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● Why we think it exists
● What we think it is
● How we're going to find out
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Coma Cluster (1933)Coma Cluster (1933)

Fritz ZwickyFritz Zwicky



  

Blue shifted = coming towards us
Red shifted = moving away from us



  




RotationRotation

speed,speed,

Distance from center,Distance from center,

Vera Rubin (1970s)Vera Rubin (1970s)

 ~ constant       increasing?



  80-90% of galactic mass is invisible

Sum

Disk
Gas

Bulge

Observed

Observed
Observed

SPARC Catalogue data, McGaugh et al. 2016



  



  

Gravitational lensingGravitational lensing

Use lensed galaxies to map the mass distributionUse lensed galaxies to map the mass distribution



  

Dark matter Dark matter 
mapmap

Abell 222Abell 222

Abell 222Abell 222

FilamentFilament

Dark matter mass mapDark matter mass map



  Dark matter Dark matter 
(gravitational lensing)(gravitational lensing)

Hot gasHot gas
(X-ray bremsstrahlung)(X-ray bremsstrahlung)



  


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Dark matter cosmology
Hot
(fast)

Warm Cold
(slow)

Matches observations



  

● Massive
● Stable
● Invisible
● Cold

Dark matter seems to be particles, 
what do we know about it already?



  

What out there has these properties:

Dust

Massive
Stable
Invisible
Cold 

Small 
objects
(planets, brown 
dwarfs, asteroids)

Massive
Stable
Invisible
Cold 

Massive
Stable
Invisible
Cold 

Neutrinos

Absorbs starlight 
(and glows in the 
infra-red)

Good DM 
candidate...
(but nowhere near 
enough of them)

Too hot! Don't 
form enough 
galaxies



  

● Massive
● Stable
● Invisible
● Cold

 → Dark matter must be exotic

Nothing we know about has these 
properties



  

The standard model
Dark matter must be exotic, but what is exotic?

It's none of these...



  

WIMPs
Weakly Interacting Massive Particles

● Massive
● Stable
● Invisible
● Cold
● Interact via the Weak force

WIMP WIMP

quark quark

 → Nice, simple, testable assumption 
 → Show up in supersymmetry and string theory



  

Weakly Interacting Massive Particles

● They are their own anti-particle
● They annihilate each other if density is high enough
● “ freeze out”   soon after the Big Bang

WIMPs

Standard model
particles

Calculated freeze out density matches observed value!

Time



  

WIMP
Atom

Recoiling nucleus

Can we detect these interactions?



  

Milky Way Milky Way 
diskdisk

Dark matter haloDark matter halo



  

Thousands of dark matter particles fly through 
your body every second

Interactions are extremely rare    
  expect only a couple per→  year
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Problem: cosmic rays bombard the EarthProblem: cosmic rays bombard the Earth

Solution: build Solution: build 
detectors undergrounddetectors underground



  

WIMP

LUX experiment



  

Annual modulation

Dark matter halo

Milky Way disk





June

December

Dar
k m
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te

r w
in

d

● Expect to see more 
events in June and 
fewer in December

 → “ smoking gun ”   for 
dark matter



  

DAMA/LIBRA Experiment

Count rate

● The DAMA/LIBRA experiment report a 9.6σ annual modulation over 
12 years of data consistent with the detection of dark matter

● Signal corresponds to WIMP models already ruled out!
● No one really knows what the modulation actually is...



  

Indirect detection of dark matter
WIMP

WIMP

● WIMPs can annihilate into WIMPs can annihilate into 
gamma-raysgamma-rays 

● Look at dense dark matter Look at dense dark matter 
dominated structures like dwarf dominated structures like dwarf 
galaxies or the Milky Way centergalaxies or the Milky Way center



  

Fermi space telescope
MAGIC

H.E.S.S.



