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‘ Motivation

WMAP has established the inflationary scenario of the universe.
Various cosmological parameters have been determined precisely.

But, basic problems are remained:

 What is the inflaton field?
 What is the inflaton potential?

WMAP determined the initial conditions
for cosmological perturbation theory.

But, its origin is not understood yet.

The aim of this talk is
to show an inflationary scenario of quantum gravity origin
consistent with WMAP observation
without introducing any artificial field.




The Model of Quantum Gravity

Our model is based on 3 fundamental conditions:

guantum diffeomorphism invariance
(=conformal invariance)

finiteness

(=renormalizability, no BH singularity)
4 space-time dimensions

= These restrict gravitational action.



'Renormalizable guantum gravity

2
pl

Weyl action Euler denS|ty [

dimensionless

RZis forbidden by
Wess-Zumino condition|

Conformal Inv. actions

Perturbation about conformal flat (C,,»; =0):
gur = €0 G+ thyw +--),  tr(h) =0
A ~ A

Conformal mode Traceless tensor mode

(non-perturbative) (perturbative)

QE Non-perturbative formulation of QG

recent development and essential point! K.H., hep-th/0203260



Dynamics of Weyl action (traceless mode)

t2(p) =

Asymptotic Freedom (AF)

1

_ 3
B0109(p2/NE )’ b = —Pot;

Consequence of AF 1

New dynamical scale Aqg —>

space-time phase transition
from quantum to classical

Consequence of AF 2
At very high energies (t — 0), Cypag — 0 {Cf- Fp,—0(g— Oﬂ

in QCD

. 2

Singularity with divergent Riemann curvature

Is excluded quantum mechanically

=>toward resolution of information loss problem!



Consequence of AF 3

In very early universe,
fluctuations of conformal mode become dominant
=» Exact Conformal Symmetry

v

Initial fluctuations are scalar-like and scale-invariant

&
Tensor mode i1s small

Agreement with the observation




‘ Inflation induced by quantum gravity

J/ = /:dg . ‘]g exp(i]) Starobinsky 1980,

= [ldgan-- T, exiiS(¢) +il)
B 4

K.H. and Yukawa
[astro-ph/0401070]

Jacobian = Wess-Zumino action

Dynamics of conformal mode is induced from the measure

S(¢) = —

Kinetic term

Conformal Field Theory (CFT) att2 — 0

75 measures a deviation from CFT

e | o0 {20800+ (64 5TR) o006

t

higher order
of ¢2

(exact) O < t,,% < o0 (broken)



Planck mass mp >> Dynamical scale N\QG

Inflation starts at the Planck scale and ends at the dynamical scale

Wess-Zumino action Einstein action

b1B(r) (E +7HH + 4H2 4+ 18H2H + 6 H*)—3wm2) (H + 2H?) = 0

b1 B(r) (2HH — % + 6H?H + 3H*) ~3mmiy H?+87%p = 0 dynamical factor

B(t2) = 1-at2(p)+--
257 B 1
f 14 ait2(r)
N 2 Inflationary era || Einstein era e (p— 1/7)
2 - Big Bang (tr = 0):
NN ; | extra degrees of freedom in
= H>~mp pr higher-derivative gravitational
E ~ || Tfields shift to matter fields # .
-’ \ H = a(7)/a(7) = §(r)

¢, =0 Proper time 7 tr = 00



Evolutional scenario

Number of e-foldings scale
N = log a(Tp) ~ P! _ CFT «— Mpl = 10'° Gevy 1
a(tp)  NAQG inflation
— a~ e"plT (Ne ~ 70)\ ] 1030
-> /\QG ~ 10" GeV
correlation length:
¢ =1/Aqa
1017GeV
Planck length 2.7K
at Planck time = 102°
grows up to
the Hubble distance
today

1059



‘Calculation of CMB Multipoles

The evolution of scalar curvature fluctuation
OR R o'l

0p
-3 = >
(CfFiT)TpI f R Ity f 0 ‘T/_\l_ f T 'today

Solve evolution equations | Big Bang | Solve cosmological perturbation
on the inflation theory (CMBFAST)

gives thew FAST

Simple estimation of the amplitude

2
OR ~ E At the big bang E ~ /\QG e 4 5_R| ~ 10—5
R 12m? R A

pl
) Linear perturbation is applicable g

. | |
de Sitter curvature for
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‘ Scalar perturbations

Gauge invariant variables: P, W, (5,0, ”U)
\ J \ J

.
Scalar equation gravitational potentials
%Bﬂﬂ{—iﬁi@ — 20,003® + (_3@3¢ 4 ?ﬁg) 020

+ (—mﬁﬁqs + ?aﬂwﬂ) 8, ® + (?{f@ — ;&F) §d

20,6030 + (saﬁqs + %aﬂ) 520 + (1233;@& -3 nq&riPE) 0¥

16 o 2 9\ 42
+(—36ﬂ¢— Erfp ) i ﬂr}
+M2 e?*-f*{ﬁaﬁ@ + 188,60, 8 — 44°® — 60,00,V
+ (12029 + 128,00, — 287) \Lr} — 0.

