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Goal: understand dark matter, inflation, 
the origin of spacetime

Method: effective field theory
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Large-scale structure theory and data analysis
Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Gravitational waves, black hole Love numbers

Examples:

Large-scale structure theory

New pipeline for galaxy surveys 

Constraints on fundamental cosmology

NOT in this talk:

in this talk:



Cosmology

inflation
CMB galaxies

: Inflation, Cold Dark Matter, Lambda 

Known Unknowns: 
What was inflation, exactly?
Is DM really cold?
etc.

Unkown Unknowns: 
Surprises ?
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Cosmic Microwave Background

Planck’18
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Large-Scale Structure

(c) 2MASS <latexit sha1_base64="rjRb/3T+wQK9zz4Gpw3N/MFgzs4=">AAACCXicbVC7TsMwFL0pr1JeAUYWiwqJqUpQBSxIFSyMRaIPqYkqx3Faq04c2Q5SFXVl4VdYGECIlT9g429w2wzQciRbx+fcq+t7gpQzpR3n2yqtrK6tb5Q3K1vbO7t79v5BW4lMEtoiggvZDbCinCW0pZnmtJtKiuOA004wupn6nQcqFRPJvR6n1I/xIGERI1gbqW8jL6RcY3TlRRKTvHh5cigm+ezu21Wn5syAlolbkCoUaPbtLy8UJItpognHSvVcJ9V+jqVmhNNJxcsUTTEZ4QHtGZrgmCo/n20yQSdGCVEkpDmJRjP1d0eOY6XGcWAqY6yHatGbiv95vUxHl37OkjTTNCHzQVHGkRZoGgsKmaRE87EhmEhm/orIEJtItAmvYkJwF1deJu2zmnteq9/Vq43rIo4yHMExnIILF9CAW2hCCwg8wjO8wpv1ZL1Y79bHvLRkFT2H8AfW5w/OWZpv</latexit>

� =
�⇢

⇢

k =
2⇡

�

<latexit sha1_base64="BvMFLb4kmfFNBw2GtWxk5WJGAkk=">AAACFHicbZA9SwNBEIb3/IzxK2ppsxgERQh3QdRStLGMYFTIxTC3mSRL9vaO3TklhPwIG/+KjYUithZ2/hs3H4VfLyw8vDPD7LxRqqQl3//0pqZnZufmcwv5xaXlldXC2vqlTTIjsCoSlZjrCCwqqbFKkhRepwYhjhReRd3TYf3qFo2Vib6gXor1GNpatqQAclajsBcq0G2FPGyiIrgp89CMDQey3SEwJrnjvLLT3W0Uin7JH4n/hWACRTZRpVH4CJuJyGLUJBRYWwv8lOp9MCSFwkE+zCymILrQxppDDTHaen901IBvO6fJW4lxTxMfud8n+hBb24sj1xkDdezv2tD8r1bLqHVU70udZoRajBe1MsUp4cOEeFMaFKR6DkAY6f7KRQcMCHI55l0Iwe+T/8JluRQclPbP94vHJ5M4cmyTbbEdFrBDdszOWIVVmWD37JE9sxfvwXvyXr23ceuUN5nZYD/kvX8B2MGdbQ==</latexit>

h�2i ! P (k)
<latexit sha1_base64="97dQgEb/4uyP7a1eMKDMKKvVZMo=">AAACBnicbVBNS8NAEN34WetX1aMIi0XwICHRoh6LXjxWsB/QxLLZTNqlm03Y3Qil9OTFv+LFgyJe/Q3e/Ddu2xy09cHA470ZZuYFKWdKO863tbC4tLyyWlgrrm9sbm2XdnYbKskkhTpNeCJbAVHAmYC6ZppDK5VA4oBDM+hfj/3mA0jFEnGnByn4MekKFjFKtJE6pQOPE9HlgL0QuCb3Z9iTE+EE27bdKZUd25kAzxM3J2WUo9YpfXlhQrMYhKacKNV2nVT7QyI1oxxGRS9TkBLaJ11oGypIDMofTt4Y4SOjhDhKpCmh8UT9PTEksVKDODCdMdE9NeuNxf+8dqajS3/IRJppEHS6KMo41gkeZ4JDJoFqPjCEUMnMrZj2iCRUm+SKJgR39uV50ji13XO7clspV6/yOApoHx2iY+SiC1RFN6iG6oiiR/SMXtGb9WS9WO/Wx7R1wcpn9tAfWJ8//eKXhw==</latexit>

h�3i, ...

0.05 0.10 0.15 0.20
0

500

1000

1500

2000

2500

Wavenumber k, h Mpc-1

k
P
(k
),
(M
pc

/h
)2

ex: SDSS, DESI,  
Euclid, Roman, …



Full-shape analysis
CMB: LSS:

CMB and LSS probe different scales, different epochs (redshifts)
different physics !

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Parameters:
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Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

LSS is 3d —> contains orders of magnitude more information
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data

linear theory
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The big problem 

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

non-linearity = non-Gaussianity



Secondary sources of non-linearity

IllustrisTNGSummary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Clustering of dark matterSummary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Galaxy - DM connectionSummary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Baryonic feedbackSummary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Redshift space distortionsRedshift space distortions

Nuisance parameters:

PT approach to LSS

Bias expansion

�(g) = F [rirj�] = b1� + b2�
2 + bs2(rirj�)

2 + b̃r2� · · ·

Desjacques, Jeong, Schmidt (2016)
Review:

Write down all possible “operators” compatible with symmetries

Additional complication: non-locality in time…

Galaxy formation is a local 
function of the tidal field + 
stochastic proceses

�g = b1�

+ b2�
2 + bG2(rhirji�)

2 + ...
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McDonald, Roy (2009), ++



Ways to analyse LSS: 

“standard” approach until recently:
focus on observables that 
are approximately stable w.r.t.
non-linear effects 
(distance + growth amplitude)

Discard shape information

�theory � �dataSummary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potentialSummary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

We can do much better!

Understand non-linearities

Analytics vs. Numerics (simulations) 

Tegmark++, SDSS analysis (2006)

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

All current data are compatible with 
the            model

(assumes Lorentz Invariance as a 
fundamental property of Nature)

Reasons to question this:

Recent successes of Lorentz-violating 
theory of quantum gravity (Horava’ 09)

Lorentz invariance has been tightly 
constrained only in the sector of Standard 

Model particles 

What about other sectors?
< 10�20

⇤CDM
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Numerics/Analytics

galaxy formation

matter clustering

time-consuming

unlimited range
limited range 
precision & accuracy
fast/ cheap - beyond LCDM 
marg. over gastrophysics

Perturbation theorySimulations

credit: lineartestpilot

State-of-the-art equipment  
for theoretical physicist

credit: CartoonStock



Large-scale structure theory

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

EFT of Large Scale Structure:

Blas, Garny,  MI,  Sibiryakov (2015)

Time-sliced perturbation theory 
(TSPT)

Path Integral Formulation
of EFT of Large-Scale Structure 

approach and their ’role’ is to reproduce eventually the SPT result. In order to further

renormalise the UV - behaviour and account properly for very short modes one has to

introduce new counter-terms for the �n vertices. This issue, however, is not the main

goal of this paper and will be addressed in detail elsewhere.

To make the connection with the SPT approach, i.e. to write TSPT as a series in

P0, it is very instructive to perform one - loop computation, to which we proceed now.

2.3.1 1-loop results and comparison with SPT

Let us now focus on the 1-loop PS (e.g. including next to leading order corrections

of P0). The field  used to be a generic field obeying (4) in the previous sections.

However, in order to switch to the familiar notation of SPT, it will be more convenient

to relabel this field as follows,

 ⌘  2 , (31)

which is validated by the fact the filed  has to be identified with the velocity divergence

field as far as cosmology is concerned. In this subsection we will be studying the power

spectrum of the  2 field,

h 2(⌘,k1) 2(⌘,k2)i = P 2 2(⌘, k1)�
(d)(k1 + k2). (32)

In terms of Feynman diagrams, at the order O(P 2
0 ) this is given by8 (the combinatorial

factors are included in the diagrams)

PL
 2 2

(⌘, k) + P 1�loop
 2 2

(⌘, k) =
k

+
k k

C2
+

k k

q

�4

+
k

q

k

q� k

�3 �3

(33) diagr1loop

The first graph is simply the linear power spectrum. The e↵ect of the second diagram

with C2 is to cancel spurious UV divergences (⇠ P 2
0 (k)⇤

3
UV ) appearing in the third,

so-called ’sunrise’ diagram (see (B) for more details). misha:More on UV here?

8Note that one-loop tadpole graphs have been already taken care of, see (30).

12

k
= g2(⌘)P̄ (|k|),

k1

k2

k3

= �g�2(⌘)
�̄3(k1,k2,k3)

3!
,

k
= �C1(k),

k1

k2

k4

k3

= �g�2(⌘)
�̄4(k1,k2,k3,k4)

4!
,

k1 k2

= �
C2(k1,k2)

2

Figure 1. Example of TSPT Feynman diagrams.

Using the diagrams depicted in Fig. 1 one obtains,

h⇥⌘(k1)⇥⌘(k2)⇥⌘(k3)i
tree = = �g4(⌘)

3Y

i=1

P̄ (|ki|) �̄3(k1,k2,k3) , (3.27)

h⇥⌘(k1)⇥⌘(k2)⇥⌘(k3)⇥⌘(k4)i
tree = +

=g6(⌘)
4Y

i=1

P̄ (|ki|)


� �̄4(k1,k2,k3,k4)

+ �(3)
⇣ 4X

j=1

kj

⌘⇣
�̄0
3(k1,k2,�k1 � k2) P̄ (|k1 + k2|) �̄

0
3(k1 + k2,k3,k4) + perm.

⌘�
,

(3.28)

where “perm.” in the last expression stands for the terms obtained by the exchange

k2 $ k3 and k2 $ k4. We observe that �̄n are identified as one-particle-irreducible (1PI)

contributions to the tree-level correlators with amputated external propagators.

As already noted above, the counterterms Cn have the same order in the coupling g

as the 1-loop contributions. To understand their role, consider the 1-loop correction to the

– 11 –

+
C2

horizonHalo formation effective fluid
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Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

TSPT allows me to get 
              understanding  
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[5 Gpc]

Baumann (2012), Carrasco, Senatore, Zaldarriaga, 
White, Chen, Vlah, Schmidt, Pajer, Baldauf, Hertzberg+++
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It works! 

2-loop, 3-loop ….

3-point function (bispectrum), 4-pf, …

caveat: nuisance parameters appear (~Wilson coeff ’s)



Large-scale structure: from theory to data

[km/s/Mpc]

MI, Simonovic, Zaldarriaga (2019), Philcox, MI (2021)++
D’Amico++(2019), Chen, White, Vlah (2021)
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BOSS (our pipeline)
<latexit sha1_base64="vSvmNHdvU505e81tD4C1NppuuP0=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KUoj0WvXisYD+gDWWz3bRLN5uwO5GWkL/ixYMiXv0j3vw3btsctPXBwOO9GWbm+bHgGhzn2ypsbe/s7hX3SweHR8cn9mm5o6NEUdamkYhUzyeaCS5ZGzgI1osVI6EvWNef3i387hNTmkfyEeYx80IyljzglICRhnZ5AGwGaUsQSae45riNbGhXnKqzBN4kbk4qKEdraH8NRhFNQiaBCqJ133Vi8FKigFPBstIg0SwmdErGrG+oJCHTXrq8PcOXRhnhIFKmJOCl+nsiJaHW89A3nSGBiV73FuJ/Xj+BoOGlXMYJMElXi4JEYIjwIgg84opREHNDCFXc3IrphChCwcRVMiG46y9vkk6t6l5X6w/1SvM2j6OIztEFukIuukFNdI9aqI0omqFn9IrerMx6sd6tj1VrwcpnztAfWJ8/AQ2TxQ==</latexit>

Planck 2018
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1-loop

Our pipeline:

Similar results by M. White’s group !



