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Abstract

The main purpose of this Thesis is to provide an analysis for tree-level amplitudes involving massive string
states in a D-brane background. String-brane interactions provide an ideal framework to study the dynamics
of the massive states of the string spectrum in a non-trivial background. The infinite tower of massive modes
in the string spectrum is essential for the perturbative finiteness of the string amplitudes.

The high-energy limit of string theory is a promising regime to study the relation between string ampli-
tudes and gravitational phenomena.

We present here an analysis of tree-level amplitudes for processes in which an NS-NS string state from
the leading Regge trajectory scatters from a D-brane into another state from the leading Regge trajectory, in
general of a different mass, at high energies and small scattering angles. This is done by using world-sheet
OPE methods and effective vertex operators. We find that this class of processes has a universal dependence
on the energy of the projectile and that the tree-level amplitudes are in agreement with the eikonal operator
form of the string S-matrix.
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Introduction

Perturbative string theory allows the evaluation of finite and unitary scattering amplitudes, including the
exchange of a massless particle of spin 2. Its massless spectrum and the low energy couplings coincide
with those of effective supergravity theories. The full string theory spectrum is however much richer. It
comprises an infinite tower of massive modes which are essential for the perturbative finiteness of the string
amplitudes and other peculiar features of the theory.

String theory thus provides a perturbative description of quantum gravity and as such it is one of the
main tools at our disposal to learn about physics at the Planck scale where gravitational interactions be-
come dominant. We would also like to study in the context of string theory those processes which seem to
defy a consistent unification of gravitational physics and quantum mechanics, in particular the gravitational
collapse, the formation of black holes and the fate of matter falling into a black hole.

The high-energy limit of string theory is a promising regime to study the relation between string am-
plitudes and gravitational phenomena. Early investigations into the high-energy behaviour of scattering
amplitudes in string theory considered two principal regimes, that of fixed scattering angle [40, 42} 43| and
that of fixed momentum transfer [7H9]]. In the former it was discovered that at each genus the high-energy
behaviour of the string scattering amplitudes is dominated by a saddle point in the moduli space of the
Riemann surfaces and corresponds to a semiclassical worldsheet in spacetime.

The latter investigations considered graviton-graviton scattering in the limit of large center of mass en-
ergy and fixed momentum transfer, referred to as the Regge limit. Several interesting features for different
values of the transferred momentum ¢ were identified. For small ¢, corresponding to large distance pro-
cesses, it was found that elastic scattering dominates and this is mediated by the long range exchange of
particles lying on the Regge trajectory of the graviton, called “reggeized gravitons”. For larger values of ¢, a
semiclassical eikonal description dominates: the strings begin to feel the influence of a curved background
and this reveals effects attributable to classical gravity. If the value of ¢ is increased further, absorptive pro-
cesses begin to contribute significantly due to the production of inelastic and diffractive states. Beyond this
point the analysis should be extended into the regime of small but fixed scattering angle.

The eikonal amplitudes closely correspond to the semiclassical picture of one string scattering in the
classical metric of the other. For a very energetic string this is the Aichelburg-Sexl metric [S]]. The combined
classical metric of the pair of colliding strings is that of colliding Aichelburg-Sex] metrics, which was shown
in [31} [63] to form a closed trapped surface, and thus a black hole, at impact parameters of order Rg(FE).
However, before concluding that black holes form in the collision of a pair of strings, one needs to check
that there are not other effects which could intervene and change qualitatively the dynamics. An important
example of this kind of effects is the tidal excitation of massive string modes.

More recently there has been renewed interest in the high-energy behaviour of scattering amplitudes in
string theory [[11} 27, 61]]. In the paper by D’ Appollonio, Di Vecchia, Russo and Veneziano (DDRV) [27]]
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Introduction

the methods employed by Amati, Ciafaloni and Veneziano (ACV) in [8]] were used to examine the high-
energy scattering of a graviton from a stack of N parallel Dp-branes in a flat background. Significantly, this
process involves the interaction between perturbative and non-perturbative objects for which we have a mi-
croscopic description, whereas previously only interactions between perturbative states had been analysed.
As in the earlier investigations the limit of large energies is examined in a number of kinematic regions for
which both the impact parameter and radius of curvature produced by the D-branes are larger than the string
length. For the largest impact parameters one finds a region of perturbative scattering leading to vanishingly
small deflection angles, and as the impact parameter is reduced one encounters both classical corrections
and corrections due to the nonzero string length. The classical counterpart of the AS metric in the case of
the D-branes, is the extremal p-brane metric.

As the impact parameter approaches the scale of curvature of the p-brane spacetime, classically the incom-
ing string should be absorbed by the brane. This would be a very interesting region for further study.

It is of great interest to better understand high-energy string scattering. A great variety of novel phenom-
ena such as excited string states, as well as string-scale non-localities, arise at a threshold energy near the
string scale. Also in the high-energy regime far beyond the string scale one can find interesting physics. For
example, one has sufficient energy to excite a macroscopic string of length | ~ E/M?. These observations
have motivated proposal of a string uncertainty principle [9] and were suggested to play a role in resolving
the information paradox. Particularly important is to understand the role of effects due to string excitation,
such as long strings, and effects that are more easily described as being essentially gravitational. Massive
string excitations and their interactions will be the central topic of this Thesis.

This Thesis is organised as follows. We briefly review in Chapter[I]the most important features of field
theories at high energy, introducing the eikonal approximation and, following "t Hooft [55]], its application
to high-energy collisions in quantum gravity. This will be a useful introduction to the string computation,
and we will come back to the gravitational eikonal to compare it to the string in the following Chapters.

In order to compute high energy scattering amplitudes in string theory, in Chapter 2] we will introduce
the spectrum of the NS-NS sector of the Type II theory and then we will explain how to compute correlators
on the simplest Riemann surfaces: the sphere and the disk for tree-level diagrams, the torus and the annulus
for one-loop computations in flat space and in the presence of D-branes, respectively. Then we will motivate
the insertion of a D-brane background in the high energy scattering analysis by reviewing the description
of D-branes both as defects in spacetime on which open strings can end and as solutions to the low-energy
effective actions of Type II string theories.

The issue of Planckian energy scattering is entirely taken into account in Chapter 3} where we perform
the asymptotic limit of tree-level and one-loop four-point amplitudes for massless states as was done in
[Z, 18] Tt is shown that the amplitudes in the Regge limit can be resummed to all orders in the string loop
parameter. The resulting amplitude has an operator eikonal form. This operator will be analysed in detail in
different kinematic regions.

After reviewing the work of ACV, we briefly analyse fixed angle scattering as another important kine-
matic regime at Planckian energies. Then we introduce the massive string spectrum emphasizing its rel-
evance in high-energy scattering processes. The states we will be using in the amplitudes of Chapter ]
are introduced, especially those lying on the leading Regge trajectory of the NS-NS sector of the Type II
superstring, that is, the states with the maximum spin possible for their mass.

The setting of Amati, Ciafaloni and Veneziano is then completed with the addition of a D-brane back-

ground in Chapter ] and again the amplitudes are shown to resum in an eikonal form. In this case the clas-



Introduction 3

sical picture equivalent to the D-brane background is the propagation of the string in the extremal p-brane
metric. Again classical parameters such as the deflection angle and inelastic excitations can be computed.
The latter are however taken into account by string excitations, which can be evaluated through the eikonal
operator. It turns out that only the excitations transverse to the D-brane world-volume are nonzero.

This issue leads us to investigate the importance of string excitations, and motivated by this in Chapter
[5] we study the interactions of a massive closed superstring with a stack of Dp-branes. Such interactions
will in general include inelastic processes in which the string is excited/decays into a state of a different
mass. Since we expect scattering at large energies to be particularly simple for the leading Regge trajec-
tory, we will take such states as our two external strings with momenta p;, p2 such that o’p? = —4n and
a'p3 = —4n’ for positive integers n, n’. The presence of the D-branes will break the SO(1,9) invari-
ance to SO(1,p) x SO(9 — p) and momentum will only be conserved parallel to the worldvolume of the
D-branes. This implies that the invariant quantities we will primarily consider shall be composed of the
momentum flowing parallel to the D-branes, s = —plﬁ, and the momentum transferred to the D-branes,
t = —(p1 + p2)?. We will be interested in the limit o’s — oo while ¢ is kept fixed. In order to obtain
high-energy scattering amplitudes in the most efficient manner we will make use of OPE methods to con-
struct effective vertex operators as pioneered in [3, 4] and more recently used in [21}|33]]. Insertion of these
effective vertices onto the upper-half of the complex plane will yield the tree-level amplitudes for these
processes which show identical Regge behaviour to that exhibited in the graviton - graviton scattering. This
behaviour is then universal for the states on the leading Regge trajectory. We find that the eikonal operator
takes into account inelastic string excitations, and confirm that the longitudinal degrees of freedom are not
excited at tree level. It could be interesting then to investigate if these excitations show up at one-loop order,
and if they are in agreement with the semiclassical picture. We will discuss other possible applications of
our work in the Conclusions.






High energy behaviour of perturbative field theory

The main topic of this Thesis is the behaviour of the string scattering amplitudes at high-energy and fixed
impact parameter. An important role in this context is played by the eikonal approximation. In this chapter
we will review the application of this method to the scattering of two particles with trans-planckian ener-
gies, which is dominated by the exchange of gravitons. In chapter 8] we will consider the same process in
the context of string theory.

Historically the eikonal approximation was developed in geometrical optics in order to study the propa-
gation of light rays according to Fermat principle. Through the work of Hamilton it deeply influenced the
development of classical and quantum mechanics. In scattering theory the eikonal approximation is particu-
larly useful for processes involving particles with large center of mass energy. It is based on the assumption
that a very energetic particle will be hardly deflected from its path by the interaction with a potential V'(z).
The idea is then to expand the amplitude in a series around the undeflected trajectory of the particle and so
it is a semiclassical limit. The first term of the series is

2 .
A8, ¢) = %/db b/o dp(e=X®) _1), (1.1)

where b is the impact parameter, k& the momentum of the particle and the phase is given by

o ko[t -
x(b) =—=— dzV (b, z). (1.2)
In the sixties and the seventies many results were derived concerning the high-energy behaviour of the
scattering amplitudes of a relativistic quantum field theory. A very detailed analysis was performed in a
series of classical papers by H. Cheng and T. T. Wu and their collaborators [24]. They studied the asymp-
totic behaviour of the Feynman graphs contributing order by order in perturbation theory to a two-particle
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6 Chapter 1. High energy behaviour of perturbative field theory

scattering process. A particular class of diagrams is given by the so-called ladder diagrams. They are char-
acterized by the fact that the large momenta carried in the center of mass frame by the two colliding particles
flow through the diagram along two uninterrupted lines. Other particles are exchanged only between these
two lines and they carry soft momenta. It was soon realized by Itzykson and Abarbanel [1] that the sum
of the ladder diagrams could be represented in impact-parameter space in an eikonal form very similar to
the non-relativistic expression. The eikonal phase is in fact given by the Fourier transform of the tree-level

amplitude. As an example, the eikonal T-matrix for electron-electron scattering in QED is
5 IV - d2 —ig-b
Te(s,t) = —QiSL;l/\z/ d?p et Ps—p1) {exp [—ieg/ q__° -1, (1.3)

4m @2 [P + 112
where ); are the particle helicities and 2 an infrared cutoff for the photon propagator. In the limit ;1 — 0

one recovers, apart form the logarithmically divergent phase typical of Coulomb scattering,

s 2\ T (1 + %) —t ~li(ie?/4m)]
_ s (NI ) _ 1.4
Te(s,t) = =50 0xx, (zm) I(1-) < 2 ) "

The relativistic eikonal approximation rises two main questions. The first one is whether it always resums
correctly the ladder graphs. The answer is negative for models where the exchanged particles are scalars,
as shown by Tiktopoulos and Treiman [S9]] and by Eichten and Jackiw [32]. If the exchanged particles have
higher spin, and in particular if they are gauge bosons or gravitons, the eikonal approximation does resum
the ladder graphs. The second question is whether the sum of the ladder graphs captures the asymptotic
behaviour of the amplitudes. Again this is not the case. For instance in QED at order e® the ladder diagrams
are dominated at high energy by diagrams describing the creation of a particle-antiparticle pair in the ¢-
channel. These amplitudes were investigated in detail both in abelian and non-abelian gauge theories and
led to important developments such as the idea of gluon reggeization and the BFKL pomeron in perturbative
QCD.

A remarkable feature of the eikonal approximation is that it can be easily extended to the case in which
the exchanged particle is a graviton. In this case the colliding particles have simultaneously large energy and
large “gravitational” charge, since this coincides with the energy. The ladder diagrams should then give the
correct high-energy behaviour at small momentum transfer. This fact was exploited by 't Hooft [S5] to give
a formula for the scattering amplitude between two very energetic quanta in a theory of quantum gravity.
Its derivation was based on an external field approximation which consists in solving the wave equation
of one particle in the background generated by the other. This external field approximation is equivalent
to the leading eikonal obtained by the resummation of the ladder graphs. This calculation was performed
by Muzinich and Soldate [49] and later by Kabat and Ortiz [47] using the linearized Einstein action. Since
Einstein theory is a non-renormalizable field theory, these papers are based on the assumption that whatever
mechanism regulates the ultraviolet of the theory it does not affect the high energy behaviour given by the
sum of the ladder graphs (which do not involve graviton loops).

The natural context to analyse the scattering of two very energetic quanta is string theory. The string
length [ regularizes the ultraviolet divergences and the high-energy limit of the amplitudes can be studied
in a reliable way. This program was carried out in a series of paper by Amati, Ciafaloni and Veneziano
(ACV) [1,18]]. They showed that at high-energy and fixed impact parameter the leading contributions to the
scattering amplitude of two strings can be resummed into an eikonal operator form. The eikonal operator
provides a firmer basis for the field theory results, which can be recovered in the limit /s — 0. It also takes



1.1. Eikonal approximation in gravity 7

into account in a unitary way several inelastic channels which describe the excitation of the massive modes

of the colliding strings.

1.1 Eikonal approximation in gravity

The eikonal approximation can help also to probe the leading behaviour of high energy forward scattering
in gravity, thus giving some insight on the analysis of Planckian and trans-Planckian scattering in quantum
gravity. The massless limit of the eikonal is equivalent to the semiclassical computation done by t’Hooft
[S5H57] and the topological field theory of H. and E. Verlinde [62]]. In this section we will review the com-

putation done by t’Hooft for the scattering of a particle off a schock-wave metric of the Aichelburg-Sexl

type.

1.1.1 Scattering of an energetic particle off a static one (t’Hooft semiclassical com-
putation)

We consider the scattering of two particles carrying kinetic energies which are large compared to the Planck
mass Mp. The dominant interaction is then provided by gravity. We can study the process in the frame
where the incoming particle (particle 1) is at rest and the second particle (particle 2) moves nearly at the
speed of light. Particle 2 moves towards particle 1 along the following trajectory

@)
<$(2)> —5=0, 2®=_® (1.5)
y

and with energy
& =P =01/G 1.6
Po D3 (1/Gma), (1.6)

where GG is Newton constant. Since particle 2 is extremely energetic, we cannot neglect its gravitational
field. This is a shock wave first derived by Aichelburg and Sexl [3].

The effect of the passage of this wave is to modify the wavefunction of particle 1 by a shift of the
coordinates. The shock wave is obtained by gluing two distinct regions of spacetime, Ri(t > —z) and
R* (t < —2), along the null plane z = —t as follows

i‘_t,_ - 57—7
2 =2 +2GpP log(#2/C),
t+ — 2Gp82) log(iz/c), (17)

where C is a constant. The wavefunction of particle 1 in the portion of spacetime R* is

(1) &)

(1) (l)t) — eXp(i;b'(l)i_ _ Z’er u — ip7 1})7 (18)

1#(,1) = exp(iﬁ(l)i_ +ips 'z — ip,

where we introduced the two light-cone coordinates u = (¢ — z)/2 and v = (¢ + z)/2. Immediately after

the scattering (at v = 0) the wave function in R‘(1 4 is

i) = exp(ip™ — ip(}) [u+2Gp;” log(#2/C)) . (1.9)
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The scattering amplitude can be read from its expansion in plane waves
Y = /A(k+, ie)dk, d*k exp(ik - & — ikyu — ik_v), (1.10)
where the light-cone momenta satisfy
kik_ = (k* + mV?) (1.11)
and

- 1 ~ ~ - o ~
Alky k) = 0(ky — pﬁf))w /de exp[(p™M) — kW) -z + 21Gp$)pg2) log(#%/C))

! 1), T(1 —iGs) 4 1
= 70— == ( G oy : (1.12)

where we used 1} to write 2iGpS_1)p(()2) = 72G(p(1) ~p(2)) = ('s. So the elastic amplitude for particle 1

is given by

k I'(1—iGs) 4 1-iGs

Mpmy, = —p 1.13
Out<k |p >’L7L 47T]€0 6(k+ p+ ) I\(ZGS) ((ﬁ(l) _ k(1)>2> ) ( . )

where we used dkdk = (k. /ko)dksdk.

Introducing the Mandelstam variable t = —(p(") — k(1))? we get

T —iGs) 4\



Scattering amplitudes in String Theory

In this Chapter we review the techniques that have been developed to compute string scattering amplitudes
in the background of a collection of D-branes. We will consider Type II strings and in Section 2.1] we will
first introduce their spectrum and low-energy effective actions.

String amplitudes are given by correlation functions of vertex operators, which identify the asymptotic
states, integrated over the moduli space of Riemann surfaces. It is then useful to provide a brief derivation
of some correlators on the simplest Riemann surfaces with and without boundaries, as done in Section 2.2}
First we will consider the sphere and the torus: correlators on these surfaces will be used in Chapter [3}
where we compute tree-level and one-loop four-graviton amplitudes in order to study their behaviour at
high energies in the Regge limit and to resum the leading contributions to all orders in perturbation theory.
These computations will lay the foundations for the main topic of this thesis, the study of the scattering of
massless and massive strings from a collection of N D-branes. The presence of the D-branes is taken into
account in the perturbative string series by the inclusion of surfaces with boundaries ending on the brane
worldvolume. These surfaces describe the interaction of the closed string with the brane and, as we will
discuss in more detail in the following chapters, the resummation of all the surfaces with boundaries but no
handles should correspond to the semiclassical propagation of the string in the curved spacetime sourced
by the D-branes.

Scattering amplitudes in a D-brane background are given at tree level by correlators on the disk and
at one loop by correlators on the annulus. We will introduce these correlators in Subsection 2.2.2] and in
Subsection 2.2.3] respectively. We will also provide a short review of the Jacobi Theta Functions and their
properties in Section[2.2.3] with particular attention for their asymptotic behaviour since it will be essential
in order to derive the high-energy limit of one-loop amplitudes both in Chapter [3] and in Chapter @] As a
first example of a torus amplitude in superstring theory, we will compute the vacuum partition function in
Section[2.3] where we will also explain how to sum over the different spin structures.

9



10 Chapter 2. Scattering amplitudes in String Theory

In Section 2.4 we will introduce the D-branes as spacetime defects where open strings can end. We will
consider the dynamical degrees of freedom of the D-branes and their low-energy effective action. Then we
will briefly review the computation of the D-brane tension and charge, showing that D-branes are half-BPS
states.

D-branes will be the main focus of our analysis in Chapter[d] where we will study string-brane scattering
amplitudes and compare them with the propagation of a closed string probe in a curved p-brane background.
In order to clarify this point we will explain the relation between p-branes and Dp-branes in Section [2.7]

where we introduce p-branes as static solutions of the Type II effective actions.

2.1 Type II string theories

2.1.1 Spectrum

The closed string spectrum is the product of two copies of the open string spectrum, with right and left-
moving levels matched. Performing the same GSO projection on both sides gives the type IIB string, while

performing opposite GSO projections gives the type IIA string. The massless sectors is for the two cases
Type IIA: (8v @ 8s) @ (8v @ 8¢) Type IIB: (8v & 8s) ® (8v ® 8s),

where 8v, 8s and 8c are respectively the vector (coming from the NS sector) and the two spinor represen-
tations (coming from the R sector) of the little Lorentz group SO(8). Expanding the tensor products in the
NS-NS sector we obtain

8ve8v) =24 B, G, =1528435. 2.1

In the R-R sector, the IIA and IIB spectra are respectively
8s @ 8c = [1] @ [3] = 8v @ 56,
8s8s=0a2e[4+=1028c35,. (2.2)
Here [n] denotes the antisymmetric tensor representation of SO(8) of degree n, and [4]; a self-dual rep-
resentation. Note that the representations [n] and [8 — n] are related by contraction with the 8-dimensional
e-tensor. The NS-NS and R-R spectra together with the fermionic degrees of freedom of the NS-R and
R-NS sectors give the spectrum of d = 10 ITA (nonchiral) and IIB (chiral) supergravity; we will write these

effective supergravity actions in next Subsection. Now we will provide, for future use, more details on the
bosonic sector of the two theories. Common to both type IIA and IIB are the NS-NS sector fields

e, G, B (2.3)

The first two are the dilaton and the metric tensor respectively, the latter is a rank-two antisymmetric tensor

potential, which couples electrically to the fundamental closed string by

1
5o /M B, 2.4)

where M, is the world sheet, with coordinates £,,a = 1,2, B2y = BapdEadEp, and By is the pullback
of B,,,. By ten dimensional Hodge duality, we can also construct a six form potential Bg), by the relation
dB()y = * dB(2). There is a natural electric coupling

1
(27TO/)5 /Mo' B(6) 2.5
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to the world-volume Mg of a five dimensional extended object. This NS-NS charged object, which is com-
monly called the “NS5-brane” is the magnetic dual of the fundamental string. In the R-R sector there are
additional antisymmetric form potentials:

type IIA : C(y, C3y, Cs), C(7y

type IIB : C (g, C(2), C4), C(6), C(s), where in each case the last two forms are Hodge duals of the first
two, and C(4) is self-dual.

As we shall discuss when we will introduce D-branes, we expect that there should be p-dimensional ex-

tended sources which couple to these fields via an electric coupling of the form:

Qp/ Cip+1), (2.6)
Mpi1
where M,, 11 is the p 4 1-dimensional worldvolume of the source.

One of the most striking and far reaching results of modern string theory was the identification of
the sources of the R-R fields with the D-branes. They carry a charge p,, which is the smallest allowed
by consistency, suggesting that they are the basic sources from which all R-R charged objects may be
constructed. So we see that type IIA contains a DO-brane and its magnetic dual, a D6-brane, and a D2-brane
and its magnetic cousin, a D4-brane. The last even brane is a ten-dimensional domain wall type solution,
the D8-brane, which belongs to the type IIA theory. Meanwhile, type IIB has a string-like D1-brane, which
is dual to a D5-brane. There is a self-dual D3-brane, and there is an instanton which is the D(-1)-brane, and
its Hodge dual, the D7-brane. To complete the list of odd branes, we note that there is a spacetime filling
DO-brane which pertains to the type IB theory.

The NS-R and R-NS sectors are given by the products

8v ® 8¢ = 8s ® 56¢
8v @ 8s =8¢ P 56s.

The 56s,c are gravitinos. Their vertex operators are made roughly by tensoring a NS field ¢* with a vertex
operator V,, = e~%/2S,,, where the latter is a spin field. The full gravitino vertex operators, which have
one vector and one spinor index, are two fields of weight (0, 1) and (1, 0), respectively, depending upon
whether 1* comes from the left or right. These are therefore holomorphic and antiholomorphic worldsheet
currents, and the symmetry associated to them in spacetime is the supersymmetry. In the IIA theory the two

gravitinos (and supercharges) have opposite chirality, and in the IIB the same.

2.1.2 Low-energy effective actions

The dynamics of the massless string modes can be summarised in terms of a low energy effective super-
gravity action.
The bosonic part of the low energy action for the type IIA string theory in ten dimensions is given by

1

1
_ 10, m1/2}) —2@ 2 _ (3)\2
Srra 22 dPz(—G) {e {R+4(V¢) 12(H )

1 1 1
_Liaoyz_ Lzl _ L[ @06 400
5GP - (G )} 4K%/B dc®dc®, 2.7)
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G is the metric in the string frame, ® is the dilaton, H®) = dB® is the field strength of the NS-NS
two-form, while the Ramond-Ramond field strengths are G2 = dC(") and G® = dC®) + HG) A W),
The bosonic part of the type IIB string is:

1 1
Srip = %2 /dlox(—G)1/2 {6_2‘I> [R+ 4(Vo)? — 12(H(3))2] (2.8)
1 2 ] 2 1 2
Yae L o) _ L (007 L a6
2(G +oOn ) 2<dC 5@ ) }
1 [ (cw o) ae g, 2.9)
4/@% 2

Now, G(3y = dC3) and G5y = dC4) + H(3)C(2) are R-R field strengths, and C/) is the R-R scalar. The

ten-dimensional Newton constant is given by

262 = 2K2g2 = 167G N = (2m)7 /g2, (2.10)

where g, is the string coupling, the asymptotic value of the dilaton at infinity: g, = e®° .

2.2 Green functions

In the following we will introduce the closed string correlators on Riemann surfaces for the Type II theories.
We will start by illustrating the sphere and the disk, which give tree-level amplitudes, and then the torus and
the annulus, used in one-loop amplitudes. These correlation functions are simply the Green functions of the
Laplacian operator in two dimensions, so we will derive these Green functions for all the Riemann surfaces
we listed before.

2.2.1 The sphere

The bosonic and fermionic string operators X* and " on the sphere are free fields, so they satisfy the
Laplace equation
OX*#(o) =0, (2.11)
whose Green function is the logarithm. Taking into account the normalisation of the string action we have
/

[0
(XH(21,21) X" (22, 22)) = —?UW In|z; — 2% (2.12)

Writing separately the holomorphic and anti-holomorphic parts of the worldsheet fields, the correlators for

bosons, fermions and scalars ¢ on the sphere that we will need are the following:

/

(XP(2)X" (W) = == log(z — w),

2
(Ox# ()X ) = -5
X" ()X w) = § s

(W () (w) = L
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OV 0 () =~ @13)
@00 ) = s, @.14)
(6(:)0(w) = ~log(z ). e.15)

2.2.2 The disk

The two-point functions on the disk can be derived starting from the two-point functions on the sphere,
restricting z to the upper-half of the complex plane and using the method of images:

/ /

« «
<XH(2’1,21)XV(ZQ,22)> = 7§1H|21 - 2’2|2 — Eln\zl - 22|2. (216)

In this Thesis we will make extensive use of correlators on the disk. The correlators between holomor-
phic fields are the same as on the sphere, (2Z.13), but due to the boundary conditions on the disk there are
also non-zero correlators between the holomorphic and the anti-holomorphic part of the same string field:

/

(XP(2)X"(2)) = = 50" log(= — 2), 217
Ex#()X () = -5
X" (:)0x"(9) = §
W (3) = 2,
(OYH(2)y" (w)) = *%, (2.18)
v @00 w) = . 2.19)
(6(2)6(2)) = —log(= — 2). (220)

2.2.3 The torus

The Feynman graph describing the propagation of a closed string in time which goes back to its initial state
is the two-dimensional torus, (see Fig. 2.I). The torus can be represented as the quotient of the complex
plane by the identification z ~ z + 2mnT + 2mn, 7 € H, n, m € Z (see Fig. @) The parameter T is
the modulus of the torus. Two tori are conformally equivalent if their moduli are related by the following
transformations:

1
T:t=>7174+1, S:7———. 2.21)
T

The transformations .S and 7" satisfy the relations
5% = (ST)® =1, (2.22)
and generate the modular group SL(2,Z). Its action on 7 is given by

ar+b (a b

e T d)eSL(2,Z), (2.23)
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_~ time

Figure 2.1: The one-loop closed string vacuum diagram is a two-dimensional torus.

g1 | w

w

‘ 2 g2

Figure 2.2: The parallelogram representation of the torus. Opposite edges of the parallelogram are periodically identified, i.e.
0 < 01 < 27,0 < o2 < 27. The torus is the represented as the complex w-plane modulo from the identifications w ~ w + 2mn
and w ~ w + 27mT for all integers n and m.
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where the SL(2,Z) condition restricts a, b, ¢,d € Z with ad — be = 1. The sum over inequivalent tori can

then be restricted to a fundamental modular domain ' in the upper half of the complex plane, since any

point outside F' can be mapped into it by a modular transformation.

