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Motivation

e Einstein-Maxwell(-Chern-Simons) Theory with a
magnetic field in equilibrium has a universal
magnetoresponse variable, which agrees well with

its QCD equivalent
[Endrodi, Kaminski, Schdfer, Wu, Yaffe; arXiv:1806.09632]
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e Einstein-Maxwell(-Chern-Simons) Theory with a
magnetic field in equilibrium has a universal
magnetoresponse variable, which agrees well with

its QCD equivalent
[Endrodi, Kaminski, Schdfer, Wu, Yaffe; arXiv:1806.09632]

e consider this setup near equilibrium, i.e. compute
correlation functions and compare to strong
magnetic field (chiral) hydrodynamics

[Ammon, Grieninger, Hernandez, Kaminski, Koirala, Leiber, Wu; work in progress|/
[Ammon, Kaminski, Koirala, Leiber, Wu; JHEP (2017)]
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Scale invariance in LQCD with magnetic field
[Endrddi, Kaminski, Schdfer, Wu, Yaffe; arXiv:1806.09632]
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Scale invariance in LQCD with magnetic field

[Endrddi, Kaminski, Schdifer, Wu, Yaffe;, arXiv:1806.09632]
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Good agreement with N=4 Super-Yang-Mills (from holography)
[Endrddi, Kaminski, Schdfer, Wu, Yaffe; arXiv:1806.09632]
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Setup

Einstein-Maxwell-Chern-Simons action:
1
S=— / d*2/=G(R — 2A + F, F*) + e 4, Fy
neglect in this work
Metric ansatz:
)

ds? = —A(r, t)dt? + 2drdt + S(t,7)%(eP"D (d2? + dy?) + e 2Bt d22

. Matthias Kaminski Correlations far from equilibrium in strong magnetic fields Page 5



Setup

Einstein-Maxwell-Chern-Simons action:
1
§=——7 / d'zy/=g(R —2A + F,, F*) + M
neglect in this work
Metric ansatz:

ds? = —A(r,t)dt? + 2drdt + S(t,7)%(eP " (d2? + dy?) + e 2B d2?)

Maxwell equations are solved by: #(rt)=(0,4(r, t),—%y@, %m@, 0)

t
— 8,¢(r,t) = E(r,t) = ;((trr))g
Einstein equations are nested:
1 2 . 1
S"(t,r) = —53'(15, r)=S(t,r) f=0f+5A0f
: B2e—2Btr)  28(t.r)S(t,T) p?
/ _ . ’ ’ ‘
SN =S5 T 8@ T3 TGN
: 2(t. ) S (t. ’ ' 22 ,—2B(t,r)
B/(t.r) _3B(t,n)S'(t,r) _ 3B'(t,r)S(t,r) | 25% :
25(t,r) 25(t,r) 3S(t,r)
Wie N el T 1082 2Btr) 128" (t,r)S(t,r)  14p?
A"(t,r)=-3B'(t,r)B(t,r) — 35t )" + St.r)? ~ 350 ) 4

S(t,r) = %A’(t, r)S(t,r) — %B(t, r)2S(t,r).

| ,
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Background
ds? = —A(r, t)dt? + 2drdt + S(t,7)? (P (d2? + dy?) + e 2"V d2?)
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Numerical implementation- characteristic formulation
[Chesler, Yaffe; PRL (2009)]

e use (pseudo)spectral methods with Cardinal Function basis to
solve ODEs in r at initial time for S, S, B, A
on Gauss-Lobatto grid

e time step forward using 4th order Runge-Kutta on first 4 time
steps, and subsequently Adams-Bashforth

 boundary expand and solve for subtracted and scaled functions

e radial diffeomorphism used to keep horizon fixed

A
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Background - One Point Functions

previous results:

- time course of one point functions basically
insensitive to charge or magnetic field

-pressure anisotropy is a linear functional of
the initial anisotropy pulse profile

raises two questions:

* two point functions insensitive too?

