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the Fermi polaron

Fermi polaron: single | -atom in T-Fermi gas
(ultracold Fermi gas T ~ 100nK, non-relativistic)
limit of extreme population imbalance

—>» SPIN BALANCED SYSTEM - BEC/BCS CROSSOVER: SEE TALK BY MICHAEL SCHERER

@ T-atom

® l-atom

— simple system
— nice benchmark system for non-perturbative methods
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the Fermi polaron

two-body problem continuum £ 09

finite density of T-atoms ¢ = (kpa) ™

What is the ground state”

What are the quasi-particle properties?

Y < —1 ¥ =0 v 21
free propagation renormalized quasiparticle singlet bound state
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spectral function and quasi-particle properties

experiment: radio frequency spectroscopy

rf response
rf response

L —

rf response

SN
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ZWIERLEIN GRoup, MIT (2009)

theory: T[4
quasi-particle properties from Green's function: G(zx,y) =

 dp(x)d(y) |¢:0

— spectral function: A(w, p) = 2ImGr(w, p)
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Spectral function

Green’s function - determines propagation of particle

G(x,y) =< 0[¢"(y)o(x)|0 >

momentum space:

Glw.p) — / dE A(E,p) _ / dE 276 (E — (p? — ) 1

2n F —w 27 E—w :—w+p2—,u

spectral function A(E, p): e determines where particle can Jlive‘ in E/p plane
e determines dispersion




f

RG for flowing spectral functions



Fermi polaron: truncation
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Fermi polaron: truncation

S= [ 3 il + 9 = polbo +0'GER6 [ (wiuis+he)
P X
o=T,1
» typical RG approach: ¢ expansion of propagators in momentum and
frequencies (derivative expansion)
* good for critical phenomena, only a few couplings

'k ¢ xin = o*[—iApw + Bip? + Cilo

P,wW
» poor spectral resolution: only single (coherent) quasi-particle excitation

Our approach:

re = [ {wilei s p? - vy + GG @RI + Gk p)o)

Y

- [ h(¥iv]¢ + h.c.)

Y

we keep arbitrary momentum/frequency dependence:

C e : similar work: ELLWANGER ET AL.(1994/98),
< mﬂmtely many COUD“ﬂgS PAWLOWSKI ET AL. (2002), KATO (2004), FISCHER ET
' ' AL. (2004), BLAIZOT ET AL. (2006), BENITEZ,
» full spectral information BLAIZOT ET AL (2008/10)
exact calculations: DIEHL, KRAHL, SCHERER (2008), MOROZ ET AL. (2009/10)
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» T-atoms not renormalized by single {-atom: P;(w,p) = —iw + p? — i1

» Gy A from two-body (vacuum) physics - exact calculation: reproduces Landau
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- )—)—
\
/A theory space > <

UV
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IR . vac _ h2 _ W p2
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e derivative expansion in cold atom context:
BEC/BCS crossover manchester Group (BIRSE ET AL.), HEIDELBERG GROUP (WETTERICH ET AL.) SIMILAR: FRANKFURT GROUP (KOPITZ)

SU(S) Fermi gas, few—body phySiCS FLOERCHINGER, MOR0Z, RS, WETTERICH, PRA, ANN. PHYS, ... (2008-10)
THREE-BODY LOSS IN 5L1: FLOERCHINGER, SCHMIDT, WETTERICH PRA (2009)

REVIEW IN SPECIAL ISSUE OF FEW BoDY SYSTEMS, SPRINGER (2011)
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determination of p

» bare down propagator: P| —a(w,p) = —iw + p* — 1|

o 11 determines 1 -occupation
e polaron: pymarks phase transition from zero to non-vanishing {-occupation

» 11) : energy to add single 1 -atom to the system, here N| =1
pp=FE(N)—E(N, —1)

— ground state energy



flowing spectral functions

Iy = / {wﬁ—m +p? — ]y + ]G (W, p)) + 0" Gy (w, p)cb}
P,wW

+ [ hwivie+he)
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flowing spectral functions
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— (1. RG scale k : Reconstruct P(w, p) from bicubic spline interpolation of Pz'j)

