BRANES IN STRING THEORY

D.P. Sorokin

INFN, Sezione di Padova & Dip. di Fisica, Universita degli Studi di Padova, Padova, Italia;
e-mail: Sorokin@pd.infn.it;
Departamento de Fisica Teorica, Universidad de Valencia, Valencia, Esparia

We give a simple overview of some basic aspects of the dynamics of branes in string theory and of their role in
the attempts to get from String Theory a realistic model of fundamental interactions of elementary particles.

PACS: 11.25.Hf, 04.65.+e, 11.10.Kk, 11.30.Pb

1. INTRODUCTION

To avoid the confusion about the meaning of the
word Branes, let me note from the beginning that this
contribution is basically not about the Great Brains
working in String Theory, but rather about some prod-
ucts of their mind, called Branes. The word brane is a
derivative of the membrane, which is a 2-dimensional
surface. It stands for higher dimensional solitonic ob-
jects which appear in String Theory.

Modern String Theory has by now become the most
powerful candidate on the role of the Unified Theory of
fundamental interactions of elementary particles (elec-
tromagnetic, weak, strong and gravitational). A particu-
lar feature of this theory is that its quantum consistency
requires that it should be formulated in space-time of
dimension 10 or even 11. The eleven-dimensional ex-
tension of String Theory is called M-Theory. So the
space-time in which String/M-theory lives has 6 or 7
extra spatial dimensions in comparison with our (3+1)-
dimensional space-time. Thus, String Theory is a mod-
ern realization of an old idea of Norstrom (1914),
Kaluza (1921) and Klein (1927) [1] that our World may
have extra dimensions which can give the geometrical
origin to the observable forces in Nature such as the
electromagnetic interactions. A reason why these extra
dimensions are invisible is that they are very small. One
of the first mechanisms which explained why and how
the extra dimensions are compactified was proposed in
Kharkov by Volkov and Tkach in 1980 [2]. Using this
mechanism it was shown [3] that a low energy field
theoretical limit of String Theory called Type IIA D=10
supergravity can be compactified down to a four dimen-
sional effective theory with a gauge symmetry
SUB)xSU2)xU(1) similar to that of the Standard
Model of elementary particles. Modern compactifica-
tion machinery aimed at getting from String Theory all
details of the Standard Model is much more complex
(see [4] and also [5] for a review of modern trends) and
the Volkov-Tkach mechanism is a part of it.

String Theory contains a large variety of physical
objects:

e Fields: scalars (axion and dilaton), vector and ten-
sor gauge fields, gravity, fermions and massive
higher spin fields with 2 < s <o0.

e Dynamical (solitonic) objects:

o particles (0-branes);
o strings (1-branes);

o membranes (2-branes);
o p-branes (p=0,1,---,9), where p counts the

number of spatial dimensions.
e  Other (more exotic) objects like D-instantons with
p=-1, Kaluza-Klein monopoles, orientifold

planes, etc.

2. BRANES AND THEIR WORLDS

Branes play an important role in String Theory [4-
7]. E.g. the vibrations of fundamental strings (open and
closed 1-branes) produce the perturbative sector of
String Theory associated with fields which include a
low energy limit of String Theory described by 10-
dimensional supergravities.

Another important class of brains is formed by
Dirichlet p-branes (D-branes). These are spatial surfaces
on which open fundamental strings can end (string end-
points can move only along the brane, i.e. they satisfy
the Dirichlet boundary condition, giving the name for
these branes).

String endpoints (like charged particles) induce on
the Dp-brane a vector gauge field. The surface can fluc-
tuate and move in ambient 10-dimensional space-time
(called bulk). The fluctuations of the brane orthogonal
to its surface are described by scalar fields on the brane
worldvolume. Thus, some string fields are trapped on
the p-brane of 10D space-time and give rise to an effec-
tive field theory on the brane worldvolume.

It is tempting to associate the origin of our 4D
space-time Universe with a stack of D3-branes (3-
dimensional surfaces) interacting with other kinds of
branes and fields in 10D bulk and which under certain
conditions have acquired properties similar to the Stan-
dard Model of elementary particles.

