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We monitor the correlated quench induced dynamical dressing of a spinor impurity repulsively
interacting with a Bose-Einstein condensate. Inspecting the temporal evolution of the structure factor, three
distinct dynamical regions arise upon increasing the interspecies interaction. These regions are found to be
related to the segregated nature of the impurity and to the Ohmic character of the bath. It is shown that the
impurity dynamics can be described by an effective potential that deforms from a harmonic to a double-well
one when crossing the miscibility-immiscibility threshold. In particular, for miscible components the
polaron formation is imprinted on the spectral response of the system. We further illustrate that for
increasing interaction an orthogonality catastrophe occurs and the polaron picture breaks down. Then a
dissipative motion of the impurity takes place leading to a transfer of energy to its environment. This
process signals the presence of entanglement in the many-body system.
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Introduction.—A valuable asset of ultracold atoms is the
opportunity to track the real time dynamics of quantum
many-body (MB) systems such as multicomponent quan-
tum gases composed of different atomic species [1] or
different hyperfine states of the same species [2,3]. In
particular, the realization of highly population imbalanced
atomic gases with tunable interactions [4–15] has already
led to fundamentally new insights regarding Fermi [16–29]
and very recently Bose polarons [30–40]. In this latter
context the observation of coherent attractive and repulsive
quasiparticles [41], even in the strongly interacting regime
[42], refueled the scientific interest towards understanding
their underlying dynamics.
Most of the theoretical studies regarding Bose polarons

have been focused on a mean-field [43–46] description
and on the Fröhlich model [47–52]. Only very recently
theories going beyond the Fröhlich paradigm [53–59]
and including higher-order correlations [60,61] have been
developed, thereby allowing for the investigation of Bose
polarons also in the intermediate and strong interaction
regime. However, current experiments realized both in one
[32–34] and three dimensions [41,42] probed the non-
equilibrium dynamics of Bose polarons and necessitated
the presence of higher-order correlations for an adequate
description of the observed dynamics. Thus, the interplay
of higher-order correlations during the out-of-equilibrium
dynamics of bosonic impurities immersed in a Bose-
Einstein condensate (BEC) is a key ingredient for advanc-
ing our understanding of the dynamics of such MB
systems. On the theoretical side efforts concerning the
nonequilibrium dynamics of Bose polarons [62–67] are

quite recent and remarkably only a few of them include
quantum fluctuations [67–69].
In this Letter, motivated by current experiments

[32,41,42,70,71] we explore the interaction quench dynam-
ics of a spinor impurity coupled to a BEC. Focusing on
repulsively interacting multicomponent bosonic systems
in a one-dimensional (1D) harmonic trap, we showcase
the dynamical dressing of the impurity when all particle
correlations are taken into account. Three distinct dynami-
cal regions with respect to the interspecies interaction
strength are identified and captured by the structure factor,
which is the spin polarization (contrast) of the impurity
[72]. These regions are shown to be related to the miscible
and immiscible character of the system and are indicative of
the Ohmic character of the bath [66,73]. Their extent can be
manipulated by adjusting the intraspecies repulsion of the
BEC alias bath or by changing its particle number, thereby
addressing the few to many-body crossover. This tunability
is of significant importance since it leads to a longevity of
the polaron and thus facilitates the control of quasiparticles.
One of our key results consists of the interpretation of the
Bose polaron dynamics in terms of an effective potential.
The latter is found to be an adequate approximation in the
weakly interacting case assuming the Thomas-Fermi
approximation for the bath and generalizes the results of
Ref. [74]. We demonstrate that deep in the immiscible
phase, where entanglement is strong, the Bose polaron
ceases to exist due to the orthogonality catastrophe [75,76].
In this strong interaction regime a dissipative motion of the
impurity is observed accompanied by the population of
several lower-lying excited states of the effective potential.
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The latter involves now the single-particle density of the
MB bath and provides only a very approximate picture of
the impurity dynamics since entanglement is significant.
This mechanism of dissipation in turn leads to a transfer of
energy from the impurity to its environment also leading to
a substantial entanglement in the system.
Model.—We consider a system consisting of a single

impurity of mass mI having an additional spin-1=2 degree
of freedom. The impurity is in the superposition jΨSi ¼
αj↑i þ βj↓i, with α, β denoting the different weights used
that account for a partial or complete dressing of the single
impurity. The impurity is immersed in a 1D harmonically
confined BEC of NB ¼ 100 repulsively interacting atoms
of mass mB and trap frequency ωB ¼ ωI ¼ 1.0. The MB
Hamiltonian of the system reads

