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We use a non-perturbative renormalization group approach to develop a unified picture of the
Bose polaron problem, where a mobile impurity is strongly interacting with a surrounding Bose-
Einstein condensate (BEC). A detailed theoretical analysis of the phase diagram is presented and
the polaron-to-molecule transition is discussed. For attractive polarons we argue that a description
in terms of an effective Frohlich Hamiltonian with renormalized parameters is possible. Its strong
coupling regime is realized close to a Feshbach resonance, where we predict a sharp increase of
the effective mass. Already for weaker interactions, before the polaron mass diverges, we predict a
transition to a regime where states exist below the polaron energy and the attractive polaron is no
longer the ground state. On the repulsive side of the Feshbach resonance we recover the repulsive
polaron, which has a finite lifetime because it can decay into low-lying molecular states. We show
for the entire range of couplings that the polaron energy has logarithmic corrections in comparison
with predictions by the mean-field approach. We demonstrate that they are a consequence of the
polaronic mass renormalization which is due to quantum fluctuations of correlated phonons in the

polaron cloud.

I. INTRODUCTION

The dressing of mobile impurities with collective exci-
tations of a surrounding many-body system —i.e. the for-
mation of polarons [II, 2] — is a ubiquitous phenomenon in
physics. Its consequences, including for example the en-
hancement of the effective mass [3] 4], have been observed
in a large class of systems, ranging from electrons in a
semiconductor coupled to phonon excitations in the host
lattice [5][6] and exciton polaritons interacting with a sur-
rounding Fermi sea [7] to mixtures of ultracold fermions
[8, @] and bosons [I0HI4] with contact interactions.

Understanding the physics of polarons at intermedi-
ate couplings, where the phonon excitations in the po-
laron cloud strongly correlated, has posed a challenge for
decades [I5HI7]. Recently, experiments with mixtures of
ultracold bosons [10, 13| [14] have realized this regime
and they have initiated a detailed investigation of Bose
polarons for a large range of couplings. Despite intense
theoretical effort in understanding the physics of mobile
impurities in ultracold quantum gases [I8H39], a number
of questions remains unresolved so far.

Recent calculations of the spectral function of the Bose
polaron based on a time-dependent coherent state ap-
proach [38], closely related to the mean-field (MF) de-
scription of the polaron [25] [40], suggested the existence
of at least two different parameter regimes. While the at-
tractive polaron corresponds to a single sharp feature in
the spectrum clearly visible at weak couplings, an entire
set of lines associated with molecular bound states was
predicted on the repulsive side of the Feshbach resonance
at energies below the repulsive polaron peak. It remained
unclear, however, whether these regimes are connected
by a smooth crossover or a sharp phase transition cor-
responding to a non-analytical ground state energy. On
the one hand the energy of the MF polaron state di-
verges at a critical interaction strength [38], suggesting

a sharp transition. On the other hand, variational wave-
functions including only a few excitations [13, 27, B3] as
well as closely related T-matrix calculations [24] predict
a smooth crossover of the ground states between the two
regimes.

Another question concerns the dependence of the po-
laron energy on the effective range associated with the
impurity-boson scattering potential, which represents the
first correction to the scattering amplitude beyond pure
contact interactions. For example, the ground state en-
ergy of an interacting Bose gas has a sub-leading con-
tribution due to quantum fluctuations which scales log-
arithmically with the effective range of the boson-boson
scattering [41H43]. Similar corrections were predicted for
impurities by a renormalization group (RG) analysis of
the effective Frohlich polaron model [30] and by analyti-
cal calculations using perturbation theory [34].

Here we develop a unified description of Bose polarons
at strong couplings, and in the limit of a weakly inter-
acting BEC. Our analysis is based on a non-perturbative
RG approach which we use to derive the polaron phase
diagram. In particular, we investigate one of the the-
oretically most challenging regimes, where the polaron
cloud contains many phonons which become correlated
due to the interactions induced by the mobile impurity.
An accurate description of these correlations requires ei-
ther numerical quantum Monte Carlo calculations [32]
35, B9, [44], variational wavefunctions with many degrees
of freedom [37] or an RG approach [17, 30, [31].

As a main result we find evidence for two sharp transi-
tions where the nature of the polaron changes abruptly.
Our work extends earlier calculations, which were ei-
ther based on the effective Frohlich Hamiltonian [18-
23], 25H32] [36] or relied on approximate trial wavefunc-
tions [13] 27, B3]. We include two-phonon terms going
beyond the Frohlich model [24] and treat them accurately
up to high energies [24, [38]. Our RG analysis moreover



reveals that the Frohlich terms in the Hamiltonian are
the most relevant ones for describing the Bose polaron
away from the resonance where multiple bound states
appear, although corrections are important for making
quantitative predictions.

The paper is organized as follows. We start by summa-
rizing our results in Sec. [Tl We proceed by introducing
the model describing an impurity in a BEC in Sec. [T}
A simplified toy model is analyzed in Sec. [[V] to gain
intuitive understanding for the polaron phase diagram.
In Sec. [V| we summarize the mean-field theory on which
the RG method is based, and discuss molecular bound
states. In Sec. [VI] we present our RG method and the
RG flow equations. Regularization schemes for divergen-
cies of the coupling constants are also introduced. In
Sec. [VII] we present calculations of the polaron energies
which we compare to predictions by the simpler Fréhlich
model. Corrections to the phase diagram by the RG are
discussed in Sec. [VIIIl We close with a summary and by
giving an outlook in Sec. [[X}

II. SUMMARY OF RESULTS

The focus of this paper is to understand the proper-
ties of the Bose polaron, which corresponds to a sharp
peak in the spectral function I(w) at weak couplings.
Changes in the nature of the Bose polaron at strong cou-
plings are accompanied by strong modifications of the
spectrum, which we discuss next. In Fig. [[] we summarize
our main results and sketch the shape of I(w) for differ-
ent impurity-boson scattering lengths ajg, which can be
tuned by a Feshbach resonance in experiments with cold
atoms.

(I) Attractive polarons.— On the attractive side suffi-
ciently far from the resonance, i.e. for 1/ag < —1/¢ less
than the inverse of the healing length ¢ of the BEC, the
spectrum consists of a delta function peak Zd(fiw — Ep)
located at the energy Ejy of the attractive polaron ((D in
Fig. . The corresponding quasiparticle residue Z ~ 1
is close to one far from the Feshbach resonance (for fi-
nite ). All the remaining spectral weight, 1 — Z, is lo-
cated at energies £ > Ej above the polaron energy and
corresponds to shake-off processes of phonons from the
polaron cloud as discussed in Refs. [24] 25]. This regime
can be described within the Frohlich model.

For stronger interactions, but still on the attractive
side, an increasing amount of spectral weight moves into
the incoherent part of the spectrum. Otherwise the shape
of the spectral function corresponding to the attractive
polaron remains unchanged (@) in Fig. . With increas-
ing interaction strength the quantitative deviations from
predictions by the Frohlich model begin to grow.

(I1I) Attractive polarons at strong coupling.— At a crit-
ical value aig = C‘FLB(?? < 0 on the attractive side of the
resonance, the shape of the spectrum changes qualita-
tively (@ in Fig. [I). Here a phase transition takes place
and the ground state is no longer defined. We emphasize
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FIG. 1. The polaron branch of the spectral function I(w) is
shown for an impurity in a BEC at different values of the
impurity-boson scattering length aig. Its qualitative features
change at the critical values aip,+ indicated in the phase dia-
gram at the bottom of the figure. We neglected direct phonon-
phonon interactions (Bogoliubov approximation), leading to
a break-down of the RG in the central region @. The same
parameters were used as in Fig. 2 of Ref. [24], i.e. M/mp =1
and no = 0.25¢72, but for a UV cut-off Ay = 10%/¢. Here
&(c) is the healing length (speed of sound) in the BEC, aip
denotes the scattering length and M and mp are impurity
and boson masses, respectively.

that this conclusion relies on the Bogoliubov approxima-
tion for describing the host BEC atoms, which does not
include interactions between Bogoliubov quasiparticles.
Within this approximation we predict states at arbitrar-
ily negative energies, giving rise to a finite spectral weight
I(w) > 0 even for w < Ey below the polaron energy. Note
however that this spectral weight quickly diminishes for
w below Ey. The value af{B(?L ~ ¢ is of the order of the
BEC healing length £ and depends on the impurity mass
M; In particular |aR$ | = oo for a localized impurity,
M = . 7

In this regime beyond a{%Gf, the peak in the spec-
trum at energy FEo correspon’ding to the attractive po-
laron acquires a finite linewidth. It can be associated
with the inverse lifetime of the polaron, which can de-
cay into the states appearing at energies below Ejy. In
the spectral function shown in Fig. [I} the broadened at-
tractive polaron peak can not be distinguished from the
even broader incoherent part of the spectrum associated
with excitations of the polaron cloud at energies above
FEy. Note, however, that these shake-off processes at high
energies give rise to an asymmetric shape of I(w) around
w = Ey which is visible in Fig.

For small but non-vanishing phonon-phonon interac-
tions, beyond the Bogoliubov approximation considered
here, we expect a continuous transition into this regime
around affs’_. When such phonon non-linearities are suf-
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FIG. 2. Close to the Feshbach resonance the quasiparti-
cle weight of the polaron vanishes. Polarons in this regime
can be prepared by adiabatically changing the interaction
strength. For comparison mean-field (MF) calculations are
shown. We used the same parameters as in the recent exper-
imental observation of Bose polarons [I3], M/mg = 1 and
ng = 2.3 X 1014(3m737 and a UV cut-off Ag = 1/60ao corre-
sponding to the inverse characteristic range r* of the Feshbach
resonance [45] estimated in Ref. [13] (ao is the Bohr radius).

ficiently weak, however, we think that the features in the
spectral function discussed above remain valid.

When the Feshbach resonance is approached further
from the attractive side, the energy Ey of the attractive
polaron starts to decrease dramatically and diverges at a
second critical value ajg = aﬁgG - At the same time the
spectral weight in the polaron’ peak around FEj, broad-
ened by the finite lifetime, becomes strongly suppressed
as a consequence of the dressing with a diverging num-
ber of phonons, see Fig. 2] Meanwhile the incoherent
part of the spectrum gains weight. The polaron mass
also diverges at af‘B(?Jr, see Fig.

These features suggest another transition located at
aﬁf , where the nature of eigenstates at low energies
changes abruptly. This transition is also predicted by
MF theory [38], albeit at a different interaction strength
alg = a%ﬁa, where the polaron changes from attractive
to repulsive. The shift of the transition to 1/af‘BC? L <
1/ a%ﬂr predicted by the RG is due to additional pola-
ronic mass renormalization which is not taken into ac-
count by the MF theory.

(III) Instability of the RG.— Between the two critical
values predicted by the RG approach and MF theory,
ie. for 1/af‘B(,;Jr < 1/aip < 1/a%]/[3lf+, the RG becomes
unstable and diverges (region III in Fig. . It predicts an
infinite number of phonons in the polaron cloud, caused
by quantum fluctuations of the mobile impurity which are
not included in MF theory. The effective polaron mass is
also predicted to be infinite here. The range of scattering
lengths within this regime depends on the impurity mass
and the instability disappears for a localized impurity. To
describe correctly the physics for these scattering lengths,
phonon-phonon interactions neglected in our approach
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FIG. 3. Our RG calculations predict a divergence of the effec-
tive polaron mass M on the attractive side of the Feshbach
resonance. For the RG the renormalized mass M ~ M}, was
calculated and for comparison mean-field calculations are also
shown. We used the same parameters as in the recent exper-
imental observation of Bose polarons [13], see also Fig.

should be included. They are required to establish a
balance with the attractive interactions between phonons
induced by the mobile impurity.

The coherent state analysis of Ref. [38] revealed a
regime in the spectrum where the eigenstates correspond
to mesoscopic bound states, on the repulsive side close to
the Feshbach resonance, i.e. for 1/aig 2 1/aig +. It was
predicted that the weakly bound molecule state existing
in this regime can be populated by multiple Bogoliubov
phonons at the same time, an effect related to the for-
mation of superpolarons observed for Rydberg atoms in
a BEC [46] 47]. The instability of the RG is located
precisely in this regime, 1/a;p 2 1/ aﬁ—g » which also in-
dicates the presence of mesoscopic bound states. In this
case (@ in Fig. we expect a broad and featureless
spectrum from the coherent state analysis [3§], difficult
to distinguish qualitatively from the spectrum in the re-
gion @ of Fig. [1}

(IV) Repulsive polarons.— On the repulsive side of the
Feshbach resonance, for 1/ajp > 1 /a%\g+ > 0, we pre-
dict a repulsive polaron peak at positive energies Ey > 0
(® and ©® in Fig. . Because molecular bound states
exist at lower energies (not shown in the spectrum),
the polaron peak broadens and acquires a finite lifetime
[24, 27, [38]. This effect is particularly pronounced close
to the resonance (® in Fig. [I).

For weaker interactions, 1/ajp > 1/¢, the quasiparti-
cle weight Z of the repulsive polaron approaches unity,
associated with a corresponding loss of weight in the in-
coherent part of the spectrum. For sufficiently weak cou-
plings (® in Fig. [I) the Frohlich model can be used to
describe the repulsive polaron.

