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 Measuring and interpreting charge 
dependent anisotropic flow

      Sergei A. Voloshin 
     and  Ron Belmont    

Outline:
- Introduction: why it is important (CMW, and beyond) 
- Improving the tools (new correlator)
- ‘Background’ (LCC) and its physics
  (Blast wave calculations)
- Conclusion. What to expect next?
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- QCD vacuum, origin of mass (chiral symmetry violation),
physics of quantum anomalies.
- Role of the magnetic (electric) field in the system evolution.
- Detailed study of the system evolution (e.g. two waves of 
quark production - S. Pratt, PRC85 (2012) 014904, etc.)
How do we experimentally probe this physics?

Tools: different kinds of Balance function - charge dependent / 
identified (many-) particle correlations, and BFs moments
This talk is about one of particular approaches to study charge 
dependent flow as function of event charge asymmetry (in 
search for the CMW)

measured value of v2 (i.e. hcosð’! þ ’" # 2’cÞi=v2f2g) as
reported in [20] due to the absence of collective azimuthal
anisotropy in this model. Since the points do not exhibit
any significant difference between the correlations of pairs
with same and opposite charge, they were averaged in the
figure. The correlations from HIJING show a significant
increase in the magnitude for very peripheral collisions.
This can be attributed to correlations not related to the
reaction plane orientation, in particular, from jets [8].

The results from ALICE in Fig. 2 show a strong corre-
lation for pairs with the same charge and simultaneously a
very weak correlation for the pairs of opposite charge. This
difference in the correlation magnitude depending on the
charge combination could be interpreted as ‘‘quenching’’
of the charge correlations for the case when one of the
particles is emitted toward the center of the dense medium
created in a heavy-ion collision [6,7]. An alternative ex-
planation can be provided by a recent suggestion [16] that
the value of the charge-independent version of the corre-
lator defined in Eq. (2) is dominated by directed flow
fluctuations. The sign and the magnitude of these fluctua-
tions based on a hydrodynamical model calculation for
RHIC energies [16] appear to be very close to the mea-
surement. Our results for charge-independent correlations
are given by the shaded band in Fig. 2.
The thick solid line in Fig. 2 shows a prediction [13] for

the same sign correlations due to the CME at LHC ener-
gies. The model makes no prediction for the absolute
magnitude of the effect and can only describe the energy
dependence by taking into account the duration and time
evolution of the magnetic field. It predicts a decrease of
correlations by about a factor of 5 from RHIC to LHC,
which would significantly underestimate the observed
magnitude of the same sign correlations seen at the LHC.
At the same time in [7,12], it was suggested that the CME
might have the same magnitude at the LHC and at RHIC
energies.
Figure 3 shows the dependence of the three-particle

correlator on the transverse momentum difference, jpT;! #
pT;"j, the average transverse momentum, ðpT;! þ pT;"Þ=2,
and the pseudorapidity separation, j#! # #"j, of the pair
for the 30%-40% centrality range. The pairs of opposite
charge do not show any significant dependence on the
pseudorapidity difference, while there is a dependence
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FIG. 2 (color online). The centrality dependence of the three-
particle correlator defined in Eq. (2). The circles indicate the
ALICE results obtained from the cumulant analysis. The stars
show the STAR data from [8]. The triangles represent the three-
particle correlations [hcosð’! þ ’" # 2’cÞi] from HIJING [23]
corrected for the experimentally measured v2f2g [20]. Points are
displaced horizontally for visibility. A model prediction for the
same sign correlations incorporating the chiral magnetic effect
for LHC energies [13] is shown by the solid line. The shaded
band represents the centrality dependence of the charge-
independent correlations.
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particle pair of same (closed symbols) and opposite (open symbols) sign.
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reported in [20] due to the absence of collective azimuthal
anisotropy in this model. Since the points do not exhibit
any significant difference between the correlations of pairs
with same and opposite charge, they were averaged in the
figure. The correlations from HIJING show a significant
increase in the magnitude for very peripheral collisions.
This can be attributed to correlations not related to the
reaction plane orientation, in particular, from jets [8].

The results from ALICE in Fig. 2 show a strong corre-
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difference in the correlation magnitude depending on the
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of the charge correlations for the case when one of the
particles is emitted toward the center of the dense medium
created in a heavy-ion collision [6,7]. An alternative ex-
planation can be provided by a recent suggestion [16] that
the value of the charge-independent version of the corre-
lator defined in Eq. (2) is dominated by directed flow
fluctuations. The sign and the magnitude of these fluctua-
tions based on a hydrodynamical model calculation for
RHIC energies [16] appear to be very close to the mea-
surement. Our results for charge-independent correlations
are given by the shaded band in Fig. 2.
The thick solid line in Fig. 2 shows a prediction [13] for

the same sign correlations due to the CME at LHC ener-
gies. The model makes no prediction for the absolute
magnitude of the effect and can only describe the energy
dependence by taking into account the duration and time
evolution of the magnetic field. It predicts a decrease of
correlations by about a factor of 5 from RHIC to LHC,
which would significantly underestimate the observed
magnitude of the same sign correlations seen at the LHC.
At the same time in [7,12], it was suggested that the CME
might have the same magnitude at the LHC and at RHIC
energies.
Figure 3 shows the dependence of the three-particle

correlator on the transverse momentum difference, jpT;! #
pT;"j, the average transverse momentum, ðpT;! þ pT;"Þ=2,
and the pseudorapidity separation, j#! # #"j, of the pair
for the 30%-40% centrality range. The pairs of opposite
charge do not show any significant dependence on the
pseudorapidity difference, while there is a dependence
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FIG. 2 (color online). The centrality dependence of the three-
particle correlator defined in Eq. (2). The circles indicate the
ALICE results obtained from the cumulant analysis. The stars
show the STAR data from [8]. The triangles represent the three-
particle correlations [hcosð’! þ ’" # 2’cÞi] from HIJING [23]
corrected for the experimentally measured v2f2g [20]. Points are
displaced horizontally for visibility. A model prediction for the
same sign correlations incorporating the chiral magnetic effect
for LHC energies [13] is shown by the solid line. The shaded
band represents the centrality dependence of the charge-
independent correlations.
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measured value of v2 (i.e. hcosð’! þ ’" # 2’cÞi=v2f2g) as
reported in [20] due to the absence of collective azimuthal
anisotropy in this model. Since the points do not exhibit
any significant difference between the correlations of pairs
with same and opposite charge, they were averaged in the
figure. The correlations from HIJING show a significant
increase in the magnitude for very peripheral collisions.
This can be attributed to correlations not related to the
reaction plane orientation, in particular, from jets [8].

The results from ALICE in Fig. 2 show a strong corre-
lation for pairs with the same charge and simultaneously a
very weak correlation for the pairs of opposite charge. This
difference in the correlation magnitude depending on the
charge combination could be interpreted as ‘‘quenching’’
of the charge correlations for the case when one of the
particles is emitted toward the center of the dense medium
created in a heavy-ion collision [6,7]. An alternative ex-
planation can be provided by a recent suggestion [16] that
the value of the charge-independent version of the corre-
lator defined in Eq. (2) is dominated by directed flow
fluctuations. The sign and the magnitude of these fluctua-
tions based on a hydrodynamical model calculation for
RHIC energies [16] appear to be very close to the mea-
surement. Our results for charge-independent correlations
are given by the shaded band in Fig. 2.
The thick solid line in Fig. 2 shows a prediction [13] for

the same sign correlations due to the CME at LHC ener-
gies. The model makes no prediction for the absolute
magnitude of the effect and can only describe the energy
dependence by taking into account the duration and time
evolution of the magnetic field. It predicts a decrease of
correlations by about a factor of 5 from RHIC to LHC,
which would significantly underestimate the observed
magnitude of the same sign correlations seen at the LHC.
At the same time in [7,12], it was suggested that the CME
might have the same magnitude at the LHC and at RHIC
energies.
Figure 3 shows the dependence of the three-particle

correlator on the transverse momentum difference, jpT;! #
pT;"j, the average transverse momentum, ðpT;! þ pT;"Þ=2,
and the pseudorapidity separation, j#! # #"j, of the pair
for the 30%-40% centrality range. The pairs of opposite
charge do not show any significant dependence on the
pseudorapidity difference, while there is a dependence
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FIG. 2 (color online). The centrality dependence of the three-
particle correlator defined in Eq. (2). The circles indicate the
ALICE results obtained from the cumulant analysis. The stars
show the STAR data from [8]. The triangles represent the three-
particle correlations [hcosð’! þ ’" # 2’cÞi] from HIJING [23]
corrected for the experimentally measured v2f2g [20]. Points are
displaced horizontally for visibility. A model prediction for the
same sign correlations incorporating the chiral magnetic effect
for LHC energies [13] is shown by the solid line. The shaded
band represents the centrality dependence of the charge-
independent correlations.
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azimuthal distribution (φ) and quantified by the Fourier coefficient v2 [16], refers to the collective
motion of particles with respect to the reaction plane (ψRP):

v2 = 〈cos[2(φ − ψRP)]〉. (1)

Taking pions as an example, on top of the baseline vbase
2 (π±), a CMW will lead to [14]

v2(π±) = vbase
2 (π±) ∓ (

qe
 ρe

)A±, (2)

where qe,  ρe and A± = (  N+ −  N−)/(  N+ +  N−) are the quadrupole moment, the net charge density
and the charge asymmetry of the collision system, respectively. As 〈A±〉 is always positive,
A±-integrated v2 of π− (π+) should be above (below) the baseline due to CMW. However, the
baseline v2 may be different for π+ and π− in the first place because of several other possible
physics mechanisms [17, 18, 19], so it is less ambiguous to study CMW via the A± dependency
of pion v2 than A±-integrated v2.

In Sec. 2, we present A±-differential measurements of pion v2 for Au+Au collisions at√sNN =200, 62.4, 39, 27 and 19.6 GeV. We find that pion v2 exhibits a linear dependence on A±,
with positive (negative) slopes for π− (π+). The slope difference between π− and π+ is studied as
a function of collision centrality. In Sec. 3, the measurements of charge separation correlator are
used to search for CME and Local Parity Violating (LPV) effects.

2. Pion v2(A±)
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Figure 1: (Color online) The example of 30-40% Au+Au collisions at 200 GeV [22]. (Left) Pion v2{2} as a function
of observed charge asymmetry. (Right) v2 difference between π− and π+ as a function of charge asymmetry with the
tracking efficiency correction. The errors are statistical only.

Charged particle tracks were reconstructed in STAR TPC [20], with pseudorapidity cut |η| <
1. The centrality definition and track quality cuts are the same as in Ref. [21], unless otherwise
specified. This study is based on Au+Au samples of 200M events at 200 GeV from RHIC year
2010, 60M at 62.4 GeV (2010), 100M at 39 GeV (2010), 40M at 27 GeV (2011) and 20M at
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QCD. Vacuum topology.

topological charge

winding number

Chern-Simons number

The volume of the box is 2.4 by 2.4 by 3.6 fm.
The topological charge density
Animation be Derek Leinweber

N
CS =   -2       -1        0         1          2

Energy of gluonic

 

field is periodic in NCS

 

direction

 
(~ a generalized coordinate) and oscillatory in other

 
directions

Instantons

 

and sphalerons

 

are localized (in space 
and time) solutions describing transitions between 
different vaccua

 

via tunneling

 

or go-over-barrier

Topological transitions have never been observed directly 
(e.g. at the level of quarks in DIS). 

An observation of the spontaneous strong parity violation  
would be a clear proof for the existence of such physics. 
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Chiral Magnetic Wave
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and longitudinal diffusion constants determined by qf, eB,
and T. In this Letter we consider the propagation of u and d
flavored CMWs, since there is no net density of strange
quarks in the plasma. The full flavor symmetry Uð2Þf
contains Uð1Þu #Uð1Þd which defines independent Uð1Þ
flavor symmetries of u and d quarks. Considering the same
triangle anomalies leading to CME and CSE that now
involve each of these Uð1Þ symmetries, one obtains

j f
V;A ¼ qf

Nce

2!2 "
f
A;VB; (4)

where "f are chemical potentials of Uð1Þf. From the
results of [25] and (4) we then derive Nf independent

CMWs of flavored chiral charge densities j0;fL;R with veloc-
ities given by

vf
# ¼ qf

NceB

4!2

!
@"f

L

@j0;fL

"
% qf

NceB$
f

4!2 : (5)

We obtain vf
# and Df

L from the computation in Ref. [25]
performed in the framework of the Sakai-Sugimoto model
in the large Nc quenched approximation. Each quark of
flavor f interacts with the magnetic field of effective
magnitude qfeB; we replace eB with qfeB in the argu-
ments of v# and DL as functions of eB:

vf
# ¼ v#ðeB ! qfeBÞ; Df

L ¼ DLðeB ! qfeBÞ: (6)

We evaluate the densities of u and d flavors at the time of
the plasma creation in the Au-Au collisions, and introduce
the corresponding initial chemical potentials "u

V þ"d
V ¼

2"B=3. The shape of the initial ‘‘almond’’ of QCD matter
produced in a heavy ion collision is taken by using the
phenomenologically successful Kharzeev-Levin-Nardi
(KLN) model [28] based on parton saturation and kT
factorization. Au-Au collisions have been simulated, with
realistic Woods-Saxon nuclear densities. The axial chemi-
cal potentials at the initial time are set to zero.

We then solve the CMW equation numerically and find
that it generates the separation of chiral charge, as shown in
Fig. 1—the quark-gluon plasma acquires a ‘‘chiral dipole
moment’’.

We evaluate the electric charge distribution by super-
imposing the waves of different flavors weighted by their
charges,

j0e ¼
X

f

qfðj0;fL þ j0;fR Þ: (7)

The resulting distribution is shown in Fig. 2; for clarity, we
have subtracted the charge density distribution without
the CMW. As argued above qualitatively, the quark-gluon
plasma indeed acquires an electric quadrupole moment.
The poles of the produced fireball (pointing outside of the
reaction plane) acquire additional positive electric charge,
and the ‘‘equator’’ acquires additional negative charge. It is
very important to note that this pattern of charge separation

does not depend on the orientation of the magnetic field.
This means that the effect should survive even after the
event averaging.
From the electric quadrupole moment to charge-

dependent elliptic flow.—The expansion of the quark-gluon
plasma produced in heavy ion collisions is characterized
by a strong collective flow driven by the gradients of
pressure that transforms the spatial anisotropy of produced
matter into the momentum anisotropy of the produced
hadrons. Since the fireball of quark-gluon plasma pro-
duced in an off-central heavy ion collision has an elliptical
almondlike shape, the gradients of pressure make it expand
predominantly along the minor axis, i.e., in the reaction
plane—this is the ‘‘elliptic flow’’ (for a review, see [29]).
As a result, the electric quadrupole deformation of the
plasma described above will increase the elliptic flow of

FIG. 1 (color online). Chiral charge density in the plane trans-
verse to the beam axis. Magnetic field strength eB ¼ m2

!, life-
time of magnetic field % ¼ 10 fm, temperature T ¼ 165 MeV,
impact parameter b ¼ 3 fm.

FIG. 2 (color online). Electric charge density in the transverse
plane (background subtracted, see text). Same parameters as
in Fig. 1.
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and longitudinal diffusion constants determined by qf, eB,
and T. In this Letter we consider the propagation of u and d
flavored CMWs, since there is no net density of strange
quarks in the plasma. The full flavor symmetry Uð2Þf
contains Uð1Þu #Uð1Þd which defines independent Uð1Þ
flavor symmetries of u and d quarks. Considering the same
triangle anomalies leading to CME and CSE that now
involve each of these Uð1Þ symmetries, one obtains
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where "f are chemical potentials of Uð1Þf. From the
results of [25] and (4) we then derive Nf independent
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We obtain vf
# and Df

L from the computation in Ref. [25]
performed in the framework of the Sakai-Sugimoto model
in the large Nc quenched approximation. Each quark of
flavor f interacts with the magnetic field of effective
magnitude qfeB; we replace eB with qfeB in the argu-
ments of v# and DL as functions of eB:

vf
# ¼ v#ðeB ! qfeBÞ; Df

L ¼ DLðeB ! qfeBÞ: (6)

We evaluate the densities of u and d flavors at the time of
the plasma creation in the Au-Au collisions, and introduce
the corresponding initial chemical potentials "u
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V ¼

2"B=3. The shape of the initial ‘‘almond’’ of QCD matter
produced in a heavy ion collision is taken by using the
phenomenologically successful Kharzeev-Levin-Nardi
(KLN) model [28] based on parton saturation and kT
factorization. Au-Au collisions have been simulated, with
realistic Woods-Saxon nuclear densities. The axial chemi-
cal potentials at the initial time are set to zero.

We then solve the CMW equation numerically and find
that it generates the separation of chiral charge, as shown in
Fig. 1—the quark-gluon plasma acquires a ‘‘chiral dipole
moment’’.

We evaluate the electric charge distribution by super-
imposing the waves of different flavors weighted by their
charges,

j0e ¼
X

f

qfðj0;fL þ j0;fR Þ: (7)

The resulting distribution is shown in Fig. 2; for clarity, we
have subtracted the charge density distribution without
the CMW. As argued above qualitatively, the quark-gluon
plasma indeed acquires an electric quadrupole moment.
The poles of the produced fireball (pointing outside of the
reaction plane) acquire additional positive electric charge,
and the ‘‘equator’’ acquires additional negative charge. It is
very important to note that this pattern of charge separation

does not depend on the orientation of the magnetic field.
This means that the effect should survive even after the
event averaging.
From the electric quadrupole moment to charge-

dependent elliptic flow.—The expansion of the quark-gluon
plasma produced in heavy ion collisions is characterized
by a strong collective flow driven by the gradients of
pressure that transforms the spatial anisotropy of produced
matter into the momentum anisotropy of the produced
hadrons. Since the fireball of quark-gluon plasma pro-
duced in an off-central heavy ion collision has an elliptical
almondlike shape, the gradients of pressure make it expand
predominantly along the minor axis, i.e., in the reaction
plane—this is the ‘‘elliptic flow’’ (for a review, see [29]).
As a result, the electric quadrupole deformation of the
plasma described above will increase the elliptic flow of

FIG. 1 (color online). Chiral charge density in the plane trans-
verse to the beam axis. Magnetic field strength eB ¼ m2

!, life-
time of magnetic field % ¼ 10 fm, temperature T ¼ 165 MeV,
impact parameter b ¼ 3 fm.

FIG. 2 (color online). Electric charge density in the transverse
plane (background subtracted, see text). Same parameters as
in Fig. 1.
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and longitudinal diffusion constants determined by qf, eB,
and T. In this Letter we consider the propagation of u and d
flavored CMWs, since there is no net density of strange
quarks in the plasma. The full flavor symmetry Uð2Þf
contains Uð1Þu #Uð1Þd which defines independent Uð1Þ
flavor symmetries of u and d quarks. Considering the same
triangle anomalies leading to CME and CSE that now
involve each of these Uð1Þ symmetries, one obtains
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V;A ¼ qf

Nce
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A;VB; (4)

where "f are chemical potentials of Uð1Þf. From the
results of [25] and (4) we then derive Nf independent
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# and Df

L from the computation in Ref. [25]
performed in the framework of the Sakai-Sugimoto model
in the large Nc quenched approximation. Each quark of
flavor f interacts with the magnetic field of effective
magnitude qfeB; we replace eB with qfeB in the argu-
ments of v# and DL as functions of eB:

vf
# ¼ v#ðeB ! qfeBÞ; Df

L ¼ DLðeB ! qfeBÞ: (6)

We evaluate the densities of u and d flavors at the time of
the plasma creation in the Au-Au collisions, and introduce
the corresponding initial chemical potentials "u

V þ"d
V ¼

2"B=3. The shape of the initial ‘‘almond’’ of QCD matter
produced in a heavy ion collision is taken by using the
phenomenologically successful Kharzeev-Levin-Nardi
(KLN) model [28] based on parton saturation and kT
factorization. Au-Au collisions have been simulated, with
realistic Woods-Saxon nuclear densities. The axial chemi-
cal potentials at the initial time are set to zero.

We then solve the CMW equation numerically and find
that it generates the separation of chiral charge, as shown in
Fig. 1—the quark-gluon plasma acquires a ‘‘chiral dipole
moment’’.

We evaluate the electric charge distribution by super-
imposing the waves of different flavors weighted by their
charges,

j0e ¼
X

f

qfðj0;fL þ j0;fR Þ: (7)

The resulting distribution is shown in Fig. 2; for clarity, we
have subtracted the charge density distribution without
the CMW. As argued above qualitatively, the quark-gluon
plasma indeed acquires an electric quadrupole moment.
The poles of the produced fireball (pointing outside of the
reaction plane) acquire additional positive electric charge,
and the ‘‘equator’’ acquires additional negative charge. It is
very important to note that this pattern of charge separation

does not depend on the orientation of the magnetic field.
This means that the effect should survive even after the
event averaging.
From the electric quadrupole moment to charge-

dependent elliptic flow.—The expansion of the quark-gluon
plasma produced in heavy ion collisions is characterized
by a strong collective flow driven by the gradients of
pressure that transforms the spatial anisotropy of produced
matter into the momentum anisotropy of the produced
hadrons. Since the fireball of quark-gluon plasma pro-
duced in an off-central heavy ion collision has an elliptical
almondlike shape, the gradients of pressure make it expand
predominantly along the minor axis, i.e., in the reaction
plane—this is the ‘‘elliptic flow’’ (for a review, see [29]).
As a result, the electric quadrupole deformation of the
plasma described above will increase the elliptic flow of

FIG. 1 (color online). Chiral charge density in the plane trans-
verse to the beam axis. Magnetic field strength eB ¼ m2

!, life-
time of magnetic field % ¼ 10 fm, temperature T ¼ 165 MeV,
impact parameter b ¼ 3 fm.

