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ABSTRACT

In the present dissertation, the derivation of the chiral magnetic effect (CME) and
chiral separation effect (CSE) from the Hamiltonian of Dirac fermions in a magnetic
field is given. It is shown that the CSE is related to the spin polarization vector
of massless fermions and becomes less important when fermions are massive. The
chiral kinetic equations for massless fermions in a magnetic field are also derived from
the Lagrangian of a massless fermion either using the semiclassical approximation or
by solving the Dirac equation. The chiral vortical effect (CVE) and chiral vortical
separation effect (CVSE) are similarly derived as for the case of the CME and CSE.
The interplay between the vector and axial vector charge densities can generate
two kinds of gapless collective modes, called the chiral magnetic wave (CMW) and
the chiral vortical wave (CVW), and both can be derived in the hydrodynamic and
kinetic approaches. Effects of the CMW and CVW in relativistic heavy ion collisions
are then studied by solving the chiral kinetic equations numerically using the test-
particle method. It is found that, the CMW generated by the magnetic field in
a quark matter with its initial conditions modeled by the Bjorken boost-invariant
model can lead to different elliptic flows for particles of positive and negative charges
if the chirality changing scattering (CCS) between massless quarks and antiquarks is
included. Neglecting the Lorentz force acting on quarks and antiquarks as in other
studies, it is found that the obtained elliptic flow splitting depends linearly on the
charge asymmetry of the quark matter, similar to that measured in experiments at
RHIC. The magnitude of the splitting is, however, less than the experimental results
even if the magnetic field is taken to have a long lifetime. The presence of a vorticity

field in the quark matter is found to only lead to an axial dipole moment in the
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transverse plane but not an elliptic flow splitting between particles of positive and
negative charges. Including effects from both the magnetic field and the vorticity field
can, on the other hand, leads to the splitting between the elliptic flows of positively
and negatively charged particles even for quark matter of zero charge asymmetry.
However, the inclusion of the Lorentz force changes the sign of the slope of the charge
asymmetry dependence of the elliptic flow splitting, leading to a result opposite to
that from the experiments and thus making it unlikely that the observed elliptic
flow splitting between charged particles is due to the CMW. Including in quark
scattering the correction to the phase-space measure due to the vorticity field, the
chiral kinetic equations are also used to study the spin polarization of light quarks in
a rotating quark matter with its initial conditions taken from a multiphase transport
(AMPT) model. Converting the spin-polarized light quarks to hadrons using the
quark coalescence model leads to the spin polarizations of A and A hyperons that
are comparable with experimental results both in magnitude and trend as a function

of collision energy.
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1. INTRODUCTION

The fundamental force that governs the dynamics of quarks and gluons, which
are the smallest building blocks of all matter known to date, is described by the
SU(3) gauge theory called quantum chromodynamics (QCD). Because of its non-
abelian nature, QCD differs from quantum electrodynamics (QED) that governs the
dynamics of particles carrying electric charge and photons, particularly in its two
unique features of asymptotic freedom [8, 9] and color confinement. The former refers
to the fact that interactions between quarks and gluons become increasingly weaker
at high energy and small distance, while the latter implies that no colored quarks and
anitquarks can exist in isolation and they form instead bound hadrons when their
energies are low and separations become large. A transition from confined hadrons to
deconfined quarks and gluons, called the quark-gluon plasma (QGP), is expected to
occur at high temperature and density, such as in the matter produced in collisions
of heavy ions at relativistic energies and the interior of neutron stars. Together with
the deconfinement transition, the hot dense matter produced in relativistic heavy
ion collisions also undergoes the chiral transition from the broken phase of massive
light quarks and antiquarks [10] to the restored phase of almost massless quarks and
antiquarks. Studying the deconfinement and chiral phase transitions in hot dense
matter is a major goal of the experiments at the BNL Relativistic Heavy Ion Collider
(RHIC) [11, 12, 13, 14] and the CERN Large Hadron Collider (LHC) [15].

In the chirally restored phase, light quarks become almost massless and thus
have definite chirality or helicity that their spins point either along or opposite to
the directions of their momenta, called right-handed or left-handed, respectively.

Many novel phenomena as a result of this transition have recently attracted a lot



of interest. Among them is the existence of a non-trivial gauge field configuration
in QCD vacuum that can be characterized by a non-zero winding number [16, 17]
and the frequent transition between these different vacua [18, 19] by sphalerons |20,
21] in the QGP produced in relativistic heavy ion collisions. In the presence of a
magnetic field, which is produced in non-central heavy ion collisions, this can lead
to a finite vector current in the QGP, called the chiral magnetic effect (CME) [22,
23, 24]. It is shown in Ref. [22] that the magnetic field can further lead to the
separation of right-handed and left-handed particles in the transverse plane of a
heavy ion collision, a phenomenon called the chiral separation effect (CSE) [25, 26].
Furthermore, through the interplay between the axial charge density and the vector
(baryon) charge density, a gapless collective excitation called the chiral magnetic
wave (CMW) can be generated [27]. In heavy ion collisions, the CMW can lead to
the splitting between the elliptic flows of positively and negatively charged pions after
the transverse expansion of the system [27]. The vector and axial vector currents can
also be generated in a rotating QGP in non-central heavy ion collisions, when there
are non-vanishing axial and vector chemical potentials [28], and they are called,
respectively, the chiral vortical effect (CVE) and chiral vortical separation effect
(CVSE). The resulting gapless collective excitation from the interplay between the
vector and axial vector charge densities is called the chiral vortical wave (CVW)
and may be found by studying the elliptic flow splitting between baryons and anti-
baryons [29].

Spin polarization of A hyperons in non-central heavy ion collisions is another
phenomenon that is related to the effect of the vorticity field in the produced QGP on
the dynamics of massless quarks. An earlier study [30, 31] has attributed the global
spin polarization of A hyperons along the direction of the total angular momentum to

their constitute quarks, which are polarized due to their spin-orbit interactions in the



QGP. Since the vorticity field generated in relativistic heavy ion collisions can have
local structures, similar structures are expected in the spin polarization density of A
hyperons. This has indeed been seen from the single-particle distribution function
after a hydrodynamic [32, 33, 34] or kinetic [35] evolution of heavy ion collisions by
assuming that they are in thermal equilibrium with the rotating matter. However,
there is a lack of connections between the final spin polarization of hadrons to that
of quarks in these approaches.

As mentioned above, an interesting property of QCD is its non-trivial gauge field
configurations [17], which are characterized by the Chern-Simons topological charge
or winding number @, [36]. For a pure gauge field A, (z), the topological charge @,

is given by

2

g [y
Qo =55 /d%F“”FM ’ (1.1)

where F,, = 0,A, — 0,A, + ig[A,, A,] is the gauge field strength tensor and Fr =
Lwpo

Based on either the evaluation of the triangular diagram involving the correlation
of an axial vector current with two vector currents [37] or the change in the path
integral measure of the fermion fields in gauge-invariant theories under a local chiral
transformation [38], i.e., multiplied by the phase factor ¢”5%*) with ~5 being the
Dirac matrix and #(z) is an arbitrary function of space and time, it can be shown

that the axial charge current is not conserved and satisfies the following equation,

. — Nyg® . -~
Th =20y my () — ﬁﬁ’ww : (1.2)
f

In the limit of massless fermions, i.e., m; = 0, this leads to a difference between



right-handed and left-handed fermions,

A(Ny — Ng) = 2N;Q.. (1.3)

It has been suggested in Ref. [22] that the signature of the non-trivial gauge field
configuration of QCD vacuum can be found by looking at the separation between
positively and negatively charged particles via the chiral magnetic effect. In non-
central heavy ion collisions, a large magnitude of magnetic field is created in the
transverse plane [39, 40]. This magnetic field can lead to a current along or oppo-
site to the direction of magnetic field when the axial charge chemical potential s
is non-zero due to non-zero topological charge in the produced QGP, and this effect
can be tested by studying the separation between particles of different charges. Sev-
eral experiments [41, 42, 43] from the STAR Collaboration at BNL and the ALICE
Collaboration at CERN have found the signal of charge separation, but its phys-
ical explanation is still under debate. For example, this charge separation can be
attributed to resonance decays [44] or transverse momentum conservation [45] and
charge conservation [46]. Also, the similarities between the charge separation signals
in p+Pb and Pb+Pb collisions observed by the CMS Collaboration at LHC put more
challenge on the interpretation of CME [47].

The CMW is a gapless collective mode generated from the interplay between the
vector charge density and axial charge density due to the CME and CSE, respec-
tively [48, 27]. As a result, the finite charge density created in heavy ion collisions
can fluctuate and generate an electric quadrupole moment in the transverse plane
of the QGP [27], which can be seen by the difference in the elliptic flows of pos-
itively and negatively charged particles. The elliptic flow difference between 7+

and 7~ as a function of charge asymmetry has been measured in many experiments



from the STAR Collaboration and the ALICE Collaboration [3, 49], and the results
seem to agree with the interpretation of CMW. However, there are still other above-
mentioned background effects that may contribute to the signal [50, 51], such as local
charge conservation and the conformal hydrodynamic evolution with non-zero shear
viscosity to entropy density ratio n7/s. The similarities in the charge asymmetry de-
pendence of the elliptic flow difference in p+Pb and Pb+Pb collisions also challenge
the interpretation of CMW [52].

For the spin polarization of fermions in a vorticity field, which has recently been
extensively studied in heavy ion collisions, it can be understood using the statistical-
hydrodynamic model by considering the spin-vorticity coupling of massive fermions
at the kinetic freeze-out [32, 33, 34]. In the quantum kinetic approach [35], the spin
polarization of a massive particle is, however, obtained from the spin vector density
in the colliding system. In both approaches, the results on the spin polarization of
A hyperons are comparable to the experimental data from the STAR Collaboration
both in its magnitude and dependence on the collision energy [7].

In some studies of the chiral effects, schematic models are used by assuming a non-
expanding system [27, 29]. A more realistic anomalous hydrodynamics [28] has also
been used to study the effect of CMW on elliptic flows in heavy ion collisions assuming
a strong and long-lived external magnetic field [53, 54]. The study of CME has also
been carried out in Refs. [55, 56] using anomalous hydrodynamics, and the results
are comparable to the experimental data. The spin polarization of A hyperons has
been studied based on the information about the vorticity field after a hydrodynamic
or transport evolution [57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71].

In all above studies of CME, CMW and the A spin polarization, thermal equi-
librium has been assumed in the produced matter. To include the non-equilibrium

effect, chiral kinetic theory has been developed by including in the usual kinetic the-



ory the chiral effects due to the smallness of quark masses (72, 73, 74, 75, 76, 77, 1]. In
this dissertation, the chiral kinetic theory and its extension, the chiral or anomalous
transport model, are developed and used to study the above discussed chiral effects.
This thesis is an attempt to quantitatively understand these chiral effects under var-
ious conditions and to see if they can explain the experimental data as well as to
point out new possibilities for improving the chiral kinetic equations. The remaining
chapters are organized as follows. In Chapter 2, the CME, CSE, CVE, CVSE, CMW
and CVW are discussed by studying the response of an equilibrated fermion system
to magnetic and vorticity fields and deriving the related transport phenomena. Also
shown is the dependence of the chiral effects on temperature, vector and axial charge
chemical potentials, and the masses of fermions. Various methods for deriving the
chiral kinetic equations are presented in Chapter 3. This will be followed in Chapter
4 by a study of the CMW effect on the elliptic flow splitting between positively and
negatively charged particles in heavy ion collisions. Chapter 5 is about the discus-
sion on the elliptic flow splitting of charged particles in the presence of a vorticity
field as well as both magnetic and vorticity fields. Chapter 6 includes the effect of
CVSE on the spin polarization of quarks. A coalescence model will then be used
to convert quarks to A hyperons to study their spin polarization [78, 79]. Finally, a
summary is given in Chapter 7. Four appendices are included to show the derivation
of CMW and CVW from hydrodynamics (Appendix A), the derivation of the Berry
curvature and chiral kinetic equations from the path integral method (Appendix B),
the derivation of CMW and CVW in chiral kinetic theory (Appendix C), and the
time evolution of the magnetic field in relativistic heavy ion collisions (Appendix D).

Some of the results in this dissertation, particularly those in Chapters 4-6, have

been published in Refs. [1, 4, 5].



2. THEORY OF CHIRAL MAGNETIC AND VORTICAL EFFECTS

2.1 Chiral magnetic effects

In normal electromagnetism, the charge or vector current is generated by applying

an electric field to charged particles, leading to Ohm’s law

JV = 0E, (2.1)

where o is the electric conductivity. In the presence of a magnetic field B, a vector
current can also be generated if there is a nonzero axial charge chemical potential
ws [23], i.e., non-equal numbers of right-handed (with spin along the direction of
momentum) and left-handed (with spin opposite to the direction of momentum)
charged particles. In the case that these charged particles are massless, the vector
current is related to the magnetic field by

Q2M5

JV =
272

B. (2.2)

where () is the charge of the particle. The magnetic field can also generate an axial
charge current if the charge chemical potential p is nonzero [26], i.e.,
Qn
J4==_B. 2.3
52 (2.3)
Eqgs.(2.2) and (2.3) are called the chiral magnetic effect (CME) and the chiral sepa-
ration effect (CSE), respectively.

The chiral magnetic and separation effects can be derived in various ways, e.g.,

from solving the Dirac equation in a magnetic field. A simple way to derive the CME



based on the chiral anomaly and energy conservation is given in Ref. [23]. According
to this study, the equation for the chiral anomaly in Eq. (1.2) of Chapter 1 due to
the electromagnetic field can be expressed in terms of the field strength tensor of
the photon field and thus the electric field E and the magnetic field B. For massless

quarks, it becomes

2 2

npp - © popw_ © g,
o, 167T2F“VF 27T2E B. (2.4)
Integrating over space gives
dN°® 3 e? - e?
_ = H 5 = — 3 Ky = — 3 .
dt _/d x0 JH 1672 /d XFH,,F o2 /d xE - B. (2.5)

According to the above equation, increasing N5 by two by converting a particle
from negative helicity to positive helicity increases the energy by 2us if the chemical
potentials for right and left chirality particles are p + s and p — us, respectively.
The rate of energy flow in the electric field E is thus given by

dN®  e*us

3.1V R, Y s [ s
/de E = us o 52 d°xE - B, (2.6)

where JV is the charge current. Since the above equality holds for any electric field,
one thus obtains the CME that the magnetic field can generate a charge current in

a medium of finite axial charge chemical potential,

2

v _ ks
= B. 2.
J 52 (2.7)



2.1.1 Vector and azial vector currents from the Dirac equation

The expression derived above for the CME can be obtained more systematically
by solving the Dirac equation in a magnetic field. Besides showing how the CME
and CSE and the resulting spin polarization can be obtained, this method also allows
one to include the effect of finite particle mass.

