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Anisotropies at GGI in 2018 AdS/CMT at GGI in 2010

Workshop on Chirality, Vorticity and Magnetic Field in Heavy lon Event at Galileo Galilei Institute

Collisions 2018

Mar 19-22, 2018
Galilzo Galilei Institute

Europe/Rome imezone WO rkShOp

The workshop is concluded, we thanks all participants and collaborators.

AdS4/CFT3 and the Holographic States of Matter

Aug 30, 2010 - Nov 05, 2010

The theme 'standardshort' coes not exist.

Overview The 4™ Workshop on Chirality, Vorticity and Magnetic Field ifiilavy lon Collisions will be held at tne

ORI Galileo Galilei Institute in Florence from March 19 through Mage??, 2078. The workshop will cover
recent theoretical cevelopments and experimental measure related 10 these topics.

limctable

Abstract

An exciting and largely unexpected consequence of Holography is that String and M-theory can provide useful information for
transport phenomena of strongly interacting theories in low dimensions, fluid mechanics and non-relativistic systems. Physical
systems that may have dual holographic descriptions include quantum critical points in 2+1 dimensions, high-Tc superconductors,
quantum Hall systems, systems that exhibit parity breaking, non-relativistic critical systems as well as fluid mechanics and
turbulence. Such systems - the Holographic States of Matter - have the potential to radically alter the perception of string theory
and its relevance for physics. A basic theoretic setup for the holographic study of such systems is AdS4/CFT3 correspondence. This
is also the main framework for holographic studies of the mysterious M-theory. The subject has experienced great formal growth,
driven by the discovery of various field theoretical models for M2-branes. It is a fortunate and intriguing that progress in the more
applied directions coincides with enhancement in the understanding of more formal aspects of M-theory. By bringing together
experts in both the applied and formal directions we aim to create a fertile environment where future developments regarding the
Holographic States of Matter in connection with our understanding of M-theory can be studied.

P-agram

First Circular
Seccnd Circular
Third Circular
Important Dates
Call for Abstracts
Registration

lravel Information
Participant List
Previous editions
Topics

- AdS4/CFT3 Correspondence

- M2 and M5 branes

- The holographic description of high-Tc superconductivity, superfluidity, Quantum-Hall systems.

- Gravity and fluid dynamics
- Gravitational description of non-relativistic systems.

contact us
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Hydrodynamics is based on symmetries
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econstruct constitutive equations out of all
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Hydrodynamics is based on symmetries

econstruct constitutive equations out of all
(pseudo)scalars, (pseudo)vectors and
(pseudo)tensors under Lorentz group

< j* > = nu*+0(0)+0(%) + ...

e.g. charge gradient \//'
(covariant derivative)

eisotropy of space leads to rotation symmetry

eanisotropy breaks rotation symmetry

-

= more terms in additional Lorentz
vector, e.g.

constitutive equations B*

= novel transport effects b’u —

B
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Anisotropic Hydrodynamics by Martinez/Strickland, Florkowski, Ryblewski

[Florkowski, Ryblewski; PRC (2010)]

* anisotropy breaks rotation symmetry, | |
[Martinez, Strickland; Nucl.Phys.A (2010)]

consider pressure anisotropy

To = 300 MeV
10— ) PUSyesREa —————11 JAlqahtania, Nopoush,
—— aHydro ----- vHydro ( ) |Strickland; PPNP (2018)]
0.8} 7
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Anisotropy from magnetic field

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

= ]Jarge quantitative differences

0.8
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https://arxiv.org/abs/2112.13857

Outline

1. Strong external magnetic field

2. Large vorticity

3. Bjorken expansion

spectators.

4. Discussion
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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

 conserved quantities survive (T") = eutu” + P A" + 0(0) + O(0°) + ...
(lgior) = 1t + 0(0) + O(0) + ...
G*. Y =nut + 00) + O(0°) + ...

axial

Conservation equations

v, T" = F*j,
— 0
—CE-B

y 2
Vﬂ J vector

M
Vﬂ] axial
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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
— 2
 conserved quantities survive (T") = eutu” + P A¥ + 0(0) + O(0°) + ...

<j\/fector> = nu” + @(a) + @(aZ) T ...
G* Y =nut + 0(0) + O(0°) + ... .