FIG. 2 (color online). Electric charge density in the transverse
plane (background subtracted, see text). Same parameters as
in Fig. 1.
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The chiral magnetic wave is a gapless collective excitation of quark-gluon plasma in the presence of an

external magnetic field that stems from the interplay of chiral magnetic and chiral separation effects; it is

composed of the waves of the electric and chiral charge densities coupled by the axial anomaly. We

consider a chiral magnetic wave at finite baryon density and find that it induces the electric quadrupole

moment of the quark-gluon plasma produced in heavy ion collisions: the ‘‘poles’’ of the produced fireball

(pointing outside of the reaction plane) acquire additional positive electric charge, and the ‘‘equator’’

acquires additional negative charge. We point out that this electric quadrupole deformation lifts the

degeneracy between the elliptic flows of positive and negative pions leading to v2ð!þÞ< v2ð!$Þ, and
estimate the magnitude of the effect.

DOI: 10.1103/PhysRevLett.107.052303 PACS numbers: 12.38.Mh, 11.40.Ha, 25.75.Ag

Introduction.—The axial anomaly has been found to
induce the following two phenomena in the quark-gluon
plasma subjected to an external magnetic field: the chiral
magnetic effect (CME) and the chiral separation effect
(CSE). The CME is the phenomenon of electric charge
separation along the axis of the applied magnetic field in
the presence of a fluctuating topological charge [1–5]. The
CME in QCD coupled to electromagnetism assumes an
asymmetry between the densities of left- and right-handed
quarks, parametrized by an axial chemical potential"A. At
finite "A, an external magnetic field induces the vector
current ji ¼ !c#ic :

j V ¼ Nce

2!2 "AB; (1)

in our present convention the electric current is ejV .
Recently, the STAR [6,7] and PHENIX [8,9]

Collaborations at the Relativistic Heavy Ion Collider at
Brookhaven National Laboratory reported experimental
observation of charge asymmetry fluctuations possibly
providing evidence of the CME; this interpretation is still
under intense discussion (see, e.g., [10,11] and references
therein).

The CSE refers to the separation of chiral charge along
the axis of the external magnetic field at finite density of
vector charge (e.g., at finite baryon number density)
[12,13]. The resulting axial current is given by

j A ¼ Nce

2!2 "VB; (2)

where "V is the vector chemical potential. Both CME and
CSE effects have been proved robust in holographic QCD
models in a strong coupling regime [14–21] as well as in
lattice QCD computations [22,23]. The effects also persist
in relativistic hydrodynamics, as shown in Ref. [24].

Recently, two of us studied the properties of the chiral
magnetic wave (CMW) [25] stemming from the coupling
of the density waves of electric and chiral charge induced
by the axial anomaly in the presence of an external mag-
netic field; a related idea has been also discussed in [26].
The CMW is a gapless collective excitation; its existence is
a straightforward consequence of the relations of Eqs. (1)
and (2). Indeed, consider a local fluctuation of electric
charge density; according to Eq. (2) it induces a local
fluctuation of the axial-vector current. This fluctuation of
axial current in turn induces a local fluctuation of the axial
chemical potential, and thus according to Eq. (1) a fluc-
tuation of electric current. The resulting fluctuation of
electric charge density completes the cycle leading to the
CMW that combines the density waves of electric and
chiral charges.
The plasma created in heavy ion collisions possesses a

finite baryon density. The CSE [12,13,24] then implies
the separation of chiral charge: the ‘‘poles’’ of the fireball
acquire the chiral charges of opposite sign. The CME
current at the opposite poles then according to Eq. (1)
flows in opposite directions, as argued recently in [27].
In this Letter we will show that CMW induces a static
quadrupole moment of the electric charge density.
Chiral magnetic wave.—The CMW is a long wavelength

hydrodynamic mode of chiral charge densities; its
propagation in space-time along the direction of magnetic
field (denoted x1 here) is described by the following equa-
tion [25]:

ð@0 & @1v$ $DL@
2
1 $DT@

2
TÞj0L;R ¼ 0; (3)

where v$ is the wave velocity and DL (DT) is the longitu-
dinal (transverse) diffusion constant.
In the case of Nf quark flavors with electric charges qf

there will be Nf independent CMWs with the velocities
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negative hadrons, and decrease the elliptic flow of positive
hadrons, leading to vþ

2 < v"
2 as demonstrated in Fig. 3.

However, the large differences in the absorption cross
sections of antiprotons and protons, and of negative and
positive kaons in hadronic matter at finite baryon density,
are likely to mask or reverse this difference in the hadron
resonance ‘‘afterburner’’ phase of a heavy ion collision. On
the other hand, the smaller difference in the absorption
cross sections of negative and positive pions potentially
may make it possible to detect the electric quadrupole
moment of the plasma through the difference of elliptic
flows of pions, v2ð!þÞ< v2ð!"Þ.

The effect can be estimated by noting that a strong radial
flow aligns the momenta of the emitted hadrons along the
direction of the radial flow (see Fig. 3). The asymmetry of
the electric charge distribution in the expanding plasma is
then translated into the asymmetry in the azimuthal distri-
bution of the positive and negative hadrons:

Nþð"Þ " N"ð"Þ /
Z

j0eðR;"ÞRdR: (8)

This asymmetry has a 0th Fourier harmonic (monopole)
originating from a nonzero net charge density:

!# e ¼
Z

RdRd"j0e;B¼0ðR;"Þ: (9)

In addition there is a 2nd harmonic (quadrupole) of the
form 2qe cosð2"Þ due to the CMW contribution:

qe ¼
Z

RdRd" cosð2"Þ½j0eðR;"Þ " j0e;B¼0ðR;"Þ': (10)

The ratio of the two r ( 2qe
!#e
can be used to parametrize the

asymmetry in the azimuthal distributions of positive and
negative hadrons:

Nþð"Þ " N"ð"Þ ¼ ð !Nþ " !N"Þ½1" r cosð2"Þ'; (11)

where !N) are the multiplicities of positive and negative
hadrons. Therefore the hadron azimuthal distributions in-
cluding the ‘‘usual’’ elliptic flow are

dN)
d"

¼ N)½1þ 2v2 cosð2"Þ'

* !N)½1þ 2v2 cosð2"Þ + A)r cosð2"Þ': (12)

In the second line we assume that both v2 and the charge
asymmetry A) ( ð !Nþ " !N"Þ=ð !Nþ þ !N"Þ are small.
The elliptic flow therefore becomes charge dependent:

v)
2 ¼ v2 +

rA)
2

: (13)

The magnitude of the effect: Numerical simulation.—As
described above, we have computed the evolution of the
right and left chiral components of the u and d quarks
according to Eq. (3) (at zero rapidity) in a static plasma.
For simplicity, we assume the temperature to be uniform
within the almond. At the boundary of the plasma, the
chiral symmetry is broken and therefore we set v$ ¼ 0.
In the transverse (with respect to the magnetic field) direc-
tion, we assume a diffusion with a diffusion constant
DT estimated [25] as DT ¼ ð2!TÞ"1 within the Sakai-
Sugimoto model. The difference in the elliptic flows of
positive and negative pions is given, within our approxi-
mation, by Eq. (13). In Fig. 4 we present the ratio r ¼
2qe= !#e as a function of impact parameter b at different
times. In this computation we took the impact parameter
dependence of the magnetic field from [3], with the maxi-
mal value eBjmax ¼ m2

!. To convert this ratio into the
difference of the elliptic flows of positive and negative
pions according to Eq. (13), we also have to estimate the
electric charge asymmetry A) in the quark-gluon plasma
that varies between 0 and 1. We do this using the baryon
chemical potential and temperature at freeze-out extracted
[30] from the data and evaluating the yields of baryons
and charged mesons; for the energy of

ffiffiffi
s

p ¼ 11 GeV we

FIG. 3 (color online). Schematic demonstration of the CMW-
induced electric quadrupole deformation carried by strong
radial flow.

2 4 6 8
b fm

10 4

0.001

0.01

r

FIG. 4 (color online). The normalized electric quadrupole mo-
ment r, eBjmax ¼ m2

!, T ¼ 165 MeV.
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negative hadrons, and decrease the elliptic flow of positive
hadrons, leading to vþ

2 < v"
2 as demonstrated in Fig. 3.

However, the large differences in the absorption cross
sections of antiprotons and protons, and of negative and
positive kaons in hadronic matter at finite baryon density,
are likely to mask or reverse this difference in the hadron
resonance ‘‘afterburner’’ phase of a heavy ion collision. On
the other hand, the smaller difference in the absorption
cross sections of negative and positive pions potentially
may make it possible to detect the electric quadrupole
moment of the plasma through the difference of elliptic
flows of pions, v2ð!þÞ< v2ð!"Þ.

The effect can be estimated by noting that a strong radial
flow aligns the momenta of the emitted hadrons along the
direction of the radial flow (see Fig. 3). The asymmetry of
the electric charge distribution in the expanding plasma is
then translated into the asymmetry in the azimuthal distri-
bution of the positive and negative hadrons:
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originating from a nonzero net charge density:
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negative hadrons:
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hadrons. Therefore the hadron azimuthal distributions in-
cluding the ‘‘usual’’ elliptic flow are

dN)
d"

¼ N)½1þ 2v2 cosð2"Þ'

* !N)½1þ 2v2 cosð2"Þ + A)r cosð2"Þ': (12)

In the second line we assume that both v2 and the charge
asymmetry A) ( ð !Nþ " !N"Þ=ð !Nþ þ !N"Þ are small.
The elliptic flow therefore becomes charge dependent:
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: (13)

The magnitude of the effect: Numerical simulation.—As
described above, we have computed the evolution of the
right and left chiral components of the u and d quarks
according to Eq. (3) (at zero rapidity) in a static plasma.
For simplicity, we assume the temperature to be uniform
within the almond. At the boundary of the plasma, the
chiral symmetry is broken and therefore we set v$ ¼ 0.
In the transverse (with respect to the magnetic field) direc-
tion, we assume a diffusion with a diffusion constant
DT estimated [25] as DT ¼ ð2!TÞ"1 within the Sakai-
Sugimoto model. The difference in the elliptic flows of
positive and negative pions is given, within our approxi-
mation, by Eq. (13). In Fig. 4 we present the ratio r ¼
2qe= !#e as a function of impact parameter b at different
times. In this computation we took the impact parameter
dependence of the magnetic field from [3], with the maxi-
mal value eBjmax ¼ m2

!. To convert this ratio into the
difference of the elliptic flows of positive and negative
pions according to Eq. (13), we also have to estimate the
electric charge asymmetry A) in the quark-gluon plasma
that varies between 0 and 1. We do this using the baryon
chemical potential and temperature at freeze-out extracted
[30] from the data and evaluating the yields of baryons
and charged mesons; for the energy of

ffiffiffi
s

p ¼ 11 GeV we

FIG. 3 (color online). Schematic demonstration of the CMW-
induced electric quadrupole deformation carried by strong
radial flow.

2 4 6 8
b fm

10 4

0.001

0.01

r

FIG. 4 (color online). The normalized electric quadrupole mo-
ment r, eBjmax ¼ m2

!, T ¼ 165 MeV.
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Realistic implementation of chiral magnetic wave in heavy ion collisions
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A chiral magnetic wave (CMW) is a gapless collective excitation of chiral charges along the direction of
magnetic field in the quark-gluon plasma that arises from the triangle anomaly of QCD. We perform a reliable
study of the CMW in a realistic simulation of heavy ion collisions, and find that the CMW contributions to the
charge-dependent elliptic flow of pions, !v2 ≡ v2(π−) − v2(π+), linearly depending on the net charge asymmetry
A± ≡ (N+ − N−)/(N+ + N−) with a positive slope r , is comparable to the recent experimental results from the
Relativistic Heavy Ion Collider (RHIC). We identify a “freeze-out hole effect,” which is a direct consequence
of the propagation of the CMW during the realistic evolution of the fireball, as the dominant physics effect
responsible for a sizable contribution from the CMW to the slope parameter r , and emphasize that a proper
treatment of the freeze-out condition is crucial in any reliable computation of the CMW contribution to the slope
parameter r . We also implement a chiral phase transition effect in our study, which illustrates the sensitivity
of the results to chiral phase transition temperature, and suggest that the CMW can be an important probe of
the QCD chiral phase transition. Our results on the impact parameter dependence compare well with the RHIC
experiments. We also give predictions for the Large Hadron Collider (LHC) energy.

DOI: 10.1103/PhysRevC.89.044909 PACS number(s): 12.38.Mh, 11.40.Ha, 25.75.Ag

I. INTRODUCTION

Heavy ion collision experiments at the Relativistic Heavy
Ion Collider (RHIC) and the Large Hadron Collider (LHC)
are unique opportunities to experimentally realize the state
of QCD matter at extremely high temperature, so that the
fundamental constituents of nuclear matter, quarks and gluons,
are liberated from color confinement to form a quark-gluon
plasma (QGP). Many experimental results collected from on-
going RHIC and LHC experiments indicate a strongly coupled
nature of the QGP, which has provided much motivation and
many challenges in understanding the properties of the created
QCD plasma. Although the very early stage of the plasma at
the time much less than 1 fm is still beyond our complete
theoretical control, hydrodynamics has been used to model
the evolution after the initial stage to successfully explain a
majority of experimental observations with a few transport
coefficients, without worrying too much about microscopic
details of the QCD at strong coupling.

Hydrodynamics is based on the conservation equations,
and this is why the triangle anomaly (chiral anomaly) of axial
symmetry conservation affects some hydrodynamic properties
of charge fluctuations in QGP. The chiral magnetic effect
(CME) [1–3], which dictates a vector (axial) current along
the magnetic field in the presence of axial (vector) charge due
to the triangle anomaly, leads to an important modification of
the hydrodynamic constitutive relations of the vector and axial

*hyee@uic.edu
†yyin3@uic.edu

charge currents [4]:

J
µ
V,A = nV,Auµ + !J

µ
V,A + · · · , (1.1)

where “· · · ” refers to viscous corrections, and !J
µ
V,A denotes

the (axial) current induced by the CME:

!J
µ
V = eNc

2π2
µABµ, !J

µ
A = eNc

2π2
µV Bµ, (1.2)

where Bµ = (1/2)εµναβuνFαβ is the magnetic field boosted
from the fluid rest frame, and µV ,µA are vector and ax-
ial charge chemical potentials respectively. In heavy ion
collisions, axial charges µA may be generated event-by-
event through glasma color fields or sphaleron transitions,
and the magnetic field created by the spectator charges of
ultrarelativistic heavy ions can be as large as eB ∼ 10m2

π ,
and it points in the direction perpendicular to the reaction
plane [1]. These conditions make the CME possible in heavy
ion collisions, which would induce event-by-event charge
separation perpendicular to the reaction plane. Experimental
signatures in two particle correlations of cos(φ1 + φ2) between
same charged or opposite charged particles that are sensitive
to this charge separation [5] are in favor of the prediction of
the CME [6,7], but there are other unexplained features in the
experiments and the background effects unrelated to the CME
[8–11], so that the situation is not conclusive [12].

Writing down the anomalous part of Eq. (1.2) in the absence
of background flow,

$JV = eNc

2π2
µA

$B, $JA = eNc

2π2
µV

$B, (1.3)

one obtains a new gapless hydrodynamic propagating mode
of chiral charges, coined the chiral magnetic wave (CMW)

0556-2813/2014/89(4)/044909(11) 044909-1 ©2014 American Physical Society

The main “advantage” of the effect - elliptic 
flow dependence on charge asymmetry is 
“constant” in sign.
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Chiral Magnetic Wave
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and longitudinal diffusion constants determined by qf, eB,
and T. In this Letter we consider the propagation of u and d
flavored CMWs, since there is no net density of strange
quarks in the plasma. The full flavor symmetry Uð2Þf
contains Uð1Þu #Uð1Þd which defines independent Uð1Þ
flavor symmetries of u and d quarks. Considering the same
triangle anomalies leading to CME and CSE that now
involve each of these Uð1Þ symmetries, one obtains

j f
V;A ¼ qf

Nce

2!2 "
f
A;VB; (4)

where "f are chemical potentials of Uð1Þf. From the
results of [25] and (4) we then derive Nf independent

CMWs of flavored chiral charge densities j0;fL;R with veloc-
ities given by

vf
# ¼ qf

NceB

4!2

!
@"f

L

@j0;fL

"
% qf

NceB$
f

4!2 : (5)

We obtain vf
# and Df

L from the computation in Ref. [25]
performed in the framework of the Sakai-Sugimoto model
in the large Nc quenched approximation. Each quark of
flavor f interacts with the magnetic field of effective
magnitude qfeB; we replace eB with qfeB in the argu-
ments of v# and DL as functions of eB:

vf
# ¼ v#ðeB ! qfeBÞ; Df

L ¼ DLðeB ! qfeBÞ: (6)

We evaluate the densities of u and d flavors at the time of
the plasma creation in the Au-Au collisions, and introduce
the corresponding initial chemical potentials "u

V þ"d
V ¼

2"B=3. The shape of the initial ‘‘almond’’ of QCD matter
produced in a heavy ion collision is taken by using the
phenomenologically successful Kharzeev-Levin-Nardi
(KLN) model [28] based on parton saturation and kT
factorization. Au-Au collisions have been simulated, with
realistic Woods-Saxon nuclear densities. The axial chemi-
cal potentials at the initial time are set to zero.

We then solve the CMW equation numerically and find
that it generates the separation of chiral charge, as shown in
Fig. 1—the quark-gluon plasma acquires a ‘‘chiral dipole
moment’’.

We evaluate the electric charge distribution by super-
imposing the waves of different flavors weighted by their
charges,

j0e ¼
X

f

qfðj0;fL þ j0;fR Þ: (7)

The resulting distribution is shown in Fig. 2; for clarity, we
have subtracted the charge density distribution without
the CMW. As argued above qualitatively, the quark-gluon
plasma indeed acquires an electric quadrupole moment.
The poles of the produced fireball (pointing outside of the
reaction plane) acquire additional positive electric charge,
and the ‘‘equator’’ acquires additional negative charge. It is
very important to note that this pattern of charge separation

does not depend on the orientation of the magnetic field.
This means that the effect should survive even after the
event averaging.
From the electric quadrupole moment to charge-

dependent elliptic flow.—The expansion of the quark-gluon
plasma produced in heavy ion collisions is characterized
by a strong collective flow driven by the gradients of
pressure that transforms the spatial anisotropy of produced
matter into the momentum anisotropy of the produced
hadrons. Since the fireball of quark-gluon plasma pro-
duced in an off-central heavy ion collision has an elliptical
almondlike shape, the gradients of pressure make it expand
predominantly along the minor axis, i.e., in the reaction
plane—this is the ‘‘elliptic flow’’ (for a review, see [29]).
As a result, the electric quadrupole deformation of the
plasma described above will increase the elliptic flow of

FIG. 1 (color online). Chiral charge density in the plane trans-
verse to the beam axis. Magnetic field strength eB ¼ m2

!, life-
time of magnetic field % ¼ 10 fm, temperature T ¼ 165 MeV,
impact parameter b ¼ 3 fm.

FIG. 2 (color online). Electric charge density in the transverse
plane (background subtracted, see text). Same parameters as
in Fig. 1.
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and longitudinal diffusion constants determined by qf, eB,
and T. In this Letter we consider the propagation of u and d
flavored CMWs, since there is no net density of strange
quarks in the plasma. The full flavor symmetry Uð2Þf
contains Uð1Þu #Uð1Þd which defines independent Uð1Þ
flavor symmetries of u and d quarks. Considering the same
triangle anomalies leading to CME and CSE that now
involve each of these Uð1Þ symmetries, one obtains

j f
V;A ¼ qf

Nce

2!2 "
f
A;VB; (4)

where "f are chemical potentials of Uð1Þf. From the
results of [25] and (4) we then derive Nf independent

CMWs of flavored chiral charge densities j0;fL;R with veloc-
ities given by

vf
# ¼ qf

NceB

4!2

!
@"f

L

@j0;fL

"
% qf

NceB$
f

4!2 : (5)

We obtain vf
# and Df

L from the computation in Ref. [25]
performed in the framework of the Sakai-Sugimoto model
in the large Nc quenched approximation. Each quark of
flavor f interacts with the magnetic field of effective
magnitude qfeB; we replace eB with qfeB in the argu-
ments of v# and DL as functions of eB:

vf
# ¼ v#ðeB ! qfeBÞ; Df

L ¼ DLðeB ! qfeBÞ: (6)

We evaluate the densities of u and d flavors at the time of
the plasma creation in the Au-Au collisions, and introduce
the corresponding initial chemical potentials "u

V þ"d
V ¼

2"B=3. The shape of the initial ‘‘almond’’ of QCD matter
produced in a heavy ion collision is taken by using the
phenomenologically successful Kharzeev-Levin-Nardi
(KLN) model [28] based on parton saturation and kT
factorization. Au-Au collisions have been simulated, with
realistic Woods-Saxon nuclear densities. The axial chemi-
cal potentials at the initial time are set to zero.

We then solve the CMW equation numerically and find
that it generates the separation of chiral charge, as shown in
Fig. 1—the quark-gluon plasma acquires a ‘‘chiral dipole
moment’’.

