arXiv:1208.0777v2 [hep-th] 18 Jan 2013

Quantum measurements and chiral magnetic effect

V.I.Shevchenko

National Research Centre ”Kurchatov Institute” ac. Kurchatova sq., 1, Moscow 123182 Russia

Abstract

The effect of anisotropy for fluctuations of electric currents in magnetic field is addressed within framework of quantum measurements theory. It is shown that for free fermions in uniform magnetic field the anisotropy is of the same sign as one expects for chiral magnetic effect and is related to triangle anomaly. The corresponding decoherence functional contains anomalous offdiagonal terms leading to correlation of fluctuations between observables of opposite P-parity.

Keywords: Chiral magnetic effect, Unruh-DeWitt detector, decoherence

1. Introduction

It is often useful to think about quantum field theory vacuum as about some special medium - aether. Despite properties of modern quantum and relativistic aether are quite different from those of its ancient predecessors, it is important that the set of tools one uses to study them stays more or less intact for centuries: these are either test bodies (from Galilean balls to subatomic particles) or external conditions (heat, pressure etc). In the former case one studies the influence of the medium to test objects movements/interactions, while in the latter one the medium response to external conditions is analyzed. In both approaches properties of the medium are encoded in various correlation functions. There is a huge hierarchy of dynamical scales in Nature characterizing the vacua of different sectors of the Standard Model (and, hopefully, beyond it).

Of particular interest is a question about the fate of discrete symmetries under this or that choice of external conditions. Naively all three main discreet symmetries: charge conjugation C, parity reversion P and time reversion T are not seen in our everyday experience, as manifested by matter

Preprint submitted to Nuclear Physics B January 21, 2013

over antimatter dominance in the Universe, bio-chirality, arrow of time and numerous other facts. However as is well known the situation is much more subtle. Namely, the interactions governing the macro-world - long ranged gravity and electromagnetism - are invariant under C, P and T. On the other hand, microscopic dynamics respect only the famous CPT product: direct P-violation is built into electroweak sector of the Standard Model (lefts are doublets and rights are singlets), while conjugate parity CP (and hence T - invariance) is broken by Cabibbo-Kobayashi-Maskawa mechanism.

Strong interactions stay apart in some sense. Leaving aside strong CPproblem and all related issues, QCD Lagrangian without θ-term is invariant under C-, P- and T-transformations. C–invariance holds at finite temperature but gets broken at finite density: there is no Furry theorem if some levels in the upper Dirac continuum are occupied. Strong and quite general results [1, 2] guarantee that vacuum expectation value of any local P-nonconserving observable has to vanish in vector-like theories such as QCD, e.g.

⟨ψ̄γ^5ψ⟩ = 0 ; ⟨Tr G_{μν}G̃^{μν} ⟩ = 0 (1)

Despite these results put serious constraints on possible P-parity violating phenomena in the domain of strong interactions physics, such effects (establishing limits of applicability of (1), in some sense) have been studied for a long time. One can mention T.D.Lee’s idea of P-odd bubbles and A.B.Migdal’s hypothesis of pion condensate in nuclei. Closely related effects of ρ − π mixing at finite temperature [3] and sphaleron dynamics in QCD [4] were discussed.

Recently the topic has been revitalized in a series of papers [5, 6, 7, 8] and numerous subsequent publications. The two general approaches to study any vacuum nicely work together in heavy ion collision experiments with respect to the QCD vacuum. Indeed, test particles used in these experiments — heavy ions — are able to create, in the first instants after the collision, highly nontrivial multi-particle state, which itself play a role of external conditions put on the QCD vacuum. These include temperature, density and also, as was noticed in [5, 6, 7, 8, 9], extremely strong magnetic field, of the order of (10^3 − 10^4) MeV^2 in about 0.1 − 0.2 Fm/c after the moment of collision. This is the first (and perhaps the only) case in physics where one can study strong and electromagnetic interactions interplay on the same scale, without treating the latter as a weak perturbation. The main qualitative result can be formulated as follows: if by whatever dynamical mechanism there is an excess of quarks of definite chirality inside a fireball, it transforms into electric current flowing along the magnetic field, whose main effect is charge asymmetry of final particles distribution between upper and lower (with respect to the interaction plane) hemispheres. On quantitative level, for free massless spinors with charge e, chemical potentials μ_L, μ_R for lefthanded and right-handed ones, respectively, in constant and spatially uniform magnetic field B electric current is given by the following expression, known as chiral magnetic effect (CME): j = e^2 2π^2 μ_5B ; μ_5 = μ_R − μ_L 2 (2) The expression (2) first explicitly obtained in [10] (not in heavy ion collision context) is a robust theoretical result and can be reproduced, besides direct computation of the corresponding Feynman diagram, in many complementary ways (Chern-Simons electrodynamics [11], linear response theory [12], counting of the number of zero modes for chiral fermions interacting the external magnetic field [13], relativistic hydrodynamics [14] etc). The expression (2) is a concrete realization of more general form

j_μ = F̃_{μν} ∂^ν ϕ (3)

where dual field strength F̃_{μν} =^1_2 ϵ_{μναβ} F^{αβ}. One may think of various scenarios corresponding to physical content of the field ϕ, in particular, in hydrodynamics context [15]. What is however special and important about the result (2) is that proportionality coefficient there is universal and fixed by the famous triangle anomaly [16, 17].

