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J.N.-Okubo-Sugino, JHEP1110(2011)135, arXiv:1108.1293
Aoyama-J.N.-Okubo, Prog.Theor.Phys. 125 (2011) 537, arXiv:1007.0883

Anagnostopoulos -Azuma-J.N., arXiv:1306.6135
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AIFEDFHE : universal shrunken direction
Anagnostopoulos -Azuma-J.N., arXiv:1306.6135
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Kim-J.N.-Tsuchiya PRL 108 (2012) 011601 [arXiv:1108.1540]
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1 Kim-J.N.-Tsuchiya, PRL 108 (2012) 011601
T;i(t) = tr {A;(t)A;(t)} -
SO(9) 3 SO(3)

eigenvalues of Tu(t)

“critical time”
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Ito-Kim-Koizuka-J.N.-Tsuchiya, in prep.
Ito-Kim-J.N.-Tsuchiya, work in progress
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Ito-Kim-J.N.-Tsuchiya, work in progress
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S.-W. Kim, J. N. and A.Tsuchiya, Phys. Rev. D86 (2012) 027901
[arXiv:1110.4803]
S.-W. Kim, J. N. and A.Tsuchiya, JHEP 10 (2012) 147 [arXiv:1208.0711]
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Previous works in the Euclidean matrix model

{ A model with SO(10) rotational symmetry J
instead of SO(9,1) Lorentz symmetry

Dynamical generation of 4d space-time ? SSB of SO(10) rotational symmetry

® perturbative expansion around diagonal configurations,
branched-polymer picture
Aoki-Iso-Kawai-Kitazawa-Tada(1999)

® The effect of complex phase of the fermion determinant (Pfaffian)
J.N.-Vernizzi (2000)

® Monte Carlo simulation
Ambjorn-Anagnostopoulos-Bietenholz-Hotta-J.N.(2000)
Anagnostopoulos-J.N.(2002)

® Gaussian expansion method
J.N.-Sugino (2002), Kawai-Kawamoto-Kuroki-Matsuo-Shinohara(2002)

® fuzzy S 2 % §?
Imai-Kitazawa-Takayama-Tomino(2003)



Emeregence of the notion of “time-
evolution”

to < >
Ag = e m /\TaTSQt S R R I R AR
ItV‘l‘.l/ ty+1 t ty+n
v=0,1,--- ,N—n
1 n
tz_ztu+a
N a=1

band-diagonal
structure

fTi(t) represents the state
at the time t




The emergence of “time”

Supersymmetry plays a crucial role!
Calculate the effective action for

AO:diag(Oé]_,"',OéN> [A:H(O‘i_aj)QJ

at one loop. 1<)

- A; (¢1=1,---,d) -contributes A_d

— Wy (a=1,---,p) contributes Ap/Q

Contribution from
__ van der Monde determinant A

Altogether, Aﬂ p/24+1>

S Zero, in a supersymmetric model] !
(e.g.,d =9, p=16)

Attractive force between the eigenvalues in the bosonic model,
cancelled in supersymmetric models.



The time-evolution of the extent
of space

R(1)2 = %tr A.(4)?

k=0.5 & w N =16, n = 4
21 =10 =3~
k=2.0 &
k=40 ~@-
15 r K:8.0 N I__;r' Q
N L/
S
05 .y symmetricunder { — —¢
______ - .
¥ v We only show the region t < O




e
SSB of SO(9) rotational symmetry

T5(6) = ~tr {A() 4,0}
SSB

SO(9) = SO(3)

eigenvalues of Tu(t)

“critical time”



What can we expect by studying the
time-evolution at later times

® What is seen by Monte Carlo simulation so far is:
the birth of our Universe
® What has been thought to be the most difficult
from the bottom-up point of view, can be studied first.
This is a typical situation in a top-down approach !
® We need to study the time-evolution at later times
in order to see the Universe as we know it now!

» Does inflation and the Big Bang occurs ?
(First-principles description based on superstring theory, instead of just a
phenomenological description using “inflaton”; comparison with CMB etc..
» How does the commutative space-time appear ?
» What kind of massless fields appear on it ?
» accelerated expansion of the present Universe (dark energy),
understanding the cosmological constant problem
» prediction for the end of the Universe (Big Crunch or Big Rip or...)



