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Plan of this talk

1. Generality I: Quarkgluon plasma and relativistic heawyn collisions
2. Generality Il: Relativistic hydrodynamics
3-1. Magnetohydrodynamics (MHD) and the linear waves

3-2 Chiral MHD and instability
3-3 Spin MHD



Generality |: Quarkgluon plasma and relativistic heawgn collisions

A QCD phase diagram

A Relativistic heawjon collisions

A Magnetic and vortical fields

A Hadron polarization measurement
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Chiral symmetry

Paring induces a quark mass gap like a superconducting ¢~

Order parameter: Chiral condensatewq>

Confinement

Temperature

m ) "( . E |
=k . . N Ty 2 - -2 >
T 1 point : e 4 y O

|

_® = Neutron stars

- a
o
® s “
-\-.\_ '_)H‘\:)\H
- i
< e A D
o

Nuclei

Baryon density

Confinementdeconfinement
- Asymptotic freedom in QCD

W Sept. 2013
(X.S(Q) \ v T decays (N3LO)
® Lattice QCD (NNLO .
: IS Deconfinement
03¢} \\\\ o Heavy Quarkonia (NLO)

o e'e jets & shapes (res. NNLO)
® Z pole fit (N3LO)
v pp— jets (NLO)

01+t

= QCD 0g(M,) = 0.1185 % 0.0006

1 100 1000

Y QrGev]

Strong coupling Weak coupling
(Non-perturbative) (Perturbative)



Early ideas of relativistic heavgn collisions

Abnormal nuclear states and vacuum excitation*¥ RELATIVISTIC HEAVY ION COLLISIONS
T. D. Lee
: o T. D. Lee
Physics Department, Columbia University, New York, New York 10027
We examine the theoretical possibility that at high densities there may exist a Columbia Universi'ry, New York, N. Y. 10027

new type of nuclear state in which the nucleon mass is either zero or nearly
zero. The related phenomenon of vacuum excitation is also discussed.

T.D. Lee (1975) T.D. Lee (1982)
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"VEX" = Vacuum Excitation


https://inspirehep.net/literature/11660
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.47.267
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RHIC STAR collaboration
Observables in heavpn collisions 7

—— P, n.

Flavorsup to b u-arl.<s
VW, PO A
/T~

‘%0
Y-

Hadrons & photons/leptons

%o

AL o




Hydrodynamics behavior of the quagkuon plasma

Relativistic heavyion
collisions at RHIC and LHC

Freestreaming limit? v Strongly correlated matter
(Asymptoticfree limit) A Collective flow at RHICandLHC
Random momentum distribution v Correlated momentum angle distribution
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Frequent interactions induce strong correlations (even
if the coupling constant is perturbatively small.)




Hydrodynamic expansion

Central collisions (Headn collisions) A 1sotropic overlap region
“\ 7 A |sotropic pressure gradient
A Isotroplc expansion
» ’ «
>
— ‘ ~ N\
A Anisotropic overlap region
Non-central collisions (Peripheral collisions) A Anisotropic pressure gradie
A Anisotropic expansion
‘t/ A Anisotropic hadron spectru
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Frge streamin
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Deng, Huang 1201.5108KH, Huang 1609.00747
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Deng, Huang, 1603.06117


https://arxiv.org/abs/1201.5108
https://arxiv.org/abs/1609.00747
https://arxiv.org/abs/1603.06117

Strong magnetic fields induced by relativistic heasy collisions
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https://arxiv.org/abs/1609.00747

Chiral magnetic effect

Vilenkin (1982)

: , : Nielsen, Ninomiya (1983)
Chiral magnetic efiect Ohmic current Kharzeev, McLerrariWarringa(2007)
3/ 7 - 7 Kharzeev, Fukushima&yarringa(2008)
Jv = ocMmED Jv = 0ohmE
[ Parity Odd Odd Even Odd Even Odd ]

