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We will discuss the naturalness problem
in the context of the IIB matrix model.
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1. 1lIB matrix model




IIB Matrix Model
S = —%Tr(l[/l“, A" ]2 + l‘i}/”[A” S P1)
g 4 2

A candidate of the constructive definition of string theory.

Evidences

(1) World sheet regularization

Green-Schwartz action in the Schild Gauge

5= fdzg-'(i{X“,XV}z +%W{X“,‘P D)

Regularization by matrix {, 11,1

l [ =Tr

S = —%Tr(l[A”, A ]2 + l‘T’y"[A”‘,IIJ])
g 4 2



Multi string states are naturally described in the
large-N limit.
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(2) Loop equation and string field

Wilson loop = string field
w(k ,(-))=Tr( Pexp(ifdakﬂ (0) A" + fermion))

& creation annihilation operator of/k ,(--)>

loop equation — light-cone string field xt = x"™x’ = const.

This can be shown with some
assumptions .




(3) effective Lagrangian and gravity

A

\
1+a®" \

u
x(l)

K@D 4 @ ntegrate out

|__this part.
/
J

®\—/@ The loop integral gives the

Y Mok exchange of graviton and dilaton.
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2. Emergence of space-time




Various possibilities for the emergence
of space-time

11 1=
S=—-—Tr(=[4", 4" +=Wy"[4",¥])
g 4 2
(1) A, as the space-time coordinates

mutually commuting A, = space-time

ex. flat space

A" = x* uniformly distributed eigenvalues

= vacuum (flat space-time)

non-commutative lumps
= excitations around the vacuum



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

non-commutative A, = NC space-time

fluctuations = local fields in NC space

ex. flat non-commutative space

A" = x", \_x“,xVJ=iCW

= flat non-commutative space

In non-commutative space, A, can be regarded as
both coordinates and momenta.

P, = C'Wx"



(3) Ay as momenta

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

(Aa¢)a = C(a)l;/j Vb¢/5

@,, . regular representation field on manifold M

C

(@)

I

vector

b , (a = 1,..,D) : the Clebsh-Gordan coefficients
®V. =V ®L @V, r:regular representation

ex. derivative on flat space
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3. Low energy effective theory




Low energy effective theory is obtained by taking the
fluctuations into account.

Because of the symmetry, it should be

Ay =dex\/§(K R + A + gauge + matter +...)

Is that all?

Usually, action is additive.
S =S5, +S,

int >

S, =fd4x(_TlFW2 +17y“aﬂ1/1),

S. =fd4x(eAM17)/”¢).
why not

S =35,S5  (Sugawara ~1980)



If it is true, the coupling constant is determuned by
the history of the universe:

Seff = <S'nt>So + <SO>Si

1 nt

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

Seff = Eci Sz‘ + Ecij S,-Sj + ZciijiSjSk + .-,
I 1j Wi
S, =dexw/g(x)Ol.(x).
O, (x) : local operators

Then the path integral is given by
Z = [dA p().)exp(iz AZ.SZ.).



(1) Space-time wormhole and baby universe

action (Euclidean)

y—
A wormhole induces
a local operator

)
. at each end point /‘
/ Dy 5 cije / d*zd*y/g(z)v/g(y)O*(x)0’ (y) exp(—Sk)

sum over wormbholes

exp(%cije_zswh/d4:cd4y\/g(a: \/g O" CL')OJ( ))

In matrix model, wormhole-like fluctuations of string scale
are expected to exist They need not be classical solutions.

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



(2) integration of (off ) diagonal blocks

( )
\ntegrate out

c.'’v, N
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C(a)z’/j Vb |__this part.
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The path integral gives

See = > S, + ¥ ¢, S:S, + ch.ijl.SjSk +o,
I 1j

S =dexw/g(x)Oi(x).



4. Wave function of the multiverse




When we consider the time evolution (the path integral )
of the matrix model, a number of universes emerge from
fluctuations, and then evolve as almost classical
universes,

time

where the path integral is approximated by

Z = [dip(A) exp(iz /L.Sl-),

/

S =dexw/g(x)Oi(x).



Infrared cutoff

)
There appears an effective infrared cutoff for the
size of universes.

At present, for the IIB matrix model, it is not
clear whether we need to introduce an infrared
cutoff by hand or not.

Naively, attractive forces among the eigenvalues
of the matrices are canceled by SUSY, and we
need to introduce an cutoff by hand.

However, if we take the fermion zero modes into
account, then there appears a week attraction
among the eigenvalues, and we can show the path
integral converges in the Euclidean case.

