Catch a Star (2019)

Can we find any hints of dark matter?

Authors: José Maria Diaz Fuentes, Aurora Lydia Chacon Mufioz (14 years old),
Rocio Carrasco Castillo (14), Nuria Garrido Lépez (14)

School: Salesian school Santo Domingo Savio, 23400, Ubeda, Spain

E-mail: josemaria.diazfuentes@gmail.com

U ANDSTRONG
INSTITUTIONS

FORTHE GOALS @

@ SUSTAINABLE
DEVELOPMENT
GL:ALS

Y,

I - E
e
———

T ———

o)



Abstract

It may seem an exaggeration to say that practically everything we have learned in schools is false. In
certain way it is, because almost 95% of all the energy / matter that makes up our universe are
completely unknown to us.

Ordinary matter, the matter of which we find that everything is done, does not really represent more
than 5% of what is in this universe. And it is not that we have not come to observe it, it is that we do
not really know what it is. We call it dark matter and dark energy.

We have proof of its existence but we have not yet managed to understand its identity. If someone
thought that everything is already discovered, he is very wrong. We have a lot to investigate yet!

Development

Introduction

All matter in our observed world seems to be made of very small particles. They can be complex
molecules or even simple molecules. In turn, the molecules are made up of smaller entities: atoms.
And these, in turn, are made up of electrons, protons and neutrons. But, digging a little deeper, even
more inside, we find the true constituents of matter: it is the kingdom of quarks and leptons.
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Figure 1: The basic constituents of matter

The most current researches reveal the nature of the main constituents of matter: quarks, leptons and
boson conductors of forces. This is the standard model of particle physics, accepted by the entire
scientific community and with very solid evidence of its validity. The current state of this knowledge
comes from studies conducted on the largest particle accelerators such as the LHC of CERN in
Geneva.

These fundamental particles come paired with their corresponding antiparticles as well, so they
together configure the called standard model completely.
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Figure 2: Standard model of particle physics

According to this model, the combination of three quarks (linked by gluons) gives rise to heavy
particles that we call baryons. Examples of baryons are: protons, neutrons and other less known
particles such as delta, lambda, sigma, xi and omega particles that have a very short half-life.

Mesons are somewhat lighter particles and are formed by the combination of two quarks only (pions,
kaons, etc.)

p’—>uud (+2/3+2/3-1/3=+1)

n" > ddu (-1/3-1/3+2/3=0)

A®-> uds (+2/3-1/3-1/3=0) (spin of udJ 0) (decays on p* + w orn” + %)

A > ude (+2/3-1/3+2/3 =+1) (the subscript specifies another type of quark)

AT --> uuu (+2/3+2/3+2/3=+2)

%> uds (+2/3-1/3-1/3=0) (spin of ud“™T +1) (decays quickly)

I*->uus (+2/3+2/3-1/3=+1)

5 ->dds (+2/3+2/3-1/3=+1)

9 S ssu (-1/3-1/3+2/3=0)

"> ssd (-1/3-1/3-1/3=-1)

0 —>sss (-1/3-1/3-1/3=-1)

Figure 3a: formation of baryons according to the standard model



n'-—>ud (+2/3+1/3=+1) w->ud (-2/3-1/3=-1)

p ->ud (spinofud PP +1) p —>ud (spinofudld ) -1)

ull —dd
n’-—>uu n-->dd (w”-—>uu andalso dd) {rrg %T]
W -—=>ce
T-->hb
K'-—>us (+2/3+1/3=+1) K->us (-2/3-1/3=-1) K —> (linear combination)
©-—>s5

D'->cd (+2/3+1/3=+1) D ->ecd (-2/3-1/3=-1) D°->cu y D°->cu

D'.->cs (+2/3+1/3=+1) D,->es (-2/3-1/3=-1)
B"->bu (+1/3+2/3=+1) B ->hu (-1/3-2/3=-1) B°>db y B°->db

B”.->sb (-1/3+1/3=0) B->sh (+1/3-1/3=0)

Figure 3b: formation of mesons according to the standard model

Actually, the possibilities of combining these three families of quarks and anti-quarks are very large
and, in fact, little by little new forms of combination are being discovered.

However, everything we observe from Earth - and even with the most sophisticated instruments -
seems to indicate that, both at ordinary scales and at large scales, everything is composed of matter
formed by the up and down quarks (uud protons, ddu neutrons ) and electrons. The rest of the
particles we have mentioned are also observed but have a very ephemeral life and are only detected
in very special circumstances. Thus, everything we can see seems to be made up of ordinary matter
(and no antimatter) as we have always learned in schools.

Thus all the stars that we can observe in our galaxy seem to be constituted and even the billions of
galaxies, which we can observe with the most sophisticated telescopes and radio telescopes, seem to
be made of the same material as us.

Figures 4, 5 and 6: Everything we observe seems to be made of ordinary matter

However, the most recent studies in cosmology show us some disturbing results, and everything we
have seen so far seems to be a very small part of what actually exists in our universe.



These two simple graphs show us that the ordinary matter we observe is only 5% of a whole of which
we know almost nothing. Almost 27% of the total corresponds to a mysterious mass that exerts its
powerful attractive force of gravitation but we do not know what it is. We call it dark matter. And there
is, in addition, a remainder of almost 68% that also exerts a powerful force that makes the universe
expand faster and faster. We call this term dark energy and we don't know what it really is.
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Figures 7 and 8: Our universe in percentages of matter / energy

So, being really humble, we must admit that about 95% of our universe is of a nature class unknown
to us!

But how are we sure about this?
Deepening

If we graphically represent the speed of each planet around the sun with distance, we observe a
typical exponential curve that fits perfectly with Newton's predictions and Kepler's third law (see our
spreadsheets).
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Figure 9: Newtonian mass distribution in the solar system



When we try to make a similar study with the matter of an entire galaxy, the results obtained change
dramatically as we can see.

