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Method: holography & hydrodynamics

Solve problem in
effective field
theories, e.g.:
hydrodynamic
approximation of
original theory

(QCD)

"V

gravity dual to QCD

Hard problem
e.g. QCD at
strong coupling

or standard model?
(not known yet)

A
. check of

HOLOGRAPHY ' model theory
v

hydrodynamic
approximation of
model theory

Simple problem in a

particular
gravitational theory

Hard problem in
“similar” model QFT

w®, check of Rod
“~.. model theory .-’

~. -
-~ -
o m mm-

‘ Matthias Kaminski Correlations far from equilibrium Page 6



Method: holography & hydrodynamics

Solve problem in
effective field
theories, e.g.:
hydrodynamic
approximation of
original theory

(QCD)

"V

Hard problem gravity dual to QCD

e.g. QCD at
strong coupling

or standard model?
(not known yet)

A
. check of

HOLOGRAPHY ' model theory
v

hydrodynamic
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model theory

Simple problem in a
particular
gravitational theory

Hard problem in
“similar” model QFT

= Holography good at qualitative or universal predictions.
= Checks of model theory.
= Understand holography as an effective description.
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Reminder: Hydrodynamics

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

e fields 1'(x), p(x), u”’(x)

e conservation equations

V,i" =0

e constitutive equations
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temperature chemical Sfluid
P potential velocity
¢ conservation equations >
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V,77 =0

continuity: atn —+ 6 . ; — ()

e constitutive equations

Conserved current <j ,LL> — nu/,b _|_ V/,L

[Landau, Lifshitz]
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Example: hydrodynamic correlators in 2+1

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

- o (K
I =nut+ o [E”’ — TAM0,, (— AP = g"" + yHu¥
1
pwo_
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1. Review: hydrodynamics & holography

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

7’} 1 [RHIC measurement; (2004)]

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

s A4
Shear viscosity measures Y s . Oy
transverse momentum transport: $, Oz
A
AA
A .
fluid
velocity
Uy
>
X

Kubo formula derived from hydrodynamics:

’ 1 . from constitutive relation:
~ n(Vyuy, + Vyuy)
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— 4_ [RHIC measurement; (2004)]
T KSS “bound’”: [Kovtun, Son, Starinets PRL (2005)]

Kubo formula derived from hydrodynamics:

1] !
— 11111 —
' w—0 2w

dt dx " ([T, (1), T,,(0)])
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1. Review: hydrodynamics & holography

Famous result: low shear viscosity over entropy density y‘ AA%
n 1 [Policastro, Son, Starinets; JHEP (2002)] A Ax
P Ar [RHIC measurement; (2004)] +
5 7T KSS “bound”: [Kovtun, Son, Starinets PRL (2005)] ];lgll(()icity
Kubo formula derived from hydrodynamics: ty
>
. 1 1wt X
n = hn%) o dt dx " ([T, (x), Ty, (0)])
w— W

Holographic calculation:

du/(]‘ll’\/—g (R_QA) + 2/(141,\/_—]2](
)

T3 R3
S=— /
2K J

1
(—f(w)dt® + dz* + dy* + dz*) +

2

mTR)? ’ ] T Ar23
ds3, = ( - ) 4u2f(u)du2+R2dQ§ —> S5 = 7N T
f(u)=1—-u? black brane metric entropy density

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

N=4T*
T (z’27rTw+q2) = n = gNQT?’

shear viscosity

G y,y (w, q) =
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1. Review: hydrodynamics & holography

7

Famous result: low shear viscosity over entropy density y‘ AA%
n 1 [Policastro, Son, Starinets; JHEP (2002)] A Aw
P Ar [RHIC measurement; (2004)] +
5 7T KSS “bound”: [Kovtun, Son, Starinets PRL (2005)] jggllc()icity
Kubo formula derived from hydrodynamics: Uy
>
X

n = lim — / 0t dac 6! ([T, (2), Ty (0)])

w—0 2W

Holographic calculation:
- 1

3 135 ]
S = /(lu/d4r g (R—2\) + 2/(14;17 vV —h K

- 2
2 _ (WTR)Q _ 2 2 2 R’ 2 2 192 _ T 23
dsiy = u (—f(u)dt® + dfff + dy +dz)+4u2f(u)du + R°dS); — s = —2 N=T

f(u)=1—u? black brghe metric entropy density

(z' 2l w + q2) = n = gNQT?’

shear viscosity
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2. Chiral magnetic hydrodynamics - Motivation

