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Global polarization: First theoretical prediction

Globally polarized quark-gluon plasma in non-central A+A collisions
Zuo-Tang Liang (Shandong U.), Xin-Nian Wang (LBL, Berkeley and Shandong U.) (Oct, 2004)
Published in: Phys.Rev.Lett. 94 (2005) 102301, Phys.Rev.Lett. 96 (2006) 039901 (erratum) » e-Print: nucl-th/0410079 [nucl-th]

Spin alignment of vector mesons in non-central A+A collisions

Zuo-Tang Liang (Shandong U.), Xin-Nian Wang (LBL, Berkeley and Shandong U.) (Oct, 2004)
Published in: Phys.lett.B 629 (2005) 20-26 » e-Print: nucl-th/0411101 [nucl-th]
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Global polarization: Early experimental results
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Focusing on global polarization: my doctoral research

PHYSICAL REVIEW C 77, 044902 (2008)

Global quark polarization in noncentral A+ A collisions

Jian-Hua Gao,' Shou-Wan Chen,” Wei-tian Deng,'** Zuo-Tang Liang.! Qun Wang.” and Xin-Nian Wang'-*
'Department of Physics, Shandong University, Jinan, Shandong 250100, People's Republic of China
2Department of Modern Physics, University of Science and Technology of China, Hefei, Anhui 230026, People’s Republic of China
3Nuclear Science Division, MS 70R0319, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
(Received 12 October 2007; revised manuscript received 28 December 2007; published 9 April 2008)

Partons produced in the early stage of noncentral heavy-ion collisions can develop a longitudinal fluid shear
because of the unequal local number densities of participant target and projectile nucleons. Under such fluid
shear, local parton pairs with nonvanishing impact parameters have finite local relative orbital angular momentum
along the direction opposite to the reaction plane. Such a finite relative orbital angular momentum among locally
interacting quark pairs can lead to global quark polarization along the same direction because of spin-orbital
coupling. Local longitudinal fluid shear is estimated within both the Landau fireball and the Bjorken scaling model
of initial parton production. Quark polarization through quark-quark scatterings with the exchange of a thermal
gluon is calculated beyond the small-angle scattering approximation in a quark-gluon plasma. The polarization
is shown to have a nonmonotonic dependence on the local relative orbital angular momentum dictated by the
interplay between electric and magnetic interactions. It peaks at a value of relative orbital angular momentum
which scales with the magnetic mass of the exchanged gluons. With the estimated small longitudinal fluid shear
in semiperipheral Au+Au collisions at energies currently available at the BNL Relativistic Heavy lon Collider
(RHIC), the final quark polarization is found to be small | P;| < 0.04 in the weak coupling limit. Possible behavior
of the quark polarization in the strong coupling limit and implications on the experimental detection of such

global quark polarization at RHIC and CERN Large Hadron Collider (LHC) are also discussed.
DOI: 10.1103/PhysRevC.77.044902 PACS number(s): 25.75.—q, 13.88.+¢, 12.38.Mh




Turning to chiral effects: my postdoctoral work

Chiral anomaly: GMJ“ =CE-B

Chiral magnetic effect:

X (defines '¥p)

gt — M5 pp
272

T T B B LN ol [r & Tl v 37 W] Swl
STAR, 200 GeV

—#— same charge, AuAu
—m— opp charge, AuAu
—=— same charge, CuCu
—=— opp charge, CuCu

70 60 50 40 30 20 10 0
% Most Central

Hydrodynamics with Triangle Anomalies

Dam T. Son! and Piotr Suréwka?:3

I Institute for Nuclear Theory, University of Washington, Seattle, Washington 98195-1550, USA
2 Department of Physics, University of Washington, Seattle, Washington 98195-1560, USA
3 Institute of Physics, Jagiellonian University, Reymonta 4, 30-059 Krakéw, Poland
(Dated: June 2009)

We consider the hydrodynamic regime of theories with quantum anomalies for global currents.
We show that a hitherto discarded term in the conserve current is not only allowed by symmetries,
but is in fact required by triangle anomalies and the second law of thermodynamics. This term leads
to a number of new effects, one of which is chiral separation in a rotating fluid at nonzero chemical
potential. The new kinetic coefficients can be expressed, in a unique fashion, through the anomalies
coefficients and the equation of state. We briefly discuss the relevance of this new hydrodynamic
term for physical situations, including heavy ion collisions.

a proof similar to the one of the constancy of the en-
tropy /viscosity density ratio , @ﬂ is possible. It is also
interesting to understand how the new term emerges, for
weakly coupled theories, within the kinetic framework.
Finally, 1t 1s tempting to speculate that Kq. (3) can be
derived by direct anomalies matching. At this moment
we do not have a complete understanding of the micro-
scopic origin of the vorticity-induced current.




