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The braneworld construction

■ the Randall-Sundrum braneworld model incorporates certain
interesting ideas from string/M-theory:
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How do we test it?

■ virtue: the RS model is automatically in excellent
agreement with GR at low energies/large distances
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the model (and its stringy motivations)
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How do we test it?

■ virtue: the RS model is automatically in excellent
agreement with GR at low energies/large distances

■ detriment: need to move to the strong gravity regime to test
the model (and its stringy motivations)

■ one venue to test strong gravity is in the early universe
■ we consider the behaviour of cosmological perturbations in

the high-energy radiation era of RS cosmology
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RS cosmology

A simple braneworld
cosmology:

excise this part of
the manifold...

...and replace
with the mirror

image of this part

“the bulk”

“our” universe is an
embedded 4D
hypersurface

AdS length scale
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RS cosmology

Brane trajectory determined
by Friedmann equation:

“our” universe is an
embedded 4D
hypersurface

AdS length scale

ordinary GR high energy
correction
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Different phases of
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RS cosmology

end of inflation

high energy radiation era

today

matter domination

Different phases of
evolution:

inflating phase (approximated
by deSitter brane)
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Perturbative formalism

How do cosmological
perturbations behave?

end of inflation

today
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governed by master PDE
subject to boundary condition
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KK degrees of freedom:
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Perturbative formalism

How do cosmological
perturbations behave?

end of inflation

today

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

governed by master ODE
sourced by KK DOFs

governed by master PDE
subject to boundary condition

involving brane DOFs

KK degrees of freedom:
fluctuations of bulk

geometry

whole problem exacerbated
by the complicated shape of

brane boundary
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and low energy regimes:

end of inflation

today

h
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due to simple brane
trajectory, problem also
“solvable” during quasi-

de Sitter inflation

problem approximately
solvable when brane

moves “slowly”... perts.
behave as in GR with

small corrections

ordinary GR high energy
correction

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


● The braneworld construction

● How do we test it?

● RS cosmology

● Perturbative formalism

● 4D effective theory

● Simulation results: tensors

● Simulation results: scalars

● RS summary

● DGP perturbations

Sanjeev S. Seahra; 21 August, 2007 Braneworld cosmological perturbations - p. 5/10

Perturbative formalism

Divide brane history into high
and low energy regimes:

end of inflation

today

ordinary GR high energy
correction

h
ig

h
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y

lo
w

 e
n

e
rg

y

due to simple brane
trajectory, problem also
“solvable” during quasi-

de Sitter inflation

problem approximately
solvable when brane

moves “slowly”... perts.
behave as in GR with

small corrections

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

energy radiation era
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Perturbative formalism

This talk:

end of inflation

today

h
ig
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 e
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e
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y
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w

 e
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e
rg

y

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

■ high-energy corrections to GR come in two varieties:
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4D effective theory

■ high-energy corrections to GR come in two varieties:
◆ modifications to the expansion history H(z)
◆ effect of bulk DOFs on the brane

■ 4D effective theory: keep the former and neglect the latter

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


● The braneworld construction

● How do we test it?

● RS cosmology

● Perturbative formalism

● 4D effective theory

● Simulation results: tensors

● Simulation results: scalars

● RS summary

● DGP perturbations

Sanjeev S. Seahra; 21 August, 2007 Braneworld cosmological perturbations - p. 6/10

4D effective theory

■ high-energy corrections to GR come in two varieties:
◆ modifications to the expansion history H(z)
◆ effect of bulk DOFs on the brane

■ 4D effective theory: keep the former and neglect the latter
■ results in ODEs instead of PDEs
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4D effective theory

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

critical frequency:
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(assuming scale invariant
primordial spectrum)
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4D effective theory

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

general relativity

(assuming scale invariant
primordial spectrum)
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effective theory:
excess power

at high frequency
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4D effective theory

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

today

h
ig
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w
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e
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y

e
ffe

ct
iv

e
 t
h
e
o
ry

general relativity

(assuming scale invariant
primordial spectrum)

effective theory:
excess power

at high frequency
we expect GWs to

be efficiently emitted
from brane to bulk at

high energies

end of inflation
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4D effective theory

