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The evidence for dark matter



Astronomical puzzles

Puzzles regarding the motion of atronomical objects usually one of these

possible solutions:

1) there’s something that we

don’t see

The anomalous motion of Uranus led 
astronomers to conjecture the existence 
of Neptune, discovered in 1846.

Figure 1: Neptune.

2) the way we interpret what we

see is not quite right.

Anomalies in the motion of Mercury 
where only explained by replacing 
Newton’s theory with General Relativity.

Figure 2: Mercury.
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Evidence at galactic scale

Figure 3: Adapted from Begeman, K. G et al (1991).

In Newtonian dynamics the circular velocity is given by:

v (r) =

√
GM (r)

r
(1)

where M(r) = 4π
∫
ρ (r) r2dr . The fact that v (r) is approximately

constant implies the existence of an dark halo with M (r) ∝ r and

ρ ∝ 1/r2.
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Evidence at the scale of galaxy clusters

Mass-to-light ration, Υ

In 1993, F. Zwicky inferred from the velocity dispersion fo galaxies in

the Coma cluster, a Υ ≈ 400Υ�.

We can also quantify the mismatch between the observed mass and the

known baryonic mass by looking at the temperature.

Consider the eq. of hydrostatic equilibrium for a spherically symmetric

system:

1

P

1

ρ
= −a (r) (2)

where P, ρ and a are, respectively, the pressure, density and gravitational

acceleration.
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For an ideal gas, this can be rewritten as

d log ρ

d log r
+

d logT

d log r
= − r

T

(µmp

k
a (r)

)
(3)

,

where µ is the molecular weight and mp is the proton mass.

Since the temperature of the cluster is roughly constant, and the density

at large radii follows a power law with index between (−2,−1.5), we can

write

kT ≈ (1.3− 1.8) keV

(
Mr

1014M�

)(
1Mpc

r

)
(4)

If we use the total baryonic mass for Mr , it gives a discrepancy of

about 10 keV with the observations.
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Evidence at cosmological scale

Figure 4: CMB anisotropies given by the WMAP probe (source:nasa.gov).

By matching the temperature anisotropies information contained in

the CMB maps with the parameters of our cosmological model, we can

infer the following for the abundace of baryonic matter in the universe:

Ωbh
2 = 0.024± 0.001 ΩMh2 = 0.14± 0.02
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Dark matter candidates



Dark matter candidates

Cold VS hot dark matter

• Cold dark matter: described by a non-relativistic EoS at the time

when galaxies start to form;

• Hot dark matter: described by a relativistic EoS at the time when

galaxies start to form.

Weakly interacting massive particles

An unknown particle of mass ∼ 100 GeV and interacting with the

strength of the weak force could solve the puzzle.

Axions

New light particles that are introduced in an attempt to explain why

the strong force interactions seem to obbey CP symmetry.
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More dark matter candidates

Primordial black holes

These are black holes that are not born from stellar evolution and can

have relatively low masses. Whether the abundacy of this BH is enough

to explain DM is very model dependent.

Mirror dark matter

An extension to the Standard Model that introduce a new set of

particles to cancel out parity and time reversal symmetry violations.

Mirror and ”normal” matter would interact via weak-force and,

therefore, they are thought as DM candidates.

Exotic candidates

WIMPzillas, gravitinos, gluinos, Q-Balls, Q-nuggets, SIMPS, etc.
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Black hole hair from scalar dark

matter



Circunventing the scalar no-go theorem

This section is based on the work published on arXiv:1904.12803

The no-scalar-hair theorem of Bekenstein can circunvented by removing

the assumption that the scalar field vanishes far away from the black hole.

For simplicity, consider the case of a massless scalar field on a

Schwarzschild background:

ds2 = −
(

1− rs
r

)
rdt2 +

(
1− rs

r

)−1

dr2dθ2 + +r2 sin θ2dφ2 , (5)

where rs = 2GMBH .
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Jacobson (1999) showed that along with the solution φ = 0 (which would

be consisten with Bekeinstein’s theorem), the equation �φ = 0 has also

the following nontrivial solution:

φ ∝
(
t + rs log

(
1− rs

r

))
(6)

Here, the coefficient of the 1/r tail can be interpreted the scalar charge

of the BH. Much like the coefficient of the gravitational potential is

identified as the mass of the BH.
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Dark matter clouds

The key idea is that a BH can be endowed with a scalar charge

by imposing the boundary condition that the scalar has a non-zero

time derivative far away from the BH.

If we allow dark matter to be descried by a scalar field φ, then a

black hole would be endowed with scalar dark matter hair.

By exploiting this idea, we will discuss what happens to the scalar

profile around a BH embedded within a dark matter halo made out

of a scalar field with non-vanishing mass.
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Four different regimes

The profile of the scalar field will depend on the mass m of the scalar.

The radius of sphere of impact, ri , is defined as the radius within the

BH dominates the geometry (rs/ri = v2
typical). This quantity allows to

classify the different regimes:

Figure 5: The three mass scales that delineate different regimes in the scalar

profile. (Adapted from arXiv:1904.12803.)
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Solving the equations

Restricting to s-waves (l = 0), the KG equation can be written as:[
−∂2t −m2

(
1− 1

r

)
+

(
1− 1

r

)2

∂2t +
2

r

(
1− 1

r

)(
1− 1

2r

)
∂2t

]
φ = 0

(7)

or

[
∂2t − ∂2r∗ + m2 − m2

r
+

1

r3
− 1

r4

]
(rφ) = 0 , (8)

where r∗ is the tortoise coordinate defined as r∗ = r + log (r − 1).
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General solution

We seek solutions of the form:

φ (t, r) ∝ e−iωt (9)

Such a general solution exist and are written in terms of the cofluent

Heun function but its form is not very enlightening:

Instead, we look at the profile in each of the four regimes.
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Solutions for each regime

Figure 6: Solutions for each regime. Here ω = m and v =
√

rs/ri (Adapted

from arXiv:1904.12803.)
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Conclusions



Key points

• The no-scalar-hair theorem can be circumvented by considering non

vanishing time derivatives of the field far away from the BH.

• This allow us to obtain solutions of BH endowed with scalar hair

that can also describe dark matter

• The profile of these dark matter clouds will depend on the geometry

(metric) and the mass of the field and, therefore, detecting it could

be a away to infer the nature of dark matter.
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