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1. Introduction of the polaron

- Polaron in ultracold atoms
- Induced interaction between polarons

2.Induced interaction between polarons

- Theoretical formulation of polaron physics
- Yukawa potential
- Van der Waals potential mediated by phonons

3. Magnitude of the potential in the BCS-BEC cross over

4. Summary
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‘What is the polaron?

Polaron (Landau’s original definition) _\ﬂ\\ /; I_
 an electron interacting with phonons in a crystal i ey
lattice wave inducing polarization _I / \ \—
Polaron in ultracold atoms
. an impurity interacting with quantum gas particles - 8
» Ultracold atoms provide a simple and ideal research platform. ; . '@ A
‘/High experimental controllability * : <

e quantum statistics & internal degrees of freedom
* impurity-medium and medium-medium interaction

a Bose gas (often in a superfluid)
a free Fermi gas (single-component)

Bose

} polaron : an impurity in {
Fermi

»For example, {



From one-body to two-body 3/20

Bose polaron : impurities immersed in a superfluid
interacting with superfluid phonons

One impurity problem
. effective mass, mobility, dressing cloud, etc.

Intractlbnmedlated by exchanging bosonlc quanta AVAVAVAV

‘/Crucual in modern physics

e.g.
- the fundamental interaction by gauge bosons

- the nuclear force by pions
- an attractive electron-electron interaction by lattice phonons for superconductivity



Induced Interaction between impurities 4/20

Bose polaron : impurities immersed in a superfluid
interacting with superfluid phonons

AN
»Superflld phns $ n - @ Z
»The Yu.kawa potential at MR impurity-medium coupling
Efimov strong

coupling g7\
= y i




Induced Interaction between impurities 5/20

Bose polaron : impurities immersed in a superfluid
interacting with superfluid phonons

\nduced interaction bipolaron state, etc.

Interaction mediated by exchanging bosonic quanta ;(\/\M:

Superfluid phnns

The Yukawa potential at weak impurity-medium interaction
e_ﬂr/f

3
» Short-range potential mediated by a gapped mode

» There is a gapless mode (superfluid phonon) governing long-range physics

Vir) ~— (£ : healing length)

Why does a gapped mode appear?
Is there a long-range induced interaction mediated by gapless modes?
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Why does a gapped mode appear?
Is there a long-range induced interaction mediated by gapless modes?

2.Induced interaction between polarons

- Theoretical formulation of polaron physics
- Yukawa potential

- Van der Waals potential mediated by phonons



Theoretical formulation of

oolaron physics 720

‘/Microscopic model :
Bose gas interacting with impurities

Emicro(x) § ['imp (x) T ﬁmedium(m) 07 Eint (37)

> Impurity-medium interaction in the contact s-wave channel B -
Lin(z) = —grmu @' (2)(2)¢" (z)3(x)

Impurity\drensity Medium density

‘/OUI' problem is to find S, o1ar0n [P, (I)T] by integrating out the medium

exp [iSpolamn[(I), CIDT]] = / D (@/),QN) exp [z / dtd>r Lﬁmicro(a:)]

» Formally simple, but difficult to perform the integration



Usual method: Bogoliubov approximation 8/20

‘/Bogoliubov approximation for the medium

N

Medium = weak interacting Bose gas

/ & Loneainm () = Y |1}, (£)3ibw(t) — Exb},(£)bw(t)

k

»Bogoliubov dispersion Ej, = \/ex(er + 2u)

€p = = —— T =~

Linear Non-linear

‘/ Frohlich interaction term

/n ¢
Lint (@) ~ —grn®' (z) Z \/ EZ bk £y Bl A Gl(h?)

