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1. Novel transport coefficients in extreme magnetic fields

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

Preview of results: charged chiral
hydrodynamics in strong magnetic fields

several novel transport effects, e.g. :

4+ 1 perpendicular magnetic vorticity susceptibility

4+ 1 non-dissipative shear-induced Hall conductivity

Jz ~ C10(Oyvz + 0z vy)

4+ Kubo formulae for >20 transport coefficients

charged

(3+1)-dimensional Reminder:

relativistic fluid of shear viscosity Kubo formula

chiral fermions in |

magnetzcﬁeld N = hll%) 2_ dt dil? ez’wt <[Try (ZIZ) le(O)b
w— W '

Matthias Kaminski Novel hydrodynamic transport coefficients in extreme magnetic fields & the CME far from equilibrium Page 2


https://arxiv.org/abs/2012.09183

1. Chiral hydrodynamics - Concepts
Hydrodynamics

e effective field theory

e expansion in gradients

 small gradients

e lJarge temperature

e conserved quantities survive

fluid cells with
distinct
temperatures

%) e—iwt — e—iwt
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1. Chiral hydrodynamics - Concepts

Hydrodynamics
R A R S
 effective field theory T e

e expansion in gradients

 small gradients

e lJarge temperature

e conserved quantities survive
| | w k|
Ope™ W = —j e W <1l o<l

fluid cells with
distinct
temperatures

In this presentation also :

B~0O() BT’
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1. Chiral hydrodynamics - Construction

1. Constitutive equations: all (pseudo)vectors and
(pseudo)tensors under Lorentz group

< j* > =nu+ 00) + 0(0°) + ...

Examples at 0(0): V#n charge gradient (covariant derivative)
.. 1 VA
vorticity wh = 56“ ’OU,/V)\UP
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1. Chiral hydrodynamics - Construction

1. Constitutive equations: all (pseudo)vectors and
(pseudo)tensors under Lorentz group

< j* > =nu+ 00) + 0(0°) + ...

Examples at 0(0): V#n charge gradient (covariant derivative)
.. 1 VA
vorticity wh = 56“ ’OU,/V)\UP

2. Restricted by conservation equations

Example: Vujé)) =V, (nu") =0
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1. Chiral hydrodynamics - Construction

1. Constitutive equations: all (pseudo)vectors and
(pseudo)tensors under Lorentz group

< j* > =nu+ 00) + 0(0°) + ...

Examples at 0(0): V#n charge gradient (covariant derivative)
.. 1 VA
vorticity wh = 56“ pu,,V,\up

2. Restricted by conservation equations

Example: VujéLO) =V, (nu") =0

3. Further restricted by positivity of local entropy production:
[Landau, Lifshitz] v 7! J 5 Z O

(= 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. Kubo-formula derivation example: hydrodynamic correlators in 2+1

_ - A,uV: v W,V
=t 4o [~ T, (£) At

ut =(1,0,0)
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1. Kubo-formula derivation example: hydrodynamic correlators in 2+1

_ - A,uV: v W,V
=t 4o [~ T, (£) At

sources A, A, ox etttk ut = (1,0,0)

fluctuations n=n(t,x,y) oc e W (fix T and u)
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1. Kubo-formula derivation example: hydrodynamic correlators in 2+1

_ - A,uV: v W,V
=t 4o [~ T, (£) At

sources A, A, ox etttk ut = (1,0,0)

fluctuations n=n(t,x,y) oc e W (fix T and u)

susceptibility: X = &
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1. Kubo-formula derivation example: hydrodynamic correlators in 2+1

49 Stimple (non-chiral) example in 2+1 dims: _ e
H =nut 4+o |EY —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 V3" = 0) an
o ~ tko susceptibility: X = 54—
(7YY = n(w, k) = w+ik2%(wa+kAt) ou
oo Einstein relation: -
Ty = A, +EkA — —
(77) =0 5(5%) iwo

—> two point functions (;7j%) = SA. T oDk
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1. 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”

17
sources Ay, Ay ox e WIHIRT ut = (1,0,0)
fluctuations n=n(tx,y) X e Witk (fix T and u)
one point functions (use V3" = 0) an
o ~ tko susceptibility: X = 54—
(7YY =n(w, k) = w—l—z’kQ%(waJrkAt) ou
oo Einstein relation: -
Ty = A, + kA = —

(7%) =0

- 0J") iw?o
0A, w + 1 DE?
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1. Chiral hydrodynamics - conductivity Kubo formulae

21y B

A

parallel

—>J_ perpendicular

current

Matthias Kaminski Novel hydrodynamic transport coefficients in extreme magnetic fields & the CME far from equilibrium Page 6



1. Chiral hydrodynamics - conductivity Kubo formulae

21y B

t parallel

—>J_ perpendicular

current

>
current

> X

Very different parallel versus perpendicular

<JZJZ>(w,k — O) ~ O‘H

(JET) (W, k=0) ~py
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1. Chiral hydrodynamics - novel transport coefficient ¢,

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

Shear-induced Hall conductivity ¢,

T
uf = (1,(), uy(z), uz(y)> Cio ™~ lim —|m<Tt T)’Z>(a)’ — O)

Z

w—0

shear in fluid flow
(in yz-plane)

TT Y charge current < ]x> ~ (| O(ayuz + azuy)

X 4
= novel Hall response

= non-dissipative

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

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

Perpendicular magnetic vorticity susceptibility i,

1
M, = — lim IM(T*T’*)(w = 0, k,)

k,—0 ZkZB(%

Z magnetic
vorticity

Q/l/; it ( V xBy - V yB X) response in energy/pressure :

<Tﬂ> — geq ~ Feq ™ MQB-QB

magnetic vorticity : Q% — e'u vp UUV V ,OBO'

-
= Can we test these Kubo formulae

and constitutive relations?
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-

2. Holographic model for chiral hydrodynamics

= Construct holographic dual to charged plasma in strong B

= Compute values for novel transport coefficients (N=4 SYM)

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

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

Einstein-Maxwell-Chern-Simons action

_ 5 . mn -
Sorav = 52 Md r+/—qg | R 72 4anF ~ 8 MA/\F/\F

5-dimensional Chern-
Simons term encodes

chiral anomaly

Charged magnetic black branes
[D’Hoker, Kraus; JHEP (2010)]

e charged magnetic analog of Reissner-Nordstrom black brane
e asymptotically AdSs
[Ammon, Grieninger, Hernandez, Kaminski, Koirala, Leiber, Wu; JHEP (2020)]
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2. Holographic model for chiral hydrodynamics - Results

