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Measurement of the order parameter and its spatial fluctuations across Bose-Einstein condensation
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We investigate the strong out-of-equilibrium dynamics occurring when a harmonically trapped ultracold
bosonic gas is evaporatively cooled across the Bose-Einstein condensation transition. By imaging the cloud
after free expansion, we study how the cooling rate affects the timescales for the growth of the condensate order
parameter and the relaxation dynamics of its spatial fluctuations. We find evidence of a delay on the condensate
formation related to the collisional properties and a universal condensate growth following the cooling rate.
Finally, we measure an exponential relaxation of the spatial fluctuations of the order parameter that also shows a
universal scaling. Notably, the scaling for the condensate growth and for the relaxation of its fluctuations follow
different power laws.
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I. INTRODUCTION

The increasing relevance of quantum technologies de-
mands an in-depth understanding and a higher degree of
control of the constituents of a quantum system. In particu-
lar, quantum many-body systems are characterized by a rich
variety of phases that can be achieved starting from a given
initial condition [1–7]. The capability to reach a well-known
target state is directly connected to the ability of controlling
the system throughout the transfer, not necessarily through
equilibrium configurations, but also crossing strongly out-
of-equilibrium ones. Whenever a phase transition is present
along the path, the control becomes even more challenging
[8–11]. In particular, the crossing of a phase transition attracts
a lot of interest for what concerns the search for universality
classes defined by common critical exponents that describe
the scaling laws of the observables. The Kibble-Zurek mech-
anism represents a milestone result [12,13] in the general
description of systems quenched across a second-order phase
transition accompanied by a symmetry breaking. It describes
how an extended system can only locally break the sym-
metry and form causally disconnected domains of the order
parameter, whose number and size scale with the cooling rate
following a universal power law. First experiments testing
the Kibble-Zurek mechanism were performed in superfluid
helium [14], and later on also in superconductors [15,16] and
trapped ions [17,18].

In the last years, thanks to the exquisite control experimen-
tally available on ultracold atoms, one of the most studied
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second-order phase transitions is Bose-Einstein condensation
(BEC) [19–21]. The formation of an order parameter within
the initial thermal atomic cloud represents a paradigmatic test-
bench where to study the effects of cooling ramps crossing
the critical point at variable rate, by means of a large control
on experimental parameters [22–26]. Further experiments in
ultracold atomic gases focused on the emergence of coher-
ence and the statistics of the formation of topological defects
[27–31].

The Kibble-Zurek mechanism, however, does not fully
describe the out-of-equilibrium dynamics of the system at
the transition, nor the post-quench interaction mechanism be-
tween different domains leading to coarse graining. Most of
the theoretical models consider a linear variation in time of
a single parameter across the critical point and approximate
the quench with adiabatic (far from the transition) or frozen
(across the transition) regimes [32]. In real experiments, the
variation of the control parameter—usually the temperature of
the ultracold atomic sample—is accompanied by the variation
of other quantities such as the atom number or the collisional
rate, making it more difficult to accurately describe the sys-
tem across the transition and to predict its properties after
the quench. Recent works studied the condensate formation
mechanism including effects such as inhomogeneity, atom
number decay and defect number saturation [27,33–37] going
beyond the Kibble-Zurek mechanism.

In this work, we present an experimental investigation of
the dynamics of the order parameter and its spatial fluctua-
tions in an ultracold bosonic gas as a function of the cooling
rate across the BEC transition point. We study the relevant
timescales associated to such dynamics and identify universal
power-law scaling.

In Sec. II, we describe the experimental sequence and
the procedure to extract the relevant observables. Section III
reports on the analysis of the condensate growth and its de-
pendency on the cooling rate and the initial atom number. In
Sec. IV, we discuss the dynamics of the phase fluctuations
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and their relaxation toward the equilibrium state. Concluding
remarks are reported in Sec. V.

II. THE EXPERIMENTAL PROCEDURE

A gas of sodium atoms is initially laser cooled and then
transferred to an elongated harmonic magnetic trap that has a
cylindrical symmetry (ωr = ωy = ωz) around the horizontal
x axis. The trapping frequencies are ωx/2π = 12.30(5) Hz
and ωr/2π = 138(1) Hz. During the evaporation, the bias
magnetic field is 1.53 G. A first evaporative cooling stage
is performed by exponentially sweeping the frequency of a
radio-frequency field that transfers |F, mF 〉 = |1,−1〉 trapped
atoms to the non trapped |1, 0〉 state. At the end of this
stage [point A in Fig. 1(a)], the trap has a depth of about
kB × 12 µK.

