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We show the existence of a new gapless collective excitation in a rotating fluid system with chiral
fermions, named the chiral vortical wave (CVW). The CVW has its microscopic origin at the quantum
anomaly and macroscopically arises from interplay between vector and axial charge fluctuations induced
by vortical effects. The wave equation is obtained both from hydrodynamic current equations and from
chiral kinetic theory, and its solutions show nontrivial CVW-induced charge transport from different initial
conditions. Using the rotating quark-gluon plasma in heavy ion collisions as a concrete example, we show
the formation of an induced flavor quadrupole in quark-gluon plasma and estimate the elliptic flow splitting
effect for A baryons that may be experimentally measured.
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I. INTRODUCTION

Anomalous transport effects in many-body systems with
chiral fermions have generated great interest recently. Such
phenomena span a wide range of physical systems [1,2],
from semimetals to cold atomic systems, and from hot
quark-gluon plasma (QGP) created in heavy ion collisions
to cold dense matter in neutron stars. These systems
provide possible environments with nonzero macroscopic
chirality and can manifest the microscopic chiral anomaly
in macroscopic transport processes that would normally be
forbidden by symmetries like parity invariance.

One way to induce the anomalous transport effects in such
chiral systems is to apply external electromagnetic fields. A
famous example is the so-called Chiral Magnetic Effect
(CME) in which an electric current can be generated in
parallel to an external magnetic field. The CME could lead to
experimentally measurable effects both for the QGP in heavy
ion collisions [3-15] and for certain Dirac and Weyl
semimetals [16]. Other interesting examples include e.g.
the Chiral Separation Effect (CSE) [17,18] and the Chiral
Electric Separation Effect (CESE) [19,20]. For reviews, see
e.g. Refs. [21-23].

The anomalous transport effects can also occur when the
fluid undergoes a global rotation quantified by a vorticity
W= %V x v, where v is the flow velocity field. Such vortical
effects were suggested in Ref. [4] and quantified in holo-
graphic models [24-26] and the anomalous hydrodynamic
framework [27]. The so-called Chiral Vortical Effect (CVE)
quantifies the generated vector current Jy as [24-27]
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Jv = puusw (1)
Vs
and the generated axial current J as [24-27]
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where T is temperature and u and ps are vector and axial
chemical potentials. It was suggested that such a CVE may
lead to baryon charge separation in heavy ion collisions
[28,29].

The vorticity-driven anomalous transport effects in Egs. (1)
and (2) couple together the vector and axial densities/currents.
A similar situation also happens in the external magnetic
field, where the interplay between CME and CSE leads to a
gapless collective mode called a “chiral magnetic wave”
(CMW) [30-33]. In this paper, we show that the vortical
effects also induce a new wave mode for vector and axial
density fluctuations, which we call a “chiral vortical wave”
(CVW). We will derive this new wave equation and determine
the CVW propagation speed in both the hydrodynamic and
kinetic theory frameworks. We then show that the CVW can
induce a fermion charge quadrupole distribution from initial
vector density. Finally, we will make predictions for possible
implications of CVW in heavy ion collisions.

While we will use rotating QGP as a concrete example,
the theoretical contents of CVW are in a general fashion
and the proposed phenomenon is universal, being able to be
realized in various systems with effective chiral fermions.
We note that various other chiral effects have been explored
in systems from compact stars [33-36] to Weyl and Dirac
semimetals [37-41] and spin-orbit coupled cold Fermi
gases [42—44] (as reviewed in Refs. [1,2]). It would be
feasible and of great interest to realize CVW as a new and
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independent way of manifesting chiral effects in those
systems.

II. THE CHIRAL VORTICAL WAVE

Let us start by rewriting the vortical effects (1) and (2) in
terms of currents J; g =5 (JyFJ,):

1 1
Jur=F (ﬁ T? + 4—712/4%/1%)0” (3)

where y; /p = pFus. Intuitively the above vortical effects
can be understood as follows: In the presence of global
rotation, the underlying fermions experience an effective
interaction of the form ~ — @ - S in their local rest frame,
with § the spin of fermions. This causes a charge-blind spin
polarization effect (as is indeed found in other context
[45,46]); namely, the fermions will have their spins prefer-
ably aligned with @. As a result, the right- or left-handed
fermions will preferably have their momenta parallel or
antiparallel to @, giving rise to the currents in (3).

