromagnetic field will
indeed carry angular momentum.

To study the preservation of supersymmetry, one solves Eq. (215). Given the ansatz (359) and
the flat background (358), this condition reduces to [380]

YT Ty (TpsTy + E) e+ (B Il — /(1 - EDGE + B2> e=0, (360)

where the prime denotes differentiation with respect to o. For generic curves, that is, without
imposing extra constraints on the embedding functions Y = ¢(o), supersymmetry requires both
to set |E| = 1 and to impose the projection conditions

Irzlye = —sgn(E)e, I'rI'ye=sgn(B)e (361)

on the constant background Killing spinors e. These conditions have solutions, preserving 1/4
of the vacuum supersymmetry, if B(o) is a constant-sign, but otherwise completely arbitrary,

Living Reviews in Relativity
http://www.livingreviews.org/lrr-2012-3


http://www.livingreviews.org/lrr-2012-3

Brane Effective Actions, Kappa-Symmetry and Applications 81

function of o. Notice the two projections 361 correspond to string charge along the Z-direction
and to DO-brane charge, respectively.

In order to improve our understanding on the arbitrariness of the cross-section, it is instructive
to compute the charges carried by supertubes and its energy momentum tensor, to confirm the
absence of any pull (tension) along the different spacelike directions where the tube is embedded
in 10 dimensions. First, the conjugate momentum P; and the conjugate variable to the electric
field, II, are

oL BEY,
P=—22= < = sgn(T1B) y;, (362)
ove ~ I-ENgP T B
9Lpy Elg']? 5'?
II(o) = = =sgn(k , 363
=8 e (365)
where in the last step the supersymmetry condition |E| = 1 was imposed. Notice supertubes
satisfy the identity .
|P|? = [IB|. (364)

Second, the fundamental string gr; and DO-brane gpo charges are

QFlz/dcrH, qD():/daB. (365)

Finally, the supertube energy-momentum tensor [380]

Tmn(.r) . 2 0Spa
/= detg 6gmn(z)

with X™ = {T, Z, Y}, has only non-zero components

= —\/=det( G+ F) [(G+F)" 9, xm0,X", (366)

Imn="mn

T = +|B|, T??=-{|, T" =sgn(llB)y;. (367)
Some comments are in order:

1. As expected, the linear momentum density (362) carried by the tube is responsible for the
off-diagonal components 7 *.

2. The absence of non-trivial components 7% confirms the absence of tension along the cross-
section, providing a more technical explanation of why an arbitrary shape is stable.

3. The tube tension —7%4% = |II| in the Z-direction is only due to the string density, since
DO-branes behave like dust.

4. The expanded D2-brane does not contribute to the tension in any direction.

Integrating the energy momentum tensor along the cross-section, one obtains the net energy of the
supertube per unit length in the Z-direction

&= /da'frT = |qr1| + |apol , (368)

matching the expected energy bound from supersymmetry considerations.

Let me make sure the notion of supersymmetry is properly tied with the expansion mechanism.
Supertubes involve a uniform electric field along the tube and some magnetic flux. Using the lan-
guage and intuition of previous Sections 5.6.2—5.6.3, the former can be interpreted as “dissolved”
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ITA superstrings and the latter as “dissolved” DO-branes, that have expanded into a tubular D2-
brane. Their charges are the ones appearing in the supersymmetry algebra allowing the energy
to be minimised. Notice the expanded D2-brane couples locally to the RR gauge potential Cy
under which the string and DO-brane constituents are neutral. This is precisely the point made
at the beginning of the section: supertubes do not carry D2-brane charge.?® When the number of
constituents is large, one may expect an effective description in terms of the higher-dimensional
D2-brane in which the original physical charges become fluxes of various types.

The energy bound (368) suggests supertubes are marginal bound states of DOs and fundamental
strings (Fs). This was further confirmed by studying the spectrum of BPS excitations around the
circular shape supertube by quantising the linearised perturbations of the DBI action [123, 29].
The quantisation of the space of configurations with fixed angular momentum J [123, 29] allowed
one to compute the entropy associated with states carrying these charges

S = 27‘(‘\/ 2(qD0qF1 — J) . (369)

This entropy reproduces the microscopic conjecture made in [364] where the Bekenstein—Hawking
entropy was computed using a stretched horizon. These considerations do support the idea that
supertubes are typical DO-F bound states.

Supergravity description and fuzzball considerations: The fact that world volume quanti-
sation reproduces the entropy of a macroscopic configuration and the presence of arbitrary profiles,
at the classical level, suggests that supersymmetric supertubes may provide a window to under-
stand the origin of gravitational entropy in a regime of parameters where gravity is reliable. This
is precisely one of the goals of the fuzzball programme [363, 361].%"

A first step towards this connection was provided by the supergravity realisation of supertubes
given in [205]. These are smooth configurations described in terms of harmonic functions whose
sources allow arbitrary profiles, thus matching the arbitrary cross-section feature in the world
volume description [380].

The notion of supertube is more general than the one described above. Different encarnations
of the same stabilising mechanism provide U-dual descriptions of the famous string theory D1-D5
system. To make this connection more apparent, consider supertubes with arbitrary cross-sections
in R* and with an S! tubular direction, allowing the remaining 4-spacelike directions to be a 4-
torus. These supertubes are U-dual to D1-D5 bound states with angular momentum J [361], or
to winding undulating strings [362] obtained from the original work [129, 158]. It was pointed out
in [361] that in the D1-D5 frame, the actual supertubes correspond to KK monopoles wrapping the
4-torus, the circle also shared by D1 and D5-branes and the arbitrary profile in R**®. Smoothness
of these solutions is then due to the KK monopole smoothness.

Since the U-dual D1-D5 description involves an AdSs x S3 near horizon, supertubes were
interpreted in the dual CFT: the maximal angular momentum configuration corresponding to the
circular profile is global AdS3, whereas non-circular profile configurations are chiral excitations
above this vacuum [361].

Interestingly, geometric quantisation of the classical moduli space of these D1-D5 smooth con-
figurations was carried in [435], using the covariant methods originally developed in [156, 503]. The
Hilbert space so obtained produced a degeneracy of states that was compatible with the entropy
of the extremal black hole in the limit of large charges, i.e., S = 2m+/2(¢pogr1). Further work on

36 Strictly speaking, if the supertube cross-section is open, they can carry D2-brane charge. The arguments given
above only apply to closed cross-sections. The reader is encouraged to read the precise original discussion in [380]
concerning this point and the bounds on angular momentum derived from it.

37 For a list of reviews on this subject, see [382, 383, 65, 459, 36, 454].

38 By arbitrary, it is meant a general curve that is not self-intersecting and whose tangent vector never vanishes.
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the quantisation of supergravity configurations in AdSs x S and its relation to chiral bosons can
be found in [183]. The conceptual framework described above corresponds to a particular case of
the one illustrated in Figure 7.

5.8 Baryon vertex

As a first example of a supersymmetric soliton in a non-trivial background, I will review the baryon
vertex [500, 265]. Technically, this will provide an example of how to deal with non-constant Killing
spinors. Conceptually, it is a nice use of the tools explained in this review having an interesting
AdS/CFT interpretation.

Let me first try to conceptually motivate the entire set-up. Consider a closed D5-brane sur-
rounding N D3-branes, i.e., such that the D3-branes thread the D5-brane. The Hanany—Witten
(HW) effect [282] allows us to argue that each of these N D3-branes will be connected to the
D5-brane by a fundamental type IIB string. Consequently, the lowest energy configuration should
not allow the D5-brane to contract to a single point, but should describe these N D3-branes with
N strings attached to them allowing one to connect the D3 and D5-branes. In the large N limit,
one can replace the D3-branes by their supergravity backreaction description. The latter has an
AdS5 x S° near horizon. One can think of the D5-brane as wrapping the 5-sphere and the N
strings emanating from it can be pictured as having their endpoints on the AdSs; boundary. This
is the original configuration interpreted in [500, 265] as a baryon-vertex of the N' = 4 d = 4
super-Yang-Mills (SYM) theory.

At a technical level and based on our previous discussions regarding Blons, one can describe
the baryon vertex as a single D5-brane carrying N units of world volume electric charge [315, 125]
to account for the N type IIB strings. If one assumes all the electric charge is concentrated at
one point, then one expects the minimum energy configuration to preserve the SO(5) rotational
invariance around it. Such configuration will be characterised by the radial position of the D5-brane
in AdSs as a function r(6) of the co-latitude angle 6 on S°. This is the configuration studied in [315,
125, 152]. Since it is, a priori, not obvious whether the requirement of minimal energy forces the
configuration to be SO(5) invariant, one can relax this condition and look for configurations where
the charge is distributed through different points. One can study whether these configurations
preserve supersymmetry and saturate some energy bound. This is the approach followed in [248],
where the term baryonic branes was coined for all these kinds of configurations, and the one I will
follow below.

Set-up: One is interested in solving the equations of motion of a single D5-brane in the back-
ground of N D3-branes carrying some units of electric charge to describe type IIB strings. The
background is described by a constant dilaton, a non-trivial metric and self-dual 5-form field
strength Rs [195]

ds?y = U™V2ds* (YD) + U2 [dr? + r2d02] (370)
Rs = 4R* [ws + *ws) (371)

where dQ2 is the SO(6)-invariant metric on the unit 5-sphere, ws is its volume 5-form and %ws its
Hodge dual. The function U is

Ly

. ) (L} =4mgN(a')?) . (372)

U:a+<

Notice a = 1 corresponds to the full D3-brane background solution, whereas a = 0 to its near-
horizon limit.
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Consider a probe D5-brane of unit tension wrapping the 5-sphere. Let £&# = (t,0%) be the world
volume coordinates, so that §% (i = 1,...,5) are coordinates for the worldspace 5-sphere. This will
be achieved by the static gauge

X=t, o' =¢. (373)

Since one is only interested in radial deformations of the world space carrying electric charge, one
considers the ansatz

. ) 1 . .
X'=X?=X%=0, r=r(0"), F= 5FM((%) dt A do". (374)

Even though the geometry will be curved, it can give some intuition to think of this system in
terms of the array

D3:123______ background
D5:___45678_ probe (375)
Fi:________ 9 soliton

viewing the 9-direction as the radial one.

Supersymmetry analysis: Given the electric nature of the world volume gauge field, the kappa
symmetry matrix reduces to

1 1 ’ .

I, = amfl VO e T 1D F i Vs e (72)] (376)

Given the ansatz (374) and the background (370), the induced world volume metric equals

-U~2 0
G = ( 377
H 0 Gij ( )
where

gij = U1/2 (7"29“- + 8ir6jr) s (378)

and g;; stands for the SO(6)-invariant metric on the unit 5-sphere. Taking into account the non-
trivial vielbeins, the induced gamma matrices equal

Yo =U"1*Ty, v =UY4 % + U4 0T, (379)

where the matrices 4; are defined as
¥i =e"Ta, (380)

in terms of the fiinfbein e;* in the 5-sphere. Thus, {%;,%;} = 2§;;-
To solve the kappa symmetry preserving condition (215), one requires the background Killing
spinors. These are of the form
e=U"F%y, (381)

where x is a covariantly constant spinor on E13) x E° subject to the projection condition
o123 i m2x = X, (382)

describing the D3-branes in the background. Importantly, x is not constant when using polar
coordinates in E®. Indeed, covariantly constant spinors on S™ were constructed explicitly in [359]
for a sphere parameterisation obtained by iteration of ds? = df? + sin®6,,ds?_,. The result can
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be written in terms of the n angles 6 = (6,6") and the antisymmetrised products of pairs of the
constant d = 10 Clifford matrices I'y, = (I'g,I';). For n = 5, defining I's = T'y, these equal

4 -
o _9
x =ez2lre H ez Lt ¢, (383)
j=1

where €, satisfies Eq. (382). Even though there are additional Killing spinors in the near-horizon
limit, the associated extra supersymmetries will be broken by the baryonic D5-brane probe con-
figuration I am about to construct, so these can be ignored.

Plugging the ansatz into the kappa matrix (376), the supersymmetry preserving condition (215)
reduces, after some algebra, to

U \/det [T2§ij + (')ir(?jr — FOiFOj] €=
[Ur5\/det Loy — Urdy/det g Fo;0;ry7 ., (i72)
+Ur4vdet§‘yi'y* (F07(ZO'2) + 81'TF07~T1)} € (384)

where 4% = g 45 and v, = I'4s67s.
Given the physical interpretation of the sought solitons, one imposes two supersymmetry pro-
jections on the constant Killing spinors €g:

Tovemi€0 = €0, (385)
For T3€0 — €0 - (386)

These are expected from the local preservation of 1/2 supersymmetry by the D5-brane and the IIB
string in the radial direction, respectively. These projections imply

o3¢ =[cos —sinfTg] e,
ToveTie =[cos —sinfT 9] e,
[iyeimoe = —I'i€,

L7 Topme=Tpe "

Yo Ly iTo e = —€. (387)

r6 €,

Using these relations, one can rewrite the right-hand side of Eq. (384) as
As | (rsin 9)' + T ((rcosB) — Fog) + T4 (057 cos 6 — Fyy)
+’A}/ij % (ai?"Foj — ajT“Fog) + ’A}/irg % (&rFog — T/Foi + ro;rsin 9) , (388)

where As = U r*/det g. The coefficients of T';g and I',.4* in Eq. (388) vanish when
FQZ‘ = 61 (’I“ COS 9) . (389)

Furthermore, the ones of 4% and 4Ty also do. I will eventually interpret Eq. (389) as the BPS
equation for a world volume Blon. One concludes that Eq. (384) is satisfied as a consequence of
Eq. (389) provided that

U \/det [’I“Qgij + ai’l"aﬂ“ — FOiFOj] = A5(’I“ sin 9)/ (390)

It can be checked that this is indeed the case whenever Eq. (389) holds.
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Hamiltonian analysis: Solving the Hamiltonian constraint # = 0 in Eq. (225) allows to write
the Hamiltonian density for static configurations as [248]

H2=U"3 [EEJ gi; + det g} : (391)
where E' is a covariantised electric field density related to Fy; by
(det g) Fo; = /—det(G+ F) E7 Gij- (392)

For the ansatz (374), this reduces to

det g

B = yl/4
V1 = U2 gmn Fom Fon

g Fo;. (303)
It was shown in [248] that one can rewrite the energy density (391) as
~ . 2 s .
H? =22+ [A5 (rcos@) — E'; (rsin 6’)} + |Asg"0;r — r B, (394)
where ||? indicates contraction with g;;, and
= A (rsin®) + E'9; (rcosh) . (395)
To achieve this, the 5-sphere metric was written as
ds* = df? + sin? 6 dQ2, (396)

where d)2 is the SO(5) invariant metric on the 4-sphere, which one takes to have coordinates 6°.
In this way, all primes above refer to derivatives with respect to 6 and §¥ are the §j components
of the inverse S® metric g¥.

