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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 Ay AP + S tr a(Tu)apl A, zpﬁ]) :

e Dimensional reduction of 10-dim N = 1 super Yang-Mills theory to 0 dimension.
e A, (10d vector) and v, (10d Majorana-Weyl spinor) = IN X N hermitian matrices .
e A,’s eigenvalues = spacetime coordinate.

e Evidences for spontaneous breakdown of SO(10) symmetry to SO(4)

= emergence of four-dimensional spacetime.
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 6d IKKT model

T .Aoyama, T. Azuma, M. Hanada and J. Nishimura

N , N
S = = tr [Au, AP+t fa(Tp)asl Ay, 5]

A g A& g

—Sp —Sp

e A, (6d vector) and v (6d Weyl spinor) are N X N hermitian matrices .
I'N=101Q02 I'n=102Q 02, I's =105Q 02, 'y =11 R0y, I's =11 Q 03, I's =1K 1.

e SO(6) rotational symmetry and SU(INV) gauge symmetry.

e Presence of N/ = 2 supersymmetry.

o Z = / dAdypdipe = / dAe "B (det M) = / dAe "%e'l. CPU cost is O(NY).
N——
= [ depdipeSF
4d — det M is real positive

6d and 10d — det M is complex.
Complex phase is important in SO(6) breakdown.
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e Previous works on this model:

* Simulation of phase-quenched 6d and 10d IKKT model
= no symmetry breakdown of SO(6) (and SO(10)).

J. Ambjorn, K. N. Anagnostopoulos, W. Bietenholz, T. Hotta and J. Nishimura, hep-th/0005147
* Simulation of one-loop effective action (CPU cost is O(N?)).

K.N. Anagnostopoulos and J. Nishimura, hep-th/0108041.
* Gaussian expansion method = symmetry breakdown of SO(6) to SO(3).

T. Aoyama, J. Nishimura and T. Okubo

1
Observable for probing dimensionality : 7}, = Ntr (ALAL).
Ai (¢=1,---,6) : eigenvalues of T),, (A1 = A2 = -+ = X¢)
At large N, (A123) > (Ays56)
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3 Monte Carlo simulation

Factorization method'

An approach to the complex action problem in Monte Carlo simulation.
K. N. Anagnostopoulos and J. Nishimura, hep-th/0108041,
J. Ambjorn, K. N. Anagnostopoulos, J. Nishimura and J. J. M. Verbaarschot, hep-lat/0208025.

Standard reweighting method:

N (Aie'T)o _ (AicosT')
(R) = (e'T)o (cosT')g

, where (x)o = ( V.E.V. for the phase-quenched model Z).
Under parity transformation A = A;(i = 1,---,5), Al = —As =

e )\; (eigenvalues of T),, = Ntr A,A,) are invariant.

e det M is complex conjugate.

The phase I' oscillates violently.

(Number of configurations required) ~ e°V 9. = sign problem.
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; def Ai/{Ai)o: deviation from 1 = effect of the phase.

Overlap problem: Discrepancy of a distribution function between the phase-quenched model

Zo and the full model Z.

Distribution function

def

pi(2) & (5(z — 3y = @ =) cosTho _ (0@ — Ayo(cosTia _ 1

(cosT')g (cosT')g B Ep’(O) (@)wi(z),

where

C = (cosTY, pV(z) = (6(x — X))o, wi(w) = (cosT);q,
(x);z = [V.E.V. for the partition function Z;, = /dAe_S"&(w — )]

Simulation of partition function Z;, = x is trapped at i

The system visits the configurations important for full partition function Z.

