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Abstract

We propose a cosmological model where the universe is a probe brane moving in a warped

throat on a Calabi-Yau space. A non-zero angular momentum in transverse space results in a

turning point in the probe brane trajectory, and leads to a bouncing cosmology as experienced

by an observer living on the brane, with a decelerated contraction followed by an accelerating

expansion and with no cosmic singularity. Although the number of e-foldings is low (less that 2),

standard cosmological problems are solved in our model. Moreover, due to the non-zero angular

momentum of the brane, there is no bing-bang singularity. Finally, density perturbations are

calculated in the model and the result is a flat spectrum with spectral index n ≈ 1 and slightly

red-shifted in compatibility with WMAP data.
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1 Introductory remarks

In April 1970 the spacecraft Apollo 13 was sent to the moon for a NASA mission. Two days

after its launch an explosion made the Service Module lose power and oxygen very quickly. In

this dangerous scenario the astronauts had to take the decision to move into the Lunar Module

Aquarius and leave the Service Module. However, as the Lunar module is not designed for long

trips, NASA engineering had to find a way to bring back to earth the Lunar Module, using as

less energy as possible. As the Module was moving towards the Moon, NASA rocket scientists

decided to use very little power of the Module in order to modify its orbit to be an open orbit

around the Moon. This was lead by the knowledge that, at the inversion point of the trajectory

of the (probe) spacecraft around the Moon, conservation of angular momentum would lead to

an acceleration of the spacecraft and would redirect it towards the Earth. The effect they used

is called the gravitational slingshot effect.

In this paper we show that the same effect appear any time a brane moves with an open

orbit around a not trivial central background. In this case an observer living on the brane

will experience a bouncing cosmology without singularity, while the physical description of the

bounce can be made explicit, without any unknown quantum gravity process taking place. In

this well defined context, we show that one can find alternative solutions to the horizon and

curvature problems that afflict the standard non-inflationary cosmology. Besides, we show that

the correct scale invariant perturbation necessary to reproduce the CMB spectra as measured

by the WMAP team [1] can be easily produced. Moreover, as our model do not need a rapid

expansion period, there is no reheating process typical of inflationary scenarios.

We will consider here for definiteness a 3 + 1 dimensional brane-world modeled on a probe

D3 (or D̄3) brane moving in the 9 + 1 dimensional supergravity background sourced by a stack

of D3-branes. Other alternatives of course include various wrapping of higher dimensional Dp-

branes along appropriate cycles in transverse space. While these kind of constructions are often

used for cosmological issues, it is customary to assume that the branes hit each other in a head-

on collision [2]. From our point of view, this kind of motion is a very special choice in the space

of all possible collisions, i.e. the one with zero angular momentum in transverse space, and

in this sense it is nothing but a fine tuning of initial conditions that leads to it. The generic

case then corresponds to a nonzero impact parameter i.e. a non-vanishing value of the angular

momentum, and it gives rise to a very rich set of solutions [3] and to the possibility of bouncing

cosmologies [4].

We will study the cosmological evolution of an observer living in the probe brane using the

so called mirage cosmology approximation [5]. In it, what the observer is measuring as the

physical 3 + 1 dimensional metric is given in terms of the brane embedding and the bulk metric

by the induced metric formula. Its time evolution is then dictated by the motion of the brane

in the background which, if the back-reaction of the probe can be neglected, is a static solution
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of 9 + 1 dimensional supergravity equations.

Even if superficially similar, our model differs from the standard D3-brane cosmological

scenarios of the kind proposed in [2] and widely studied since then (see for example [6]-[11]),

in the fact that, since we have a bouncing of our brane at some finite distance to the bottom

of the throat, which in turn provides a bouncing cosmology at some finite scale parameter, we

do not need to provide inflation in order to solve the cosmological problems like the flatness or

horizon ones. Then we can restrict our attention to a single probe D3-brane without the need of

introducing any D̄3-brane at the bottom, and we do not have the final D-D̄ annihilation process

that would provide reheating.

Let us first write the background warped metric as

ds2 = h−1/2ds2‖ + h1/2ds2⊥ , (1.1)

where ds2‖ is the four dimensional slice metric and ds2⊥ the metric of the six dimensional transverse

space. The corresponding RR 4-form gauge potential is given by

C4 =

(

1 − 1

h

)

dx0 ∧ · · · ∧ dx3 ≡ Cdx0 ∧ · · · ∧ dx3 , (1.2)

while the dilaton field is constant. The supergravity equations are satisfied as long as the warping

factor h is harmonic

h−1∇2

⊥h = 0. (1.3)

Moreover, supersymmetry requires that the four dimensional slice parallel to the stack of D3-

branes is flat Minkowsky space-time, whereas depending on the number of supersymmetries, the

transverse space can be flat R
6, R

2 × H4 (H4 hyperkähler), CY3 or a generic Ricci-flat space

V6. In these cases, the D3-stack breaks 1/2, 1/4, 1/8 or all of the supersymmetries respectively,

leading to N = 4, 2, 1 or N = 0 four dimensional theories.

In the above described bulk we will introduce our D3-brane universe and, order to find ana-

lytical results, we will rely on the probe-background approximation, in which the backreaction

of the probe brane onto the bulk fields is disregarded. To make sure of the validity of this

approximation, we need to keep the strength of the perturbation produced by the probe small

enough compared to the strength of the source. This is satisfied by considering a single D3 (or

D̄3) probe brane, moving through the field sourced by the stack of N D3-branes, and choosing

N ≫ 1. Moreover, on this probe D3-brane we may load additional matter fields, but again to

disregard bacreaction on the supergravity background we will consider their energy density of

the same order than the brane tension or smaller.

Our D3 (or D̄3) probe universe is embedded along a four dimensional slice described by

the embedding fields XA(ξµ), A = 0, . . . , 9, in term of its local world-volume coordinates ξµ,
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µ = 0, . . . , 3. Lengths along this slice are measured with the corresponding induced metric,

which is given in terms of the bulk metric and the embedding fields by the pullback formula

ds2i = gAB∂µX
A∂νX

Bdξµdξν . (1.4)

Such a probe will then experience forces due to the background and will consequently move

through the bulk, with dynamics governed by the Dirac-Born-Infeld action with a Wess-Zumino

term

SDBI + SWZ = −T3

∫ √−gi d
4ξ + qT3

∫

C4 . (1.5)

where C4 is the pullback of the background RR 4-form, q = ±1 is the charge; q = −1 for a

D3-brane and q = 1 for an D̄3-brane and T3 is the tension of the probe, given by

T3 =
1

(2π)3g2
s l

4
s

. (1.6)

If there is additional matter living in the brane, its contribution has to be added to action (1.5).

However, to further simplify our equations, we will suppose that the contribution to the probe

motion of any additional matter living on the brane is subdominant or, consistently to what we

stated before about its backreaction, it is of the same order of the local gravity. More concretely

we will require that T3 ≫ ρm, where ρm is the matter canonical energy density.

The induced metric (1.4) will evolve during the probe brane motion. From the point of view

of an observer living in the probe, such induced metric describes the geometry of his spacetime,

and its evolution corresponds to the cosmological history of his universe. In what follows, we

shall study the cosmology experienced for such an observer during the motion of the probe

through the bulk.

