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1. Introduction

One of the basic tenets of quantum mechanics is the uncertainty principle. In its simplest form, it applies to the position and momentum of a single particle, stating that, if we continue to increase the accuracy to measure, say, the position of a particle then we cannot measure the velocity of the particle accurately at the same time. In 1900 Max Planck suggested that light always comes in little packets or quanta, in other words he explained clearly the rate of radiation from a hot body. The full implications of this weren’t realized until the formulation of the uncertainty principle. Heisenberg showed that the uncertainty in the position of a particle times the uncertainty in the momentum must always be larger than Planck’s constant, represented by ћ, which is a quantity closely related to the energy content of one quantum of light. Mathematically, if Δx and Δp are the uncertainties in the measurement of the position and momentum, the product of ΔxΔp can never be smaller than Planck’s constant.

2. Wave-particle duality

In quantum mechanics a particle, such as an electron, exhibit a property as a wave. As a consequence of the Heisenberg uncertainty principle no physical phenomenon can be accurately described as a “classic point particle” or as a wave, but in the microphysical situation it is rather best described in terms of wave-particle duality. The uncertainty principle as initially described by Heisenberg, is concerned with cases in which neither the wave nor the point particle descriptions are exclusively appropriate. The observation determines either a position or a momentum of such a wave-particle to arbitrary accuracy, known as the wavefunction collapse. This is subject to the condition that the width of the wavefunction collapse in position, multiplied by the width of the wavefunction collapse in momentum, is limited by the principle to be greater than or equal to Planck’s constant divided by 4п. 
3. Mathematical description

The fundamental postulate of quantum mechanics is that measurements of position and momentum taken in several identical copies of a system in a given state will vary according to known probability distributions. The standard formulation in terms of deviations

 ΔxΔp ≥ ћ/2
where ћ is the reduced Planck’s constant, that is Planck’s constant divided by 2п.

There are other forms of the uncertainty principle such as the energy momentum uncertainty

ΔEΔt ≥ ћ/2

The energy time uncertainty relation has an important implication for spectroscopy. Since excited states have a short lifetime the energy uncertainty is important. It is for this reason that sharp lines cannot be obtained even under ideal conditions. This gives some idea of the apparent “chaotic” behaviour of spacetime where very small intervals of time result in huge energy variations.
There are other forms of uncertainty relations in the quantum world but it is not important for the purposes of this article.

The wave function can reduce somewhat of the uncertainty of quantum mechanics in the form of the Schrödinger’s equation describing the evolution of a wave function. The Schrödinger equation can be written as

Hψ(x,t) = iћ (dψ(x,t)/dt), 
where H stands for the Hamiltonian, ψ stands for the wavefunction and ћ is Planck’s constant.  

The rate at which a wave changes indicates how likely a particle’s velocity is. If the wavefunction is sharply peaked at a particular point in space, there is only a small amount of uncertainty in the position of the particle. On the other hand, a continuous train of waves means that there is a large uncertainty in the position but a small uncertainty in velocity. The description of a particle by wavefunction does not have a well-defined position or velocity. It satisfies the uncertainty principle.

The rate at which the wavefunction changes with time is given by the abovementioned Schrödinger equation. If we know the wavefunction at one time, the Schrödinger equation can be used to calculate it at any other time, past or future. There is, therefore a reduced certainty in the quantum theory. We can predict the wavefunction only. 
4. Role of the uncertainty principle in the Universe

According to inflationary cosmology (the exponential expansion of the very early Universe) the initial inhomogeneities caused by the uncertainty principle, ultimately resulted in the formation of stars and galaxies. It was realized that the random fluctuations in one region of spacetime and another would have caused slight inhomogeneities at the quantum level and the amount of energy in one location would have been different from what it was in another. In the subsequent exponential inflation of the infant Universe, these tiny fluctuations would have been stretched to scales far larger than the quantum domain, causing small amounts of lumpiness.

Over billions of years, following the end of the inflationary phase, these tiny lumps continued to grow through gravitational attraction. These lumps have greater gravitational pull than their surroundings, so they draw in nearby matter, growing large enough to form the first stars eventually galaxies. 

 Apart from the various forms of the uncertainty principle discussed above, applicable to particles, it also applies to fields. By applying the same reasoning used in particles, the uncertainty principle implies that the more precisely the value of a field is determined in one location in space the less accurately its rate of change at that location can be determined. Since spacetime at the quantum level is subject to quantum jitters the field will assume a mixture of different rates of change and, consequently its value will undergo a frenzied, fuzzy, random jitter.
As we go back in the history of the Universe the uncertainty grows larger. When the Universe was very small at the Planck time of 10-43 s, the energy density was enormous. There is theoretical and experimental evidence that the strengths of all three non-gravitational forces depend on the energy and temperature of the environment in which the forces act. This means that at very high temperatures such as occurred in the very early phases of the Universe, the strengths of all three forces converge. Evidence, although indirectly, indicates that the three non-gravitational forces may be unified at very high temperatures.

Once we know that a field like any of the known force fields is an ingredient in the make-up of the Universe, we know that it exists everywhere. It forms part of spacetime. Force fields are therefore subject to the uncertainty of energy and time. The energy of a field can never be zero since this would be a contravention of the uncertainty principle.
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