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Abstract

:

Relativistic heavy ion collisions represent an arena for the probe of various anomalous transport effects. Those effects, in turn, reveal the correspondence between the solid state physics and the high energy physics, which share the common formalism of quantum field theory. It may be shown that for the wide range of field–theoretic models, the response of various nondissipative currents to the external gauge fields is determined by the momentum space topological invariants. Thus, the anomalous transport appears to be related to the investigation of momentum space topology—the approach developed earlier mainly in the condensed matter theory. Within this methodology we analyse systematically the anomalous transport phenomena, which include, in particular, the anomalous quantum Hall effect, the chiral separation effect, the chiral magnetic effect, the chiral vortical effect and the rotational Hall effect.
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1. Introduction


It is expected that the family of the non-dissipative transport effects [1,2,3,4,5,6,7,8] will be observed in non-central heavy ion collisions. The fireballs appearing during those collisions exist in the presence of both magnetic field and rotation [9,10,11,12]. It is worth mentioning that the same or similar effects have been considered for the Dirac and Weyl semimetals [13,14,15,16,17,18,19,20]. The mentioned family consists of the chiral separation effect (CSE) [3,21], the chiral vortical effect (CVE) [22], the anomalous quantum Hall effect (AQHE) [18,23,24], and some other similar phenomena. Besides, the Chiral Magnetic Effect (CME) has been widely discussed [25,26,27,28,29,30].



The naive “derivations” of the above-mentioned effects using the non-regularized continuous field theory have been presented in some of the above-mentioned publications. Later, the above-mentioned naive derivations were reconsidered (see, for example, [5,6,7,8], where the corresponding problems were treated using numerical simulations within the rigorous lattice regularization). The majority of the above-mentioned non-dissipative transport effects were confirmed. However, it was shown, for example, that the equilibrium CME does not exist. The CME may, though, survive as a non-equilibrium kinetic phenomenon-see, for example, [31,32]. In the context of condensed matter theory, the absence of the equilibrium version of the CME was confirmed within the particular model of Weyl semimetal [14]. The same conclusion has also been obtained using the no–go Bloch theorem [33] (still there is no direct proof of this theorem for the general case of the quantum field theory). The other proof was given in [34,35]. It is based on the lattice version of Wigner-Weyl formalism [36,37,38,39]. This approach also allows one to derive the AQHE [34] in   3 + 1   D Weyl semimetals, and the CSE [40] in the lattice regularized quantum field theory. In addition, it allows to derive the axial current of the CVE for the massless fermions at zero temperature. This technique is reviewed below. Its key point is the intimate relation between momentum space topological invariants and nondissipative currents.



Among the other applications of momentum space topology we mention the investigation of bulk-boundary correspondence for the topological insulators and the question of Fermi surface stability. Besides, this approach is important for the study of fermion zero modes that reside on vortices [41,42]. In [43], the Momentum space topology of QCD was considered while in [44] this approach was applied to Standard Model fermions.




2. Momentum Representation of Lattice Models


Following [34,35] we start here from the lattice model with the partition function


  Z = ∫ D  ψ ¯  D ψ  exp  −  ∫ M     d D  p   | M |     ψ ¯  T   ( p )    G   − 1    ( p )  ψ  ( p )   ,  



(1)




where integration is over the fields defined in momentum space.   | M |   is its volume,   D = 4  .   ψ ¯   and  ψ  are the anticommuting Grassmann variables.  G  is the one-particle Green function. For the Wilson fermions it is equal to   G  ( p )  = − i    ∑ k   γ k   g k   ( p )  − i m  ( p )    − 1    , with the Euclidean Dirac matrices   γ k  . while    g k   ( p )    and   m ( p )   (  k = 1 , 2 , 3 , 4  ) are    g k   ( p )  = sin   p k  ,  m  ( p )  =  m  ( 0 )   +  ∑  a = 1 , 2 , 3 , 4    ( 1 − cos   p a  )   . In coordinate space we have   ψ  ( r )  =  ∫ M     d D  p   | M |    e  i p r   ψ  ( p )   . This expression gives the values of the fermionic field defined on the lattice sites. However, it also defines the values of this field for the continuous coordinates r. Then the partition function receives the form


  Z = ∫ D  ψ ¯  D ψ  exp  −  ∑  r n     ψ ¯  T   (  r n  )    G   − 1    ( − i  ∂ r  )  ψ  ( r )   |  r =  r n     .  



(2)







The sum in this expression is over the lattice sides   r n  . At the same time   − i  ∂ r    is applied to the defined above function   ψ ( r )   of real-valued coordinates.




