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Abstract

We consider a dilute homogeneous Bose gas with both an isotropic short-range contact interaction and an anisotropic long-range dipole-dipole interaction in a weak random potential at low
temperature in three dimensions. Within the realm of Bogoliubov theory we analyze how both condensate and superfluid density are depleted due to quantum and thermal fluctuations as well as
disorder fluctuations. Afterwards, we calculate with this the resulting velocities of first and second sound within an anisotropic extension of the Landau-Khalatinikov two-fluid model.
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Bogoliubov theory
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†
−k
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•Grand-canonical potential
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Extremizing ∂F
∂n0

= 0 we find condensate density n0, particle density follows from n = −1
v
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•Condensate depletion up to first order in respective fluctuations
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•Bogoliubov spectrum for collective excitations Ek =
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Superfluidity

•Grand-canonical Hamiltonian with superfluid and normalfluid velocity [7]
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•Momentum in small-velocity limit
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• Superfluid depletion up to first order in respective fluctuations
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Zero-temperature limit for delta-correlated random potential

•Zero-temperature condensate depletion
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•Zero-temperature superfluid depletion
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•Functions describing dipolar effect in terms of hypergeometric function
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Fig. 1: Dipolar enhancement function Qα(ǫdd) (left) versus relative dipolar interaction strength ǫdd for different values of α: -5/2

(brown, upper solid), -3/2 (pink, middle solid), -1/2 (red, lower solid), 1/2 (black, lower dotted-dashed), 3/2 (blue, middle dotted-

dashed), 5/2 (green, upper dotted-dashed). Function Jα(ǫdd) (right) versus relative dipolar interaction strength ǫdd for different

values of α: -1/2 (red, dashed), -5/2 (blue, dotted).

Finite-temperature effects

•Thermal condensate depletion
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•Thermal superfluid depletion
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Fig. 2: Thermal superfluid fractional depletions nth‖/n and nth⊥/n versus relative dipolar interaction strength ǫdd for different

values of relative temperature t = 0.2 (solid), t = 0.6 (dotted) and gas parameter γ = 0.01 (red), γ = 0.20 (blue).

Validity range of Bogoliubov theory for n−n0
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Fig. 3: Validity range of Bogoliubov theory in the t− γ plane for (a) clean case and (b) dirty case with R0 =
2~4π
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values of relative dipolar interaction strength ǫdd = 0 (red, dashed), ǫdd = 0.5 (blue, dotted), ǫdd = 0.8 (green, dotted-dashed).

Anisotropic two-fluid model

Sound wave velocities in the anisotropic superfluid Bose gas [8–10]:

• Sound velocity c±
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Zero-temperature case: c3 = 0, thus c+ = c1, c− = c2
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Fig. 4: First sound velocity c2
1‖/c

2
s and c2

1⊥/c
2
s versus relative dipolar strength ǫdd in the dirty case. Drawn for different values of

gas parameter γ = 0.01 (red), γ = 0.04 (green), γ = 0.08 (blue) at zero-temperature and disorder strength R0 =
2~4π
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Fig. 5: Second sound velocity (a) c2
2‖/c

2
s and (b) c2

2⊥/c
2
s versus relative dipolar strength ǫdd at zero-temperature limit.
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