arXiv:nucl-th/0511047 v2 26 Jan 2006

Preprint submitted to

Acta Phys. Hung. A 22/1 (2005) 000–000

HEAVY ION PHYSICS

Effect of gauge-field fluctuations on the phase transition between normal and color-superconducting quark matter

J.L. Noronha^1, H-c. Ren^{2,3}, I. Giannakis^2, D. Hou^3, and D.H. Rischke^{1,4}

1 Frankfurt Institute for Advanced Studies, J. W. Goethe–Universität, D-60438 Frankfurt am Main, Germany 2 Physics Department, The Rockefeller University,

1230 York Avenue, New York, NY 10021-6399, USA 3 Institute of Particle Physics, Huazhong Normal University,

430079 Wuhan, China 4 Institut für Theoretische Physik, J. W. Goethe–Universität,

D-60438 Frankfurt am Main, Germany

Received 18 November 2005

Abstract. Type-I color superconductors display a first-order phase transition due to thermal gauge-field fluctuations. We numerically evaluated the critical temperature of the first-order phase transition and the corresponding discontinuity of the diquark condensate at the critical point.

Keywords: color superconductivity, phase transitions. PACS: 12.38.Mh, 24.85.+p

1. Introduction

Quark matter at high baryon densities and sufficiently low temperatures is expected to be a color superconductor [ 1]. The physics in this region of the QCD phase diagram is relevant to explain the properties of highly compressed nuclear matter inside compact stars. Due to asymptotic freedom of QCD, color superconductivity can be quantitatively explored within QCD at asymptotic densities.

An analytical study concerning the effect of gauge fluctuations on the free energy of a homogeneous type-I color-flavor locked (CFL) superconductor, near the critical temperature, was carried out in Ref. [ 2]. In this letter numerical results are presented for the fluctuation-induced critical temperature and the value of the

2 J.L. Noronha et. al.

diquark condensate at the transition temperature.

2. Ginzburg-Landau free energy functional including gluon fluctuations

The relevant Ginzburg-Landau (GL) free energy density including the gauge field fluctuations, γ(t, Δ), obtained in Ref. [ 2] as a function of the CFL gap function Δ(T ) near T_c reads γ(t, Δ) ≡ 6μ^2 π^2 t Δ^2(T ) +

21ζ(3) 4π^4 ( μ k_BT_c )_2

Δ^4(T )

+ 32π(k_BT_c)^4 F ( 1 4π^2k^2_BT^2_c λ^2(T ) ) , (1)

where t ≡ (T − T_c)/T_c is the reduced temperature and μ is the quark chemical potential. The first two terms in eq. (1) correspond to the GL free energy without the gluon fluctuations [ 3]. The magnetic penetration depth λ(T ) is defined as 1/λ^2(T ) =^{7ζ(3)}_{24π4} (_{gμΔ(T )} k_B T_c )_2

and the last term

F (z) = ∫_∞ 0 dx x^2 { ln [ 1 + z x^2 f(x) ] − z x^2 f(x) } , (2)

reflects the contribution of the gluon fluctuations to the free energy. The derivation of this free energy will be presented in detail in a forthcoming publication [ 4]. The function f(y) describes the momentum dependence of the gluon magnetic mass in the static limit f(y) = 6 7ζ(3) ∞∑ s=0 ∫_1 0 dx 1 − x^2 (s +^1_2 )[4(s +^1_2 )^2 + y^2x^2]

. (3)

The limiting behavior of this function is f(0) = 1 and f(y) ≃ 3π^3/[28ζ(3) y] for y ≫ 1. In terms of the coherence length at zero temperature (ξ_0 ≡^1_{2πkBTc} ) the variable z(T ) in eq. (2) can be expressed as z(T ) =^{ξ20}_{λ2(T )} . This quantity determines for which temperatures the local-coupling approximation of the interactions between the gluons and the condensate is valid [ 4].

3. Numerical results and comments

The new critical temperature T^∗_c for the first-order phase transition and the value of the gap Δ(T^∗_c ) were obtained from the nontrivial solution of the pair of equations γ(t^∗, Δ) ≡ 0 , ∂γ(t^∗, Δ) ∂Δ^2

≡ 0. (4)

Gauge-field fluctuations in color superconductors 3

We solved these equations numerically in order to find Δ(T^∗_c ) and T^∗_c as functions of μ. In the Appendix it is explained how T_c and g were computed as functions of μ. Fig. 1 (a) shows the ratio between T^∗_c and the pairing temperature T_c at ultrahigh chemical potentials. The discontinuity of the gap at T^∗_c relative to its value at

Fig. 1. (a) Comparison between the critical temperatures at high densities. (b) Discontinuity of the gap at the transition.

