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In a one-dimensional weakly interacting Bose-Fermi mixture, one branch of elementary excitations is well
described by the Bogoliubov spectrum. Here we use the microscopic theory to study the decay of such quasiparticle
excitations. The main scattering process which leads to their decay is the backscattering of a Bogoliubov
quasiparticle off the Fermi sea, where a particle-hole pair is excited. For a low-momentum quasiparticle (phonon)
of momentum ¢, we find that the decay rate scales as ¢ provided g is smaller than the Fermi momentum k,
while in the opposite case the decay behaves as g>. If the ratio of the masses of fermions and bosons is equal to
the ratio of the boson-fermion and the boson-boson interaction strengths, the decay rate changes dramatically. It
scales as g’ for g < kr, while we find ¢° scaling at ¢ > kr. For a high-momentum Bogoliubov quasiparticle, we
find a constant decay rate for g < kr, while it scales as 1/q for ¢ > kr. We also find an analytic expression for the
decay rate in the crossover region between low and high momenta. The decay rate is a continuous, but nonanalytic
function of the momentum at ¢ = k. In the special case when the parameters of our system correspond to the

integrable model, we observe that the decay rate vanishes.
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I. INTRODUCTION

For a long time, the investigation of mixtures of quantum
fluids was limited to the *He -*He mixture. However, highly
controlled experimental setups with ultracold atomic gases
have been developed in the last 20 years [1], which provide
a new playground for detailed studies of quantum mixtures.
In particular, various experimental realizations of Bose-Fermi
mixtures have been achieved [2-7]. Such realizations with cold
gases are especially interesting due to the possibility to tune
the interaction between atoms using the Feshbach resonance
technique, which enables one to probe the system at arbitrary
coupling. Moreover, one is able to create low-dimensional
mixtures by suitably applying the trapping potential and
thus study phenomena in reduced dimensions where the role
of quantum fluctuations is enhanced. Ground-state proper-
ties, thermodynamics, and the rich phase diagram of one-
dimensional Bose-Fermi mixtures are studied in numerous
works [8-26].

The usual starting point for the theoretical analysis of
one-dimensional interacting bosonic and fermionic systems
is the Luttinger liquid theory [27]. Within this hydrodynamic
approach, the low-energy excitations are bosonic quasiparti-
cles with linear energy spectrum. This poses a problem for
the calculation of the quasiparticle decay rate [28]. Within the
framework of the Luttinger liquid theory, these quasiparticles
have an infinite lifetime. However, the quasiparticles are not
exact eigenstates of the system and therefore should decay.
In order to describe their decay, we have to go beyond the
Luttinger liquid description and carefully account for various
nonlinearities [28-30]. The decay rate of quasiparticles is a
quantity that could be directly probed, e.g., by measuring the
dynamic structure factor. The latter does not have the form of
an infinitely sharp § function at the position of the excitation,
but rather a peak with the width determined by the decay rate.

The decay of quasiparticles in one-dimensional quantum
liquids has recently attracted considerable attention [29—40].
For both systems of interacting bosons and fermions, the
lowest-energy excitations are fermionic quasiparticles [28,41].
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Their decay rate behaves as the eighth power of the mo-
mentum [37]. The nature and the decay rate of quasiparticle
excitations at higher momenta become more complicated. For
example, in a weakly interacting Bose gas, good quasipar-
ticles are bosonic quasiparticles that are well described by
the Bogoliubov spectrum [28,30,42]. At low momenta, the
quasiparticles are phonons and their decay rate scales as the
seventh power of the momentum [30,38]. At higher momenta,
the decay rate of Bogoliubov quasiparticles crosses over into
a momentum-independent value [30,33].

A one-dimensional Bose-Fermi mixture is commonly
described in terms of a two-component Luttinger lig-
uid [10,11,43]. Although this theory is fruitful for some
questions, to account for the decay of quasiparticle excitations,
amore detailed theoretical description is needed. For particular
values of parameters, the system has a special feature of
being integrable. This means that one can find the exact
solution using the Bethe ansatz method [8,13,16]. However,
in this case, a large number of conservation laws prevent
equilibration, and quasiparticles do not decay. The low-energy
microscopic description should be consistent and in special
cases, which correspond to the integrable models, it must
be in agreement with the results obtained by the Bethe
ansatz.

In this paper, we study a Bose-Fermi mixture at weak
interaction. In this regime, one branch of excitations is
inherited from weakly interacting bosons and has a Bogoliubov
form. We study the effect of Bose-Fermi coupling on the
decay of Bogoliubov excitations. We use the hydrodynamic
microscopic description which accounts for various anhar-
monicities in the theory. We consider spin-polarized fermions.
At zero temperature, the leading process that gives the decay
is the quasiparticle backscattering off the Fermi sea, where
a particle-hole pair is created. For generic values of the
coupling constants and the masses of bosons and fermions,
we find different regimes of scaling of the decay rate. These
regimes depend on the initial quasiparticle momentum, Fermi
wave vector, and the characteristic momentum of Bogoliubov
excitations. However, we show that by tuning the ratio of the
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masses of bosons and fermions and the interactions, different
regimes emerge where the decay rate dramatically changes.

This paper is organized as follows. In Sec. II, we introduce
the model for a one-dimensional Bose-Fermi mixture. In
Sec. III, we calculate the scattering matrix element describing
the decay of a Bogoliubov quasiparticle using the perturbation
theory in the interaction strength. We also analyze the matrix
element in the limits of small and large momenta. In Sec. IV,
we evaluate the decay rate of a Bogoliubov quasiparticle.
We consider regions of low- and high-energy excitations,
and provide the analytic expression for the full crossover
function between them. Section V contains discussions and
conclusions. The technical details of the calculations are given
in Appendices A-E.

II. MICROSCOPIC MODEL

We study a weakly interacting Bose-Fermi mixture de-
scribed by the Hamiltonian H = Hp + Hp + V), where

h? 4 g 5
Hy = —/dx(wf'wi + —/dxn LW
2m 2
h2 ,
_ T
Hp = / dx(VUHVW), D)
V) = G/dxnnp. (3

Equation (1) describes bosonic particles of the mass m that
interact via contact repulsion of the strength g. By v and T,
we denote bosonic single-particle field operators that satisfy
the standard commutation relation [Iﬂ(x),wT(y)] =86x —y).
The density of bosons is n = 7. Equation (2) describes
noninteracting spinless fermionic particles of the mass M.
By W and W', we denote fermionic single-particle field
operators that satisfy the standard anticommutation relation
{\l'(x),\lﬂt(y)} = §(x — y). Equation (3) describes the mutual
interaction between two subsystems, where G is the interaction
strength, while ny = W denotes the density of fermions.

We note that in the special case m = M and g = G, the
Hamiltonian H describes an integrable model which can be
solved using the Bethe ansatz technique [8,13,16]. We also
note that in the case of fermions with spin, the integrable
model is realized under the conditions m = M and g = G, but
with an additional requirement of contact interaction between
fermions of the strength g [8,13,16].

Our goal is to find the excitations of the system as well as
small residual interaction between them. We begin with the
subsystem of bosons that is described by the Hamiltonian (1).
In the weakly interacting case, we use a hydrodynamic
approach where the single-particle operator is expressed
as [44,45]

i) = Vn(x) ™. “)

Here the density n and the phase 6 obey the bosonic commuta-
tion relation [n(x),0(y)] = —id(x — y). The Hamiltonian (1)
then becomes

. h? ,  (Vn)? g 2
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To account for the low-energy excitations, we consider small
density fluctuations,

n:no—i—ﬁ, (6)
b1d

around the mean density ny. Here the new field ¢ is defined
by the commutation relation [V@(x),0(y)] = —ind(x — ).
Such hydrodynamic description is valid as long as the density
fluctuations are small, |[V¢| < ng, such that the root in Eq. (4)
stays positive. This occurs at the wave vectors of excitations
below ny. We eventually expand the Hamiltonian (5) in
small V¢ /ng. The obtained result can be conveniently split
in different powers of VO and V¢ as Hg = Hgo+ V3 + V4
+ - - -, where Hp is a quadratic term, V3 is a cubic term, V4
is a quartic term, etc.
The quadratic term is given by

(V¢)*

2,2
4m*ng

h 2 v 2
Hyo = E/dx{v[([(ve) + }7(%) }

(N

which corresponds to the usual Luttinger liquid Hamiltonian,
but with the additional term o< (V2¢)?> identified as the
quantum pressure. The sound velocity v and the Luttinger
liquid parameter K are given by

gno 7 hng
v=,/"—, K= .
m mv

(8
We consider the weakly interacting limit, K > 1. The cubic

term V3 reads

1 2 1\2
s(VO)VIP) [ (D)
21’10

v—h2 dx| (Vo) (VO)?
3—%/ x[( BUVOP -

For the purpose of the scattering process considered in the next
section, we do not need the quartic anharmonic term.

