%ARIZONA STATE
UNIVERSITY

Hydrodynamic modes in magnetized
chiral plasma with vorticity*

Igor Shovkovy
Arizona State University

<Y NORDITA

*Based mostly on [Rybalka, Gorbar, Shovkovy, arXiv:1807.07608]

Quantum Anomalies and Chiral Magnetic Phenomena

from 17 September 2018 to 12 October 2018 Nordita, Stockholm



CHIRAL MATER

October &, 2018 Quantum Anomalies and Chiral Magnetic Phenomena, Nordita, Stockholm, Sweden



FsU Chiral fermions

T BT N wn W

e Massless Dirac fermions:

L > p |
(VOPO—Y'P)‘P=0 = ‘ﬁp‘l’=81gn(po)y5‘l’
For particles (p,> 0): chirality = helicity

For antiparticles (p, < 0): chirality = - helicity

* Massive Dirac fermions 1n ultrarelativistic regime

- High temperature: I'>m

- High density: L >>m

P 1 S S T . i — - p—
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FSU  Anomalous chiral matter

* Matter made of chiral fermions may allow n; # ny

~om—

* Unlike the electric charge ng + n;, the chiral
charge ny - ny, 1s not conserved

n, +n, LV 720
ot

on,—-n, v =€2E‘B
ot > 2a%c

* The chiral anomaly can have macroscopic ettects
in chiral matter

PR S S EOD e i T R L NS
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FSU  Chiral forms of matter ( B

 Early Universe, c.g..

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

* Heavy-ion collisions, c.g..

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

* Super-dense matter in compact stars, e.c..

[Yamamoto, Phys.Rev. D93, 065017 (2016)]
e Ultra-relativistic jets from black holes

* Dirac/Weyl (semi-)metals, c.c..
[see talk by Pavlo Sukhachov]
« Superfluid 3He-A c.c.,

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

£ S BT N wx B R TAWTI prge— i — —aa—- s
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ANOMALOUS EFFECTS IN
HEAVY-ION COLLISIONS

[Miransky & Shovkovy, Phys. Rep. 576, 1 (2015)]
[Kharzeev, Liao, Voloshin, Wang, Prog. Part. Nucl. Phys. 88, 1 (2016)]
[Hattori & Huang, Nucl. Sci. Tech. 28, 26 (2017)]
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Fsi B and & in little Bangs

PSS S S e

» Rotating & magnetized QGP created at RHIC/LHC
Electromagnetic fields (Lienard-Wiechert potentials)

R,n R,v
eE(t,r) = E :Z Vn)3(1 — ;)
—Rnp-vnp
¢’ Vn X Ry A

[Rafelski & Miiller, PRL, 36, 517 (1976)], [Kharzeev et al., arXiv:0711.0950], [Skokov et al., arXiv:0907.1396],
[ Voronyuk et al., arXiv:1103.4239], [Bzdak &. Skokov, arXiv:1111.1949], [Deng & Huang, arXiv:1201.5108]

« Magnetic field estimate:
B~ 10" to 10" G (~ 100 MeV)
* Vorticity estimate:
w~10%1s71 (~ 10 MeV)

£ S BT N ws & BT prg— i - pre—"
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ESU Effect of magnetic field

P

* Dirac equation with massless fermions

[iy°d,~i7(V+ieA)|Ww=0 EA(p

<

|
I

I

il
A

\

* Energy spectrum

P3
cypi
§ = :% (spin)
where 1
R S g §
“ Y, ; §
— —_—

k=0, 12 (orbltal)

|

o0
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FSU  Chiral Magnetic Effect (us#0)

A R T

Topological fluctuations could  #1 L-handed It R-handed
induce transient state with a E,.(p3)

nonzero chiral charge (Us70) o IR
Spin polarized LLL (s=| for

particles of a negative charge): ‘ {i
* R-handed states p;<0 give {;

current in +z direction

A

* L-handed holes p;<0 give
current in +z direction too!

. e°B
CME current: < ]> = = Us

[Fukushima, Kharzeev, Warringa, Phys. Rev. D 78, 074033 (2008)]

I

PR S S T .
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AU CME:

Expenmental evidence

T BT N A W

-3
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(cos(e,, + P - 20D ! Vol2} ¥
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(cos(goﬁ

Correlations of same & opposite charge particles:

[Abelev et al. (STAR), PRL 103, 251601 (2009)]
[Abelev et al. (STAR), PRC 81, 054908 (2010)]
[Abelev et al. (ALICE), PRL 110, 012301 (2013)]
[Adamczyk et al. (STAR), PRC 88, 064911 (2013)]

(cos(¢g + @ —

+ ¢ — 2Wgkp))
2Wgp))

Large background effects!

