PHYSICAL REVIEW A 93, 023635 (2016)

Proposal to directly observe the Kondo effect through enhanced photoinduced scattering
of cold fermionic and bosonic atoms
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We propose an experimental protocol to directly observe the Kondo effect by scattering ultracold atoms. We
propose using an optical Feshbach resonance to engineer Kondo-type spin-dependent interactions in a system
with ultracold °Li and ¥ Rb gases. We calculate the momentum transferred from the *’Rb gas to the °Li gas in a
scattering experiment and show that it has a logarithmically enhanced temperature dependence, characteristic of
the Kondo effect, and analogous to the resistivity of alloys with magnetic impurities. Experimentally detecting
this enhancement will give a different perspective on the Kondo effect, and allow us to explore a rich variety of
problems such as the Kondo lattice problem and heavy-fermion systems.
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I. INTRODUCTION

Ultracold atomic gases provide a platform to engineer
model Hamiltonians relevant for condensed matter physics
phenomena. One such intriguing phenomenon is the Kondo
effect [1,2]. In this paper we propose an experimental protocol
to engineer and measure the scattering properties of Kondo-
like interactions between ultracold atoms. Such an experiment
would give a new perspective on an iconic problem.

The Kondo effect is a transport anomaly that arises
when itinerant electrons have spin-dependent interactions with
magnetic impurities. The source of the phenomenon is a spin-
singlet many-body bound state formed between the Fermi sea
and an impurity. This bound state leads to resonant scattering
of itinerant electrons off the screened impurities. As the
temperature is lowered, this resonant scattering dominates
over other scattering processes and leads to a characteristic
logarithmic temperature dependence of the resistivity of the
material. When the interactions between the electrons and the
impurity are spin independent, no such bound state is formed,
and the scattering is not enhanced.

Despite intense research, some questions about the Kondo
effect remain unresolved and some of the key theoretical
predictions have never been directly seen. For example, the
electron cloud which screens the spin on the impurity has
never directly been imaged [3-6]. More importantly the
analogous problem with an array of interacting impurities (the
Kondo lattice) has aspects which are not well understood [7].
Exploring the Kondo lattice problem is of paramount
importance to the understanding of heavy fermion systems
and quantum criticality [8,9].

In this paper we propose using cold atoms to directly
observe enhanced Kondo scattering. We envision a system
consisting of a spin-1/2 Fermi gas and a dilute Bose gas
with spin §, where bosonic atoms play the role of magnetic
impurities and fermionic atoms play the role of electrons.
To strengthen the analogy with immobile spin impurities
in the Kondo model, we consider bosons which are much
heavier than the fermions. Fermion-boson pairs such as
°Li-%Rb, "Li-%Rbor °Li-'33Cs are good candidates with
large mass ratios. Alkaline-earth-metal and rare-earth atoms
are also promising.

We consider a rotationally symmetric interaction between
the ultracold atoms, which includes both density-density and
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spin-dependent interactions. We present an experimental pro-
tocol to produce such an interaction using an optical Feshbach
resonance. For this general interaction, we calculate that the
scattering cross section is strongly enhanced by the Kondo
effect. We propose directly measuring this enhancement by
launching the Bose gas into the Fermi gas with a small
velocity. One would then measure the momentum transferred
to the Fermi gas. A number of related experiments have been
used to probe atomic scattering in the past [10-13]. We show
that at temperatures smaller than the Fermi temperature, the
final momentum of the Fermi gas varies logarithmically with
temperature, analogous to the resistance of electrons in an alloy
with magnetic impurities. The temperature dependence of the
transferred momentum, depicted in Fig. 1, has a minimum
which is a signature of the Kondo effect, and this minimum
can be detected at experimentally accessible temperatures.
Alternatively, the enhanced scattering could be seen in the
damping of collective modes of the atomic clouds in a trap [14].
This paper is organized as follows. In Sec. II we introduce
our atomic system and the model we consider. In Sec. III
we explain how an optical Feshbach resonance can be used to
produce the interactions considered in our model. In Sec. IV we
calculate the momentum exchanged in a scattering experiment
between atomic clouds. We calculate the momentum trans-
ferred as a function of temperature perturbatively up to third
order in the interaction strength. We explicitly describe all parts
of our calculation in the appendix. We summarize in Sec. V.

II. MODEL

In this section we describe our model. In Sec. III we describe
how to experimentally implement our model.

We build our system out of spin-1/2 fermions and spin-S
bosons. In our implementation these will be hyperfine spins.