- axial
Fourier transform hydro fields, e.g. T(x): . .
o o—twh _ o —iwl Conservation equations
Ul € - LU € V T/’”/ _ F/’”/]
N H H
< i < 1 VAL 0
T ’ T ulvector —
V,j* =CE-B
/4] axial .
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Chiral hydrodynamics - Construction

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

1. Construct constitutive equations or generating functional: all i o e 01
anerjee et at.,
(pseudo)scalars, (pseudo)vectors and (pseudo)tensors under Lorentz group

< j* > =nu+ 00) + 0(0°) + ...
Examples at 0(0): VHy  charge gradient

| (covariant derivative)

vorticity wh = §€MV>\’OU,/V)\UP

[Haehl et al.; PRL (2015)]
< [Crossley et al.; (2015)]
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Chiral hydrodynamics - Construction

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

1. Construct constitutive equations or generating functional: all i o e 01
anerjee et at.,
(pseudo)scalars, (pseudo)vectors and (pseudo)tensors under Lorentz

[Haehl et al.; PRL (2015)]
< j* > =nu+ 00) + 0(0°) + ...

[Crossley et al.; (2015)]
Examples at 0(0): VHy  charge gradient
| (covariant derivative)

vorticity wh = §€MV>\'OU,/V)\UP

2. Restricted by conservation equations

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

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

1. Construct constitutive equations or generating functional: all i o e 01
anerjee et at.,
(pseudo)scalars, (pseudo)vectors and (pseudo)tensors under Lorentz group

[Haehl et al.; PRL (2015)]
< j* > =nu+ 00) + 0(0°) + ...

[Crossley et al.; (2015)]
Examples at 0(0): VHy  charge gradient
| (covariant derivative)

vorticity wh = §€MV>\’OU,/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

45 Simple (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—l—z’kQ%(waJrkAt) ou
oo Einstein relation: -
Ty = A, + kA = —
(J?) =0 8wl

0A, w + 1 DE?
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Chiral hydrodynamics - conductivity Kubo formulae

21y B

A

parallel

—>J_ perpendicular

current
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Chiral hydrodynamics - conductivity Kubo formulae

21y B

A

parallel

—>J_ perpendicular

current

>
current

> X
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Chiral hydrodynamics - conductivity Kubo formulae

21y B

A

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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Two shear viscosities

Shear viscosity perpendicular y t Oy
4 Ox
%Im GT:L’yT:cy (w, k:()) — 1)L ﬂulid,
velocity
Uy

- X
Shear viscosity parallel
~Im Grz=7=: (w, k=0) = ny + (e8c15 — c10817)p1L — (E8C17 + Cr0C15)P1

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

Matthias Kaminski Hydrodynamics in Anisotropic Systems
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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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https://arxiv.org/abs/2012.09183

Chiral hydrodynamics - novel equilibrium coefficient M,

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

Perpendicular magnetic vorticity susceptibility i,

1
M, = — lim IM(T*T’*)(w = 0, k,)

2
R kZ—>O ZkZBO
Z magnetic
vorticity
BZ Qﬁ ~ ( V xBy — V y B X) response in energy/pressure :
—>
—> > Bx(y )
"X

magnetic vorticity : Q% — 6“ vpo "U,VV 0 B o

-

= Can be computed on lattice /Adhikariet al.; to appear in PPNP (2025)]

= Test these Kubo formulae and constitutive relations now?
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Holographlc model for chiral hydrodynamics

(= Construct holographic dual to charged plasma in strong B

= Compute values for novel transport coefficients (N=4 SYM)
from quasi normal modes and correlation functions

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

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

Einstein-Maxwell-Chern-Simons action

Sg'rav = QL /M(IE)I vV — 4 R | 5 _lanan — 6/M ANFAF

2

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)]

BN Perpendicular magnetic Shear-induced
I vorticity susceptibility i, Hall conductivity ¢,
C—————
. B i ! | |
0.04} — =0.05 0® K 0.005} :
T2 :.o. ! . . v.
0.02} E = 12.5 .:°.'. 0.004; e :
T2 o’ : ° o e
= _ b - :. = 0.003} ¢ e
= 0.00 E — 30 j Z‘? : : o
| ,':: 0.002:- . ; : o
o.: | | z i @ a :l/l
~0.04} ..'°.-:' . 0.001} s o8 : ? >0
R | | ¥ . .
~0.06 : : : — : | o,ooo.-.ooOl!g:E:::90l0|0g38383§=:=::;:ﬁ:o
-10 =3 0 = ¢ 0.0 0.2 0.4 0.6 0.8 1.0 7T
u/T B