3. External Gauge Field in Momentum Space: Chiral Magnetic Effect


The CME was originally understood as the equilibrium phenomenon—the appearance of electric current in the presence of magnetic field in the system of massless fermions with chiral imbalance. The latter has been introduced with the aid of the chiral chemical potential. The early derivations of the CME [30] dealt with the non-regularized continuum field theory, in which the chiral chemical potential was considered on the same grounds as the ordinary one. Namely, it was supposed that it results in the appearance of the two distinct Fermi surfaces for the left-handed and the right-handed fermions. The more rigorous consideration discussed here relies on the lattice regularized version of the theory. If the chiral chemical potential is introduced to this theory, the Fermi surface does not appear. Instead, the fermions become gapped, and the method discussed below of the electric current calculation may be applied.



Let us add to the lattice system described above the external gauge field potential   A ( x )  . The slightly modified partition function of the resulting model receives the form [34,35]


     Z = ∫ D  ψ ¯  D ψ  exp  −  ∫ M     d D  p   | M |     ψ ¯  T   ( p )   Q ^   ( i  ∂ p  , p )  ψ  ( p )   .     



(3)







It differs from the precise expression by terms that disappear in continuum limit. In the above expression    Q ^  =   G   − 1    ( p − A  ( i   ∂  p   )  )    while operator   A ( i  ∂ p  )   represents the gauge field   A ( r )   as a function of coordinates r. Instead of the coordinate r, we substitute the differential operator   i  ∂ p   . The products of the components of   p − A ( i   ∂  p   )   are symmetrized [34].



In order to calculate Electric current we consider variation of external Electromagnetic field. The corresponding variation of effective action gives


      j k   ( R )     =     ∫ M     d D  p    ( 2 π )  D    Tr   G ˜   ( R , p )   ∂  ∂  p k        G ˜   ( 0 )    ( R , p )    − 1   .     



(4)







This expression contains Wigner transformation    G ˜   ( R , p )  =  ∑  r =  r n     e  − i p r   G  ( R + r / 2 , R − r / 2 )    of the Green function


     G (  r 1  ,  r 2  )    =     1 Z  ∫ D  Ψ ¯  D Ψ   Ψ ¯   (  r 2  )  Ψ  (  r 1  )  exp  −  ∑  r n     Ψ ¯   (  r n  )      G   − 1    ( − i  ∂ r  − A  ( r )  )  Ψ  ( r )    r =  r n      ,     








while     G ˜   ( 0 )    ( R , p )  = G  ( p − A  ( R )  )   .



The linear response of electric current to electromagnetic field has the form


      j  ( 1 ) k    ( R )     =     1  4  π 2     ϵ  i j k l    M l   A  i j    ( R )  ,   M l  =  ∫    Tr   ν l    d 4  p ,     



(5)






     ν l    =    −  i  3 !  8  π 2      ϵ  i j k l     G   ∂   G   − 1     ∂  p i      ∂ G   ∂  p j      ∂   G   − 1     ∂  p k     .     



(6)







All components of  M  are the topological invariants. When the system is changed smoothly, they are not changed unless the phase transition is encountered.



In the presence of the chiral chemical potential   μ 5  , the Green function receives the form [35]:


    G     ( p )  =    ∑ k   γ k   g k   ( p )  + i  γ 4   γ 5   μ 5  − i m  ( p )    − 1   .  



(7)







Functions    g k   ( p )    and   m ( p )   are real-valued,   k = 1 , 2 , 3 , 4  . At    μ 5  = 0   there is the pole of  G . This means the presence of massless excitation. As mentioned above, for the nonzero   μ 5  , the fermions become gapped.



 G  of Equation (7) is to be substituted to Equation (6). Thus, one obtains an expression for the linear response of electric current to external magnetic field. If there is the CME, this response would be proportional to the chiral chemical potential. However, we prove that it is equal to zero identically. The sketch of the proof is as follows. For the lattice regularization of the QFT with Wilson fermions, we modify the system continuously starting from the state with    μ 5  ≠ 0   and zero mass. This way we move it to the state with    μ 5  = 0   and nonzero mass. The value of   M 4   (responsible for the CME), being the topological invariant, is not changed during this modification. For the latter system    M 4  = 0  . This proves the absence of the equilibrium version of CME [35].



It is worth mentioning that the non-equilibrium version of the CME still may exist. Negative magnetoresistance in Dirac semimetals (see, for example, [31]) is often associated with such a version of the CME. Besides, we would like to note the following paper on the non-equilibrium dynamics of the CME [45].




4. Anomalous Quantum Hall Effect


The AQHE is the appearance of the electric current orthogonal to the applied electric field without the external magnetic field. It is generally believed that this effect is related to the internal topology of the material. In the non-interacting two-dimensional systems the AQHE conductivity is proportional to the so-called TKNN invariant [23] composed of the Berry curvature. In the interacting 2D systems, this conductivity is given by the invariant composed of the Green functions [41], which is reduced to the TKNN invariant in the non-interacting case. We extend the relation between the topological invariants and the AQHE conductivity to the three dimensional systems.



