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FSU  Chiral plasmas!f Sl

¥ Early Unlverse e.g.,

[Boyarsky, Frohlich, Ruchayskiy, Phys.Rev.Lett. 108, 031301 (2012)

¥ Heavy-ion collisionse.g..

[Kharzeev, Liao, Voloshin, Wang, Prog.Part.Nucl.Phys. 88, 1 (2016)]

¥ Super-dense matter in compact stars: .,

[Yamamoto, Phys.Rev. D93, 065017 (2016)

¥ Ultra -relativistic jets from black holes

¥ Dirac/Weyl (semi)metals e.g.,

[Li et. al. Nature Phys. 12, 550 (2016)]

¥ Superfluid 3He-A cg.,

[Volovik, JETP Lett. 105, 34 (2017)]
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FSl Chiral fermions

AT BT v A ERINTL | em—— —

¥ MasslesdDirac fermions:

(yopo—?-[))‘l’=0 = Tpll—p# :sign(po)ls#
For particles f§,> 0): chirality = helicity

For antiparticlesg, < 0): chirality = - helicity

| Massive Dirac fermions ialtrarelativistic regime

- High temperature: T>>m

- High density: UL>>m
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FSU ~Chiral matter

Sp— Y ] mATL

| I\/Iatter made of chiral fermions W|th | ng

e Y e Caame

I Unlike the electric charga{ + n, ), the chiral
charge - n, ) Is not conserved

' (N n)+"#j—0
| t N
!(nR$nL)+,!#J! :eZE#B
| t N2

I The chiral symmetry is anomalous in quantun
theory
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CHIRAL HYDRODYNAMICS S
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FSU  Chiral hydrodynamics

A AT W, r Caame

—— AT BT S ve o BT

¥ COﬂtIﬂUlty equat|()n§on Surowka, Phys. Rev. Lett. 103, 191601 (200?

[Neiman and Oz, JHEP 03, 023 (2011
.u e
e

2
0 27T62h2 E*B,

LR e R
together with the constitutive relations:
* = nut + vH
j& = nsut + vt
" = eutu” — A* P + (h*u” + uth") + "
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FBsU  Anomalous contributions

Caame

¥ Currents included new non-dissipative terms:

i

I
o)
|

nu* + o, ,w"” + o B"

nsut’ + Jiw“ + J5BB“

where the anomalous coefficients are
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FSU ~The Question

) A WMIATL e e LY - m—

¥ Can one derive chiral hydrodynamics from
first principles?

¥ Chiral kinetic theory (CKT) Is a good starting
point

¥ Note: CKT can be OderivedO from field theol

¥ Original versions of CKT had several
limitations:

P No explicit Lorentz covariance

b Collisions are tricky
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FSU Chiral Kinetic theory

A T S e A

- A m

[Son and Yamamoto, Phys. Rev8I5 085016 (2013)]

¥ K|net|C equaﬂon [Stephanov and Yin, Phys. Rexett. 109 162001 (2012)]
BLEE S
0 fx [GE/\ SR AR SN e A D BA)QA} - Vp /2

Shus 1+ £(By - 2))
[V +e(Ey x Q) + SR Q/\)B/\] SR :
I 1+ = (B)\ QA) R

where Ex =E,—(1/e)Viep , V= Vpeép ,

e
€p = UFD [1 — ;(B,\ : Q,\)}

and Q) = AhQ% IS the Berry curvature
P
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BSU  Hydrodynamics from CKT

A TS m—— At wCw— < ams

¥ Lorentz covariant formulation of CKT:

[Hidaka, Pu, Yang, Phys. Rev. D 95, 091901 (2017); Phys. Rev. D 97, 016004 (2018)]

LS e e 6(p*)p - C + )\heﬁ’“”C'up,,c?’(pQ)

where D" = 9/0z" —eFH 0 /0p”
St = Zet*Pp.ug/(p-u) 1S the spin tensor
C# 1s the collision operator

¥ Quasi-classical solution:

WH(p,z) = p"6(p*) f + ArS*6(p*) (D, f — Cy) + AheF"p, ' (p°) f

\ J \ J
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ASU Approximations

¥ Relaxation time approximation:
UM(WM JE Wela)

X
Note, the Wigner functiolW Is expressed In

terms of distribution function, e.g.,

1
feq(pvx) 0 1 _I_ esign(p())(&fp—ﬂ)\)/T

D, WH =

ANp-w
LR

where uy = u+ Aus 5 Ui
\ Y 4 Y
0(1) o( )

and w" = e *Pu,d,ug 1S the vorticity
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ESU Constitutive relations

SN L ST BT N vv AN | EER.AY M. “ A m——

¥ Conserved currents in CKT are momenf.wlaf

d*p
9 I
=23 | W
d4p
P I
Js 25 A/(QW)ZSW

A
1% d4 174
T+ :Z (W“’p + pt W)

(2m)3
However, when usrng the CKT equation, we ge
: 1
Ouj" = —=(n = neg)
OuJt + EXY5 —l(nr — N5 eq)
R 2%2712 R i
pv pv s u’ ! 2 %
\ 8T —eF ]Vl:\—T(E—Eeq—I—...)—;(h —heq—l-...)l
good bad
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FSU Constitutive relations

SN AT BT S e z

¥ Conserved currents |n CKT are momenw/ef

./L ey

A
j§=2ZA

Z/

However, when usmg the CKT equation, we ge
8“.].” Tyt

p” + p'W")

