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1. Holography primer
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Basic idea

(

Assume we have a hard
problem that is difficult to
solve in a given theory,
for example the
standard model

model

or effe.ctz:ve holography
description (gauge/ gravity
p correspondence)

(Hard) problem in Simple problem in a
“similar” theory H particular
gravitational theory
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Basic idea

-

Assume we have a hard
problem that is difficult to
solve in a given theory,
for example the
standard model

o

@
» gravity dual to QCD

or standard model?
» not known yet

model

or effe.ctz:ve holography
description (gauge/ gravity
p correspondence)

(" . ]
(Hard) problem in S1mPle problem in a
“similar” theory H particular
gravitational theory

p
= | Holography is good at predictions that are

qualitative or universal.
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Gauge/Gravity concepts

p
The Gauge/Gravity correspondence is based

on the holographic principle. [t Hooft (1993)]
Smaz (Volume) o surface area

nium Mathemalics Project

Miler
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Gauge/Gravity concepts

p
The Gauge/Gravity correspondence is based
on the holographic principle. [t Hooft (1993)]

Smaz (Volume) o surface area

String theory gives one example (AdS/CFT).

N=4 Super-Yang-Mills Typ II B Supergravity [ Susskind ( 199 5)]
in 3+1 dimensions in (4+1)-dimensional
na (1997
(CFT) Anti de Sitter space (AdS) [Maldace ( ) ]
t Hooft limit: number of colors N — 00 limit and symmetries only needed

large coupling constant A for this exact conjecture
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Gauge/Gravity Correspondence

> correspondence " q
strongly coupled quantum : SEEl CULTIE

field theory (QFT) « > gravit“y the”ory
—“CFT” —“AdS
renormalization scale < > radial AdS coordinate

radial AdS

coordinate boundary of

Anti de Sitter
space
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Gauge/Gravity Correspondence

> correspondence " q
_,strongly coupled quantum SEEl CULTIE

field theory (QFT) > gravity theory
_ «C FT» S “A dS
renormalization scale < > radial AdS coordinate
QFT temperature < > Hawking temperature

[Witten (1998)]

radial AdS

coordinate boundary of
Anti de Sitter
space
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Gauge/Gravity Correspondence

; correspondence o q
strongly coupled quantum < L WEElsdyy CLINE
field theory (QFT) gravity theory
__“CET” —“AdS”
renormalization scale < > radial AdS coordinate
QFT temperature < > Hawking temperature
[Witten (1998)]
conserved charge < » charged black hole/brane

[Chamblin et al (1999)]

radial AdS

coordinate boundary of
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2. Results

2.1 Phase transitions and critical points

2.2 Mesons at finite densities

2.3 Magnetic field — anisotropic hydrodynamics
2.4 Chiral transport effects

2.5 Holographic heavy ion collision - correlations
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2.1 Results - Phase transitions and critical points

Phase diagram for holographic quarks at nonzero baryon potential
[O’Bannon, Karch; (2007)]

[Kobayashi et al; JHEP (2007)]

[Erdmenger, Kaminski, Rust; PRD (2007)] [Mateos et al; JHEP (2007)]

e

BB £

deconfined quarks

N R R

f}
J Matthias Kaminski Strengths of the holographic approach at high baryon densities Page 11


https://arxiv.org/abs/1606.01226
https://arxiv.org/abs/hep-th/0611099
https://arxiv.org/abs/0709.0570
https://arxiv.org/abs/0709.1225

2.1 Results - Phase transitions and critical points

Phase diagram for holographic quarks at nonzero isospin potential
[Erdmenger, Kaminski, Kerner, Rust; JHEP (2008)]
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0 [Ammon, Erdmenger, Kaminski, Kerner; PLB (2008)]
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2.1 Results - Phase transitions and critical points

Phase diagram for holographic quarks at nonzero isospin potential

[Erdmenger, Kaminski, Kerner, Rust; JHEP (2008)]
30 [Ammon, Erdmenger, Kaminski, Kerner; PLB (2008)]
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[ baryon phase diagrams demonstrated:
- [Hanada, Hoyos, Karch, Yaffe; JHEP (2012)]
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2.1 Results - Phase transitions and critical points

A holographic critical point [Gubser, Rosen, PRD (2016)]

200 ——
Label Method
02 :
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el ® LR — 204 LTE | Lattice Taylor Expansion
150 ‘\\ - . LR Lattice Reweighting
Chemical Freeze-Out \\ Sk RM Random Matrix
~
\\ .RM% NJL Nambu—Jona-Lasinio
\
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More recent:
[Knaute, Yaresko, Kaempfer; PLB (2018)]

== [Critelli et al; PRD (2017)]
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2.2 Results - Holographic mesons at finite densities
[Erdmenger, Kaminski, Rust; PRD (2007)]
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2.2 Results - Holographic mesons at finite densities

Vector meson triplet splitting:
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Universal magnetoresponse in QCD ...
[Endrddi, Kaminski, Schdifer, Wu, Yaffe; arXiv:1806.09632]
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- i
1 TG
0.5 | .
0+ il
05 B=0.0 GeV2 + > |
1+ B=0.1GeV2 ' + -
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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]
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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]
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Polarized matter in strong magnetic field

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

[Kovtun; JHEP (2016)]

TH = Pg"v + (T's + pp)ulu” + Ty,

' . Thyi = M*gogF? + utu® (Mg FP — FogMP”
Jo — p'll.a o V)\A'f)‘a EM — M7 Gop (1 af af )

bound current [Israel; Gen.Rel. Grav. (1 978}]
4 : :
Polarization tensor: . o
e Including vorticity:
M,y = puty — putty, — €uypou’m’ M" = 25’F W~M,B-w
pv [Kovtun, Hernandez; JHEP (2017)]
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Polarized matter in strong magnetic field

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

[Kovtun; JHEP (2016)]