Namely, in the   3 + 1   D systems, the Hall current is given by [34]


    j   H a l l  k  =  1  4  π 2       M  l ′    ϵ  j k l    E j  ,  



(8)




where


      M  l ′    =     1  3 !  4  π 2      ϵ  i j k l     ∫      d 4  p  Tr  G   ∂   G   − 1     ∂  p i      ∂ G   ∂  p j      ∂   G   − 1     ∂  p k     .     



(9)







For the condensed matter system with the Green function     G   − 1   = i ω −  H ^   ( p )    (where   H ^   is the one-particle Hamiltonian), the topological invariant    M  l ′   with   l ≠ 4   may be expressed as follows     M  l ′  =   ϵ  i j l    4 π    ∑ occupied   ∫  d 3  p   F  i j    . Here the sum is over the occupied branches of spectrum, while   F  i j    is the Berry curvature.



From Equation (8) it follows that in Weyl semimetals, each pair of Weyl fermions contributes to the AQHE current:


    j   H a l l  k  =  β  2  π 2      ϵ  j k 3    E j  .  



(10)







It is assumed here that the given pair of the Weyl points is situated along the z axis.  β  is the distance between them. This result confirms the expressions obtained earlier using the non-regularized naive theory.



In [34], the method was proposed that allows to calculate the topological invariant responsible for the AQHE in the 3D materials for the wide class of the systems with   2 × 2   and   4 × 4   Green functions. In the same paper, the topological insulators of certain types were discussed, in which there is the AQHE, and the resulting Hall current is proportional to one of the vectors of the reciprocal lattice. The similar models were also considered earlier using the other methods in [46], where the authors draw the same conclusion about the existence of the AQHE. In [34], using the Wigner-Weyl formalism, it has also been shown that the insulator state, which admits the AQHE, is accompanied by the surface Fermi lines. In the   3 + 1   D Weyl semimetals, those Fermi lines are reduced to the Fermi arcs connecting the bulk Weyl points in accordance to the results obtained earlier via the more conventional methods.




5. Chiral Separation Effect


The CSE was proposed in [21]. It is the appearance of the axial current in the presence of the external magnetic field in the fermionic system with free charge carriers caused by chemical potential or temperature. The early derivations of this effect were very much similar to the early derivations of the equilibrium CME. Therefore, the analysis reported in Section 3 prompts that the existence of the CSE should be checked carefully. The careful consideration within the lattice regularized theory confirms the existence of this effect and relates it in the massless case for vanishing temperature to the topological invariant in momentum space responsible for the stability of the Fermi points.



For the theory in lattice regularization, there are many different definitions of axial current that give   〈  ψ ¯   γ μ   γ 5  ψ 〉   in the continuum limit. The definition proposed in [40] reads


      j  5 k    ( R )     =     ∫ M     d D  p    ( 2 π )  D    Tr   γ 5    G ˜   ( R , p )   ∂  ∂  p k        G ˜   ( 0 )    ( R , p )    − 1   ,     



(11)




where


       G ˜   ( 0 )    ( R , p )  = G  ( p − A  ( R )  )  .     



(12)







We regularize the infrared divergencies via finite temperature. Correspondingly, the momenta are given by


   p i  ∈  ( 0 , 2 π )  ;   p 4  =   2 π   N t    (  n 4  + 1 / 2 )  .  



(13)







Here   i = 1 , 2 , 3   and    n 4  = 0 , … ,  N t  − 1  . In lattice units the temperature is   T = 1 /  N t   . The Matsubara frequencies are    p 4  =  ω n  = 2 π T  ( n + 1 / 2 )   , where   n = 0 , 1 , … ,  N t  − 1  . The axial current is given by


     j  5 k     =    −  i 2  T  ∑  n = 0    N t  − 1   ∫    d 3  p    ( 2 π )  3   Tr   γ 5   ( G  (  ω n  , p )   ∂  p i     G   − 1    (  ω n  , p )   ∂  p j   G  (  ω n  , p )   ∂  p k     G   − 1    (  ω n  , p )  )   F  i j   .     



(14)







The chemical potential is added via modification    ω n  →  ω n  − i μ  . Suppose that   {  γ 5  , G } = 0   are close to the poles of the Green function. Then [40]


   j  5 k   =   N   ϵ  i j k     4  π 2     F  i j   μ ,  



(15)




at   T → 0  . Here we encounter the following topological invariant


    N   =      ϵ  i j k   12   ∫ Σ     d 3  p    ( 2 π )  2   Tr   γ 5  G  (  ω   , p )   ∂  p i     G   − 1    (  ω   , p )   ∂  p j   G  (  ω   , p )   ∂  p k     G   − 1    (  ω   , p )  .     



