CRYSTALLINE COLOR SUPERCONDUCTIVITY

Massimo Mannarelli University of Bari and INFN

e-mail: massimo.mannarelli@ba.infn.it

QCD phase diagram

Phase Condensate QGP Free quarks H < ψ̄ψ > < ψψψ > CSC < ψψ > 2SC → LOF F O(3) → O_h (1)

SUPERCONDUCTIVITY

• Surface effect for arbitrary weak fermion attraction.

• Cooper pairs have opposite momentum and spin. • Dispersion law ω(p) ≃ √ p^2 + Δ^2.

• Δ ≃ 2ω_De�^{2/(gνF )}.

ω_D Debye frequency, g four fermion coupling, ν_F den-

sity of states on the Fermi surface.

SUPERCONDUCTING ALLOYS

A.I.Larkin N.Ovchinnikov P.Fulde P.A.Ferrel

• The system Type II superconductor containing paramagnetic impurities.

The control parameter is

I = N_iSa (2) Ni concentration of impurities S spin of impurities a integral of the exchange potential

BCS → LOF F → NORM Δ0√ 2 < I < KΔ0 (3)

BCS pairs pay free energy price.

LOFF pairs are near their own Fermi surface. K depends on the crystalline structure. For the plane wave K = .75.

LOFF PHASE

• The momentum of a pair is non zero: ⃗Ku + ⃗K_d = 2⃗q. • The phase space consists of pairing regions and blocking regions.

• The gap is ΔLOFF ≡ ΔLOFF(⃗r) ≪ Δ0.

• Weak superconductor: existence of a mixed phase (normal/superconductor). The Meissner effect does not hold.

• To have the LOFF phase we need Fermi surfaces far apart.

• Difficult to observe LOFF phase in alloys: random scattering of electrons on impurities destroys coherence.

LOFF PHASE IN QCD Quark matter at asymptotic densities and at low temperature.

• Weak equilibrium μ^u = μ − 2 3μe μd,s = μ + 13μe d ↔ u + e • Electrical neutrality 23nu− 13n_d− 13ns−ne = 0 nu,d = 1 π2 μ3u,d ns = 1 π2 (μ2_s − m2_s )3^/2 ne = 1 3π2 μ3e (4) For ms = 0 (CFL) we get nu = n_d = ns, ne = 0.

For ms ∼ μs (2SC/LOFF) μ^u = μ̄ − δμ μd = μ̄ + δμ

EFFECTIVE LAGRANGIAN APPROACH

For us is a tool to perform calculations. We need to find:

1. The effective degrees of freedom.

2. The actual ground state and the available phase space.

3. Relevant and marginal operators under renormalization group.

1) Decoupling of negative energy states.

Our starting point is the lagrangian L = Ψ̄(iD/ + μγ0)Ψ − 1 4 F aμνF μν,a . (5) Only fermions near the Fermi surface take part in Cooper pairing. Their momentum is large |⃗p| ∼ μ thus D/ → ∂/ and the Dirac equation is (p/ + μγ0)Ψ = 0. (6) The eigenvalues of H_D = p0 are E_± = −μ ±

|⃗p|. Therefore negative energy states are deep

inside the Fermi sphere and decouple.

2) Momentum decomposition.

pμ = μv^μ + ℓ^μ v^μ = (0, ⃗v_F ) (7) ℓ is the residual momentum of the quasiparticles which live in a narrow band close to the Fermi surface. We require |ℓ| < δ with δ an ultraviolet cutoff (in normal superconductors δ = ω_D). Ψ(x) =^∑_{⃗v} e^{−iμv·x}ψ . (8) with ψ ≡ ψ_{⃗v}(x). The lagrangian for quarks is Leff =^∑_{⃗v} [ ψ†iV · Dψ − P μνψ† 1 2μ + iṼ · D DμDνψ ] (9) V μ = (1, ⃗v_F ), Ṽ^μ = (1, −⃗v_F ), P μν = gμν − 12 [ V μṼ^ν + V^νṼ^{μ]}

3) Interactions.

