Epilogue: The Anthropic Principle

This World, he said, is your commandment and in your bowels is
written.
O. Elytis
Abstract Do the Laws of physics and of the values of the Universal physical
constants fit the phenomenon of life?
Summary The biological fitness of the laws of Nature and the biological fitness of
the values of the universal physical constants constitute a part of one version of the
anthropic principle. A stronger version claims that the statement ‘Life exists’ is not
only the shortest but the most comprehensive statement about the World. Most
versions of the anthropic principle include also an ‘explanation’ of either the
fitness or the assumed necessity of the physical laws and the values of the physical
constants for the phenomenon of life as we know it on Earth.
In our short journey over the structures of the World we bypassed the most
interesting ones, namely the living structures. The reason was that living structures
do not seem to fit with what was the purpose of this booklet: To derive some select
but important quantitative (or semi-quantitative) results regarding structures of
matter in a simple way starting from a few established general laws of Nature and
the values of the universal physical constants. The out of thermodynamic
equilibrium living matter seems to be too complex and diverse to fit within this
limited purpose and thus allow a simple derivation of quantitative results from a
few fundamental laws of physics.
However, the opposite direction, from the fact that ‘‘life exists’’ to the ‘‘laws of
nature and to the values of the physical constants’’ is not without some merit [1.1,
E1]. It must be admitted that this subject known under the generic name anthropic
principle is rather controversial, because, on the one hand it is ideologically
loaded, and on the other, it does not usually provide concrete quantitative
conclusions. Nevertheless, in this short epilogue we shall mention a few points
showing that one can deduce some fundamental laws of Nature or at least
demonstrate their necessity from the fact that life exists. In what follows we shall
refer mostly to the system Earth/Sun where carbon based life exists. However,
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most of our arguments are applicable to any other planet/star or satellite/star
system sustaining earth-like life.
The admirably precise reproducibility from generation to generation of living
structures strongly suggests that matter is ‘‘digital’’ not ‘‘analog’’, meaning that
matter is of discrete not of continuous character. It is very difficult to imagine a
continuous complex medium in contact with an ever changing environment to
emerge again and again with exactly the same form and the same features. For this
impressive phenomenon to occur, the huge amount of information stored in the
‘‘central bank’’ of the DNA molecule has to be kept intact. This in turn requires the
double discretization shown in Fig. 3.1 (d or d0 ) because, otherwise, the DNA
molecule would undergo a continuous change and it would never be the same. In
other words, from the precise reproducibility of the living structures one is led to
the discretization along both the vertical and the horizontal axis of Fig. 3.1(d or d0 )
The discretization along the vertical axis is consistent with the atomic idea.
Similarly, the discretization along the horizontal axis is consistent with the waveparticle duality [E1]. Whether one can reverse the argument and deduce from the
double discretization the atomic structure of matter (and forces) as well as the
particle/wave duality is not clear.
The existence of an extremely weak, attractive, long range force, such as
gravity, seems to be necessary in order to keep the atmosphere, the lakes, the
oceans, and the living matter on the surface of the Earth; as well as to keep
the Earth going around the Sun and drawing from it both the energy and the
information required for the emergence and maintenance of life. This leads to the
necessity of another force, the electromagnetic one, which has a dual
responsibility: To transmit the energy and the information from the Sun to the
Earth; and to bring and keep together all matter including the one from which the
living structures consist. The strength of the E/M force has to be enormous in
comparison with gravitational one. This becomes apparent by considering what the
size of a single-cell organism would be, if it would be held together by
gravitational forces instead of the electromagnetic ones: its diameter would be an
absurd size of 1021 m, instead of 10-5 m which is its actual size! Moreover, the E/
M force by being both attractive and repulsive manages to be both long range in
transmitting energy and information from the Sun and short range in bringing and
keeping together the constituents of living matter.
Life on Earth requires the continuous flow of energy from the Sun over a long
period (of the order of a few billion years). Such a supply of energy cannot be
chemical, because it would be exhausted in a period of thousands of years. There
