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Preface

The electron is the main actor of this assay, a mysterious character and at the same time om-
nipresent in our daily life. At the same time elementary and complex. It is an elementary particle
and as such is described by a vector, a wave function, of a finite dimensional irreducible unitary
representation of its group of symmetries (the Galileo group in the non-relativistic case and the
Poincare’ group in the relativistic case, extended to the parity transformation). The invariants of
the group are the mass and the spin and the electron has spin 1/2. The spin-statistics theorem
states that, as a consequence of Lorentz invariance and of locality, half integer spin particles
must obey to Fermi statistics and integer spin particles must obey to Bose statistics.

Its role in a ionic crystal in the Feyman polaron problem, in atomic structure in the Mendeleev
periodic system, and in the redox chemical bond is discussed as few electron systems examples.
The assay is concluded with the properties of a many electron system, the Jellium. Its gound
state and finite temperature state are discussed from a (computational) theoretical point of view.
Some phenomenology is also presented in the very end.
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Chapter 1

Introduction

Composition: Elementary particle [1]

Statistics: Fermionic [2]

Family: Lepton [2]

Generation: First [2]

Interactions: Weak, electromagnetic, gravity [2]

Symbol: e , B [2]

Antiparticle: Positron [2]

Theorized: Richard Laming (1838-1851), [3] G. Johnstone Stoney (1874) and others.
Discovered: J. J. Thomson (1897) [4]

Mass (m): 9.1093837139(28) x 103! kg [2]

5.485799090441(97) x 10~* Da
[1822.888486209(53)] ! Da
0.51099895069(16) MeV /c? |2]
Mean lifetime: > 6.6 x 10?8 years [] (stable)
Electric charge: —lel2]
~1.602176634 x 1019 C [7]
Magnetic moment: —9.2847646917(29) x 10724 J/T [2]
~1.00115965218128(18) 15 |2]
Spin: 1h[2
Weak isospin: LH: —1, RH: 0 [7]
Weak hypercharge: LH: —1, RH: —2 [2]

The electron is a subatomic particle with a negative one elementary electric charge. Electrons
belong to the first generation of the lepton particle family,[14] and are generally thought to be
elementary particles because they have no known components or substructure.[1] The electron’s
mass is approximately Tl% that of the proton. Quantum mechanical properties of the electron
include an intrinsic angular momentum (spin) of a half-integer value, expressed in units of the
reduced Planck constant, i. Being fermions, no two electrons can occupy the same quantum state,
per the Pauli exclusion principle.[14] Like all elementary particles, electrons exhibit properties
of both particles and waves: They can collide with other particles and can be diffracted like

1



1. INTRODUCTION

light. The wave properties of electrons are easier to observe with experiments than those of
other particles like neutrons and protons because electrons have a lower mass and hence a longer
de Broglie wavelength for a given energy.

Electrons play an essential role in numerous physical phenomena, such as electricity, mag-
netism, chemistry, and thermal conductivity; they also participate in gravitational, electromag-
netic, and weak interactions.[16] Since an electron has charge, it has a surrounding electric field;
if that electron is moving relative to an observer, the observer will observe it to generate a
magnetic field. Electromagnetic fields produced from other sources will affect the motion of an
electron according to the Lorentz force law. Electrons radiate or absorb energy in the form of
photons when they are accelerated. [6]

Laboratory instruments are capable of trapping individual electrons as well as electron plasma
by the use of electromagnetic fields. Special telescopes can detect electron plasma in outer space.
Electrons are involved in many applications, such as tribology or frictional charging, electrolysis,
electrochemistry, battery technologies, electronics, welding, cathode-ray tubes, photoelectricity,
photovoltaic solar panels, electron microscopes, radiation therapy, lasers, gaseous ionization de-
tectors, and particle accelerators.

Interactions involving electrons with other subatomic particles are of interest in fields such
as chemistry and nuclear physics. The Coulomb force interaction between the positive protons
within atomic nuclei and the negative electrons without allows the composition of the two known
as atoms. Ionization or differences in the proportions of negative electrons versus positive nuclei
changes the binding energy of an atomic system. The exchange or sharing of the electrons
between two or more atoms is the main cause of chemical bonding. [7]

Electrons participate in nuclear reactions, such as nucleosynthesis in stars, where they are
known as beta particles. Electrons can be created through beta decay of radioactive isotopes and
in high-energy collisions, for instance, when cosmic rays enter the atmosphere. The antiparticle
of the electron is called the positron; it is identical to the electron, except that it carries electrical
charge of the opposite sign. When an electron collides with a positron, both particles can be
annihilated, producing gamma ray photons.

The ancient Greeks noticed that amber attracted small objects when rubbed with fur. Along
with lightning, this phenomenon is one of humanity’s earliest recorded experiences with electric-
ity. In his 1600 treatise De Magnete, the English scientist William Gilbert coined the Neo-Latin
term electrica, to refer to those substances with property similar to that of amber which at-
tract small objects after being rubbed. Both electric and electricity are derived from the Latin
electrum (also the root of the alloy of the same name), which came from the Greek word for
amber, nAexTpov (elektron).

In 1838, British natural philosopher Richard Laming first hypothesized the concept of an
indivisible quantity of electric charge to explain the chemical properties of atoms. [3] Irish
physicist George Johnstone Stoney named this charge “electron” in 1891, and J. J. Thomson and
his team of British physicists (John S. Townsend and H. A. Wilson) identified it as a particle
in 1897 during the cathode-ray tube experiment. [4] J. J. Thomson would subsequently in 1899
give estimates for the electron charge and mass as well: e ~ 6.8 x 1071%su and m ~ 3 x 10~26g.

The electron’s charge was more carefully measured by the American physicists Robert Mil-
likan [8] and Harvey Fletcher in their oil-drop experiment of 1909, the results of which were
published in 1911. This experiment used an electric field to prevent a charged droplet of oil
from falling as a result of gravity. This device could measure the electric charge from as few
as 1-150 ions with an error margin of less than 0.3%. Comparable experiments had been done
earlier by Abram Ioffe, who independently obtained the same result as Millikan using charged
microparticles of metals, then published his results in 1913. However, oil drops were more stable
than water drops because of their slower evaporation rate, and thus more suited to precise ex-
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perimentation over longer periods of time. The experiment of Millikan took place in the Ryerson
Physical Laboratory at the University of Chicago. Millikan received the Nobel Prize in Physics
in 1923.

In particle physics, the electroweak interaction or electroweak force is the unified description of
two of the fundamental interactions of nature: electromagnetism (electromagnetic interaction)
and the weak interaction. Although these two forces appear very different at everyday low
energies, the theory models them as two different aspects of the same force. Above the unification
energy, on the order of 246 GeV,' they would merge into a single force. Thus, if the temperature
is high enough — approximately 1015 K — then the electromagnetic force and weak force merge
into a combined electroweak force. [9, 10, 11] Fermions with negative chirality ? (also called
“left-handed” fermions) have a weak isospin T = % and can be grouped into doublets with
T3 = i% that behave the same way under the weak interaction. By convention, electrically
charged fermions are assigned T3 with the same sign as their electric charge. In all cases, the
corresponding anti-fermion has reversed chirality (“right-handed” antifermion) and reversed sign
T3. Fermions with positive chirality (“right-handed” fermions) and anti-fermions with negative
chirality (“left-handed” anti-fermions) have T' = T3 = 0 and form singlets that do not undergo
charged weak interactions. Particles with T3 = 0 do not interact with W+ gauge bosons; however,
they do all interact with the Z° gauge boson.

The weak isospin conservation law relates to the conservation of T3; weak interactions conserve
T3. It is also conserved by the electromagnetic and strong interactions. However, interaction with
the Higgs field does not conserve T3, as directly seen in propagating fermions, which mix their
elicities by the mass terms that result from their Higgs couplings. Since the Higgs field vacuum
expectation value is nonzero, particles interact with this field all the time, even in vacuum.
Interaction with the Higgs field changes particles’ weak isospin. Only a specific combination
of electric charge is conserved. The electric charge, Q = T3 + %Yw, where Yy is the weak
hypercharge. In 1961 Sheldon Glashow proposed this relation by analogy to the Gell-Mann-
Nishijima formula for charge to isospin. [12]

Have you ever asked yourselves how can we be certain that the Sun is a giant nuclear candle?
If Galileo Galilei was here he would ask: “where are the proofs?” The proofs can be found in
the Gran Sasso Laboratory where we measure the flux of solar neutrinos. Every second, on
every centimeter square of the Earth, arrive something like sixty billions neutrinos. Night and
Day. In fact, Earth is transparent to these mysterious particles that goes through anything
without ever stopping. If our eyes could see the neutrinos, the night would not exist! And
what do these neutrinos tell us? Performing the exact calculations, we discover that their flux
corresponds exactly to that predicted for a perfectly regulated nuclear candle. But who controls
this “fire”? The answer lies in the extraordinary discovery of Fermi first and Salam, Weinberg,
and Glashow later: The weak charge, that Enrico Fermi identified as a new force of Nature. This
is the “security valve” which allows the production of the Sun “fuel”: the neutrinos. Even if the
Sun is made almost exclusively by protons and electrons, the Fermi force allows the necessary
transformation for fusion to happen. Without this perfect regulation, the Sun would not be our
“neverending” source of light and life.

1The particular number 246 GeV is taken to be the vacuum expectation value v = (Gpv/2)~1/2 of the Higgs
field (where G is the Fermi coupling constant).
2The chirality is the intrinsic helicity discussed in Section 2.5.1.
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Appendix A

Particle Data Group

We include here the particle listing for the electron from the Particle Data Group [2] followed by
an illustrative key.



Citation: S. Navas et al. (Particle Data Group), Phys. Rev. D 110, 030001 (2024)

B

e MASS (atomic mass units u)

The primary determination of an electron’s mass comes from measuring
the ratio of the mass to that of a nucleus, so that the result is obtained in
u (atomic mass units). The conversion factor to MeV is more uncertain
than the mass of the electron in u; indeed, the recent improvements in
the mass determination are not evident when the result is given in MeV.
In this datablock we give the result in u, and in the following datablock in

MeV.
VALUE (1076 u) DOCUMENT ID TECN COMMENT
548.579909065 +0.000000016 TIESINGA 21  RVUE 2018 CODATA value
e o ¢ We do not use the following data for averages, fits, limits, etc. e o
548.579909070+0.000000016 MOHR 16 RVUE 2014 CODATA value
548.57990946 +0.00000022 MOHR 12 RVUE 2010 CODATA value
548.57990943 +0.00000023 MOHR 08 RVUE 2006 CODATA value
548.57990945 +£0.00000024 MOHR 05 RVUE 2002 CODATA value
548.5799092 +0.0000004 1 BEIER 02 CNTR Penning trap
548.5799110 +0.0000012 MOHR 99 RVUE 1998 CODATA value
548.5799111 +£0.0000012 2 FARNHAM 95 CNTR Penning trap
548.579903 4+0.000013 COHEN 87 RVUE 1986 CODATA value

1 BEIER 02 compares Larmor frequency of the electron bound in a 125+ jon with the
cyclotron frequency of a single trapped 12¢5+ jon.

2FARNHAM 95 compares cyclotron frequency of trapped electrons with that of a single
trapped 126+ jon.

e MASS

The mass is known more precisely in u (atomic mass units) than in MeV.
The conversion is: 1 u = 931.494 102 42(28) I\/IeV/c2 (2018 CODATA
value, TIESINGA 21). The conversion error dominates the uncertainty of
the masses given below.

VALUE (MeV) DOCUMENT ID TECN COMMENT
0.51099895000+ 0.00000000015 TIESINGA 21 RVUE 2018 CODATA value
e o ¢ \We do not use the following data for averages, fits, limits, etc. e o @

0.5109989461 +0.0000000031 MOHR 16 RVUE 2014 CODATA value
0.510998928 +0.000000011 MOHR 12 RVUE 2010 CODATA value
0.510998910 +0.000000013 MOHR 08 RVUE 2006 CODATA value
0.510998918 +0.000000044 MOHR 05 RVUE 2002 CODATA value
0.510998901 +0.000000020 1,2 BEIER 02 CNTR Penning trap
0.510998902 +0.000000021 MOHR 99 RVUE 1998 CODATA value
0.510998903 +0.000000020 1,3 FARNHAM 95 CNTR Penning trap
0.510998895 +0.000000024 1 COHEN 87 RVUE 1986 CODATA value
0.5110034 +0.0000014 COHEN 73 RVUE 1973 CODATA value

https: //pdg.lbl.gov Page 1 Created: 5/31/2024 10:15
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1 Converted to MeV using the 1998 CODATA value of the conversion constant,
931.494013 + 0.000037 MeV/u.

2BEIER 02 compares Larmor frequency of the electron bound in a 12¢5+ jon with the
cyclotron frequency of a single trapped 125+ jon.

3 FARNHAM 95 compares cyclotron frequency of trapped electrons with that of a single
trapped 126+ jon.

(me+ - me=) / Mayerage

A test of CPT invariance.

VALUE CL% DOCUMENT ID TECN COMMENT

<8x10~9 90 L FEE 93 CNTR Positronium spectroscopy
e o o \We do not use the following data for averages, fits, limits, etc. e o @

<4x10-23 90 2poLGov 14 From photon mass limit
<4 x 1078 90 CHU 84 CNTR Positronium spectroscopy

1 FEE 93 value is obtained under the assumption that the positronium Rydberg constant
is exactly half the hydrogen one.

2DOLGOV 14 result is obtained under the assumption that any mass difference between
electron and positron would lead to a non-zero photon mass. The PDG 12 limit of

1x 10718 eV on the photon mass is in turn used to derive the value quoted here.

9e+ T qe’l/e

A test of CPT invariance. See also similar tests involving the proton.

VALUE DOCUMENT ID TECN COMMENT
<4x108 L HUGHES 92 RVUE

e o ¢ We do not use the following data for averages, fits, limits, etc. e o @

<2x 1018 25CHAEFER 95 THEO Vacuum polarization
<1x10-18 3MUELLER 92 THEO Vacuum polarization

L HUGHES 92 uses recent measurements of Rydberg-energy and cyclotron-frequency ra-
tios.

2SCHAEFER 95 removes model dependency of MUELLER 92.

3 MUELLER 92 argues that an inequality of the charge magnitudes would, through higher-
order vacuum polarization, contribute to the net charge of atoms.

e MAGNETIC MOMENT ANOMALY
pe/pB — 1= (g-2)/2

VALUE (units 1076) DOCUMENT ID TECN CHG COMMENT
1159.65218062-0.00000012 OUR AVERAGE

1159.65218059--0.00000013 1 FAN 23 MRS Single electron
1159.65218073+0.00000028 HANNEKE 08 MRS Single electron
1159.6521884 +0.0000043 VANDYCK 87 MRS — Single electron

e o ¢ We do not use the following data for averages, fits, limits, etc. e o @
1159.65218128+0.00000018 TIESINGA 21 RVUE 2018 CODATA value
1159.65218091 +0.00000026 MOHR 16 RVUE 2014 CODATA value
1159.65218076 +0.00000027 MOHR 12 RVUE 2010 CODATA value
1159.65218111-:0.00000074 2 MOHR 08 RVUE 2006 CODATA value

https: //pdg.Ibl.gov Page 2 Created: 5/31/2024 10:15
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1159.65218085-£0.00000076 3 ODOM 06 MRS — Single electron

1159.6521859 +0.0000038 MOHR 05 RVUE 2002 CODATA value
1159.6521869 +0.0000041 MOHR 99 RVUE 1998 CODATA value
1159.652193 £0.000010 COHEN 87 RVUE 1986 CODATA value

1159.6521879 +0.0000043 4 VANDYCK 87 MRS + Single positron

1FAN 23 report the most accurate measurement of the electron magnetic moment. A
one-electron quantum cyclotron is used. We do not propagate at the moment this
measurement to the fine structure and other physical constants. When discrepancies in
the independent determinations of alpha are resolved, the new measurement uncertainty
of 0.13 ppt is available for precise tests for BSM physics.

2MOHR 08 average is dominated by ODOM 06.

3Superseded by HANNEKE 08 per private communication with Gerald Gabrielse.

4This VANDYCK 87 reault is for a positron. We do not take it into account for the
average to avoid the assumption of CPT invariance.

(ge"‘ - ge-) / gaverage

A test of CPT invariance.

VALUE (units 10~12) cL% DOCUMENT ID TECN  COMMENT
— 05+ 21 LVANDYCK 87 MRS Penning trap
e o ¢ We do not use the following data for averages, fits, limits, etc. e o @
< 12 95 2\ASSERMAN 87 CNTR Assumes m =m__
22 +64 SCHWINBERG 81 MRS  Penning trap

1\ANDYCK 87 measured (g_/g4)—1 and we converted it.
2VASSERMAN 87 measured (84 — &_)/(g—2). We multiplied by (g—2)/g = 1.2 x
1073,

e ELECTRIC DIPOLE MOMENT (d)

A nonzero value is forbidden by both T invariance and P invariance.

VALUE (10~28 ecm) CL% DOCUMENT ID TECN  COMMENT
< 0.041 90 1 ROUSSY 23 ESR  electrons in in-

tramolecular
electric field
e o ¢ We do not use the following data for averages, fits, limits, etc. e o @

< 0.11 90 2 ANDREEV 18 CNTR ThO molecules
< 1.3 90 3 CAIRNCROSS 17 ESR  180pyf19f
molecules
— 5570 4 7980 +120 KIM 15 CNTR Gd3GagOqo
molecules
< 0.87 90 4 BARON 14 CNTR ThO molecules
5 .
< 6050 90 ECKEL 12 CNTR Eug5Bag 5TiO3
molecules
< 10.5 90 6 HUDSON 11 NMR YbF molecules
6.9 + 7.4 REGAN 02 MRS 205T| beams
18 + 12 + 10 7TCOMMINS 94 MRS 2057| peams
— 21 + 83 T ABDULLAH 90 MRS  2057| peams
— 1400 4 2400 CHO 89 NMR TIF molecules
— 150 4+ 550 +150 MURTHY 89 Cs, no B field

https://pdg.lbl.gov Page 3 Created: 5/31/2024 10:15
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— 5000 11000 LAMOREAUX 87 NMR 1994g
19000 + 34000 90 SANDARS 75 MRS  Thallium
7000 422000 90 PLAYER 70 MRS Xenon
< 30000 90 WEISSKOPF 68 MRS  Cesium
1RouSSY 23 gives a measurement corresponding to this limit as (—1.3 + 2.0 4+ 0.6) x
10730 ecm.
2 ANDREEV 18 gives a measurement corresponding to this limit as (4.3 &+ 3.1 & 2.6) x
1030 ecm.

3 CAIRNCROSS 17 gives a measurement corresponding to this limit as (0.09 £ 0.77 +

0.17) x 1028 ecm.
4 BARON 14 gives a measurement corresponding to this limit as (—0.21 £ 0.37 £ 0.25) x

10728 ecm.

SECKEL 12 gives a measurement corresponding to this limit as (—1.07 £ 3.06 4+ 1.74) x
1072° ecm

6 HUDSON 11 gives a measurement corresponding to this limit as (—2.4 £ 5.7 4+ 1.5) x
10728 ecm.

7 ABDULLAH 90, COMMINS 94, and REGAN 02 use the relativistic enhancement of a
valence electron’s electric dipole moment in a high-Z atom.

e~ MEAN LIFE / BRANCHING FRACTION

A test of charge conservation. See the “Note on Testing Charge Conserva-
tion and the Pauli Exclusion Principle” following this section in our 1992
edition (Physical Review D45 S1 (1992), p. VI.10).

Most of these experiments are one of three kinds: Attempts to observe
(a) the 255.5 keV gamma ray produced in e™ — v,7, (b)the (K) shell
x ray produced when an electron decays without additional energy deposit,
e.g., e — Vv Tgv, ("disappearance” experiments), and (c) nuclear de-
excitation gamma rays after the electron disappears from an atomic shell
and the nucleus is left in an excited state. The last can include both weak
boson and photon mediating processes. We use the best e™ — vy limit

for the Summary Tables.

Note that we use the mean life rather than the half life, which is often
reported.

e — Ve and astrophysical limits

VALUE (yr) CL% DOCUMENT ID TECN COMMENT

>6.6 x 1028 90 AGOSTINI 158 BORX e~ — v~

e o ¢ We do not use the following data for averages, fits, limits, etc. e o @

>1.22 x 1020 68 1 KLAPDOR-K...07 CNTR e~ — vry

>4.6 x 1020 90 BACK 02 BORX e~ — vny

>3.4 x 1020 68 BELLI 008 DAMA e~ — v+, liquid Xe
>3.7 x 1025 68 AHARONOV 958 CNTR e~ — vry

>2.35 x 1025 68 BALYSH 93 CNTR e~ — v+, "0Ge detector
>15 x 1025 68 AVIGNONE 86 CNTR e~ — vry

>1  x 1039 2 0RITO 85 ASTR Astrophysical argument
>3 x 1023 68 BELLOTTI 838 CNTR e~ — vy

1 The authors of A. Derbin et al, arXiv:0704.2047v1 argue that this limit is overestimated
by at least a factor of 5.
2 ORITO 85 assumes that electromagnetic forces extend out to large enough distances and

that the age of our galaxy is 1010 years.
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Disappearance and nuclear-de-excitation experiments

VALUE (yr) CL% DOCUMENT ID TECN COMMENT

>6.4 x 1024 68 1 BELLI 998 DAMA De-excitation of 129Xe

e o ¢ We do not use the following data for averages, fits, limits, etc. e o @

>1.2 x 1024 90 ABGRALL 17 HPGE Ge K-shell disappearance
>4.2 x 1024 68 BELLI 99 DAMA lodine L-shell disappearance
>2.4 x 1023 90 2 BELLI 99D DAMA De-excitation of 127 (in Nal)
>4.3 x 1023 68 AHARONOV 958 CNTR Ge K-shell disappearance
>2.7 x 1023 68 REUSSER 91 CNTR Ge K-shell disappearance

>2  x 1022 68 BELLOTTI 838 CNTR Ge K-shell disappearance

1 BELLI 998 limit on charge nonconserving e~ capture involving excitation of the 236.1

keV nuclear state of 129Xe; the 90% CL limit is 3.7 x 1024 yr. Less stringent limits for
other states are also given.

2BELLI 99D limit on charge nonconserving e~ capture involving excitation of the 57.6
keV nuclear state of 1271, Less stringent limits for the other states and for the state of

23Na are also given.

LIMITS ON LEPTON-FLAVOR VIOLATION IN PRODUCTION

Forbidden by lepton family number conservation.