The phenomenon of existence of non-dissipative current like (2), (3) is also known in electroweak sector [18]. Above critical temperature the relevant gauge fields are chiral hypercharge ones, i.e U(1)_{em} → U(1)_Y at T > T_c, those dynamics is different from that of the vector electromagnetic fields in the broken symmetry phase (at T < T_c). The hypercharge current j_Y can flow along the hypercharge magnetic field H_Y. In (2) both the current and the magnetic field are not chiral but usual vector fields, and the ultimate reason for the effect is generation of nonzero μ_5. As has already been mentioned, in the original picture [5, 6, 7, 8] the strong interactions triangle anomaly in the divergence of singlet axial vector current (not to be confused with the abelian anomaly) is supposed to be responsible for it. Thus CME in QCD context should be a subtle interplay of abelian and nonabelian anomalies, like it is the case for η^′ meson, where the latter anomaly is responsible for its mass, while the former one - for its decay to two photons.

There are a few open questions left by the result (2). The first concerns physical mechanism of getting effectively nonzero μ_5 - it is worth remembering that there is no such thing as μ_L ≠ μ_R in the fundamental Lagrangian. The second question is about quantum meaning of (2) with respect to quantum field theoretical correlators ⟨ j ⟩, ⟨ j j ⟩ etc. Last but not least, it is by far not clear how to extract from the result (2) concrete predictions for charge asymmetries and corresponding correlators [19] in real heavy ion collision experiments. An attempt to address some of those questions was undertaken in [20].

In the present paper we take a somewhat different prospective and look at the problem using methods of quantum theory of measurements. Throughout the paper ℏ = c = 1, the Minkowski metric tensor is g_{μν} = diag(1, −1, −1, −1) and constant uniform magnetic field is chosen in the third direction: F_{12} = B. Also the notation p^‖ = (p^0, 0, 0, p^3), p^⊥ = (0, p^1, p^2, 0), p^‖γ^‖ = p^0γ^0 − p^3γ^3, p^⊥γ^⊥ = p^1γ^1 + p^2γ^2 is used for four-vector components parallel and perpendicular to the field and their products.

2. CME and triangle anomaly

It is worth noting that one can easily mimic the effect under discussion without direct use of massless degrees of freedom and any reference to the corresponding anomalies. By way of example let us consider effective Heisenberg-Euler type Lagrangian^1 for photon-gluon interaction: L = − 1 4 F_{μν} F^{μν} + ξ(t) 4 F_{μν}F̃^{μν} G^a_{αβ}G̃^{aαβ} (4) where F_{μν} stays for the photon and G^a_{αβ} - for the gluon fields. The factor ξ(t) represents some kind of external potential and encodes external conditions. They are supposed to be time-dependent but slow: ξ̇/ξ ≪ m. For example, one could think of time-dependent mass of the heavy fermions integrated out. Corresponding equation of motion reads: ∂_μ ( F^{μν} + ξ(t) · G^a_{αβ}G̃^{aαβ} · F̃^{μν} ) = j^ν (5)

1In this model example only two terms are kept in it.

and for constant fields one gets the following expression for the chiral current

j_χ = ξ̇(t) · G^a_{αβ}G̃^{aαβ} · B (6)

This simple example clearly shows that the crucial feature of non-dissipative currents like (2) or (6) is not the abelian anomaly but non-stationarity, i.e. time dependence of the corresponding effective Lagrangian. In case of (2) it is nothing but the theta-term: μ_5 ∝ θ̇(t).

From quantum field theoretical point of view a manifestation of the same triangle anomaly in external field (and CME) is given by nonzero correlator of vector and axial vector currents. The latter vanishes in the vacuum:

Π^5_{μν} (k) = i ∫ d^4x e^{ik(x−y)} ⟨T {j_μ(x)j^5_ν (y)}⟩ = 0 (7) but does not in external field. For constant abelian field (unit electric charge is assumed in expressions (8)-(10)) the result is known in the literature ([21], see also [22]) :

Π^5_{μν} (k, F ) = 1 16π^2 ( c_‖ · [F̃ k]^‖_{μν} + c_⊥ · [F̃ k]^⊥_{μν} ) (8) where [F̃ k]^‖_{μν} = F̃_{μν} k^‖ + F̃_{μρ}k^ρk^‖_ν + F̃_{νρ}k^ρk^‖_μ (9)

and analogously for [F̃ k]^⊥_{μν} . Exact form of the functions c_‖, c_⊥ can be found in [21]. Using these expressions it is easy to check that vector current is conserved as it should be, while the leading term for correlator of axial current divergence is fixed by the triangle anomaly in the massless limit:

k^ν Π^5_{μν} (k, F ) = F̃_{μρ}kρ 2π^2

[1 + ...] (10)

where the dots in the r.h.s of (10) stay for non-anomalous terms (formally IR-divergent in the massless limit).

According to the famous theorems [23] one would expect non-renormalization of the leading anomaly-driven term in (10) with respect to the strong interactions. In the context of CME this is counter-intuitive in some sense (this was discussed in another context in [20]). Without external gauge field both j^5_ν and j_μ fluctuates (thermally or quantum-mechanically) in completely uncorrelated way. There are no however fluctuations of ∂j^5 and ∂j in the massless limit since both currents are conserved. With nonzero external field the pattern changes and there are some parts of fluctuations of j^5_ν , j_μ which become correlated. The amount of this correlation is fixed by the electromagnetic anomaly independently from concrete (strong interaction) physics^2 beyond the fluctuation pattern of j^5_ν and ∂j^5.

It is instructive to compare (10) with the chiral magnetic effect interpretation in terms of the standard polarization operator Π_{μν} (k) for vector currents [20]. It the latter case the term F̃_{μρ}k^ρF̃_{νσ}k^σ · π̃^{(F )}(k) in Π_{μν} (k) responsible for the discussed effect (i.e. enhanced vector current fluctuations along the magnetic field) is roughly speaking eq.(10) squared, i.e. a product of two triangle anomalies is hidden in imaginary part of the form-factor π̃^{(F )}(k). On the other hand at large m limit π̃^{(F )}(k) reproduces the coefficient in front of (F F̃ )^2/m^4 term of the corresponding Heisenberg-Euler Lagrangian. It is a remarkable power of topological phenomena such as triangle anomaly to leave traces even in the large mass limit.

