Co-moving Hubble Parameter as a
Function of Redshift

Riess et al. (2019)

/A CDM model

BOSS DR12

DR14 quasars

Planck Cosmology 2018



Recent Measurements of the Hubble Constant

Hubble Constant Over Time

= Cepheids

—_— TRGB
— CMB

m Cepheids ¢ CMB ( ACT4+W) e TRGB

2010 2015 2020 2025
Year of Publication

Freedman (2021) ApJ, 919, 16



Tension in the Hubble Constant
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The Current Tension in H,
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The Current Tension in H,
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Tension in the Hubble Constant
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Are There Cracks in Our

Standard Cosmological Model?
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The Standard ACDM Model




The Challenge

1. Why the small value?

Observed:
Quantum gravity:
Supersymmetry:

p~103%gcm3
p~ 10+90 g cm3
p .~10+30 g Cm-3

2. Why now?

“The mystery of the
cosmological constant is
probably the most pressing
obstacle to significantly
improving the models of

elementary particle physics
derived from string
theory.”

Witten (2000)

Carroll (2001)



Challenges for Cosmological Constant

1. Why is the energy of the vacuum so small?

* Itis 120 orders of magnitude smaller than estimates from
particle physics (If cut, off at electroweak scale ~56 orders)

A=87Gp, =(10”em) =(10"eV)

1. Coincidence problem:
° Why is QI\ = Qmatter ?

 Why did it become dominant during the current epoch of
cosmic evolution? Any earlier, it would have prevented
structure from forming in the universe



What is Dark Energy ?

Einstein’s GR allows for a pressure term and repulsive gravity:

1 4G A
= =—7IT(,0+3P)+?

4}

—p

Repulsive gravity when p < ——

3

Elastic stuff p< _? with repulsive gravity is called “dark energy”

P__1

Simplest example: Einstein’s cosmological constant: W = — =

P



Recent Type la Supernova Hubble
Diagram
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First Supernova Cosmology Results

@ High-Z SN Search Team
® Supernova Cosmology Project
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Evidence for Dark Matter
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© Cepheids: LMC
® Cepheids: Milky Way
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Calibrated Period-luminosity Relationship for Cepheids  Spitzer Space Telescope o IRAC
NASA / JPL-Caltech / W. Freedman (Carnegie) ssc2012-13a



The Hubble-Lemaitre Diagram

Hubble (1929)
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The dynamics of the universe is
governed by the Friedmann equation:

scale factor
a=1/(1+z)

Hubble parameter

density parameter

curvature

cosmological
constant



" 20t Century Discoveries
~in Cosmology
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Observational Cosmology
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