We evaluate the electric charge distribution by super-
imposing the waves of different flavors weighted by their
charges,

j0e ¼
X

f

qfðj0;fL þ j0;fR Þ: (7)

The resulting distribution is shown in Fig. 2; for clarity, we
have subtracted the charge density distribution without
the CMW. As argued above qualitatively, the quark-gluon
plasma indeed acquires an electric quadrupole moment.
The poles of the produced fireball (pointing outside of the
reaction plane) acquire additional positive electric charge,
and the ‘‘equator’’ acquires additional negative charge. It is
very important to note that this pattern of charge separation

does not depend on the orientation of the magnetic field.
This means that the effect should survive even after the
event averaging.
From the electric quadrupole moment to charge-

dependent elliptic flow.—The expansion of the quark-gluon
plasma produced in heavy ion collisions is characterized
by a strong collective flow driven by the gradients of
pressure that transforms the spatial anisotropy of produced
matter into the momentum anisotropy of the produced
hadrons. Since the fireball of quark-gluon plasma pro-
duced in an off-central heavy ion collision has an elliptical
almondlike shape, the gradients of pressure make it expand
predominantly along the minor axis, i.e., in the reaction
plane—this is the ‘‘elliptic flow’’ (for a review, see [29]).
As a result, the electric quadrupole deformation of the
plasma described above will increase the elliptic flow of

FIG. 1 (color online). Chiral charge density in the plane trans-
verse to the beam axis. Magnetic field strength eB ¼ m2

!, life-
time of magnetic field % ¼ 10 fm, temperature T ¼ 165 MeV,
impact parameter b ¼ 3 fm.

FIG. 2 (color online). Electric charge density in the transverse
plane (background subtracted, see text). Same parameters as
in Fig. 1.
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The chiral magnetic wave is a gapless collective excitation of quark-gluon plasma in the presence of an

external magnetic field that stems from the interplay of chiral magnetic and chiral separation effects; it is

composed of the waves of the electric and chiral charge densities coupled by the axial anomaly. We

consider a chiral magnetic wave at finite baryon density and find that it induces the electric quadrupole

moment of the quark-gluon plasma produced in heavy ion collisions: the ‘‘poles’’ of the produced fireball

(pointing outside of the reaction plane) acquire additional positive electric charge, and the ‘‘equator’’

acquires additional negative charge. We point out that this electric quadrupole deformation lifts the

degeneracy between the elliptic flows of positive and negative pions leading to v2ð!þÞ< v2ð!$Þ, and
estimate the magnitude of the effect.

DOI: 10.1103/PhysRevLett.107.052303 PACS numbers: 12.38.Mh, 11.40.Ha, 25.75.Ag

Introduction.—The axial anomaly has been found to
induce the following two phenomena in the quark-gluon
plasma subjected to an external magnetic field: the chiral
magnetic effect (CME) and the chiral separation effect
(CSE). The CME is the phenomenon of electric charge
separation along the axis of the applied magnetic field in
the presence of a fluctuating topological charge [1–5]. The
CME in QCD coupled to electromagnetism assumes an
asymmetry between the densities of left- and right-handed
quarks, parametrized by an axial chemical potential"A. At
finite "A, an external magnetic field induces the vector
current ji ¼ !c#ic :

j V ¼ Nce

2!2 "AB; (1)

in our present convention the electric current is ejV .
Recently, the STAR [6,7] and PHENIX [8,9]

Collaborations at the Relativistic Heavy Ion Collider at
Brookhaven National Laboratory reported experimental
observation of charge asymmetry fluctuations possibly
providing evidence of the CME; this interpretation is still
under intense discussion (see, e.g., [10,11] and references
therein).

The CSE refers to the separation of chiral charge along
the axis of the external magnetic field at finite density of
vector charge (e.g., at finite baryon number density)
[12,13]. The resulting axial current is given by

j A ¼ Nce

2!2 "VB; (2)

where "V is the vector chemical potential. Both CME and
CSE effects have been proved robust in holographic QCD
models in a strong coupling regime [14–21] as well as in
lattice QCD computations [22,23]. The effects also persist
in relativistic hydrodynamics, as shown in Ref. [24].

Recently, two of us studied the properties of the chiral
magnetic wave (CMW) [25] stemming from the coupling
of the density waves of electric and chiral charge induced
by the axial anomaly in the presence of an external mag-
netic field; a related idea has been also discussed in [26].
The CMW is a gapless collective excitation; its existence is
a straightforward consequence of the relations of Eqs. (1)
and (2). Indeed, consider a local fluctuation of electric
charge density; according to Eq. (2) it induces a local
fluctuation of the axial-vector current. This fluctuation of
axial current in turn induces a local fluctuation of the axial
chemical potential, and thus according to Eq. (1) a fluc-
tuation of electric current. The resulting fluctuation of
electric charge density completes the cycle leading to the
CMW that combines the density waves of electric and
chiral charges.
The plasma created in heavy ion collisions possesses a

finite baryon density. The CSE [12,13,24] then implies
the separation of chiral charge: the ‘‘poles’’ of the fireball
acquire the chiral charges of opposite sign. The CME
current at the opposite poles then according to Eq. (1)
flows in opposite directions, as argued recently in [27].
In this Letter we will show that CMW induces a static
quadrupole moment of the electric charge density.
Chiral magnetic wave.—The CMW is a long wavelength

hydrodynamic mode of chiral charge densities; its
propagation in space-time along the direction of magnetic
field (denoted x1 here) is described by the following equa-
tion [25]:

ð@0 & @1v$ $DL@
2
1 $DT@

2
TÞj0L;R ¼ 0; (3)

where v$ is the wave velocity and DL (DT) is the longitu-
dinal (transverse) diffusion constant.
In the case of Nf quark flavors with electric charges qf

there will be Nf independent CMWs with the velocities
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negative hadrons, and decrease the elliptic flow of positive
hadrons, leading to vþ

2 < v"
2 as demonstrated in Fig. 3.

However, the large differences in the absorption cross
sections of antiprotons and protons, and of negative and
positive kaons in hadronic matter at finite baryon density,
are likely to mask or reverse this difference in the hadron
resonance ‘‘afterburner’’ phase of a heavy ion collision. On
the other hand, the smaller difference in the absorption
cross sections of negative and positive pions potentially
may make it possible to detect the electric quadrupole
moment of the plasma through the difference of elliptic
flows of pions, v2ð!þÞ< v2ð!"Þ.

The effect can be estimated by noting that a strong radial
flow aligns the momenta of the emitted hadrons along the
direction of the radial flow (see Fig. 3). The asymmetry of
the electric charge distribution in the expanding plasma is
then translated into the asymmetry in the azimuthal distri-
bution of the positive and negative hadrons:

Nþð"Þ " N"ð"Þ /
Z

j0eðR;"ÞRdR: (8)

This asymmetry has a 0th Fourier harmonic (monopole)
originating from a nonzero net charge density:

!# e ¼
Z

RdRd"j0e;B¼0ðR;"Þ: (9)

In addition there is a 2nd harmonic (quadrupole) of the
form 2qe cosð2"Þ due to the CMW contribution:

qe ¼
Z

RdRd" cosð2"Þ½j0eðR;"Þ " j0e;B¼0ðR;"Þ': (10)

The ratio of the two r ( 2qe
!#e
can be used to parametrize the

asymmetry in the azimuthal distributions of positive and
negative hadrons:

Nþð"Þ " N"ð"Þ ¼ ð !Nþ " !N"Þ½1" r cosð2"Þ'; (11)

where !N) are the multiplicities of positive and negative
hadrons. Therefore the hadron azimuthal distributions in-
cluding the ‘‘usual’’ elliptic flow are

dN)
d"

¼ N)½1þ 2v2 cosð2"Þ'

* !N)½1þ 2v2 cosð2"Þ + A)r cosð2"Þ': (12)

In the second line we assume that both v2 and the charge
asymmetry A) ( ð !Nþ " !N"Þ=ð !Nþ þ !N"Þ are small.
The elliptic flow therefore becomes charge dependent:

v)
2 ¼ v2 +

rA)
2

: (13)

The magnitude of the effect: Numerical simulation.—As
described above, we have computed the evolution of the
right and left chiral components of the u and d quarks
according to Eq. (3) (at zero rapidity) in a static plasma.
For simplicity, we assume the temperature to be uniform
within the almond. At the boundary of the plasma, the
chiral symmetry is broken and therefore we set v$ ¼ 0.
In the transverse (with respect to the magnetic field) direc-
tion, we assume a diffusion with a diffusion constant
DT estimated [25] as DT ¼ ð2!TÞ"1 within the Sakai-
Sugimoto model. The difference in the elliptic flows of
positive and negative pions is given, within our approxi-
mation, by Eq. (13). In Fig. 4 we present the ratio r ¼
2qe= !#e as a function of impact parameter b at different
times. In this computation we took the impact parameter
dependence of the magnetic field from [3], with the maxi-
mal value eBjmax ¼ m2

!. To convert this ratio into the
difference of the elliptic flows of positive and negative
pions according to Eq. (13), we also have to estimate the
electric charge asymmetry A) in the quark-gluon plasma
that varies between 0 and 1. We do this using the baryon
chemical potential and temperature at freeze-out extracted
[30] from the data and evaluating the yields of baryons
and charged mesons; for the energy of

ffiffiffi
s

p ¼ 11 GeV we

FIG. 3 (color online). Schematic demonstration of the CMW-
induced electric quadrupole deformation carried by strong
radial flow.
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b fm

10 4

0.001

0.01

r

FIG. 4 (color online). The normalized electric quadrupole mo-
ment r, eBjmax ¼ m2

!, T ¼ 165 MeV.
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negative hadrons, and decrease the elliptic flow of positive
hadrons, leading to vþ

2 < v"
2 as demonstrated in Fig. 3.

However, the large differences in the absorption cross
sections of antiprotons and protons, and of negative and
positive kaons in hadronic matter at finite baryon density,
are likely to mask or reverse this difference in the hadron
resonance ‘‘afterburner’’ phase of a heavy ion collision. On
the other hand, the smaller difference in the absorption
cross sections of negative and positive pions potentially
may make it possible to detect the electric quadrupole
moment of the plasma through the difference of elliptic
flows of pions, v2ð!þÞ< v2ð!"Þ.

The effect can be estimated by noting that a strong radial
flow aligns the momenta of the emitted hadrons along the
direction of the radial flow (see Fig. 3). The asymmetry of
the electric charge distribution in the expanding plasma is
then translated into the asymmetry in the azimuthal distri-
bution of the positive and negative hadrons:

Nþð"Þ " N"ð"Þ /
Z

j0eðR;"ÞRdR: (8)

This asymmetry has a 0th Fourier harmonic (monopole)
originating from a nonzero net charge density:

!# e ¼
Z

RdRd"j0e;B¼0ðR;"Þ: (9)

In addition there is a 2nd harmonic (quadrupole) of the
form 2qe cosð2"Þ due to the CMW contribution:

qe ¼
Z

RdRd" cosð2"Þ½j0eðR;"Þ " j0e;B¼0ðR;"Þ': (10)

The ratio of the two r ( 2qe
!#e
can be used to parametrize the

asymmetry in the azimuthal distributions of positive and
negative hadrons:

Nþð"Þ " N"ð"Þ ¼ ð !Nþ " !N"Þ½1" r cosð2"Þ'; (11)

where !N) are the multiplicities of positive and negative
hadrons. Therefore the hadron azimuthal distributions in-
cluding the ‘‘usual’’ elliptic flow are

dN)
d"

¼ N)½1þ 2v2 cosð2"Þ'

* !N)½1þ 2v2 cosð2"Þ + A)r cosð2"Þ': (12)

In the second line we assume that both v2 and the charge
asymmetry A) ( ð !Nþ " !N"Þ=ð !Nþ þ !N"Þ are small.
The elliptic flow therefore becomes charge dependent:

v)
2 ¼ v2 +

rA)
2

: (13)

The magnitude of the effect: Numerical simulation.—As
described above, we have computed the evolution of the
right and left chiral components of the u and d quarks
according to Eq. (3) (at zero rapidity) in a static plasma.
For simplicity, we assume the temperature to be uniform
within the almond. At the boundary of the plasma, the
chiral symmetry is broken and therefore we set v$ ¼ 0.
In the transverse (with respect to the magnetic field) direc-
tion, we assume a diffusion with a diffusion constant
DT estimated [25] as DT ¼ ð2!TÞ"1 within the Sakai-
Sugimoto model. The difference in the elliptic flows of
positive and negative pions is given, within our approxi-
mation, by Eq. (13). In Fig. 4 we present the ratio r ¼
2qe= !#e as a function of impact parameter b at different
times. In this computation we took the impact parameter
dependence of the magnetic field from [3], with the maxi-
mal value eBjmax ¼ m2

!. To convert this ratio into the
difference of the elliptic flows of positive and negative
pions according to Eq. (13), we also have to estimate the
electric charge asymmetry A) in the quark-gluon plasma
that varies between 0 and 1. We do this using the baryon
chemical potential and temperature at freeze-out extracted
[30] from the data and evaluating the yields of baryons
and charged mesons; for the energy of

ffiffiffi
s

p ¼ 11 GeV we

FIG. 3 (color online). Schematic demonstration of the CMW-
induced electric quadrupole deformation carried by strong
radial flow.
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FIG. 4 (color online). The normalized electric quadrupole mo-
ment r, eBjmax ¼ m2

!, T ¼ 165 MeV.
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A chiral magnetic wave (CMW) is a gapless collective excitation of chiral charges along the direction of
magnetic field in the quark-gluon plasma that arises from the triangle anomaly of QCD. We perform a reliable
study of the CMW in a realistic simulation of heavy ion collisions, and find that the CMW contributions to the
charge-dependent elliptic flow of pions, !v2 ≡ v2(π−) − v2(π+), linearly depending on the net charge asymmetry
A± ≡ (N+ − N−)/(N+ + N−) with a positive slope r , is comparable to the recent experimental results from the
Relativistic Heavy Ion Collider (RHIC). We identify a “freeze-out hole effect,” which is a direct consequence
of the propagation of the CMW during the realistic evolution of the fireball, as the dominant physics effect
responsible for a sizable contribution from the CMW to the slope parameter r , and emphasize that a proper
treatment of the freeze-out condition is crucial in any reliable computation of the CMW contribution to the slope
parameter r . We also implement a chiral phase transition effect in our study, which illustrates the sensitivity
of the results to chiral phase transition temperature, and suggest that the CMW can be an important probe of
the QCD chiral phase transition. Our results on the impact parameter dependence compare well with the RHIC
experiments. We also give predictions for the Large Hadron Collider (LHC) energy.

DOI: 10.1103/PhysRevC.89.044909 PACS number(s): 12.38.Mh, 11.40.Ha, 25.75.Ag

I. INTRODUCTION

Heavy ion collision experiments at the Relativistic Heavy
Ion Collider (RHIC) and the Large Hadron Collider (LHC)
are unique opportunities to experimentally realize the state
of QCD matter at extremely high temperature, so that the
fundamental constituents of nuclear matter, quarks and gluons,
are liberated from color confinement to form a quark-gluon
plasma (QGP). Many experimental results collected from on-
going RHIC and LHC experiments indicate a strongly coupled
nature of the QGP, which has provided much motivation and
many challenges in understanding the properties of the created
QCD plasma. Although the very early stage of the plasma at
the time much less than 1 fm is still beyond our complete
theoretical control, hydrodynamics has been used to model
the evolution after the initial stage to successfully explain a
majority of experimental observations with a few transport
coefficients, without worrying too much about microscopic
details of the QCD at strong coupling.

Hydrodynamics is based on the conservation equations,
and this is why the triangle anomaly (chiral anomaly) of axial
symmetry conservation affects some hydrodynamic properties
of charge fluctuations in QGP. The chiral magnetic effect
(CME) [1–3], which dictates a vector (axial) current along
the magnetic field in the presence of axial (vector) charge due
to the triangle anomaly, leads to an important modification of
the hydrodynamic constitutive relations of the vector and axial

*hyee@uic.edu
†yyin3@uic.edu

charge currents [4]:

J
µ
V,A = nV,Auµ + !J

µ
V,A + · · · , (1.1)

where “· · · ” refers to viscous corrections, and !J
µ
V,A denotes

the (axial) current induced by the CME:

!J
µ
V = eNc

2π2
µABµ, !J

µ
A = eNc

2π2
µV Bµ, (1.2)

where Bµ = (1/2)εµναβuνFαβ is the magnetic field boosted
from the fluid rest frame, and µV ,µA are vector and ax-
ial charge chemical potentials respectively. In heavy ion
collisions, axial charges µA may be generated event-by-
event through glasma color fields or sphaleron transitions,
and the magnetic field created by the spectator charges of
ultrarelativistic heavy ions can be as large as eB ∼ 10m2

π ,
and it points in the direction perpendicular to the reaction
plane [1]. These conditions make the CME possible in heavy
ion collisions, which would induce event-by-event charge
separation perpendicular to the reaction plane. Experimental
signatures in two particle correlations of cos(φ1 + φ2) between
same charged or opposite charged particles that are sensitive
to this charge separation [5] are in favor of the prediction of
the CME [6,7], but there are other unexplained features in the
experiments and the background effects unrelated to the CME
[8–11], so that the situation is not conclusive [12].

Writing down the anomalous part of Eq. (1.2) in the absence
of background flow,

$JV = eNc

2π2
µA

$B, $JA = eNc

2π2
µV

$B, (1.3)

one obtains a new gapless hydrodynamic propagating mode
of chiral charges, coined the chiral magnetic wave (CMW)

0556-2813/2014/89(4)/044909(11) 044909-1 ©2014 American Physical Society

andlongitudinaldiffusionconstantsdeterminedbyqf,eB,
andT.InthisLetterweconsiderthepropagationofuandd
flavoredCMWs,sincethereisnonetdensityofstrange
quarksintheplasma.ThefullflavorsymmetryUð2Þf
containsUð1Þu#Uð1ÞdwhichdefinesindependentUð1Þ
flavorsymmetriesofuanddquarks.Consideringthesame
triangleanomaliesleadingtoCMEandCSEthatnow
involveeachoftheseUð1Þsymmetries,oneobtains

jf
V;A¼qf

Nce

2!2"
f
A;VB;(4)

where"farechemicalpotentialsofUð1Þf.Fromthe
resultsof[25]and(4)wethenderiveNfindependent

CMWsofflavoredchiralchargedensitiesj0;f L;Rwithveloc-
itiesgivenby

vf
#¼qf

NceB

4!2

!
@"f

L

@j0;f L

"
%qf

NceB$
f

4!2:(5)

Weobtainvf
#andDf

LfromthecomputationinRef.[25]
performedintheframeworkoftheSakai-Sugimotomodel
inthelargeNcquenchedapproximation.Eachquarkof
flavorfinteractswiththemagneticfieldofeffective
magnitudeqfeB;wereplaceeBwithqfeBintheargu-
mentsofv#andDLasfunctionsofeB:

vf
#¼v#ðeB!qfeBÞ;Df

L¼DLðeB!qfeBÞ:(6)

Weevaluatethedensitiesofuanddflavorsatthetimeof
theplasmacreationintheAu-Aucollisions,andintroduce
thecorrespondinginitialchemicalpotentials"u

Vþ"d
V¼

2"B=3.Theshapeoftheinitial‘‘almond’’ofQCDmatter
producedinaheavyioncollisionistakenbyusingthe
phenomenologicallysuccessfulKharzeev-Levin-Nardi
(KLN)model[28]basedonpartonsaturationandkT
factorization.Au-Aucollisionshavebeensimulated,with
realisticWoods-Saxonnucleardensities.Theaxialchemi-
calpotentialsattheinitialtimearesettozero.

WethensolvetheCMWequationnumericallyandfind
thatitgeneratestheseparationofchiralcharge,asshownin
Fig.1—thequark-gluonplasmaacquiresa‘‘chiraldipole
moment’’.

Weevaluatetheelectricchargedistributionbysuper-
imposingthewavesofdifferentflavorsweightedbytheir
charges,

j0e¼
X

f

qfðj0;f Lþj0;f RÞ:(7)

TheresultingdistributionisshowninFig.2;forclarity,we
havesubtractedthechargedensitydistributionwithout
theCMW.Asarguedabovequalitatively,thequark-gluon
plasmaindeedacquiresanelectricquadrupolemoment.
Thepolesoftheproducedfireball(pointingoutsideofthe
reactionplane)acquireadditionalpositiveelectriccharge,
andthe‘‘equator’’acquiresadditionalnegativecharge.Itis
veryimportanttonotethatthispatternofchargeseparation

doesnotdependontheorientationofthemagneticfield.
Thismeansthattheeffectshouldsurviveevenafterthe
eventaveraging.

Fromtheelectricquadrupolemomenttocharge-
dependentellipticflow.—Theexpansionofthequark-gluon
plasmaproducedinheavyioncollisionsischaracterized
byastrongcollectiveflowdrivenbythegradientsof
pressurethattransformsthespatialanisotropyofproduced
matterintothemomentumanisotropyoftheproduced
hadrons.Sincethefireballofquark-gluonplasmapro-
ducedinanoff-centralheavyioncollisionhasanelliptical
almondlikeshape,thegradientsofpressuremakeitexpand
predominantlyalongtheminoraxis,i.e.,inthereaction
plane—thisisthe‘‘ellipticflow’’(forareview,see[29]).
Asaresult,theelectricquadrupoledeformationofthe
plasmadescribedabovewillincreasetheellipticflowof

FIG.1(coloronline).Chiralchargedensityintheplanetrans-
versetothebeamaxis.MagneticfieldstrengtheB¼m2

!,life-
timeofmagneticfield%¼10fm,temperatureT¼165MeV,
impactparameterb¼3fm.