= not zero, finite, Onsager satisfied
= qll Kubo formulae consistent
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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 S
. . . o dissipative, hyvdrodynamic (]im [im )
Thermodynamic | lim lim |, non-dissipative w—=0k—0)
k »0w—0 coefficient name Kubo formulae C|P|T
helicity 1 helicity 2
Mo perp. magnetic vorticity susceptibility Tr=TY% (2.30) + |- |+ 1 perp. shear viscosity Ty Try (2.55) + |+ | -
Ms magneto-vortical susceptibilily T9TY* (2.30,2.31) | + | - | + helicity 1
: : . — . r rarallel shear viscosity T**T"* (2.59a + |+ | -
chiral vortical conductivit (2.38.2.39 — f” I —— — ( )
il parallel Hall viscosity Ty T (2.59b) + | - | +
chiral magnetic conductivity T (s |x €15 | shear-induced conductivity 12Ty, TinTy- (2.57) + |+ | +
T chiral vortical heat conductivity LY (2.98,2.39) | + -+ 01 perp. resistivity JEJ® (2.54) + |+ ] -
helicity 0 P21 Hall resistivity JTJY (2.55¢) + | +
) 1 v1- AVTT F6y 636 | 10 1vitv '3'3 '()f':-cl' -
M, magneto-thermal susceptibility JUTTE (2.32) + |+ | - 4l long. conductivity ]1 J* (2.53a) + | *
, , R : \ o erp. conductivir ab=(0"")ab=pP10apb+Pr€ap | + | + | -
M magneto-acceleration susceptibility JETH (2.32) + | + | - hels t 0 Lac y Pab = (97" )ab = P L0ab + P1 €ab
- 1e11CItVY
4 . e+ t Tt fe 90
/'/ ' - ) ; ) - - M M s 7 3
M magneto-clectric susceptibility J'J (2.32) + m bulk viscosity 0,01 (2.550) i I
12 bulk viscosity 020 (2.55d) + |+ | -
(1 bulk viscosity T (T 4 TY)(2.55a) + |+ | -
Non-dissipative Hydrodynamic (lin%) ll(in}) ) (o bulk viscosity 3(a — 611 = 219 + |+ | -
w—0k— \
— - : . Ca expan.-induced long. cond. Jo Ty (2.57) F |- | -
cocfficient Name Kubo formulac ‘ C ‘ P I T : : —
s expan.-induced long. cond. J.T.. (2.57) + | - | -
helicity 2 Ca es = —3(c3 + ¢4) + | -1 -
nL transverse Hall viscosity Ty (T — Ty ) (2.551) + | - | + r~

helicity 1
c10 | o< e17 | shear-induced Hall cond. | 7% 7T%*, T TY* (2.60,2.62a,2.62b) | |+ | |+ | |
0 | Hall conductivity JEIJE,JETY (2.54,2.53D,2.53¢) + | - | +
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= relevant for QGP or cond-mat?
[Cartwright, Kaminski, Schenke; PRC (2022)]
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Hydrodynamic modes from holography

Interacting many-body systems at large temperature T have collective
excitations, damped eigenmodes, with specific dispersion relations :

(assuming rotation invariance: k = [k| )

k — O £Re(a))

Im(w)

Sound modes

Momentum diffusion mode

Complex frequency plane
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Hydrodynamic modes from holography

Interacting many-body systems at large temperature T have collective
excitations, damped eigenmodes, with specific dispersion relations :

(assuming rotation invariance: k = [k| )

Sound modes

k>0 [ Re(@)

N
WV
\ 4

Im(w)

Momentum diffusion mode

Complex frequency plane
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Hydrodynamic modes from holography

Interacting many-body systems at large temperature T have collective
excitations, damped eigenmodes, with specific dispersion relations :

(assuming rotation invariance: k = [k| )

Sound modes

k>0 Re(w)

Im(w)

Momentum diffusion mode

Complex frequency plane
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Hydrodynamic modes from holography

Interacting many-body systems at large temperature T have collective
excitations, damped eigenmodes, with specific dispersion relations :

(assuming rotation invariance: k = [k| )

Sound modes

R
w(k) = £ vk — iTk* + O(3) k>0 e()

Im(w)

Momentum diffusion mode

w(k) = — iDk* + O(3) ‘

Complex frequency plane
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Hydrodynamic modes from holography

Interacting many-body systems at large temperature T have collective
excitations, damped eigenmodes, with specific dispersion relations :

(assuming rotation invariance: k = [k| )

Sound modes

R
w(k) = £ vk — iTk* + O(3) k>0 e()
‘., Im(w)
Momentum diffusion mode
¢« T &
w(k) = — iDk? + O(3)
_ linear equation of motion
P¢=0 for conserved quantity
PGR =6

