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We address the Bose polaron problem of a mobile impurity interacting strongly with a host Bose-
Einstein condensate (BEC) through a Feshbach resonance. On the repulsive side at strong cou-
plings, theoretical approaches predict two distinct polaron branches corresponding to attractive
and repulsive polarons, but it remains unclear how the two are related. This is partly due to the
challenges resulting from a competition of strongly attractive (destabilizing) impurity-boson inter-
actions with weakly repulsive (stabilizing) boson-boson interactions, whose interplay is difficult to
describe with contemporary theoretical methods. Here we develop a powerful variational framework
that combines Gaussian correlations among impurity-boson scattering states, including up to an
infinite number of bosonic excitations, with exact non-Gaussian correlations among bosons occu-
pying an impurity-boson bound state. This variational scheme enables a full treatment of strong
nonlinearities arising in the Feshbach molecule on the repulsive side of the resonance. Within this
framework, we demonstrate that the interplay of impurity-induced instability and stabilization by
repulsive boson-boson interactions results in a discrete set of metastable many-body bound states at
intermediate energies between the attractive and repulsive polaron branches. These states exhibit
strong quantum statistical characteristics in the form of non-Gaussian quantum correlations, requir-
ing non-perturbative beyond mean-field treatments for their characterization. Furthermore, these
many-body bound states have sizable molecular spectral weights, accessible via molecular spec-
troscopy techniques. This work provides a unified theory of attractive and repulsive Bose polarons
on the repulsive side of the Feshbach resonance.

I. INTRODUCTION

Explaining the behavior of quantum materials through
the notion of quasiparticles is a central paradigm in
condensed matter physics. While many phases of mat-
ter, such as conventional superconductors and Fermi lig-
uids, possess quasiparticle-like excitations [1-3], in some
strongly correlated phases, such as strange metals, the
excitation spectra defy quasiparticle-based descriptions
[4-8]. Thus, studying the detailed mechanisms of quasi-
particle formation and breakdown is of prime interest.
An emblematic scenario for quasiparticle formation is
the dressing of electrons in solid-state systems by lat-
tice vibrations, giving rise to a quasiparticle termed po-
laron. Since its first formulation by Landau and Pekar
[9], the polaron concept has been central to describing
electron mobility in organic semiconductors [10-15], exci-
ton transport in light-harvesting complexes [16-18], and
phonon-based theories of high-temperature superconduc-
tivity [19-24]. The problem of characterization and de-
scription of polarons naturally falls in the broader con-
text of mobile quantum impurity problems, where a single
mobile impurity interacts with the elementary excitations
of a many-body medium and gives rise to a quasiparticle
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with renormalized properties.

Recent developments in the realization of synthetic
quantum systems with increasing degrees of control and
tunability resulted in an upsurge in research on mobile
quantum impurity problems, both in fermionic [25-34]
and bosonic [35-45] systems. In the latter case, the
quasiparticle formed from an impurity resonantly cou-
pled to a bosonic medium in a Bose-Einstein Condensate
(BEC) phase is called Bose polaron. Numerous theo-
retical works have studied different properties of Bose
polarons, including spectral response and quasiparticle
properties [35, 36, 42, 44, 46-49], the implication of three-
body correlations on the state of Bose polarons [50-54]
and finite-temperature effects [55-57], to name a few.
The powerful toolbox available in atomic gas settings
has enabled the investigation of various aspects of Bose
polaron physics, reaching impurity-medium interactions
deep into the strong coupling regime. Contrary to its
weak coupling counterpart, the strong coupling regime
poses substantial challenges to both experiments and the-
ory and comes with many aspects that, as we now review,
are still poorly understood.

In particular, a unified theoretical framework is lack-
ing that could describe the connection of repulsive and
attractive polarons. The mainly employed theoreti-
cal methods so far either included an infinite number
of weakly correlated excitations in the polaron cloud
[49, 58, 59] or a highly restricted number of potentially
strongly correlated excitations [35, 42, 43]. On the repul-
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FIG. 1. Schematic illustration of the Bose polaron spectrum
across an impurity-boson Feshbach resonance for repulsively
interacting bosons. In the presence of inter-boson interac-
tions, the attractive polaron persists to the repulsive side as
a well-defined resonance, while other metastable many-body
bound states appear in addition to the repulsive polaron.
These many-body bound states emerge due to the compe-
tition of multiple impurity-boson binding and inter-boson re-
pulsion. The structure of the main component of each many-
body bound state is shown schematically.

sive side of the Feshbach resonance the former approaches
do not include an attractive polaron branch. In contrast,
the latter approaches predict that the attractive polaron
continuously evolves into the molecular dimer state, en-
ergetically well below the metastable repulsive polaron,
as the Feshbach resonance is crossed. We will argue in
this article that neither of these scenarios is completely
correct.

The peculiar nature of the Bose polaron problem at
strong couplings becomes clearer by considering a static
impurity interacting with an ideal, i.e. non-interacting
BEC via an attractive potential. The strong coupling
regime occurs when the impurity-boson potential admits
a bound state with energy —FEp < 0. In this regime, be-
yond a certain scattering length, a long-lived metastable
polaronic state with energy Erp > 0 emerges, known as
repulsive polaron, that involves the depletion of bosons
close to the impurity from the polaron cloud. The repul-
sive polaron is unstable against the decay of bosons to
the bound state. However, the number of decaying par-
ticles is not restricted for bosons, unlike fermions where
Pauli blocking inhibits multiple occupations of the bound
state. Thus, successive decay of bosons is energetically
favorable, with a gain in energy per particle equal to
the impurity-boson binding energy. In this sense, the
spectrum of the system consists of an incoherent con-
tinuum of excitations on top of the repulsive polaron,
together with a discrete set of bound states with energies
E,=Egrp—nEgforn=1,2 3, involving n particles
bound to the impurity.

This pathological behavior, first noted in Ref. [49] and
discussed in further detail in [59], initiated active theoret-

ical research to improve theoretical models that include
the repulsive inter-boson interactions to counteract the
impurity-induced instability of the ground state. To il-
lustrate this effect, consider an even simpler model than
the impurity-ideal gas model described above, where the
bosons can only occupy a single state with vacuum en-
ergy Erp and negative energy per particle —FEp . In this
single orbital model, including an effective inter-boson
repulsion term Un?/2 stabilizes the system. The ground
state is then realized for n* = Eg/U bosons, giving a
finite ground state energy Erp — E3/2U (see Fig. 1 for a
schematic illustration). Thus, an effective repulsive inter-
action among bosons makes the model stable. While this
simplified model offers a rough idea of how inter-boson
repulsion can stabilize the system, the actual scenario
involving a mobile impurity interacting with a Bose-
Einstein condensate (BEC) is significantly more complex.
This complexity arises due to the presence of a continuum
of interacting bosonic modes, driven by two-body repul-
sion between bosons. In practice, this repulsion-induced
stabilization is manifested via short-range repulsion of
bosons close to the impurity, signifying the importance
of short-range effects. Besides, an ideal theoretical de-
scription of strong coupling Bose polarons must involve
an indefinite number of interacting bosons in the polaron
cloud to properly capture the local correlations around
the impurity while interpolating to long-length scales to
account for the distortion of the condensate, rendering
the problem theoretically challenging.

Recent theoretical works have analyzed the ground
state energy by treating inter-boson interaction at the
mean-field level [60-65], showing that the ground state
energy remains finite in the thermodynamic limit. Ex-
act Monte Carlo results [66] demonstrated that the the-
oretically employed classical field treatment accurately
describes the polaron cloud of a static impurity support-
ing a bound state, when the impurity-boson interaction
range 1o is much larger than the inter-boson scattering
length ap. Interestingly, in this framework, the polaron
cloud contains infinitely many bosons with boson num-
ber N growing sub-dimensional with system’s volume V'
(that is N/V — 0 as N,V — o0). Nevertheless, the
polaron ground state energy remains finite as the main
contribution to the energy comes from the bosons local-
ized around the impurity and not in the polaron tail.

In the opposite limit ry < ap, the standard one-
parameter modeling of the low-energy scattering pro-
cesses in three dimensions by the scattering length has
to be amended by inclusion of short range details of the
impurity-boson and boson-boson interaction potentials
[63]. A non-local version of the Gross-Pitaevskii theory
was proposed for the regime ro < ap [67], including a
method to account for finite range effects. Furthermore,
truncated basis variational (TBV) methods exist that al-
low for the inclusion of impurity-boson correlations ex-
actly up to a few particles [48, 50]. The TBV methods
are especially suitable for cold atom realization of Bose
polarons where the impurity-boson system is described



by a two-channel model. In such models, another sta-
bilization mechanism was identified [68-70] whereby the
exchange of a closed-channel dimer effectively removes
the impurity from the system and reduces the number
of bound bosons to only a few, even in a non-interacting
bosonic system. Although these TBV methods predict
polaron energy accurately, their accuracy is limited by
their few particle nature for observables such as quasipar-
ticle residue that are sensitive to the particle number. On
the other hand, inspecting the (N +1)—body problem for
non-interacting bosons coupled to a static impurity via
the two-channel model reveals that (N 4 1)—body bound
states exist for positive scattering lengths close to two
special scattering resonances, corresponding to 1/a— 0T
and a —a*~, with ¢* a critical value [69]. The binding
energy of these (N + 1)—body states increase monotoni-
cally with N close to the scattering resonances, while re-
maining lower-bounded [69]. For 0<1/a<1/a*, it is con-
jectured in Ref. [69] that all (N 4+ 1)—body states exist,
though a direct solution to this (N + 1)—body scattering
problem even with non-interacting bosons remains ex-
tremely challenging. The proper inclusion of an indefinite
number of excitations while at the same time accounting
for finite-range impurity-boson and boson-boson interac-
tions remains a central challenge in the development of
an all-coupling theory of Bose polarons in a BEC.

