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Collaborators
• Reheating in D-brane inflation:

D.Chialva, GS, B. Underwood

• Non-Gaussianities in CMB:

X.Chen, M. Huang, S. Kachru, GS

• DBI Inflation in Warped Throats:

S.Kecskemeti, J.Maiden, GS, B.Underwood



Two popular themes in String Phenomenology:

Construct realistic particle physics models: 

Landscape (statistics, wave function, swampland, ...):               

Not enough (realistic) vacua    

Too many vacua.    

String theory: great scenario generator!

SUSY, brane world, ...





... in the year 1BC 



... in the year 1BC 



... in the year 1BC LHC



WMAP3

Strong and growing evidence
 for inflation



Goals and Motivation

Construct & study well motivated inflationary 
scenarios (incorporate SM, reheating, ...)

Look for distinctive observational signatures

Building realistic models

Many interesting possibilities 
with branes and fluxes



Brane Inflation
Dvali and Tye

Animation by A. Miller

[Burgess, Majumdar, Nolte, Quevedo, Rajesh, Zhang];[Dvali, Shafi, Solganik],
[Kachru, Kallosh, Linde, Maldacena, McAllister, Trivedi] and many others.

DD Inflation



Brane Inflation

Is this scenario viable/robust?

e.g., number of e-folds, reheating, ...

Observational signatures/constraints?

e.g., cosmic strings (Tye’s talk), non-
Gaussianities, ... 

Model building?

constraints on compactification geometry?



Hierarchies from fluxes 

5
UV

AdS
IR

e.g., Klebanov, Strassler

“warped deformed conifold”

Giddings, Kachru, Polchinski
...

Warped Throats

S
3

size e
−

K
Mgs

↔

Strong dynamics scale



Warped Reheating

• Accommodate different hierarchies.

• Cosmic strings spatially separated from SM 
branes: not susceptible to breakage.

• Reheating via tunneling is efficient, can avoid 
overproduction of gravitational waves.

Barnaby, Burgess, Cline
Kofman and Yi
Chialva, Shiu, Underwood
Frey, Mazumdar, Myers
Chen and Tye
Langfelder
...

Reheating by DD annihilation       Shiu, Tye, Wasserman    



A Cartoon of Reheating

Annihilation
Massive Closed Strings

Gravitons

KK modes

Excite SMTunneling

Decay

Sen; Lambert, Liu, Maldacena; ..



Warped Reheating

• Production rate, interaction cross sections 
among KK modes enhanced relative to gravitons.

• For moderate warping of inflationary throat, KK 
preferably tunnel rather than decay to gravitons. 
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c.f. Dimopoulos, Kachru, Kaloper, Lawrence, Silverstein



Is brane inflation robust?

Silverstein, Tong;
Alishahiha, Silverstein, Tong

DBI

Slow-roll

e.g., KKLMMT, ...

Helps flatten the potential Casual speed limit



• Derivative terms sum to a DBI action:

• Casual speed limit:

• Slow-roll + DBI : inflation is robust    Shandera & Tye

warp factor

D3
D3

Relativistic even when      is small.φ̇

S = −

∫

d4x a3(t)

[

T (φ)
√

1 − φ̇2/T (φ) + V (φ) − T (φ)

]

T (φ) = T3h
4(φ)

φ̇2 ≤ T (φ)

γ =
1

√

1 − φ̇2/T (φ)



Non-Gaussianities



Non-Gaussianities

• Power spectrum:

• Bi-spectrum contain much richer info:

size ~         and shape.

• Slow-roll: full functional form derived in      

• DBI inflation for  

Non-Gaussianities

• Primordial power spectrum:

〈ζk1
ζk2

〉 ∼ δ3(k1 + k2)
P ζ

k

k3
1

• Non-Gaussianity contains potentially more info because of its shape:

〈ζk1
ζk2

ζk3
〉 = (2π)3δ3(k1 + k2 + k3)F(k1,k2,k3)

• Scaling and symmetries imply that F(k1,k2,k3) is a symmetric, homo-

geneous function of degree −6.

• Primordial non-Gaussianities come from cubic terms of the gauge

invariant perturbations.

