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We give a detailed account of a stationary impurity in an ideal Bose-Einstein condensate, which we call
the ideal Bose polaron, at both zero and nonzero temperatures and arbitrary strength of the impurity-boson
coupling. The time evolution is solved exactly and it is found that, surprisingly, many of the features that have
been predicted for the real BEC are already present in this simpler setting and can be understood analytically
therein. We obtain explicit formulas for the time evolution of the condensate wave function at 7 = 0 and of
the one-particle density matrix at 7 > 0. For negative scattering length, the system is found to thermalize even
though the dynamics are perfectly coherent. The time evolution and thermal values of the Tan contact are derived
and compared to a recent experiment. We find that contrary to the Fermi polaron, the contact is not bounded at
unitarity as long as a condensate exists. An explicit formula for the dynamical overlap at 7 = 0 allows us to
compute the rf spectrum which can be understood in detail by relating it to the two-body problem of one boson

and the impurity.
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I. INTRODUCTION

A particle immersed in a quantum mechanical medium,
called a polaron, is a general concept of many-body theory
and a paradigmatic example of quasiparticle formation. When
the medium particles are bosonic, Bose-Einstein condensation
occurs at sufficiently low temperatures. In this case, the reac-
tion of the bath to the local perturbation is no longer governed
by individual bath particles but by a collective excitation of
the condensed mode.

An instance of the polaron concept of particular relevance
to date is an impurity particle immersed in an ultracold atomic
gas, the realization of which has been enabled by recent exper-
imental advances in the field. While the Fermi polaron—the
case of a fermionic environment—has been thoroughly inves-
tigated (for reviews, see Refs. [1-3]), the Bose polaron is a
domain of active research. It has been realized in experiments
with strongly imbalanced mixtures of ultracold gases [4-9].

While early theoretical treatments discussed the region
of a weakly coupled impurity (see Ref. [10] for a review
and Refs. [11-14] for more recent developments), these
approaches were subsequently extended towards stronger cou-
pling [15-29] and finite temperatures [12,30-36] as well as
aspects of dynamics [37-39]. The particularly simple case of
an ideal condensate and a stationary impurity—since a mo-
bile impurity would induce effective interactions—has been
frequently treated as a limiting case to theories developed
for the interacting Bose gas [15,18,23,25,26,29,40,41], but
not received an extensive treatment on its own, with methods
specifically devoted to its solution.

In this paper, we fill this gap by focusing entirely on
this problem, to which we refer as the ideal Bose polaron.
Considering this simple setting has several benefits: First, the
comparison of ideal and real polaron (through experiments or

2469-9926/2021/103(3)/033317(13)

033317-1

interacting theories) allows us to understand better the role
of boson interactions. This is most interesting for a strongly
coupled impurity, where the BEC is significantly deformed
and even weak boson interactions can have an important
effect. When relaxation effects are observed in a system, it
is not always clear whether they originate from many-body
effects, dephasing, or incoherent dynamics. In an ideal BEC,
the situation is simpler because there is no incoherence, i.e.,
an initial coherent or product state keeps this form as time
evolves. This leads to insights on the nature of peak broad-
ening in rf spectra and of thermalization. The simplicity of
the problem allows us to understand effects analytically that
were previously predicted by interacting theories: In partic-
ular, there is a close relation to the two-body problem of
one boson and the impurity and many-body effects can be
related to the two-body modes. Last but not least, the results
we obtain are exact and require little numerical effort even at
nonzero temperature.

As one central result of this article, we solve the time
evolution after a sudden switch-on of the impurity interactions
att = 0 (a quench) exactly and show that the condensate wave
function evolves as (A = 1):

B(r,1>0) = it — /n e /20 [erfcx (g\/ 2_;“)
r i
(r 2m 1 [it >:|
—erfex | =/ — — =/ — ) |, (D
2V it aV 2m

where erfcx z = ¥ (1 — erf z) is the scaled complementary
error function, n the boson density, m the boson mass and a the
impurity-boson scattering length. Similar formulas hold for
the excited states and allow us to compute the reduced density
matrices at nonzero temperature. We find that thermalization
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occurs for a < 0 by dephasing but not for a > 0 because low-
lying bound states cannot be populated without incoherences.
From the density matrix, we obtain the Bose polaron’s Tan
contact at 7 > 0 and compare to results from a recent ex-
periment [9], for which we give an alternative interpretation.
We then derive the explicit formula for the dynamical overlap
at T = 0, compute the exact rf spectrum and discuss how it
emerges analytically.

The paper is organized as follows. Section II introduces the
model. Section III discusses the dynamics and the asymptotics
for long times and the question of thermalization. Section [V
presents physical observables: The Tan contact is discussed,
including the question of unitarity limitation and comparison
to experiment. The rf spectrum at 7 = 0 is computed and
related to the two-body problem.

The zero-temperature results of this article are based on
Ref. [42].

II. MODEL

The Hamiltonian of an ideal BEC in presence of a station-
ary impurity is the one-particle operator

H = /d3raija,,

A
Hy —ﬁ + Vi),

where the impurity is situated at the origin, a, annihilates a
boson at position r and V¢ is the impurity-boson interaction
potential with scattering length a. In typical cold-atom exper-
iments, the potential range is the shortest length scale by far
and the interactions can be modeled by an effective potential
of zero range, the Fermi pseudopotential

“ 2ma 4
Vi (r) = 75 o, (ryr ().

It can have negative or positive scattering length and has,
accordingly, zero or one bound states. Furthermore, it acts
only on s-wave states.

The resulting eigenstates of H¢ are the continuum states
Y, parameterized by the wave number k > 0, the bound state
Yy if a > 0 and the zero mode 1§, which we separate from
the continuum because of its macroscopic occupation by the
condensate:

ye=1-12, (2a)

r

o = P e, (2b)

r«/2ma
sin(kr) — ak cos(kr)

r/2(1 + a?k?)

with energies Ey = 0, Ey, = —1/2ma?, and E; = k*/2m. The
normalization is such that [p, [¥¢]* = 1, [ps w_gl//,f:61(k—q)
fork,qg > Oand y§ — 1l asr — oo.