TH = Pg" + (T's 4 pp)ulu” + Ty,

' . Thy = MFgogFP" + ufu® (Mg FP’ — FogMP”
Ja _ pua . V)\A’IAQ EM — 1 Gap ( af af )

bound current [Israel; Gen.Rel.Grav. (1978)]
(Polarization tensor: . o
e Including vorticity:
My = putty — Putly — €y pot’m’ MHY = 25’F W~M,B-w
pv [Kovtun, Hernandez; JHEP (2017)]
Leads to (anisotropic) hydrOdynamics N perpendicular shear viscosity
and new transport effects: | parallel shear viscosity
. lete lis t) 7L perpendicular Hall viscosity
(1ncomp € | parallel Hall viscosity
[Ammon, Grieninger, Kaminski, (1 bulk viscosity
Koirala, Leiber, Wu; to appear] Gy bulk viscosity
m bulk viscosity
e | bulk viscosity
o perpendicular conductivity
ef parallel conductivity

f— a Hall conductivity
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(Anisotropic) hydrodynamics in strong B

B~ 01)

-

= (anisotropic) hydrodynamics as single framework allows for
polarization, magnetization, external vorticity, E, B

(and chiral anomaly) [Kovtun, Hernandez; JHEP (2017)]
[Ammon, Grieninger, Kaminski, Koirala, Leiber, Wu; to appear]

= new transport effects (and Kubo formulae)

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

= opportunity: study equilibrium and near-equilibrium transport
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Reminder: holography far beyond hydrodynamics

Example: 3+1-dimensional N=4 Super-Yang-Mills theory;
poles of shear correlation function

hydrodynamics valid

4 A Y

._3 O.

Re w

Matthias Kaminski

._2 O. — : 0.

-30F Im w .

-20}

~25}

-

.10.. ..20.. ..30.

holography:
poles correspond to
quasi-normal
¢ mode (QNM)
¢ frequencies

[Starinets; JHEP (2002)]
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2. Results

Matthias Kaminski
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2.1 Phase transitions and critical points

2.2 Mesons at finite densities

2.3 Magnetic field — anisotropic hydrodynamics
2.4 Chiral transport effects

2.5 Holographic heavy ion collision - correlations
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String theory prediction of new transport in hydrodynamics
[Erdmenger, Haack, Kaminski, Yarom; JHEP (2008)]
[Banerjee et al.; JHEP (2011)]

e

N ——————"
chiral current ‘ ‘ “‘
e.g. left-handed _*_*\

particles

D
vorticity

chiral vortical effect
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String theory prediction of new transport in hydrodynamics
[Erdmenger, Haack, Kaminski, Yarom; JHEP (2008)]
[Banerjee et al.; JHEP (2011)]

L B

chiral current ‘ chiral current i‘ “ )

e.g. left-handed -’—Q\ e.g. left-handed Q__*”
particles e— particles

magnetic
vorticity field

chiral vortical effect chiral magnetic effect

Matthias Kaminski Strengths of the holographic approach at high baryon densities Page 24


http://xxx.lanl.gov/abs/0809.2488
http://xxx.lanl.gov/abs/0809.2596

String theory prediction of new transport in hydrodynamics
[Erdmenger, Haack, Kaminski, Yarom; JHEP (2008)]
[Banerjee et al.; JHEP (2011)]

L B

chiral current ‘ chiral current i‘ “ )

e.g. left-handed "‘Q\ e.g. left-handed Q__*”
particles e —— particles

magnetic
vorticity field

chiral vortical effect chiral magnetic effect

Condensed matter experiments with Weyl-semi-metals confirm:

[Landsteiner; (2014) ]
[Li et al; (2014) ]
[Zhang et al; (2015)]

— [Cortijo, Ferreiros, Landsteiner, Vozmediano; (2015)]
|
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Hydrodynamic proof of new current contributions

B ~ O]

New contributions in electric current discovered:

electric magnetic .
fluid field field vorticity

— velocity

J=ni+cE+¢(B+&Q+ ...

conduc-
tlvlty Chiral
magnetic

effect effect

charge density
chiral vortical

Analytic result: chemical
potential important!

¢ =Cu I $4 494

C ... anomaly coefficient S—

-\

*

%
-
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Hydrodynamic proof of new current contributions

B ~ O]

New contributions in electric current discovered:

electric magnetic

fluid field field vorticity
— velocity

J=ni+cE+¢(B+&Q+ ...

conduc-
tlvlty Chiral
magnetic

effect effect

charge density A
chiral vortica

Proof in hydrodynamics: [Son,Surowka PRL 2009]

Analytic result: chemical
potential important!

o 115 ¥ s
f - 'u !'“ :i ) 4 Confirms

C ... anomaly coefficient

string model
e discovery.

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

[Banerjee et al.; JHEP (2011)]
| # Matthias Kaminski 25
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Zeroth order chiral magnetic effect |5~ ()

-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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EFT result: strong B thermodynamics

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

Strong B thermodynamics with anomaly in thermodynamic frame:

Energy momentum tensor:

equilibrium heat current ‘ B ~ Of 1)‘
[ & 0 0 VB
0 Py— xpsB? 0 0
(Tigr) = = +00)
0 0 Py —xgpB* 0
\ ¢VB 0 0 \ P )
Axial current: “magnetic pressure shift”
(Jepr) = (nOv 0, 0, fg))B) + O(9)

"\

equilibrium charge current

building on:
[Kovtun; JHEP (2016)]
[Jensen, Loganayagam, Yarom; JHEP (2014)]
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Holographic result: thermodynamics
[Ammon, Kaminski et al.; JHEP (2017)]
Background solution: charged magnetic black branes
[D’Hoker, Kraus; JHEP (2009)] ‘ B ~ 0(1)‘
[Ammon, Leiber, Macedo; JHEP (2016)]

* external magnetic field
e charged plasma
® anisotropic plasma

@Iolographic thermodynamics

(0)
( —3uy 0 0 ~dcy ) [« 0 0 &'B )