Using the Gauss’ law constraint

OE" = —4R*\/det 7, (397)

which has a non-trivial source term due to the RR 5-form flux background, one can show that
Z5 = 0,2} where Z5 has components

. 5
28 = E%rcos@ + /det g sin @ <ar5 +7‘R4> ,
Zl = E'rcosf. (398)

From Eq. (394), and the divergent nature of Z5, one deduces the bound

H > |Z5]. (399)
The latter is saturated when
g
_ A, 200 (400)
- 3899 ;
EY — i/ ((r cos 6)’ — 96@”““”) . (401)
(rsin ) T

Combining Eqs. (400) and (401) with the Gauss law (397) yields the equation

i Oy Ac= P sin 6
X gt 2 =2 ! 59 900 — _4R4 a
0; (A5g " ) + 0y [(r S0y ((r cos @) — g 0;ro;r . )] 4R*\/det g. (402)
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Any solution to this equation gives rise to a 1/4 supersymmetric baryonic brane.

For a discussion of the first-order equations (400) and (401) for a = 1, see [126, 133]. Here, I will
focus on the near horizon geometry corresponding to a=0. The Hamiltonian density bound (399)
allows us to establish an analogous one for the total energy E

EZ/d50'|Z5| > ‘/d50'25

While the first inequality is saturated under the same conditions as above, the second requires Zs to
not change sign within the integration region. For this configuration to describe a baryonic brane,
one must identify this region with a 5-sphere having some number of singular points removed.
Assuming the second inequality is saturated when the first one is, the total energy equals

. (403)

E =1l G.Z 404
613%; Bkds , (404)

where By is a 4-ball of radius § having the k’th singular point as its center. This expression
suggests that one interpret the k’th term in the sum as the energy of the IIB string(s) attached
to the k’th singular point. No explicit solutions to Eq. (402) with these boundary conditions are
known though.

Consider SO(5) invariant configurations (for a discussion of less symmetric configurations,

see [248]). In this case E* =0,
E? = \/det g E(6), (405)
and 7 = r(#). The BPS condition (401) reduces to [315, 125, 152]

o Asinf + E cosf

T Acosf— E sing’ (406)
where A = R* sin? §, while the Gauss’ law (397) equals
E' = —4R* sin* 6. (407)
Tts solution was first found in [125]
E:%R‘l[3(V7r—9)+3sin9cos€+2sin390059], (408)

where v is an integration constant restricted to lie in the interval [0, 1].
Given this explicit solution, let me analyse whether the second inequality in Eq. (403) is satu-
rated when the first one is, as I assumed before. Notice

B 2 . 2
(Acos@—Esin@) +<Asin9+Ecos@)
Zs =+/detg® Z(0) with Z(0)=r

(A cosf — Esin (9) ’ (409)

where I used Eq. (406). The sign of Z is determined by the sign of the denominator. Thus, it will
not change if it has no singularities within the region 8 € [0, 7] (except, possibly, at the endpoints
6 =0,7). Since

Acosf — Esinf = g R'sinf0n(h) with n(f) =60 — vrw —sinf cosb, (410)
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one concludes that the denominator for Z vanishes at the endpoints 6§ = 0,7 but is otherwise
positive provided 7(6) is. This condition is only satisfied for ¥ = 0, in which case Eq. (408)
becomes

-1
E= 534 [3 (sin 6 cos 6 — 0) + 2sin® f cos f | . (411)

Integrating the differential equation (406) for r(0) after substituting Eq. (411), one finds [125]
6 ° . 1
r=rol% (cosec8)(0 — sinfcos )3, (412)

where 7 is the value of r at § = 0. It was shown in [125] that this configuration corresponds to N
fundamental strings attached to the D5-brane at the point § = 7, where r(6) diverges.

Solutions to Eq. (406) for v # 0 were also obtained in [125]. The range of the angular variable
0 for which these solutions make physical sense is smaller than [0, 7] because the D5-brane does
not completely wrap the 5-sphere. Consequently, the D5 probe captures only part of the five form
flux. This suggests that one interpret these spike configurations as corresponding to a number of
strings less than N. In fact, it was argued in [109, 314] that baryonic multiquark states with k < N
quarks in N'=4 d = 4 SYM correspond to k strings connecting the D5-brane to r = oo while the
remaining N — k strings connect it to r = 0. Since the v # 0 D5-brane solutions do reach r = 0,
it is tempting to speculate on whether they correspond to these baryonic multi-quark states.

Related work: There exists similar work in the literature. Besides the study of non-SO(5)
invariant baryonic branes in AdSs; x S°, [248] also carried the analysis for baryonic branes in
M-theory. Similar BPS bounds were found for D4-branes in D4-brane backgrounds or more gener-
ically, for D-branes in a D-brane background [126, 133] and D3-branes in (p, ¢)5-branes [452, 357].
Baryon vertex configurations have also been studied in AdS; x T!! [19], AdS5 x YP4 [134] and
were extended to include the presence of magnetic flux [319]. For a more general analysis of
supersymmetric D-brane probes either in AdS or its pp-wave limit, see [458].

5.9 Giant gravitons and superstars

It was mentioned in Section 5.7 that angular momentum can stabilise an expanded brane carrying
the same quantum numbers as a lower dimensional brane. I will now review an example of such
phenomena, involving supersymmetric expanding branes in AdS, the so called giant gravitons [386].
In this case, a rotating pointlike graviton in AdS expands into a rotating brane due to the RR flux
supporting the AdS supergravity solution [395]. Its angular momentum prevents the collapse of
the expanding brane and it can actually make it supersymmetric [264, 290].

Consider type IIB string theory in AdSs x S°. It is well known that this theory has BPS
graviton excitations rotating on the sphere at the speed of light. In the dual N =4 d = 4 SYM
theory, these states correspond to single trace operators belonging to the chiral ring [18, 150, 68].
When their momentum becomes of order N, it is energetically favourable for these gravitons to
expand into rotating spherical D3-branes, i.e., giant gravitons. The N scaling is easy to argue for:
the conformal dimension must be proportional to the D3-brane tension times the volume of the
wrapped cycle, which is controlled by the AdS radius of curvature Ly, thus giving

A o Tp3L} = N. (413)

Similar considerations apply in different AdS,;; realisations of this phenomena [264, 368]. The
field theory interpretation of these states was given in [35] in terms of subdeterminant operators.
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Let us construct these configurations in AdSs x §°. The bosonic background has a constant
dilaton and non-trivial metric and RR 4-form potential given by

2 d 2 N
dsiy = — <1 + ;) dt* + ! : — + 72 dQ5 + L3 (d6® + cos® 0 d¢” + sin® 0 d3)
* 13

Cy = L} sin* 0dop A ws, (414)

where w3 stands for the volume form of the 3-sphere in S° and it is understood dCj is made self-
dual to satisfy the type IIB equations of motion®’. Giant gravitons consist of D3-branes wrapping
such 3-spheres and rotating in the ¢ direction to carry R-charge from the dual CFT perspective.
Thus, one considers the bosonic ansatz

oV = t, ol = wi,
0=46y, ¢=0o¢(r), r=0. (415)

The D3-brane Lagrangian density evaluated on this ansatz and integrating over the 3-sphere world
volume is [264]
N ; .
E:L— [—sin39\/1—Li00829¢2+L4sin49¢] . (416)
4
Since k = 0 is a Killing vector, the conjugate momentum Py is conserved

Lysin® 6 cos? 6 ¢

\/1 — L2 cos? § ¢

where the constant p was defined. Computing the Hamiltonian density,

Py=N +sin*d| = Np, (417)

. N
5=P¢¢—L’:—\/p2—|—tan29(p—sin20)2, (418)
Ly

allows us to identify the stable configurations by extremising Eq. (418). Focusing on finite size
configurations, one finds

sinfg = p — ¢'>:i — e-Ds (419)
Ly Ly
Notice the latter equality saturates the BPS bound, A = £L4 = Py, as expected from supersym-
metry considerations.

To check whether the above configuration indeed preserves some supersymmetry, one must
check whether there exists a subset of target space Killing spinors solving the kappa symmetry
preserving condition (215). The 32 Killing spinors for the maximally-supersymmetric AdS; x S°
background were computed in [359, 264]. They are of the form € = M e, where M is a non-trivial
Clifford valued matrix depending on the bulk point and €., is an arbitrary constant spinor. It was
shown in [264] that Eq. (215) reduces to

Ty — 1)éne = 0. (420)

Thus, giant gravitons preserve half of the spacetime supersymmetry. Furthermore, they preserve
the same supercharges as a pointlike graviton rotating in the ¢ direction.

39 T do not write this term explicitly here because it will not couple to our D3-brane probes.

Living Reviews in Relativity
http://www.livingreviews.org/lrr-2012-3


http://www.livingreviews.org/lrr-2012-3

90 Joan Simén

General supersymmetric giant graviton construction: There exist more general giant
gravitons charged under the full U(1)3 Cartan subalgebra of the full R-symmetry group SO(6). The
general construction of such supersymmetric probes was done in [392]. The main idea is to embed
the bulk 5-sphere into an auxiliary embedding C?® space with complex coordinates z; i = 1,2,3
and AdSs into C2. In the probe calculation, the Z; become dynamical scalar fields subject to the
defining quadric constraint ), |Z;|* = 1. To prove these configurations are supersymmetric one
can use the well known isomorphism between geometric Killing spinors on both the 5-sphere and
AdS5 and parallel spinors in C* and C"?, respectively. This is briefly reviewed in Appendix B.
The conclusion of such analysis is that any holomorphic function F(Zy,Z2, Z3) gives rise to a
supersymmetric giant graviton configuration [392] defined

211" + 22| + | Z5]* = 1,
Fe "tz et gy el z3) = 0, (421)

as the intersection of the 5-sphere with a holomorphic hypersurface properly evolved in world
volume time. The latter involves rotations in each of the C planes in C* at the speed of light
(in 1/L4 units), which is a consequence of supersymmetry and a generalisation of the condition
explicitly found in Eq. (419).

Geometric quantisation and BPS counting: The above construction is classical and applies
to backgrounds of the form AdSs x Ms. In [54], the classical moduli space of holomorphic functions
mentioned above was originally quantised and some of its BPS spectrum matched against the
spectrum of chiral operators in N’ =4 d = 4 SYM. Later, in [104, 369], the full partition function
was derived and seen to agree with that of N noninteracting bosons in a 3d harmonic potential.
Similar work and results were obtained for the moduli space of dual giant gravitons*® when Ms
is an Einstein—Sasaki manifold [374]. The BPS partition functions derived from these geometric
quantisation schemes agree with purely gauge theory considerations [69, 341] and with the more
algebraic approach to counting chiral operators followed in the plethystics program [67, 210].

Related work: There exists an extensive amount of work constructing world volume config-
urations describing giant gravitons in different backgrounds to the ones mentioned above. This
includes non-supersymmetric giant gravitons with NS-NS fields [131], M-theory giants with 3-form
potential field [132], giants in deformed backgrounds [422] or electric/magnetic field deformed gi-
ants in Melvin geometries [310]. For discussions on supersymmetric D3, fractional D5 and D7-brane
probes in AdSs; x L#P¢, see [135]. There is also interesting work on bound states of giant gravi-
tons [430] and on the effective field theory description of many such giants (a non-abelian world
volume description) with the inclusion of higher moment couplings responsible for their physical
properties [317, 318].

5.9.1 Giant gravitons as black-hole constituents

Individual giant gravitons carry conformal dimension of order N and according to the discussion
above, they exhaust the spectrum of chiral operators in the dual CFT, whereas R-charged AdS
black holes carry mass of order N2. The idea that supersymmetric R-charged AdS black holes
could be interpreted as distributions of giant gravitons was first discussed in [397], where these
bulk configurations were coined as superstars. The main idea behind this identification comes from
two observations:

40 Dual giant gravitons are spherical rotating D3-branes in which the 3-sphere wrapped by the brane is in AdSs.
See [264] for a proper construction of these configurations and some of its properties.
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1. The existence of naked singularities in these black holes located where giant gravitons sit in
AdS suggests the singularity is due to the presence of an external source.

2. Giant gravitons do not carry D3-brane charge, but they do locally couple to the RR 5-form
field strength giving rise to some D3-brane dipole charge. This means [397] that a small (five-
dimensional) surface enclosing a portion of the giant graviton sphere will carry a net five-form
flux proportional to the number of D3-branes enclosed. If this is correct, one should be able
to determine the local density of giant gravitons at the singularity by analysing the net RR
5-form flux obtained by considering a surface that is the boundary of a six-dimensional ball,
which only intersects the three-sphere of the giant graviton once, at a point very close to the
singularity.

To check this interpretation, let us review these supersymmetric R-charged AdSs black holes.
These are solutions to N' = 2 d = 5 gauged supergravity with U(1)® gauge symmetry [56, 57]
properly embedded into type IIB [157]. Their metric is

dsto = VA [=(HyHy Hg) ™" fdt* + (f~1dr® 4 r?d25)]
3
1
= Y Hi (LPdpf + pf [Lady + (H ' = 1)dt]?) (422)
VA &=

with the different scalar functions defined as

2
T qi

3 2 3
— i ; 2 _
A = H HyHs ; i with ; p=1. (423)

All these metrics have a naked singularity at the center of AdS that extends into the 5-sphere.
Depending on the number of charges turned on, the rate at which curvature invariants diverge
changes with the 5-sphere direction. Besides a constant dilaton, these BPS configurations also
have a non-trivial RR self-dual 5-form field strength R5s = dCy + *dCy with

4 3
Cy = —T—Adt/\w;), —L4Zqiu?([/4d¢i —dt) N ws, (424)
La i=1
with w3 being volume 3-form of the unit 3-sphere.

To test the microscopic interpretation for the superstar solutions, consider the single R-charged
configuration with g2 = g3 = 0. This should correspond to a collection of giant gravitons rotating
along ¢ with a certain distribution of sizes (specified by @1 = cosf;). To measure the density
of giant gravitons sitting near a certain 6;, one must integrate Rs over the appropriate surface.
Describing the 3-sphere in AdSs by

dQ3% = da? + sin? oy (da? + sin? agda?) (425)

one can enclose a point on the brane at 6; with a small five-sphere in the {r, 61, ¢1 «;} directions.
The relevant five-form component is

(R5)0,éraranas = 2¢1 L7 sin 0; cos 0 sin® oy sin g, (426)
and by integrating the latter over the smeared direction ¢; and the 3-sphere, one infers the density
of giants at a point 6; [397]

dny N q1 .
6, = m (R5)91¢1a1a2043d¢1d3a = Nf?; sin 26, . (427)
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If this is correct, the total number of giant gravitons carried by the superstar is

/2 dny a1
" /O % 8, 2 (428)

The matching is achieved by comparing the microscopic momentum carried by a single giant at
the location 61, Pmicro = N sin? 0, with the total mass of the superstar

N? q1
M=—==. 42
2 1] (429)
Indeed, by supersymmetry, the latter should equal the total momentum of the distribution
P¢ /2 dnl Pmicro N2 q1
M==-" = df; — = — = 430
Ly /0 Ldo, Ly 2 L3’ (430)

which establishes the physical correspondence. There exist extensions of these considerations when
more than a single R-charge is turned on, i.e., when ¢2, g3 # 0. See [397] for the specific details,
though the conclusion remains the same.

