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1. Review of DT

d. What is (2 dim) DT ( Dynamical Triangulation) ?

o Definition of DT

Construction of lattice by “equilateral triangles”

All triangles are
the same

One triangle
orresponds to




1-a
Each triangle is the same size and equilateral.
Length ;= /X2 + Y7
o
1
Curvature of site i is ./ R = (6— qi)6’
( curvature exists only on sites ) qi o L
i triangles together
(e.g @ % to the site |
qi :5 qi — qi :8
Curv.>0 Curv.=0 Curv.<0




o Partition function of DT

Quantum gravity is the path integral of metric J i
( u is the cosmological constant )

J‘Dgw efd Xy (- 525 +4)

The metric gﬂv expresses various curved spaces,
so the path integral is the summation of all kinds

of triangulated spaces. @ ifg %4_ iah o

1/4G ey
_e K=¢
o, a0 N e
o -l 2
N, >
summation of triangulated lattices &

2. .
& isthe area of one triangle.

( K is cosmological constant at lattice level, N, is nr. of triangles )
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o DT and Amplitudes (Discrete Laplace transf.)
Definition of Amplitudes

The partition fun with general topology is obtained
by summing up the lattice with the following topology

MaCicmm R N EEMNIRY, St oy, Wi /)

W s the partition fun.
fixing the topology

Surface with N holes
and several handles

fk is the number of links at the K -th boundary.




Loop equation

One obtains the loop equation for disk amplitude.

[ 92 V@ 2y = W2(x) + =W (x, %)
2 27wl X—1 N

/ g0 LU 2
where V (Z) =7—K. W) W (x,y) A
1
6 :K@+ 6@ +W@
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Continuum limit of Amplitudes
The continuum limit is obtained by
AN ¢ et
—)? X — Xce C
tH —>LH =[] - =1k
81/2 _81/2 T
JCEFRIE L IR =]
. -
K2 —y gN2ge Nz — Kl\'ze“v2 _52N2 :Vz]

The disk amplitude becomes

W(&) = (5—%j\/5+\/; we)




» Geodesic Distance T

(f8)

3
4 2
31]2
a DK 1
3| 2
4
3
4

You can reach this point
if the surface is connected.

4

Spaces are not created
from nothing.

4
Hor | phys> =0
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D. DT expressed by string field theory

o Creation op. and annihilation op. (L : length )

[\P(L) ,LPT(L’)] = L5(L— L') (others are zero )

« Free Hamiltonian and Green function  [¥(D. ¥ (L)1 =[¥ (L), ¥ (L)]

This comes from the property Kawai Kawamoto
Ho =0 <= jdzx\/ER = const. Mogami Watabiki

G(L.L,t) = (O|¥(L)e™ P (L)|0) T
|1

|l & @ af L :
= WU T -

D




o Hamiltonian with interactions Ishibashi Kawai

Hor = Ho—g[dL, [dL¥ (L) ¥'(L,) ¥(L, +L,)
~Gg|dL, [dLW (L, +L,)W(L,)W(L,)
_.'dTL(B&”(L) X %5(L))\P(L)

g and G are coupling constants of string theory

The fractal structure of 2dim. space leads to

splitting and merging interactions of universes
like a quantum cosmology.
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1-b
- Spaces are not created from nothing
' This condition comes
H DT | phys> =0 from the property of
geodesic distance.
The dependence
- Tadpole term (L) = 36"(L) — 3—’u5(|_) of 4 comes from
4 this spacetime.
=
The cosmological constant 1 appears.
b
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2-a
20 REVIeW Of CDT Ambjgarn Loll

d. What is (2 dim) CDT ( Causal Dynamical Triangulation ) ?
o Definition of CDT

Construction of lattice by “time (isosceles) triangles”
(e.g.)

A|:I triangles are m&u\m
itsoes::;:Ine‘se triangles Mﬁmm Tt

The direction of time is unique and causal.

@ 3
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Each triangle is the same size and isosceles.
t (6<1)
oD x
H [ omsasames
—+5 & is related with the

asymmetry of xandt

(‘E’OJ 0'q 0 (E’ij [0"\/ﬁj haa

1 Length .=
Curvature of site 1 is \/ER| — (4— ki af JI)Q

ki Is nr. of green links

Ji Is nr. of blue links

(e.g.) ki =1; =2
Curv.=0




o CDT and Green fun (Discrete Laplace transf.)
Definition of Green fun

The partition fun with cylinder topology is obtained
by piling the following lattice

(e.g.)

