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ultracold quantum gases

atoms trapped by laser in harmonic confinement

= very low temperatures ~ 100 nK i Lense

L contact interactions
= tunable interaction strength

Mirror
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=> ideal for testing of many-body theories

L> “Quantum simulator”
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= ideal for testing of many-body theories
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model Hamiltonian

H=3 epibip 9 [ A0 | [ 5020 Jo,"0 e
p x :0’:!:50:..:.::20
ideal for many-body calculations . 00 5, .‘0)

however:

» the better the experiments, the more important non-universal details become

» cold atoms beyond condensed matter-simulator:

e Unique system to study interplay between few- and many-body physics

» exhibits also physics without counterparts in hard condensed-matter
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model Hamiltonian

H = Z epé};ép + g/ ¢l (x)ef (x)é(x)é(x) C‘ :‘.‘..o..o
p x :o’ : .‘ :i
ideal for many-body calculations N ° %% N

however:

» the better the experiments, the more important non-universal details become

» cold atoms beyond condensed matter-simulator:

e Unique system to study interplay between few- and many-body physics

» exhibits also physics without counterparts in hard condensed-matter

this talk:

Efimov physics combines all of these aspects
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two-body universality

» low energy interactions characterized by tunable s-wave scattering length a

energy spectrum

continuum Ey
r=-2 >
1/a at small scattering energies:
g
LN «— h? . ,
> — €p = universal dimer
&, ma?
%
“no matter the details of V(x" — x)*
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two-body universality

» low energy interactions characterized by tunable s-wave scattering length a

energy spectrum

continuum Ey
*—d >
1/a at small scattering energies:
s
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&, ma?
%
“no matter the details of V' (x' — x)*

@ universality @ scale invariance

» scattering length only parameter » at unitarity no scale is left

a — OO

» powerful symmetry

@ RG fixed point
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Efimov effect

three-body physics - Efimov 1970 Eqwov, Prvs. Lem. 33 (1970)
bosons, pairwise resonant, short-range interactions

» favorable to build three-body bound states (trimers)

» trimers even in regime with no two-body bound state

» infinitely many trimers Ermov, Puvs. Lem. 33 (1970)
» originally predicted for nuclear matter

» for the first time observed in ultracold atoms
KRAEMER T AL., NATURE 440 (2006)
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three-body parameter

lei :
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discrete scale invariance
EM) /Bl — g27/s0 — 515 03

so ~ 1.00624... — universal

energy spectrum
l/a_  E}
N




three-body parameter

scale-invariance | > discrete scale invariance
EM) /Bl — g27/s0 — 515 03

so ~ 1.00624... — universal

RG-fixedpoint | > RG limit cycle
energy spectrum
l/a_  E}

E n
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three-body parameter

scale-invariance | > discrete scale invariance
EM) /Bl — g27/s0 — 515 03

so ~ 1.00624... — universal

RG-fixedpoint | > RG limit cycle
universality | > Efimov universality
regardless the interaction potential, not only a as parameter,
close to resonance: only one three-body parameter needed
parameter: a to fix overall trimer position
energy spectrum
three-body parameter a_ 1/a_  Ef
» determines where lowest trimer enters the atom threshold & 1/a
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origin of the three-body parameter

1/a

£ N

quantum mechanics
THREE-BODY POTENTIAL A);

U(R)p * : j

J

quantum field theory

J

RG scale

/

R.: short range regularization

three-body parameter

a_ <—> R., A,

[

[

|

large momentum (UV) regularization: A

short-range sensitive: non-universal SEE E.G. D'INCAO, GREENE, Esry, JPB 42 (2009)

how to observe Efimov physics, how to measure @ 7
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Observation of Efimov physics in cold atoms

enhanced three-body loss
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deeply bound molecules
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Observation of Efimov physics in cold atoms

enhanced three-body loss
» decay to deeply bound dimers: release of binding energy leads to loss from trap

\/
\ optical dipole trap
—N

deeply bound molecules
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Observation of Efimov physics in cold atoms

enhanced three-body loss
» decay to deeply bound dimers: release of binding energy leads to loss from trap

A

h2at
3 L3N

n = —Lg’n
m

loss rate

BebaQuE, HAMMER, van KoLck, PRL 82 (1999)
BRAATEN, HAMMER, PRL 87 (2001)

optical dipole trap

==

deeply bound molecules
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Observation of Efimov physics in cold atoms

enhanced three-body loss
» decay to deeply bound dimers: release of binding energy leads to loss from trap

h2a*

m

i = —Lan® Ly ~C(a)

loss rate

BebaQuE, HAMMER, van KoLck, PRL 82 (1999)
BRAATEN, HAMMER, PRL 87 (2001)
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\ 9 9
-/\ new trimer decay channel opens up
deeply bound molecules
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Observation of Efimov physics

enhanced three-body loss

» decay to deeply bound dimers: release of binding energy leads to loss from trap
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Observation of Efimov physics

enhanced three-body loss
» decay to deeply bound dimers: release of binding energy leads to loss from trap

A
- 2 4
e : h*a
= n = —Lsn? Ls ~C(a)
2 m
BebaQuE, HAMMER, van KoLck, PRL 82 (1999)
BRAATEN, HAMMER, PRL 87 (2001)
— >
l S 1/a
Innsbruck 2006 Kraemer 7 AL, NATURE 440 (2006) ~__~ Heidelberg 2008 O0mexsten raL, PRL10T (2008)
LY
13315 - hOSONS S1i: three-component fermions
—
‘ ‘ T T T ] 10 21
25 . .
EO 201 12.5 1 EIO- a
§ 1 R < g 10724 ¢
;;:3) 15 0.5 S i 107 25
2 0 0 0.2 0.4 0.6 0
% 10 R
g fRG computation vs. experiment
8 / /ﬂ% FLOERCHINGER, RS, WETTERICH, PRA 79 (2009)
T T Y SIMILAR RESULTS: BRAATEN ET AL., PRL 103 (2009)
Scattering length (1000 a) NA")ON, UEDA, PRL 103 (2009)
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experimental observation

the combined experimental effort until 2012

-
Atom —(1('_1)/7‘,.(1“'
(:Li 9.34 Heidelberg, Penn. State
Li - 9.17(31)
Li  8.13(34) Bar-llan, Rice
Li  8.25(37)
K 23.3(1.4) Florence
“Rb  9.24(07) JILA, Rice
133Cs  8.63(22)
H3Cs 10.19(57)
13305 9.48(79) Innsbruck
. 9Cs  9.46(28) AON C.GINTIILI4BA