T = 0 is shown in Fig. 1 (b). Note that T^∗_c > T_c at high, though finite, densities. Since^{Δ(T ∗c )}_{Δ(0)} ≠ 0 for nonzero chemical potentials we always have a first-order phase

transition. However, both plots indicate that for μ → ∞ we have^{T ∗c}_{Tc} → 1 and

Δ(T^∗_c ) Δ(0) → 0, meaning that a second-order phase transition takes place at infinitely

large density. Our results for T^∗_c and Δ(T^∗_c ) are different than what was found in Ref. [ 5]. Matsuura et al. obtained that the fluctuation-induced critical temperature was smaller than T_c and the ratio^{Δ(T ∗c )}_{Δ(0)} was found to be much smaller than what is shown in Fig. 1 (b). The reason why our results do not agree with those obtained in Ref. [ 5] is that in our approach the gluon fluctuations contribute always negatively to the GL free energy, which favors the diquark condensation and increases the corresponding fluctuation induced critical temperature [ 4].

In summary, we showed that gauge-field fluctuations not only induce a strong first-order phase transition but also increase the corresponding critical temperature beyond its mean-field value.

4 J.L. Noronha et. al.

Appendix

In this paper we used the temperature T_c obtained in Ref. [ 6], ln^{kB Tc}_μ = −^{3π2√}_{2g} +

ln^{2048√2π3}

(N_f g^2)^52

+ γ −^{π2+4}_8 , which corresponds to the pairing instability of the normal

phase. We also used the 3-loop formula for α =^{g2}_{4π} to compute g(μ) [ 7], α(μ) = 4π β_0 ln(μ^2 /Λ^2) [ 1−^{2β1}_{β20}^{ln(ln(μ2 /Λ2))}

ln(μ^2 /Λ^2) +

4β^2_1 β^4_0 (ln(μ^2/Λ^2))^2 ( (ln(ln(μ^2/Λ^2)) − 1/2)^2 +^{β2β0}_{8β21} −^5_4 ) ] , where β_0 = 9, β_1 = 51 −^{19}_3 N_f = 32, β_2 = 2857 −^{5033Nf}_9 +^{325N 2f}_{27} , Λ = 364, for three quark flavors N_f = 3 and three colors.

Acknowledgments

J.L.N. thanks the Frankfurt International Graduate School for Science (FIGSS) for financial support. The work of I.G. and H.C.R. was supported in part by the US Department of Energy under grants DE-FG02-91ER40651-TASKB while the work of D.H. was partly supported by the NSFC under grant No. 10135030 and the Educational Committee of China under grant No. 704035. H.C.R. and D.H. were also partly supported by the NFSC under grant No. 10575043.

References

1. D. Bailin and A. Love, Phys. Rept. 107 (1984) 325; M. Alford, K. Rajagopal, and F. Wilczek, Nucl. Phys. B 537 (1999) 443; R. Rapp, T. Schäfer, E.V. Shuryak, and M. Velkovsky, Phys. Rev. Lett. 81 (1998) 53; K. Rajagopal and F. Wilczek, At the Frontier of Particle Physics/Handbook of QCD, ed. M. Shifman, World Scientific, Singapore, 2001; M. Alford, Ann. Rev. Nucl. Part. Sci. 51 (2001) 131; T. Schäfer, hep-ph/0304281; D.H. Rischke, Prog. Part. Nucl. Phys. 52 (2004) 197; H.-c. Ren, hep-ph/0404074; I. Shovkovy, nucl-th/0410091.

2. I. Giannakis, D. Hou, H-c. Ren, and D. H. Rischke, Phys. Rev. Lett. 93 (2004) 232301.

3. K. Iida and G. Baym, Phys. Rev. D 63 (2001) 074018, I. Giannakis and H.-c.

Ren, Phys. Rev. D 65 (2002) 054017.

4. J. L. Noronha, H-c. Ren, I. Giannakis, D. Hou, and D. H. Rischke, in preparation.

5. T. Matsuura, K. Iida, T. Hatsuda, and G. Baym, Phys. Rev. D 69 (2004) 074012.

6. D.T. Son, Phys. Rev. D 59 (1999) 094019, W.E. Brown, J.T. Liu, and H.-c.

Ren, Phys. Rev. D 61 (2000) 114012.

7. Review of Particle Physics by Particle Data Group, Phys. Rev. D 66 (2002) 010001.