At this point, a second evaporative stage, relevant for the
analysis reported in this paper, begins. During this second
cooling stage (shaded region in Fig. 1), we apply a linear ramp
of the evaporation frequency with rate q = dν/dt , down to
a final frequency ν f , which is reached at time t f . This final
frequency lies enough above the trap bottom value to avoid
the removal of atoms from the condensate and the creation of
collective excitations.

We image the atomic cloud with calibrated resonant ab-
sorption imaging [38] along the horizontal y direction, after a
time of flight (TOF) from the trap switch-off of tTOF = 50 ms.
We interleave two different measurement schemes: (i) instan-
taneous images, where we probe the status of the sample
during the linear cooling ramp, at different times t from the
ramp beginning, by interrupting the evaporation and imme-
diately releasing the atoms (B, B’); (ii) equilibrium images,
where we interrupt the evaporation at the same time t , but
leave the condensate in the trap for an extra hold time of
1 s before releasing (C, C’). During the hold time, we set the
evaporation frequency to νhold = νi + 400 kHz, corresponding
to about 31 μK, to ensure thermalization without further atom
loss. In both cases, we fit the outer part of the atomic cloud
with a Bose function to measure the width and amplitude of
the distribution, from which we extract the atom number in
the thermal component. Subtracting the fitted Bose function
from the data, we obtain an image of the condensate, that
we integrate and obtain the number of atoms in the conden-
sate, N0. We do not fit the condensate with a Thomas-Fermi
profile since it properly describes the condensate profile only
when the system is in its ground state and not in the pres-
ence of fluctuations. The total atom number N is then given
by the sum of N0 and the number of atoms in the thermal
part.

The evaporation process removes the most energetic atoms
from the distribution and leads to a decrease in the total atom
number. Therefore the gas is no longer in thermal equilibrium,
especially for the fastest ramps. For this reason, we introduce
an effective temperature T according to T = mω2

z σ
2
z /[(1 +

ω2
z t2

TOF)kB], where m is the atomic mass and σz the width of the
Bose distribution measured along the radial direction. Given
that ωz � ωx and that the condition ωztTOF � 1 is satisfied,
the distribution along the z direction provides indeed a more
reliable estimate for the temperature than the one along the
axial direction x.

Figure 1(b) shows the temperature during the evaporation
in units of the critical temperature for condensation, Tc. At
each time t , we estimate the corresponding Tc considering
the measured instantaneous atom number N at such time. We
define Tc = T 0

c + δTc, where

T 0
c = 0.94

h̄ωho

kB
N1/3 (1)

is the critical temperature for an ideal gas in the same trap,
with kB the Boltzmann constant and ωho = (ωxω

2
r )1/3, while

δTc is a correction due to interaction effects. The latter is
estimated to be

δTc = −1.3
a

aho
N1/6 (2)

as in Eq. (122) of Ref. [21], where a is the s-wave scattering
length and aho = √

h̄/mωho. In our case, such a correction is
|δTc|/T 0

c ∼ 3%. We instead neglect finite size corrections (see
Eq. (20) in Ref. [21]) that are about one order of magnitude
smaller.

Light blue circles correspond to instantaneous images
taken before the end of the linear evaporation ramp, while
orange diamonds are the corresponding equilibrium images.
Dark blue circles are instantaneous pictures taken after the
end of the ramp, where we raise the evaporation frequency
to νhold and keep the condensate in trap to probe the post-
quench relaxation dynamics. Each point is the average of up to
10 experimental shots, and error bars represent one standard
deviation. The red vertical line marks the critical time tc at
which T/Tc = 1, obtained by means of a linear fit of the data
in the region around the critical point (solid black line). From
the fit, we also extract the characteristic quench time

τQ = Tc

|(dT/dt )tc |
, (3)

which allows for a direct comparison to the theoretical mod-
els assuming a linear variation of the temperature across the
transition.

The condensate fraction N0/N is shown in Fig. 1(c), again
comparing the instantaneous and the equilibrium configura-
tions. The insets show examples of TOF images before and
after the transition point. For a sufficiently slow ramp [left
panels in Figs. 1(a)–1(c)], the condensate forms during the
evaporation ramp, whereas for a fast ramp, no condensate
fraction is present at the end of the ramp, but it emerges
afterwards, on a timescale independent of the evaporation rate
q, but rather intrinsic of the system.