Chiral effects from kinetic theory

PHYSICAL REVIEW D 83, 094017 (2011)
Consistent description of kinetic equation with triangle anomaly

Shi Pu, Jian-hua Gao, and Qun Wang
Interdisciplinary Center for Theoretical Study and Department of Modern Physics,
University of Science and Technology of China, Hefei 230026, China
(Received 24 October 2010; revised manuscript received 4 March 2011; published 13 May 2011)

‘We provide a consistent description of the kinetic equation with a triangle anomaly which is compatible
with the entropy principle of the second law of thermodynamics and the charge/energy-momentum
conservation equations. In general an anomalous source term is necessary to ensure that the equations for
the charge and energy-momentum conservation are satisfied and that the correction terms of distribution
functions are compatible to these equations. The constraining equations from the entropy principle are
derived for the anomaly-induced leading order corrections to the particle distribution functions. The
correction terms can be determined for the minimum number of unknown coefficients in one charge and
two charge cases by solving the constraining equations.

week ending

PRL 109, 232301 (2012) PHYSICAL REVIEW LETTERS 7 DECEMBER 2012

Chiral Anomaly and Local Polarization Effect from the Quantum Kinetic Approach

Jian-Hua Gao,"” Zuo-Tang Liaug‘1 Shi Pu,” Qun \.ﬂ-’aug2 and Xin-Nian Wﬂng4j
Jthrm{ of Space Science and Plrysics, Shandong Universiry at Weihai, Weilrai 264209, China
2Interdisciplinary (‘emw for Theoretical Study and Department of Modern Physics,
University « 1ce and Technology of China, Hefei 230026, China
3School of Phy 5. Shandong University, Jinan, Shandong 250100, China
*Key Laboratory of Quark and Lepton Phys MOE}) and Institute of Particle Physics,
i Central China Normal University, Wehan 430079, China
“Nuclear Science Division, MS 70R0319, Lawrence Bevkeley National Laboratory, Berkeley, California 94720, USA
(Received 4 March 2012; published 4 December 2012)

A power expansion scheme 1s set up o determine the Wigner function that satislies the quantum kinetic
equation or spin-1/2 charged fermions in a background electromagnetic field. Vector and axial-vector
current induced by magnetic field and vorticity are oblained simultaneously [rom the Wigner [unction.
The chiral magnetic and vortical effect and chiral anomaly are shown as natural consequences of the
quantum kinetic equation. The axial-vector current induced by vorticity is argued to lead to a local
pelarization effect along the vorticity direction in heavy-ion collisions.

An anomalous source term must be introduced in classical Boltzmann equation:
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Berry monopole as source term for chi

PRL 109, 162001 (2012) PHYSICAL REVIEW LETTERS

PHYSICAL REVIEW D 87, 085016 (2013)

week ending
19 OCTOBER 2012 Kinetic theory with Berry curvature from quantum field theories

Chiral Kinetic Theory

M. A. Stephanov and Y. Yin
Department of Physics, University of Illinois, Chicago, Illinois 60607, USA
(Received 11 July 2012; published 19 October 2012)
We derive the nonequilibrium kinetic equation describing the motion of chiral massless particles in the
regime where it can be considered classically. We show that the Blerry monopole which appears at the
origin of the momentum space due to level crossing is responsible for the chiral magnetic and vortical

effects.