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

end of inflation

today

h
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 e
n

e
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y

general relativity

(assuming scale invariant
primordial spectrum)

effective theory:
excess power

at high frequency
we expect GWs to

be efficiently emitted
from brane to bulk at

high energies

KK modes

?
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4D effective theory

(assuming scale invariant
primordial spectrum)

general relativity

Can use effective theory for scalar modes to predict
spectrum of density perturbations at end of radiation era:
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4D effective theory

effective
theory

(assuming scale invariant
primordial spectrum)

effective theory:
excess power

on small scales

general relativity

Can use effective theory for scalar modes to predict
spectrum of density perturbations at end of radiation era:
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4D effective theory

general relativity

effective
theory

(assuming scale invariant
primordial spectrum)

KK modes
?

general relativity

(assuming scale invariant
primordial spectrum)

effective theory:
excess power

at high frequency

KK modes

?

KK modes expected to have opposite effects for the
tensors and scalar DOFs:

scalars tensors

effective theory:
excess power

on small scales
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Simulation results: tensors

Typical simulation results

■ on left, href (blue) is solution from effective theory
■ at late times, on-brane signal from 5D simulation matches

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

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


● The braneworld construction

● How do we test it?

● RS cosmology

● Perturbative formalism

● 4D effective theory

● Simulation results: tensors

● Simulation results: scalars

● RS summary

● DGP perturbations

Sanjeev S. Seahra; 21 August, 2007 Braneworld cosmological perturbations - p. 7/10

Simulation results: tensors

general relativity

(assuming scale invariant
primordial spectrum)
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Simulation results: tensors

general relativity

(assuming scale invariant
primordial spectrum)

effective theory:
excess power

at high frequency

simulation results

[results independently obtained by Hiramatsu et al (2005)
and Kobayashi and Tanaka (2005)]
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Simulation results: tensors

general relativity

(assuming scale invariant
primordial spectrum)

effective theory:
excess power

at high frequency

simulation results

KK and effective theory results
cancel out to give flat spectrum!
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Typical simulation results
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Simulation results: scalars

Effective theory vs. simulations

simulation

effective theory

GR

initial value
set by inflation

late time density perturbation from simulations
enhanced over effective theory results
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Simulation results: scalars

general relativity

effective
theory

(assuming scale invariant
primordial spectrum)

?
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excess power
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KK modes
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Simulation results: scalars

general relativity

effective
theory

(assuming scale invariant
primordial spectrum)

simulation results

effective theory and KK effects both enhance
density perturbations on small scales

effective theory:
excess power

on small scales
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RS summary

■ tensor modes: KK and effective theory effects virtually
cancel out
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◆ get same flat GW spectrum result from GR
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RS summary

■ tensor modes: KK and effective theory effects virtually
cancel out
◆ get same flat GW spectrum result from GR

■ scalar modes: KK and effective theory effects reinforce
each other
◆ small scale density perturbations enhanced by a factor
∼ 50 in RS cosmology
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RS summary

■ tensor modes: KK and effective theory effects virtually
cancel out
◆ get same flat GW spectrum result from GR

■ scalar modes: KK and effective theory effects reinforce
each other
◆ small scale density perturbations enhanced by a factor
∼ 50 in RS cosmology

◆ 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

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

acceleration without Λ
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■ unlike RS, DGP model modifies GR at low energy
■ self-accelerating branch of solutions can explain late time

acceleration without Λ
◆ has other problems like ghost states
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■ unlike RS, DGP model modifies GR at low energy
■ self-accelerating branch of solutions can explain late time

acceleration without Λ
◆ 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
■ self-accelerating branch of solutions can explain late time

acceleration without Λ
◆ 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 DGP results:preliminary

(self-accelerating
branch)
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DGP perturbations

Some DGP results:preliminary

(self-accelerating
branch)

qualitatively similar to
results of Sawicki et al (2006)
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DGP perturbations

Some DGP results:preliminary

faster than usual decay of the
gravitational potential can modify

late time ISW effect

(self-accelerating
branch)
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