Non-Gaussianities

• Primordial power spectrum:
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ζk2
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k3
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• Non-Gaussianity contains potentially more info because of its shape:

〈ζk1
ζk2

ζk3
〉 = (2π)3δ3(k1 + k2 + k3)F(k1,k2,k3)

• Scaling and symmetries imply that F(k1,k2,k3) is a symmetric, homo-

geneous function of degree −6.

• Primordial non-Gaussianities come from cubic terms of the gauge

invariant perturbations.

Maldacena 02
Acquaviva et al 02

γ >> 1 :

fNL

fNL ∼ O(ε)

fNL ∼ 0.32γ2

Alishahiha, Silverstein, Tong
Chen
Chen, Huang, Kachru, GS



Non-GaussianitiesNon-Gaussianities

• For a general single field Lagrangian:

L(φ, X) where X =
1

2
gµν∂µφ∂νφ

• Bi-spectrum depends on 5 parameters: [Chen, Huang, Kachru, GS]

c2s =
L,X

L,X + 2XL,XX
λ/Σ =

X2L,XX + 2
3X3L,XXX

XL,X + 2X2L,XX

and slow variation parameters:

ε = −
Ḣ

H2

η =
ε̇

εH
,

s =
ċs

csH
.

≡

1

γ2
for DBI



Shape of Non-Gaussianities

F(k1,k2,k3) = (2π)4(P ζ
k )2
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and K = k1 + k2 + k3, Σ = XP,X + 2X2P,XX, λ = X2P,XX + 2
3X3P,XXX.



Correction Terms

• Solution to the quadratic part of the action:

uk(y) → −
√

π

2
√

2

H
√

εcs

1

k3/2
(1 +

ε

2
+

s

2
) eiπ

2
(ε+ η

2
) y3/2H(1)

3

2
+ε+ η

2
+ s

2

((1 + ε + s)y)

where y ≡
csk

aH

• Slowly-varying parameters H, cs, λ and ε

f(τ) ≈ f(τK)

→ f(τK) −
∂f

∂t

1

HK
ln

τ

τK
+ O(ε2f)

• The scale factor

a ≈ −
1

HKτ

→ −
1

HKτ
−

ε

HKτ
+

ε

HKτ
ln(τ/τK) + O(ε2)



Final Results

F(k1,k2,k3) = (2π)4(P̃ ζ
K)2

1
∏

i k3
i

× (Aλ + Ac + Ao + Aε + Aη + As)

Aλ =

(

1

c2s
− 1 −

λ

Σ
[2 − (3 − 2c1)l]

)

K

3k2
1k2

2k2
3

2K3
,

Ac =

(

1

c2s
− 1

)

K



−
1

K

∑

i>j

k2
i k2

j +
1

2K2

∑

i#=j

k2
i k3

j +
1

8

∑

i

k3
i



 ,

Ao =

(

1

c2s
− 1 −

2λ

Σ

)

K

(

εFλε + ηFλη + sFλs

)

+

(

1

c2s
− 1

)

K

(εFcε + ηFcη + sFcs) ,

Aε = ε



−
1

8

∑

i

k3
i +

1

8

∑

i#=j

kik
2
j +

1

K

∑

i>j

k2
i k2

j



 ,

Aη = η

(

1

8

∑

i

k3
i

)

,

As = sFs .



Experimental BoundExperimental Bound

• WMAP ansatz for the primordial non-Gaussianities

ζ(x) = ζg(x) −
3

5
fNL(ζg(x)

2 − 〈ζ2
g (x)〉

here ζg(x) is purely Gaussian with vanishing three point functions.

• The size of non-Gaussianities is measured by the parameter fNL in the

above ansatz. Current experimental bound (from WMAP3) is

−54 < fNL < 114 at 95% C.L.

Future experiments can eventually reach the sensitivity of fNL <∼ 20

(WMAP) and fNL <∼ 5 (PLANCK).

• However, the experimental bound depends on the shape of F(k1,k2,k3).

Creminelli, Nicolis, Senatore, Tegmark, and Zaldarriaga



• Due to the symmetry and scaling property of F(k1,k2,k3), all info
about the shape can be viewed by plotting [Babich, Creminelli, Zaldarriaga]

F(1, k2, k3)k
2
2k2

3

• For the WMAP ansatz:

F(k1,k2,k3) ∼ fNL
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Slow Roll ShapesSlow Roll Shapes

The relevant shapes are F(k1, k2, k3) ∼ 1
∏

i k3
i
A(k1, k2, k3) where
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Consistency Condition
Consisteny Relation for Non-Gaussianities

Maldacena

• In the ”squeeze triangle limit”: one momentum mode is much smaller

than the other two:

k3 ! k1, k2 k1 ∼ −k2

• During inflation, the comoving Hubble scale decreases with time. The

long wavelength mode k3 crosses the horizon much earlier than the

other two modes k1, k2.

