arXiv:1011.3795v3 [hep-lat] 16 Aug 2011

PoS(LAT2010)190 DESY 10-171 ITEP-LAT/2010-13

The Chiral Magnetic Effect and chiral symmetry breaking in SU(3) quenched lattice gauge theory^∗

V.V. Braguta IHEP, Protvino, Moscow oblast, 142284 Russia E-mail: braguta@mail.ru

P.V. Buividovich ITEP, B. Cheremushkinskaya str. 25, Moscow, 117218 Russia JINR, Joliot-Curie str. 6, Dubna, Moscow region, 141980 Russia E-mail: buividovich@itep.ru

T. Kalaydzhyan^† DESY Hamburg, Theory Group, Notkestrasse 85, D-22607 Hamburg, Germany ITEP, B. Cheremushkinskaya str. 25, Moscow, 117218 Russia E-mail: tigran.kalaydzhyan@desy.de

S.V. Kuznetsov ITEP, B. Cheremushkinskaya str. 25, Moscow, 117218 Russia E-mail: kuznetsov@itep.ru

M.I. Polikarpov ITEP, B. Cheremushkinskaya str. 25, Moscow, 117218 Russia E-mail: polykarp@itep.ru

We study some properties of the non-Abelian vacuum induced by strong external magnetic field. We perform calculations in the quenched SU(3) lattice gauge theory with tadpole-improved Lüscher-Weisz action and chirally invariant lattice Dirac operator. The following results are obtained: The chiral symmetry breaking is enhanced by the magnetic field. The chiral condensate depends on the strength of the applied field as a power function with exponent ν = 1.6 ± 0.2. There is a paramagnetic polarization of the vacuum. The corresponding susceptibility and other magnetic properties are calculated and compared with theoretical estimations. There are non-zero local fluctuations of the chirality and electromagnetic current, which grow with the magnetic field strength. These fluctuations can be a manifestation of the Chiral Magnetic Effect (CME).

The XXVIII International Symposium on Lattice Field Theory, Lattice2010 June 14-19, 2010 Villasimius, Italy

∗The work was supported by the grant for Leading Scientific Schools NSh-6260.2010.2 and RFBR 08-02-00661-a, Federal Special-Purpose Programme ‘Cadres’ of the Russian Ministry of Science and Education.

†Speaker.

© Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/

1. Introduction

The modern experiments provide a possibility to discover new physical effects caused by presence of the strong (hadronic scale) magnetic field. At the Relativistic Heavy Ion Collider (RHIC) at the first moments (τ ∼ 1 fm/c) of noncentral collision the very strong (B ∼ 10^{15}T, √ eB ∼ 300 MeV) magnetic fields appear[1, 2]. Such strong magnetic fields can be also created in ALICE experiment at LHC, at the Facility for Antiproton and Ion Research (FAIR) at GSI and in the experiment NICA in Dubna. The additional motivation for the study of the effects induced by the strong magnetic field could also come from the physics of the early Universe, where the strong fields (B ∼ 10^{16}T, √ eB ∼ 1 GeV) could have been produced after the electroweak phase transition[3]. Due to the nonperturbative nature of the effects we perform the calculations in the lattice gauge theory. We use quenched approximation and show that for some problems it provides rather reasonable values of the physical quantities.

This work has been done analogously to the previous SU(2) lattice studies[4, 5, 6, 7]. The list of considered effects induced by the magnetic field is the following.

The strong magnetic field can enhance the chiral symmetry breaking. There are various models (see Sec.3) which predict the growing of the chiral condensate.

The second effect is the chiral magnetization of the QCD vacuum. This effect has a paramagnetic nature. The vacuum magnetization is related to the nucleon magnetic moments[8] and other nonperturbative effects of hadrons[9]. We calculate the magnetic susceptibility and other quantities in Sec.4.

The quarks develop an electric dipole moment along the field due to the local fluctuations of the topological charge[6]. We study this effect in Sec.5.