must be another source of energy about a million times larger than the chemical
one. Assuming that the available energy is of the same order of magnitude as the
kinetic energy and taking into account the Heisenberg principle, we conclude that
the required supply of energy E per particle mustcome froma region of size r and
from particles of mass m such that E=Echem  me a2B =m r 2  106 : The nuclear
size of r = 1 fm and the proton mass of 1836 me produces the necessary boost of
1.5 9 106. Hence, it is clear that the nucleus is the source of the energy supply in
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the Sun (and in any other active star). This implies that nuclei are composite
particles held together by a third type of force- the strong one capable to overcome
the kinetic energy of the nucleons and the Coulomb repulsion among the protons.
Finally, a fourth interaction, the weak one, is necessary in order to allow the
transformation from proton to neutron and vice versa. Without this, the fusion of
two protons to a deuteron (with the emission of a positron and a neutrino) would
not be possible, neither would be possible the eventual fusion of four protons to a
helium nuclei, the main reaction providing the energy of the stars.
Let us consider now the values of some universal physical constants. The mass
of the electron is less than the mass difference between a neutron and a proton.
This allows the neutron, if free, to decay to a proton, an electron, and an
antineutrino. If this were not the case, electrons and protons would combine to free
neutrons in the early Universe leaving very few protons to act as fuel in the stars.
Thus, a neutron has to be heavier than the sum of an electron and a proton but not
much heavier, because in such a case very few neutrons would be produced during
the baryogenesis or within the nuclei [see (7.2)]. As a result of the greater
percentage of protons heavier elements necessary for life would not be stable.
Elements heavier than He and up to Fe are made by fusion within active stars. This
stellar nucleosynthesis passes through a bottle-neck to reach the carbon nucleus.
The reason is that the Be8 nucleus consisting of four protons and four neutrons is
extremely metastable with a life-time of the order of 10-15 s, because it is
energetically favorable to break into two He nuclei. Thus it is extremely
improbable for a third He atom to be incorporated in the Be8 to produce the crucial
for life carbon atom, unless a resonance effect is present. Indeed, such an effect
occurs in the sense that the energy of Be8 plus the energy of the third He nucleus
coincides with an excited energy level of carbon at 7.65 MeV above its ground
state. This coincidence greatly enhances the probability of the incorporation of the
third He nucleus and makes the carbon nucleus possible. It is worth mentioning
that Fred Hoyle predicted the occurrence of such an excited level in the carbon
nucleus before it was found experimentally.
The existence of life implies that the dimensionless gravitational constant must
have a value close to the measured one. Indeed, it has been estimated that about
10 billion years are needed for life to emerge in the Universe, since life is the final
stage and the crowning of the matter dominated epoch. On the other hand, life
ought to appear and evolve before the dark energy dominates, since the latter tends
pﬃﬃﬃ
to disolve the structures of matter. These two requirements imply that g t  1 for
t  1010 ys [see (13.13)]. This in turn means that aG  4:7  1039 i.e. about 20%
smaller than its measured value. (The estimated value of qde = ede/c2 0:721
1:034  1026 kg/m3 was used in obtaining this value of aG).
As it was mentioned before, supernova explosions, in particular core-collapse
type II supernova explosions (see below), are important for the creation and the
recycling of the elements in general and for the emergence of life in particular. The
heavier than iron elements are created during such explosions. Moreover, all
elements are dispersed as a result of supernovae very efficiently in the interstellar
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medium to be recycled for the production of the next generation of stars, of
planetary systems and, eventually, of humans. In rough terms, a Type II supernova
explosion occurs as follows: In a big star upon the exhaustion of its nuclear fuel, its
central part collapses to a core so dense that even neutrinos are trapped in it. This
superdense core attracts and accelerates the outer part of the star, which hits the
core at high speed. This internal collision forces the outer part to rebound and at
the same time releases the neutrinos which push the outer part with explosive force
leading to the supernova II. For the neutrino flux to be capable of catapulting the
outer part of the star against the gravitational attraction, the following relation
connecting the weak dimensionless coupling constant aW with the gravitational
one aG, must be satisfied:

6
a4W  aG mp =me
) aW  2:18  105
The resulting value of aW is in reasonable agreement with its theoretical and
measured value.
We shall conclude this epilogue by drawing attention to the mystery of the
cosmological constant K, or equivalently the density of the dark energy, ede. If we
accept the established value of the gravitational constant, G, the measured value of
K has the right order of magnitude for the transition from matter domination to
dark energy domination to occur at t  10 billion years, i.e., when the time was
ripe for life to emerge. This looks like an extremely fine tuning of the value of K,
in view of theoretical considerations producing values of K 10120 larger than the
actual one!

Appendix I: Oscillations and Waves

Oscillations occur locally in systems where their energy can change back and forth
from the form of potential energy to the form of kinetic energy. A typical
mechanical example is the pendulum shown in Fig. I (a). A typical electrical
example is the LC circuit shown in Fig. I (b); in this case the potential energy is
equal to 12Q2 =C, while the kinetic-type energy is 12L I 2 =c2 (which includes both the
systematic kinetic energy 12Ne me t2 of the electrons and the magnetic energy
associated with the current I ¼ ðNe =‘Þ e t). C is the capacitance, L is the selfinductance I ¼ dQ=dt, and ‘ is the overall length of the wire making up the circuit.
In cases of macroscopic oscillations, as those in Fig. I(a) and (b) macroscopic
kinetic energy is transferred through collisions with microscopic particles to the
internal energy of both the system and the environment. This process is described
macroscopically as the action of frictional ‘‘forces’’, which eventually lead to the
‘‘loss’’ of the macroscopic oscillating energy and the eventual termination of the
macroscopic oscillation. If there is no transfer of energy from the oscillating
system, then conservation of energy, Et = EK + EP implies that EKM - EKm =
EPM - EPm, where the subscripts M and m indicate maximum and minimum,
respectively. This observation allows us to obtain the angular frequency x = 2pf
(f is the frequency) of the oscillation. E.g., in the case of Fig. I(b) by setting
2
L IM
=c2 ¼ Q2M =C, and taking into account that I2 = x2Q2, we obtain x2 = c2/LC.
(See also Sect. 5.4, p. 39.)
Waves are oscillations which migrate from local subsystems to neighboring
subsystems within an extended medium (and, consequently, spread and are
delocalized). The medium can be discrete, as the coupled pendulums shown in
Fig. I(c), or continuous, as in the case of sea-waves shown schematically in
Fig. I(d). A wave in addition to the angular frequency x of the propagating
oscillation is usually characterized by its wavelength k (or equivalently by its
wavenumber k : 2p/k) and its velocity t of propagation. The three quantities
x, k, t are related as follows:
x ¼ tk
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Fig. I a A pendulum. b An LC circuit. c A medium of coupled pendulums. d Sea waves.
e Standing or stationary waves in a string of fixed ends. f Standing or stationary wave around a
circle
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The velocity t depends on the properties of the medium and possibly of the
wavenumber k. (See also Sect. 5.4, p. 39.)
Waves confined in a finite region of space have to satisfy certain boundary
conditions, which restrict the allowed values of the angular frequency to a discrete
set, xo, x1, x2, … (see Fig. 3.1, p. 23). To each value xi correspond one or more
waves, called stationary (or standing) waves which, having spread over the
available space, are not traveling anymore. Examples of standing waves are the
ones appearing in a string of fixed ends [see Fig. I(e)] on the ones going around in
a circle [see Fig. I(f)].

