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Key Results

* Fermion gap
reduction/connection
« Infrared/universal to MFT
quantities — Included vertex
- Exact momentum corrections —
scaling of longitudinal — Deviations to MFT |° Technical finesse
and Goldstone transparent — Frequency cutoff :

diagonal for fermions
and bosons

— Smooth flow in the
vicinity of critical scale

— Judicious choice of
fermion and boson
cutoff

propagator present
any fermionic
superfluid

+ Structure of fermion-
boson theory in phase
with broken symmetry

— Careful separation of
Goldstone and
longitudinal
fluctuations coupled to
fermions

— Distinguished gap from
order parameter
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(partial) History of Fermionic Superfluids

VOLUME 71, NUMBER 19 FHYSICAL REVIEW LETTERS 8 MOVEMBER 1993

Theory of Superconductivity*

Crossover from BCS to Bose Superconductivity:

D$§$E:fN%Fﬁ:s££- Szfg;g szEgg’;“F;-- gsﬂmfigﬂm Transition Temperature and Time-Dependent Ginzburg-Landau Theory
le;::eive d July 8, 1957) ! ’ C. A. R. 8 de Mclo,' Mohit Randeria,” and Jan R. Engelbrecht’
¥
- 1957, BCS Theory * 1970°s, Kosterlitz- * 1993 Randeria, functional * Since 2005 fRG efforts
Thouless, Helium integral underway (Manchester,

Heidelberg, Wiirzburg, Stuttgart)

Development of understanding for fermionic superfluids

* 1969 Eagles, 1980 » 1986 Nozieres, Schmitt- * 1997/2004, Castellani, di
Leggett BCS-BEC Rink, Crossover for lattice Castro: IR properties of
Crossover fermions/finite T Bose gas

Infrared Behavior of Interacting Bosons at Zero Temperature

Ordering, metastability and phase transitions in

R . C. Castellani.! C. Di Castro.! F. Pistolesi,>” and G.C. Strinati®
two-dimensional systems

]Dz'partimemo di Fisica, Universita “La Sapienza,” Sezione INFM, I-00185 Roma, Italy
2Seuola Normale Superiove, Sezione INFM, I-36126 Pisa, Italy

I M Kosterlitz and D T Thouless 3Dipartimeuro di Matematica e Fisica, (gmvgrszdz(;i Ig[‘ amﬁri};{;ge:fone INFM, 162032 Camerino, Italy
eceive are

Department of Mathematical Physics, University of Birmingham, Birmingham B152TT, UK

We exploit the symmetries associated with the stability of the superfluid phase to solve the
long-standing problem of interacting bosons in the presence of a condensate at zero temperature.
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Attractive Hubbard Model as Prototype

* Attractively interacting lattice fermions

. Superfluid ground state for average fermion Tol¥»¥1 = —fk Vo (iko — €k) Yior
density per lattice site O<n < 2 7 ] ]
. 1Si:|I(i)rr1]gS;der quarter-filling (away from van-Hove + f];k, , Uw_k%lwk%Ttﬁk,Jr%Tw_k,Jr%l

n e he o de
- oy o +.+ . +°+U

/2 ‘ Objectives:

* Compute effect of quantum
S n 5 2 . quctuatlon§ on:

k. -Fermionic gap, vertex
(non-universal)
-Infrared behavior
(universal)

» Experimentally realized in 3d optical lattice
with cold fermion atoms (Zurich, Boston)
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Truncation functional RG

* Replacing the four-fermion interaction with » Exact flow equation in superfield formalism:
Hubbard-Stratonovich field in the BCS p RA
.. . 4 rArQ & =
pairing channel: dAr [S, S] StrF(Z)A[S,S] TRA

_ _ 1
Doly, v, 01 = - f Yko (iko = &) Yiko — f Pq7;%4
ko q fka

Jr, ) W= (G vy

- - « Sp=0, Sy=Y \Pk:(
" i (7 sy b0+ Vit i1 93)