Thus far, theoretical works on strong coupling Bose
polarons have mainly focused on the independent char-
acterization of the repulsive and attractive Bose polaron
branches. However, not much work has been carried out
to characterize further many-body bound states on the
repulsive side other than the attractive polaron. Such
many-body bound states were studied before in the con-
text of Rydberg [71] and ionic [72] impurities immersed in
bosonic quantum gases, and for neutral impurities in two
dimensions [73]. As mentioned, these bound states have
also been explored for neutral static impurities interact-
ing with an ideal Bose gas via a two-channel model, where
they were shown to exist for all N as 1/a— 0" and a—
a*~, and conjectured to exist for all 0<1/a<1/a*. While
the two-channel model introduces an effective inter-boson
repulsion via impurity scattering to the closed channel,
such a stabilization mechanism does not exist in single-
channel models. Consequently, single-channel models re-
main unstable unless two-body inter-boson repulsion is
explicitly included. Although metastable bound states
have been predicted for Bose polarons in single-channel
models [49], the crucial effects of inter-boson repulsion
have not been included so far. On the repulsive side, the
non-interacting single channel models of Refs. [49, 59]
predict a series of many-body bound states and no attrac-
tive polaron, while Gross-Pitaevskii theories which in-
clude inter-boson interactions within the mean-field level
[61-63, 67] predict only a single state with negative en-
ergy (i.e. the attractive polaron) and no further many-
body bound states. The disagreement between different
theoretical approaches for the Bose polaron on the repul-
sive side extends beyond the distinction between single-

and two-channel models; even within the single-channel
model, different variational methods yield qualitatively
different predictions. These discrepancies further under-
score that the nature and characteristics of many-body
resonances remain unresolved, and a comprehensive un-
derstanding of the problem is still lacking.

In this work, we refine the understanding of strong
coupling Bose polarons by addressing the physics of sev-
eral metastable states that appear in this regime in the
form of many-body bound states in addition to attractive
and repulsive polarons. To characterize these metastable
states, we develop a variational principle that is able
to accommodate the effects outlined above in a numer-
ically efficient manner, and is accurate as long as the
bound state is well separated from the other states in
the bosonic one-particle spectrum. This variational prin-
ciple builds upon a solidly grounded phenomenological
model we formulate that enables to capture the essential
correlations relevant for strong coupling Bose polarons.
Although this variational scheme is suitable for generic
impurity-condensate systems in arbitrary dimensionality,
as a concrete example we focus on cold atom systems and
characterize the metastable bound states emerging on the
repulsive side of an impurity-boson Feshbach resonance.

Our variational approach enables us to unveil inter-
esting properties of these states. For instance, the vari-
ational energy of these metastable bound states lie in
between the attractive and repulsive polaron branches,
and behave non-monotonously with particle number, re-
sulting in level-crossings among the states, in contrast to
the wisdom gained from the previous studies on many-
body resonances (see Fig. 1). Moreover, the statistics
of bosons bound to the impurity in these states ex-
hibit strong quantum mechanical features, including non-
Gaussian quantum correlations and interaction-induced
anti-bunching. Such non-Gaussian correlations directly
affect the number of resonances as the impurity-boson
interaction strength is tuned. In contrast to the non-
interacting or mean-field models described above, we find
that the number of resonances remain finite, is not fixed,
and depends on the strength of the inter-boson interac-
tion relative to the impurity-boson interaction. While the
quantitative aspects of these effects depend on the par-
ticular setting considered, the underlying physical prin-
ciples are general, and we expect such effects to occur
in a broad class of impurity-BEC systems. Our results
pave the way for investigating the implications of these
metastable many-body bound states for Bose polaron
physics at strong couplings.

Overall, our approach provides a unified theory of re-
pulsive and attractive Bose polarons: we argue that the
remnant of the attractive polaron branch on the repulsive
side of the Feshbach resonance coincides with the lowest-
lying multi-boson bound state around the metastable re-
pulsive polaron. As the resonance is crossed the attrac-
tive polaron adiabatically evolves first into a molecular
bound state with (approximately) one bound boson —
as proposed in Ref. [35] — but then continues to adia-



batically evolve into an (approximate) two-boson-plus-
impurity bound state, and so on. Thereby, the stable
attractive polaron on the repulsive side of the Feshbach
resonance, along with additional metastable many-body
bound states, is understood as a necessary and direct
consequence of having a metastable repulsive-polaron
saddle-point; i.e. the repulsive polaron cannot exist with-
out its attractive counterpart. Put differently, for repul-
sive impurity-boson interactions, repulsive polaron is the
stable ground state of repulsively interacting bosons, thus
it exists without any attractive polaron or other lower en-
ergy resonances. However, for attractive impurity-boson
interactions, whenever the repulsive polaron branch ex-
ists, other lower energy resonances such as the attractive
polaron branch and/or, depending on the setting, further
few- and many-body states such as clusters or many-body
bound states necessarily have to exist. This is because
the repulsive polaron is not anymore a stable lowest en-
ergy state. Thus, novel experimental schemes for detect-
ing the low-lying states and characterizing their proper-
ties is worthy of more research efforts, although detection
of these states is difficult with the conventional impurity
spectroscopy techniques.

The rest of the paper is organized as follows: in Sec. II,
we outline the theoretical formalism and introduce our
variational principle. In Sec. III, we apply our theo-
retical method to the special case of cold atomic Bose
polarons, extract their energies and quantum correlated
nature revealed by quantum statistics of bosons in the
bound state, and discuss possible experimental detection
of these states by molecular spectroscopy. In Sec. IV we
compare the variational scheme presented here to exist-
ing methods and discuss its merits and limitations. We
conclude in Sec. V and draw several future directions.

II. THEORETICAL FORMALISM
A. Model

We consider a mobile impurity of mass M coupled
to a bosonic medium, consisting of particles of mass
m in a condensed phase with density ng in three di-
mensions. The boson-boson and impurity-boson inter-
actions are modeled by single-channel central potentials
Uggp(x) and Vig(x), respectively. The impurity is de-
scribed by its position and momentum operators X and
P = —ihVx, and the bosonic environment by the field
operators (Z)x and ¢A>L satisfying bosonic commutation re-
lations [ox, d] = 0O (x — x'), [, dx] = [0, 1] = 0
It is convenient to treat the condensed system in a grand-
canonical ensemble by introducing a chemical potential
p fixing the condensate’s mean particle number.

The total Hamiltonian Hi, describing the system
takes the form

ﬁm:ﬁme/m@—m@@+ma (1)
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with fx =/ d3z. Tt consists of the impurity kinetic en-
ergy, impurity-boson interaction, and the bosonic Hamil-
tonian Hp, given by
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1
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s

The problem is further simplified by transforming to
the frame co-moving with the impurity. This is achieved
through the Lee-Low-Pines transformation [44] Uprp =
exp (z/hf( . f’bath), where Py, = Je PL(=ihVx)ox is
the total momentum operator of the bath. Under ULLP,
a state |¥(Kp)) with well-defined total momentum Kj
transforms to

|\II(K0)>LLP = ULLP |\I/(K0)> = |K0>imp ® |\IjKo>bath ’

(3)
which enables restricting the total Hilbert space to the
sector with well-defined impurity momentum Kp. The
transformed total Hamiltonian under Uy,p reads
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where K is the total momentum of the system, mr_e(li =
m~' 4+ M~! is the impurity-boson reduced mass, and

: denotes normal orderlng of field operators. Eq. 4

is obtained usmg ULLP P ULLp =P - Pbath and the re-

placement P — K, on the restricted Hilbert space. In
the rest of the paper we focus on the case Ko = 0, which
corresponds to the overall ground state.

After introducing the model Hamiltonian, it is instruc-
tive to adopt a path integral formalism to study strong
coupling Bose polarons. Path integral formulation is able
to represent Bose polaron models in dense and dilute
media and capture crucial strong coupling effects such
as impurity-induced instability and condensate deforma-
tion. The free energy F' of the system in path integral
representation takes the following form

emm=i/DWﬂﬂﬁﬂwwmv (5)

where S[p*, ¢] is the action in terms of the classical fields
p* and ¢, written as

Slo*, ] = / @10 (" ihdep — Huelo™0]) - (6)



It is standard to treat F' within a saddle point approxima-
tion, that involves finding the saddle points of S[p*, ¢].

Crucially, the saddle point analysis of the action re-
veals the existence of repulsive and attractive polarons
on the repulsive side of the Feshbach resonance as the
unstable, respectively, stable saddle points of the action.
It is a key messages of our work to underline the necessity
of going beyond the saddle point approximation to study
the physics of metastable many-body bound states, as
those states emerge due to the strong modification of the
energy landscape around the repulsive polaron by inter-
boson interactions. Nevertheless, as a starting point of
the theoretical construction it is necessary to outline a de-
tailed picture of the saddle point structure of the model.
This is the topic of the next subsection.

B. Saddle point analysis
1. Mean-field decoupling of Hyrp

To obtain the saddle point solutions and analyze the
associated energy landscape, it is instructive to perform
a mean-field decoupling of the Hamiltonian. To this end,
we separate qu into a classical component ¢, represent-
ing the condensate, and quantum fluctuations 6(5,(, ie.
qu = px + 6<£x. For notational convenience, we intro-
duce the Nambu vector §¥ with coordinate representa-
tion 6Wy = (8cbx, 6p1) 7.

Within the mean-field theory, the elementary exci-
tations of the system are modeled by weakly interact-
ing quasiparticles with Bogoliubov-type field operators
By = (Bx,B1)T related to 68U through the canonical
transformation U, = fy SxyBy, where Sy, are 2 x 2
matrices. Note that both the classical component ¢ as
well as the Bogoliubov modes By should be calculated in
the presence of the impurity in the Lee-Low-Pines frame,
as explained below.

Correspondingly, the vacuum state of elementary exci-
tations |GS), defined by fx |GS) = 0, is connected to the
bosonic vacuum |g) by |GS) = S |¢) where

§ = exp (;mﬁ a(s@) , 7)

is a bosonic squeezing operator. In Eq. 7, = is a Her-
mitian matrix related to S by S = exp (iEZE) with
¥, = 0.0®)(x — x’) and o, the Pauli-z operator. For
shorthand notation, matrix multiplication implies in-
tegration over spatial coordinates and summation over
Nambu components. To fulfill the bosonic commutation
relations for Bx and B;f(, S must be a symplectic matrix
satisfying ST%.8 = %,.

By means of Wick’s theorem, EILLp takes the form (see

Appendix A)

8)
1 . A . (
+5 Ut H\p[®,T)6V : +Hs + Hy .

Here, @, = (px, ¢%)T, the covariance matrix I' is de-
fined by 2I' = (GS|{6¥,5¥T}|GS) — T and can be ex-
pressed in terms of S by 2I' + 1 = SST, T is the identity
matrix and : --- : denotes normal ordering with respect
to fx and B,T( Furthermore, Hyp[®, T is the mean-field
Hamiltonian, H 3 and Iﬂ are the cubic and quartic Hamil-
tonians in the field operators, respectively, and ([®,I'] is
defined in Appendix A.

