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Outline of lectures

Lecture |. Bose polarons

Mean field, Renormalization Group, variational approach.
Equilibrium: binding energy and dispersion
Non-equilibrium: RF spectroscopy, Bloch oscillations of polarons

Lecture Il. Systems with disorder

(complimentary to T. Giamarchi’s lecture)

Many-body localization: real space RG perspective, loss or ergodicicty.
Probing MBL experimentally with interferometric probes.

Lecture Ill. Fermi polarons

Orthogonality catastrophe. Interferometric probe of orthogonality catastrophe in cold gases.
Rabi oscillations and Spin-bath model. Quantum flutter and Bloch oscillations in 1d.

Exotic Shiba molecules in Fermi superfluids



Polarons in condensed matter
and ensembles of ultracold atoms



Polarons in condensed matter physics
and ensembles of ultracold atoms

Lattice polarons:
Electrons dressed in phonons

Polaron transport in organic molecular crystal
(phonon dressing)

flexible displays
based on organic LEDs
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Polarons in condensed matter physics

Magnetic polarons:
Electrons dressed in magnetic polarization
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Polarons in ultracold Fermi gases

Zwierlein et al., PRL (2009) Grimm et al., Nature (2012)
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also Kohl et al. (2011)



FHYDICAL KEVIEW A 8>, U.230.23 (2U12)

Quantum dynamics of impurities in a one-dimensional Bose gas

J. Catani,'” G. Lamporesi,'” D. Naik,' M. Gring,’ M. Inguscio,"” F. Minardi,">" A. Kantian,* and T. Giamarchi®
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Polarons in BEC

Earlier theoretical work: Fisher, Zwerger (1986), Timmermans et al.(2006), Jaksch et al. (2008),
Hofstetter et al. (2010), Devresee et al. (2011), Giamarchi et al. (2012),
Rath, Schmidt (2013), Vlietnck et al. (2014)

This work: A. Shashi, F. Grusdt, D. Abanin, E. Demler, Physical Review A, 89:053617 (2014)
+ F. Grusdt, Y. Schadilova, A. Rubtsov, D. Abanin, E. Demler, unpublished



RF spectroscopy of impurities in BEC

Polaron dynamics in optical lattices.
Bloch oscillations

(a) (b)
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Polarons in BEC. Froelich Hamiltonian

H = Hprce + Hivp + Hint

Bogoliubov approximation to BEC

HBEC — E wkbzbk Wk = Ck 1 + ")
. &

Number of condensate atoms N, . Density operator

Pk —Z cheprr = V/No(ex + L)) =

Impurity: particle without the external potential | Hiup =

V/No (ur — ve) (bi + ')
P2
2M

Contact interaction between impurity and host atoms. Scattering length a5

H[NT—Zl’ﬁfz‘t§ b~—+—b‘L -)

similar to electron-phonon
coupling in solids

1 1 1 27 aig vV No _

+ — Vi =

Reducedmass |, — A7 ' 1 - 1




Polarons in BEC. Lee-Low-Pines transformation

Separate conserved total momentum of the system (transform to impurity frame)

U — &S e 1S S=R Z ]_Ebi_bk eSpe S = p — Z kl;:f(l;k
k k

Eliminate impurity degrees of freedom at the expense of introducing interactions between phonons

M= (p—;kb;(bk) Zlkb' b_i —I—zk:wkbkbk

p is now a parameter: total momentum of the system




Ground state. Mean field approximation

gL (p =3 kbfj}k) + 3 Vi +boi) + Y wibic
k k k

Coherent state is exact solution when M — oo . Use it as a variational wavefunction.

| Uyp) = H e arbl —ag b ) 10) phon
k
Advantage: simple yet includes interaction between modes through self-consistency condition.
Disadvantage: factorizable wavefunction. No entanglement between modes.

Vi
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Mean-field self-consistency
condition

7.
2k -\
(wk + 957 — 3 (P~ :))



Polarons in BEC. Mean-field approximation

How accurate is mean-field?

Where the mean-field solution exists Comparison to Monte Carlo by Vlietnck et al.
arXiv:1406.6506
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Beyond mean-field.
Renormalization group analysis



Polarons in BEC. Equilibrium properties beyond mean-field

Expand around the mean-field solution b, = a; + a;

n 1
H=FEuyr +AFE + E Qka;ca.k +§ E Appr : el 2
k

kE’

Here D'y = ailar + a.;'.;_) 5 & a;[,ak and App = . Interaction proportional to 1/M.

M
Dimensions of operators

operator A 1/¢ In the long wavelength limit
&'k x‘\_d/Q_l
fddl: ddk’ kk'akakr apap: 1‘\d_4 < irrelevant
[ d%k dk' kK oy axa; p/ A8 i

- d°k" kK o akag. A — irrelevant
[ d%k d°K' kk'aj,aj A2 — marginal




Basic idea of RG analysis

1
Hauer = ) Qafar + 5 A : Tiler
k

d A A+0A
Separate momentum components into slow and fast ﬁ—>
; 1 p< k}

Hs = Z Qkakak -+ § Z Appe e slow modes fast modes

k< k( "’;
Hr =) Qpala, + O(GA?)