The quadratic term (7) is diagonalized by expanding the
bosonic field ¢ and € in normal modes as

77,’2}’1 . +
Vo) =) szzq gl /"B, +by),  (10)
q

me . .
Vo) =Y /2Lh2‘fn0 sen(@)e bl — by, (A1)
q

Here, L is the size of the system, while bg and b, are,
respectively, the bosonic creation and annihilation operators
that satisfy the commutation relation [bq,b;] = 44,4~ The
quadratic part (7) in the normal mode representation becomes

. ) | 2q*
Hpo = qub;bq, with ¢, = vlg| [1+ % 12)
. 0

Here, o = +/8muv. Equation (12) describes bosonic quasipar-
ticle excitations characterized by the nonlinear Bogoliubov
dispersion. This nonlinearity arises due to the quantum
pressure  (V2¢)? in Eq. (7), which usually does not appear
in the Luttinger liquid Hamiltonian.
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The cubic term (9) describes the interaction between
Bogoliubov quasiparticles. It is given by

Z lg19293]
V3 = B ———1
[, €0, €

q1,92:q3 919293

+3f-(q1,92,93) (b(z3bj,2b—q1 + H.c.) ]84, 4424450
(13)

[f(q1.q2.93) (b} b} b} +H.c.)

where

v? 1 [(e,.¢ &4 & &4 &
fe(q1,q2.43) = [—( o ARy 43>
12/2Lmng [ V2 \ ¢392 q192 q193

1
= ;(qf +q; +q§)] (14)
0

We now treat the part of the total Hamiltonian that involves
fermions, given by Eqgs. (2) and (3). The former describes
the free fermions, while the latter represents the interaction
between bosons and fermions. We expand the fermionic field
using the normal modes as

1 . 1 . ,
Y(x) = ﬁ Zequ/flaq’ qﬁ(x) — ﬁ Ze_qu/ha;,
q q

5)

where the fermion operators satisfy the anticommutation
relation {aq,a;} = 84,4~ The fermions are described by the
quadratic Hamiltonian,

2
Hp =Y E,aja, with E,= Z‘J—M. (16)

q
In the regime of weak Bose-Fermi coupling G, the two
branches of excitation of the Bose-Fermi mixture are given
by the expressions (12) and (16).

Using the normal mode expansions (10) and (11), and
Eq. (15), the Bose-Fermi interaction (3) becomes

Vi= Z F(q3)aT_q2aql(bT_q3 + bg3)8q,+42+45.0 17

q1,92,93
r(g) = G| 0 (18)
= 2Lme,

In normal modes, Eq. (17) describes the process where a
fermion either emits or absorbs one Bogoliubov quasiparticle.
We consider the case of weak Bose-Fermi coupling, G <«

gvK (see Appendix E).

where

III. SCATTERING MATRIX ELEMENT

As shown in the previous section, one type of excitations
of a weakly interacting Bose-Fermi mixture is Bogoliubov
quasiparticles, which have the spectrum given by Eq. (12). Due
to weak residual interactions, these excitations are not exact
eigenstates of the full Hamiltonian. Therefore, in general, they
do decay. The goal of this paper is to study their decay rate.
Residual interaction between bosons described by V3 (and by
other terms contained in Hpg, such as V) are one possible
decay channel for a Bogoliubov quasiparticle. However, the
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FIG. 1. Representation of the decay of a Bogoliubov quasipar-
ticle. Left: The Bogoliubov spectrum of quasiparticles. Right: The
spectrum of fermions, where the dashed line represents the Fermi
energy.

Hamiltonian Hp given by Eq. (1) describes the Lieb-Liniger
model [46]. It is integrable and therefore its excitations do not
decay. This has been recently explicitly shown in Ref. [30]. We
should therefore study another decay channel due to interaction
with fermions, which is described by V| (and its combination
with residual interaction between bosons that may arise in
higher orders of perturbation theory). In this section, we use
perturbation theory to calculate the scattering matrix element
for the decay of a Bogoliubov quasiparticle due to interaction
with fermions.

Using the conservation laws of momentum and energy, one
finds that the leading process for the decay of the Bogoliubov
quasiparticle is its backscattering off the Fermi sea, where a
particle-hole pair becomes excited (see Fig. 1). We consider
slow fermions, with velocity smaller than the sound velocity
v. This can be achieved only for sufficiently small Fermi
energy. Moreover, we also require that the initial Bogoliubov
quasiparticle is of sufficiently small momentum, such that
it cannot excite the fermions at too high momenta. If one
calculates the correction to the spectrum Ej of fermions due
to V; perturbation (see Appendix D), one finds that it becomes
significant only in the very near vicinity of M v, which signals
that the quadratic form of the spectrum E; = k>/2M is not
good only at such high momenta. Therefore, if we consider
fermions at momenta below M v, we could safely use the bare
fermionic spectrum. On the other hand, fermions cannot be ex-
cited at too high momenta if we consider the initial Bogoliubov
quasiparticle at sufficiently small momenta, below Mv /2. The
latter condition is obtained and discussed later in this section.

The matrix element for the process shown in Fig. 1 is the
central object of our interest. It is given by the expression
AZi'kk/ = (0|ak/bq/|T|a,1bj,|0) in terms of the T matrix. Here, ¢
is the initial momentum of the Bogoliubov quasiparticle, while
¢’ is its final momentum. By |k| < kr, we denote the fermion
in the initial state, which is scattered to the state |k'| > kr
above the Fermi sea. By kr, we denote the Fermi momentum,
while |0) denotes the vacuum.

For the scattering process that we study, the 7 matrix is
given by the expression

1

T=V+YV T, 19
&g+ Ex — Hpo — Hp (19)

where V = V| + V3. When the perturbation is weak, Eq. (19)
can be solved iteratively. Since V does not conserve the number
of quasiparticles, the leading contribution to the matrix element
is given in second-order perturbation theory in V. Therefore,
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the leading-order contribution to the matrix element is

. (20)
|

s (Olaw by | VIm) m|V |a[b}|0)
q.k Sq + Ek - Em

m

qt+k=q +F,
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where E,, = (m|Hpo+ Hp|m) denotes the energy of the
intermediate state |m).

Equation (20) is evaluated on the mass shell, i.e., accounting
for the conservation laws of momentum and energy:

&g + E, = &g + Ep. 21

The details are given in Appendix A, while here we give the final result,

ALY = —{r<q>r(q’><

Eq+k — Ek — &y

+6I'(q —q')

1
+
Eq’—k — Ek + 8q/)

VEq€q'€q—q

It is important to note that the matrix element (22) has two
contributions, both of them being equally important in the
general case. One arises from second-order perturbation theory
in V;, while the other is obtained in the same order, but involves
both perturbations, V| and V3. We have verified that in the
integrable case (m = M and g = G), the matrix element (22)
nullifies at arbitrary momenta.

One could argue that at second order in V, the Bogoliubov
quasiparticle could decay via different scattering processes.
One possibility is the scattering process where two particle-
hole pairs become excited. Another possibility is to obtain
three Bogoliubov quasiparticles in the final state and one
particle-hole pair. However, we have verified that on the mass
shell, the matrix element for these processes vanishes.

Using the conservation laws (21), we can express k and &’
as functions of ¢ and ¢’:

!

& =6 4—4
’ / &g — &g q_q/
k(q,CI)=M;_q‘f t— (24)

We can then reexpress the matrix element (22) as

‘Agkk = Ag vq,)8q+k,q/+k/~ (25)

The conditions |k(q,q")| < kr and |k'(q,q")| > kr impose
certain constraints on ¢’ for a given ¢ and kr. We find that ¢’
has to satisty g,,;, < ¢’ < gy Where the bounds are defined
by (see Appendix B)

k(q.qp.) = —k(q.qr) = kr for kp <q,  (26)

k(q,90.x) = kK'(q.q.:) = kp  for kr > q. 27

For g’ outside of the interval (g, ,.¢,..,)- the scattering process
shown in Fig. 1 cannot occur, and formally one should define
the scattering matrix element to be zero (in the considered
order of the perturbation theory) for such region of momenta.

