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We investigate an ultra-cold mixture of Bose gases interacting via spin-changing collisions by
studying the dynamics of spin fluctuations. The experimental implementation employs 23Na and
7Li atoms, which are prepared out of equilibrium across a wide range of initial conditions. We iden-
tify three regimes in the dynamics of the system for different initial states: a long-lived metastable
regime, an instability range with strong growth of fluctuations, and a fast relaxing regime ap-
proaching thermal equilibrium. Theoretical modelling of the data allows us to reconstruct effective
potentials which characterize the different dynamical regimes of the system.

Introduction. The experimental advances in ultra-cold
atomic systems provide powerful platforms for the study
of non-equilibrium dynamics of quantum many-body sys-
tems [1–9]. While the mean-field dynamics frequently
leads to a successful description of the many-body sys-
tem, fluctuations can be crucial in out-of-equilibrium sit-
uations, such as instabilities [10], the build-up of struc-
ture far from equilibrium [11–16], or the fate of the “false
vacuum” in tunneling processes [17]. Here, cold-atom
simulators promise unique insights into the dynamics of
fluctuations in quantum many-body systems [18, 19].

In this work, we investigate the non-equilibrium dy-
namics of an atomic mixture of 23Na and 7Li atoms.
Such cold atomic mixture experiments provide versatile
platforms for simulations of different physical systems,
ranging from the Bose polaron problem [20–22] to the
quantum simulation of fundamental gauge theories [23].
By using spin-changing collisions [24] to couple the two
atomic species, our setup implements a scalable building
block of a lattice gauge theory [25–27]. While previously,
the dynamics of the mean values were investigated with
our setup [25], here, we analyze the dynamics of spin
fluctuations across a wide range of non-equilibrium ini-
tial conditions.

We identify different dynamical regimes of our system
and characterize the evolution in terms of phenomena
such as instabilities and the onset of thermalization. De-
pending on the initial spin imbalance of our mixture,
we identify the three regimes: a long-lived metastable
regime, an unstable region showing strong growth of fluc-
tuations, and a fast relaxing regime approaching thermal
equilibrium. We compare our data to theory by extend-
ing the earlier mean-field model [25] to incorporate the
dynamics of fluctuations. Experimentally extracting the
fluctuations allows us to reconstruct the effective poten-
tials that characterize the different types of dynamical
regimes. Our approach enables a detailed characteriza-
tion of the complex many-body states out-of-equilibrium
in atomic mixture experiments.

Experimental setup and state preparation. The experi-
ment is initiated by preparing an ultra-cold bosonic mix-

a

b

c

�
<latexit sha1_base64="mDpUHqObv0ovmyXd07x6d01IufM="></latexit><latexit sha1_base64="mDpUHqObv0ovmyXd07x6d01IufM="></latexit><latexit sha1_base64="mDpUHqObv0ovmyXd07x6d01IufM="></latexit><latexit sha1_base64="mDpUHqObv0ovmyXd07x6d01IufM="></latexit>

7Li<latexit sha1_base64="VC1uMbr+Two/2BctpRCMscYsVFg="></latexit><latexit sha1_base64="VC1uMbr+Two/2BctpRCMscYsVFg="></latexit><latexit sha1_base64="VC1uMbr+Two/2BctpRCMscYsVFg="></latexit><latexit sha1_base64="VC1uMbr+Two/2BctpRCMscYsVFg="></latexit>

b̂Li,0
<latexit sha1_base64="ghx1O3+SFH1tetbtuRmy/Qy4GHg="></latexit><latexit sha1_base64="ghx1O3+SFH1tetbtuRmy/Qy4GHg="></latexit><latexit sha1_base64="ghx1O3+SFH1tetbtuRmy/Qy4GHg="></latexit><latexit sha1_base64="ghx1O3+SFH1tetbtuRmy/Qy4GHg="></latexit>

b̂Li,1
<latexit sha1_base64="ODimlVK/WG2ovdkbu2GKH3ZTVjg="></latexit><latexit sha1_base64="ODimlVK/WG2ovdkbu2GKH3ZTVjg="></latexit><latexit sha1_base64="ODimlVK/WG2ovdkbu2GKH3ZTVjg="></latexit><latexit sha1_base64="ODimlVK/WG2ovdkbu2GKH3ZTVjg="></latexit>