Non-standard scenarios

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Hubble tension, Early Dark EnergySummary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Dynamical Dark Energy

Dark Matter

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Inflation / Primordial non-Gaussianity

…

Hubble tension, Early Dark Energy

Dynamical Dark Energy

Can efficiently explore beyond-LCDM:



Slow Roll Inflation
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gij = a2(t)e2⇣�ij

inflaton
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dNe
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8πV
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.
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r # 0 , ns − 1 = −(1− 2) · 1

Ne
,

r # 0 , ns − 1 > 0 .
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k3P⇣ ⇠ h⇣2i ⇠ Ask
ns�1

The terms “· · · ” we have not explicitly written in the action of Eq. (2.3) are built
not only from g

00 and the extrinsic curvature. Besides these and many other time-
diffeomorphisms-breaking operators (see e.g. Ref. [22] for a comprehensive study),
we also have covariant operators built from the four-dimensional Riemann tensor:
these capture corrections to General Relativity.

2.2 Different models in the EFTI language

The simplest models are those where the clock is the inflaton � with minimal kinetic
term and potential V (�). In the unitary gauge c(t) = �̇

2
0(t)/2 and ⇤(t) = V (�0(t)),

while all the other terms in Eq. (2.3) are set to zero. This is the formulation of
slow-roll inflation in the EFTI [7, 2].

Models where there is at most one derivative acting on �, i.e.

S� =

Z
d

4
x

p
�g P (X, �) with X = g

µ⌫
@µ�@⌫� , (2.5)

have
M

4
n
(t) = �̇

2n

0 (t)
@

n
P

@Xn

����
�=�0(t)

, M̄n = 0 . (2.6)

This is K-inflation [23–27]. A particular example of P (X, �) theory is DBI inflation
[28]. There the inflaton is the position of a probe brane in 5-dimensional spacetime
and its action is constructed from the induced metric on this brane. Examples of
theories that are described by operators involving �Kµ⌫ are the Ghost Condensate
[29, 1, 2], Galileons [30, 31] and generalizations of DBI Inflation [32].

2.3 Slow-roll solution and approximate time-translation symmetry

The coefficients in the unitary gauge action can explicitly depend on time. However,
the first two coefficients, c(t) and ⇤(t), have a mild dependence if the background
solution satisfies the slow-roll conditions " ⌧ 1, |⌘| ⌧ 1, where

" ⌘ � Ḣ

H2
, ⌘ ⌘ "̇

H"
. (2.7)

It is natural to assume that the same holds for all the other coefficients. Namely, to
impose an approximate time-translation symmetry, which in slow-roll models follows
from the approximate shift symmetry of the inflaton �.

An exception to this rule comes from models where instead of a softly broken
continuous shift symmetry, one has a discrete one [33, 34]. Ref. [35] explored this in
the context of the EFTI: at the level of the unitary-gauge action the approximate
discrete shift symmetry corresponds to an expansion history H(t), and other time-
dependent coefficients, that are a superposition like

H(t) = Hsr(t) + Hosc(t) sin !t , (2.8)

– 7 –
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3M2
PH

2 ⇡ V ⇡ const
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Inflation
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Energy scale - ? Primordial GW

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

How many degrees of freedom ?

How fast did they propagate?

Did they have any interaction? 
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cosmology in the near future
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regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

In this talk!



Primordial non-Gaussianity
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primordial non-Gaussianity
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Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

<latexit sha1_base64="jumfzA0bksnV23QPm8QcCSIsKZc="></latexit>
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fNL = 105

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Spectrum of fluctuations
is nearly Gaussian, … but

Planck’18

Skewness: 



Local PNG
Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

ex: Modulated reheating, decay rate is controlled by a field
<latexit sha1_base64="6Kts1OCKOg/XZVeNi15K+0ulpIQ="></latexit>

� = �0 + �1�(t,x) + �2�
2(t,x) + ...

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

This gives the curvature fluctuation 
<latexit sha1_base64="RHIMbCobRuDgyEVG/JM24yf6igQ="></latexit>

⇣(t,x) = ⇣G(t,x) + f local
NL ⇣2G(t,x) + ...

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Primordial skewness (bispectrum):
<latexit sha1_base64="IqVhXX5/4sZirkDZJ8HIjk004Xw="></latexit>
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Local PNG
<latexit sha1_base64="RHIMbCobRuDgyEVG/JM24yf6igQ="></latexit>

⇣(t,x) = ⇣G(t,x) + f local
NL ⇣2G(t,x) + ...

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Generated by local physics after horizon crossing

multi-field, 
curvaton, 
modulated reheating, etc. 

Detection of 
<latexit sha1_base64="R6nkG4bQVPrDN4wQ81+vHncaXxY=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqiRR1WXTjQqSCvUAbw2Q6aYfOTMLMRCghG1/FjQtF3PoY7nwbp2kW2vrDwMd/zuHM+YOYUaUd59sqLS2vrK6V1ysbm1vbO/buXltFicSkhSMWyW6AFGFUkJammpFuLAniASOdYHw1rXceiVQ0Evd6EhOPo6GgIcVIG8u3D0I/7UsOb2+yhxxYhBHLoG9XnZqTCy6CW0AVFGr69ld/EOGEE6ExQ0r1XCfWXoqkppiRrNJPFIkRHqMh6RkUiBPlpfkBGTw2zgCGkTRPaJi7vydSxJWa8MB0cqRHar42Nf+r9RIdXngpFXGiicCzRWHCoI7gNA04oJJgzSYGEJbU/BXiEZIIa5NZxYTgzp+8CO3TmntWq9/Vq43LIo4yOARH4AS44Bw0wDVoghbAIAPP4BW8WU/Wi/VufcxaS1Yxsw/+yPr8ATEulig=</latexit>

f local
NL = rule out single field models
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Theoretical target:
<latexit sha1_base64="dybRKRNFS7K5kQ/IG17kmPNkTAg=">AAACEHicbVDLSsNAFJ34rPUVdelmsIiuSiJFXRbduBCpYB/Q1DKZTtqhM0mYuSmWkE9w46+4caGIW5fu/Bunj4W2HrhwOOde7r3HjwXX4Djf1sLi0vLKam4tv76xubVt7+zWdJQoyqo0EpFq+EQzwUNWBQ6CNWLFiPQFq/v9y5FfHzCleRTewTBmLUm6IQ84JWCktn0UtFNPSXxznd2nHrAHSEVEicgy7Gkuset1+AC7TtsuOEVnDDxP3CkpoCkqbfvL60Q0kSwEKojWTdeJoZUSBZwKluW9RLOY0D7psqahIZFMt9LxQxk+NEoHB5EyFQIeq78nUiK1HkrfdEoCPT3rjcT/vGYCwXkr5WGcAAvpZFGQCAwRHqWDO1wxCmJoCKGKm1sx7RFFKJgM8yYEd/bleVI7KbqnxdJtqVC+mMaRQ/voAB0jF52hMrpCFVRFFD2iZ/SK3qwn68V6tz4mrQvWdGYP/YH1+QMb25yc</latexit>

f local
NL ⇠ 1÷ 10

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Maldacena (2002) <latexit sha1_base64="RHIMbCobRuDgyEVG/JM24yf6igQ="></latexit>

⇣(t,x) = ⇣G(t,x) + f local
NL ⇣2G(t,x) + ...



Non-Gaussianity from Cubic Interactions
Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Vanilla single field:
<latexit sha1_base64="fjXE7dpdyIEu0t5jzjnrgALtMqk="></latexit>
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Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Interactions:

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Effective field theory of inflation: write all interactions 
consistent with symmetries

<latexit sha1_base64="/EjabJ98qePUHWaBuTX8gwUP5/s="></latexit>
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<latexit sha1_base64="ZIKE2LyCXVRjNtYlIXjvF5J7GdA=">AAACCXicbVC7SgNBFJ2NrxhfUUubwSBExLAbgtoIQRvLCOYBySbMzs4mQ2YfzNyVhCWtjb9iY6GIrX9g5984SbbQ6IHLPZxzLzP3OJHgCkzzy8gsLa+srmXXcxubW9s7+d29hgpjSVmdhiKULYcoJnjA6sBBsFYkGfEdwZrO8HrqN++ZVDwM7mAcMdsn/YB7nBLQUi+PXdUtX5660C3jE1KEY907wEbgeIk7mnTLvXzBLJkz4L/ESkkBpaj18p8dN6SxzwKggijVtswI7IRI4FSwSa4TKxYROiR91tY0ID5TdjK7ZIKPtOJiL5S6AsAz9edGQnylxr6jJ30CA7XoTcX/vHYM3oWd8CCKgQV0/pAXCwwhnsaCXS4ZBTHWhFDJ9V8xHRBJKOjwcjoEa/Hkv6RRLllnpcptpVC9SuPIogN0iIrIQueoim5QDdURRQ/oCb2gV+PReDbejPf5aMZId/bRLxgf3+m3mJs=</latexit>

ds2 = �dt2 + a(t)2dx2

<latexit sha1_base64="zRjiD2gyLfxi2kK+J2HbKwxqIA0=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxoUZdFNy4r2Ae2Y8mkaRuayQzJHaEM/Qs3LhRx69+4829M21lo64HA4Zx7yL0niKUw6LrfTm5ldW19I79Z2Nre2d0r7h80TJRoxusskpFuBdRwKRSvo0DJW7HmNAwkbwajm6nffOLaiEjd4zjmfkgHSvQFo2ilh04vwk48FI/n3WLJLbszkGXiZaQEGWrd4pcNsyTkCpmkxrQ9N0Y/pRoFk3xS6CSGx5SN6IC3LVU05MZPZxtPyIlVeqQfafsUkpn6O5HS0JhxGNjJkOLQLHpT8T+vnWD/yk+FihPkis0/6ieSYESm55Oe0JyhHFtCmRZ2V8KGVFOGtqSCLcFbPHmZNM7K3kW5clcpVa+zOvJwBMdwCh5cQhVuoQZ1YKDgGV7hzTHOi/PufMxHc06WOYQ/cD5/AFrRkLg=</latexit>
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<latexit sha1_base64="CivrWWzq2Lv2oRCy58qd8DrHe4Y=">AAACFHicbVDLSgMxFM3UV62vUZdugkVoUcpMKeqy1I0LkQr2AZ06ZNJMG5rMDElGqEM/wo2/4saFIm5duPNvTB+Ktp7LhcM595Lc40WMSmVZn0ZqYXFpeSW9mllb39jcMrd36jKMBSY1HLJQND0kCaMBqSmqGGlGgiDuMdLw+mcjv3FLhKRhcK0GEWlz1A2oTzFSWnLNw4rr3BGFcv0jXXlHUg59N3EEh5cXw1z1283nb4qumbUK1hjwh9izJAumqLrmh9MJccxJoDBDUrZsK1LtBAlFMSPDjBNLEiHcR13S0jRAnMh2Mj5qCA+00oF+KHQHCo7V3xsJ4lIOuKcnOVI9OeuNxP+8Vqz803ZCgyhWJMCTh/yYQRXCUUKwQwXBig00QVhQ/VeIe0ggrHSOGR3C3MnzpF4s2MeF0lUpW65M40iDPbAPcsAGJ6AMzkEV1AAG9+ARPIMX48F4Ml6Nt8loypju7II/MN6/ANt8nNE=</latexit>