To prove that such a point of view on the nature of
our Universe indeed has physical grounds is one of the
challenges of String Theory as a unified theory of fun-
damental interactions which strives to explain why our
world is as it is. To reach this goal one should study
various intertwining aspects of String Theory and in
particular to understand in detail the dynamics of branes
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and their role in the possible formation of a universe
with physical properties similar to our world (4 funda-
mental interactions: electro-weak, strong and gravity,
(at least) three generations of elementary particles, CP-
violation, spontaneous symmetry breaking, small gravi-
tational and cosmological constant, dark matter etc.). A
variety of phenomenological models having a brany
origin have been proposed [7,5] and named Brane
Worlds (see also [8] and references therein for earlier
attempts in this direction).

In this contribution I will discuss only very basic
things regarding the dynamics of branes, and will try to
show that indeed branes can carry enough fields with
phenomenologically relevant properties.

3. P-BRANE DYNAMICS IN 10D BULK

The description of brane dynamics is based on the
action principle, which generalizes that of the relativis-
tic massive point-like particle. Moving in space-time
parametrized by coordinates x* (M=0,1...,9) a particle
draws a worldline x"(t) parametrized by the time-like
coordinate 1. From the geometrical point of view a natu-
ral candidate on the role of the particle action is the
length element of the worldline from its initial to the
final point

S =m{dr|-0,xM0,xN gy (x(1)), (1)

where m is the particle mass and g, (x) is the space-

time metric, i.e. the gravitation field with which the
particle interacts in a geometrical way. If the particle
carries an electric charge e, its interaction with the elec-
tromagnetic field 4, (x) is described by the minimal

coupling term e J dxM Aypy (x(1)) . Then the action takes

the form

§ = m| dry 0.5 0" gy (x(0))
+ef dx™ Ay (x(v)). 2)

The action is invariant under the arbitrary
reparametrization of the worldline coordinate t'=f(1),
under the general coordinate transformations of space-
time coordinates x '=f"(x) and (up to a total derivative)
under the electromagnetic field gauge transformations
Ay =0 a(x).

In the same way, a p-brane (i.e. a spatial surface of
dimension p) moving in space-time sweeps a (p+t1)-
dimensional surface x"(£) called brane worldvolume
and parametrized by p+1 "internal" coordinates &”
(m=0,1,...p). From the geometrical point of view the
action integral is proportional to the area of the world-
volume, with the proportionality coefficient being the
brane tension 7,

§=T[dP - detd, 8,5 gy (x). 3)
As in the case of the particle, the p-brane may carry

an "electric" charge and minimally couple to a tensor
analog of the electromagnetic field described by the
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antisymmetric tensor field AMI___M l(x) of rank p+1.
P+

Then the action (3) is extended by the corresponding
coupling term and takes the form

S = Tjdp“g\/—detameaangMN(x)

(x). “4)

The brane action (4) is invariant under the world-
volume reparametrization &"'=f"(), the space-time gen-
eral coordinate transformations x ’=f"(x) and under the
gauge transformations 84,,(x) =do, (x), with the

M
+ e.fdle dxT P Ay M,

parameter o, being an antisymmetric tensor of rank p

(or a differential p-form).

We see that, from the point of view of the observer
living on the brane, the action (4) describes an effective
(p+1)-dimensional field theory with x" (&) (M=0,1...,9)
being the worldvolume scalar fields. The fields are sca-
lar since from the worldvolume space-time point of
view the indices M correspond to an internal space.

Let us now consider what are the physical fields of
this theory using the example of a 3-brane, (so in (4) we
take p=3). We can split 10 coordinate fields x (£) in

four ones x” (e‘;) (m=0,1,2,3) which correspond to

coordinates along the brane worldvolume and other six
x'(€) which are orthogonal to the brane

ME) =@ @) m=123 i=1.6. (5

Using the worldvolume reparametrization invariance

we can identify & with x” (&" = x™). In this, so called
static gauge, the remaining fields x'(&)=:¢'(&) are the
independente physical scalar fields of the worldvolume
theory taking values in the vector representation of the
group SO(6). This reflects the fact that the 3-brane
breaks the Lorentz symmetry SO(1,9) of the 10D flat
space-time down to its subgroup SO(1,3)xSO(6). Ten-
dimensional Poincaré transflations are also spontane-
ously broken by the 3-brane down to 4D translations
along the worldvolume, the scalars ¢'(&) being six Gold-
stone fields corresponding to the broken translation
symmetry.

