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Galaxies were initially moving 
apart rapidly, but the rate was 

decelerating
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~7 billion years ago, the 
expansion began to accelerate
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What next?
Why did this 

happen?
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The ORIGINAL Hubble Diagram (1929)
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D R E C E N T  S U R P R I S E :  
T H E  R AT E  O F  E X PA N S I O N   

I S  INCREAS ING !



Spacetime is NOT a passive stage, 
it reacts to the “stuff” in it



Matter 
(Atoms + Dark Matter)

Dark Energy 
(???)
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What is this stuff?

We don’t really 
know, but isn’t 

“dark energy” a 
great name?

Dark Energy 
(???)

Density remains constant 
→negative pressure!



Cosmological 
constant??

What is this stuff?

Rμν - ½Rgμν + Λgμν = Tμν

“Energy” of empty space

Dark Energy 
(???)

Density remains constant 
→negative pressure!



Modified 
gravity? 

What is this stuff?

Quintessence?

Dark Energy 
(???)

Density remains constant 
→negative pressure!



Swedish 
Gold!!

What is this stuff?

Dark Energy 
(???)

Density remains constant 
→negative pressure!



Great! You say we’ve discovered an unlimited 
energy source that is everywhere at all times? 

!

(= $$$$)



The density of dark energy corresponds to  
~4 protons per cubic meter



That density is a factor ~10120 smaller than what we 
would naively expect from the particles we already know 

!

10-120 = 0.000000000000000000000000000000 
000000000000000000000000000000 
000000000000000000000000000000 
000000000000000000000000000001 

!

There is something important to understand here…



13.7 billion  
years ago

Today





T E L E S C O P E S  A R E   
T I M E  M A C H I N E S



S P E E D  L I M I T:   
1 8 6 , 0 0 0  M I L E S  P E R  S E C O N D

Rio 2016?

T E L E S C O P E S  A R E   
T I M E  M A C H I N E S
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This photo covers 
roughly one 

thirteen-millionth 
of the full sky 

!
Each smudge of 
light is a galaxy 

!
There are over 100 
billion galaxies in 
the observable 

universe



R E D S H I F T  M E A S U R E S  
E X PA N S I O N



Hydrogen discharge tube

Spectrum



H�HβHɣHδ

656486434410

Wavelength (nanometers)

Emission Spectrum of Hydrogen



Spectrum of the Sun H�









C O S M O L O G I C A L  R E D S H I F T

1 + z =
size of Universe today

size of Universe at time of emission

z =

z =

wavelength observed

wavelength emitted
- 1

- 1
frequency observed

frequency emitted

N O T E : The increase in wavelength does not depend on the rate of 
change of the size scale of the universe at the times of emission of 
absorption, but on the increase of the scale in the whole period



H�HβHɣHδ

656486434410
Wavelength 
(nanometers)

C O S M O L O G I C A L  R E D S H I F T

E X A M P L E : What was the relative size of the Universe when light 
was emitted from a source if the H� line is observed 
with wavelength of 1300 nanometers?



L E T ’ S  R E V I E W

• Redshift tells us relative size of Universe when light 
was emitted 

• Distance tells us light travel time 

• Redshift + independent distance measurement tells us 
expansion history of Universe



Redshift Implications: 
Discovery of the Cosmic Microwave Background, 1964



380,000 years after the Big Bang, the Universe was 
1100 times smaller than it is today, and filled with 
glowing plasma as hot as the surface of the Sun



Due to redshifting, we now detect the primordial 
radiation from that time as a faint microwave hum…  

the most highly redshifted light we can see



Maps of the Cosmic Microwave Background intensity 
show that the Universe was uniform in density to  

1 part in 100,000 at those early times



…and the slight over-dense regions grew to become 
the galaxies and clusters of galaxies we see today…



More on the Cosmic Microwave Background later…



D A R K  E N E R G Y  S U R V E Y



Mapping 300 million galaxies over one-eighth of 
the full sky over 10 billion years of cosmic history 

!