1/2 BPS superstar and smooth configurations: Just as supertubes have smooth super-
gravity descriptions [205] with U-dual interpretations in terms of chiral states in dual CFTs [361]
when some of the dimensions are compact, one may wonder whether a similar picture is available
for chiral operators in N'=4 d = 4 SYM corresponding to collections of giant gravitons. For 1/2
BPS states, the supergravity analysis was done in [355]. The classical moduli space of smooth
configurations was determined: it is characterised in terms of a single scalar function satisfying a
Laplace equation. When the latter satisfies certain boundary conditions on its boundary, the entire
supergravity solution is smooth. Interestingly, such boundary could be interpreted as the phase
space of a single fermion in a 1d harmonic oscillator potential, whereas the boundary conditions
correspond to exciting coherent states on it. This matches the gauge theory description in terms
of the eigenvalues of the adjoint matrices describing the gauge invariant operators in this 1/2 BPS
sector of the full theory [150, 68]. Moreover, geometric quantisation applied on the subspace of
these 1/2 BPS supergravity configurations also agreed with the picture of N free fermions in a
1d harmonic oscillator potential [251, 371]. The singular superstar was interpreted as a coarse-
grained description of the typical quantum state in that sector [37], providing a bridge between
quantum mechanics and classical geometry through the coarse-graining of quantum mechanical
information. In some philosophically vague sense, these supergravity considerations provide some
heuristic realisation of Wheeler’s ideas [492, 493, 39]. Some partial progress was also achieved for
similar M-theory configurations [355]. In this case, the quantum moduli space of BPS gauge theory
configurations was identified in [450] and some steps to identify the dictionary between these and
the supergravity geometries were described in [184]. Notice this set-up is also in agreement with
the general framework illustrated in Figure 7.

Less supersymmetric superstars: Given the robustness of the results concerning the partition
functions of 1/4 and 1/8 chiral BPS operators in N’ = 4 SYM and their description in terms of
BPS giant graviton excitations, it is natural to study whether there exist smooth supergravity
configurations preserving this amount of supersymmetry and the appropriate bosonic isometries to
be interpreted as these chiral states. The classical moduli space of these configurations was given
in [142], extending previous work [182, 181]. The equations describing these moduli spaces are far
more complicated than its 1/2 BPS sector cousin,
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e 1/4 BPS configurations depend on a 4d Ké&hler manifold with Kéhler potential satisfying a
non-linear Monge—Ampere equation [142],

e 1/8 BPS configuration depend on a 6d manifold, whose scalar curvature satisfies a non-linear
equation in the scalar curvature itself and the square of the Ricci tensor [338].

Some set of necessary conditions for the smoothness of these configurations was discussed in [142].
A more thorough analysis for the 1/4 BPS configurations was performed in [360], where it was
argued that a set of extra consistency conditions were required, the latter constraining the location
of the sources responsible for the solutions. Interestingly, these constraints were found to be in
perfect agreement with the result of a probe analysis. This reemphasises the usefulness of probe
techniques when analysing supergravity matters in certain BPS contexts.

5.10 Deconstructing black holes

Both supertubes and giant gravitons are examples of supersymmetric states realised as classical
solitons in brane effective actions and interpreted as the microscopic constituents of small black
holes. The bulk entropy is matched after geometric quantisation of their respective classical moduli
spaces. This framework, which is summarised in Figure 7, suggests the idea of deconstructing the
black hole into zero-entropy, minimally-charged bits, reinterpreting the initial black-hole entropy as
the ground-state degeneracy of the quantum mechanics on the moduli space of such deconstructions
(bits).

In this subsection, I briefly mention some work in this direction concerning large supersymmetric
AdSs x S° black holes, deconstructions of supersymmetric asymptotically-flat black holes in terms
of constituent excitations living at the horizon of these black holes and constituent models for
extremal static non-BPS black holes.

Large supersymmetric AdSs black holes: Large supersymmetric AdSs x S° black holes
require the addition of angular momentum in AdSs, besides the presence of R-charges, to achieve
a regular macroscopic horizon while preserving a generic 1/16 of the vacuum supersymmetries.
The first examples were reported in [280]. Subsequent work involving more general (non-)BPS
black holes can be found in [279, 143, 350].

Given the success in identifying the degrees of freedom for R-charged black holes, it is natural
to analyse whether the inclusion of angular momentum in AdSs can be accomplished by more
general (dual) giant graviton configurations carrying the same charges as the black hole. This task
was initiated in [339]. Even though their work was concerned with configurations preserving 1/8 of
the supersymmetry, the importance of a non-trivial Poynting vector on the D3-brane world volume
to generate angular momentum was already pointed out, extending the mechanism used already
for supertubes. In [340], the first extension of these results to 1/16 world volume configurations
was considered. The equations satisfied for the most general 1/16 dual giant D3-brane probe
in AdSs; x S° were described in [22], whereas explicit supersymmetric electromagnetic waves on
(dual) giants were constructed in [23]. Similar interesting work describing giant gravitons in the
pp-wave background with non-trivial electric fields was reported in [15].

All these configurations have interest on their own, given their supersymmetry and the con-
served charges they carry, but further evidence is required to interpret them as bulk black hole
constituents. This task was undertaken in [456]. Instead of working in the vacuum, these au-
thors studied the spectrum of classical supersymmetric (dual) giant gravitons in the near horizon
geometries of these black holes in [457], following similar reasonings for asymptotically-flat black
holes [174]. The partial quantisation of this classical moduli space [456] is potentially consistent
with the identification of dual giants as the constituents of these black holes, but this remains an
open question. In the same spirit, [22] quantised the moduli space of the wobbling dual giants, 1/8
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Figure 7: Relation between the quantisation of the classical moduli space of certain supersymmetric probe
configurations, their supergravity realisations and their possible interpretation as black hole constituents.
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BPS configurations with two angular momentum in AdSs and one in $° and agreement was found
with the gauge theory index calculations carried out in [341].

There have also been more purely field theoretical approaches to this problem. In [250], co-
homological methods were used to count operators preserving 1/16 of the supersymmetries in
N =4 d =4 SYM, whereas in [97] explicit operators were written down, based on Fermi surface
filling fermions models and working in the limit of large angular momentum in AdSs. These at-
tempted to identify the pure states responsible for the entropy of the black hole and their counting
agreed, up to order one coefficients, with the Hawking—Bekenstein classical entropy.

Large asymptotically-flat BPS black holes: There exists a large literature on the construc-
tion of supersymmetric configurations with the same asymptotics and charges as a given large BPS
black hole, but having the latter carried by different constituent charges located at different “cen-
ters”“!. The center locations are non-trivially determined by solving a set of constraint equations,
called the bubble equations. The latter is believed to ensure the global smoothness and lack of
horizon of the configuration. These constraints do reflect the intrinsic bound state nature of these
configurations. The identification of a subset of 1/2 BPS centers as the fundamental constituents
for large black holes was further developed in [38].

One of the new features in these deconstructions is that the charges carried by the different
constituents do not have to match the charges carried by the black hole, i.e., a constituent can
carry D6-brane charge even if the black hole does not, provided there exists a second centre with
anti-D6-brane charge, cancelling the latter.

This idea of deconstructing a given black hole in terms of maximally entropic configurations
of constituent objects’® was tested for the standard D0-D4 black hole in [174]. The black hole
was deconstructed in terms of D6 and D6 branes with world volume fluxes turned on, inducing
further D4-D2-D0 charges, and a large set of DO-branes. Working in a regime of charges where the
distance between centres scales to zero, i.e., the scaling solution, all DO-branes become equidistant
to the D6-branes, forming some sort of accretion disk and the geometry deep inside this ring of
DO-branes becomes that of global AdS3 x S2, when lifting the configuration to M-theory. Using
the microscopic picture developed in [219], where it was argued that the entropy of this black
hole came from the degeneracy of states due to non-abelian DO-branes that expand into D2-branes
due to the Myers’ effect [395], the authors in [174] manage to extend the near horizon wrapping
M2-branes found in [455] to M2-branes wrapping supersymmetric cycles of the full geometry. It
was then argued that the same counting done [219], based on the degeneracy of the lowest Landau
level quantum mechanics problem emerging from the effective magnetic field on the transverse
Calabi-Yau due to the coupling of the D2-D0 bound states to the background RR 4-form field
strength, would apply in this case.

The same kind of construction and logic was applied to black rings [206, 199] in [239]. Further
work on stable brane configurations in the near horizon on brane backgrounds can be found in [130].

Extremal non-BPS deconstructions: These ideas are also applicable to non-supersymmetric
systems, though one expects to have less control there. For the subset of static extremal non-BPS
black holes in the STU model [155, 194, 58], these methods turned out to be successful. The most
general static black-hole solution, including non-trivial moduli at infinity, was found in [237, 358].
It was pointed out in [237] that the mass of these black holes equals the sum of four mutually
local 1/2 BPS constituents for any value of the background moduli fields and in any U-duality

41 These configurations appeared in [64, 71], extending earlier seminal work [173, 53].

42 What is meant here by maximally entropic is that, given a large black hole, there may be more than one possible
deconstruction of the total charge in terms of constituents with different charge composition. By maximally entropic
I mean the choice of charge deconstruction whose moduli space of configurations carries the largest contribution to
the entropy of the system.
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frame. Using probe calculations, it was shown that such constituents do not feel any force in the
presence of these black holes [238]. This suggested that extra quanta could be added to the system
and located anywhere. This is consistent with the multi-center extremal non-BPS solutions found
in [218]: their centres are completely arbitrary but the charge vectors carried by each centre are
constrained to be the ones of the constituents identified in [238] (or their linear combinations).
This model identifies the same constituents as the ones used to account for the entropy of neutral
black holes in [204] and extends it to the presence of fluxes. No further dynamical understanding
of the open string degrees of freedom is available in terms of non-supersymmetric quiver gauge
theories.

As soon as angular momentum is added to the system, while keeping extremality, the location
of the deconstructed constituents gets constrained according to non-linear bubble equations that
ensure the global smoothness of the full supergravity solution [61, 62]. These are fairly recent
developments and one expects further progress to be achieved in this direction in the future.
For example, very recently, an analysis of stable, metastable and non-stable supertubes in smooth
geometries being candidates for the microstates of black holes and black rings was presented in [63].
This includes configurations that would also be valid for non-extremal black holes.

Living Reviews in Relativity
http://www.livingreviews.org/lrr-2012-3


http://www.livingreviews.org/lrr-2012-3

Brane Effective Actions, Kappa-Symmetry and Applications 97

6 Some AdS/CFT Related Applications

This section is devoted to more dynamical applications of brane effective actions. More specifically,
I will describe some well-established reinterpretations of certain brane probe calculations in the
context of the AdS/CFT correspondence [366, 269, 498, 13]. T will mainly focus on two aspects:

e The use of classical solitons solving the brane (string) equations of motion in particular
backgrounds and with specific boundary conditions, to holographically compute either the
expectation value of certain gauge invariant operators or the spectrum in sectors of certain
strongly coupled gauge theories.

e The use of D-brane effective actions to describe the dynamics of a small number of degrees
of freedom responsible either for deforming the original dual CFT to theories with less or
no supersymmetry, or for capturing the interaction of massless modes among themselves and
with other sectors of the system conveniently replaced by a supergravity background.

Covariance of brane effective actions allows one to couple them to any on-shell supergravity
background. In particular, one can probe either AdSs x S°, or black holes with these asymptotics,
with branes, and according to the AdS/CFT correspondence, one will be studying properties of
the strongly coupled holographic theory in the vacuum or at finite temperature and chemical
potentials, respectively. This set-up is illustrated in Figure 8. The same interpretation will hold
for non-relativistic versions of these backgrounds. Alternatively, and depending on the boundary
conditions imposed on these probes, they can deform the theory towards less symmetric and more
realistic physical systems.

Supergravity oree T AdS/CFT —— |Gauge Theory
AdS*M > (00]0)
BHs in AdS<M Tr (pO)
probes
IR IR

On-shell actions
Spectrum of fluctuations
Semiclassical quantisation 7

-w ]

Figure 8: General framework in which probe calculations in appropriate backgrounds with suitable
boundary conditions can be reinterpreted as strongly coupled observables and spectrum in non-abelian
gauge theories using the AdS/CFT correspondence.

Non-relativistic
regime
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In the following, I will review the calculation of Wilson loop expectation values, the use of
worldsheet string solitons to study the spectrum of states with large charges in N' =4 SYM and
the use of D-brane probes to either add flavour to the AdS/CFT correspondence or describe the
dynamics of massless excitations in non-relativistic (thermal) set-ups, which could be of relevance
for strongly-coupled condensed-matter physics.

6.1 Wilson loops

As a first example of the use of classical solutions to brane effective actions to compute the ex-
pectation values of gauge invariant operators at strong coupling, I will review the prescription put
forward in [367, 433] for Wilson loop operators in N' = 4 SYM.

Wilson loop operators [494] in SU(N) Yang-Mills theories are non-local gauge invariant oper-
ators

W(C) = %T&«Peifcﬂ (431)

depending on a closed loop in spacetime C and where the trace is over the fundamental representa-
tion of the gauge group. This operator allows one to extract the energy E(L) of a quark-antiquark
pair separated a distance L. Indeed, consider a rectangular closed loop in which the pair evolves
in Euclidean time T'. In the limit T — oo, the expectation value of this rectangular Wilson loop
equals

(W(C)) = A(L)e_TE(L) . (432)

To understand the prescription in [367, 433], one must first introduce massive quarks in the
theory. This is achieved by breaking the original gauge symmetry of the original N' = 4 SYM
according to

UN+1) = U(N) x U(1). (433)

The massive W-bosons generated by this process have a mass proportional to the norm of the
Higgs field expectation value responsible for the symmetry breaking (|®|) and transform in the
fundamental representation of the U(N) gauge symmetry, as required. Furthermore at energy
scales much lower than |®|, the U(N) theory decouples from the U(1) theory.