70

[Belmont&Nagle PRC 96 024901 (2017)] [ALICE Collaboratlon Phys. Lett. B777 151 (2018)]

e BT e LTI
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FSU  Chiral Separation Effect (u£0)

Spin polarized LLL (s=| for 1 L-handed It R-handed
particles of a negative charge): E,(p3)

_——

—

4
“i“‘!
i-

* R-handed states p;<0

* L-handed states p;>0

i

This gives rise to a nonzero
axial current density (CSE):

—

(7)== i

27 [Vilenkin, Phys. Rev. D 22 (1980) 3067]

[Metlitski & Zhitnitsky, Phys. Rev. D 72, 045011 (2005)]
[Newman & Son, Phys. Rev. D 73 (2006) 045006 ]

Note that the latter can be also interpreted as a spin density:
e — 1
<J5> — <¢TZ¢>, where YF = — %,’Ym]

kim
¢ |

i BT T - T T LS4
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FSU - Chiral Magnetic Wave

A T N W = -

* Nonzero charge density @ B#0 - CMW

[Gorbar, Miransky, Shovkovy, Phys. Rev. D 83, 085003 (2011)]

* Back-to-back electric currents, or quadrupole charge correla-
tions (1.€., difference in elliptic flows of in ™ and 7)

dN.
d¢

~ N.[1+ 2v,cos(2¢) F A.rcos(2¢)]

where A 1s the charge asymmetry
B . [Burnier, Kharzeev, I:iao, Yee, Phys. Rev. Lett. 107 (2011) 052303 ]

I
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% CMW Expenmental eV1dence

T BT T A W

N 0.004

i _ R = " Intercept = 0 00013 + 0. 00007 7

| r=3.1985 +0.2903 } Iz - Slops - 0,035 £ 0,003 | 1

~ - SO J2ndf = 1.30/8 - ‘

® 01 i 0.002 .
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E | ¥ t | - :
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Ach Corrected A

[Ke (for STAR) J. Phys. Conf. Series 389, 012035 (2012)]
[Adamczyk et al. (STAR), Phys. Rev. Lett. 114, 252302 (2015)]
[Adam et al. (ALICE), Phys. Rev. C 93, 044903 (2016)]

Higher harmonics of particle correlations are problematic. ..

Background effects may dominate over the signal!

_ ) [CMS Collaboratlon aerv 1708 08901]
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FSU ~ Elephant in the room

.+ What ab0utﬂmd flow and PARTS OF THE ELEPHANT
. . IN THE ROOM
dynamical electromagnetism? ot e

reluctance

 CMW: fluctuations of u will

. diversion
avoidance

induce electromagnetic fields!

silence

awkwardness

* Damping rates of plasma flow

frunk

and electromagnetic fields, 1.e., U —————

z:vl ( B)Z IEM 52 g [L1, Yee ( )]

e When 1z < 7,y (6., B < € + p), dynamical electro-

magnetism 1s essential

T T N s oA W T . i — v roaw PP — -

October 8, 2018 Quantum Anomalies and Chiral Magnetic Phenomena, Nordita, Stockholm, Sweden 14



CHIRAL HYDRODYNAMICS
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FSU Chiral hydrodynamics

P

— z ~om—

® Contlnulty equatlons [Son, Surowka, Phys. Rev. Lett. 103, 191601 (2009)]
[Neiman and Oz, JHEP 03, 023 (2011)]
. M L
dy g =10

2
8#1? 27T62h2 EMBM

0,TH = eF*" 4,
together with the constitutive relations:
i = nut 4+ ¥
jr = nsut + vE
T = eulu” — A*Y P + (hH*u” + uPh”) + mH"

- ¥.4 z I

PR S S L TP
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FSU  Anomalous contributions

* Currents included new non-dissipative terms:

" = nu" + o ,w" + o B”

- 5 5
j& = nsut + ol wh + oy BY

where the anomalous coetficients are

s e
Y p2p2’ BT or2p2
5 3t ps) + T 5 ep

Ow 6722 9B T 5oop2

PR S S S e

T ¥R - ¥.4 I
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ESU ~ Conceptual question

T BT N wn

I E— - ~om—

* Can one derive chiral hydrodynamics from
first principles?

» Chiral kinetic theory (CKT) 1s a good starting
point

» CKT 1tself can be derived from field theory

» Flashback: original (semi-rigorous) versions of
CKT had several drawbacks, e.g.,

— No explicit Lorentz covariance

— Collisions are tricky (side-jumps, non-locality,...)