(16)







 Σ  is the hypersurface embracing the poles of the Green function. It is supposed that the volume of this hypersurface is infinitely small. For the lattice model, which gives rise to one Dirac fermion in the continuum limit, we obtain   N = 1  . This confirms the previously-obtained expression for the CSE.



In [40], it has been shown that the naive continuum derivation of the CSE is ambiguous, and the ambiguities are related to the difference in the order of the integration over the 3-momenta and the summation over the Matsubara frequencies. If the sum is performed first, and the integral is calculated later on, then there are no divergencies while the expression of [21] for the CSE is reproduced. At the same time, if the order is inverse, then the resulting expression is not well defined. This consideration demonstrates the necessity to consider the rigorous ultraviolet regularization. However, the analysis reported above demonstrates that the conventional expression for the CSE does appear for the lattice regularized systems of massless Dirac fermions.




6. Rotational Hall Effect


In [47], the new non-dissipative transport effect was proposed—the rotational Hall effect (RHE). Let us suppose that the fermionic system is rotated, and the angular velocity  Ω  depends on the distance to the rotation axis r. The system is supposed to be in the steady state with the chemical potential  μ  depending on r. Interactions are neglected. The linear velocity of substance   Ω r   remains smaller than the speed of light (that is 1 in our units). It has been shown in [47] that if the electric field orthogonal to  Ω  is added, then the electric current appears orthogonal both to the electric field and to the axis of rotation.



In [48], it has been proposed that the action corresponding to a macroscopic 4-velocity   u μ   is given by


  S = ∫  d 4  x  ψ ¯   (  γ μ   ( i  ∂ μ  + μ  u μ  )  − M )  ψ .  



(17)







For the case of rotation, we have


   u μ  = γ  ( r )    ( 1 , − Ω  ( r )  y , Ω  ( r )  x , 0 )  T  ,  γ  ( r )  =  1   1 −  Ω 2   ( r )   r 2     .  



(18)







Thus, the emergent Abelian gauge field potential    A μ  = − μ  u μ    appears.



Let us consider the case when there is the electric field   E  e x t    orthogonal to the axis of rotation. We suppose, that    M 2   ≫ | 2 μ Ω | ≫ |   E  e x t    |   ,    μ  l a b   = μ  ( r )  γ  ( r )  = c o n s t  . Then the emergent gauge field is


   A μ  =   ( −  μ  l a b   −  E  e x t   x ,  μ  l a b   Ω  ( r )  y , −  μ  l a b   Ω  ( r )  x , 0 )  T  .  



(19)







It results in magnetic field   B = ( 0 , 0 , − 2  μ  l a b   Ω  ( r )   [ 1 +  1 2    d log  Ω ( r )   d  log  r   ]  )   and electric field   E = (  E  e x t   , 0 , 0 )  . We also assume that    l B  M ≫ 1 ,    d  l B    d r   ∼   d ( 1 /    μ  l a b   Ω   )   d r   ≪ 1  .



The states corresponding to Landau Levels drift along the equipotential lines that are parallel to axis y. The drift velocity is equal to


  V =    E  e x t   × Ω   2  μ  l a b    Ω 2     .  



(20)







It is orthogonal to the electric field and to the axis of rotation.



Using the above-mentioned approach, we are able to consider the quark-gluon plasma with several types of quarks that correspond to chemical potentials   μ f  . At high temperatures, the Hard Thermal Loop approximation [49] allows to calculate the thermodynamic potential   Ω  ( H T L ) Q C D   , which gives electric current directed along the mentioned drift velocity


    j   ( H T L ) Q C D   =  ∑ f    ∂  Ω  ( H T L ) Q C D     ∂  μ f 2     Q f 2     E  e x t   × Ω   Ω 2   .  



(21)







It is worth mentioning that at sufficiently small values of temperature, the nonperturbative contributions to this current are important. However, this is out of the scope of the present paper.




7. Chiral Vortical Effect


CVE was proposed in [22]. This is the appearance of the axial current along the axis of rotation in the presence of chemical potential or temperature. Since rotation in many aspects is similar to the presence of magnetic field, we are able to relate the CVE with the CSE. As a result, the corresponding conductivity also appears to be proportional to the topological invariant in momentum space for the case of vanishing mass and small temperature.



In this section, we start from the description of rotation given above in Section 6. Our consideration follows [50]. In this approach, the Dirac equation that describes fermions in the presence of rotation with angular velocity  Ω  is identical to the Dirac equation in the presence of emergent magnetic field directed along the axis of rotation. Its value is given by   − 2   μ Ω  .



