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The Bohr model of the hydrogen atom (Z = 1) or a
hydrogen-like ion (Z > 1), where the negatively charged
electron confined to an atomic shell encircles a small,
positively charged atomic nucleus and where an
electron jumps between orbits, is accompanied by an
emitted or absorbed amount of electromagnetic energy
(hν).[1] The orbits in which the electron may travel are
shown as grey circles; their radius increases as n2,
where n is the principal quantum number. The 3 → 2
transition depicted here produces the first line of the
Balmer series, and for hydrogen (Z = 1) it results in a
photon of wavelength 656 nm (red light).

Bohr model in 1921[4] after
Sommerfeld expansion of 1913 model
showing maximum electrons per shell
with shells labeled in X-ray notation

Models depicting electron energy
levels in hydrogen, helium, lithium, and
neon

Elliptical orbits with the same
energy and quantized angular
momentum
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"Bohr's law" redirects here. For other uses, see Bohr's law (disambiguation).
Not to be confused with Bohr equation or Bohr effect.

In atomic physics, the Bohr model or Rutherford–Bohr model of the atom, presented by Niels
Bohr and Ernest Rutherford in 1913, consists of a small, dense nucleus surrounded by orbiting
electrons. It is analogous to the structure of the Solar System, but with attraction provided by
electrostatic force rather than gravity, and with the electron energies quantized (assuming only
discrete values).

In the history of atomic physics, it followed, and ultimately replaced, several earlier models,
including Joseph Larmor's Solar System model (1897), Jean Perrin's model (1901),[2] the cubical
model (1902), Hantaro Nagaoka's Saturnian model (1904), the plum pudding model (1904), Arthur
Haas's quantum model (1910), the Rutherford model (1911), and John William Nicholson's
nuclear quantum model (1912). The improvement over the 1911 Rutherford model mainly
concerned the new quantum mechanical interpretation introduced by Haas and Nicholson, but
forsaking any attempt to explain radiation according to classical physics.

The model's key success lies in explaining the Rydberg formula for hydrogen's spectral emission
lines. While the Rydberg formula had been known experimentally, it did not gain a theoretical
basis until the Bohr model was introduced. Not only did the Bohr model explain the reasons for
the structure of the Rydberg formula, it also provided a justification for the fundamental physical
constants that make up the formula's empirical results.

The Bohr model is a relatively primitive model of the hydrogen atom, compared to the valence
shell model. As a theory, it can be derived as a first-order approximation of the hydrogen atom
using the broader and much more accurate quantum mechanics and thus may be considered to
be an obsolete scientific theory. However, because of its simplicity, and its correct results for
selected systems (see below for application), the Bohr model is still commonly taught to introduce
students to quantum mechanics or energy level diagrams before moving on to the more accurate, but more complex, valence shell atom. A related
quantum model was proposed by Arthur Erich Haas in 1910 but was rejected until the 1911 Solvay Congress where it was thoroughly discussed.[3] The
quantum theory of the period between Planck's discovery of the quantum (1900) and the advent of a mature quantum mechanics (1925) is often referred
to as the old quantum theory.

Origin [ edit ]

In the early 20th century, experiments by Ernest Rutherford established that atoms consisted of a diffuse cloud of
negatively charged electrons surrounding a small, dense, positively charged nucleus.[5] Given this experimental
data, Rutherford naturally considered a planetary model of the atom, the Rutherford model of 1911. This had
electrons orbiting a solar nucleus, but involved a technical difficulty: the laws of classical mechanics (i.e. the
Larmor formula) predict that the electron will release electromagnetic radiation while orbiting a nucleus. Because
the electron would lose energy, it would rapidly spiral inwards, collapsing into the nucleus on a timescale of
around 16 picoseconds.[6] Rutherford's atom model is disastrous because it predicts that all atoms are unstable.
[7] Also, as the electron spirals inward, the emission would rapidly increase in frequency due to the orbital period
becoming shorter, resulting in electromagnetic radiation with a continuous spectrum. However, late 19th-century
experiments with electric discharges had shown that atoms will only emit light (that is, electromagnetic radiation)
at certain discrete frequencies. By the early twentieth century, it was expected that the atom would account for
the spectral lines. In 1897, Lord Rayleigh analyzed the problem. By 1906, Rayleigh said, “the frequencies
observed in the spectrum may not be frequencies of disturbance or of oscillation in the ordinary sense at all, but
rather form an essential part of the original constitution of the atom as determined by conditions of stability.”[8][9]

The outline of Bohr's atom came during the proceedings of the first Solvay Conference in 1911 on the subject of Radiation and Quanta, at which Bohr's
mentor, Rutherford was present. Max Planck’s lecture ended with this remark: “... atoms or electrons subject to the molecular bond would obey the laws
of quantum theory”.[10][11] Hendrik Lorentz in the discussion of Planck's lecture raised the question of the composition of the atom based on Thomson's
model with a great portion of the discussion around the atomic model developed by Arthur Erich Haas. Lorentz explained that Planck's constant could be
taken as determining the size of atoms, or that the size of atoms could be taken to determine Planck's constant.[12] Lorentz included comments regarding
the emission and absorption of radiation concluding that “A stationary state will be established in which the number of electrons entering their spheres is
equal to the number of those leaving them.”[3] In the discussion of what could regulate energy differences between atoms, Max Planck simply stated:
“The intermediaries could be the electrons.”[13] The discussions outlined the need for the quantum theory to be included in the atom and the difficulties in
an atomic theory. Planck in his talk said explicitly: “In order for an oscillator [molecule or atom] to be able to provide radiation in accordance with the
equation, it is necessary to introduce into the laws of its operation, as we have already said at the beginning of this Report, a particular physical
hypothesis which is, on a fundamental point, in contradiction with classical Mechanics, explicitly or tacitly.”[14] Bohr's first paper on his atomic model
quotes Planck almost word for word, saying: “Whatever the alteration in the laws of motion of the electrons may be, it seems necessary to introduce in
the laws in question a quantity foreign to the classical electrodynamics, i. e. Planck's constant, or as it often is called the elementary quantum of action.”
Bohr's footnote at the bottom of the page is to the French translation of the 1911 Solvay Congress, proving he patterned his model directly on the
proceedings and fundamental principles laid down by Planck, Lorentz, and the quantized Arthur Haas model of the atom which was mentioned
seventeen times.[5] Lorentz ended the discussion of Einstein's talk explaining: “The assumption that this energy must be a multiple of  leads to the
following formula, where  is an integer: .”[15] Rutherford could have outlined these points to Bohr or given him a copy of the proceedings
since he quoted from them and used them as a reference.[16] In a later interview, Bohr said it was very interesting to hear Rutherford's remarks about the
Solvay Congress.[17] But Bohr said, “I saw the actual reports” of the Solvay Congress.[18]

Then in 1912, Bohr came across the John William Nicholson theory of the atom model that quantized angular momentum as . According to a
centennial celebration of the Bohr atom in Nature magazine, it was Nicholson who discovered that electrons radiate the spectral lines as they descend
towards the nucleus and his theory was both nuclear and quantal.[11][19][20] Niels Bohr quoted him in his 1913 paper of the Bohr model of the atom.[5] The
importance of the work of Nicholson's nuclear quantum atomic model on Bohr's model has been emphasized by many historians.[21][22][20][23]

Next, Bohr was told by his friend, Hans Hansen, that the Balmer series is calculated using the Balmer formula, an empirical equation discovered by
Johann Balmer in 1885 that described wavelengths of some spectral lines of hydrogen.[17][24] This was further generalized by Johannes Rydberg in
1888, resulting in what is now known as the Rydberg formula. After this, Bohr declared, “everything became clear”.[24]

To overcome the problems of Rutherford's atom, in 1913 Niels Bohr put forth three postulates that sum up most of his model:

1. The electron is able to revolve in certain stable orbits around the nucleus without radiating any energy, contrary to what classical
electromagnetism suggests. These stable orbits are called stationary orbits and are attained at certain discrete distances from the nucleus. The
electron cannot have any other orbit in between the discrete ones.

2. The stationary orbits are attained at distances for which the angular momentum of the revolving electron is an integer multiple of the reduced
Planck constant: , where  is called the principal quantum number, and . The lowest value of  is 1; this
gives the smallest possible orbital radius, known as the Bohr radius, of 0.0529 nm for hydrogen. Once an electron is in this lowest orbit, it can get
no closer to the nucleus. Starting from the angular momentum quantum rule as Bohr admits is previously given by Nicholson in his 1912 paper,[17]

[11][19][20] Bohr[5] was able to calculate the energies of the allowed orbits of the hydrogen atom and other hydrogen-like atoms and ions. These
orbits are associated with definite energies and are also called energy shells or energy levels. In these orbits, the electron's acceleration does not
result in radiation and energy loss. The Bohr model of an atom was based upon Planck's quantum theory of radiation.

3. Electrons can only gain and lose energy by jumping from one allowed orbit to another, absorbing or emitting electromagnetic radiation with a
frequency  determined by the energy difference of the levels according to the Planck relation: , where  is Planck's
constant.