6 constraints, defining

Ot + 3 2hQE“B o ! local equilibrium
S parameterd, 4, ts,
O, T HY = e R g =)
\ Y J \ Y J
good bad
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FSU  1Storder dissipative hydro

— W ST e A BT

¥ Dissipative terms (first-order):

i5 .
vt =vt 4+ =V¥n — 7i"n + og E*

S Y
B
Hacsity i, i . 5
Vg = Vg oq T §V“n5 Nl A YR Ve o Shy
T€
LT O A,ul/ aa B
718 = — u
15 aﬁ( )
where
2 2 Ay 85
RS 63(,“ py) + 7T
RN Om2hs
PR 200105
& 32 h3
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Fsu  2"%order hydro (neutral)

¥ At thls order, the constitutive relations are
differential equations,

[Gorbar, Rybalka, Shovkovy, Phys. Rev. D 95, 096010 (2017)]

: = e ; 1 { ; 9
l/<y> S : 2 1 —utn + §V“n = 2 _'j p A;lb()/’][/w o I//)a)/)“ L (C) : u)l/'u ¥y 5(8<HU/}>)1/[} R INT
- () l/; X U;Sl €q N I l 7S w Ap W { 2 7))
SRR = —if'ns + §V"115 ST PA’ 0n,, — vs ,o — (0 - u)Us —g(afu/ PN
e lO ) 4 8
) 4 = —2hWpY) + 2Jr,<f vip Jz,<’ 0o = — g O,u* + — (O%u e + . . .
T g 3 15

¥ Causality iIs Ok
¥ Stabllity Is (probably) Ok
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FSU Collective modes: neutral plasma

WS T SN SN

¥ Sound waves

k. : v

$heuue —|—§h@n5’ qkz —ZTkz
V3R €eq 15

¥ Chiral vortical waves

1 1
Q = hov k, — gfm@g, Q = hovsk; — gmcg

where! . #! ¢ (along/againstdirection)

¥ Osclllations of all thermodynamic parameters
are important:

& #(, & #(, & #(, &+ #(

[Gorbar Rybalka, Shovkovy Phys Rev. D 95, 096010 (2017
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CVW velocities @ high

[Gorbar, Rybalka, Shovkovy, Phys. Rev. D 95, 096010 (2017
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CVW velocities @ largel

LU=const.

[Gorbar, Rybalka, Shovkovy, Phys. Rev. D 95, 096010 (2017
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Credits: Borisenko et al., Phys. Réett. 113, 027603 (2014)

DIRAC & WEYL MATERIALS
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Dirac vs. Weyl materials
¥ Low-energy Hamiltonian of a Dirac/Weyl

material @ ®
T - l ||!
H:ld%!@lvF(! p)!.w
Dirac (e.g., NaBi, CdAs,, ZrTe) Weyl (e.g.,TaAs NbAs, TaP, NbP,WTe)
P, T 2% N BT
L S o
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Strain iIn Weylmaterials

¥ Strains in the low-energy effective Weyl Hamiltonian
I |

=" d%f% iVF(! p)l (b+A5);/5 (b +A ) 015%

where the chiral gauge fields are

[Zubkov, Annals Phys360, 655 (201%]
[Cortijo, Ferreiros, Landsteiner, VozmediaiirL 115 177202 (2015)

11 ]

A5 . ' D b‘ Y [Pikulin, Chen, FranZ2RX 6, 041021 (2016)]

’ P [Grushin, Venderbos,Vishwanatihan, PRX 6, 041046 (2016)]

A5 | b|" u [Cortijo, Kharzeev, Landsteiner, VozmediaftiRB 94, 241405 (2016)]
# | #

Ayt br"ll Y +!Si5"iui >

Ieadlng to the pseudo EM fields
B =1" A5 and E #'AO#$A5

5
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Current and chiral anomaly

¥ The definitions of density and current are

They satisfy the following anomalous relations;:
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Consistent definition of current

¥ Additional Bardeen-Zumino term

IS heeded,

¥ |.€. y [Gorbar, Miransky, Shovkovy, Sukhach®RL 118 127601 (2017)]

¥ Its role and implications:

b Electric charge is conserved locally |

¢ $ %

b Anomalous Hall effect is reproduced

P CME vanishes in equilibrium& $ ()*
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Hydrodynamics in Weyl metals

The Euler equation

The energy conservation

plus the Maxwell equations that include thieern
Simons (Bardeen-Zumino) terms, I.e.,

[Gorbar, Miransky, Shovkovy, Sukhach®RB97, 121105(R) (2018)]
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Rich spectrum of hydro modes

¥ Magneto-acoustic wavk"(# ):

¥ Gappedchiral magnetic wave (' # ):

¥ Helicons($# ):

¥ New anomalous Hall waveslat$ # etc.
[Gorbar, Miransky, Shovkovy, Sukhachov, arXiv:1802.1011C
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Summary

¥ Lorentz covariant form of consistent chiral kinetic
(CKT) theory Is formulated for (pseudcelativistic
plasmas

¥ Topological terms play a critical role in Dirac and
Weyl (semi)metals

¥ Dissipative chiral hydrodynamics is derived from
CKT

¥ Anomalous terms also affect dissipative dynamic

¥ Hydrodynamic modes in (psewjieelativistic
plasmas with vorticity/magnetic field are studied
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