(V) Efimov states.— In Refs. [33] 48] the possibility of
Efimov bound states existing in the presence of the BEC
has been discussed. Such states can not be captured by
our description of the Bose polaron. In the spectral func-



tion shown in Fig. [I} they were predicted to appear first
on the attractive side [33] [48] and extend all the way to
the repulsive side. Although we do not expect dramatic
changes of the polaron branch in the spectrum due to
Efimov states, we note that they could give rise to addi-
tional broadening of the polaron peak. They, too, should
become dressed by phonons from the surrounding BEC,
but understanding the effect of strong dressing close to
the Feshbach resonance remains an open problem.

Relation to experiments.— In experiments with ultra-
cold atoms [I0HI4, [49H5T] both polaron branches (attrac-
tive and repulsive) can be explored. Recently the first
observations of strong coupling Bose polarons in radio-
frequency absorption spectra have been reported in two
independent experiments [13, [14]. In Appendix [A| we
compare the results of our RG calculations to the mea-
sured absorption spectra [I3][14]. We find that our results
are consistent with the experimental observations.

To distinguish different theoretical predictions for the
polaron properties measurements are required which go
beyond the spectral function. For strong couplings we ex-
pect the quasiparticle weight Z of the polaron to be small,
see Fig. [2 and therefore most of the spectral weight cor-
responds to excited states. Ultracold atoms also offer
the possibility to study dynamics of polarons and explore
states which are inaccessible in the spectrum because of
their negligibly small quasiparticle residue by preparing
them adiabatically.

For example, by studying the dynamics of polarons os-
cillating in a harmonic trap, their effective mass can be
accurately measured [I0]. In Fig. 3| we show our predic-
tion of the effective polaron mass for an impurity in a
BEC, for parameters as in the experiment by Jgrgensen
et al. [I3]. A similar behavior is obtained for parameters
as in the experiment of Hu et al. [I4]. We expect that
the large increase of the polaron mass close to the reso-
nance can be observed experimentally, enabling a more
detailed comparison of different theoretical descriptions
of strongly coupled Bose polarons in a BEC. The effective
mass can also be used to study polaronic self-trapping,
for a discussion see Appendix [B]

Relation to other theoretical approaches.— We empha-
size that the goal of our theory is to provide an accurate
description of the polaron branch in the spectrum. How-
ever the RG formulated for the polaron also provides in-
direct indications for the existence of bound states, in the
form of divergencies of the coupling constants and imag-
inary parts of the polaron energy [52]. Similar RG flows
in the complex plane were introduced for the description
of Efimov four-body bound states [53] [64]. This connects
our work to the T-matrix theory of Ref. [24] and to vari-
ational treatments of the impurity-BEC problem [27] [33]
where molecular bound states were explicitly included
in the analysis. In contrast to these approaches we start
from a MF theory of the polaron [20, 25| B8], [40] which al-
lows for an infinite number of phonon excitations (see also

Ref. [24]). In addition we include correlations between
phonons non-perturbatively and solve the resulting RG
flow equations fully self-consistently. As a consequence
the predictions of our RG method in the strong coupling
regime are vastly different from those of truncated basis
methods including only a few quasiparticle excitations at
a time.

Like in Refs. [13| 24, 27, B3, B8], our discussion is
based on the use of Bogoliubov theory, assuming non-
interacting phonons to describe the weakly interacting
BEC. We expect that the Bogoliubov approximation is
justified for the description of the polaron branch, as long
as only virtual phonons are loosely attached to the im-
purity. On the other hand, the instability of the RG at
strong couplings is expected to disappear when phonon-
phonon interactions are included as in Refs. [35,[55]. The
properties of the bound states, which are not the main
subject of this paper however, may depend more sensi-
tively on residual phonon-phonon interactions.

An important difference between various theoretical
approaches to polaron problems is the predicted depen-
dence of the polaron energy on the large-momentum
(UV) cut-off. In Ref. [30] a logarithmic divergence of the
polaron energy with the UV cut-off was identified in the
Frohlich model, for which indications were found in dia-
grammatic quantum Monte Carlo calculations [32]. Us-
ing Gaussian variational wavefunctions, this divergence
of the Frohlich polaron energy was also confirmed [37].
Here we show analytically that the RG predicts the same
logarithmic UV divergence as in the Froéhlich model for
the full Bose polaron problem. It can be regularized by
introducing a finite range interaction which effectively in-
troduces a UV cut-off in the microscopic Hamiltonian, see
also Ref. [2I]. This log-divergence is a direct manifesta-
tion of quantum fluctuations in the polaron cloud which
are not included by other approaches [24], 27, B3] [38].
Note that a closely related log-divergence was confirmed
in a rigorous higher-order perturbative analysis [34].

III. MODEL

We consider an ultracold impurity atom of mass M
inside a weakly interacting, homogeneous BEC in three-
dimensions. The condensate density will be denoted by
ng. The interaction of the impurity with the bosons
(mass mp) in the BEC is modeled by a contact interac-
tion characterized by the scattering length arg. The in-
teraction between the bosons, characterized by the scat-
tering length apg, is assumed to be sufficiently weak so
that Bogoliubov theory is valid for the description of the
BEC and its excitations [56] [57].

Following Refs. [17, 21, B8] we obtain the following
Hamiltonian (i = 1):
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While the first line correspond to the Bogoliubov-
Frohlich Hamiltonian [5], the second line describes pro-
cesses involving two phonons, where bosons of finite mo-
mentum scatter off the impurity. Here we introduced
Bogoliubov phonons ag by the relation

dy, = cosh Oap, — sinh Bya’ , , (2)

where cik annihilates a boson at momentum k. Their dis-
persion relation is given by wy = ckv/1 + k2£2/2, with
& =1/y/2mpgppno and ¢ = \/gano/mp being the heal-
ing length and speed of sound in the BEC, respectively.
g denotes the strength of the delta interactions be-
tween the bosons. In this paper we will mostly use ¢/
and £ as units of energy and length, making the following
relation useful: mp = 1/(v/2c€). Moreover, the momen-
tum and position operators of the impurity are defined
by p and &, and the Frohlich type impurity-phonon inter-

action is described by Vi, = gl(g),/no(27r)_3/2Wk, where

] k2£2 1/4
W}, = cosh @), — sinh 0, = (W) . (3)

The definition of ), can be found for example in [56, 57].
|

A AO
Hirp = gl(]g)ﬂo + / >k [wkd,tdk + Vi (dk + dz)

(0)

A2
p
+ 2M+

A() . " .
/ @'k &K K% (cosh Bhaf, — sinh Ok ) (cosh O — sinhBeal ). (1)

(

Note that Wk_1 = cosh @y, + sinh 6.
(0)

The microscopic interaction strength g;p’ is related
to the scattering length aip through the Lippmann-
Schwinger equation. After introducing the UV cut-off
Ag for the regularization of the contact interaction one
obtains

1 _ Myed /AO d?’k 2’rnred (4)
91(103) 2raip (2m)3 k2

where the reduced mass is defined by m;efi =M1 —|—m§1.
Note that the right-hand side depends explicitly on the
UV cut-off, and, as will become clear later, for Ag — oo
we need to keep the following terms in the expansion,

2 3
(0) _ ™ A71 ™ —2 (5)

9B = — - o -
Mred 2Myeqd Q1B

The Hamiltonian can be simplified by eliminating
the impurity coordinate @. This is achieved by the Lee-
Low-Pines (LLP) canonical transformation [40], which
leads to the following Hamiltonian in the polaron frame
depending explicitly on the conserved momentum p,

2M

2
1 Ao
+— (p —/ Pk k:dek> +

Ao
L 9 / @'k @K' (cosh O, — sinh 64 ) (cosh Oans — sinh Ol ) . (6)

(2m)?

For more details on the LLP transformation see e.g. the
reviews [16, [I7]. In the following we will mostly be con-
cerned with the spherically symmetric case p = 0, but
a generalization of our RG to p # 0 can be found in
Appendix [C]

IV. TOY MODEL: 0D POLARON

Before we discuss the full model Eq. , let us gain
some intuitive understanding of the polaron phase dia-

(

gram. To this end we assume that the impurity is local-
ized at = 0 and has an infinite mass M — oco. Moreover
we simplify the Hamiltonian by considering only a single
k mode of Bogoliubov phonons, effectively making the
system zero-dimensional. This leads us to the following
toy model,

rlqtoy = gipno + wala + giBv/noW (CALJr + &) +

I 12 4 W2)ala+ (W? = W2aa+he]. (7)

Y



We omitted factors of 2w and the k indices, set V =
g1By/noW and simplified the two-phonon terms from the
second line of Eq. @ Moreover we dropped a constant
energy shift gig(W — W~1)2/4. We are not interested in
a physical realization of this model, but rather it serves
as a mathematical analog for understanding the different
regimes in the spectral function, see Fig. [I]

MF theory.— We start by eliminating linear terms in a
from the toy model. This is equivalent to a MF treatment
of the problem and can be achieved by finding the sad-
dle point of the classical Hamiltonian corresponding to
Eq. . Formally we perform a unitary transformation

Unr = exp (aMF&T — h.c.) , (8)

and make the choice aMF = —BMEgiB/MoW/w with
Bur = 1/(1 + gisW?/w). As a result we obtain for the
Hamiltonian in the new frame:

Hioy = UI:F/[F?:[tOyﬁMF = Burgisno + wa'a+

+ 2 (W2 + W ala+ (W2 - W ?aa+he]. (9)
Physically the saddle point corresponds to a MF po-
laron state, with the energy E(I)VIF = PBmrgisng. This
is not necessarily the lowest energy state however. The
properties of the polaron, and in particular the spectral
function I(w), also depend on the states in the vicinity
of the MF saddle point, which we study next.
_ Spectrum.— To calculate the excitation spectrum of
Hioy, we introduce the following conjugate variables,

5 = /noW (a+a'), (10)
. 1 s
U= 22.\/%W (a—al), (11)

with [67, 19] = 4, which are the analogues of the position
and momentum operator for a harmonic oscillator. In
our case of a BEC, they correspond to particle number
and phase fluctuations. In terms of these new variables,
the Hamiltonian becomes

- R A
2 2 + a2
Hioy = noW=A_9° + 4n0W25n (12)

up to an overall energy offset, where
Ap = w4+ gipWH2 (13)

Note that particle-number and phase fluctuations are de-
coupled in Eq. .

Now we would like to understand how the eigenenergies
of our zero-dimensional toy model Hamiltonian change as
the interaction strength gig is varied. As in the original
model we assume that w > 0 is positive and 0 < W < 1.
From Eq. we recognize three different regimes with
different signs of A, which we label by (I), (II) and (IV)
in analogy with Fig.

(@) 91B,— g1B,+
AL >0
I + I A 0
Ai <0 i A <0 i + >
l — >
i i 0 g1B
(b) IV IT I
I(w) I(w) I(w)
I “l.. AL
w w w
FIG. 4. (a) The phase diagram of the zero-dimensional

toy model Eq. is shown as a function of the interaction
strength gig. Different regimes are distinguished by the prop-
erties of the polaron saddle point. (b) The spectral function
is calculated for the toy model in the three different regions
discussed in the text.

(I) When AL > 0 are both positive, the polaron corre-
sponds to the true ground state in our toy model.
The spectrum is bounded from below and there ex-
ists a discrete set of phonon excitations above the
polaron energy.

(I) When Ay > 0 and A_ < 0, the polaron corre-
sponds to a meta-stable saddle point. The spec-
trum of the toy model is dense and unbounded both
from below and from above. The polaron is dy-
namically unstable in this case, with exponentially
many phonons accumulating over time.

(IV) When A4 < 0 are both negative, the polaron is the
highest-energy state in our toy model. The spec-
trum is bounded from above and there exists a dis-
crete set of excited states below the polaron energy.
They can be understood as analogs of the molecu-
lar bound states found in Refs. [38] 46]. Without
additional terms in the Hamiltonian, the polaron is
stable because it can not decay into the low-lying
eigenstates.

The transitions between the three different regimes are
determined by the conditions A+ = 0. Therefore the
critical interaction strengths are given by

9B+ = —w/W*2, (14)

as sketched in Fig. [4] (a). While the polaron is dynam-
ically stable for strong attraction (IV) where discrete
bound states can form at lower energies, it is unstable for
moderate attraction (II). In that case we expect phase
separation because the condensate is depleted in time.
This situation is analogous to a quantum particle with
negative mass in a harmonic trapping potential, which
only has a bounded trajectory if also the curvature of
the potential is negative.



In Fig. 4| (b) we calculate the spectral function of the
impurity for the toy model. It shows the same character-
istic features as expected for the full three-dimensional
polaron model, see Fig. || and Ref. [38]. In regions (I)
and (IV) we observe a series of equidistant spectral lines,
which correspond to multi-particle bound states with dif-
ferent numbers n of phonons [38] 46, [47]. Their energies
E, = nQ + Burgisno can be determined by diagonal-
ization of the Hamiltonian @ using a Bogoliubov trans-
formation; 7:lt0y =Q blb up to an energy shift, and the
binding energy is given by 2 = /A, A_. Note that Q is
imaginary in the dynamically unstable regime (IT).