~N

result: BERNINGER T AL., PRL 107 (2011)

a_ ~ —9.2 lvdw

three-body parameter universal?
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experimental observation

the combined experimental effort until 2012

- N
Atom —a'" /T wdw
6 . 0 2, .
i )34 Heidelberg, Penn. State result: BERNINGER ET AL, PRL 107 (2011)
Li  9.17(31)
Li  8.13(34) Bar-llan, Rice -
Li  8.25(37) a— ~ —9.2lvaw
WK 23.3(1.4) Florence
*Rb  9.24(07) JILA, Rice
HCs 8.63(22) three-body parameter universal?
33Cs 10.19(57) ok
305 g.4(70) o
PCs  9.46(28) N G TTILIBA2

All experiments use ultracold atoms close to Feshbach resonances

Our goal:

= test universality using simple Feshbach two-channel model [w/o fit parameters]
using renormalization group methods RS, Rat, Zwercer, EPIB 85 (2012)
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effective action approach

definition
of theory: UV scale

Tuesday, March 25, 14

Quantum field theory

vZ

2m

S = /go*[—ihat — —]90+/9ng (% @)*(x)

Z[J] = /Dgpe_s[@]_f Jp

— Tre_ﬁﬁ



effective action approach

Quantum field theory

definition \V&> ,
of theory: UV scale S:/ | —1h0; — —]90+/9A ()" ()

2

4 )

o o . ..0. o. . .:. o
© . 0 o o —Slo|l— | J

..o o0 :.:. o. o, o..:. . o — /Dgpe [el—J Jeo
o® o "0 %o oo o A

P o0 ©°, ...000 ° = Tre~ 1
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J
v o
experiment: IR scale /qﬁ |—thdy — — — X(w, 9]¢ + /F(4)({Qj})(¢*¢)2 T

effective actlon generating functional of 1PI correlation functions \

access to: e
Fermi liquid parameters...

Tuesday, March 25, 14

spectral functions, rf response,

scattering amplitudes

\ 1

flg) =

—1/a—1iqg+ ...



effective action

2
theory: UV S :/ *|—1h0y — 2v—]90+/91\ (90*80)2(37)
this talk
problem:
keep track of build up of correlations, e.qg. ﬁ
,experiment’: IR /qb Zhat - S E( ,CD]Qb-F/FM)({Qj})(Cb*Qb)Z + /AS(E)(W@B

A3(F) : three-body scattering amplitude

» poles give bound state spectrum

> relates to hyperspherical wavefunction f, (R) in momentum space

Tuesday, March 25, 14



functional renormalization group

Problem: How to obtain I'|¢|?

UV T,\,=85= / *|—1h0y — 2v—]90—|—/g/\ (0*0)2(2)

IR / O [—ihd, — ~— — S(w, )b + / IO ({g;})(6"6)? +
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functional renormalization group

Problem: How to obtain I'|¢|?

includes successively
fluctuations on

V2 momentum scales
uv FA =5 = / [ zh@t — Q—]QO + / ga (QO*QO)2(CL') large than k:
;C; define: interpolating effective action L
O
S O Tl = [0ina - 5 - S dlo+ [T e o0 +
Q
Y
(@)
v R o= [0~ 3 S dle+ [TOUaN6 02+
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functional renormalization group

DY |euonouny
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uv

IR

Problem: How to obtain I'|¢|?

vZ

FA:S:/ " |- zh@t—2—]¢+/gzx (p"¢)* ()

includes successively
fluctuations on
momentum scales

large than k:

X

define: interpolating effective action :
rulol = [ 6710, — 5 = Selo,dlo+ [ T (a6 +
0= [ @-indr - 5 - Sw.dlo+ [ T} 0 +

exact RG equation Wemeic, Phys. Lem. B 301 (1993)

1 1
kL' |P] = 5 / r 9 1 R, Ok R,
P

—

regulator controls inclusion of
fluctuations of momenta q>k




build up of correlations: fermions vs. bosons

RG flow [illustration]

4 N
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build up of correlations: fermions vs. bosons

RG flow [illustration]

[ < S e LD
g AIR RG scale k v =g=2=== initial RG steps:
= determined by few-body physics
o CeCotIN0 Y Y P
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build up of correlations: fermions vs. bosons

RG flow [illustration]
[' < S QQ.*.”C.CO*..

RG scale k U.V

%

initial RG steps:
determined by few-body physics

900000000000
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build up of correlations: fermions vs. bosons

RG flow [illustration]

initial RG steps:
determined by few-body physics

later stage:
realm of many-body, IR physics
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build up of correlations: fermions vs. bosons

RG flow [illustration]
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initial RG steps:
determined by few-body physics

later stage:
realm of many-body, IR physics
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build up of correlations: fermions vs. bosons

[' < S

& AIR

RG scale k

uv
—>
ga

e

RG flow [illustration]
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initial RG steps:
determined by few-body physics

later stage:
realm of many-body, IR physics

two-component fermions
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build up of correlations: fermions vs. bosons

RG flow [illustration]

L - S (o % o °,° ¢ ®o o\
o o % ©° ©° o, ¢
SAIR RG scale k U.V o © © (o) .. (o) 00
> o © 9 o %0 ©e_ 00 0
ga o S ° O © ® 0o o
© O o
o o © ® o .: o)
(o] o )
fr O o © o o
® o © ) .. °© o o 5
\_ o O

initial RG steps:
determined by few-body physics

later stage:
realm of many-body, IR physics

two-component fermions

/.. ......o. @J. 0...

Pauli principle:
three-body correlations suppressed
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build up of correlations: fermions vs. bosons
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RG scale k

S

e
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RG flow [illustration]

~

initial RG steps:
determined by few-body physics

later stage:
realm of many-body, IR physics

two-component fermions

Pauli principle:

three-body correlations suppressed
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no Pauli principle:

three-body correlations important?

