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Objective

/How do nonlinear quantum fluctuations and
statistical fluctuations modify diffusion when

taking into account the slowest UV-mode (r # 0)?
[Abbasi, Kaminski, Tavakol; arXiv:2212.11499]

7 = (0: Long time tails? Transport renormalized?
[Kovtun, Yaffe; PRD (2003)] [Kovtun, Moore, Romatschke; PRD (2011)]
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Motivation

Ultracold atom measurements: Bad metallic transport in a cold atom Fermi-Hubbard system
[Brown et al.; Science (2018)]
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Motivation

Ultracold atom measurements: Bad metallic transport in a cold atom Fermi-Hubbard system
[Brown et al.; Science (2018)]

A

¢ 1= D Diffusion coefficient modified by quantum-

4 ‘¢ ‘ CT P X statistical fluctuations (e.g. near critical points)
¢ [Chen-Lin, Delacrétaz, Hartnoll; PRL (2019)]
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Motivation

Ultracold atom measurements: Bad metallic transport in a cold atom Fermi-Hubbard system
[Brown et al.; Science (2018)]

A
¢ 1= D Diffusion coefficient modified by quantum-
4 “¢ ‘ CT P X statistical fluctuations (e.g. near critical points)
+ [Chen-Lin, Delacrétaz, Hartnoll; PRL (2019)]
£
(C
= ¢—O—
() 2 B _¢_
—O— Hydrodynamics as an effective field theory
[Jensen, Kaminski, Kovtun,Meyer,Ritz,Yarom.; PRL (2012)]

[Banerjee et al. JHEP (2012)]

[Crossley, Glorioso, Liu; JHEP (2017)]
[Haehl, Loganayagam, Rangamani; JHEP (2015)]
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Motivation

Ultracold atom measurements: Bad metallic transport in a cold atom Fermi-Hubbard system
[Brown et al.; Science (2018)]

A
Diffusion coefficient modified by quantum-

‘ o=1lp=xD statistical fluctuations (e.g. near critical points)
[Chen-Lin, Delacrétaz, Hartnoll; PRL (2019)]

4

2T ©-
—O— Hydrodynamics as an effective field theory
[Jensen, Kaminski, Kovtun,Meyer,Ritz,Yarom.; PRL (2012)]
[Banerjee et al. JHEP (2012)]

— | | [Crossley, Glorioso, Liu; JHEP (2017)]
. [Haehl, Loganayagam, Rangamani; JHEP (2015)]

B et ,'5‘;;; UV-mode(s) to be causal and stable
(e.g. Mueller-Israel-Stewart theory, BDNK, ...)

! ! | [Hiscock & Lindblom; PRD (1985)]
[Bemfica, Disconzi, Noronha; PRD (2018)] [PRX (2022)]

O | |
4 6 8
[Hoult, Kovtun; JHEP (2020)] [Kovtun; JHEP (2019)]

B O %ﬁi
0.1F \#: - e .
# & e BUT: hydrodynamics needs to be regulated by

Temperature (t) ‘-
[Abbasi, Kaminski, Tavakol; arXiv:2212.11499]
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Method

linear diffusion

nonlinear diffusion

via effective action from
exponentiated e.o.m.
Martin-Siggia-Rose
formalism (MSR)

write stochastic differential
equations as a field theory
formulated using path integrals

[Martin, Siggia, Rose; PRA (1973)]

MSR is used here.