In the following section we repeat our analysis of the
MF polaron saddle point for the full three-dimensional
problem in Eq. @ We will show that the same three
regimes as identified for the toy model exist in that case.
Although we include an infinite number of phonon modes
in the higher dimensional case, we will argue that still
only a single mode becomes dynamically unstable and
acquires negative energies for sufficiently strong attrac-
tion. It corresponds to a bound state of phonons to the
impurity.

V. MF THEORY OF IMPURITIES IN A BEC

In the polaron frame, i.e. after applying the LLP trans-
formation, a variational MF theory of the polaron can be
constructed by assuming a product wavefunction of co-
herent states

lYur) = Uwrl0), (15)

where the coherent displacement operator is defined by

Ao
Unir o™ = exp </ 3k a) ak h.c.> . (16)

This ansatz wavefunction was originally suggested by
Lee, Low and Pines [40] and has also been applied to
the Frohlich model in a BEC [20), 25].

The MF theory for the Bose polaron in a BEC, as de-
scribed by the Hamiltonian , has been formulated in
Ref. [38]. Because it represents the starting point for our
RG approach as well as for our analysis of the MF saddle
point, we now provide a brief review of the key results
relevant to our discussion. Afterwards we study the po-
laron phase diagram by extending the MF analysis to
include molecular bound states around the saddle point.

A. Review of the MF polaron state

Starting from the MF variational energy ¢[ax] =
<0|UI:r/IF [ag ] HiLp Unmr|ag]|0), the saddle point equations

5[]

=0 17
SaM¥F (17)

can be used to find a local minimum of the polaron en-
ergy. Their unique solution yields the coherent ampli-
tudes corresponding to the MF Bose polaron [25] [38],

Vk; MF k2
ag = _ﬁMFW7 Q" =wp + M (18)

where we used spherical symmetry, ar = ag. The scat-
tering amplitude Vj is renormalized by a factor

Bur = |1+

0
gI(B) /AO d3k WkQ
(2m)3 QMF

which is absent in the Frohlich model [25] where Syr = 1.
The MF variational energy E)F = 52[a}¥] is given by

;o (19)

© g( ) Ao
EMF = ngBurgy + (2“3) d®k sinh?6,.  (20)

Note that g( ) needs to be expressed in terms of the
scattermg length, see Eq. . and the second term in
Eq. { vanishes in the limit Ag — oco. Therefore we
will d1scard it in our calculations. While SByig —> o0 is UV
divergent when Ay — oo, the product BMFg 9 bhecomes
UV convergent after mtroducmg the scattering length
aTB,

(1/(113 + 1/‘&\1/[3&)71 ,

2T
B = noﬁMFgfg) =no_

red
) (21)
where
Ao W2 -1
afpy = |20 —m} dk k? QM'“F >0. (22)
k

This result is remarkable because it predicts a mere shift
of the resonance, 1/a;g — 1/a + 1 /a%f[;;r, relative to
the weak coupling result no2warp/Mmyed.

Sometimes in the calculations below we find it con-
venient to retain the combination Sur 91(1(_)3,) in formal ex-

pressions. It should be kept in mind that BMFgI(]%) is UV
convergent and can be expressed solely in terms of the
scattering length ap, see Eq. .

B. Polaron phase diagram and MF theory of
molecule formation

Now we extend our MF theory and analyze the nature
of the saddle point corresponding to the Bose po-
laron. To this end we study low-energy excited states
around the MF polaron state. In the vicinity of the MF
saddle point, ag = a%F +dag, the variational energy can
be written as a quadratic form

EMF

Hag) = 5 / Pkd®k sa) H(k, k') dag, (23)
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FIG. 5. The phase diagram of an impurity in a BEC ob-
tained from MF theory: On the attractive side the saddle
point solution describes a stable polaron where both phase
(91) and particle-number (dny) fluctuations cost a positive en-
ergy E (region I). Beyond 1/atf_ an unstable mode appears
which is bound to the impurity, where phase fluctuations pro-
vide an unstable direction (region II). For 1/aiz > 1/aig
particle-number fluctuations provide another unstable direc-
tion. Together with the phase-fluctuations they form a molec-
ular bound state at energies below the polaron energy Fa'f
(region IV). For comparison we show how the phase diagram
changes when quantum fluctuations are taken into account in
the RG (gray).

where day, = (Sag, da)T and the Hessian matrix H has

entries H (k, k') = 6250 |ag)/darda, etc.; note that
=11
the dimension of H is determined by the system size.

When the Hessian is positive definite (I in Fig. , the
unique saddle point corresponds to the global minimum
of oy and the MF polaron state is a good candi-
date for the ground state. If only one eigenvalue of H
becomes negative (II in Fig. , there exists a dynami-
cally unstable mode [58]. In this case the MF polaron
state becomes metastable and it is no longer a candi-
date for the ground state. Finally, if a pair of conjugate
variables with negative eigenvalues exists (IV in Fig. [5)),
they describe dynamically stable modes at energies be-
low the MF polaron energy E}F. In this case, too, the
MF polaron state is metastable and not a ground state
candidate. These features are in direct analogy with our
toy model from Sec. [[V]

1. Quadratic Hamiltonian

We start by expanding the Hamiltonian (@ around
the MF saddle point solution. To this end we express
the two-phonon scattering processes from the second line
of Eq. @ in terms of

Stk = /oW (ak + a*_k) , (24)
-1 il
I = 22\/7,?0Wk (ak: a’—k:) ) (25)
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and obtain an exact expression for H = UKAF?A[LLP UMF,

/

- Ao .k A
H =BT +/ dBkd®k Tl : +

2M

. /Ao Ph QkMF |:: ON_ 0Ny -

2. 50 50
477,0W13 +n0Wk 1 000U :| +

Ao G L
+ Bkd3 K {2; 0RO 210G : OOk :] :
0
(26)

Here : ... : denotes normal ordering of the Bogoliubov
phonons, and to simplify notations we introduced the
operator

e = aLag + oMF (aL + ak) . (27)

The coupling constants G+ = % (g%):;
later we find that they acquire different RG flows.

To understand the physical meaning of the new opera-
tors dny and 1§k we note that, to leading order, the boson
field operator 1&(7’) can be expressed as

B(r) ~ /rg + o)),

where 67 (r) (9(r)) is the Fourier transform of 67 (Jg).
Therefore they correspond to particle number and phase
fluctuations of the BEC, respectively. Note that 67(r)

and 19(7') represent a pair of conjugate fields,

are equal, although

(28)

(670, 00 _r] = i6(k — k). (29)
When we consider only spherically symmetric pertur-
bations daj (we assume p = 0), the non-linear term
~ 1/M in the first line of Eq. vanishes in the ex-
pression for the variational energy. In this case we
end up with a purely quadratic Hamiltonian, from which
we can directly read off the Hessian matrix required for
our analysis of the MF saddle point. Note that particle-
number and phase fluctuations decouple, allowing us to
treat these two conjugate variables separately now.

2. Phase fluctuations

First we consider perturbations doy, = i3, € iR de-
scribing only phase fluctuations, (9x) = 8y W,/ /o =
Y and (dng) = 0. To find out whether the re-
sulting quadratic energy functional J#[9;] = EMY +
%fd3kd3k:’ I Hy(k, k")0y is positive definite, we search
for a minimum EJ of #[¥x] on a hyper-sphere around
the MF saddle point defined by the condition

/d3k IGan|? = 1.

Hy is positive definite only if the minimum energy EJ >
E}Y is larger than the MF polaron energy; Otherwise

(30)



the MF polaron state is metastable. In this case the same
analysis needs to be repeated for the conjugate number
fluctuations to check of which type the instability is.
Condition can be taken into account in the mini-
mization of JZ[¢;] by introducing a Lagrange multiplier
1—. Because the hyper-sphere is bounded, its global min-
imum is also a local minimum and we have to solve

o A0k — u_now,f/dgk 93 ) =0. (31)
5%

This equation has the solution

W, !
Br=—2G_——k ] (32)
k QUF
where I_ = [[d®k AG2 W, ?(QF —,u,)_2]_1/2 is a

real-valued normalization constant; The Lagrange mul-
tiplier is determined by the following equation,

Ao W—2
—1 3
G- / A (33)

and the variational energy at the local extremum is
E) =EM 4+ . (34)

Eq. only has solutions for u_ < 0, because other-
wise the integral on the right hand side diverges. Accord-
ing to Eq. all such solutions describe modes with
energies below the polaron saddle point energy. Using
Eq. again we find that solutions p_ < 0 only exist if

Ao W72
-1 3 k
G_" > -2 d’k OQMF (35)
k
which is equivalent to the condition that
1 Ao w2l
— > ——— =7 [2Ag — m_} dk k*—E
arg a%\é’, 0 red 0 QI];/[F
(36)

Therefore at a%\g_ the MF polaron state becomes un-

stable, giving rise to broadening of the polaron peak in
the spectrum as discussed in connection with Fig. |1} In
the regime where 1/ajg > 1/adf  there always exist
states with energies arbitrarily déep below that of the
MF polaron state, E}F. Because 0 < Wy < 1, and by
comparison with Eq. 7 we find that

ayg_ <0<1/ayg,, (37)

i.e. the instability is located on the attractive side of the
Feshbach resonance.

8. Particle-number fluctuations

Now we repeat our analysis and study the stabil-
ity of the MF polaron state with respect to particle-
number fluctuations. We consider real-valued variations

= B,j € R for which (07g) = 2B,jWk\/rTO = dny and
(J) = 0. Similar to the case of phase fluctuations we
minimize the variational energy .#[0n;] on the hyper-
sphere defined by Eq. .

After introducing the Lagrange multiplier uy we ob-
tain the solution

Wi
= 2G, I 38

where I, = [ [ d®k 4G W2 — u+)’2]_1/2 is a nor-
malization constant. The Lagrange multiplier p is de-
termined by

Ao W2
Gl = —2/ Bk (39)
- QkMF — M+

which only has a solution for uy < 0 and requires
1/aip > 1/aty . (40)

As in the case of phase fluctuations the variational en-
ergy at the local extremum is given by

Ey = BY + us. (41)

Thus we conclude that the variational energy functional
H[0ny] is positive definite for 1/aig < 1/alff,, see
Fig. The MF polaron state becomes unstable with
respect to particle-number fluctuations only on the re-
pulsive side of the Feshbach resonance.

4.  Molecule formation in a BEC

Combining our results for particle-number and phase
fluctuations around the MF polaron state, we identify
three characteristic regimes in the polaron phase dia-
gram, see Fig. [5l On the attractive side of the Feshbach
resonance, I in Fig. 5] the MF polaron state is stable and
represents a good ground state candidate. At alf  the
polaron becomes unstable with regard to phase fluctu-
ations, while the conjugate particle-number fluctuations
remain stable. In this regime, II in Fig. [5] there exists
a dynamically unstable mode at energies below the MF
polaron energy.

At a%ﬂr, in addition, the polaron becomes unstable
with respect to particle-number fluctuations. In this
regime, IV in Fig. [5| the polaron is unstable but there
exists a mode at an energy below that of the MF polaron
state. This state corresponds to a molecular bound state,
as can be seen by considering the two-particle case where
ng — 0. The healing length £ — co diverges in this limit
and we find that

A, =@ = oo, (12)

corresponding to unitarity. Indeed, here a weakly bound
Feshbach molecule appears at the continuum threshold



[45] whose wavefunction in momentum space is correctly
described by Eqs.7 .

So far we only discussed the properties of the classi-
cal variational energy landscape .7 [ag] but we ignored
that Jy and o7y are actually non-commuting conjugate
variables. In Appendix [D] we take into account quan-
tum fluctuations and construct a quantum theory of the
negative energy modes which we have identified above.

VI. RENORMALIZATION GROUP THEORY

Within the MF ansatz the phonons in the polaron
cloud are treated as uncorrelated excitations. The goal
of this paper is to remedy this shortcoming. To this end
we will go beyond the MF description summarized in the
last section and include correlations between phonons in
the polaron cloud. Our starting point is the Hamiltonian

H = U HineUur (43)

which describes quantum fluctuations around the MF
state. Our method is a generalization of the RG approach
developed for the Frohlich Hamiltonian in Refs. [17, 30}
31]. Unlike more traditional formulations of the RG [59],
we use only wavefunctions and unitary transformations
and there is no need to employ path integrals.

Our approach is very similar in spirit to Wegner’s flow
equation method [60]. In both approaches the basic idea
is to subsequently diagonalize the Hamiltonian by apply-
ing a series of infinitesimal unitary transformations. We
make use of the separation of energy scales of phonons at
different momenta, i.e. wy, > wg, for k1 > ks, to formu-
late a momentum-shell RG for an effective Hamiltonian
H(A). Here A < Ay defines a high momentum cut-off be-
yond which fluctuations have already been accounted for.
While Wegner’s approach is more general because it does
not rely on the existence of a separation of energy scales,
it produces significantly more complicated flow equations
(at least for the polaron problem at hand).

