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1. Some motivations to string models
and “Climbing Phase”

The Standard Model gives precise description
of particle physics in laboratories.

Lack of the origin of Yukawa couplings
-> No understanding on the flavor structure

Lack of the gravitational interaction
-> Impossible to describe cosmological phenomena
(possible at classical level by including gravity
and additional fields (dark matter and inflaton ...)




Quantum field theory --> “String Theory”

Geometrical understandings on Yukawa couplings
-> the complicated flavor structure may be come
from rather simple geometry (including D-brane
configurations)

Natural inclusion of the gravitational interaction and
the matter beyond the Standard Model
-> natural descriptions or understandings of the
cosmology may be possible

Here, we think “String Theory” as a tool to describe physics
not “Theory of Everything”.
(Surely, the quantum field theory has been a good tool.)
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Unfortunately, “String Theory” is not well-constructed
as that for the quantum field theory.

We do not have a complete model which include
the Standard Model and satisfactory describes
particle physics in laboratories.

How can we have predictions of “String Theory” to
the cosmology, especially to the cosmological phenomena
on which physics at very high energies plays important role?

What only we can do at present is
listing up possible predictions

under some reasonable assumptions,
and check them by observations.




“Climbing phase” is a possible prediction
of “String Theory” under the following assumptions.

* Non-SUSY string models with so called “brane SUSY
breaking”, or KKLT scenario with SUSY breaking uplifts.
-> exponential-type potentials for moduli fields

» Tadpoles (NS-NS) can be considered perturbatively.
(exponential-type potentials give linear terms.)

» String loop corrections are small.
( 9s corrections are small.)

* The effects of higher derivative terms are small.
( o’ corrections are small.)




2. “Brane supersymmetry breaking” and
“Climbing Phase”

Charges of D-branes and O-planes (Orientifold fixed planes)

Cancelation of RR charges -> anomaly free
Cancelation of tension -> supersymmetry i




Example 1 : type | superstring theory

type | = type |IB + orientifold projection + 32 D9-branes,
namely,
a system of 32 D9-brane and an O9_-plane.

D9 09,

Both tension and RR charges are canceled out.

A consistent theory:
10D N=1 SUSY SO(32) gauge theory with gravity.



Example 2 : Sugimoto model

a system of 32 anti-D9-brane and an O9_-plane.

anti-D9 O9_

RR charges are canceled out, but not for tensions.

A consistent theory:
10D non-SUSY Sp(32) gauge theory with gravity
(no tachyonic states).

“Brane SUSY Breaking”



There is a tadpole for dilaton ¢ in this model.

1 10___1 2 (6,2 %_igbz
Rl s B
This exponential potential includes
. . atadpole term—3xZ, - 32Ty¢, which
1, = Y™ (1:24)"3" | indicates that the present vacuum
. ) is not a solution of “String Theory”.

We simply assume that tadpole can
be considered perturbatively.

Make a compactification (dimensional reduction)
keeping only overall breathing mode:

10 o — o0
9511) = €017, 9,%/0) = e gfflu)



S4

Effective action in four-dimensional space-time:

= L [ ae = [r - @07 - (00,

We have an exponential potential for a moduli field.

Remember the value of its logarithmic slope v6 .
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“Climbing Phase”

Start with a simple action

S = /d4x¢fg _%R - %(8@2 — V(cb)_

with metric
ds? = —e?BE)ge? 4 240 gx . dx.
Take a convenient gauge to solve equations of motion:

M2 :
V(p)e2B = 2o M IS some s_cale
2 in the potential



With the redefinitions

3 3
TZM\@& 902\[5% A = 34,

we have equations of motion

dA dy :

d do\? | do\2| 1 oV
14+ (=2 14+ (=2 -
dT\/ " (dT) T <d7‘> 2V 0y
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Consider the solutions of the second equation with

V — TGQWSO .
The value of v = 1 corresponds to
the logarithmic slope /g .

. J

We can expect two types of solutions from
“Big-Bang singularity’q = e/2 =0at 7 =0 .

50 4 ‘

-‘ j descending

solutions
climbing p=+ooat 7 =0

solutions
o =—o0at 7™=20 |
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For 0 < v < 1, both two types of the solutions are allowed.

1

1
T lncosh(g\/l — ~2)

“climbing solutions”
1
In Sinh(%\/l — ¥?)

“descending solutions”

© = Pg - . lncosh(%\/l—%)

For~ > 1, only climbing solutions are allowed.
“Climbing Phenomena”

1 2
g0:900+§ln7' CL’ for v =1,

1 T 1 T

© = $0 fy_|_11nsin(§\/fyz—1) 7_11ncos(§\/72—1), for v > 1.
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The reason of “climbing phenomena”

®/ descending
: J solutions

climbing »] inversion
solutions

llllllllllllllll

There is an asymptotic attractor solution with “velocity”
dp g

dr VI—7

Since the “velocities” of descending solutions approach to
this “limiting velocity” from the above, they must disappear
fory>1. 5




Remember that a 4D compactification of Sugimoto
model gives the system with v =1 .