Chiral magnetic effect Most vortical fluid in HICs
- heavy ion collisions (HICs) - Lambda hyperon polarization
( (
5 [ Au+Au * 200 GeV < Authu 20.50%
<§1“ si_ ;]) h* - h* 39 GeV 8t % A this study -
< 4 © 19.6 GeV T @ X this study |
5 E *\I) + 7.7 GeV % |e'| 6L e ﬁPRC76 024915 (2007)_
I 3: I ﬁ:) ao . O A PRC76 024915 (2007)
s A ]
°F | | AMPT (20 GéJ) 2__ # % i*# % |
® * 40 » @ % Mo;g Centra? O ﬁ_

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

10 10°
\san (GeV)

[RHIC STAR Collaboration; Nature (2017)]

A Vvorticity

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

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

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

also cond-mat and plasma physics

see Koenraad Schalm’s talk
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Deriving chiral magnetic hydrodynamics

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

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

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

e equilibrium generating functional

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

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

n=1

5
W, = /d“x\/TQ (p(T, po B?) + Y My (T, 1, B?)sp + 0(5‘2))

4
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Deriving chiral magnetic hydrodynamics

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

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

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

eq o . . . 5

e equilibrium generating functional W, = / /=g <p<T,u, B+ Mo(T, Bz>sn+o<a2>>
[Jensen, Kaminski, Kovtun, Meyer, Ritz, Yarom; PRL (2012)]
[Kovtun; JHEP (2016)]

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

n=1

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

e constrain through Onsager relations
and Gy (@ ks X) = nsoamobef;w; (w, —k; —x)
entropy current
Vst >0

Example relation for bulk viscosities:
302 —6m — 212 =0

* thermodynamic frame
* consistent current
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Leading order: 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 ~ O( 1)‘
/ €0 0 0 ft(P)B \
0 Py—xpsbB’ 0 0
(Tgpr) = +0(9)
0 0 Py—xppB* 0
\&’B_ 0

0 \PO)

Axial current: “magnetic pressure shift”

(Jepr) = (no, 0, 0, fg))B) +O(9)
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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One point functions in thermodynamics

Zeroth order CME |B ~ O(1)

-thermodynamic chiral currents

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

(T°%) = &) B (J%) = ¢¥B

axial
current

heat
current
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Reminder: Hydrodynamics

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

e fields 1'(x), p(x), u”’(x)

e conservation equations

V,i" =0

e constitutive equations
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Example: hydrodynamic correlators in 2+1

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

. y v
]'LL = nut O |:E'UJ — T'AH¥ (9,, (T)i| AHY — g'“JV—|—u'LLUV
ut = (1,0,0)
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Kubo formulae I 1. B

Parallel conductivity

H parallel
11n ' k=0) = . |
whll Gz g (Lu, k_O) | T | perpendicular
current
Perpendicular resistivity 1 B
.- 2
wo(wo — M5, B
%ImGJme(w,k:O)zwzpl ( T 5.450)
BO >
current
> X

Magneto-vortical susceptibility

k-ilm GTtmTyz (UJ — 07 kzl%) — _BO ]\[5
: (JZT*)(w, k = 0) ~ oy

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

non-equilibrium parallel conductivity /
perpendicular resistivity
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Kubo formulae II

(Perpendicular) Hall resistivity

wol(wg — Mz, B2
;3(; Wi py oo B:‘)l ale 0)sign(Bo)

1ImC’J:z:Jy( ,k=0) =

B

Chiral magnetic conductivity I . f’ Yy
1 1 x

_ T ITT YN — L
£B hn%) —zk<J JY) (w O,k)+3C’u
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Kubo formulae II

(Perpendicular) Hall resistivity

wo — 1\[ BQ
Chiral magnetic conductivity I I
1 1
—hm—Jny w=0k)+ =C
&g = lim —(J7J¥)( )+ 30k

i non-equilibrium
parity-odd transport

(ST (W, k=0) ~ o —w 7p) +.
(J* T ) (w = 0,k) ~ —ik &g

Y anomaly type
Cu
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Kubo formulae III N

AR
Shear viscosity perpendicular 44
uid
1 {)Zelocity

> X
Shear viscosity parallel
~Im Grzz122 (w, k=0) = 1 + (€sc15 — c10817)pL — (CsC17 + C10€15)P1

perpendicular Hall resistivity
resistivity

t,, B
r Z |t

A

AL

Holographic model values must satisfy:

fluid

= constraints velocity
= consistency checks

» X
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3. Holographic setup
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Action and background

