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| will discuss the low energy effective action of
guantum gravity and the possibility of solving the
naturalness problem by using it.
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1. Low energy effective theory of
guantum gravity / string theory



Low energy effective theory of quantum gravity /

string theory is obtained by integrating out the short
distance physics.

Because of the symmetry, it should be

S = J'd °x./g(x R+ A + gauge + matter +...)

Is that all?
Usually, action 1s additive.

S=S,+S

int?
SO — J‘d 4X(_Tl I:,uvz + Vyﬂgu';”j1

Sint — jd 4X(e AyVyﬂW)
why not

S=S5,S,,. (Sugawara~1982)



By replacing each factor to its expectation value, we
have

Serr = <Sint> Sy + <So> Sint — <SO><Sint >
The coupling constant is determined by the history of
the universe.

Actually, in quantum gravity or matrix model, there
are some mechanisms that the low energy effective

theory becomes
1 1
Seff — ZC|S| +ZEC|JS|SJ +Z€CIJKSISJSK + -,
i ]

S = | d°x{/g(x)0; (x).

O; (X) :local operators



Multilocal action from wormhole Coleman

Path integral of quantum gravity

> J[dg]exp(-s)

topology
Effect of a wormhole can be expressed as

[1d9] 3¢, [d*xd*ya(0a(y) O'(x) O'(y) exp(-S)

Summing up wormholes, we have

| [dg]exp(—S%Zcu [d*xd*y\a(x)Ja(y) o‘(x)Oj(y)] .

bifurcated wormholes
= cubic terms, quartic terms, ...



Multilocal action from IIB matrix model (1)

S:—iTr( [A“ AT +;¥yﬂ[Aﬂ ¥1)
g’

Various possibilities for the emergence of
space-time

(1) A, as the space-time coordinates
mutually commuting A, = space-time

(2) A, as non-commutative space-time

non-commutative 4, = NC space-time

(3) Ap as derivatives



Multilocal action from IIB matrix model (2)

AE as derivative

A, can be regarded as a covariant derivative
on any manifold with less than ten dimensions.

(Ap), =Cu)." Voo,

@_, : regular representation field on manifold M

C b.p . (a =1, ey D) . the Clebsh-Gordan coefficients

(a)a

V

vector

®Vr er 6—)---E|—)Vr r : regular representation

ex. derivative on flat space

Ccys3

b, space o
(Aa )aﬂ — C(a)aﬂ 6b ] II())matfices

T1o

q1o



Multilocal action from IIB matrix model (3)

integration of (off ) diagonal blocks

( /| )
b, 3 BN
ntegrate out

C(a)zﬁ Vb |__this part.
/ X
\
\ J
The path integral gives

Zc S, +Zc,l SiS;+ > CikSiS; S+,

1jk

Y. A d HK
S, = J‘d X4/ g(X) O, (X). (to aS;;eoa?)n



We have seen

the effective action of quantum gravity/string is given by
Serr = Zci Si + Zcij SiSj + Zcijk SiS;Sk + -+,
I 1]

Si = [ d®x\/g(x)0;(x).

the coupling constants are determined by the state

Seff = ZCiSi +chij <Si>sj + Z3Cijk <Si><sj>sk T

1],k

More precisely, the path integral is given by

Z = [[dg]exp(iS.q) =Id;tw(/1)j[d¢]exp(izi:ﬂ,, sij.

Coupling constants are not merely constant but to
be integrated.



the question

Is there a natural or the most probable
state?

Are some special values of the coupling
constants favored?

In the following, as an ad hoc assumption, we
postulate the probabilistic interpretation for
the universe wave function.



2. Finding the most probable state



What is the most probable (natural) state?

The case of the ordinary field theory

Ground state is the most probable or natural. f
Our vacuum is close to the ground state. < —
This 1s because the universe is expanding, |

and our vacuum is being cooled down.

minimum of the Hamiltonian H

1
automatically chosen by the Euclidean path integral

Z = “d¢]exp(—SE)~ g



The case of quantum gravity / string theory

Total energy is always zero:
WDWeq. H,|¥)=0

Hw = H +H e T+ H +ee

total universe matter graviton
P .
universe — £ E P, +---| <wWrong sign

u z = a° : volume of the universe

A H .
universe
“Ground state” does not make sense. N
. L : —~ >t
Wick rotation is not well defined. ~._
R\
H

= We reexamine the Lorentzian wave function.



cf. Coleman’ s original argument

The Euclidean path integral 1s dominated by the 4-sphere.