In this set-up, the massive W-boson interacts with the U(V) gauge fields, including the scalar
adjoint fields X! [367], leading to the insertion of the operator

1 % s o)t s o)V
W(C) = TrPe $o dslAu(@)o" 40" ()X (2)V57) (434)

—

The contour C is parameterised by o#(s) whereas the vector 8(s) maps each point on the loop to
a point on the five-sphere.
The proposal made in [367, 433] to compute the expectation value of Eq. (434) was

(W(C)) ~ e Sourins, (435)

This holds in the large gsN limit and Sgtring stands for the proper area of a fundamental string
describing the loop C at the boundary of AdSs and lying along 6! (s) on S°. Notice that a quantum
mechanical calculation at strong coupling reduces to determining a minimal worldsheet surface
in AdSs, i.e., solving the worldsheet equations of motion with appropriate boundary conditions,
and then solving for the worldsheet energy as a function of the separation L between the quark-
antiquark. After subtracting the regularised mass of the W-boson one obtains the quark-antiquark
potential energy

4r2(2g3,N)

PO

(436)
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which differs from the linear perturbative dependence on g2,,;N.

If one considers multiply-wrapped Wilson loops, the many coincident strings will suffer from
self-interactions. This may suggest that a more appropriate description of the system is in terms
of a D3-brane with non-trivial world volume electric flux accounting for the fundamental strings.
This is the approach followed in [189], where it was shown that for linear and circular loops the
D3-brane action agreed with the string worldsheet result at weak coupling, but captures all the
higher-genus corrections at leading order in o/.

6.2 Quark energy loss in a thermal medium

Having learnt how to describe a massive quark in A/ = 4 SYM in terms of a string, this opens up
the possibility of describing its energy loss as it propagates through a thermal medium. One can
think of this process

1. either from the bulk perspective, where the thermal medium gets replaced by a black hole
and energy flows down the string towards its horizon,

2. or from the gauge-theory perspective, where energy and momentum emanate from the quark
and eventually thermalise.

In this section, I will take the bulk point of view originally discussed in [297, 268], with a related
fluctuation analysis in [138]. The goal is to highlight the power of the techniques developed in
Sections 4 and 5 rather than being self-contained. For a more thorough discussion, the reader
should check the review on this particular topic [272].

The thermal medium is holographically described in terms of the AdSs-Schwarzschild black

hole,
L? dz?
2 m n __ 2 =2
ds® = gmpdx™dz"™ = = <h(z)dt + d¥ +h(z)> ) (437)

1
Tz "

where h(z) =1 — 2%4 determines the horizon size zy and the black-hole temperature T =
H

The latter coincides with the gauge-theory temperature [498]. Notice z = 0 is the location of the
conformal boundary and L is the radius of AdSs.

If one is interested in describing the dragging effect suffered by the quark due to the interactions
with the thermal medium, one considers a non-static quark, whose trajectory in the boundary
satisfies X1(t) = vt, assuming motion takes place only in the x! direction. One can parameterise
the bulk trajectory as

Xt 2) = vt + £(2), (438)

where £(z) satisfies £ — 0 as z — 0. To determine £(z), one must solve the classical equations of
motion of the bosonic worldsheet action (16) in the background (437). These reduce to a set of
conserved equations of the form

1
V=0, where ., = Gy~ G" Gn 0, X" (439)

is the worldsheet momentum current conjugate to the position X™. Plugging the ansatz (438) into
Eq. (439), one finds

d h — v?

¢ _me | hov (440)

dz h Z—4h — T
where 7¢ is an integration constant. A priori, there are several allowed possibilities compatible
with the reality of the trailing function £(z). These were analysed in [272] where it was concluded
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that the relevant physical solution is given by

L? v L? ZHY 1—y 14y
=——Vh(z) = ———— =—1 i log —— 441
e Z% (Z) /71_1]22%{ = 6 4i <Og1+zy+20gl—y)’ ( )

where y is a rescaled depth variable y = z/zg.
To compute the rate at which quark momentum is being transferred to the bath, one can simply

integrate the conserved current p*,, over a line-segment and given the stready-state nature of the
trailing string configuration, one infers [272]

dpm i
T = =g . (442)

This allows us to define the drag force as

4

dp1 L? v VA , L
— - with A = g2\ N = 5 (443)

)
Farag = dt — 2meha V11— 2 T N
For a much more detailed discussion on the physics of this system see [272, 137]. The latter also
includes a discussion of the same physical effect for a finite, but large, quark mass, and the possible
implications of these results and techniques for quantum chromodynamics (QCD).

More recently, it was argued in [212] that one can compute the energy loss by radiation of an
infinitely-massive half-BPS charged particle to all orders in 1/N using a similar construction to the
one mentioned at the end of Section 6.1. This involved the use of classical D5-brane and D3-brane
world volume reaching the AdSs; boundary to describe particles transforming in the antisymmetric
and symmetric representations of the gauge group, respectively.

6.3 Semiclassical correspondence

It is an extended idea in theoretical physics that states in quantum mechanics carrying large charges
can be well approximated by a classical or semiclassical description. This idea gets realised in the
AdS/CFT correspondence too. Consider the worldsheet sigma model description of a fundamen-
tal string in AdSs x S°. One expects its perturbative oscillations to be properly described by
supergravity, whereas solitons with large conformal dimension,

1
A~ 7 A= g¥uN = gsN (444)
and the spectrum of their semiclassical excitations may approximate the spectrum of highly excited
string states in A/ = 4 SYM. This is the approach followed in [270], where it was originally applied
to rotating folded strings carrying large bare spin charge.

To get an heuristic idea of the analytic power behind this technique, let me reproduce the
spectrum of large R-charge operators obtained in [70] using a worldsheet quantisation in the pp-
wave background by considering the bosonic part of the worldsheet action describing the AdSs x S5
sigma model [270]

S= % /dQU\/E((Van)Q +(VaK)2) + (445)

where n is a unit vector describing S°, K is a hyperbolic unit vector describing AdSs, the sigma

model coupling « is o = %43 and I have ignored all fermionic and RR couplings.

43 This overall coupling constant is derived from the string tension 1/27a’ and the overall L? ~ gsN o scale from
the AdSs x S5 background geometry.
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Consider a solution to the classical equations of motion describing a collapsed rotating closed
string at the equator

0=0, Y =wr, (446)
where 6 and 1) are the polar and azimuthal angles on S? in S°. Its classical worldsheet energy is
1 5 a4 w
= — = — h = — . 44
E Y 2J where J - (447)

Next, consider the harmonic fluctuations around this classical soliton. Focusing on the quadratic
0 oscillations,

1 1
ol = 3 [(V6)? + w® cos® ] ~ B {(Vﬂ)z —w?0* + wQ} , (448)

one recognises the standard harmonic oscillator. Using its spectrum, one derives the corrections

to the classical energy
5:%J2+2Nn\/n2+a2,]2, (449)

where NN,, is the excitation number of the n-th such oscillator. There is a similar contribution from
the AdS part of the action, obtained by the change a to —«. Both contributions must satisfy the
on-shell condition

§(S®) + 6(AdSs) =~ 0. (450)

This is how one reproduces the spectrum derived in [70]

s 2
A=J+ Y Nm/l—i-):]i. (451)

n=—oo

The method outlined above is far more general and it can be applied to study other operators.
For example, one can study the relation between conformal dimension and AdSs spin, as done
in [270], by analysing the behaviour of solitonic closed strings rotating in AdS. Using global AdSs,

dss = L* [— cosh? pdt? + dp? + sinh? p (d92 + sin? 0dp? + cos® Hdz/JQ)] , (452)

as the background where the bosonic string propagates and working in the gauge 7 = ¢ allows one
to identify the worldsheet energy with the conformal dimension in the dual CFT. Consider a closed
string at the equator of the 3-sphere while rotating in the azimuthal angle

¢ =wt. (453)

For configurations p = p(o), the Nambu-Goto bosonic action reduces to

L2 PO - )
Sstring = _4FO/ /dt/o dp cosh? p—(9)? sinh? 0, (454)

where py stands for the maximum radial coordinate and the factor of 4 arises because of the four
string segments stretching from 0 to pg determined by the condition

coth® pg = w?. (455)
The energy E and spin S of the string are conserved charges given by
L2 PO h2
E=4—""1[ dp —_ (456)
2ra’ Jo \/cosh p — w?sinh” p
2 PO : h2
S=4 el (457)

— dp .
2ra’ Jo \/ cosh? p — w2 sinh? p

Notice the dependence of E/v/X on S/v/X is in parametric form since L* = Aa/2. One can obtain
approximate expressions in the limits where the string is much shorter or longer than the radius
of curvature L of AdSs.
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Short strings: For large w, the maximal string stretching is pg &~ 1/w. Thus, strings are shorter
than the radius of curvature L. Calculations reduce to strings in flat space for which the parametric
dependence is [270]

2 2
L P = E2:L2£.

_ _ 4
ow’ 20/ w? "’ o (458)

Using the AdS/CFT correspondence, the conformal dimension equals the energy, i.e., A = E.
Furthermore, S < v/ for large w. Thus,

) 2AS-2)

AZx~m?L? where  m - (459)
@
for the leading closed string Regge trajectory, which reproduces the AdS/CFT result.
Long strings: The opposite regime takes place when w is close to one (from above)
1 1
w=142y, n<l1 — p0%§10g7,5>>\f>\, (460)
n

so that the string is sensitive to the AdS boundary metric. The string energy and spin become

2 (1 1

E=—_(Z4log=+... 461
2ma! <77+0g77jL ) (461)
2 /(1 1

— ~—log=+... 462
2ma! <77 OgnJr ) (462)

so that its difference approaches

VA S
E—S=""log— +... 463
- s (463)

This logarithmic asymptotics is qualitatively similar to the one appearing in perturbative gauge
theories. For a more thorough discussion on this point, see [270].

Applying semiclassical quantisation methods to these classical solitons [216], it was realised
that one can interpolate the results for £ — S to the weakly-coupled regime. It should be stressed
that these techniques allow one to explore the AdS/CFT correspondence in non-supersymmetric
sectors [217], appealing to the correspondence principle associated to large charges. It is also
worth mentioning that due to the seminal work on the integrability of planar N' = 4 SYM at
one loop [393, 60], much work has been devoted to using these semiclassical techniques in relation
to integrability properties [21]. Interested readers are encouraged to check the review [59] on
integrability and references therein.

6.4 Probes as deformations and gapless excitations in complex systems

The dynamical regime in which brane effective actions hold is particularly suitable to describe
physical systems made of several interacting subsystems in which one of them has a much smaller
number of degrees of freedom. Assume the larger subsystems allow an approximate description
in terms of a supergravity background. Then, focusing on the dynamics of this smaller subsector,
while keeping the dynamics of the larger subsystems frozen, corresponds to probing the supergravity
background with the effective action describing the smaller subsystem. This conceptual framework
is illustrated in Figure 9.
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Figure 9: Conceptual framework in which the probe approximation captures the dynamics of small
subsystems interacting with larger ones that have reliable gravity duals.

This set-up occurs when the brane degrees of freedom are responsible for either breaking the
symmetries of the larger system or describing an interesting isolated set of massless degrees of free-
dom whose interactions among themselves and with the background one is interested in studying.
In the following, I very briefly describe how the first approach was used to introduce flavour in the
AdS/CFT correspondence, and how the second one can be used to study physics reminiscent of
certain phenomena in condensed-matter systems.

Probing deformations of the AdS/CFT: Deforming the original AdS/CFT allows one to
come up with set-ups with less or no supersymmetry. Whenever there is a small number of degrees
of freedom responsible for the dynamics (typically D-branes), one may approximate the latter
by the effective actions described in this review. This provides a reliable and analytical tool for
describing the strongly-coupled behaviour of the deformed gauge theory.

As an example, consider the addition of flavour in the standard AdS/CFT. It was argued
in [333] that this could be achieved by adding k& D7-branes to a background of N D3-branes. The
D7-branes give rise to k fundamental hypermultiplets arising from the lightest modes of the 3-7
and 7-3 strings, in the brane array

D7: 1234567__. (464)

The mass of these dynamical quarks is given by m, = L/2ma’, where L is the distance between
the D3- and the D7-branes in the 89-plane. If g, N > 1 the D3-branes may be replaced (in the
appropriate decoupling limit) by an AdSs x S° geometry, as in the standard AdS/CFT argument,
whereas if, in addition, N > k then the back-reaction of the D7-branes on this geometry may be
neglected. Thus, one is left, in the gravity description, with ¥ D7-brane probes in AdSs x S°.
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In the particular case of k = 1, one can use the effective action described before. This specific
set-up was used in [348] to study the linearised fluctuation equations for the different excitations
on the D7-probe describing different scalar and vector excitations to get analytical expressions for
the spectrum of mesons in A/ = 2 SYM, at strong coupling.

This logic can be extended to non-supersymmetric scenarios®*. For example, using the string
theory realisation of four-dimensional QCD with N, colours and Ny <« N, flavours discussed
in [499]. The latter involves Ny D6-brane probes in the supergravity background dual to N,
D4-branes compactified on a circle with supersymmetry-breaking boundary conditions and in the
limit in which all the resulting Kaluza—Klein modes decouple. For Ny = 1 and for massless quarks,
spontaneous chiral symmetry breaking by a quark condensate was exhibited in [349] by working
on the D6-brane effective action in the near horizon geometry of the N, D4-branes.

Similar considerations apply at finite temperature by using appropriate black-hole backgrounds
[499] in the relevant probe action calculations. This allows one to study phase transitions associated
with the thermodynamic properties of the probe degrees of freedom as a function of the probe
location. This can be done in different theories, with flavour [379], and for different ensembles [343,
378].

The amount of literature in this topic is enormous. I refer the reader to the reviews on the use
of gauge-gravity duality to understand hot QCD and heavy ion collisions [137] and meson spec-
troscopy [207], and references therein. These explain the tools developed to apply the AdS/CFT
correspondence in these set-ups.

Condensed matter and strange metallic behaviour: There has been a lot of work in using
the AdS/CFT framework in condensed matter applications. The reader is encouraged to read some
of the excellent reviews on the subject [283, 296, 385, 284, 285], and references therein. My goal in
these paragraphs is to emphasise the use of IR probe branes to extract dynamical information about
certain observables in quantum field theories in a state of finite charge density at low temperatures.

Before describing the string theory set-ups, it is worth attempting to explain why any AdS/CFT
application may be able to capture any relevant physics for condensed matter systems. Consider
the standard Fermi liquid theory, describing, among others, the conduction of electrons in regular
metals. This theory is an example of an IR free fixed point, independent of the UV electron
interactions, describing the lowest energy fermionic excitations taking place at the Fermi surface
k = ky. Despite its success, there is experimental evidence for the existence of different “states
of matter”, which are not described by this effective field theory. This could be explained by
additional gapless bosonic excitations, perhaps arising as collective modes of the UV electrons.
For them to be massless, the system must either be tuned to a quantum critical point or there
must exist a kinematical constraint leading to a critical phase.