In Fig. 23] we depict a convenient choice for the fundamental region.

Figure 2.3: A fundamental modular domain F for the torus. The interior of this region is invariant under the transformations (2.21).

Any point outside F can be mapped into it by an SL(2, Z) transformation .

w—w
61( 2 ’T>

The expectation value of a product of vertex operators is

(LT s X)) = i) 2m) 5" (Z k)
<11

The fermion correlator on the torus is

The Green function on the torus is

O/

Gr: = (X (w,w)X (v, @) = —?111

27 Wi (Imw;;)? o'kiky
A e (Wi _ Umwij)”
anon" (507) exp[ iy ”

oo = Prtsz) = =BG

~—

~—

where s = 2, 3, 4. For two-dimensional Majorana spinors

the propagator on the torus reads

(00w = Prlsizw) (F51 ) + Petsizo) (5.

where v® = diag(1,1) and s, 5 are the even spin structures of the left and right components.

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)
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Theta functions

In this section we briefly review the basic definitions and properties of theta functions, since they are fun-
damental in the computation of correlators on the torus and the annulus, and their asymptotic behaviours
will be essential in order to perform the high-energy limit of such amplitudes in the following Chapters.
We will consider Riemann’s theta function 6(z,7) for z € C, 7 € H, the upper-half plane, also known
as Ogp, and its three variants 611,619, 011. We show how these functions can be used to embed the 2-
dimensional torus in complex projective 3-space, and how the equations for the image curve can be found.
We then prove the functional equation with respect to SL(2,7Z) and show how the moduli space of 1-
dimensional tori is given by an algebraic curve. After this, we will review two arithmetic applications of
theta series: some famous combinatorial identities that follow from the product expansion and Jacobi for-
mula for the number of representations of a positive integer as the sum of four squares. The theta function
can be defined in the form of a series which is absolutely and uniformly convergent in compact sets [48]],
o0

O(v,7) = Y exp(min’t + 2minv), (2.29)

n=—oo
where v € C, 7 € H, or as an infinite product

0, 7) = [T (L= g™+ 2q" )1+ 27 1gm 12,

m=1

qg= 627”'7'7 ” = 6271'1’1/. (230)

The 0 function has interesting periodicity properties. The series (2.29) can be thought of as the Fourier
series for a function of v, periodic with respectto v — v + 1,

(v, 1) = Z an(T) exp(2miny), an(T) = exp(min’7), (2.31)
neZ

showing
O(v+1,7)=0(v,7). (2.32)

From (2:29) it follows immediately
O(v + 7,7) = exp(—mit — 27iv)0(v, 7). (2.33)
If we restrict the variables v, 7 to the case of v =z € Rand 7 = it, t € R, then

O(x,it) = Z exp(—mn?t) exp(2minz) = 1+ 2 Z exp(—mn?t) exp(2mna), (2.34)
neZ nez

showing that 6 is a real-valued function of two real variables. It has the periodicity in x:
O(z+1,it) = 0(x,t), (2.35)

and it is the fundamental periodic solution to the heat equation

(x,it) 1 020(z, it)

ot o 4n a2

(2.36)
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Under modular transformations

Ov,7+1)=0(v+1/2,7),
O(v/7,—1/7) = (—iT)Y 2 exp(miv? /7)0(v,T). (2.37)

Other common notations are

Ooo (v, 7) = O3(v,T) = Z g,

901(7/7 T) = 94(V, 7') = Z (_1)nqn2/22n’
n=—oo
> 2
010(v,7) = O2(v,7) = Z n1/2/2 =172
br1(v.7) = —ba(vr) = =i Y (=1)"g DR 238)
n=—00

They also have the following infinite product representations

Ooo(v;7) = [T (1 =™ A+ 2" (1 + 27 g2,
1

3
[

(1= g™ (1 +2g" 2 (1= 2" 1gm /2,

2

001(1/,7’) =

m=1

010(v, 7) = 2 exp(mit/4) cos mv H (1— g™+ 2¢™)(1+2"1¢™),

m=1
011 (v, 7) = H —2exp(mit/4) sin7v(1 — ¢™)(1 — ¢™)(1 — 2¢™)(1 — 2~ *¢™). (2.39)
m=1
Their modular transformations are

000(1/,7' + 1) = 001(1/,7'),
901(1/,7’ + 1) = 900(1/,7’),
O10(v, 7 + 1) = exp(mi/4)010(v, T),
911(V,T+ ].) = GXp(’IT’L./4)911(V, T). (240)

The theta function satisfies the so-called Jacobi “abstruse identity”, a special case of Riemann identity:
050(0,7) = 0, (0,7) — 0o (0, 7) = 0. (2.41)

Also 611(0,7) = 0. We will also use the Dedekind eta function

o 1/3
77(7_) _ q1/24 H (1 _ qm) _ [au9i12(70r,7'):| 7 (2.42)

m=1
with modular transformations
n(T +1) = exp(ir/12)n(7),
n(=1/7) = (=ir)"*n(r). (2.43)
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2.2.4 The annulus and the method of images
The annulus can be defined as the quotient of the torus under the following involution
Ta(z)=1-z, (2.44)

where 7 = 71 + 473 is the modular parameter of the defining torus. The fundamental cells of the involution
can be chosen as follows:

A:z€10,1/2] x [0, 7). (2.45)

The thick lines in Fig. are the open string boundaries, corresponding to the loci of fixed points. The

r— 1% -
a
Ab o | o
AV BV
7\5\_/’_\_,
0 1
Annulus

Figure 2.4: Covering tori and fundamental cells for the annulus A. The cycles are represented by dashed lines. The points M’ and
M are related by the involution. The loci of fixed points drawn in thick are open-string boundaries.

modular parameter for the covering torus is 7 = it/2. The bosonic correlators can be expressed in terms of
the propagator of the torus G2 ([2.24) by symmetrizing under the involution (2.44):

(X (2)X(w)) = % [Gr2(z,w) + Gr2(2, La(w)) + Gr2(1a(2), w) + Gr2(1a(2), La(w))]

= Gr2(z,w) + Gr2(z, La(w)). (2.46)

We will also use the following correlators:

(0X (2)0X (w)) = 0,00Gr2 (2, w;T), (2.47)
_ o
(0X(2)0X(w)) = T8 (2.48)

The involution for the fermions exchanges left and right components, up to a sign. One consistent choice is
[L2]:

1
ﬁ:ﬁ:ﬁ:@o> (2.49)
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Symmetrizing the torus propagator under the involution one finds

W(2)(w))a = Pr(s; z,w) (2.50)
(W(2)d(w))a = Pp(s; z, La(w)) 2.51)
(W(2)(0)) 4 = Pp(5; 2,) (2.52)

2.3 Example: one-loop vacuum amplitude

We will compute explicitly the one-loop closed superstring vacuum diagram, in order to illustrate some
general features of superstring theory we will be using in the following Chapters. We start with the bosonic
string: consider the string propagation on the torus as depicted in Fig.[2.2] We consider a fixed point on the
string lying horizontally in the complex w-plane, which propagates upwards for a time o' = 27Im(r) =
277y. Then it shifts from this point to the right by 02 = 27 Re(7) = 277. Time translations are generated
by the worldsheet Hamiltonian

H=~Lo+Ly—2, (2.53)

while shifts along the string are generated by the worldsheet momentum
p= Lo — Lo. (2.54)
The bosonic vacuum path integral is thus given by
Zpos(T) = Tr (6_2”"‘}[62“”’7) =Tr (qLO_lcji"_l), q =¥, (2.55)

where the trace is taken over all discrete oscillator states and an integration over the zero-mode momenta

k* is understood. The modular invariant partition function is given by

1

X _
Zios(T) = WW(

|7 (2.56)

Including the ghost contribution Zypes: = |n(7)|* and integrating over the fundamental domain we get the

full vacuum amplitude for the bosinic string:
— 1 —48
Zhos = (4m?a/)™? / dPr—5n(m)| ", (2.57)
F T2

where we used the definition of the Dedekind eta function (2:42). The vacuum amplitude is divergent in the

bosonic string due to the presence of a tachyon in the spectrum. This problem is solved by the superstring.

2.3.1 Fermionic one-loop vacuum amplitude

The quantization of fermionic fields on the torus requires the specification of a spin structure, which is a
choice of periodic or anti-periodic boundary conditions for the two non-trivial cycles of the torus:

ol ol 427, 0% 0?4 27 (2.58)
There are four possible spin structures, which we denote by

(+7+)1(+7_)7(_7+)7(_’_) (2.59)
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For the moment we focus our attention only on the right-moving sector. The NS (resp. R) sector corre-
sponds to anti-periodic (resp. periodic) boundary conditions along the string in the o2 direction. In order

!, we insert the fermion number operator (—1)f in the

to implement periodicity in the time direction o
traces defining the partition function. Because of the fermionic anticommutation property, its insertion in
the trace flips the boundary condition around ¢!, and without it the boundary condition is anti-periodic, in
accordance with the standard path integral formulation of finite temperature quantum field theory. The four

fermionic spin structure contributions to the path integral are thereby given as

(—,+) = Trg (e72™mH), (2.60)
(+,4) = Trg ((-1)Fe2 ™), (2.61)
(—,—) = Trng (7271, (2.62)
(+,—) = Trys ((—1)Fe 2™, (2.63)

where the subscripts on the traces indicate in which sector of the fermionic Hilbert space they are evaluated.
It can be shown that the (+,+) structure is modular invariant and indeed the corresponding amplitude
(2.61) vanishes, because it contains a Grassmann integral over the constant fermionic zero-modes but the
Hamiltonian L is independent from these modes.

This is the only amplitude which contains such fermionic zero-modes. For the remaining spin structures, it
follows from the modular transformations acting on the spin structures that their unique modular invariant
combination is given up to an overall constant by

(73 7) - (+v 7) - (73 +)' (264)
This sum is given by the following,
1

ZRNS = iTrNS [(1 — (=) qL‘]*%] — = Trg (¢™). (2.65)

where we substituted (2.60), (2.62), .63).

In the first term of (2.65)) there is the GSO projection operator, so using the vanishing of the (+, +) structure

we can write ([2.63)) as a trace over the full right-moving fermionic Hilbert space as

Zrns = Trnser (Pesogd™ ™), (2.66)

where ¢ = €™ and a is the normal ordering constant, a = 0 for Ramond and a = % for NS. Thus the GSO
projection also ensures the stability of the supersymmetric vacuum.
The total superstring amplitude in d = 10 spacetime dimensions is given by the product

/ PrZpns ¢ Pn(r)78, (2.67)
F

where the power of 8 comes from the d — 2 transverse oscillators, along with their left-moving counterparts.
It turns out that Zzn s vanishes identically. To show this we need to evaluate the traces in (2.63), and to do

this we use the relation
o0

Tr (=7 =) = TL(1 + "), (2.68)

n=1
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So we can evaluate the following traces:

(—+) =162 [T (1 +¢*)5,

n=1

() =¢" [T -1,
n=1
(=) =¢ P T+ (2.69)
n=1

Then using the Jacobi abstruse identity (2.41) we find that the combination (2.64) vanishes, since at each
level there is an equal number of bosonic and fermionic degrees of freedom, coming respectively from the
NS and the R sector. The spacetime bosons from the NS sector and the spacetime fermions coming from
teh R sector contribute the same way in equal numbers (but with opposite signs due to statistics). This is a
consequence of spacetime supersymmetry in Type II string theories.

2.4 D-branes

D-branes are string solutions for which we can provide a microscopic perturbative description. The addition
of a D-brane to a string vacuum configuration corresponds to the inclusion of an open string sector. Inequiv-
alent choices of the superconformal boundary conditions satisfied by the sigma model give rise to different
D-branes. In the following we will only consider the simplest examples, D-branes in flat Minkowski space-

time or in toroidal compactifications.

24.1 T-duality for open strings

The way D-branes were originally discovered [26] was through the study of the R — 0 limit of bosonic open
strings, with the usual Neumann boundary conditions, compactified on a circle, X2° ~ X25 4+ 27 R. Open
strings cannot wind around the periodic dimension, so when R — 0 the states with nonzero momentum
go to infinite mass, but in contrast to what happens in the closed string spectrum, no new continuum of
states appears. The behaviour is as in field theory: the compactified dimension disappears, leaving a theory
in d — 1 spacetime dimensions. The seeming paradox arises when one remembers that theories with open
strings always have closed strings as well, so that in the R — 0 limit the closed strings live in d spacetime
dimensions but the open strings only in d — 1. The open string endpoints are restricted to a d — 1 dimensional
hyperplane, as follows from the T-duality transformation. The Neumann condition d,, X2° for the original
coordinate becomes 0; X'?° for the dual coordinate. This is the Dirichlet condition: the X2° coordinate
of the endpoint is fixed, so the endpoint is constrained to lie on a hyperplane. In fact, all endpoints are
constrained to lie on the same hyperplane. To see this, integrate

X" (1) — X'5(0) = / dody X' =i / dod, X
0 0

2 !
— 210/ p? = Wg " omnR. (2.70)

That is, the coordinates X'?° at the two ends are equal up to an integral multiple of the periodicity of the

dual dimension, corresponding to a string that winds. For two different open strings one can carry out the
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same argument on a path connecting any two endpoints, so all endpoints lie on the same hyperplane. The
ends are still free to move in the other d — 2 = p spatial dimensions.

The Dp-brane is a p + 1-dimensional hypersurface in flat ten-dimensional spacetime on which open strings
can end, and it is defined by choosing Dirichlet boundary conditions for the directions transverse to the
brane and Neumann boundary conditions for the directions parallel to it:

9o X"| =0, p=0,1,...p, 2.71)

o=0,m

SXH| =0, p=p+1,..,9. (2.72)

o=0,m

The positions of the Dp-brane is fixed at the boundary coordinates XP+!, .. X? in spacetime, and this
corresponds perturbatively to a particular string background. The strings are then free to move along the
p + 1-dimensional hypersurface defined by the Neumann directions. In a seminal paper [52] Polchinski
showed that the Dp-branes in Type II string theories are the objects that couple minimally to the R-R gauge
potentials C'P*1)_ On the other hand, all the perturbative states have zero R-R charge. Since in type ITA
or IIB strings we can have respectively odd and even-dimensional R-R forms, we will also have different
dimensional branes. In type IIA the Dp-branes exist for even values of p, p = 0, 2, 4, 6, 8. The D0O-brane for
example is a D-particle, while the D8-brane describes a domain wall in ten dimensional spacetime. Type
IIB Dp-branes exist for odd values of p, p = —1,1,3,5,7,9. The -1 brane is called a D-instanton, and for
p = 1 we have the D-string. Spacetime filling D-branes like the D9-branes can be consistently introduced in
perturbative string theory only together with additional non-perturbative objects called orientifold planes.
The resulting string modes are the Type I models which contain open and closed unoriented strings.
D-branes are dynamical p-dimensional objects. Their small fluctuations correspond to the open string modes
living on their worldvolume. Let us consider briefly the massless spectrum, for instance the massless SO(8)
vector A,. Because the endpoints of the strings are tied to the worldvolume, these massless fields can be
interpreted in terms of a low-energy field theory on the D-brane worldvolume. Precisely, a ten-dimensional
gauge field A,(X), = 0,1,...,9 will split into components A,,a = 0,1, ..., p corresponding to a U(1)
gauge field on the Dp-brane, and components ®,,,m = p + 1,...,9 which are scalar fields describing the
fluctuations of the Dp-brane in the 9 — p transverse directions. In the following Sections we will show that
the low-energy dynamics of such a configuration is governed by a supersymmetric gauge theory, which
can be obtained from the dimensional reduction of the maximally supersymmetric Yang-Mills theory in ten
spacetime dimensions.

2.4.2 Gauge symmetry and Chan-Paton factors

Let us now describe a collection of N D-branes. In order to do that let us go back to open strings in ten
dimensions and let us include U(N) Chan-Paton factors at the string endpoints. If we compactify the X
direction of spacetime, X ~ X? + 27 R, we can study the effect of a constant background abelian gauge
field

0
QTrlR 0
Ay =0u9 , (2.73)
0
0 R
where 0;, © = 1,..., N are constants. The introduction of this electromagnetic background generically

breaks the Chan-Paton gauge symmetry as U(N) — U(1)", since A,, is invariant only under an abelian
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subgroup of U(N).
The background is pure gauge and locally trivial; it has however non-trivial local effects. We can write
ei1 z%/27R 0
Ag = —iA 'O, A(X) = , (2.74)
0 61',9N z°/27R

with a gauge parameter A(X®) which transforms non-trivially under the translation X° — X + 27 R:
6i91
AX?+27R) =W -A(X), W = . (2.75)

0 eifn

The symmetry breaking mechanism induced by the Wilson line W has a very natural interpretation in the
T-dual theory in terms of D-branes. The string momenta along the X direction are fractional, meaning that
the fields in the T-dual description have fractional winding numbers. This implies that the two open string
endpoints no longer lie on the same hyperplane in spacetime. To quantify these last remarks we consider
a Chan-Paton wavefunction |k,ij): the state ¢ attached to an end of the open string will acquire a phase
factor €% X°/27R que to the gauge transformation (2.74)), while the state 7 will have ¢%%X°/27R_The total
) ,ei(ei—ej)xg/%R

open string wavefunction will therefore gauge transform to |k, j , and so under a periodic

translation X° +— X + 27 R it will acquire a Wilson line factor given by
|k, i) — %79 |k ij) . (2.76)

In the following we will interpret the original ten-dimensional open strings as lying on N D9-branes
which fill the spacetime. In this picture the string endpoints can sit anywhere in spacetime and correspond
to ordinary Chan-Paton factors. Compactifying 9 — p coordinates X", m = p + 1,...,9 the open string
endpoints are confined to N Dp-brane hyperplanes of dimension p + 1. This is a consequence of the cor-
responding T-duality transformation which maps the Neumann boundary conditions to the Dirichlet ones,
with all other X*,a = 0, 1, ..., p still obeying Neumann boundary conditions. Since T-duality interchanges
Neumann and Dirichlet boundary conditions [50]], a T-duality transformation along a direction parallel to
a Dp-brane produces a D(p — 1)-brane, while T-duality applied to a direction perpendicular to a Dp-brane
yields a D(p + 1)-brane.

To show the dynamics of D-branes we start by considering the 1+8 dimensional massless spectrum, inter-
preted in the T-dual string theory, where only the coordinate field X* is T-dualised. With IV denoting the
occupation number of a Chan-Paton state |k, i7), the mass-shell relation reads

2
I i(/\/ -1), Q.77)

(2ra’)?2 o

1
my; = (p};)” + E(N_ 1) =

where
Lij = |2mn+ (6; — 0;)| R’ (2.78)

is the minimum length of an open string which winds n times between hyperplanes ¢ and j and R is the
compactification radius. To examine the massless states, we set n = 0, since it costs energy to wind, and
N = 1. Then the string tension 7" contributes to the energy of a stretched string in such a way that the mass
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is proportional to the distance L;; between hyperplanes 7 and j,

0 _ &
Y 2w/

16; —6;| =T - L. (2.79)

Thus, generically massless states only arise for non-winding open strings whose ends lie on the same D-
brane 7 = j. There are two such types of states/vertex operators that may be characterised as follows:

o o |k,ii), V =8 X" these states correspond to a gauge field A, (£*) on the D-brane, with p+ 1
coordinates tangent to the hyperplane, where ;1,a = 0,1, ...,p and £# = X*# are the coordinates on

the D-brane worldvolume.

o o™ |kyii), V = 0yX™ = 0, X'™: these states correspond to scalar fields ™ (£%), m = p +
1,...,9, which originate from the gauge fields in the compact dimensions of the original string theory,
and which give the transverse position of the D-brane in the T-dual description. They describe the
shape of the D-brane as it is embedded in spacetime, analogously to the string embedding coordinates
XH(1,0).

We conclude that if none of the D-branes coincide, 8; # 6; for i # j, then there is a single massless vector
state o™ |k, ij) associated to each individual D-brane for i = 1, ..., N. Together, these states describe a
gauge theory with abelian gauge group U (1), which is the generic unbroken symmetry group of the prob-
lem. When & < N D-branes coincide: 8, = 65 = ... = 0, = 0, it follows from that m§§> = 0 for
1 < 4,7 < k. Thus new massless states appear in the spectrum of the open string theory, because strings
which are stretched between these branes can now attain a vanishing length. In all there are k? massless
vector states which, by the transformation properties of Chan-Paton wavefunctions, form the adjoint repre-
sentation of a U (k) gauge group. In the original open string theory, the coincident position limit 6; # 6;
for ¢ # j corresponds to the Wilson line
€1y, 0

ei0k+1

W = . . (2.80)

0 efn
(2.81)

The background field configuration leaves unbroken a U (k) C U(N) subgroup, acting on the upper left & x
k block of (2.80). Thus the D-brane worldvolume now carries a U (k) gauge field o' | |k, ij) <> A*(£%);5;
and, at the same time, a set of k* massless scalar fields o | |k, ij) <> U™ (£%);;, where i,j = 1, ..., k. The
geometrical implications of this non-abelian U (k) symmetry are rather profound. The & D-brane positions
in spacetime are promoted to a matrix U™ (£%) in the adjoint representation of the unbroken U (k) gauge
group. This reflects the fact that the T-dual string theory rewrites the R < I limit of the original open string
theory in terms of non-commuting, matrix-valued spacetime coordinates.

Generally, the gauge symmetry of the theory is broken to the subgroup of U (N') which commutes with
the Wilson line W. But if all N D-branes coincide, then W belongs to the center of the Chan-Paton gauge
group, and we recover the original U(N) gauge symmetry. The U(N) symmetry is broken when some (or
all) of the D-branes separate, leaving a set of massive fields, with mass equal to that of the stretched open
strings. We will see precisely how this works dynamically in the next section, where we introduce the action
for the D-branes.
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2.5 D-brane dynamics

2.5.1 The Dirac Born-Infeld action and SYM

We have argued that D-branes have dynamical gauge fields living on their worldvolumes. The action de-
scribing the low-energy dynamics of D-branes in Type II superstring theory governs the worldvolume dy-
namics of the gauge fields, the transverse scalar fields and their fermionic partners. It contains the couplings
of the worldsheet fields with the bulk supergravity fields, in particular with the Ramond-Ramond form po-
tentials which couple electrically to the D-brane worldvolume. Let us consider first the massles NS-NS
sector of the closed string: the spacetime metric g,,,,, the antisymmetric tensor B,,,, and the dilaton ®, along
with the gauge field A, and its field strength F},, = 0,4, — 0, A,. To produce an action which is in-
variant under the gauge transformations of the antisymmetric tensor field B
combination of the abelian field strength F},,, and the B field:

> We consider the following

Fup =270’ Fyyy — By, (2.82)

Part of the effective action for a D-brane in a background spacetime is the following Dirac-Born-Infeld
action [50].

Spsr =T, / AP ee™® \/~det(yap + Bap + 27 Fap), (2.83)

where e~ ® = ,Tls’ gap and By, are the pull-backs of the spacetime supergravity fields to the Dp-brane

worldvolume and T, is the D-brane tension

1 1
T = ——r—. (2.84)
PV 2nVal)p
The Dirac-Born-Infeld action is perturbative but exact to all orders in ’, and it contains contributions from
all massive and massless string states.

In a flat background the equations of motion which follow from (2:83) are

vA
1
(]W) 61/F)\,u, = O, (285)

and they reduce to Maxwell equations in the limit o’ — 0 that decouples all the massive string modes.

Let us now expand the flat space (g,,, = 1., By = 0) DBI action for slowly-varying fields up
to terms of quartic order, F*, (90X )*. This is equivalent to taking the field theory limit o/ — 0, which is
defined precisely by keeping only degrees of freedom of energy E < \/% , that are observable at length

scales L > [,. In this limit, the infinite tower of massive string states decouples, because such states have
1

masses m ~ — 00. Using the formula det(A) = ¢™™(4) the Dirac-Born-Infeld action can be written

/a/
as
T, T,(2ma)? 2
Sppr = L2V, — 2L /d”“ FpF® 4 ——=0,X"0°X O(F* 2.86
pBr =" Vo1 19, §| FapF” + @ra2 e m | + OF"), (2.86)

where V41 is the (regulated) p-brane worldvolume. This is the action for a U(1) gauge theory in p +
1 dimensions with 9 — p real scalar fields X™. But (2.86) is just the action that would result from the
dimensional reduction of U(1) Yang-Mills gauge theory (electrodynamics) in ten spacetime dimensions,
which is

1
Svar = gy [ dOaF . (2.87)
9y M
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Indeed, the ten dimensional gauge theory action (8.24) reduces to the expansion (2.86) of the Dp-brane

worldvolume action (up to an irrelevant constant) if we take the fields A* and A™ = 273@, X™ to depend

only on the p + 1 brane coordinates £, and be independent on the transverse coordinates X7, ..., X,

This requires the identification of the Yang-Mills coupling constant (electric charge) gy s as

Grs = 95T, (2mal) 2 = %(Qm/&)ﬁ*? (2.88)
For multiple D-branes, there is not a simple effective action which can be given in closed form like the
abelian Dirac-Born-Infeld action. In general, the low-energy dynamics of N parallel, coincident Dp-branes
in flat space is described in the static gauge by the dimensional reduction to p + 1 dimensions of N = 1
supersymmetric Yang-Mills theory with gauge group U (V) in ten spacetime dimensions.