Ansatz

extra dimension is small mms) A; =0 for z > d
(compared with Planck scale)

commutative space mm) [A;,A;]=0

[A) Aj] = 7

[A;, Cjk] = iPijk

[Ad, Ai] = 1E;

[Ao, E;] = iF; <= —[Aog,[Ao, Aill + [4},[A), Al = AA; =0
[A;, B;] = iGyj -+ | Fy = 24 |

1 ~
Gij = @]—I-%+ 20iH == A5, [Aj, Ao]] — Ao = 0O

1 (1 = Ay

[Ao, [As, Aj]] + [A4, [Aj, Aol + [45,[Ao, 4Ai]] = O




Simplification

M;; =0 for i = j

Mz' = Mz'i - Mi =0
g
Lie algebra
/[AzaA]] =0, [A07Az] =1k , [A07 E’L] = 1A\A; , \
[A;, M;] = i%(l —dé;;)E; , [E; Mj] = ’i%(l —dd;i)A; , [M;, M;] = 0/
e.g.) )
d=2, x>0, X>0 mmp SO(2,2)



d=1 case

[ [A07A1] =1k 9 [A()aE] — ’l”\Al ) [AlvE] — ’I,XAO ]

SO(9) rotation mwmmp ;A7 (i=1,---,9) with r2 =1

Take a direct sum

/A’ :AO®]IK )
Al = Ay @ diag(riV),r() ... D)
(m)2 _ —1....
_ where 7, =1 (m=1, ,K)/

(™) distributed on a unit S°

mm) (3+1)D space-time ~ RxS®

A complete classification of d=1 solutions has been done.
Below we only discuss a physically interesting solution.



SL(2,R) solution

» SL(2,R) solution
[A()aAl] =1k ) [A07E] — Z)\Al ) [AlaE] — ZXAO

I AOZCLTQ, A]_:bTo, E=cT1

([To. Tl =iy, [T2,Tol =iTy, [T1,T5] = ~iT |

> realization of the SL(2,R) algebra on {0 n e 7}
d
To = z@ + €

[ i0 V=0 _ ocing
_(T—l—e)e + (1t —¢€)e 25|n9d9]

:—('r +e)e? + (1 — €)e™™ — 2icos Qdi@]



Space-time structure in SL(2,R) solution
» primary unitary series representation

(To)mn = ndmn

1 , 1 1 1
(T1)mn = _E(n —p+ 2) m,n+1 + 2(’”’ + ip — 5)5m n—1
1 , 1 1 _ 1
(T2)mn = _E(n —1p+ ) m,n+1 — 5(’"’ + ip — 5)5m,n—1
trl-dlagonal
Space-time noncommutativity
n—10 O disappears in the continuum limit.
Aog(n) = a O n O ® 1g
0O 0 n+1

, 0 n+ip—1 0
_ b 2 .
Aq1(n) =% —n—l—ip—i—% 0 n—l—ip-l—% ®dlag(”'i(1),"‘ (K))
0 —n+ip—3 0



Cosmological implicationof SL(2,R)
solution

» the extent of space

2
R(n) = \/3%“'(21(”))2 = \/% (n2 +p° + %)

o2
> [R(t) = \/?(ﬂ + t8) J
t =na, tg=pa

cont.lim. a—0, nmn—o00, p— 00

» Hubble constant and the w parameter

R(t) _3
H(t) = O ¢ R(t)"2(1Fw)
_ 1
w = 3 radiation dominant
17 w=20 matter dominant
w= —1 cosmological constant




Cosmological implication of SL(2Z,R)
solution (cont’d)

2
213

a2
R(t) - \/?(tz + t%) /7 W = ——— —

1
3t2 3

13

R(t)
a(t)

{2:’3}”21:% i

(1/3)" Pty +

Iy
t

This part is considered to give
the late-time behavior of the
matrix model

t, Is identified with the present time.

present accelerated
expansion

. 1/t 4 _ .
cosmological const.N( /O) a solution to the cosmological constant probler

w = —1

w — —5 for t —» oo Cosmological constant disappears in the future.



/Seiberg’s rapporteur talk (2005) \
at the 23" Solvay Conference in Physics
hep-th/0601234
“Emergent Spacetime”

Understanding how time emerges will undoubtedly
shed new light on some of the most important questions
in theoretical physics including the origin of the Universe.

\_ /

Indeed in the Lorentzian matrix model,
not only space but also time emerges,
and the origin of the Universe seems to be clarified.




The significance of the unique determination of
the space-time dimensionality

It strongly suggests that

superstring theory has a unique nonperturbative vacuum.

By studying the time-evolution further, one should be able to see
the emergence of commutative space-time and

massless fields propagating on it.

It is conceivable that the SM can be derived uniquely.
This amounts to “proving” the superstring theory.

It is sufficient to identify the classical configuration which dominates at late times
by studying the time-evolution at sufficiently late times.

Independently of this, it is important to study classical solutions
and to study the fluctuations around them.

Does chiral fermions appear ? The key lies in the structure
Is SUSY preserved ? in the extra dimensions.



