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"Not only is the universe stranger than we think, it's even stranger than we want to think." _Werner Heisenberg

Quantum physics, also known as quantum mechanics or quantum wave mechanics, was born in the late 1800s, It is a study of the atoms' sub-microscopic world and the particles that make them up. In 1800 physicists believed that radiation was a wave phenomenon, and that matter was continuous. They believed in the existence of the ether and had no idea in what was the cause.

The experiments carried out in the late 1800s led to the formulation of quantum physics:

- Discovery of the electron;

- Discovery of X-rays;

- Observation of the photoelectric effect;

- Observation of discrete atomic spectra.

Critical was the interpretation of the black hole radiation spectrum, which led to the breakdown of the equipartition theorem for electromagnetic radiation.

This book deals with the basic theory of the various effects discussed from the first principles in the simplest way. It introduces readers to quantum physics's main ideas and teaches the mathematical methods and techniques used in advanced quantum physics, atomic physics, and laser physics...
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​Note to the reader
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THE BOOK CAN BE UNDERSTOOD by a reader with little or no previous knowledge of modern and quantum physics.

However, a basic knowledge of the subject and mathematics will undoubtedly help.

The text will help readers learn how the fact that microscopic objects (particles) behave in unusual ways called quantum effects, what the term "quantum" means, and where this idea comes from.

The book does not seek to explore all the concepts of quantum physics but aims to have the predictions and problems explored in it provide a useful starting point for those interested in learning more.

It intends to explore the problems that have been the most influential in the development of quantum physics and in the formulation of what we now call modern quantum physics.

Are you ready to know the most famous quantum physics theories and become a new Sheldon Cooper?

Well!

Enjoy the reading!! 
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​INTRODUCTION
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“Physics is not a representation of reality, but our way of thinking about it” _Werner Heisenberg

In the heart of the matter, there is an immense world, made of billions and billions of particles, which escapes our senses and intuition, a world in which not apply the natural physical laws, but something much more complicated and "mysterious": the laws of quantum mechanics. It is a theory so preposterous as to astonish the scientists who invented it.

"Nobody really understands it," said Richard Feynman, one of the brightest physicists of his generation in 1965.

However, this theory works because it describes the world of atoms and molecules with impeccable precision. Furthermore, it has many applications, from lasers to magnetic resonance imaging. It is suspected that it is some phenomena related to it, such as the tunnel effect that make photosynthesis and, therefore, life possible.

Not only...

... quantum mechanics, for its almost "magic," has always fascinated philosophers and scientists. Moreover, today it enters our "daily life" and inspires books, films, and works of art.

However, what is this theory? 

Moreover, why is it so important?

Waves that act like particles, particles that cross barriers like ghosts or communicate with each other in a "telepathic" way. This is the strange world that scientists faced when they discovered quantum mechanics.

One of the main characteristics of this theory is quantization. This is the fact that, in the microscopic world, physical quantities such as energy cannot be exchanged "continuously," like a flow of tap water that can be dosed at will, but through "packages" called the "quanta."

Under this property, light is made up of corpuscles of energy called "photons"; and even atoms can absorb this energy only in packets: an atom, for example, can absorb or emit 1 or 2 or 3 or more photons, but not 2.7 photons or half a photon.

This is what happens in the photoelectric effect, according to which a metal struck by the right type of light produces electricity: this phenomenon, discovered at the end of the nineteenth century and explained in 1905 by Einstein, is based on the operation of modern photovoltaic panels.

The second "oddity" of quantum mechanics is that all particles have a second nature: " In some experiments they behave like corpuscles, in others like waves" explains Giancarlo Ghirardi, emeritus professor of physics at the University of Trieste."An experiment showing the wave nature of electrons is that of the double slit: a sensitive screen is placed in front of a double slit and it is observed that the electrons impress the plate by forming interference fringes, just as light does. Other experiments show that electrons are particles. "

Classical physics is "predictable": it allows you to calculate the trajectory of a projectile or a planet accurately. In quantum mechanics, however, the more precise the position of a particle is, the more uncertain its velocity becomes (and vice versa).

The uncertainty principle supposed in 1927 by the German physicist Werner Heisenberg says so. So if we want to describe the behavior of an electron in an atom, we can only say that it is located in a cloud around the nucleus, and quantum mechanics indicates the probability that, by making a measurement, the electron is at a certain point.

Before the measurement, the electron state is described by the set of all possible results: we, therefore, speak of the superposition of quantum states. At the time of measurement, the electron "collapses" into a single state. This principle has a crucial conceptual aspect: in a certain sense, with their measuring instruments, scientists intervene in the creation of the reality they are studying.