Selected Problems

4.1 Taking into account (4.12), plot schematically the Gibbs free energy as a
function of temperature under constant pressure for the three phases of
matter. Then, obtain the phase diagram in the plane T, P.
4.2 Prove that X = -PV.
5.1 Estimate the drag force on an object moving with velocity t within a fluid.
5.2 Obtain a formula for the viscosity of a liquid. Dimensions of viscosity are
pressure9 time. Estimate the viscosity of water at T  295 K:
5.3 Estimate the surface-tension coefficient of water. See Sect 7.1.
5.4 Obtain the so-called Poiseuille’s formula giving the volume of running fluid
passing per second through any cross-section of a pipe.
5.5 High frequency current density flowing in a metallic wire of conductivity r is
confined in a region near the surface of depth d. Obtain d, called skin-depth.
5.6 Estimate the value km at which the maximum of the black body radiation
plotted as a function of the wavelength appears. Similarly, for xm in the Ix
versus x curve. Is xm ¼ 2p=km ? If not, why?
5.7 Estimate the life-time of a classical model of a hydrogen atom. If there were
no radiation, the electron will follow a circular orbit of radius aB.
5.8 Estimate the lifting force on the wings of a plane. Assume that the wings are
rectangular flat rigid metallic sheets.
6.1 Consider the baryons Dþþ ; Ro ; N : What is their composition? What is the
Feynman diagram describing their decay? Can you estimate their life-time?
 o ; Kþ ; J=w:
6.2 The same for the mesons po ; pþ ; p ; Ko ; K
7.1 The composition of natural uranium is 99.3% U-238 and 0.7% U-235. Their
half-lifes are 4.51 9 109s and 7.1 9 108 s respectively. Obtain limits for
the age of our planetary system and the age of the Universe.
7.2 The distribution of the mass number of the fragments of the neutron induced
fission of U-235 in a nuclear reactor exhibits a double peak at A = 92 and
A = 140. (Eisberg-Resnick, Quantum physics.) On the contrary, the fragments
of a fission bomb exhibit a single peak at A  116. Any explanation?
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Selected Problems

8.1 Estimate the first, the second, and the third ionization potential for the atom
of Li. (See Fig. 8.2).
9.1 The energy E vs. distance d between two argon atoms is E ¼
h
i
4e ðr=d Þ12  ðr=dÞ6 ; where e ¼ 10:4 meV and r ¼ 3:4 A: Calculate (a)