In the presence of a constant magnetic field B, which is chosen to point along
the z-axis and thus can be obtained from the gauge potential A = {0, Bz, 0}, the
time-independent Dirac equation for a spin-1/2 fermion of mass m, charge ), and

energy FE' is given by

70[7 (p—QA) + m]\ll =EV,. (2.8)

where the Dirac Gamma matrices are

I 0 . 0 ot
0 —1I —at 0

0 1 0 —i 1 0
ol = — N
10 i 0 0 —1
vy
In terms of the two components of the wave function ¥ = , the Dirac
Vs



equation changes to the following two equations:

c-(p—QA)Vs+m¥, = EV,, (2.9)

o-(p—QA)V, —mUsg

Il
&
S
®

(2.10)

Inserting the relation Vg = ”'(glgA)\IfL obtained from Eq. (2.10) into Eq. (2.9)

leads to

[0 (p—QA)|[o-(p—QA)Y, +m*V, = B>V, (2.11)

Using the identity (- A)(o-B) =A-B+io-A x B, Eq. (2.11) can be rewritten

as

[(p— QA)* +m? — Qo - BW, = E*U,. (2.12)

X
Taking the wave function W, to be | or for the spin pointing along or

0 X—
opposite to the direction of the magnetic field, one then has

[(p— QA +m® T QB]x+ = Eixx. (2.13)

It is straightforward to show that the eigenvalues of the above equation are given by

the Landau levels

E,.=+m2+p2+(2n+1)|Q|B ¥ QB, (2.14)

10



where n are integers, with corresponding wave functions

CHa(w/le) e

ipyy+ip.z Dy
Yot = PP (z _ _) () = 2, 2.15
. QB (@) 2rn /7l (2.15)
where [, = 1/4/|Q|B.
Using
. 11Q|B
(P — QAz)Xn = —iyf %[\/ﬁxm—w — V4 IxXmi)]
: Q|B
0y~ QA = —sin(@B) AE [ v + VAT T
(p: = QA)Xn = DPzXas (2.16)
then Ug = %\I@ leads to
Py WRHDIRB
' E+m or E+m (217)
_z\/2n|QB| _ ps
E+m Xn—1 E—l—mX"
for positively charged particles and
P\ _i/zoB|
E+4+mAT E+4+m n—
2.18
i\/2(n+1)|QB| or o (2.18)
E+m n+l E—i—mxn

for negatively charged particles. For systems consisting of both particles and an-

tiparticles, one can choose positively charged (@ > 0) particles to have the wave

11



function

¢n($ - lc)
. . 0

Xn g = €TV (2.19)
Eniz'f‘m ¢n(x o lc)

L%CQB%_l(x —1.)

" En4tm

if its spin is up, where, E, ; = \/m? + p? 4+ 2nQB, and

0

ipyy+ip:2 Ol —1le)

Xn,— = € T (220)
At OB ¢n+1(z - lc)

En,7+m

- En,liz-i-m ¢n(x - lC)

if its spin is down, where E, ~ = \/m? + p2 +2(n + 1)QB.

U~
WAOw*

For a spin up particle, the expectation value for its velocity is given by v =
Using the above wave function gives v, = 0, v, = 0 and v, = 2. One can also obtain

the expectation value for the spin of the particle, which is defined as

o 0

Al v
1 0 (o4
S=_—— . (2.21)
2 WA
One then has S, = 0 and S, = 0, and S, = % — E("gfm) for a spin up particle and

_ _ 1, (n+1)@B
SZ -2 + E(E+m)

for a spin down particle.
Consider a system of particles and antiparticles, which is assumed to have positive
and negative charges, respectively, for simplicity, and to be in thermal equilibrium

with the single particle energy distribution f(F). If it has a chemical potential p g for

12



particles of right chirality, i.e., particles with momentum along the direction of spin
and antiparticles with momentum opposite to spin, the charge current for positively

charged particles of right chirality is then

R W = TR By = e
= Cijf 2/000 dp. |:E%:+f<En,+ — [R) — Ezjj_f(En,— - NR)}
- %f ) e TR~ ). (2.22)
where E, . = /m?>+p?+2nQB and E,_ = /m?+p?+2(n+ 1)@B, and the

charge current for negatively charged (-Q) antiparticles of right chirality (negative
helicity) is

g, = —QQ—BZ/OO T L f(En—+ pr)
n=0 0

2m 2m B
QB /0 dp. p.
_ 0x= E,
27TZ 27TEn+f( + T Ur)

2B 5
— C;?WZ/ { f(En_ + pg) — £7+f(En,++UR)

QB
= e /7m2+ =f(\/m? + P2 + pir), (2.23)

where E, _ = \/m? +p2 + 2nQB and E,, ; = \/m? + p? 4+ 2(n + 1)QB. The charge

current for right chirality particles and antiparticles is thus

Q°B /°° p-
gV — dp. 2 F(y/m? (2.24
R=r [ m2+p§[f( m? + p? — m? + p?+ ug)|. )

13



For the axial charge current, which is defined as
_ o
JA = U2 = Ut v, (2.25)

it is

a4 QB [Zdp. [, 20QB B
=y | {1 . }f(En,+ )

0”0 , (Em-i- + m)
QB <= [° dp, 2(n+1)QB
i Q?;/_m o [1 "B, _(E,_ +m)>f(E”" _“R}

2 [e¢)
= Ci ?/ dp.f(v/m? +p? — ug) (2.26)
™ Jo

for positively charged particles of right chirality and

2B 0
=2t /0 dp. f (/72 72 + i) (2.27)

for negatively charged antiparticles of right chirality. The axial charge current for
right chirality particles and antiparticles is then

Q"B [~
2 dp.[f(v/m? + p? — f(v/m?+p?+ pg)l. (2.28)
0

Ji =

Similarly, the charge current and the axial charge current for left chirality particles

and antiparticles are

QzB P
Jp=- P s (V- F(V/m? +p2 + pp)], (2.29)

14



and

A_Q2B > 2 2 _ _ 2 2
W= [ A ) — (P )l (230)

respectively, where pp is the chemical potential for particles of left chirality, i.e.,
particles with momentum opposite to and antiparticles with momentum along the

direction of spin. Similar results can be found in Ref. [80].
2.1.2  Chiral magnetic effect and chiral separation effect

In the massless limit m — 0 and with the Fermi-Dirac distribution for f(E), one
has from Eqs.(2.24), (2.29)-(2.30)
Q°B

Jp = = /0 dp.f(p- — ur) — f(p2 + pr)]

_ @By ! !
T 42 0 Pz e:=nr)/T {1 e=+nr)/T { |

= (L eI (1 T

= B, (2.31)

Ja = B, (2.32)

JV = - B 2.
L 471_2 ) ( 33)

2
A Qg
J;, = 12 B. (2.34)

Combining the above equations leads to

2

Vo= IV = %W‘QSB, (2.35)
2

JA = JA4 A= g—ﬁ’l;B, (2.36)
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where p = (ug + pr)/2 and ps = (ug — pr)/2, which are seen to be the same CME
and CSE given in the beginning of this Chapter. It is interesting to note that the
conductivity coefficients in these equations depend only on the chemical potential

and not on the temperature.

1.0
E o8} y
o o
= <
i =3
YA 0.6 <
Q Q
':z 04l — 1 /T=0.01 ':z — 1 /T=0.01
= - = pJT=2 3 04 - = pJT=2
E T
0.2}
NG s o2t
o
0_0 L 1 1 1 0_0 1 1 1
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
m/T m/T

Figure 2.1: Fermion mass dependence of CME (left window) and CSE (right window)
coefficients.

For fermions of non-zero mass, the conductivity coefficients in CME and CSE
become mass-dependent. To see this dependence, one introduces a dimensionless

it

CME coefficient C; = 7% which is a function of m/T and pg/T, that is

2 o]
Ok = o |, eI VP T = ) = P02+ . (250

Shown in the left window of Fig. 2.1 is the fermion mass dependence of the CME
coefficient using the Fermi-Dirac distribution function and the two values of 0.01
(solid line) and 2 (dashed line) for ugr/T. It shows that the CME coefficient de-
creases with increasing fermion mass, and the decrease is slower for a larger chemical

A
potential. Similarly, one can also define the dimensionless CSE coefficient Cgy = ;—%.
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The results shown in the right window of Fig.2.1 indicate that it also decreases with

increasing fermion mass but at a slower rate than the CME coefficient C;.
2.1.8  Spin polarization in a magnetic field

The above results allows one to study the spin polarization of charged particles
in a magnetic field. According to Eq. (2.25), the axial charge current is related
to the spin density S by J* = 2|Q|S. The spin polarization vector is then defined
by P = %, where n is the particle number density. For a system with zero axial
charge chemical potential, the spin polarization of positively and negatively charged

particles along the direction of the magnetic field, i.e., B=8B /B, are

Oodz 2 2 _ .
p, — Jo dp-f( Im + p? u)B7 (2.38)
_l’_

P. =

respectively, where

I, = ZO/O dp.[f(\/m2 + p2 +2nQB — p)

+ f(Vm? +p2+2(n+ 1)QB — p)), (2.40)
. = Z%/O dpz[f(\/m2+p§—2nQB+u)
+ f(Vm2+p2—2(n+ 1)QB + p)]. (2.41)

For a small magnetic field, i.e., QB < T, one can replace the summation ) -,

2 ~
by fooo %, where pr is the momentum in the transverse plane perpendicular to B,
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and simplify the above equations to

Jo~ dpf (Vm? 4+ p* — )
fd3pf (WVm?+p*—p)
I dpf(\/m? 4 p? + )

P. = —27Q B. (2.43)

fd?’pf (v/m? +p? + p)

P, = 27Q (2.42)

QB Liy(—et/T)

In the limit of vanishing mass m — 0, Py = 3% m

where Li;(z) is the
Polylogarithm function, which shows a monotonically decreasing polarization with

increasing charge chemical potential and has a maximum value of < Yo B when p — —o0.

QB

For m — oo, the spin polarization is PP = 5==, corresponding to its classical limit.

0.4 T T T T T T
—— P, and |P_|, W/T=0, QB/T?=0.1
- — P4, p/T=2, QB/T?=0.1
- P , W/T=2, QBIT?=0.1
0.2

P/(QBIT?)

0.0 : ' : ' : '
0.0 0.5 1.0 1.5

m/T

Figure 2.2: Fermion mass dependence of the magnitude of spin polarization of posi-
tively and negatively charged particles divided by QB/T? for a small magnetic field.

Fig. 2.2 shows the magnitude of spin polarization of positively and negatively

18



charged particles, whose spin polarization directions are opposite, for a small mag-
netic field. As shown by the solid line, the magnitude of spin polarization at zero
chemical potential is the same for positively and negatively charged particles. Start-
ing with a value of 0.19%—12B at zero mass, it decreases with increasing mass. At finite
chemical potential, the magnitude of the spin polarization of negatively charged par-
ticles (dotted line) increases while that of positively charged particles (dashed line)

decreases with increasing chemical potential.

0.6 - i
— p=0, m=0
—_ 04} -
+.
Q.
0.2} -
00 L 1 L 1 L 1 L 1
0 1 2 3 4
QB/T

Figure 2.3: Magnetic field dependence of the magnitude of spin polarization of mass-
less positively and negatively charged particles at zero charge chemical potential

w=0.

If the magnetic field is large, i.e., v/ B > T, one needs to evaluate the summation
in Egs. (2.40) and (2.41) explicitly. As shown in Fig. 2.3 for the magnetic field

dependence of the spin polarization in the case of massless fermions, it initially
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increases linearly with the strength of the magnetic field when it is small but the

increase becomes slower when the strength of the magnetic field is large.

0.6 .

- - -
- -

0.4 - - |P|, m=0, QB/T?=3

L

0.2

0-0 L 1 L 1 L 1 L 1

Figure 2.4: Chemical potential dependence of the magnitude of spin polarization of
massless positively and negatively charged particle at QB/T? = 3.

As to the chemical potential dependence of the spin polarization, it is shown in
Fig. 2.4 for the case of massless limit m — 0. It is seen that the spin polarization
of positively charged particles (solid line) decreases with the increase of chemical
potential, and this is because the contribution from the lowest Landau level is smaller
when the chemical potential is larger. As to the spin polarization for negatively
charged particles (dashed line), it increases with the increase of chemical potential
as a result of increasing dominance of the lowest Landau level. The above behavior of
the spin polarization holds for both small and large strength of the magnetic field. In

the massive limit m — oo, the magnitude of spin polarization becomes independent
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of the chemical potential and is simply given by

1 Q
P|= = tanh [ ——
| | Zn 0 e 7;?7{3 + Zn 1 e 7;?7{3 <2mT>
for both positively and negatively charged particles.

2.1.4  The chiral magnetic wave

Through the interplay between the CME and the CSE, a new form of gapless
collective excitation, called the chiral magnetic wave (CMW), emerges from the cou-
pling of the density waves for the axial and electric charges [48, 27]. According
to Ref. [27], the chiral magnetic wave can induce in a heavy ion collision a charge
quadrupole moment in the transverse plane perpendicular to the beam direction and
lead to the splitting of the elliptic flows of positively and negatively charged particles
during the expansion of the produced QGP. In Chapters 4 and 5, the chiral kinetic
equations will be used to study if the CMW can indeed lead to a splitting between
the elliptic flows of negatively and positively charged particles.

The velocity of the CMW can be found using the magnetohydrodynamics [48, 27],
which is shown in Appendix A, and the resulting magnitude of the velocity of CMW

4W§a|. For particles and antiparticle described by the Fermi-Dirac distribution,

is |2

one has, for small chemical potential,

-

6QB
4m2T2 1"

which gives the magnitude of the velocity of CMW as |
The expression given in the above for the velocity of CMW shows a linear de-
pendence on the strength of the magnetic field and is thus not valid for very large

magnetic field as the velocity then can exceed one or the velocity of light. In this
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case, fermions are frozen in the lowest Landau level [48], which is also shown in sec-

tion 2.1.1. Taking into account this effect leads to p = %, which then results in

the velocity of CMW being one.
2.2 Chiral vortical effects

Another interesting anomalous chiral effect is associated with the rotation of a
fermion system, which can be quantified by the vorticity field w = %V X u, where u
is the flow field. Similar to the CME and CSE due to the magnetic field, the vorticity
field can induce vector and axial vector currents in a system with nonzero charge

and axial charge chemical potentials, that is

1145 A (T P+
JV =22 d J4= (= 2.44
W an (6 + 52 | (2.44)

called, respectively, the chiral vortical effect (CVE) and the chiral vortical separation
effect (CVSE).

These anomalous currents due to the vorticity field were first derived in Refs. [81,
82, 83] using the method of gauge/gravity duality. Based on the hydrodynamic
approach, it was later shown that the CVE and CVSE are consistent with the second
law of thermodynamics [28]. Calculating the anomalous vortical conductivity at weak
coupling using the Kubo formula, it was found in Refs. [84, 85] that it gives rise to
anomalous vortical effects even in an uncharged fluid, which was not included in
previous studies. There is also the derivation of CVE and CVSE from the kinetic
theory based on the quantum Winger approach [75] or the Coriolis force [72]. The

latter further shows explicitly the role of the Berry curvature in chiral vortical effects.
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2.2.1  Chiral vortical effect and chiral vortical separation effect from the Dirac

equation

Similar to the derivation of the CME and CSE in the previous section for fermions
in a magnetic field, the Dirac equation can also be used to derive the CVE and CVSE
for fermions in a vorticity field. Unlike the electromagnetic field, the vorticity field
is not a gauge field and thus cannot be included in the Hamiltonian of the system
in the usual way. Comparing the derivation of vortical conductivity from the Kubo

formula [84, 85],

LT, (2.45)

o, = hm ewn
ken

2k,

where T"" is the energy-momentum tensor, which is similar to the derivation of chiral

magnetic conductivity [86]

<J’JJ>|W 0, (2.46)

op = hm emn

2k,

indicates that there is a coupling between the momentum and the fluid field p-udt in
the action for a single particle, similar to the action QA - dx for a charged particle in
an electromagnetic field. Because p-udt = p’x-udt = pu-dx, the term involving the
gauge field QA in the Hamiltonian of section 2.1.1 can be replaced by p®u when there
is a vorticity field, which is similar to the result from Ref. [87] in the non-relativistic
limit.