L, deep understanding of few-body physics needed

for reliable many-body calculation!



MoRroz, FLOERCHINGER, RS, WETTERICH PRA 79 (2009)

RG flow of the three-body problem Moror RS, A . 325 (201

REVIEW: FLOERCHINGER, MoRoz, RS, FEw-Boby. Svs. 51 (2011)

SN/QA(¢*90)2 > Iy N/gk(¢*¢)2+k3(¢*¢)3

K
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MoRroz, FLOERCHINGER, RS, WETTERICH PRA 79 (2009)

RG flow of the three-body problem Moror RS, A . 325 (201

REVIEW: FLOERCHINGER, MoRoz, RS, FEw-Boby. Svs. 51 (2011)

SN/QA(SO*SO)Q > Iy N/gk(¢*¢)2+k3(¢*¢)3

K

fermions

~y

fermions: fixed point

l—> scale invariance preserved
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MoRroz, FLOERCHINGER, RS, WETTERICH PRA 79 (2009)

RG flow of the three-body problem Moror RS, A . 325 (201

REVIEW: FLOERCHINGER, MoRoz, RS, FEw-Boby. Svs. 51 (2011)

SN/QA(SO*SO)Q > Iy N/gk(¢*¢)2+k3(¢*¢)3

K

fermions
j j j — bosons
_>
/ ( [ / k
27
€« >
S0

bosons: Limit cycle!
divergencies A3 (k™) = oo signal
bound states

i l—> scale invariance broken

1/a

Tuesday, March 25, 14



RG flow of the three-body problem

S ~ /91\(90*90)2

Tuesday, March 25, 14

1/a

2%
)

/

~ (
2m

<« — >
S0

bosons: Limit cycle!

[

MoRroz, FLOERCHINGER, RS, WETTERICH PRA 79 (2009)
MoRroz, RS, ANN. PHYS. 325 (2010)
REVIEW: FLOERCHINGER, MoRoz, RS, FEw-Boby. Svs. 51 (2011)

. Tpn~ / 91(679)% + A3(67 )’

fermions
— bosons

three-body parameter
large momentum regularization: A,

divergencies A3 (k™) = oo signal

bound states

l—> scale invariance broken



MoRroz, FLOERCHINGER, RS, WETTERICH PRA 79 (2009)

RG flow of the three-body problem Moror RS, A . 325 (201

REVIEW: FLOERCHINGER, MoRoz, RS, FEw-Boby. Svs. 51 (2011)

SN/QA(¢*90)2 > Iy N/gk(¢*¢)2+ka(¢*¢)3

K

Back to the question:

[ a_ ~ —9.2 lvdw J

why does the three-body parameter appear to be universal’?

Tuesday, March 25, 14



Two-channel model

extend the ,,standard two-channel model“ to finite range Sumi: Massicnan 08, Pricoupenko * 10, Jona-Lasinio * 10

» “minimal model”: still traceable for many-body calculation SEEALSO: ZINNER ETAL PRA 86 (2012)

Sy kin = /w*[iﬁt — Vg (B — B
0 s
Ev(BRITZ— T Soxin = | ¢*[i0r — V2/2 + Ep(B))o
\‘/ Sint — g(r2 — r1)¢(r1 T ro ) t)w*(rla t)w*(r% t)
2

» atom-atom interaction solely due to exchange
of closed-channel molecule

X e
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Two-channel model

extend the ,,standard two-channel model“ to finite range Sumi: Massicnan 08, Pricoupenko * 10, Jona-Lasinio * 10

» “minimal model”: still traceable for many-body calculation SEEALSO: ZINNER ETAL PRA 86 (2012)

Sy kin = /w*[iﬁt — Vg (B — B
b /
Eu(BRIT T Soxin = | ¢*[i0r — V2/2 + Ep(B))o
\-/ Sint = /9(1“2 — 1)~ ;rQatW*(Pl,tW*(rz,t)

» atom-atom interaction solely due to exchange
of closed-channel molecule g(fr) : conversion coupling

& in EFT: usually zero-range model
—> -»>-«{
X } e < g(ra —r1) =gdo(ro — 1)
@) b °
O
>

time
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Two-channel model

extend the ,,standard two-channel model“ to finite range Sumi: Massicnan 08, Pricoupenko * 10, Jona-Lasinio * 10

» “minimal model”: still traceable for many-body calculation SEEALSO: ZINNER ETAL PRA 86 (2012)

Sy kin = /w*[iﬁt — Vg (B — B
0 s
Ev(BRITZ— T Soxin = | ¢*[i0r — V2/2 + Ep(B))o
\‘/ Sint — g(r2 — r1)¢(r1 T ro ) t)w*(rla t)w*(r% t)
2

» atom-atom interaction solely due to exchange
of closed-channel molecule g(fr) : conversion coupling

& in EFT: usually zero-range model
— > -«(
X } < g(ra —r1) =gdo(ra — 1)
here: finite range, due to Frank-Condon overlap

@) ¢ ®
rk' ‘?m 8 § A g(r)y=ge " /r
o

—

x(r)

time
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Two-channel model

extend the ,standard two-channel model” to finite range s mssicun * 08, Pricoupenko " 10, Jows-Lasivio * 10
SEE ALSO: ZINNER ET AL. PRA 86 (2012)

Sy kin = /¢*[iat —- VY (B — Bu)
0 Y
BB~ T Syrin = | *[i6: — V2/2 + Eai(B)]o
\/ Sint — /g(r2 — r1)¢(r1 —g i ) t)¢*(T17 t)w*(r% t)

V\
a(B) N>->+-< g(T) _ ge—r/a/r
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Two-channel model

extend the ,,standard two-channel model” to finite range g mssicnn * 08, Pricourenko * 10, Jona-Lisinio * 10
SEE ALSO: ZINNER ET AL. PRA 86 (2012)

o %7 - o 2
6 L /
Ev(B)% Se¢xin = [ @710y — V*/2+ Ep(B)

fe
vy T |
Sint = /Q(I‘z — I‘1)¢(r1 —grQatW*(I‘latW*(rzat)
b R -
o(B) ~>-»-<9< g(r) =[gle”"Er

arameters f two-b hysi
P ers from two-body physics Feshbach resonances

=

g ~1/r*
S /

= 174

Q

I

magnetic field B
h2
a(B) = —
r*u (B — Bo)
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Two-channel model

extend the ,,standard two-channel model” to finite range g mssicnn * 08, Pricourenko * 10, Jona-Lisinio * 10
SEE ALSO: ZINNER ET AL. PRA 86 (2012)

o *T - o 2
6 L /
Ev(B)% S¢xin = [ ¢ 10, —V*/2+ Ep(B)

