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* Introduction: the current state of Cosmology
* Modeling LSS
e Our HO measurement

* Prospects for the future



LCDM: The standard model for the last 20 years
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The standard cosmological model
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LCDM: The standard model for the last 20 years

Composition  What are the properties of the DM
and the DE Curvature

« How was the dark matter created?
DE AV ERIE 26.8% ¢ BaryogeneSIS
* Neutrino masses

The history of the Universe before the
hot phase of the big bang

3%

« How where the initial seeds created?

Initial conditions  Was anything else left from before the

hot phase of the BB?
Astrophysical uncertainties
* First stars

« Galaxy formation
« SM black holes

Potential for new physics



Looking towards the future

* There are many questions still open on Cosmology, eg. the origin of the
primordial seeds, neutrino masses, the evolution of the dark energy.

* We expect to get answers to some of these questions from the studies
of the clustering of matter on large scales. These are scales where the
dynamics is simple, linear theory captures it very well but there are
small corrections. Those corrections however are larger than the
observational errors and cannot be calculated from first principles.

* What is the theory that describes the dynamics on very large scales?
What is needed to compute these small corrections both consistently
and accurately?

* The fact that on small scales the dynamics is complicated, modifies in
fundamental ways the theory that describe the evolution on large
scales. Although this field has a long history, only recently have
consistent calculations of this small corrections become available.



Millennium Run
10.077.696.000 particles. /

The distribution of matter on large scales encodes interesting information
about Cosmology. There are several complications: 1. On small scales the
dynamics is complicated and 2. we use discrete objects to trace the
distribution of matter 3. Clustering appears anisotropic as peculiar velocities

distort the apparent radial position of objects. 4. We cannot predict the
small scales from first principles.



The BOSS survey

NGC, z=0.61
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Baryon Oscillation Spectroscopic
Survey. Map luminous red galaxies.
Primary objective BAO. Observations
2009-2014 Latest papers DR12 2016

Spectra we used. Selection of samples
slightly different from chuck to chunk
so we allow different bias parameters.

Covariance from patchy mocks, results
independent of details of covariance
(analytic covariance from Scoccimarro
or Gaussian covariance give same
results)

Data Verr [(Gpe/h)?) V [(Gpe/h)?]
low-z NGC 0.84 1.46
low-z SGC 0.31 0.53
high-z NGC 0.93 2.8
high-z SGC 0.34 1.03

Our results are in 1909.05277, 1912. 08208 and 2002.04035



Ingredients needed to model LSS data

* Non-linear model for the dark matter evolution [PT or N-body]

* Relation between dark matter and galaxies (this depends on
small scale physics we cannot yet simulate from first principles
or have measured in the necessary detail. Details of this relation
also depend on how the galaxies are selected.) [Biasing model or
Hydro-simulation + subgrid].

* Noise from the fact measurements are discrete points. Typically
one galaxy per 10 Mpc size cube [Poisson + corrections].

All these ingredients are important to make the predictions. As you
go towards smaller scales the model are less and less under
control.



Size of selected contributions
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Future surveys will operate in a similar regime.

We are operating in a
regime where the non-
linear corrections are small
but larger than the error
bars which are very small.

This regime is perfectly
suitable for perturbative
type approaches which
has several advantages.



What theory describes the
dynamics on large scales?

As you go to large scales the Universe becomes
more homogeneous.

If we restrict to large scales we should be able to
have a very accurate description.

Millennium Run
10.077.696.000 particles. »

density velocity

[/

0,6 + 0;[(1 + S)v'] =
O-v" + Hu' + 8'¢ + v/ 90" =

Mass and momentum
conservation

Gravitational interactions

Describe the dynamics on large
scales, after integrating out the short
scale modes (EFT of LSS).

0 =0(1) +0(2) +0(3) +0(4) +05) + -
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FIG. 1. Diagrams for the tree level, one- and two-loop expressions of the SPT power spectrum.

Solve equations for density and velocity in powers of the over density then compute N-point
function.

Solutions for various statistics like the power spectrum is a series in powers of the initial power
spectrum.



Standard Perturbation Theory
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Biased tracers

b
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(@,

We know how to construct a list of
all the relevant terms needed to get
to a desired precision. Eg. Two
point function (power spectrum)

5)
Pg(k7z) - A4 [bg2 (bg2 - ?bQ) 19292 (kaz)

2
+2b, (bg2 + gb[‘3> Fg, (k, Z) + 4b%]5252 (k, z)

2
+4b1 (bz — gbg2> 152 (k, Z):| + b%PNL(k, Z) + sp(z)

One needs to add free
parameters to describe the
relation between galaxies and
the large-scale field.

N-point functions can be
expressed as a sum of
functions one can calculate
times unknown coefficients.

One has to go to fairly large
order to get things right.

Error comes from PT
calculation of density and from
connection between density
and galaxies.



Our BOSS analysis
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The EFT model:
One loop 5 cosmo pars

/ nuisance parameters,
loop counter terms, bias
parameters including
shot noise.

‘ Parameter ‘ Prior ‘
Cosmology
ns (not varied) ns = 0.9649
wy different for each analysis
Al? flat(0.02, 2)
h flat(0.4,1)
Wedm flat(0.05, 0.2)
my, flat(0.06, 0.18) eV
Biases and shot noise
by x A2 flat(1,4)
by x AY/? flat(—4,2)
bg, x Al/? flat(—3, 3)
br, (not varied) br, =0
Pt flat(0, 10*) Mpc?/h?
Counterterms
2 3 flat(—oo, 00) Mpc?/h?
é flat(—oo, 00) Mpc*/h?




