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We propose that impurities in a Bose-Einstein condensate which is coupled to a transversely laser-
pumped multimode cavity form an experimentally accessible and analytically tractable model system for the
study of impurities solvated in correlated liquids and the breakdown of linear-response theory. As the
strength of the coupling constant between the impurity and the Bose-Einstein condensate is increased, which
is possible through Feshbach resonance methods, the impurity passes from a large to a small polaron state,
and then to an impurity-soliton state. This last transition marks the breakdown of linear-response theory.

DOI: 10.1103/PhysRevLett.115.135305

It is well known that ultracold atomic physics provides
realizations of interesting quantum many-body systems
[1-3]. In particular, the emergence of spatial order and
other forms of spontaneous symmetry breaking in quantum
systems can be studied in Bose-Einstein condensates (BECs)
confined to transversely laser-pumped cavities [4,5]. We
focus on the problem of an impurity in a correlated quantum
liquid near a continuous (or weakly first-order) symmetry
breaking transition. The role of quantum fluctuations on
impurity solvation and transport in correlated liquids like
water [6] is currently the subject of active debates in the
physical chemistry literature. The failure of linear-response
theory plays a central role in these debates [7].

The physics of impurities in ultracold quantum gases
[8-10] and in uniform BECs has already been well
explored [11-16]. The interaction between a (neutral)
impurity and the Bogoliubov excitations of the BEC
maps in the continuum limit onto the so-called Frohlich
Hamiltonian [17-20], a linear-response theory that
has been extensively applied to charged impurities in
polarizable media, or polarons. Such a “Bose polaron” can
undergo a transition [21] from a large polaron state,
which is well described by the Frohlich continuum theory,
to a small polaron state, in which the impurity is self-
trapped on length scales of the order of the interparticle
spacing of the medium [22,23].

In a transversely pumped multimode cavity, a BEC
undergoes a spontaneous phase transition from the uniform
state to a state in which the density of the condensate is
periodically modulated. This transition is described by a
quantum version of the Landau-Brazovskii (QLB) theory
for fluctuation-driven first-order phase transitions [5].
In this Letter, we will combine the Frohlich Hamiltonian
description for impurities and the QLB theory for sym-
metry breaking in BECs to investigate the fate of a BEC
polaron near the onset of spontaneous positional ordering,
and determine whether impurities in a BEC in a multimode
laser-pumped cavity can serve as a model system for the
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study of the effects of quantum fluctuations on solvation
and the breakdown of linear-response theory.
Model—Our model is defined by a Lagrangian that
is the sum of three terms, respectively, referring to the
impurity particle, the condensate, and the lossy cavity. The
Lagrangian of an impurity particle in a BEC condensate is

Li=5MRP = [ VR =Dp(en). (1)

2
with M the impurity mass [24], R(7) the impurity location,
and p(r) the deviation of the local density of the condensate
from the mean density, ny = Ng/V (Ny and V are the
number of bosons in the condensate, and the volume of the
system, respectively). Next, V(r) is the interaction potential
between the impurity particle with the bosons. In the s-wave
Fermi approximation, V(r—r') = gé® (r— 1) with
the pseudopotential, g5 = 2zagh*/M,, where ajg is the
impurity-boson s-wave scattering length and M, the reduced
mass of an impurity-boson binary system. The Lagrangian
for the excitations of the BEC reads

1 h
Ly = ]—}ZC—(IMI2 —o(q)’lpg]*) + L. (2)
q °4

Here, py(1) = [drp(r,1)e™9" and £, = nyeg(q)/h with
€0(q) = (hq)?*/2My, the free boson dispersion relation. For
a uniform BEC, the dispersion relation is given by the

Bogoliubov spectrum fiwg(q) = v/€o(q)[e0(q) + 2nogps]
with ggp = 4magph®/My, the pseudopotential for boson-
boson scattering (agg is the boson-boson scattering length).
Nonlinear terms are represented by Ly;. For BECs in an
optical cavity, both the boson-boson and boson-impurity
scattering length are experimentally adjustable parameters.
The Frohlich Hamiltonian of BEC polarons in uniform
condensates is recovered upon canonical quantization of the
linear and quadratic terms of Eqgs. (1) and (2).

The modes of a BEC inside a laser-pumped optical
cavity are mixed Bogoliubov excitations and electromag-
netic modes [4]. The mode frequencies can be depressed
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and driven to zero when the frequency of the transverse
laser matches that of a low frequency mode of the cavity.
Near the instability threshold, the spectrum can be approxi-
mated as [5]

o(q)* = A+ AR*(|q| — g0)*. (3)

Here, ¢, is the wave number of the cavity mode, which is of
the order of the inverse of the radius R of the cavity radius
[4,5]. A is the gap in the harmonic mode spectrum, and A
is a phenomenological parameter determining the range of
wave vectors over which the depression takes place. It is
itself determined by the width of the cavity resonance and
other factors [5]. In mean field (MF) theory, this Lagrangian
describes a continuous ordering transition at A = 0 from a
uniform phase to a density-modulated phase with modula-
tion vector gy and a modulation amplitude proportional to
|A|Y/2 [25-27].

