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1 Introduction

Matrix models as a constructive definition of superstring theory

IKKT model (IIB matrix model)

= Promising candidate for the constructive definition of superstring theory.
Ishibashi, Kawai, Kitazawa and Tsuchiya, hep-th/9612115.

1 1
S=N <—Ztr [AIM 1411]2 + itr ¢a(ru)a5[AN’ ’l,bg]) .

e A, (10d vector) and v, (10d Majorana-Weyl spinor) = IN X N matrices .

e Evidences for spontaneous breakdown of SO(10) symmetry to SO(4).
Nishimura and Sugino, hep-th/0111102, ~Kawai, et. al. hep-th/0204240,0211272,0602044,0603146.

e Complex fermion determinant:

* Crucial for rotational symmetry breaking.
Nishimura and Vernizzi, hep-th/0003223.

* Difficulty of Monte Carlo simulation.
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2 Simplified IKKT model Observable for probing dimensionality :
1

Simplified model with spontaneous rotational .
An (n =1,2,3,4) : eigenvalues of T},

(A1 2 A2 2 Az =2 Ay)
Spontaneous breakdown of SO(4) to SO(2)

ter (=)
at finite r | = — ).
N

symmetry breakdown
Nishimura, hep-th/0108070.

2dim spacetime
A

2dim extra
dimensions

A

3,4

e A,: NXN hermitian matrices (u = 1,--- ,4)
Pl pS: N-dim vector (¢ = 1,2, f = 1,--- , Ny)

N; = (number of flavors)
e SO(4) rotational symmetry.
e No supersymmetry.

e (Gaussian expansion analysis up to 9th or-

der: Okubo, Nishimura and Sugino, hep-th/0412194.
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3 Monte Carlo simulation

Factorization method'

An approach to the complex action problem in Monte Carlo simulation.
Anagnostopoulos and Nishimura, hep-th/0108041,

Partition function:
Z = /dAe_SB(det D)V = /dAe_SOe’T, where D =T,A4,,
Zy = /dAe_SO = [ dAe °B|det D|/.

Overlap problem: discrepancy of important configurations between phase-quenched partition

function Z, and full partition function Z.

A important for important for
phase—quenched full model
model

////
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Factorization method: force the simulation to sample important comfigurations for the full

partition function.

e 70ld” factorization method: constrain one eigenvalue with partition function Z,, ,

. A,
(n=1,2,3,4, \, =
<)\n>0

, (+++)o = (V.E.V. for phase-quenched partition function Z,))

Zpow = /dA 6_50(5($ — S\n)

e Generalized factorization method: constrain all eigenvalues with partition function Z;, 2, 25 4,:

4
Zyywaw3,2y = /dA e H 5(wk — )‘k)v
k=1



Generalized factorization method for the overlap problem in a matrix model with complex action, Jul. 23, 15:05~ 15:30

Generalized distribution function:
4
p(wla L2y L3y $4) == < H 6(wk - Ak:)°>
k=1

p(x1, T2, 3, x4) factorizes as

1
p(wlaw% I3, C34) — Ep(o)($1,$2,$3,$4) w(wlaw% I3, 334) , where

p(o)(wlaw2aw3aw4) — <H 5($k; - Xk:)>07
k

def ;
'w(wla L2y L3y C134) = ezr>fv1,w2,w3,w4 — (COS F>w1,w2,w3,w4'

(*** )apeoase, = (V.EV. for partition function Z,, 4, 25.2,)-

e

Monte Carlo evaluation of (A,):

1
Minimum of the free energy density F(x) = N7 log p(x1, x2, T3, T4)
0 o
.7:(33) =0= — log P (wlv L2y L3 w4) - T 4 log w(wlv L2y L3 w4)

ox, ox, ox,
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3 A,
SO(3) Vacuuml X, — ’
(An)

0
Solutions which satisfy 1 = 3 = 3 > 1 > x4. (An)o =1+ r — 1.5(for r = 1)
2

Result of Gaussian Expansion Method (GEM) for n = 1, 2, 3, 4.
up to 9th order at large IV:

Okubo, Nishimura and Sugino, hep-th/0412194. At r = 1, <X1 o 3> = 1.17, <X4> = 0.50.

4

3.5 Minimum of the free energy density F(x)
% it '

0 o
25 (— RS,  DOPNRRRTE TR | NS _ —pgd) (wg, w4) — ——wgd(wg, w4)
A, 2 e | oxy, oz,
n15 =Ty forn =3,4,

1 = = where

0.5 = =i o
0 p:(’)d)(w& 35‘4) — p(o)(w3,w3,w3,w4) ’

0 0.5 1 1.8 2

; wsd(€133,€134) = w(wsawsaw?n 334)

S0O(3) ansatz
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{Calculation of (An—3) at r = 1|
Calculation of (\,_3) for fixed (A,—4) = 0.5.

0
0
N2 ?Ed??,(w) — —aq’sd(way = 0.5),

1
where f3d3(:13) = logp (a:,y = 0.5) and P34(x,y) = ﬁlog wsq(z,y).

Scaling behavior of the phase:

<I>3d(a3 y = 0. 5) ~ —dyx™! + dgw
0 : : 0.5

) — 0.4 r ﬁ N=32 -

o — i ‘*s;_ggr N=64 > :

|>|: 0.05 \>_:/0 0.3 - O 3d(x,y—0 5)

Xa¥ s 0.2 ¢ .