We let the operators aly, and EIM create fermionic and bosonic
atoms at position 7 and spin projection @ = 1, or u =
—S,..,S along the z axis. Their Fourier transforms,
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FIG. 1. Temperature dependence of the momentum P transferred
from bosons to fermions in a scattering experiment with photoinduced
interactions. Both P and temperature have been rescaled to dimen-
sionless quantities. Py denotes the momentum transferred to the Fermi
gas at zero temperature when the interactions are spin independent
(gs = 0). (Solid line) Spin-dependent interactions between spin-1,/2

fermions and spin-1 bosons with g, = %lgn = 01'\,1/‘5 ; (dashed line)
spin-independent interactions (g; =0 and g, = —3 X ONI%) The

minimumin P isa signature of the Kondo effect, and may be detected
experimentally. In Sec. III we estimate experimental parameters to
achieve the interaction strength used here. Inset shows a cartoon of
the collision.

create particles in momentum eigenstates. Above, V is the
volume of the system.

We explore a model with a Hamiltonian H = FIO + I:Iim.
The first term models the kinetic energy of the fermions and
bosons,

N 14

Hy = )3 /d3%<2(€k — M)&Za&ka + Z EkZ;]tMl;k/L)a
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For the interactions modeled by I:Iint, we consider a generic
form of local spherically symmetric pairwise Bose-Fermi
interactions. Since the fermions have spin-1/2, the most
general such interaction has the form,

A = / &7 6 bl Br(259) 50 + gubupbn).
afuv

3)

We denote the vector of spin matrices for the fermions and
bosons by 7@ and ¢, and § refers to the Kronecker delta
function. It is important to note that H,, contains terms
where o # 8 and u # v. This encodes the fact that the atoms
exchange spin when they collide. We point out that spherical
symmetry of the Hamiltonian is not a necessary feature
to observe Kondo physics. Any Hamiltonian which allows
spin exchange processes at third order of interaction strength
would produce an enhanced scattering cross section at low
temperatures. We restrict ourselves to interactions modeled
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by Eq. (3), and we show in Sec. III that this has a simple
experimental realization.
It is useful to rewrite Hj, in momentum space as

V2 37 3= 3=
<2n>9/dk/d”/d"2

afpv
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4)

Our model in Eq. (4) differs from the one in the spin-S Kondo
model [1] in two respects. The bosonic atoms, which play the
role of impurities, are mobile. Due to their large mass, however,
the recoil of the bosonic atoms can be neglected, and formally
the physics is equivalent to that of immobile spin impurities. In
addition to the regular spin-S Kondo-like interaction, Eq. (4)
contains a density-density interaction. We show that in spite of
such an additional interaction term, the momentum transferred
to the Fermi gas in a scattering experiment still has a minimum
at a certain temperature, albeit at a lower temperature than the
case with no density-density interaction.

The interaction we have considered in Eq. (3) does not occur
in typical cold atom experiments in which interaction strengths
are tuned using a magnetic Feshbach resonance. In a typical
magnetic Feshbach resonance, spin-exchange collisions are
off-resonance and will not be observed. In the following
section we propose using an optical Feshbach resonance to
produce the interaction in Eq. (3).

III. AN EXPERIMENTAL SETUP

In this section we describe our proposal to experimentally
implement the model introduced in Sec. Il using °Li and 8’Rb
atoms as our itinerant fermions and spin impurities. As we will
show, producing a strong interaction between °Li and ¥’Rb
using an optical Feshbach resonance requires a large matrix
element for photoassociation. Experiments [15] show ’Li and
8Rb to have the highest photoassociation rate coefficient
among all the bialkali metal combinations. We expect their
isotopes SLi and 3’Rb to have similar photoassociation rates,
and we chose °Li and ®"Rb in our proposal to produce the
Kondo model because they are readily available in ultracold
atomic experiments. The °Li and ¥Rb atoms have quantum
numbers S = 1/2, L =0,and I = 1 and 3/2.

In an optical Feshbach resonance, a laser beam provides a
coupling between the open scattering channel and a closed
channel containing a bound state [16-19]; here the open
channel is an electronic spin singlet of °Li and ®’Rb, and the
bound state is a highly excited LiRb molecular state. When
the laser is far detuned from resonance with the bound state,
the bound state can be adiabatically eliminated, and we are
left with an ac Stark shift for the °Li-%"Rb singlet. The
triplet state sees no Stark shift. This provides a mechanism
for spin exchange. While this optically induced spin exchange
has not yet been experimentally observed, there have been
extensive studies of both elastic and inelastic scattering
properties near heteronuclear optical Feshbach resonances
of "Li and *Rb [15,20]. Thus the transition frequencies
for forming "Li ®Rb molecules are well known. We expect
that the linewidths, transition matrix elements, and spectral
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densities for other alkali-metal combinations such as °Li 8’Rb
molecules will be similar.