Parity-odd environment is provided by the chirality imbalance:

pa = (kr — pr)/2
17
Anomalous transport coefficiertsAnomaly coefficient G Ja

ocME X aCa 0,j" = —e2CAE"B,



Chirality-momentum locking

Dirac equation in the chiral representation RL%: Cé\}L
A Chirality-spin-momentum locked in the massless limit
{ Chirality, Spin, Momentun} ( o Puo™\ (VL) _
jony VR
Spin polarizaton n B or ¥ $ 4
|
|
Chirality-momentuniocking $ \
A Finite currents when one of q q q q

chirality is favored (via anomaly). . .
JocME X paB JCVE X [t AW



Chiral magnetic effect in Dirac/Weyl semimetals

Dirac semimetals: ;o o | et al (BNL and Stony Brook Univ,)

arXiv:1412.6543; Nat. Phys., doi:10.1038/NPHYS3648

Na;Bi - J. Xiong, N. P. Ong et al (Princeton Univ.)
arxiv:1503.08179; Science 350:413,2015

Cd;As,- C. Liet al (Peking Univ. China)
arxivi1504.07398; Nat. Commun. 6, 10137 (2015).

TaAs - X Huang et al (IOP, China)

Weyl semimetals .
arxiv:1503.01304; Phys. Rev. X 5, 031023 ' _—
TaAs TR TR 207 (b) BIIEII
& NbAs - X. Yang et al (Zhejiang Univ. China) -

20 ﬁ;; Ry arxiv:1506.02283

:\/ NbP - Z. Wang et al (Zhejiang Univ. China)
b N arxiv:1506.00924

p (M cm)

0.0p
-04p

e sseriesne  1aP - Shekhar, C. Felser, B. Yang et al (MPI-Dresden)
o arxiv:1506.06577, Nat. Commun. 7, 11615 (2016).

Borrowed from Li andKharzeev HROOKHEVEN

Brookhaven Science Associates NATIONAL LABORATORY




Hadron spin measurements
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PRL 94, 102301 (2005) P HTEAIL BEVIEET LEFLESS 15 MARCH 2005 ‘

Globally Polarized Quark-Gluon Plasma in Noncentral A + A Collisions i

Zuo-Tang Liang' and Xin-Nian Wang*"'
"Department of Physics, Shandong University, Jinan, Shandong 250100, China

2Nuclear Science Division, MS 70R0319, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
(Received 25 October 2004; published 14 March 2005)



Spin transport theories for QGP

Spin hydrodynamics

KH, Hongo, Huang, Matsuo, Tayhk901.06615
Fukushima, P12010.01608

Li, StephanoyYee, 2011.12318

She, Huang, Hou, Liao, 2105.04060

Hongo, Huang, KaminskEtephanoyYee 2107.14231
Biswas, Daher, Das, FlorkowslRyblewski 2304.01009
etc

Quantum kinetic theory

Weickgenannt, Sheng, Speranza, Wang, Riscli@2.06513
Gao, Liang.1902.06510

KH, Hidaka, Yang1903.016532002.02612

Liu, Mameda, Huand2002.03753

etc.



https://arxiv.org/abs/1902.06513
https://arxiv.org/abs/1902.06510
https://arxiv.org/abs/1903.01653
https://arxiv.org/abs/2002.02612
https://arxiv.org/abs/2002.03753
https://arxiv.org/abs/1901.06615
https://arxiv.org/abs/2010.01608
https://arxiv.org/abs/2107.14231
https://arxiv.org/abs/2304.01009

Generality Il: Relativistic hydrodynamics

Magnetic field Magnetehydrodynamics

Chiral anomaly jl> Chiral hydrodynamics

Spindof Spin hydrodynamics
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Hydrodynamics as universal legnergy EFT

Relevandof. in low energy regime Gapless modes
= Conserved chargssirviving in a long spacetime scale.

