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Numerical studies on the matrix model and the expanding
universe
= & =z Bk WE

e R iE

B Ak BRA

HiE BA A

e AR

M LR R iR




(oA 2)
(Separate Form 2)

MmN DOEE
Summary of thesis contents

Numerical studies on the matrix model and the expanding universe

The Standard Model is extremely successful in understanding quantum field theory
of fundamental interactions perturbatively and it can explain the experimental
observations except for a few important remaining problems. Also the lattice gauge
theory has been established as a non-perturbative approach to the physics of strong
interaction. Numerical studies based on the lattice gauge theory is actually a
powerful approach to understand the physics in the strong coupling region where
perturbative approaches are not applicable. On the other hand, describing the
quantum gravity is not yet achieved although it is necessary in understanding the
dynamics of the early universe in which macroscopic description of gravity by general
relativity breaks down due to the cosmic singularity. As a most promising candidate
for a quantum gravity theory, the string theory has been studied for a long time.
However, superstring theory requires the space-time to have ten dimensions whereas
our universe has only four dimensions. In order to obtain a four-dimensional
low-energy effective theory from superstring theory, one has to consider
compactification of six-dimensional space. However, it is known that there are too
many vacua giving 4d effective field theories with various gauge symmetries.
Therefore, as far as one considers string theory perturbatively, there is no principle
to choose one vacuum. Thus, in order to understand how our universe can appear
from string theory, one has to deal with it non-perturbatively.

As a non-perturbative formulation of superstring theory or M theory, several matrix
models were proposed, which are defined by dimensionally reducing the 10d N=1 SYM
theory to d=0, d=1 and d=2. These models naturally describe the state of
multi-strings and D-branes by embedding them into the matrix degrees of freedom. In
this approach, the eigenvalue distribution of matrices represent a typical distribution
of such objects in 10d space-time, which can be regarded as the dynamical extent of
space-time. Especially, the type IIB matrix model, which was proposed by Ishibashi,
Kawai, Kitazawa and Tsuchiya, corresponds to the d=0 case above, and it is expected
to explain how the 4d space-time emerges from the compact 10d space-time because

the model does not have any coordinates a priori.

The Euclidean type IIB matrix model obtained by the Wick rotation has a finite
partition function, which enables us to study the model by a numerical approach
without any further regularizations. A recent study on the Euclidean model using the
Gaussian expansion method indicates that the SO(10) rotational symmetry of space
breaks down to SO(3) instead of SO(4). However, this result should be treated with
care since the method is based on an approximation. The numerical difficulty in

studying the Euclidean type IIB matrix model comes from the sign problem which
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appears when the action has a complex phase. On the other hand, one can consider
the Lorentzian type IIB matrix model which has been studied for the first time using
the Monte Carlo simulation by Kim, Nishimura and Tsuchiya in 2011. The model is
suitable for studying the real time dynamics since the time coordinate is treated as a
real number. By studying the time evolution of 9d space, it has been shown that the
S0O(9) rotational symmetry of the 9d space is spontaneously broken down to SO(3),
and only three out of nine spatial directions start to expand at some critical time in
the model. This result indicates that the (3+1)d space-time emerges from the (9+1)d
space-time predicted in string theory. It should be emphasized that the
dimensionality of the space-time is determined uniquely by the non-perturbative

dynamics of string theory in this model.

In this thesis, the dynamics of the space-time in the Lorentzian type IIB matrix
models is studied using numerical simulations. In order to investigate what happens
at late times, two simplified Lorentzian type IIB matrix models were studied. It was
found that the emergent space expands exponentially at early times, and the
expanding behavior changes into a power law t1/2 with respect to time t at late times.
This 1s reminiscent of the expanding behavior of the inflation and the
Friedmann-Robertson-Walker universe in the radiation dominated era, respectively.
The infrared cutoff dependence of the expanding behavior is also investigated in
these models. For the simplified model, it turns out that the infrared cutoff effects
disappear for a certain region of the cutoff parameter in the infinite volume limit. On
the other hand, the dimensionality of the emergent space can be studied also by
investigating the Euclidean type IIB matrix model. In this thesis a toy model of the
Euclidean version of the model which has a rotational symmetry in the 4d space was
studied using the complex Langevin approach, which can solve the sign problem. It is
shown that the introduction of a deformation parameter in the Dirac operator extends
the range of application of the method, which enable an observation of the
spontaneous breaking of the SO(4) symmetry. Moreover, it is shown that the result
obtained by extrapolating the deformation parameter to zero is consistent with the

one obtained by the Gaussian expansion method.
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Summary of the results of the doctoral thesis screening
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