3. Current fluctuation asymmetry and quantum measurements

The simplest case of free massless fermions in external magnetic field at finite temperature is addressed in this section. We are interested to study how their fluctuations (both thermal and quantum) are affected by external field. In principle, this information is encoded in polarization operator Π_{μν} (x, y) = i⟨T {j_μ(x)j_ν (y)}⟩ and we refer an interested reader to [20] for discussion which structures of Π_{μν} (x, y) in magnetic field correspond to chiral magnetic effect. In what follows we take a different attitude and consider instead the standard Unruh–DeWitt detector coupled to the current. The corresponding Hamiltonian reads:

H = τ_1∫

τ_0 dτ μ(τ)n^μψ̄(x(τ))γ_μψ(x(τ)) (11)

Here x(τ) parameterizes the detector’s world-line, τ - proper time along it, n^μ - constant vector, fixing a direction the current is measured in, and μ(τ) - internal quantum variable of the detector whose evolution in τ is

2Up to trivial factor N_cTr Q^2, taking into account sums over colors and flavors of quarks.

described by the standard two-level Hamiltonian with the levels E_0 and E_1, E_1 − E_0 = ω > 0. An amplitude for the detector to ”click” is given by

A = i τ_1∫

τ_0 dτ ⟨1|μ(τ)|0⟩ · ⟨Ω|n^μj_μ(x(τ))|Ω_0⟩ (12)

where j_μ(x(τ)) = ψ̄(x(τ))γ_μψ(x(τ)) and |Ω_0⟩ stays for initial (thermal vacuum) state of the field sub-system, while |Ω⟩ represents final (after the measurement) state. The corresponding response function reads:

F(ω) ≡ n^μn^ν F_{μν} (ω) = n^μn^ν τ_1∫

τ_0 dτ τ_1∫

τ_0 dτ^′ e^{−iω(τ −τ ′)} · G^+_{μν} (τ − τ^′) (13)

where G^+_{μν} (τ − τ^′) = ⟨Ω_0|j_μ(x(τ))j_ν (x(τ^′))|Ω_0⟩ (14)

Usually one is interested in detector excitation rate in unit time. For infinite observation time range (τ_0 → −∞, τ_1 → ∞) it is determined by the power spectrum of the corresponding Wightman function:

Ḟ(ω) = ∞∫ −∞ ds e^{−iωs} G^+(s) (15)

The details of this standard procedure can be found in [24, 25], see also [26] in the context of vector current measurements.

To compute (15) it is convenient to use the exact fermion propagator in external magnetic field given by [27] S(x, y) = e^{iϕ(x,y)} ∫ d^4p (2π)^4 e^{ip(x−y)}S̃(p) (16) where the gauge-dependent phase ϕ(x, y) is irrelevant for gauge-invariant quantities and Fourier transfrom S̃(p) reads:

S̃(p) = ∞∫ 0 du e^{iu(p20−p23−p2⊥ tan(qBu)qBu −m2)} [ P_0(p^‖, p^⊥) + P_1(p^‖) ] (17) where P_0(p^‖, p^⊥) = p^‖γ^‖ − p^⊥γ^⊥(1 + tan^2(qBu)) + m (18)

P_1(p^‖) = (p^‖γ^‖ + m)γ^1γ^2 tan(qBu) (19)

and q stays for quark electric charge. We take in the rest of the paper m = 0. Notice that the result for anomalous correlator (10) comes from the interference of the above tensor structures P_0(p^‖, p^⊥) and P_1(p^‖). Diagrammatically it corresponds to the standard triangle diagram for abelian anomaly. We will see that the tensor structure P_1(p^‖) is also responsible for charge fluctuations asymmetry.

It is customary in quantum measurements theory to compare response functions of a given detector in a state of inertial movement versus some noninertial one. We are interested in another kind of asymmetry, namely between the detector oriented to measure current along the magnetic field direction and perpendicular to it. This choice is fixed by the vector n_μ = (0, n). With respect to its spatial movement the detector is supposed to be always at rest, so we can take x(τ) = (τ, 0, 0, 0). Therefore it is convenient to switch to the coordinate space (as in (15) we denote s = τ − τ^′): S(s) = isγ^0 32π^2 ∞∫ 0 du u^3 ( qBu tan(qBu) + γ^1γ^2qBu ) e^{−i s24u} (20)

As is stressed above the leading term in (10) gets its first power of the field just from the second term in the brackets in (20), which in its turn has come from the term P_1(p^‖) in (17). The same term also produces angular asymmetry in (15). The response function asymmetry given by δḞ(ω) = Ḟ_{33}(ω) − (Ḟ_{11}(ω) + Ḟ_{22}(ω))/2 is quadratic in B for all values of the magnetic field.^3 Explicitly, one gets:

G^+_{33}(s) = − s 16π^2 ∞∫ 0 du u^3 qBu tan(qBu) e^{−i s24u} 2 − (qB)^2 16π^4s^2

(21)

G^+_{11}(s) = − s 16π^2 ∞∫ 0 du u^3 qBu tan(qBu) e^{−i s24u} 2 + (qB)^2 16π^4s^2

(22)

3Notice that Ḟ_{11}(ω) = Ḟ_{22}(ω) for our choice of the field along the third axis.

and G^+_{11}(s) = G^+_{22}(s). These results are exact for free fermions in external magnetic field in the massless limit.

