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Sudden quench of harmonically
trapped mass‑imbalanced fermions
Dillip K. Nandy1* & Tomasz Sowiński2
Dynamical properties of two-component mass-imbalanced few-fermion systems confined in a onedimensional harmonic trap following a sudden quench of interactions are studied. It is assumed
that initially the system is prepared in the non-interacting ground state and then, after a sudden
quench of interactions, the unitary evolution is governed by interacting many-body Hamiltonian. By
careful analysis of the evolution of the Loschmidt echo, density distributions of the components, and
entanglement entropy between them, the role of mass imbalance and particle number imbalance
on the system’s evolution stability are investigated. All the quantities studied manifest a dramatic
dependence on the number of heavy and lighter fermions in each component at a given quench
strength. The results may have implications for upcoming experiments on fermionic mixtures with a
well-defined and small number of particles.
Detailed studies of non-equilibrium dynamics of strongly correlated quantum systems have drawn tremendous
attention over the last decades due to successful experimental realizations of different artificial many-body
quantum models with appropriately tailored ultracold quantum g ases1–4. With these contemporary experimental
setups it is possible to prepare microscopic systems with several degrees of tunability, and thus, simulate different
static and dynamical properties of quantum systems in a controlled manner. Importantly, these state-of-the-art
experiments make it possible to change external parameters on time scales that could be much faster or slower
than the intrinsic microscopic time scales of the system. This possibility opens a route for fundamental studies
of a dynamical response to a whole spectrum of external disturbances4–10.
Experiments involving ultracold atoms allow to realize of two-component many-body quantum systems with
flavors obeying different quantum statistics, e.g., Bose-Bose11–13, Bose-Fermi14–20, and Fermi-Fermi21–25 mixtures.
It is worth noting that also multi-component systems are currently under experimental control26,27. Additionally,
these high-precision experiments also offer great tunability of the number of particles in each component and
the inter-component interaction strength between the s pecies28–30. This reopened new windows for theoretical
investigations of such systems (for review see31–35).
Having all these experimental and theoretical scenarios in mind, here we focus on quench dynamics of twocomponent mass-imbalanced fermionic systems in the regime of a small number of particles. In this way, we try
to bridge studies on large ultra-cold mass-imbalanced fermionic mixtures with recent experiments on systems
containing several fermions of the same mass in quasi-one-dimensional confinement29. Specifically, we investigate the sudden quench dynamics of such systems prepared initially in the noninteracting many-body ground
state. We assume that interactions are suddenly switched on and we study the nonequilibrium effect of this
sudden perturbation on the system’s dynamical properties. As a figure of merit, we use the Loschmidt e cho36,37
as an adequate indicator for quantifying such a nonequilibrium effect. The Loschmidt echo has been used as an
important and very useful tool in many physical out-of-equilibrium dynamical problems. This includes, studies of criticality in spin c hains38–40, dynamical quantum phase transition in one-dimensional models41,42, finite
temperature quantum phase t ransitions43, orthogonality catastrophe in Fermi polaron s ystem44, Bose polaron in
small quenched quantum gas system36, and in many others. Further, we support the conclusions obtained from
the Loschmidt echo by examining the evolution of the particle density distributions and the inter-component correlations. Particularly, the effect of the mass imbalance and the particle imbalance are systematically investigated
for different systems with up to six particles. To obtain numerically credible results, to find the time-evolved state
of the system, we use a combination of methods based on the exact diagonalization of the many-body Hamiltonian and the decomposition of the unitary evolution operator into the Chebyshev polynomials (so-called, the
Chebyshev evolution technique)45,46. In this way, we can obtain well-converged results for short-time as well as
long-time dynamics.
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Here we want to emphasize that interaction-driven quench processes have also been studied previously
for two-component mixtures of different statistics, particularly systems consisting of few p
 articles36,47–50. For
instance, the authors considered a few-body system consisting of two bosons and a single impurity atom of equal
mass. They started with an initial state in which the two bosons are in the Tonks-Girardeau interacting limit and
then study the evolution of the Loschmidt echo at different inter-component interaction strengths. This study
merely implies that even a small mixture of quantum particles can witness complete orthogonality between two
states evolved by the Hamiltonians before and after a sudden quench. Similarly, various dynamical properties
for interaction quench-driven processes in systems with two bosonic impurities immersed in a Fermi sea for a
mass-balanced scenario were recently s tudied51.