The first dedicated survey to study dark energy 
using four distinct and complementary techniques

D A R K  E N E R G Y  S U R V E Y



Cerro Tololo  
Interamerican 

Observatory (CTIO) 
near La Serena, Chile









5 color filters

A focal plane the  
size of a manhole 

!

62 science CCDs with 
enhanced red-sensitivity 





Most of the objects are galaxies a million 
times fainter than the limit of unaided 

human vision

Star in the 
Milky Way

“Nearby” 
Galaxy



Distant 
Galaxy 
Cluster



5 years 
525 nights 
A photo every 2 minutes



Survey footprint!
1st Season !
2nd Season!
Last Night 
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Total of 10 tilings in 
each patch of sky 
Each “hex” = 3 deg2
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Photometric Redshift

Blue Red InfraredUltraviolet

More light in redder 
filters as redshift 

increases



M E A S U R I N G  D I S TA N C E S  I N  
A N  E X PA N D I N G  U N I V E R S E



L U M I N O S I T Y  D I S TA N C E A N G U L A R  D I A M E T E R   
D I S TA N C E

Preserving notion that distant objects appear dimmer and smaller



In general, luminosity and angular distance  
are NOT the same



Luminosity distance vs. redshift for different 
amounts of dark energy in the Universe today
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Angular distance vs. redshift for different 
amounts of dark energy in the Universe today
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Luminosity distance vs. redshift for different 
properties of dark energy
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T E S T S  O F  D A R K  E N E R G Y



Type 1a Supernovae Baryon Accoustic Oscillations

Galaxy Cluster Abundance Weak Gravitational Lensing
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Type 1a Supernovae
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Extremely Good Agreement Between Model and Data

Each color point is distance 
measure to a supernova

Black curve is model 
including dark energy



Type 1a Supernovae Baryon Accoustic Oscillations

Galaxy Cluster Abundance Weak Gravitational Lensing
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Baryon Accoustic Oscillations

T E S T S  O F  D A R K  E N E R G Y



Remember the Cosmic Microwave Background map?

You may have noticed a characteristic size of the speckles 
indicating slightly over-dense and under dense regions



The size of the speckles in the microwave map is related to 
distance sound waves could travel before light separated from 

atoms 380,000 years after the Big Bang 

In early times , nuclei, electrons, and light interacted so 
often that they moved together as a single fluid  











Type 1a Supernovae Baryon Accoustic Oscillations

Galaxy Cluster Abundance Weak Gravitational Lensing
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Galaxy Cluster Abundance

T E S T S  O F  D A R K  E N E R G Y



Computer  
Simulation

Telescope 
Observation





Galaxies live in dark matter “halos”

The luminous matter we see traces  
the invisible dark matter



https://www.youtube.com/watch?v=xfgDoExbu_Q 
https://www.youtube.com/watch?v=8C_dnP2fvxk

https://www.youtube.com/watch?v=xfgDoExbu_Q
https://www.youtube.com/watch?v=8C_dnP2fvxk




Matter Only Matter + Dark Energy

Growth of Structure



Type 1a Supernovae Baryon Accoustic Oscillations

Galaxy Cluster Abundance Weak Gravitational Lensing
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Weak Gravitational Lensing

T E S T S  O F  D A R K  E N E R G Y













Type 1a Supernovae Baryon Accoustic Oscillations

Galaxy Cluster Abundance Weak Gravitational Lensing
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Average Density of Matter TodayA
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Average Density of Matter Today
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Dark Energy is one of the outstanding scientific               
mysteries of our generation 

There is not yet a compelling theory to                      
explain its measured properties 

Revealing its nature will require a global effort similar in 
scope to that which discovered the Higgs Boson 

Many faculty, staff, and students at the University of 
Chicago are deeply involved in this effort



Thanks!



www.darkenergysurvey.org 
www.darkenergydetectives.org 

www.twitter.com/darkenergydetec 
www.facebook.com/darkenergysurvey

Questions?


