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1. Review: hydrodynamics & holography

Famous result: low shear viscosity over entropy density
[Policastro, Son, Starinets; JHEP (2002)]

f]’} 1 [RHIC measurement; (2004)]

KSS “bound”: [Kovtun, Son, Starinets PRL (2005)]

Shear viscosity measures Y s . Ouy
transverse momentum transport: t+, Ox
4
A
A .
fluid
velocity
Uy
>
X

Kubo formula derived from hydrodynamics:

( ] _ from constitutive relation:

n=lim — [ dtda e ([T,,(x), Ty (0)]) (Toy) ~ 12y
w—0 2w |

~ n(Vyuy, + Vyuy)
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1. Review: hydrodynamics & holography

Famous result: low shear viscosity over entropy density y t AA%
n 1 [Policastro, Son, Starinets; JHEP (2002)] A Ax
- — 4_ [RHIC measurement; (2004)] +
S n KSS “bound”: [Kovtun, Son, Starinets PRL (2005)] ]Zglljcity
Kubo formula derived from hydrodynamics: ty
1 >
. I X
n = 1111%) — [ dtdx e ([T, (x), T,,(0)])
w— 9, ' '
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1. Review: hydrodynamics & holography

’
Famous result: low shear viscosity over entropy density |y t AA%
n 1 [Policastro, Son, Starinets; JHEP (2002)] A Aw
- — 4_ [RHIC measurement; (2004)] +
S n KSS “bound”: [Kovtun, Son, Starinets PRL (2005)] ]Zgllgcity
Kubo formula derived from hydrodynamics: ty
>
. 1 J+ Jawt ! X
n=lim —— [dtdee ([T5,(x), Tpy(0)])
w—0 ZW

Holographic calculation:
- 1

3 35 ]
S = /(111/(14.1' —q (R—2A) + 2/(14.1' VvV —hK

2K%,

. . = 2
» _ (nTR)’ 2 2 2 2 R 2 2 102 m 23
” - - ' . I A Z d d - = —
ds7y . (—f(u)dt® + dz” + dy” + dz°) + T2 f () u” + R°dS); — S 5 N*T
f(u) =1—-wu* black brane metric entropy density

Holographic correlation function: [son, Starinets: JHEP (2002)]

N=T* ..
T (z 2w + qz) — n = gNQT?’

shear viscosity

G;Iry,;ry (“) ) q) —
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1. Review: hydrodynamics & holography

e

Famous result: low shear viscosity over entropy density y t AA%
n 1 [Policastro, Son, Starinets; JHEP (2002)] A Aw
- — 4_ [RHIC measurement; (2004)] +
S n KSS “bound”: [Kovtun, Son, Starinets PRL (2005)] ]Zglljcity
Kubo formula derived from hvdrodvnamics: Uy
>
X

dt dx e ([T, (x), Tyy(0)])

7 RP -
S = /(111/([4(1' g(R—2A) + ‘2/(14.1‘ V—hK

Qh'%o

. . = 2
2 (7"TR)2 Y 2 , ) 2 R? 2 2 192 _ 7T_ 23
dsio = ) (—f()dt” + dff + dy” + d=) + 4u"~’f(tt)du TS 8= 2 T
f(u) =1-u* black brghe metric entropy density

Holographic corrflation function: /son, Starinets; JHEP (2002)]

N?T*
(*z.'. 2w + q2) = N = gNQT?’

shear viscosity
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2. Chiral magnetic hydrodynamics - Motivation

Chiral magnetic effect
- heavy ion collisions (HICs)

(
g Au + Au 200 GeV
r I h - h' 39 GeV
<4 19.6 Gc:;v
e ¢ 7.7 <
< 3 . 9
Il 2,
o2 ‘ : g ’
< ! . | ¢ ‘:;’
' I S
= : H
| AMPT (200 GeV)
60 50 40 30 20 10 0
% Most Central

Beam Energy Scan;
Isobaric collisions: Zr / Ru
[RHIC STAR Collaboration; PoS (2018)]