The system studied

In our present model, we focus on a few-body system containing two-component mass-imbalanced spin-polarized fermions confined in a one-dimensional harmonic trap. Particles from opposite components interact with
each other by short-range contact forces through a low-energy (s-wave) scattering channel. The many-body
Hamiltonian representing this mesoscopic system can then be given by


ˆ ↑ (x),
ˆ ↑† (x)�
ˆ ↓† (x)�
ˆ ↓ (x)�
ˆ σ† (x)Hσ �
ˆ σ (x) + g dx �
dx �
Ĥ(g) =
(1)
σ

ˆ σ (x) denotes the field operator annihilating fermion from a component σ ∈ {↓, ↑} at a spatial position
where �
x, while g is the effective short-range interaction strength between components52. Hσ represents the single-particle
Hamiltonian for the component σ and it is justified in the following. It is straightforward
 to check that
 the Hamiltonian (1) does commute with the particle number operators for each component, Ĥ(g), N̂σ = 0, where

ˆ σ† (x)�
ˆ σ (x). Thus, its properties can be explored in the subspaces of fixed numbers of particles N↑
N̂σ = dx �
and N↓. For convenience, in our work, we use the notation [[N↑ , N↓ ]] to specify the number of particles in each
component, by N = N↑ + N↓ we indicate the total number of particles, and we write Ĥ0 for the non-interacting

Hamiltonian Ĥ(g) .
g=0

We focus on mixtures of fermions having different masses which currently are under investigation in various
experimental laboratories. In particular, we study quench dynamics with our few-body setup for mass ratios
µ ∈ {1.8, 2.2, 4.0, 4.2, 6.7} which correspond respectively to the following ultracold atomic mixtures: 161Dy-87Sr,
87Sr-40 K, 161Dy-40 K, 167Er-40 K, 40K- 6 Li. In our theoretical model, we assume that both fermionic components
experience the same one-dimensional trapping potential. This commensurate potential approximation can also
be realized in experiments by properly tuning the width and intensity of the applied laser field. Of course, analogous calculations can be carried out for systems with component-dependent potentials. However, in the present
study, we mostly focus on the effect of mass and particle imbalance on the dynamical properties of the system,
so our approximated model can capture most of the relevant physics.
With the above approximation, the single-particle Hamiltonian takes the following form

Hσ = −

ℏ2 d 2
mσ ω 2 2
+
x .
2
2mσ dx
2

(2)

By expressing all the physical quantities in the natural units of the harmonic oscillator related to one of the
flavors (here we choose a lighter spin-down component) the single-particle Hamiltonians can be simplified as

H↓ = −

1 d2
1
+ x2 ,
2 dx 2
2

H↑

=−

1 d2
µ
+ x2 ,
2µ dx 2
2

(3)

where µ = m↑ /m↓ is the mass ratio between two fermionic flavors. Obviously, analytical expressions for all
eigenstates of these differential operators are well-known and given by

√ −1/2
2
(4a)
φn↓ (x) = 2n n! π
Hn (x)e−x /2 ,

−1/2


2
√
φn↑ (x) = 2n n! π/µ
Hn ( µx)e−µx /2 ,

(4b)

where Hn (x) is the n-th order Hermite polynomial. In terms of these single-particle orbitals one can now introduce corresponding annihilation operators ân and b̂n (respectively for lighter and heavier component particles)
to expand the field operators as


ˆ ↓ (x) =
ˆ ↑ (x) =
b̂n φn↑ (x),
ân φn↓ (x),
�
�
(5)
n

n

and write the original Hamiltonian (1) as

 

Ĥ(g) =
εi âi† âi + b̂i† b̂i + g
Uijkl âi† b̂j† b̂k âl
i

ijkl

(6)

Note that in the case studied the single-particle energy εi = i + 1/2 is the same for both components. The twobody interaction coefficients are given by the general formula
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ˆ σ (x)|ini� of components for
ˆ σ† (x)�
Figure 1.  Initial single-particle density distribution nσ (x) = �ini|�
N = 6 particles and different imbalances with fixed mass ratio µ = 4. For comparison, with the red dashed line,
we indicate the distribution of the heavy component in the limit of equal masses, µ → 1. Note, that increasing
mass ratio changes the overlap of density distributions and in consequence, it affects the interaction energy. This
change is more pronounced for a larger number of heavy particles present in the system.

