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Motivation

* Hydrodynamics successfully describes heavy-ion collisions
— Effective theory for many-body systems atT > 0
— Assumption of permanent local equilibrium
— Dissipative fluxes couple to non-equilibrium gradients

 Thermodynamic consistency requires |
. - - Fluctuations
including thermal fluctuations 0\
— Large / non-Gaussian contributions in
small systems / near critical points
— Fluctuation-dissipation relations
— Visc. hydro evolves only one-point functions

Probabillity

Observable

» Inclusion of stochastic fluctuations necessary

Mathematical Setup

* Non-relativistic hydrodynamics in 2D

« Conserved densities for particles n / tot. energy e / momentum 7

& associated fluxes fn, fe, f,,l.

» Dissipation is microscopically caused by fluctuations
Replace dissipative fluxes — Stochastic noise terms [1]
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Jre.|Lr: Bulk viscosity
fnilLRF: Shear viscosity —2n oY

- Fluctuations such that system is a microcanonical ensemble

pucln, e, ] < exp(S[n, e, 7|) S: Entropy

Numerical Algorithm

« System in a box / lattice with periodic boundary conditions

v

Ideal hydrodynamic step (no dissipation)
Kurganov-Tadmor scheme + Runge-Kutta time integration

;

Fluctuations/Dissipation — Metropolis update
» Sample ¢, ¢;, =,/ from normal distributions
Zero mean, variances o;;, 0/, 0, R

» Accept with probability min(1, e**)
|

 Match entropy production to viscous hydro in continuum limit

Ahm atSlattlce — atScont
x—0

— Non-trivial correlations necessary

— Numerical fluctuation-dissipation relations
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Strong-interaction matter
under extreme conditions

Results

* Viscous hydro recovered as average over fluctuations
e.g. for shear viscosity:
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« System relaxes to correct global equilibrium py;c « exp(S)

Renormalization of Transport Coefficients

* Fluctuations lead to a renormalization of transport coefficients
— Transport coefficients o«« Decay constants of Fourier modes
— Fluctuations — Excitation of high-momentum modes
— Interactions — Slower decay of low-momentum modes
— Quantifiable when writing hydrodynamics as field theory

» Extract renormalized transport coefficients from unequal-time
correlators and compare to bare input coefficients

e.g. shear-shear corr. F; . (t —tg, k) x exp [ i L} pk?(t — to)]
0

)
- 102
§ ___________ 0.00 4 o—= -
g wn - »
= — k= 0.0 I= L)
L k =0.08 e ¥
- —— k=0.16 4 —0.02 -
o) \ R e k= 0.24 o) f )
U _ \ — = O
O 10 3 i \\ \ \\ k_ 0.31 - \
© \\ \ N k= (0.39 G
g ‘\ \ \ k =0.47 5 —O 04 i
" \‘\\ \\ \\ 7 tfg-zg N ' Fit -(0.10757 + 0.00041) k?
S AN TR a K= 0.69 $ Data s
g 1 - \ - L T 1 — 1 1 1 1
2 0 100 200 300 0.0 0.2 0.4 0.6
Time difference t — tj Wave number k
c
251 ¢ Data = :
ca ]
~ 50 - $
g Numerical a
> 15 - artifacts? 3 :
© 3 °
Q
< 10 - .
(Vp)]
o 5-
ad

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Bare Shear Viscosity Lg,

Conclusion & Outlook

* Designed algorithm for stochastic non-rel. hydrodynamics
 1st-order viscous hydrodynamics reproduced on average
« Extracted renormalization of transport coefficients

» Analysis of critical dynamics ('‘Model H) (see e.g. [2, 3])
» Extension to relativistic hydrodynamics? (see e.g. [4])

?eferences

L. D. Landau & E. M. Lifshitz, Sov. Phys. JETP 5 (1957), 512.
] C. Chattopadhyay et al., Phys. Rev. Lett. 133 (2024), 032301.
] C. Chattopadhyay et aI., arXiv: 2411.15994.

] J. Bhambure, R. Singh & D. Teaney, arXiv: 2412.10300.




