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Chirality and a strong magnetic field give rise to novel hydrodynamic transport

Basic idea Method :
ST E
+ standard relativistic SRR ;’i
hydrodynamics is 3 ’
isotropic and parity-invariant fé e

4+ but QCD quark gluon plasma c WL
breaks isotropy and parity 4 3%
[Adler; Phys.Rev. (1969)] 3
[Bell, Jackiw; Nuovo Cim.(1969)] g §

[Blackie; PRL (1960)] S

W

Ly

= anisotropic chiral hydro

= novel transport effects
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OUTLINE

1. Novel transport coefficients: deriving chiral hydrodynamics

2. Holographic model of chiral hydrodynamics

3. Holographic transport far from equilibrium
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1. Chiral hydrodynamics - Concepts

5l Hydrodynamics

e effective field theory

T(t.7) =T(x)

fluid cells with
distinct
temperatures

e expansion in small gradients

.
e

e large temperature Constitutive equations

e conserved quantities survive (T") = eu'u” + PA*"™ + 0() + O (0°) +...
(o) = 1t + O(0) + O(0°) + ...

r T — K 2
Scales L) = nut + 000) + 0(07) + . ..
Fourier transform hydro fields, e.g. T(x): . .

9, o—iwt i it Conservation equations
0 € — —we ,
Uy __ UV
i vV, 17 =F7),
“ <1 Ll < 1 VAR 0
T ’ T ulvector —
Vi* =CE-B
/4] axial .
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1. Chiral hydrodynamics - Construction

1. Construct constitutive equations or generating functional: all
(pseudo)scalars, (pseudo)vectors and (pseudo)tensors under Lorentz group

< j* > =nu+ 00) + 0(0°) + ...

Examples at O0(0): VH#n  charge gradient .
1 \ (covariant derivative)

vorticity wH = 56/“/ ’O”LL,/V)\UIO

magnetic Y _ppo

vorticity QB — ¢ Uy vp By

2. Restricted by conservation equations

Example: Vuj(uo) =V, (nu") =0

[Jensen, Kaminski, Kovtun, Meyer, et al.;
PRL (2012)] [JHEP (2011)]

[Banerjee et al.; JHEP (2012)]

[Haehl et al.; PRL (2015)] 3. Further restricted by positivity of local entropy production:

[Crossley et al.; (2015)] l/L
cf. method reported in talk by J. Liao [Landau, Lifshitz/ v v} J S 2 O
(used there for spin hydro)

(= Most general hydrodynamic 1-point functions for chiral

charged fluid in strong magnetic field  /Ammon Kaminskiet al; JHEP (2017)]
[Ammon, Grieninger, Hernandez, Kaminski, Koirala, Leiber, Wu; JHEP (2020)]
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1. Chiral hydrodynamics - conductivity Kubo formulae

[Ammon, Grieninger, Hernandez, Kaminski, Koirala, Leiber, Wu; JHEP (2020)]

A

Z A

A

parallel

—>J_ perpendicular

current

2zl D

>
current

> X

Very different parallel versus perpendicular For any anisotropic fluid: |Two Prog.Part.Nucl.Phys. review articles:

= also two distinct shear [Cartwright, Garbiso-Amano,Kaminski, Wu; PPNP
review (accepted version on arXiv)| on rotation

<JZJZ>(w,k — ()) ~ O‘H

viscosities 77, and 7

<Jxe>(w,k — ()) ~ 0| -Hq“has no lower bound
cf. [Florkowski, Ryblewski; PRC (2010)]

= affects hydro modeling ! [Martinez, Strickland; Nucl.Phys.A (2010))

[Ammon, Cartwright, Grieninger,Hernandez,
Kaminski; PPNP review (to appear)| on strong B
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1. Chiral hydrodynamics - novel transport coefficient ¢,

[Ammon, Grieninger, Hernandez, Kaminski, Koirala, Leiber, Wu; JHEP (2020)]

Shear-induced Hall conductivity ¢,

. (X Yz 7,
Cio ~ Iim —Im(T™* T7*)(w, k = 0)

1= (10,u@,um) =0 @

shear in fluid flow
(in yz-plane)

Yy charge current

T ) ~ Cl()(ayuz T azuy)
[T

S e
0% = novel Hall response

= non-dissipative

= interplay: shear-charge
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1. Chiral hydrodynamics - novel equilibrium coefficient M,

[Ammon, Grieninger, Hernandez, Kaminski, Koirala, Leiber, Wu; JHEP (2020)]