Ĥ ¼ Ĥ0
B þ

X

a

Ĥ0
a þ ĤBB þ ĤBI: ð1Þ

Here, Ĥ0
B¼

R
dxΨ̂†

BðxÞ½−ðℏ2=2mBÞðd2=dx2Þþ1
2
mBω

2
Bx

2�Ψ̂BðxÞ
is the Hamiltonian describing the motion of the BEC
that serves as a bath for the impurity atom. Ĥ0

a ¼R
dxΨ̂†

aðxÞ½−ðℏ2=2mIÞðd2=dx2Þ þ 1
2
mIω

2
I x

2ÞΨ̂aðxÞ (a ¼
f↑;↓g) is the corresponding Hamiltonian for the impurity
atom. In both cases Ψ̂iðxÞ is the bosonic field-operator of
either themajority (i ¼ B) or the impurity (i ¼ a) atoms.We
focus on the case of equal masses mB ¼ mI ¼ m [41].
ĤBB ¼ gBB

R
dxΨ̂†

BðxÞΨ̂†
BðxÞΨ̂BðxÞΨ̂BðxÞ accounts for the

contact intraspecies interaction of strength gBB > 0 in the
BEC component. ĤBI ¼ gBI

R
dxΨ̂†

BðxÞΨ̂†
↑ðxÞΨ̂↑ðxÞΨ̂BðxÞ

denotes the interaction between the bath and the part of the
impurity being in the spin-↑ state, characterized by an
effective strength gBI > 0, while having a noninteracting
spin-↓ component. Similar setups have been used in the
context of fermionic impurities mostly focusing on the
attractive side of interactions [77–81]. The multicomponent
system is initially prepared in its ground-state configuration
for fixed gBB and gBI ¼ 0. We note that our results remain
valid also for the case ofweak interspecies interactions. Such
an initial state preparation is experimentally realizable by
means of radiofrequency spectroscopy [41,42,55,71,82] and
Ramsey interferometry [71].
To derive the nonequilibrium dynamics of the spinor

impurity, we use a nonperturbative method, namely, the
multilayer multiconfiguration time-dependent Hartree
method for atomic mixtures (ML-MCTDHX). Our method
rests on expanding the MB wave function with respect to a
variationally optimized time-dependent basis that spans the
optimal subspace of the Hilbert space at each time instant.
Its multilayer ansatz for the total wave function allows us to
account for all intra- and interspecies correlations. In our
case the latter are found to be more important than the
former [83,84].

Our starting point is the ground state, jΨ0
BIi, obeying the

eigenvalue equation ðĤ − ĤBIÞjΨ0
BIi ¼ E0jΨ0

BIi, with E0

denoting the corresponding eigenenergy. We then abruptly
switch on at t ¼ 0 the interspecies repulsion gBI , and let the
system evolve dynamically. The MB wave function follow-
ing the quench reads

jΨðtÞi ¼ αe−iĤt=ℏjΨ0
BIij↑i þ βe−iE0t=ℏjΨ0

BIij↓i: ð2Þ
Results and discussion.—To investigate the nonequili-

brium dynamics of the spinor impurity we first consider
the case where the impurity is in an equal super-
position, namely, α ¼ β ¼ ð1= ffiffiffi

2
p Þ, and determine the

time evolution of the total spin polarization jhŜðtÞij ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hŜxðtÞi2 þ hŜyðtÞi2

q
. Here, hŜzðtÞi ¼ hŜzðt ¼ 0Þi ¼ 0

since ½Ŝz; Ĥ� ¼ 0, while Ŝi ¼
R
dx

P
abΨ̂

†
aðxÞσiabΨ̂bðxÞ is

the spin operator in the ith direction (i ¼ x, y, z) and σiab are
the Pauli matrices. This quantity is directly related to the so-
called Ramsey response [71], namely, the structure factor
that is the time-dependent overlap between the interacting
and the noninteracting states jhΨ0

BIjeiE0t=ℏe−iĤt=ℏjΨ0
BIij2 ¼

jhŜðtÞij2 ¼ jSðtÞj2 [72]. SðtÞ ¼ jSðtÞjeiϕ, with atanϕ ¼
hŜxi=hŜyi, and the Hamiltonian, Ĥ, after the quench, when
the impurity is dressed, is given by Eq. (1).
Figures 1(a)–1(c) illustrate the evolution of the structure

factor jSðtÞj (contrast) upon increasing the interspecies
repulsion gBI for different gBB interactions and also for
smaller system sizes. In all cases, three distinct dynamical
regions can be inferred, namely, RI , RII , and RIII, which,

(a) (b)

(c)

(e) (f) (g)

(d)

