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Scale invariance in LQCD with magnetic field
[Endrddi, Kaminski, Schdifer, Wu, Yaffe; work in progress
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Good agreement with N=4 Super-Yang-Mills (from holography)
[Endrodi, Kaminski, Schdéifer, Wu, Yaffe; work in progres
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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,(p) €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,(p) €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,(p) €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,(p) €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,(p) €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 oy 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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Good agreement with N=4 Super-Yang-Mills (from holography)
[Endrddi, Kaminski, Schdifer, Wu, Yaffe; work in progres
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“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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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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https://urqmd.org/

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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Physical question:
What is the equilibrium state of a theory with
chiral anomaly + ?
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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 Vu

charge

density e —
Energy momentum
(T,0) = euyuy, + P(gu, +uuu,) + ...
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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)]

ﬂ_ Matthias Kaminski A reality check for chiral magnetic transport & holography Page 11


http://arxiv.org/abs/arXiv:1701.05565
http://link.springer.com/article/10.1007%2FBF00759845
https://arxiv.org/abs/1606.01226
http://arxiv.org/abs/arXiv:1310.7024
https://arxiv.org/abs/1601.02125

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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Currents in equilibrium

B

(T°%) = &) B (J%) = ¢¥B

axial
current

heat
current
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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
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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

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)]
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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

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
10 L essees
ettt Modes
b et sound A - .2 3 h
] charge diffusion Wop =— Vo l“ o ZD 0 lv + 0(6 ) g;}zlsiz:t niggdee
I sound
| Y T W4+ =— V+ k — ZF.I_ k2 -+ 0(83) former
. sound
asf L w_ = v_k —il_ k? + O(8%) modes

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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Caveat: weak B hydrodynamics comparison

Spin-1 modes No knowledge of anisotropic (B-dependent)

transport coefficients except zero charge: [Finazzo, Critelli, Rougemont,
— take B=0 values of this model instead °7°"'% PRD (2016)]

Bnofg _ iBr'O'
(0 + P)? e+ P

weak B hydro prediction:

calculate from holography

We find agreement between hydrodynamic prediction and holographic
model for small values of B, increasing deviations for larger B.

Real part of spin-1 modes matches exactly even at large B!
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Things for which there was no time ...

= transport coefficients and correlators
[Ammon, Grieninger, Kaminski, Koirala, Leiber, Wu; work in progress]

= magnetohydrodynamics (dynamic B)
[Hernandez, Kovtun; JHEP (2017)]

[Grozdanov, Hofman, Igbal; PRD (2017)]
[Hattori, Hirono, Yee, Yin; (2017)]
= axial and vector current cf. talk by U. Gursoy

[Landsteiner, Megias, Pena Benitez; PRD (2014)]
[Ammon, Grieninger, Jimenez-Alba, Macedo, Melgar; JHEP (2016)]

= far-from-equilibrium: perform such holographic
calculations in time-dependent metric backgrounds:

“holographic thermalization” |
[Janik; PRD (2006)]

[Chesler, Yaffe; PRL (2011)]
[Fuini, Yaffe; (JHEP) 2015)]
[Cartwright, Kaminskt; work in progress|/
cf. talks by P. Zhuang and D.-L. Yang
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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.:

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 & 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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Conclusions

- LQCD data shows conformal behavior matched by SYM

cf. talk by M. D’Elia

- holography in parallel with hydrodynamics

(effective field theory) is a successful program

- transport properties of plasma change qualitatively with B,

charge, and anomaly coefficient

. strong B results (fully backreacted) at any K, 1, w, k

> Outlook:

* construct holographic & effective description far from
equilibrium (excentricities/flow, transport, ridge, ...)