As in the Landau theory of the Fermi liquid the only non irrelevant operator is LI = F^∫ dx^(ψ̄γ^μT^Aψ^{) (}ψ̄γμT^Aψ^) (10) 4 fermi interaction with quantum numbers of 1 gluon exchange. No need to resort to phonons. QCD superconductivity more robust than in metals (higher T_C/E_F ). We make a mean field ansatz ψψψψ → ⟨ψψ⟩ψψ (11)

In general the condensate is ⟨ψTαiCψβj⟩ = Δ 2 ϵαβIϵijKΩIK (12)

• Ω_{IK} = δ_{IK} (CF L) SU(3)c × SU(3)L × SU(3)R × U(1)B → SU(3)cLR × Z2 • Ω_{IK} = δ_I3δ_K3 (2SC/LOF F ) SU(3)c → SU(2)c chiral symmetry is unbroken

(it is not a superfluid)

Ω_{IK} is determined by free energy analysis. • Moreover in the LOFF phase the gap is spatial dependent ΔLOFF = Δe^i2^{⃗q·⃗x} ⇒ Breaking of spatial invariance.

More than one direction.

|⃗q| is determined by minimizing the free ener-

gy, q̂ spontaneously. Why only one direction?

ΔLOFF =^∑_m Δme^{i⃗q}m^{·⃗r} (13) defines a lattice structure in momentum space.

The favored one seems to be the cubic lattice (Bowers,Rajagopal).

Effective lagrangian for phonons

Breaking of spatial symmetries → 3 NGBs: phonons.

Phonons describe the fluctuations of the crystal planes. 2qx_i → 2qx_ki + iϕ (i) f (14) with x_ki =^ki^π_q and ∫ d⃗xf(⃗x) → ∑ ki^{,k}2^{,k}3 f(x_ki) (15)

The interaction part of the action is Sint ∝ ∫ dt ∑ ki ∑ ⃗v ∑ m Δe^{i ∑}i^{ϵ(} m)i_ϕ(i)_{ψT Cψ} (16) In this way we get L_{ϕψψ} and L_{ϕϕψψ} which allow the evaluation of the self energy diagrams

Finally we get the 1-loop lagrangian Leff(ϕ) = 1 2 ∑ i (ϕ̇(^i))2 − a 2 ∑ i (⃗∇ϕ(^i))2 − b 2 ∑ i (∂_iϕ(^i))2 − c 2 ∑ i<j (∂_iϕ(^i)∂_jϕ(^j)) and we find a = 112, b = 0, c = 3(^{δμ/q})^{2−}112

Gluon Dynamics SU(2)c gluons: free lagrangian + 1-loop corrections. Medium as a dielectric. 1) 2SC

L = 1 2 (E^a_i E^a_i − B^a_i B^a_i ) + k 2 Eai Eai (17) ϵ = 1 + k , λ = 1 ; k ∝ (gμ/Δ)2. 2) LOFF (z symmetry axis)

L = 1 2 (ϵ_{ij}E^a_i E^a_j − B^a_i B^a_i ) + 1 2 m2DAa0Aa0 (18) ϵij = diag(1 + k1, 1 + k1, 1 + k2) , m_D ∝ gμ. 3) LOFF(CUBE)

L = 1 2 (ϵ̃_{ij}E^a_i E^a_j − B^a_i B^a_i ) + 1 2 M2DAa0Aa0 (19) ϵ̃_{ij} = δ_{ij}k3. The gluon velocity is v = 1/√ϵ. In 1) and 3) the gluon velocity is isotropic.

Astrophysical implications Neutron star

Strange matter hypothesis: uds matter more stable than hadronic matter. r− mode instability: spin-down of all rotating objects in absence of viscous forces, regards the outer part of the star.

“Pure” Strange stars Hybrid star

Pulsar Glitches • Pulsars: rotating compact objects. T ∼ 1.5ms − 4.3s M ∼ 1.5M_⊙ R ∼ 10Km • Glitches: Sudden jumps in the rotation frequency of a pulsar ΔΩ/Ω ∼ 10^−6 − 10^−9.

Accepted mechanism: starquake + angular momentum transfer from the neutron superfluid to the crust.

Strange star mechanism : starquake(?) + unpinning of vortices in the LOFF phase.

References

ffl A. I. Larkin and Yu. N. Ovchinnikov, Zh. Eksp. Teor.

Fiz. 47, 1964 (1136) (Sov. Phys. JETP 20, 762 (1965)); P.Fulde and R. A. Ferrell, Phys. Rev. 135, A550 (1964).

ffl M. Alford, J. A. Bowers and K. Rajagopal, Phys.Rev. D 63, 074016 (2001),hep-ph/0008208.

ffl R. Casalbuoni, R. Gatto, M. M. and G. Nardulli,hep-ph/0201059.

ffl R. Casalbuoni, E.Fabiano, R. Gatto, M. M. and G. Nardulli,hepph/0208121.

I thank R.Casalbuoni, E.Fabiano, R.Gatto and

G.Nardulli for their precious collaboration.