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Quick recap of MIS hydrodynamics

Muller 1967 Israel Stewart

Consider uncharged fluid, conserved in some background VMT/"” — () 1976 Baier, Romatschke, Son,
Starinets, Stephanov 2007

Expand the EMT in gradients:
" = (¢ + P)u*u” + Pg** — ne"* — A"V _u” + ...

. 2
Naively, theory acausal as shear modes grow kK — oo G01.01 _ e nk
| . io(l — iwt,) L2,
Relax shear mode via pheno model like MIS/BRSSS €+ Fo
Hartnoll, Lucas, Sachdev 2016, Amoretti,
Fguivalently, break conservation mildly VﬂT/’”’ — = FﬂT’“’ Brattan, Martini. Matthaiakakis 2023,
Bollee Clezelelney hs 2904

Alternatively, general frame approach (BDNK) remains causal at 1st order

Bemfica Disconzi, Noronha 2018, Kovtun 2019,
Gavassino, Antonelli Haskel 2020, Gavassino 2021
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« So far, so flat space - how does the story look outside of Minkowski?

. Choose geometry because of symmetries and dependence only on time

Bjorken (Bjorken 1983)

. Boost-invariant flow

S Cloolies: (t, .XJ_, Z) =2 (Ta xj_a 5)

+ Proper time 1t = \/t2 - A

. g5, = diag(—1,1,1,7%)

. Expansion rate: Vﬂu” —
G
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Go with the flow

« So far, so flat space - how does the story look outside of Minkowski?

. Choose geometry because of symmetries and dependence only on time

Gubser Gubser 2010, Gubser, Yarom 2010

(Shaded region is not part of R**!)

- Boost-invariant cylindrical flow

- Back to Bjorken (plus Weyl)

(7= 1fm/c _ 272 — ¢°x?
N 4 1 — g2 — 2gx
< 2_7:0.6 fm/c Thormatiration | a6 arcsinh( Mot | xl) 6 = arctan 2612 = 5
o . \ . L 2qgt | Folaage
4| Totaloverlap, - _ m\ - . 8, = diag(—1, coshp, cosh p sin” @,1)

vy Instability, p=—-44}"

x, =7fm

. Expansion rate: V u* = tanh p
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agnosing the attractor

iy 1)
el3

Deviation from equilibrium &f =

. Dimensional reduction

« Attractor time, see T. Mitra’s talk Thurs. 16:00

« See also |. Aniceto’s talk Tues. 10:00
Heller, Jefferson, Spatinski,

svensson 2020

BuzeE litie AS 20 24
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Resumming the gradient expansion

See |. Aniceto’s talk Tues. 10:00

. Gradient expansion diverges like n!  flo) = ) fo™
n=0

. Perspective: attractor as non-
oerturbative resummed object

. Diagnostic tools: Borel resummation,
Eelelz @lelelierdlfnenion, cic.

- Hydro as a trans-series

Heller, Spalinski 2015, Heller, Janik, Witaszczyk
2013, Aniceto, Spalinski 2015, Denicol, Noronhao
2018, Spalinski 2018, Heller, Serantes, Spalinski,
Svensson, Withers 2022...
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Hydro via MIS/BRSSS
Kinetic theory

Holography

0th order hydro — =
1 order hydro = = = =
2" order hydro

Kurkela, van der
Schee, Wiedemann,
Wu 2019

Remnelisene 2013

Boltzmann AdS/CFT

numerical
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- Emergence attractor from a hybrid fluid system
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