Finally, the fluctuations of the topological charge can be a source of the asymmetry between numbers of quarks with different chiralities created in heavy-ion collisions. The so called “eventby-event P- and CP-violation”[1] can be explained by this asymmetry and observed at RHIC. So, our aim is also to see any evidences of this effect in SU(3) lattice simulations, nevertheless they are similar to SU(2) lattice results[7].

2. Technical details

We use the quenched SU(3) lattice gauge theory with tadpole-improved Lüscher-Weisz action [10]. To generate the statistically independent gauge field configurations we use the Cabibbo- Marinari heat bath algorithm. The lattice size is 14^4, and lattice spacing a = 0.105 f m. All observables we discuss later have a similar structure: ⟨Ψ̄OΨ⟩ for VEV of a single quantity or ⟨Ψ̄O_1Ψ Ψ̄O_2Ψ⟩ for dispersions or correlators. Here O, O_1, O_2 are some operators in spinor and color space. These expectation values can be expressed through the sum over M low-lying^1 but non-zero eigenvalues iλ_k of the chirally invariant Dirac operator D (Neuberger’s overlap Dirac

1We believe that the IR quantities are insensitive to the UV cutoff realized by selecting some finite number of the eigenmodes[11]

operator[12]): ⟨Ψ̄OΨ⟩ = ∑ |k|<M ψ^†_k Oψ_k iλ_k + m

(2.1) and ⟨Ψ̄O_1Ψ Ψ̄O_2Ψ⟩ = ∑ k,p ⟨k|O_1|k⟩⟨p|O_2|p⟩ − ⟨p|O_1|k⟩⟨k|O_2|p⟩ (iλ_k + m)(iλ_p + m)

, (2.2)

where all spinor and color indices are contracted and we omit them for simplicity. The λ_k are defined by the equation

Dψ_k = iλ_kψ_k, (2.3)

where ψ_k are the corresponding eigenfunctions and the uniform magnetic field F_{12} = B_3 ≡ B is introduced as described in[4]. To perform calculations in the chiral limit one calculates the expression (2.1) or (2.2) for some non-zero m and averages it over all configurations of the gauge fields. Then one repeats the procedure for other quark masses m and extrapolates the VEV to m → 0 limit.

3. Chiral condensate

In this section we present our results for the chiral condensate Σ ≡ −⟨0|Ψ̄Ψ|0⟩, (3.1) as a function of the magnetic field B. The general tendency for Σ to grow with B was already obtained in various models: in the chiral perturbation theory [13, 14] (Σ ∝ B for weak fields, Σ ∝ B^{3/2} for strong fields), in the Nambu-Jona-Lasinio model [15] (Σ ∝ B^2), in a confining deformation of the holographic Karch-Katz model [16] (Σ ∝ B^2), in D3/D7 holographic system [17] (Σ ∝ B^{3/2} for low temperatures, Σ ∝ B for high temperatures) and in SU(2) lattice calculations [4](Σ ∝ B). Here our aim is to see how the chiral condensate behaves in the SU(3) quenched gluodynamics.

We use the Banks-Casher formula [18], which relates the condensate (3.1) with the density ρ(λ ) of near-zero eigenvalues of the Dirac operator:

Σ = lim_{λ →0} πρ(λ ) V , (3.2)

where V is the four-volume of the Euclidean space-time. The result is shown in Fig.1(a).

