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Non-Linearities come into play

Baumann, Nicolis, Senatore, Zaldarriaga 2012: effective field theory approach

�NL = �L + F2�
2
L + ... +�r2�L + ... “counterterms”

2

should be treated as nuisance parameters



Our pipeline in a nutshell

1.  Consistently recompute power  
spectrum as we vary cosmology  
(CMB style)  
using the full non-linear model

II.  MCMC analysis thanks to FFTLog

CLASS-PTIII. 
1) User friendly & works out-of-the box
2) Easy scales with # of parameters
3) No hard coding !

+ Montepython

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

2004.10607

McEwen, Fang, Hirata, Blazek (2016)

Schmittfull, Vlah, McDonald (2016)

Simonovic, Zaldarriaga et al. (2017)
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Figure 1. Left panel : the posterior distribution for the late-Universe parameters H
0

,⌦m and �
8

obtained with priors on !b from Planck (gray contours) and BBN (blue contours). For comparison we
also show the Planck 2018 posterior (red contours) for the same model (flat ⇤CDM with massive neu-
trinos). Right panel : the monopole (black dots) and quadrupole (blue dots) power spectra moments
of the BOSS data for high-z (upper panel) and low-z (lower panel) north galactic cap (NGC) samples,
along with the best-fit theoretical model curves. The corresponding best-fit theoretical spectra are
plotted in solid black and blue. H

0

is quoted in units [km/s/Mpc].

The outcome of our analyses is shown in figure 1, where we display the final triangle
plot (left panel) and best-fit spectra for two BOSS data samples with the biggest volume7

(right panel). The inferred cosmological parameters are given in table 1. We have chosen to
present the parameters H0, ⌦m

and �8 as our main results because they are more common
in the LSS literature and because they are close to the actual principal components of the
BOSS data.

Our constraints on ⌦
m

and H0 are competitive with the Planck measurements for the
same cosmological model with varied neutrino masses.8 Moreover, the use of the full parame-
ter likelihood adopted in this work allows for a clear comparison between the two experiments
at the level of the fundamental ⇤CDM parameters. Our measurement of H0 is driven by
the geometric location of the BAO peaks, whereas the limits on ⌦

m

result from the com-
bination of both the geometric (distance) and shape information. �8 is measured through
redshift-space distortions. We performed several tests to ensure that our constraints are sat-

7These are high-z and low-z north galactic cap (NGC) samples.
8There are several caveats that should be mentioned at this point. First, we approximate the neutrino

sector with one massive eigenstate, which should be contrasted with the approximation of three degenerate
eigenstates used in Planck 2018. The di↵erence between these two approaches is a few percent at the matter
power spectrum level, and hence can be neglected for our purposes. Second, the Planck Legacy contours that
we show roughly correspond to the variation of the total neutrino mass in the range (0 � 0.24) eV, which is
somewhat di↵erent from our prior (0.06�0.18) eV. However, the e↵ect of weighting the Planck posterior with
our prior on

P
m⌫ is marginal. We show the original Planck contours for clarity.

– 6 –

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


Applications of our pipeline

high-res. N-body 
mocks BOSS data 

forecast for
DESI/Euclid
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Results
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Figure 5: Comparison of the data for the monopole and the quadrupole (the error bars are
there, barely visible) with the best-fit model.

Figure 6: The residuals for the monopole and the quadrupole, for the best-fit model. The fit
is good, with �

2

/dof = 12/(24� 9).

7

Figure 5: Comparison of the data for the monopole and the quadrupole (the error bars are
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Figure 6: The residuals for the monopole and the quadrupole, for the best-fit model. The fit
is good, with �
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/dof = 12/(24� 9).
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True cosmology recovered with ~0.1% accuracy

http://www-utap.phys.s.u-tokyo.ac.jp/~nishimichi/data/PTchallenge/

w/ M. Takada, T. Nishimichi
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Large N-body sims ⇠ 600 (Gpc/h)3 =100x BOSS = 10x DESI



Reanalysis of the BOSS data (LCDM)
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Figure 1: Left panel : The posterior distribution for the late-Universe parameters
H0,⌦m

and �8 obtained with priors on !
b

from Planck (gray contours) and BBN (blue
contours). For comparison we also show the Planck 2018 posterior (red contours) for
the same model (flat ⇤CDM with massive neutrinos). Right panel : The monopole
(black dots) and quadrupole (blue dots) power spectra moments of the BOSS data for
high-z (upper panel) and low-z (lower panel) north galactic cap (NGC) samples, along
with the best-fit theoretical model curves. The corresponding best-fit theoretical
spectra are plotted in solid black and blue. H0 is quoted in units [km/s/Mpc].

