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non-relativistic, sub-horizon, fluid-like system in an expanding  
universe
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•mass conservation 
•momentum conservation 
•Galilean invariance
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one-loop power spectrum and bispectrum
the BOSS analysis
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OG BOSS, no 
sound horizon 

prior
PS only B_tree B_1-loop/

B_quad Planck

few percent, but 
only on two 

parameters, and 
in a degenerate 

way [ H(z) 
r_s(z_d) and 

D_A(z)/r_s(z_d) ]

0.039 0.0356 0.0321 0.0384

0.0189 0.0174 0.0159 0.0139

0.0635 0.0609 0.0466 0.0160

Ωm

h

σ8

percent size of error bars

no tension with Planck!
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- scale cut and kmax values

•  can be determined by validation with simulations 
• make sure we recover known cosmological parameters 

 
 

• also via perturbation theory: add NNLO terms and demand 
parameters shift 

kmax

< σ/3
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r,h
1

(~k2; ẑ)fµ
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the road ahead





baryons in large-scale structure
percent-level effects

unique challenge: 
baryonic physics makes 

using simulations difficult

time to shine for 
analytic methods



lensing potential
baryons in large-scale structure Bragança, ML, Sekera
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baryon simulations
baryons in large-scale structure

Chung, Foreman, van Engelen 20



massive neutrinos
baryons in large-scale structure

CMB-S4 science book

2016



• clustering quintessence in the EFT of LSS 
 

• general EFT of DE in EFT of LSS 
 

• comparisons to DE simulations 
 

• unique LSS signatures from DE 

EFT of DE for EFT of LSS
beyond CDM/dark energyΛ

Crisostomi, ML, Vernizzi 19

ML 20

ML, Maleknejad, Senatore 17

Cusin, ML, Vernizzi 18

Cusin, ML, Vernizzi 18

Bose, Koyama, ML, Vernizzi, Winther 18

Bose, Koyama, ML, Vernizzi, Winther 18



violation of LSS consistency conditions

LCDM

DHOST

Horndeski

CDMΛ

ML 20

Crisostomi, ML, Vernizzi 19

beyond CDM/dark energyΛ



conclusions
• after many years of theoretical development, the 

EFT of LSS has been successfully applied to real 
data, by multiple groups 

• even with old data, the theory is powerful enough to 
place strong constraints (and much better than the 
original analysis)  

• we are getting ready for new data, where EFT 
techniques will be indispensable 

• there are many directions to go in the future - 
baryons, dark energy, massive neutrinos, fuzzy DM/
ALPs, more observables, higher precision, numerical 
insights, computational techniques, … 

• a lot of great physics opportunity!

for more info on EFTs in cosmology, 
see our Snowmass paper: 
Cabass, Ivanov, ML, Mirbabayi,

Simonović 22
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non-resummed baryon acoustic oscillations

truth
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non-resummed baryon acoustic oscillations not 
converging!

truth
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• large IR effects controlled by the equivalence 
principle 

• soft mode effect on hard modes can be 
resummed 
 
  

• morally similar to resumming soft emissions in 
QED and non-abelian gauge theories

truth
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complex power- laws: 

loops have same 
integrals as massless 
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Z
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complex power- laws: 

loops have same 
integrals as massless 
3D QFT

integrals over  can 
be done analytically

eS
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- IR resummation

• exact for one-loop power spectrum (described above) 
• tree-level bispectrum, wiggle/no-wiggle approximation 

• bispectrum loops we use 
 
 
in non-integrated linear spectra 
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- Alcock-Paczynski effect
• cartesian coords obtained from reference cosmology 
• AP effect converts to true cosmology 

 
 
 

• exact on tree-level, loop is small 
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- binning
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• exact for power spectrum and tree-level bispectrum 
 
 
 
 
 

• effective wavenumbers for one-loop bispectrum

 - number of triangles 
 - volume in k-space 

 - type of triangle

NT
VT
β

- likelihood
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- pipeline validation - phase space effects
• useful test: generate “data” with your model, then 

run your pipeline to recover input parameters 
• we find a bias (green curves) 
• error in pipeline?  no, because drastically reducing 

covariance we find agreement (blue curves) 
• need to use EFT priors centered on true values 

instead of zero?  doesn’t change much (gray curves) 
• phase space effects, i.e. integrating out Gaussian 

parameters in non-Gaussian posterior 
• fix with linear shift in log-posterior 

 

• unbiased fit (red curves)
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beyond CDMΛ
the BOSS analysis quintessence

D’Amico, Donath, Senatore, Zhang 21
(theory paper: ML, Maleknejad, Senatore 17)
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EFT for two fluids
notation
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effective force and stress tensors
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baryon fits

<latexit sha1_base64="33OvoRnAmco5q9f91DY3y3iLvFk="></latexit>

P�
EFT

PDM�only

���
2
= 1� 4⇡�c2�(1)

k2

k2NL

+
2⇡

PA
11

✓
�c2�(1)

✓
2
k2

k2NL

PA
1-loop + PA,(cs)

1-loop

◆
+�c21�P

A,(quad,1)
1-loop

◆

+
8⇡2

17

k4

k4NL

⇣
14[�c2�(1)]

2 � 6c2s(1)�c2�(1) + 17�c24�

⌘
,

• two-loop ratio of power spectrum with baryons to 
DM-only power spectrum 

• very small cosmic variance in the ratio 

• simple perturbative expansion 

• linear counterterm is negligible

 = (CDM, baryons, total)σ
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EFT for two fluids
linear relative velocity counterterm
size estimation - UV model
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we solve numerically the fully non-linear one-dimensional equations.  
we then smooth the numerical solutions with a top hat on a large 
enough scale so that they are perturbative.  we can then show that 
these smoothed fields satisfy the linear equations with the linear 
relative velocity counterterm
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EFT for two fluids
linear relative velocity counterterm
size estimation - UV model
equation for smoothed field
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normally this term cancels, but again, it can have a large effect on 
the BAO, especially because it is enhanced in the IR limit by 
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the BAO, especially because it is enhanced in the IR limit by 
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but importantly, we know this coefficient because of the consistency 
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IR resummation
power spectrum

ML, Senatore 2018



beyond CDMΛ
the BOSS analysis

Hubble tension

quintessence

D’Amico, Senatore, Zhang, Zheng 21

D’Amico, Donath, Senatore, Zhang 21
(theory paper: ML, Maleknejad, Senatore 17)
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w = �1.028+0.037
�0.030

• many models try to ease tension by 
making H larger before recombination 

• Planck has precision constraint on angular 
acoustic scale 

• amplitude of acoustic peaks gives 
                                          

• so there is an -  degeneracy 
• but LSS constrains 

 
and breaks degeneracy 

• these models do not reduce  tension
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“interaction vertices” from the non-linear EOM
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equations in Fourier space

EFT of LSS