In Fig. 1(d), we show the dynamical evolution of the gas
across the transition, by plotting N0/N as a function of T/Tc

for different q. This highlights the out-of-equilibrium evolu-
tion related to the cooling process. While for the smallest
evaporation rates the gas cools down almost adiabatically, as
pointed out by the overlapping instantaneous and equilibrium
curves for q = 50 kHz/s, for faster evaporation rates the gas
is driven in an increasingly out-of-equilibrium state, as shown
for instance in the q = 300 kHz/s panel, where the arrows
indicate the direction of the time evolution of the instanta-
neous images (blue and dark blue) and the equilibrium ones
(orange). We observe that the instantaneous state of the gas
strongly diverges from the equilibrium one while driven by
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FIG. 1. Exploring the gas parameters during the evaporation ramp for a low (left column) or a high (right) cooling rate. (a) Variation of
the evaporation frequency ν in time; the evaporation rate is q = dν/dt . Temperature (b) and condensed fraction (c) measured by interrupting
the evaporation ramp at different times t and imaging the cloud either immediately (light and dark blue circles) or keeping the gas in the
trap for equilibration (orange diamonds). Temperature is extracted from a Bose distribution fit to the tails of the atomic distribution measured
after time of flight and is normalized to the transition temperature Tc. The vertical red line represents the time tc at which Tc is experimentally
crossed; the horizontal blue dashed line is the final temperature after equilibration. The horizontal dashed line in (c) marks the final condensate
fraction. Insets show the absorption images taken in points B, C, B’, and C’. The shaded area marks the duration of the ramp. (d) Evolution of
N0/N vs T/Tc, showing that higher evaporation rates induce strong out-of-equilibrium dynamics, as can be seen comparing the instantaneous
measurements (light and dark blue circles) to the corresponding equilibrium points (orange diamonds). The arrows indicate the direction of the
time evolution. The dashed and the solid lines represent the theoretical predictions for the condensate fraction for an ideal and for an interacting
Bose gas, respectively.

evaporation, and it relaxes towards the final equilibrium state
after the end of the ramp. We checked that, even for the
highest evaporation rates (q up to 4000 kHz/s), at any time
t � 500 ms after the end of the ramp, most of the excitations

have relaxed and the system reaches a stationary state. For this
reason, we can consider the images taken after 1 s waiting time
as reliable equilibrium points. For comparison, in Fig. 1(d),
we also show the theoretical prediction for the ideal Bose gas
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(b)(a) (c)

(e)(d) (f)

FIG. 2. Post-quench growth dynamics of the BEC order parameter for high evaporation rates. (a) Condensate fraction as a function of time
for atom number Nhigh, for different values of q. The time axes are shifted according to tc, see text. The dashed lines mark the equilibrium
condensed fraction for each evaporation rate. (b) Same as (a), but with the vertical axis normalized to the final condensed fraction for each
evaporation rate. The gray area highlights the latency time �t . (c) Final relative temperature for the various rates q. [(d)–(f)] Equivalent results
for a smaller atom number, Nlow.

(dashed line)

N0

N
= 1 −

(
T

T 0
c

)3

, (4)

and for the interacting Bose gas (solid line) [21,39]

N0

N
= 1 −

(
T

T 0
c

)3

− ζ (2)

ζ (3)
η

(
T

T 0
c

)2[
1 −

(
T

T 0
c

)3] 2
5

, (5)

where ζ (n) is the Riemann function and η = μ/kT 0
c , μ being

the gas chemical potential. Expression (5) is predicted to fail
close to Tc and, for this reason, we plot the corresponding
curve only in the first two panels of Fig. 1(d), where exper-
imental data are available at low temperature.

III. GROWTH OF THE ORDER PARAMETER

In this section, we look closely at the dynamical formation
of the condensate order parameter, following the evaporative
cooling.

In all the performed experiments, while the critical point
tc always lies within the linear evaporation ramp, the time
evolution of the condensate depends on the evaporation rate
and shows two distinct regimes, that we identify as high and
low evaporation rates.

