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QCD phase diagram
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Connection between quark matter and condensed matter
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1. A brief introduction on CSC

Reviews:

K. Rajagopal and F. Wilczek, hep-ph/0011333;

D. K. Hong, Acta Phys.Polon. B32, 1253 (2001);

M. Alford, Ann. Rev.Nucl. Part.Sci. 51, 131 (2001);

T. Schaefer, hep-ph/0304281;

D.H. Rischke, Prog.Part. Nucl. Phys. 52, 197 (2004);

M. Buballa, Phys. Rept. 407, 205 (2005);

H.-C. Ren, hep-ph/0404074;

M. Huang, Int. J. Mod.Phys. E14, 675 (2005);

I.A. Shovkovy, Found. Phys. 35, 1309 (2005);

M.Alford, A.Schmitt, K.Rajagopal, T.Schafer, arXiv:0709.4635;



Standard BCS pairing CSC

e.g. 2SC

| 1) Quasiparticle excitation
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2) Meissner effect

Normal S/C

3) Finite temperature behavior

SU(3) > SU(2)

a=1,2,3 massless
— @ a=4,5,6,7 massive
a=8 massive

Rischke, PRD62:034007,2000
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Rich Structure of BCS pairing 3 &3 = §C D6,

spin-0 CSC
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2-flavor 2SC ® ®
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spin-1 CSC
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CSL, Polar, ...

Alford,Rajagopal,Wilczek

but with some non-BCS properties

Schafer
Schmitt, Wang, Rischke



Imbalanced pairing CSC

A NEUTRON STAR: SURFACE and INTERIOR

beta-equilibrium,
charge neutrality

Pair breaking?

Neutral dense quark matter

Imbalanced cold atom system,
Asymmetric nuclear matter,

Electric SC under external magnetic field
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Rich Structure of imbalanced paring system 3 ®3 3 @6

C C C C

2-flavor 3-flavor
Pa-iringtv:‘ithout 2SC CFL
CFL+K, gCFL,
Pairing with gzsc uSC, dSC, sSC
mismatch

LOFF (Larkin Ovchinnikov Fulde Ferrell)

and many more possibilities ......



Il. Pairing with mismatched
Fermi surfaces
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One Example:

charge neutrality condition on 2SC

Color neutrality: | easily satisfied |

Electric neutrality: g =2 2'"-:;

u,~ul4

Pair breaking?



Gapless 2SC: result from BCS at Mean-field
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How does mismatch affect the excitation spectrum?
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Ground state
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Thermal Stability along charge neutrality line

I. Shovkovy, M.H, Phys.Lett.B564:205,2003
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Gapless 2SC
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Rich Structure

of imbalanced pairing quark matter

gCFL

0
320 340 360 380 400 420

W [MeV]

440 460 480 500

Darmstadt and Frankfurt CSC group
Phys.Rev.D72:034004,2005

A, [Mev]

' /1 —o.6
160 / ey
/
/ Q
/ ¢
140 / S
e § 25C (4)
120 — // ////: 0.5
s
100 .
00 /// £CFL () % g25C (2)
80 |- /
/ —0.4
60 /
40— /
/ UQM (0) e
20 I ’//
/
0l | | | | | 102
0 100 200 300 400 500 600
M, juMeV]

Abuki, Kitazawa, & Kunihiro,
PLB 615, 102 (2005)



How does mismatch affect temperature properties?

Finite temperature behavior

2SC gzsc

T{‘ '10'20',2:0'40'50
T (MeV)

Gap magnitude

monotonically

drops to zero

Extremely non-monotonic
temperature dependence

MH, L. Shovkovy, NPA729:835,2003
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How does mismatch affect Meissner effect?

Meissner effect in g2SC ?

1933: Meissner & Ochsenfeld

Linear response theory

J!(0,§) = (0,§) 4’ (0,q)

y Normal S/C
— p
I1 i = I o Hl.].

_ - =~ d ~
n2(0,0)+114(0,00=0  IL;(0,0) <I1;(0,0)

Perfect
Diamagnet



Chromomagnetic instability driven by mismatch!

