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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
- EF T approach : focusing on linear dispersion phonons

3. Magnitude of the potential in the BCS-BEC crossover

4. Summary



‘What is the polaron?

Polaron (Landau’s original definition)

. an electron interacting with phonons in a crystal
lattice wave inducing polarization

Polaron in ultracold atoms
. an impurity interacting with quantum gas particles

» Ultracold atoms provide a simple and ideal research platform.

‘/High experimental controllability

e quantum statistics & internal degrees of freedom
* impurity-medium and medium-medium interaction
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From one-body to two-body a/16
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Focusing on impurities immersed in a superfluid

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

Two impurity problem : .,
. Induced interaction, bipolaron state, etc. AN



Induced Interaction
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between impurities il

Focusing on impurities immersed in a superfluid

Two impurity problem ,( ;,
. Induced interaction AN

mediated by exchanging bosonic quanta N4 r
Superfluid phonons ,,

‘/The Yukawa potential at weak impurity-medium interaction in BEC
—Var/¢
€

Vir)~— (¢ : healing length)

r

» Short-range potential mediated by a gapped mode
» There is a gapless mode (superfluid phonon) governing long-range physics

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

Yes!! Long-range van der Waals force

2.Induced interaction between polarons

- Theoretical formulation of polaron physics
- EFT approach : focusing on linear dispersion phonons



Theoretical formulation of

oolaron physics  ¢16

‘/Microscopic model :
Impurities interacting with a medium

Emicro(x) . Eimp (33) =T ﬁmedium(m) i Lint (33)
> Impurity-medium interaction in the contact s-wave channel . & @

Lint(z) = —grm®' () (2)Y" (2)9 ()

e
Impurity density Medium density

‘/OUI’ problem is to find S,o1ar0n | P, @T] by integrating out the medium

exp [iSpolaron[CD, CIDT]} = /D(w,@ﬁ) exp [i/dtde Emicro(x)]

» Formally simple, but difficult to perform the integration



Effective field theory method: Superfluid EFT 7/

Focus only on the long-distance behavior of the induced potential
T f (& : healing length) ' _
_fvvv\.:

Focus only on the linear dispersion phonon Sl

From the Galilean invariance of the medium, the medium Lagrangian is generally given in

‘/Galilean superfluid EFT for the medium
Liedium(x) = P(0(x)) with 0(z) = p— dig(x) —

(Vo(z))®  Galilean invariant
2m combination

P(1) : Pressure as a function of u ¢(x) : phonon field showing a linear dispersion

‘/ Interaction term :
CI.
Lint(z) = —grm®' (2)®@(2)n(0(x)) Lint(2) = —grar®' (1)@ (2) 9 () ()
Wlth n(ﬂ) i 7)/(”) Medium density



Effective theory for im,
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urities in a superfluid 81

JOUI" effective theory valid at long distances > &
Left(z) = Limp(z) + P(O(2)) — gru®’ (2)(z)n(6(z))
(Vé(@)”

»Galilean invariant combination 6(z) = u— 6,¢(z) — =

» Our assumptions are only two: impurity

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

Universal ! : Independent of the details of the medium 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

" PNV
pion gas o



Induced interaction mediated by phonons
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Expanding P(6) &n(6) and keeplng the leading terms with rescaling ¢ = /x¢

E(il?) = »Cimp( ) gIMn(I)T(I) e (atQO) = lC (Vgp) + grm [ﬂ@ﬁp{— (V:Z)ZI(I)T(I) ot

2 S
g / - Py T e o e e e S R e e e g
x=m(u) : compressibility Kinetic term for phonons
cs=+/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 =) one-phonon exchange V (k) ~ g
» Two-body coupling » two-phonon exchange V (k) ~ g %

g1/ Xx0re® @ : one-body coupling gIm ' : two-body coupling
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Expandlng 7?(6’) (0) and keeplng the Ieadlng terms with rescaling P = \/XP

1 \VAK:
et feolin i lbily " Kinetic term for phonons
cs=+/n/(my) : speed of sound showing the linear dispersion

v static potential = exchanging purely spatial modes with (w=0, k)

