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@ Atomic phase
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Bound States/Condensates
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Dynamical

Hadronisation Condensation
Quark Atom
> Meson > Condensate
h h
Anti-Quark Atom
+Baryons and Glueballs +Trions

Dynamical degrees of freedom

@ Quarks, Gluons v, A @ Atoms ¢

@ Mesons, Baryons ¢ ~ 91, b ~ ¢® @ Condensates ¢ ~ 1/
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QCD phase diagram

@ chiral phase transition:

SUL(Nf) X SUR(Nf)

order parameter:
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@ confinement-deconfinement: Z;

order parameter: = 1/T

P[A] = itrPei s tho> _ { >0, T > Te,conf

<Nc 0, T < Tc7conf

Polyakov loop ¢ = e ~“F relates to a static quark state.



Critical point
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Critical point

Real world Real world ——
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QCD critical point DISAPPEARED

crossover e o crossover T o

Strategy: tune myq for 2nd-order P.T. at u = 0, then turn on infinitesimal u
Does the transition become 1rst-order (left) or crossover (right)?
Answer: little change (— surface almost vertical)

2007: measure 8B4 under 842 — : zz%; =1-3.3(5) (%)2

Phase structure of QCD




Polyakov—Quark-Meson Model

Schaefer, JIMP, Wambach '07
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lattice data taken from Ali Khan et al. (CP-PACS), Phys. Rev. D 64 (2001)



Polyakov—Quark-Meson Model

Schaefer, IMP, Wambach '07

Ty is the critical temperature from the Polyakov loop potential
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Weiss Potential

V[Ao]: one-loop effective potential
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SU(2): ®[Aq] = cos 35AS with Ao = ASos



Polyakov loop Potential

RG-flow: V[Ag] = —% Trin (AA)[Ag] 4+ O(d (AA)[Ao]) + O(V"[Ac])
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Polyakov Loop Potential: SU(2)

Braun, Gies, JMP '07
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Polyakov Loop Potential: SU(2)

Braun, Gies, JMP '07
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Universal properties

Marhauser, JMP, in preparation
RG-flow in Polyakov gauge: Ao = A§(X)o3

cos(gB(AS)/2)
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@ ——: Polyakov gauge: crit. exp. v = 0.65 Vsng = 0.63

@ —— Landau gauge propagators



Polyakov Loop Potential: SU(3)

Braun, Gies, JMP '07

T ~ 284 + 10MeV Te/V/o =0.646 +0.023 e 1/ 7 — 006




T, ~ 284

0.0

V[Ao]
-0.1
-0.2
-0.3

-0.4

-0.5

Polyakov Loop Potential: SU(3)

Braun, Gies, JMP '07
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Polyakov Loop Potential: SU(3)

Braun, Gies, JMP '07

TC ~ 284 + 10MeV TC/\/_ = 0.646 +0.023  jaiice Te/\/T = .646
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Summary & Outlook

@ results

@ confinement-deconfinement phase transition
@ dynamical chiral symmetry breaking < ultracold atoms

@ 'QCD phase diagram’ from models

@ challenges

o full QCD
@ QCD at finite temperature & density < ultracold atoms

@ Non-equilibrium effects in QCD <« ultracold atoms
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@ BEC-BCS crossover



(CHO@SCIENCE'03)

BEC-BCS crossover

(EAGLES'69; LEGGETT'80)

@ Bound molecules of two

: _ @ Fermions with attractive
atoms on microscopic scale

interactions

BEC atlow T

BCS superfluidity at low T

Crossover by means of a Feshbach resonance

(REGAL&'04; BARTENSTEIN&'04; ZWIERLEIN&'04; KINAST&'04; BOURDEL&'04)



Relevant degrees of freedom

zp: stable fermionic atom field

qb: bosonic molecule field / Cooper pair

@ include all relevant dof as propagating fields
Myl — Ty, ¢]

@ dynamical condensation (Re-bosonisation)

Gies, Wetterich'01; JMP'05



Effective action

@ interaction terms >< >
/1 -

[ardx (mioro+ oo - PlorvTew - ot )

@ relation to microphysics (via Hubbard-Stratonovich)
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Crossover Diagramm

in units of Fermi momentum kg = (372n)/3 and energy e = k2/(2M)
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Universal long-distance physics for ®Li and “°K ?

(DIEHL,WETTERICH'05; NicOLIC,SACHDEV'06)



Universality

JMP, Wetterich'07

Diehl, Gies,
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Results: Many body effects

Diehl, Gies, JMP, Wetterich'07

chemical potential & minus molecular binding energy ey at T =0
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Results: 2" order phase transition

Fermionischer Gap A = hg./pmin

A(T)/A0)
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Diehl, Gies, JMP, Wetterich'07

BEC:c1=14
BCS:c1=-2

Resonanz: ¢ 1 =0

@ Universal critical behaviour: O(2)-universality class

n(c~') =0.05



Results: Phase diagram

Diehl, Gies, JMP, Wetterich'07

Broad resonance limit
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Summary & Outlook

@ phase diagram of ultracold fermionic gases

@ fermion-dimer scattering: include momentum-dep. f¢* ¢

Diehl, Krahl, Scherer'07

@ particle-hole fluctuations (T,): a lesson in re-bosonisation

Diehl, Flérchinger, Scherer, Wetterich’08

@ dynamical condensation

Gies, Wetterich'01; JMP'05

@ non-equilibrium time evolution

Gasenzer, JIMP'07



Bonus material



Particle-hole fluctuations
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ric. 1: Black line: FRG including particle-hole fluctuations; Orange line: FRG with-
out particle-hole fluctuations; Green line: BCS result; Red line: Gorkov’s correction;

Yellow line: Free BEC; Blue line: Interacting BEC with FRG
Diehl, Flérchinger, Scherer, Wetterich’08
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