Einstein-Maxwell-Chern-Simons action

12 1

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

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

- an an)
4

chiral anomaly

-~/

/

/ ANFAF
6 Jm

ds® = [( ¢(0)? w(p) ) dt? — 2dtdp + 2 c¢(0) w(p)? dz dt

2

—I—l‘( )2 (dl + dy ) + w(p)? dz?
F = Ai(o)do Adt + Bdx /\dl/+P'(Q)d0/\d~

charge magnetic
field
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Correlators from infalling fluctuations

Problem: fluctuation equations are coupled (dual to operator mixing in QFT)

Numerical methods

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

Gt (k) = —21lim F(k, €)

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

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

0(Op)
Yoy

(04 O0p) ~

—> analytic relations

find independent solutions to coupled systems (no pure gauge solutions)
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Pt e‘.lminary

4. Results T

-0.1F

y=2/\/§ [0 @ 05 @ 2 4. e 10.

Ms/(T fi)

0.001 0.010 0.100 1 10 100 1000
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Holographic result: equilibrium
[Ammon, Kaminski et al.; JHEP (2017)]
Background solution: charged magnetic black branes
[D’Hoker, Kraus; JHEP (2009)]
[Ammon, Leiber, Macedo; JHEP (2016)]

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

e external magnetic field
e charged plasma
® anisotropic plasma

ﬁ‘hermodynamics

(0)

[ —3uy 0 0 —deg [« 0 0 &'B)
0 Py— xppB? 0 0

» 0~ —w—dw, 0 0 (Ter) = Ve +0(9)
<T ) — B2 0 0 p() — X3332 0
\ —4¢4 0 0 8wy — uy )
(J*) = (p, 0,0, p1) . (Jier) = (no, 0, 0, €' 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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Thermodynamic transport
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Magneto-vortical
susceptibility

Im GTt:eryz (w = O, kz/;) — _BO ]\[5
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Hydrodynamic transport

v=2/\3,r @ O.

0026 e 0229

® 0503 @ 1. @ 1759 @ 4.

0.30}
0.25}
0.20}
< 0.15f .
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0_00rc. Beh o & ®o co o

-

~

~
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~~™
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p.T

v=2/"/3 . @ O. 0026 @ 0229 @ 0503 @ 1. ® 1759 e 4.
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B
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sign(Bo)

E—w PL

Chiral transport in strong magnetic fields from hydrodynamics & holography

Bj

Page 26



More transport coefficients

N perpendicular shear viscosity
| ) parallel shear viscosity
' 7L perpendicular Hall viscosity
‘ ) parallel Hall viscosity
( bulk viscosity
Co bulk viscosity
| m bulk viscosity
| 7 | bulk viscosity I
o, perpendicular conductivity
‘ |, parallel conductivity
a Hall conductivity
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Analytic result from one-point function technique

4 Ouy
Kubo formula: perpendicular shear viscosity Y A‘Eiai
Sfluid
1 velocity
aIm GTxyTa:y ((U, k:O) =11 R

Analytic result:

BO®
1

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

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

ne 1

S 477
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Discussion - Summary

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

» proof of existence within holographic model (EMCS)

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

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

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

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

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

= correlations far from equilibrium at high density

and magnetic field with chiral anomaly
[Cartwright, Kaminski; JHEP (2019)]

[see my talk at HoloQuark2018

= non-relativistic hydrodynamics & QNMs
[Garbiso, Kaminski;, JHEP (2019)]

[Davison, Grozdanov, Janiszewski, Kaminski; JHEP (2016)]

= rotating black holes/branes & QNMs
[Garbiso et al to appear]

= dynamical electromagnetic fields -

magnetohydrodynamics [Kovtun, Hernandez; JHEP (2017)]
[Cartwright, Knipfer, ... work in progress|/

= comparison to experimental data
( [Endrédi, Kaminski, Schdfer, Wu, Yaffe; JHEP (2018)] )
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APPENDIX
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Charge, parity, time reversal

quantity C|\PI|T

t + |+ | -

z' +] -]+

r + | + | +

T, hy, T + | + | +

pa,Ag, Jt +1 - | +

A, J* + |+ | -

Ay I I

W, hy;, T8 T A

hij, T 4+ 4+ |+

B! 4+ - | -

E + |+ | +

dx* Ndx¥ ANdxP Ndx® Ndx® | + | - | -

fAAFAF 4+ 4+ |+
i
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Constitutive equations
Generic decomposition: THY — Eubu? + PAMY 1 Qb 1 QVult 1+ THY