[Fukushima, Kharzeev, Warringa; PRD (2008)]
[Son,Surowka; PRL (2009)]

also cond-mat and plasma physics

see Koenraad Schalm’s talk

Matthias Kaminski

Most vortical fluid in HICs
- Lambda hyperon polarization
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[RHIC STAR Collaboration; Nature (2017)]

TR

A Vvorticity

[Erdmenger, Haack, Kaminski, Yarom; JHEP (2008)]

[Banerjee et al.; JHEP (2011)]
[Landsteiner] [Son,Surowka; PRL (2009)]
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Deriving chiral magnetic hydrodynamics

Consider a quantum field theory with a chiral anomaly, in a charged

thermal plasma state, subjected to a strong external magnetic field
Hydro poles / eigenmodes, and QNMs: [Ammon, Kaminski et al.; JHEP (2017)]

Range of validity By~ O(1) By < T¢
W, k < TQ

e equilibrium generating functional

[Jensen, Kaminski, Kovtun, Meyer, Ritz, Yarom; PRL (2012)]
[Kovtun; JHEP (2016)]

e equilibrium constitutive equations
[Kovtun; JHEP (2016)]

W, = /dJ‘:r\/—g (p(T, 1, B?) + Z M, (T, jt, B*)s, + 0(82))

n=1

| 4
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Deriving chiral magnetic hydrodynamics

Consider a quantum field theory with a chiral anomaly, in a charged

thermal plasma state, subjected to a strong external magnetic field
Hydro poles / eigenmodes, and QNMs: [Ammon, Kaminski et al.; JHEP (2017)]

Range of validity By~ O(1) By < T¢
W, k < TQ

e equilibrium generating functional w. = [dey=g (M 0 B) 4 S Mo(T B + o<a2)>
[Jensen, Kaminski, Kovtun, Meyer, Ritz, Yarom; PRL (2012)]
[Kovtun; JHEP (2016)]

e equilibrium constitutive equations
[Kovtun; JHEP (2016)] B

n=1

e add time-dependent hydrodynamic terms
[Kovtun, Hernandez; JHEP (2017)] —> Kubo formulae

e constrain through Onsager relations
and Gipugs (@, K5 X) = NN G s 1 (w, =k —X)

Pp¥Pa
entropy current
Vst >0

Example relation for bulk viscosities:

3C2 —6m —2m2 =0
* thermodynamic frame
* consistent current
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Kubo formulae I -1+ B

Parallel conductivity

‘ | arallel

p
LTm G = gz (w, k=0) = o+ L

| perpendicular

current
Perpendicular resistivity 4 B
Wol\Wwo — ]\[r' 32
élm ijjm(w,kz()) — w2p_L ( B4 Dl 0)
) current g
> X

Magneto-vortical susceptibility

1 .
—IIII G"]’t;l*’[‘y: (UJ = 0, k: A) p— —BO 17\_['.-3

. (J*J7)(w, k = 0) ~ 0

Wg ~ Mg B -
(JETE)(w, k= 0) ~ py

i non-equilibrium parallel conductivity /
perpendicular resistivity
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Kubo formulae II

(Perpendicular) Hall resistivity

,. — M B2
1Im Gz gy (w, k=0) = "o wgﬁj_ wo(wo O )Sign(Bo)
By B
ZA
Chiral magnetic conductivity [ " / Yy
1 1 : » X
—hm—Jny w=0k)+=C

g = lim — (J7J)( )+ 30k
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Kubo formulae II

(Perpendicular) Hall resistivity

| = \[ B?
1Im Gz gy (w, k=0) = o wgﬁj_ wo(wo O 0) sign(Bo)
Chiral magnetic conductivity [ i
1 1
—hm—Jny w=0k)+ =C
&g = lim —(J7J¥)( )+ 30k

i non-equilibrium
parity-odd transport

(J* T (w, k =10) ~ 5w ﬁﬁLJr...
(JET)(w = 0,k) ~ —ik &g
—~—~

Cu anomaly type
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Kubo formulae III N