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

1. B Perpendicular magnetic Shear-induced
B vorticity susceptibility i, Hall conductivity c,,
0.06 pr——r———————— ——————————————e
0.04'- E = 0.05 é{-’yxi 0'005:'
| T2 iy ' - o R
0.02} E = 12.5 .:'.'. 0.004:- e :
| T2 ° ; s ©e
= '. b - ,! _' “ 0.003} o : ° .
E 0'00. E—BO .:; . g ' v::o ..:
o002l .‘;: : 0.002:- .. ; ¢ o .
| ..': : :° . ’ :l/t
0.04-&.’}? ; 0.001 i : 3 f . ’ ? > ()
! o o’ i . s : , o o
_0.06- --------- N — | 0_000:_ c0e 8l ! !E : :_o so000088888832323000¢ : ﬁ = ()
-10 -9 0 . 10 0.0 0.2 0.4 0.6 0.8 1.0 T
p/T B

= not zero, finite, Onsager satisfied
= qll Kubo formulae consistent
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2. Chiral hydrodynamics & holography - all coefficients

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

coefficient name Kubo formulae C|P|T
. . . o . dissipative, hydrodynamic (hm lim>
Thermodynamic | lim lim |, non-dissipative w—0k—0
k—0w—0 coefficient name Kubo formulae C|P|T
helicity 1 helicity 2
M perp. magnetic vorticity susceptibility T =TY% (2.30) + | - | + yn perp. shear viscosity Ty Ty (2.55) ]+ -
M, magneto-vortical susceptibility T@wTY* (2.30,2.31) | + | - | + helicity 1 e g T 250
: : . | parallel shear viscosity T2 (2.59a + |+ | -
'S c}.ural vortlca.l conductn.m.:y J:;Tty (2.38,2.39) | + | + | + i barallel Hall viscosity T, To (2.59D) i
B chiral magnetic conductivity J*JY (2.38,2.39) + | - | + cs|oc c15 | shear-induced conductivity TyoTos, TiaTys (2.57) NN I
gT Chil‘al VOI‘tiC&l heat COHdUCthlty TtajTty (238,239) —+ - + 01 perp. resistivity JrJ* (254) + | + -
helicity 0 pL Hall resistivity JEJY (2.55¢) + |+ | -
M magneto-thermal susceptibility JET* (2.32) + |+ | - o long. conductivity _J1 T (2:53) Tt -
]\43 magneto-acceleration susceptibility JtTtt (2. 32) 4+ 4+ _ hehzity ; perp. COIldU.Cthlty Pab = (U )ab = ,OL(Sab +pPlL€ap | + | + | -
. . e7 e t t
My magneto-electric susceptibility JUJ' (2.32) + | - | - 771 bulk viscosity 0,0, (2.550) ST
12 bulk viscosity 0204 (2.55d) + | + | -
C1 bulk viscosity TY(T** 4+ TY)(2.55a) + | + | -
Non-dissipative Hydrodynamic (111% llin%) ) (o bulk viscosity 3¢y — 61y = 2my I I
Fioiont Kuh L;_> _1> clpPlT Ca expan.-induced long. cond. STy (2.57) + | - | -
Coe. .Clen Hane ubo Tortiac Cs expan.-induced long. cond. J,T., (2.57) + | - | -
helicity 2 c3 cs = —3(c3 + c4) + | -1 -
.1 transverse Hall viscosity Ty (Tow — Ty ) (2.551) + | - | +
helicity 1
c10 | x c17 | shear-induced Hall cond. | T**7T%*, T TY* (2.60,2.62a,2.62b) | + | + | +
ol Hall conductivity JTJJ*JY (2.54,2.53b,2.53¢) + | - | + of [Hernandez, Kovtun: JHEP (2017)]
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2. Chiral hydrodynamics & holography - all coefficients

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

coefficient name Kubo formulae C|P|T
. , , . , dissipative, hydrodynamic (hm lim)
Thermodynamic | lim lim |, non-dissipative w—0k—0
k—0w—0 coefficient name Kubo formulae C|\P|T
helicity 1 helicity 2
M perp. magnetic vorticity susceptibility T =TY% (2.30) + | - | + ym perp. shear viscosity Ty Ty (2.55) ]+ -
M magneto-vortical susceptibility T®TY* (2.30,2.31) | + | - | + helicity 1 —— P
2 ’t rZrpxrz ) _
chiral vortical conductivit S, Ty, (2.38.2.39 il peraze’ suedl TEOR ( - 2) R
: . — py | parallel Hall viscosity Ty-Ty. (2.59D) + | - | +
| B chiral magnetic conductivity J*JY (2.38,2.39) + | - | + cg|ox ¢15 | shear-induced conductivity T2y, Ty Ty, (2.57) + | 4+ | +
T chiral vortical heat conductivity 7 (2.08,2.09 + | - | + 0L perp. resistivity JE T (2.54) I I
helicity 0 01 Hall resistivity J*JY (2.55€) + |+ | -
M magneto-thermal susceptibility JUT®* (2.32) + |+ | - dl long. conductivity _J1 T (2532) + ]+ -
M3 magneto-acceleration susceptibility JUT (2.32) + | + | - heligity - perp. conductivity Pab = (0" )ab = pPrOab+ PLEb | + | + | -
. . e 7 t t
My magneto-electric susceptibility JUJ' (2.32) + | - | - - bulk viscosity 0,0, (2.55¢) N R
12 bulk viscosity D205 (2.55d) 4|+ | -
(1 bulk viscosity TY(T** 4+ TY)(2.55a) + | 4+ | -
Non-dissipative Hydrodynamic <lir% llin% ) (o bulk viscosity 3¢y — 611 = 21o I I
ficient Kub u];_> _1> cClp T Cy4 expan.-induced long. cond. S Topr (2.57) + | -] -
COe. .Clen alle ubo formulac Cs expan.-induced long. cond. J,T., (2.57) + | - | -
helicity 2 c3 cs = —3(c3 + cq) -1 -
1 transverse Hall viscosity Ty (Tow — Ty ) (2.551) + | - | +
helicity 1
c10 | o< ¢17 | shear-induced Hall cond. | T*T%* T TY% (2.60,2.62a,2.62b) | + | + | +
~ I T 7T 7T TY )
0| Hall conductivity JTJJ*JY (2.54,2.53b,2.53¢) + + of [Hernandez, Kovtun; JHEP (2017)]
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3. 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)]

[DOE Highlight Article;
Cartwright, Kaminski, S [Son,Surowka; PRL (2009)]

chenke (2023)] [Neitman,Oz; JHEP (2010)]

Electric charge current:

JV=¢ B

Chiral magnetic conductivity: 5 — C
v Ha

(Needed for observation:
= chiral anomaly

Anomalous axial current divergence: V/,t J IIZ — C E 5 B = axial charge imbalance

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

= magnetic field

= sufficient life time
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3. Far from equilibrium holography

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

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

=0 partile “soup”

