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a lot of stuff !
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all this “stuff” — 5%

68.3% DARK ENERGY
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all this “stuff” — 5%
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inferring the invisible

how stuff moves

image distortions



inferring the invisible

’

how stuff moves



how can we “‘see’” the invisible?
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speed = 30 km/s_

P>

N\ | 50 million km




how can we “‘see’” the invisible?
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million km

150



how can we “‘see’” the invisible?
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150 million km




speed increases with mass
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galaxy rotation curve
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there must be mQre mass than we can see'"f_
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inferring the invisible

image distortions



inferring the
invisible:

from image
distortions







distortion depends on amount of intervening mass




distortion depends on amount of intervening mass




inferring the invisible
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image distortions






galaxy clusters are too hot!

hot cluster: x-rays!




galaxy clusters are too hot!




galaxy clusters are too hot!

hot cluster: x-rays!

need*more inyisible mass!
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inferring the invisible

image distortions
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what is dark matter !
how will we know?

a new, undiscovered particle ?

/ T
Incoming - =
Particle

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



however ...
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what are the* (dlstant)

.

gaIaX|es’ doing? " .
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. . Image Credit: Hubble Ultra-beep Field, NASA/ESA
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speed of expansion is increasing !

separation

« >

time




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
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— a lot is also known —

homogeneous

(fl"Ed with radiation + matter)

cold

credit: adapted from NASA



— a lot is also known — A

Dark energy
accelerated
expansi

Cosmi icrowave

universe gets RHIC & !30(:.k.gr d radiation
populated Accelerators |LHC is visible
with particles heavy

LHC ions

e universe

7e of yisible

protons
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The concept for the above figure originated in a 1986 paper by Michael Turner. PQ r'|'iC|e DO'I'O G rou p, I_B N I_ © 2 O ] 5 S U ppO ri'ed by DO E




gravity & quantum mechanics at work

£=28.62

quantum jitter
In space-time

happened in |4 billion years!



gravity & quantum mechanics at work

Z= 0.01

quantum jitter

In space-time
happened in |4 billion years!



including dark matter and dark energy gives
excellent agreement with observations

Angular scale
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excellent model consistent with
independent observations!

Supernova Cosmology Project
Suzuki, et al., Ap.J. (2011)
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“exciting times!

J)\, 'how will dark matter and dark energy fit in with the rest of
/A ‘known’ physics?

| — paradigm shift? —
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