Momentum- -dependent coupling




Derivation of the Yukawa potential 9/20

g |
Vi(r) = Veloyeli s AVAVAVAY

(27‘()3 > {

» Frohlich interaction term One Bogollubov-mode exchange

c
[,int( _g[]\/[(I) /‘/ Z /Ek’; bk _|_bT Zk::z:

¥ | gh /_ W 1 1% 2635 1 S 5 N 1
V(k) ~ gl(wO, k) ~ ( QIM\/ V\/Ek) Gw=0,k) = ngV Ek< Ek> — _gIMVEk o

2
> Bogoliubov dispersion Ej = \/ex(ex + 21) Eptea L

2m




Derivation of the Yukawa potential 10/20

3k - ~
V(r) = Vi(k)el e AVAVAVAN
(277)3 s
- r ,. -
» Frohlich interaction term One Bogoliubov-mode exchange

/_ / :
Line(2) = —grp®' (2)®(2) \/ 3 Z \/ ;k [bk(t) ¥ )]e”‘"“’

A

o= \/ek(ek -+ 2,LL)

» Only the non-linear part survives
»like a gapped-mode propagator

_/2r /¢ —— T N

V(r) ~ < : Yukawa potential ~ -near  Non-inear
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Why does a gapped mode appear?

The non-linear dispersion part only survives
and behaves like a gapped propagator

Is there a long-range induced interaction mediated by gapless modes?

2.Induced interaction between polarons
- Theoretical formulation of polaron physics
- Yukawa potential
- Van der Waals potential mediated by phonons
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Focus only on the linear dispersion regime
DoF: phonon field ¢(x), showing a linear dispersion

theor

— e e e =

Due to the Galilean invariance of the medium,
the Lagrangian is generally given in

‘/Galilean superfluid EFT for the medium
L5 fnaiine (33) = 73(9(3:)) P(14) : Pressure as a function of u Linear Non-linear

(Vé(z))’

2m

Galilean invariant combination 0(z) = u — 9;¢(x) —

‘/ Interaction term

Grel) = grped o) ion(@lo) e o () B() ) ()b ()
int\«) = —4IM L L L L
with n(p) = p’(ﬂ) i Medium density



Effective theory for Bose polarons 1320

= e e e — _——==

‘/ Our effective theory Fis /BN
Lor(x) = Limp(@) + PO(@)) — 9rae@(2)2(@n@(z)) | .|~ 5 Lo
2 , &
»Galilean invariant combination 0(z) = i — 9,¢(x) — (V;b:)) k
- >
» Our assumptions are only two: i U R
e Galilean invariant medium s 2 3
e Contact s-wave impurity-medium coupling AN
» Universal !l : independent of the details of the medium /;W Fi i

phonon gas
Our remaining task is to calculate induced interactions from our effective theory

cf. nuclear forces are computed from chiral effective field theory nucleon

See e.g., R. Machleidt & D. R. Entem, i O A
“Chiral effective field theory and nuclear forces,” Phys. Rept. 503, 1 (2011). %)

piongas —9@

-~



Induced interaction mediated by phonons 4%

e e e — — — __———

Expanding P(f) & n(f) and keeping the leading terms with rescaling ¥ = /x¢

1 1} Y )2
L(z) = Limp(®) — grun® @ + 5(37590)2 AT §C§(V90)2 + grm [\/Yattp + ( 2:;) }@Tc‘b RIS
eIy " Kinetic term for phonons
¢s=+/n/(my) : speed of sound showing the linear dispersion

Y Interaction terms between impurities and phonons
(Ve)?
2m
» The coefficients are constrained by the Galilean invariance

<+—» The Bogoliubov approx. breaks the Galilean invariance.

T : two-body coupling

g/ X0:p® @ : one-body coupling g1 M



Induced interaction mediated by phonons 420

Expanding P(8) &n(f) and keeplng the leading terms with rescaling ¢ = /x¢

1 Y )2
L(2) = Limp(2) — grun®'® + - (37590) = §CS(V@) + grm [\/Yﬁts@ + ( 2:7? }CI)JHI) AL oS
x=n/(11) : compressibility mnons» e m——
cs=+/n/(myx) : speed of sound showing the linear dispersion

Y Interaction terms between impurities and phonons
(Ve)?
2m
» The coefficients are constrained by the Galilean invariance