The action with Berry connection:

Berry monopole in momentum space:

Chiral kinetic equation:

Effective energy and velocity:

Chiral magnetic effect: j= 4ahsB f(p=0)
T

of +

Dam Thanh Son' and Naoki Yamamoto™
'Enrico Fermi Insiitute, University of Chicago, 5640 South Ellis Avenue, Chicago, Hllinois 60637,
Yiekawa Institute for Theoretical Physics, Kyoro Universiry, Kvoro 606-8502, Jdapan
*Marviand Center for Fundamental Physics, Department of Physics, University of Maryland,
College Park, Marviand 20742-4111, USA
(Received 31 January 2013; published 8 April 2013)

¢ anomalies and the chiral magnetic cffect by

A kinetic theory can be modified w incorporate triang
taking into account the Berry curvature flux through the Fermi surface. We show how such a kinetic theory

can be derived from underlying quantum field theories. Using the new kinetic theory, we alsa compute the
i-add correlation function that is found to be identical to the result in the perturbation theory in the

pari
next-to-leading order hard dense loop approximation
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PRL 110, 262301 (2013) PHYSICAL REVIEW LETTERS

¢ Chiral Kinetic Equation

Berry Curvature and Four-Dimensional Monopoles in the Relativ

Jiunn-Wei Chen.' Shi Pu,'” Qun Wang,” and Xin-Nian Wang**
iences, and Lewrg Center for Cosmology and Particle Astrophysics,

versity, Taipei 10617, Taiwan

'"Department of Physics, National Cener for Theorerica
Nationat Taiwan U
2Interdisciplinary Center far Theoretical Study and Department of Modern Physics, University of Scie
Hefei 230026, China
Key Laboraiory of Quark and Lepton Physics (MOE) and Institute of Particle Physics, Ceutral China Normal Universiry,
Wirhan, 430079, China
*Nuclear Seience Division, MS 70R0319, Lawrence Berkelev National Laborarory, Bevkelev, Califoria 94720, USA
(Received 16 March 2013; published 24 June 2013)

e and Techiology of China,

We derive a relativistic chiral Kinetic equation with manifest Lorentz covariance from Wigner functions
of spin-1,/2 massless fermions in a constamt background electromagnetic field, It contains vorticity
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PHYSICAL REVIEW D 95, 091901(R) (2017)
Relativistic chiral kinetic theory from quantum field theories

Yoshimasa Hidaka,' Shi Pu,” and Di-Lun Yang'
"Theoretical Research Division, Nishina Center, RIKEN, Wako, Saitama 351-0198, Japan
*Department of Physics. The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan
(Received 1 January 2017; published 2 May 2017)

The chiral kinetic theory of Weyl fermions with collisions in the presence of weak electric and magnetic
fields is derived from quantum field theories. It is found that the side-jump terms in the perturbative
solution of Wigner functions play a significant role for the derivation. Moreover, such terms manifest the
breaking of Lorentz symmetry for distribution functions. The Lorentz covariance of Wigner functions thus

| kinetic theory by Wigner function approach

PHYSICAL REVIEW D 98, 036010 (2018)

Complete and consistent chiral transport from Wigner function formalism

Anping Huang,] Shuzhe Shi” Yin Jiang," Jinfeng Liao,”" and Pengfei Zhuang ™'
"Physics Deparmment, Tsinghua University, Beijing 100084, China
*Physics Department and Cener for Exploration of Energy and Matter, Indiana University,
R 2401 N Milo B. Sampson Lane, Bloomington, Indiana 47408, USA
“Sehool of Physics and Nuclear Energy Engineering, Beihang University, Beijing 100191, China

PHYSICAL REVIEW D 99, 085014 (2019)

Chiral kinetic theory in curved spacetime

Yu-Chen Liu,' Lan-Lan Gao,' Kazuya Mameda,"" and Xu-Guang Huang'>'

'Physics Department and Center for Particle Physics and Field Theory, Fudan University,

i Shanghai 200433, China
*Key Laboratory of Nuclear Physics and lon-beam Application (MOE), Fudan University,
Shanghai 200433, China

PHYSICAL REVIEW D 101, 034006 (2020)

Chiral kinetic theory from Landau level basis

Shu Lin and Lixin Yango'
School of Physics and Asironomy, Sun Yat-Sen University, Zhuhai 519082, China

M (Received 4 October 2019; aceepted 23 January 2020: publishedd 10 Februury 2020)