In the static gauge (and in flat 10D space-time with-
out the gauge field A,.,) the 3-brane action (4) takes the
form

S = T.[d4‘§\/_ det(’]mn +6m¢ian(pi)

STV = T[d* 60,007 0" +@00'0,0) -2

where V, is the area of the static 3-brane worldvolume
(its contribution to the classical action plays no role).

We see that the action for the scalar fields ¢’ (&) con-

tains the standard kinetic term and an infinite series of
terms describing non-linear self-interactions of the sca-
lar fields.

So the brane carries scalar Goldstone fields, but
these are not sufficient at all for phenomenological ap-
plications. Therefore, a natural question arises whether



a brane can carry other types of fields such as vector
gauge fields and fermions?

4. DIRICHLET 3-BRANE WITH BORN-
INFELD GAUGE FIELD

As we have already mentioned, the gauge field is
induced on the Dirichlet brane by the end point of the
string. String computations showed that the world-
volume dynamics of this field is governed by the action
proposed many years ago by Born and Infeld [9] to de-
scribe a non-linear generalization of electrodynamics.

Thus, in the presence of the vector field the D3-
brane action (4) gets generalized to the following one

§ =T [d ey~ det(@,,v"0,x" gy () + Fyn ()
+effax™de™e dyy Ly (x(8)

+axcM N de" dE" Ay (X(E))Fpp (B) (6)
+§da’”l o de™ Fy y (E)F i, (E)Co(x(E))],

where now, because of the presence of the generalized
field strength of the worldvolume gauge field

Fon =04, (&)—5,1/1,” (E.:)J"ameaanBMN , the D3-
brane couples not only to the bulk gravity and the 4-
rank gauge field Ay, M, (x) but also to the 2-rank

gauge fields By(x) and A,n(x), and to the scalar (ax-
ion) field Cy(x).

Note that when the 10D background fields are zero, in
the quadratic approximation in F,,, the action (6) re-
duces (up to a constant term) to the Maxwell action

S= _%jd“&,/— det g Fopn F™,

where g,,=0,x"3,x" gy (x) is the induced metric
on the 3-brane worldvolume.

5. MULTIPLE D-BRANES AND THE
APPEARANCE OF NON-ABELIAN FIELDS

In the previous example the D3-brane carried an
Abelian gauge field. But in our strive for getting the
Standard Model on the brane, we should understand
how a non-Abelian gauge structure may arise which
might give rise to SU(3)xSU(2)xU(1) symmetry.

As was demonstrated by Witten [10], the Yang-
Mills type interactions between worldvolume gauge
fields arise when several parallel Dirichlet branes, on
which strings end in all possible ways, approach each
other and coincide. For instance, if we have two D-
branes there are four possibilities of how strings can end
on them. They are shown in the picture

4,E) 4,E,) 2 coincident
branes_~
v
4,(&.E,) [ P
e
'

Tt

4)E€)eU), 1,J=12

Two strings end on each of the branes and two strings
connecting the branes differ by orientation. These four
strings give rise to four different gauge fields which,
when the branes coincide, combine into a Yang-Mills
field with U(2) gauge symmetry. In the case of N coin-
cident Dirichlet branes their gauge fields acquire U(N)
gauge symmetry which for N large enough may contain
SU(B3)xSU(2)xU(1) as a subgroup.

The action describing the dynamics of the non-
Abelian worldvolume gauge fields is a highly non-
trivial generalization of the Born-Infeld action (6) and
its description is far beyond the scope of this article.

6. FERMIONS ON THE BRANE

Let us now consider how fermionic fields appear on
the brane worldvolume. This happens because String
Theory is supersymmetric. So all bosonic fields of the
theory have their fermionic superpartners and vice
versa. Here it is the appropriate point to mention that
among the pioneer papers on supersymmetry [11-13]
the work of Kharkov theorists Volkov and Akulov [12],
who proposed a field theoretical model with spontane-
ously broken supersymmetry, turned out to be directly
related to the structure of the fermionic sector of the
supersymmetric brane action.