* what happens at nonzero charge and
magnetic field?

] Matthias Kaminski

[Fuini, Yaffe; JHEP (2015)]

dual field theory:

N=4 SYM in 3+1 dimensions,
minimally coupled to external U(1) gauge field,

1

with trace anomaly T, = —5752

in presence of charge density /0

or/and external magnetic field B
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Background - One Point Functions
[Fuini, Yaffe; JHEP (2015)]

6r :
' 1 dual field theory:
l
| longitudinal and N=4 SYM in 3+1 dimensions,
4} | transverse pressures minimally coupled to external U(1) gauge field,
| have opposite phase ' u l )
with trace anomaly 1" = 275
|
5 rh | in presence of charge density p
| or/and external magnetic field B
o——— B —
1 — P p=0 B=2
| Prp=0 B=2
-2f 1 |l — P p=8p. B=2
- U —Prp=8p, B=2
|
l magnetic field and charge have 1
[ virtually no effect on time
-4} ' course of one point functions

_ Time ve'?
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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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Correlations - zero charge, zero B
reproducing results similar to [Ecker, Grumiller, Stricker; JHEP (2015)]
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Correlations - zero charge, zero B
reproducing results similar to [Ecker, Grumiller, Stricker; JHEP (2015)]
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Correlations - zero charge, zero B
reproducing results similar to [Ecker, rumzller Stricker; JHEP (2015)]
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g Res

Correlations - zero charge, zero B

reproducing results similar to [Ecker,

rumzller Stricker; JHEP (2015)]
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Correlations - zero charge, zero B

Anlstroplc Isotroplzatlon Longltudlnal Correlat|ons Non-equal Time

Anistropic Isotropization: Transverse Correlations Non-equal Time 4
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Correlations - zero charge, zero B
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Correlations - finite charge, zero B

Charged Anistropic Isotropization:

Longitudinal Correlation Comparison
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Correlations - finite charge, zero B
Charged Anistropic Isotropization:

Time

Longitudinal Correlations Non-equal
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Correlations - finite charge, zero B
Charged Anistropic Isotropization:

Time
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Correlations - zero charge, finite B

Magnetic Isotropization: Longitudinal Correlations
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Correlations - zero charge, finite B

Magnet]c Isotmplzat]on Longltudlnal Correlat]ons
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Correlations - zero charge, finite B

Magnetic Anistropic Isotropization:
Longitudinal Correlations Non-equal Time
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Correlations - zero charge, finite B
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Correlations - finite charge, finite B
Magnetic Charged Anistropic Isotropization:

Longitudinal Correlations Non-equal Time
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Correlations - finite charge, finite B
Magnetic Charged Anistropic Isotropization:

Longitudinal Correlations Non-equal Time
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Correlations - Summary
In magnetic (nonzero B) case we observe:
e significant changes in 2-point functions as B changes
* longer equilibration time of 2-point functions
* “nodes” (and attractor-like behavior) for equal time
e orowing initial offset
e charged operator non-equal time correlators (at finite

charge density): peaks shifted to earlier time and “node”
shifted away from value 1

At B=0, we confirm previous observations

e longitudinal /transverse correlators are in opposite phase

e correlators take longer to thermalize than pressures

[Balasubramanian, Bernamonti,de Boer,Copland,Craps,Keski-
Vakkuri,Muller,Schafer,Shigemori,Staessens; PRD (2011)]

[Ecker, Grumuiller, Stricker; JHEP (2015)]
[Ecker, Grumiller, Stanzer, Stricker, van der Schee; JHEP (2016)]

Play further with: initial anisotropy vs. n-point functions
] [Fuini, Yaffe; JHEP (2015)]
Matthias Kaminski
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Discussion

e comparison to near-equilibrium at finite B (see appendix)
[Ammon, Kaminski et al.; JHEP (2017)]