Jt = Nu" + J*
ExampleS: X = Xeq. + Xnon—eq. + Xanomalous

Eeq =—P+Tpr+ppu+ (TMs 1+ pMs , —2Ms) B-Q
+ (TMyr + My + AB* My g2 + T*Ms o — My) s1
+ (T'Ma 1 + Moy — Ma) s2

4B2

+ o (My = TMig — pMy — 4B My g2 — T*Ms p2) s3

2

4B
(TM4T +uMay +

—— My, + Ms u)

./\/eq_ —pu+V-p—pa—md+ (]\Il,u — T4]\.-I4’Bz) s1 + Mag 82

+ (M3 + TMyr + ptMyy + 4B°My po) s3 + Ms ;5 .

Anomalous parts: AT =u"(&r QY + &rp BY) +u” (&0 Q* + Erp BY)
AJE = 1OB-Aut + €O + (¢p — LOp) B* + LCeP7 A u, B,

cons

=107 + o1 T? + 2T, ép=Cu+2eT,
&r = 20U + 20T+ 2eTp®,  &rp = 2Cp* + 117 + 29T
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EFT calculation: chiral hydrodynamics with magnetic field

For any theory with chiral anomaly [Son,Surowka; PRL (2009)]
_ Vpo [Erdmenger, Haack, Kaminski, Yarom; JHEP (2008)]

[Banerjee et al.; JHEP (2011)]

(A_Xial current with weak external B field:

(Ja") = nut + o B* — eTAM'Y,, (%) e BR e

axial
current

Energy momentum tensor with weak external B field:

(T*) = eutu” + PA" + u#q" + u¢" + ™7
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EFT calculation: chiral hydrodynamics with magnetic field

For any theory with chiral anomaly [Son,Surowka; PRL (2009)]
_ Vpo [Erdmenger, Haack, Kaminski, Yarom; JHEP (2008)]

[Banerjee et al.; JHEP (2011)]

(A_Xial current with weak external B field:

9!

(Ja") = nut + o B* — eTAM'Y,, (f e BR e
(ideal) conduc- charge diffusion chiral chiral
charge tivity magnetic vortical
flow term conductivity conductivity

term term

axial
current

Energy momentum tensor with weak external B field:
(T*) = eutu” + PA" + u#q" + u¢" + ™7
vV heat current

ideal
fluid
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EFT calculation: chiral hydrodynamics with magnetic field

For any theory with chiral anomaly [Son,Surowka; PRL (2009)]
_ Vpo [Erdmenger, Haack, Kaminski, Yarom; JHEP (2008)]

[Banerjee et al.; JHEP (2011)]

(A_Xial current with weak external B field:

(Ja") = nut + o B* — eTAM'Y,, (ﬁ) e BR e

1
(ideal) conduc- charge diffusion chiral | chu.’al
charge tivity magnetic vortical
flow term conductivity conductivity
term term

axial
current

Energy momentum tensor with weak external B field:
(T*) = eutu” + PA" + u#q" + u¢" + ™7
vV heat current

ideal
fluid

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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Dispersion relations: weak B hydrodynamics

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

Weak B hydrodynamics - poles of 2-point [Abbasi et al.; PLB (2016)]
functions (T T*P), (TH J*), (JF TP, (J* T+ [Kalaydzhyan, Murchikova; NPB (2016)]

spin 1 modes under SO(2) rotations around B

)y — » .,2 77
W= tk T 50 = So/no

eo + Py
former momentum diffusion modes cp =To(9s/0T)p
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Dispersion relations: weak B hydrodynamics

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

functions (I'*¥ TQB% (TH J%), (J* TQB% (JHT*) [Kalaydzhyan, Murchikova; NPB (2016)]

spin 1 modes under SO(2) rotations around B

Bng 22 7 Ck Bngés iB%c
- i1 :
€0 + p() €0 + P() (6() + P0)2 €g + PO 50 = So/Mo

former momentum diffusion modes cp = To(0s/0T)p

W = 3
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Dispersion relations: weak B hydrodynamics