B⇣(k, k, k) ⇠ fNL(P⇣(k))
2

Theoretical target:
Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

<latexit sha1_base64="UMknssOUMgHdP2nyUtE3+qSzkeY=">AAACFXicbVA9SwNBEN3zM8avqKXNYhAsNNxJUMugjYWIglEhF8PeZi8u2Y9jdy4YjvsTNv4VGwtFbAU7/42bmEKNDwYe780wMy9KBLfg+5/exOTU9MxsYa44v7C4tFxaWb20OjWU1akW2lxHxDLBFasDB8GuE8OIjAS7irpHA/+qx4zlWl1AP2FNSTqKx5wScFKrtB23stBIfHqS32QhsDvIlFY7QlMi8hyHlkschG3ew4Hvt0plv+IPgcdJMCJlNMJZq/QRtjVNJVNABbG2EfgJNDNigFPB8mKYWpYQ2iUd1nBUEclsMxt+leNNp7RxrI0rBXio/pzIiLS2LyPXKQnc2r/eQPzPa6QQHzQzrpIUmKLfi+JUYNB4EBFuc8MoiL4jhBrubsX0lhhCwQVZdCEEf18eJ5e7lWCvUj2vlmuHozgKaB1toC0UoH1UQ8foDNURRffoET2jF+/Be/Jevbfv1glvNLOGfsF7/wKnK552</latexit>

fnon-local
NL ⇠ 1÷ 100



Shapes of non-Gaussianity

Local (multi-field) Equilateral (single field)

Orthogonal (single field)
<latexit sha1_base64="dIDZOULHRyx2/f8e+z48Q41QiJ0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadkVMTkGvXiMaB6QLGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOHmBGgsaiqpuurvCRHBtPO/Lya2tb2xu5bcLO7t7+wfFw6OGjlPFsM5iEatWSDUKLrFuuBHYShTSKBTYDEc3U7/5iErzWD6YcYJBRAeS9zmjxkr3o67fLZY815uBeK5frlgQf6ksSQkWqHWLn51ezNIIpWGCat32vcQEGVWGM4GTQifVmFA2ogNsWypphDrIZqdOyJlVeqQfK1vSkJn6cyKjkdbjKLSdETVD/debiv957dT0K0HGZZIalGy+qJ8KYmIy/Zv0uEJmxNgSyhS3txI2pIoyY9Mp2BBWXl4ljQvXv3Iv7y5L1etFHHk4gVM4Bx/KUIVbqEEdGAzgCV7g1RHOs/PmvM9bc85i5hh+wfn4BjYPjcU=</latexit>
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II. ORTHOGONAL SHAPE

The EFTI shapes of interest come from the operators fi̇(Òfi)2 and fi̇
3. They are (again, these are normalized to one in

the equilateral configuration)

Sfi̇(Òfi)2(k1, k2, k3) = 1
Nfi̇(Òfi)2

24e
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T
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3

T e3

,

Sfi̇3(k1, k2, k3) = 1
Nfi̇3

e3

k
3

T

,

where

kT = k1 + k2 + k3 ,

e2 = k1k2 + k2k3 + k3k1 ,

e3 = k1k2k3

and

Nfi̇(Òfi)2 = ≠
34
9 ,

Nfi̇3 = 1
27 .

Now, let us define the dot product as

ÈS1|S2Í =
⁄

V
dx1dx2 S1(x1, x2, 1)S2(x1, x2, 1) , (8)

where V is defined in Fig. 1.
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Figure 1: Range of momenta V for plotting a shape function S(x1, x2, 1), and for computing the cosine between two shapes.

The equilateral configuration is x1 æ 1, x2 æ 1, while the squeezed configuration is x1 æ 0, x2 æ 1, i.e. it is the limit in which

one of the modes (k1) becomes much longer than the other two. The configuration x1 æ 1/2, x2 æ 1/2 is called folded, and it

corresponds to very squashed isosceles triangle.

We then define the equilateral shape as

Sequil(k1, k2, k3) =
3

k1

k2

+ 5 perms.
4

≠

3
k

2
1

k2k3

+ 2 perms.
4

≠ 2 . (9)
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Figure 1: Plot of the function F (1, x2, x3) x2
2x

2
3 for the local distribution (6). The figure is

normalized to have value 1 for equilateral configurations x2 = x3 = 1 and set to zero outside the
region 1 − x2 ≤ x3 ≤ x2.

Slow roll

0.5
0.6

0.7
0.8

0.9
1

x2

0.20.40.60.81 x3

0
2
4
6
8

F!x2, x3"

0
2
4

Figure 2: Plot of the function F (1, x2, x3) x2
2x

2
3 for the usual slow-roll inflation (9) with ε = η =

1/30. The figure is normalized to have value 1 for equilateral configurations x2 = x3 = 1 and set to
zero outside the region 1 − x2 ≤ x3 ≤ x2.

It is interesting to rewrite the definition of f(F ) as

f(F ) =
F · Flocal

Flocal · Flocal
= cos(F,Flocal)

(

F · F
Flocal · Flocal

)1/2

. (21)

8

Babich, Creminelli, Zaldarriaga’04

<latexit sha1_base64="COJjM9sT5vCXmywVuVVSfiEzsec=">AAACD3icbVC7TsMwFHXKq5RXgJHFogIVCVVJWwFjVRbGItGH1IbIcZ3WiuNEtoNUov4BC7/CwgBCrKxs/A1umwEKR7pXR+fcK/seL2ZUKsv6MnJLyyura/n1wsbm1vaOubvXllEiMGnhiEWi6yFJGOWkpahipBsLgkKPkY4XXE79zh0Rkkb8Ro1j4oRoyKlPMVJacs3jwLVvKzBwK7Ne1b3h9u+JQiXtnGpdV/XENYtW2ZoB/iV2RoogQ9M1P/uDCCch4QozJGXPtmLlpEgoihmZFPqJJDHCARqSnqYchUQ66eyeCTzSygD6kdDFFZypPzdSFEo5Dj09GSI1koveVPzP6yXKv3BSyuNEEY7nD/kJgyqC03DggAqCFRtrgrCg+q8Qj5BAWOkICzoEe/Hkv6RdKdtn5dp1rVhvZHHkwQE4BCVgg3NQB1egCVoAgwfwBF7Aq/FoPBtvxvt8NGdkO/vgF4yPbwQJmYI=</latexit>

k21k
2
2k

2
3B⇣(k1, k2, k3)

<latexit sha1_base64="ld0lDGJuGG6498m2CghgEKw+f9c=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoJViEClKSWtSLUPTisaL9gDaEzXbbLtlswu5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzPNjRqWy7W8jt7K6tr6R3yxsbe/sFs29/ZaMEoFJE0csEh0fScIoJ01FFSOdWBAU+oy0/eBm6rcfiZA04g9qHBM3RENOBxQjpSXPLN6XA885DbyqrrOTK88s2RV7BmuZOBkpQYaGZ371+hFOQsIVZkjKrmPHyk2RUBQzMin0EklihAM0JF1NOQqJdNPZ4RPrWCt9axAJXVxZM/X3RIpCKcehrztDpEZy0ZuK/3ndRA0u3ZTyOFGE4/miQcIsFVnTFKw+FQQrNtYEYUH1rRYeIYGw0lkVdAjO4svLpFWtOOeV2l2tVL/O4sjDIRxBGRy4gDrcQgOagCGBZ3iFN+PJeDHejY95a87IZg7gD4zPHyNXkXc=</latexit>

S(k1, k2, k3) =

Senatore, Smith, Zaldarriaga’09



Planck constrains on PNG

Planck’18

cf. Planck 2018:

CERN-TH-2022-005

Constraints on Single-Field Inflation from the BOSS Galaxy Survey

Giovanni Cabass,1, ⇤ Mikhail M. Ivanov,1, † Oliver H. E. Philcox,2, 1 Marko Simonović,3 and Matias Zaldarriaga1
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Non-local primordial non-Gaussianity (NLPNG) is a smoking gun of interactions in single-field

inflationary models, and can be written as a combination of the equilateral and orthogonal templates.

We present the first constraints on these from the redshift-space galaxy power spectra and bispectra

of the Baryon Oscillation Spectroscopic Survey (BOSS) data. These are the first such measurements

independent of the cosmic microwave background fluctuations. We perform a consistent analysis that

includes all necessary nonlinear corrections generated by NLPNG, and vary all relevant cosmological

and nuisance parameters in a global fit to the data. Our conservative analysis yields joint limits on

the amplitudes of the equilateral and orthogonal shapes, f equil
NL = 940 ± 600, fortho

NL = �170 ± 170

(both at 68% CL). These can be used to derive constraints on coe�cients of the e↵ective single-field

inflationary Lagrangian; in particular, we find that the sound speed of inflaton fluctuations has the

bound cs � 0.013 at 95% CL. Fixing the quadratic galaxy bias and cosmological parameters, the

constraints can be tightened to f
equil
NL = 260± 300, fortho

NL = �23± 120 (68% CL).

Introduction — Cosmology is the interface between

particle physics and general relativity. Nothing exem-

plifies this more than inflation – a primordial accelerated

expansion of the Universe that may have happened at

energy scales as high as 1014 GeV. Inflation naturally

generates quantum fluctuations that provide the seeds

for the formation and clustering of matter and galaxies.

Thus, observations of the large-scale structure of our Uni-

verse allow us to probe physics at these extremely high

energies, inaccessible to present-day particle accelerators.

There are three main questions about inflation one may

ask: What is its energy scale? How many degrees of

freedom generated density fluctuations? How fast did

these degrees of freedom propagate? While significant

e↵orts have been devoted to answering the first question,

by constraining the amplitude of primordial gravitational

waves, the latter two require a probe of deviations of the

initial density fluctuations from a Gaussian distribution,

known as primordial non-Gaussianity (PNG).

The simplest observable encoding PNG is the bispec-

trum, B⇣ , of the primordial metric curvature perturba-

tion ⇣. Due to translational and rotational invariance, B⇣

is a function of the moduli of three momenta, k1,k2,k3,

which form a closed triangle. A bispectrum peaking at

squeezed triangles, k1 ⌧ k2 ⇡ k3, is a generic signa-

⇤ gcabass@ias.edu
† Einstein Fellow; ivanov@ias.edu

ture of particle interactions in multi-field inflation [1–9],1

i.e. where more than one degree of freedom is light during

inflation. This type of PNG is called “local”. In contrast,

a bispectrum peaking at equilateral (k1 ⇡ k2 ⇡ k3) or

flattened (k1 ⇡ k2 ⇡ k3/2) triangles is a peculiar feature

of interactions in single-field inflation [12–19], which has

only one degree of freedom (inflaton). This kind of “non-

local” primordial non-Gaussianity (NLPNG) can be rep-

resented as a linear combination of two basis shapes, equi-

lateral and orthogonal [19], with amplitudes f
equil
NL and

f
ortho
NL respectively.