Below we provide a mathematical framework to model the
optical Feshbach resonance and obtain an effective interaction
between the °Li and 8’Rb atoms. All the physics described in
this section is local, and we have dropped the index labeling
the position of the atoms from the second-quantized operators.

The energy density for the relevant electronic and nuclear
degrees of freedom in each atom and molecule is of the form,

ﬁ = ﬁgﬁ: + I:\Il.lg:3 + FImo] + ﬁFesh~ (5)
Hinot models the binding energy of the molecule:

e N 5 AN (6)

mm’

where )7,:””, creates a molecule with an electronic spin S = 0
and electronic orbital angular momentum J = 1. The indices
m and m’ label the nuclear spins of the °Li and ®Rb
atoms. If the quantization axis of the electronic orbital angular
momentum is chosen along the direction of angular momentum
of the laser photon inducing the Feshbach resonance, then only
one of the molecular states in the J = 1 triplet is coupled via
the laser to the atomic singlet. We denote the binding energy
of this molecular state by Ej.
The hyperfine Hamiltonians for the atoms are

E: ~ -'(1/2) -'(1)
HF = hAy a'nleamSml mgm's m,m,

mg,m'
m,,m/,
TRb > (1/2)  =(3/2) )
HHF - hARb Z bmsmlbm/sm/lcrmsmfY ’ Om,m',’
mg, m.&
mp,m

where h is Planck’s constant, A;; = 152 MHz and Agp, =
3.4 GHz are the hyperfine coupling constants of °Li and
87Rb [21], 6 is the vector of spin-S matrices, and &,T,,Sm,
and BLsm, create a °Li and ¥ Rb atom in the state |[msmy). In
terms of the hyperfine eigenstates,

o |Fame), ()

F.mp

|mS’m1> =

where C ,f;'"ng are Clebsch-Gordan coefficients.

The terms in H]:esh describe the interactions between
the photoassociation laser and the atoms. We model this
photoinduced molecular formation by

&1 b 1 1

kP smY—sm —5m

L
mm’

+ H.c., €))

where 7 is the position of the atoms, and hk and o are
the momentum and frequency of the laser photon-inducing
molecule formation. The detuning between the atomic and
molecular states is hw — Ep, and 2 is the transition matrix
element from the atomic to the molecular state.

For large detuning, the occupation in the molecular state
will be small. Therefore we can adiabatically eliminate the
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molecular state and obtain an effective interaction between the
®Li and *’Rb atoms using second-order perturbation theory:

avb_1, —a_1,bi,,
x| = . (10)

Using Eq. (8), the operators fzjnsm, and E,T,,Sm, can be projected
into the hyperfine eigenstate basis. Assuming that the chemical
potential is set such that the F = 3/2 and F = 2 manifolds
are unoccupied, we project Hi, into the F = 1/2 and F = 1
manifolds. We obtain an effective interaction,

2 Q? YA 1
A At s bt (a) (h)
o 2 “‘Laﬁb“b”< 120w ¥ 8“5 5’”)

(1)

The first term in Eq. (11) is of the form of Kondo-

o . . _ 2
like interactions with g; = 1—21%, and the second term a

density-density interaction with g, = iEbQT;w, where g, and
gn were defined in Eq. (3). Generally, in addition there would
also be intrinsic interactions which modify the values of g; and
g, in the experiment. To explore Kondo physics, g, should be
positive.

If one wanted to exactly produce the Kondo model (where
g» = 0), one could add more photoassociation lasers, for
example, coupling the electronic spin-triplet atomic states.
However as we show in Sec. IV, the presence of a nonzero

gn does not change the physics.

A. Experimental and model parameters

In this section we estimate our model parameters g, and
g, for a typical experiment performing optical Feshbach
resonance. We also discuss the issue of atom losses in optical
Feshbach resonances.

Experiments implementing optical Feshbach resonances
typically suffer from high atom loss rates because lasers bring
the atomic states close to resonance with a bound molecular
state. The excited molecular states have a finite linewidth, and
either dissociate into free atoms with large kinetic energies or
spontaneously decay to ground molecular states. The effect of
a finite linewidth can be incorporated by making the ac Stark
shift obtained in Eq. (10) complex:

QZ
8 Ey—tho+ihy (12)

—h .
The.real part of g, Re(g) = sz is a measure of
the interaction strength, and determines the magnitude of the
model parameters g, and g,. The magnitude of the imaginary
_ hy . . ..

part of g, .KPA = Q? —(Eb T Ty is the inelastic collision
rate coefficient.