2. Plug P(w, p) into flow equations)

4. RG step: Adaptive Runga-Kutta evolution of flow equations P;;(k) — P;;(k — 5kD

.
@
.
@
.
4 Ok Pij
.
4

3. Calculate flow equations for the Pij)

5. Stop flow when IR, k = 0, is reached)

-

Qutput: Full guantum two-point Matsubara Green‘s functions



example: flow of the dimer propagator

RG Flow of Re Py (w, q = |q])
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250000

' exact IR vacuum 245000

10

UV: no w/qg dependence
— contact interaction
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RACON, Depuis (2011)



example: flow of the dimer propagator

* - . finite density

'exact IR vacuum |

RG Flow of Re Py (w, q = |q])

500

End of the flow (IR, k = 0)

r

imaginary time

i, k=0
Pl

~N

x 7

Analytical continuation
w— —w
>
Padé

k=0 kg

10

A

15

theory space

UV

many-body

/

IR » S
\
few-body (vacuum)

—> similarities to nice idea for RG flow of atoms in lattice

RACON, Depuis (2011)

Gﬁ¢(w, pP)——> Al s(w,p) = 21mGﬁ¢(w, P)

\.

real time

Y,




analysis of the quasi-particle properties
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RG flow of polaron spectral function
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RG flow of polaron spectral function

RG Flow of A (w, p)
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RG flow of polaron spectral function

RG Flow of A (w, p)

theory space
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k=0.70297 k- Uv

IR k=kp
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RG flow of polaron spectral function

RG Flow of A (w, p)
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RG flow of polaron spectral function

RG Flow of A 1(w,p)
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RG flow of polaron spectral function

RG Flow of A 1(w,p)
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RG Flow of A 1(w,p)
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RG flow of polaron spectral function

RG Flow of A 1(w,p)

theory space

A
k=0399009 ky Uv

IR k=kp

Py g=a(w,p) = —w +p* — p; — 0

| pp=E(N)—E(N, —1)
0.0 0.2 0.4 0.6 0.8 1.0 — ground state energy

Py(w,p) = —w+p° — p) — Bi(w, p) — i0
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RG Flow of A 1(w,p)
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excitation spectrum

polaron spectral function A (w, p = 0)

1/(kra)

molecule spectral function Ag(w, p = 0)

«—— polaronic side I molecular side —»

ferromagnetism

» polaron to molecule transition at (kra.)~! = 0.904(5) fRG

(krae)™t =0.90(2) diagMC
PROKOVE‘v, SvisToNOV (20009)
(krao)™' =1.27  nsc T-Matrix,
Nozieres-Schmitt-

» emergence of excited repulsive polaron branch Rink

» energy E,., exceeds e for (kpa)™" < 0.6

L—-» onset of saturated ferromagnetism!
CF. BRUUN, MASSIGNAN (2011)

can not be addressed within a simple derivative expansion!



decay widths

repulsive polaron

«—— polaronic side | molecular side —
2711

repulsive polaron

00 02 04 06 08 10 12 14
1/(kpa)



decay widths

repulsive polaron

«—— polaronic side | molecular side —
2711

repulsive polaron

S
i Y

00 02 04 06 08 10 12 14
1/(kpa)

10—

08+

0.0 02 0.4

1/(kpa)

» weak coupling: excitation becomes sharp

— stable repulsive branch!