Perpendicular magnetic vorticity susceptibility v,

. |
= — lim Im{T™T")(w = 0, k)

k,—0 ZkZB(%
magnetic vorticity
Q’Z’, ~ (V xBy — VyBx) response in energy/pressure :
I / '
—> > Bx(y )
"X
magnetic vorticity : Q% — 6“ vpo "U,VV 0 B o
-

= Can we test these Kubo formulae and constitutive relations

on the lattice or in experiments?
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Chiral hydrodynamics - all coefficients

[Ammon, Grieninger, Hernandez, Kaminski, Koirala, Leiber, Wu; JHEP (2020)]
cf. [Hernandez, Kovtun; JHEP (2017)]

coeflicient, name Kubo formulae | C | P | T X
' . . L dissipative, hyvdrodynamic (]im lim )
Thermodynamic ( lim lim |, non-dissipative W0 k=0,
k >0w—0 coefficient name Kubo formulae C|P|T
helicity 1 helicity 2
Mo perp. magnetic vorticity susceptibility T+=TY% (2.30) + | - | + 1 perp. shear viscosity TayTey (2.55 + |+ -
My magneto-vortical susceptibilily T9TYE (2.30,2.31) | + | - | + netieity 1
: . T e r arallel shear viscosity T**T** (2.59a + |+ | -
chiral vortical conductivit 2.38.2.39 o p» — ( = )
: : 2 ')” I)tl-l'&llel Ha-ll VlSCOSlt}" TUZTL'SL’ (2-0.)‘)) + -~ +
chiral magnetic conductivity ik s |x ¢15 | shear-induced conductivity Tie Tz, TieTy. (2.57) + |+ |+
&r chiral vortvical heat conductivity (2.08,2.39) | + — 01 perp. resistivity JeJ% (3.54) s |3 | =
heli(_'.ity () Pl Hall resistivity JEJY (2.55¢) 4= |3
M, magneto-thermal susceptibility JUTEE (2.32) - - o | long. conductivity ]1 J* (2.53a) pall e
. e : o erp. conductivir b=(0"")at=pi0ab+ DL€ | + | + | -
M magneto-acceleration susceptibility J'T (2.32) + |+ | - ol t 3 Lo i Pab = (0" Jab = PL0ab + DL €ab
- 1e11CItVY
. . o s t Tt [ 90
A i . r ) 2 s : : N AN R
My magneto-clectric susceptibility S (2.32) + m bulk Viscosity 0107 (2.55¢) I R
12 bulk viscosity 020 (2.55d) + | + | -
(1 bulk viscosity TY(T*® 4 TY)(2.55a) + | + | -
Non-dissipative Hydrodynamic (lin%) ll(im) (o bulk viscosity 3(a — 611 = 2o T [
w—0 k—0 :
— . — — C4 expan.-induced long. cond. Lo (S:67) Flo- | -
cocfficient name Kubo formulac C|P|T : : —
s expan.-induced long. cond. s Lz (2:87) + | - | -
helicity 2 C3 cs = —3(c3 + ¢4) + | -1 -
N transverse Hall viscosity Ty (Tps — Tipy) (2.558) + | - | +

helicity 1

= novel transport relevant for QGP ?!

shear-induced Hall cond. | T%*7T**, T**T¥* (2.60,2.62a,2.62b) | + | + |

J2J%, I (2.54,2.53,2.63¢)

X C17

€10

= CME in equilibrium on the lattice ?!

T | Hall conductivity

cf. talk by E.
Garnacho-Velasco

cf. poster by E. Garnacho-Velasco
as well as by K. Fukushima
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A winning team: hydrodynamics and holography in parallel
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OUTLINE

2. Holographic model of chiral hydrodynamics
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2. Holographic model for chiral hydrodynamics

-

........

= Construct holographic dual to charged plasma in strong B

= Compute values for all transport coefficients of N=4 SYM

[Ammon, Kaminski et al.; JHEP (2017)]
[Ammon, Grieninger, Hernandez, Kaminski, Koirala, Leiber, Wu; JHEP (2020)]

Einstein-Maxwell-Chern-Simons action dual to N=4 Super-Yang-Mills (SYM)

1 iy i '
5 & = !
R [ JM ' M el
5-dimensional Einstein—Maxwell term 5.dimensional Chern-Simons term
encodes N=4 Super-Yang-Mills (SYM) encodes chiral anomaly of SYM

cf. [Erdmenger,Haack,Kaminski, Yarom; JHEP (2008)]
[Son,Surowka; PRL (2009)]