To compute the response function one needs to take into account s → s − iϵ prescription corresponding to definition of the Wightman function (14) and switch on the temperature introducing sum over periodic shifts in imaginary time with β = 1/kT and Fermi-Dirac statistics factor (−1)^k for fermions (see, e.g. [24, 25]): δḞ(ω) = − (qB)^2 8π^4 +∞∫ −∞ ds e^{−iωs} [_{+∞} ∑ k=−∞ (−1)^k (s − iϵ + ikβ) ]_2

(23)

where we denoted δḞ(ω) = Ḟ_{33}(ω) − Ḟ_{11}(ω)

Taking into account that^∞ ∑ k=−∞ (−1)^k x+ik = π sinh πx and doing the integral with

the help of residues (see, e.g. [28]): ∞∫ −∞ e^{−iωs}ds sinh^{2n}(s − iϵ) = (−1)^n (2n − 1)! ( 2π ω ) 1 e^{πω} − 1 n∏ l=1 ( ω^2 + 4(n − l)^2 ) (24)

one gets δḞ(ω) = (qB)^2 4π^3 ω e^{βω} − 1 (25)

Expression (25) is the main result of this section. It is positive, which corresponds to the fact that the detector measuring the current along magnetic field clicks more often than measuring perpendicular currents. It is also worth noticing the change of statistics from Fermi-Dirac to Bose-Einstein - what is relevant is the statistic of operators whose fluctuations are being measured by the detector (Bose-currents in our case) and not the statistics of primary fluctuating fields.

The fact that current fluctuations are suppressed in perpendicular direction is obvious from general physics: the charged particle moving in the orthogonal plane is deflected by the magnetic field (or, using quantum mechanical language, confined to Landau levels). What is less obvious is that fluctuations along the field are enhanced (exactly by the same amount), since classically (i.e. neglecting spin effects) magnetic field has no influence on a charge moving in parallel direction. This enhancement is caused by spin interaction with the magnetic field and, to our view, can legally be called a particular case of CME.

It is instructive to compare (25) with fluctuation pattern without magnetic field. The latter can easily be obtained from (21) or (22) putting B = 0. The result reads:

Ḟ^{(0)}(ω) = 1 60π^3 ω e^{βω} − 1 ( ω^2 + 4 ( 2π β )_2) ( ω^2 + ( 2π β )_2) (26)

The ratio is maximal for ω → 0 but even in this region it is rather small numerically: δḞ(0) Ḟ (0)(0) = 15 64π^4 · (qB)^2 T^4

≈ 0.0024 ·

(qB)^2 T^4

(27)

At large magnetic fields the fluctuations are frozen in 1 − 2 plane, so that

G^+_{11}(s) → 0 ; G^+_{33}(s) = −

(qB)^2 8π^4s^2

(28)

and correspondingly Ḟ_{33}(ω) − Ḟ_{11}(ω) Ḟ_{33}(ω) + Ḟ_{11}(ω) → 1 (29) The pattern (28), (29) is easy to understand in term of the corresponding energy-momentum tensor. Indeed, at zero magnetic field one has the standard thermal pressure for massless fermions

T_{11} = T_{22} = T_{33} =

7π^2T^4 180 (30)

which is isotropic. At large magnetic field, however, all the pressure is along the magnetic field and there is no pressure in orthogonal directions:

T_{11} = T_{22} → 0 ; T_{33} = qBT^2 12 (31)

It is interesting to note that for strong but slowly varying magnetic field the plasma as a whole is to experience buoyancy force in the direction of the field gradient: f_3 = − ∫ V d^3x ∂T_{33} ∂z (32)

This effect can be called magnetic Archimedes force. Since in real scattering events the fields are indeed highly inhomogeneous, this effect could be important for such phenomena as charge dependence of the elliptic flow etc. These questions are to be explored in future research.

Despite detailed quantitative analysis of the correspondence between the above results and experimentally measured quantities is beyond the scope of the present paper, we find it instructive to make a few comments on this point. The most important outcome of each heavy ion collision event is final particles distribution with respect to azimuthal angle: dN_± dϕ = N_± 2π [1 + 2v_{1,±} cos Δϕ + 2v_{2,±} cos 2Δϕ + 2a_± sin Δϕ + ...] (33)

where a reaction plane by definition is taken to lie at zero angle: Δϕ = ϕ − Ψ_{RP} . One can also compute averages of various functions over many events with the distribution (33) as a weight. In particular, the commonly accepted probe for the asymmetry with respect to the reaction plane is given in terms of event average of the cosine [19],

⟨cos(Δϕ_α + Δϕ_β^′)⟩_e (34)

where the final particles electric charge is indicated by α, β = +, −. The most recent experimental results for this quantity can be found in [29]. They clearly indicate presence of nonzero P-even averages ⟨a_αa_β⟩_e and hence nonzero P-odd correlations proportional to a_+, a_− coefficients at least in some events.

It is clear that the dynamics described by (33) is different from the physics discussed above in the following important respect. The fluctuations in (electrically neutral as a whole) thermal plasma are isotropic, while the distribution (33) is obviously not, even without any external field. The dominant isotropic term in (33) corresponds to zero total current since equal amounts of same charged particles flow in all directions. The asymmetries in the currents along the magnetic field are encoded in the terms proportional to a_±, while those in the currents in orthogonal direction - by the directed flow coefficients v_{1,±}. To be more precise, one is to study averages ⟨(a_+ − a_−)^2⟩_e and ⟨(v_{1,+} − v_{1,−})^2⟩_e corresponding to electric current fluctuations along the magnetic field and in perpendicular azimuthal direction, respectively.