The modes of the BEC are coupled to the electromag-
netic modes outside the pumped cavity that act as a
reservoir. These are included in the form of a distribution
of harmonic oscillators coupled linearly to the BEC modes.
Their Lagrangian is Ly =) sm{x? —oixi} =Y,
Cjq4pqx;- The last term represents a linear couphng of
the reservoir degrees of freedom x; to the modes pq with
coupling constants, C;,. The nature of the dissipation
is determined by these coupling constants through the
oscillator spectral density, J,, () = (7/2));(C; ,*/m;w;)
8(w — w;) [28]. We will restrict ourselves to the simplest
case of “Ohmlc” dissipation with J (@) = n,, for low
frequencies where 7, is an effective friction coefficient
[29]. The classical equation of motion for the impurity,
obtained by minimizing the total action, is of the Langevin
form with a friction coefficient that diverges at the MF
critical point as n/A?, where n =1, .

The equilibrium partition function Z of the impurity is
proportional to the functional integral [exp(Sy)D[R(z)]
Dlpq(t)]D[{x;(t)}] over all degrees of freedom, which
must obey periodic boundary conditions in “imaginary
time,” 0 < s < f (f = 1/kgT). Here, Sy is the Euclidean
action. The path integral over the environmental oscillators
can be carried out analytically. The remaining path integrals
over condensate modes and particle trajectories will be
discussed separately for positive and negative A.

A > 0.—For positive A, the nonlinear terms (Lyp,) do
not play a significant role. The density fluctuations can
then be integrated out, leading to an effective action for the
particle trajectories

5=—/~ <i§)2d§—~ /ET)dg
+a/d3 //dsdst (|5 — §|)@RE-RE)  (4)

where a = (gi3q3¢h/4(2n))(M;/h?q})* plays the role
of a dimensionless coupling constant while =, . We
shifted to dimensionless quantities, indicated by tildes,

setting M; = h = gy = 1 [30]. An infinitesimal external
force f is included in the action, in order to compute the
effective mass. The kernel, for ¢ around 1, is given by

Gy’ ﬂZ

n:—oo

l(l) T

(5)

2+ T +y|w,| + @2’

The summation is over dimensionless Matsubara frequen-
cies, w, =2zn/p. The dimensionless distance to the
MF critical point of the QLB is defined here as I' =
A(M;/hg3)?, the dimensionless friction coefficient as
y =n(M;/hq3), and the dimensionless field rigidity as
x = MRqy)*(M;/hq})*. The path integral over the particle
trajectories is performed variationally [31] by defining a
suitable Gaussian trial action. For the present case we choose

S,:—Aﬁl (‘Zf)zds—f /ﬁR(s)ds
3 [ s = DR - R Pasas'. (o

where the kernel, K(z) = (1/8) Y1 K, e with K, =
C/(D + y|w,| + @?), is similar to the actual kernel. The
constants C and D play the role of variational parameters
that are determined by applying Feynman’s inequality for
trial actions, F(f) < F,+p(S-S,),. Here F(f) =—
kgTIn Z is the free energy of the particle. Expectation
values are computed using the Gaussian trial action. For a
free particle with mass M* subject to a force f, the second
derivative of the free energy with respect to the applied force
equals 9*F/0f?|,_y = h*$?/12M* (in actual units). Using
this as the definition of the effective mass [32] and applying
the trial action gives M* = ($?/24)[>.,-09,)"" where
gn = @2+ (2/B) (Ko — K,)]~". In the limit of y = 0, the
kernel Gflzz)l(r) decays as exp(—v/Tz), as in Feynman’s
theory of large polarons [33]. In the opposite limit of y — oo,
quantum fluctuations of the field are suppressed and only the
n = 0 term remains, corresponding to MF classical static
structure factor 1/[y(g —1)?> + I'l. The model reduces in
this limit to the theory of the small polaron [34]. The
effective mass indeed undergoes a discontinuous jump upon
increasing the coupling constant at a critical value, a, =
/% (apart from a numerical factor). From Fig. 1(a), as the
damping coefficient is reduced, the effective mass disconti-
nuity is reduced and goes to zero at a critical point [35].
According to Fig. 1(c), the value of the critical coupling
constant for the transition between the large and small
polarons is strongly reduced as one approaches the ordering
transition of the BEC. This is an important result: the
transition from large to small polaron can be induced much
easier in a BEC near the ordering transition [34].