Symmetries of inflation also dictate a relationship be-

tween the inflaton speed of sound and the strength of

nonlinear interactions that generate NLPNG [17]. In par-

ticular, there is a theorem stating that PNG can be large

if and only if the sound speed is small [20, 21]. This

allows one to constrain the propagation speed of the in-

flaton from the observed level of NLPNG.

Up to now, the only source of information on NLPNG

has been the cosmic microwave background (CMB) tem-

perature and polarization data [11, 22]. In particular,

Planck 2018 data yield f
equil
NL = �26 ± 47, f

ortho
NL =

�38 ± 24 (both at 68% CL) [11]. In theory, one can

obtain better constraints with upcoming galaxy surveys,

1 These shapes also appear in ekpyrotic alternatives to inflation

(see Ref. [10] for a review), but they typically produce strong

PNG incompatible with data [11].

CERN-TH-2022-005

Constraints on Single-Field Inflation from the BOSS Galaxy Survey

Giovanni Cabass,1, ⇤ Mikhail M. Ivanov,1, † Oliver H. E. Philcox,2, 1 Marko Simonović,3 and Matias Zaldarriaga1
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f local
NL = �0.9± 5.1

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

CMB cannot improve 
by more than 2x

Ade et al., Simons observatory forecast (2018)
Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

Limited by 
the number of modes!
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FIG. 2. Measured power spectra (top) and bispectra (bottom) from the BOSS dataset (points) and 2048 Patchy mocks
(lines and shaded regions) for two redshift bins ‘z1’ (left) and ‘z3’ (right). For the power spectra, we show measurements
from the monopole, quadrupole, and hexadecapole, in red, blue, and green respectively, as well as the Q0 statistic, Q0(k) ⌘
P0(k) � (1/2)P2(k) + (3/8)P4(k), which is a proxy for the real-space power spectrum. The vertical line disambiguates regions
fit with the full power spectrum multipoles (left) and those with Q0; the other regions (shown in faint lines) are not used in
the analysis. For bispectra, we plot all triangle bins included in the analysis with k < 0.08hMpc�1, noting that the observed
structure arises from the bin ordering. These are ordered by triangle side, with scalene, isosceles, and equilateral triangles shown
in green, blue, and red respectively. The red numbers in the right panel give the value of k for each equilateral bin. For clarity,
we have combined estimates from the NGC and SGC regions (weighting by their sky fractions, with fNGC ⇡ 0.7); these are
treated as separate samples in the main analysis of this work.

discussion of our models can be found in [18, 60, 81] for the redshift-space power spectrum, [78] for the real-space
power spectrum analog, [22] for the BAO parameters, and [47] for the bispectrum.

Schematically, our model of the power spectrum multipoles takes the following form (before the e↵ects of infrared
resummation and coordinate transformations):

P`(k) = P
tree

` (k) + P
1�loop

` (k) + P
ct

` (k) + P
stoch

` (k), (7)

where the four terms are the usual linear theory Kaiser multipoles (scaling as the linear-theory power spectrum,
Plin(k)), the one-loop perturbation theory corrections (scaling as k

2
Plin(k) on large scales), the counterterms (scaling

as k
2
Plin(k)), and the stochastic contributions (scaling as a constant, plus corrections), respectively. This is then

resummed to correct for the action of non-perturbative long-wavelength displacements, with the e↵ect of suppressing
the wiggly part of the spectrum (see [81]). We account for the e↵ects of an incorrect fiducial cosmology (often known,
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fit with the full power spectrum multipoles (left) and those with Q0; the other regions (shown in faint lines) are not used in
the analysis. For bispectra, we plot all triangle bins included in the analysis with k < 0.08hMpc�1, noting that the observed
structure arises from the bin ordering. These are ordered by triangle side, with scalene, isosceles, and equilateral triangles shown
in green, blue, and red respectively. The red numbers in the right panel give the value of k for each equilateral bin. For clarity,
we have combined estimates from the NGC and SGC regions (weighting by their sky fractions, with fNGC ⇡ 0.7); these are
treated as separate samples in the main analysis of this work.

discussion of our models can be found in [18, 60, 81] for the redshift-space power spectrum, [78] for the real-space
power spectrum analog, [22] for the BAO parameters, and [47] for the bispectrum.

Schematically, our model of the power spectrum multipoles takes the following form (before the e↵ects of infrared
resummation and coordinate transformations):

P`(k) = P
tree

` (k) + P
1�loop

` (k) + P
ct

` (k) + P
stoch

` (k), (7)

where the four terms are the usual linear theory Kaiser multipoles (scaling as the linear-theory power spectrum,
Plin(k)), the one-loop perturbation theory corrections (scaling as k

2
Plin(k) on large scales), the counterterms (scaling

as k
2
Plin(k)), and the stochastic contributions (scaling as a constant, plus corrections), respectively. This is then

resummed to correct for the action of non-perturbative long-wavelength displacements, with the e↵ect of suppressing
the wiggly part of the spectrum (see [81]). We account for the e↵ects of an incorrect fiducial cosmology (often known,
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Ḡn(k1, ...,kn) = (2p)3d (3)
D (k1...n)Ḡ 0

n (k1, ...,kn) . (102)

Once the tree-level 1PI n-point functions are fixed, the calculation of equal-time
correlation functions proceed by a perturbative expansion of the generating func-
tional (92) around the Gaussian weight. This is identical to the perturbative calcula-
tions of n-point functions in QFT. Just like in the usual QFT, this computation can
be represented in terms of Feynman diagrams. These diagrams are built of vertices
Gn, n � 3, and lines correspond to propagators g2Plin, see Fig. 7. One should also
include vertices corresponding to counterterms Cn, n � 1 in order to subtract certain
UV divergences in loop diagrams. In this sense counterterms appear in TSPT quite
naturally.

To compute an n-point correlation function of the velocity divergence one has to
draw all diagrams with n external legs. It is easy to see that diagrams with larger
number of loops are proportional to higher powers of g(h). Hence, g(h) plays the
same role as a coupling constant in QFT. For the correlators of the density field d
one should use the expression (87) which is akin to an expression for composite
operators in QFT. It gives rise to additional vertices proportional to the kernels Kn;
these are denoted by an external arrow, see Fig. 7.

k
= g2(�)PL(k),

k1

k2

k3

= � 1

g2(�)

1

3!
�̄3(k1,k2,k3)

k
= �C1(k),

k

q1

q2

=
1

2
(2�)3�(3)

D (k � q12) K2(q1,q2)

Figure 1: Example of TSPT Feynman rules.

4 TSPT with primordial non-Gaussianity and Feynman rules

In the presence of primordial non-Gaussianity the initial conditions (3.13) get modified.

One expects now a non-vanishing initial value of the 3-point vertex, �(3)
3 �= 0. The early-

time asymptotics of the PDF become,

lim
����

P[e��̃; �] = N �1 exp

⇢
�

Z
[dk]

�̃k�̃�k

2PL(k)
�

Z
[dk]3

3!
�(3)

3 (k1,k2,k3) �̃k1�̃k2�̃k3

�
.

(4.1)

Substituting this expression into the generating functional (3.3) and taking variational

derivatives with respect to the external sources one derives the correlation functions of the

�-field at early times. The latter are to be matched to the linear statistics. Assuming

that the non-Gaussian contribution is small, as will be confirmed shortly, we can restrict

to linear order in the cubic vertex �(3)
3 and obtain the matching condition,

(2�)3�(3)
D (k123) BL(k1, k2, k3) = ��(3)

3 (k1,k2,k3)PL(k1)PL(k2)PL(k3) . (4.2)

We observe that �(3)
3 is proportional to the linear bispectrum. Let us estimate the size of the

cubic term in (4.1). Taking for the characteristic amplitude of the modes �̃k ⇠
�

PL(k) we

obtain �(3)
3

�
�̃3 ⇠ BL/(PL)3/2. As discussed before, the latter quantity is of order fNLA�

which is much smaller than unity, given the existing bounds on non-Gaussianity. This

justifies our expansion to linear order in �(3)
3 .

The TSPT vertices receive a contribution seeded by the primordial non-Gaussianity,

�n(�;k1, ...,kn) =
1

g2(�)
�̄n(k1, ...,kn) +

1

g3(�)
�̄NG

n (k1, ...,kn) , (4.3)
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Fig. 7 Examples of TSPT Feynman rules.

5.2 Soft Limits and IR Safety

Since we have used the PPF equations as sources in the TSPT PDF calculations,
our resulting expressions for the equal-time correlation functions must be identi-
cal to that of the PPF hydrodynamics that we discussed before. This is indeed the
case. However, the intermediate calculations required to obtain n-point functions are
completely different. The PPF loop diagrams contain unphysical IR divergences that
cancel only when all diagrams of a given order are summed together. In contrast,
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presented formalism, however, can be used to consistently go for higher loop order without

any obstacles.

Let us discuss some of the advantages of the Wilson-Polchinski e�ective action. First

of all, from Eq. (3.6) we observe that all the counterterms are manifestly local in time. This

is a direct consequence of the factorization of time dependence in the TSPT approach.

The second useful property comes from working directly with the connected correlation

functions �n. This guarantees a consistent renormalization procedure: the counterterm

that cancels a divergence from a certain 1-particle irreducible (1PI) diagram will also

cancel all divergences which appear in any 1PR diagrams that nest this 1PI graph. Thus,

once we have renormalized a particular 1PI diagram, we should not care about divergences

which may appear in more complex graphs involving this diagram; these must be cancelled

by the same 1PI counterterm inserted in an analogous graph. Schematically,

�̄3 �̄3 +

�̄3

+

�(1)�
2

= finite ,

�̄3 �̄3
�̄3 +

�̄4

�̄3 +

�(1)�
2

�̄3 = finite .

(3.11) diagr1loop0v2

The consistency of renormalization requires that new counterterms be needed only to renor-

malize 1PI graphs, e.g. for the connected 1-loop 3-point function one has

�(1)�
3 +

�̄5

+
�̄3

�̄4

+
�̄3

�̄3

�̄3

= finite . (3.12)

The situation here is to be contrasted with the EFT of LSS, where the use of local

in time counterterms spoils the systematic character of renormalization [11]. It should be

pointed out that the TSPT diagrams are di�erent from those appearing in the EFT (or

SPT), only the final answer is guaranteed to coincide in two approaches. Speaking loosely,

the TSPT diagrams contain the EFT contributions reshu�ed in a systematic way.

In the next subsection we will solve the RG flow equations (3.10) at the tree and

one-loop level.

3.1 Tree-level vertices

At the tree level l = 0 we expect the result to match to the usual TSPT vertices that

appear in PPF. This will reproduce the SPT tree-level result. From Eq. (3.10), the tree-

– 8 –

Fig. 9 Diagrammatic representation of the systematic UV renormalization in TSPT: lower loop
order diagrams embedded in higher order ones (nested divergences) do not require new countert-
erms. They are removed by the same counterterms that renormalize lower order 1PI correlation
functions.
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one-loop level.

3.1 Tree-level vertices

At the tree level l = 0 we expect the result to match to the usual TSPT vertices that

appear in PPF. This will reproduce the SPT tree-level result. From Eq. (3.10), the tree-

– 8 –

Fig. 10 Diagrammatic representation of the systematic UV renormalization in TSPT: new coun-
terterms are required only for the 1-particle irreducible correlation functions.