2 0 Py— xgsB? 0 0

. 0 —E —uy—aw, 0 0 (T2, ) = VT XBE +00)

(T > = 0 0 B2 4 | 0 0 0 PO - X3332 0

— T — Uq — wy \é'é?)B 0 0 pO )
\ —4 ¢y 0 0 Swy — Uy /
(J*) = (p, 0,0, p1) . (Jier) = (70, 0,0, €5'B) + 0(9)

with near boundary expansion coefficients U4, W4, C4, P1
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Holographic result: thermodynamics
[Ammon, Kaminski et al.; JHEP (2017)]
Background solution: charged magnetic black branes
[D’Hoker, Kraus; JHEP (2009)] ‘ B ~ O( 1)‘
[Ammon, Leiber, Macedo;, JHEP (2016)]

* external magnetic field
e charged plasma
® anisotropic plasma

@Iolographic thermodynamics
(0)
( -3 Uy 0 0 —4 C4 \ ( €0 0 0 SV B\
: 0 Py— xppB? 0 0
0o —-B_ ug — 4wy 0 0 TE ) = 0T XBE + O(0
(Tyu) — 4 - ( EFT) 0 0 o X3332 0 ( )
0 0 — 5 —uqg— 4wy 0 \ 5‘(,0) B 0 0 P, )
\ —4cy 0 0 8wy —uy )
(J*) = (p, 0,0, p1) . (Jier) = (no, 0, 0, €5'B) +0(9)

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

-

= chiral thermodynamic equilibrium observables (currents)
= confirmed by holographic model

B [Ammon, Grieninger, Kaminski, Koirala, Leiber, Wu; to appear]
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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

n

-7.2
() — — 12K
w ZA I S0 — 30/72.0

eo + Py
former momentum diffusion modes cp =To(9s/0T)p
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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 (' 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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Holographic result II: hydrodynamic poles

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

® Weak B: holographic results are in “agreement” with hydrodynamics.

Fluctuations around charged magnetic black branes

® Strong B: holographic result in agreement with thermodynamics, and numerical
result indicates that chiral waves propagate at ...

the speed of light and without attenuation

charge diffusion
sound

. B i ) Modes:
- charge diffusion
sound

confirming conjectures and results in probe brane approach [Kharzeev, Yee; PRD (2011)]
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Holographic result II: hydrodynamic poles

[Ammon, Kaminski et al.;
JHEP (2017)]
® Weak B: holographic results are in “agreement” with hydrodynamics.

Fluctuations around charged magnetic black branes

® Strong B: holographic result in agreement with thermodynamics, and numerical
result indicates that chiral waves propagate at ...

the speed of light and without attenuation
VaVo RECALL: weak B hydrodynamic pole
10F L esssene
ettt Modes
b et sound A - .2 3 h
05 "o charge diffusion Wo = Vo k— ZD 0 k T 0(6 ) g;f;";figz nofiggdee
I sound
Y S W4+ =— V+ k — ZF+ kz + 0(83) former
L sound
asf L w_ =v_k —i[_ k? + O(83) modes

confirming conjectures and results in probe brane approach [Kharzeev, Yee; PRD (2011)]

.] Matthias Kaminski Strengths of the holographic approach at high baryon densities Page 30


http://arxiv.org/abs/arXiv:1701.05565
http://arxiv.org/abs/arXiv:1012.6026

Holographic result II: hydrodynamic poles

[Ammon, Kaminski et al.;
JHEP (2017)]
® Weak B: holographic results are in “agreement” with hydrodynamics.

Fluctuations around charged magnetic black branes

® Strong B: holographic result in agreement with thermodynamics, and numerical
result indicates that chiral waves propagate at ...

the speed of light and without attenuation
()

=

& r..Do
RECALL: weak B hydrodynamic poles

former charge

12 ) |
Wop = Vg k — ZDO k + 0(8 ) diffusion mode®

: 2 3 e
W4+ = V4 k — ZF.|. k + (’)(3 ) former 02[- “ Modes:
sound - charge diffusion
: . i eaee e sound
W_ = vV_ k — ZF_ k2 -+ 0(03) modes 01} Lttt . . sound

s .
J.
® 5 .

confirming conjectures and results in probe brane approach [Kharzeev, Yee; PRD (2011)]

.] Matthias Kaminski Strengths of the holographic approach at high baryon densities Page 30


http://arxiv.org/abs/arXiv:1701.05565
http://arxiv.org/abs/arXiv:1012.6026

Application: hydrodynamics & neutron star kicks
kick

observation: neutron stars undergo a
large momentum change (a kick)
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Application: hydrodynamics & neutron star kicks
kick

' observation: neutron stars undergo a
hydrodynamics: fluids with left- large momentum change (a kick)
handed and right-handed
particles produce a current
along magnetic field

e.g. right/left-handed
electrons, neutrinos, ...
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Application: hydrodynamics & neutron star kicks
kick

observation: neutron stars undergo a

hydrodynamics: fluids with left- large momentum change (a kick)
handed and right-handed

particles produce a current

emitted

( -~ °
along magnetic field Zp'tittﬁ""""‘”‘ Chiral

t
hydrodynamics

leads to neutron star
kicks

[Kaminski, Uhlemann, Schaffner-
Bielich, Bleicher; PLB (2016)]
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http://xxx.lanl.gov/abs/0809.2488

2.5 Holographic heavy ion collision - correlations

ﬂ, Matthias Kaminski Strengths of the holographic approach at high baryon densities Page 32



Holography far-from equilibrium

thermalization

examples:
heavy ion collision

time

< Th

T=0 many body system

plasma at T>0
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Holography far-from equilibrium

thermalization :
los: horizon

CXAMPES: .. formation

heavy ion collision
)
=
4_) -

T=0 many body system
correspondence
< >

boundary of
Anti de Sitter
space

radial AdS
oordinate

plasma at T>0

thermal
QFT
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Holography far-from equilibrium

thermalization

les: horizon

examp. e . s formation

heavy ion collision
(D)
iz

T=0 many body system
correspondence
< >
radial AdS boundary of
oordinate Anti de Sitter

v space

plasma at T>0

thermal
QFT
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Holographic heavy ion collision