b̂Na,1
<latexit sha1_base64="BCvyqAd6bl7rVZ0lLXWQKLuyH38="></latexit><latexit sha1_base64="BCvyqAd6bl7rVZ0lLXWQKLuyH38="></latexit><latexit sha1_base64="BCvyqAd6bl7rVZ0lLXWQKLuyH38="></latexit><latexit sha1_base64="BCvyqAd6bl7rVZ0lLXWQKLuyH38="></latexit>

b̂Na,0
<latexit sha1_base64="jTf2ZmZAcG36JV4FuZJkK54O3dA="></latexit><latexit sha1_base64="jTf2ZmZAcG36JV4FuZJkK54O3dA="></latexit><latexit sha1_base64="jTf2ZmZAcG36JV4FuZJkK54O3dA="></latexit><latexit sha1_base64="jTf2ZmZAcG36JV4FuZJkK54O3dA="></latexit>

23Na
<latexit sha1_base64="ZteHt+2tJ/sW4TSMUKI//g4Y2iM="></latexit><latexit sha1_base64="ZteHt+2tJ/sW4TSMUKI//g4Y2iM="></latexit><latexit sha1_base64="ZteHt+2tJ/sW4TSMUKI//g4Y2iM="></latexit><latexit sha1_base64="ZteHt+2tJ/sW4TSMUKI//g4Y2iM="></latexit>

�
<latexit sha1_base64="V40peNmWMlM5snnW94fqnuuYvD0="></latexit><latexit sha1_base64="V40peNmWMlM5snnW94fqnuuYvD0="></latexit><latexit sha1_base64="V40peNmWMlM5snnW94fqnuuYvD0="></latexit><latexit sha1_base64="V40peNmWMlM5snnW94fqnuuYvD0="></latexit>

Mean
Fluctuation

Data

Evolution time    (ms)

Li
th

iu
m

 im
ba

la
nc

e

t
<latexit sha1_base64="0T6d5LKvWC81pMMOic7IkBBVHm0="></latexit><latexit sha1_base64="0T6d5LKvWC81pMMOic7IkBBVHm0="></latexit><latexit sha1_base64="0T6d5LKvWC81pMMOic7IkBBVHm0="></latexit><latexit sha1_base64="0T6d5LKvWC81pMMOic7IkBBVHm0="></latexit>

23Na
<latexit sha1_base64="ZteHt+2tJ/sW4TSMUKI//g4Y2iM="></latexit><latexit sha1_base64="ZteHt+2tJ/sW4TSMUKI//g4Y2iM="></latexit><latexit sha1_base64="ZteHt+2tJ/sW4TSMUKI//g4Y2iM="></latexit><latexit sha1_base64="ZteHt+2tJ/sW4TSMUKI//g4Y2iM="></latexit>

7Li<latexit sha1_base64="VC1uMbr+Two/2BctpRCMscYsVFg="></latexit><latexit sha1_base64="VC1uMbr+Two/2BctpRCMscYsVFg="></latexit><latexit sha1_base64="VC1uMbr+Two/2BctpRCMscYsVFg="></latexit><latexit sha1_base64="VC1uMbr+Two/2BctpRCMscYsVFg="></latexit>

Ĥ
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Figure 1. Dynamics of spin fluctuations induced by
spin changing collisions: (a) The ultra-cold atomic mix-
ture is coupled through spin-changing collisions between
sodium and lithium atoms realizing effective spins degrees of
freedom. (b) Varying initial conditions probe the mixture in
three different regimes as illustrated with effective potentials:
a meta-stable state, an instability with growth of fluctuations,
and fast relaxation. Solid lines show numerical real-time cal-
culations of our effective model (SM). (c) The fluctuations
of the data (shaded blue) around mean values (red) grow in
time, where grey circles show single realizations of prepara-
tion, evolution and measurement (see inset). Solid lines are
smoothed interpolations of data points.

ar
X

iv
:2

20
4.

06
45

6v
1 

 [
co

nd
-m

at
.q

ua
nt

-g
as

] 
 1

3 
A

pr
 2

02
2



2

ture of sodium (Na) and lithium (Li) atoms in a crossed
optical dipole trap. After cooling and condensation, the
sample consists of approximately NNa ≈ 3× 105 sodium
and NLi ≈ 3 × 104 lithium atoms in overlapping atomic
clouds. The two species are prepared in their spin F = 1
manifolds, where the application of an external mag-
netic field (B = 2.118(2)G) leads to an energy splitting
between three internal hyperfine states [28]. Suitably
choosing such energy separations allows us to confine the
atoms to their lowest lying states, |F = 1,mF = 0, 1〉, for
both species, see Fig. 1a.