¢
vy T
Sint = /9(1'2 — I‘1)¢(r1 ;mat)@b*(rl,tw*(rzat)
b S
a(B) ~>-»-<gi g(r) =[gle”"E/r

parameters from two-body physics Feshbach resonances

@ g from ,width of Feshbach resonance® r*

S
g ~1/r*
S /
£ 7
5 >
©
%
magnetic field B
h2
a(B) = —
(B) r*u (B — Bo)
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Two-channel model

extend the ,,standard two-channel model” to finite range g mssicnn * 08, Pricourenko * 10, Jona-Lisinio * 10
SEE ALSO: ZINNER ET AL. PRA 86 (2012)

o *T - o 2
6 L /
Env(B)4 S¢xin = [ ¢ 10, —V*/2+ Ep(B)

¢
vy T
Sint = /9(1'2 — I‘1)¢(r1 ;PQJW*(HJW*(I?J)
b S
a(B) ~>-»-<9< g(r) =[gle”"E/r

parameters from two-body physics Feshbach resonances

@ g from ,width of Feshbach resonance® r*

=

2 ~1/r*
. <@

@ B, from Feshbach resonance position By o /'

£ - _ﬁ

s

%

magnetic field B
h2
a(B) = —
(B) r*u (B — Bo)
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Two-channel model

extend the ,,standard two-channel model” to finite range g mssicnn * 08, Pricourenko * 10, Jona-Lisinio * 10
SEE ALSO: ZINNER ET AL. PRA 86 (2012)

o *T - o 2
6 L /
Ev(B)% S¢xin = [ ¢ 10, —V*/2+ Ep(B)

fe
vy T |
Sint = /9(1'2 — I‘1)¢(r1 ;mat)@b*(rl,tw*(rzat)
b R -
o(B) ~>-»-<gi g(r) =[gle”"Er

arameters f two-b hysi
P ers from two-body physics Feshbach resonances

@ g from ,width of Feshbach resonance® r*

=

g ~1/r*
@ B, from Feshbach resonance position By o /'

s —>
@ o determined from QdT calc. of resonance shift 3

o =a=0.95lqu GORAL ET AL., JPB 37 (2004) magnetic field B
h2
. - B) = —
= all model parameters are fixed, no fit parameter a(B) 711 (B — Bo)
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Feshbach resonance strength

Strength of Feshbach resonance Feshbach resonances
Spes = /T ~ ¢° 5 *
res g % Sres ~ 1/7
) > /
a = 0.95 lyqw -40% DI IEAN
5
Sres g2 & 1 ! closed-channel dominated resonance, ‘narrow’ 7
magnetic field B
hQ
a(B) = —

r*pu (B — Bo)
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Feshbach resonance strength

Strength of Feshbach resonance

Sresy §° K 1 :

Sresy 92 > 1

Tuesday, March 25, 14

Sres — C_L/T* ~ 92
a = 0.95,qw

closed-channel dominated resonance, ‘narrow’

open-channel dominated resonance, ‘broad’

L up to now Mmost experiments in this limit

Feshbach resonances

-
|
IS /
£ 7
5 <——>f
©
O
)}

magnetic field B

hQ
a(B) = —

r*pu (B — Bo)



Feshbach resonance strength

Strength of Feshbach resonance Feshbach resonances

= * 2 c
Sres _a/r ~ 9 ? J SreSNl/’r*
D
_ = /
&
O
Sres g2 & 1 ! closed-channel dominated resonance, ‘narrow’ 7
magnetic field B
Sres g2 > 1 : open-channel dominated resonance, ‘broad’ 52
. T B)=—
L up to now most experiments in this limit a(B) r*u (B — By)

a 2 s i ¢?/(327)
a(B) ~>->+-<N 75’_])_ Py(E,q) = —E+q°/2 + Eyn(B) 0[1+0\/_§+q_2_¢6r
—Cf o) 2 4
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Feshbach resonance strength

Strength of Feshbach resonance Feshbach resonances

= * 2 c
Sres _a/r ~ 9 ? J SreSNl/T*
D
_ = /
&
O
Sres g2 & 1 ! closed-channel dominated resonance, ‘narrow’ 7
magnetic field B
Sres g2 > 1 : open-channel dominated resonance, ‘broad’ 52
. T B)=—
L up to now most experiments in this limit a(B) r*u (B — By)

q o
a(B) N>->->--<N 9_2 P¢(EaQ)=—E+q2/2_|_EM(B)_ g°/(327) 2
—q Py closed channel g [1 + 0\/—§ S ie]

open channel / quantum
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truncation for exact solution with RG

systematic vertex expansion s FRG ror zeRo-RANGE: MOROZ, FLOERCHINGER, RS, WETTERICH, PRA 79 (2009)
» includes all possible correlations generated in three-body problem
I'y = Z ['i(n ) +Tk(3) + Tk (4) + 1/G4(8:,V?)

/ [0y — A + / *[i0: — A — Eng(B) + SO0, A)o

ry +ro

0@ =g [ xrs—m) [cb( T2 (e 0 (r2.6) +

['x(4) = _/)‘23)(621, Q2,0Q3)p(Q1)Y(Q2)9" (Q3)Y™(Q4)0(Q1 + Q2 — Q3 — Q4)

L atom-dimer scattering vertex, mediates three-
body scattering
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truncation for exact solution with RG

systematic vertex expansion s FRG ror zeRo-RANGE: MOROZ, FLOERCHINGER, RS, WETTERICH, PRA 79 (2009)

» includes all possible correlations generated in three-body problem

1/Gy(0y, V?)