Yl tvor
Shear viscosity perpendicular 4y
uid
1 jz:zelocity

» X
Shear viscosity parallel
~Im Gres12= (w, k=0) =y + (€8c15 — c10€17)p1L — (CaC17 + cr0C15)pL

perpendicular Hall resistivity
resistivity

t, B
s 22N

A

‘N

Holographic model values must satisfy:

fluid

= constraints velocity
= consistency checks

> X

|
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3. Holographic setup
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Action and background

Einstein-Maxwell-Chern-Simons action
chiral anomaly

Sorav = —5 / d°x \/—q (RI 13 lanan> —1/ ANFAF

1 : 3 L. .. L )
Shay = — aMd% V=3 (K - =+ 7R@) + g (%) F,, F* )

Magnetic black branes /D’Hoker, Kraus; JHEP (2009)]

e charged magnetic analog of RN black brane
e Asymptotically AdSS
® zero entropy density at vanishing temperature

ds® = 1 [(—u(o) + c(0)? ’lU(Q)Q) dt? —2dt do+ 2 (o) w(o)?® dz dt

2
o
—I—U(g)2 ((1;172 - dyg) — w(g)2 (1,22] :
F = Al(o)doNdt + Bdx ANdy + P'(p)do Adz .

charge magnetic
field
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Correlators from infalling fluctuations

see Richard Davison’s talk
Problem: fluctuation equations are coupled (dual to operator mixing in QFT)

Numerical methods
e matrix method and shooting technique
[Kaminski, Landsteiner, Mas, Shock, Tarrio; JHEP (2010)]

G (k) = —21lim F(k, €)

e—0
—> frequency and momentum
find independent solutions to coupled systems (pure gauge solutions)

* one-point functions technique and spectral methods
[Ammon, Grieninger, Hernandez, Kaminski, Koirala, Leiber, Wu; to appear]

0(Op)
Yoy

(04 O0p) ~

—> analytic relations

find independent solutions to coupled systems (no pure gauge solutions)
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4. Results

|
Matthias Kaminski

‘iminary

y:Z/Js.IT.ouooz 4 oW

o

02

-03F

MJ(T 0

04

Q% °

-0 6}

. eeaa,
."-

. .- .o .0...... \ l ..

Chiral transport in strong magnetic fields from hydrodynamics & holography

0001 oo 0100

1

-

10 o 1000

Page 16



Thermodynamic transport

V=2/\/_3_, [l @ 05 @ 2. & 4. @ 10.

0.0 ' ' 1
-0.1f ’.. Magneto-vortical
. susceptibility
-0.2F * 1 A
' - FIIII G"]’t.r’]‘y: (L'.U = 0, lﬁ; A) — ‘_BO A[:S
;’_i —0.3: ®
> | . Weg ~ Mg B - ()
= n
_04: .o
° s ®e o oo oo..."‘... ..
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Hydrodynamic transport

y=2{/3,p: @ O.
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More transport coefficients

n perpendicular shear viscosity
| | parallel shear viscosity
| N perpendicular Hall viscosity |
| i parallel Hall viscosity
( bulk viscosity
' Co bulk viscosity
' m bulk viscosity
| 12 | bulk viscosity I
T perpendicular conductivity
| ol parallel conductivity
a Hall conductivity

Matthias Kaminski

Chiral transport in strong magnetic fields from hydrodynamics & holography

Page 19



Analytic result from one-point function technique

4 Ouy
. . . Y| row
Kubo formula: perpendicular shear viscosity A‘i
fluid
1 velocity
JIIH GT;E'yT;vy ((,d’ k:O) — 7]_1_ Uy

X

Analytic result:

BO®
1

n1 = lim —Im Greypey (w, k=0) = v(1)* w(1)

w—0 W

s =4mrv(1)?w(1)

nL 1

S 477
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Discussion - Summary

e derived hydrodynamic transport coefficients & Kubo relations for QFT
with chiral anomaly, in a charged thermal plasma state, within strong
external B

e proof of existence within holographic model (EMCS)

e transport coefficients are nonzero and show non-trivial dependence on

B, anomaly coetficient C, and chemical potential
[Ammon, Grieninger, Hernandez, Kaminski, Koirala, Leiber, Wu; to appear]

* novel transport effects arise (e.g. perpendicular/parallel, unidentified)

e order zero CME (and CVE) [Ammon, Kaminski et al.; JHEP (2017)]
[Ammon, Leiber, Macedo; JHEP (2016)]

e more motivation for strong B model: universal magneto response
[Endrodi, Kaminski, Schdfer, Wu, Yaffe; arXiv:1806.09632]
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Discussion - Outlook

= correlations far from equilibrium at high density

and magnetic field with chiral anomaly
[Cartwright, Kaminski; to appear| see my talk at HoloQuark2018

= non-relativistic hydrodynamics & QNMs
[Garbiso, Kaminski; to appear]

[Davison, Grozdanov, Janiszewski, Kaminski; JHEP (2016)]
[Janiszewskt, Karch; PRL (2013)]

= dynamical electromagnetic fields -
magnetohydrodynamics [Kovtun, Hernandez; JHEP (2017)]

= comparison to experimental data
( [Endrodi, Kaminski, Schdéifer, Wu, Yaffe; arXiv:1806.09632] )
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APPENDIX
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Charge, parity, time reversal

quantity C|\PI|T

t + |+ | -

z' +] -]+

r + |+ | +

T, h, T + | + | +

pa,Ag, Jt +1 - | +

A;, Jt + |+ -

A, + | - -

ul, he;, TH | -] -

hij, T4 4+ 4+ |+

B 4+ - | -

Er + [+ ]+

dxt Ndx¥ ANdxP Ndx? Ndx® | + | - | -

fAAFAF 4+ 4+ |+
i
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Example: hydrodynamic correlators in 2+1

Simple (non-chiral) example in 2+1 dims:
I =nut+ o [E”’ — T A*Y0, (%)} AP = g" + yHu¥

ut = (1,0,0)
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Example: hydrodynamic correlators in 2+1

Simple (non-chiral) example in 2+1 dims:

j =t + o | EF —TAS, (5] A= g 1 iy
sources Ay, A, ox e Witk ut = (1,0,0)
fluctuations n=n(tx,y) e “TH* (fix Tand w)
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Example: hydrodynamic correlators in 2+1

Simple (non-chiral) example in 2+1 dims:

j =t + o | EF —TAS, (5] A= g 1 iy
sources Ay, A, ox e Witk ut = (1,0,0)
fluctuations n=n(tx,y) e “TH* (fix Tand w)
on

susceptibility: x = &
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Example: hydrodynamic correlators in 2+1

Simple (non-chiral) example in 2+1 dims:

j,u — nut o |:E,UJ _ TAMVaV (%)} APV — gw/ + uPu?
sources Ay, A, ox e Witk ut = (1,0,0)
fluctuations n=n(tx,y) e “TH* (fix Tand w)
' i H= on
one point functlons.k \Y) susceptibility:  x — -
T _ RO
(1) = k) = i (oA + kA
WO
Ty = A, + kA
(77) =0
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Example: hydrodynamic correlators in 2+1

Simple (non-chiral) example in 2+1 dims:

j/«b — nut o {E,UJ _ TAMVaV (%)} APV — g;u/ + uPu?

sources Ay, A, ox e Witk ut = (1,0,0)

fluctuations n=n(tx,y) e Tk (fix Tand w)

one point functions V& = susceptibility:  x — on

w + ik? ~ Einstein relation:

. . 5(j" w?
—> two point functions (j*;%) = 5<i1 ) - iw@' gkg

—> hydrodynamic poles in spectral function
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Example: hydrodynamic correlators in 2+1

Simple (non-chiral) example in 2+1 dims:

j/«b — nut o {E,UJ _ TAMVaV (%)} APV — g;u/ + uPu?

