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= the Randall-Sundrum braneworld model incorporates certain

e The braneworld construction

« How do we test ©? Interesting ideas from string/M-theory:

L 0 universe has extra dimensions

- Sl st tensors 0 we live on a ‘brane’

e Simulation results: scalars

:;Z;uprz:uarrgations (3 4+ 1)-dimensional
hypersurface

(3-brane) \

H-dimensional

AdS bulk manifold

[4
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How do we test 1t?

e, movirtue: the RS model is automatically in excellent

el agreement with GR at low energies/large distances

QPG = detriment: need to move to the strong gravity regime to test
¢ Slaton sl s the model (and its stringy motivations)

* DGP pertutbations = One venue to test strong gravity is in the early universe

= Wwe consider the behaviour of cosmological perturbations in
the high-energy radiation era of RS cosmology
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RS cosmology

A simple braneworld
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— constant —
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A simple braneworld
cosmology:

Poincare wedge of
5D anti-de Sitter

space

AdS length scale

£2
ds® = !2(—dt2 + dx* + dz?)
Z

“‘our” universe is an
embedded 4D
hypersurface

z = fifth dimension
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excise this part of
the manifold...

“the bulk”

...and replace
with the mirror

AdS length scale H™ image of this part

z = fifth dimension

ds® = = (—dt* + dx* + dz°)
Z
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high energy
correction
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e The braneworld construction

e How do we test it? eVOIUt|On:

e Perturbative formalism
e 4D effective theory tOd ay

e Simulation results: tensors

e Simulation results: scalars

o RS summary matter domination —

e DGP perturbations

high energy radiation era —

end of inflation —

inflating phase (approximated |
by deSitter brane)
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Perturbative formalism
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HOW do Cosmologlcal governed by master PDE
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HOW do Cosmologlcal governed by master PDE
e The braneworld construction . SUbjeCt tO bOU ndary Condition
perturbations behave? involving brane DOFs
e RS cosmology
e 4D effctive heor tOday é

e Simulation results: tensors
e Simulation results: scalars

RS summary KK degrees of freedom:
e DGP perturbations ﬂUCtuatIOHS Of bUIk

geometry

end of inflation —=»3,&

brane degrees of freedom
(e.g. density fluctuations)

whole problem exacerbated
governed by master ODE by the complicated shape of
sourced by KK DOFs brane boundary
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Perturbative formalism

Divide brane history into high >
e The braneworld construction . . fut
and low energy regimes: D
e RS cosmology o
=
e 4D effective theory 9
e Simulation results: tensors
:ii;nzllje::;na:jsults: scalars 0 < or HY <1
epepperbations R e e N I( )>0-01Hﬁ21
>
(@)}
huk
o
C
L] L] m
end of inflation — <
=

ordinary GR Jjj high energy
correction
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Perturbative formalism

Divide brane history into high prosliaf SPRAElEly ) o
e The braneworld construction . . SO|Vab|e When bl’ane —
and low energy regimes: moves “slowly”... perts. 0
e RS cosmology . . ()
behave as in GR with >
o 4D effective theory small corrections o
e Simulation results: tensors
e Simulation results: scalars . p < o or Hg < 1

e RS summary
e DGP perturbations

p2oor Hl 21

need numerical methods to
evolve perts. through the
“middle ground” ~ high-
energy radiation era

8TG 0
1 — R (1 + £
;S

ordinary GR [ff high energy

correction

high energy

due to simple brane

trajectory, problem also
“solvable” during quasi-
de Sitter inflation
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Perturbative formalism

This talk: >

e The braneworld construction —
e How do we test it? 8
e RS cosmology o
>
e 4D effective theory 9

e Simulation results: tensors

:i:w:lje::;na:jsults: scalars [) < o Oor HF < 1
ebopperubaions R s N N I( )>0-01HP>1
>

(@)]

bt

(())

C

1] L] ®

end of inflation — £

=

we use a characteristic
integration algorithm to solve for
the brane and bulk perturbations
in this region of spacetime
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4D effective theory