For the high evaporation rates, condensation occurs af-
ter the end of the linear ramp, driven by thermalization
at constant atom number. For both regimes, we explore
the dependence on the initial atom number by prepar-
ing ensembles in two different initial conditions (measured
at point A of the experimental sequence), one with high
atom number Nhigh = 3.6(3)e7 and initial temperature Thigh =
1.14(3) µK = 1.28(7)Tc, and one with lower atom num-
ber Nlow = 1.70(9)e7 and temperature Tlow = 0.92(4) µK =
1.32(5)Tc.

A. High evaporation rate

In Fig. 2(a), we show the growth of the condensate fraction
in samples with Nhigh, for high evaporation rates. Although
the critical temperature is crossed at time tc during the ramp,
the order parameter forms later, after an average latency time
(in literature also referred to as the initiation time [24]) �t =
85(7) ms past tc. The final BEC fraction (N0/N ) f [obtained
by averaging the data for (t − tc) > 500 ms and marked by the
dashed lines in Fig. 2(a)] is then slowly reached on a timescale
that appears to be independent of q. This proofs that these
ramps are effectively a quasi-instantaneous quench. The final
temperature (T/Tc) f increases with q, direct consequence of
a less and less efficient evaporation, as shown in Fig. 2(c).
In Fig. 2(b), the points are vertically rescaled by (N0/N ) f .
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(b)(a) (d)(c)

(f)(e) (h)(g)

FIG. 3. Growth of the BEC order parameter during cooling ramps with low evaporation rate. The condensate fraction is shown for different
evaporation rates on gases with Nhigh atoms, as a function of (t − tc ) (a) or of (t − tc )/τQ (b). (c) shows how τ1 (triangles) and t50% (stars) depend
on τQ. The lines are linear fits of τ1(τQ) (solid) and t50%(τQ ) (dot-dashed). The inset shows a zoom of the region close to the origin, highlighting
the presence of a finite offset for t50%, while τ1 tends to zero when τQ → 0. In (d), all growth curves overlap onto a universal growth curve (in
black) when shifted by the t50% parameter obtained from the fit and rescaled by the time τQ of each ramp. [(e)–(h)] Same as (a)–(d), but for
a smaller initial atom number, Nlow. The black curve in (h) is the same as in (d), showing that the universality holds also for different atom
numbers.

The rescaling operation highlights that, for all the evaporation
rates, the onset of the order parameter occurs at the same
time and the rescaled condensate fraction evolution follows
the same dynamics.

Figures 2(d)–2(f) show analogous results for the dataset
with Nlow. Qualitatively, the behavior is the same as in the
high atom number case, but the delay in the onset of the order
parameter becomes larger, �t = 161(16) ms. Similarly, the
growth of the condensate fraction is slower for less dense
clouds, with the final equilibrium condensed fraction being
reached after (t − tc) > 750 ms. Both behaviors well agree
with a larger collisional time in the case of lower atomic
density. Estimating the classical collisional time as τcoll =
(n̄σv)−1 [40], where n̄ = ∫

n2(r)dr/
∫

n(r)dr is the average
density of the thermal cloud at the transition, σ = 8πa2 the
scattering cross-section and v = 4

√
kBT/(πm) the average

velocity, we have τcoll ∼ 18 ms for the dataset with Nhigh,
and τcoll ∼ 32 ms for Nlow. Therefore we find that the time
delay for the onset of condensation also obeys a universal
behavior, resulting in �t ∼ 5 τcoll. These observations are in
good agreement with early works on the condensation pro-
cess after a sudden quench [23,24] which clarified the role
of interactions throughout a complete quantum kinetic theory

[41] and by pointing up the existence of a latency time in the
condensation onset.

B. Low evaporation rate

The mechanism discussed in Sec. III A deals with al-
most instantaneous quenches and investigates the post-quench
growth of the BEC order parameter.

In this section, instead, we study the case of lower evap-
oration rates, with q � 400 kHzs−1 in the case of Nhigh and
up to 200 kHzs−1 in the case of Nlow. The dynamics is now
conceptually different since the condensate formation occurs
while the evaporation ramp is on, implying that the atom
number and the temperature are both decreasing.

In Fig. 3, we show the evolution of the condensate fraction
as a function of t − tc. The data for different q [Fig. 3(a)] fit
well to a smooth step function. We choose the error function

N0

N
(t ) = 1

2

[
1 + erf

(
t − tc − t50%√

2 τ1

)]
, (6)

centered at t50% and with a growth time constant τ1. The
fit is performed only on the data points corresponding
to N0/N < 0.5, since we focus on the initial part of the
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TABLE I. Results for τ1 and t50%, for high and low N , corre-
sponding to the parameters of the linear fits reported in (c) and (g) of
Fig. 3, respectively.

