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Relaxation of far-from-equilibrium quantum fluids, intimately related to the emergence of long-range
order, is theoretically associated with the decay of a turbulent isotropic tangle of vortex lines. We observe
and study such decaying quantum turbulence in a homogeneous 3D atomic Bose gas. Using matter-wave
techniques to magnify the gas density distribution, and then imaging a thin slice of the magnified cloud, we
observe imprints of randomly oriented vortex lines and measure the vortex-line-length density £. The
observed decay of £ agrees with the prediction for Vinen “ultraquantum” turbulence. Although our weakly
interacting gases are highly compressible, their large-scale dynamics are consistent with the behavior of an
incompressible hydrodynamic fluid, with the decay of £ not depending on the strength of the interatomic
interactions and being similar to that in the strongly interacting superfluid helium.
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A striking feature of quantum fluids is their irrotational
flow, which leads to a quantized circulation that establishes
topological defects in the form of vortex lines [1-4]. The
interactions and reconnections of quantized vortices are at the
heart of a rich phenomenology of far-from-equilibrium
dynamics, relevant across many fields and length scales
[5-11]. Central to these dynamics is the phenomenon of
quantum turbulence, which has long been a cornerstone of
research in superfluid helium [12-16].

The regime of Vinen or ultraquantum turbulence [13,16]
corresponds to the decay of a random vortex tangle [see
Fig. 1(a)] without any large-scale (classical) flow. Such
turbulence has been theoretically linked to the dynamics of
Kibble’s strings in cosmology [8] and predicted to play a
key role in far-from-equilibrium Bose-Einstein condensa-
tion (the emergence of long-range coherence) [24-30].
Quantitatively, it is characterized by the vortex-line-length
density L, i.e., the total length of vortex lines per unit
volume. In liquid helium, the decay of £ has been measured
indirectly, using sound attenuation, already 70 years ago
[5.6]. In this case, up to possible logarithmic corrections,
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FIG. 1. Detecting decaying quantum turbulence during far-
from-equilibrium condensation in an isolated gas. (a) Cartoon of
the expected vortex-tangle decay; the cylindrical container shows
the geometry of our optical box trap [17,18]. (b) Experimental
concept. We magnify the cloud [19-21] (by a factor of ~3.5 in the
x-y plane) and then image just a slice of it (orange shading) [22],
so the imprints of the random vortex lines (dark lines) start and
stop as they enter and leave the imaged slice. We show an
experimental image and a numerical simulation with similar
parameters. Here ng is the imaged 2D density, N is the total
number of imaged atoms, and the scale bar shows 50 pm. Our
box trap has volume V ~9 x 10* um?, the gas has density
n~22um=, and the in situ vortex-core size is set by the
healing length £ ~ 1 pm; theoretically, the FWHM of the density
dip associated with a vortex is ~3¢ [23]. The thickness of the
imaged slice and the apparent vortex-line diameter are both
~15 pm; the latter is consistent with our magnification procedure
and imaging resolution of ~5 pm.
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where B is a constant with units of the quantum of
circulation, 2z#/m, with m being the particle mass
[13,25]. Individual vortex lines have also been visualized
using tracer particles, but such tracers are large compared to
the vortex core and can modify the vortex dynamics
[31-34].

Ultracold atomic gases provide an excellent setting for
studies of both driven and freely decaying turbulence
[35-51]. In many situations, these systems also allow direct
imaging of vortices [35,37,39—41,43,46,52-64], but a quan-
titative study of isotropic 3D vortex tangles has remained a
challenge. Recently, a study of far-from-equilibrium con-
densation in a homogeneous gas [50] revealed dynamics of
the coherence length ¢ consistent with Eq. (1), assuming
that 7 is set by the typical vortex-line separation [13], so
¢ « L£7'/2. This study was based on measurements of the
gas momentum distribution, which is sensitive to the
presence of vortices but does not directly reveal them,
and the observed dynamics of £ were also consistent with
wave-based theories [65-68].

In this Letter, we directly observe Vinen turbulence,
during far-from-equilibrium condensation in a homo-
geneous 3D atomic gas. To reveal imprints of the randomly
oriented vortex lines, we magnify the cloud [19-21] and
then image just a thin slice of it [22]; see Fig. 1(b). We
measure the vortex-line-length density £, observe a non-
linear decay of £ in accordance with Eq. (1), and show that
the prefactor B does not depend on the strength of the
(weak) interparticle interactions. As in the strongly inter-
acting superfluid helium [69], we find B ~ i/m.