A < 0.—For negative A, the nonlinear terms of Eq. (2)
must be taken into account. It can be shown that only even
terms need to be included [5], Ly, = —u [d’r|p(r)|*-
w [drlp(r)|°. In order to perform the functional
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FIG. 1 (color online). Effective mass versus dimensionless
coupling constant and (a) dissipation, (b) temperature, and (c)
distance from the ordering transition. Other parameters are set to
@p=xy=100andI"'=1,(b)y =y =100 and I = 1, and (c)
p =y =y =100. In (a) and (b) the red dots indicate the critical
points where the discontinuity of the effective mass closes. The
dark arrows marked by ay, correspond to the dotted line in (c),
ie,y,ff—> o0, at ' =1.

integrations for this nonlinear case, first expand the free
energy F[R(s)] in a Taylor expansion in powers of the
impurity pseudopotential, g;g. Then perform, term by term,
the functional integrations using the nonlinear action. The
zero-order term in the expansion is the partition function of
the condensate in the absence of the particle. The first-order
term is

F(Z) gIB qu ), // dsds' e’ [R(s)-R(s ] (7)

Here, gq,w” is the full two-point Green’s function of the
system without the impurity. The second order term
contains the full four-point vertex function. These full
correlation functions are obtained by a second expansion,
now in powers of Ly . The nonlinear terms can be included
by the renormalization group method [5]. To one-loop
order, this leads to a renormalization of A to A with
A=A+ 7Puln(A,/A), where P « q,> and A, is a high-
energy cutoff. The effective gap A of the spectrum remains
positive for negative values of A. The renormalized quartic
coefficient & is given by & = u(l — ull/1 4 uIl) with
1= P/A; so i becomes negative if the effective gap A
drops below Pu (which happens for slightly negative A).
The functional integral over the renormalized quadratic
Lagrangian no longer suffers from strong fluctuations,
even for negative #. For negative i and decreasing A, a
first-order phase transition takes place at > = 4hAw/(
where the modulation amplitude changes discontinuously
from zero to v/2(AA/¢|@|)'/? The correlation length at the
ordering transition is &= R+/A/A. This renormalized
action SK has the same form as Sy but with u and A
replaced by the renormalized ones: it can be analyzed by
MF theory plus fluctuation corrections.

The simplest case is the strong damping limit, when the
condensate density modulation can be treated as quasistatic
with respect to the dynamics of the impurity [36]. The MF
minimization of S leads to a radial density modulation
around a static impurity at the origin of the form

sin(gor)
qor

p(r) = po exp(=r/§). (8)

Generally p(r) retains this form if gor = 1. Using Eq. (8) as
a trial function (with p, the free parameter) leads to the
nonlinear MF free energy cost Fg(py) for radial density
modulations

b (2715(6105)
nf

Frlpog) =
B( 0) 752(](3)

~ w
o+ ol + 5l ) )

where Fg(pg) has, in general, the form of a double-well
potential with one minimum at p, = 0 and a second near
the modulation amplitude p* = \/2|&|/3w of the ordered
phase (see Fig. 2). The second minimum represents a
spherically symmetric deformation of the condensate that
interpolates between the ordered state near the origin and
the uniform state far from the origin. We will refer to this
structure as the impurity soliton [37]. At the transition
point, the energy cost of the impurity soliton is F*=
(8n/ 73 G30) (A |i]/w)(qoé). If the mass of the impurity is
so large (M;> h?q}/pogiz) that quantum fluctuations
of the impurity can be disregarded, the free energy is
F 1= —|gpo| as shown in Fig. 2(a).

For small gz the absolute minimum of F(p,) = Fg +
JF as a function of p, is proportional to g [Fig. 2(al)],
which corresponds to the small polaron, while there is
a metastable minimum near p* that corresponds to the
impurity soliton. For larger values of ¢ig, the absolute
minimum jumps near p* [see Fig. 2(a2)]. The soliton state
has lower energy if

o B0 Sl (10

Since £ « A~!/2, the impurity-soliton state necessarily has
a lower energy than the polaron state for sufficiently large
correlation lengths and, hence, linear-response theory must
break down for sufficiently large correlation lengths. When
typical values for a pumped BEC are inserted in this
inequality, one finds that the polaron-soliton transition
should be experimentally accessible [38].

Next, we include quantum fluctuations of the impurity
particle. The effective Lagrangian is

sin(goR) .