Another bizarre quantum phenomenon is the tunnel effect, i.e., particles can overcome a barrier like ghosts passing through a wall. " This is how the decay of radioactive substances is explained," says Ghirardi." The radiation emitted by these materials, in fact, is made up of particles that overcome an energy barrier within the nuclei. "

The experiment of propagation of light at speed 4.7 times higher than that of vacuum (but without violating the relativity of Einstein) is a phenomenon made possible by propagation through an energy barrier (tunnel effect).

All of this is already strange enough. Nevertheless, the most curious phenomenon is entanglement. Imagine taking two photons in a "state superposition." We can think of them as coins that turn infinitely, showing both faces (head or cross), subjecting them to the entanglement, and bringing them to opposite sides of the Universe.

According to quantum mechanics, if we make a measurement on one of the two and get ahead, the other coin immediately ceases to be in an indeterminate state. If we measure it (after a second or after a century), we are sure that it will be head. The two particles are like in... telepathic contact.

This extraordinary function can be used to carry out quantum teleportation.  “Suppose we want to transfer a photon identified by its polarization state from point A to point B," says Ghirardi. "In addition to the photon teleported, two tangled photons are needed, one in A and the other in B. Then the photon teleported is interacted with the first intertwined photon (the one in A) and communicated to the observer in B the outcome of the operation. In doing so he is shown how he must manipulate the second tangled photon to obtain an identical copy of the starting photon.”

In practice, the starting photon's information is transferred to B thanks to the intermediation of the intertwined photons: in reality, it is a transfer of information, rather than a transfer of matter such as that of Star Trek.
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​Chapter 1: Short history of quantum physics
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“THE PRESENT IS THE only thing that has no end” _ Erwin Schroedinger

By the end of the nineteenth century, classical physics had failed to describe the behavior of matter and electromagnetic radiation on the length scale of the order of the atom or the energy scale of inter-atomic interactions. In particular, the experimental reality of light and electron was still inexplicable.

This limitation of classical laws was the primary motivation that led in the first half of the twentieth century to the development of a physics different from that developed. Until then, through a theory obtained by combining and elaborating a set of theories formulated at the turn of the nineteenth and twentieth century, often of an empirical nature, based on the fact that some microscopic quantities, such as energy or angular momentum, can vary only for discrete values called "quanta" (hence the name "quantum theory" introduced by Max Planck early twentieth century).

Atoms were recognized by John Dalton in 1803 as the fundamental constituents of molecules and all matter. In 1869 the periodic table of the elements made it possible to group atoms according to their chemical properties. This made it possible to discover periodic laws, such as the octet rule, the origin of which was unknown. Avogadro, Dumas and Gauden's studies have shown that atoms are composed of each other to form molecules, structuring and combining according to laws of a geometric nature.

All these discoveries have not clarified why elements and molecules were formed according to these regular and periodic laws.

In 1874, George Stoney discovered the electron while Rutherford the nucleus: this laid the basis for the atom's internal structure.

According to Rutherford's model, a positively charged central nucleus in an atom acts on negative electrons similar to that the Sun acts on the solar system's planets. However, the electromagnetic emissions foreseen by Maxwell's theory for electric charges in accelerated motion should have had a high intensity causing the collapse of the atom in a few moments, contrary to the stability of all the observed matter.

Electromagnetic radiation was theoretically predicted by James Clerk Maxwell in 1850 and experimentally detected by Heinrich Hertz in 1886. However, according to the time's classical theory, Wien discovered that a black body capable of absorbing all the incident radiation should emit waves electromagnetic of infinite intensity at short wavelength. Although not immediately considered of great importance, this devastating paradox was defined in 1911 as "ultraviolet catastrophe."

In 1887 Heinrich Hertz discovered that the electrical discharges between two charged conductive bodies are much more intense if the bodies were exposed to ultraviolet radiation. The phenomenon, due to the interaction between electromagnetic radiation and matter, was called the photoelectric effect. It was discovered that inexplicably it disappeared entirely for frequencies of the incident radiation lower than a threshold value, regardless of its total intensity. Furthermore, if the photoelectric effect occurred, the electrons' energy emitted by the conducting plates was directly proportional to the electromagnetic radiation frequency. Maxwell's classical wave theory could not explain such experimental evidence.

For the theoretical explanation of these counterintuitive properties of light, Einstein was awarded the Nobel Prize in physics in 1921.

Quantum mechanics, developed with numerous physicists' contributions over more than half a century, has provided a satisfactory explanation for all these empirical rules and contradictions.