Can use effective theory for tensor modes to predict
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4D effective theory

Can use effective theory for tensor modes to predict

e The braneworld construction

spectrum of stochastic gravitational wave background:

e RS cosmology
e Perturbative formalism

-
e Simulation results: tensors ) 5 N
e Simulation results: scalars > ) i
e RS summary 4(% 1
e DGP perturbations =g 2
<> 8 .
g
o0 1.5
— ! b
q) -4
= .2 ]
Q|+ T
— s 17
B o] 1
2 = 057
n| 9 ]
= |
= 0]
O :
SN— 1
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-2 | 0 1 2

frequency log(v/v.)
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4D effective theory

Can use effective theory for tensor modes to predict
spectrum of stochastic gravitational wave background:

A~ 2.5
> .
e
ug :
g3 2]
MR :
IS 5] critical frequency:
o |5 3 1/2
ABE ] 0.1 mm
Cle 1 Ve ~ 33 uHz
< |.N - 14
2=
3 % 0-5‘: modes entering horizon at high energy: v 2 v,
n i . .
= = 0- modes entering horizon at low energy: v < 1
@) ]
N————
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<

O
n
=
—_
)

frequency log(v/v.)
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4D effective theory

Can use effective theory for tensor modes to predict

e The braneworld construction

spectrum of stochastic gravitational wave background:

e RS cosmology
e Perturbative formalism

-
SpeTEeI L 25 (assuming scale invariant
RS summary o i primordial spectrum)
e DGP perturbations =g 2
S| ' Ve 2 33 uHz
> | B ]
a0|*  1.54
— - b
q-) o T
gl ]
CIE 1]
< .5 ]
2= :
8. é 0.5
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CD ] .. 0
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4D effective theory

Can use effective theory for tensor modes to predict
spectrum of stochastic gravitational wave background:

)

GW spectral energy density
normalization factor

log (

51 (assuming scale invariant

(@) —
(V)] —_ (V)] (\9)
| P P

)
[

0.5

primordial spectrum)

Ve 2 33 uHz

effective theory:
excess power
at high frequency

] general relativity X (V/Vc)O

frequency log(v/v.)
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4D effective theory

Can use effective theory for tensor modes to predict

spectrum of stochastic gravitational wave background:

)

GW spectral energy density
normalization factor

log (

2.5 (assuming scale invariant
1 primordial spectrum)
9
] Ve 2 33 uHz
1.5
effective theory:
1 excess power
1 at high frequency
0.5
0-
] general relativity o< (v/v)°
—0.5
2 -1 0 1 2

frequency log(v/v.)

low energy

pSoor Hl <1

p2oor Hl 21

be efficiently emitted
from brane to bulk at
high energies

high energy
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4D effective theory

Can use effective theory for scalar modes to predict

e The braneworld construction

spectrum of density perturbations at end of radiation era:

e RS cosmology

e Perturbative formalism

e Simulation results: tensors
e Simulation results: scalars
e RS summary

e DGP perturbations
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4D effective theory

Can use effective theory for scalar modes to predict

e The braneworld construction

spectrum of density perturbations at end of radiation era:

e RS cosmology
e Perturbative formalism

e 4D effective theory

e Simulation results: tensors

)

e Simulation results: scalars
e RS summary
e DGP perturbations

1.5+

normalization factor
.
|
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density perturbation spectrum

log (
<

comoving scale log(k/k.)
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4D effective theory

Can use effective theory for scalar modes to predict
spectrum of density perturbations at end of radiation era:
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e Perturbative formalism
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e Simulation results: scalars
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Simulation results: tensors

on-brane GW power log;, h?

Typical simulation results

4-dimensional
late time behaviour
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emission of bulk
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re-entry
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- 0.3

at late times, on-brane signal from 5D simulation matches

4D effective result, but with suppressed amplitude
suppression due to emission of GWs

Braneworld cosmological perturbations - p. 7/10

h(t, z)



http://www.tech.port.ac.uk/staffweb/seahras

e The braneworld construction

e How do we test it?

e RS cosmology

e Perturbative formalism

e 4D effective theory

e Simulation results: scalars
e RS summary

e DGP perturbations

Sanjeev S. Seahra; 21 August, 2007

Simulation results: tensors

)

GW spectral energy density
normalization factor

log (

| 11
(\9]

e
.
-
.
.
.
.
.
.
.
R
.