Charged magnetic black branes dual to charged plasma in strong B
[D’Hoker, Kraus; JHEP (2010)]

e charged magnetic analog of Reissner-Nordstrom black brane
e asymptotically AdS;
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2. Holographic model for chiral hydrodynamics - Results

[Ammon, Grieninger, Hernandez, Kaminski, Koirala, Leiber, Wu; JHEP (2020)]

SN Perpendicular magnetic Shear-induced
j vorticity susceptibility v, Hall conductivity
] —
' B .::.- . . 4 = (l,(), u}.(:), Ltz(y))
0.04} — = 0.05 " ;’& 0.005F b | fnvepiane)
T2 o ~ |
_ B o ‘ {Jx ~ c1p(0yu, + 0,u,)
0.02F E — 125 .:... . 0.004. TT Y charge current
7 I b s J “~ 0.003}
S 0.00 = = 30 3 3
-0.02} .':: 0.002
~0.04} ....':.-:' 0.001
~0.06 : : : : : | o_oo():looo!zgz::::go'o'0988!!3§=::::;:ﬁ:o
=il g . 5 - 0.0 0.2 0.4 0.6 0.8 1.0 T

B

" = not zero, finite, Onsager relations satisfied
= all Kubo formulae consistent

= transport coefficient relations satisfied

= confirms chiral hydrodynamics
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OUTLINE

3. Holographic transport far from equilibrium
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A winning team: hydrodynamics and holography in parallel

DISCLAIMER: More balanced review in § _ HOLOGRAPHY
my Section 5.2 on Hydrodynamics ® 2 —
in White Paper [Sorensen et al.; ST % ?l\fi ii:af:;:l: :g:;l:bnum, strong B
P TOg.P artN UCZP hys (2 024)] - § [Gosh, Grieninger,Landsteiner,Morales-Tejera; PRD (2021)]
.Ep w Y expanding plasma
: [Cartwright, Kaminski,Schenke; PRC (2022)]
g}g‘g ':I?Ig ;ﬁ?vlzﬁ Scsgz' .% [Grieninger,Morales-Tejera; PRD (2023)]
— . -_‘ > Q L
g - o0&
Chiral Magnetic Effect (CME) C () 8 Frequency dgpendenqe of CME
from chiral anomaly - To [Amado,Landsteiner,Pena_Benitez; JHEP (2011)]
?I’S{haigeev; iRC P(}ZQI(?O(;)(;OQ)] ®) é [Li,Yee; PRD (2018)]
on,Surowka; 3 , _ ,
INeiman,Oz: JHEP (2010) g g [Koirala; PhD thesis (2020)]
u __ g
8]

CME near equilibrium (+hydro)

Chiral Vortical Effect < weak magnetic field B
[Son,Surowka; PRL (2009)]
[Kharzeev,Yee; PRD (2011)]

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

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

...
~
-
-~ -
------

hydro and holo in [Banerjee et al.; JHEP (2011)]
parallel ’ p
JH =0

gy~ Cuz + bT?

Q
< strong B [Ammon,Leiber,Macedo; JHEP (2016)]

[Ammon, Grieninger, Hernandez, Kaminski, Koirala,
Leiber, Wu; JHEP (2021)]

¢ fluid/gravity correspondence cf. talk by D. Kharzeev
< gives constitutive equations
o

ontain weird parity-odd term cf. talk by A.F. Dobrin

vorticity

)

cf. talk by Huan Huang
[Neiman,Oz; JHEP (2010)]

o
ﬁ
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3. Far from equilibrium holography

Thermalization in field theory: Horizon formation in gravity: [Janik,Peschanski; PRD (2006)]
[Chesler, Yaffe; PRL (2009)]

[DOE Highlight Article; et :
Cartwright,Kaminski, s .
Schenke (2023)]

LRI ]
.....
-

_.-':collapsin"g
: dust shell

.
....
-----

=0 aricle “soup” gauge/gravity

T=0
correspondence QFT
! (T") () ———————— 8,(V)

thermal
QFT

msolve time-dependent Einstein equations
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3.1 CME far from equilibrium - Reminder: near equilibrium CME

The Chiral Magnetic Effect (CME)
caused by chiral anomaly

[Kharzeev; PRC (2004)]
[Fukushima,Kharzeev, Warringa; PRD (2008)]

[Son,Surowka; PRL (2009)]
[Neiman,Oz; JHEP (2010)]

JV=¢ B

[DOE Highlight Article;
Cartwright, Kaminski,
Schenke (2023)]

Electric charge current:

Chiral magnetic conductivity: 5 —
= Cy

Anomalous axial current divergence: V//t J X — C E . B

axial charges are
generated in
aligned E- and B-
fields

A

Matthias Kaminski

(Needed for observation:
= chiral anomaly
= axial charge imbalance

= magnetic field

= sufficient life time
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3.1 CME far from equilibrium - Bjorken-expanding plasma

. . [Cartwright, Kaminski,Schenke; PRC (2022)]
Milne coordinates (7, X1, X, Er)

Carturight Kaminski, proper time T — \/ t2 — x5 Bjorken flow
Schenke (2023)] L1
[J [} R 1
rapidity £ — 2 ln[(t—l-aig)/(t—flig)] \ \ -}x\xW \ B <”>

Metric Ansatz AdS radial coordinate r
ds® = 2drdv — A(v,r)dv? + Fi (v, r)dvdz,
+ S(v,r)2e"t M da? + S(v, r)2et2(v ") g2
+ LQS(’U, 7’)26_H1("""")_HQ(“"”)clfg,

A NG

-', ‘
\%‘6‘(\\/

figure generated by Casey Cartwright

»(&‘3)

AVEC\WWY

boundary at r = oo has boost invariant Milne metric:

= L2 ‘) ‘ ‘ ‘ C) ‘)
lim —ds* = —d7* + dzf + das + 7°d¢?
r—oo T2
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3.1 CME far from equilibrium - case I

Initial state:
nonzero n,, b,

[DOE Highlight Article;

Cartwright,Kaminski, S pressure aHISOtrOpy
chenke (2023)]

time-dependent n,, B
plasma expanding
along beam line

Matching to QCD:
SUSY value for a
L=11im fixes k

Near-equilibrium CME

']‘/j — 5){B 5)( — C//tA

[Kharzeev; PRC (2004)]
[Fukushima,Kharzeev, Warringa; PRD (2008)]

[Son,Surowka; PRL (2009)]

[Cartwright, Kaminski,Schenke; PRC (2022)]

Fixed initial eB ~ m2, n, = 0.00032GeV?
I I I I I I I ‘ I I I I I I

O 25 — T(To):165 MeV
—-. T(19)=181 MeV

1N :
8 0.20
I

T(19)=199 MeV

- O 15 -= 1(79)=225 MeV

et *
- = T(79)=299 MeV
A 0.10 \ > -
— - —.. T(19)=577 MeV N RO
’\> I \, \\\\ e
v 0.05 S \N‘*~~_.
000 Lo

C>CME-current depends strongly on initial conditions (strength

of magnetic field vs. axial imbalance vs. collision energy)

see also the non-expanding holographic model:

[Gosh,Grieninger, Landsteiner,Morales-Tejera; PRD (2021)]
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3.1 Chiral Magnetic Effect in Bjorken-expanding plasma

[Cartwright, Kaminski,Schenke; PRC (2022)]

4r P °
[ // - Charge accumulated in detector
[DOE Highlight Article; ] : — — T
B il e over time A7 = 7, — 7; due to CME
chenke (2023)] o 3L | s Tf
o L | a
O — Case 1l P 1
=S qgv /A= | drr{J")
S o ol — Case III
O 2 | "
g 'S — Case IV T3
Q >
..c.é N3 - Case V A ~ -
— 1} - rea: — 7
= i 1 = Case VI A j d'I’ngf
& | : ]
=
9 - i
ok . . . . . ege
m | ! ! 1 1 | ! ! ! ! | 1 1 1 | ! ! |
” = — e — different combinations of initial

energy, initial chiral imbalance,

o o 1/2 .
collision energy s'°[GeV] initial magnetic field

= CME-current depends strongly on initial conditions (strength

of magnetic field vs. axial imbalance vs. collision energy)
compare: [Gosh,Grieninger, Landstemer Morales-T ejera PRD (2021)

Compare to experiments: top-RHIC enerqgy: [STAR Collaboration; (2021)]
low-energy update: [STAR Collaboration; (2022)]
high energy update: [ALICE Collaboration; (2022)]
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3.2 Far from equilibrium shear: Results

E [Bleicher, Kaminski, Wondrak; Phys.Lett.B (2020)]
\)
RHIC parameters: SNN = 200 GeV At =0.31m
n 1.0
300. Tﬁnal o SIOMer —
Temperature M 08 S
I = THaWking > " bz
Entropy density from = | | B
generating functional - - T.=155MeV :O .
g Son—shell 100_| v -
§~ | 102
. g
O. " " " " 1 " " " " 1 " " " 1 " " " " O.
-1.0 -0.9 0.0 0.5 1.0