In the above analysis, we have taken into account
that kp is sufficiently low, such that fermions are slow:
lk(q,q)|,1k'(q,q")] < Mv for all allowed ¢’. This means that
we could safely use the bare fermionic spectrum. The condition

q'q(q — gl [f-(—qﬂq,q’ -q)
Eg—q T &g — &g

f-(—q.9'.9 —q")
+ Stk o
Egq + £y — & q+k,q'+k

(22)

[
for kp is given by
krp < Mv—gq+q,, (28)

where ¢, is defined by the expression k'(q,q.) = Mv (see
Appendix B).

If the inequality (28) is satisfied, only the backscattering
of the Bogoliubov quasiparticle is allowed. We can assume
positive initial momentum ¢ > 0, and hence ¢’ < 0. Since
kr > 0, Eq. (28) implies Mv — g + g, > 0, which imposes a
condition on ¢. In the following, we discuss in more detail
the two regimes, ¢ < qo and g > go, where we recall gg =
V8mu.

A. Small momenta

We consider the case where the initial Bogoliubov quasipar-
ticle has momentum g < ¢o. This implies also the smallness of
the backscattered quasiparticle momentum, |¢’| < go. In this
regime, the Bogoliubov spectrum can be expanded as ¢, =
vig|(1 + q2/qg + ---). For ¢ > 0, we expand the scattering
matrix element (22) at ¢’ < 0 and obtain

/ _E (CI_CI/)Z G_m i
80 = o) ~O() @

Here we assumed that the mass of fermions is of the same
order or greater than the mass of bosons, M = m. Note that
only the linear part of the Bogoliubov spectrum is necessary to
derive Eq. (29). The matrix element (29) is valid for momenta
Ghin < 4’ < g Solving Egs. (26) and (27), we find

2k 2M?? 2
%k e o(2)]
Mv+kr  (Mv+kp)? q3

(30)

2(q F kr) q*
—q[l - 0(61—3)] (31)

for ¢ > kr. The Fermi momentum is assumed to satisfy kr <
Mv — O(gq), which is obtained by analyzing Eq. (28). We
note that in the case ¢ — kg, one must expand Eq. (30) in
small kz/Mv. This occurs because g < go and M 2 m imply
q < Mvandthus kp < Mv. After that expansion, one obtains

qx/nin/max = _Q|:l

for g < kp, and

!
Dmin /max —
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the consistency between gy, .« 0f Eqs. (30) and (31). On the
other hand, Eq. (30) is valid at any ratio kr/Mv.

B. Small momenta, the case Gm = gM

The expanded scattering matrix element (29) equals zero for
Gm = gM. For these particular parameters, there is no reason
a priori to obtain nullification since it does not correspond to
an integrable model. Thus, the scattering matrix element (22)
should not nullify. Indeed, for Gm = gM, we obtain

V! 2 5
¢ _4—4q) (1 - m—) +o<q—). (32)
128L (mv)*y/1qq’] M? %
Here we assumed that the mass of fermions is of similar order
to or greater than the mass of bosons, M = m. We point out
that in order to obtain Eq. (32), one needs to take into account
the nonlinear part of the Bogoliubov spectrum, whereas in
Eq. (29), only the linear part was needed. However, we have
the same constraints on ¢’ and k¢ as in the previous subsection.
In the integrable case M = m (implying G = g), Eq. (32)
nullifies, as it must be the case.

Ag.q") =

C. Large momenta

Next we consider the case of high momentum of the
Bogoliubov quasiparticle, g > go. At such high momenta,
the Bogoliubov spectrum simplifies as &, ~ g?/2m. The
scattering matrix element (22) becomes

, G 2m?v? 2Mm G 9
A= f[l T (1 T E)} +O<¥)'

(33)

Here, in order to obtain the dependance on ¢ and ¢’, we have
kept the first subleading term. This result assumes that ¢’ is
bounded by g, . that read as

, [ 2kr FOI[ 4\
Qmin/max = __C] + M/m T 1- _1 + @ F | ’ (34)
for g < kp, and
, 2q Fke)[ 9\ ]
o max = —— |1+ 0| = )|, 35
Qmm/mdx + M/m + 1_ i + q4 | ( )

for g > kp. Since the fermions are slow, in the case of large
g momenta the masses have to satisfy M > m, as illustrated
in Fig. 2. Then, analyzing Eq. (28), we find the constraint on
the Fermi momentum, kr < Mv — 2¢q[1 + O(m/M)]. Since
kr is positive, the latter inequality implies that the Bogoliubov

Ep
q Ep

L/
/
q k_———=

muv ]VII v

FIG. 2. Schematic representation of the decay of a Bogoliubov
quasiparticle at momenta g > mv and k,k" < Mv.

PHYSICAL REVIEW B 95, 045426 (2017)

quasiparticle must be of sufficiently small momentum, g <
Mv/2.

IV. DECAY RATE

The scattering matrix element calculated in the previous
section can be used for analysis of different kinetic phenomena.
Here we focus on the decay rate of a Bogoliubov excitation
of momentum ¢ > 0. It is given by the Fermi golden rule
expression,

1 27

- == |ATE PS(e, + Ex — 50 — Ex)e (36)

q' kK
[kl <kp <[K'|

where AZ:’kk, is the scattering matrix element (22). Using the
energy and momentum conservation laws, the momenta of
fermions can be expressed in terms of ¢ and ¢’ by Egs. (23)
and (24). Then the decay rate (36) becomes

, 1A(g.9")?

1 ML2 /qr'nax 4

r 2wy, Y a-d
where g/, . are determined by Egs. (26) and (27).

Although the lower bound of integration ¢/, is given by

different equations for ¢ > kr and g < kp, the decay rate is a
continuous function of g. However, it is not a smooth function
atg = kp. Asaresult,atg = kp thereis anonanalytic behavior
of the decay rate which originates from the abrupt change of
the Fermi distribution at the Fermi level at zero temperature.
Finite temperature will smoothen this nonanalyticity. Since we
consider slow fermions, the Fermi momentum is assumed to
satisfy Eq. (28). In Appendix C, we present another way to
calculate the decay rate.

, (37

A. Small momenta

Now we evaluate the decay rate for ¢ < go. We use the
scattering matrix element (29) in the expression for the decay
rate (37) and obtain, at leading order in g /gy,

1 MG*(G M\’
T 4nid\g m

¢ (Mv)’ ifg <k
o (Mo —kp)(Mv + kp) F (38)
kr q* )
Moy ifg > kp.

Here, kr < Mv — O(g). The fermion mass satisfies M 2 m.

For kr <« qo, one can expand Eq. (38) and demon-
strate the continuity of the decay rate at ¢ = kp. Since
the result (38) applies for M 2 m, the condition kr < g
implies kr < Mv and, at leading order in g /qo, the expres-
sion g 3(Mv)}/(Mv — kp)(Mv + kr)® ~ g3/(Mv)}. How-
ever, Eq. (38) shows the lack of smoothness at ¢ = kr caused
by the change of the lower bound of integration ¢/ . atq = kr
in Eq. (37). As expected, when all fermions are removed from
the mixture (i.e., kp = 0), the decay rate vanishes since bosons
do not have any fermions to interact with. In the integrable case,
M = m and G = g, the decay rate (38) vanishes, as expected.
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B. Small momenta, the case Gm = gM
For gM = Gm, the leading-order term of the scattering
matrix element (29) vanishes and one has to take into account
the subleading contribution given by Eq. (32). This drastically
changes the behavior of the decay rate. The scattering matrix
element (32) is inserted in Eq. (37) and one obtains, at leading
order,

1 MG? M2<M2 1>2

T 64nh? m> \ m?
g’ (Mv)’ ifg < kp
v — kv ke T 39
kr q° :
(M) if g > kp.

The fermion mass satisfies M 2 m. Also, we assume kp <
Mv — O(q).

Comparing the rates (38) and (39), we find that Eq. (39) is
the dominant contribution in the decay rate at

mG 1| M? q
1 > —1
m

T Mg T4 Mv + kg

2
) . (40)
Note that for M/m = G/g = 1, our system is integrable and
the decay rate (39) vanishes, as expected. We finally note that
Eq. (39) applies at momenta that are not particularly small,
g > mv/~/K. In the opposite case of very small momenta,
the Bogoliubov spectrum does not correctly describe good
quasiparticle excitations of the bosonic subsystem [28].

