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Our expanding Universe

When we see the night sky, it presents a picture of planets, stars, galaxies, and many other types of astronomical objects not necessarily visible to the naked eye. It is a picture of calm which hides the fact that the Universe is in fact fast expanding. This was first noted by Edwin Hubble in 1929. Hubble observed that the galaxies outside of our own Milky Way galaxy are all moving away from us at a speed that is proportional to the distance from our own galaxy.

The Big Bang

Working backwards it is easy to see that there must have been a time when the Universe was small, indeed a single point at birth. This happened approximately about 14 billion years ago. The fact that the Universe must have been born at a single instant is called the “Big Bang”, a word coined by astronomer Fred Hoyle after it was proposed by Georges Lemaitre in the 1920s.

The basic principle comes from Einstein's famous equation, E=mc2, which gives the relation between matter with a mass m and its equivalent energy E. The present understanding, based on nearly a century of observations and ideas, says that an extremely concentrated form of energy was transformed into particles of matter immediately after the big bang.

Atoms are formed

According to these theories the Universe after one second was a sea of different kinds of particles such as protons, neutrons, electrons, neutrinos and photons at a temperature of 10 billion degrees. As the Universe started cooling due to expansion, the neutrons combined with protons to form nuclei. Upon further cooling these nuclei combined with electrons to form neutral atoms leading to the formation of matter.

The role of Gravity

Much later, some 150 million years after the birth of the Universe, stars began to form. They started collecting together to form galaxies. Galaxies started to cluster together. It was gravity, at this stage, that was the glue that held these large objects together. When some of these big objects collided they gave rise to little pieces, some of which may have become planet-like objects. This ultimately resulted in the formation of our own solar system and probably many more such systems.

Something is missing

This neat little history of the Universe is actually more complicated than it appears at the outset. The problem was in fact noticed long ago when Jan Oort in 1932 observed some unusual effects called anomalies in the orbital speed of stars in our own galaxy (See box for more explanations). At the same time astronomer Fritz Zwicky noticed a similar anomaly in the rotations of galaxies in large galaxy clusters.

After all, the only force that is responsible for the motion of stars in a galaxy, and for the motion of galaxies in a cluster is gravity. The effect of gravity can be calculated entirely by knowing the mass distribution in galaxies and clusters since the gravitational force is proportional to the masses of the interacting bodies (and inversely proportional to the square of the distance between them). Surprisingly, their observations showed that it required almost five to six times the mass that is contained in the galaxies and clusters than they were able to account for from the visible matter contained in the stars. Zwicky named this missing matter as Dark Matter.

BOX on

Dark Matter and star velocities

We can understand their observations through a simple calculation. Like our own Milky Way, there are spiral galaxies in which the stars orbit around a centre where much of the mass is concentrated. The centre of such galaxies is called the galactic bulge and let us call the mass contained in the centre as M.

If the mass of the star is m, its distance from the centre is r and its rotational speed is v, then the star is attracted to the entire mass M in the interior of the galaxy (that is, everything inside the radius r) due to gravity. The star is rotating about the central bulge, so the centripetal force that is holding it in orbit is equal to the gravitational force. (Some older readers may recognise that you have to be careful to specify the values of these quantities in the frame in which the star is at rest, but this is not important for now).

The centripetal force is calculated as mv2/r while the gravitational attraction between the star and the inner part of the galaxy is G Mm/r2. Here G is the gravitational constant and is related to the acceleration due to Earth's gravity, g=9.8 m/s2. 

From the structure of the galaxy it is obvious that most of the mass is concentrated in the central bulge. Therefore, the rotational speed v2 = GM/r or is proportional to 1/r (or decreasing) far away from the bulge. Therefore the speed should decrease inversely as the square root of the distance from the centre.

On the other hand, if the star is inside the bulge, then the volume enclosed inside the radius r is given by (4/3)p r3. If we consider the density of stars inside the bulge to be roughly constant, say, r, then the mass enclosed = volume X density = (4/3)p r3 r. In such a situation, mv2/r = GM (4/3)p r3 r/r2 or the velocity is proportional to r close to the centre, or the velocity in the central region increases with the distance.

So we see that the rotational speed close to the centre increases linearly up to a point and then decreases for large distances from the centre (outside the bulge).

END OF BOX

It is this rotational speed observation that caused Jan Oort (in the case of stars) and Zwicky (in the case of galaxies) to conclude that there is a missing mass, five times the visible mass that we see, either visually or otherwise.