KSS equilibrium result

Kouvtun,Son, .
[é)tlzul:tizetg;n 2 . 1 No universal bound = Shear transport ratio first drops below 60%,
PRL (2005)] T [Buchel, Myers, Sindha; )

dr JHEP (2008)] then rises above 110% of KSS value 1/(4x)
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[ ) o o [ )
7 | 3.2 Far from equilibrium shear: Results - continued
T [Bleicher, Kaminski, Wondrak; Phys.Lett.B (2020)]
5 FRG and holography minimum
BT S B B S TR B B B S TS TS T B S 12_"'1"'1"I"'l"'l"'_
- : o QCD, near equil. (IQCD) :
1.07 -l __.;;_.-_f_‘:‘:"f ------------------------- ; oo M0 I @ @2 | mm——— QCD, near equil. (FRG) -
T i oSt T 7 = - SYM, near equil. -
< 0.8 ot 7 <+ gl SYM, far from equil. _
~ 06} 1
i [ ) 2Tcin0.24..0.59 fm ]
04 5 A
R : e 4 Tc in 0.24..0.59 fm ) —
> B g rew - 65Tcin024.059fm
s weEsawsd 10 Tc in 0.24..0.59 fm
0.0 1 | | 1 | 1 1 | |
0 2 —~ 6 8 10
FRG results from T/l Tc
1.4 I [Christiansen, Haas, Pawlowski, Strodthoff; PRL (2015)]

Lattice QCD data from
[Astrakhantsev, Braguta, Kotov; JHEP (2017)]

= stark contrast: near equilibrium lattice QCD / FRG suggest /s > 1/(4n)

whereas far from equilibrium Super-Yang-Mills (SYM) plasma suggests /s < 1/(4r)

= currently underestimating flow generated at early times /Bernhard, Moreland, Bass, Nature (2019)]
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Comments: Spin hydrodynamics & hydrodynamics in rotating fluids

o o cf. talk by A. Palermo
Spin hydrodynamics o talk by Shu Lin

[Hongo,Huang, Kaminski,Stephanov, Yee; JHEP (2021)] cf. talk by M. Shokri

4+ spin connection sources spin current, like ¢ talk by A. Daher

metric sources energy-momentum tensor

o __28W

ib Ab 4 analytically known rotating vortical fluid
a € ow? - --
H torsion=o [Bantilan, Ishii, Romatschke; PLB (2018)]

4 spin connection independent from metric
(vielbein ¢) iff torsion nonzero,
dictated by differential geometry:

Hydrodynamics in rotating fluids

4+ stems from rotating equilibrium state on
3-sphere after stereographic projection

4+ hydrodynamic modes of this rotating fluid

De=0e+e*w=T (thsj()n)J appear as if in boosted fluid
[Garbiso-Amano, Kaminski; JHEP (2019)]

4+ special case: if zero torsion, 7 = (),
spin current and energy-momentum tensor
display pseudogauge dependence because
their sources are equivalent

4+ all these results plus applicability of
hydrodynamics discussed in review:

[Cartwright, Garbiso-Amano, Kaminski, Wu; PPNP review
—1 yesterda (accepted version on arXiv)|
> M ~ — (6) de cf. talk by 40 - 70 Pages!
. S: v
M. Buzzegoli

in agreement with [Gallegos,Gursoy, Yarom; SciPost (2021)] Cf. talk by V. Braguta
[Gallegos,Gursoy, Yarom; JHEP (2023)] Cf. talk by K. Fukushima
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http://arxiv.org/abs/arXiv:1203.3556
https://arxiv.org/abs/2101.04759
https://arxiv.org/abs/2101.04759
https://arxiv.org/pdf/1904.11507
https://arxiv.org/abs/1803.10774
https://indico.math.cnrs.fr/event/10773/contributions/11972/
https://indico.math.cnrs.fr/event/10773/contributions/11931/
https://arxiv.org/abs/2308.11686
https://indico.math.cnrs.fr/event/10773/contributions/11934/
https://indico.math.cnrs.fr/event/10773/contributions/11926/
https://indico.math.cnrs.fr/event/10773/contributions/11954/
https://indico.math.cnrs.fr/event/10773/contributions/11961/
https://indico.math.cnrs.fr/event/10773/contributions/11970/