Uijkl =



↑∗

↓∗

↓

↑

dx φi (x) φj (x) φk (x) φl (x).

(7)

and in the case of harmonic oscillator confinement, they can be calculated analytically53. In this way one may represent the original Hamiltonian (1) as a matrix with matrix elements of the generic form Hij = �Fi |Ĥ(g)|Fj �,
where the set {|Fi �} contains all possible Fock states representing non-interacting Hamiltonian H0. In principle,
this approach allows one to perform all calculations in this representation. In practice, however, some reasonable
cutoff of the Fock basis is needed due to a finite numerical resources used53–56.
In our work, we focus on the dynamical properties of the system after a sudden quench of interactions. We
assume that initially the system is prepared in the non-interacting ground state of the system |ini� with eigenenergy Eini = (N↑2 + N↓2 )/2. For convenience of further discussion in Fig. 1 we present initial density distribuˆ σ (x)|ini� of different components for exemplary case of N = 6 particles differently
ˆ σ† (x)�
tion nσ (x) = �ini|�
distributed between components. Then, at t = 0, the interaction strength is suddenly changed to g and the system
starts to evolve according to the Hamiltonian Ĥ(g). In general, the most straightforward method of finding the
time-evolved state for short times is to solve time-dependent Schrödinger equation, i∂t |�(t)� = Ĥ(g)|�(t)�,
with the standard fourth-order Runge-Kutta algorithm. If the long-time behavior of the system is considered,
then one first needs to perform exact diagonalization of the target Hamiltonian Ĥ(g). Then the time-evolved
state can be obtained as an appropriate superposition of time-evolved eigenstates {|ϒn �} having corresponding
eigenenergies En

|�(t)� =
�ϒn |ini� e−iEn t |ϒn �
(8)
n

In practice, these two straightforward methods are however feasible only for relatively small systems57 or for
large systems close to the non-interacting limit. It comes from the fact that the size of the Hilbert subspace of
states which have a relevant contribution to the dynamics strongly depends on interaction strength g and also
grows exponentially with the number of particles [[N↑ , N↓ ]]. Therefore, to tackle larger systems we employ the
Chebyshev time evolution technique, which has been successfully applied to many physical problems concerning
time dynamics58,59. We found that the Chebyshev evolution technique is a quite remarkable approach to producing short-time and long-time dynamical behavior. The Chebyshev time-evolution technique is based essentially
O
on expressing the unitary evolution operator U(t) = e−iH(g)t in terms of Chebyshev polynomials Tk (x). The
technical details of the method and relevant derivations can be found i n59–61. In the following, we present only
working steps in this framework. The formal form of the expansion reads


D
�
−iβt 
O ),
U(t) = e
c0 + 2
ck (t) Tk (R
(9)
k=1



where R̂ = Ĥ(g) − β /α is the so-called rescaled Hamiltonian. Simply, this is the Hamiltonian shifted and
rescaled in such a way that the relevant part of its spectrum is spanned between [−1, 1]. The scaling parameters
α and β are determined by extreme eigenvalues ( Emin and Emax , respectively) of the original Hamiltonian Ĥ and
they are defined as α = (Emax − Emin )/2 and β = (Emax + Emin )/2.
In contrast to the standard method for time evolution (8), application of the Chebyshev time-evolution technique does not require knowledge of all eigenstates and eigenvalues of the many-body Hamiltonian, but only
extremal eigenenergies Emin and Emax . Since they can be found quite quickly with a few iterations of the standard
Lanczos algorithm, the method becomes feasible also for relatively large Hamiltonian matrices. Moreover, the
accuracy of this approach is controlled solely by the order of the Chebyshev polynomial D. It is set at a reasonably large value to get a well-converged dynamical behavior. At this point, one should remember that the full
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many-body Hamiltonian (1) is in principle not bounded from above. Therefore, maximal energy Emax is not
well-defined. However in practice, due to a specific cut-off of the Fock space used to represent the Hamiltonian
as a finite matrix, the largest eigenvalue Emax exists and it is directly related to this cut-off. In our calculations,
the cut-off is determined by the number of single-particle orbitals used in the decomposition (5). For systems
with a single impurity and two, three, four, and five particles in the majority component we take respectively
20, 20, 18, and 15 single-particle orbitals. For the balanced systems with two, four, and six particles we take 25,
18, and 12 orbitals, respectively. Note also that extremal energies Emin and Emax is not unique for all systems
since they depend also on the mass ratio µ. We checked that further increasing the number of orbitals affects
the dynamics only minutely.
The expansion coefficients ck (t) in the decomposition (9) are given by ck = (−i)k Jk (αt), where Jk (τ ) denotes
the k-th order spherical Bessel function of the first kind. The maximum order of the Chebyshev polynomial is
determined by the dimension of the cropped Hilbert space D. In practice, however, due to a superexponential
decay of Bessel functions Jk (τ ) ∼ (τ/k)k , one can truncate the summation on a much smaller cutoff DC after
achieving the desired accuracy. For example, for D = 48400 (corresponding to N↑ = N↓ = 3 with K = 12
single-particle orbitals for each component), we find that DC ∼ 400 is sufficient to ensure numerical convergence
of the results for the whole time domain considered in our work.