2 Wondering D3-branes in warped throats

Dp-branes may exists on compact manifolds [12]. In the case of Calabi-Yau (CY) compactifica-

tions, the CY manifolds may have singularities at special points of their moduli space. Near a

singularity, CY space looks like a conifold on which, although singular, strings may consistently

propagate. The conifold geometry [13] is that of a cone with a T
1,1 base, whose metric is that of

S3 × S2 and at the singularity (the tip of the cone) both S2, S3 shrinks to zero size. One may

then introduce a stack of D3-branes at the tip of the cone [14], [15], [16], [17], and the resulting

warped compactification has a throat that looks like an AdS5 × T
1,1 near the D3-branes, with

a warp factor h(r) where r is the distance to the tip of the cone. Out of the throat however,

r fails to be a good coordinate and thus the warped conifold is not a good description of the

geometry, and one should use the full metric of the Calabi-Yau space. Realizing such a model

on an orientifold, the dilaton is moreover constant.

In what follows we will need a detailed description of the motion of our wondering probe

D3-brane inside the above described throat, assuming that at some point the brane leaves the
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throat reaching the CY space. As to that end is not important the detailed geometry of the

conifold, we may replace it by flat six dimensional space, (which corresponds actually to a T
6

compactification [18], [19]), postponing the more complicated case of the resolved conifold to

section 4. In this simplified configuration, the solution is the maximally supersymmetric one

with flat Minkowskian four dimensional slice and Euclidean transverse space with metrics

ds2‖ = −dt2 + d~x · d~x , ds̃2⊥ = d~r · d~r = dr2 + r2dΩ2

5 , (2.1)

respectively, where dΩ2
5

is the metric on an S5. In this case, the h factor corresponds to the

solution of (1.3) sourced by an stack of N Dp-branes sitting at ~r = 0 and it is given by

h = 1 + L4/r4 , (2.2)

in the case of a Minkowskian infinity, or by

h = L4/r4 , (2.3)

for an AdS5 ×S5 background. In both cases, L is the characteristic length of bulk space related

to the RR charge N of the D3-brane as given by

L4 = 4πl4sNgs , (2.4)

where ls is the string length, gs is the string coupling and N the number of D3-branes in

the stack. The supergravity approximation we are using here will be valid as long as string

perturbation theory can be applied and α′ corrections are negligible, meaning the curvature

radius L of solution is big compared to the string length ls, or equivalently gs ≪ 1 and gsN ≫ 1.

We now introduce a D3 (or D̄3) probe with world-volume coordinates (η, ξi) in the vicinity

of N coincident D3-branes. The probe brane is extended parallel to the stack of D3-branes so

that it is like a point moving in transverse space (for inhomogeneous trajectories, see [20]). The

geometry experienced in this case by the probe near the stack of D3’s is that of an AdS5 × S5

space and in the static gauge t = η, xi = ξi with ~r = ~r(η), the induced metric is given by

ds2i = h−1/2
[

−
(

1 − h~r ′2
)

dη2 + d~x · d~x
]

, (2.5)

where we have denoted with a prime (′) derivatives with respect to η.

Under the above described assumptions the probe brane moves like a particle in transverse

space with an action given by (1.5), which by using the induced metric (2.5) turns out to be

S = −T3V3

∫

dη
1

h

√

1 − h~r ′2 + qT3V3

∫

dη

(

1 − 1

h

)

. (2.6)

where V3 is the unwarped volume of the dimensions parallel to the probe.

To begin the analysis of the motion, we will use the rotational symmetry of transverse space

to write ~r′2 = r′2 + r2Ω′2
5, where Ω′

5 = dΩ5/dη represents the angular velocity on the transverse
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5-sphere. Then we may get from eq.(2.6) the angular momentum ℓ and the conserved energy E
as a function of the velocities, which with a bit of algebra can be inverted to give [5]

Ω′
5 =

lL

r2h(q(C − 1) + U)
, r′2 = −V , (2.7)

where

V = −1

h

[

1 − 1

h2(q(C − 1) + U)2

(

1 +
l2hL2

r2

)]

. (2.8)

We have redefined the energy and the angular momentum as U = q + E/T3V3 and l = ℓ/T3V3L,

and since U → −U is equivalent on taking q → −q, we will consider U > 0 from now on. In

the above formulae we note that the allowed regions for the motion are those where r′2 ≥ 0; the

points where r′2 = 0 being the bouncing points.

We may now define the proper time t according to

dη

dt
=

h1/4

√

1 − h~y′2
= h5/4(q(C − 1) + U) , (2.9)

so that the induced metric (2.5) can be written in the zero spatial curvature Friedman-Robertson-

Walker form

ds2i = −dt2 + a2(t) d~x · d~x , (2.10)

where the scale factor is

a(t) = h−1/4(r(η(t))) . (2.11)

Then for the observer living on the probe brane, the cosmological evolution is driven by the

two dimensionless parameters l and U that control the form of the probe orbits. He/she may

wonder then how much fine tuning is needed on this parameters in order to have phenomeno-

logically acceptable results. We are mainly interested here in the l 6= 0 case, which corresponds

to a probe starting at r = rin, at point A of Fig.1, traveling towards the stack of D3-branes at

r = 0 with some initial velocity r′in. The case of l = 0 corresponds to a head-on collision and has

been studied before [21]. During this travel, the velocity of the probe decreases until a turning

point B at r = rb, where the velocity of the probe vanishes. After that point, the outgoing probe

velocity increases again until it reaches its initial value at point D.

As we are now going to show, in the case where the probe brane follows an orbit around the

stack with a turning point, an observer on the brane will measure a cosmological accelerated

expansion during the outgoing part of the orbit (interval BC of fig.1) and a decelerated expansion

from that point on, with a bounce when the brane passes through B. First we note that, with

the above definitions, the expansion rate is

ȧ =
da

dr
r′
dη

dt
, (2.12)

where we denote with a dot (˙) derivatives with respect to proper time t. Then an observer in the

brane will measure cosmological contraction during the ingoing part of the orbit and expansion
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A

B

D

C

0r

N D3’s

D3 probe

Figure 1: Open orbit of a D3-brane probe in the background of N D3-branes. The probe starts at point A
with some initial velocity, reaches the turning point B and continues towards point D. In the interval AB we have
cosmological contraction on the probe and expansion in the interval BD. Accelerated expansion exists for the part
BC of the orbit.

during the outgoing part, and a bounce at the turning point rb. Moreover, we can readily see

that the proper acceleration reads

ä =
d

dr

(

da

dr
r′
dη

dt

)

r′
dη

dt
. (2.13)

and therefore at the inversion point we can expand ä ∝ r′ dr′/dr + O(t− tb). Now, since as the

probe brane is approaching the bouncing point rb, r is decreasing while the brane is climbing

a centrifugal barrier and then r′ is also decreasing. Conversely, when r is growing, r′ is also

growing since the brane is falling down the barrier. This implies that dr′/dr is positive and then

ä is negative in the vicinity of the turning point rb in the incoming branch of the orbit, and it

becomes positive in the outgoing branch.