In standard mean-field theory, beyond quadratic terms
are neglected, while ®y and .Sy are found that correspond
to the saddle point solution ([®g,To] = 0 and diagonal-
ize the mean-field Hamiltonian as S(];’HMF [®g, ]Sy =
I, ® D, with I, the 2 x 2 identity matrix and D a diag-
onal matrix. The condition 2I'g +1 = SOSg and the de-
pendence of Hyr on I'g require that Sy be obtained self-
consistently. The resulting normal modes By = S Low
are the well-known Bogoliubov modes.

_In the following, we analyze the quadratic terms in
Hiyp from a mean-field viewpoint. However, as we elu-
cidate later, it is crucial to retain the higher-order terms
Hj; and H, to describe essential strong coupling effects
such as the non-Gaussian correlations of Bose polaron
many-body bound states at strong couplings.

2. Saddle point structure

Next, we analyze the saddle point and normal mode
structure of the quadratic part of Hppp across an
impurity-boson scattering resonance. On the attractive
side (a < 0, with a the impurity-boson scattering length),
the saddle point condition is equivalent to the Gross-
Pitaevskii equation and admits a single solution ®,¢; that
is the attractive polaron (dashed green line in Fig. 2).
The static and dynamic properties of the attractive po-
laron obtained within Gross-Pitaevskii were investigated
in [61-63, 67], and the predictions for cold atom settings
are in excellent agreement with the experiments. Fur-
thermore, the attractive polaron is a stable saddle point
solution, meaning that all the corresponding fluctuation
modes have positive energy, or equivalently, Hyr[Po, o]
is positive-definite (see Fig. 2(b), panel (1)).

The attractive polaron solution extends to the repul-
sive side (¢ > 0) and remains a stable saddle point.
Nevertheless, for the mean-field Hamiltonian Hur[®,T],
there exists a dynamical instability window of impurity-
boson interaction strength, where an unstable phase
quadrature of a Bogoliubov mode emerges [58] (see
Fig. 2(b), panel (2)).

Beyond the dynamical instability, another saddle point
solution ®..,, emerges that is the repulsive polaron. The
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FIG. 2. (a) Energy of polaron states, including attractive and repulsive polaron, and metastable states ms; to mse (see text),
across an impurity-boson Feshbach resonance. On the attractive side (a < 0), an impurity resonance exists corresponding
to the attractive polaron branch (green dashed line), which extends to the repulsive side and remains the well-defined stable
saddle point across the resonance. On the repulsive side, the repulsive polaron branch emerges as the unstable saddle point
solution with a bound state, as well as two many-body bound states msi and msz (red and blue solid lines). The red dotted line
indicates the bare dimer energy. Beyond a critical scattering length (denoted by a vertical black dotted line), further metastable
many-body bound states mss to mse emerge in the spectrum (grey shaded solid lines). Note that the normalized energy is
rescaled to show all bound states compactly. The grey-shaded region (2) on the repulsive side is bounded by 1/k,a ~ 1.2
where u/eg ~ 9 x 1073, providing a conservative bound for the validity of our theory. (b) The energy landscape over the
phase space of the bound Bogoliubov mode, around the saddle points corresponding to different regions in (a). The real and
imaginary parts of the coherent state variable ap serve as coordinates for the phase space of the bound Bogoliubov mode. In
(1), the attractive polaron (green shaded point) is a stable saddle point, with all the fluctuation modes having positive energy.
Within region (2), a dynamical instability occurs as a precursor to the formation of the repulsive polaron, signified by a single
unstable phase mode with a corresponding stable amplitude mode. In (3), the repulsive polaron (purple shaded dot) is a saddle
point solution with a single unstable Bogoliubov mode. The energy and particle number of many-body bound states in (a)
are depicted qualitatively on the energy surfaces. The radius of each circle denotes the mean bound state occupation number,
while its position on the surface denotes the energy of the state. Repulsive inter-boson interaction increases the energy of
the many-body bound state with a higher particle number. By increasing 1/k,a, further many-body bound-states enter the
atom-dimer continuum (grey shaded solid lines). Increasing the binding energy increases the number of bound bosons in the
lowest many-body bound state. The vertical black dashed lines mark the level crossings between many-body bound states.

repulsive polaron saddle point is unstable, as a single Bo-
goliubov mode with negative energy exists in the spec-
trum of Hye[Prep, [rep]. The existence of this unstable
mode is traced back to the bound state of the impurity-
boson potential, therefore with a slight abuse of terminol-
ogy, we call it “the bound state” or “dimer” as well (see
Appendix C for further discussion on the bound Bogoli-
ubov mode and its relation to the impurity-boson bound
state). Analogously, we call the extended modes with
positive energy “scattering Bogoliubov modes” or “scat-

tering states”. In fact, when Vig admits v bound states,
there exists 2+ 1 solution to the Gross-Pitaevskii equa-
tion; see Refs. [61, 74]. We leave the study of the third
solution to the Gross-Pitaevskii equation for future re-
search.

In a mean-field treatment of the Bose polaron without
including inter-boson interactions [58], the presence of
the unstable mode implies that the system can decrease
its energy by filling the bound state with bosons, result-
ing in the many-body ground state energy Egg = —o0.



This pathological behavior signifies the need for a non-
perturbative beyond mean-field treatment of the Bose
polaron by the full Hamiltonian in Eq. 8, i.e. including
the cubic and quartic terms.

While an exact non-perturbative solution for the spec-
trum of Hppp is infeasible due to the strongly correlated
nature of the problem, one can capture the essential cor-
relations using a phenomenological model, while render-
ing a stable state analysis of the problem possible. The
formulation of this phenomenological model is one of the
main results of our work. In the following we introduce
the effective model we devise for investigating Bose po-
larons at strong impurity-boson interactions.

C. Effective Model and variational principle

The first step to obtain the effective model is to har-
ness the large seperation of energy scales between the
scattering states and the bound state of the mean-field
Hamiltonian at strong couplings. This large separation
of energy and length scales enables to treat the bound
state separately from the rest of the modes. Formally,
this separation is achieved by splitting the bosonic an-
nihilation operator into two parts, (;ASX = é,&B) + QBSC).
Here, (;A5§<B) = (uB,xI; + UB7XBT), up,x and vpx are the
real space form of Bogoliubov factors associated to the
bound Bogoliubov mode, b is its annihilation operator,
and qBSf °) — q@x — Ach) only consists of scattering Bogoli-
ubov modes. We deploy this mode separation to recast
the Hamiltonian Hpyp to a form that is more appropriate
for our variational treatment later on. With this mode
separation, the Hamiltonian Hyp of Eq. 8 takes the fol-
lowing form,

ﬁLLP = Z ETnZ)m f{n,m [QAS;((SC)Tv (%cSC)] ) (9)
n,m
n4+m<4

where ﬁn,m[ASC)T,(ﬁ,&SC)] terms only act on the scatter-
ing Bogoliubov modes, and n,m denote powers of the
bound Bogoliubov mode operators. Note that to obtain
the form in Eq. 9, the mean-field decoupling of Hyjp
has to be performed over the repulsive polaron saddle
point, with the corresponding condensate field ®,., and
covariance matrix I';ep. This is again because the bound
Bogoliubov mode is a well-defined unstable mode of the
repulsive polaron saddle point.

We now introduce the structure of variational states
to model the metastable many-body bound states. First,
we note that an arbitrary eigenstate of Hypp Eq. 9 with
energy E can be decomposed into [¢g) = >, an.g [R)p®
|n,E)., Where an g for n = 0,1,2,--- are coefficients,
In)g = b"/v/nl |GS) is the Fock state of the bound
Bogoliubov mode, and [¢,, ), is a corresponding many-
body state of the scattering Bogoliubov modes.

Using the separation of time scales over which the
bound and scattering Bogoliubov modes evolve, we re-
quire the variational states |¢(Var)> approximating |¥g)
to be separable in the Hilbert space of the bound and
scattering Bogoliubov modes as

[Yvary) = [¥@®))g @ |¥ise) )y » (10)

where the additional subscripts “B” and “sc” refer to the
Hilbert spaces of the bound and scattering Bogoliubov
modes, respectively, and we drop them hereafter. This
approximation is in the spirit of the Born-Oppenheimer
approximation [75] used frequently in quantum chemistry
to determine the electronic structure of a molecule, by
using the separation of energy scales between the fast
and slow degrees of freedom. One then assumes that fast
degrees of freedom adiabatically follow the dynamics of
the slow degrees of freedom. In the present context, the
bound and scattering Bogoliubov modes constitute the
fast and slow degrees of freedom, respectively.

To make a more direct connection to the Born-
Oppenheimer approximation in the context of quantum
chemistry, we compare the impurity-boson system in the
present setting to atoms and simple molecules. In such
chemical systems, the energy scales for nuclear excita-
tions are orders of magnitude higher than the electronic
ones. Thus, one can assume a specific stable internal
configuration of the nuclei and focus on the electronic
degrees of freedom relevant to chemical reactions. Anal-
ogously, in the present context, when the energy scale
of the impurity-boson dimer formation is far larger than
the energy scale for dressing by long wavelength BEC
excitations, one can treat the dynamics of the bound Bo-
goliubov modes separately from the scattering modes.
In addition to this intuitive motivation, we further jus-
tify the separable structure of the variational ansatz of
Eq. 10 by giving a rigorous derivation of it in Appendix B
as the form of the exact eigenstates to leading order in a
carefully defined perturbative description of the problem.

Following the same reasoning, we identify W(B)> as the
eigenstate of the effective Hamiltonian

= <¢(se)| Hipp |1/J(SC)>
- Z <¢(SC)| ]f[nym[qgng)T’ Q%csc)] |7/’(sc)> l;JmlA)ma

n,m
n+m<4

Heg

(11)

while the effective Hamiltonian for scattering Bogoliubov
modes reads

Hegrse = (V)| Hiip |vs))
= D (V|0 [Um)) Ham 95T, 65

n,m
n+m<4

(12)

To determine the variational structure of ‘¢(B)> and
”(/J(SC)>7 we take ”(/J(B)> to be an unrestricted superposition



of Fock states |n)y as |¢(m)) = Y., ¥n|n)y, while we
take |¢(SC)> to be a coherent state

lax) = exp(/ oy 6% — h.c.) |Drep) (13)

where ay is the real space profile of the coherent cloud of
bosons occupying the scattering Bogoliubov modes. We
then obtain the complete form of the variational state as

omnmacl) = (3 il ) ©land . (1)

The Hamiltonian Hypp displayed as in Eq. 9, together
with the variational states presented in Eq. 14, consti-
tute the basis of our variational principle. The varia-
tional parameters 1), ax and o are then determined by
optimizing the energy functional

H[ll):;, 1/%@;; Ckx]

= <¢(var) [d’na Oéx” ];AILLP |w(var) W}n; ax]> ;
(15)

with respect to ¥, and ayx subject to the conditions

<7/}(var) [V, Qi) |7/’(var) [V, ax}> =1, (16)

UG x0x — VB x| = 0. (17)
[ )

The condition in Eq. 16 is the normalization of the varia-
tional wavefunction, while the condition in Eq. 17 results
from the requirement that |ax) consists of the scattering

Bogoliubov modes only, thus b|ay) = 0. Note that the
parameters up x, VB x are determined by the saddle-point
solution of the repulsive polaron.