We are interested in the dynamics of a BEC which is
initially in its ground state or thermal state and which starts
to interact with the impurity at t = 0.

Y = fork > 0 (2¢)

A T=0

At zero temperature, the Schrodinger equation is solved
by a product state ansatz W(ry ...ry,t) = ¢(ry,t)---p(ry, t)
where N is the number of bosons. The condensate wave func-
tion ¢ is normalized to fQ |¢|?> = N, where Q is the system
volume, which allows for convergence in the thermodynamic
limit. The dynamics of ¢ are determined by the two-body
Schrodinger equation of one boson and the impurity, id;¢p =
H%p, with an initially flat BEC, ¢(t=0) = /n, of density
n=N/Q.

B.T>0

At nonzero temperature, the condensate is best described
in terms of the m-particle density matrices [43—45]
Y1 Xy oY) = (a;1 . ~a;max] ceay ) where
(-+-)=Tr(p...) denotes the expectation value with
respect to the density matrix p. Their dynamics are usually
determined by the BBGKY hierarchy [46] but since .77 is a
one-particle operator, the hierarchy decouples into

m
iath = |:2Hia» Vm]
i=1

We may therefore restrict to y;, which gives access to
the expectation values of one-boson operators, such as the
ground-state energy, the bosonic density profiles, the Tan con-
tact between one boson and the impurity, etc.! The initial
state is given in terms of the modes of the free two-body
Hamiltonian H®. By separating the s-wave modes wg, W;?
from the rest, we write

__ ., S-wave other
Yi=W +v,

x-anE(I_O)_ 0®_0 d 1 _ 0®_0
g =0) =noyy ® ¥y + R 1T pE, 11/111 vy

Here ny = n(1 — (T/TC)3/ 2) is the condensate density with
the critical temperature T; and z is the fugacity, determined
by z=1if T<T; and Li3;»(z) = (T./T)** Liz»(1) otherwise
(Li is the polylogarithm).

III. EXACT DYNAMICS

Even though the condensate wave function obeys the same
Schrodinger equation as in the two-body problem, there is
an important difference: As N, 2 — oo, the condensate wave
function ¢ becomes non-normalizable, which leads to qual-
itatively different dynamics. Also note that if V¢ allows for
a bound state, the energy is not bounded below because in
absence of boson-boson interactions, an arbitrary number of
bosons can enter the bound state.

A.T=0

At zero temperature, the condensate is fully condensed
in the zero mode ¥ = 1 and its time evolution is given by

'In fact, y; gives access to all y,,: their initial states are given by
symmetrized tensor products of y,, and this structure is preserved by
time evolution w.r.t. a one-particle Hamiltonian.
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@(r, 1) = /ny(t) where
Yo (1) = ey,

1. Expansion in two-body eigenstates

To solve the time evolution of wg, we expand it in the
interacting eigenstates (2):

U0 = 0ot +aostite "+ [ dkanute )
with coefficients o given by? (we will always include the
bound state in general expressions and set o, = 0 if a < 0)

o0 =1, (4a)
aop = 0(a)2av2na, (4b)
2av/2

The continuum integral in Eq. (3) is solved in the next section,
which leads to (1). Three qualitative features can be directly
observed from the decomposition (3):

(1) ag,p is finite. Thus the ground state, in which an infinite
number of bosons is bound to the impurity, is never reached
with a quench but instead the system remains dynamically
stable.

(i) Quantum mechanical systems with multiple energy
levels give rise to stable oscillations between these lev-
els while oscillations involving the continuum dephase for
long times. In Eq. (3), however, if the continuum dephases,
convergence towards ¥ occurs for a < 0 while for a > 0,
oscillations between ¥ and vy remain. Thus, the zero mode
plays the role of an additional bound state. We have investi-
gated the phenomenon of stable oscillations in our previous
works [23,24]; see also Refs. [18,20,22].

(iii) There are infinitely many particles in the continuum
since nfRflk lao . |* diverges as 0(n2!/?), even though this
is a vanishing fraction of all particles N = n€2. This effect is
related to the vanishing of the dynamical overlap of the ground
states of 9 and #? for a < 0, which has been termed
bosonic orthogonality catastrophe in Refs. [25,27,29].

Global phase. In a finite-volume system, the lowest scatter-
ing state has not an energy of precisely zero but of 2wa / mS2
to leading order in 2. Even though this tends to zero in the
thermodynamic limit, it cannot be neglected because the mode
is occupied by a macroscopic number Ny of bosons. This
leads to a total finite energy 27 an/m which can be taken into
account by a global phase factor:

W(ry...ry) = e MM (ry) - pry).

Even though this energy equals the mean-field result which is
approached for weak coupling for the real Bose polaron [15],
it remains exact for the ideal polaron at arbitrary coupling

(40)

?Derivation: Since ¥ — 1 as r — oo while the other modes de-
cay, it is clear that ogo = 1. For the bound state and continuum, it
is sufficient to project the remaining part ¥ — 0¥ = a/r onto
Yy and v/, which is easily accomplished with the aid of formula (5)
below and integral (B1d) from Appendix B.

strengths. Recall that this energy, also referred to as stationary
energy, corresponds to the ground state only for a < 0 while
for a > 0, the ground state energy is —oo.