In our experiments, we prepare an isolated Bose gas in a
far-from-equilibrium initial state by starting with a Bose-
Einstein condensate and then perturbing it, as in
Refs. [50,70]. Our *°K gas is in the lowest hyperfine state,
trapped in a cylindrical optical box [17,18] of volume V ~
9 x 10* pm® [diameter 47(2) pm and length 52(2) pm],
and has density n ~ 2.2 pm™3, corresponding to the critical
temperature for condensation 7, = 70 nK. The initial state
is incoherent but low energy, with energy per particle
~kg x 20 nK, corresponding to the equilibrium condensed
fraction 7 ~ 0.5 [50]. We tune the interactions in the gas,
characterized by the s-wave scattering length a, using the
Feshbach resonance at 402.7 G [71]; the initial incoherent
state is prepared at @ =0 [72] and we initiate the gas
relaxation by turning on the interactions, at time ¢ = 0. In
the interacting gas, the (equilibrium) radius of the vortex-

line core is set by the healing length, £ = 1/v/8zna, of
order 1 pm.

To observe vortex imprints, we switch off the box trap
and the interactions (¢ — 0) and magnify the cloud [19-21]
in the x-y plane by a factor M = 3.5 [see Fig. 1(b)]; as in
Refs. [19-21,73-75], we use a pulsed harmonic potential as
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FIG. 2. Stages of relaxation, starting in an incoherent state.
Here the scattering length is a = 430qa,, so £ = 0.9 um. (a) Ex-
amples of cloud slices at different relaxation times, imaged in
separate experimental runs; the scale bar and the color scale are
the same as in Fig. 1(b). The early-time images show only small-
scale density fluctuations, whereas for ¢ = 80 ms we observe
well-defined and well-separated vortex lines. (b) The correspond-
ing evolution of the coherence length #, obtained from separate
measurements of momentum distributions, as in Ref. [50]. We
find that the onset of universal coarsening seen in #2(t), given by
d#?/dt ~ 3.4/ m (dashed line) [50], and the emergence of well-
defined vortices essentially coincide. The inset shows how #2(t)
saturates at longer times; the dotted line shows V273,

a matter-wave lens [76]. We then image just a central slice
of the cloud [22], of thickness d ~ 15 pm [77]. The vortex
lines that cross this slice appear as high-contrast dips (dark
lines) in the imaged 2D density n,. Theoretically, the in situ
FWHM of the density depletion due to a vortex core is ~3&
[23], while the apparent vortex-core diameter in our images
(=15 pm) is slightly larger than 3M¢&, both due to our
imaging resolution (=5 pm) and because the free expansion
along z during the 19 ms of x-y magnification leads to some
blurring.

In Fig. 2(a), we show characteristic slice images for
different relaxation times, with a set to 430a, (where ay is
the Bohr radius). At early times, we observe only small-
scale density fluctuations, while at long times (here
t 2 80 ms) we observe well-defined and well-separated
vortex imprints.

For comparison, in Fig. 2(b) we show the corresponding
evolution of #2(¢), which shows universal coarsening,
given by df?/dt~3.4h/m [50], once ¢ significantly
exceeds £ and until it becomes comparable to the system
size; as in Ref. [50], we obtain #(z) from momentum-
distribution measurements and normalize it such that
£3 =V for an equilibrium condensate.

This comparison shows that the emergence of well-
defined vortices essentially coincides with the onset of the
universal coarsening seen in #2(¢). Such coarsening does
not directly reveal vortices, but is indeed consistent with the
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FIG. 3.

Visualizing the decay of vortex lines. (a) For t > 80 ms, when vortices are well defined (see Fig. 2), we tile cropped slice

images corresponding to 12 x 12 consecutive experimental realizations, which show randomly varying vortex configurations. The red
bars in the top-left corner indicate the size of a single-image tile, which corresponds to & 30 x 30 pm? in sifu, and {(n) is the average
over the experimental repetitions. (b) Here, for + = 80 ms, we tile images taken without slicing (i.e., with line-of-sight integration over
the whole magnified cloud). In this case, with the same color scale as in (a), no vortex imprints are observed.

Vinen scenario of well-separated vortex lines, with £2 ~
1/L£ [13,16]. It is also consistent with the notion that at
length scales > ¢ the gas is effectively incompressible [65],
similar to the effective incompressibility of classical gases
for Mach numbers < 1 [78].