Some comments on the variational scheme presented
above are in order. First, note that ”(/)(B)> is a many-
body state composed of a superposition of Fock states
of the bound Bogoliubov mode, hence the name “many-
body bound state”. The Hamiltonian H.g p governing
the dynamics of the bound Bogoliubov mode contains
all the interaction terms including the interaction of the
bound Bogoliubov mode with itself, as well as its inter-
action with the condensate. This Hamiltonian is easy to
treat since it is the Hamiltonian of a single mode. Thus,
one can use exact diagonalization to find its eigenstates
and eigenenergies. In this sense, one can take into ac-
count the quantum correlations of the bound Bogoliubov
excitations encoded in the obtained eigenstates exactly,
without restricting the number of bound Bogoliubov ex-
citations. Furthermore, the excitation number of scatter-
ing modes is also not restricted in the ansatz, since there
is no restriction built into the ansatz to limit the coherent
state amplitude of the scattering modes. Furethermore,
in Appendix B we rigorously justify the assumption of the
separability of the eigenstates between the bound and the
scattering Bogoliubov modes.

To explain the intuitive meaning of this second con-
dition, we again resort to the simple model presented in
the introduction, and note that all states with n-times
occupation of the bound state where n* < n < 2n* have
energy less than the repulsive polaron. If the energy dif-
ference of the |2n*| state (with |n| the integer part of
n) to the repulsive polaron is comparable to the typical
energy of phonon excitations (which is of the order of
the BEC chemical potential 4), then a boson added to
the bound state to construct the [2n*| state from the
[2n* | — 1 state would also have a comparable occupation
of the scattering states. Requiring that |E|2,-|| be much
larger than u, leads to p/|ep — U/2| < 1. Applying the
same argument to the effective model introduced here
leads to the condition

1< |Hao |1+ ep/Ha|(es/Haz — |es/Haz))|, (18)

With H22 = 1/2 fx,x’ UBB(X — X/) ‘UB,x|2|UB,x"2 .

Third, regarding the assumption of coherent state oc-
cupation of scattering Bogoliubov modes, note that the
bosons occupying the bound state are localized around
the impurity. Thus they screen the impurity potential for
the rest of the condensed bosons. This screening results
in a modification of the condensate field that leads to the
excitation of scattering Bogoliubov modes of the unper-
turbed condensate. This condensate distortion effect is
captured by the coherent field ax. In principle, an exact
many-body wavefunction for the Bose polaron includes
higher-order correlations and entanglement among the
excited scattering Bogoliubov modes that goes beyond
the uncorrelated coherent state. Nevertheless, for heavy
mobile impurities where the impurity mass is compara-
ble but larger than the boson mass and the heteronuclear
Efimov effect is highly suppressed, the scattering Bogoli-
ubov modes are now weakly interacting and delocalized,
so the entanglement among these modes caused by their
interactions - either mediated by the impurity or from
higher-order processes - plays a negligible role. Thus,
modeling the excitation of scattering Bogoliubov modes
by a coherent state |ax) is justified.

A final remark concerns the influence of three-body
correlations on the spectrum of the system. Our anal-
ysis ignores the more complicated three-body correla-
tions underlying Efimov states [51-53, 76]. This is fully
justified for heavy impurities where the size of excited
Efimov clusters is much larger than many-body bound
states considered here. For lighter impurities, the few-
body bound states we describe are expected to decay
into deeply bound Efimov states but we leave a detailed
analysis of their influence to future research.

In the following, we apply our theory to a relevant
experimental cold atoms setting and discuss some of the
main features of the resulting many-body bound states
on the repulsive side of the Feshbach resonance. As a
key result, we reveal non-Gaussian quantum mechanical
correlations in the bound state occupation statistics of
these states.



IIT. RESULTS

Here we consider a Bose polaron setting comprised of
impurity “°K atoms immersed in a BEC of 3"Rb atoms
with condensate density ng = 1.8 x 10'* cm~3 and inter-
boson scattering length ag = 100a¢ with ag = 0.529 A
the Bohr radius [36]. The natural length and energy units
are then the inverse Fermi momentum k,, = (67%ng)'/3
and energy E,, = h%k2 /2mgp, respectively. The impurity-
boson potential is modeled by a squarewell of the form
Vig(r) = Vy ©(rg — r) where r = |r| and rg is the po-
tential range tuned properly to retrieve the impurity-
boson effective range. The boson-boson scattering poten-
tial can be modeled by a zero-range contact interaction
Upgp(x) = Upd(x) compatible with the Born approxi-
mation. Note that the major effect of any finite boson-
boson interaction range would appear in the interaction
of bound Bogoliubov modes, while the bound-scattering
and scattering-scattering mode interactions are still well
modeled by contact boson-boson interactions. The latter
is due to the fact that only low energy scattering Bo-
goliubov modes with momenta of the order of 1/&..q4 are
involved, with &2, = h?/(2myeanoUp) the modified BEC
healing length, which is much larger than the boson-
boson interaction range. Thus, we expect the effect
of non-zero boson-boson interaction to be quantitative
and only result in marginal changes in the interaction
strength of bound Bogoliubov modes.

Having described the system, we now use the varia-
tional principle explained before to obtain the relevant
stable-state solutions across the impurity-boson scatter-
ing resonance. To this end, we apply the construction
presented earlier step-by-step. Furthermore, at each step
we carry out suitable approximations that are applicable
to the problem considered here and illustrate the essen-
tial physics in a more transparent manner.

The first step is to find the repulsive polaron saddle-
point solution by the procedure outlined in Sec. ITB 1. To
find ®,¢p and Siep, we begin by an initial guess Siep,0 = 1,
and solve ([®yep0,I] = 0. The resulting solution ®yep o
is the repulsive polaron without Bogoliubov approxima-
tion. Since for small positive impurity-boson scattering
lengths a such that a/§ < 1, the condensate distortion of
the repulsive polaron relative to the unperturbed conden-
sate is O(a/€) [61, 62], Hair [Prep,0, 1] equals Hyir [/10, []
up to perturbative terms coming from the condensate
distortion. Thus, the Bogoliubov transformation Siep,1
that diagonalizes Hyip[®Prep,0,]] is identical to the stan-
dard Bogoliubov transformation Spog of an unperturbed
BEC, up to corrections of O((a/€)?).

The next step correction to the repulsive polaron
amounts to finding ®,ep 1 such that ([Prep,1,'Bog] = 0.
The differential equation ([®,I'gog] = 0 differs from

¢[®,1] = 0 only in the terms containing Fllglog and F%fog,

both of the order O(A¥/2) ~ 5 x 1073, with A = n}/*ap
the BEC gas parameter [77, 78]. Due to the diluteness of
cold atomic gases, A < 1, and including bosonic corre-

lations through I' within Bogoliubov approximation and
beyond does not affect the repulsive polaron solution and
the quantum fluctuations atop. Thus, in connection to
the special setting we consider here, hereafter we neglect
corrections due to quantum fluctuations of the repulsive
polaron and set Syep = I

Note that in general settings, especially pertaining to
atomic BECs in lower dimensionality or exciton-polariton
condensates in semiconductor heterostructures, it is es-
sential to include the effects of quantum fluctuations
through I', and our theory is capable to account for such
effects in principle. In these lower dimensional settings,
the role of quantum fluctuations is fundamentally differ-
ent, and one must take great care in applying standard
treatments of weakly interacting Bose gases in higher di-
mensions [79]. Even in three dimensions, the effect of
quantum fluctuations is essential for long-range physics.
However, for the setting we consider in this work, the
excitations come either in the form of a bound Bogoli-
ubov mode, which is highly localized around the impu-
rity, and as such the effect of Bogoliubov transformation
on it becomes insignificant (see Appendix C), or in the
form of scattering modes which, as we show later, have
a vanishingly small excitation number such that their
state is almost a vacuum state. In both cases, Bogoli-
ubov transformation does not add much information to
the conclusions about the physics of the problem. How-
ever, Inclusion of quantum fluctuations through I' terms
is essential when considering light impurities and study-
ing impurity-induced instabilities on attractive polaron,
as studied for instance in Refs. [52, 53].

The next inputs to our variational theory are the
bound state Bogoliubov factors upx and vpx, which
form the bound state solution of Hyp[®,0]. It can be
shown that the contribution of the off-diagonal terms
in Hyr[®, 0] to the eigenstates and eigenenergies are of
(’)(,u/EB) ~ 9 x 1073, and can be neglected to the lead-
ing order. This approximation amounts to setting vg x =
0. Furthermore, the effective potential U0|g0rep7x\2 — i
caused by the repulsive polaron’s condensate distortion
around the impurity is much weaker than Vig(x), thus
up,x can be approximated by 7y that is the bound state
solution of —h2V?2/2meq+ViB(X) - see Appendix C for a
detailed derivation of these perturbative approximations.
Note that the leading-order approximations made above
can be extended to arbitrary higher orders in a system-
atic manner, and we expect that the quantitative changes
will not alter any of the key physics of the many-body
bound states.

By carrying out the previous steps, we are in a position
to obtain the metastable states from finding the optimal
solutions of Eqgs. 15, 16 and 17 by solving the variational
equations (see Appendix D for the explicit form)

]
da
0
507

H[¢27¢7u Oé;, ax] - A?’]x = O7
(19)

H[w;awn7 a;kca ax] =Ev,.



In Eq. 19, )\ is a Lagrange multiplier determined to ful-
fill Eq. 17, and FE is the energy of the metastable state
that also acts as a Lagrange multiplier to fulfill the nor-
malization condition Eq. 16. Solving Egs. 19 gives access
to the energies and variational states of the many-body
bound states across the Feshbach resonance, which are
discussed in the next sections.