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

functions (I'*¥ Taﬁ% (TH J%), (J* Taﬁ% (JHT*) [Kalaydzhyan, Murchikova; NPB (2016)]

spin 1 modes under SO(2) rotations around B

Bn Bn iB?%o
eo + Py eo + Py (60 + Po) eo + P S0 = S0/Mo
former momentum diffusion modes cp =To(9s/0T)p

spin O modes under SO(2) rotations around B

Wo = Vg ke — z’DO J2 + 0(63) former charge

diffusion mode

W4+ =— V4 k — ZP+ k2 + 0(83)
former
w_ =v_k—il_k*+ O(OB) SOudnd
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Dispersion relations: weak B hydrodynamics

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

functions (I'*¥ Ta5>a (TH J%), (J* Taﬁ>a (JHT) [Kalaydzhyan, Murchikova; NPB (2016)]

spin 1 modes under SO(2) rotations around B

Bng 2 n L Bngés iB%0
(4 l
€0 + Fo co+FP (e +FPo)? e+ P S0 = so/mo

former momentum diffusion modes cp =To(9s/0T)p

W — +

spin O modes under SO(2) rotations around B

Wo = L — 1 DO kz 4 0(63) former charge m 3 chiral magnetic wave
diffusion mode [Kharzeev, Yee; PRD (2011)
. QBT -
wi = vy k —iT4 K + O(8°) w="2T (¢ 30s)
former w2 o
w_=v_k—il_k* + O(8?) ‘sound Do = ;07
e modes 0

= dispersion relations of hydrodynamic modes are
heavily modified by anomaly and B
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EFT result IIl: wealk 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 —iDg k* + O(8*) former charge diffusion mode

wo = €0+ H

wy = vk — il k* + O(8°) former

o T K21 O sound
w-=v_k—il_k"+0(0) modes

50:.90/720

cp =T1o(9s/0T)p

damping coefficients: c2 = (OP/0¢),
3( + 47] Wo O Q pWy 2 wg g
Iy = + ¢ 1—— Do = =
+ 6wy ¢ 2n(2, ( Cpng 0 Cp’ngTo

velocities: - . QB T
ve =4ec,— B (1 - ‘,’f”w°> [3CT050 + 2P0 (6 — 30s2) + §gg” — S”] vo = 0 (é 30%)

chiral conductivities: known from entropy

9 0 9 ~ o Current argument
v = —3Cp”+CT*, &p=—6Cu, & =—-20p"+20CuT [Son, Surowka; PRL (2009)]
[Netman,Oz; JHEP (2010)]
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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)]

5 Bngé&s B 1Bio
(0 + Po)? e+ Fo

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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Recent update: strong B hydrodynamics
[Hernandez, Kovtun; JHEP (2017)]

Spin-1 modes

Bon i B2 3
strong B: w = +——= — =% (g, 4+ i5) — iD k>
o “o ty-odd
PyY? Agreement
B /4{' B2 in form

e0 + Po €0 + Fo %po)z_fo-l-Po

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=+ l(z 0 _ u_o (U_L + 'iO’) _ 'Z'.@CQ

Wo Wy .

panty-odd Agreement

Bng Br}gé' iB%0 in form

weak B: w= - k2 k
“ jf:€0+Po p0+ /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
Bong iB? -
strong B: w = + 12 o _ w_o (0, +i5)|— i@kﬁ
Wo Wo .
parity-odd Agreement
B /Of/ B2 in form
weak B: w=F Bro e 53 bo S

k
€0 + P €0+p0+ /Fpo €0+p0

Exact agreement in real part!

Spin-0 modes

[’
strong B: w = +kv, — 1 ;"” kQ,
2
w = —iDyk*, Dj= ——
ngx11 + wyxss — 2noWoX13
parity-odd wi o 2B T =
o=z > (€ - acsh)
weak B: w, :}qﬁ: —iDyk* + O(8°) o cpnglo T e ¢ = 3%
wy =vy k—ily k2 4+ O(6%) Agreement in form  ép = Ty(0s5/0T)p

w_ =v_k—il_k*+ O(8°)
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Recent update: strong B hydrodynamics
[Hernandez, Kovtun; JHEP (2017)]

Spin-1 modes Anisotropic transport coefficients
Bong iB? -
strong B: w = + i o _ %_0 (0, +i5)|— i@kQ
'0 0 .
/{?my'(’dd Agreement
B? in form
weak B: w=7—2"0_ _ 2 Bngs  iB% f

k
€0 + P €0+p0+ /FPO €0 + Py

Exact agreement in real part!

