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Key Questions for String Theorists'

e Let us assume that string theory gives a
landscape of supersymmetric and

nonsupersymmetric vacua.

e Of all string theory vacua. why does the

universe end up in a particular vacuum?

® Why only 3 large space dimensions? Why not a
10—D supersymmetric vacuum?

e Do we need some version of the Anthropic
Principle?

® A framework to answer some of these questions
> Spontaneous Creation of the Universe
: Creation of a deSitter spacetime from nothing

(no elassical spacetime).
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» Let us assume that string theory gives a
landscape of supersymmetric and
nonsupersymmetric vacua.

e Of all string theory vacua, why does the
universe end up in a particular vacuum?
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10—D supersymmetric vacuum?

® Do we need some version of the Anthropic
Principle?

® A framework to answer some of these questions
: Spontaneous Creation of the Universe
: Creation of a deSitter spacetime from nothing
(no classical spacetime).




The S1 Instanton.

The S* can be cut and Joined to a closed universe with A > (-

Ir Time

Lorentzian

Euclidean

The S* can be analytically continued to deSitter in
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Hartle-Hawking Wavefunction '

* Vg = [ Dlgle=Sel

Q

e The 4 — D Euclidean Action:

o ] 4 s

® Metric ansatz (minisuperspace):

P = |Ugg

ds* = (dr* + a*(r)d22)

¢ Euclidean Einstein’s Equations (closed
universe):
=)
(1 T 1
-—2— e e —— 311
as i o= e

which gives the S* instanton solutiop:

1
a(7) = —cos(VAr
(7) I (VA7)
® continued to Lorentzian signature :

a(t) = —1—,= cosh('\/ItJ
VA

Sp— —37/2GA ; P ~ 37/GA



lProblems with Hartle-Hawking I

e An infrared problem in scenarios with
dynamical A - as in scenarios with four-form
flux, Bousso-Polchinski type scenarios.

® q?HH - EE:,;".IG,\'.\

Such a universe prefers A — 0 and Size — co.
(@~ =)

v'ﬁ
e This means the Euclidean action does not have

a minimum. Sg — —0o0.
e This renders ¥y unnormalizable.

e This infrared divergence is related to the lack of
a lower bound to the Euclidean action in

theories with dynamical A.

e Problem with topology change : the S* is
unstable to the formation of other topologies.

Fischler. Morgan. Polchinski. 1990

e Loop corrections, and string corrections, not
1!!\1\"\."‘!1?




Decoherence : Solution to the Infrared Problem of \I'HHI

“Environment” induced tunneling suppression.
Example: Caldeira. Leggett, 1983

o [ = ] R ) P Lccmp!ing
Lsystem = Jgiqz 3> D'(Q)
L’enr.'ir'a'n e % aMa (IE}: BT &Jin)
Lcoupfing — Za CQIO
e

e Calculation of the effective bounce by tracing
out the environment

L= / Dgle=> TT f dr, e=Senelaza]

~ o—Solal—xla]

x[g] > 0
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| Comments l

SE=/\/2;1IU(Q,$G)dS

ds® = dg® + Z d;':a
Increase in Sg is due to the Ionﬂer path length
in the many dimensiona] (g, z.) space.

® Interaction of ¢ with To interferes with its
attempt to tunnel. This interaction can be seen
dS attempts to observe g. Repeated
measurements of g suppresses the tunneling
rate.

® Interaction of ¢ with the env Ironment introduces
decoherence, .The system behaves more like a
classical system than like a quantum system.

e For bounded case, there is a mere correction.
e For gravity, picture changes qualitatively.

® Not a 1—loop correction.




' Why an Environment for deSitter?.

® Universe should be a superposition of different
linearly independent wavefunctions.

e Environment offers as a source of decoherence to
explain the classical evolution of the universe.

e Classical evolution crucial for the calculation of
density perturbations.

® The environment from the Euclidean region can
be continued to the Lorentzian region to get
density perturbations in inflation.