Loschmidt echo

One of the most relevant figures of merit for capturing the nonequilibrium effect of a quenching process is the
dynamical Loschmidt echo L (t) commonly defined a s36,37

L (t) = |�ini|eiĤ0 t |�(t)�|2 = |�ini|eiĤ0 t e−iĤ(g)t |ini�|2 .

(10)

From the above formulation, it is clear that L (t) essentially quantifies differences between the initial state
|ini� unitary time-evolved by the Hamiltonian Ĥ(g) and by the non-interacting Hamiltonian Ĥ0. Thus, whenever the echo becomes close to one, the time-evolved state of an interacting system is well-approximated by the
state obtained with a trivial evolution of the non-interacting system with non-interacting Hamiltonian Ĥ0 .
Using eigenstates {|ϒn �} of the final Hamiltonian Ĥ(g) and corresponding eigenenergies En , one can further
simplify L (t) as

2



i(En −Eini )t
2
e
|�ini|ϒn �|  .
L (t) = 
(11)

 n

This reformulation gives another interpretation of the Loschmidt echo as a cumulative interference of interacting
eigenstates contributing to the initial state. However, calculation of L (t) with this definition is in practice not
feasible for larger systems since it requires precise knowledge of the full eigenspectrum of interacting Hamiltonian
Ĥ(g). As such, it is suitable rather for smaller system sizes with a reasonable number of single-particle orbitals.
Let us first discuss the dynamical behavior of the Loschmidt echo for different mass mixtures containing an
imbalanced number of particles. In the simplest case, we consider a single impurity (lighter or heavier) immersed
in a few-fermion bath of the opposite component. In Fig. 2, we present the time dependence of L (t) for two different interaction strengths g and three different mass ratios µ. Different blue and red shaded lines correspond to
systems with heavier and lighter impurity and a different number of majority particles (i.e., systems with [[1, N↓ ]]
and [[N↑ , 1]] particles, respectively). As a general observation, we notice that whenever interactions between the
lighter impurity with a heavy fermionic bath are switched on the Loschmidt echo decays quite faster than in the
opposite situation with a single heavy impurity immersed in a lighter medium. It is also much more sensitive to
the value of mass ratio and even for relatively weak interactions it may rapidly drop to zero. This suggests that
small polaron systems with light impurity are very sensitive to interactions and evolve significantly different
than their non-interacting counterparts. In contrast, systems with heavy impurity typically are very robust to
interactions and also to the mass difference. It is clear, that independently of the mass ratio, all blue lines behave
very similarly. Thus, an increasing number of particles in the majority component has the opposite impact on the
Loschmidt echo. In contrast, for lighter impurity (system with [[N↑ , 1]] particles), when the number of particles
in the bath is increased, the dynamics of the system drives away more deeply from the non-interacting case. The
main reason standing behind such different resistivity of light and heavy impurity comes from the essential difference of initial density distribution profiles (see Fig. 1). In the case of heavy impurity, the increasing number
of lighter particles almost does not affect the interaction energy (proportional to the overlap of single-particle
density profiles). Thus it changes the behavior of the system only marginally. The situation is significantly different when light impurity is considered. Then, the density overlap changes significantly when the number of
heavy particles is increased. Provided that the mass ratio is sufficiently large, the density distribution of the light
particle is always spread over the entire heavy bath.
An intermediate behavior of L (t) is clearly visible for systems with a balanced number of particles,
[[N/2, N/2]] (see Fig. 3). Along with the increasing number of particles, interactions, and/or mass ratio, the system drives away from the noninteracting dynamics and its periodic revivals become less accurate. Only a fully
integrable case with [[1, 1]] particles manifests relative stability and resistance to the model’s parameter change.
For completeness of this analysis, in Fig. 4 we expose an impact of the mass difference on the dynamical properties of the system with N = 6 particles differently distributed among components. The detailed inspection and
comparison show a general trend that increasing of mass ratio leads to a stronger and quicker departure from the
non-interacting dynamics. This effect is further enhanced when the number of heavier atoms increases. Indeed,
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Figure 2.  Time evolution of the Loschmidt echo L (t) of single-impurity systems containing a different
number of particles (blue and red lines respectively for systems [[1, N↓ ]] and [[N↑ , 1]]) calculated for two different
interactions (rows) and three different mass ratio (columns). Notice that systems with lighter impurity are much
more sensitive than their heavy-impurity counterparts.
the time evolution of the Loschmidt echo for the system with only one heavy atom (left column in Fig. 4) is
poorly sensitive to the mass ratio µ. Contrary, in the case of a system with a single lighter impurity (right column
in Fig. 4) the echo quickly drops close to zero for a large enough mass ratio even for small interaction strengths.
Further, to understand the role of the number of particles and particle imbalance with respect quench
strength, in Fig. 5 we present the full dynamical picture of the Loschmidt echo for the whole range of interactions
after the quench for systems with N = 4, 5, and 6 particles and fixed mass ratio µ = 4.0 (dysprosium-potassium
mixture). It is clear that the most stable and regular pattern is obtained for systems with only one heavy impurity
[[1, N↓ ]]. In these cases revivals (L ≈ 1) appear periodically for any interaction strength and every number of
lighter particles. Situation changes, when the number of heavy particles increases. For example, for balanced
systems [[N/2, N/2]] regular pattern is present only for smaller interactions and a smaller number of particles. In
the case of an extreme case, when only one light particle is present in the system (i.e. the system contains [[N↑ , 1]]
particles), the Loschmidt echo pattern quickly become irregular, and in fact unpredictable.