The derivation of the RG flow equations is closely re-
lated to the treatments presented in Refs. [I7, B0} B1].
Therefore we will not provide a description of our method
in the main text but we delegated an overview as well as
detailed calculations to Appendix [E] The remainder of
this section is organized as follows. In subsection [VTA]
we introduce the Hamiltonian used in the RG and explain
the meaning of the coupling constants. Their flow equa-
tions are presented in part [VIB] In subsection [VIC| we
summarize how the flow of the coupling constants gives
rise to the polaron phase diagram. We proceed by a
dimensional analysis in subsection [VID] When resonant
three-body collisions are possible the RG has divergencies
in the polaron energy which we regularize in subsection
[VTE] We also discuss physical implications of these di-
vergencies and draw analogies with the well-understood
case of two-particle scattering.
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A. Universal Hamiltonian and coupling constants

The universal form of the Hamiltonian in the spheri-
cally symmetric case (i.e. for zero total polaron momen-
tum, p = 0) is given by

- A A -k . .
H(A) = E0+/ d*k QkaL&kJr/ Pk = Tyl :
2M
Gy . . SN
+ — : 0Ng0Ng 200G IO 1 p. (44)
QTLO

The first line corresponds to the Frohlich polaron case
[30]. Here 2 can be interpreted as the renormalized dis-
persion of the phonons in the polaron frame. The second
term describes phonon-phonon interactions induced by
the impurity, where M(A) > M is the renormalized im-
purity mass flowing in the RG. We defined the operator

Ty as in Eq. ,

Pe(A) = alag, + or(A) (aL + ak) : (45)

but replaced the coherent MF amplitude o} by ay(A)
which is also flowing in the RG [31],

Ak Qu(A) = K 46
B( )Qk(A)7 k( )—wk+m~( )

ag(A) = —

The second line of Eq. describes two-phonon terms
beyond the Frohlich model, see also Eq. ([26)).

Summarizing, the coupling constants of the RG which
depend on the cut-off A are the renormalized impurity
mass M, the two interaction strengths Gi of particle
number and phase fluctuations, as well as the renormal-
ized MF amplitude 8. The energy Ey(A) also flows in the
RG procedure and approaches the polaron energy when
A — 0. The associated initial conditions are

MAg) =M (47)
B(Ao) = Bur- (48)

Note that the Hamiltonian 7:[(A) in Eq. is exact
for A = Ay, while for smaller cut-offs A < Ay it keeps
its form within our approximate RG procedure, see Ap-
pendix [El In particular, the coupling constants G4 (A)
only depend on A, related to an energy scale, but not on
the momenta k, k’ of particle-number and phase fluctua-
tions. A more accurate description including also the mo-
mentum dependence was provided for the Frohlich terms
of the Hamiltonian in Ref. [61].

B. RG flow equations

The RG flow equations for the coupling constants are
derived in Appendix [E] by applying infinitesimal unitary
transformations Uy to decouple fast from slow phonons.



This is achieved by explicitly constructing UXl pertur-
batively in 1/€. In the spherically symmetric case con-
sidered here (i.e. assuming p = 0) we obtain

ReAd —7/ dk kG oF (49)

8G_

&X =—2/d2 —k (50)

oG_! W—

— = d?k —k—. 1

oA /F O (51)
Here fF d’k = 4mA? denotes an integral over a fast

phonon shell (F) evaluated at the momentum cut-off
k=A.

The RG flow equation of the mass M is identi-
cal to its counterpart in the Frohlich model [30]. Note
however that the MF amplitude oy is renormalized as
a consequence of the two-phonon terms, which modifies
the resulting mass as compared to the Frohlich case.

The flow of the groundstate energy is given by

OBy _10M~! /d3
oA 2 OA P app’
/d3 /d2k— WiW,Gy — W, WG )
(52)

where [q d%p = fOA dp 4mp? denotes an integral over the
slow phonons. The first term on the right hand side is
identical to the expression derived for the Frohlich model
and describes the effect of quantum fluctuations of the
impurity, see Ref. [30]. As in the case of the effective mass
M the result is renormalized because the MF amplitude
ay is modified by two-phonon terms. The last term in
Eq. is new and entirely due to two-phonon scatter-
ing. Note that the RG flow of Ey(A) depends on the
MF amplitude oy, at lower energies, which is determined
fully self-consistently in every RG step as described in
Ref. [31].

The flow equation for the coupling constant § intro-
duced in Eq. above,

% ( )3/2 aM—l RYE:

, 53
OA g g 0N GYU 427, (53)
W2
Jy = / D Qp (54)
= [ @i, p2, (55)
S Q,
can be solved exactly and we obtain the solution
G7HA

BN) = ot B0 (56)

T + 24 ()
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G+(0) =
M(0) =
G_(0) = o0 GL(AS) =
J 1BA)) = Vaw
G+(M) w
\ 0 1/aIB,+
1/afs— Y ai{B(\Zf\ - Y

| o

FIG. 6. We summarize the main features of the RG flow
which is obtained from analyzing divergencies of the coupling
constants G+ (A), M(A) and S(A).

C. Main features of the RG flows

In Fig. [6] we brieﬂy surnrnarlze the main features of the
RG flow equations (49) - . ) to simplify the following
analysis. To this end we analyze for which cut-offs the
coupling constants diverge. The connection between the
bound states derived from a MF analysis and these diver-
gencies is explained in Sec.[VIE] and a detailed discussion
of the polaron phase diagram is provided in Sec. [VIII}

For 1/aig < 1/aB$  (region Iin Fig. @) there are no di-
vergencies. At aRG the coupling constant G_ diverges
in the low energy (IR) limit for A — 0. Beyond this
point, for 1/amp > 1/af§*  (regions II-IV in Fig. @, this
divergence is shifted to finite cut-offs AZ > 0. We will
argue in subsection [VIE] that this divergence can be reg-
ularized and gives rise to an imaginary contribution to
the polaron energy

Similarly, at aIB *, the coupling constant G4 diverges
at A = 0. At the same point the effective mass M di-
verges for A — 0. For all 1/a;g > 1/aji§’, (regions III,
IV in Fig. @ the coupling constants GL diverge at finite
cut-offs AT > 0 and both divergencies can be regularized,
see [VTEL

In the regime between 1/aR " <1/a <1/apg’, (re-
gion III in Fig. [6) the coupling constant S(A) diverges
at a finite cut-off A’ > 0. This divergence can not be
regularized and the RG breaks down in this regime.

D. Dimensional analysis

Now we perform a dimensional analysis to understand
when the RG is reliable and in order to identify the most
relevant terms in the Hamiltonian. We will show that the
Frohlich terms in the Hamiltonian provide a universal
description of the polaron branch in a regime not too
close to the critical points aR$ "y where G4 diverge in
the IR limit, respectively. We keep the discussion in this
section general and consider arbitrary dimensionality d.
For the Hamiltonian studied in this paper, d = 3.

The basic idea is to rescale phonon operators ag ~ A”Y



in such a way that the free part [~ d%k Qpafap ~ A =1
of the universal Hamiltonian becomes of order unity,
for discussion see e.g.[59]. Then we compare the scaling
of the remaining interaction terms with the cut-off A. We
distinguish between two regimes of our theory which we
treat separately: The high energy regime where k > 1/¢
and the low energy regime where k < 1/¢.

Our results are summarized in Tabs. [[land [[T, where we
used engineering dimensions of the operators. We pro-
vide the derivation of these results in Appendix [F] Our
analysis shows that in d = 3 dimensions the two-phonon
terms ~ G1 extending the Frohlich Hamiltonian are ir-
relevant. This suggests that the Frohlich Hamiltonian
provides a universal description of the Bose polaron for
d = 3. Quantum fluctuations ~ M~! : T'yI'ys : around
the Frohlich MF polaron state become relevant in the
regime where k > 1/¢. For k < 1/ they are marginal,
and when the polaron mass M is sufficiently large we
expect that MF polaron theory is valid. Therefore, as in
the Frohlich model, the most relevant phonons are those
with momenta k ~ 1/¢.

Our simple analysis above suggests that in d = 3 di-
mensions the two-phonon terms can not modify the fixed
point of the Frohlich Hamiltonian where M — oo di-
verges. Note however that I'y, depends explicitly on G,
see Eqs.7 and . Therefore the RG flow of G+
determines the position of the strong coupling fixed point
of the Frohlich Hamiltonian. Indeed, as shown in Fig. [6]
the divergencies of G4 and M are located at the same
scattering length a%D”BG - This is not in contradiction with
the fact that the G+7term appears to be irrelevant when
engineering dimensions are used as in Tabs. [[]and [[I]

In Appendix [E] we also include the scalings of the cou-
pling constants with the cut-off A in the analysis, i.e. we
consider the anomalous scaling dimensions of the differ-
ent terms. For d = 3 dimensions the same conclusions
can be drawn as from engineering dimensions, provided
that ap is sufficiently far from aﬁg’ where G diverges.
However, we also show in Appendix[F|that the anomalous
scaling dimension of G, changes close to aR - As are-
sult, two-phonon scattering can become marginal close to
aﬁf’ - In this regime a competition between two-phonon
and Frohlich type terms in the Hamiltonian is expected.

The second coupling constant G_ does not enter the
effective Frohlich Hamiltonian. Because it is irrelevant

scaling for k < 1/¢ ‘d:l ‘d:Q ‘d:S

an AT AT A
L[N d%kd kK Tely | A° A° A°
Gy [MdkdE : Shgdig - | A A2 A3
G- [MdkdE el |[ATE [A° Al

TABLE I. Dimensional analysis of quantum fluctuations
around the MF polaron state at low energies, k < 1/¢. Engi-
neering dimensions were used for deriving this table. Relevant
and marginal terms are highlighted.
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scaling for k> 1/¢ ‘dzl ‘d:2 ‘d:3

an AT AT AT
LM d%kd kK TRl (A2 (A2 [AT2
Gy [N dkdK : bnwdig - | AT A° Al
G- [MdkdE Ol |[ATT [A° Al

TABLE II. The same analysis as in Tab[[Il] is shown, but for
the high energy regime where k> 1/€.

according to Tabs. [ and [[I] we expect that it has only
a small effect on the polaron wavefunction. As will be
shown later however, the divergence of G_ leads to a
change of the ground state of the system. As a result,
terms which are irrelevant in the RG can lead to cou-
plings of the polaron to the new ground state, giving rise
to a finite lifetime of the polaron and thus to broadening
of the spectral function as discussed in the introduction.
This strong influence of irrelevant terms in the Hamil-
tonian on qualitative properties of the polaron state is
analogous to the more general concept of dangerously ir-
relevant operators [62].

As in the case of G, the two-phonon term with
strength G_ becomes marginal close to a divergence of
G_ when its anomalous scaling dimension is taken into
account. For details see Appendix [F]

E. Regularization of G+ divergencies

For some scattering lengths the coupling constants
G+ — oo diverge during the RG flow, as summarized
in Fig. [f| When G4(A) diverge in the IR limit for
A — 0, this indicates a transition where the nature of
the ground state changes abruptly. We will now examine
these divergencies more closely and describe their physi-
cal meaning. To this end we relate them to the appear-
ance of modes below the polaron energy which we dis-
cussed in Secs. [[V] [VB] using MF theory. We will start
from the well-understood case of two-particle scattering
where ng = 0.

While the polaron wavefunction flowing in the RG re-
mains well-defined even when G diverge at some point
during the RG, the corresponding polaron energy di-
verges. We will now show that this divergence of the
polaron energy can be regularized by introducing an in-
finitesimal imaginary part to G.. This allows us to make
predictions for the polaron properties despite the fact
that G+ may be divergent during the RG flow.

1. The two-particle case

We start by revisiting the two-particle scattering prob-
lem where ng = 0 and the Frohlich part of the Hamil-
tonian becomes trivial. In this case Wi = 1, Qp =



k?/2mpeq and the RG flows of G4 (A) = G_(A) =
gi3(A)/2(27)3 coincide. They reproduce the familiar re-
sult of the Lippmann-Schwinger equation:

g (M) = (57)

_ Mred _/A dgk 2mred
271'&1]3

2r)3 k2

Let us consider a;g > 0 corresponding to the repulsive
side of the resonance, such that gig(0) > 0. Because
gl(g) < 0 (for sufficiently large Ag, as considered here), the
interaction strength gig(A) diverges at some cut-off A, >
0 during the RG flow (i.e. g5 (A.) = 0). Nevertheless
the Lippmann-Schwinger equation is exactly reproduced
and the divergence of the coupling constants G4 — oo
does not invalidate the RG procedure, despite the fact
that the two-particle scattering terms are only treated to
lowest order in G4 in every RG step.

The divergence of ¢gig(0) — oo when ajg — oo is re-
lated to the appearance of a two-particle bound state
on the repulsive side of the Feshbach resonance [45]. Its
binding energy can be calculated e.g. from MF theory,
see Eq. , or from a calculation of the full T-matrix
using a two-body RG formalism [63]. Instead of following
these exact approaches, we will now use a simple argu-
ment to estimate the bound state energy Ej and connect
it to the divergence of the interaction strength gig(A) in
the RG.