• After horizon crossing, the long wavelength mode k3 acts as background

whose effect is to introduce a time variation at which k1,2 cross the

horizon.

〈ζk1
ζk2

ζk3
〉 ∼ 〈ζk3

ζ-k3
〉

d

d ln k1
〈ζk1

ζk2
〉 ∼ (ns − 1)

1

k3
1

1

k3
3

Maldacena



DBI ShapeDBI Limit

• Non-Gaussianities are generically quite large

fNL ∼
1

c2s
∼ γ2

• The shape of non-Gaussianities vanishes in the squeeze triangle limit

k3 " k1, k2, as required by Maldacena’s consistency relation:

F(k1, k2, k3)k
3
1k3

3 ∼ ns − 1

This contradicts that the non-Gaussianities are large, unless the shape

vanishes in the squeeze limit.



• The shape of non-Gaussianities for DBI inflation
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• Peak at the equilateral triangle limit and vanishes in the squeeze limit.

• If non-Gaussianities of this shape is measured, gives interesting con-

straint on m2φ2 term and in turn 4-cycles of CY.

[Baumann, Dymarsky, Klebanov, Maldacena, McAllister, and Murugan]

Also: [Berg, Haack, Kors]

|fNL| ≤ 300



More ShapesMore Shapes

Not realized in D-brane inflation. Similar to the DBI inflation but with an

opposite sign.
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Confronting Data

might be the so-called Hubble slow-roll parameter set [18], which does not actually

rely on the assumption of slow-roll in its definition. Instead, these parameters are

defined entirely in terms of the Hubble scale H(φ) and its derivatives. These pa-

rameters reduce to the usual slow-roll expressions in the slow-roll limit. However,

a generalization of these parameters is needed to include the DBI effect. We shall

introduce the corresponding inflationary parameters that are suitable here. We call

them the DBI parameters. The analysis here follows closely that in Ref.[19, 11].

We define expressions for the cosmological observables in terms of the Hubble

parameter H, including factors of γ to allow for relativistic-roll scenarios. First we

introduce the inflationary parameter εD (where the subscript D refers to DBI) as

given by [11]
ä

a
= H2(1− εD) (2.14)

For inflation to occur 0 < εD < 1, so this is a good expansion parameter for observa-

tional quantities measured Ne e-folds back from the end of inflation. By definition,

inflation ends when εD = 1. Having defined εD, the introduction of the other Hubble

parameters follows naturally. We also need parameters to account for the variation

of γ with φ. At first-order, we need the following three parameters

εD ≡
2M2

p

γ

(
H ′(φ)

H(φ)

)2

(2.15)

ηD ≡
2M2

p

γ

(
H ′′(φ)

H(φ)

)

κD ≡
2M2

p

γ

(
H ′

H

γ′

γ

)

We may define two additional parameters,

ξD ≡
4M4

p

γ2

(
H ′(φ)H ′′′(φ)

H2(φ)

)
(2.16)

ρD ≡
2M2

p

γ

(
γ′′

γ

)

although we will see that these combinations only show up in derivatives of the first

three. We will therefore consider only εD, ηD, κD and their derivatives. We see that

the presence of 1/γ in εD and the other parameters is the underlying reason why

relativistic-roll inflation can generate enough e-folds.

Recall the usual slow-roll parameters:

ηSR ≡ M2
p

V ′′

V
(2.17)

εSR ≡
M2

p

2

(
V ′

V

)2
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containing only derivatives (εN , ηN , κN) will also vanish, and so in fact ns − 1 = 0

to all orders in this expansion in the ultra-relativistic approximation.