adopted in this work allows for a clear comparison between the two experiments at
the level of the fundamental ⇤CDM parameters. Our measurement of H0 is driven by
the geometric location of the BAO peaks, whereas the limits on ⌦

m

result from the
combination of both the geometric (distance) and shape information. �8 is measured
through redshift-space distortions. We performed several tests to ensure that our
constraints are saturated with these three effects, and confirmed that distance ratio
measurements implemented through the Alcock-Paczynski effect can only marginally
affect the cosmological parameters of ⇤CDM. However, the situation changes in
its extensions, in which the Alcock-Paczynski effect becomes a significant source of
information.

It is important to emphasize that we did not assume strong priors on the power
spectrum shape in our analysis, in contrast with the previous full-shape studies,
which used such priors. In order to explore the relation with those previous works
we ran an analysis with very tight shape priors and obtained essentially the same
results as in Tab. 1. However, in that case ⌦

m

cannot be viewed as an independently
measured parameter, since the shape priors completely fix the relation between ⌦

m

– 6 –

H0 = 68.55± 1.1
⌦m = 0.320± 0.015
�8 = 0.75± 0.05
ns = 0.90± 0.07
ln(1010As) = 2.82± 0.13

Nuisance params: b
1

, b
2

, bG2 , Pshot

+ c(0)r2�, c
(2)

r2
z�
, c(0)+(2)

r4
z�

ze↵ = 0.38, 0.61 (SGC + NGC)

BBN prior on ob!
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Information
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Combining with Planck: EDE

H0-resolving 
params. ruled out

by FS

2006.11235
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26

FIG. 12. Posterior distributions for the parameters extracted from the joint Planck 2018 TT+TE+EE+low `+lensing + BOSS
FS+BAO data. We show the results obtained using the standard FS+BAO likelihood (in blue) and the EFT-based likelihood
(in red). For reference, we also display the constraints from the Planck 2018 primary CMB data alone (TT+TE+EE), obtained
in [1]. The gray band shows the H

0

measurement from SH0ES, for comparison. The dark-shaded and light-shaded contours
mark 68% and 95% confidence intervals, respectively.
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Forecast for Euclid/DESI - like survey

MCMC using the same pipeline w/ full non-linear model 

Marginalize over all necessary nuisance params

What if you gave me the data right now?

Same data cuts as we use now

w/ A. Chudaykin1907.06666
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MCMC forecast for Euclid-like survey

�(m⌫) = 13 meV
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Figure 6. Posterior 1� and 2� contours in the m⌫ �A(⌘ As/As,fid) plane for the following
likelihoods: one-loop power spectrum only (orange), one-loop power spectrum + tree-level
bispectrum monopole (blue), one-loop power spectrum + tree-level bispectrum monopole
+ Planck (violet). m⌫ is quoted in eV.

realistic mock catalogs. As far as the bias coefficients are concerned, their values can
be estimated from the galaxy-galaxy lensing cross-correlation [153], or some semi-
analytic models, e.g. the peak-background split (see [42] and references therein).24

Using these priors may drastically improve our conservative limits which were ob-
tained under very agnostic assumptions about the properties of the Euclid galaxy
sample.

There are several directions in which our study can be ameliorated. First, one
can perform a more accurate analysis of the redshift space bispectrum that would
include higher multipole moments, the Alcock-Paczynski effect, and a more general
treatment of stochastic contributions. Second, one can extend the analysis to the case
of the two-loop power spectrum and one-loop bispectrum. In that case one would
have to consistently take into account non-Gaussian contributions to the covariance
matrices and the cross-covariance between the power spectrum and the bispectrum.
Third, it would be important to see how our results can be affected by instrumental
uncertainties of a Euclid-like survey. Fourth, one has to verify our assumptions on the

24 One might also expect that some information on counterterms and bias parameters can be
extracted from non-perturbative observables. Indeed, the dark matter real-space counterterm can,
in principle, be measured from the one-point counts-in-cells statistics [154].

