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* Early Evidence for Dark Matter:
o Early Clues to Abnormal MASA/Light Ratios in Galaxies: Messier 31 and Messier 33 (L Aller)
¢ The World Line of Dark Matter: Its Existence and Nature Through Time (V Trimble)
* Astrophysical and Cosmological Sources of Dark Matter:
o Cosmological Constraints on Dark Matter (/ Silk)
o Dark Matter in the Light of COBE (E Wright)
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* Types of Dark Matter:
o Properties of Objects Near the Main Sequence Edge (A Burrows et af)
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First, 1994 in Santa Monica (Bel Air). “Critique of the Sources of Dark
Matter in the Universe.”

Moved to Marina del Rey (aka Venice Heights) for a few symposia
1998: Announcement of the accelerating Universe

2000: Now, the International Symposium on Sources and Detection of Dar
Matter and Dark Energy in the Universe.

2016: at UCLA (first without David Cline)
2018: at UCLA

Covid break
2023: UCLA Dark Matter is back, better than ever! Amazing meeting




Dark Matter: What is the constituent of dark matter?
* Light neutrino
 WIMP/neutralino
* Axion

Dark Energy (1998 — ): What is the nature of dark energy?
* Vacuum energy (w =-1 and w, = 0)
* Quintessence
* Modified gravity
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PRIMORDIAL NUCLEOSYNTHESIS: A CRITICAL COMPARISON OF THEORY AND Qth =0.015 to 0.025
OBSERVATION

J. YANG,? M. S. TURNER,>* G. STEIGMAN,* D. N. ScHrRaAMM,*>® aAND K. A. OLIVE® 9 QB < O 1
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ABSTRACT VS.

Primordial nucleosynthesis is reexamined in the context of a detailed comparison of theory and observation. - g
A new argument is presented to show how the observed abundances of Dp:.ind *He can brg' used to derive a \Y aSS'tO'I |8ht ratios a nd
lower bound to the nucleon density. In concert with the previously known upper bound from D alone, we define : -
a conservative (“safe bet™) range for the nucleon-to-photon ratio: n = (3-10) x 10 ~'°, New observations of pecu I lar VEIOCItleS:
"Li are consistent with the abundances of D and *He and help us to define a reasonable (“best bet”) range:
7 =(4-7) x 107 '° In either of these ranges the predicted and observed abundances of D, *He, and "Li are all 0..>01to00.2
in concordance. The upper bounds correspond to Qy < 0.14-0.19, and we conclude that nucleons fail to close M . .
the universe by at least a factor of 5-7. We review the recent observational data on *He and conclude that there . :
is complete consistency between the predicted abundance of *He and those of the other light elements. In N B Inﬂat|0n - QO = 10
particular, for the standard model (N, = 3, 104 < 1,,, < 10.8 minutes) we find that Y, < 0.25 for n <7 x 107,
We predict a lower bound to the *“He mass fraction of Y, > 0.24 if N, > 3 and 1,,, > 10.4 minutes. If v, is not H = 100h km/S/M pc
light (ie, m 2 1 MeV), N, > 2, and Y, can be as low as 0.226; if Y, is unambiguously determined to be less
than this value, the standard model will be in trouble. Only one additional light, two-component neutrino
species (N, = 4) is marginally permitted: for N, = 4, 7;,, > 10.4 minutes, and n > 3 x 107'°, Y, > 0.253.
Subject headings: cosmology — early universe — nucleosynthesis




fit together

e Dark matter is a window to the earliest moments of the Universe
* Highest temperature, thermal history, epoch of inflation, ...

* Dark matter shapes cosmic structures and is critical to the detailed

understanding of the story of stars, galaxies and us

. Dlark?matter and atomic matter have similar mass densities; why? What
else-

e Dark matter has inspired (and borrowed from) new detector technologies
* Smaller detectors: n o 1/m
* Smaller energies and momenta: p, E am
* High occupancy (m << eV) = coherent effects!
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SPT,
This work

CMB & BBN
0 h? = 0.0222 + 0.0002
VS.
CMB/SDSS/DES/BOSS
0,,h? = 0.143 + 0.001

> 500 discrepancy
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Full Court Press!!
i’ Produce at LHC
 Detect particles in our halo
 Detect annihilation products
But where is the WIMP?