-

Fk; = il“k(n) = Fk(Z) + Fk(B) + Fk(4)

+ ...,
re@) = [vio - Ao+ [ 510 — A — Epr(B) + SO0 Al

Ok [p] = %/Fl(f) [qij R, O I'y(3) = Q/X(I‘z —r1) [Cb(rl ;rQ,tW(rl,t)w*(rz,t) + h.c.

Ty(4) = — / A(Q1, Q2. Q3)d(Q1)1(Q2) 0™ (Q3) V™ (Qu)5(Q1 + Q2 — Qs — Q)

L atom-dimer scattering vertex, mediates three-
body scattering

rg flow equations

. o Ve
2ok e % Y ) DD
ak-->>-ak-->->g->>- ; ak%_ak[ 4+W+ } { ]
: 90" 4‘0 o o= N oF Y-8y 7 A

rg scheme chosen yields
» exact solution of three-body flow equations
L, IR: Lippmann-Schwinger and modified STM equation
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RG flow - limit cycle

3
exact RG flow of >‘I(< )(ql, q2; ) smiLar FRG FoR zeRo-RancE: Moroz, FLOERCHINGER, RS, WeTteRicH, PRA 79 (2009)

Log[k/A]=>5.

RG flow - gradient expansion

FLOERCHINGER, RS, Moroz, WETTERICH, PRA 79 (2009)
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RG flow - limit cycle

3
exact RG flow of >\I<€ )(ql, q2; ) smiLar FRG FoR zeRo-RancE: Moroz, FLOERCHINGER, RS, WeTteRicH, PRA 79 (2009)

Loglk/A] =14

flow suppressed by range o
/ J 151072 RG flow - gradient expansion

’\ .-><1010

&
N
& FLOERCHINGER, RS, Moroz, WETTERICH, PRA 79 (2009)
&
5
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RG flow - limit cycle

3
exact RG flow of >\I<€ )(ql, q2; ) smiLar FRG FoR zeRo-RancE: Moroz, FLOERCHINGER, RS, WeTteRicH, PRA 79 (2009)

Loglk/A]=0.2

flow suppressed by range o

0000015 RG flow - gradient expansion

&
N
& FLOERCHINGER, RS, Moroz, WETTERICH, PRA 79 (2009)
&
5

Tuesday, March 25, 14



RG flow - limit cycle

3
exact RG flow of >\I<€ )(ql, q2; ) smiLar FRG FoR zeRo-RancE: Moroz, FLOERCHINGER, RS, WeTteRicH, PRA 79 (2009)

RG flow - gradient expansion

FLOERCHINGER, RS, Moroz, WETTERICH, PRA 79 (2009)
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RG flow - limit cycle

3
exact RG flow of >\I<€ )(ql, q2; ) smiLar FRG FoR zeRo-RancE: Moroz, FLOERCHINGER, RS, WeTteRicH, PRA 79 (2009)

Log[k/A] = -2.2

RG flow - gradient expansion

FLOERCHINGER, RS, Moroz, WETTERICH, PRA 79 (2009)

Tuesday, March 25, 14



RG flow - limit cycle

3
exact RG flow of >\I<€ )(ql, q2; ) smiLar FRG FoR zeRo-RancE: Moroz, FLOERCHINGER, RS, WeTteRicH, PRA 79 (2009)

RG flow - gradient expansion

FLOERCHINGER, RS, Moroz, WETTERICH, PRA 79 (2009)
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RG flow - limit cycle

3
exact RG flow of >\I<€ )(ql, q2; ) smiLar FRG FoR zeRo-RancE: Moroz, FLOERCHINGER, RS, WeTteRicH, PRA 79 (2009)

Loglk/A] = -4.6

RG flow - gradient expansion

FLOERCHINGER, RS, Moroz, WETTERICH, PRA 79 (2009)

Tuesday, March 25, 14



RG flow - limit cycle

3
exact RG flow of >\I<€ )(ql, q2; ) smiLar FRG FoR zeRo-RancE: Moroz, FLOERCHINGER, RS, WeTteRicH, PRA 79 (2009)

Log[k/A]=-5.8

RG flow - gradient expansion

FLOERCHINGER, RS, Moroz, WETTERICH, PRA 79 (2009)
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RG flow - limit cycle

3
exact RG flow of )‘I(c )(ql, q2; ) smiLar FRG FoR zeRo-RancE: Moroz, FLOERCHINGER, RS, WeTteRicH, PRA 79 (2009)

Tuesday, March 25, 14

) Log[k/A] = —7.

RG flow - gradient expansion

FLOERCHINGER, RS, Moroz, WETTERICH, PRA 79 (2009)



RG flow - limit cycle

3
exact RG flow of )\,g )(ql, q2; ) smiLar FRG FoR zeRo-RancE: Moroz, FLOERCHINGER, RS, WeTteRicH, PRA 79 (2009)

Tuesday, March 25, 14

Log[k/A] = -10.

RG flow - gradient expansion

FLOERCHINGER, RS, Moroz, WETTERICH, PRA 79 (2009)



RG flow - limit cycle

3
exact RG flow of )\,g ) (q1,Q2; F)  smuaRFRG ror zeRo-RaNGE: Moroz, FLOERCHINGER, RS, WETTERICH, PRA 79 (2009)

Log[k/A] = —13.

RG flow - gradient expansion

004

002

—

flow suppressed by scattering length @

Tuesday, March 25, 14

-0.02

~0.04

t>\3

FLOERCHINGER, RS, Moroz, WETTERICH, PRA 79 (2009)



RG flow - limit cycle

3
exact RG flow of )\,g ) (q1,Q2; F)  smuaRFRG ror zeRo-RaNGE: Moroz, FLOERCHINGER, RS, WETTERICH, PRA 79 (2009)

Log[k/A] = —16.

RG flow - gradient expansion

| ' 004

flow suppressed by scattering length @
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FLOERCHINGER, RS, Moroz, WETTERICH, PRA 79 (2009)



RG flow - limit cycle

3
exact RG flow of )\,g ) (q1,Q2; F)  smuaRFRG ror zeRo-RaNGE: Moroz, FLOERCHINGER, RS, WETTERICH, PRA 79 (2009)

. Log[k/A] = —-25.

...........