C. Large momenta

Next we consider the decay of a Bogoliubov quasiparticle
at large momenta, g >> go. Using the scattering matrix ele-
ment (33) in the decay rate (37), we obtain

1 MG? [In(4+2) ifg < kp,
= o @1)
T 27k |In (%) ifqg > kp.

This  result applies to slow fermions kp <

Mv —2q[1+ O(m/M)]. Since Mv/2>q > qo, this

imposes M > m. The decay rate (41) is therefore expanded

in m/M and, at the leading order, becomes
1 mG*(1 ifqg < kg,
—-—=— . 42
T Th3 {kq—‘” ifg > kp. “2)

D. The crossover regime

In the previous sections, we have evaluated the decay rate
for Bogoliubov quasiparticles at small and large momenta.
However, Eq. (37) contains the decay rate at arbitrary
momenta, which covers the full crossover between the two
limiting regimes. It is given by the expression

2
L_Me F< 1 ) (43)

T 27h3 2mv
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F(g/2mv)
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0.001 ¢
1075 L
1077 L

107

: 2Mmu
0.01 0.1 1 10 100 a

(b) krp/2mv =20

FIG. 3. Plot of the crossover function F(q/2mv) for G/g =1,
M /m = 100 for two different values of kr/2mv. The dashed lines
are the decay rates (38) and (41) in units of M G?/2m I’.

where the dimensionless crossover function F(X) is given by

OO /x i (X —x)° |:Xx(21 +2Xx) + 2exe;
X, €Ex€y €x_ — (ex — ex)z

‘min

GM X2x? T
gm X2x2(X — x2 — L (xex — Xe 2]

(44)

Here, €, = /72 + z*, while the dimensionless momenta are
X =¢q/2mv, x = q'/2mv, and Xminmax = Gypinjmax/ 21V The
bounds of the integration are given by Eqs. (26) and (27), while
we assume that Eq. (28) is satisfied.

In Fig. 3, we show the decay rate as a function of ¢ using
Eq. (43), which is compared with previously obtained results
for ¢ < qo and g >> qo. The decay rate is a nonmonotonic
function of the quasiparticle momentum ¢, which reaches
the maximum for momenta of the order of gy ~ mv. At the
momentum g = kp, the decay rate is a smooth, but nonanalytic
function.

V. DISCUSSION AND CONCLUSION

A one-dimensional Bose-Fermi mixture can exhibit differ-
ent phases at zero temperature [9,10,19,21,26]. In the case
of weak interaction, several approaches [9,10,21,26] have
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shown that a uniform Bose-Fermi mixture is stable against
the creation of density fluctuations if the Fermi momentum is
not particularly small. This occurs at

MG?
whg

kp > (45)
Therefore, if the condition (45) is satisfied, our system is
uniform and the study of the quasiparticle decay is justified.
Throughout this paper, we thus assumed that the condition (45)
is valid. On the other hand, we obtained that our system
is well described by the microscopic theory as long as the
Fermi momentum is not too high [see Eq. (28)], which can be
approximately expressed as kr < Mv at low momenta. The
above two conditions on ky give G < g+/K, which is always
satisfied if one considers a weakly interacting Bose-Fermi
mixture (see the discussion in Appendix E).

We have found that the weakly interacting Bose-Fermi
mixture has completely different scaling of the decay rate as a
function of the momentum in the case

m 8

=G # 1. (46)
This is revealed in the matrix element (29), which nullifies
under the condition (46). However, in this case, one does not
expect to have the integrable model. Once we evaluated the
matrix element (22) under the condition (46), we indeed found
a nonzero result [see Eq. (32)]. The corresponding decay rate
is given by Eq. (39), which is the dominant contribution in the
region defined by Eq. (40).

In this paper, we studied the zero-temperature decay rate
of excitations in a one-dimensional weakly interacting Bose-
Fermi mixture. The quasiparticles on the Bogoliubov branch
of excitations decay due to the interaction with fermions in the
filled Fermi sea. Starting from the hydrodynamic approach,
we built a microscopic theory to describe the excitations of the
system and their residual interaction. We have shown that the
main process of the decay is the backscattering of the Bogoli-
ubov quasiparticle off the Fermi sea producing a particle-hole
pair. We calculated the scattering matrix element using the
perturbation theory and then, applying the Fermi golden rule,
we evaluated the decay rate. The decay rate has different
behavior for the momentum of the quasiparticle below or above
the Fermi momentum. The reason is the change of the available
phase space for the backscattered Bogoliubov quasiparticle;
see Egs. (26), (27), and (37). This can also be seen in terms
of the available phase space for the hole. For the quasiparticle
momentum below the Fermi momentum, ¢ < kp, only some
part of the states below the Fermi sea can be excited, while
in the opposite case, ¢ > kr, all the fermionic states below
the Fermi sea are excited (this can be easily seen from the
consideration done in Appendix C). The abrupt change of the
Fermi distribution function at kr is directly seen in the decay
rate, which at the momentum g = kr shows the nonanalytic
behavior.

We found that for the low-momentum Bogoliubov quasi-
particles, the decay rate scales as ¢° at ¢ < kr, while it scales
as g2 for ¢ > kr; see Eq. (38). We found a dramatic change
of the decay rate when the ratio of the masses of fermions
and bosons is equal to the ratio of the boson-fermion and
boson-boson interaction strengths. In this case, the decay
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rate scales as g’ for ¢ < kr and as ¢® at higher momenta
q > kp; see Eq. (39). For quasiparticles at momenta above
mv, where the Bogoliubov spectrum practically becomes
quadratic, we found a momentum-independent decay rate for
q < kp, while the rate scales as 1/q for g > kp; see Eq. (42).
We provided the analytic expression for the crossover function
describing the decay rate between the mentioned regimes
of slow and fast quasiparticles, given by Eq. (43). In the
integrable case, the decay rate vanishes. Our results could
be experimentally detected by measuring the broadening of
the dynamic structure factor in one-dimensional Bose-Fermi
mixtures.

APPENDIX A: CALCULATION OF THE SCATTERING
MATRIX ELEMENT

In this appendix, we explain some of the technical details
of the calculation leading to Eq. (22). In order to calculate
the scattering matrix element .Aif from an initial state |i) to a
final state | f) at second-order perturbation theory in V, for the
standard expression

7 (f1VIm)(m|V]i)
S = E AU A Al
'Al — E[ _ Em 9 ( )
we use another form,
f . = di \ —8t/h
A’ = lim —(fIVO)V(-=1)|i)e . (A2)
Yossot Sy iR

Here, E; = (i|Hpo + HFli) is the energy of the initial state
and E,, = (m|Hpo + Hp|m) is the energy of the intermediate
state. Instead of performing the summation over intermediate
states in Eq. (Al), we evaluate the time-dependent matrix
element (f|V(0)V(—t)|i) and then integrate over time as in
Eq. (A2) to obtain the final result for the matrix element. The
time evolution of the operators in Eq. (A2) is

V(t) = ei[(HBO+HF)/hVe_it(HBU+HF)/h’ (A3)
by(t) = e "/, (A4)
a,(t) = e "Er/q, (AS5)

in the interaction representation.
In the case of the scattering matrix element (20) that we
want to evaluate in the main text, the initial and final states are

/i) = a[b}10). (A6)

|f) = a,b},0), (A7)
where |0) denotes the vacuum. We now want to calculate
(fIV(O)V(—1)|i) and then integrate over time to get the
scattering matrix element (22). We recall V = V| + V3. Since
the number of bosons and fermions in the initial and final
state are the same, respectively, only terms which conserve the
number of each particle are kept in the product V(0)V (—t).
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These terms are

<f|V(O)V(_t)|i> = Z 8q{+q§+qg,08q1+qz+q3.0{

491,492,493
41,459

x [<0|bq,biq;bqébq,b"’

37 7937¢q

+ F(Q3)F(q§)(0|akraiqéaq;aiqzaqlai |0) [(O|bqrbiqg bay b1 10)¢ 3/ 4 (Olby bbb 10)

x e_”s‘”/h]e_”(E"Z_E‘” )/h}'

We now perform Wick contractions in order to evaluate the
different matrix elements. We take care not to contract b; with
by and a,i with ay since it would imply that the initial boson
or the initial fermion did not interact during the process, which
is not the process we are considering. The evaluation of the
different matrix elements in Eq. (A8) leads to

T

(Olayal , a,al10) = 8480 —g, (A9)
(O|bq/bT_qébq3bj1|O) = 84084l (A10)
(Olbg by b! 4, b110) = 8,484 —gs- (All)

and
(0|ak/aT_qéaq{aT_q2aqla,i|0) = 81\ O—gpgi—gii-  (Al2)

For the last two bosonic matrix elements, we use the symmetry
of the function f_(q,q2,g3) under the permutation ¢, < g3,
which implies

(Olby b bybybl g bII0) = 284 418054041 asr  (A13)
(Olby bsbl, bl by b}10) = 284141841 48 41g- (A1)

We did not contract biq], with by or by in Eq. (Al3)
because the remaining momentum would cancel due to the
conservation of momentum [the same reasoning applies to
Eq. (A14)]. We insert Eqs. (A9)—(A14) back into Eq. (AS),
then integrate over time and obtain the scattering matrix
element (22).