This section was added for the 2008 edition of this Review and is not
complete. For a list of further measurements see references in the papers
listed below.

olete™ = et7F) /o(ete™ = putpu™)

VALUE

Cl%

DOCUMENT ID

TECN  COMMENT

<8.9 x 10~6

<1.8x 1073

95 AUBERT
e o ¢ We do not use the following data for averages, fits, limits, etc. e o o

95 GOMEZ-CAD... 91

07 BABR et e™ at E,, = 10.58 GeV

MRK2 eTe™ at E.p, =29 GeV

olete™ = ptrF) /o(ete = putyu™)

VALUE

CL%

DOCUMENT ID

TECN  COMMENT

<4.0 x 10—6

95 AUBERT
e o o We do not use the following data for averages, fits, limits, etc. e o

07P BABR eTe™ at E_,, = 10.58 GeV
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999
[llustrative Key to the Particle Listings

Name of particle. “Old” name used
before 1986 renaming scheme also
given if different. See the section
“Naming Scheme for Hadrons” for de-
tails.

Quantity tabulated below.

Top line gives our best value (and er-
ror) of quantity tabulated here, based
on weighted average of measurements
used. Could also be from fit, best
limit, estimate, or other evaluation.
See next page for details.

Footnote number linking measure-
ment to text of footnote.

Number of events above background.

Measured value used in averages, fits,
limits, etc.

Error in measured value (often statis-
tical only; followed by systematic if
separately known; the two are com-
bined in quadrature for averaging and
fitting.)

Measured value not used in averages,
fits, limits, etc. See the Introductory
Text for explanations.

Arrow points to weighted average.

Shaded pattern extends +1c (scaled
by “scale factor” S) from weighted av-
erage.

Value and error for each experiment.

Partial decay mode (labeled by T';).

Branching ratio.

Our best value (and error) of quantity
tabulated, as determined from con-
strained fit (using all significant mea-
sured branching ratios for this parti-
cle).

Weighted average of measurements of
this ratio only.

Footnote (referring to LYNCH 81).

Confidence level for measured upper
limit.

References, ordered inversely by year,
then author.

“Document id” used on data entries
above.

Journal, report, preprint, etc.
abbreviations on next page.)

(See

Particle quantum numbers (where
known).

IG(JPC) =17(+*

a,(1200)

OMITTED FROM SUMMARY TABLE
Evidence not compelling, may be a kinematic effect.~__

20(1200) MASS

Indicates particle omitted from Parti-
cle Physics Summary Table, implying
particle’s existence is not confirmed.

VALUE (MeV) _EVTS DOCUMENT ID TECN  CHG  COMMENT General comments on particle.
——{1206+ 7 OUR AVERAGE

1210+ 8+9 3000 MMS — 357 p |

1198+10 PIERCE 83 ASPK + 21K p

1216£11£9 1500 [UMERRILL 81 HBC 0

32K p—0

e o o We do not use the following data for averages, fits, limits, etc. e o o
1192+ 16 LYNCH 81 [ HBG + 2777 p
Systematic/error was added quadratically by us in our 1986 edition.

“Document id” for this result; full ref-
erence given below.

!

Measurement technique. (See abbre-
viations on next page.)

a0(1200) WIDTH

VALUE (MeV. _EVTS DOCUMENT ID TECN  CHG  COMMENT
41+11 OUR AVERAGE Error includes scale factor of|1.8.| See the ideogram below.

Scale factor > 1 indicates possibly in-

50+ 8] PIERCE 83 ASPK + 21K™p consistent data.
70730 200 LYNCH 81 HBC + Reaction producing particle, or gen-
 o5f Bx7 MERRILL 81l HBC 0 32K p eral comments.
e o o We do not use the following data for averages, fits, limits, etc. o o o

R FENNER 87 MMS 357 p m> Change bar” indicates result added

111 (Ervor soaied by 1.8) or changed since previous edition.

/(¢ Charge(s) of particle(s) detected.
Ideogram to display possibly inconsis-
/ / tent data. Curve is sum of Gaus-
sians, one for each experiment (area
of Gaussian = 1/error; width of Gaus-
sian = error). See Introductory Text

for discussion.
2 . . . 2 /.
X Contribution of experiment to x* (if
B E'KF;\‘HCCHE g? QSZK @ no entry present, experiment not used
—+ MERRILL 81 HBC _ 34 in calculating x“ or scale factor be-
6.8
(Gonfidence Level = 0.033) cause of very large error).
1 L |

150 200

0 0 50 100
a0(1200) width (MeV)

2p(1200) DECAY MODES

Scale factor/

Mode Fraction (I';/T) Confidence level

r, 3 (65.2+1.3) % S=1.7 Our best value for branching fraction

r KK ‘(34_8:&1‘3) % S—17 ’7 as determined from data averaging,

M3 777Ti < s <104 CL—95% ﬂtt_mg_, ev_aluatl_ng, limit selection, etc.
This list is basically a compact sum-
mary of results in the Branching Ratio

ap(1200) BRANCHING RATIOS section below.

I'(31r) / Ttotal I / r

VALUE DOCUMENT ID TECN  CHG COMMENT

0.652+0.013 OUR FIT | Error includes scale factor of 1.7.

0.643+0.010 OUR AVERAGE

0.64 +0.01 PIERCE 83 ASPK + 21K p

0.74 +0.06 MERRILL 81 HBC 0 32K p

e o o We do not use the following data for averages, fits, limits, etc. e o o

0.48 +0.15 2LYNCH 8l HBC + 277 p

/2 Data has questionable background subtraction.

r(K?)/rm,. Branching ratio in terms of partial

VALUE DOCUMENT _ID TECN  CHG  COMMENT decay mode(s) I'; above.

0.348+0.013 OUR FIT  Error includes scale factor of 1.7.

0.35 +0.05 PIERCE 83 ASPK + 21K~ p

I'(K?)/r(31r) /Ty

VALUE DOCUMENT ID TECN  CHG COMMENT

0.535+0.030 OUR FIT Error includes scale factor of 1.7.

0.50 +0.03 MERRILL 81 HBC 0 32K p

I (n(neutral decay) 7%) /Tyotal 0.71r3/r

VALUE (units 10~4) L% DOCUMENT ID TECN  CHG COMMENT

<35 T{95] PIERCE 83 ASPK + 21K p

Partial list of author(s) in addition to
first author.

ap(1200) REFERENCES

PRL 55 14 -/ Quantum number determinations in
PIERCE 83 PL 123B 230 . Pierce FNAL

LYNCH 81 PR D24 610 G.R. Lynch et al. CLEO CoHab this reference.

MERRILL 81 [ PRL 47 143 D.W. Merill et al. (SACL, CERN) Institution(s) of author(s). (See ab-

breviations on next page.)



Chapter 2

The particle

In Relativistic Quantum Theory [13] we describe a pointwise, structureless, elementary, free
particle through a finite dimensional irreducible unitary representation of its group of symmetries
(the Galileo group in the non-relativistic case and the Poincaré group in the relativistic case,
extended to the parity transformation). The invariants of the group are the mass and the spin.
The wave functions of the particles are in bijective correspondence with the vectors of such
representations, and the scalar product for such vectors is expressible in terms of wave functions.
We determine the wave equation satisfied by the particles. In the relativistic case, the locality
requirement, forces the introduction of “negative energy” solutions. It is an experimental fact
that the number of particles may change in physical processes. Then, there exist transitions
between states with different number of particles. We will present a formalism that allows to
describe systems of many free particles, used in any many-body theory, relativistic or not, and
known as Fock method. It allows to describe many particles states with the correct statistics and
to introduce operators that change the number of particles (creation and annihilation operators).
We will introduce the free field operators, and we will interpret in terms of field operators the
negative energy solutions of the equations of free motion. We will denote as “antiparticles” the
negative energy particles with a non-hermitian field operator. We construct the representation
of the group on the many free particles states. And we prove the spin-statistics theorem which
states that, as a consequence of Lorentz invariance and of locality, half integer spin particles
must obey to Fermi statistics and integer spin particles must obey to Bose statistics.

This chapter is extracted from the “Theoretical Physics” course given by Prof. Adriano di
Giacomo at the physics department of the University of Pisa in 1993.

2.1 Definition of Invariance

A reference frame is defined by a set of operative rules to measure physical quantities.

The same physical phenomenon can be observed from two different reference frames. In order
for the two reference frames to be defined, the transformation between the quantities measured
in the two frames must be known.

In a given reference frame a phenomenon obeys certain physical laws. A physical law is a
relationship which poses conditions on the quantities measured at a given instant.

The frames are said to be equivalent respect to a class of phenomena if:

a) Any physical situation realizable in one can also be realizable in the other.

b) The time evolution laws are the same in the two frames.
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§2.2. Invariance in quantum mechanics 2. THE PARTICLE

The equivalence between frames produced by the invariance is an equivalence relationship in
the mathematical sense: Given R, R, R” three frames; R is equivalent to R, if R is equivalent
to R/ then R’ is equivalent to R; if R is equivalent to R’ and R’ is equivalent to R” then R is
equivalent to R”.

The transformation laws between quantities in equivalent frames form a group:

a) The identity transformation exists: The one between any frame and itself.

b) Given any transformation, an inverse transformation exists which is itself an equivalence
relationship respect to the class of phenomena in exam.

c) The product of two equivalence relationships, defined as the application in succession and
ordered of two transformations, is still an equivalence relationship.

The equivalence of a class of frames relative to a set of phenomena, is called invariance of such
phenomena relative to the group of transformations between the frames.

2.1.1 Conventions

Through the note we will conform to the following conventions:

Units

We will always use relativistic units with A = 1,¢ = 1. In these units, we have for the elementary
charge e?/4m = 1/137.

Fourier transform

The tridimensional Fourier transform is
o) = [s@e g (2.1)
iqp P
J e s -

~

—

2
I

and analogously for the four-dimensional case.

Operators

We will not introduce a different symbol for the operators on the Hilbert space and their eigen-
values. The reader should understand the difference from the context of the various equations
introduced.

2.2 Invariance in quantum mechanics

In quantum mechanics the invariance respect to a change of reference frame is defined as follows:

a) The possible states in the two frames are the vectors of a same Hilbert space. The ob-
servables are the same. The transformation law is a mapping of the Hilbert space onto
itself.

b) Starting from the same initial state the time evolution is the same in the two frames.
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2. THE PARTICLE §2.2. Invariance in quantum mechanics

The invariance transformations are a group. So an invariance transformation is a realization
of the group on an Hilbert space.

Let |ay be a state, in a certain frame, defined by the simultaneous measure of a complete
set of commuting observables. Any vector of the form z,|a) where z, is an arbitrary phase
factor, is an eigenstate of the same observables with the same eigenvalues. So it represents the
same physical state. The phase is not observable. A measurement on |a) means to observe the
probability that |a) contains a state |b) defined by the measure instruments. What one measures
is

Pay = [(Blayl?, (2.3)

where the phases x, and z;, cancel. A vector of the Hilbert space modulo a phase is called a
“ray” of the Hilbert space and will be denoted |{a}).

Wigner theorem: Given a bijective transformation between rays in a Hilbert space |{s}) —
|{s'}) such that

(Ao H{sI DI = [{s2}{siDI* Vi{sa}), [{s2}) (2.4)

it is always possible to choose the phases in such a way that the transformation is realized on
the Hilbert space vectors as a unitary or antiunitary transformation.
Proof:

1. Let |e,y be an orthonormal complete base of the Hilbert space and let |{e,}) be the
correspondent rays. The transformed rays are orthonormal

eilesy = 65 = [{ei}{efDI* = 04 (2.5)

Let us choose in an arbitrary way a set of phases on the rays [{e}}), i.e. a set of vectors
le}> that represent the states. Then

(eiles) = dij, (2.6)
The set of vectors so obtained is also a complete base of the Hilbert space. In fact, if there
exists a vector |v") such that (v'[v") % 0 and (v'|e,) = 0 Vn, then, by hypothesis, there

would exist a vector |v) such that (v|v) # 0 and {v|e,) =0 Vn, against the hypothesis
of completeness of the base |e,,).

2. Let |F)) = |e1) + |ex). The generic representative of the transformed ray |[{F}.}) will be

[Fxy = zr(leh) + yrler)), (2.7)
with x; and y, phases factors. In fact
[(Fklen)| = 0n1 + 0k = |[{FLleL)] = On1 + Ok (2.8)
Next I can define the following S transformation
|Sery = eh) [Ser) = yrlel) (2.9)
ISB) = IFD = [+ mlei. (210)
With this choice
|SFy) = |Se1) + |Sek). (2.11)

In other words we realized the transformation S as a linear transformation on vectors of
kind |Fy). Let us next extend this construction to all vectors of the Hilbert space.
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§2.2. Invariance in quantum mechanics 2. THE PARTICLE

3. Consider a generic vector
[0y = > anlen). (2.12)

Let us assume, without loss of generality, a; real. The correspondent ray |[{v}) will be
transformed into a ray |{v’}) with the following generic representative

o) = Y anlen), (2.13)

and since by hypothesis

[Kvlenl? = [V len)[?, (2.14)
we have
|an| = lan]. (2.15)
We define
|Se1y = le1), (2.16)
|Seny = ynlel) Vn #1, (2.17)
with y, some phase factors, so that for any vector belonging to the transformed ray |{v'})
[ee] CLI
W'y = {a1|561> + Z y"|Sen>} , (2.18)
n=2 "
with = a phase factor. We then define
1
|Svy = —|v'). (2.19)
x
By hypothesis it must be
2
a/
[ |v)|? = |ay + ap|* = [(SFk|Sv)? = |ag + y—’; (2.20)
Since we also have |a| = |a},| we require
a,
Re(ajar) =Re a1 —= |. (2.21)
Yk
Then there are only two possibilities:
L. ak = aj,/yx
ii. ax = (al,/yr)*
or

i' ‘S’U> = S(Zn an|€n>) = Zn an|56n>

i [Sv) =82, anlen)) = 2, anlSen)

In the first case the operator S is linear, in the second is antilinear. We also have
i. <S’U1|S’Ug> = <U1|’02> V|U1>, |1}2>

ii. <SU1|502> = <U2|Ul> v|711>7 |U2>

In the first case S is unitary, in the second it is antiunitary.
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2. THE PARTICLE §2.3. Invariance and time evolution

2.3 Invariance and time evolution

The requirement b) for invariance tells us that the evolution of the transformed must coincide
with the transformation of the evolved

Ut,t)SE )y = SOU(E )¢, (2.22)
where U(t,t') is the time evolution operator. Since |¢) is arbitrary we must have
STHU @, t)SEH) = U(t,t). (2.23)
If the Hamiltonian H is independent of time
Ut,t') = e =), (2.24)
and we require
S(t) = e ) (1)t H =), (2.25)

2.4 Galilean relativity

We require invariance under translations, rotations, and velocity transformations for pointwise
non relativistic particles.

2.4.1 Spatial translations

Let us consider a reference frame R’ translated by a relative to the frame R. If the spatial
translations are a symmetry of the system it must exist a unitary transformation U(a) which
relates the dynamical variables ¢’ and p’ in R’ to the variables g and p in R. The transformation
law must be

qd = q-—a, (2.26)
p = p (2.27)
It is easy to see that the unitary operator exists and is

U(a) = e'*P. (2.28)

Since the transformation is unitary the commutation relations do not change
g p;] = g p;] = ids;, (2:29)
lgi-q5] = lai-q;] =0, (2.30)
[i, 051 = [pi,pi] =0, (2.31)

where ¢ = U(a)'qU(a) and p = U(a)'pU(a). Moreover from Hadamard lemma (B.11) follows
immediately that Eqgs. (2.26)-(2.27) are satisfied.
The invariance of the time evolution between two frames R and R’ imposes

Ut(a,t)e M= (a,t') = e~ 1) (2.32)
which means
[p,H] = 0. (2.33)
In other words, the momentum is a constant of motion. We can also write
o0H
i 2.34
= (234)

19



§2.4. Galilean relativity 2. THE PARTICLE

2.4.2 Rotations

A rotation is defined by a versor nn which indicates the axis of rotation and an angle 8. We define
6 = 6n. The angles are taken as positive for anti-clockwise rotations. Let us consider a frame
R’ rotated by 6 relative to frame R. The component of a vector v will change according to

v; = R(8)i5v;, (2.35)
where R(#) is the rotation matrix. For infinitesimal transformations
bv=v —v~—-0nrnv. (2.36)

If the quantum system is invariant under rotations it must be possible to construct a unitary
transformation on the Hilbert space which realizes the transformation and commutes with the
time evolution. Let us then consider the angular momentum

J=qnrp. (2.37)
It is easy to verify that for v = g or v = p we have
[0-J,v] =—if A v. (2.38)
Then the transformation we are looking for is
U(g) = e’ (2.39)
as can be readily verified for infinitesimal transformations
v =UN@)wU@B)~v—i[d - J,v]=v—-0rv. (2.40)
The transformation commutes with the time evolution if
[J,H] =0 (2.41)

which means that H must be a scalar and the angular momentum a constant of motion. Since
the transformation is unitary it preserves the commutation relations.
If the particle has a spin the generator of the rotations is the total angular momentum

J=qnrp+s. (2.42)

2.4.3 Galilean transformations

If we go from a frame R to a frame R’ moving relative to R with a constant speed v we must
have

qd = q-tv, (2.43)
/

- p—mo. 2.44
p D (2.44)

It is easy to verify that these laws of transformation are induced by the unitary operator

Ult,v) = elPt=am)v, (2.45)

so that
Ul(t,v)qU(t,v) = q—tv, (2.46)
Ul(t,v)pU(t,v) = p—mw. (2.47)
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2. THE PARTICLE §2.4. Galilean relativity

If the Galilean transformation has to be an invariance we must also require
Ult,v) = e HE0 1 )¢ (2.48)
or
tp —mq = e~ ) (¢'p — mq)et 1), (2.49)
If the system is invariant under translations [p, H] = 0, so
(t — t")p = mq — me~HE) geiH =t (2.50)

For infinitesimal time differences we get

P . _oH
- =i[H,q] = Y (2.51)
So
2
p
H=—. 2.52
5 (2.52)

2.4.4 Galileo group

We analyzed the symmetries under translations, rotations, and Galileo transformations for a non
relativistic system. The corresponding unitary transformations are

U(a) = ¢'@P, (2.53)
U@ = %9, (2.54)
Uwv) = e ™K K=—mq—tp (2.55)

The group corresponding to the set of these transformations is called “Galileo group” and the
corresponding invariance “galilean invariance”.

From the canonical commutation relationships, the following algebra for the group generators,
follows

(P> po ] 0 Ph=H (2.56)
[J,H] = 0 [Ji,p;]=i€ijipr (2.57)
[J:, J;] ieinde [ K;] = ieijn K (2.58)
(K. K;] = 0 [Kip]=iméy [KiH]=ip: (2.59)

In the Hilbert space of the physical system is then defined an unitary representation of the group
that transforms the spec into itself.

If this representation is reducible it is possible to write the Hilbert space as a direct sum of
one or more orthogonal Hilbert spaces each one transforming in itself. The generators are written
as sum of the generators acting in each subspace and generators acting on different irreducible
subspaces commute. The states in each subspace evolve with their Hamiltonian each in states
belonging to the same subspace.

A physical system can then be written as a sum of irreducible representations of the Galileo

group.
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§2.4. Galilean relativity 2. THE PARTICLE

The simplest case is a particle without internal structure. In this case the only internal
variable is the spin which commutes with the orbital variables. A complete set of state is

P)ls, 52). (2.60)

Assuming the usual metric
Ppy = @) P-p), (2.61)
(sl]s2) = das. (2.62)

these states constitute an irreducible representation of the Galileo group if the states |s,) are an
irreducible representation of internal rotations. Let us show this explicitly:

plp) = bplp), (2.63)
p619~J|p> 620'J6720'Jp619"]|p>
= R(O)pe”|p), (2.64)

where p on the right hand side denotes the momentum operator acting on the eigenstate |p) and
on the left denotes the eigenvalue. The eigenvalues of the rotated state is the rotated momentum.
In the same way:

pefiv-K|p> 7iv-K6iv-Kp67iv~K|p>

= (p—mv)e‘i”'K|p>, (2.65)

SO
e®7lp) = |R(O)p), (2.66)
e Kipy = |p—mv), (2.67)

and we see that starting from any vector |p) it is possible to reach any other vector |p’) through
successive applications of rotations or of Galileo transformations. The internal degrees of freedom
only transform by rotations independently.

So a pointwise free particle is described by an irreducible unitary representation of the Galileo

group.

2.4.5 Parity invariance

The parity transformation is defined by
p—>-p q——q S—8 (2.68)

This is a canonical transformation since it does not change the commutation relations. The
transformation operator is

Up = ¢'% (Ptia)-(p—iq) (2.69)
The parity transformation has square 1
Up = Uzt = U}, (2.70)
If the parity transformation is an invariance we must have

Up'HUp = H (2.71)

22



2. THE PARTICLE §2.4. Galilean relativity

or
[Up,H] = 0. (2.72)

Let us now prove Eq. (2.69) in the one-dimensional case
Up = '3 +a*=1), (2.73)

Apart from a phase this operator coincides with the time evolution operator of a harmonic
oscillator of mass 1 and w = 1 from time ¢ = 0 to time ¢ = m. The Heisenberg equations for

q(t) = eHlg(0)e (2.74)
p(t) = eifltp(0)e i, (2.75)
¢ = i[H,q], (2.76)
p = ilHp], (2.77

with H = (p? + ¢*)/2. They have solution

q(t) = qcost+ psint, (2.78)
p(t) = pcost— gsint. (2.79)
It follows for t = 7
q(r) = UbqUp =—q, (2.80)
p(x) = UbpUp = —p, (2.81)
which is what we wanted.
2.4.6 Time reversal
The time reversal acts as follows
gq—q p—>—-p s——s t——t (2.82)

This transformation cannot be realized by a unitary operator because in such case the commu-
tation relations would be preserved. Instead we want, in one dimension,

la.p] =i — [g,—p] = —i (2.83)
If the transformation is antiunitary this is possible:
[¢',p'] = Ullq, p]Ur = UkiUr = —i. (2.84)

An antilinear operator is defined by

Tlsiy = [Ts1) Tlsa) = |[Ts2) (2.85)
T(als1)+bls2)) = a*T|s1)+ b*T|sa). (2.86)

For a linear operator O
{a|Ob)y = {OTa|by = (b|OTa)*, (2.87)
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and the operator is Hermitian if

{a|Oby = {Oalb).
For an antilinear operator T'

(a|Tb) = | T"a),
which is antilinear in |a) and in |b). An antilinear operator is antiunitary if

TT =TT =1,
or

{a|TTTb) = (Tb|Ta) = {a|b).
The transformed of O under T’
o' =T1'oT,
is still linear and
b|TTOTa)y = (OTa|Thy = (Ta|OTTH).
In particular for O = ¢ we find
ThT = TiT" = —i.
The time reversal is realizable with an antiunitary operator:
TTqT =q TTpT =—-p TTsT = —s
Moreover, in order to have invariance, we must require
T'HT = H.
If O is an observable
(b|OTa)y = B|ITTTOTa)y = (TTOTa|TTh).
So if TTOT = +0 we have
(b|OTay = +{Oa|T"b).

For eigenstates of O, Ola) = O,la), we have

(b|OTa) = +0,{a|TTb) = +0,{b|Ta),

which means that |Ta) is an eigenstate of O with the transformed eigenvalue.