Initially, the atoms are prepared in mF = 1 corre-
sponding to their single-particle ground state. To ini-
tialize the non-equilibrium dynamics, we follow the ex-
perimental sequence described in Ref. [25]. We transfer
an average fraction η̄Na of Na atoms to the energetically
higher mF = 0 state, thereby exciting the atoms out of
equilibrium. To achieve this, the internal Na states are
coupled with a highly tunable microwave setup, where a
two-pulse sequence transfers the atoms through the in-
termediate state |F = 2,mF = 2〉. While this provides
an efficient passage for Na atoms, corresponding internal
states of Li are kept out of resonance, and it remains po-
larized in |F = 1,mF = 1〉 for all considered initial states
at time t0 = 0ms. We prepare a wide range of Na initial
states η̄Na(t0), which also sets the total (conserved) mag-
netization for the dynamics, which is the sum of the pop-
ulation difference of the respective magnetic substates.
The different initial states allow us to tune the effective
system parameters to explore non-equilibrium physics in
different regimes. The various types of non-equilibrium
phenomena are illustrated in Fig. 1b, where the dynam-
ics can be understood from effective potentials.

Non-equilibrium dynamics. After state preparation,
we let the system evolve for evolution times of up to
t = 100ms, during which the atoms exchange spin, re-
sulting in oscillatory dynamics as shown in Fig. 1c. The
spin dynamics is made possible through a precise con-
trol of the external magnetic field, such that spin states
of Na and Li are kept in resonance during the evolu-
tion. To investigate the complex dynamics, we detect
the resulting spin populations of lithium by perform-
ing state-selective time-of-flight (TOF) measurements
(“Stern-Gerlach method”). Here, atoms in different spin
states are spatially separated with a magnetic field gra-
dient before imaging, which gives access to the individ-
ual atom populations NLi,mF

and hence the spin imbal-

ance η̂Li = N̂Li,0/N̂Li, where N̂Li = N̂Li,0 + N̂Li,1, as
shown in Fig. 1b. We repeat the experimental cycle up
to 20 times per evolution time t to observe the fluctu-
ating signal. From our measurements, we extract the
mean values η̄Li = 〈η̂Li〉 and second-order correlations
∆ηLi =

√
〈η̂Liη̂Li〉 − 〈η̂Li〉2 in order to characterize the

non-equilibrium dynamics [29].

For the initial state with η̄Na = 0.4, the experimen-
tally observed spin evolution is displayed in Fig. 2. As
panel a shows, the signal of the mean Li imbalance η̄Li
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Figure 2. Time evolution of mean and fluctuations:
(a) We show the evolution of mean lithium spin transfer η̄L
for evolution times t ≤ 100ms starting from a mean sodium
imbalance of η̄Na = 0.406. The damped-oscillatory behaviour
of the data (red circles) is well-described by our semi-classical
calculation (solid line) which accommodates initial state fluc-
tuations. (b) The two-point correlation data (blue circles)
shows an initial growth of fluctuations (see Fig. 1c) and
reaches an approximately constant value at later times. The
late time data is in approximate agreement with a thermal
calculation for a temperature T = 630nK (dotted line). Error
bars represent standard error on the mean. Our detection of
spin fluctuations has a systematic offset of 0.0040(1) for ∆η̄Li

(grey shaded area), which we added to the numerical curve
in b.

rises rapidly initially, and it is strongly damped towards
a steady state at late times. Furthermore, we investigate
the data beyond mean populations by considering the
dynamics of corresponding imbalance fluctuations ∆η̄Li,
see panel b. Fluctuations, being small initially, build up
quickly during the first 30ms, and they approach an ap-
proximately constant value of ∆ηLi ≈ 0.01 at later times.

Effective spin model. To diagnose relevant processes
and access the effective potential landscape of the many-
body problem, we compare our measurements to numer-
ical real-time calculations. In the experiment, the atoms
are localized in a deep harmonic trap. Hence, we describe
the coupled system of sodium (a = Na) and lithium
(a = Li) with single spatial modes for each magnetic
substate mF = 0, 1, where the bosonic creation (annihi-

lation) operators b̂†a,i (b̂a,i) fulfill commutation relations

[b̂a,i, b̂
†
b,j ] = δijδab. In view of the atoms’ SU(2) sym-
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metry, we introduce collective spin operators using the
Schwinger boson representation, i.e. L̂a,+ = b̂†a,0b̂a,1,

L̂a,− = b̂a,0b̂
†
a,1, and L̂a,z = (b̂†a,0b̂a,0 − b̂†a,1b̂a,1)/2. The

evolution is governed by the Hamiltonian (see Supple-
mental Material (SM) for details)

Ĥ = χL̂2
Na,z + ∆L̂Li,z + λ

(
L̂Na,+L̂Li,− + h.c.