– 42 –

w/ A. Chudaykin1907.06666

Figure 4. The 2d posterior contours and non-normalized 1d marginalized distributionsfig:triang
for the total neutrino mass and other parameters of our cosmological model, see Tab. 2
for the corresponding limits. The filled and half-filled contours correspond to 1� and 2�

confidence levels. The blue dashed lines represent the Planck 2018 consensus results.

It is useful to understand the degeneracies seen in the 2d marginalized contours.
Let us first focus on the pair !cdm�h. Upon marginalyzing over !b, the constancy of
the equality and BAO scales in units of Mpc/h fixes the combinations !cdmh

�1 and
!cdmh

�4. Their geometrical mean roughly corresponds to the observed degeneracy
direction !cdmh

�2. The direction !0.5
b /!cdm seen in the corresponding panel is likely

to be a combination of !b/!cdm and the sound horizon (5.2b). As for the obtained
degeneracy direction !bh

�3.3, its origin roots in the constancy of rd in units of Mpc/h,
which leads to !0.38

b h�1 upon marginalization of (5.2b) over !cdm. Note that ns has
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Summary

LSS (full-shape) is a powerful probe

Cosmology similar or better than Planck with 
DESI/Euclid

PT is robust & precise, better than 0.1%

BOSS rivals Planck for H0 and Omegam

Detecting neutrino masses @5sigma

12

Ask me about the covariance matrices !



Thanks!
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Bias and RSD
28 J.A. Peacock: Surveys and cosmic structure

Figure 7. The power spectra of red galaxies (filled circles) and blue galaxies (open circles),
divided at photographic B − R = 0.85. The shapes are strikingly similar, and the square root
of the ratio yields the right-hand panel: the relative bias in redshift space of red and blue
galaxies. The error bars are obtained by a jack-knife analysis. The relative bias is consis-
tent with a constant value of 1.4 over the range used for fitting of the power-spectrum data
(0.015 < k < 0.15 h Mpc−1).

degrees of bias. Colour information has recently been added to the 2dFGRS database
using SuperCosmos scans of the UKST red plates (Hambly et al. 2001), and a division at
rest-frame photographic B − R = 0.85 nicely separates ellipticals from spirals. Figure 7
shows the power spectra for the 2dFGRS divided in this way. The shapes are almost
identical (perhaps not so surprising, since the cosmic variance effects are closely correlated
in these co-spatial samples). However, what is impressive is that the relative bias is
almost precisely independent of scale, even though the red subset is rather strongly
biased relative to the blue subset (relative b ≃ 1.4). This provides some reassurance that
the large-scale P (k) reflects the underlying properties of the dark matter, rather than
depending on the particular class of galaxies used to measure it.

6. Relation of galaxies and dark matter

6.1. History and general aspects of bias

In order to make full use of the cosmological information encoded in large-scale structure,
it is essential to understand the relation between the number density of galaxies and the
mass density field. It was first appreciated during the 1980s that these two fields need not
be strictly proportional. Until this time, the general assumption was that galaxies ‘trace
the mass’. Since the mass density is a continuous field and galaxies are point events, the
approach is to postulate a Poisson clustering hypothesis, in which the number of galaxies
in a given volume is a Poisson sampling from a fictitious number-density field that is
proportional to the mass. Thus within a volume V ,

⟨Ng(V )⟩ ∝ M(V ). (96)

With allowance for this discrete sampling, the observed numbers of galaxies, Ng, would
give an unbiased estimate of the mass in a given region.

The first motivation for considering that galaxies might in fact be biased mass tracers
came from attempts to reconcile the Ωm = 1 Einstein–de Sitter model with observations.

�2(k) = P (k)k3
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RSD: What"

•  When making a 3D map of the Universe the 3rd 
dimension (radial distance) is usually obtained from a 
redshift using Hubble’s law or its generalization. 
–  Focus here on spectroscopic measurements. 
–  If photometric redshift uses a break or line, then it will be 

similarly contaminated.  If it uses magnitudes it won’t be. 

•  Redshift measures a combination of “Hubble 
recession” and “peculiar velocity”. 

