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Abstract The ACDM cosmological model is remarkable: with just six parameters
it describes the evolution of the Universe from a very early time when all structures
were quantum fluctuations on subatomic scales to the present, and it is consistent
with a wealth of high-precision data, both laboratory measurements and astronomical
observations. However, the foundation of ACDM involves physics beyond the standard
model of particle physics: particle dark matter, dark energy and cosmic inflation.
Until this ‘new physics’ is clarified, ACDM is at best incomplete and at worst a
phenomenological construct that accommodates the data. I discuss the path forward,
which involves both discovery and disruption, some grand challenges and finally the
limits of scientific cosmology.
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1 The ACDM Paradigm
1.1 Some History

For me, cosmology began in the late 1970s. Then, the Cosmic Microwave Background
(CMB) was well established but only the dipole anisotropy had been measured. The
redshifts of a few thousand galaxies had been determined, and a high redshift galaxy
was z ~ 0.3 and the QSO record holder was z ~ 3.7. CCD cameras were just
entering the astronomical scene, Hy was either 50 or 100 km/s/Mpc, each with tiny
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[ CDM Is a precision (few percent)

phenomenological model
supported by a wealth of data,
which describes the evolution of
the Universe from a tiny fraction of
a second until today
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X @-8aNyBaccelerated expansion driven by the potential ene

of a scalar field gives rise to a véayge, smooth, spatially flat
patch that becomes all that we can see tod@uantum

fluctuations during thisinflationary phase grow into the seeds

for galaxies. The conversion of potential field energy into he

produces the quark soup that evolves a baryon asymmetry 4
long-lived dark matter particles. The excess of quarks ove

antiquarks paryogenesi$ becomes neutrons and protons, late

some light elements and finally atoms. The gravity ofdae
matter particles drives the formation of structure from galaxies
superclusters and a mere 5 billion years ago the repulsive gr:
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A The repulsive gravity @ark Energyexplains cosmic
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dark energy candidateWhat is dark energy, why now, why S
small?

A A very early burst of tremendous expansipmflation ¢
explains our smooth, flat Universe with seeds for galaxies
grown from quantum fluctuationsReally? how?

A The gravity of slowlynovingDark Matter particles (CDM)
holds all cosmic structures togethathich particle(s)?

A Baryogenesiproduces an excess of matter over amtatter
and the survival of a small number of baryons today (few p

billion photons).Baryons are important; more details please!
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[ CDM Is a phenomenological
model thatcanbe ungraded to a
fundamental model of the
Universe (or not)

A Gravity and spacetime: done!, but could be
iImproved

A51 NJ] YIFGadSNY LI NIAOfS
A Inflation: inflaton in the BSM theory
A Baryogenesis: B, C and CP violation in the BSM
Can we find the BSM theory?
Cosmology will help!
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Two exemplars for precision
cosmology: CMB and Baryons
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6 physical parameters
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Hubble volume clusters galaxies
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Airtight evidence for nonbaryonic DM
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A [ CDM: remains alive and well as the precision increase

from a few percent to sub percent

A Dark matter: sensitive experiments, but no evidence for

the DM particle & lots of ideas for candidates and detec

A Inflation: Keck/BICEP keep drilling down on thadles
(more results soon!)

A Dark Energy: DESI (and DES 5yr) hint at something ve
Interestingc not justy !

A Loose threads?
I Hubble tension: Wendy,iciaand Adam
I Other tensions (e.qg,, )

A JWST reveals the first billion years of cosmic history
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DM: Circa 199 2010

Neutrinos
contribute a
few 0.1%




Full Court Press!!

AProduce at LHC
ADetect particles in our halo
ADetect annihilation products

But where is the WIMP?
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No lack of new idea#!

MSSM R-parity NMSSM

violating

/ ZA— \ Supersymmetry
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R-parity
Conserving

Extra Dimensions

Light
Force Carriers

Solitonic DM

Quark
Nuggets

Theories of
Dark Matter

Warped Extra

Dimensions
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Little Higgs

QCD Axions

Axion-like Particles
Littlest Higgs



Keck/BICEP continue to
lead the way on Bnodes

1
Inflation
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Figure 5. Left: CosmoMC likelihood results for the BICEP/Keck baseline model. Selected 1D and 2D marginalized posteriors are
shown. The red faint curves are the results from BK15 while the black solid curves are the results of BK18. The dashed blue and
red lines show priors on foreground parameters. The analysis method is the same as in BK15, except the 84 prior based on Planck
data from other regions of the sky is removed this time due to the improved sensitivity of BK18. Right: Constraints in the r vs. n,
plane. The purple and orange bands are natural inflation and monomial inflation respectively. The blue contour shows the updated
constraint after adding BK18 and BAO data to the Planck baseline analysis. The r posterior is tightened from ro.0s < 0.11 to
70,05 < 0.035 at 95% confidence.




