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Abstract

In this thesis, we report theoretical studies for quantum turbulence (QT) in cold atomic Bose-
Einstein condensates (BECs). Originally, QT has been investigated in superfluid helium. However,
recently, QT begins to be studied in atomic BECs, where new type of QT not being realized
in superfluid helium is studied. The aims of studies in this thesis are finding novel turbulent
phenomena in atomic BECs and understanding their properties. In the following, we show the
overview of this thesis.

(i) Strong turbulence in atomic BECs with spin degrees of freedom

In experiments of atomic BECs, the optical potential enables us to make an atomic BEC with spin
degrees of freedom which is called a spinor BEC. This study focuses on the strong turbulence in this
spinor BEC, where the spin structures such as spin vortex and spin domain wall are nucleated. In
this turbulence, not only the velocity field but also the spin density vector is much disturbed, so that
we call it spin turbulence (ST). We analytically and numerically investigated ST by using the spin-
1 spinor Gross-Pitaevskii (GP) equation, finding that ST exhibited the power laws characteristic
of turbulence in correlation functions for some quantities. Furthermore, depending on whether the
spin amplitude is large or not, ST was found to have the different power exponents.

The former ST with the large spin amplitude is realized in the ferromagnetic spinor BEC without
the applied magnetic field. Our study revealed that, in this ferromagnetic ST, the correlation
function for the spin density vector showed the —7/3 power law. On the other hand, the latter ST
with the small spin amplitude is realized in the antiferromagnetic spinor BEC or the ferromagnetic
spinor BEC with the applied magnetic field. In this case, we found that the spin correlation
function could show the —1 power law in the low wave number region and the —7/3 power law
in the high wave number region. However, in the antiferromagnetic spinor BEC, our numerical
calculation could not confirm the clear —1 power law.

Also, the correlation function for the velocity field was investigated in the ferromagnetic ST, being
found to show the —5/3 power law. This power exponent is same as the Kolmogorov law, but the
mechanism generating the power law in ST is different from that in classical turbulence. Actually,
in this study, we showed that the spatial structure of the spin density vector was important for
the establishment of the —5/3 law in ST.

(ii) Weak turbulence in atomic BECs

In contrast to the study (i) addressing the strong turbulence, this research focuses on the weak
turbulence where the nonlinearity is weak. In this turbulence, the waves (elementary excitations) in

atomic BECs weakly interact with each other, where the weak wave turbulence (WW'T) is realized.
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In this thesis, we investigated WWT in the one-component BEC and the spin-1 ferromagnetic
spinor BEC.

As for the one-component BEC, we used the one-component GP equation and the WW'T theory,
analytically and numerically studying the property of this WWT. In this turbulence, the Bogoli-
ubov wave is dominant, so that we call this WWT the Bogoliubov wave turbulence. Our study
concentrated on the wave number distribution of the Bogoliubov wave, the correlation function
of the wave function, and the density correlation function, showing that these quantities had the
power laws characteristic of the turbulence. Furthermore, we discussed the experimental observa-
tion of the power law of the density correlation function.

On the other hand, WWT in the ferromagnetic spinor BEC is comprised of weakly interacting
spin waves, being spin wave turbulence. We applied the WWT theory to the spin-1 spinor GP
equation, analytically deriving the two power laws in the transverse spin correlation function being
experimental observable. The one is the —7/3 power law for the direct cascade and the other is the
—5/3 power law in the inverse cascade. Our numerical calculation obtained the results consistent

with the analytical results.
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O O [Reprinted figure with permission from K. Fujimoto et al., Phys. Rev. A 91, 053620 (2015).
Copyright (2015) by the American Physical Society.]
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