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How did the Universe begin?

What is the Universe made of?

What sets how much dark matter there is in galaxies?
(What is dark matter anyway?)

How is the Universe evolving and expanding?
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What are our cosmological measurements



Thermal emission




e A quick aside/shameless plug. ..
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A CMB Photon's Journey

What is the Cosmic
Microwave Background?
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Thermal emission

Planck (space 2< £<2500): all sky measurements — best measurements of largest modes

on the sky
ABS, CLASS, QUIJOTE, GroundBIRD ( 2< £<300): ground-based control of systematics,

measurement of optical depth, search for primordial signal
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Thermal emission

Planck (space 2< £<2500): all sky measurements — best measurements of largest modes

on the sky
ABS, CLASS, QUIJOTE, GroundBIRD ( 2< £<300): ground-based control of systematics,

measurement of optical depth, search for primordial signal

SPIDER/EBEX/LSPE (balloon 30<£ < 300): deep balloon measurements of smaller field,
foreground constraints and limits on primordial signal

BICEP, Keck (ground 30<£ < 300): ongoing ground-based measurements of smaller field,
forearound constraints and limits on nrimordial sianal. combinations with SPT
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Thermal emission

Planck (space 2< £<2500): all sky measurements — best measurements of largest modes
on the sky

ABS, CLASS, QUIJOTE, GroundBIRD ( 2< £<300): ground-based control of systematics,
measurement of optical depth, search for primordial signal

SPIDER/EBEX/LSPE (balloon 30<£ < 300): deep balloon measurements of smaller field,
foreground constraints and limits on primordial signal

BICEP, Keck (ground 30<£ < 300): ongoing ground-based measurements of smaller field.
foreground constraints and limits on primordial signal, combinations with SPT

ACT, SPT (ground, 300< £<5000): ground-based small-scale measurements, damping tail
constraints. Combination or contrast with Planck on cosmology constraints
POLARBEAR/Simons Array (ground, 500<{ < 3000): polarisation maps of, lensing from B-
modes



Thermal emission (next-generation)

LiteBIRD (space 2< £<200): improved large-scale polarisation for primordial search
Simons Observatory (ground, 30< £<5000): ground-based now including larger scales,
improved sensitivity on small scales
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Small-scale measurements also enable estimates of lensing of CMB light

image: Lucy Reading-lkkanda/Simons Foundation



Galaxy surveys

SDSS/BOSS (ground, spectroscopic+imaging, 14 000 deg? r~22): clustering, imagine,
multiple upgrades

CFHTLens, COSMOS (ground, photometric < 200 deg? r~25): lensing, characterising fields/
preparation for future experiments

DES (ground, photometric, 3000 deg? r~25): galaxy lensing, clustering, supernova science
HSC, KiDS (ground, photometric, deep ~1300 deg? r~25/26): main focus on weak lensing
and clustering

DESI (ground, spectroscopic, 14000 deg?): galaxy clustering, BAO focus



Galaxy surveys

image Dark Energy Spectroscopic Imager



Galaxy surveys

SDSS/BOSS (ground, spectroscopic+imaging, 14 000 deg? r~22): clustering, imagine,
multiple upgrades

CFHTLens, COSMOS (ground, photometric < 200 deg? r~25): lensing, characterising fields/
preparation for future experiments

DES (ground, photometric, 3000 deg? r~25): galaxy lensing, clustering, supernova science
HSC, KiDS (ground, photometric, deep ~1300 deg? r~25/26): main focus on weak lensing
and clustering

DESI (ground, spectroscopic, 14000 deg?): galaxy clustering, BAO focus

Euclid (space, imaging-+spectro, 15000 deg? VIS~25): Optical/NIR photometry, lensing,
clustering

Roman (space, imaging 2700 deg? H~26.5): weak lensing, clustering, supernovae

Rubin Observatory (ground, imaging 14000 deg? r~27 co-add): strong and weak lensing,
clustering, supernova



Galaw surveys
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Galaxy surveys
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Cosmic
microwave
background

large scale B-modes
-> tensor-to-scalar ratio (BB)
damping tail

-> primordial power on small
scales (TE, TT, EE)

= Nest (TE, TT, EE)

400,000 yrs

z=1000
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Other cosmological probes: supernovae
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Other cosmological probes:

standard sirens
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Where did we come from?