So for a state |a) = |p, s,) we have
|Tay =|—p,—s2),

modulo a phase.

(2.88)

(2.89)

(2.90)

(2.91)

(2.92)

(2.93)

(2.94)

(2.95)

(2.96)

(2.97)

(2.98)

(2.99)

(2.100)
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2. THE PARTICLE §2.4. Galilean relativity

For a spinless particle with canonical variables g and p the time reversal is realized through

(qTa) = Yra(q) = ¥ (q) = {q|a)*, (2.101)

on wave functions in coordinate representation. In fact we have

{a|TpTby = (pTb|Ta) = f¢b(Q)(_iV)¢: (q)dq = — JWJ (q)(=iV)Yn(q) dg = —{a|pb)2.102)

where we used an integration by parts. Analogously we verify

(a|TTqTh) = {qTb|Ta) = {a|gb). (2.103)
The Hamiltonian is an Hermitian function of ¢ and p. In the coordinate representation, q is a
real variable and p = —iV. The transformation p — —p is equivalent to a complex conjugation.

We will have invariance under T' if H(q,p) = H(q,—p) or if H is real. A Hamiltonian of the

form
p?
H=—+V(q), (2.104)

2m
is invariant under 7.
If the particle has spin, it is described by 2s + 1 functions of q

Y1(q)
¥(q) = : : (2.105)
Y2s+1(q)
The spin is represented by three matrices ¥ = (31, 33, 33) independent from g. We now take
Yra(q) = U (), (2.106)

with U an unitary matrix independent from g and acting on spin space. To have the correct
spin transformations we must have

{a|TTsTb) = (sTb|Ta) = —{al|sb), (2.107)
or
- [z = [vivtzuer, (2.108)
which means
Uttt - ) (2.109)

and taking the complex conjugate, since £ = ¥, we find
U'sU = —5*, (2.110)
With the usual choice of phases in the angular momentum representation >; and X3 are real
1/1 0 170
Z32(0 —1> le( 1

matrices and Y5 is pure imaginary.
For example for spin 1/2 particles
1 1 0 =
0) 222<_i O) (2.111)
Then apart from an unessential phase we find
U=em™2, (2.112)

a rotation of 7 around the 2 axis, which changes sign to ¥; and 3. In conclusions we have

Yra = €T2YE. (2.113)
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2. THE PARTICLE

2.5 Einstein Relativity

The invariance under the Galileo group is valid in the limit of small velocities. But, actually,

physics is invariant under Lorentz transformations in addition to spatial translations.

invariance is known as Einstein relativity.

This

The Lorentz group is defined as the group of linear transformations which leaves invariant

the quadratic form
ds* = dt* — da”.
Let do = (d2°,da', d2?, da®) = (dt,dx) we can write
ds?® = Guvdxtda”,

where Einstein summation convention is used with

1 0 0 0

LY 0 -1 0 0 v 4

gu,l/ = gl = O O 71 O gl gl/a = 6la
0o 0 0 -1

The Lorentz transformations are defined as the linear transformations

dx'" = A" dx”,
such that

Guvdadz’’ = g/WA“aAVBd:EO‘dzB.

Due to the arbitrariness of dz* we have

G = GapAGAL,
or

g=A"gA,

which defines the Lorentz group. Taking the 00 component in Eq. (2.119)

L= gaﬁAaoAﬁo = (A%)* - Z(Aio)za

K3

or
(A%)? > 1,
or
A% =1 or A% <-—1.
Taking the determinant in Eq. (2.119) follows

(detA)? =1,

(2.114)

(2.115)

(2.116)

(2.117)

(2.118)

(2.119)

(2.120)

(2.121)

(2.122)

(2.123)

(2.124)
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2. THE PARTICLE §2.5. Einstein Relativity

or
detA = +1. (2.125)

The transformations obtained continuously from the identity have A% > 1 and detA = 1 and

constitute the proper Lorentz group. The transformations with A% > 1 and detA = —1 can

be written as the product of the parity P : € — —x times a proper transformation. The ones

with A% < —1 and det A = 1 as a product of the time reversal T : 2% — —2° times the proper

transformations. The ones with A% < 1 and det A = —1 as PT times a proper transformation.
An infinitesimal proper transformation

T L (2.126)
must satisfy Eq. (2.119). So
Guv = Guw + Q. Gur + X gu + OQ2). (2.127)
Let
Q= 9025, (2.128)
then we must have
Qv = —Qup- (2.129)

The group has 6 parameters as the number of components of an antisymmetric 4 x 4 matrix.
The most general 4 x 4 antisymmetric matrix can be written as

1 o
O = 5 Vel ML (2130
po
M) = 58,57, — 60,07, = —ML7P. (2.131)
We write
( M<pa>)“ — gho M), (2.132)
SO

1
Q/LV _ gILaQay _ g/La

- 1 -\ A
59 M{ET = Swi(p) (M v >) : (2.133)

The matrices M (#*) satisfy the following algebra
[M(aﬁ)’ M(#V)] - _ <gauM(5V) + g%V M) — gBrpplev) gOéVM(ﬁ#)) . (2.134)

We can then introduce

JU) = i) (2.135)
and

i 1 (ik)

J = —5602‘ij , (2.136)

K = g, (2.137)
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where €01 a5 18 the Levi-Civita symbol with €gia3 = 1 1. Then Eq. (2.134) is rewritten as

[J5, 7] = e, (2.141)
[ K] = iejnK”, (2.142)
[K', K9] = —iejnd". (2.143)

The generators J° are the rotations generators, which constitute a subgroup of the Lorentz
transformations. The K* are the generators of the velocity (v) transformations and are vectors,
as follows from their commutation relations with the J*. The infinitesimal transformations are
then

A=1+i0-J—-—a- K). (2.144)
The finite ones are
A =e? s

T w0y _ O J—a-K) (tanh aq, tanh as, tanh as), (2.145)

where 0 is the rotation angle vector and « is the rapidity vector.
Under the Lorentz group the generators of the translations p,, must transform as four-vectors

[0, p°] = i(g"p” — g™'p"), (2.146)
or
[J,p°] = —p° = —Jp° =0, (2.147)
which expresses the conservation of angular momentum, and
[J',p7] = —6p) = =J'p! = ieijnp”, (2.148)

which tells us that p is a vector. On the momenta the generators of the velocity transformations
act as follows

[K'p°] = —op° = —K'p" =ig"%’, (2.149)
[K'.p'] = —0p) = —K'p = —ighp°. (2.150)

The invariance under translations is written as
[p",p"] =0. (2.151)

The commutation relations between the generators are then

[P, p] = O, (2.152)
[J(”V),pa] — Z‘(guoépV _ gal’pﬂ), (2153)
[Je®, Jw)] = (gauJ(BV) + gPv glem) _ ghu glav) _ gaVJ(/iu)) . (2.154)

IFor any antisymmetric tensor F#¥ it is possible to use a decomposition of the following kind: F*¥ = (P, A)
with

Al = —F? A2 = 31 A3 = _F12 (2.138)
Pl = FO1 p2-F02 p3_p03 (2.139)

For the product of two tensors of this kind we have

%Fﬁ)F@)“” =AM . A® _p1) . p?) (2.140)
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2. THE PARTICLE §2.5. Einstein Relativity

They define the Lie algebra of a 10 parameters group known as the Poincaré group.
The Poincaré group is defined by the transformation laws

(Aya):z— 2 = Az —a, (2.155)

where ¢ is a translation and A is a Lorentz transformation. We immediately find the multiplica-
tion properties of the group as

(A1,a)(A2,b) = (A1A2, —A1b —a), (2.156)

from which immediately follows that the translations are an abelian invariant subgroup. In fact
applying repetitively Eq. (2.156) we find that the transformed by similitude of a translation

(1,a),
(A, ¢)(1,a) (A7, —¢) = (1,A(c — a) — ¢), (2.157)

is still a translation.

By Wigner theorem the states of a physical system are the basis of a unitary representation
of the Poincaré group. An elementary system will be described by an irreducible representation
of the Poincaré group.

We note that

Iy = 25—, (2.158)
obey the following commutation relations
(3, T = degd), (2.159)
[JL,J2] = deynd®, (2.160)
(i, 2] = o. (2.161)

So the generators of J and J_ obey to the algebra SU(2) ® SU(2). Let us show now that an
irreducible representation of the Poincaré group, i.e. an elementary particle, is determined by
the mass and the spin.

An irreducible representation is characterized by the value of the invariants, i.e. of the
operators built with the generators of the group that commute with all the group generators.
We then define

1
Th = seuasrd @007, (2.162)
Tp' = 0, (2.163)
gt = JWp,, (2.164)
g"p, = 0. (2.165)
One can prove [14, 15, 16, 17, 18] ? that
p2J(‘“’) = g'p” — g'p" — “PAT i, (2.167)
20ne can use the identity

ot ol ot
€M epnpp =det | S5 05 8 |, (2.166)

5y &y o)

and the definition of 'y to calculate the product e?#** T, py.
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This tells us that J*) can be expressed in terms of Pu, L'y, and g, if p? = pupt # 0.
Moreover we have

[T 0] = iepunl?p?, (2.168)
[gu»FU] = _iF,upm (2.169)
[900] = i(guwp” — Pubv); (2.170)
(9, 90] = —ilg"p” — g"p" — €7 Top)) (2.171)
[Pu,Ts] = 0. (2.172)

An invariant should be constructed with the vectors p,,I',,, and g,. Recalling that g,p* = 0 and
I',p" = 0 the only independent invariants under the Lorentz group are

P’ 1% g% Tug. (2.173)

But ¢? and I',¢" do not commute with translations. Then the representation is determined
by p%,T2, and by the sign of p”, which is also invariant under the proper Lorentz group and
commutes with translations, if p? > 0.

The physical interpretation of the two invariants is obvious:

i. For the invariant p?> we have 4 cases
P > 0, (2.174)
p? = 0 p#0, (2.175)
PP = 0 p=0, (2.176)
p? < 0. (2.177)

Since p? = m? we will be interested only in the first two cases. In these two cases, for

the representations of the proper group (A% > 0 and detA = 1) we will have another
invariant, namely the sign of pY.

ii. The invariant I'? can be calculated in the reference frame where p = 0. In such a frame
[ =(°THLT2 1% = (I%T) = (0,mJ) T?=-m?J(J +1). (2.178)
The modulus of J in the rest frame is by definition the particle spin, so I'? = —m?s(s +1)

Then the representation is determined by the mass m and by the spin s, exactly as in the
nonrelativistic happens for the Galileo group.

2.5.1 The irreducible unitary representation of the Poincaré group

We want now to explicitly construct the irreducible unitary representations of the Poincaré group.

Massive particles

We can build a base of the Hilbert space which diagonalizes simultaneously the components p,,
of the four-momentum, which commute among themselves, and other observables which we will
denote by now with o. The vector of the base will have the form |p, o) with

pilp, o) = pilp,7) polp, o) = sgn(po)polp, o), (2.179)
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with pg = p° = +/p? + m? and p = (p*, p?,p*) = (—p1, —p2, —p3). We will call U(A) the unitary
operators which represents the generic Lorentz transformation A. We will have

U(A)[p,0) = Y R(A, p)oor|Ap, o). (2.180)

In fact, using the group algebra we have
UM (A)p,U(A) = A, py, (2.181)
then

UMNUNA)pU(A)|p, o)
AU, (2182)

puU(A)|p, 0>

So U(A)|p,o) belongs to the eigenvalue (Ap), of the four-momentum. And this proves Eq.
(2.180). The Lorentz invariant measure, for momentum p = (p°, p*, p?,p®) = (°, p), is

d*p
(2m)?

One can easily verify that with the invariant normalization

p',0'|p, o) = (2m)*2ped(p — P') 00, (2.184)

the matrix R(A, p)sor in Eq. (2.180) is unitary due to the unitarity of U(A).

The operator I';, commutes with all the components of p,,. Then when applied to the state
|p, o) it can only mix it with states of the same p.

Let us start by considering the case p?> = m? > 0 with p = 0, |0, o), for which

_d’p
(2m)32po

1y = 5 L6(\/p? — m)0(po) = (2.183)

p|0,0) =0 pol0,0) = sgn(po)m|0,0). (2.185)
On this subspace T}, = L€,04,J*#)p7 can be easily calculated
Ilo=0 I'=mJd =ms. (2.186)

The angular momentum of the rest frame is called spin by definition. The dimension of the
subspace is 2s + 1.

For the variable o we can take the eigenvalue of one of the spin component, i.e. s3.

If U(Ap) is a Lorentz transformation which brings the momentum from 0 to a certain value
p, since I'* is a four-vector, we will have

UT(Ap)THU (Ap) = (Ap)" TY. (2.187)

If we call ', the representative of the I'* on the subspace |0, ) we will have

THU(Ap)[0,0) = U(A)UT (AT U(A,)[0,0)

— U(hp)(4p)4 1710, 0)

(Ap)" T%, U(Ap)]0, 0. (2.188)

vtolo

Then (Ap)*, T, is the representative of I'* on the subspace |p, o), in the representation in which

v-olo

the base vectors are |p, o) = U(Ap)[0,0).
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The Lorentz transformation U(Ap) which brings the momentum from 0 to p is not univocally
defined: it is indetermined on the right by a transformation of the small group ® of the initial
momentum 0 and on the left by a transformation of the small group of the final momentum p.

For each choice of these transformations we will have a choice of the base vectors U(Ap)|0,0)
and of the representative of I'*. We will adopt, in the following, a standard choice for U(Ap).
Namely a simple velocity transformation e~** ¥ in the p direction, which sends the momentum
from 0 to p. The base vectors are then

Ip,0) = U(Ap)[0,0) = e~ *¥|0,0), (2.189)
and
I¥(p) = (Ap)",I"(0) = (p - s,ms + ;’; 4_325) . (2.190)

This can be proved as follows. We can write for a general velocity transformation

[ —B" > 1
Ap = < —B 1+ (y—1)BB" /B T (2.191)

with

_p _ Do -~ 2 _ L
b= = =1 ad (-1 = e T (2.192)

The transformation we are looking for is then

1
pot+m

o
[mauo(SOV + oM, + Z% — 80 (1 + 2];2)] , (2.193)

from which we immediately find Eq. (2.190).

To complete the construction of the representation we could now look for the representative
of g, defined in (2.164), using the commutation relations (2.168)-(2.172), and construct the
representative of the generic J#*) using Eq. (2.167). Alternatively we may proceed as follows:

a) Let us first consider the rotations. If A is a rotation Ry
U(Ro)[p, o) = U(Re)U(Ap)U" (Ro)U (Ro)[0, ). (2.194)

We know that

U(Ap) = e K, (2.195)
and since
U'(Rg)KU(Rg) = Ro K, (2.196)
we have
U(Rg)U(Ap)UT(Rg) = e~ *(Foo) K (2.197)
and
U(Rg)|p,o) = (e“"s)a,a |Rop,0”). (2.198)

3The small group of p is the subgroup of the transformations which leaves p unchanged.
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b) For a Lorentz transformation sending p into p’
UA)lp, o) = U(Ap)UT(Ap)U(A)U(Ap)]0, 0). (2.199)

The matrix UT (A, )U(A)U(A,) belongs to the small group of p = 0, i.e. it is a rotation
R(A, p) in the subspace |0,0). To determine it we just need to calculate

A AA,, (2.200)

using the formula (2.193) and the explicit one (2.191). If we call R(A, p),» the represen-
tative of such a rotation in the space |0,0) we will have

UA)|p, o) = R(A, p)oro|Ap, o). (2.201)

Explicitly, if A is a velocity transformation with velocity 5 in the direction n, we find

R% R°
-1 2 — >0 v
(Ap' AAP7) v ( ,R’ZO sz )
P ] ro
_ m, m, g =By m
_bios PPy =Bk O+ (v — D)ngemy 2
ik T+ 7 m
m(py +m)
To first order in
Py = po—BR-p=po—B-p+ OB, (2.203)
p = —Bhpy+p+(y—1)A(A-p) =p— B+ OB, (2.204)
and
5i i i i 2
Ry =0+ oy 'ps = p'ng) + O(FY). (2.205)

Recalling that in the vector representation (J);; = i€jy; and using €;x€im = 0;10km —
0jm 0k we finally find

B AP
Po+m

R~1-—1

J. (2.206)

The finite transformation R(A, p) is then of the following form
: Brp
R(A,p) = ¢ "rorm (2.207)
This rotation is called the Wigner rotation.

The transformations on the wave functions can be determined from the one on the states.
The generic |¢) is written as

9) = Jdﬁp vs(P)|p, o), (2.208)

and the scalar product

@8 = j 02 o () o(p). (2.209)
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Under a transformation U(A, a)
A6) = UM, 0)0) = [ dp ™00 (PIR(A, P)ora A, (2.210
Changing variables from p to A~!'p and using the fact that the measure is invariant we find

|Ap)y = fde e_i(Ailp)”’RgzU(pg(A_lp)|p, 'y, (2.211)
or

(M@)o (P) = Roorpor (A p). (2.212)

The matrix R is given by Eq. (2.198) for the rotations and by Eq. (2.202) for the velocity
transformations and is unitary respect to the metric (¢'|$).
For an infinitesimal transformation Eq. (2.212) gives the form of the generators:

a) For an infinitesimal rotation of an angle 8
A lprxp+Orp R~1+i0-s, (2.213)
S0
. 0
8o = (Aps) — o ~ 10 - Soorpor + (0 A p)%apg. (2.214)

The generator is defined by d¢ = i(0 - J)p so

0
J=s5—1 —. 2.215
s-ipn L (2.215)
b) For a velocity transformation
A p~p+ Bpo R%l—iﬂ/\p -8, (2.216)
Po+m
SO
. . BArp 0
Spe ~ —i(B - K)py = —i  8oor P + B Po= Qo 2.217
¢ (B-K)p p—— Por + B o ap” (2.217)
or
pPAS .
K = + ipo=—-. 2.218
Po +m bo op ( )

One can verify that the generators J and K satisfy the algebra of the group. This completes
the construction of the representation of the group on the Hilbert space of the multiplets of
functions ¢(p) with the metric of Eq. (2.209).
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The Helicity

We just saw that states can be taken as simultaneous eigenstates of p? and I'? and accordingly
labeled as |m, s, ...), with

pilm,s,...> = m2m,s,...), (2.219)
m,s,...> = —ms(s+1)|m,s,...). (2.220)

What are the additional quantum numbers we can use to label the states? They must be
eigenvalues of operators which commute with each other. So we are free to consider states of
definite four-momentum p,. Since the mass is already fixed, it is only necessary to specify in
addition the three-momentum p, the energy being determined by p° = 4/m2 + p2. We cannot
simultaneously give definite value for the third component of the angular momentum operator
J? because J and p do not commute. However there is an angular momentum operator which
commutes with p, namely the helicity. This operator is the component of the spin along the
direction of the momentum, J - p/|p|, and its eigenvalues are labeled a. Thus the complete
specification of the momentum eigenstates of a massive particle is |m, s; p, a) with

Pulm, s;p, a) Pulm, s;p, a), (2.221)
J-p

D Im, s;p,a) = alm,s;p,a). (2:222)

Massless particles

Let us consider the base |p, o). For p? = 0 it does not exist a rest frame. We will take as the
standard state the state with

" = (5,0,0,p), (2.223)

with p chosen arbitrarily. We will call |p,o) the corresponding subspace. We will assume
sgn(p®) = 1. The discussion for sgn(p®) = —1 is analogous.

On the states |p, o), I'** acts mixing them, since it commutes with p*. The condition I'*p,, = 0
gives

p(r’—1%) =0. (2.224)
We will define
=30 r+f=r!+r2 (2.225)
The the commutation rule
[Tus o] = ieup I7p7, (2.226)
gives
[r+,1T] = 314, (2.227)
[rf.r7] = o, (2.228)
1] = o, (2.229)
[T, 17%] 0 (2.230)
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Moreover
2 =rr-, (2.231)

since '} — '3 = 0. ~
In a unitary representation I't = (I'")T. If we diagonalize T,

T|p,ay = alp,a), (2.232)

from Eq. (2.227) the operators 't and I'" are the operators of highering and lowering of a
respectively. Their representative is then

(F+)mn = bném,nJrlv (2233)
T )mn = bpOnme1- (2.234)
(2.235)

Then Eq. (2.231) imposes I'? = |b,|?> = o2, independent from n. If a # 0 the I'* repre-
sentation is infinite dimensional. In order to have a finite number of states of fixed spin and
momentum it must be o = 0. This implies I'* = '™ = 0 and, by Eq. (2.231), I'> = 0. So we can
say that

I = Ipt. (2.236)
The physical significance of T' can be obtained from the definition (2.162) of T'*

J-p

r=>"=.
|p|

(2.237)
I is the projection of the spin on the direction of motion, i.e. the helicity.

From Eq. (2.236) follows that ' is an invariant. For a massless particle the helicity is a
Poincaré invariant. The representation is one dimensional. The helicity is a pseudoscalar: A
representation with a fixed helicity defines a system which is not invariant under parity because
the transformed state has opposite helicity and is not a possible state. The invariance under
parity requires the direct sum of the representations with opposite helicity. The photon exists
in the two states of helicity +1.

We will define the generic state |p) with |p| = |p| through a rotation starting from the
state |p). The rotation sending p into p is undetermined on the right for a rotation around
the direction of p and on the left for a rotation around the direction of p. We will choose |p)
adopting a standard convention for the Euler angles that define it, i.e.

Rp = R.(p)Ry(0)R=(—¢), (2.238)

where ¢ and ¢ are the polar angles of p. This convention is equivalent to define R}, as a rotation
of # around ng A p, with n3 the versor along the 3 axis and p = p/|p|.
With this convention

Ip) = U(Ryp)|p)- (2.239)
It is easy to verify that |p) has the same helicity, a, of |p). In fact

Jop s -1

J-p 5 — IPs
Tl U E)IP) = URp) = E12) = alp). (2.240)
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We will define the state [p’) with pj, of the form (2.223) and p’ # p through the transformation

') = U(Ay)IP), (2.241)

where U(Ay) is a pure velocity transformation along the 3 axis which sends p into p’ without
rotations around p or p’. The rotated states of |p") will be defined with the convention (2.239).

Once fixed the base in this way let us now construct the representation. If U(A) is the
representative of the generic Lorentz transformation sending p into p’

U(A)[p) = UM (Ry)[p) = URp)UT (R UNU (Rp)UT (A U (AP (2:242)
It is easy to see that
U=RARA, (2.243)

is a transformation that leaves ﬁ;t unchanged, i.e. an element of the small group of ﬁ;, The

algebra of such a group is formed by the generators ewp,,J(”p)ﬁ"’, ie. J-p'/|P'|,TT,T~. Now
I'* and I'~ are identically zero in the representation under exam, thus I is a rotation around
the 3 axis of a well defined angle .

