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Experimental: The most vortical fluid

[STAR; Nature (2017)]

‘= Hydrodynamic
description including
vorticity and spin

[Becattini, ...J *Talks by Buzzegoli, Lin,
[Florkowski, Ryblewski, ...] Singh

[Rischke, Speranza, Weickgenannt, .-.]
[Hongo,Huang,Kaminski,Stephanov, Yee; JHEP (2021)]

A hyperon polarization measured

e highly vortical quark-gluon-plasma

[STAR; PRC (2021)]

b ' sl
= _
> : mm 3FD _
o 10 AMPT |
|a® [ & | [ e Chiral Kinetic ]
- — - UrQMD+vHLLE
g gl )
S - - \
s | A A _
g 6 I STAR 20-50% Au+Au, 2021 | -
3 [ % % STAR 20-50% Au+Au, '07-’18 | ]
IS . B O ALICE 15-50% Pb+Pb
Q 4f .
9| .
of ® &

101 102 103
collision energy +/SNN (GGV)

[from slides by Michael Lisa at the 6th
International Conference on Chirality,
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Physical questions about rotating plasma

(e

. Can it be in global/local thermal equilibrium?

— Yes.

e rotating black hole is in equilibrium
e dual fluid flow is highly vortical

Sfluid cells with
distinct
temperatures T,
and distinct
angular
momentum
eigenvalues a
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Physical questions about rotating plasma

/ angular
1

. Can it be in global/local thermal equilibrium? | velecity

— Yes. Q vbOOSZ‘ ~ RQ
( —>. small fluid cell

far away from
2. Can it be approximated by a boosted fluid? ‘ ‘ $$ ‘ cert;ti;: of

— Yes, BUT ... . g g_’_’\
Qe

e hydrodynamic fluctuations around hot
rotating holographic fluid see boosted fluid

e radius of convergence of hydrodynamics
mostly unaffected by rotation
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Physical questions about rotating plasma

4

. Can it be in global/local thermal equilibrium?

— Yes.

2. Can it be approximated by a boosted fluid?

— Yes, BUT ... .

3. Is the hydrodynamic description valid?

— Yes, with modifications. Momentum diffusion mode
e transport coefficients change 7D
e constitutive equations change w(k) = — iDk” + O(3)

‘m» diffusion coefficient D
is function of state
variables: T, a
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Outline

-

O. Definitions: Hydrodynamics, Holography
1. Rotating fluid state (thermodynamics)

2. Large T limit: boosted fluid hydrodynamics

3. Rotating fluid hydrodynamics valid at smaller T

-~

What is the range of applicability (convergence radius)
of the linear hydrodynamic description of a rapidly
rotating strongly coupled N=4 SYM plasma?
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0. Definitions
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Hydrodynamics

o effective description of systems
at late times and large distances

e small gradients

e large temperature( ]E]

— <1
T

w<<1
T )

What is hydrodynamics?
e conserved quantities survive

a(t, x
‘ n(t, x) o i+ K s n(w, ?)'

. i Example: rotation-invariant fluid
*can express expectation values | yomentum diffusion mode

and Green’s functions of the w(k) = — iDk* + 0(3)
energy-momentum tensor

Sound modes
w(k) = £ v k — iTk* + O(3)
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What is holography?

Holography
[Kovtun/ Starinets;
e consider Einstein gravity which is dual to N=4 HHER(E00%)
SYM theory and derive Einstein equations

e metric of a rotating asymptotically AdSS black
hole (solution to Einstein equations) is dual to a
rotating thermal SYM state

*black hole thermodynamics “determines”
thermodynamic properties of the dual SYM state

e poles of the SYM Green’s functions are dual to
quasi normal mode (QNM) frequencies of black
holes: QNMs encode SYM dispersion relations

[ =Compute the QNM frequencies around rotating j

black hole as function of momentum.
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What is holography?

Holography
KExample: rotation-invariant fluid from QNMs of metric fluctuations [Kovtun/ Starinets;
JHEP (2005)]
Momentum diffusion mode
w(k) = — iDk> + 0(3) < » 08, 08, - - - (Vector)
Sound modes
o(k) =+ vk — iTk? + O6(3) - - 08,08, 0g..(scalar)

e poles of the SYM Green’s functions are dual to
quasi normal mode (QNM) frequencies of black
holes: QNMs encode SYM dispersion relations

=Compute the QNM frequencies around rotating
black hole as function of momentum.
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1. Rotating fluid state (thermodynamics)
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Thermal vortical equilibrium state

Rotating AdSS5 black hole

2 _ r? dr®
ds 1+ — | dt* +

7'_ 2
L2 G(r) + 4 ((U ) + (o )
+(0%)?) + (dt+ —0 )
r? 2u(1 — a2/L2) a?
G(r)=1+ 72 > r4 :
b= ri (L2 +17)
2L2r% —2a% (L2 +12)’
it
1.1 x 1071e
5.9 x 10726
7.5x 10770

xl/L

Rotating thermal SYM state

u” = X [cosh ¢ (L2 + 72 4 xi)

+2Q(Lxq sinh & + 725)]
u' = N[2(L7Qsinh & + T2 cosh & + z1209)] |
u? =\ [ (L2 4+ 72— 22+ 332) + 2729 cosh(] |

ut = —771\ [—sinh ¢ (L2 —T +:1:l)
e = (16L80%) (1 - 02)* x

— 2Lx1$2 cosh 5‘

-2
(2L2r cosh2¢ + (L2 +23)* + 74 —2r%3 )

31—\
— U 8rGsL3 ’

r— ar,

\ p 1/4
- (or51)

’I’+ — C}ZT+,

o — 00O

[Bantilan, Ishii, Romatschke; PLB (2018)]

Milne coordinates

¢ = Lln[(t+3)/(t —a3)

(Ta x]a )529 53 r)

T = /12 — 23
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Thermal vortical equilibrium state

Rotating AdSS5 black hole

2 _ r? dr®
ds 1+ — | dt* +

7'_ 2
L2 G(r) + 4 ((U ) + (o )
+(0%)?) + (dt+ —0 )
r? 2u(1 — a2/L2) a?
Gr)y=1+ 72 > 7"4 :
b= ri (L2 +17)
2L2r% —2a% (L2 +12)’
iy,
1.1 x 1071e
5.9 x 10726
7.5x 10770

xl/L

Rotating thermal SYM state
analytic fluid flow (cf. Gubser flow)

u” = X [cosh ¢ (L2 + 72 4 xi)

+2Q(Lxq sinh & + 725)]
u' = N[2(L7Qsinh & + T2 cosh & + z1209)] |
u? =\ [ (L2 4+ 72— 22+ a:Q) + 2729 cosh(] |

ut = —771\ [—sinh ¢ (L2 —T +:1:l)
e = (16L80%) (1 - 02)* x

— 2Lx1€2cosh &

-2
(2L272 cosh 2¢ + (L2 +2%)" + 7 —2r%3 )

1/4
) — ( € )1/4 o_ 3(1—Q?)u /
16804 ’ 81Gs L3 ’

Large black holes: large T

Ty S Qry, T—=ar, o—0o0

[Bantilan, Ishii, Romatschke; PLB (2018)]

Milne coordinates

¢ = Lln[(t+3)/(t —a3)

(Ta x]a )529 53 r)

T = /12 — 23
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Result 1: Rotating fluid flow (cf. Gubser flow)

4

. Can it be in global/local thermal equilibrium?

