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ɽCDM 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



ɽ/5a ƛƴ Ǉƭŀƛƴ 9ƴƎƭƛǎƘ

Χ ǾŜǊȅ-early accelerated expansion driven by the potential energy 
of a scalar field gives rise to a very-large, smooth, spatially flat 

patch that becomes all that we can see today.  Quantum 
fluctuations during this inflationary phase grow into the seeds 
for galaxies.  The conversion of potential field energy into heat 
produces the quark soup that evolves a baryon asymmetry and 

long-lived dark matter particles.  The excess of quarks over 
antiquarks (baryogenesis) becomes neutrons and protons, later 
some light elements and finally atoms.  The gravity of the dark 

matter particles drives the formation of structure from galaxies to 
superclusters and a mere 5 billion years ago the repulsive gravity 

of dark energy (ɽ)ŀƎŀƛƴ ŘǊƻǾŜ ŀŎŎŜƭŜǊŀǘŜŘ ŜȄǇŀƴǎƛƻƴ Χ



Χ ŀ ƭƻǘ ƻŦ ƴŜǿ ǇƘȅǎƛŎǎ ƛƴ ǘƘŀǘ Ǉƭŀƛƴ ƭŀƴƎǳŀƎŜ

ÅThe repulsive gravity of Dark Energyexplains cosmic 
ŀŎŎŜƭŜǊŀǘƛƻƴ ŀƴŘ ɽ όǉǳŀƴǘǳƳ ǾŀŎǳǳƳ ŜƴŜǊƎȅύ ƛǎ ǘƘŜ ŘŜŦŀǳƭǘ 
dark energy candidate.  What is dark energy, why now, why so 
small?

ÅA very early burst of tremendous expansion ςInflationς
explains our smooth, flat Universe with seeds for galaxies 
grown from quantum fluctuations.  Really? how?

ÅThe gravity of slowly-moving Dark Matterparticles (CDM) 
holds all cosmic structures together.  Which particle(s)?

ÅBaryogenesisproduces an excess of matter over anti-matter 
and the survival of a small number of baryons today (few per 
billion photons).  Baryons are important; more details please!



ɽCDM is a phenomenological 
model that canbe ungraded to a 

fundamental model of the 
Universe (or not)

ÅGravity and spacetime:  done!, but could be 
improved
Å5ŀǊƪ ƳŀǘǘŜǊΥ ǇŀǊǘƛŎƭŜ ƛƴ ǘƘŜ ά.{a ǘƘŜƻǊȅέ 
ÅInflation: inflaton in the BSM theory
ÅBaryogenesis: B, C and CP violation in the BSM

Can we find the BSM theory?
Cosmology will help!



A long road to precision 
cosmology!



A long road to precision 
cosmology!

Two exemplars for precision 
cosmology:  CMB and Baryons





6 physical parameters

1. Baryon mass density
2. CDM mass density
3. Density perturbation amplitude

4. Tilt
5. Sound horizon
6. Optical depth



Measurements of large-scale structure 
agree with ɽCDM

galaxiesclustersHubble volume



Cosmic consistency:  
ʍBh

2 at <1% precision

CMB + Gravity driven acoustic 
oscillations at t = 380,000 yrs Ąʍbh

2 = 
0.02237 ± 0.00015

D/H + Nuclear physics at t ~ 1 sec 
Ąʍbh

2 = 0.02166 ± 0.00015



CMB & BBN
ʍBh

2 = 0.0222 ± 0.0002
vs.

CMB/SDSS/DES/DESI
ʍMh2 = 0.143 ± 0.001

> 50̀ discrepancy

Airtight evidence for nonbaryonic DM



{ƛƴŎŜ άLemaîtreнлмтέ

ÅɽCDM:  remains alive and well as the precision increases 
from a few percent to sub percent

ÅDark matter:  sensitive experiments, but no evidence for 
the DM particle & lots of ideas for candidates and detection

ÅInflation:  Keck/BICEP keep drilling down on the B-modes 
(more results soon!)

ÅDark Energy:  DESI (and DES 5yr) hint at something very 
interesting ςnot just ɽ!

ÅLoose threads?
ïHubble tension:  Wendy, Liciaand Adam
ïOther tensions (e.g., „)

ÅJWST reveals the first billion years of cosmic history



Michael S Turner

Neutrinos 
contribute a 

few 0.1%

DM:  Circa 1990 ς2010



Full Court Press!!
ÅProduce at LHC

ÅDetect particles in our halo

ÅDetect annihilation products

But where is the WIMP?



No lack of new ideas!