In experiments in which "Li and **Rb atoms are resonantly
coupled to a molecular state, the inelastic collision rate coef-
ficient typically has a value |Kpa| ~ 3£ ~ 4 x 107" hem?/s

for a moderate laser intensity of 100 W/cm [20]. Typical
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linewidths are y ~ 10MHz. We expect that y and Kps would
have similar values for any other alkali-metal combination, and
in particular for ®Li and ®’Rb as well. We note that 2 is pro-
portional to the laser intensity. The inelastic collision rate can
be reduced by increasing the detuning of the laser. If the laser
detuning is 10 times the linewidth (| E;, — hw| = 10hy), then
Kpa ~ 4 x 107Bhcm?/s and Re(g) ~ 4 x 1072k cm?/s for
a laser intensity of 100 W /cm?.

The relevant quantities for estimatlng the temperature scale
for observing Kondo physics are “g,‘ and ‘f,"e where ¥ v is the
density of fermions. We find in Sec. IV that for this minimum to

occur at a temperature of O(0.057F), “’“ 2 W should be 0(0 1).
This can be achieved with a density of 1‘\,’ 103 cm™3 and an
interaction strength |g; ,| ~ 2 x 10~°hcm?/s, which requires
roughly 500 times larger intensity than that in [20]. A judicious
choice of the resonance may significantly reduce the intensity
required.

IV. KONDO-ENHANCED SCATTERING BETWEEN
87Rb AND °Li

Here we calculate the momentum transfer in a collision
between a fermionic cloud and a bosonic cloud. We show that
spin-exchange collisions lead to a logarithmic temperature
dependence of the momentum transferred. This logarithm
is characteristic of the Kondo effect, and analogous to the
behavior of electrical resistance of magnetic alloys. As shown
in Fig. 1, it leads to a minimum in the momentum transferred.
The most naive way to measure this momentum exchanged
would be to launch the Bose gas into a stationary Fermi gas
and measure the final momentum of the Fermi gas. We briefly
consider an alternative method in Sec. IV A.

The duration of interaction between a boson and the Fermi
gas in the experiment described above is ¢t = L/v where L
is the size of the Fermi cloud. We calculate the momentum
transferred from the Bose gas to the Fermi gas at time ¢ to
zeroth order in 1/M,, first order in v, and third order in the
interaction parameters g, and g,. We perform this calculation
for general values of g; and g, that are independent of each
other. At the end of our calculation we specialize to the values
of g, and g, produced by our proposal in Sec. III. Since L
is a macroscopic quantity and we work in the small v limit,
we make a long time approximation wherever possible. We
assume that the Bose gas is dilute, and neglect events involving
scattering of a fermion with more than one boson. Equivalently
we calculate the momentum transferred by one boson with
momentum M}, v, and sum over all bosons. The Fermi surface
will play an important role.

We consider the collision of the Fermi gas with one boson
with spin projection m at time 0. The momentum of the Fermi
gas at time ¢ is then P, = % f a3k Yo hlznkam (1), where

Mkam (1) = (batyom (018} (Daka(B), , ,(0))  (13)

is the occupation of fermions with momentum k and spin
projection « at time ¢. In Eq. (13) the expectation value is
taken over a thermal ensemble of fermions, with no bosons
present. The bosonic creation operator preceding the ket state
in Eq. (13) ensures that we calculate the occupation n, after the
collision of one boson with the Fermi gas. Since the bosons are
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spm unpolarlzed the average momentum imparted by a boson
is P, = 3(2 e fd3k > m Rk (). Multiplying by Np, the
number of bosons, the net momentum of the Fermi gas is

, N,V
PO = 357 /d3k2hknkam(t) (14)

In Appendix A we describe our diagrammatic perturbation
theory approach for calculating r,, (). We find that

4tk - U,O(Gk) e

a anam(t) - f -

3€k
SS+1D) _, , &SS+1
X ( 4 S PET Ty
X / d%i), (15)
€ —€p

plus terms which scale as °,0% or 1/M,. Due to our use of
point interactions, the interaction parameters g, and g, are
renormalized to g, and g,. These renormalized (physical)
coupling constants are the ones appearing in Eq. (15). This
renormalization of the interaction strength occurs at all orders
of perturbation theory.