The various fields on the brane representing the collective motions, A® and X", become matrices valued
in the adjoint representation of the gauge group. As a consequence the spacetime background fields which
couple to the branes should be promoted to functions of the brane matrix coordinates. Furthermore, in
the Abelian case we have used the partial derivatives 0, X" to pull back the spacetime indices y to the
worldvolume indices a, e.g., writing for a field F},, F, = F,,0,X* and so on. To make this gauge covariant
in the non-Abelian case, the pull back should be performed with the covariant derivative: Iy, = F, D, X#* =
F (0, X" 4+ [Aq, XH]).

We also need a prescription to perform the trace over the matrix coordinates in order to get a gauge invariant
action. A prescription consistent with various studies of scattering amplitudes is to use the symmetric trace,
denoted STr. The resulting action has the following form

S, =T, / dPtieée™ L, where (2.89)
L=STr (detl/ 2 [Bap + Eai(Q ™ = 8)9 Ejp, + 210/ Fyp] det/ 2[Q;l]) : (2.90)

where Q' = 0% + 2mia/[®7, ®¥] E};, and we have raised indices with £/
Expanding the action (2:.89) to second order in the gauge field, and noting that

(2ma’)?

det[Q] =1 — [®7, BT)[®°, D] + ..., (2.91)

we can write the leading order action (2:89) as follows

T,(2ma/)?

§p = -2

/ d*t e Ty (F* Fyp + 2D, @D, 0 + [0F, ®7]?). (2.92)
This is the dimensional reduction of the d-dimensional Yang-Mills term, displaying the non-trivial commu-
tator for the adjoint scalars. A more detailed discussion can be found for example in [35]].

2.5.2 BPS states

D-branes are non-perturbative states of the Type II superstring which carry non-zero RR charge. While the
Type II vacuum is invariant under the N' = 2 supersymmetry algebra in ten dimensions, the presence of a
collection of IV parallel Dp-branes breaks half of the supersymmetry charges. The resulting configuration
is then invariant under the N' = 1 supersymmetry algebra in ten dimensions [46] and is an example of an
half BPS (Bogomolny-Prasad-Sommerfeld) state [53].
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In general the BPS states of a supersymmetric theory are states that preserve a fraction of the total number of
supersymmetry charges. They can carry several conserved charges which are related by the supersymmetry
algebra to their mass. This is in particular the case for D-branes. As we will see in the following studying
the one-point functions of the bulk field on the brane worldvolume, the D-brane tension is proportional to
the Ramond-Ramond charge. The fact that the D-branes are half-BPS states simplifies the derivation of their
effective description in the low-energy effective action as solitonic solutions of the classical supergravity
equations of motion. It is also worth mentioning that BPS bound states of D-branes can be analysed using
the low-energy supersymmetric Yang-Mills theory on the worldvolume and their energies can be matched
with the energy of the corresponding field configuration

Eyy = ma'ly / dPTLETe(F,, FP). (2.93)

gs

The relation between the mass and the charge of a half-BPS state is protected by non-renormalization
theorems and cannot be modified by any perturbative or non-perturbative effect.

2.6 D-brane charge and tension

In the following we will compute the charge and the tension of a D-brane using the boundary state formal-
ism (see for instance [22]] or the review [30]). The boundary state | B) is a BRST invariant functional which
implements a superconformal boundary condition on the closed string Hilbert space. It was originally in-
troduced in the study of the factorization of the one-loop open string diagrams in the closed channel. The
boundary state can be constructed by solving the equations which relate the left and the right-moving fields
in the presence of a boundary. It can be expressed as an infinite superposition of closed string states with
coefficients related to the one-point functions of the corresponding vertex operators on the disk. These
one-point functions give the coupling between the bulk fields and the brane worldvolume.

For instance the D-brane tension is given by the coupling between the D-brane and the graviton, and
the D-brane charge by the coupling between the D-brane and the R-R (p 4 1)-form potential. The simplest
way to derive these couplings is to factorize on the massless states the annulus vacuum amplitude which
describes the exchange of a closed string between two D-branes, as depicted in Fig. 2.6

The D-brane tension can be computed either in the open string channel as a loop of open strings [50] or
in the closed string channel as a tree-level amplitude of closed strings propagating between two boundary
states. The two computations are related by a modular transformation which exchanges the two directions
on the worldsheet.

The boundary state for a D-brane located at y is given by

|B) = N3 (g —y)exp | = > atlSuar!|0: k= 0), (2.94)
n=1

where the delta function is over the d; = d — p — 1 directions transverse to the D-brane and o', %' are
the left and right-moving string oscillators. The matrix

Suv = (Naps 0ij) (2.95)

implements the Dirichlet boundary conditions, due to to the presence of the D-brane, by performing a T-
duality transformation on the last d | directions. The normalization constant A can be fixed by comparing
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/] /]

/ /

Figure 2.5: The exchange of a closed string between two D-branes can also be interpreted as a one-loop open string vacuum
amplitude.

the amplitude evaluated in the closed channel with the amplitude evaluated in the open channel and it is

given by

N = 1/jﬂ(m/zaf)—dﬂ(zm/&)da (2.96)

We parametrise the worldsheet with
O<or<m, 0<og<2mt, 0<t<o0, (2.97)

where ¢ is the modulus of the annulus. A horizontal time-slicing gives an open string loop where o5 is
the worldsheet time, while a vertical time-slice gives a closed string tree-level propagation with o; as the
time. If Y'# is the separation between the branes, the one-loop amplitude is given by the Coleman-Weinberg
formula, a sum of the zero-point energies of all the modes [53]:

drtlg dt oma (K24 M2
=V —2na’t(k“+M7)
A= p“/ (27T)P+1/0 2t ZI € i (2.98)

where the sum is over the string spectrum and the momentum k is restricted to the brane world-volume.
The trace is taken in the NS and R sectors with the appropriate GSO projection. The amplitude is

< dt 1+ (-nF
A:/ 2tTrNS®R((2 ) e 2 tLO) . (299)
0

Performing the traces over the open superstring spectrum gives
dt _ vz 1 2w !
A= 2‘/})+1 / E(Sﬂjalt) (1)+1)/2€ tora? 5 <0’1(0’7)> ( — 9‘21 + 9‘21 — 92)7 (2.100)

where ¢ = e~2™!, The three terms in brackets come from the open string R sector with 1/2 in the trace,
from the NS sector with 1/2 in the trace, and the NS sector with 1/2(—1)%" in the trace.
The R sector with 1/2(—1)¥ gives no net contribution, and the three terms sum to zero by Jacobi abstruse
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identity, as we would expect from the computation of a supersymmetric vacuum diagram.

From the closed string point of view the vanishing of the amplitude is due to the fact that there is no net
force between parallel D-branes of the same dimensionality. The attraction due to the exchange of NS-NS
fields is balanced by the repulsion caused by the exchange of R-R fields.

We can read the tension and the charge of the brane from the ¢ — 0 limit of the previous amplitude.
Comparing the result with the normalization of the corresponding effective field theory diagrams and using

262 = 167Gy = (27)7a/*g? (2.101)

one finds
j—ptl

pp = 2m) P T, = g5 ey (2.102)
This formula for the tension gives for the D1-brane

1

=" 2.103
Srolgs’ ( )

T1

1

which sets the ratios of the tension of the fundamental string, TlF =T = Sro7

and the D-string to be
simply the string coupling g;.

If the D-branes are not parallel, they feel a net force since the cancellation is no longer exact. The extreme
case is obtained when one of the D-branes is rotated by 7 since the coupling to the dilaton and the graviton
are unchanged but the coupling to the R-R tensor changes sign. This configuration is in fact equivalent to a
system of branes and anti-branes which is not static. The two objects attract each other and eventually an-
nihilate. The instability of the system is reflected in the presence of a mode in the spectrum which becomes

tachyonic when the separation of the branes becomes of the order of the string length.

2.7 p-branes in Type II string theories

In this section we will introduce the p-brane metric which will be used in this Thesis, especially in Chapter
[ The type II effective actions have static solutions which are charged under the R-R gauge fields and
invariant under the p + 1-dimensional Poincaré group. The solutions charged under A, 1) are called black
p-branes. One solution in the family is a half-BPS state and is called the extremal p-brane solution. For

0 < p < 7 the solution has the following form in the string frame:
ds%,, = H_l/Z(r)( —dt? + (dz")? 4 ... + (dxp)2> + HY2(r) ((dx”"'l)2 + .t (dxg)Q),
Flproy =dH ' (r) Ndt Ada' A ... A da?,
2% _ H(p73)/2(r)’ (2.104)
where
r? = ((;LJ’“)? Fot (:59)2) (2.105)
and H (r) is a harmonic function of the transverse coordinates (zP*1, ..., 2°):

9
AYH= " 0,0,H =0, (2.106)
i=p+1
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By requiring that the solution becomes asymptotically flat at transverse infinity and normalizing the metric
such that it approaches the standard Minkowski metric we get

Qyp

H(r):1+r7—P'

(2.107)

@, measures the flux of the R-R field strength at infinity. A convenient way to parametrise it is the following:

(277)7_11 e
24, 2.108

where ¢, is the fundamental quantum of R-R p-brane charge and N an integer which counts the number of

Qp=Ncp,, cp=

branes. €2,, is the volume of the n-dimensional unit sphere,
27T(n+1)/2
n = Sy
(")

In order to review the most important features of the metric (2.104), which can be seen as a generalization

(2.109)

of the extreme Reissner-Nordstrom solution of four-dimensional Einstein-Maxwell theory, we rewrite it in
the Einstein frame

b p+1

ds, = —H'% (r) ( —dt? 4 (dz)? 4.+ (dxp)z) +H= (r) (((dm)p+1)2 +..+ (dx9)2> . (2.110)

The directions ¢, 21, ..., ¥, are called longitudinal or world-volume directions, the others transverse direc-
tions. Since the solution has translational invariance, it has infinite mass unless the worldvolume directions
are compactified on a torus. However, the tension 7T}, (the energy per unit volume) is finite. Since the solu-
tion becomes asymptotically flat in the transverse directions, the tension can be defined by a generalization
of the ADM construction of general relativity. The curvature of the extremal p-brane spacetime can be
expressed in terms of the following length scale

167G\ T,

RITBP = NP
i (d—2)Q-2-p

2.111)

For 7 — 0 the solution (2:104) has a null singularity. The only exception is the 3-brane which is regular.
The p-brane 2.104) is the extremal limit of a more general black p-brane solution, which has a time-like
singularity along a p-dimensional surface and a regular event horizon. In the extremal limit, the singularity
and the even horizon coincide. This behaviour is similar to the Reissner-Nordstrom black hole.

Black p-brane solutions satisfy the Bogomol'nyi bound which relates their tension 7}, and charge @, as
follows:
T, > Q,, (2.112)

where Qp is a redefined charge which has the dimension of a tension. This inequality guarantees the exis-
tence of an event horizon hiding the singularity, just as for charged black holes. The extremal solution has

a multicentered generalization. When replacing H (r) by

N

%

H(x;)=1+ —_—
=1 X1 _X(L)|77p

(2.113)

one still has a static solution, provided that all the charges Q,(f) have the same sign. Here x; = (2P*1, ... 27)

and x@ is the position of the i-th p-brane. It is remarkable that the solution is static for arbitrary positions



2.7. p-branes in Type II string theories 31

XY), because this implies that the gravitational attraction and the ‘electrostatic’ repulsion cancel precisely.
The remarkable properties of these solutions are due to the fact that the extremal p-brane spacetime is a
half-BPS solution of Type II supergravity. The maximal number of Killing spinors is equal to the number
of supersymmetry charges, which is 32 in Type II theory. Solutions with the maximal number of Killing
spinors are invariant under all supersymmetry transformations. They are the analogues of maximally sym-
metric spaces in Riemannian geometry, which by definition have as many isometries as flat space.

The maximally supersymmetric solutions of Type IIB supergravity in ten-dimensions are for instance flat
ten-dimensional Minkowski space, AdSs x S° and a special pp-wave solution which is the Penrose limit of
AdSs x S°. The p-brane solution has 16 Killing spinors and is an half-BPS state. BPS states have
the minimal tension possible for their charge and are absolutely stable. This minimization of energy also
accounts for the existence of static multicentered solutions.

The extremal p-brane solutions provide an effective gravitational description of the D-branes.

Since p-branes are extended supergravity solutions with non-trivial spacetime metric, whereas D-branes
are string solitons in flat space-time, we should of course be more precise in what we mean by the previous
identification. We have seen that both kinds of objects have the same charge and tension, the same global
symmetries and are both half-BPS. They seem to represent the same BPS state of the theory but in different
regions of the parameter space. A description in terms of N D-branes works within string perturbation
theory. In the presence of D-branes the effective open string coupling is Ng, instead of g, since in a
background with D-branes every boundary component can end on each of the N D-branes and therefore g,
always occurs multiplied by V. The perturbative string description is then reliable if

Ng, < 1. (2.114)
Using the brane radius (2.1T1)) we see that this is equivalent to
R, < Vo, (2.115)

which means that the gravitational scale is much smaller then the string scale. In this region of the param-
eter space the effective supergravity description will be unreliable since it will receive important higher-
derivative corrections. On the other hand, the extremal p-branes are solutions of the type II effective actions
where we neglect o’ corrections, which become relevant only when the curvature, measured in string units,
becomes large. The condition for having small curvature in string units is

R, > Vo, (2.116)

or, equivalently
Ngs > 1, (2.117)

which is opposite to (Z.114), 2.113). The p-brane solution should then capture the strong coupling limit of
the perturbative string description of a collection of N parallel D-branes. One can interpolate between the
two regimes changing the string coupling g, while keeping the charge N¢, fixed. In general it is not clear
that one can believe in the results of such interpolations, but in our case we know that the p-brane/D-brane is
the object of minimal tension for the given charge. There is no mechanism compatible with supersymmetry
through which this state could decay or become a non-BPS state and several checks have been performed

of this correspondence between D-branes and extremal p-branes.



32 Chapter 2. Scattering amplitudes in String Theory

A very direct connection between the classical D-brane solution and its microscopic string description
is provided by the boundary state introduced in Section 2:6] It was shown in [29] that the long-distance
behavior of the fields of the supergravity solution can be reproduced by studying the emission of massless

string states from the boundary state.



High energy scattering in massless String Theory

In this Chapter we will discuss the high-energy limit of string scattering in different kinematical regimes,
and review the trans-Planckian S-matrix analysis of Amati, Ciafaloni and Veneziano (ACV) [[7H10]. Our
main motivation is the fact that at high energy, where gravitational effects dominate, string theory allows
for a consistent evaluation of scattering amplitudes involving graviton exchange.

We will study the scattering of two massless strings (e.g. two gravitons) at center of mass energy

2F = \/g > MPlanck (31)

and impact parameter b. We consider Type II strings compactified to d-dimensions on a (10—d)-dimensional

torus. Let us recall that in string theory there is a fundamental length scale, the string length [

I, =V (3.2)
The Planck length Ap, which is the quantum gravity scale, is related to [ by
_ 8
A2 = Gy o 97 (33)

where Gy is the Newton constant, V' the volume of the torus and g < 1 is the string loop expansion
parameter, assumed to be small.
Another relevant scale is the gravitational length scale associated with the total energy in the center of mass
frame, the Schwarzschild radius

RI™3 = 2G N /5. (3.4)

The ratio

R d—3
() = \/sR,, 3.5)
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shows that in our high-energy regime R is much larger than A p. However from the ratio

R d—3 1 10—d
() "o (6)

we see that R, can be larger or smaller than the string length.

So far, we have highlighted three fundamental length scales: b, R, or [, and we can find three distinct
regimes according to which one of the three exceeds the other two.
If b > R, one deals with small deflection-angle scattering. This is well described by a leading eikonal ap-
proximation with small string-size and classical corrections corresponding to the expansion parameters [ /b
and R /b, respectively. The former can be interpreted as string excitations due to the tidal forces induced on
each string by the effective shock-wave metric produced by the other string, which is of the Aichelburgh-
Sexl type. This is the regime we will analyse in this Chapter.
In the regime [y > b, R, also investigated through fixed-angle scattering [40-43]], the classical grav-
itational collapse conditions are never met, because the threshold for black hole formation is given by
Einreshold ~ Myg=2 ~ Mpg~!. However, by performing the limit [, — Ry > b, it can be found that a
black-hole-like behaviour can occur even below the expected threshold for the actual black hole production.
The analysis of this regime suggested the generalized uncertainty relation [9]

I < -~ 4 a/Ap < As, 3.7)
Ap

according to which the minimal scale which can be probed by perturbative strings is .
By contrast, for R; > [, new semiclassical gravitational phenomena take place. They extend beyond the
impact parameter at which string fluctuations, including those due to diffractive excitations, are large. The
interesting region is the one in which b approaches R, from above and possibly goes below it, a situation in
which, classically, a gravitational collapse would take place. This has been studied for example in [11].
In this Chapter we will review only the scattering at large impact parameters b > R; > [; and show that
the resummed multi-loop S-matrix exponentiates in terms of an eikonal function of order G s which can
be expanded in powers of R, /b. The results at leading order can be interpreted as the propagation of one
string in the effective metric produced by the other. If string effects are neglected, one recovers the classical
’t Hooft result reviewed in Chapter [T}

This Chapter is organised as follows: first we will introduce the eikonal approximation in string theory
in Section [3.1] which leads to the description of high-energy string-string scattering, following the work of
ACV. We start by computing the four-point closed string amplitude at tree-level and one-loop in Section
Then in Section [33] we will resum the leading high-energy contributions to all orders in the string
coupling, and note that it can be written in an eikonal form. In Section 34 we will analyse the behaviour
of the resummed amplitude in different regions of impact parameter space, and finally we show that the
resummed amplitude does not violate unitarity in Section [3.3] A discussion on these results is given in
Section 3.6
We will also investigate another interesting high-energy regime, that of fixed angle scattering, by computing
the four-tachyon amplitude. To conclude this Chapter, in Section [3.8] we point out the importance of the
massive string states. The inelastic channels corresponding to their excitation become in fact dominant at
impact parameters much larger than the string scale, as clearly shown by the eikonal operator. Therefore we
review the density of string states, the Hagedorn phase transitions and the instability of massive states. At
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the end we will get the vertex operators for the massive states lying on the leading Regge trajectory of the
NS-NS sector of the superstring, which will be useful in the following Chapters.

3.1 Eikonal approximation in string theory

For large s and small momentum transfer a closed string tree amplitude is dominated by the exchange of
“Reggeized” gravitons, i.e, soft particles in the Regge trajectory of the graviton:

M~ By (H)s¥Tt 4 O(s' ="t (3.8)

where [,(t) 120, %, and also at higher orders the amplitudes are dominated by multiple soft-graviton

exchange. In this context the eikonal approximation can be easily applied to string theory, since it allows to
resum the exchange of soft particles order by order in perturbation theory.

To illustrate the eikonal approximation in string theory, we consider the scattering of two scalars (dilatons)
by multiple Reggeized graviton exchange in the limit of large s and fixed momentum transfer g. We note
that in the center of mass frame the momentum transfer is transverse, g% = fqi.

The Ny;, term in the eikonal series is [49]]

N

N N 2 s
My = fzis%(H2S)N(zﬁ)<2*d><N*1> /dkl(l)...dkl(N)cSD*Q qL— ; k1 (5) ll;[l F(Zi((lz)))

(3.9)

where £ is the gravitational coupling and a minimal form for F'is F/(k% , s) = s~'k1 Ttis a form factor for
the tree-level Reggeized graviton exchange at small momentum transfer. In general, F' can be a four-point
tree amplitude containing the graviton Regge trajectory. The dominant contributions come from soft gravi-
ton lines, this is why Reggeized graviton exchange is the most relevant process. So the total momentum
transfer to a heavy line at any point is assumed to be small; this approximation is valid at fixed order. More-
over, graphs with interaction between soft gravitons are suppressed since their self-interaction is weak.
After summing over N and switching to the impact parameter representation, the relativistic eikonal ampli-
tude reads

M(s,¢%) = —2is/dd72xlei‘“‘“ (eikQSA(‘kL"s) - 1) , (3.10)

where A is the Fourier transform of F(k?%,s)/k?. An important application of the eikonal form of the
amplitude in string theory has been given by Amati, Ciafaloni and Veneziano in the context of four-graviton
scattering at Planckian energies and small momentum transfer. In the following, we will illustrate their work
as an introduction to the main topic of this Thesis.

In a series of papers [[7H9], Amati, Ciafaloni and Veneziano introduced a technique to resum Type II su-
perstring loop amplitudes for high s and small ¢ in flat spacetime. Their result for the resummed amplitude
was an operator eikonal form, whose expansion showed classical terms in agreement with General Rela-
tivity, and quantum string corrections. The loop amplitudes can be obtained by the usual string multi-loop
expansion or by the equivalent Regge-Gribov method [39], consisting in cutting and gluing tree amplitudes.
In [8]] for example, it was shown that at one-loop level the two methods give the same result, and that the
Regge-Gribov technique can be extended to any number of loops, leading to the resummation of the whole

series in the string loop parameter.
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The asymptotic form of the graviton-graviton loop amplitude is given by the exchange of two massless
particles in the leading Regge trajectory of the graviton. Its angular momentum representation shows a
fixed pole whose residue can be defined as the two gravi-Reggeon vertex, i.e, the operator describing the
exchange of gravitons in the leading Regge trajectory.

Since we want to resum to all orders in string loops, we will keep the string loop expansion parameter small

Gya'' "% < 1, (3.11)

where D is the number of space-time dimensions and Gy is Newton constant, related to o, the Planck
mass Mp and the D-dimensional gauge coupling g by the following relation:

2
g —d
EQI =4Gy =4M7E (3.12)

The kinematic regime of interest is the Regge regime, high center of mass energy

o's > (MpVa )2 > 1 (3.13)

and small momentum transfer )
It < —, |t < M2, (3.14)
«

70
where M. is the compactifiction radius, so that the compactified momentum excitations are negligible.

In impact parameter space these conditions are more relaxed. We also introduce the Schwarzschild radius
RY™3(E) =2GNFE (3.15)
which is the relevant length associated with an energy F, to state the conditions in impact parameter space:
b>Rs(E), b>l;=v2, (3.16)

ls being the fundamental quantum string length.

3.2 Four-graviton loop amplitude
In the following we will set o' = 2. The four graviton tree amplitude in the Regge limit is given by

Atree(ab — Cd) = €q " €4 €p " Ec atree(sa t)7

2 F<_%)
r(1+%)

T

(E)ZHE’”S = B(t)s*®, (3.17)

Atree ~ 29 2

where «(t) = 2 + ¢ is the leading Regge trajectory of the graviton.
Since the amplitude (3.17) in impact parameter space violates partial wave unitarity, loop corrections are
important.
We will compute the asymptotic form of the loop amplitude to show that it is given by the double graviton
Regge exchange, as depicted in Fig. 3.1}

We already computed one-loop amplitudes in Type II string theory in Chapter 2} so we will skip the
details of the measure of the moduli and the fermionic spin structures. As introduced in Chapter 2} we will

consider a torus with modular parameter 7 , obtained identifying points in the complex plane according to
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Figure 3.1: The loop amplitude for four-graviton scattering is given by the double graviton Regge exchange.

z ~ z+ 2w ~ z+ 2m7. We will be using the variable v related to z by z = 27v. The asymptotic behaviour
of loop amplitudes can be evaluated by saddle-point methods as discussed in [6], where it is shown that the
dominant contributions to the scattering amplitude come from the region of large Im/(7).

The amplitude is given by

2 d*r ks
Ay = 262K (5;32 /F (ImT)SFQ(T,RC,i)/ I @w X", (3.18)

i=a,b,c 1<J

. . . . . 4 . . .
where the dominant term in the kinematical factor is K ~ (%) €q * €4 € - €c and F5 is the compactification

factor for closed strings. For toroidal compactification it depends on the radii R, ;. Since we consider

t K R;f, the details of compactification do not enter. In this loop integral the fundamental region F' is
Rer| <X, [Rewi<Z i=ab
eT 5 e v; 5’ 1 =a,b,c
0<Imy; <Imt, 1<ImT7 < o0, (3.19)

but the relevant limit in parameter space is Imr — 0o, so for F» we find [8]
GoFa(T, Rei) =25 g2 (872 Imr)? =P/, (3.20)

The correlation functions on the torus x;; = x (62’”(”1"”1'), 62”7) were given in Section

2
exp (—”(Im”)> , (3.21)

Imt

01 (l/7 T)
07(0,7)

27‘{'7,1/, 627”7') =9

X (e
which in the relevant limit 7 — oo, £ > 0 fixed, yields the following asymptotic behaviour:

7(Imv)?

6271'11/ 627”7
Imrt

X ( , ) ~ exp [ + Re (iﬂ'V + 2 627”‘(7”))} (3.22)

The amplitude on the mass shell (s + ¢ + u = 0) is convergent for imaginary s, so we have to perform the
§ — 100 limit.
The correlators in (3.18) are given by
—s —t
f _ (Xachd) (Xchad) g =T (323)
XacXbd XacXbd

From (3:22) we can deduce that the relevant integration region for s — 700 is around the points

Im(vy —ve) =0, Im(t —v,) =0 (3.24)
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and the region I'm7 = O(log s). So we first integrate the asymptotic form of x in (3.22) in this region:

/dIm(T —Va) dIm(vy — ve)x ~

S s—ico 210
E—

2
/dlm(r —vg) dIm(vy — ve) exp _I:rTL Im(r —v,) dIm(vy — ;) ;ImT. (3.25)
T

Once we integrate those variables out, we can integrate the function f by setting Im(r — v,) = Im(v, —

v.) = 0. To perform the remaining integrals we introduce the new variables a, b, ¢ and x as follows
Rev, = Ret — (b+c),
Rev, = ReT — (a+ ¢),

Rev, = ReT — (a+b),

Im(vy + ve)
_ ] 3.26
. 2Im T ( )

Substituting into (3.23) and setting Im(7 — v,) = Im(v, — v.) = 0 we find
f=l4op0_ exp(2mz(l —2)Im7)]~"
X exp [s (672”“””005(27ra) + e 2= ImT o591 (Re T — a))40+0_} ,

oy = |sinw(b=+¢)| (3.27)

The integrations over Re 7 and a give two Bessel functions
w/2
B(a,b) = 2/ drsin?* !z cos? 1z, (3.28)
0
Restoring the numerical factors and the kinematic term the amplitude can be written as follows:

. 3
AB=D 52100 4o e (%) I, (3.29)

! o wa [P doydo_(doyo)"t 22742, .
[:/ dm/ dImt(ImTt) 2 / lj - 1_+ ;— o d7462 tz(1—z)Im
0 0 o 0+)( o2)]Y/2 7 (2m)

x Jo(4isoo_e 2™ IMTY Jo(diso o_e 2= ImTy (3 30)

We follow the derivation of [8]], writing the amplitude in a form involving powers of s, so that it is easier to
interpret the Regge cut.
The integrations over o4 and I'm 7 yield Bessel functions in the form of series expansions, so we can use

the identity
=T (054) _ 4t
6—d

1
/o WPl )+ 200 1 2m(1 o) 7/ 2n+ (3a+8)°] [2m+ (3a-B)°]

(3.31)

where x plays the role of a Feynman parameter for a diagram with two propagators and an integrated
momentum over d — 2 dimensions:

I =

[ (5)° e tB (1 S mtn, ) (332)
( |

2) @2 e ()Pm)? o {Qn +(sq+ %)2} [Qm +(dq- 12:)2] '



3.3. Generalization to N loops and resummation in an eikonal form 39

In order to evaluate the double sum we rewrite it as a Cauchy integral and then deform the contour inte-
gration, to pick the poles at 2n = — (1 + k) = t; and 2m = — (3¢ — k) = 5 and keeping only the
singularity giving the leading power in s.