]Metric and Non-Metric Perturbationsl

e Metric perturbation

hl.l' = a® (Q'U B E,'J'}

* Expansion in spherical harmonics of S

JJ — Z {\/—aﬂlm UQ!m ‘/Ebdm(‘ﬂ}];n-‘-

nlm

V26 (S8 i + V265 (S5 ) + 28, (G + 2 (G5 )

N=N [ e Z gnijfm

nlm

+‘\ —G{EI Z [_’,:[J 'n.frr: ;,—; <= Vr.-?'jnfm(‘b_. Jfrn

nl.m

-

<t»=a'[ Zf,ﬂmo T

® Perturbed Action

I'=Ia,6, M)+ I,




“Environment” induced tunneling suppression for

Upg
e Gravitational perturbations
ds® = d7° + a*(Q;; + €;)dzidr?
e System : The scale factor a(7)

Sg = %fd,— (—a@® —a + Ad®)

e Environment : Gravitational metric

perturbations

1 o ff o (Z I
Sg=3/drad (dn —+—Tld;)

—

e The path integral is

dx :
f Dlal [ /d D[d,] e~S3lel-T.SElud.]

e To find the effect of the environment. trace over
the d,,’s with (d° #,df #0)

Ula] =TrZ =H/dd;fdd{; o(d: —df) Z




e A new time variable

dr
=
e The equation of motion
dl — wp(a)’d, =0

» Relevant modes w, << w?.

o WKB approximation

_ 1 u
d= = exp (:r:f du';:n(u’))
vV “n

e (Classical Action

1

— P2 e 2 [ J5Ye,, :
SE(dd] = Q[EXD(DR] —e.\'p{—Dn}) [(l:dnj -"nluf} ' (d;} *n(us:})

(exp(D,) —exp(—D,)) — 4d"dL V'j.;:n{ut-]...',,{u;}

e Trace over d,,

L. [ dfs [;* D{fa]exp(Se)
~ ]I, ‘

v (exp(Dpn ) —exp(—Dy))




The Modified Bouncel| i

® Tracing out the environment leads to

SE — S2[a] + Dja] = L / dr(—ad® — a+ Ao+ 2

2 Aa

where  ~ /5.

® v related to the large wavelength (Hubble) and
small wavelength (string) cutoffs.

e Equation of Motion

® Modified Bounce Solution

a(7) = _&\/ (1 + \/(1 - %}-) COSI:Q\/IT])

® S* recovered when y — 0.




The Modified Bounce cuntn’dl

A
\S"

The enviroment deforms the S* bounce solution.

i

A Time

Lorentrian

~ Gravitational
Perturbative Mode

Euclidean




| The Improved Wavefunction I

o P~ F

e Where F is twice the modified Euclidean action
— 3= 24373
F = GA G3A3

breakdown of semiclassical
approximation for large A

® Sk is unbounded from below. But the

Interaction with the environment has made F
bounded from below.




[The Gravitational Potential'

e Modified Lorentzian Action

S=%/d¢(—ad2+a—Aa3—A—za)

e Modified Hamiltonian constraint

l 0 | D "I U
—i(HHﬂ—a + Aa +ﬁ) =0
II, = —aa is the conjugate momentum.

* The gravitational potential is given by

Ula) = —a+ Xa® + :\z_a

A [ 3v 1 1
JoF =9 _ _— L —
Lm!ﬂ --\/; (:21\3 5,\1 D(I\.[ })

o Gravitational Potential bounded now.