* compare to QCD (e.g. lattice) and experiments
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Recent update: strong B hydrodynamics
[Hernandez, Kovtun; JHEP (2017)]

Spin-1 modes

Bon i B2 3
strong B: w = +——= — =~ (g, 4+ i§) — iD k>
o “o rity-odd
P i Agreement
B/gt/ , B? in form
weak B: w== Brno _ a2 + k 053 tbo S

e0 + P €0 + Fo %%)2_604—1)0

Exact agreement in real part!
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Recent update: strong B hydrodynamics
[Hernandez, Kovtun; JHEP (2017)]

Spin-1 modes Anisotropic transport coefficients

Bon i B2 -
strong B: w =+ 1.(1), o _ u,_o (0, +i5)|— i@kﬂ
'0 Wy .
parity-odd Agreement
Bng BME{ iB%*c in form
weak B: = — k2 k
“ :F€0+Po Po+ /%I-Po e+ P

Exact agreement in real part!
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Recent update: strong B hydrodynamics
[Hernandez, Kovtun; JHEP (2017)]

Spin-1 modes Anisotropic transport coefficients

Bon iB? -
strong B: w =+ 1(1), 0 —u—o(UliiJ) —i@kﬁ
'0 '0 .
parity-odd Agreement
B /of/ B2 in form
weak B: w=7F Bro — ik? Hs3 i S

k
€0 + P €0+p()+ /Fpo €0+p0

Exact agreement in real part!

Spin-0 modes

I
strong B: w = kv, — 1 ;’“ k’Q,
2
w = —iD IIk? ’ D)= ———+ - uo_ "
ngxX11 + WiXas — 2noWoX13
parity-odd w2 o 2BT: -
D _ 0 _ 0 ( Y v52)
weak B: wy = }d —iDg k* 4+ O(8°) o cpngTo 0 CPNo ¢ = 3Cs%
wy =vy k— iy k* + O(8°) Agreement in form  ¢p =Ty(0s/0T)p

w_ =v_k—il_k*+ O(5%)
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Recent update: strong B hydrodynamics
[Hernandez, Kovtun; JHEP (2017)]

Spin-1 modes Anisotropic transport coefficients

Bong  iB? -
strong B: w =+ ;’ 0 _%_O(Uliia) —i@kﬁ
'0 '0 .
parity-odd Agreement
B /Of/ B2 in form
weak B: w=7F Bro — ik? Hs3 i S

k
€0 + P €0+p0+ /Fpo €0+p0

Exact agreement in real part!

Spin-0 modes

g B vy — gy lsll 2 . .
strong B: w = kv, — 1 5 k”, Anisotropic transport
m , coefficients
w = —iDyk?, D) = =
N1+ lbo 2nowdx13
parity-odd w2 o 2BT: -
Dy — 0 _ 0 ( v 152)
weak B: wy = }d —iDo k* + O(8?%) " cpngTo 0 o ¢ 3C%
wy =vy k—ily K2+ O(0%) Agreement in form  ép = Ty(95/0T)p

w_=v_k—il_k*+ 0O(8%)
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EFT calculation I: strong B thermodynamics

For any theory with chiral anomaly [Ammon, Kaminski et al. (2017)]

0, Js" = C VP F,, F,q

(Axial current with strong external B field: ‘ B ~ 0(1)‘
(Jepr) = nou” + Ep B + O(9)

Energy momentum tensor with strong external B field:
(Thpr) = eoutu” + PoAM + ¢'u” + " u
+ A[uagaﬂpﬁl/ + uHu® (AIQBF&/ Faﬁﬁ,jﬁl/) + 0(0)

= &y B M* = XBBG“VQBBQ”UJﬁ

based on previous work: [Kovtun; JHEP (2016)]
[Jensen, Loganayagam, Yarom; JHEP (2014)]

I [Israel; Gen.Rel.Grav. (1978)]
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EFT calculation I: strong B thermodynamics

For any theory with chiral anomaly [Ammon, Kaminski et al. (2017)]

0, Js" = C VP F,, F,q

(Axial current with strong external B field: ‘ B ~ (’)(1)‘
(Jgpr) = nou” +EpB" + O(9)

Energy momentum tensor with strong external B field:
(Tpr) = eoutu” + PO AP + ¢'u” + ¢”u”
+ MH g5 FP 4 wtu® (MasFP — FosMPY) + O(9)

in thermodynamic frame:

q" = &vBY, MH :XBBGHVaﬂBaUB

&v = —3Cp> +CT?, &g =—6Cu

based on previous work: [Kovtun; JHEP (2016)]
[Jensen, Loganayagam, Yarom; JHEP (2014)]