[Submitted on 16 May 1995]

Cosmic Concordance
J. P. Ostriker, Paul J. Steinhardt

Observational constraints guide one forcefully to examine models in which
the matter density is substantially less than critical density. Particularly
noteworthy are those which are consistent with inflation. For these models,
microwave background anisotropy, large-scale structure measurements,
direct measurements of the Hubble constant, Hj, and the closure parameter,
OQMatter» ages of stars and a host of more minor facts are all consistent with a
spatially flat model having significant cosmological constant

Q) =0.65 0.1, Quuiier = 1 — Q4 (in the form of * “cold dark matter") and
a small tilt: 0.8 < n < 1.2. (Read comments at top of file to find out how to
obtain figures.)



Remarkably simple model

|

ng—1
Guy = Ry — Eg’"’R = 8nGTyw + g\ P(k) = As(ko) (%)

o2 QK Qn  As  n

Densities of the universe Initial conditions

T Reionization physics
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Loius, La Posta, Atkins, Jense et al. 2503.14452

0.130 |

0.0230 | -
oN
< 00225} -
G

0.0220 | -

N
125}
< 012 \
&)
G 0.120 \
0.99 |
0.98 | + 4
_—~
w» 0.97 + / + ' + \
S ool / 1 (& ‘ 1 A
0.95 | + 1
64 66 68 0.0222  0.0230 0.120  0.128 0.96 0.98

Ho Qph* Qch? Ns When combined
with CMB lensing from ACT and Planck, and baryon acoustic oscillation data from the Dark Energy
Spectroscopic Instrument (DESI Y1), we measure a baryon density of Q,h? = 0.0226 4= 0.0001, a cold
dark matter density of Q.h? = 0.118 & 0.001, a Hubble constant of Hy = 68.22 4 0.36 km/s/Mpc, a
spectral index of ng = 0.974 4+ 0.003, and an amplitude of density fluctuations of og = 0.813 £ 0.005.
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with CMB lensing from ACT and Planck, and baryon acoustic oscillation data from the Dark Energy
Spectroscopic Instrument (DESI Y1), we measure a baryon density of Q,h? = 0.0226 4= 0.0001, a cold
dark matter density of Q.h? = 0.118 £ 0.001, a Hubble constant of Hy = 68.22 + 0.36 km/s/Mpc, a
spectral index of ng = 0.974 4+ 0.003, and an amplitude of density fluctuations of og = 0.813 £ 0.005.

When combined




One of the big questions

THE "BIG RIP"
Strengthening dark
energy speeds up

the universe,
causing it to
break apart
suddenly

Fate of the universe
Three scenarios

Big 10 billion
Bang years ago Present  Future

EINSTEIN'S MODEL
The universe expands
more gradually, in
balance with gravity

Supernova

THE BIG CRUNCH
As dark energy
weakens, gravity
causes the
universe
to collapse

Rate of expansion of the universe

Many precise
observations of
supernovae are needed
to determine which path
the universe will take.

Universe today
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Scientists report the possible discovery of primordial gravitational waves,
ripples in space-time that carry a record of how the universe began.

Possible Echo of Big Bang

Detected
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COSMOLOGY

Joint Dust Analysis Deflates Big
Bang Signal

No definitive evidence for cosmic inflation is found, but support remains

Natalie Wolchover

Columnist o _ ) _ )
strong for the theory even as critics highlight its shortcomings as an
January 30, 2015 explanation for how and why the universe began.
VIEW PDF/PRINT MODE w9 | N

astrophysics BICEP2
Big Bang cosmology
gravitational waves

inflation physics

All topics

| Primordial Universe | Cosmic Microwave | Galactic Dust | BICEP2
Background Telescope
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The dance of systematics vs new physics: S8
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The dance of systematics vs new physics: S8
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The dance of systematics vs new physics: H0
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The dance of systematics vs new physics: dark energy

ls PARK ENERGY changing??

Where predictions should fall if the

standard idea of dark energy is correct
(i.e. A, energy density is constant)
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The dance of systematics vs new physics: dark energy
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Residuals
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The dance of systematics vs new physics: dark energy

Before Correction
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Big cosmological question for the 2020s (Canadian Long Range Plan 2020)
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Emulator creation

§2.1 §2.3,3.1 §2.4,3.2 §2.5,3.3
[ Package Prescription HGenerate Training Data Train Emulators H Emulator Files HAccuracy Validation]
A

( Boltzmann code ]

[ Wrapper ]

- i
[Sampling Ctmﬁguration Sampling Soi:t'waf' %e“ % ““%%% ﬂ

Jense et al. 2405.07903
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Akhmetzhanova et al 2508.05744






Looking forward to a great meeting!