[Abbasi, Kaminski, Tavakol; arXiv:2212.11499]
adding one regulating UV-mode

charge diffusion

linearized in hydrodynamic fields

(e.g., energy density € ~ temperature 7)

-

nonlinear diffusion

via effective action via
Schwinger-Keldysh
formalism (SK)

effective field theory for dissipative
hydrodynamics

[Crossley, Glorioso, Liu; JHEP (2017)]

SK was used in

[Chen-Lin, Delacrétaz, Hartnoll; PRL (2019)]
no regulating UV-mode

heat diffusion
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Method

Dispersion of eigenmodes in complex frequency plane

Im(w) Consider one conserved charge n
»
. . Re(w)
diffusi 1mcreasing .
11I1usion momentum )
mode on+V-J=0, J+DVn=20

Fick’s law of diffusion:

ohn — DV?n = 0
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Method

Dispersion of eigenmodes in complex frequency plane

Im(w) Consider one conserved charge n
»
. . Re(w)
diffusi 1mcreasing .
11I1usion momentum )
mode on+V-J=0, J+DVn=0

Fick’s law of diffusion:

on — DV?*n = 0

Fourier transform n(t, x) < e " p(w, k)
to read off eigen-frequency:

diffusion mode

Differential equation turned into algebraic equation by relations like 9, ¢ ™! = —jw e !
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Method

[Abbasi, Kaminski, Tavakol; arXiv:2212.11499]

Dispersion of eigenmodes in complex frequency plane

Im(w) Consider one conserved charge n and
Re(a))’ relaxation time 7:
diffusion
mode On+V-J=0, J+DVn=0

Fick’s law of diffusion (UV-regulated):

slowest y ‘
increasing UV-mode Ta?n dtn — szn — 0

momentum

This was used to analyze experiment.
[Brown et al.; Science (2018)]
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Dispersion of eigenmodes in complex frequency plane

Im(w)
»
Re(w)

diffusion

mode

slowest
increasing UV-mode
momentum

e.g., Mueller-Israel-Stewart theory,
one may also think of this as Hydro+

concise summary in my subsection V.
B of white paper [Sorensen et al.;
arXiv:2301.13253]

Method

[Abbasi, Kaminski, Tavakol; arXiv:2212.11499]

Consider one conserved charge n and
relaxation time t:

on+V-J=0, J+DVn=20

Fick’s law of diffusion (UV-regulated):

om — DVn = 0

Fourier transform to read off
eigen-frequencies:

()
Wi2 = T o

(1+ V1 - 4rDK?)

diffusion mode and

] slowest UV-mode )
This was used to analyze experiment.
[Brown et al.; Science (2018)]
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Method

j
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[Abbasi, Kaminski, Tavakol; arXiv:2212.11499]

Consider one conserved charge n and
relaxation time t:

on+V-J=0, |70JHIJ+DVn=0

rick’s law of diffusion (UV-regulated):

(&l oim— DV = 0

‘ourier transform to read off

igen-frequencies:

e.g., Mueller-Israel-Stewart theory,
one may also think of this as Hydro+

concise summary in my subsection V.
B of white paper [Sorensen et al.;
arXiv:2301.13253 ] 3. Challenges and opportunities

Matthias Kaminski —
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2. Range of applicability 58
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Method: Martin-Siggia-Rose

nonlinear diffusion Idea:

via effective action from
exponentiated e.o.m.
Martin-Siggia-Rose
formalism (MSR)

write stochastic differential
equations as a field theory
formulated using path integrals

[Martin, Siggia, Rose; PRA (1973)]

<@> ~ 66.0.7}1.

Stochastic differential equation (e.o.m.):

O,x(t) = Fl(x(t), t) + E(x(t), ).

Noise correlation:

(€, t)é (2, f’)) = G(z,t, 2, 1)

Observables averaged over solutions of this
stochastic differential equation may be written: (O[z(t)]) = [ Dz, z] Olz(t)] o
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Results: Spectrum of eigen-frequencies

[Abbasi, Kaminski, Tavakol; arXiv:2212.11499]

non-interacting theory

self-interacting theory (Aegp = 0.2, Aeir = 0.1)

02— 02—

O'O: ' ! O'O: '\ w ,i

L ,I L \ Y
_02- // - —02. \\\ ,/ _
[ -~ d,’r’v’SK EFT cutoff | \\‘s,‘ L _,—” ~SK EFT cutoﬁ:
g —04f  Tmeea_doo-- 1 8 —04] a o :
£ : = N £ [ S— :
-06; —06] g | e
o8| o8| \V4 -:
-1.0} ' | -10f ‘ :
—06 -04 -02 00 02 04 06 06 -04 -02 00 02 04 06