In 1913 the Danish physicist Niels Bohr proposed an empirical model to try to collect evidence on the stability of the hydrogen atom and its emission spectrum, such as the Rydberg equation. Max Planck, Albert Einstein, Peter Debye, and Arnold Sommerfeld contributed to the development and generalization of the set of formal rules proposed by Bohr, indicating the expression of old quantum theory. In this model, the electron's motion in the hydrogen atom is allowed only along with a discrete set of closed stable stationary orbits of circular or elliptical type. 

Electromagnetic radiation is emitted or absorbed only when an electron passes from a smaller orbit to a larger orbit. In this way, Bohr was able to calculate the hydrogen atom's energy levels, showing that in this system. An electron cannot assume any energy value: the electron can only have precise and discrete energy values [image: image] determined only by the number n.

However, it was not clear why the electron could travel only some specific closed paths.

In 1924 the French physicist Louis de Broglie hypothesized that the electron, in addition to being a corpuscle, also has a wave behavior that manifests itself, for example, in interference phenomena. The electron wavelength λ holds: [image: image] where h is the Planck constant and p the momentum. In this way, the quantization law imposed by Bohr could be interpreted merely as the condition of standing waves, equivalent to the waves that develop on the vibrating string of a violin.

Based on these results, in 1925-1926, Werner Heisenberg and Erwin Schrödinger developed the mechanics of matrices and wave mechanics, two different formulations of quantum mechanics that lead to the same results respectively. Schrödinger's equation, in particular, is similar to waves one, and its stationary solutions represent the possible states of particles and, therefore, also of electrons in the hydrogen atom.

The nature of these waves was immediately the subject of a great debate, which continues to the present day. In the second half of the 1920s, the theory was formalized, with the adoption of fundamental postulates, by Paul Adrien Maurice Dirac, John von Neumann, and Hermann Weyl.

A still different representation, but which leads to the same results as the previous ones, called integrals on the paths, was developed in 1948 by Richard Feynman. A quantum particle runs through all the possible trajectories during its movement. The various contributions provided by all the paths interfere between them to generate the most likely observed behavior.

After mentioning the history of quantum physics, you need to know the basis of classical physics. The next chapter will help you do this.
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​Chapter 2: Classical physics versus quantum physics
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“No one undertakes research in physics with the intention of winning a prize. It is the joy of discovering something no one knew before” _ Stephen Hawking

You have chosen to read this book because you want to understand the riddles of the Universe, and you are curious about quantum physics.

	You may know that some of nature's smallest particles sometimes choose to act (or not act), for example, waves.

	Alternatively, have you noticed that in the quantum realm, cats are both alive and dead at the same time?

	Alternatively, maybe you want to know more about how quantum physics applies to ordinary life and led to the introduction of computers, laser beams, photovoltaic panels, GPS.


Before we start talking about quantum physics, I will show you the essential pillars of classical physics, given that its usefulness survives even today. Our story will probably begin soon under an apple tree in the 19th-century English countryside, coinciding with the birth of mathematics.

Finally, I will introduce you to the realm of quantum physics, where small things interact with methods.
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​2.1 What is physics?
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We generally correlate chemistry with the chewy things that sometimes stink or with the things that burst, geology with the stones and the Earth, and astronomy with the bright objects found in the sky. However, institutions are not as useful when it comes to physics.

A definition of textbook physics states that it is the study of matter and energy. This is true...

... even if underestimated since "matter" and "energy" can mean much more.

If you open your eyes, you will see everything around you. One part is hard; the other is soft. Physics can help explain why and can help explain what the thing represents.

As for energy, you think at the current comes from the wall outlet or at the gasoline you have pumped in your car. In its broadest sense, the energy is responsible for more things: from the rainbow' colors to the air, which prevents the balloon from deflating.

In short, it is difficult, given that it is so omnipresent, to adequately define physics. The laws of physics explain why the Sun rises, why the wind blows, why clocks indicate the time, and why nuclear weapons are so powerful...
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​2.2 Observation, monitoring, measurement and application
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Each branch of mathematics is impressive: with its essential curiosities about how the planet works, it reveals the sequence in a universe that otherwise might appear somewhat arbitrary and disordered...

There is a particular beauty in the sequence, similar to some classical symphony. However, physics carries much more than its aesthetic appeal. Physics is also the basis for a great deal of technology and value standards.

Every effort to understand the world begins primarily with monitoring.  After all, we must learn what we are attempting to explain before going on to explain it.  The observations could be trivial (for example, fallen objects always go down) or thin (for example, the high tide is a little higher when the moon is full).

Then there is the measurement.

Measurements go one step forward and provide quantitative information; quests and assign a value to what we have observed.

