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The Fermi polaron

* impurity coupled to environment, fundamental condensed matter problem
Feynman 1955; Anderson 1967

» here: single mobile | fermion in T Fermi sea: ferromagnet: Nagaoka 1966

ultracold atoms:

Chevy 2006 (variational);

Combescot et al. 2007 (T-matrix);
Prokof’ev & Svistunov 2008 (diagMO);
Punk, Dumitrescu & Zwerger 2009 (var)
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strong polarization limit of: .l

BEC-BCS crossover (attractive) — |
Stoner ferromagnetism (repulsive) Noo
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- cf. Sarma phase Strack+ 1311.4885, Boettcher+ 1409.5232



Ultracold atoms

 contact interactions, s-wave scattering length a

* two-body problem:

continuum A F
20 20—

increasing attraction



Polaron to molecule transition

almost free particle renormalized fermion  singlet bound state

—_—
s-wave interaction 1/kra

- ground state properties well understood (variational, Monte Carlo, experiment)
Chevy 2006; Prokof’ev & Svistunov 2008; Schirotzek et al. 2009

- here: dynamical properties, decay rates, linear response (more involved)



The model

- two-component Fermi gas with contact interaction, microscopic action
/ > Yi—iw + p? —/La%Jrg/ (OORRUAR g
o="1,

- Hubbard-Stratonovich transformation in Cooper channel:
exchange of virtual molecules (T-matrix)
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Functional Renormalization Group

* include quantum and thermal fluctuations successively:

p
functional renormalization group equation  Wetterich 1993
1 1
Oel'k|0] = 5 =5y Ok Ry, = 5
' o] + Ry,
\_
compute two processes: R
’ - Q -, @
4 g(A) —»—v»—
(a) Zﬂ(, 7). fermions scatter off virtual molecules °
D _ Fo : : : )
(b) I (KN ): fghecules eWtual fermion pairs - Q -
UV: Fk:A =5
o

- need arbitraxy frequency/momentum dependence;
use cubicldlinastd get smooth right-hand side




Need for full frequency dependence

S:/ > VR 4P — po)! U+##G$j\#+h/X(! FLTH A+ hec)
P

)

derivative expansion: Ty ; yin = / ¢! —tApw + Byp® + Cilo
pP,w

, . . o Ellwanger+ 1994/98,
¢ single coherent quasi-particle excitation Pawlowski+ 2002, Kato 2004,

: - Fischer+ 2004, Blaizot+ 2006
. ) )
no anomalous dimension Diehl+ 2008, Bartosch+ 2009,

Benitez, Blaizot+ 2009/10
analytical solution for zero density:

Gy ) 1 Diehl, Krahl, Scherer 2008,
H\W, P) ~ — . Moroz, Florchinger, Schmidt, Wetterich 2009
—a=l+ \/—w/2+ p?/4— p—i0F Schmidt, Moroz 2010
Ag (w,p=0)
— coherent molecule peak not captured in expansion:
_ * most weight in continuum
ﬁnt'nuum states e anomalous dimension
| 1 x [ incoherent backgroundw
4 0

\ 4 8 n=1
gap/binding energy



Flowing spectral functions Schmidt & Enss 2011

r, = / {w’{[—inrpz—llTWT+¢IGLE(W,P)%+¢*Gq_s,]i<(w,P)¢}
pP,w

+ /fTh(w?wlk¢—|-hC) _:_Q_L_ L":‘*-O-g"

(1) sharp momentum cutoff: « °

0(lp| — k) c

_ 0(p| —k)
P¢,k (w7p>7 Ik (va) —

0(|p? — p| — kQ).
H,k ((*‘)71))7

PT,k (wa p)

Gi,k (w,p) = G%,k (w,p) =

(2) reconstruct Py (iw, p) from bicubic spline interpolation of Py;; = Py (iw;, p;)
(3) analytical continuation Py (iw, p) — Px(w + 0, p) for spectral function at scale k

(4) compute smooth RHS of flow equation, dy Pii; and integrate flow down to IR



Excitation spectrum

Schmidt & Enss 2011
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repulsive polaron-

polaron has three characters:
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—Xcitation spectrum Schmidt & Enss 2011
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characters:

attractive polaron = bound molecule




Excitation spectrum Schmidt & Enss 2011

«—— polaronic side | molecular side —

ferromagnetism

Iepulsive polaron]
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- polaron to molecule transition at (kra.)~' = 0.904(5)
cf. bold diagMC (kra.)~" = 0.90(2)

D5 0o 0s o

1/(kra)

* Brep > Er: ferromagnetism favored



Polaron decay Schmidt & Enss 2011

«—— polaronic side | molecular side —
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» strong binding: stable repulsive branch

+ intermediate binding (kg a)™*' < 0.6:
Erep > EF: onset of ferromagnetism
I'ep > 0.2 Er - molecule formation

« competition of dynamical phenomena
Jo et al. 2009; Pekker et al. 2011; Cui & Zhai 2010