FIG.2(coloronline).Electricchargedensityinthetransverse
plane(backgroundsubtracted,seetext).Sameparametersas
inFig.1.
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The main “advantage” of the effect - elliptic 
flow dependence on charge asymmetry is 
“constant” in sign.
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azimuthal distribution (φ) and quantified by the Fourier coefficient v2 [16], refers to the collective
motion of particles with respect to the reaction plane (ψRP):

v2 = 〈cos[2(φ − ψRP)]〉. (1)

Taking pions as an example, on top of the baseline vbase
2 (π±), a CMW will lead to [14]

v2(π±) = vbase
2 (π±) ∓ (

qe
 ρe

)A±, (2)

where qe,  ρe and A± = (  N+ −  N−)/(  N+ +  N−) are the quadrupole moment, the net charge density
and the charge asymmetry of the collision system, respectively. As 〈A±〉 is always positive,
A±-integrated v2 of π− (π+) should be above (below) the baseline due to CMW. However, the
baseline v2 may be different for π+ and π− in the first place because of several other possible
physics mechanisms [17, 18, 19], so it is less ambiguous to study CMW via the A± dependency
of pion v2 than A±-integrated v2.

In Sec. 2, we present A±-differential measurements of pion v2 for Au+Au collisions at√sNN =200, 62.4, 39, 27 and 19.6 GeV. We find that pion v2 exhibits a linear dependence on A±,
with positive (negative) slopes for π− (π+). The slope difference between π− and π+ is studied as
a function of collision centrality. In Sec. 3, the measurements of charge separation correlator are
used to search for CME and Local Parity Violating (LPV) effects.

2. Pion v2(A±)

±Observed A
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Figure 1: (Color online) The example of 30-40% Au+Au collisions at 200 GeV [22]. (Left) Pion v2{2} as a function
of observed charge asymmetry. (Right) v2 difference between π− and π+ as a function of charge asymmetry with the
tracking efficiency correction. The errors are statistical only.

Charged particle tracks were reconstructed in STAR TPC [20], with pseudorapidity cut |η| <
1. The centrality definition and track quality cuts are the same as in Ref. [21], unless otherwise
specified. This study is based on Au+Au samples of 200M events at 200 GeV from RHIC year
2010, 60M at 62.4 GeV (2010), 100M at 39 GeV (2010), 40M at 27 GeV (2011) and 20M at
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azimuthal distribution (φ) and quantified by the Fourier coefficient v2 [16], refers to the collective
motion of particles with respect to the reaction plane (ψRP):

v2 = 〈cos[2(φ − ψRP)]〉. (1)

Taking pions as an example, on top of the baseline vbase
2 (π±), a CMW will lead to [14]

v2(π±) = vbase
2 (π±) ∓ (

qe
 ρe

)A±, (2)

where qe,  ρe and A± = (  N+ −  N−)/(  N+ +  N−) are the quadrupole moment, the net charge density
and the charge asymmetry of the collision system, respectively. As 〈A±〉 is always positive,
A±-integrated v2 of π− (π+) should be above (below) the baseline due to CMW. However, the
baseline v2 may be different for π+ and π− in the first place because of several other possible
physics mechanisms [17, 18, 19], so it is less ambiguous to study CMW via the A± dependency
of pion v2 than A±-integrated v2.

In Sec. 2, we present A±-differential measurements of pion v2 for Au+Au collisions at√sNN =200, 62.4, 39, 27 and 19.6 GeV. We find that pion v2 exhibits a linear dependence on A±,
with positive (negative) slopes for π− (π+). The slope difference between π− and π+ is studied as
a function of collision centrality. In Sec. 3, the measurements of charge separation correlator are
used to search for CME and Local Parity Violating (LPV) effects.

2. Pion v2(A±)

±Observed A
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T
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Figure 1: (Color online) The example of 30-40% Au+Au collisions at 200 GeV [22]. (Left) Pion v2{2} as a function
of observed charge asymmetry. (Right) v2 difference between π− and π+ as a function of charge asymmetry with the
tracking efficiency correction. The errors are statistical only.

Charged particle tracks were reconstructed in STAR TPC [20], with pseudorapidity cut |η| <
1. The centrality definition and track quality cuts are the same as in Ref. [21], unless otherwise
specified. This study is based on Au+Au samples of 200M events at 200 GeV from RHIC year
2010, 60M at 62.4 GeV (2010), 100M at 39 GeV (2010), 40M at 27 GeV (2011) and 20M at

2

A need for detailed predictions (collision energy dependence, dependence on
the size of rapidity window used to calculate charge asymmetry, etc. ) 
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The chiral magnetic wave in an expanding QCD fluid

Seyed Farid Taghavi(1,2)⇤ and Urs Achim Wiedemann(2)⇤
(1)School of Particles and Accelerators, Institute for Research in
Fundamental Sciences (IPM), P.O.Box 19395-5531, Tehran, Iran

(2)Physics Department, Theory Unit, CERN, CH-1211 Genève 23, Switzerland

As a consequence of the chiral anomaly, the hydrodynamics of hot QCD matter coupled to QED
allows for a long-wavelength mode of chiral charge density, the chiral magnetic wave (CMW), that
provides for a mechanism of electric charge separation along the direction of an external magnetic
field. Here, we investigate the e�ciency of this mechanism for values of the time-dependent magnetic
field and of the energy density attained in the hot QCD matter of ultra-relativistic heavy ion
collisions. To this end, we derive the CMW equations of motion for expanding systems by treating
the CMW as a charge perturbation on top of an expanding Bjorken-type background field in the limit
µ/T ⌧ 1. Both, approximate analytical and full numerical solutions to these equations of motion
indicate that for the lifetime and thermodynamic conditions of ultra-relativistic heavy ion collisions,
the e�ciency of CMW-induced electric charge separation decreases with increasing center of mass
energy and that the e↵ect is numerically very small. We note, however, that if sizable oriented
asymmetries in the axial charge distribution (that are not induced by the CMW) are present in the
early fluid dynamic evolution, then the mechanism of CMW-induced electric charge separation can
be much more e�cient.

PACS numbers:

I. INTRODUCTION.

Our understanding of how the chiral anomaly a↵ects
the dynamics of relativistic plasmas has deepened con-
siderably in recent years. First insights into macroscopic
e↵ects of quantum anomalies go back to the early 1980s,
when Vilenkin found that rotating thermal matter emits
equilibrium (anti)neutrino currents that - as a conse-
quence of their handedness - are oriented preferentially
along (opposite to) the angular velocity vector [1, 2] or an
external magnetic field [3]. Related macroscopic parity-
violating e↵ects were discussed in the 1990s for systems
as di↵erent as superfluid 3He-A [4], and the electro-weak
plasma in the Early Universe [5, 6]. As understood more
recently, it is a direct consequence of the second law
of thermodynamics that the viscous relativistic hydro-
dynamics of any charged plasma with triangle anomaly
carries currents with terms proportional to the vorticity
and proportional to an external magnetic field [7]. Rather
than being set by new material properties, the strength of
these anomalous contributions is given in terms of known
thermodynamic functions and it is generally finite for
non-vanishing chemical potentials. Anomalous hydro-
dynamics therefore must display currents with features
that do not have a direct counterpart in plasmas with-
out quantum anomalies. The charged plasmas of quan-
tum field theories with gravity duals provide examples
for which these features arise in explicit calculations [8–
12]. There is also significant progress in understanding
how anomalous hydrodynamics arises in the long wave-
length limit of classical kinetic theory supplemented by

⇤
E-mail: s.f.taghavi@ipm.ir, urs.wiedemann@cern.ch

the notion of Berry curvature [13–15], how it emerges in
the quantum kinetic approach [16, 17], and which terms
arise in anomalous hydrodynamics beyond the first order
in viscous corrections [18].

In the quark gluon plasma of the phenomenologically
realized quantum field theory of QCD coupled to electro-
dynamics, the fermionic degrees of freedom carry both,
the conserved electromagnetic and the anomalous ax-
ial charge. The collective close-to-equilibrium dynam-
ics of the quark gluon plasma provides therefore a spe-
cial case of anomalous hydrodynamics [19]: For non-
vanishing chemical potential of the axial charge, µ

A

, an
external magnetic field ~B or a vorticity ~! in the fluid
induces an electromagnetic vector current ~j

V

. And for
non-vanishing vector chemical potential µ

V

, vorticity or
an external magnetic field induces an axial current ~j

A

.

The question to what extent these characteristic fea-
tures of the chiral anomaly could lead to experimentally
accessible signatures in the plasma produced in ultra-
relativistic heavy ion collisions is currently at the focus of
an intense theoretical debate [20–31] and of experimental
searches [32–40]. Several proposed signatures of anoma-
lous hydrodynamics are based on the idea that the large
~B-field in ultra-relativistic heavy ion collisions induces
an axial charge asymmetry between the two hemispheres
separated by the reaction plane. Originally, experimental
searches focussed mainly on a scenario [20] according to
which these axial charges, due to interactions with non-
trivial gauge configurations, transferred into an electric
charge asymmetry that would be visible event-by-event
in an electric dipole moment. However, in this proposal
the transfer of axial to electrical charge asymmetry in-
volves physics that is not encoded in anomalous QCD
hydrodynamics and that has not been elaborated on in
a dynamical framework so far. Although the mechanism
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Abstract

Anomalous hydrodynamics is a low-energy effective theory that captures effects of quantum

anomalies. We develop a numerical code of anomalous hydrodynamics and apply it to dynamics of

heavy-ion collisions, where anomalous transports are expected to occur. This is the first attempt

to perform fully non-linear numerical simulations of anomalous hydrodynamics. We discuss impli-

cations of the simulations for possible experimental observations of anomalous transport effects.

From analyses of the charge-dependent elliptic flow parameters (v±2 ) as a function of the net charge

asymmetry A±, we quantitatively verify that the linear dependence of ∆v2 ≡ v−2 − v+2 on the net

charge asymmetry A± cannot be regarded as a sensitive signal of anomalous transports, contrary

to previous studies. We, however, find that the intercept ∆v2(A± = 0) is sensitive to anomalous

transport effects.
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Main conclusion - the effect is likely very small
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FIG. 9. (Color online) The numerical results of r/v̄2 as a function of the impact parameter at RHIC energy for three different lifetimes
τB = 2 fm (red), 4 fm (blue), and 6 fm (green) from bottom to top (left). The right figure shows the RHIC experiment results as a function of
centrality.

between RHIC and LHC can be understood as follows. It is
seen from Fig. 5 that, at RHIC energy, the speed of the CMW
is small at high temperature or at early time. However, at LHC
where the magnetic field is much larger than that at RHIC,
the speed of the CMW is already saturated at vχ = 1 at very
early time. Consequently, for sufficiently large magnetic field,
a large amount of charge would escape from the plasma due
to CMW and freeze-out at very early stage of the fireball
expansion. As radial flow has not yet developed at such early
time, the charge-dependent elliptic flow vch

2 becomes very
small. As a result, the ratio κ = r/v̄2 = 2(v̄2 − vch

2 )/v̄2 turns
out to be larger in such situations. We emphasis here that
the difference between RHIC and LHC that we discuss above
would have been missed if the CMW equations were not solved
in a realistic hydrodynamic background.

In the light of above discussion, one may consider an ex-
treme situation that all charges move to the freeze-out surface
due to CMW before radial flow has been built up. In such
limit, vch

2 → 0 and we obtain a theoretical upper bound to the

4 5 6 7 8 9 10
0.0

0.2

0.4

0.6

0.8

1.0

b fm

r
v 2

FIG. 10. (Color online) The numerical results of r/v̄2 as a func-
tion of the impact parameter at LHC energy for three different
lifetimes τB = 2/13.8 fm (red), 4/13.8 fm (blue), and 6/13.8 fm
(green) from bottom to top. We observe a very different impact
parameter dependence than that at RHIC.

ratio κ = 2(v̄2 − vch
2 )/v̄2 ! 2. It would be interesting to see the

results from LHC on κ and compare it with the bound value 2.
This comparison would provide a useful indicator of the CMW.

V. DISCUSSION

In this work, we study the chiral magnetic wave (CMW)
in realistic temperature and flow background. Our results are
based on the realistic simulation of heavy-ion collisions, and
the proper initial/final states treatment indicates that the CMW
contribution to the charge-dependent elliptic flow of pions
is comparable to the experiments at the RHIC. We observe
that the proper freeze-out condition is crucial for a reliable
computation of the CMW contributions to experimental
observables. As the observable we are considering is subject
to other background effects (see for example Ref. [33]), we
do npt claim that the CMW contribution explains all portion
of the data. Our conclusion is that the CMW contribution is
sizable and has to be taken into account.

Our result on the impact parameter dependence qualita-
tively agrees well with the experiments at the RHIC. Our
prediction for the LHC energy is quite different from that for
RHIC energy, suggesting that we may be able to test the CMW
contribution by looking at the impact parameter dependence
at LHC energy.

We find somewhat large sensitivity of our results on the chi-
ral phase transition temperature. The lifetime of the magnetic
field [34,35] is also a major source of uncertainty involved
in our analysis. We have not included fluctuations of the
electromagnetic fields, and one should include viscous effects
for a more precision computation of the observables. We leave
all these important possible improvements to our future work.

As a final comment, it is known that the axial charge in
the plasma is subject to decay via anomaly by the dynamical
gauge fields. One aspect of this is seen in the instability of
the dynamical gauge fields in the presence of axial charge
[36,37]. In principle, this should be an important effect to
be taken into account in realistic simulation of axial charge
evolution. We have neglected this since we are considering
very small charge fluctuations (recall the charge asymmetry

044909-10
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between RHIC and LHC can be understood as follows. It is
seen from Fig. 5 that, at RHIC energy, the speed of the CMW
is small at high temperature or at early time. However, at LHC
where the magnetic field is much larger than that at RHIC,
the speed of the CMW is already saturated at vχ = 1 at very
early time. Consequently, for sufficiently large magnetic field,
a large amount of charge would escape from the plasma due
to CMW and freeze-out at very early stage of the fireball
expansion. As radial flow has not yet developed at such early
time, the charge-dependent elliptic flow vch

2 becomes very
small. As a result, the ratio κ = r/v̄2 = 2(v̄2 − vch

2 )/v̄2 turns
out to be larger in such situations. We emphasis here that
the difference between RHIC and LHC that we discuss above
would have been missed if the CMW equations were not solved
in a realistic hydrodynamic background.

In the light of above discussion, one may consider an ex-
treme situation that all charges move to the freeze-out surface
due to CMW before radial flow has been built up. In such
limit, vch

2 → 0 and we obtain a theoretical upper bound to the
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FIG. 10. (Color online) The numerical results of r/v̄2 as a func-
tion of the impact parameter at LHC energy for three different
lifetimes τB = 2/13.8 fm (red), 4/13.8 fm (blue), and 6/13.8 fm
(green) from bottom to top. We observe a very different impact
parameter dependence than that at RHIC.

ratio κ = 2(v̄2 − vch
2 )/v̄2 ! 2. It would be interesting to see the

results from LHC on κ and compare it with the bound value 2.
This comparison would provide a useful indicator of the CMW.

V. DISCUSSION

In this work, we study the chiral magnetic wave (CMW)
in realistic temperature and flow background. Our results are
based on the realistic simulation of heavy-ion collisions, and
the proper initial/final states treatment indicates that the CMW
contribution to the charge-dependent elliptic flow of pions
is comparable to the experiments at the RHIC. We observe
that the proper freeze-out condition is crucial for a reliable
computation of the CMW contributions to experimental
observables. As the observable we are considering is subject
to other background effects (see for example Ref. [33]), we
do npt claim that the CMW contribution explains all portion
of the data. Our conclusion is that the CMW contribution is
sizable and has to be taken into account.

Our result on the impact parameter dependence qualita-
tively agrees well with the experiments at the RHIC. Our
prediction for the LHC energy is quite different from that for
RHIC energy, suggesting that we may be able to test the CMW
contribution by looking at the impact parameter dependence
at LHC energy.

We find somewhat large sensitivity of our results on the chi-
ral phase transition temperature. The lifetime of the magnetic
field [34,35] is also a major source of uncertainty involved
in our analysis. We have not included fluctuations of the
electromagnetic fields, and one should include viscous effects
for a more precision computation of the observables. We leave
all these important possible improvements to our future work.

As a final comment, it is known that the axial charge in
the plasma is subject to decay via anomaly by the dynamical
gauge fields. One aspect of this is seen in the instability of
the dynamical gauge fields in the presence of axial charge
[36,37]. In principle, this should be an important effect to
be taken into account in realistic simulation of axial charge
evolution. We have neglected this since we are considering
very small charge fluctuations (recall the charge asymmetry
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FIG. 1. (Color online) The chiral magnetic wave induces an electric quadrupole moment proportional to the initial charge asymmetry
(left), which eventually leads to the charge dependent elliptic flow of pions !v2 ≡ v2(π−) − v2(π+). RHIC experiments [15,16] confirmed the
linear dependency of !v2 on the charge asymmetry A ≡ (N+ − N−)/(N+ + N−) (middle and right). The intercept at A = 0 was explained in
Ref. [17] using electric fields.

[13,14]. A distinctive feature of the CMW is that it is about
how charge fluctuations of arbitrary shape propagate along
the direction of the magnetic field, and it does not require
the presence of background axial or vector charge densities.
Defining left- (right-) handed chiral charges by JV,A = ∓JL +
JR , these chiral charge fluctuations propagate according to the
hydrodynamic dispersion relation [13]

ω = ∓vχk − iDk2 + · · · , (1.4)

where the momentum k is along the direction of the magnetic
field, and the chiral magnetic wave velocity is determined in
terms of the chiral charge susceptibility, χL,R , of the plasma
as [13]

vχ = eNcB

4π2χL,R

= eNcB

2π2χV

, (1.5)

with χV the vector charge susceptibility. Note that the sign
in front of the first term is dictated by the chirality of the
charge fluctuations: the CMW is unidirectional depending on
the chirality of the charge fluctuations. However, it should
be stressed that the direction of motion does not depend on
the sign of the fluctuations of a given chirality: any profile of
fluctuations, either positive or negative, of a given chirality
moves to the same direction. In this sense, the CMW is not
simply a separation of net axial charges JA = −JL + JR .

It was suggested that one of the experimental signatures
of the CMW in heavy ion collisions is the charge-dependent
elliptic flow of pions, !v2 ≡ v2(π−) − v2(π+), linearly de-
pending on the net charge asymmetry of the plasma A± ≡
(N+ − N−)/(N+ + N−), that is, !v2 = rA± with a positive
slope r > 0 [18,19]. It is based on the fact that the net charge
asymmetry (with zero axial charge on average) is a linear
superposition of equal amounts of left- and right-handed chiral
charges via the relation JV,A = ∓JL + JR . In the presence of
a magnetic field, these chiral charges move along the magnetic
field in opposite directions to each other according to the
CMW, resulting in an excess of (chiral) charges around the
pole regions of the plasma fireball and a depletion of charges
in the central region, which leads to a net electric quadrupole
moment proportional to the initial charge asymmetry A±. See
Fig. 1 (left). A similar observation was also made in Ref. [20].

This spatial distribution of charge asymmetry together with
the background radial flow eventually leads to a difference
between elliptic flows of positive and negative pions. The
positive sign of the slope r > 0 is an important prediction
of the CMW. Recent experimental analysis of the RHIC data
confirmed the linear dependence with a positive slope r > 0
[see Fig. 1 (middle and right)].

In Refs. [18,19], numerical simulations of the CMW were
performed with a few simplified conditions for an estimate
purpose:

(i) It was a (2 + 1)-dimensional simulation with the static
plasma and the magnetic field lasting for a finite time
before applying a blast wave approximation.

(ii) The transverse profile of the temperature obtained
from the Kharzeev-Levin-Nardi (KLN) model with the
Wood-Saxon nuclear shape was used.

(iii) Initial charge asymmetry was distributed homoge-
neously in the transverse plane.

(iv) No realistic freeze-out condition was used.

FIG. 2. (Color online) The results of Refs. [18,19] for the impact
parameter dependence of slope parameter r with different lifetimes
of the magnetic field (different colored lines). The starred points are
from the RHIC experiments [15,16].
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FIG. 6. (Color online) Streamlines, freeze-out surface, and
freeze-out hole (see text) projected on the plane x = 0.098 fm for
b = 7 fm at RHIC energy. The purple vertical line denotes the location
of initial transverse plane τi = 0.4 fm.

cells in the (τ,y) plane, where τ is the Bjorken time and y
is the transverse coordinate along the magnetic field direction
perpendicular to the reaction plane, starting from the initial
surface at τ = τi and ending on the freeze-out surface (the
curve on the far right). In the middle, we also point out
the location of the chiral phase transition surface (the dotted
orange curve) where the CMW velocity drops to zero.

As seen in Fig. 6, the initial right-handed charge starting at
the lowest position, the point A, in y inside the chiral transition
boundary (see orange curve) hits the freeze-out surface at the
point B after being affected by the CMW velocity. The initial
point slightly outside the chiral boundary (the point C) follows
the background flow without CMW velocity, hitting the freeze-
out surface at the point D. Since the trajectories cannot intersect
with each other as they are governed by the first-order equation
of motion, we conclude that the freeze-out surface between
the points B and D does not encounter any right-handed chiral
charges at all (see the green curve connecting the points B
and D): there is a freeze-out hole with no right-handed chiral
charge density. For the left-handed charges, the freeze-out hole
exists in the mirror reflected place by y → −y. This effect
gives a sizable contribution to the momentum asymmetry with
the Cooper-Frye formula, leading to a dominant contribution
from the CMW to the slope r . We therefore emphasize that
the proper treatment of the freeze-out surface is crucially
important in a trustable computation of the CMW contribution
to the charge-dependent elliptic flows of pions.