A. Energy of the many-body bound states

In the regime p/ep < 1, we already noted that the
condensate distortion ayx remains small in magnitude
compared to the repulsive polaron field ¢;¢p, and as we
will discuss at the end of this subsection, the energies
and wave functions of the many-body bound states ob-
tained by solving Eqgs. 19 are well approximated by set-
ting ax = 0, meaning a vacuum of scattering Bogoliubov
modes on top of the repulsive polaron. Fig. 2(a) depicts
the energies of the metastable states obtained by setting
ax = 0 (note the unusual rescaling of the energy scale.
Plots on linear scale are provided in Appendix E). In the
attractive side (region (1) in Fig. 2(a)), the only stable-
state solution corresponds to the attractive polaron @,
(green dashed line), studied in Refs. [60, 62, 63]. All
the fluctuation modes that are eigenstates of Hyir [Patt, ]
have positive energy with a parabolic energy landscape
as in panel (1) in Fig. 2(b).

On the repulsive side, there exists a range of scattering
lengths where impurity-boson interactions lead to the in-
stability of the phase quadrature of a Bogoliubov mode,
leading to dynamical instability. The dynamical instabil-
ity is a precursor to the formation of repulsive polaron,
and occurs for a range of scattering lengths which lies in-
side the region (2) in Fig. 2(a). The energy landscape of
the dynamically unstable mode is depicted in panel (2) of
Fig. 2(b), where the negative- and positive-curvature di-
rections correspond to the phase and amplitude quadra-
tures, respectively.

In region (3) of Fig. 2(a), a well-defined unstable fluc-
tuation mode emerges, that is the bound Bogoliubov
mode. The possibility of multiple occupation of the
bound Bogoliubov mode results in the emergence of the
two metstable states ms; and mss, depicted by solid
red and blue lines, respectively, in Fig. 2(a). The cor-
responding energy landscape in the form of a mexican
hat, alongside the relative energies of various metastable
states are depicted in panel (3) of Fig. 2(b). The ori-
gin of the energy landscape corresponds to the vaccum
of the fluctuation mode, i.e. the repulsive polaron. The
metastable states ms; and mss are designated on the en-
ergy landscape schematically by circles whose radii and
relative positions indicate the mean bound state occupa-
tion number and the relative energy of the states, respec-
tively.

The energy landscape minimum corresponds roughly
to the bound state component of the attractive polaron
coherent state field, obtained by calculating the overlap
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FIG. 3. Density profile of the repulsive polaron (solid purple
line), attractive polaron (green dashed line), and ms: state
(solid red line), as a function of the radial distance from the
impurity, for (a) 1/kna = 2.0 and (b) 1/kna = 3.61. The
density profiles of the attractive polaron and the ms; state
are qualitatively similar.

Qatt, B = fx NiPattx- 10 fact, we interpret the lowest-
lying many-body bound state as nothing but the remnant
of the attractive polaron branch on the repulsive side of
the Feshbach resonance. The two variational states we
employ here, i.e. the attrative polaron and the ms; state
have similar but not identical structures, which explains
their slightly different variational energies. To further
support our claim, in Fig. 3 we compare density-profile of
bosons around the impurity for the different variational
states. The qualitative similarity of the spatial struc-
tures of the lowest-lying many-body bound state and the
attractive polaron further suggests that the two states
describe the same ground state.

Beyond a certain critical scattering length, new stable
solutions emerge from the repulsive polaron, denoted by
mss to msg in Fig. 2. These states correspond to mul-
tiple occupation of the bound state. As the interaction
strength rises, the bound state becomes more localized,
resulting in an increase in the effective inter-boson re-
pulsive interaction. At the same time, the system gains
energy by binding more bosons. While both these effects
compete, the increase in bound state energy dominates,
lowering the energy of the states with higher bound state



occupation. In terms of the saddle point structure, the in-
crease in bound state energy means that the saddle point
gets deeper, and the mean occupation number of the
bound state increases, as depicted in panel (4) of Fig 2(b).
Another implication of the competition between the in-
crease in binding energy and the repulsive interaction
is the emergence of level crossings among the metastable
states in region (4) of Fig. 2(a). The presence of such level
crossings can be explained again by the simple model laid
out in the introduction. For a fixed bound state energy
€B,0, two metastable states with n; and ny occupation
of the bound state with n*(ep ) < n1 < ng < 2n*(ep,o)
have energies E,, < E,,. For larger 1/k,a, the increase
in binding energy has the dominant effect on the energy
of the many-body bound states, and the energy of the
state with higher bound state occupation decreases more
rapidly, resulting in the level crossing pattern.

Fig. 4 depicts the behavior of energy and bound state
occupation for the first few many-body bound states to-
gether with the attractive and repulsive polaron. The
energy of the ms; state decreases monotonically, and its
mean bound state occupation number saturates to dou-
ble occupation for the range of scattering lengths con-
sidered. The msy state approaches the bare dimer in
energy and bound state occupation number. Across the
level crossings of the two lowest-lying states, (Np) shows
a non-monotonic behavior, and by increasing 1/k,a sat-
urates to single and double occupation for mss and ms;
states, respectively. The mss state appears in the atom-
dimer continuum at a critical scattering length (marked
by the vertical dotted line in Fig. 4 (b)) and maintains
a constant (Ng) ~ 3. In contrast, the mean bound state
occupation number of the attractive polaron increases
monotonically with a value that remains larger than ms;
and mss. At the level crossing of ms; and mss, the two
states demonstrate strong mixing, resulting in spikes of
(Ng) for both states.

Before moving on to the next section, we comment on
the approximation ax = 0 introduced earlier. In Fig. 5,
we compare the energies of many-body bound states ob-
tained from solving the full set of Eqgs. 19, to the energies
obtained under the assumption o, = 0. We find that the
effect of condensate distortion on the wave functions and
energies of many-body bound states are only marginal,
and setting ax = 0 is a reasonable approximation.

The main reason behind the markedly different behav-
ior of the many-body bound states compared to the at-
tractive and repulsive polaron lies in the particular com-
position of each many-body state |1/)(B)> out of dimer
Fock states {|n)p, n=0,1,2,---}. Indeed, inspection of
(Ng) in Fig. 4 suggests that |z/J(B)> for each of the many-
body bound states has to be close to a Fock state |n)p
for some n. To gain further insight into the structure of
the many-body bound states, in the next subsection, we
investigate the dimer occupation statistics of the many-
body bound states.
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FIG. 4. Energy in units of the dimer binding energy (a) and
mean bound state occupation number (b) of the many-body
bound states (red, blue and grey solid lines for msi, msz and
ms3 respectively), attractive polaron (green dashed line), and
repulsive polaron (purple solid line). Initially, the msa state
has higher mean bound state occupation number and energy
than the ms; state, indicating the dominant effect of the inter-
boson interaction on the energy of the states. Beyond the
first level crossing, the mean occupation number of the ms;
state increases above the msso state due to the gain in energy
from binding more bosons. The ms3 state enters the dimer-
boson continuum at the critical scattering length indicated
by vertical dotted line in panel (b) and maintains an almost
constant Ng ~ 3. For increasing 1/k,a, the mean bound state
occupation number of ms; and mss states approach integer
values. At the level crossing between ms; and mss, the states
strongly mix, resulting in sharp spikes in (Ng) in panel (b).
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FIG. 5. Energy of the many-body bound states including
the effect of condensate distortion obtained by fully solving
Eqgs. 19 (dotted lines), compared to the energies obtained by
setting ax = 0. Including condensate distortion effects results
in marginal changes in the energy (denoted by AE,.s,,i =
1,2,3), and wave function of many-body bound states.



B. Dimer occupation statistics of the many-body
bound states

As mentioned at the end of Sec. II B 1, pure mean-field
approaches to model the state of Bose polaron neglect the
higher order terms H3 and H,4, while the latter are cru-
cial to capture the physics of many-body bound states.
One consequence of including these higher order terms
in the model is their non-perturbative effects reflected in
the genuine quantum mechanical correlations of the wave
function in the dimer Fock space, which is represented in
our variational scheme by ‘¢(B)>- To quantify the quan-
tum mechanical correlations of ’1/)(]3)>7 we note that it for-
mally belongs to the Fock state of a single bosonic mode
I;, thus its characteristics can be quantified via different
quantum mechanical quasiprobability distributions used
frequently in quantum optics to characterize the quan-
tum states of light.

A quasiprobability distribution that is specially suit-
able for characterizing ‘¢(B)> is the Husimi Q represen-
tation, that in our context can be defined by [80]

Q(a) = % (alvm)) (V@) - (20)

In Eq. 20, |o) is an arbitrary coherent state that is the
eigenstate of b, i.e. b|a) = ala).

In Fig. 6, we depict the Q representation of the states
in Fig. 4 for 1/k,a = 2.74. The repulsive and attractive
polaron, both include coherent state components of the
bosonic mode b with a coherent state amplitude aP) =
Lo %) with the superscript “sp” indicating the re-
spective saddle point. The Q representation of the saddle
point state is thus QP (a) = 1/mexp( — |a — a(P)|?),
which is a Gaussian distribution localized on «®P. In
contrast, the many-body bound states have markedly
different QQ representations, reminiscent of Fock states.
The Q representation already indicates that the state
|1/J(B)> contains quantum mechanical correlations with
non-Gaussian characters, as opposed to coherent and
squeezed coherent states that are characterized by el-
lipsoidal Q distributions. We again highlight that the
non-Gaussianity of the Q distribution is a result of in-
cluding higher order terms H3 and Hy in the model, and
treating the boson correlations in the dimer Fock state
sector exactly. Note that with the strong boson-boson
repulsions considered here, a truncated-basis variational
ansatz can be accurate enough to predict essential fea-
tures of the polaron, however, it is best suited for the
limit of low densities. Our theory, on the other hand, has
the capability to include a fluctuating number of parti-
cles in the polaron cloud even in dense bosonic media, as
long as the binding energy is much larger than the BEC
chemical potential.

Another useful quantity signifying the correlations of
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FIG. 6. (a) Illustration of the energy landscape and the

metastable states at 1/k,a = 2.74. As in Fig. 2 (b) panels
(3) and (4), the radius, respectively, the vertical order of each
circle on the energy surface reflect the mean bound state occu-
pation number, respectively, the energy of the corresponding
metastable state. Panels (b) and (c) show the quantitative
calculations of the Q representation of the repulsive and at-
tractive polaron, respectively. Panels (d) to (f) depict the Q
representation of ms; to mss states.

bosons occupying the bound state is 91(32) defined by

() _ (Y| D010 [9m))
(e | 675 e

Fig. 7 depicts 91(32) for different many-body bound states.
We again observe that due to the effect of boson-boson
repulsion, g](32) shows strong boson anti-bunching for all

the many-body bound states. Especially, the states be-

(21)

yond mso have g](32) ~1—1/n with n > 3, a hallmark
signature of Fock states in contrast to coherent states
that have ¢(®(0) = 1.

