BOSS data: Zosia Rostomian and Nic Ross, Berkeley Lab; and Springel et al,

Virgo Consortium and Max Planck Institute for Astrophysics
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Precision Cosmology (2000-2012)
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® Origin of the accelerated expansion? (many theories
g )4
® Dark Energy ? a new unknown component (probe its
nature: eq. of state)

: ® Modified Gravity ! correction of General Relativit
, ) 4 Y
on large scales

® Fractal Geometry/Scale Relativity??

Time
(=15 billion years)

® No good/simple/unique theory: pragmatic approach
need new observations => precision cosmology:
requires measurement better than % level and not just at

CMB redshift - ideally at any redshift !
=> NEED DATA

= &dark energy

Massive Spectroscopic Surveys Jean-Paul Kneib - Tsinghua - January 2020 3



History of the Universe

from the ACDM model

LSS not well-known

LSS

Years after the Big Bang We I I-kn Own
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Entering a new era: >> Digital Cosmology (2020+) <<

e Cosmology is becoming Digital:

e Growth of data flow
e Optical/near-infrared data: growth of detector size & number of detectors
e Radio data: growth of the number of antennas O(N?) {SKAQO}
e Gamma-ray data {CTAQO}
e Gravitational Wave data {AdvLigo, LISA, ET}
e X-correlation between different datasets
e Growth of size of numerical simulations
e More precise simulated data to match the observations (smaller size and
resolution element) + more physics in simulations (baryons, CRs, B-field ...)
e |arge mocks catalogues to compute covariance matrices and evaluate
measurement errors




Mapping the LSS of the Universe

e No simple explanation of the Dark Matter/Dark Energy/Dark Ages
e Precision measure shall provide answers
e Requires Big Data

e Improve precision is OK
e but also need to minimise/understand/control systematics
e Multi-probe & multi-messenger are key elements to reduce systematics

e Large dataset also means large computing
e GPU computing is key for speed-up massive data computing
e Al/ML approaches for large dataset exploration (e.g. finding strong
lensing systems) also requires GPU



Massive DATA to map the Universe in 3D

1llustrisTNG collaboration

e T P

Dark Matter: the most
abundant kind of mattere. =
in the Universe AT
=> Euclid project

Hydrogen: the most
abundant elementin
the Universe

=> SKAO project

Galaxies: densest &
brightest regions in i B e T T AR L e
the Universe g CLE | . -
=> LSS 3D mapping RO ENER S et e

—

... and Transients Sources (GR, CR, FRB, GW ...)



Galaxy 3D map
(In progress & roadmap)



The Sloan Digital Sky Survey }k‘\\\\

4 millions of measurements | S
In 20 years ! ) oo e




Horizon size at the matter-radiation

equilibriun
Dark Energy: Baryonic Acoustic
Initial fluctuations Oscillations
non-gaussianity
L « LRG

Dark Matter
Warm/Cold

Power spectrum P(k) [(h~'Mpc)?3]

104

Neutrinos Masses

0.01 ‘ 7 — 0.1
. . . . Gal hal ti f dark matt k [h Mpec™!] Growth of .
3D mapping of galaxies in the universe T Nl alos (HOD) et structures/Gravita

tion

(SDSS 2020)



Data-Intensive Astronomy - SDSS 20 -year of data

3.8 « Lookback time [Gyrs]

@ spss

2020 Data Release
4 million galaxies

eBOSS Young Blue Galaxies (2014-
eBOSS Old Red Galaxies (2014-2019)
BOSS Old Red Galaxies (2008-2014)
SDSS I-1l Nearby Galaxies (1998-2008)

BAO feature strength

BAO feature strength

BAO feature strength

BAO feature strength

BAO feature strength

BAO feature strength

50 100 150

s (h"*Mpc)
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Universe Iin 3D: Massive Spectroscoplc Surveys

Redshift surveys increasing ‘[GX every. 1 0 y‘ears '
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laxies by 2025

Wi
s &
(@)
e Sy
O
x
0 »
<
m QI
7p)
)
>
o ..___:_s;._/.
2 \
=
O \
b .5::5::::SF._
@)
|l
m : . y By
DA RS
O Wl S
L)

PALL LR



Year-1 DESI data release in summer 2024
10 million measUrements

1 Year

Current BAO (April 2023)
precision of 1.7% for LRG
ultimately 0.3%

....“
¢¢

¢¢‘+
ﬂ&, b ﬁ

]
il o After 5 year survey
40 millions measurements

and ~3 Pb of data

[ ]
i
¢ LRG DESI-M2 +
EZmock




4MOST - a southern hemisphere survey
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Future survey in preparation, aiming to 20’000 robotic eyes ...
Miniaturisation of robots for future projects

W A

Development in progress at EPFL.