This means that if one takes a (very crude) assumption that orthogonal to the reaction plane magnetic field is the only source of the asymmetry, one can make qualitative conclusion from the picture considered above that

⟨(a_+ − a_−)^2⟩_e >∼ ⟨(v_{1,+} − v_{1,−})^2⟩_e (35) and ⟨(a_+ − a_−)^2⟩_e − ⟨(v_{1,+} − v_{1,−})^2⟩_e ⟨(a_+ − a_−)^2⟩_e + ⟨(v_{1,+} − v_{1,−})^2⟩_e

∝ B^2 (36)

It is worth reminding that in conventional CME picture there is enhancement of the current along the magnetic field, but no suppression of the current in orthogonal directions, contrary to our picture where both effects are present and they are precisely equal in magnitude. At the moment the current status of experimental data [29] does not allow to draw definite conclusion about validity of the pattern (35), (36) and further studies are needed. Coming back to (27) one can reasonably conclude that for not too large qB/T^2 ratio relative asymmetry for free massless fermion thermal fluctuations can be at most of per cent level.

As the last remark of this section let us notice that one can view the discussed asymmetry in another way: via nonlocal ”order parameters”. Consider nonlocal current of the following form:

J^5_μ (x − y) = ⟨ψ̄(y) exp iq y∫ x A_α(z)dz^α γ_μγ^5ψ(x)⟩ (37)

Physically it corresponds to Green’s function of a system composed of massless spinor (”light quark”) and infinitely heavy ”antiquark” (static source). By construction it is gauge-invariant and identically vanishes at zero external field. If the system is supposed to be static, it means that it is created at the point y = (τ^′, 0, 0, 0) with the quantum numbers of a scalar, propagates in external magnetic field and annihilates at the point x = (τ, 0, 0, 0) with the quantum numbers of axial vector. The nontrivial effect of anomaly is that this Green’s function is nonzero for the third (i.e. parallel to the field) component of the axial vector. Indeed, one easily gets (s = τ − τ^′):

J^5_0 (s) = J^5_1 (s) = J^5_2 (s) = 0 ; J^5_3 (s) = 1 2π^2 qB s (38)

As is (20), the above result is exact in the field B. There are well developed phenomenological methods to study this kind of objects in QCD where quarks interact non-perturbatively with quantum gluon field [30]. It would be interesting to check (non)renormalization of the result (38) in genuine nonperturbative domain.

4. Parity violation and decoherence

Discussing possible parity-violating effects in quantum mechanical context it is useful to remember that if parity is conserved in the sense that [P, H] = 0, any P-odd quantity has to vanish after a non-selective measurement. Indeed, after quantization the eigenstates |ψ_n⟩ can be chosen as states of definite - even and odd - parity according to

|ψ_+⟩ = P |ψ_+⟩ ; |ψ_−⟩ = −P |ψ_−⟩ (39)

Now consider expectation value of some real P-odd operator O_− in a state |ψ⟩ having no definite parity, for example,

|ψ⟩ = c_+ |ψ_+⟩ + c_− |ψ_−⟩ (40)

It is proportional to transition matrix element between the states of opposite parity: ⟨O_−⟩ = ⟨ψ| O_− |ψ⟩ = 2Re { c^∗_+c_− ⟨ψ_+| O_− |ψ_−⟩ } (41)

Let us now couple the system in question with the environment causing its decoherence. After decoherence the density matrix ρ = |ψ⟩ ⟨ψ| loses its offdiagonal terms and becomes:

ρ → ρ_d = |c_+|^2 |ψ_+⟩ ⟨ψ_+| + |c_−|^2 |ψ_−⟩ ⟨ψ_−| (42)

and average of P-odd operator O_− vanishes:

⟨O_−⟩_d = Tr ρ_d · O_− = 0 (43)

On the other hand, if one is monitoring some P-odd observable, it can lead to nonzero result for measurement of correlated P-odd quantity. The simplest way to see it is to use a language of decoherence functionals ([31], see also [32]) and path integral formalism. Generally, for some filter function α[Φ] the amplitude is given by

Ψ[α] = ∫ DΦ α[Φ] e^{iS[Φ]} (44)

To illustrate the point on quantum-mechanical example, consider three-dimensional system given by Lagrangian L = q̇^2 − V (q), where q = (x, y, z) and the potential V (q) is invariant under P-parity transformation: V (q) = V (−q), but not invariant under separate reflections x → −x or y → −y or z → −z. Suppose that the system is open to external observer who is monitoring the y-coordinate continuously in time. As is well known to describe this situation in path integral representation one has to introduce quantum corridor and perform the shift: ∫ Dy(t) → ∫ Dy(t) exp −κ T∫ 0 (y(t) − ȳ(t))^2dt (45)

where the corridor width is given by Δy ∝ (κT )^{−1/2}. Then the transition amplitude takes the standard form up to the measure shift (45):

U(q^{′′}; q^′) =

= ∫ Dp ∫ Dq exp i ℏ T∫ 0 (pq̇ − H(p, q))dt − κ T∫ 0 (y(t) − ȳ(t))^2dt (46)

where we denote q = (x, y, z), p = (p_x, p_y, p_z). Consequently, all amplitudes and correlators computed with (46) become dependent on the function ȳ(t) (which has the meaning of continuous observation result) and quantum corridor width Δy. For example, for x-coordinate one would have ⟨x(T )⟩ = X[ȳ(t), κ] (47) where the functional X[ȳ(t), κ] depends, generally speaking, on the function ȳ(t) in all past moments of time and vanishes at the point κ = 0, corresponding to no measurement: X[ȳ(t), 0] = 0. Its exact form of course depends on the potential V (q) and is of no importance for us at the moment. What is crucial is the fact that monitoring P-odd quantity (coordinate y in our example) can result in nonzero quantum average for some other P-odd quantity (coordinate x), despite the interaction is still strictly P-even. One can say that P-parity is broken ”event-by-event” by measuring apparatus.