To calculate 13(t), we sum the contributions due to all
momentum states, and include the temperature dependence

of the fermionic chemical potential, u = €p(1 — (kBT) )+

O(%f. We find that at long times,

38(S + 1)Nb< ) (kr L)k
8 €F

4 gn 2 T kB
g <<1+ S(S+1)<§) ><1+?< r ) )
3J kgT
_E<1‘13+ (26‘ E)(T)
1 kgT 57% (kgT
+ E]ogE<1 +— B < ) ))), (16)

where J = g %, and % is the density of fermions. In Eq. (16)

B

we have neglected terms which scale as to,vz,MLb or T%.
According to our proposal in Sec. III, & — _3and S=1.

The result of Eq. (16) is plotted in Flg 1 using these
parameters and J = 0.1lep. For comparison, we also plot the
momentum transferred to the Fermi gas for spin-independent

interactions with the same value of g, = —3 x (1)\11% and

&; = 0. The logarithmic temperature dependence of P for
spin-dependent interactions is characteristic of Kondo physics.
Equation (16) breaks down when é log ’% ~ O(1). Below
this temperature, the logarithmic increase saturates to a
constant. Calculation of this saturation is the subject of the
Kondo problem and can be addressed with renormalization
group or Bethe ansatz methods. Equation (16) also breaks

down when v ~ ’;L‘;(T
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The momentum transferred | P| has a minimum at a tem-
3 Jer
2rkp 452
2255+
S =1, and J = 0.1€p, this minimum occurs at a temperature
T ~

T 0(0.05). At this temperature and interaction strength,

the momentum imparted by one boson to the Fermi gas is

% ~ ihkF(i)z(ka). For a 20-um-long Fermi cloud at a
density of 10"°cm™3, the momentum imparted per boson is
nearly 1.2hkr. We estimated in Sec. III that achieving J =
0.1er would require high intensity lasers and tight trapping of
the fermions. The observation of this minimum will be a direct

experimental confirmation of Kondo physics.

perature Tryin ~ . For the parameters g—" = =3,

A. Alternative methods to measure enhanced Kondo scattering

Here we briefly explain an alternative method to measure
the enhanced Kondo scattering between a Fermi cloud and
a Bose cloud. We consider inducing dipole oscillations of a
Bose cloud and a Fermi cloud in a harmonic trap of frequency
w. The clouds will collide every half-cycle and exchange
momentum P. As a result the amplitude of oscillations of
the Fermi cloud will reduce each half cycle. Conservation of
momentum implies that the maximum fermion displacement
X will reduce each half cycle by §X =~ Nﬂ": 'w where N, is
the number of fermions; the Bose cloud’s amplitude will
not change very much because of the bosons’ heavy mass.
The Bose-Fermi interaction interval is longer for a smaller
relative momentum, and vice versa. Thus the momentum
exchanged |P| is independent of the relative velocities of

the cloud, leading to a linear decay of the amplitude rather

than exponential; 20X ~ 7|
aMa T

5 . If the Bose-Fermi interactions
are Kondo-like, the damping rate of amplitude of oscillations
will have a minimum at the same temperature as |P| does,

o~ 3 Jer : . . .
Tonin ~ 375, |2 For a typical amplitude of oscillation
St

X >~ 100 um in a trap of frequency w = 2w x 10 Hz, and
if 2’,— = 200, the amplitude will decay to zero in about 12
oscillations at T = Tmin- The observation of a minimum in
the damping rate will also be an experimental confirmation of
Kondo physics.

V. SUMMARY

We considered scattering between a spin-1/2 Fermi gas
and a dilute spin-unpolarized Bose gas. As an example we
considered ®Liand 3’Rb as our itinerant fermions and bosonic
magnetic impurities. We proposed using an optical Feshbach
resonance to produce rotationally symmetric interactions
between the °Li and 3'Rb atoms, which included both spin-
dependent Kondo-like and spin-independent density-density
interactions. We argued that these interactions would give
rise to enhanced Fermi-Bose scattering. We perturbatively
calculated the temperature dependence of the momentum
transferred to the Fermi gas in a scattering experiment, up
to third order in the Bose-Fermi interaction strength. We
showed that the temperature dependence of the momentum
transferred has a minimum at a characteristic temperature and
is logarithmic at low temperatures, characteristic of the Kondo
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effect and analogous to the behavior of electrical resistance in
magnetic alloys.

Our proposal to implement spin-dependent interactions
requires overcoming significant experimental challenges such
as using high intensity lasers to achieve large interaction
strengths. However, overcoming these challenges enable the
possibility of exploring exotic phenomena due to Kondo
physics. The ground state of a Bose-Fermi mixture with
Kondo-type spin-dependent interactions should display inter-
esting correlations, with each boson surrounded by a screening
cloud of fermions with opposite spin [4]. These clouds may
be observable through various imaging techniques [22-24].
Similar experiments with bosons confined to a lattice would
probe an analog of the Kondo lattice problem.