As a comparison, let us discuss what would be the case
without the CMW. Again, let us first consider the contribution
to particle distribution in momentum space from one particular
fluid cell which is located at the transverse plane initially, say
point E in Fig. 6. In the absence of magnetic field, the stream

line of left-handed charge of that fluid cell coincides with that
of right-handed charge (see the black curve in Fig. 6). When
such a stream line hits the freeze-out surface, we denote the
corresponding fluid velocity by u

µ
f . Similar to our previous

formula Eq. (2.17), we have

p0 d3N ch
cell

d3p

∣∣∣∣
B=0

= 1
(2π )3

Ai
cellτi

Tf χf

ni

∫
dξ pµ u

µ
f e

−
pµu

µ
f

Tf . (3.1)

Moreover, due to the ideal hydrodynamic equation ∂µ(suµ) =
0, we also notice that along the stream line with respect to uµ,
total entropy inside the fluid cell is conserved. Therefore we
have V i

cellsi = V
f

cellsf and

p0 d3N̄cell

d3p

∣∣∣∣
B=0

= 1
(2π )3

Ai
cellτi

Tf sf

si

∫
dξ pµ u

µ
f e

−
pµu

µ
f

Tf . (3.2)

Total N ch and N̄ can be determined by summing over all fluid
cells as before. Indeed, this is how we computed v̄2. Comparing
Eqs. (3.1) and (3.2), we immediately see that, if the charge
distribution has a homogeneous profile of n/s in the initial
transverse space and there is no CMW, then v̄2 = vch

2 which
implies that the slope parameter r = 2(v̄2 − vch

2 ) vanishes.
Therefore, we conclude that our reasonable initial condition
and the freeze-out condition would give zero contribution (or
negligibly small amount if the freeze-out condition is not
precisely the fixed temperature) to the slope r , if we did not
include the CMW. We think that a large value of r without the
CMW found in Ref. [21] comes from their crude freeze-out
surface at constant “time.”

Another important ingredient of our simulation is the
implementation of the chiral phase transition (crossover).
According to the recent lattice simulations [23,24,31], chiral
phase crossover happens in the region T = 0.15–0.165 GeV.
We present in Fig. 7 the dependence of our numerical results
on the chiral phase transition temperature at RHIC energy with
b = 7 fm, eB/m2

π = 6, and τB = 6 fm. The result for κ = r/v̄2
is at p⊥ = 0.8 GeV. It is interesting to find a somewhat
sensitive dependency on the chiral phase transition, dropping
the results by a factor of 5 when we increase Tχ from 150 to

0.150 0.152 0.154 0.156 0.158 0.160 0.162 0.164
0.00

0.05

0.10

0.15

0.20

0.25

0.30

TΧ GeV

r!v 2

FIG. 7. (Color online) The numerical results of r/v̄2 as a function
of chiral phase transition temperature Tχ (in GeV) at RHIC energy
with b = 7 fm (left). The magnetic field is chosen to be eB/m2

π = 6
and τB = 6 fm.
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Harmonically expanding each term in azimuthal angle φ from
the reaction plane,

d3N̄

p⊥dp⊥dYdφ
= v̄0(1 + 2v̄2 cos(2φ) + · · · ),

(2.21)
d3N ch

p⊥dp⊥dYdφ
= vch

0

(
1 + 2vch

2 cos(2φ) + · · ·
)
,

one can easily derive that the charge asymmetry A± = (N+ −
N−)/(N+ + N−) is given by A = vch

0 /v̄0, and the elliptic flows
of charged pions are

v±
2 = v̄0v̄2 ± vch

0 vch
2

v̄0 ± vch
0

= v̄2 ± Avch
2

1 ± A

= v̄2 ∓
(
v̄2 − vch

2

)
A + O(A2), (2.22)

up to terms linear in A. Then, we have

"v2 = v−
2 − v+

2 = 2
(
v̄2 − vch

2

)
A ≡ r A, (2.23)

with the slope parameter

r = 2
(
v̄2 − vch

2

)
. (2.24)

Therefore, the slope parameter is essentially (twice) the
difference between the average and charge dependent elliptic
flows. In addition, as will be explained in detail in the
upcoming section, it would be convenient to introduce a new
parameter κ defined as

κ ≡
2
(
v̄2 − vch

2

)

v̄2
= 2(v−

2 − v+
2 )

v+
2 + v−

2
= r

v̄2
, (2.25)

to characterize the charge asymmetry in the elliptic flows.
We now detail the elements of our numerical analysis which

improves the previous simulation in Refs. [18,19] regarding the
five points mentioned in the introduction.

(i) We use the existing boost-invariant (2 + 1-dimensional
(ideal) hydrodynamic simulation code by Romatschke
and Romatschke [25,26] to generate a realistic back-
ground plasma evolution with the Glauber initial
condition, on top of which the charge asymmetry of

our interest is treated as a linear perturbation, obeying
the equation of motion derived in the previous section.1

Changing the Glauber initial condition to the KLN
color-gluon-condensate (CGC) model does not change
our results much. The initial time is set at τi = 0.4 fm. It
is worth pointing out that while the charge-independent
v̄2 is not very sensitive to τi , as the plasma has enough
time to generate the elliptic flow [27], a relatively later
initial time would underestimate the contribution of the
CMW to the charge-dependent v2, since the magnetic
field is strongest at early time. For the QCD equation
of state, we use the current lattice result from the
Wuppertal Collaboration [23] (see Fig. 3).

(ii) We take B in the laboratory frame along the y direction
and use the time-varying profile of the magnetic field
with a parametrization

eB(τ ) = (eB)max

1 + (τ/τB)2
, (2.26)

where we call τB the lifetime of the magnetic field.
This form fits well to the exact result neglecting plasma
matter effects, and has been used in previous literature
widely (see, for example, Ref. [28]). Our magnetic
field is, however, still homogeneous in space, which
is not significantly different from the exact solution
in the fireball region. In Bjroken’s coordinates, Bµ

explicitly reads as
eBτ = eBuy cosh(ξ ),

eBξ = −eB

τ
uy sinh(ξ ), (2.27)

eBy = eBuτ cosh(ξ ).
As we are interested in the result at mid-rapidity,
we set ξ = 0 in the expression of Bµ in practical
calculations (see Ref. [22] for a similar treatment).

1We are grateful to P. Romatschke and U. Romatschke who made
their codes accessible to the public. These codes are maintained by
M. Luzum and can be downloaded via http://matt.luzum.org/hydro/.
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FIG. 3. (Color online) χV /T 2 (left) and s/T 3 (right) measured in the lattice [23,24]. In practice, we parametrize lattice data as χV /T 2 =
0.609(1 − 8.29e− T

0.048 ) and s/T 3 = (−17.4 − 0.185/T 2 + 62.7T 0.33 − 46.2T 1.43), where in those expressions temperature T is in GeV. Lattice
data points with error bars are in blue and the results of the above parametrization are shown in red solid curves.
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165 MeV. This can be attributed to the rapid decrease of χ
which would in turn drastically increases the speed of CMW
as shown in Fig. 5. That effect suggests that CMW could be a
useful probe of the QCD chiral phase transition.

IV. NUMERICAL RESULTS AND COMPARISON TO
EXPERIMENTS

We now present the results of our numerical analysis.
We have taken the charge of the charge carriers to be q =
(|qu| + |qd |)/2 = 1/2. For our optimistic scenario, we will use
the value Tχ = 150 MeV in the following. Before presenting
our results as a function of impact parameter and the collision
energy, we mention that our results also depend on a few
more input parameters, such as the strength (eB/m2

π ) and the
lifetime (τB) of the magnetic field. The elliptic flow is also a
function of the transverse momentum p⊥. Let us first discuss
how our results are sensitive to these input parameters and the
transverse momentum, and for this purpose let us look at RHIC
energy

√
sNN = 200 GeV with the impact parameter b = 7 fm.

Figure 8 shows r/v̄2 as a function of p⊥ with eB/m2
π = 6 for

different lifetimes τB = 1,2,4,6 fm. Perhaps it is not surprising
to find that the result is approximately linear in the lifetime τB ,
but what is interesting here is that the ratio r/v̄2 is surprisingly
constant over a wide range of transverse momentum p⊥.
That fact makes the ratio κ = r/v̄2 a convenient parameter
to characterize the contribution due to the CMW to the
slope r . This is important since, for low p⊥, there are
other sizable contributions such as resonance decays and the
viscosity, which we are neglecting. In the rest of this section,
we will present the results for a particular p⊥ = 0.8 GeV
bin where these additional effects can be neglected, but one
can easily extrapolate our results for the CMW to a lower p⊥
using the above constancy of r/v̄2.

The values of the magnetic field we will use for different
impact parameters at the RHIC energy are in Table I based
on the result in Ref. [32]. For the LHC energy, we scale up
the magnetic field by γLHC/γRHIC ≈ 13.8 and scale down the
lifetime τB by the same factor.

TABLE I. Summary of parameters used for our CMW simulations
for different impact parameters and collision energies. The eBmax at
LHC at a given impact parameter would be given by eBmax of RHIC
times 13.8.

b Ti at RHIC Ti at LHC eB at RHIC

4 fm 370 (MeV) 470 (MeV) 4m2
π

7 fm 345 (MeV) 440 (MeV) 6m2
π

10 fm 270 (MeV) 330 (MeV) 7m2
π

Figure 9 (left) shows our results of r/v̄2 at RHIC energy
for three different impact parameters b = 4,7,10 fm. For
comparison, we plot the same quantity measured at RHIC
experiments as a function of centrality(right).3

We see that the contribution from the CMW we compute
is comparable to the experimental values, somewhat less by a
factor 2–3 for τB = 6 fm. This result is qualitatively similar
to that in Refs. [18,19]. We also see that the impact parameter
dependence, which is a nontrivial feature, qualitatively agrees
with the experiments, showing a declining behavior for a large
impact parameter (note that the magnetic field for larger impact
parameter is always bigger in our simulation). We are not
claiming that the CMW contribution takes full account of the
experimental value, as the slope r is a P-even quantity subject
to other possible effects, but we believe that our results indicate
that the CMW contribution is relevant and has to be taken into
account when comparing to the experimental results.

In Figure 10 we show our prediction of r/v̄2 at the LHC
energy for three different impact parameters, b = 4,7,10 fm.
Remarkably, the impact parameter dependence is different
from that at the RHIC energy: there is no declining behavior for
a large impact parameter at the LHC energy. Such a difference

3It should be pointed out that, in Refs. [15,16], only experiment
results of the slope r for pions from 0.15 to 0.5 GeV are given.
We estimate v̄2 in that p⊥ range by v̄2 ≈ [v̄2(p⊥ = 0.225 GeV) +
v̄2(p⊥ = 0.375 GeV) + v̄2(p⊥ = 0.525 GeV)]/3 with v̄2(p⊥) taken
from Ref. [30] to produce the right panel of Fig. 9.
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FIG. 8. (Color online) Left: The numerical results of r/v̄2 as a function of transverse momentum p⊥ (in GeV) for different lifetimes
(τB = 2,4,6 fm) of the magnetic field at RHIC energy with b = 7 fm. The magnetic field is chosen to be eB/m2

π = 6. The right figure shows
the results as a function of magnetic field with τB = 6 fm and p⊥ = 0.8 GeV.
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165 MeV. This can be attributed to the rapid decrease of χ
which would in turn drastically increases the speed of CMW
as shown in Fig. 5. That effect suggests that CMW could be a
useful probe of the QCD chiral phase transition.

IV. NUMERICAL RESULTS AND COMPARISON TO
EXPERIMENTS

We now present the results of our numerical analysis.
We have taken the charge of the charge carriers to be q =
(|qu| + |qd |)/2 = 1/2. For our optimistic scenario, we will use
the value Tχ = 150 MeV in the following. Before presenting
our results as a function of impact parameter and the collision
energy, we mention that our results also depend on a few
more input parameters, such as the strength (eB/m2

π ) and the
lifetime (τB) of the magnetic field. The elliptic flow is also a
function of the transverse momentum p⊥. Let us first discuss
how our results are sensitive to these input parameters and the
transverse momentum, and for this purpose let us look at RHIC
energy

√
sNN = 200 GeV with the impact parameter b = 7 fm.

Figure 8 shows r/v̄2 as a function of p⊥ with eB/m2
π = 6 for

different lifetimes τB = 1,2,4,6 fm. Perhaps it is not surprising
to find that the result is approximately linear in the lifetime τB ,
but what is interesting here is that the ratio r/v̄2 is surprisingly
constant over a wide range of transverse momentum p⊥.
That fact makes the ratio κ = r/v̄2 a convenient parameter
to characterize the contribution due to the CMW to the
slope r . This is important since, for low p⊥, there are
other sizable contributions such as resonance decays and the
viscosity, which we are neglecting. In the rest of this section,
we will present the results for a particular p⊥ = 0.8 GeV
bin where these additional effects can be neglected, but one
can easily extrapolate our results for the CMW to a lower p⊥
using the above constancy of r/v̄2.

The values of the magnetic field we will use for different
impact parameters at the RHIC energy are in Table I based
on the result in Ref. [32]. For the LHC energy, we scale up
the magnetic field by γLHC/γRHIC ≈ 13.8 and scale down the
lifetime τB by the same factor.

TABLE I. Summary of parameters used for our CMW simulations
for different impact parameters and collision energies. The eBmax at
LHC at a given impact parameter would be given by eBmax of RHIC
times 13.8.

b Ti at RHIC Ti at LHC eB at RHIC

4 fm 370 (MeV) 470 (MeV) 4m2
π

7 fm 345 (MeV) 440 (MeV) 6m2
π

10 fm 270 (MeV) 330 (MeV) 7m2
π

Figure 9 (left) shows our results of r/v̄2 at RHIC energy
for three different impact parameters b = 4,7,10 fm. For
comparison, we plot the same quantity measured at RHIC
experiments as a function of centrality(right).3

We see that the contribution from the CMW we compute
is comparable to the experimental values, somewhat less by a
factor 2–3 for τB = 6 fm. This result is qualitatively similar
to that in Refs. [18,19]. We also see that the impact parameter
dependence, which is a nontrivial feature, qualitatively agrees
with the experiments, showing a declining behavior for a large
impact parameter (note that the magnetic field for larger impact
parameter is always bigger in our simulation). We are not
claiming that the CMW contribution takes full account of the
experimental value, as the slope r is a P-even quantity subject
to other possible effects, but we believe that our results indicate
that the CMW contribution is relevant and has to be taken into
account when comparing to the experimental results.

In Figure 10 we show our prediction of r/v̄2 at the LHC
energy for three different impact parameters, b = 4,7,10 fm.
Remarkably, the impact parameter dependence is different
from that at the RHIC energy: there is no declining behavior for
a large impact parameter at the LHC energy. Such a difference

3It should be pointed out that, in Refs. [15,16], only experiment
results of the slope r for pions from 0.15 to 0.5 GeV are given.
We estimate v̄2 in that p⊥ range by v̄2 ≈ [v̄2(p⊥ = 0.225 GeV) +
v̄2(p⊥ = 0.375 GeV) + v̄2(p⊥ = 0.525 GeV)]/3 with v̄2(p⊥) taken
from Ref. [30] to produce the right panel of Fig. 9.
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FIG. 8. (Color online) Left: The numerical results of r/v̄2 as a function of transverse momentum p⊥ (in GeV) for different lifetimes
(τB = 2,4,6 fm) of the magnetic field at RHIC energy with b = 7 fm. The magnetic field is chosen to be eB/m2

π = 6. The right figure shows
the results as a function of magnetic field with τB = 6 fm and p⊥ = 0.8 GeV.
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Magnetic field in HIC
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FIG. 2: Magnetic field By perpendicular to the reaction plane
produced by the spectators in a heavy ion collision with im-
pact parameter b = 7 fm at the LHC. The value of eBy at the
center of the collision, at ⌘ = 0 = x?, is plotted as a function
of ⌧ . The blue curve shows how rapidly By at ⌘ = 0 = x?
would decay as the spectators recede if there were no medium
present, i.e. in vacuum with � = 0. The presence of a con-
ducting medium with � = 0.023 fm�1 substantially delays
the decay of By (red curve). At very early times before any
medium has formed, when the blue curve is well above the red
curve the blue curve is a better approximation. We shall use
the red curve throughout, though, because our calculation is
not sensitive to these earliest times.

shown previously (see Refs. [2–7], in particular Fig. 4 in
Ref. [6]) the presence of the conducting medium delays
the decrease in the magnetic field. This is Faraday’s Law
in action, and it tells us that an electric current, indicated
schematically by J

Faraday

in Fig. 1, has been induced in
the plasma. Our goal in subsequent Sections will be to
estimate the observable consequences of the presence of
such a current.

A similar calculation to that for the spectators shows
that the total contribution to B

y

and E
x

from the par-
ticipants is given by

eB
y,p

= �Z

Z
Y
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f(Y
b

)
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�
, (2.12)
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f(Y
b
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x
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)
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0
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?)
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�
�eE+

x

(⌧, ⌘, x?,⇡ � �) + eE+

x

(⌧,�⌘, x?,�)
�
,(2.13)

where the integration regions have been chosen to corre-
spond to the almond-shaped locus in the transverse plane
where one finds both + and � movers. Finally, the total
electromagnetic field is given by the sum of the contribu-
tion of the spectators in (2.9), (2.10) and the participants
in (2.12), (2.13). The other components of the electro-
magnetic field will be irrelevant because B

z

= 0. In most,
but not all, locations in spacetime the contribution of the
participant protons to both B

y

and E
x

is substantially

smaller than that of the spectators. We have checked
that eliminating the contribution from the participants
changes the final results that we obtain below for the
directed flow by at most 10%, typically much less.

III. HYDRODYNAMICS AND FREEZEOUT

As we have already noted in Section I, we shall use
the analytic solution to the equations of relativistic vis-
cous conformal hydrodynamics found recently by Gub-
ser [27] that describes the boost invariant longitudinal
expansion and the hydrodynamic transverse expansion of
a circularly symmetric blob of strongly coupled confor-
mal plasma with four-velocity uµ(⌧, ⌘, x?), independent
of the azimuthal angle �. We shall then place this hydro-
dynamic solution in the electric and magnetic fields com-
puted in Section II, and determine the small additional
charge-dependent velocity ~v that results. We refer to
Ref. [27] for details of Gubser’s solution and confine our-
selves here to a brief summary. The only nonzero com-
ponents of uµ are u⌧ , which describes the boost-invariant
longitudinal expansion, and u?, which describes the
transverse expansion. They are given by [27]

u⌧ =
1 + q2⌧2 + q2x2

?

2q⌧
p

1 + g2
, u? =

qx?p
1 + g2

, (3.1)

where

g ⌘ 1 + q2x2

? � q2⌧2

2q⌧
. (3.2)

The fluid four-velocity uµ in the solution is specified by
a single parameter denoted by q, with the dimension of
1/length. (q is unrelated to charge.) The transverse size
of the plasma is proportional to 1/q. The local tempera-
ture of the plasma is then given by [27]

T =
1

⌧f1/4

⇤

✓
T̂
0

(1 + g2)1/3
+

H
0

gp
1 + g2

⇥

1� (1 + g2)1/6

2

F
1

✓
1

2
,
1

6
;
3

2
;�g2

◆�◆
, (3.3)

where the first the term, proportional to the dimension-
less parameter T̂

0

, corresponds to an ideal fluid and the
second term incorporates dissipative e↵ects due to the
shear viscosity ⌘. The initial temperature of the plasma
is proportional to the parameter T̂

0

, and is also a↵ected
by the choice of the parameter q. The expression (3.3)
introduces two further dimensionless parameters that we
shall choose as in Ref. [27]. f⇤ is the parameter that
relates the energy density of the plasma " to the local
temperature, " = f⇤ T 4, and we shall choose the value
f⇤ = 11, reasonable for the QCD quark-gluon plasma
with T ⇠ 300 MeV [36]. H

0

is the parameter that con-
trols the strength of viscous corrections; it is defined by
⌘ = H

0

"3/4. We choose the value H
0

= 0.33 that corre-
sponds to ⌘/s = 0.134, as has been estimated for SU(3)
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The hot QCD matter produced in any heavy ion collision with a nonzero impact parameter
is produced within a strong magnetic field. We study the imprint that these fields leave on the
azimuthal distributions and correlations of the produced charged hadrons. The magnetic field is
time-dependent and the medium is expanding, which leads to the induction of charged currents due
to the combination of Faraday and Hall e↵ects. We find that these currents result in a charge-
dependent directed flow v1 that is odd in rapidity and odd under charge exchange. It can be
detected by measuring correlations between the directed flow of charged hadrons at di↵erent rapidi-
ties, hv±1 (y1)v

±
1 (y2)i.

PACS numbers:

I. INTRODUCTION

Strong magnetic fields ~B are produced in all non-
central heavy ion collisions (i.e. those with nonzero im-
pact parameter b) by the charged “spectators” (i.e. the
nucleons from the incident nuclei that “miss”, flying past
each other rather than colliding). Indeed, estimates ob-
tained via application of the Biot-Savart law to heavy ion
collisions with b = 4 fm yield e| ~B|/m2

⇡

⇡ 1-3 about 0.1-
0.2 fm/c after a RHIC collision with

p
s = 200 AGeV and

e| ~B|/m2

⇡

⇡ 10-15 at some even earlier time after an LHC
collision with

p
s = 2.76 ATeV [1–7]. In recent years

there has been much interest in consequences of these
enormous magnetic fields present early in the collision
that are observable in the final state hadrons produced
by the collision. In particular, the interplay of magnetic
field and quantum anomalies has been predicted to lead
to a number of interesting phenomena, including the chi-
ral magnetic e↵ect [1, 8], a quadrupole deformation of the
electric charge distribution induced by a chiral magnetic
wave [9, 10], and the enhanced anisotropic production
of soft photons through “magneto-sonoluminescence” –
the conversion of phonons into photons in an external
magnetic field [11]. While several of the predicted e↵ects
have been observed in heavy ion collision data [12–18],
it is often hard to distinguish them unambiguously from
a combination of mundane phenomena possibly present
in the anisotropic expansion of quark-gluon matter, see
e.g. Refs. [19–21]. This makes it imperative to establish
that the presence of an early-time magnetic field can have
observable consequences on the motion of the final-state
charged particles seen in detectors, making it possible to
use data to calibrate the strength of the magnetic field.