Remw Rero

= larger range of applicability than SK without UV mode
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Method

. , [Abbasi, Kaminski, Tavakol; arXiv:2212.11499]
Self-interactions enter through

dependence of diffusion coefficient on
charge fluctuations: A D

D(n) = D + Ayn 4 , n’

Note: corrections to t(n) =7+ 4 jn+ ﬂaznz + ...contribute to higher order only
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Method

. , [Abbasi, Kaminski, Tavakol; arXiv:2212.11499]
Self-interactions enter through

dependence of diffusion coefficient on
charge fluctuations: A D

D(n) = D + Ayn 4 , n’

Leading to the nonlinear equation of motion:

| | A '
T0?n+ o — V? (Dn + 7[) n® + ?P n®) = 0

Note: corrections to t(n) =7+ 4 jn+ ﬁf’znz + ...contribute to higher order only
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Method

. , [Abbasi, Kaminski, Tavakol; arXiv:2212.11499]
Self-interactions enter through

dependence of diffusion coefficient on
charge fluctuations: A D

D(n) = D + Ayn 4 , n’

Leading to the nonlinear equation of motion:

| | A '
T0?n+ o — V? (Dn + 7[) n® + ?P n®) = 0

Note: corrections to t(n) =7+ 4 jn+ ﬁf’znz + ...contribute to higher order only

Exponentiate stochastic version of this equation to obtain path integral, [Martin, Siggia, Rose;

from which the effective action can be read: PRA (1973)]
L=1ToVn,CVn,— ng (Té')tzn + Om — DVQ'n..)
A

1 /
+ 11 xAe nV1n,CVn, + = V2n,n? + 5'23T,,\-"/\; n*Vn,CVn, + ?P Vn,n®

2

with conductivity o(n) = o + yYA,0n + % \\.6n? and C= ( 0y ) coth ( i0; )

S
S
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Method

. , [Abbasi, Kaminski, Tavakol; arXiv:2212.11499]
Self-interactions enter through

dependence of diffusion coefficient on
charge fluctuations: A D

D(n) = D + Ayn 4 , n’

Leading to the nonlinear equation of motion:

. . A ’
T0?n + On — V? (Dn + 7[)72.2 - FDn?’) = 0

Note: corrections to t(n) =7+ 4 jn+ /Ir,znz + ...contribute to higher order only

Exponentiate stochastic version of this equation to obtain path integral, [Martin, Siggia, Rose;

from which the effective action can be read: PRA (1973)]
L=1ToVn,CVn, — ng (T@f'n + Oyn — DVQ'n,.)
A 1 !
+ 11 xAe nVn,CVn, + TD V2n,n? + aiT/\')\; n*Vn,CVn, + TP Vn,n®

with conductivity o(n) = o + yYA,0n + %X/\'U(S"'Q and C= (%) coth <%)

Perform perturbation theory computation to one-loop order,
like done in particle physics (e.g. QED).
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Method

[Abbasi, Kaminski, Tavakol; arXiv:2212.11499]

Perform perturbation theory computation to one-loop order,
like done in particle physics (e.g. QED).

1
o(P) = Grn, () + Goan, () (=2(P)) G, (P) = i pr o 3 T S0

G\) 3(p)G) = ( } ( }

G, () (—C(0) G (p

. &L Ot (e
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Results: charge correlation function

[Abbasi, Kaminski, Tavakol; arXiv:2212.11499]
Charge correlator to one-loop order:

i (0 +d00(w,k)) Kk’
—itw? + w + iDk* + Y(w, k)

00 T

2.2 1

Grn(w, k) =

7T/2

Im o

Branch point singularities:

- - 1 . - 1 | D
W11 & Woo = —;(1 + V 1— Dk27') , Wio & Wy = —; — |k| 7

-771/2

a1 = |a_1|e'""
2-a 1'X . 9
Zd(w,k) = ad(w, k) (TD) D2 k fld(w k))‘D + fgd(w k)/\D)\
Non-analyticities: o

1 (1 —irw)X(DK’T —iwr (2 — itw)) B
on(w, k) = 16 ( DK*r + (1 —iTw)? ’ (@=1)

1 (1 — i7w)?(DK*1 — iwT(2 — iTw)) B
ar(w; k) = 64 log ( DK*1 + (1 — i1w)? ’ (d=2)

0.1) 1 /(1 —irw)2 (DK — iwr (2 — itw))\ d—3)
o = — —
T 1287 DK>7 + (1 — itw)? ’
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Results: conductivity correction & current correlator

[Abbasi, Kaminski, Tavakol; arXiv:2212.11499]

5ad(w, k)

1471
1.2}

10}

Gii(t,q) _
12 Aap DTy 08/

06

04f

02°

= long time tail: power law,
=»UV mode inconsequential for conductivity correction
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Reduction of susceptiblity & conductivity peaks
[Abbasi, Kaminski, Tavakol; arXiv:2212.11499]

Matthias Kaminski — Ultraviolet-regulated theory of nonlinear diffusion — Page 13


https://arxiv.org/abs/2212.11499

Dynamic susceptiblity
vonintenacting theory [Abbasi, Kaminski, Tavakol; arXiv:2212.11499]

dynamic susceptibility GE /x

0.37

self-interacting theory (Agn = 0.2, Ay = 0.1)

A T

08

0.0 .5 1.0 1.5 2.0 2.5 3.0
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Method: Effective formalism for hydrodynamic fluctuations

Supplemental Material of [Chen-Lin, Delacrétaz, Hartnoll; PRL (2019)]
Goal is to compute correlator:

_ —BH | Ty -
(e(t,x)e(t’,2") - )p = Tr(ﬂﬁ e(t,z)e(t’,2')- ) PB / Tr

Generating functional:

Z(AL, A%) = Tr (U[ALpsULAS]')  Z1L, 471 = [DynDyy eStontiistin

t=—00 t =400

Constraints on effective action: > ) -
2 Y1 =12
Z[A, A =1, -
reflection: Z :A}“AQ: =7 *[A2 Al]
gauge invariance: Z:A}L,Ai: = Z[A1 + 9\, A2 + 0,7,
KMS condition: Z[A,,, A) = Z[A},(=t,zpr), A% (—t — i, zpT)]
Local effective action Iz Al A2] = / D1 Doy ¢11BL-Bi] B, = A, + 9,0
.1 . . 1 L = iT*k(Vg,)? — @, (¢ — DV?¢)
Auxihary fields: 5 (%1 +¢2), Pa =1 — P2 ,

A A - .
+ Vg, (5 &2 + §&‘3> +icT?>(Vo,)*(Ae + ' €%)
Most general isotropic

quadratic action:

+c--

e=cly,

BLy = créa + KrVpq + iTR(Vpa)? + - quartic action (constraints imposed)
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Results: Effective formalism for hydrodynamic fluctuations

[Chen-Lin, Delacrétaz, Hartnoll; PRL (2019)]
Energy correlator:

i[K’ + 5}((0)’ k)] T/(2 L = iT*’(V¢,)* — ¢, (¢ — DV?¢)

/

A A -
 + iDK* + (o, k) £V, (56450 ) 4T (Va4 1)

Gee(w. k) =

+ cee

ok(w, k) = 6k + K, (w, k),

Y(w, k) = i6Dk* + X, (w, k), ( ) ( j
Analytic corrections to transport: ;
Nonanalytic corrections:

1 2iw\ ~1/2
K,(w, k) = folw, k)ag(w, k), | ! (@, k) = 7 <k2 - ) .