Other points are:

1. Like Einstein's theory of the photoelectric effect, Bohr's formula assumes that during a quantum jump a discrete amount of energy is radiated.
However, unlike Einstein, Bohr stuck to the classical Maxwell theory of the electromagnetic field. Quantization of the electromagnetic field was
explained by the discreteness of the atomic energy levels; Bohr did not believe in the existence of photons.[25][26]

2. According to the Maxwell theory the frequency  of classical radiation is equal to the rotation frequency rot of the electron in its orbit, with
harmonics at integer multiples of this frequency. This result is obtained from the Bohr model for jumps between energy levels  and  when

 is much smaller than . These jumps reproduce the frequency of the -th harmonic of orbit . For sufficiently large values of  (so-called
Rydberg states), the two orbits involved in the emission process have nearly the same rotation frequency, so that the classical orbital frequency is
not ambiguous. But for small  (or large ), the radiation frequency has no unambiguous classical interpretation. This marks the birth of the
correspondence principle, requiring quantum theory to agree with the classical theory only in the limit of large quantum numbers.

3. The Bohr–Kramers–Slater theory (BKS theory) is a failed attempt to extend the Bohr model, which violates the conservation of energy and
momentum in quantum jumps, with the conservation laws only holding on average.

Bohr's condition, that the angular momentum be an integer multiple of , was later reinterpreted in 1924 by de Broglie as a standing wave condition: the
electron is described by a wave and a whole number of wavelengths must fit along the circumference of the electron's orbit:

According to de Broglie's hypothesis, matter particles such as the electron behave as waves. The de Broglie wavelength of an electron is

which implies that

or

where  is the angular momentum of the orbiting electron. Writing  for this angular momentum, the previous equation becomes

which is Bohr's second postulate.

Bohr described angular momentum of the electron orbit as  while de Broglie's wavelength of  described  divided by the electron
momentum. In 1913, however, Bohr justified his rule by appealing to the correspondence principle, without providing any sort of wave interpretation. In
1913, the wave behavior of matter particles such as the electron was not suspected.

In 1925, a new kind of mechanics was proposed, quantum mechanics, in which Bohr's model of electrons traveling in quantized orbits was extended into
a more accurate model of electron motion. The new theory was proposed by Werner Heisenberg. Another form of the same theory, wave mechanics,
was discovered by the Austrian physicist Erwin Schrödinger independently, and by different reasoning. Schrödinger employed de Broglie's matter waves,
but sought wave solutions of a three-dimensional wave equation describing electrons that were constrained to move about the nucleus of a hydrogen-like
atom, by being trapped by the potential of the positive nuclear charge.

Electron energy levels [ edit ]

The Bohr model gives almost exact results only for a system where two charged points orbit each other at
speeds much less than that of light. This not only involves one-electron systems such as the hydrogen atom,
singly ionized helium, and doubly ionized lithium, but it includes positronium and Rydberg states of any atom
where one electron is far away from everything else. It can be used for K-line X-ray transition calculations if other
assumptions are added (see Moseley's law below). In high energy physics, it can be used to calculate the
masses of heavy quark mesons.

Calculation of the orbits requires two assumptions.

Classical mechanics

The electron is held in a circular orbit by electrostatic attraction. The centripetal force is equal to the Coulomb
force.

where me is the electron's mass, e is the elementary charge, ke is the Coulomb constant and Z is the atom's
atomic number. It is assumed here that the mass of the nucleus is much larger than the electron mass (which is a good assumption). This equation
determines the electron's speed at any radius:

It also determines the electron's total energy at any radius:

The total energy is negative and inversely proportional to r. This means that it takes energy to pull the orbiting electron away from the proton. For
infinite values of r, the energy is zero, corresponding to a motionless electron infinitely far from the proton. The total energy is half the potential
energy, the difference being the kinetic energy of the electron. This is also true for noncircular orbits by the virial theorem.

A quantum rule

The angular momentum L = mevr is an integer multiple of ħ:

Derivation [ edit ]

If an electron in an atom is moving on an orbit with period T, classically the electromagnetic radiation will repeat itself every orbital period. If the coupling
to the electromagnetic field is weak, so that the orbit doesn't decay very much in one cycle, the radiation will be emitted in a pattern which repeats every
period, so that the Fourier transform will have frequencies which are only multiples of 1/T. However, in the quantum realm, the quantization of angular
momentum leads to discrete energy levels, and the emitted frequencies are quantized according to the energy differences between these levels. This
discrete nature of energy levels introduces a fundamental departure from the classical radiation law, giving rise to distinct spectral lines in the emitted
radiation.

In quantum mechanics, this emission must be in quanta of light, of frequencies consisting of integer multiples of 1/T, so that classical mechanics is an
approximate description at large quantum numbers. This means that the energy level corresponding to a classical orbit of period 1/T must have nearby
energy levels which differ in energy by h/T, and they should be equally spaced near that level,

Bohr worried whether the energy spacing 1/T should be best calculated with the period of the energy state , or , or some average—in hindsight,
this model is only the leading semiclassical approximation.

Bohr considered circular orbits. Classically, these orbits must decay to smaller circles when photons are emitted. The level spacing between circular
orbits can be calculated with the correspondence formula. For a hydrogen atom, the classical orbits have a period T determined by Kepler's third law to
scale as r3/2. The energy scales as 1/r, so the level spacing formula amounts to

It is possible to determine the energy levels by recursively stepping down orbit by orbit, but there is a shortcut.

The angular momentum L of the circular orbit scales as . The energy in terms of the angular momentum is then

Assuming, with Bohr, that quantized values of L are equally spaced, the spacing between neighboring energies is

This is as desired for equally spaced angular momenta. If one kept track of the constants, the spacing would be ħ, so the angular momentum should be
an integer multiple of ħ,

This is how Bohr arrived at his model.

Substituting the expression for the velocity gives an equation for r in terms of n:

so that the allowed orbit radius at any n is

The smallest possible value of r in the hydrogen atom (Z = 1) is called the Bohr radius and is equal to:

The energy of the n-th level for any atom is determined by the radius and quantum number:

An electron in the lowest energy level of hydrogen (n = 1) therefore has about 13.6 eV less energy than a motionless electron infinitely far from the
nucleus. The next energy level (n = 2) is −3.4 eV. The third (n = 3) is −1.51 eV, and so on. For larger values of n, these are also the binding energies of a
highly excited atom with one electron in a large circular orbit around the rest of the atom. The hydrogen formula also coincides with the Wallis product.[27]

The combination of natural constants in the energy formula is called the Rydberg energy (RE):

This expression is clarified by interpreting it in combinations that form more natural units:

 is the rest mass energy of the electron (511 keV),

 is the fine-structure constant,

.

Since this derivation is with the assumption that the nucleus is orbited by one electron, we can generalize this result by letting the nucleus have a charge
q = Ze, where Z is the atomic number. This will now give us energy levels for hydrogenic (hydrogen-like) atoms, which can serve as a rough order-of-
magnitude approximation of the actual energy levels. So for nuclei with Z protons, the energy levels are (to a rough approximation):

The actual energy levels cannot be solved analytically for more than one electron (see n-body problem) because the electrons are not only affected by
the nucleus but also interact with each other via the Coulomb Force.

When Z = 1/α (Z ≈ 137), the motion becomes highly relativistic, and Z2 cancels the α2 in R; the orbit energy begins to be comparable to rest energy.
Sufficiently large nuclei, if they were stable, would reduce their charge by creating a bound electron from the vacuum, ejecting the positron to infinity. This
is the theoretical phenomenon of electromagnetic charge screening which predicts a maximum nuclear charge. Emission of such positrons has been
observed in the collisions of heavy ions to create temporary super-heavy nuclei.[28]

The Bohr formula properly uses the reduced mass of electron and proton in all situations, instead of the mass of the electron,

However, these numbers are very nearly the same, due to the much larger mass of the proton, about 1836.1 times the mass of the electron, so that the
reduced mass in the system is the mass of the electron multiplied by the constant 1836.1/(1+1836.1) = 0.99946. This fact was historically important in
convincing Rutherford of the importance of Bohr's model, for it explained the fact that the frequencies of lines in the spectra for singly ionized helium do
not differ from those of hydrogen by a factor of exactly 4, but rather by 4 times the ratio of the reduced mass for the hydrogen vs. the helium systems,
which was much closer to the experimental ratio than exactly 4.

For positronium, the formula uses the reduced mass also, but in this case, it is exactly the electron mass divided by 2. For any value of the radius, the
electron and the positron are each moving at half the speed around their common center of mass, and each has only one fourth the kinetic energy. The
total kinetic energy is half what it would be for a single electron moving around a heavy nucleus.

 (positronium).

Rydberg formula [ edit ]

Main article: Rydberg formula

The Rydberg formula, which was known empirically before Bohr's formula, is seen in Bohr's theory as describing the energies of transitions or quantum
jumps between orbital energy levels. Bohr's formula gives the numerical value of the already-known and measured the Rydberg constant, but in terms of
more fundamental constants of nature, including the electron's charge and the Planck constant.