The long-time vortex configurations for fixed ¢ vary
randomly between experimental realizations, but sta-
tistically the number of vortex imprints decays. We
illustrate this in Fig. 3(a) for # > 80 ms. Here, for each
t, we tile 12 x 12 consecutively taken images, cropped to
the central square area corresponding to = 30 x 30 pm?
in situ (=~ 100 x 100 pm? after magnification). At times
significantly beyond ¢ = 320 ms, vortex imprints appear in
a small fraction of experimental realizations; as our tiling
visually suggests, in a much larger system their typical
separation would be larger than our system size. For
comparison, in Fig. 3(b) we show that if we image the
whole cloud, instead of just a slice, no vortex imprints are
observed.

For the quantitative analysis of our data, we employ the
general mathematical result for an isotropic random tangle
of lines [79],

where N; is the number of intersections of lines with a
subvolume of surface area S. In our case, N; is the
number of distinct vortex imprints, and S is the in situ
surface area corresponding to the region where we count
them [80].

We define the image area covered by the imprints by
ny < a(ng), where (ng) is the average ng, and set the cutoff
a = 0.5 to capture the high-contrast depletions associated
with the vortices while excluding other density variations
(including noise). We then count N; by grouping the
imprint pixels into the same cluster when they are separated
by <4 pixels =~ 10 pm [81].
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FIG. 4. Counting distinct vortex imprints. As expected, the
average number N; of distinct vortex imprints counted by our
algorithm is proportional to the average fractional area A that they
cover [see Fig. 3(a)].

More intuitively, £ is proportional to the average frac-
tional area A covered by the imprints: £ ~ A/(wd), where
w is the average imprint width. We show in Fig. 4 that our
N;, and hence L extracted according to Eq. (2), is indeed
proportional to A. Then, Eq. (2) provides an absolute
calibration of £/A in a way that does not depend on the
vortex-core size and allows direct comparison of the
dynamics at different a [82].

In Fig. 5(a), we plot the extracted L(¢) for a = 430a,
and ¢ > 80 ms. At very long times (very small £), the data
are described well by a simple exponential decay (dashed
line), with a time constant ~300 ms; such one-body decay
is suggestive of individual vortices annihilating on the trap
walls with their images [83]. However, at earlier times we
observe a decay faster than the exponential one, which we
attribute to the vortex-vortex interactions that drive Vinen
turbulence. Augmenting Eq. (1) to include one-body decay,
we have

o
&= B -2 (3)

which after integration gives
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FIG. 5. Quantifying the decay of vortex lines. (a) The evo-
lution of the vortex-line-length density £ [82]. The dashed line
shows an exponential fit, corresponding to one-body vortex
decay, to data with ¢ > 500 ms. The faster initial decay hints
at vortex-vortex interactions. The solid line shows a fit based
on Eq. (4), with B=1.0(2)4/m and = = 300(40) ms. (b) By
extracting £ = d£/dt at different times during the relaxation, we
explicitly recover Eq. (3), with consistent B = 0.9(2)a/m and
7 = 300(50) ms, respectively, the slope and inverse intercept
of the solid line.

L= @)

pefewn(=) - 1]

where t* is the integration constant.

The solid line in Fig. 5(a) shows a fit based on Eq. (4). We
find excellent agreement with the data, with B =
1.0(2)2/m. Moreover, by numerically differentiating

(a) T T T T

4 m
g
1 1
=
Q
0.25r J

100 300 300 800

t (ms)

L(t), in Fig. 5(b), we recover Eq. (3), with a consistent B =
0.9(2)A/m (the slope of the solid line).

Finally, in Fig. 6, we generalize our study to different
a (set at t = 0). In Fig. 6(a), we show for three different
a values (the 430a, data being the same as in Fig. 5) that
L(r) is always fit well using Eq. (4) with the same
B = 1.0(1)A/m. Note that here the three curves are offset
from each other because (only) the ¢* values are different
for different a; for weaker interactions, the system takes
longer to develop well-defined vortices, but then evolves in
an interaction-independent way (see also Refs. [50,84]).

In Fig. 6(b), we collapse all the data from Fig. 6(a) by
plotting them according to Eq. (4) with a-dependent ¢*; the
solid line corresponds to B = 1.07/m. The dashed line
shows an exponential with timescale 300 ms [as in Fig. 5(a)],
and the horizontal dotted line corresponds to (on average)
just one vortex line being present in the whole box trap
[see Eq. (2)].