High N

τ1 0.120(5)τQ − 1(4) ms
t50% 0.246(4)τQ + 92(3) ms

Low N

τ1 0.128(4)τQ − 8(6) ms
t50% 0.259(9)τQ + 135(9) ms

condensate growth, and not on the saturation of the condensate
fraction.

As expected, the growth is slower for smaller values of q
(higher τQ). Figure 3(b) shows the same data as a function
of the normalized time (t − tc)/τQ. In these units, the curves
have the same growth rate and are relatively shifted in time,
highlighting the fact that τQ is the timescale that dominates
the process of condensate formation.

In Fig. 3(c), we report the fit results for τ1 and t50%. One
can clearly see that both parameters scale linearly with τQ.
However, t50% does not go to zero for τQ → 0, but instead
to a finite value of the order of �t . In fact, this is consistent
with the presence of a minimum latency time that the system
requires before exhibiting the onset of condensation after the
temperature has crossed the critical value, as already observed
in the case of high evaporation rates. The same analysis is
done for Nlow and reported in Figs. 3(e)–3(g). In particular, we
notice again that the delay decreases when the atom number
increases. The characteristic time τ1 appears instead to be
proportional to τQ, with a similar proportionality factor for
both regimes of atom numbers. The results of our fits are
reported in Table I.

Finally, in panels (d) and (h) of Fig. 3, we plot the data
as a function of the dimensionless universal time (t − tc −
t50%)/τQ. Thanks to the observed linear dependence of both
τ1 and t50% on τQ, all curves collapse on each other in any
other point indicating the presence of universality. Note that
the growth curve is the same for both atom number ranges
explored. In fact, the black line in Fig. 3(h), that corresponds
to the best fit for the Nhigh data in Fig. 3(d), perfectly overlaps
also on the data with Nlow. This result cannot be simply inter-
preted in terms of instantaneous thermal equilibrium, because
the overlap occurs for ramp rates in a broad range, from the
quasi-adiabatic evaporation rates (e.g., q ∼ 20 kHz/s) to the
higher ones (q ∼ 300 kHz/s), where the condensate formation
clearly occurs in an out-of-equilibrium condition, as observed
in Fig. 1(d).

As an intermediate conclusion, for low evaporation rates,
we notice that in our system the condensate formation is
characterized, during the evaporation, by a universal exponen-
tial growth occurring on a timescale τ1 � 0.125 τQ. It is also
worth mentioning that the theoretical analysis of Ref. [35]
pointed out the role of another timescale, i.e., the freeze-out
time t̂ , which is predicted to affect the growth of the con-
densate at the early stage of formation in the Kibble-Zurek
mechanism. Our experimental observations, however, seem

(a)

(b)

(d)

(c)

FIG. 4. Relaxation dynamics of the order parameter fluctuations.
(a) Pictures of the BEC component as a function of the universal
timescale of the condensate growth. (b) The residuals h(x, z) between
the OD shown in (a) and the average OD at the same universal
time, normalized by the peak OD at each time, are larger shortly
after the BEC formation and then decay when the turbulence relaxes
to the smooth equilibrium state. (a), (b) and (c), (d) correspond to
evaporation rates of q = 50 and 300 kHzs−1, respectively. All images
share the same spatial scale and coordinate axes indicated in (a)
and (b).

not to provide evidences of t̂ , likely due to the effects of the
latency time associated to the finite collisional time in our
samples, which is not included in Ref. [35].

IV. RELAXATION DYNAMICS OF THE FLUCTUATIONS

In the previous section, we limited our investigation to the
study of the typical timescales characterizing the growth of
the BEC order parameter in connection to the cooling rate.
Now we take a closer look at the spatial fluctuations of the
order parameter itself. In fact, when the condensate forms, an
initially turbulent regime characterizes the whole system with
strong spatial phase fluctuations [34]. Then a coarse-graining
dynamics allows for the formation of domains that eventually
turn into isolated quantized vortices.

