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1. Outline

• Fluid mechanics
• Hydrodynamics
• Dynamical fluctuations 
• Feedback on hydrodynamics
• Large N systems
• SK-EFT
• Prediction for non-causal diffusionà experiment
• Prediction for causal diffusion à experiment
• Why important?
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scalar field theory :



5. Deviation from local equilibrium

• Local equilibrium ≡ leading term in the expansion over ε = ℓ%&'
(

• Out of Local equilibrium: derivative expansion: ε = ℓ%&'
( ~ ℓ*+,-

ideal fluid             viscous

• Exp: In Scalar QFT:
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• Exp: In Scalar QFT:

• So far dissipation; what about fluctuations?
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6. Diffusion scale

• In the static background:

• In the hydro limit:
§ non-zero correlations

§ Correlations find a finite width

§ The separation of scales suggests to work with:               



7. Fluctuations dynamics

Equal-time correlators: 

hydrodynamic 2pt function
(hydrodynamic fluctuation)

• How equilibrate?
• Feedback on the flow?
• How large?
• How to calculate?
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8. Stochastic hydro

• Landau-Lifshitz idea:

§ are indeed 
§ In general, stochastic:

§ Observables at large distances: averaged over noise
§ At linear order:                no feedback; i.e., 
§ At nonlinear order:         e.g.,                         contributes to   

• Landau-Lifshitz focuses on linear order.
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renormalization       Longtime tail
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10. Largeness of fluctuations

• From our calculations

The effect is suppressed by

• The effect of fluctuations should be small in 
• Weakly coupled systems
• Strongly coupled systems at large N
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• In holography, usually linear hydro is sufficient!

• Nonlinear effects are suppressed by !"#

• The effect is perturbatively controlled at large $
• Systematically: 

free EFT  ~   linear hydro               
interacting EFT  ~   nonlinear effects in hydro

loop effect in EFT  ~  longtime tail 

• Towards Schwinger Keldysh EFT



12. SK-EFT

• QFT at ! = 0:

• QFT at ! > 0:

CTP contour

• SK-EFT:  
§ QFT on a CTP

§ Integrate out the fast modes

§ Express the long wavelength limit by “conserved densities”

§ In the simple case of diffusion: 

§ and then 

• How to construct SK-Lagrangian:
§ Classical hydro equation = EoM

§ Symmetries of 



13. Simple diffusion

• Theory of diffusive fluctuations

§ EoM at leading order:

§ EoM at sub-leading order:  



14. Precision test of SK-EFT

• Real time

• Simulation results 
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• A closed look

The spread of fluctuations is non-causal!

• Towards a causal theory of diffusion:

• Experimental realization:



16. Fluctuations in Causal theory

• SK-EFT for causal nonlinear diffusion

• Loop corrections

§ :  consistent with fitting results

§ Correction to the correlation function 



17. Condensed matter systems with large N
• Hubbard model à Mott transitions …

• SYK model at large N à quantum spin fluid

• …



18. Discussion

• We expect it works for a wider range time scales in large-N systems.

• We expect the prediction of causal EFT to be applicable  to a wider range of 
times scales.

• An interesting model to explore the “corrections”: Holography.



Thank you for your attention!



• SK-EFT universally ties:
1. Nonlinear response 
2. Corrections to linear response
3. Dependence of D on experimental tuning parameter n:

Thank you for your attention!