Accounting for the difference in the particle mass, our B
is similar to that observed in superfluid “He in the low-
temperature regime, where B ~ i/ my, [13,14,69], despite
the large differences between the microscopics of the two
systems (even in equilibrium) and the fact that in our case
the typical ratio of the vortex-line separation £~'/? and the
vortex-core size is smaller by about 5 orders of magnitude.
Numerical simulations of the Gross-Pitaevskii equation
also give B ~ h/m [28,29] (see also Refs. [85-87]).

In conclusion, we have observed random vortex lines
during far-from-equilibrium Bose-Einstein condensation in
an isolated homogeneous 3D gas and shown their decay to
be consistent with Vinen turbulence. We observe well-
defined vortices and their universal decay in the regime of
gas relaxation when the coherence length is already much
larger than the vortex-core size; in the future, it would be
interesting to also study the earlier stages of relaxation and
the expected transition from wave to vortex-dominated
turbulence [4]. It would also be interesting to increase the
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FIG. 6. Universality of Vinen turbulence, for varying a (set at t = 0). (a) The evolution of £ for different a is always fit well (solid
lines) by Eq. (4), with only the nonuniversal * depending on a. Here, all three datasets are fit with the same B = 1.0(1)%/m; fitting them
independently gives consistent B values. Accounting for the difference in the particle mass, this value of B is essentially the same as
obtained for superfluid helium [69]. (b) Plotting the same data according to Eq. (4), with a-dependent ¢*, collapses them onto the same
universal curve; the solid line corresponds to B = 1.07/m. The dashed line shows the exponential with timescale 300 ms that coincides
with the solid line at long times. The horizontal dotted line, £ = 3.5 x 10~™* pm~2, corresponds to (on average) just one vortex line being
present in our whole box trap; at smaller £, the dynamics are captured by the one-body exponential decay.
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energy per particle, such that the equilibrium temperature is
close to the critical temperature for condensation, and study
how this affects the vortex-relaxation dynamics. Finally,
imaging multiple slices of the same cloud would allow
tomography of vortex tangles and studies of their structural
dynamics.
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End Matter

Initial state—To prepare our far-from-equilibrium
initial state, we follow Ref. [70]. We start with a
quasipure condensate, turn off the interactions, and drive
the noninteracting gas for ~1 s along the box axis using
a time-varying force Fcos(wgt), where w,/(27) =
10 Hz and F/m ~0.1 ms™2, created by a magnetic
field gradient. In the absence of interactions, weak
optical disorder within the box scatters the atoms into
transverse directions, so once we stop driving and wait
for ~1 s, the state is essentially isotropic. Our linear
driving does not introduce angular momentum into the
gas, and the isotropic initial state has no net vorticity or
any other large-scale flow.

In Fig. 7, we plot the spectral population density,
N, = 4nk’ny, of our initial state, where k is the wave
number and n; the momentum distribution, normalized
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FIG. 7. The spectral population density, N, = 4xk’n,, in our
initial state; here k is the wave number and n; the momentum
distribution, normalized such that [ N;dk = N. For comparison, the
dashed line shows the thermal (equilibrium) Bose distribution
with the same N and the same position of the peak of N, at
ky~ 1.7 pm~".
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such that f N,dk = N, where N is the total atom number.
The N has a peak at k,~ 1.7 pum~!, corresponding to
fluctuations at a length scale ~1/k,~ 0.6 pm, and no
large-scale coherence; this length scale is smaller than
the equilibrium vortex-core size for all our values of the
scattering length a during the gas relaxation (see
also Ref. [84]).

While the gas in this initial state has essentially no
coherence, the energy per particle is very low, so during
relaxation a significant condensate emerges, and well-
defined vortices are observed once most particles are at
k < 1/&. For reference, in Fig. 7 we also show, with a
dashed line, the thermal (equilibrium) Bose distribution
with the same k, and N; compared to this state, our far-

(Dl

FIG. 8. Cluster examples. Each image shows our detection region
of radius rp = 52 pm. Within each image, each distinct cluster is
indicated by a different color. The detected clusters are overlaid on
the experimental images with the color scale as in Fig. 3.

from-equilibrium initial state has essentially no high-k tails
and has about 4 times lower energy.

Examples of counted clusters—In Fig. 8, we show
examples of the counted clusters of pixels corresponding
to distinct vortex imprints.
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