In this paper we analyze what are surely the simplest

and most direct e↵ects of magnetic fields in heavy ion col-
lisions, and quite likely also their largest e↵ects, namely
the induction of electric currents carried by the charged
quarks and antiquarks in the quark-gluon plasma (QGP)
and, later, by the charged hadrons. The source of these
charged currents is twofold. Firstly, the magnitude of ~B
varies in time, decreasing as the charged spectators fly
away along the beam direction, receding from the QGP
produced in the collision. The changing ~B results in
an electric field due to Faraday’s law, and this in turn
produces an electric current in the conducting medium.
Secondly, because the conducting medium, i.e. the QGP,
has a significant initial longitudinal expansion velocity ~u
parallel to the beam direction and therefore perpendicu-
lar to ~B, the Lorentz force results in an electric current
perpendicular to both the velocity and ~B, akin to the
classical Hall e↵ect. (We shall refer to this current as a
Hall current throughout, even though this nomenclature
may not be quite right since our system has no edge at
which charges can build up.) Fig. 1 serves to orient the
reader as to the directions of ~B and ~u, and the electric
currents induced by the Faraday and Hall e↵ects. The
net electric current is the sum of that due to Faraday and
that due to Hall. If the Faraday e↵ect is stronger than
the Hall e↵ect, that current will result in directed flow
of positively charged particles in the directions shown in
Fig. 1 and directed flow of negatively charged particles
in the opposite direction. Our goal in this paper is to
make an estimate of the order of magnitude of the re-
sulting charge-dependent v

1

in the final state pions and
(anti)protons. We will make many simplifying assump-
tions, since our goal is only to show which v

1

-correlations
can be used to look for e↵ects of the initial magnetic
field and to give experimentalists an order-of-magnitude
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One of a few recent calculations:
Magnetic field lives relatively long.

�p ⇠ (eB)�t ⇡ 0.1 fm�2 · 1 fm ⇡ 20 MeV
Some estimates:

Then, the magnetic field must affect elliptic 
flow => charge/PID dependence of v2. 
Likely, affects at the quark level => 

=> 

But “splitting” should depend on the time 
when this or other type of quarks is produced.
(e.g. according to the “two wave” scenario by 
S. Pratt)

v2,u > v2,d � v2,s

v2,⇡+ = v2,⇡� = v2,⇡0

v2,p > v2,n � v2,⇤

v2,K+ = v2,K� > v2,K0
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FIG. 9. (Color online) The numerical results of r/v̄2 as a function of the impact parameter at RHIC energy for three different lifetimes
τB = 2 fm (red), 4 fm (blue), and 6 fm (green) from bottom to top (left). The right figure shows the RHIC experiment results as a function of
centrality.

between RHIC and LHC can be understood as follows. It is
seen from Fig. 5 that, at RHIC energy, the speed of the CMW
is small at high temperature or at early time. However, at LHC
where the magnetic field is much larger than that at RHIC,
the speed of the CMW is already saturated at vχ = 1 at very
early time. Consequently, for sufficiently large magnetic field,
a large amount of charge would escape from the plasma due
to CMW and freeze-out at very early stage of the fireball
expansion. As radial flow has not yet developed at such early
time, the charge-dependent elliptic flow vch

2 becomes very
small. As a result, the ratio κ = r/v̄2 = 2(v̄2 − vch

2 )/v̄2 turns
out to be larger in such situations. We emphasis here that
the difference between RHIC and LHC that we discuss above
would have been missed if the CMW equations were not solved
in a realistic hydrodynamic background.

In the light of above discussion, one may consider an ex-
treme situation that all charges move to the freeze-out surface
due to CMW before radial flow has been built up. In such
limit, vch

2 → 0 and we obtain a theoretical upper bound to the
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FIG. 10. (Color online) The numerical results of r/v̄2 as a func-
tion of the impact parameter at LHC energy for three different
lifetimes τB = 2/13.8 fm (red), 4/13.8 fm (blue), and 6/13.8 fm
(green) from bottom to top. We observe a very different impact
parameter dependence than that at RHIC.

ratio κ = 2(v̄2 − vch
2 )/v̄2 ! 2. It would be interesting to see the

results from LHC on κ and compare it with the bound value 2.
This comparison would provide a useful indicator of the CMW.

V. DISCUSSION

In this work, we study the chiral magnetic wave (CMW)
in realistic temperature and flow background. Our results are
based on the realistic simulation of heavy-ion collisions, and
the proper initial/final states treatment indicates that the CMW
contribution to the charge-dependent elliptic flow of pions
is comparable to the experiments at the RHIC. We observe
that the proper freeze-out condition is crucial for a reliable
computation of the CMW contributions to experimental
observables. As the observable we are considering is subject
to other background effects (see for example Ref. [33]), we
do npt claim that the CMW contribution explains all portion
of the data. Our conclusion is that the CMW contribution is
sizable and has to be taken into account.

Our result on the impact parameter dependence qualita-
tively agrees well with the experiments at the RHIC. Our
prediction for the LHC energy is quite different from that for
RHIC energy, suggesting that we may be able to test the CMW
contribution by looking at the impact parameter dependence
at LHC energy.

We find somewhat large sensitivity of our results on the chi-
ral phase transition temperature. The lifetime of the magnetic
field [34,35] is also a major source of uncertainty involved
in our analysis. We have not included fluctuations of the
electromagnetic fields, and one should include viscous effects
for a more precision computation of the observables. We leave
all these important possible improvements to our future work.

As a final comment, it is known that the axial charge in
the plasma is subject to decay via anomaly by the dynamical
gauge fields. One aspect of this is seen in the instability of
the dynamical gauge fields in the presence of axial charge
[36,37]. In principle, this should be an important effect to
be taken into account in realistic simulation of axial charge
evolution. We have neglected this since we are considering
very small charge fluctuations (recall the charge asymmetry
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seen from Fig. 5 that, at RHIC energy, the speed of the CMW
is small at high temperature or at early time. However, at LHC
where the magnetic field is much larger than that at RHIC,
the speed of the CMW is already saturated at vχ = 1 at very
early time. Consequently, for sufficiently large magnetic field,
a large amount of charge would escape from the plasma due
to CMW and freeze-out at very early stage of the fireball
expansion. As radial flow has not yet developed at such early
time, the charge-dependent elliptic flow vch

2 becomes very
small. As a result, the ratio κ = r/v̄2 = 2(v̄2 − vch

2 )/v̄2 turns
out to be larger in such situations. We emphasis here that
the difference between RHIC and LHC that we discuss above
would have been missed if the CMW equations were not solved
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In the light of above discussion, one may consider an ex-
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limit, vch
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results from LHC on κ and compare it with the bound value 2.
This comparison would provide a useful indicator of the CMW.

V. DISCUSSION

In this work, we study the chiral magnetic wave (CMW)
in realistic temperature and flow background. Our results are
based on the realistic simulation of heavy-ion collisions, and
the proper initial/final states treatment indicates that the CMW
contribution to the charge-dependent elliptic flow of pions
is comparable to the experiments at the RHIC. We observe
that the proper freeze-out condition is crucial for a reliable
computation of the CMW contributions to experimental
observables. As the observable we are considering is subject
to other background effects (see for example Ref. [33]), we
do npt claim that the CMW contribution explains all portion
of the data. Our conclusion is that the CMW contribution is
sizable and has to be taken into account.

Our result on the impact parameter dependence qualita-
tively agrees well with the experiments at the RHIC. Our
prediction for the LHC energy is quite different from that for
RHIC energy, suggesting that we may be able to test the CMW
contribution by looking at the impact parameter dependence
at LHC energy.

We find somewhat large sensitivity of our results on the chi-
ral phase transition temperature. The lifetime of the magnetic
field [34,35] is also a major source of uncertainty involved
in our analysis. We have not included fluctuations of the
electromagnetic fields, and one should include viscous effects
for a more precision computation of the observables. We leave
all these important possible improvements to our future work.

As a final comment, it is known that the axial charge in
the plasma is subject to decay via anomaly by the dynamical
gauge fields. One aspect of this is seen in the instability of
the dynamical gauge fields in the presence of axial charge
[36,37]. In principle, this should be an important effect to
be taken into account in realistic simulation of axial charge
evolution. We have neglected this since we are considering
very small charge fluctuations (recall the charge asymmetry
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165 MeV. This can be attributed to the rapid decrease of χ
which would in turn drastically increases the speed of CMW
as shown in Fig. 5. That effect suggests that CMW could be a
useful probe of the QCD chiral phase transition.

IV. NUMERICAL RESULTS AND COMPARISON TO
EXPERIMENTS

We now present the results of our numerical analysis.
We have taken the charge of the charge carriers to be q =
(|qu| + |qd |)/2 = 1/2. For our optimistic scenario, we will use
the value Tχ = 150 MeV in the following. Before presenting
our results as a function of impact parameter and the collision
energy, we mention that our results also depend on a few
more input parameters, such as the strength (eB/m2

π ) and the
lifetime (τB) of the magnetic field. The elliptic flow is also a
function of the transverse momentum p⊥. Let us first discuss
how our results are sensitive to these input parameters and the
transverse momentum, and for this purpose let us look at RHIC
energy

√
sNN = 200 GeV with the impact parameter b = 7 fm.

Figure 8 shows r/v̄2 as a function of p⊥ with eB/m2
π = 6 for

different lifetimes τB = 1,2,4,6 fm. Perhaps it is not surprising
to find that the result is approximately linear in the lifetime τB ,
but what is interesting here is that the ratio r/v̄2 is surprisingly
constant over a wide range of transverse momentum p⊥.
That fact makes the ratio κ = r/v̄2 a convenient parameter
to characterize the contribution due to the CMW to the
slope r . This is important since, for low p⊥, there are
other sizable contributions such as resonance decays and the
viscosity, which we are neglecting. In the rest of this section,
we will present the results for a particular p⊥ = 0.8 GeV
bin where these additional effects can be neglected, but one
can easily extrapolate our results for the CMW to a lower p⊥
using the above constancy of r/v̄2.

The values of the magnetic field we will use for different
impact parameters at the RHIC energy are in Table I based
on the result in Ref. [32]. For the LHC energy, we scale up
the magnetic field by γLHC/γRHIC ≈ 13.8 and scale down the
lifetime τB by the same factor.

TABLE I. Summary of parameters used for our CMW simulations
for different impact parameters and collision energies. The eBmax at
LHC at a given impact parameter would be given by eBmax of RHIC
times 13.8.

b Ti at RHIC Ti at LHC eB at RHIC

4 fm 370 (MeV) 470 (MeV) 4m2
π

7 fm 345 (MeV) 440 (MeV) 6m2
π

10 fm 270 (MeV) 330 (MeV) 7m2
π

Figure 9 (left) shows our results of r/v̄2 at RHIC energy
for three different impact parameters b = 4,7,10 fm. For
comparison, we plot the same quantity measured at RHIC
experiments as a function of centrality(right).3

We see that the contribution from the CMW we compute
is comparable to the experimental values, somewhat less by a
factor 2–3 for τB = 6 fm. This result is qualitatively similar
to that in Refs. [18,19]. We also see that the impact parameter
dependence, which is a nontrivial feature, qualitatively agrees
with the experiments, showing a declining behavior for a large
impact parameter (note that the magnetic field for larger impact
parameter is always bigger in our simulation). We are not
claiming that the CMW contribution takes full account of the
experimental value, as the slope r is a P-even quantity subject
to other possible effects, but we believe that our results indicate
that the CMW contribution is relevant and has to be taken into
account when comparing to the experimental results.

In Figure 10 we show our prediction of r/v̄2 at the LHC
energy for three different impact parameters, b = 4,7,10 fm.
Remarkably, the impact parameter dependence is different
from that at the RHIC energy: there is no declining behavior for
a large impact parameter at the LHC energy. Such a difference

3It should be pointed out that, in Refs. [15,16], only experiment
results of the slope r for pions from 0.15 to 0.5 GeV are given.
We estimate v̄2 in that p⊥ range by v̄2 ≈ [v̄2(p⊥ = 0.225 GeV) +
v̄2(p⊥ = 0.375 GeV) + v̄2(p⊥ = 0.525 GeV)]/3 with v̄2(p⊥) taken
from Ref. [30] to produce the right panel of Fig. 9.
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FIG. 8. (Color online) Left: The numerical results of r/v̄2 as a function of transverse momentum p⊥ (in GeV) for different lifetimes
(τB = 2,4,6 fm) of the magnetic field at RHIC energy with b = 7 fm. The magnetic field is chosen to be eB/m2

π = 6. The right figure shows
the results as a function of magnetic field with τB = 6 fm and p⊥ = 0.8 GeV.
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between RHIC and LHC can be understood as follows. It is
seen from Fig. 5 that, at RHIC energy, the speed of the CMW
is small at high temperature or at early time. However, at LHC
where the magnetic field is much larger than that at RHIC,
the speed of the CMW is already saturated at vχ = 1 at very
early time. Consequently, for sufficiently large magnetic field,
a large amount of charge would escape from the plasma due
to CMW and freeze-out at very early stage of the fireball
expansion. As radial flow has not yet developed at such early
time, the charge-dependent elliptic flow vch

2 becomes very
small. As a result, the ratio κ = r/v̄2 = 2(v̄2 − vch

2 )/v̄2 turns
out to be larger in such situations. We emphasis here that
the difference between RHIC and LHC that we discuss above
would have been missed if the CMW equations were not solved
in a realistic hydrodynamic background.

In the light of above discussion, one may consider an ex-
treme situation that all charges move to the freeze-out surface
due to CMW before radial flow has been built up. In such
limit, vch

2 → 0 and we obtain a theoretical upper bound to the

4 5 6 7 8 9 10
0.0

0.2

0.4

0.6

0.8

1.0

b fm

r
v 2

FIG. 10. (Color online) The numerical results of r/v̄2 as a func-
tion of the impact parameter at LHC energy for three different
lifetimes τB = 2/13.8 fm (red), 4/13.8 fm (blue), and 6/13.8 fm
(green) from bottom to top. We observe a very different impact
parameter dependence than that at RHIC.

ratio κ = 2(v̄2 − vch
2 )/v̄2 ! 2. It would be interesting to see the

results from LHC on κ and compare it with the bound value 2.
This comparison would provide a useful indicator of the CMW.

V. DISCUSSION

In this work, we study the chiral magnetic wave (CMW)
in realistic temperature and flow background. Our results are
based on the realistic simulation of heavy-ion collisions, and
the proper initial/final states treatment indicates that the CMW
contribution to the charge-dependent elliptic flow of pions
is comparable to the experiments at the RHIC. We observe
that the proper freeze-out condition is crucial for a reliable
computation of the CMW contributions to experimental
observables. As the observable we are considering is subject
to other background effects (see for example Ref. [33]), we
do npt claim that the CMW contribution explains all portion
of the data. Our conclusion is that the CMW contribution is
sizable and has to be taken into account.

Our result on the impact parameter dependence qualita-
tively agrees well with the experiments at the RHIC. Our
prediction for the LHC energy is quite different from that for
RHIC energy, suggesting that we may be able to test the CMW
contribution by looking at the impact parameter dependence
at LHC energy.

We find somewhat large sensitivity of our results on the chi-
ral phase transition temperature. The lifetime of the magnetic
field [34,35] is also a major source of uncertainty involved
in our analysis. We have not included fluctuations of the
electromagnetic fields, and one should include viscous effects
for a more precision computation of the observables. We leave
all these important possible improvements to our future work.

As a final comment, it is known that the axial charge in
the plasma is subject to decay via anomaly by the dynamical
gauge fields. One aspect of this is seen in the instability of
the dynamical gauge fields in the presence of axial charge
[36,37]. In principle, this should be an important effect to
be taken into account in realistic simulation of axial charge
evolution. We have neglected this since we are considering
very small charge fluctuations (recall the charge asymmetry
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FIG. 1. (Color online) The chiral magnetic wave induces an electric quadrupole moment proportional to the initial charge asymmetry
(left), which eventually leads to the charge dependent elliptic flow of pions !v2 ≡ v2(π−) − v2(π+). RHIC experiments [15,16] confirmed the
linear dependency of !v2 on the charge asymmetry A ≡ (N+ − N−)/(N+ + N−) (middle and right). The intercept at A = 0 was explained in
Ref. [17] using electric fields.

[13,14]. A distinctive feature of the CMW is that it is about
how charge fluctuations of arbitrary shape propagate along
the direction of the magnetic field, and it does not require
the presence of background axial or vector charge densities.
Defining left- (right-) handed chiral charges by JV,A = ∓JL +
JR , these chiral charge fluctuations propagate according to the
hydrodynamic dispersion relation [13]

ω = ∓vχk − iDk2 + · · · , (1.4)

where the momentum k is along the direction of the magnetic
field, and the chiral magnetic wave velocity is determined in
terms of the chiral charge susceptibility, χL,R , of the plasma
as [13]

vχ = eNcB

4π2χL,R

= eNcB

2π2χV

, (1.5)

with χV the vector charge susceptibility. Note that the sign
in front of the first term is dictated by the chirality of the
charge fluctuations: the CMW is unidirectional depending on
the chirality of the charge fluctuations. However, it should
be stressed that the direction of motion does not depend on
the sign of the fluctuations of a given chirality: any profile of
fluctuations, either positive or negative, of a given chirality
moves to the same direction. In this sense, the CMW is not
simply a separation of net axial charges JA = −JL + JR .

It was suggested that one of the experimental signatures
of the CMW in heavy ion collisions is the charge-dependent
elliptic flow of pions, !v2 ≡ v2(π−) − v2(π+), linearly de-
pending on the net charge asymmetry of the plasma A± ≡
(N+ − N−)/(N+ + N−), that is, !v2 = rA± with a positive
slope r > 0 [18,19]. It is based on the fact that the net charge
asymmetry (with zero axial charge on average) is a linear
superposition of equal amounts of left- and right-handed chiral
charges via the relation JV,A = ∓JL + JR . In the presence of
a magnetic field, these chiral charges move along the magnetic
field in opposite directions to each other according to the
CMW, resulting in an excess of (chiral) charges around the
pole regions of the plasma fireball and a depletion of charges
in the central region, which leads to a net electric quadrupole
moment proportional to the initial charge asymmetry A±. See
Fig. 1 (left). A similar observation was also made in Ref. [20].

This spatial distribution of charge asymmetry together with
the background radial flow eventually leads to a difference
between elliptic flows of positive and negative pions. The
positive sign of the slope r > 0 is an important prediction
of the CMW. Recent experimental analysis of the RHIC data
confirmed the linear dependence with a positive slope r > 0
[see Fig. 1 (middle and right)].

In Refs. [18,19], numerical simulations of the CMW were
performed with a few simplified conditions for an estimate
purpose:

(i) It was a (2 + 1)-dimensional simulation with the static
plasma and the magnetic field lasting for a finite time
before applying a blast wave approximation.

(ii) The transverse profile of the temperature obtained
from the Kharzeev-Levin-Nardi (KLN) model with the
Wood-Saxon nuclear shape was used.

(iii) Initial charge asymmetry was distributed homoge-
neously in the transverse plane.

(iv) No realistic freeze-out condition was used.

FIG. 2. (Color online) The results of Refs. [18,19] for the impact
parameter dependence of slope parameter r with different lifetimes
of the magnetic field (different colored lines). The starred points are
from the RHIC experiments [15,16].
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FIG. 6. (Color online) Streamlines, freeze-out surface, and
freeze-out hole (see text) projected on the plane x = 0.098 fm for
b = 7 fm at RHIC energy. The purple vertical line denotes the location
of initial transverse plane τi = 0.4 fm.

cells in the (τ,y) plane, where τ is the Bjorken time and y
is the transverse coordinate along the magnetic field direction
perpendicular to the reaction plane, starting from the initial
surface at τ = τi and ending on the freeze-out surface (the
curve on the far right). In the middle, we also point out
the location of the chiral phase transition surface (the dotted
orange curve) where the CMW velocity drops to zero.

As seen in Fig. 6, the initial right-handed charge starting at
the lowest position, the point A, in y inside the chiral transition
boundary (see orange curve) hits the freeze-out surface at the
point B after being affected by the CMW velocity. The initial
point slightly outside the chiral boundary (the point C) follows
the background flow without CMW velocity, hitting the freeze-
out surface at the point D. Since the trajectories cannot intersect
with each other as they are governed by the first-order equation
of motion, we conclude that the freeze-out surface between
the points B and D does not encounter any right-handed chiral
charges at all (see the green curve connecting the points B
and D): there is a freeze-out hole with no right-handed chiral
charge density. For the left-handed charges, the freeze-out hole
exists in the mirror reflected place by y → −y. This effect
gives a sizable contribution to the momentum asymmetry with
the Cooper-Frye formula, leading to a dominant contribution
from the CMW to the slope r . We therefore emphasize that
the proper treatment of the freeze-out surface is crucially
important in a trustable computation of the CMW contribution
to the charge-dependent elliptic flows of pions.