Truncation inspired by

Baier, Bick, . .
Wetterich 2004 MFT in symmgtrlc_ (left)
and superfluid (right)
regime
A 2
- loc - = 2 02
Lgy = - fk Uko(iko =€) Yikor Ul = 3 f (11 - lt?)
- 1
1 oo = —fcr_ (M2 + Zgq? + Agwl)
r¢*¢ = §f¢2(mg+zbq%+Abwé)¢q oo 2 g q\Mg o oWq) Og
1 1
7 - " I = Efﬂ—q(znq%+Anw%)7rq
rl//2¢* - gﬁq(‘ﬁ—k%i‘pk%ﬁbq+¢k+%Tw_k+%l¢q) . )
Dy = 3 g pP oy, Pq® ’
[ 8f , ParpPq—p¥a’va ' ) )
q.9" P szn = 18r ﬁ’q (w_k+%ll,[/k+%T7Tq—(//k_'_%,rl//_k_'_%lﬂ'_q)
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Truncation functional RG

‘ » Leads to truncated flow equations:

SYM: SSB:

) S - - - - -+
my %{O:ﬂ» + ’«V&Q Mo (} O
f"“.\
.Z;_-,, J‘Ib : { 1
N
. K___ s ___HA___ ;
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Truncation functional RG

SSB: N
; v

o - I + I + I

Eor -

Ex -

Ley Ar ’\0\44' F\O\,

‘ * Total number of variables in SYM: 4 13 flow
* Total number of variables in SSB: 9 equations
total
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Frequency Cutoff

* Implement frequency cutoff for
both: fermions and bosons.

1 - _
A A A
RN = —2L®4Rb(q)(l)q+fk‘Pka(k)‘Pk

RMK) = [Gyo(]™" = ko) G001 ™!

xko) = O(kol — Ag) N
Gottingen,

Aachen

» Judicious choice of relative cutoff
scales:

sYm: A f(A) = Ap(A) = A

A2
ssB: Af(A) = A
Ap(A) = A

« ,Diagonal” for both particle species;
point singularity at origin of frequency
axis

* Equations free of regulator:

1 [ oG o) A TGtk AT = ALY [Glk AT
k():i[\s

» Consistent treatment of
IR sector by equating:

max G (A (A), k) ~ max Gp(Ap(A), K)

‘ » 2d-integration to be

performed numerically

* Results robust under
cutoff changes.
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Numerical Results

2 2.5 3 3.5 4 1 IIIII\l 1 1 \Illl\l 1
8] 0.95 0.001 A0.01 0.1

‘ » Gap and order parameter

" split when increasing
02 attraction
< 0.15 « Vertex renormalization
: ol relatively weak
» Gap is reduced by approx.
0.05

Factor 4 compared to MFT.
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Analytical Results

* Functional RG flow delivers exact IR scaling: me,_ Ly, Ay

mg_ = /lalz d;l ~ /~12

= A+ —

‘ dlog A An’AnZ

s f G2(q) "
qlA

1 — 4n?A.Z.A for A—0

Gs(sq) o sT1 ford=2
Go(sq) o< logs ford =73

oAl

» Goldstone propagator remains
unrenormalized as a result of Ward
identities

» So far not emergent from functional RG.

Exact results (proof in Castellani, et. al. » Numerical results confirm analytical
PRB 69, 024513, 2004) calculation.

Heidelbera. Julv 1st. 2008



Numerical Results
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* At critical scale, ,boson
splits into longitudinal and
Goldstone mode*

* Flow continuous across
critical scale

* IR scaling confirms
analytical calculation
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Infrared/Universal
quantities

—

+ Exact momentum
scaling of
longitudinal and
Goldstone
propagator
present in any
fermionic
superfluid

Fermion gap

reduction/connection

to MFT
— el

+ Deviations to
MFT transparent

+ Quantum
fluctuations
incorporated

+ Vertex
corrections
relatively weak

+ Distinguished gap
from order
parameter

Technical finesse

i
+ Utilized T=0
frequency cutoff

+ Consistent choice
of relative cutoff
scale between
fermions and
bosons

— g

+ Treat small T in
Kosterlitz-
Thouless

+ BEC-BCS
crossover for
lattice fermions

+ Goldstone mode
with real
frequencies

(Kopietz, et. al.)

* To be published in Phys. Rev. B, arXiv:0804.3994
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Thank you for your attention!

??7? Questions ???

p.strack@fkf.mpg.de
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