Neutrinos
contribute a
few 0.1%
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Figure 5-18. Combined Spin-independent dark-matter nucleon scattering cross section space. Current
90% c.l. constraints are shaded beige, while the reach of currently operating experiments are shown in
green (LZ, XENONnT, PandaX-4T, SuperCDMS SNOLAB, SBC). Future experiments are shown in blue
(SuperCDMS, DarkSide-20k, DarkSide-LowMass, SBC, XLZD, ARGO) and yellow (Snowball and Plannedx
5). The neutrino fog for a xenon target is shaded light grey. From Ref. [97].




Cosmic Frontier
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Figure 5-13. A high priority target is the QCD axion which solves the strong CP problem as well as the
origin of the dark matter. The QCD axion model makes testable predictions for the interaction strengths as
a function of mass, providing useful benchmarks. This plot shows a suite of ongoing and future experiments
which will test the QCD model by providing broad coverage of axion mass regions at the predicted coupling
strengths to photons (red) and gluons (blue). From the CF2 report [2].




Zeno (Roberto Peccei) and his Lady Jos Grandparents of the axion:
at UCLA from 1989 to 2020: Distinguished scholar, Chair, Roberto and Helen Quinn

Dean and Vice Chancellor for Research h d : ” bl |
https://www.pa.ucla.edu/peccei-memorial.php T €y maade It a possipie!
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Figure 5-10. Venn diagram of dark matter models, showing relationships between different ideas for the
fundamental nature of dark matter.
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LOOKING BEYOND BILLIARD BALLS
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» Experimental Panorama
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Figure 5-12. Waves of ultra-light bosonic dark matter can be probed through a range of experimental
and observational approaches including cavity experiments, quantum sensing technologies, AMO techniques,
and cosmic probes. Assembled from the CF2 and CF3 reports [2, 3].




Atoms : Democritus to 1964
+ photons: 1964

+ neutrinos (e, n): 1967

+ exotic dark matter: 1981

+ CDM: 1983/4

+ massive neutrinos: 1998
ho ordered that?

+ dark energy: 1998

+ T neutrino: 2000 How much room for more:

: . UR: ~0.2
Done? Not likely! . NR: ~o.1E§.“,ZB

: = *  Otherleft :??
Why is QCDM/Q ~5? er leftovers
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WHY SHOULD BARYONS AND EXOTIC RELIC PARTICLES HAVE
COMPARABLE DENSITIES?

MICHAEL S. TURNLER
NASA/Fermilab Astrophysics Center, Fermi National Accelerator Laboratory,
Batavia, [L 60510, USA
and

Departments of Physics and Astronomy and Astrophysics, Enrico Fermi [nstitute,
The University of Chicago, Chicago, IL 60637, USA

and

BERNARD J. CARR

School of Mathematical Sciences, Queen Mary College,
Mile End Road, London E1 4NS, England

Received 23 December 1986

Observations suggest that the mass density of the Universe is dominated, not by ordinary
matter, but by exotic particles which are a relic of the Big Bang. 1n this case, a new dimen-
sionless cosmological ratio arises, the ratio of the mass density in ordinary matter to that in
exotic matter, whose value is about 0.1. A priori, it might seem remarkable that this ratio
should be so close to unity. However, we point out that, for many exotic dark matter
candidates, the ratio is related to the fundamental scales of particle physics. A value of
order unity arises naturally provided rather simple relationships exist between these scales.
If the exotic particles are of a kind whose relic abundance is determined by annihilations
(e.g., the photino or a heavy neutrino), then the required relationship is already satisfied for
independent, cosmological reasons.

Dimensionless numbers play a crucial role in physics and in cosmology’ and attempts
to explain them often lead to important insights. The cosmological significance of the
primordial mass fractions of the light elements, of the baryon and lepton number to
entropy ratios, and of the neutrino to photon' temperature ratio are well-known and
appreciated. In addition, there are certain dimensionless combinations of physical

Combinations of
fundamental
constants?

Similar asymmetries
and masses?

Accident?

cf. Milgrom’s Law (DM
“kicks in” at a = cH,)
or CMB energy vs.
stellar free energy




Precision Cosmology!




Often in Error,
Never in Doubt!




Annu, Rev. Nucl. Part, Sci. 2022.72:1-35, Downloaded from www annualreviews.org
Access provided by 104.174.100.77 on 03/29/23. See copyright for approved use.