sources Ay, A, ox e Witk ut = (1,0,0)

fluctuations n=n(tx,y) e Tk (fix Tand w)

one point functions V& = susceptibility:  x — on

w + ik? ~ Einstein relation:

. . 5(j" w?
—> two point functions (j*;%) = 5<i1 ) - iw@' gkg

—> hydrodynamic poles in spectral function

1
—> Kubo formulae o= lim —(;%j%)(w, k = 0)
w—0 W
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Constitutive equations
Generic decomposition: THY — Syl + PAFY 1 Qbyl 1 QVylt 1+ THY

T = Nut + JF
ExampleS: X = Xeq. + Xnon—eq. + Xanomalous

Eeq. = —p+Tpr+ppu+ (TMs T+ pMs , — 2Ms) B-Q
+ (TMy1 + pMyy +4B* My g2 + T* My g2 — M) s

+ (T'Map + pMay — M2) s2

4B? .
+ 1 (My — TMy 1 — pMyy — AB*My g2 — T*M; p2) s3
2
‘[l J .'"13‘”) S4 .

1B

(1 My + i \14“ + — T

Neq. — 1)’u - V-I) — I)-(l — -}7).{2 — (A‘[].u L T4A[4BQ) s n ;\[2#.;2
+ (M3 +TMyr + tMyy + 4B* My o) 83+ Ms 85

ut(&r Q7 + &rp BY) + v (§r O + Erp BY) |

Anomalous parts: AT*

AJE = 3CB-Aut + £ + (g — 2Cu) B + 3Ce™P? A u, E,
E=2C1 +e1T? + 20T, &p=Cp+ 2T,
€ 15('[[3 4 )CIT-II 4+ )C)T:“ {TB = %(v’uZ -1 C1T2 + QCQT,U. .
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Universal magnetoresponse in QCD ...
[Endrddi, Kaminski, Schdifer, Wu, Yaffe; arXiv:1806.09632]

1.5 | | | |
- 1
L
0.5 | ’ -
0| |
0.5 B=0.0 GeV2 | 1
1+ B=0.1GeV?2 =+ -
B=0.2 GeV?
15 B=0.3 GeV? .
Pyt B=0.4 GeV? o
B=0.5GeV2 o
25 | B=0.6 GeV? —=a—i
B=0.7 GeV?2 &
-3 | | |
0.1 0.15 0.2 0.25 0.3

T (GeV)

Lattice QCD with 2+1 flavors, dynamical quarks, physical masses

L aFQCD Fqcp ... free energy
transverse pressure:  PT = — V 0 LT LT ... transverse system size
L1, 0Fqcp Ly, ... longitudinal system size
longitudinal pressure: = —
J P L V0L, V' ... system volume
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Universal magnetoresponse in QCD ...
[Endrddi, Kaminski, Schdifer, Wu, Yaffe; arXiv:1806.09632]

1.5 || I | | 1.5 | 1 I | 1 | | I
T
Tr LT e 1 e
0.5 |- - 0.5 1
0+ - 0 i
_ i - " -
L B=0.0 GeV2 a 05
E -} B=0.1GeV2 + + I B=0.1GeV? + + ' -
B=0.2 GeV? B=0.2 GeV?
1.5 |- B=0.3 GeV? . -1.5 B=0.3 GeV? I
2 b B=0.4 GeV2 o _ 5 B=0.4 GeV2 o
i B=0.5 GeV2 & i B=0.5 GeV2 &
25 | B=0.6 GeV? —=a— 25 B=0.6 GeV?2 —a—i -
B=0.7 GeV? —*— B=0.7 GeV? —*—
-3 | | | -3 | | ] | 1 | | 1
0.1 0.15 0.2 0.25 0.3 01 02 03 04 05 06 07 08 09 1
T (GeV) T/ sqrt(B)
Lattice QCD with 2+1 flavors, dynamical quarks, physical masses
) )
L aFQCD FQcp ... free energy
transverse pressure: pPT = — V 0Ly L ... transverse system size
L1, O FQCD LL ... longitudinal system size
longitudinal pressure: = —
J P L V0L, V' ... system volume
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... and N=4 Super-Yang-Mills theory

