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String inflation

Inflation = accelerated expansion

a>0

m solves Standard Big Bang

O > Model problems

WMAP & predicts scale-invariant CMB
radiation spectrum

10743 — 107345 m supported by WMAP
I — } t satellite observations
Inflation CMB

Very early Universe physics was described by a Grand Unified Theory.

String Theory is a candidate — does it contain (predict) inflation ?
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String inflation

A promising start:  String Theory contains lots of scalar fields,
essential for the inflationary mechanism.

A challenging task: Does one field ¢ (or several, ¢1,¢2...) have
a suitable potential?

What kind of scalar fields?

m Coupling constants are determined by field
VEV's, e.g. dilaton g5 = e®.

m The stringy Universe has (at least) 10
dimensions.

m There are lowerdimensional hypersurfaces
(Dp branes, p: # of spatial dimensions).
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String inflation

A promising start:  String Theory contains lots of scalar fields,
essential for the inflationary mechanism.

A challenging task: Does one field ¢ (or several, ¢1,¢2...) have
a suitable potential?

What kind of scalar fields?

m Coupling constants are determined by field
VEV's, e.g. dilaton g5 = e®.

m The stringy Universe has (at least) 10
dimensions.

m There are lowerdimensional hypersurfaces

(Dp branes, p: # of spatial dimensions).
n
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String inflation

String Inflation

closed string mode
e.g. moduli
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String inflation

String Inflation

closed string mode
e.g. moduli

open string mode
e.g. brane position

y3
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String inflation

String Inflation Brane Inflation
closed string mode D3 — D3 inflation
e.g. moduli in warped geometry
open string mode D3 — D7 inflation
e.g. brane position

D(p + 3) wrapped
on a p-cycle
ys v r
n
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String inflation

String Inflation Brane Inflation
closed string mode D3 — D3 inflation
e.g. moduli in warped geometry
open string mode D3 — D7 inflation

e.g. brane position

on a p-cycle

\ D(p + 3) wrapped

Kachru, Kallosh, Linde,
V3 r Maldacena, McAllister,
Trivedi (2003)

i
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Perturbation:

Inflation occurs while a brane moves
towards an anti-brane in a 6d "warped throat’

p

MANY UNIVERSES IN ONE

labi-Yau space.
membrane, or simply a “brane.” siting a th tp of a spike (what physiistscal

/
a"throat

Handie
<
CalbiYuspace SR

Candelas & de la Ossa (1990)




KKLMMT

ds?, = h—1/2ds? + h1/2ds?

D3 brane

extra dim's
"warped throat”

Inflaton is renormalized distance:
¢=+Tzr

1

)

Potential from warp factor h ~ =:

V(¢) =M* |1 <g)4

T3: brane tension
M, p: model parameters
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KKLMMT

ds?, = h—1/2ds? + h1/2ds?

D3 brane

extra dim's
"warped throat”

Inflaton is renormalized distance:

0=\Tsr

Potential from warp factor h ~ 4:
V($) = M* [1 <”)4
¢
14v/m*
T3: brane tension é/u

M, p: model parameters
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KKLMMT

ds?) = h=1/2dsZ + h'/2ds2

D3 brane

extra dim's
"warped throat”

Inflaton is renormalized distance:

0=VTsr

Potential from warp factor h ~ =:

V(®) =M [1- (g)

T3: brane tension branes collide — reheating
M, p: model parameters

Brandenberger, Frey & Lorenz arXiv:071

Tachyon entropy perturbations



KKLMMT nd of KKLMMT Perturbation:

In the CMB, we observe perturba-

background evolution: tions around this background:
8t G
= = H ¢ = ¢o+ 60
¢+3Hp+Vy = 0

Comoving curvature perturbation R:

b _ HVy(6.)
p ?

¢« field value when observable scales k left Hubble radius

with V(¢) = M* [l — (%)4} R =

R must match COBE normalisation: R ~ 107>
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KKLMMT nd of KKLMMT Perturbation:

In the CMB, we observe perturba-

background evolution: tions around this background:
8t G
= = H ¢ = ¢o+ 60
¢+3Hp+Vy = 0

Comoving curvature perturbation R:

3 _ HVy(0.)

with V(¢) = M* [1 _ (5)4] :
P ®2

R =

¢« field value when observable scales k left horizon
R must match COBE normalisation: R ~ 1072

Hence COBE fixes the scale of inflation, here M!

For this normalization, R must not change for k/a — 0 !
" primary perturbations”
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End of KKLMMT

deformed conifold 7 ~ 9

simple conifold r ~ ¢

Is: string length
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Zoom on the bottom
of the throat

When proper brane
distance approaches /s:

m Deformation:
"new” field ¢ ~ In ¢

m Tachyon appears:
two fields at play!