Let us then consider the small fluctuations of left- and right-
handed densities on top of a uniform equilibrium background.
For simplicity, we consider @ to be constant and neglect
fluctuations of temperature (which is controlled by linearized
hydroequations for the energy-momentum tensor). By com-
bining the continuity equations d,n;, g + V- J g = O [here
npr =% (JYFJI4)] with Eq. (3), one obtains

1 )
az”L/R = :t4—ﬂ2waX('“%/R) = i%@ﬂum (4)
where we have set vorticity along the x-direction @ = wx
with ¥ = x/|x|. Clearly there are two modes, one for right-
handed density and the other for left-handed density, that
propagate in opposite directions. For later convenience,
we introduce the susceptibilities for the corresponding

densities: )(,f/R = Ony g/ Our k-

At this point, two possibilities may occur. For simplicity,
we focus on the right-handed mode below. (1) The back-
ground fluid is charge neutral, i.e. yy = 0. In this case the
density fluctuation on = yyou and is governed by the
nonlinear wave equation:

d,(6n) + d,(6n2) = 0. (5)

W
4712)(%
This takes the form of the inviscid Burgers’ equation [40],
whose (implicit) solution can be formally written as

Sn(x,1) = F, <x _ oton ) : (6)

2%y}
with F;(x) = én(x,t =0) given by the initial density
fluctuation. (2) The background has nonzero charge density
Ho # 0. In this case, one can linearize the equation for the
evolution of small density fluctuations on top of the
background density and obtain a linear wave equation:
®
0,(6n) + 2%—

2
X g

d,(n) = 0. (7)
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This is just a usual wave equation describing a propagating
mode with a gapless dispersion relation:

How
. Vo= 7 (8)
Q 27

UV = Vg|k

where v is the wave frequency and k = kX is the wave vector.
This is the chiral vortical wave (CVW) with the wave speed
Vq defined above. More precisely, this is the right-handed
wave mode that propagates along the @ direction. The left-
handed wave mode propagates in the opposite direction to @,
with a speed given by a similar formula, albeit replacing y,,
and y, with the left-handed quantities.

In short, the CVW found above is essentially a hydro-
dynamic density wave arising from slowly varying vector
and axial density fluctuations that are coupled together
through vortical effects. Possible diffusion effects can
also be included by adding to the lhs of (7) terms like
—(D.0% + D;0%)(6n), where D; and Dy are the longi-
tudinal and transverse diffusion constants. If the initial
condition of density fluctuations is very “lumpy,” then such
diffusion effects must be taken into account.

III. CVW FROM CHIRAL KINETIC THEORY

Recently, the physics of chiral anomaly has been
incorporated into kinetic theory framework, and the anoma-
lous transport effects such as the CME and CVE [47-52] as
well as the CMW [51] were understood in a transparent
way in such chiral kinetic theory. It is therefore desirable to
understand how the newly found CVW may arise in the
chiral kinetic theory framework.

Let us consider a rotating system of noninteracting right-
handed (denoted by “+”) Weyl fermions as well as their
left-handed (denoted by “—) antiparticles. (The discussion
for a system of left-handed fermions with their right-
handed antifermions will be similar.) Taking a similar
approach as in Refs. [49,51], we start from the equations
of motion for these fermions in their local rest frame:

Vei=2+?  JGp=xw (9

pp

where /Gy =1+p-w/p?> and w = |w| is the global
rotational angular speed of the system. The corresponding
kinetic equations can be written as

Of s +x-0ufr +p-0pfr = Co[fy. f].  (10)

Integrating these equations and using Eq. (9), we obtain

[ |52 .
—|—/pZ(pxa))'8pfi=/p\/5;Ci- (1)

The last term on the left-hand side is zero after integration
— [dp
by parts. Also, [, = IW
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We now examine small fluctuations in the net (vector)
density on top of a certain background equilibrium
distribution fo.(p; T, ug). Similarly to the analysis in
Ref. [51], we parameterize the density fluctuations as

f(t.x,p) = for(p) +f+(t,x,p), (12)
of+ = i[apfOi(P)] / dyd3kei(w_k'x)h(y’k,l7)7 (13)

where the 6f.’s have been expanded in Fourier modes.
Subjecting the above to Eq. (11), and taking a difference to
yield the time evolution of net density, we obtain the
following relation in linear order of fluctuations:

v/Wmmm+%m@MWhm
14

—k- /,, %[a,,fo+(p)—8,,fo_(p)]h(v,k,p), (14)

where we have used the facts that (a) the equilibrium
distribution f, is a space-time-independent fixed point of
the collision kernel, (b) [,pz(p) = 0 for any z(p = |p|),
and (c) the collision terms from fluctuations vanish because
of the charge conservation constraint.

Let us then examine the low-frequency, long-wavelength
limit, v — 0 and k& — 0. The hydrodynamic zero mode in
this limit arises from §f, — %[0, fo.(p)]H(t,x), which
implies 2 becoming independent of p. This allows one to
perform integrations over p in (14), and obtain

Wyt — Ck - @]h(v.k) = 0, (15)

where y, is the thermodynamic susceptibility defined in
equilibrium, and y, (7', uo) = On/0u|r , with net charge
density n = w I, VG(fos — fo—). The constant above is

defined by C=- f,,(l/P)[apf0+(P) - 8pf0—<P)] =
#fdp[fw(p) — fo-(p)], and for the Fermi-Dirac distri-
bution C = py/(27%). This allows one to immediately
identify a hydrodynamic collective excitation that prop-
agates along the vorticity direction, k||, with the following
dispersion relation:

Vg = How

UV = VQ|k|, = .
27r2)(ﬂ0

(16)

Notably, the so-obtained CVW speed V agrees exactly
with that in Eq. (8).