Since the above gauge field induces an equivalent magnetic field 2p°w, one can use

the results of section 2.1.1 and finds that E, ; = \/m? + p? + (2n + 1)2E, .w F 2E, ;w,
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which gives the energy

Eor=0n+1FDw+V/m2+p2+(2n+1F1)2w2 (2.47)

One can then show that the vector charge currents are

Jp = gﬁz b (R — )+ (P E A p)l, (2.49)
0

and the axial charge currents are

Ja = \/m2+pzdpz m? + p2 — ug) + f(/m? + p? + pgr)](2.50)

27r2

I = %2 BT P, f (VB — ) + (IR PR 4 )] (2.50)

In the massless limit, the above equations reduce to J¥% = uJ(ClFQ2 + 47T2) J4 and

Vo _ T2 MLy _ A : ; Vo ppsw A _ (T2 | el
J; = —w(3z + &) = —J7, which gives JV = #5% and J* = (& + —5=°)w, same

as shown in Eq. (2.44).
Since the axial charge current is equal to twice the spin polarization density, one
can further show that the spin polarization density from the Dirac equation is exactly

the same as the result obtained from the quantum Wigner approach [35]. Using the

result
S B(EpFu)
- 47r2T/0 p dp(eﬁ(EpﬂFu) +1)2 (2:52)
from the quantum Wigner approach and the identity @[ﬁﬁ% = —Tg—g, where T1

is the spin-polarization density, one can show that I1I = 3% fooo pfdp, which is the
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same as the result from solving the Dirac equation.

In the non-relativistic limit, the spin polarization probability is found to be

Jo~dpf

P = 4mmw =5
fo fd*p

=mw/mT =w/T.

This result is twice the result from the quantum Wigner approach [35] and the
statistical-hydrodynamic approach [32, 33, 34|, and the reason for this difference is

not yet clear and needs to be further studied.
2.2.2  The chiral vortical wave

For a fermion system in thermal equilibrium, one can use the results for the
CVE and CVSE to derive the wave equations for the charge density of right and left
chirality particles and antiparticles as well as their velocities. The derivation of the

CVW is then similar to that of the CMW [29] and is also shown in Appendix A.

3w
w212

Using the Fermi-Dirac distribution for massless quarks leads to for the velocity
of the chiral vortical wave (CVW), which is zero for zero chemical potential. In
Chapter 5, the effect of the CVW on the elliptic flow splitting between negatively
and positively charged particles in a heavy ion collision will also be studied.

It is worthy to note that in the literature, there are also studies of CMW and

CVW based on different considerations as well as of other wave modes [88, 89].
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3. CHIRAL KINETIC EQUATIONS *

The chiral magnetic and vortical effects discussed in the previous chapter are
for fermion systems in thermal equilibrium, which are useful for studying these ef-
fects in heavy ion collisions based on the hydrodynamic model. To include pos-
sible non-equilibrium effects, microscopic chiral kinetic equations have been devel-
oped [72, 73, 74, 75, 76, 77]. In Ref. [72], the chiral kinetic equations are derived
from considering the Berry phase associated with the action of a quantum system
in an external magnetic field. The resulting chiral kinetic equations reproduce the
chiral anomaly as well as the CME and CSE in equilibrated systems. However,
these equations are not manifestly Lorentz covariant and require the introduction
of a modified Lorentz transformation [90]. The same chiral kinetic equations can
be derived from the Landau Fermi liquid theory by taking into account the Berry
curvature flux through the Fermi surface [73, 74] or from the semiclassical Foldy-
Wouthuysen diagonalization of the quantum Dirac Hamiltonian for massless fermions
and antifermions [77]. On the other hand, the manifestly Lorentz covariant chiral
kinetic equations have been derived in Refs. [75, 76] based on the consideration of
the covariant Wigner function for massless spin-1/2 fermions, which reproduce the
non-covariant chiral kinetic equation after integrating over the zeroth component of

the four-momentum.

*Part of this chapter is reprinted with permissions from “Anomalous transport model study of
chiral magnetic effects in heavy ion collisions” by Yifeng Sun, Che Ming Ko and Feng Li, 2016, Phys.
Rev. C 94, 045204, Copyright 2016 by APS, and “A hyperon polarization in relativistic heavy ion
collisions from a chiral kinetic approach”by Yifeng Sun and Che Ming Ko, 2017, Phys. Rev. C 96,
024906, Copyright 2017 by APS.
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3.1 Chiral kinetic equations from the semiclassical method

The classical equations of motion for a massless spin-1/2 particle in an external
electromagnetic field can be simply derived from the semiclassical method that con-
siders the conservation of the total angular momentum [1]. For a massless spin-1/2
fermion, its total angular momentum J is given by the sum of its orbital L and spin
S angular momenta, i.e., J =L+ S =r x p 4+ A\p/2, where A\ = £ is the helicity of
the particle with the plus and minus signs for particles with spin parallel (positive
helicity) and antiparallel (negative helicity) to the momentum, respectively. The
convention h = ¢ = 1 has been used in the above. Under the influence of an external

force F', the rate of change in the total momentum is then

aJ d(rxp+AR)

dt dt
_dr dp p p .
= e G R on (50
= (r—)\px2—pg>xp—l—er, (3.1)

where the relation dp/dt = F and the identity (A xB)xC=(A-C)B—(B-C)A
have been used. Using the fact that dJ/dt = r xF, one then has ¥ —Ap x 2?% = f(p)p,
where f(p) is a function of the magnitude p of the momentum and p is a unit vector
along the direction of the momentum. In the absence of external force, F = 0, one has
I = p, which then requires f(p) = 1. This thus leads to & = p+Ap x % =p+Apxb,
where b = 2%.

Including the Lorentz force in the presence of an external electromagnetic field,

F = Q(E + 1 x B) = p, the equations of motion for massless spin-1/2 fermions are
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thus

__P+IQExb+)Q(p-b)B

1+ XQ(B D) ’ (32)
. QE+pxB)+IQ°b(E-B)
b= [+ 2Q(B - b) ' (3:3)

These equations include the effect of CME, CSE and the anomalous Hall effect, and

are the same as those given in Refs. [72, 75, 76, 77].

3.2 Chiral kinetic equations from the path integral method

P
2p3

The quantity b = in the previous section has a topological origin and is
related to the Berry curvature of a massless spin 1/2 fermion in a magnetic field
as shown in Ref. [72] from the path-integral formulation of quantum mechanics.
Following Ref. [72], the Hamiltonian of a massless fermion of helicity A = 1 is given
by H = o - p. The transition amplitude for the particle from the initial spin state

i) at t; to the final spin state |f) at time ¢ is given by

<f|6_iH(tf_ti)

i) = / DaDppet fil PE-opidt (3.4)

where the integration of the path-ordered matrix (p-x— o -p)At is over the classical
path (x(t),p(t)) in the phase space.

Since the massless fermion has only one helicity state A = 1 (the opposite one
corresponds to its antiparticle), the above matrix must be diagonalized in the helicity
basis. For each point of phase space on the trajectory, there is always a unitary matrix
Vp to diagonalize this matrix, i.e., VpT o - pV, = pos. For two neighboring points ¢,

and t, with momenta p; and ps, one can then transform the second part of the
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transition amplitude as

eTTPA = VL, Ve PR AN VI VL VA

P2 " p2 P2 "p2 "P1 " p1

= Vpye P2V v, VI

P1 P1

o —ip203At Ji8p, ‘P2 ALY /T
= Ve e'p2 Vous

(3.5)

with &,, = iV VVp|p—p,. From its definition, &, is a pure real number and is thus
given by a,, = —Im(VpT Vo, Vp). In this adiabatic approximation, the Lagrangian for a
single particle of positive energy is then £ = p-x—p—a,-p with a, = Im(VpTVpr)H.
In the presence of a gauge field, the Lagrangian becomes £ = (p+QA)-x—p— Q¢ —
ap - P. The equations of motion of the massless spin 1/2 fermion can be obtained by
the method of variation, and they are t = p + Ap x b and p = Q(E + x x B) with
b=V, xa, = 2?%. Substituting the second equation to the first one leads to the
chiral kinetic equations in the previous section. Details on the above derivation is

given in appendix B.
3.3 Chiral kinetic equations from the Dirac equation

In the above two approaches, the spin of a massless fermion is assumed to be
either along or opposite to its momentum. Since this may not always be the case,
a more general method without this assumption is used in this section to derive the
equations of motion of massless fermions in a magnetic field. This method further
allows one to see that the chiral kinetic equations derived in the previous section
are the first-order quantum correction O(h) to the classical equations of motion.
Since one is dealing with massless fermions, one can use the two-component Weyl
representation of spinors to describe particles of right chirality and left chirality

with the Hamiltonian H = +o - p. Without losing generality, only right chirality
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particles as in the previous section are considered. In the presence of a gauge field

A = (A, ¢), the Hamiltonian changes to H = o -

(m — QA) + Q¢, where 7 is

the canonical momentum. Since the evolution of the average value of any physical

observable can be described by A=

dx’
dt
dm’
dt
do”
dt

—[A, H], one has

1., oH
E[I 7H] o =0, (36)
1. . 8H 0A’ 19J0)
il o _ — O5) _ 022
m ol = Qg T Qg (87)
1 .
J(rd j
L oi ] = hw 7 — Q)
%%eijk(wj — QAN = %Gijk(ﬂ'j — QA" (3.8)

Using the relation p = m — QA between the kinetic momentum and canonical

momentum, one obtains the equation of motion for the kinetic momentum,

dp’
dt

where the relations F* =

equations in the previous paragraph can be rewritten as

dm’ dA’
= Y
A 0 8AZ 8A2
= Qe 00 Q% Q]
Ox Ox
A DA"
= J _ J Ez
Qo' o5 — Qg0 +¢
= Qe;ro’ BY + QF', (3.9)
—gji — 8£i and B! = —%eijk(gT“‘i — %—g) are used. The three
r=o, (3.10)
p=QE+o xB) (3.11)
o= %p X o (3.12)
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It is seen from Eq. (3.11) that for a massless fermion of right chirality or positive
helicity with the direction of its momentum different from that of the magnetic field,
its spin acquires a component that is perpendicular to its momentum according to
Eq. (3.12). As a result, the particle no longer has a definite helicity. The reason
that helicity is not a good quantum number in the presence of magnetic field is
because components of the kinetic momentum in the perpendicular direction do not

commute.

0.20 T T 0.4 T T
QB,=7m2, p;;=1 GeVic | | QB,=7m2, p;;=1 GeVic | |
- ——real time evolution - ——real time evolution
p,=0, c/lp, ) p,=0, c/lp, )
0.15 - - 0,=QB/2p g 0.3} - - r=QBt/2p
-
—
N 0.10 F E 02} 27
o ~ P
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0.05 - g 0.1t _
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t (fm/c) t (fm/c)

Figure 3.1: Time evolution of the z-component of the spin of a massless fermion
(left window) and its displacement (right window) in a magnetic field along the z
direction. The initial spin and momentum of the particle are along the same direction
in the x — y plane.

To illustrate the above results, one considers a massless fermion with initial kinetic
momentum of magnitude 1 GeV/c in the x — y plane and in a magnetic field of
magnitude 7m? in the z direction, and the initial spin direction is taken to be along
the kinetic momentum. Results obtained from solving the above equations are shown
in Fig. 3.1. It is seen from the solid line in the left window that the spin of the particle

in the z-direction oscillates in time with an average value of %ﬁ given by the dashed
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line. According to Eq. (3.10), the velocity of the particle is given by its spin, and
this leads to the time dependence of its displacement in the z-direction shown by the
solid line in the right window, with its average value shown by the dashed line.

The above equations can be reduced to the chiral kinetic equations of previous
sections by using

h.
20 XP=(px0o)xp=p°c—(p-o)p, (3.13)

which can be rewritten as

o ocxp+(p-o)p. (3.14)

Ty

The first-order quantum correction to the above equation can be obtained by itera-

tion, and the result is given by

h - .
2—p2p><p+(p-p)p—p+(9(h2)

— P+ hpx 2%3 +O®?). (3.15)

o = p+

Using this equation in Eqgs.(3.10) and (3.11) and the convention of & = 1, one then
obtains the chiral kinetic equations in previous sections.

Results obtained from solving the chiral kinetic equations for the example dis-
cussed in the above are shown by the dashed lines in Fig. 3.1, which thus correspond

to the average values of the exact results obtained from solving Eqgs.(3.10)-(3.12).
3.4 Phase-space modification due to chiral kinetic motions

The Berry curvature not only changes the equations of motion of massless fermions

but also modifies the volume of their phase space from d*xd®p to v Gd*xd®p, where
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VG =1+ AQ(B-b) [91, 92, 93]. This can be understood either by considering the
change in the volume of the phase space of a particle during a short time interval [91]
or that in the Poisson brackets for different combinations of x and p [93]. In this
section, some details of the derivation, which are missing in Ref. [91], are given.

Following Ref. [91], the change in the volume of the phase space is

d(x + Ax)d(p + Ap) = d(x+ xdt)d(p + pdt)

~ dxdp[l + dt(Vyx %+ V- p)l. (3.16)

In terms of AV = dxdp, the above equation becomes dAV = AVdt(Vy-x+V,-p).

Using the identity

V. kb V. b — Vx~(\/§x)j§Vp~(\/ép) _x-vx\@jap-vp@’

(3.17)
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and Egs.(3.2) and (3.3), one finds

Vi X+ V,-p
_ QA(Vx X E) - b+ QAP + Q(V, x p) - B+ Q°\216® (p)(E - B)
VG

XV VG +pVVG
- VG
QA b+ QX210 (p)(E-B)  xV,V/G +pV,V/G
el - VG
—QATERL 4 QAYBRL x4 QAYEE) . p 4 QX276 (p)(B - E)
VG

XV WG+ pV,VG
VG
QMG 4+ @*A2109 (p) (B - E)
e ’

(3.18)

_ 0B

5. as well as the relation

after using the Maxwell equations V-B = 0 and VxE =
V -b = 276®)(p). Therefore, one has

dAV  dVG N Q*\275°(p)(E - B)

- dt.
AV VG VG

For particles of non-zero momentum, the second term is zero, and one has AV =
%, which shows that the phase-space volume is no longer conserved during the
time evolution of the particle. Since the phase-space volume is a local function of
state variables and should not have a memory of the past, one can thus introduce a
modified phase-space volume v Gd*xd>p such that it remains the same as it moves

in a magnetic field.

One can also obtain the above result from the Boltzmann equation 2 4+ x - 2L 4
ot ox
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p- g—{) = 0 in the collisionless limit. Using the equation

NG . IV Gx . OV GPp

— 902 Rs3
5 = oy~ 2QATE - BI (p),

which can be derived by using the Maxwell equations and the definition of v/G, one

has

= 2Q*° 7 fE - B&*(p).

WGf OVGfx OVGfp
o T ox T op

The charge current for right chirality particles and antiparticles is then

Jp = flp — ur)VGx — —f(p+ 1)V Gx

- &3 / Aol (o~ ) — F(p-+ )} (3.19)

which is the same as that from solving the Dirac equation. The same holds for the
charge current of left chirality particles and antiparticles obtained from these two
approaches.