A rotation of an angle @ around the 3 axis is represented by

Ry(9)lp') = €"*?|p), (2.244)
where a is the helicity. Then Eq. (2.242) becomes
U(A)|p) = €"“?|Ap). (2.245)
If A is an infinitesimal rotation of parameter 66 we find

1+ipts ~ €97MnP) (1450 . J)e 07 (manp)
1+i60-J —0[J-(n3 A p),s6 - J]
~ 1408 T —if[(J - p)obs — J(p - 60)], (2.246)

Q

where in the first equality we used the fact that Ay = 1, in the second the fact that for infinites-
imal rotations we may choose p’ ~ p in the second exponential, and in the third the use of the
infinitesimal rotations. We then find

5= 605(1 — p36) + 08 - O, (2.247)
and choosing 6 = |p|/(|p| + p3)
_ p + |p|n3
=00 ———. 2.248
4 Ip| + p3 ( )

Analogously if A is an infinitesimal Lorentz transformation of parameter 68 we find

0p1p2 — 032p1

5= 2.249
v Ipl + ps ( )

The generic state of the particle is written as
) = [0, 00, (2.250)
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with the scalar product
@10 = | 49, & (p)2(). (2.251)
For a generic Lorentz transformation
UW)®) = [0y o) D ap) = [ d, (A p)e A D], (2.252)

The generators on the space of the ®(p) functions are

0

J o= —ipr i 9.953
zp/\ap s ( )
K = 92 1y (2.254)

op ’

with

b1 D2
ST = a Sy =a S3 = a, 2.255
S Pl + s (2.255)
xi = a—2— yy=—a—— -0 (2.256)

Ip| + ps lp| + ps

This generators obey the commutation relations of the algebra (2.141)-(2.143) and are hermitian
with the metric (2.251).

This completes the construction of the group representation on the Hilbert space of functions
O (p) for a zero mass particle.

The Wigner rotation

We here want to calculate explicitly the Wigner rotation for a finite Lorentz transformation, for
a massive particle. The velocity transformation is written as

U(A) = e Ky, (2.257)
with
K 6+p/\s (2.258)
= ipg=— . .
po op po+m
For zero spin
Y% o(p) = o(A~'p). (2.259)
For non-zero spin
U(A)p(p) = ¥ ™% V757 o(p), (2.260)

where ¢ has 2s + 1 components. The operator U(A) is the exponential of two operators which
do not commute.
In general given two operators A and B one has

0 1
A= A3 [y, T ), (2.261)
n=0v0
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where B(z) = e ®4Be®4 and T is the usual time ordered product

1
T(B(z1) - Blan)) = — > O(zi, —x4,) - 0(x5, | —xp)B(x1) - Blay). (2.262)
" permutations
of {ix}

If A and B commute B(x) = B and Eq. (2.261) gives eA*8 = e4eB. Eq. (2.261) can be proved
observing that U(\) = e*(4*+5) obeys the equation

%U(A) =(A+B)U(\) U(®0) = 1. (2:263)

Let

W(A) = M i L)\ dzy---dr, T(B(zy1) - B(wy,)). (2.264)
n=0

One easily verifies that

d
W) = (4+ BW( (2.265)

with W (0) = 1. The we must have U(X) = W(A) and for A = 1 Eq. (2.261) is recovered.
Let now

PAS

0
A=y -po— B=-—i 2.2
Yy poap ? ( 66)

L Po + m’
We will have
B(z) = e "™ % B(p)e™ % = B(\~Lp), (2.267)

where A, is the Lorentz transformation with parameter xy. In the numerator of B, due to the
vector products, only enters the component of p orthogonal to y and this is invariant under the
transformation. So

PAS

B(z)=—iy - ——. 2.268
(@) = iy (2268)
The B(z) all commute with themselves and
1 17t n
f dry- oy T(B(x:) -+ Blea)) = U B(x) dm] , (2.269)
0 * LJo
and
U(A) = ey-Poﬁeﬁ b(x) d$7 (2.270)
Moreover
—iyfy do A—lp;s+m —-1
UM)g(p) = e 1= (A p), (2.271)
Then the Wigner rotation is
is-(pAy) Sl —r=—
e Ayl potm (2.272)
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The integral can easily be evaluated if we parametrize p,, in the form p,, po = m coshyy,
p| = mysinhyg, and my = y/m? + p?. Using this parametrization we find

Jl dx B Jl dx
0 Af_lzpo +m o mecoshlyo +y(1 —x)] +m
1 Jy dz
~ yJo mucosh(yo + 2) +m
1
= — ¢,
ypL
h =y
@ = arcsin m; + m cosh(yo + 2) , (2.273)
m +my cosh(yo + 2) |,_q

is the angle of the Wigner rotation.

Discrete transformations

We want now to discuss the discrete transformations, specifically the spatial inversion and the
time reversal.
The spatial inversion II sends

p—>—-p J—-»J K- -K. (2.274)
We immediately find a representation

Hlp) =nl —p), (2.275)

and on the wave functions

¢a(P) = —n¢a(—P), (2.276)

where 7 is a phase factor which must be +1 since II> = 1. It is easy to show that the transfor-
mation (2.276) is unitary

ety = [ el (-p)ea(-p)

= fdewif(p)%(p) = (d'|a, (2.277)
Moreover (Ild’|pllay = —{a’|pa) or
I'pll = —p, (2.278)
and
nJgn = J, (2.279)
'K = -K, (2.280)

since we assumed 7 independent of p.
A representation of the time reversal T is in terms of the antiunitary operator

o(p) = nrCe™*(—p), (2.281)
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where the unitary matrix C' is defined in Section 2.4.6 and 7 is a phase independent of p. So
that

(|T'pTay = (TalpTa’y= f 40T (—p)pet (—p)
— 406l p)peatp) = ~(alpo) (2.282)
or
T'pT = —p, (2.283)
Similarly

T JTa) (Ta|lJTa"y = J-dﬂpgo:fr(—p)()* (—ip A % + s) CTr ¥ (—p)

[ a0l -») (z‘p e ) ) (2.284)

where we integrated by parts and used Cs™*CT = Cs*CT = —s (see Eq. (2.110)). So (Ta|JTa') =
—(d'|Ja) or

T'IT = —J. (2.285)
Similarly

T'KT = K. (2.286)

2.5.2 Wave functions in coordinate space

In relativistic mechanics the coordinates, z = (20, 2!, 2%, 23) = (¢,x), play a privileged role.

The constant speed of light principle, together with the relativity principle, implies that a signal
cannot propagate at a speed greater than c¢. This implies, for example, that the regions with
22 < 0 are causally disconnected from the events at z = (0,0). This statement is simple in
coordinate space but it does not have an equally explicit expression in other representations.

It is then convenient to associate to a state a wave function ¢ (x) which describes the state
point by point in space-time. For the description to be effectively linked to the point event it is
necessary that ¢ (x) transforms locally.

For a Lorentz transformations A this means
Y(w) = (@) = S(NY(A ), (2.287)
or
' (Ax) = S(A)y(z), (2.288)

where S(A) does not depend on the point and it is a representation of the Lorentz group.
For a translation, a, we require

P(x) -5 Y (x) = (x + a). (2.289)
Introducing

0

Pu(e) = i ib(a), (2290)
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the momentum eigenstate ¢, (z) can be written as follows

bp (@) = e~ PPy (0), (2.291)

where in the exponent we use the simplified notation pz = p,x*.

If the time evolution is local we will need that ¥ (z) obeys to a partial differential equation
with derivatives of finite order. In what follows we will try to build local wave functions for
spin 0,1/2,1 particles. Of course the states of these particles are defined by the unitary irre-
ducible representations of the Poincaré group. Our wave functions will have to be in bijective
correspondence with the vectors of such representations, and the scalar product for such vectors
will have to be expressible in terms of wave functions. Relative to this metric of the Hilbert
space the symmetry transformations on the ¢ (x) will have to be unitary. We will verify that the
representations of the Lorentz group S(A) will necessarily be finite dimensional.

We conclude observing that

¥'(0) = S(A)(0), (2.292)

in fact A is the small group of point z = 0. If we call U(A) the unitary operator which represents
the Lorentz transformation A we will have

U(A)i(x) = U(A)e™"79p(0) = U(A)e™ " U~ (AU (A)1(0), (2.293)
but
U(N)e P2 U~L(A) = e~ APz — o=p(A10) (2.294)
and, since U(A)9(0) = S(A)4(0),

UA)p(z) = e PO DS(A)h(0) = S(A)p (A" a). (2.295)

2.6 The relativistic wave equations
In Section 2.5 we introduced the Poincaré group and showed that a structureless particle is

described by a unitary irreducible representation of this group identified by the mass and by the
spin. We will now find the relativistic wave equations of free motion for these particles.

2.6.1 Particles of spin O

For a spin 0 particle any given state |s) can be represented as

= [ de. o)l (2.296)

vs(p) = {p|s) is the wave function in the representation were the momenta are diagonal. The
wave function associated to the state |p), ¢¥p(x), must have the form (2.291). By the superposition
principle

(als) = u(z) = f dQps(p)e P4 0). (2.207)

To determine ¢, (0) let us consider the effect of a Lorentz transformation

2 [ a0 p)|Ap) = [0 (A DID) (2.208)
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and on the wave function
Vs(z) = f dQp o (A" p)e™ 1) (0) = fd“p ps(p)e” AT Dy (0). (2.299)

This transformation is certainly local if A, (0) = 9p(0). This means that ¢,(0) must be an
invariant constructed with p,. Since p? = m?, such an invariant must be a constant, that can
be chosen equal to 1.

So
vula) = [ a2 outp)e (2.300)
Under translation
¥s(x) = ¢ (2) = Ps(z + a). (2.301)
Under Lorentz transformation
ba(z) = ¢/ () = s (A 1a). (2.302)

The function () in Eq. (2.300) transforms locally and the requirement p?> = m? implies that
it obeys the Klein-Gordon equation

O+ m*)s(z) = 0, (2.303)
where
2 & o2
O= 25 - ; P (2.304)

is the d’ Alambert operator. Eq. (2.303) is invariant under transformations of the Poincaré
group.

Not all solutions of Eq. (2.303) are of kind (2.300). Eq. (2.303) admits also solutions with
negative energy. As a matter of fact the wave function of Eq. (2.300) obeys to the following
equation

<ia - m) Pe(z) =0, (2.305)

oxY

which is non-local. The requirement for a local equation imposes to have negative energy solutions
as well.
The general solution of Eq. (2.303) can be easily obtained working in Fourier space

4 ~
6:0) = [ e ) (2.300
Then Eq. (2.303) becomes
(p* —m*)s(p) = 0, (2.307)
bs(p) = @s(p)278(p* — m?). (2.308)




§2.6. The relativistic wave equations 2. THE PARTICLE

Integrating over py in Eq. (2.306)

d3 ‘ o
Vula) = J (270731;190 [%(Pvpo)e*”’”” + (P, —po)e® HW] : (2.309)
We then define
es(p.po) = ¢f(p), (2.310)
@s(pa _pO) = @;(_p)v (2311)
so that
vule) = [ [of p)e ™ + o )], (2.312)

A natural scalar product can be introduced as follows. Given two solutions of the Klein-Gordon
equation (2.303), ¥, (z) and 1,(x), the quantity

TS (@) = ik 0y o = i [WE0ute — (9u05)¥n], (2.313)
where 0,, = d/0x*, is conserved, i.e.
o) (z) = 0. (2.314)

Then, due to Gauss theorem, if the v go to zero sufficiently rapidly at spatial infinity, the integral
extended to an hypersurface of spatial kind extended to infinity,

Jdawy@ (z), (2.315)

is independent from the surface (do* is the oriented normal). It can be calculated on a surface

zY = constant

Jda“J’(f’b)(x) = Jdeéa’b)(t,w). (2.316)

We will define the scalar product {a|by through

(alpy = J do# T ()

= Jde [LPI*(IJ)@J (p) — . " (P)ey (p)] : (2.317)
The generators of the group in this representation are
j— > a
N
0 0

T = it e 2.318
z(m oz " &r“)’ ( )

which are hermitians under the metric of Eq. (2.317).

The Eq. (2.305) satisfied by these wave functions is non-local. In order to have a local
equation, like (2.303), it is necessary to put together positive and negative energy solutions.
Actually, the Klein-Gordon Eq. (2.303) is second order in the temporal derivative, while, once
the Hamiltonian is known, the evolution equation should be of the first order.
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2.6.2 Particles of spin 1/2

The irreducible representations of the Poincaré group corresponding to particles of mass m and
spin 1/2 are in correspondence with vectors |r, p), where r is the eigenvalue of one component of
the spin in the rest frame.

Any state |a) of the Hilbert space generated like so is of the following form

0= [d2, 3 eutrplrp (2.319)

The infinitesimal transformations of the Lorentz group are

PAS

1 0 0
©a(r,P) = Paa(r,p) = [1 + 10 - (Z,p A % + s> — i (ipo + )] ©a(r', p)2.320)

p po+m
We will now construct local wave functions for these states. The locality under translations fixes
the form of the wave functions corresponding to eigenstates of momentum

Urp(x) = Prp(0)e™ P (2.321)
We will call ¢, ,(0) = u(r, p). Due to the superposition principle we will have

2
Ye(x) = Jdﬂp Z ©a(r,p)u(r,p)e”P", (2.322)

To find an explicit form for the local wave functions we will adopt the following strategy. We will
assume specific properties of local transformations for ¢, (x). We will write an equation explicitly
covariant under the Poincaré group transformations and will later prove that the solutions of
this equation give a unitary representation of the Poincaré group. And will express the scalar
product between states in terms of these wave functions.

Locality under group transformations requires

Ya(@) 5 Yaa(z) = S(A)a (A1), (2.323)

where S(A) is a finite dimensional representation of the Lorentz group. The Lorentz group is
locally isomorphic to SU(2) ® SU(2). Hence the finite dimensional representations are fixed
by two numbers (ny,n_) which determine the representations of the two groups SU(2) with
generators

J+iK

J. = 22 7 (2.324)
K

g -7 2Z . (2.325)

We will heuristically construct the ¢ with representations of dimension 2.
There exist two inequivalent representations of dimension 2. The (4,0) and the (0, 3). In the
two representations the group generators, defined by the infinitesimal transformations

A~1+i0-J—-ia- K, (2.326)
are given by

1 J=2

- . 2

(2,0) : { K=—ig " (2.327)
1 J=2
2y . 2

(0, 2) : { K =g (2.328)
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The corresponding finite transformations are

Saol) = ¥FE (2.329)
Soy(A) = e?Fres, (2.330)
with
—1
S, =50 5 (). (2.331)

We will call ¢ the spinors which transform according to (%,O) and 7 the ones transforming
according to (0, 3).
Since J is an axial vector, whereas K is a polar vector, we have under parity

(%70) 0,3, (2.332)

Then in order to construct a representation invariant under parity we need to consider a reducible
representation of the Lorentz group for S(A), namely

(5:00@(0,5)- (2.333)

The vectorial space for this representation is composed by spinors of 4 components of the form

( g ) . (2.334)

In such representation, the generators of the Lorentz group are

~ 0
J = (2) o | (2.335)
2
—zg 0
K = 2 4 (2.336)
0 g

Using the following identities for the Pauli matrices

[0-0,0] = —2i0 Ao, (2.337)
{a 0,0} = 2a, (2.338)

where [...] stands for the commutator and {...} for the anticommutator, we easily find that
o

27100+p'0}+-~-

. o
S0 (M) (po+p- U)S(T%,O)(M = potp-o+ild-S.po+p-o]—fa-

) 1
= po+p~a+5[0~a,p~a]—a-crpo—i{a~a,p-a}+...
= (pp—a-p+..)+0-p—0Arp—apy+...)
= phtop, (2.339)
where in the vector representation we used

(iJi)jk = €ijk, (2.340)
(iKi)jo = (1Ki)oj = dij, (2.341)
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and p’ is the Lorentz transformed of p
P, =A\py. (2.342)
Then an equation of the form
(p° +p-o)n=ck, (2.343)

where c is a scalar, is covariant under Lorentz transformations. In fact, calling S = S(%’O)(A),
we have

S(p° +p-o)n = cSE, (2.344)
or
S’ +p- U)STST_ln = cS¢'. (2.345)
Due to Eq. (2.331) Srln =7’ and using Eq. (2.339)
@ +p o) =¢, (2.346)

so the equation has the same form in all reference frames. Analogously we show that (p° —p-o)¢
transforms as (0, %) The most general system of first order covariant equations has then the
following form

P’ +p-o)y = &, (2.347)
P’ —-p-o) = dn, (2.348)

and invariance under parity imposes ¢ = ¢/. Multiplying the first equation by (p° — p - o) and
using the second equation we find
"% —p? =2 (2.349)

Then if we want to describe a particle we must identify ¢ with the mass m. In terms of bispinors

we have
0 .
<p0_0p.a p*g’")(g):m(i). (2.350)

We give a more symmetric form to this equation by introducing the 4 x 4 matrices

WO_(? é) 7—(2 _00>’ (2.351)

and the bispinor ¢ = < g ) We will also introduce
1 O , Z V. O T
Y = 1) =% = — ey YT (2.352)
0 -1 4!
We then find

(" = - p)p = my, (2.353)
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or

Yipup = ma. (2.354)
Introducing the notation p = v*p, we have

(p—m) = 0. (2.355)

This equation is known as the Dirac equation.
Applying the Lorentz transformation S(A) in the representation (3,0) @ (0, %) to the Dirac
equation

S(M)VpuS™THA)S(A)Y = mS(A)y. (2.356)
Since the bispinor transforms under S(A) the covariance imposes
S(A)YSTHA) = A%, (2.357)

which means that v* transform as a four-vector.
In coordinate representation

(ifd — m)y = 0, (2.358)

and by construction the solutions of this equation transform locally under Lorentz transforma-
tions. Of course in order to know whether they represent the states of a spin 1/2 particle of mass
m we must verify that they are in bijective correspondence with the states defined in terms of
the representations of the Poincaré group, and that a transformation on the states corresponds
to a transformation on the wave functions.

We have

{2} = 29", (2.359)

we can define the covariant component of the gamma matrices

Vi = GuY"s (2.360)
and we find
{Vu W} =290 (2.361)
Also
{7",7°} =0, (2.362)
and
AT =70 T (2.363)
or
YT = A0yt (2.364)

Using the matrices «* it is possible to write in a compact form the Lorentz transformations

in the representation (1,0)@® (0, 3). Consider the matrices
1

O = Z[’YW Yol (2.365)
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Under the transformation S(A)o,,,S™1(A) they transform as an antisymmetric tensor of rank 2.
One can verify that

o1 . A
K= 5a‘" Ji= iemﬂkajk i,j,k=1,2,3. (2.366)

The tensor o, represents the generators of the Lorentz group and we can write
S(A) = 5@ (2.367)

Moreover o,,,/2 satisfies the algebra (2.154).
The matrix 7° has the role of exchanging the representations (3,0) and (0
with the parity operator up to a phase,

1

,5), 80 it coincides

P
Ya(x) == Ypa(x) = npy e (2°, —). (2.368)
From the anticommutation rules (2.359) follows
P == i=1,2,3 %%0 =70 (2.369)

It is interesting to consider the set of the 16 matrices
B e A (2.370)

From the definition follow that the properties of Lorentz transformation of the matrices (2.370)
are

1 scalar
~P pseudoscalar
At vector (2.371)

¥>y#  pseudovector
ot antisymmetric tensor

These 16 matrices are linearly independent (in fact they transform differently under Lorentz
transformations) so they constitute a complete basis for the 4 x 4 matrices, i.e. any 4 x 4 matrix
can be written in the form

16
D e, (2.372)
a=1

where {I"*} is the set of 16 matrices (2.370).
Note that if 1) and 1)’ are two bispinors, WTz/J is not a scalar density. In fact

@) CY (A e+ a)STA)S(A) (A + a), (2.373)

and STS # 1. The representation S(A) is not unitary as follows from its definition (2.327)-(2.328)
and as should be expected since the Lorentz group is not compact. But we have

STAYO = 25 1(A). (2.374)
Then, upon defining ¢/ = ¢T~%, 1’1y is a scalar density

P (@)p@) Y W TA e+ a)ST AN SA) (A + a)
= YA 'z+a)p(A e +a). (2.375)
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Let us finally mention the following formulas,
Tr{yrahz - ytensr} =0, (2.376)
Tr{y"y"} = 49", (2.377)
Tr{v"y""7} = Hg"" 9" — g"79"7 + g7 g""}, (2.378)
Tr{y° 'y 4P} = —4ielP?, (2.379)
At = =24, (2.380)
WuABY! = 4AB, (2.381)
W ABC = 20 BA (2.352)

Dirac equation solutions: momentum eigenstates
Multiplying Eq. (2.355) by +° we find
P' = (@-p++"m)y, (2.383)
where @ = 7%y. Now we do a change of representation where we diagonalize 7°
Vo Up AP - UrU-L U= < to ) _Ut, (2.384)
Vol —1
explicitly
£+
U(i)— ﬁ :(i). (2.385)
V2

After this transformation the algebra of the 7 matrices remains the same. The ~ matrices are
rewritten as follows

(4 0) (2 0) 2 (1h) e

Since Y is diagonal in the non-relativistic limit the states in this representation have definite
parity. This is known as Pauli representation. The one of Eq. (2.351) as spinorial or Kramers
representation.

Let us now find the solution with definite momentum and positive energy in the form

Up(x) = e~ Pru(r,p), (2.387)

suggested by translational invariance.
In the Pauli representation we find then

PPui —o-pus = mu, (2.388)
—puy +0-pur = mus, (2.389)
where p° = 4/p? + m? and u = ( Zl )
2

These equations admit two independent solutions labeled by two Pauli spinors (bidimensional)
wi and wy orthonormal

w?"
u(r,p) = c( 9P > wiwg = 6. (2.390)
PO +m
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Since we know that @u must be invariant, we find

. .
1.0 _ i 2 o -po-p
au=u'yv"u = wwec'|l——7-—"7-=
) " ( 00+ m)?
2
= 02 1_p7
(p° +m)?
2
= Om = invariant. (2.391)
P+ m

We then choose conveniently ¢ = 4/p° + m so that

Il
)

u(r,p) _oP (2.392)

u(r,p)u(s,p) = 2mdys. (2.393)

As a standard base for the spinors w, we can take the eigenstates of o,

w1=<(1)> m:(?). (2.394)

As in the scalar case the Dirac equation admits also negative energy solutions. These will be of
the following kind

() = PP ), (2.395)

Proceeding as in the previous case we find

atrp)=| o m . (2.396)

Calling v(r,p) = t(r, —p) we find

_oP
v(r,p) = \V/PY +m : (2.397)

o(r,p)v(s,p) = —2mds. (2.398)
The spinors u and v satisfy the following algebraic equations

(¥ —m)u(r,p) = 0, (2.399)
(¥ +m)v(r,p) = 0, (2.400)

and constitute a complete set of spinors for the description of the momentum eigenstates. The
four solutions found form a set of independent vectors, orthogonal respect to the v° metric

ﬂ(T7p)u(Sap) = 2m67"57 (2401)
o(r,p)v(s,p) = —2mdys, (2.402)
u(r,p)v(s,p) = o(r,p)u(s,p) =0. (2.403)
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Due to the completeness of the set we also have

Mw

u(r,p)u(r,p) = p+m, (2.404)
2
div(rp)o(r,p) = p—m. (2.405)
r=1

Transformation properties and connection with the Poincaré group representations

We will now explicitly study the effect of the Lorentz transformation S(A) on the solutions we
just found. We will find that they realize a representation of the Poincaré group for a spin 1/2
particle.