— [Israel; Gen.Rel.Grav. (1978)]
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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 =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
one point functlons.k \Y) susceptibility:  x — -
T _ RO
(5 = k) = i (e + k)
WO
Y = A, + kA

(%) =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 k ) susceptibility: X = o
(') = n(w,k) = ——z @A +kA) | |
W+ 1k 7 Einstein relation:
WO D= —
T\ — A, + kA
(J*) C(}JFZ.,‘CM(w + kAy) X

. : S w?
—> two point functions (*;%) = 5<il ) - - iwz. gkg

—> hydrodynamic poles in spectral function
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General hydrodynamic correlators

Sources:
Juv — Nuv + € h,UJ/ + 0(52)
A, = A, +eca, + O(?)

fluctuations:

T(t, 1?3) — TO TE Tl (t $3) ) 'u'u(ta 1?3) — ul(; +E ullj(t IS) ) ﬂ(t, 173) = Ho T+ & ,ul(t 1?3)

Oe€ O€
note also: G(t, 173) — € + £ ﬁTI (t, 11?3) + £ 8_/,1-#‘1(& 1?3)
plugging this into hydro constitutive and

conservation equations leads to linear but
coupled system of equations for fluctuations DX —— S

vector
differentiation matrix depending
acting on vector of on sources

= fluctuations
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EFT calculation: chiral hydrodynamics with magnetic field

For any theory with chiral anomaly [Son, Surowka; PRL (2009)]
) JA H— O evPop I [Erdmenger, Haack, Kaminski, Yarom; JHEP (2008)]
M o pv = po

[Banerjee et al.; JHEP (2011)]

(Axial current with weak external B field: [B ~ O(0)
1L

o r) e g
Qo

Energy momentum tensor with weak external B field: axial

t
(TH) = eulu” + PA" +ut'q” +u"¢" + 7 curren

‘Definitions and properties:

; BV = Py,
T — —T]A“QAV‘3 (Vaud + Vd'ua - §V,\Ul\gag) - CA‘WV)‘UA B* — %Guup)\’ltpr,\
¢ = & B" + §w* AW = g + v’ wtu, = -1  u,™ =0, ut =0, and uugt =0

T
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EFT calculation: chiral hydrodynamics with magnetic field

For any theory with chiral anomaly [Son, Surowka; PRL (2009)]
) JA H— O evPop I [Erdmenger, Haack, Kaminski, Yarom; JHEP (2008)]
M o pv = po

[Banerjee et al.; JHEP (2011)]

(Axial current with weak external B field: [B ~ O(0)

v H 1 1lp L
(Ja") = nut + o E* — 6 TA*YV, (f) +Ey O + L. [,‘—‘;}
: : (g ¢ 2

(ideal)  conduc- charge diffusion chiral chiral AR

charge tivity magnetic vortical T

flow term conductivity conductivity

term term

Energy momentum tensor with weak external B field: axial

current

(TH) = eut'u” + PA" + v*q¢" + u"q" +
R’_/ heat current

ideal
Sfluid

< RV . .

Definitions and propertlegs. B — FHvy,
T = —pAFEAVP (Vaus + Vg — §V,\u’\gag> — (AP u Bt — %EWW\UV F
q" = & B + &wH AP = gV + utu? wu, = —1 u, ™ =0, y,* =0, and u,g* = 0.
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EFT calculation: chiral hydrodynamics with magnetic field

For any theory with chiral anomaly [Son, Surowka; PRL (2009)]
) JA H— O evPop I [Erdmenger, Haack, Kaminski, Yarom; JHEP (2008)]
M o pv = po

[Banerjee et al.; JHEP (2011)]

(Axial current with weak external B field: [B ~ O(0)

v H 1 1lp L
(Ja") = nut + o E* — 6 TA*YV, (f) +Ey O + L. [,‘—‘;}
: : (g ¢ 2

(ideal)  conduc- charge diffusion chiral chiral AR

charge tivity magnetic vortical T

flow term conductivity conductivity

term term

Energy momentum tensor with weak external B field: axial

current

(TH) = eut'u” + PA" + v*q¢" + u"q" +
R’_/ heat current

ideal
Sfluid

< RV . .