One can also obtain the chiral anomaly from the chiral kinetic equations. For

right chirality particles and antiparticles, one finds

s /(f’) 20 f (o — w)E- B (o) = LB ). (320
CZ‘_tR — —/(311332Q2wf(p+uR)E-B53(P):—QZ;BJC(MR% (3.21)
which gives
dnp—ng)  Q°E-B O’E-B

7 = (3.22)
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The above equation shows that the chiral anomaly does not depend on the tempera-
ture and chemical potential of the system and thus is valid for any systems of massless
Dirac fermions. A similar equation can be obtained for left chirality particles and an-

tiparticles. Combining the two equations then leads to the chiral anomaly equation

dn® _ Q’E-B
dt 27?2

. It is noted that although the chiral anomaly can be derived from the
geometric phase as described above, it is generically a topological effect [94, 95] and

can be verified from a more general consideration such as the Fujikawa method [38].
3.5 Chiral magnetic wave in chiral kinetic theory

The CMW can also be described in chiral kinetic theory [96], which is valid
for a weak magnetic field, and the derivation in Ref. [96] is given in Appendix C

for completeness. It is shown in section 2.1.4 that the velocity of the CMW is

6QB
4m2T2

when the massless fermions are described by the Fermi-Dirac distribution. In
contrast, using the classical Boltzmann distribution gives w =k - %, which leads to
a larger velocity for the CMW than that from the Fermi-Dirac distribution. This is
because more particles have higher momentum in the latter case as a result of the
B

Pauli principle, which then leads to a smaller velocity according to v = 57

3.6 Chiral vortical effects in chiral kinetic theory

Chiral vortical effects can also be studied in chiral kinetic theory. Although the
chiral kinetic equations for fermions in a vorticity field can be derived from the
quantum Wigner functions [75, 76|, the effect of the vorticity field on the motions
of massless fermions can also be included in the chiral kinetic equation through the
Coriolis force [72] as shown in Ref. [5] and to be followed in this section. In the
absence of mean-field potentials, such as those in Refs. [79, 97, 98, 99] based on the
Nambu-Jona-Lasinio model, the momentum p of a particle in the center-of-mass or

fireball frame of a heavy ion collision is a constant between scatterings, that is p = 0.
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Its momentum p’ in the frame that rotates with an angular velocity given by the

vorticity field w is, however, affected by the Coriolis force,
p=-2pwxr, (3.23)

where p’ is the magnitude of p’ and 1’ is the velocity of the particle in the rotating
frame.

From the adiabatic approximation to the motion of a massless spin—% particle that
the direction of its spin follows instantaneously the direction of its momentum [72] or
from considering the conservation of the total angular momentum of the particle [1]

in this rotating frame, its velocity 1’ is given by,
' =p +Ap' x b, (3.24)

where A\ = +1 is the helicity of the particle, p’ is a unit vector along p’, and b’ =
2‘;% is the Berry curvature resulting from the adiabatic approximation [72] or the
conservation of the total angular momentum [1]. Substituting Eq. (3.23) to Eq.
(3.24) leads to

o P2 D)

2
1+ 2)p/(w - b) (3.25)

In the absence of collective flow, the origin of the rotational frame is stationary
in the fireball frame. In this case, r = 1’ and p = p’, and the chiral kinetic equations
of motion for massless spin—% particles are thus

. P+2\p(D-bw
14+ 20p(w-b)

= 0. (3.26)
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The two equations in Eq. (3.26) are similar to those derived in Ref. [76] from
consideration of the covariant Wigner distribution function of massless spin 1/2 par-
ticles in a vorticity field, except that the numerical factor 2 in the denominator is 4
instead. Although applying the usual Lorentz transformation to Eq. (3.25) does not
lead to Eq. (3.26), it is known that the chiral kinetic equations satisfy a nontriv-
ial Lorentz transformation [100]. Therefore Eq. (3.26) is also assumed to be valid
for the case with collective flow. As to the numerical factor in the denominator,
later considerations based on the covariant Wigner distribution function of massless
spin 1/2 particles have indicated that its value is not uniquely determined [101]. One
therefore has in general the equations of motion for massless particles in the presence

of a vortical field are

with G = 1 + a\p(w -b) and b = 20
Since the phase-space measure is also changed by the vorticity field, the vector

charge currents of right and left chirality particles and antiparticles are given by

3 3
Jrr = / P \/axf(p—MR,L)—/ ap VG f(p+ pirs)

(27)? (2m)°
T
o (E N ﬁ:;;) | (3.27)

the same as those obtained from solving the Dirac equation.
The CVW can also be derived in chiral kinetic theory in a similar way as that
for the CMW [29], which is also shown in Appendix C. It is of interest to note that

there are also studies of the chiral vortical effects by taking into consideration of the
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scattering between spin-polarized particles and antiparticles [90, 102].
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4. ANOMALOUS TRANSPORT MODEL STUDY OF CHIRAL MAGNETIC
EFFECTS IN HEAVY ION COLLISIONS *

In the present chapter, the chiral kinetic equations for massless quarks and an-
tiquarks are solved using the test particle method [103] and also the scatterings of
these particles is included by assuming that they are not affected by the magnetic
field. With initial conditions taken from a Bjorken boost-invariant model without
initial transverse flow, this anomalous transport model is then used to study the
elliptic flow in heavy ion collisions at the highest energy from RHIC and the results
are compared with those obtained from anomalous hydrodynamics [54] and with the

experimental data [3].
4.1 The anomalous transport model

As discussed in previous chapters, the dynamics of massless spin-1/2 fermions
in a magnetic field can be described by the anomalous transport equation for the
phase-space distribution functions fr and f;, of right chirality and left chirality ones,

that is

OifriL + % Vyfr/ + P Vpfrio = Ic, (4.1)

where

dt 1+AQB b ’ '
dp  QpxB
dt ~ 1+AQB-b’ (43)

*Reprinted with permission from “Anomalous transport model study of chiral magnetic effects
in heavy ion collisions”by Yifeng Sun, Che Ming Ko and Feng Li, 2016, Phys. Rev. C 94, 045204,
Copyright 2016 by APS.
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with A = 1 for particles and antiparticles of positive helicity and A = —1 for particles
and antiparticles of negative helicity, and the Berry curvature b = %.

The term I on the right-hand side of the transport equation is the collision
term that takes into account the effect due to scattering of massless quarks and
antiquarks. In most studies, this effect is addressed in the relaxation time ap-
proach either for quark-quark scattering [104] or for quark-gluon scattering [105].
Since the interaction Lagrangian of massless quarks and antiquarks with gluons
in QCD is £ = igGrAqr + 19GrAqr, where g is the strong coupling constant,
qr and q; are the field operators for quarks of right and left chiralities, respec-
tively, and 4 = ~*A, with A, being the gluon filed, there are no changes in
the chiralities of quarks in quark-quark scattering and of antiquarks in antiquark-
antiquark scattering. For the scattering between quark and antiquark, their chirali-
ties can, however, change through the s-channel annihilation process. The processes
qrqr — qrqr and qrq;, — qrqr conserve axial charge density, which is given by
ns = (Uy99°0) = (Upn'Wp) — (U7°V,) = (ng — ng) — (ny — ng), and are thus
allowed in QCD, which is chirally invariant in the massless quark limit. This process
ensures both local charge and axial charge conservations in an equilibrated quark
matter and is essential for generating a splitting of the elliptic flows of positively and
negatively charged particles in the kinetic approach. The reason for this is as follows.
Although the chiral kinetic motion can lead to a separation of particles of right chi-
ralities from those of left chiralities in space, the effect is the same for positively and
negatively charged particles. However, including quark-antiquark scatterings that
change their chiralities can result in a charge quadrupole moment in the transverse
plane of a heavy ion collision. For simplicity, only massless quarks and antiquarks
are allowed to undergo chirality changing scattering in quark-antiquark scattering.

The combined effects due to the chiral kinetic motion (CKM) and the chirality
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Figure 4.1: Effects of chiral kinetic motion (CKM) and chirality changing scattering
between quark and antiquark (CCS) on the distribution of massless quarks and
antiquarks in the transverse plane of a heavy ion collision with initial positive charge
chemical potential ¢ > 0 and vanishing axial charge chemical potential pus = 0.
Reprinted from Ref. [1]

changing scattering (CCS) between quark and antiquark in heavy ion collisions in
the presence of a magnetic field are illustrated in Fig. 4.1. The upper left picture
shows the initial distribution of quarks and antiquarks in the transverse plane for the
case of positive charge chemical potential ;1 > 0 and vanishing axial charge chemical
potential ps = 0, corresponding to more quarks than antiquarks but with equal
number of right and left chiralities. In the above, one has p = (ug + 1) /2 and pus =
(wr—pr)/2, where pp/T = (Np—Ng)/(Nr+Ng) and pr /T = (N, =Nz ) /(Np+Nz)

with Np and Ny denoting the numbers of particles with right and left chiralities,
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respectively, while Nz and Nj denoting corresponding numbers for antiparticles. The
temperature of the quark matter is denoted by T'. Equation (4.2) then indicates that
quarks and antiquarks of right chiralities would move upward along the direction of
the magnetic field, while those of left chiralities would move in the opposite direction,
leading to a positive axial charge dipole moment in the transverse plane, as shown
in the upper right picture of Fig. 4.1. The lower right picture shows the effect of
the chirality changing quark-antiquark scattering qrqr — qrqr and qrqr, — qrQg.
Further upward and downward motions of quarks and antiquarks of right and left
chiralities, respectively, according to Eq. (4.2) result in the lower left picture, which
clearly shows a positive axial charge dipole moment and a positive charge quadrupole
moment in the transverse plane. The latter can then lead to a splitting of the elliptic
flows of positively charged quarks and negatively charged antiquarks as shown in
Refs. [27, 106].

In the above discussion, the effect of gluons in the system is not considered. Since
gluons have spin one, they will not change the chiralities of the quarks or antiquarks
that they scatter with [105]. Including these scatterings will thus not affect the
picture discussed in the above. Also, the magnetic field affects the scattering of
quarks and antiquarks through the change of the phase-space integral in the collision
term of the chiral transport model [104, 105], i.e., replacing the usual d*xd*p/(27)3
by (1 + AQB - b)d*xd*p/(27)3, which is needed to ensure the correct equilibrium
distribution in the presence of the magnetic field. Since it was not known how this
effect could be included in the chiral transport model when the study in Ref. [1] was
carried out, it had been neglected in that study.

To implement particle scatterings in the chiral or anomalous transport model, the
geometric method of Ref. [107] is generalized by using the scattering cross section o

in the fireball frame to check whether the impact parameter between two colliding
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particles is smaller than \/0/7 and if the two colliding particles pass through each
other at the next time step during the evolution of the system. For the three-
momenta of the two particles after their scattering, they are taken to be isotropic in
their center-of-mass frame. The Pauli blocking effect on the final states is, however,
neglected because of the high temperature of the partonic matter produced in heavy

ion collisions.
4.2 Heavy ion collisions in the presence of magnetic field

To apply the anomalous transport model to heavy ion collisions, a Bjorken boost-
invariant model is used for the initial conditions. Specifically, the cubic power of
temperature distribution, which is proportional to the particle number density dis-
tribution, in the transverse plane of the collision is taken to have a Woods-Saxon
form

1o

T(,’L’,y) - ’
(14 s

(4.4)

where ¢ describes the spatial anisotropy of produced partonic matter in the transverse
plane of non-central heavy ion collisions, R is the radius, and a is surface thickness.
The transverse momentum distributions of quarks and antiquarks are then given
by the corresponding Boltzmann distributions with a charge chemical potential pu.
For simplicity, quarks and antiquarks are taken to have same electric charge of e/2
and —e/2% respectively, and assume that the ratio p/T is uniform in space. For

distributions in the z direction, it is assumed to be boost invariant, i.e., z = 7y sinh y

and p, = mpsinhy, where 19, mp = \/m2 4 p2 +p2 = \/p2 +p2 = pr, and y are

the thermalization time, transverse mass, and rapidity, respectively. For the initial

QAlthough this would underestimate the effect on u and w quarks and overestimate that on d
and d quarks, the net effect would be minimal for flavor-symmetric quark matter.
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axial charge chemical potential us/T, it is taken to be zero everywhere.

To study the chiral magnetic effect in heavy ion collisions, the magnetic field B
generated in these collisions is assumed to be uniform along the y axis, which is
perpendicular to the reaction plane, as in Ref. [108] and to have the following time

dependence:

€BO

BT

(4.5)

with By and 7 being its maximum strength and lifetime, respectively. According
to Ref. [40], the magnitude of the magnetic field in a heavy ion collision can be as
large as several 10** T in noncentral Au+Au collisions at /s = 200 GeV, although
it lasts for only about 0.1 fm/c. However, including the electric conductivity effect
could increase the lifetime of the magnetic field in a heavy ion collision to several
fm/c [109]. More discussions about the time evolution of magnetic field can be found
in Refs. [110, 111, 40, 109] as well as in Appendix B.

With above initial conditions and magnetic field, the anomalous transport equa-
tions are solved using the parameters Ty = 300 MeV, R = 3.5 fm, a = 0.5 fm,
¢ = 1.5, and 75 = 0.4 fm/c that are appropriate for Au+Au collisions at center-of-
mass energy /s = 200 GeV and impact parameter b = 9 fm, which approximately
corresponds to collisions at the 30-40% centrality. The total number of quarks and
antiquarks is then approximately 1500 if one considers only rapidities |y| < 2. As in
the AMPT model [112] and the Nambu-Jona-Lasinio model [113], it is assumed that
only quarks and antiquarks are present in the partonic phase of a heavy ion collision.

For the magnetic field, the values eBy = Tm? and 7 = 6 fm/c are used. For the value

Ny—N_
Ni+N_

of p/T, which is the same as the charge asymmetry Ay = of the partonic

matter, where N, and N_ are the numbers of positively and negatively charged
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quarks, respectively, a number of values between 0 and 0.16 are considered. For
the parton scattering cross section, it is taken to have the temperature dependence
o = 0o(Tp/T)? in order to be consistent with that calculated in the NJL model [114]
and the shear viscosity to entropy density ratio extracted from the measured elliptic
flow using the viscous hydrodynamics [115]. For the value of 0y, it is chosen to repro-
duce the measured elliptic flow of pions and is taken to be isotropic and independent
of the momenta and energy of the colliding particles. As to the temperature of the
local medium where two partons scatter, it is determined from taking the local en-
ergy density to be the same as that of an equilibrated noninteracting massless quarks
and antiquarks. Because of the smaller number of partons in a local cell, the energy
density is evaluated by using partons from a large ensemble of events, although only
partons in the same event are allowed to scatter with each other [107].

Since partons in a local cell are expected to convert to hadrons when their tem-
perature drops below the chirality restoration temperature 7}, which is taken to be
150 MeV, the duality ansatz is used by simply relabelling quarks as pions and letting
them follow the normal equations of motion with the velocity given by p/E and to
scatter with known hadronic cross sections given in Ref. [116]. One could import
these quarks and antiquarks to the AMPT model to convert them to hadrons and
let the latter undergo further hadronic scattering as in Ref. [97]. Since most quarks
and antiquarks are converted to resonances such as the p meson, which subsequently
decay to pions, using the quark-hadron duality by converting a quark to a pion is
thus a reasonable approximation. In the present study, particles after 7}, are evolved
until they freeze-out kinetically, which is defined locally when the temperature of
a cell drops to Ty = 120 MeV. Note that the effect from switching from the chiral
kinetic equation to the normal equation of motion at 7} is similar to the freeze-out

hole effect discussed in Ref. [54].
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4.3 Results

In the present section, the time evolution of the partonic matter is studied by fol-
lowing the motions of quarks and antiquarks according to the chiral kinetic equations
[Egs. (4.2) and (4.3)] with and without the Lorentz force as well as with and with-
out including the chirality changing scattering between quark and antiquark. These
different studies allow us to investigate the relative importance among the effects
due to the chiral kinetic motion (CKM), the Lorentz force (LF), and the chirality

changing scattering (CCS).

