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–Results of the power spectrum 
analysis of the 
CMASS&LOWZ samples

• BBN  prior

• measure all parameters

• our results tell us that there is 
the potentiality of much 
improving the whole legacy of 
SDSS.

–           similar to 
Planck2018

–           better than  
Supernovae

Analysis of the SDSS/BOSS data
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The EFT of LSS



The Gathering Storm



–Where do we stand:

–If we are interested in the physics of the late time universe, such as dark energy or 
astrophysics, we are fine: a small jump is enough. 
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–Where do we stand:

–If we are interested in the physics of the late time universe, such as dark energy or 
astrophysics, we are fine: a small jump is enough. 
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–Accuracy of the CMB and the heroes of WMAP and Planck allowed Cosmology to be 
part not just of astrophysics, but also of the so-called fundamental physics, such as 
quantum gravity, BSM, etc..

–To continue to belong, we need to this to happen:

–  large jump required

– Contrary to the CMB, not everything is well understood.
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The EFTofLSS:
from field theory to data



– Dark Matter & Baryons

– Galaxies

–  Redshift space

– IR-resummation

–Of course, none of this would have been possible without precedent work of like 
Bernardeau, Bond, Boucher, Kaiser, Matsubara, MacDonald, Peebles, Scheth, 
Scoccimarro, Seljak, White, and Zeldovich…

–But the EFTofLSS provides the first rigorous, convergent formalism to the true 
answer for 

• to do fundamental physics, we have to be very accurate, and therefore rigorous. 

A long, long journey
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•  With complition of                                              , the EFTofLSS predicted the galaxy 
clustering in redshift space: ready to be confronted with observations. 

• However, by March 2017, widespread skepticism of the usefulness of the EFTofLSS:

–Famous Astrophysicist: `We can do this with simulations’;

–Famous Physicist: `There are too many parameters’;

–Other Famous Physicist: `The k-reach is too low’;

–Yet another: `I have too many projects’

–Yet another: `Better do LIGO’

–…!

 

• Handful of people working on this subject: basically alone.

Alone
with Perko, Jennings, Wechsler  1610



The Situation is Grievous

I have nothing to offer but blood, toil, tears and sweat.

Winston Churchill



• Think to the heroes of the CMB!

• Discovery of the CMB anisotropies: promise that CMB could make Cosmology 
high-precision science

–Notwithstanding widespread skepticism, the promise was fulfilled

• In order to continue this journey, we need make the same for LSS

–This is a challenge of the utmost importance

CMB vs LSS

Cobe 1992



Dark Matter and Baryons



–From short to long

–The resulting equations are simpler.

–Description arbitrarily accurate

–construction can be made without knowing the particular nature of the particles.

–short distance physics appears as a non trivial stress tensor for the long-distance fluid
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–From short to long

–The resulting equations are simpler.

–Description arbitrarily accurate

–construction can be made without knowing the nature of the particles.

–short distance physics appears as a non trivial stress tensor for the long-distance fluid

Do the same for matter in our Universe

with Baumann, Nicolis and Zaldarriaga JCAP 2012 
with Carrasco and Hertzberg JHEP 2012
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• For dealing with long dist., expectation value over short modes (integrate them out)

• At long-wavelengths, the only fluctuating fields have small fluctuations: Taylor expand

• We obtain equations containing only long-modes

• How many terms to keep? 