2. Solving the continuum integral

To obtain formula (1), we have to solve the continuum
integral in Eq. (3). For this calculation, we set 2m = 1; the
complete result can be recovered by scaling ¢ appropriately.
We make use of the following alternative form of the contin-
uum modes:

—Re e (ak + i)
P = — (&)
r/2(1 + a?k?)
The general types of integrals that occur in the derivation are
computed in Appendix B. With this, the calculation of the
time-evolved condensate wave function proceeds as follows:

/ oWl (r)e ™ di .
R,
After inserting the definitions (4c) and (5), (ak 4 i) can be
canceled. The integrand is symmetric in k, so we can replace
fR+—> % fR. For later use, introduce an Im ¢ < O:
—a s eikr
=— lim [ e®*"Re———d
k(ak — 1)

rmr Imt /70 Jp
The imaginary part of the fraction is anti-symmetric in &, so
the “Re” can be omitted. This requires using a principal value
integral since the imaginary part has a pole at 0. Apply a
partial fraction decomposition:

k.

— __a lim (@ e*ikzt+ikr i _ ai dk
rm Imz /0 R k ak—i

Use integrals (Blc) and (B1b):
a r
= —Jerf
: { (zﬁ>
Vit or

—e”/“z_r/”[s na — erf (—— >:| .
g a  2Jit

Upon re-insertion of 2m and in combination with the other
terms in Eq. (3), this yields the exact time evolution of the
condensate wave function (1).

3. Asymptotics

For long times, the wave function (1) becomes

; 1 /it
¢r,t) ~ J/n— x/ﬁc—l|:l —e « erfcx(—— l—>:|
t—00 r aV 2m
(62)
1—¢ ifa<O0
~ ; b 6b
*/ﬁ{l_g(l_Ze—ﬁzmz) ifa > 0. (6b)

The convergence from (6a) to (6b) is logarithmically slow in
amplitude but qualitatively, the features of (6b) are present
already after short times. As expected, convergence to ¥/{ is
observed for a < 0 while oscillations between v§ and
remain for a > 0: indeed, (6b) is simply Eq. (3) with the
explicit values of o ¢ and o , but without the continuum part,
which has dephased.
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For a > 0, the asymptotic wave function periodically has
a zero whenever the time evolution factor is —1. This leads
to a halo of depletion of the condensate density at a certain
distance ry around the impurity. This had been observed be-
fore for an interacting Bose gas [23], and we are now able
to obtain r( analytically: from 1 = %(1 + 2¢770/%), we obtain
a universal halo radius of ry / a &~ 1.45. Comparison with
Ref. [23] indicates that this is not significantly modified by
the presence of a boson-boson interaction.

B.T>0

At nonzero temperature, we must compute the time evo-
Iution of the single-particle density matrix id,y; = [H?, y1].
Since the potential acts only on s-wave states, the result can
be written as

N =y ) + v 0),
) = noyg () @ g (1)

1 —
" /]Rfiq m‘ﬁg(ﬂ RYA). (7

The time evolution of the noncondensed modes w;’ can be
solved analogously to 1//8 . We obtain the decomposition

Yo (1) = agpge " + /R dk oy Wfe "B ®)
+

with coefficients (& denotes the principal value)

2qga’? 92)
= —— ) a
b= w1+ )
1 2akq
= —————|nétk—q)+ P—5——|. (%>
Yk = s [JT (k—q) 2 _qz] (9b)

The continuum integral is a bit more involved than for the
zero mode, but it can be solved with the same techniques. The
derivation can be found in Appendix A and leads to an explicit
formula for the time evolution of the noncondensed modes:

sin(qr) age="r* /it
—itq?/2m q q

V2 21+ a2g?)
iag — 1 r [2m . it
fex | ./ 2= [
X |: > er cx(2 P +1q m
iag + 1 r [2m |t
— erfex| =/ — —iqy/ —
2 2V it 2m
r [2m 1 |it
fex| =/ — — =/ =— ) | 10
ter CX<2 it a 2m>:| (19)

The remaining integral in Eq. (7) can easily be solved numer-
ically.

Yot) =e

1. Asymptotics and thermalization

In presence of boson interactions, one would expect the
system to finally reach its thermal state. To investigate if
thermalization can occur even for the coherent dynamics of

the ideal setting, we look at the long-time limit of ¢3 and find

11 +iaq| _; .
e ltE[/wg'Faq,be ltEbI//g,

0 ~
wq (t)t:oo 1 +iaq
similarly as for the zero mode (the 7-independent phase factor
in front could as well be absorbed in the definition of /7).
For a < 0, convergence to the interacting modes results and
y1, and with it the entire system, thermalizes. For a > 0,
on the other hand, the bound state leads once again to os-
cillations. Under the continuum integral, these oscillations
dephase and vanish for observables that have a continuous
momentum space representation. Thus, the asymptotic y; can
effectively be written as

y].Y—Wan: (t , T)

o s-wav
>~ —yV(, T=0)

t—oo n
1 a a 2.7a a
+ 40 g (0 ® Vg + lawsl V5 @ )

For T < T, oscillations with an amplitude proportional to
no/n remain, while for 7 > T, the reduced density matrix
converges. Still, it does not thermalize for a > O since the
energy is not bounded below and no thermal state exists.

IV. OBSERVABLES

We now turn to the discussion of physical observables that
can be directly inferred from the condensate wave function
(1) at T = 0 or obtained by numerically solving the integral
in Eq. (7) for T > 0.

A. Tan contact

The Tan contact was first introduced as a thermody-
namic quantity in an interacting quantum gas [47]. In
the polaron problem, the impurity-induced contact C =
(lim,_,o(47r)*ala,) quantifies the short-distance singularity
of the host atom density around the impurity. It has been
measured for the Bose polaron via its relation to @~/ tails
in the rf spectrum [9].