)
, (1)

where h.c. denotes hermitian conjugation. The spin-
changing dynamics is driven by the interaction coupling
λ. The term ∆ models the effective energy offset between
magnetic substates, and χ characterizes intra and inter-
species interaction strengths from atom collisions with-
out changes in spin. Here, ∆ depends only on the total
numbers of Na and Li atoms and the total magnetiza-
tion M̂ = L̂Li,z + L̂Na,z, which are modelled as conserved
quantities during the evolution, but depend on the de-
tails of the initial condition. Carefully choosing these
conserved quantities hence enables the controlled inves-
tigation of our system in different parameter regimes.
We consider a semi-classical (truncated Wigner) approx-
imation to describe the large condensates realized in the
experiment. The effective spin degrees of freedom are
simulated with classical evolution equations, and quan-
tum effects are implemented as the Gaussian initial state
fluctuations of the initial coherent spin states. Further-
more, we average over initial atom number fluctuations,
which vary for different realizations by about 10% for
both Na and Li. The initial state fluctuations and the
model parameters are detailed in the SM.

In addition to the coherent spin dynamics, the spa-
tial excitations of the atomic cloud are expected to in-
teract with spin degrees of freedom and exchange en-
ergy. To account for such an effect in our model, we in-
clude a friction term for the spin as given by a Landau-
Lifshitz-Gilbert-type damping [30] ∂tLLi = {LLi, H} −
γ(LLi,zLLi − L2

Liez), where LLi is the three-component
lithium spin, ez is the unit vector in z direction, and
{LLi, H} represents the (undamped) classical evolution
equations via Poisson brackets. Here, we choose a damp-
ing rate of γ = 1.8 × 10−3Hz, and furthermore adjust
the sodium spin accordingly to conserve the system’s to-
tal magnetization, see SM. With this friction term, we
observe a fast damping at long times, see Fig. 2.

To characterize the dynamics observed in the present
experiment, we compare our data with thermal equilib-
rium. To this end, we define a canonical ensemble by
the partition sum Z = Tr[P̂M exp(−βĤ)], where P̂M
projects the system to a fixed magnetization 〈ψ0| M̂ |ψ0〉,
which is set by the initial state |ψ0〉. Furthermore,
β = 1/(kBT ) sets the (inverse) temperature of the sys-
tem, where kB is the Boltzmann constant. In Fig. 2 we
compare our results to a thermal ensemble with the tem-
perature of the condensate T = 630(20) nK as obtained
by extracting the atoms’ momentum distributions with
TOF-measurements. At late times, both mean value and
fluctuations of the Li imbalance oscillate around these
thermal estimates.
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Figure 3. Non-equilibrium regimes: (a) We indicate the
different dynamical regimes with sketches of the potential
landscape (see main text). (b) After 30ms evolution time,
the mean lithium imbalance η̄Li reveals a sharp resonance be-
havior for changing initial conditions set by η̄Na. (c) The fluc-
tuation signal shows a large peak around η̄Li ∼ 0.2, indicating
an instability regime characterized by the fast growth of fluc-
tuations. We find an overall good agreement with numerical
real-time calculations at 30ms (solid colored) and a late time
calculation at 150 ms (dashed). On the right-hand side of
the transition we find good agreement with a (classical) ther-
mal ensemble at temperature 630(20)nK (solid black). The
shaded area in (c) indicates the fluctuation offset from detec-
tion noise, which we add to the numerical curve in c.

Probing the non-equilibrium regimes. To explore the
dynamics in different parameter regimes, we consider the
system evolution for different initial states in the follow-
ing. In Fig. 3 we show the Li imbalance after 30ms evo-
lution time for a range of Na initial states. We observe
a pronounced resonance shape in the mean imbalance
value, with a sharp transition around η̄Na ≈ 0.2, as il-
lustrated in panel b. On the left side of the transition,
η̄Na < 0.2, the Li imbalance stays small. On the other
hand, it decays on the right side of the resonance for
larger values of η̄Na. The transition is accompanied with
a sharp peak in the fluctuations ∆ηLi, as displayed in
panel c. This peak indicates an enhanced sensitivity of
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the dynamics, leading to a fast growth of fluctuations in
the data. The data is in good agreement with the results
from our semi-classical numerical calculations, as shown
in Fig. 3, and our calculations recover the essential fea-
tures of the spin-changing dynamics.