–each term contributes as factor of 

Dealing with the Effective Stress Tensor

every term allowed by symmetries
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• Order by order improvement

• Theory error estimated

• k-reach pushed to                                

• Huge gain wrt former theories

EFT of Large Scale Structures at Two Loops

with Carrasco, Foreman and Green JCAP1407
with Zaldarriaga JCAP1502

with Foreman and Perrier  1507
Baldauf, Shaan, Mercolli and Zaldarriaga 1507, 1507

Estimated Theory
error

All Former Theories
fail at k~0.03
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Figure 7: Comparisons between 1-loop EFT (solid red), 2-loop EFT (solid blue) and SPT at tree

level (dotted green), one loop (dashed red), and two loops (dashed blue). The left plot shows the results

normalized to non-linear data (solid black) while dotted and dashed black lines are the 2-! limits associated

with 1 and 2 percent agreement (1-! ) with the non-linear data. The red and blue bands show the 2-!
errors on the 1 and 2 loop EFT parameters respectively. The right plot is the same information without

the normalization to the non-linear data, and with the low-k region omitted for readability.
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By Fourier-transforming this equation, we find that

⇡
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and we can use the perturbative solutions for �(~k, a) (see App. C) to expand the right-hand side
up to the desired order. At one loop, we get
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We further apply the ansatz (58) about the time-dependent kernel K(a, a
0), so that c̄1 = (2⇡)c2
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2
NL.

Before we proceed, we should emphasize that the momentum power spectrum depends sen-
sitively on the assumptions made about the time-dependence of the cn(a) functions defined in
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The EFTofLSS with Baryonic Effects
with Lewandowski and Perko JCAP1502



The EFTofLSS extended to Massive Neutrinos
with Zaldarriaga 1707 



The EFTofLSS extended to Dark Energy
with Lewandowski, Maleknadeja 1609 



Galaxy Statistics
senatore 1406
with Lewandowsky et al 1512
with Perko et al. 1610



• On galaxies, a long history before us, summarized by                           .

–                      provided first complete parametrization.

• Nature of Galaxies is very complicated

Galaxies in the EFTofLSS Senatore 1406

McDonald, Roy 2010

Senatore 1406
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• all terms allowed by symmetries

• all physical effects included

–e.g. assembly bias

• .

Galaxies in the EFTofLSS
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Redshift space
with Zaldarriaga 1409

with Lewandowsky et al PRD2018



Redshift Space

• Need to compute also to momentum of the galaxies.



• Redshift space is a field-dependent local change of coordinates:

• Need for counterterms (expectation value on short modes)

• Now, all pieces ingredients are prepared.

Counterterms with Zaldarriaga 1409
with Lewandowsky et al 1512
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expectation value response

Mass conservation relates the density in real space! ("x) and in redshift space! r ("xr ):

! r ("xr ) d3xr = ! ("x) d3x , (95)

which implies

#r ("xr ) = [1 + #("x("xr ))]

!
!
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In Fourier space, this relationship becomes
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We now assume we can Taylor expand the exponential of the velocity Þeld to obtain an
expression that is more amenable to perturbation theory (this is where the Eulerian approach
that we describe here, and the Lagrangian approach that we mentioned earlier di! er, but
once the Eulerian-space has been IR-resummed, they are equivalent). For the purpose of this
paper, we will show formulas that are valid only up to one loop. We therefore can Taylor
expand up to cubic order, to obtain
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where in the last line we have introduced the notation [f ]!k =
+

d3x e! i!ká!x f ("x).
The product of Þelds at the same location is highly UV sensitive. As usual, we need to

correct for every dependence we get from the non-linear scale. Therefore, we need to replace:
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Mass conservation relates the density in real space ⇢(~x) and in redshift space ⇢r(~xr):
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3
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We now assume we can Taylor expand the exponential of the velocity field to obtain an
expression that is more amenable to perturbation theory (this is where the Eulerian approach
that we describe here, and the Lagrangian approach that we mentioned earlier di↵er, but
once the Eulerian-space has been IR-resummed, they are equivalent). For the purpose of this
paper, we will show formulas that are valid only up to one loop. We therefore can Taylor
expand up to cubic order, to obtain
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The product of fields at the same location is highly UV sensitive. As usual, we need to
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fields at same location: add counterterms

The perturbative solution allows us to compute correlation functions of long-wavelength

fields that depend only on a finite number of unknown coe�cients. Then, long-wavelength

fluctuations are described as biased tracers of the long-wavelength fluctuations. Schematically,

if ! g is the overdensity of galaxies, we have [9]

! ! ,g("x, t ) =

! t

dt! [c̄1(t, t !) ! ! (xß("x, t, t !), t!) (3)

+c̄2(t, t !) #i vi
! (xß("x, t, t !), t!)2 + c̄3(t, t !) ! ! (xß("x, t, t !), t!)2 + . . .