0.8 10 1.2



decay widths

repulsive polaron

«—— polaronic side | molecular side —
2711

10—

| | ] 0.8 - ]
repulsive polaron I |

0.8 10 1.2

- L I I L I L | I I | I I I I I I I I I NN 1 1 1 1 1 1 1 1 1
0.0 0.2 04 0.6 0.8 10 1.2 14 0.0 0.2 04

0.6
1/(kpa) 1/(kra)
» weak coupling: excitation becomes sharp
— stable repulsive branch!
' —_ \0
» strong coupling, (kra)™* < 0.6 : &
E.ep > €r  — onset of ferromagnetism &&oooo&
Q
Prep > 026 — destabilization of FM phase, &, &
molecule formation ® .
&

&o C.F. PEKKER ET AL. (2011)



decay widths

molecule

«—— polaronic side | molecular side —»
2 T T T ‘ T T T ‘ T T T T T T T T T ‘ T T T ‘ T T T ‘ T

» dominant decay process: three-body decay

I 9
(- 39 optical N T
P=>> | T' theorem N : No
SO
¢ !
1 l.

repulsive polaron-




decay widths

molecule .
» dominant decay process: three-body decay
) «—— polaronic side | molecular side —
! repulsive polaronﬁ
optical v
@ theorem N : ﬁqﬁ
N
9
€ P¢
c Pl
1/(kra) [ not included in Nozieres-Schmitt-Rink approach! |
RO LN
(=== >4 -
NnSscC
T-matrix
fRG

CODTI RS >3-



decay widths

molecule » dominant decay process: three-body decay
«—— polaronic side | molecular side —»
21—
- €P¢
1L . . _ > 1
: repulsive polaron- ¢ - b
’ : -p> >
optical ! \VT l
@ theorem N T ﬁqﬁ
NG
Q
€P¢
Epl
1/(kpa) [ not included in Nozieres-Schmitt-Rink approach! ]
RO LN
1 / & Y
s v
nsc
fRG T-matrix

fRG
CODTI RS >3-



decay widths

molecule .
» dominant decay process: three-body decay
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guasi-particle weight

polaron

» quasi-particle weight given by

0
-1 —1 L
2176 = "3, 1R, P=0)

W=Wqp

» welight shifts towards repulsive polaron
for weak coupling

» very small incoherent background!
Z + Z[P > 0.98

k)

a5)(1 — o)

05 00 05 o

/ similar in derivative expansion
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» weight of bound state extremely small
Zy ~0.002  (unitarity)
why?

» Z can be interpreted as overlap of effective
with elementary particles (in classical action)

e attr. polaron elementary on BCS side
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» idea: molecule not elementary
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quasi-particle weight

molecule

» weight of bound state extremely small
Zy ~0.002  (unitarity)
why?

» Z can be interpreted as overlap of effective
with elementary particles (in classical action)

e attr. polaron elementary on BCS side
* rep. polaron elementary on BEC side

» idea: molecule not elementary

—> Weinberg's idea of compositeness C

C=1-2 Zy~a t/h?
WEINBERG (1965)
» fRG describes both situations:
h — oo : single channel model, molecule composite

h — 1 :two-channel model, molecule elementary
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» initial: strongly interacting state of interest

final: weakly interacting state (trivial spectral function)

v
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atom transfer
—

W SCHIROTZEK ET AL. , PRL (2010)
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inverse rf spectroscopy of the repulsive polaron

» repulsive polaron short lived

«—— polaronic side } molecular side —

— macroscopic population (MIT approach) impossible

repulsive polaron]

» our proposal:

nitial: state of with well-known spectral function &
(attractive polaron branch) ’

final: strongly interacting state
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inear response theory

» rf photon gives perturbation

Hrf ~ ¢f¢f 1

yields rf suszeptiblity
_//,/GMT<TT¢}(T» T);(r, 7) X w;r(r’,())zpf(r’,o»

» diagrammatic expansion

X(Q2) = ' Gik,w)Grkyw+Q) = \/\O/\/

gives rf response

I(w) = 2QxImxr(w = py — pi — wr)

Ef —F;4wry, dQ
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attr-attr transition attr-rep transition
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rf spectra from fRG in linear response

attr-attr transition attr-rep transition

a/(10%ag)

f response (a.u.)

— Experimentally realized and verified by Grimm group for Li-K mixture (Innsbruck)

C. KOHSTALL ET AL (IN PREP)
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» we also studied a derivative expansion, including higher order vertex (atom-dimer)
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» competition between ferromagnetism and p-wave superfluidity
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