As illustrated for η̄Na = 0.4 in Fig. 2, data taken as
early as 30ms may already provide valuable insight for
the approximate late-time evolution of the system. In
fact, for the given initial conditions, the experimental
data in Fig. 3 shows an excellent agreement with late
time numerical results at t=150ms. To characterize our
system in the regime η̄Na > 0.2, we compare the data
to corresponding predictions from the thermal ensemble,
finding an overall good agreement on the right-hand side
of the resonance shape, where the agreement is especially
precise on the mean imbalance of Li. We thus observe
indications for an onset of thermalization in our system.
Conversely, on the left-hand side of the transition the
spin-changing dynamics is strongly suppressed, and ther-
malization dynamics is not initiated on observable time
scales. In our theoretical modelling, this suppression ex-
tends to evolution times beyond 150ms, indicating a long-
lived metastable state.

These qualitative features of the system dynamics may
be illustrated in terms of an evolution within effective po-
tentials. For fixed conserved charges, the classical evolu-
tion of the Li imbalance, as relevant for the early time
dynamics, may be written as a second-order differential
equation ∂2t η̄Li = −∂V (η̄Li)/∂η̄Li with a quartic potential
V [31], see SM. In Fig. 3 we show three configurations
of the potential for different values of the total magneti-
zation as set by the initial state of Na. For small initial
Na imbalances η̄Na < 0.2 the system is constrained to
small Li imbalances, as indicated by a second, local min-
imum in the effective potential (left). Conversely, for
larger η̄Na > 0.2, the system evolution is governed by os-
cillations around a single global minimum which approx-
imately corresponds to the thermal mean value. These
regimes are separated by a sharp transition at η̄Na ∼ 0.2,
where the system dynamics becomes unstable with re-
spect to the second minimum. Corresponding mean and
fluctuation values are expected to rapidly rise to similar
magnitudes, as confirmed by the data in Fig. 3.

Conclusion. In summary, we investigated the real-time
dynamics of an ultra-cold Bose mixture out of equilib-
rium. This was enabled through the experimental ex-
traction of fluctuations, which provides a powerful tool
for the characterization of many-body quantum systems
in [32, 33] and out of equilibrium [34, 35]. An exciting
prospect for future work is the controlled investigation
of correlation functions in cold-atom gauge field theories.
Our present system realizes a minimal building block of
a U(1) gauge theory, which may be extended in one- or
two spatial dimensions with optical lattices [25, 36]. This
will also open up new avenues towards quantum simula-
tions of the complex real-time dynamics of gauge theo-
ries [1, 27, 37–42].
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Science 364, 256 (2019).

[8] M. Schreiber, S. S. Hodgman, P. Bordia, H. P. Lüschen,
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SUPPLEMENTAL MATERIAL

Model Hamiltonian

In this section, we motivate the choice of Hamilto-
nian (1) through the microscopic theory of F = 1 spinor
Bose gases [28], see also Ref. [25]. We consider the mi-
croscopic Hamiltonian

H0 =
∑
mF

∫
d3x

[
ψ̂†x,mF

(
− ∇

2

2m
− µ+ VmF

(x)
)
ψ̂x,mF

+ : c0n̂
2
x + c1F̂

2
x :

]
,

(2)

with atomic mass m, chemical potential µ, and
scattering constants c0, c1 for local interactions of
density n̂x =

∑
mF

ψ̂†x,mF
ψ̂x,mF

and spin F̂x =∑
mF ,m′

F
ψ̂†x,mF

fmFm′
F
ψ̂x,m′

F
. Here, ψ̂x,mF

= ψ̂mF
(x) are

the bosonic field operators for hyperfine states mF =
−1, 0, 1 with commutation relations [ψ̂x,mF

, ψ̂†y,m′
F

] =

δmFm′
F
δ(x − y), where f = (fx, fy, fz) are the spin-1

matrices, and the colon represents normal ordering of
operators.