APPENDIX B: THE PHASE SPACE FOR ¢’

Using the energy and momentum conservation, we can
express k and k’ as functions of ¢ and ¢’; see Egs. (23) and (24).
Here we provide the detailed analysis of the phase space
available for ¢’, such that |k(g,q")| < kr and |k'(q,q")| > kF.
We assume Mv > g > 0. We can show that k¥'(¢,q") > Mv for
0 < g’ < q.Since we consider slow fermions (|k’|,|k| < Mv),
we are only interested in the region —g < ¢’ < 0. The function
k' is an increasing function of ¢’. In the following, we shorten
the notation and keep the explicit dependence only on ¢,
i.e., we use k(q¢") and k'(¢’). The minimum of k' is given
by k'(—q) = ¢ and its maximum by k'(0) = Me,/q +q/2 >
Mv. We can show that k is an increasing function of ¢’ with
a minimum k(—¢q) = —¢ and a maximum k(0) = Meg,/q —

3 |q19595]

/Eqi 8q2' 8q£
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T'(g3) f-(q},q5.q3){0lava’ a4 al|0)

b} 10ye ™" e Fa )/ h 4 (Olby by, b, b, by bl 10)e o on M)
93 49

—417q
q

(A8)

(

q/2 > 0. One can define two regions, kp < g and kr > q.
In the region kr < g, the condition k' > kp is automatically
satisfied; we only need to satisfy —kp < k < kp. It implies
that the minimal and maximal values of ¢ are given by the
intersection of k with Fkp, as given by Eq. (26). In the region
kr > g, the condition —kp < k is automatically satisfied; we
only need to satisfy k¥’ > kr and k < kp. The minimal and
maximal values of ¢’ are determined by the intersection of &’
and k with kp, as given by Eq. (27). See Fig. 4 for a graphic
representation of the determination of g/, ...

We now discuss the constraint on kg. Since k'(¢’ = 0) is
bigger than Mv and the minimum of k£’ is less than M, i.e.,
q < Muv, the equation k'(¢") = Mv admits the unique solution
q' = ¢q.. Since k' is an increasing function of ¢’, Mv > k'’
implies that the allowed values for ¢’ should be below ¢, and
therefore g, > g, .- k is also an increasing function of ¢’ and
therefore k(q,) > k(g},,,) = kr [Where the last equality comes
from Egs. (26) and (27), while it leads to Eq. (28)]. Notice that
k(g.) should be positive, which may impose a constraint on g.
At large momenta, we find ¢ < Mv/2; see Sec. III C.

APPENDIX C: AN ALTERNATIVE WAY TO
OBTAIN DECAY RATE

Here we give a somewhat different way than the one
presented in Sec. IV to obtain the decay rate of a Bogoliubov
quasiparticle. We start from the expression for the decay
rate (36) given by the Fermi golden rule where we replace

the matrix element AZi}(k/ by its expression in Eq. (25). We

k/ k/
k k
kp
] kF
q;nin /i
= - > q 1 ! 4
,qi Gmax 0 —q Tmin ~ max 0
. —kp

(a) (b)

FIG. 4. Plots of k£’ and k in the case where 0 < g < Mv. The
green dashed line represents the Fermi momentum kr. (a) kr < ¢,
(b) kr > g. The red dashed lines determine ¢, ;, and g, ..
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then sum over ¢’ to get rid of the Kronecker §. We obtain

1 2

T h 2
[k| < kp
k' > kp

+Er — egqk—k — Ev).

|A(g,q + k — K)I*8(s,

(ChH

Note that from conservation of momentum and energy, ifg > 0
then £’ > 0. In order to integrate over k', we now deal with the
conservation of energy which is ensured by the Dirac §,

-1

S(K' — k).

!/

8(eqg + Ex — egk—1 — Ex) = |OpEqir—r + i

(C2)

Here, 9, denotes the partial derivative with respect to k and k;,
stands for a function of ¢ and k, i.e., k()(k,q), that is defined
by the following equation:

&+ E, — Eqt+k—k) — Eko = 0. (C3)

The summations are then replaced by integrations over
momenta using Zq — L/27h [dq. After the integration
over k', the decay rate takes the following form:

1 ML* (% |Aq.q+k—k)?
-=— dk
T 27k,

| Mk eq ik, + kol
The lower bound w is needed since not all |k| < kF satisfy the
condition k((k,q) > kp. Itis given by

_ —kF 1fq>kp
=k  ifq <kp,

(C4)

(C5)

where ky depends on g and is determined by the equation
kp = k{(ko,q).Forg = 0, one finds kg = kr and the decay rate
vanishes. Also, note that for ¢ = kp, one has kg = —kp. Thus
the lower bound of integration w is the continuous function of
¢, but not a smooth one.

1. Small momenta

Now we evaluate the decay rate for g <« go. We can
linearize the Bogoliubov dispersion, &, > vg (we consider
q > 0). Since quasiparticles can only be backscattered, we
have &, ~ —vg’. The conservation of momentum and energy

leads to
kg 2N (L (C6)
0 k+ Mv q:)’
2gMv q°
ko =kr — ol = ). C7
0 F kF +MU (qé ( )

In the linear part of the quasiparticle spectrum, the denominator
in Eq. (C4) becomes simply k, + Mv [where k|, is given by
Eq. (C6)]. We use the scattering matrix element (29) in the
expression of the decay rate (C4) and obtain, at leading order
in q/qo, the result from Eq. (38). The assumption on kf is the
same as in the main text.

2. Small momenta when Gim = gM

Here, k() ko are the same as in Eqs. (C6) and (C7); one only
needs to replace the matrix element in Eq. (C4) by Eq. (32)
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leading to the decay rate (39). The assumption on kp is the
same as in the main text.

3. Large momenta

Let us consider the decay of a quasiparticle with high
momentum, g > go. There we can approximate the Bogoli-
ubov spectrum by the quadratic dispersion, &, >~ ¢g2/2m. We
obtain

k(M — 2M 3
= SR L o(B). oy

M4+ m q

kp(M —2M 3
ky = M+ m) q+0(q—‘;>. (C9)

M—m q

Being in the quadratic part of the excitation spectrum, the de-
nominator in Eq. (C4) becomes (g M/m — k)[1 + O(q3/q*)].
Then, using the scattering matrix element (33) in the decay
rate (C4), we obtain, at leading order, the same expression as
in Eq. (41). The assumptions on kr and M /m are the same as
in the main text, which allows for the expansion of the decay
rate as in Eq. (42).

APPENDIX D: CORRECTION TO THE ENERGY OF
FERMIONS DUE TO INTERACTION WITH BOSONS

In this appendix, we calculate the leading correction to
the spectrum of fermions, §E;, induced by the interaction
with bosons using perturbation theory. We show that § £ has
a divergent behavior as k approaches Mwv. This divergence
indicates the breakdown of perturbation theory and therefore
allows us to describe only slow fermions.

