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Beyond Galaxy Surveys

High Redshifts Ultra-Large Scales
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Beyond Galaxy Surveys

High Redshifts Ultra-Large Scales

rather uncharted territory

more linear modes (correlated with initial conditions) primordial non-Gaussianity, modifications of gravity

Dark Matter | SST Solurces | -

z:5

probing LSS over many redshift epochs and wide range of scales

Y<</\:y§,>

PUMA: DOE Cosmic Vision Dark Energy proposal

Many open questions: establish science cases & optimal survey design,
develop accurate theoretical model of the signal and robust analysis tools, ...
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Primordial Figure-of-Merit

Primordial FoM: effective number of modes correlated with the initial conditions
Sialer et al (2021)

non-linear evolution and measurement noise decorrelate the observed
and initial density fields on smaller scales, leading to a loss of information
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Primordial Figure-of-Merit

Primordial FoM: effective number of modes correlated with the initial conditions
Sialer et al (2021)

non-linear evolution and measurement noise decorrelate the observed
and initial density fields on smaller scales, leading to a loss of information
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Primordial Figure-of-Merit

Primordial FoM: effective number of modes correlated with the initial conditions
Sialer et al (2021)

non-linear evolution and measurement noise decorrelate the observed

and initial density fields on smaller scales, leading to a loss of information
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Karkare & Moradinezhad, Keating, Breysse, Chung
Snowmass21 WP (2022)

Experi- Concept Redshift Primordial Time- Technical Comments
ment Range FoM scale Maturity
type

DESI spectro | 5000 robotic fiber fed | 0.7 < z < 2.0 0.88 now operating

spectrograph on 4m
Mayall telescope

Rubin LSST photo ugrizy wide FoV 0<2<3 2025- on schedule Targeting survey for

imaging on a 6.5m 2035 next generation
effective diameter spectroscopic
dedicated telescope instruments

SPHEREx narrow- | Variable Linear Filter 0<z<4 2024 on schedule Focus on primordial

band imaging on 0.25m non-Gaussianity
aperture from space

MSE+T spectro up to 16,000 robotic 16<z<4 2029- high

fiber fed spectrograph (ELG+LBG
on 11.25m telescope samples)

MegaMapper spectro 20,000 robotic fiber 2<z<5b 2029- high Builds upon existing
fed spectrograph on hardware and
6m Magellan clone know-how

SpecTel' spectro 20,000-60,000 1<2<6 2035- medium Potentially very

robotic fiber fed versatile next
spectrograph on a generation survey
dedicated 10m+ class instruments
telescope
PUMA 21cm 5000-32000 dish 03<2<6 85/ 26 (32K 2035- to be Very high effective
array focused on / 5K demon- number density, but
intensity 21 cm optimistic) strated k)| modes lost to
intensity mapping foregrounds
mm-wave LIM mi- 500-30000 on-chip 0<z<10 up to 170 2035 - to be CMB heritage, can
concept crowave spectrometers on demon- deploy on existing
LIM existing 5-10m telescopes, signal
strated X
telescopes, uncertain, k| modes
80-300 GHz with lost to foregrounds &
R~300-1000 resolution

Ferraro et al - snhowmass2021 WP (2022)




Imprints of Primordial non-Gaussianity

"4 (k1) (k)" =(2")3 b (kg + k2)Py (Ky)

1 (k1)!(k2)! (ka)" = (2")%1p (k1 + ko + k3)By (k1, k2, k)

Matter

Local non-Gaussianity Single-field ¢! 1

Maldacena 2003,

Creminelli & Zaldarriaga (2004)

b(z) I b(z) +{! bk, z)

Dalal et al (2008)



Imprints of Massive Neutrinos

Cosmology sensitive only to total mass | m; [ G e g e

P Im=19%eV X ALY ; Tmi=0 eV
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I Modification of expansion history

| Suppression of power on scales smaller
than their free-streaming scale

| -
| Scale-dependant growth rate of structure Agarwal & Feldmann (2010)
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Imprints of Light Relics
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Imprints of Dynamic DE or Modification to Gravity

* Horndeski class of theories (with speed of GWs equal to speed of light)

L=Gy(',X)+ Gg(!,X)+ Gs(!) R+ Lp

Effective description: W, ! k, ! B, ! M

P(k) [Mpc/h]?
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Primordial non-Gaussianity w. LIM

Described in terms of 5 attributes

PN ,fsky, ' Z, Kmin kma

Liu

Instrument Noise Foregrounds

Anthena Size, Resolution
Survey Volume

e Potential to achieve: !'(fy ) ! 1

» (Critical to have broad spectral coverage and at
least 10% of sky.