IV. CVYW-INDUCED CHARGE TRANSPORT

We now discuss interesting charge transport phenomena
induced by the CVW. To be concrete, we consider different
initial density fluctuations on top of a background medium
with vorticity ® = wX and CVW speed Vg given by (8).

Let us first consider purely axial charge density fluc-
tuation in the initial condition, F%(x) at 1 =0 (we have
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suppressed “trivial” coordinates y, z). This can be cast into
initial conditions for right-handed and left-handed density
fluctuations, Ffe/ L= +F4/2. The subsequent evolution
via the wave equations simply yields (5n)f/ L=
+F4(xFVqt)/2. We are interested in the transport of
vector charge density, which is an observable quantity.
This can be obtained as follows:

(6n){ = [Fi(x = Vo) = F}(x + Vo1)]/2
~ [-0.F}(x)]Vat, (17)

where the second line is true for small Vqt. This implies a
separation effect of vector charge along the vorticity
direction: when initial axial charge fluctuation is positive
and concentrated around x = 0 (e.g. a Gaussian form), then
CVW will transport positive/negative vector charges
toward the +x directions, respectively, leading to a charge
dipole moment in parallel to @ with strength |dg| propor-
tional to CVW speed Vo and propagation time; when the
initial axial fluctuation is negative, the dipole moment flips.

Let us then consider purely vector charge density
fluctuation in the initial condition, FY(x) at r=0.
Following similar procedure, the vector charge density
from CVW evolution is given by

(6m)Y = [FY (x = Vi) + F¥ (x + V1)) 2
~ FY(x) + [02F) (3)/2) (Va2 (18)

where again the second line is true for small Vqt. This
transport process leads to a quadrupole moment of vector
charge density along @. Consider the initial fluctuation to
be positive and concentrated around x = 0 (e.g. a Guassian
form); then [02FY(x)/2] is positive (negative) at large
(small) |x|, implying the concentration of positive charges
away from x =0 toward both directions along @. The
resulting quadrupole |gq| is proportional to (Vt)?.

V. EXPERIMENTAL OBSERVABLE IN HEAVY
ION COLLISIONS

Our discussions on the CVW and its induced charge
transport effects so far are rather general. We now consider
its possible experimental manifestation in a concrete
system—namely, rotating quark-gluon plasma created in
off-central heavy ion collisions. The global rotation points
in the out-of-plane direction. In such a QGP, CVW occurs
for each light flavor—e.g. u, d quarks and possibly s quarks
as well—and transports flavor charges toward the two
“tips” of the QGP fireball, leading to a quadrupole charge
distribution on the transverse plane. Here we make a first
estimate of such effects.

Let us first quantify the quadrupole moment qg’; resulting
from CVW for a single quark flavor. We use the participant
density from the Glauber model as an initial condition
for the flavor charge fluctuation and study the dependence

of q{z on the key parameter Vg by solving the CVW
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FIG. 1 (color online).
profile.

CVW-induced flavor charge density

equation. An illustration of the CVW-transported
flavor charge density distribution at 7 = 8 fm (with beam
energy +/s =200 GeV, impact parameter b =7 fm,
initial time 7, = 0.6 fm) is shown in Fig. 1: a quadrupole
pattern is evident. The quadrupole moment can be
obtained by integrating the density distribution ‘I'sfz =
[[ dxdy(én;) cos(2¢,)]/[[ dxdy(Sny)]. We have computed

this quantity, with the results q{z = —0.03(VoA7)? with At
(in fm/c) the propagation time in QGP. The numerical
coefficient is for minimum bias events, and it varies at
~15% level across centrality. The minus sign is merely due
to the convention of defining azimuthal angle ¢, with
respect to the in-plane direction.

Clearly we need a plausible estimate of V. Using the
“A Multi-Phase Transport”(AMPT) model [53], our sim-
ulations suggest an initial value of @ at about 0.5 fm™!
[54-57], and lattice susceptibility at initial temperature
Ty~ 350 MeV is about y,~3 fm=2 [58,59], with both
decreasing as QGP expands. Using a background density
o of 0.1-1 fm~!, one gets an estimate (V) = 1072-1073,
leading to an induced quadrupole \q{z\ at ~10™* level. Such
an estimate is very sensitive to y. By going to lower beam
energy or by selecting events with large baryon asymmetry,
the background g, could be considerably increased, thus
magnifying |¢7,).

