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Abstract

The stationary state, and dynamics of the ultracold bosons in optical lattices at

zero temperature are well described by the discrete nonlinear Schrödinger equation

(DNLSE). This equation is valid in the tight-binding limit, and used for the superfluid

(SF) phase of bosons or Bose-Einstein condensate (BEC) in optical lattices. The recent

experimental realizations of the binary mixtures of ultracold bosons in optical lattices

provide the motivation to study the effects of finite temperatures in the lattice system.

We report the development of the coupled DNLSEs, and the Hartree-Fock-Bogoliubov

formalism with the Popov (HFB-Popov) approximation for the two-component BECs

(TBECs) or binary condensate mixtures of dilute atomic gases in optical lattices. This

method is ideal to study the ground state density profiles, and the evolution of the

low-lying quasiparticle modes at zero as well as finite temperatures. The thesis can be

broadly divided into three parts. The first two parts are results of the zero tempera-

ture calculations, which examine the quasiparticle excitation spectra of the TBECs in

quasi-1D and quasi-2D optical lattices. The third part deals with the finite temperature

results, and pertains to the investigation of the finite temperature effects on the quasi-

particle mode evolution of the TBECs. The spontaneous symmetry breaking of U(1)

global gauge symmetry results into two Nambu-Goldstone (NG) modes corresponding

to each of the species in quasi-1D TBECs. However, at phase separation an extra NG

mode emerges with sandwich type density profile in the immiscible phase. We investi-

gate the role of quantum fluctuations on the quasiparticle mode evolution for quasi-1D

TBECs. In the presence of the fluctuations, an extra NG mode which appears at phase

separation gets hardened, and a symmetry broken side-by-side density profile appears

in the immiscible phase. Furthermore, we examine the ground state geometry, and

the quasiparticle spectra of quasi-2D TBECs. We observe that the TBECs acquire the

side-by-side geometry when it is tuned from miscible to the immiscible phase. The en-

ergies of the quasiparticle modes are softened as the system is tuned towards the phase

separation, and harden after phase separation. In the miscible domain the quasiparticle

modes are degenerate, and this degeneracy is lifted after the phase separation. Further-

more, in the miscible domain, the quasiparticles have well-defined azimuthal quantum

numbers, and hence shows a clear structure in the dispersion curve. On the other hand,
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the dispersion curve of the immiscible phase does not have a discernible trend due to

the presence of the mode mixing. We also report the enhancement in the miscibility of

the condensates of quasi-2D TBEC in the presence of the thermal fluctuations.

Keywords: Bose-Einstein condensation, Multicomponent condensates, Optical

lattice, Bose-Hubbard model, Phase separation, Quantum fluctuations.
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[291] P. Öhberg, Two-component condensates: The role of temperature, Phys. Rev. A

61, 013601 (1999).

[292] A. Roy and D. Angom, Thermal suppression of phase separation in condensate

mixtures, Phys. Rev. A 92, 011601 (2015).

[293] F. Lingua, B. Capogrosso Sansone, F. Minardi, and V. Penna, Thermometry of

cold atoms in optical lattices via demixing, arXiv:1609.08352 (2016).



130 BIBLIOGRAPHY

[294] N. P. Proukakis, Spatial correlation functions of one-dimensional Bose gases at

equilibrium, Phys. Rev. A 74, 053617 (2006).

[295] S. Dettmer, D. Hellweg, P. Ryytty, J. J. Arlt, W. Ertmer, K. Sengstock, D. S.

Petrov, G. V. Shlyapnikov, H. Kreutzmann, L. Santos, and M. Lewenstein, Ob-

servation of phase fluctuations in elongated Bose-Einstein condensates, Phys.

Rev. Lett. 87, 160406 (2001).

[296] D. Hellweg, L. Cacciapuoti, M. Kottke, T. Schulte, K. Sengstock, W. Ertmer,

and J. J. Arlt, Measurement of the spatial correlation function of phase fluctuat-

ing Bose-Einstein condensates, Phys. Rev. Lett. 91, 010406 (2003).

[297] S. Richard, F. Gerbier, J. H. Thywissen, M. Hugbart, P. Bouyer, and A. Aspect,

Momentum spectroscopy of 1D phase fluctuations in Bose-Einstein condensates,

Phys. Rev. Lett. 91, 010405 (2003).

[298] J. Esteve, J.-B. Trebbia, T. Schumm, A. Aspect, C. I. Westbrook, and I. Bou-

choule, Observations of density fluctuations in an elongated Bose gas: Ideal

gas and quasicondensate regimes, Phys. Rev. Lett. 96, 130403 (2006).

[299] T. Plisson, B. Allard, M. Holzmann, G. Salomon, A. Aspect, P. Bouyer,

and T. Bourdel, Coherence properties of a two-dimensional trapped Bose gas

around the superfluid transition, Phys. Rev. A 84, 061606 (2011).

[300] E. A. Burt, R. W. Ghrist, C. J. Myatt, M. J. Holland, E. A. Cornell, and C. E.

Wieman, Coherence, correlations, and collisions: What one learns about Bose-

Einstein condensates from their decay, Phys. Rev. Lett. 79, 337 (1997).

[301] B. L. Tolra, K. M. O’Hara, J. H. Huckans, W. D. Phillips, S. L. Rolston, and

J. V. Porto, Observation of reduced three-body recombination in a correlated

1D degenerate Bose gas, Phys. Rev. Lett. 92, 190401 (2004).
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