One interesting possibility involving this mechanism consists on the emergence of gauge fields
(“photons”) at the onset of such critical phases. For example, 2+ 1 Maxwell theory in the presence
of a Fermi surface (chemical potential )

ﬁz—iFQ—&-z/;F-((ia—&-A)—&-Fou)dz, (465)

is supposed to describe at energies below p, the interactions between gapless bosons (photons) with
the fermionic excitations of the Fermi surfaces. The one-loop correction to the classical photon
propagator at low energy w and momenta k is

D(w, k)™t =~

=i + [k|?. (466)

44 For an analysis of supersymmetric D5-branes in a supergravity background dual to A" = 1 SYM, see [408].
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Due to the presence of the chemical potential, this result manifestly breaks Lorentz invariance, but
there exists a non-trivial IR scaling symmetry (Lifshitz scale invariance)

t— A3t 2| = Az, (467)

with dynamical exponent z = 3, replacing the UV scaling {¢, ||} — A\{¢, |x|}. Since these systems
are believed to be strongly interacting, it is an extremely challenging theoretical task to provide a
proper explanation for them. It is this strongly-coupled character and the knowledge of the relevant
symmetris that suggest one search for similar behaviour in “holographic dual” descriptions.

The general set-up, based on the discussions appearing, among others, in [334, 398, 286], is as
follows. One considers a small set of charged degrees of freedom, provided by the probe “flavour”
brane, interacting among themselves and with a larger set of neutral quantum critical degrees of
freedom having Lifshitz scale invariance with dynamical critical exponent z. As in previous appli-
cations, the latter is replaced by a gravitational holographic dual with Lifshitz asymptotics [324]

dt?  dv®  dx? + dy?
v Hy) , (468)

dsip = L? <_ 027 + 2 + 02

where v will play the role of the holographic radial direction. Turning on non-trivial temperature
corresponds to considering black holes having the above asymptotics [162, 370, 102, 34]

PR _f(v)dt2 dv? da? + dy?
R 27 f(v)v? 02 ’

(469)

where the function f(v) depends on the specific solution and characterises the thermal nature of
the system.

In practice, one embeds the probe “flavour” brane in the spacetime holographic dual, which may
include some non-trivial cycle wrapping in internal dimensions when embedded in string theory,
and turns on some non-trivial electric (®(v)) and magnetic fluxes (B) on the brane

V = ®(v)dt + Bady . (470)

At low energies and in a quantum critical system, the only available scales are external, i.e.,
given by temperature T', electric and magnetic fields { E, B} and the density of charge carriers J*.
Solving the classical equations of motion for the world volume gauge field, allows one to integrate
®(v), whose constant behaviour at infinity, i.e., at v — 0 in the above coordinate system, defines
the chemical potential p of the system. Working in an ensemble of fixed charge carrier density J¢,

which is determined by computing the variation of the action with respect to 5Vt(0) = du, the free
energy density f is given by
F TS
= ="Dp gt (471)
V012 V012

where vol, stands for the volume of the non-compact 2-space spanned by {z, y} and Sp, is the
on-shell Dp-brane action. As in any thermodynamic system, observables such as specific heat or
magnetic susceptibility can be computed from Eq. (471) by taking appropriate partial derivatives.
Additionally, transport observables, such as DC, AC or DC Hall conductivities can also be com-
puted and studied as a function of the background, probe embedding and the different constants
controlling the world volume gauge field (470).

More than the specific physics, which is nicely described in [334, 398, 286], what is important
to stress, once more, is that using the appropriate backgrounds, exciting the relevant degrees of
freedom and considering the adequate boundary conditions make the methods described in this
review an extremely powerful tool to learn about physics in regimes of parameters that would
otherwise be very difficult to handle, both analytically and conceptually.

Living Reviews in Relativity
http://www.livingreviews.org/lrr-2012-3


http://www.livingreviews.org/lrr-2012-3

106 Joan Simén

7 Multiple Branes

The physics of multiple overlapping branes provides a connection between brane physics and non-
abelian supersymmetric field theories. Thus, it has played a crucial role in the geometrisation of
the latter and the interplay between string and field theory dualities.

An heuristic argument suggesting that the abelian description may break down comes from
the analysis of Blons. All half-BPS probe branes described in this review feel no force when
probing the background describing N — 1 parallel branes of the same nature [484]. This means
they can sit at any distance ¢. Consider a Dp-brane in the background of N — 1 parallel Dp-
branes. As soon as the probe approaches the location of the Dp-branes sourcing the geometry,
the properly regularised mass of the open string (Blon) stretching between the probe D-brane and
the background D-branes will tend to zero [227]. This suggests the potential emergence of extra
massless modes in the spectrum of these open strings. If so, this would signal a breakdown in the
effective action, since these extra modes were not included in the former. U-duality guarantees that
similar considerations apply to other brane set-ups not having a microscopic theory with which to
test this phenomena.

In this section, I will briefly discuss the supersymmetric effective actions describing N coincident
Dp-branes and M2-branes in a Minkowski background. These correspond to non-abelian super-
Yang-Mills (SYM) theories in different dimensions and certain d = 3 superconformal field theories
with non-dynamical gauge fields having Chern—Simons actions, respectively.

7.1 D-branes

The perturbative description of D-branes in terms of opens strings [423] allows one to answer the
question regarding the enhancement of massless modes raised above in a firmer basis, at least at
weak coupling. Consider the spectrum of open strings in the presence of two parallel Dp-branes
separated by a physical distance ¢. As the latter approaches zero, i.e., it becomes smaller than
the string scale, there is indeed an enhancement in the number of massless modes. Its origin is
in the sector of open strings stretching between D-branes, which is precisely the one captured by
the Blon argument. This enhancement is consistent with an enhancement in the gauge symmetry
from U(1) x U(1), corresponding to the two separated D-branes, to U(2), corresponding to the
overlapping D-branes. The spectrum of massless excitations is then described by a mon-abelian
vector supermultiplet in the adjoint representation. To understand how this comes about, consider
the set of massless scalar excitations. These are described by (X?),.s, where i labels the transverse
directions to the brane, as in the abelian discussion, and the subindices 7, s label the D-branes
where the open strings are attached. This is illustrated in Figure 10. Since the latter are oriented,
there exist N2 — N such excitations, which arrange themselves into a matrix X* = X*, 7%, with
T being generators of U(2) in the adjoint representation. The conclusion is valid for any number
N of D-branes of world volume dimension p + 1 [496].

2

X2 X23

-
J

Xi3

Figure 10: Open strings stretched between multiple branes and their matrix representation.
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Super-Yang—Mills action: The previous discussion identifies the appropriate degrees of free-
dom to describe the low energy dynamics of multiple D-branes in Minkowski at weak coupling
as non-abelian vector supermultiplets. Thus, multiple brane effective actions must correspond to
supersymmetric non-abelian gauge field theories in p+1 dimensions. At lowest order in a derivative
expansion, these are precisely super-Yang—Mills (SYM) theories. For simplicity of notation, let me
focus on d = 10 U(N) SYM with classical action

S = / 4 (—iTr F, F" + %Tr ¢F#Duw> (472)

where the field strength
Ful/ = 8NAU — 81,14“ — Z.gYM[Aua Al,] (473)
is the curvature of a U(N) hermitian gauge field A, and v is a 16-component Majorana—Weyl

spinor of SO(1,9). Both fields, A, and 1), are in the adjoint representation of U(N). The covariant
derivative D,, of ¢ is given by

D;ﬂﬁ = 8uw - igYM[A;u 1/)], (474)
where gyy is the Yang—Mills coupling constant. This action is also usually written in terms of
rescaled fields, by absorbing a factor of gyn in both A, and ), to pull an overall coupling constant
dependence in front of the full action

1

=1 / dc (=Tr F, F* +2iTr ¢T#D,1) , (475)
9vMm

where D, = 0,0 —i[A, ,].
The action (472) is invariant under the supersymmetry transformation

JA, = %EFM/), (476)
1 v
6% = =7 Ful"e

where € is a constant Majorana—Weyl spinor in SO(1,9), giving rise to 16 independent supercharges.
Classically, this is a well-defined theory; quantum mechanically, it is anomalous. From the string
theory perspective, as explained in Section 3.7, this is just an effective field theory, valid at low
energies Fva' < 1 and weak coupling g, < 1.

Dimensional reduction: The low energy effective action for multiple parallel Dp-branes in
Minkowski is SYM in p + 1 dimensions. This theory can be obtained by dimensional reduction of
the ten-dimensional super Yang—Mills theory introduced above. Thus, one proceeds as described
in Section 3.3: assume all fields are independent of coordinates oP*!, ..., 0% After dimensional
reduction, the 10-dimensional gauge field A, decomposes into a (p + 1)-dimensional gauge field
A, and 9 — p adjoint scalar fields X! = 27a/®!*°, describing the transverse fluctuations of the

D-branes. The reduced action takes the form

1

B 49%(M

S / "o Tr (= FapFP — 2(Dy®)? + (@, 7] + fermions). (477)

45 @I is the natural adjoint scalar field after dimensional reduction. The rescaling by 27’ is to match the natural
scalar fields appearing in the abelian description provided by the DBI action. A similar rescaling occurs for the

fermions omitted below, ¥ = 2ra/4).
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The p + 1 dimensional YM coupling g%, can be fixed by matching the expansion of the square
root in the gauge fixed abelian D-brane action in a Minkowski background (105) and comparing
it with Maxwell’s theory in the field normalisation used in Eq. (475)

1
P = T \;’Z?(QW\/J)H. (478)
Notice also the appearance of a purely non-abelian interaction term in Eq. (477), the commutator
[®, ®7]2 that acts as a potential term. Indeed, its contribution is negative definite since [®, ®7]T =
(@7, 01 = —[®!, &7].

The classical vacuum corresponds to static configurations minimising the potential. This occurs
when both the curvature F,5 and the fermions vanish, and for a set of commuting ®/ matrices,
at each point of the p + 1 world volume. In this situation, the fields ®' can be simultaneously
diagonalised, so that one has

0 0
I .
ol = | © o 0 (479)
0.0
L0 0 2k

The N diagonal elements of the matrix ®! are interpreted as the positions of N distinct D-branes in
the I-th transverse direction [496]. Consider a vacuum describing N —1 overlapping Dp-branes and
a single parallel D-brane separated in a transverse direction ®. This is equivalent to breaking the
symmetry group to U(N —1) x U(1) by choosing a diagonal matrix for ® with xy eigenvalue in the
first N — 1 diagonal entries and xx # xg in the last diagonal entry. The off-diagonal components
6P will acquire a mass, through the Higgs mechanism. This can be computed by expanding the
classical action around the given vacuum. One obtains that this mass is proportional to the distance
|xo — 2| between the two sets of branes

(zo — xn)?

M? =
o2ra!

(480)
according to the geometrical interpretation given to the eigenvalues characterising the vacuum.
In light of the open string interpretation, these off-diagonal components do precisely correspond
to the open strings stretching between the different D-branes. The latter allow an alternative
description in terms of the Blon configurations described earlier, by replacing the N —1 Dp-branes
by its supergravity approximation, though the latter is only suitable at large distances compared
to the string scale.

It can then be argued that the moduli space of classical vacua for (p 4+ 1)-dimensional SYM is

® 7)Y

o (481)

Each factor of R stands for the position of the N D-branes in the (9 — p)-dimensional transverse
space, whereas the symmetry group Sy is the residual Weyl symmetry of the gauge group. The
latter exchanges D-branes, indicating they should be treated as indistinguishable objects.

A remarkable feature of this D-brane description is that a classical geometrical interpretation of
D-brane configurations is only available when the matrices ®/ are simultaneously diagonalisable.
This provides a rather natural venue for non-commutative geometry to appear in D-brane physics
at short distances, as first pointed out in [496].

The exploration of further kinematical and dynamical properties of these actions is beyond the
scope of this review. There are excellent reviews on the subject, such as [424, 472, 320], where
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the connection to Matrix Theory [48] is also covered. If the reader is interested in understanding
how T-duality acts on non-abelian D-brane effective actions, see [471, 221]. Tt is also particularly
illuminating, especially for readers not used to the AdS/CFT philosophy, to appreciate that by
integrating out N — 1 overlapping D-branes at one loop, one is left with an abelian theory de-
scribing the remaining (single) D-brane. The effective dynamics so derived can be reinterpreted as
describing a single D-brane in the background generated by the integrated N — 1 D-branes, which
is AdSs x S5 [365]%6. This is illustrated in Figure 11.

integrating
out
-
N-1I AdS throat probe

1 !

Figure 11: Integrating out the degrees of freedom at one loop corresponding to N — 1 of the D-branes
gives rise to an effective action interpretable as an abelian gauge theory in an AdS throat.

Given the kinematical perspective offered in this review and the relevance of the higher order
o’ corrections included in the abelian DBI action, I want to discuss two natural stringy extensions
of the SYM description

1. Keeping the background fixed, i.e., Minkowski, it is natural to consider the inclusion of higher-
order corrections in the effective action, matching the perturbative scattering amplitudes
computed in the CFT description of open strings theory, and

2. Allowing to vary the background or equivalently, coupling the non-abelian degrees of freedom
to curved background geometries. This is towards the direction of achieving a hypothetical
covariant formulation of these actions, a natural question to ask given its relevance for the
existence of the kappa invariant formulation of abelian D-branes.

In the following, I shall comment on the progress and the important technical and conceptual
difficulties regarding the extensions of these non-abelian effective actions.

Higher-order corrections: In the abelian theory, it is well known that the DBI action captures
all the higher-order corrections in o’ to the open string effective action in the absence of field
strength derivative terms*” [214]. It was further pointed that such derivative corrections were
compatible with a DBI expansion by requiring conformal invariance for the bosonic string in [1]
and for the superstring in [87].

In the non-abelian theory, such distinction is ambiguous due to the identity

[D;m DV]FPU = [FW’

Fpol, (482)

46 There is a lot of work in this direction. For a review on the emergence of geometry and gravity in matrix
models, in particular in the context of the IKKT matrix conjecture [316], see [465]. For more recent discussions,
see [106].

47 Using T-duality arguments this would also include acceleration and higher-derivative corrections in the scalar
sector X™ describing the excitations of the D-brane along the transverse dimensions.
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relating commutators with covariant derivatives. It was proposed by Tseytlin [482] that the non-
abelian extension of SYM including higher-order o corrections be given in terms of the symmetrised
prescription. The latter consists of treating all F},, matrices as commuting. Equivalently, the action
is completely symmetric in all monomial factors of F' of the form tr(F' ... F). This reproduces the
F? and o/?F* terms of the full non-abelian action, but extends it to higher orders

Lppr « Str/nu, + 21’ F,,,. (483)

The notation Str defines this notion of symmetrised trace for each of the monomials appearing in
the expansion of its arguments. For an excellent review describing the history of these calculations,
motivating this prescription and summarising the most relevant properties of this action, see [485].