We assume, that the fermions are massless. At this point we are able to use the results of [40] on the Chiral Separation effect. Namely, the axial current along the rotation axis appears given by Equations (15) and (16).



We obtain, therefore, the Chiral Vortical Effect with the axial current given by


   j  5 k   =   N  ϵ  12 k     2  π 2     μ 2  Ω .  



(22)







Topological invariant  N  is expressed by Equation (16).



Notice that at finite temperature, the given description of rotation is not exhaustive. Namely, rotation of the quasiparticles excited due to the finite temperature cannot be described by emergent gauge field   − μ  u ν   . Therefore, we use another rotation description, in which the following term is added to the action (instead of the emergent gauge field   − μ  u ν   )


  δ S = Ω ∫ d t  ω  i j    M  i j   .  











Here    ω  i j   =  ϵ  03 i j     while momentum tensor is given by:


   M  i j   =  1 2  ∫  d 3  x  ψ ¯    γ 0   {  x i  ,   P ^  j  }  −  γ 0   {  x j  ,   P ^  i  }  +  {  γ 0  ,  1 2   Σ  i j   }   ψ .  











This leads to equation


    γ 0  μ +  γ 0  Ω   ϵ  03 i j   2   i  {  x i  ,  ∂ j  }  − i  {  x j  ,  ∂ i  }  +  Σ  i j    + i  γ μ   ∂ μ  − M  ψ = 0 .  



(23)







Comparing this expression with Equation (2.17) of [51], we see that the presented description of rotation is equivalent to the description of the system in rotated reference frame (see also [52]).



In order to avoid the appearance of the linear velocity exceeding the speed of light, we have to consider the system inside the cylinder. At the boundary of the cylinder, the MIT bag conditions are applied


     0 =  ( i  γ μ   n μ  − 1 )    ψ |   r = R   ,     



(24)




where    n μ  =  ( 0 ,  r r  , 0 )    is directed along the radius of the cylinder. These boundary conditions give vanishing electric current across the cylinder surface.



Here we rely on the following definition of the axial current


   j z 5  =  ψ ¯   γ 5   γ 3  ψ .  



(25)







Notice that the definition of Equation (11) is reduced to it in the continuum limit. The Fermi distribution is given by   n  ( w ,  j z  )  =  1   e  β ( w − μ − Ω  j z  )   + 1    . Here   j z   is the z component of the total angular momentum, while   w = E + μ + Ω  j z   , and E is the energy counted from the Fermi level.



Subtracting the contribution of vacuum to rotation we take


  n  ( w ,  j z  )  =   sign  ( w )    e  β  ( w − μ − Ω  j z  )  sign   ( w )    + 1   .  



(26)




and obtain the following axial current


    〈  j z 5   ( r )  〉  β  =  ∑  k , q , sign   ( w )  ,  j z    n  ( w ,  j z  )    ψ ¯   k , q , sign   ( w )  ,  j z     γ 5   γ 3   ψ  k , q , sign   ( w )  ,  j z    .  



(27)







Here   ψ  k , q , sign   ( w )  ,  j z     is the eigenfunction corresponding to the quantum numbers: angular momentum   j z  , z-component of momentum k, radial number q, while    ψ ¯  =   (  ψ *  )  T   γ 0   .



The axial current of Equation (27) is calculated numerically. Our results on the dependence of the axial current on  μ  at the rotation axis ensure that the data are fitted well by Equation (22) if R is large enough and consequently   T ∼ 1 / R   is small enough, while T remains larger than  Ω . Under these conditions, the CVE conductivity obtained for the rotation description of Equation (23) is given by the topological invariant in momentum space. This ensures that the coefficient at the term   ∼  μ 2    in the CVE is topologically protected at vanishing temperature. If we change the system smoothly, this coefficient is not changed. The introduction of interactions is also a kind of the smooth deformation of the system and it also cannot renormalize this coefficient. At large temperature there is not such a remarkable correspondence between the two above-mentioned approaches to the definition of rotation, and this prompts that the corresponding term proportional to   T 2   in the CVE current of [21] may be modified due to the interactions in accordance with the conclusions of [53,54].




8. Conclusions


Above we reviewed the application of momentum space topology to the analysis of anomalous transport reported earlier in our papers [34,35,40,47,50]. This methodology works in the lattice regularized relativistic quantum field theory, and also may be applied to the solid state physics. It appears that the conductivities corresponding to the considered non-dissipative transport phenomena in many cases are proportional to the topological invariants in momentum space. In this way we prove the absence of the equilibrium CME, and describe the axial current of the CSE, and the CVE (for zero temperature). Besides, we describe the AQHE in the   3 + 1   D systems and introduce the new non-dissipative rotational Hall effect. It is worth mentioning that for the nonzero fermion mass, the corrections to the CSE appear that break the discussed relation to the topological invariants in momentum space (see, for example, [3,4]). This does not contradict our results because we relate the CSE conductivity to the topological invariant in the massless case only. The same refers also to the mass and temperature corrections to the CVE, discussed in [50,53,54].