FIG. 1. Evolution of the contrast, jSðtÞj, upon increasing gBI for
(a) gBB ¼ 0.2 and (b) gBB ¼ 0.5 with NB ¼ 100 and NI ¼ 1.
(c) same as (b) but for NB ¼ 10. (d) Excitation spectrum, AðωfÞ,
indicating the emergent polaronic peaks for distinct gBI (see
legend) and gBB ¼ 0.5. (e),(f),(g) illustrate jSðtÞj of (a),(b),(c) for
different gBI (see legend).
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e.g., for gBB ¼ 0.5 correspond to 0 ≤ gRI
BI < 0.5, 0.5 ≤

gRII
BI < 1.65, and 1.65 ≤ gRIII

BI < 5.0, respectively. For
short times a descent of jSðtÞj is observed [71,104]; see
Figs. 1(e)–1(g), being sharper for larger gBI. This descent
occurs independently of the value of the intraspecies
repulsion gBB, compare Figs. 1(e) and 1(f). For larger
evolution times jSðtÞj performs oscillations that become
more pronounced upon increasing gBI within RI and exhibit
a decaying amplitude in RII . In contrast, entering RIII jSðtÞj
exhibits an exponential decay indicating the orthogonality
catastrophe. The degree of damping of jSðtÞjwithin RI , RII ,
and RIII is indicative of a sub-Ohmic, Ohmic, and super-
Ohmic behavior of the bath, respectively (see also below).
Comparing the temporal evolution of jSðtÞj for gBB ¼ 0.2
[Fig. 1(a)] to the one for gBB ¼ 0.5 [Fig. 1(b)] we observe
that the extent of the above-mentioned dynamical regions
(RI, RII , RIII) can be manipulated by adjusting gBB. In
particular, for larger gBB an enhanced region of finite
contrast that enters deeper into the regime of repulsive
interspecies interactions can be achieved. This behavior is
supported upon decreasing the number of bath particles to
NB ¼ 10 [Fig. 1(c)]. In the latter few-body scenario
coherent oscillations of jSðtÞj are observed [see Fig. 1(c)
for 0.8 < gBI < 1.8] leading to a smoothly decreasing
contrast as gBI increases [105]. The aforementioned
dynamics takes equally place when the initial superposition
state of the spinor impurity involves different weights for
each spinor component. This fact can be understood by
analytically calculating jhŜðtÞijα;β when considering differ-
ent weights α and β. Indeed, it holds jhŜðtÞijα;β ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4α2β2jSðtÞj2 þ ðjαj2 − jβj2Þ2

p
, where jSðtÞj stems from

the case α ¼ β ¼ 1=
ffiffiffi
2

p
.

As expected, the energy spectrum of the impurity is
changed upon applying an interaction quench [81].
To quantify this we determine the Fourier transform of
SðtÞ. At low impurity densities and weak interspecies
interactions SðtÞ is known to be proportional to the so-
called spectral function of quasiparticles AðωfÞ ¼
ð1=πÞRefR∞

0 dteiωftSðtÞg [71,72,81,106]. Figure 1(d) illus-
trates AðωÞ for different interspecies repulsions ranging
from small (gRI

BI ¼ 0.25) to intermediate (gRII
BI ¼ 0.5) and

large (gRII
BI ¼ 1.0) interactions, respectively. The observed

peak at small gBI located at ω ¼ 4.435 corresponds to the
long-time evolution of a well-defined repulsive Bose
polaron. In RII two dominant peaks are imprinted in
AðωfÞ centered at ω1 ¼ 8.482 and ω2 ¼ 8.859, respec-
tively. These two peaks correspond to a well-defined
quasiparticle dressed, for higher frequencies, by higher-
order excitations of the BEC. Figures 2(a) and 2(c) depict
the evolution of the impurity’s one-body density,

ρð1Þ↑ ðxÞ ¼ hΨðtÞjΨ̂†
↑ðxÞΨ̂↑ðxÞjΨðtÞi, for small and inter-

mediate values of gBI. The observed out-of-equilibrium
dynamics of the spinor impurity in both regions RI and RII

can be well approximated by the dynamics in an effective
potential. The latter is obtained by considering the bosonic
bath as a static potential superimposed to the external
harmonic trapping of the impurity, namely,

Veff ¼
1

2
mBω

2
Bx

2 þ gBIρ
ð1Þ
B ðxÞ; ð3Þ

where ρð1ÞB ðxÞ is the single-particle density of the BEC at
t ¼ 0. It is important to stress that Veff does not take into
account the renormalization of the quasiparticle’s zero-
point energy occurring due to its dressing by the bath [68].
This deficit, however, shifts the eigenspectrum of the
impurity in a homogeneous manner and, consequently,
does not affect its dynamics. For small gBI and fixed gBB the