The atomic mixture combines two such Bose gases:
Na and Li. They are coupled through an interaction
Hamiltonian

Ĥint = cNaLi
0 n̂Na

x n̂Lix + cNaLi
1 F̂Na

x · F̂Li
x , (3)

such that the total Hamiltonian reads

ĤNaLi = ĤNa,0 + ĤLi,0 + Ĥint . (4)

In the experiment the atoms are strongly confined in a
crossed optical dipole trap, i.e. they are tightly bound
by optical potentials to suppress spatial dynamics in the
gas. The system may effectively be described by a model
with a single spatial mode for each magnetic substate.
Detuning the mF = −1 subspace from the dynamics, the
free quadratic part of the resulting effective Hamiltonian
reads

ĤNaLi,0 =
∑

a,mF=0,1

εa,mF
b̂†a,mF

b̂a,mF
, (5)

where mF sums are restricted to 0 and 1 in the following.
The single-particle energies εa,mF

are set by the trapping
frequencies, external fields, fluctuations of spatial modes
and we absorb further terms which arise from reordering
the interaction operators. For fixed total atom numbers
and magnetization, it may be expressed in a rotating
frame as

ĤNaLi,0 =
∆̃

2

∑
mF

(−1)mF b̂†Li,mF
b̂Li,mF

= ∆̃L̂Li,z. (6)

In this approximation, the interaction Hamiltonian is
given by

Ĥint =
∑
a,mF

χa,mF
N̂2
a,mF

+ χNaLi(N̂Na,0 − N̂Na,1)(N̂Li,0 − N̂Li,1)

+ λ
(
b̂†Na,0b̂

†
Li,1b̂Na,1b̂Li,0 + h.c.

)
, (7)

and all other combinations of operators have been ab-
sorbed into single-particle couplings. The effective in-
teraction constants involve experimental details such as
the scattering lengths, the atomic masses, magnetic fields
and the spatial overlap of the condensates. We simplify
the expression by using

χa,mF
N̂2
a,mF

= χa,mF

(
M̂a

2
+ (−1)mF L̂a,z

)2

= χa,mF

(
N̂2
a

4
+ L̂2

a,z + (−1)mF N̂aL̂a,z

)
. (8)

By collecting all terms, assuming conservation of total
atom numbers and magnetization during the dynam-
ics, and dropping irrelevant constants, we may write the
Hamiltonian as in Eq. (1) with the identifications

∆ = ∆̃ + 4χNaLiM̂ + 2M̂(χLi,0 + χLi,1)

+ (χLi,0 − χLi,1)N̂Li − (χNa,0 − χNa,1)N̂Na,

χ = χNa,0 + χNa,1 + χLi,0 + χLi,1 − 4χNaLi. (9)

For the chosen initial states, the magnetization is set
by L̂Na,z(t0) − N̂Li/2. Neglecting fluctuations of the Li

atom number in the model parameters, NLi = 〈N̂Li〉 is
absorbed into the parameters, and we get

∆ = ∆0 + 2∆LL̂Na,z(t0) + ∆N N̂Na, (10)

where, specifically, we defined

∆L = 2χNaLi + (χLi,0 + χLi,1) , (11a)

∆0 = ∆̃−∆LNLi , (11b)

∆N = χNa,1 − χNa,0 . (11c)

In our numerical calculations we consider ∆ including
fluctuations of L̂Na,z(t0), and N̂Na in the initial state as
given in (10)

Model parameters

In this section, we determine the coupling parameters
entering our model in the Hamiltonian given by Eq. (1).
To achieve this, we post-select the experimental data to
analyze the dependence of model parameters on the num-
ber of Na atoms in the atomic cloud. We assume that the
atom number of Na has a relatively bigger impact on the
parameters compared to Li, as it is significantly higher,
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and hence we only consider atom number fluctuations of
Na in this section. We focus our analysis on the data-set
used in Fig. 3.

For the considered data set we measured the atom
number of Na at t = 30ms as NNa = (376.5±20.4)×103,
where the atom number fluctuation σ = 20.4×103 is the
standard deviation of the distribution of all experimen-
tal realizations. We split the data set into six “bands” of
different mean atom numbers but fixed width set by σ/2,
and selectively extract the lithium imbalance values ηLi.
We then fit numerical calculations to the data to extract
parameters for the different total atom numbers.