Coming back to our discussion of CME in the previous sections it is clear that crucial missing ingredient is of course the fact that in strong interaction domain the singlet axial vector current is not conserved because of triangle nonabelian anomaly:

∂^ν j^5_ν (x) = −η(x) = − g^2N_f 16π^2

G^a_{αβ} (x)G̃^{aαβ} (x) (48)

We are interested to find common distribution for the vector current and some P-odd quantity, which we have chosen in this section to be the field η(x) from (48). The corresponding amplitude reads: Ψ[λ, κ] = ∫ Dψ̄DψDA_μ e^{iSQCD +i ∫ dxλ(x)nμjμ(x)+i ∫ dxκ(x)η(x)} (49) The vector current is given by the standard expression j_μ = ψ̄Qγ_μψ, where Q is quark electric charges diagonal matrix in flavor space. The closed-time-path functional is given by e^{iW [λ,κ;λ′,κ′]} = Ψ[λ, κ]Ψ^∗[λ^′, κ^′] (50) and the mean current is ⟨n_μj^μ(x)⟩[λ, κ] = −i δ δλ(x) e^{iW [λ,κ;λ′,κ′]} | | |_{κ=κ′λ=λ′} (51) It is a functional of P-even field λ(x) and P-odd field κ(x) in the same sense as ⟨x(T )⟩ from (47) is a functional of ȳ(t).

It is easy to compute Ψ[λ, κ] in Gaussian approximation. It reads: Ψ_{Gauss}[λ, κ] = e^{i2 ∫ dp(λ(p),κ(p))D(p)(λ(−p),κ(−p))T} (52) where D(p) = ( Π(p) Δ(p) Δ(p) Π^5(p) ) (53)

with the components

Π(p) = i ∫ dx e^{ipx}⟨T {j_μ(x)j_ν (0)}⟩ n^μn^ν (54)

Π^5(p) = i ∫ dx e^{ipx} ⟨T {η(x)η(0)}⟩ (55) Δ(p) = e^2 2π^2 n^μp^αF̃_{αμ} · N_cTrQ^2 (56)

The non-diagonal terms of the matrix D(p) arise due to correlation of fluctuations of the quantities of opposite P-parity in external abelian field.

To make the above picture suitable for concrete computations let us take a model profile for the κ-field, corresponding to the measurement taking place inside 3-dimensional ”decoherence volume” V ∼ R^3 for the time period τ starting from the moment t = 0. We chose Gaussian Ansatz

κ(t, x) = κ · f(t, x) = κ · exp ( −x^2/2R^2 ) exp ( −t^2/2τ^2 ) (57)

It leads to the following expression for the current parallel to magnetic field: ⟨j_3(t, x)⟩[0, κ] = −κB · ( N_cTrQ^2 2π^2 ) · ( t · f(t, x) τ^2 ) ·e^{− ∫ dp κ(p)ℑ{Π5(p)}κ(−p)} (58) where we switched off the P-even filter (λ = 0), but has kept the P-odd one. The above expression is a generalization of (2). The current is linear both in κ and in B and vanishes being integrated over κ in symmetric limits. Notice that due to the form-factor the current flows only inside the volume (where the measurement has been done).

Expression (58) remarkably demonstrates two different faces of decoherence (see, e.g [33]). On one hand, the mere existence of this quantum current is due to classical nature of the field κ. On the other hand, the last exponent in the right hand side of (58) is responsible for current damping due to decoherence. This is analogous to measuring electric current by applying external electromagnetic field. If the field is weak and/or momentum of its dominant Fourier modes k is small, linear response theory works well and one gets conductivity as proportionality coefficient between applied field and induced current via Green-Kubo formula. If however the quanta of the field have k^2 > 4m^2, they decay into real charged particles with the mass m instead of being absorbed by charged current carriers and the linear response picture is not valid anymore. Quantitatively this process is controlled by the discussed factor with the imaginary part of the corresponding polarization operator in the exponent.

The relevance of this exponential damping depends on particular form of ℑ{Π^5(p)}. It is clear, for example, that the presence of mass gap, i.e. if ℑ{Π^5(p)} = 0 for p^2 < m^2_∗ makes this effect exponentially small for τm_∗ ≫ 1 since κ(p) falls off exponentially for large p. In massless case, on the other hand, the suppression can be important since it causes a maximum value for κ - roughly speaking, impossibility to apply ”too strong” classical field to the system, in some analogy with a famous Schwinger’s picture of electronpositron pairs creation in strong electric field.

On the other hand, maximizing (58) with respect to t, x and κ, and using the notation from (2) we come to expression for maximal possible effective μ_5 in our model (taking into account three quark flavors):

μ^{eff}_5 =

0.17 τ √ ζ(τ, R) (59)

where dimensionless factor ζ(τ, R) is given by

ζ(τ, R) = (2π)^4(R^3τ)^2 ∫ d^4p (2π)^4

ℑ{Π^5(p)} exp ( −p^2R^2 − p_0^2τ^2 ) (60)

Actual value of ζ(τ, R) in finite temperature case is determined by interplay of three length scales: R, cτ, (α_sT )^{−1}. For them being of the same order one would expect ζ(τ, R) ∼ O(1) on dimensional grounds. Thus μ^{eff}_5 is given parametrically by the inverse measurement time scale τ. This can be rephrased using the language of energy-time uncertainty principle: μ^{eff}_5 has a meaning of energy difference between left and right handed fermions; one expects to have this quantity of the order τ^{−1} if the measurement took time τ. It is physically clear, however, that at times larger than the life time of strong magnetic field, which does not exceed 0.2-0.3 Fm/c [9], the above picture has no sense because there is no magnetic field. Thus we estimate maximal effective μ^{eff}_5 in the ballpark of 100-200 MeV for realistic heavy ions collision conditions.