Discussion

Summary

e chiral hydrodynamics for charged chiral fluids in strong magnetic field

e derived Kubo formulae for 27 transport coefficients (8 novel)

e confirmed Kubo formulae by computation in holographic model

 Chiral Magnetic Effect depends on initial values (axial imbalance, B, T, €)

 Far from equilibrium specific shear viscosity drops below 1/(47)

AdS 4 CME @ HIC = ECT,:-.;
Outlook — m%a(. G - WORKSHOP
e calculate novel transport coefficients on the lattice and in perturbative QCD N
» explore effect on elliptic flow and hydrodynamic modeling in general TR

eVecta m -

ay -h&mm&hu Holograpy & am powerie 1o Dok Bolds Ue runise o beaie 0
yootaiLly sédren ol oncs. | mtibp COTMI £a3ng €X30rta I S [he Yakes g9

 construct chiral magneto-hydrodynamics —E R

W ety §FT_ AU/TSE Wod it vt Kamioedd | rtvereyed Aabaeral (et Saray ( yeew
I.M;.M”M:&-w v

[AdS4CME Collaboration/

Orgarzen

e include dynamical magnetic field and dynamically created axial imbalance
to model QGP and CME far from equilibrium

Two reviewyaertgcles on rotation and strong B in Progress in Particle and Nuclear Physics:
Sterda
4

Our upcoming ECT* Workshop:
O ﬂ7o yavz ?n arX.iV MarCh 24'28, 2025 (with Gursoy/Kharzeev/Landsteiner)
[Cartwright, Garbiso- mgﬁg,‘Kaminski, Wu; PPNP [Ammon, Cartwright, Grieninger,Hernandez,

review (accepted version on arXiv)] on rotation Kaminski; PPNP review (to appear)| on strong B

Holographic perspectives on
chiral transport and spin dynamics
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https://indico.ectstar.eu/event/163/
https://arxiv.org/abs/2308.11686

Thanks to my collaborators (since 2012) and Thank You!
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APPENDIX
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APPENDIX: Kubo-formula derivation example: hydrodynamic correlators in 2+1

B Simple (non-chiral) example in 2+1 dims: _ e
P =nut +o |EF —TAH0, (—)

APV = g 4+ uHu”

1"/
sources Ay, A, ox e Wtttk ut = (1,0,0)
fluctuations n=n(t,x,y) oc e W (fix T and u)
one point functions (use V" = 0) .
o -~ tko susceptibility: X = 54—
(7YY = n(w, k) = w+ik2%(wa+kAt) ou
oo Einstein relation: -
Ty = A, + kA = —
(J?) =0 8T iwlo

0A, w + 1 DE?
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APPENDIX: Chiral effects in vector and axial currents
see e.qg. [Jensen, Kovtun, Ritz; JHEP (2013)]

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

JE = ... ngﬂ f)( B gVABffl

chiral
magnetic
effect

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

JM:..._|_€CUN_|_€BBM_|_€AABZ

chiral chiral
vortical separation -
effect effect

=phenomenology needs both currents

= Holographic model with two currents
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http://arxiv.org/abs/arXiv:1307.3234

APPENDIX: Holographic model with two currents

Einstein-Maxwell-Chern-Simons action with two gauge fields A and V,

1 L2 L2 a
— | 5. /= _ _ pv _ O)puv 4 ~ opvpor (5) 7 (5)
S = >3 Jd x./—g | R-2A . F,F . —F} F(S) 36 A, <3FUPFM+F F! )

[Gosh,Grieninger, Landsteiner,Morales-Tejera; PRD (2021)]

counter term action

equations of motion

i ! | 1 12
. 1d . 9f(1 __ , ¢ ,
ASCf ve— SWC' / (_l l 'V/ (1&. L (‘_J\]. (1’ Rﬁl-l-" —_— 5(]’11 \R )/\) —11‘11 + TT[_(II ’ .
. z )a
L—) P L3 / | Jar/ —_ U!)\/}T
L _R(v)) ) + ——log(e) | dlr /ol VuF!" = — gy EorEp)
(1 R 2 ("‘_LT(T ; (X 3\ = '
7 LS 7 g IS APT % ‘ J
Vb == a° (F-"-"\ Fuo + FaxFig ) ‘

gravitational Maxwell-CS stress tensors

; 1 | 1 :
L:zz ;r)\F, _J:!]!” F T FN\ F Egl“/E::’)
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APPENDIX: Holographic model with two currents

Einstein-Maxwell-Chern-Simons action
with two gauge fields A, and V

[Gosh,Grieninger, Landsteiner,Morales-Tejera; PRD (2021)]
[Grieninger, Morales-Tejera; PRD (2023)]
1 2 2