For a single sum

> 77111 ffn l t - /c % fz(?st T (=2) ~ 5T (DB, (333)

m=0

so the amplitude yields

—927. iz N titt2
he1) s—00 L 7s\3 1 d2k [ se”i3
AR=1) 2220 pde eqen e <§> 3 / 7(27‘()‘1_2 5

D)D) Pt b s
T T () T (e 25t |
where we used r LT/ (o )
(+1D0A/2) _ 0 T2 +1) 335
I'(z+1) I'2(z+1)
The amplitude can be written in terms of two gravi-Reggeon exchange and its factorized form is explicit:
dd 2q dd 2=
N L e - 3.36
A €a " €d € Ec (23) / S2m)i—2 (@— @ — @) (3.36)
Xatree(57 ql) atree(s7 Q2)[V2(617 62)]2a (337)

where ayr. is given in (3.17).

3.3 Generalization to N loops and resummation in an eikonal form

We have shown that the leading contribution of the four-graviton amplitude at one loop is given by the two
gravi-Reggeons cut and it can be expressed by the square of the two gravi-Reggeon vertex (3.36).

The h-loop amplitude will thus be given by the N-gravi-Reggeon cut, and it can be obtained in terms of N
gravi-Reggeon vertices Vi (q1, ..., qn ), with N = h + 1. N vertices can be obtained from 2N + 2 graviton
tree amplitudes by the OPE of N pairs of graviton emission operators.

The N gravi-Reggeon vertex will be given by

dM?
-qN) /H ) Ao ,QEV(MIQ...MIQ\,A; q1---9N)

211
27
dU]
_ 0 iqy-X (o) .
[ H @1 o)
J=1
2r N
dO'J H io io1 120 -
= / H — |e“7_7 _ ewl| 9;-q (3.38)
0 j=1 2mi 1<G<IKN

So the leading asymptotic expression for the h-loop contribution to the four-graviton amplitude is

A s—00 1 4 dd72 dd72Qh+1 5d—2) _
(qu) — €q " €4 €p " €¢ % (h+1) (27T)(d 2)h qi;(h

h+1 h+1 do_] do_

X Hatree S QJ /H

0| H e“]] X(UJ) X(U )) : |O> (339)
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Now we can show that the amplitude resums in an eikonal fashion. If we define

1 -

;A(s,q) =€y €€ - Ec 4/dD—2b e'a(s, b), (3.40)
we get

aM(s,b) = @i (0] [6(s, b; X, X")]"*110) (3.41)

) (h + 1)! Y ) Y *
where § is an operator functional on the string field X (o):
1 dd72q 1 dodo’ iG-(b+X (o) X' (o’
5_4/(27r)d 7 el Q)/ (2m)? e -

The sum over loops yields the final amplitude in an operator eikonal form:
Za( s,b) | - (exp[2i0(s, by X, X")] - 1)]0) (3.43)

The phase ¢ of the eikonal shows that the collision process can be interpreted as a rescattering series at
displaced b, b + X + X’. In the following chapters we will analyse the importance of string excitations,
which is one of the main topics of this thesis. Now we will start the treatment of the physical content of
(3:43) by neglecting string excitations, i.e, setting X = 0 in the eikonal phase:

b2

9 2
g S _ 4(Y +iw/2) d_ _
(5(b7 5) = at’ree(b) 5) = Wb4 d/ dt t2 37t

d—4 2 2

b>2vY. [ be Tg*s b
br2vy, (D L 2 3.44
(b) Ty 1 eXp( 4Y>’ (3.44)

where Y = log s, bd~% = o Q and Qq = F( /) is the solid angle in d dimensions. We can note that §

has an IR divergence for d = 4. Then we can distinguish two regimes:

e Forb < by = 2Y, I'md is large and exp(2id) — 0. This describes an absorptive black disk expanding
logaritmically with the energy. The cross section in this region is indeed inelastic,

2 2

Oin(s) ~ 5 Qa-2(2log )"~ (3.45)

e For b > 2Y, I'm § dies out exponentially and so § is mostly real. Red decreases as a power, with

weight given by b., so only for b > b, the perturbative expansion in powers of s is justified.

e In the remaining region 2Y < b < b, where the eikonal is still valid, the amplitude a(b, s) has a large

real phase and so it shows an oscillatory behaviour.

3.4 Asymptotic result of the eikonal amplitude

In order to analyse the asymptotic behaviour of the eikonal amplitude (3.43), we consider its Hankel trans-

form:
1 2mbr\ 27!
. Tor i(be d—4
;a(s,q) ~ 2 < q ) J%—l(bIQ)ez (be/br)
2 [e’e)
+7287r (d B ) do 2?8 Jy_ (@)t Cea/ ", (3.46)
q 2 brq 2
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The first term of shows the black disk diffractive pattern, while the second term summarises the
contributions for b > b;. In momentum space we find

e For g < i ~ (g%)ﬁ, so for very small g2 = —t, the loop expansion of the eikonal controls the
t = 0 singularities. The amplitude at one loop is
d—2
1 10, 9% | (9%s)° S i) L
Za(s,q) = 22 t t|2 , 3.47
solsd) == g eSS T @ n@ o) G:47)

showing a graviton pole with unrenormalized residue. For d < 6 the imaginary part of the amplitude
has an IR singularity and so it yields an infinite elastic cross-section, while for d > 6 the elastic
cross-section is finite, o; ~ $(4=2)/(4=4) and violates the Froissart bound, due to the exchange of a
massless particle.

e For i < q < 1 the second term has a large phase with a saddle point in b, typical of a classic

scattering process:

2
g*s 8GN (kg - kp)
= = 3.48
9 2bd73ﬂd,2 bd739d72 ( )
The amplitude evaluated in the saddle point
9 9 d_qo 306 i-d d—2
1 ; t|z2~ i\ 7 (%
L o, Do ~ &5 i (25172 <Z) 5 (3.49)
s |t‘ 2049 2 d—3
1
2 d_1 d—3
[ g’slt]> d-3
Pa = ( 50y 5 > E (3.50)

gives a Rutherford cross-section do.; = d~%b(q). This saddle point also dominates the eikonal am-
plitude at small but fixed deflection angle

q _ 2q
V==-=— 3.51
kE /s 63D
if the stationary value b in the saddle point satisfies
871G
pi-s = STONVS (3.52)

Qaq—20
This angle is typical of the scattering of a massless particle at impact parameter b off a mass M = /s
to first non-trivial order in the Schwarzschild metric. It equals the angle obtained classically from the

_ 2
Voss(b,2) = Vs (i)d o1 (1 + ;) , (3.53)

2 r 2

effective potential

d—3 _ 8mGnN/s

where 2 = b? + 22 and 93 = (C=) oy

is the Schwarzschild radius in d spacetime dimensions.

One can conclude that the high energy scattering of two massless gravitons in the eikonal region is equiv-
alent to the classical scattering in a non-trivial metric obtained from the Einstein equation, to first order in
the metric. Higher order contributions are important to restore unitarity, as we will show in the next Section.
This happens at large b, where the elastic scattering occurs.

For small impact parameters instead inelastic scattering dominates, corresponding to an expanding black
disk. As we will show in Chapter ] this picture could be modified by string corrections due to massive

4
excitations to order (@) and higher to both /md and Re §. These corrections have the effect to turn the
black disk into a grey one.
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3.5 Unitarity

Unitarity of the amplitude depends on the value of the impact parameter. For b > O(log s) the operator 0 is
Hermitian and unitarity is satisfied by the diffractive intermediate states only.

When 4 is not Hermitian, the discontinuity can be given in terms of a cut Reggeon. This corresponds
to inelastic string states whose masses sum up to /s. In the case of an h-loop diagram there are N, cut
Reggeons, with N, running from O to h + 1, and the s-channel cuts corresponding to masses with sum
O(+/s) can be related to two-body diffractive cuts having small masses, which follow the eikonal and so
are much more under control. This can be done by generalizing the AG K rules to our specific case. So we
can write the amplitude discontinuity as a sum over N,:

2 (6 — 6T
7 (an —ai) ZST 7]SN+5N,N++N_+NM (3.54)

where Sy or S}L\,_ are the rescattering operators with N, (IN_) exchanged Reggeons to the right (left) of
the disc cut. The sum runs over the non-negative values of N., N, N_, satisfying N. + N, + N_ = N
except for N, = N, = 0 (N_ = N) and the symmetric value, which correspond to “disconnected” terms.
A review of the formalism of the AGK rules can be found in Appendix [A]

In our case we can set operatorially

. 2i6) NV
2iany = Sy = %, (3.55)
which is identically satisfied. Since § and §' are functionals of the 7 = 0 field X (), they commute and so
we get
N . . 2 Ne
2 (=261 )N= (=2i6)N+ [2(6 — 6T)]
_ Ss . —I- “ _ T _ 7
0= |2i6 —2id" + =(5 -4 )} = > N v, A (3.56)
Ne+Ni+N_=N
Summing and isolating the V. = 0 term we get
Ne ¢
1-81s= ST|=(6 -6t 3.57
2_:1 [ | wr (3.57)
where we used 2iay = Sy = %L?N We have obtained the unitary defect in the space of diffractive

states as a sum of non-negative inelastic terms, provided that ImJ is semi-positive definite. In our case it
is positive definite since ¢ depends on the Hankel transform of the tree amplitude ayyc.(s,b) which has a
positive imaginary part. So the eikonal phase ¢ satisfies inelastic s-channel unitarity in the sense described
above.

3.6 Discussion

In the series of papers by Amati, Ciafaloni and Veneziano it was shown that an eikonal resummation of
the high-energy limit of the S-matrix leads to results that are fully consistent with general relativity if the
string size can be neglected. The effective geometry at leading order is the Aichelburg-Sexl (AS) shock-
wave metric [5]] produced by an energetic point- like massless particle, which we introduced in Chapter [T}
This interpretation unfortunately fails beyond the leading-eikonal (or small deflection angle) approximation



3.7. High energy and fixed angle scattering 43

[LO]. String effects prevent gravitational collapse when the Schwarzschild radius of the would-be back hole
is smaller than the string length parameter /5. The string theory eikonal differs from the gravitational one in
the presence of inelastic excitations due to string effects.

These excitations are due to a superposition of massive states, and it could be a difficult task to dis-
tinguish which states are actually excited. One way to understand this is to verify the eikonal for massive
string scattering, as will be done in Chapter [5} Before computing the amplitudes we should introduce the
massive string spectrum, in particular in Section [3.8] we will review the massive spectrum of the NS-NS
sector of Type II superstring. We will show that only the leading Regge trajectory excitations are expected
to dominate high-energy scattering amplitudes, and we will demonstrate this in Chapter 5} by explicitly
computing the asymptotic limit of the inelastic amplitudes between any massive states.

The amplitudes we will compute in the following Chapters are similar to those computed by ACV, but with
the addition of IV parallel Dp-branes in Minkowski spacetime. From the point of view of perturbative string
theory the presence of a collection of Dp-branes is entirely taken into account by the addition of an open
string sector with suitable boundary conditions and does not require any modification of the background.
On the other hand, from the point of view of the low-energy effective field theory the Dp-branes are a mas-
sive charged state and their presence will necessarily result in a curved spacetime. In this perspective, by
evaluating string-brane scattering amplitudes in flat space, we can get some information about the dynamics
of strings in an effective curved spacetime.

A different feature of the D-brane set-up is that partial-wave unitarity is not broken at any order. If we keep
gN fixed (and thus let the number of branes NV large), contributions with many open string loops (bound-
aries) are not suppressed, while in ACV papers it was shown that in the high-energy regime the closed
string scattering amplitude grows with the energy in such a way that partial-wave unitarity breaks down
at any finite order. With the presence of D-branes, the large contributions to the S-matrix from diagrams
with a different number of boundaries combine together to give a unitary eikonal form for the resummed
amplitude.

Moreover, in the original ACV-type collision the resummation of the closed string loops in the string-string
scattering leads to an effective geometry that depends non-trivially upon the energies of the two colliding
quanta. The problem of string scattering from a stack of D-branes is much easier since it is similar to that of
scattering in an external field with the closed string acting as a probe and not back- reacting on the geome-
try, so the metric that emerges from the resummation of open string loops that we will consider in Chapter
M) depends only on the D-brane system.

Finally, we note that in our approach the existence of a non-trivial background is taken into account by the
inclusion of surfaces with boundaries in the perturbative series, rather than by a direct modification of the
couplings in the closed string sigma model. Since the string-brane scattering amplitude is evaluated using
this microscopic definition of the system, in principle we can also analyse the background generated by N
Dp-branes in regions where the effective description is not reliable.

3.7 High energy and fixed angle scattering

In this Section we review another important high-energy limit of string scattering amplitudes at high energy,
the fixed-angle one. This limit was extensively studied in a series of papers by Gross and Mende [42] 43]],

where they showed that the sum over Riemann surfaces is dominated by a saddle point and in the high
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energy, fixed-angle limit the amplitudes show an exponential decay in the momentum much faster than the
fall-off as powers of momentum typical of field theory.

The motivation for studying high energy, fixed angle amplitudes is that of probing the short-distance struc-
ture of string theory, which can be regarded as the o/ — oo limit, the opposite of the field theory limit
o’ — 0 which we will also consider in this Thesis. While the classic limit can be analysed in different
ways, the short distance structure in string theory can be studied only using the strings themselves as exter-
nal probes, and to avoid divergences one must consider only on-shell scattering amplitudes. So one effective
way to investigate short-distance string theory is to compute the asymptotic behaviour at high energy of on-
shell string scattering amplitudes in perturbation theory with a specific background, since this is the only
way we know to evaluate string amplitudes.

Another background different from flat space is that given by D-branes, which are also non-perturbative
objects, so string-brane scattering at high energy and fixed angle can provide an extension of the work of
Gross and Mende. This limit will be analysed in Chapter[4] while in this Section we will introduce four-point
scattering amplitudes in flat spacetime.

The exponential behaviour emerging from the saddle point in the integration ever Riemann surfaces is
universal, and indicates that a particular Riemann surface, or a particular point in the moduli space of all
Riemann surfaces dominates in the limit of high energy and fixed angle. This point is always far from the
boundary of moduli space, and so any possible infrared divergence, which always arises from surfaces at
the boundary, is avoided. This is not valid instead in the case of fixed momentum transfer, the limit analysed
by ACV and reviewed above, since there the saddle point apporaches the boundary.

In the following we will evaluate the dominant saddle points for tree-level and one-loop four-point
scattering amplitudes and then generalise the result to all orders.

We can start with the four-tachyon amplitude in closed bosonic string, the Virasoro-Shapiro amplitude
1501

87rl E —Otlu - —Otl -
Aree g (27r)26526<2ki)/d224|z4| /274 — gy met/24 (3.58)
- C

where the integral runs over the complex plane C and we set z; = 0, z5 = 1, 23 = co. We used the usual
Mandelstam variables where

1
s+t—|—u:——€j. (3.59)
o
In the limit s — oo with fixed angle ¥, one has also t/s fixed, since
t t
. 2
9/2) = — ~—— 3.60
sin”(v/2) 5432 s’ (360

and in this limit the exponential is large and the integral is dominated by the stationary points of the expo-

nent. For s, ¢, u > 1 the saddle point is given by

0 t
—(uln\24|2+tln|1—z4|2> My —0, (3.61)
0z za  zg4—1
with solution z4 = —u/s. Since s+t+u = O(1), the saddle point approximations then gives the amplitude
Swexp{fo/s(slns+tlnt+ulnu)/2}. (3.62)

This exponential behaviour is common also to superstring scattering amplitudes: for example the four-

point amplitudes for massless particles in Type II superstring theory have the same dependence on the
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Mandelstam variables as the Virasoro-Shapiro amplitude, apart from normalization and kinematic factors.
This indicates that the saddle point evaluation has a general validity. The result (3.62) is equal to that

obtained using Stirling approximation of the Gamma function,

9 ¥ 9 9
Agree ~ €xp {O/ (g + 16) {sim2 5 In sin? 5 + cos? 5 In cos? 2] } . (3.63)

The saddle-point of the one-loop amplitude gives, as we would expect, the half of the tree-level result

(3:62). The four-tachyon amplitude at one loop is given by

dgt >
Aonefloop - %/dQTHdQVZ‘ <1m7'13

=1

/
1

0 —16 ,
E ) [T — v, (64

1<j

where x is related to the Green’s function for the torus of Chapter[2]

Vi — V5
()

and I'mt = 79. In order to evaluate the saddle point, we have to place the insertion points symmetrically.
Following [42]], we set v; = 1/2, v = 7/2, v3 = (7 4+ 1)/2, v4 = 0. At these values the function x has a

2 ’

_|_

!

— IHX(Vi - Vj77') = GT2(Vian) ~= _% In

[Im(v; —vj)*.  (3.65)
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simpler form,

1 / 02(07 T) T ’ 64 (07 T) T+1 1 93 (Oa T)
- — z = = . (3.66
Then the amplitude takes the form of
Aone—loop ~ €52, (3.67)
with
g3 = (5 4+ 16)1n|03(0,7)| + (t + 16)In|02(0, 7)| 4+ (u + 16) In |04(0, 7)| + In |6} |~®
— 1 9%(077—) 6‘211(077—) 8 /-8
=1 {(t—i—lfi)ln 33(0,7) + (u+16)In 340, 7) +1n|65]° 4+ 1n |67 °. (3.68)

The dominant terms for large s, ¢, u are those in brackets, so we vary them with respect to 7 to determine
the saddle point equation for 7. We have to perform the derivatives of theta functions, so we will be using

the following relations among theta functions:

0o (v, 7) 1 020, (v, 7)

= 3.69
or dwi  Ov? (3.69)
03 = 05 + 03, (3.70)
oy oy (oL, o (0l
B _2 (2 R ) 3.71
6, 0, \03) "o, \ar ) @7
b3 _ 03 24 _ 04 204
22 73 204 = 74 22 3.72
92 03 T 0y 64 U3, ( )
0’,(0,7) = 02(0,7) = 0 for a = 2, 3, 4, since 0, is an even function of v. (3.73)
Using the above identities we find that the derivative of £ with respect to 7 vanishes when
03 t+ 16 .
9—2 =~ sin?(19/2),
01 u+ 16
6—% =" cos?(19/2). (3.74)
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Evaluating the exponent ¢ at the saddle point, we get

Of/ /

Aone—ioop ~ €xp(e2(vi, 7)) = - exXP [ - %(3 Ins+tlnt+ulnwu)/2], (3.75)

which is the half of the result on the sphere.
As can be seen from the one-loop example, it is clear that at general orders in the string loop expansion
the dominant term in the amplitude is

exp | — Zpi piF (2, 25) | (3.76)

i<j
so to generalise the saddle point method to all orders we need to find the saddle point of the exponent with
respect to both the vertex operator positions and the moduli of the Riemann surface. This resembles an
electrostatic problem, where the exponent is the energy of n point charges p!’ on the Riemann surface and
u labels d different electrostatic fields. To find the dominant saddle point at each genus, Gross and Mende

considered the Riemann surface
~n_ (z1—a1)(z1 — a2)

(21 —a3)(z1 — aa)’

(3.77)

which is a subspace of S2 x S2. It can be regarded as IV sheets glued together at branch cuts, and it has genus

N — 1. Considering the four-point amplitude, if the charges are placed at branch cuts a;, then the amplitude

Ozp _

is stationary with respect to their positions, i.e, 522

00. Moreover there is the following symmetry
zo — exp(27i/N)za, (3.78)

requiring that the vertical component of the gradient has to vanish. Then one has only to extremise with
respect to the positions a;, and to do this we simply recall that the electric field in this case is the same as
that on the sphere with charges at z; = a; but divided between N sheets, so the energy is equal to that on the
sphere, but multiplied by N - N=2 = N~!. Mobius invariance helps to fix three coordinates for example to
0,1, co and then only the derivative with respect to the fourth coordinate is left. At genus g one then finds

—ad/(slns+tnt+ ulnw)
2(9+1)

Ay ~ exp (3.79)
This result holds also for excited string states, since the amplitude is still dominated by (3.76), so it could
be interesting to extend the asymptotic limit of massive string-brane scattering amplitudes of Chapter[3] but
the high-energy fixed angle limit of those amplitudes is outside the scope of this Thesis.

3.8 Massive string states

A basic property of superstring theory is the presence of an infinite tower of massive states, with an expo-
nential degeneracy at high mass level. Massive excitations are a key feature for the stability of string theory,
and for what concerns our work we will focus on the influence they exert in the context of high-energy
scattering. In this Section we review some important features such as the density of states of string theory
and the issue of the decay of massive strings states into lighter ones.

We also would like to emphasize that the analysis of the massive string spectrum and of the high energy
regime of string theory can improve our understanding of higher spin gauge theory. It has been argued that
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the masses of the string states arise from some sort of generalised Higgs mechanism for the spontaneous
breaking of higher spin gauge symmetries. Therefore, investigating higher-spin dynamics can help to better
understand string theory and, vice versa, a closer look at string theory at high energies or in the o' — oo
limit can provide important clues on higher-spin dynamics. Some examples of interactions between higher
spin fields were introduced in [34] and some recent discussions can be found in [16, 54, |58]]. At the end of
this Section we will review the massive spectrum of the NS-NS sector of Type II superstring, focusing on

the leading Regge trajectory, whose vertex operators will be used in Chapter 5}

3.8.1 Density of states and phase transitions

At one loop level the free energy of a thermal gas of strings is given by the vacuum amplitude in R4~ x S,
where S! is the Euclidean time direction and for bosonic strings d = 26. The one loop contribution to the
free energy can thus be represented as an integral over the conventional fundamental domain.

The one loop free energy of bosonic string theory diverges for the presence of the tachyon, as we have shown
in Section [2.3] but even if the contribution of the usual tachyon is disregarded, there is still divergence at
a finite temperature, the Hagedorn temperature Ty;. As discussed also in [[13]], the fact that the latter is the
temperature at which a certain mode has M? = 0, makes it clear that it is associated with a phase transition.
The Hagedorn transition is a first order transition that occurs at a critical temperature 7,;; < T with a
very large latent heat. We will show in detail how this works.

For a general CFT the partition function can be written as follows,

Z(r) = thj—c/mq ;}i—a/24(_1)Fij (3.80)
where ¢ runs over all states of the CFT and F; is again the world-sheet fermion number. Modular invariance
under 7 — 7 + 1 requires h; — h; — 2 (c =€) to be and integer and (c — ¢) to be a multiple of 24. For

general operators then the spin must be an integer,
(hi — hy) € Z. (3.81)

Modular invariance under 7 — —1/7 imposes another constraint on the spectrum. If we consider the
partition function for 7 = il as | — 0, the factor ¢ = exp(—2xl) tends to one, so the partition function
is determined by the density of states at high weight. By modular invariance, this is equal to the partition
function at 7 = 4/I, but in this case ¢ = exp(—27l) 29,0, s0 the sum is dominated by the lowest weight
state. This is the vacuum state, with Ly = Eo = 0, and it gives
m(c+¢) ]

(3.82)

Z(il) ~ exp [ 120

Thus the density of states at high weight is determined by the central charge. From the generic behaviour
of the partition function at high weight h, eq. (3.82), and the relation M? = 4h/c/, for a state of mass M,
the density of string states n(M) satisfies

/ dM n(M) exp(—a/mM?1) ~ exp(—4dm /1), (3.83)
0
implying n(M) ~ exp(4wM+/a’). The thermal partition function of a single string is then

/ T exp(4rMVa') exp(—M/T). (3.84)
0
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Because the density of states grows exponentially, the partition function (3.84) diverges for temperatures

T> Ty, L

TH = dral’l/2’

(3.85)

where Ty is the Hagedorn temperature.

At low temperature the energy dominates, but at high temperature the entropy dominates and it is favorable
to produce strings of arbitrary length. In an ensemble of such strings the density will become large, and the
interactions will be important near the transition.

This divergence suggests a phase transition, similar to that found in the strong interaction, where there is a
similar growth in the density of states of highly excited hadrons, and the phase transition occurs from a low
temperature hadron phase to a high temperature quark-gluon phase.

The thermal partition function of a bosonic field of mass M in d dimensions is

> dt 42— M2t 2
F(T, Mz) = 7/0 7(27“5) /2 Zexp (2 - 2T2t> . (386)
r=1

In the second form, one can readily sum over the string spectrum. Following the derivation of the vacuum
amplitudes in Section 2.3 the free energy density in 26 flat dimensions is

drdt r?
F(T) — _/R 47_2 (47T 13|77 | —48 Zexp ( 47‘[‘T2a 7—2) . (387)

The integral runs over the full region

1
R: 71>0, |m< 3 (3.88)

There is a possible divergence as 7o — 0; the integrand is largest when the real part of 7 is zero, so let
T = i7o. From the modular transformation of the eta function (Z:43), the asymptotic behaviour of the eta
function in this limit is

(i) = n(i/m2) 7y /* ~ exp(m/1273) as 72 — 0. (3.89)

The 7 integral thus converges for 7' < T’y and diverges for T' > T'yy.
T-duality should relate the high and low temperature behaviours, and in fact the Hagedorn temperature is
just the self-dual point. The same occurs in field theory, where the partition function is given by a Euclidean
path integral, with time having period 1/T.
Let we define

F(T) = F(T) + po, (3.90)

the thermal part (3.87) of the free energy plus the vacuum part (Z.37). The logarithm of the path integral is
—F(T)/T, so T-duality implies

%F(T> ;; F(T/T). (3.91)
This relates the partition function below the Hagedorn temperature to that above it. The Hagedorn diver-
gence for T > T is a reflection of the tachyon divergence in the low temperature theory, but a similar
formal result holds for the supersymmetric string, which has no tachyonic divergence. For the partition

function we obtain
- T2

F(T) — Epo (3.92)
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as T' — oo. This is a measure of the number of high energy degrees of freedom, which are very few. A
single quantum field in d spacetime dimensions has a free energy of order 7%, so the high energy limit of
string theory looks like a field theory in two spacetime dimensions.

For supersymmetric string theories, there is no zero-temperature tachyon, but it can be shown that a winding
mode becomes tachyonic at the Hagedorn temperature, thus causing a divergence of the free energy at one
loop.

Even for superstrings the Hagedorn transition is first order and there is a genus zero contribution to
the free energy above the critical temperature. Most of the qualitative discussion of bosonic strings carries
over to supersymmetric string theories. In [[13] it has been shown that the Hagedorn temperature for Type
IT superstrings is again the temperature at which a certain mode becomes tachyonic. It could hardly be

otherwise, since the one loop modular integral could not diverge unless a tachyon appears.

