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1 Introduction

What is superstring theory?'

Promising candidate for the unification of all interaction.

Understanding of perturbative aspects of superstring theory.

e The energy of gravity is free from divergence.

e Prospect for reproducing standard model (Eg X Eg heterotic superstring theory).

Nonperturbative aspects of superstring theory.
e Discovery of the D-brane = T/S duality of string theory

e Proposal of matrix model as a constructive definition (nonperturbative formula-

tion) of superstring theory

Completion of constructive definition of superstring theory.
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LIB matrix model N. Ishibashi, H. Kawai, Y. Kitazawa and A. Tsuchiya, hep-th/9612115.

Promising candidate for the constructive definition of superstring theory.

S=N (—itr (A, A2 + %tnzrﬂ[Au, ¢]) .

e Dimensional reduction of N = 1 10-dimensional Super-Yang-Mills (SYM) theory
to 0 dimension.
A, (10-dimensional vector) and v (10-dimensional Majorana-Weyl spinor) are

N X N matrices .

e Matrix regularization of the Schild from of the Green-Schwarz action of the type

IIB superstring theory.

e N = 2 supersymmetry:

The theory must contain spin-2 graviton if it contains massless particles.

e Difficulty of Monte Carlo simulation :

The determinant (from integrating out fermions) is complex = Sign problem.
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2 Heat bath algorithm of bosonic matrix model

(a) Simplest case: quadratic U(IN) one-matrix modelI

S thb2
= —tr ¢p~.
2

To analyze this model via the heat bath algorithm, we rewrite the matrix ¢ as

bi; = L\/_ya

' 2N (for i < j).
/T T;i—iYs

N i = "R

The N? real quantities a;, z;j, y;; comply with the independent normal Gaussian

a;

i =

distribution.

S—l N 2 1 2 2
— 51,;1 a; + 2 > ((zi5)° + (yi5)7)-

i<j
N 1N 2 1 2 2
Z=[1lda; Il dmjdyjexp|(—=Yal—= ¥ ((®)°+ (v:5)")]-
i=1 1<i<j<N 2 2 1<i<j<N

ai, Tij,Y;; are updated by the Gaussian random number.

There 1s no need for thermalization or no autocorrelation.
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fj_gg da:a:ze_a$2/2 i

ST dee—a?/2

Feynman rule of this model (use the Gaussian integral % =

(Pijbr) = . . sn (TiiTi; — Yijyi;) =0, (1 =k,j=1) C,
’ o (@i + i) (g + agp)) = { 2V T TIERE T (i # Gk #1)
N TiiTij — Yij¥ji) = ~» =13 = k)
1
= Nailajk

Some exact results:

1 1 1 1
<Ntr ¢2> — N(Cbijqui) = N X N x N? = 1,

(%tr o) = %(Qbijqukqbqub“) =24 N
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(b) The bosonic ITB matrix model I
T. Hotta, J. Nishimura and A. Tsuchiya, hep-th/9811220 .

N d N
S=—— Y tr[A,, A =—— ¥ tr{A,,A}’+2N Y tr(A%A?),
4 pr=1 2 1<u<v<d 1<p<v<d H

defined in the d-dimensional Euclidean space.

Auxiliary field Q,, (where G, = {A,, A,}):

N 2
5 T tr(Qu = Guw)*+ 5.

1<p<v<d

- N
S=— Y tr (Qiy —2(QuGuw) + 4(AiA12/)> -

2 1<pu<v<d
Update of Q,,,:
Quis = e + (Guiss (Quu)is == ="

Dependence of Aj:

+ (Gp,u)ija

S = —Ntr (ThA)) + 2Ntr (SxA2) + .-+, where
Sx= X (Ai)a = X (AuQAu + QAuAu)'
HFEA HFEA
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e Dependence of (Ajy):
S = 2N(S5\)i(A,)% — 4Nh;(A,);, where
h; = g[(TA)ii - 2j§i((sx)ji(AA)z'j + (S1)ij (Ax)ji)]-

Update of (Ajy)q;:
a; hi

VAN (55)i; i (Sa)ii

(Ax)i =

e Dependence of (A));;:
S = 2Nci|(A)ij|> — 2Nh;i(Ay)ij, where
cij = (Sx)i + (Sr)jjs
iy = H(T0)s = . (S)a(A = 5 (S)ki(Ana-