= strong peak at A=0

single universe
Z e = [ dAW(A)[[dg]exp(~[d*x\/g (R+A))

1 . 1 -2
~IdAW(A)exp(Xj. <—SE(S ):_X r-A
multiverse
Z jd[\MI )exp[exp(i%jj.

However,

S*is a bounce that describes an emerging universe.

Tunneling seems enhanced! «— wrong Wick rotation.



Wave function of a universe

We assume that the universe emerges with a small size .

w(z,4) =y, J [dzdpdN]exp(iﬁdt(pz’—NHi))4

2(0)=¢,2(1)=z
=i (2[6(H,)|e) A= zpE e
EﬁéiftAFuocho(e)czﬁEo(Z) Al) =E[d), (deloe) =5(E-E). T

Z

for a

white. ¥ = 11 ¢ (2)

The wave function of the universe is given by

‘l//> = ﬂ‘¢E:0>’
4 . probability amplitude of a universe emerging.



Probabilistic interpretation (1)

postulate w(z)=pdey(2)
‘w ‘ Z oc probability of finding a universe of size z

meaning of this measure

Jerea (2 - e
V4

pi > =jd21. =IdT H:z(—%p%--j—)z_%—gz—zp
VA

¢E_O(z)~\/ﬁexp(ijzdz’p(z’))

-

T : age of the universe
T the time that has passed
after the universe is created

= |y ()] dz ~[uf T

4,

|,u|2 = probability of a universe emerging in unit time



Probabilistic interpretation (2)

‘l//> 1s a superposition of the universe with various age,

< > «—> —>

v) = AT+ vIT IVAAS

(2) dz~|uf dT  gives the probability of finding a
universe of age T ~T +dT .




Lifetime of the universe
dimensionless

HW(Z)‘Z dz ~ \ﬂ\z de = \u\z X (Iife time of the universe)

finite \7 00
Infrared cutoff

We introduce an infrared cutoff

for the size of universes.
Z\r

<« ->

;:eas_est or bounces
0 exis back



Wave Function of the multiverse (1)

Multiverse appears naturally in quantum gravity / string theory.

[ \
b8 | \
b, Xach
C(a)a vb block
A\ __ represents
M a universe.
\ ©)

matrix model quantum gravity



Wave Function of the multiverse (2)

The multiverse sate is a superposition of N-verses.
mum J‘CMW Z“P i>®‘l> —7Z= jd)uW j[d¢ exp[ Zﬁsj

Yy (Zl’""ZN’;L)_l//(Zl’;t) W(ZN’/l)

v A) @ |v.4) ®

W i) jd/I w(A ZN:



Wave Function of the multiverse (3)

Probabilistic interpretation

W i) = [d2W(2 Z\‘PM@W

¥, (Zl,---,ZN,/I):l//(Zl,/l) w(zy,4)

“PN (21"”’ Z, ,,1)‘2 dzl : "dZN ‘W(,l)‘z dA represents
the probability of finding N universes with size
2, ~7,+dz, -, 7, ~ 7, + 0z,
and finding the coupling constants in
A~A+dA.



Probability distribution of A

p(1)= 3[BTy, (g, 2,2 ()
..dz‘l//(Z,/l)‘z) ‘W(/I)‘Z — V¥ (2, 2y, 4)=w(z,4)w(zy,4)
~exp([ur (2)f | ()]

r(4)= J'dz‘¢E:0 (z,ﬂb)‘2 ~ (life time of the universe)

=
Il
o

<|y)=uld)

7(1) can be very large.

|

/. is chosen in such a way that 7(1) is maximized,

irrespectively of w(1).



We have seen

the coupling constants are chosen in

such a way that the lifetime of the
universe becomes maximum.

the question

What values of the coupling constants
make the lifetime maximum?



3. Naturalness and Big Fix



Cosmological constant

What value of A maximizes jdz ‘y Do (Z,/l)‘2 ?

WKB sol #:,(2,1) ~

with p(z,4)=4-2U(z). S?topology

]' ma TAQ
U(z) = 14 Cmar Crad

32/3 z 34/3

\/zp zi

assuming all matters decay to radiation
Ua(z Ua(z) Ua(z) Ua(2)

/ / TARTa
A<0 A=0 0<A<A, (A:ACD A, <A

The cosmological constant in A~ curvature~energy density

the far future is predicted to be Aer ~ 1/Cqq (extremely small)
very small.




