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BEC-BCS crossover,
a way to understand the confinement-deconfinement phase transition?
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Pairing in QCD
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new phenomena in BCS-BEC crossover of QCD:
relativistic systems, anti-fermion contribution, rich inner structure (color, flavor),

medium dependent mass, ......
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Spontaneous Symmetry Breaking and QCD Phases

condensate {(qq) — chiral symmetry breaking
condensate (qq) — color symmetry breaking

condensate (m) — isospin symmetry breaking
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EFT at Finite Density

@ at finite T, vacuum excitation, reliable lattice QCD simulations
T, = 155 MeV  H.Ding et al.

@ at finite ug and u,, vacuum condensation, color superconductor and pion superfluid,
not yet precise lattice result at finite baryon density, we have to consider effective models.

lattice calculation at finite isospin density:
J.B.Kogut and D.K.Sinclair, Phys. Rev. D66 (2002)034505.

J.B.Kogut and D.K.Sinclair, Phys. Rev. D70 (2004)094501.

® Nambu-Jona-Lasinio (NJL) model inspired by the BCS theory is expected to well
describe the chiral, color and pion condensates.

Ly = ‘p(iVuaﬂ - mo)W +G ((l/7§”)2 +(l/7i7i7/5§”)2)

Y.Nambu and G.Jona-Lasinio, Phys. Rev. 122, 345(1961) and 124, 246(1961)
U.Vogl and W.Weise, Prog. Part. Nucl. Phys. 27, 195(1991)

S.P.Klevansky, Rev. Mod. Phys. 64, 649(1992)

M.K.Volkov, Phys. Part. Nucl. 24, 35(1993)

T.Hatsuda and T.Kunihiro, Phys. Rep. 247, 221(1994)

M.Buballa, Phys. Rep. 407, 205(2005)




Quarks in Mean Field

NJL at finite isospin density

Ly = l/7(i7ﬂ8ﬂ —m, +/U7o)l//+G ((97';”)2 +(1)7iz'i7/517y)2)
quark chemical potentials
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chiral and pion condensates with finite pair momentum
O'=<l/7l//>=0‘u +o0y, O, :<Uu>, o :< d>
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1) M, controls the Fermi surface of pion superfluid,
but Uy governs the Fermi surface mismatch

2) homogeneous ( g=0 ) and inhomogeneous

3

(G=0) pion superfluid




Quantum Fluctuations (Mesons) in RPA
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meson propagator at RPA

>;:=::: =~ % + }3{ - m+--1--r= 1_}{_}-

considering all possible channels in the bubble summation

meson polarization functions (1, m=c
o d'p r iz y,,M=rx,

1_(K)=i j o Te( T, S(p+K)T,S()) iz ymez

iz, M=1,

pole of the propagator determines meson masses M .
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det

O,7 _,7t_ are no longer the eigen modes of the system in pion superfluid phase,

the new eigen modes &, 7, ,7x_are linear combinations of o, 7, ,7r_
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BCS-BEC Crossover of Pion Superfluid

%

meson mass, Goldstone mode phase diagram
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Density Induced BCS-BEC Crossover

In non-relativistic case, the BCS-BEC crossover is induced only by changing the coupling.
In relativistic case, however, the BCS-BEC crossover can be induced by changing either the
coupling or the density.
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1M — 11 scattering and BCS-BEC Crossover | r’f g 7» %’é
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BCS: overlapped molecules, large 1T — 1T Cross section
BEC: identified molecules, ideal Boson gas limit
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Yukawa Potential

nucleon potential (1934-1935)
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Applications in Nuclear Matter:
Friedel oscillations in nuclear matter (Alonso, et al., 1989,1994)
Complex poles and oscillatory potential (Sivak et al., 2001)
N-N potential including rho meson exchange (Mornas et al., 2001)
Effect of meson width on Yukawa potential (Flambaum, Shuryak, 2007)




Vacuum, Matter and Pole Contributions ,’f % Pd é
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Quark Potential in Pion Superfluid
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1) the maximum potential is located at the phase boundary .
2) the potential in pion superfluid is non-zero at extremely high isospin density.