3.8.2 Instability of massive states

In Type II superstring theory in flat, ten-dimensional non-compact spacetime, all massive strings are gener-
ally expected to be unstable and decay into lighter particles.

As explained in [46], for small string coupling the dominant elementary process is the decay into two
particles. If these particles are massive, then each of them will subsequently decay into two lighter particles,
and the process ends when only massless particles remain.

A general formula for the decay can be obtained from a one-loop calculation of the mass-shift. The
inverse lifetime 7! of a massive state of mass M is then given by

B ImAM?

T 2M

(3.93)

where AM? represents the radiative correction to the mass. At one loop it receives a contribution from the
two-particle intermediate states, and thus I' is the lifetime for decaying into two particles. One can obtain
the one-loop expression for AM? starting from the zero and one loop expressions for the four graviton
amplitudes, as was done in [45]].

Im(AM?) can be written as a sum over the contributions of different channels, according to the masses
My, Ms of the particles of the decay product. However, most of these processes are exponentially sup-
pressed, except for a line in the space M7, Ms, where the decay rate has a power-like dependence on the
coupling.

According to their decay properties, the quantum states of the Type II string spectrum can be divided into
two classes: those for which the dominant decay channel is by massless emission and those for which the
dominant decay channel is by emission of massive particles. Massless emission is the dominant channel
whenever the quantum state corresponds to large closed strings which cannot break during the evolution.

For these states, the decay channels into massive states are exponentially suppressed. In [25] it was found
Tassive = 0(87CM ), (3.94)

where the value of ¢ depends on the specific state. The lifetime is givenby 7)) =T, 1
An example of the second class of states is the folded closed string corresponding to the quantum state
with maximum angular momentum: the points of the string are always in contact with the other side so the

string can break at any moment. For a detailed discussion see [25]].
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3.8.3 Massive spectrum of the NS-NS superstring on the leading Regge trajectory

In order to compute high-energy massive string amplitudes, we will need the vertex operator for massive
string states.

In this section we analyse the massive spectrum of the NS-NS sector of the Type II superstring, focusing
on the highest spin states at a given mass, i.e, the leading Regge trajectory. As an illustrative example, we
will focus on the BRST quantization of the first massive level. We will be using the metric with positive
signature, n = diag(—,+,+, ..., +), and we will follow the conventions used in [50, [51]]. The mass shell

condition for the n'" level of the NS-NS sector of the superstring after the GSO projection is given by
o' M? = 4n, (3.95)

with n = 0,1, 2.... In the following we will write the closed string state as the product of two copies of the
open string sector, so the states we will consider carry momentum p* = 2k* where k will represent the
momentum of the open string vertex. Henceforth, when a result is stated for holomorphic fields, it is with
the understanding that an analogous result will hold for the antiholomorphic quantities.

For the first massive level the mass shell condition (3.93) with n = 1 is satisfied by the following states

in the -1 picture:

|¢)E> = EuuaﬁlqﬁZ% |07 k> ) (396&)
[65) = B |05k (3.96c)
To find the physical states, we write the most general state at this level as a linear combination:
|¢> = (Euuaﬁle% + Auupwl_téwZ%z/Ji% + Bu"/]i%) |0; k> (397)
The corresponding vertex operator may be written with superghost charge —1 as follows:
V. =ce® (\/;Wewaxwu + Ay 'Y P + Byazp”) etk (3.98)

Here we have introduced one of the reparameterisation ghosts ¢(z), of the be system, along with the field
(z) which together with anticommuting bosonic fields 7, £ form the bosonisation of the superghost fields.
In order for this state to be physical it must be invariant under BRST transformations, these being generated

by the operator
1

=5 C(dsz —dzjp), (3.99)

@B

where the BRST current is given in terms of a matter current and a ghost current, jg = j,, + j4, which may
be written as

) 1 1 /2
Jm = —C(JBX‘@X# + 5w“8w#) +1i ae“"m/ﬂ‘@X#, (3.100a)
Jg = bcoc + %8039& + coén — %cacpago — icaatp + be®Pom. (3.100b)

These all have obvious antiholomorphic counterparts. In fact, the state generated by (3.98) does not satisfy
the condition {Qp, V_1} = 0 and so we add to our vertex operator a contribution from an exact state of the

form @ g|x), whose vertex operator is in the —1 picture, to render the sum physical.
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If we use as a candidate the state
)
V2ao!

then we are adding to our vertex (3.98) the following operator:

U =e %0 (A[W]ww + w,ﬁX”) e X 4 e7209%¢chet X (3.101)

V=QpU=¢e"%c {\/Qa’iAmwﬁX“aX” + (\/%Wu — \/Qa’AkM) oY

.2 1 /o ,
(3 E = 3 e
[o/ )
_ ?k(uwy)ax(uwu) + k[u>‘up]¢#7/)y¢p} esz7 (3.102)

so that we find agreement with the results reported in [16]]. In particular, as shown in [16]], we can gauge
away the scalar, the antisymmetric rank-2 tensor and the vector. We are left with two physical states:

® W)o/i 1% 1 10;0) has a polarization €(,,,y which is a completely symmetric, traceless, tensor in-
2
variant under the little group SO(9), so it carries to 44 degrees of freedom. This is the state belonging

to the open leading Regge trajectory which we will be using in our amplitude computations;

e The state Aj,,,,,9"4"4” has a polarization Ay, ,) which is a three-form of SO(9), corresponding to
84 degrees of freedom.

The requirement of BRST invariance for these states brings the constraints
ktGwy =0, K Apup) = 0. (3.103)

Together, these two states have 128 degrees of freedom, which is the full bosonic content of the left sector
of the first massive level, as explained in [38]].

As we consider higher and higher levels, it can be a difficult task to find the BRST invariant vertex
operators,since the number of states increases dramatically. Nevertheless, at each level one could consider
the states in the light-cone gauge, and these can always be rearranged into irreducible representations of the
little group of SO(9), which describe the BRST-invariant states. This has been shown in [16] for the first
two levels.

In the computation of our amplitudes we will use vertex operators for a state from the leading Regge
trajectory at the generic mass level n. To do this we will generalise the result for n = 1. We start by con-
structing the vertex for an open string state which is totally symmetric in its polarisation. In general the
tensor product of two such states will give a closed string state in a reducible representation containing
physical states of the same mass but different spin, however, by symmetrising over all indices of the polar-
isation one is left with a state of spin J = (a/M? + 4)/2. This is the maximum possible spin in the Type
II string spectrum for a fixed mass level and it is the set of all such states that comprises the leading Regge
trajectory. This can be seen pictorially in figure[3.2] Written in terms of oscillators, such an open string state
will have the form |¢,) = €,y o [ 11 @50 1 |0; k), and this will give the following closed string
state,

n

closed i~V a7
[60) "7 = €urpnavr [H ofila_ll v 197 [0ip) (3.104)
2 T2

i=1
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Figure 3.2: Diagrammatic depiction of the Type II string spectrum indicating the mass and spin of each physical state, represented
by circles. Filled circles show states on the leading Regge trajectory.

where €., avr..nnf = Ep.pina @ Evyvy
By virtue of the state-operator isomorphism we obtain from the state above a vertex operator of su-
perghost charge (-1,-1),

n _ R 1eefhn VL. Un —
W((_)17_1) (k‘,Z,Z) = %eulmunaul...ynﬁ‘/_ﬂl " a(k,Z)V_l ﬁ(k,Z) (3105)
with
1 i \" - :
VE Sk, 2) = —= ( > e ?@ [ TToxwm | pre**(), 3.106
1 ( ) m 2% £[1 1/J ( )

Above we have written X (z) for the open string field, obtained by decomposing the complete string co-
ordinate field into X (2, %) = (X(z) + X (Z))/2, and as previously stated we make use of the open string
momentum k for convenience while the physical momentum of the string is p = 2k. Since we wish to com-
pute amplitudes on a world-sheet with the topology of the disc the vertices which make up this amplitude
should have a total superghost charge of —2, consequently we will need a vertex operator of the state above
in the (0, 0) picture,

n _ K T TrVL...Un -
Wity (k:2,2) = =~ vrcn Vo (ke 2) V5P (k, 2), (3.107)

where
)

N 1
Ve (h, 2) = —— (%,

n+1
\/*' ) (0XH 90X — 2’k - POXHFrap® — 7120/31/)“"¢°‘)
n:

n—1
<H aXM> e X (3.108)
i=1

"a'*g? is the gravitational coupling constant in ten dimensions and we follow the conven-

where k2 = 207
tions used in [51]. We have normalised these states presented here such that the two-point function on the
sphere for two states having the same spin is 2a/g? Tr(e; - €3). Finally, we should make one point; strictly

speaking, the vertices given in equations (3.108) and (3-106) can only be applied to the cases n > 0, how-

ever we shall extend their use to the case n = 0 with the understanding that when one encounters a product
of the form H?:1 a; we are to replace it by unity.



String-brane scattering at high energy

The string-brane system is an ideal framework to understand the way in which string scattering amplitudes
evaluated in flat space can provide information about the dynamics in an effective curved spacetime.
Dp-branes arise from classical solutions of the low-energy string effective action coupled to graviton, dilaton
and (p + 1)-form R-R potential, and since their tension is proportional to the inverse of the string coupling
constant, they correspond to non-perturbative states of string theory.

In this chapter we will analyze the scattering of a closed string off a stack of N parallel Dp-branes in
Minkowski spacetime at high energy, in order to get some insight on the dynamics of strings in an effective
curved space-time. Scattering amplitudes of closed strings off a stack of N Dp-branes can be computed in
perturbation theory summing over Riemann surfaces with an arbitrary number of boundaries and handles.
In this Section we will probe the N Dp-brane system with high energy massless closed strings, in the high
energy limit where gravity dominates. Since we want to neglect non-planar diagrams, which get suppressed
by powers of the string coupling g, we will work in the regime of small string coupling, g < 1.

Moreover, we want to isolate the backreaction of the branes on the geometry of spacetime, so we will
consider the limit of fixed open string coupling A = gN, while ¢ — 0 and N — oo. In this limit only
diagrams with an arbitrary number of boundaries and no handles are dominant in the sum, and the resummed
amplitude, which has an operator eikonal form, can be interpreted in terms of a closed string propagation
in the effective spacetime geometry of the Dp-brane system, which we will describe in section @.3).

This Chapter is organised as follows: we begin by computing string-brane scattering amplitudes in Section
[@-1] focusing on the NS-NS sector, and in particular on the graviton. We first illustrate the kinematics for
the scattering of a massless string off a D-brane, introducing suitable boundary conditions imposed by the
breaking of Lorentz invariance. Then we compute the tree-level amplitude on the disk and the one-loop
amplitude, which is on the annulus, showing that the latter can be factorised with the exchange of two

Reggeized gravitons. We then generalise to N loops and show that the amplitude resums in an operator

53
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eikonal form in Section[d.1.4] In Section[d.2] we compute the string corrections to the leading eikonal. Then
in Section 3] we will compare the results we have obtained from string computations in flat spacetime to
what we would expect from the propagation of point-like or string-like objects in the p-brane background
metric, introduced in Chapter 2} In particular we will compute the deflection angle and the tidal excitations
at leading order.

4.1 Scattering of massless closed strings off D-branes

As noted by Amati, Ciafaloni and Veneziano in their series of papers [7, [8]], even if the deflection angle
is kept fixed and ¢ becomes large, the scattering is dominated by the exchange of many gravitons, each one
of momentum of order R, 1> \/—t. This justifies the Regge approximation order by order in the loop
expansion.

Another limit we will use is I2,, > [, where string-brane interactions are dominated by gravity effects, so
we expect a relation with the effective geometry of the Dp-brane. Since the small angle condition requires
b > R, our scattering amplitudes are evaluated at impact parameters much larger than the string scale,
b> 1.

The upper limit on the energy E can be made arbitrarily large for sufficiently large NV, and so the two-point
amplitude can be written as a sum of amplitudes with a different number of boundaries,

Alpy,e15p2,82) = i(2m)P 167 (py, p2y) Z An(p1,€1:p2,€2), 4.1
h=1

where h denotes the number of boundaries. In the Regge limit each amplitude is given by

An(p1,e1;p2,€2) ~ Tr(e162) An(s, t), 4.2)

where now A;, contains the leading dependence of s at high energy. Thus we can write the T-matrix related
to the S-matrix by S = 1 + i7"

o0
T(p1,e1;p2,€2) ~ (2m)P 167 (pyy, pay) Tr(ere2) Y An
h=1

(s,t)
28

=

= (2m)PHL 6P (py), poy) Tr(e162) 4.3)

where we normalise each asymptotic state with a factor v/2E.
The first term in (@) is the disk amplitude, the second one is the annulus amplitude. As shown in [27], it is
possible to obtain the leading behaviour of the full perturbative series, and the resummed amplitude takes
an operator eikonal form in impact parameter space. This operator allows to study both classical gravity
effects and string corrections to the classical dynamics.

In the following we will compute the disk and annulus amplitude and then illustrate both classical and
stringy effects, following the derivation of [27]].

4.1.1 Kinematics of a string scattering from a Dp-brane

Here we illustrate the kinematics appropriate to tree-level interactions between a single closed string and a

Dp-brane. Throughout this work we will use a flat metric of positive signature, 7 = diag(—, +, +, ..., +).
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In the following computations we will consider massless states with polarizations €; and momentum p;
such that o/ M? = (. We can decompose the momenta into vectors which are parallel and orthogonal to the
directions in which the D-brane is extended, that is

Py = pfu + Py “4H

The mass of a D-brane scales as 1/g and so to leading order in the perturbative expansion it is infinitely
massive. Consequently we may neglect its recoil and momentum is only conserved in the p + 1 directions
parallel to the D-brane,

phy + Py =0. (4.5)

For brevity we denote p’l‘H = —p’;H = pﬁ . Using the mass-shell condition we may relate this quantity to the
(9 — p) orthogonal components of momentum,
P =—pj (4.6a)
3L ==pj (4.6b)

The vectors p; are by definition space-like[l so we can infer that p| is necessarily time-like. Considering
this we define the following kinematic invariants for use as the parameters in our computations,

s = fpﬁ, (4.7a)
t=—(p1+p2)*, (4.7b)
E=/s. (4.7¢)

After a Lorentz transformation to a frame in which the spatial components of p; are nonzero only in the
orthogonal directions, the quantity F' will be equal to the energy of the string.
It can be useful to express ¢ in terms of s and the relative angle ¢ between p/'| and p} ,

t=—(p1+p2)*
=—(p1L +p2J_)2

9
= —2scos? ok (4.8)

The invariants s corresponds to the energy of the incoming string, while ¢ is the momentum transferred
to the brane. The impact parameter vector b lies in the direction of —(p; + p2), which is approximately
orthogonal to the direction (p; — p2) for small deflection angles, and so these two directions define the
collision plane. We define the bosonic string coordinates by splitting holomorphic and anti-holomorphic

components B
XH XH(z
XH(z,%) = —(Z);r (2). (4.9)
where
X0(z) = ot — 20/ tnz 4 iV 30 L O 4.10
(2) ==z —za?nz—kz QZEZT’ (4.10)

m##0
and similarly for the antiholomorphic field, so that the holomorphic and antiholomorphic fields carry only
half of the physical momentum: p!’ = 2k%".

3

lignoring the specific case of a D-instanton.
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We are interested in a scattering process in the presence of D-branes which break Lorentz invariance;
this changes the kinematics and the boundary conditions, imposing Neumann boundary conditions on the
direction parallel to the brane, Dirichlet boundary conditions on the directions orthogonal to it. For the

Neumann conditions we have on the real axis

X(z)=X(2)
¥(z) = 9 (2), (@.11)
while for the Dirichlet conditions we require
X(2) =-X(2)
¥(2) = —(2), (4.12)

thus the holorphic and antiholomorphic fields get mixed and the result is that we have nonzero correlations
functions between the two.

The correlators among holomorphic fields in the upper half of the complex plane are

(X9 ()X () = —20'" log(= — w),
(e () = ~20'

(p(2)p(w)) = —log(z — w), (4.13)

and the antiholomorphic fields have analogous correlators.

To implement the new boundary conditions on the correlators between the holomorphic and antiholomor-
phic fields it is convenient to use the doubling trick. As reviewed in [36] in the context of D-brane physics,
this simplifies the treatment by substituting anti-holomorphic fields X (Z), $(2) which are functions of an
anti-holomorphic variable, with holomorphic fields depending on Z treated as an independent holomorphic
variable. This is equivalent to sending X*(z) — D*, X" (%), *(2) — DF 4" (%) and 3(2) — (%) for
correlation functions evaluated on H, where D = (1,41, —19_,). Having employed the doubling trick we
need only compute correlators between the holomorphic fields and antiholomorphic fields in terms of the
correlators between the holomorphic fields,

(X"(2) X" (@)) = —2a/ D" log(z — @),

() (@) = —,
(¢(2)5(@)) = ~log(z - v). @.14)

There are several kinematic factors which appear in the following calculation which depend on the
momenta carried by the holomorphic and antiholomorphic fields; we would like to be able to express these
in terms of the variables above. From the definition of D*, it can be seen that the momenta satisfy (D-k)* =
kﬁ‘ — kj‘_ and so, with the aid of the conservation of momentum, one can deduce the following identities,

t
k‘1'k’2=—§,

k1'D'/€1=—?

kz'D'kzz—i,

k1~D-k2:§+é. 4.15)
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4.1.2 Disk amplitude

In this Section we will compute the exact disk amplitude in order to extract the high-energy behaviour. In
Chapter 5] we will show that the asymptotic behaviour in the Regge regime can be extracted in a straight-
forward way using OPE techniques.

For the process we are interested in the amplitude is computed using two closed string vertex operators
inserted on the upper-half of the complex plane, with Neumann boundary conditions applied on the real axis
for the p + 1 directions parallel to the D-branes world-volume, and Dirichlet boundary conditions applied

for the 9 — p directions orthogonal to the D-brane. We can write this as

A :N dzzldQZQVCKG<V1(k1,Zl,gl)VQ(kQ,22,22)>. (416)
Hy-
the integrals range over the upper half of the complex plane and Vo k¢ is the Conformal Killing volume
of the residual SL(2, R) symmetry. The vertex operators can be decomposed in their holomorphic and
anti-holomorphic components:

Vilki, z1,21) = €1 V' (K1, 21) 2 V2 (k1 Z1) o
‘/2(]{2,2’2,52) =E&ouv VOM(kQ,ZQ) i Voy(kg,fg) 5 4.17)

The normalization constant A in #.I6) is formed from the product of the normalization of a vertex in the
(0,0) picture, x/(ma’), the normalization of a vertex in the (—1, —1) picture, x/(27) and the topological
factor for a disc amplitude Cp, = o/(2m)? T, /K, where £ is the gravitational coupling constant in ten
dimensions and T}, is the coupling for closed string states to a Dp-brane. Overall this gives the normalization
9—p
N = KT} _ 7—pR7_p 2r 2

2~ d TRy

(4.18)

where R, represents a characteristic size for the stack of D-branes and is related to the t'Hooft coupling,
A = gN as follows,

21V a!) TP o
Rpp:‘NL—————— Q, = ———. 4.19
R e r () o

The subscripts 0, 1 represent the superghost charge carried by the vertex operators which, due to superdifteo-
morphism invariance, must sum to 2 on the upper half of the complex plane; the holomorphic components
above can thus be written as

K 1 —p(z 1k z
Vlu(kl,zl) = o \/ae o( 1)1/1”(21)6 k1-X( 1)’ (4.20)
1 )
Vi (o, 2) = — ’; (DX (22) + iha - (2) )" (22) e X 2, @21
m «

The antiholomorphic components take the same form but with the fields X (z), ¥ (z) and ¢(z) replaced by
their antiholomorphic counterparts X (z), ¢ (z) and (z).

To implement the new boundary conditions implied by the presence of the D-branes, we can rewrite the
vertex operators in @.I7) in terms of @.14):

Vi(ki, 21,21) = e1,0 Dy Vi (K1, 21) = VY (k1 21)

V2(k2,22722) = {-fz‘u)\.DA v . Vb’u(kQ,Zz) o VOV(kQ,ZQ) . (422)
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By using equations (#.14), and the kinematic identities (#.13), we have the correlator in (4.16):

’

— ) (&3 - 2)\ YT (- )z — 7))
(Vilkr, o 20)Valh 22, 2)) = (LA (2 22

Tr(e1D) Tr(eaD)(—a's/2 — 1) 1

(21 - 21)2(22 - 52)2 (Zl o ZQ)(Zl — 22)(21 — 22)(21 — Z2)2OZ Cl
1 /
i (21 = 21)(22 — 22)(21 — 22) (%1 — 22)204 02] ) (4.23)

where
C1 = Tr(e1 - D)k1e2k1 — k1eaDerka — k1261 Dk — kie9e1 Dk
- %(k15251k2A+—k15251k2)47 %'IT(5152)47{1,4$ 2}, (4.24)
Co = Tr(e1D)(k1e2Dko + ko Degky + koDeoDks) + k1 Dey Deg Dk
- %(klpglggpkg + k1 DereaDly) — = Te(e1 De D)
%Tr(eleg) +{1-2}. (4.25)
To fix the SL(2, R) invariance of the amplitude we introduce the SL(2,R) invariant variable

(a1 21) (22 — 22)
YT -G -2 (4.26)

and we use the measure d?z1d%zo = dw(z; — 22)?(Z1 — 22)? to account for the ghost zero modes and to
write the integral in terms of w. The result is

0 —a’s/2 o _ ’ ’
Aki, 20) :/ dw( w ) (1—w)' & [Tr(ng) Tr(eoD)(—a's/2 — 1) N 20/C 4 Cy

—w w? l-w  w(l-w)

(4.27)

Changing again variable to x = w/(1—w) we find that the amplitude yields a beta function whose arguments

—00

are the Lorentz invariant variables s and ¢:

o nl(=d/s/2)T(=a't/4) [ s t
A= 2a I'(1—a's/2—a't/4) ( 2CI+462) ’ (4:28)

where ¢; = Cy and ¢ = Cy — Tr(e1D) Tr(ea D)(—s/4 — t/8).
As was pointed out in [36], the disk amplitude (#.28) contains two sets of poles corresponding to closed

2 2

strings in the ¢-channel for o/m* = 4n and to open strings in the s-channel for o/m?® = n, where

n=0,1,2..

It is worth mentioning here that the polarisations appearing in the scattering amplitude {@.28) are the
same of the long-range background fields for the D-brane, and they correspond to those of extremally
charged p-brane solutions of the low energy effective action, as was derived in [36].

We can compute the high energy limit of the disk amplitude (#.28) using Stirling’s approximation for
the Gamma function for large |z|,

D(z) ~ V2rz5" Y272, (4.29)

We will consider the most important high-energy regimes, fixed-angle and Regge.
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Fixed-angle regime. In the case of fixed-angle scattering we perform the limit s — oo and express ¢
in terms of s and ¢ using the last equation of ([&.8). Using Stirling approximation we find that the

)
.2V
sin 2m

X (cl + ¢y cos? g) . (4.30)

amplitude in this regime yields

4 4o’ s 9
A(s,7) ~ 4/ afj;sir?ﬁeim 50055 oxp {o/; <cos2 5 In

9 Y
00522‘ + sin? 5 In

Here we performed a Wick rotation of the argument of the Gamma function, since Stirling approxi-
mations holds only for positive arguments of the Gamma function.

Regge Regime. In the case of large s and fixed ¢ we perform the same operation, but keeping in mind that
in this regime ¢ is not necessarily large. Moreover, in the Regge limit the leading kinematical factor
is Tr(g162)(’s)?. We find

9=p 7
p
Tz R,

A(s,t) ~ — Tr(e160)T(—a/t/4)e ™™ 5 (o/5) 1+ 1, 4.31)
The amplitude in the Regge limit shows that the scattering process is dominated by the exchange in the
t-channel of the leading Regge trajectory of the graviton. The imaginary part of the amplitude describes
inelastic processes where the incoming closed string excites the open strings attached to the D-brane world-
volume. As the energy increases, unitarity breaks down but it is restored taking into account multi-reggeon
exchanges, described in our case by diagrams with a large number of boundaries.

4.1.3 Annulus amplitude

The second term in the sum (@.I)) is given by correlation functions of the worldsheet theory integrated
over the moduli space of a Riemann surface with two boundaries, the annulus. The modular parameter is
only one and it is purely imaginary: using the notation of [27] we will denote it by 7., = iT2, where 7,
refers to the fact that in the open string channel the amplitude can be interpreted as a one-loop diagram or
annulus diagram if we take the worldsheet time direction parallel to the two boundaries; or else if we take
the orthogonal time direction the amplitude is a tree-level diagram of closed strings, the cylinder diagram.
The two descriptions are dual since we can relate the modular parameters of the open and closed channels
as follows: 1

Top > Tol = ———. (4.32)
Top

As shown in [27], the dominant contributions to the scattering amplitude come from the region of large
A = Im(7.), for this reason it is more convenient to represent the amplitude in the closed string channel,
with two closed string vertices and two boundary states, as explained in Section [2.6}

drg 1

53 > CapZap(r) / dz /d22<v0(k1, e)WVo(ka,€2)) aap,  (4.33)

Az(kie1; ko, e2) = N/
0 a.fB

where 7 = ¢7> and the vertex operators are both in the zero picture. The functions Z,g represent the
contribution to the vacuum amplitude of the spin structure (a; 8) with «; 8 = 0,1

1 1 {9643(0,7)]4
(87T20/7'2)pT+1 n®(r) n(7) .

Zap(T) = (4.34)
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The sum over the four spin structures implements the GSO projection as we already explained in Section[2.3]
where we computed one-loop closed superstring vacuum diagram. The correlation function depends on the
insertion points of the two vertex operators and on the modulus of the annulus, in total five real parameters
which can be reduced to four by translation invariance on the cylinder. The correlation functions on the
annulus can be derived from the corresponding ones on the torus using the method of images, explained
in section [2.2:4] Consider a torus with modular parameter 7 , obtained identifying points in the complex
plane according to z ~ 2z + 2m ~ z + 277 . The annulus is the fundamental region with respect to the

involution I : z — I(z) = 2nZ. It is useful to introduce a new complex coordinate v = p + iw related to z

by z = 27v.
The range of the modular parameter 75 and of the insertion points v, and v,
1
0<TQ<OO, ngaapbgiv nga;wb<7—27 (435)

define the domain P of integration for the integral in the annulus amplitude:

(oo} d (o) d 1/2 T2 T2
/ dy = / o / dzg / dz, = 4(2m)* / o / dps / dw, / dwy.  (4.36)
P 0o 27 0o 272 Jo 0 0

The leading term in the Regge limit is the one with the highest power of s and it is proportional to Tr(e; -£2).
In order to get a contribution of this form we have to consider the contractions of fields in the term of the
annulus amplitude which contains eight fermions. In flat space this is the only relevant one, since all terms

with less than eight fermions vanish. Schematically the form of this term is

(DR ) (1 (1) [yt (1) (ko thop 7] () [ DR 0] (1 (1)) - (4.37)

Since we are looking for a term proportional to ;1 - €2, we should first contract the couples of fermions
(uo) and (vk). Then the contractions (12)(34) give a term proportional to 452, the contractions (13)(24)
give a term proportional to (25 + %)2 and finally the contractions (14)(23) give a term proportional to ¢2,
subleading in the Regge limit.