The energy of a fermionic excitation interacting with bosons
is given by

Ef=E;+Gno+8E; +---, (D1)

where § E; is the leading correction to the fermionic spectrum.
The first-order perturbation in V = V| + V3 vanishes (i.e.,
(k|V k) = 0) since the initial and final states do not contain
any bosons and V does not conserve the number of bosons.
Therefore, we look for the leading correction in second-order
perturbation theory,

g, = Y WVImimVi, o)

Epy — Ep,

where E|k) = <k|HF|k> and Em = (m|HBO + lem).Wecon—
sider an excitation above the Fermi sea (k > k) since it is
relevant to the process studied in the main text. The state |k)
is defined by

k) =aflQ). 190 =[] 4}0).

lg|<krp

(D3)

We did not use the Fermi sea as background up to now in
this paper; however, the results we obtained for the different
scattering matrix elements are the same up to a global factor
+1 depending on how the initial and final states are defined.
Since Eq. (D2) has the same structure as Eq. (A1) with |i) =
| f) = |k), we use the same method as in Eq. (A2) to evaluate
8 Ex. We want to evaluate (k|V(0)V (—t)|k) and then integrate
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over time to obtain § Ey. The only nonzero term arises from V;
perturbation, (k|Vi(0)Vi(—1)|k). It is given by

(V1O Vi(=1)lk)

- Z 84{+4£+‘]§v0841+42+43,0

q1,92,93
41,459

x T(g3)T(g5) (Olby bl 10)e™ " F=Euten)/h

x (Qlaxa’ agal,a,a]19), (D4)

We now perform Wick contractions. The bosonic matrix
element is simply (O|bq§biq3 |0) = 84;,—g,- For the matrix
element involving fermionic operators, we do not contract ay
with a,t since it would imply that the initial fermion did not
interaction with bosons. We do not contract a,, with aT_q2 (or
a, and aiqé) because it would imply g3 = 0 (g5 = 0). The
fermionic matrix element reads

aile)

(Qlakaiqéaq;aT
=0(lq2| — kF)sk,—qéaq]',—qzsql,k

—O0(kr — 191Dk, —4,0—45.9, 8] > (D5)

where the Heaviside functions 6 account for the Fermi sea at
zero temperature. After the integration over time, one obtains

SEkZZL
7 Ek—Ek,q—Eq

_ Z |: F(C])2 _ F(Q)z :|
7 Ey—Ery—¢ Er—Egte
lk—ql<kp

(Do)

We define the first line of the previous equation by §E =
8 Ex|gy—0, while the remaining term we denote by SE; =
SE, — (SE,?. The expression (D6) can be evaluated exactly,
as we explain now. We start with 8E,9. Transforming the sum
into an integral ) g L/ 2rh [ dq, and using the change of
variable ¢ — 2muv sinh x, one obtains

SE® — mv? G?

= —— D7

where

I = /Oo dx[sgn(x)(a — b sinhx) — coshx]’l, (DY)

oo

with a = k/Mv and b = m/M for notational convenience.
Using the change of variable x — Int, one has
1
1= —2/ dt[1 +b+2at + (1 — b)*]™!
0
+2/ di[—=1+ b+ 2at — (1 + b)t*]™!
1

2 M
= —— arctanh(A), (DY)
Am
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where

(D10)

M? kO
A= 1l——1—=|{—) |
m? Mv
For the second term, we again use the change of variable
g — 2muv sinh x and obtain

mv? G?

SEf = ———r, D11
k 2K g? (1D
where
I :/ dx[(a — b sinhx — coshx)™!
+ (—a + b sinhx — coshx)™']. (D12)

The bounds of integration are x1 = sinh~'[(k £ kr) /2mv] >
0 since k > kr. Now we perform the change of variable x —
Int and have

2%
I =— f dt{[—1+b+2at — (1 + b)*]™!
1

— [1+b+2ar+ (1 = b)), (D13)

where 11 = (k £ kp)/2mv + /1 + [(k + kp)/2mv]>. We fi-
nally obtain

2 M
I = —Z—arctanh|:
m

4kFMUA ]
(k2 _sz)(i\?del _ )+4M2v2 ’
(D14)

The leading correction to the fermionic spectrum eventually
reads

Mv? G?
8E, = ——— —{arctanh(A)
KA g2
dkrMvA
_ arctanh|: Fz v “, (D15)
(k2 — kp?)(2 — 1) + 4M?0?

where we recall the definition for A in Eq. (D10).

One has to notice that 8E,9 diverges as k approaches
Mv, which signifies a breakdown of the perturbation theory
since §E; becomes of the same order as E; at momenta
very close to Mv. This signals that the fermionic spectrum
E; = k*/2M is not correct at such high momenta. This allows
us to use microscopic theory only to describe slow fermions of
momenta, k < Mv. The latter condition is actually a simplified
version of a more precise condition, k < Mv(l — «), where
a > 0 is very small and thus neglected for our purposes.

In the process studied in the main text, a Bogoliubov
quasiparticle is backscattered and excites a particle-hole pair
(k' > kg, |k| < kp). In order to avoid the problem of the
divergence of 8E,? when k' — Mv, one should consider
fermions k' < Mv, which constrains the Fermi momentum
kr to small values, as discussed in Appendix B. The second
term, 6 £ ,f , 1s finite if we consider slow fermions.
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APPENDIX E: CORRECTION TO THE ENERGY OF
BOGOLIUBOV QUASIPARTICLES DUE TO INTERACTION
WITH THE FERMI SEA

In this appendix, we calculate the leading correction to
the spectrum of Bogoliubov quasiparticles, d¢ qF , due to their
interaction with the Fermi sea at zero temperature. We also
discuss the leading correction to the sound velocity due to the
same interaction, dv? .

The leading correction to ¢, is obtained in second order,

(q|Vi|m)(m|Vilq)
Z 115@ —Em1

F _
58q =

; (ED)

where Eg = (q|Hpo + Hrlq) and E,, = (m|Hpo + Hp|m).

The initial and final states are |q) = b;|0)|§2), where |Q2) is
the Fermi sea defined in Eq. (D3). Equation (E1) has the same
structure as Eq. (A1) with |i) = | f) = |¢g). We thus evaluate

(qIVi(O)Vi(=t)lg)

= Z 6‘1{+‘1£+(1§»08ﬂ11+42+q3,0

491,492,493
41.95.45

x F(qg)f‘(q3)(Qlaiqéaq;alhaql Q)i En—Ea)/h
x ((0|bqbiq§qubj]|O)e”843/h + (0lbybyib' bl [0y en/™).
(E2)

We now perform Wick contractions. For the fermionic matrix
element, we have

(Q|aiq£aqi al,a,|9)
= O(kr — lq1D0(q2| — kr)dgy,—4584;.~go»  (E3)

where we did not contract aj(_q2 with ag, (or al ., Withag) since
2

it would imply g3 = 0 (g5 = 0) because of the conservation
of momentum. The Heaviside functions account for the Fermi
sea. The bosonic matrix elements are given by

(01byb" 4, bg,b10) = 84.4:84, g5 (E4)
(01bybg;b 4, b310) = 8, —4i80.41 (ES)

where we did not contract bjl with b,. Inserting Eqs. (E3)-
(ES) into Eq. (E2) and integrating over time, one
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obtains

Se =—T(q)" Y _0(kr — |p0lq + pl — kr)
P

1 1 )
X + . (E6)
(Eq+ﬁ —E, - Eqp—E,tg

After integration over p, the correction to the energy of
Bogoliubov quasiparticles due to the interaction with the Fermi
sea can be written in the following form:

g MG*mv 1

sef = L —
2K mg? gl 14 ;4
k
xarctanh|: - 2F|q|q2 e ] (E7)
M2v? —kp? = % (1 = 35)

The correction 88; in Eq. (E7) is small unless the momentum

of the Bogoliubov quasiparticle is high. We find that 58;
diverges at

_ ke = M /m)Vke® +m2021 — (M/m)]
N (M/m)* — 1

where we assumed g > 0. We note that at small Fermi
momenta, kr < Mv./1 —m2/M?, the correction (E7) does
not diverge at any ¢, and thus it is small at weak interaction.

In the context of the process studied in the main text,
this correction is always finite since we consider slow
fermions. Indeed, one can see that Eq. (E7) diverges for
krp = Me,/q — q/2 which corresponds to kp = k(q’ = 0).
However, the intersection of kr with k determines ¢,,,, (see
Appendix B)and kr = k(¢’ = 0) would imply ¢, = 0. Since
we consider slow fermions (k',|k| < Mv), g, < 0during the
process, and therefore 58; is finite.

From Eq. (E7), one can obtain the leading correction to
the sound velocity of bosons due to their interaction with the
Fermi sea. The sound velocity v is given by the slope of the
Bogoliubov spectrum at ¢ — 0. The correction to v from the
interaction with fermions is given by

a G2 1

F _ F _ = -
St =dybe]| = e o (E9)

. (E8)

q—0

where vg = kr/M. We note that v¥ < v for vy < v and at
weak interaction. The latter occurs at Bose-Fermi coupling
G « gv/K. We also require the condition K >> 1 to have a
weakly interacting bosonic subsystem, which is well described
by the Bogoliubov excitation spectrum.

[1] L. Bloch, J. Dalibard, and W. Zwerger, Rev. Mod. Phys. 80, 885
(2008).