Non-central collision: [Chesler, Yaffe; JHEP (2015)]
-
Gravitational dual

15
10
5

0
5
-10
15

shock wave collision in
Anti de Sitter space

[Janik; PRD (2006)]

transverse direction

color coding:
energy density
red = high density
blue = low density

- 0 S

_ beam line direction
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Holographic plasma “hydrodynamizes" quickly

[Chesler, Yaffe; PRL (2011)]

0.2

— P /p
0.15=="Pu/n’

===hydro

0Ab o oI\

0.05

Hydrodynamics valid
long before local or
global equilibrium

confirmed by field theory: [Romatschke; (2016), (2017)]
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Holographic plasma thermalization results

Model

Equilibration time

Central collision of two

energy lumps in ~ 0.35 fm/c
N=4 Super-Yang-Mills.

[Chesler, Yaffe; PRL (2011]

s : : [Fuini, Yaffe; (2015)]
Initial anisotropy in ~0.35 fm/c

N=4 Super-Yang-Mills,

with charges / magnetic field. H l[;Buc]f\L;l, | largely unatfected by
Confirmed by non-conformal study. © (2%157] €r'S;1 charges/magnetic field
Off-center collision of two " ~ 0.25 fm /C
energy lumps in [Chesler, Yaffe; ° )

N=4 Super-Yang-Mills. JHEP (2015)] .

-5 0 5

Matthias Kaminski

Equilibration happens very fast, in agreement with experiment.

Hydrodynamics works way before that.

cf. [Romatschke; (2016), (2017)]
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Background - One Point Functions
| [Fuini, Yaffe; JHEP (2015)]

~ |

3 | I dual field theory:
A | |

' il longitudinal and N=4 SYM in 3+1 dimensions,

|| 4} transverse pressures minimally coupled to external U(1) gauge field ;
—~ | have opposite phase 1
i : ‘ with trace anomaly 1,," = —5752

|

g ol QI | in presence of charge density 0

or/and external magnetic field B

0 ——
— P p=0 B=2
| Prp=0 B=2
_2| 1 'U P p=8p, B=2
— Pr p=8pe, B=2
I
.| magnetic field and charge have
_al \' virtually no effect on time
. ‘ ‘ ‘ ‘ . ‘ ‘ ‘ ‘ . ‘ ~course of one point functions
0 1 2 3 4

Time ve'”
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Correlations - finite charge, zero B

7
N\
)

O
=

N—"

O

~—

Charged Anistropic Isotropization:
Longitudinal Correlation Comparison

1.0020f " ““s' ) Tramresse Corsion Goparies
. R ary reS !\ |
,pre“mm 10008 transverse
1.0015¢
1=0.5
1.0010¢+ :;3;
1.0005¢+ ' 1T‘o' . s 20
—1=0.5
1.0000+ 1=0.7 i
1=0.9
1=1.1
0.9995+ ‘{4
solid: charged anisotropic =13
dashed: pure anisotropic —I|=1.5
0.9990+ .
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Time ve
/
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Correlations - finite charge, finite B
Magnetic Charged Anistropic Isotropization:

Longitudinal Correlations Non-equal Time

N ' /2 zero B . res\l‘ :
7 AN e afY _
= A finite B relimi®
9\ 1.000¢ f e - _
oy @ ssasssssssasssssssasssssssaassas >
\&/ “attractor” behavior?
)
0.999 — At =0.
node independent from At =0.1
time separation At =0.2
— but only one node '
| — not at value “1” At=0.3
0.998; —At=0.4
| — At =0.5
0.997;
0.5 AVpeak 1.0 1.5 2.0 2.5 3.0 3.5

] peak shifted to earlier time Time vel/4

4
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Method summary: holography &
hydrodynamics

4 N
Assume we have a

hard problem that is
difficult to solve in a
given theory,

\for example QCD

y
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Method summary: holography &
hydrodynamics

Assume we have a
hard problem that is
difficult to solve in a
given theory,

for example QCD

model holography
(gauge/ gravity

correspondence) Simple problem in a

H particular

gravitational theory

(Hard) problem in
“similar” model
theory
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Method summary: holography &
hydrodynamics

Assume we have a ,
hard problem that is » gravity dual to QCD

difficult to solve in a or standard model?

given theory, » not known yet
for example QCD

model holography
(gauge/ gravity

correspondence) Simple problem in a

H particular

gravitational theory

(Hard) problem in
“similar” model
theory

ﬂ, Matthias Kaminski Strengths of the holographic approach at high baryon densities

Page 40



Method summary: holography & T
olve problems in

hydrodynamics effective field
theory (EFT), e.g.:

Assume we have a , - .
haréll pro‘l?)flem Zhat is » gravity dual to QCD ¢ hydrodynamic

difficult to solve in a or standard model? approximation

given theory, » not known yet O}fl original
for example QCD theory

model holography
(gauge/ gravity

correspondence) Simple problem in a

H particular

gravitational theory

¢ hydrodynamic
approximation
of model theory

(Hard) problem in
“similar” model
theory
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Method summary: holography &

Solve problems in

hydrodynamics effective field
theory (EFT), e.g.:

Assume we have a , :
hard problem that is » gravity dual to QCD | ¥ hydrodynamic

difficult to solve in a or standard model? approximation

given theory, » not known yet O}fl original
for example QCD theory

model holography
(gauge/ gravity

correspondence; Simple problem in a

H particular

gravitational theory

¢ hydrodynamic
approximation
of model theory

(Hard) problem in
“similar” model
theory

= Holography is good at predictions that are qualitative or universal.
= Compare holographic result to hydrodynamics of model theory.