The expressions resulting from these contractions simplify once multiplied by the vacuum factors Z,z(7).

Now we can sum over the spin structures and using of the Riemann identity

4 4
3 3 cas [T busvir) = T[ 66,7 (4.38)
o, i=1

=1

where a, 5 = 0, 1 denote the spin structures and
Cap = em(@FAFaB) (4.39)

implements the GSO projection and we have 0yg = 03, 019 = 02, 0p1 = 04, 011 = 01,

201 = vy + 12 + 3 + 1y, 205 = vy — Vo — V3 + 1y,

253 =1 + Vg — V3 — V4, 254 = V1 — sy + V3 — V4. (440)

After we perform the sum, the contractions (12)(34) and (13)(24) both give

4.41)

1
prl

% anﬁZQﬂFaﬁ(Vla V2)Fo¢ﬁ(‘[(l/1)7 I(VQ))FOtﬁ(V% I(VQ))Faﬂ(I(Vl)’ Vl) - m

a,B
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The same is true for all the other contractions in the computation of the full annulus amplitude. In total there
are 60 terms proportional to the previous constant up to a sign resulting from the number of permutations of
the fermion fields and a product of four metric tensors 1),,,,, one for each pair of indices. We can now analyse
the asymptotic behaviour of the amplitude, considering that the correlator of the two exponentials contains
the leading dependence on the external momenta and so it controls the asymptotic form of the amplitude:

p+1
2

N 20 e\2 pt+1 )
AQ(k1551§k2;52)’\‘Tr(flé“g)w/Pdu7-2 2 <62k1‘X(V1)€1k2'X(V2)>A_ (4.42)

We are considering the full closed string operators, while for the tree-level computation we splitted in
holomorphic and antiholomorphic components. The only difference is that now we will have to use self-
correlators like those shown in section [2.2.2}

If we define
x(v1,v2,7) = Lgl(yl — 1y T)e_%("dl_w)2 (4.43)
Y ) 9/1 (07 7_) Y ) *
the correlators of the exponentials become
E(s,t) = <eik1‘X(V1)eik2‘X(V2)>A _ e—(x/sVs—“TtVt’ (4.44)

where

‘/S —In |: X(Vla__plaT)X(V%7_l727T) :|
X(v1, =01, T)X(—Va, =2, T)
‘/t -1 |: X(VlalinT)X(Vll_VZaT) :| (445)
X(Vl_ay27T)X(_V17_V27T)
In terms of 6; we have
2 01(2p1,1712)01(2p2, 1
PPN ST
T 01 (¢ + iw12,9m2)01 (¢ — iw12,i72)
where
¢ =p1+p2, P12 = P1 — P2, W12 = W1 — Wa. (4.46)

It is important to stress that the integrand does not depend on ¢ = wy + ws as a consequence of translation
invariance on the cylinder. The problem has now been reduced to the study of the asymptotic behaviour of
the integral

_ptl
/d,u72 2 E(s,t). 4.47)
P

—sVa(ze) put when

Generically a critical point z. contributes to the amplitude a term proportional to e
Vi(z.) = 0 we can have terms with a power-like dependence on s. Each critical point corresponds to a
specific degeneration limit of the annulus with two punctures, so we should consider the behaviour of the
integrand near critical points in the interior and on the boundary of the integration domain. We can show
that there are no critical points in the interior, while on the boundary of the domain there is a critical surface
¥, parametrised by (¢, 0, 72) when

p12 = wi2 =0, (4.48)
and a critical surface X5 parametrised by (¢, 0, w12) when 75 — 0. On both critical surfaces V; vanishes. It
is g that provides the leading term. The limit 7, — O represents the ultraviolet region from the open string
perspective, which is better analyzed after a modular transformation from the open to the closed channel

A= —. (4.49)
T2
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The limit 75 — 0 becomes A — oo, which represents the infrared region from the closed string perspective;
in this limit the surface becomes an infinitely long cylinder. The amplitude then factorizes in the product
of the amplitude for the emission of two reggeized gravitons and the contribution of the two infinite tubes
ending on the two boundaries. The higher order terms .4, h > 3 behave similarly and we can resum the
series in an operator eikonal form which allows the study of classical gravity and string effects.

To estimate the asymptotic behaviour of E(s, t) we need the expansion of 81 (v, 7) in the limit 75 — oo
with w/79 > 0. This can be obtained from the following representation of the logarithm of the theta function

2m
7) = Insinnwv + 4 Z

7r91 (v, sin® mrv

1 o0,7)

4.50
Tl (4.50)

where ¢ = €277, So the leading terms come from the logarithm and from the first term in the sum and give

w01 (v, T) i o (7 —

1 2PN T In— — _ 2miv _ 2mi(T 1/). 4.51
n 77(0,7) n 5 iy — e e ( )
From the previous expression we obtain

w01 (v, T)
67(0,7)

7\'UJ2 2
™ Re {ln

T2

In

w01 (V7 T) Tw? . 2imv | 2im(T—v
9’1(077)} ~ —In Q—T—2—Re[mu—e +e )], (4.52)
which is useful in the study of the asymptotic behaviour of the four-point function on the torus.

The other case of interest to us is

71—91 (i)\]/7 1>\) ~ h/lz 4 T\ — 6727\')\1/ _ 67271’)\(171/)’ (453)

1
00,0 2

for large positive A and finite values of p.
Using the second modular transformation of (2.37), we can write

27r,91(u., iTg)e,% _ 27r29}(z)\1/ 2)\) —RAG R0 ) = i 454)
01(0,i72) A07(0,40) Ty

So we can write V and V} in terms of A:

V. = —27Ap%, +In [ 01(2iAp1,iAN)01(2iNp2, i) }

91 ()\W12 + Z/\C, Z/\)91 ()\W12 — Z/\C, Z/\)
V. = In 91()\&]12 —+ i)\plg, i)\)91(>\wlg — i)\plg, Z)\)
! 01 (Awiz + iXC, iN)0(Awia — 1A, N

(4.55)

In the limit A\ — oo we have

Vs ~ —27Tx\p%2 _6—47r)\p1 _6—471'Ap2 _e—er)\(l—Qpl) _e—2ﬂ)\(1—2p2) +2cos 27TALU12 (G_Qﬂ)\c—|—€_2ﬂ)\(1_<)) )
(4.56)

For A — oo with p;9 = 0 we find a family of critical points parametrised by w;, wo and ¢ which provides

the dominant contribution to the integral.

Leaving aside for the moment the prefactor

Tr(slsz)M, (4.57)

p+1

(8wa’) =
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the integral to evaluate is

o0 1/2 1/2 1/X 1/X -
I =327* / d\ / dp1 / dps / dw; / dwo N2 E(s,t). (4.58)
0 0 0 0 0

By changing variables to ¢ and p;2 we notice that the integral in p;5 is Gaussian and is dominated by
p12 = 0. Expanding V; and V; around this point we have

Vi~ —4 Sin2 TAWI2 <€—27r/\c + e—gﬂ,\(l_o) 7
Vi ~ —2eA((1 = ¢) + In[4sin? mAwya), 459)

and the amplitude is then approximated by

16 /A
\/%/ dA/ dg/ dwro\"T B (s, 1). (4.60)

Now we change variables to wy2 and 0 = wj +ws. The integrand does not depend on ¢ and can be rewritten

. / d)\/ dg/md AT B (s, 1), (4.61)
W 2 S .
)\\/2)\as 2

and the asymptotic form of E(s,t) is

as

E(s,t) ~ (4 sin? WAwlg)_aT/tezﬂAC(l_oaTlt exp {40/5 sin® mAwia (6_2”’\< + 6_2”)‘(1_4))} . (4.62)
Expanding the exponential
. —o7 —27A(1— — 1 . n+m _—2nm —2mmA(1—
exp {40/581112 TAwyz (™2™ 4 e72mA0 Q)} = Z Z m(élo/sst TAwg) VT 2nmA g 2mmA(1=C)

n=0m=0

(4.63)
we can perform the integral in w2 setting x = mAwy2 and using the usual expression for the Beta function

/2
B(a,b) =2 / dz sin®* ! 2 cos? ! 1. (4.64)

The integral in A can then be evaluated using the integral representation of the gamma function and the
result reads

= & 167 | 22— (ol T (254 B (4 tm - 2t L)
I~ Z Z nlm[ bt = . (4.65)
nOmO T2 [2n(+2m(1f§)7§(1f02}

Now we use the identity already seen in Section[3.2]

1 (2ma/)T (252) APk 1
dg — = ~ — St (466)
/0 [2n¢ +2m(1—¢) —¢(1 - O)%t] * / (2m)%77 [2n — o] [2m — &52]

2

where ) )
t15—<%+k> , tlz—(%—&—k‘) R J— (4.67)

The result is

P2 oo oo _ Lt
167i (2) 1 / - 3hntm—9 ) ) o't
I~ § § pk 22(ntm)—% (a $)"™. (4.68)
2a n=0m=0 n|m' - 2t1] [2m T2 ]

S M\»—A
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In order to evaluate the double sum we rewrite it as a Cauchy integral and then deform the contour of
integration, keeping only the singularity giving the leading power in s, like we did in the derivation of the
four-graviton loop amplitude, (3.33). Indeed the integration is similar to the one carried out in Section 3.2}

We obtain
;. Ami ( 2 )”28 /ds pmim St (trbta) ( o/t1> . < o/t2>
V2a's 4 4
( t1 +ty — 1), ;) 2%“1“2—”(@’5)““2. (4.69)
Using

Dz + U20(1/2) _ 5,02 +1)
I'z+1) I2(z+1)’
and reintroducing the prefactor (£.57) the final result is

(4.70)

4725 2 2 o
: ~ 2 77 8—pl.,— T4 (t1+t2)
Az(k1,517k27€2) TI‘({:‘l{:‘Q)(gN) (87-(-20/)?;1 <O/> s d ke 4

, / r{i -
. <a t1> . < o t1> ( +5 (t1 + 12 t)) (o/s)2H F(trtt2) 4.71)
1 4 ) T2 (1+ 9 (t +1t2— 1))

Since

=1

/! p+1 I (4.72)

(8m2a’) 2z
The amplitude can be written in a factorised form as the product of the vertex for the emission of two

(&%

< 2 >p28 2\/50,2)0/3/2(2#)10’

reggeized gravitons and two disk propagators which encode the boundary conditions:

d®Pk
.A (kl,é‘l,kg,sg) TI‘(€1€2 22\[/% (S,tl)a[)p(s,tQ)VQ(tl,tg,t), (473)

where we find the vertex for the emission of two reggeized gravitons derived by Amati, Ciafaloni and

Veneziano and introduced in Section 3.2}

F(1+ (t1+t2—t))

Va(ty, ta, ) = . (4.74)
2(1 2 ) 1“2( +T(t1+t27t))
The amplitude @-73) has simple poles at
2
t—tl—tgza(l—Fl), leN. 4.75)

The singularity with [ = 0 however is cancelled in the complete amplitude by the subleading pole in [{#.68).
The singularities with [ # 0 should be cancelled by a similar mechanism involving terms with lower powers
of s that were not included in our approximation.

To all orders in o the leading annulus contribution can be written in the following form

AP / A5k Ay(s,t1) Ay (s, to)
2E 2 ) (2m)3P? 2E 2FE

Va(ty, t2,1), (4.76)
where
¢ =—t, t=-k, ta=—(q—k)> 4.77)

The superscript of Ag‘” in 1i denotes the contribution to the amplitude that scales as £3, so the dominant
term in the energy. As we will show in the following, there is also a subleading term scaling as E?2.
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4.1.4 Resummation of the amplitude

In this section we generalise the results of the previous sections to surfaces with more than two boundaries,
using the amplitudes for the emission of h reggeized gravitons, A**--*" derived in [[Z, [§] and reported in
Chapter[3]

For a generic amplitude .A;, with h boundaries, the term with the highest power of £ should correspond to
the exchange of h gravi-reggeons and scale as E"*!, as can be inferred for example from (4.76). So we
write

A(h—‘,—l)(s,t) 1 ,L'h—l h—1 d8—pk.i
h / Ai(s,t1). AL (s, t) Vi (k1 ko, ooy k), (4.78)

2E K (2E)" (2m)8—»

where the vertex for the emission of i gravi-reggeons V}, generalises the expression (4.74)) for h = 2 and

ti=—k? i=1.h
Zk =q (4.79)

To resum the leading contributions we use the representation of V}, in terms of vacuum expectation values
of string vertex operators, as derived in Chapter 3}

h 2m
do'i ik - o
Vi(ky, .y k) = <OIH/0 S M), (4.80)
=1

where the string fields X (o) were defined in Eq. (4.10). Now, by using the operator form for V}, we rewrite
the integrand in {@.78) as a convolution in momentum space and then we diagonalise the full string expres-
sion going to impact parameter space,

(h+1)(s,t)
ib-q i ‘Ah
2m)8—p 2E

iA;Lh+1)(S7b) _/ dg,pq
2 | (

-h h 27 8—
i H dal d pk Al —k?) ik (b+X(00)) .
TRl <O‘ i—1/0 / E e : |O> (4.81)

Summing the contributions we obtain

o0
AP (s, b) LT 2
T il = | e2i0(sib)

> 5 (0= [e 110, (4.82)

h=1

where
27 8— 2m . .
25(8,6) :/ ddl/ d pk .A1 8 - ) :eiki'(b+X(U)) ::/ @.Al(s,b—f—X(o)) 3 (4.83)

The amplitude then resums in an operator eikonal form.

The eikonal operator (#-83) gives the leading behaviour of string-brane scattering at high energy and in a
series expansion in powers of R,/b. As was discussed in the context of string-string collisions at trans-
planckian energies [7]], string amplitudes in flat space to all order in perturbation theory can be interpreted
with the motion of the string in an effective curved background. As was then shown in [27]], also the ampli-
tude of a massless closed string on a stack of N Dp-branes can be interpreted as describing the semiclassical
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propagation of a closed string in a curved spacetime generated by the D-branes. In the following we can
study two main effects which are taken into account by the eikonal operator: the deflection of the trajectory
of the projectile and, if we consider that the string is an extended object, the excitation of its internal de-
grees of freedom. The agreement between the resummation of open string loops in Minkowski space and
the quantization of the string in an external metric confirms that, for large I?,,, a collection of N coincident
Dp-branes is well approximated by the extremal p-brane solution of the supergravity equations of motion.
It also shows that, at least in certain limits, our approach provides a quantitative tool to study the classical
dynamics of a string in a curved spacetime. The advantage of the present approach, based on the micro-
scopic and manifestly unitary D-brane description, is that it does not rely on the existence of an effective
external metric and can be used to analyse other interesting dynamical regimes.

In order to derive from the eikonal operator (#.83) both the deflection angle and the excitation spectrum, we

expand the eikonal phase in a power series in the string position operators X?,

1924, (s, b) ——

5 Oblobi XiXJ+ .. (4.84)

- 1
20(s,b+ X) ~ — b
(504 %) ~ g [Ais0) + 3
assuming b > R, > ls\/In(o’s) and keeping only the first two non-trivial terms. The indices 4, j label
the 8 — p directions of the impact parameter space transverse to the brane and to the collision axis and the
symbol A denotes the average of a local operator A(c, 7) on the worldsheet,

1 27

AE% ; do: A(o,7=0):. (4.85)

The two terms in ([@.84) will give rise respectively to the leading contribution to the deflection angle and to

the leading contribution to the tidal excitation of the string modes.

4.2 String corrections to the leading eikonal

The excitations of the internal degrees of freedom of the string are taken into account by the second term in
Eq. , which is of leading order both in R,/b and in o’ /b®. The higher-derivative terms in the Taylor
expansion of the eikonal phase lead to higher string corrections of the same order R,,/b but of higher order
in o’ /b? and are therefore suppressed when b > [,. The term with two derivatives provides the leading
contribution to the imaginary part of the eikonal phase, which accounts for the excitation of the string under
the influence of the long-range gravitational field of the brane. In order to study this effect we derive the
explicit form of the eikonal operator in terms of the standard left-moving and right- moving operator modes
in the string field expansion , al,, &l . We first compute the second derivative term in , keeping
in mind that the eikonal phase depends only on the modulus of the impact parameter:

1 PA(s,h) 1 [1dA1(s,b) bib; d2 Ay (s,b)  1dAy(s,b)

5,']‘ +

4/s Obob  4y/s db o odr b db |’
bib, bib,
=QL [%‘ ] + Q) 2 (4.86)

where we splitted the eigenvalues of the matrix of the second derivative to those orthogonal to the impact
parameter,
1 1dAi(s.b) _ f\f (552) R7-»

Qb =17 a I (732) b5,

(4.87)
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which are 7 — p coincident eigenvalues, and one eigenvalue associated to the component parallel to the

impact parameter

Q)(s.0) = 41fd TALD (7 pQu(s.h) (4.88)

In order to rewrite the eikonal operator expansion in a normal ordered form, we express the string field
expansion in terms of the operators introduced in [7]],

) 1 . ) 1 . . S
TL , = —apnly,, 215, =1+ = (o’ o, + @* a3, (4.89)
’ n ’ n
so we get
) 00 8 ,
e2i0(sb) o3 sA1(sb) H H el S Qr2Tg, 1Ty, =T ) (4.90)
n=1 k=p+1

where Q. denotes Q1 or Q) according to whether the direction £ is perpendicular or parallel to the impact
parameter. To write (4.90) in a normal-ordered form we use the identity

€T _ _ _ €T
et (QTo-Ty=T-) _ 75Tt ,—2In(1-2)To fET—’ 4.91)
and get
_1o¢ Qk
eZiS(s,b) H H
_ i Qk
n=1k= p+1
T € (L e T
w e n—ialQy g e n—ia’Qp . (4.92)

The amplitude is given by the vacuum expectation value of the operator (.92). Using the infinite-product
representation of the Gamma function and introducing the Euler-Mascheroni constant y we get

<0|62i$(s,b)|0> -~ e%ﬁAl(s,b)e—ia’w(W—p)QL+Q||)F(l _ ioz’QH)l"7_p(1 _ iOé/QJ_>7 (4.93)

showing that for large b the string corrections to the real part of the eikonal phase are negligible.
The most important effect of string corrections is to induce an imaginary part with an absorptive meaning:

: 0, 12 rag 1}
‘ <0\e2i6(5’b)|0> |N2—\‘/g1’m,41(s,b) . e’ QJ_ 2 . iye QH . (4.94)
sinhma/Q) | sinhma/Q)

The high energy limit of this imaginary part yields

[ {01620 j0) v A0 (2m0!) T Qu (s, 0)| 7@y (5, ) Fe 3T DI

(4.95)

Substituting the definition of @ in terms of @ 1, Eq. {#88):
(0]e23(0) |0y ~3m A P (1 4o/ (7 - p)Q LT P(1 + 0/ QL ), (4.96)
‘ (0]23(:9)|0) ’ ~avalmAi(sb) (2ra/|Q . (s,b)]) =" VT —pe ™ T-PIQL(sb), (4.97)

By analysing we find that the absorption of the elastic channel is non negligible for b < bp, where

8—p
by = fa\/7(7 p)r( )R7P (4.98)

F(2)

At large distances this effect is relevant already for b > [, and b > R,,.
In the next Section we will show that the tidal excitations of the string given by [#.97) agree with the results

of a semiclassical computation in the Dp-brane spacetime.
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4.3 String and D-brane dynamics

In this Section we will compare the results we have obtained from string computations in flat spacetime
to what we would expect from the propagation of point or string-like objects in the non-trivial background
(@99) generated by the D-branes.

In Section [2.4] we introduced the D-branes and their gauge dynamics in spacetime, also relating D-
branes with the extremal p-brane metrics in Section [2.7] as solutions to the Type II effective actions which
are charged under the R-R potentials.

In the following we will need the extremal p-brane metric in order to analyse the string dynamics in the
effective curved background generated by the D-branes. For p < 7 and in the string frame the extremal
p-brane solution is given by

ds® = L (Napdz®dz®) + /H(r)(8;dx’dz?),
H(r)
3—p ].
e?) = g[H(r)] 5", Cor..p(x) = ") L (4.99)

where the indices «, (3, ... run along the Dp-brane world-volume, the indices ¢, j... indicate the transverse

directions and r2 = §¥z%zJ, and

(BT r—p _ gN(@mVal)T _ o

In (#100) g is the dimensionless string coupling constant, N the number of Dp-branes and €2,, is the volume
of the n-dimensional unit sphere. This description is valid as long as the curvature is smaller than the string
length: R, < [,.

In the high-energy limit, only gravitons sensitive to the metric part of the background dominate, since
gravitational couplings are proportional to the energy, while the dilaton and the RR-form backgrounds
would provide subleading corrections which we will not consider. We will focus our attention on the com-
parison of the deflection angles up to next-to-leading order in the point-particle limit, and tidal excitation
of the stringy probes at leading order. As we shall see, there is full agreement on both effects between the

string-loop calculations and curved-spacetime expectations.

4.3.1 Classical deflection angle

In order to compute the deflection angle of a massless point-like probe in the metric (#.99) produced by our
stack of Dp-branes, we will use a general form of the metric which allows to change conformal frame (e.g.

from the string frame to the Einstein frame), as was done in [27]],
ds? = —a(r)dt* + B(r)(dr? + r2dv?). (4.101)

The coordinates involved in the geodesics are only the time ¢ and the spatial coordinates r and ¢ of the
plane in which the motion takes place. The differential equation relating v and the radial coordinate can be
derived from the invariance of the action under arbitrary reparametrisations of the world-line coordinate wu,
and from the conservation of the energy F and the angular momentum .J,

W _ W _ b (4.102)

b
— = & — = ,
dr r2, /8 b dp /14 p7— — b2p2
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where b = JE, p = R, /r, b= b/ R, and we used the actual form of /(3 given in Eq. .
The trajectory of a probe particle in the metric (4.101) is symmetric around r,, where p = R, /r, is the
smallest root of the equation 1 + p” P — b2 p? = 0. The value of the angle ¥ at the turning point 7, is

T P b
d(r,) = / i / . (4.103)
00 0 1+ ,07 P _ b2P2

For the symmetry, the deflection angle O, is given by

P
0, =20(r,) — 7= 0, = 2/ (4.104)

b
— T
4/1_i_p’7—p_[;2p2

The leading and next-to-leading terms in the large impact parameter expansion for arbitrary p can be com-
puted and read [27]]

o, = va |FGE) (%) "+ (2)

in perfect agreement with the string calculations in [27].

, (4.105)

4.3.2 Tidal excitation of the closed string at leading order

There is much work in the literature (see for example [28, [37, 44} 60]) where string excitations coming
from string-string collisions find agreement with the quantization of a closed string in the Aichelburg-Sexl
metric. In our case we will compare the excitations @, of the closed string found in Section {f.2] with those
obtained through quantization of a closed string in the non-trivial metric (#.99). We should note that the
string calculation relies on the eikonal-operator formula (#.82), which refers to the leading contribution in
R, /bbut is supposed to hold at all orders in o/ /b®. On the other hand, the curved-spacetime calculation we
shall present below is limited to small string fluctuations around the point-particle null geodesic while, in
principle, it can be extended to higher orders in R, /b. Our comparison will be made in the overlap of the
domains of validity of the two calculations, namely at leading order both in o’ /b% and in R,,/b. We will find
complete agreement between the two calculations despite the difference between techniques we have used,

and so this agreement represents a check of the validity of our approach. We will be using the metric [18]]

ds® = of ( dt? + Z (dz®) > (r)(dr® + r®(d® + sin® 9dQ3 ), (4.106)
where for the D-brane we have 5(r) = 1/a(r) = /H(r). We want to describe the metric around the
null geodesic considered in Section 4.3.1] to do SO we cons1der new coordinates u, v, z, %, 3" in which the

geodesic correspond to constant u, v, z, %, 3" and u = u(r) is an affine parameter along the geodesic:

dv = —dt + bdd + Cdr,  dz = d(0 + 9(u))

) 4.107
dU = +8dr C(r) = /21 - & (+107

Here 9J(u) is the angular coordinate 19, evaluated along the null geodesic as in (4.102) and expressed in terms
of u via Eq. (4.107). The 7 coordinates z,, y; represent the fluctuations orthogonal to the null geodesic: (z,,)
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are the fluctuations parallel to the directions of the brane world-volume, (y;) are along the (7 —p) directions
which are orthogonal both to the brane and to the plane of the geodesic. The z coordinate is orthogonal to
the brane, but lies in the plane of the geodesic. In our conventions the point v = 0 corresponds to the
turning point r, and the choice of sign in the equation for v depends on the point of the geodesic we are
considering: we choose the minus sign in the approaching region and so parametrise the part of the geodesic
from infinity to r, with the interval —oco < u < 0; for the remaining part from 7, to infinity we choose the
plus sign and so it corresponds to the interval 0 < u < 1. In these adapted coordinates the metric takes the

form
ds* = 2dudv — adv? + 2badvdz + r*aC?dz? + adz*dz® 4 Br? sin®(z — ﬁ)dQ%fp. (4.108)

Now we perform the Penrose limit of this metric, which corresponds to the high-energy limit of the probe.
We will focus on a small neighborhood of the null geodesic, in order to do it we expand to second order the
dependence on the coordinates transverse to the light-cone and keep only linear terms in v. By doing this
we eliminate the terms in dv? and dvdz. Then we change again the coordinates:

227330 yi:7gji = x“zi—a
\/r?a(;’?7 frsinﬁ’ N
P

Z@a In(va +Zy28 In(y/ Brsind) + 920, In(Vr2aC?)| , (4.109)

to write the metric in pp-wave form

D 7—p
ds?® = 2dudd + Z di? + Z di? + dig2 + G(u, &a, §i, o) du?,

i 02 (\/Brsin 1) 7ZA wﬁr — b,
= frsmﬁ — Yi \/Br? — b2 Yo

Gy ZyQ + Gofl- 4.110)

i=1

Mu
2

o

I
—

a

The bosonic sigma model can be written as follows:

2

don®Po,UdsUG(U; X, Y YY), (4.111)

dr
0

where S is the string action in Minkowski space, %? is the worldsheet metric and G is now a function of

the string coordinates. Now we can quantize the string using light-cone gauge to simplify the computation:
U(o,7) =o'p"t — oET. (4.112)

Substituting in the action @ITT)) we find

S —Sy= E/ ! do/ duG(u, X(o,u/d’'E)), Y (o,u/a'E),Y%(0,u/a'E))