Complex frequency plane
GX x P X : s :
diffusion = = diffusion =" 5 _ DR + O3)  w + iDk2 + O(3)
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Sound modes

w(k) = £ v k — iTk* + O(3)

Momentum diffusion mode

w(k) = — iDk* + O(3)

Hydrodynamic modes from holography

Interacting many-body systems at large temperature T have collective
excitations, damped eigenmodes, with specific dispersion relations :

(assuming rotation invariance: k = [k| )

k>0

Re(w)

PG =6

1

Pp=0 linear equation of motion
for conserved quantity

Im(w)

1

GR. =~ Pl X
diffusion diffusion = 5 _ D@2+ 6(3)  w + iDk2 + O(3)

Complex frequency plane

= Compute 7.k =0 from holography: # ~ |sg,

Matthias Kaminski

Hydrodynamics in Anisotropic Systems

|boundary

Page
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Holographic model exhibits hydrodynamic modes under rotation

Fluctuations -
Example: rotation-invariant fluid from QNMs of metric fluctuations [Kovtun/.(Sthgigits;
JHEP
 Einstein gravity dual to N=4 SYM theory Momentum diffusion mode
w(k) = — iDk> + 0(3) « » 08, 08, - - - (Vector)

e metric of a rotating asymptotically AdSS Sound mod

black hole (solution to Einstein equations) ound modes

dual to a rotating thermal SYM state oK) = £ vk —ilk"+ 00) 0811 5th’ 5&2 (scalar)
*black hole thermodynamics “determines”

thermodynamics of the rotating SYM state

e poles of the SYM Green’s functions dual to
quasi normal mode (QNM) frequencies of

black hole: QNMs encode SYM dispersion
relations

-

= Compute the QNM frequencies around
rotating black hole as function of momentum.

Matthias Kaminski Hydrodynamics in Anisotropic Systems Page 18



Holographic model exhibits hydrodynamic modes under rotation

Rotating AdSS black hole

2 ‘ d 2 2
ds? = (1 + T) it + 5+ T (V) + (02)?

L2 G(r) 4
2/ a 2
312 a 3
+e®)) + =5 (dt+ X )
r?  2u(l —a®?/L?) 2pa®

@)
K 2L2r3_ — 2a° (L2 -+ ri) ’
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Holographic model exhibits hydrodynamic modes under rotation

Rotating AdSS black hole Rotating thermal SYM state
Js? — (1 | r2 ) e dr? N r ((6")? + (02)? analytic fluid flow (cf. Gubser flow)
L? ( ) 4 u” = A[cosh¢ (L? +7° + z7)
+(0%)?) + (dt 4+ 2, ) +20(La sinh € + 75)]

> (1 - 2/Lz) 2410 u' = A[2(LQsinh§ + 72y cosh € + z220)] |
Gr)=1+ 22 E 5 -+ /.L;I , u? =\ |[Q (L2+72—a:%+a:g) + 2729 cosh (] | 4
r4 (L2 + ,rZT) " ut = —771\ |—sinh ¢ (L2 — 7%+ xi) —2Lz1Qcosh &

H= : > e = (16L%0%) (1 - 0%) " x

2L2r% —2a? (L2 +712) "’

—2
(2L272 cosh 2¢ + (L2 + :1:3_)2 + 74— 272:1:3_) :

Tl=2

L1x10 1O /\_( € )1/4 o_ (3002 /4
—\1680t) 77\ 8rGsL3 ’

= Large black holes: large T
rv+ - Qr-, T—ar, «o— 00

5.9 x 10720
[Bantilan, Ishii, Romatschke; PLB (2018)]
Milne coordinates (T s X119 X5 é . )
7.5x 10770 £=1n[(t+mzs)/(t—z3)] T =12 — 22
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https://arxiv.org/abs/1803.10774

High temperature: dispersion relations of rotating black hole look like boosted fluid

. . . [Garbiso-Amano, Kaminski;, JHEP (2019)]
Dlspersmn relations: [Garbiso-Amano, Cartwright, Kaminski, Wu; PPNP (2024)]
1 cf. [Hoult,Kovtun (2020)] [Kovtun (2019)]

G e s a0 +3
v(J) o 22( BE R Boost transformation:
o > (v +aj)
. 1—-+3a (1—a?)*? , 4 5 T h® =
vig) = j —iv3 + O 1 — a? 1 —a?
&) e ey e 3" (77)
“Speeds of diffusion”: Speeds of sound:

\/_CL + 1

v = a, Us,+ = Us,0 1 a_
V3
Corresponding damping: 3/9

(1-a?)”