A Lorentz transformation sends solutions with momentum p to solutions with momentum
p’ = Ap. In fact, using the covariance property of the v matrices we find

S(A) (g —m)u(r,p) = (¥’ —m)S(A)u(r, p) = 0. (2.406)

In the Pauli representation we find for a rotation R(0)

(o2
= 0 i0-Z
-2, S<R<o>>=(€ 2) (2.407)
0o = 0 e’ 2
2
SO
VPO + me? Ew, V0 + me® 5w,
S(R@)u(r.p) = | (BR70)0)-P i5g, |=| o (BOWP) s, | (2.408)
PO +m ' P’ +m
and

5w, = S RO RO = (%) SRO)u(rp) = Y REO) (', Bp).(2.409)

A transformation of rapidity « is given by

a L«
s 0 cosh — —a - o sinh — 0
S(Ag) = . | = 2 2 ., (2410
(Aa) ( 0 e ) 0 cosh 2 + & - osinh & ( )
2 2
and in the Pauli representation
s cosh @ —a& - 0 sinh &
US(A)U ™t = 2, a 2. (2.411)
—a& - 0 sinh 5 cosh 5

We then find explicitly

« ) L« oo -GN
cosh & -osinh /PO + maw, AP0+ me TPy,

g-p = .n . P (2.412)
~ . « (6% P — g-p _ . )
.o Wy e 10 a/\pw
—Q sinl 72 cosh *2 po m 7/0 m r
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where

|p|sinh &

tan @ = (2.413)

(p° +m)cosh § — pysinh §°

Here we used Eqgs. (E.23) and (E.24) and pj = & - p. The matrix R = e~ ??"#"? ig a rotation of
an angle —2pa A p which acts on the components of the spinor w. Explicitly

S(AQ)U(T’, p) = Z R(Aaa p)r/rU(T/, Aap)- (2.414)

For an infinitesimal transformation (o « 1)

a |p|

2.415
4 2p0+m’ ( )
o anAp P A
R ~ l—ig =1 : 2.416
1 3 0+ m +18 O m ( )
So in general we find
S(Mu(r,p) = > R(A, p)pru(r', Ap), (2.417)
7,./

where R is the Wigner rotation associated to the transformation A. And an identical formula
holds for v(r, p).
Let us now consider any solution of the Dirac equation

z) = ; Jde [of (p)u(r,p)e™ 7" + ¢, (p)v(r, p)e™™]. (2.418)

By construction the Poincaré group is realized in a local way on the space of these solutions

1, Y(z) -5 Y (x) = P(x + a), (2.419)
A () 2 ¢ (x) = (A a). (2.420)

For infinitesimal transformations, recalling that (A~ 1x) ~ ot — wh x¥, we have
V() -5 (1+a"0,)Y(x), (2.421)
Yz) > 1+ 5w“ O — W 2,0, (). (2.422)

And the generators are
Py = 0y, (2.423)
Jw)y = O+ %(x,ﬁy — 2,0u). (2.424)
For the translations we find

prp) = el (p), (2.425)
oy () — ol (p), (2.426)

which are the usual transformations laws, in the momentum representation, for the eigenstates
of the momenta p and —p respectively.
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For Lorentz transformations we find

2
A —1, 1z — i —lz
P(z) — )] Jde [cp? (P)YR(A, p)rru(r’, Ap)e™ ™ 0) 4 o7 (P)R(A, p)rrv(r’, Ap)e ™ )]

ror/i=1

2
= Z J dQp [0 (AT P)R(A, A7) rru(r, p)e™ " + o (A p)R(A, A~ 'p) (v, p27427)

ror/=1

So the law of transformation on the functions ¥ is
A - _
prp) > D RAATP)ef (M), (2.428)
- A _ A
ey (p) > D RAATP)e, (A 'p). (2.429)

This law of transformation is identical with the one constructed in Section 2.5.1. The generators
can be found recalling that for rotations and velocity infinitesimal transformations we have

RO) ~ 1+i% 9, (2.430)
Rla) ~ 14%-;‘%. (2.431)
The result is
J = % —ip A %, (2.432)
_ %,ﬁi; +ip0% (2.433)

which coincides with the expressions (2.215) and (2.218).
Let us now write the scalar product in terms of the ¥(z). Let ¢, and v be two solutions of
the Dirac equation. Then the quantity

Ty (@) = Yp(2)7"Ya(@), (2.434)
is conserved

0"

1 oy(@) =0, (2.435)

as can easily be proved from the Dirac equation and recalling that 4°4° = 1 and 1%y#~° = #T.

J(’; b) transforms as a four-vector under Lorentz transformations

T (@) 5 Gy (AT2)STH A S(A) e (A )
= (AR DA )Y (A ), (2.436)

where we used Eq. (2.357) and (2.374). The conservation law is thus covariant. Applying Gauss
theorem as in the scalar case, the integral extended to any space-like surface with normal do*,

JdauJ(*; (@), (2.437)
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0

is independent from the chosen surface. Choosing a surface x” = constant, it is independent

from 2%, We thus define
<a’|b> = Jdl’ r&b(aa t)’Yolﬂa (wa t) = de l/jb(w? 0)701/% ($7 0) (2438)

Respect to this scalar product, since it is Lorentz invariant and clearly translational invariant,
the transformations of Eqs. (2.421)-(2.422) are realized as unitary operators. It can be easily
shown that their generators (2.423)-(2.424) are hermitian respect to this scalar product.

Using the equations

ul(r,p)u(s,p) = i (r,p)v(s,p) = 2p°6,s, (2.439)
uf(r,p)o(s,—p) = 0, (2.440)

we obtain
alty = [ ds, [ @)es () + 7 (0o )] (2.441)

So the scalar product coincides, in the two subspaces relative to positive and negative energies,
with the scalar product originally introduced for the representation of the Poincaré group.

We have then realized, in a local way, a unitary irreducible representation of the Poincaré
group, extended to the parity transformations, for particles of mass m and spin 1/2.

2.6.3 Particles of spin 1

The most simple Lorentz transformation which contains spin 1 is the (%, %) representation, i.e

the one of four-vectors. For this representation |s,| can assume the values 0 and 1.
A local wave function W#(z) transforms according to the law

W (z) 2 AL WY (A ). (2.442)
For the state with definite momentum
Wh(x) = e et (r, p), (2.443)

For the spin to be 1, in the rest frame the four-vector £*(p) must have only spatial components.
This means

e (r,p)pu = 0. (2.444)
Then in addition to the Klein-Gordon equation
@O+ m*)WH(z) =0, (2.445)
WH(x) must satisfy the constraint (2.444) which in coordinate representation translates into
8, WH(z) = 0. (2.446)
The Eqs. (2.445) and (2.446) are equivalent to the system

Gu(z) = 0, W,(z)— 0, Wy (x), (2.447)
0,G" (z) —m*W"(z) = 0. (2.448)
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In fact applying 0, to the second equation and using the antisymmetry of G\, we find
m?0, W (z) = 0, (2.449)

which coincides with Eq. (2.446) when m # 0. On the other hand if ¢,/W*(z) = 0 the Eq.
(2.448) coincides with (2.445).

The Eqgs. (2.447) and (2.448) has both positive and negative energy solutions. The general
solution is of the form

3
Wi (o) = 3 [0 [W(rp)et e p)e 4 W rp)er ()], (2.450)

where ¢,(r, p) are independent vectors that obey to Eq. (2.444).
By construction such solution is an irreducible representation of the Poincaré group.
We can define a scalar product, exactly in the same way we did for the spin 0 case,

by = —i f do W, (z) 3, Wi(z) (2.451)
_ J 02 W, (D)W (1), (2.452)
where
Wan(p) = > Wa(r,p)eu(r,p). (2.453)
r=1
Note that

23: eu(r,p)el(r,p) = —gu + p:n];l', (2.454)

r=1

represents the density matrix for unpolarized states. The proof is straightforward in the rest
frame. The covariance fixes the form in other frames.

Let us give, for completeness, an explicit representation of the base e/ (r, p). In the rest frame
we can choose any three spatial orthonormal vectors. Let them be £(r,0). For particles with
momentum p we can define, according to Eq. (2.287),

e (r,p) = S(Ap)e(r,0) = (Ap)",€"(r, 0), (2.455)

where we used the fact that e* transform as a four-vector. Using then the explicit expression
(2.193) we have

f(rp) = pi-sg,o), (2.456)
er,p) = e(r,0)+ M' (2.457)

The canonical base is the one where £¢(r, 0) = §;,.. Choosing instead as a base the eigenstates
of s, we have

e(+1,0) = —%(eacatiey), (2.458)
£(0,0) = ie., (2.459)
£(~1,0) = \%(eI—iey), (2.460)
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2. THE PARTICLE §2.7. The second quantization

where e;, ey, e, are the versors of the axes.
In the vectorial case the Wigner matrix R is defined by

R(A)wre (', p) = A e”(r, A p). (2.461)

2.7 The second quantization

It is an experimental fact that the number of particles may change in physical processes: An
hydrogen atom in the state 2P is composed by an electron and a proton and decays into an atom
in its fundamental state plus a photon, an electron which pass through the Coulomb field of
nucleus is accelerated and emit photons (Bremsstrahlung), when a positron annihilates with an
electron their mass is converted in energy in the form of two photons, in the scattering between
two high energy protons many pions are produced, .... Then, exist transitions between states
with different number of particles. In Section 2.7.1 we will present a formalism that allows to
describe systems of many free particles, used in any many-body theory, relativistic or not, and
known as Fock method. It allows to describe many particles states with the correct statistics and
to introduce operators that change the number of particles (creation and annihilation operators).

In Section 2.7.2 we will introduce the free field operators, and we will interpret in terms of
field operators the negative energy solutions of the equations of free motion.

The relativistic equations of motion can be rederived in the Lagrangian formalism and it
can be shown that the Fock second quantization is equivalent to the canonical quantization of a
system of an infinite number of degrees of freedom.

The Lagrangian formalism is indispensable to write theories of non-free particles: In interac-
tion.

2.7.1 Fock space

Let us consider an orthonormal complete base |i) for the single particle states. For example the
base |r, p) of the positive energy states for relativistic particles introduced in Section 2.6.

If the particles are bosons, in the state |i) can coexist an arbitrary number n; of free particles.

If the particles are fermions, in the state |i) can exist at most one particle.

In both cases, assigning the occupation numbers {n;} in the various states |i) determines com-
pletely the state of the system, since the state must be symmetric for the bosons and completely
antisymmetric for the fermions.

Bosons

For any state |i) the observable number of particles in such state, n;, has integer eigenvalues:
1,2,3,...

His spectrum is the one of an harmonic oscillator. As for the harmonic oscillator is possible to
define a rising (creation) operator blT and a lowering (annihilation) operator b; of the eigenvalue
of n;. The commutation properties are

[bi,b]] =1 [bi,bs] = [b],b]] =0, (2.462)

We then define n; = blbl- with

[ni,bi] = —b; [ni,b}] = bl (2.463)

(3 7
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The lower state |0;) corresponds to zero particles in the state |i) and b;|0;) = 0 with {0;]0;> = 1.
The normalized state with n; particles is then
(b))
A n,'

A state identified by the set of occupation numbers {n;} in the different states |i) can be written
as

10:) = [n3). (2.464)

(b))™
iir s Migyeee) = ~2 |0 2.465
Piys s M) 1:[\/771'!” (2.465)

where |0) = [ [, |0;) is the vacuum. It is automatically symmetric under particle exchange if
[bi, bx] = [b],b]] = 0. (2.466)

The “harmonic oscillators” correspondent to different modes are independent and we must also
have

[bi,bl] = i (2.467)
The total number of particles is

N =Y n; =) blb, (2.468)

K2

Moreover (0|0) = 1.

Fermions

For the fermions the occupation number can be 0 or 1 and the state must be completely antisym-
metric under particle exchange. This can be realized by associating to each single particle state
an harmonic anti-oscillator, requiring anticommutation between operators relative to different
modes

[bi, bk] 4 = [B], L] =0 [bs, b1+ = din, (2.469)
ni =blbi N =>n; bi]0;)=0, (2.470)
[4,bk] = —bids [n4,bL] = bl .- (2.471)

The subscript + indicates the anticommutator. The possible states in the mode [i) are |0;) and

b0, = [14). b32|0i> — 0 because the operator b! anticommutes with itself. Moreover
bib! 0> = (—=bsb] +1)]0;> = [0:). (2.472)

Observations

Given an operator O written in terms of creation and annihilation operators we will denote with
: O: the normal ordered operator for bosons or the antinormal ordered operator for fermions.
For bosons it is obtained from O displacing all creation operators to the left and all annihilation
operators to the right and for fermions is is obtained from O displacing all creation operators
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to the left and all annihilation operators to the right times (—1)", with n the number of needed

exchanges of a creation and an annihilation operator. For example for bosons : bb': = bTb = bbf —
1. Normal ordering is not linear. For example : bbT: =: 14bTb: =: 1: +: bTb: = 1+ bTb # bib.
For fermions : bb': = —bb = bb! — 1. In particular we will always have (0|: O: 0) = 0 on the

vacuum. We usually refer to the normal order as the Wick order.
The (anti)commutation relations are invariant under unitary changes of base. Let V be a
unitary transformation from the base |1;) for the single particle states to the base |1,)

|1a> = ZVai|1i> |1z> = Z‘/;L|1a>a (2.473)
with VV = VIV = 1. If [1;) = b][0) then [1,) = 3, Vaib!|0). Defining
B, = > Vaib] ba = D Vb, (2.474)
we have
[barbsle = [BL,bll= =0, (2.475)
[bC“bE]i = Z = Vailbi, b J ]+ = Z Ve = VVT)/aa = 0ag- (2.476)

The vacuum remains unchanged.

If the index ¢ that label the states is continuous, as for the momentum p in the base |r, p)
for free particles, the (anti)commutation rules must be modified replacing the d;; in the Egs.
(2.467) and (2.469) the diagonal element of the identity matrix in the chosen representation. For
the states |r, p)

[b(T7 p)7 b(’l“/, pl)]i
[b(r,p), b (', P)]+ =

where + denotes the commutator or anticommutator. This choice give the correct states nor-

malization. In fact

[b'(r, p),bT (', p)]+ = 0, (2.477)
8, (2m)2p°6(p — 1), (2.478)

{ryplr’, 'y = 0[b(r, p)bT (', p')0) = 0[[b(r, p), b (1, p')]+0) = 6, (27)32p°5 (p — P'). (2.479)

The density of occupation number is bf(r, p)b(r, p) and the total number of particles is
N = fde S8 (r, p)b(r, p). (2.480)
The commutation rules for N are
[N, b(r,p)] = =b(r,p)  [N,b"(r,p)] = b'(r,p). (2.481)

2.7.2 Field operators
Let

9= [ a2, et p)lrp, (2.482)
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be any single particle state. It can be written as

9 = [[a9 X eutr0' )0 (2:453)
with '
' p1s) = OB p)s) = [ X (PO, P8 1, P)O) (2.484)
but '
Ofp(r', p")bt (r,p)0) = 8, (27)°2p°6(p — P'), (2.485)
and so
Op(r',p")s) = s (', ). (2.486)

The operator b(r, p) extracts from a state the component with momentum p. We can construct
an operator which acts in the same way on the = space. For a particle of any spin let us consider
the positive energy solutions and build the following operator

pila) = [0 Y b0 phutr ple (2.487)

The operator ¢ (x) has the same number of components of the function w(r,p): 1 for spin
0, 4 for spin 1/2 and 1. In any case from Eq. (2.487) follows

Ol ()s) = f 1% 3 ou(r, pYulr, p)e P = g, (2), (2.488)

where @;(z) is the wave function of the state |s).

The operator ¢ (x) defined in Eq. (2.487) is called field operator or better the positive
energy component of the field operator. The subscript + indicates that it contains only positive
energies.

The operator ¢ () is a linear superposition of solutions u(r, p)e =" with positive energy of
the wave equation, so it is a solution with positive energy of the wave equation.

Let us give the explicit formulas for the field operator

spin 0 ¢y (x) = Jde b(p)e P, (2.489)
2 .

spin 3 ¢ J Z ,p)b(r,p)e”P*, (2.490)
S |

spin 1 Wl(z) = J 2 (r,p)b(r,p)e”"P". (2.491)

It is possible to invert these formulas using the expressions for the scalar products defined in the
various cases (2.317), (2.438), and (2.451)

spin 0 b(p) = ina“ e'rr ZM oy(x) = ifda} e'P” 50 w4 (x), (2.492)
spin § b(0p) = [ dol(rp)e?" i (o), (2.493)
spin 1 b(r,p) = —ijdw ek (r,p)e’” ER Wi (). (2.494)
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All observables can be expressed in terms of b'(r, p) and b(r, p). Then they can be expressed in
terms of the fields and of their first derivatives for spin 0 and 1 particles, and in terms of the
fields for spin 1/2 particles.

2.7.3 Transformation properties of the field operators

The invariance under a symmetry group implies the existence of a unitary representation of the
group which send the Hilbert space into itself.

For a free particle the symmetry group is the Poincaré group and the representation is ir-
reducible. We want now construct the representation of the group on the many free particles
states.

Let U(A,a) = T,U(A) be a transformation of the group with Lorentz matrix A and translation
parameter a*. On the single particle states we know that

U(A,a)|r,py = e "“PR(A, p)pr |/, Ap), (2.495)

where R is a unitary matrix which represents the Wigner rotation. To construct the representa-
tion of the group in the Fock space we assume that the vacuum is invariant

U(A, a)[0) = [0), (2.496)
and we set,
U(A, )b (r, p)UT (A, a) = e "D R(A, p),b! (1, Ap). (2:497)

This representation realizes the (2.495) and transforms independently the many particles states.
For the annihilation operator we will then have

U(A, a)b(r,p)UT (A, a) = PR (A, p)k, b(r', Ap). (2.498)
We define the transformed of b(r, p) as follows *
b(r,p) — U (A, a)b(r,p)U(A, a). (2.500)

From Eq. (2.498), recalling that

U YA a)=UNA, —Aa), (2.501)
we find
UT(A, a)b(r,p)U(A,a) = e P*R(A,A™'p),b(r', A" "p), (2.502)
U'(A, )b (r,p)U(A,a) = eP*R(A, A7)} b(r, A p). (2.503)
(2.504)
To derive Eq. (2.502) we used
R(A,p)f, = R(A P, (2.505)

4Note that here we must define the transformed operator using the inverse transformation respect to the one
that applies to regular observables for which the measure in the two reference frames must coincide. In fact

ws(r,p) = {0Jbsy — OUTBUs) = (0[p's), (2.499)
where b’ is the transformed operator and in the last equation we used the fact that U]0) = |0) and Uls) = |s').
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and
R(AT, )], = R(A A D). (2.506)
Eq. (2.506) can be derived observing that R is unitary, that
Ir,py = UNUTA)|r,p) = UNRA, p)prt’, A" p) (2.507)
= RAA'D)wRAT, p)i|r” D), (2.508)

and that |r, p) is a complete base at fixed p. Since the transformation (2.502) is unitary in Fock
space it leaves unchanged the commutation relations.

The generators of the unitary transformation U (A, a) can be explicitly constructed as hermi-
tian operators on Fock space. For infinitesimal transformations

U, a)~1—ip,a+i0-J—ia- K. (2.509)
We recall that for infinitesimal rotations
RA)pr & Oppr + 10 - Sy, (2.510)
b(r,A"'p) ~ b(r,p+0 Ap)=~b(rp) +6- (p A 5(;7) b(r,p), (2.511)
and for infinitesimal velocity transformations
R(A)rr ~ b — i}% “ Srp, (2.512)
b(r,A™'p) ~ b(r,p+ap’) ~b(r,p) +a ~p0%b(r, p). (2.513)
Using Eqgs. (2.502) and (2.509) we derive the commutation relations for the generators
[P, 0(r,P)] = —pub(r, p), (2.514)
[J,b(r,p)] = -— (s —ip A ;p)w b(r', p), (2.515)
[K,b(r,p)] = - (p’gifn + ipoai)w/ b(r', p). (2.516)
Taking the hermitian conjugate and recalling that the s matrices are hermitian we find
[P, 0" (r, )] = publ(r,p), (2.517)
[J,b'(r,p)] = (S +ip A ;p) , bl (r', p), (2.518)

PAS —ipoi
0 +m op

o) -

It is possible to give an explicit representation for the operators p,, J, and K in terms of the
operators b and bf

> bi(r', p). (2.519)

Py = Jde ZbT(np)pub(r,p), (2.520)
0
- i —j i
J Jde Zr:b (r,p) (s ip A (?p)rr, b(r,p), (2.521)
_ i prs 00
K f Sy, Zb (r,p) (po i ap>w/ b(r.p), (2.522)
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so that these operators satisfy the commutation rules (2.514)-(2.516).
Let us now treat the transformation properties of the field operator. The Eq. (2.502) induces
the following transformation

U (A, @) (2)U (A, a) = fde % S u(r, p)e P R(A, A p)b(r, A Ip).  (2.523)

Changing variables p — Ap and using Eq. (2.417) we find
¢(@) = UN(N, @) (@)U (A, a) = S(M)gs (Ao + A~ la), (2.524)

which is the correct transformation law for a local operator °. Indicating with 2’ the transformed
event we can also write

P (@) = Uloy (2 )U = S(A)py (). (2.525)

This equation allows to write down immediately the action of the generators of the Poincaré
group on the field operators. Denoting with J(,,) and p,, the generators in the Fock space

U(T,) = e7™'Pue U(A) = 3" o) (2.526)

and with o, the generator of the group in the representation under which ¢ transforms, i.e. the
generator of the S(A) matrix, from Eq. (2.524) follows

[Pusp+(2)] = —idup+(z), (2.527)
[y 0+ ()] [ — (2,00 — 2,0,)] 94 (z), (2.528)

as follows from Eqs. (2.423) and (2.424).

2.7.4 Locality and spin-statistics theorem

In constructing the relativistic theory it is necessary to deal with local operators commuting
at spacelike distances. In fact, since a signal can not propagate at speeds higher than that
of light, measures occurred at spatial distances must not influence each other. As observed in
Section 2.7.2 all observables can be written in terms of fields and their first derivatives. If the
(anti)commutators between these quantities are zero for spacelike distances it will be possible to
construct a theory that satisfies causality.

From the commutators between the operators b(r, p) and b'(r, p) we can easily calculate the
commutators between the fields and their derivatives. Let us consider first the scalar field

[o+ (@), 04 (y)] = 0, (2.529)
[or(@), 0l ()] = Fi(z—y), (2.530)
[0+ (), 0l (0)] = a—jomu—y), (2.531)

where Eq. (2.531) follows from Eq. (2.530).