Thomas-Fermi approximation, i.e., ρð1ÞB ðxÞ ¼ ð1=gBBÞðμB−
1
2
mBω

2
Bx

2
BÞwith μB being the chemical potential of the bath,

is valid and Veff ¼ 1
2
mBω̃

2
Bx

2 þ c. Then Veff is a para-
bola shifted by c≡ ðgBI=gBBÞμB possessing a modified
trapping frequency [74], ω̃2

B ≡ ½1 − ðgBI=gBBÞ�ω2
B < ω2

B
[see Fig. 2(b)]. In this case the impurity undergoes a
breathing motion [Fig. 2(a)]. Note that the notion of Veff
can be extended to higher dimensions. However, relying
solely on this approximation we can assess only the
frequencies of the emergent dynamical modes i.e., the
breathing mode, see also Ref. [84]. Contrary to this an
increase of gBI such that gBI > gBB changes this effective
potential picture. In this case the system enters the
immiscible regime and the initial state involves higher-
order excitations in the effective potential due to the
stronger interaction of the impurity with the bosonic bath

FIG. 2. Selected time instants during evolution of the impurity’s
one-body density for (a) gBI ¼ 0.25, (c) gBI ¼ 0.5, and
(e) gBI ¼ 1.0 illustrating its dynamical dressing. Effective po-
tential and example densities of the corresponding impurity
eigenstates for the aforementioned (b) small, (d) intermediate,
and (f) large gBI values. Notice that the eigenenergies of Veff are
slightly shifted with respect to the polaronic energies obtained
within the MB approach [see also Fig. 1(d) and the discussion in
the main text]. In all cases dashed gray lines correspond to the
energy levels of the effective potential.
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[Fig. 2(c)]. For these intermediate gBI interactions the
impurity density develops a two-hump structure being
pushed towards the boundaries of the bath and favoring
a phase-separated state with the BEC that resides around
the trap center (see the discussion below). It is for these
intermediate values, indicating a miscible to an immiscible
phase transition, that VeffðxÞ begins to deform into a
double-well potential [Fig. 2(d)]. The impurity state cor-
responds then to the ground or the first excited state of this
effective potential. Further increase of gBI leads to the
appearance of three dominant peaks in the impurity’s
excitation spectrum. These peaks are centered at
ω3 ¼ 16.15, ω4 ¼ 17.15, and ω5 ¼ 17.97, respectively
[Fig. 1(d)], and correspond to even higher excited states
of the quasiparticle. The relevant dynamical evolution of
the impurity [Fig. 2(e)] showcases the deformation of its
one-body density, with these higher excited states occupy-
ing the third up to sixth excited state of Veff [Fig. 2(f)].
Entering deeper into the immiscible phase [Fig. 1(b)]
results in a fast decay of the contrast at short timescales.
Consequently, there is no clear polaronic signature in the
relevant excitation spectrum, but rather a multitude of states
are occupied in this effective double-well picture. This
behavior is caused by the dissipative motion of the impurity
leading to a partial transfer of its energy to the bath as we
shall argue below.
To deepen our understanding of the dynamics of the

spinor impurity we next examine the degree of miscibility
between the spin components captured by the overlap
integral

Λ↑↓ðtÞ ¼ ½R dxρð1Þ↑ ðx; tÞρð1Þ↓ ðx; tÞ�2
R
dxðρð1Þ↑ ðx; tÞÞ2 R dxðρð1Þ↓ ðx; tÞÞ2

: ð4Þ

Here, e.g., the one-body density of the spin-↓ is

ρð1Þ↓ ðx; tÞ ¼ hΨðtÞjΨ†
↓ðtÞΨ↓ðtÞjΨðtÞi. Λ↑↓ðtÞ takes values

within the interval [0, 1] with zero (unity) denoting the
phase immiscible (miscible) spin components. Evidently,
the three distinct dynamical regions captured by jSðtÞj leave
their fingerprints in Λ↑↓ðtÞ [Fig. 3(a)]. Note here that

ρð1Þ↓ ðx; tÞ ¼ ρð1Þ↑ ðx; 0Þ and, therefore, Λ↑↓ðtÞ is directly
related to the contrast [see Fig. 1(b)]. Indeed, within RI
the spin components are maximally miscible, while within
RII they oscillate between miscibility and immiscibility.
Finally, when the orthogonality catastrophe takes place in
RIII they become immiscible. This spin segregation, in
RIII , is manifested in the spatiotemporal evolution of