[Endrddi, Kaminski, Schdfer, Wu, Yaffe; arXiv:1806.09632]

I I I I I I | .
1 | conformaleven here?  ___ OV OTal Tepime
: 7 J ».L__..g—— 1L
0.5 , _
a ok lattice QCD, B = 0.1 GeV?2 +——+— _
= 0.2 GeV?
Q. i 0.3 GeV?
0.5 - ) 0.4 GeV? 1 -
0.5 GeV?
ER SR | 0.6 GeV2 —o—i _
i 0.7 GeV2 —o—
i‘ I I I I j\lf= 4 SIYM I

01 02 03 04 05 06 07 08 0.9 1
T/VB
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Zeroth order CME (B ~ O(1)

-thermodynamic chiral currents

[Ammon, Kaminski et al.; JHEP (2017)]
[Ammon, Leiber, Macedo; JHEP (2016)]

B

(T°%) = &) B (J%) = ¢¥B

axial
current

heat
current
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Previous work: polarized matter at strong B

Generating functionals W~P (pressure) for thermodynamics ‘B ~ O( 1)‘

(i) No anomaly: [Kovtun; JHEP (2016)]
TH = Pg" + (T's + pp)utu” + Tk

' . TEy = MF®gogFPY + utu®™ ( Mg FPY — FogMPY
7o = pu® — VM B = Mgos %+ (Mop P — i)

bound current [Israel; Gen.Rel.Grav. (1978)]
(Polarization tensor: Including vorticity:
OP W~M,B-w
M pr = Puly — PrUy — Euupo'up m? MHY =2 I [Kovtun, Hernandez; JHEP (2017)]
uv
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Previous work: polarized matter at strong B

Generating functionals W~P (pressure) for thermodynamics ‘B ~ O 1)‘

(i) No anomaly: [Kovtun; JHEP (2016)]
TH = Pg" + (T's + pp)uru” + Thy,

Thy = MM gagFP" + uu® (Mg FP — FopMP
Ja _ pua . v/\ ]w’)\a EM Gap ( af aff )

bound current [Israel; Gen.Rel.Grav. (1978)]
(Polarization tensor: Including vorticity:
OP W~M,B-w
M pv = Puly — Prly — Epupoupma MM =2 OF [Kovtun, Hernandez; JHEP (2017)]
J18%

(ii) With anomaly: [Jensen, Loganayagam, Yarom; JHEP (2014)]

c opportunity: single framework allows for polarization,
magnetization, external vorticity, E, B, and chiral anomaly

= opportunity: dynamical E and B; magnetohydrodynamics
[Kovtun, Hernandez; JHEP (2017)]

= opportunity: study equilibrium and near-equilibrium transport
[Ammon, Grieninger, Kaminski, Koirala, Leiber, Wu; to appear]|
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https://arxiv.org/abs/1703.08757
https://arxiv.org/abs/1703.08757

Holographic result: thermodynamics
[Ammon, Kaminski et al.; JHEP (2017)]

Background solution: charged magnetic black branes
[D’Hoker, Kraus; JHEP (2009)]
[Ammon, Leiber, Macedo; JHEP (2016)]

* external magnetic field
e charged plasma
® anisotropic plasma
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Holographic result: thermodynamics
[Ammon, Kaminski et al.; JHEP (2017)]
Background solution: charged magnetic black branes
[D’Hoker, Kraus; JHEP (2009)]
[Ammon, Leiber, Macedo;, JHEP (2016)]

* external magnetic field
e charged plasma
® anisotropic plasma

6hermodynamics

( —3uy 0 0 —4 ¢y \ ( €0 0 0 5{9)3 \

' 0 Py— xppB* 0 0

Y 0 —BTZ — ug — 4wy 0 0 {Toer) = 0~ XBB + O(9)