The other couplings (Big Fix) (1)
P(2)=exp(|ur (2)f | w(2)f < 7(2)=[dzly(2.2)

The exponent is divergent, and regulated by the IR cutoff :

J‘dZ ‘¢E=0 (Z’ /’]‘)‘2 - IOZIR e V Crad |Og ZIR . < Acr - 1/Crad

Z A,
assuming all matters decay to radiation

BIG FIX 2
/A are determined in such a way thatC_, (1) is maximized.




The other couplings (Big Fix) (2)

Quantities like C (1) are almost determined by
the long distance physics.

= If the cosmological evolution is completely understood,
we can calculate C_, (1) theoretically, and all of the
renormalized couplings are in principle determined.

However, some of the couplings can be determined without
knowing the detail of the cosmological evolution.

case 1. Symmetry example 0Oy

C.., 1. It becprpes important only after the QCD phase
4 transition.
NP 2. The effective action at QCD scale is invariant under

> QQCD ‘9QCD -~ QQCD'

= C. 1s minimum or maximum at §,, =0 at least locally.




The other couplings (Big Fix) (3)

case 2. End point example Higgs coupling A,
C

rad

1. Some (renormalized) couplings are bounded.
2. C_, can be monotonic in them.

7

> o C..; is maximized at the end point.

Ny

min

A scenario for 4.

Fix v, to the observed value and vary A4,.
assuming the leptogenesis
A, v = sphaleron process
= baryon number
= radiation from baryon decay ~

= Higgs mass is at its lower bound. My, ~125£5GeV
without SUSY



The other couplings (Big Fix) (4)

non-trivial example QCD coupling or proton mass M

We assume that dark matters decay faster than protons,
and do not consider matter dominant era by leptons

after the protons decay. U
1 Cot  Chrag
U(a)=g A 5 2
d.

If the curvature term balances with matter before the
proton decay, the universe bounce back when the protons
decay.

C,.q 1s maximized if the curvature term balances with the
energy density when the protons decay.



The other couplings (Big Fix) (5)

The curvature term balances with the energy density
when the protons decay.

1 GM N : total baryon number
=22 M=Ngm. 3 y
d. ) m : proton mass
a, = (GM rz)g 7 : proton life time
= 7=GM 4
T——meTs ,GM = NBrzn
Mo Mg, Jgm e
= mé= P4 GUT
g Ny
. 3
N2 MeMer® L oes CE 107 protonsin (10 ly)
i g*m’ in our universe

=  8em =10°x107ly  Reasonable?



4. Summary



Summary

In the quantum gravity or string theory, the low energy effective
action is not a simple local one but the multi-local one.

The multiverse naturally appears, and it becomes a superposition
of states with various values of the coupling constants.

The coupling constants are fixed is such a way that the lifetime of
the universe is maximized.

For example the cosmological constant in the far future is predicted
to be very small: A(z — OO) ~ 0.

The Higgs mass is predicted at its lower bound.

Future problems
Some scenario other than the probabilistic interpretation.
Comparison of different dimensional space-time?
Generalization to the landscape?



Appendix [IB matrix model



IIB Matrix Model
s——iTr( [A“ AT +;¥7ﬂ[Aﬂ 1)
g’

A candidate of the constructive definition of string theory.

Evidences

(1) World sheet reqularization

Green-Schwartz action in the Schild Gauge
S =Id2§(%{X”,XV}2 +%%ﬂ{x*’,qj})

Regularization by matrix {, )5, 1]

l [ -Tr

sz—iTr( [AY AT +;¥yﬂ[Aﬂ ¥1)
g°



(2) Loop equation and string field

Wilson loop = string field
w(k , (-))=Tr(Pexp(i §da k, (o) A* + fermion))

& creation annihilation operator of |k (-)>

loop equation — light-cone string field X" =x"x" = const.

This can be shown with some
assumptions .




(3) effective Lagrangian and gravity

X142

:
B

x @41 4 q@# ntegrate out

__this part.
J

@u@ The loop integral gives the

e exchange of graviton and dilaton.

1
- gatoonst -tr(F9f9)tr (%, 1%,2)

(07X

—const tr(f (1),L£V f (1)ﬂV) tr(f (2)/1,0 f (2)/1,0)_'_ .. }
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