The function F is invariant under translations and under Lorentz transformations. It is in
fact a c-number, i.e. as an operator in the Fock space it is proportional to the identity, because
such is [b(r, p), b (r,p)]. From Eq. (2.530) follows that

U (A, )l (2), 0| @)]U(A @) = Fy (@ — p)U (A QU a) = Fula —y).  (2532)

5We recall that (A,a) oz = (TuA) "tz = A~'T_qz = A=tz + A~ ta.
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But the first member is also equal to
[+ (A~ (2 + @), 0| (A7 (2 + a))] = Fy (A~ (@ — 1)), (2.533)

and this proves the invariance of F', under the Poincaré group.
Explicitly we have

Fi(z—y) = JdQ,, e~ PlE=y), (2.534)
If © and y are at spacelike distances it is always possible to bring them to be simultaneous

(2% = 9%) through a Lorentz transformation. To study the behavior of F, at spacelike distances
it is sufficient to study it at equal times (z° = y°). We then have

Fi(0,x—y) = Jdﬂ,,eip'@*y), (2.535)
0 i dp i (me {
a—yoFJr(xO -y’ x —y) L= §j (27r)36w (@-y) — 5(5(:c - y). (2.536)
yYOo=z

The integral in Eq. (2.535) can be easily calculated in terms of Bessel functions

m

ml(o(m|w —yl). (2.537)

Fy (Oa T — y) =
F, is different from zero at spacelike distances of the order of the Compton wavelength of the
particle (£ = h/mc). So a theory constructed in terms of just the ¢, is non local.

But we remember that next to the positive energy solutions exist the “negative energy”
solutions of the Klein-Gordon equation. In the Fock space context a dependence of the kind e
is associated to a creation operator, rather than to a destruction operator as in the expansion
for ¢.. While considering the negative energy solutions is then natural to introduce a “negative
frequency” field

o_(z) = f dQy, e d' (p). (2.538)
The operators df(p) and d(p) are operator independent from b'(p) and b(p), i.e. they describe

a different particle, and so they commute with them.
Let us now construct the field

o(x) = p4(2) + 9-(2), (2.539)
oz) = Jdﬂp [d(p)e " + dT(p)eip“"] , (2.540)
of(x) = Jdﬂp [dT(p)eip‘“c +d(p)e”?"]. (2.541)
(2.542)
The commutators now becomes
[o(x),e(W)] = [#'(2),¢'(y)] =0, (2.543)
[p(x), o' (y)] = File—y) —Fi(y—a), (2.544)
(ple) o ()] = 55 [Fele =) = Faly = o). (2.545)
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At equal times, at spacelike distances, we have

[p(«°,2), o' (2%, 9)] = O, (2.546)
[e(2°, ), 000" (2% y)] = id(z—y). (2.547)

The theory is now local.

We note that the minus sign in the Egs. (2.544) and (2.545) depends by the choice of
commutation relation: The locality in Eqgs. (2.546) and (2.547) would have been destroyed if we
would have chosen the Fermi statistics. This is a manifestation of the so called spin-statistics
theorem.

We note that since () is a superposition of solutions of the Klein-Gordon equation it itself
satisfies to such equation

(O +m?)p(x) = 0. (2.548)

Note that since b(p) # d(p) the scalar field is not hermitian. This is also called a charged
scalar field. The hermitian field is called neutral. The particle described by the creation operator
d' is called antiparticle.

Let us now treat the spin 1/2 case. For the Dirac field,

Vi (z) = Jde > u(r, p)b(r, p)e ", (2.549)
we have T
W @), 0l @)l = fdszp;u%r,p)u*ﬂ(r,p)e-iﬂw—w
— [t [+ mp e e, (2.550)

where we used the anticommutation relations for the b, b" and we used the Eq. (2.404) for the
projector on the positive energies states.

Omitting the indexes «, 8 and using the anticommutation rules of the v matrices we can then
write

[y (), 1/)1 ]+ = (zaio +mA°? + iy - V> Fy(x—y), (2.551)

where F is again given by Eq. (2.535). At equal times
) .
[V (2%, @), 0 (2%, 9)]4 = S0l — ) + (m)° + ir"y - V)i (2~ y), (2.552)

which is non-local.
In analogy to what we did in the scalar case we introduce

v-(a) = [0 Y ulr ) (rp)e (2.553)

where d' is the creation operator for a new particle
[d(r,p),d'(',p")]+ = 6.20°(2m)%(p — P), (2.554)
d, d]+ = [dTadT]Jr = [b,d]+ = [b, dT]+ = [bTvd]+ = [bTvdT]+O7 (2.555)
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and
V() =Yi(2) +v-(2) = fdeZT: [u(r, p)b(r, p)e™* + v(r, p)d' (r, p)e’?"], (2.556)
Vi) = f 62 33 [0 81, e 47 p)lr, p)e™ ] (2557
Then
(), o))y = [¢1(@), ¢ ()] =0, (2.558)
) s @ = [ (5 m)r%e 7 s g5y | (2.559)

fde |:<17Ma(‘}} + m> Woe—ip(w—y) + (7/)’“ aal . m) ,yoeip(a:—y)]
xH y 7

(iv"aiu + m) V[Fi(x—y) — Fily — )]

At equal times, using v94" = 1, we find
[(2°,2), " (2%, y)]4 = i6(x — y), (2.560)

which is again local. Again we must notice that in order to have Eq. (2.560) in a local form
it was essential to choose the anticommutators. The commutator would have brought a minus
sign for the vo' term in Eq. (2.559) and to a non-local result. This is a manifestation of the
spin-statistic theorem.

Since v is a linear superposition of Dirac equation solutions, it itself is a solution of the Dirac
equation

(ifd —m)(x) = 0. (2.561)

Let us conclude with the case of a massive vectorial field. The analysis is identical to the
scalar case. For a vectorial field we define

3

W,(z) = Jde [5H(r,p)b(r,p)e*i”m+5Z(r,p)dT(r,p)eim], (2.562)
r=1
3

VV;(I) = JdQP Z[el”:(r,p)bT(r,p)eim +eu(r,p)d(r, p)e”"P*]. (2.563)

The commutation rules can be easily derived recalling Eq. (2.454)

(W), Wiy)] = - (g,w + n;(;ﬂ;) [Fi(z —y) — Fi(y — )], (2.564)
(W (2%, 2), Wi, y)] = *;ﬁ[guoav + 900, )0 (® — y), (2.565)
[W,L(xo,oc), GOWJ(xO, y)] = — (gw/ + i‘)ﬁ”) id(x — y). (2.566)

Also in this case the use of the Bose statistics has been essential for the locality of (2.565). Again
this is a manifestation of the spin-statistics theorem.
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The vectorial field W, will satisfy to the following system of equations

@+m*)Wh(x) = 0, (2.567)
aWE = 0 (2.568)

The spin-statistics theorem states that, as a consequence of Lorentz invariance and of locality,
half integer spin particles must obey to Fermi statistics and integer spin particles must obey to
Bose statistics.

As we saw in the various cases, the introduction of the negative energy solutions does not
interfere with the Lorentz structure of the fields. Since the commutation rules of the operators
b and d are identical we can write the action of the group on the whole Fock space generated by
bt and df. In particular the generators are given by

e = [, D[ bt p) + 1 i) (2.560)
J - Jde Z [bT(T,p) <s —ip A (fp) b(r,p) + d' (r,p) (s —ip A ai) d(r,p)] . (2.570)
K =

PAS 40 PAS o 0
[on S pem (Fon v l) wemedem) (Bon s desr)

as can be inferred by Eqs. (2.520)-(2.522).
On the field operators Eqgs. (2.527) and (2.528) now give

Pup(@)] = —idup(), (2.572)
[J(;w)v QO(:E)] = - [Uuu - Z'(l'p,(au - zuau)] ‘P(I), (2573)
From the point of view of the Poincaré group it is evident from the construction and from

the generators (2.569)-(2.571) that the antiparticle states are identical to the particle ones: they
describe a system of free particles of mass m.
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Appendix B

Commutators

The commutator of two operators A and B is defined as
[A,B] = AB — BA. (B.1)

The commutator satisfies to the following Lie algebra relations

[Av A] = 0, (BQ)
[A,[B,C]] + [B,[C, A]] + [C, [A, B]] = 0, (B.4)
where the third one is known as the Jacobi identity.
For three operators A, B, and C we also have
[A,B+C] = [A,B]+[AC], (B.5)
[A,BC]l = B[A,C]+[A, B]C. (B.6)
If [A, B] = a € C then
[A,B*] = B[A,B]+[A, B]B = 2aB, (B.7)
[A,B*] = B[A,B? +[A, B]B* =3aB?, (B.8)
[A,B"] = naB" ' (B.9)
Then, given a smooth function f, using its Taylor series expansion, we readily obtain
df (B)
A, f(B)] = a—==. B.1

In general we can prove the following lemma:
Hadamard lemma: Given any two operators A and B we have
1 1
e*Be™* = B +[A,B] + oi[A: 14, B]l + g[A, [A,[A,B]]] + ... (B.11)

Proof: Consider the function f(s) = e*4Be™*4. We want f(1). Taylor expand f(s) around
s=0

f(s) = f(0) + sf'(0) + l'szf”(()) + %sgf”'(()) +..., (B.12)

2!
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but it is easy to see that

fl(s) = eAABe 4 —eABAe*4 = *4[A, Ble™*4, (B.13)
f"(s) = e*[A,[A, B]le 4, (B.14)
f"(s) = A [A[A, B]lJe ™, (B.15)

and so on.

The following theorem is also of great importance:
Theorem: Given two hermitian operators A and B which commutes, [A, B] = 0, they can be
diagonalized simultaneously on the same orthonormal base of vectors of the Hilbert space.
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Appendix C

The Levi-Civita symbol

The Levi-Civita symbol €;,;,...;,, is defined as a total antisymmetric n rank tensor with €p12.., = 1.
In two dimensions

€ij€ik = 5jka (C-l)
€ij€ij = 27 (CQ)

where in the first equation we contracted one index and in the second equation we contracted
both indexes.
In three dimensions

€ijk€itm = 0j10km — 0jmOki, (C.3)
€ijk€iji = 30k — O = 20, (C.4)
€ijk€ijk = O. (C.5)
In general
i+ Oigj,
6i1i2»--in€jlj2--~jn = det . (CG)
6inj1 6injn

Also for an n x n matrix A with (A);; = a;; we have

det(A) = €y i, 010,020y Qni,, (C.7)

det(A)€jyjo. g = €ivin..inBirjy Qinjs " Wiy - (C.8)
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Appendix D

Angular momentum

Consider the angular momentum hermitian operator f;, where the hat denotes the operator.
Then the following commutation relations hold

[ii,ij] = i€ijkik~ (D.1)
Then define
o~ 3 ~
L = Y1i (D.2)
=1
Ly = Ly+iL,. (D.3)

We can then prove the following relations

[L2,L;] = o, (D.4)
[Ly,L_] = 2Ls, 5
[i37ii] = if”_ra D.6
and
I2=L,L_+I12-Ly=L_L,+12+1Ls (D.7)

Since L2 commutes with ig we can diagonalize them simultaneously so that

E\2|¢L,M> L1, (D.8)
E3|¢L,M> M|Yr ), (D.9)

where, since L2 - E% = f/% + E%, we called L the maximum value of |M| for a given value L.
Then

LsLilyry) = (M +1)Ly|vr ), (D.10)
Lildry = 0. (D.11)

From Eq. (D.7) follows
0=L_Li|oprr)= (L2 — L3 - Ls)lvr ), (D.12)
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or L2 = L(L +1). Also M can assume 2L + 1 values, namely M = L,L —1,...,—L. And
2L =0,1,2,3,.... R
For the orbital angular momentum L = 7 A p. In the coordinate representation 7 = r and
p = —iV,.. From the commutation relations for position and momentum
[pi,p;] = 0, (D.14)
[Fi,0;] = idij, (D.15)
follows
[f/“?j] = iqjk;’\]“ (D16)

and again Eq. (D.1). Using spherical coordinates
ry=rsinfcosp, ro=rsinfsing, rz=rcosb, (D.18)

we find in particular

Ly = —i%. (D.19)
So we see that the eigenvalue equation
Lywppaa(r) = Mipppi(r), (D-20)
has solution
Y = f(r,0)e™?, (D.21)

where f is an arbitrary function. If the function %y s has to be single valued, it must be
periodic in ¢ with period 27. Hence we find that additionally for the orbital case we must have

M =0,+1,4+2,...,i.e. L must be an integer.
If we have to add the angular momentum of two different systems, L = L(1) + L), we

can either choose the set of commuting operators {(L(1)2 (L())2 L(1)3 L(2)3} or the other one
{(LM)2,(L®)2, L2, L3}, since [L(1, L(2)] = 0.
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Appendix E

SU(2)

The special unitary group of degree n, SU(n), is the group of n x m unitary matrices with
determinant 1. Its dimension as a real manifold is n? — 1 = 3. Topologically it is compact and
simply connected. Algebraically it is a simple Lie group.

Consider the 2 x 2 complex matrices A which are unitary ATA = 1 and with determinant
equal to 1. The most general 2 x 2 complex matrix can be written as

— A1 %2 et
A ( s 2 ) z; = pie'¥r. (E.1)
Imposing unitarity is the same as imposing the three following conditions
¥z + 2z = 1, (E.2)
2520+ 25240 = 1, (E.3)
22+ 2520 = 0. (E.4)
Imposing that the determinant is 1 amounts to setting
Z124 — 2223 — 1. (E5)
This four conditions can be rewritten as follows
P% + P% = 1 (E.6)
py+pi = 1, (E.7)
plpzei(m—wl) + p3p4ei(<p4—gos) 0, (E.8)
p1p4ei(wl +pa) _ pngei(‘M—Lﬂs) = 1. (E.9)
6)

Taking the modulus of Eq. (E.8) gives pi1ps = p3ps. When we use this relation in Eqs. (E.
and (E.7) we find p; = ps and ps = p3. Then Eq. (E.8) gives ps — ¢1 + 93 — 4 = m which when
used in Eq. (E.9) gives

pi+ py = e et (E.10)

which in turn is satisfied by p? + p3 = 1 and o1 + ¢4 = 0. Then we end up with matrices of the
form

i1 — 12
A:(+ pe BT pe ) (E.11)

1— ple_“"? ple—Wh
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In other words we can say that

suw={(§ ) lasec laprip-1). (E.12)

The Lie algebra SU/(2) of the group is obtained through the exponential map as the 2 x 2
complex matrices ia such that A = e’®. Then the unitarity of A implies that a be hermitian and
the condition for A to have determinant 1 implies that a be traceless. It is easy to prove that
SU(n) has dimension 2n(n —1)/2+n —1=n? — 1 and

SU2)=1{i-o | 0eR>}, (E.13)
with o; the Pauli matrices
0 1
g1 = Oxp = ( 1 0 ), (E14)
oy = oy = ( (z) BZ (E.15)

)
oy — az—((l) _01> (E.16)

If we add to the Pauli matrices the identity matrix

1= < (1) (1) ) = 0% =03 = 03 = —i010203, (E.17)

we obtain a base for the vector space of hermitian 2 x 2 complex matrices.
The Pauli matrices are unitary and some of their properties are as follows

det(c;) = -1, (E.18)
Tr(o;) = 0, (E.19)
det(a-0) = —|af? (E.20)
[oi,05] = 2ieijp0k, (E.21)
{oi, 05} = 2041, (E.22)
(a-0)b-g) = (a-b)l+i(anbd)-o, (E.23)
e@™9)  — cosa+ i(n-o)sina. (E.24)
The Pauli matrices offer a representation for the spin 1/2 operator s as follows
s = (E.25)

5.

There exists a 2 : 1 group homomorphism between SU(2) and SO(3).
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Appendix F

Velocity transformations

A velocity transformation with 8 = (0,0, ) is 2’ = Az with

z'° v 0 0 —9B z0
2t 0 10 0 x!
$12 = 0 0 1 0 CCQ ) (F]')
z’ -8 0 0 v x>

where v = 1/4/1 — 82. The velocity transformation can be cast into another useful form by
defining a parameter « called the rapidity (or hyperbolic angle) such that

1+ 8

e =91+ 6) = /T (F.2)
and thus
e =al-8) =y [1 5 (k.3
So
v = cosha = i 4—28_(1, (F.4)
By = sinha = ’ _26_&, (F.5)
(F.6)
and therefore
B = tanh a. (F.7)
We then have
20 coshaa 0 0 —sinha 20
3 B A | e (®s)
a3 —sinha 0 0 cosha 3



F. VELOCITY TRANSFORMATIONS

with
cosha 0 0 —sinha 0 0 0 —1
0 1 0 0 0 0 0 O . . .3
0 01 0 =exp|—ia| o 4 o o = exp(—iaK”), (F.9)
—sinha 0 0 cosha — 0 0 0

where the simpler Lie-algebraic hyperbolic rotation generator i/K? is called a boost generator.
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Chapter 3

The Polaron

3.1 Introduction

An electron in a ionic crystal polarizes the lattice in its neighborhood. An electron moving with its
accompanying distortion of the lattice has sometimes been called a “polaron” [19, 20]. Since 1933
Landau addresses the possibility whether an electron can be self-trapped (ST) in a deformable
lattice [21, 22, 23]. This fundamental problem in solid state physics has been intensively studied
for an optical polaron in an ionic crystal [24, 25, 26, 27, 28, 29]. Bogoliubov approached the
polaron strong coupling limit with one of his canonical transformations. Feynman used his path
integral formalism and a variational principle to develop an all coupling approximation for the
polaron ground state [30]. Its extension to finite temperatures appeared first by Osaka [31, 32],
and more recently by Castrigiano et al. [33, 34, 35]. Recently the polaron problem has gained new
interest as it could play a role in explaining the properties of the high T, superconductors [36].
The polaron problem has also been studied to describe an impurity in a Bose-Einstein ultracold
quantum gas condensate of atoms [37]. In this context evidence for a transition between free and
self-trapped optical polarons is found. For the solid state optical polaron no ST state has been

found yet [26, 27, 29].
The acoustic modes of lattice vibration are known to be responsible for the appearance of the
ST state [38, 39, 19]. Contrary to the optical mode which interacts with the electron through

Coulombic force and is dispersionless, the acoustic phonons have a linear dispersion coupled to
the electron through a short range potential which is believed to play a crucial role in forming
the ST state [10]. Acoustic modes have also been widely studied [19]. Sumi and Toyozawa
generalized the optical polaron model by including a coupling to the acoustic modes [11]. Using
Feynman’s variational approach, they found that the electron is ST with a very large effective
mass as the acoustic coupling exceeds a critical value. Emin and Holstein also reached a similar
conclusion within a scaling theory [42] in which the Gaussian trial wave function is essentially
identical to the harmonic trial action used in the Feynman’s variational approach in the adiabatic
limit [43].

The ST state distinguishes itself from an extended state (ES) where the polaron has lower
mass and a bigger radius. A polaronic phase transition separates the two states with a breaking
of translational symmetry in the ST one [19]. The variational approach is unable to clearly assess
the existence of the phase transition [19]. In particular Gerlach and Léwen [19] concluded that
no phase transition exists in a large class of polarons. The three dimensional acoustic polaron is
not included in the class but Fisher et al. [13] argued that its ground state is delocalized.

In a recent work [44] we employed for the first time a specialized path integral Monte Carlo
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(PIMC) method [45, 46] to the continuous, highly non-local, acoustic polaron problem at low
temperature which is valid at all values of the coupling strength and solves the problem exactly
(in a Monte Carlo sense). The method differs from previously employed methods [47, 48, 19,

, 51, 52, 53] and hinges on the Lévy construction and the multilevel Metropolis method with
correlated sampling. In such work the potential energy was calculated and it was shown that like
the effective mass it usefully signals the transition between the ES and the ST state. Properties
of ES and ST states were explicitly shown through the numerical simulation.

Aim of the chapter is to give a detailed description of the PIMC method used in that cal-
culation and some additional numerical results in order to complement the brief paper of Ref.
[14]. In particular it is presented a calculation of the properties of an acoustic polaron in three
dimensions in thermal equilibrium at a given low temperature using the path integral Monte
Carlo method. The specialized numerical method used is described in full details, thus comple-
menting Ref. [44], and it appears to be the first time it has been used in this context. These
results are in favor of the presence of a phase transition from a localized state to an extended
state for the electron as the phonon-electron coupling constant decreases. The phase transition
manifests itself with a jump discontinuity in the potential energy as a function of the coupling
constant and it affects the properties of the path of the electron in imaginary time: In the weak
coupling regime the electron is in an extended state whereas in the strong coupling regime it is
found in a self-trapped state.

The chapter is organized as follows: in section 3.2 we describe the acoustic polaron model
and Hamiltonian, in section 3.3 we describe the observables we are going to compute in the
simulation, in section 3.4 we describe the PIMC numerical scheme employed, in section 3.5 we
describe the multilevel Metropolis method for sampling the path, in section 3.6 we describe the
choice of the transition probability and the level action, in section 3.7 we describe the correlated
sampling. Section 3.8 is for the results, and section 3.9 is for final remarks.

3.2 The model

The acoustic polaron can be described by the following quasi-continuous model [25, 41],
-9
Y P . I
H = 5 + kg Ty, G + kg (szake m—i—H.c.) . (3.1)

Here & and p are the electron coordinate and momentum operators respectively and ag is the an-
nihilation operator of the acoustic phonon with wave vector k. The first term in the Hamiltonian
is the kinetic energy of the electron, the second term the energy of the phonons and the third term
the coupling energy between the electron and the phonons. The electron coordinate « is a contin-
uous variable, while the phonons wave vector k is restricted by the Debye cut-off k,. The acoustic
phonons have a dispersion relation wy = uk (u being the sound velocity) and they interact with
the electron of mass m through the interaction vertex I'y = huk,(S/N)?(k/k,)"/? according to
the deformation potential analysis of Ref. [54]. S is the coupling constant between the electron
and the phonons and N the number of unit cells in the crystal with N/V = (47/3)(k,/27)3 by
Debye approximation and V the crystal volume.

Using the path integral representation (see Ref. [30] section 8.3), the phonon part in the
Hamiltonian can be exactly integrated owing to its quadratic form in phonon coordinates, and one
can write the partition function for a polaron in thermal equilibrium at an absolute temperature
T (8 =1/kpT, with kp Boltzmann constant) as follows,

- ,
Z = deﬂ e~ S22 Dg(t) (3.2)
z=x(0)
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where the action S is given by [55],

hB
m
- a':2
2 L

Sp+U . (3.3)

hg
dt

hB

ds 1k (z(t)—x(s))—wi|t—s|

S

Here S; is the free particle action, and U the inter-action and we denoted with a dot a time
derivative as usual. Using dimensionless units & = m = uk, = kp =V = 1 the action becomes,

B :i:2(t) B B
S=J 7dt+f dtJ ds Vesr(lx(t) —z(s)], |t —s]) , (3.4)
0o 2 0 0
with the electron moving subject to an effective retarded potential,
S in/2q- —x(s))—qlt—s
Vi = —— dq ge Ve (@(t)—=(s)—qlt—s| (3.5)
2ID qsl

- _?\/ZM Ll dq ¢* sin (ﬂqm(t) - a:(s)|> emdt=sl o (3.6)

where q = k/k,, Ip = Sq<1 dg = 4m/3, and we have introduced a non-adiabatic parameter -y

defined as the ratio of the average phonon energy, huk, to the electron band-width, (hk,)?/2m.
This parameter is of order of 1072 in typical ionic crystals with broad band so that the ST state
is well-defined [41]. In our simulation we took v = 0.02. Note that the integral in (3.6) can be
solved analytically and the resulting function tabulated.