As a comparison, let us discuss what would be the case
without the CMW. Again, let us first consider the contribution
to particle distribution in momentum space from one particular
fluid cell which is located at the transverse plane initially, say
point E in Fig. 6. In the absence of magnetic field, the stream

line of left-handed charge of that fluid cell coincides with that
of right-handed charge (see the black curve in Fig. 6). When
such a stream line hits the freeze-out surface, we denote the
corresponding fluid velocity by u

µ
f . Similar to our previous

formula Eq. (2.17), we have

p0 d3N ch
cell

d3p

∣∣∣∣
B=0

= 1
(2π )3

Ai
cellτi

Tf χf

ni

∫
dξ pµ u

µ
f e

−
pµu

µ
f

Tf . (3.1)

Moreover, due to the ideal hydrodynamic equation ∂µ(suµ) =
0, we also notice that along the stream line with respect to uµ,
total entropy inside the fluid cell is conserved. Therefore we
have V i

cellsi = V
f

cellsf and

p0 d3N̄cell

d3p

∣∣∣∣
B=0

= 1
(2π )3

Ai
cellτi

Tf sf

si

∫
dξ pµ u

µ
f e

−
pµu

µ
f

Tf . (3.2)

Total N ch and N̄ can be determined by summing over all fluid
cells as before. Indeed, this is how we computed v̄2. Comparing
Eqs. (3.1) and (3.2), we immediately see that, if the charge
distribution has a homogeneous profile of n/s in the initial
transverse space and there is no CMW, then v̄2 = vch

2 which
implies that the slope parameter r = 2(v̄2 − vch

2 ) vanishes.
Therefore, we conclude that our reasonable initial condition
and the freeze-out condition would give zero contribution (or
negligibly small amount if the freeze-out condition is not
precisely the fixed temperature) to the slope r , if we did not
include the CMW. We think that a large value of r without the
CMW found in Ref. [21] comes from their crude freeze-out
surface at constant “time.”

Another important ingredient of our simulation is the
implementation of the chiral phase transition (crossover).
According to the recent lattice simulations [23,24,31], chiral
phase crossover happens in the region T = 0.15–0.165 GeV.
We present in Fig. 7 the dependence of our numerical results
on the chiral phase transition temperature at RHIC energy with
b = 7 fm, eB/m2

π = 6, and τB = 6 fm. The result for κ = r/v̄2
is at p⊥ = 0.8 GeV. It is interesting to find a somewhat
sensitive dependency on the chiral phase transition, dropping
the results by a factor of 5 when we increase Tχ from 150 to

0.150 0.152 0.154 0.156 0.158 0.160 0.162 0.164
0.00

0.05

0.10

0.15

0.20

0.25

0.30

TΧ GeV

r!v 2

FIG. 7. (Color online) The numerical results of r/v̄2 as a function
of chiral phase transition temperature Tχ (in GeV) at RHIC energy
with b = 7 fm (left). The magnetic field is chosen to be eB/m2

π = 6
and τB = 6 fm.
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Harmonically expanding each term in azimuthal angle φ from
the reaction plane,

d3N̄

p⊥dp⊥dYdφ
= v̄0(1 + 2v̄2 cos(2φ) + · · · ),

(2.21)
d3N ch

p⊥dp⊥dYdφ
= vch

0

(
1 + 2vch

2 cos(2φ) + · · ·
)
,

one can easily derive that the charge asymmetry A± = (N+ −
N−)/(N+ + N−) is given by A = vch

0 /v̄0, and the elliptic flows
of charged pions are

v±
2 = v̄0v̄2 ± vch

0 vch
2

v̄0 ± vch
0

= v̄2 ± Avch
2

1 ± A

= v̄2 ∓
(
v̄2 − vch

2

)
A + O(A2), (2.22)

up to terms linear in A. Then, we have

"v2 = v−
2 − v+

2 = 2
(
v̄2 − vch

2

)
A ≡ r A, (2.23)

with the slope parameter

r = 2
(
v̄2 − vch

2

)
. (2.24)

Therefore, the slope parameter is essentially (twice) the
difference between the average and charge dependent elliptic
flows. In addition, as will be explained in detail in the
upcoming section, it would be convenient to introduce a new
parameter κ defined as

κ ≡
2
(
v̄2 − vch

2

)

v̄2
= 2(v−

2 − v+
2 )

v+
2 + v−

2
= r

v̄2
, (2.25)

to characterize the charge asymmetry in the elliptic flows.
We now detail the elements of our numerical analysis which

improves the previous simulation in Refs. [18,19] regarding the
five points mentioned in the introduction.

(i) We use the existing boost-invariant (2 + 1-dimensional
(ideal) hydrodynamic simulation code by Romatschke
and Romatschke [25,26] to generate a realistic back-
ground plasma evolution with the Glauber initial
condition, on top of which the charge asymmetry of

our interest is treated as a linear perturbation, obeying
the equation of motion derived in the previous section.1

Changing the Glauber initial condition to the KLN
color-gluon-condensate (CGC) model does not change
our results much. The initial time is set at τi = 0.4 fm. It
is worth pointing out that while the charge-independent
v̄2 is not very sensitive to τi , as the plasma has enough
time to generate the elliptic flow [27], a relatively later
initial time would underestimate the contribution of the
CMW to the charge-dependent v2, since the magnetic
field is strongest at early time. For the QCD equation
of state, we use the current lattice result from the
Wuppertal Collaboration [23] (see Fig. 3).

(ii) We take B in the laboratory frame along the y direction
and use the time-varying profile of the magnetic field
with a parametrization

eB(τ ) = (eB)max

1 + (τ/τB)2
, (2.26)

where we call τB the lifetime of the magnetic field.
This form fits well to the exact result neglecting plasma
matter effects, and has been used in previous literature
widely (see, for example, Ref. [28]). Our magnetic
field is, however, still homogeneous in space, which
is not significantly different from the exact solution
in the fireball region. In Bjroken’s coordinates, Bµ

explicitly reads as
eBτ = eBuy cosh(ξ ),

eBξ = −eB

τ
uy sinh(ξ ), (2.27)

eBy = eBuτ cosh(ξ ).
As we are interested in the result at mid-rapidity,
we set ξ = 0 in the expression of Bµ in practical
calculations (see Ref. [22] for a similar treatment).

1We are grateful to P. Romatschke and U. Romatschke who made
their codes accessible to the public. These codes are maintained by
M. Luzum and can be downloaded via http://matt.luzum.org/hydro/.
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FIG. 3. (Color online) χV /T 2 (left) and s/T 3 (right) measured in the lattice [23,24]. In practice, we parametrize lattice data as χV /T 2 =
0.609(1 − 8.29e− T

0.048 ) and s/T 3 = (−17.4 − 0.185/T 2 + 62.7T 0.33 − 46.2T 1.43), where in those expressions temperature T is in GeV. Lattice
data points with error bars are in blue and the results of the above parametrization are shown in red solid curves.
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FIG. 9. (Color online) The numerical results of r/v̄2 as a function of the impact parameter at RHIC energy for three different lifetimes
τB = 2 fm (red), 4 fm (blue), and 6 fm (green) from bottom to top (left). The right figure shows the RHIC experiment results as a function of
centrality.

between RHIC and LHC can be understood as follows. It is
seen from Fig. 5 that, at RHIC energy, the speed of the CMW
is small at high temperature or at early time. However, at LHC
where the magnetic field is much larger than that at RHIC,
the speed of the CMW is already saturated at vχ = 1 at very
early time. Consequently, for sufficiently large magnetic field,
a large amount of charge would escape from the plasma due
to CMW and freeze-out at very early stage of the fireball
expansion. As radial flow has not yet developed at such early
time, the charge-dependent elliptic flow vch

2 becomes very
small. As a result, the ratio κ = r/v̄2 = 2(v̄2 − vch

2 )/v̄2 turns
out to be larger in such situations. We emphasis here that
the difference between RHIC and LHC that we discuss above
would have been missed if the CMW equations were not solved
in a realistic hydrodynamic background.

In the light of above discussion, one may consider an ex-
treme situation that all charges move to the freeze-out surface
due to CMW before radial flow has been built up. In such
limit, vch

2 → 0 and we obtain a theoretical upper bound to the
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0.6

0.8
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r
v 2

FIG. 10. (Color online) The numerical results of r/v̄2 as a func-
tion of the impact parameter at LHC energy for three different
lifetimes τB = 2/13.8 fm (red), 4/13.8 fm (blue), and 6/13.8 fm
(green) from bottom to top. We observe a very different impact
parameter dependence than that at RHIC.

ratio κ = 2(v̄2 − vch
2 )/v̄2 ! 2. It would be interesting to see the

results from LHC on κ and compare it with the bound value 2.
This comparison would provide a useful indicator of the CMW.

V. DISCUSSION

In this work, we study the chiral magnetic wave (CMW)
in realistic temperature and flow background. Our results are
based on the realistic simulation of heavy-ion collisions, and
the proper initial/final states treatment indicates that the CMW
contribution to the charge-dependent elliptic flow of pions
is comparable to the experiments at the RHIC. We observe
that the proper freeze-out condition is crucial for a reliable
computation of the CMW contributions to experimental
observables. As the observable we are considering is subject
to other background effects (see for example Ref. [33]), we
do npt claim that the CMW contribution explains all portion
of the data. Our conclusion is that the CMW contribution is
sizable and has to be taken into account.

Our result on the impact parameter dependence qualita-
tively agrees well with the experiments at the RHIC. Our
prediction for the LHC energy is quite different from that for
RHIC energy, suggesting that we may be able to test the CMW
contribution by looking at the impact parameter dependence
at LHC energy.

We find somewhat large sensitivity of our results on the chi-
ral phase transition temperature. The lifetime of the magnetic
field [34,35] is also a major source of uncertainty involved
in our analysis. We have not included fluctuations of the
electromagnetic fields, and one should include viscous effects
for a more precision computation of the observables. We leave
all these important possible improvements to our future work.

As a final comment, it is known that the axial charge in
the plasma is subject to decay via anomaly by the dynamical
gauge fields. One aspect of this is seen in the instability of
the dynamical gauge fields in the presence of axial charge
[36,37]. In principle, this should be an important effect to
be taken into account in realistic simulation of axial charge
evolution. We have neglected this since we are considering
very small charge fluctuations (recall the charge asymmetry

044909-10

file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf


Charge dependent anisotropic flow..., QM 2014, Darmstadt, May 2014 page S.A. Voloshin

Background(s) to CMW measurements

8
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Fig. 4. The charge asymmetry dependence of π+ and π− elliptic flow coefficients
in the hydrodynamic model followed by statistical emission with local charge con-
servation. We obtained r = 0.012±0.004 compared with the preliminary STAR data,
rexp ≈ 0.03.

the elliptic flow v2(η) observed experimentally [22] is noticeably
underestimated in 3 + 1-dimensional hydrodynamic simulations
[26,23]. The steeper pseudorapidity dependence of v2 is expected
to improve the agreement between the calculated charge splitting
of the elliptic flow with the experimental findings. In the next sec-
tion, we comment further on this issue.

Finally, we discuss the centrality dependence of the signal. Two
effects that are not well controlled in hydrodynamic models may
cause the decrease of the slope parameter for peripheral events.
First, the balance function in pseudorapidity is widening for pe-
ripheral events. Second, for peripheral events, correlations due to
elliptic flow are diluted by the larger contribution of particles
emitted from the nonthermal corona in the interaction region,
while the charge asymmetry acquires contributions both from the
core and the corona.

5. Comments and conclusions

Several comments are warranted.

(i) In this Letter we discussed two mechanisms leading to el-
liptic flow splitting as a function of the asymmetry parameter, A.
We note that we expect a similar effect for higher harmonics, vn .
In particular, for the triangular flow
〈
v−

3

〉
A −

〈
v+

3

〉
A ∼ A, (9)

although the signal is expected to be significantly weaker in com-
parison to the case for v2. We expect that r, see Eq. (2), should
be smaller roughly by a factor of 〈v2〉/〈v3〉 ≈ 3 [27]. This problem
will be discussed elsewhere.

(ii) The key ingredient in our analysis is the assumption of
local charge conservation at freeze-out. In this scenario, particle
pairs with higher momentum are more strongly collimated in ra-
pidity than are pairs with smaller momentum, see Fig. 2. This
allows us to understand the centrality dependence of the rapid-
ity balance function [21], in contrast to models with initial charge
creation (such as UrQMD). Consequently, in models without late
local charge conservation we do not expect to observe the elliptic
flow splitting discussed in this Letter.

(iii) According to the PHOBOS data, the elliptic flow of charged
particles in the midrapidity region changes significantly as a func-
tion of pseudorapidity [22]. However, the results of the STAR Col-
laboration indicate that elliptic flow in the midrapidity region
weakly depends on η [28], so being consistent with hydrody-
namic calculations (see Section 4). Consequently, the mechanism
presented in Fig. 1 may be suppressed if we take the STAR data

into account. However, this is not a problem because, as we dis-
cussed in Section 3, this mechanism is responsible for only 25% of
the measured signal, and 35% of the signal presented in Fig. 3.

In conclusion, we studied the dependence of the elliptic flow
coefficients for positive and negative particles as a function of the
event-by-event charge asymmetry parameter. Recently, this phe-
nomenon was interpreted as evidence of the chiral magnetic wave.
In this Letter, we argued that the origin of this effect may be less
exotic and actually is consistent with the hydrodynamic picture of
heavy-ion collisions with late local charge conservation.

We argued that particle pairs leading to a non-zero asymme-
try parameter, A &= 0, are characterized by a smaller elliptic flow
in contrast to particle pairs resulting in A = 0. We showed that
this fact alone is sufficient to qualitatively explain the preliminary
STAR data, in particular, a linear dependence of 〈v−

2 〉A − 〈v+
2 〉A ,

as a function of A. Our quantitative results, based on a simplified
Monte Carlo estimation and the state of the art 3 + 1-dimensional
hydrodynamic model calculations, are in agreement, within a fac-
tor of 2, with the preliminary STAR data.
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heavy-ion collisions with late local charge conservation.
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LCC = local charge conservation.
No real explanation of the mechanism 
of the effect was provided, but the 
calculations/results clearly indicates 
that LCC plays a significant role (even 
though in this particular calculations it 
might underestimate the ‘signal’) 
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Fig. 4. The charge asymmetry dependence of π+ and π− elliptic flow coefficients
in the hydrodynamic model followed by statistical emission with local charge con-
servation. We obtained r = 0.012±0.004 compared with the preliminary STAR data,
rexp ≈ 0.03.

the elliptic flow v2(η) observed experimentally [22] is noticeably
underestimated in 3 + 1-dimensional hydrodynamic simulations
[26,23]. The steeper pseudorapidity dependence of v2 is expected
to improve the agreement between the calculated charge splitting
of the elliptic flow with the experimental findings. In the next sec-
tion, we comment further on this issue.

Finally, we discuss the centrality dependence of the signal. Two
effects that are not well controlled in hydrodynamic models may
cause the decrease of the slope parameter for peripheral events.
First, the balance function in pseudorapidity is widening for pe-
ripheral events. Second, for peripheral events, correlations due to
elliptic flow are diluted by the larger contribution of particles
emitted from the nonthermal corona in the interaction region,
while the charge asymmetry acquires contributions both from the
core and the corona.

5. Comments and conclusions

Several comments are warranted.

(i) In this Letter we discussed two mechanisms leading to el-
liptic flow splitting as a function of the asymmetry parameter, A.
We note that we expect a similar effect for higher harmonics, vn .
In particular, for the triangular flow
〈
v−

3

〉
A −

〈
v+

3

〉
A ∼ A, (9)

although the signal is expected to be significantly weaker in com-
parison to the case for v2. We expect that r, see Eq. (2), should
be smaller roughly by a factor of 〈v2〉/〈v3〉 ≈ 3 [27]. This problem
will be discussed elsewhere.

(ii) The key ingredient in our analysis is the assumption of
local charge conservation at freeze-out. In this scenario, particle
pairs with higher momentum are more strongly collimated in ra-
pidity than are pairs with smaller momentum, see Fig. 2. This
allows us to understand the centrality dependence of the rapid-
ity balance function [21], in contrast to models with initial charge
creation (such as UrQMD). Consequently, in models without late
local charge conservation we do not expect to observe the elliptic
flow splitting discussed in this Letter.

(iii) According to the PHOBOS data, the elliptic flow of charged
particles in the midrapidity region changes significantly as a func-
tion of pseudorapidity [22]. However, the results of the STAR Col-
laboration indicate that elliptic flow in the midrapidity region
weakly depends on η [28], so being consistent with hydrody-
namic calculations (see Section 4). Consequently, the mechanism
presented in Fig. 1 may be suppressed if we take the STAR data

into account. However, this is not a problem because, as we dis-
cussed in Section 3, this mechanism is responsible for only 25% of
the measured signal, and 35% of the signal presented in Fig. 3.

In conclusion, we studied the dependence of the elliptic flow
coefficients for positive and negative particles as a function of the
event-by-event charge asymmetry parameter. Recently, this phe-
nomenon was interpreted as evidence of the chiral magnetic wave.
In this Letter, we argued that the origin of this effect may be less
exotic and actually is consistent with the hydrodynamic picture of
heavy-ion collisions with late local charge conservation.

We argued that particle pairs leading to a non-zero asymme-
try parameter, A &= 0, are characterized by a smaller elliptic flow
in contrast to particle pairs resulting in A = 0. We showed that
this fact alone is sufficient to qualitatively explain the preliminary
STAR data, in particular, a linear dependence of 〈v−

2 〉A − 〈v+
2 〉A ,

as a function of A. Our quantitative results, based on a simplified
Monte Carlo estimation and the state of the art 3 + 1-dimensional
hydrodynamic model calculations, are in agreement, within a fac-
tor of 2, with the preliminary STAR data.
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the elliptic flow v2(η) observed experimentally [22] is noticeably
underestimated in 3 + 1-dimensional hydrodynamic simulations
[26,23]. The steeper pseudorapidity dependence of v2 is expected
to improve the agreement between the calculated charge splitting
of the elliptic flow with the experimental findings. In the next sec-
tion, we comment further on this issue.

Finally, we discuss the centrality dependence of the signal. Two
effects that are not well controlled in hydrodynamic models may
cause the decrease of the slope parameter for peripheral events.
First, the balance function in pseudorapidity is widening for pe-
ripheral events. Second, for peripheral events, correlations due to
elliptic flow are diluted by the larger contribution of particles
emitted from the nonthermal corona in the interaction region,
while the charge asymmetry acquires contributions both from the
core and the corona.

5. Comments and conclusions

Several comments are warranted.

(i) In this Letter we discussed two mechanisms leading to el-
liptic flow splitting as a function of the asymmetry parameter, A.
We note that we expect a similar effect for higher harmonics, vn .
In particular, for the triangular flow
〈
v−

3

〉
A −

〈
v+

3

〉
A ∼ A, (9)

although the signal is expected to be significantly weaker in com-
parison to the case for v2. We expect that r, see Eq. (2), should
be smaller roughly by a factor of 〈v2〉/〈v3〉 ≈ 3 [27]. This problem
will be discussed elsewhere.

(ii) The key ingredient in our analysis is the assumption of
local charge conservation at freeze-out. In this scenario, particle
pairs with higher momentum are more strongly collimated in ra-
pidity than are pairs with smaller momentum, see Fig. 2. This
allows us to understand the centrality dependence of the rapid-
ity balance function [21], in contrast to models with initial charge
creation (such as UrQMD). Consequently, in models without late
local charge conservation we do not expect to observe the elliptic
flow splitting discussed in this Letter.

(iii) According to the PHOBOS data, the elliptic flow of charged
particles in the midrapidity region changes significantly as a func-
tion of pseudorapidity [22]. However, the results of the STAR Col-
laboration indicate that elliptic flow in the midrapidity region
weakly depends on η [28], so being consistent with hydrody-
namic calculations (see Section 4). Consequently, the mechanism
presented in Fig. 1 may be suppressed if we take the STAR data

into account. However, this is not a problem because, as we dis-
cussed in Section 3, this mechanism is responsible for only 25% of
the measured signal, and 35% of the signal presented in Fig. 3.

In conclusion, we studied the dependence of the elliptic flow
coefficients for positive and negative particles as a function of the
event-by-event charge asymmetry parameter. Recently, this phe-
nomenon was interpreted as evidence of the chiral magnetic wave.
In this Letter, we argued that the origin of this effect may be less
exotic and actually is consistent with the hydrodynamic picture of
heavy-ion collisions with late local charge conservation.

We argued that particle pairs leading to a non-zero asymme-
try parameter, A &= 0, are characterized by a smaller elliptic flow
in contrast to particle pairs resulting in A = 0. We showed that
this fact alone is sufficient to qualitatively explain the preliminary
STAR data, in particular, a linear dependence of 〈v−

2 〉A − 〈v+
2 〉A ,

as a function of A. Our quantitative results, based on a simplified
Monte Carlo estimation and the state of the art 3 + 1-dimensional
hydrodynamic model calculations, are in agreement, within a fac-
tor of 2, with the preliminary STAR data.
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LCC = local charge conservation.
No real explanation of the mechanism 
of the effect was provided, but the 
calculations/results clearly indicates 
that LCC plays a significant role (even 
though in this particular calculations it 
might underestimate the ‘signal’) 

How one could study it in more detail?
How to compare the results to other measurements/experiments?
(Note the dependence of A (charge asymmetry) on tracking efficiency,  
A and v2 on the size of the rapidity window, pT cuts, etc.)
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C2(x1, x2) = ⇢2(x1, x2)� ⇢1(x1)⇢2(x2) ⇢1(x) =
1

�

d�

dx

B2(x1, x2) =
C2(x1, x2)

⇢1(x1)

R2(x1, x2) =
C2(x1, x2)

⇢1(x1)⇢1(x2)

Semi-inclusive (fixed flow angle) balance function. It contains the entire information, but in 
general it is a 7-dimensional object  ( 1-2 dimensions can  be reduced) 

x ⌘ {y,pt}

Distribution of “correlated pairs”

Distribution of “associated particles”

“Probability” to find an “associated particle”

Charged balance function

B+,�(x+, x�) =
⇢+,�(x+, x�)� ⇢+,+(x+, x�)

⇢+(x+)

B+,�(x+, x�; n)
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Differential (3-point) correlator
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hcos[n(�1 � n)] c3i

Double brackets here means cumulant. The latter takes 
into account correlations of the particle “1” with 
the flow angle as well as with the charge of particle “3”.
Not taking this into account would result in the correlator 
being a product of v2 times the ratio of the balance 
function to a single particle density
This correlator 
- is tracking efficiency independent
- allows differential studies
- can be used for direct comparison between different experiments

(�1, c1)

 n

”2”

c3

hc3i =
N+ �N�
N+ +N�

hhcos[n(�1 � n)] c3ii ⌘ hcos[n(�1 � n)] c3i � hcos[n(�1 � n)]ihc3i1

             -- mean charge of particle “3” under condition
 of particle “1” being observed
hc3i1

In the integral form the correlator is “equivalent” to the slope of Δv2 vs A

In the following we discuss this correlator to estimate LCC effects in the Blast Wave model
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Blast wave model

11

dn

d�b
/ 1 + s2 cos[2(�b � 2)] + s3 cos[3(�b � 3)] + ...