There is no commonly accepted way to relate the above results for the current and final particle distributions (33) in quantitative way. The problem is that the event average ⟨(a_+ − a_−)^2⟩_e related to the current fluctuations orthogonal to the reaction plane is, obviously, always positive, even without any magnetic field. True asymmetry of interest is encoded in the ratios like (36), which, however, require independent knowledge of quantities ⟨(v_{1,+} − v_{1,−})^2⟩_e, having nothing to do with CME. Thus a systematic way to proceed could be to compute thermal averages of higher order terms ⟨j^2_1 ⟩, ⟨j^2_3 ⟩ with realistic time-dependent magnetic field and pseudoscalar filter field. There will be magnetic field-dependent contribution to the latter quantity given by (58) squared (compare with [35]). Then one would expect

⟨(a_+ − a_−)^2⟩_e − ⟨(v_{1,+} − v_{1,−})^2⟩_e ⟨(a_+ − a_−)^2⟩_e + ⟨(v_{1,+} − v_{1,−})^2⟩_e = ⟨j^2_3 ⟩ − ⟨j^2_1 ⟩ ⟨j^2_3 ⟩ + ⟨j^2_1 ⟩

(61)

This study is a subject of future work.

It is instructive to discuss the physical meaning of the κ field from another prospective. Like in (45), this field encodes classical dynamics of a measuring apparatus responsible for a measurement process. In quantum mechanical example above it is the width of a corresponding quantum corridor. Of course experimentally this corridor must be realized as some boundaries, external potentials or alike. One can imagine ”event by event” experimental setup where this parameter fluctuates according to its own distribution. What is important however is that in a given experimental ”event” it assumes to take some particular value (controlled or measured by some other device), and perhaps some different value in another event later in time and so on. This is principally different from quantum case where a picture of some quantum observable ”fluctuating in time” is just wrong - all quantum histories coexist simultaneously at any given moment until the measurement is done.

Coming back to quantum field theoretical context, one could think of the classical pseudoscalar field κ(y) in (49) as just the standard θ-term introducing CP-violation by hand. In fact however its meaning is different. This field corresponds to nothing but classicalization of some 0^−-degrees of freedom in the problem. By no means one should think about them only as instantons or any other classical configurations. Correspondingly, (58) is to be understood in distributional sense: if in a given event some pseudoscalar degrees of freedom have been classicalized (and quantitatively the amount of this is encoded in κ(y)) then there is the electric current in the system given by (58).

The above formalism is of course unable to provide a detailed microscopic picture of such classicalization. However one can rely on general arguments from Color Glass Condensate theory (see e.g. [34] and references therein). The key point is a transition from quantum fluctuations to classical (and hence space-time dependent) ones at large occupation numbers. In terms of the field η(x) (48) this corresponds to transition from genuine quantum (vacuum) case when ⟨η(x)⟩ = 0 identically for any x (local P-parity conservation) to classically fluctuating (with some distribution) field η_{cl}(x) ≠ 0 with globally conserved P-parity ∫ dx η_{cl}(x) = 0. 5. Conclusion

We discussed the phenomenon of CME using the ideas of quantum measurements theory. First, it was shown that in the simplest case of free massless fermions the nonzero asymmetry of electric current fluctuations in magnetic field is detected by the standard Unruh–DeWitt detector at rest. This asymmetry (25) is of desired sign (i.e. detector clicks more often measuring current components along the field than in perpendicular plane) but numerically it is rather weak for usual thermal fluctuations even in its maximum. We find it remarkable that this asymmetry is exactly quadratic in magnetic field B and gets no higher order corrections. Despite the effect is not linear in B as conventional (abelian) triangle anomaly is, its origin can be traced to the same asymmetry in the fermion Green’s function in the magnetic field which is responsible for CME in the standard approach. Second, taking into account singlet axial vector current non-conservation due to nonabelian anomaly, we computed the electric current (58) along magnetic field under assumption that particular P-odd quantity (dual field to the topological charge density in our example) can be treated as external (classical). This can be understood as a model for chiral chemical potential μ_5 generation in quark-gluon dense and hot medium via decoherence along well known line of thought about classical features of intense gluon field in this system.

Acknowledgements The author acknowledges useful discussions with A.Andrianov, A.Gorsky, D.Kharzeev, M.Polikarpov and V.Zakharov on various topics of strong interaction physics in external abelian fields.

References

[1] C. Vafa and E. Witten, “Restrictions on Symmetry Breaking in Vector- Like Gauge Theories,” Nucl. Phys. B 234 (1984) 173.

[2] C. Vafa and E. Witten, “Parity Conservation in QCD,” Phys. Rev. Lett.

53 (1984) 535.

[3] M. Dey, V. L. Eletsky and B. L. Ioffe, “Mixing of vector and axial mesons at finite temperature: an Indication towards chiral symmetry restoration,” Phys. Lett. B 252 (1990) 620.

[4] L. D. McLerran, E. Mottola and M. E. Shaposhnikov, “Sphalerons And Axion Dynamics In High Temperature Qcd,” Phys. Rev. D 43 (1991) 2027.

[5] D. Kharzeev, R. D. Pisarski and M. H. G. Tytgat, “Possibility of spontaneous parity violation in hot QCD,” Phys. Rev. Lett. 81, 512 (1998) [arXiv:hep-ph/9804221].