RG flow - gradient expansion

004

flow suppressed by scattering length @
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FLOERCHINGER, RS, Moroz, WETTERICH, PRA 79 (2009)



RG flow - limit cycle

3
exact RG flow of )\,g ) (q1,Q2; F)  smuaRFRG ror zeRo-RaNGE: Moroz, FLOERCHINGER, RS, WETTERICH, PRA 79 (2009)

. Log[k/A] = —-25.

...........

RG flow - gradient expansion

004

flow suppressed by scattering length @

=P |R value of A3(q1,¢qo; F) carries all information about three-body problem

Tuesday, March 25, 14

FLOERCHINGER, RS, Moroz, WETTERICH, PRA 79 (2009)



bound state spectrum

IR value of A3(q1,qo; E) carries all information about three-body problem

bound state spectrum, pole expansion

B(q1,
A3(q1,q2; ) (41, 02)

Y E—E® +i0m

SEE E.G.: BRAATEN, HAMMER, PHYS. Rep. 428 (2006)

energy spectrum

T e TR

2 01 1w 05 i ' 0 ]
B =5 |

| I 1 | )

open channel | " closed channel
dominated ] i dominated
-15F - i )
f ] -15F ]
-0.5 0.0 0.5 1.0 e e
_ 1/4 -10 -0.5 00 0.5 1.0
:t(a/|a’|) i(@/‘a’)lM

» spectrum reaches maximal extent for open-channel dominated resonances

» spectrum pushed towards unitarity point for closed-channel dom. resonances

» atom-dimer threshold: highly non-universal, model dependent
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approach of universality

energy spectrum

00— e — — exact results for non-universal corrections
i level number
lfudw/r>|< n 0 1 2 n>1

205 100 | "™ /a!™ | 17.083 21.827 22.654 | 22.694

1 | o /a™ | 22869 22.650 22.690 | 22.694
0.1 | a"™/a™ | 26230 22.964 22.71 | 22.604

RS, RaTH, ZWERGER, EPJB 85 (2012) T
univ. scalingn > 1

~(@|E)) S

-10 &
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approach of universality

energy spectrum

oy — — exact results for non-universal corrections

I level number

Lodw /T n 0 1 2 n>1

o 05 100 [ a™™V/a™ | 17.083 21.827 22.654 | 22.694
= 1 | o /a™ | 22869 22.650 22.690 | 22.694
%10 n  u 0.1 | a" /"™ | 26230 22.964 2271 | 22.694
T i t RS, RaTH, ZWERGER, EPJB 85 (2012) T

j univ. scalingn > 1

151 Spes = 1
| | —6.5 | | | | 00 | | | | 0.5 | | | | 1.0

+(a/lal)"*

crossover of observables

(n+1) ; (n)
a7 /al

6 T

24;
Gy S _
§ 2 N T
_T_ L
E 10l

S I — UT
18; ------- :n=1
fo----:n=2 L e

16 ;\ | 13
[ 0.01 9.1 1 10 c 100 s
closed-channel Sres open-channel
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approach of universality

energy spectrum

00 ——O—
I Sres = 100

00 _0.5 [
~
— I
=
A [ -0.5 0.0
S-10- ‘ 9

o U

-1.5 j Sres = 1
I | I I I I I I I I
-0.5 0.0 0.5

+(a/lal)"*

crossover of observables

(n+1) ; (n)
a7 /al
6 T
24} _
O R ETE P . ¥
S uf N £
S T i 8
+ i P
E 10l £
S I — UT K
8 [ :n=1
fo----:n=2 L e
16 ;\ | 13
[ 0.01 9.1 1 10 c 100 s
closed-channel Sres open-channel
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5100

exact results for non-universal corrections

En) /E (n+1)
530; ——:UT | |
I :n=1
- n=2
0.01 0.1 Sl}es 10 100

RS, RaTH, ZWERGER, EPJB 85 (2012)

level number
Lodw /T n 0 1 2 n>1
100 | o™ /a™ | 17.083 21.827 22.654 | 22.694
1 | o /a™ | 22869 22.650 22.690 | 22.694
0.1 | a"™™ /™ | 26230 22964 22.71 | 22.694

)

univ. scalingn > 1



approach of universality

energy spectrum
e exact results for non-universal corrections

00 —QO—
i Sres = 100 level number
] Lodw /T n 0 1 2 n>1
05 i 100 | o™ /a™ | 17.083 21.827 22.654 | 22.694
= 1 | o™ D™ | 22869 22.650 22.690 | 22.694
& 0.1 | a"™/a!™ | 26230 22.964 22.71 | 22.694
=-10 ‘ - -
| t RS, RaTH, ZWERGER, EPJB 85 (2012) T
univ. scalingn > 1
-1501 Spes = 1 n
| —(;.5 | | | | 0.0 | | | | 0.5 | | | | 1.0

+(a/lal)"*

crossover of observables

(n+1) ; (n) n n+1 n n
a'" Ja E( )/E( ) ,ﬁ(k )a,(_)
------- | | L ‘ ‘ 1 25 \
2%+ Tl 1 5300 ——:UT PR | ——.UT
i '~ ] I n=1 . ' ] [ e n=1
24; ‘\.\ ] I - =-:n=2 ,.' | 20 = =-:n=2
— . . ] = 525 . . i
S e - + i R B n=3
S nl e £ e E |
fan [ N Lﬂ F - /_\@ IS s s e s s 2 PEMETEE XS X 5.4 Sl ututbub Ut
i I 50t .
Sl [ S [ Y Feimimimmim == T
S —:UT N = L lo.- 1 [
1gi ------- :n=1 "\. 7 SIS s s msem e 7 Lor
S e
16 ;‘ ‘ ‘ ‘; 510 ;\ | I \; 05 ;\ | | 1
. 0.01 0.1 1 0 100 , 0.01 0.1 1 10 100 0.01 0.1 1 10 100
closed-channel Sres open-channel Sres Sres
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crossover of a_

Tuesday, March 25, 14

. 0.2:-

0.1

li*lvd

00~

——

o — —— — — —
’——'

lvdw/a—
=

‘closed-channel’” -3

RS, RATH, ZWERGER, EPJB 85 (2012)