* (T*)(v)

time v
nonzero T plasma

Matthias Kaminski Novel hydrodynamic transport coefficients in extreme magnetic fields & the CME far from equilibrium Page 13


http://arxiv.org/abs/arXiv:0812.2053
https://arxiv.org/abs/hep-th/0512162
https://www.energy.gov/science/np/articles/holographic-view-quantum-anomalies

3. Far from equilibrium holography

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

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

=0 partile “soup” gauge/gravity

correspondence
* (T")(v) «——— 8, (V)

Anti-de Sitter

radial AdS
space boundary

coordinate z

thermal
QFT “lives” here
temperature T

time v
nonzero T plasma
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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, = .
Schenke (2023)]

collapsing
dust shell

T=0 particle “soup” gauge/gravity R T™=0
correspondence

* (T")(v) ———— 8, (V) *

Anti-de Sitter

radial AdS
space boundary

coordinate z

thermal
QFT “lives” here
temperature T

time v
nonzero T plasma
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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;
Cartwright, Kaminski,
Schenke (2023)] KR %

_.-':collapsin"g
. dust shell

*
LI .*
-----

T=0 particle “soup” gauge/gravity
correspondence

* (T")(v) ———— 8, (V) *

Anti-de Sitter

radial AdS
space boundary

coordinate z

thermal
QFT “lives” here
temperature T

time v
nonzero T plasma

= solve time-dependent Einstein equations
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3. CME far from equilibrium - Bjorken-expanding plasma

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

[DOE Highlight Article;

Cartwright,Kaminski,S proper time T — \/ t2 — :C% Bjorken flow

chenke (2023)] &

rapidity £ — % ln[(t+£133)/(t_x3)]

o
T~
\/l

Metric Ansatz AdS radial coordinate r

ds® = 2drdv — A(v,r)dv* + Fy (v, r)dvdz;
+ S(v,r)%e”1 ") dx? + S(v,r)%e 2" dx3
ik LQS<”U, 7’>2€_H1(U’T)_HQ(U’T)dSQ,

AN NS
(/

N

QRN

»r&%

AN

taken from Casey Cartwright’s talk

boundary at r = co has boost invariant Milne metric:

LQ
lim —ds? = —dr? + dx% - d:z:% + 72d¢?

r—oo 12
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3. CME far from equilibrium - case I

Initial state:
constant B,

[DOE Highlight Article;

Cartwright, Kaminski, S ressure aHISOtI‘O
él;leglke (2023)] p py

time-dependent ys,
plasma expanding
along beam line

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

Near-equilibrium CME

Ji =€ B

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

[Son,Surowka; PRL (2009)]

5)( = Cuy

Matthias Kaminski

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

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

GeV?

- — T(19)=165 MeV
0.25 — '
e T(1)=181 MeV
T(19)=199 MeV

O 15 -= 1(79)=225 MeV

—- T(19)=299 MeV 3
O . 1 O B "\ \\ ~ |
- = T(7)=577 MeV z\ S e
0.05 “~ TS ——
0.00 | Y & | | o |
—1 0 1 2 3 4
T [fm]

at lower energies!

agrees with non-expanding holographic model:
[Gosh,Grieninger, Landsteiner,Morales-Tejera; PRD (2021)]

( =»CME-current more likely to be seen
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in Bjorken-expanding plasma

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

3. Chiral Magnetic Effect

¢

Charge accumulated in detector

Charge accumulation
I I I | I I T

IDOE Highlight Article; i -_ over time A7 = 7, — 7; due to Chiral
C . h, . k,S F / _ .
" herike (2023 - - Magnetic Effect (CME)
: : T
o il B Case | J
= I e 1
53 | | — Case II qV/A_ /d’]"]‘ <J >
'9 Al | — Case III 7--
zg i i Cage IV :
S T s .
i {4 —-—aSe DY
: Area: A — drod
1 — X .
B 1 — Case VI f 2 g
0_(') T T T e T 100 130 0 different combinations of initial

§12 [GeV ] energy, initial chiral imbalance,
initial magnetic field

Near-equilibrium CME

[Kharzeev; PRC (2004)] .
[Fukushima,Kharzeev, Warringa; PRD (2008)] Compare to experiments: =¥ Talk by Fugiang Wang

[Son,Surowka; PRL (2009)] top-RHIC energy: [STAR Collaboration; (2021)]
low-energy update: [STAR Collaboration; (2022)]

high energy update: [ALICE Collaboration; (2022)]

= Accumulated charge: CME more likely

to be seen at hig ies!
compare: [Gosh,Grieninger,Landsteiner,Morales-Tejera; PRD (2021)]
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Discussion

Summary

e Constructed most general chiral hydrodynamics for charged chiral
fluids in strong magnetic field

* Derived Kubo formulae for 27 transport coefficients (8 novel)

 Confirmed Kubo formulae by computation in holographic model

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

Summary

e Constructed most general chiral hydrodynamics for charged chiral
fluids in strong magnetic field

* Derived Kubo formulae for 27 transport coefficients (8 novel)
 Confirmed Kubo formulae by computation in holographic model

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

Outlook

WORKSHOP

Holographic perspectives on chiral transport

 Can novel transport coefficients be calculated on the lattice or in
perturbative QCD? =¥ Talk by Gergely Marko

Trento, 13- 17 March 2023

ttode EXCELENCIA Karl Landsteiner (IFT_UAM/CSIC Madrid), Matthias Kaminski (University of Alabama), Umut Gursay (Utrecht
lf{ SEVERO | JAM iy e University), Dmitri Kharzeev (Stony Brook University)

[AdS4CME Collaboration/
e Include dynamical magnetic field and dynamically created axial R

neutrinos

R
imbalance to model QGP and CME oyt

e Effect on elliptic flow?