We derive a chiral kinctic theary with Landau 1 basis, which is valid for slow-varying magnetic ficld

leads to modified Lorentz transformation associated with side-jump phenomena further influenced by

[ i ;o i 2
ik grovend] B il ®)| (Received 2 February 2018; published 15 August 2018)

with arbitrary magnitude. We apply the new chiral kinetic theory to caleulate the cleetric conductivity
wansverse to the magnetic field in a magnetized QED and QCIY plasma. Under the lowest Landau level
approximation and reloxation time approximation, we find the tansverse conductivity is inversely

® (Received 3 January 2019: published 30 April 2019)

PHYSICAL REVIEW D 98, 036019 (2018)

Disentangling covariant Wigner functions for chiral fermions

; I g 3 p 45
Jian-Hua Gao,” Zuo-Tang Liang,” Qun Wang.” and Xin-Nian Wang

()

4 functions 8 equations 1 function 1 equation

PHYSICAL REVIEW D 101, 096015 (2020)

Dirac sea and chiral anomaly in the quantum kinetic theory

Jian-Hua Gao,' Zuo-Tang Liang,” and Qun Wang’
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Chiral kinetic theory by Wigner function approach

PHYSICAL REVIEW D 98, 036019 (2018) 8D chiral kinetic theory at ( )

Disentangling covariant Wigner functions for chiral fermions E 1
PGl F557)] + 560 {6 x[pfo(p7)] } +#C(r) =0,
0

; I g 3 p 45
Jian-Hua Gao,” Zuo-Tang Liang,” Qun Wang.” and Xin-Nian Wang

7D chiral kinetic theoryat () L= ;1 (P“szﬂ) % it G“”) : %G(‘” X (%G“’) x pfé‘(pz))]
(1+45QR,-B)D,f (x.E,.p) + (6 B+ 60) - |- @y - p)3(07)|
+ |v+hsQ(ExQ,) + mQZ‘p|2 B|-V.f(x,E,.p) — p'GY l#nﬁ,” p"fé(pz)] + G pr£5(p?).
+[QE +Qvx B +1sQ*(E-B)Q,]-V,f(x,E,,p) =0, Glo) +Glpy =0 — QF™0) + %thzFﬂ”ﬁf-
PHYSICAL REVIEW D 112, 016001 (2025)
Soind. et Girl kineto ey, Dot A ¥lgtier Jhcikia. Appricl 8D chiral kinetic theory é{} 7D chiral kinetic theory

Shi-Zheng Yang,"™" Shu-Xiang Ma®,"" and Jian-Hua Gao***
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Chiral Wigner functions and equations order by order

Chiral Wigner function: (- —ye—ip'y<&<m+%>v“(1+sv5)U<x+%,x—%>w<x—%>> Right/Left (s= £1)

P . 0,
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Chiral kinetic theory at zeroth and first
order
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Zeroth-order Wigner functions from 8D to 7D

General space-time decomposition by introducing  with normalization 2 =1:

X,u — Xnn:“ — XH FHV — plpV _ BVpt E/M/O'BO_ VO — e,upz/anp

~ 1._ 0 0
Independent Wigner functions and on-shell conditions: /(0)“ = p—P”/rgO) rg ) = pnqu )5 (p2>
n
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Positive/Negative energy: Effective energy: Effective four-velocity: Invariant phase space factor:
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Zeroth-order chiral kinetic equation from 8D to 7D

Integrate 8D Wigner equation with arbitrary weight function: /dpng(pn)w/(o)ﬂ =0 yOr=pg9%(?)

Pull out of the integral: Vu/dpng(pn)j(o)“-l- Eu/dpng/(pn)/(om =0 Vi = o+ IO - @B,

The final result after integration: > gDV [\/5(0):&(0)“%50) =0
A

The arbitrary function ( |7|) require : g‘;(o)ﬂvujéo) = (0 holds for == 1 seperately
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First-order Wigner functions from 8D to 7D