— Yes.
e rotating black hole is in equilibrium
 dual analytic fluid flow is highly vortical

Sfluid cells with
distinct
temperatures T,
and distinct
angular
momentum
eigenvalues a
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2. Large T limit: boosted fluid hydrodynamics
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Hydrodynamic modes

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

_
(assuming rotation invariance: k= | k| )

Sound modes

*Re(w)

. >

Im(w)

I
-

w(k) = £ v k —iTk* + O(3) k

Momentum diffusion mode

w(k) = — iDk* + 0(3)

GP ¢ — () linear equation of motion
o for conserved quantity

PGR =5

Complex frequency plane
. 1 1
Ylusion =5 — D@2 + O3) + iDk? + O(3)

R
Gdiffusion X
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Hydrodynamic modes

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

_
(assuming rotation invariance: k= | k| )

Sound modes

w(k) = £ v k — iTk* + O(3) k>0 [ Re(@) »

Im(w)

Momentum diffusion mode

®
w(k) = — iDk? + 0O(3) ® ®

GP ¢ — () linear equation of motion
o for conserved quantity

PGR =5

Complex frequency plane
. 1 1
Ylusion =5 — D@2 + O3) + iDk? + O(3)

R
Gdiffusion X
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Hydrodynamic modes

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

_
(assuming rotation invariance: k= | k| )

Sound modes

w(k) = v k —iCk* + O(3)

Momentum diffusion mode

w(k) = — iDk* + 0(3)

k>0

Re(w)

GP ¢ — () linear equation of motion
o for conserved quantity

PGR =5

. 1 1

Im(w)

GE. = xPl  x X
diffusion diffusion at _ D())% + 0(3) w + iDk2 + O(3)

Complex frequency plane
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Hydrodynamic modes

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

_
(assuming rotation invariance: k= | k| )

Sound modes
w(k) = £ v k — iTk* + O(3) k>0 | §e<w>

Im(w)

Momentum diffusion mode

w(k) = — iDk* + 0(3) ¢ ®

GP ¢ — () linear equation of motion
o for conserved quantity

PGR =5

Complex frequency plane
GX < Pob 1 X :
diffusion diffusion 0,— D02+ 03B) w+iDk*+ O(3)

= Compute ¥(w, k) =0 from holography: & ~ |5g/w |boundary
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High temperature: dispersion relations look like boosted fluid

[Cartwright, Garbiso-Amano;Kaminski,Noronha,Speranza; PRD (2023)]
[Garbiso-Amano, Kaminski; JHEP (2019)]
cf. [Hoult,Kovtun (2020)] [Kovtun (2019)]

V3a+1

V) = a, Us,+ = Us, a

] = 1+ -

 0\3/2
DH = Do(l — a2)3/2, F.s*,:l: = T'o (1 - ) 37
1+ 5 a
(1 %) D)(a) = 27T (a)"j'i(P)L Ok
I (a) _ 277||(a) 1
1 = 3(e(a) + PL(a)) (1+a/V3)3

n(a) = 770\/1 — 77||(CL) :770\/1 — a?,
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High temperature: dispersion relations look like boosted fluid

[Cartwright, Garbiso-Amano;Kaminski,Noronha,Speranza; PRD (2023)]
Dispersion relations: [Garbiso-Amano, Kaminski; JHEP (2019)]

1 cf. [Hoult,Kovtun (2020)] [Kovtun (2019)]
N e 2\3/2 :2 .3
v(J) . 22( e ) Boost transformation:
) 0
(av + ) el
3 0 3 q° = : o” =
v(j) = —iV3 +0O 1 — a2 1 — a2
(4) Ve 3P’ (77)
“Speeds of diffusion”: Speeds of sound:
. y ) V3a+1
’U|| = a, s,+ — Us,0 a
1+ 7
Corresponding damping: ) 2) 3/2
D) = Do(1 —a?)3/2, T4 =T (1-a 5 Einstein relations:
1+ i)
(=3 Dy (@) = 20Ty
. crs e(a) + P, (CL)
Shear viscosities:
1 Mi(a) = o) :
) = nov/1 — a2, 3(e(a) + PL(a)) (1£a/V3)3

"M(G)Z"?O\/l_aw n)(a
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High temperature: dispersion relations look like boosted fluid

[Cartwright, Garbiso-Amano;Kaminski,Noronha,Speranza; PRD (2023)]
Dispersion relations: [Garbiso-Amano, Kaminski; JHEP (2019)]
1 cf. [Hoult,Kovtun (2020)] [Kovtun (2019)]

BN e el 2\3/2 2 3
v(j) . 12( ) Boost transformation:
0 -\ 2
- . 0 e mzz(V—HLJ)
+1 \/§(l_ \/g(l a ) ]2—|—O(]3) q ]._CL2 y 1_a2

Speeds of sound:

V3a+1

“Speeds of diffusion”:

v = a, Us,+ = Us,0 a_
1+ 73
Corresponding damping: ) o\ 3/2
Dy = Do(1 - a2)3/2, I's+ =1 — ) T Einstein relations:
1+ i)
( Vs Dy|(a) = 2mTo (a)?:”—(;) (a)’
€
Shear viscosities: -
Li(a) = 5o 1
1 ) = nov/1— a2, 3(e(@) + Po(a)) (1 £0/V3)?

m(a)ZUO\/l_aza ) (a

= ]f transport coefficients known at rest, then they
are known in high T rotating fluid (boosted fluid).
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Result 2: Hydrodynamic fluctuations see boosted fluid

angular
velocity

2/. Can it be approximated by a boosted fluid? Vhoost ~ RE2

— Yes, BUT ... . - —E. ?Zfiﬁuyi?rﬁl
‘ $ “ center of

tati
Hydrodynamic fluctuations at large ‘ rotatton
temperatures perceive the rotating w *__*\
holographic fluid as if it was a boosted fluid.

Gravity side:
e metric is not a boosted black brane w
(that means the fluid is not a boosted
fluid but a rotating one)
e metric fluctuation equations in the
limit of small frequencies and momenta
(hydrodynamic limit) see effectively a
boosted metric
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Result 2: Hydrodynamic fluctuations see boosted fluid

angular
velocity

Vboost ™ RE2

2/. Can it be approximated by a boosted fluid?

small fluid cell

far away from
center of
rotation

— Yes, BUT ... .

Hydrodynamic fluctuations at large
temperatures perceive the rotating
holographic fluid as if it was a boosted fluid.