Constraint equation

b 4 28 8 8
S_T:ZBG{T]{ Eﬂﬁﬂ} + 48,00, + (§§$¢' - Eﬁﬂﬁﬁ#ﬂfﬁ - ﬁ‘?g) @
4 4 8 .4
2 25 _ La2s _ ag2w 1 La2
+as {4&,?@ S 920 — 462V + S PV

+ Mz e [—28 — 20} = 0.

determined by
gravitational potentials

- initially @ = W
(tr — O)

finally — —\V

\ (tr = 00)
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Spectrum of quantum gravity (2-pt. function)

Initial QG spectrum at Planck time
= CFT spectrum (scale invariant)

Po(k) = A (f)ns_l

m . :
coeff. of Wess-Zumino action
/ (dependent on matter contents)

1—/1—2/b
8 /b _ 14+2/b144/b34+0(1/b3) by > 4

1—J1—4/b; 4

HZ spectrum

Scalar spectral index

n5:5—

m = a(Tp|)myp)
comoving Planck const.

m = 0.05 Mpc~!
=> a(7p) 10°°

consistent with the

Size of fluctuation we consider
IS Planck length at Planck time

=>»at the transition point, the size is much
more extended than the correlation length ¢
=»not disturbed by the dynamics of transition

We can see the Planck scale phenomena directly! evolutional scen%rio



Initial CFT spectrum .
Bardeen Potential d(b,=10, m=0.05) Scalar fluctuation

proper time t 40

7x 1073

5x10° Hum
3x10°
1x10°

015
0.10
005 e

60°0.00

Vector Perturbation (b,=10, n=0.05)

9% 10°
7x 107
5x10°
3x 107
1x10°

. 59.0
proper timet

+3x107°
+1x 107°

-1x10°
o

(Bardeen potential)
gradually decreases
during inflation

Primordial scalar
— spectrum
(red tilt for K > m)

0.051< [Mpc-l] T

60.0 .00

- Initial conditions
Big Bang for CMBFAST

Tensor Perturbation (b;=10, m=0.05) l

_ Primordial tensor
- - spectrum

Tensor fluctuation is
preserved to be small

1

40 proper time T
0.1
kIMpc™]

0.1¢

K[MpcY 13



CMB Multipoles

TT power spectrum, [(I+1)C, / 2r

low-multipole damping factor
kQ

A= a(TpI)/\QG

8000 , |

WMAP-TT version 2.0 chh 2006) ———
b,=15,m=0.05,u=0.0,h=0.77,r=0.7 --------
7000 b =15,n~0.05,u=0.1,h=0.77,r=0.3 ----------
b =20,m=0.05,u=0.0,h=0.75,r=0.5 - .
b1=20,m=0.05.U=0.1,h=0.75,r=0.3 - -
2000 | . , ,
6000 -
1500 |
5000 -
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4000 500 | - _
O | | | |
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— /,:_/,f:\;\
AN S \ \\ T J
e s ' ~ | .
2000 |- N an P N .
o P e S
1000 :l—l:;\;
For the region k£ > 2m
O 1 | -l L] Pa
600 pgr-iTear efigets (CFT)
multipolel become effective.

# cosmological parameters adjusted properly

(in progress)
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Summary

Asymptotic freedom of traceless tensor mode
=»indicates the existence of novel dynamical scale:
Aqg ~ 1017 GeV
=»space-time phase transition (=big bang) at this scale.
Repulsive force in quantum gravity
=»induces inflation.
=»number of e-foldins Is given by A ~ my, ) /Aqc

Quantum gravity spectrum

=»given by conformal field theory (=non-perturbative
formulation of quantum gravity).