Then the brane observer will measure cosmological acceleration when the brane has passed

through the turning point as it moves away from the stack of D3’s. It is therefore interesting

to ask how many e-folds such an observer will experience during the accelerated expanding era.

The number of e-folds is defined as N = ln(a(ηf )/a(ηb)) where ηf is the time in which the

acceleration ends, and ηb the inversion time. In order to have as many e-folds as possible it

would be therefore important to have a(ηf ) = h−1/4(r(ηf )) as big as possible, or equivalently,

r(ηf ) as big as possible together with the requirement that r(ηb) is as small as possible.

To take this analysis further, we need some explicit knowledge on the orbits and the resulting

cosmological evolution. We will explore this bellow for an asymptotically Minkowsky or AdS5 ×
S5 space.
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2.1 Asymptotically Minkowsky spacetime

It can be easily seen that in the case that the warping factor h in the metric (1.1) is chosen by

eq.(2.2), flat Minkowskian spacetime is recovered in the large r ≫ L limit. In this background,

the probe brane will feel some effective potential when it is close enough to the source, the stack

of D3’s, while it will move more or less freely when it is far from the stack. We will study the

motion of the probe and the resulting cosmology in this section.

We are interested in unbounded orbits, which exists as long as V < 0 at infinity. By taking

the limit L ≪ r we get V = −1 + 1/(U − q)2, implying U > 1 + q which since U > 0 is

always satisfied. Moreover, solving eq.(2.7) for r′2 we get that the allowed region for the motion

(r′2 ≥ 0) is

r2 ≥ L2

2U(U − 2q)

[

l2 +
√

l4 − 4(U − 2q)U3

]

, (2.14)

so that the angular momentum and energy integration constants should be related by

l4 − 4(U − 2q)U3 ≥ 0 . (2.15)

In this case an inversion point rb such that r′ = 0 always exist at the value of r that saturates the

inequality (2.14). Then the probe follows an unbounded orbit coming from infinity, bouncing

at rb, and then going back to infinity. The explicit form of these orbits can be obtained by

quadratures integrating dθ/dr = θ′/r′ [3].

We will now prove that the acceleration process cannot happen in the asymptotic r ≫
L region. Indeed, in order to maximize N, the minimal requirement seems to be that the

acceleration will finish far away from the stack of D3-branes, in the rf ≫ L region. We can

already anticipate that this cannot work as in this region the probe brane will not feel any

potential, which can also be proven analytically. In the region rf ≫ L, one can expand the

acceleration (2.13), for small L/rf and find that in order to be positive the condition

l2L2

r2f
>

10

7
(U − 2q)U , (2.16)

should be satisfied. However, from r′2 > 0 we get the constraint

(U − 2q)U >
l2L2

r2f
, (2.17)

which, since U > 1 + q > 2q, is in contradiction with (2.16). Therefore the acceleration cannot

finish in the flat region as we have anticipated. Regarding the number of e-folds that such

acceleration would provide, a numerical exploration of the l × U plane shows that the N is

indeed not bigger than ∼ 0.4.

We conclude that the whole acceleration process must take place in the throat region, and

we have numerical evidence that it results in a small number of e-folds. We will now be more

explicit in the next paragraph, studying the motion of the probe inside the AdS5 × S5 throat.
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2.2 AdS5 × S5 space

In this background the warping factor h is given by eq.(2.3). Again we can use eq.(2.7) to

understand the orbits of the probe brane. In order to have unbounded orbits (i.e. in order to let

our probe to eventually leave the throat instead of being confined in it), we again impose that

V < 0 at infinity. This now leads us to the condition 2qU < 0, which in view of the positivity

of the energy can only be satisfied when q = −1, i.e. for a probe D3-brane. Moreover, from the

condition r′2 = 0 we get that the allowed regions for the brane motion are

r2 ≥ L2

4U

[

l2 +
√

l4 − 8U3

]

, (2.18)

so that the for a bouncing point in that orbits we should have

l4 − 8U3 > 0 . (2.19)

In this case, a turning point r′ = 0 always exists at the point rb where inequality (2.18) is

saturated. Thus, when the condition (2.19) is fulfilled, the probe brane coming from infinity,

bounces at rb and then goes back to infinity. The scale factor in this case looks very simple, as

a = h−1/4 = r/L. It is then possible to exactly calculate the acceleration ä. Requiring ä > 0

and r′2 > 0 we obtain the upper bound of the accelerating region as

r2 ≤ L2

2U

[

l2 +
√

l4 − 6U3

]

with ä > 0 . (2.20)

It is then simple to see that the number of e-folds is

N =
1

2
log

(

2
l2 +

√
l4 − 6U3

l2 +
√
l4 − 8U3

)

≤ 0.7 , (2.21)

consistently with the numerical results cited above.

Then the cosmological evolution as seen for an observer in the brane does have an inflationary

period, but it is too short to be used as usual to solve the naturalness problems of standard

cosmology. We need a closer inspection of such problems in this setup, as we will begin to do in

the next section with the curvature problem.

2.3 The case of non-vanishing spatial curvature

We will now consider a more general situation in which the induced metric has a non-vanishing

spatial curvature, which aims in discussing the flatness problem, one of the vexing problems

in cosmology. In the present set up, the spatial curvature of the world-volume metric on the

D3-brane probe vanishes and it seems that there is no flatness problem to be discussed. This

is due to the fact that we have chosen a specific embedding of the probe in the bulk geometry,

namely the probe brane has been placed parallel to the stack D3-brane source. However, one

may imagine other embedding of the probe brane into the background such that its spatial
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curvature does not vanish. To this end, we will consider an AdS5 × S5 background, the metric

of which by appropriate change of coordinates can be put in the form

ds2 = −(κ+
r2

L2
)dt2 +

dr2

κ+ r2

L2

+
r2

L2(1 + κ
4L2ρ2)2

(

dρ2 + ρ2dΩ2

2

)

+ L2dΩ2

5 . (2.22)

The constant κ can be set to κ = 0, 1,−1 by a re-scaling of coordinates ρ → Lρ/
√

|κ| , r →
r/
√

|κ| , t → t/
√

|κ|, resulting in hyperbolic, flat or spherical spatial part of the metric of the

four dimensional slice whose radial coordinate is ρ, while Ω2 represents its two sphere. Transverse

to this slicing we have the radial coordinate r and the five sphere Ω5.

The RR 4-form turns out to be

F = − 4

L
(1 + ∗)V ol(AdS5) , (2.23)

whereas the RR potential is given, after a straightforward integration in the r variable, by

C4 =

(

1 − r4

L4

)

ρ2

(1 + κ
4L2 ρ2)3

dt ∧ dρ ∧ dΩ2 , (2.24)

where we have set the integration constant to 1.

Up to this point we have just changed variables in the AdS5 × S5 metric, and the reader

can reasonably argue that this cannot change the resulting physics. But the crucial point is

that now the probe with time-like coordinate η and spatial polar coordinates (ξ,Ξ2) will be

embedded along the new coordinates t = η, ρ = ξ and Ω2 = Ξ2, at a time-dependent position

r(η),Ω5(η) in transverse space. Note that even if the metric is the same as before written in

different variables, the embedding of the probe differs from the one described in the previous

section, and it will give rise to different physics as measured for the observer on the brane.