Gravity side:

e metric is not a boosted black brane
(that means the fluid is not a boosted
fluid but a rotating one)

e metric fluctuation equations in the
limit of small frequencies and momenta
(hydrodynamic limit) see effectively a
boosted metric
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3. Rotating fluid hydrodynamics valid at smaller T?

e validity of the of the derivative expansion: convergence radius of

w(k) = Z c k"

e validity of the constitutive relations and transport coefficients

Matthias Kaminski — Convergence of hydrodynamics in rapidly spinning strongly coupled plasma — Page 17



Convergence radius: Hydrodynamic modes

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

_
(assuming rotation invariance: k= | k| )

Sound modes

ok) = v k — iTk* + 6(3) Jim@
Re(w)
Momentum diffusion mode ; s
w(k) = — iDk* + 0(3) @« ‘ ‘ > @
P X
Non-hydrodynamic modes (=Ag A (Ag Ap)
w(k) = £AR — iA[ + vk — iTok* + O(3)
L gap J Complex frequency plane
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Convergence radius: Hydrodynamic modes

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

_
(assuming rotation invariance: k= | k| )

Sound modes

oK) = £ v, k— iTk* + O(3) Jim@ |
Re(w)
Momentum diffusion mode ; y
w(k) = — iDk* + O0(3) @ <. ‘ ‘ > @
P X
Non-hydrodynamic modes (=Ag A (Ag Ap)
w(k) = £ AR — iA] + vok — il gk + O(3)
L gap J Complex frequency plane
= these modes are the locations of poles in the retarded
Green’s function of conserved operators in this theory "~ _opm

Matthias Kaminski — Convergence of hydrodynamics in rapidly spinning strongly coupled plasma — Page 18



Singularities in the dispersion relations

Poles can collide in complex momentum direction, leading to
branch singularities (critical points) in dispersion relations limiting

CONvVETrgence radius of hy dI'Ody namics [Grozdanov, Kovtun,Starinets, Tadic; JHEP (2019)]
[Grozdanov, Kovtun,Starinets, Tadic; PRL (2019)]

A

GR(w', k) Re(k)
o' — w(k)
Im(k)
S~ >
Complex X branch point
momentum singularity in
p lane dispersion relation
. . LR 1 5=y L I
Sitmpler example: geometric series Z s = - > Z (—x%)" = 1+ x2
= rai by Skokov n=0 =0 singularities at x = + i
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Singularities in the dispersion relations

Poles can collide in imaginary momentum direction, leading to
branch singularities, critical points, in dispersion relations limit
convergence radius of hydrodynamics

[ammatzon by Markus Amano (Garbiso); (2021)]
S ® Dr. Markus

'; q Garbiso

i (now postdoc

k= |k|ei@

Im(w)

Re(w)
Complex frequency plane
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Singularities in the dispersion relations

Poles can collide in imaginary momentum direction, leading to
branch singularities, critical points, in dispersion relations limit
convergence radius of hydrodynamics

[ammatzon by Markus Amano (Garbiso); (2021)]
S ® Dr. Markus

'; q Garbiso

i (now postdoc

k= |k|ei@

Im(w)

Re(w)
Complex frequency plane
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Singular points of plane curves

[C.T.C. Wall (2004)]
Puiseux theorem:

: . o AT THIS POINT, YOURE PROBABLY
Any equation f(x, y) = 0, where f is a polynomial with THINKING, “L LOVE THIS EQUATION
f(O) = 0 or more generally f € C[[x, y]] with zero constant term, admits AND WISH IT WOULD NEVER END:
at least one solution in formal power series of the form WELL, GOOD NEWS!
o o)
__ 4N _ r 1
X=1, y= Ea,,t -
1
/

(some n € N).
Thus, y can be expressed as power series in fractional powers of x.

. TAYLOR SERIES EXPANSION 15 THE. WORST.
Examp le: hy drOdy namics [https://xked.com/2605/]

x=k y=w, f(x,y)=Pw,k)

Pp=0=>P=w+iDk’+0=0
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Singular points of plane curves
[C.T.C. Wall (2004)]
Puiseux theorem:

: . o AT THIS POINT, YOURE PROBABLY
Any equation f(x, y) = 0, where f is a polynomial with THINKING, “L LOVE THIS EQUATION
f(O) = 0 or more generally f € C[[x, y]] with zero constant term, admits AND WISH IT WOULD NEVER END:
at least one solution in formal power series of the form WELL, GOOD NEWS!

- =
4 _ r .
x=1", y= Ea,,t
1

(some n € N).
Thus, y can be expressed as power series in fractional powers of x.

. TAYLOR SERIES EXPANSION 15 THE WORST.
Examp le: hy dr Ody namics [https://xked.com/2605/]

x=k y=ow, [y =P0w,k)

Pp=0=>P=w+iDk’+0=0

= There exists convergent hydrodynamic expansion. Critical
points limit the radius of convergence in complex k.
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Computing critical points

[Grozdanov,Kovtun,Starinets, Tadic; JHEP (2019)]

[Grozdanov, Kovtun,Starinets, Tadic; PRL (2019)]

Sp ectral curve encodes disp ersion [Heller,Serantes, Spalinski,Svensson, Withers; PRD (2020)]

Example: momentum diffusion mode

P(w,k*) = o + iDk* + 0(3) = 0

Spectral curve yields critical point

-

P(m7 q)‘<mcaqc) - 07 amp(m, q>|(mcaqc) e O'-

Holographically:

P(w, k) = ¢p(w, k; u = ubdy)

Gravitational fluctuation (e.g. metric fluctuation)
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RECALL: What is holography?

Holography
[Kovtun/ Starinets;
e consider Einstein gravity which is dual to N=4 HHER(E00%)
SYM theory and derive Einstein equations

e metric of a rotating asymptotically AdSS black
hole (solution to Einstein equations) is dual to a
rotating thermal SYM state

*black hole thermodynamics “determines”
thermodynamic properties of the dual SYM state

e poles of the SYM Green’s functions are dual to
quasi normal mode (QNM) frequencies of black
holes: QNMs encode SYM dispersion relations

=Compute the QNM frequencies around rotating
black hole as function of momentum. J
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RECALL: What is holography?

Holography
KExample: rotation-invariant fluid from QNMs of metric fluctuations [Kovtun/ Starinets;
JHEP (2005)]
Momentum diffusion mode
w(k) = — iDk> + 0(3) < » 08, 08, - - - (Vector)
Sound modes
o(k) =+ vk — iTk? + O6(3) - - 08,08, 0g..(scalar)

e poles of the SYM Green’s functions are dual to
quasi normal mode (QNM) frequencies of black
holes: QNMs encode SYM dispersion relations

=Compute the QNM frequencies around rotating
black hole as function of momentum.
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Metric fluctuations in rotating AdSS black holes are complicated

Rotating AdSS5 black hole

ds? = — 1+—2 2y 4 ﬁ(( N2+ (6%)?
5T L2 a1 7
+(o%)?) 4 2H (dt+ p )
r? 2,u(1 —a?/L?) 2pa®
G(’I‘) — 1 + L2 7‘2 + 7'4 )
o @)

- 2L2r% —2a? (L2 +1r%)’

Wigner-D functions are basis on S°
hxy =e “Tr2(h, ('r)a+a+D(J HmT
2(hyr(r)ot GO0+ h+t('r)a(ﬂay)—|—
h3(r)o,00)) D704 5