[Ammon, Grieninger, Hernandez, Kaminski, Koirala, Leiber, Wu; work in progress|

illll G.]:.]; (wv, k:()) = gy + -
wo(wp — 1'\154,_83)
By

1 (_‘ - k— - T 9 '(.l.»()(l_l,-() - ;\15\/130)
“Im Gz v (w, k=0) = — —wpy

LIm Gy g= (w, k=0) = w?p,

(T () 2o (—K)) = =ik (€ — icm?reﬁmmaw e

sign(By)

wo :Go—I—PH

M5,,u derivative of
“vortical susceptibility”
w.r.t. chemical potential

... S0, correlators receive altered physical interpretation

e analytic solutions for time-dependent backgrounds?
cf. [Horowitz, Igbal, Santos; PRD (2013)]

e chiral transport far from equilibrium
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Thank you!

ﬂ_ Matthias Kaminski Correlations far from equilibrium in strong magnetic fields Page 21



APPENDIX
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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(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(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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Correlations far from equilibrium in strong magnetic fields Page 24



http://www.arxiv.org/abs/1406.0269
http://www.arxiv.org/abs/1503.07148

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(p) = 1+ 2b1€elog % p=1/crT? + e Af + cp|B]
|scale dependent:

Matthias Kaminski

Correlations far from equilibrium in strong magnetic fields Page 24



http://www.arxiv.org/abs/1406.0269
http://www.arxiv.org/abs/1503.07148

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

ﬂ_ Matthias Kaminski Correlations far from equilibrium in strong magnetic fields Page 25




Background

ds? = —A(r, t)dt? + 2drdt + S(t,7)(eP™D (d2? + dy?) + e 2B("Dd2?)

Near boundary expansion of metric functions:
S(r,t) =r+&+ (9(7'_7)

B(r,t) = log(r) (—QOiii(t) : + loiii(t) ~ 433255('5) - 33—;> - ”jf) +O(r™%)

A(r) = (r+ €)= 26'(0) + 257 1 10g() (832f§t)3 2 D) 2%2) "
Subtracted and rescaled metric functions:

S(r,t)=r+&+ %Ss(r, t)

B(r,t) = log(r) (10@}2@)2 - 43;5;” - 33—;) - r—ﬂBs(r, t)

A(r,t) = (r + £(t))* — 2¢'(¢) + log(r) (882f§t)3 — QBQTi(t)Q + 4B;f3(t) — i—fj) + T—IQAs(r, t)
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Motivation: Chiral transport effects in
charged anisotropic plasma within a
magnetic field at strong coupling

Front and side view of collision between gold ions at Brookhaven National Lab's Relativistic
Heavy lon Collider, captured by the Solenoidal Tracker at RHIC (STAR detector).

Method: use effective field theory (EFT) and holography in parallel
(as effective descriptions)
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Motivation: Chiral transport effects in
charged anisotropic plasma within a
magnetic field at strong coupling

Thermal plasma
resulting from a
collision.

Challenge: blind

spot between
collision & detection

[UrQMD, Frankfurt]

Front and side view of collision between gold ions at Brookhaven National Lab's Relativistic
Heavy lon Collider, captured by the Solenoidal Tracker at RHIC (STAR detector).

Method: use effective field theory (EFT) and holography in parallel
_ (as effective descriptions)
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Method summary: holography &
hydrodynamics

4 h
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
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Method summary: holography & T
olve problems in

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

A h | ) |
hZigI;lreogleemaZEa? is » gravity dual to QCD | ¥ hydrodynamic

difficult to solve in a or standard model? approximation

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

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 & T
olve problems in

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

-
Assume we have a , :
hard problem that is > gravity dual to QCD < hy drody HAtie
difficult to solve in a or standard model? appro }.<1mat10n
given theory, » not known yet of 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
APPROPRIATE?

model holography
(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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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 a
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: Hydrodynamics - definitions

