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In 1917, Einstein introduced Lambda into his field equations to keep 
the Universe static — however this was not a stable solution

Einstein field equations



Edwin Hubble
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2012 Hubble eXtreme Deep Field

Credit: NASA; ESA; G. Illingworth, D. Magee, and P. Oesch, University of California, Santa Cruz; R. Bouwens, Leiden University; and the HUDF09 Team
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Edwin Hubble

Edwin Hubble at the 100-inch telescope at Mt. Wilson
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Hubble 1929
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v = H0D

Hubble 1929
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Image credit: http://home.earthlink.net
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Big Bang Theory

Source: Wikipedia: http://en.wikipedia.org/wiki/Big_Bang
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http://en.wikipedia.org/wiki/Big_Bang


Hubble and Einstein 1931

Albert Einstein, Edwin Hubble, and Walter Adams (l-r) in 1931 at the Mount 
Wilson Observatory 100" telescope, in the San Gabriel Mountains of southern 
California. It was here in 1929 that Hubble discovered the cosmic expansion 
of the universe. Courtesy of the Archives, California Institute of Technology



Supernovae Teams Aimed to Measure 
Deceleration of Universe 
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Type Ia Supernova

Image of remnant from the type Ia Tycho supernova: X-ray: NASA/CXC/SAO, Infrared: NASA/JPL-Caltech; Optical: MPIA, Calar Alto, O.Krause et al.
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Tycho’s Supernovae 1572

November 11, 1572
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Credit: NASA and the High-Z Supernovae Search Team
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Standard Candles

Credit: Lawrence Livermore National Laboratory/Universe Adventure
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Need Supernovae Images to Measure 
Decline of Light Curves

http://community.dur.ac.uk/john.lucey/bridge/SN2015M_bridge.html
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Need Spectra to Determine 
Supernova Spectral Type and Redshift
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Type Ia SN 
have no 

hydrogen or 
helium lines, 

and strong Si II 
lines, unlike 

other SN



Supernovae Data in 1998-1999
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Supernovae Data in 1998-1999

Hubble Data
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Supernovae Data in 1998-1999
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Dark Energy is 
something that is 

causing an 
apparent 

accelerated 
expansion
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Science announces Accelerating Universe is Breakthrough of the Year
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Age Problem Globular Clusters 

Estimated Age 
= 12 Gyr



Freedman et al. 2001

Hubble Space Telescope Key Project (2001)
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Hubble Space Telescope Key Project (2001)
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Hubble Space Telescope Key Project (2001)
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Hubble Space Telescope Key Project (2001)
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Hubble Space Telescope Key Project (2001)
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Theoretical Prejudice for 
Dark Energy
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Theorists like the 
idea of inflation that 
was developed in 
the 1980s because it 
solves the horizon, 
flatness, and 
monopole problems  

However, inflation 
implies the Universe 
is very flat today. 

That is in conflict 
with low             
unless there is  
as well so that  

⌦m
⌦⇤

⌦m + ⌦⇤ = 1



Cosmic Microwave Background (CMB)

COBE Satellite 1991



Cosmic Microwave Background (CMB)

WMAP Satellite 2003



Cosmic Microwave Background (CMB)

Planck Satellite 2013



The CMB acts as a Standard Ruler.   
We know how far a sound wave can 

physically travel by the time the CMB is 
formed 400,000 years after the Big Bang. 

Then we look at the angle that distance 
subtends on the sky to tell how space 
has expanded between then and now.

`

About 1 degree

Planck 2018
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Standard Rulers

Courtesy NASA / JPL-Caltech
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Evidence for Dark Energy from 
the CMB Alone

Planck Results 2013, Paper 17

Primordial CMB 
spectrum plus 
CMB lensing
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Baryon Acoustic Oscillations 
are also a Standard Ruler

Eisenstein et al.,  ApJ 2005

⌦M = 0.27
⌦M = 0.29
⌦M = 0.31
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Adapted from M Kowalski et al. 2008 Astrophys. J. 686 749

Evidence for Dark Energy is now 
from Multiple Data Sets
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A	STANDARD	MODEL	FOR	COSMOLOGY
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What is Dark Energy?



What is Dark Energy?
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Vacuum Energy?

Image credit:  Atlantis Rising Magazine
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Problem:   We have too much vacuum energy - 10120 times too much

Vacuum Energy?
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Breakdown of General Relativity?
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Next Steps



Growth of Structure



Growth of StructureExpansion rate

Frieman, Turner,  Huterer,  ARA&A 2008

Expansion rate probes (e.g. SN Ia, CMB, BAO) suggest   CDM Universe
 

�

Two Different Types of Probes 
of Cosmology
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Two Different Types of Probes 
of Cosmology

Growth of StructureExpansion rate

Frieman, Turner,  Huterer,  ARA&A 2008

Expansion rate probes (e.g. SN Ia, CMB, BAO) suggest   CDM Universe
   CDM makes definitive prediction of structure growth

�
�
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Growth of StructureExpansion rate

Frieman, Turner,  Huterer,  ARA&A 2008

Expansion rate probes (e.g. CMB, SN Ia, BAO) suggest   CDM Universe
   CDM makes definitive prediction of structure growth
Look for deviations from this prediction to test   CDM

�
�

�

Two Different Types of Probes 
of Cosmology



Learning about Dark Energy

An alternative 
model to GR can 

give the same 
expansion rate but 
different growth 

of structure

Shapiro, Dodelson, Hoyle, Samushia, Flaugher (1004.4810)
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w = p/�                    = equation of state of dark energy
    (  CDM is model of Universe where              )w = �1�
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Two Additional Cosmological 
Parameters of Interest
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nature of dark energy
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                    = equation of state of dark energy
    (  CDM is model of Universe where              )w = �1�

     = rms mass density fluctuations in 8 h-1 Mpc spheres today

nature of dark energy
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Two Additional Cosmological 
Parameters of Interest



Two Additional Cosmological 
Parameters of Interest

w = p/�                    = equation of state of dark energy
    (  CDM is model of Universe where              )w = �1�

nature of dark energy

measure of structure growth 

�8     = rms mass density fluctuations in 8 h-1 Mpc spheres today
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Latest Planck 
results out this 
past Tuesday



Planck 2018 Final Results
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Planck 2018 Results Paper VI 



Large Synoptic Survey Telescope (LSST)

• 8-m telescope in 
Chile

• maps Southern sky 
every 3 days

• 30 TB data/night, 
public immediately

• wide, fast, deep

• complete in ~2020



Summary

• Evidence for Dark Energy has been growing 
since mid 1970s

• Now we have many different independent 
data sets indicating Dark Energy must exist

• However, we do not know what is the 
nature of this energy component

• The next decade will have a focus on 
understanding this using instruments like 
the LSST, WFIRST, and Euclid


