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Image Credit: Hubble Ultra-Deep Field, NASA/ESA



~ 100 billion

~ 100 billion

a lot of stuff !
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speed increases with mass

Credit: NASA
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galaxy rotation curve



galaxy rotation curve



galaxy rotation curve

there must be more mass than we can see!
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inferring the 
invisible:	
!

from image 
distortions



image distortion by gravity



distortion depends on amount of intervening mass



distortion depends on amount of intervening mass

not enough intervening m
ass!
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galaxy clusters are too hot!

hot cluster: x-rays!
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galaxy clusters are too hot!

hot cluster: x-rays!

need more invisible mass!
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dark matter network !  
(in which galaxies are embedded)



what is dark matter ? 
 how will we know?

a new, undiscovered particle ?

liquid xenon detectors (LZ experiment)large hadron collider (LHC)
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however …

STARS, GAS, ETC

dark energy



Image Credit: Hubble Ultra-Deep Field, NASA/ESA

what are the (distant) 	
galaxies doing?



1930’s



1930’s



1998 …
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speed of expansion is increasing ! 

time

separation



why is this exciting ?

expansion

!

contents	



normal matter should 	
slow down expansion !



need some stuff with 
“repulsive gravity”	

!

— DARK ENERGY —	



dark energy: accelerated expansion 
dark matter: clumpiness



5%
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might seem like a lot is unknown …

STARS, GAS, ETC



lumpier

credit: adapted from NASA 

    homogeneous 

cold

expanding

hot 
(filled with radiation + matter)

— a lot is also known —



Reheating !
after inflation

Inflation

universe gets!
populated 
with particles
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— a lot is also known —



happened in 14 billion years!	

quantum jitter 	
in space-time	

gravity & quantum mechanics at work
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Planck collaboration: CMB power spectra & likelihood
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Figure 37. The 2013 Planck CMB temperature angular power spectrum. The error bars include cosmic variance, whose magnitude
is indicated by the green shaded area around the best fit model. The low-` values are plotted at 2, 3, 4, 5, 6, 7, 8, 9.5, 11.5, 13.5, 16,
19, 22.5, 27, 34.5, and 44.5.

Table 8. Constraints on the basic six-parameter ⇤CDM model using Planck data. The top section contains constraints on the six
primary parameters included directly in the estimation process, and the bottom section contains constraints on derived parameters.

Planck Planck+WP

Parameter Best fit 68% limits Best fit 68% limits

⌦bh2 . . . . . . . . . 0.022068 0.02207 ± 0.00033 0.022032 0.02205 ± 0.00028

⌦ch2 . . . . . . . . . 0.12029 0.1196 ± 0.0031 0.12038 0.1199 ± 0.0027
100✓MC . . . . . . . 1.04122 1.04132 ± 0.00068 1.04119 1.04131 ± 0.00063

⌧ . . . . . . . . . . . . 0.0925 0.097 ± 0.038 0.0925 0.089+0.012
�0.014

ns . . . . . . . . . . . 0.9624 0.9616 ± 0.0094 0.9619 0.9603 ± 0.0073

ln(1010As) . . . . . 3.098 3.103 ± 0.072 3.0980 3.089+0.024
�0.027

⌦⇤ . . . . . . . . . . 0.6825 0.686 ± 0.020 0.6817 0.685+0.018
�0.016

⌦m . . . . . . . . . . 0.3175 0.314 ± 0.020 0.3183 0.315+0.016
�0.018

�8 . . . . . . . . . . . 0.8344 0.834 ± 0.027 0.8347 0.829 ± 0.012

zre . . . . . . . . . . . 11.35 11.4+4.0
�2.8 11.37 11.1 ± 1.1

H0 . . . . . . . . . . 67.11 67.4 ± 1.4 67.04 67.3 ± 1.2

109As . . . . . . . . 2.215 2.23 ± 0.16 2.215 2.196+0.051
�0.060

⌦mh2 . . . . . . . . . 0.14300 0.1423 ± 0.0029 0.14305 0.1426 ± 0.0025
Age/Gyr . . . . . . 13.819 13.813 ± 0.058 13.8242 13.817 ± 0.048
z⇤ . . . . . . . . . . . 1090.43 1090.37 ± 0.65 1090.48 1090.43 ± 0.54
100✓⇤ . . . . . . . . 1.04139 1.04148 ± 0.00066 1.04136 1.04147 ± 0.00062
zeq . . . . . . . . . . . 3402 3386 ± 69 3403 3391 ± 60

33

including dark matter and dark energy gives 	
excellent agreement with observations	



excellent model consistent with 	
independent observations!	
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exciting times!  
!
how will dark matter and dark energy fit in with the rest of 
‘known’ physics? 

	 	 	 	 	 	 	 	  — paradigm shift? —


