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1) Why dark matter?
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Rotation curves of galaxies, 1977

Dark matter or modified gravity?
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It a galaxy has a spherically symmetric density distribution p(R), its

mass depends on radius as M(R) = fo (r) - 4mr?dr. Speed V of
the Keplerian rotation of a body on the CIrcular orbit of radius R is

given by Newton's law:

V2 M(R) ~ [GM(R)
R~ TR :H/_\/ R

Outside the galaxy, M stops growing with radius, and we get:

GM

M = const —= V = a x R™1/2.

The flat tail V = const corresponds to M(R) o< R and p o R™2.



Interacting galaxies
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Segue 1, a satellite of the Milky \Way
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Spatial spectrum of relic radiation

Multipole moment, /¢
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The metric of the Friedmann universe has the form

ds® = c?dt® — a*(t)dI?, where a(t) is scale factor. Instead of a(t)
or t, the redshift z 4+ 1 = ap/a(t) is usually used. The radiation
temperature in the Universe is T oc a~1(t) o< (z + 1).

0T
For CMB (z, ~ 1200) - 107>, Relative disturbance of density
. . .ol )
of the “ordinary” matter at this moment is — ~ °Pb 104,
Pb

The density perturbations grow after the CMB formation as

5—’0 x a(t) (the matter-dominated Universe). If there were no dark
0

matter, the matter density perturbations would now have an

amplitude LN z,-107% ~ 0.1, and there would be no cosmic

Pb
structures.



The bullet cluster, 1E 0657-56




2) Candidates



WIMP

Weakly Interacting Massive Particle

H : _ .
Qdm <1OO /(s I\/Ipc)> ~ (310" %"ecm3s™ 1 /{ov))

1) Neutralino
2) The lightest Kaluza—Klein particle
C) R



Many other candidates

1) axions

2) primordial black holes
3) light boson condensate
4) dark photons

5) sterile neutrinos

6) technicolor dark matter
/) many other candidates
8) something else..

The dark matter can be cold or warm, but
cannot be hot!



feeH = Qpgu/Qpm

Primordial black holes (Carr & Kiihnel, 2020)
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3) How to search it?
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Indirect detectiop S
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Isothermal profile
prr?

Navarro-Frenk-White profile
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Einasto profile

1
r n
PEi = Ps €Xp § —2n <—> — 1

Pseudo-isothermal profile

_ _Polo
ré 4+ rg




L =
N
als

g

L] |

=i

]
P x

B

0
tﬂ'{‘

T

R

oan:

.rﬂﬁq

4hd L1
O 0

= "J. inm

1R | R

= E.

P
et

11

I:‘T.

.. ..ﬁr:tl;l:%

Fi

Tree algorithm




Tree algorithm
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Trajectory calculation algorithms
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Leapfrog (fixed stepsize)

e=0.9
200 orbits .
2010.6 steps / orbit

(only every 10-th orbit drawn)
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second-order Rhnge—Kutta

e=0.9

51 orbits :
2784.6 steps / orbiit
5569.2 forces / orbi

(only every 10-th orbit drawn)
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