In the late sixties and early seventies, Vera Rubin, an astronomer at Carnegie Institution in Washington, worked with an accurate spectrograph which could measure the rotational speeds with greater accuracy than ever before. She and her colleagues systematically measured the velocity curve of stars in spiral galaxies.

Vera Rubin discovered that the speed of most stars in spiral galaxies outside the bulge did not decrease as their distance from the centre increased. Instead they orbited roughly at the same speed. What could cause such an effect?

There is Dark Matter

Consider stars near the centre of a galaxy. As you go further away from the centre (but remain within the bulge), there are more and more stars in the inner region, and hence more mass contained inside the radius at which the star is situated. It is this effect that makes the velocities increase as the radius increases. Once you are far away from the centre, there is hardly any change in the mass contained as you go farther away and this is what makes the velocity decrease at large distances.

Now Vera Rubin discovered that the velocites of distant stars are not decreasing. This means that there is an additional mass that is invisible to us, that is causing this effect. This also means that the mass densities in these galaxies are more or less uniform. You can see some of the measurements in the figure.

The dashed line shows what is expected from the visible matter distribution whereas the observations show that the speeds are increasing and do not show any decreasing tendency. If we work out the mass distribution required to explain the rotational curve as observed by Vera Rubin, it is found that most galaxies contain about six times the mass that can be accounted for by the visible stars. Their distribution extends even beyond the galactic bulge and is almost uniformly distributed. Because we do not know what this matter is, except that it exerts gravitational force like ordinary matter, it was termed Dark Matter, in the sense that it does not shine or reflect any light.

Gravitational lensing

There is now independent evidence for dark matter through what is called gravitational lensing. Light bends when going through an optical medium like a lens; it also bends around a massive gravitating object. This one of the central results of Einstein's theory of gravitation. A distant bright star may be hidden behind a massive object, but it may become visible because its light can bend around the massive object and reach us. This is known as gravitational lensing.

If dark matter exerts gravity as shown by the rotational curves, they should also cause gravitational lensing. This is hard to observe in our own galaxy but easier to observe in other astronomical objects through powerful space-based telescopes.

The most spectacular observation of such a lensing is in a system known as Bullet Cluster. This cluster is formed by the collision between two galaxy clusters. While in most galaxies dark matter and visible matter are found together, in the Bullet cluster there appears to be a separation of the two. This might have happened during the collision where the stronger collisions between visible matter may have slowed them down so that they are concentrated in the centre near the point of impact. The dark matter content may have just passed through without slowing down as they do not experience any other force except gravity.

Thus the central part of the Bullet Cluster is almost entirely made up of ordinary matter. But evidence from gravitational lensing suggests that most of the matter resides outside the central region. In the picture, the central region with a dark outline is the visible region as seen by the X-ray observatory called Chandra. The outer region shows the total mass distribution of the galaxy and has been reconstructed from gravitational lensing.

Not this, not that

While we are now certain about the existence of dark matter from many independent observations, we do not know what it is. In fact we know more about what it is not.

In principle they could be dead stars which have stopped emitting light or any other form of radiation, known as white dwarfs. They could be brown stars, stars which failed to ignite in the first place. There are many millions or billions of such stars in the Universe. They could be neutron stars which are not rotating or even so-called black holes.

While a small portion of dark matter may include all of the above, there are serious problems in accounting for six times the visible mass that is dark. The Big Bang scenario accurately predicts the observed abundance of elements (that is, the proportions of hydrogen, helium, etc., in the Universe) and this accounts only about 4-5 percent of the critical energy density in the Universe. Thus there are not enough dead or brown stars while black holes and neutrons are rare. 

What could dark matter be?

It is therefore clear that dark matter may not be the matter that we know and are familiar with. The standard model of particle physics describes the fundamental particles and their interactions. None of these particles however can make up dark matter in its entirety. There are theories which go beyond the standard model of particle physics which do predict new particles and their interactions. However, until they are discovered we will never know if they can be candidates for dark matter particles.

At present there are many space telescopes, like Hubble and Fermi, trying to observe possible signatures of dark matter in space. But there is not enough data to establish the nature of the dark matter. So we know that there is a great deal of dark matter in our Universe but we have no idea what it could be made of.

Dark matter thus remains one of the great mysteries of science, at least for the present.