When aip = oo the divergence of gig(A) is located in
the deep IR limit at A, = 0. For 0 < ag < oo on the
other hand, the divergence of gig(A.) — oo appears at a
finite momentum cut-off A., which can be associated with
a characteristic energy of the bound state, Qp, ~ Ej.
From this equation, and using gI_B1 (A:) = 0, we obtain
the following estimate for the binding energy

7'('2 s

By~ —— Ao = —ar. 58
b 8Myreaa?y 9 %18 (58)

Up to a numerical factor 72/4 this result yields the
correct expression for the universal binding energy of the
dimer Egim = 1/2myeqa?y. We can understand this fac-
tor by recalling the simplifications used in the RG and
using the exact equation for the dimer energy,

Ao B 1
(0)
1 = — .
/gIB / (271_)3 Qk) + Edim (59)

The RG procedure is perturbative in 1/Qx = 2myeq/k>
and at the cut-off A, only bosons at momenta k > A, are
taken into account. If we evaluate the last expression in
this regime and use perturbation theory in Q;l we arrive
at the following approximation:

Edim
k2

Ao
mredaI_B1 ~ —(277)7247r(2mred)2/ dk (60)
Ac

For Ay — oo this yields the same result as the RG,
namely Egim ~ 72 /SmrcdalzB. This indicates that the
RG gives the correct physics.
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In the two-particle case, the ground state energy Eo(A)
is not flowing at all. The Frohlich term in Eq. van-
ishes because ng = 0 and the two-particle term vanishes
because G4 = G_ and Wy = 1.

2. The many-body case

In the many-body case we can also interpret the di-
vergencies of G4 as indicators for bound state formation
of phonons with the impurity. In contrast to the two-
particle case we obtain two separate divergencies associ-
ated with particle number (G, — 00) and phase fluctua-
tion scattering (G_ — o00) respectively. These two diver-
gencies correspond to the instabilities of the MF polaron
state with respect to particle-number and phase fluctua-
tions, see our discussion in Sec. [V B]

Unlike in the two-particle case, the divergencies of
G+ # G_ affect the polaron energy Fy. From Eq. we
can see that corrections due to two-phonon terms diverge
when GL'(AF) = 0, i.e. Ey — oo. Now we introduce
a regularization scheme to deal with these divergencies.
Their origin are resonant three-particle processes, where
bosons recombine with the impurity to form a bound
state. Unlike in the two-particle case such processes are
explicitly allowed because the total phonon number is no
longer conserved in the presence of the condensate.

To regularize the polaron energy we include an imagi-
nary part in G4 as suggested in Refs. [53], 54,

Gi'(A) — GZHA) +ie,  e—0. (61)

We start by discussing the case when only G_ diverges
but G remains finite.

The contribution to the ground state energy from
phase fluctuation scattering on the impurity becomes

Ao A W—2 W—2

AE :-42/ dAAQ/dQ p A
oo (47) ; pp G T 1i? On

(62)

Now we use —0p(G—" +ie)~' = (G=' +ie)"2(0pG~Y)
for partial integration. In combination with the RG flow
equation and the identity (G~ +ie)~! = Py —

G
in6(G~1) valid for € — 0%, we obtain for G"'(A]) = 0:
Ao -2
AEoly = —i2Q, - + 27r/ dA A? Pwiﬁl
4 e 0 G_
G_(Ag) [P _
- 75 o) [y W, 2. (63)

The principle-value integral in the first line is finite when
G_ diverges at A7, and we obtain a well-defined energy.
It has an imaginary part which can be interpret as a
decay rate into the bound state. In this case we expect
a broadened polaron peak in the spectral function, and
additional weight appearing below.

When both couplings G+ diverge at cut-offs A+ during
the RG, we can use a similar regularization scheme to
obtain a finite energy with an imaginary part.



F. UV log-divergence of the energy

Now we study how the polaron energy Fy depends on
the UV cut-off Ag. For Frohlich polarons in d = 3 di-
mensions we have shown that Ey ~ —log(Ag&) diverges
logarithmically with the UV cut-off Ag [30]. Because the
Frohlich Hamiltonian provides a universal description of
the polaron branch (see Sec. we expect the same
log-divergence for the Bose polaron with zero range con-
tact interactions. Indeed we will show by an explicit cal-
culation that the ground state energy diverges logarith-
mically with the UV cut-off,

—4
2
uv Myeans [ 1 1 Ao
Ey ~ —-27 —_—t = I — ). (64
0 M?2 <aIB+a%]/I3IT+> Og(Al (64)

Here A; denotes a momentum scale at low energies which
is given by A; ~ ¢! if the total mass renormalization is
small, M — M <« M. If the total mass renormalization
is large, M > M, it is given by Ay ~ noagmyed/M.

The UV log-divergence is a direct consequence of the
polaron mass renormalization caused by quantum fluc-
tuations of the mobile impurity, for a discussion see
Refs. [I7,B80). It was confirmed by diagrammatic Monte
Carlo calculations for the Frohlich model [32]. To regu-
larize the polaron energy, we suggest taking into account
the finite range r. # 0 of the impurity-boson interac-
tions. Effectively this leads to a UV cut-off Ag =~ 1/r.
which is of the order of Ay = 200/¢ (in units of &) for
typical experimental parameters, see Refs. [13] 21].

We believe that the log-divergence provides an impor-
tant test-case for theories of the Bose polaron. Simpler
approaches like MF theory yield UV convergent polaron
energies and thus do not fully include the quantum fluc-
tuations leading to the log-divergence. In the diffusive
Monte Carlo calculations of Ref. [35] finite range interac-
tions have been used, but the dependence of the energy
on the effective range has not been studied in detail. In
the self-consistent T-matrix calculations of Ref. [24] zero-
range interactions were considered, but the energy was
UV convergent. This implies that the quantum fluctu-
ations included in the self-consistent T-matrix approach
are different from the ones captured by the RG.

Now we derive the log-divergence of the polaron energy
from the Frohlich term. We show in Appendix [G] that
two-phonon terms only lead to a UV-convergent correc-
tion to the polaron energy. In Appendix [H] we discuss
how the log-divergence is connected to similar logarith-
mic corrections predicted by different theoretical meth-
ods in closely related physical systems.

1. Derivation of the Frohlich type log-divergence

We start by solving the RG flow of the mass M in
the UV limit. There, to leading order in A™!, it holds
Qa =~ A%/2myeq with the bare reduced mass Mmyeq =
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1/ (mgl + M‘l), and gI(g)B(A) ~ gl(g)BMF. Hence

oM 8 2
N = —ﬁnomfed <5MF91(1?>,)> A2 (65)

Integrating this separable differential equation yields the
UV behavior,

8 o2 [ 1 1
M =M —+ ﬁnomfed (BMFQI(B)> (A - /\0) ) (66)
showing that deviations of M from M correspond to
higher order terms in A1
In the UV limit we further obtain,

A
uv
/ dPp agp® ~
S

and upon integration we find that the first term in
Eq. leads to the UV divergence (64). The only
difference to the result previously encountered in the
Frohlich model is the renormalization of the pre-factor
gl(g) — /BMFgI(g) because we expand around the MF solu-
tion of the full model.

To understand how the log-divergence is cut-off in
the IR limit at Ay, we consider two separate cases.
When impurity-boson interactions are sufficiently weak
the mass renormalization is small for all cut-offs, M(A)—
M <« M. Therefore OaM ™' = —M 204 M ~ A~2 until
the RG flow of M~! stops around A; = 1/£. This cuts
off the log-divergence at

2 2
pmfedno (5MF91(]%)> A, (67)

A =1/¢ for M=~ M. (68)
In the second case impurity-boson interactions are so
strong that the mass renormalization becomes dramatic,
M > M. This happens when M(A;) — M ~ M, which
yields

re 32
Ay = de 0 for M>M,  (69)
1 + 1
(aIB ars 4 )

ie. Ay ~ noa?gmyea/M, using Eq. for large Ag —
oo. For smaller cut-offs A < A; we find O\M~! =
—M7200M ~ A2A~2 = 1. Hence the logarithmic
flow of the ground state energy ends, dpFg ~ A for
1/¢€ < A < Aq, see Eq. .

VII. RESULTS: POLARON ENERGIES

In this section we use the RG approach for the calcu-
lation of the polaron energy FEy using Eq. (52)). In the
regime I, where 1/a;g < 1/al$  and before G+ — oo
diverge, we expect no low lyiné states in the spectrum
below Ey. Within our theory the polaron energy cor-
responds to the ground state energy in this regime.
Note however that we did not include Efimov states
[33, [48] which may have even lower energies in the case of
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FIG. 7. The polaron energy FEj is calculated using differ-
ent approaches. It is dominated by the Frohlich part of the
Hamiltonian. We used the same parameters as in Fig. 2 of
Ref. [24], i.e. M/mp = 1 and no = 0.25¢72, but for a UV
cut-off Ag = 10%/¢.

short-range interactions [64]. On the other hand, when
G+(A) — oo diverge during the RG, we expect addi-
tional states at lower energies (see also Ref. [38]) and Ey
corresponds to the energy of the polaron branch in the
spectrum. In this regime we make use of the regulariza-
tion scheme for the polaron energy discussed in Sec.

In Fig. [7] we show the polaron energy as a function of
afBl (solid line) and find an attractive and a repulsive
polaron branch. Close to the two-particle Feshbach reso-
nance (at a;z = 0) we predict large deviations from MF
theory due to quantum fluctuations.

On the repulsive side of the resonance, the polaron en-
ergy saturates before the strong-coupling phase is reached
where the RG breaks down. Similar saturation of the
polaron properties in this regime has been observed in
Figs. Such behavior would be expected for bub-
ble polarons which have been predicted in this regime by
Gross-Pitaevskii MF calculations [55].

We have argued by a dimensional analysis in [VID]
that the Frohlich terms in the Hamiltonian are most
relevant in the RG. Sufficiently far from divergencies of
G+ we expect that the RG flows towards an effective
Frohlich Hamiltonian with renormalized parameters. To
demonstrate this, we considered a renormalized Frohlich
model where we ignored the additional contributions of
two-phonon terms in the energy, i.e. the second line of
Eq. (52)). As can be seen in Fig. the polaron energy pre-
dicted by this renormalized Frohlich model is in excellent
agreement with the full calculation based on Eq. for
the extended Frohlich model.

To understand how much the Frohlich model is renor-
malized by two-phonon scattering, we also compare our
results to the original Frohlich model introduced in
Ref. [21], for which we developed the RG in Ref. [30]. In
this case two-phonon terms are completely neglected. On
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the attractive side we find reasonable quantiative agree-
ment with the full calculation, and qualitatively the cor-
rect behavior is predicted. On the repulsive side the orig-
inal Frohlich model does not break down at strong cou-
plings, while the curvature of Eo(afBl) is correctly cap-
tured. For sufficiently weak repulsion the agreement is
reasonable.

In Fig. [7| we also compare our results to second order
perturbation theory in aip (dotted line). To this order
the original Frohlich model is exact, but it was shown
in Ref. [34] that it misses higher order terms. This has
caused serious concerns that the Frohlich Hamiltonian
can not be used to make predictions beyond those of sec-
ond order perturbation theory. In Ref. [I9] a condition
was derived when two-phonon terms can be safely ne-
glected, see also Ref. [I7]. For the parameters used in
Fig. [7]it becomes

las| ™" > V26T = 44467 (70)

In this regime all theories basically coincide, and beyond
it the perturbative result deviates substantially, in par-
ticular on the attractive side. Remarkably, the original
Frohlich model provides a reasonable description of the
polaron energy derived from the full model even beyond
the careful estimate above.

VIII. POLARON PHASE DIAGRAM

Now we discuss the phase diagram predicted by the
RG, including quantum fluctuations around the MF sad-
dle point solution. Their most dramatic effect is to cause
divergencies of the interaction strengths G4 which we re-
lated to the appearance of new states below the polaron
energy in Secs. [VB] [VIE] This gives rise to the two
critical values arp,+ where the features in the spectral
function change as discussed in Sec. [[I}

In Fig. [§] we calculate the IR values of the coupling
constants G (A = 0) as a function of the inverse two-
particle scattering length 1/arg. Let us start our discus-
sion far on the attractive side, 1/ajg < —1/¢, where the
ground state is an attractive Frohlich polaron [21] 24 25].
Here G4 (A) < 0 during the entire RG flow (note that
G+(Ag) < 0 is always attractive in the UV).

A. Phase fluctuations

When we approach the Feshbach resonance the inter-
action strength GG_ associated with phase-fluctuation di-
verges first, on the attractive side of the two-particle
resonance. Note that because Wj < 1 it always holds
G_ < G4. From the exact solution of the RG flow equa-

tion,
Ao W2
dA A2A> ,
A Q

A
(71)

G:I(A) = 87 (mred(2A0 — 7ra;Bl) —
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FIG. 8. The polaron phase diagram can be obtained from the
coupling constants G+, as described in the text. We plot their
fully converged values in the IR limit as a function of the in-
verse two-particle scattering length arg. Sufficiently far on the
attractive side neither of the two coupling constants diverges
in the RG and the ground state is an attractive Frohlich type
polaron. At af{BC:’, the coupling G_ associated with phase-
fluctuations diverges and an unstable mode appears at en-
ergies below the polaron energy. At af}g’_‘_ the coupling G+
associated with particle-number fluctuations also diverges and
molecular bound states appears below the polaron energy. In
the shaded region the RG breaks down. On the repulsive side
for 1/ams > 1/ a%g 4 we obtain a repulsive Frohlich polaron
which can decay into the molecular states. We used the same
parameters as in Fig. [7} cf. Ref. [24].

we obtain the divergence G_
with

1(0) = 0 for aiB = aﬁf_,

-2
2 WA

Ao

aﬁgc_ =7 l2A0 —m}

The last inequality follows from W, < 1.