A flavor quadrupole implies that more baryons will be
formed on the tips than on the equator of the fireball. The
stronger in-plane radial flow will thus translate the quadru-
pole into baryon/antibaryon v, splitting. This mechanism is
in analogy to the electric charge quadrupole induced by
CMW [31]. Suppose at the freeze-out, the flavor-wise
chemical potential for quarks contains the CVW-induced
quadrupole contribution dy; o 2q{2 cos(2¢,) (with f = u,
d, s). The corresponding chemical potential for a given type
of hadron can be determined from its constituent quark
content, e.g. for the A baryon, duy «2(g¥h + gb+
q%) cos(2¢). We particularly propose to use A baryon
which is electric-charge neutral, and thus unaffected by
possible CMW effects. We then use the STAR blast-wave
model [60] to compute the resulting differential flow
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FIG. 2 (color online). Normalized A and A elliptic flow

splitting, [v2 — v2]/[|gh|A%], for symmetric two-flavor (2-F)

and three-flavor (3-F) cases. The midcentral and the peripheral

correspond to for 15%-30% and 60%-92% centrality classes
(see Ref. [60]).

splitting. As it is unclear how much the s-quark mass
may reduce their chiral effects, we consider two extreme
cases: a symmetric two-flavor (2-F) case gl = ¢& = q‘é
with ¢, =0, or a symmetric three-flavor (3-F) case
qé = qu =q4y = q{z. From the Cooper-Frye scheme it is
easy to see Avy = v} — vd « |g/|AY with AL = (N —
N ‘_\) J/(NY +N ‘_\) the A-asymmetry that is directly related to
background density g (in analogy to a similar relation in
the CMW case [31]). The results for normalized flow

splitting Av,/[|¢}]AL] are shown in Fig. 2. Note that while
the curves for the two centralities appear close, they have

rather different normalization, as the |q{2| ~ V2, strongly
depends on centrality. Note also that the CVW predicts a
particular slope for Av, < A} but may not exclude a finite
intercept at Ai = 0 with either sign. Needless to say, these
are crude estimates, and a realistic hydrodynamic modeling
of CVW (that accounts for factors like time-dependent
vorticity, susceptibility and diffusion) will be done in a
future work. Given that, our results suggest that a CVW-
induced signal could be detected and may give indications
on chiral effects of strange flavor. Experimental measure-
ments of A and A v, are feasible (see e.g. Ref. [61]), and the
predicted flow splitting may be measured for events binned
according to their baryonic number asymmetry [62].

VI. SUMMARY

In summary, we have found a new gapless collective
excitation in a rotating fluid system with chiral fermions,
named the chiral vortical wave. We derive the wave
equation for the CVW and determine its speed from both
hydrodynamic and chiral kinetic theory. We demonstrate
that the CVW can induce a flavor quadrupole in rotating
quark-gluon plasma in heavy ion collisions, which in turn
split the elliptic flow for A baryons. Such a proposal could
be tested with future experimental data.

As a final remark, while the proposed CVW bears certain
similarity to the CMW, it is a completely new phenomenon
that provides an independent way of manifesting chiral
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anomaly. In the context of heavy ion collisions, the vorticity
lasts significantly longer than the lifetime of the strong
magnetic field and may induce a more robust signal. In
certain spin-orbit coupled cold Fermi gases that could
simulate chiral anomaly effects [44], only the vorticity-
driven effects can be easily and directly induced with those
charge-neutral atoms. With such unique merit, the CVW
has its own significance and interest for the study of
anomalous effects in a wide range of physical systems.

RAPID COMMUNICATIONS

PHYSICAL REVIEW D 92, 071501(R) (2015)
ACKNOWLEDGMENTS

We thank Shu Lin and Yi Yin for discussions. J. L. is
grateful to Aihong Tang and Zhangbu Xu for very helpful
discussions on experimental measurements. The research
of Y.J. and J.L. is supported by the National Science
Foundation (Grant No. PHY-1352368). The research of
X.-G.H. is supported by Fudan University (Grant
No. EZHI1512519) and the Shanghai Natural Science
Foundation (Grant No. 14ZR1403000). J.L. also thanks
the RIKEN BNL Research Center for partial support.

[1] D.E. Kharzeev, Topology, magnetic field, and strongly
interacting matter, Annu. Rev. Nucl. Part. Sci. 65,
150615185930000 (2015).

[2] V. A. Miransky and I. A. Shovkovy, Quantum field theory
in a magnetic field: From quantum chromodynamics
to graphene and Dirac semimetals, Phys. Rep. 576, 1 (2015).

[3] D. Kharzeev, Parity violation in hot QCD: Why it can happen,
and how to look for it, Phys. Lett. B 633, 260 (2006).

[4] D. Kharzeev and A. Zhitnitsky, Charge separation induced by
P-odd bubbles in QCD matter, Nucl. Phys. A797, 67 (2007).

[5] D.E. Kharzeev, L. D. McLerran, and H.J. Warringa, The
effects of topological charge change in heavy ion collisions:
“Event by event P and CP violation”, Nucl. Phys. A803, 227
(2008).

[6] B.I. Abelev et al. (STAR Collaboration), Azimuthal
Charged-Particle Correlations and Possible Local Strong
Parity Violation, Phys. Rev. Lett. 103, 251601 (2009);
Observation of charge-dependent azimuthal correlations
and possible local strong parity violation in heavy ion
collisions, Phys. Rev. C 81, 054908 (2010).