. . : Kaminskti, Uhlemann, Bleicher,Schaffner- .-:..s.
e Neutron star kicks from chiral hydrodynamms[ Bielich: Phys.Lett.B (2016)] & <]>
s
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https://indico.ectstar.eu/event/163/
https://arxiv.org/abs/1410.3833

Collaborators on these projects

Perimeter, BNL, USA
Canada .~}
Dr. Juan %/ “ Prof. Dr.
Hernandez || Bjoern
(now Schenke
Brussels
University) 4 \
Dr.
Friedrich-Schiller | '=& Sebastian
. . 2 Prof. Dr. Dr. y ~ Grieninger
University of Jena, A Martin Julian [ (now Stony
Germany Ammon Leiber Brook
University)

7

University of Alabama, Tuscaloosa, USA

Dr. Casey
Cartwright

- D ™ D f (now at Utrecht
3 - \ 1 OF anvense | University,

~ » Roshan Koirala

(EETTESSU Netherlands)
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APPENDIX
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APPENDIX: Kubo formulae: two shear viscosities

Shear viscosity perpendicular y t Oy
4 Ox
%Im GTa:yT:Uy (w, k:O) — 1)L ]Zgliglcity
Uy

- X
Shear viscosity parallel

1 _ _ _ ~

~Im Grez2: (w, k=0) = ) + (€sc15 — c10¢17)pL — (C8C17 + C10C15)P 1
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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APPENDIX: Same magneto response in LQCD and N=4 SYM
with magnetic field

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

| | | I I | | I
1 B : ..-.:_:t e B—— —
0s | — _
a oL lattice QCD, B = 0.1 GeV? —+— _
- 0.2 GeV? —x
Q 0.3 GeV?2 ——
05 | 0.4 GeV? -
0.5 GeV?
1k " 0.6 GeV?2 —o— _
| 0.7 GeV? —e@
i' | | | | '/\I/’= 4 SIYIVI |

o1 02 03 04 05 06 07 08 0.9 1
T/VB

Lattice QCD with 2+1 flavors, dynamical quarks, physical masses
Lt 6FQCD FQCD ... free energy
transverse pressure: PT = V O L Lt ... transverse system size
: | | LL O FQCD LL ... longitudinal system size
ongitudinal pressure: pP1, = V oL, V... system volume
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Neutron stars kicked out of their initial position
with velocities ~ 1000 km/s
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... APPENDIX: Neutron star kick observations

[Hubble Space Telescope (NASA/ESA), Shami
Chatterjee]

Neutron stars kicked out of their initial position |
[Chatterjee et al.;

with velocities ~ 1000 km/s Astrophys. J (2005)]
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... APPENDIX: Neutron star kick observations

[Hubble Space Telescope (NASA/ESA), Shami
Chatterjee]

Neutron stars kicked out of their initial position |
[Chatterjee et al.;

with velocities ~ 1000 km/s Astrophys. J (2005)]
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APPENDIX: Chiral hydrodynamics kicks neutron stars

[Kaminskt, Uhlemann, Schaffner-Bielich, Bleicher; Phys.Lett.B (2016)]

/

N;
1¢i¢-¢

JH = E,BH

hydrodynamics: fluids with
left-handed and right-handed
particles produce a current
along magnetic field

e.g. right/left-handed
electrons, neutrinos, ...

Tdea:
sz t ttttgeutrmos

neutron
star

—
an

Chiral
hydrodynamics
leads to neutron
star kicks
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APPENDIX: Observable features

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

rotation é . e
Axis Predictions

= Kick magnitude depends on
angle between rotation axis and
internal magnetic field axis

= For fast spinning neutron
stars, kick directed along
rotation axis.

» check with simulation
» kick aligned with spin?
» compare to numerical
kick mechanisms

[Scheck, Kifonidis, Janka, Muller; (2003)]
[Wongwathanarat, Janka, Muller; (2010)]

[Wongwathanarat, Janka, Muller; (2012)]
[Berdermann, Blaschke et al; (2005)]
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3. CME far from equilibrium - Bjorken-expanding plasma

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

L1

Al i

[DOE Highlight Article;

Cartwright, Kaminski,S proper time | — \/tQ — L g

chenke (2023)]
rapidity § — % ln[(t—l—fl?:s)/(t —CL’3)]

Metric Ansatz AdS radial coordinate r

ds® = 2drdv — A(v, r)dv? + F (v, r)dvdx, s
+ S(’U, ’I’)QQHI(U’T)d.’IT% G5 S(’U, 7,)28H2(v,«r)dmg % \\

YRR VR
ik LQS(”U, 7,>2€—H1(v,r)—Hg(v,r)de’

taken from Casey Cartwright’s talk

»'X;%

1
lim V, =V™'= —(0,0,b¢,0)

r— 00 L

boundary at r = o has boost invariant Milne metric: Definitions

LQ
lim —ds? = —d7? + d:z:% - d:z:% + 72d¢?

(0, —o(v,1),0,0,0),
r—oo 12

qs/L = L4S(v, 7’)3q5'(v, r) 4+ 8abV (v, 1),

gs L1 — 8abV (v, r)L—4
HemiCis S(v 7)g )

ol s vl

A, —
V. =—-(0,0,-V(v,7),b¢&,0),

Matthias Kaminski
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APPENDIX: Bjorken - expanding plasma

[Cartwright, Kaminski, Knipfer; (2022)]

- A t A * fFreeze out

» far away from equilibrium thermodynamic ‘\
quantities are not well-defined \

» plasma is approximately boost invariant
along the beam-Iline . Hadron Gas

» initially large anisotropy between that
direction and the transverse plane

proper time T = \/t2 — ,/I;:%

Ideal hydrodynamaics:
u, 0, T" = u,0, ((e + Plu'u” — Pa"")

1 0\ /3 st g e
:(%6}36, € = €0 = , o 0 PO 0
T | o oP 0
Viscous hydrodynamics (second order): \t‘”t%(f“) 00 f'fs(P+6 +P)
4e dn  8ntp, 8\
Or€ = | (wm» At late times, the system

3r 372 973 973
is still expanding and

approximately isotropic.
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APPENDIX: Bjorken - expanding plasma

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

Bjorken flow equation 1
<'](a5)> T | ’O’O) )

4 e 4n - T ~
3T 3 72 f <]a> — 972 (O.QVQ('T),0,0) ,

= CME current

2¢(T) _ = time-dependent

axial charge and B

- J
Energy and pressures
OL3 [ 3ay(r)  b2log(b'/?) B = Leabedy p
€ = <T00> — 5 . I 5 9 ; 2 .
K AL 8Lt
2L3 a4 (T) /2,(1)(7') b2 log(b'/?) 1
P, = (Ty) = — < ——
st ( VRS M e By o
0 - 2L ay(7) . /2,512)(7') b2 log(b'/?) b -
i F el E T T 8 6020 67 Recall the metric:
P e 2372 a4(T) ]1,511) (7) ]2,512) (7) b2 log(bl/Q) b2 1 ds?® = 2drdv — A(v,r)dv? + F (v, r)dvda,
e < €€> = 2 L e T 16,272 " 374 + S(v, )21 422 + S(v, r)2eH2 () 4g2

i LQS<’U, T)Qe—Hl(v,r)—Hg(v,r)de’
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APPENDIX: Holographic Bjorken - expanding plasma

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

ds? = 2drdv — A(v, r)dv? + P S (v, 1) (da? + da?) + S(v, r)?e2BWr)qe?