For example, we could simply observe that the Sun rises and sets, but we can also quantify when exactly this happens. Time, temperature, mass, and size are typical standard quantities that can be quantified. Since we will see many times, the measurement is vital to the development, analysis, and use of mathematical laws.

After observing, monitoring, and measuring, these laws of physics can be applied to explain a wide range of events: from interactions between tiny particles to explosions of massive stars.

The laws of physics control the potential for chemical and physical systems. We can say with almost certainty that tomorrow the Sun will not only rise, but it will do it from the east. This is only why the picture that governs Earth's rotation and its revolution on the Sun says so.

Whether monitoring, understanding, and prediction does not were sufficient, physics works as a basis for the engineering. Once the laws of mathematics have been discovered, we can use them to make useful things. When arranged perfectly, a wired system can illuminate our homes.
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​2.3 Theoretical, experimental physicists and the "Gedankenexperiment"
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Like it or not, you can not get much in physics without re-run the math.

Almost all laws of physics have an underlying mathematical model. These models are what make physical laws very useful, plus they are the basis for making predictions or designing new technologies.

A fantastic example that I think you know is Albert Einstein's discovery that energy and matter are interchangeable under specific problems. The basic notion is relatively simple to write in words, but to produce any real use of it; we need a mathematical version. This is given by Einstein's famous formula:  E = mc2 

You have probably seen it before, and you already know that "E" means energy, "m" means mass, and "c" refers to the rate of light. In few words, this formula tells you how much energy is contained within the material with a given amount of mass.

Physicists divide into two very different ways to discover the laws of mathematics and their corresponding mathematical models. The first is obtained from a sort of physicist called "theorist" (like Sheldon Cooper). He works behind a desk, with a pen and pencil (today a computer).

Theorists use logic to derive formulas that they believe will describe the natural world.

Often, the starting point for this process is the well-established laws of mathematics. However, it is not uncommon for some models to be introduced based on intuitions.

As we delve deeper into the growth of quantum physics, we will often encounter such insights.

The second type of physique is called physical "experimentalist" (see Leonard Hofstadter).

He usually works in the laboratory.

The starting point for experimental physics concerns careful observation followed closely by measurements.

Once enough data has accumulated, experimentalists can start looking for models and conclude to establish new mathematical laws.

There is a significant overlap between these approaches, and the line between experimental and theoretical physics is also not evident.

Most importantly, these two approaches are highly dependent on each other.

There is a third process worth mentioning here, not least because of its importance for quantum physics. The physicists often use a tool known as Gedankenexperiment, a German word meaning "thought experiment."

When trying to interpret the strange consequences of quantum physics, we will see many uses of this Gedankenexperiment (like a famous cat...).
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​2.4 How physics works
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Quantum physics is not easy at all...

... many notions that we will meet are not simple and easy to understand.

Precisely for this reason, I will start with a simple and affordable example for everyone.

Imagine that you are sitting in King Arthur's court and hearing what is going on. It is early spring, and King Arthur and Sir Lancelot are discussing their observation that the days are getting longer.

Arthur found that the total amount of daylight increases by about the same amount every day.

Thus, he concluded that the days would tend to lengthen in the same amount of time for all the following days.

He presented a mathematical model to describe this: H = At. "H" could be the range of daylight hours, "t" represents the period in days, and "A" is the constant that quantifies how much longer each day compared to the last.

Lancelot thought it was just nonsense.

Looking back to the previous autumn, once the days were getting shorter, he thought there had to be a cyclical effect. He suggests an alternative formula to specify the number of daylight hours centered on a simple trigonometric sinusoidal function (a sinusoid).

Using an hourglass, Lancelot and Arthur carefully measured the number of daylight hours each Saturday for two months, drawing everything on a graph. From this graph, Lancelot and Arthur created a couple of modifications for their formulations to adapt them to the observation (by changing the constant A).

With only two months of observations, both formulas agree quite well with the two riders' data.

[image: image]
Arthur was called in for a 10-month exploration. When he finally rides the drawbridge to return to Camelot, Lancelot cannot help but gloat.
A look at their formulas compared to observation explains why.

When more data was included, Lancelot's model turned out to be fair, while Arthur's was out. Consequently, Lancelot's formula is accepted, while Arthur's formula is discarded.

With new confidence in Sir Lancelot's formula, Merlin (our theorist) retreats to his room to find a justification for Arthur's formula working the first time.

After some careful thought, he concluded that not only the Earth rotates around its axis, but the rotation axis must be inclined at an angle to the plane of its orbit around the Sun. While the Earth orbits [image: image]
the Sun, its northern hemisphere is inclined towards the Sun during the summer and away during the winter. Therefore, the days are longer in spring and shorter in autumn.