[7] L. Adamczyk et al. (STAR Collaboration), Beam-Energy
Dependence of Charge Separation along the Magnetic Field
in Au+ Au Collisions at RHIC, Phys. Rev. Lett. 113,
052302 (2014).

[8] L. Adamczyk et al. (STAR Collaboration), Fluctuations of
charge separation perpendicular to the event plane and local
parity violation in /syy = 200 GeV Au+Au collisions at
RHIC, Phys. Rev. C 88, 064911 (2013).

[9] N.N. Ajitanand, R. A. Lacey, A. Taranenko, and J. M.
Alexander, A new method for the experimental study of
topological effects in the quark-gluon plasma, Phys. Rev. C
83, 011901 (2011).

[10] B. Abelev et al. (ALICE Collaboration), Charge separation
relative to the reaction plane in Pb-Pb collisions at
\/Syy = 2.76 TeV, Phys. Rev. Lett. 110, 012301 (2013).

[11] F. Wang, Effects of cluster particle correlations on local parity
violation observables, Phys. Rev. C 81, 064902 (2010).

[12] A. Bzdak, V. Koch, and J. Liao, Remarks on possible local
parity violation in heavy ion collisions, Phys. Rev. C 81,
031901 (2010); On the charge separation effect in relativ-
istic heavy ion collisions, Phys. Rev. C 82, 054902 (2010);
Azimuthal correlations from transverse momentum conser-
vation and possible local parity violation, Phys. Rev. C 83,
014905 (2011).

[13] S. Schlichting and S. Pratt, Charge conservation at energies
available at the BNL Relativistic Heavy Ion Collider and
contributions to local parity violation observables, Phys. Rev.
C 83,014913 (2011); S. Pratt, S. Schlichting, and S. Gavin,
Effects of momentum conservation and flow on angular
correlations at RHIC, Phys. Rev. C 84, 024909 (2011).

[14] M. Asakawa, A. Majumder, and B. Muller, Electric charge
separation in strong transient magnetic fields, Phys. Rev. C
81, 064912 (2010); B. Muller and A. Schafer, Charge
fluctuations from the chiral magnetic effect in nuclear
collisions, Phys. Rev. C 82, 057902 (2010).

[15] J. Bloczynski, X. G. Huang, X. Zhang, and J. Liao, Charge-
dependent azimuthal correlations from Au-Au to U-U
collisions, Nucl. Phys. A939, 85 (2015); W.T. Deng and
X. G. Huang, Electric fields and chiral magnetic effect in
Cu + Au collisions, Phys. Lett. B 742, 296 (2015).

[16] Q. Li, D. E. Kharzeev, C. Zhang et al., Observation of the
chiral magnetic effect in ZrTe5, arXiv:1412.6543.

[17] D.T. Son and A. R. Zhitnitsky, Quantum anomalies in dense
matter, Phys. Rev. D 70, 074018 (2004).

[18] M. A. Metlitski and A.R. Zhitnitsky, Anomalous axion
interactions and topological currents in dense matter, Phys.
Rev. D 72, 045011 (2005).

[19] X.G. Huang and J. Liao, Axial Current Generation from
Electric Field: Chiral Electric Separation Effect, Phys. Rev.
Lett. 110, 232302 (2013).

[20] Y. Jiang, X. G. Huang, and J. Liao, Chiral electric separation
effect in the quark-gluon plasma, Phys. Rev. D 91, 045001
(2015).

[21] D.E. Kharzeev, The chiral magnetic effect and anomaly-
induced transport, Prog. Part. Nucl. Phys. 75, 133 (2014).

[22] J. Liao, Anomalous transport effects and possible environ-
mental symmetry “violation” in heavy ion collisions,
Pramana J. Phys. 84, 901 (2015).

[23] A. Bzdak, V. Koch, and J. Liao, Charge-dependent corre-
lations in relativistic heavy ion collisions and the chiral
magnetic effect, Lect. Notes Phys. 871, 503 (2013).

[24] N. Banerjee, J. Bhattacharya, S. Bhattacharyya, S. Dutta,
R. Loganayagam, and P. Surowka, Hydrodynamics from
charged black branes, J. High Energy Phys. 01 (2011) 094.

[25] J. Erdmenger, M. Haack, M. Kaminski, and A. Yarom, Fluid
dynamics of R-charged black holes, J. High Energy Phys.
01 (2009) 055.