=»scalar fluctuation decreases during inflation and the
amplitude at the big bang is estimated as §R/R ~ A2 G/12m

CMB spectrum is consistent with WMAP.
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Scales in the history of universe

Today t, t = 15 billion years
T=3K (1 meV)

Life on earth

Solar system
Quasars

Galaxy formation
Epoch of gravifa onal collapse

Quantum gravity is a real physical target
in 21 century

Recombination

Relic radiation decouples (CBR]
Matter domination

Onsetof gravitational insta bility

Nucleosynthesis
Lightelements created - 0, He, Li

Electron mass me = 0.5 MeV (QED)

t=1 second
T=1Me¥

QCD mass scale Aqcp ~ 300MeV
Proton mass mp =1 GeV

Quark-hadron transition
Hadrans form - protons & neutons

Weak boson mass mw = 80 GeV (EW theory)

Electroweak phase transition
Electomagnetic & weak nuclear
forces hecome differentated:
SUE)RSU(2)xU{1] > SUEJ« (1)

t=10""¢

The Particle Desert
hxions, supersymmetry?

/X boson mass myxy = 101% Gev (GUT)

.— Newscale Aqg ™ 1017 Gev (Quantum Gravity)

Grand unification transition
G -> H-> SUB)SU2)xU(1)
Inflation, baryogenesis,
monopoles, cosmic strings, efc.?

The Planck epoch

The guantum gravily barrier

— 10
« Planck mass Mpl = 1077 GeV
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Appendix




power spectrum, { 1(1+1)C, / 2r} 12

1000 [

100 |

10 ¢

0.1 ¢
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WMAP-TT version 2.0 (March 2006)
WMAP-TE version 2.0 (March 2006)
WMAP-EE version 2.0 (March 2006)
WMAP-BB version 2.0 (March 2006
b,=15, m~=0.04, r=0.5, u=0.

b,=15, m~=0.04, r=0.4, u=0.0

10

100
multipole |
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‘ Tensor and Vector perturbations
Gauge invariant variables: h;ET, T,

Tensor equation

2
t3(7)

bl 1 3 4 TT 1 &8 T
+8ﬂ-_ﬁﬂﬂ'{ﬂ{ (Eﬂr}'?h + Eaﬂ‘i}aﬂqj) af?hij + (Eai‘:i’ + Eaﬁtiﬁnfﬁ) aﬂhij

{030 —28%85h5" + 4%h;"

Toa, 2
+ (—Eﬂﬁtﬁ + Eﬂﬂ‘i’aﬂfﬁ) ‘?th‘r}

+Mge*® {—%aﬁh;{? — 8,00,h;" + %q?hgj‘ff} =0.

Vector equation

2
20
g Bo() { (3030 + 30n00.0) 1+ (3030 + 02000 ) 1.

82

{Bf;T.,: — O, * T}

M2 {%aﬂ-r,. + a,,¢-ri} _o.
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Running coupling constant G: = —Bot;
[asymptotic freedom]

1 k2
Leff = — {tQ — 20609 + Bp log <M2> T } Cil/)\a
r
1
- c?
tz(p) M7 L :comoving momentum
where defined on g, = N

1
Bo109(p?/NEG)’

Physical momentum : P = k/a with a = e®

t2(p) =

' 2
Dynamical scale: Aqg = pre~1/2Bot;

Conformal mode increasing => running coupling getting large!
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Einstein phase (£ < Aqg)

Low energy effective action (derivative expansion)

Liow = /d437\/jg{

tree + 1-loop

Lo =

T

2

%R-F ﬁg/latter

2

Lo+ La+ -

'}

cf. chiral perturbation theory

Here, we restrict effective action up to the fourth order, and thus
using lowest Einstein’s equation M3R,,, = T'V'atter , a variety of
four-derivative actions is reduced which IS merely given by

L4 =

with running effect

Uy
(47r)2 R™ Ry

a(E) = ag + ¢109(E? /N )

Higher-derivative terms are irrelevant!

4 a0 (> O)
:phenomenologically
determined
_ Nx | Na .

$=120T 10 (>0)

-
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Wheeler-DeWitt Equations of Conformal Algebra

Conformal algebra and Physical states (on cylinder B x S3):

Antoniadis-Mazur-Mottola

(@ Q}L\[] =20y NH + 2Ry N Horata-K.H., K.H.

1 P N
special conf. transfs. Hamiltonian rotation on S”3

M, N = vector index of SO(4)
Qu|phys) = H|phys) = Rysn|phys) = 0

Conformal inv. vacuum = physical state satisfying QMQ} =0

Physical operators:  ¢70% cosmological const.
R(9p)e2?,  scalar curvature

Conformal charge: vn, = 2b1 — 2\/b% —(4—-—n)by =4 —-—n—+0(1/b1)

=3 scaling behavior of physical operators
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