1
lim —ds® = —d7° + do7 + dos + 72dE?

r—o0 12

Anisotropy function :

B:Z4BS—|—AB

Initial conditions : 5

Bs (z,v9) = Q1 cos (712) + Qo tan (122) + Q3sin (732) + Z B; 2"
i=0

a [ 2 2 223 2 2z
| In{1- - — 5 ,
24 3 V0 Jug  3ug 3o
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APPENDIX: Strong B thermodynamics

[Ammon, Kaminski et al.; JHEP (2017)]
B ~ O( 1) [Ammon, Leiber, Macedo; JHEP (2016)]

Strong B thermodynamics with anomaly : (79 = ¢y’ + pA®d 4 705

Energy momentum tensor: equilibi"i/um heat current
€0 0 0 §€/O)B
0 Py—xspbB’ 0 0
(T ) = == 0()
0 0 p() — XBBBQ 0
VB 0 0 \ P,
Axial current: “magnetic pressure shift”
(J* ) = (no, 0. 0. gg”B) + O(d)
N
equilibrium charge current
- previous work:

= new contributions to thermodynamic (Kovtun; JHEP (2016)]

equilibrium observables [Jensen, Loganayagam, Yarom,
JHEP (2014)]

[Israel; Gen.Rel.Grav. (1978)]
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APPENDIX: CPT symmetries

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

quantity cC |\ P|T

t + |+ | -

2! + | - | +

7 + | + |+

T, hye, TH + |+ | +

1, Ay, Jt + | - | +

py, Vi, Ji - |+ |+

A, J! + |+ | -

Vi, Ji - -] -

A, + | - | -

V. - |+ | -

u', hy, TH + | - | -

hij, TV + [+ |+

B’ + | - | -

B, R R

E" + |+ | +

Ey; - | - |+

dzt N dx¥ N dxP A dx® A dx”® + | - | -

fAAFAF + | + | +
/

[V AFyAFy - | - |+

i
u' + | + | +
generating functional W (axial U(1)4) | + | + | +
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APPENDIX: EFT calculation: chiral hydrodynamics with magnetic field

For any theory with chiral anomaly [Son,Surowka; PRL (2009)]
9. ] Bo__ O MVPoO R I [Erdmenger, Haack, Kaminski, Yarom; JHEP (2008)]
peA pv = po [Banerjee et al.; JHEP (2011)]

Axial current with wealk external B field:

(Ja") = nut + o EF — o TAM'Y,, (%) LB e O 4

(ideal) conduc-
charge tivity
flow term

charge diffusion chiral | chu.'al
magnetic vortical
conductivity conductivity
term term

Energy momentum tensor with weak external B field:

current
(TH) = eutu” + PAM + u"q” + u”¢" + 7
W

ideal
fluid

axial

heat current

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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APPENDIX: Dispersion relations: wealkk B hydrodynamics

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

(TH TP (THY J), (JETPY (JF J*) [Kalaydzhyan, Murchikova; NPB (2016)]

spin 1 modes under SO(2) rotations around B

~ Bnyg L9 M Bngés iB%o
w=F ik -k
€0 + Fo 0 + Fo (€0 + Po)? €+ P S0 = So/mo
former momentum diffusion modes cp = To(0s/0T)p

spin O modes under SO(2) rotations around B

Wop = L — 1 DO LQ 4+ (’)(03) former charge m a chiral magnetic wave
diffusion mode [Kharzeev, Yee; PRD (2011)]
: ) 2B 7 ~
wy = vy k—ily k* + O(6°) w=2—2(C-30s})
former 02 o
w_ =v_k—il_ k? -+ O(()B) sound Dy = —2
s modes cpngTo

= dispersion relations of hydrodynamic modes are heavily
modified by anomaly and B
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APPENDIX: EFT result III: wealt B details

Weak B hydrodynamics - poles of 2-point functions:

[Ammon, Kaminski et al.; JHEP (2017)]
[Abbast et al PLB (2016)]

spin 0 modes under SO(2) rotations around B [Kalaydzhyan, Murchikova; NPB (2016)]

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

wy =vy k—ily k* + O(8°) former Wo = €0+
B . sound S0 = So/To

w-=v_k—iI'_k"+0(9°) modes cp =Ty(0s/0T) p

damping coefficients: ¢z = (OP/0€)s
3C+4n  ,wpo apwo\’ Wi o
Iy = Fes 5o | 1— = Do = - 3
6w 2ns Cpng cpnglo

velocities: , i - | i QBT
vy = *c, — B S (1 C,Y,Pwo) 3CTys0 a{) 0 (é = 3050) + 2€g)) @&(/0) Vg = L (é BCJO>

chiral conductivities: known from entropy

o 0 a =~ o current argument
v = —3Cpu”+CT~, &Ep=—-6Cpu, & =-—-"20p"+20ul [Son, Surowka; PRL (2009)]
[Netman,Oz; JHEP (2010)]
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APPENDIX: 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 Noronha; PRD (2016)]

_ Bng 22 (1 1 Bngés iBE
— Z = -
eo+ P e0 + B (6() + ]D())2 eo + P

weak B hydro prediction.: w

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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APPENDIX: strong B hydrodynamics

[Hernandez, Kovtun; JHEP (2017)]

Spin-1 modes Anisotropic transport coefficients

B()n.o iBQ

. 0 . .

Strong B: w = + (o, +i5) z@kg
Wy Wo

parity-odd Agreement in
Bng 7 Br%{{ iB%o Jorm
weak B: w=F k? -k
T T+l T ath (@ P)? e+ B
Exact agreement in real part!
Spin-0 modes
t B k " FS” k? ) )
strong b! W = TRV, — 1 , Antsotropic transport
2 _ coefficients
= —iDyk? ol
W= —1Jk", Dy = w5 —F
ngX11| + W§Ka3 — 2nowx13
parity-odd w2 o Q2B T: ~
D=  (0-3c4)
weak B: wy = }tﬁc’ — iDg k* + (’)(63) CpnoTo Yo = Cpno ¢ —3Cs
wy =vy k—ily k* + O(8°) Agreement in form cp = Ty(0s/0T) p

w_=v_k—il_k? + O(8)
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Matthias Kaminski

APPENDIX: CME in heavy ion collisions - RHIC isobar run

Magnetic field B is large in collision
experiments:

RHIC B~ 10"G

LHC B ~10%°G

e carly RHIC (2009, 2014) and LHC (2013) results hint at CME, but
inconclusive; too dirty (cond-mat observed CME)

¢ isobar run approved at RHIC (2017)

@}

Isobar
B collisions
Neutron : | .
915" " ‘1:
e N
Gra ":‘05?9 o 2 €$=v
% LN o 'S
Proton | 8.%% srasy 29 '
—\ 5o° % “‘ﬁf i;x o
:: wr
. ® .