Phase fluctuations can be strongly enhanced in quantum
gases for different reasons. Among them, reduced dimen-
sionality and fast mechanical perturbations of the trapping
potential have been widely studied both theoretically and
experimentally.
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(a)

(b)

FIG. 5. (a) Decay of the order parameter fluctuations H (t − tc )
in the case of low evaporation rates, normalized by the initial value
H (0). (b) Time constant τ2 of the exponential fit, compared with
that of the condensate growth rate τ1. Linear fits in the log-log scale
highlight the power-law scaling behavior of the two quantities with
an exponent 1 (linear scaling) and 0.6, respectively for τ1 and τ2.

When the effective dimensionality of the gas is reduced, the
long-range coherence is limited, enhancing phase fluctuations.
Bose gases in 1D have been studied by taking absorption
images after a ballistic expansion of the cloud, since phase
fluctuations present in situ evolve into density ripples after
a long enough TOF [42–44]. Bragg spectroscopy techniques
were also used, connecting the width of the momentum dis-
tribution to the average length of the original phase domains
[44,45]. Quantum turbulence in ultracold gases [46] was
recently studied by mechanically introducing it with rapid
perturbations of the trapping optical or magnetic potentials
[47–54] and observing its relaxation phenomena. In these
cases, the turbulent regime was explored using interferometric
techniques or through the direct detection and counting of the
generated quantized vortices.

Temperature quenches across the BEC critical point can
also introduce strong phase fluctuations. The generated turbu-
lent regime typically relaxes toward the BEC ground state,
sometimes leaving isolated topological excitations, such as
vortices in flat systems [37,55] or transverse solitonic vor-
tices in elongated ones [56–58]. These defects, can be clearly
observed on timescales of at least a few hundred of ms and
were used in previous experiments to investigate the power-
law scaling associated with the Kibble-Zurek mechanism
[27,36,37]. Here, we focus on the observation of the early-
time turbulent phase generated by rapid cooling, and identify
its typical relaxation timescale.

TABLE II. Relevant time-scales for the different ramps for Nhigh (above) and Nlow (below). All time-scales are in seconds. t f is the duration
of the ramp and �t is the latency time measured for high evaporation rates, where the condensation occurs as a post-quench process.

High N

q (kHz/s) t f τQ tc τ1 t50% τ2 �t

20 11 18.9(1.9) 3.19 (7) 2.13 (5) 4.65(4) 0.75 (17) –
50 4.4 7.13(18) 1.68 (2) 0.818 (2) 1.877 (8) 0.25 (2) –
100 2.2 2.60(16) 1.30 (1) 0.35 (1) 0.707 (6) 0.14 (3) –
200 1.1 1.23(5) 0.70 (1) 0.16 (1) 0.392 (5) – –
300 0.73 0.59(2) 0.531 (3) 0.075 (2) 0.233 (2) 0.04 (1) –
400 0.55 0.29(2) 0.460 (4) 0.030 (1) 0.168 (2) 0.060 (9) 0.086 (15)
600 0.36 0.25(2) 0.313 (3) – – 0.109 (16) 0.090 (10)
1000 0.22 0.135 (3) 0.196 (1) – – 0.14 (5) 0.084 (10)
2000 0.11 0.104(9) 0.092 (9) – – 0.13 (3) 0.085 (15)
4000 0.055 0.050(4) 0.054 (5) – – 0.075 (10) 0.082 (17)

Low N

q (kHz/s) t f τQ tc τ1 t50% τ2 �t

20 7.5 11.2 (6) 3.64 (7) 1.39 (4) 2.95 (3) 0.80 (11) –
30 5 7.3 (5) 2.52 (7) 0.88 (6) 2.04(4) – –
40 3.84 5.4 (4) 2.33 (4) 0.76 (5) 1.63 (4) 0.23 (4) –
43 3.5 4.5 (3) 2.05(4) 0.60 (5) 1.32 (4) – –
50 3.0 4.06 (2) 1.92 (3) 0.52 (3) 1.21 (3) 0.19 (9) –
75 2.0 2.3(3) 1.28 (5) 0.32 (7) 0.87 (10) – –
200 0.96 0.49 (6) 0.661 (9) 0.054 (3) 0.262 (2) – –
300 0.50 0.357 (9) 0.433 (2) – – – 0.148 (18)
750 0.20 0.17 (3) 0.189 (4) – – – 0.142 (19)
1500 0.10 0.108 (19) 0.102 (3) – – – 0.17 (2)
3000 0.05 0.16 (2) 0.07 (2) – – – 0.18 (2)
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In order to study the fluctuations of the order parameter,
we image the gas after TOF and subtract the thermal compo-
nent resulting from the Bose function fit on the outer region.
Figure 4 shows the optical density (OD) of the sole condensate
component of gases released at different times shortly after the
onset of condensation and during the BEC growth. The time
frame is the universal one for the condensate growth, found in
Sec. III B. The upper [Fig. 4(a)] and lower [Fig. 4(c)] datasets
refer to a low and high evaporation rate, respectively. Density
ripples, similar to the ones observed in expanded 1D systems
in Ref. [42], are clearly visible. The difference, here, is that
they are caused by the in situ turbulent phase originating from
finite-rate cooling.