" L L a
_ 5 — . T I 7 &) e oT 5) (5)
S = | dx/78 | R=20 = —F, " ——FQF + 74, <3FWFM + FOFS )

ST Einstein- “axial
ravitational . Maxwell axia :
gou ling x Hilbert Maxwell” Cherr?-SlmonS Chern-Simons term
Py coupling o encoding chiral anomaly

4D conserved vector current

5D vector
5D axial 4D anomalous axial current
gauge field Aﬂ ) v JY =+t + Ep B + €40 B
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APPENDIX: Kubo formulae: two shear viscosities

Shear viscosity perpendicular y t Oy
4 Ox
%Im GT:cyT:By (w, k:()) — 41 ]Zgliglcity
Uy

- X
Shear viscosity parallel

1 = - s v -

~Im Grez722 (w, k=0) = ny + (€sc15 — c10C17)pL — (C8C17 + C10C15)PL
perpendicular Hall resistivity
resistivity

= Value of shear viscosity depends on K
: : : fluid
direction of magnetic field velocity
= Can lead to creation of flow at early times
- X
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y| |APPENDIX: Far from equilibrium shear: Perturbations

— [Son, Starinets; JHEP (2002)]

Ky Perturb the background metric §,, = &, T [Igbal, Liu; Fortschr.Phys. (2008)]
[van Rees, Skenderis; PRL (2008)]

. 1 . .
ds® = 5 (—f(v,2) dv? — 2dvdz + dz® + d‘yQ) = 8w dx"dx" = linearized Einstein equations for
Near-boundary expansion ~ h(o) -+ <T > Z4 -+
//ty ﬂy e o o
source one-point function

Linear response: retarded correlator from metric fluctuation (only shear perturbation hxy)
[Bleicher, Kaminski, Wondrak; Phys.Lett.B (2020)]
[Ishii; arXiv:1605.08387]

(Tl‘y(tg» /dT C'Ty ly( T, t2)

Gry Iy(tpa t?_)

\-\/-/

x 0(T—1p) | shear source localized at a time A
: Xy, X Xy, X Xy, X —lwt.
Wigner transform  G>(1, 1)) = G (tyye0 b)) ~ G O Ly @) €70 tave = (tp + t2)/2
Lol = tp — I

Equilibrium result
[Kubo formula

Generalized Kubo formula for “shear viscosity” far from equilibrium
[Bleicher, Kaminski, Wondrak; Phys.Lett.B (2020)] 1

'77 (tavg) — — ;I)lil}}) ; % éﬁyql?y(tavg, (.U)

— — it — X (XX
n=—Ilm—5G;" ()
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APPENDIX: Bjorken - expanding plasma

[Cartwright, Kaminski,Schenke; PRC (2022)]

Bjorken flow equation { |
<']((f’:i)> = el | ’L)‘U) ’
1e 1 n - T ~
d-€ + e 0 (T Y= (0,2Vy(7),0,0) .

QK2

o , =»CME current
Holographic Bjorken flow equation

Pi(7) Py(r) Bi(r)* 8w 2¢(7) i ‘time-dependent

T T QT {3

axial charge and B

\ J
Energy and pressures
(P a4 3a (7)  b%log(b'/?) B* = le“h"‘d'u.bﬁ.d =
6 _ g, grr— . s e - T . 0y -
VO 2 414 812712 e
o2 au(r) R M(r)  bBllog(b!/
P| - (T]]) = 5 T iTA | 1 | 9 — )
' K2 47, I RL272 671
D Ty 2L as(T) i h'f)("r) b*log(b'/?) h? 1
T NEIT o 1L/ L 8L2712  16L272 671 )" Recall the metric:
2P = (Tee) 0372 [ malr) B§NT) R Blog(h?) 3 g L ds* = 2drdv — A(v,r)dv* + Fi (v, r)dvda,
o ce | — e R _ - = B
S ssf K2 4[4 74 A R2+2 16272 34 + S(v, 7,)2€H1(v-,7‘)d1€ + S(v, ,r)QBHQ('U:T)dI%

4 E%814, 7’)26_H1('v”‘)_HQ(“’T)cl(SQ,
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APPENDIX: Holographic Bjorken - expanding plasma

[Cartwright, Kaminski, Knipfer; (2022)]
Metric Ansatz :

ds? = 2drdv — A(v, r)dv® + €PN S, 7)) (dz? + dad) + S(v, r)2e 2B ge?
lim —2(132 — —dr? + dat 4 das + 72dE?
r—oo 1