[6] D. Kharzeev and R. D. Pisarski, “Pionic measures of parity and CP violation in high energy nuclear collisions,” Phys. Rev. D 61, 111901 (2000) [arXiv:hep-ph/9906401].

[7] D. Kharzeev, A. Krasnitz and R. Venugopalan, “Anomalous chirality fluctuations in the initial stage of heavy ion collisions and parity odd bubbles,” Phys. Lett. B 545, 298 (2002) [arXiv:hep-ph/0109253].

[8] D. Kharzeev, “Parity violation in hot QCD: Why it can happen, and how to look for it,” Phys. Lett. B 633, 260 (2006) [arXiv:hep-ph/0406125].

[9] V. Skokov, A.Yu. Illarionov, V. Toneev, “Estimate of the magnetic field strength in heavy-ion collisions,” Int. J. Mod. Phys. A24, 5925 (2009) [arXiv:0907.1396]

[10] A. Vilenkin, “Equilibrium Parity Violating Current In A Magnetic Field,” Phys. Rev. D 22 (1980) 3080.

[11] D. E. Kharzeev, “Chern-Simons current and local parity violation in hot QCD matter,” Nucl. Phys. A 830, 543C (2009) [arXiv:0908.0314 [hep-ph]].

[12] D. E. Kharzeev and H. J. Warringa, “Chiral Magnetic conductivity,” Phys. Rev. D 80, 034028 (2009) [arXiv:0907.5007 [hep-ph]].

[13] H. B. Nielsen and M. Ninomiya, “Adler-bell-jackiw Anomaly And Weyl Fermions In Crystal,” Phys. Lett. B 130 (1983) 389.

[14] D. T. Son and P. Surowka, “Hydrodynamics with Triangle Anomalies,” Phys. Rev. Lett. 103 (2009) 191601 [arXiv:0906.5044 [hep-th]].

[15] A. V. Sadofyev, V. I. Shevchenko and V. I. Zakharov, “Notes on chiral hydrodynamics within effective theory approach,” Phys. Rev. D 83 (2011) 105025 [arXiv:1012.1958 [hep-th]].

[16] S. L. Adler, “Axial vector vertex in spinor electrodynamics,” Phys. Rev.

177 (1969) 2426.

[17] J. S. Bell and R. Jackiw, “A PCAC puzzle: pi0 –¿ gamma gamma in the sigma model,” Nuovo Cim. A 60 (1969) 47.

[18] M. Giovannini and M. E. Shaposhnikov, “Primordial magnetic fields, anomalous isocurvature fluctuations and big bang nucleosynthesis,” Phys. Rev. Lett. 80, 22 (1998) [arXiv:hep-ph/9708303].

[19] S. A. Voloshin, “Parity violation in hot QCD: How to detect it,” Phys.

Rev. C 70, 057901 (2004) [arXiv:hep-ph/0406311].

[20] V. D. Orlovsky and V. I. Shevchenko, “Towards a quantum theory of chiral magnetic effect,” Phys. Rev. D 82 (2010) 094032 [arXiv:1008.4977 [hep-ph]].

[21] C. Schubert, “Vacuum polarization tensors in constant electromagnetic fields. Part 2.,” Nucl. Phys. B 585 (2000) 429 [hep-ph/0002276].

[22] A. Gynther, K. Landsteiner, F. Pena-Benitez and A. Rebhan, “Holographic Anomalous Conductivities and the Chiral Magnetic Effect,” JHEP 1102 (2011) 110 [arXiv:1005.2587 [hep-th]].

[23] S. L. Adler and W. A. Bardeen, “Absence of higher order corrections in the anomalous axial vector divergence equation,” Phys. Rev. 182 (1969) 1517.

[24] V. Braginsky, F. Khalili, Quantum Measurement, Cambridge University Press, 1992.

[25] N. D. Birrell, P. C. W. Davies, Quantum fields in curved space, Cambridge University Press, 1984

[26] C. H. G. Bessa, J. G. Duenas and N. F. Svaiter, “Accelerated detectors in Dirac vacuum: the effects of horizon fluctuations,” arXiv:1204.0022 [hep-th].

[27] J. S. Schwinger, “On gauge invariance and vacuum polarization,” Phys.

Rev. 82 (1951) 664.

[28] T. Padmanabhan and T. P. Singh, “Response Of An Accelerated Detector Coupled To The Stress - Energy Tensor,” Class. Quant. Grav. 4 (1987) 1397.

[29] B. Abelev et al. [ALICE Collaboration], “Charge separation relative to the reaction plane in Pb-Pb collisions at √ s_{NN} = 2.76 TeV,” arXiv:1207.0900 [nucl-ex].

[30] Y. .A. Simonov and J. A. Tjon, “The Feynman-Schwinger representation in QCD,” Annals Phys. 300 (2002) 54 [hep-ph/0205165].

[31] R. P. Feynman and F. L. Vernon, Jr., “The Theory of a general quantum system interacting with a linear dissipative system,” Annals Phys. 24 (1963) 118 [Annals Phys. 281 (2000) 547].

[32] E. Calzetta and B. L. Hu, “Correlations, decoherence, dissipation, and noise in quantum field theory,” hep-th/9501040.

[33] H.-P. Breuer, F. Petruccione, The theory of open quantum systems, Oxford University Press, 2002

[34] L. McLerran, “The CGC and the Glasma: Two Lectures at the Yukawa Insitute,” Prog. Theor. Phys. Suppl. 187 (2011) 17 [arXiv:1011.3204 [hep-ph]].

[35] K. Fukushima, D. E. Kharzeev and H. J. Warringa, “Electric-current Susceptibility and the Chiral Magnetic Effect,” Nucl. Phys. A 836 (2010) 311 [arXiv:0912.2961 [hep-ph]].