When the electron gets moved from its original energy level to a higher one, it then jumps back each level until it comes to the original position, which
results in a photon being emitted. Using the derived formula for the different energy levels of hydrogen one may determine the wavelengths of light that a
hydrogen atom can emit.

The energy of a photon emitted by a hydrogen atom is given by the difference of two hydrogen energy levels:

where nf is the final energy level, and ni is the initial energy level.

Since the energy of a photon is

the wavelength of the photon given off is given by

This is known as the Rydberg formula, and the Rydberg constant R is RE/hc, or RE/2π in natural units. This formula was known in the nineteenth century
to scientists studying spectroscopy, but there was no theoretical explanation for this form or a theoretical prediction for the value of R, until Bohr. In fact,
Bohr's derivation of the Rydberg constant, as well as the concomitant agreement of Bohr's formula with experimentally observed spectral lines of the
Lyman (nf =1), Balmer (nf =2), and Paschen (nf =3) series, and successful theoretical prediction of other lines not yet observed, was one reason that his
model was immediately accepted.

To apply to atoms with more than one electron, the Rydberg formula can be modified by replacing Z with Z − b or n with n − b where b is constant
representing a screening effect due to the inner-shell and other electrons (see Electron shell and the later discussion of the "Shell Model of the Atom"
below). This was established empirically before Bohr presented his model.

Shell model (heavier atoms) [ edit ]

Main article: Electron shell

Bohr's original three papers in 1913 described mainly the electron configuration in lighter elements. Bohr called his electron shells, “rings” in 1913.
Atomic orbitals within shells did not exist at the time of his planetary model. Bohr explains in Part 3 of his famous 1913 paper that the maximum electrons
in a shell is eight, writing: “We see, further, that a ring of n electrons cannot rotate in a single ring round a nucleus of charge ne unless n < 8.” For smaller
atoms, the electron shells would be filled as follows: “rings of electrons will only join together if they contain equal numbers of electrons; and that
accordingly the numbers of electrons on inner rings will only be 2, 4, 8”. However, in larger atoms the innermost shell would contain eight electrons, “on
the other hand, the periodic system of the elements strongly suggests that already in neon N = 10 an inner ring of eight electrons will occur”. Bohr wrote
"From the above we are led to the following possible scheme for the arrangement of the electrons in light atoms:"[29][30][4][16]

Bohr's 1913 proposed configurations

Element Electrons per shell Element Electrons per shell Element Electrons per shell

1 1 9 4, 4, 1 17 8, 4, 4, 1

2 2 10 8, 2 18 8, 8, 2

3 2, 1 11 8, 2, 1 19 8, 8, 2, 1

4 2, 2 12 8, 2, 2 20 8, 8, 2, 2

5 2, 3 13 8, 2, 3 21 8, 8, 2, 3

6 2, 4 14 8, 2, 4 22 8, 8, 2, 4

7 4, 3 15 8, 4, 3 23 8, 8, 4, 3

8 4, 2, 2 16 8, 4, 2, 2 24 8, 8, 4, 2, 2

In Bohr's third 1913 paper Part III called "Systems Containing Several Nuclei", he says that two atoms form molecules on a symmetrical plane and he
reverts to describing hydrogen.[31] The 1913 Bohr model did not discuss higher elements in detail and John William Nicholson was one of the first to
prove in 1914 that it couldn't work for lithium, but was an attractive theory for hydrogen and ionized helium.[16][32]

In 1921, following the work of chemists and others involved in work on the periodic table, Bohr extended the model of hydrogen to give an approximate
model for heavier atoms. This gave a physical picture that reproduced many known atomic properties for the first time although these properties were
proposed contemporarily with the identical work of chemist Charles Rugeley Bury[4][33]

Bohr's partner in research during 1914 to 1916 was Walther Kossel who corrected Bohr's work to show that electrons interacted through the outer rings,
and Kossel called the rings: “shells.”[34][35] Irving Langmuir is credited with the first viable arrangement of electrons in shells with only two in the first shell
and going up to eight in the next according to the octet rule of 1904, although Kossel had already predicted a maximum of eight per shell in 1916.[36]

Heavier atoms have more protons in the nucleus, and more electrons to cancel the charge. Bohr took from these chemists the idea that each discrete
orbit could only hold a certain number of electrons. Per Kossel, after that the orbit is full, the next level would have to be used.[4] This gives the atom a
shell structure designed by Kossel, Langmuir, and Bury, in which each shell corresponds to a Bohr orbit.

This model is even more approximate than the model of hydrogen, because it treats the electrons in each shell as non-interacting. But the repulsions of
electrons are taken into account somewhat by the phenomenon of screening. The electrons in outer orbits do not only orbit the nucleus, but they also
move around the inner electrons, so the effective charge Z that they feel is reduced by the number of the electrons in the inner orbit.

For example, the lithium atom has two electrons in the lowest 1s orbit, and these orbit at Z = 2. Each one sees the nuclear charge of Z = 3 minus the
screening effect of the other, which crudely reduces the nuclear charge by 1 unit. This means that the innermost electrons orbit at approximately 1/2 the
Bohr radius. The outermost electron in lithium orbits at roughly the Bohr radius, since the two inner electrons reduce the nuclear charge by 2. This outer
electron should be at nearly one Bohr radius from the nucleus. Because the electrons strongly repel each other, the effective charge description is very
approximate; the effective charge Z doesn't usually come out to be an integer.

The shell model was able to qualitatively explain many of the mysterious properties of atoms which became codified in the late 19th century in the
periodic table of the elements. One property was the size of atoms, which could be determined approximately by measuring the viscosity of gases and
density of pure crystalline solids. Atoms tend to get smaller toward the right in the periodic table, and become much larger at the next line of the table.
Atoms to the right of the table tend to gain electrons, while atoms to the left tend to lose them. Every element on the last column of the table is chemically
inert (noble gas).

In the shell model, this phenomenon is explained by shell-filling. Successive atoms become smaller because they are filling orbits of the same size, until
the orbit is full, at which point the next atom in the table has a loosely bound outer electron, causing it to expand. The first Bohr orbit is filled when it has
two electrons, which explains why helium is inert. The second orbit allows eight electrons, and when it is full the atom is neon, again inert. The third
orbital contains eight again, except that in the more correct Sommerfeld treatment (reproduced in modern quantum mechanics) there are extra "d"
electrons. The third orbit may hold an extra 10 d electrons, but these positions are not filled until a few more orbitals from the next level are filled (filling
the n=3 d orbitals produces the 10 transition elements). The irregular filling pattern is an effect of interactions between electrons, which are not taken into
account in either the Bohr or Sommerfeld models and which are difficult to calculate even in the modern treatment.

Moseley's law and calculation (K-alpha X-ray emission lines) [ edit ]

Niels Bohr said in 1962: "You see actually the Rutherford work was not taken seriously. We cannot understand today, but it was not taken seriously at all.
There was no mention of it any place. The great change came from Moseley."[37]

In 1913, Henry Moseley found an empirical relationship between the strongest X-ray line emitted by atoms under electron bombardment (then known as
the K-alpha line), and their atomic number Z. Moseley's empiric formula was found to be derivable from Rydberg's formula and later Bohr's formula
(Moseley actually mentions only Ernest Rutherford and Antonius Van den Broek in terms of models as these had been published before Moseley's work
and Moseley's 1913 paper was published the same month as the first Bohr model paper).[38] The two additional assumptions that [1] this X-ray line came
from a transition between energy levels with quantum numbers 1 and 2, and [2], that the atomic number Z when used in the formula for atoms heavier
than hydrogen, should be diminished by 1, to (Z − 1)2.

Moseley wrote to Bohr, puzzled about his results, but Bohr was not able to help. At that time, he thought that the postulated innermost "K" shell of
electrons should have at least four electrons, not the two which would have neatly explained the result. So Moseley published his results without a
theoretical explanation.

It was Walther Kossel in 1914 and in 1916 who explained that in the periodic table new elements would be created as electrons were added to the outer
shell. In Kossel's paper, he writes: “This leads to the conclusion that the electrons, which are added further, should be put into concentric rings or shells,
on each of which ... only a certain number of electrons—namely, eight in our case—should be arranged. As soon as one ring or shell is completed, a new
one has to be started for the next element; the number of electrons, which are most easily accessible, and lie at the outermost periphery, increases again
from element to element and, therefore, in the formation of each new shell the chemical periodicity is repeated.”[34][35] Later, chemist Langmuir realized
that the effect was caused by charge screening, with an inner shell containing only 2 electrons. In his 1919 paper, Irving Langmuir postulated the
existence of "cells" which could each only contain two electrons each, and these were arranged in "equidistant layers”.