Spin-0 modes

¢ B: L __k : Fsll k? . .
Strong b. W = TRV, — 1 5 , Anisotropic transport
, coefficients
w = —iDyk?, Dy = ——— i ———
N1 + W3 2ngwqx13
parity-odd wi o 2B T =
Do~ 4 (¢-s0)
weak B: wy :}qﬁ; —iDo k* + O(8?%) " cpngTo 0= Cpng ¢ =305
wy =vy k— il k* + O(8%) Agreement in form  ép = Ty(95/0T)p

w_ =v_k—il_k*+ O(8°)
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Zeroth order CME |B ~ O(1)

-thermodynamic chiral currents

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

B

(T°%) = &) B (J%) = ¢¥B

axial
current

heat
current
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Previous work: polarized matter at strong B

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

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

' . TE: = MF¥gagFPY + wfu® (Mg FP’ — FogMPY
Jo = pu® — VM B = Mgus (MasF™ — FopM™)

bound current [Israel; Gen.Rel.Grav. (1978)]
Polarization tensor: Including vorticity:
| b o » OP W~M,B-w
M pv = Puly — PrlUy — €Euppot TN M™ =2 OF [Kovtun, Hernandez; JHEP (2017)]
uv
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Previous work: polarized matter at strong B

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

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

Th = M goagF? + utu® (Mg F? — FogMPY
Ja _ pua o VA A‘I/\a EM Gap ( af af3 )

bound current [Israel; Gen.Rel.Grav. (1978)]
Polarization tensor: Including vorticity:
OP W~M,B-w
A.[uy - pﬂuV - pyuﬂ - E”ypo'upma M'L“/ — 2 aF [KOUtUJ’L, Hernandez; JHEP (201 7)]
[18%

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

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

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

= opportunity: study equilibrium and near-equilibrium transport
_ [Ammon, Grieninger, Kaminski, Koirala, Leiber, Wu; to appear]|
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Universal magnetoresponse in QCD ...
[Endrddi, Kaminski, Schdfer, Wu, Yaffe; arXiv:1806.09632]

15 I : : ]
1 T R ——— -
0.5 | -
0| |
0.5 B=0.0 GeV2 i
A+ B=0.1GeV2  + -
B=0.2 GeV?
1.5 B=0.3 GeV? .
Pyt B=0.4 GeV? o |
B=0.5GeV2 o
25 | B=0.6 GeV? —a—i
; B=0.7 pev2 —a—
0.1 0.15 0.2 0.25 0.3

T (GeV)

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

Lt aFQCD Fqcp ... free energy
transverse pressure: pT = — V 0Lt L ... transverse system size
| | Li O FQ D LL ... longitudinal system size
longitudinal pressure: p1, = — V oL V ... system volume
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Universal magnetoresponse in QCD ...

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

1.5 | | | | 1.5 | 1 I | 1 | | |
1F N 1 T ———— -
05 | - 0.5 |
0+ - 0 i
—J a - - -
L B=0.0 GeV? a 05
E aF B=0.1 GeV? - £ A B=0.1 GeVZ2 '+ + -
B=0.2 GeV? B=0.2 GeV?
15 B=0.3 GeV? . -1.5 B=0.3 GeV? g
Py B=0.4 GeV? o | 5 B=0.4 GeV2 o1
B=0.5 GeV2 & B=05GeV2 o
25 | B=0.6 GeV2 —=— - 25 B=0.6 GeV2 —a—i
B=0.7 GeV? —»— B=0.7 GeV? —+—
-3 ] | | -3 | | | | ] | | ]
0.1 0.15 0.2 0.25 0.3 01 02 03 04 05 06 07 08 09 1

T (GeV) T/ sqrt(B)

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

Lt aFQCD Fqcp ... free energy
transverse pressure: pT = — V 0Lt L ... transverse system size
| | Li O FQ D LL ... longitudinal system size
longitudinal pressure: p1, = — V oL V ... system volume
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... and N=4 Super-Yang-Mills theory

[Endrodi, Kaminski, Schdéfer, Wu, Yaffe; arXiv:1806.09632)]

I [ | [ I I i .
1 | conformalevenhere? I conjormal regime,
0.5 | , _
X lattice QCD, B = 0.1 GeV?2
a 0 - attice QCD, 1 GeV~ — ~
= 0.2 GeV?2 +—x
< i 0.3 GeV2
0.5 F ) 0.4 GeV2 1 -
0.5 GeV?
ERE | 0.6 GeV2 —o—i _
- 0.7 GeV2 —@—
r . N=4SYM —

01 02 03 04 05 06 07 08 0.9 1
T/VB
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