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Standard Model of Particle Physics

Dark Matter @ Dark Energy

27% 63%
N S

we feel them through gravity only!



Where are we?

Solar System Solar Interstellar Neighborhood Milky Way Galaxy

To Neptune 4.503
: billion km
to Sun 150 milion km

o
1.3 pc nearest to Sun stars

Virgo Supercluster Local Superclusters Observable Universe

0.8 Mpc to A'ﬁdromeda

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

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




The Universe
Is practically isotropic and homogeneous
on

1 pc=parsec is equal to about 3.26 light-years (31 trillion kilometres
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' _Coma Cluster (Abell 1656)

Credit: NASA/JPL-Caltech/GSFC/SDSS
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~_Coma Cluster (Abell 1656) "

Credit: NASA/JPL-Caltech/GSFC/SDSS ~

Fritz Zwicky, 1933

U= —-2T

virial theorem

DM, . jern = 10 Lum. Matter
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Vera Rubin, 1970-80
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Figure 1: Rotation curves of spiral galaxies as measured in the original Rubin
Most galaxies show a flattening of the circular velocity at large radial distances.

et al.

paper (1980)
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Figure 1: Rotation curves of spiral galaxies as measured in the original Rubin et al. paper (1980)
Most galaxies show a flattening of the circular velocity at large radial distances.
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observations v (r) ~ const
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~ For our Galaxy

Mhle ~ 1012M® but 1011 stars

R, _;, ~ 100Kkpc but Rg,... ~ 8KpC

GMhalo
(V) ~ ~ 200 km/s

Rhalo
Non-relativistic!

DUST is good enough...
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pX— and Maxwell-Boltzmann distribution
r

phase space density for a DM particle f(X, V)

0 0 0
—f+5( f | V—fz()
ot 0X ov

collision-less Boltzmann equation

: : d
Jeans Theorem: stationary solution ~ f(/(x,v)) —1(x,v) =0

1
E=5v2+c1> as 1(x,V)

o0

TP 2 —®/c?

assume fo e F0 so that P°<J' dvvifoce™™°
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1
Poisson equation A@ = 47Gp resultsin  p — fox e_v%z
r



DM halo profiles from numerical
simulations, Cusp/Core?

Po
rir, (1 + r/rs)2

Navarro-Frenk-White (NFW) profile:  p, ., (r) = r. = 20Kkpc

Einasto profile: pein (F) = poexp | —= — 1 =1 y =0.17

Burkert profile :  PBurk (r) = j core
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TASI 2015, Lectures on Dark Matter Physics, Lisanti

Figure 2: (left) A comparison of the NFW (solid red), Einasto (dashed blue), and Burkert with
rs = 0.5 (dotted green) and 10 kpc (dot-dashed purple) profiles. Figure from [32]. (right) The
expected velocity distribution from the Via Lactea simulation (solid red), with the 68% scatter
and the minimum/maximum values shown by the light and dark green shaded regions, respectively.

For comparison, the best-fit Maxwell-Boltzmann distribution is shown in dotted black. Figure
from [33].



Bullet Cluster: Dark Matter
passes by “without” interactions

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




Galaxy Cluster MACS J0025.4-1222 ...
Hubble Space Telescope ACS/WFC
- Chandra X-ray Observatory
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Abell 520, Train Wreck Cluster

Abell 520

LENSING

Luminosity derived from CFHT Mass derived from WFPC2

E . - : & .
COMPOSITE . g s OPTICAL -

CXO X-ray




Abell 520, Train Wreck Cluster

Abell 520

LENSING

: 4 é Luminosity derived from CFHT Mass derived from WFPC2
COMPOSITE : . ; " OPTICAL -

Dark Core?! NN
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McGaugh, Lelli, Schombert (2016)
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FIG. 3. The centripetal acceleration observed in rotation
curves, gobs = V?2/R, is plotted against that predicted for
the observed distribution of baryons, gpa, = |0Ppar/IR| in
the upper panel. Nearly 2700 individual data points for 153
SPARC galaxies are shown in grayscale.
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...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.

Mukhanov cosmology textbook
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