The induced metric will now be

ds2i = −
[

κ+
r2

L2
− r′2

κ+ r2

L2

− L2Ω′2
5

]

dη2 +
r2

L2(1 + κ
4L2 ξ2)2

(

dξ2 + ξ2dΞ2

2

)

, (2.25)

and can be used to write DBI action as

S = −T3V3

∫

dη
r3

L3

√

κ+
r2

L2
− r′2

κ+ r2

L2

− L2Ω′2
5

+ qT3V3

∫

dη

(

1 − r4

L4

)

, (2.26)

where again a prime (′) denotes derivative with respect to η. Following the same procedure as

in the previous paragraphs we find

Ω′
5 =

l

L(q(C − 1) + U)

(

κ+
r2

L2

)

, r′2 = −V , (2.27)

and

V = −
(

κ+
r2

L2

)2 [

1 − 1

(q(C − 1) + U)2

(

κ+
r2

L2

)(

l2 +
r6

L6

)]

. (2.28)
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With this in hand, we can now investigate the form of the orbits for non-vanishing κ, for

which we proceed as follows: first note that

r′2 ∝ U2 − κl2 − l2
r2

L2
− 2qU

r4

L4
− κ

r6

L6
. (2.29)

This is a cubic polynomial in the variable r2/L2, that is positive in the allowed regions and

whose real roots will coincide with the bouncing points. The number of real roots is related to

the cubic discriminant of this expression being positive for three real roots and negative for one

real root.

For negative κ, we take the r2/L2 → ∞ limit of the above expression to find r′2 ∼ −κr6/L6 >

0, meaning that the infinite is part of the allowed region. Conversely, at r = 0 we have r′2 ∝
U2 − κl2 > 0 and the slope of the polynomial −l2 < 0, meaning that when the discriminant is

positive we will necessarily have two positive roots, and then two bouncing points. We conclude

that for negative discriminant all orbits are unbounded and without bouncing point (i.e. the

probe will eventually hit the stack) while for positive discriminant there are “inner” orbits hitting

the stack and with an outer bouncing point and “outer” orbits coming from infinity, bouncing

at some fixed radius rb and then going back to infinity.

For positive κ at infinity we find r ∼ −κr6/L6 < 0, implying that all orbits are bounded,

and then there always exists an outer bouncing point. On the other hand, for q = −1 and

4U2 − 3κl2 > 0 there are two zero slope points in the positive r2/L2 axis, meaning that when

the discriminant is positive there is also an inner bouncing point. In this last case we also have

an inner bouncing point, implying that all orbits are bounded and the probe will never hit the

stack.

Even if the explicit expression of the cubic discriminant is not very enlighting, it can be

checked that it is positive for large enough angular momentum, and we will assume this in what

follows. Whenever we need an explicit lower bound for l we will use the expression (2.19) for

the case of zero curvature as an estimation of it.

The conclusion is that for large enough angular momentum, when κ < 0 the probe moves

coming from infinity up to some finite distance to the origin rb and then goes to back infinity. On

the other hand, when κ > 0, q = −1 there is an additional outer bouncing point preventing the

probe to go too far from the origin. This result can be translated into the familiar statement that

positive curvature universes will expand up to some finite scale parameter and then contract,

while negative curvature ones expand forever.

What kind of cosmological evolution would we get with this modified scenario? To answer

that we change variables in the above induced metric (2.25) to get

ds2i = −dt2 +
a(t)

(1 + κ
4L2 ξ2)2

(dξ2 + ξ2dΞ2

2) , (2.30)

where again the scale factor is given by a = r/L and the proper time has been defined according
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to

dη

dt
=
L3(q(C − 1) + U)

r3
(

κ+ r2

L2

) . (2.31)

Note that now our cosmological model is specified giving two continuous l, U and one discrete

κ dimensionless parameters, where as expected κ parameterize the spatial three dimensional

curvature of the slice.

The same numerical analysis as before shows that the number of e-folds is again ridiculously

small.

3 Cosmology on the D3 probe as a realistic scenario

In the previous section we described the cosmology experienced by an observer living in the

wondering brane as it follows its orbit around the stack of D3-branes at the bottom of the

throat. It is assumed that at some point, the orbits reaches the top of the throat and moves into

the CY space to which the throat is glued. The motion is completely described by the energy

E and angular momentum l of the orbit, the depth of the throat L (or equivalently the number

of branes in the stack) and the sign of the embedding κ.

The natural question is: can we choose these free parameters of our model so as to have a

realistic cosmology in the probe brane? And if we can, then the next step is: how much is the

fine tunning is needed on these parameters?

3.1 Early Time Cosmology

As we have found in the previous sections, our cosmological model passes through an inflationary

era, but it is very short and it only provides an small amount of inflation N ≤ 0.7. Is this reason

enough to rule it out? To answer that, we must give a closer look to the naturalness problems

that originally inspire inflationary scenarios, to see if they are or not present in our slingshot

model.

To gain intuition in the behavior of the scale factor, it is now convenient to calculate the

Hubble constant H2 = ȧ2/a2 and write Hubble equation

H2 = − 1

L2

[

κ

a2
+

2qU

a4
+
l2

a6
+
κl2 − U2

a8

]

. (3.1)

we see here that mirage matter behaves like a curvature term, a radiation term and some higher

order terms depending on energy and angular momentum.

Horizon problem In the previous sections we have established that for large enough angular

momentum the orbits described by the probe have a bouncing point. When this condition is

satisfied, the probe brane never reach the origin r = 0 where the scale factor a = h−1/4 vanishes.

Then we realize that in the brane slingshot scenario there is no singularity and consequently

12



there is no horizon problem. A different way to say that is to note that since there is no big

bang, the universe has had time enough to reach any desired degree of homogeneity.

Flatness Problem In our model, the spatial curvature should not be thought of as an initial

condition that should have to be fine tuned at small scale parameter in order to have the observed

small value today, but as a function of our orbital parameters U, l, κ specifying the orbit and the

embedding of the probe brane. However it is important to see whether these parameter have to

be fine tuned or not in order to obtain phenomenologically acceptable results.

First we fix some value for the scale parameter a at which to compare with observations.

We suppose that our equations well approximate the Universe evolution at least up to the

big bang nucleosyntheses scale aBBN , which provide the earliest constraint on the curvature.

Since current cosmological observations are mapped up to that time using standard cosmological

model, we have to assume that after that time our probe brane will evolve according to the usual

cosmological scenario. To that end, we need to ensure a radiation dominated evolution after

BBN, and we immediately see as a first requirement from (3.1) that qU must be negative, what

can only be satisfied for probe branes q = −1. Moreover need that terms of order higher than

four in a−1 are negligible, i.e.

H2 ≃ 1

L2

[

− κ

a2
+

2U

a4

]

a ≥ aBBN . (3.2)

Now, if we consider the observational curvature constraint at BBN (chosing κ = +1) we have

1/(a2H2|a=aBBN
) ≤ 10−8L2 implying that that the scale aBBN must satisfy

a2

BBN ≤ 2 × 10−8 U , (3.3)

which in turn implies that the curvature term in negligible is (3.2) and the universe is radiation

dominated.

