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We investigate the dynamics of two miscible superfluids experiencing fast counterflow in a narrow channel.
The superfluids are formed by two distinguishable components of a trapped dilute-gas Bose-Einstein condensate
(BEC). The onset of counterflow-induced modulational instability throughout the cloud is observed and shown
to lead to the proliferation of dark-dark vector solitons. These solitons do not exist in single-component systems,
exhibit intriguing beating dynamics, and can experience a transverse instability leading to vortex line structures.
Experimental results and multidimensional numerical simulations are presented.
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Superfluids are a robust model system for the investi-
gation of nonlinear fluid flow. Governed by an underlying
macroscopic wave function, superfluids can display a large
variety of nonlinear wave phenomena in the context of
matter waves. In Bose-Einstein condensates (BECs), nonlinear
structures including solitons, vortices, and vortex rings have
been the focus of intense research efforts [1,2]. In this Rapid
Communication, we investigate the regime of fast counter-
flow between two distinguishable superfluids in a narrow
channel and observe dynamics leading to unique structures.
Modulational instability (MI), in which small perturbations
to a carrier wave, reinforced by nonlinearity, experience rapid
growth [3], plays a key role in the dynamics. In many nonlinear
systems, MI leads to the breakup of periodic wave trains, as
in sufficiently deep water [4], as well as the formation of
localized structures in optics [5] and BECs [6]. In our case,
MI-induced regular density modulations, formed throughout
the BEC, lead to the emergence of a large number of beating
dark-dark solitons. These solitons—which exhibit periodic
energy exchange between the two condensate components
[7]—are a generalization of static dark-dark solitons [8].
They are distinctly different from all previously observed
solitons in BECs, including dark-bright solitons which were
generated in a two-component mixture by marginally critical
counterflow-induced MI near a density edge [9]. We perform
three-dimensional (3D) numerical simulations to corroborate
this interpretation and furthermore identify a subsequent
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sets in across the BEC, leading to a regular array of dark-dark
solitons [Figs. 3(a), 3(b), 3(d), and 3(e)]. In accordance with
theory and our numerics (see below), the dark-dark solitons
exhibit a dynamic beating, as seen by comparing the integrated
cross sections of Figs. 3(d) and 3(e), noting the order of
the notch and bump feature in each component. While our
destructive imaging technique does not allow us to determine
the exact beat frequency, our 3D numerics indicate a time scale
of 15 ms per period [15]. The dark-dark solitons we observe
here are unique and distinct from the dark-bright solitons that
have been observed previously in BECs [9,17,18], which are
distinguished by their far-field conditions and dynamics. To
facilitate a comparison, an example dark-bright soliton train,
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