9.2
9.3
9.4

9.5

10.1

10.2
10.3

10.4
10.5

10.6

11.6
11.7

the bond length (b) the oscillation frequency (c) the dissociation energy (d)
the fluctuation of the bond length. Will the molecule survive at room
temperature?
Identify the four eigenoscillations of CO2. Classify them according to the
size of their frequency. Which one is responsible for the greenhouse effect?
Determine the stereochemistry of C2H2, C2H4, C2H6, C4H6, C4H10.
For the NaCl molecule the relevant atomic levels and the bond length are,
eNa  4:95 eV; eCl  13:78 eV; d ¼ 2:36 A: Determine the bonding
and antibonding molecular levels, the polarity index and the charge
transfer from Na to Cl. The ionization potential of Na is 5.14 eV and the
chemical affinity of Cl is 3.61 eV. What is the dissociation energy of NaCl?
In analogy with (9.8) the equations satisfied by the 6 pz orbitals in benzene
ðmÞ
ð mÞ
ðmÞ
ðmÞ
are ðe  em ÞcðnmÞ þ V2 cn1 þ V2 cnþ1 ¼ 0; n ¼ 1; . . .; 6; c7  c1 : Show
that Eqs. 9.15 satisfy these equations with em ¼ ep þ 2V2;zz cos um : Draw the
levels em for the 6 values of m:
The low-temperature specific heat of a metal is of the form C ¼ a1 T þ a2 T 3 ,
where the first term is due to electronic excitations and the second to
vibrational ones. Using the principles of Pauli and Schrödinger explain this
behavior.
Make a rough estimate of the melting temperature of a solid.
In a diagram show the relevant atomic levels, the hybrid level, the bonding
and antibonding molecular levels of Si, as well as its valence and conduction
bands. What is the value of the energy gap in Si?
The same for the III–V semiconductor GaAs. (see Table 4; d = 2.45 A).
What is the value of r for liquid water? What is the velocity of sound in water
(keep in mind that the hydrogen bond is 3 to 4 times weaker than a typical
metallic bond)? What is the value of the bulk modulus of water?
Consider pure crystalline Si. Replace one Si atom by a P atom. Four of the
valence electrons of P will participate in the four tetrahedral bonds. The fifth
one will be detached from the immediate vicinity of the parent atom, but will
be trapped around it at a distance r much larger than aB. Taking into account
that the dielectric constant of Si is 13.1 and that the effective electron mass is
0.32me, find the distance r and the corresponding binding energy. If one atom
of Si in every million is replaced by a P atom, what would be the effect on the
resistivity at room temperature?
Mars’s year is longer than Earth’s by a factor of 1.88. What is the
temperature at the surface of Mars?
The period of Moon around the Earth is 27.32 days, while the period of full
moon is 29.5 days. Provide a quantitative explanation for this difference.
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11.8 The period of tides is about 12 hours. Why? When is the phenomenon of tide
stronger? At full-moon? At new-moon? At half-moon? Explain.
12.1 What would be the radius and the entropy of Earth, if it would become a
black hole?
12.2 For an active star in the main sequence (see [11.2] or [12.1]) we have the
following approximate formulae: Pressure at their center, Pc  2q G M=R.
Temperature at their center, Tc  Pc m=kB q: Radius, R / M a ; a  12: Surface
temperature, TS / M b ; b  12: Luminosity, L / R2 TS4 / M 2aþ4b ; 2aþ 4b 4
for 0:5MS  M  2MS and 3.5 for 2MS  M  20MS . Life-time t  M=L. Can
you justify these formulae. Apply them to our Sun. Do they work?.
12.1 What was the pressure of baryons, of photons, and of neutrinos at
t  380 kyr?
13.2 Consider a photon gas in thermodynamic equilibrium with electron/positron
pairs. The temperature is much higher than me c2 =kB and the P
lepton number
is negligible. The energy of each species is: Eph ¼ 2 k ek bk ; Ee 
P
1
Eeþ ¼ 2 k ek ; fk ek ¼ h c k; bk ¼ ½expðek =kB T Þ  11 ; fk ¼ ½expðek =kB T Þ þ 1 .
P
3R 3
Justify the above formulae. Taking into account that k ! ðV=2pÞ d k
show that Ee ¼ 78Eph :
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Particles
elementary, 9
virtual
Particlewaves, 17
Path integral formulation, 25
Pauli’s exclusion principle, 20
Pendulum, 41
Perfect differentials, 28
Periodic table of elements, 61, 63, 64
Perturbation, 24
PET method, 13
Photoelectric phenomenon, 13
Photon dominated period
Photonic mean free path, 40
Photons, 9, 10, 12, 13, 24, 30, 36, 37, 38, 117
number of, 115
Pions, 15, 48, 54
Planck’s constant, 10, 20
Planck’s system of units, 103
Planets, 4, 5, 12, 91
Plastic deformation, 81
Plastic flow, 92
Plutonium-239, 60
Polarity index, 74
Polarizability, 39
Positron, 9
Potential energy, 13, 27
Pressure, 37, 94
thermal kinetic, 105
Principal quantum number, 65
Protons, 4, 5, 9, 10, 15, 16, 45, 49, 54
percentage of, 53
Protostar

Q
Quantization, 23
Quantum

Index
Quantum chromodynamics (OCD), 47, 49
Quantum electrodynamics QED, 47
Quantum fluctuations
Quantum kinetic energy of the electrons, 98
Quantum mechanical tunneling, 58
Quantum Mechanics, 10
Quantum theory of gravity, 4
Quantum theory of gravity, 4
Quantum tunneling
Quark-gluon plasma
Quark star, 100
Quarks, 4, 5, 9, 10, 45, 46, 49
bottom, 8
charm, 8
down, 8, 9
strange, 8
top, 8
up, 8, 11