2 7—p
do / du | Gz (u Z X2(0,0) + G, (u) Z Y2(0,0) + Go Yy (o, 0))
0

i=1

T2 0

a=1

E 27Td p
= 7 (CIZXg (0,0) +cyZY2 (0,0) + coY2(o, o)) (4.113)
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where in the second step we used the high energy limit. From what appears in (#.113)) the string gets excited
in every direction, but as shown in [27]] at leading order in R,,/b only the Dirichlet directions are excited.
To show this, we will compute the coefficients c,, ¢, and co. We start by writing

oo 92 [ee}
Co :2/0 aﬁm:z/{) (0w In va)?] du. (4.114)

2(7-p)
In the second integral the first term is proportional to (%) and since /o ~ O(R,/r)"P it is of

higher order in R,,/b. The second term is the total derivative of a function that vanishes on the integration
boundaries. To show this we change the derivative with respect to u into a r-derivative using (#.3.2), and
then use C'(r,) = 0:

duIna |P= [(5)&" ln\/a} =0, 4.115)

For ¢, we have a similar computation, acting as we did for ¢, we can write
[e.¢] N2 _
Cy = / [(&L In \/Br sin 19) + 83 <ln \/Br sin 19)] du. (4.116)
0

7—p _
As in the previous case, the first term does not contribute at the order (%) since rsintd = b +

O(R/7))™=P, while the second term gives
cy ~ 20y In[y/Brsin 9(u)]|3 = {g@r In[y/Br sin 5(7")]} . (4.117)

Since C(R.) = 0, the non-vanishing contribution comes from the derivative of sin . Using (4.102) we get

beos v ‘ (4.118)

Cy ~2 —5———
2
r?Bsind|,_,

T—p
then using the relation between ©, and ¥(r..) in (4.104) and keeping terms of order (RT) we get

beos | Sztm
Co 2 ( ’ ) ~_ % (4.119)

r28(r,) sin (%) b

Then using the expansion of ©,, [@#.103) we get the orthogonal excitations @ of the string computation in
Section

LU (Y7

b T () Zey=Qu(s,b). (4.120)

CyN 9

The coefficient ¢ is given by
= 2\ /B —Fa /
/Br2 — b2q /3

We have to perform the derivatives, which now are not subleading as in the computation of the other coef-

a Our/Br2 — b2a 4.121)

Co —

ficients,

2
au\/wf S-0,/Br? —Pa = —a 1/2< +T§;ﬂgrarﬁa). (4.122)
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7—p
. . . . R,
Expanding « and 3 for large » we can obtain the leading terms in (T) ,

T—p T—p
an~ 140, <Rp> . B~1+Cy (R”) , (4.123)
T T

where the coefficients C, and C's are arbitrary, but substituting into (#.122) we get

1 (R,\"7 b
0BT = () (~Cat 0-1Cs - G- 1, ) @124

Then we perform the r-derivative inside the integral @.I21):

r

T—p 2
8r [aum = % (Rp) (_Coé + (p - 7)0,@ - %(p - 7)Ca>

2r T

_ T—p 2
_rT (RP) {—ca £ 00— T) ~ 5 Calp 9)} . (4.125)

Now we substitute in the integral (#.121)) and make the following approximations valid at the order we are
considering: 7, ~ bin the lower extremum of integration and «, 5 ~ 1 in the square root in the denominator.
We get two integrals of the form

0o rl=2v ﬁbl—Qw T ('7 _ l)
d = 2/ 4.126
| = (3120
SO we obtain : (8 )
_VE L (BTG B
co="-(T=p)| 5 =) (Cp — Cy). 4.127)

Since Cg — C,, = 1 both in the string and in the Einstein frame, we reproduce the parallel excitations Q)

of the string computation,

E
5 = Q)(s.b). (4.128)

4.4 Discussion

Here we summarise all the different regimes that the eikonal operator allows to describe depending on the
scales involved. The most important physical quantities we considered are the energy of the colliding string
E, the impact parameter b, the curvature radius R, of the D-brane background and the string length [,. We
focused mainly on the kinematic region where the impact parameter b is bigger than R,, and the interaction
between the string probe and the D-branes is dominated by gravity (o’s > 1), allowing the comparison
with the dynamics of a string propagating in an extremal p-brane background. In the region Iz, < lVao's
we have shown that string effects become important and so the classical analogy of the propagation in the
D-brane metric is no longer reliable. As we lower the impact parameter we find indeed distinct regimes:

e b > R, Is is the perturbative region of small angle scattering, where a new imaginary part arises
describing tidal forces acting on the string and induced by the D-brane. Tidal excitation becomes
relevant for b < bp, where the critical value bp was defined in @.98).

e b~ R, > I is the large angle scattering;
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e b < I, Ry: here the gravity description fails since there is the stringy regime, in this region for
R, < I, the probe gets captured for a critical value of b = b..

As shown in [27] it is useful to draw an (R, b) phase diagram where we mark the different regimes we have
studied. Since I, is independent on the energy, we can describe the various regimes at fixed large energy.
In the diagram we keep b > I,1/In o’s. The straight black line at 45 degrees is a curve of constant deflection
angle below which the phenomenon of capture occurs, while the red line delimits the impact parameter bp
below which tidal excitation becomes important. The phase diagram is reported in Fig. 1] Inelastic effects
are relevant already at large impact parameters, and so it would be interesting to study the string excitations.
These arise only along the Dirichlet directions for large b, but at smaller distances one could find nonzero
Neumann excitations. The region of massive string excitations is perturbative and so we could also check
the eikonal in this region by computing massive states amplitudes. These are the main motivations for the
study of high-energy massive string-brane scattering, which we will discuss in Chapter 3]

4 7-pY(6-
b b~ R, 7#E
b~R, (7-p)/(6-p)
Leading
Eikonal
b~R,
| {(E/M)" P
IS(E/MS)l/(B-p) Y {Qa}li i::f’ Capture
Is(s) R,,'

Figure 4.1: The diagram summarises the regimes studied in the scattering of massless closed strings off D-branes. It is a logarithmic
plot of the impact parameter b versus Ry, both taken to be bigger than the effective string scale.






High energy string-brane scattering for massive

string states

In the previous Chapters we have analysed the high-energy scattering of a graviton from a stack of N
parallel Dp-branes in a flat background, which has the same features of the string amplitudes described in
(8.

In this Chapter we are motivated by these previous works to study the interactions of a massive closed
superstring with a stack of N Dp-branes, where the string is excited/decays into a state of a different mass, as
was done in [17]]. Since we expect scattering at large energies to be particularly simple for the leading Regge
trajectory, we will take such states as our two external strings, with momenta p1, p2 such that o/ p% = —4n
and o/p3 = —4n/ for positive integers n, n’. We will be interested in the limit o’s — oo while ¢ is kept
fixed. In order to obtain high-energy scattering amplitudes in the most efficient manner we will make use
of OPE methods to construct effective vertex operators as pioneered in [3, 4] and more recently used in
[21} 33]]. Insertion of these effective vertices onto the upper-half of the complex plane will yield the tree-
level amplitudes of these processes which show identical Regge behaviour to that exhibited in the graviton
- graviton scattering. This behaviour is universal for the states on the leading Regge trajectory.

This Chapter is organised as follows: we will first review in Section [5.1] the kinematics for string-brane
scattering, but now considering massive states. Then in[5.2]we compute the full tree-level inelastic amplitude
for the transitions between a graviton and a state of mass ’p3 = —4, and then its asymptotic behaviour. We
generalise the result to two generic massive states in Section[5.3] isolating the leading terms at high energy
by OPE methods. We can resum the amplitudes with an arbitrary number of boundaries in an eikonal form,
as it was done for the massless case in Chapter [} this is done in Section [5.4] Finally in Section [5.3] we

discuss the results obtained for the eikonal resummation.

75
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5.1 Kinematics for massive string scattering from a Dp-brane

In our computations we will consider some initial state with momentum p; such that o/ M2 = —a/p? = 4n;
after interacting with the Dp-brane we are left with another state with momentum ps which in general can
have a different mass o/ M3 = —a/p3 = 4n’. Again we decompose these momenta into vectors which are
parallel and orthogonal to the directions in which the D-brane is extended, and momentum is only conserved
in directions parallel to the D-brane,

pit“ +p§” =0. 6.1
The mass-shell conditions give
4dn
PiL=-pf-—, (5.22)
4n’
Pi=—rf— (5.2b)

In this Chapter we consider massive states scattering at high energy, and we are interested in analysing the
Regge regime of such amplitudes, meaning their behaviour for o’s — oo and ot fixed.

In 3-8 we have shown that the leading Regge trajectory of massive string states shows the typical Regge
behaviour, but we could in principle explore various kinematic regimes, depending on how large are the
masses if compared to the center of mass energy s and the momentum transfer ¢. In particular, by definition,
s and ¢ have the following physical boundaries:

max(M3E, M3) <s < oo, (5.3)
2 2
< s— M} — s—M22> <|t|<< s—M12+\/s—M22) . (5.4)

In this Chapter we will analyze the Regge regime of the disk amplitudes for massive string states from

the leading Regge trajectory, meaning their behaviour for o’s — oo and o't fixed, showing that they
demonstrate typical Regge behaviour in this limit. More precisely, we will keep the external states fixed
while taking the large s limit, which implies that the kinetic energy of the projectile is very large.

As we will show in section [5.3] if we consider Regge kinematics the leading contribution to the am-
plitudes is captured by the OPE of the vertex operators inserted far from the boundary of the worldsheet.
The amplitudes could be dominated by the OPE and show Regge behaviour at high energy also when we
consider external states with very large masses, as long as the difference n’ — n is negligible compared to
a's so that t/s can be small. If instead we allow a large mass gap between initial and final states and we
let it grow with the center of mass energy, AM ~ FE, then we are in a kinematic regime where ¢t ~ s.
One could consider the limit s ~ M?2. In this regime we expect the leading contribution to the amplitude to
be given not by the OPE but by a semiclassical worldsheet corresponding to a saddle-point in the moduli
space. The amplitudes should then show an exponential decay in the energy, typical of scattering processes
at fixed angle [40-43]]. The analysis of the scattering amplitudes in the limit of large masses for the external

states is however beyond the scope of this Thesis.

5.2 Disk amplitude

As already noted in Chapter 3] the scattering amplitude for the interaction of two closed string states with

a stack of N Dp-branes at tree level is given by the insertion of two closed string vertex operators onto the
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upper-half of the complex plane with suitable boundary conditions,

A N/ dz;izcg W (2, 2)WE) (ko 2, 22)>H+ . (5.5)
We have already computed the vertex operators for states belonging to the leading Regge trajectory of the
graviton in Section [3.8] Here we have the vertex operator for a state with momentum p; = 2k;
and mass M? = 4n/a/ carrying a superghost charge (0, 0) and the vertex operator (3.105) for a state with
momentum p, = 2ko and mass M? = 4n’/a’ carrying a superghost charge (—1, —1). In this section we
will compute the amplitude involving one graviton and one massive symmetric state at the level n’ = 1. In
doing so we shall see many features which are not only common to the methods introduced in Section (3.3)
but also motivate them.

The vertex operators we will be using were derived in Section For the graviton in the (0, 0) picture
the vertex is

0 _ K ~u
W((O,)O)(kuzhzl) = —@%uvcfb(khzl)vo (k1,721) (5.6)
with 1
Vi (ki,21) = o (OXH(21) + 20'ky - h(21)pH (21)) eFr X (=) (5.7)
!
and the vertex operator in the (—1, —1) picture for the state at the level n = 1 is
(1) _\_ K po
W( 1,— )(kQ,ZQ,ZQ) = %Gpg.,—cvi (kQ,Zg)V (kQ,ZQ) (58)
with
VP (ky, 22) = ; e RO XP ()17 (zg)ehe X (52), (5.9)
!

With the aid of the conservation of momentum, one can deduce the following identities,

n n' t
By kg = — 4 — — — 5.10
1 K2 2a’+20/ 3 ( )
ky-Dky =>4 (5.11)
2 o
/
ko Doky= =3+ = (5.12)
s t n n'
ki -D ky= o - — — — 5.13
! 25578 7% 2w (5.13)

Inserting the vertex operators (5.6}f5.9) and the normalization (.I8) into the integral (5.3) we obtain

KT d?z1d? 25
pop =T [ Ladn
2 Ju, Veke

HTp 1 A / d221d222
==L (=5 ) @D vGpoasD® D ¢ | ——
2 ( (20/)2) ) poaf ¢ H, VCKG

W((OOO) (l{j17 21, Zl)W((l)L 1)(]@2’ 292, 22)>

H

< (0XH (1) + 20k - (21 (21)) X G G-

: (10X (21) +2d'ky - D - (219" (71)) etk DX (21)

“O(ZQ)@XP(ZQ)#)U(zg)eikz'x(z2) e—(%2) aX'r( )wg‘( 2)e iko-D-X (Z2) :>
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The leading term in the high energy Regge limit is given by the contraction of the two operators quadratic
in the fermionic fields. This term is proportional to 2a’ k1 - D - k1 = a’s + 2 and the overall s factor assures
that this term is dominant with respect to all the other contractions in the amplitude.
In order to see that this is the case we introduce again the SL(2, R) invariant variable
(21 — 22) (21 — 22)

w = 1 = %) (51 = 2) (5.15)

and use this in writing the correlation function which results from the e**X operators

<eik1'X(Zl)eikl'D'X(El)eik2'X(z2)eik2'D'X(22)> — w*&,£+1(w _ 1)7&’8(22 _ 22)2’ (516)

then the remaining explicit z-dependence can be combined with that from the other possible contractions in

. . 2 2 — — . . . .
l) together with the appropriate measure % = dw(z1—722)%(21—22)?, to give some multiplicative
SL(2,R) invariant function F'(w) and the amplitude then takes the following schematic form

T, (! it ‘Y
Ao = ”“QJ dww T (w — 1) F(w). (5.17)
0
The behaviour of this integral when we take the limit o’s — oo is controlled by the integrand in the
neighbourhood of the point w = 0 and since F'(w) is, in general, a sum of terms composed of powers of w,
(1 — w) and their inverse quantities, Ay ; itself consists of a sum of integrals of the form shown below,

1 t
dww_a&*'a(l—w)*o‘,ﬁb: I'(-a'f+a+1)T(-a/s+b+ 1).

0 F(—a’%—a’s+a+b+2)

(5.18)

It can be seen that in the large energy limit this quantity will scale with s as (’s)~*~! and therefore the
dominant contribution to Ay ; will come from the term with the lowest value of a.

Having learnt this, one can quickly deduce that we are interested in the terms of F'(w) which are obtained
from the maximum possible number of contractions between the holomorphic and antiholomorphic fields in
equation (5.14). In general there are many such terms but, as mentioned below (5-14), those which contain

the contraction kq - ¥ k1 - D - 1 will bring an additional factor o’s and so will ultimately be the leading
terms at high energy.

By evaluating the correlation function in equation (5.14)), then employing the physical state conditions
ekl = G porckl = 0 and momentum conservation k' + (D - k1) + k5 + (D k2)* = 0, we can determine
the function F'(w) and perform the integral in equation . If we take the limit o’s — oo we find that
only one term dominates in this case, which is proportional to k{G ,5+¢ e‘”kf. Subsequent application of
Stirling’s approximation for the Gamma function yields the following form for the amplitude in the high

energy limit
a’t

T ; IL ’ !
Agy ~ %e_””’ ar (—O‘—t> (a's) 4 + %qPGWTC g, (5.19)

4

where we have replaced k; and ko with the physical momentum transferred ¢ = 2(k; + k2) by virtue of the
physical state conditions.
It is instructive to compare this result with the analogous result for the elastic scattering of a graviton by

a D-brane {.31]

’

T ; li ’ Lt
Ao ~ %e‘”"‘ iT (Jf) ('s) % ey, €™ (5.20)
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Considered purely as functions of the complex variables s and ¢, these two equations demonstrate identical
behaviour; the physical amplitude is obtained by taking s,¢ real with large positive s and negative ¢, but for
positive ¢ we see that there are poles corresponding to the exchange of a string of mass M? = ¢ with the D-
brane and, furthermore, the s-dependence indicates that the exchanged string has spin J = (o/ M2+4)/2 —
it belongs to the Regge trajectory of the graviton. The two amplitudes above only differ in a multiplicative
factor containing only the initial and final polarisation states, and the exchanged momentum ¢. This is a
result of the different nature of the two processes, the latter amplitude being for elastic scattering whilst the
former corresponds to the excitation of internal degrees of freedom within the string by tidal forces. The
contractions between the polarisation tensors are unchanged but we note that the remaining indices are both
contracted with a factor of g, a feature which will be seen in the more general analysis which follow in
Section 3.3

In the next Section we shall generalise this result and compute the leading high energy contribution to
scattering amplitudes involving two generic states of the leading Regge trajectory, at mass levels n and n’
of the spectrum; to do this we shall make use of the OPE for the two vertex operators to isolate those terms
in the amplitude which dominate as the vertices are brought together on the world-sheet.

5.3 Computation via OPE methods

To compute the leading terms in the amplitude given by equation in the Regge limit, o’s — oo and
o't fixed, it is key to note that the integral over the world-sheet in is dominated at large o’s by the
behaviour of the vertex operators as z; — 22, as exemplified in equation (5.I7). Specifically, when working
in the Regge regime for scattering processes with two external string states the leading contribution to the
integral over the world-sheet can be taken from the OPE of the vertex operators. Subsequent integration
over their separation w = z7 — 2o will give an amplitude with the expected Regge behaviour; however, care
must be taken in this process, as we will see, since there exist terms subleading in w which will contribute
factors of o’s and by doing so prevent us from neglecting them.

As a result, rather than evaluating the correlator in (3.3)), integrating the result and then computing the

asymptotic form of this result for large o’s we may instead determine the OPE of the two vertex operators
and integrate out the dependence on the seperation w = z; — zo. This process yields a quasi-local operator
referred to as the Pomeron vertex operator, first introduced in [3] as the reggeon and recently used in
(21} 133].
As illustrated in figure [5.1]a), the process of constructing this operator involves taking the limit in which
two physical vertices approach one another on a surface topologically equivalent to the infinite cylinder,
hence it can be considered to properly describe the t-channel exchange of a closed string. The Pomeron
vertex operator itself also satisfies the physical state conditions for any o’t, and for o't = 4n (n = 0,1,...)
we can think of it as describing the exchange of a string with mass given by o/ M? = 4n. As explained in
[21] the importance of single Pomeron exchange lies in the fact that it dominates scattering amplitudes in
the Regge regime both in QCD for N, — oo and in string theory.

In our case the presence of a Dp-brane imposes a world-sheet with a single boundary, as indicated in
figure[5.1[b). This can be easily done using boundary state methods of Section[2.6 which were introduced
in [23]] and are reviewed in [30]. For our purposes we can emulate the effects of the boundary state using

the doubling trick, but further applications are allowed using the same vertex.
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(b)

Wwn W)

@ W) W(n’)

Figure 5.1: (a) The Pomeron vertex operator given by two physical vertices W™ and W™ on the infinite cylinder. (b) The addition
of a boundary gives the process in which these states interact with a D-brane.

We will illustrate the use of the Pomeron vertex operator with some specific examples before proceeding
to the general case. If we label by (n,n’) the amplitude in which a state of mass o/ M? = 4n undergoes a
transition to a state of mass o’ M3 = 4n/ then the examples we shall consider will be (0,7n) and (1,7). At

the end of this Section we will generalise our results to the case (n,n').

5.3.1 Graviton-massive state transitions

In this case we examine the processes in which a massless state is excited to another of arbitrary mass.
The physical polarizations for massive states will be written as tensor products of their holomorphic and

anti-holomorphic components,

(5.21)

Eﬂl-UHna vi..vnfB = 6/“1--*/“71@ ® EV1<~~Vn[37
GHIH-N?LOC Vi3 = ng"~Hna ® gVI'HVnB’ (522)

In this Section we compute the OPE of the vertex operators W(((g) )0) (k1,21,71) and W((f)l _1) (Ko, 22, Z2)
as z1 — 29 and Z; — Zs; it is possible to immediately identify which contractions will end up giving the
leading order contribution to this amplitude. We will need the vertex operators for the graviton

0 _ K ~, _
W((o,)o)(klvzl’zl) = e Vg (k20 Vi (k1 21),

Vi (ky, 1) = \/% (10X"(21) + 20Ky - (21 )P (z1)) eFrX (1), (5.23)
and for the state of mass o/ M? = 4n/ in the leading Regge trajectory, , :
W((:Lll{_l)(k2vz2a52) = %%gpl...pn,ag~)\1.../\n,—yV_pimp'“G(kz,22)‘7_)\;”A"W(k27zz%
; n’ n’ _ (5.24)
VPP (kg 29) = ( 20/) e (22) E@X’”w”em?‘){(“’).
We can write the resulting OPE in terms of the world-sheet separation w = z; — 25 and the point z = %

which then takes the following form

_ TL/ _ @ _ /L "/ ~ _
Wi Uery 2+ %, 2+ D)W (ka2 — 4,2 = ) ~ w27V O(2,w)0(2, ). (5.25)
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It is simple to check that the operators O and O are polynomials of at most degree (n’ +1) inw~! and w~!
respectively, with an exponential factor contributing terms subleading in the small w limit, that is

n'+1 n’

1
1 Sy (o)
_ ezi(klka)-aX(z)w

+

O4(2)

w9

(5.26)

0(27’LU) —e 2(k1 k2)-0X (2)w

1

p=1 q

It is necessary to retain these particular subleading terms, as we will see, because contractions between
k1 - 0X and k; - X will generate factors of s meaning that these terms are effectively of order sw ~ 1.
These terms which will generate the Regge behaviour that we expect.

The momentum exchanged between the string and the brane may be written as ¢ = p1+p2 = 2(k1+k2),
hence —¢? = t, and it is also useful to define a vector § = 2(k1 — k2). The w integration of the OPE
over the complex plane can be done using the Pomeron vertex operator introduced in [21} [33]]. In the
expansions given by equation (5.26) the dominant terms are the most singular ones. Each of these dominant

terms give an integral of the following form

/ d2w ‘w|70/%72€i%~8X(z)wei%<5X(2)ﬁ) (5.27)
(
The integration of (5.27) can be done by introducing new variables u = g -0X(z)w, 0= % 0X (%) w,
/£ /i
L i “1 /6 - !
e=imo'% / A2y fu| = 22 eilut®) (iq : 8X(z)> <iq : aX(z)> (5.28)
C 4 4
Then we integrate over the positions u = 7e*? using the following integrals:
2 )
/ df e=2meost — or Jo(2r), (5.29)
0
> 10 (5
/ drr® Jo(2r) = ,M (5.30)
0 2T ( 2 )

and we get

t
,t G G Ay q « i “7
/de |~ 22601 OX(Rw i T-OX (@ _ pppy (ZZ -8X(z)) (zi : 8X(z)) (5.31)
C

where II(¢) is the Pomeron propagator and is given by the following

I'(—a't ot
Me—ma 1. (5.32)

I(t) = QWF(l—i—a’i)

The two-point function is reduced to a one-point function of the effective Pomeron vertex on the disc.
From what we have discussed so far, one can conclude that to leading order in energy the Pomeron
vertex operator should take the following form

/CdeW(((?)O)(kl,z—i—%,Z—&- LYW (hay 2 — 2,2 — %) ~ —Kow(g,6, G)I(HO(2)O(2), (5.33)
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where we have the Pomeron vertex operator inserted in a worldsheet with boundaries, the normal-ordered

operators
T
q “g )
O(z) = V2a! <ZZ -ax) by - peeia X, (5.34a)
53
~ i “ 1 ~ .
O(z) = V2a! <ZZ -8X) k1 -we—velg'x, (5.34b)

and a kinematic function, dependent upon the polarisation tensors and the momentum transferred from the
string to the brane ¢,
Ko (g, €,G) = (2a')" Go - €0 Go - €o. (5.35)

Here we have introduced for later convenience the notation

Go €0 = (anm> IT # ( 11 ké‘) Gpr.proT € i (5.36)
=1

j=a+1 k=a+1

where @ € {1,...,min{n,n’}} will count the number of contractions between G and ¢ in addition to that
arising from the fermionic fields, and an analogous expression holds for the polarisation of the antiholomor-
phic components. This notation will prove useful since the polarisation tensors for all states on the leading
Regge trajectory are symmetric in all holomorphic indices and symmetric in all antiholomorphic indices,
as a result the order of contractions with these indices is immaterial; all we need to do is keep track of
how many factors of k; are contracted with G, 5 and how many factors of ko are contracted with ¢, €.
Furthermore, due to the requirement that longitudinal polarisations vanish we find that we may replace all
occurrences of k; and k» in equation (5.36) and its antiholomorphic partner with the transferred momentum
q = 2(ky + k2).

To get the amplitude, we integrate on the disc the one-point function given by the contraction of the opera-
tors O(z), O(%) in . To leading order in s, discarding the masses, we obtain:

dzdz

D, VoKG

- K()yn/ (q, €, G) H(t)< O(Z) o 6(2) :>D2 ~ _Ko’n/(q7 €, G)(O/S)a/i"'l

II(¢t )
x %r (1+a'%) (537

The factor % arises from the ratio between the integration over the insertion point of the vertex operator
and the volume of the Conformal Killing Group of the disc, SL(2,R).

We obtain an SL(2,R)invariant function which gives the leading high-energy behaviour of the am-
plitude for a graviton scattering from a D-brane into a state on the leading Regge trajectory with a mass
n/

A — g G)D(—a/£)e™ ™1 (a/5) T+! 5.38
o (8t) = 5 fton (¢,6,G)I'(~a 1)6 (a's) . (5.38)

5.3.2 Transitions from the lowest massive state

We next move on to the case of a string with mass M? = 4/« interacting with a D-brane to leave a string
of mass M2 = 4n’/a’. The vertex operators are now given by

R ~ @ TV _
W((Ol})o)(khzhil) = —ﬂa,EuacfuﬁVo” (kr, 20)Vy P (K1, 21),

(5.39)
Ve (k1 21) = )

7
o

(iaX“aX"‘ + QQ’kl S OXH — 7;20/31/)“1/}&) eikl.X’
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and
W k22, 22) = 3G g VO (ke 20) VA (ka, 22)
(—1,—1)\"2» 2, 22 o ZPLPn! T A1 Ay 2, 22 2,%22),
VplmanU(k z ) = 71 : " 6*90(22) ﬁaXpiwaeikQ-X(zg) (5.40)
-1 2y <2 T e ,

i=1
The methods developed in the previous example need little modification in order to deal with this prob-
lem. With them we can easily determine the form of the Pomeron vertex operator and it can be written in

the same manner as in the (0, n') case,
1 w oz, W n’ w oz W A=
/ d2w W((O )0) klv zZ+ 2 zZ+ 5>W((—1),—1)(k2’ z = 2 z = 5) ~ _Kl,n’(qa € G)H(t)O(Z)O(Z), (541)

where this time
li

’ ~ ~ n
K1 (g,6,G) = (2a")" 1 Go - 0 80 - Go — fgl e180 - Go

n' - n' \ 2 U
— Ta’go “€0€1-G1 + (20/> Gi-ea1&1 ’g1:| (5.42)

and all other quantities remain as previously defined. Because of this, the resulting amplitude will be iden-
tical to that of equation (5.38) other than the form of the kinematic function which is given in (5.42),

KT, Cimal b ot

TPKL”/ (¢,6,G)T(—a't)e 1(a/s)™att (5.43)
Note that we have taken 2a’ky - D - k1 ~ —a’s in the large s limit, neglecting a mass term of the order of

Al,n’ (S, t) =

unity. In the next case we will move on to masses which contribute terms of order n, n’ and we reiterate
that we shall be considering only those states for which the rest mass contribution to the total energy is

negligible.