⇢
t

(r,�
b

) = ⇢
t,max

r

r
max

(�
b

)

(1 + ⇢2 cos[2(�b

� 2)] + ⇢3 cos[3(�b

� 3)] + ...)

No tuning to real data, but flow (very) 
approximately corresponds to that in 
Pb+Pb collisions at LHC at  30% 
centrality.
Later, we also use in our calculations 

The results below are based on 
simulation of about 20M “balancing” 
pairs
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No tuning to real data, but flow  
approximately corresponds to that 
in Pb+Pb collisions at LHC at  30% 
centrality.
The results are based on 
simulation of about 20M 
“balancing” pairs

T = 100 MeV, ⇢
t,max

= 1.1,
m = 140 MeV,
s2 = 0.10, s3 = 0.06
⇢2 = 0.06, ⇢3 = 0.03

- Inclusive (no differentiation with respect to flow angle)
- No account for “two waves of quark production scenario”, etc.
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One of the candidates: local charge conservation (LCC)
at freeze-out + Radial + Elliptic Flow 
Blast wave model:

“Disclaimer”:
- Correlations only between opposite charges 
- To be consistent with data must be combined with
  (negative) charge independent correlations 
  (e.g. momentum conservation). 
- No event generator exhibits such strong correlations
  as predicted by Blast wave model

Voloshin, PRC70 057901 (2004)

Schlichting and Pratt, PRC83 014913 (2011)

The only possible background ~ v2  

Hori, Gunji,Hamagaki, Schlichting, arXiv:1208.0603
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LCC in azimuth and (pseudo)rapidity

14

Δφ Δθ ≈ Δη

Larger radial flow narrows pair distribution in azimuth 
as well as in pseudorapidity
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In-plane balance function is narrower than out-of-plane
Note that the two cross each other at about  Δη = 0.7
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- Note: crossing zero at   ~ Δη = 0.7.
- Depends on pT cut (not shown)
- Depends about linearly on vn

- Decrease in magnitude at large Δη is mostly 
due to fall off of  the balance function
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- Results shown are only for “balancing” pairs, no combinatorial “dilution” is 
applied here
- Note, that some, but not all, decrease of v2 is due to change in mean pT

Several correlations are in play here, but one of important is the 
correlation between the radial position of the point of “origin” and 
separation in pseudorapidity. 
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The correlations are “diluted” according to dNch/dη

measured value of v2 (i.e. hcosð’! þ ’" # 2’cÞi=v2f2g) as
reported in [20] due to the absence of collective azimuthal
anisotropy in this model. Since the points do not exhibit
any significant difference between the correlations of pairs
with same and opposite charge, they were averaged in the
figure. The correlations from HIJING show a significant
increase in the magnitude for very peripheral collisions.
This can be attributed to correlations not related to the
reaction plane orientation, in particular, from jets [8].

The results from ALICE in Fig. 2 show a strong corre-
lation for pairs with the same charge and simultaneously a
very weak correlation for the pairs of opposite charge. This
difference in the correlation magnitude depending on the
charge combination could be interpreted as ‘‘quenching’’
of the charge correlations for the case when one of the
particles is emitted toward the center of the dense medium
created in a heavy-ion collision [6,7]. An alternative ex-
planation can be provided by a recent suggestion [16] that
the value of the charge-independent version of the corre-
lator defined in Eq. (2) is dominated by directed flow
fluctuations. The sign and the magnitude of these fluctua-
tions based on a hydrodynamical model calculation for
RHIC energies [16] appear to be very close to the mea-
surement. Our results for charge-independent correlations
are given by the shaded band in Fig. 2.
The thick solid line in Fig. 2 shows a prediction [13] for

the same sign correlations due to the CME at LHC ener-
gies. The model makes no prediction for the absolute
magnitude of the effect and can only describe the energy
dependence by taking into account the duration and time
evolution of the magnetic field. It predicts a decrease of
correlations by about a factor of 5 from RHIC to LHC,
which would significantly underestimate the observed
magnitude of the same sign correlations seen at the LHC.
At the same time in [7,12], it was suggested that the CME
might have the same magnitude at the LHC and at RHIC
energies.
Figure 3 shows the dependence of the three-particle

correlator on the transverse momentum difference, jpT;! #
pT;"j, the average transverse momentum, ðpT;! þ pT;"Þ=2,
and the pseudorapidity separation, j#! # #"j, of the pair
for the 30%-40% centrality range. The pairs of opposite
charge do not show any significant dependence on the
pseudorapidity difference, while there is a dependence
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FIG. 2 (color online). The centrality dependence of the three-
particle correlator defined in Eq. (2). The circles indicate the
ALICE results obtained from the cumulant analysis. The stars
show the STAR data from [8]. The triangles represent the three-
particle correlations [hcosð’! þ ’" # 2’cÞi] from HIJING [23]
corrected for the experimentally measured v2f2g [20]. Points are
displaced horizontally for visibility. A model prediction for the
same sign correlations incorporating the chiral magnetic effect
for LHC energies [13] is shown by the solid line. The shaded
band represents the centrality dependence of the charge-
independent correlations.
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tions based on a hydrodynamical model calculation for
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magnitude of the effect and can only describe the energy
dependence by taking into account the duration and time
evolution of the magnetic field. It predicts a decrease of
correlations by about a factor of 5 from RHIC to LHC,
which would significantly underestimate the observed
magnitude of the same sign correlations seen at the LHC.
At the same time in [7,12], it was suggested that the CME
might have the same magnitude at the LHC and at RHIC
energies.
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reported in [20] due to the absence of collective azimuthal
anisotropy in this model. Since the points do not exhibit
any significant difference between the correlations of pairs
with same and opposite charge, they were averaged in the
figure. The correlations from HIJING show a significant
increase in the magnitude for very peripheral collisions.
This can be attributed to correlations not related to the
reaction plane orientation, in particular, from jets [8].

The results from ALICE in Fig. 2 show a strong corre-
lation for pairs with the same charge and simultaneously a
very weak correlation for the pairs of opposite charge. This
difference in the correlation magnitude depending on the
charge combination could be interpreted as ‘‘quenching’’
of the charge correlations for the case when one of the
particles is emitted toward the center of the dense medium
created in a heavy-ion collision [6,7]. An alternative ex-
planation can be provided by a recent suggestion [16] that
the value of the charge-independent version of the corre-
lator defined in Eq. (2) is dominated by directed flow
fluctuations. The sign and the magnitude of these fluctua-
tions based on a hydrodynamical model calculation for
RHIC energies [16] appear to be very close to the mea-
surement. Our results for charge-independent correlations
are given by the shaded band in Fig. 2.
The thick solid line in Fig. 2 shows a prediction [13] for

the same sign correlations due to the CME at LHC ener-
gies. The model makes no prediction for the absolute
magnitude of the effect and can only describe the energy
dependence by taking into account the duration and time
evolution of the magnetic field. It predicts a decrease of
correlations by about a factor of 5 from RHIC to LHC,
which would significantly underestimate the observed
magnitude of the same sign correlations seen at the LHC.
At the same time in [7,12], it was suggested that the CME
might have the same magnitude at the LHC and at RHIC
energies.
Figure 3 shows the dependence of the three-particle

correlator on the transverse momentum difference, jpT;! #
pT;"j, the average transverse momentum, ðpT;! þ pT;"Þ=2,
and the pseudorapidity separation, j#! # #"j, of the pair
for the 30%-40% centrality range. The pairs of opposite
charge do not show any significant dependence on the
pseudorapidity difference, while there is a dependence
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• Study of charge/pid dependent flow is very important and extremely 
interesting (CME/CMW, “waves” of quark production, effect of electric/
magnetic fields) 
• A new correlator, allowing for differential studies, is proposed for the 
search of CMW (We need theoretical prediction for that!)
• Local charge conservation + (modulated) radial flow  = the only “real” 
candidate for background (at the moment) for CME/CMW searches.
• With new (including from ALICE) data on identified particle anisotropic 
flow, fine “tuning” of the Blast Wave model can be performed, and more 
precise estimate of the LCC effects should be possible (but the uncertainty 
also has to be accurately estimated)
• Cross-comparison of the results, e.g. “CMW” vs “CME” correlators, Δη vs 
pT dependence, etc., will provide additional constraints in identifying 
mechanisms for the signal/background.

file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf


Charge dependent anisotropic flow..., QM 2014, Darmstadt, May 2014 page S.A. Voloshin

EXTRA SLIDES

21

file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf
file://localhost/Users/voloshin/Desktop/Untitled.xcf


Charge dependent anisotropic flow..., QM 2014, Darmstadt, May 2014 page S.A. Voloshin

ALICE flow

22

magnitude of v2ðptÞ is better described by !=s ¼ 0 while
for v3ðptÞ !=s ¼ 0:08 provides a better description. We
anticipate future comparisons utilizing MC-KLN initial
conditions.

For central collisions 0%–5% we observe that at pt $
2 GeV=c v3 becomes equal to v2 and at pt $ 3 GeV=c v4

also reaches the same magnitude as v2 and v3. For more
central collisions 0%–2%, we observe that v3 becomes
equal to v2 at lower pt and reaches significantly larger

values than v2 at higher pt. The same is true for v4

compared to v2.
We compare the structures found with azimuthal corre-

lations between triggered and associated particles to those
described by the measured vn components. The two-
particle azimuthal correlations are measured by calculating

Cð!"Þ % Nmixed

Nsame

dNsame=d!"

dNmixed=d!"
; (3)

where !" ¼ "trig &"assoc. dNsame=d!" (dNmixed=d!")
is the number of associated particles as function of !"
within the same (different) event, and Nsame (Nmixed) the
total number of associated particles in dNsame=d!"
(dNmixed=d!"). Figure 4 shows the azimuthal correlation
observed in very central collisions 0%–1%, for trigger
particles in the range 2<pt < 3 GeV=c with associated
particles in 1< pt < 2 GeV=c for pairs in j!!j> 1. We
observe a clear doubly peaked correlation structure cen-
tered opposite to the trigger particle. This feature has been
observed at lower energies in broader centrality bins
[32,33], but only after subtraction of the elliptic flow
component. This two-peak structure has been interpreted
as an indication for various jet-medium modifications
(i.e., Mach cones) [32,33] and more recently as a manifes-
tation of triangular flow [10–13]. We therefore compare the
azimuthal correlation shape expected from v2, v3, v4, and
v5 evaluated at corresponding transverse momenta with the
measured two-particle azimuthal triggered correlation and
find that the combination of these harmonics gives a natu-
ral description of the observed correlation structure on the
away side.

 (rad)φ∆
-1 0 1 2 3 4

)φ∆
C

(

0.992

0.994

0.996

0.998

1

1.002

1.004
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 < 3.0
t,trig

2.0 < p
 < 2.0

t,assoc
1.0 < p

| < 0.8ηCentrality 0%-1%, |
| > 1η∆|

| > 1}η∆{2, |2,3,4,5v

FIG. 4 (color online). The two-particle azimuthal correlation,
measured in 0<!"< # and shown symmetrized over 2#,
between a trigger particle with 2< pt < 3 GeV=c and an asso-
ciated particle with 1< pt < 2 GeV=c for the 0%–1% centrality
class. The solid red line shows the sum of the measured aniso-
tropic flow Fourier coefficients v2, v3, v4, and v5 (dashed lines).
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FIG. 3 (color online). v2, v3, v4, v5 as a function of transverse
momentum and for three event centralities. The full and open
symbols are for !!> 0:2 and !!> 1:0, respectively. (a) 30%–
40% compared to hydrodynamic model calculations, (b) 0%–5%
centrality percentile, (c) 0%–2% centrality percentile.
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- Alternative explanations?  (Bzdak, Bozek arXiv:1303:1139)
- Need for detailed predictions (collision energy dependence, dependence on
the size of rapidity window to calculate charge asymmetry, etc. ) 

J. ADAMS et al. PHYSICAL REVIEW C 72, 014904 (2005)
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FIG. 13. (Color online) The top panel shows the charged hadron
scalar product vs. pt for different centrality classes in d+Au
collisions, and minimum bias p+p collisions. The Au+Au result is
put there for a reference. The bottom panel shows the ratio of scalar
product from d+Au collisions to minimum bias p+p collisions for
three different centrality classes.

loss as a function of their azimuthal angle with respect to
the reaction plane. This leads to an azimuthal anisotropy in
particle production at high transverse momenta. Finite values
of v2 were measured in noncentral Au+Au collisions for pt up
to ∼7–8 GeV/c [5,6] using the standard reaction plane method
and two- and four-particle cumulants. The measurements of
azimuthal anisotropies at high transverse momenta with the
standard reaction plane method and two-particle cumulants
are influenced by the contribution from the inter- and intrajet
correlations. These correlations, in general, may not be related
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FIG. 14. (Color online) The ratio of the scalar product from the
Au side (−1.0 < η < −0.5) to that from deuteron side (0.5 < η <

1.0) vs. pt from minimum bias collisions.
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FIG. 15. (Color online) Charged-hadron v2 vs. η at
√

sNN = 200
GeV for STAR minimum bias (stars) and PHOBOS [29] midcentral
(15–25%) centrality (circles). The open circles are PHOBOS data
reflected about midrapidity.

to the true reaction plane orientation and, hence, are a source
of nonflow effects. A multiparticle cumulant analysis, which
has been shown to suppress nonflow effects, may give lower
v2 values because of the opposite sensitivity of v2{2} and
v2{4} to the fluctuations of v2 itself described in Sec. V B and
Ref. [39].

Figure 18 shows the differential elliptic flow v2 obtained
with the standard and modified reaction plane methods as a
function of pt for different collision centralities. The modified
event plane method excludes particles within |"η| < 0.5
around the highest pt particle. For both methods v2 rises
linearly up to pt = 1 GeV/c and then deviates from a linear
rise and saturates for pt > 3 GeV/c for all centralities. Figure 9
shows a similar behavior. Although the statistical errors are
large, we observe a systematic difference in Fig. 18 for the v2
values obtained with the two methods at high transverse
momenta. This is better illustrated in Fig. 19, where we show
the ratio of v2 obtained with the standard and modified reaction
plane methods. At low transverse momenta (pt < 2 GeV/c),
the v2 values are very similar for both methods. At higher
transverse momenta, v2 is systematically larger for the standard
reaction plane method. For more peripheral collisions this
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FIG. 16. (Color online) Charged hadron v2 vs. η for 20–70%
centrality collisions, including the FTPC regions. The open circles
are v2{2}, the filled squares are v2{4} and the stars are v2{2} for only
FTPC particles, not using the main TPC particles.
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FIG. 5. (Color online) v2 vs. pt for charged hadrons from 0–50%
centrality collisions in comparison to data from PHOBOS [29]. The
line is a polynomial fit to the STAR data. The gray error boxes
represent the PHOBOS systematic errors. The bottom panel shows
the ratio of the PHOBOS data to the polynomial fit.

is for both sets of data analyzed with a dca cut of 2 cm as is
done in this article. The discrepancy gets worse as the upper
dca cut decreases. The effect is not understood and none of the
half-field data are included in this article. However, a possible
explanation is that the half-field data have poorer two-track
resolution and are more sensitive to track merging, giving a
negative nonflow contribution. If true, there could be a possible
small residual systematic effect on the full-field data. However,
the v2 results are compared to PHOBOS data [29] for 0–50%
centrality and 0 < η < 1.5 in Fig. 5. The STAR data is for the
TPC integrated also for 0–50% centrality. The full-field data
presented here agree well with the PHOBOS data.

Results from four-particle cumulants, v2{4}, are shown in
Fig. 6 for particles identified by energy loss in the TPC. Also
shown are hydrodynamic calculations [31]. The two-particle
values, v2{2} for pions, kaons, and antiprotons are shown for
the individual centralities with blast-wave fits in Fig. 7. We
use only antiprotons at low pt because of contamination of
the proton sample from hadronic interactions in the detector
material.

Figure 8 shows v2(pt ) for charged mesons and protons +
antiprotons identified in the RICH detector. The experimental
results are compared to hydrodynamic calculations [31]. In

 (GeV/c)tp
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v 2
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FIG. 6. (Color online) v2{4} vs. pt for identified particles in
the 20–60% centrality range. The solid lines are hydrodynamic
calculations [31].

the hydrodynamic picture, the mass ordering of v2 (the lighter
particles have larger v2 than the heavier particles) is predicted
to hold at all transverse momenta. Up to pt ∼ 2 GeV/c, v2 of
charged mesons is found to be larger than that of the heavier
baryons, in agreement with hydrodynamic predictions. Above
pt = 2 GeV/c, the data seem to indicate a reversed trend where
the protons + antiprotons might have larger v2 values than the
charged mesons.

From the kink analysis the results are shown in Fig. 9.
There were about 0.4 accepted candidate kaons reconstructed
per event.

Results are shown in Fig. 10 comparing STAR data for K0
S

and " + " out to 6 GeV/c with some PHENIX data [32]
and with hydro calculations [60]. For kaons, we can now
compare v2(pt ) for neutral kaons, charged kaons from kinks,
and charged kaons from energy loss identification. This is
shown in Fig. 9, where the agreement is good, but in the insert
one can see that the neutral kaons tend to be slightly lower
than the charged kaons.

We can also compare our results in more detail at lower
pt with those from PHENIX [32]. Figure 11 shows v2(pt ) for
charged pions and antiprotons from the energy loss analysis
requiring 90% purity and kaons from the kink analysis. The
PHENIX results are for |η| < 0.35, for 0–70% centrality, and
for protons and antiprotons combined. In the pt range where
the data overlap, the agreement is seen to be good.

It is interesting to see how azimuthal correlations evolve
from elementary collisions (p+p) through collisions involving
cold nuclear matter (d+Au) and then on to hot, heavy-ion col-
lisions (Au+Au). A convenient quantity for such comparisons
is the scalar product. In the case of only “nonflow,” the scalar
product should be the same for all three collision systems
regardless of their system size. This assumes independent
collisions and that other effects like short range correlations are
small. Thus, deviations of the scalar product from elementary
p+p collisions result from collective motion and/or effects of
medium modification.

Figure 12 shows the scalar product as defined in Eq. (6)
as a function of pt for three different centrality ranges in
Au+Au collisions compared to minimum bias p+p collisions
[6] and d+Au collisions. For Au+Au collisions, in middle
central events we observe a big deviation from p+p collisions
that is because of the presence of elliptic flow, whereas
in peripheral events, collisions are essentially like elemen-
tary p+p collisions. The azimuthal anisotropy goes up to
10 GeV/c but we cannot distinguish whether it is from
hydrolike flow or from jet quenching. For pt beyond 5 GeV/c in
central collisions, we again find a similarity between Au+Au
collisions and p+p collisions, indicating the dominance of
nonflow effects. The scalar product in d+Au collisions is
relatively close to that from p+p collisions but there is
a finite difference at low pt . This difference is small if
compared to the difference between middle central Au+Au
collisions and minimum bias p+p collisions. If we examine
the difference by looking in d+Au collisions at different event
classes that are defined by the multiplicity from the Au side
(Fig. 13), we find that the scalar product in d+Au increases
as a function of multiplicity class, which is contradictory to
Au+Au collisions, in which the differences rise and fall as

014904-7
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Correlations wrt fourth harmonic flow plane

24

hcos(�a + �b � 2 2)i = hcos(�a � 2) cos(�b � 2)i � hsin(�a � 2) sin(�b � 2)i

hcos(2�a + 2�b � 4 4)i = hcos(2�a � 2 4) cos(2�b � 2 4)i � hsin(2�a � 2 4) sin(2�b � 2 4)i

Directed flow fluctuations relative to the elliptic flow plane

Elliptic  flow fluctuations relative to the quadrangular  flow plane

Charge independent part:
- directed flow fluctuations
“in-plane” vs “out-of-plane”
Charge dependent part:
- contribution from CME 
- “flowing cluster” background 

Charge independent part:
- Elliptic flow fluctuations
“in-phase” vs “out-of-phase”
with 4-th harmonic flow
Charge dependent version:
- NO contribution from CME.
- “flowing cluster” background
  (~ v4 instead of ~v2)

Voloshin, Prog.Part.Nucl.Phys. 67 541 (2012)
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QM2012: talk by Y. Hori,
poster by J. Mlynarz

No indication of significant 
contribution from the effect of 
local charge conservation 
⊕ radial flow
Requires theoretical modeling 

Strong positive correlations 
between Ψ2  and Ψ4
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Figures are shown for particles from the same NN collision. 
Dilution factor to be applied!

!!! - the large values of transverse flow, (average transverse 
rapidity squared) <ρt

2>  >  0.25, would contradict elliptic flow 
measurements (nonflow contribution).

Radial expansion  2-part azimuthal correlations
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