Eq. is the analogue of a%\g_, see Eq. (36)), cor-
rected for the effects of quantum fluctuations included in
the RG. Because M > M it follows that

1/“1]3 _< 1/%3 _ (73)

For ajpy > 1/ aﬁf there exists a divergence of
G_(A;) — oo in the RG at some cut-off A_, because
G_(0) > 0 and dAG~*(A) < 0. A divergence of G_ indi-
cates the existence of new states below the polaron energy
for ary > 1/ af‘B(’t, see Sec. Because G_ describes
scattering of a phase fluctuation on the impurity, they
contain predominantly phase fluctuations. This is con-
firmed by the mean-field theory presented in Sec. [VB]
Because the impurity atom can only couple to parti-
cle number fluctuations due to the underlying density-
density interactions, the polaron state is not much af-
fected by the divergence of G_.

[1/¢]

16

B. Number fluctuations

For larger aI_Bl eventually also the interaction strength
G, — oo diverges at ajg = a{{BCf . From the exact solu-

tion of the RG flow of G1'(A) we obtain

a%f_|r = (74)

20 —m_} / dA AQWA

This expression is closely related to the critical scattering
length aIB 4 where the MF polaron energy diverges, see
Eq. { . The only difference is the appearance of the
renormalized mass M (instead of M) in the dispersion
relation 25, because of quantum fluctuations included in
the RG.

In this case we find that afi? *, can become either pos-
itive or negative, but obeys the following inequality:

1 1 1
< . (75)
afy_ T oamsy A

aﬁ‘f . < 0 can become negative only when the mass renor-
malization is large, M > M.

As in the case of G_, the divergence of G4 indi-
cates the existence of states below the polaron energy
for afy > 1/al§ *,. In this regime G (A) diverges at
some cut-off A} during the RG. Because G describes
the interaction of a particle number fluctuation with the
impurity, we expect states bound to the impurity which
contain number fluctuations. As discussed in Sec. [VB]
in this regime molecular states form together with the
phase fluctuations bound to the impurity.

The shift of the particle-number scattering resonance
from ajy = 0 in the two-particle case to afiy’, in the
many-body case has a simple physical interpretation. Let
us first consider an infinitely heavy impurity M = oo,
where aF‘B(,; L= a%\gF +- In the two-particle case the cou-
pling constants G = G_ diverge in the IR when the en-
ergy of the two-particle bound state, which is universally
given by 1/ 2mreda12B, reaches the continuum threshold.
This happens for ajg — co. In the many-body case the
molecular bound state acquires a density-induced shift
to higher energies by an amount upgc = gppno due to
repulsive boson-boson interactions. Therefore, to first
order, it reaches the two-particle scattering continuum
when gggng — 1/ 2mreda%B = 0. From this simple argu-
ment we expect a shift of the resonance to aI_Blc =¢t>
0. On the other hand, the MF result for M = oo is
1/aIB + = /2¢7!, which has the same scaling with the
coherence length &.

When the impurity has a finite mass, it becomes in-
creasingly heavy during the RG flow and its effective
mass should be replaced by M > M. Therefore the uni-
versal binding energy of the dimer ~ 1/Ma?y decreases
in comparison to the two-particle case. This shifts the en-
ergy of the bound state upwards and therefore the bound
state reaches the scattering continuum at smaller values
of 1/a, explaining why 1/afis’, < 1/apg".



C. Instability of the RG

When | gl(g) B(A)] — oo in the RG, the MF amplitude
|ag| — oo diverges and the RG breaks down. In this
regime quantum fluctuations lead to a collapse of all
bosons onto the impurity, and MF theory is no longer
justified. We expect that this strong-coupling regime
is an artifact of the Bogoliubov approximation because
an infinite number of phonons can only be sustained in
the polaron cloud if their mutual interactions can be ne-
glected.

We find that the RG breaks down in the extended
regime (III in Fig.

1/af‘B(?+ <1/ap < l/a%i (76)

where it runs into the strong coupling phase de-
scribed above. To understand this, we first note that
8Agl(g)ﬁ(A) > 0, i.e. the impurity-boson coupling be-
comes more attractive during the RG. Next recall the
initial condition for the RG, gl(log)ﬁ(Ao) = E)¥(aB)/no.
Therefore on the attractive side of the MF resonance,
for 1/aip < 1/a}g, where E)'F < 0, we see that

gl(g),ﬁ (A) becomes increasingly more negative during the

RG. In fact we can show using Eq. that already for
aip = aﬁf . the strong-coupling fixed point is reached

where gl(g) B(A =0) = —oo diverges in the IR. In the en-
tire regime 91(1%) B(A) always diverges during the RG

flow. Only for 1/ag > 1/afy", , where 91(]%)5(1\0) starts
out positive, a finite value can be reached in the IR limit.

IX. DISCUSSION

We have investigated the problem of a mobile impurity
interacting with a surrounding BEC in the presence of an
inter-species Feshbach resonance. Our theoretical analy-
sis is based on a renormalization group approach to go be-
yond mean-field calculations and describe quantum fluc-
tuations around the polaron branch non-perturbatively.
This gives rise to a logarithmic correction of the polaron
energy and we predict new qualitative features appearing
in the spectral function close to the Feshbach resonance.

Already on the attractive side, beyond a critical inter-
action strength a{‘BG_7 the polaron peak in the spectrum
broadens and the (iuasiparticle weight Z = 0 vanishes.
In this regime there exists a dynamically unstable mode
bound to the impurity at energies below that of the po-
laron. At a second critical interaction strength afl’, the
number of phonons in the polaron cloud divergés and
beyond this point stable molecular states exist at low en-
ergies. We predict an extended strong coupling regime
where the number of bosons bound to the impurity di-
verges as a consequence of quantum fluctuations. In re-
ality this divergency is expected to be prevented by di-
rect phonon-phonon interactions not included in our ap-
proach.
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At the critical point aFB(:’ + we also predict a divergence
of the effective polaron mass. It can be extracted exper-
imentally from dipole oscillations of the impurity [I0].
Different theoretical approaches predict vastly different
polaron masses. In Ref. [24] it was suggested that the
polaron hybridizes with the molecule, leading to an ef-
fective quasiparticle mass which is only slightly larger
than the bare molecular mass. The RG presented in this
paper, in contrast, suggests a diverging polaron mass at
afs'y . Therefore we expect that a measurement of the
effective mass will provide valuable physical insights into
the Bose polaron problem. More generally we expect
that far-from-equilibrium experiments may provide ad-
ditional insights, beyond the physics that can be probed
by a measurement of the spectral function.

We have argued that the attractive polaron can be
accurately described by a renormalized Frohlich Hamil-
tonian, and the corresponding strong coupling regime
can be realized. We suggest to prepare this polaronic
state by adiabatically increasing the interaction strength.
This scenario can be realized in experiments with multi-
component atomic mixtures which have been experi-
mentally realized in laboratories around the world [12-
14 49, 50, 65H72]. The mass ratio can be tuned by
coupling the impurity atom to a light field [36], which
can also be used to realize light polarons in an exciton-
polariton condensate [7]. Such systems should be less
vunerable to three-body losses because there are no ad-
ditional low-lying molecular bound states into which the
polaron can decay. This should furthermore allow for
an accurate measurement of the three-body losses into
the dynamically unstable mode and the molecular state
bound to the impurity which we predicted in this paper.

In this work we employed the Bogoliubov approxi-
mation and assumed sufficiently weak boson-boson in-
teractions. To describe molecular bound states, or po-
larons with a large phonon cloud, we expect that resid-
ual phonon-phonon interactions need to be considered.
In the diffusive Monte Carlo calculations by Ardila and
Giorgini [35] boson-boson interactions have been fully
taken into account. The predictions of our RG and the
MF method yield considerably lower energies than those
predicted in [35], and a detailed analysis will be required
to understand whether this has to do with a shortcom-
ing of the Bogoliubov approximation. In one dimension
a detailed comparison of our RG method with diffusive
Monte Carlo calculations has been performed [73] and
the results are in agreement with recent calculations us-
ing flow-equation techniques [74].
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Appendix A: Comparison to experiments

In Fig. [9]we compare the polaron energies predicted by
our RG approach to the peak positions measured recently
in radio-frequency absorption spectra [13, [14].

In the first experiment [I3] the BEC is very weakly in-
teracting and the model which we use for the RG, based
on the Bogoliubov approximation, should be accurate.
The agreement of our data with the experiment is rea-
sonable, although we would have expected smaller devi-
ations for weak interactions. We notice however that the
agreement with the experimental data is excellent when
we shift the resonance position horizontally, but the rea-
son for this is unclear. Our prediction from the RG is in
excellent agreement with the theoretical calculations pre-
sented in Ref. [13], except at very strong couplings where
the spectrum is extremely broad and the comparison in
Fig. [0 is not meaningful.

For the second experiment [I4] we obtain excellent
agreement of the repulsive polaron energies. In this case
shifting the resonance position does not improve the com-
parison. For weak attractive interactions the agreement
is also excellent. For strong attractive interactions the
RG predicts a divergence of the polaron energy which is
not seen in the experiment. We attribute this to the fact
that, in the experiment, the position of a broad feature
with a large weight in the spectrum is recorded. As has
been shown in Ref. [38] by a calculation of the spectral
function, this position does not coincide with the polaron
energy in the strong coupling regime. Hence a compar-
ison of our results with the data is meaningless in this
regime.

Appendix B: Polaronic self-trapping

Investigating the polaron mass allows to study the self-
trapping of the impurity predicted in the strong-coupling
regime by Landau and Pekar [T, 2]. It can be character-
ized by a dramatic increase of the polaron mass, as ob-
served in Fig. [3] which effectively localizes the impurity
[22]. There has been considerable debate in the litera-
ture whether this self-trapping is possible with ultracold
atoms, and if it is, whether there exists is a smooth cross-
over or a true polaronic phase transition.
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So far the discussion in the literature was restricted to
the Frohlich model, where Feynman’s variational path-
integral method suggests a sharp self-trapping transition
[21] for sufficiently light impurities [23]. The applicabil-
ity of Feynman’s method in the intermediate coupling
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FIG. 9. We compare predictions for the polaron energy, ob-
tained by the RG approach presented here, with recent mea-
surements from radio-frequency absorption spectra. The ex-
perimental data points correspond to the center of the peak in
the absorption spectrum whereas our theoretical curves cor-
respond to the polaron energy and do not take into account
incoherent excitations. In (a) we compare to the experiment
by Jgrgensen et al. [13] with a mixture of different hyperfine
states of K. The parameters used for our theoretical anal-
ysis are the same as in Figs. [3|and |2l In (b) we compare to
the experiment by Hu et al. [14] with a mixture of 8"Rb and
0K impurities. In this case we used no = 1.8 X 1014cm_3,
app = 100ap and we employed a UV cut-off Ag = 103/5.



regime has been questioned, however [30) 32] [75]. Using
more sophisticated methods to describe quantum fluctu-
ations in this regime [30, 31} 37, [76] it has has been shown
that self-trapping takes place by a cross-over through an
extended intermediate coupling regime. This effect be-
comes particularly pronounced for light impurities [36].
In Ref. [24] the self-consistent T-matrix approximation
has been applied to go beyond the Frohlich model, but no
indications for self-trapping were found. Instead the T-
matrix calculations suggest a hybridization of the attrac-
tive polaron with a molecule, with an effective mass only
slightly exceeding the molecule mass. This is in stark
contrast to the predictions of the RG method presented

J
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in Fig. [3] where we find a smooth [77] self-localization
in the spirit of Landau and Pekar on the attractive side
of the Feshbach resonance. We expect the scenario de-
scribed by T-matrix calculations to become relevant for
sufficiently large boson-boson interactions however.

Appendix C: RG at finite momentum

In this appendix we summarize the RG flow equations
for finite polaron momentum p # 0. We keep our discus-
sion general and consider arbitrary dimensionality d. In
this case the universal Hamiltonian reads

A A
_ 1 PN G
H(A) =FE +/ d%k Qk&};dk +/ ddkddk/{QkuM;,}k,/) Tl +ﬁ D 0NN @ +

Here we introduced the new coupling constant b,,, where
W, v = z,y, ... are summed over cartesian coordinates us-
ing Einstein convention, and we consider a tensor-valued
effective impurity mass M. The effective phonon dis-
persion in the polaron frame reads

1
O = wp + ikHM;VlkV — M k,Q,, (C2)
where (), is an additional coupling constant. The uni-

versal form of the MF amplitude ag(A), appearing in Ik,
is

o = —%, (C3)
1 . _
e(A) = g1 (M)W, + §bM(A)kMWk + b (M)k, W,
(C4)

where two additional coupling constants g; (A) and g4 (A)
appear.
The initial conditions for the coupling constants are

Eo(Ao) = B3, M} (Ao) = M6, (C5)

pv

QM) =p— B Gilh) = 32 (CO)
b(Ao) =0 Olk(A()) = OZIIZIF. (07)

The MF polaron state at finite momentum is determined
by

Vi
ot = _BMFTN];IW (C8)
k

+ 2noG_ : 19]‘,19]@/ : +k/¢b,uWk/ : fk (&};, + flk/) } (Cl)

where

O =y + Bk (p— PXF) (C9)

k oM M ph />

(0) Ao 2 -

918 a;, Wi
= |1 d%k C10
/BMF + (27T)d QII::/IF ’ ( )
MF 2 Ao d V/?

