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WHY IMPURITIES?  [:w3:] [wefas)

e Prototypical many-body system

» Gain insight into more complicated quantum systems
« Mobile impurity:

» “Dressed” impurity, quasiparticle, polaron ...
» Fixed impurity:

» Orthogonality catastrophe (Wo|Wing) =0
 Possibility of doing controlled experiments with cold atoms

» Quasiparticle states and dynamics

» Bosonic or fermionic mediums



The “dressed” impurity (polaron)

e A mobile impurity will move in a cloud of excitations of its
environment, yielding a quasiparticle or "dressed” impurity
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e How an impurity changes its character (mass, charge ...) is a
fundamental problem, relevant to many areas of physics
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electrons in a solid interaction-driven transitions



OUTLINE

+ Quench dynamics of Fermi polaron
+ Li-K experiments
+ Theoretical description

+ Quasiparticle states & spectrum

Innsbruck experimental group
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Impurity in a Fermi sea

spinless impurity
non-interacting



Impurity in a Fermi sea o

t >0

spinless impurity

strongly interacting |

Birth, life and fate of a quasiparticle



The cold-atom system

« Low energies compared to electron systems

» Low particle density: 10"°cm™ (NB. air has 10"”cm™)

» fasttime scalest < h/ep
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» Tunable short-range interactions

microseconds

~100 attoseconds



Innsbruck experiment

« Small cloud of 9°K atoms in a °Li Fermi gas
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» Hyperfine states:

» °Li |1)-*°K |2): non-interacting
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Innsbruck experiment
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* Interference of states gives:

S(t) = (o] e~ ™ |gho)
= |S(t)]e~ "W
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M. Cetina et al., Science 354, 26 (2016)



O
Theoretical description ?

g
» Hamiltonian for 4°K atom in a °Li Fermi gas: —Q—Qf—
C
H = Z [ekflifk + Ei{mckck + (Eﬂ + I/O)d;r{dk} + g Z (dl;cq_kfk aE hc)
k k.q

— Closed channel (d) fixes a and effective range R”

 Restrict Hilbert space to wavefunctions of the form:
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Theoretical description ?

g
« Hamiltonian for °K atom in a °Li Fermi gas: =0
C

f
H=Y" [ekfifk +écf ep + (el + uo)d;f{dk} +9Y (dlcqxfi + h.c)
k

k,q

— Closed channel (d) fixes a and effective range R”

» Restrict Hilbert space to wavefunctions of the form:

Do) = QOCEL) T Z&qd:;fq T Z@chg_kfﬂfq [E'S)
a

kq
F. Chevy, PRA 74, 063628 (2006)

* Diagonalize Hamiltonian within this truncated basis and
determine response (at zero T'):

S(t) = (ol e M g} = 3~ |(Woley)” e BN = |S(1)]em 0
J

where non-interacting state |¢o) = Cg |F'S)



Polar -1.5

Molect

Molecular ansatz
FN-DMC
Prokof’ev-Svistunov
Prokof’ev-Svistunov
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Short-time dynamics

* Truncated basis method accurately describes behaviour at short times
— few-body correlations expected to dominate
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S(t) = (ol e 1/™ o) = 1 — = (ol H [tbo) — 5 (Wl % b0} + ...

e For small ¢, the coherent dynamics 1s determined by 2-body properties:
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* Non-analytic dependence on ¢ that depends on range of interaction

MMP & J. Levinsen, PRB 94, 184303 (2016)



Accuracy of approach
0

* Comparison with exact result for an infinitely massive impurity:

M. Knap et al., PRX 2, 041020 (2012)
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— Excellent agreement at short times
— Multiple particle-hole pair excitations become relevant at longer times

— Truncated basis method cannot capture orthogonality catastrophe

kFR>I< ~ 1 M. Cetina et al., Science 354, 96 (2016)
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Relationship to spectrum

 In 1deal case, interference signal 1s Fourier transform

of spectral function: |
S(t) = /dw e " Aw)

» Comparison with measurement of spectrum:

— Discrepancy due to (weak) interactions during 7 /2 pulse

— Initial state is dressed impurity: (o] e "H/ " |g) — (Wp|e H/ [yhp)

M. Cetina et al., Science 354, 26 (2016)



Polaron interference kpR” ~ 1

 Case of equal masses:

1/kpa

* Well approximated by two
quasiparticle branches

S(t) = Zay e~ Fal Zrep e~ oot t/Tr

MMP & J. Levinsen, PRB 94, 184303 (2016)



IMPURITY IN A BEC
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N. Jorgensen, ..., MMP, J. Levinsen et al., Phys. Rev. Lett. 117, 055302 (2016)
See also: M.-G. Hu et al., Phys. Rev. Lett. 117, 055301 (2016)



Observation of a Bose polaron

- Spectral response:
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N. Jorgensen, ..., MMP, J. Levinsen et al., Phys. Rev. Lett. 117, 055302 (2016)



Concluding remarks

Cold-atom experiments can probe ultrafast non-equilibrium

dynamics of fermionic systems \l/
- e.g. impurity problem o B B

o e
K|2> K|2> K|2>

Observe formation of quasiparticles and quantum
interference of different many-body branches

Accurate theoretical description involving only very few
particle-hole excitations of Fermi sea

Universal short-time dynamics governed by few-body physics

Outlook: prepare and probe highly excited many-body states

MMP & J. Levinsen, PRB 94, 184303 (2016)
M. Cetina, ..., J. Levinsen, MMP et al., Science 354, 96 (2016)