(@ EDY®

Spes = 100

l.qvw Sets relevant scale

‘open-channel’



crossover of a_

RS, RATH, ZWERGER, EPJB 85 (2012)
0 2 - K;* C_L P T T T T
"§ | — a/a—
*Si 0.1+ n
00— e ==~
| i
S x
N \
g -0.1} ]
2
‘closed-channel’ 3 -2 1 2 3
log(Sres)
log(lyaw/T™)

Tuesday, March 25, 14

(@ EDY®

t Spes = 100

Sres =

‘open-channel’

l.qvw Sets relevant scale

dependence on form factor 3

[ two-channel: a_ = —8.2lvdw(3|3 10%)

RS £T AL EPJB 85 (2012)



crossover of a_

Tuesday, March 25, 14

> 0.2

li*lvd

0.0

0.1

0161

lVdW/CL_

‘closed-channel’” -

RS, RATH, ZWERGER, EPJB 85 (2012)

- . . -
— -
-

2 1 0 2 3
log(Sres)
log(lyaw/T™)

(@ EDY®

t Spes = 100

‘open-channel’

l.qvw Sets relevant scale

dependence on form factor 3

[ two-channel: a_ = —8.2lvdw(3|3 10%)

eXP. average:

RS £T AL EPJB 85 (2012)

a_ =~ —9.1(2) lVdW

BERNINGER ET AL. PRL 107 (2011)



crossover of a_

RS, RATH, ZWERGER, EPJB 85 (2012)
T T T T T 7 r r T T 7 T T o—— ")
_______= t Sres = 100
[ = - K«Q P - -
0.2 = /7 - . %
% — a/a- /’ = e~
v\? - /// 77\\
* i v = 1 |
O-l = / = 65 0.0
X - ] +(a/la))"/*
/
: .
0.0 ==
@l i ‘-'x 133CS
% = 0.1 == - - 3 = = =
~5
‘closed-channel’” -3 -2 -1 0 ! 2 3 ‘open-channel’
log(Sres)
sk
log(lyaw/T™)

l.qvw Sets relevant scale

dependence on form factor 3

[ two-channel: a_ = —8.2lvdw(3|3 10%)

RS £T AL EPJB 85 (2012)

exp. average: a_ ~ —9.1(2) lyqw
BERNINGER ET AL. PRL 107 (2011)
single-channel: a_ =~

~ —9.7 lyaw (£ 15%)
WaNG ET AL, PRL 108 (2012)

Tuesday, March 25, 14



crossover of a_

RS, RATH, ZWERGER, EPJB 85 (2012)
T T I B R N==0; t R
I = ,@* C=1/ _e-T T T ©
0.2 = /7 - - %
~5 - s’ R
¥ 0.1F / - e
< - 7 ’ (ala]) "
- P / /
00 ﬁ
| [ 133
S Cs
~ : 85 b
_% -0.1+- \ f{ 3 L= -
S [ )
‘closed-channel’” -3 -2 -1 0 ! 2 3 ‘open-channel’
log(Sres)
log(lyaw/T™)
r* sets relevant scale

-

l.qvw Sets relevant scale
—10.9r" ]

dependence on form factor 3

[ two-channel: a_ = —8.2lvdw(3|3 10%)

RS £T AL EPJB 85 (2012)

exp. average: a_ ~ —9.1(2) lyqw
BERNINGER ET AL. PRL 107 (2011)
single-channel: a_ =~

~ —9.7 lyaw (£ 15%)
WaNG ET AL, PRL 108 (2012)
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crossover of a_

RS, RATH, ZWERGER, EPJB 85 (2012)
T T L B B B B B R N==0; t -
I = ,@* C=1/ _e-T T T ©
0.2 = /7 - - %
~< ) , B
¥ 0.1F g - |
< - 7 ’ (ala]) "
- P / /
00 ﬁ
| ’ 133
S Cs
~ : 85 b
_% -0.1+ \ f{ 3 L= -
S [ )
‘closed-channel’” -3 -2 -1 0 ! 2 3 ‘open-channel’
log(Sres)
log(lyaw/T™)
r* sets relevant scale

l.qvw Sets relevant scale
[ a_ = —10.9r" ]

dependence on form factor 3

[ two-channel: a_ = —8.2lvdw(3|3 10%)

» recover exact result for excited states n > 1

a_ = —12.90r"

RS £T AL EPJB 85 (2012)
Perrov * 04, GogoLin * 08

exp. average: a_ ~ —9.1(2) lyqw
BERNINGER ET AL. PRL 107 (2011)
single-channel: a_ =~

~ —9.7 lyaw (£ 15%)
WaNG ET AL, PRL 108 (2012)
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crossover of a_

RS, RATH, ZWERGER, EPJB 85 (2012)
T T I B R N==0; t -
I = %*C:lx - TTTT T ©
2 02+ ~ /// — ;§
3L e | PTTED
%ol ,/ ] el W
a puzzle: < X , o
i /
o 39 [ _-7
K 00 -
Rov AL, PRL 111 (2013) 4T i 50K s,
~ | . A ®>Rb
_% -0.1+ :Ll - \\ f{ 3 = -
> i * -
‘closed-channel’” -3 -2 -1 0 ! 2 3 ‘open-channel’
log(Sres)
log(lyaw/T™)
r* sets relevant scale

o

» recover exact result for excited states n > 1

l.qvw Sets relevant scale

—10.9r" ]

dependence on form factor 3

[ two-channel: a_ = —8.2lvdw(3|3 10%)

a_ = —12.90r"

RS £T AL EPJB 85 (2012)
Perrov * 04, GogoLin * 08

exp. average: a_ ~ —9.1(2) lyqw

BERNINGER ET AL. PRL 107 (2011)

—9.7 lyqw (£ 15%)
WaNG ET AL, PRL 108 (2012)

a4
>

single-channel: a_
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Extended universality for ‘narrow’ resonances

-

T T £ T T T T T T T T T
- — - K@ = | 00 y
02 * .7 | t
2 _ - |
) — dja_ L7 |
-~z ’, ] « 05|
* 7 : ;:_\
¢ 0l ’ § 5
/7 A o 05 00 05 10
L | S
0.0 ==k : I
dl \ : S15F S =1 »
\g 1 (;5 00
0.1 ~— i Y _
o 1 +(a/|al)"/*
E ]
| Il L Il L L L L L L L L Il L L L L Il I I I I Il I I Iy
-3 =2 1 0 1 2 3
*
log(lyaw/T™)