Py ZBMF/ d'k k(QgF)Q. (C11)

The MF polaron energy is given by

(0) gy [ 2
E(l)vIF = 6MFgIB ng + (2;_8)(1 / d?k sinh 0y,

2
5 PMF)
4 ( ph
— 12
2M 2M (C12)

RG flow equations.— The RG flow equation for the ef-
fective impurity mass reads

8/\/1;,} d—1, 1 2441 -1
= /Fd kQ—k{akMMkAkTMT,,

+

1 _ _
+ oWk (M3 + Mpb, ) b (C13)
For G4 we obtain

0G4 i1, 1 2
=92 14
- /Fd b g (awkb, + WiGL)*,(C14)

_ 1
oG- _ 2/ A — W, 2GR
F

B o (C15)

The flow of b, which is only non-vanishing for finite
polaron momentum p # 0, is given by
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0b,
—= / d =k — (2M Ao +b WWi) (WieGy + agkaby) (C16)
oA P Q ¢
and for gh we derive
dgl Wt
9% - _q_ / A" e 2 (M r ke + b W) (C17)
The flow of g is determined from the flows of b,, g5 and M;ﬁ (sum over the index p is implied),
% _ (G ) 1+ 2G+J1 + 2b,Jo 2b,J1 + 2M;$1J2 -1 Js 2J4 Jg gbiégﬁ (018)
oA U 2G L Jy + 2bpd7 1+ 2byJy + 2ML T, Jz 2Js J! /\312*1 IA
s/
Here, and in the following, we assume p = pe,, such that b, = by0.z, g5 = ¢50ue, Qu = Qu0,, and
M, 1 = diag(M,}, M}, M 1, ...). Moreover we introduced the following integrals (where J£' = I in the spherically

symmetrlc case, see Eq. (| .

W2
Jl :/ddp p7
S QP
d W2
J3= [ d £
3 /; D Pz Qp’
W,
JY = /ddp appig—p,

d
/dpappr

The coupling constant ), has an RG flow given by

0Q. i (142G T +2b, s
ON M (ba, M) ( 2G4 Jy + 2b,J7

The RG flow of the ground state energy is given by

o8, _19M
oA 2 OA

2
— /ddp/dd_lk { (G + kubuoW, 1) G-
s F Qg

Appendix D: Quantum theory of molecule formation

In this appendix we introduce a quantum theory of
molecular bound states on the repulsive side of the Fes-
hbach resonance, for 1/ajg > l/a%i. One approach
would be to diagonalize the full Hamiltonian , which
can be done in the limit M — oo using Gaussian states
[38]. Here, instead, we introduce an effective Hamilto-
nian describing only particle-number and phase fluctua-
tion modes bound to the impurity. To this end we intro-

Jo= [ dp app. ==, (C19)
S QI’
Jo= [ adp L= €20
= 0, (C20)
—1
Jo = /d P appa——, (C21)
S QP
1
_ d 2, 2
Ji = Sd f pxappﬂgfp. (C22)
20, J1 + 2M LT, s 2 J gbmégj\\ (C23)
14 2byJy 4+ 2M; 1T, Jg 2Js J§ 92 IA
uu/
-1
b, 995
v d 2 d d -1
B (/Sdpapp#pl/> FA </dpapp“W>+2aA (/SdpapPqu>_
W 2
2 —
Wi [(hubuon)? + WEGE | - W2 GQ} (G24)

(

duce the following two operators,
3 Be (» 4 X B ..
ﬂ:/d?’k—ka—aT :/dgk—ka+aT,
b ; ﬁ( k—ag), ﬂ( K+ ag)
(D1)
which represent two conjugate variables,

A W /d3k 8580 (D2)

Because particle-number and phase fluctuation modes 52:
are both normalized, [ @k (8i)? = 1, we obtain A < 1.

For sufficiently small boson-boson interactions p =~ p_
and we thus obtain A ~ 1.



In the regime 1/ay"_ < 1/amp < 1/aygy, (Il in Fig.
only p— < 0 exists. The unstable mode of phase fluctu-
ations can be described by the following effective Hamil-
tonian,

’ ME L 42

Hex = By + SH- 95 - (D3)
This corresponds to a dynamically unstable harmonic os-
cillator where the potential has negative curvature.

In the regime 1/ajp > 1/a§§+ (IV in Fig. [5) both
pe < 0 exist. To describe both particle-number and
phase fluctuations, the following effective Hamiltonian
can be used,

~ 1 5 1 .
Hop = B + —p_ 107 4 —py 02 o

5 5 (D4)

Its variational energy landscape has the same qualita-
tive properties as derived in the proceeding section and
summarized in Fig. Using Eq. we can easily di-
agonalize this Hamiltonian and obtain

Her = EY'F — EbTh, (D5)
where [13, ET] = 1 are ladder operators constructed from
9y/VA and 7, /v/A. The binding energy is given by

Ey = AN/pyp—. (D6)

Eq. describes a series of molecular bound states
at integer multiples of the binding energy E} below the
polaron energy. In Ref. [38] we have performed dynami-
cal simulations of the polaron spectrum, where we found
a series of equally spaced peaks corresponding to these
bound states. Our expression for their energies matches
their positions very accurately. Note that this series of
molecular bound states has been observed experimentally
[46] [47] for finite range potentials.
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Appendix E: Derivation of the RG equations

For the derivation of the RG flow equations presented
in Appendix[C|]we choose slightly different representation
of the two phonon terms in the universal Hamiltonian.
We define

Gap(Ao) = =-JB 5 (E1)

Dy = (d’“’dDT’ ) =3 (2m)d " *F

for a, 8 = 0, 1. Recall that d, denote the bare boson op-
erators before applying the Bogoliubov transformation.
The two-phonon terms can be written as

ﬂ DN 0N+ +2ngG_ 1§k7§k:/ :

— . Dfeqg, D2 -
M0 kYo

(E2)
and the coupling constants are related by

G+ = Goo £ Go1.
1. Sketch of the RG procedure

(E3)

Now we will explain how the RG procedure works, and
derive the universal form of the Hamiltonian in Eq. (C1J).
The basic idea is to consider separately slow phonons (S)
at momenta p < A — JA and fast phonons (F) from a
thin shell A — A < k < A. Interactions between fast
phonons can be ignored, because they are O(JA), and
the fast-phonon Hamiltonian reads

Hp = / A%k Qralar + O(5A?). (E4)

F
Slow phonons, on the other hand, are described by the
Hamiltonian in Eq. , but with all integrals restricted
to momenta |p| < A — JA. We denote the slow-phonon

Hamiltonian by Hg. Finally, the coupling between slow
and fast phonons is described by

Haix = / dép / dik {kMM,;jpyfkfp + (DTgGaﬁDg n h.c.) + kb WLk, (@), + dp) + pubuWil'p (a; + ak)} .
S F

We made use of the symmetries M} = M, ! and Gop =
G, which can always be enforced by proper ordering of
operators.

Next we decouple fast and slow degrees of freedom, by

applying a unitary transformation

Up = exp (/ A%k Fla, — h.c.) ,
F

U[J{&kU/\Z&k—Fk, keF.

(E6)
(E7)

The operator F depends only on slow variables. To cal-
culate the transformation properties of slow-phonon op-

(E5)

(

erators Os, we make use of a perturbative expansion in
the inverse of the fast-phonon frequency Q,;l, which pro-
vides the largest energy scale. It holds

U 0sUs = Os + / a'k {anlOs, F] - a}[0s, Fi]}
F
(E8)
up to terms of order O(€,?).

The resulting Hamiltonian becomes
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UX?‘N[AUA = 7:[1:* + 7:[3 + / d%k QkaTFk + / d%k {—&L (Qka + [ﬁs,Fk]) + hC} + U/T\?‘N[MD(UA + O(Q;z) (Eg)
F F

Our basic strategy is to choose F}, such that all terms
which linear in dg (in d};) vanish, to order O(Q, ", JA).
In U}L\’;’—ZMIXUA the following terms appear: From fkfp
we get d,tp#f‘p because ', contains akd;;; Moreover there
is a term dL [puf’p, Fk] originating from the d;dk—term in
' and using

/F A’k af ay, /F AUk al, [p, Fr] =

- / A% al[Tp, Fr] + O(6A?).  (E10)
F

Note the importance of normal-ordering, [ dkdik' -
ajaral, = O(3A?) whereas [, d'kd?K ajagay, =
fp %k @}, + O(5A?). Next, fromAlA)Tk[)p we derive al Dp;
The hermitian conjugate DT kDp yields dLDTp. From
the last two terms in Eq. (E5) we obtain &Lpufp and
ay, W, (@, + ap). This final term can be simplified by not-
ing that W), (d;f) + dp) = bg —&—1512 for arbitrary o = 0, 1.

Therefore, we obtain the following list of terms linear
in d;rc, ordered in powers of Q,;l,

al[Hs, Fx), (E11)

where we included the full p-dependency. We conclude
that Fy is of order Q;l, and given by a certain linear
combination of puf‘, ﬁg and f)Tg. Note that the last
two terms in Eq. only contribute higher-order cor-
rections O(€2;,%) to Fy.

Next, we confirm that newly generated terms in the
transformed Hamiltonian are all included in the universal
Hamiltonian (C1). Again, we make a list of such terms.

J

(

QkF,iFk contains the following cross-products:

PuPquFp’»
pulyp (DT;/ + bg‘,) = p LWy (a;f) + &p/> . (E12)

Ao )8
DeD?,

Note that in the second term, expressions like ﬁTgﬁﬁ,
can also be included. For the term in the middle we
employed that final expression needs to be hermitian,
allowing only the combination D‘Lg/ + Dy, to appear.

Now we check that all terms generated in U[T\?j[MIXUA
are also included in the list (E12). From ['p,lp we

obtain terms like kaufp’ included in . More-
over, from normal-ordering as described above, we get
[puI'p, Fi]. This yields only terms which are at maxi-
mum of order O(ag), however, and which hence can be
eliminated by a MF shift later. In addition there are
terms like d};&kpuf‘p, which renormalize the fast-phonon
frequency. We will return to such contributions below.
The remaining terms in Eq. lead to similar contri-
butions.

Finally, all terms in Eq. need to be brought into
a normal-ordered form. Omne can check that this only
produces terms which are at maximum of order O(ag).
As mentioned previously, these linear terms can be elim-
inated by a unitary MF-shift, ax — ar + dag. This in
turn leaves the universal Hamiltonian invariant, as
will be shown in detail below. Hence we conclude that
the RG procedure described above leads to a closed set of
RG flow equations for the coupling constants introduced
in the beginning. We present the detailed results of our
calculations in the following subsection.

2. Derivation of the RG

As described above, in every RG step we apply the
unitary transformation U, to decouple fast from slow
phonons, see Eq. . Eliminating terms linear in the
fast-phonon operators ag yields

1 A
Fe=g- /S d%p {purp (Wi, + M ko] + W, (] + ap) [bukpo + WiGy] — W, (af, — ap) W};lg_} . (E13)

P

a. Quantum fluctuations

We begin by deriving the properties of quantum fluctuations in the transformed Hamiltonian, which has the form

UlHAUN = Hs + 6Hs + / Ak a ag (Qk + Qs(k:)) + / d*p (af, + ap) dvp + O(6A%, Q).
F S

(E14)
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The direct renormalization of the slow-phonon Hamiltonian is described by

- 1 1 .
§Hs = 6Eq + /S dp d;r,dpip#&/\/l;,}py + /S ddpddp'{ip#d/\/l;,}p:j I P
+ 1 DYg3GapDy s +pudby Wy : Ty (af +ap ) o} (B15)
The renormalization of the mass is given by

_ 1 _ _ 1 _ _
SM) = —2 /F dk o {aiMMlkAkTMT; + ok Wik (bMMM} + M#Albl,)} : (E16)

and the renormalization of b, is given by

1
5bM = —/ d%k a [2M;l}kl,ak + buWk] [WkGJr + Otkk,\b)\] . (E17)
F k

For G5 we obtain (note the symmetries Goo = G11 and Go1 = G1o)
1
5Goo = — / d'k o {2akbukMWk.G+ +WRGE + WG+ (akbukuf} , (E18)
F k

1
5Goy = — / d'k o {2akbuk“WkG+ + WG — W G2 + (akbuku)Q} . (E19)
F k

The flow of the groundstate energy is determined by
1 -1 d, 2 d d Wk_l -1
0Ey = 55/\/11“, : d’p agppupy | + 00, : d“p opp Wy | +2G_ g d’k o [MW kyog + b#Wk]

2
X (/ d’p a,,puwp”) +/ddp {/ d’k o (G3o — Goy + G_kubua W] —
S S F k

1 1
2 d 2 2~2 | _ 12 d —22
Wp/Fd ko {(k#buak) +W,€G+] W, /Fd koW G}. (E20)

Furthermore we introduced the following renormalization of the fast-phonon frequency,
Qs(k) =k, / dp {M;le,,fp + b, W, (af, + a,,)} : (E21)
S

and the MF-terms are characterized by

Wt

k

1 1
5VP = iappﬂé_/\/l;l}pl, =+ ngWp(Sb# —|—pMWp_1G, (/ ddk [M;Vlkyak —+ b,uWk]) . (E22)
F

b.  Mean-field shift

Next we eliminate the terms linear in the slow phonon operators, ~ dvy, (&;f, + &p), which give rise to an RG flow
of the MF amplitude ag(A). To this end we apply a second unitary transformation, of the form

Varr(A) = exp (/ dip (5041,&; - h.c.> ) V&F(A)deMF(A) = dp + darp. (E23)
s

Note that da, = O(JA), because the new displacement dvp, is also O(5A).
The saddle-point is determined by eliminating all terms linear in d, in the (normal-ordered) transformed Hamilto-

nian V&F(A]X’}:L AUAVAME. Collecting such terms yields the self-consistency equations for doy,,

Sap = =" [6vp + 0I5 (2ap M, pp + 26, W) + 261 (WG + apppby)] - (E24)
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Here we defined the following integrals,
oI = /ddp’ Wby, oIy = /ddp’ DO Oty . (E25)
S S

Next we calculate the transformed Hamiltonian, making use of the fact that the MF shift commutes with normal
ordering, V, MF 10 VMF = VMFOVMF We introduce new I'- operators by

Tp =Tp(A = 0A) = abap + (ap + dap) (@l + ap) . ViiplpVarr = Tp + 2ap0ay, + O(5A?). (E26)

Collecting all terms in the transformed Hamiltonian yields
Ha_spn = Vig (}ls + 6Hs + / d’p dvyp (af, + a,,)) Varr = Hs(A) + 6 Eo + / d%p af,ap0Qp+
S
/dd d? '{ pué./\/lwpu fpfp/ D ﬁTgéGagﬁg, : 4D 0b, Wy :fp (&L, + dpz) :}, (E27)

which, finally, is of the universal form (C1)) again. As a consequence of the MF shift, the phonon frequency acquires
additional renormalization,

1 B 1 B B
6% = SPuOMDs + P2 [Mﬂié@ + 6,80 | = SPMp, = M7'p0Q,. (E28)

The first term corresponds to mass renormalization, whereas the second term renormalizes ), see Eq. .
Before solving the self-consistency equations for 604,,, we derive the universal form of ap(A) anticipated in Eq. .