Fast evaluation of loop integrals
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Size of selected contributions
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Future surveys will operate in a similar regime.

We are operating in a
regime where the non-
linear corrections are small
but larger than the error
bars which are very small.

This regime is perfectly
suitable for perturbative
type approaches which
has several advantages.



The EFT of Large Scale Structure

* |t describes the clustering on large scales.

* |t gives you a systematic counting of how many terms you need
to calculate to have a given precision. No need to go to very high
order.

* |t has free parameters but it is not a fitting function. It is a
consistent expansion and provides both analytic formulas to
predict observables as well as an estimate of the errors as a
function of scale.

* |t leads to unbiased measurements of cosmological parameters
of interest and consistent marginalization over the uncertain
small scale physics. Challenging because errors are so small.

* Constraints one gets for cosmological parameters are
significantly degraded by having to fit the nuisance parameters.



The EFT of Large Scale Structure

Perturbation theory is an old school approach.
In the last several years many improvements:

* Recognize that there are multiple expansion parameters, resum some
IR effects (peculiar motions)

* Recognize the need for counter terms and developed the needed
machinery to characterize them, including RSD. Write all terms
consistent with symmetries: Mass & momentum conservation,
equivalence principle

- Systematic characterization of bias parameters, non-locality in time
etc.

- Quantitative understanding of range of validity vs loop order

* Develop computational techniques to evaluate loops fast.



A 1% CMB independent
constraint on HO

Marco Simonovic Mikhail lvanov Oliver Philcox

Based on 1909.05277, 1912. 08208 and 2002.04035



Current State of HO measurements
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NGC, ze=0.61

The BOSS Survey o0
BAO standard ruler set by CMB, one of the best % sooll -
ways to infer the late expansion history of the S

Universe. Currently 1% errors.
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2000

Information in LSS data 1o}

1000

k P,(k), (Mpc/h)

500y -

Sources of information:
- Distance free information, shape of the spectrum

cwp = Wh?; wn = Qmh? Set the sound horizon 7q(Wp, W)

* Distance information
Dy(z) = ((1 4 2)°D3(2)z/H(2))"*

1 “d7
1+2 ), H(Z)

DA(Z) =

Set the angle and redshift we observe the features in the spectrum

- Amplitude information, mainly from RSD (growth, neutrino
masses) fos



A CMB independent measurement of Ho
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FIG. 4. Multipoles of the galaxy power spectrum at z = 0.61, after marginalizing over nuisance parameters as in the right
panel of Fig. 3. Left panel: Fractional difference between ACDM and EDE: AP/P = (PEPE — pACDM)/pACDM  The monopole
features a 0.3% pattern produced by the mismatch in the shape of the BAO wiggles between the two models, whereas the
quadrupole exhibits a O(2%) fractional difference at low k. Right panel: Fractional difference in units of the BOSS data error
bar for every wavenumber bin: AP/op. (Note that the neighboring k bins are correlated). The biggest discrepancy is observed
in the shape and position of the BAO wiggles in the monopole; see the main text for details.
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Implications HO measurement

- Tension not a result of systematics in the CMB data

* Independent measurement with similar error bar as Planck but
consistent with it

« Discrepancy can only be fixed by changing assumed physics during
recombination but and LSS data has very small error bars and no hint
of any discrepancy.



Prospects for the future

* We now understand what the theory for large scale clustering is and how
accurate it is.

* |t is agnostic about the small scale dynamics which is encoded in a
handful of free parameters which are derived on the basis of symmetries.

* We still need to compute predictions for higher order moments and
perhaps improve the predictions for the two point function by going to
higher loop order.

e The limiting factor in our ability to extract cosmological information is the
uncertainty coming from the small scale physics. What would it take to
improve on this?



Nuisance parameters
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FIG. 5: Unmarginalized relative errors of different parameters
as a function of maximal redshift zmax.
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Primordial non-Gaussianity: Theoretical errors
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FIG. 6: One sigma error bar on fy] as a function of the maximal redshift zmax. Two horizontal lines correspond to fy] = 40
(the current strongest bound from the CMB) and fy} = 10. Each panel shows the constraints with and without marginalization
over the EFT and bias parameters. Different lines correspond to different combinations of the tree-level and the one-loop power
spectrum and bispectrum. As a reference we also plot a line for the ideal case with no theoretical error and no marginalization.
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To improve on Planck we need to detect sub percent effects and
have the theory under control at that level!.




Theoretical errors
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In order to improve over CMB constraints one needs to be able to
predict the large scale 3 point function with percent or better precision
after accounting for any nuisance parameters (which could be fixed on

the basis of other observations).




Summary

* There are many questions still open on Cosmology, eg. the origin of the
primordial seeds, neutrino masses, the evolution of the dark energy.

* \We expect to get answers to some of these questions from the studies
of the clustering of matter on large scales. These are scales where the
dynamics is simple, linear theory captures it very well but there are small
corrections. Those corrections however are larger than the observational
errors.

* The EFT of Large Scale Structure is the theory that describes the
dynamics on very large scales. We understand what is needed to
compute these small corrections both consistently and accurately.

* The fact that on small scales the dynamics is complicated, modifies in
fundamental but controllable ways the theory that describe the evolution
on large scales. Although these effects are small and are encoded in a
handful of free parameters marginalizing over the corresponding
uncertainties degrades constraints substantially. There is significant
room for progress.