= Compare hydrodynamics of original theory to hydrodynamics of model.
= Understand holography as an effective description.
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Method summary: holography &
hydrodynamics

Solve problems in
effective field
theory (EFT), e.g.:

/

Assume we have a

» gravity dual to QCD | ¥ hydrodynamic

hard problem that is : :
difficult to solve in a H or standard model? appr.oz.{lmatlon
given theory, » not known yet S}fl:;’f,mal

for example QCD

REALITY CHECK:
MODEL

model holography APPROPRIATE?

(gaugedravity
g ndence)

¢ hydrodynamic
approximation

f 1 th
gravitational the = of model theory

(Hard) problem in
“similar” model
theory

= Holography is good at predictions that are qualitative or universal.
= Compare holographic result to hydrodynamics of model theory.

= Compare hydrodynamics of original theory to hydrodynamics of model.
= Understand holography as an effective description.
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3. Discussion & Outlook

 Holographic methods allow calculation of observables at high

densities in strongly coupled quantum field theories
=3 phase diagrams, critical points, superconducting phase, ...

e strong combination:
effective theories, e.g. hydrodynamics, together with holography

=3 cdiscovered new transport effect(s): chiral vortical effect

e Effective quantitative results
= shear viscosity over entropy density,

universal pressure ratio at nonzero B

e Qualitative results

=3 (chiral) equilibrium currents at nonzero B, o, C
Kubo transport formulae, ballpark values

e Introduction to holography
=P generic principle, discovery tool, model building
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3. Discussion & Outlook

e Outlook:

= transport coefficients (Kubo formulae, values) at
strong magnetic field (anisotropic hydrodynamics)
[Ammon, Grieninger, Kaminski, Koirala, Leiber, Wu; to appear]
= correlations far from equilibrium at high density

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

= dynamical electromagnetic fields -
magnetohydrodynamics

= comparison to experimental data
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APPENDIX
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Hydrodynamic variables

Thermodynamics

T, p, u”

thermodynamic variables:
temperature, chemical potential,
fluid velocity

Hydrodynamics
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Hydrodynamic variables

Thermodynamics

T, p, u”

thermodynamic variables:
temperature, chemical potential,
fluid velocity

Hydrodynamics

L
~

T(t, 3), ut, ), v’ (t, ©)

hydrodynamic fields
-protected by symmetry
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Hydrodynamic variables

Thermodynamics

(%), p(7), u”(T)

thermodynamic variables:
temperature, chemical potential,
fluid velocity

Hydrodynamics

L
~

T(t, 3), ut, ), v’ (t, ©)

hydrodynamic fields
-protected by symmetry
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Hydrodynamics

effective field theory, expansion in gradients of fields

o fields 1'(x), pu(x), u”(x)
temperature  chemical fluid
potential  velocity

¢ sources g ( )
gaugeﬁeld

e conservation equation v jz/ — 0
N —

e constitutive equation (Landau frame)

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

effective field theory, expansion in gradients of fields

o fields 1'(x), pu(x), u”(x)
temperature  chemical fluid
potential  velocity

¢ sources g ( )
gaugeﬁeld

e conservation equation V. Y =

continuity: On + 6 : ; =0

e constitutive equation (Landau frame)

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

effective field theory, expansion in gradients of fields

o fields 1'(x), pu(x), u”(x)
temperature  chemical fluid
potential  velocity

¢ sources g ( )
gaugeﬁeld

e conservation equation V.Y = ()

continuity: On + 6 : ; =0

-

e constitutive equation (Landau frame)

Conserved ]
current J'u — ’nfuj'u —|— V“

gradient terms

Form can be derived and restricted from first principles.
[Landau, Lifshitz]
[Jensen, Kaminski, Kovtun, Meyer, Ritz, Yarom; PRL (2012)]
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Chiral hydrodynamics [Son, Surowka; PRL (2009)]

V.,3" =0 classical
theory
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Chiral hydrodynamics [Son,Surowka; PRL (2009)]
Derived for any theory with chiral anomaly

V’uj“ — (! EVPU)\FVpFU)\ quantum
theory
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Chiral hydrodynamics [Son, Surowka; PRL (2009)]
Derived for any theory with chiral anomaly
(e.g. the standard model

V,j* = C e F,,F,, | quantum of particle physics)
theory

Generalized constitutive equation with external fields:
p

: B vV Agrees with gauge/
],u = nu" + O-E'LL—|_O- B'u—|_0- wh + .. .gravity prediction

(non) (ideal) conduc- chiral [Erdmenger, Haack, Kaminski,
current ﬂOLU condu ctivity [Banerjee et al.; JHEP (2011)]
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Chiral hydrodynamics [Son, Surowka; PRL (2009)]
Derived for any theory with chiral anomaly
(e.g. the standard model

V,j* = C e F,,F,, | quantum of particle physics)
theory

Generalized constitutive equation with external fields:
p

: B vV Agrees with gauge/
],u = nu" + O-E'LL—|_O- B'u—|_0- wh + .. .gravity prediction

(non) (ideal) conduc- chiral [Erdmenger, Haack, Kaminski,
current ﬂOLU condu ctivity [Banerjee et al.; JHEP (2011)]

-

Chiral magnetic —

conductivity: M N 5]
B ‘
anomaly-coefficient C SARAS
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Chiral hydrodynamics [Son, Surowka; PRL (2009)]
Derived for any theory with chiral anomaly
(e.g. the standard model