1 .
L, =~M|RP
155 1IR[* + [gmpol 2R

xp(=R/E). (11)

The impurity free energy J; is obtained from L; by
integrating over particle trajectories. This leads to
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FIG. 2 (color online). Variational free energies as a function of
the modulation amplitude p,. The blue, red, and green (top,
bottom, and middle) curves show the condensate free energy
Fg(po), impurity free energy F;(py), and the total free energy
Flpo) = Frlpo) + Fi(po), respectively. The absolute minima
of total free energies are indicated by black dots in each panel.
(al),(a2) Massive impurities: the free energy of the impurity
decreases linearly with p,. For increasing pseudopotential, the
absolute minimum shifts from the neighborhood of the Gaussian
minimum to that of the vacuum of the ordered phase—
corresponding to a transition from the small polaron to the
impurity soliton. Panels (bl) and (b2) include the zero-point
energy of a bound-state particle, which follows the red curves.
The minimum at p, = 0 corresponds to the large polaron (bl).
For increasing pseudopotentials (b2), there may be transitions
from the large polaron to the small polaron and then to the soliton,
or a single transition directly from the large polaron to the
impurity soliton.

3
Fi1(po) = —|gwspol +§fz£2(p0) +oeee (12)

The first term is the earlier classical limit while the second
term is the lowest-order correction due to quantum fluc-
tuations. Q(po) = (|gpolq3/3M;)"/* is the natural fre-
quency of the bound-state impurity particle in the effective
potential. The bound state disappears if the right-hand side
of Eq. (11) is positive, in which case F; should be set to
zero [the flat segment of the red curve in Figs. 2(b1l) and
2(b2)]. The small polaron minimum is replaced by a
minimum at py = 0 that corresponds to the large polaron.
The condition for the small polaron to survive in the
presence of the zero-point fluctuations of the impurity is
_  [nA¢ - = .
9B > Je1 = \/ 3¢ OF Ac = \/)(_F (apart from a numerical
factor), which is just the earlier criterion for self-trapping of
a small polaron. The soliton state is significantly more
stable against zero-point fluctuations of the impurity than
the small polaron state.

Quantum fluctuations of the condensate are included
by treating py(7) as a time-dependent coordinate with a
kinetic energy, K = (22&/q3)[dpo(t)/dt]*. In the double-
well potential, the condensate coordinate now can tunnel
between the two minima, allowing for a linear super-
position of the small polaron and soliton states. As the
strength of the quantum fluctuations of the condensate

Small Polaron

Large Polaron

Soliton 918

FIG. 3 (color online). The different states of the BEC-impurity
system are shown schematically. In each panel, the blue color
(surrounding background) indicates the condensate modulation
amplitude while the red cloud at the center indicates the particle.
From left to right, large polaron, small polaron, and the soliton.

increases, the impurity-soliton state disappears, roughly
when the zero-point energy of the condensate coordinate
exceeds the depth of the well [39].

An important concern regarding the soliton solutions is
their instabilities in spatial dimensions D > 1, due to
Derrick’s theorem [40]. We show in Supplemental
Material (3) that the coupling with the particle’s degree
of freedom stabilizes the soliton. Furthermore, Gaussian
fluctuations are shown to be irrelevant in D > 2.

In summary, the QLB theory predicts that impurity
particles generate a variety of structures as the excitation
spectrum is progressively depressed. Above the MF tran-
sition point, the impurity generates either a large or a small
polaron state, depending on the coupling and damping
constant. Below the MF transition—but above the actual
ordering transition—a new state appears: the soliton with a
self-trapped impurity particle (see Fig. 3).

Discussion.—In the Introduction we posed the question
whether impurities in a BEC can serve as a model system
for the study of the role of quantum fluctuations and the
breakdown of linear-response theory in solvation theory.
We have found that linear-response theory breaks down
when a pumped BEC system becomes increasingly corre-
lated on approach of a spontaneous symmetry breaking
transition, signaled by the formation of the impurity-soliton
state. Does this agree, at least qualitatively, with solvation
phenomena in conventional fluids? It is believed that the
breakdown of linear-response theory for small ions in water
is related to the formation of partially ordered shells of
water molecules (“solvation shells”) around the ion [6].
Water is a highly correlated fluid and solvation shells
indeed could be—crudely—viewed as local realizations of
the low-temperature ordered phase (i.e., ice). On the other
hand, the water molecules surrounding solvated electrons,
with much stronger zero-point fluctuations, remain disor-
dered. A recent mixed quantum-classical simulation of
electrons solvated in water have a wave function that is
relatively delocalized (“wet electron”) [7]. According to the
theory, an impurity-soliton state destroyed by the zero-
point motion of the particle would have to be a large
polaron. Quantitative experimental studies of impurities in
BECs in pumped optical cavities that would verify the
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association of the breakdown of linear-response theory with
solitons should, according to our estimates [38], be possible
and would be of great value as a model system to study
quantum effects on solvation in a system described by a
general theory that does not require detailed assumptions
about molecular interactions.
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