One can explore other techniques to experimentally pro-
duce Kondo-type interactions. For example, optically coupling
the electronic triplet states of °Li - ¥ Rb with excited molecular
states will lead to a rotationally asymmetric interaction which
also displays Kondo physics. Alternatively, one can realize
the Anderson model and Kondo-like situations by trapping
impurities in deep potentials [25-28].
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APPENDIX: CALCULATION OF THE MOMENTUM
TRANSFERRED

Here we calculate nyg,, () in Eq. (13) and ﬁ(t) in Eq. (14).
The standard way to calculate quantities like nyq,,(¢) is using
the S matrix [29]:

Mkam (1) = (T 8bat,0 (012} (Dara(b}y, (0o,

. (AD)
S‘ — e_ideHim(t)
where T orders the operators along a path shown in Fig. 2
which starts at time 0, passes through time ¢, and returns to
time 0. All our integrals over time follow this path. The notation
()o implies that all operators inside ()¢ evolve according to
iﬁot/h,&ka —iﬁoz/h,

dre(t) =€ e
R . (A2)
bkp,(t) — etHgt/hbkﬂeftHot/h’

and states are weighted by e PH_ Since Hy is quadratic in
dke and by, , the right-hand side of 7y, (¢) in Eq. (A1) can be

0 AN
t
o ./
FIG. 2. In our integrals, time begins at 0, passes through ¢, then

returns to 0. Our perturbation theory requires ordering operators along
this path.

Time
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FIG. 3. Diagrammatic representation of vertex and propagators.
(a) Solid line denotes a fermion propagator which propagates a
fermion with momentum k and spin projection « from time #, to
t;. (b) Dashed line denotes a boson propagator which propagates a
boson with momentum & and spin projection u from time #, to .
(c) A vertex denotes the matrix element for a Bose-Fermi scattering
event. Mathematical expressions are given in Egs. (A3) and (A4).

contracted using Wick’s theorem. As a result, 7;4,,(#) can be
expressed diagrammatically as a sum of Feynman’s diagrams.
We calculate these Feynman’s diagrams up to O(gf) and O (gs )
in the long time limit.

1. Feynman rules

We denote the propagator for fermions, (T&ka(tl)&,ia(tz))o,
by a solid line, and the propagator for bosons,
(TEkM(tl)IQZM(tz))O, by a dotted line, depicted in Figs. 3(a)
and 3(b). Their values are

(Tara (1)), (12))o = MO — 1) — fo), a3
(Thiu ()b} (1))o = e B0t — 1)

In Eq. (A3), ®(t; — 1) = 1 if 1; is after £, along the path in
Fig. 2, and O otherwise.

We perturbatively expand ny,, (¢) in the vertex depicted in
Fig. 3(c), whose value is

N (’
k47 M\\ 7 k37 v
kQW B
2m)}
= V2 8Cky 4+ ks — ky — kq)
X (g_ya'é‘lg/z) . 5—;(1? + gnaaﬁ(s,uv)- (A4)

The vertex denotes a scattering event between a fermion
and a boson. The time at which this scattering event occurs
is integrated over the path in Fig. 2. All momenta and spin
projections are summed/integrated over, with the constraint
that momenta and spin are conserved at each vertex. The
diagrams which contribute to Eq. (Al) have four external
propagators. There is an incoming and outgoing fermion
propagator evaluated at time ¢, and carrying momentum
hk and spin projection «. There is also an incoming and
outgoing boson propagator evaluated at time O, and carry-
ing momentum M,v and spin projection m. All lines and
vertices in a Feynman diagram can be labeled using the
rules described above. Therefore we omit labels. Finally,
each diagram carries a multiplicity, which is the number of
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____>___

—_—

FIG. 4. Zeroth order diagram in the expansion for 7, (f).

times it appears in the expansion of Eq. (A1) in powers of g
and g,.