We perform the fit of the results by the following function:

Σ^{f it} (B) = Σ_0 [ 1 + ( eB Λ^2_B )_ν ] , (3.3)

where Σ_0 ≡ Σ(0). The obtained fitting parameters are

Σ_0 = [(228 ± 3)MeV ]^3 , Λ_B = (1.31 ± 0.04) GeV, ν = 1.57 ± 0.23. (3.4)

(a) (b)

Figure 1: Chiral condensate

It is interesting to compare quantitatively the condensate obtained by the Banks-Casher formula and that one calculated by the expression (2.1) with O = 1. The result is shown in Fig.1(b). The value of the condensate in absence of the magnetic field equals Σ(0) = [(230 ± 5) MeV ]^3 which is not so far away from the value, which can be estimated by the Gell-Mann-Oakes-Renner formula[22]:

Σ(0) =

F^2_π m^2_π 2(m_u + m_d)

≃ [(240 ± 10) MeV ]^3 . (3.5)

4. Chiral magnetization and susceptibility

In this section we calculate the quantity ⟨Ψ̄σ_{αβ} Ψ⟩ = χ(F)⟨Ψ̄Ψ⟩qF_{αβ} , (4.1) where σ_{αβ} ≡ 1 2i [ γ_α ,γ_β ] and χ(F) is some coefficient of proportionality (susceptibility), which depends on the field strength.

This quantity was introduced in[8] and can be used to estimate the spin polarization of the quarks in external magnetic field. The magnetization can be described by the dimensionless quantity μ = χ · qB, so that ⟨Ψ̄σ_{12}Ψ⟩ = μ⟨Ψ̄Ψ⟩. (4.2) The expectation value (4.1) can be calculated on the lattice by (2.1) with O = σ_{αβ} . The result is shown in Fig.2(a) (here for comparison we also plot series for some finite quark mass). We can see, that the 12-component grows linearly with the field, which agrees with[8]. This allows us to find the chiral susceptibility χ(0) ≡ χ_0. After making a linear approximation ⟨Ψ̄σ_{12}Ψ⟩ = Ω^{f it} eB, where^2

Ω^{f it} ≡ − 1 3 χ^{f it}_0 Σ_0 , (4.3)

2in our simulation we calculate the magnetization of the d-quark condensate, thus q = | |−^e_3 | |

(a) (b)

Figure 2: Expectation values of Ψ̄σ_{αβ} Ψ and their square

we obtain Ω^{f it} = (172.3 ± 0.5)MeV and

χ^{f it}_0 = −4.24 ± 0.18GeV^{−2} . (4.4)

This value fits well into the range of present theoretical estimations: the modern QCD sum rule calculations [23] (χ^{th}_0 = −3.15 ± 0.3GeV^{−2}) and [24](−2.85 ± 0.5GeV^{−2}), the earlier ones [25] (−5.7GeV^{−2}) and [26] (−4.4 ± 0.4GeV^{−2}), in the instanton vacuum model [27] (−4.32GeV^{−2}), from the analysis of the Dirac zero-mode in an instanton background [28] (−3.52GeV^{−2}), in dubbed quark-meson model [29] (−4.3GeV^{−2}) and in the Nambu-Jona-Lasinio model [29] (−5.25GeV^{−2}). We also have to mention a well known analytic result obtained by OPE combined with the idea of pion dominance [30] and two holographic ones [31, 32], but for us it seems difficult to compare these results with ours because of an ambiguity in the determination of the pion decay constant F_π in the quenched approximation.

Another interesting phenomenological quantity is the product of the chiral susceptibility χ and the condensate ⟨Ψ̄Ψ⟩[9]. In our calculations it is equal to

−χ^{f it}_0 ⟨Ψ̄Ψ⟩ ≃ 52MeV, (4.5)

while from the QCD sum rules one can estimate this quantity as approximately 50 MeV [23, 25, 26], which is also close to our value.

5. Electric dipole moment

Another interesting effect due to the magnetic field is a quark local electric dipole moment along the field[6]. This quantity corresponds to the i0-components of the (4.1):

d_i(x) ≡ Ψ̄(x)σ_{i0}Ψ(x), i = 1,3 (5.1)

In the real CP-invariant vacuum the VEV of this quantity should be zero: ⟨d_i(x)⟩ = 0, that we actually see in our results (Fig.2(a)). At the same time the fluctuations of d_i(x) can be sufficiently strong. We measure VEV’s (2.2) with O_1 = O_2 = σ_{αβ} . In the case of i0-components it corresponds