3.3 The observables

In particular the internal energy E of the polaron is given by,

10z ,Sas _/as
bE=-7% f H v <56 : 3.7

where the internal energy tends to the ground state energy in the large f — oo limit.
Scaling the Euclidean time ¢t = 8t' and s = s’ in Eq. (3.4), deriving S with respect to 3,
and undoing the scaling, we get,

&ﬁ B J —dt QID dtf ds x
a/=q-(ax —x(s))— —S 1
dq ge'V 2T @O 2=t \B(z_q“_sw 7 (3.8)

g<1

where the first term is the kinetic energy contribution to the internal energy, K, and the last
term is the potential energy contribution, P,

f dtJ dsf dq q® Sm\/\»fqiw _;ts >e*q‘t*5\ x
(2—qlt—s]) . (3.9)

1This is an approximation as e % is neglected. The complete form is obtained by replacing e=“rt=sl by
e~wklt=sl /(1 — e=Pwr) 4 ewrlt=sle=Bwk /(1 — ¢=Awk). But remember that § is large.
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So that,
E=(K+P) . (3.10)

An expression for I not involving the polaron speed, can be obtained by taking the derivative
with respect to § after having scaled both the time, as before, and the coordinate x = /Bz’.
Undoing the scaling in the end one gets,

K = J dtf dsj aque\/i](ﬂc D-e(@)—alt=sl

"~ 4BIp

[\Fq (@(t) - 2(s)| (3.11)

f dtJ dsJ dqq® [COb (\[qm() w(8)>—
sin<\/; le(t) — (s ) Cltes
\/Eq;(t)—w(sn o 1

In the following we will explain how we calculated the potential energy P = (P).

3.4 Discrete path integral expressions

Generally we are interested in calculating the density matrix p = exp(—ﬁI:I ) in the electron
coordinate basis, namely,

L=y
plana) = || e SDatt) . (3.13)

To calculate the path integral, we first choose a subset of all paths. To do this ,we divide the
independent variable, Euclidean time, into steps of width

T=B/M . (3.14)

This gives us a set of times, ty = k7 spaced a distance 7 apart between 0 and § with k£ =
0,1,2,..., M.

At each time t; we select the special point x; = x(t), the k* time slice. We construct
a path by connecting all points so selected by straight lines. It is possible to define a sum
over all paths constructed in this manner by taking a multiple integral over all values of xj, for
k=1,2,...,M — 1 where xg = &, and x); = x; are the two fixed ends. The resulting equation

is,
p(Ea, 20; ) —}%ZJ j f st dou (3.15)

where the normalizing factor A = (277)%/2.
The simplest discretized expression for the action can then be written as follows,

M M

S= Z ””’“_w’“ + 2 N Vitty) (3.16)

i=1j5=1
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3. THE POLARON §3.5. Sampling the path

where V(t;,t;) = Vers(lxi — 5], |¢ — j|) is a symmetric two variables function, V(s,t) = V (¢, s).

In our simulation we tabulated this function taking |z; — ;| = 0,0.1,0.2,...,10 and |i — j| =
0,1,..., M.
In writing Eq. (3.16) we used the following approximate expressions,
By = 4 O() (3.17)
tr
J #2(t) dt = 327 + O(r2) (3.18)
te—1
ti ot
J V(s,t)dsdt = V(t;,t;)7% + O(3) . (3.19)
ti—1 Jtj—1

If we take V' =0 in Eq. (3.16) the M — 1 Gaussian integrals in (3.15) can be done analytically.
The result is the exact free particle density matrix,

pr(@a, @0 B) = (2m5) 327 (@ammn)® (3.20)

Thus approximations (3.17) and (3.18) allow us to rewrite the polaron density matrix as follows,

p(Tas Ty B) = J"'del cdxn -1 pp(®a, T3 T) e pp(TM—1, B T) X
e XX, Vitity) (3.21)
In the next section we will see that this expression offers a useful starting point for the construc-
tion of an algorithm for the sampling of the path: the Lévy construction and the analogy with

classical polymer systems or the classical isomorphism described in [15]).
The partition function is the trace of the density matrix,

Z = fda: plx,x; B) . (3.22)

This restrict the path integral to an integral over closed paths only. In other words the paths we
need to consider in calculating Z (and hence F') are closed by the periodic boundary condition,
Ly = Lo = X,

To calculate the internal energy we need then to perform the following M dimensional integral,

1 0 0 o0
E=— J J e J- dxodxy ---dxy e (P + K) ) (3.23)
Z ) ) —w

TM=T0

To do this integral we use the Monte Carlo simulation technique described next.

3.5 Sampling the path

The total configuration space to be integrated over is made of elements s = [xg,®1, ..., T ]
where xj, are the path time slices subject to the periodic boundary condition x;; = x¢. In the
simulation we wish to sample these elements from the probability distribution,

m(s) = — (3.24)

where the partition function Z normalizes the function 7 in this space.
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§3.5. Sampling the path 3. THE POLARON

The idea is to find an efficient way to move the path in a random walk sampled by 7, through
configuration space.

In order to be able to make the random walk diffuse fast through configuration space, as 7
decreases, is necessary to use multislices moves [45].

In our simulation we chose to use the bisection method (a particular multilevel Monte Carlo
sampling method [15]). That’ s how an I levels move is constructed. Clip out of the path m = 2!
subsequent time slices @;, ;1 1, - . ., T;rm (choosing i randomly). In the first level we keep x; and
Z;y+m fixed and, following Lévy construction for a Brownian bridge [56], we move the bisecting
point at ¢ + m/2 to,

T+ Titm
Titm/2 = % +n (3.25)

where 7 is a normally distributed random vector with mean zero and standard deviation +/7m/4.
As shown in next section this kind of transition rule samples the path using a transition proba-
bility distribution T'oc exp(—Sy). Thus we will refer to it as free particle sampling.

Having sampled @;, /2, We proceed to the second level bisecting the two new intervals (0,7 +
m/2) and (i +m/2,i 4+ m) generating points &, ,,/4 and x;s3,,/4 With the same algorithm. We
continue recursively, doubling the number of sampled points at each level, stopping only when
the time difference of the intervals is 7.

In this way we are able to partition the full configuration s into [ levels, s = (s, s1,...,81)
where: sg = [®o,...,Ti, Tiym, ..., Ty—1], unchanged; s; = [x;4,,/2], changed in level 1; 55 =
[Titm/4s Tit3m/a], changed in level 2; .. .5 sy = [®i1, Tigo, ..., Tiym—1] changed in level /.

To construct the random walk we use the multilevel Metropolis method [57, 58, 45]. Call
(s1,...,s;) the new trial positions in the sense of a Metropolis rejection method, the unprimed
ones are the corresponding old positions with sg = ;.

In order to decide if the sampling of the path should continue beyond level k, we need to
construct the probability distribution 7 for level k. This, usually called the level action, is a

function of sg, s1 ..., s, proportional to the reduced distribution function of s, conditional on
80,81 -..,8x_1. The optimal choice for the level action would thus be,
(80,81 -+, 8k) = Jd5k+1~-~d5171'(5) . (3.26)

This is only a guideline. Non optimal choices will lead to slower movement through configuration
space. One needs to require only that feasible paths (closed ones) have non zero level action,
and that the action at the last level be exact,

71(S0, 81, -,81) = mw(s) . (3.27)

Given the level action 7y (s) the optimal choice for the transition probability Tj(sx), for si
contingent on the levels already sampled, is given by,

T} (s1,) = W:’“is()s) . (3.28)

One can show that T} will be a normalized probability if and only if 7y, is chosen as in (3.26). In
general one need to require only that 7} be a probability distribution non zero for feasible paths.
In our simulation we used the free particle transition probability of the Lévy construction as a
starting point for a more efficient correlated sampling that will be described in a later section.
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Once the partitioning and the sampling rule are chosen, the sampling proceeds past level k
with probability,

(3.29)

Ay(s) = min [1 Ty (sk)h (8" )1 s)]

Ty (s3)mn(s)mh—1(s")

That is we compare Ay with a uniformly distributed random number in (0, 1), and if Ay, is larger,
we go on to sample the next level. If Ay is smaller, we make a new partitioning of the initial
path, and start again from level 1. Here 7y needed in the first level can be set equal to 1, since
it will cancel out of the ratio.

This acceptance probability has been constructed so that it satisfies a form of “detailed
balance” for each level k,

MTk(sk)Ak(s) . (3.30)

)7, (s4) An(s) = To1()

Tr—1(5)

The moves will always be accepted if the transition probabilities and level actions are set to their
optimal values.
The total transition probability for a trial move making it through all [ levels is,

l
P(s —§) H . (3.31)

By multiplying Eq. (3.30) from k& = 1 to k = [ and using Eq. (3.27), one can verify that the
total move satisfy the detailed balance condition,

7(s)P(s — §') =n(s)P(s' — s) . (3.32)

Thus if there are no barriers or conserved quantities that restrict the walk to a subset of the full
configuration space (i.e. assuming the random walk to be ergodic) the algorithm will asymptot-
ically converge to m, independent of the particular form chosen for the transition probabilities,
Ty, and the level actions, 7 [59]. We will call equilibration time the number of moves needed in
the simulation to reach convergence.

Whenever the last level is reached, one calculates the properties (C and P) on the new path
', resets the initial path to the new path, and start a new move. We will call Monte Carlo step
(MCS) any attempted move.

3.6 Choice of T} and 7,

In our simulation we started moving the path with the Lévy construction described in the pre-
ceding section. We will now show that this means that we are sampling an approximate 7* with
free particle sampling.

For the free particle case (U = 0) one can find analytic expressions for the optimal level action
m and the optimal transition rule T;;. For examples for the first level, Eq. (3.26) gives,

WI (wi+m/2) o« pr (mi’ Litm/2; Tm/2)pf (mi+m/2v Lit+m; Tm/2) (333)
o eﬁ(wi—wwrm/z)ze%(wwrm/z—wwm)z (334)

@ +@; 1, \12
S e G | B (3.35)
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This justify the Lévy construction and shows that it exactly samples the free particle action (i.e.
Ayj, = 1for all k’s). This also imply that for the interacting system we can introduce a level inter
action, 73 such that,

= f dspsr .. dsi7(s) | (3.36)
with
7(s) = — . (3.37)
So that the acceptance probability will have the simplified expression,

N [ AR ()
Ap(s') = [1 P 1(3/)] . (3.38)

For the k" level inter action we chose the following expression,

[M/er] [M)2y]
ﬁkocexp T&C Z Z 1% ZﬁkT ]ZkT) s (339)

where ¢}, = m/Qk. In the last level ¢, = 1 and the level inter action 7; reduces to the exact inter
action 7 thus satisfying Eq. (3.27).

It’ s important to notice that during the simulation we never need to calculate the complete
level inter action since in the acceptance probabilities enter only ratios of level inter actions
calculated on the old and on the new path. For example if for the move we clipped out the
interval t;,...,t; 4 m with i + m < M 2, we have,

-~y ok ok
In Tk(s ) = —(T&C)2 Z Z V(tl + mlyT, t; +n€k7)+
Wk(s) m=0n=0
i—1 2F 2k
3D Vmbr ti + nlr) + Z M V(mber ti +nlyr) b (3.40)
m=1n=0 m=1i+m+1n=0

which is computationally much cheaper than (3.39).

3.7 Correlated sampling

When the path reaches equilibrium (i.e. P(s — s') & 7(s")) if we calculate,

lto/) = <[m(t)—(‘”(t+t°);””“_t°))]2> , (3.41)

we see that these deviations are generally smaller than the free particle standard deviations used
in the Lévy construction (see Fig. 3.1),

2When i +m > M there is a minor problem with the periodic boundary conditions and Eq. (3.40) will change.
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. Correlated sampling
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Figure 3.1: Shows the deviations (3.41) for a simulation with S = 60 and S = 52.5, 7 = 0.025,
[ = 9. The free particle standard deviations (3.42) are plotted for comparison. For S = 60 the
path is localized while for S = 52.5 is unlocalized i.e. closer to the free particle path.

O'f(fk) = w/ékT/2 .

As Fig. 3.1 shows, the discrepancy gets bigger as £}, increases.
We thus corrected the sampling rule for the correct deviations. For example for the first level
we used,

(3.42)

(‘Ei+7n/2 _5)2

Ty (X pmy2)ce  2020m/2) (3.43)
where T = (x; + ®;1m)/2. Since the level action is given by,
_(oiemp-e)”
T (@igmpp)oce TP R (@) (3.44)
we can define a function,
_(E%méz_iy[ Zn/2) 720 /2)]
Pioce om/D " ofma) | (3.45)
and write the acceptance probability,
Py(s) m1(s)mo(s
Ai(s') = min [1, Pll((s’)) %igs))ﬁoo(sli] (3.46)

Which is a generalization of Eq. (3.38).

We maintain the acceptance ratios in [0.15,0.65] by decreasing (or increasing) the number of
levels in the multilevel algorithm as the acceptance ratios becomes too low (or too high).

In the Appendix we report some remarks on the error analysis in our MC simulations.
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3.8 Numerical Results

We simulated the acoustic polaron fixing the adiabatic coupling constant v = 0.02 and the
inverse temperature § = 15. Such temperature is found to be well suited to extract close to
ground state properties of the polaron. The path was M time slices long and the time step was
7 = B/M. For a given coupling constant S we computed the potential energy P extrapolating
(with a linear x square fit) to the continuum time limit, 7 — 0, three points corresponding to
time-steps choosen in the interval 7 € [1/100,1/30]. An example of extrapolation is shown in
Fig. 3.2 for the particular case § = 15,7 = 0.02, and S = 60.

-16 — T T T T M —a—

linear fit

-17 -

-18 |

.23 A R T H T M R
0.000 0.005 0.010 0.015 0.020 0.025 0.030

T

Figure 3.2: Shows the time step, 7, extrapolation for the potential energy, P = (P). We run
at 8 = 15,7 = 0.02, and S = 60. The extrapolated value to the continuum limit is in this case
P = —16.1(5) which is in good agreement with the result of Ref. [51].

In Fig. 3.5 and Tab. 3.1 we show the results for the potential energy as a function of the
coupling strength. With the coupling constant .S = 52.5 we generated the equilibrium path which
turns out to be unlocalized (see Fig. 3.4). Changing the coupling constant to S = 60 and taking
the unlocalized path as the initial path we sow the phase transition described in Fig. 3.3. the
path after the phase transition is localized (see Fig. 3.4).
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Figure 3.3: At S = 60 the results for the potential energy P at each MC block (5 x 10> MCS)
starting from an initial unlocalized path obtained by a previous simulation at S = 52.5. We can
see that after about 30 blocks there is a transition from the ES state to the ST state. In the
inset is shown the autocorrelation function, defined in Eq. (G.8), for the potential energy, for the
two states. The correlation time, in MC blocks, is shorter in the unlocalized phase than in the
localized one. The computer time necessary to carry on a given number of Monte Carlo steps is
longer for the unlocalized phase.
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Figure 3.4: The top panel shows the polaron (closed) path z(¢) as a function of Euclidean time
t in units of 7 at equilibrium during the simulation. The middle panel shows the projection on
the = — y plane of the path. The bottom panel shows the three-dimensional path. We see clearly
how both path has moved from the initial path located on the origin but the path at S = 52.5
is much less localized than the one at S = 60.

Note that since S and 7 appear in the combination S72 in ¢ (and ST in F) the same phase
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transition from an ES to a ST state will be observed increasing the temperature. With the same
Hamiltonian we are able to describe two very different behaviors of the acoustic polaron as the
temperature changes.

In Fig. 3.5 we show the behavior of the potential energy as a function of the coupling strength.
The numerical results suggests the existence of a phase transition between two different regimes
which corresponds to the so called ES and ST states for the weak and strong coupling region
respectively. We found that paths related to ES and ST are characteristically distinguishable.
Two typical paths for the ES and ST regimes involved in Fig. 3.5 is illustrated in Fig. 3.4.
The path in ES state changes smoothly in a large time scale, whereas the path in ST state do
so abruptly in a small time scale with a much smaller amplitude which is an indication that
the polaron hardly moves. The local fluctuations in the results for the potential energy has an
autocorrelation function (defined in Eq. (G.8)) which decay much more slowly in the ES state
than in the ST state as shown in the inset of Fig. 3.3. Concerning the critical property of the
transition between the ES and ST states our numerical results are in favor of the presence of
a discontinuity in the potential energy. In the large 8 limit at § = 15 and fixing the adiabatic
coupling constant to v = 0.02, the ST state appear at a value of the coupling constant between
S = 52.5 and S = 55. With the increase of 3, the values for the potential energy P = (P)
increase in the weak coupling regime but descrease in the strong coupling region.

From second order perturbation theory (see Ref. [30] section 8.2) follows that the energy
shift E(vy,S) is given by —357[1/2 — v + 4% In(1 + 1/7)] from which one extracts the potential
energy shift by taking P(v,S) = vdE(, S)/dvy. From the Feynman variational approach of Ref.
[11] follows that in the weak regime the energy shift is —35+y[1/2 — v + vIn(1 + 1/v)] and in the

strong coupling regime —S + 34/.5/57.

O%ﬂ-“._@‘_h_, L U P IS S
L o) o) d -]
5+ ES I -
210 ' 4
s P
-15 | o ST =
20 MC —o— I ]
95 | perturbation ------- : @ ]
“¢ [ variational —-— | |
-30 | )
-35 |- L. s
- \ ~
_40 PR I NI (U RN R R |
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S

Figure 3.5: Shows the behavior of the potential energy P as a function of the coupling constant
S. The points are the MC results (see Tab. 3.1), the dashed line is the second order perturbation
theory result (perturbation) valid in the weak coupling regime and the dot-dashed line is the
variational approach from Ref. [11] (variational) in the weak and strong coupling regimes.
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Table 3.1: MC results for P as a function of S at § = 15 and v = 0.02 displayed in Fig. 3.5.
The runs where made of 5 x 10> MCS (with 5 x 10* MCS for the equilibration) for the ES states
and 5 x 106 MCS (with 5 x 10° MCS for the equilibration) for the ST states.

s T P° 1]
10 || -0.573(8)
20 -1.17(2)
30 || -1.804(3)
40 -2.53(3)
50 -3.31(4)
53.5 || -3.61(1)
55 -11.4(3)
60 -16.1(5)
70 -23.3(3)
80 -30.0(3)

3.9 Conclusions

In this chapter we presented a specialized path integral Monte Carlo method to study the low
temperature behavior of an acoustic polaron. At an inverse temperature 5 = 15 (close to the
ground state of the polaron) and at a non-adiabatic parameter v = 0.02 typical of ionic crystals we
found numerical evidence for a phase transition between an extended state in the weak coupling
regime and a self-trapped one in the strong coupling regime at a value of the phonons-electron
coupling constant S = 54.3(7). The transition also appears looking at the potential energy as a
function of the coupling constant where a jump discontinuity is observed. Comparison with the
perturbation theory and the variational calculation of Ref. [11] is also presented.

The specialized path integral Monte Carlo simulation method used as an unbiased way to
study the properties of the acoustic polaron has been presented in full detail. It is based on
the Lévy construction and the multilevel Metropolis method with correlated sampling. Some
remarks on the estimation of the errors in the Monte Carlo calculation are also given in the
Appendix. This complement our previous paper [44] where fewer details on the Monte Carlo
method had been given.

This method differs from previously adopetd methods [47, 48, 49, 50, 51, 52, 46, 53]. Unlike
the method of Ref. [17] this path integral is in real space rather than in Fourier space, Refs.
[52, 53] put the polaron on a lattice and not on the continuum as is done here, while Refs. [51]

use PIMC single slice move whereas the multilevel PIMC used here instead is a general sampling
method which can efficiently make multislice moves. The efficiency & (see the Appendix) for the
potential energy increases respect to the single slice sampling because the coarsest movements
are sampled and rejected before the finer movements are even constructed. In Ref. [46] the Lévy
construction was used as is done here but the Metropolis test was performed after the entire
path had been reconstructed, using an effective action, and not at each intermediate level of
the reconstruction. In Ref. [46] the simpler Lévy reconstruction scheme was also found to be
satisfactory for the efficient sampling of the polaron configuration space even at strong coupling.
Even if here it is not implemented the method of Ref. [16] we expect the method presented in this
chapter to be of comparable efficiency to the one of these authors. In fact it is true that the Lévy
construction is computationally cheap but guiding the path as it is been reconstructed starting
already from the first levels as done here should have the advantage of refining the sampling
since the path is guided through configuration space starting from the small displacements.
Although these results are of a numerical nature and one only probed the acoustic polaron
for one value of the non-adiabatic parameter v the analysis support the existence of a local-
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ization phase transition as the phonons-electron coupling constant S is increased at constant
temperature or as the temperature is decreased at constant S. More so, considering the fact
that the introduction of a cut-off parameter have shown to work successfully in renormalization

treatments.
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Appendix G

Estimating errors

Since asymptotic convergence is guaranteed, the main issue is whether configuration space is
explored thoroughly in a reasonable amount of computer time. Let us define a measure of the
convergence rate and of the efficiency of a given random walk. This is needed to compare the
efficiency of different transition rules, to estimate how long the runs should be, and to calculate
statistical errors.

The rate of convergence is a function of the property being calculated. Let O(s) be a given
property, and let its value at step k of the random walk be Oy. Let the estimator for the mean
and variance of a random walk with N MCS be,

1 N1
0=<0p>= ];0 O (G.1)
02(0) =< (O, — 0)* > . (G.2)
Then the estimator for the variance of the mean will be,
1 1
2(0) = < (Ngok—ﬁgoﬁ > (G.3)
1
= 3z <[00 > (G4)
k
1
= ]\72{Zk:<(0k_0)2>+2Z,<(Oi_o)(oj_0)>} (G.5)
: 1<j
a%(0) 2
- — {1+N02(O);<(Oi—0)(oj—0)>} (G.6)
a2(0)ko
- T . (G-?)

The quantity ke is called the correlation time and can be calculated given the autocorrelation
function for Ay = O —O. The estimator for the autocorrelation function, cx, can be constructed
observing that in the infinite random walk, < A;A; > has to be a function of |i — j| only. Thus
the estimator can be written,

o SAAL> 1 JVZ_kAnAn+k _ ©8)
o?(0) (N = k)o?(0) = ‘
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So that the estimator for the correlation time will be,
9 N
ko =1+ 1;1(1\1 — ke . (G.9)

To determine the true statistical error in a random walk, one needs to estimate this correlation
time. To do this, is very important that the total length of the random walk be much greater
than ko. Otherwise the result and the error will be unreliable. Runs in which the number of
steps N » ko are called well converged.