1.T=0

From the analytical formula for the condensate wave func-
tion (1), we can read off the time evolution of the contact
C = |4 lim, o rep(r)|* at T = 0:

1 /it
1 — erfcx (—— —)
aV 2m

Figures 1(a) and 1(b) show the time evolution for two
scattering lengths with opposite sign. The characteristic con-
vergent or oscillating behavior of the wave function discussed
in the last section is clearly visible. For long times, the asymp-
totic curve

2

C(t) = 167%a*n (11)

ifa<o0

ifa>0 (12

1
~ 2.2 '
C(t)t:ool67r a n{|1 _ Deithn|2
is reached. Figure 1(c) displays the dependence of the final
values on the scattering length.
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(a) Time Evolution, a < 0 (c) Asymptotics vs a~1 (d) Asymptotics vs T

. . T/T, = 0.0 :
@ 20} — T/T. =0.5 a~ ' =—1.5n'3
T: 10 T/Te =1.0 — o' =—25n'/3
O — T/T. =2.0 — a ' =-5.0n"3]
0 N . M | 30p I NV N1 N —
0 2 502 504 o C(T=0) mo/m
t/T n
(b) Time Evolution, a > 0 520 r
3]
? 200 10}
0 . \ . 0 . . .
0 2 502 504 —10 —5 0 5 10
t/T a—lp-1/3
FIG. 1. Impurity-induced Tan contact. (a), (b) Time evolution for a~' = 42.5n'/3 at various temperatures. Thermalization occurs fora < 0,

-2/3

while for a > 0, stable oscillations remain whenever 7' < T;. Time is measured in units of T = 2mn~>/°. (c) Asymptotic values vs scattering
length. For a > 0, the contact keeps oscillating within the shaded regions. For growing temperatures, the amplitude of oscillations decreases
proportional to the condensate density. Below T¢, the contact diverges at unitarity. This is in contrast to the Fermi polaron, where Pauli blocking
causes a limitation even in an ideal gas. (d) Temperature dependence of the thermalized values for a < 0. In comparison the contribution from
the condensate (dotted). At weak coupling, the thermal part compensates for the decrease in condensate density and the contact is almost
constant even well above 7. At stronger coupling, the compensation is only partly, resulting in a decay C(T") which is strongest around 7.

In particular, the contact diverges as the resonance 1/a = 0
is approached and an infinite number of bath particles are
attracted. This behavior is different from the Fermi polaron:
there, Pauli blocking prevents unbounded growth. This effect
is known as the unitarity limitation and leads to a universal
unitary value of the contact that is only weakly affected by
the intraspecies interactions. The question whether such a
universal value exists for the bosonic case as well has so far
been discussed only with approximate methods that contain
an a priori limitation of the number of excitations from the
condensate and therefore cannot exhibit a divergence. Here
we have shown that in absence of Pauli blocking no unitarity
limitation exists. Instead, the contact keeps growing linearly
in time as (11) takes the simple form® C(t) = 32z nt/m for
a~' = 0. Only the presence of a boson repulsion can prevent
unbounded growth in a real condensate. But then, the value
of the contact at unitarity should depend on the parameters of
this boson interaction and not be universal: In particular, we
expect that it continues to grow as agg — 0 at unitarity.

22.T>0

Only the s-wave part of y; has a nonzero contribution to
the contact, which is thus given by

ct,T)="cqu, T=0)
n

1
+lim@nr? | dg——— 00" (13)
r—0 R, Zile'BE‘f —1 4

Its time evolution and asymptotic behavior for various tem-
peratures are shown in Fig. 1. For a < 0, the contact decreases
slowly with growing temperature but retains a significant part
of its T'=0 value even above T.. For a > 0, the contribution

3Linear growth of the contact has also been predicted when the
intraspecies interactions in a Bose gas are quenched to unitarity [48].

from the zero mode keeps oscillating but the thermal part
converges as discussed before in more generality.

At unitarity, the contact continues to diverge below T,
while it remains finite above T: the unitarity limitation is
present in the uncondensed Bose gas but not in a con-
densate. The asymptotic value above T; is given by C =
4/ 2mm /B Lijj2(2) for a~' =0 (a similar formula has re-
cently been derived for the Fermi polaron [49]). Below T,
the diverging contribution of the condensate is added but
curiously, even the thermal part diverges since Lij»(1) = oo.

According to (13), the contact can be split into a part orig-
inating from the condensate and a thermal part. Figure 1(d)
shows this decomposition for the thermalized values at a < 0.
For weak coupling, no temperature dependence is visible:
Here the thermal part compensates almost completely for the
reduced condensate density as the temperature is raised. At
stronger coupling, a decrease with temperature is observed,
but the thermal part still has a significant contribution.

3. Comparison to experiment

The contact was recently measured experimentally [9]. In
this work, the contact was extracted from the high-frequency
tail of rf spectra of a trapped imbalanced gas mixture at fixed
temperature and scattering lengths. By evaluating different
trap regions with different densities, a variation of T /T; was
achieved, as the critical temperature depends on n via

kT )_271 n 23
B = o [ L]

At the same time, the local length unit n~'/3 changes, leading

to an effective variation of the impurity coupling an'/? and
of the boson repulsion aggn'/3. Thus, while T, a, and agg are
fixed in absolute units, they effectively vary in units of » which
are called local units in Ref. [9].