In order to match with the standard BBN at the time in which the particle bath is at

temperature of ∼ 1 MeV and all nuclear species are in equilibrium, apart from the achieved

evolution of the Hubble constant as a−4, we need its magnitude to be [22]

5.5 × 10−21MeV = H ≃
√

2U

a2

BBNL
. (3.4)

The equality (3.4) together with (3.3) put the following constraint on the energy and AdS length

L
√
U & 1028MeV−1 , (3.5)

or equivalently, using (2.4)

l2s(Ngs)
1
2U & 5 × 1035MeV−2 . (3.6)

This is the first observational constraint in the parameters of our model.
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Still we have to check that the approximation (3.2) is a good approximation of (3.1) from

a = aBBN when the above constraint is satisfied. For that, a sufficient condition is that the a−4

term in hubble equation dominates over the a−6 and the later dominates over the a−8 term.

This translates into

l ≪ 2 × 10−4U . (3.7)

The conlusion is that observational constraints in the curvature are enforced in our model by

(3.6),(3.7). Note that, as can be seen in Fig.3, even satisfying both constraints (3.6),(3.7) we

still having an enormous region of parameter space in which to make our choice, and in this

sense the fine tuning problem is relaxed.

3.2 Density Perturbations

In order to proceed with explicit calculations we will need some simplifications. The non rela-

tivistic approximation implies that h(r′2 + r2Ω′2) ≪ 1. Now we have from (2.7)

h(r′2 + r2Ω′2
5 ) = 1 − 1

h2 (q(C − 1) + U)2
≪ 1 , (3.8)

where in our case h = L4/r4, C = 1 − 1/h and q = −1. The function in the left hand side of

the inequality is always decreasing so if at the bouncing rb this inequality is fulfilled, the non

relativistic approximation is obtained. One can easily find that there is a sufficient condition

l4 − 9U3 ≫ 0 , (3.9)

Again, as can be seen in Fig.3, this constraint is only slightly more stringent than those we

found before, and a big region of parameter space still at hand.

With this approximation the calculations can be made explicit and we will be able to find

the power spectrum for the cosmological perturbations. We will suppose as usual that the grav-

itational perturbations, in our case produced by quantum fluctuations of the brane embedding,

will be straightforwardly passed to the matter fields.

Power Spectrum We are interested in the spectrum of the scalar fluctuations of the gravi-

tational field around its classical value. A straightforward way is to allow the embedding fields

r,Ω5 to depend on all brane coordinates i.e. r = r(η, xi), Ω5 = Ω5(η, x
i). Then the induced

metric turns out to be

ds2i = −
(

r2

L2
− L2r′2

r2
− L2Ω′2

5

)

dη2 +

(

r2

L2
δij +

L2∂ir∂jr

r2
+ L2∂iΩ5∂jΩ5

)

dxidxj+

+ 2

(

L2r′∂ir

r2
+ L2Ω5

′∂iΩ5

)

dηdxi , (3.10)

According to standard results [24] the Bardeen potentials to linear order in derivatives are

Φ = −δr
r
, Ψ = −Φ . (3.11)
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It is generally assumed that the present power spectrum of scalar fluctuations in the CMB

as meassured at WMAP has been produced by quantum fluctuations in the early universe.

The usual way to calculate this spectrum is to quantize the appropriate fields and canonically

normalize them. After that, the quantum amplitudes are taken as an initial conditions for a

classical evolution up to present. The details of the quantum to classical transition are subtle,

and its explanation would necessarily include some kind of decoherence mechanism or “collapse

of the wave function” as analyzed in [23]. We will simply assume that such mechanism exists

and that it is in agreement with the above described picture.

We will first describe the classical dynamics of the perturbation on the probe D3, expanding

the DBI action up to quadratic order in derivatives [24]. Since we are looking for perturbations

around a time dependent background, this expansion corresponds to the nonrelativistic limit

explained above plus the assumption that perturbations are small. The resulting action is

S = −T3

2

∫

d4x

(

∂µr∂
µr + r2∂µΩ5∂

µΩ5 + 2(1 + q)
r4

L4
− 2q

)

(3.12)

where the metric and the integral measure are the flat Minkowskian ones. Note that, since we

have imposed the condition q = −1 the potential term vanishes. This is the quadratic system

describing our D3-brane universe.

The equations of motion, which follows from the action (3.12) are

∂µ∂µr = r∂µΩ5∂
µΩ5 , ∂µ(r2∂µΩ5) = 0 . (3.13)

For the unperturbed motion of the probe we have r = r(η),Ω5 = Ω5(η) so that

r′′ − rΩ′2
5 = 0 , (r2Ω′

5)
′ = 0 , (3.14)

and the conserved first integrals of this system are

r′2 +
l2L2

r2
= 2U , r2Ω′

5 = lL , (3.15)

where we have related them with the angular momentum and energy of the corresponding

relativisitic problem as can be easily obtained by expanding (2.7) up to quadratic order in time

derivatives.

The solution to eq.(3.14) is then

r =

√

2U η2 +
l2L2

2U
, Ω5 = arctan

(

2U

lL
η

)

, (3.16)

where a constant of integration has been fixed by requiring that at η = 0 the probe is at the

turning point rb = lL/
√

2U . The induced metric on the probe in the non-relativistic limit turns

out then to be

ds2 =
(2U

L2
η2 +

l2

2U

)2
(

− dη2 + d~x 2

)

, (3.17)
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where η is the conformal time and clearly represents a bouncing universe. At very early and

late times (η → ±∞) we have a radiation dominated universe, while the initial singularity is

avoided as the universe has minimal “radius” rb.

Since the system will experience fluctuations around its background solution, we write r+δr

and Ω5 + δΩ and expand the action up to second order in δr, δΩ getting

S = −T3

2

∫ (

(∂µδr)
2 + δr2(∂µΩ5)

2 + 4r δr ∂µΩ5∂
µδΩ + r2(∂µδΩ)2

)

.

By using the background solution eq.(3.16) and after Fourier transforming the quadratic action

for the fluctuations is written as

S =
T3

2

∫ (

δr′2k + r2δΩ′2
k −

(

k2 − Ω′2
5

)

δr2k − r2k2δΩ2

k + 4rΩ′
5 δΩ

′
kδrk

)

.

The equations of motion for the perturbations turn out then to be

d

dη

(

r2δΩ′
k +

2lL

r
δrk

)

+ r2k2δΩk = 0 , (3.18)

δr′′k +

(

k2 − l2L2

r4

)

δrk − 2lL

r
δΩ′

k = 0 , (3.19)

where eq.(3.15) has been used. A first integral of these equations can be found as the energy

associated to the above action

δek =
T3

2

(

δr′
2

k + r2δΩ′2
k +

(

k2 − l2L2

r4

)

δr2k + r2k2δΩ2

k

)

, (3.20)

so that the corresponding potential is

V =
T3

2

((

k2 − l2L2

r4

)

δr2k + r2k2δΩ2

k

)

. (3.21)

For k > lL/r2 the system clearly oscillates. However, k < lL/r2 (for sufficiently small δΩk), we

will see that the δrk perturbations grow immediately after they are created. It can be easily

verified by using the background equations of motion that r′′/r = l2L2/r4 thus lL/r2 ≃ aH,

implying that the oscilating modes are sub-horizon modes, while the growing ones are super-

horizon. The system of equations can be easily solved for rδΩk ≪ δrk, and one can check that

for sub- and super-horizon modes (i.e. k ≫ aH and k ≪ aH) this approximation is valid.