P>
Hux = Y Aplilp = ) Alr(ap(ap +af) + afay)

ke ps k< p>

Construct unitary transformation that decouples fast degrees of freedom.
Small parameter 1/,

Compare to Born-Oppenheimer approximation for electron-ion system: for fixed coordinates of slow

particles (ions) find the ground of fast particles (electrons), the energy of this ground state gives effective
potential for slow particles (ions)



Basic idea of RG analysis
U = exp{ Z (Fga..p — Fpa.;) }

Transformation analogous to a “shift” operator for fast modes, that depends on slow modes

Q. kp p
F,=-t
p Qp -

Z O (k

Transformed Hamiltonian

U(Hs +Hr +Hwuix ) UT =

(kD).
%t — M L
, ' it s, -
OHs = — Z I‘A-FA-'ZO” ( ﬁz[() P) + O(5A?)
k< k’ P> I ;

—ﬂz.)

o > (Fp)(k

- -
P )Lk Uy
p k'»':: kf:‘

Renormalization of the Hamiltonian
for slow modes

More accurate RG analysis requires keeping track of the generated anisotropy of 1/M, that serves as interactions

constant.



RG flow equations
A A+0A

p —
H)\ Z Q AA]‘U*\[GU ﬂ_)

P< k-~

I\DI»—L

SM,) =

Anisotropy in M generates terms that couple linearly to L' .
This leads to corrections in energy.

oM o al - -
#W _ —1 2;. "k L 1 RG flow of interaction strength
A ‘)AI#A ‘/fd k 0 kxk, M_, g
0Q, _ 9 i RG flow of momentum
At the cut-off scale (before RG) we start with ) =0 and } [#—U1 — {‘[" . Correction to the energy
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RG flow

M/mg = 0.3,q/Mc = 0.5,Ag = 20/¢
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RG results

Comparison to Monte Carlo results by Vlietnck et al., arXiv:1406.6506
1.4 | ! | 1
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Beyond mean-field.
Variational approach



Variational wavefunction

Let’'s improve upon mean-field factorizable wavefunction

[ W ) = H olarbl—arbi) | -

k : : :
Introduce entanglement between modes via Gaussian wavefunction
(see also Kagan, Prokof’ev (1990) and Kraus, Cirac (2010))

‘ oty - tit e
fayn . — . ( ) s s — ) ’ - 5 :
| Wcavss) = (?Zk (akbr—agb;) C‘ZH" (Quarbpb, , — Qs bicbys |O>phun

One can use | Y¢arss ) to compute expectation values
(b)) = ap- <l”<[’;>(. = I + lsinh2 Qlkk, (bpbp ), = % [sinh 20|,
were (AB), = (B) - (4) ()

higher order expectation values reduce to lower ones.

Expand energy up to second order in @15/ . Recall that each Q..+ is of order of 1/N.



Variational wavefunction

Saddle point equation on Q..

=B 3 A
[Qq +Qp + M] O = (q t[ ——@,ay — Z f/ ax@gQgk — Z

M k

(f7 - ) NgQgg Mg
M

Can be solved with ansatz (Kagan, Prokof’'ev 1990) Oor =—

Saddle point equations




Ep[l/mBgz]

Variational wavefunction
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Subtlety: regularizing divergences
Power law divergence in the mean-field energy

Eo = grpng Enmp = Ep — (

Physical scattering length determined
from the Lippman-Schwinger equation

2mgrB

i

Eo + Emr =

2margno

+ Ep




Subtlety: regularizing divergencies

Log divergence of the fluctuation part of energy
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Physical cut-off should be taken as distance between Bose atoms



Why not just use Monte-Carlo?
Why do we need RG and variational approaches?



RG results for the effective mass

12

Effective mass
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RF spectroscopy
(mostly mean-field)



RF spectroscopy of impurities in BEC

Iw) =) _(nt [Hrr|0|)[*6(w — won)

Summation goes over states

attr. shift o O with O, 1 ,2, ... excitations
0.1} o ' ¢ P
- — = o 8o am <0
0.0 N : !/'_\"..—"—‘ﬂ_——_ﬂ =
—10 -5 0 5 10 15 20 25 30

So far we only discussed the position of the quasiparticle peak
(ground state to ground state transition)



RF spectroscopy of polarons in BEC

H = Hprc + Hivp + Hint

)2

- [ (&
Bogoliubov approximation to BEC ~ Hprc = Z wrbpby  w=cky[1+ ( ﬁ) -
k

Contact interaction between impurity and host atoms.

p? ik-7 i
Hivp = 577 + 9o Fs ; Vie™ " (by + b ;)
e |U) (CT| projection operator

RF coupling Hrr = Q(ore “" +cc.)