Molecule decay
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« 1st order transition
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Radio-frequency response Schmidt & Enss 2011

rf protocol linear response

NN

bubble + vertex corrections,
cf. transport Enss, Haussmann, Zwerger 2011
but for polaron they vanish

rf current: decay rate of rf photons by coupling to atoms,
imaginary part of photon self-energy:

I(w) = ﬂ;?f / (;:)2@! (P,w +é€p — M!)@F(f‘?p ~ M@

atom inserted atom removed
In polaron state from state 2



Radio-frequency response Schmidt & Enss 2011

rf protocol rf spectrum for °L|

attractive polaron repulsive polaron
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—Xperimental confirmation: Innsbruck group

LETTER 31 MAY 2012 | VOL 485 | NATURE | 615

doi:10,1038/mature11065

Metastability and coherence of repulsive polarons in
a strongly interacting Fermi mixture

C. Kohstall'?, M. Zaccanti’, M. Jag', A. Trenkwalder', P. Massignan®, G. M. Bruun®, F. Schreck' & R. Grimm™?
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quasiparticle weight energy spectrum
agrees with theory
for narrow resonance
(Richard Schmidt, unpubl.)



Fermi polarons in two dimensions

Schmidt, Enss, Pietila & Demler, PRA 85, 021602(R) (2012)



2D scattering

experimental setup: quasi-2D “pancakes”

longitudinal motion frozen if
k'l , Er < Rl

2D: always
bound state

1 L 2
[BD. f (k) = . TEp— } - [QD. Fk) = In(1/k2a2,) 1 i } B maz

Adhikari 1986

exact 2D scattering amplitude:

quasi-2D scattering:

ep = 0.905 (fuwg /) exp(—v2rly /|asp|) Petrov & Shlyapnikov 2001

determines asp from asp



Many-body T-matrix

Nozieres & Schmitt-Rink 1985;
2D: Engelbrecht & Randeria 1990



Many-body T-matrix

Nozieres & Schmitt-Rink 1985;
2D: Engelbrecht & Randeria 1990

step 1: compute many-body T-matrix

4! Im
ln("B/E ) + |

two-body T-matrix:  To(E) =

many-body: finite density medium scattering Schmidt, Enss, Pietila & Demler 2012

A’k np(ex — pqy) +np(ekrq — 1))
(27)2 w+ 10 4+ pr + g — €k — €k +q

T (q,w) =Ty "(w+i0 + pr + py — q/2) —I—/

we find compact solution

1 1 .
T(q,w):T0(5zi§\/(z—5q)2—4epaq) z=w+1i0—€ep+pu




Many-body T-matrix

&.4,-"'
54
plEh & @il
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step 1: compute many-body T-matrix

Al /m O 05 10 1.5 20 25 30

In(" 5/E ) + 1! q/kr

two-body T-matrix:  To(E) =

many-body: finite density medium scattering Schmidt, Enss, Pietila & Demler 2012

d*k np(ex — ) + nr(krg — )
(27T)2 w+ 10 4+ pr + g — €k — €k +q

T4 @) =Ty w0+ 0+ pr + g — 2 /2) + [

we find compact solution

1 1 :
T(q,w):T0(§zi§\/(z—eq)2—4spsq) z=w+10—cp+pu




Polaron selt-energy

step 2: polaron self-energy

d?k
Yi(p,w) = T(k+p,ec — Ut +w
i(p ) /k<kp (27’(’)2 ( P, €k — K4 )

step 3: polaron spectral function s

1

A (p,!) = —2T | i
+p:t) S0 = (el

contains full information about
energy spectrum, quasiparticle weights, decay rates...



Polaron spectral function Schmidt, Enss, Pietild & Demler 2012

attractive polaron
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Polaron spectral function Schmidt, Enss, Pietild & Demler 2012
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Cambridge experiment

I I :'I'TER 31 MAY 2012 | VOL 485 | NATURE | 619

doi:10.1038/naturel1151

Attractive and repulsive Fermi polarons in two
dimensions

Marco Koschorreck'*, Daniel Pertot'*, Enrico Vogt', Bernd Frohlich', Michael Feld' & Michael Koh!'
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BKT-BCS crossover in 2D Fermi gas

1.0 ‘
Spectral fct & /,
pseudogap in 4
balanced 2D gas N
2
Bauer, Parish & Enss, o
PRL 112, 135302 (2014) - TYTE =010
T/Tp = 0.07
1 2
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Conclusion & outlook

» full frequency/momentum dependence of self-energy and Cooper vertex
- full self-energy feedback yields transition as accurately as diagMC
« beyond quasiparticle picture, large anomalous dimension
* resolve higher excited states, decay rates, power laws

» RG flow of spectral functions
* see how many-body correlations emerge in spectrum

» predicted repulsive polaron, confirmed in experiment
* inverse RF protocol to detect short-lived repulsive state -

» outlook
- fRG for 2D polaron to include self-energy feedback *
- interaction between impuirities, finite impurity density
- dynamical and transport processes

Schmidt & Enss, PRA 83, 063620 (2011) i g n(kpas) i

“large binding

Schmidt, Enss, Pietila & Demler, PRA 85, 021602(R) (2012)
Bauer, Parish & Enss, PRL 112, 135302 (2014)



