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Numerical simulations of the space-time structure in the Lorentzian type IIB matrix

model”

The type IIB matrix model was ﬁroposed as a non-perturbative formulation of
superstring theory in 1997. Monte Carlo simulation of its Lorentzian version
is arduous hard due to the phése factor in the partitibn function. The
importance sampling is not applicable as it is, and one has to face the sign

. problem if one uses reweighting for this factor. In our work, as well as in the
previous Monte Carlo studies, the sign problem had been avoided by
integrating out the scale factor of the bosonic matrices first and using a

' certain approximation. In this way, the simulations of its Lorentzian version

showed that not only space but also time dynamically emerge.

Furthermore, it suggested that (3+1)D exp'anding space-time start to
expand at some cfitical tjine. This numerical result implies that the
expanding (3+1)D space-time naturally appears from (9+1)D space-time,
where superstring _thebry is defined. The expaﬁding,behavior was scrutinized
by simulating simplified versions of the ‘model, which showed that the
expansion.is exponeﬁtial at the beginning, and it turns into a power law at
later times. This intriguing property is reminiscent of the inflation and the

FRW universe, respectively.

In our work, we investigated the space-time structure of the matrix
configuratio'ns generated by Monte Carlo simulation of the Loren‘tzian type
IIB matrix model and its sim.plified models. In partic.ular, we calculated the
eigenvalues of the submatrices of the spatial matrices corresponding to each
time slice and found that only two eigenvalues grow in magnitude‘ after the
critical time. A more detailed analysis showed that the exp;anding 3D space
is described substantially by the Pauli matrices. We observed that the ’
situation remains unaltered even at late times or in the continuum limit for
the siinplified models, and it is shared by the original model with maximal
supersymmetry as well. This research raises the critical question of whether

this model can generate a 3D space with continuum géomei‘,ry.



Here we have attributed the problem to the approximation used to
avoid the sign problem in this simulation since the function obtained after
integrating out the scale factor is complex-valued, and the effect of the phase
is not taken into account. We have argued that a “regular” space-time may Ibe

obtained if the phase factor is used correctly.

To overcome the sign problem instead of'ﬁsing the approximation as
mentioned above, we have been exploiting the complex Langevin simulation,
which was invented to make simulations of models with complex action
feasible. In this simulation, we introduce two deformation parameters
corresponding to the Wick rotations on the worldsheet and in the target
space, respectively. These parameters enable us to interpolate between the
Lorentzian version and the Euclidean version. This deformation parameter
space includes the approximate model investigated in Monte Carlo studies,
where we do not have the sign problem, Therefore, to stabilize the complex
Langevin simulation, we start the simulation with the parameters and
progress to the original model, while we tune the worldsheet and the target’

" space deformation parameter.

Note that the Lorentzian type IIB matrix model needs to be
regularized in some way or another because the phase factor in the partition
function cannot suppress the contribution from the bosonic matrices with
arbitrary large elements. Here we use the infrared cutoffs on both the
spatial and temporal matrices analdgous to the ones used in the previous
work. In our algorithm, we improve the treatment of these infrared cutoffs.
The basic idea is to treat the constraints by rescaling spatial and temporal
matrices instead of constraining them by some strong potential, which
. mimics the delta function. This improvement enables us to investigate a
much broader range of deformation parameters, and then approach our

target, namely the original model.

In this thesis, we mainly investigate a more uncomplicated (5+1)D
bosonic model in its Lorentzian version to avoid time-consuming. Our results
show a transition from the Pauli-matrix structure to a smooth space-time
structure, when we apbroach the Lorentzian model. We expect that the
parameter region closer to the original model becomes accessible at largér-N.
‘Whether a classical smooth classical space-time picture appears in that limit
at a sufficiently late time is an important open question, which can be
answered in accordance with the method proposed by this work. We .also hope

that this simulation method, as well as the obtained results discussed in thisg



thesis, is useful in investigating the dynamics of the Lorentzian type IIB

matrix model further.
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