071501-5


http://dx.doi.org/10.1146/annurev-nucl-102313-025420
http://dx.doi.org/10.1146/annurev-nucl-102313-025420
http://dx.doi.org/10.1016/j.physrep.2015.02.003
http://dx.doi.org/10.1016/j.physletb.2005.11.075
http://dx.doi.org/10.1016/j.nuclphysa.2007.10.001
http://dx.doi.org/10.1016/j.nuclphysa.2008.02.298
http://dx.doi.org/10.1016/j.nuclphysa.2008.02.298
http://dx.doi.org/10.1103/PhysRevLett.103.251601
http://dx.doi.org/10.1103/PhysRevC.81.054908
http://dx.doi.org/10.1103/PhysRevLett.113.052302
http://dx.doi.org/10.1103/PhysRevLett.113.052302
http://dx.doi.org/10.1103/PhysRevC.88.064911
http://dx.doi.org/10.1103/PhysRevC.83.011901
http://dx.doi.org/10.1103/PhysRevC.83.011901
http://dx.doi.org/10.1103/PhysRevLett.110.012301
http://dx.doi.org/10.1103/PhysRevC.81.064902
http://dx.doi.org/10.1103/PhysRevC.81.031901
http://dx.doi.org/10.1103/PhysRevC.81.031901
http://dx.doi.org/10.1103/PhysRevC.82.054902
http://dx.doi.org/10.1103/PhysRevC.83.014905
http://dx.doi.org/10.1103/PhysRevC.83.014905
http://dx.doi.org/10.1103/PhysRevC.83.014913
http://dx.doi.org/10.1103/PhysRevC.83.014913
http://dx.doi.org/10.1103/PhysRevC.84.024909
http://dx.doi.org/10.1103/PhysRevC.81.064912
http://dx.doi.org/10.1103/PhysRevC.81.064912
http://dx.doi.org/10.1103/PhysRevC.82.057902
http://dx.doi.org/10.1016/j.nuclphysa.2015.03.012
http://dx.doi.org/10.1016/j.physletb.2015.01.050
http://arXiv.org/abs/1412.6543
http://dx.doi.org/10.1103/PhysRevD.70.074018
http://dx.doi.org/10.1103/PhysRevD.72.045011
http://dx.doi.org/10.1103/PhysRevD.72.045011
http://dx.doi.org/10.1103/PhysRevLett.110.232302
http://dx.doi.org/10.1103/PhysRevLett.110.232302
http://dx.doi.org/10.1103/PhysRevD.91.045001
http://dx.doi.org/10.1103/PhysRevD.91.045001
http://dx.doi.org/10.1016/j.ppnp.2014.01.002
http://dx.doi.org/10.1007/s12043-015-0984-x
http://dx.doi.org/10.1007/978-3-642-37305-3
http://dx.doi.org/10.1007/JHEP01(2011)094
http://dx.doi.org/10.1088/1126-6708/2009/01/055
http://dx.doi.org/10.1088/1126-6708/2009/01/055

YIN JIANG, XU-GUANG HUANG, AND JINFENG LIAO

[26] M. Torabian and H.U. Yee, Holographic nonlinear
hydrodynamics from AdS/CFT with multiple/non-Abelian
symmetries, J. High Energy Phys. 08 (2009) 020.

[27] D.T. Son and P. Surowka, Hydrodynamics with Triangle
Anomalies, Phys. Rev. Lett. 103, 191601 (2009).

[28] D. E. Kharzeev and D. T. Son, Testing the Chiral Magnetic
and Chiral Vortical Effects in Heavy lon Collisions, Phys.
Rev. Lett. 106, 062301 (2011).

[29] N. Xu (STAR Collaboration), An overview of STAR
experimental results, Nucl. Phys. A931, 1 (2014); F. Zhao
(STAR Collaboration), A(KY) —h* and A — p azimuthal
correlations with respect to event plane and search for chiral
magnetic and vortical effects, Nucl. Phys. A931, 746
(2014); Q. Shou (STAR Collaboration), Charge asymmetry
dependence of /K anisotropic flow in Au + Au and U + U
collisions at RHIC, Nucl. Phys. A931, 758 (2014).

[30] D.E. Kharzeev and H. U. Yee, Chiral magnetic wave, Phys.
Rev. D 83, 085007 (2011).

[31] Y. Burnier, D. E. Kharzeev, J. Liao, and H. U. Yee, Chiral
Magnetic Wave at Finite Baryon Density and the Electric
Quadrupole Moment of Quark-Gluon Plasma in Heavy lon
Collisions, Phys. Rev. Lett. 107, 052303 (2011); From the
chiral magnetic wave to the charge dependence of elliptic
flow, arXiv:1208.2537.

[32] L. Adamczyk et al. (STAR Collaboration), Observation of
Charge Asymmetry Dependence of Pion Elliptic Flow and
the Possible Chiral Magnetic Wave in Heavy-Ion Collisions,
Phys. Rev. Lett. 114, 252302 (2015).

[33] E. V. Gorbar, V. A. Miransky, and 1. A. Shovkovy, Normal
ground state of dense relativistic matter in a magnetic field,
Phys. Rev. D 83, 085003 (2011).

[34] M. Kaminski, C. F. Uhlemann, M. Bleicher, and J. Schaffner-
Bielich, Anomalous hydrodynamics kicks neutron stars,
arXiv:1410.3833.

