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Abstract: In thistalk | will discuss some aspects of graviton production by moving branes. After a brief introduction to braneworld cosmology | will
focus on braneworlds in a five-dimensional bulk, where cosmological expansion is mimicked by motion through AdS 5. The moving brane acts
naturally as a time-dependent boundary for the five-dimensional graviton (five-dimensional tensor perturbations) leading to graviton production out
of quantum vacuum fluctuations. This effect is related to the so-called dynamical Casimir effect, i.e. the generation of real photons out of vacuum
fluctuations of the quantized electromagnetic field in dynamical cavities. By applying the formalism used to study the dynamical Casimir effect |
will show explicitly that the five-dimensional graviton reduces to the four-dimensional one in the late time approximation of such braneworlds. In
the last part of the talk | will study a (toy) model where two branes approach each other in aradiation dominated phase, bounce off and move apart
from each other afterwards. Thereby generation of massive gravitons takes place caused by the coupling of the Kaluza-Klein modes to the
gravitational zero mode which exhibits a blue spectrum. At the end | will discuss possible applications of the formalism to more interesting
scenarios (braneworld inflation etc).
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OVERVIEW OF TALK

Study of tensor Dynamical Casimir effect
perturb.:atmns fgravlty = generatiun of ph{}tons
waves in braneworld Model Methods out of vacuum

cosmology fluctuations of the
~Signatures of extra quantized electrama.gnetic

dimensions in CMB" f=on- held in d_y’namical cavities
New mSIghts

I will show explicitly that the five-dimensional graviton reduces
to the four-dimensional one in the late-time approximation.

[ will study a (toy) model of bouncing branes to show basic effects and
to demonstrate the advantages of the method. This second part is work

in progress!

Warning: This might be a rather technical talk! -> ,No direct link to obervations”

Intentaon: Trigger discussions, comments, etc. o



Precise measurements ol the anisotropies in the CMB

have conhrmed the so-called

Universe is concordance model / =
: . Hubble constant
spatially flat standard cosmological model. |
Hy ~ T0km/sMpc
Energy density is dominated by Cold dark matter Barvons Mmassive neutrinos
vacuum energy (\), dark energy (2 oy == 0.3 (2, =~ 0.02 less than Bar}'nn:«
izlx_ ~ 0.7

Structures in the universe
galaxies, clusters, voids)
have formed out of small
mitial Hluctuation which have
been generated during
inflation. This 1s the success
of inflation.
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OPEN QUESTIONS AND STRING
THEORY

Even though the concordance model is supported by most cosmological data, on the
theoretical side there are still a lot of open questions:

What i1s dark matter? What is dark energy?
What is the physics of inflation? (What is the inflaton?)
How can one resolve the Big Bang singulanty of classical general relativity?

In order to answer (some of) these questions we need a theory of quantum gravity
which unifies all fundamental interactions, i.e. gauge interactions and gravity.

Nowadays, the most promising candidate is string theory (-> M-theory) which
manifests itself at very high energies of order of Planck scale ~ 3 x 10'**GeV and
predicts that spacetime is ten-dimensional.

In string theory, particles (gauge fermions, gauge lields) are described
by excitations of open strings while gravity is described by closed
strings (loops).

The discovery of so-called Dp - branes, p+1 - dimensional sub- “"'l “n'l
manifolds on which open strings have to end [Polchinski 1995], | /

has led to the idea of braneworlds.

TReViews: R.-Maartens, Living Rev. Relativity 7, 7 (2004), R.Durrer, AIP Conf. Proc. 782, 202 (#605)]



THE BRANEWORLD PICTURE

addirional ; The universe i1s described as a 3-brane. All the standard model
cﬂ ; L fields confined to a 3+1-hypersurface and only gravity is
dimensions Q allowed to propagate in the bulk (entire spacetime).

String theory predicts the existence of so-called Dp-branes
ANANNNANS (Polchinski 1995) onto which standard model parncles
are contined (excitations of open strings with their endpoints

23 attched to Dp-branes).

The bulk spacetime around a Dp - brane can be probed only
G by gravity (excitations of closed strings) and not by standard

sazlf model fields.

extra dimencion . OTavity (Newtons law) has been tested only down to scales of
Y large (compact) 0.lmm. In the braneworld picture where only gravity can
or even infinite  probe the extra dimensions, these can be as large as 0.1lmm.