C. Spectral signatures of the many-body bound
states

Here we consider the experimental observability of the
many-body bound states we predicted above. An experi-
mentally relevant quantity in polaron spectroscopy is the
quasiparticle residue, defined as

Z(E) = Z [ (GSoli) [*6(E — Ey), (22)
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FIG. 7. 91(32) of the many-body bound states. Clear devia-
tions from the results of a Gaussian state indicates the non-
Gaussian nature of bosons spatial correlations occupying the
bound state.

where |i) is an eigenstate of the interacting system with
energy E;, and |GSp) is the non-interacting ground state.
In the case of Bose polarons, the non-interacting ground
state consists of an impurity and an unperturbed con-
densate with no mutual interactions. In contrast, the
interacting state is of the form O; |GS), where O; creates
the appropriate excitations of the eigenstate i on top of
the interacting ground state.

In Fig. 8 (a), the variation of Z across the Feshbach
resonance is depicted for each stable states, as well as
the Z factor for attractive and repulsive polaron. We ob-
serve that although the quasiparticle weights of ms; and
mso states are higher than the attractive polaron, all the
other many-body states have essentially vanishing quasi-
particle residue. This observation is compatible with the
conclusion that beyond mssy, the many-body states are
well characterized by Fock states |n)p for n > 3 with
vanishing quasiparticle residue. Furthermore, as the re-
pulsive inter-boson interaction is decreased, the Z fac-
tor of attractive polaron and all the many-body bound
state excitations decrease due to an increasing number of
bound state excitations.

Furthermore, in connection with detecting molecular
spectra in ultracold mixtures, a molecular quasiparticle
residue can be defined as

Zumo(E) =Y | (GSmalln) [P 06(E — En),  (23)

where |GSp01) is a state comprised of an unperturbed
condensate and a single impurity-boson dimer. This
quasiparticle residue is suggested in [81, 82] to de-
tect molarons and observe polaron-molecule transition
in impurity-Fermi systems. Fig. 8(b) shows Zy,1 of the
many-body bound states. Interestingly, ms; and mss
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FIG. 8. (a) Quasiparticle residue of different many-body

bound states, compared to the attractive and repulsive po-
laron. At strong couplings, the quasiparticle residue of attrac-
tive polaron and all the many-body bound states are substan-
tially smaller than the repulsive polaron for strong couplings.
(b) Molecular quasiparticle residue of the states in (a). The
states msi; and mss have substantial molecular weight with
non-monotonic behavior as a function of 1/kya, in contrast to
the prediction for the attractive polaron. The sharp spikes in
Zmol of ms1 and mss occurs at the corresponding level cross-

ing.

states have substantial Z,,,1, with the non-monotonous
variation with 1/k,a compatible with their bound state
occupation number. For the attractive polaron, the mag-
nitude of Zy,,) is of the same order of magnitude as ms,
although quantitative differences point to the remaining
differences of these variational states. Thus, Z,. can
be a sensitive probe for detection of many-body bound
states and to elucidate the exact nature of the overall
ground state.

The mss state exhibits a vanishing Z,,, except for
values of 1/k,a close to the level crossing with ms; state,
where Z,, of both states vary rapidly and coincide at
Zme1 = 0.5.

IV. COMPARISON TO THE EXISTING
METHODS

As mentioned earlier, the crucial assumption of the
variational formalism developed in this work is the large
separation of energy scales between the dimer binding
energy e and the typical energy of the Bogoliubov ex-
citations (of the order of u). This condition is violated
close to the unitarity on the repulsive side. The other



important assumption concerns the existence of a well-
defined unstable Bogoliubov mode on top of the repulsive
polaron saddle point, which breaks down in the presence
of a dynamical instability.

Variational schemes such as truncated basis methods
or Gaussian state theories including boson-boson inteac-
tions are in principle able to surpass these limitations.
Truncated basis methods are able to give access to the
full excitation spectrum and include multi-body correla-
tions exactly, however, they are limited in the number
of particles included in the variational state. In compari-
son, our approach includes exact correlations only among
excitations bound to the impurity and neglects some cor-
relations of excited scattering states, that is suitable for
heavy mobile impurities. Nevertheless, it does not re-
strict the number of excitations included in the ansatz.
Gaussian state theories are able to access the exact sta-
ble saddle point of the system by optimizing ® and I.
However, the states with non-Gaussian correlations are
not included in the variational manifold.

An improvement to our ansatz is to include Bogoli-
ubov transformation as a variational parameter, and ob-
tain the modifications of the Bogoliubov spectrum due to
the presence of the impurity. This approach has already
been incorporated to study the modification of local bo-
son correlations in the vicinity of the impurity [52, 53],
and predicted many-body shifts of Efimov states. Includ-
ing these correlations in our ansatz partially accounts for
three-body correlations on a many-body level. However,
it is a numerically challenging task to obtain metastable
variational solutions and we leave this problem for future
research.

V. CONCLUSION AND OUTLOOK

In this work, we addressed the problem of Bose polaron
at strong couplings. We introduced a variational scheme
that is suitable for the regime when the impurity-boson
binding energy is much larger than the BEC chemical
potential. We presented a comprehensive theoretical for-
malism that is sufficiently general to be applicable to di-
lute and dense bosonic media in any dimensions, ranging
from ultracold atomic mixtures to excitonic condensates
in semiconductor heterostructures, and include effects
that are crucial to describe Bose polarons at strong cou-
plings. We demonstrated that the interplay of impurity-
induced instability and repulsive inter-boson interactions
leads to the existence of multiple metastable states in the
form of many-body bound states with intermediate ener-
gies lying between the attractive and repulsive polaron.

Crucially, the existence and properties of the many-
body bound states we predict are closely linked to the
non-perturbative nature of the problem captured by the
higher order interaction processes Hs and H,, involv-
ing three- and four-boson terms, respectively. Within
our variational approach, we showed that including
the resulting correlations among the bound bosons ex-
actly leads to the emergence of genuine quantum me-
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chanical characteristics of the wave function, especially
non-Gaussian correlations and interaction-induced anti-
bunching. Furthermore, these many-body bound states
can have observable signatures in molecular spectroscopy
techniques with quasiparticle weights considerably dif-
ferent from the coherent state theory prediction for the
attractive and repulsive polarons.

The improvement to the standard Bose polaron models
presented here - by including Hs and H, terms, alongside
the variational ansatz derived in detail in Appendix B
- reveals characteristics of the many-body bound states
beyond the predictive scope of the current Bose polaron
models. Unlike non-interacting single-channel models,
we predict that the number of many-body resonances
is finite and varies depending on the impurity-boson
and inter-boson interaction strength. Additionally, their
binding energies exhibit non-monotonic behavior as a
function of particle number, leading to level crossings
between the many-body bound states. Near these level
crossings, the many-body bound states do not possess a
well-defined particle number due to the low-energy par-
ticle exchange processes with the condensate.

Furthermore, through the rigorous theoretical analysis
detailed in Appendix B, we show that the strong-coupling
Bose polaron problem can be mapped to the problem of
many-body bound states weakly coupled to the renor-
malized phonon modes. This emergent weak-coupling
theory is amenable to perturbative treatments, allowing
for further characterization of the many-body resonances,
including the determination of lifetimes and decay rates.

The theoretical developments in this work present one
natural scheme to separate the modes of the strong cou-
pling impurity-boson system into a few strongly interact-
ing modes requiring non-perturbative treatment, and a
continuum of weakly interacting modes. With this theory
we are able to explore a broad range of parameters and
map out the phase diagram of the strong coupling Bose
polaron. In particular, we clarified how the attractive po-
laron continuously evolves into a multi-body bound state
as one crosses the Feshbach resonance into the repulsive
side. Thereby we arrive at a unified theory of repulsive
and attractive Bose polarons.

We emphasize that the theoretical analysis in this work
applies to a wide range of experimentally relevant Bose
polaron settings where mobile impurities have masses
comparable or even smaller than the boson masses, as
long as the impurity mass is not too light such that three-
body correlations lead to dramatic qualitative changes in
the polaron spectra such as polaronic instability [52, 53].
Indeed, most of the experimentally relevant mixtures,
such as “°K-8"Rb (JILA [36]), 3°K-3°K (Aarhus [35],
Cambridge [83]), and “°K-%*Na (MIT [37], Munich [84]),
exhibit a smooth variation in the attractive polaron en-
ergy across the Feshbach resonance. Additionally, the at-
tractive polaron energy, for which the influence of short-
range correlations is the strongest, shows excellent agree-
ment with the predictions of the Gross-Pitaevskii the-
ory [63] for the “°K-8"Rb and 3°K-3°K mixtures, where



the impurity-boson mass ratio is the smallest. There-
fore, the theoretical framework developed here applies to
the above settings without the need for extension of the
variational ansatz to include three-body correlations by
treating the covariance matrix I' as a variational param-
eters, as done in Refs. [52, 53]. Nevertheless, the present
variational ansatz is capable of incorporating three-body
correlations by including I' as a variational parameter,
and promoting the coherent state part of the ansatz in
Eq. 14 to a Gaussian state or a truncated basis varia-
tional state.

Another interesting future direction is to apply the
present framework to study strong coupling polarons in
one and two dimensions. The intricate physics of po-
larons in low dimensions, together with the availability of
multiple theoretical approaches for benchmarking such as
DMRG and exact diagonalization in one dimension and
Quantum Monte Carlo in one and two dimensions makes
this direction particularly promising.

In the present context, we pointed out the crucial role
of phonon nonlinearities on the physics of strong cou-
pling Bose polarons. It would be interesting to expand
the scope of this work by considering other models where
phonon nonlinearities play a crucial role, for instance,
to study impurity motion in nonlinear bosonic models
with non-perturbative solitonic excitations (e.g. in the
Ferenkel-Kontorova model [85], or models described by
the nonlinear Schrodinger equation [86]). As another av-
enue, one could apply this framework to study the mo-
tion of single holes in quantum antiferromagnets [87-89]
or the formation of magnon-impurity bound states [90].
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In conclusion, the developments presented in this work
highlight the intriguingly rich physics of many-body res-
onances in strong-coupling Bose polarons and point to-
ward the need for further theoretical research to clarify
the remaining unknown aspects of these resonances. On
the experimental side, the distinct behavior of the molec-
ular quasiparticle residue encourages the exploration of
bold signatures of these states by going beyond the con-
ventional spectroscopic techniques.
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Appendix A: Mean-field decoupling of Hirp

Here we detail on the mean-field decoupling procedure.
Using the Wick’s theorem [91], for Hprp in Eq. 4, the
mean-field Hamiltonian takes the following form,

: (/xwi(—ihvx)wx +

PKS  hK,

E==23 ~

2?2
- ~/x ( a 2Mied N ‘/IB(X)

1
— )it 4 =
/"L) XX + 2

x,x’

+ |SDX| Fx 'x! + %Ox (erxx/ +ec C) + |Fxx’|2 + ‘Fxx’|2

The linear Hamiltonian H; has the following form,

(A3)
|

i = / e+ hoc.