In the Moseley experiment, one of the innermost electrons in the atom is knocked out, leaving a vacancy in the lowest Bohr orbit, which contains a single
remaining electron. This vacancy is then filled by an electron from the next orbit, which has n=2. But the n=2 electrons see an effective charge of Z − 1,
which is the value appropriate for the charge of the nucleus, when a single electron remains in the lowest Bohr orbit to screen the nuclear charge +Z, and
lower it by −1 (due to the electron's negative charge screening the nuclear positive charge). The energy gained by an electron dropping from the second
shell to the first gives Moseley's law for K-alpha lines,

or

Here, Rv = RE/h is the Rydberg constant, in terms of frequency equal to 3.28 x 1015 Hz. For values of Z between 11 and 31 this latter relationship had
been empirically derived by Moseley, in a simple (linear) plot of the square root of X-ray frequency against atomic number (however, for silver, Z = 47, the
experimentally obtained screening term should be replaced by 0.4). Notwithstanding its restricted validity,[39] Moseley's law not only established the
objective meaning of atomic number, but as Bohr noted, it also did more than the Rydberg derivation to establish the validity of the Rutherford/Van den
Broek/Bohr nuclear model of the atom, with atomic number (place on the periodic table) standing for whole units of nuclear charge. Van den Broek had
published his model in January 1913 showing the periodic table was arranged according to charge while Bohr's atomic model was not published until
July 1913.[40]

The K-alpha line of Moseley's time is now known to be a pair of close lines, written as (Kα1 and Kα2) in Siegbahn notation.

Shortcomings [ edit ]

The Bohr model gives an incorrect value L=ħ for the ground state orbital angular momentum: The angular momentum in the true ground state is known
to be zero from experiment. Although mental pictures fail somewhat at these levels of scale, an electron in the lowest modern "orbital" with no orbital
momentum, may be thought of as not to rotate "around" the nucleus at all, but merely to go tightly around it in an ellipse with zero area (this may be
pictured as "back and forth", without striking or interacting with the nucleus). This is only reproduced in a more sophisticated semiclassical treatment like
Sommerfeld's. Still, even the most sophisticated semiclassical model fails to explain the fact that the lowest energy state is spherically symmetric – it
doesn't point in any particular direction.

Nevertheless, in the modern fully quantum treatment in phase space, the proper deformation (careful full extension) of the semi-classical result adjusts
the angular momentum value to the correct effective one.[41] As a consequence, the physical ground state expression is obtained through a shift of the
vanishing quantum angular momentum expression, which corresponds to spherical symmetry.

In modern quantum mechanics, the electron in hydrogen is a spherical cloud of probability that grows denser near the nucleus. The rate-constant of
probability-decay in hydrogen is equal to the inverse of the Bohr radius, but since Bohr worked with circular orbits, not zero area ellipses, the fact that
these two numbers exactly agree is considered a "coincidence". (However, many such coincidental agreements are found between the semiclassical vs.
full quantum mechanical treatment of the atom; these include identical energy levels in the hydrogen atom and the derivation of a fine-structure constant,
which arises from the relativistic Bohr–Sommerfeld model (see below) and which happens to be equal to an entirely different concept, in full modern
quantum mechanics).

The Bohr model also has difficulty with, or else fails to explain:

Much of the spectra of larger atoms. At best, it can make predictions about the K-alpha and some L-alpha X-ray emission spectra for larger atoms, if
two additional ad hoc assumptions are made. Emission spectra for atoms with a single outer-shell electron (atoms in the lithium group) can also be
approximately predicted. Also, if the empiric electron–nuclear screening factors for many atoms are known, many other spectral lines can be deduced
from the information, in similar atoms of differing elements, via the Ritz–Rydberg combination principles (see Rydberg formula). All these techniques
essentially make use of Bohr's Newtonian energy-potential picture of the atom.
The relative intensities of spectral lines; although in some simple cases, Bohr's formula or modifications of it, was able to provide reasonable
estimates (for example, calculations by Kramers for the Stark effect).
The existence of fine structure and hyperfine structure in spectral lines, which are known to be due to a variety of relativistic and subtle effects, as
well as complications from electron spin.
The Zeeman effect – changes in spectral lines due to external magnetic fields; these are also due to more complicated quantum principles interacting
with electron spin and orbital magnetic fields.
The model also violates the uncertainty principle in that it considers electrons to have known orbits and locations, two things which cannot be
measured simultaneously.
Doublets and triplets appear in the spectra of some atoms as very close pairs of lines. Bohr's model cannot say why some energy levels should be
very close together.
Multi-electron atoms do not have energy levels predicted by the model. It does not work for (neutral) helium.

Refinements [ edit ]

Main article: Bohr–Sommerfeld model

Several enhancements to the Bohr model were proposed, most notably the Sommerfeld or Bohr–Sommerfeld
models, which suggested that electrons travel in elliptical orbits around a nucleus instead of the Bohr model's
circular orbits.[1] This model supplemented the quantized angular momentum condition of the Bohr model with
an additional radial quantization condition, the Wilson–Sommerfeld quantization condition[42][43]

where pr is the radial momentum canonically conjugate to the coordinate qr, which is the radial position, and T is
one full orbital period. The integral is the action of action-angle coordinates. This condition, suggested by the
correspondence principle, is the only one possible, since the quantum numbers are adiabatic invariants.

The Bohr–Sommerfeld model was fundamentally inconsistent and led to many paradoxes. The magnetic quantum number measured the tilt of the orbital
plane relative to the xy plane, and it could only take a few discrete values. This contradicted the obvious fact that an atom could be turned this way and
that relative to the coordinates without restriction. The Sommerfeld quantization can be performed in different canonical coordinates and sometimes
gives different answers. The incorporation of radiation corrections was difficult, because it required finding action-angle coordinates for a combined
radiation/atom system, which is difficult when the radiation is allowed to escape. The whole theory did not extend to non-integrable motions, which meant
that many systems could not be treated even in principle. In the end, the model was replaced by the modern quantum-mechanical treatment of the
hydrogen atom, which was first given by Wolfgang Pauli in 1925, using Heisenberg's matrix mechanics. The current picture of the hydrogen atom is
based on the atomic orbitals of wave mechanics, which Erwin Schrödinger developed in 1926.

However, this is not to say that the Bohr–Sommerfeld model was without its successes. Calculations based on the Bohr–Sommerfeld model were able to
accurately explain a number of more complex atomic spectral effects. For example, up to first-order perturbations, the Bohr model and quantum
mechanics make the same predictions for the spectral line splitting in the Stark effect. At higher-order perturbations, however, the Bohr model and
quantum mechanics differ, and measurements of the Stark effect under high field strengths helped confirm the correctness of quantum mechanics over
the Bohr model. The prevailing theory behind this difference lies in the shapes of the orbitals of the electrons, which vary according to the energy state of
the electron.

The Bohr–Sommerfeld quantization conditions lead to questions in modern mathematics. Consistent semiclassical quantization condition requires a
certain type of structure on the phase space, which places topological limitations on the types of symplectic manifolds which can be quantized. In
particular, the symplectic form should be the curvature form of a connection of a Hermitian line bundle, which is called a prequantization.

Bohr also updated his model in 1922, assuming that certain numbers of electrons (for example, 2, 8, and 18) correspond to stable "closed shells".[44]

Model of the chemical bond [ edit ]

Main article: Bohr model of the chemical bond

Niels Bohr proposed a model of the atom and a model of the chemical bond. According to his model for a diatomic molecule, the electrons of the atoms
of the molecule form a rotating ring whose plane is perpendicular to the axis of the molecule and equidistant from the atomic nuclei. The dynamic
equilibrium of the molecular system is achieved through the balance of forces between the forces of attraction of nuclei to the plane of the ring of
electrons and the forces of mutual repulsion of the nuclei. The Bohr model of the chemical bond took into account the Coulomb repulsion – the electrons
in the ring are at the maximum distance from each other.[45][46]
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In physics, the fundamental interactions or fundamental forces are the interactions that do not appear to be reducible to more basic interactions.
There are four fundamental interactions known to exist:[1]

gravity
electromagnetism
weak interaction
strong interaction

The gravitational and electromagnetic interactions produce long-range forces whose effects can be seen directly in everyday life. The strong and weak
interactions produce forces at minuscule, subatomic distances and govern nuclear interactions inside atoms.

Some scientists hypothesize that a fifth force might exist, but these hypotheses remain speculative. It is possible, however, that the fifth force is a
combination of the prior four forces in the form of a scalar field; such as the Higgs field.[2][3][4]

Each of the known fundamental interactions can be described mathematically as a field. The gravitational force is attributed to the curvature of
spacetime, described by Einstein's general theory of relativity. The other three are discrete quantum fields, and their interactions are mediated by
elementary particles described by the Standard Model of particle physics.[5]

Within the Standard Model, the strong interaction is carried by a particle called the gluon and is responsible for quarks binding together to form hadrons,
such as protons and neutrons. As a residual effect, it creates the nuclear force that binds the latter particles to form atomic nuclei. The weak interaction is
carried by particles called W and Z bosons, and also acts on the nucleus of atoms, mediating radioactive decay. The electromagnetic force, carried by
the photon, creates electric and magnetic fields, which are responsible for the attraction between orbital electrons and atomic nuclei which holds atoms
together, as well as chemical bonding and electromagnetic waves, including visible light, and forms the basis for electrical technology. Although the
electromagnetic force is far stronger than gravity, it tends to cancel itself out within large objects, so over large (astronomical) distances gravity tends to
be the dominant force, and is responsible for holding together the large scale structures in the universe, such as planets, stars, and galaxies.