Each BEC profile is compared to the average over several
repetitions in the same experimental conditions. Figures 4(b)
and 4(d) show the residuals h(x, z; t ), evaluated as the differ-
ence between the OD of each image in panels (a) and (c)
and the average OD at the corresponding time, normalized
by the peak OD: h(x, z) = (OD − OD)/ODmax. In the early
stages after the appearance of the BEC, a large amount of
fluctuations is present, both at large and small scales. We
observe that for the higher evaporation rates there is a larger
amount of fluctuations, which gradually decay on a longer
universal timescale compared to the lower evaporation rates.

To quantify the amount of spatial fluctuations at each
time, we calculate the quantity H (t ) = ∫

σOD(x, z; t )dxdz/∫
OD(x, z; t )dxdz, where σOD(x, z; t ) is the root mean squared

deviation of the ODs at time t and the integration is performed
over the whole image. Figure 5(a) shows the amount of fluctu-
ations H (t )/H (0) as a function of time t − tc for the different

(b)

(a)

FIG. 6. (a) Decay of the order parameter fluctuations H (t − tc )
in the case of high evaporation rates, normalized by the initial value
H (0). (b) Time constant τ2 extracted from the exponential fit, plotted
as a function of the quench time τQ. In contrast to the low evaporation
rates, there is no clear dependence on the quench time, with τ2

resulting fairly constant at a value of 98 ± 25 ms (gray area).

low evaporation rates and highlights a clear exponential decay
for all of them.

The decay time τ2 extracted from an exponential fit is
shown in Fig. 5(b) as a function of τQ. The linear fit to τ2 in
the log-log scale corresponds to a power-law dependence as
τ2 ∝ τ

0.63(5)
Q . This clearly differs from the linear dependence

of the BEC formation time τ1 obtained in Sec. III [as shown
in Fig. 5(b)] and indicates that the relaxation time of the
turbulence depends on τQ in a nontrivial way.

Table II summarizes the parameters extracted from the
analysis reported in this manuscript for all the combinations
of atom number and evaporation rates explored. Note that
the large atom number is particularly important for carefully
studying the turbulence dynamics in the condensate. Indeed,
the atom number we refer to as “low” is still larger than typical
condensate atom numbers in the literature.

We repeated a similar analysis for the high evaporation
rates (q � 400 kHzs−1), where the growth of the condensate
and the decay of the fluctuations occur after the end of the
evaporation ramp. In this case, we obtained that the decay time
τ2 is fairly constant and on the order of 100 ms, as shown in
Fig. 6. This value is similar to the latency time, suggesting also
here a connection with the collisional rate within the cloud.

V. CONCLUSIONS

In conclusion, by cooling a harmonically trapped bosonic
gas across the critical temperature for condensation at differ-
ent rates, we studied the growth of the order parameter and
the temporal evolution of its spatial fluctuations. We found
that the condensate starts forming after a latency time from
the critical condition; this latency time inversely depends
on the classical collision rate of the gas. If the evaporation
is sufficiently fast, the condensate starts forming after the end
of the evaporation ramp and the growth of the order param-
eter follows a universal curve with an intrinsic growth rate
independent of the quench time τQ. For slower evaporation
rates, condensation occurs during the evaporation ramp and
the growth curves still manifest a universal behavior, but with
a characteristic timescale that linearly scales with τQ. We also
investigated the amount of spatial fluctuations of the order pa-
rameter, formed at the early stage of condensation, and found
that they decay exponentially in time and the characteristic
time for relaxation obeys a power-law scaling with τQ with
exponent ≈0.6.

This work contributes to the understanding of the complex
dynamics characterizing systems across phase transitions and
can trigger novel theoretical investigation going beyond the
current state of the art.

During the completion of this manuscript, we became
aware of a related work [59].
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