We could say that a galaxy is a set of billions of stars orbiting a common center of gravity. But galaxies
contain a lot of other materials such as dust and gases. Most of the gas in a galaxy is neutral
hydrogen at low temperature (<300K). At this temperature the hydrogen electron is in the fundamental
state and the direction of its spin is aligned with the proton spin of the atomic nucleus. There is a very
small probability that the electron will suffer a spin inversion in that state (this occurs once every 10.9
million years). In this rare transition to a less energetic state, the electron emits a specific 21 cm
photon wavelength (1420.406 MHz).

This small probability is supplemented by the large amount of hydrogen inside the entire galaxy so
that it is easy to observe the emission of these photons at any time and in any place.

M31 NGC224

Figures 10 and 11: Hydrogen gas approaching us from the Andromeda M 31 galaxy and 21 cm
alpha emission by spin inversion in the hydrogen atom

In our analysis, we use information provided by the Royal Observatory of Greenwich on hydrogen
spectral data rotating around the Andromeda M 31 galaxy. These are data corresponding to the alpha
emission of the 21 cm line of Hydrogen and its shift towards blue due to the Doppler effect.

Obtaining the gas travel speed is relatively simple and can be automated using a spreadsheet.

When we represent the velocity of these masses of hydrogen gas with the distance to the galactic
center, we obtain the curve shown in blue in the following graph. We observe with surprise that this
curve does not fit our usual exponential (as in the previous case of the solar system that we would
represent in red) and we found surprised unusually high speeds over great distances (see our
spreadsheets).
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Figure 12: Speed distribution (in blue) with the distance to the galactic center

How is this possible?

We can explain this behaviour only if we assume that there is a large non-visible mass that
encompasses the entire galaxy and beyond. The calculations of this mass suggest that there should
be a hidden mass about 4 or 5 times higher than that of the mass of the stars and gas that we observe
with the usual methods.

We also have data from the galaxy NGC 2998 (although somewhat less humerous).

NGC2998

Figure 13: Galaxy NGC 2998



Again, when we represent the speed of these masses of Hydrogen gas with the distance to the
galactic center we obtain the curve shown in blue. Nor does this curve fit a decreasing exponential
and we observe, again, unusually high speeds over great distances (see our spreadsheets).
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Figure 14: Speed distribution (in blue) with the distance to the galactic center

A large number of researchers have conducted similar
studies with data from many other galaxies and in most
of them they have observed behaviors very similar to
those we have shown previously.

We are not able to see this mass, but we do notice its
action, we call it dark matter and, certainly, nobody
knows what it is made of.

Figure 15: Similar distributions in
other galaxies (CERN source)

Other observations of a different nature

Many other studies - and more advanced -
especially in very distant galaxies, include
the observation of gravitational lenses; a
phenomenon that is explained only by
Einstein's General Theory of Relativity.

A very massive galaxy or a group of
galaxies of great mass produce a space-
time deformation in its surroundings that
makes the trajectories of the light coming
from very distant objects bends offering
amplified and distorted images of them.

Galaxy Cluster Abell 2218
Hubble Space Telescope * WFPC2

Figure 16: Cluster of Abell 2218 and
Einstein’s rings




This is the basic concept of what gravitational lenses are and they provide us with curious images
called Einstein's rings.
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Figures 17 and 18: Gravitational lenses

The calculations made from the size and brightness of these rings allow us to deduce the amount of
mass capable of causing such space-time deformation present in the place we observe.

But again, we observe that the masses thus calculated give us values about four or five times greater
than the masses they would seem to have at first sight.

So, again we find a mass that escapes us from the vision and points us towards that dark matter that
we have talked about previously and about which we know hardly anything.
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Dark matter ring deduced from the distortions
observed in background galaxies

Figure 19: Annular region of deduced dark matter
of the distortions observed in a galaxy background



Other observations lead us to think that, whatever dark matter is, it interacts with itself in a very weak
way.

We can see this behavior in the following image that shows two clusters of galaxies (the bullet cluster
in Carina) that have suffered distortions in their configuration after having interacted in the past. In
contrast, the dark matter models associated with both clusters appear to have undergone no apparent
modifications.
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Figure 20: Dark matter interacts very weakly with itself
Bullet cluster - Carina

And now, one last consideration

Other studies, on an even larger scale, seem to show us that galaxies were born and grouped
(preferably) in regions of high density of dark matter while in regions of low density there are hardly
any galaxies.

It seems clear that dark matter emerged long before the first stars and galaxies formed, that is, dark
matter seems to be a consequence of the first states of the universe after the big bang where unusual
conditions reigned today and only reproducible (in theory) in large particle colliders that try to simulate
those special conditions.
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Figure 21: Galaxies formed and grouped
in regions where there was high density of dark matter



We design our own model of a gravitational lens

Once we have reached this final point, and aware that relativistic calculations exceed our possibilities,
we wanted to design a practical way to visualize how Einstein’s ring images are formed within our little
laboratory.

The main idea is to show how a weak and hidden object is visible to us in some way similar to what
the previous images suggest.

Figures 10, 11 and 12: Assembly experience and result

Final reflection

We have begun our study talking about the constituents of matter and it is really curious that nature
shows us in the usual way only ordinary matter formed the quarks up and down.

We wonder why this universe took "the trouble" of devising three different families of quarks (with their
respective leptons) and however it has been manufactured a whole universe with just one of those
three families? What is the role of the other heavier quarks into the great history of our universe?

Could dark matter be some kind of combinations of other quarks (very stable and of great mass
manufactured in extreme conditions) that we have not yet discovered? We don't have any answers
yet.
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