Dy = Do(1 — a?)3/?, T,4 =T, =, Einstein relations:
1+ %)
1 (a
V3 D” (a) — QWTUG(G,) —||I—(P1_ (a) )
Shear viscosities:
21 (@) 1
1 Pi(a)=3(6(a)+P @) 1 /\/5)3

1 77||(a)=770\/1—a2, + +a

a) = :
) 770\/1_&2

=]If transport coefficients known at rest, then they are
known in high T rotating fluid (boosted fluid).
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Is hydrodynamics valid? - Scaling

[Cartwright, Garbiso-Amano; Kaminski, Wu; arXiv:2308.11686]

e validity of the constitutive relations and transport coefficients

[meaginary Scaling with a fit J /r, < 0.1

. . | S P SO AR B ot
Momentum diffusion 5 : : N )
[ o i
1.8} -
_ 6 ' Qv - . _
w=vJS" —1DJ | _
1.6F 4 e a=0.
° i {1 wa=0.5
1.4: < _—
. e A = 09
1.2_ -
R w _
l'O_.....l ETE IR IT IR BEE R TT I R TT  EE R ETET &
10 100 1000 104 10° 10° 10/
T+
Real Scaling with a (it J/ry < 0.1
1.008 = I”;I; T T T T T T T T T T T T T
1.006-— -
00 - : e (1 = 0
1.004 - -
= ] wa=0.9
1.002- - e =10.9
o )
1.000 ——-%—-—-——-- b S - SR SR  J—— SR t
o w0 1o 100 w00 100 o

T+

Matthias Kaminski Hydrodynamics in Anisotropic Systems Page 21


https://arxiv.org/abs/2308.11686

Is hydrodynamics valid? - Transport coefficients

[Cartwright, Garbiso-Amano; Kaminski, Wu; arXiv:2308.11686]
e validity of the constitutive relations and transport coefficients
Negasive Diffusion with a fit J/r; <0.1

30- ¢ ' | o Momentum diffusion
25- : - 8"
- | w=0vJ"”—iDJ
2.0- 2 -
- 1 e a=0.
Q . :
: 1.5:- _: s oa=0.D
L0Z - oo D e e a=09
o5 7 STt S Tt "] Dashed horizontal lines:
- . 1 boosted fluid values v = a
Y P S A S = | —
1000 108 10° 102
" 213/2
Sound Speed with a fit 7 /r, <0.1 D) = Do(1 — a”)
____'l______'__l';___'_'__'_'_"_'1___'__'_'_'_'_".",__'__'_'_'_'_'_";___'__'_'_'_'_'l__'__'_'_'_'_"_'L
1.5:- _
10---®--------- ——————-——-———-—————--———————-—-—————-———-———-—————-—: (
= - ) 1| =»window of horizon values
05- 11 1,000 < r+ < 10/7:
: 1| hydrodynamic behavior
00 - ‘ : : : : .|| distinct from a boosted fluid

10 100 1000 10* 10° 108 107
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Two Speeds of Sound in Bjorken-Expanding N=4 SYM QGP

[Cartwright,llyas, Kaminski, Knipfer,Zhang; in progress|/
[Cartwright, Kaminskt, Knipfer; PRD (2023)]

-
Zraw N
b s participants

T | L] T T

transverse to expansion

o —

- -

N = o no time- y, "f
~ "'“ derivatives | >,
» ~
/
A o e
- . "3 e
] — y — A-’-’ - - -
: H 4 i
_ SN cipants
o 1 2 34 st s
7T
10 longitudinal along expansion -
P . ho time- 7
0.8+ * derivatives i SP ectators\4 5
with time- C\ LA L
0.6 derivatives . (- — —— — - — e e
o [ ] p '; (», 5 A
N - AL ee -
~ thermo- ..
P dynamic T T i o
A L it h D l ) ‘
0.2- - - -l\;' A EERTRE Vol
4 /.“.',‘ 0‘.%,”
ool = “~_ .27  participants

-
I

7T
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https://arxiv.org/abs/2207.02875

1.0+
- solid
|_redgreenblue:
& s 0.8 _thermo-
O i dynaﬁxic

Transverse/longitudinal speeds of sound out of

equilibrium [Cartwright, Kaminski,Knipfer; PRD (2023)] 0.2+ Knipfer; PRD (902“0
9 (T 5 (T) I T I S
82 o < -’2?1> CQ . S "
L 0y | 0 .
o (1y)) o (T})