A set ofconservation laws W
= Equations of motion >
2
(]
E.g., Translational symmetry g

"k
Y Low momentum

0, T =0

Hydrodynamics #Jniversallow-energy EFT based aymmetries



Closing the system of equations

E.g., the simplest case
aMTIJJ YV — O Spacetime translational symmetry

# of conserved charges = # of equations

To get a closed system efls, one needs constitutiegs

T To,u Z §(m) o !Derivative expans.ioworks
in the long spacetime scale.



Derivation of constitutive equationsS,, , rcview ki, Huang, Hongo (202

Stical description of underlying theory

Strong coupling

Kinetic

Zubarev, BecattiniHayata
HidakaNoumrHongo,
HongoKH (for MHD), Hongo
HuangStephanovwee (for spin

Dynamics of averaged charges
(Course graining)

Thermodynamics

Grad, IsraelStewa
Frankfurt group

Fluid Mechanics
2nd edition

Cindan ad ik

Hydrodynamics



Simplest case
Translational symmetries Hydrodynamic variables

0,0" =0 {e, v}

Thermodynamics

Os Inverse temperature
A 1St |aW Tds = de B = De - Thermodynamic conjugates
¢ (Lagrange multipliers)
nd M .
A 2rdlaw Ous" >0 Fluid velocity: u* = (1,v%)/4/1 — |v]?

Co-moving derivative: D = ut0,

o,s' = 0,(sut" +ds")

Derivatives of conserved charges
= s(0,u")+ BDe+ 0,0s" >0 S Y J

A Connection to guations of motion



AEnt-capyent anal’yso% S0
:UJ :g J[_ M
oust = s(0u")+ BDe+ 0,08 >0 ¢
Cf. @W( p ) )
‘ @lﬂ/ o E’LLM o pA/’”/ @}E’JIL; in the rest frfme
Leading order (ideal fluid)
oust = pB(T's—e—p)ou” - Should be vanishing
@“” 0,08, + 0,.(s! S(1) Buy@?l”))
Bt = pu
Constraints from the second law
—I's — €
Lo P
01 = [CAM A 4 (AP AP)]D, s
Trace part Traceless part - @?1:/) au 51/ > 0 if C) n > 0

A Bulk viscosity A Shear viscosity



Formulation of magnetohydrodynamics
with the entropycurrent analysis

KH, Hirono, Yee, Yin (2017)
Hongo, KH (2020¥or a QFT approach
KH, Hongo, Huang (2022pr a review

Fang, KH, Hu2402.1860Xor solutions



https://arxiv.org/abs/1711.08450
https://arxiv.org/abs/2005.10239
https://arxiv.org/abs/2207.12794
https://arxiv.org/abs/2402.18601

i i Grozdanowet al. (2017)
Conserved charges in EM fields 000 2. S oin

Hongo, KH (2020)

Hydrodynamic variables Conservation laws

{Total energy density, fluid flow velocity} Translational symmetries

{67 UM} 0 Tt

Electromagnetism

B 0, " =0

otal —

(A static charge distribution does not screen tHesHl.

B 74 0 A conservation of magnetic flux.

\

( No nmagnetic Coul omb field

D

_J

( E-field is screened by a static charge distribution, I.e., the A
Debye screening effect. o— o E — 0

E(u, B) and j(u, B) are induced at@dfuilibrium Y

\_

Wi t hol


https://arxiv.org/abs/1711.08450
https://arxiv.org/abs/2005.10239

Anisotropies In constitutive equations =+ — g 4 yty” —

Anisotropic pressure
@?OV) = euu” —p =M + pb"b”

p and p|| are different by the Maxwell stress.

Anisotropic viscosities = @) = ey 3,
Splitting of shear viscosity 1) —> 7)) |

A

o, A

7 TA7 7

P
Ay gl

2 shear viscosities

3 bulk viscosities

See a review, KH, Huang, Hongo (2022)



Solving spin MHD within lineamode analysis

Linear regime Nonlinear regime

se?, Sedut, . ..