T.v

Study two fields’ evolu-
tion in early reheating:

¢ < ¢strg
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End of KKLMMT

"inflaton” ¢, tachyon T

potential driving inflation:

V() = M* [1 - (g)?

valid up to Pgirg
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End of KKLMMT

"inflaton” ¢, tachyon T

potential driving inflation:

V() = M [1 - (g)?

valid up to Pgirg

switch fields ¢ — ¢ ~ In¢
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End of KKLMMT

"inflaton” ¢, tachyon T

potential driving inflation: potential during reheating:
4
vioy =1~ (¢)] Vo T) = (2 + ) T°
—_————

valid up to ¢strg " waterfall point”

switch fields ¢ — ¥ ~ In¢ T starts rolling when ¢ = 954y =

myg : local string scale

ms
Amgs”
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End of KKLMMT

"inflaton” ¢, tachyon T

potential driving inflation: potential during reheating:
4
vioy =1~ (¢)] Vo T) = (2 + ) T°
—_————

valid up to ¢strg " waterfall point”

switch fields ¢ — ¢ ~ In ¢ T starts rolling when ¢ = e = %.

myg : local string scale

1. "heir" of the inflaton field
initial values are set by @strg, Pstrg

T: waterfall field of hybrid inflation
starts at rest, with small offset Ty
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End of KKLMMT

reheating potential: V ~ 1 (—m? + 4rgyy?) T2

TH+3HT+Vr = 0 neglect friction term
G+ 3Hy+V, = Vr = (—mi +4ng)®) T
8rG
—)p = H?
3
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End of KKLMMT

reheating potential: V ~ 1 (—m? + 4rgyy?) T2

TH+3HT+Vr = 0 neglect friction term
V4+3HY+V, = 0 VT:(—m§+4;»gﬁ{)T
8rG
—)p = H?
3

solution: T(t) = Toexp(mst)
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End of KKLMMT

reheating potential: V ~ 1 (—m? + 4rgyy?) T2

T+3HT+Vy = 0
Y+3HY+V, = 0
8 G
22, = H?

3
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neglect friction term

\N/T:(—m§+ﬁ£gs/uf{)T

solution: T(t) = Toexp(mst)

no further acceleration b/c
\N/qr/J ~ 27g, TZ1) small

¢ ~In ¢ - ¢Strg ~ qgstrg/d)strg

Gstrg from slow-roll
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End of KKLMMT

reheating potential: V ~ 1 (—m2 + 4rgap?) T2

T+3HT+Vr = neglect friction term
V4+3HY+V, = 0 — VT:(—mf-JrW{)T
81 G
—, = H?
3

. . solution: T(t) = Tgexp(mst)
T = ms T increases and catches

up to ¢ until mg Teq = ¢strg-

: . no further acceleration b/c

To Teq T Vy = 2mg, T2¢ small
Phase | ¥~ NG = Yotrg ~ Dotrg/ Pstre
T < Ysirg q@strg from slow-roll
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Perturbations

Describe perturbations using comoving curvature R = dp/p:

R=HEY

H a2

V: longitudinal metric fluctuation, ds? = (1 + 2W¥)dt? — 2%(1 — 2V)dx?

Gordon et al. (2001)
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Perturbations

Describe perturbations using comoving curvature R = §p/p:

R— HEK
R = H a2 v Gordon et al. (2001)

V: longitudinal metric fluctuation, ds? = (1 4 2W)dt? — 2%(1 — 2V¥)dx?

in single field inflation: R — const. when
~107°

hence COBE normalization R ~ H(;d)
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Perturbations

Describe perturbations using comoving curvature R:

D __ H K2 2H v,
R=HEG_2V, 55

Gordon et al. (2001)
V: longitudinal metric fluctuation, ds? = (1 + 2W¥)dt? — 2%(1 — 2V)dx?

in single field inflation: R — const. when
in two field inflation: on large scales, R sourced by ds !

normalization to COBE affected!
" secondary perturbations”

¢:  "adiabatic” field velocity
ds:  "entropy fluctuation” 1L o
Vs: "entropy potential” gradient
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Perturbations

Study the growth of ds: [Gordon et al. (2001)] s o
. . K2 ~ V2 0 K2
03+ 3H3s + (5 + Vs + 3% ) s = 505w

where
RN
- YTy R~ 2 7,55
Ve = £~TT—2T¢V¢,T+—V¢¢
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Perturbations

Study the growth of Js:

03+ 3H0s + (4 + Vs + 35 ) 05 = ;1250

[Gordon et al. (2001)]

where
G = A/T2+4?
_—_— ﬂ'N T -~
Ve = 5 V- UV¢
. j? T T2
Vs = :f— TT_2_¢V¢T+—V¢;¢
. V2
0s 4+ 3Hds + V55+3_—52 0s ~ 0
g
—_——
:mgntropy

Brandenberger, Frey & Lorenz arXiv:0712.2178

Tachyon entropy perturbations in brane inflation



: .\ |Vss|
exponential growth: Vg < 0, W2/ 68 >1

2
Need m, ¢ opy < O for

Phase |: catch up A
To< T < Teq
2
Vs
Ves

J

Frey & Lorenz arXi
erturbations in br

Brandenberg
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Perturbations

Need mgntmpy < 0 for exponential growth: Ve < 0 V|

’ 3v2/6? >1

Phase |: catch up
To< T < Teq

Gy —

J
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Perturbations

Need mgntmpy < 0 for exponential growth: Ve < 0 [Vss >1

32 /52

o
Phase |: catch up
To< T < Teq

&Y d:\/?%/}2

s~ VT Vs = ;
L . 2
s ~ V11 Vs = U_

Vel . _4° .