G = o+ | [ Untx =) (jowl? + T3 o+ [ { [tmmtx =) = G (-in0) - (in)| 2, o
+L,{[UBB(X—X/)+J\Z(—ihvx)-(—iﬁvx/)} xx/}gpx,—k/x/AZ[—ith/(gpx,F_FF)l{}x,)] (—ihV ) |

where hg = —h2V?/2myeq + Vig(x) — . With (& as
in Eq. A4, the saddle point condition is (4 = 0. In
the special case of I'll, = T2, = 0 and M — oo, the
saddle point condition reduces to the Gross-Pitaevskii
equation for the condensate, including the distortion
caused by the impurity (that is encoded in the impurity-
boson potential in hg). Given the saddle point condition
(x = 0, and the boundary condition on the condensate
that limy| o ¥x = /N0, the chemical potential includ-
ing the Lee-Huang-Yang and finite boson-boson range
corrections reads as

j= (o + T8 / Ups (%) + / Upp (x)Re(T'2 + T13)
(a5)

The quadratic Hamiltonian is of the following form
3 1 n n im 5¢Ek
Hy==": t / il N :
2 2 /k7k, (59251( 0o _x ) Hk k (5¢Tk>
1 N 5
= ¥ ’ ’ o :
+3 /xx (00L,60xr) Harx (ML) ;

thus, Hyr consists of two terms: H™P comes from the fi-

(A6)
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HLLP =F + ((hiﬁ . C + hC)
1 . R . (A1)
+3 SUTH\pdW : +Hy + Hy .

with explicit expressions for different terms as the follow-
ing,

ik - hK/
/l(hkl“ll({()—k/( sar—) { ThkTie + [Tk 2 + [0 2

* * * h
+ (Prp TR + bl Tk + P The + c0.) + w1} + / i~ 5

2 72
+ ‘/IB (X) - /’L) Px
red (AZ)
Usn(x = %) { lpxl2liw 2 + (i T
PAr

(

where we explicitly write the coordinate space integration
instead of shorthand inner product. The vector (x then
reads as

(A4)

(

nite mass of the impurity, and  is the mean-field Hamil-
tonian in the limit M — oo. The explicit forms of H and
H'™P are of the following form,

glrjﬂp Air{lp
Higl]f < 1m1.}>(*k imp]:k >a (A7)
Ay Ew)-K)

5x’x Ax’x
o = (A;‘;x £z, ) !

X

(A8)

where the diagonal and off-diagonal terms of Himp, are as
follows,

gimp

hk - hK/
= — 7 (Tiae + vien)

M
hk' - hk”

+ (S(d) (k — kl) /“ M (Fk”k” + ngHQDk”)

(A9)

k- RK
Ay =— i (Fllcg(fk) + PP K) - (A10)



The diagonal and off-diagonal terms in H read as

Exrx = 0D (x — x) [ho

+ [ Upp(x' —x") (Dl + |§Dx//|2):| (A11)
- UBB (X o X/) (F)l(x’ + @x@x ) )
Ayxx = Upp(x — x’) (F;lﬁx + pxs gox) . (A12)

Finally, the cubic and quartic terms are of the following
forms

M

+ / Upp(x — x') (@x

)

. hk - hK/ NS
A, = / (n : 6300, 6n - +h.c.)
kK

SGLOGL, 0 - +h.c.> .
(A13)

The quartic term representing the interaction of fluc-
tuation modes reads as

- k - hk’
i, = / hk-h
k7k/ 2M

| S
+3 / Up(x — X') : 661001, 66y -

: 60400} O S
(A14)

Appendix B: Justification of the effective model and
the variational principle

Here, we give a rigorous justification of the variational
principle described in Sec. II C. To this end, we present a
formulation of the initial impurity-boson problem where
many-body bound states emerge as an effective impu-
rity with multiple internal states coupled to a bath of
weakly interacting, renormalized phonons. The coupling
causes transitions between different impurity internal
states (i.e., many-body bound states) via phonon scatter-
ing. Due to the large separation of energy scales between
the different impurity internal states compared to the
strength of transitions, one can treat the impurity-bath
coupling within perturbation theory. Crucially, the rel-
evant eigenstates of the unperturbed Hamiltonian corre-
sponding to different metastable branches have the same
product state form of the variational state |1/)(var)> in
Eqg. 10. Since the variational manifold includes the lead-
ing order term of the true eigenstates, optimizing the
variational parameters enables an even better approxi-
mation of the eigenstates.

As stated in the main text, a suitable Gaussian trans-
formation can eliminate the linear term in Eq. A1 by dis-
placing the field operator to the repulsive polaron saddle
point while at the same time diagonalizing Hyr to give
the fluctuation modes on top of the repulsive polaron.
As in the main text, the fluctuation field operator can be
written as

3% = 60 + 6% (B1)
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where (5(5&3) = UBx 5b+ UB,x §bT with &b the fluctuation
operator of the unstable mode b. Inserting the mode-
separated form of the fluctuation operator Eq. Bl in
Eq. Al results in the following form of Hiyp,

I:ILLP = E[(I)rep; 1—‘rep]

+ H[66®), 668 + H [0659T 665 (B2)
+ Hine[06P)1, 6685 665, 56)] .
In Eq. B2,
Hg[6pP)T,66)) = —ep 6760 + H3 66T, 66 P)] (B3)
+ 1314 [5927))(33”3 (;Q%(B)] 9

where H3[5¢ 1 5¢3(B)] and ﬁ4[5§27§<B)T,6(23>(<B)] are given
in Eqs. A13 and A14 with 5¢(T) substituted by 5¢3<B)(T).

Similarly, the Hamiltonian H,. only involves 5¢(SC D Fi
nally, Hmt describes the interaction between the bound
and scattering modes. By means of direct manipulation,
the interaction Hamiltonian can be absorbed into Hg. to
yield

ﬁ;c = E[SC + IA{int

_ ( JS —|—h.c.>

41 / OWEIT R L 60

X,

( 00N 6GETHY s 605 +h.c.)

5¢(sc)1‘ 5¢ sc ] )
(B4)

In Eq. B4, 7:[’2’“,, ﬁg’xx, and C/, are operators in terms
of 645§(B)(T) as follows,

5/ /
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+ Ustrnxr 2 60608 |

ﬁg,xx’ = Uett xx'Px + Uett xx! 5¢A’>(<B) ) (B8)
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In Eq. B6, Ueff7xx/ is different from U.g p and is given
by Ueﬁ,xx’ = Uss (X 7X,) - 1/M(7Zhvx) ! (7ihvx/)7 and
in the third line integration by parts is carried out. The
form of H/. in Eq. B4 is the same as Eq. Al up to a
constant, suggesting that the Hamiltonian parameters of
the scattering modes only get renormalized by the fluctu-
ations of the unstable mode. The physical meaning of ab-
sorbing Hmt into Hbc to obtain H ' becomes more trans-

eﬁ xx/ 6¢( (lgch) L.

parent if H is partially expanded in terms of the eigen-
state [thn) of Hg with energy E, (PAI]% [Yn)g = En [¥n)p)
as Hy, = an [ ) Ymlg ® (Yn| Hye [m)p . The op-
erators <1/)n| e |1/)m>B are the same as in Eq. B4, but
with ¢Z, 7-[27xx, and HS,xx’ substituted by their matrix
elements (é;)nm, <7:[’21xx/>nm and <7:l§,,xx/>nm ({-)rm de-
notes the matrix element (¢,| - |¥m)p). The diagonal
part of I;Tg’c consists of effective renormalized Hamiltoni-
ans (| H., 1) for stable modes when the impurity
forms a many—body bound state |¢,,). The off-diagonal
part of H/ describes interaction processes between the
many- body bound states and phonons, where a phonon
scatter off the many-body bound state |¢,,) and trig-
gers the transition from |¢,,) to |¢,,). In this sense, off-
diagonal terms can be treated as a perturbation term

I:IPEF‘D = Z |1/Jn><"/]m|B ® (¢nl I:I;c

n#m

|’(/}m>B ? (BlO)

added to the unperturbed Hamiltonian ro, defined by

Ho=Hp + ) [n)tnlg @ (nl Hi [n)g - (BI1)

Thus, the strong-coupling impurity-boson problem has
reduced to finding the eigenstates of Hp and including
Hpere in perturbation theory. We still have to establish
that H'pert can indeed be treated perturbatively, but first,
it is instructive to gain a better understandlng of the 10W
energy states of Hy. The structure of (1, H, S lthn)g is
similar to Eq. Al, which is form invariant under Gaus-
sian transformations. As a result, one can perform a
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Gaussian transformation U/ = f)[ascx)]gn, implement-
ing n-dependent displacements agff;) of 5(25,((%) to elimi-
nate the linear term proportional to <C;>m and diago-
nalize <7:ll2¢xx'>nn by S,,. The resulting Bogoliubov modes
with field operators denoted by Bn,k have a vacuum state

|GS )= [aSC,Z] S |®ep) and single-particle excitations
k |Gsn>

eigenstate of Hy associated to it, of the form

| 0)) = [¥n) © Do

Thus, each many-body bound state has an

2 Sn|Prep) (B12)

which is the lowest energy state associated with the
many-body bound state [¢,). Accordingly, the single
particle excitations on top of |\Iln’(0)> are of the form

Bl,k|‘l’n,(0)>‘ Intuitively, \I/n’(0)> describes a “many-
body bound state” polaron - the polaronic dressing of
a many-body bound state instead of the bare impurity.
As such, the many-body bound states emerge as internal
states [¢,) of an effective impurity - the bare impurity
with several bosons bound to it - whose dynamics and
dressing by phonons is described by Hp. In this regard,
Hpert describes transitions between internal states of this
effective impurity via phonon scattering.