In Fig. 2 we compare the experimental data of the four
measurement series to the asymptotic (thermalized) values
of Eq. (13), subject to the same parallel variation in 7; and
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(a) a = —840ao
a-1p-1/3

(b) a = —1340a9
a-1lp-1/3

—5.0-10.0 —15.0 —20.0 —25.0 —4.0-6.0 —8.0 —10.0 —12.0 —14.0
g 10° -\\:!k_ E +’|'\
= * L
© -’F\“\\_\ ------ +" ““““““ ;.I,; 1
107tk ~|~ e ‘I‘ 1
0.00 O.I25 0.I50 0.:75 l.bO - 0.00 0.I25 0.I50 0.I75 1.I00 1.I25 1.I50
T/Tc(n) T/Te(n)
(c) a = —1800ao (d) @ = —3900a0
a—1ln—1/3 a—1n—1/3
—2.0—-4.0 —6.0 —8.0 —-10.0 —-1.0-2.0 —3.0 —4.0 —-5.0
[l
> 10t 4 wet —+
\: -H-|—_'_ | —
N —l_ J=|“ ‘F( T+
-
109 . . . . . il . . . . . .
0.00 0.25 0.50 0.75 1.00 1.25 1.50 0.00 0.25 0.50 0.75 1.00 1.25 1.50
T/Te(n) T/Te(n)

FIG. 2. Comparison of the Tan contact of the ideal Bose polaron to the recent experiment of Yan et al. [9]. At fixed absolute temperature

T = 130 nK and scattering length (see captions; gy is the Bohr radius),
a simultaneous change in T/T, ~ n~*? and an'/?

the density is varied by evaluating different trap regions, leading to

. Crosses are the experimental data points with error bars [50]. The leftmost data points

correspond to the trap center and the density decreases towards the right. In (a) and (b) the dashed lines are n%/3 fits to the experiment (i.e.,
C ~ n). From the excellent agreement we conclude that temperature and boson repulsion have no effect here and that the variation is due to the

change in an'/?

. The solid lines are our exact results for the ideal polaron. The behavior in (a) and (b) agrees remarkably well up to constant

factors of about 7 and 4.5. The origin of this prefactor is not yet clarified. In (d), the experimental values remain constant below 7. Here the

strong-coupling regime is entered, in which the limiting effect of the boson interaction agg becomes important. This breaks the n

and there is no longer qualitative agreement with the ideal polaron. Note
has a stronger effect towards the left.

an'/? with density. The comparison allows us to discuss the
similarities and differences between ideal and real polaron,
i.e., the effects of Boson repulsion and impurity mass. The
expectation is that the relatively low experimental value of
agp has no significant effect for a weakly coupled impurity but
that it may become important near unitarity where it limits the
number of particles attracted by the impurity. A finite impurity
mass on the other hand should have a weaker effect at strong
coupling where it is enhanced to a larger effective mass.

4. Weak coupling (a, b)

The experimental data seem to imply, at first sight, a strong
decay of the contact with growing temperature. However,
comparison with Fig. 1(d) shows that temperature should have
vanishing effect for the coupling strengths in Figs. 2(a) and
2(b). We thus conjecture that the decrease originates from
the effective change in scattering length. To verify this, note
that the noninfluence of 7 manifests itself in the scaling
C ~ na® (12) (see also Ref. [16]) of the contact, which leads
to Cn='/3 ~ n?3a> ~ (T /T,)~" for the experimental scaling
T. ~ n*3. Such a 1/x fit is shown as dashed line in the figures
and agrees remarkably well.

Our exact result (solid line) shows the same 1/x behavior
but deviates by constant factors. It is not plausible that this
difference originates from the difference between ideal and
real Bose gas for a number of reasons:

/3 scaling

173 in local units and thus

that also the boson coupling scales as aggn

(1) The difference is highest for the lowest scattering
length (a), but the limiting effect of the boson repulsion should
be most important for strong coupling.

(i) Comparison with approaches that include boson inter-
actions [24,29] indicates that the latter has almost no effect at
these coupling strengths.

(iii) The boson coupling aggn'/® effectively varies with
density too, which would break the 1/x scaling.

That instead the finite impurity mass should cause the
difference would explain why the factor is smaller for the
stronger coupling (b) where the effective mass is larger. How-
ever, given that the impurities are already heavier than the
bosons in the experiment, such a large effect would be surpris-
ing. The origin is thus not yet clear and investigating the role
of the mass ratio on the Tan contact might be an interesting
topic for future work.

1/3

5. Strong coupling (d)

Near unitarity, agreement between ideal and real Bose po-
laron can no longer be expected because the former predicts
a divergence of the number of attracted particles, which is
limited by the repulsion between Bosons in the real gas.
Consequently, the experimental and theoretical results in (d)
no longer show the same qualitative behavior. Also a finite
density of impurities might have a limiting effect in the

033317-6



QUENCH DYNAMICS OF THE IDEAL BOSE POLARON ...

PHYSICAL REVIEW A 103, 033317 (2021)

experiment as it allows only for a finite number of attracted
bosons per impurity.

For a simple estimate of the magnitude of these effects, let
us assume that each impurity has at its disposition a limited
volume of radius R in which it may disturb the BEC. The zero
mode then turns into ¥§ = 11:2//12’ which becomes ¥§ = R/r
at unitarity and leads to a contact limited by C ~ nR?:

(1) For the effect of the boson repulsion, we assume that
any perturbation of the BEC is limited in size to the magnitude
of the healing length £ = 1 / /8w aggny. Setting thus R ~ &

leads to Cn~'3 ~ Lo In the experiment, aggn™'/ ~
1/3

100 at the trap center and both n/ng and agpn™
wards the outer regions.

(2) For the impurity concentration, we set R ~ n, '~ and
obtain Cn='/3 ~ (n/n;)?/3. In the experiment, (n/n;)*/* ~ 45
is constant under the assumption of similar cloud shapes.

That the measured contact is constant might lead to the
conclusion that the latter effect is dominant. However, even
for this measurement series, a*n%/?> ~ 0.7 is much lower than
(n/n;)*? and the impurity concentration should have no ef-
fect. Rather, we believe that the boson repulsion is augmented
by a prefactor, which depends on the potential shape and
is larger for a van der Waals potential than for a soft one.
This expectation is motivated by the findings of Ref. [24]
but whether the suggested scaling as agén’l/3 is valid for
arbitrary potential shapes remains to be seen.

The constant experimental values of C near unitarity may
be caused by three effects that compete as the density is
lowered from the trap center to the outer regions:

(1) The decrease in an'/3 leads to a decrease of the contact
in the same units.

(2) The increase in T/T; also leads to a decrease; cf.
Fig. 1(d).