We extract the atom number dependence of param-
eters by fitting the data to a mean-field calculation of
our model. As shown in Fig. 2, the observed Li im-
balance at evolution time t = 30ms is an estimate for
stationary states at late times. Using this reasoning,
we extract an estimate for our model parameters by fit-
ting the data to the numerical calculation at t = 150ms
with a damping rate γ = 2.2 × 10−3Hz. For example,
two such fits corresponding to the mean atom numbers
N̄Na = 397 × 103 and N̄Na = 346 × 103 are shown in
Fig. 4a. Matching the resonance requires a fine-tuning of
χ and ∆. In Fig. 4 we show parameter sets obtained from
these fits. Panel b indicates that χ and ∆L are approxi-
mately equal on the percentage level. Further, both the
ratio ∆L/χ as well as the rate of the spin-changing col-
lisions only weakly depend on the Na atom number N̄Na

in the considered range, while χ and ∆L show a stronger
dependence. From the procedure explained above, we
obtain λ/2π = 2.038 × 10−5Hz, χ/2π = 0.0092Hz,
∆L/2π = 0.00941Hz, ∆N/2π = −1.298 × 10−4Hz and
∆0/2π = 43.30Hz, by fitting the values in Fig. 4 with
our model parameters. The similar values ∆L ≈ χ as
well as the relatively smaller |∆N | � χ suggest that the
dynamics of density interactions are dominated by the Li
scattering constants χL,mF

.

We use these parameters as a starting point to match
both the mean and fluctuation data for both Fig. 2
and Fig. 3, and obtain λ/2π = 1.8 × 105Hz, χ/2π =
0.00943Hz, ∆L/2π = 0.00961Hz, ∆0/2π = −73.81Hz,
∆N/2π = 2.108× 10−4Hz, and γ = 1.8× 10−3Hz.

Numerical evolution

In our numerical real-time calculations we compute the
classical evolution equations for an ensemble of initial
states. The ensemble is characterized by Gaussian dis-
tributions of total atom numbers and magnetization. For
the distribution of atom numbers we use the respectively
measured mean values and standard deviations as NNa =
(313.2± 18.3)× 103, NLi = (34.6± 3.2)× 103 for Fig. 2,
and NNa = (376.5± 20.4)× 103, NLi = (29.0± 2.3)× 103

for Fig. 3. Further, we first consider the atoms in their
respective |F = 1,mF = 1〉 state as also prepared in the
experiments. Here, we take into account the (Gaussian)

a

Na atom number

c
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Figure 4. Model params: (a, b) We fit the data with the
simulation result for t = 150ms (dashed) for two different
mean Na atom numbers N̄Na (as a comparison we also show
the numerical result for t = 30ms (solid)). (c-f) The param-
eters we obtain from fitting six different mean atom numbers
are fitted to the model parameters.

quantum fluctuations via the following distributions of
the (classical) boson variables

〈ba,i〉 = 〈b∗a,i〉 = 0 , 〈b∗a,iba,i〉 = Ña,i +
1

2
, (12)

where Ña,i are given by ÑNa,1 = NNa, ÑLi,1 = NLi, and

ÑNa,0 = NLi,0 = 0, with Na being the total atom num-
bers in each realization for the two species. Subsequently,
we simulate the initial state preparation with the (clas-
sical) Hamiltonian

Hprep = −iΩ(b∗Na,0bNa,1 − c.c.), (13)

where c.c. denotes complex conjugation. To prepare the
initial state, we apply the Hamiltonian Hprep for a time
duration of tprep/~ = 2πη̄Na(t0)/Ω.

For the curves shown in Fig. 2 and Fig. 3, we average
the dynamics over 100 realizations of the above proce-
dure. The sketches in Fig. 1 were plotted for the same
parameters but with mean value and standard deviation
for the atom numbers taken from the data of Fig. 3. They
illustrate the imbalance values η̄Na(t0) = 0.15, 0.2, 0.5
from left to right.



8

Thermal ensemble

We compare the data against a thermal ensemble with
temperature T = 630(20)nK, as extracted from TOF-
measurements. Specifically, we compute observables Ô
in the canonical ensemble as

〈Ô〉 =
1

Z
Tr
(
ÔP̂Me−βĤ

)
, (14)

where Z = Tr
(
P̂Mexp(−βĤ)

)
is the canonical partition

sum. Here, we focus on the gauge-invariant ensemble
with fixed total magnetization M̂ . As our system evolves
at high energies, we consider the classical thermal limit
in the following, which is valid for high temperatures.
We compute the classical partition function as

Zcl =
[ ∏
a,mF

∫
dba,mF

db∗a,mF

]
e−βH({ba,mF

}), (15)

where H is the Wigner-Weyl transform of the system
Hamiltonian ĤNaLi. For fixed total atom numbers and
magnetization, we consider the following Hamiltonian in
the classical limit