"
.

This means that correlation functions of galaxies can be perturbatively computed as linear

combination of more-complicated correlation functions of density and velocity fields, weighted

by unknown coe�cients that are named ‘biases’ (we will use the name ‘counterterms’ or ‘EFT

parameters’ also for them). Again, at a given order n in the perturbation expansion, only a

finite number of biases should be included.

Finally, the overdensity of galaxies in redshfit space is given by a formula that, roughly,

reads [10]
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where [. . .]"k means that we take the Fourier transform at momentum "k of the quantity inside

the brackets, and ẑ is the direction of the line of sight. Again, there is only a finite number

of unknown numerical coe�cients that need to be used for the calculation at a given order n.

In summary, schemmatically, correlation functions of densities in redshift space are ob-

tained as linear combination of correlation functions of quantities in configuration space,

which, in turn, are obtained as correlation functions of long-wavelength fields satisfying (1).

These correlation functions are computed in an perturbative expansion in powers of ! (1) " 1,

or, equivalently, in powers of k/k NL , with k being the wavenumber of interest, and kNL being

the wavenumber associated to the non-linear scale, i .e. where k3! (1) (k)2
'
'
k" kNL

# 1. For a

given order n used in perturbation theory, only a finite, albeit potentially large, number of

free coe�cients are used.

Therefore, the EFTofLSS is a perturbation theory for the LSS. While there is a plethora

of perturbative approaches to LSS, dating back since the time of Zeldovich [11], it should

be stressed that there can be only one correct perturbative approach. By this we mean that

there is only one correct set of equations that describe the long-wavelength behavior of the

universe. Others can be correct only either if they are just a change of variables of the

same equations, and so essentially the same equations, or if they solve the same equations

expanding in di↵erent subsets of parameters. The novelty of the EFTofLSS with respect to
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IR-resummation
with Zaldarriaga JCAP2015



• Perturbation theory slow to converge for the BAO peak due to effect of IR-
displacements. 

• Consistent way to resum the effect obtained in                                 

–with subsequent simplifications/approximation 

• ~Similar to soft photons

IR-resummation and the BAO peak
with Zaldarriaga JCAP2015
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Baldauf, Mirbabayi, Simonovic, Zaldarriaga 2015
Ivanov, Sybiriakov, 2016 Vlah, Seljak et al 2015

…

with Zaldarriaga JCAP2015



• It works very well

IR-resummation and the BAO peak
with Zaldarriaga JCAP2015

with Trevisan JCAP2018
with Lewandowski et al PRD2018

IR-resummednon-IR-resummed



Galaxies in Redshift Space
with Perko, Jennings, Wechsler  1610



Relevant equations



• Halo-Halo power spectrum in redshift space

• where the counterterm contribution is given

Galaxies in Redshift space in the EFTofLSS

All codes in 
EFTofLSS public repository



• Halo-Halo power spectrum in redshift space

• where the counterterm contribution is given

Galaxies in Redshift space in the EFTofLSS

All codes in 
EFTofLSS public repository



• and the kernels in redshift space are just functions of the kernels for density and 
velocity in real space

• which depend on 4 bias coefficients, using the physically-natural base of descendents

• So, summary: 

• 4 bias coefficients+ 3 non-stochastic counterterms+ 3 stochastic counterterm

• =10 `bias’ parameters or `EFT’ parameters

Galaxies in Redshift space in the EFTofLSS

Senatore 1406