Green function is

o0 O

G(x,y;t) = D) xy'G(L,05)

/Lol =1l




Continuum limit of Amplitudes

The continuum limit is obtained by
t i 2
t—>— X—> X &% = K>Ke "
E

The differential equation of Green fun is

96Emt) = - 2 (& - weEn)

ot 0&

O S e o ] ok g i
SR S i




). CDT expressed by string field theory

o Creation op. and annihilation op. (L : length)

[¥(L),¥(L)] =LS(L-L)

o Free Hamiltonian and Green function

_j —\11 (L)L[ o +,u]\P(L)

oL

(Time reversal symmetry is not broken.)

G(L,Lt) = (0|W(L)e ¥ (L)|0)

(others are zero )

-——

The fractal structure of CDT is weaker than that of DT,

because H,#0 inCDTand H, =0 in DT. <

e,

This reason will be
discussed later.

2-b




4 <)
2-b

« Hamiltonian with interactions Ambjarn Loll Watabiki Westra Zohren

Heor = Ho—g[dL [dL,W'(L)¥'(L,) (L, +L,)
~GgdL, [dL¥(L,+L,)W(L) ¥(L,)

-[SEawL)

The interaction terms are
introduced by imitating
those of DT.

g and G are coupling constants of string theory

The splitting and merging interactions of universes
are introduced as the same as 2dim. DT model.
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Spaces are not created from nothing

Vg ' This is the assumption
Heor| phys> 2 in the case of CDT.

Tadpole term p(L)=0(L)

lt=1

The cosmological constant ¢ does not appear.
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 Loop equation
One obtains the loop equation for disk amplitude.

ag(—V'<5)W(«:)+W2(5)+vav(§,5))—é Y.

where v'(g) = (u~¢’)

W) W)

The desk amplitude becomes

W(g) = ["dtG(g r=0:t) = -




3. DT and CDT with W-algebra

d. The mode expansion of DT and reduced W-algebra

« Laplace transformation of the string field of DT
$i()= jooodL et WI(L) W)= jooodL e " W(L)
 Mode expansion of the string field of DT
¥7(£)= (polynomial of &) +¢ %% - g BT +Ifll./;”“¢,*
e >=2¢ 4 (4], 6,]= MG,

L 1s the cosmological constant.




o Hamiltonian and 2-reduced 4 -operator

W i
Hor=—2G W= +- f% . f

V_V(ns)—l(1 Zaka,a +1a2nj

3-a

Fukuma Kawai
Nakayama

Dijkgraaf
Verlinde Verlinde

Ambjgrn Watabiki

4 3k+|+m 2n 4
(L, -Gg,) (n<0)  [%m@]=Mna
ok 0 (= T
i¢: (n > 0) o TS,

| VG
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b. The mode expansion of CDT and ‘W-algebra

« Laplace transformation of the string field of DT
$i()= jooodL e wT(L) W)= de e (L)
 Mode expansion of the string field of DT
W)= (polynomial of &) +¢ 2+ ¢ g
o =1
)= 204
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e Hamiltonian and s/ -operator
i
HCDT :_g\/EW—(S) +G (49 +4g ¢4 _5% +¢1j
Wn(3) =i o,
k+gr;nkl [(l 0(] mm+n0
N8 G N Ea) “sh i e “ i i o
i) (n=0) 69+/G 29:/G
1
— @ n>0 ke
. WG i S N




o No. of Parameters

DT models: There are 3 parameters, 9, G, /.
But, g can be removed by scaling t as

t i
() t%ﬁ w52 ¥ —>.\/g ¥ el

Jo g

CDT models: There are 3 parameters, §, G, AK.
No such scaling like (*) exists
because of the non-vanishing kinetic term.
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c. Emergence of Space(—-Time & Death of the World)
DT case
Hor | phys) =

& T e
H, | phyS>=—ﬁ(§ A —f@*jl phys) 0

:_2\/*—(3)

||m <O‘ e_tH 2Tn | phy3> =(0  (Disk amplitude with boundary 2n )

t—> o

=2 There is no essential difference between HDT and Hw

(7




o CDT case

H CDT | phy5> =0

G

3-c

1 L S
Hy | phys) = - [” + ¢I—%¢§+¢f]lphy3>¢0

49 4g
H, =-g/GW&

-3 There exists the difference between H

CDT

and H,,




» The vacuum condition and The geometrical condition

You can (not) reach ® from e

DT

Hpr | phy3> =0

This condition can always be
applied to any configurations

because of geometric property.