(3) The decrease in aggn'/? on the other hand leads to an
increase.

In total, these effects seem to compensate for each other
remarkably well.

grow to-

1/3

6. Summary

To summarize, our results for the ideal Bose polaron allow
us to interpret the observed density dependence of the ex-
perimental data at weak coupling: comparison with Fig. 1(d)
and 1/x fits shows that the temperature has vanishing effect
at these coupling strengths and that, consequently, the varia-
tion originates from the effective change in coupling strength.
We have found a surprising deviation between ideal and real
polaron at weak coupling that may motivate research on the
influence of the impurity mass on the Tan contact. Near uni-
tarity, on the other hand, the lower experimental values are
well-interpretable by boson repulsions in a real gas that limit
the number of bosons gathering around the impurity.

B. Dynamical overlap and RF spectrum at 7' = 0

While the Tan contact between bosons and impurity is
a one-particle operator of the form [ dx dy O yalay, ex-
periments give also access to many-body observables which
contain an arbitrary number of creators and annihilators. The

two most relevant are the dynamical overlap
S(t) — (eilﬁoe—itﬁa)
(the expectation value is with respect to the initial state),

which can be measured by Ramsey interferometry [8,51,52],
and its Fourier transform [3], the rf spectrum

Alw) = </ dE 8(E — #°)8(w — E + %ﬂ”)>, (14)

which is measured by spectroscopy [4,5,9].

They have been computed theoretically both at zero
[4,15,18,53] and nonzero [36,54] temperatures and
Refs. [4,18,36] have compared to experiment with good
agreement. We will now derive these quantities exactly for the
ideal polaron at zero temperature and show that the features
known from the real polaron are already present—even
though some of them were believed to originate from
incoherences in the dynamics, which are absent in our case.

1. Dynamical overlap
From the decomposition (3), we obtain the dynamical over-
lap (switching from product states to coherent states):

S(1) = (WO)|W(@)) / (V|V)

= exp[—itznan / m 4+ nlagy|* (e — 1)

+ n/ dk oo |* (e "B — 1)]. (15)
R

+

The solution of the continuum integral is similar as in
Sec. III A 2. We set 2m = n = 1 for the calculation:

(e = Dlag | dk.
Ry
Again, replace fR+—> 1 [ and perform a partial fraction de-
composition:

—ik2t —ik2t
-1 —1
= 44° /e—dk—aZ/e—dk .
R k2 r 1+ a2k?

First integral, call it /(¢): %I(t) =—ifp et = . thus
I1(t) = —2+/int. Second integral, use (B 1a) from Appendix B:

. it
= 44> |:—2Vint —ame'l? <sgna —erf £> + Ialrr:|.
a

Upon reinsertion of 2m and n and combining with the contri-
butions of the zero mode and bound state, we obtain the exact
formula for the dynamical overlap:

it

1
St) = exp{—iteran /m+ 4ira3n|:erfcx<—— _)
aV 2m

2 it
_1_2 2m7‘r:|}' (16)

At short times, it shows oscillations for @ > 0 similarly to the
contact, but for long times S decays to zero [18,25,27,29].
This is remarkable given that the dynamics are perfectly co-
herent and that the condensate wave function continues to
oscillate. This difference in behavior of contact and dynamical
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overlap originates from the former being a one-particle and
the latter a many-particle observable.

In the two limiting cases of weak and of unitary coupling
a*' — 0, formula (16) simplifies to a stretched exponential
with a noninteger power of time:

) v\ 12
S(t) —> exp [— Tan —8a2nﬁ(’—> } (17a)
a—0 m 2m
16 i\
() exp [ VN (l—> } (17b)
a—00 3 Zm

Note in particular that the unitary limit a=' — 0 is well-
behaved despite the divergence of the zero-mode energy
2man/m because the latter is canceled by the continuum con-
tribution (cf. the continuum shift in the rf spectrum discussed
below).

2. RF spectrum

The explicit formula (16) gives us access to the exact rf
spectrum via a single numerical Fourier transform,

Alw) = lRe / 'S (1) dr .
4 +

The result is shown in Fig. 3(a) for a range of scattering
lengths. It is similar to the result previously obtained from
Bogoliubov theory for the real polaron [18]. However, since
Bogoliubov theory has a dynamical instability at strong cou-
pling [20,23], it was not clear before whether the results
remain correct near unitarity. The agreement with our exact
results shows that the instability does not affect the rf spec-
trum despite the fact that it leads to divergences in other
observables [23], such that we can confirm Ref. [18], with the
exception of one difference: In Fig. 3, the rf peaks can be seen
to be quite sharply cut off towards lower energies for weak
coupling. Also, from (14) and #° > 0, one can see that A(w)
is strictly zero when w is below the ground state energy of
2 for a < 0. In Ref. [18], however, the peaks appear to be
broadened in both directions and centered around the ground
state energy. We do not believe that this difference originates
from a difference between ideal and real BEC or from the
approximations involved in Ref. [18] but instead from the
higher resolution that our explicit formula for S(¢) allows us
to obtain with little numerical effort.