For sub-horizon modes substituting δΩ′
k from the second equation (3.19) to the first, it is

possible to see that δΩk = 0 is a good approximation whenever k ≫ lL/r2 ≃ aH. On the other

hand, in the case of super-horizon modes (k ≪ lL/r2 ≃ aH) eq.(3.19) turns out to be

δr′′k −
4U2l2L2

(4U2η2 + l2L2)2
δrk = 0 (3.22)

and the corresponding solution is

δrk = Ck r , (3.23)

16



1 2 3 4 5 6

2

4

6

8

10

Figure 2: Numerical integration of eqs.(5.14) for (k, l, U) = (0.002, 25, 3) and initial conditions δr(0) =
0, δr′(0) = 1, δΩ(0) = 0, δΩ′(0) = 0.1. The continuous line is δr(η) and δΩ(η) is the dashed line. Indeed,
δΩ remains zero, while δr evolves linearly (as long as k < 2lL/r).

where Ck a constant of integration. In this case, this solution, together with δΩk = 0, is an

approximate solution at k ≪ lL/r2. This approximate solutions are also verified numerically,

see Fig.2.

Since super-horizon modes behave like harmonic oscillators, upon canonical quantization in

the Heisenberg picture we have that they are written as

δrk =
1√
2k

(

ak + a†−k

)

(3.24)

where ak, a
†
k are the (time-depended) annihilation and creation operators. The initial condition

is given assuming that modes were in their vacuum state in the far past, such that the initial

conditions are

ak(−∞)|0k〉 = 0 (3.25)

implying

〈Φ†
kΦk〉 =

〈δr†kδrk〉
r2

=
1

2kr2
(3.26)

A given mode will behave quantum mechanically as long as there is no “collapse of the wave

function” ocurring. It will stay in its initial state |0k〉, even if as time evolves the potential

(3.21) changes and then |0k〉 is not the vacuum anymore. The key assumption that is ussually

made is that, at some point of the cosmological evolution, the wavefunction collapses and then

the mode begins to behave classically. We will keep this assumption here, but we will choose

the time at which this collapse happens differently: instead of the usual horizon crossing, we

will suppose that it happens when the proper wavelength of the mode becomes larger that the

string scale a/k ≥ ls. This is the mechanism proposed in [25] to produce a flat power spectrum

without inflation. There, the fundamental scale was connected to a GUT scale, whereas here it

is related to the string scale.
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Then we can say that classical modes are created at the time η∗ when their proper wavelength

reaches the string scale a(η∗) ≡ a∗ = kls. Those surviving up to the present have constant

amplitude, i.e. are super-horizon modes that satisfy have k < J/r2∗ ≃ a∗H∗. Then, the power

spectrum for these perturbations at time η is

P =
1

2π2

|δrk|2
r2

=
1

2π2

|δr∗k(η∗)|2
r2∗

(3.27)

where, extrapolating back in time at the creation of these modes, we have used the fact that for

k < lL/r2 eq.(3.23) holds. Then, we get an exact scale invariant spectrum

P =
2πg2

s l
2
s

L2

1

k3
(3.28)

due to the fact that

|δr∗k|2 =
1

2k
, r∗ = La∗ = Lkls . (3.29)

In this way we have gone around the general arguments of [27] about the spectrum of bouncing

cosmologies. Recalling (2.4) and (1.6) the observed amplitude of the power spectrum is obtained

for

2πg2
s l

2
s

L2
=

√

g3
s

πN
≃ 10−10 (3.30)

from where we get that

N ≃ 1020g3

s . (3.31)

If this mechanism should be applied to the observed power spectrum, an obvious constraint

is that all density perturbations inside the present cosmological horizon of 1028cm should be

born after the bouncing. In other words we have a∗ > ab, implying

ls
1028cm

a0 >
l√
2U

. (3.32)

where a0 = r0/L is the scale factor today, and r0 is the value of the r variable. Then we se that

this is just a constraint in the present position of the brane universe on the CY.

Regarding this mechanism to produce perturbations, there are two potentially controversial

issues that should be mentioned.

The first one concerns the generation of the density perturbation as has been criticized [26].

Namely, it looks unnatural that we have modes with wavelength λ > ls and ls < r2/lL. It

seems that there is a length shorter than the fundamental scale ls! However, ls corresponds to

a ten dimensional fundamental scale, and it is not incompatible with a shorter distance in four

dimensional as long as we have large internal dimensions. This is in accordance with the large

dimensions idea, which has been proposed to explain the hierarchy of scales.
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The second also appears in [26]. The scale factor a∗ where the fluctuations, corresponding

to the present horizon 1028cm were frozen, had the value

a∗ =
ls

1028cm
a0 . (3.33)

With a radiation density today ρr ≃ 10−35gr/cm3, we get that the radiation density at the

moment t∗ was

ρ∗ ≃ ρ0

(

a0

a∗

)4

= 10−17M4

p

(cm

ls

)4
. (3.34)

Demanding that the four dimensional curvature is small, so as to keep the validity of classical

gravity, we should have GNρ∗ ≪ M2
p . Since our warped throat is glued into a compact CY

space, we can say that local gravity is realized in the usual fashion of the Randall-Sundrum two

brane scenario [28]. In this picture, ten dimensional graviton wave function has a non-trivial

dependence on the radial direction. This results in a time dependent Newtonian constant of

the effective four dimensional theory as seen for the observer in the brane. In particular, in the

adiabatic approximation, GN ∼ a(t)2/M2
p . Then we get that

GNρ∗ ≃ 10−73M2

p

(cm

ls

)2
(3.35)

Thus, for ls ≫ 10−36cm we have indeed, GNρ(η∗) ≪M2
p .

Note that here we are assuming that our brane reaches the top of the throat and enters the

CY at some point after BBN. In this region, the warping will no longer be important and local

gravity will dominate mirage effects smoothly making the evolution of the Universe standard.

Only at this point constraints on the time variation of the Newtonian constant become relevant.

3.3 Compatibility of constraints and aproximations

There is now a number of immediately potential problems of the present cosmological proposal,

which we would like to discuss. All along the previous sections we have established many

constraints whose compatibility should in principle be checked.

1. We did our calculations assuming that we are in the supergravity regime, i.e.

gs ≪ 1 , gsN ≫ 1 . (3.36)

2. We disregarded backreaction of the probe and any matter living on it on the supergravity

background, meaning N ≫ 1.