CDT

Hepor | phy3> =0

This condition can not be
applied to any configurations
because of geometric property.

There is no reason to
stick to this condition.
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 Emergence of Space

From now on, we assume the following Hamiltonian

1 £ 1
Hy = 1, - 294, - Gt~ (jg - ¢I—%¢;‘ +¢fj

_i¢|11|¢| "',Uiﬁ—llﬁ _Zgiﬂ_z'ﬂ

w

o |-

DI VI Tc) S S\ VA P

=4 n =1 m=max(3-1,1)

=—gJGWS

Il
|

Is added from the viewpoint of W -symmetry.




o Emergence of Time & Death of the World

The time and physical vacuum were born by the interaction
between different Hilbert spaces of W —algebra.

) ddv) & Ao Aoy V@1 A, Ay

The factor in front of W_(g) can be removed
by the redefinition of W —)iZW_(S) for a, >k a,

k
So, the time T can be removed if all ﬂ,n are zero.

If changing the values of A is possible,
the time is born and the world dies by this process.




4. High-dim. CDT with W-algebra

d. High—dimensional CDT with W=-algebra

e The Hamiltonian

=—gJGW?
(3) (a) (b) (C)
W Z dabc Z ak Ol| m
a b,c K+l+m=n

[Ta1T ] anbc C {Ta’T }_ 5ab+2dabc C

T, is orthogonal real, complex Hermitian,
quaternion Hermitian, or, octonion Hermitian matrix.




» |n the case of 3 X3 complex Hermitian matrix

Ta [a=12,...,8] are Gell-mann matrices.

2 2
dooo:\/; Aoy =+ =ogg = 3

1 1
g =0y = Uy = E G = _ﬁ
1
a48 = Ussg 668 778 2\/5

1 1

Os4y = A5 :E doye =y, =——
1 1

Oyys =15 = o = dyyy = _E

Oth 8th 3rd gspaces play a special rolel
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. Tangent and Hyperbolic Tangent expansion (THT-expansion)

» Physical vacuum (we choose the following physical vacuum )

(e.g.)

1
a9 | phys) = 29| phys) = ———| phys
5 | phys) = 45| phys) 6g\5||oy>

a9 | phys) = 22| phys) = - zg%@' phys)

o] phys> sl phys> —a 2gli/a| phys>




4- c
o Hamiltonian which gives 3, 4, 6, 10-dim model
Z¢I(3TI¢I(I) Z¢I(I)T I¢I(I) Z¢I(I)T |¢I(T) i_12
1=1
., | =4,5
- Z¢I(3)T | ¢I(3) Z ¢I(0)T|¢I(0') T 67

+ u02¢.<'”l¢.“’ L Z¢.“”I¢.“> —u+2¢.“”l¢.m

TR Ty I TR
bl

(2, 4, 8, 16) +2 spaces \ 2,3, 5,9 spaces
are expanding and are expanding
form a compact spaces. toward infinity.

¢|(O')T ¢|(8')T ¢I(3')T are linear combination of ¢|(O)T ¢|(8)T ¢|(3)T
@ i 15T 4 are linear combination of s, 4/
N
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- Tangent and Hyperbolic Tangent expansion (THT-expansion)
The length of space is growing as
j —LG(O L;t) ( ita”hx/;t (1>0)
e

L(t) = = <
j —G(O L;t)

L -

3

u<0

u>0




. Knitting Mechanism and Vanishing Cosmo. Const.

 How to knit spaces

1. Prepare wormhole spaces (flavor “0”) 0 0
whose radii do not expand bigger than Planck length.

2. Let wormhole spaces interact spaces with

flavors “a” [a=0,1,..., DI.
3. Let the wormhole spaces with infinitesimal

radius and length be dominant. D—@
4. Every coordinates (X,,...,Xy) are connected

by wormholes.

) The set of wormholes forms

a D-dimensional space.

(7

4- d
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4- d

« Knitting Mechanism (Dimension Enhancement)

The set of wormholes

0, 8, 3th space play gives toroidal space.

a role of wormholes.

If the lengths of
wormholes are zero,

e

' Higher dimensional

toroidal space.

These wormholes are different from the standard wormholes (Einstein—Rosen bridges).




o Matter fields change to those in high dimensions.

We assume gravitons, gauge fields, and so on appear as matter fields.