Metric near-boundary expansion

ds* = 8, dx"dx”

= verify with perturbative calculation

g,m/( T) 4 h(sound)

Using technique from
[Wondrak, Kaminski, Bleicher;
Phys.Lett.B (2020)]

g//tI/Ng//tI/)_I_( >Z4+“'

metric source one-point function
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Sound Attenuation

[Cartwright, Ilyas, Kaminski, Knipfer,Zhang; in progress|/

A\ ’-.
Lﬁ.\u
. N
: FA)

Hydrodynamics in Anisotropic Systems

| | | I |

p—
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spectators

Relaxation Time

" paricpans [Cartwright, Ilyas, Kaminski, Knipfer,Zhang; in progress|/

' i
A o @
- 1 A 0o .
- A A ¢ ..
E( . A o ¢ :
A ®
5 -05 ) T “
~ —UIdF A e * -
A A @
n : e i
- o _
N .
1.0¢f oA . )
- o [ - o 7
- . —
n A ® _
A &
1.5} S ‘
— . — p—
N A ® _
A g ®

~20 .

I 1 1 1 l 1 1 | l . . l | | | l | | | | 1 1 | |
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Methods: Perturbative Definition

[Cartwright,llyas, Kaminski, Knipfer,Zhang; in progress|

Dispersion relation in sound sector

I

w(q) = pq — zQ 2C C4 - TS >+ 0(g™)
speed sound relaxation

attenuation time

sound

... extracted from quasinormal modes in spin-0 sector of metric perturbations

1. background metric dual to Bjorken-expanding plasma ‘Re(w) |

(B jorken) ( T) ey

2. add perturbatlon g(BJorken)(T)_|_ h//(”SJOUHd) ’ )

sound modes

w(q) Complex
frequency

(sound) lane

3. quasi-static: on fixed time slice 7 : Fourier-transform h
4. calculate quasinormal mode frequency w at momentum q
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Bjorken-Expanding Plasma

[Cartwright, Kaminski, Knipfer; PRD (2023)]

» far away from equilibrium thermodynamic A
quantities are not well-defined |

f Freeze out

I

» plasma is approximately boost invariant

along the beam-line
.......... ’ o .. T7~T - 10fm/c

» initially large anisotropy between that
direction and the transverse plane

/. Ta 1fm/c

2

9 > L3
proper time T — \/ t4 — r

rapidity € — %ln[(t—l—iBg,)/(t—fCB)]

Gravity dual: Einstein Gravity, anisotropic metric  AdS radial coordinate r = 1/7

ds® = 2drde — A(v, 7")(11)2 + eB('U’"')S(v, T)z(dr% + d;z:%) + S(v, 7«)‘28—‘23('0,7')(15‘2

1

boundary at r = co has Milne metric: lim r—stz = —d7? + dzf + dzj + 7°dE?

m]ate times: system still expanding but approximately isotropic

mearly times: far from equilibrium
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Discussion

Summary

e considered three examples of anisotropic systems
= cxternal magnetic field
= rotation
= Bjorken expansion

 novel transport coefficients, changed Kubo formulae

e drastic differences, e.g. specific shear viscosity drops to zero (below 1/(4r))

e anisotropic hydrodynamics needed
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Discussion

Summary

e considered three examples of anisotropic systems
= external magnetic field
= rotation

= Bjorken expansion

 novel transport coefficients, changed Kubo formulae

e drastic differences, e.g. specific shear viscosity drops to zero (below 1/(4r))

e anisotropic hydrodynamics needed

Outlook [Adhikari et al.; to [Ghosh, Shovkouvy,
appear in PPNP (2025)] Eur.Phys.J.C. (2024)]

e calculate novel transport coetficients on the lattice and perturbative QCD

e effect of anisotropies on (elliptic) flow Vn? [Bernhard et al., Nature Physics (2019)]

e construct holographic heavy ion collisions to model QGP (dynamical
magnetic field and dynamically created axial imbalance)

. ok
[ ] @
R RN X
...................... -
|f{ Instituto de EXCELENCIA
SEVERO
OCHOA U

* use holographic collisions to test formulations of hydrodynamics [AdS4CME Collaborationy
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https://arxiv.org/abs/2412.18632
https://www.nature.com/articles/s41567-019-0611-8
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APPENDIX
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A winning team: hydrodynamics and holography in parallel

