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1. Introduction

The distribution of matter in the Universe is closely related to the shape of and the rate of expansion of the Universe. There were many attempts to calculate the mass of the Universe with various results. Before any calculations can be done it is imperative to state what is meant by ‘Universe’. It is further made difficult by the fact that most of the matter, dark matter and dark energy cannot be directly observed. Estimates show that only about 5% of the matter content of the Universe can be observed.

2. What is meant by ‘Universe’?

In the Big Bang cosmology, the observable Universe is the region of space bounded by a sphere, centred on the observer that is small enough that we may observe objects in it. This means that a signal from any object formed after the Big Bang travelling at the speed of light had enough time to reach the observer at the present time. The boundary of the sphere is known as the light boundary. In practice we can observe objects formed since recombination. Before that the Universe was opaque to photons. When the Universe expanded and cooled enough to allow photons to travel freely, electrons could join nuclei to form atoms. The photons travelling since that time is currently observed as the Microwave Background Radiation. Once we are able to detect gravitational waves from the Big Bang we will be able to infer information prior to recombination.

Researchers in cosmology use the word “Universe” to mean “observable Universe. This is based on reasoning that we can never detect a part of the Universe which is causally disconnected from us. It is likely that the galaxies we can observe within the visible Universe represent only a small fraction of the galaxies in the Universe. It is even possible that the Universe is smaller than the observable Universe. This is possible if very distant galaxies may be duplicate images of nearby galaxies, formed by the light that circumnavigated the finite Universe. This is merely a possibility and is very difficult to verify since different images of a galaxy would show different eras in its history therefore appearing quite different to us.  
3. Size of the Observable Universe

The commoving distance from Earth to the edge of the visible Universe (called the cosmic light horizon is about 14 billion parsecs (or 46 billion light years) in any direction we can look. This defines a lower limit on the comoving radius of the observable Universe, but, as stated previously, it is expected that the visible Universe is smaller than the observable Universe because we can only observe light from the Cosmic Microwave Background Radiation emitted when recombination took place. The visible Universe is therefore a sphere with a diameter of about 28 billion parsecs (about 92 billion light years). Since space is almost flat, this size corresponds to a comoving volume of about

4/3 x π x R3 = 4 x 1032 ly3 

or about 3x1080 cubic metres.

Of course, the distance quoted here are current distances (in cosmological time), not distances at the time the light was emitted. Let’s take an example. The Cosmic Microwave Background Radiation we observe now was emitted at the time of recombination, about 380 000 years after the Big Bang which occurred about 13.7 billion years ago. This radiation was emitted by matter that has, in the intervening time, mostly condensed into galaxies. Those galaxies are now calculated to be about 46 billion light years from us. To estimate the distance to that matter at the time the light was emitted a mathematical model of the expansion must be chosen and the scale factor, a(t), calculated for the selected time since the Big Bang, t. For the observationally favoured Lambda-CDM model, using the data from the WMAP satellite, such calculation yields a scale factor change of about 1292. This means the Universe has expanded to 1292 times the size it was when the CMBR photons were released. This means that the most distant matter that is observable at present, 46 billion light years away, was only 36 million light years away from the matter that would eventually become Earth when microwaves we are currently receiving were emitted. 
4. Mater content

The observable Universe contains about 3 to 7 x 1022 stars (30 to 70 billion trillion stars), to be found in more than 80 billion galaxies, which themselves form clusters and superclusters.1) Rough calculations give the number of atoms in the observable Universe to be 1080.

1) Observations of the cosmic microwave background from the Wilkinson Microwave Anisotropy Probe suggest that the spatial curvature of the Universe is very close to zero, which in current cosmological models implies that the value of the density parameter must be very close to the critical value, Ώ. This works out to 9.9x10-27 kilograms/meter3 , which would be equal to about 5.9 hydrogen atoms per cubic meter. Analysis of the WMAP results suggests that only about 4.6% of the critical density is in the form of normal atoms, while 23% is thought to be made of cold dark matter and 77% is thought to be dark energy, so this leaves 0.27 hydrogen atoms/m3. Multiplying this by the volume of the observable Universe, gives you about 8x1079 hydrogen atoms.

2) A typical star has a mass of about 2x1030 kg, which is about 1x1057 atoms of hydrogen per star. A typical galaxy has about 400 billion stars, which mean each galaxy has 1x1057x4x1011 = 4x1068 hydrogen atoms. There are about 80 billon galaxies in the Universe, so that means that there are about 4x1068 x 8 x 1010 = 3 x 1079 hydrogen atoms in the observable Universe. However, this is a lower limit calculation ignoring many possible atom sources.

5. Mass of the observable Universe

The mass of matter in the observable Universe can be estimated based on density and size.

One way to calculate the mass of the visible matter which makes up the observable Universe is to assume a mean solar mass and to multiply that by an estimate of the number of stars in the observable Universe. The estimate of the number of stars can in turn be derived from the volume of the observable Universe (4/3πShorizon3 = 9 x 1030 ly3) and a stellar density calculated from the observations by the Hubble Telescope

(5x1021 stars/4x1030 ly3 = 10-9 stars/ly3) giving an estimate of the number of stars in the observable Universe of 9 x 1021 stars (9 billion trillion stars). Taking the solar mass of 2 x 1030 kg as the mean solar mass (on the basis that the large number of dwarf stars balances out the population of stars of which the mass is greater than he mean solar mass) and rounding the estimate of stars up to 1022 stars gives a total mass for all the stars in the observable Universe as 3 x 1052 kg. However, as pointed out in the “matter content” section above, the WMAP results in combination with the Lambda-CDM model predict less than 5% of the total mass of the observable Universe is made up of visible matter such as stars, the rest being made up of dark matter and dark energy. 

It is interesting to note that the British scientist, Fred Hoyle calculated the mass of the observable steady-state Universe (he believed in a steady state Universe) using the formula

4/3 • π • ρ • (c/H)3 , or c3/2GH

1) See http://en.wikipedia.org/wiki/Observable_universe       