2.5 (assuming scale invariant
1 primordial spectrum)
2
Ve 2 33 uHz
1.5
] effective theory: d'\\)
1_3 excess power
] at high frequency
os4 S
o] general relativity 7"
—0.5

01
frequency log(v/v.)

Braneworld cosmological perturbations - p. 7/10



http://www.tech.port.ac.uk/staffweb/seahras

Simulation results: tensors

e The braneworld construction

* How dowe testiz f\ 2.5 (assuming scale invariant
O RS ey = 1 primordial spectrum)
e Perturbative formalism 8 - ]
e 4D effective theory Q 8 2
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[results independently obtained by Hiramatsu et al (2005)
and Kobayashi and Tanaka (2005)]
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e The braneworld construction

Simulation results: tensors

o How do we test t7 21> 257 (assuming scale invariant
* RS cosmology = 1 primordial spectrum)
e Perturbative formalism é) o ]
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KK and effective theory results

cancel out to give flat spectrum!
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Simulation results: scalars

Typical simulation results

e The braneworld construction
e How do we test it? bulk

e RS cosmology time T
e Perturbative formalism A
e 4D effective theory +6 x 10~*
e Simulation results: tensors
e Simulation results: scalars .
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e DGP perturbations ©
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A = density perturbation
(), = bulk master variable
¢ = curvature perturbation
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Simulation results: scalars
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Simulation results: scalars
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Simulation results: scalars

e The braneworld construction N 2

e How do we test it? : (assuming Scale invariant Slmulatlon results
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Simulation results: scalars

e The braneworld construction N 2
e How do we test it? g :(assum'ng Scale invariant Slmulatlon results
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effective theory and KK effects both enhance

density perturbations on small scales
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~ 50 In RS cosmology

0 magnification on too small a scale to effect CMB or LSS
= will be important for creation of primordial black holes
= affects spectrum of high energy cosmic rays

Sanjeev S. Seahra; 21 August, 2007 Braneworld cosmological perturbations - p. 9/10



http://www.tech.port.ac.uk/staffweb/seahras

RS summary

= tensor modes: KK and effective theory effects virtually

e The braneworld construction

e How do we test it? Cancel OUt

e RS cosmolo

R ST 0 get same flat GW spectrum result from GR

e 4D effective theory . .

« Simulation resuls: tensors = scalar modes: KK and effective theory effects reinforce
e Simulation results: scalars

each other

e DGP perturbations

0 small scale density perturbations enhanced by a factor
~ 50 In RS cosmology

0 magnification on too small a scale to effect CMB or LSS
= will be important for creation of primordial black holes
= affects spectrum of high energy cosmic rays
= affects RS nucleosynthesis
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DGP perturbations

e The braneworld construction

unlike RS, DGP model modifies GR at low energy

e Perturbative formalism Self-acceleratlng branCh Of SO|UtI0nS Can explaln |ate tlme
o 4D effective theory acceleratlon WIthOUt A
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e How do we test it?
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e DGP perturbations
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- Somton et tensors acceleration without A
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DGP perturbations

unlike RS, DGP model modifies GR at low energy
self-accelerating branch of solutions can explain late time

acceleration without A
0 has other problems like ghost states

perturbations involve (numerically challenging) nonlocal

boundary conditions
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DGP perturbations

= unlike RS, DGP model modifies GR at low energy
m self-accelerating branch of solutions can explain late time

acceleration without A
0 has other problems like ghost states

= perturbations involve (numerically challenging) nonlocal

boundary conditions

= we've recently developed a code to handle the problem
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DGP perturbations

Some preliminary DGP results:
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DGP perturbations

Some preliminary DGP results:
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DGP perturbations

Some preliminary DGP results:
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e Perturbative formalism /94\ 1
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