3. Analytical discussion

The emergence of the rf spectrum from the three con-
stituents of the two-body spectrum—the zero mode, the bound
state and the continunum—can be understood in detail. For
this, we split (15) into three corresponding factors Sy, Sp,
and S, interpret them as multiplication operators acting on
the constant function 1, and Fourier transform each of these
operators independently:

S(t) = (SoSpSc (@),
A(w) = (AApAcd)(w),
where A = .Z7'S .Z and F is the Fourier transform op-
erator, scaled as (% f)(t) = fR e "’ f(w) dw. The result is a

é-peak centered around zero which is subsequently modified
by the operators Ag, Ay, and A.. They can be expressed in

(a) RF Spectrum A(w)
0.0 0.1

—4 -2 0 2 4 6
a—lp—1/3

(b) Discrete part (AgApd)(w)  (c) Peak shape (A.8)(w)

20 1.5
—_ a7 = 1nt/3
1.0 1 — \a_1|:2n1/3
la=?] =4n'/3
0.5
—\_(_§
0.0 Z T
0 5 10
wT

FIG. 3. (a) Numerically exact rf spectrum of the ideal Bose po-
laron. It can be understood as originating from discrete peaks: The
main peak corresponds to the energy of the zero mode 2wan / m
and for a > 0, additional lines appear at distances of the two-body
binding energy. Their weights follow a Poisson distribution with
more lines having appreciable weight at strong coupling. The discrete
peaks are broadened and shifted by the continuum, giving rise to the
peak shape in (c). Since continuum states have positive energy, the
lines in (b) are situated at the lower bounds of those in (a).

terms of the shift operator o defined by o f(w) = f(w — E),
and their effects can be discussed independently.*
a. Zero mode. For the zero mode, we have
SO — e*it2rmn/m

3

Ap = O2ran/m-

“There is a related probabilistic description: We may regard A as
probability density of a random variable which is an infinite sum
of random variables corresponding to the different modes. From
this, one can infer that A is an infinitely divisible distribution. In
accordance with this, In S satisfies the Lévy-Khinchin formula, i.e.,
it is of the form

2
InS(t) = —%zz —ibt + /(e—”E — 1 +itElg <) v(dE)

without Gaussian part, 0% =0, and with the term E1lg < being v-
integrable such that it can be absorbed in b [see (15)]. While the
zero mode is responsible for the deterministic shift b, the bound state
and continuum correspond to the singular and absolutely continuous
parts of the characteristic measure v.
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It thus shifts the § function by 2wan / m, leading to the main
peaks in Fig. 3. At stronger coupling, they are no longer
visible due to the effect of the continuum discussed below.

b. Bound state. For a > 0, the bound state has the effect

Sp = explnjagp|*(e "5 — 1)],
Ay, = explnlagp|* (o5, — 1]

Figure 3(b) shows the purely discrete part of the spectrum
(ApApd)(w). Expanding the exponential yields

. = 2yJ
A= —(”|°‘°;'b| ) e Mool oy (18)
j=0 J:

We thus obtain shifts by multiples jE, of the two-body
binding energy as discussed in Ref. [18]: They correspond
to many-body eigenstates of j bosons in the bound state
and N — j in the zero-energy state. The weights of these
peaks follow a Poisson distribution® with mean value (j) =
n|a0,b|2 = 8na’n. For weak coupling, this value is small,
meaning that the bound state is occupied at most once. For
stronger coupling, multiply occupied bound states gain weight
and additional lines appear in the spectrum. Close to unitarity,
the lines get denser and the broadening by the continuum
stronger, such that a smooth crossover to the attractive side
is observed [18].
¢. Continuum. For the continuum, we obtain

S, = exp[n / dk |og | * (e "Ex — 1)],

R,

A, =exp [n/ dk loo x|* (o8, — 1)}
R,
The influence of the continuum on a single peak is shown
in Fig. 3(c); it is independent of the sign of a. It broadens
the peaks, but only towards positive @ because the contin-
uum states have exclusively positive energies. At the same
time, a shift occurs which cancels the mean effect of zero-
mode and bound states: This is required by the sum rule
fa)A(a)) dow = (¥(0)|72°|¥(0)) = 0. In the limiting cases
a*! — 0, the power-law exponent ~¢* in Eq. (17) means that
A is an a-stable distribution.® Specifically for weak coupling,
we obtain the Lévy distribution (stability « = 1/2, skewness

B=1

R 4dn 8mwa*n?
(Ad)(w) 0 Q(a))\/ﬁaﬁ/2 exp (— o ) (19)

It exhibits the w~3/? tail characteristic for contact interactions.
In Fig. 3(c) the narrowest peak is of this form. At unitarity on
the other hand, A(w) is the stable distribution with stability

SThis is immediately plausible: Every boson has a probability of
leto %/ 2 to be found in the bound state, and the Poisson distribution
emerges through the law of rare events.

The stable distributions are a narrower class than the infinitely
divisible distributions and are fully characterised by a stability pa-
rameter o€(0, 2] and a skewness parameter fe[—1, 1] as well as a
shift and a scale parameter.

o =3/2 and skewness 8 =1 and has a representation in
terms of Whittaker functions [55,56].

Interestingly, the time evolution of the system is perfectly
coherent but leads nonetheless to broad peaks near unitarity,
which arise from the coupling of the impurity to the contin-
uum. It should also be noted that while the rf spectrum does
contain information about the many-body Hamiltonian ¢,
it also depends on the noninteracting Hamiltonian .7#° and
the initial state of the system. For example, the positions of
the discrete peaks are direct features of .77, but their weights
as well as the continuum effects relate to . In particular,
the strong influence of the continuum and the broad peaks
near unitarity are a consequence of the fact that the difference
between .7 and .7 is most important here.

V. CONCLUSION

We have treated the problem of a stationary impurity in
an ideal BEC and derived exact results for the condensate
wave function at zero temperature and the reduced density
matrix at nonzero temperature. For attractive coupling, the
system is found to thermalize by dephasing despite the lack
of incoherence in the dynamics because the two-body spec-
trum is purely continuous. On the repulsive side oscillations
remain, which are proportional in amplitude to the condensate
fraction.

We used our results to compute the Tan contact, which
grows unboundedly at unitarity, contrary to the behavior for
the Fermi polaron. This effect vanishes above the critical tem-
perature and will be suppressed by boson interactions in a real
gas. The dependence of the contact on temperature is small
for weak coupling and increases towards unitarity. We have
compared our results to a recent experiment and interpreted
the varying contact along different trap regions as being due
to an effective change in coupling strength.