Density profile after quench

The dynamical behavior of the system after the quench of interactions is reflected in many different, directly
measurable quantities. One of them is the single-particle density profile which is defined as

ˆ σ† (x)�
ˆ σ (x)|�(t)�.
nσ (x, t) = ��(t)|�

(12)

The time evolution of these densities for both components is presented in Fig. 6 for differently balanced systems
containing N = 6 particles. For clarity, we present calculations only for one selected mass ratio µ = 4.0 (dysprosium-potassium mixture) and three different interaction strengths. Nevertheless, we checked that calculations
made for other parameters lead to analogous conclusions.
For an imbalanced system with one heavy impurity [[1, 5]], we notice that the spatial extent of the impurity
is mildly affected by the interactions and the profile stays highly Gaussian around the harmonic center. Only
for strong enough interactions, some sort of fragmentation of the density occurs and some deviations from the
Gaussian shape start to build up. Subsequently, the effect of the heavy particle on the lighter medium is also
not significant, leading to an almost stationary density distribution of the majority component overall range of
interactions studied. Such a mild effect of interaction quench on the density profile of both components is fully
compatible with slow and regular changes of the Loschmidt echo L (t) (compare with Fig. 2). On the contrary,
in the case of a system containing a majority of heavy particles and a single light impurity [[5, 1]], the effect of the
sudden quench process is substantial. Time evolution of the density profile of the heavy component n↑ (x, t) is
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Figure 3.  Time evolution of the Loschmidt echo L (t) of systems with an equal number of particles in
both components, [[N/2, N/2]]. Clearly, the behavior of the minimal system with N = 2 particles [[1, 1]] is
independent of the mass imbalance at a given quench strength. For larger systems, the Loschmidt echo drops
faster and deeper for systems with stronger interactions.
strongly affected and quickly become unpredictable. The density distribution of light impurity n↓ (x, t) is affected
even much stronger and smeared over the entire area in which the system is located. Exactly as was observed in
the case of Loschmidt echo, the behavior of a fully balanced system with [[3, 3]] particles is intermediate when
compared to the two extreme cases discussed. Again, these different behaviors of the system for a different
distribution of particles between components can be viewed as a consequence of substantially different density
distributions at the initial moment. It is worth adding, that similar evolution of density pattern was recently
found in the case of a spinor impurity atom immersed in a BEC of spinless b
 osons62.
By comparing time evolutions of the Loschmidt echo L (t) and the density distributions nσ (x, t) one can
observe almost ideal coincidence correspondence of the revival moments for these quantities. It is also evident
that whenever the impurity atom comes close to the center of the trap, the value of the echo L (t) increases.
Contrary, it is diminished when the impurity moves away from the center. Moreover, the density profiles for
the balanced system show a symmetric behavior around the trap center at any value of interaction quench. It is
interesting to note that a very similar behavior of the density profile was recently observed for a system containing two bosons and one impurity atom36.

