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we feel them through gravity only! 



Where are we?

1 pc=parsec is equal to about 3.26 light-years (31 trillion kilometres)

Radius of the observable universe is about 46.5 billion light-years (14 billion pc).

30 kpc

33 Mpc 14 Gpc

To Neptune 4.503 
billion km 

to Sun 150 million km

1.3 pc nearest to Sun stars

0.8 Mpc to Andromeda



The Universe                                                                                                                                                  
is practically isotropic and homogeneous  

on scales larger than    

100 Mpc

1 pc=parsec is equal to about 3.26 light-years (31 trillion kilometres)
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Triangulum Galaxy (M33) Rotation Curve

Vera Rubin, 1970-80

Dark Matter  
on “Small” Scales 

 

Andromeda Galaxy (M31) 
Galaxy Evolution Explorer image



GM (r)
r2

=
v2

r



GM (r)
r2

=
v2

r
r > rvisfor v ∝ r−1/2

expect



GM (r)
r2

=
v2

r
r > rvisfor v ∝ r−1/2

expect

(1980)



GM (r)
r2

=
v2

r
r > rvisfor v ∝ r−1/2

expect

(1980)

Famaey, McGaugh



GM (r)
r2

=
v2

r
r > rvisfor v ∝ r−1/2

expect

v (r) ≃ constobservations

(1980)

Famaey, McGaugh



GM (r)
r2

=
v2

r

M = 4π∫
r

0
dr′�r′�2ρ (r′�) M ∝ r ρ ∝

1
r2

r > rvisfor v ∝ r−1/2
expect

v (r) ≃ constobservations

(1980)

Famaey, McGaugh



Mhalo ∼ 1012M⊙

ρDM ∼ 0.3 GeV/cm3

Rhalo ∼ 100 kpc

⟨v⟩ ∼
GMhalo

Rhalo
∼ 200 km/s

For our Galaxy 

REarth ∼ 8 kpc

Non-relativistic! 

1011but stars

but

DUST is good enough… 
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DM halo profiles from numerical 
simulations, Cusp/Core? 

Navarro-Frenk-White (NFW) profile: ρNFW (r) =
ρ0

r/rs (1 + r/rs)2 rs = 20 kpc

Einasto profile: ρEin (r) = ρ0 exp −
2
γ ( r

rs )
γ

− 1 γ = 0.17

ρBurk (r) =
ρ0

(1 + r/rs) (1 + (r/rs)2)Burkert profile : rs
core

TASI 2015, Lectures on Dark Matter Physics, Lisanti  



NASA/CXC/M. Weiss - Chandra X-Ray Observatory: 1E 0657-56It is at a comoving radial distance of 1.141 Gpc (3.7 billion light-years, z=0.3)

Bullet Cluster: Dark Matter 
passes by “without” interactions 





Abell 520, Train Wreck Cluster
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Dark Core?!  
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gobs '
p
a0gbar

a0 ' 1

6
H0 ' 1.2⇥ 10�8 cm/s2

MOND, Milgrom, 1983



BBN

η10 ≡ 1010 ×
nN

nγ

 Mukhanov cosmology textbook 

  

Ωbh2
75 ≃ 6.53 × 10−3η10

For η10 > 10

Xf
D ∝ exp (−0.1η10)

Xf
D ≃ 4 × 10−4η−1

10

η10 ≲ 10For

observations: 3 < η10 < 7
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75)

…the height of the first peak together with the existence of the second peak are in themselves convincing evidence of the 
following key qualitative features of our universe: that the total cold matter density is less than the critical density, that 
cold dark matter exists and that its density exceeds the baryon density. 
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