Z (u) = quhm/(wTL) + muhm/(wTL)

0 =hy, (r) +

0=h"_ (r)+

0 =hY, (r) -

[Cartwright, Garbiso-Amano;Kaminski, Noronha,Speranza; PRD (2023)]
Select J=K (transverse): momentum diffusion

three dynamical equations,

L? (2a%p — 10pr? + 5r*) + 2a%pr? + 5r° K ()4
L2 (2a2pr — 2ur3 + 1) + 2a2urd + 7
8ap (L' + 2r ) Y
L? (2a2pr — 2ur® + %) + 2a%urd + 7
, . L,.,h“( r) 7(— 4L%(4a* p? — 2a%p*r? (aw — 27)
(L2 (2a%2pur — 2ur3 4 r5) + 2a2 ur3 + 17 )
+ Tpr®(aw — 27 — 4) + T (T + 2)r®) — 16a*u*r? — 47(T + 2)r'%)—
2iV2/ T L?r?w hes (1)
L2 (2a?p — 2pur? + r4) + 2a?pr? + 6
4L2h:s+( )
(L2 (2a2pr — 2ur® + 1°) + 2a2ur3 +r7)?
apr® (L*r*w?® —4(J +2) (L* (r* —2p) + 7 )) + I (L? (r* — 2u) + 1Y),
L? (3r* —2p (a? +1?)) + 2a?pr? 4+ 5r° ,
L? (2a%pr — 2ur® +15) + 2a%ur3 +r7 ++(r)=
2iV/2V/TL* r (2ap(aw — 27 — 2) + 7 w)
(L2 (202 — 2ur? + 74) 4 2a2pr? + r6)?
_ heell) (a7 4 )L (L2 4 r) -
(L? (2a%p — 2ur? + r*) + 2a®ur? + %)
2u (a2 (L2 - r2) - .7L2r2)) + L*rtw? (2a2;t + 'r4) —8a(J + 1)pL*r*w)+
8iV2V T L*r* (apL?w + (T + 1) (L? (r* — 2u) + 1))
(L2 (2a2p — 2ur? + r4) + 2a2pur? + r6)*
dapl’r
L? (2a%p — 2ur? + r4) + 2a%pur? + rb
L? (6a?p — 2ur? + 3r%) + 5r% (2a%pu + 1) W (r)—
L2 (2a2pur — 2urd + ) + 2a2urd +¢7 31
L* (Jr* — 2a%p) (2ap(aw — 27 — 2) + riw)
(L2 (2a2p — 2ur? + 14) + 2a2ur? + r6)?
2iv2y/F (T +1)L*r?
L? (2a%p — 2pur? 4 1) + 2a2pur? + 6
— healr) 5 (L*(—32a"p? — 8a? p*r? (aw — 27 — 6)—
(L2 (2a2pur — 2ur3 + r5) + 2a2ur3 + 17)?
16a*(J + 2)ur* + 2ur®(—27 (aw — 4) + aw(aw — 4) + 8)
—8(T + 1)r® +r1%%) — 8L*r* (2a°pu + ) (2a%n + (T + 1)r?)),

(r)+

5(=8a*u? (L? +1?) — 2a%pur’w (L (2u+7%) + ) +

5 hey (r)+

hsy,

h; W)+

hiy (1) —

hyy(r)+

and one first order constraint equation,

ivT (L2 (2(12;1 —2ur? + 7'4) +2a%ur? +1r°)
V2 (L2 (—2a2p + pr2(aw — 2J) + Jr?) — 2a%pur? + Jrb)
L*r? (2ap(aw — 27 — 2) + r'w) W (r)+
4 (L2 (—2a%p + pr2(aw — 2J) + Jrt) — 2a2ur? + Jré) (24)
dapl’r
L2 (—2a%p + pr?(aw — 2J) + Jrt) — 2a2ur? + Jré hes (r)-
8a’p (L? +r?) ha (r)
L2 (=2a?pur + pr3(aw — 2J) + Jr®) — 2a2urd + Jr7 SEV 2

R, (r)-

0 =hy, (r) -
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Metric fluctuations in rotating AdSS black holes are complicated

Rotating AdSS5 black hole

2 r? dr” r? 1\2 212
ds® = — (1+ﬁ)dt+m+z((0)+(0‘)
2
+(0%)?) + £ (dt + gaf‘)
r2  2u(l —a?/L?) 2pa®
G(’I‘) — 1 + L2 - 7‘2 + 7'4 )
o @)

- 2L2r% —2a? (L2 +1r%)’

Wigner-D functions are basis on S°
h}fy =e "“Tr?(hy ('r)a+a+D(J HmT
2(h+r(”')0(ﬂ oy T hae(r)od o)+

h3(r)o,00)) D704 5

Equivalent to momentum diffusion at rest:

(0? —q?f)f —

ut'o2f’

m2_q2f
zZy Z Z1 =0,
1+ 1+ Uf2 1 0

uf(q?f — ro?)

Master field: Zy (u) = quht‘x/(_wTL_)2 + t‘auhm/(wT.L)2

Matthias Kaminski — Convergence of hydrodynamics

[Cartwright, Garbiso-Amano;Kaminski, Noronha,Speranza; PRD (2023)]

Select J=K (transverse): momentum diffusion

three dynamical equations,
L? (2a%p — 10pr? +
L2 (2a%pr — 2ur3 + %) + 2a2purd + 17

. 8ap (L2 +r21‘2) K, (r)+

L? (2a%ur — 2ur® + 1°) + 2a2ur® + 7 %1
L*h, ()

(L2 (2a2pur — 2ur3 4 r5) + 2a2pur3 + r7)

+ JTur’(aw — 27 — 4) + J(T + 2)7‘“) — 16([‘[[27‘2 - 47 (T + 2)7‘“')—

2i/2\/ T L*r?w hes (1)

L? (2a2%p — 2ur? + r4) + 2a%ur? + r6
4L2h:s+( )

(LZ(Za ur — 2ur3 +1r5) + 2a2ur® 4 17)?

apr (L‘Z W —4(TJ+2) (Lz (r — 2;1) +r )) + Jrw (L2 (r2 —2u) + r4)).

L? (3r* —2p (a? +1?)) + 2a?pr? 4+ 5r° ,

L? (2a%pr — 2ur® +15) + 2a%ur3 +r7 ++(r)=

2iV2V T L*r* (2ap(aw — 2T — 2) + r'w)

(L2 (2a2p — 2ur? + 14) + 2a2pur? + r6)?