It is important to stress that, a priori, worldsheet calculations involving an arbitrary number of
boundary disk insertions could determine this non-abelian effective action. Since this is technically
hard, one can perform other consistency checks. For example, one can compare the D-brane BPS
spectrum on tori in the presence of non-trivial magnetic fluxes. This is T-dual to intersecting
D-branes, whose spectrum can be independently computed and compared with the fluctuation
analysis of the proposed symmetrised non-abelian prescription. It was found in [291, 175, 448)]
that the proposed prescription was breaking down at order (o/)*FS. Further checks at order
a3 and o* were carried over in [103, 346, 345, 347]. The proposal in [346] was confirmed by a
first principle five-gluon scattering amplitude at tree level in [387]. The conclusion is that the
symmetrised prescription only works up to F*

1 1 1
L= Str[zFiy - g(27ro/)2(F4 - Z(ij)Q) + O] (484)
1 1 1
- tr[zFiu — E(QWQ')Q(FWFWFMFM + iFﬂprprAFpA
1 1
- szwzau,z?,ﬂzfpA - ngFpAFWFpA) +0(a')]. (485)

These couplings were first found in its Str form in [266] and in its tr form in [482]. For further
checks on Tseytlin’s proposal using the existence of bound states and BPS equations, see the
analysis in [115, 114].

Coupling to arbitrary curved backgrounds: The above corrections attempted to include
higher-order corrections describing the physics of multiple D-branes in Minkowski. More generally,
one is interested in coupling D-branes to arbitrary closed string backgrounds. In such situations,
one would like to achieve a covariant formulation. This is non-trivial because as soon as the degrees
of freedom become non-abelian, they lose their geometrical interpretation. In the abelian case, X'
described the brane location. In the non-abelian case, at most, only their eigenvalues z! may keep
their interpretation as the location of the ith brane in the Ith direction. Given the importance and
complexity of the problem, it is important to list a set of properties that one would like such a
formulation to satisfy. These are the D-geometry azioms [186]. For the case of DO-branes, these
follow.

1. It must contain a unique trace since this is an effective action derived from string theory
disk diagrams involving many graviton insertions in their interior and scalar/vector vertex
operators on their boundaries. Since the disk boundary is unique, the trace must be unique.

2. It must reduce to N-copies of the particle action when the matrices X! are diagonal.

3. It must yield masses proportional to the geodesic distance for off-diagonal fluctuations.
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Having in mind that we required spacetime gauge symmetries to be symmetries of the abelian
brane effective actions, it would be natural to include in the above list invariance under target
space diffeomorphisms. This was analysed for the effective action kinetic terms in [172]. Instead
of discussing this here, I will discuss two non-trivial checks that any such formulation must satisfy.

a) to match the Matrix theory linear couplings to closed string backgrounds, and

b) to be T-duality covariant, extending the notion I discussed in Section 3.3.2 for single D-
branes.

The first was studied in [473, 474] and the second in [395]. Since the results derived from the
latter turned out to be consistent with the former, I will focus on the implementation of T-duality
covariance for non-abelian D-branes below.

As discussed in Section 3.3, T-duality is implemented by a dimensional reduction. This was
already applied for SYM in Eq. (477). Using the same notation introduced there and denoting the
world volume direction along which one reduces by p, one learns that F,, — D,®?, where ®7 is
the T-dual adjoint matrix scalar. Furthermore, covariant derivatives of transverse scalar fields &7
become

D,®" = 0,8 +i[A,, ®'] =i[A,, &) (486)

Notice this contribution is purely non-abelian and it can typically contribute non-trivially to the
potential terms in the effective action. To properly include these non-trivial effects, Myers [395]
studied the consequences of requiring T-duality covariance taking as a starting point a properly
covariantised version of the multiple D9-brane effective action, having assumed the symmetrised
trace prescription described above. Studying T-duality along 9-p directions and imposing T-duality
covariance of the resulting action, will generate all necessary T-duality compatible commutators,
which would have been missed otherwise. This determines the DBI part of the effective action to
be [395]

SpBI = —TDp/dp+10' STr (€_¢\/— det (P [E;w + E#[(Q_l — (S)IJEJZ,] + )‘FMV) det(QIJ)) R

(487)
with

Eu =g + B, Q' =6y +iN[0!, 0K By, and A =271, (488)

Here pu, v indices stand for world volume directions, and I, J indices for transverse directions. To
deal with similar commutators arising from the WZ term, one considers [395]

Swz = Tpp / STr (P {e”‘iq’i‘? (Z o™ eB)} e F) ) (489)
where the interior product ig is responsible for their appearance, for example, as in,
1
ipiaCy = @701 CZ, = 50% (@7, ®1]. (490)

Notice one regards ®! as a vector field in the transverse space. In both actions (487) and (489),
P stands for pullback and it only applies to transverse brane directions since all longitudinal ones
are non-physical. Its presence is confirmed by scattering amplitudes calculations [342, 271, 222].
Some remarks are in order.
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1. There exists some non-trivial dependence on the scalars ®! through the arbitrary bosonic
closed backgrounds appearing in the action. The latter is defined according to

Guv = €Xp [)@i 8$i] ggy(a“, ;v’) =0 (491)

Sl VO ) )
= Z 1 LA (aw’l “ Ogin )ggu(aaa xl)
ne0 n:

=0 -

Analogous definitions apply to other background fields.

2. There exists a unique trace, because this is an open string effective action that can be derived
from worldsheet disk amplitudes. The latter has a unique boundary. Thus, there must be a
unique gauge trace [186, 188]. Above, the symmetrised prescription was assumed, not only
because one is following Tseytlin and this was his prescription, but also because there are
steps in the derivation of T-duality covariance that assumed this property and the scalar field
®! dependence on the background fields (491) is symmetric, by definition.

3. The WZ term (489) allows multiple Dp-branes to couple to RR potentials with a form degree
greater than the dimension of the world-volume. This is a purely non-abelian effect whose
consequences will be discussed below.

4. There are different sources for the scalar potential: det Q7 ;, its inverse in the first determi-
nant of the DBI and contributions coming from commutators coupling to background field
components in the expansion (491).

It was shown in detail in [395], that the bosonic couplings described above were consistent with
all the linear couplings of closed string background fields with Matrix Theory degrees of freedom,
i.e., multiple DO-branes. These couplings were originally computed in [473] and then extended to
Dp-branes in [474] using T-duality once more. We will not review this check here in detail, but as
an illustration of the above formalism, present the WZ term for multiple DO-branes that is required
to do such matching

Swz = /Lo/TI‘ (P [Cl + i\iple (03 +Ci A B) (492)

2 1
—/\?(Lpiq;)Q (05 +C3 ANB+ 501 ANBA B)

3

A 1 1
—ig(i(pi@)g <C’7+C’5AB+203/\B/\B+6C'1/\B/\B/\B)

)\4

1 1 1
+ﬂ(i¢i¢)4 (09+<C7+205AB+603AB/\B+2401ABABAB> AB)D

:Mo/dtTr <C§ +AC}Dt<I>I+i%(CfJK (@5, &7+ A C3, 5 D ®! [ch,ch])Jr...).

Two points are worth emphasising about this matching:

1. There is no ambiguity of trace in the linear Matrix theory calculations. Myers’ suggestion
is to extend this prescription to non-linear couplings.

2. Some transverse M5-brane charge couplings are unknown in Matrix theory, but these are
absent in the Lagrangian above. This is a prediction of this formulation.

One of the most interesting physical applications of the couplings derived above is the realisation
of the dielectric effect in electromagnetism in string theory. As already mentioned above, the non-
abelian nature of the degrees of freedom turns on new commutator couplings with closed string
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fields that can modify the scalar potential. If so, instead of the standard SYM vacua, one may
find new potential minima with Tr ®/ = 0 but Tr (®1)2 # 0. As a toy illustrative example of this
phenomenon, consider N DO0-branes propagating in Minkowski but in a constant background RR
four-form field strength

4 N —2f€]JK for I,J,KE{172,3}
Riryk = { 0 otherwise ' (493)

Due to gauge invariance, one expects a coupling of the form
%/\%0 / dtTr (/XY R} 1 (1). (494)

Up to total derivatives, this can indeed be derived from the cubic terms in the WZ action above.
This coupling modifies the scalar potential to

22T, i
V(®) = — 1 Oy ([0, ®7]%) — g)\QMOTr (@' @7 %) R}, (1), (495)

whose extremisation condition becomes
0=[[®", '], %] +i fersx[@/, 5. (496)
The latter allows SU(2) solutions
f

ol = 5 of with [l a’] = 2ierk a®, (497)

having lower energy than standard commuting matrices

263 4
Vy = 7”6;"0 N(N%-1). (498)

It is reassuring to compare the description above with the one available using the abelian
formalism describing a single brane explained in Section 3. I shall refer to the latter as dual brane
description. For the particular example discussed above, since the DO-branes blow up into spheres
due to the electric RR coupling, one can look for on-shell configurations on the abelian D2-brane
effective action in the same background corresponding to the expanded spherical DO-branes in
the non-abelian description. These configurations exist, reproduce the energy Vy up to 1/N?
corrections and carry no D2-brane charge [395]. Having reached this point, I am at a position to
justify the expansion of pointlike gravitons into spherical D3-branes, giant gravitons, in the presence
of the RR flux supporting AdS5 x S° described in Section 5.9. The non-abelian description would
involve non-trivial commutators in the WZ term giving rise to a fuzzy sphere extremal solution
to the scalar potential. The abelian description reviewed in Section 5.9 corresponds to the dual
D3-brane description in which, by keeping the same background, one searches for on-shell spherical
rotating D3-branes carrying the same charges as a pointlike graviton but no D3-brane charge. For a
more thorough discussion of the comparison between non-abelian solitons and their “dual” abelian
descriptions, see [147, 149, 148, 396].

Kappa symmetry and superembeddings: The covariant results discussed above did not
include fermions. Whenever these were included in the abelian case, a further gauge symmetry
was required, kappa symmetry, to keep covariance, manifest supersymmetry and describe the
appropriate on-shell degrees of freedom. One suspects something similar may occur in the non-
abelian case to reduce the number of fermionic degrees of freedom in a manifestly supersymmetric
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non-abelian formulation. It is important to stress that at this point world volume diffeomorphisms
and kappa symmetry will no longer appear together. In all the discussions in this section, world
volume diffeomorphisms are assumed to be fixed, in the sense that the only scalar adjoint matrices
already correspond to the transverse directions to the brane.

Given the projective nature of kappa symmetry transformations, it may be natural to assume
that there should be as many kappa symmetries as fermions. In [79], a perturbative approach to
determining such transformation

6.0* = kB (0) (1654 + TP4(0)) , A,B=1,2,...N? (499)

was analysed for multiple D-branes in super-Poincaré. The idea was to expand the WZ term
in covariant derivatives of the fermions and the gauge field strength F', involving some a priori
arbitrary tensors. One then computes its kappa symmetry variation and attempts to identify the
DBI term in the action at the same order by satisfying the requirement that the total action
variation equals

5L =—00(1—-T)T, (500)

order by order. In a sense, one is following the same strategy as in [9], determining the different
unknown tensors order by order. Unfortunately, it was later concluded in [76] that such an approach
could not work.

There exists some body of work constructing classical supersymmetric and kappa invariant ac-
tions involving non-abelian gauge fields representing the degrees of freedom of multiple D-branes.
This started with actions describing branes of lower co-dimension propagating in lower dimen-
sional spacetimes [461, 462, 190]. It was later extended to multiple DO-branes in an arbitrary
number of dimensions, including type IIA, in [411]. Here, both world volume diffeomorphisms
and kappa symmetry were assumed to be abelian. It was checked that when the background is
super-Poincaré, the proposed action agreed with Matrix Theory [48]. Using the superembedding
formalism [460], actions were proposed reproducing the same features in [40, 44, 42, 41, 43], some
of them involving a superparticle propagating in arbitrary 11-dimensional backgrounds. Finally,
there exists a slightly different approach in which, besides using the superembedding formalism, the
world sheet Chan—Paton factors describing multiple D-branes are replaced by boundary fermions.
The actions constructed in this way in [303], based on earlier work [304], have similar structure to
the ones described in the abelian case, their proof of kappa symmetry invariance is analogous and
they reproduce Matrix Theory when the background is super-Poincaré and most of the features
highlighted above for the bosonic couplings described by Myers.

Relation to non-commutative geometry: There are at least two reasons why one may expect
non-commutative geometry to be related to the description of multiple D-brane actions:

1. D-brane transverse coordinates being replaced by matrices,

2. the existent non-commutative geometry description of D-branes in the presence of a B-field
in space-time (or a magnetic field strength on the brane) [187, 146, 444].

The general idea behind non-commutative geometry is to replace the space of functions by a
non-commutative algebra. In the D-brane context, a natural candidate to consider would be the
algebra

A=C>*(M)® Mn(C). (501)

As customary in non-commutative geometry, the latter does not yet carry any metric information.
Following Connes [145], the construction of a Riemannian structure requires a spectral triple
(A, H, D), which, in addition to A, also contains a Hilbert space H and a self-adjoint operator
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D obeying certain properties. It would be interesting to find triples (A, H, D) that describe, in a
natural way, metrics relevant for multiple D-branes, incorporating the notion of covariance.

Regarding D-branes in the presence of a B-field, the main observation is that the structure of
an abelian non-commutative gauge theory is similar to that of a non-abelian commutative gauge
theory. In both cases, fields no longer commute, and the field strengths are non-linear. Moreover,
non-commutative gauge theories can be constructed starting from a non-abelian commutative
theory by expanding around suitable backgrounds and taking N — oo [443]. This connection
suggests it may be possible to relate the gravity coupling of non-commutative gauge theories to
the coupling of non-abelian D-brane actions to curved backgrounds (gravity). This was indeed the
approach taken in [163] where the stress-tensor of non-commutative gauge theories was derived in
this way. In [151], constraints on the kinematical properties of non-abelian D-brane actions due to
this connection were studied.

7.2 MZ2-branes

In this section, I would like to briefly mention the main results involving the amount of progress
recently achieved in the description of N parallel M2-branes, referring to the relevant literature
when appropriate. This will be done taking the different available perspectives on the subject: a
purely kinematic approach, based on supersymmetry and leading to 3-algebras, a purely field theory
approach leading to three dimensional CFTs involving Chern—Simons terms, a brane construction
approach, in which one infers the low energy effective description in terms of an intersection of
branes and the connection between all these different approaches.

The main conclusion is that the effective theory describing N M2-branesisad = 3, U(N)xU(N)
gauge theory with four complex scalar fields C; (I = 1,2,3,4) in the (N, N) representation, their
complex conjugate fields in the (N, N) representation and their fermionic partners [12]. The theory
includes non dynamical gauge fields with a Chern—Simons action with levels k and —k for the two
gauge groups. This gauge theory is weakly coupled in the large k limit (k > N) and strongly
coupled in the opposite regime (k < N), for which a weakly coupled gravitational description will
be available if N > 1.