‘ 2
Fermi’s golden rule for the probability [(w) = Z [(n T |Hrr|0{)|"d(w — won)
of transferring impurity atoms into the n

other spin state



After Lee-Low-Pines transformation

Zwkb b

RF spectroscopy as quench dynamics Z [(n1 |Hrr|01)|*6(w — won)

Zuff b )2 + g, P, Z\k(bk+b* )

-
I(w‘) - / dt C‘iwt CiEt');t- <Ophl \ C;i' s phL)

OO0

Propagation amplitude A, (t) = (Opn; | € 0pny )

When M — oo time dependent coherent states give exact solution of time dependent

wavefunctions. We consider mean-field coherent states as a variational ansatz for dynamics.

’(D(t)> —_— C:_‘l.,\(f:lczk Qk(l‘)ﬁl—%|ak“)|2 |0>



RF spectroscopy of polarons. Mean-field approach

Use variational dynamics (Jackiw, Kerman (1979)). Construct “classical-like” Lagrangian

Lix(t), a(t), t] = i{ Uyar(t) | 9 [Wyar () ) — (Uyar(t) | H |Par(t) )
and construct equations of motion

2 kK o o lee.. )
x(t) = e *lase [* + 5 D Vic(ax + aff)
Tk

i~

OM 2M
k,k’




RF spectroscopy of polarons. Quasiparticle residue

Quasiparticle residue

2
2 _ Vi
Z = [(0[0y,)? =exp |- 2
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Polarons in BEC. Mean-field approach to dynamics

( Ww—-A D=2 _
/.' Long times asymptote
il i | {_ 2.
L I\_Q\)‘f{\ l\\ C X QZ— | L\:) e A I| :I) -
) -
- 3 R
| ||\ l/ N ~ 32 =3
/j b N — )
| , . [/\J ]:—/ =’
Universal high frequency tall
//\\ S. Tan (2008)
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Polarons in BEC. Mean-field approach to dynamics

0,06

-0.05
FIG. 4. RF spectra for different initial impurity interaction
0.04 strengths. The quantity aiB,.y/no€ is a dimensionless ratio

—

Lo ”33 between the mean free path of the impurity and the length
e scale over which bosons are localized (a non-interacting BEC
0,02 has completely delocalized bosons). We observe that the spec-
tral weight starts almost entirely in the coherent part of the

F0.01 spectrum, corresponding to a nearly free impurity, and grad-

ually shifts to higher energies as more excitations of the BEC
are generated by increasing impurity-bose interactions. The
1.2 spectra presented above were obtained for an experimentally
relevant mass ratio M /m of 2.5; there is a weak dependence of
the spectra on mass ratio, and is not observable on the scale
shown here.
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Polaron dynamics in optical lattices.
Bloch oscillations



Tools of atomic physics:
Bloch oscillations

C. Salomon et al., PRL (1996)

o “/_JE
< \/\/\d t,=31p/4
2
. . g M\ t 2
. . < a~ B
\../ g
T
/\ ’_‘\A ta=TB/4
[ — e WA t,=0
-1 0 1
atomic momentum [fik]
— > FIG. 2. Bloch oscillations of atoms: momentum distributions
_T[/a k)( T[/a in the accelerated frame for equidistant values of the accel-

eration time f, between 1, =0 and 1, = 73 = 8.2 ms. The
light potential depth i1s Uy = 2.3Ex and the acceleration 1s
a = —0.85 m/s*. The small peak in the right wing of the first
five spectra 1s an artifact.

More than 30,000 oscillations in expts of Inguscio et al (2011), Nagerl et al. (2011)



(a)

Polaron dynamics in optical lattices.
Bloch oscillations
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BO of polarons in optical lattices. Drift = dissipation

(a) (b)

geir = 100,J = 0.4c/a
geit = 50,J =0.4c/a —___
ger = 20,J = 0.4c/a

g=10,)=04c/a — _

g =10, =03/a —m

ger = 10,) = 0.2c/a —F*,%- -1~

gett =10, =0.1c/fa —

WRT

Ohm’s law
2
1 4 (wg'r) for small F

Solid lines: fit to Esaki-Tsu relation vd = 2J;za

Fermi’s golden rule analysis for small F



BO of polarons in optical lattices. Drift = dissipation

Fermi’s golden rule for emitted energy

M(w) |? v(w)

L‘J‘

This energy should be supplied by particle drifting downstream
EFO]‘CC ~ F Udrift
Drift velocity

d :
Varite ~ F No Ohm’s law in d=2,3



Summary

Polarons in BEC

Froelich type effective model

equilibrium solution with LLP transformation + mean-field
RG analysis beyond mean-field, Variational approach
RF spectra

Polarons in BEC in optical lattices

renormalized dispersion
damped Bloch oscillations beyond Esaki-Tsu formula



