[2] F. Schreck, L. Khaykovich, K. L. Corwin, G. Ferrari, T. Bourdel,
J. Cubizolles, and C. Salomon, Phys. Rev. Lett. 87, 080403
(2001).

[3] Z. Hadzibabic, C. A. Stan, K. Dieckmann, S. Gupta, M. W.
Zwierlein, A. Gorlitz, and W. Ketterle, Phys. Rev. Lett. 88,
160401 (2002).

[4] G.Modugno, M. Modugno, F. Riboli, G. Roati, and M. Inguscio,
Phys. Rev. Lett. 89, 190404 (2002).

[5] J. Goldwin, S. Inouye, M. L. Olsen, B. Newman, B. D. DePaola,
and D. S. Jin, Phys. Rev. A 70, 021601 (2004).

[6] C. Ospelkaus, S. Ospelkaus, K. Sengstock, and K. Bongs, Phys.
Rev. Lett. 96, 020401 (20006).

[7] I. Ferrier-Barbut, M. Delehaye, S. Laurent, A. T. Grier, M.
Pierce, B. S. Rem, F. Chevy, and C. Salomon, Science 345,
1035 (2014).

[8] C. K. Lai and C. N. Yang, Phys. Rev. A 3, 393 (1971).

[9] K. K. Das, Phys. Rev. Lett. 90, 170403 (2003).

[10] M. A. Cazalillaand A. F. Ho, Phys. Rev. Lett. 91, 150403 (2003).

045426-11


https://doi.org/10.1103/RevModPhys.80.885
https://doi.org/10.1103/RevModPhys.80.885
https://doi.org/10.1103/RevModPhys.80.885
https://doi.org/10.1103/RevModPhys.80.885
https://doi.org/10.1103/PhysRevLett.87.080403
https://doi.org/10.1103/PhysRevLett.87.080403
https://doi.org/10.1103/PhysRevLett.87.080403
https://doi.org/10.1103/PhysRevLett.87.080403
https://doi.org/10.1103/PhysRevLett.88.160401
https://doi.org/10.1103/PhysRevLett.88.160401
https://doi.org/10.1103/PhysRevLett.88.160401
https://doi.org/10.1103/PhysRevLett.88.160401
https://doi.org/10.1103/PhysRevLett.89.190404
https://doi.org/10.1103/PhysRevLett.89.190404
https://doi.org/10.1103/PhysRevLett.89.190404
https://doi.org/10.1103/PhysRevLett.89.190404
https://doi.org/10.1103/PhysRevA.70.021601
https://doi.org/10.1103/PhysRevA.70.021601
https://doi.org/10.1103/PhysRevA.70.021601
https://doi.org/10.1103/PhysRevA.70.021601
https://doi.org/10.1103/PhysRevLett.96.020401
https://doi.org/10.1103/PhysRevLett.96.020401
https://doi.org/10.1103/PhysRevLett.96.020401
https://doi.org/10.1103/PhysRevLett.96.020401
https://doi.org/10.1126/science.1255380
https://doi.org/10.1126/science.1255380
https://doi.org/10.1126/science.1255380
https://doi.org/10.1126/science.1255380
https://doi.org/10.1103/PhysRevA.3.393
https://doi.org/10.1103/PhysRevA.3.393
https://doi.org/10.1103/PhysRevA.3.393
https://doi.org/10.1103/PhysRevA.3.393
https://doi.org/10.1103/PhysRevLett.90.170403
https://doi.org/10.1103/PhysRevLett.90.170403
https://doi.org/10.1103/PhysRevLett.90.170403
https://doi.org/10.1103/PhysRevLett.90.170403
https://doi.org/10.1103/PhysRevLett.91.150403
https://doi.org/10.1103/PhysRevLett.91.150403
https://doi.org/10.1103/PhysRevLett.91.150403
https://doi.org/10.1103/PhysRevLett.91.150403

REICHERT, PETKOVIC, AND RISTIVOJEVIC

[11] L. Mathey, D.-W. Wang, W. Hofstetter, M. D. Lukin, and
E. Demler, Phys. Rev. Lett. 93, 120404 (2004).

[12] Y. Takeuchi and H. Mori, Phys. Rev. A 72, 063617 (2005).

[13] M. T. Batchelor, M. Bortz, X. W. Guan, and N. Oelkers, Phys.
Rev. A 72, 061603 (2005).

[14] H. Frahm and G. Palacios, Phys. Rev. A 72, 061604 (2005).

[15] A. Imambekov and E. Demler, Phys. Rev. A 73, 021602
(2006).

[16] A.Imambekov and E. Demler, Ann. Phys. 321, 2390 (2006).

[17] L. Pollet, M. Troyer, K. Van Houcke, and S. M. A. Rombouts,
Phys. Rev. Lett. 96, 190402 (2006).

[18] S. K. Adhikari and L. Salasnich, Phys. Rev. A 76, 023612
(2007).

[19] L. Mathey and D.-W. Wang, Phys. Rev. A 75, 013612 (2007).

[20] P. Sengupta and L. P. Pryadko, Phys. Rev. B 75, 132507 (2007).

[21] M. Rizzi and A. Imambekov, Phys. Rev. A 77, 023621 (2008).

[22] X.-W. Guan, M. T. Batchelor, and J.-Y. Lee, Phys. Rev. A 78,
023621 (2008).

[23] B. Fang, P. Vignolo, M. Gattobigio, C. Miniatura, and
A. Minguzzi, Phys. Rev. A 84, 023626 (2011).

[24] X. Yin, X.-W. Guan, Y. Zhang, and S. Chen, Phys. Rev. A 85,
013608 (2012).

[25] X.-W. Guan, M. T. Batchelor, and C. Lee, Rev. Mod. Phys. 85,
1633 (2013).

[26] H. Hu, L. Guan, and S. Chen, New J. Phys. 18, 025009 (2016).

[27] M. A. Cazalilla, R. Citro, T. Giamarchi, E. Orignac, and
M. Rigol, Rev. Mod. Phys. 83, 1405 (2011).

[28] A. Imambekov, T. L. Schmidt, and L. I. Glazman, Rev. Mod.
Phys. 84, 1253 (2012).

[29] J. Lin, K. A. Matveev, and M. Pustilnik, Phys. Rev. Lett. 110,
016401 (2013).

PHYSICAL REVIEW B 95, 045426 (2017)

[30] Z. Ristivojevic and K. A. Matveev, Phys. Rev. B 94, 024506
(2016).

[31] M. Khodas, M. Pustilnik, A. Kamenev, and L. I. Glazman, Phys.
Rev. B 76, 155402 (2007).

[32] D. M. Gangardt and A. Kamenev, Phys. Rev. Lett. 104, 190402
(2010).

[33] S. Tan, M. Pustilnik, and L. I. Glazman, Phys. Rev. Lett. 105,
090404 (2010).

[34] T. Karzig, L. I. Glazman, and F. von Oppen, Phys. Rev. Lett.
105, 226407 (2010).

[35] T. Micklitz and A. Levchenko, Phys. Rev. Lett. 106, 196402
(2011).

[36] Z. Ristivojevic and K. A. Matveev, Phys. Rev. B 87, 165108
(2013).

[37] K. A. Matveev and A. Furusaki, Phys. Rev. Lett. 111, 256401
(2013).

[38] Z. Ristivojevic and K. A. Matveev, Phys. Rev. B 89, 180507
(2014).

[39] L. V. Protopopov, D. B. Gutman, and A. D. Mirlin, Phys. Rev. B
90, 125113 (2014).

[40] I. V. Protopopov, D. B. Gutman, and A. D. Mirlin, Phys. Rev. B
91, 195110 (2015).

[41] A.V.Rozhkov, Europhys. J. B - Condens. Matter Complex Syst.
47, 193 (2005).

[42] P. P. Kulish, S. V. Manakov, and L. D. Faddeev, Theor. Math.
Phys. 28, 615 (1976).

[43] E. Orignac, M. Tsuchiizu, and Y. Suzumura, Phys. Rev. A 81,
053626 (2010).

[44] V. N. Popov, Theor. Math. Phys. 11, 565 (1972).

[45] E. D. M. Haldane, Phys. Rev. Lett. 47, 1840 (1981).

[46] E. H. Lieb and W. Liniger, Phys. Rev. 130, 1605 (1963).