Tree-level RG matching

It is reasonable to assume that the tree-level vertices (⇠ g�2) for momenta k < L
coincide with those derived from PPF. This is natural as the difference between PPF
and real dynamics should only appear in loop calculations. Thus, we can demand
that the tree-level vertices reproduce the ones from PPF TSPT in the limit L ! •.
An explicit calculation shows that G 0(0),L

3 (k1,k2,k3) = Ḡ 0
3 (k1,k2,k3) and

G 0(0),L
4 (k1,k2,k3,k4) = Ḡ 0

4 (k1,k2,k3,k4)

�
�
H(k12 �L)Ḡ 0

3 (k1,k2,�k12)P̄(k12)Ḡ 0
3 (k3,k4,�k34)+ cyc.

�
.

(119)

Note that the L dependence appears for the first time in the tree-level 4-point vertex.
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erms. They are removed by the same counterterms that renormalize lower order 1PI correlation
functions.
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The consistency of renormalization requires that new counterterms be needed only to renor-
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pointed out that the TSPT diagrams are di�erent from those appearing in the EFT (or

SPT), only the final answer is guaranteed to coincide in two approaches. Speaking loosely,

the TSPT diagrams contain the EFT contributions reshu�ed in a systematic way.

In the next subsection we will solve the RG flow equations (3.10) at the tree and

one-loop level.

3.1 Tree-level vertices

At the tree level l = 0 we expect the result to match to the usual TSPT vertices that

appear in PPF. This will reproduce the SPT tree-level result. From Eq. (3.10), the tree-
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Tree-level RG matching

It is reasonable to assume that the tree-level vertices (⇠ g�2) for momenta k < L
coincide with those derived from PPF. This is natural as the difference between PPF
and real dynamics should only appear in loop calculations. Thus, we can demand
that the tree-level vertices reproduce the ones from PPF TSPT in the limit L ! •.
An explicit calculation shows that G 0(0),L

3 (k1,k2,k3) = Ḡ 0
3 (k1,k2,k3) and

G 0(0),L
4 (k1,k2,k3,k4) = Ḡ 0

4 (k1,k2,k3,k4)

�
�
H(k12 �L)Ḡ 0

3 (k1,k2,�k12)P̄(k12)Ḡ 0
3 (k3,k4,�k34)+ cyc.

�
.

(119)

Note that the L dependence appears for the first time in the tree-level 4-point vertex.
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Non-local primordial non-Gaussianity (NLPNG) is a smoking gun of interactions in single-field

inflationary models, and can be written as a combination of the equilateral and orthogonal templates.

We present the first constraints on these from the redshift-space galaxy power spectra and bispectra

of the Baryon Oscillation Spectroscopic Survey (BOSS) data. These are the first such measurements

independent of the cosmic microwave background fluctuations. We perform a consistent analysis that

includes all necessary nonlinear corrections generated by NLPNG, and vary all relevant cosmological

and nuisance parameters in a global fit to the data. Our conservative analysis yields joint limits on

the amplitudes of the equilateral and orthogonal shapes, f equil
NL = 940 ± 600, fortho

NL = �170 ± 170

(both at 68% CL). These can be used to derive constraints on coe�cients of the e↵ective single-field

inflationary Lagrangian; in particular, we find that the sound speed of inflaton fluctuations has the

bound cs � 0.013 at 95% CL. Fixing the quadratic galaxy bias and cosmological parameters, the

constraints can be tightened to f
equil
NL = 260± 300, fortho

NL = �23± 120 (68% CL).

Introduction — Cosmology is the interface between

particle physics and general relativity. Nothing exem-

plifies this more than inflation – a primordial accelerated

expansion of the Universe that may have happened at

energy scales as high as 1014 GeV. Inflation naturally

generates quantum fluctuations that provide the seeds

for the formation and clustering of matter and galaxies.

Thus, observations of the large-scale structure of our Uni-

verse allow us to probe physics at these extremely high

energies, inaccessible to present-day particle accelerators.

There are three main questions about inflation one may

ask: What is its energy scale? How many degrees of

freedom generated density fluctuations? How fast did

these degrees of freedom propagate? While significant

e↵orts have been devoted to answering the first question,

by constraining the amplitude of primordial gravitational

waves, the latter two require a probe of deviations of the

initial density fluctuations from a Gaussian distribution,

known as primordial non-Gaussianity (PNG).

The simplest observable encoding PNG is the bispec-

trum, B⇣ , of the primordial metric curvature perturba-

tion ⇣. Due to translational and rotational invariance, B⇣

is a function of the moduli of three momenta, k1,k2,k3,

which form a closed triangle. A bispectrum peaking at

squeezed triangles, k1 ⌧ k2 ⇡ k3, is a generic signa-
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ture of particle interactions in multi-field inflation [1–9],1

i.e. where more than one degree of freedom is light during

inflation. This type of PNG is called “local”. In contrast,

a bispectrum peaking at equilateral (k1 ⇡ k2 ⇡ k3) or

flattened (k1 ⇡ k2 ⇡ k3/2) triangles is a peculiar feature

of interactions in single-field inflation [12–19], which has

only one degree of freedom (inflaton). This kind of “non-

local” primordial non-Gaussianity (NLPNG) can be rep-

resented as a linear combination of two basis shapes, equi-

lateral and orthogonal [19], with amplitudes f
equil
NL and

f
ortho
NL respectively.

Symmetries of inflation also dictate a relationship be-

tween the inflaton speed of sound and the strength of

nonlinear interactions that generate NLPNG [17]. In par-

ticular, there is a theorem stating that PNG can be large

if and only if the sound speed is small [20, 21]. This

allows one to constrain the propagation speed of the in-

flaton from the observed level of NLPNG.

Up to now, the only source of information on NLPNG

has been the cosmic microwave background (CMB) tem-

perature and polarization data [11, 22]. In particular,

Planck 2018 data yield f
equil
NL = �26 ± 47, f

ortho
NL =

�38 ± 24 (both at 68% CL) [11]. In theory, one can

obtain better constraints with upcoming galaxy surveys,

1 These shapes also appear in ekpyrotic alternatives to inflation

(see Ref. [10] for a review), but they typically produce strong

PNG incompatible with data [11].

CERN-TH-2022-005

Constraints on Single-Field Inflation from the BOSS Galaxy Survey

Giovanni Cabass,1, ⇤ Mikhail M. Ivanov,1, † Oliver H. E. Philcox,2, 1 Marko Simonović,3 and Matias Zaldarriaga1
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ture of particle interactions in multi-field inflation [1–9],1

i.e. where more than one degree of freedom is light during

inflation. This type of PNG is called “local”. In contrast,

a bispectrum peaking at equilateral (k1 ⇡ k2 ⇡ k3) or

flattened (k1 ⇡ k2 ⇡ k3/2) triangles is a peculiar feature

of interactions in single-field inflation [12–19], which has

only one degree of freedom (inflaton). This kind of “non-

local” primordial non-Gaussianity (NLPNG) can be rep-

resented as a linear combination of two basis shapes, equi-

lateral and orthogonal [19], with amplitudes f
equil
NL and

f
ortho
NL respectively.

Symmetries of inflation also dictate a relationship be-

tween the inflaton speed of sound and the strength of

nonlinear interactions that generate NLPNG [17]. In par-

ticular, there is a theorem stating that PNG can be large

if and only if the sound speed is small [20, 21]. This

allows one to constrain the propagation speed of the in-

flaton from the observed level of NLPNG.

Up to now, the only source of information on NLPNG

has been the cosmic microwave background (CMB) tem-

perature and polarization data [11, 22]. In particular,

Planck 2018 data yield f
equil
NL = �26 ± 47, f

ortho
NL =

�38 ± 24 (both at 68% CL) [11]. In theory, one can

obtain better constraints with upcoming galaxy surveys,

1 These shapes also appear in ekpyrotic alternatives to inflation

(see Ref. [10] for a review), but they typically produce strong

PNG incompatible with data [11].
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generates quantum fluctuations that provide the seeds

for the formation and clustering of matter and galaxies.

Thus, observations of the large-scale structure of our Uni-

verse allow us to probe physics at these extremely high

energies, inaccessible to present-day particle accelerators.

There are three main questions about inflation one may

ask: What is its energy scale? How many degrees of

freedom generated density fluctuations? How fast did

these degrees of freedom propagate? While significant

e↵orts have been devoted to answering the first question,

by constraining the amplitude of primordial gravitational

waves, the latter two require a probe of deviations of the

initial density fluctuations from a Gaussian distribution,

known as primordial non-Gaussianity (PNG).

The simplest observable encoding PNG is the bispec-

trum, B⇣ , of the primordial metric curvature perturba-

tion ⇣. Due to translational and rotational invariance, B⇣

is a function of the moduli of three momenta, k1,k2,k3,

which form a closed triangle. A bispectrum peaking at

squeezed triangles, k1 ⌧ k2 ⇡ k3, is a generic signa-
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ture of particle interactions in multi-field inflation [1–9],1

i.e. where more than one degree of freedom is light during

inflation. This type of PNG is called “local”. In contrast,

a bispectrum peaking at equilateral (k1 ⇡ k2 ⇡ k3) or

flattened (k1 ⇡ k2 ⇡ k3/2) triangles is a peculiar feature

of interactions in single-field inflation [12–19], which has

only one degree of freedom (inflaton). This kind of “non-

local” primordial non-Gaussianity (NLPNG) can be rep-

resented as a linear combination of two basis shapes, equi-

lateral and orthogonal [19], with amplitudes f
equil
NL and

f
ortho
NL respectively.

Symmetries of inflation also dictate a relationship be-

tween the inflaton speed of sound and the strength of

nonlinear interactions that generate NLPNG [17]. In par-

ticular, there is a theorem stating that PNG can be large

if and only if the sound speed is small [20, 21]. This

allows one to constrain the propagation speed of the in-

flaton from the observed level of NLPNG.

Up to now, the only source of information on NLPNG

has been the cosmic microwave background (CMB) tem-

perature and polarization data [11, 22]. In particular,

Planck 2018 data yield f
equil
NL = �26 ± 47, f

ortho
NL =

�38 ± 24 (both at 68% CL) [11]. In theory, one can

obtain better constraints with upcoming galaxy surveys,

1 These shapes also appear in ekpyrotic alternatives to inflation

(see Ref. [10] for a review), but they typically produce strong

PNG incompatible with data [11].
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ask: What is its energy scale? How many degrees of

freedom generated density fluctuations? How fast did

these degrees of freedom propagate? While significant

e↵orts have been devoted to answering the first question,

by constraining the amplitude of primordial gravitational

waves, the latter two require a probe of deviations of the

initial density fluctuations from a Gaussian distribution,

known as primordial non-Gaussianity (PNG).

The simplest observable encoding PNG is the bispec-

trum, B⇣ , of the primordial metric curvature perturba-
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ture of particle interactions in multi-field inflation [1–9],1

i.e. where more than one degree of freedom is light during

inflation. This type of PNG is called “local”. In contrast,

a bispectrum peaking at equilateral (k1 ⇡ k2 ⇡ k3) or

flattened (k1 ⇡ k2 ⇡ k3/2) triangles is a peculiar feature

of interactions in single-field inflation [12–19], which has

only one degree of freedom (inflaton). This kind of “non-

local” primordial non-Gaussianity (NLPNG) can be rep-

resented as a linear combination of two basis shapes, equi-

lateral and orthogonal [19], with amplitudes f
equil
NL and

f
ortho
NL respectively.