  

Galactic center excessGalactic center excess

Plane of the Milky WayPlane of the Milky Way

The Milky Way in gamma-raysThe Milky Way in gamma-rays

Excess in gamma-rays could be due to Excess in gamma-rays could be due to 
WIMPs annihilating... or something elseWIMPs annihilating... or something else



  

Astrophysics is a messy business and there have been 
lots of hints...

Cosmic ray positron excess...

3.5 keV X-ray line...

● Statistical noise?
● Pulsars?
● High energy outbursts?

...probably a bit of all the above



  

Dark matter production

Look for missing energy 
in particle collisions:

energy of initial beams

energy of debris

Can we create dark matter in the LHC?

But, no new particles so far...



  

Experiments looking for WIMPs



  

Axions

● Introduced by Peccei & Quinn to solve another problem in particle physics   
(it's involved in explaining why the neutron doesn't have a dipole moment)

● Are a good dark matter candidate with very light mass (m < eV) 

● Convert in photons inside magnetic fields:

 → “ light-shining-through-a-wall” experiment

Roberto Peccei Helen Quinn

B-field B-field

axion axion

Opaque wall



Ask me at the end if you really want to know...



  

Good prospects for detection in the 
next few years so stay tuned!

Dark Matter
● Plenty of evidence for dark matter
● Best candidate is the WIMP (but I think axions are nice too)

● We are working on experiments to detect it
➢ Direct detection in underground labs
➢ Indirect detection in space
➢ Production in colliders



  





  

Type 1a SupernovaeType 1a Supernovae

Chandrasekhar limit on the Chandrasekhar limit on the 
mass of a white dwarf mass of a white dwarf ~~ 1.44 1.44



  

● Type 1a all have characteristic light curves
 → can be used as standard candles
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d = Distance
m = apparent magnitude
M = absolute magnitude

Time
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Cosmic acceleration

● Higher redshift supernovae are dimmer than expected
 → Expansion of the Universe is accelerating

Brighter

Fainter

Redshift

Magnitude



  

Large scale structure

Distribution of structure dependent Distribution of structure dependent 
on contents of the Universeon contents of the Universe



  

Dark 
energy*

*actually this plot is only for dark energy in the form of a cosmological constant

Matter (normal+dark)

Supernovae

Cosmic 
microwave 
background

Galaxy 
clusters

Cosmological data

Combining all available data 
gives us the most compelling 
evidence for dark matter and 
dark energy



  

Expansion of the Universe
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Time relative to present day (Gyr)

● Our Universe is dominated by dark energy 

Dark energy dominated

Open Universe

Flat Universe

Closed Universe



  





















““””



  

Cosmological constant

● Einstein's field equations permit a extra constant term

●   Λ   : cosmological constant has an equation of state w = -1

  

Curvature of spacetime =  Matter and energy

 → the ΛCDM model



  

The problem with Λ   

Predicted value of Λ  from the zero point 
vacuum energy is 10120  times bigger than 

the observed value!

Why?*

1. Maybe GR isn't the complete description of gravity?

2. Maybe dark energy is a new 'thing'?

*  depending on your perspective these two questions often amount to the same idea



  

Quintessence
the “ aether”



  

● Energy field that permeates the Universe
● Like the cosmological constant but can vary in spacetime 

and couple to matter 

● Some models have w < -1 which are called phantoms and 
can cause the Universe to undergo a big rip

(i.e. the phantom menace)

Quintessence
the “ aether ”



  



  

Searching for fifth forces
● Dark energy might be measurable in the lab as a “ fifth force”
● One popular model is called the chameleon because it changes 

value depending on its environment 



  

● Why we think it exists  → a wealth of gravitational evidence
● What we think it is   → possibly a WIMP, or maybe an axion
● How we're going to find out   →  >50 experiments working on it
● When we're going to find out   → probably in the next 10 years



● Why we think it exists   → cosmic acceleration + more...
● What we think it is   → ...
● How we're going to find out  →  cosmology, or in the lab, somehow
● When we're going to find out →


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