V" =C (VPO F,,F, | quantum of particle physics)
theory

Generalized constitutive equation with external fields:
p

) Agrees with gauge/
]'u — nu“ —+- O'EM—|—O'BBM—|—O'VCU'LL + .. -g%*avity predgictign
(non) (ldeal) .cc.)nduc— chiral chiral vortical [Erdmenger, Haack, Kaminski,

conserved charge VUMY M magnetic  conductivity

current flow conductivity

Yarom; JHEP (2008)]
[Banerjee et al.; JHEP (2011)]

r

p
Chiral ma.gr.letic = Measured in
conductivity: j B . 15 Weyl semi metals !
B o \;ﬁ—/ e.g. [Huang et al; PRX (2015)]
) — C M 'Q}‘ ) [Landsteiner] various others ...
anomaly-coefficient C \.._.?3/ energy extraction ?
neutron stars ?
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Dirty details: chiral effects in vector/axial currents
see e.g. [Jensen, Kovtun, Ritz; JHEP (2013)]
[Netman, Oz; JHEP (2010)]

Vector current (e.g. QCD U(1))

Jy =+ &yt + &y B! + &y aBly

chiral
magnetic
effect

Axial current (e.g. QCD axial U(1))

Ju:""l‘gwu‘FfBBu—FfAABﬁ

chiral chiral
vortical separation
effect effect

Note:

* hydrodynamic frame choice
[Ammon, Kaminski et al.; JHEP (2017)]

* consistent vs covariant
[Landsteiner; APhysPolC (2016) | see e.g. Juan Torres
— [Landsteiner et al; JHEP (2011) ] Rincon’s talk
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Vector current (e.g. QCD U(1))

Jy =+ &yt + &y B! + &y aBly

chiral
magnetic
effect

Axial current (e.g. QCD axial U(1))

Ju:""l‘gwu‘FfBBu—FfAABﬁ

chiral chiral
vortical separation
effect effect

Note:

* hydrodynamic frame choice
[Ammon, Kaminski et al.; JHEP (2017)]

* consistent vs covariant
[Landsteiner; APhysPolC (2016) | see e.g. Juan Torres
— [Landsteiner et al; JHEP (2011) ] Rincon’s talk
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Dirty details: chiral effects in vector/axial currents
see e.g. [Jensen, Kovtun, Ritz; JHEP (2013)]
[Netman, Oz; JHEP (2010)]

Vector current (e.g. QCD U(1))

Jy =+ &yt + &y B! + &y aBly

chiral
magnetic
effect

(Axial current (e.g. QCD axial U(1)) A

JH:...+€MM+€BBM+€AABZ

chiral chiral
vortical separation
effect effect
. _/

Note:

* hydrodynamic frame choice
[Ammon, Kaminski et al.; JHEP (2017)]

* consistent vs covariant
[Landsteiner; APhysPolC (2016) | see e.g. Juan Torres
— [Landsteiner et al; JHEP (2011) ] Rincon’s talk
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Estimate of the neutron star kick

[Kaminski, Uhlemann, Schaffner-Bielich, Bleicher; PLB (2016)]

A bucket full of electrons and ,
electron neutrinos with short B = 0.1 MeV
mean free path 1t~ 300 MeV

(py) xuf.

27 4 43 g v
tttt
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Estimate of the neutron star kick

[Kaminski, Uhlemann, Schaffner-Bielich, Bleicher; PLB (2016)]

A bucket full of electrons and ,
electron neutrinos with short B = 0.1 MeV
mean free path 1t~ 300 MeV

va>%ﬂf-
p
Zp p 23 4 neuinos Chiral conductivity:
tyi'] B e 1,
! U5, EM — Cous, EMP = o2k

ﬂ, Matthias Kaminski Strengths of the holographic approach at high baryon densities Page 49


http://xxx.lanl.gov/abs/0809.2488

Estimate of the neutron star kick

[Kaminski, Uhlemann, Schaffner-Bielich, Bleicher; PLB (2016)]

A bucket full of electrons and ,
electron neutrinos with short B = 0.1 MeV
mean free path 1t~ 300 MeV

va>%ﬂf-
p
Zp p 23 4 neuinos Chiral conductivity:
tyi'] B e 1,
! U5, EM — Cous, EMP = o2k

Axial lepton current:

Jrs = CulB =~ &g - 1 MeV?3
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Estimate of the neutron star kick

[Kaminski, Uhlemann, Schaffner-Bielich, Bleicher; PLB (2016)]

A bucket full of electrons and ,
electron neutrinos with short B = 0.1 MeV
mean free path 1t~ 300 MeV

va>%ﬂ€-
p
Z}) p 23 4 neuinos Chiral conductivity:
1! B e 1
1 —C L
O¢s, EM — YUl U5, EMP = 52 H

Axial lepton current:

.][ — Cu B~ €p .1 MeV?
Particle flux and momentum transfer:

= | J| Asurface APys = AtN, (p,).
~ 1054/8 At%lOS
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Estimate of the neutron star kick

[Kaminski, Uhlemann, Schaffner-Bielich, Bleicher; PLB (2016)]

A bucket full of electrons and ,
electron neutrinos with short B = 0.1 MeV
mean free path 1t~ 300 MeV

va>%ﬂ€-
p
Z}) p 23 4 neuinos Chiral conductivity:
1! B e 1
1 —C L
O¢s, EM — YUl U5, EMP = 52 H

Axial lepton current:

.][ — Cu B~ €p .1 MeV?
Particle flux and momentum transfer:

= | J| Asurface APys = AtN, (p,).
~ 1054/8 At%lOS

Neutron star mass: mns=3-10*"kg
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Estimate of the neutron star kick

[Kaminski, Uhlemann, Schaffner-Bielich, Bleicher; PLB (2016)]

A bucket full of electrons and ,
electron neutrinos with short B = 0.1 MeV
mean free path 1t~ 300 MeV

@l/>%l1€-
p
Zp p 23 4 neuinos Chiral conductivity:
SLEL B / L
: 0us,em = Ctes, EMI = o2k

Axial lepton current:

Jg\, Cu B =~ €p .1 MeV?
Particle flux and momentum transfer:

= | J| Asurface APys = AtN, (p,).
~ 1054/8 At%lOS

Neutron star mass: mns=3-10*"kg

Kick velocity agrees km

- with observations: —>  Ukick ~ 1000?
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Estimate of the neutron star kick