Quantum Fluctuations above Mean Field
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@® /oop summation
® mean field (classical) approximation
® Gaussing fluctuations
® /oop summation (hard thermal loop resummation,

hard dense loop resummation, RPA, DSE, ......

@ /attice QCD
@® renormalization group
® model independent critical phenomena

# symmetry based non-perturbative treatment
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FRG
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momentum scale: k

action including quantum fluctuations in the region [k, «]:

o,  Jy dp— [ dp~ [, Re(p)dp

requlator R;, to suppress the low momentum fluctuations

flow equation (J.Berges, H.Gies, D.F.Litim, N.Tetradis, C.Wetterich, ...):

1 2 -1
aka = ETT' [(Fk + Rk) akRk]

S5%r

sz = 502 Ry = (k* —p*)6(k* — p?)
. ) flow equation .
Igim I, (classical action) > Il{irr(% I;, (full action)
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L

= Tr(3,010"® — m2dtd) — 4, (Trotd)” — 1,Tr(0T®)? + c(det ® + det 1)

+ Tr(H(® + 1)) explicit U, (1) breaking

explicit chiral breaking
b =T =T oc*+in%), a=0,..,8
Gell-Mann matrices: T,
scalar fields o,: o, fo, a3, aZ,ic® kKt
pseudoscalar fields m,: n,n',n° nt, K° K° K*

mass and coupling constants: m?,c, A1, A,
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Mean Field (classical) Approximation
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® field shifts: ¢ = (p)+¢,  L(¢) = L($,($))

@ classical potential:

2
m- 2 1 _
U (J) — Cabcgagbgc + gFabcdganJcﬂ_d hﬂffﬂ

meson masses generated by the condensates:
(in‘irS)ab — '-"-’1'26'&.6 — 6Ga.bc5_r: + 4Fabcd5_cﬁd¢
(in‘-{j%)ab — -}'}1.25&_5 + 6Ga.br:5_r: + 4Ha.bcdﬁc5_d

, c 9 o 3 _ N
G’abc — E [d‘abc + ;dDDl}éai}abi}aci} — E (Gal]dl]bc + ébﬂdaﬂc + GchabDJ]

—

AN o o A

Fabcd — Tl (fja.bfﬁcd. + 0adO0be + f}ac{}bd)—i_ ?2 (dabedecd + da-dedebc + da-r:e debd)
A\ A ' ,

Habcd. — Iléab‘f}cd + ?2 (dabedecd + fa-dedebr: + fﬂ,ced‘ebd)

gap equations to determine the condensates: 0U/d{(¢) =0
parameters are fixed by meson masses and PCAC in vacuum.

@® however, Goldstone mechanism is broken at low T in mean field !
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FRG

quantum averaged action:

Li[{0)] = / d s [Tr (Zx0,(0) 0" () + Up({0)) + -]

neglecting

1) space-time dependence of the condensates ((¢p) = const),
2) wave function renormalization (Z; = 1),

3) high order contribution

I, = [ d*xU, ((¢p))=VU, ()

n meson propagators (a)n +k*+M 2)
expanding U, around the physics condensates:

() ={P)k + 5(P)

— 4 flow equations for the 3 renormalization constants
My, Mier Aok

solution of the flow equations — evolution of the system
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Pion Superfluid
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there is always a Goldstone mode in
the pion superfluid phase.

T(MeV) | 0 50 100 150 200
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3 0.5 | 0.397 | 0.370 | 0.346 | 0.342

B with FRG is very different from 0.5 in mean field.
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U,(1) Restoration

@ topological susceptibility
x = | d*x(0|T(Q(x)Q(0))|0)

8 v T J T y T T T 7 j ! ! ' !
7. 1 6]
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U,(1) symmetry is only partially restored even in chiral limit.
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Conclusions l’f g 7» 4

== Teinghua Unlverslty

m there exists the pion superfluid at u; > m,,.

m there exists a BEC-BCS crossover in the strongly coupled pion
superfluid.

m the critical exponents with FRG are very different from the mean
field results.

m U,(1) symmetry is only partially restored even in chiral limit.

m Possible applications in compact stars and intermediate energy
nuclear collisions.
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