Independent Wigner functions: g = —p“/ '“’”Vp/a
n
)
Modified on-shell condition: (1) pnj,,gl)é( >-|-S(B )70 .-
7D Wigner functions: /dpn/(l)“ = %Z \/J(O)i:(o)“\%(l)-l—\/5(1)$(0)“J7§O)+\/J(O)d:(l)“%go)]
A
/dpnpn/( ) = 12<\/5(0)6(0)Jr§1)+\/5(0)6(1>71§0)+\/c3(1)6(0)J7§0)>
2
A
g (0)
Wigner function redefinition RE ~71(1)+(21’3T‘2p)$§0)' e % :
! Pn=Alp|
A(B - P A(B - § = MB D)y 8 pop o 4 Ao P
Vo = 22 = TP =g 7 g Bt 57 e operator
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First-order chiral kinetic equation from 8D to 7D

Integrate 8d chiral kinetic equation with arbitrary weight function:

~ sBp 5 p2 s _ o
[ donston) ¥ f O = s = [300502) 4 2 4 e et
Pull out of the integral: V,u/dpng(pn)/(l)'u-|—Eu/dpng’(pn)j(1)ﬂf =0

The final result after integration: \/‘) MJn _|_\/‘ an _|_\/’ Mjn) =0

) INBV,
)

The arbitrary function ( |7]) require : i(O)uvujél)+33(1)uvuj7§0>+j,(0)u M,\/;(l) éo)ﬂvu,ds(l)“ 70— g

S
2|p|3

sB-p.
FIER

a':(o)“VMj#) —,Uv'uj(o) EMpUEpﬁa§,uj7§0) — 0
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Second-order chiral kinetic theory
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Second-order Wigner functions from 8D to 7D

S

Independent Wigner functions: j(Q = —p“/ ‘“p“V/ AU /(1)+2—€“P“vp/§0)
DPn

Pn pn

. . ~ B B 5 (p? .
Modified on-shell condition: /752)=an7§2)5(172>+873 =3 )+Sp pjéo} i2> +2;2 (Bu¥p ~5p V1) {%w {ppjéo)‘S(pQ)”
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Nonlocal effects in second-order chiral kinetic theory

. 1 A e ey Puby — 2O
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Second-order chiral kinetic equation in 7D
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Other relevant works from Wigner function (top-down)
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Second order chiral kinetic theory under gravity and
antiparallel charge-energy flow

Tomoya Hayata," Yoshimasa Hidaka"” " and Kazuya Mameda’
% Departments of Physics, Keio University,
4-1-1 Hiyoshi, Kanagawe 223-8521, Japan
PKEK Theory Center,
Psububa S05-0801, Japan
“Grudunle Universily for Advenced Studies (Sokendai),
Tsukuba 305-0801, Japan
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PHYSICAL REVIEW D 108, 016001 (2023)

Nonlinear chiral kinetic theory

Kazuya Mameda
Department of Physics, Tokyo University of Science, Tokyo 162-8601, Japan
and RIKEN iTHEMS, RIKEN, Wake 351-0198, Japan

M  (Received 9 May 2023; accepted 14 June 2023; published 5 July 2023)

From quantum field theory, we derive the chiral kinetic theory involving nonlinear quantum corrections
coupled with spacetime-dependent electromagnetic fields and fluid velocity gradients. An equilibrium
Wigner function determined by the kinetic equation verifies the nondissipativeness of the charge induced
by the magneto-vortical coupling. We reveal that this nonlinear chiral kinetic theory 1s consistent with the
one-loop Euler-Heisenberg effective theory. indicating an indirect evidence of the trace anomaly in the
kinetic theory. We also argue a potential issue on the regularization, and demonstrate the availability of
the point-splitting regularization in the nonlinear chiral kinetic theory.

DOI: 10.1103/PhysRevD.108.016001
. i I
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Other relevant works from semiclassical approach (bottom-up)

PHYSICAL REVIEW B 95, 205141 (2017)

Second-order chiral kinetic theory: Chiral magnetic and pseudomagnetic waves

E. V. Gorbar,'> V. A. Miransky,™* I. A. Shovkovy,>® and P. O. Sukhachav®
' Department of Physics, Taras Shevchenko National Kiev University, Kiev 03680, Ukraine
2Bogolyubov Institute for Theoretical Physics, Kiev 03680, Ukraine
3 Department of Applied Mathematics, Western University, London, Ontario, Canada N6A 5B7
A Department of Physics and Astronomy, Western University, London, Ontario, Canada N6A 3K7
College of Integrative Sciences and Arts, Arizona State University, Mesa, Arizona 85212, USA
SDepartment of Physics, Arizona State University, Tempe, Arizona 85287, USA