The mentioned phenomena may be relevant for the description of the fireballs that appear during the non-central heavy ion collisions. Those fireballs are widely believed to be in the semi-equilibrium steady state. In addition, the kinematics of the heavy ion collisions ensures the presence of the strong magnetic field. Besides, the fireballs are rotated. The temperatures of the appeared fireballs are so large that the quark matter is supposed to be in the quark—gluon plasma phase—the state of matter with almost massless quarks. Their current masses remain, however, for the u and d quarks these masses are several orders of magnitude smaller than their constituent masses inside protons and neutrons. This allows to study the almost massless fermions in the presence of both magnetic field and rotation. This is a suitable arena for the investigation of the CSE, the CVE, and the rotational Hall effect (RHE).



The non-dissipative transport effects are also relevant for the physics of the electronic quasiparticles in solids. The AQHE is typical for the three-dimensional Weyl semimetals that were predicted and discovered recently, and also for a certain class of topological insulators, which is not yet discovered experimentally. The CSE may also be relevant for the solid state physics. In particular, this effect is to be present in the Weyl/Dirac semimetals, where the emergent Dirac quasiparticles are massless. It is worth mentioning that the methods for the observation of axial current in the Weyl/Dirac semimetals are not yet developed and this complicates the experimental observation of the CSE in those materials. Finally, we would like to notice the reach perspectives for the investigation of the anomalous transport in Helium–3 superfluid (for details see [41]).







Author Contributions


The work presented in Section 2, Section 3, Section 4 and Section 6 has been performed by M.Z. The work presented in Section 5 was done by Z.K. and M.Z. The work presented in Section 7 was performed by R.A., Z.K. and M.Z. The general supervision of the project: M.Z.




Funding


The work of Z.K. was supported by Russian Science Foundation Grant No 16-12-10059.




Acknowledgments


M.Z. kindly acknowledges numerous discussions with Volovik, G.E. M.Z. and Z.K. are grateful to Chernodub, M.N. for useful discussions. R.A. is grateful for useful comments to Zakharov, V.I.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations


The following abbreviations are used in this manuscript:





	CME
	Chiral Magnetic Effect



	CSE
	Chiral Separation Effect



	AQHE
	Anomalous Quantum Hall Effect



	CVE
	Chiral Vortical Effect



	RHE
	Rotational Hall Effect







References


	



Landsteiner, K.; Megias, E.; Pena-Benitez, F. Anomalous Transport from Kubo Formulae. Lect. Notes Phys. 2013, 871. [Google Scholar] [CrossRef]

	



Chernodub, M.N.; Cortijo, A.; Grushin, A.G.; Landsteiner, K.; Vozmediano, M.A. A condensed matter realization of the axial magnetic effect. Phys. Rev. B 2014, 89, 081407(R). [Google Scholar] [CrossRef]

	



Gorbar, E.V.; Miransky, V.A.; Shovkovy, I.A.; Sukhachov, P.O. Chiral separation and chiral magnetic effects in a slab: The role of boundaries. Phys. Rev. B 2015, 92, 245440. [Google Scholar] [CrossRef]

	



Miransky, V.A.; Shovkovy, I.A. Quantum field theory in a magnetic field: From quantum chromodynamics to graphene and Dirac semimetals. Phys. Rept. 2015, 576. [Google Scholar] [CrossRef]

	



Valgushev, S.N.; Puhr, M.; Buividovich, P.V. Chiral Magnetic Effect in finite-size samples of parity-breaking Weyl semimetals. In Proceedings of the Lattice 2015 conference, Kobe, Japan, 14–18 July 2015. [Google Scholar]

	



Buividovich, P.V.; Puhr, M.; Valgushev, S.N. Chiral magnetic conductivity in an interacting lattice model of parity-breaking Weyl semimetal. Phys. Rev. B 2015, 92, 205122. [Google Scholar] [CrossRef]

	



Buividovich, P.V. Spontaneous chiral symmetry breaking and the Chiral Magnetic Effect for interacting Dirac fermions with chiral imbalance. Phys. Rev. D 2014, 90, 125025. [Google Scholar] [CrossRef]

	



Buividovich, P.V. Anomalous transport with overlap fermions. Nucl. Phys. A 2014, 925. [Google Scholar] [CrossRef]

	



Csernai, L.P.; Magas, V.K.; Wang, D.J. Flow Vorticity in Peripheral High Energy Heavy Ion Collisions. Phys. Rev. C 2013, 87, 034906. [Google Scholar] [CrossRef]