The tensor mode spectral density, to first order, is given by

Ph =
2H2

M2
p π2

(2.31)

and the corresponding tensor index:

nt − 1 ≡ d ln Ph

d ln k
(2.32)

≈ −2εD

1− εD − κD

This is non-vanishing even in the ultra-relativistic case. The ratio of power in tensor

modes versus scalar modes is

r =
16εD

γ
(2.33)

To keep r ! 0.5, we would like γ to increase as εD does. However, the non-Gaussianity

bound constrains γ ! 22. This bound can be saturated under certain conditions in

the intermediate regime. In the intermediate regime, it is possible to have εD ∼ 0.2

and γ ∼ 1, so that r exceeds the current bound.

The running of the spectral indices are given by

d ns

d ln k
=

−1

(1− εD − κD)2
(−4εN + 2ηN − 2κN + . . . ) (2.34)

d nt

d ln k
=

−1

(1− εD − κD)2
(−2εN + . . . )

The scalar index running also exactly vanishes in the ultra-relativistic case.

3. Slow-roll and ultra-relativistic limits

We briefly review the key features of the slow-roll and DBI scenarios here, with the

aim of embedding both possibilities in a single framework.

3.1 Slow-roll inflation

For small m, slow roll inflation is applicable. There are two regions of interest. First,

let us consider the case with m % H0. With small φ̇, the inflaton action simplifies

so

S =

∫
d4x a3(t)

[
1

2
φ̇2 − V (φ)

]
(3.1)

With γ & 1, we see that inflationary properties depend only on two parameters,

namely m and V0 in V (φ). (Note that, for the model to be fully justified, φi should

13

fNL ≤ 0.3γ2

where we introduce the derivative of the DBI parameters with respect to the e-fold

number N , e.g., ηN = ηD,N = dηD

dN ,

φ̇

H
ε′D = −εN = εD(2εD − 2ηD + κD) (2.25)

φ̇

H
η′D = −ηN = ηD(εD + κD)− ξD

φ̇

H
κ′

D = −κN = κD(2κD + εD − ηD)− εDρD

Expressing the Hubble scale in conformal time, aHτ(1−εD) = −1, Eq(2.22) becomes

d2uk

dτ 2
+

(
c2
sk

2 − ν2 − 1/4

τ 2

)
uk = 0 (2.26)

where

ν2 =
W

(1− εD)2
+

1

4

Here, ν → 3/2 as the DBI parameters vanish. Since all DBI parameters as well as

H vary much more slowly than a(t), we may take ν to be close to constant, so the

above equation behaves as a Bessel equation. We see that, for aHγ # k, the growing

mode behaves as

|uk|→ 2ν−2 Γ(ν)

Γ(3
2)

1√
k
(kτ)1/2−ν (2.27)

so the spectral density is given by

P1/2
R (k) =

√
k3

2π2
|uk

z
| = 2ν−3/2 Γ(ν)

Γ(3
2)

(1− εD)ν−1/2 H2

2π|φ̇|
|k=aHγ (2.28)

Then the scalar spectral index ns is given by ns − 1 = d lnPR
d ln k measured at k = aHγ.

Since our expressions are functions of φ, we rewrite

d

d ln k
=

1
d ln k

dt

φ̇
d

dφ
=

1

1− εD − κD

φ̇

H

d

dφ
=

−1

1− εD − κD

d

dN
(2.29)

Operating this on PR (2.28), we obtain, keeping up to quadratic terms or equivalent,

ns − 1 =
d lnPR

d ln k
(2.30)

= (1− εD − κD)−1(−4εD + 2ηD − 2κD + 2εN + (4− 2γE − 2 ln 2)νN)

∼ (1 + εD + κD)(−4εD + 2ηD − 2κD) + 2εN + 1.46(2εN − ηN −
κN

2
)

Typically one needs only the first term in this expansion. However, we will see that

in the DBI case the first term exactly vanishes. It will be clear that any terms

12

where we introduce the derivative of the DBI parameters with respect to the e-fold

number N , e.g., ηN = ηD,N = dηD

dN ,

φ̇

H
ε′D = −εN = εD(2εD − 2ηD + κD) (2.25)

φ̇

H
η′D = −ηN = ηD(εD + κD)− ξD

φ̇

H
κ′

D = −κN = κD(2κD + εD − ηD)− εDρD

Expressing the Hubble scale in conformal time, aHτ(1−εD) = −1, Eq(2.22) becomes

d2uk

dτ 2
+

(
c2
sk

2 − ν2 − 1/4

τ 2

)
uk = 0 (2.26)

where

ν2 =
W

(1− εD)2
+

1

4

Here, ν → 3/2 as the DBI parameters vanish. Since all DBI parameters as well as

H vary much more slowly than a(t), we may take ν to be close to constant, so the

above equation behaves as a Bessel equation. We see that, for aHγ # k, the growing

mode behaves as

|uk|→ 2ν−2 Γ(ν)