Although there is no guarantee that “climbing phenomena’

IS always realized in the present class of string models,
we can imagine that climbing solutions are realized,
or the system is in “climbing phase”.

Many kinds of corrections ( gs corrections,

o' corrections, for example) might destroy
“climbing phenomena’, but there are possibilities
that some solutions with climbing up the potential

survive and realize in Nature.

“Climbing phase” gives some imprints in CMB?
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3. KKLT scenario and “climbing phenomena”

Consider typellB theory with flux compactification.

Assume that all the complex structure moduli and dilaton
are stabilized by the effect of the flux, and assume that
only an overall Kahler moduli remains to be stabilized.

Superpotential and Kahler potential for the moduli field:
W=Wy+ae ", K=-3In(T+T)

/N N\

“non-SUSY flux” non-perturbative effect three complex space dimensions
of the compact space.

2
_ Dy ’ . .
The real part of / = Vs Z\/; U is stabilized
with anti-de Sitter vacuum. .



Consider F-term uplift potential with SUSY breaking
to obtain small cosmological constant

V = V- ___ = Vp H{=e V0%
F (T +T) F—|—8€

1 1 1
S = /d4flf\/ —(g iR — 5(5’<I>t)2 — 5

22 |
e Vs TH(90)? — V (P, 0)

Again, we obtain an exponential potential with
critical logarithmic slope.

It is difficult to rigorously proof “climbing phenomena”
in this complicated non-linear system,
but we can find climbing solutions, namely,
“climbing phase” is possible in this system.

18



1.3xm-“—||

1.x 1013

8. x 10125

6. %1012+

4.x 10124

2.%x 107124

“dynamical moduli stabilization?”

KKLT
anti-de Sitter
potential

for ;.

!

4.3
42
4.1

3

— (Dt .

) 4.0-
3.9-

T T T .{ T \I T T T T T T T T T 1
7

---------------

log of the tiny well

potential

-30

-40 -

T 5r\(\A'A?A\M

19



4. “Climbing phase” and CMB

S = /d‘*:c\/fg %R — %(%)Q - Vi(g)|.

| V:MZB\/&b

l()—- M2
Additional exponential . V = 5 (e\/&b )
potential with small - 1

logarithmic slope for ¢- / V= NG

slow-roll inflation
The inversion point in climbing
X solutions do not give enough
number of e-folds.
I4 ' —l3 ' —l_’ | -1 ' 0 ' i

¢

“Climbing phenomena” are not ruined by additional potential
(descending solutions are forbidden). 20
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Numerically solve background field equations
(equations of motion for ¢ and scale factor a)
as well as the equation for fluctuations:

Mukhanov-Sasaki equation (Z _ g@)
. , . d2 d i H dt
d d k Z Z
- H— A - H-— )| Sr(k:t) = 0.
A2 At @ 2 (dt? dt)_ r(k;t)

The initial conditions for background fields and fluctuations
are set at enough early time with kinetic energy dominance.

» Use approximate analytic solutions of background fields:
“climbing solution” for smaller logarithmic slopes
(an integration constant: ¢)

* Use an approximate analytic solution for S% Iin case of
the above background.




The primordial power spectrum is given by

k® Sk (k;nus)|?

PR(k) — 27_‘_2 Z(nLS)Q

n : conformal time (adn = dt)
nrs : comformal time at the last scattering

The CMB multipole coefficient for [ < 30 is given by

4w > dk

C) = 9 /. ?PR(k){jl(k(ﬁo—ﬁLs))}z-

No : comformal time at present
(77() — LS — 3296/H())
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The power spectrum for scalar perturbations

Pg(k)
207 attractor
__/(slow roll) Smooth convergence
151 to the slow-roll spectra
1.0 B
I Oscillational behavior
0.5} IS not important
for observables.
k
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Suppression of large-scale perturbations
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Smooth convergence to the slow-roll spectra
IS a characteristic feature of “climbing phase”. 25




Suppression of large scale perturbations is observable?

Pg (k)

2.0 When the scale
— . - —1

i HO

15}

exited the horizon?
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Suppression of CMB multipole coefficients for small |

Change in scalar multipole coefficients
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5. Summary

e Some comments on String Cosmology
(We need to impose reasonable assumptions.)

* Appearances of exponential potentials in
the systems with “brane supersymmetry breaking”
(also in KKLT scenario)

e “Climbing Phenomena” and “Climbing Phase”
((inevitable) climbing up the potential from Big-Bang)

* A characteristic shape of the power spectra in
“climbing phase” and suppressions of large-scale
perturbations (a prediction of String Theory?)
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