5r4) + 2a2ur? + 5r°
) . hy, (r)+

0 =hy, (r) +

5 (—4L?(4a*p? — 2a%p*r? (aw — 27)

5(=8a*u? (L? +1?) — 2a%pur’w (L (2u+7%) + ) +

0=h"_(r)+

5 hey (r)+

‘ ‘ 'h++(7‘) _ —(—4(T + 1)L22(Jr (L2 +12) — (23)
(L? (2a%p — 2ur? + r*) + 2a®ur? + %)
2u (a2 (L2 + rz) — JLZTZ)) + Lw? (2a2;t + 'r4) —8a(J + 1)pL*r*w)+
8iV2V T L*r* (apL?w + (T + 1) (L? (r* — 2u) + 1)) A
(L2 (2a2p — 2ur? + 1) + 2a2pur? + r6)* o
P dapl’r
0 =hs(r) - L? (2a%p — 2pur? i r4) 4+ 2a?ur? + ré R (r)+
L? (6a?p — 2ur? + 3r%) + 5r% (2a%pu + 1) W (1)
L2 (2a2pr — 2ur3 + r8) + 2a2ur3 + 7 3
LY (Jr* - 2a%p) (2ap(aw — 2 — 2) + 1 w)h (r)—
(L2 (2a2p — 2ur? + 14) + 2a2ur? + r6)? "
2iV/2 T (T +1)L3r2 hos (F)+
L2 (2a2p — 2ur? + 14) + 2a2pr2 + 7677
— f’”( r) 5 (L4 (—32a*p? — 8a?p?r*(aw — 27 — 6)—
(L2 (2a2pur — 2ur3 + r5) + 2a2ur3 + 17)?
16a*(J + 2)ur* + 2ur®(—27 (aw — 4) + aw(aw — 4) + 8)
—8(T + 1)r® +r1%%) — 8L*r* (2a°pu + ) (2a%n + (T + 1)r?)),
and one first order constraint equation,
0 =h,., () — ‘i\/j ({L2 (2(12{1 —2pr? +14) + 2a2#r24+ rb) ()
V2 (L% (—2a%p + pr?(aw — 27) + Jrt) — 2a2pur? + Jr)
L*r? (2ap(aw — 27 — 2) + r'w) W (r)+
4 (L2 (—2a2p + pr2(aw — 2J) + Jr?) — 2a2ur? + Jré) "+ (24)
dapl’r
L2 (—2a%p + pr?(aw — 2J) + Jrt) — 2a2ur? + Jré hes (r)-
8a’p (L? +r?) ha (r)
L2 (—2a2ur + prd(aw — 2J) + Jrd) — 2a2urd + Jr1 247"
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Metric fluctuations in rotating AdSS black holes are complicated

Rotating AdSS5 black hole

[Cartwright, Garbiso-Amano;Kaminski, Noronha,Speranza; PRD (2023)]

2 PR Select J=K (transverse): momentum diffusion
2 _ 2 r 1)2 212
dS 1 + —2 (( ) + (U ) three dynamical equations,
L G( ) 4 L? (2a%p — 10pr? + 5r*) + 2a%pr? + 5r°
0 =ht'y(r) + L2 (2a2pur — 2ur3 + %) + 2a2urd + r7 ha (r)+
3 2 dt 8 L2 2 2
+0%) 420 it
L? (2a%pur — 2ur3 + r°) + 2a2urd + 7 31
2 2 1 — 2 L2 2 L?hyy () AL (4at i — 2a2 122 (aw —
G(:r) =1 - r /JI( a / ) - 'Llla , (L2 (2a2pur — 2ur3 + 1°) + 2a2pur3 + 7‘7)2( L7 (407" — 2077 (aw — 27)
L T2 7'4 + Tpr®(aw — 27 — 4) + T (T + 2)r®) — 16a*u*r? — 47(T + 2)r'%)—
4 2 2 2iV2/ T L?r?w
= r+ (L L r+) L2 (2a%p — 2pur? + 1) + 2a2pur? + 6 bt (r)-
ll/ - 4L2h:s+( )

2L2r% —2a? (L2 +1r%)’

Wigner-D functions are basis on S°
h}fy =e "“Tr?(hy +(r)oy 0+Dg7 HmT
2(hyr(r)ot GO0+ h+t('r)a(ﬂay)—|—
hi3(r)ol,00)) DT aq)

'Large black hole limit:
rL Sary, r—=ar, o—o0

0=h"(r)+

0 =hY, (r) -

5(=8a*u? (L? +1?) — 2a%pur’w (L (2u+7%) + ) +

(L2 (2a2pr — 2ur® + 1°) + 2a2ur3 +r7)?
apr® (L2r4;.;2 —4(T +2) (Lz (r — 2;1) +r )) + Jrw (L2 (r2 —2u) + rJ)).
L? (3r* —2p (a® +7%)) + 2a?ur? + 5r° W, (r)—
L? (2a2pr — 2ur® +1°) + 2a%purd + 77 T
2iv2V/ T L*r* (2au(a.~ 2T —2)+ 7 w)
(L2 (2a2p — 2ur? + 14) + 2a2pur? + r6)?
_ hys(r) S (—4(T + )L22(Tr* (L2 +12) -
(L? (2a%p — 2ur? + r*) + 2a®ur? + %)
2u (a2 (L2 - r2) - .7L2r2)) + L*rtw? (2a2;t + 'r4) —8a(J + 1)pL*r*w)+
8iV2V T L*r* (apL?w + (T + 1) (L? (r* — 2u) + 1))
(L2 (2a2p — 2ur? + r4) + 2a2pur? + r6)*
dapl’r ,
L? (2a%p — 2pur? i— ) + 2a2pur? + r6 ht (r)+
L? (6a?p — 2ur? + 3r%) + 5r% (2a%pu + 1) W (1)
L2 (2a2pur — 2urd + ) + 2a2urd +¢7 31
L* (Jr* — 2a%p) (2ap(aw — 27 — 2) + riw)
(L2 (2a2p — 2ur? + 14) + 2a2ur? + r6)?

5 hey (r)+

hsy,

hiy (1) —

uf?

uf(q?f — ro?)

Master field: Zy (u) = quht‘x/(_wTL_)2 + t‘Lmhm,/(wT.L)2

w—2avry /L, J—ajry/L, oa— o0, WT AR
L2 (2a2p — 2ur? 4+ 14) + 2a2pur2 4+ 76 7
. . R T f+3( r) 3 5 (L*(—32a*p® — 8a®p’r?(aw — 27 — 6)—
Equivalent to momentum diffusion at rest: ¢ 2((2; " "’j‘:;T 2+22;< al *‘4): .
a + 2)ur ur aw aw(aw — 4
e .

2 2 2 2 2 .