Γ(3
2)

1√
k
(kτ)1/2−ν (2.27)

so the spectral density is given by

P1/2
R (k) =

√
k3

2π2
|uk

z
| = 2ν−3/2 Γ(ν)

Γ(3
2)

(1− εD)ν−1/2 H2

2π|φ̇|
|k=aHγ (2.28)

Then the scalar spectral index ns is given by ns − 1 = d lnPR
d ln k measured at k = aHγ.

Since our expressions are functions of φ, we rewrite

d

d ln k
=

1
d ln k

dt

φ̇
d

dφ
=

1

1− εD − κD

φ̇

H

d

dφ
=

−1

1− εD − κD

d

dN
(2.29)

Operating this on PR (2.28), we obtain, keeping up to quadratic terms or equivalent,

ns − 1 =
d lnPR

d ln k
(2.30)

= (1− εD − κD)−1(−4εD + 2ηD − 2κD + 2εN + (4− 2γE − 2 ln 2)νN)

∼ (1 + εD + κD)(−4εD + 2ηD − 2κD) + 2εN + 1.46(2εN − ηN −
κN

2
)

Typically one needs only the first term in this expansion. However, we will see that

in the DBI case the first term exactly vanishes. It will be clear that any terms

12

If r saturates the observational bound, 
non-Gaussianity is small.



Warped Deformed Conifold
r=0

r= !

r=constant

Figure 2: Here is a schematic picture of the conifold (dashed line) and the deformed
conifold (solid line). The apex is at r = 0. The conifold is deformed at the tip such
that r = ε is now an S3, where S2 has shrinked to zero. The dashed circle at constant r

represents the base of the conifold which is a T 1,1. For large r, the base of the deformed
conifold asymptotically approaches T 1,1.

Geometrically, the conical singularity of Eq.(3.3) can be removed by replacing

the apex by an S3 [18],

4∑

i=1

w2
i = ε2 (3.8)

where we shall take ε to be real and small. The resulting deformed conifold is illus-

trated in Figure 2 and the corresponding metric is non-trivial. It will be convenient

to work in a diagonal basis of the metric, given by the following basis of 1-forms

[20, 22],

g1 ≡ e1 − e3

√
2

, g2 ≡ e2 − e4

√
2

g3 =
e1 + e3

√
2

, g4 ≡ e2 + e4

√
2

g5 ≡ e5 (3.9)

where

e1 ≡ − sin θ1 dφ1 , e2 ≡ dθ1 ,

e3 ≡ cos ψ sin θ2 dφ2 − sin ψ dθ2 ,

e4 ≡ sin ψ sin θ2 dφ2 + cos ψ dθ2 ,

e5 ≡ dψ + cos θ1 dφ1 + cos θ2 dφ2 (3.10)
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3 Deformation of the Conifold

It was shown in [1] that, to remove the naked singularity found in [2] the conifold

(13) should be replaced by the deformed conifold

4
∑

i=1

z2
i = ε2 , (47)

in which the singularity of the conifold is removed through the blowing-up of the

S3 of T 1,1. We now review the deformed conifold in order to be able to normalize
properly the field strengths and to prepare for a discussion of a new and simple SO(4)

invariant way of writing the field strengths. The 10-d metric of [1] takes the following

form:

ds2
10 = h−1/2(τ)dxndxn + h1/2(τ)ds2

6 , (48)

where ds2
6 is the metric of the deformed conifold (49). This is the same type of “D-

brane” ansatz as (32), but with the conifold replaced by the deformed conifold as the

transverse space.

The metric of the deformed conifold was discussed in some detail in [22, 24, 32].

It is diagonal in the basis (21):

ds2
6 =

1

2
ε4/3K(τ)

[

1

3K3(τ)
(dτ 2 + (g5)2) + cosh2

(τ

2

)

[(g3)2 + (g4)2]

+ sinh2
(τ

2

)

[(g1)2 + (g2)2]

]

, (49)

where

K(τ) =
(sinh(2τ) − 2τ)1/3

21/3 sinh τ
. (50)

For large τ we may introduce another radial coordinate r via

r2 =
3

25/3
ε4/3e2τ/3 , (51)

and in terms of this radial coordinate ds2
6 → dr2 + r2ds2

T 1,1 .