» Vanishing cosmological constant (Coleman mechanism)

Summing up all

4- d

Do —> 114 0
gm) -

possible wormholes,

0, 8, 3th space play cosmological term disappear.

a role of wormholes.

This wormholes are different from the standard wormholes, i.e.
Einstein-Rosen Bridges, because 0, 8, 3t space is the different dimension.

[ The curvature R is necessary to be bounded below. ]




. Accelerating Univ. by Fractal Structure

d. The modified Friedmann equation

- The Hamiltonian from —¢' I + ud 14 —294",14

2 7
H =—NL (HZ s Ln —gj This term comes from
I1 the interaction with
{ LTI }: 1 other (baby) universe.

N (t) is introduced to realize the reparametrization invariance of time.

Then, we obtain

L Y _, _20NL1+3F(Q) ggL’
NI L

L (F())’ PR

@ where F(x) satisfies (F(x))’ —(F(x))’+x=0




o Assumption after the Big Bang

g comes from the baby universe production.

M disappears because of the Coleman mechanism.
On the other hand, g should survives because

it plays the coupling constant of wormholes.

In CDT, matter fields are considered to be integrated out
as the same as in DT. So, we assume matter fields appear
effectively after the Big Bang.

xp

Assumption: U —>
12

P is the energy density of matter

If space dimension is 3, we have xp = w

L3




a

1.0k

0.8¢

0.6

0.4

0.2¢

Accelerating Universe
Solid line is our model

Dashed line is A-CDM
Dotted line is CDM

e The expansion of Universe

a(t

L(t)

._ﬂ R q(t) =- 2
e L(t,) AUk a(t) (H@®) L)

The acceleration of universe is caused by the production of micro-spaces,
which originates from the fractal structure of spacetime by quantum effect.
Negative pressure doesn’t exist because the dark energy is unnecessary.




(. Predictions

o We here assume

H(t,) =69 [kms*Mpc™]

o We predict
Q. (to) ~ 0.33

{Qm( 42 3(H(t))

e Observed value

w(t,) ~—1.16 +0.19

w(t,) =~ -1.2
20 } {W(t) _ P _

t, =13.8 [Gyr]

q(t,) ~—0.74

. 2q(t)-1 }
pt) 3(1-Q,())

( Planck + WMAP + BAO + SNla)

Cf.
w(t)=-1 (A-com)

5-c¢




DISCUSSIONS

e Difference between THT—expansion and Inflation

Horizon problem v v

Flatness problem v (K=0) v
Inflaton none necessary
coane (o mearana) S0

Eternal scenario impossible possible

(The eternal inflation doesn’ t occur because Planck scale is fixed.)

Inflaton is unnecessary because our cosmological constant
comes from the production of baby universes.




VERY OPTIMISTIC CONJECTURE (VOC)

* Real, Complex, Quaternion, Octonion W-algebra
models generates 3, 4, 6, 10-dimensional light-cone
superstring theories, respectively, as matter fields.

*  Only Octonion W-algebra model has the Lorentz
symmetry because 10-dimensional light-cone
superstring theory has it.

e The reason why the string theories are expected

=2 > The dimensions of our model coincide with
the critical dimensions of string theories.
» Our model is the high dimensional theory of
2D quantum gravity.




SUMMARY A A
e From WAW (W-alg. world) N Reneating
: Vanishing u
to Big Bang Knitting

The W —algebra world (WAW) is

described by the static picture
or the picture using fictitious

e

THT-expansion

é Emergence of Spaces

time.

WAW

Interacting W-algebra systemx

The world will end
effectively.

The time and
Physical vacuum
was created here.




A&
SUMMARY

»  We constructed the quantum gravity theory from CDT.

* The simplest model has 2, 3, 4, 6, 10 dimension spacetime.

WAW
. ® The time and the physical vacuum was born
[eT0}
£
S The many spaces were born and THT-expansion started.
=
g When the size of spaces exceeded Planck scale,
= dimension enhancement occurred by Knitting mechanism.
9
z By Coleman mechanism the cosmological constant vanished
U% and the space was re-heated. And then, the Big Bang started.
i\ A ( The standard Big Bang scenario began )

e We also calculated physical parameters about the late expansion.
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PROBLEMS

* How does the knitting and Coleman mechanism occur?

*  What kind of matters (graviton, gauge fields, Higgs
bosons, quarks and leptons) appear?

* How is the Lorentz symmetry realized?

e Why is the parameter J so small, and is the total energy
in our universe so big, compared to the Planck scale?

e What is the mathematical structure of W-algebra?