, (02— @2f)f —ulf . w2 —q2f By use of boost transformation:

2 N\ 2
(av + j) . (v + aj)

I q 1 — a?
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Computation through gauge/gravity correspondence & boost

Spectral curve encodes dispersion Poles = quasinormal modes
Example: ideal sound mode ideal sound dispersion

Emge) v g 0 = +v.q
Spectral curve yields critical point

P(m7 q)|(mc,qc) = 07 8I’OP(m7 q)|(mc,qc) o O

Critical points of N=4 SYM at vanishing rotation
(dual to AdS Schwarzschild black hole)

e~ +1 —1i, g2 ~ +2i (sound),
0, ~ +1.4436414 — 1.06922505,

q2 ~ 1.8906469 & 1.1711505; (shear diffusion)  w(q) = —ig*/2 + O(q°)

[Grozdanov,Kovtun,Starinets, Tadic; PRL (2019)]
[Heller,Serantes, Spalinski,Svensson, Withers; PRD (2020)]

[Cartwright, Garbiso-Amano; Kaminski,Noronha,Speranza; PRD (2023)]
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Computation through gauge/gravity correspondence & boost

Spectral curve encodes dispersion poles = quasinormal modes
Example: ideal sound mode ideal sound dispersion

Bogy i g 0 v = Fv.q
Spectral curve yields critical point

rwg 0. U g hmal . 0

Critical points of N=4 SYM at vanishing rotation
(dual to AdS Schwarzschild black hole)

.~ +1—14, q° ~£2i (sound),
v, ~ +1.4436414 — 1.06922501,

q2 ~ 1.8906469 & 1.1711505; (shear diffusion)  w(q) = —ig*/2 + O(q°)

[Grozdanov,Kovtun,Starinets, Tadic; PRL (2019)]
[Heller,Serantes, Spalinski,Svensson, Withers; PRD (2020)]

[Hawking,Hunter, Taylor; PRD (1998)]

. . [Hawking,Reall; PRD (1999)]
Consider rotating AdS black hole: |cartwright, Garbiso-Amano;Kaminski,Noronha,Speranza; PRD (2023)]

Boost symmetry for metric fluctuations around large rotating black holes

e
o N2
2 _ (av +7) o _ (V+aj)" relatesmodesin N L .3
1 1 — 0,2 ’ . L a2 nznfrogaiirf;state V(]> - 22 (]' a ) J | O(] )

shear diffusion mode

( mDirect calculation of poles in rotating

__i1—\/§a__i (1—a2)3/?
V(.])_ \/§:Fa ] \/§(\/§_a)3

sound modes

black hole agrees with semi-analytic
boost-symmetry inferred result
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Convergence radius of hydrodynamic description

of N=4 Super-Yang-Mills theory in a rotating thermal state
[Cartwright, Garbiso-Amano;Kaminski, Noronha,Speranza; PRD (2023)]

= ' ' ' T ' ' ' | ' ' ' T ' ' ' T ' ' ' =
2.5 .
- o Sound Sector Hollow: large black hole limit
: r. - oo
2 0L° Shear Diffusion Sector sotid: r, = 100 A
L ®
2 - » Tensor Sector .
s i
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Q I 88 4 A
§ m u OB np ~
) O 0o A
g —AAA O DDD A o
) 1 - O DDDDD _
§ .0_ AAA OO DDDDDD%DDDGEEE
S - . °o .
! ) O 4 A .
.\ O A ~
i AAA O o A @Q
0.5— AA AOQ@Q —
- 22000 ?
O-O_I I | ! | | 1 I | I I | | I | I | | I I [
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a/l

angular momentum of plasma
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Convergence radius of hydrodynamic description

of N=4 Super-Yang-Mills theory in a rotating thermal state
[Cartwright, Garbiso-Amano; Kaminski,Noronha,Speranza; PRD (2023)]

= ' ' ' I ' ' ' | ' ' ' l ' ' ' T ' ' ' =
2.5F .
- o Sound Sector Hollow: large black hole limit
l - oo
50l o Shear Diffusion Sector sotid: r, = 100 A
L ®
E - » Tensor Sector £
3 I A o
s 1.5t0 -
Q - 0O g g o 8 a =~
Q O i 8
e g =g A
v i © O % o o A ¢
E’ ) ) O g
I\ O p
S 1.0 " *. 0 "foag S S -
e N ) O o O o g 0Ooof8aog @ - m =
] o A O
S - . o C
n Y O A -
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0.5F e, Ceeee® _
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angular momentum of plasma

mradius of convergence decreases at most
by 60%, increases at fast rotation
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Temperature / horizon dependence of convergence

[Cartwright, Garbiso-Amano; Kaminski,Noronha,Speranza; PRD (2023)]

0.01F ]

2 : ! !
A

T jomal s =3 :
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— A ° o :
S T !
o "4,
. 107°F : sg : 5 i
— ﬁ :

1078+ . : -
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Horizon radius r, /¢
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Temperature / horizon dependence of convergence

[Cartwright, Garbiso-Amano;Kaminski, Noronha,Speranza; PRD (2023)]

0.01" ]
3
T+ 1074 & o G |
S T
) g a o
T 10} T :
_ i
= ﬁ .
A 4
-8| A a
10 X 5
100 1000 10* 10° 10°
Horizon radius r, /¢
-

= approximately no temperature dependence
down to r /¢ = 10*, greatest change at r N = 10?
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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

Imaginary Scaling with a fit 7 /ry < 0.1

. . P AN A S A T T
Momentum diffusion - ¢ ]
N &
w=vJ" —iDJ® l ' _
1.6F 1ea=0
. I
I a=0.5
14+ & i
o e A= 09
1.2+ _
L <
1.0_||l||| 1 Lol 1 Lol 1 Lol 1 Lol 1 Lol 1 1 111:111—
10 100 1000 10* 10° 106 107
T+
Real Scaling with a fit 7 /r,. < 0.1
1.008—""” LILRLRY | ! LB LR | ! LI R | ! LI | v LI | T LI )
1.006 .
L ] e O = 0
1.004 .
o i
a=0.5
1.002| 1 ea=09
B £
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Is hydrodynamics valid? - Transport coefficients

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

e validity of the constitutive relations and transport coefficients

Negative Diffusion with a fit 7 /ry < 0.1
: , : , : : :

T I T

3.0F * k Momentum diffusion
250 ] L 1] . Qv
_ w=vS" —1DJT
2.0F o ]
C 1« a=0.
Q : )
& L5F 1ma=05
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osf T STt SR S 1 Dashed horizontal lines:
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Is hydrodynamics valid? - Transport coefficients

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

e validity of the constitutive relations and transport coefficients

Negative Diffusion with a fit J/r, < 0.1

T T

Momentum diffusion

T
® -
|

3.0f
250 ; - Qv
; H w=vJ"—iDJ
2.0F . :
C 1 e a=0.
Q : :
& L5F 1ma=05
1LOF -rmmemmem e e T - R SO 4 ea=09
0.55_' """"""" ST S e S _ Dashed horizontal lines:
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1| SRR ARSI SRS SRR
1000 106 10° 10%?
T+
Sound Speed with a fit J/r, <0.1
1.5:- -
> 1| ™»window of horizon values
11 1,000 < r+ < 10/7:
hydrodynamic behavior
) — S T a--enmnoes >ommneaes -{| distinct from a boosted fluid
10 100 1000 10* 10° 108 107
T+
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Result 3: Hydrodynamics is valid

éls the hydrodynamic description valid?

— Yes, with modifications.

e radius of convergence only changes by 60%
e transport coefficients change
e constitutive equations change

Momentum diffusion mode
w(k) = — iDg* + O(3)

‘m» diffusion coefficient D
is function of state
variables: T, a
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Summary

e derived convergence radius of
hydrodynamics in rotating N=4
Super-Yang-Mills theory

 hydrodynamic expansion in
momentum space is convergent for
angular momenta

 hydrodynamics sees boosted fluid at
high T: transport coefficients and
their (Einstein) relations like boosted

fluid

e analytic vortical plasma flow (cf.
Gubser flow)

 different hydro needed at lower

(transport coetficients & constitutive eq.)