_— I

For numerical methods beyond linear regime,
see talk by Benoit

[ W)

A Energy density (1) I
u”%u“%—(su“(x), A Flow velocity (3) S L —0

B“%B“—I—(SB“(:E) A Magnetic field (2) o |

Exactly diagonalized with an analytic algorithm.gang, kH, Hu2402.186012409.07096

e — e+ de(x),



https://arxiv.org/abs/2402.18601
https://arxiv.org/abs/2409.07096

An Issue In preceding works L

- Ideal MHD (welltknown)

Alfven waves and Magnetsonic waves

Magnetic tension and pressure

- Firstorder MHD (Not known due to strong anisotropy)

i 2

Solutions had beenknownn | v at d =

Moreover, there wagdisagreement
bet ween those known sol

Grozdanowet al. (2017) Hernandez anovtun (2017)
Armas andCamilloni (2022) h



ACr i ti cal ra@imugobis@: O

Solutions at d = 0 and "/ 2 are n
w::tvk—iFkQ—l—O( k" Small k expansion breaks down due to the anisotre
cos™ 0 ASmall k and cos d | im

Small cosine expansion ~ #  Small k expansion (Dotted lines)
Without any expansion

Phase velocities Damping rates

Re[w] E=0.1, vq4 =0.05 Im[ew]
.............. 7]H = 0.2, Ny = 0.7,
p|=0.1, p. =0.5,

F w
~0.001 4

T
-0.002 Smal | CO0S
0,003
6 L

0004 T
Small k limit first

ool

-0.005 -
-0.006 -

-0.007 -

Purely diffusive near the transverse direction.  Split of the diffusion rates



Chiral magnetohydrodynamics

Chirality in dynamical magnetic fields

KH, Hirono, Yee, YinarXiv:1711.08450



https://arxiv.org/abs/1711.08450

Conservation laws in chiral MHD

Energymomentum conservation 0. O —
[Translational symmetry] M o

Magnetic flux conservation O ﬁwy —0
[Magnetic oneform symmetry] M —

( 0 =B, =By Bz) Absence of a magnetic monopole
Frv =

B, 0 E. -E,
B, -E. 0 E, 0 _ v p
P O,F*" =V -B=0

. By -E; 0 GrozdanoyHofman Igbal

KH, Hirono, Yee, Yin
Maxwell equation (Electric lines terminating at charges)

9 ‘Q auFl“/ — ju auF,uO IVEIJO

Chiral charge (nongonservation Son,Surowka
| Chir al symmetry and its S8ireaking
0,74 = CuE,B"
— V
H ']A A= C4 = 55 Chiral anomaly cofficient



Chiral hydrodynamics Son,Surowka(2009)

Chiral separation by rotation?

D. T. Son- Hydrodynamics and quantum anomalies fromyoutube

A The answer is positive.
A Thermodynamic stability requires induced currents
called the chiral magnetic/vortical effect.

A Manifestation of a quantum effect in fluid = VXv

= VxA


https://www.youtube.com/watch?v=NxmrIhjZq-w

Chiral magnetohydrodynamics
INn STRONG & DYNAMICAL magnetic fields

-- Chiral hydrodynamics  n4 # 0, B* ~ O(0") and external

Son & Surowka
- Chiral magnettydrodynamics (MHD) na # 0, B* ~ O(9°)
KH, Hirono, Yee, Yin and dynamical

Variables in chiral MHD: {e, u*, B*, and n 4}

n,: # density of axial charge

Axial chemical potentialLagrange multiplier ta,

0s




Constitutiveeqs and the entropy production in the first order

TR = T T Tty By Jay ~ 0@")
Fio = Fi— e *PusE1ya
— + .
J A Ja) TJaq) NB) 0uji :[—CAEﬁ)Bu]

_ Chiral anomaly
Computing the entropy current,

8# (Su” + O(al) ) — T(pilgau(/guv) - jZ(l)au(/B/«LA)
+E{} {1404 By~ euvapu”0*(6H?)}




Conductivities: CME and dissipative terms

From the constitutive eq. of Eé’i) and the Maxwell eq., 57 = 8M ) ald

J{} :[CA;LABUJ-F [(T”Efr + O'J_Ejf -+ O'HalléuyaﬁuybaEﬁ] S 00

CME Ohmic currents Hall current

(Il andy to B-field)

A The CME current isompletely fixed by ¢.
A Without the CME, the thermodynamic stability is not insured.