045426-12


https://doi.org/10.1103/PhysRevLett.93.120404
https://doi.org/10.1103/PhysRevLett.93.120404
https://doi.org/10.1103/PhysRevLett.93.120404
https://doi.org/10.1103/PhysRevLett.93.120404
https://doi.org/10.1103/PhysRevA.72.063617
https://doi.org/10.1103/PhysRevA.72.063617
https://doi.org/10.1103/PhysRevA.72.063617
https://doi.org/10.1103/PhysRevA.72.063617
https://doi.org/10.1103/PhysRevA.72.061603
https://doi.org/10.1103/PhysRevA.72.061603
https://doi.org/10.1103/PhysRevA.72.061603
https://doi.org/10.1103/PhysRevA.72.061603
https://doi.org/10.1103/PhysRevA.72.061604
https://doi.org/10.1103/PhysRevA.72.061604
https://doi.org/10.1103/PhysRevA.72.061604
https://doi.org/10.1103/PhysRevA.72.061604
https://doi.org/10.1103/PhysRevA.73.021602
https://doi.org/10.1103/PhysRevA.73.021602
https://doi.org/10.1103/PhysRevA.73.021602
https://doi.org/10.1103/PhysRevA.73.021602
https://doi.org/10.1016/j.aop.2005.11.017
https://doi.org/10.1016/j.aop.2005.11.017
https://doi.org/10.1016/j.aop.2005.11.017
https://doi.org/10.1016/j.aop.2005.11.017
https://doi.org/10.1103/PhysRevLett.96.190402
https://doi.org/10.1103/PhysRevLett.96.190402
https://doi.org/10.1103/PhysRevLett.96.190402
https://doi.org/10.1103/PhysRevLett.96.190402
https://doi.org/10.1103/PhysRevA.76.023612
https://doi.org/10.1103/PhysRevA.76.023612
https://doi.org/10.1103/PhysRevA.76.023612
https://doi.org/10.1103/PhysRevA.76.023612
https://doi.org/10.1103/PhysRevA.75.013612
https://doi.org/10.1103/PhysRevA.75.013612
https://doi.org/10.1103/PhysRevA.75.013612
https://doi.org/10.1103/PhysRevA.75.013612
https://doi.org/10.1103/PhysRevB.75.132507
https://doi.org/10.1103/PhysRevB.75.132507
https://doi.org/10.1103/PhysRevB.75.132507
https://doi.org/10.1103/PhysRevB.75.132507
https://doi.org/10.1103/PhysRevA.77.023621
https://doi.org/10.1103/PhysRevA.77.023621
https://doi.org/10.1103/PhysRevA.77.023621
https://doi.org/10.1103/PhysRevA.77.023621
https://doi.org/10.1103/PhysRevA.78.023621
https://doi.org/10.1103/PhysRevA.78.023621
https://doi.org/10.1103/PhysRevA.78.023621
https://doi.org/10.1103/PhysRevA.78.023621
https://doi.org/10.1103/PhysRevA.84.023626
https://doi.org/10.1103/PhysRevA.84.023626
https://doi.org/10.1103/PhysRevA.84.023626
https://doi.org/10.1103/PhysRevA.84.023626
https://doi.org/10.1103/PhysRevA.85.013608
https://doi.org/10.1103/PhysRevA.85.013608
https://doi.org/10.1103/PhysRevA.85.013608
https://doi.org/10.1103/PhysRevA.85.013608
https://doi.org/10.1103/RevModPhys.85.1633
https://doi.org/10.1103/RevModPhys.85.1633
https://doi.org/10.1103/RevModPhys.85.1633
https://doi.org/10.1103/RevModPhys.85.1633
https://doi.org/10.1088/1367-2630/18/2/025009
https://doi.org/10.1088/1367-2630/18/2/025009
https://doi.org/10.1088/1367-2630/18/2/025009
https://doi.org/10.1088/1367-2630/18/2/025009
https://doi.org/10.1103/RevModPhys.83.1405
https://doi.org/10.1103/RevModPhys.83.1405
https://doi.org/10.1103/RevModPhys.83.1405
https://doi.org/10.1103/RevModPhys.83.1405
https://doi.org/10.1103/RevModPhys.84.1253
https://doi.org/10.1103/RevModPhys.84.1253
https://doi.org/10.1103/RevModPhys.84.1253
https://doi.org/10.1103/RevModPhys.84.1253
https://doi.org/10.1103/PhysRevLett.110.016401
https://doi.org/10.1103/PhysRevLett.110.016401
https://doi.org/10.1103/PhysRevLett.110.016401
https://doi.org/10.1103/PhysRevLett.110.016401
https://doi.org/10.1103/PhysRevB.94.024506
https://doi.org/10.1103/PhysRevB.94.024506
https://doi.org/10.1103/PhysRevB.94.024506
https://doi.org/10.1103/PhysRevB.94.024506
https://doi.org/10.1103/PhysRevB.76.155402
https://doi.org/10.1103/PhysRevB.76.155402
https://doi.org/10.1103/PhysRevB.76.155402
https://doi.org/10.1103/PhysRevB.76.155402
https://doi.org/10.1103/PhysRevLett.104.190402
https://doi.org/10.1103/PhysRevLett.104.190402
https://doi.org/10.1103/PhysRevLett.104.190402
https://doi.org/10.1103/PhysRevLett.104.190402
https://doi.org/10.1103/PhysRevLett.105.090404
https://doi.org/10.1103/PhysRevLett.105.090404
https://doi.org/10.1103/PhysRevLett.105.090404
https://doi.org/10.1103/PhysRevLett.105.090404
https://doi.org/10.1103/PhysRevLett.105.226407
https://doi.org/10.1103/PhysRevLett.105.226407
https://doi.org/10.1103/PhysRevLett.105.226407
https://doi.org/10.1103/PhysRevLett.105.226407
https://doi.org/10.1103/PhysRevLett.106.196402
https://doi.org/10.1103/PhysRevLett.106.196402
https://doi.org/10.1103/PhysRevLett.106.196402
https://doi.org/10.1103/PhysRevLett.106.196402
https://doi.org/10.1103/PhysRevB.87.165108
https://doi.org/10.1103/PhysRevB.87.165108
https://doi.org/10.1103/PhysRevB.87.165108
https://doi.org/10.1103/PhysRevB.87.165108
https://doi.org/10.1103/PhysRevLett.111.256401
https://doi.org/10.1103/PhysRevLett.111.256401
https://doi.org/10.1103/PhysRevLett.111.256401
https://doi.org/10.1103/PhysRevLett.111.256401
https://doi.org/10.1103/PhysRevB.89.180507
https://doi.org/10.1103/PhysRevB.89.180507
https://doi.org/10.1103/PhysRevB.89.180507
https://doi.org/10.1103/PhysRevB.89.180507
https://doi.org/10.1103/PhysRevB.90.125113
https://doi.org/10.1103/PhysRevB.90.125113
https://doi.org/10.1103/PhysRevB.90.125113
https://doi.org/10.1103/PhysRevB.90.125113
https://doi.org/10.1103/PhysRevB.91.195110
https://doi.org/10.1103/PhysRevB.91.195110
https://doi.org/10.1103/PhysRevB.91.195110
https://doi.org/10.1103/PhysRevB.91.195110
https://doi.org/10.1140/epjb/e2005-00312-3
https://doi.org/10.1140/epjb/e2005-00312-3
https://doi.org/10.1140/epjb/e2005-00312-3
https://doi.org/10.1140/epjb/e2005-00312-3
https://doi.org/10.1007/BF01028912
https://doi.org/10.1007/BF01028912
https://doi.org/10.1007/BF01028912
https://doi.org/10.1007/BF01028912
https://doi.org/10.1103/PhysRevA.81.053626
https://doi.org/10.1103/PhysRevA.81.053626
https://doi.org/10.1103/PhysRevA.81.053626
https://doi.org/10.1103/PhysRevA.81.053626
https://doi.org/10.1007/BF01028373
https://doi.org/10.1007/BF01028373
https://doi.org/10.1007/BF01028373
https://doi.org/10.1007/BF01028373
https://doi.org/10.1103/PhysRevLett.47.1840
https://doi.org/10.1103/PhysRevLett.47.1840
https://doi.org/10.1103/PhysRevLett.47.1840
https://doi.org/10.1103/PhysRevLett.47.1840
https://doi.org/10.1103/PhysRev.130.1605
https://doi.org/10.1103/PhysRev.130.1605
https://doi.org/10.1103/PhysRev.130.1605
https://doi.org/10.1103/PhysRev.130.1605