Many theoretical physicists believe these fundamental forces to be related and to become unified into a single force at very high energies on a minuscule
scale, the Planck scale,[6] but particle accelerators cannot produce the enormous energies required to experimentally probe this. Devising a common
theoretical framework that would explain the relation between the forces in a single theory is perhaps the greatest goal of today's theoretical physicists.
The weak and electromagnetic forces have already been unified with the electroweak theory of Sheldon Glashow, Abdus Salam, and Steven Weinberg,
for which they received the 1979 Nobel Prize in physics.[7][8][9] Some physicists seek to unite the electroweak and strong fields within what is called a
Grand Unified Theory (GUT). An even bigger challenge is to find a way to quantize the gravitational field, resulting in a theory of quantum gravity (QG)
which would unite gravity in a common theoretical framework with the other three forces. Some theories, notably string theory, seek both QG and GUT
within one framework, unifying all four fundamental interactions along with mass generation within a theory of everything (ToE).

History [ edit ]

Classical theory [ edit ]

In his 1687 theory, Isaac Newton postulated space as an infinite and unalterable physical structure existing before, within, and around all objects while
their states and relations unfold at a constant pace everywhere, thus absolute space and time. Inferring that all objects bearing mass approach at a
constant rate, but collide by impact proportional to their masses, Newton inferred that matter exhibits an attractive force. His law of universal gravitation
implied there to be instant interaction among all objects.[10][11] As conventionally interpreted, Newton's theory of motion modelled a central force without
a communicating medium.[12][13] Thus Newton's theory violated the tradition, going back to Descartes, that there should be no action at a distance.[14]

Conversely, during the 1820s, when explaining magnetism, Michael Faraday inferred a field filling space and transmitting that force. Faraday conjectured
that ultimately, all forces unified into one.[15]

In 1873, James Clerk Maxwell unified electricity and magnetism as effects of an electromagnetic field whose third consequence was light, travelling at
constant speed in vacuum. If his electromagnetic field theory held true in all inertial frames of reference, this would contradict Newton's theory of motion,
which relied on Galilean relativity.[16] If, instead, his field theory only applied to reference frames at rest relative to a mechanical luminiferous aether—
presumed to fill all space whether within matter or in vacuum and to manifest the electromagnetic field—then it could be reconciled with Galilean relativity
and Newton's laws. (However, such a "Maxwell aether" was later disproven; Newton's laws did, in fact, have to be replaced.)[17]

The Standard Model [ edit ]
Main article: Standard Model
See also: Standard Model (mathematical formulation)

The Standard Model of particle physics was developed throughout the latter half of the 20th
century. In the Standard Model, the electromagnetic, strong, and weak interactions
associate with elementary particles, whose behaviours are modelled in quantum mechanics
(QM). For predictive success with QM's probabilistic outcomes, particle physics
conventionally models QM events across a field set to special relativity, altogether
relativistic quantum field theory (QFT).[18] Force particles, called gauge bosons—force
carriers or messenger particles of underlying fields—interact with matter particles, called
fermions. Everyday matter is atoms, composed of three fermion types: up-quarks and
down-quarks constituting, as well as electrons orbiting, the atom's nucleus. Atoms interact,
form molecules, and manifest further properties through electromagnetic interactions
among their electrons absorbing and emitting photons, the electromagnetic field's force
carrier, which if unimpeded traverse potentially infinite distance. Electromagnetism's QFT is
quantum electrodynamics (QED).

The force carriers of the weak interaction are the massive W and Z bosons. Electroweak
theory (EWT) covers both electromagnetism and the weak interaction. At the high
temperatures shortly after the Big Bang, the weak interaction, the electromagnetic
interaction, and the Higgs boson were originally mixed components of a different set of
ancient pre-symmetry-breaking fields. As the early universe cooled, these fields split into
the long-range electromagnetic interaction, the short-range weak interaction, and the Higgs
boson. In the Higgs mechanism, the Higgs field manifests Higgs bosons that interact with some quantum particles in a way that endows those particles
with mass. The strong interaction, whose force carrier is the gluon, traversing minuscule distance among quarks, is modeled in quantum
chromodynamics (QCD). EWT, QCD, and the Higgs mechanism comprise particle physics' Standard Model (SM). Predictions are usually made using
calculational approximation methods, although such perturbation theory is inadequate to model some experimental observations (for instance bound
states and solitons). Still, physicists widely accept the Standard Model as science's most experimentally confirmed theory.

Beyond the Standard Model, some theorists work to unite the electroweak and strong interactions within a Grand Unified Theory[19] (GUT). Some
attempts at GUTs hypothesize "shadow" particles, such that every known matter particle associates with an undiscovered force particle, and vice versa,
altogether supersymmetry (SUSY). Other theorists seek to quantize the gravitational field by the modelling behaviour of its hypothetical force carrier, the
graviton and achieve quantum gravity (QG). One approach to QG is loop quantum gravity (LQG). Still other theorists seek both QG and GUT within one
framework, reducing all four fundamental interactions to a Theory of Everything (ToE). The most prevalent aim at a ToE is string theory, although to
model matter particles, it added SUSY to force particles—and so, strictly speaking, became superstring theory. Multiple, seemingly disparate superstring
theories were unified on a backbone, M-theory. Theories beyond the Standard Model remain highly speculative, lacking great experimental support.

Overview of the fundamental interactions [ edit ]

In the conceptual model of fundamental interactions, matter consists of fermions,
which carry properties called charges and spin ±1⁄2 (intrinsic angular momentum
±ħ⁄2, where ħ is the reduced Planck constant). They attract or repel each other by
exchanging bosons.

The interaction of any pair of fermions in perturbation theory can then be modelled
thus:

Two fermions go in → interaction by boson exchange → Two changed fermions
go out.

The exchange of bosons always carries energy and momentum between the
fermions, thereby changing their speed and direction. The exchange may also
transport a charge between the fermions, changing the charges of the fermions in
the process (e.g., turn them from one type of fermion to another). Since bosons
carry one unit of angular momentum, the fermion's spin direction will flip from +1⁄2 to
−1⁄2 (or vice versa) during such an exchange (in units of the reduced Planck's
constant). Since such interactions result in a change in momentum, they can give rise to classical Newtonian forces. In quantum mechanics, physicists
often use the terms "force" and "interaction" interchangeably; for example, the weak interaction is sometimes referred to as the "weak force".

According to the present understanding, there are four fundamental interactions or forces: gravitation, electromagnetism, the weak interaction, and the
strong interaction. Their magnitude and behaviour vary greatly, as described in the table below. Modern physics attempts to explain every observed
physical phenomenon by these fundamental interactions. Moreover, reducing the number of different interaction types is seen as desirable. Two cases in
point are the unification of:

Electric and magnetic force into electromagnetism;
The electromagnetic interaction and the weak interaction into the electroweak interaction; see below.

Both magnitude ("relative strength") and "range" of the associated potential, as given in the table, are meaningful only within a rather complex theoretical
framework. The table below lists properties of a conceptual scheme that remains the subject of ongoing research.

Interaction Current theory Mediators
Relative

strength[20] Long-distance behavior (potential)
Range (m)

[21]

Weak
Electroweak theory
(EWT)

W and Z bosons 1033 10−18

Strong
Quantum
chromodynamics
(QCD)

gluons 1038 (Color confinement, see discussion
below)

10−15

Gravitation
General relativity
(GR)

gravitons
(hypothetical)

1 ∞

Electromagnetic
Quantum electrodynamics
(QED)

photons 1036 ∞

The modern (perturbative) quantum mechanical view of the fundamental forces other than gravity is that particles of matter (fermions) do not directly
interact with each other, but rather carry a charge, and exchange virtual particles (gauge bosons), which are the interaction carriers or force mediators.
For example, photons mediate the interaction of electric charges, and gluons mediate the interaction of color charges. The full theory includes
perturbations beyond simply fermions exchanging bosons; these additional perturbations can involve bosons that exchange fermions, as well as the
creation or destruction of particles: see Feynman diagrams for examples.

The interactions [ edit ]

Gravity [ edit ]
Main article: Gravity

Gravitation is the weakest of the four interactions at the atomic scale, where electromagnetic interactions dominate.