FEERR L e T — i — e

T o = Gt i
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ESU - Chiral kinetic theory

e T T

~om—

. . . [Son and Yamamoto, Phys. Rev. D 87, 085016 (2013)]
o Klnetlc equatlon. [Stephanov and Yin, Phys. Rev. Lett. 109, 162001 (2012)]

8f)\ [GE)\—I—%(VXB)\)—F%(E)\'B)\)Q)\} 'foA
ot " 1+ £(B5 - 2y)
[v +e(Ex x Q) + £(v - QA)BA} - Viefa

1+ (B - Q)

- — 0

where Eyx =E\—(1/e)Vep , V= Vpep,

e
€p = UFD [1 — E(B,\ : QA)}

and Q) = Ahz% 1s the Berry curvature

T T N ws A BRI

October 8, 2018
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FSU Hydrodynamics from CKT

 Lorentz covariant formulation of CKT:

[Hidaka, Pu, Yang, Phys. Rev. D 95, 091901 (2017); Phys. Rev. D 97, 016004 (2018)]
See also [Carignano, Manuel, Torres-Rincon, arXiv:1806.01684]

D,WH(p,z) = S(p?)p - C + )\heF“VC“pV(S'(ﬁ)
where D* = 0/9x" —eF* 9 /0p”
St = et Ppoug/(p-u) 18 the spin tensor

C* 1s a collision operator

* (uasi-classical solution:

WH(p, ) = p*6(p°) f + AuS"6(p*) (D f — Cu) + AheF"p, &' (p°) f

\ \ J

o) olh)_

T BT T

October 8, 2018
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FSU  Approximations

* Relaxation-time approximation:
u, (WH — Wéfq)
T
with W/, expressed in terms of the equilibrium
distribution function,

D, WH =

1
fGQ(p7 :E) — 1 _|_esign(po)(€p—,u>\)/T
AN p - w
where py=p+Aus, €p =u,p" A &
\ J \ 2 p U /]
Y Y
O(1) O(h)

and w" = 3e"*Pu,0,up is vorticity

T T N s B W TOWTI EOD e in . T T . LS4
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Fsl Constitutive relations

A R T —

. Conserved currents in CKT are moments of WH.

d*p d4p
poo =257 ) e
aep VB2 | G

y d*p ) y
=3 [ G )
A

However, when using the CKT equation, we get

, 1
0" = —= (1 Tcq)
e’ 1
Oujs + 22 h2 EYB, = —;(n5 — M5.eq)
1% v - (U 1
\ 0, T" —eF“j,,l:\—T(e—eeq—l—---)—;(h“—hg‘q—i—
good bad

T T T EOD e i - T LS4
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Fsl Constitutive relations

A R T —

. Conserved currents 1n CKT are moments of Wk

d*p . d*p
B =2 W
(271_)3 W 9 .]5 ; / (27’(’)3

=3 [ GV W)
A

However, when using the CKT equation, we get

gt =0
2 6 constraints that define
Oujt + 5272 E'B,=0 — local equilibrium
parameters 1, u, s, u
0, TH — eFH j, = (
gpod good

WO e i - v T - ¥.4
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FSU  ]%-order dissipative hydro

* Dissipative terms (first-order):

g :
v = v+ 5 Vin —Ttafn + o E*

3
vh = Vgeq gv“’ns — Titng + o BH
8Te
pv AMV 0% p
4 15 Sasl?7W)
where

o = peSC F13) + T

Omr2h3

2/Lp45

5]
Op 7-637T2h3

FESSRE S e e i — —w-w Erp— ——
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FSU  2"d-order hydro (neutral)

~om—

» At this order, the constitutive relations are

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

l/<ﬂ> + l/ﬂ_—lqu — ._.l.l/'ln _|._ ivyn —_ n A/ll/apﬂ- - U a)p)“ - (8 . u)l/ﬂ - 2 (8<#ul)>)l/ +
r 3 e+ P S 5 S
U U

o Vs — Us _ | n 9 o)
l/;‘“') n 5 . Seq _ —it'ns + gvﬂn_ﬁ _ - _‘_SP A””apﬂpb — 1/5#0)/)“ —(0- ”)MSI — 5 (8«\%{/};)1/5’/, + ...

y /i L " 10 4

AW = = 2R 4 21 WV — 77151#01”"’ - izr””é)au” 15 (0% u)e + ...