Definitions and propertlegs. B — FHvy,
T = —pAFEAVP (Vaus + Vg — §V,\u’\gag> — (AP u Bt — %EWW\UV F
q" = & B + &wH AP = gV + utu? wu, = —1 u, ™ =0, y,* =0, and u,g* = 0.
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EFT calculation: chiral hydrodynamics with magnetic field

For any theory with chiral anomaly [Son,Surowka; PRL (2009)]
) JA H— O evPop I [Erdmenger, Haack, Kaminski, Yarom; JHEP (2008)]
M o pv = po

[Banerjee et al.; JHEP (2011)]

(Axial current with weak external B field: [B ~ O(0)

v H 1lp 1
(Ja") =nut + o E* — cTAF'V,, (f) +E&Ey Q4. [W}
: : (g 2

(ideal)  conduc- charge diffusion chiral chiral AR

charge tivity magnetic vortical T

flow term conductivity conductivity

term term

Energy momentum tensor with weak external B field: axial

current

(TH) = eut'u” + PA" + v*q¢" + u"q" +
R’_/ heat current

ideal
fluid

chiral effects

measured in neutron Now calculate hydrodynamic

Weyl semi metals stars? 1- and 2-point functions and
e.g. [Huang et al; PRX (2015)] [Kaminski et al.; PLB (2014)]  determine their poles!

[Landau, Lifshitz]
[Kadanoff; Martin]
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Landau levels at large B

Weak coupling arguments [Kharzeev, Yee; PRD (2011)]

fermions in lowest Landau level carry all chirality; line of arguments
leads to speed of light for chiral magnetic wave at large B

1
vo — 1 for B> T? En = \/263("+§—3z)+1?§1

energy of fermion in n-th Landau level

Strong coupling calculation o
[Ammon, Kaminski et al.; JHEP (2017)]

lowest Landau level: Vo — 1 [Ammon, Leiber, Macedo; JHEP (2016)]
next to lowest Landau level:

1] IRe{w])

T x VBT

Re(w) = 0.98y/(5.1)2 + k2

S3
521

St

10

590/

& e 7
= Landau levels also dominate at strong coupling
(note critical CS-coupling)
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Holography concepts

p
Gauge/Gravity Correspondence based on

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

O
2,
)
o
N
0
-
3
£
..
E
-

Miler
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Holography concepts

p
Gauge/Gravity Correspondence based on
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 1 7
(CFT) Anti de Sitter space (AdS) [Maldacena ( 99 ) ]

Many other examples are conjectured and tested

O
2,
)
o
N
0
-
3
£
..
E
-

Miler
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Holography concepts II

. correspondence .

, strongly coupled _ L
quantm%l};ield ]‘gc)heory | < > | weakly curved gravity

radial AdS

coordinate Anti-de Sitter

space boundary

T
2
9
o
8
-
o
§
|
E
=

Miler
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Holography concepts II

. correspondence .

, strongly coupled ', L
quanturi%’ield ]‘gc)heory P« > | weakly curved gravity .

radial AdS

coordinate Anti-de Sitter

space boundary

T
l)\
2]
o
N
O
-
3
g
k.|
E
-

Miler
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Holography concepts II

. correspondence .

, strongly coupled _ L
quanturi};ield ]Ec)heory | < > | weakly curved gravity

QFT temperature < > Hawking temperature

radial AdS
coordinate

Anti-de Sitter
space boundary

0
'8
2
o
8
=
Bl
i}
E
5
-

Miler
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Holography concepts II

. correspondence .

strongly coupled weakly curved gravity

. quantum field theory < >
QFT temperature < > Hawking temperature
conserved charge < » charged black hole

radial AdS

coordinate Anti-de Sitter
space boundary

T
2
2
o
8
-
o
§
3
E
&
=
=

Matthias Kaminski A reality check for chiral magnetic transport & holography Page 31



(D)
£
+

Outlook: Holography far-from equilibrium

thermalization :
los: horizon
exampres. : .. formation
quench, heavy ion collision
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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Outlook: Holography far-from equilibrium

thermalization

los: horizon
exampres. : .. formation
quench, heavy ion collision
D)
£
T=0 many body system
correspondence
RETIR I boundary of
Investigate: nti de Sitter
v ® evolution of electromagnetic fields Dace

® transport far from equilibrium
® initial excentricities versus flow harmonics
® dynamical evolution of “the ridge”

thermal
QFT
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What are quasi-normal modes in gravity?