	



Becattini, F. A study of vorticity formation in high energy nuclear collisions. Eur. Phys. J. C 2015, 75. [Google Scholar] [CrossRef][Green Version]

	



Jiang, Y.; Lin, Z.W.; Liao, J. Rotating quark-gluon plasma in relativistic heavy ion collisions. Phys. Rev. C 2016, 94, 044910. [Google Scholar] [CrossRef]

	



Deng, W.T.; Huang, X.G. Vorticity in Heavy-Ion Collisions. Phys. Rev. C 2016, 93, 064907. [Google Scholar] [CrossRef]

	



Parameswaran, S.; Grover, T.; Abanin, D.; Pesin, D.; Vishwanath, A. Probing the chiral anomaly with nonlocal transport in Weyl semimetals. Phys. Rev. X 2014, 4, 031035. [Google Scholar]

	



Vazifeh, M.M.; Franz, M. Electromagnetic Response of Weyl Semimetals. Phys. Rev. Lett. 2013, 111, 027201. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Chen, Y.; Wu, S.; Burkov, A. Axion response in Weyl semimetals. Phys. Rev. B 2013, 88, 125105. [Google Scholar] [CrossRef]

	



Chen, Y.; Bergman, D.; Burkov, A. Weyl fermions and the anomalous Hall effect in metallic ferromagnets. Phys. Rev. B 2013, 88, 125110. [Google Scholar] [CrossRef]

	



Ramamurthy, S.T.; Hughes, T.L. Patterns of electro-magnetic response in topological semi-metals. Phys. Rev. B 2014, 92, 085105. [Google Scholar] [CrossRef]

	



Zyuzin, A.A.; Burkov, A.A. Topological response in Weyl semimetals and the chiral anomaly. Phys. Rev. B 2012, 86, 115133. [Google Scholar] [CrossRef]

	



Pallab, G.; Sumanta, T. Axionic field theory of (3 + 1)-dimensional Weyl semi-metals. Phys. Rev. B 2013, 88, 245107. [Google Scholar] [CrossRef]

	



Liu, C.-X.; Ye, P.; Qi, X.-L. Chiral gauge field and axial anomaly in a Weyl semimetal. Phys. Rev. B 2013, 87, 235306. [Google Scholar] [CrossRef]

	



Metlitski, M.A.; Zhitnitsky, A.R. Anomalous Axion Interactions and Topological Currents in Dense Matter. Phys. Rev. D 2005, 72, 045011. [Google Scholar] [CrossRef]

	



Vilenkin, A. Equilibrium parity-violating current in a magnetic field. Phys. Rev. D 1980, 22, 3080. [Google Scholar] [CrossRef]

	



Thouless, D.J.; Kohmoto, M.; Nightingale, M.P.; den Nijs, M. Quantized Hall Conductance in a Two-Dimensional Periodic Potential. Phys. Rev. Lett. 1982, 49, 405. [Google Scholar] [CrossRef]

	



Qi, X.-L.; Hughes, T.L.; Zhang, S.-C. Topological field theory of time-reversal invariant insulators. Phys. Rev. B 2008, 78, 195424. [Google Scholar] [CrossRef][Green Version]

	



Fukushima, K.; Kharzeev, D.E.; Warringa, H.J. Chiral magnetic effect. Phys. Rev. D 2008, 78, 074033. [Google Scholar] [CrossRef]

	



Kharzeev, D.E. The Chiral Magnetic Effect and Anomaly-Induced Transport. Prog. Part. Nucl. Phys. 2014, 75. [Google Scholar] [CrossRef]

	



Kharzeev, D.E.; Liao, J.; Voloshin, S.A.; Wang, G. Chiral Magnetic Effect in High-Energy Nuclear Collisions—A Status Report. High Energy Phys. 2016. [Google Scholar] [CrossRef]

	



Kharzeev, D.E. Chern-Simons current and local parity violation in hot QCD matter. Nucl. Phys. A 2009, 830. [Google Scholar] [CrossRef]

	



Son, D.T.; Yamamoto, N. Berry curvature, triangle anomalies, and chiral magnetic effect in Fermi liquids. Phys. Rev. Lett. 2012, 109, 181602. [Google Scholar] [CrossRef]

	



Kharzeev, D.E.; Warringa, H.J. Chiral Magnetic conductivity. Phys. Rev. D 2009, 80, 034028. [Google Scholar] [CrossRef]

	



Li, Q.; Kharzeev, D.E.; Zhang, C.; Huang, Y.; Pletikosic, I.; Fedorov, A.V.; Zhong, R.D.; Schneeloch, J.A.; Gu, G.D.; Valla, T. Observation of the chiral magnetic effect in ZrTe5. Nat. Phys. 2016, 12, 550–554. [Google Scholar] [CrossRef]