"l ANNUAL
I\ REVIEWS

| onons CONNECT

www.annualreviews.on '

* Download figures

+ Novigate cited references

* Keyword search

* Explore reloted articles

* Share via email or social media

Annu. Rev. Nuel. Part. Sei. 2022, 72:1-35

First published as a Review in Advance on

June 9, 2022

The Annual Review of Nuclear and Particle Science
is online at nucl.annualreviews.org
hetps://doi.org/10.1146/annurev-nucl-111119-
041046

Copyright © 2022 by Annual Reviews. This work is

licensed under a Creative Commons Attribution 4.0
International License, which permits unrestricted
use, distribution, and reproduction in any medium,

provided the original author and source are credited.

See credit lines of images or other third-party
material in this article for license information.

Annual Review of Nuclear and Particle Science
The Road to Precision
Cosmology

Michael S. Turner'?

'Kavli Institute for Cosmological Physics, University of Chicago, Chicago, Illinois, USA;
email: mturner@uchicago.edu

2The Kavli Foundation, Los Angeles, California

Keywords
cosmic microwave background, cosmology, dark energy, dark matter, early
Universe, inflation, particle cosmology, Lambda CDM

Abstract

In the past 50 years, cosmology has gone from a field known for the errors
being in the exponents to a precision science. The transformation—powered
by ideas, technology, a paradigm shift, and culture change—has revolution-
ized our understanding of the Universe, with the Lambda cold dark matter
(ACDM) paradigm as its crowning achievement. I chronicle the journey of
precision cosmology and finish with thoughts about the next cosmological
paradigm.

Precision cosmology —
once an oxymoron — with
its large, high quality
datasets is now probing

dark matter and dark
energy in unprecedented
ways




When and why is gravity repulsive?
How are inflation and today’s accelerated expansion related?
Are there other epochs of cosmic acceleration?

What does cosmic acceleration tell us about the destiny and origin of
the Universe?

What is nothing and how much does it weigh?

Signatures beyond the expansion rate

NB: dark energy is merely the cause of the current epoch of cosmic
acceleration
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Joshua A. Frieman,'? Michael S. Turner,’
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Dark Matter and Dark Energy in the Universe

Michael S. Turner!
Departments of Astronomy & Astrophysics and of Physics, Enrico

Fermi Institute, University of Chicago

Abstract.

For the first time, we have a plausible, complete accounting of matter
and energy in the Universe. Expressed a fraction of the critical density
it goes like this: neutrinos, between 0.3% and 15%; stars, 0.5%; baryons
(total), 5%; matter (total), 40%; smooth, dark energy, 60%; adding up
to the critical density (summarized in Fig. 1). This accounting is consis-
tent with the inflationary prediction of a flat Universe and defines three
dark-matter problems: Where are the dark baryons? What is the non-
baryonic dark matter? What is the nature of the dark enmergy? The
leading candidate for the (optically) dark baryons is diffuse hot gas; the
leading candidates for the nonbaryonic dark matter are slowly moving el-
ementary particles left over from the earliest moments (cold dark matter),
such as axions or neutralinos; the leading candidates for the dark energy
involve fundamental physics and include a cosmological constant (vac-
uum energy), a rolling scalar field (quintessence), and light, frustrated
topological defects.

Key Words

cosmological constant, cosmology, galaxy clusters, large-scale structure,
supernovae, weak gravitational lensing

Abstract

Ten years ago, the discovery that the expansion of the universe is accelerating
putin place the last major building block of the present cosmaological model,
in which the universe is composed of 4% baryons, 20% dark matter, and
76% dark energy. At the same time, it posed one of the most profound
mysteries in all of science, with deep connections to both astrophysics and
particle physics. Cosmic aceeleration could arise from the repulsive gravity
of dark energy—for example, the quantum energy of the vacuum—or it
may signal that general relativity (GR) breaks down on cosmological scales
and must be replaced. We review the present observational evidence for
cosmic acceleration and what it has revealed about dark energy, discuss the
various theoretical ideas that have been proposed to explain acceleration,
and describe the key observational probes that will shed light on this enigma
in the coming years.

385



nner Space and Outer Space are connected in
eep and profound ways

ou cannot understand one without
nderstanding the other

ark Matter and Dark Energy are the poster
hildren of that connection i o
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