JWST reveals the billion years

bigger aperture, IR, better site, higher resolution and SPE!
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expected

A Small, messy galaxies with lots of UV radiation beyz
z = 10 with spectra not seen at low z

A But, hard to connect light to mass to constrai@DM
0R2)/Qu 0SSt ASOS SOSNEGKA

I Early lenses reveal galactic substructure down tosbar
masses (Keeley et al arXiv:2405.01680n > 6 keV

I SMBH at z > 4 with masses from 4 Xtb@®B x 10 solar
massesNlaiolinoet al, arXiv:2308012306) challenge to
make (need seeds?)

A New light on the distance scale (Wendy and Adam)
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The power of infrared eyes!

Hubble Optical Deep Field JWST NIR Deep Field




Lookback time (Gyr)

;“ Lots of early, bursty
H and uninhibited star
2 i formation
£ (unexpected) .
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Madau& Dickinson, 2014 Redshift "‘ :
B ol & ;‘ k.. = :
"] | | " JWST/NIRCam observations =
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Lots of high redshift galaxies
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Poster child: GNM11

found with HST (candidate z = 11 galaxy), studied with JWST

Az=10.60 0.0013
Ad.=31.2 Bly

A d =362 Bly
Ad,=2.69Bly (z = o.25r

NB:d, =dJ(1+z) and d= (1+2)i
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A 100 pc resolution ati-= 32BLy

A 10° solar masses in stars

A few x 10 solar mass BH (so big, so early) -

A Look at that spectrum of a redshift 10.6 object! |
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DESI (and DES/E

hints that dark energy evolves (i.e., not

A DESI year 1 alone: 20M redshifts and BAO
distancestoz =4

A [ CDM is a reasonable fit, but a4}, better fit is
evolving dark energy y«-0.7 anaw, =-1

A If the result holds up, something is going on right
now AND BIG NEWS ABOUT DARK ENERGY

A Matilde de Abreu (UCLA UG) and | have looked &

this: a rolling scalar field is a better fit than
[ CDM or w/w, (and better motivated)
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tracer redshift Niracer Zeff Dy /ra Dy /ryq r or Dy /rg Vet E—
(Gpe®)

BGS 0.1-04 300,017 | 0.30 — — 7.92 £0.15 1.7

LRG 0.4-0.6 506,905 | 0.51 | 13.62£0.25 | 20.98 £ 0.61 —0.445 2.6 fs.;'ca‘!:

LRG 0.6 -0.8 771,875 | 0.71 | 16.84 +0.32 | 20.08 £ 0.60 —0.420 4.0 T

LRG+ELG 0.8-1.1 1,876,164 | 0.93 | 21.73+0.28 | 17.87+0.35 —0.389 6.5 N

ELG 11-1.6 | 1,415,687 | 1.32 | 27.80£0.69 | 13.82+0.42 | —0.444 2.7 "

— QSO 0.8-21 | 856,652 | 1.49 — — 26.09+0.67 | 15 ==
- Lya QSO | 1.77—4.16 | 709,565 | 2.33 | 39.71£0.94 | 8524017 | —0.477 —
= L

% Table 1. Statistics for the DESI samples used for the DESI DR1 BAO measurements used in this

paper. For each tracer and redshift range we quote the number of objects (Niracer), the effective
redshift (zes) and effective volume (V.g). Note that for each sample we measure either both Dys/rg
and Dy /rq, which are correlated with a coefficient r, or Dy /rq. Redshift bins are non-overlapping,
except for the shot-noise-dominated measurements that use QSO (both as tracers and for Ly« forest).




H?(wow,)/H?*(ACDM)
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Dark Energy EOS
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Scalar field works just as well (with
one less parameter,only a 1O

7.5 1

7.0

Chi-squared vs beta

\

NCDM

Exciting, but this is not the time to get carried aw
Much more to come and remember precision

cosmology is really hard!
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The path forward
[ CDM: Make It, break it, or extend it

A Big data and precision measurements are
likely to lead the way: DESI, Euclid, LSST,
Roman, CMEs4,Litebird HLLHC, DUNE, FCC,

A
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A Fundamental model(s) for dark matter, dark

SYSNHé& | VR aAnyquzyé
Ab2 LI N YSUSNAY UKS al
A Origin of the space, time and the Universe
A Destiny of the Universe

A Multiverse: up or out

That is, finish S Y I rpig di&am&




The grandest challenge In
cosmology
Connectbig ideas with big data




Precision Cosmology!