R
Radiation pressure, 97, 105
Radioactivity, 12
Radius, 39, 53, 61, 62, 101, 102, 105,
107, 117
Bohr, 62
per atom, 82
present
Raman scattering, 13
Reactions
chemical, 29
nuclear, 57, 97
Reduced mass, 58, 72
Reference state, 27
Resistance, 84
Resistivity, 84
Resonance effect
Resonance function, 39
Rest energy, 27
Rest mass, 9
Rotational spectrum, 71

S
Scattering cross-section, 38
Scattering, 38
Schrödinger’s equation, 64
Schrödinger’s principle, 22
Schwarzchild radius, 102
Sea waves, 18, 42
velocity of, 42
Second Law of thermodynamics, 28, 93
Self-inductance, 41
Semiconductors, 86

Index
Shear modulus, 81, 83
Shear stress, 83, 92
Si, 83
Solids, 81
primitive cell of, 5
Sound wave, 94
velocity of, 87, 94
Spatial/spin single-particle state, 21
Specific heat, 18
Spectral analysis, 108
Spectral discreteness, 22
Spin, 9, 21
Standard deviation, 19
Standard model, 15
Stars, 4, 5, 12, 97
active, 105
creation
minimum mass, 103
maximum mass, 105
Stationary (or standing) waves
Stellar wind, 98
Stereochemistry, 69
String theory, 4, 15
Strong interactions, 15, 45, 47
Sun
Supercluster of Galaxies, 4
Supernova, 98
Supersymmetry,VII, 15
Surface tension, 42
coefficient, 42, 43

T
Tau lepton
Temperature, 92, 102, 103
CBR, 108
ignition, 103
maximum, 103
surface, 92, 105
Thermodynamic inequalities, 28
Thermonuclear bombs, 57
Total energy density, 111
Total energy, 23, 54, 55, 87
Trajectory, 17, 20, 25
Troposphere, 93
Tsunami, 42
Two slit experiment, 18
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U
Universal physical constants
Universe, 4, 5, 107, 116, 117
observable, 4, 5, 107
Uranium, 54

V
Valence band, 86, 89
Value, 107
Van der Waals interaction, 70
Vector bosons, 10, 12, 45
Velocity, 22, 42
of light, 10
of sound, 83
Vertex, 14, 47
Vibrational frequency, 72
Virial theorem, 104
Virtual particle, 13
Virus, 4

W
Wavefunction w, 19
Wavelength, 17, 22
Wavenumber
Wave-particle duality, 17
Waveparticles, 17
Wavevector, 17
Weak interaction, 56
White Dwarfs, 4, 5, 18, 20, 97, 98, 99
Winds, 94
WMAP, 109

X
x-rays production, 13

Z
Zero point motion, 71
a-decay, 57
b-decay, 14, 59
l-neutrino, 8, 13
s-neutrino

Table 1 Physical constants. Numbers in parentheses give the standard deviation in the last two
digits
Quantity
Symbol
Value (year 2008)
Units
Planck constant over 2p
Velocity of light
Gravitational constant
Proton charge
Electron mass
Proton mass
Neutron mass
Atomic mass constant
12
1
12mðC Þ
Vacuum permittivity
Vacuum permeability
Boltzmann constant
Avogadro constant
Fine-structure constant
Magnetic flux quantum
Quantum Hall
resistance
Bohr magneton
Nuclear magneton
Electron magnetic
moment
Proton magnetic
moment
Neutron magnetic
moment
Gas constant
Bohr radius

 ¼ h=2p
h
h

c
G
e
me or m
mp
mn
mu (or u)

1:054 571 628 ð53Þ  1034
6:582 118 99ð16Þ  1016
299 792 458
6:674 28ð67Þ  1011
1:602 176 487ð40Þ  1019
9:109 382 15ð45Þ  1031
1:672 621 637ð83Þ  1027
1:674 927 211ð84Þ  1027
1:660 538 782ð83Þ  1027