Comparison of Eqgs.(E28)), (E24) directly yields

Wit

onp = puébW—&-pM wWlGo </ f;
F Qg

(M ko + bHWk]> +2W, [G401, + b,615]. (E29)

Here we can read off the RG flows dg; and dgh, leading to the RG flow equations presented in the follow subsection.
While dg; depends on 81, 61, the coupling constant dgh is independent of these integrals,

W—l
Sgh = G_ / dk # [M; ko + b, Wi ] . (E30)
F k

We can formulate a set of linear equations for §1; and §14 by plugging Eq. (E24) into the definitions of the integrals
in Eq. (E25). For simplicity, we will now assume, without loss of generality, that the polaron momentum p = pe,
points along z-direction. Hence, from symmetry, it follows that b, = d,,b, and thus 0I5 = 0,,015. We arrive at

( 1 +2G+J1 + 2b,.Jo 2b,J1 +2M;;J2 > ( 01 ) _ ( J30b, /2+ J4592 +(5M JIL/Q > (E31)

2G ., Jy + 2bydr 1+ 2b,Jy +2M LT )\ 612 JESb, /2 + Je0gs + 5M J“/Q

where the integrals were defined in Egs.(C19) - (C22)). Now it is easy to solve for §I; and §I3.
[

Appendix F: Dimensional analysis 1. Engineering dimensions

We start by deriving the engineering dimensions of all
operators appearing in the Hamiltonian, i.e. we neglect
the cut-off dependencies of coupling constants generated
during the RG flow. This gives a good idea about the
importance of the various terms in the Hamiltonian.

In this appendix we provide the details of the dimen- High energies, k > 1/¢.— In this high energy regime
sional analysis which we summarized in Sec.[VID} After ~ we have Q) ~ k?/2mycq, such that Q4 ~ A% Therefore
deriving the results for engineering dimensions, we in-  we obtain a, ~ A~'"%2. Because Vi ~ A° it follows

clude the anomalous scaling dimensions of the coupling that ap ~ A2, The operator '), is a sum of two terms
constants. which scale like I'y ~ A=%=2 4+ A=3-9/2 Depending on



dimensionality, the first or the second term dominates
the behavior of 'y, at small cut-offs,

AT/, d=1, anby, dominates,
[y~ ¢ A, d=2,
A5, d=3, &L&k dominates.

(F1)
Because for k > 1/€ it holds Wy, ng ~ 1, the scalings
of 67y ~ U ~ A=%2-1 coincide.

Low energies, k < 1/€.— In this low energy regime
we have Q) =~ ck, such that Q4 ~ A!. Therefore we
obtain a, ~ A~1/274/2 Because V) ~ AY2 it follows
that apx ~ A~1/2. The operator I is a sum of two
terms of which &};dk dominates, and it scales as ') ~
A==, In the low energy regime we obtain W, ~ A/2.
The phase-fluctuations have the same scaling as before,
Ip ~ A=Y 2=1 while the particle-number scattering is
suppressed, dfiy ~ A~4/2,

2. Analysis in the absence of divergencies

In the analysis so far we ignored the RG flows of
the coupling constants M(A) and Gy(A). If they
change with sufficiently large powers, however, the rela-
tive importance of various terms in the Hamiltonian may
change. Below we derive the scaling of the coupling con-
stants from the RG flow equations - , i.e. their
anomalous dimensions.

Here we will consider the regime when neither of the
two couplings G+ diverges during the RG flow. The re-
sulting dimensional analysis is presented in Tab[IT]| for
small energies k < 1/£ and in Tab for large energies
E>1/¢.

Scalings of the RG coupling constants.— We begin with
the analysis of the effective polaron mass. Its RG flow in
the high energy regime (k > 1/¢) yields 9\ M =~ A95.
In d < 3 dimensions this leads to a monotonic growth of
M(A), and we obtain M ~ A%~* and thus M~! ~ A%—4,
At small energies, k < 1/, the situation is different.
There we obtain OaM ~ A%l meaning that addi-
tional renormalization AM ~ A? at small cut-offs be-
comes irrelevant. We should set M(A) ~ A° because

scaling for k < 1/¢ ‘dzl ‘d:2 ‘d:3

i AT (AT A
o [hd%dK kK Tl :[A° A° A°
Gy [N dUkdE : dnpdig - | A A2 A®
G- [MdkdE Oplp | A° A° Al

TABLE III. Dimensional analysis of quantum fluctuations
around the MF polaron state at low energies for k < 1/¢.
The RG flow of the coupling constants is included and the
regime where neither of the coupling constants G4 diverges
is considered. Relevant and marginal terms are highlighted.
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scaling for k> 1/¢ ‘dzl ‘d:2 ‘d:3
ik A7 A2 A2
o [N d%kd kK Tl :[A° A° AT?
Gy [N dkdK : dnkdig : | A° A° Al
G- [MdkdE OOk |A° A° Al

TABLE IV. The same as Tab[[T] but in the high energy regime
where k> 1/¢.

M(AN) ~ M(1/€), and accordingly M~1(A) ~ AO.

For G 1 we can perform a similar analysis. For k> 1/¢
we obtain that GZ'(A) = G3'(Ao) + AGL'(A), where
AGZT'(A) ~ A9"2. In one dimension G1' grows indefi-
nitely and the term GL'(Ag) can be discarded. Here we
obtain GL(A) ~ A. In d = 2,3 dimensions AGL'(A)
stops to flow (we ignored a slow logarithmic divergence
in two dimensions). As long as we are not in the vicin-
ity of a resonance where G;l = 0 we can thus assume
that GZ'(A) ~ G1'(Ag) =~ A°. A similar analysis for
k < 1/¢ shows that G4 (A) ~ A® in any dimension,
whereas G_(A) scales exactly as it does for k> 1/¢.

Finally we need to study the RG flow of 5(A), which
can be done using Eq. . In d = 2,3 dimensions the
changes of both G1'(A) and J;(A) become irrelevant at
high and low energies (again discarding a peculiar log-
divergence in two dimensions). In d = 1 this is also true
for k < 1/£. In these cases we obtain B(A) ~ A°. The
same is true even in one dimension for k > 1/¢ as long
as we can assume that Q ~ A2, which is the case when
mp < M. The situation where M < mgp requires a
separate treatment.

3. Analysis in the presence of divergencies

Finally we briefly discuss the physics in the vicinity of
divergencies of G4. The behavior of M is not modified
by this. As before we obtain the following scaling for k& >
1/¢, AGT'(A) ~ A%2. Because at the resonance (at a
cut-off A., say) G3'(A.) = 0, it follows that G4 (A) ~
A2~ Accordingly we obtain for k < 1/£ that G_(A)
A?~% and G4 (A) ~ A4,

In the dimensional analysis of Tabs. [[II] and [[V] the
scalings of two-phonon terms are modified when the re-
spective couplings G4 diverge. For d = 1,2,3 the terms
become marginal both for k¥ <« 1/ and & > 1/¢. Le.
when G4 — oo diverges,

1R

A
Gy / dkdk : Shgdng : ~ A°, (F2)

and a similar result holds when G_ — oo diverges. In
this case there can be a competition between two-phonon
and Frohlich terms.



Appendix G: Two-phonon terms and
the logarithmic UV divergence

In this appendix we show that two-phonon terms do
not modify the Frohlich type UV log-divergence in the
order of the RG that we consider. To this end we show
that the second term in Eq. for the polaron energy
is UV convergent.

We will make use of the asymptotic expression

uv 1

Wi = 1-50a

+O(k™). (G1)
Furthermore we note that my, = 1/ (mg' + M™1) =
Mred (1+O(A‘1,A51)), see Eq. . Hence we can
write to leading order in A~1:

WW,Gy — Wiw g )
/d3p/d2k[ WGy — W, WG] = 327 Myea
S F Qe

A 2
G.+G_ /1 1
2l o _GetGo (1 1
<[ oo - (m )|
(G2)

Now we solve for the RG flows of G(A). Because
the corresponding RG flow equations are separable, we
obtain exact expressions in terms of integrals,

Ao

G (A) = GZH(Ao) + 167Mreq / dA (15 A2
A

_ 8 2 - —
x [14+M 2mfcdﬁno (ﬁMFgfg)) (A1 = A 1)] ,
(G3)

again to leading order in A, Ay. Note that G;l(AO) is
UV divergent itself,

Mred

Gi'(Ao) = —Agl6mmyeq + 87 +0(A;Y). (G4)

arB

Using these expressions, we find that

AL AN 1
G +G_ = T [1 +0 <log <A0> A)] . (Gb)

Therefore, the second term in the second line of Eq. (G2))
gives rise to energy contributions scaling like

OAEg ~ ASA2A" 1 = A3 = Eo ~ A2,
(G6)
which are UV convergent. For the first term in the second
line of Eq. we use that

A—2
G O = @

(AT-AFY, (@)
giving rise to contributions

OnEy ~ N3AGPA™ = A71A2 (G8)

S By~ Ajtlog(Ao),  (GY)

which are UV convergent as Ay — oo.
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Appendix H: Relation to other logarithmic
corrections to the ground state energy

The log-divergence discussed in Eq. is closely re-
lated to the logarithmic corrections of the ground state
energy in an interacting Bose gas [41H43]. By con-
sidering every particle as an impurity interacting with
the surrounding bosons we expect a similar correction
~ —a*n?log (Ag/A1) to the energy per particle Eq/N in
this case, where a is the scattering length of the bosons.
When the UV cut-off is provided by Ag ~ 1/a as as-
sumed in Ref. [43], and considering the case when the
mass renormalization is large, we obtain a correction to
the energy density AEy/L? ~ a'njlog (n0a3). Indeed
this is the correct scaling with a and ng of the lead-
ing order correction to the ground state energy due to
quantum fluctuations [41H43]. When the mass renor-
malization is small the same scaling is obtained by tak-
ing into account the dependence of the healing length
on the scattering length agg = a = aig, see Ref.
[34]. Because £ = 1/v/2mpgppno ~ /noa we obtain
log(Ap€) ~ lognga?, again for Ag ~ 1/a.

In Ref. [34] corrections to the Bose polaron en-
ergy were calculated exactly up to order O(ady) us-
ing diagrammatic perturbation theory. The authors
derived a logarithmic UV divergence which scales like
~ noaig€ 2log(Ag€). This term is not included in our
RG and we expect that it corresponds to a contribution
of order O(£2,?) or higher, neglected in our analysis. The
authors of [34] pointed out that this term also gives rise
to the correct scaling AFy/L? ~ n3a*log(nga®) for the
interacting Bose gas (where aigp = app = a) [41H43].

Our RG approach suggests a unified picture of all log-
arithmic corrections discussed above. We showed in [17]
that the polaronic mass renormalization, which is gener-
ically given by M(k) = M + O(1/k) in the UV limit
k < Ay, gives rise to a correction of the impurity en-
ergy that diverges logarithmically with the UV cut-off
Ap. On generic grounds we expect that interaction terms
in the Hamiltonian lead to some mass renormalization,
connected with the appearance of generic log-divergent
terms in the energy. While the log-divergence found by
Christensen et al. is related to polaron mass generated
by two-phonon terms [34], we study mass renormaliza-
tion due to the Frohlich terms in the Hamiltonian of the
Bose polaron problem. These different mechanisms of
mass renormalization explain why the scaling with aig
in front of the log-divergencies is different for the two
situations.
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