Formation of inter‑component correlations

A complimentary look at the effect of sudden quench on the dynamical properties of the system can be obtained
by calculating the time evolution of inter-component correlations. They can be quantified through the von
Neumann entropy given by36


S(t) = −Tr ρ̂σ (t) ln ρ̂σ (t)
(13)

where ρ̂σ (t) is the temporal reduced density matrix of the σ -component calculated by tracing-out opposite
component σ ′ from the operator projecting to the temporal state |�(t)�, i.e., ρ̂σ (t) = Trσ ′ [|�(t)���(t)|]. It is
a matter of fact that the value of the entropy (13) does not depend on the choice of the component σ used for
calculations. However, from the computational point of view, tracing out a larger component is usually much
more efficient. Since both components are distinguishable and initially the system is prepared in the product state
|ini�, just after the quench the entropy S(0) = 0. Then, due to inter-component interactions, entropy starts to
increase signaling the appearance of inter-component correlations. Depending on interactions and the number of
particles, the formation of correlations has different intensities. As suspected, due to a difference in initial density
distributions, inter-particle correlations are built much faster in systems when the number of heavy particles is
larger. In Fig. 7 we present detailed results obtained for systems with N = 6 particles and two different values of
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Figure 4.  Time evolution of the Loschmidt echo L (t) calculated for systems containing N = 6 particles and
different imbalances (particle and mass). Clearly, the heavy-impurity system (left column) is highly resistant
to the sudden perturbation irrespectively of the mass imbalance. Along with the increasing number of heavy
particles, L (t) gradually becomes more affected by mass-imbalance.
interactions. In addition, in Fig. 8 we present complete results for the same systems obtained in a whole range of
interactions. In this way, it is possible to compare entropy production with the evolution of the Loschmidt echo
(bottom row in Fig. 5). When relating the temporal evolution of entropy to the characteristic time of a harmonic
oscillator, we see that in each case considered, it increases rapidly at the beginning of the evolution, and then
stabilizes at a certain level long before the end of the first period. The evolution shows characteristic periodic
peaks. However, they are weaker as the interactions become stronger and the mass ratio larger. This is fully
consistent with the Loschmidt echo revivals shown earlier. It is also clear that entanglement entropy increases
faster for systems with a larger mass ratio µ (it is particularly visible when a strongly imbalanced system with
light impurity is considered). This is also in agreement with previous results.
Let us now finally compare the evolution of the inter-component correlations with the dynamics of spatial distributions of the components. As argued above, for the system with [[1, 5]] particles the spatial extent of the heavy
impurity is mildly affected by interactions with the lighter environment. Thus, the two components are probably
less correlated and subsequently, the value of entropy S(t) saturates on a relatively small level. In contrast, for the
system with [[5, 1]] particles the density profile of the lighter impurity is highly influenced by the presence of a
heavy bath implying strong correlations between components. In consequence, entanglement entropy approaches
higher levels. This comparison proves that mutual influences of the components forced by interactions have a
quantum nature and cannot be explained by any classical picture of interacting fluids.