Convergence radius

257 sound Sector

20 ‘ o Shear Diffusion Sector

N 1
L ® i
r » Tensor Sector ° |
L A [~) ]
1.5?8%)@98 a [~ 7—
S 8
m [ 8CE\>,:]I:I A |
[ (e} 0g A @ 1
r®a ©g "Bagy, A ® ]
L . o -
1'0_ % o, "fPooagg,, & - " i
[ a Oo Annuu i

.
)
ggggg

i .,
0.5F L
L L,

0000

Boosted fluid transport coefficients

el

D) = Do(1 — a?)*/2,

|
la £ = UsD 1 % ;

I's+ =19 L a2)3/j ,

(1)
Boosted fluid Einstein relations

Dy (0) = 21y

i) = g 1

3(e(a) + PL(a)) (1 £ a/V3)3
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Outlook

e construct hydrodynamics around rotating state, then make
rotation local (vorticity); fluid/ gravigy for rotating black holes
[Erdmenger,Haack,Kaminski, Yarom; JHEP (2008)]

* holographic tests of existing hydrodynamic descriptions
1I]_C1ud1ng I‘Otation [Cartwright, Garbiso-Amano,; Kaminski, Wu; arXiv:2308.11686]

e include into numerical hydrodynamic codes used for data
analysis at RHIC and LHC

° lnCh.lde Spln and torsion [Hongo,Huang,Kaminski,Stephanov, Yee; JHEP (2021)]
*Talks by Buzzegoli, Lin, Singh

e chiral vortical effect / chiral magnetic effect
[Cartwright, Kaminski, Schenke; PRC (2022)]

e include hydrodynamic fluctuations, leading to long time tails etc.
w15 by Schaefer [Abbasi, Kaminski, Tavakol; arXiv:2212.11499]
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Level crossings between modes

level crossings occur between distinct non-hydrodynamic modes
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Singularities in the dispersion relations

Branch singularities (critical points) in dispersion relations of N=4 Super-
Yang-Mills theory in a rotating state with angular momentum a/L.

| Sound Secth : Cr‘itic‘al Points |

Im(j)

a/L=0.9

| ha/L:O |

-2

1 1 1 | 1 1 1 |
0 2 4

Re(j)

Complex momentum plane

[Cartwright, Garbiso-Amano; Kaminski, Noronha,Speranza; PRD (2023)]
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Vision: Quantum fluids far from equilibrium

Hydrodynamics rBRSSS Boltzmann AdS/CFT
O Tt cp008] N\ c,=008

eqeq s . C,=5] - C,=0.4 : C, =0.21

e far from equilibrium 05 | Voot S\ coorf N orso77

[Romatschke; PRL (2018)]

1d.Ine

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

[Banerjee et al. JHEP (2012)] S5 oderhyaro - = T
[Glorioso, Liu] Jaguschnto 20 i
[Haehl,Loganayagam, Rangamani] -3 SN R MU R I —
0.1 1 10 0.1 1 0.1 1
tT tT TT

e quantum chaos

[Blake, Lee, Liu; JHEP (2018)]
[Grozdanov et al. (2019)]

e convergence & stability

[Kovtun; JHEP (2019)]

[Grozdanov, Kovtun, Starinets, Tadic; PRL (2019)]
[Withers; JHEP (2018)]

[Heller, Janik, Witaszczyk; PRL (2013)]
[Heller, Spalinski; PRL (2018)]

e most vortical fluid

[Garblgo, Kaml.nskz; JHEP (2Q1 9).] | [STAR; Nature (2017)]
[Cartwright, Garbiso-Amano;Kaminski,Noronha,Speranza;arXiv:2112.10781]
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Singularities in the dispersion relations

Branch singularities (critical points) in dispersion relations of N=4 Super-
Yang-Mills theory in a rotating state with angular momentum a/L.

| Sheat Septqr:: Critical Points |

£ ga/L=09
“af=0
Re())
Complex momentum plane [Cartwright, Garbiso-Amano;Kaminski,Noronha,Speranza; PRD (2023)]
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Quantum chaos in (large) rotating AdSS black holes

AdS5 Schwarzschild pole-skipping: [Amano(Garbiso), Blake, Cartwright, Kaminski,Thompson; (2022)]
3 ,
o = ’i’ q p— :I:\/j'l i ° a/L:O
2 : a/L=3/10
1.0 -
' a/L=6/10
Apply transformation: 4 a/L=9/10
av + j aj + v _ |2
— 1_a2, o = 1—a2 /;\ Y a/L—\/;
g 05 -
Shifted pole-skipping points: /
- )
7 \/§a . 1 V3 a 0.0
00 02 04 06 08 10 1.2 1.4
Im(j)
2 a
3 3t
AL = 21T (1 _ \@%) — 27T (1 _ |v|/v§§>) vE =
1 F 2a
3L

Agrees with shock-wave computation and with near-horizon expansion method.

Pole-skipping points in rotating black holes in AdS4: |Biake, Davison; JHEP (2021)]
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Quantum chaos in (large) rotating AdSS black holes

AdS5 Schwarzschild pole-skipping: [Amano(Garbiso), Blake, Cartwright, Kaminski, Thompson; (2022)]
. 3. 7
o = 1, q — + —1 . i ° a/L:O
2 : a/L=3/10
1.0F a/L=6/10 I
Apply transformation: 4 a/L=9/10
av + j o — aj + v
V1—a?’ V1 — a? N
g 05- -
Shifted pole-skipping points: /
I I
_ ) 1 V3a . _ 1 :t\/g a 0.0 3 *
N T T [ E S S H T \NL \ \
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

(

_:F_
)\L:QWT(l—\/?%'>:ZWT(1—|v|/vg)) o 2L

1*\@3

quantum Lyapunov exponent butterfly velocity

Agrees with shock-wave computation and with near-horizon expansion method.

Pole-skipping points in rotating black holes in AdS4: |Biake, Davison; JHEP (2021)]
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hxy —e Wy 2(h (T)O’+U+Dg7 1)M+

2(hyr(r)o,on) + hay(r)ol,o,)+
hia(r)al,00) D)

04 DL = V(T +K)NT —K+1)D{_;

3—D/€M —V (T -K) (T +K+ 1)DIC+1 M
agD%M _ZICDICM ]
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Hydrodynamics as far-from-equilibrium description?