Effects of chirality imbalance

How does the CME modify the waves in the chiral fluid?

j“ — UCMEB“

A Helical waves : =




ANPhase diagramo of
Three modes propagating in the opposite directions (6 solutions in total)
(w2 — xl)(w4 + buw? -+ C) =0 z1: Real solution

Stabllity of the waves fromlassification of solutions

(O’UA) i

—
n

—
o

1 real and 2 purenag sols.
1 real and 2 complex sols.
3 real solutions

S
oo

Size of pa .,

4 . . | _ .
Direction of wavewnrt B ( d Alfven and magnetsonic waves

t

I



Helical unstable modes in Chiral MHD

Magnetohydrodynamics

6 stable modes
A Alfven waves
A Magnetesonic waves

Damping due to dissipation
Linear polarizations

0p]4

-0.5

-1.0

-1.5

Chirality imbalancen,l n,)

Y fiCchiral magn¢e¢t ~EE s

Imaginary part of the solutions

1.5}
1.0
0.5

0.0

0.0

XNr — Ny,

Hattori, Hirono, Yee, Yin (PRD, 2019)

T

Chiral MHD

N\

p— 3
A 4 unstable modes
A 2 stablemodes

Helicity eigenstates
L (damped) R (amplified)

R (amplified) L (damped)




Polarizations on the Poincare sphert a varyinge ,

U_] b] EAV

vo by uj cosf — V?

R Helicit

Stokes vector

Linear polarizations]
(b% — b2,2Re [by b3],2Tm [by b3 )

(eo=0)

S = 5 5
by + b3

Linear polarizations ]
(€a=0)

Equator: Lineapolarizations
Upper and lowehemispheredk and Lpolarizations
(Poles:R and Lcircular polarizations)

The unstable modes are helical iIn nature.



New hydrodynamic instability in a chiral fluid

Signs of the imaginary parts

(Damping/growing modes in t

hydrodynamic time evolution) =
Positive Negative
(Damping) (Growing)
When pa >0 | ><
When g4 <0

Helicity decomposition LH mode RH mode

(Circular R/L polarizations) oy
VXeR/L:ieR/L | =
-

A helicity selection, depending on



Helicity conversions as a topological origin of the instability

Total helicity conservation:% / d>x
Vv

o nA—I—B-A—I—w-'v]—O

1

Chiral anomaly
Fermion Fluid helicity

Magnetic helicity /dga: B-A

New hydrodynamic instability v

A Helicity conversion mechanism

/‘/
Hirono

~ . . CPI N ’\\
nChiral i mbal ance s
btw the # of R and L fermions:

nAa =nNr —NfL ?

¢ 000

Magnetic fields are amplified!!! /Vdgw“’ * Ufluid

A
|
|
|
|
|

\ 4

Fluid helicity

Helical fluid instabili _
(vortex strings)




Spin hydrodynamics

KH, Hongo, Huang, Matsuo, Tayh901.06615
Fang, KH, Hu, 2409.07096



https://arxiv.org/abs/1901.06615

Spin as a quasydro variable

- Total AM conservation from rotational symmetry : a“ JheB —

- Spinorbit coupling for relativistic constituents

8@ (Lu’aﬁ -+ Z“’aﬁ) =0 [HoB _ aguB _ Boho
Orbital AM Spin

ASpin-ciomsmervati ono @uCEW%.ﬁ[ | =© ”—@ML“O‘B

No symmetry protecting spin conservation. — (@O‘B _ @5a)
Symmetric part of @+ Antisymmetric part of ©*¥
@:Bzc @ @:By
Ty
@y:c - _@wy
@yy



Explicit, but weak, symmetry breaking
A Small energy gap

Quasihydrodynamianodes

.
.
P
..
.s
aus®
------

Cf. Hydro+(Stephanowin) for along-lived
modedueto the critical slowing down.