Conclusions

We have investigated the dynamical properties of a system consisting of a few mass-imbalanced harmonically
trapped fermions after a sudden quench of interactions. Comparing the dynamical behavior of the Loschmidt
echo L (t) we show increasing orthogonality to the non-interacting evolution along with increasing mass imbalance and interactions. As suspected, stronger interactions are directly responsible for the faster creation of
correlations between particles. This is reflected in the faster production of entanglement and its saturation on a
larger level. Consequently, the temporal state of the system faster departs from the time-evolved state for noninteracting cases (reflected by the quick change of the Loschmidt echo). Our less intuitive finding is that the
orthogonality strongly depends on the number of particles in the heavy and light components. In particular, a
strong enhancement of the echo’s decay is observed by increasing the quench strength for the systems with larger
heavy components. In these systems, the long-time dynamics become very chaotic, especially for large mass
imbalances. A system with a small number of heavy fermions manifests quite strong stability, independently
of the mass ratio between particles from opposite components. Intermediate behavior is observed for systems
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Figure 5.  Dependence of time evolution of the Loschmidt echo L (t) on interactions calculated for systems
with a different number of particles and fixed mass ratios µ = 4.0. It is clearly visible that the dynamical
response of the system is regular for heavy-impurity systems (left column) and become strongly unpredictable
(for sufficiently large interactions) when particle imbalance is shifted towards systems with a smaller number of
light particles (right column).
with a balanced number of particles. We attribute this rather significant difference in the behavior of systems
with different imbalances mainly to differences in the density distributions of the individual components. These
differences significantly change the overlap integrals, which are related to the interaction energy.
The behavior of the Loschmidt echo is further supported by examining the temporal density distributions
and inter-component correlations. We find that for systems with a single heavy impurity the interaction quench
(even strong) does not change significantly their spatial distributions. In contrast, for systems with light impurity,
the temporal density distributions become highly affected by surrounding heavier medium. As a result, also the
spatial distribution of the heavier component is significantly enlarged, especially for stronger quenches. Again,
for the balanced-particle scenario, the density profiles become diffusive with the increase of the inter-component
coupling. However, this spreading occurs quite smoothly maintaining a periodic trend for both flavors even at
the strong quench.
With these results in hand, one can explore further different directions of such mass-imbalanced systems.
Here, we give some of the possible future studies that can be worth looking at. As we found the physical properties
of the polaron highly depend on the nature of the impurity atom (heavier/lighter) compared to the medium and
quantum statistics. Thus, it would be interesting to explore the dynamical orthogonality of small polaron systems
in experiments for bosonic particles as well as for flavors having particles of different mass. As an extension, one
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Figure 6.  Time evolution of the single-particle density distributions nσ (x, t) for six-particle systems with
different imbalances and interactions. Here, to keep correspondence with Fig. 5, mass ratio is fixed µ = 4.0.
can study the Loschmidt echo dynamics of such systems for a more general initial state. For instance, considering
scenarios in which the system is initially prepared in some superposition of non-interacting states or even in a
thermal mixed state may be very instructive and relevant, also from an experimental perspective. One can also
rigorously study the effect of an increasing number of impurity atoms (multi-polaron systems) on orthogonality and consequently capture dynamical effects forced by quantum statistics. It is also worth investigating the
quasiparticle excitations properties through radio-frequency spectroscopy or analyzing the spectral function
from L (t) of the present confined system. Another useful direction is to unravel the few to many-body crossover
point concerning the size of the bath component both for [[1, N↓ ]] and [[N↑ , 1]] scenario. Finally, our present study
can be a starting point for investigating the dynamical behavior of the impurity subjected to a quantum quench
process in a one-dimensional optical lattice focusing on a mass-imbalanced two-component fermionic system
with harmonic confinement. Such an optical lattice system can provide a platform to understand the polaron
physics in an extended system on a general ground compared to its equal mass counterpart.

Data availability

All data generated or analyzed during this study are available from the corresponding author upon reasonable
request.
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Figure 7.  Time evolution of the von Neumann entropy S(t) quantifying inter-component correlations in
systems of six particles obtained for different mass ratios and different interactions. As one can see, the
correlation produced in [[1, N↓ ]] system is much smaller than the other two six-particle systems at the same
quench strength. Further, the system with a single impurity manifests stronger dependence on the mass
imbalance when compared to the balanced case.

Figure 8.  Time evolution of the von Neumann entropy S(t) calculated for systems with N = 6 particles
and different imbalances and fixed mass ratios µ = 4.0 as a function of quench strength. It is clear that the
entanglement production is rather weak and regular for the heavy-impurity system (left column) while becomes
enhanced when particle imbalance is shifted towards the light-impurity case (right column).
Received: 17 October 2022; Accepted: 11 November 2022
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