V (k) ~ l(wak> X w2'

™ gIM\/iﬁéi@T@ : one-body coupling
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Expandlng 73(6’) (0) and keeplng the Ieadlng terms with rescallng P = \/XP

1 \VAK:
et feolin i lbily * Kinetic term for phonons -
cs=+/n/(my) : speed of sound showing the linear dispersion

v static potential = exchanging purely spatial modes with (w=0, k)

| o)

» Consistent with the well-known Yukawa potential result
: The Yukawa potential effectively vanishes at r > é

o Bogoliubov
X W » 0 at w =0 dispersion / .- |

focus

=
Linear Non-linear

cf. In the Bogoliubov approach, one-mode exchange has only a contribution from the non-linear dispersion part.

/ 1 ok = (c 9.}
V(k) T 54 —QIM2 M &= N =
Vicrls A Non-linear part




Induced interaction mediated by phonons /16
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Expanding P(6) &n(6) and keeplng the leading terms with rescaling ¢ = /x¢

1 \VAK:
(). feomprospibiity mnons‘ 3
cs=+/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 =) one-phonon exchange V(k E

» Two-body coupling »two-phonon exchange V ~ g E = finite

g1/ Xx0re® @ : one-body coupling gIm ' : two-body coupling



Van der Waals force from two-phonon exchange '2/1¢

\/ Two-phonon exchange potential from g:u (VQ“’) oo

At zero temperature 2
c ) Vr—o(r) ; s 5 lativisti der Waal
—0\7T) = — reiativistic van aer vvaails

=0 9im 128m3m2cA T

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

il 1)
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Is there a long-range induced interaction mediated by gapless modes?
» Yes!! Long-range van der Waals force

V(r) ~ e=V2E (

L AVAVAVA

3. Magnitude of the potential in the BCS-BEC crossover



Our potential vs. Yukawa potential 14/16

Comparing our result with the Yukawa potential
R Rk a5
IIm 12873 mide: it

—V2r/¢
‘/ The Yukawa potential  Viuawa (1) = —971 ZL: -

v The obtained potential Vr—o(r) =

r
Vo o0 G SAS /S Mg o 1
VYukawa 16\/57‘(’2 7153 6

so-called gas parameter
» Larger for strongly interacting BEC

» Both are proportional to g?M
« Our power-law potential stronger than the Yukawa potential at large distance
« QOur potential is of higher order in terms of the gas parameter
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impurity

Our results are valid in the entire BCS-BEC crossover

» Our results are based only on two assumptions EAVAVAVAY
* Galilean invariant medium CRf T
e Contact s-wave impurity-medium coupling %

Two-comp. Fermi gas
‘/Plotting the ratio as a function of the scattering length

LR T b bk (BEC) VIVvukawa (BCS)
Wukawa ~ 164/272 n€3 a8 —
1.2
with the use of the experimental data ?
at fixed r =8¢ 1.0 {
» The van der Waals potential is small in the BEC side, 08 {
but becomes relatively larger when —(k.a)~! increases i }’-6
0.4
> At unitarity, the van der Waals potential is i }
dominantin r 2 8¢. 3 0.2 —(kpa)!

At unitarity, our EFT is robust because of small & 10 -08 -06 -04 -02 00 02 o4



16/16

‘/Induced mteractlon between impurities in a superfluud

KF, M. Hongo, & T. Enss, Phys. Rev. Lett. (in press)
Our results [arXiv:2206.01048] (2022)

5 R (N Z.-/]-" ------- i r Vv T
V(r) ~ e~V211E ] ( : Tty & g6l K] (BEC) 1;1« (BCS)
I ’ l - 1 1.0 ‘
: at fixed r =8¢ {

L AVAVAVA {

» based on only two assumptions: ¢ }

e Galilean invariant medium ; { 0.2

e Contact s-wave impurity-medium coupling —(rar

| 10 208 06 -04 -02 00 02 04 |
» The van der Waals potential becomes relatively larger when —(k.a)~! increases

Experimentally measurable ?
- Ramsey interferometry ¥ o —P

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

confined to separate micro-traps
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