Extra
Proton

taken from Helen Caines’ talk at
6th International Conference on
Chirality, Vorticity and Magnetic
Field in Heavy Ion Collisions
(Nov 1-5, 2021)

= Larger charge creates
larger magnetic field,

so larger CME in Ru

= otherwise identical (?)
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APPENDIX: CME in heavy ion collisions - RHIC isobar analysis

1.02  STAR /sobar blind analysis, Vsyy = 200 GeV, Ru+Ru/Zr+Zr, 20-50% -
1 — — — = — s — . — — — — — — — o — — = — ?_
O :
e
S o098 <= == L _
1L
R S
096  m |
¢ QIQ’\ C)IQ'(L OIQ OIQ'Q’ OIQ% OIQ QIQ'Q’ QI Q/IQ\ \b‘?/lq’q“ \Jr‘blqw o ‘Ll R
«Q 0@" &Q C9\0‘\’ &Q 0@“ &Q 0‘0\) &Q C9\0\’ &Q 0@‘" Qg ®o° ,‘\Q@y & ,{_\\0@\} 0@0 QO\\ Q@l Q@’
< o o N\ \“o@“ S Q¢
S OB O NS e N O DY
.\\'\q’ N4 N AN «\\’\Q' (\\'\q’ .\\\’\q’ fi\D
e 2 B e e

-

If CME present, we expect:
Measure(Ru + Ru)

Measure(Zr + Zr)

= No CME according to pre-blind criteria

> 1 =»Ru and Zr not as identical as expected:
multiplicities and initial geometries differ
But plot shows all ratios <1 ! = don’t know axial charge or magnetic field

= signal-to-background ratio unclear

= more runs? need theoretical understanding
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APPENDIX: CME in heavy ion collisions - RHIC isobar analysis

top-RHIC energy: [STAR Collaboration; (2021)]
low-energy update: [STAR Collaboration; (2022)]

high energy update: [ALICE Collaboration; (2022)]

1.02  STAR Isobar blind analysis, \syy = 200 GeV, Ru+Ru/Zr+Zr, 20-50% -
1______________________."._ e
o _, ¢
&U 0.98 & 4o A A |
- - g
o6l T Y &M oe - —
0.94 |:\ |ﬁ, | |ﬁ, |fb | |Q, | |\ IQ/ |Q/,\ |(0
§Q200Q §Qg)\o‘\’Q §QCC;0°Q §Q20°Q ,ﬂgqgo‘& 'SQE;OQQ Qggo& /\Q% & ,{_\\Z:o& \{Jg;cf"Q \J‘Jgo“@ Q\&‘go\’q
GRS e O e e i
Nid - OF DE e S o
.\\’\q’ N v .\\'\q’ «\\'\q’ (\\'\q’ .\\\’\q’ Q>
\V \VQ\\ \VQ\\ \V \V \V \\V \h\)\
° ( [ ] [ [ ] [ ]
If CME present, we expect: = No CME according to pre-blind criteria
Measure(Ru + Ru) . .
=l =»Ru and Zr not as identical as expected:
Measure(Zr + Zr)
multiplicities and initial geometries differ
But plot shows all ratios <1 ! = don’t know axial charge or magnetic field
= signal-to-background ratio unclear
= more runs? need theoretical understanding
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APPENDIX: AdS4CME Collaboration
AdS 4 CME @ HIC

Instituto de Fisica Tedrica UAM-CSIC, Madrid
14-17 March 2022

Participants: Dmitri Kharzeev, Karl Landsteiner, Umut Glrsoy, MK

To be invited: Wilke van der Schee, Daniel Arean, Bjorn Schenke,
Sebastian Grieninger, Casey Cartwright, Sergio Morales Tejera, Pablo
Saura Bastida, Nabil Igbal, Nick Poovuttikul, Martin Ammon, Matti
Jarvinen, Ho Ung Yee, Misha Stephanov, Jenfing Liao, Saso Grozdanov,
Ruth Gregory, Arpit Das, Helen Caines, Andrea Danu, Mei Huang,
Jacquelyn Noronha-Hostler, ...

1.02 | STAR Isobar blind analysis, Vsyn = 200 GeV, Ru+Ru/Zr+Zr, 20-50% -
1 ________ e e — o o o o £ —_
ke z, Ka
S 098t - <= == p |
s 3
WL T T
. 0-94 l |n |n\ |n -lm -lu |n |\ |n |0A |6\
= Hm ;
.- &
oob vodot ~- |
®© 0 0 0 0 00 0 o ® ® 0 © 0 0 0 0 0 0 0 0 05 <
Instituto de EXCELENCIA |
Universidad Autonoma
'f{ UAM-CSIC gjg (S)E:C\;—]Ia:gg UA de Madrid | CSI‘C
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APPENDIX: AdS4CME Collaboration
AdS 4 CME @ HIC

Instituto de Fisica Tedrica UAM-CSIC, Madrid
14-17 March 2022

https://ads4cme.wixsite.com/ads4cme

Workshop at ECT*, Trento, Italy
March 13-17, 2023

Participants: Dmitri Kharzeev, Karl Landsteiner, Umut Glrsoy, MK

To be invited: Wilke van der Schee, Daniel Arean, Bjorn Schenke,
Sebastian Grieninger, Casey Cartwright, Sergio Morales Tejera, Pablo
Saura Bastida, Nabil Igbal, Nick Poovuttikul, Martin Ammon, Matti
Jarvinen, Ho Ung Yee, Misha Stephanov, Jenfing Liao, Saso Grozdanov,
Ruth Gregory, Arpit Das, Helen Caines, Andrea Danu, Mei Huang,
Jacquelyn Noronha-Hostler, ...

1.02 | STAR Isobar blind analysis, Vsyy =200 GeV, Ru+Ru/Zr+Zr, 20-50% -
- M- — — — = = = = R —————-"-—?—
S 098t - <= == p |
o i

WL T T

. 0-94 | | | | | | | | | | |
= HE [ ; S e e e e e e =

- & . : :
= g Preliminary re-analysis of isobar data

|fl Instituto de

UAM-CSIC

Matthias Kaminski

F A

EXCELENCIA
SEVERO
) OCHOA

UA

woooooo«oooooeo'

I |

Universidad Autonoma
de Madrid

suggested lower baseline, implying a CME-
signal (with 1 to S sigma)
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Holographic model with axial current only

= use as holographic dual to charged state in strong B

= N=4 Super-Yang-Mills coupled to external (E,B)-fields
[Ammon, Kaminski et al.; JHEP (2017)]

[Ammon, Grieninger, Hernandez, Kaminski,
Koirala, Leiber, Wu; arXiv:2012.09183]