To make supersymmetry manifest, one formulates
supersymmetric theory in a generalized space-time
whose bosonic directions x¥ are enlarged with fer-
mionic directions parametrized by Grassmann-odd spi-
nor coordinates 0%. In the case of ten-dimensional
String Theory there are 32 Grassmann-odd coordinates
(0=1,...,32). The generalized space-time parametrized
by the supercoordinates Z=(x",0") is called superspace.
The (rigid) supersymmetry transformations act on the
superspace coordinates as follows

50% =%, sxM =—igyMe, (7)

where €% is the supersymmetry parameter and yM are

the 10D Dirac matrices.

The branes are assumed to move in the superspace,
so its worldvolume in superspace is parametrized by
coordinate functions ZAE™)=(x"(E™),0%(E™)) of the
worldvolume parameters &™. Thus, x"(§™) play the role
of bosonic scalar worldvolume fields (as we have al-
ready seen), and 0%(&™) are the fermionic fields.

The supersymetry invariant action for a D3-brane
moving in flat superspace has the following form

s=T1f d%% det[(@,,x™ +ia,,6y™6)

< @, 410,07 Y OMagy + Fyn 0]

+T[[dz -z Ay, 4, (2(9)
+dZdzPdE" A" 4,45 (Z(E))Fyy (8) ®)
e Fy (P, (Co (2D,

where A a;...24(Z), A26(Z), Co(Z) and B a5(Z) (contained in
F,.,) are superfields depending on the superspace coor-
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dinates Z#, and axM +id§yM 0 is the Volkov-Akulov

supersymmetry invariant differential form. Note that the
"electric" charge of the brane (in front of the second
integral of (8)) is taken to be equal to the D3-brane ten-
sion. This is a requirement of a local fermionic symme-
try (called kappa-symmetry) under which the D-brane
action (8) is invariant.

Before discussing this symmetry in more detail let
us note that if in Eq. (8) we put to zero the fields
AaradZ), As(Z), Co(Z) and F, (&), impose the static

gauge explaind below Eq. (5) and assume that the D3-
brane does not fluctuate in transverse directions, the
action (8) reduces to

Sya=T| d“g% det(8M +io,, 6y 6)

N _.A N /2 ®

x (8, +i0,0y" Oy >
which is the Volkov-Akulov action for a Goldstone
fermion field proposed in 1972 [12].

The fermionic fields on the brane are indeed the
Volkov-Akulov Goldstones associated with half of ten-
dimensional supersymmetry which is spontaneously
broken by the presence of the brane.

7. KAPPA-SYMMETRY

This symmetry, which was first found in actions for
supersymmetric particles [14, 15], is a fundamental in-
gredient of all super-branes. Under the kappa-
transformations the superspace coordinates transform in
the following way:

507 = kP ( &)1+ T) 5%, &M =is9yMo, 61,/(£)#0,
%(1 + f)BOL being a projector matrix, which allows one

to eliminate half of 6% (&).

Note that the Born-Infeld vector field is also trans-
formed under kappa-symmetry. Note also that the form
of the kappa-symmetry transformations for x" is similar
to the supersymmetry transformations, but with the sign
+ instead of —, i.e. x* is kappa-transformed in the oppo-
site direction.

In the case of the Dp-branes the matrix T has the
following form

1 mey--m

(p+1D)!y/—det(g + F)

><('YmO "'le, +Fm0m1’Ym2 "'Ymp +)

P

F:

where +- stands for higher order terms in powers of £,
Ym are ten-dimensional Dirac matrices projected (pulled-
back) onto the (p+1)-dimensional worldvolume, and the
square root of the determinant in the denominator is the
Dirac-Born-Infeld term of the supersymmetric generali-
zation of the D-brane action (6).