Update of (AA)z'j:
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3 3d bosonic Yang-Mills-Chern-Simons(YMCS) model

S. Iso, Y. Kimura, K. Tanaka and K. Wakatsuki, hep-th/0101102, T. Azuma, S. Bal, K. Nagao and J. Nishimura, hep-th/0401038

Yang-Mills-Chern-Simons model = toy model with fuzzy sphere solutions:

1 5 2l
S = Ntr —Z[AM, Ay] —|— ?eﬂVPANAVAP .

e Defined in the 3-dimensional Euclidean space: (u,v, p = 1,2,3).
e Classical equation of motion: [A,,[A,, A,]|] — ta€y,p[AL, Ayl = 0.
e Fuzzy S? classical solution A, = X, = aLL") ® 14
(where [LL”), LM = z'e“,,pLg”), N = nk).
LL") = (n X n irreducible representation of the SU(2) Lie algebra).

Casimir operator: Q = A% 4+ A2 + A7 = R*1y, where R* = a2%.

e Expansion around k coincident spheres = Field theory with U(k) gauge group.

Dynamical generation of gauge group.
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(Monte Carlo simulation of 3d YMCS model]
Heat bath algorithm of the 3d YMCS model:

~ N 5 9 .9 2talN
S= 3 —trQ; , — Ntr (Qu.Gu) +2Ntr (AZAY) | + ——€uptr AJA A,
1<p<v<3 H H 3

Update of Q,,: parallel to a = 0 case (in Sec. 2).
Dependence of Ajy:
5’ = —Ntr (T)\A)\) + 2Ntr (S)\Ai) + ..o ’ where

S)\ = ug)\ Ai, T)‘ = HEA(AMQAM —|— Q)\NAN) \—22.&6)\“,,44“44,{

the only difference!
Update of Ay: parallel to the o = 0 case, except for T).
Initial condition:
A0 _ X, (fuzzy sphere start),
g 0 (zero start).
Discontinuity:

al) = 2.1\/% (fuzzy sphere start)
al*) = 0.66 (zero start).
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First-order phase transition:

o @ < «.: Yang-Mills phase

Strong quantum effects.

Behavior like o« = 0 case.

(72) = O(1), (tr AZ) ~ O(1).

® o« > «,: fuzzy sphere phase

Fuzzy sphere configuration is stable.

k = 1 result:

N=8(FS) =

N=24(FS) v ‘
N=8(1lloop) ——

<S>IN?
© 00 N O O M WN PP O B

N=24(lloop)
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4 Simulation of supersymmetric matrix model

Simulation of IIB matrix model is difficult due to sign problem.

e hybrid R (or hybrid Monte Carlo) simulation of the 4d supersymmetric model
(fermion determinant is real positive, O(N>(%)) CPU times).

J. Ambjorn, K. N. Anagnostopoulos, W. Bietenholz, T. Hotta and J. Nishimura, hep-th/0003208,
K. N. Anagnostopoulos, T. Azuma, K. Nagao and J. Nishimura, hep-th/0506062.

e hybrid Monte Carlo simulation of the one-loop effective action of the quenched
10d TIB matrix model, (O(IN?) CPU time).

J. Ambjorn, K. N. Anagnostopoulos, W. Bietenholz, T. Hotta and J. Nishimura, hep-th/0005147.

Complex action plays a key role in spontaneous breakdown of Lorentz symmetry:

J. Nishimura and G. Vernizzi, hep-th/0003223.

e Factorization method to simulate a complex action system.

K. N. Anagnostopoulos and J. Nishimura, hep-th/0108041 .
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5 Conclusion

We have reviewed the basic techniques of the heat bath algorithm of the large-IN

reduced model.

We investigated the matrix model with the Chern-Simons term, to deepen the

understanding of the fuzzy-sphere background.

Other related WOI’kSI

e Extension to the four-dimensional manifolds: fuzzy S?*, CP?2, S?2x S2.
= dynamical generation of four-dimensional spacetime.

T. Azuma, S. Bal, K. Nagao and J. Nishimura, hep-th/0405096,0405277,0506205

e 3d bosonic massive YMCS model = nontrivial gauge group.

T. Azuma, S. Bal and J. Nishimura, hep-th/0504217