Liu & Breysse (2020)
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Primordial non-Gaussianity w. LIM

Described in terms of 5 attributes

Karkare & Moradinezhad, Keating, Breysse, Chung(2022)
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see also Chen & Pullen (2021)



Massive Neutrinos & Light Relics w. LIM

Planck (primary) 1 (M) =83 [meV] l (Ner ) =0.187
Planck + Euclid ' (M,) =31 [meV] l (Ngt ) =0.075

e Order-of-magnitude improvement over Planck constraints ~ fsky < 0.5

e 5! (8!) detection of minimum M., and 1.5! exclusion of thermal abundance
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Massive Neutrinos & Light Relics w. LIM

Planck (primary) 1 (M) =83 [meV] l (Ner ) =0.187
Planck + Euclid ' (M,) =31 [meV] l (Ngt ) =0.075
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Two Broad Classes of Beyond-LCDM Models

Covariant approach vs. effective description
(explore a meaningful portion of the parameter space of viable models)

e Covariant approach L=G(!, X))+ G3(!, X))+ G4(') R+ Lp,
1) Jordan-Brans-Dicke gravity 2) Early Dark Energy  100;o(f epe ), 100:0(Zc), !
MV 2 . i §
Gz = —FwgpX ! V() Gy=M3X! m?2 1! cos -~ ! |
' 2 2
G3 =0 Gy = %I Gz =0 Gy = %I

e Effective description: compress the information in the above
Lagrangian into a few meaningful functions of time W, ! ¢, ! g, M?

Advantage: each one of these functions has a clear physical meaning, and they describe particular classes of models

Disadvantage: can lead to unphysical models
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Early Dark Energy with LIM

e Attracted significant attention as a solution to Hubble tension

e Grey bands are current best constraints from compilation of LSS & CMB data

Moradinezhad, Bellini, Keating (2023)
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See also Scott et al (2022)
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Optimal Sky Area (deg?)

Optimal Sky Area (deg?)

e Assume that # is slowly
evolving on a cosmological
background and Taylor

expand the G’s for small X.

e Case of shift-symmetic #:
Interesting, radiative corrections
are parametrically suppressed
around (quasi) de Sitter
backgrounds in such theories

e (Can be casted onto effective
description with CPL equation

of state of DE and $g # 0



Modeling Ingredients

e Dark matter, biasing, redshift-space
distortions: linear
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MithraLIMSims
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e Keenan et al (2021): THESAN Sims
lustrisTNG+CLOUDY

® Leung et al (2020): HOD-based Nbody,
using SIMBA+CLOUDY

* Yang et al (2020): HOD based Nbody,
using SAMS

e Lietal (2016): HOD-based Nbody using
semi-analytic relation for L(M,z)

e Sato-Polito et al (2022): HOD-based

et Nbody using UniverseMachine galaxy

-
’-{‘f-"\" formation model & scaling relations

Moradinezhad, Nikakhtar, Keating, Castorina (2021)
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Picip(k, z = 1) [pK 2h' 3Mpc?]
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Stochasticity Beyond Poisson Noise

Theoretical prediction

Measured Stochasticity
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Moradinezhad, Nikakhtar, Keating, Castorina (2021)
See also Murmu et al (2021)
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In inferring SFR from measurements of shot noise
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Baryon Acoustic Oscillations
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Conclusions & Prospects

Potential of LIM to constrain fundamental physics thanks to mapping

the LSS over a wide range of scales and many redshift epochs.

Search for imprints of primordial non-Gaussinaity, constrain properties

of light relics & neutrino, constrain deviation from general relativity or

dynamic dark energy ( ~ 10’ spec-hrs)

Accurate theoretical models of the LIM signal: accounting for

nonlinear biasing and Poission shot noise are essential

Simulation-based inference promising in maximizing extraction of
information from LIM data. Requires accurate and fast forward model

of the signal combined with efficient ML-based Baysian inference.
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