* heuristically: the eigenmodes of black holes or black branes

¢
el

_8T¢_|_VS¢:E¢ o 2 3 4

AdS-boundary T horizon

e the “ringing” of black holes

® quasi-eigensolutions to the linearized Einstein equations
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Dual QFT: Quasi-normal modes are poles of
correlators

Example: metric tensor fluctuations

QNMs of ¢ L= hmyare poles of <T:1:y T:z:y>
[Kovtun, Starinets; JHEP 2005]

Fourier transformation of gravity field:

hay(t) o< €™ hy, (W)

(

Resonance and decay are encoded in QNM frequency:
e—iwt _ 6—@'(Rew) te(Imw) t
resonance damping
frequency (decay width of the
(mass of the  quasiparticle)
associlated
quasiparticle)
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Holographic calculation: QNMs

e start with gravitational background (metric, matter content)

* choose one or more fields to fluctuate
(obeying linearized Einstein equations; Fourier transformed)

* impose boundary conditions that are
(1) in-falling at horizon

(ii) vanishing at AdS-boundary

* numerical implementations
(a) spectral methods (generalized eigenvalue problem)

(A [gmna fim: d:: ) l‘] +Ww B[gmnv fim: dz l‘])
(b) shooting (spin-2 only)
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Holographic calculation: QNMs

e start with gravitational background (metric, matter content)

* choose one or more fields to fluctuate |
(obeying linearized Einstein equations; Fourier transformed ¢(t) e “¢(w) )

e impose boundary conditions that are
in-falling at horizon:

and
vanishing at AdS-boundary: lim ¢(u) =0

U—7Ubdy
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Holographic calculation: QNMs

e start with gravitational background (metric, matter content)

Example: (charged) Reissner-Nordstrom black brane in 5-dim AdS

[Janiszewski, , T2 2 a2y . Lo . mL* ¢°L?
Kaminski: ds® = 72 (—Qfdt + dzT ) + rzfdr f(r)=1- — ur:
PRD (2015)] _ .9

Av=n Lr?

* choose one or more fields to fluctuate |
(obeying linearized Einstein equations; Fourier transformed ¢(t) e “¢(w) )

Example: metric tensor fluctuation
p fw)—ufu) , w— fu)k’ re 2

Y — 4 — _(IE
b=l Ty T Ny o A )

e impose boundary conditions that are
in-falling at horizon:
& b= (1— )™ [¢(0) oM —w) + 6P —u)? + .. }

and
vanishing at AdS-boundary: lim gb(u) =

U—7Ubdy
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http://arxiv.org/find/grp_physics/1/AND+au:+janiszewski+au:+kaminski/0/1/0/all/0/1

Fluctuation equations: a glimpse

* one decoupled spin-2 equation (for 1 field)

1
32 u(@) W) w2
h2(2) (M@ (w2 (-2 @D AVRQ P’ @) +2 AV (2 +3ikZ (@) +3ikzc(@) +2 (@ P/ + 12u(@) +3iwz-24) - 3iZ w@ W (2) (kc(@) +w) +3K 2 +2* u@x) P'(2)°) -
2B% 2 w(2)* +62v(2)’ w2)’ V(2) (ikze(2) + 4 u(@) +iwz) - 122 u(@) W2)* w(2)* V(2)*) -
hi2' (@) (32v(2)* w2 (~2ikze(2) —zu'(2) — u(z) -2 i w2) + 6 2 u(z) (2)® w(2)? V' (2) -3 2 u2) M2)* w2) W' (2))
3 22 u(2) 2)* w(z)?