4.8.1 Pion elliptic flow

16 « sTAR .
14 CKM+LF+CCS - A
| - — - CKM+CCS
12| --- CKM+LF .
__10} .
X 8f ]
s 6 |
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2 Au+Au 200 GeV: 30-40%
0 \ 1 \ 1 \ 1 \ 1 \ 1 \
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p; (GeVic)

Figure 4.2: Elliptic flow of all kinetically freeze-out pions as a function of their trans-
verse momentum for the three cases of chiral kinetic motion with Lorentz force and
chirality changing scattering (CKM+LF+CCS), without chirality changing scatter-
ing (CKM+LF), and without Lorentz force (CKM+CCS). Experimental data (solid
circles) are from Ref. [2]. Reprinted from Ref. [1]
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The dashed line in Fig. 4.2 shows the elliptic flow v, of all kinetically freeze-out
pions as a function of their transverse momentum in midrapidity (Jy| < 1) from
solving the chiral kinetic equation with Lorentz force and including the chirality
changing scattering (CKM+LF+CCS). It is obtained with a coefficient oy = 13.7
mb in the parton scattering cross section and is seen to agree with the experimental
data (solid circles) from the STAR Collaboration [2]. The result obtained without
the chirality changing scattering (CKM+LF), using 09 = 13.1 mb and shown by
the dotted line as well as that obtained without the Lorenz force (CKM+CCS),
using o9 = 15.5 mb and shown by the dashed line, also agree reasonably with the
experimental data, particularly for momentum below 0.5 GeV. The integrated vy of
these pions with transverse momenta in the range 0.15 < pr < 0.5 GeV/c is 0.036

in all three cases, which reproduces surprisingly well the experimental value.
4.3.2  Time evolution of eccentricity difference

Figure 4.3 shows the time evolution of the difference Aey = €3 — €5, between the
eccentricities (e; = ((z%—y?)/(2*+y?))) of negatively and positively charged particles
for the total charge asymmetry AL = 0.16 of these particles. It is noted that this
value of Ay is much larger than the value —0.03 < AS" < 0.03 in the experimental
measurements [3], and it is used in order to amplify the effect of the chiral magnetic
wave. The momentum range included in the calculation is again 0.15 < pr < 0.5
GeV/c. The solid line shows the results obtained by following the motions of quarks
and antiquarks via the chiral kinetic equation including both the Lorentz force and
the chirality changing scattering, i.e., CKM+LF+CCS. The eccentricity difference
between negatively and positively charged particles in this case is seen to increase

with time, but decreases after reaching a maximum value. This increase is due to both

the chiral kinetic effect, which leads to the fluctuation of axial charge, and the effect
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Figure 4.3: Eccentricity difference between negatively and positively charged parti-
cles as a function of time for different scenarios of parton dynamics as in Fig. 4.2
when the total charge asymmetry of the quark matter is AL = 0.16. Reprinted from
Ref. [1]

of chirality change in parton scattering, which converts the axial charge fluctuation
to the charge fluctuation. How the eccentricity difference between negatively and
positively charged particles changes in time in the case neglecting the Lorentz force
but including the chirality changing scattering (CKM+CCS), which includes the
same physics as in Refs. [53, 54], is shown by the dashed line. The eccentricity
difference between positively and negatively charged particles in this case is seen to
increase with time until it reachs a plateau. As shown by the dotted line, including
the Lorentz force but without the chirality changing scattering (CKM-+LF) leads to
an eccentricity difference that has a similar time dependence as the CKM+LF+CCS

case except a smaller maximum value.
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4.3.3  Time evolution of elliptic flow difference
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Figure 4.4: Same as Fig. 4.3 for the elliptic flow difference Awv, between negatively
and positively charged particles. Reprinted from Ref. [1]

Because of their different spatial eccentricities, the elliptic flows of positively
and negatively charged particles become different in heavy ion collisions. Fig. 4.4
shows the results for the difference Avy = vy, — vy, between the elliptic flows of
negatively and positively charged particles with their transverse momenta between
0.15 and 0.5 GeV as a function of time for charge asymmetries AL = 0.16. For the
case from solving the chiral kinetic equation with Lorentz force and including the
chirality changing scattering (CKM+LF+4CCS), the elliptic flow difference is seen to
decrease with time, which is in contrast with the expectation from the evolution of

the eccentricity difference shown in Fig. 4.3. As shown below, this unexpected result
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is due to the competition between the effects of the CMW and the Lorentz force.
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Figure 4.5: Charge chemical potential p/T (left window) and axial charge chemical
potential ps/T (right window) distributions in the transverse plane z = 0 at time ¢ =
5 fm/c for events with charge asymmetry AL = 0.16 for the case of including chiral
kinetic motion and chirality changing scattering but no Lorentz force. Reprinted
from Ref. [1]

For the case neglecting the Lorentz force (CKM+CCS), the elliptic flow difference
shown by the dashed line is seen to increase with time as a result of the larger
eccentricity of negatively charged particles compared to positively charged particles.
To better understand the reason for the elliptic flow difference between positively and
negatively charged partons, we show in Fig. 4.5 the charge chemical potential p/T
(left window) and axial charge chemical potential ps/T (right window) distributions
of particles in the transverse plane (z = 0) at time ¢ = 5 fm/c. It is seen that
the charge chemical potential is small in the equator and large in the pole of the
transverse plane of the collision, similar to that found in Ref. [27] based on the CMW

consideration. It also confirms the schematic pictures illustrated in Fig. 4.1. The
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charge quadrupole moment resulting from such a distribution would then lead to an
elliptic flow that is larger for negatively charged particles than for positively charged
particles as demonstrated in Ref. [106] using the AMPT model by giving a finite
electric quadrupole moment in the initial parton distribution. The distribution of
s/ T in the transverse plane of the collision shows, on the other hand, a finite dipole
moment. These results thus clearly demonstrate that the chiral kinetic equation
leads to the separation of partons with different chiralities in the transverse plane
of a heavy ion collision, which leads at the same time to a separation of partons
of different charges by the chirality changing scattering between massless positively
and negatively charged partons, reminiscent of the effect due to the CMW. If the
change of the chiralities of these partons during their scattering is not allowed in the
anomalous transport model, both p/T and us/T would be uniform in space with
the values pu/T = 0.16 and ps/T = 0. This agrees with the results based only on
the chiral kinetic equation, which is same for both positively and negatively charged
partons but different for partons of different chiralities.

Shown in Fig. 4.4 by the dotted line are the results obtained with the inclusion
of the Lorentz force but not allowing the chiralities to change in the quark-antiquark
scattering (CKM+LEF). It shows that this further reduces the elliptic flow difference
between negatively and positively charged particles. This is because the Lorentz force
has an opposite effect from that due to the chiral kinetic motion and the chirality
changing quark-antiquark scattering. This can be understood as follows. Because of
the cylindrical initial distribution, particles have a larger flow in the z direction than
in the z direction. With the magnetic field along the y direction, the Lorentz force
then deflects positively and negatively charged particles moving in the positive z-
direction to the negative and positive x-axis, respectively. In the case that the charge

asymmetry A, is larger than zero, this would lead to more particles in the second and
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Figure 4.6: Lorentz force effect on charge chemical potential 1/T" (left window) and
elliptic flow of all particles in the first and second quadrants of = — z plane (right
window) at time ¢t = 5 fm/c for events with charge asymmetry AL = 0.16.

fourth quadrants than in the first and third quadrants of the x-z plane as shown in

the left window of Fig. 4.6. Due to their more frequent collisions, positively charged

particles then acquire a larger elliptic flow than the negatively charged particles as

shown in the right window of Fig. 4.6. More specifically, denoting the charge chemical

potential and elliptic flow in the first quadrant by p, and v,,., respectively, and in the

second quadrant by p; and wvg, respectively, then one has p; > p, and vy > vs,. as

a result of the Lorentz force. The elliptic flows of negatively and positively charged

particles are then, respectively,
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Their difference is thus

1 1
(var — v2,) < T WW,) <0 (4.8)
l+e 7 1+4+e 7

and is negative. This conclusion is not affected by the inclusion of the third and
fourth quadrants.

The above effect due to the Lorentz force will not be present if there is no asym-
metry in the initial distribution of particles in the x — 2z plane. For example, if
the initial particle distribution is isotropic in the z-z plane, the charge distribution
would remain isotropic in the presence of the Lorentz force, and there would be no
elliptic flow difference between the positively and negatively charged particles even
for AL # 0.

It is noted that the axial charge and charge chemical potential distributions in
the transverse plane for the case of CKM+LF+CCS also show finite dipole and
quadrupole moments, similar to those shown in Figs. 4.5 and 4.6 for the case of
CKM+CCS. Without the chirality changing scattering, i.e., for the case of CKM+LF,
both the axial charge and charge chemical potential distributions become uniform in

the transverse plane, i.e., vanishing dipole and quadrupole moments.
4.8.4  Charge asymmetry dependence of the elliptic flow difference

Shown in Fig. 4.7 by the solid line is the elliptic flow difference Awvy between
negatively and positively charged particles at freeze-out as a function of the charge
asymmetry Ap for the case of CKM+LF+4+CCS. Again, the transverse momenta
of these particles are taken to be 0.15 < pr < 0.5 GeV/c. It is seen that the
final elliptic flow difference Aw, is almost linearly dependent on the total charge
asymmetry but with a slope opposite to that found in experiments [3] and in the

theoretical study based on the CMW [27]. For the case neglecting the Lorentz force
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Figure 4.7: Elliptic flow difference Avy as a function of charge asymmetry A, for
different scenarios of parton dynamics as in Fig. 4.2. Experimental data (solid stars)
are from Ref. [3]. Reprinted from Ref. [1]

but including chirality changing scattering (CKM+CCS), shown by dashed line, the
slope of the A, dependence of Awv, in the present study is 7 = 0.0112, which gives
a value /vy = 0.31 that is about a factor of three smaller than the experimental
value of 0.85 but is comparable to the value r/vy = 0.27 from a study based on
the anomalous hydrodynamics [54]. For the charge asymmetry dependence of the
elliptic flow difference between negatively and positively charged particles in the case
including the Lorentz force but neglecting the chirality changing quark-antiquark
scattering (CKM+LF), the slope of the elliptic flow differences between negatively
and positively charged particles is seen to be more negative than in the other two

cases.
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Figure 4.8: Lifetime 7 of magnetic field dependence of the slope parameter r of
the charge asymmetry dependence of the elliptic flow difference between negatively
and positively charges particles for the cases of including chiral kinetic motion and
chirality changing scattering with and without the Lorentz force.

4.3.5 The lifetime of magnetic field dependence of the elliptic flow difference

In the above discussions, a long-lived magnetic field, treated as an external field,
of a lifetime 7 = 6 fm/c, has been used to study the elliptic flow splitting between
negatively and positively charged particles for different values of charge asymmetry.
In this section, how the elliptic splitting is affected by the lifetime of the magnetic
field is studied. The solid line in Fig. 4.8 shows the parameter r, which is the slope of
the charge asymmetry dependence of the elliptic flow difference between negatively
and positively charges particles, as a function of the lifetime 7 of the magnetic field for
the case of CKM+LF+CCS. The slope parameter is seen to be very small at 7 =1

fm/c and decreases with increasing lifetime of the magnetic field, and it becomes
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negative after 7 = 3 fm/c. Neglecting the Lorentz force (CKM+CCS), on the other
hand, leads to a slope parameter that is essentially zero at 7 = 1 fm/c and increases
with the lifetime of the magnetic field. Compared to the measured slope parameter
of 3.06%, the theoretical result is a factor of three smaller even for a magnetic field
of lifetime 7 = 6 fm/c.

In Appendix D, the time evolution of the magnetic field in heavy ion collisions
is studied in a transport model using initial conditions from the AMPT model and
including the dynamics of the electromagnetic field and partons as well as their
interactions. It is found that the lifetime of the magnetic field never exceeds 0.1
fm/c no matter how the conductivity of the quark matter is increased by decreasing
the parton scattering cross section. Using this realistic magnetic field, it is found that
the effects from both the CMW and the Lorentz force on the elliptic flow splitting

between negatively and positively charged particles become negligible.
4.4  Summary

Based on the anomalous transport model, which includes the propagation of mass-
less quarks and antiquarks according to the chiral kinetic equation and allows the
change of chiralities during the scattering between positively and negatively charged
partons, the elliptic flow of charged particles in non-central relativistic heavy ion
collisions has been studied. Using initial conditions from the Bjorken boost invari-
ant model and assuming the presence of a strong and long-lived magnetic field, an
appreciable charge quadrupole moment in the transverse plane of the collision has
been obtained. Although the latter leads to different elliptic flows for particles of
negative and positive charges as the system expands, the resulting elliptic flow dif-
ference shows a linear dependence on the total charge asymmetry of the partonic

matter with a slope that is negative and has a small magnitude, which is in contrast
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to the experimental results. Neglecting the Lorentz force as in the anomalous hydro-
dynamics of Ref. [54], the resulting elliptic flow splitting behaves similarly as that
found from studies based on anomalous hydrodynamics using similar initial condi-
tions and assuming similar strength and lifetime for the magnetic field. Compared
to the experimental data on the elliptic flow difference between negatively and pos-
itively charged particles, results in this case are still much smaller. Decreasing the
lifetime of the magnetic field further reduces the magnitude of the slope parameter.
Because of the opposite effect of the Lorentz force to that of the CMW, it is thus
unlikely that the elliptic flow splitting observed in experiments is due to the CMW.

A larger elliptic flow difference could be obtained if one allows in the initial state
a positive us/T in y > 0 and negative us/7 in y < 0 besides a positive charge asym-
metry, and vice versa, instead of generating such a distribution dynamically as in
the present study. Also, the different elliptic flows between charged particles could
be partly due to the different mean-field potentials between particles and antipar-
ticles in the partonic [117] and the hadronic [118] matter of finite baryon chemical
potential [97].

The justification for the existence of a long-lived magnetic field in relativistic
heavy ion collisions remains missing, although its strength is known to be sufficiently
strong [119, 120, 39]. Calculations based on the transport model show that the
lifetime of the magnetic field in heavy ion collisions at /syy = 200 GeV cannot
exceed 0.1 fm/c even when one uses a very large conductivity for the quark matter.
As a result, effects due to the CMW or the Lorentz force are too small to be seen

experimentally.
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5. CHIRAL VORTICAL AND MAGNETIC EFFECTS IN THE ANOMALOUS
TRANSPORT MODEL *

In the present chapter, the study in the previous chapter is extended to include
also the vorticity field in the partonic matter and investigate how the results, par-
ticularly the splitting between the elliptic flows of negatively and positively charged

particles, are affected.
5.1  Anomalous transport model with both magnetic and vorticity fields

The anomalous transport model for massless fermions in a magnetic field de-
scribed in the previous section can be generalized to include also a vorticity field
by using the chiral kinetic equation that includes both the magnetic and vorticity
fields, which are taken from Ref. [76] using the covariant Wigner function approach
for massless spin-1/2 fermions in four dimensions. After integrating over the energy
in the Lorentz covariant chiral kinetic equation, a chiral kinetic equation in three
dimensions is obtained. The resulting chiral equations of motion for massless quarks

and antiquarks are given by

VGi :f)+>\Q(f)-b)B+)\%, (5.1)
VGp = Qb x B, (5-2)
VG =14AQb-B+4\p(b - w). (5.3)

In the above, b = 2?% is the Berry curvature due to a vector potential in the momen-

tum space, A is the helicity of the particle, and w = %V X u is the vorticity with u

*Reprinted with permission from “Chiral vortical and magnetic effects in the anomalous trans-
port model” by Yifeng Sun and Che Ming Ko, 2017, Phys. Rev. C 95, 034909, Copyright 2017 by
APS.
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being the velocity field.