This can be used to address the hierarchy problem.
3 - brane = our 3-space [Arkani-Hamed, Dimopoulos and Dvali, 1998]

Particularly the so-called Randall - Sundrum braneworld models [Randall and Sundrum, 1999]
consisting of one (two) brane(s) in an five-dimensional anti-de Sitter spacetime have attracted
lot of attention during recent years. In this talk I will concentrate on these 5D - models.

However, note that first ,brane worlds” in the context of domain walls known much longer
[Rubaligy and Shaposhnikov 1983] e















In braneworld cosmology the brane is moving in the bulk, 1.e. y» = ys(t).
A homogeneous and isotropic brane moving through AdS with position yi(77)where 7] 1s

tht‘ L'[]nt:[]rmf.ll (]r «4n L)l'.]t.‘n'f._‘r on thr_‘ l'.JI‘q'.l['lt.‘ ]1115 II'IL‘ l:!‘il:[llﬁ;i.f'l- 1{(]{"_*1"“%{}“ ‘f“fr;lll{.‘:r mi.‘tril‘..'

ds® = u.j(r})[—dr;g + 0;jdx"dx’|

The scale factor 1s related

_ [
ysln) =

to the brane position via aln)

diy,
where dnp= /1 — (i) dt
\ dt

| Th:‘: cxp;msi{m ol T.}"lt._* Llﬂi\'L‘I':‘iL‘ I"u Tﬂi[ﬂik’.'liL‘(l I]‘\' [I'll.‘

i motion of the brane [hrnugh AdS.

Thereb}' the d_\'n.'imics of the scale factor 1s guverned

by the so-called moditied Friedmann equation.
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ds® = a*(n)
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i}

—dn? + d;jdx'dz’ |

-

The scale tactor 1s related up(n) = [

to the brane position via aln)

y rf I, '
where dn = \ 1 — (i) dt

'.lwI'IL‘ ::xp;msi-:m ol '[L"H._‘ Llﬂi\'L”l':&L" I"u mi[ﬂiL’l\'L‘[l l]__"v.' [l'lk‘

motion of the brane [hruugh AdS.

Thereb}' the d_\'n.lmics of the scale factor 1s gurerned

bv the so-called moditied Friedmann equation.
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In braneworld cosmology the brane is moving in the bulk, 1.e. y» = ys(t).
A homogeneous and i1sotropic brane moving through AdS with pesition ¥ (77)where 7] 1s

the contformal of an oberver on the brane has the Friedman-Robertson Walker metric

ds® = {rj(r;):—rlr;! + 0;;dx"dx? |

The scale factor 1s related

[
ys(n) =

to the brane pusi:inn via ain)

where dn = \ l — ( rf;:f' )_..f'r

The cn-cp;msi{m of the universe 1s mmmicked lr_r the

motion of the brane {I‘.:'nu::rh AdS. |

Thereb}' the d_\'n&mic:-‘. of the scale factor is guxrrned

by the so-called moditied Friedmann equation.
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DYNAMICAL CASIMIR EFFECT

In quantum field theory time-dependent (classical) external fields can lead to particle creation
from vacuum, e.g. cosmological particle creation, oscillating inflaton feld, ...

Also time-dependent BC's can be considered as (sharp) classical background fields yielding
particle creation from vacuum Huctuations.

Z\‘L’e; Dynamical Casimir Effect (motion induced radiation): creation

of photons out of the vacuum fluctuations of the quantized
electromagnetic hield in dynamical cavities (moving mirrors).

Thereby effects like parametric resonance can yield to exponential particle
creation. However, this effect is quite different to, e.g. resonant particle

s creation due to the oscillating inflaton. The difference is that the time-

' dependent boundary conditions for the field at the mirrors (boundaries)

lead to intermode couplings.

I(t)
Note that the static Casimir effect = attractive force between the mirrors has been verified
experimentally with high accuracy, which proves the reality of vacuum Huctuations!
[Lamoreaux 1997, Mohideen and Roy 1998, Bressi et al 2002,...]

What I have done: Numerical formalism for studying the dynamical Casimir effect.
[MR, J.Opt.B. Quantum Semiclass. Opt. 7 (2005), J. Phys. A: Math Gen. 39 (2006), Phys. Rev. A 73 (2006)]

In braneworld cosmology we have a similar situation: a field equation for tensor modes and time-

dependent boundary conditions. Consequently, graviton production due to the brane motion

hagppens We are applying the formalism of the dynamical Casimir effect to study the evolutiag .ok
tensor perturbations and graviton production by moving branes.
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y,=100, 1,=5, 250 KK modes in simulation
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