H = χL2
Na,z + ∆LLi,z

+ 2λ(LNa,xLLi,x + LNa,yLLi,y), (16)

where La,± = La,x ± iLa,y. The integral can be trans-
formed to the coordinates

Zcl = N
∫

dsdφe−βH(s,φ), (17)

where N is an (unimportant) normalization, and s, φ
are the two remaining degrees of freedom of the clas-
sical system after using the conservation of magnetiza-
tion, particle number and integrating out irrelevant ab-
solute phases. Besides the thermal fluctuations repre-
sented by this partition sum, we average the results over
20 realizations of Gaussian atom number fluctuations for
Na and Li with NNa = (313.2 ± 18.3) × 103, NLi =
(34.6±3.2)×103 for Fig. 2 and NNa = (376.5±20.4)×103,
NLi = (29.0 ± 2.3) × 103 for Fig. 3, where the values
are mean and standard deviation of the measured overall
atom number distributions.

Physically, φ represents the relative azimuthal angle
between both spins and s = 2ηLi − 1 is the normalized z
component of lithium. In this representation, the Hamil-
tonian is given by

H(s, φ) = χ`2Lis
2 + (∆− 2Mχ)`Lis

+ 2λ`Li`Na

√
1− s2

√
1− (M − `Lis)2

`2Na

cos(φ), (18)

where we defined the spin lengths `a = Na/2. To derive
Eq. (18), we used

La,x =
√
Na,0Na,1 cos(φa) (19)

La,y =
√
Na,0Na,1 sin(φa) (20)

La,z =
Na,0 −Na,1

2
(21)

where φa are the relative phases between the magnetic
substates for each species. We then set sa = (Na,0 −
Na,1)/(Na,0 +Na,1), and used

N0,aN1,a =

(
Na
2

+ Lz,a

)(
Na
2
− Lz,a

)
(22)

=

(
Na
2

)2

− L2
z,a (23)

= `2a(1− s2a), (24)

which allowed us to rewrite the interaction term as

LNa,xLLi,x + LNa,yLLi,y

= `Li`Na

√
1− s2Na

√
1− s2Li

× (cos(φNa) cos(φLi) + sin(φNa) sin(φLi))

= `Li`Na

√
1− s2Na

√
1− s2 cos(φNa − φLi) . (25)

Eq. (18) is obtained by further using M = `Lis+ `NasNa

and defining the relative phase φ = φNa−φLi while inte-
grating out the absolute phase φNa + φLi.

Observables are subsequently obtained by numerical
integration of the partition sum. For instance, for the
expectation value of the lithium z-spin, we get

〈LLi,z〉 =

∫
dsdφ `Lise

−βH(s,φ) , (26)

and its fluctuations are computed as

〈L2
Li,z〉 =

∫
dsdφ `2Lis

2e−βH(s,φ) . (27)

In the main text we show connected moments, which are
defined as the corresponding variance

σ2
LLi,z

= 〈L2
Li,z〉 − 〈LLi,z〉2. (28)

Effective potentials

In this section we give a more detailed explanation
of the effective potentials for mean fields as shown in
the main text, see also [31]. Starting from the model
Hamiltonian, the coherent evolution equation relevant for
early times are given by the classical equations of motion
∂tLLi = {H,LLi}, where {·, ·} denote the fundamental
Poisson brackets with {La,i, Lb,j} = εijkδabLa,k. Using
the conservation of energy (H), magnetization (M), and
total atom numbers (NNa, NLi) the evolution may be
expressed as

∂2tLLi,z = −∂V (LLi,z)

∂LLi,z
, (29)
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where V is a quartic potential V (x) =
∑4
i=1 cix

i/i and
the coefficients ci are given by

c1 = (2χM −∆)(H − χM2)− λ2MNLi, (30)

c2 = (2χM −∆)2 + 2χ(χM2 −H)

+ λ2(N2
Na +N2

Li − 4M2), (31)

c3 = −3χ(2χM −∆) + 12λ2M, (32)

c4 = 2χ2 − 8λ2. (33)

Straightforward rescaling with the total atom number
of Li yields the equations in the main text. In Fig. 5
we show the potentials V (x)/V (−1) for the imbalance
values η̄Na(t0) = 0.15, 0.2, 0.5. In Fig. 1 these potentials
are drawn (from left to right) with arbitrary units on the
y-axis.
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Figure 5. Effective mean-field potentials: We show the
effective mean-field potential for η̄Li for the values η̄Na(t0) =
0.15, 0.2, and 0.5.
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