At τ = 0 the angular metric degenerates into

dΩ2
3 =

1

2
ε4/3(2/3)1/3[

1

2
(g5)2 + (g3)2 + (g4)2] , (52)

which is the metric of a round S3 [22, 24]. The additional two directions, correspond-

ing to the S2 fibered over the S3, shrink as

1

8
ε4/3(2/3)1/3τ 2[(g1)2 + (g2)2] . (53)

10

3 Deformation of the Conifold

It was shown in [1] that, to remove the naked singularity found in [2] the conifold

(13) should be replaced by the deformed conifold

4
∑

i=1

z2
i = ε2 , (47)

in which the singularity of the conifold is removed through the blowing-up of the

S3 of T 1,1. We now review the deformed conifold in order to be able to normalize
properly the field strengths and to prepare for a discussion of a new and simple SO(4)

invariant way of writing the field strengths. The 10-d metric of [1] takes the following

form:

ds2
10 = h−1/2(τ)dxndxn + h1/2(τ)ds2

6 , (48)

where ds2
6 is the metric of the deformed conifold (49). This is the same type of “D-

brane” ansatz as (32), but with the conifold replaced by the deformed conifold as the

transverse space.

The metric of the deformed conifold was discussed in some detail in [22, 24, 32].

It is diagonal in the basis (21):

ds2
6 =

1

2
ε4/3K(τ)

[

1

3K3(τ)
(dτ 2 + (g5)2) + cosh2

(τ

2

)

[(g3)2 + (g4)2]

+ sinh2
(τ

2

)

[(g1)2 + (g2)2]

]

, (49)

where

K(τ) =
(sinh(2τ) − 2τ)1/3

21/3 sinh τ
. (50)

For large τ we may introduce another radial coordinate r via

r2 =
3

25/3
ε4/3e2τ/3 , (51)

and in terms of this radial coordinate ds2
6 → dr2 + r2ds2

T 1,1 .

At τ = 0 the angular metric degenerates into

dΩ2
3 =

1

2
ε4/3(2/3)1/3[

1

2
(g5)2 + (g3)2 + (g4)2] , (52)

which is the metric of a round S3 [22, 24]. The additional two directions, correspond-

ing to the S2 fibered over the S3, shrink as

1

8
ε4/3(2/3)1/3τ 2[(g1)2 + (g2)2] . (53)

10

3 Deformation of the Conifold

It was shown in [1] that, to remove the naked singularity found in [2] the conifold

(13) should be replaced by the deformed conifold

4
∑

i=1

z2
i = ε2 , (47)

in which the singularity of the conifold is removed through the blowing-up of the

S3 of T 1,1. We now review the deformed conifold in order to be able to normalize
properly the field strengths and to prepare for a discussion of a new and simple SO(4)

invariant way of writing the field strengths. The 10-d metric of [1] takes the following

form:

ds2
10 = h−1/2(τ)dxndxn + h1/2(τ)ds2

6 , (48)

where ds2
6 is the metric of the deformed conifold (49). This is the same type of “D-

brane” ansatz as (32), but with the conifold replaced by the deformed conifold as the

transverse space.

The metric of the deformed conifold was discussed in some detail in [22, 24, 32].

It is diagonal in the basis (21):

ds2
6 =

1

2
ε4/3K(τ)

[

1

3K3(τ)
(dτ 2 + (g5)2) + cosh2

(τ

2

)

[(g3)2 + (g4)2]

+ sinh2
(τ

2

)

[(g1)2 + (g2)2]

]

, (49)

where

K(τ) =
(sinh(2τ) − 2τ)1/3

21/3 sinh τ
. (50)

For large τ we may introduce another radial coordinate r via

r2 =
3

25/3
ε4/3e2τ/3 , (51)

and in terms of this radial coordinate ds2
6 → dr2 + r2ds2

T 1,1 .