Anisotropy function :

= 2 By + Ap

Initial conditions :

B (2,10) ()1 cos (’}l )—|—Q)tan( )—{—Q381n +Z;3z~

71=I()
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APPENDIX: Bjorken - expanding plasma: C’-code

[Cartwright, Kaminski,Schenke; PRC (2022)]

HO]O grap hiC MO del NU meric al routine [Cartwright, Kaminski,Schenke, 2021]

1. Provide initial data  H, (v, 7). V(vg, 1), e(vo), £ (vo)

5. Provide new 1nitial condition

- H;(vy + nAv,r), V(v + nAv, 1), e(vg + nAv), £ (vg + nAv)

1= 28w, 2)2 (H{(n, 2) AL(x, 2) + Hi(n, 2)? + Hy (1, 2)2) + ze~ 02y (5 )2 A
—6(25'(v,2) + 258" (v, 2)) S(v, 2},

0= L°* e %) §(v, 2)? + (L*q; — BabV (v, z)]2 — 24L%2%8(v, )18 (v, 2)S(v, 2
—12L%2° S (v, 2)°S (v, z) — 24L%S(v, 2)%,

0 = —64ab?e™ WAV (v, 2) + 8abL3gse™\*) — L8228(y,2)3 (S'('v, 2V (v, z) + S, 2)V'(v, 7))

— L8228, 2)* (Hj(y,z}ﬁ’(v, 2) + Hi(v, 2)V' (v, 2) — 2V (v, %)) 4. Step lorward i lime

2. Solve line by line 0= -09z"8{v,z)? (H{('v, 2)8(v, z) + Hy(v, 2)5" (v, z)) — 422 M2 gy )2V (v, 2)V (v, 2

Casay Cartwnght, AdS4CME@HIC - 3/15/20L

€ v« f , —~ - - W =
— 6z* H, 1, z}.‘.v |, 2)4 - zb‘)‘cH‘(“ ) 2

» vl ] ’ b s " -~I" . — el > :' > y
0= —62°H, (v, 2)S(uv, 2)! + b2ef1(3) 4 2221103 gy )4V (v, 2)V (v, 2)

'.) v \3 G . 5 ¢ ¢ )
— 928w, 2) (H;‘» (v,2)S8(v, 2) + II;\u\-z;,z}S’l‘r;,z}) .

0=3LS(v. 2)® ('zifz“A" (v,2) + 422 A’ (v, 2) — L*22 Hy (v, 2) (2H (v, 2) + Hi(v. 2))

—L222H; (v, 2)Ha(v, z) — 20222 Hy (v, 2) Ha (v, 2) + 8L2:l — 302 L™ (V7 Sy, 2)?

OIS A - ( o ) , . . S 3
— 2L82%e~ M2 (n2) Gy 2} 1\306”1("'2'5"[1:,z].S'{v,.z'l - V'(v,z)V(v,z)})

—7(L%qs — BabV (v, z < 2 S . )
\ : ‘(‘2 T ( ) D g e s g gewes  wes g 3. Obtain time derivative
0= 32°A"(v, 2)S(v, )8y, z) + L™ Viv,z)* 4+ L°H) (v, z)Ha(v, 2)S(v, 2} 1
— L*Hy{v.2)"8(v,2)" + L”Ha(v, 2)’5(v,2)" 4+ 6LS(v, 2)S(v, z) . > Oy Hi(r,v) — H; — 'QA(';-, v)O, Hi(r, v)

1

31;"’ ' 3 — I;, -
(r,v) 5

(o 2y 7
Alr, )0,V (r,v)

15
6. Repeat steps 2-5 until final time is reached

Matthias Kaminski

taken from Casey Cartwright’s talk
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APPENDIX: Same magneto response in LQCD and N=4 SYM with magnetic field

[Endrodi, Kaminski, Schdfer, Wu, Yaffe; JHEP (2018)]

1 : e om0 1 SR —

lattice QCD, B = 0.1 GeV? |
0.2 GeV?2 |
0.3 GeV? | |
0.4 GeV? -
0.5 GeV?

: 0.6 GeV? |

| 0.7 GeV? |

r N=4 SYM

PT/PL

* X T

® O

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

Lattice QCD with 2+1 flavors, dynamical quarks, physical masses
Lt 8FQCD FQCD ... free energy
transverse pressure: PT = V 0 L Lt ... transverse system size
: | | LL O FQCD LL ... longitudinal system size
ongitudinal pressure: pP1, = V oL V... system volume
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