The rf spectrum at zero temperature was shown to have the
same qualitative features as they have been predicted for the
interacting Bose gas [18] and can be understood very well in
the ideal setting from its relations to the two-body problem.

For future work, the absence of unitarity limitation in an
ideal BEC reported here naturally leads to the question how
the boson interaction in a real gas would prevent unlim-
ited attraction of bosons by the impurity. We have estimated
the scaling to be a];]'gn‘l/ 3 which has yet to be confirmed
by explicit calculations. Also the shape of the interaction
potential can be expected to play an important role [24].
Furthermore, the influence of the impurity mass on the con-
tact promises to be interesting: Important questions are if the
contact of a mobile impurity at unitarity in an ideal Bose gas
would continue to diverge and if the mass ratio can explain
the difference reported here between the exact results for
the ideal polaron and the experimental results for the real
polaron.

Note added in proof. Recently a study of universal aspects
of the Bose polaron appeared [57] that also finds the contact
to diverge at unitarity for agg — 0. A more recent work
on the dynamical formation of the polaron derives the same
expression (17b) for the unitary dynamical overlap [58].
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APPENDIX A: CONTINUUM INTEGRAL
FOR NONCONDENSED MODES

By similar means as in Sec. III A 2 for the zero mode, we
solve the integral in the decomposition (8) to obtain the time
evolution of the continuum modes (10). Once again, we set
2m = 1 and make use of the integrals in Appendix B:

/]R dk e_”kzaq,k Yi(r)

+

-1 o eikr
= —— [ dke”™ R Sk —
2 Je eak—i[”( 9)
2akq
e

Evaluate the &-function. For the other term, replace
fR+—> % fR and introduce Im¢ < 0 as before. Then apply a
partial fraction decomposition:
—1 ) elar
= lim [ne—”‘f Re
rr24/2 Imt 0

ag —i

aq itk tikr
— =P dke"*T
+ars e Jy e

ag+i aq—i 2ia
X — - .
k—q k+q ak—i

Apply Egs. (B1b) and (Blc):

R S ¢~ Re ¢ (ag + i)
r/2(1 + a2¢?)

L 199@a D) g erf( S iqﬁ)
2 2./it
iag(aq — i) it —ig ( r . )
— L et T erf — g/t
2 2./it 1

+aqeit/a2_r/a [sgna + erf<2

|

Some rearrangements are made:

_ i sin(gr) age "4
2 2re2(1 + d2¢?)
r
x {i(ag + 1) erfcx( +i x/l_t>
{ q Wi q

—i(aq—i)erfcx( il —iqx/i_t>

2/t

+2e"/“2’/”+’2/4”|:— sgna — erf( i \/—E>i| .
2V/it  a

The part of the bound state is

- . _ qa
e tEb bW = 29(a)e”/‘l2 L —
* r/2(1 + a2¢?)
Together, this leads to Eq. (10).

APPENDIX B: DERIVATION OF REQUIRED INTEGRALS

For the solution of the continuum integrals and the projec-
tions occurring throughout the paper, the following integrals
are needed:

—ak?
e T 2
———dk = —e*” [sgn(Rey) — erf o
/szﬂ/z S [sgn(Rey) (ya)]

(Bla)
ewk%ﬂk L
/ . dk = ime®” +ibY [sgn(Rey)
R K—1Y
ip
—erf| —— , Blb
© <2x/5+yﬁ>} I

e—ak2+ﬂk ) lﬁ
e@/ltkﬁ dk = ime™ 1 +ﬁ"erf(iq\/_— 2\/(;)7

(Blc)

/ ¢ dr = 78(q) + P (B1d)
R q

+

where o, 8,y € C, g€ R with Rea > 0, Re y#0 and (B1d)
holds in the sense of distributions.

Proof

In the following it is always easy to find dominating func-
tions to show holomorphy of integrals and exchangeability of
differentiation and integration.

(a) Denote by Ii(«, y) the left-hand side of (Bla). We
have

]
—e M L(a,y) = —e / e dk
R

do
= — /ze_"”’z.
o
Consequently, (s = yv/a')

2 « b /2
Ii(a,y) = —e / —e do/,
Vo
_Jme / a2 ds

—%e"‘”z[erf(y\/&) + const(y)].

14
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With I, (400, y) = 0, we obtain
T ay?
I = ;e [sgn(Re y) — erf (y /a)].

(b) Let Ir(«, B, y) be the integral in Eq. (B1b). Then

a _; : 2
_e—tyﬂlz — e—l}/ﬁ/ e—rxk +Bk dk
R

ap
= \/Eeﬁi”’g.
a
Therefore, (s = % + yJ/a)
b= e / ﬁﬁe'if-fyﬁ’ dp.
o

it
s tre
T 2y 242 2
— /_etﬂy/ e Sty vt_.‘/_ ds
o i

= —imePririe |:erf (% + Vﬁ) + const(c, J/)].

To evaluate the constant, compute I;(«, 0, y):

Iz(a,O,y)zf e
R

) / efak
=1 —_—
Y R K2 +y?

ok k+ iy

—— dk
k2+y2

=iyh

= ine® [erf(y /@) — sgn(Re y)].
Thus,

I =i ay’+ify R —erf i .
) = ime [sgn( ey)—er <2ﬁ+y\/a

(c) By the Sokhotski-Plemelj theorem,

e~k +Bk
P / T ak
R

k—q
— lim L(a, B, —ig+€)+ L(x, B, —ig —€)
e—0 2
= ime @7 tPe erf(iqf _ P )
2

(d) Taking B = ir and ¢ = 0 in (c), the limit «\0 can be
taken if the integral is understood in the sense of distributions.
This yields

eirk
/3” . dk = —im sgn(r)

1
= 21191((@%) = sgn.
Consequently,

ZF (1 + sgn)(k)

N =

/ e dr = (Z0) (k) =
R

+

~
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