More balanced review in £ HOLOGRAPHY
my Section 5.2 on Hydrodynamics * % S—
in White Paper [Sorensen et al.; ST = CME far from equilibrium, strong B
w ¥ non-expanding plasma
P TOg.P artN UCZP hyS (2 024)] - g [Gosh, Grieninger,Landsteiner,Morales-Tejera; PRD (2021)]
2 w ¢ expanding plasma
HYDRODYNAMICS & 2 [Cartwright, Kaminski,Schenke; PRC (2022)]
THERMODYNAMICS = i oI
g - 0&
Chiral Magnetic Effect (CME) B () 8 Frequency de.pendenc.e of CME
from chiral anomaly - To [Amado,Landsteiner,Pena_Benitez; JHEP (2011)]
[Kharzeeuv; PR? (2004)] 0 % [Li,Yee; PRD (2018)]
[Son,Surowka; PRL (2009)] — 0 [Koirala; PhD thesis (2020)]
[Neiman,Oz; JHEP (2010)] 5 ~
A - gB 3 g
-
0

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, Ya
rom; JHEP (2008)]

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

hydro and holo in [Banerjee et al.; JHEP (2011)]

parallel " 7 A Leiber,Macedo; JHEP (2016
— mmon,Leiber,Macedo;
| JA _ 5VQ vorticity [ , . .( : )
&—ﬁ 5 5 [Ammon, Grieninger, Hernandez, Kaminski, Koirala,
Sy ~ Cuy + 0T Leiber, Wu; JHEP (2021)]

¢ fluid/gravity correspondence
¢ gives constitutive equations
. contain weird parity-odd term

¢ strong B

[Neiman,Oz; JHEP (2010)]

i
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http://www.arxiv.org/abs/0906.5044
http://www.arxiv.org/abs/0906.5044
https://arxiv.org/abs/1011.5107
https://arxiv.org/abs/2105.05855
https://arxiv.org/abs/1102.4577
https://arxiv.org/abs/1805.04057
https://www.proquest.com/dissertations-theses/transport-strongly-coupled-charged-relativistic/docview/2454193407/se-2?accountid=14472
https://arxiv.org/abs/1601.02125
http://arxiv.org/abs/arXiv:1701.05565
https://arxiv.org/abs/2012.09183
http://www.arxiv.org/abs/0809.2488
http://www.arxiv.org/abs/0809.2596
http://arxiv.org/abs/arXiv:1012.6026
https://arxiv.org/abs/2112.13857
https://arxiv.org/abs/1011.5107
https://arxiv.org/abs/hep-ph/0406311
https://arxiv.org/abs/2301.13253

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

J‘/; — 5){B 5)( — C//tA

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

[Son,Surowka; PRL (2009)]

Matthias Kaminski

APPENDIX - CME far from equilibrium - case I

[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

0.25 = T(To):165 MeV
c% 090 -=. T(19)=181 MeV
& ) i T(19)=199 MeV
< I

L 0.15 -- T(r0)=225 MeV
—- T(19)=299 MeV

— - —.. T(19)=577 MeV

T [fm]

( =»CME-current more likely to be seen

at lower energies!

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

Hydrodynamics in Anisotropic Systems Page 33


https://arxiv.org/abs/2112.13857
http://www.arxiv.org/abs/0906.5044
https://arxiv.org/pdf/0808.3382.pdf
https://arxiv.org/abs/hep-ph/0406311
https://arxiv.org/abs/2105.05855
https://www.energy.gov/science/np/articles/holographic-view-quantum-anomalies

APPENDIX -

Far from equilibrium shear: Results

E [Bleicher, Kaminski, Wondrak; Phys.Lett.B (2020)]
\)
RHIC parameters: SNN — 200 GeV Ar = 031fm
1.0
300. Tiina = 310 MeV+ -
Temperature 50.8 5
I = THaWking > : : -~
% 200. log =
Entropy density from - | |
generating functional - - T.= 155MeV :O . -
aSon—shell 100 | 1 -
> 0T —:0.2 B
O . 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ] O .
-1.0 -0.5 0.0 0.5 1.0
KSS equilibrium result lavg / fm
K ,Son, .
[sotlﬁizetg;n ﬁ _ i No universal bound = Shear transport ratio first drops below 60%,
PRL (2005)] o 4 [Buchel, Myers, Sindha; .
74 JHEP (2008)] then rises above 110% of KSS value 1/(47)