[Kaminski, Uhlemann, Schaffner-Bielich, Bleicher; PLB (2016)]

A bucket full of electrons and ,
electron neutrinos with short B = 0.1 MeV
mean free path 1t~ 300 MeV

@l/>%l1€-
p
Zp p 23 4 neuinos Chiral conductivity:
SLEL B / L
: 0us,em = Ctes, EMI = o2k

Axial lepton current:

J[O Cu B =~ €p .1 MeV?
Particle flux and momentum transfer:
V, = “ﬂ Agurface APns = AtNrV (pl/>'

Ny
%|1054/S ' At~ 10s

Neutron star mass: mns=3-10*"kg

Kick velocity agrees km

- with observations: —>  Ukick ~ 1000?
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Example:
metric
fluctuations

Anti-de Sitter
space

metric fluctuation

hW=h£03r0+---+h£4gr_4+...

) A mathematical map:

gauge/ gravity
correspondence

v \4
(0) TH

My ()

boundary metric €N€rgy momentum

(source) tensor (vev)

QFT on boundary
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Correlations - geodesic approximation
[Balasubramanian, Ross; PRD(2000)]

Correlator as a sum over geodesics: AL = L — Linermatived
<ﬁ(t=fl)ﬁ(t: f?)) o /D'Pemqp) ~ Z e—AL - ,—AL
geodesics

Geodesic length (Lagrangian):
L= / dA\\/ g TH TV =

d? dx® dxP
| = (
do? tlap do do

geodesic equation

( L=m / d)\\/ Gy TATY + iA#,:;:"‘ charged probe particle )
m
Lorentz force term

Numerical implementation - relaxation method:
[Ecker, Grumuiller, Stricker; JHEP (2015)]

1. Generate the dynamic background
2. Generate interpolations of the metric functions
3. Discretize the geodesic equations using a relaxation scheme

4. Approximate the proper length using a Riemann sum
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Good agreement with N=4 Super-Yang-Mills (from holography)
[Endrddi, Kaminski, Schdifer, Wu, Yaffe; work in progres

S
1.5 1 l T T ijre'l:l'1']'1'.l".llla'-liy—],‘eS'|_"[1ts

holography matches LQCD far
away from its conformal reglme
1r i -
05 r .
-
Q.
i 7 /B -
,f lattice QCD, B = 0.1 GeV2 ~——+—
05 - ; B =0.2GeV? —x—
s , B =0.3GeV?
B = 0.4 GeV?
) B = 0.5 GeV?
1 F | B =0.6GeV? —S—
i B =0.7 GeV? —@—
| —_—
15 . . | 1 . holography .
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
T/ sqrt(B)

“ideal” renormalization scale:
® maximum overlap in LQCD data
® maximum overlap with holography 1= crT? + CLA%l + CB|B|
® minimum number of “fit parameters”
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How does the renormalization scale enter?

[Bali, Bruckmann, Endrodi, Katz, Schdéifer; JHEP (2014)]
[Fuini, Yaffe, JHEP (2015)]

Total action: S — SQCD(67 B) —|— SEM(G, B)

QCD action coupled to action for external magnetic field;
external magnetic field not included in code
(through covariant derivative) (not part of the dynamics)

Electric charge is

renormalization ¢2(,) = Z,(u) €2, Zo(1) =1+ 2b1€e?log % p=1/erT? + c A% + cp|B]
lscale dependent:
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How does the renormalization scale enter?

[Bali, Bruckmann, Endrodi, Katz, Schdéifer; JHEP (2014)]
[Fuini, Yaffe, JHEP (2015)]

Total action: S — SQCD(67 B) —|— SEM(G, B)

QCD action coupled to action for external magnetic field;
external magnetic field not included in code
(through covariant derivative) (not part of the dynamics)

Free energy: JF' — T lOg Z[S]

BQ
= Fqepl(e, B) + Fem(e, B)  Feu(e, B) = =V

2e?

Electric charge is

renormalization ¢2(,) = Z,(u) €2, Zo(1) =1+ 2b1€e?log % p=1/erT? + c A% + cp|B]
lscale dependent:
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How does the renormalization scale enter?

[Bali, Bruckmann, Endrodi, Katz, Schdéifer; JHEP (2014)]
[Fuini, Yaffe, JHEP (2015)]

Total action: S — SQCD(€7 B) —|— SEM(G, B)

QCD action coupled to action for external magnetic field;
external magnetic field not included in code
(through covariant derivative) (not part of the dynamics)

Free energy: JF' — T log Z[S]

32
= Fqceple, B) + Fem(e, B)  Feu(e, B) = Vs
Transverse Lt 0Fqcp (e, B)
pressure: PT = vV OL

Electric charge is

renormalization ¢2(,) = Z,(u) €2, Zo(1) =1+ 2b1€e?log % p=1/erT? + c A% + cp|B]
lscale dependent:
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How does the renormalization scale enter?

[Bali, Bruckmann, Endrodi, Katz, Schdéifer; JHEP (2014)]
[Fuini, Yaffe, JHEP (2015)]

Total action: S SQCD (67 B) SEM (6, B)

QCD action coupled to action for external magnetic field;
external magnetic field not included in code
(through covariant derivative)] (not part of the dynamics)

Free energy: [

—T log Z|S]

BQ
= Fqceple, B) + Fem(e, B)  Feu(e, B) = Vs
Transverse Lt 0Fqcp (e, B)
pressure: PT = vV OL

Electric charge is

renormalization ¢2(,) = Z,(u) €2, Zo(p) = 1+ 2b1€e?log % p=1/erT? + c A% + cp|B]
lscale dependent:
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How does the renormalization scale enter?