The notable character of the state |\Iln7(0)> is its prod-
uct state form, which closely connects to the same form
of the variational state |¢(var)> in Eq. 10. The differ-

ence of |\I/n7(0)> and |1/)(var)> is in the additional Gaussian

transformation S’n, which accounts for the renormaliza-
tion of the phonons by many-body bound state forma-
tion. This renormalization occurs due to the underlying
interactions among bosons bound to the impurity and
bosons in the BEC. Thus, the effect of S, is to account
for terms in (Hj . /)nn Which contain expectation val-

ues over |1, ) of operators involving 5(;3,({]3)”). Note that
the n—independent part of the quadratic Hamiltonian
is already diagonal by the initial Gaussian transforma-
tion and has no instability since all the involved scat-
tering modes have positive energies. Furthermore, in-
vestigating the structure of |¢,,) obtained from numer-
ical diagonalization of Hp reveals that the addition of
n-dependent terms has a minute effect and, importantly,
does not induce any instability. The absence of insta-
bility is confirmed by direct numerical evaluation which
shows that expectation values of single field operators as
well as (: 5¢x (5<Z>x, nn over the relevant many-body
bound states are vanishingly small. This demonstrates
that the additional squeezing transformation S,, to re-
define phonon modes in the presence of the many-body
bound state |¢,) has a minimal effect; thus we can set
S, ~ L. In this way, we recover exactly the same form of
|¥(var)) in Eq. 10.

In the following, we elaborate more on the perturbative
treatment of Hpers mentioned above. As discussed in the
main text, Fock states are excellent approximations to
the many-body bound states [¢,). Thus, combinations

of (5({5&3)”) which change particle number have vanish-



ingly small expectation values over [¢,,), but the same is
not true for transition matrix elements between two dif-
ferent many-body bound states. To estimate the effect
of phonon-induced transitions, we consider the first-order
perturbative correction to |\Ifn’(0)>. The first order cor-

rection to |\I/n’(0)> within perturbation theory reads

W0y) < [P (0))

GSmI 1) mn |GSy)
+ GS,,
7;1 = En(0) S
+z/ { ol e O] 4,
mn ki Yo B m,(0) 7 E{ki}m

(B13)

where E,, () is the energy of E, (), and |{k;},,) denotes
the state containing elementary excitations of momenta
ki,ka, -+ on top of |GS,,). In the denominator of the
third term in Eq. B13, E, ) — Ep, 0) ~ €B is by far the
largest energy scale. Thus the only relevant decay pro-
cesses are those where ’\IJ”,(O)> decays to a lower energy
state |\I/m7(0)> and emits high energy phonons with total

energy €(x,},, ~ €p- Note that although (H )mn COL-
tains three- and four-phonon terms, such phonon inter-
action terms are weak compared to phonon kinetic term
which dominates. This can be seen from the structure
of (H!.)p, which resembles the Hamiltonian of a weakly
interacting Bose gas with a linear coupling (C,)n, which

leads to a coherent state of excitations agi <) with total

excitation number much less than unity (see the main
text). Importantly, (H’ )n, does not contain any insta-
bility to compete with the interaction terms. Thus, the
true eigenstates of H., can be adiabatically connected to
the non-interacting ones |{k;},), and especially for high
energies, the interaction terms become irrelevant.

We now discuss the structure of the 1ast term in
Eq. B13. A full perturbative treatment of (H} )y, while
systematically possible, is a formidable task and is exces-
sively cumbersome even at the level of the first-order per-
turbative term in Eq. B13. Nevertheless, we estimate the
magnitude of relevant terms in the expansion of [{k;}.,).
Specifically, we focus on single-excitation states |k). The
relevant |k) states have high energies ex ~ ep, thus the
approximation S’n ~ [ is specifically more accurate here.
After a rather lengthy algebra, it turns out that the dom-
inant contribution of |k) to ‘\Iln7(1)> is proportional to

i — / eik*<<é,’;>mn+<é’ -

0l Rel(Blhmn] )
(B14)
where f; equals CA,; without the first three terms in
Eq. B9. The subleading contributions to |k) contain

(sc)

higher powers of ay, x Gy

and au, % , which are significantly
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smaller since [ \a(n m) L|I? < 1in accordance with the

results presented in the main text. Note that the large
value of |k| ~ 1/2mcqaep/h? also suppresses the mag-
nitude of xx. Intuitively, the above formal arguments
mean that the decay of a dressed many-body bound state
|\I/n,(0)> by emitting a high-energy phonon is strongly
suppressed. One can carry out the same type of argu-
mentation for the second term in Eq. B13, where the
leading term is found to be proportional to

Xm:/xé( (SC <Cx>mn+04( )@”Umn) <O[5n))(

o).
(B15)

Given that both estimates of the size of the first-order

perturbative corrections quantified by the amplitudes x,
and yy are substantially smaller than unity, we conclude
that the variational ansatz based on the product form
of |\I/n’(0)> can provide qualitatively reliable information
about general characteristics of the many-body bound
states. Note that the structure of the variational ansatz
in Eq. 10 provides more freedom to optimize the param-
eters and find better approximations to the true many-
body bound states than the zeroth order state |\Pn,(0)>7
as the variational manifold includes |\I!n,(0)>. As such,
the optimization procedure partially accounts for higher-
order perturbative corrections.
Ultimately, we emphasize that the proportionality con-
stants mentioned above scale according to the occupa-
tion number of many-body bound states. As such, the
above arguments are valid for cases where a few bosons
are bound to the impurity, but in general, the validity
of arguments has to be checked for each specific case un-
der consideration. Problems that require caution include
Rydberg and ionic impurities in a BEC, where hundreds
of bosons are bound to the impurity. In such cases, the
transition matrix elements of Hyer¢ can be large, which
might require including perturbative corrections to high
orders.

Appendix C: Connection of the bound Bogoliubov
mode to the bare impurity-boson bound state

Here we try to find the bound state of the quadratic
Hamiltonian Eq. A6. As mentioned in the text, the
exact excitation spectrum of the system is determined
by finding o x and Spxy such that ([®g,T'¢] = 0 and
SiHME[®0,T0)So = Iy ® D, while fulfilling 2Ty + I =
S’OS’S. The self-consistent solution can be obtained iter-
atively, starting from an unperturbed weakly-interacting
Bose gas =0 = /no and S=0 = T as initial guess.
At each step, the updated condensate field ®if! =
(it i) T satisfies ¢[@FL, 17 = 0, and S diag-
onalizes Hyr[®?, ], giving the updated covariance ma-
trix T'"t!. Iterations are then carried out until conver-
gence.



In the first iteration, the quadratic Hamiltonian is

o 1 6 (SA
oL i oM ()

1 p b_ser) Vi (K A
v [ 6o ) T~ 19T (52&11)
’ (C1)

where Hpog(k) is the standard Bogoliubov Hamiltonian

noUss (k)

Hpog(k) = (ek MG €x + noUBB(k)>  (C2)

no UBB (k)

with e = h2k? /2Myeq, and Vig (k) is the Fourier trans-
form of Vig(x). Hpog(k) is diagonalized by the matrix

Sk given by
_ [ ux —Vk
s (M)

where ux = cosh(fy), vk = sinh(fyx), and tanh(260y) =
noUsR (k)/(ek—l—noUBB (k)) Diagonalization by Sy leads
to the Bogoliubov dispersion relation

(C3)

Ek = \/ek (Ek + 2n0UBB(k)) . (04)

The bound state of the Hamiltonian in Eq. C1 is ob-
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tained from

<6k + noUss (k)

noUpp (k) UB k
noUss (k) ex +noUsp(k) ) \ vBx

(C5)
Via(k — K (“BK ) = _ uBk\
+ /, B( ) (UB,k/ €B UB X
Formally solving for vg x in Eq. C5 results in
vk = | G(—¢eB)w noUss(K') up x (C6)

K’

where G™Y(E)ww = (E — ex — noUgg(k)) 6@ (k — k') —
Vis (k—K’). Inserting vp x of Eq. C6 back in the equation
satisfied by up k results in

(Ek + noUsg (k))uB’k + / VIB(k — k’) Uk’
k/

+ noUss (k) G(—eB)kw noUss (k') up v = —cp up x -
k/
(C7)

Applying standard perturbation theory to Eq. C7 in
the regime noUpp(0) <« ep, upk is obtained as the
bound state of —h%2V?2/2myeq + ViB(X) up to correc-
tions of O(neUpp(0)/ep). Thus, to leading order in
noUpg(0)/ep, upx = x and v x = 0.

Appendix D: Explicit form of variational equations

In this appendix, for the sake of completeness, we first
derive the general form of variational equations in 19 for
the case I' = 0. Then we specialize the variational equa-
tions solved to obtain the variational states and energies
of the many-body bound states presented in this work.

The coherent state ay satisfies the following nonlinear
integro-differential equation
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FIG. 9. Energy of polaron states across an impurity-boson Feshbach resonance, as in Fig. 2, on a linear scale (see Appendix
E). The large separation of the bound state energy from the BEC energy scale is evident.
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where Gy = Grapx + (@), Al GG ) = (:
QBS(B)(T) Ag,B) D= AﬁB)(T))@gB)% and the expectation value
(---) is taken over |¢(B)>. The states WJ(B)>, respectively,
the energies of the metastbale states are the eigenstates,
respectively, eigen energies of

HeH,B = Z ﬁn,m[a;a ax] Z;Tni)m ’

n,m=0

(D2)

in the Fock space of l;, determined by exact diagonaliza-

(D1)
UBB<X - X/)@reppc’ <: GBS/B)%&B) :>
)
[
tion. The explicit eigenvalue problem is
2 ~ ~
> D Humlok ax] (k[670" |1y = Evy, (D3)
1

n,m=0

where F is the energy of the many-body bound state
%)) = 20 ¥n )

By applying the assumptions and approximations we
made in this work, the equation D1 satisfied by ay re-
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duces to the following simplified equation In Eq. D4, we made use of the fact that ax can be taken
to be real, ax = aj.

Appendix E: Energy of polaron states on linear scale
{ho + 3Up@2 + 2Ugn2 A(bTh) + niA(bﬂ ax

o In this appendix, we plot the energies of different po-
+3Up x 0 + Up o + 2Uoprep,x nz(bTb) laron states in linear scale in Fig. 9, where it is more
+ UoPrep.x 773: <[;2> + Uy ’73’: (I;T 82> transparent to compare to experimental results.

+ |:h0 +2 UOSOEep,x<IA)> + Uy @fep,x<BT>} Nx — /\nx =0.
(D4)
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