•  Galaxies expected to be (almost) unbiased tracers of 
the cosmic velocity field (but not the density field). 
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BAO and IR resummation

P1-loop IR res
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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

P

0

, 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 P
0

). 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

(⌘,k
1

) 
2

(⌘,k
2

)i = P

 2 2(⌘, k1)�
(d)(k

1

+ k
2

). (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)

P

L

 2 2
(⌘, k) + P

1�loop

 2 2
(⌘, k) =

k

+
k k

C

2

+
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 C

2

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).
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Figure 1. Example of TSPT Feynman diagrams.

Using the diagrams depicted in Fig. 1 one obtains,
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where “perm.” in the last expression stands for the terms obtained by the exchange

k

2

$ k

3

and k

2

$ k

4

. 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 C
n

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 –

+

Non-Linearities come into play

Baumann, Nicolis, Senatore, Zaldarriaga 2012: effective field theory approach

�NL = �L + F2�
2
L + ... +�r2�L + ... “counterterms”

h�2NLi =
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Large N-body sims
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Combining with Planck

Figure 9. As Fig. 8, but for the cosmological parameters of the ⌫⇤CDM+Ne↵ model, additionally
varying the number of relativistic degrees of freedom Ne↵ .

physically motivated values and do not have a noticeable affect on the constraints. For this
reason, the method is far simpler than conventional techniques, which involve marginalization
over a number of polynomial shape parameters [10, 65]. We expect this to be of great use in
future BAO analyses.

Applying the combined FS+BAO likelihood to the BOSS dataset, we were able to place
strong constraints on ⌦m and H0 which are fully independent of the CMB (using only BBN
priors on !b), achieving a 1.6% constraint on the Hubble parameter in a ⇤CDM model with
massive neutrinos, with a ⇠ 40% improvement found from the addition of BAO data, due to
extra geometric information being provided. In the most minimial extension to the model,
we adopted a Planck prior on the spectral slope ns which is poorly constrained by BOSS; this

– 29 –
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Abstract. We present cosmological constraints from a joint analysis of the pre- and post-
reconstruction galaxy power spectrum multipoles from the final data release of the Baryon
Oscillation Spectroscopic Survey (BOSS). Geometric constraints are obtained from the po-
sitions of BAO peaks in reconstructed spectra, which are analyzed in combination with the
unreconstructed spectra in a full-shape (FS) likelihood using a joint covariance matrix, giv-
ing stronger parameter constraints than FS-only or BAO-only analyses. We introduce a new
method for obtaining constraints from reconstructed spectra based on a correlated theoretical
error, which is shown to be simple, robust, and applicable to any flavor of density-field re-
construction. Assuming ⇤CDM with massive neutrinos, we analyze clustering data from two
redshift bins ze↵ = 0.38, 0.61 and obtain 1.6% constraints on the Hubble constant H0, using
only a single prior on the current baryon density !b from Big Bang Nucleosynthesis and no
knowledge of the power spectrum slope ns. This gives H0 = 68.6±1.1 km s

�1
Mpc

�1, with the
inclusion of BAO data sharpening the measurement by 40%, representing one of the strongest
current constraints on H0 independent of cosmic microwave background data. Restricting to
the best-fit slope ns from Planck (but without additional priors on the spectral shape), we
obtain a 1% H0 measurement of 67.8± 0.7 km s

�1
Mpc

�1. Finally, we find strong constraints
on the cosmological parameters from a joint analysis of the FS, BAO, and Planck data. This
sets new bounds on the sum of neutrino masses

P

m⌫ < 0.14 eV (at 95% confidence) and the
effective number of relativistic degrees of freedom Ne↵ = 2.90+0.15

�0.16, though contours are not
appreciably narrowed by the inclusion of BAO data.
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Covariance matrices

Covariance matrices: accurate parameter estimation 
with few mocks or without them!

Philcox, MI, Zaldarriaga, Simonovic, Schmittfull
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Covariance matrices

Covariance matrices: accurate parameter estimation 
with few mocks or without them!

Summary
Analytic covariance is an excellent  
alternative to mock simulations

!23
D. Wadekar, NYU

1. Very good agreement with  
the state-of-the-art mocks 
up to non-linear scales 

2. Immense computational speedup (~ 104 )  
- allows calculation at best-fit cosmology  

3. No sampling noise effects 
- no parameter shifts 
- no inflation/deflation of error bars 

• Next:  
Bispectrum covariance 
  - Simulations are  
  computationally prohibitive

PT covariances

see Jay Wadekar’s talk 

Wadekar, Scoccimarro, 1910.02914 
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