(kinetic relaxation timpM 1/gap<< (spacetimescale of our interept

Momentum transfer rate 1ransfer rate of quasionserved charge
(randomization of momentum)



Rotational viscosities (Ansymmetric part)

sOHVI kP O1pBo) — Bipo) Fang, KH, Hu, 2409.07096

Thermal vorticity  Spin potential

- Extended first law
1 Bure = 9 0s
I
Tds = de — §uvf’da,,p - H,dB" dou,
Energy density Spin density  Magnetic flux Spin potential

SRpin hydrodynamics

KH, Hongo, Huang, Matsuo, Tayh901.06615
Fukushima, Pu2010.01608

Li, StephanoyvYee, 2011.12318

She, Huang, Hou, Liao, 2105.04060

Hongo, Huang, KaminskEtephanoyYee 2107.14231
|sotropic limit Biswas, Daher, Das, FlorkowslRyblewski 2304.01009
KH, Hongo, Huang, Matsuo, Tayh901.06615

ANNel 1 p condi
the rotational fluid motion



https://arxiv.org/abs/1901.06615
https://arxiv.org/abs/1901.06615
https://arxiv.org/abs/2010.01608
https://arxiv.org/abs/2107.14231
https://arxiv.org/abs/2304.01009

Solving spin MHD within lineamode analysis

e = e—+de(x), u’—u'+out(x),
B" — B" +6B"(x), SM — SM +4§SH(x)

ou
/ \ o
A Energy density (1) o 0S5 —0
A Flow velocity (3) Coe e e 60S. |
A Magnetic field (2) . .
A Spin (3) O x 9 matrix ! \ Lo ) \ . )

Still exactly diagonalized with an analytic algorithm.
Fang, KH, Hu2402.186012409.07096



https://arxiv.org/abs/2402.18601
https://arxiv.org/abs/2409.07096

Alfven modes with spin mixing

From the & 4 matrix,

) 2\ 1.2 2
! 2 2 (77||7|| —§ )k” +nLy ki
Lo
: .(7|| — 5)2 5 Spin susceptibility: S*¥ = yut”
@ o= —he h i Rotational viscosity:

6@“1]”] = —['yHvPe (8[,060] - /Blupcr)

Spins are not conservéd Gapped modes at kG-

9,518 — _o@lm w = —il,

W — —iFH

All solutions are always damping (stable around the equilibrium)



Magnetesonic modes with spin mixing

From the % 5 matrix,

w W1 — U1W2
. 1 = -
w = Z£uvik-— zw1k2 2(vf — v3)
. 2 wo = Wl — ’U%Wg
w = Tuk —iwsk 2y, (12 — v2)
W — _7/1" . ’L.’£U3]€2 B (7” &)1 ’UA cos? 0 A¢! sin” 6
|| w3 = 1 — 02 + 5 1 — 2
'Y|| Ua Vs

Always damping (stable around the equilibrium)

,}/Inf 751’2 2
W, = “l—(cg cos?(26) + T A 2 sin 9) +p' e (1+
gl VA

2
T TJ,24 sin 9)

+ cos H[C”( UA —l—c sin 9) (Ci—i—nl—%;)sin 9}

v — &2 2 U7
Wy = L(l—}— UAQ sin29)—|—pﬂ_(1—|— CUAQ Sinzé’)
ol 1 —v5 1 -5
¢
+ “2(108 0+ (¢, +n)sin®0

1 —wj



Split of damping spin modes

' YL 9
w = —il'p —i—=k 8
('}/ — &‘)2 Spin susceptibility: S# = yut”
w = —il)—i ! kﬁ

hy)

Spins are not conservéd Gapped modes at kG-
All solutions are always damping