Q
E _
- =
=
SR L
w
<SIEER> o
D T
g
= A
3
Chiral Magnetic Effect (CME) ]
from chiral anomal 3

2

uonesiuocipey

‘IHI'\!II.«
seb uoipey 10 45D Jo
uoisuedxa oIpAH

[Kharzeev; PRC (2004)]
[Son,Surowka; PRL (2009)]

[Neiman,Oz; JHEP (2010)]
1o
Ji =B

Sp~ Cuy

L o
SRS .. T
A A5 )
: » 0

. .$
"‘ .2
L 1
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https://arxiv.org/abs/hep-ph/0406311

Invitation: Hydrodynamic expansion is asymptotic

Hydrodynamic expansion of dispersion relations
around far-from-equilibrium state

» asymptotic expansion: coefficients ~ n!

p attractors [Heller, Spalinski; PRL (2015)]
[Heller et al; PRL (2021)]

) resurgence

» far-from-equilibrium holography
[Kurkela et al; PRL (2019)]

[Janik, Jankowski, Soltanpanahi; PRL (2017)]

» far-from-equilibrium fluid dynamics
[Romatschke; PRL (2017)]

Pressure anisotropy in N=4 SYM:

8C’7 16C’7CT a’go) ﬁ —iw ar(ll)
o /f— S + + ... = Z ‘ +lowCe 26 Z
w 3w? wh wh
A n>0 n>0
Navier—Stokes 2nd order e g

gradient expansion transseries sectors

.

AT THIS POINT, YOURE PROBABLY
THINKING, “T LOVE THIS EQUATION
AND WISH IT \,JOU\LD NEVER END"

WELL, GOOD NEWS!

=asymptotic

1S worse

Attractor

0.0 0.2 0.4

0.6 0.8 1.0

I w=7TT1 I

[from Talk by Spalinski at QuarkMatter22]
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https://arxiv.org/abs/2003.07368
https://arxiv.org/abs/1503.07514
https://arxiv.org/abs/1704.08699
https://arxiv.org/abs/1704.08699
https://arxiv.org/abs/1704.05387
https://arxiv.org/abs/1704.08699

Successful example: Discovery of new transport effect

phenomenological ' formal
[ hydrodynamics , [ hydrodynamics )

Chiral Vortical Effect

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

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

phenomenological: Vilenkin; (1979)]

J=EQ

vorticity

conducints €= Cpp2+¢,T

Quantum transport effect 9
originating from chiral anomaly
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http://www.arxiv.org/abs/0809.2596
http://www.arxiv.org/abs/0906.5044
http://www.arxiv.org/abs/0906.5044

et Nt i v o

Universal effective
field theory (EFT)

e expansion in gradients of
fields

e systematic construction

* historically:
“phenomenological” start

from constitutive equations
[Landau, Lifshitz]

e modern:
“formal” generating
functional

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

[Banerjee et al. JHEP (2012)]

Hydrodynamics - formalism

e

Hydrodynamic limit ' < 1, E <1
1 1
e fields 1'(xz), n(x), u™(x)
temperature charge fluid
density velocity

¢ constitutive equations
(74 = nu® +v°

ideal
hydro

derivative
corrections

e conservation equations
va<ja> — O e.g. continuity: atn -+ 6 . ; — ()

® Sources

[Luttinger] 8w

metric

Ao(z)

gauge field
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Fluid/gravity correspondence

Conservation equations from gravity

5-dimensional Einstein-Maxwell-Chern-Simons equations of motion :

1 K I 2
SE'\II\"F‘J\; b — ﬁg;\["\'F

Oy (vV—gF™) = [4 \/- eNOPQFy o Fpg j En =dr

dual to anomaly

Ryv + 4gmn

Constraint equations arise from contraction with one-form dr (normal to boundary) :
(contraints) s = £ (Einstein equations) a/ » VMTMV - FVAjA
(contraint) = &~ (Maxwell — Chern — Simons equations) y » V,.j* =CE"B,

Constitutive equations from gravity

Example: no matter content, vanishing gauge fields :

. ‘7’(D_3) )
[<Tuv> = lim [ p (K — Ky — (D —2) “w)]j
r— 00 D

: . . 1
with extrinsic curvature K, = —Tn(a, Vo — Vun, —V,n,)

ds* = n*dr® + 7, (dz* + n*dr)(dz” + n”dr)
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Example: R-charged solution
[Erdmenger, Haack, MK, Yarom; JHEP (2009)]

Gravity dual: 5-dimensional Einstein-Maxwell-Chern-Simons action

- 1 1 1
S = —2% 2/[\/ <R+12——F )[ 17\/_ U\OPQ%[F\OFP%]d T dr
5)

CS-term dual to chiral anomaly

Black hole with R-charge (in boosted Eddington-Finkelstein coordinates):

-------------------------------------------------------------------------------------------------------------

-------------------------------------------------------------------------------------------------------------

Make parameters boundary-coordinate-dependent: dual to hydrodynamic fields
b—b(x), Q@—Q), u' —u(z)

(e expand in gradients of b, Q and u
dual to hydrodynamic expansion in the field theory

* new analytical solutions to Einstein equations
give values of transport coefficients in field theory
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Basic ideas - spin is not conserved but slow

[Hongo,Huang, Kaminski,Stephanov, Yee; JHEP (2021)]

Consider spin relaxation as slow enough to survive long time

|w(k)| = frequency scale

non-conserved quantities

disappear fast fast modes

Non-hydro regime [
— |wsound(k)|
—— |Wghear (k)]

- |wspin,_L(k)|
""" |wspin,||(k)|

))
C

spin relaxation rate

Spin hydro regime ', /

conserved charges
diffuse slowly

Pure hydro regime ()

k = wave number

= consider spin together with conserved slow quantities.
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Basic ideas - why torsion?

[Hongo,Huang,Kaminski,Stephanov, Yee; JHEP (2021)]

Consider geometric definitions in curved metric with nonzero torsion

Energy-momentum tensor Spin current
e Variation of generating e Variation with respect to
functional with respect to metric spin connection
2 ol
Ty _ 2 ol SH :
symmetric 4 /[ — 6 ab € 5605’17
e & O8uv _ " Itorsion=0
g/,w_’/],ul/
First Cartan equation De? = de® + e A % = T¢

e spin connection slaved to metric at zero torsion -
Guv = €, €, M4,

= Consider nonzero torsion, promoting spin connection to
be an independent source, uniquely defining spin current.
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https://arxiv.org/abs/2107.14231

Future topics for hydrodynamics

Hydrodynamics

e applications, e.g topological
insulators?

e 2D hydrodynamics
[Jensen, Kaminski, Kovtun, Meyer, et al.; PRL (2012)]

[JHEP (2011)]

* non-relativistic
[Kaminski, Moroz; PRB (2014)]

[Davison, Grozdanov, Janiszewski, [Garbiso, Kaminski;

Kaminski; JHEP (2016)] JHEP (2019)]

e surface states of 3D hydro

e far from equilibrium
[Cartwright, Kaminski; JHEP (2019)]

[Wondrak, Kaminski, Bleicher; PRB (2020)]

e quantum chaos
[Blake, Lee, Liu; JHEP (2018)]
[Grozdanov et al. (2019)]

e convergence

Examples:

QCP in 2D topological / band insulator
[Amaricct, Budich, Capone, Trauzettel,
Sangiovanni; PRL (2015)]

Turbulent hydrodynamics in strongly
correlated Kagome metals

[Di Sante, Erdmenger, Greiter, Matthaiakakis,
Meyer, Fernandez, Thomale, van Loon, Wehling;
Nature Commun. (2020)]

Surface States in Holographic Weyl Semimetals
[Ammon, et al.; PRL (2017)]

-

Thank you for listening!
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