	



Nielsen, H.B.; Ninomiya, M. Adler-bell-jackiw Anomaly And Weyl Fermions In Crystal. Phys. Lett. B 1983, 130, 389–396. [Google Scholar] [CrossRef]

	



Yamamoto, N. Generalized Bloch theorem and chiral transport phenomena. Phys. Rev. D 2015, 92, 085011. [Google Scholar] [CrossRef]

	



Zubkov, M.A. Wigner transformation, momentum space topology, and anomalous transport. Ann. Phys. 2016, 373. [Google Scholar] [CrossRef]

	



Zubkov, M.A. Absence of equilibrium chiral magnetic effect. Phys. Rev. D 2016, 93, 105036. [Google Scholar] [CrossRef][Green Version]

	



Wigner, E.P. On the quantum correction for thermodynamic equilibrium. Phys. Rev. 1932, 40, 749–759. [Google Scholar] [CrossRef]

	



Zachos, C.; Fairlie, D.; Curtright, T. Quantum Mechanics in Phase Space; World Scientific: Singapore, 2005; ISBN 978-981-238-384-6. [Google Scholar]

	



Littlejohn Robert, G. The semiclassical evolution of wave packets. Phys. Rep. 1986, 138, 193–291. [Google Scholar] [CrossRef][Green Version]

	



Berezin, F.A.; Shubin, M.A. Colloquia Mathematica Societatis Janos Bolyai; North-Holland: Amsterdam, The Netherlands, 1972; p. 21. [Google Scholar]

	



Khaidukov, Z.V.; Zubkov, M.A. Chiral Separation Effect in lattice regularization. Phys. Rev. D 2017, 95, 074502. [Google Scholar] [CrossRef]

	



Volovik, G.E. The Universe in a Helium Droplet; Clarendon Press: Oxford, UK, 2003. [Google Scholar]

	



Volovik, G.E. Topology of quantum vacuum. Lect. Notes Phys. 2013, 870, 343–383. [Google Scholar]

	



Zubkov, M.A. Momentum space topology of QCD. Ann. Phys. 2018, 393, 264–287. [Google Scholar] [CrossRef][Green Version]

	



Volovik, G.E.; Zubkov, M.A. Standard Model as the topological material. New J. Phys. 2017, 19, 015009. [Google Scholar] [CrossRef]

	



Wu, Y.; Hou, D.; Ren, H.C. Field theoretic perspectives of the Wigner function formulation of the chiral magnetic effect. Phys. Rev. D 2017, 96, 096015. [Google Scholar] [CrossRef][Green Version]

	



Klinkhamer, F.R.; Volovik, G.E. Emergent CPT violation from the splitting of Fermi points. Int. J. Mod. Phys. A 2005, 20, 2795–2812. [Google Scholar] [CrossRef]

	



Zubkov, M.A. Hall effect in the presence of rotation. EPL 2018, 121. [Google Scholar] [CrossRef][Green Version]

	



Sadofyev, A.V.; Shevchenko, V.I.; Zakharov, V.I. Notes on chiral hydrodynamics within effective theory approach. Phys. Rev. D 2011, 83, 105025. [Google Scholar] [CrossRef]

	



Andersen, J.O.; Mogliacci, S.; Su, N.; Vuorinen, A. Quark number susceptibilities from resummed perturbation theory. Phys. Rev. D 2013, 87, 074003. [Google Scholar] [CrossRef]

	



Abramchuk, R.; Khaidukov, Z.V.; Zubkov, M.A. Anatomy of the chiral vortical effect. Phys. Rev. D 2018, 98. [Google Scholar] [CrossRef]

	



Chernodub, M.N.; Shinya, G. Interacting Fermions in Rotation: Chiral Symmetry Restoration, Moment of Inertia and Thermodynamics. JHEP01(2017)136. Available online: https://arxiv.org/abs/1611.02598v2 (accessed on 7 December 2018).

	



Ambruş, V.E.; Winstanley, E. Rotating quantum states. Phys. Lett. B 2014, 734. [Google Scholar] [CrossRef]

	



Golkar, S.; Son Dam, T. (Non)-Renormalization of the Chiral Vortical Effect Coefficient. JHEP 2015, 169. [Google Scholar] [CrossRef]

	



Hou, D.; Liu, H.; Ren, H. A Possible Higher Order Correction to the chiral Vortical Conductivity in a Gauge Field Plasma. Phys. Rev. D 2012, 86, 121703(R). [Google Scholar] [CrossRef]







© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  universe-04-00146


  
    		
      universe-04-00146
    


  




  





media/file0.png