ρð1Þ↑ ðx; tÞ [Fig. 3(b)] [107]. Evidently, ρð1Þ↑ ðx; tÞ breaks into
two density fragments that perform damped oscillations
symmetrically placed around the edges of the Thomas
Fermi radius of the bath. These damped oscillations
essentially indicate that the spin-↑ impurity is initially in
a highly excited state of VeffðxÞ [see Fig. 3(e) for t1] while

for later times, e.g., t2, it populates a superposition of lower

excited states. We remark here that ρð1Þ↑ ðx; tÞ depicted in
Fig. 3(e) is obtained from the correlated MB calculation
while the interpretation in terms of Veff provides an
approximate picture of the impurity dynamics for these
strong interactions. The latter behavior implies a transfer
of energy from the impurity to the BEC environment
[Fig. 3(c)] that is beyond the single-particle dynamics
provided via Veff . This energy transfer possesses contri-
butions of different magnitude from each term of the
above-mentioned superposition leading to different excita-
tions of the BEC and hence it constitutes a manifestation of
the entanglement present in the MB system. Since the
kinetic energy of the impurity increases during evolution
also an increase of its noninteracting energy hPaĤ

0
ai is

observed. Contrary to this excess of energy, a decrease of
the interaction energy hĤBIi occurs since the impurity is

expelled to the edges of the BEC, where ρð1ÞB ðxÞ ≪ ρð1ÞB ð0Þ.
Indeed, hĤ0

B þ ĤBBi increases in the course of the dynam-
ics capturing the transfer of energy from the impurity to the
bath. This dissipation mechanism becomes pronounced
within RIII . Figure 3(d) shows hĤ0

B þ ĤBBi during evolu-
tion for different gBI . It becomes evident that within RI the
impurity does not dissipate energy to the bath since the

(a)

(c)

(d)

(e) (f)

(b)

FIG. 3. (a) Evolution of the overlap Λ↑↓ðtÞ between the spin-↑
and spin-↓ states of the impurity atom. (b) One-body density
evolution of the spin-↑ atom. Horizontal solid lines indicate the
position of the Thomas Fermi radius of the bath. (c) Expectation
value of the energy (see legend). In both (b),(c) gBI ¼ 1.7.
(d) Expectation value of the energy of the bath for different
gBI (see legend). (e) Density profiles at the time instants marked
by the vertical solid lines in (b). (f) Time average of the von-
Neumann entropy, S̄VNBI , for increasing gBI . In all casesNB ¼ 100,
NI ¼ 1, and gBB ¼ 0.5.
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energy of the latter remains almost constant. However,
within the region RII the impurity starts to dissipate energy
to the bath and this dissipation rate becomes maximal
within RIII . This observation further supports the sub-
Ohmic, Ohmic, and super-Ohmic behavior of the bath in
the different regions. Moreover, to directly expose the
presence of entanglement with respect to gBI we invoke the
von-Neumann entropy, SVNBI ðtÞ ¼ −

P
iλiðtÞ log λiðtÞ [108].

Note that λi’s are the eigenvalues of the NB-body density

matrix ρðNBÞ
B ¼ −TrI½jΨðtÞihΨðtÞj�. Indeed, the time aver-

age S̄VNBI [Fig. 3(f)] shows that the dressed impurity is
entangled with the BEC within the regions RI and RII . By
inspecting S̄VNBI we observe that its slope becomes maximal
in RII and therefore the same holds for the generation of
entanglement, see also Ref. [84]. Most importantly the
system becomes strongly entangled within RIII , where the
polaron ceases to exist, showcasing a plateau of S̄VNBI ðtÞ ≈
1.2 for fixed gBB ¼ 0.5 and for all gBI ≳ 1.65.
Conclusions.—The correlated quench-induced dynamics

of a trapped spinor impurity repulsively interacting with a
BEC has been investigated. Inspecting the evolution of the
spin polarization reveals three distinct dynamical regions
with respect to the interspecies interaction strength. These
regions are inherently related to the segregated nature of the
multicomponent system and can be tuned by changing the
intraspecies repulsion of the BEC or its particle number
thereby addressing the few to many-body crossover. Within
these three regions the birth, dynamical deformation, and
death (orthogonality catastrophe) of the Bose polaron are
unraveled. To interpret the impurity dynamics, an effective
potential is derived being an adequate approximation for
weak interspecies repulsions. For strong repulsions the
system is strongly entangled and the impurity’s motion
becomes dissipative, transferring a part of its energy to the
bath while being pushed to the edges of the BEC. Our
results pave the way for manipulating the quasiparticle
dynamics. An intriguing perspective for future endeavors is
to consider more than one impurity where induced inter-
actions can play an important role.
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