[Bali, Bruckmann, Endrodi, Katz, Schdéifer; JHEP (2014)]
[Fuini, Yaffe, JHEP (2015)]

Total action: S SQCD(67 B) SEM(& B)
QCD action coupled to action for external magnetic field;

external magnetic field not included in code
(through covariant derivative)] (not part of the dynamics)

Free energy: F' = —'T’ logZ[S]
B
- FQCD(@’ B) + Frwm(e, B) Fem(e,B) = -V —

2e?

Transverse Lt 0Fqcp (e, B)
pressure: PT = vV OL

Electric charge is
renormalization ¢2(,) = Z,(u) €2,
lscale dependent:

Zo(pn) = 1+ 2b1e*log % p=1/crT? + e Af + cp|B]
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How does the renormalization scale enter?

[Bali, Bruckmann, Endrodi, Katz, Schdéifer; JHEP (2014)]
[Fuini, Yaffe, JHEP (2015)]

Total action: S SQCD (6, B) SEM (6, B)

QCD action coupled to action for external magnetic field;
external magnetic field not included in code
(through covariant derivative)] (not part of the dynamics)

Free energy: JF' — T log Z[S]

82
(Foon(e, Bl + Fani(e, B)  Fem(e, B) =~V 2.

2e?
- L dF (6 B) this free energy is
ransverse pr = — T QCD\®; renormalization scale dependent

pressurc. V aLT

Electric charge is

renormalization ¢2(,) = Z,(u) €2,

o et Zo(pn) = 1+ 2b1e*log % p=1/crT? + e Af + cp|B]
|scale dependent:
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How does the renormalization scale enter?

[Bali, Bruckmann, Endrodi, Katz, Schdéifer; JHEP (2014)]
[Fuini, Yaffe, JHEP (2015)]

Total action: S SQCD (67 B) SEM (6, B)

QCD action coupled to action for external magnetic field;
external magnetic field not included in code
(through covariant derivative)] (not part of the dynamics)

Free energy: JF' — T log Z[S]

82
(Foon(e, Bl + Fani(e, B)  Fem(e, B) =~V 2.

2e?

this free energy is

Transverse renormalization scale dependent

pressurc.
hence this pressure is
renormalization scale dependent

Electric charge is

renormalization ¢2(,) = Z,(u) €2, Zo(p) = 1+ 2b1€e?log % p=1/erT? + c A% + cp|B]
lscale dependent:
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How to compare QCD to Super-Yang-Mills

SYM action: S = SSYM(ea B) + SEM(@ B)
SYM field content: fermions, scalar particles, vector field

SYM properties: conformal symmetry, supersymmetry, ...

SYM appears to be entirely different from QCD!
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How to compare QCD to Super-Yang-Mills

SYM action: S = SSYM(67 B) + SEM(€7 B)
SYM field content: fermions, scalar particles, vector field

SYM properties: conformal symmetry, supersymmetry, ...

SYM appears to be entirely different from QCD!

Strategy:
® compare thermodynamic quantities (macroscopic / effective); e.g. pressure
® match divergencies in the two theories, i.e. match beta functions

® measure magnetic fields in “same units”
® compare two theories at same renormalization scale

SYM magnetic field B vs. QCD magnetic field B: B = @B
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How to choose a holographic model?

The same way, we choose a hydrodynamic model:
e match symmetries (and anomalies)
e include interesting operators

depends on the physical question

e match magnetic properties
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How to choose a holographic model?

The same way, we choose a hydrodynamic model:
e match symmetries (and anomalies)

e include interesting operators , _
depends on the physical question

e match magnetic properties

Einstein-Maxwell-Chern-Simons gravity has dual with:
cf. talk by K. Landsteiner

e chiral anomaly, breaking a U(1) axial symmetry
e axial current and energy momentum tensor

chiral magnetic transport

e thermodynamics match well (in external B field)

L? 4

) /
Sprav = % [ / &z /=g (R bz lanF""‘) — 1 / ANF A F]
Kk M 6 M

dual to N=4 Super-Yang-Mills theory coupled to U(1)
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How to choose a holographic model?

The same way, we choose a hydrodynamic model:
e match symmetries (and anomalies)

e include interesting operators , _
depends on the physical question

e match magnetic properties

Einstein-Maxwell-Chern-Simons gravity has dual with:
cf. talk by K. Landsteiner

Successful example:
holographic model discovering
chiral vortical effect (2008)

[Erdmenger, Haack, Kaminski, gy momentum tensor . .
Yarom: JHEP (2009)] chiral magnetic transport

h well (in external B field)

ng a U(1) axial symmetry

[Banerjee et al; JHEP (2011)]

| dzv=g R+—2——anpmn)—1/ A/\F/\F]
L 6

dual to N=4 Super-Yang-Mills theory coupled to U(1)
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EFT result III: weak B details

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

[Abbast et al.; PLB (2016)]
spin O modes under SO(2) rotations around B [Kalaydzhyan, Murchikova; NPB (2016)]

( wo = vok —iDyk* + O(8°) former charge diffusion mode

wy =vi k — il k* + O(0°) former wo = €0+ 1Y

| , .a. sound S0 = So/Mo
w-=v_k—il_k"+0(9) nodes cp =To(9s/0T)p

damping coefficients: ¢z = (OP/0e),
2 2
r, — 3C+47] 2w00' 1 Q. pWo D o wOU
+ — T Cg 2 T~ 0 — = 3T
6wy 2ng CpNg cpnglo
velocities: - | OBT
vp=tec,—B=(1-2E “0) [3CTOJO + 2P0 (6 — 3Cs2) + €19 — ﬂg{ﬁ’)‘ vo = —=0 (C‘ - 3053)
no Cpng Cp 2 0 Cpno
LB 1 —c; (0)
Wo Voo
e

chiral conductivities: known from entropy
5 0 9 0 current argument

v = =3Cu"+CT*, &p=—-6Cu, & =-—20p"+20CuT [Son, Surowka; PRL (2009)]

[Neiman,Oz; JHEP (2010)]
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