Resolution of overlap problem.
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[Monte Carlo evaluation of (S\Z)j

w;(x) > 0 = (N;) is the minimum of F;(x):

1
Fi(x) = (free energy density) = “N? log p;(x).
1 d 1 0
/ _ (0) _ , (0) def (0)
We solve F/(z) = 0, namely ﬁfi (x) = - {ﬁ log wz(a:)}, (where f; " (x) = ™ log p; ' (x))

Do both —— 1| () dif“’)() le at large N
O DO N2 og w;\Tr) an N2 i ) SCale at large as

1 1
= log wi(z) — ®;(z), ﬁf; )(z) — Fi(z)?

o & ) bw, (X)

£ (%) P (%) L




Monte Carlo studies of the six-dimensional IKKT model, Aug. 29th, 20:20 ~ 21:00

[Behavior of ®; (az)j

1
Asymptotic behavior of ®;(x) = N2 log w;(x) at * < 1 and = > 1.

When we fix the 2-th largest eigenvalue —
er kK1 (t=2,---,6) = (¢ —1)-dimensional configuration
er>1(t=1,---,5) = i-dimensional configuration
Fermion determinant det M is complex conjugate under
A = A(i=1,---,5), Al = —Ag

Qq = {{A.};nlPA, =0 for InJ)(i =1,---6 — d)}
5-dimensional configuration (2; = Fermion determinant is real.

J. Nishimura and G. Vernizzi, hep-th/0003223.
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For d-dimensional configuration (2,
o"r
047 ---OAT,

(Up to (5 — d)-order perturbation = configuration € 2s)

Expected power behaviors:

P, () x d

wﬁ’_i_f_... (a:>>1,i:1,---

. 1
(*) = has the order of the eigenvalues of T}, = Ntr (ALAL).

Ci,0w7_i—|—"° (w < ]_,7::2,...

=0forn=1,---5—d=T=0(A%9
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Figure 1: N log wi—3(x) for N = 8
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Figure 2: N log wi—4(x) for N = 8
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: L o
@Behavmr of Nz fi( )(w)J
Leading behavior at small x (x < 1) — (7.— ¢) directigns are shrunk.
. 2(7—4 — 1
oi=200,6 p" () = (VE)UT) = V(@) =

2x

e : = 1: Eigenvalues of A, are collapsed to zero.

= Add the effect of fermionic determinant (polynomial of A, with degree 4N?).
2 1 5]
= (@) = (Va)' N = 7 (x) =

L o
At large x: ﬁfi( )(az) — 0.

Ansatz for all x: —2fi(0)(aj) — : _ p( 1) |
N 5= exp(—b;x) i=2,---,6

For N = 8 numerical data, we have b;—_3 4 ~ 5.

5 10
N=4 —=— ° N=4 — =
4 r N=6 -~ gl N=6 -
N=8 N=8 -
o, 3 N=12 Z 6} N=12
= N=16 = N=16
S = 4
S 1t S)
o T2 -
H—u 0 2 4 el éﬁ%"'éé;
0 =
_l L
2 ‘
-2 0 0.5 1 1.5 2
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Soluti f th tion — £9(z) i) S (z)
olutions o e equation —— 7. r) = ——7——§ <108 w;\x e
4 Nz’ dx | N2 °

Double-peak structure for ¢ = 3,4 — two solutions z; and x; (z; < ; = 4+00)

Result of Gaussian Expansion Method (GEM) T. Aoyama, J. Nishimura and T. Okubo

e Symmetry breakdown SO(6) — SO(3):

x; should dominate for : = 3. =, should dominate for z = 4.

e For collapsed directions, x; = 0.18.

To have this solution, the coeffcient b; should be b;—3 ~ 24, b;—4 ~ 37.

13
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30 ()/N?

fi

e Strong finite-N effect — For 7 = 4 we expect s ~ 0.18 (b;—4 ~ 37) at large IN.

e For b;_3 ~ 24,b;,_, ~ 37 (expected behavior at large N) —

SO F N W b~ O

N=6
N=8
2exp(-24x)/x

A9 (x)IN?

fi

x; dominates for : = 3 while x, dominates for + = 4.

Evidence for symmetry breakdown SO(6) — SO(3)

N=6 -
| N=8 -
% 1.5exp(-37x)/x

¢
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4 Conclusion

Monte Carlo simulation of 6d IKKT model = spontaneous breakdown of SO(6) symmetry.

Can we understand the emergence of the spacetime?
e Gaussian Expansion Method: SO(6) — SO(3).

e Numerical evidence for symmetry breakdown SO(6) — SO(3).

(Future works]

e Simulation of larger N =- study the finite-N effect.

e Ultimately, 10d IKKT model =4 spacetime.
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