Matthias Kaminski
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Yw |

APPENDIX - Far from

,f/? __,.—-_:;-":'.‘.‘::T-_ --------------------- - ]
- Lo lannm= P T _Lee="T
/:‘89-‘ 2” L ee=TT
<™ 2 o _LeT =
' 4 o _»°
Y 2’
/%
/(o'
4 |
/,
3 ;;0 2 TC in 0.24..0.59 fm
- wmm== 4Tcin0.24.0.59 fm -
----- - 6.5Tc in 0.24..0.59 fm
-------- 10 Tc in 0.24..0.59 fm
2 4 6 8 10
T/ Tec

equilibrium shear: Results

[Bleicher, Kaminski, Wondrak; Phys.Lett.B (2020)]

(1/ 47

/

ni/s

FRG and holography minimum

1 2 ! ! v ! v v v | v ! ! ! ! ! | v v v | v v !
: © QCD, near equil. (IQCD) :
1oF || = | ===—- QCD, near equil. (FRG) i
- SYM, near equil.
SYM, far from equil. i

FRG results from T/lTc

[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)]

Matthias Kaminski
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https://arxiv.org/abs/1411.7986
https://arxiv.org/abs/1701.02266
https://doi.org/10.1038/s41567-019-0611-8

APPENDIX: Same magneto response in LQCD and N=4 SYM
with magnetic field

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

1 : s 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

* 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
L 6FQCD FQcep ... free energy
transverse pressure:  PT = V. OLy L ... transverse system size
Ly . FQCD LL ... longitudinal system size
longitudinal pressure: P, =
vV 0Ly V' ... system volume
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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 : (7% — cy%u 4 pA®Y 4 797

Energy momentum tensor: equilib?m heat current
€0 0 0 S])B
0 Py—xspbB’ 0 0
(T‘“’ ): 0 — XBB O ( 6)
0 0 p() — XBBBQ 0
&'B 0 0 \ Py
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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https://arxiv.org/abs/1606.01226
http://arxiv.org/abs/arXiv:1310.7024
https://arxiv.org/abs/1601.02125

APPENDIX: strong B hydrodynamics

[Hernandez, Kovtun; JHEP (2017)]

Spin-1 modes Anisotropic transport coefficients

B()n.o 232

] O . N ~

strong B: w = + (0, £1i0)|— z.@kz
Wy Wo

parity-odd Agreement in
Bng 7 Br%{{ iB%o Jorm
weak B: w=F k? -k
T Ta+h T a+h  (ddBR)? 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’ o
W= —1J|k", Dy=—=———rr——F
ngX11 + W§Ka3 — 2nowdx13
parity-odd w2 o Q2B T: ~
- o2 (¢ -5
weak B: wy = }qﬁc’ —iDg k* + O(0°) - epniTh 0 e C =305
wy = vy k—ily k* + O(8°) Agreement in form cp = Ty(0s/0T) p

w_ =v_k—il_k2+ O(0%
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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 a2 (7 L Bngés z’BE

weak B hydro prediction: = .
Y P w eo+ P eo + Py (6() + P0)2 eo + Py

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: 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

Wo = Vg k — 1 DO L2 + (’)(63) fc.)rme.r charge = a chiral magnetic wave
diffusion mode [Kharzeev, Yee; PRD (2011)]
: 2B 7 ~
Wy = V4 k — ZF+ k2 + 0(63) Vo = 5Pn00 (C — 305(2))
. . former 02 o
w_ =v_k—il_k?+ O(8%) sound Dy = -2,
e modes CPnoTO

= 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: 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:

Fo et sound o 2 : .2 3 ormer charge
0.5_— * o o ® charge diffllSiOZ wO m— UO lp - ZDO lb + O(d ) glffltSlOTl mogde

et Wy = vk — T K+ O(0°) former

Z sound

_0.5;_. ._ ‘ w —v k—il k’2 1 O(()B) modes

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

@ [+,Dp
RECALL: weak B hydrodynamic polaé_ _

former charge

12 3 |
wo = Vo k — 1Dy k” + O(d ) diffusion mode>’[

. 2 23 !
Wi = U4 k — ZP+ k T O(d ) former b 02r Modes:
- , charge diffusion
- 2 a3y Sound Ly, sound
W_ = V_ k' — ZF_ k + O(d ) modes 01 e %o . sound
: T N s

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, :

BZ

Magneto-acceleration susceptibility M, :

geq g eq NS ]\.[3“82 B'CL

Magneto-electric susceptibility ), :

Eeqg~ Myr B-E,  Pey~ My BE

Magneto-vortical susceptibility /M : £

eq eq

~ Mz B-(?
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