Ve w1 +5z Ve
growth while
T < Teq/V3! Toq = ——2
. _J

recall: V ~ 1 (—m? + 4mgop?) T2
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Perturbations

Need mgntmpy < 0 for exponential growth: Vs < 0 Vel o~ 1

32 /52
( )
Phase |: catch up
To< T < Teq
o~ 11[) o = \/ T2 + '@[.12
5 ~ T Vs - ; VT - ; Vw
. - P2 - Y
s =~ V7T Ves = 52 Vrr — 27
. : T2 .
VSS ~ 2 —_—
3\J752/(|}2 ~ 3n:éT2 >1 + &2 Vi
growth while ;
T < Teq/\/§ ! Teq = —'l/Jstrg
_ y, mg

recall: V ~ 1 (—m? + 4mgop?) T2
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Perturbations

Need mgntmpy < 0 for exponential growth: Vs < 0 Vel o~ 1

32 /52

o
Phase |: catch up
To< T < Teq

&Y d:\/?%/}2

s~ VT VS = ;
L . 2
s ~ V11 Vs = U_

Vel . _4° .

Ve w1 +5z Ve
growth while
T < Teq/V3! Toq = ——2
& J

recall: V ~ 1 (—m? + 4mgop?) T2
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Perturbations

ds grows while Tp < T < T\Iq/\/§, neglect friction:

entropy

85 + m? ds~0
N—_——

2

~—m

Solution: , same as tachyon! T(t) = Tgexp (mst)
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Perturbations

ds grows while Tp < T < TC(]/\/§, neglect friction:

entropy

85 + m? ds~0
N—_——

2

~—m

Solution: , same as tachyon! T(t) = Tgexp (mst)
Induced growth of R on large scales:

. 2H - 2H
R~ = VSCSS% —m3T55
g 1,)2 i
Total growth from integrating away:
H 6s
AR~ — —°
mg TO

Initial values given by the same quantum fluctuations: dsg/To ~ O(1)
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Perturbations

R = %P AR ~ mﬂfs?so H/mg determines impact of secondary
s 0 .
primary secondary perturbations!
AR < R: COBE normalization as usual
AR~ Ror AR>R: normalization to secondary perturbations
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Perturbations

R=9
14

primary

AR ~ H %

ms To
secondary

AR < R:

AR~Ror AR > R:

How to determine H/m?

Functions of background geometry:

Q

2h81/2

Brandenberger, Frey & Lorenz arXiv:0712.2178

H/mg determines impact of secondary
perturbations!

COBE normalization as usual

normalization to secondary perturbations

o' ~ I2, Is: string length
T3: brane tension
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Perturbations

R = %P AR ~ mﬂfs?so H/mg determines impact of secondary
s 0 .
primary secondary perturbations!
AR <K R COBE normalization as usual
AR~ Ror AR>R: normalization to secondary perturbations
. r —
How to determine H/m? v o=V Tsr

Functions of background geometry:

| o fo
op1/2
2 0

Ms = o \J
H2 ~ 81G :ﬁl\/l4 -

32 ) 3 v: "size" of tip

4

M+ = M o' ~ I2, I;: string length

v 2 g leng

T3: brane tension
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Perturbations

Example: parameters of the original KKLMMT proposal
T3~ 1073m}), g = 0.1, o/ m?, ~ 6.4, N = 160, v = 16/27

The resulting secondary perturbation amplitude is

Secondary perturbations of same order as primary ones!

m COBE normalization is affected (compare "curvaton” scenario).
m Issue can be worse for other parameter sets.

m Calculation found a lower limit.
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Caveats

Caveats

m Inter-brane potential is a toy model! v )
Baumann et al. (2007)
V() more likely of "inflection-point” type. 0]

m Slow-roll for original inflaton ¢ used until ¢girg.
Could be fast-rolling or oscillating at bottom.

m Canonic kinetic terms: fields & velocities below local string scale.

m Need Ty < Toq to trigger effect.
If V(¢) has an inflection point, T is very massive at waterfall point
and is deflected from equilibrium only slightly later.
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Conclusions

Conclusions

m D3 — D3 inflation ends when tachyon appears (brane annihilation).
m Tachyon T and ex-inflaton v generate entropy perturbations Js.
m s grows exponentially for a certain range To < T < Tgq.

It follows that

m Induced secondary perturbations AR can be as important as primary
ones R = dp/p. = COBE normalization different?

m Issue present over a wide range of parameter space.

Outlook

m Toy model, lots of simplifications to eliminate!
m Potential V(&) should be different, initial tachyon offset To?
m Interaction with second order effects.
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