3. The degrees of freedom of the probe brane where described in terms of its embedding

fields, whose dynamics is controlled by the DBI action (1.5). This in turn implies that the

probe brane never approach the stack, so that the open string modes related to the strings

extending between them are always massive r ≫ ls
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4. In section 2.2 we studied the form of the orbits and, in order to have a turning point, we

impose the constraint

l4 − 8U3 > 0 . (3.37)

5. In section 3.1 we found that, in order to solve the flatness problem, we need to enforce two

conditions. The first, to get the observed value of the spatial curvature, reads

l2s(Ngs)
1
2U & 5 × 1035MeV−2 , (3.38)

while the second, to ensure standard radiation-like behaviour after BBN, entails

l ≪ 2 × 10−4U . (3.39)

6. The calculations of section 3.2 are valid when the nonrelativistic approximation is satisfied

l4 − 9U3 ≫ 0 , (3.40)

and they are phenomenologically acceptable when the right magnitude of the power spec-

trum is obtained

2πg2
s l

2
s

L2
=

√

g3
s

πN
≃ 10−10 (3.41)

and all wavelengths up to the observed cosmological horizon of 1028cm are included

ls
1028cm

a0 >
l√
2U

. (3.42)

To cross-check all these assumptions, we note that conditions (3.36) and (3.41) are indepen-

dent of the orbital parameters, and that they are compatible iff

10−5 ≪ gs ≪ 1 , (3.43)

in accordance with a weakly coupled theory. Moreover, backreaction can be neglected as long

as N ≫ 1, which is perfectly compatible with the supergravity approximation. Then 1. is

compatible with 2.

Next we concentrate in those that contain only energy U and angular momentum l, namely

(3.37),(3.39) and (3.40). Since the nonrelativistic approximation (3.40) is stronger than the

bouncing condition (3.37), we can keep the first as a sufficient condition. It is compatible with

20



(3.39) (that arises when we discarded higher orders in Hubble equation) in the dashed region of

Fig.3. Moreover this imply as necessary conditions

U > 5 × 5.65 × 1015 , l > 1.3 × 1012 . (3.44)

Then in that region 4. , 5. and 6. can be satisfied simultaneously.

Condition (3.38) relates E and Ngs and using (3.44) it provides a further lower bound in

Ngs namely

Ngs > 0.78 × 1040
1

l4sMeV4
or N ≫ 1016 (3.45)

(where in the last inequality we assumed a TeV scale scenario) again in agreement with the

supergravity approximation (3.36), and the non-backreaction one N ≫ 1 what makes 1. and 2.

compatible with 4., 5. and 6.

Regarding condition 3. it is ensured when rb ≫ ls, that can be refrased as l4gsN ≫ 4U2.

For gsN large enough this is satisfied in the dashed region of Fig.3. This makes 3. consistent

with the rest.

Finally, condition (3.32) provides a lower bound for the present value r0 of our radial variable

r

r0 ≫ L (3.46)

supporting our assumption that after BBN the brane has left the throat. This is compatible

with the rest of the constraints.

Then we have prooved that the allowed region of parameter space is large enough, not

requiring too much fine tunning to achieve phenomenologically relevant results.

4 Non-Gaussianity and red-shift in the spectral index

In the previous section, we found an exactly flat (ns = 1) power spectrum for the perturbations.

Nevertheless, accordingly to WMAP measurements, the observed spectral index is slightly red-

shifted ns ≃ .95. Moreover, the warped conifold geometry was replaced by the simpler AdS5×S5

metric, which is not realistic form the point of view of string compactifications. In this section,

we will show that both problems are closely related and in fact, using the resolved conifold

Keblanov-Strassler (KS) solution for the throat metric, the resulting spectrum has a slight non-

Gaussianity.

4.1 Orbits in the Klebanov-Strassler throat

Let us consider here a D3-brane probe moving in the background of a warped throat region in

a CY compactification of type IIB string theory. Instead of approximating the throat with the

conifold geometry with a large number of D3 branes on its tip, we will resolve the singularity
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Figure 3: The allowed region in l, U parameter space is marked on gray. The drawn curves represent the
constrains imposed in order to have a bounce and to solve the flatness probem, as well as the validity region of
the nonrelativistic approximation.

using the Klebanov-Strassler (KS) warped deformed conifold. In it, the tip of the conifold

has been blown-up, and the stack of D3-branes has dissapeared, leaving in its place a regular

geometry. In this case the metric (1.1) has a transverse part given by the KS [29] geometry

ds2⊥=
ǫ4/3K

2

(

1

3K3

[

dτ2+(g5)2
]

+cosh2

(τ

2

)

[

(g3)2+(g4)2
]

+sinh2

(τ

2

)

[

(g1)2+(g2)2
]

)

(4.1)

Here ǫ is the resolution parameter, resolving the tip of the cone, and K is a function of the

“radial” variable r given by

K(τ) =
(sinh(2τ) − 2τ)1/3

21/3 sinh τ
, (4.2)

In the conventions of [29], we have

g1 =
e1 − e3√

2
, g2 =

e2 − e4√
2

,

g3 =
e1 + e3√

2
, g4 =

e2 + e4√
2

g5 = e5,

where, in terms of the angular coordinates ψ in the range from 0 to 4π and (θ1, φ1) and (θ2, φ2)

which parameterize two S2’s,

e1 = − sin θ1dφ1, e2 = dθ1

e3 = cosψ sin θ2dφ2 − sinψdθ2

e4 = sinψ sin θ2dφ2 + cosψdθ2 (4.3)

e5 = dψ + cos θ1dφ1 + cos θ2dφ2 .
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The warping factor h is given by

h(τ) = 22/3µ2ǫ−8/3I(τ) (4.4)

where

I(τ) =

∫ ∞

τ
dx
x coth x− 1

sinh2 x
(sinh(2τ) − 2τ)1/3 , (4.5)

where µ = (gsMα′). The small and large τ regions in the KS background are easily found by

recalling that

I(τ) ∼ .71805 + O(τ2) , K(τ) ∼
(

2

3

)1/3

+ O(τ2) , small τ (4.6)

I(τ) ∼ 3 × 2−1/3

(

τ − 1

4

)

e−
4τ
3 , K(τ) ∼ 21/3e−

τ
3 , large τ (4.7)

The motion of the probe D3-brane in this background is described by the DBI action. With

(η, ξi) the probe coordinates, we embedd if at fixed constant values for the angular coordinates

θ2, φ2, ψ and θ1 = π/2 (such that their corresponding equations to be satisfied) and along

t = η, xi = ξi, resulting in the degrees of freedom τ = τ(η), φ1 = φ1(η). Then the induced

metric is

ds2i = −h−1/2

(

1 − ǫ4/3h

6K(τ)2
τ ′2 − ǫ4/3h

4
cosh τK(τ)φ′21

)

dη2 + h−1/2d~xd~x (4.8)

Then, the DBI action turns out to be

SBI = −m
∫

dη





1

h

√

1− ǫ4/3h

6K(τ)2
τ ′2 − ǫ4/3h

4
cosh τK(τ)φ′21− q

(

1 − 1

h

)



 (4.9)

To leading order in the non-relativistic limit (low-velocity expansion) we have

SBI = −m
∫

dη

(

ǫ4/3

12K(τ)2
τ ′2 +

ǫ4/3

8
cosh τK(τ)φ′21

)

(4.10)