—+Dk?
> (0. k) =k fs(w, k)ay(w, k), ’ »
*( ) fZ( ) d( ) —i(D + §D)k’ele & (w, k) = —Llog <k2 - 21”).
167 D
‘w\ 1/2
T2 (13((1). k) = —ﬁ <k2 - 2g)> .
folw.k) = == k2]
D TP :
T2 ) ) nonanaliticities in energy correlator introduce
fs(w, k) = > [@A(A + ) + iDKk*24] branch point half-way to splitted diffusion pole
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Discussion

Summary [Abbasi, Kaminski, Tavakol; arXiw:2212.11499]

self-interacting theory (Aegp = 0.2, Aeio = 0.1)
0.2

UV mode does not affect renormalization of
diffusion coetficient D and conductivity o

g —-04f

 bound on local thermalization time 7 is protected - -
from renormalization |

e charge current relaxes with power law

e proposed measurement in ultracold atoms

e relevant for QCD near critical point & Hubbard

_-~"~SK EFT cutoff

|

L ——

Outlook A |
6 £ p 1 o+
e extracting the running of 7 from data will be an o {f ?
important check for the theory constructed in S ; M o 4 s
this work o 2f 7 o o
e repeat our computation in Schwinger-Keldysh —o—

(generally equivalent?) [Brown et al.; Science (2018)]

for stability and causality, see [Mullins, Hippert, Noronha; arXiv:2306.08635]
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APPENDIX
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Complex momentum spectra

[Abbasi, Kaminski, Tavakol; arXiv:2212.11499]

lq| = 0.49

05—

—-10L

—-15L

-0.6

-04

0.0

Rer

-0.2

log |ay|

Matthias Kaminski —
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700
600}
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400}
300}
200}
100}

9/ =0.5
05— — — —
: m4(0) .
00
03 o
g —05 o
.—.s : 10, 0y
—-10L
[ 1oz (6) / -
-15} tw3(0)
04 0.6 -06 -04 -0.2 0.0 0.2 04 0.6
Rer
0 o .2001 | ‘400‘ ‘6001 18001 | .1000
n
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Modified dispersion relation (in case d=1, convergent)

m = 1’.3 : 0, = Z a, (_1)n[m2—1] (q‘Z)n/Q — as q‘Z + as (q°2)3/°2 4o

m=24: 1w, = —1+ ch (—1)"[%] (g2)? = —i+ g Fes (q2)%2 +- -

n=2
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Loop calculations

[Abbasi, Kaminski, Tavakol; arXiv:2212.11499]
1

w + iDok? — iTw? + E(w, k)

LI o SENT o S

S(p) = ALK’ / kKGO (p)GO)(p + p)
o

/

Gna(p) = G (p) + G () (—=2(p))Gr), (P) =

- SR [ (k- K) QW) + Qe+ )| GG 0+ 1)
pl

_ w(l — i1w)(DK*T — %W? — 3itw + 2)? [ 1
(DkQT +(1- iTw)2)2 (T'7)?

@) (DK*1 — iTw(1 — iTw))?

L7 T8(DKT + (1 — itw)?)

@ (DK’T —itw(l — itw))?(3(DK1)? — 2(itw)(DK*T) (3 — itw) — (iTw)?*(1 — iTw)?)

b 11520(DK2T + (1 — itw)?)?

filw,X) = Q + (TIT)4Q§4)] ,

fo(w. k) = 2i(Dk? — iw — itw?)(1 — iTw)(DKT - 2w? — 3itw + 2) 1oL 0P + 1 E;‘)]
(DK*7 + (1 — iTtw)?) (T'r)? (T'r)*
@ _ (DK’1)? — 2(itw)(DK’T) — (itw)?(1 — itw)?
2 A8(DK>T + (1 — iTw)?)
o =— ! (DK>7)* — 4(DK*7)*(iTw) (1 + iTw) ,

> 11520(DK3T + (1 — itw)?)?
— 2(DK*7)%(itw)*(1 — 10iTw — 57%w?) + 4(DK>7) (itw)* (1 — itw)?(3 — iTw) + (iTw)*(1 — z'Tw)4]
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Loop calculations - continued
[Abbasi, Kaminski, Tavakol; arXiv:2212.11499]