T ; :

» Causality 1s Ok
 Stability 1s (probably) Ok

P 1 S S T . i — v roaw PPE —— = z
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COLLECTIVE MODES IN
NEUTRAL CHIRAL MATTER
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FSU  Hydro modes 1n neutral plasma

 Sound waves
k. 3, Nseq, 2

L ~ = 2
= &+ \/_ . —ha » k. T 1Tk
» Chiral vortical waves (CVW):
1 1

Q = hov k, — gz’ﬂcg, Q = hovok, — gmg
where v; # v, (along/against w direction)

 Oscillations of all thermodynamic parameters
are 1mportant in CVW:

ou + 0, dus # 0, 6T =0, Su* # 0

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

IR e WO e T
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FSU  CVW velocities @ high T

- o—

0.00

u=0.2u
u=0.15u

| T=const. ‘

0.00

0.02

0.04 006 0.08 0.10
ps/ T

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

£ S BT N ws & BT
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FSU  CVW velocities @ large p

—= T=02y o
O 8 —_— T=0.1g[.l “ ConSt. ””
] — T=0.1u - -
—_—— =
=== T=0.05y W
/é\ 0 6 - __——:::”,”,’,’
Q N ee=———-Z ST T et
S - - ”’ /’,,,
\ - ™ i
=) 04 = " 7
—_ ”ff 7
- - ,/’
-~
-
O 2 "” ,,/
. 7’
R
R
0.0 == -

0.00 0.05 0.10 0.15 0.20
Us/u

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

£ S BT N ws & BT prge— —
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FSU  Rotating charged g plasma

A BT e z ~om—

e Fluid Velomty

1

u =y 0 18
7 e _'::::TBlab
O " 'Z*’“_»,v'_' . ")_-

where y = 1//1 — (Q1)2

Vorticity: @# = ~e"®F 1, 8,115 = y2Q5

EM fields in lab frame: B, = vB7z
Eja, = —yBQr

[Rybalka Gorbar, Shovkovy, arXiv:1807. 07608]

A R RT . s 2 W WL e L T T . - ¥.4 I
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FSU Rotating charged plasma: equ111br1um

A R T

* Maxwell equations:

v T T Z
0, F"" = enut + ev ENbg Uy,

0, F"* = 0

where ny,, 18 the background

The solution 1is radially nonuniform:
1

. _ |
B(r) =~ (BO — §enbgﬂr2> ~ Bg — ienbgﬂrz + O (BOTQQZ)
ENeq (1) = S (enpg — 2Bo€)) ~ enpg — 2Bo2 + O (enbgTQQQ)

(This 1s consistent with u = yug, s = yusg, T = yTy.)

[Rybalka Gorbar, Shovkovy, arXiv:1807. 07608]

T . - ¥.4

IR e L TP

October 8, 2018 Quantum Anomalies and Chiral Magnetlc Phenomena Nordita, Stockholm, Sweden 31



ASU Linearized equations, etc.

. Small perturbatlons (2 = 0):
58(56) _ e—zkot+zkzz+im058(r)
503(33) _ e—ikot+ikzz—|—z’m95?}3 (7“)
5v:|: (ZL’) _ e—ik0t+ikzz—|—7j(m:|:1)95vi (T)
where
0s(r) =0sJy(kyr), for s=pu,us,T
6v2(r) = 6v’ Jp (ko r), for v° =u’, B° E°
vy (r) = 0vg Jpt1(kor), for vy =wuy, By, B4

» Boundary conditions: 6s(R) = 0, §v3(R) = 0

i
« Transverse wave vectors: k( ) = Ui/ R

[Rybalka Gorbar, Shovkovy, arXiv:1807. 07608]

IR e EOD e in T T . LS4 gt n
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COLLECTIVE MODES IN
HOT PLASMA

[Rybalka, Gorbar, Shovkovy, arXiv:1807.07608]

October 8, 2018 Quantum Anomalies and Chiral Magnetic Phenomena, Nordita, Stockholm, Sweden
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ASU ~ Hierarchy of scales

T T T AW

* Mean free path £1,¢, = c7, de Broglie wavelength £; =
n/T, and typical wavelengths of modes A;, = 27 /k:

Pq K Ly K Ak SR

* Magnetic length £z = \/h/|eB| (f4 <K g or |eB| K T?)
— Weak magnetic field: £5 = £y
— Moderately strong magnetic field: £5 < €15,

« Systemsize R < Q7!

o In this work (with auxiliary parameter & ~0.01)

“mf mf _ i _
Al ep = §2 §3/2 ~ % S kfmep S el r;_Bp ~ §-1/4 gldp ~ &1

T BT N s AT T . i — T P —— ——
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Sl Charged plasma at (0 = 0

T T N ~d W AT =am i » T " — — o> =

° Sound waves (T > ‘u) [Rybalka, Gorbar, Shovkovy, arXiv:1807.07608]

sk 2
]CQ \/g 15ZT

* Alfven waves (T > u):

where k= \/k2+ k% and s, = +1.