6.2mm diameter robots to be packed
in a triangular modules to ensured robustness.

Sem\ frame\eSSV 75 robots er odule
r gep: 1 mm - Globel

Total ¥ mod les: 250 - Tot

wan:
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Stage 5 requires mapping the more distant universe at2<z <6
— Larger volume
linear modes well-correlated with init. cond., less affected by late-time astrophysics

— Larger redshift range
degeneracy breaking, measures early->late Dark Energy

Supported by P5 report: DESI-II & R&D work for Stage-5
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Stage 5 Spectroscopy will probe both epochs of accelerated expansion

Present Ready This Ready Next Scientific
Generation Decade Decade Threshold
eBOSS/DES
LIGO/Virg 5/DES
>
) 0.7
5 sl rk Energy
\d Z1%DE
g Discover time evolution of dark
....................................................................................................................................................... 8 energy and test the
cosmological constant
GWO 10 hypothesis.
SPO/SO
0.003
r
................................................................... Discover the natural mOdeIS Of
r PlaHeR - inflation.
i
................................................................................ Discover the non-Gaussianity
c signature of multi-field inflation.
S Planck  0.01 cmB-s4/DESI : - :
& Primordial feature amplitudes
G=
E Alin
Discover features in the
0.0002 primordial spectrum; explore a
) - n . - significant portion of uncharted
Ref: Snowmass Cosmic Frontier Report https://arxiv.org/abs/2211.09978 S B hacs:




Stage 5 Spectroscopy extends to more volume + smaller scales than DESI

o Planck 2015 TT
Planck 2015 EE

e Planck 2018 ¢9¢
DES Y1 cosmic shear
SDSS DR7 LRG
80SS DRI Ly« forest
Stage-5

Non-linear regime

]'Primordial physics

[ Inflation non-gaussianity BAO scaln “Viltiie

\ 10
'1 Afes =10 (b=3) -
-~

-

MRl TIPYEERSE S
|

7 =10

Neutrino masses + light rejics

10
k [hMpc™i

Ferraro & White (2022
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JST: next stage-5 survey
| by Tsinghua University

6.5m telescope

MOS with
20°000 fibers

R=5000
spectroscopy

First light 2030

. -

\\

8 Pb per year



w https://www.wstelescope.com/
ST .
G

WIDE-FIELD
SPECTROSCOPIC
TELESCOPE

European led
consortium

12m telescope
MOS+IFU
LR+HR

spectroscopy

First light 20407
~20 Pb per year



https://www.wstelescope.com/

Hydrogen Mapping
(Just starting)
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MeerKAT Deep?2 field
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Cosmic Reionization

~ “Years after the Big.Bang

=

Image Credit: Marcelo Alvarez, Ralf Kaehler and Tom Abel
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Cosmological EoR Simulations

time

Image Credit: Marcelo Alvarez, Ralf Kaehler and Tom Abel

feedback need O(109) core hours

\ 4

Transparent
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Radio Astronomy - development at EPFL

e High-Performance Computing
o Co-design of radio astronomy pipelines
o Tools for to evaluate energy-to-solution in addition
to time-to-solution
e Generalizable/interpretable deep learning
o Physics-Informed Neural Networks (PINNs)
applied to cosmological simulations
o Scattering transform for analyzing galactic
morphologies
e Imaging in Radio Astronomy
o Applying algorithms for quantum image processing
to radio interferometry
o New algorithms for imaging using fPCA

32



e To Understand the Universe - Dark Matter, Dark Energy, Dark
ages ... (but also transients and gravitational waves ...)

e A data deluge challenges is coming up !

e Challenges: Data handling, processing and computing -
specially for the new SKA Observatory

e Need to get prepared and work on data/compute challenges!
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3D Galaxy mapping will collect hundreds million redshifts in the
next 10 years => huge legacy resource for transient follow-up

LSS put lower bound on the EBL by counting galaxies. Gamma-ray
upper bounds may at some point hit into the lower bounds from
galaxy counts.

Magnetic fields play role in structure formation and reionisation,
affecting dwarf galaxy abundances, modifying star formation history
and affecting 21cm line

Cosmological simulations involves more complex physics (MHD)
and can synergize with modelling of gamma-ray measurements of
intergalactic magnetic fields

Massive Dataset Computing is a big synergy between
LSS/SKAO/CTAO
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