Gravitation is the most important of the four fundamental forces for astronomical objects over astronomical distances for two reasons. First, gravitation
has an infinite effective range, like electromagnetism but unlike the strong and weak interactions. Second, gravity always attracts and never repels; in
contrast, astronomical bodies tend toward a near-neutral net electric charge, such that the attraction to one type of charge and the repulsion from the
opposite charge mostly cancel each other out.[22]

Even though electromagnetism is far stronger than gravitation, electrostatic attraction is not relevant for large celestial bodies, such as planets, stars, and
galaxies, simply because such bodies contain equal numbers of protons and electrons and so have a net electric charge of zero. Nothing "cancels"
gravity, since it is only attractive, unlike electric forces which can be attractive or repulsive. On the other hand, all objects having mass are subject to the
gravitational force, which only attracts. Therefore, only gravitation matters on the large-scale structure of the universe.

The long range of gravitation makes it responsible for such large-scale phenomena as the structure of galaxies and black holes and, being only
attractive, it retards the expansion of the universe. Gravitation also explains astronomical phenomena on more modest scales, such as planetary orbits,
as well as everyday experience: objects fall; heavy objects act as if they were glued to the ground, and animals can only jump so high.

Gravitation was the first interaction to be described mathematically. In ancient times, Aristotle hypothesized that objects of different masses fall at
different rates. During the Scientific Revolution, Galileo Galilei experimentally determined that this hypothesis was wrong under certain circumstances—
neglecting the friction due to air resistance and buoyancy forces if an atmosphere is present (e.g. the case of a dropped air-filled balloon vs a water-filled
balloon), all objects accelerate toward the Earth at the same rate. Isaac Newton's law of Universal Gravitation (1687) was a good approximation of the
behaviour of gravitation. Present-day understanding of gravitation stems from Einstein's General Theory of Relativity of 1915, a more accurate
(especially for cosmological masses and distances) description of gravitation in terms of the geometry of spacetime.

Merging general relativity and quantum mechanics (or quantum field theory) into a more general theory of quantum gravity is an area of active research.
It is hypothesized that gravitation is mediated by a massless spin-2 particle called the graviton.

Although general relativity has been experimentally confirmed (at least for weak fields, i.e. not black holes) on all but the smallest scales, there are
alternatives to general relativity. These theories must reduce to general relativity in some limit, and the focus of observational work is to establish limits
on what deviations from general relativity are possible.

Proposed extra dimensions could explain why the gravity force is so weak.[23]

Electroweak interaction [ edit ]
Main article: Electroweak interaction

Electromagnetism and weak interaction appear to be very different at everyday low energies. They can be modeled using two different theories.
However, above unification energy, on the order of 100 GeV, they would merge into a single electroweak force.

The electroweak theory is very important for modern cosmology, particularly on how the universe evolved. This is because shortly after the Big Bang,
when the temperature was still above approximately 1015 K, the electromagnetic force and the weak force were still merged as a combined electroweak
force.

For contributions to the unification of the weak and electromagnetic interaction between elementary particles, Abdus Salam, Sheldon Glashow and
Steven Weinberg were awarded the Nobel Prize in Physics in 1979.[24][25]

Electromagnetism [ edit ]
Main article: Electromagnetism

Electromagnetism is the force that acts between electrically charged particles. This phenomenon includes the electrostatic force acting between charged
particles at rest, and the combined effect of electric and magnetic forces acting between charged particles moving relative to each other.

Electromagnetism has an infinite range like gravity, but is vastly stronger than it, and therefore describes several macroscopic phenomena of everyday
experience such as friction, rainbows, lightning, and all human-made devices using electric current, such as television, lasers, and computers.
Electromagnetism fundamentally determines all macroscopic, and many atomic-level, properties of the chemical elements, including all chemical
bonding.

In a four kilogram (~1 gallon) jug of water, there is

of total electron charge. Thus, if we place two such jugs a meter apart, the electrons in one of the jugs repel those in the other jug with a force of

This force is many times larger than the weight of the planet Earth. The atomic nuclei in one jug also repel those in the other with the same force.
However, these repulsive forces are canceled by the attraction of the electrons in jug A with the nuclei in jug B and the attraction of the nuclei in jug A
with the electrons in jug B, resulting in no net force. Electromagnetic forces are tremendously stronger than gravity but cancel out so that for large bodies
gravity dominates.

Electrical and magnetic phenomena have been observed since ancient times, but it was only in the 19th century James Clerk Maxwell discovered that
electricity and magnetism are two aspects of the same fundamental interaction. By 1864, Maxwell's equations had rigorously quantified this unified
interaction. Maxwell's theory, restated using vector calculus, is the classical theory of electromagnetism, suitable for most technological purposes.

The constant speed of light in vacuum (customarily denoted with a lowercase letter c) can be derived from Maxwell's equations, which are consistent with
the theory of special relativity. Albert Einstein's 1905 theory of special relativity, however, which follows from the observation that the speed of light is
constant no matter how fast the observer is moving, showed that the theoretical result implied by Maxwell's equations has profound implications far
beyond electromagnetism on the very nature of time and space.

In another work that departed from classical electro-magnetism, Einstein also explained the photoelectric effect by utilizing Max Planck's discovery that
light was transmitted in 'quanta' of specific energy content based on the frequency, which we now call photons. Starting around 1927, Paul Dirac
combined quantum mechanics with the relativistic theory of electromagnetism. Further work in the 1940s, by Richard Feynman, Freeman Dyson, Julian
Schwinger, and Sin-Itiro Tomonaga, completed this theory, which is now called quantum electrodynamics, the revised theory of electromagnetism.
Quantum electrodynamics and quantum mechanics provide a theoretical basis for electromagnetic behavior such as quantum tunneling, in which a
certain percentage of electrically charged particles move in ways that would be impossible under the classical electromagnetic theory, that is necessary
for everyday electronic devices such as transistors to function.

Weak interaction [ edit ]
Main article: Weak interaction

The weak interaction or weak nuclear force is responsible for some nuclear phenomena such as beta decay. Electromagnetism and the weak force are
now understood to be two aspects of a unified electroweak interaction — this discovery was the first step toward the unified theory known as the
Standard Model. In the theory of the electroweak interaction, the carriers of the weak force are the massive gauge bosons called the W and Z bosons.
The weak interaction is the only known interaction that does not conserve parity; it is left–right asymmetric. The weak interaction even violates CP
symmetry but does conserve CPT.

Strong interaction [ edit ]
Main article: Strong interaction

The strong interaction, or strong nuclear force, is the most complicated interaction, mainly because of the way it varies with distance. The nuclear force is
powerfully attractive between nucleons at distances of about 1 femtometre (fm, or 10−15 metres), but it rapidly decreases to insignificance at distances
beyond about 2.5 fm. At distances less than 0.7 fm, the nuclear force becomes repulsive. This repulsive component is responsible for the physical size of
nuclei, since the nucleons can come no closer than the force allows.

After the nucleus was discovered in 1908, it was clear that a new force, today known as the nuclear force, was needed to overcome the electrostatic
repulsion, a manifestation of electromagnetism, of the positively charged protons. Otherwise, the nucleus could not exist. Moreover, the force had to be
strong enough to squeeze the protons into a volume whose diameter is about 10−15 m, much smaller than that of the entire atom. From the short range
of this force, Hideki Yukawa predicted that it was associated with a massive force particle, whose mass is approximately 100 MeV.

The 1947 discovery of the pion ushered in the modern era of particle physics. Hundreds of hadrons were discovered from the 1940s to 1960s, and an
extremely complicated theory of hadrons as strongly interacting particles was developed. Most notably:

The pions were understood to be oscillations of vacuum condensates;
Jun John Sakurai proposed the rho and omega vector bosons to be force carrying particles for approximate symmetries of isospin and hypercharge;
Geoffrey Chew, Edward K. Burdett and Steven Frautschi grouped the heavier hadrons into families that could be understood as vibrational and
rotational excitations of strings.

While each of these approaches offered insights, no approach led directly to a fundamental theory.

Murray Gell-Mann along with George Zweig first proposed fractionally charged quarks in 1961. Throughout the 1960s, different authors considered
theories similar to the modern fundamental theory of quantum chromodynamics (QCD) as simple models for the interactions of quarks. The first to
hypothesize the gluons of QCD were Moo-Young Han and Yoichiro Nambu, who introduced the quark color charge. Han and Nambu hypothesized that it
might be associated with a force-carrying field. At that time, however, it was difficult to see how such a model could permanently confine quarks. Han and
Nambu also assigned each quark color an integer electrical charge, so that the quarks were fractionally charged only on average, and they did not
expect the quarks in their model to be permanently confined.

In 1971, Murray Gell-Mann and Harald Fritzsch proposed that the Han/Nambu color gauge field was the correct theory of the short-distance interactions
of fractionally charged quarks. A little later, David Gross, Frank Wilczek, and David Politzer discovered that this theory had the property of asymptotic
freedom, allowing them to make contact with experimental evidence. They concluded that QCD was the complete theory of the strong interactions,
correct at all distance scales. The discovery of asymptotic freedom led most physicists to accept QCD since it became clear that even the long-distance
properties of the strong interactions could be consistent with experiment if the quarks are permanently confined: the strong force increases indefinitely
with distance, trapping quarks inside the hadrons.