> One-body coupling m=» one-phonon exchange

V(k‘) ~ l(w:() k (g[]\[\/—m) A (w=0, k) = 1
proportional to @ =0 due to the time-derivative coupling

Consistent with the previous result
: One-Bogoliubov mode exchange has NO contribution from the linear dispersion part

T : two-body coupling

g/ X0:p® @ : one-body coupling gIm



Induced interaction mediated by phonons %%

e e e = e _— =

Expanding P(f) & n(f) and keeping the leading terms with rescaling ¥ = /x¢

1 1} Y )2
L(z) = Limp(®) — grun® @ + 5(37590)2 AT §C§(V90)2 + grm [\/Yattp + ( 2:;) }@Tc‘b RIS
eIy " Kinetic term for phonons
¢s=+/n/(my) : speed of sound showing the linear dispersion

Y Interaction terms between impurities and phonons
(Ve)?
2m

» The coefficients are constrained by the Galilean invariance
> One-body coupling meJ)» one-phonon exchange (NO contribution)

corresponds to the Frohlich interaction term in the low-momentum limit

T : two-body coupling

g/ X0:p® @ : one-body coupling g1 M

> Two-body coupling =l two-phonon exchange ( )



Van der Waals force from two-phonon exchange ¢/20

\/ Two-phonon exchange potential from g 270/

At zero temperature
{ ) Vr—o(r) = —g3 o lativisti der Waal
—o\7) = — y reiativistiC van aer vvaals
Ry JIm 12873 m2c A’

(B =ice 1)




Van der Waals force from two-phonon exchange 720

\/ Two-phonon exchange potential from g 270/

At zero temperature

2 43 T, s
Vr=o(r) = —97um 19832 cAr T relativistic van der Waals
ALY

At finite temperatures (c,/T : temperature length scale)

P

4 71.31‘16 T,
Vr=o(r) = 6w ggad ) (7 <o/ T)

Vir) =4

(B 1)

non-relativistic van der Waals

» proportional to g7,,, as in the Yukawa potential

» power-low behavior: weak, but stronger than the Yukawa potential at large distance

» the sound velocity controls the magnitude of the potentials

» the phonon-induced Casimir interaction, as an analogy to the usual Casimir effect
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—_—
e _

Why does a gapped mode appear?

The non-linear dispersion part only survives
and behaves like a gapped propagator

Is there a long-range induced interaction mediated by gapless modes?
Y<s, Two-phonon exchange potential

V(r) ~ e V21 (

U AVAVAVA

3. Magnitude of the potential in the BCS-BEC cross over



potential in BCS-BEC crossover 19/20

Our results are based on only two assumptions

e Galilean invariant medium
e Contact s-wave impurity-medium coupling

Our results are valid in the entire BCS-BEC crossover
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Our results are based on onIy two assumptions

e Galilean invariant medium
e Contact s-wave impurity-medium coupling

Our results are valid in the entire BCS-BEC crossover

v Plotting the ratio

of the potential Vz_o(r) to the Yukawa potential (BlEC) V/ZY“kawa (BCS)
with the use of the experimental data 1:0 ?
Vi) it . ) R el et 2 % ] 1
» The van der Waals potential becomes i {
relatively larger when —(k.a)~! increases { N
¢ | —(kpa)~!

> At unitarity, the van der Waals potential is R
dominant in r = 8¢. -10 -08 -06 -04 -02 00 02 04
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‘/Induced mteractnon between impurities in a superfluud

r
e Qurresults ____ (BEC) /Pt (BC3)|

V(r) ~ e~ V2 T Sl T E—_—j 12 |
: : at fixed r =8¢& { {

-y S5 i : b
$ 0.2

¢ — (kpa)~!
210 -08 -06 -04 -02 00 02 04

» based on only two assumptions:

e Galilean invariant medium
e Contact s-wave impurity-medium coupling

» The van der Waals potential becomes relatively larger when —(k.a)~! increases

Experimental Observation
- Ramsey interferometry ¥ o —P

* Frequency shift of the out-of-phase mode W

confined to separate micro-traps
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