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Experimental tools:

2D Box trap (BEC 2)
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Turbulence in Bose gases

1. Driven steady-state turbulence
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(Wave) turbulence

Direct cascade
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Big whorls have little whorls
Which feed on their velocity,
And little whorls have lesser whorls
And so on to viscosity.
Lewis Richardson

Here:
whirls - (dominantly) waves
viscosity - trapdepth
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(Vortex) turbulence elsewhere

2D turbulence
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Steady-state turbulence in 2D gas

TOF, steady-state
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Emergence of the cascade

Injection
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1) Isotropy of the cascade

Low k: PCA (in-situ)
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1) Isotropy of the cascade

Low k: PCA (in-situ) Intermediate k: Bragg spectroscopy (@wt = 1)
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2) Dynamic scaling — large k

Plotk¥ny (v = 2.9) Predict § = y_;_z ~ —0.91 Scaling + breakdown
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Inverse wave cascade in 2D gas
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Inverse wave cascade in 2D gas

Long-time steady state (wt > 75) Lookat: kg <k < kp
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(Weakly) nonlocal cascade, reflected fluxes

Nonlocality of the cascade

Anisotropic drive
DMD
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Turbulence in Bose gases
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How does a Bose-Einstein condensate form?

Typical situation: a rapid guench through a phase transition into the ordered phase

quench
l time

Phase
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Real space: Phase ordering

Onset of condensation

Momentum space:



Preparing far-from-equilibrium states

driving stop driving
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turbulence
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Navon et. al,
Nature (2016)

Chaotic driving

@ zero interactions, but disorder important

Destroys condensate faster
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Experiment: Martirosyan et.al., PRL, 132, 113401 2024

Theory: Zhang et.al., 2024



Bidirectional relaxation
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Past experiments?
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Prufer et al., Nature 563, 217-220 (2018)
Erne et al., Nature 563, 225 (2018)
Glidden et al., Nat. Phys. 17, 457 (2021)
(+ more recentones...)

Dynamic scaling observed in experiments,
but with exponents not fully understood

Berges et.al., 101, 041603 (2008).



Experiment (2D)

Bidirectional relaxation
(particles to IR, energy to UV)
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Experiment (2D)

Gazo et. al. 2023

Bidirectional relaxation
(particles to IR, energy to UV)

First, focus on the IR:
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Story of two clocks n(k, ) = (})ank l(})ﬁ K, t(,]

Universal scaling
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the universal highway
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A solution
Linear = Correct!

a=a2 | a : 2a .
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Collapse full IR n; curves with theoretical exponents:

10°

Rk 10°}
funi (MS) [
3 initial conditions : 150 1 ~
R i50 1 e Shape also
< B | 15 1 = ' theoretically understood!
5 10°F : t;s: 10%F -./
) o i ::; (k ) A
. h | o2 = n , o) =
0 2 4 6 o i3 k 0 1+ (k/ko)K
k (um™") 0 100 0 INE
0.2 0.5 1 2 0.2 0.5 1 2
k (um™") (tunil 1)’k (um™")
Exponent k in the shape:
\Vortices: k =4 Porod’s law, phase-ordering kinetics e.g. Bray, Adv. Phys. 51, 481 (2002)
Waves: K =3 Resummed kinetic theory

Chantesana et.al., PRA 99, 043620 (2019)

Rosenhaus, Falkovich, Arxiv: (2024)
Experiment: k =29(2) > wave-dominated dynamics!

Gazo et. al. 2023



UV dynamics: characteristic lengthscale

But no special k givin a simple power law...
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UV dynamics: dynamic scaling

Unscaled Dynamic scaling Rescale by E and speeds
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UV dynamics: relation to fluxes
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3D Bose gas
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Interaction strength dependence

Effective interaction strength
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In WWT: timescales « g*
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Transition from the weakly interacting (perturbative) regime

So far: IRdynamics k < 1/¢ (strongly-interacting regime)

Opposite regime also possible k > 1/¢ : coarsening = weak-wave turbulence
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Predictions for inverse cascade: = 2.5 (not 7/3)
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