As shown in the study of CMW in the previous chapter based on the anoma-
lous transport model [1], the chirality-changing scattering (CCS) between quark and
antiquark is essential for generating the elliptic flow difference between negatively
and positively charged particles. One thus also allows in the present study massless
quarks and antiquarks of the same chiralities to undergo the CCS scattering. The
effect from the change of phase space measure due to the magnetic field and/or the

vorticity field is again neglected.
5.2 Initial conditions of non-central heavy ion collisions

For the initial conditions of a heavy ion collision, the same ones in the previ-
ous chapter, i.e., a fireball with geometry corresponding to collisions of Au+Au at
VNN = 200 GeV at centralities of 30-40%, are used. Similar to the magnetic field
introduced in previous chapter, the vorticity field is taken to have a direction along
the y-axis perpendicular to the reaction plane and a uniform strength in space with

the time dependence,

wo

w= T (5.4)

Results shown later are based on wy = 0.1 fm™! and 7, = 2.7 fm/c for the vorticity
field, similar to those of Ref. [58] based on a multipase tranport (AMPT) model [112]
for Au+Au collisions at 200 GeV and centrality 30-40%, except that the vorticity

field in heavy ion collisions is taken as a spatially uniform external field for simplicity.
5.3  Results

In the present section, the time evolution of the partonic matter is studied by

following the trajectories of massless quarks and antiquarks according to the chiral
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equations of motion [Egs. (5.1) and (5.2)]. As in the previous chapter, three cases are
considered, and they are: including only the vorticity field (CVE), both magnetic and
vorticity fields without the Lorentz force (CVE4+CME), and both magnetic field and
vorticity fields with the Lorentz force (CVE+CME+LF). In all cases, the chirality-
changing scattering (CCS) between quark and antiquark of the same chirality is

included, although it has no effect in the case of CVE only.

5.83.1 Pion elliptic flow
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Figure 5.1: Elliptic flow of kinetically freeze-out pions in midrapidity (Jy| < 1) as a
function of transverse momentum for the three cases of including both chiral vortical
and magnetic effects and the effect due to the Lorentz force (CVE4+CME+LF),
without the Lorentz force (CVE4CME), and with only the vortical effect (CVE).
Experimental data (solid circles) are from Ref. [2]. Reprinted from Ref. [4]

Fig. 5.1 shows the elliptic flow of kinetically freeze-out pions in midrapidity
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(ly] < 1) as a function of transverse momentum. The solid line is obtained with
the coefficient oy = 13.6 mb in the parton scattering cross section for the case of
including the chiral effects due to both the vorticity and magnetic fields as well as
the Lorentz force (CVE4+CME+LF). The result obtained without the Lorentz force
(CVE4CME) and using og = 15.5 mb is shown by the dashed line, while the result
including only the chiral vortical effect (CVE) and using oo = 13.3 mb is shown
by the dotted line. The transverse momentum dependence of the pion elliptic flow
is seen to agree with the experimental data from the STAR Collaboration [2] for
all three cases. The integrated vy of pions with transverse momenta in the range
of 0.15 < pr < 0.5 GeV/c is 0.036 in all three cases, which also agrees with the

experimental value.
5.3.2  FEffect of the vorticity field

In Ref. [29], it is argued that the chiral vortical wave (CVW) generated in a
rotating fluid system can lead to a splitting between the elliptic flows of baryons and
anti-baryons if the baryon chemical potential of the system is non-zero. Similarly,
for non-zero charge chemical potential, one expects the CVW to lead to a splitting
between the elliptic flows of negatively and positively charged particles. In this
section, the anomalous transport model is used to study the effect of the vorticity
field on the elliptic flow splitting of 7% and 7~ for different values of charge chemical
potential by taking the magnetic field to be zero, i.e., By = 0.

Figure 5.2 shows the time evolution of the differences Aes = €5 — €5, between
the eccentricities [e; = ((2? —y?)/(2*+y?*))] and Avy = vy — vy, between the elliptic
flows [v2 = ((p} —p3)/(P2+p;))] of negatively and positively charged particles for the
total charge asymmetry A4 = 0.16 of these particles. The transverse momenta are

again in the range of 0.15 < pr < 0.5 GeV/c. These differences are consistent with
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Figure 5.2: Eccentricity and elliptic flow difference between negatively and positively

charged particles as functions of time for total charge asymmetry of quark matter
Ay = 0.16. Reprinted from Ref. [4]

zero, indicating that the CVW alone does not lead to any eccentricity and elliptic
flow differences between charged particles.

The above result can be understood as follows. According to the chiral equation
of motion [Eq. (5.1)] for the case without a magnetic field, the vorticity field modifies
the velocities of particles of opposite helicities by the same amount but with opposite
sign. As a result, nonzero positive and negative axial charge chemical potentials ps
appear in the positive and negative y regions of the transverse plane, respectively.

However, the average change in the velocity of positively charged particles is the same

erR/T _enp /T

W s where v

as that of negatively charged particles with both given by Av = v
is the magnitude of the average modified velocity of particles of right or left helicity,

and pr and py are chemical potentials of right and left chiralities, respectively.
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Negatively and positively charged particles thus have same spatial distributions if
their initial spatial distributions are the same. Therefore, no eccentricity difference
between negatively and positively charged particle appears even though an additional
charge quadrupole moment is generated in the transverse plane by the CVW. The
effect of CVW is thus different from that of CMW, which causes the average change
in the velocities of negatively and positively charged particles to have the opposite
sign given by Av and —Aw, respectively, and can thus result in a larger eccentricity
for negatively charged particles than for positively charged particles.

The above result obtained with only the vorticity field differs from that of Ref. [29]
based on schematic considerations. Using the argument for the effect of the chiral
magnetic wave introduced in Ref. [27] based on consideration of the net charge dis-
tribution, it is argued in Ref. [29] that the additional charge quadrupole moment
generated by the vorticity field would lead to an elliptic flow splitting between nega-
tively and positively charged particles. As discussed in the previous paragraph, since
the spatial distributions of negatively and positively charged particles remain the
same, the additional charge quadrupole moment does not lead to different eccentric-
ities between negatively and positively charged particles and thus cannot generate
a splitting between their elliptic flows. This is different from the case with only the
magnetic field, where the additional quadrupole momentum generated by the chi-
ral magnetic wave can indeed lead to different eccentricities and thus elliptic flows
between negatively and positively charged particles as shown in the previous chap-
ter [1].

Although the CVW does not lead to the eccentricity and elliptic flow splittings
between negatively and positively charged particles, it does result in a large axial
charge dipole moment in the transverse plane even for quark matter of vanishing

charge asymmetry Ay = 0. As shown in Fig. 5.3, the value is even larger than that
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Figure 5.3: Axial charge chemical potential u5 /7 distribution in the transverse plane
z =0 at time ¢t = 5 fm/c for partonic matter of zero charge asymmetry. Reprinted

from Ref. [4]

shown in the previous chapter due to the CMW based on a magnetic field of strength

eB = Tm?2. This can be understood from the axial charge current induced by the

magnetic and vorticity fields [28]
) 1,5 1, 9 Q

With T = 0.3 GeV, p = pus = 0, w = 0.02 GeV in the present study, the axial
charge current is 0.0375/fm3, which is larger than the value 0.02/fm?® obtained with

T = 0.16 and QB = 3.5m?2 used in the previous chapter at same temperature.
H ™
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5.8.8  Effect of vorticity field plus magnetic field with the Lorentz force
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Figure 5.4: Eccentricity and elliptic flow differences between negatively and positively
charged particles as a function of time for different scenarios of parton dynamics when
the total charge asymmetry of the quark matter is AL = 0.16. Reprinted from Ref. [4]

Including also the magnetic field, the time evolution of the eccentricity and el-
liptic flow differences between negatively and positively charged particles is shown
in Fig. 5.4 for a partonic matter of charge asymmetry AL = 0.16. It is seen that
the eccentricity difference between negatively and positively charged particles with
transverse momenta in the range 0.15 < pr < 0.5 GeV/c initially increases with time
but decreases after reaching a maximum value. For the time evolution of the elliptic
flow difference between negatively and positively charged particles, Fig. 5.4 shows
that the combined effects of the vorticity and magnetic fields with the inclusion of

the Lorentz force lead to an initial increase of the elliptic flow difference, which then
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quickly decreases and becomes negative.

5.3.4  Effect of vorticity field plus magnetic field without the Lorentz force
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Figure 5.5: Eccentricity (left window) and elliptic flow (right window) difference
between negatively and positively charged particles as a function of time for partonic
matter of charge asymmetries A, = 0 and Ay = 0.16. Reprinted from Ref. [4]

Including also the magnetic field but neglecting the Lorentz force in the chiral
equations of motion, the time evolution of the difference between the eccentricities
of negatively and positively charged particles is studied for partonic matter of charge
asymmetries Ax = 0 and Ay = 0.16. Results for particles of momenta in the range
0.15 < pr < 0.5 GeV/c are shown in the left window of Fig. 5.5. It is seen that
the eccentricity difference increases with time in both cases and is nonzero even for
zero charge asymmetry, indicating that effects of the vorticity field and the magnetic
field are not additive because the eccentricity difference is zero in both cases for zero
charge asymmetry. The latter is due to the finite axial charge current induced by
the vorticity field, which leads to an axial charge dipole moment in the transverse
plane, characterized by positive and negative axial charge chemical potentials in the

positive and negative y regions of the transverse plane, respectively. Because of the
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chiral magnetic effect, there is a vector charge current along the magnetic field in the
positive y region and opposite to the magnetic field in the negative y region. This
then leads to a vector charge quadrupole moment in the transverse plane even when
the charge asymmetry is zero.

Further shown in the right window of Fig. 5.5 is the time evolution of the elliptic
flow difference between negatively and positively charged particles due to both the
vorticity and the magnetic field but with the neglect of the Lorentz force for quark
matter of charge asymmetries AL = 0 and Ay = 0.16. A finite positive elliptic
flow difference is seen for zero charge asymmetry as a result of the finite eccentricity
difference shown in the left window of Fig. 5.5. Compared to the case of having only
the magnetic field in the previous chapter, the elliptic flow difference in the present
case of having also the vorticity field appears earlier in time, and this is because
the vorticity field helps to generate different average velocities for negatively and
positively charged particles more quickly, which is in contrast to the case with only
the magnetic field, where this difference is proportional to the axial charge chemical
potential and thus takes time to develop.

Compared with the results in the previous section with the Lorentz force, it is
seen that the Lorentz force cancels the chiral effects due to the vorticity and magnetic
fields shown in the right window of Fig. 5.5 and even leads to an opposite effect on

the elliptic flow difference between negatively and positively charged particles.
5.83.5  Charge asymmetry dependence of the elliptic flow difference

Fig. 5.6 shows the charge asymmetry dependence of the elliptic flow difference
between negatively and positively charged particles for different scenarios of parton
dynamics. The dotted line shows that the elliptic flow difference is consistent with

zero for the case when only the vorticity field is present (CVE), and this is because
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Figure 5.6: Elliptic flow difference as a function of charge asymmetry A4 for different
scenarios of parton dynamics. Experimental data (solid stars) are from Ref. [3].
Reprinted from Ref. [4]

the vorticity field has same effects on negatively and positively charged particles.
When both the vorticity and the magnetic field are present but without including
the Lorentz force (CVE+CME), the elliptic flow difference increases linearly with the
charge asymmetry of the partonic matter with a slope of 0.0108, which is comparable
to the results obtained in Refs. [54, 1] based on the CMW. However, the inclusion of
the vorticity field leads to a finite intercept of 4.9x1073 at zero charge asymmetry,
and this is due to the fact that the axial charge dipole moment in the transverse
plane generated by the vorticity field can subsequently induce by the magnetic field
a vector charge quadrupole moment of different eccentricities for negatively and
positively charged particles. With the inclusion of the Lorentz force, which is shown

by the solid line, chiral effects due to the vorticity and magnetic fields disappear,
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and the slope parameter in the charge asymmetry dependence of the elliptic flow
difference becomes negative with a magnitude of 0.0139.

Using the realistic magnetic field obtained in Appendix D, the elliptic flow differ-
ence between negatively and positively charged particles is essentially zero in both

cases of with and without the Lorentz force.
5.4 Summary

Based on the anomalous transport model, which includes the propagation of
massless quarks and antiquarks according to the chiral equations of motion and the
chirality-changing scattering, the elliptic flows of charged particles in non-central
heavy ion collisions at relativistic energies have been studied. Using initial condi-
tions from the Bjorken boost-invariant model and assuming the presence of only the
vorticity field, which is modeled according to that from the AMPT model [112], it
is found that the CVW does not lead to an elliptic flow splitting of negatively and
positively charged particles when the charge asymmetry of the partonic matter is
nonzero. On the other hand, including also a strong and long-lived magnetic field
but neglecting the Lorentz force can lead to a splitting between the elliptic flows
of negatively and positively charged particles. However, the slope parameter in the
charge asymmetry dependence of the elliptic flow splitting is smaller than the experi-
mental data, while the positive intercept at zero charge asymmetry is larger than the
experimental value [3]. Unfortunately, as in the case of including only the magnetic
field studied in the previous chapter, the inclusion of the Lorentz force cancels the
chiral effects due to the magnetic and vorticity fields and leads instead to a negative
slope parameter in the charge symmetry dependence of the elliptic flow splitting of
negatively and positively charged particles, contrary to that observed in experiments.

If one uses a magnetic field of realistic lifetime, then the signals from the chiral ef-
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fects would be hardly seen. Understanding these experimental results in terms of

the chiral effects thus remains a challenge.
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6. LAMBDA HYPERON POLARIZATION IN THE ANOMALOUS
TRANSPORT MODEL *

Because of the large orbital angular momentum in non-central collisions of two
heavy nuclei at relativistic energies, the vorticity field in the produced quark-gluon
plasma (QGP) can reach a very large value of 10** s [57, 58]. It has been ar-
gued that due to their spin-orbit interactions, quarks and antiquarks can be po-
larized along the direction of the orbital angular momentum by the vorticity field,
and after hadronization, they then lead to the production of polarized Lambda (A)
hyperons, which can be measured in experiments [30, 31]. Taking into considera-
tion the non-uniformity of the vorticity field due to that in the spatial distribution
of particles in the statistical-hydrodynamic approach [32, 33, 34] or the quantum
kinetic approach [35], local structures in the polarization density can also be stud-
ied. Such effects have been included in many studies based on the hydrodynamical
model [57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70], and some of these studies
can indeed quantitatively reproduce the polarization of A hyperons measured by the
STAR Collaboration [7]. A similar study using the transport model [71] also gives a
result that agrees with the experimental observation.

Although the time evolution of the vorticity field is included in both the hydro-
dynamic and transport studies, the spin polarization of hyperons is calculated from
their equilibrium distribution in the final state and is therefore only determined by
the final vorticity field in the produced matter. Moreover, these studies have not

addressed the non-equilibrium effect on the polarization of A hyperons. To include

*Reprinted with permission from “A hyperon polarization in relativistic heavy ion collisions
from a chiral kinetic approach”by Yifeng Sun and Che Ming Ko, 2017, Phys. Rev. C 96, 024906,
Copyright 2017 by APS.
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the non-equilibrium effect on the spin polarizations of quarks and antiquarks in the
partonic phase of heavy ion collisions, the chiral kinetic approach, which takes into
account both the time evolution of the spins of quarks and antiquarks via their equa-
tions of motion and scatterings in the chiral limit [72, 75, 76, 121, 122, 123, 90, 102],
is used in the present study. By converting quarks and antiquarks to hadrons using
the coalescence model after the partonic phase [78, 79], the polarizations of A and A

hyperons are also studied.
6.1 Anomalous transport model for chiral fermions in vorticity field

As discussed earlier, the chiral kinetic equations of motion for massless spin—%

particles in a vorticity field are given by

. DP+2\p(p-bw

14+ alp(w-b)’ =0 (6.1)

The numerical factor a can be determined by considering the spin-polarization den-
sity as discussed below.