At τ = 0 the angular metric degenerates into

dΩ2
3 =

1

2
ε4/3(2/3)1/3[

1

2
(g5)2 + (g3)2 + (g4)2] , (52)

which is the metric of a round S3 [22, 24]. The additional two directions, correspond-

ing to the S2 fibered over the S3, shrink as

1

8
ε4/3(2/3)1/3τ 2[(g1)2 + (g2)2] . (53)

10

large τ limit of the properly normalized B2, F3 and F5 field strengths agree with their
simpler counterparts of section 2. Also, we can understand precisely the large and

small τ behavior of the warp factor h(τ).

Note that the first three of these equations, (60), form a closed system and need to

be solved first. In fact, these equations imply the self-duality of the complex 3-form

with respect to the metric of the deformed conifold: "6G3 = iG3. The solution is

F (τ) =
sinh τ − τ

2 sinh τ
,

f(τ) =
τ coth τ − 1

2 sinh τ
(cosh τ − 1) ,

k(τ) =
τ coth τ − 1

2 sinh τ
(cosh τ + 1) . (63)

Now that we have solved for the 3-forms on the deformed conifold, the warp factor

may be determined by integrating (61). First we note that

#(τ) = f(1 − F ) + kF =
τ coth τ − 1

4 sinh2 τ
(sinh 2τ − 2τ) . (64)

This behaves as τ 3 for small τ . For large τ we impose, as usual, the boundary

condition that h vanishes. The resulting integral expression for h is

h(τ) = α
22/3

4
I(τ) = (gsMα′)222/3ε−8/3I(τ) , (65)

where

I(τ) ≡
∫ ∞

τ

dx
x coth x − 1

sinh2 x
(sinh(2x) − 2x)1/3 . (66)

We have not succeeded in evaluating this integral in terms of elementary or well-known

special functions, but it is not hard to see that

I(τ → 0) → a0 + O(τ 2) ; I(τ → ∞) → 3 · 2−1/3

(

τ − 1

4

)

e−4τ/3 , (67)

where a0 ≈ 0.71805. This I(τ) is nonsingular at the tip of the deformed conifold

and, from (51), matches the form of the large-τ solution (40). The small τ behavior

follows from the convergence of the integral (65), while at large τ the integrand

becomes ∼ xe−4x/3.

Thus, for small τ the ten-dimensional geometry is approximately R3,1 times the

deformed conifold:

ds2
10 → ε4/3

21/3a1/2

0
gsMα′

dxndxn + a1/2
0 6−1/3(gsMα′)

{

1
2dτ 2 + 1

2(g
5)2 + (g3)2 + (g4)2

+1
4τ

2[(g1)2 + (g2)2]
}

. (68)
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DBI ultra-relativistic region

and
µ = m2

sRhA (6.6)

For the SUGRA approximation to be valid, we require

m2

2
φ2

e < m4
s → m

ms
< λ−1/4 ∼ 10−4 (6.7)

This constraint may be relaxed somewhat. Here we shall not worry about that. Combining
Eqs(6.4,6.7), we find

ms

Mp
> 10−2 (6.8)

Now we have, for non-Gaussianity,

fNL #
(

m

Mp

)2 (
Mp

mshA

)4

# 10−12 1
(Gµs)2

(6.9)

where µs is the cosmic string tension. For Gµs < 10−7, fNL will be too big. So the presence
of large non-Gaussianity implies cosmic strings are absent. This can happen if there is no
anti-D3-brane at the bottom of the throat.

If an anti-D3-brane is at the bottom of the throat, tachyon appears at φt = ms/hA,
which is typically smaller than µ. Also, we like hA > 10−2 so get efficient (re-)heating.
This choice is consistent with the other conditions so far.

So far, we have not yet demanded that the throat must be inside the bulk. For typical
throats that we know, the width of the throat is comparable to its length, i.e., Rw # R. If
that is the case, then we find that

ms

Mp
< λ−3/4 ∼ 10−12 (6.10)

which is clearly incompatible with the condition (6.8). That is, seeing non-Gaussianity
implies that the throat is not a KS throat or any of the Y p,q type. The finite S3 in the KS
throat has an SO(4) symmetry, so one may choose to orbifold it. Generically, we expect
the size of the edge of the throat is R4/p for Zp. For a large enough p, we may relax the
above constraint (6.10).
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5.2 calculating observables

Inflation ends when ε > 1 or when the distance between DD̄ pairs is the string scale α′

this translates to

φE > e
√

α′/RφA (5.10)

ε(φE) ≥ 1 (5.11)

The number of efolds can be achieved by performing numerical integration

Ne(φ) =
∫ φ

φi

H(φ)
φ̇

dφ =
1

2M2
p

∫ φi

φ

H(φ)γ(φ)
H ′(φ)

dφ (5.12)

The program will interpolate at 55 efolds before the end of inflation and calculate all
the parameters at this point, i.e. ε, η, κ, δH .