(a) (b)

Figure 3: Fluctuations of the chirality and electromagnetic current/charge

to dispersions of ⃗d. The result is shown in Fig.2(b), we see that the longitudinal fluctuations of the local dipole moment grow with the field strength, while transverse fluctuations are absent. Here and after we use the “IR” subscript to emphasize, that we subtract from the quantity its value at B = 0:

⟨Y ⟩_{IR}(B) = 1 V ∫ V d^4x⟨Y (x)⟩_B − 1 V ∫ V d^4x⟨Y (x)⟩_{B=0} (5.2)

6. Some evidences of the Chiral Magnetic Effect

The nontrivial topological structure of QCD is due to some nontrivial effects in the presence of the strong magnetic field. One example of a such effect is the Chiral Magnetic Effect (CME), which generates an electric current along the field in the presence of the nontrivial gluonic background[1, 21]. This effect was probably been observed by the STAR collaboration at RHIC[19, 20] in heavyion collisions. A lattice evidence of the effect can be found in[7, 33, 34]. Here we implement the same procedure for the SU(3) case and study the local chirality

ρ_5(x) = Ψ̄(x)γ_5Ψ(x) ≡ ρ_L(x) − ρ_R(x) (6.1)

and the electromagnetic current

j_μ (x) = Ψ̄(x)γ_μ Ψ(x). (6.2)

The expectation value of the first quantity can be computed by (2.1) with O = γ_5 and with O = γ_μ for the second quantity. The both VEV’s are zero, as expected, but the corresponding fluctuations obtained from (2.2) are finite and grow with the field strength (see Fig.3).

References

[1] D. E. Kharzeev, L. D. McLerran and H. J. Warringa, Nucl. Phys. A 803 (2008) 227 [arXiv:0711.0950 [hep-ph]].

[2] I. V. Selyuzhenkov [STAR Collaboration], Rom. Rep. Phys. 58 (2006) 049 [arXiv:nucl-ex/0510069].

[3] T. Vachaspati, Phys. Lett. B 265 (1991) 258.

[4] P. V. Buividovich, M. N. Chernodub, E. V. Luschevskaya and M. I. Polikarpov, Phys. Lett. B 682 (2010) 484 [arXiv:0812.1740 [hep-lat]].

[5] P. V. Buividovich, M. N. Chernodub, E. V. Luschevskaya and M. I. Polikarpov, Nucl. Phys. B 826 (2010) 313 [arXiv:0906.0488 [hep-lat]].

[6] P. V. Buividovich, M. N. Chernodub, E. V. Luschevskaya and M. I. Polikarpov, Phys. Rev. D 81 (2010) 036007 [arXiv:0909.2350 [hep-ph]].

[7] P. V. Buividovich, M. N. Chernodub, E. V. Luschevskaya and M. I. Polikarpov, Phys. Rev. D 80 (2009) 054503 [arXiv:0907.0494 [hep-lat]].

[8] B. L. Ioffe and A. V. Smilga, Nucl. Phys. B 232, 109 (1984).

[9] B. Pire and L. Szymanowski, Phys. Rev. Lett. 103, 072002 (2009) [arXiv:0905.1258]. V. M. Braun, S. Gottwald, D. Y. Ivanov, A. Schafer and L. Szymanowski, Phys. Rev. Lett. 89, 172001 (2002) [arXiv:hep-ph/0206305];