+h12"(2)

* 8 coupled spin-1 equations (for 6 fields) — one third visible here

WD (3 2w(2) [ ~u(D (w(2) (21" (D AV (D -2¢" (D hy3’ (D+hy) " @42k " (D) 42w’ (D (hy) " (D-2c(D 3" (D)) llill(:)M(.‘.).‘\\"(:)(‘(C‘(:)'w]‘:”(:][((1](’!\1'(1)(”’(:)2 (~e'(@)-2ik)+hy3’ (2 (-w' @ :u]]od:)z w(D? (D hyy’ (D-iwh

“3iBw2 al (D) WD? w2+ (3 2w(2) (~u(2) (WD) (202" (D AV (D -2 (D gy (D +hy (D 42k " () 42w (2 [y (D -2 () by’ () -4 202(2) wl) AV (2) (k el +e) +2w(D) () [y (D (w2 (€ () -2 k) by " () (~w" (D -d w) ¢

w(z)? (A3 (-2 (d:)(» 28 AV (@ P+ i k) AV(2 4 (22 P2 4120243 i w0z 24]»1)2 #46202° V(D 2w +i k:d:]))»-.‘.:»(:)z (Nz)z (zu(@ al (2 P (@D +izal(2 P (kD rw)rikzcD hyy' (@Dvikzhy " (D-ikhyy

3iBk2 a1 W2 wD? +w(2)? (302027 (22 (i (42 (202" () P (D +hyy (D +2hyy” () +2(hga’ (2 (i kel vu’ (42 i w) vi kg () -202(2) P (2) (ke(D) +e) 4k (D)~ B2 P () (62 hy3(D)-hyy (2)-2 k20D hyp (D V(D)) +hoy (2 [~

-w2? u'(:)[w'(:)3 2w(2)? (~W'(:J [u(:)ul'(:i + 2 (2 hy3(2) ~hyy (D) () P (2) - AV ()] +iy202(2) (kAV' (D + w P (D)) + w(2)3 (:(—u(:.l al” (@D + 2 h3DAVD D -2 AV (D by (D +2hyy (D (-2 AV (D - AV (D + 2 (D P ()
2 w2 (W2 (w2 (- w" (2 (02 27 (D) + 2 (D b3 (D = hyp () (1) P/ - AV ()] = iy 201 (D (R AV (2 + @ P/ (D)) + w(2)? (2~ 102 22”7 () 4 2 B3 (D AV (D (D) = 2 AV (D " () + 2hp (D (-2 AV () = AV (D) + 26 () P () -
w22 (w(:)2 (z(al’ (2 (2602 P (2) = 2AV' (D) + 2" (D h g3 (D + (D (g3 (D) + 2hy3 " (D) = hyy (2 = 2hyy (D) + 4 hyy (D) +i k2 (al(2 P2 +hy3" (D) + 2 hy3 (2 (2 wi2) (2w (D) = 2 w(2) + :(W(:)2 @+ lk]) t2w(Dw' (D [z hy3" (D

2 (w(2? (Bal’(2)+2 V(22 (hyp( -2 hp3(2)) - B2 hy3(2) P+ w2 (w(:lz (2(2(2 (262 P (D) =z AV (D) # 2" (D hgy " (D + (D) (3" () + 2hp3 ™ (D) = hyp " (2) =2k () + 4 B (D) + i k22 (4202 P(2) + hiyy () + 2 hy3 (D) (r'(:

® 10 coupled spin-0 equations (for 6 fields)
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Chiral effects in vector/axial currents
see e.qg. [Jensen, Kovtun, Ritz; JHEP (2013)]

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

J, =+ E&w' + & vB' +EvaBYy

chiral
magnetic
effect

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

Jy =+ & +EpB" + Ean By

chiral chiral
vortical separation
effect effect
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http://arxiv.org/abs/arXiv:1307.3234

Chiral effects in vector/axial currents
see e.g. [Jensen, Kovtun, Ritz; JHEP (2013)]

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

P % Evably

chiral
magnetic
effect

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

JZ:+€WU+ 'u_I_gAABfZi

chiral chiral
vortical separation
effect effect
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http://arxiv.org/abs/arXiv:1307.3234

Stepping stones: QNMs far beyond hydrodynamics

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

(Lo Tog) 0, ) = Gy () = =i [ b (T, (), Ty (O)
hydrodynamics valid
-30 -20 -10 10 20 30
® e
Re w A
. .
® ®
-10 holography:
* * poles correspond to
* ¢ quasi-normal
e -15 * mode (QNM)
. ¢ frequencies
& &
» —2 0 L
» [
- _2 5 [
[ [
- : -
. =30} Im w .
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[Starinets; JHEP (2002)]
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