Assuming that quarks are confined, Mikhail Shifman, Arkady Vainshtein and Valentine Zakharov were able to compute the properties of many low-lying
hadrons directly from QCD, with only a few extra parameters to describe the vacuum. In 1980, Kenneth G. Wilson published computer calculations based
on the first principles of QCD, establishing, to a level of confidence tantamount to certainty, that QCD will confine quarks. Since then, QCD has been the
established theory of strong interactions.

QCD is a theory of fractionally charged quarks interacting by means of 8 bosonic particles called gluons. The gluons also interact with each other, not just
with the quarks, and at long distances the lines of force collimate into strings, loosely modeled by a linear potential, a constant attractive force. In this
way, the mathematical theory of QCD not only explains how quarks interact over short distances but also the string-like behavior, discovered by Chew
and Frautschi, which they manifest over longer distances.

Higgs interaction [ edit ]

Conventionally, the Higgs interaction is not counted among the four fundamental forces.[26][27]

Nonetheless, although not a gauge interaction nor generated by any diffeomorphism symmetry, the Higgs field's cubic Yukawa coupling produces a
weakly attractive fifth interaction. After spontaneous symmetry breaking via the Higgs mechanism, Yukawa terms remain of the form

,

with Yukawa coupling , particle mass  (in eV), and Higgs vacuum expectation value 246.22 GeV. Hence coupled particles can exchange a virtual
Higgs boson, yielding classical potentials of the form

,

with Higgs mass 125.18 GeV. Because the reduced Compton wavelength of the Higgs boson is so small (1.576 ×10−18 m, comparable to the W and Z
bosons), this potential has an effective range of a few attometers. Between two electrons, it begins roughly 1011 times weaker than the weak interaction,
and grows exponentially weaker at non-zero distances.

Beyond the Standard Model [ edit ]
Main article: Physics beyond the Standard Model
See also: Elementary particle § Beyond the Standard Model

Numerous theoretical efforts have been made to systematize the existing four fundamental interactions on the model of electroweak unification.

Grand Unified Theories (GUTs) are proposals to show that the three fundamental interactions described by the Standard Model are all different
manifestations of a single interaction with symmetries that break down and create separate interactions below some extremely high level of energy.
GUTs are also expected to predict some of the relationships between constants of nature that the Standard Model treats as unrelated, as well as
predicting gauge coupling unification for the relative strengths of the electromagnetic, weak, and strong forces (this was, for example, verified at the
Large Electron–Positron Collider in 1991 for supersymmetric theories).[specify]

Theories of everything, which integrate GUTs with a quantum gravity theory face a greater barrier, because no quantum gravity theories, which include
string theory, loop quantum gravity, and twistor theory, have secured wide acceptance. Some theories look for a graviton to complete the Standard
Model list of force-carrying particles, while others, like loop quantum gravity, emphasize the possibility that time-space itself may have a quantum aspect
to it.

Some theories beyond the Standard Model include a hypothetical fifth force, and the search for such a force is an ongoing line of experimental physics
research. In supersymmetric theories, some particles acquire their masses only through supersymmetry breaking effects and these particles, known as
moduli, can mediate new forces. Another reason to look for new forces is the discovery that the expansion of the universe is accelerating (also known as
dark energy), giving rise to a need to explain a nonzero cosmological constant, and possibly to other modifications of general relativity. Fifth forces have
also been suggested to explain phenomena such as CP violations, dark matter, and dark flow.

See also [ edit ]

Quintessence, a hypothesized fifth force
Gerardus 't Hooft
Edward Witten
Howard Georgi
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Standard Model of Particle Physics



Organizing particles and forces : QM to QFT
Particles and fields : Classically a particle is a rigid sphere of sorts

A field pervades space and time QFT: A particle is a localized quantum excitation of a field

QM : A particle is a collapsed wave function



Organizing particles and forces : QM to QFT
Particles and fields : Classically a particle is a rigid sphere of sorts

A field pervades space and time QFT: A particle is a localized quantum excitation of a field

QM : A particle is a collapsed wave function



Organizing Particles : Group them 
At the very least,  

A particle is an irreducible representation  

of a poincare group 



Organizing Particles : Group them like Wigner  
Internal Space-time symmetries

Eugene Paul Wigner On his little groups 1939Wigner got his Nobel in 1963, but not for his 
1939 paper addressing issues on internal 
space-time symmetries.

It is generally agreed that
he deserved the prize for
his 1939 paper on the
little groups.

What is wrong with the
1939 paper? 

This paper contains the matrix

Wigner did not explain the
physics of this matrix.  This is why
he did not get the prize for his
1939 paper.

This matrix remained as the ugliest
matrix in physics. 

.

A massive particle can be brought to its rest frame.  The momentum is 
invariant under rotations, but its spin can be rotated.  Thus the little 
group is like O(3).

A massless particle  cannot be brought to the rest frame.  Rotations around
the momentum leaves it invariant .  The dynamical quantity associated with
this rotation is called the helicity.

Lorentz group consists of three rotational and thee boost degrees 
of freedom.  The rotation group O(3) is a subgroup of the Lorentz 
group.

What happens when the particle has a small mass? 

Wigner’s Little Groups: Subgroups of the Lorentz group whose 
transformations keep the given momentum of a particle invariant.
.
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invariant under rotations, but its spin can be rotated.  Thus the little 
group is like O(3).

A massless particle  cannot be brought to the rest frame.  Rotations around
the momentum leaves it invariant .  The dynamical quantity associated with
this rotation is called the helicity.

Lorentz group consists of three rotational and thee boost degrees 
of freedom.  The rotation group O(3) is a subgroup of the Lorentz 
group.

What happens when the particle has a small mass? 

Wigner’s Little Groups: Subgroups of the Lorentz group whose 
transformations keep the given momentum of a particle invariant.

.

A massive particle can be brought to its rest frame.  The momentum is 
invariant under rotations, but its spin can be rotated.  Thus the little 
group is like O(3).

A massless particle  cannot be brought to the rest frame.  Rotations around
the momentum leaves it invariant .  The dynamical quantity associated with
this rotation is called the helicity.

Lorentz group consists of three rotational and thee boost degrees 
of freedom.  The rotation group O(3) is a subgroup of the Lorentz 
group.

What happens when the particle has a small mass? 

Wigner’s Little Groups: Subgroups of the Lorentz group whose 
transformations keep the given momentum of a particle invariant.

Internal Space-time symmetries
Eugene Paul Wigner On his little groups 1939



Organizing Particles : Group them like Wigner  Wigner’s little groups

For a massive particle at rest, it is O(3).  If the particle gains
Its momentum, it is a Lorentz-boosted O(3). Thus, if the
momentum is not zero, the Little group is a Lorentz-boosted
O(3) or O(3)-like little group.

If a particle is massless, the little
group consists of rotations
around the momentum.  

In addition, Wigner showed that
this ugly matrix leaves the 
four-momentum of the massless
particle invariant.



Organizing Particles : Use Spin to group them  



Organizing Particles : Hadrons and Leptons



Organizing Particles : Hadrons and Leptons



Organizing Particles : Family and Friends

Organizing particles and forces together

1. Photons carry Electromagnetism and interact with charged particles 

It is described at a classical level by Maxwell’s Equation and by a  

Spin-1 bosonic field invariant under a phase ( U(1) ) transformation.  

2. Massive Gauge Bosons are responsible for the weak force, interacts with  

  ‘Left-handed’ Particles of the Universe. Invariant under rotations of a 2-sphere (SU(2)).  

3. Gluons are responsible for carrying the  strong force and interact with quarks and 
themselves. 

  



The making of Standard Model :  Unification of Electromagnetism and Weak Force

The Electroweak Theory : Unification of Weak and EM forces

Weak Interactions : Curie/Becquerel to Fermi

• Becquerel 1896 : discovered uranium salts spontaneously  emit radiation  

•   that could be captured on plates. 

•  Marie/Pierre Curie 18989-1910 : New Radioactive elements 

• Fermi theory 1933 : Beta decay can be explained by four fermi contact interactions mediated by a  

force without range 

•  1954 : Yang and Lee suggested that weak interactions violate Charge and Parity 

• 1957 : Wu experimentally confirmed symmetry violation 



The making of Standard Model : C and P violation in weak interactions



The making of Standard Model : C and P violation in weak interactions



The making of Standard Model : C and P violation in weak interactions



The Electroweak SU(2) X U(1) Theory 
• Bolstered by the success of quantizing Electrodynamics (QED) in 1940’s, the stock of early  

QFT rose a lot, and then crashed in the 1950’s since 4-fermi EW interactions led to infinities in 
perturbation theory, i.e can’t be “re-normalized” 

• Early theories of strong interactions (Yukawa theory) had another problem, perturbation  

theory was useless.  (The age of “Radial” and “Azimuthal” physicists described by Weinberg) 

•Three good ideas emerged in the 1950’s:  a) Quark Model (Gell-Mann, Zweig) 

                                                                 b) Idea of local (gauge) symmetries (Yang-Mills) 

                                                                    c) Idea of Spontaneously broken symmetry 

                                                                          (Landau-Ginzburg-Nambu-Goldstone) 

•Famously Weinberg didn’t believe in quarks so he started with leptons and the problem of  

   masses of fermions and gauge bosons 



The Electroweak SU(2) X U(1) Theory 

Weak Force Electromagnetic 
Force

Unified Electroweak theory



QCD and SU(3)

The 1950’s and 60’s were golden times for QFT. A new particle was  

found every second day, and fuelled by the cold war, many new 

 accelerators  and experiments came along.