[10] M. Luscher and P. Weisz, Commun. Math. Phys. 97, 59 (1985) [Erratum-ibid. 98, 433 (1985)]. [11] T. A. DeGrand and A. Hasenfratz, Phys. Rev. D 64 (2001) 034512 [arXiv:hep-lat/0012021]. [12] H. Neuberger, Phys. Lett. B 417 (1998) 141 [arXiv:hep-lat/9707022]. [13] S. Schramm, B. Muller and A. J. Schramm, Mod. Phys. Lett. A 7, 973 (1992). [14] I. A. Shushpanov and A. V. Smilga, Phys. Lett. B 402, 351 (1997) [arXiv:hep-ph/9703201]. [15] S. P. Klevansky and R. H. Lemmer, Phys. Rev. D 39 (1989) 3478. [16] A. V. Zayakin, JHEP 0807 (2008) 116 [arXiv:0807.2917 [hep-th]]. [17] N. Evans, T. Kalaydzhyan, K. y. Kim and I. Kirsch, arXiv:1011.2519 [hep-th]. [18] T. Banks and A. Casher, Nucl. Phys. B 169 (1980) 103. [19] S. A. Voloshin [STAR Collaboration], arXiv:0806.0029 [nucl-ex].

[20] H. Caines [STAR Collaboration], Talk at Rencontres de Moriond: QCD and High Energy Interactions (2009), arXiv:0906.0305 [nucl-ex].

[21] K. Fukushima, D. E. Kharzeev and H. J. Warringa, Phys. Rev. D 78, 074033 (2008) [arXiv:0808.3382 [hep-ph]]; H. J. Warringa, arXiv:0906.2803 [hep-ph]; D. E. Kharzeev, arXiv:0906.2808 [hep-ph].

[22] P. Colangelo and A. Khodjamirian, arXiv:hep-ph/0010175.

[23] P. Ball, V. M. Braun and N. Kivel, Nucl. Phys. B 649, 263 (2003) [arXiv:hep-ph/0207307]. [24] J. Rohrwild, JHEP 0709 (2007) 073. [arXiv:0708.1405 [hep-ph]]. [25] V. M. Belyaev and Y. I. Kogan, Yad. Fiz. 40, 1035 (1984);

[26] I. I. Balitsky, A. V. Kolesnichenko and A. V. Yung, Sov. J. Nucl. Phys. 41, 178 (1985) [Yad. Fiz. 41, 282 (1985)];

[27] V. Y. Petrov, M. V. Polyakov, R. Ruskov, C. Weiss and K. Goeke, Phys. Rev. D 59 (1999) 114018 [arXiv:hep-ph/9807229]. H. C. Kim, M. Musakhanov and M. Siddikov, Phys. Lett. B 608 (2005) 95 [arXiv:hep-ph/0411181]. A. E. Dorokhov, Eur. Phys. J. C 42 (2005) 309 [arXiv:hep-ph/0505007].

[28] B. L. Ioffe, Phys. Lett. B 678 (2009) 512 [arXiv:0906.0283 [hep-ph]].

[29] M. Frasca and M. Ruggieri, Phys. Rev. D 83 (2011) 094024 [arXiv:1103.1194 [hep-ph]]. [30] A. Vainshtein, Phys. Lett. B 569, 187 (2003) [arXiv:hep-ph/0212231]. [31] A. Gorsky and A. Krikun, Phys. Rev. D 79 (2009) 086015 [arXiv:0902.1832 [hep-ph]]. [32] D. T. Son and N. Yamamoto, arXiv:1010.0718 [hep-ph].

[33] P. V. Buividovich, M. N. Chernodub, D. E. Kharzeev, T. Kalaydzhyan, E. V. Luschevskaya and M. I. Polikarpov, Phys. Rev. Lett. 105 (2010) 132001 [arXiv:1003.2180 [hep-lat]]. see also P. V. Buividovich, M. N. Chernodub, T. Kalaydzhyan, D. E. Kharzeev, E. V. Luschevskaya and M. I. Polikarpov, PoS LATTICE2010 (2010) 076.

[34] P. V. Buividovich and M. I. Polikarpov, Phys. Rev. D 83 (2011) 094508 [arXiv:1011.3001 [hep-lat]].

see also M. I. Polikarpov, O. V. Larina, P. V. Buividovich, M. N. Chernodub, T. K. Kalaydzhyan, D. E. Kharzeev and E. V. Luschevskaya, AIP Conf. Proc. 1343 (2011) 630.