After a year, Sir Lancelot's notion is validated, while King Arthur's model continues to be rejected.

Take a look at the graph: Lancelot's model is not perfect.

In June and July, for example, days are expected to be considered shorter than they are. Lancelot's formula, together with Merlin's interpretation, requires a little fine-tuning to take into account the subtle results and bring him to a better agreement with the observation. Nevertheless, the Lancelot-Merlin theory is an excellent approximation of the amount of the day throughout the year. It can be used to determine the length of the day for years to come. Based on its success, this theory is elevated to legal status.

Although this example is false, the process by which King Arthur, Sir Lancelot, and Merlin tried to clarify that nature is typical of how physicists work.

A particular phenomenon is observed, and theorists derive formulations and think to explain it. Experimentalists make measurements, and, based on these, successful theories are validated, and ineffective theories are lost. Theories that stand the test of time are considered physiological laws.

Sometimes there are disagreements between theory and experimentation: this, as we will see, was the scenario for quantum physics.
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​2.5 The scale of Quantum Physics
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By the early twentieth century, when quantum physics was born, a complete picture had already been developed to explain many events. However, there were some disagreements between theory and experiment. It was the investigation of these disagreements that created quantum physics.

These discrepancies have not been observed in everyday life because quantum physics is essential only when dealing with tiny things.

Quantum physics is not necessary to describe why the days get longer in the summer, for example. Quantum physics is only needed when it comes to things even smaller than a speck of dust.

This does not mean that quantum physics is not valuable for our daily life.

I remember that mathematics is used to specify the relationship between energy and matter. As we will see later, most of the objects are made up of particles much smaller than a grain of debris.

Therefore, understanding macroscopic objects (i.e., objects of ordinary and everyday dimensions) depends on understanding their microscopic constituents.

For now, it is sufficient to say that the results of quantum physics become very evident only on scales of length millions of times smaller than you.
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​2.6 The new laws of quantum physics
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Quantum physics is just over 100 years old. Its appearance at the beginning of the twentieth century was mainly driven by physicists' ability to observe, manipulate, and measure objects on a quantum scale.

What they found was that the microscopic world was not just a scaled-down version of the macroscopic world.

Instead, it is fundamentally different and governed by new physical laws, which are quite strange. When it all comes down, there are about four new ideas that emerged with quantum physics. I will summarize them.
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​2.6.1 Intrinsic granularity
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First, quantum physics tells us that when we proceed on smaller and smaller scales, some physical levels become "pixelated."

The things that seem to be continuous (smooth and slow) on the macroscopic scale are, in fact, discrete and significant on the microscopic scale.

In other words, they are limited to different and well-separated values.

For example, the classical laws of physics say that the energy incorporated in a pendulum could take on any possible value depending on the speed and height with which it oscillates. However, we will see that a small pendulum in the quantum realm will not oscillate with any energy, but is limited to specific discrete energy values.

At first glance, this may seem less revolutionary than you think.

In our digital age, we are used to limiting things in small steps.

For example, we are used to seeing low-resolution digital photographs that look pixelated if stretched too far.

Alternatively, if you look at an image on a computer screen and then zoom in more and more, you see that what seemed smooth was made up of many small dots (the pixels).

The difference between these daily examples and quantum granularity is that the quantum version is inherent and inevitable. It can never be overcome.

In principle, there is nothing to stop us from developing a computer display or printer with even better resolution.

On a quantum scale, however, smaller pixels are simply not available.
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​2.6.2 Logical inconsistencies
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The second big difference between quantum and classical physics is that we cannot always rely on logic in the microscopic world. 

Physicists find it unsettling because logic plays an essential role in science in general.

For example, how often have you wished to be at home with your family when you are at work?

In our daily lives, it is impossible to be in two places simultaneously (this applies to people and things)...

... however, in the quantum realm, objects may be in several places at the same time. The reason for this has to do with probability.

In quantum physics, probability assumes greater importance than ordinary conditions.

Let us take an example to clarify: you are at school or at work from Monday to Friday, while you are at home on Sunday and Saturday.

This usually means that if I take a random date, there will be a 71 % chance (5 out of seven) that you will be at work or school and a 29 % chance (two out of seven) to find yourself at home.

When that date arrives, you will be in one of the two places.

Things are a little less clear in quantum physics since, in the example cited, you may be in both places at the same time.

This fact is inevitable until someone calls you and ascertains that you are in one place or another.

Once you answer the phone, your position will be marked, and from that moment on, you will be alone in that place. The
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