2. Calculation of 7, (1)

Terms of O(gy,) in the perturbative expansion of nyy, (1)
contain 2n + 2 pairs of operators leading to (n + 1)!? contrac-
tions. The resulting number of diagrams increases exponen-
tially with n. We explicitly consider each order and evaluate
the nonzero diagrams.

a. Zeroth order

The expression for the zeroth order term in the expansion
of nygm(t) is

O (1) = (Thyum(0a], (DB}, (0o (AS)
Using Wick’s theorem,
O (1) = (bagyom(OIBhy, (00 (@), (Déka(t))o
" (A6)

= fr:

The corresponding Feynman diagram is shown in Fig. 4. Since

the bosons and fermions do not interact at this order, n}fﬁjm does
not contribute to any momentum transfer.

b. First order

The first-order term in the expansion for 7y, (¢) is

nigm(t) = —i/drl

(T Be(T)brt 0, (0], (D (DB}, (0))o-
(A7)

By Wick contracting the above expression, we find that

n,({gm (¢) is the sum of the four diagrams shown in Fig. 5, all of

L

/A‘I
—PA/PP— - IA\I
. - \\ )
————— T —
(c) (d)

FIG. 5. First-order diagrams in the expansion of 7y, (?).
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=

(b) // \\

\
- - —— o

\ 7/

\
N Pid
~—

FIG. 6. Two of the diagrams that are zero at second order.

which evaluate to zero. For example,

SRS o

Due to the same reason, Figs. 5(b), 5(c), and 5(d) are also zero.
Therefore,

% D N () =0. (A9)

m

Moreover, the same reasoning implies that all higher order
diagrams in which a fermion or boson loop begins and ends at
the same vertex are also zero.

3 =

™ V(2 »

and

DI

m V(2 )}

IM + (hk=hj My ) and 8¢’ =

— e, —
where de = 5(& TR

f &A= fof,

1 1
5(ex — €p + 3 Mpv
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\\ l \\ ,(,
/-:-\'/\\ /;\-r\\
(a) (b)

FIG. 7. Nonzero diagrams at O(g?) in the expansion for 7, ().

c. Second order

The second-order term,
1 A N N
2 0) = =3 [ dTdesT () B2 0)

X &}, (Da (b}, (0o, (A10)

can be contracted into Wick pairs in 36 ways, which give
rise to 20 different diagrams. Most of these diagrams are zero
because of reasons explained in Sec. A 2 b. In addition, the
diagrams shown in Fig. 6 also evaluate to zero. For example,
since we work in the dilute boson limit, there can only be one
boson line in any time slice, implying that Fig. 6(a) is zero.
The only two nonzero diagrams are shown in Fig. 7.
Using our Feynman rules,

sin® Set/h [ ,S(S +1)
: 2¢2), All
Y (gs > + gn) (A1)
. sin?8e’t/h( ,S(S+1)
/ d*p filll = fp) 86,2/ (gf 5 +2g,%), (A12)

2 _ (hk=hp+My9)?

3 ). Neglecting terms of order

1/M,, ¢ = 8¢’ = %(ekfmnv/h — €p—m,v/n)- The resulting second-order contribution is

an )=

zs<s+1) +2g2
V(2 )3

3 sin? t(Se/h
fd P (fe—fp)——— (A13)

Since the bosons are much heavier than the fermions, they have nearly the same velocity v before and after scattering. Therefore,

it is easier to work in the bosons’ rest frame. For small v,

(2)
PY an+m“” ozm

gs S(S+l) + 2gn
V(2 )

/d3,3<fk fy + Bk - va——h*-*
€k

+ 0, 1/My),

ofi afp> sin’(1(ex — €,,)/2h)
dey) (e — €,)/2)?

(Al4)

where O(v?,1/M,) refers to terms which scale as v> or 1/M,,. The first two terms in Eq. (A14) have negligible contribution

near €; = €,. At long times, any significant contribution comes from the tail of

@ oy Where sin’(¢(ex — €,)/2h) can

be approximated by its average, 1/2. Hence their contribution saturates to a constant at long times. For the last two terms in

Eq. (A14), which are significant near ¢, = €, we approximate

lzn(z) (t) B _z(gv 2 5(5+D + 2gn) /d3
3 LTk am V(2 )3

gé S(S+1) + gn
Vz

=4 7.5

sin?(t(ex—€,)/2h)

~ 2t8(ex—€p)

((ex—€p)/2)* h

0 . .0 1
k- vﬁ—p-vﬁ>5(ek—ep)+O(IO,UZ,—>
M,

. Hence at long times,

deg de,

1
a—ﬂ(ék)+ 0( Mb)’ (Al5)
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where p(e;) is the three-dimensional density of states for a single spin projection. In the laboratory frame,

(€]
Z Nam (1 =—

d. Third order
The third-order term,

(1) = / dt1dtdts (T Bi(r)

A . A _ . (A17)
A (02) B (03)b 11,0, (00} (0 (D), (D)o,

can be contracted into Wick pairs in 576 ways. However, due
to reasons explained in Secs. A 2 b and A 2 c all diagrams
except the ones shown in Fig. 8 are zero. After a treatment
similar to the one at second order, we calculate the third-order
contribution to be