Js
eV  s
m  s1
m3 kg1 s2
C
kg
kg
kg
kg

e0
l0
kB
NA
a*
U0 *
RH *

8:854 187 817. . .  1012
4p  107
1:380 6504ð24Þ  1023
6:022 141 79ð30Þ  1023

F  m1
N  A2
J  K1
mol1

ð137:035 999 679ð94ÞÞ1
2:067 833 667ð52Þ  1015
25 812:8075ð80Þ

Wb
X

lB *
lN *
le

927:400 915ð23Þ  1026
5:050 783 24 ð13Þ  1027
1:001 159 652 181 11ð74Þ

J  T1
J  T1
lB

lp

2:792 847 356ð23Þ

lN

ln

1:913 042 73 ð45Þ

lN

8:314 472ð15Þ
J  mol1  K1
10
m
aB  4pe0 
h =me e 0:529 177 208 59ð36Þ  10


2
2
a ¼ e =4pe0 hc, U0 ¼ h=2e, RH  h=e , lB  e
h=2me , lN  me =mp lB (all in SI)


a ¼ e2 =hc; U0 ¼ hc=2e; aB ¼ 
h2 =me e2 ; lB ¼ e
h=2me c; lN  me =mp lB ðall in G  CGSÞ
R  NA kB

2

2
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Table 2 Atomic system of units (me ¼ 1; e ¼ 1; aB ¼ 1; kB ¼ 1) c ¼ 1=a in G—CGS;
e0 ¼ 1=4p, l0 ¼ 4pa2 in SI
Length
l0 ¼ a B
Mass
m0  me
Charge
q0  e
Time
t0  me a2B =
h ¼ 2:418 884  1017 s
Energy
h2 =me a2B ¼ 4:359 744  1018 J ¼ 27:211 384 eV
E0  
Angular frequency
x0  
h=me a2B ¼ 4:134 137  1016 rad=s
Velocity
t0  aB =t0 ¼ h=me aB ¼ ac ¼ 2 187: 691 km=s
Mass density
q0 ¼ me =a3B ¼ 6:147 315 kg=m3
Temperature
h2 =me a2B kB ¼ 315 775 K
T0  E0 =kB ¼ 
2
Pressure
h2 =me a5B ¼ 2:942 101  1013
P0  E0 =aB ¼ 
2
N=m ¼ 2:942 101  108 bar
Electrical resistance
R0  
h=e2 ¼ RH =2p ¼ 4 108:236 X
Resistivity
qq0 ¼ R0 aB ¼ 
haB =e2 ¼ 21:739 848 lX  cm
Conductivity
haB ¼ 4:599 848  107 X1 m1
r0 ¼ 1=qc0 ¼ e2 =
Electric current
i0  e=t0 ¼ 6:623 618  103 A
Voltage
V0  E0 =e ¼ 27:211 384 V
Electric field
E0  V0 =aB ¼ 5:142 206  1011 V=m
Magnetic field1
B0  c
h=ea2B ¼ 2:350 517  105 T
Electric polarizability 2
ae0 ¼ 4pe0 a3B ¼ 1:648 777  1041 Fm2
Electric induction
D0  e=a2B ¼ 57:214 762 C=m2
Magnetic moment
l0  2lB ¼ 1:854 802  1023 JT1
Magnetization
M0  l0 =a3B ¼ 1:251 682  108 A=m
Magnetic field
H0  M0 ¼ 1:251 682  108 A=m
 ¼ X=X0 [see (2.16)]
For any quantity X we define X
1
In SI set c ¼ 1. 2 In G–CGS set 4pe0 ¼ 1
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Table 3 Periodic table of the elements
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Table 4 Theoretical values of the energy levelsEn0 s ,En0 p , En0 1; d , and V1  En0 p  En0 s =4 for the highest partially or fully occupied subshell (From
Harrison’ s book [20])