Notice that the form of I in the kappa-symmetry pro-
jector exactly simulates the form of the second integral
(so called Wess-Zumino term) of the D-brane action (8)
whose schematic form is

1
LWZ = Ap+1 +Ap_1F2 +5Ap_3F2F2 +--
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To construct I" one should just replace the r-rank fields
A, with the corresponding antisymmetric products of r
Dirac matrices V.
Kappa symmetry implies the following properties of
supersymmetric p-branes:
=  Brane tension T is related to the "electric" charge e
[An example of the brane for which T and e are re-
lated already in the purely bosonic case is the 5
brane of M-theory. It is required by the self-duality
of the M5-brane tensor gauge field [16]];

= The brane ground state, being supersymmetric, has
a minimal energy and is stable (so called BPS-
state). The gravitational force between two static
branes is compensated by their "electric" repulsion.

= The superbrane breaks half of the supersymmetries
of the space-time background and its effective
worldvolume field theory is supersymmetric with
equal number of bosonic x'(&), 4,,(£) and fermionic
(&) fields.

We should note that the fermionic fields on a single
brane considered above are not exactly the ones which
we could associate with the fermionic fields of the
Standard Model. The latter are in the chiral representa-
tion of SU(2). In phenomenologically relevant brane
models chiral fermions appear at intersections of several
branes (see [5] for a review).

8. SUMMARY AND HOPES

I have tried to demonstrate that branes may carry on
their worldvolume enough fields to reproduce elemen-
tary particles of the Standard Model. It gives a hope to
explain within a brane framework all main features of
the fundamental interactions of elementary particles.

The worldvolume gauge fields are those of the
Yang-Mills type and their symmetry may include the
group SU(3)xSU(3)xU(1) and chiral fermions arise at
brane intersections. So multiple intersecting branes may
explain why the matter is chiral, i.e. asymmetry between
the right-handed and left-handed fermions in each gen-
eration of elementary particles.

Effective field theory on the brane is supersymmet-
ric. So it may provide a version of the supersymmetric
extension of the Standard Model and may give a solu-
tion to the Hierarchy Problem, i.e. explain why the en-
ergy scale of the electro-weak symmetry breaking is so
small in comparison with the Grand Unification scale?

Phenomenological models provided to us by String
Theory also predict a number of new phenomena. For
instance, supersymmetry and extra dimensions of space-
time are inherent features of string theory required by
its quantum consistency, so their existence should mani-
fest itself in new particles (e.g. supersymmetric partners
and Kaluza-Klein particles) and/or in non-conservation
of the 4D energy-momentum due to its flow in extra
dimensions (orthogonal to the brane).

These (and other) phenomena will be tested at ex-
periments on the new Large Hardron Collider (LHC) to
be put into operation at CERN (Genéve) in 2007.

Whatever results of these experiments are, they will
be certainly crucial for the trends in which the Unified
Theory of Fundamental Interactions will develop. So



we are living in an interesting time of the eve of great
events and possible crucial changes in the minds of our
brains and may be even in our "brane" world.
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BPAHBI B TEOPUU CTPYH
J.I1. Copoxun

Hacrosmas pabora npencrasiser coboil 3JeMeHTapHBIH 0030p OCHOBHBIX CBOWCTB AMHAMHUKH PEJISTHBUCTCKUX
MPOTSDKEHHBIX 00BEKTOB (OpaH) B TEOPHH CTPYH M HX POJIM B MMOCTPOSHUH HA OCHOBE CTPYHHOH TEOPHH, PEaTHCTH-
YeCKHX Mojelieil pyHIaMeHTaIbHBIX B3aUMOJICHCTBUH 3JIeMEHTAPHBIX YaCTHUI.

BPAHHU Y TEOPIi CTPYH
J.IL. Copoxin

PoGota sBisie coOO0 eneMeHTapHHI OTJisi] OCHOBHUX BJIACTUBOCTSH NHHAMIKH PEJIATUBICTCHKUX MPOTSHKHHX
00'exTiB (Opan) y Teopii cTpyH ¥ iXHBOI poJii B MOOYAOBI HA OCHOBI CTPYHHOI Teopii, peariCTHIHUX Mojenerd (yH-

JaMCHTAJIbHUX BSaGMOI[iI‘/II CIICMCHTApPHUX YaCTOK.
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