Supersymmetry approach: Inspection of the d = 3 SYM supersymmetry transformations and
the geometrical intuition coming from M2-branes suggest that one look for a supersymmetric field
theory with field content involving eight scalar fields X! = X/T%%® and their fermionic partners
U = V¥,T“ and being invariant under a set of supersymmetry transformations whose most general
form is

SXI =iertw,,
0y = 9, X T T e — éX;X,;’Xf febe, TR e 4 %X;{ X/ xLgbe mle.
This was the original approach followed in [26], based on a real vector space with basis T%, a =
1,... N, endowed with a triple product
[T, T T¢ = f**¢, T4, (502)
where the set of f%°¢; are real, fully antisymmetric in a, b, ¢ and satisfy the fundamental identity
flabe gdlef =0, (503)

Closure of the supersymmetry algebra requires Eq. (503), but also shows the appearance of an
extra gauge symmetry [26]. To deal properly with the latter, one must introduce an additional

48 Eight is the number of transverse dimensions to the world volume of the M2-branes.
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(non-dynamical) gauge field flﬂcd requiring one to consider a more general set of supersymmetry
transformations [27, 274]

Xt =iertw,
1 1
,5\11d = DMXéF‘uFIG - EXiXé]XchabchIJKG + ingngg“bchle
,(514#6(1 = iEFHF[X;\I/bhade, (504)

Here D, is a covariant derivative, whereas g, and ho°; define triple products on the algebra.
Closure of the supersymmetry algebra determines a set of equations of motion that can be
derived, which form a Lagrangian. It was soon realised that under the assumptions of a real vector
space, essentially the only 3-algebra is the one defined by fobed = fabe ped with ho® = Tr (T“, Tb)
defining an inner product, and satisfying fo*°? oc £2b¢d [399, 412, 226]. Interestingly, it was
pointed out in [488] that such supersymmetric field theory could be rewritten as a Chern—Simons
theory. The latter provided a link between a purely kinematic approach, based on supersymmetry
considerations, and purely field theoric results that had independently been developed.

Field theory considerations: Conformal field theories have many applications. In the particu-
lar context of Chern—Simons matter theories in d = 3, they can describe interesting IR fixed points
in condensed matter systems. Here I am interested in their supersymmetric versions to explore the
AdS,/CFTj3 conjecture.

Let me start this overview with A/ = 2 theories. N = 2 Chern-Simons theories coupled to
matter®® include a vector multiplet A4, the dimensional reduction of the four dimensional N' = 1
vector multiplet, in the adjoint representation of the gauge group G, and chiral multiplets ®; in
representations R; of the latter. Integrating out the D-term equation and the gaugino, one is left
with the action

_ k 2 - -
SN=2 / ETr (ANdA+ gA3) + D¢ D" ¢i + ihiy" D

2
O (BT 60 (65Tl 67) (KT, Thy 00) — T (BiTf 00) (35T v5)  (505)

8T _ _
— - (BT5,6.)(6,Th, vy),

where ¢; and ; are the bosonic and fermionic components of the chiral superfield ®; and the
gauge field A is non-dynamical.

There are N' = 3 generalisations, but since their construction is more easily argued for starting
with the field content of an A/ = 4 theory, let me review the latter first. The field content of the
N = 4 theories adds an auxiliary (non-dynamical) chiral multiplet ¢ in the adjoint representation
of G and pairs chiral multiplets ®;, ®; into a set of hypermultiplets by requiring them to transform
in conjugate representations, as the notation suggests. The theory does not contain Chern—Simons
terms, but a superpotential W = <i>i<p<1>i for each pair. N = 3 theories are constructed by the
addition of Chern—Simons terms, as in Eq. (505), and the extra superpotential W = fS%Tr (0?).
Integrating out ¢ leads to a superpotential

dm = a T a
W = ?(Q%TRi(I)z-)((I)jTRj ;). (506)
The resulting N' = 3 theory has the same action as Eq. (505) with the addition of the above

superpotential.

49 For a complete list of references, see [12].
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In [12], an N' = 6 theory based on the gauge group U(N) x U(N) was constructed. Its field
content includes two hypermultiplets in the bifundamental and the Chern—Simons levels of the two
gauge groups were chosen to be equal but opposite in sign. Denoting the bifundamental chiral
superfields by A;, As and their anti-bifundamental by Bj, Bs, the superpotential then equals

k
W= gTY (©02y — ¢0y) + Tr (Bipy Ai) + Tr (Aip(2)Bi) - (507)

After integrating out the auxiliary fields ¢(;),

W = %TI‘ (AlBlAJB] - BlAzB]Aj) = 4?ﬂ'T‘I‘ (AlBlAQBQ - AlBgAgBl). (508)

As discussed in [12], the four bosonic fields C; = (A1, Ag, Bf, B;) transform in the 4 of SU(4),
matching the generic SO(N) R-symmetry in d = 3 super-CFTs. For a more thorough discussion
of global symmetries and gauge invariant observables, see [12].

It was argued in [12] that the A/ = 6 theory constructed above was dual to N M2-branes on
ct /Zy, for k > 3. Below, I briefly review the brane construction in which their argument is based.
This will provide a nice example of the notion of geometrisation (or engineering) of supersymmetric
field theories provided by brane configurations.

Brane construction: Following the seminal work of [282], one can associate low energy effective
field theories with the dynamics of brane configurations stretching between branes. Consider a set
of N D3-branes wrapping the 2% direction and ending on different NS5-branes according to the
array

NS5:12345 ____

NS5:1234 _ ____ (509)

D3:12___6___.

This gives rise to an N' = 4 U(N) x U(N) gauge theory in d = 1+ 2 dimensions, along the {z', z?}
directions, whose field content includes a vector multiplet in the adjoint representation and 2
complex bifundamental hypermultiplets, describing the transverse excitations to both D3-branes
and NS5-branes [282].

Adding k£ D5-branes, as illustrated in the array below,

NS5:12345 ____
NS5:12345 ____
D5:1234____9 (510)
D3:12___6___,

breaks supersymmetry to A = 2 and adds k massless chiral multiplets in the N and N representa-
tion of each of the U(N) gauge group factors. Field theoretically, this N' = 2 construction allows
a set of mass deformations that can be mapped to different geometrical notions [282, 72, 12]:

1. Moving the D5-branes along the 78-directions generates a complex mass parameter.

2. Moving the Db-branes along the 5-directions generates a real mass, of positive sign for
the fields in the fundamental representation and of negative sign for the ones in the anti-
fundamental.

3. Breaking the k& D5-branes and NS5-branes along the 01234 directions and merging them
into an intermediate (1, k) 5-brane bound state generates a real mass of the same sign for
both N and N representations. This mechanism is a web deformation [72]. The merging is
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characterised by the angle 8 relative to the original NS5-brane subtended by the bound state
in the 59-plane. The final brane configuration is made of a single NS5-brane in the 012345
directions and a (1, k) 5-brane in the 01234[5, 9], where [5, 9]y stands for the 2° cos §+z% sin 6
direction. 6 is fixed by supersymmetry [14].

After the web deformation and at low energies, one is left with an N' = 2 U(N); x U(N)_
Yang—Mills—Chern—Simons theory with four massless bi-fundamental matter multiplets (and their
complex conjugates), and two massless adjoint matter multiplets corresponding to the motion of
the D3-branes in the directions 34 common to the two 5-branes.

The enhancement to an ' = 3 theory described in the purely field theoretical context is realised
in the brane construction by rotating the (1, k) 5-brane in the 37 and 48-planes by the same amount
as in the original deformation. Thus, one ends with a single NS5-brane in the 012345 and a (1, k)
5-brane along 012[3,7]g[4, 8]4[5, 9]y.This particular mass deformation ensures all massive adjoint
fields acquire the same mass, enhancing the symmetry to A’ = 3. Equivalently, there must exist
an SO(3)r R-symmetry corresponding to the possibility of having the same SO(3) rotations in the
345 and 789 subspaces. Thus, the d = 3 supersymmetric field theory must be N = 3.

The connection to A/ = 6 is obtained by flowing the A/ = 3 theory to the IR [12]. Indeed,
by integrating out all the massive fields, we recover the field content and interactions described in
the field theoretical N = 6 construction. The enhancement to A" = 8 for k = 1,2 was properly
discussed in [276].

It was realised in [12] that under T-duality in the 2° direction and uplifting the configuration
to M-theory, the brane construction gets mapped to N M2-branes probing some configuration of
KK-monopoles. These have a supergravity description in terms of hyper-Kéhler geometries [224].
Flowing to the IR in the dual gravitational picture is equivalent to probing the near horizon of
these geometries, which includes the expected AdS, factor times a quotient of the 7-sphere.

The Chern—Simons theory has a 1/k coupling constant. Thus, large k has a weakly coupled
description. At large N, it is natural to consider the 't Hooft limit: A = N/k fixed. The gauge
theory is weakly coupled for £ > N and strongly coupled for £ < N. In the latter situation, the
supergravity description becomes reliable and weakly coupled for N > 1 [12].

Matching field theory, branes and 3-algebra constructions: The brane derivation of the
supersymmetric field theory relevant to describe multiple M2-branes raised the natural question
for what the connection was, if any, with the 3-algebra formulation that stimulated all these
investigations. The answer was found in [28]. The main idea was to consider a 3-algebra based on
a complex vector space endowed with a triple product

[T, T%T°] = fobe, T, (511)

and an inner product

e = Ty (T"Tb) . (512)

The change in the notation points out antisymmetry only occurs in the first two indices. Further-
more, the constants f2°¢; satisfy the following fundamental identity,

fefgbfcb&d + ffeﬁbfcbgd _|_f*g&f5fcel;d + f*dgegfcfl;d =0. (513)

It was proven in [28] that this set-up manages to close the algebra on the different fields giving rise
to some set of equations of motion. In particular, the A/ = 6 conformal field theories described
in [12] could be rederived for the particular choices

fabEE — _fbaEE’ and fabEE — f*EEab. (514)
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Thus, the 3-algebra approach based on complex vector spaces is also suitable to describe these
string theory models. Furthermore, it provides us with a mathematical formalism capable of
describing more general set-ups.
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8 Related Topics

There are several topics not included in previous sections that are also relevant to the subjects
covered in this review. The purpose of this last section is to mention some of them, mentioning
their main ideas and/or approaches, and more importantly, referring the reader to some of the
relevant references where they are properly developed and explained.

Superembedding approach: The GS formulation consists in treating the bulk spacetime as a
supermanifold while keeping the bosonic nature of the world volume. The superembedding formal-
ism is a more symmetric formulation, in which both bulk and world volume are described as super-
manifolds. As soon as the world volume formulation is extended into superspace, it incorporates
extra degrees of freedom, which are non-physical. There exists a geometrically natural interpre-
tation for the set of constraints, first discussed in [463], imposed to remove them. Given a target
space supervielbein EM(Z) = (E%, E*) and world volume superconnection e?(a,7n) = (e%, e®),
where 7 stands for the new world volume fermionic coordinates, then the pullback of the bosonic
component can be expanded as

E*(Z(o,n)) = "B + e“E°. (515)
The constraint consists in demanding
E5(Z(o,n)) = 0. (516)

This means that at any world volume point, the tangent space in the Grassmann directions forms
a subspace of the Grassmann tangent space in the bulk.

There are many results in this subject, nicely reviewed in [460]. It is worth mentioning that
some equations of motion for supersymmetric objects in different numbers of dimensions were
actually first derived in this formalism rather than in the GS one, including [220] for the d = 10
superparticle, [47] for the superstring and supermembrane, [306] for superbranes and [305] for
the M5-brane®”. It is particularly relevant to stress the work done in formulating the M5-brane
equations of motion covariantly [307, 308] and their use to identify supersymmetric world volume
solitons [301, 302], and in pointing out the relation between superembeddings and non-linear
realisations of supersymmetry [5].

MKK-monopoles and other exotic brane actions: This review was focused on the dynamics
of D-branes and M-branes. It is well known that string and M theory have other extended objects,
such as KK-monopoles or NS5-branes. There is a nice discussion regarding the identification of
the degrees of freedom living on these branes in [311]. Subsequently, effective actions were written
down to describe the dynamics of its bosonic sectors in [83, 80, 208, 209]. In particular, it was
realised that gauged sigma models are able to encapsulate the right properties for KK monopoles.
The results obtained in these references are consistent with the action of T-duality and S-duality.
Of course, it would be very interesting to include fermions in these actions and achieve kappa
symmetry invariance.

Blackfolds: The blackfold approach is suitable to describe the effective world volume dynamics
of branes, still in the probe approximation, having a thermal population of excitations. In some
sense, it describes the dynamics of these objects on length scales larger than the brane thickness.
This formalism was originally developed in [201, 202] and extended and embedded in string theory
in [203]. Tt was applied to the study of hot Blons in [261, 262], emphasising the physical features
not captured by the standard Dirac-Born—Infeld action, and to blackfolds in AdS [20].

50 The equivalence of the equations of motion obtained in the PST-formalism and the ones developed in the
superembedding formalism was proven in [46].
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Non-relativistic kappa invariant actions: All the branes described in this review are relativis-
tic. It is natural to study their non-relativistic limits, both for its own sake, but also as an attempt
to identify new sectors of string theory that may be solvable. The latter is the direction originally
pursued in [246, 161] by considering closed strings in Minkowski. This was extended to closed
strings in AdSs x S° in [244]. At the level of brane effective actions in Minkoswki, non-relativistic
diffeomorphism and kappa symmetry invariant versions of them were obtained in [245] for DO-
branes, fundamental strings and M2-branes, and later extended to general Dp-branes in [247].
The consistency of these non-relativistic actions under the action of duality transformations was
checked in [330]. This work was extended to non-relativistic effective D-brane actions in AdS5 x S°
in [119, 436].