Keck/BICEP continue to 
lead the way on B-modes



Å 2018:  r < 0.036 (95% cl), „ πȢππω
Å 2024 or 2025: 5 years more data, more bands, more 

detectors &  „ πȢππυexpected
Å Simons Observatory, CMB S4?, Litebirdahead



JWST reveals the billion years
bigger aperture, IR, better site, higher resolution and SPECTRA

Åά¦ƴƛƴƘƛōƛǘŜŘΣέ ōǳǊǎǘȅ ǎǘŀǊ ŦƻǊƳŀǘƛƻƴ ςfaster than 
expected
ÅSmall, messy galaxies with lots of UV radiation beyond 

z = 10 with spectra not seen at low z
ÅBut, hard to connect light to mass to constrain ɽCDM 
όŘƻƴΩǘ ōŜƭƛŜǾŜ ŜǾŜǊȅǘƘƛƴƎ ȅƻǳ ǊŜŀŘΗύΦ  {ƻƳŜ ƭŜǎǎƻƴǎΚ
ïEarly lenses reveal galactic substructure down to 107 solar 

masses (Keeley et al arXiv:2405.01620) Ąm > 6 keV
ïSMBH at z > 4 with masses from 4 x 105 to 8 x 107 solar 

masses (Maiolinoet al, arXiv:230801230) -- challenge to 
make (need seeds?)

ÅNew light on the distance scale (Wendy and Adam)



Adieu James:  December 25, 2021



The power of infrared eyes!

JWST NIR Deep FieldHubble Optical Deep Field



ISSI Workshop, arXiv: 2405.21054

Lots of early, bursty 
and uninhibited star 

formation 
(unexpected)

Madau& Dickinson, 2014



Lots of high redshift galaxies



Poster child:  GN-z11
found with HST (candidate z = 11 galaxy), studied with JWST

Åz = 10.60 0.0013

ÅdC= 31.2 Bly

ÅdL = 362 Bly

ÅdA = 2.69 Bly (z = 0.25)

NB: dA = dC/(1+z) and dL = (1+z)dC



GN-Ȋмм όŎƻƴǘΩŘύ

Å 100 pc resolution at dC= 32 BLy
Å 109 solar masses in stars
Å few x 106 solar mass BH (so big, so early)
Å Look at that spectrum of a redshift 10.6 object!



DESI (and DES 5 yr) 
hints that dark energy evolves (i.e., not ɽ) 

ÅDESI year 1 alone:  20M redshifts and BAO 
distances to z = 4

ÅɽCDM is a reasonable fit, but a (3-4)„better fit is 
evolving dark energy w0 = -0.7 and wa = -1

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

ÅMatilde de Abreu (UCLA UG) and I have looked at 
this:  a rolling scalar field is a better fit than 
ɽCDM or w0/wa (and better motivated)



DESI fits to w0wa (DES 5yr similar)
NB: w = w0 + wa(1-a) = w0 + waz/(1+z)



DESI BAO distances (few % precision)
note:Ὀ and Ὀ Ὠ᷿ᾀȾὌᾀ Ὠ



Best-fit w0wa model compared to ɽCDM   
is the Universe is giving us the @@#!?



w0wa parameterization maybe useful, 
but it is unphysical



Scalar field ‰with ὠ‰ ά ‰

‍ḳά ȾὌ



Scalar field works just as well (with 
one less parameter, only ‍ ά ȾὌ

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

cosmology is really hard!
and άḗρπ eV



The path forward
ɽCDM: Make it, break it, or extend it

ÅBig data and precision measurements are 
likely to lead the way:  DESI, Euclid, LSST, 
Roman, CMB-S4, Litebird, HL-LHC, DUNE, FCC, 
ΧΣ ŘŀǊƪ ƳŀǘǘŜǊ ǎŜŀǊŎƘŜǎ

Å.ǳǘΣ ŘƻƴΩǘ ƎƛǾŜ ǳǇ ƻƴ ōƻƭŘ ƛŘŜŀǎ



!Ƴōƛǘƛƻƴǎ ŦƻǊ άǘƘŜ ǘƘƛǊŘ ǇŀǊŀŘƛƎƳέ

ÅFundamental model(s) for dark matter, dark 
ŜƴŜǊƎȅ ŀƴŘ άƛƴŦƭŀǘƛƻƴέ όƻǊ ǎƻƳŜǘƘƛƴƎ ōŜǘǘŜǊύ

Åbƻ ǇŀǊŀƳŜǘŜǊǎΥ  ǘƘŜ άŀǳǘƻƳŀǘƛŎέ ¦ƴƛǾŜǊǎŜ

ÅOrigin of the space, time and the Universe

ÅDestiny of the Universe

ÅMultiverse: up or out

That is, finish [ŜƳŀƞǘǊŜΩǎbig dream!



The grandest challenge in 
cosmology:  

Connect big ideas with big data



Precision Cosmology!

Precision Cosmology
is Hard

AccurateCosmology
is even Harder!