5.3.3 Transitions within the leading Regge trajectory

Here we return to our original consideration, the process in which a string in a state on the leading Regge
trajectory is scattered from a Dp-brane into some other state on the leading Regge trajectory. The vertex
operators are those given by equations (3.107) and (3.105), with polarisation tensors € ® € and § ® G,

respectively, and our methods will imitate those we have seen already. We initially suppose n and n’ to be
fixed at some finite values, then we have to identify the terms in the OPE of these vertices which will give
the leading high energy contributions. These terms can be found performing the OPE between the vertices
(3:107) and (3:103), which is given in Appendix [B]

Once we have the leading OPE, by integrating out the dependence on their separation we obtain the

same general form for the Pomeron vertex operator as in Section[5.3.2]
/Cd2 wW iy (k24 %, 2+ B)W) | (ky 2= 8,2 = 8) ~ — [ (g, €, G)I(HO(2)0(2), (5.44)
where now we can see the full structure of the kinematic function, which may be written as the product of

a contribution from the holomorphic operators with a contribution from the antiholomorphic operators,

min{n,n’}

Ko (q,6,G) = (2a)™ 3" (=20/) 7 Cy 0 (@) Cro (0) G - €0 5 - G- (5.45)

a,b=0
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Here min{n,n'} indicates the smallest value from the set {n,n’}, and the combinatorial factors C,, ,,/
(one each coming from the holomorphic and antiholomorphic contractions) come from the large number of
possible contractions in the OPE which lead to the same operator after taking into account the symmetry of

the polarisation tensors. These functions are given by

nln'!
pl(n —p)l(n’ — p)!

Cpn(p) = (5.46)

and this can be deduced in the following manner. If we consider the contribution from the holomorphic

operators then K, ,,- is determined by all possible contractions amongst

n o
EpreepnaYprp,io H@X’“eikl'x : H@X”ieib'x : (5.47)
i=1 i=1
since € and G are symmetric in all indices these contractions can simply be labelled by the number of
contractions between 0 X*i and 0 X ¢, let this be a. This being the case we must count how many ways one
can generate a such contractions, first one must choose a operators from a total of n possibilities for which
there are (2) = nl/al(n — a)! different choices. Similarly we must choose a further a operators from a set
of n’ possibilities giving another factor of (Z/) Finally, from this set of 2a operators there a! possible ways
to contract them in pairs. The product of these numbers gives the total number of different contractions
which result in a factor G, - ¢, and is equal to the function C, ,,/ (a).
With this new form for the kinematic factor K we are finished, the rest of the computation having
already been solved in the previous two examples. The final result for the amplitude of a finite mass string
scattering from a D-brane is

1

(o/s)>att, (5.48)

/

o

T .
A (3,) = "2 K (g, , G) T(=a/ H)e ™™

5.4 Comparison with the eikonal analysis

In Chapter [f] we have shown that tree-level amplitudes of closed strings in the background of N Dp-branes
exponentiate to give the S-matrix an operator eikonal form at high energy,

A . 27 R
S(S7b) _ ei26(s,b), 2(5(8,11)) = %/ ;l% A (S,b + X(O’)) 5 (5.49)
0

thus generalising the field theory result for the S-matrix. The amplitude A(s, b) is the Fourier transform

from the space of transverse momenta g to that of impact parameter b,

9—
A(s,b) = / (dqu(s,q)eib'q. (5.50)

2m)9-p

was obtained from the Regge limit of the disk amplitude for the elastic scattering of a graviton from the
Dp-branes after stripping it of its dependence upon the polarisation,
K1, ’ < /§+1.

As,q) = 2D )™ T (a's) ™

5 (5.51)

The shift of the impact parameter by the string position operator X, is introduced in order to take into

account the finite size of the string and it is in this respect that the eikonal operator of string theory differs
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from the field theory eikonal. In the case of massive strings scattering, effects due to the string size turn
out to be of vital importance since internal degrees of freedom of the string are excited. It is also crucial to
note that the eikonal operator acts in our case on the Hilbert space of physical closed string states, but the
action on fermionic operators is trivial, as we will show in the following. Moreover, in the background of
a Dp-brane the eikonal depends only on bosonic oscillators transverse to the brane. We will show this by
deriving the kinematic factor (3.43) as a function of the transverse momentum g only.

The exponential in (5.49) represents a resummation of the perturbative expansion, so tree level diagrams
arise from the linear term in this exponential. Keeping this in mind, we can compute the amplitudes for the
high-energy limit of tree level processes from matrix elements of the operator A, defined as follows:

2 o0 k
_— do 1 0%A(s,b) —— —
To do so we will first reproduce the tree-level graviton to graviton scattering amplitude of Chapter[d] before
moving on to the more general case, by computing the expectation value of the A operator between initial

and final states representing the graviton. These states in the standard oscillator mode representation are

i) = et 971 100), (5.53a)
1) = e2pot” 1074 10:0). (5.53b)

To evaluate the expectation value of A we simply have to take into account the fermionic operators of
(5.53), but they can be considered as vacuum states, so the tree-level graviton to graviton amplitude is thus
given by the vacuum expectation value of the operator A

(FIA]i) = €10 €2p0 1" 17 (0;0] A]0;0) = Tr(e] €2) A(s, b). (5.54)

It is clear from the definition of A(s, b) that this will reproduce the expected result in g-space upon a Fourier
transformation.

Now we will show that the tree-level amplitude for a state of mass o/ M? = 4n to become a state of mass
o' M3 = 4n/ after scattering from a D-brane in the high-energy limit is given by the expectation value of
the operator A between the initial and final states. We will use the standard oscillator modes representation
of such states

In) = €uy..pina Evr.ovnB H ot al dﬁ%ﬁé; |0;0), (5.55a)
i=1 :
I7) = Gorpre Garenr [ 02182597107 4 10;0). (5.55b)
j=1

Since the operator A acts non-trivially only on bosonic oscillators, we first contract fermionic operators in
the expectation value

Tl,l n
(W An) = Kpyopnied e oo (00l [ [ o' @ AT a@%, 10;0),  (5.56)
j=1

=1

where the polarisations are contained within the tensor

— oo c VB
Koy oMo A i1 i covm = gm-»-pnmn Epy.pina gh.-»)\nwn Evy.vnfB (5.57)
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To test that the amplitudes we are considering are well described by the eikonal, we compute the values of
equation and compare them with result stated in equations (3.43)) and (5.48).

In expanding the operator A in oscillator modes it can be seen that very few terms will contribute a
nonzero value to this matrix element; these terms can only be composed of the modes 11, &+1, and since
they must be normal ordered there can be at most n occurrence of the operators a1, &1 and n’ occurrences
of the operators «v_1, &_1. As a result we only expect nonzero contributions from terms of order 2|n’ — n|

through to 2(n + n). Furthermore, the terms in A containing k oscillators are generated by

1 Ok A(s,b)
k! obra ... Qb

and the invariance of the partial derivative under a change in order of differentiation will result in the

XA, X, (5.58)

oscillators being symmetric under exchange of their indices, so rather than keeping track of these indices
we need only count how many ways we can generate oscillator terms of the form given above.
Using this one can deduce that we can substitute for A in eq. (5.56) the following quantity

min{n,n’}

(= Pt —a=0) A(s, b)
D e TR e e e
X 0/_11 e ai_”{’“dj_ll e dj_”l/’bozlfl .. .ozf"“"d{l .. .di’“b. (5.59)

This has been written such that a and b will be seen to count the number of contractions between the
polarisation tensors and they take on the range of values a,b = 0,1,..., min{n,n’}; naturally we must
count how many ways these terms may be generated using the symmetry of the partial derivatives in the

expansion of A. The result of this substitution is the amplitude shown below

min{n,n’}

Apn(s,b) = Ko oA A i ceotnvs v Z (_1)n+n Cnn(a)Cr e (b)
a,b=0

62(n+n'—a—b)A(8’ b)
A ... Obtn—v

 §P1 §Pn/—atni—a R SRn—abn—a §Pn/—atiba—at1 | §Pn!Bn

> 5>\1j1 o 5>\n/,bjnr,b5€1l/1 o 6£n—bl’n—b5)‘n’—b+1yn’—b+1 . 5>‘n”’n_ (5.60)

Performing the Fourier transform we arrive at the expected result
Apni(s,q) = K(q,¢,G)A(s,q), (5.61)

where now the kinematic function is that seen in equation with kq, ks — q.

In general, the index structure in (5.60) will result in a function which appears more complicated than
its Fourier transform, however it is interesting to consider this quantity for very large impact parameters.
In such a limit b takes non-zero components in just (8 — p) of the transverse directions and the function .4

takes the form

r (6;11) RI—P ST Ta's R T b2
A S,b ~ S\/T 2 P +1 ( p > 6_20/11(10/57 5.62
(s,b) IF (7_—”) bé—p r (7_?”) Ina’s \vV2a/Ina's (562)

2

where to reflect the change to coordinate space we choose to express the normalisation of the amplitude
in terms of the scale R,,. To be more specific we will examine impact parameters for which b > R, >
V2a! In o' s, that is, those much larger than both the effective string length and the characteristic size of the
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Dp-branes; this being the case, we shall ignore the imaginary part of A(s, b) and focus on the real part. The
result of these considerations is that the dominant contribution to A,, ,,» comes from the term with the least
number of derivatives in b. Without loss of generality let us assume that n < n’ and denote the difference

between the two by N = n/ — n, then this term is given by

r(&2) . (n+ N)! 9?Np=(6-»)
An n+N(5 b) ~ 5\/> ( z )R7 ~pn+NA1...)\n+NI»¢1-anVl...Vn,(_1)2n+N n'(N')2 Obi ... ObiN

% §PI SPNINSPN+L1ML  §PntNfn §ALIL SANIN SANFIVL §AntNVn (5.63)

The derivative above can be decomposed into a product consisting of an overall factor N~ (6+2N-p)
multiplied by some tensor which may be determined from the Gegenbauer polynomials in the following
way. The Gegenbauer polynomial C’ff‘) (z) is given in terms of the hypergeometric functions by

2N — 1
Cff’(w)=<n+2 )2F1( non 42X 10+ 351 (1 - 2)); (5.64)

the tensor we are interested in is obtained by taking C’Q(?pr ) 2(33)

and for each term in this polynomial we
can attach the appropriate index structure by substituting b; /|b| for each factor of x, pairing the remaining
indices up with Kronecker deltas and symmetrising the result. Since it will not be required for this anal-
ysis we shall make no attempt to write the generic form for this tensor and we shall instead write it as
K (b, e, G) after taking the contractions with Ky p i3 X i1..pinvr ... » this function can be thought of

as a hyperspherical harmonic. Thus equation (5.63) becomes

n+N) 1
WINT N

6—p
Annin(s,b) ~ s\fr( >R7 PK(b,e,G)(—1 )2n+N(

(2)

From this expression it is seen that tidal excitation of the string begins to contribute significantly to scattering

(5.65)

processes for impact parameters b < by where

I (52) (n+ N)!
6+2N—p __ 2 T—p
by = sﬁr (7;p)Rp INT (5.66)
The indication is that if one first considers scattering at impact parameters so large that only elastic scat-

tering is relevant and then begins to reduce this impact parameter then the elastic channel will be gradually
absorbed, first by small string transitions and by larger transitions as b is further decreased in size.

5.5 Discussion

In this Chapter we have shown that high-energy and small-angle scattering of bosonic string states on the
leading Regge trajectory from a stack of /N Dp-branes exhibits universal tree-level behaviour, provided the
masses of these states remain finite. In equation (5.48) this behaviour is characterised by the dependence on
the square of the momentum flowing parallel to the D-branes, s, which is contained entirely within the factor
(o s)"%H. This indicates that this process is dominated by the exchange of states from the leading Regge
trajectory between the string and the D-branes. The mass of the initial and final string states will determine
the form of the polarisation function K, ,,/ (g, €, G) and influence the dependence of the amplitude upon the

transferred momentum q.
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We have also shown that the tree-level result (5.48) in the Regge regime can be reproduced by the linear
term in the perturbative expansion of the eikonal operator ) (s,b).

As it was already shown in [7L 8]}, and as outlined in Chapter[3] string corrections to the eikonal operator,
given by the expansion in v/o/ /b, are neatly taken into account by a simple shift of the impact parameter
in the Fourier transform of the tree-level string amplitude. In Chapter [d] the form of the eikonal operator
was determined to all orders in v/a//b and at leading order and in R,/b. Also the next-to-leading term
in R, /b of the eikonal operator was derived, but not the string corrections to it. It would be interesting
to clarify the full structure of the eikonal operator and to understand how the string corrections enter at
next-to-leading order in R,,/b. For this purpose it would be useful to move one step further in the eikonal
expansion, computing the one-loop amplitude for two massive states.

In this Chapter we kept the external states fixed while taking the high energy limit and therefore we could
consistently neglect their masses, «’s >> n,n’. Since the string spectrum contains states with arbitrarily
large masses, one could consider a different limit in which also the masses are allowed to be very large.
Aslong as [0/ — n| < s, the momentum transferred can be kept finite and the amplitudes could still
display Regge behaviour at high energy. For larger differences between the levels we expect that the inelastic
amplitudes will decay exponentially with the energy, the behaviour typical of scattering processes at fixed

angle.



Conclusions

In this Thesis we have analysed the asymptotic limit of string-string and string-brane scattering amplitudes
in the Regge regime, that is, high center of mass energy and small momentum transfer. The most important
feature of all these amplitudes is that the resummation to all orders in the string loop parameter can be
written in a closed form in terms of the eikonal operator introduced in [[7]]. We have defined this operator
for four-graviton scattering in Chapter 3] where we have also shown that for large impact parameters the
same scattering can be interpreted as the incoming string being deflected by the Aichelburg-Sexl metric
generated by the other. This is a purely gravitational effect and it is a striking physical application of string
theory.

This interpretation fails beyond the leading-eikonal (or small deflection angle) approximation. The rea-
son for this fact is that string theory provides an infinte number of excited states, so in the regime where
inelastic excitations due to tidal effects start to be important, the string theory eikonal differs from the
gravitational one.

We have extended the analysis of ACV in Chapter ] by considering the presence of a collection of par-
allel D-branes in a flat Minkowski background. The presence of a collection of Dp-branes does not require
any modification of the background, but since they are massive charged states, their presence results in a
curved spacetime. So the evaluation of string-brane scattering amplitudes in flat space can provide some
information about the dynamics of strings in an effective curved spacetime.

Keeping gN fixed, and thus letting the number of branes N large, contributions with many open string
loops (boundaries) are not suppressed. With the presence of D-branes, the eikonal form of the resummed
amplitude is given by the large contributions to the S-matrix from diagrams with a different number of
boundaries.

Moreover, in the original ACV-type collision the resummation of the closed string loops in the string-string
scattering leads to an effective geometry that depends non-trivially upon the energies of the two colliding
particles. The problem of string scattering from a stack of D-branes is much easier than string-string scat-
tering, where the effective geometry depends non-trivially upon the energies of the two colliding particles.
The D-brane does not back-react on the geometry, so the metric that emerges from the resummation of open
string loops that we considered in Chapter [f] depends only on the D-brane system.

In this case indeed the parameter I2,,, which sets the scale of the effective geometry, is independent from
E. We have also limited our analysis to the region R,, b > [5(s), but it would be interesting to discuss the
new phenomena that occur for b or R, smaller than [,(s), where the strong gravity regime dominates.

In Chapter [f] we have seen that for very large b, the region of infinitesimal deflection angles, the eikonal
phase is small and we are in a perturbative regime.

Below a critical value of b = b, gravitational effects dominate and the string probe gets captured. The region

b ~ b, is then interesting because if we could describe this phenomenon in string theory, which is a unitary
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S-matrix theory, we could shed some light on the relation between quantum mechanics and gravitational
physics, for instance on the process of a particle falling into a black hole.

As we lower b we encounter a region in which both kinds of correction (string-size and classical) come
together.

When b > R, gravity effects dominate the interaction between the Dp-branes and the string probe, al-
lowing the comparison between the string dynamics in the extremal p-brane background and that resulting
from the string scattering amplitudes. There are other interesting regions to consider. The first is the string
region R, < l,(s), where string corrections to the geometry are important and one expects that the dynam-
ics will be very different from the one predicted by the effective background in eq. @#:99). The second is the
region b ~ R, > l4(s), where the dynamics should be dominated by strong gravity effects. As we lower
the impact parameter to study these two new regions, we should also be able to compare with the analysis
of high-energy amplitudes at fixed angle as discussed in [42]] and, in the context of D-branes, in [[14}[15].
The quantitative analysis of a string-brane scattering process in the string region R, < [(s) and in the
strong gravity region b ~ R, requires some control on both the classical and string corrections to the
leading eikonal operator. An example of the possible effects of these corrections is provided by the string
excitations along the Dp-brane world-volume, which can be studied by computing amplitudes involving
massive string states, the main subject of this Thesis.

In Chapter[5]we have seen that at high energies the small-angle scattering of bosonic string states on the
leading Regge trajectory from a stack of /N Dp-branes exhibits universal tree-level behaviour, provided the
masses of these states remain finite. The tree-level result (5.48) in the Regge regime can be reproduced by
the linear term in the perturbative expansion of the eikonal operator ) (s,b).

If the states under consideration are massive, internal degrees of freedom of the string are excited and this
is taken into account by shifting the impact parameter by the string position operator. It is key to note that
these string corrections are relevant already at large impact parameters. When b > [(E), R, we find that
although the amplitudes for both elastic scattering and all possible internal excitations are of leading order
in R, /b, they will differ in the order of o/ /b. This characterises in a quantum mechanical way the intuitive
notion that if the string passes closer to the stack of D-branes it should experience stronger tidal effects.

If one first considers scattering at impact parameters so large that only elastic scattering is relevant and then
begins to reduce this impact parameter, then the elastic channel will be gradually absorbed, first by small
string transitions, and then by larger transitions as b is further decreased in size. It would be interesting to
move one step further in the eikonal expansion, computing the one-loop amplitude for two massive states.

It is important to stress that the kinematic regime we have considered is the Regge regime, where
s> n,n’. By computing the complete OPE (see for example the Appendix EI), it can be seen that there are
many terms of leading order in the OPE which can no longer be neglected as subleading in s — there are
now many more relevant channels — and it is difficult to isolate the dominant terms from these analytically.
This leads us to argue that the eikonal approximation could not be valid if the mass of the string is of
the same order as the center of mass energy, even if one remains within the Regge regime by keeping the
transferred momentum small.

From a more general perspective, it would be very interesting to extend the analysis of both string and
gravitational corrections to the eikonal operator which are of a higher order in R, /b and o/ /b® by com-
puting explicitly the high-energy behaviour of amplitudes with three or more boundaries. This would be a
generalisation of the comparison between the eikonal operator, the direct computation of the amplitudes and

the geometrical description. One way to do this is to use the sigma model expansion in Fermi coordinates
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(see, for example, [18H20]).
Another interesting generalization of our setup is to change the nature of the massive target and possibly
also the nature of the asymptotic space by including compact directions. One could consider for example the
D1/D5 system as suggested in [27], whose geometries are well-known and have some interesting features
such as the breaking of rotational symmetry in the transverse space.

Finally, the study of string amplitudes could clarify some aspects of the holographic correspondence,
since the techniques described here could help to compute string correlators in more general curved space-

times. This aspect can have important applications in the AdS/CFT correspondence.






Abramovsky-Gribov-Kancheli cutting rules

In 1973 Abramovsky, Gribov and Kancheli [2] analysed the relative contributions of processes of the parti-
cles produced to the total cross section of multiple Pomeron exchange in Reggeon field theory. They found
that different contributions to the imaginary part belong to different cuts across the multi-Pomeron dia-
grams, and each cut has its own final state characteristics. As a result, the authors found counting rules for
final states with different particle multiplicities, and they proved cancellations among rescattering correc-
tions to single-particle and double particle inclusive cross sections.

The assumptions made in the original AGK paper states that the coupling of the Pomerons to the external
particle are symmetric under the exchange of the Pomerons (Bose symmetry), and that they remain un-
changed if some of the Pomerons are cut.

In terms of the T-matrix, unitarity (SST) may be expressed in the symbolic form,

2Im Top = > TacTy, (A.1)

where a, b label the initial and final states, which could be various types of particles with definite momenta
and quantum numbers. The sum implies integration over phase-space for each particle in the channel ¢ and
sum over all channels c. If the state a consists of two particles and the state b is chosen equal to a (i.e.
forward elastic scattering), one has for the cross-section:

oa ~ |T|% (A.2)

otot ~ Im T, Optical theorem. (A3)

The rules state that the sum of the diagrams with all possible cuts and any number of cut and uncut
Pomerons is equal to twice the discontinuity of the elastic scattering amplitude at zero angle. As an illus-
trative example, we consider the coupling of four gluons to a proton. The simplest model of a symmetric
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=21Im =21Im R

“h h- “h h-

2 2 2 2

Reggeon exchange

Figure A.l: Diagrammatic expression of the AGK rules.

coupling is a sum of three pieces, each of which contains only the simplest color structure denoted by 64,4, -
In order to be able to generalise and to sum over an arbitrary number of gluon chains, it is necessary to be
more specific. Inserting the eikonal ansatz

Z ¢A(klak2;w12)5a1a2 Teee ¢A(k2n—laan;WQn—l,Qn)éagn_l aon (A4)

pairings
into the hadron - hadron scattering amplitude, using the large color number N, approximation, and switch-
ing to the impact parameter representation, one obtains the following formula for the contribution of & cut

gluon ladders:
ImAy = 4s / d2beiTbP(sb) (A.5)

where

. k _
P(s,b) = %e—%;b) (A.6)

and 2 stands for the (cut) two-gluon ladder.

Figure A.2: The symmetric coupling of four gluons to an external particle. The lines inside the blob denote the color connection,

4 4 4 2

e.g. the first term has the color structure §q; a5 -



Complete OPE computation

Here we consider the complete OPE computation between the vertices (3.107) and (3-103), in order to
isolate the leading terms in the high energy limit. In order to write everything in a more compact form
we will require a modification to the notation used until now. For convenience we can make the following
substitution for our indices: « — pint1, 8 = Vpt1, 0 = Puit1, ¥ — Apst1. Then we will find the scalar
quantity written below in the OPE,

a n'+1 n+1
Pitbi 1.Pi 1.Hk
NPk ey gp1~»-Pn/+15m---un+1v (B.1)
i=1j=a+1 k=a+1
along with the vectors
n' n+1
— Pilki 1.Pi 1.k
[gpn’+l. _H H H n ka gpl Pn/+15lt1 Hn410 (B.2a)
1=1j7=a+1 k=a+1
a n'+1 n
Pitti [P LKk
G epmeda =TT T TI "R Gor i n- (B.2b)

i=1j=a+1 k=a+1

We will denote contractions between these vectors by objects such as [G - €], - [5 - €]p, this signifying the

contraction between the p,,+1 and A,,s 1 indices of the € and EJ tensors.
With this we can write the leading divergence as for z; = z + w/2 and zo = z — w/2 forw — 0

(2a/)n+n/+1 _

wim) W(") PP, (B.3)

(0,0) -1~ [w[2(n+n/+1)
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where

min{n+1,n"}

D

P:
a=0
+ ) (—22) Crn ()G - Elasikr - O
a=0

min{n,n'}

’

min{n,n'}
- Y (220) T Cow (@)l - 20]aO”
a=0
min{n—1,n"}
“m Y (20) 7 (@19 - el O,
a=0
and we have the operator
O[L (27 w) — e*ép(z)/l/}# (Z)egax(z)u)—‘rlg X(Z) ; (B4)
whilst obvious antiholomorphic counterparts may be found in P. To obtain the effective vertex we integrate
this OPE over a neighbourhood of the origin of w. If this is then inserted into the upper complex plane we
(B.5)
(B.6)

T K
), since it has an energy-

will generally find 16 terms which are contained in the function K, ,,
n,n’

Ao = </(C Pw W) (k12 + 2,24+ DWW (ka2 — 2,7 — ),
120,

—ZWF(—a’i)e_”a/Z (a's)®
2
O+ n?K") 4K
dependent prefactor k1 - D - k1 ~ s, so all the others are subleading in energy. All the terms in (B.5)) are

,n

Ky =ky-D -k K¢

where
Among these terms, the dominant one used in Chapteris the first one, K (s

given in the following:
min{n,n’}

K, = > (=20/) P Ch () Cr (D) [ - Glata[G - Bl
a,b=0

min{n—1,n"} min{n—1,n"} _

> (=22) " Ch 1w () Cr 1 (D)[G - Elagr - DIE- Gloga

") = Y
7 a=0
min{anr:I,n'} min{nz:l,n'}
b=0
+ Y Y (20) T Cw(@Catw Bl GlarlG 1 Dy
a=0 b=0
(*QQ/)iaian,n’(a)cn—l,n’ (0)[G -ela-D-[E-Glps1

b=0

(_2a/)_a_bcn+1,n’(a)cn—l,n’(b)[g g]a D [E'Q]b-H

n) _
)n/ -

K¢

a=0
min{n,n’} min{n—1,n"}

min{n,n’} min{n—1,n"}

+
a=0 b=0
min{n—1,7"} min{n+1,n"}

Z b=0

a=0

(_Za/)_a_bcn—l,n’ (a)Cn—H,n’ (b) [g 5]a+1 -D - [g g]b

+
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min{n—1,n"} min{n,n }

+ Z Z T bcn ln( )Cn,n’(b)[g'g]a+1'D.kl[g.g]b+1

mm{n—l,n }mm{n,n }

+ 0y > (=20)) " Ch i (@)Cr (B)[G - Elasr - DIE- Gl

a=0 b=0
and
min{n+1,n"} _
Kv(z(,?b’ = Z (_za/)_a_bcn-i-l,n’(a')cn+l7n’ (0)e-Gla-D-[G -2y
a,b=0
min{n+1,n"} min{n,n } _
+ Z Z T2, (@)Co (k1 - D (G a6 - Elpi
m1n{n+1 n }mln{n n’} ~
+ Z Z S C 1 () (W) - Gla - D [E- Gy
mm{n;ﬂ }mm{n-&-lm } _
+ Y Y (-20) o (@)Csr w (D) Glasikr - D - [G -y
a =0
min{n,n } _
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a,b=0
min{n,n’} min{n+1,n"} _
Y Y (20) (@ Chw )G e D (G2,
a=0 b=0
min{n,n'} ~
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