= -0.1 9‘_1_ 0.1F¢F EK.;:T‘A;?E‘I\

8 N; 0t .%“a‘*%klm

—~ N:8 —a— = ETE‘A

NZ -0.15 N=12 - < -0.1+¢ E'é __—

= . ( Nol5§ """"""""" | 0.2 | N
X E— 2‘:4

-0.2 —— : Zad Y7 : : -0.3 : : : : ' ' —
0O 2 4 6 8 10 12 14 16 05 06 0.7 08 09 1 11 1.2 13

X X

Numerical Result: (\,_3) = 1.161 % 0.002, (GEM result (A,—s)gen = 1.17).
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{Calculation of (An—s) at r =1
Calculation of (\,_,) for fixed ( n=3) = L.17.

3d4

where f u(T) = log p3d)(y = 1.17,x).

P3q(y = 1.17,:1:) suffers finite- IV effect at = 0.50 =
Calculate ®3q4(y, z = 0.45), P34(y,z = 0.50) , and P34(y,z = 0.55) at y = 1.17,

done in calculating (Xn:3>

, 0
and obtain ——®34(y = 1.17, x).
ox

-0.1
<
~ -0.12 ¢
7
> -0.14 ¢
o
(42}
=
o -0.16
o
NA
Z -018 ¢
)

-0.2
0.35 04 045 05 055 06 0.65

(WN?) 954 4 (%)

0.5

04

03 |

0.2

0.1

0

o
faa(®) = =5 ®sa(y = 1.17, ),

N=16 ——=—
N=32 |
N=64
P'39(y=1.17.%)

0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7

Numerical Result: (\,_s) = 0.59 + 0.02, (GEM result (A\,—s)cem = OX.5O).
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3 A,
SO(2) Vacuuml X, — ’
(An)

0
Solutions which satisfy €1 = x> > 1 > 3 > x4. (An)o =1+ r_ 1.5(for r = 1)
2

Result of Gaussian Expansion Method (GEM) for n = 1,2, 3, 4.
up to 9th order at large IV:

Okubo, Nishimura and Sugino, hep-th/0412194. At r = 1, <X1 2) — ]_4, <X3> — 07, <X4> — 0.5.
4 : '
35 L = Minimum of the free energy density F(x)
e 9 (o) 0
R Log L3¢ L = ——Ww Loe L3e L
Bwnpzd( 29 L3, T4) 9., 2d (@2, T3, T4)

forn =2,3,4,

where

p;(()i)(w% T3, Ls) = P(O)(w% T2, T35 Ta) s

wzd(ilfz, L3 5134) = w(a:z, L2y L3y 334)

S0(2) ansatz
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{Calculation of (An—2) at r =1
Calculation of (\,_;) for fixed (A,—3) = 0.7 and (A,—4) = 0.5.

0
W (x) = —a‘l’zd(way = 0.7,z = 0.5),

N2 2d,2
1
where f2d2(w) = logp (a:,y = 0.7,z = 0.5) and ®Py(x,y, 2z) = N2 log waq(x, y, 2).
Scaling behavior of the phase:
Poq(x,y = 0.5) ~ —dix 2+ dox™
~—~ O T
R oal N=16 —
T 002 L N=32
- —~ i N=64 = ‘
™ -0.04 3.:; 02 | EAQE&: P54 (X,y=0.7,2=0.5) ——
X S L
< -0.08 = 0 Ry
= < =T
g '01 B §| _02 | g ¢ EA VA“N\A‘
o 012 ) "t
S 014 | N=16 - 4
0O 2 4 6 8 10 12 14 16 07 08 09 1 11 12 13 14 15
X X

Numerical Result: (\,_3) = 1.372 4+ 0.002, (GEM result (A,_3)ceym = 1.4).

11
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[Calculation of (A\n—3) at r = 1)

777

12
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{Calculation of (An—s) at r =1

Calculation of (\,—4) for fixed (A,—z) = 1.4 and (A,—3) = 0.7 .

N2 2d.,4

0
(0)( )__a_q>2d(y_14z—077 x),

13

Calculate ®24(y,z = 0.7, = 0.45), ®24(y,z = 0.7, = 0.50), and Po(y,z = 0.7, = 0.55) at
0

y = 1.4, and obtain _8_(I)2d(y =14,z =0.7,x).
x

< -0.1
~

T -012 ¢
N

<

< .0.14 |
o)

o

= -0.16 |
(@)

ks,
N/—\ '018 B
<

2 02

0.35 04 045 05 055 06 0.65

(WN?) 9,4 4 (%)

0.5

04

03 |

0.2

0.1

0

N=16 ——=—
N=32 - ]
N=64 - ‘
20|(y 1.4,2=0.7 x)

0.3 0.35 04 0.45 0.5 0.55 0.6 065 0.7

Numerical Result: (A,_s) = 0.55 4+ 0.003, (GEM result (A,_s)cey = 0.50).
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4 Conclusion

Monte Carlo simulation of the simplified IKKT model.
Improvement of factorization method to overcome ”overlap problem”.

Better agreement with GEM result.

(Future problems|

Comparison of the free energy (which is favored, SO(2) or SO(3) vacuum?)
Monte Carlo Simulation of the IKKT model Anagnostopoulos, Aoyama, T. A., Hanada and Nishimura, in progress

Effect of supersymmetry on dynamical generation of spacetime.