Besides modifying the equations of motion for massless fermions, the vorticity
field also affects their distributions in phase-space by introducing the measure VG =
14aA|p|(w-b) [72, 75, 76, 121], which appears in the denominator of Eq. (6.1) if a =
2. Taking into account the modified phase-space measure changes the particle density

in a fluid with non-zero vorticity field from [ élSTI)’g (p°) to [ 5371;3\/5 f(p%) [124],
where pg = y(|p| — v - p) with v = \/11_7 and v being the fluid velocity. In the

local rest frame of the fluid and assuming an equilibrium Boltzmann distribution at

temperature 7', the average spin of massless spin—% fermions is then




which differs from the usual value by the factor a/6 as a result of the modified phase-
space measure from the Berry curvature. This result shows that the vorticity field
can lead to the spin polarization of a massless fermion along its direction, and the
result agrees with that from the quantum kinetic approach [35] if the value of a is
taken to be a = 6. In the present study, Eq. (6.1) is used with the numerical factor
2 in the denominator replaced by the numerical factor 6 to describe the motions of
massless fermions in a vorticity field.

The above equations of motion and modified phase-space measure are for mass-
less fermions. Since treating helicity as a good quantum number remains a good
approximation for quarks of finite but small masses, their equations of motion can

152
2E2>

still be given by Eq. (6.1) after replacing p, p, and b = 2% by E%, E,and b =
respectively [122].

To ensure that massless fermions reach the equilibrium distribution VG f((p° —
w1)/T), where p is the baryon chemical potential, from their collisions, the momenta
p3 and p4 of two colliding fermions after a collision are determined by momentum
conservation but with the probability \/m . This effect can be included in
the calculation by randomly selecting their momenta after a collision in their center
of mass frame according to momentum conservation and then Lorentz transforming
to the fireball frame. The probability \/m is then calculated and compared
with a random number. This process is continued until the random number is less
than \/m. Since the values of \/@ and \/m can be negative,
which is unphysical as a result of the approximation used in deriving the chiral
vortical equation of motion, their values are set to one and these particles are then
treated without including the effect due to the vorticity field. Also, the value of

G(p3)G(pa4) can be greater than one. In this case, the random number mentioned

above is taken between 0 and 25. Because of the upper cutoff, particles of small
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momentum are not affected by the modified phase-space measure. Since the number
of such particles is small, increasing the value of the upper cutoff does not affect the
results. As to the conditions for the collision, they can be determined by using the
geometric method based on the scattering cross section as described in Ref. [107].
For the collision between a fermion and its antiparticle that have opposite helicities,
their helicities can be flipped after the collision. This chirality changing scattering

is included in the present study as in previous chapters.

6.2 Coalescence model for production of polarized A (A) hyperon

To study the spin polarization of A (A) hyperon, the coalescence model for
hadron production [78] is used to convert polarized quarks and antiquarks to po-
larized baryons and antibaryons. In this model, the probability for u, d and s quarks
(antiquarks) at phase-space points (ry, p1), (r2, p2), and (r3, ps), respectively, to

form a A (A) is given by the quark Wigner function of the A (A) [79]:

fA(p> T, kp> kT) = 829095’6 7% % T, (63)

if the wave functions of the quarks (antiquarks) are taken to be those of a harmonic
oscillator potential. In the above, go = 1/27 is the coalescence factor for colored wu,
d, and s quarks to form a colorless A, gs is the coalescence factor for these polarized

quarks to form a polarized A and will be discussed later. The relative coordinates
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and momenta are defined as

1 / / m2p/1_m1p/2
= —(ri—ry), k :\/5—,
P \/5(1 5) p M1 + My
2 [/ mqr; + meor?
S %(M_rg)’
my + Mo
k _ \/77”3 p1+p2 (m1+m2>pg (64)
i mi + Mo + M3 '

where m; is the mass of i-th quark, and r; and p) are its position and momentum in
the center-of-mass frame of the three quarks after they are propagated to the time
when the last quark freezes out. The width parameters o, and o, in Eq. (6.3) are

related to the oscillator frequency w by o, = 1/\/mow and o, = 1/,/mya3w, respec-

3/2

and 123 = —1/(m1+m2)+1/m3 .

tively, where the reduced masses are miy = m

It can be shown that the oscillator frequency w is related to the radius (r?), of

A [79],

1 Z(i,j):(1,2),(2,3),(3,1) mimy (m; +m;)

(r’)s =
2w mimoms(my + mo + mg3)

(6.5)

Taking the root-mean-squared radius of A to have a value of 0.877 fm, similar to
that of a proton as in Ref. [79], leads to 0, = 0.89 fm and o, = 0.51 fm if the
masses of u, d and s quarks and antiquarks are taken approximately to be 3, 6, and
100 MeV, respectively [125]. It is noted that the spin polarization in a vorticity
field does not depend on the mass of the particles in the statistical-hydrodynamic
approach [32, 33, 34] and the quantum kinetic approach [35]. On the other hand,
the mass correction to the CKE in the chiral kinetic approach leads to a decrease

of the spin polarization with increasing mass. Since the latter is valid in the small
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mass limit, including the mass correction for any values of mass needs to be further
studied. On the other hand, since the spin polarization of a particle should not
depend on its mass, one thus can still use the chiral kinetic approach to study the
spin polarization of quarks even at 7' = T,.

The spin coalescence factor gg in Eq. (6.3) can be evaluated by noting the spin
state of A is determined by the spin state of its constituent s quark, so its value is
given by the probability for v and d quarks to form a spin-singlet state. Denoting
the spin vectors of u and d quarks in the fireball frame by A\ip;/2 and Aspo/2,
respectively, where their respective momenta are p; and ps and their respective
helicities are A; and Ay, the probability for v and d quarks to form a spin-singlet

state is then

g9s = 1(1/V2)((1 [ = (1 ])[cos(61/2) cos(6/2)] 11)
+cos(61/2) sin(6,/2)e”? | 11)
+sin(f, /2) cos(6,/2)e| [ 1)
+ sin(f,/2) sin(By/2)e D] L])]?

= 1(1 — cos 0y cos by — sin 0y sin O, cos(d1 — ¢2))

1

= 1(1 — M A2D1 - P2), (6.6)

where 0 (6,) and ¢; (¢2) are the azimuthal angles of the spin vector A\;p;/2 (A2p2/2)
of u (d) quark.
6.3 Initial conditions and the vorticity field

To study the effect of the vorticity field in relativistic heavy ion collisions based
on the chiral kinetic approach, the string-melting version of AMPT model [126], with

its parameters taken from Ref. [127], is used to generate the initial phase-space distri-
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butions of quarks and antiquarks. Specifically, the values @ = 0.5 and b = 0.9 GeV 2
are used in the Lund string fragmentation function. For the impact parameter, the
value b = 8.87 fm is used to correspond to the centrality bin of 20 — 50% in Au+Au
collisions, which is obtained from the geometrical relation between the centrality bin
and the impact parameter ¢ = 7b*/0y, with o, = 705 fm? from Ref. [128]. The
reason that the fireball model was used to study the elliptic flow splitting in the
pervious section is because quark matter with large charge asymmetry in heavy ion
collisions at \/syny = 200 GeV is rare and is thus difficult to be generated from the
AMPT model. Since the spin polarization does not depend on the charge asymme-
try of the quark matter, the more relativistic AMPT model is used to generate the
initial conditions for the present study. For the helicities of initial partons, they are
taken to have random positive or negative values, corresponding to an initial state of
vanishing axial charge density and spin polarization. The phase-space distributions
of these quarks and antiquarks are then evolved in time according to the chiral equa-
tions of motion [Eq. (6.1)] and by scatterings with an isotropic and constant cross
section of 10 mb before including the modification by the chiral effects described
above until they freeze out or stop scattering.

The vorticity field w in Eq. (6.1) is related to the velocity field v(r,t) of partons

by w = %V X u with u = yv and v = \/117 For the velocity field, it can be

calculated from the average velocity of partons in a local cell, i.e., v(r,t) = %

with ¢ running over all particles in this cell, similar to the velocity of the particle

flow in Ref. [57]. In the present calculations, the whole volume of the collision
system is divided into 61 x 61 x 61 cells with spacing Ax = Ay = Az = 0.5 fm.
Although partons are produced with different formation times, they are all included

in calculating the local fluid velocity.
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6.4 Results

In this section, the chiral kinetic equations are solved for quarks and antiquarks

from the AMPT model to obtain their average spin, S = sz , and polarization

along the y direction, P, = 25,. An extended coalescence model is then used to
convert these partons to A and A hyperons and study their polarizations. Quark
coalescence is assumed to occur when quarks and antiquarks stop scattering when
their mean-free path becomes comparable to the size of the quark matter. Since this
corresponds approximately the critical energy for the chiral phase transition, A and

A hyperons are thus formed at about T' = T},.

6.4.1 Polarization of light quarks and antiquarks

Au+Au@7.7 GeV, 20-50%
3t

’; 2 -’.A' _ .

S .~ ——u, d, u,d (CKE+revised Collision)
> —-—5,8 (CKE+revised Collision)

o - - u,d, u,d (CKE+normal Collision)
1 ----5,8 (CKE+normal Collision) T
- :—.—_r-.—»-"‘"ﬁnﬂ- -----------
0 ..... fr.—-._ 1 1 1 1 7

Figure 6.1: Time evolution of the spin polarization of light and strange quarks and
antiquarks in midrapidity |y| < 1 along the total orbital angular momentum with
(solid lines) and without (dashed lines) using a parton scattering cross section that
includes the effect of the local vorticity field. Reprinted from Ref. [5]
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As an illustration, Au+Au collisions at \/syn = 7.7 GeV, which is the lowest
energy in the beam energy scan (BES) program of the STAR Collaboration at RHIC,
are first considered. Shown in Fig. 6.1 is the time evolution of the spin polarization
along y direction P, of light and strange quarks and antiquarks in midrapidity |y| < 1.
Solid and dash-dotted lines are the respective results for light and strange quarks and
antiquarks from using the chiral kinetic equations and the scattering cross section
that includes the effect due to the modified phase-space measure. It is seen that
the spin polarization of strange quarks and antiquarks is smaller than that of light
quarks and antiquarks, and this is due to the larger strange quark mass compared to
light quark mass and their different temporal and spatial distributions. As to their
time dependence, the spin polarizations of both strange and non-strange quarks and
antiquarks increase rapidly from zero during the first 1 fm/c and then gradually
reach their respective constant values during 1 — 3.5 fm/c. The initial rapid increase
in the spin polarization is due to the fast approach of partons to their equilibrium
distributions as a result of scatterings, while the slow increase in later times is because
it takes a longer time to generate an axial charge dipole moment in the transverse
plane from chiral kinetic motions, which is responsible for the generation of spin
polarization [4]. This can be seen from the long- and short-dashed lines that the
spin polarization increases much slower from zero to the maximum value if one uses
an isotropic cross section instead of the non-isotropic one because of the modified

phase-space measure due to the vorticity field.
6.4.2 Polarization of A and A hyperons

Shown in Fig. 6.2 is the transverse momentum dependence of the spin polarization
of A and A hyperons at midrapidity (]y| < 1) in different directions at the collision

energy /syy = 7.7 GeV. It is seen that its three components all show little depen-
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Figure 6.2: Transverse momentum dependence of the spin polarization of midrapidity
(ly] < 1) A and A hyperons along different directions in Au+Au collisions at \/Syy =
7.7 GeV. Reprinted from Ref. [5]

dence on transverse momentum. Although the values of the xz- and z-components
are consistent with zero, the total spin polarization in the y-direction, i.e., along the
direction of total orbital angular momentum, has a value of 2.44%, which is slightly
less than the spin polarization of strange quarks and antiquarks shown in Fig. 6.1.

The rapidity dependence of the spin polarization for A and A hyperons is shown
in Fig. 6.3 at the same collision energy. Although the spin polarizations along the
z-direction and the z-direction are consistent with zero for all rapidities, that along
the direction of total orbital angular momentum peaks at zero rapidity and decreases
with increasing magnitude of rapidity. The latter is due to the smaller number of
scatterings for quarks and antiquarks at large rapidity.

Fig. 6.4 shows the collision energy dependence of the spin polarization of A and

A hyperons along the direction of total orbital angular momentum at centrality 20-
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Figure 6.3: Rapidity dependence of the spin polarization of midrapidity (Jy| < 1) A
and A hyperons along different directions in Au+Au collisions at \/syy = 7.7 GeV.
Reprinted from Ref. [5]

50%. These results indicate that it decreases with increasing collision energy, and
this is due to the decrease of the vorticity field in the partonic matter at freeze-out as
a result of both the decrease of the initial vorticity field and the longer lifetime of the
partonic phase, which leads to a decrease of the final vorticity field, with increasing
collision energy [57, 58, 60]. These results are similar in both trend and value to the
experimental data [7] and results from other studies based on the statistical model
after a hydrodynamic or transport evolution of the produced matter [60, 71]. There
are also feed-down corrections from resonance decays, which are not included in the
present study. According to Refs. [60, 129, 130], including A and A from resonance
decays reduces the polarization of A and A hyperons by 15% to 20%. One can see
from Fig. 6.4 that including this effect is expected to bring our results into better

agreement with the data.
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Figure 6.4: Energy dependence of the spin polarization of midrapidity (Jy| < 1) A

and A hyperons in Au+Au collisions at energies from 7.7 GeV to 200 GeV. Data
with error bars are from the STAR Collaboration [6, 7]. Reprinted from Ref. [5]

6.5 Summary

The chiral kinetic equations have been used to study the spin polarizations of
light and strange quarks and antiquarks based on the initial conditions from the
AMPT model. They are found to have non-vanishing spin polarizations as a result
of the chiral vortical effects on their equations of motion. Their polarizations are
further increased by the modified collisions due to the modification of their phase-
space distributions. Using the coalescence model to convert light and strange quarks
and antiquarks to A and A hyperons after the partonic phase, it is further found
that their spin polarizations, which are determined by those of strange quarks and
antiquarks, are comparable to the experimental data. However, the effect of hadronic

evolution on the A and A polarizations has not been included in the present study.
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To study this effect requires a hadronic transport model that includes explicitly their
spin degrees of freedom, such as in Refs. [131, 132, 133], and is beyond the present
study. Also, A and A have the same polarization in present study because they are
described by the same chiral kinetic equations of motion and modified collisions. The
present study thus cannot explain the seemingly larger A than A polarization seen in
the experimental data. Furthermore, only the global spin polarizations of A and A
hyperons have been considered. Since the transport model includes non-equilibrium
effects and the local structure of the vorticity field, it provides the possibility to study
the local structure of the spin polarization [66] and other interesting features of this

phenomenon.
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7. SUMMARY

In this thesis, the chiral kinetic theory and resulting transport model have been
used to study chiral effects on the quark-gluon plasma due to the large magnetic
field and vorticity field present in non-central relativistic heavy ion collisions. These
effects include the chiral magnetic effect (CME), chiral separation effect (CSE), chiral
vortical effect (CVE), and the chiral vortical separation effect (CVSE) as well as the
chiral magnetic wave (CMW) due to the interplay of CME and CSE, and the chiral
vortical wave (CVW) due to the interplay of CVE and CVSE. The thesis starts with
a review of these effects in an equilibrium system by considering its response to the
magnetic and vorticity fields to obtain their dependence on the temperature, the
vector and axial charge chemical potentials, and the masses of fermions.