Ideal 2SC
Anti-Meissner effect /
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(Chromo)Magnetic instability in other gapless phases

gCFL
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Casalbuoni, et.al., PLB605:362-368,2005

Alford, Wang, J.Phys.G31:719-738,2005

K. Fukushima, hep-ph/0506080

BP (gapless phase in imbalanced cold atom system)

Liu, Wilczek 2003

Superfluid density is negative Wu, Yip, PRA67: 053603, 2003



Possible ground states:

1. LOFF (Larkin Ovchinnikov Fulde Ferrell)

A(r) = [Agle"™ (FF)

P. Fulde and A. Ferrell Phys. Rev. 135, A550 (1964).

A(r) = |Aglcos(ar)  (LO)

A.l. Larkin and Yu.N. Ovchinnikov Zh. Eksp. Teor. Fiz. 47, 1136 (1964).

also multi-plane wave

Krishna Rajagopal, Rishi Sharma, Phys.Rev.D74:094019,2006



Nambu-Goldstone current state

(1. Single-plane wave FF

Giannakis, Ren, PLB611:137-146,2005; NPB723:255-280,2005

Casalbuoni, Gatto, Ippolito, Nardulli, Ruggieri, hep-ph/0507247

< 2. Goldstone current: MH, hep-ph/0504235
Hong, hep-ph/0506097;

Kryjevski, hep-ph/0508180;
Schaefer, hep-ph/0508190

\ 3. Gluon condensate: Gorbar, Hashimoto, Miransky,
hep-ph/0507303, ......



2. Phase separation

M.Alford, K.Rajagopal, S.Reddy, F.Wilczek, PRD64(2001), 074017
F. Neumann, M. Buballa, M. Oertel, NPA 714, 2003;

I. Shovkovy, M. Hanauske, M.H, PRD67:103004,2003;
D.Aguilera,D.Blaschke,H.Grigorian, astro-ph/0212237;

S. Reddy and G. Rupak, nucl-th/0405054, ......

3. Rotation symmetry breaking state

H. Muther, A. Sedrakian, Phys.Rev.D67:085024,2003A

fLf = Z prali(Cosd).
=0

4. More ......
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Experiments in imbalanced cold atoms told us:
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Zwierlein, Schirotzek, Schunck, & Ketterle, Science 2005, cond-mat/0511197
Partridge, Li, Kamar, Liao, & Hulet, Science 2005, cond-mat/0511752.



Ill. Framework beyond MF for mismatched systems

II1. Nonlinear realization framework (beyond MF)

II1.1. Instability of NG bosons & FF-like state
II1.2. Higgs instability & spatial inhomogeneity

Based on work:
M.H. PRD73:045007, 2006; Int.J.Mod.Phys.A21, 910, (2006)
I. Giannakis, D.F.Hou, M.H., H.C.Ren,
PRD75:011501,2007, PRD75:014015,2007




Group G

Subspace: Coset space:
Group H M=G/H

I

AG) = (A + H(R)e

() = Q;vu + SYZH + SYZNG

29



I11.1. Instability of NG bosons & FF-like state

U(1): Hong, hep-ph/0506097 SU(3)->SU(2): M. H. PRD73:045007, 2006

2SC phase:

A7) 8 0
A”)( ) | =exp [[Z Cal)T, ()
A (7) a—4 A + H(7)

nonlinear realization framework
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I. Giannakis, D.F.Hou, M.H., H.C.Ren, hep-ph/0606178; hep-ph/0609098
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In gapless region
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Inhomogeneous Higgs field induces
inhomogeneous charge distribution

Coulomb energy
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numerical results in whole momentum space

results in whole momentum space

[/ <1,

phase separation

A/bp=1/2 and agi® /A =1

Giannakis, D.F.Hou, M.H., H.C.Ren, hep-ph/0609098
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For gapless superfluid systems, Higgs instability
remains, phase separation is favored
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Zwierlein, Schirotzek, Schunck, & Ketterle, Science 2005, cond-mat/0511197
Partridge, Li, Kamar, Liao, & Hulet, Science 2005, cond-mat/0511752.

Higgs instability in cold atom system

E.Gubankova, M.Mannarelli,R.Sharma, arXiv: 0804.0782[cond-mat]



Summary

I1.

1.

IV.

Two instabilities in gapless phases: NG-
current & (LO)FF state, Higgs instability &
spatial inhomogeneity

Gapless superfluidity (BP) state, no other
mechanism compete with Higgs instability,
phase separation is more favored.

G2SC phase, the Sarma instability can be
removed, but electric Coulomb energy is
not strong enough to compete the Higgs
instability in the whole momentum space.

gCFL phase, whether color Coulomb
energy is strong enough to remove Higgs
instability?

Further efforts needed to find the real
ground state.




