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The goal is to learn new physics…

Credit: Simulations performed at the National Center for Supercomputer Applications by 
Andrey Kravtsov and Anatoly Klypin.

Nature of dark matter, 
dark energy and Initial 

conditions of our 
Universe!

DESI

Rubin Observatory
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….via cosmological parameters!

From 100 kpc to 10 Gpc: Dark Matter self-interactions 
before and after DESI (2407.18252)

Salvatore Bottaro et al.

DESI 2024 VI: Cosmological Constraints from the 
Measurements of Baryon Acoustic Oscillations (2404.03002)

DESI Collaboration

The imprints of primordial non-gaussianities on large-scale 
structure: scale dependent bias and abundance of 

virialized objects (0710.4560)
 Neal Dalal et al.

2/6

• Scalar mass and self-interactions

• Dynamics of dark energy

• Amplitude of non-Gaussianity



Neutrino mass scale has kept me busy!
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Can’t do it without nuisance parameters as well

Ex:

In principle contains 
cosmological information

+

Information about galaxy 
formation physics

Improved extraction of 
cosmological parameters!

Full-shape analysis with 
simulation-based priors: 

cosmological parameters and the 
structure growth anomaly 

(2409.10609)
Mikhail Ivanov et al. 

HOD-informed prior for EFT-based full-
shape analyses of LSS (2409.12937)

Hanyu Zhang et al.
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Focus on the effective sound speed

EFT Matter power 
spectrum

Power spectrum in Standard 
Perturbation Theory Linear power 

spectrum 

Encapsulates well-understood short-scale 
nonlinear gravitational evolution!
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Questions we want to answer

• Can we arrive at this structure without 
any EFT ingredients? Yes, but not entirely 

self-consistent!

New way of thinking about it

Need to control short-distance 
fluctuations

• Can we understand the microphysics 
underlying the sound speed? Yes!!

Cosmology dependence

Info on short-distance 
nonlinear evolution
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A particle physicist tool: EFT

Credit: Snapshot from https://www.youtube.com/watch?v=ijxwdV_ZWnc Credit: https://www.thoughtco.com/what-is-fluid-dynamics-4019111
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Smoothing



The effective fluid

• Conservation of mass

• Momentum balance

Gravitational field Dissipation

Credit: https://www.vcalc.com/wiki/vCalc/Continuity+Equation
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Bottom-up effective stress

• SPT: Vanishing by assumption!

Perturbative expansion in fluctuations

• EFT: All terms allowed by symmetries

Free nuisance parameter 3/4



The success of the EFT approach

Credit: J.J. Carrasco, M.P. Hertzberg and L.Senatore. 1206.2926 4/4
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Is the free parameter really necessary?

Credit: Chandrajit Bajaj Credit: https://www.the-scientist.com/artificial-neural-
networks-learning-by-doing-71687

Fast accurate 
observables in the 
nonlinear regime•

• Theoretical framework that avoids this 
assumption?
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People have tried really hard…
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… with partial success!

Common theme:  Accommodate a 
nonzero average velocity dispersion

Shell-crossingImprovement over SPT
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Our phase-space approach

Normal ordering = Average subtraction

•

• Iterative solution: NO apriori assumptions about stress
4/10

•



Physical interpretation

0-th order 1st order 2nd order
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First step

• SPT

6/10FYI: Our paper is a good reference for numerical calculations in SPT beyond EdS kernels!



Cosmological perturbation 
theory for large-scale 

structure in phase space
2410.05389
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 Physical interpretation

Need strong 
gravitational fields

Beyond convergence radius 
of iterative solution

• No bound structures
• No shell-crossing 
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But maybe we can do better?

CDM

Perturbative 
backreactions

From astro-ph/0009166 - Ravi Sheth and Antonaldo Diaferio

Nonperturbative
backreactions 9/10

Velocity dispersion
Bulk flow

EFT-like counterterm. 
Does not quite work!



First recap

• Cosmological SPT can be formulated entirely at the phase-space level. Vanishing 
stress is a consequence of the perturbative expansion.

• An EFT-like counterterm naturally emerges when incorporating an ad-hoc 
nonzero average velocity dispersion. Need the EFT to get it right!
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Back to the EFTofLSS

Credit: Snapshot from https://www.youtube.com/watch?v=ijxwdV_ZWnc Credit: https://www.thoughtco.com/what-is-fluid-dynamics-4019111
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Smoothing



Top-down effective stress:

OBS: Virialized structures decouple!
2/10

J.J. Carrasco, M.P. Hertzberg and L.Senatore. 1206.2926

The Large-scale Structure of the Universe
Peebles, arxiv:0910/5142
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Average gravitational energy

Halo scales

3/10
• Round data points extracted from the MillenniumTNG simulations!

The MillenniumTNG Project: High-precision predictions for matter clustering and halo statistics
arxiv: 2210.10059

-



Average kinetic energy

• Reconstruct 
Layzer-Irvine (1960’s)
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Equation of state

Suppressed! 
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Effective sound speed

•

Tidal effects: Coupling of short and long modes

•

Separate universe
methods

6/10
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Comparison to simulation results

Precision Comparison of the Power Spectrum 
in the EFTofLSS with Simulations

Simon Foreman, Hideki Perrier, Leonardo 
Senatore

arxiv: 1507.05326
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• Can also extract the time 
dependence



What cosmic structures contribute the most?

Sheets and filaments 8/10
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Cosmological information?
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The EFT of Large Scale Structures at All 
Redshifts: Analytical Predictions for Lensing

Simon Foreman and Leonardo Senatore
arxiv:1503.01775

Strong dependence on 
amplitude of fluctuations 

from simulations!



Second recap

• The EFT counterterm can be estimated from short-distance fluctuations using 
simple analytical methods. The agreement to simulations is remarkable!

• The cosmic energy equation is very powerful, and connects the kinetic and 
potential contributions to the effective stress tensor

• The approach can be used to interpret both the cosmological and short-scale 
informations encoded in the counterterm.
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Conclusion

• Accounting for backreations from nonperturbative short-distance scales into the 
background distribution function produces an EFT-like counterterm, but the full 
EFTofLSS framework is still necessary.

• Separate universe methods open a new window into the effective sound 
speed counterterm, one that enables interpretability.

• Future developments? Anisotropic separate universe, field level 
investigation, thorough comparisons to existing methods…
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• Large-scale structure SPT can be formulated directly at the phase-space 
level. Vanishing stress is a consequence of the perturbative expansion.



Thank you!!



Bonus…



Can improve upon SPT

•

Shell-crossing

Same as EFT 
Methods!

Mathias Garny et al 
(2210.08089)

Alejandro Aviles
(1512.07198)

Patrick McDonald
(1709.02834)
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Things are not so simple…

From astro-ph/0009166 - Ravi Sheth and Antonaldo Diaferio

Mostly from 
virialized halos

Decoupling of virialized scales??
Inconsistency!

The Large-scale Structure of the Universe
Peebles, arxiv:0910/5142



Time dependence

Precision Comparison of the Power Spectrum 
in the EFTofLSS with Simulations

Simon Foreman, Hideki Perrier, Leonardo 
Senatore

arxiv: 1507.05326

+

On the Renormalization of the Effective Field 
Theory of Large Scale Structures

Enrico Pajer and Matias Zaldarriaga
arxiv: 1301.7182