Multiple M5-branes: It is a very interesting problem to find the non-abelian formulation of
the (2,0) tensor multiplet describing the dynamics of N M5-branes. Following similar ideas to the
ones used in the construction of the multiple M2-brane action using 3-algebras, some non-abelian
representation of the (2,0) tensor supermultiplet was found in [351]. Their formulation includes a
non-abelian analogue of the auxiliary scalar field appearing in the PST formulation of the abelian
Mb5-brane. Closure of the superalgebra provides a set of equations of motion and constraints.
Expanding the theory around a particular vacuum gives rise to d =5 SYM along with an abelian
(2,0) d = 6 supermultiplet. This connection to d = 5 SYM was further studied in [352]. Some
further work along this direction can be found in [299]. Some of the BPS equations derived from
this analysis were argued to be naturally reinterpreted in loop space [414]. There has been a
different approach to the problem involving non-commutative versions of 3-algebras [275], but it
seems fair to claim that this remains a very important open problem for the field.
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A Target superspace formulation and constraints

In this appendix, I very briefly mention the superspace formulation for NV = 2 type ITA [136]
and 1B [309] and N' = 1 d = 11 [153, 117] supergravity theories. The first goal is to set the
relevant notation for the superfield components describing the physical massless fields coupling to
the brane effective action degrees of freedom described in the main text. These are the physical
fields appearing in the standard component formulation of these theories, i.e., 11-dimensional
supergravity [154], its dimensional reduction [233] and type IIB [440, 309]. The second goal is to
present the set of constraints satisfied by these superfields ensuring both formulations are on-shell
equivalent. The latter are crucial to prove the kappa symmetry invariance of brane effective actions
in curved backgrounds discussed in Section 3.5.

A.1 N =2 type IIA /B superspace

In components, N' = 2 type ITA/B supergravities describe the dynamics of the gravity supermul-
tiplet. The latter contains

e Type ITA: its bosonic sector contains metric g, dilaton ¢, NS-NS 2-form Bs, RR potentials
C, r = 1,3,5, whereas its fermionic counterparts includes the dilatino A and the gravitino
U,,.

e Type IIB: its bosonic sector contains metric g, dilaton ¢, NS-NS 2-form Bs, RR potentials
C, r = 0,2,4, whereas its fermionic counterparts includes the dilatino A and the gravitino
U,..

Both theories differ in the chiralities of their fermionic sectors and the dimensionality of their
RR gauge potentials. Furthermore, the field strength of the RR 4-form potential in type IIB is
self-dual.

To make the local supersymmetry of this component formalism manifest, one proceeds as in
global supersymmetry by introducing the notion of superspace and superfields. The theory is
defined on a supermanifold with local coordinates Z™ involving both bosonic ™ and fermionic
0 ones. The latter have chirality properties depending on the theory they are attached to. The
physical content of the theory is described by superfields, tensors in superspace, defined as a
polynomial expansion in the fermionic coordinates

Oz, 0) = ¢(x) + 0% (@) + ... (517)

whose components include the physical fields listed above. For an extensive and pedagogical
introduction to the superfield and superspace formulation in supergravity, see [491].

A general feature of this formalism is that it achieves manifest invariance under supersymmetry
at the expense of introducing an enormous amount of extra unphysical degrees of freedom, i.e.,
many of the different components of the superfields under consideration. If one wishes to establish
an equivalence between these superspace formulations and the standard component ones, one must
impose a set of constraints on the former, in order to consistently, without breaking the manifest
supersymmetry, reproduce the on-shell equations of motion from the latter. This relation appears
schematically in Figure 5.

The superspace formulation of the N' = 2 type ITA /B supergravity multiplets is as follows:

1. Given the presence of fermions, it is natural to work in local tangent frames. Thus, instead
of using the metric variables g, (), one works in terms of bosonic vielbeins E% (z). These
are then extended to a supervielbein E4}(z,0), where M = {m, a} stands for the superspace
curved indices, whereas A = {a, a} describes both flat bosonic and fermionic tangent space
indices. Ej\44 (z,0) already includes the gravitino ¥,,, as a higher-dimension component in its
fermionic 6 expansion.
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2. One extends all remaining bosonic fields to superfields with the same tensor structure, i.e.,
By = %an(x)dxm Adx™ is extended to By = %BAc((E,e)EA A EB | where EA = dZM Ey A,
and similarly for all other fields, including the dilaton.

The following discussion follows closely Section 3 in [141]. As in Riemannian geometry, we can
describe the geometry of a curved background in terms of a torsion and curvature two forms, but
now in superspace:

T4 = DEA = dE* + EB Awp?, (518)
RAP = dwa? +wa AweB. (519)

The covariant derivative D is defined in terms of a Lorentzian connection one-form w4 Z, but in
type IIB, it includes an additional U(1) connection defined on the coset space SU(1,1)/U(1) where
the set of type IIB scalars live [309]. These superspace torsion and curvature forms satisfy the
Bianchi identities

DT = EB A Rp?, (520)
DR, =o0. (521)

The first of the constraints I was alluding to before is the Lorentzian assumption. It amounts
to the conditions

Wl =0=wyb = R.L=0=R,". (522)

This guarantees the absence of non-trivial crossed terms between the bosonic and fermionic compo-
nents of the connection and curvature in superspace. Conceptually, this is similar to the condition
described in Eq. (516) in the superembedding formalism [460].

Some of the additional constraints involve the components of the super-field strengths of the
different super-gauge potentials making up the superspace formulation for type ITA/B introduced
above. Denote by Hs, the NS-NS super-three-form, by R,,, the RR super-n-forms, and define them

as
10

Hs = dBs, R=e®nd(e®NC) = P Rn, (523)

n=1

where I introduced the formal sum over all RR gauge potentials by C = @2:0 C,, and proceeded
analogously for their field strengths®'. These obey the Bianchi identities

dHs =0, (524)
dR— RAH =0, (525)

and are invariant under a set of gauge transformations leaving the supergravity Lagrangian invari-
ant

6By = d\y, (526)
6C = eP2 Ndp. (527)

Since the Bianchi identity (525) allows one to set either the even or odd RR forms to zero, this
reproduces the well-known statement that on-shell type ITA [136] and IIB [309] supergravities

51 The reader should keep in mind that the RR field strengths R, with n > 5 are non-physical, in the sense that
they are Hodge duality related to the physical propagating degrees of freedom contained in the RR field strengths
Rio—n [185, 196].
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contain even and odd RR field strengths, respectively. To match the full on-shell supergravity
formulation in standard components one must impose the following further set of constraints:

Tog® =21, T =0, (528)
3 1 a
HA: Togh= 0o Ag) +2(Ty)@(TA)g) — 5(Ta) g (MA) (529)
1
+(Farﬁ)2ﬁ(rarﬁA)l + E(Fab)(gl(rab/\)é) ) (530)
IB: Tapt = —(J) @ (JA)g) + (K)o (KA)g) (531)
1 1

+5(a)ag(TTA) = S (oK) ap (T KA)T, (532)

Hyp, =0, (533)

A: Hygy = —2ie? (I4T4)p, , (534)

K

Habl =e2 (FabFﬁA)la (535)

IB: H,p, = —2ic? (KTy)s, . (536)
Hupy = ¢* (D KA)., (537)
Rmyapyar..n,s =0, (538)

ITA: R(n)m.“anfzgﬁ =2 GnZS(ﬁ(Fal---aan (Fﬁ)%)977 (539)

n—>5 n-s n
R(")a1-~an—1g - = 9 e ¢(Fa1~»-an—1 (71_‘11) 2 A)ga (540)
IB:  Rwar.an sas =20€ 7 *(Tayan o KT Dag, (541)
— 5 n— n—
Rinyay...an1a = - D) eTS(b(Fal...aan QIIA)Q- (542)
1
Ag = 5020, (543)

Here, I'y = I'gI'; .. .T'g stands for the 10-dimensional analogue of the v matrix in d = 4, i.e., the
chirality matrix, whereas K and J are SO(2) matrices appearing in the real formulation of type IIB
supergravity [141]. In the last line, ¢ stands for the superfield containing the bulk dilaton, whereas
A, has the appropriate dilatino as its leading component.

Even though the dual potential Bg to the NS-NS 2-form By does not explicitly appear in the
kappa invariant D-brane effective actions reviewed in Section 3, its field strength H7 is relevant to
understand the solution to the Bianchi identities in type IIB, as explained in detail in [141]. For
completeness, I include its definition below

1 1 1

IIA: H7 :dBG - §C1AR6+§C3/\R4— 505/\R2, (544)
1 1 1 1

HB H7:dBG+§C(]/\R7—502/\R5+§C4/\R3—506/\R1. (545)

By construction, these obey the constraints

ke

HA:  Ha,..asas = 2ie” % (Tay...a5)ap, (546)
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Horooapo = —€ 7 (Tay...00MN)as (547)
UB:  Ha, . ayep = 2i€ % (Ta, 0y K)ap, (548)
Ha,.aia = —€ 2 (Tay..as KA, (549)
and the Bianchi identities
IIA: dHy + Ry A Rg — %1%4 ARy =0, (550)
IIB: dH7+ Ry ANR7; — R3 A Rs; =0. (551)

A.2 N =1 d = 11 supergravity conventions

There is a similar discussion for N' = 1 d = 11 supergravity [154] whose gravity supermultiplet
involves metric g, (), a three gauge field potential Az(z), or its Hodge dual Ag(x), and a gravitino
U, (). When embedding this structure in N' =1 d = 11 superspace [153, 117], one uses local
coordinates ZM = (2™, 0) where now 6 stands for an 11-dimensional Majorana spinor having
32 real components. As before, the superfield encoding information about both the metric and
gravitino is the supervielbein E4 = dZME v, the superfield extension of the bosonic vielbein
E,.,*. The notation is as before, with the understanding that the current bosonic indices, both
curved (m) and tangent space (a), run from 0 to 10. Furthermore, As(x) is extended into a
superfield 3-form As(x, ) with superspace components Agcp(z,6).

As in type IIA and B, it is natural to introduce the field strengths of these superfield potentials

Ry = dAs,
1
R; = dAg + 5143 A Ry, (552)

are gauge invariant under the abelian gauge potential transformations
0A3 = dAs,
1
0Ag = dAs — §A2 A Ry. (553)

These superfields satisfy the set of constraints

a N nle] a a 1 cra
TS = —iEBXA EEF@ + E2 A EéTb;B + §E9 N BTy, (554)

1 1
Ry iEQ NESNE*NEX(Tgp)ap + LA E° A ESA E4Rypa, (555)
1
5!

1
R; EX A NE% NEXA EE(F&@)% + ﬁEﬁl . E% Ry 4

aq

(556)

These allow one to establish an equivalence between this superspace formulation and the on-shell
supergravity component one. They are also crucial to proving the kappa symmetry invariance of
both M2 and Mb5-brane actions.
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B Cone Construction and Supersymmetry

It is well known that S? and AdS, can be described as surfaces embedded in R4 and R*9~!. What
is less known, especially in the physics literature, is that geometric Killing spinors on the latter are
induced from parallel spinors on the former. This was proven by Béar [49] in the Riemannian case
and by Kath [336] in the pseudo-Riemannian case. In this appendix, I briefly review this result.

Consider a Riemannian spin manifold (M, g) having geometric Killing spinors v satisfying the
differential equation

Vmw = _%Fmdk (557)

R is related to the curvature of the manifold and € is a sign, to be spelled out below. From a physics
point of view, the right-hand side of this equation is the remnant of the gravitino supersymmetry
transformation in the presence of non-trivial fluxes proportional to the volume form of the manifold
(M, g). Mathematically, it is a rather natural extension of the notion of covariantly constant Killing
spinors. The statement that the manifold (M, g) allows an embedding in a higher-dimensional

Riemannian space M corresponds, metrically, to considering the metric of a cone g in M with base
space M. Thus,

M=R"xM and §:d7“2+(£)29 (558)
R b

where R > 0 is the radius of curvature of (M,g). There exists a similar construction in the
pseudo-Riemannian case in which the cone is now along a timelike direction. In the following, I
will distinguish two different cases, though part of the analysis will be done simultaneously:

o (M, g) Riemannian with Riemannian cone (M4+!,3), and

o (M4-1 g) Lorentzian with pseudo-Riemannian cone (M2>9-1 3).

To establish an explicit map between Killing spinors in both manifolds, one needs to relate
their spin connections. To do so, consider a local coframe 6 for (M, g) and 6* for (M,q), defined
as

0" =d d 0" = —0". 559
r an 7 (559)

The connection coefficients w’; and @®, satisfy the corresponding structure equations
A0 +w' ;AP =0 and O+ G A0 =0. (560)

Given the relation between coframes, the connections are related as

~i ; . 1~ 1 ..
W' =w'; and W= ;91 = EQ’ . (561)

Let V denote the spin connection on (]Téf ,9):
~ 1=
V=d+ -w*Ty , (562)

where 7, are the gamma-matrices for the relevant Clifford algebra. Plugging in the expression for
the connection coefficients for the cone, one finds

= dt LT, 1 L gT

V=d+ zw ij + S’ i (563)
To continue we have to discuss the embedding of Clifford algebras in order to recognise the above
connection intrinsically on (M, g). This requires distinguishing two cases, according to the signature
of (M, g).
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B.1 (M,g) Riemannian

When (M, g) is Riemannian, there exists a natural embedding of the Clifford algebra C¢(d,0) into
Ce(d + 1,0)evem,

Cl(d,0) = Cld+ 1,0  where Ty ell,. (564)
This embedding depends on a sign ¢ (for “embedding”) and has the property that I';; — fzj
Thus, it embeds spin(d, 0) into spin(d + 1,0). When d is odd, the dimension of the minimal spinor
representation in M is double the one in M. In this case, the Clifford-valued volume form v in

both manifolds is mapped as follows
Vd,0 7 €Vd+1,0- (565)

Thus, spinors in M will be mapped to spinors of a definite chirality in @ . B
Plugging this embedding into the expression for V, one sees that a V-parallel spinor v in the
cone, restricts to (M, g) to a geometric Killing spinor ¢ = 9|,—r obeying

inb:—%xw (566)

This is the defining equation for a geometric Killing spinor. Furthermore,

e if d is even: there exists a one-to-one correspondence between parallel spinors @Z in Md+!
and geometric Killing spinors 1 in M¢; and

e if d is odd: there exists a one-to-one correspondence between parallel spinors ’LZ in M1 of
definite chirality®? eigenvalues and geometric Killing spinors ¢ in M¢9.

B.2 (M,g) of signature (1,d — 1)

When (M, g) is Lorentzian, there also exists a natural embedding of the Clifford algebra C¢(1,d—1)
into Cl(2,d — 1)°V*® depending on a sign e:

Cl1,d—1) = Cl2,d — 1)  where T~ el;L,. (567)

This embedding induces an embedding spin(d,0) < spin(d + 1,0), I';; — fij. Moreover if d is
odd, one has
V1,d—1 "7 EV2 d—1- (568)

Plugging this into the expression for v, we see that a V-parallel spinor {Z in the cone, restricts to
(M, g) to a geometric Killing spinor ¢ = v|,—r obeying

VXQZ,:_%X.M (569)

Furthermore,

e if d is even: there exists a one-to-one correspondence between parallel spinors ¢ in M24~1
and geometric Killing spinors ¢ in M%?~1; and

e if d is odd: there exists a one-to-one correspondence between parallel spinors i./; in M2d-1
with definite chirality®® and geometric Killing spinors ¢ in M 141,

52 The chirality can be &1 or +i, depending on the reality of the volume form eigenspace.

53 Same comments as above.
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