Symmetries of inflation also dictate a relationship be-

tween the inflaton speed of sound and the strength of

nonlinear interactions that generate NLPNG [17]. In par-

ticular, there is a theorem stating that PNG can be large

if and only if the sound speed is small [20, 21]. This

allows one to constrain the propagation speed of the in-

flaton from the observed level of NLPNG.

Up to now, the only source of information on NLPNG

has been the cosmic microwave background (CMB) tem-

perature and polarization data [11, 22]. In particular,

Planck 2018 data yield f
equil
NL = �26 ± 47, f

ortho
NL =

�38 ± 24 (both at 68% CL) [11]. In theory, one can

obtain better constraints with upcoming galaxy surveys,

1 These shapes also appear in ekpyrotic alternatives to inflation

(see Ref. [10] for a review), but they typically produce strong

PNG incompatible with data [11].
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Figure 14. Constraints on local primordial non-Gaussianity as a function of kmin and kmax, using
the full shape power spectrum without any CMB priors. For SPHEREx we set �z/(1 + z) = 0.05,
while for all other surveys we set �z = 0. The vertical lines are the lowest possible kmin for each
survey: 2⇡/V 1/3, where V is the volume of the survey (including sky coverage).

mode-couplings), which can in principle be modeled using standard perturbative techniques.
However, the development of a PT-based code which self-consistently models non-linearities
(in redshift space) in the presence of PNG is beyond the scope of this paper. We instead
focus on PNG’s e↵ect on the linear bias, and restrict our forecasts to kmax < 0.06 hMpc�1

where linear theory is a good approximation for the high redshifts we consider. As seen in
Eq. 4.3, PNG couples short wavelength modes of � to long wavelength modes of �. This
coupling induces an additional scale-dependent bias (b ! b+�b) which takes the form [139]:

�b ⌘
3⌦mH

2

0

2k2D(z)T (k)
b�f

Loc

NL =
3⌦m�cH

2

0

k2D(z)T (k)
(b � 1)fLoc

NL , (4.4)

where D(z) is normalized to a in the matter dominated era and �c = 1.686. In the above
equation we made the assumption that b� = 2�c(b� 1) [139, 140], which does not necessarily
hold for the galaxies that will be observed by current and future LSS surveys [141–143], and
it cautions against combining the constraints from di↵erent instruments.

Shown in Fig. 14 are our forecasted constraints on f
Loc

NL
from a variety of upcoming

or proposed LSS surveys, using the power spectrum only. Since all information about f
Loc

NL

comes from low k where linear theory is an excellent approximation, in our forecasts we only
marginalize over ⇤CDM, b and Tb (for 21-cm surveys12). For all surveys we include a prior on
⇤CDM from Planck. Even with just the power spectrum, we see that near-term LSS surveys
(such as Euclid) have the capability of achieving similar constraints on PNG as Planck, while
a future high-redshift LBG survey has the potential to achieve �(fLoc

NL
) ⇠ 0.8, more than

a factor of 2 improvement over a cosmic variance limited CMB survey. Similar constraints
from the power spectrum should be obtainable with the SPHEREx mission [28].

Here we have only focused on local PNG from the power spectrum, making use of the
f
Loc

NL
induced scale-dependence of linear bias. We note that adding bispectrum or higher point

function information can potentially help [143, 145, 146]. Extracting bispectrum information

12See ref. [144] for a detailed discussion of degeneracies between 21-cm foregrounds and fLoc
NL .

– 31 –

Sailer et al (2021)

Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
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BONUS: PARITY-ODD 4-POINT FUNCTIONS

Philcox 22

Conclusions
- Simulations do not capture noise properties of the four-point function
- OrWe have detected parity-violating physics at 32???

Simulations

Data

Philcox (2022) Hou et al. (2022)
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Detection of parity violation! 
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Cannot be generated by non-linear clustering! 
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If true, must be primordial 

Cahn et al. (2021)



Parity Violation in Inflation
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EFT of Inflation: Cabass, MI, Philcox (2022)

4

The first case can be seen as a limit of the E↵ective Field Theory of Inflation (EFTI) [e.g., 9, 10] in which the quantum
fluctuations, ⇡, of the clock (which on superhorizon scales are simply proportional to ⇣) have a dispersion relation
!
2
/ k

4. An example of UV completion is a scalar field � with a Lagrangian that is a function P of X ⌘ �(@µ�)2

such that excitations ⇡ about the “trivial” background � = 0 are unstable, but those around the background � = µt

are not. If dP/dX vanishes on the background, ⇡ will have a nonrelativistic dispersion relation [38, 39]. Note that
ghost condensation naturally arises as a low energy limit of models with Lorentz invariance violation in the inflaton
sector [73].
In the second instance, one considers the impact of massive spinning particles, �ij···, coupled to the clock. Even if

these particles decay on superhorizon scales, they can be created from the vacuum and exchanged by ⇡ fluctuations in
the bulk of de Sitter spacetime, and leave an impact on the statistics of the curvature perturbation ⇣ that are not
degenerate with local operators in the EFTI if their mass, m�, is comparable to the Hubble scale, H.
Below, we briefly recapitulate the interactions studied in [37], summarize the corresponding templates for the

parity-odd trispectrum (which will be used to predict the parity-odd galaxy correlator in §IV), and discuss bounds on
their size from requirements of perturbativity.

A. The Inflationary Lagrangian and Inflaton Interactions

In the case of Ghost Inflation, the primordial Universe is described by a single clock ⇡ (hereafter known as the
Goldstone mode), which obeys the quadratic action

S⇡⇡ =

Z
d4x

p
�g


⇤4

2
⇡̇
2
�

⇤̃2

2

(@2
⇡)2

a4

�
, (1)

where a is the scale factor, and the scales ⇤ and ⇤̃ control the normalization of the power spectrum (using ⇣ = �H⇡

on superhorizon scales):

k
3
P⇣(k) ⌘ �2

⇣
=

H
2(H⇤̃)

1

2�( 3
4
)2

⇡⇤⇤̃2
(2)

for a scale-invariant power spectrum �2

⇣
. On subhorizon scales, ⇡ follows the dispersion relation ! = ⇤̃k2/⇤2; it is this

non-linear relation that results in the di↵erent phenomenology of the theory to standard single-field inflation.
At tree level, the only contribution to a parity-odd trispectrum of the Goldstone mode (i.e. the part of h⇡⇡⇡⇡i

antisymmetric under reflections) can come from contact diagrams. [37] studied the following two interactions, appearing
at leading- and subleading-order in the e↵ective field theory expansion respectively

S
(LO)

⇡⇡⇡⇡
=

1

MPO

Z
d4x

p
�g a

�9
✏ijk@m@n⇡@n@i⇡@m@l@j⇡@l@k⇡ , (3)

S
(NLO)

⇡⇡⇡⇡
=

1

⇤2

PO

Z
d4x

p
�g a

�9
⇡̇✏ijk@i@l⇡@l@j@

2
⇡@k@

2
⇡ , (4)

where ✏ijk is the antisymmetric tensor, which gives rise to the parity-violation. It is important to keep in mind that
these two operators fully exhaust only the subset of quartic operators that in the flat-space limit of the EFTI are
invariant under the non-linear part �⇡ = �ix

i of the spontaneously broken Lorentz boosts. A full classification including
Wess-Zumino terms is left for future work: in this analysis we focus on (3) and (4) as the simplest trispectrum-inducing
couplings that arise due to deviations from a Bunch-Davies vacuum with a linear dispersion relation.
Regarding the Cosmological Collider, in this work we focus on the same setup studied in [37], i.e. the parity-odd

four-point function arising from the exchange of a massive spin-1 field �
i. This has the Feynman diagram

k1

�

k2

�

k3

�

k4

�

s = |k1 + k2|

�

5

(5)
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Not supported by data:

14

FIG. 2. Comparison of the observed galaxy four-point correlation function, ⇣`1`2`3(r1, r2, r3) (black points), with two models of
the theoretical 4PCF, assuming Ghost Condensate (black lines) and Cosmological Collider (colored lines) inflation. We assume

fiducial values of A(MPO) = 100A(⇤
2

PO
) = 10�10 and A

(�1�3) = 1019(�2

⇣)
4
c
4

s sin⇡
�
⌫ + 1

2

�
for visibility and consider a variety of

values of the sound speed cs and mass ⌫ in the latter case, indicated by the captions. The second through fifth panels show the
correlators for a selection of values of `1, `2, `3 (indicated by the title), with the x-axis giving the radial bins, collapsed into one
dimension. The first panel shows the values of the radial bin centers corresponding to each one-dimensional bin center. Here, we
utilize data from the BOSS CMASS NGC region, and with error-bars obtained from the Patchy simulations (noting that the
data is highly correlated). Notably, the theoretical models have strong (and di↵erent) dependence on the multiplet, which the
MCMC analysis shows to be broadly inconsistent with the data. Constraints on the model amplitudes are given in Tab. I& II.
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ma = 10�27 eV

Currently: CDM
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Lague, Rogers, ++(2021)  ++ MI (2023)

Axions
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LSS is more sensitive
than CMB !
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DM not cold (fraction) - ?
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small scale problems 
(caveat: baryons)

Example:

characterised by the matter clustering parameter �8, the amplitude at redshift z = 0 when
averaged over 8 h

�1 Mpc scales, or by the degenerate combination S8 ⌘
q

⌦m
0.3 �8 (where ⌦m

is the matter energy density), which is well constrained by large-scale structure experiments.
The statistical significance of the so-called S8 tension ranges from 2 to 3 � depending on
the data considered; galaxy shear, in particular, drives the largest discrepancies with CMB
data. Notwithstanding undetected systematic errors in the data, the S8 tension has proposed
solutions based on physics beyond ⇤CDM typically by introducing either a time-dependence
or a scale-dependence in the DM dynamics. This can be achieved by, e. g., coupling DM
to DE [89, 90], a complex dark sector (e. g., atomic DM [91–93]), decaying DM [94, 95], or
baryon-DM interactions [96]; Ref. [97] more generally considers modifications to non-linear
clustering including the effects of baryonic feedback.

Ultra-light axions form a component of the dark sector with a scale-dependent growth
factor. We therefore hypothesise that axions could alleviate the S8 tension, by behaving like
standard cold DM at the scales probed by current CMB surveys, while suppressing the growth
of structure at the smaller scales to which galaxy surveys are sensitive. We investigate this
hypothesis by jointly analysing CMB and galaxy clustering data. The inclusion of galaxy
shear measurements is left for future work. Another discrepancy in the ⇤CDM model is the
H0 tension, the ⇠ 5� difference in the Hubble expansion rate today H0 as inferred from
different direct and indirect distance ladders [see, e. g., 88]. Many proposed solutions to the
H0 tension based on new physics, however, exacerbate the discrepancy in S8 [e. g., 98]. Models
invoking ultra-light axions, with ma ⇠ (10�27 � 10�26) eV, combined with modifications to
the dynamics of the DE component [99–101] are invoked to alleviate simultaneously both
parameter tensions. In this work, we stress the importance of assessing tension in the full
parameter space. In testing the extent to which ultra-light axions can improve consistency
between CMB and large-scale structure data, we therefore use metrics of tension that account
for the full non-Gaussian posterior distribution.

In § 2, we introduce our model for axion structure formation: the linear theory in § 2.1
and the EFT of LSS that we use as our non-linear theory in § 2.2. We discuss our data in § 3:
CMB in § 3.1, baryon acoustic oscillations (BAO) and supernovae in § 3.2, full-shape BOSS
galaxy clustering in § 3.3 and our parameter inference methods in § 3.4. We present results
from the CMB, BAO and supernovae in § 4.1 and from BOSS galaxy clustering in § 4.2. In
§ 5, we discuss these results and draw conclusions in § 6.

