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A possible QCD phase diagram

The equilibrium state minimises

Q(p, T) = E—TS — 3uNg

This talk will focus on attempts to explore u #= 0



Pairing Instabilities
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Comparison between gg chiral condensation leading
to a constituent guark mass ¥ and non-conservation
of axial charge (top) ...

... and gq diquark condensation leading to a BCS
gap A implying superconductivity and /or superflu-
idity: (bottom)

In QCD X ~ O(300)MeV;
Model estimates suggest A ~ O(100)MeV.
[Berges & Rajagopall



Possible Superconducting Phases

For two light flavors expect "25C" phase:

(aa)250 = %P3 (WS (K, 1)UL (=K, 1))

e breaks gauge symmetry SU(3), —+SU(2), =
5/8 gluons get mass O(A), calor superconductor

For three light flavors expect "CFL" phase:

(aa)orr = eFeai (W (k, YWY (—k, 1))
Breaks SU(3).25U(3),@SUR)paU(1)g = SURB)v
e 8 massive gluons < color superconductor
¢ global U(1)p broken <= baryon superfluid

e residual massless “photon”, all charged excita-
tions gapped <= material is transparent

In isospin asymmetric matter expect “"LOFF" phase:

(99) Lorr ~ (Yu(kpw Twa(—kpd; 1))

If kpg > kpy, Ccondensate has non-zero total mo-
mentum

e breaks translational invariance < crystallisation?



Lattice QCD

QCD generating function in terms of quark
and gluon A, fields:

(O, P, flp_'} fDihDi,bﬂ 4“(1}5-}'! (v M[. Ln].ff-"‘l‘,l v )
with Z = (1),

Two technical tricks:

o Analytically continue to Euclidean space: & — ixa
Path integral has betlter convergence properties

® D]5creti5e’f}w and M on a spacetime lattice
Path integral becomes an ordinary integral of high
dimension

(O) can now be estimated numerically using Monte
Carlo importance sampling, in effect "simulating”
quantum fluctuations of the ,7 and A, fields.

Measure energies of states via decay of Euclidean
correlator:

(@{D){‘ﬁ(mgﬂ} x e T4



Incorporate thermal effects by restricting the ex-
tent of the universe in imaginary timeto 0 < x4 < fA.

Z now includes all excitations of energy E with
weight e PE, je.

I
4

) 1 ~
(0) = Ezoiﬁ‘- 8
with temperature T o g7 1.

Lattice yields good control over QCDp~q
Current best estimate for deconfining transition:

Te~ 170 MeV

For i 0, must include a term e #VB = ¢=# [ Y0¥
in Boltzmann weight. Unfortunately this term is
complex in Euclidean space, because system is no
longer symmetric under t — —t & izg — (ixg)*. IM-
portance sampling is thus ineffective for QCD,«p.

Little progress has been made towards a quantita-
tive understanding of dense QCD.
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Figure 7: Phase transition line due to Fodor and Katz hep-lat/0106002
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The NJL Modelind=2+1

a

L= + pyo+ m)p — J: [(1}@)2 = (*E’?’Eﬂfi‘)gl

_—

e SU(2)r.@SU(2)p®U(1)z global symmetry spon-
taneously broken to SU(2);sospin®U(1) g for

g2 > g2 ~ 1.0a, together with generation of a
constituent quark mass X = g2 ().

e Interacting continuum limit at g% — g2, Ta — 0

[Rosenstein,Warr,Park]

e Strong first order transition restoring chiral sym-
metry at p = e = 2 > mqg [SJH,Kim,Kogut]

e Baryon density ng = (dyg1b) = 0 for u < pe, but
increases as np o< p” in the chirally restored phase.

Is U(1)p spontaneously broken by
a diquark condensate for u > e,
leading to superfluidity?
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Since the lightest baryons are fermions, expect a
Fermi surface. A BCS instability would yield su-
perfluidity as in 3He. We have investigated using
a pfaffian simulation with scalar SU(2);®SU(2)p
singlet diguark source term

jo(gge) = j+ (X" mox £ Xmox™")

[8JH,Lucini ,Morrizon]

Investigate both condensate (ggq4 )

and susceptibilities v+ = 3...{qq+(0)gq+(z)).
-+ is "Higgs", — is “Goldstone”

Ward identity:

X_lj—:‘:’ iy
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Friedel Oscillations in High Density Phase A“L H T

Scalar wavefunctions from wwmth __,,F_H_D. 16)

”_.ﬁ,rl_.rll..rum::_..f — [ _ T
1o "% oo 1=0.2
0.8 . e il
¥ . ¢ u=0.>5
L \ —_ i
!
D,,m_ == \ %H . . —
\ ~ Te TAL__U arder— in ._\?_W
] A f,....
A

0.4 - \

= 5\ 5, PSS
% \ ....x.' 4

\ w Py « T (o) = To(rhe).

021 \ € . 0
«_‘u fu ...m L
o X ..,..,.. y
\ e 4
D__l. ||||||||||| Yo o e s e ol b e e e e e e ——— —
\ .___..___.__ s
B b = e .
.._r.._, M .......,...r

4 =
0.2+ \ x.\ N iy
\ % $
- MH ..‘____...__. =

0.4 ; _ I | _ u

0 3 10 15



MeAﬂﬁ/am of ;42!0

e S

Cslit] « 2 5 fatsnng)- G fom ) Hh)

'fr,g L

b W fo o
é}’f g ﬁ/{]w; C%}fryo{ ifﬂ;ée_-ﬁﬂﬂﬁ%zgﬂ@f
5
s —3 Yo A aéﬂgnaéﬂc‘ﬂ

fe> [
féﬂ/(ﬁﬂq,@ 7}/%/

f ﬁ?f

bot r 4ot 36’&5/“__

MW / mué“"a%ma = '"T
f-f*;[-oé,/ (7;&%/?74@ c{eﬁfz—ﬂﬁ

C:}"i'ﬂf*f’ )'Zg?.-,..t?’ .‘fw,.-r-‘,/qi:,f Iﬁj‘é{.‘:ﬂ "?f—-'/ ﬁ-&w—ﬂﬂ Wi-ﬂmﬁu),/;’-/.
£ % ?J-’é"":’ —: ﬂf&ﬁ% ﬂégﬂﬂ‘?ﬂﬂ’" P

ﬂ.::n.r P j;pctce

{%

























