) 3 ofi 1
- t) = dptv-k —_—
2 :nk(xm() Vi0on );/ prv- 'O(Gk)aek P

x (f,,g§S(s +1)— gﬁ@

1
—3g%8,8(S+1) — 4g,~j) + oéo,vz,—)
M,

(A18)

The right-hand side of Eq. (A18) consists of an ultraviolet
divergent term arising from | d° ﬁeklep, and a finite term
temperature dependence. The ultraviolet divergence is an
artefact of choosing a contact potential between the fermions
and bosons which is nonzero only when they are at the
same location in space. In reality, the interaction between
the fermions and bosons has a finite range, which removes
the ultraviolet divergence by introducing an upper cutoff on
the limits on the integral over momenta. The exact details
are unimportant if we express our results in terms of physical
quantities. To this effect, we define effective coupling constants

o T
d/\

which will ultimately give rise to a logarithmic

g
y 5T
el

FIG. 8. Nonzero diagrams at O(g?) in the expansion for 7, ().

S(S+1) + g
n

%5 ey + 01002, - (A16)
dex Mb
{
g, and g, where
2 ) 8s +6gn/ 5o 1
= 1 d- ,
8 gs( + 207) pek —,
(A19)
2 2 8&n 3> 1
= 1 d :
8 g,,( + 2n) / pék —e,,)

The result for ny,,(¢) has no ultraviolet divergences when
expressed in terms of g, and g,.
The resulting ngy,,(¢) at long times is

1
3 2 han(t) = fic =

4tk - Dp(ey) df;

vz Bek
(SSHD 5o 2SS +1)
4 S TE T T 40y
X /d3;3 Jo ) (A20)
€ — €p

3. Final momentum of the Fermi gas

The total momentum P of the Fermi gas [defined in
Eq. (14)] will be along the direction of v. Its magnitude is

. §.P 8¢hN, - L f
P|= =— dk(k - ) ==
|P| 5 vV(Zn)3/ (k- v) 8Ek)0(6k)
SS+1) 5, 5, ESS+1)
X 8 8n — 3
4 427 )’

(A21)

X / d? ﬁi)
€ —€p
After integrating out the angular co-ordinates of k and p and
performing a change of variables,

s lém,LN, af ) ,
Pl=——0r /de p*(€)
SS+1) , ~2_ng(SJrl)
X( ;ST 4v
X/d M) (A22)
€ —¢€p

We evaluate the second-order terms using a Sommerfield
expansion,

3m,LNy 5 72 (kT \*
L2 JS(S + =2
ther (S + 1)( +oc)< o\ e

kT \*
+0<—B > ,
€F

where J = gsv and ¢ =

| P>| >~

(A23)

2
SS+D”

| l

:
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The third-order terms are

=\3
|]33| _ 4S8(S + Dm,LN, (g_‘;> /de 68];(:)’02(6) x/

3h

9/2
16%i€;!

9S(S + )m LN, o a o0
_98(S + Dmy hJ3/ de &2 f(E)/ dep\/af(ep).
0 de Jo €—¢€,

PHYSICAL REVIEW A 93, 023635 (2016)

, pep) f(€p)

_Ep

We simplify the above expression by performing integration by parts,

> 95(S + )m,LN, o
By = 258+ Dma LN bﬁ/ de &
0

af (€)
hel? de
af (e)

95(S + )m,LN, o
:——( + Dm bﬂ/ de €*
0 €

9/2
8he,!

We split Eq. (A25) into two terms. We evaluate one of these terms numerically,

af(fp)

/Ood 5/23f(6)/
0 €p

We use a Sommerfield expansion for the remaining term. The result is

98(S + 1)m,LN,,

|Py| ~ —
8her.

kT
311 26— (2=
J( 3+<6 48)< .’

The final momentum of the Fermi gas is

g kB 3J kB 1 kB 57 kB
P=pp( 147 (25 ) - g 113+ (26— 0 ) () + 510 1 ,
Ov(+6<ep> 2(1+cx2)eF< +( 48)( F) g4p(+12< ))))

where Py = w(l + oe)z(eiF)z(ka)hkp, and as before, we neglect terms of O(t°,v>

(A24)
> Ve
X/o pf(ep) (\/_+—log «/_4‘«/—)
~ af(fp) \/E Ble —€)
X/o der <*/_+ 2 ‘ﬂ(ﬁ+ﬁ)z)' (A2
4
og(Ble —€,)) ~65/2<0 26 4 5. 2("5 ) )+ o(kj—T> . (A26)
F F
1 kBT 577.’ kBT kBT 4
+§1ogE<1+ = ( ) >)+0<?) . (A27)
(A28)
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