The effect of CMW on the elliptic flow splitting between positively and negatively
charged particles in heavy ion collisions is then studied. Using initial conditions from
the Bjorken boost-invariant model and assuming the presence of a strong and long-
lived magnetic field, an appreciable charge quadrupole moment in the transverse
plane of the collision has been obtained as expected from the CMW, which then
leads to different elliptic flows for particles of negative and positive charges as the
system expands. The elliptic flow difference shows a linear dependence on the total
charge asymmetry of the partonic matter with a slope that is negative and has a
small magnitude when all effects are included (CKM+LF+CCS), in contrast to that
measured in experiments with a positive and large magnitude of slope. Changing
the lifetime of the magnetic field does not lead to a positive slope parameter.

Further studied is the effect of the CVW on the elliptic flow splitting of different

charged particles in the presence of a vorticity field. Using the same initial conditions
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from the Bjorken boost-invariant model and the vorticity field modeled according to
that from the AMPT model, it is found that the CVW does not lead to an elliptic flow
splitting of negatively and positively charged particles when the charge asymmetry
of the partonic matter is nonzero. Including also a strong and long-lived magnetic
field as in the case with only the magnetic field [1], the inclusion of the Lorentz force
cancels the chiral effects due to the magnetic and vorticity fields and leads instead to
a negative slope parameter in the charge symmetry dependence of the elliptic flow
splitting of negatively and positively charged particles, contrary to that observed in
experiments.

Using the chiral transport model, the effect of CVSE on the spin polarization of
quarks is also studied. They are found to have non-vanishing spin polarizations as a
result of the chiral vortical effect on their equations of motion. Their polarizations
are further increased by the modified collisions due to the modification of their phase-
space distributions. Using the coalescence model to convert light and strange quarks
and antiquarks to A and A hyperons after the partonic phase, it is further found
that their spin polarizations, which are determined by those of strange quarks and
antiquarks, are comparable to the experimental data.

Results obtained in the present thesis thus indicate that it is a challenge to explain
the splitting between the elliptic flows of negatively and positively charged particles
seen in experiments if only chiral effects are included. Besides, the justification for
the existence of a long-lived magnetic field in relativistic heavy ion collisions remains
missing, although its strength is known to be sufficiently strong [119, 40, 109]. A
calculation based on the AMPT model has shown that the lifetime of the magnetic
field in heavy ion collisions at /sy = 200 GeV cannot exceed 0.1 fm/c no matter
how one increases the conductivity by decreasing the partonic cross section. Using

this magnetic field in heavy ion collisions, it is found that the signal of the chiral
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effects is too small to be seen experimentally.

There are still other background effects that may contribute to the signal of the
chiral effects [50, 51|, such as local charge conservation and the viscous effects in
hydrodynamics. Also, the similarities between the charge asymmetry dependence of
the elliptic flow difference in p+Pb and Pb+Pb collisions at LHC seems to favor an
explanation of the experimental data due to these background effects [52].

On the other hand, our results on the spin polarization of A and A based on the
chiral transport model are comparable to the experimental data. It also provides
the possibility to study the local structure of the spin polarization [66] and other
interesting features of this phenomenon. However, the effect of hadronic evolution
on the A and A polarizations has not been included in the present study. To study
this effect requires a hadronic transport model that includes explicitly their spin

degrees of freedom, such as in Refs. [131, 132, 133]. Further study is thus needed.
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APPENDIX A

CMW AND CVW FROM HYDRODYNAMICS

A1 CMW from magnetohydrodynamics

For a system in thermal equilibrium, the velocity of the CMW induced by a
magnetic field can be found using the magnetohydrodynamics [48, 27| as reproduced
below. Defining Jp = (JV+J4)/2, I, = (JV —JA) /2, pg = p+ps, and pup = p— s,
then Egs.(2.2) and (2.3) for the CME and CSE lead to

QQMR,L

Jrr ==
R,L 12

B, (A.1)

7

where the ” +7 is for particles and antiparticles of right chirality, and the ” —” is for
particles and antiparticles of left chirality. In the case that the electric field and the
magnetic field are perpendicular, the vector charge of right chirality and left chirality

are conserved separately, which leads to

8/)R,L
ot

2
+V- (i%) —0.

472

For a small fluctuation of chemical potential, one has

Ddpr,L Q*Boppr)
g (s0B)

Using the relation dp = Qg—Zé,u = Qadp, where o = On/Jp with n being the density

difference between particles and antiparticles or the net particle density, one can
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show

OOpR,L 4 0B
ot 42

-Vopur = 0.

A2 CVW from hydrodynamics

From charge conservation and the CVE and CVSE;, the time evolution of charge

density fluctuation is given by

JOpRr.1 WUR LOUR,L
: V. |t—————| =0. A2
ot + 272 (4.2)
For small density fluctuation, this leads to
OOpRL | WHRL
— + = . = A.
BT 50 Vopgr =0, (A.3)

where dp = adpu has been used.
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APPENDIX B

CHIRAL KINETIC EQUATIONS AND BERRY CURVATURE

The Lagrangian of a massless particle of positive helicity is given by £ =

(p+

QA)-x—p— Q¢ —ay, - p, where a, = Im(qﬁinngr) and o - po, = po,. From the

method of variation,

d(oc\ _oL _ . d(oL\ oL
d\op ) o @t \oi) ox

one has

: da, . a
i —d S SR 0, QA - Qi ﬂ 2
P op’ axl

=0,

ie.,
j _ P
= = €irl’ (ekmOiag) + s

8AZ 8142 8AJ
_ Q ] + Q J (b

5 =05

or the chiral kinetic equations of motion,

x=p+pxb, p=QE+xxB)

where b =V x a,.
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= Q(E' + €47 BY),

(B.3)

(B.4)



Following Ref. [134], one has
b=ImV x (¢} Vo,) =ImVel x Vo, =Im»_ Voloy x ¢{Ve,,  (B5)
A

where the identity I = ), |[A\)()A| has been used. Since ¢! Vo, is purely imaginary,
then b =ImV¢! ¢_ x ¢! V¢, . Further using

E.¢'Vo, = ¢.V(Ho,)=¢ (VH)o, + ¢  HV e,

= ¢\ (VH)¢, + E_¢' Vo, (B.6)
one gets
;
o, _ SL(VH)S,
6LV, = T
and thus

L ON(VH)O_ x oL (VH)o,

b=1 B.
(B~ F) (B1)
Using the explicit form of
cos(%) —sin(Z)ei¢
by = Tl 0= j
sin($)e' cos(9)

where ¢ and ¢ are the azimuthal angles of p as well as H = o - p, one has

¢ (VH)p_ = ploo-

= <cos2 g — sin? ge_zid’, —i ((3082 g + sin? ge_zid’) , —sin 96‘”’) . (B.g)
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Since

(6L (VH)o- x 6L (VH)$,),
= i(cos? 4 + siane_zi‘z’) sin fe~"? + i(cos 4 + sin? Qe%‘b) sin fe "
2 2 2 2
= i(sin fe’® + sin fe %)
= 2isin 6 cos ¢, (B.9)
(oL (VH)o- x ¢L(VH)o,),

0 0 ., . 0 0 o .
= —(cos? 3 sin? 5622¢) sin fe " + (cos® 3 sin? ie_m’) sin fe’®

= (sin e’ — sin fe~*?)

= 2isinfsin ¢, (B.10)

(6L.(VH)p_ x 6L (VH)p,).

= i(cos g — sin? ge_%‘;ﬁ)(cos2 g + sin? ge%d’)

+i(cos’ g + sin® ge_zid’)(cos2 g — sin? gem’)

= 2i(cos” b_ sin* g),

= 2icosd. (B.11)
the Berry curvature is thus given by b = ‘%’2 — 2%,

For particles (antiparticles) with negative helicity, calculations similar to the
above gives x = p —p X b. The chiral kinetic equations derived from the Lagrangian

therefore include the first-order quantum correction.
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APPENDIX C

CMW AND CVW IN CHIRAL KINETIC THEORY

C.1 CMW in chiral kinetic theory

Because charge is separately conserved for particles and antiparticles of right
chirality and left chirality, one can consider right chirality particles and antiparticles

as an illustration. The Boltzmann equation for these particles is

Ofe | 4.0 . %j;f = Celfr, -], (C.1)

ot ox

where the plus and minus are for positive helicity particles and negative helicity
antiparticles, respectively, and the right hand side is the collision term. In the
presence of a magnetic field, the equations of motion are vVGX = p + Q% and
VGp = £Qp x B with VG =1 + Q2 2 as given in Chapter 3. From Section 3.4,

one then has

OVG fy . OV Gx [y . OVGp fy
op

ot % = VGC.[f, f], (C.2)

and thus

\/_(f+ )+8\/7X(f+ fo) 8\/§p(f+ fo)
ot 0x op

= VG(Cylfs, f-] = C_[f4, f)). (C.3)

Integrating both sides over the momentum, i.e. f (27r 3, the right hand side is zero

because the conservation of right chirality charge guarantees that the number differ-
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ence between positive helicity particles and negative helicity antiparticles is always
conserved no matter what the distribution function is. Also, the third term on the
left hand side is zero because the distribution is zero at large magnitude of momenta.

For an equilibrium system with chemical potential u and temperature 7', changing
its chemical potential modifies its distribution function. For a small change of u to
i+ O, one can use the relation f, = f(p — (u+ ) = f(p — p) — %cm and

fo =+ (n+6p) = f(p+ p) + %=0u to obtain

0/dp\/—( )

7 | Tory
- o [ SENG - 1) - VG )~ VGO + O
— Sl +ougl) ()

0 [ @ L0 [ @ B
5% | VG~ 1) = o [ 5+ Qp e~ 1)
(

_ 0 @Bt onlf(0) + /-
0x 472

One then has

@B . Ao
ot 472 ? ox
I

— 0, (C.6)

which is the same as that obtained in Section 2.1.4. The above equation can be solved
by introducing the Fourier transformation du(x,t) = [ dwd’kh(k,w)e fwt=kx) ~and
one obtains from the resulting equation the dispersion relation w = k - % for the

CMW.

102



C.2 CVW in chiral kinetic theory

As in the previous section for the case of magnetic field, one has a similar equation

for the case of the vortical field,

\/_(f+ )+0\/7x(f+ f-) 0\/7p(f+ /o)
ot 0x op

= VG(Clfor f] ~ C_[f, 1)),

Following similar discussions as in Section 3.5, one obtains the dispersion relations

=k - 2T2 and w; = kq - for the CVW for the cases of using the Fermi-Dirac

2T2

and Boltzmann distributions, respectively.
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APPENDIX D

TIME EVOLUTION OF THE MAGNETIC FIELD IN RELATIVISTIC HEAVY
ION COLLISIONS

In studying the CMW effect in Chapters 5 and 6, it is assumed that the magnetic
field produced in Au+Au collisions at /syy = 200 GeV at RHIC has a long lifetime
of 6 fm/c. In the literature, there is a large uncertainty on the lifetime of the
magnetic field. For example, it has been shown in Ref. [109] that for a static QGP
with a constant conductivity, the lifetime of a decaying magnetic field, such as that
produced in relativistic heavy ion collisions, is about 0.1 fm/c if the conductivity
is chosen to be that from the lattice QCD calculations. The lifetime can increase
to several fm/c only if the conductivity is increased by a unrealistic large factor of
1000. According to Ref. [40], an even larger (infinite) conductivity is required to
make the magnetic field to decrease with time as 1/t when one takes into account
the longitudinal expansion of the QGP.

Shown in this appendix are results on the time evolution of the magnetic field
obtained from the string melting version of the AMPT model for Au+Au collisions
at /sy = 200 GeV and impact parameter b = 10 fm. In this model, the system
before collisions, i.e., ¢ < 0 fm/c, consists of only nucleons with their momenta along
the z direction. After collisions, while the spectator nucleons continue to travel with
their initial momenta, the participant nucleons are slowed down and lead to the
production of a dense partonic matter consisting of partons produced at different
times and positions with various momenta. For hadrons before and after collisions,
since they travel with constant velocity, one can use the standard Lienard-Wiechert

potentials to calculate the resulting time and spatial dependent electric and magnetic
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fields. In particular, the space is divided into cells and the electromagnetic field from
these hadrons is stored in each cell at various times to be treated as an external field.
For produced partons, they are first propagated back in time to ¢t = 0 as free particles
and then allow them to collide and move under the influence of the electromagnetic
field from both the spectator nucleons and the partons themselves. Although these
partons undergo collective expansion, the flow velocity is small compared to the speed
of light. So one can neglect the retardation effect on the electromagnetic field and use
simply Coulomb’s law and the Biot-Savart law to calculate the electromagnetic field
produced by these partons, which move under the influence of the electromagnetic
field due to the Lorentz force and change their directions due to scatterings. By
varying the magnitude of the parton scattering cross section, one can simulate the
effect of the QGP electric conductivity on the lifetime of the magnetic field produced
in non-central heavy ion collisions.

Shown in Fig. D.1 is the time evolution of the magnetic field at the center of pro-
duced partonic matter at different times. The black line represents the background
contribution from the spectator nucleons only. it is found that the magnetic field
initially has a very large magnitude of about 7m?2 but decreases quickly with time.
Including the contribution from partons by using an isotropic and constant scatter-
ing cross section of 3 mb only increases the magnitude of the magnetic field after 0.2
fm/c with its magnitude remaining very small compared to the initial magnetic field
shown by the red line.

Also shown is the result from using a zero cross section for parton scattering,

1

which corresponds to an infinite conductivity since it behaves as =~

according to the
relaxation time calculation of Ref. [135] for massless particles. It is seen that the
results in this case, shown by the green line in Fig. D.1, are essentially the same as

in the case for a cross section of 3 mb. These results thus show that increasing the
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Figure D.1: Time evolution of the magnetic field for different choices of cross sections.

conductivity of the quark matter does not increase the lifetime of the magnetic field,
indicating that the medium response to the electromagnetic field changes very little
with the scattering cross section. The time dependence of the magnetic field from
the transport model study thus deviated significantly from the magnetic field lifetime
of 6 fm/c used in Chapters 4 and 5, which is shown by the blue line in Fig. D.1.

To understand our result, a box simulation to study the medium response to an
electric field has been carried out. The medium consists of only massless u, d, and s
quarks at a temperature of 0.3 GeV in a box of 6x6 x 6 fm3. A static uniform electric

field with strength eE = 0.02 GeV? is applied to study how the charge current is

generated. Because the charges of u, d, and s quarks are %, —<, and —< separately,
the electric conductivity of the partonic matter is expected to be :)l;“—?r according to

the relaxation time calculation. It is found that the result from our simulation is
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Figure D.2: Time evolution of the normalized charge current in response to a static
uniform electric field in z direction.

close to this value when the cross section o is larger than 1 mb, which corresponds
to a conductivity of 13.2 MeV. The conductivity deviates from the above value if
the cross section is further decreased. The reason for this is because the maximum
velocity a particle can achieve is the speed of light, so the charge current density has
a maximum value J™m** = %, where n is the number density of all quarks.

Shown in Fig. D.2 is the time evolution of the normalized charge current density
given by its ratio to the saturation vale J**' which is generally smaller than J™a*,
The current density is seen to approache the saturation value during a timescale
of about the relaxation time, which is 52 [135]. Since the electromagnetic field
is strong only during the time interval of about 0.1 fm/c from Fig. D.1, thus all
charged particles propagate under the influence of the Lorentz force with essentially

no scattering during this time interval. Further decreasing the parton scattering
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cross section thus does not affect the current density in the medium.

The above results are in contradiction with those obtained from solving the
Maxwell equations and assuming Ohm’s law J = oE [109, 40]. They thus cast
doubt on the validity of Ohm’s law when the lifetime of the electromagnetic field
is comparable to the relaxation time of the medium. In this case, one needs to
take into consideration the spatial and temporal dependence of the electromagnetic
field and study the frequency and wave vector dependence of the medium’s electric

conductivity.
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