•Gell-Mann and Ne’eman (1961-62) described the octet of baryons 

 in an SU(3) group described by 3 X 3 Unitary matrices with  

  determinant 1. Baryons come in octets and decuplets,  

   mesons are octets and singlets. 

• Gell-Mann and Zweig (1964) proposed the quark model , stating that  

    Baryons and Mesons are composed of fundamental particles called quarks.  

 



QCD and gluons
Deep Inelastic Scattering Experiments 1974 3 jet process  

Confirmed gluons as the force careers of strong interactions



Standard Model of Particle Physics in a nutshell

3 doublets of left handed 
fermions + 6 right handed 

quarks+ 3 right handed leptons 

Left-handed leptons are charged under both 
SU(2) and U(1). Right handed leptons are 

charged only under U(1). 

Quarks are charged under SU(3) color. Left Handed 
quarks are also charged under SU(2)XU(1). Right 

handed quarks are charged under U(1)

88 gluons carry 
SU(3 force)

8Photon and W/Z 
carry the EW force

No masses for Electroweak gauge bosons and fermions in unbroken SM 

SU(2)XU(1) breaks to U(1) electromagnetic via Higgs mechanism



Noether’s theorem and Standard Model Charges



Standard Model of Particle Physics in a nutshell

Institute of Experimental Particle Physics (IEKP)

6  

The problem of massive fermions

● Check         :                  

● Transformation:

● In mass term   :

● No obvious problem with fermion masses here. So is it a problem of non-abelian 

gauge symmetries? 

Similarly no problem in            → no problem of non-Abelian gauge field theories.  
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The problem of massive fermions

● Check         :                  

● Transformation:

● In mass term   :

● What is the problem of            in the SM? 

● It is the distinction between left- (    ) and right-handed (    ) fermions, with 

different coupling structure:

singlet
lower component 

of           doublet. 

(1)

(1)
 check Exercise 9 e).
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Spontaneous symmetry breaking

Needle on point: Block in water: Block on stick:

symmetry axis-symmetry symmetry

● Symmetry is present in the system (i.e. in the Lagrangian density    ).

● BUT it is broken in the ground state (i.e. in the quantum vacuum).

● Three examples (from classical mechanics):
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Standard Model of Particle Physics in a nutshell

The Higgs mechanism in the SM

In the slightly more complicated non–abelian case of the SM, we need to generate masses for

the three gauge bosons W± and Z but the photon should remain massless and QED must

stay an exact symmetry. Therefore, we need at least 3 degrees of freedom for the scalar

fields. The simplest choice is a complex SU(2) doublet of scalar fields φ

Φ =

(
φ+

φ0

)
, Yφ = +1 (1.29)

To the SM Lagrangian discussed in the previous subsection, but where we ignore the strong

interaction part

LSM = −
1

4
W a

µνW
µν
a −

1

4
BµνB

µν + L iDµγ
µ L + eR iDµγ

µ eR · · · (1.30)

we need to add the invariant terms of the scalar field part

LS = (DµΦ)†(DµΦ) − µ2Φ†Φ − λ(Φ†Φ)2 (1.31)

For µ2 < 0, the neutral component of the doublet field Φ will develop a vacuum expectation

value [the vev should not be in the charged direction to preserve U(1)QED]

⟨Φ ⟩0 ≡ ⟨ 0 |Φ | 0 ⟩ =

(
0
v√
2

)
with v =

(
−

µ2

λ

)1/2

(1.32)

We can then make the same exercise as previously:

– write the field Φ in terms of four fields θ1,2,3(x) and H(x) at first order:

Φ(x) =

(
θ2 + iθ1

1√
2
(v + H) − iθ3

)
= eiθa(x)τa(x)/v

(
0

1√
2
(v + H(x) )

)
(1.33)

– make a gauge transformation on this field to move to the unitary gauge:

Φ(x) → e−iθa(x)τa(x) Φ(x) =
1√
2

(
0

v + H(x)

)
(1.34)

– then fully expand the term |DµΦ)|2 of the Lagrangian LS:

|DµΦ)|2 =
∣∣∣
(
∂µ − ig2

τa
2

W a
µ − ig1

1

2
Bµ

)
Φ
∣∣∣
2

=
1

2

∣∣∣∣

(
∂µ − i

2(g2W 3
µ + g1Bµ) − ig2

2 (W 1
µ − iW 2

µ)
− ig2

2 (W 1
µ + iW 2

µ) ∂µ + i
2(g2W 3

µ − g1Bµ)

)(
0

v + H

)∣∣∣∣
2

=
1

2
(∂µH)2 +

1

8
g2
2(v + H)2|W 1

µ + iW 2
µ |2 +

1

8
(v + H)2|g2W

3
µ − g1Bµ|2

19

No gauge invariant mass terms. 
How do I give a mass ? 

The Higgs field provides mass by interacting with SM particles
 at a classical (tree) level.

An SM particle gets more or less mass depending on how
 strongly it interacts with the field at this minimum. 



The Remarkable Success of the Standard Model

Standard Model Global Fit Parameters from gfitter group 2021

Standard Model Higgs Couplings



The “Unnatural” Higgs

  Quantum corrections to the Higgs lead to “large fine-tunings”
  The bare mass parameter must be tuned to get a physical mass
  Unless there is a “Natural” metabolism of the Higgs that keeps it light 
  A symmetry that protects it from using the gym, à la “New Physics” 

 Higgs is always hungry for more 
 because it is really social. 

We have to send it to a gym 

A scalar partner to “work-out”



The “Unnatural” Higgs

  Quantum corrections to the Higgs lead to “large fine-tunings”
  The bare mass parameter must be tuned to get a physical mass
  Unless there is a “Natural” metabolism of the Higgs that keeps it light 
  A symmetry that protects it from using the gym, à la “New Physics” 

Expectation : New Physics at GeV-TeV scale, within reach of LHC

 Higgs is always hungry for more 
 because it is really social. 

We have to send it to a gym 

A scalar partner to “work-out”



The Naturalness Olympics
Naturalness

SM like/Unnatural Symmetries

Supersymmetry Twin/Mirror Sectors Technicolor/
Compositeness

Low scale Quantum gravity 

Extra Dimensions/
lowered string scales

Anthropics New Solutions/Ideas

Cosmological 
Relaxation/Clockwork

UV/IR mixing Swamplandology/
Weak Gravity Conjecture

Multiverse madness
/N-Naturalness

Self Organized Criticality Modified Gravity

See for example Nathaniel Craig’s summary (2205.05708) for Snowmass 2023
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Real Problems of the Standard Model

Needs new sources 
of Charge and Parity violation

A mechanism for
Neutrino masses

A theory of quantum gravity

“Interstellar” Black Hole

The biggest deficiency of them all:  
 Dark Matter



Is String Theory the Ultimate AnswerThe problem

Two keystones of fundamental physics:

1. Einstein’s theory of gravity [1915]

2. Quantum theory: [1920-1930]

) Standard model of elementary particle physics [1950-75]

Electromagnetic, weak and strong forces

Not known how to combine the two! ) “unified theory”

The most promising ansatz: String theory [since 1984]

Both keystones are intimately connected

) Holographic principle of quantum gravity [since 1997]

[1/25]



Holographic UniverseThe world as a holgram

[2/25]

The world as a hologram

Source: Scientific american

Maldacena’s String-Gauge Duality [1997]

Holographic principle: Strings in the bulk of space-time (Anti-de-Sitter space),
quantum particles (gluons) on the boundary

Gauge field theory on 4d boundary

String theory in higher 
dimensional space

Two dual descriptions of one physical entity: Gauge theory =̂ String theory in AdS

[20/25]

Quantum gravity in negatively curved space-times

Since 1997 revolutionary progress in our understanding of quantum gravity in
anti-de-Sitter space (AdSd) =̂ constant neg. curvature [Willem de Sitter, 1872-1934]

AdS5 is (4+1)-dimensional space-time with a boundary: R3 ⇥ time

“Gravity in a box”

String theory well defined on AdS5 ⇥ M5, e.g. choose M5 = S5 5d-sphere.

[19/25]

Maldacena 1997



Multiverses

Barne’s diagram



The It from Qubit

Spacetime from Entanglement : van Raamsdonck 2011,2019

“Emergence of classically connected spacetimes is  

Intimately related to quantum entanglement of degrees 

of freedom in a non-perturbative description on quantum gravity”

Tasi lectures : 1609.00026