» There are also purely diffusive modes, e.g.,

62

_ 2
k'() = _Q?ZTT

descnblng the charge diffusion (i.e., O,E + eocgE ~ 0.

I

T T T T . LS4
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ASU - Charged plasma at {) # 0

A R T — z o> =

* Sound waves (T > u):

sk 2 . 2 5e? 1
S — O 2
Ko =BT g ™ (3 " 147r2h3k2>

* Alfven waves (T > u):

2
(+) 45B3K3  (Q 15eBip QO 15eByp
— . = +k, (= —
R = A sk \/ 72Tt \k | 14n?T2k k- 14n°T?k

with a small imaginary part (not shown)

Here S

6k

B.=B-— 2(m £ 1)(m = 2)+ ki R?]

[Rybalka, Gorbar, Shovkovy, arXiv:1807.07608]

PR S S EOD e T . LS4 gt n
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Sl Altven waves (T >> u)

A BT T ws WA

e Alfven waves with angular momentam = 0, +3, £6

0 5 10 15 20 25
hk,/T=10*

[Rybalka, Gorbar, Shovkovy, arXiv:1807.07608]

—— o —
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FSi Without dynamical fields

T T N ~d W AT =am i T " — — z o> =

* Sound wave and two chiral waves (T > u):

k2 2
ko = > - —mX) iTk? (sound)
V3 3 15
2k.Q) 1.
ko = mS) + s, 7 52k27 (CVW?)
3eBohk, 1
ko = mS) + s, ;TQOTQ 32/{27' (CMW?)

* There are more propagating (fewer diffusive) modes

« CVW & CMW appear only in nondynamical regime

[Rybalka Gorbar, Shovkovy, arXiv:1807. 07608]

IR e L TP i T . LS4 o on
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COLLECTIVE MODES IN
COLD PLASMA

[Rybalka, Gorbar, Shovkovy, arXiv:1807.07608]
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ASU Charged plasma at () = 0

A R T

— z ~om—

* Plasmon modes (u > T):

el eB  ie*TT? 12, 1.2
- S T
V/3mh3/2 20 18A3 10

k(()s) = Se

where Se = =1 and s = —1,0, 1.

* Helicon (u > T):

3m?eBkk,h®  3m?h3

. 14
ZZTk

62,u3 562,u

which are good propagating modes at moderately

Strong magnetlc ﬁelds [Rybalka, Gorbar, Shovkovy, arXiv:1807.07608]

I

PR S S EOD e in - T . LS4
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ASU Charged plasma at ) # 0

T S N AW —

* Plasmon modes (u>T):

k(()s) — 4 F | 8688 L. iTk?
\/§7ﬂi3/2 2,u 18h3 10

(not affected by (2 at linear order)
* Helicon (u > T):

I k2 m?Q02 974 (B, + B_)?k2k2hP
T e TR ) T T T 4P

which also has a small imaginary part (not shown)

[Rybalka Gorbar, Shovkovy, arXiv:1807. 07608]
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Psu Helicons (u > T)
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» Helicons with angular momenta m = 0, £2, +4:

/ Q

5 77

Ak, /Tx10*

* Note that the modes are gapless for allm < 0
[Rybalka, Gorbar, Shovkovy, arXiv:1807.07608]
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FSU  Nodynamical fields,Q # 0

P

* Sound modes instead of plasmons (u > T):

k2 2
ko = > - —1mf) iTk?

V3 3 15

(as expected when Gauss’s law 1s turned off)

» There 1s a helicon mode, but its spectrum 1s strongly
modified (u > T):

] 1
ko = mQ + ~SeB.kk. 12 — Zirth?
Y7 O

[Rybalka, Gorbar, Shovkovy, arXiv:1807.07608]
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FSsi Summary
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* Neutral chlral plasma has chiral vortical waves
— Speeds for opposite direction waves differ @ us # 0

« Equilibrium state of charged rotating plasma 1s radially
nonuniform

* Propagating (not overdamped) hydro modes in charged
rotating plasma are

— Sound and Alfven waves (@ high temperature

— Plasmons and helicons @ high density
* Dynamical electromagnetism plays a crucial role

 Many 1nterest1ng hydro modes 1n D1rac/Wey1 materials
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