(Received 17 February 2017; revised manuscript received 7 April 2017: published 26 May 2017)

The consistent chiral kinetic theory accurate to the second order in electromagnetic and pseudoelectromagnetic
fields is derived for arelativistic matter with two Weyl fermions. By making use of such a framework, the properties
of longitudinal collective excitations, which include both chiral magnetic and chiral pseudomagnetic waves, are
studied. It 1s shown that the proper treatment of dynamical electromagnetism transforms these gapless waves
into chiral (pseudo)magnetic plasmons, whose Langmuir (plasma) gap receives corrections quadratic in both
magnetic and pseudomagnetic fields.

DOI: 10.1103/PhysRevB.95.205141
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Quantum Metric Corrections to Liouville’s Theorem and Chiral Kinetic Theory

RIKEN-iTHEMS-Report-25

Kazuya Mameda'? and Naoki Yamamoto®
! Department of Physics, Tokyo University of Science, Tokyo 162-8601, Japan
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Quasiparticles may possess not only Derry curvature but also a quantum metric in momentum
space. We develop a canonical formalism for such quasiparticles based on the Dirac brackets, and
demonstrate that quantum metric modifies the phase-space density of states at O(h2), leading to
corrections to Liouville’s theorem, kinetic theory, and related physical quantities. In particular, we
show that, in the presence of an inhomogeneous electric field, quantum metric induces corrections
to the energy density and energy current. Applied to chiral fermions, this framework provides a
nonlinear extension of chiral kinetic theory consistent with quantum field theory. Our work paves
the way to potential applications of the quanium metric in high-energy physics and astrophysics.
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Second-order chiral kinetic theory in inhomogeneous electromagnetic fields in a
lower-order-equation normal form

Anonymous Author( 5)!
Affiliation to be supplied by the authors

We derive the collisionless chiral kinetic equation through second order for a massless fermion in a general
prescribed Abelian electromagnetic field and give an explicit lower-order-equation normal form. The Wigner
operators retain IT2) ~ 9F a’ G ~a? Fa; and the noncommutativity of phase-space derivatives. After the
finite branch residues, every tlme derivative acting on f or f) is recursively eliminated with the zeroth- and
first-order kinetic hierarchy, whereas the leading &, f> and &, E terms remain. Only Bianchi identities are used;
no integration by parts or Maxwell source equation enters. For r > 0 the explicit second-order fj operator has
56 undifferentiated-field and 46 field-jet vector—tensor monomials. Exact Cartesian re-expansion gives 1322
canonical coefficients, and a differential-ideal certificate proves the EOM reduction coefficientwise. Compact
electric and magnetic profiles give six explicit benchmarks and demonstrate that EOM-first and stationarity-first
normal forms need not commute off shell. Direct coefficient regression to the published uniform Eq. (3.54) is
established for A = +1; a unified two-branch comparison is left open pending the Paper’s triangular distribution
redefinitions,
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“The next 46 monomials contain first or second field jets, including the rewined & E sructures. They vanish when 8,8, = 0.
Faraday’s law has removed o 12, but no Ampére or Gauss equation has been imposed. As in the preceding list, there is no
implicit product derivative or integration by parts. The exact abstract-index support sepurates as follows; a first lield jet may be
spatial or temporal
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pansion of this list gives 639 keys. Together with the 568 keys from App. B. it reproduces the complete
1257 ey EOM reduced f scetor without a residual cocffcicnt.
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Summary and Outlook

A second-order chiral kinetic theory in 7D phase space under constant electromagnetic fields
has been derived from Wigner function formalism.

Non-local contributions regarding the invariant phase space factor, effective energy, four-
velocity and kinetic equations are derived.

Bottom-up and top-down methods should complement each other in the study of quantum
kinetic theory

While a second-order chiral kinetic theory under varying electromagnetic fields has been
calculated via Al, the verification of these results is currently under way.

Thank you for your attention !
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