In terms of the brane proper time t defined similarly to (2.9), which in the small velocity limit

turns out to be dt/dη = h−1/4, the DBI action is written as

SBI = −m
∫

dth−1/4

(

ǫ4/3

12K(τ)2
τ̇2 +

ǫ4/3

8
cosh(τ)K(τ) φ̇1

2

)

(4.11)

where now dot represents derivative with respect to proper time t. For this system, the conserved

energy is

E − 1 =
ǫ4/3

12h1/4K(τ)2

(

τ̇2 +
3

2
cosh τ K(τ) φ̇1

2

)

(4.12)

as well as the angular momentum l

l/
√
µ =

ǫ4/3 cosh τ K(τ) φ̇1

4h1/4
(4.13)
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from where we get that

τ̇2 =
12h1/4K(τ)2U

ǫ4/3
− 24h1/2K(τ)l2/µ

ǫ8/3 cosh τ
(4.14)

Recalling now that the induced metric on the probe D3-brane takes the FRW form with scale

factor (2.11), we get that the acceleration is

ä = τ̇
∂

∂τ

(

τ̇
∂h−1/4

∂τ

)

(4.15)

We should note that for small τ , the mirage cosmology is very simple as

a(t) = a0 + O(t2) , a0 = const. (4.16)

due to Eq.(4.6). For large τ on the other hand we get that

τ̇2 = 4 · 23/435/4ǫ−2µ1/2U

(

τ − 1

4

)1/4

e−τ − 48 · 61/2ǫ−4l2µ

(

τ − 1

4

)1/2

e−2τ

whereas for the acceleration we find

ä =
16 · 22/3ǫ−10/3

3(4τ − 1)

[

− e−2
τ
3 ǫ2(2τ2 − τ − 10)U +

+ 2 · 61/4l2µ−1/2(4τ − 1)1/4(8τ2 − 10τ − 7)e−5
τ
3

]

(4.17)

We see that there are two contributions to the acceleration. The first one, proportional to the

energy E − 1 enters with a negative contribution and so it leads to deceleration. The second

contribution is due to angular momentum l with a positive sign and tends to accelerate the

probe. These terms are competitive and may lead to an acceleration period as long as the

angular momentum dominates the energy. However, at the end energy always dominates (as it

is multiplied by a factor e−2τ/3 whereas the angular momentum is multiplied by a factor e−5τ/3)

leading to a final deceleration epoch.

For large τ , the KS metric after appropriate change of coordinates simplies to the Klebanov-

Tseytlin metric

ds2 =
r2

L2
√

log(r/rs)
dx2

|| +
L2
√

log(r/rs)

r2
dr2 + L2

√

ln(r/rs)ds
2

T1,1 (4.18)

where ds2
T1,1 is the metric on the T

1,1 manifold.

4.2 Perturbations and a red-shifted spectral index

In the non-relativistic limit, the DBI action turns out to be then

S = − 1

2(2π)3l4sg
2
s

∫

d4x
(

∂µr∂
µr + r2∂µφ1∂

µφ1

)

(4.19)
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Figure 4: The two real branches of the Lambert W-function which satisfies z = W (z)eW (z). W0 is the continuous
line and W−1 is the dashed line.

In this case, it is not difficult to see that in the r ≫ rs so that we are far form the singularity

at r = rs, the Bardeen potentials are

Φ = −δr
r
, Ψ = −Φ (4.20)

From these last two equations, we deduce that the analysis of section 3.2 is valid and the power

spectrum of density perturbations is given as in eq.(3.27) by

P =
1

2π2
|Φ|2 =

1

2π2

|δrk(η∗)|2
r(η∗)2

(4.21)

In the present case, the scale factor is given by

a(η∗) =
r(η∗)

L
(

log(r(η∗)/rs)
)1/4

(4.22)

and we should impose the condition a(η∗) = kls, which is explicitly written as

r(η∗)

L
(

log(r(η∗)/rs)
)1/4

= kls (4.23)

at the time η∗ where the density perturbations were born. The real solution of the above equation

turns out to be

r(η∗) = rs exp

[

−1

4
W−1

(

− r4s
4L4k4l4s

)]

for
r4s

4L4k4l4s
≤ e−1 (4.24)

where W−1(x) is the second real branch of Lambert W-function, a plot of which is given in

Fig.(4). Thus, the power spectrum is given by

P = 8π3l4sg
2

s

1

kr2s
exp

[

−1

2
W

(

− r4s
4L4k4l4s

)]

(4.25)
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Recalling that

W−1(x) = ln(−x) − ln
(

− ln(−x)
)

+ ... for x→ 0− (4.26)

we get for rc ≪
√

2Lkls

r(η∗) ≈
√

2Lkls

[

ln

(

4L4k4l4s
r4s

)]1/4

(4.27)

Thus, the power spectrum turns out to be

P ≈ 4π3l2sg
2
s

L2

[

ln

(

4L4k4l4s
r4s

)]−1/2
1

k3
. (4.28)

By defining the spectral index as n− 1 = d ln(k3P )/d ln k, we find that

n = 1 − 1

2 ln
(√

2Lkls/rs

) (4.29)

which is a running spectral index with

dn

d ln k
=

1

2
[

ln
(√

2Lkls/rs

)]2
(4.30)

5 Conclusions and outlook

The model we have constructed in the previous sections is depicted in Fig.5. The probeD3-brane

universe moves around the bottom of a warped throat in a CY, following an orbit which has a

turning point, due to the nonvanishing value of the angular momentum. We assumed that most

of the early cosmological evolution is dominated by mirage effect eq.(3.1), and that it behaves

like a radiation-dominated universe at least from BBN. At some point after BBN, this mirage

evolution is smoothly joined to a standard four dimensional scenario driven by local gravity.

From the ten dimensional point of view, this may correspond to the probe brane reaching the

edge of the throat and entering into the CY.

The observer living in the brane feels a cosmology with a pre-big bang contracting era while

the brane is in the ingoing part of the orbit, preceding a bounce at the turning point, which is

then followed by an expansion era in the outgoing branch. For an small amount of time after

the bounce the expansion is accelerated, but this acceleration do not lasts enough to provide

an phenomenologically viable inflationary scenario. Nevertheless we found that we can achive

most of the problems present in standard non-inflationary cosmology and generate a nearly flat

spectrum for the perturbations.

Since there is no big bang, the horizon problem si no present. Regarding flatness, we proved

that for a big region on parameter space Fig.3, we obtain small enough curvature term at BBN.

The perturbation spectrum was calculated using the non-inflationary proposal of Hollands and

Wald [25], resulting in a nearly flat slightly red spectrum, in agreement with WMAP data [1].
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Figure 5: The cosmological slingshot model: the probe brane follows an open orbit in the throat background.
It comes from a pre-bounce contracting past in the lower branch of the orbit, then reaches the turning point in
which we have a cosmological bounce, and then expands. The early expansion epoch is dominated by mirage
terms. At BBN we math it with standard cosmology by demanding that mirage density goes like a radiation
term. Soon after BBN, local gravity contribution to the motion become relevant before formation of structure
beguns, while the brane leaves the throat region hitting the CY.

We argued that the drawbacks of this proposal that have been pointed out in [26] can be settled

in this higher dimensional scenario.
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