[Landau, Lifshitz]

universal effective field theory (EFT), expansion in derivatives of
temperature, chemical potential and velocity

o fields 1'(x), p(x), u”(x)

temperature chemica Jlwd
P potential velocity
¢ conservation equations
1
V,J” =0
[ —
vV, T =0

e constitutive equations

Conserved current < J,U/ > — nu,u V,u

charge

density e —
Energy momentum
(T,0) = euyuy, + P(gu, +uuu,) + ...
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Physical question:
What is the equilibrium state of a theory with
chiral anomaly + ?
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Currents in equilibrium

B

(T°%) = &) B (J%) = ¢¥B

axial
current

heat
current
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EFT result I: 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:

1B ~ O(1)
[ e 0 0 &'B )
0 Py— xgpB? 0 0
(Thir) = == +0()
0 0 P()—X3382 0
\ &VB 0 0 P )

Axial current:
(JE ) = (ng, 0. 0, gg”B) + O(8)

based on previous work:
[Kovtun; JHEP (2016)]

[Jensen, Loganayagam, Yarom;
JHEP (2014)]

[Israel; Gen.Rel.Grav. (1978)]
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EFT result I: 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 0 & B \
0 Py—xpsbB’ 0 0
(Tgpr) = +0(9)
0 0 Py —xppB* 0
\&’B_ 0

0 \PO)

Axial current: “magnetic pressure shift”

(JE o) = (no, 0,0, £YB) + 0(5)
N

equilibrium charge current
based on previous work:

[Kovtun; JHEP (2016)]

[Jensen, Loganayagam, Yarom;
JHEP (2014)]

[Israel; Gen.Rel.Grav. (1978)]

= new contributions to thermodynamic
equilibrium observables

Matthias Kaminski
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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
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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

(Thermodynamics
(0)
( —3uy 0 0 —dcy ) [ 0 0 &'B )
: 0 Py— xgpB? 0 0
0 -8 _ ug — 4wy 0 0 TH ) = 0T XEBE + O(0
(T’“’) — ) 4 ) - , < EFT) 0 0 P, — X3832 0 ( )
T T \98 o o R
\ —4¢4 0 0 Swy — Uy /
<‘]“> - (pv 0,0, p1) . <JEFT> = (no, 0, 0, fg)B) + O(9)

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

= agrees in form with strong B thermodynamics from EFT
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Physical question:
What is the near-equilibrium transport behavior of a
theory with chiral anomaly + ?
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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
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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
E.’p = To(as/dT)p

W = 3

former momentum diffusion modes

ﬂ_ Matthias Kaminski Correlations far from equilibrium in strong magnetic fields Page 36


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 (' 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

Bn0§3 i320

w=7F ik -k
eo + P eo + SGO + P0)2 eo + P 50 = 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 0(63) former charge ® a chiral magnetic wave
diffusion mode [Kharzeev, Yee; PRD (2011)
: 2BTy ( ~
Wy = V4 k — ZF_|_ k2 + 0(63) vy = 5Pn00 (C — 3C5(2,>
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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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)]

Matthias Kaminski Correlations far from equilibrium in strong magnetic fields Page 37


http://arxiv.org/abs/arXiv:1701.05565
https://arxiv.org/abs/1509.08878
https://arxiv.org/abs/1609.00024
http://xxx.lanl.gov/abs/0906.5044
https://arxiv.org/abs/1011.5107

Holographic result: 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: 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
2
e RECALL: weak B hydrodynamic pole
10F L sesssene
ettt Modes
b et sound A - .2 3 h
] charge diffusion Wop =— Vg l“ o ZD 0 lv + 0(6 ) g;}zlsiz:t niggdee
I sound
e =0k — T K2 4 O(0%) former
. sound
asf w_ = v_k —iT_ k% + O(8?) modes

. ' o
R V v ¥ ' ® o g o
-1.0}F M NN R E N N R

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