2 4
— 9 2,2 woo__ v iw(1 —iTw)(DK*T — 12w? — 3itw+2)2 [ 1 1
ping,, Tl k) = —w@ -+ Tw )[1 e 11520T“] ek = = (D7 + (1 — irw)?)? [(TT)2 vt T
w? w? 3(DK2r)? — 2(DK>7)(i7w) (3 — iw) — (iTw)2(1 — iTw)?
i k 20(1 — i 1 _ ' @) _ (Dk*T) (Dk*7)(iTw)(3 — iTw) — (iTw)*(1 — iTw)
pugtt , faalw, k) =2u( ”“’)[ BT 11520:/“4] 3 06 (DI + i (1 + i7w)) (DKPr + (1 — i7w)?)

oW — (iw)? (5(Dk*7)? — 2(Dk*7)(itw)(5 — 3iTw) + (iTw)?(1 — iTw)?)
’ 5760 (Dk? + iw(1 + iTw)) (DK*7 + (1 — iTw)?)

do(w, k)
o

(w 4+ iDk* — iTw?) (1 — ) + 2(w,k) = 0

/ 1 / !/
C(p) = 2TxDK’Q(w) + 2XT\,Q(w) / Grl(P) + 5ADK’ L GO (PG (p—p)

+iXTAN K / k- KGO, ()G90 + 1) QW) + QW)).
pl
C(w, k)

Gnn 7k -
(w, k) w? + D%k* + 2wRe ¥(w, k) + 2 (Dk* — 7w?) Im X (w, k)

Redo(p) N Dk? — 1w? Imdo(p) N ReX(p)
o w o w

C(p) = 2TxDk*Q(w) [1 +

G, (0)(=C ()G 1 (P)

O OO
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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!

- e
Y/ _ r ©
x=1", y= E a,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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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 ar(IO) S LG ar(ll)
9 . Z Gt Z g
w 3w? n "
—_— n>0 n>0
Navier—Stokes 2nd order ) - ) - )
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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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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More topics in hydrodynamics

e Spin hydrodynamics

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

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

* non-relativistic
[Garbiso, Kaminski;

[Kaminski, Moroz; PRB (2014)] 'jgpp (2019)]

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

e far from equilibrium fluid dynamics
[Cartwright, Kaminski; JHEP (2019)] [Cartwright, Kaminski, Knipfer; arXiv:2207.02875]

[Wondrak, Kaminski, Bleicher; PRB (2020)] [Cartwright, Kaminski, Schenke; PRC (2022)]

e quantum chaos

[Blake, Lee, Liu; JHEP (2018)] [Amano(Garbiso), Blake, Cartwright,
Kaminski, Thompson; JHEP (2022)]

e convergence under rotation
[Cartwright, Garbiso-Amano; Kaminski, Noronha,Speranza;arXiv:2112.10781] é

Thank you for listening!
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https://arxiv.org/abs/2012.09183
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Vision: Quantum fluids far from equilibrium

Hydrodynamics

e far from equilibrium
[Romatschke; PRL (2018)]

[Glorioso,Liu/
[Haehl,Loganayagam, Rangamani/

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
[Garbiso, Kaminski; JHEP (2019)]

[Cartwright, Garbiso-Amano; Kaminski, Noronha,
Speranza;arXiw:2112.10781]

Matthias Kaminski —

rBRSSS Boltzmann AdS/CFT
T Py i pan F———
SRR Y C,=0.08] ™, C,=0.08
. =5 Cp=04 | ™. C,=0.21
“ C;\’ =0-- ‘\ C;\’ =071 ' C;" =07T
0”; order hydro = = i
1% order hydro = = = - numerical
2" order hydro attractor
L 1 PPN I 1 ] ] ]
0.1 1 10 0.1 1 0.1 1
T TT TT

[STAR; Nature (2017)]
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