2 Axion structure formation model

2.1 Linear theory

In order to model the effect of ultra-light axions (ULAs) on the cosmic microwave back-
ground (CMB), we calculate linear-order perturbations using the Einstein-Boltzmann solver
axionCAMB2 [22, 57]. The fundamental equation governing the axion field � is the Klein-
Gordon equation:

⇤� � m
2
a� = 0, (2.1)

where ⇤ is the d’Alembert operator. We consider a temperature-independent axion mass,
which is appropriate for string theory axions, where the mass switches on at a high energy
scale (typically the geometric mean of the supersymmetry scale and the Planck scale [19]).

2https://github.com/dgrin1/axionCAMB.
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Hu, Barkana, Gruzinov (2000)

2

where t is proper time, the spatial derivative is with
respect to comoving coordinates, a is the scale factor,
H ⌘ ȧ/a is the Hubble parameter and � is the gravita-
tional potential, obeying:

r
2� = 4⇡Ga2⇢̄� (4)

where ⇢̄ is the cosmic mean mass density and � is the
overdensity. We use ˙ to denote a derivative with respect
to proper time t. Note that:

⇢̄ = m ̄2 , ⇢ = m| |
2 , � ⌘ (⇢� ⇢̄)/⇢̄ , (5)

where  ̄ is chosen to be real without loss of generality.
The Schrödinger-Poisson system of wave dynamics (3)

and (4) can be recast as fluid dynamics (known as the
Madelung formulation [19], see the Feynman lectures for
a discussion [20]). The field  is related to the fluid mass
density ⇢ as above, and the fluid velocity v as follows:

 ⌘

r
⇢

m
ei✓ , v ⌘

~
ma

r✓ . (6)

With this mapping, the conservation associated with the
U(1) symmetry of the Schrödinger equation (which orig-
inates from particle number conservation in the non-
relativistic limit) becomes mass conservation:

⇢̇+ 3H⇢+
1

a
r · (⇢v) = 0 , (7)

and the conjugate part of the Schrödinger equation gives
the analog of the Euler equation:

v̇ +Hv +
1

a
(v · r)v = �

1

a
r� �

~2
2m2a3

rp , (8)

where

p ⌘ �
r

2p⇢
p
⇢

= �
1

2
r

2 log ⇢�
1

4
(r log ⇢)2 . (9)

The quantity p is often referred to as “quantum pres-
sure”. This is a bit of a misnomer (which we adopt
nonetheless, following convention) — it is in fact not a
pressure, but arises from some particular combination of
stress i.e. the stress tensor in general has non-vanishing
o↵-diagonal terms.3

In the fluid formulation, ~ can be grouped together
with m to define a length scale (the Compton scale ~/m),
after which ~ does not appear in the rest of the equa-
tions (7) and (8). In the applications we are interested
in, the relevant particle number occupancy is large, mak-
ing quantum fluctuations very small. The Schrödinger
equation, despite its appearance, should be interpreted
as an equation for a classical complex scalar  (though
we will adhere to the common terminology of  as the

3
The stress tensor takes a special form such that its divergence

divided by density takes the form of the spatial gradient of p.

wave function). Wave mechanics e↵ects such as inter-
ference are still present, since ⇢ = m| |

2, but they are
classical in nature, much like the interference of waves in
classical electromagnetism.
In the literature, there are investigations of struc-

ture formation in the FDM model using both the wave
formulation [10, 13, 15, 21] and the fluid formulation
[12, 14, 18, 22]. Our goal is to build on and extend
these investigations in a number of ways. (1) We investi-
gate the strengths and weaknesses of solvers based on the
wave and fluid formulations by studying test cases. (2)
We carry out perturbative computations (in the fluid for-
mulation, for reasons that will become clear) up to third
order in perturbation theory, and compare the results
against numerical solutions. (3) As an application, we
numerically compute the Lyman-alpha forest flux power
spectrum in the FDM model, and compare the prediction
from solving the Schrödinger-Poisson system versus the
prediction from a pure gravity solver (starting from the
same initial conditions). Current constraints on the FDM
mass from the Lyman-alpha forest use N-body simula-
tions (i.e. a gravity solver) to approximate the dynamics
[23, 24]4, and we address the question of how the predic-
tions are sensitive to the presence/absence of quantum
pressure.
The paper is organized as follows. In Sec. II, we sum-

marize perturbation theory results that are presented in
more details in the Appendix. The perturbative com-
putation provides a number of insights that are useful
for interpreting the numerical results. In Sec. III, we de-
scribe our code SPoS, a second order Schrödinger-Poisson
solver and compare it with a grid-based fluid solver that
incorporates quantum pressure. We go over the pros and
cons of both, and show the fluid formulation fails in cases
where the density vanishes due to chance destructive in-
terference (which seem to generically occur in the highly
nonlinear regime). Certain details of the fluid solver are
relegated to the Appendix. In Sec. IV, we apply the
Schrödinger-Poisson solver to compute the Lyman-alpha
forest flux power spectrum, and quantify how the predic-
tions di↵er if one were to approximate the dynamics as
purely gravitational (i.e. FDM versus CDM dynamics,
from the same initial conditions).
In sample cosmological calculations, the parameters

used are: density parameters for dark matter ⌦m,0 =
0.268, dark energy ⌦⇤,0 = 0.732, the Hubble constant in
unit 100 /km/s/Mpc H0 = 0.704, the fluctuation ampli-
tude �8 = 0.811, the spectral index ns = 0.961 and the
CMB temperature today TCMB = 2.726 K. Our cosmo-
logical numerical simulations start at z = 100.

As this article was under preparation, a paper by Nori
et al. [25] appeared that has some overlap with this one,
in particular regarding the Lyman-alpha forest.

4
An exception is [22] who incorporated quantum pressure in their

simulations. As we will see below, incorporating quantum pres-

sure in a fluid formulation has issues that need to be addressed.
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DM - baryon interactions

3

that remains constant for z > 103 and scales linearly
with z for z . 103 is used to reproduce the e↵ect of
V

2
RMS on R� with a precision adequate for cosmolog-

ical analyses (Tseliakhovich & Hirata (2010); Dvorkin
et al. (2014)). To solve the Boltzmann equations of
presence of IDM, we use a modified version of the Boltz-
mann solver CLASS, which allows for DM-baryon scatter-
ing parameterized by a momentum transfer cross section
as � = �0v

n (Gluscevic & Boddy (2018); Boddy et al.
(2018)), where n = 0, in the case of velocity-independent
scattering.

In order to make a prediction for late-time evolution
of the matter power spectrum, on scales corresponding
to galaxy clustering, weak lensing, and related LSS ob-
servables, we merge the modified IDM CLASS code with
a CLASS-PT module, previously developed as a tool for
computation of the LSS power spectra in mildly non-
linear regime Baumann et al. (2012); Carrasco et al.
(2012); Cabass et al. (2022).1 CLASS-PT is a non-linear
perturbation theory extension of CLASS that calculates
non-linear 1-loop corrections to the linear matter power
spectrum, and outputs the redshift-space galaxy power
spectrum (Chudaykin et al. (2020)).

The formalism implemented in CLASS-PT rests on the
e↵ective theory of LSS, which should, in principle, be
modified in the presence of non-gravitational interac-
tions between baryons and DM (see e.g. Senatore & Zal-
darriaga (2017); Lewandowski et al. (2015) for cases of
massive neutrinos and the baryon-DM fluid, in the ab-
sence of direct coupling). However, in case of velocity-
independent interaction, DM-baryon scattering only af-
fects the evolution of matter perturbations at very high
redshifts, where non-linear e↵ects are entirely negligi-
ble. At redshifts relevant to galaxy surveys, the mean
free path associated with the DM-baryon interactions
exceeds particle horizon, and the evolution of structure
proceeds as in ⇤CDM, with a suppressed initial power
spectrum, shown in Figure 1.2,3 This means the stan-
dard implementation of CLASS-PT is entirely applicable
to predicting late-time LSS observables in our scenario
of interest.

3. DATA AND ANALYSIS METHODS

1
https://github.com/Michalychforever/CLASS-PT

2
We show that DM-baryon interactions only impact the evolu-

tion of matter perturbations at redshifts before recombination in

Appendix A.

3
In Figure 1, the residual of the linear matter power spectrum

lies higher than that of the total matter power spectrum in some

cases–this is because the linear and total IDM spectra are normal-

ized to their respective CDM counterparts, and the total CDM

spectrum sometimes experiences more enhancement than IDM.
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Figure 1. Percent di↵erence between the matter power
spectrum for an IDM cosmology with DM-baryon scattering
and collisionless CDM cosmology. The linear power spec-
trum is shown in green, and the total power spectrum is
shown in orange. The lines are generated with the best-
fit parameter values from a joint Planck + BOSS + DES
analysis of the IDM model with a DM mass of 1 MeV, and
interacting fraction f� = 10%. The shaded bands designate
the uncertainty in reconstructed matter power spectrum that
corresponds to a 1� uncertainty around these best-fit param-
eter values. An increase in the interaction cross section and
in the interacting fraction lead to a greater suppression in
P (k), while the former also shifts the onset of suppression to
larger scales. VG: lets consider cutting o↵ this figure at the
end of teh grey shaded region and removing footnote related
to it.

VG: title of sec 3 is hanging at the bottom of the page,
see if you can change formatting. removing footnote 3
might resolve this.

We analyze the full Planck 2018 TT, TE, EE, and
lensing power spectra (Aghanim et al. (2020a)), along
with anisotropic galaxy clustering data from BOSS
DR12 at z = 0.38 and 0.61 (Ivanov et al. (2020b,c), see
also Zhang et al. (2022); Chen et al. (2022)). As in Chu-
daykin et al. (2021); Philcox & Ivanov (2022), our anal-
ysis is performed up to kmax = 0.2 h/Mpc for the galaxy
power spectrum multipoles, from 0.2 < k < 0.4 h/Mpc
for the real-space power spectrum proxy Q0 (Ivanov
et al. 2022b), and up to kmax = 0.08 h/Mpc for the
bispectrum monopole (Ivanov et al. 2022a; Philcox &
Ivanov 2022).4 We also add the post-reconstructed
BOSS DR12 BAO data to this dataset following Philcox
et al. (2020). We stress that our EFT-based full-
shape analysis is quite conservative as we consistently

4
Our BOSS full-shape likelihood for CLASS-PT is publicly available

at https://github.com/oliverphilcox/full shape likelihoods.
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Figure 3. 68% and 95% confidence-level marginalized
posterior distributions of relevant parameters for ⇤CDM
from Planck (black) and our fractional DM-baryon interact-
ing model (colored) from di↵erent combinations of Planck,
BOSS, and DES data. The gray bands show the DES
measurement of S8. The bottom right-hand panel shows
a 2.6� preference for non-zero interactions between DM and
baryons under a combined Planck, BOSS, and DES analysis.