Einstein-Maxwell-Chern-Simons action

1 12 1 Y )
/

2K J M L 4 § M i

5-dimensional Einstein-Maxwell action encodes N=4 Super- 5-dimensional Chern-

Yang-Mills theory with axial U(1) gauge symmetry Sitmons term encodes

chiral anomaly

Charged magnetic black branes dual to charged thermal state with B
[D’Hoker, Kraus; JHEP (2010)]

e charged magnetic analog of Reissner-Nordstrom black brane
e asymptotically AdSs
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Holographic model with axial current only

= use as holographic dual to charged state in strong B

= N=4 Super-Yang-Mills coupled to external (E,B)-fields
[Ammon, Kaminski et al.; JHEP (2017)]

[Ammon, Grieninger, Hernandez, Kaminski,
Koirala, Leiber, Wu; arXiv:2012.09183]

Einstein-Maxwell-Chern-Simons action

1 12 1 Y )

/
2K J M L 4 § M i
5-dimensional Einstein-Maxwell action encodes N=4 Super- 5-dimensional Chern-
Yang-Mills theory with axial U(1) gauge symmetry Sitmons term encodes

chiral anomaly

Charged magnetic black branes dual to charged thermal state with B
[D’Hoker, Kraus; JHEP (2010)]

e charged magnetic analog of Reissner-Nordstrom black brane

totically AdS
e asymptotically 5 = axial B

= axial charge
= axial current only
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Chiral effects in vector and axial currents
see e.qg. [Jensen, Kovtun, Ritz; JHEP (2013)]

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

JE = ... ngﬂ f)( B gVABfi

chiral
magnetic
effect

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

JM:"'+€WM+€BBH+€AABX

chiral chiral
vortical separation
effect effect g

=phenomenology needs

both currents
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Holographic model with two currents

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

2 2

1 L L a
5 o1 5 (5
S =— dsxw—g R_ZA_TFMVFMU_TF( )F'm/‘l‘gé’/wp A,u <3F F +F£p)F§T)>

vp" o1

242 6

ST Einstein- “axial
ravitational . Maxwell axia :
iou ling x Hilbert Maxwell” Cherr?-Slmons Chern-Simons term
pung coupling a encoding chiral anomaly

4D conserved vector current
5D vector

gauge field V//t < . JH — ... + ngu 4 gVVBM 4+ fVABfZi
5D axial 4D anomalous axial current
gauge field Aﬂ ) v Jh =+ &t + Ep Bt + €40 B
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Holographic model with two currents

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

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

2 2

1 L L a
5 o1 5 (5
S =— dsxw—g R_ZA_TFMVFMU_TF( )F'm/‘l‘gé’/wp A,u <3F F +F£p)F§T)>

vp" o1

212 Y " (5)

ST Einstein- “axial
ravitational . Maxwell axia :
iou ling x Hilbert Maxwell” Cherr?-Slmons Chern-Simons term
pung coupling a encoding chiral anomaly

4D conserved vector current

5D vector

gauge field V//t < . JH — ... + ngu 4 gVVBM 4+ fVABfZi
5D axial 4D anomalous axial current
gauge field Aﬂ ) v Jh =+ &t + Ep Bt + €40 B
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Isotropization (non-expanding plasma)

Initial state: ¢ Energy and axial charge corresponding to (T,us) in final state oue e
* Magnetic field is uniform and constant in time T 300MeV 1000MeV
 Dynamical pressure anisotropv vanishes
Us 10 (100) MeV 10 (100) MeV
e CME current is absent
B 1 (0.1) my2 15 (1.5) m2

Matching couplings to QCD:

=> Gravitational coupling: match to entropy 5x107* |
& ——— RHIC B = m? /10
A2T3 4 273 ——— RHIC B = m!
SBH = ‘ ssp=4|vy+ -vy
it W Epy . ( i f) 90 ax10™ | |
3 2
SBH = —SSB = e 195 o
4 L— :“‘ 3X10—4 B
3
=>Chern Simons coupling: match to anomaly .
T
a | .
92 o — o~ 0.316 1107
Lﬁ
0t — 1 : :
0.0 05 10 15
v| fm/c]

= CME more likely to be seen at RHIC than at LHC

= Jlifetime of B crucial
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Isotropization (non-expanding plasma)

[Gosh, Grieninger, Landsteiner,Morales-Tejera; taken from Karl Landsteiner’s talk at 6th International Conference on
PRD (2021)] Chirality, Vorticity and Magnetic Field in Heavy Ion Collisions

Initial state: ¢ Energy and axial charge corresponding to (T,us) in final state oue e
* Magnetic field is uniform and constant in time T 300MeV 1000MeV
 Dynamical pressure anisotropv vanishes
Us 10 (100) MeV 10 (100) MeV
* CME current is absent
B 1L ((0020) (2 15 ([LE) k2
Matching couplings to QCD:
=> Gravitational coupling: match to entropy —
4723 v 273 i ::i:{f ﬁ :: =
il = e il (Vb . ny) 90 ax10~* |
3 2
SBH = —SSB = g |75 — 5
4 L S 3x10 “r
O
=>Chern Simons coupling: match to anomaly & — )
a6 .
9k Agep = 872 — a ~ 0.316 1x10 " |
Lﬁ ?
0} — 1 : :
0.0 05 10 15

v| fm/c]

= CME more likely to be seen at RHIC than at LHC

= Jlifetime of B crucial
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Bjorken - expanding plasma: C°-code

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

HOlO graphic MOdel Numerical routine [Cartwright, Kaminski,Schenke, 2021]

5. Provide new initial condition

1. Provide initial data | H;(vo,7), V(vo,7),€(vp), &(vo)

- H;(vo + nAv,r),V(vg + nAuv,r), €(vg + nAv), E(vo + nAv)

0 = 25(v, 2)? (H} (v, 2) Hy(v, 2) + H{(v,2)* + Hj(v,2)?) + ze 102V (, 2)? A
+6 (25" (v,2) + 258" (v, 2)) S(v, 2) ,

0 = LOp2e(»2) §(y, 2)2 + (L°gqs — 8abV (v, z))2 — 24L82%8 (v, 2)2S' (v, 2)S(v, 2)
— 1215228 (v, 2)°S' (v, 2) — 24L8S (v, 2)°,

0 = —6402b%e ("2 V (v, 2) + 8abL3gze™ (V2 — [5228(v, )3 (S’(v, 2)V(v,2z) + S(v, 2)V' (v, z))

+ L8228 (v, 2)* (H{('v, 2)V (v, z) + Hy(v, 2)V'(v, 2) — 2V (v, z)) : 4. Step forward in time

2. Solve line by line 0= —92%5(v, 2)* (H{(v, 2)S(v, z) + Hi(v,2)S' (v, z)) — 422e 12 5y, 22V (v, 2)V (v, 2)
— 6z2H1,(v, 2)S(v, z)* — 2t (v.z)

0= —622H2’(v, 2)S(v, 2)4 + b2 (12) 4 9,26~ Ha(v2) gy 2)2V! (v, 2)V (v, 2)
—92%28(v,2)® (Hé('u, 2)S(v, 2) + Hy(v, 2)S' (v, z)) :

0=3LS (v, 2)® (2L2z4A"(v, z) +423A' (v, z) — L?22Hy (v, z) (2H] (v, z) + H}(v, 2))

—L?2%H! (v, z)Ha(v, z) — 2L222 H)(v, 2) Ha (v, z) + 8L2) — 5b2 L8 (2 §(y, 2)?