In limit of closed channel dominated resonances g — 0 an extended universality appears

RS, PHD ThEsIs (2013)
prediction of universal deviations away from unitarity
7 0 1 2 3 4
o™ /r* | -10.90 12.72 12.89 12.897 12.899
k(M 0.118 0.117 0.117 0.117 0.117
A" 1200 9648 22.98 22.713 22.698 : RS, PAD Tes's (2013)

l—» ratios independent of form factor or regularization chosen!
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Extended universality for ‘narrow’ resonances

-

- = - Ky - | 00 )
02 PR 1 .
a/a e |
, |
, | [
, |
y 1

—(@|B|)V*
- s

(
(d

) - - 05
i -0
@l i LS =1 s
~ | 1
g 0.1 N -05 0.
o) i
> i
~

0
+(a/|a])/*

f I P S I T S I S Y RR S g
-3 -2 1 0 1 2 3

log(lyaw/T™)

In limit of closed channel dominated resonances g — 0 an extended universality appears

RS, PHD ThEsIs (2013)
prediction of universal deviations away from unitarity
7 0 1 2 3 4
o™ /r* | -10.90 12.72 12.89 12.897 12.899
k(M 0.118 0.117 0.117 0.117 0.117
A" 1200 9648 22.98 22.713 22.698 : RS, PAD Tes's (2013)

l—» ratios independent of form factor or regularization chosen!

indication universal scaling of deviations with trimer level
d(n+1)

(n) R 22.694 +ype 1, vy = 63(20) and y, = 2.7(3)  &s, Pub Thesis (2013)

a
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Test of universality |

change microphysics I::> effect on observables?
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Test of universality |

change microphysics I::> effect on observables?

choice of atom-dimer conversion coupling

r; +ro

Sint :/Q(I'2 —1r1)Q( 9 ) (re, 1)y~ (e, t)

0.00

i —— Gaussian
-0.027 ]

: ---- Exponential
-0.04 | -

x(r)~elor

-0.06 :

ala_

-0.08 -
-0.10 -

-0.12 1

g A o3 RS, RATH, ZWERGER, EPJB 85 (2012)

- 15 - 1.0 -05 0.0 0.5 1.0 1.5

Ig(Sres) RS, PHD Thesis (2013)

» deviations around 10%

» similar to study of varying single-channel potential by Wang, D'INcao, ESRY, GReeNE, PRL 108 (2012)
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Test of universality li

microscopic three-body force
» 3rd order pert. theory Iin dipole-dipole interaction: Axilrod- Teller three-body potential

143 cost,cosb,; cosls,

WAT:)/ 3 3 3
Y12793731

» qualitative study assuming simplified three-body force

000

no 3B-force _

-0.05 \ ;
5 (A) < | |
> _\_x A3 '77 ool \Lﬂtracﬂve 3B-force -

-0.15+

ala_

repulsive 3B-force

e - RS, Rath, ZwercEr, EPJB 85 (2012)
’ ? ! 6 RS, PHD Thesis (2013)

» even for infinite attraction only 10% change

» similar to: single-channel model + Axilrod-Teller yields also 10% deviation D‘INcAo, GReeNE, Esry, JPB 42 (2009)
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Test of universality Ili

two-channel model
RS, RATH, ZWERGER, EPJB 85 (2012)

000 T T T E 0

— Gaussian - g
---- Exponential - I
N\ 4 L
N j -0.05 -
\) il
N\ il
N 1
N
N
N

no 3B-force |

-002F

=]

-004 L

SEE ALSO: ZINNER ET AL. PRA 86 (2012) 006! o ]
§ -0.08 7 % _odol attractive 3B-force |
-0.10 7 I ]

-0.120

sl repulsive 3B-force :

-0.14 L

o _
pure single-channel models 4
Wang, D'INcao, Esry, GREENE, PRL 108 (2012) \
NAIDON ET AL. 1403.0294 (2014) ot

1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10
# tWO‘bOdy bOUﬂd StateS Number of s—wave two—body bound states

no true universality but consistent picture of an
robust approximate universality

a_ ~ —(7.5...10.5) lyaw
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outlook: the Florence puzzle

observation e 39K RoveraL, PRLTIT (2013)
i - - K0
02+~
. — a/a_
S 0.1 1
2 | //
@Iﬁ 0.0 —= - /
S A
-0.1 ..7Li :
3 —‘2‘ —‘1‘ 0 1 | é | 3
log(Sres)

still follows single-channel prediction!
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observation e 39K RoveraL, PRLTIT (2013)
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2 | //
goo el /
&S *—N\\:7<\ -
-0.1- .'7Li§
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log(Sres)

still follows single-channel prediction!

1/a_
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&

1/a

Lo —

L/
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possible solution

calculation with realistic two-channel potential
Including weak open-channel interaction
[in density channel]



outlook: the Florence puzzle

observation e 39K RoveraL, PRLITT (2013) the puzzle

» narrow resonance: single-channel model insufficient

021

» but also: our ,pure’ two-channel model insufficient

1S 011
*

possible solution

ala— , K

calculation with realistic two-channel potential
Including weak open-channel interaction
10g(5res) [in density channel]

still follows single-channel prediction!

-0.1 :— .7Li :

idea
given by open channel given by closed channel

» even weak background scattering gives 3-

=
&
>

3B-POTENTIAL

body potential
\ : short-range cutoff — [ 4w
vy T .
» closed-channel scattering gives large a

only for large enough ¢ : scaling with 7"
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for simple two-channel model M vy T

loss rate

» the model explains observed

‘universality of the three-body parameter’

» no fit parameter » extendable to many-body physics

» predictions for extended class of universal ratios for ‘narrow’ resonances

» we find rather robust universality of the three-body parameter for ‘broad’ resonances

» open question: closed channel dominated resonances have still to be understood in more detall
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summary

» the functional renormalization group as unified approach
for few- and many-body problems

Thank you!

» predictions for extended class of universal ratios for ‘narrow’ resonances

» we find rather robust universality of the three-body parameter for ‘broad’ resonances
» open question: closed channel dominated resonances have still to be understood in more detall
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