In particular, Figure 3 shows that the combined Planck
+ BOSS + DES analysis returns a mean �0 value of
1.34+0.51

�0.67 ⇥ 10�25 cm2.
In Table 1, we show the mean and best-fit values of

relevant parameters from a Planck + BOSS + DES anal-
ysis of the f� = 10%, m� = 1 MeV model, as well as the
�

2 statistics. The mean value of a given parameter is
taken to be the maximum of the marginalized posterior
distribution for that parameter, and the best-fit value
is the value of that parameter at the global maximum
of the likelihood. We present the full list of constraints
on all cosmological parameters for this scenario in Ap-
pendix B, and we show full posterior distributions for
this model in Appendix D. The f� = 10%, m� = 1 MeV
IDM model and ⇤CDM present similar �

2 values when
analyzed under Planck only; however, we find ��

2 =
�3.48 once we include BOSS data, and ��

2 = �6.7
once we include the DES prior on S8, corresponding to a
2.6� preference for non-zero interactions. We note that
the preference for non-zero DM-baryon interactions is
present even in the BOSS data alone: the IDM fit that
contains a single additional free parameter reduces �

2

by 3.02, compared to the CDM model. We find that
our fractional IDM model shows a consistent preference
over CDM, regardless of DM interacting fraction; this is
discussed further in Appendix C. Finally, we note that
the best-fit value of �0 in Table 1 is somewhat shifted

with respect to the posterior mean, due to inherent lim-
itations of the MCMC sampler; we discuss this further
in Appendix D.

5. DISCUSSION

Our results have general implications in the search
for a model that may restore concordance between cos-
mological data sets. Firstly, we the initial power spec-
trum capable of alleviating the S8 tension H0 tension
the same. This power spectrum is shown in Figure 1,
generated with the best-fit parameter values from a joint
Planck, BOSS, and DES analysis of our fractional IDM
model. We show both the linear matter power spectrum
and the total matter power spectrum, each normalized
to their respective ⇤CDM counterpart. An increase or
decrease in �0 shifts the cuto↵ in the power spectrum
to larger or smaller scales, respectively. This feature is
what allows this model to fit both LSS and CMB data
so well, as it seems that both datasets are very sensitive
to the position of this cuto↵. It is also worth noting that
the shape of our best-fit power spectrum looks similar
to those found in other proposed solutions to S8, such as
the DM-DE drag in Poulin et al. (2022). However, our
model is much more robust against the data analyzed;
in IDM, interactions between dark matter and baryons
a↵ect the early universe and still fit LSS and CMB data,
whereas in DM-DE drag, late universe edits resolve the
S8 tension without any modifications to the CDM im-
print on the CMB. Because our model must fit both
CMB and LSS data, we have less degrees of freedom in
our analysis, which makes our marked improvement in
��

2
min especially noteworthy.

Secondly, we stress that all of our posteriors over-
lap regardless of data combination except for the IDM
BOSS posteriors, as seen in Appendix D where we dis-
play full posterior distributions for the m� = 1 MeV,
f� = 10% model. The same cannot be said for ⇤CDM;
in ⇤CDM, posteriors for As and �8 do not fully over-
lap when comparing a Planck analysis to a BOSS +
DES analysis (Ivanov et al. (2020b); Philcox & Ivanov
(2022)). Therefore, our fractional IDM model provides
a better fit to both Planck and LSS data than ⇤CDM.
This result is extremely meaningful for DM detection
e↵orts–while we do not claim to have detected DM, our
results indicate that fractional DM-baryon interactions,
or models with similar physics, show promise of being
the new concordant cosmological model that replaces
⇤CDM. In fact, the shape of the power spectrum we
obtain with our model is characteristic for cosmologies
in which a fraction of DM interacts with other parti-
cles (neutrinos, photons, etc.). Future work should un-
doubtedly explore these interacting scenarios–given our

5

Figure 3. 68% and 95% confidence-level marginalized
posterior distributions of relevant parameters for ⇤CDM
from Planck (black) and our fractional DM-baryon interact-
ing model (colored) from di↵erent combinations of Planck,
BOSS, and DES data. The gray bands show the DES
measurement of S8. The bottom right-hand panel shows
a 2.6� preference for non-zero interactions between DM and
baryons under a combined Planck, BOSS, and DES analysis.

In particular, Figure 3 shows that the combined Planck
+ BOSS + DES analysis returns a mean �0 value of
1.34+0.51

�0.67 ⇥ 10�25 cm2.
In Table 1, we show the mean and best-fit values of

relevant parameters from a Planck + BOSS + DES anal-
ysis of the f� = 10%, m� = 1 MeV model, as well as the
�

2 statistics. The mean value of a given parameter is
taken to be the maximum of the marginalized posterior
distribution for that parameter, and the best-fit value
is the value of that parameter at the global maximum
of the likelihood. We present the full list of constraints
on all cosmological parameters for this scenario in Ap-
pendix B, and we show full posterior distributions for
this model in Appendix D. The f� = 10%, m� = 1 MeV
IDM model and ⇤CDM present similar �

2 values when
analyzed under Planck only; however, we find ��

2 =
�3.48 once we include BOSS data, and ��

2 = �6.7
once we include the DES prior on S8, corresponding to a
2.6� preference for non-zero interactions. We note that
the preference for non-zero DM-baryon interactions is
present even in the BOSS data alone: the IDM fit that
contains a single additional free parameter reduces �

2

by 3.02, compared to the CDM model. We find that
our fractional IDM model shows a consistent preference
over CDM, regardless of DM interacting fraction; this is
discussed further in Appendix C. Finally, we note that
the best-fit value of �0 in Table 1 is somewhat shifted

with respect to the posterior mean, due to inherent lim-
itations of the MCMC sampler; we discuss this further
in Appendix D.

5. DISCUSSION

Our results have general implications in the search
for a model that may restore concordance between cos-
mological data sets. Firstly, we the initial power spec-
trum capable of alleviating the S8 tension H0 tension
the same. This power spectrum is shown in Figure 1,
generated with the best-fit parameter values from a joint
Planck, BOSS, and DES analysis of our fractional IDM
model. We show both the linear matter power spectrum
and the total matter power spectrum, each normalized
to their respective ⇤CDM counterpart. An increase or
decrease in �0 shifts the cuto↵ in the power spectrum
to larger or smaller scales, respectively. This feature is
what allows this model to fit both LSS and CMB data
so well, as it seems that both datasets are very sensitive
to the position of this cuto↵. It is also worth noting that
the shape of our best-fit power spectrum looks similar
to those found in other proposed solutions to S8, such as
the DM-DE drag in Poulin et al. (2022). However, our
model is much more robust against the data analyzed;
in IDM, interactions between dark matter and baryons
a↵ect the early universe and still fit LSS and CMB data,
whereas in DM-DE drag, late universe edits resolve the
S8 tension without any modifications to the CDM im-
print on the CMB. Because our model must fit both
CMB and LSS data, we have less degrees of freedom in
our analysis, which makes our marked improvement in
��

2
min especially noteworthy.

Secondly, we stress that all of our posteriors over-
lap regardless of data combination except for the IDM
BOSS posteriors, as seen in Appendix D where we dis-
play full posterior distributions for the m� = 1 MeV,
f� = 10% model. The same cannot be said for ⇤CDM;
in ⇤CDM, posteriors for As and �8 do not fully over-
lap when comparing a Planck analysis to a BOSS +
DES analysis (Ivanov et al. (2020b); Philcox & Ivanov
(2022)). Therefore, our fractional IDM model provides
a better fit to both Planck and LSS data than ⇤CDM.
This result is extremely meaningful for DM detection
e↵orts–while we do not claim to have detected DM, our
results indicate that fractional DM-baryon interactions,
or models with similar physics, show promise of being
the new concordant cosmological model that replaces
⇤CDM. In fact, the shape of the power spectrum we
obtain with our model is characteristic for cosmologies
in which a fraction of DM interacts with other parti-
cles (neutrinos, photons, etc.). Future work should un-
doubtedly explore these interacting scenarios–given our

<latexit sha1_base64="Pr00KJRazSX6kFlKwvhQnFfbxH0=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHCOYBmyXMTmaTIfNYZmaFEPIZXjwo4tWv8ebfOEn2oIkFDUVVN91dccqZsb7/7RXW1jc2t4rbpZ3dvf2D8uFRy6hME9okiivdibGhnEnatMxy2kk1xSLmtB2P7mZ++4lqw5R8tOOURgIPJEsYwdZJYdewgcA9H92gXrniV/050CoJclKBHI1e+avbVyQTVFrCsTFh4Kc2mmBtGeF0WupmhqaYjPCAho5KLKiJJvOTp+jMKX2UKO1KWjRXf09MsDBmLGLXKbAdmmVvJv7nhZlNrqMJk2lmqSSLRUnGkVVo9j/qM02J5WNHMNHM3YrIEGtMrEup5EIIll9eJa2LanBZrT3UKvXbPI4inMApnEMAV1CHe2hAEwgoeIZXePOs9+K9ex+L1oKXzxzDH3ifP/z/kGo=</latexit>�0 =

<latexit sha1_base64="1WMBAS2y8uj2A0au0tDHPvQDAfw=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CZaCp7IrpXosevFYwX5IdynZNNuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh5Hbud5+o0iyWD2aa0EDgkWQRI9hY6dHXTCDP9auDcsWtuQugdeLlpAI5WoPylz+MSSqoNIRjrfuem5ggw8owwums5KeaJphM8Ij2LZVYUB1ki4NnqGqVIYpiZUsatFB/T2RYaD0Voe0U2Iz1qjcX//P6qYmug4zJJDVUkuWiKOXIxGj+PRoyRYnhU0swUczeisgYK0yMzahkQ/BWX14nncua16jV7+uV5k0eRxHO4BwuwIMraMIdtKANBAQ8wyu8Ocp5cd6dj2VrwclnTuEPnM8fbHGPhA==</latexit>

⇠ 10% of DM ~                        interacts w/ baryons
<latexit sha1_base64="8CNV4cd7ASQyYKH4lhb/7oaegbc=">AAACAHicbVA9SwNBEN2LXzF+RS0sbBaDYBXuJKhl0MZGiGA+IBfC3maSLNm9O3bnxHDEwr9iY6GIrT/Dzn/j5qPQxAcDj/dmmJkXxFIYdN1vJ7O0vLK6ll3PbWxube/kd/dqJko0hyqPZKQbATMgRQhVFCihEWtgKpBQDwZXY79+D9qIKLzDYQwtxXqh6ArO0Ert/IFq+7wvfCMU9R59hAdMb6A2aucLbtGdgC4Sb0YKZIZKO//ldyKeKAiRS2ZM03NjbKVMo+ASRjk/MRAzPmA9aFoaMgWmlU4eGNFjq3RoN9K2QqQT9fdEypQxQxXYTsWwb+a9sfif10ywe9FKRRgnCCGfLuomkmJEx2nQjtDAUQ4tYVwLeyvlfaYZR5tZzobgzb+8SGqnRe+sWLotFcqXsziy5JAckRPikXNSJtekQqqEkxF5Jq/kzXlyXpx352PamnFmM/vkD5zPH8iJlos=</latexit>

m� ⇠ 1 MeV

He, MI ++(to appear)
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Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential

motivated by direct detection

Dvorkin ++ (2014)



Future

LSS results will improve by ~5-10 in ~5-10 years
Summary   

LSS is emerging as the main observational probe for 
cosmology in the near future

analytic understanding of LSS in the mildly non-linear 
regime 20 Mpc < l < 100 Mpc is essential to fully 
exploit its potential



Summary

Huge improvements in the future

Novel ways to test new physics

Cosmo. parameters competitive with CMB

PT (EFT) - robust analytic tool for LSS

Many O(1) question on DM, inflation will be answered
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