+ 2L822eH1(v2) G (y, 2)4 (366”1(”'2)5'(v,z)9(v,z) — V’(v,z)V(v,z))

— 7 (L35 — 8abV (v, 2))” e e
\/ e e y )" : : . 3. Obtain time derivative
0 = 3224' (v, 2)S(v, 2)S(v, z) + L2e 1AV (v, 2)? + L2H, (v, z)Hz(v, 2)S (v, 2)* 1
+ L%H,y (v, 2)28(v, 2)* + L?Hy(v, 2)%S(v, 2)? + 6 L?S (v, 2) S (v, 2) . L O H;(r,v) = Hz — 544(7’, v)0, H;(r,v)

a,V(rv) =V — %A(r, )8,V (r, )

15

e 6. Repeat steps 2-5 until final time is reached
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Bjorken - expanding plasma: C°-code

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

Holographic

Model Numerical routine

[Cartwright,Kaminski,Schenke, 2021]

1. Provide initial data

5. Provide new initial condition

Hi(UOa T)a V(Uo, T)? 6(?)0):5('00)

2. Solve line by line

Casey Cartwright, AAS4CME@HIC - 3/15/2022

0 = 25(v, 2)? (H} (v, 2) Hy(v, 2) + H{(v,2)* + Hj(v,2)?) + ze 102V (, 2)?
+6 (25" (v,2) + 258" (v, 2)) S(v, 2) ,

0 = LOp2e(»2) §(y, 2)2 + (L°gqs — 8abV (v, z))2 — 24L82%8 (v, 2)2S' (v, 2)S(v, 2)
— 1215228 (v, 2)°S' (v, 2) — 24L8S (v, 2)°,

0 = 640262 "DV (4, 2) + 8abL3gse @) — [628(v, ) (S’(v, )V (v,2) + S(v, 2)V' (v, z))

+ L%228(v, 2)* (H{('v, 2)V (v, 2) + Hy(v, 2)V' (v, z) — 2V (v, z)) :

0= —92%5(v, 2)* (H{(v,z)S(v,z) + Hy (v, 2)S' (v, z)) — 422 112 §(y, 22V (v, 2)V (v, 2)

— 6z2H1,(v, 2)S(v, z)* — 2t (v.z)

0= —622H2’(v, 2)S(v, 2)4 + b2 (12) 4 9,26~ Ha(v2) gy 2)2V! (v, 2)V (v, 2)
—92%28(v,2)® (Hé('u, 2)S(v, 2) + Hy(v, 2)S' (v, z)) :

0 = 3L4S(v, 2)° (2L2z4A”(v, 2) + 4234 (v, 2) — L22%Hy (v, z) (2H! (v, z) + H}(v, 2))
—L?2%H! (v, z)Ha(v, z) — 2L222 H)(v, 2) Ha (v, z) + 8L2) — 5% L8 (V2 § (v, 2)?
+ 2L822eH1(v2) G (y, 2)4 (366”1(”'2)5'(v,z)9(v,z) — V’(v,z)V(v,z))

— 7 (L35 — 8abV (v, 2))”
0 = 3224' (v, 2)S(v, 2)S(v, z) + L2e 1AV (v, 2)? + L2H, (v, z)Hz(v, 2)S (v, 2)*

- H;(vo + nAv,r),V(vg + nAuv,r), €(vg + nAv), E(vo + nAv)

A

4. Step forward in time

3. Obtain time derivative

+ L%H,y (v, 2)28(v, 2)* + L?Hy(v, 2)%S(v, 2)? + 6 L?S (v, 2) S (v, 2) .

. Oy H;i(r,v) = H;, — %A(r, v)0 H;(r,v)

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

: 1
OV(r,v) =V — §A(r, v)0,V (r,v) 15

taken from Casey Cartwright’s talk
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APPENDIX: Holographic result: hydrodynamic poles

[Ammon, Kaminski et al.; JHEP (2017)]
Fluctuations around charged magnetic black branes (QNMs)
® Weak B: holographic results are in “agreement” with hydrodynamics.

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

(i) at the speed of light and (ii) without attenuation

charge diffusion
sound

8

- B ! ) Modes:

charge diffusion
b s enoe. ®. sound
01} e e, sound

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

[Ammon, Kaminski et al.; JHEP (2017)]
Fluctuations around charged magnetic black branes (QNMs)
® Weak B: holographic results are in “agreement” with hydrodynamics.

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

(i) at the speed of light and (ii) without attenuation

e RECALL: weak B hydrodynamic poles
10F L esssecs

: EEERAR Modes:

. et sound o 2 : .2 3 ormer charge
05" ¢ e e charge difquiOZ Wp = Vg ly — ZDO lv -+ O(d ) élciffusion mogde

et wp =0k — T K 4+ O(0%) former

Z sound

asf w_ =v_k—il_k* + O(5%) modes

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

Matthias Kaminski Novel hydrodynamic transport coefficients in extreme magnetic fields & the CME far from equilibrium Page 44


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

APPENDIX: Holographic result: hydrodynamic poles

[Ammon, Kaminski et al.; JHEP (2017)]
Fluctuations around charged magnetic black branes (QNMs)
® Weak B: holographic results are in “agreement” with hydrodynamics.

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

(i) at the speed of light and (ii) without attenuation

@ I+,D

RECALL: weak B hydrodynamic pol?fk_

former charge

1.9 3 |
wo = Vo k — 1Dy k” + O(d ) diffusion mode>’[

. - .2 03 -
W4+ — U+ k — ZF+ k + O(d ) former 3 02r Modes:
- _ charge diffusion
- 2 a3y Sound Ly, sound
Ww_ = V_ k — ZF_ k + O(d ) modes 01F e "o : sound

confirming conjectures and results in probe brane approach  [Kharzeev,Yee; PRD (2011)]
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APPENDIX: More thermodynamic transport coefficients

Magneto-thermal susceptibility M, :
B
o 80, ()

Magneto-acceleration susceptibility M, :

geq ™ eq N Mg)BQ B'O/

Magneto-electric susceptibility ), :
Ecq~ Myr B-E,  Peq~ M, g2 B-E

Magneto-vortical susceptibility /M : £
eq eq

~ My B-()
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