[35] M. Dvornikov and V. B. Semikoz, Magnetic field instability
in a neutron star driven by the electroweak electron-nucleon
interaction versus the chiral magnetic effect, Phys. Rev. D
91, 061301 (2015).

[36] G. Sigl and N. Leite, Chiral magnetic effect in protoneutron
stars and magnetic field spectral evolution, arXiv:1507.04983.

[37] E. V. Gorbar, V. A. Miransky, and I. A. Shovkovy, Chiral
anomaly, dimensional reduction, and magnetoresistivity of
Weyl and Dirac semimetals, Phys. Rev. B 89, 085126
(2014).

[38] E. V. Gorbar, V. A. Miransky, and I. A. Shovkovy, Engineer-
ing Weyl nodes in Dirac semimetals by a magnetic field,
Phys. Rev. B 88, 165105 (2013).

[39] D.E. Kharzeev and H.U. Yee, Anomaly induced chiral
magnetic current in a Weyl semimetal: Chiral electronics,
Phys. Rev. B 88, 115119 (2013).

[40] G. Basar, D. E. Kharzeev, and H. U. Yee, Triangle anomaly
in Weyl semimetals, Phys. Rev. B 89, 035142 (2014).

[41] D.E. Kharzeev, R. D. Pisarski, and H. U. Yee, Universality of
plasmon excitations in Dirac semimetals, arXiv:1412.6106.

[42] P. Wang, Z.-Q. Yu, Z. Fu, J. Miao, L. Huang, S. Chai, H.
Zhai, and J. Zhang, Spin-Orbit Coupled Degenerate Fermi
Gases, Phys. Rev. Lett. 109, 095301 (2012).

[43] L. W. Cheuk, A.T. Sommer, Z. Hadzibabic, T. Yefsah,
W.S. Bakr, and M. W. Zwierlein, Spin-Injection Spectros-
copy of a Spin-Orbit Coupled Fermi Gas, Phys. Rev. Lett.
109, 095302 (2012).

RAPID COMMUNICATIONS

PHYSICAL REVIEW D 92, 071501(R) (2015)

[44] X.G. Huang, Simulating chiral magnetic and separation
effects with spin-orbit coupled atomic gases, arXiv:
1506.03590.

[45] Z.T. Liang and X.N. Wang, Globally Polarized Quark-
Gluon Plasma in Non-central A + A Collisions, Phys. Rev.
Lett. 94, 102301 (2005); X. G. Huang, P. Huovinen, and
X.N. Wang, Quark polarization in a viscous quark-gluon
plasma, Phys. Rev. C 84, 054910 (2011).

[46] F. Becattini, F. Piccinini, and J. Rizzo, Angular momentum
conservation in heavy ion collisions at very high energy,
Phys. Rev. C 77, 024906 (2008).

[47] D.T. Son and N. Yamamoto, Berry Curvature, Triangle
Anomalies, and the Chiral Magnetic Effect in Fermi
Liquids, Phys. Rev. Lett. 109, 181602 (2012).

[48] D.T. Son and N. Yamamoto, Kinetic theory with Berry
curvature from quantum field theories, Phys. Rev. D 87,
085016 (2013).

[49] M. A. Stephanov and Y. Yin, Chiral Kinetic Theory, Phys.
Rev. Lett. 109, 162001 (2012).

[50] J. Y. Chen, D.T. Son, M. A. Stephanov, H. U. Yee, and Y.
Yin, Lorentz Invariance in Chiral Kinetic Theory, Phys. Rev.
Lett. 113, 182302 (2014).

[51] M. Stephanov, H. U. Yee, and Y. Yin, Collective modes of
chiral kinetic theory in magnetic field, Phys. Rev. D 91,
125014 (2015).

[52] J.H. Gao, Z.T. Liang, S. Pu, Q. Wang, and X. N. Wang,
Chiral Anomaly and Local Polarization Effect from Quantum
Kinetic Approach, Phys. Rev. Lett. 109, 232301 (2012);J. W.
Chen, S. Pu, Q. Wang, and X. N. Wang, Berry Curvature and
Four-Dimensional Monopoles in the Relativistic Chiral
Kinetic Equation, Phys. Rev. Lett. 110, 262301 (2013).

[53] Z. W. Lin, C. M. Ko, B. A. Li, B. Zhang, and S. Pal, A multi-
phase transport model for relativistic heavy ion collisions,
Phys. Rev. C 72, 064901 (2005).

[54] Y. Jiang, Z. W. Lin, and J. Liao (to be published).

[55] F. Becattini, G. Inghirami, V. Rolando, A. Beraudo, L. D.
Zanna, A. De Pace, M. Nardi, G. Pagliara, and V. Chandra,
A study of vorticity formation in high energy nuclear
collisions, Eur. Phys. J. C 75, 406 (2015).

[56] F.Becattini, L. Csernai, and D. J. Wang, A polarization in peri-
pheral heavy ion collisions, Phys. Rev. C 88, 034905
(2013).