IApplying the Wavefunction to the Landscape'

® The wavefunction can be applied as a selection
principle on the cosmic landscape. Firouzjahi.
Sarangi, Tye 2004 ; Qoguri. Vafa. Verlinde 2005

e Hartle-Hawking wavefunction. however, is
problematic. One has to use the imroved

wavefunction.

e There are 10-D generalizations of the S*
Instanton : S'% S% x S8 G5 x §5 gix
Calabi-Yau .... etc.

e String scale lower than the Planck scale -
Semiclassical treatment still valid.

e Each instanton corresponds to certain number
of inflating dimensions and some static

dimensions whose size is fixed.
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|Improved Wavefunction in Higher Dimensions.

e Modified wavefunction leads to a tunneling
probability P ~ ef.

o F— —SE —D.
e In 10-D, P ~ exp(—Sg — Vi + .-.)-

eV

- o R C e
o In effective 4-D theory, F = 57 — &4

e The constant ¢ has to be calculated for each

vacuuni.




| Tunneling Probabilities I

The Improved Wavefunction can be used to
find the probability of every single vacuum
In the landscape.

Since Sg is bounded, F = —Sg=—(S% + D).

e Tunneling to an inflationary universe
(KKLMMT model with fluxes M and K fixed to
maximize F)

F ~ 108

® To 10-D deSitter space S0
F ~ 107

Similarly, for S% x S5 g5 x S°, ete.

e To KKLT vacuum
F<0

® To a vacuum with today’s cosmological constant

F < —1070




Selection of the Original Universe Principle I

e The improved wavefunction can give the probability for each
individual vacuum in the landscape.

e Decoherence term to be calculated for each individual vacuum.
o Comparing the probabilities will tell which vacua are preferred.

e Once the inflationary universe gets created, it can follow a path
that leads to todays vacuum with a low cosmological constant.




Other Implications of Decoherencel

e At the end of inflation, a Bloch wave covering a
neighborhood of degenerate vacua Kane, Perry.
Zytkow, hep-th/0311152

e Universe, after tunneling, will span the

neighborhood of vacua.

e Decoherence will help the universe settle down

to a single vacuum.

u { Q) . I. . ."Jll \
| Bloch Wave il \

Nacag

Eternal Inflation?

e Decoherence suppressed tunneling may modify

the criteria for eternal inflation.

e Decoherence may modify Coleman-DeLuccia

instanton.




A the semiclass:caJ treatment
breaksdoun
® At sma]] values of A decoherence effects become
Very larpe

® In the region of interes
Mmay have 5 good ¢

the Wavefunctjop.

t( inﬁationary

x 8% and

uch vacyg will
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| The Improved \Vavefunction'

o Pr~ef

® Where F is twice the modified Euclidean action

— 3=  243ux3
F=gr— 22

breakdown of semiclassica]
approximation for large A

|' : A
| K

® Sg is unbounded from below. Byt the

interaction with the environment has made F
bounded from below.




| Comments I

e At large values of A the semiclassical treatment
breaksdown.

e At small values of A decoherence effects become
very large.

e In the region of interest (inflationary scale) we
may have a good control over the behavior of
the wavefunction.

e We have calculated the decoherence effect of a
pure gravitational field. One can include matter
fields as well. Qualitative features do not

change.

e The parameter v deforms the S* instanton. For
large values of v, S* becomes R! x S3 and
tunneling is totally suppressed. Such vacua will

not allow the spontaneous creation of universe.




Summary and Conclusion I

e The modified Hartle-Hawking wavefunction
with the inclusion of decoherence can be used as

a selection principle on the cosmic landscape.

e Decoherence effect can provide a lower bound to

the gravitational action.

e A better understanding of decoherence and its

determination important.

e Inflationary vacua seem to be favored over

supersymmetric, KKLT vacua.

e Find other vacua, especially vacua with other
large spatial dimensions; and determine the
tunneling probability from nothing to any one of

them. Find out whether 4D is selected or not.




' Tunneling Probabilities I

The Improved Wavefunction can be used to
find the probability of every single vacuum
in the landscape.

Since Sg is bounded, F = —Sg = —(S% + D).

¢ Tunneling to an inflationary universe
(KKLMMT model with fluxes M and K fixed to
maximize F’)
F ~10'8

e To 10-D deSitter space S°
F ~10°
Similarly, for §* x S% S5 x S5, etc.

e To KKLT vacuum
F<(

e To a vacuum with today’s cosmological constant
F < —1070