For Lorentzian case, no definite answer 1s known.



infrared cutoff (2)

We assume that there 1s an infrared cutoff for the

size of universes.

ceases
to
exist

—

bounce
s back



wave function of a universe

. o-:
Assume that a universe starts from a small size“&~~—)
. t=1 T (/
(=] ¢) = / dp.[d=][dN] expl(i / dt (.5 — N(OYH)). -
t=0
z(0)=e, z(1)==z N(t) T

_ /_ Z dT / [dp,)[dz] eXp<¢ /t: dt (pzZ—TH))

z(0)=¢, 2(1)=2
_ CX/:dT<z|e-iTH| )
— Cx (1Mo
= ex o ( [ dBion) (ol ) o)

=C X ¢p—_o(€)pr=0(2)

(Pplor) = 6(E — E),
H|¢E> — E|¢E>

The wave function of the universe that emerges from size ¢ is
C X ¢p—o(€)|PE=0)



Wave Function of N-verse

-The state of each universedsx ¢%_,(€)|¢z—o)

-Let be the prob. amp. of a universe emerging from
nothihd
to the size €.

-Then, the N-verse wave fn is given by the tensor product of N
universes,

' ® ' & ‘
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N
Py) = (uoC X ¢E=o(€)) |pE=0) - - |$E=0):= ™ |pE=0) - - |pE=0)




Wave Function of the multiverse

The multiverse: the sate with indefinite number of universes

where ¢(z) = (z|dE=0)

X the set of the coupling constants

A\ = [



5. Naturalness and the big fix




Density Matrix

-Our universe : a subsystem of the multiverse.

- The density matrix of our is obtained
by integrating out the other universes.

Recall; ®n(z1,---,2n8) = /dX PN X (21)(2) - - dlan) |N)



The Big Fix

For a given X, ¢(2") is in principle determined;

1 d2 : 1 Cma,tt Crad
(a2 ~UIVEH(z) =0 WIth V() = S5 = A= =25 = 2%

—

Note: A, Chiatt, Craqa depend on A

BIG FIX

X are dynamically fixed such that
the exponent becomes maximum.



Which value of the CC is selected?

We want to know which A maximizes the exponent / dz" | pe(z)?
0

1
WKB sol ¢(z) ~ NEEe) with k& = v—2U
C'rad

att
U(z) = ﬁ —A- N 24/3

shallower potential is favored as long as no tunneling

As we vary A\, the potential changes---
UA(Z UA(Z) UA(Z) UA(Z

Ul(z)
/\ Z %

T T e

(a) A <0 (b) A =0 (¢) 0 <A < Agr (€) A > Ao,

tunneling’suppressed

A.r is given by solving g



The other couplings (Big Fix)

e
—~
N\
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[ ax i oo x exp [ alno" )¢

— 0o

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

. ’ .Y 0og <
0 0 < V AC’I“ \/ Acr g e

\\Acr ~ l/O'rad
~\ Crad log IR
BIG FIX 2
) is determined in such a way tﬁ'a?;d(X) ~ IS maximiz d

and the CC is given b = A, ~ 1/Craq(N)



Meaning of the Enhancement

p(/,2) = [ dX oy o) x exp( [ ds' ot )P )

— o0

From the WKB sol., the exponent can be written as

[dz10cE= [ s SOUEE IS

2
OH

P
op.

~J —zpz

Equal to lifetime of universe

ZIR ZIR
+— +—>
small A fw large A
long lifetime short lifetime

—the probability finding small A is enhanced.



Example of the big fix

Which couplings are dynamical?
p(2,2) = [ (@ oty ote) x exp( [ a:" ot )

We focus on the Higgs potentia

We treat the quartic coupling A ,, as dynamical,
assuming that the other parameters in the SM are fixed
at the experimentally observed values.

In particular, v, is fixed at 246 GeV.

We consider what value of A,, makes the radiation maximun



Higgs mass

If proton decays, the radiation energy in the future is
dominated by the radiation produced by its decay.

Thus, A, is determined in such a way that
the proton numbafp in the universe is

maximizecili .
assuming the leptogenesis

An O\ the symmetric phase lasts longer Np /

Most baryons are produced in the symmetric
phase in the leptogenesis.

Xias a lower bound from the stability of poi\.h|planck =0

m,  ~140=20GeV.
12gs



6. Summary




Summary

In the quantum gravity or matrix model, the multiverse
naturally appears, and it becomes a superposition of
satates 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 futre is
predicted to be )o~e(|;y sma)l:'v 0

The Higgs mass is predicted at its lower bound provided
by the stability of the potential.

Future work

Other operators?
Comparison of different dimensional space-time?
Generalization to the landscape?