[57] S. Floerchinger and U. A. Wiedemann, Fluctuations around
Bjorken Flow and the onset of turbulent phenomena, J. High
Energy Phys. 11 (2011) 100.

[58] S. Borsanyi, Z. Fodor, S. D. Katz, S. Krieg, C. Ratti, and K.
Szabo, Fluctuations of conserved charges at finite temperature
from lattice QCD, J. High Energy Phys. 01 (2012) 138.

[59] A. Bazavov, H.-T. Ding, P. Hegde, F. Karsch, C. Miao, S.
Mukherjee, P. Petreczky, C. Schmidt, and A. Velytsky,
Quark number susceptibilities at high temperatures, Phys.
Rev. D 88, 094021 (2013).

[60] F. Retiere and M. A. Lisa, Observable implications of
geometrical and dynamical aspects of freeze out in heavy
ion collisions, Phys. Rev. C 70, 044907 (2004).

[61] B.I. Abelev et al. (STAR Collaboration), Mass, quark-
number, and ,/syy dependence of the second and fourth
flow harmonics in ultra-relativistic nucleus-nucleus colli-
sions, Phys. Rev. C 75, 054906 (2007).

[62] A. Tang and Z. Xu (private communication).

071501-6


http://dx.doi.org/10.1088/1126-6708/2009/08/020
http://dx.doi.org/10.1103/PhysRevLett.103.191601
http://dx.doi.org/10.1103/PhysRevLett.106.062301
http://dx.doi.org/10.1103/PhysRevLett.106.062301
http://dx.doi.org/10.1016/j.nuclphysa.2014.10.022
http://dx.doi.org/10.1016/j.nuclphysa.2014.08.108
http://dx.doi.org/10.1016/j.nuclphysa.2014.08.108
http://dx.doi.org/10.1016/j.nuclphysa.2014.09.059
http://dx.doi.org/10.1103/PhysRevD.83.085007
http://dx.doi.org/10.1103/PhysRevD.83.085007
http://dx.doi.org/10.1103/PhysRevLett.107.052303
http://arXiv.org/abs/1208.2537
http://dx.doi.org/10.1103/PhysRevLett.114.252302
http://dx.doi.org/10.1103/PhysRevD.83.085003
http://arXiv.org/abs/1410.3833
http://dx.doi.org/10.1103/PhysRevD.91.061301
http://dx.doi.org/10.1103/PhysRevD.91.061301
http://arXiv.org/abs/1507.04983
http://dx.doi.org/10.1103/PhysRevB.89.085126
http://dx.doi.org/10.1103/PhysRevB.89.085126
http://dx.doi.org/10.1103/PhysRevB.88.165105
http://dx.doi.org/10.1103/PhysRevB.88.115119
http://dx.doi.org/10.1103/PhysRevB.89.035142
http://arXiv.org/abs/1412.6106
http://dx.doi.org/10.1103/PhysRevLett.109.095301
http://dx.doi.org/10.1103/PhysRevLett.109.095302
http://dx.doi.org/10.1103/PhysRevLett.109.095302
http://arXiv.org/abs/1506.03590
http://arXiv.org/abs/1506.03590
http://dx.doi.org/10.1103/PhysRevLett.94.102301
http://dx.doi.org/10.1103/PhysRevLett.94.102301
http://dx.doi.org/10.1103/PhysRevC.84.054910
http://dx.doi.org/10.1103/PhysRevC.77.024906
http://dx.doi.org/10.1103/PhysRevLett.109.181602
http://dx.doi.org/10.1103/PhysRevD.87.085016
http://dx.doi.org/10.1103/PhysRevD.87.085016
http://dx.doi.org/10.1103/PhysRevLett.109.162001
http://dx.doi.org/10.1103/PhysRevLett.109.162001
http://dx.doi.org/10.1103/PhysRevLett.113.182302
http://dx.doi.org/10.1103/PhysRevLett.113.182302
http://dx.doi.org/10.1103/PhysRevD.91.125014
http://dx.doi.org/10.1103/PhysRevD.91.125014
http://dx.doi.org/10.1103/PhysRevLett.109.232301
http://dx.doi.org/10.1103/PhysRevLett.110.262301
http://dx.doi.org/10.1103/PhysRevC.72.064901
http://dx.doi.org/10.1140/epjc/s10052-015-3624-1
http://dx.doi.org/10.1103/PhysRevC.88.034905
http://dx.doi.org/10.1103/PhysRevC.88.034905
http://dx.doi.org/10.1007/JHEP11(2011)100
http://dx.doi.org/10.1007/JHEP11(2011)100
http://dx.doi.org/10.1007/JHEP01(2012)138
http://dx.doi.org/10.1103/PhysRevD.88.094021
http://dx.doi.org/10.1103/PhysRevD.88.094021
http://dx.doi.org/10.1103/PhysRevC.70.044907
http://dx.doi.org/10.1103/PhysRevC.75.054906