<T"‘ > — 0 0 B2 0 0 0 PO _ ,\BBBQ 0

— T A \f{f”B 0 0 Py )
\ —4 Cyq 0 0 8 Wwy — Uy /
(J*Y = (p, 0, 0, p1) . (Jier) = (m0, 0, 0, €' B) + 0(9)

with near boundary expansion coefficients U4, W4, C4, P1

= agrees in form with strong B thermodynamics from EFT
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EFT result II: weak B hydrodynamics

. . [Ammon, Kaminski et al.; JHEP (2017)]
Weak B hydrodynamics - poles of 2-point [Abbasi et al.; PLB (2016)]

functions (' Taﬁ% (e Je), (J* Ta6>, (JHTY) [Kalaydzhyan, Murchikova; NPB (2016)]
spin 1 modes under SO(2) rotations around B

f,9 — —_— 1 ~‘2 77
W = Zk - n p() + 5o = 30/7?'0

cp =T1o(9s/0T)p

former momentum diffusion modes

ﬂ_ Matthias Kaminski Chiral transport in strong magnetic fields from hydrodynamics & holography Page 33


http://arxiv.org/abs/arXiv:1701.05565
https://arxiv.org/abs/1509.08878
https://arxiv.org/abs/1609.00024

EFT result II: weak B hydrodynamics

. . [Ammon, Kaminski et al.; JHEP (2017)]
Weak B hydrodynamics - poles of 2-point [Abbasi et al.; PLB (2016)]

functions (' TQB% (e Je), (J* Ta6>, (JHTY) [Kalaydzhyan, Murchikova; NPB (2016)]

spin 1 modes under SO(2) rotations around B

Bng 72 n K Bngés iB%c

—60 + P | eo + o (60 + P0)2 eo + P 50 = So /Mo
I - ¢p = Ty(0s/0T)p

W = 3

former momentum diffusion modes
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EFT result II: weak B hydrodynamics

. . [Ammon, Kaminski et al.; JHEP (2017)]
Weak B hydrodynamics - poles of 2-point [Abbasi et al.; PLB (2016)]

functions (' Taﬁ% (e Je), (J* Taﬁ% (JHTY) [Kalaydzhyan, Murchikova; NPB (2016)]

spin 1 modes under SO(2) rotations around B

Bng 2 7 iy Bngés iB%c
- il i
€0 + Fo €0 + Fo (e0 + Po)? €0+ Fo 50 = So/Mo
cp = To(0s/9T) p

W = 3

former momentum diffusion modes

spin 0 modes under SO(2) rotations around B

wo = Vg k — 1D, k? 4 O(d?’) former charge

diffusion mode

W4+ =— V4 k — ZF+ k? + 0(83)
‘ former
w_ =v_k—il_k*+ O(C)B) SOudnd
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EFT result II: weak B hydrodynamics

. . [Ammon, Kaminski et al.; JHEP (2017)]
Weak B hydrodynamics - poles of 2-point [Abbasi et al.; PLB (2016)]

functions (T# TP, (TH J), (JF TP, (JH J*) [Kalaydzhyan, Murchikova; NPB (2016)]

spin 1 modes under SO(2) rotations around B

Bnyg .79 n Bn0§3 iB?%o
w=7F ik -k
€o + po €0 + p() Seo -+ P0)2 €0 + Po S0 = So /Mo
former momentum diffusion modes cp =To(0s/0T)p

spin O modes under SO(2) rotations around B

wo = Vo k — 1D, k2 4 (’)((‘)3) former charge ® a chiral magnetic wave
diffusion mode [Kharzeev, Yee; PRD (2011)
: 2BTy ( ~
Wy = V4 k — ZF+ k2 + 0(83) vy = 5pn00 (C — 36‘53)
former w2 o
w_ =v_k—il_k*+ O(0°) sound Do = —2
e modes cprglo

= dispersion relations of hydrodynamic modes are
heavily modified by anomaly and B
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