The power spectrum during the last 55 efold is calculated based on (3.10), where
everything is in terms of inflation parameters. The spectral index is not calculated based
on any analytical formula, but is calculated by doing numerical derivative of the power
spectrum.

6. The Ultra-relativistic Case

In the large γ case, the inflaton mass m is relatively big and one may neglect the other 2
terms in the potential. To compare with that in Ref.[15, 11], let us choose the deformation
to be given by a mass gap,

f−1(φ) = T (φ) =
(φ2 + µ2)2

λ
" µ4

λ
+

2µ2

λ
φ2 (6.1)

where µ measures the deformation and λ ∼ NA. The density perturbation

P (k) ∼ 10−10 =
fV 2

36π2M4
p

=
λ

144π2

(
φ2

i

φ2
i + µ2

)2 (
m

Mp

)4

(6.2)

and

Ne " 55 =
∫

H
dφ

φ̇
=

∫
dφ

Mp

√
fV/3

=
√

λ/6
m

2Mp
ln

[
φ2

i + µ2

φ2
f + µ2

]
(6.3)

so δH " N2
e /
√

λ, yielding
λ " 1017 m

Mp
" 10−6 (6.4)

In terms of the throat length R, the value of the inflaton at the edge of the throat is

φe =
√

T3R " msλ
1/4 (6.5)
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To fit a KS-like throat inside the bulk :
ms

Mp

∼ 10
−12

hA ∼ 10
−1

− 10
−2

NA ∼ 10
14

Zp-     -orbifold the KS-like throat?

M. Alishahiha, E. Silverstein and D. Tong, hep-th/0404084
S. Kecskemeti, J. Maiden, G. Shiu, B. Underwood, hep-th/0605189

Need a long narrow throat :

- other warped throats?



Red or blue tilt in DBI ?

h4(φ) !
(φ2 + b)2

λ
Red tilt

h4(φ) !
φ4

λ
A small blue tilt

KS throat ?

Figure 1: Plotted are the warp factors for different throat geometries as a function of τ : the
long dashed line is an AdS5 geometry, the thick line is the warp factor for a KS throat with a
log-correction as in [8, 3, 23, 21], the thin red line is the mass gap approximation, and the short
dashed line is the exact KS warp factor. Inset: The region near the tip, τ ∼ 0 is enlarged to show
the differences in the warp factors. Notice that the mass gap approximation models the flattening
of the KS warp factor.

different warp factors for small τ : both the mass gap and the KS warp factors5 level out to
a finite value near the tip while the AdS warp factor does not.

While the mass gap warp factor does not satisfy the supergravity equations of motion, we
will use it merely as an analytical tool to investigate the behavior of the more complicated
Klebanov-Strassler throat. Since they share the same qualitative features, we will use the
simpler mass gap for many of our analytic calculations; a brief analysis of the KS throat can
be found in Appendix A where we show that the mass gap solution has the same qualitative
behavior near the tip.

4.1 AdS5 Throat

We will review here the results for DBI inflation in an AdS5 throat [10, 11]. Since the mass
gap warp factor (Eq.(4.12)) looks like AdS (Eq.(4.8)) for large r, one can consider AdS space

5Since the log-corrected warp factor diverges for finite τ one must set the warp factor to a constant at
the tip to accurately model the KS throat.
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cut off at φA



Red or blue tilt in DBI ?

(small) bluered



Tip from the Sky ?

Bret Underwood



Red or blue tilt in DBI-KS ?

red blue

For example, if 

red tilt dominates for KS throat

htip ≥ 10
−2

and Ms ∼ 10
−2

MP



Summary

• Brane inflation is robust: number of e-foldings, 
reheating, ...

• Interesting signatures: can lead to large tensor-
scalar ratio r, or large non-Gaussianities, 
cosmic strings ... 

• Data probe warped geometry.    

      [c.f. talks of Giddings, Hebecker]

Large influx of data from Cosmology + LHC !