The correlation time gives the average number of steps needed to decorrelate the property
O. Tt will depend crucially on the transition rule and has a minimum value of 1 for the optimal
rule (while ¢(0) is independent of the sampling algorithm).

Normally the equilibration time will be at least as long as the equilibrium correlation time,
but can be longer. Generally the equilibration time depends on the choice for the initial path.
To lower this time is important to choose a physical initial path. Since the polaron system is
isotropic, we chose the initial path with all time slices set to 0.

The efficiency of a random walk procedure (for the property O) is defined as how quickly the
error bars decrease as a function of the computer time, éo = 1/02(O)NT = 1/0%(O)keoT where
T is the computer time per step. The efficiency depends not only on the algorithm but also on
the computer and the implementation.
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Chapter 4

Mendeleev Periodic System

In this chapter we revisit Sections §67 and §73 of [60].

4.1 Electron states in the atom

In the non-relativistic approximation, ! the stationary states of the atom are determined by
Schrodinger’s equation for the system of electrons, which move in the Coulomb field of the
nucleus and interact electrically with one another; the spin operators of the electrons do not
appear in this equation. As we know, for a system of particles in a centrally symmetric external
field the total orbital angular momentum L and the parity of the state are conserved. Hence
each stationary state of the atom will be characterized by a definite value of the orbital angular
momentum L and by its parity. Moreover, the coordinate wave functions of the stationary states
of a system of identical particles have a certain permutational symmetry determined by the total
spin S of the electrons. Hence every stationary state of the atom is characterized also by the
total spin S of the electrons.

The energy level having given values of S and L is degenerate to a degree equal to the number
of different possible directions in space of the vectors S and L. The degree of the degeneracy
from the directions of L and S is respectively 2L + 1 and 2S5 + 1. Consequently, the total degree
of the degeneracy of a level with given L and S is equal to the product (2L + 1)(25 + 1).

There is a generally accepted notation to denote the atomic energy levels (or, as they are
called, the spectral terms of the atoms). States with different values of the total orbital angular

IThe electromagnetic interaction of the electrons contains relativistic effects, which depend on their spins.
These effects have the result that the energy of the atom depends not only on the absolute magnitudes of the
vectors L and S but also on their relative positions. Strictly speaking, when the relativistic interactions are taken
into account the orbital angular momentum L and the spin S of the atom are not separately conserved. Only the
total angular momentum J = L + S is conserved; this is a universal and exact law which follows from the isotropy
of space relative to a closed system. For this reason, the exact energy levels must be characterized by the values
J of the total angular momentum. However, if the relativistic effects are comparatively small (as often happens),
they can be allowed for as a perturbation. Thus, as a result of the relativistic effects, a level with given values of
L and S is split into a number of levels with different values of J. This splitting is called the fine structure (or
the multiplet splitting) of the level. Here we will neglect relativistic effects so that we can consider L and S as
separately conserved quantities.
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momentum L are denoted by capital Latin letters, as follows:

Ll = 012 3 45 6 7 8 9 10
Il > s pd f g h i kI m n
L - S PDFGHTIKTLMN

where the lower case letters denote quantum numbers of single electron states and the upper
case ones denotes quantum numbers of the many electron states. Above and to the left of this
letter is placed the number 2S5 + 1, called the multiplicity of the term. Below and to the right
of the letter is placed the value of the total angular momentum J (here J = L + S is the total
angular momentum of the system of electrons in the atom). Thus the symbol 2P, /2 denotes the
level with L =1,5 =1/2,J = 1/2.

An atom with more than one electron is a complex system of mutually interacting electrons
moving in the field of the nucleus. For such a system we can, strictly speaking, consider only
states of the system as a whole. Nevertheless, it is found that we can, with fair accuracy, introduce
the idea of the states of each individual electron in the atom, as being the stationary states of
the motion of each electron in some effective centrally symmetric field due to the nucleus and to
all the other electrons. These fields are in general different for different electrons in the atom,
and they must all be defined simultaneously, since each of them depends on the states of all the
other electrons. Such a field is said to be self-consistent.

Since the self-consistent field is centrally symmetric, each state of the electron is characterized
by a definite value of its orbital angular momentum /. The states of an individual electron with a
given [ are numbered (in order of increasing energy) by the principal quantum number n, which
takes the values n =1+ 1,1 + 2,...; this choice of the order of numbering is made in accordance
with what is usual for the hydrogen atom. However, the sequence of levels of increasing energy
for various ! in complex atoms is in general different from that found in the hydrogen atom. In
the latter, the energy is independent of [, so that the states with larger values of n always have
higher energies. In complex atoms, on the other hand, the level with n =5, 1 = 0, for example,
is found to lie below that with n = 4,1 = 2.

The states of individual electrons with different values of n and [ are customarily denoted by
a figure which gives the value of the principal quantum number, followed by a letter which gives
the value of I: thus 4d denotes the state with n = 4, [ = 2. A complete description of the atom
demands that, besides the values of the total L, S, and J, the states of all the electrons should
also be enumerated. Thus the symbol 1s 2p 3P, denotes a state of the helium atom in which
L=1,5=1,J =0 and the two electrons are in the 1s and 2p states. If several electrons are
in states with the same [ and n, this is usually shown for brevity by means of an index: thus
3p? denotes two electrons in the 3p state. The distribution of the electrons in the atom among
states with different [ and n is called the electron configuration.

For given values of n and [, the electron can have different values of the projections of the
orbital angular momentum (m) and of the spin (o) on the z-axis. For a given [, the number
m takes 2] + 1 values; the number o is restricted to only two values, i%. Hence there are
altogether 2(21 + 1) different states with the same n and [; these states are said to be equivalent.
According to Pauli’s principle there can be only one electron in each such state. Thus at most
2(21+1) electrons in an atom can simultaneously have the same n and I. An assembly of electrons
occupying all the states with the given n and [ is called a closed shell of the type concerned.

The difference in energy between atomic levels having different L and S but the same electron
configuration is due to the electrostatic interaction of the electrons. These energy differences are
usually small, and several times less than the distances between the levels of different configu-
rations. The following empirical principle (Hund’s rule; F. Hund 1925) is known concerning the
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relative position of levels with the same configuration but different L and S: The term with the
greatest possible value of S (for the given electron configuration) and the greatest possible value
of L (for this S) has the lowest energy. > We shall show how the possible atomic terms can be
found for a given electron configuration. If the electrons are not equivalent, the possible value of
L and S are determined immediately from the rule for the addition of angular momenta. Thus,
for instance, with the configurations np, n'p (n,n’ being different) the total angular momentum
L can take the values 2, 1, 0, and the total spin S = 0, 1; combining these, we obtain the terms
138 13p 13D If we are concerned with equivalent electrons, however, restrictions imposed by
Pauli’s principle make their appearance.

When Hund’s rule is applied to determine the ground term of an atom from a known electron
configuration, only the unfilled shell need be considered, since the moments of electrons in closed
shells cancel out. For example, let there be four d electrons outside the closed shells in an atom.
The magnetic quantum number of the d electron can take five values: 0, +1, +2. Hence all four
electrons can have the same spin component ¢ = % , and the maximum possible total spin is
S = 2. We must then assign to the electrons different values of m so as to give the maximum
value of My, = > m = 2. This means that the maximum value of L for S = 2 is also 2, and the
term is °D.

4.2 Periodic Table

The elucidation of the nature of the periodic variation of properties, observed in the series of
elements when they are placed in order of increasing atomic number (D. I. Mendeleev 1869) [61],
requires an examination of the peculiarities in the successive completion of the electron shells of
atoms. The theory of the periodic system is due to N. Bohr (1922).

When we pass from one atom to the next, the charge is increased by unity and one electron
is added to the envelope. At first sight we might expect the binding energy of each of the
successively added electrons to vary monotonically as the atomic number increases. The actual
variation, however, is entirely different.

In the normal state of the hydrogen atom there is only one electron, in the ls state. In the
atom of the next element, helium, another 1s electron is added; the binding energy of the 1s
electrons in the helium atom is, however, considerably greater than in the hydrogen atom. This
is a natural consequence of the difference between the field in which the electron moves in the
hydrogen atom and the field encountered by an electron added to the He't ion. At large distances
these fields are approximately the same, but near the nucleus with charge Z = 2 the field of the
He™ ion is stronger than that of the hydrogen nucleus with Z = 1. In the lithium atom (Z = 3),
the third electron enters the 2s state, since no more than two electrons can be in [s states at
the same time. For a given Z the 2s energy level ? lies above the 1s level; as the nuclear charge
increases, both levels become lower. In the transition from Z = 2 to Z = 3, however, the former

2The requirement that S should be as large as possible can be explained as follows. Let us consider, for
example, a system of two electrons. Here we can have S = 0 or S = 1; the spin 1 corresponds to an antisymmetrical
coordinate wave function (71, 72). For 71 = ra, this function vanishes; in other words, in the state with S =1
the probability of finding the two electrons close together is small. This means that their electrostatic repulsion
is comparatively small, and hence the energy is less. Similarly, for a system of several electrons, the “most
antisymmetrical” coordinate wave function corresponds to the greatest spin.

3In an hydrogen-like atom Bohr’s formula for the energy levels is as follows:

2,4
po___mfe 1 (4.1)
2h2(1 + m/M) n?

where Ze is the charge of the nucleus, M its mass, m the mass of the electron, and n is the principal quantum
number. We notice that the dependence on the mass of the nucleus is only very slight.
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effect is predominant, and so the binding energy of the third electron in the lithium atom is
considerably less than those of the electrons in the helium atom. Next, in the atoms from Be
(Z = 4) to Ne(Z = 10), first one more 2s electron and then six 2p electrons are successively
added. The binding energies of these electrons increase on the average, owing to the increasing
nuclear charge. The next electron added, on going to the sodium atom (Z = 11), enters the 3s
state, and the binding energy again diminishes markedly, since the effect of going to a higher
shell predominates over that of the increase of the nuclear charge. This picture of the filling
up of the electron envelope is characteristic of the whole sequence of elements. All the electron
states can be divided into successively occupied groups such that, as the states of each group
are occupied in a series of elements, the binding energy increases on the average, but when the
states of the next group begin to be occupied the binding energy decreases noticeably. Figure
4.1 shows those ionization potentials of elements that are known from spectroscopic data; they
give the binding energies of the electrons added as we pass from each element to the next.
The different states are distributed as follows into successively occupied groups:

1s 2 electrons
25 2p 8 electrons
3s 3p 8 electrons

4s 3d 4p 18 electrons

5s 4d b5p 18 electrons
6s 4f 5d 6p 32 electrons
7s 6d 5f ---

The first group is occupied in H and He; the occupation of the second and third groups
corresponds to the first two (short) periods of the periodic system, containing 8 elements each.
Next follow two long periods of 18 elements each, and a long period containing the rare-earth
elements and 32 elements in all. The final group of states is not completely occupied in the
natural (and artificial transuranic) elements.

To understand the variation of the properties of the elements as the states of each group
are occupied, the following property of d and f states, which distinguishes them from s and p
states, is important. The curves of the effective potential energy of the centrally symmetric field
(composed of the electrostatic field and the centrifugal field) for an electron in a heavy atom
have a rapid and almost vertical drop to a deep minimum near the origin; they then begin to
rise, and approach zero asymptotically.  For s and p states, the rising parts of these curves are
very close together. This means that the electron is at approximately the same distance from
the nucleus in these states. The curves for the d states, and particularly for the f states, on
the other hand, pass considerably further to the left; the classically accessible region which they
delimit ends considerably closer in than that for the s and p states with the same total electron
energy. In other words, an electron in the d and f states is mainly much closer to the nucleus
than in the s and p states.

Many properties of atoms (including the chemical properties of elements) depend principally
on the outer regions of the electron envelopes. The above characteristic of the d and f states

4The Schrédinger’s equation in a centrally symmetric field being:
Pl 10 (2%
2u | r%or or

with p is the reduced mass of the two-body problem, ¢ = R(r)Y] (0, )Xo, the spherical harmonics satisfy

12Yl,m = I(l+1)Y] y,, here 1is the orbital angular momentum operator, and xo is a spin % spinor. In a Coulomb

field U(r) = —a/r where a = Ze? and u = mM/(m + M) with m the electron mass and M the nucleus mass.

> + i—zw] + U(r)y = Ev, (4.2)
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Figure 4.1: Ionization potentials of elementsthat are known from spectroscopic data.
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is very important in this connection, Thus, for instance, when the 4f states are being filled (in
the rare-earth elements; see below), the added electrons are located considerably closer to the
nucleus than those in the states previously occupied. As a result, these electrons have practically
no effect on the chemical properties, and all the rare-earth elements are chemically very similar.

The elements containing complete d and f shells (or not containing these shells at all) are
called elements of the principal groups; those in which the filling up of these states is actu-
ally in progress are called elements of the intermediate groups. These groups of elements are
conveniently considered separately.
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Chapter 5

RedOx Chemical Reactions

RedOx (reduction-oxidation or oxidation-reduction) is a type of chemical reaction in which the
oxidation states of the reactants change. Oxidation is the loss of electrons or an increase in the
oxidation state, while reduction is the gain of electrons or a decrease in the oxidation state. The
oxidation and reduction processes occur simultaneously in the chemical reaction.

Oxidation is a process in which a substance loses electrons. Reduction is a process in which
a substance gains electrons. The processes of oxidation and reduction occur simultaneously
and cannot occur independently. In redox processes, the reductant transfers electrons to the
oxidant. Thus, in the reaction, the reductant or reducing agent loses electrons and is oxidized,
and the oxidant or oxidizing agent gains electrons and is reduced. The pair of an oxidizing and
reducing agent that is involved in a particular reaction is called a redox pair. A redox couple is
a reducing species and its corresponding oxidizing form. The oxidation alone and the reduction
alone are each called a half-reaction because two half-reactions always occur together to form
a whole reaction. In electrochemical reactions the oxidation and reduction processes do occur
simultaneously but are separated in space.

Electronegativity, symbolized as Y, is the tendency for an atom of a given chemical element
to attract shared electrons (or electron density) when forming a chemical bond. An atom’s
electronegativity is affected by both its atomic number and the distance at which its valence
electrons reside from the charged nucleus. The higher the associated electronegativity, the more
an atom or a substituent group attracts electrons. Electronegativity serves as a simple way
to quantitatively estimate the bond energy, and the sign and magnitude of a bond’s chemical
polarity, which characterizes a bond along the continuous scale from covalent to ionic bonding.
The loosely defined term electropositivity is the opposite of electronegativity: it characterizes an
element’s tendency to donate valence electrons.

On the most basic level, electronegativity is determined by factors like the nuclear charge
(the more protons an atom has, the more “pull” it will have on electrons) and the number and
location of other electrons in the atomic shells (the more electrons an atom has, the farther
from the nucleus the valence electrons will be, and as a result, the less positive charge they
will experience — both because of their increased distance from the nucleus and because the
other electrons in the lower energy core orbitals will act to shield the valence electrons from the
positively charged nucleus).

The term “electronegativity” was introduced by Jons Jacob Berzelius in 1811, though the
concept was known before that and was studied by many chemists including Avogadro. In spite
of its long history, an accurate scale of electronegativity was not developed until 1932, when Linus
Pauling proposed an electronegativity scale which depends on bond energies, as a development
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of valence bond theory. [62] It has been shown to correlate with a number of other chemical
properties. Electronegativity cannot be directly measured and must be calculated from other
atomic or molecular properties. Several methods of calculation have been proposed, and although
there may be small differences in the numerical values of the electronegativity, all methods show
the same periodic trends between elements.

The most commonly used method of calculation is that originally proposed by Linus Pauling.
This gives a dimensionless quantity, commonly referred to as the Pauling scale, on a relative
scale running from 0.79 to 3.98 (hydrogen = 2.20). When other methods of calculation are used,
it is conventional (although not obligatory) to quote the results on a scale that covers the same
range of numerical values: this is known as an electronegativity in Pauling units.

As it is usually calculated, electronegativity is not a property of an atom alone, but rather
a property of an atom in a molecule. [7] Even so, the electronegativity of an atom is strongly
correlated with the first ionization energy. The electronegativity is slightly negatively correlated
(for smaller electronegativity values) and rather strongly positively correlated (for most and larger
electronegativity values) with the electron affinity. It is to be expected that the electronegativity
of an element will vary with its chemical environment, [63] but it is usually considered to be a
transferable property, that is to say that similar values will be valid in a variety of situations.

Caesium is the least electronegative element (0.79); fluorine is the most (3.98).
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Chapter 6

The Electron Gas

A gas of electrons would be thermodynamically unstable if not made electrically neutral by
introducing a uniform background of opposite charge which gives rise to a harmonic confining
potential to the gas which would otherwise explode to infinity. After all we all live in a neu-
tral world. This simplest model of an electron gas is called the Jellium in the quantum regime
where the Fermi statistics play a role through the Pauli exclusion principle and a One Compo-
nent Plasma (OCP) in the opposite classical regime where the statistics reduces to the one of
Boltzmann. More complicated albeit more realistic models of an electron gas are obtained by
a more detailed description of the neutralizing background. This can for example be described
by a system of positive charges (ions) which again make the whole system of charges globally
neutral. Therefore one can think of a Two Component Plasma (TCP) or more generally of a
multicomponent one. Another important complication consists in describing the charges as not
ideally pointwise but with finite dimension. The simplest system of this kind is the primitive
model which consists of uniformly charged hard spheres of n different species. The spheres be-
longing to specie ;4 = 1,2,...,n have a diameter o, and carry a total charge z,e, where e is
the elementary charge. The spheres are globally neutral, u Tz =0, where z,, is the molar
fraction of species u, and move in a continuum medium of dielectric constant €. One could for
example study the restricted case o, = o and |z,| = z for all p.

These have been historically the first models examined. And for these models there exist few
exact analytic results, various approximate analytic or numerical results from integral equations
theories (like the Percus-Yevick, the Mean-Spherical-Approximation, the Hyper-Netted-Chain,
and many others), and various exact numerical results from Monte Carlo methods. [64, 65, 66, 67]

Here we will just mention some of the few exact analytic results. Beginning from the exact
solution of the one dimensional OCP of Edwards and Lenard [68] and the TCP of Salzberg and
Prager where the chemical bond is analytically seen through the clustering responsible for the
molecule formation [69]. An interesting exact analytic solution for the two dimensional OCP at a
particular value of the coupling constant I' = 3e? = 2 with 8 = 1/kgT, kp Boltzmann constant
and T absolute temperature, is available on various surface of constant curvature: The plane
[70], the cylinder [71], the sphere [72], the pseudosphere [73]. And on non-constant curvature
surfaces like the Flamm’s paraboloid [74] .... These solutions make use of the properties of the
Vandermonde determinant. At the same coupling constant a Cauchy identity allows the solution
of the TCP.

In the quantum regime we do not know about any analytic exact solution. But the Jellium
has been studied with Monte Carlo methods both in its ground state, at zero temperature, or at
finite temperature, through path integral. In this chapter we review some recent and less recent
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results in these directions on a flat space by David Ceperley and collaborators or on a curved
space [75, 76].

The primitive model in the quantum regime and in two dimensions opens the new exotic field
of anyons and fractional statistics [77, 78].

6.1 The model
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The Jellium model of Wigner [66, 79, 80, 81] is an assembly of N, spin up pointwise electrons
and N_ spin down pointwise electrons of charge e moving in a positive inert background that
ensures charge neutrality. The total number of electrons is N = N, + N_ and the average
particle number density is n = N/, where 2 is the volume of the electron fluid. In the volume
Q) there is a uniform neutralizing background with a charge density p, = —en. So that the total
charge of the system is zero. The fluid polarization is then £ = [N, — N_|/N: £ = 0 in the
unpolarized (paramagnetic) case and £ = 1 in the fully polarized (ferromagnetic) case.

Setting lengths in units of a = (47n/3)~/3 and energies in Rydberg’s units, Ry = h?/2ma?,
where m is the electron mass and ag = h%/me? is the Bohr radius, the Hamiltonian of Jellium is

1 N
H o= -5 > Vi +V(R), (6.1)
S 4=1
1 1 A
1<j i=1

LActually in order to allow for fractional statistics in two dimensions it is sufficient that the particles be
impenetrable which may be already assured even by pointwise electrons since the Coulomb repulsion diverges at
contact.
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where R = (r1,7rg,...,7n) with r; the coordinate of the ith electron, ry = a/ag, and vy a
constant containing the self energy of the background.

The kinetic energy scales as 1/r2 and the potential energy (particle-particle, particle-background,
and background-background interaction) scales as 1/r, so for small r¢ (high electronic densities),
the kinetic energy dominates and the electrons behave like an ideal gas. In the limit of large r;,
the potential energy dominates and the electrons crystallize into a Wigner crystal [32]. No liquid
phase is realizable within this model since the pair-potential has no attractive parts even though
a superconducting state [33] may still be possible (see chapter 8.9 of Ref. [84] and Ref. [87]).

The Jellium has been solved either by integral equation theories in its ground state [36] or
by computer experiments in its ground state [87] and at finite temperature [38].

Some details on the linear response theory for the Jellium can be found in appendixes 4 and 5
of Ref. [66]. Some details on the sum rules for the dielectric function can be found in appendix 6
of Ref. [66]. Some details on the moments of density fluctuation spectrum in the plasma can be
found in appendix 7 of Ref. [66]. And some details on the Lindhard theory of dynamic screening
can be found in appendix 8 of Ref. [66].

6.1.1 Lindhard theory of static screening in Jellium ground state

Suppose we switch on an appropriately screened test charge potential §V, actually the so called
Hartree potential, in a free electron gas. The Hartree potential 6V (r) created at a distance r
from a static point charge of magnitude e at the origin, should be evaluated self-consistently
from the Poisson equation,

V26V (r) = —4me®[6(r) + on(r)] , (6.3)

where on(r) is the change in electronic density induced by the foreign charge. The electron
density n(r) may be written as

n(r) =23 () (6.4)
k

where 1, (7) are single-electron orbitals, the sum over k is restricted to occupied orbitals (|k| <
kr, where kp is the Fermi wave vector) and the factor 2 comes from the sum over spin orienta-
tions. We must now calculate how the orbitals in the presence of the foreign charge, differ from
plane waves exp(ik - ). We use for this purpose the Schréodinger equation,

V24 (r) + [ — %W(m]wkm —0 (6.5)

having imposed that the orbitals reduce to plane waves with energy h%k?/(2m) at large distance
2

With the aforementioned boundary condition the Schrédinger equation may be converted
into an integral equation,

P (r) = %6“” + 25—7;1 Gr(r — )0V (r' g (r")dr' | (6.6)

with Gg(r) = —exp(ik - r)/(47r) and Q the volume of the system.

2This approach (which lead to the Random Phase Approximation, RPA) is approximate insofar as the po-
tential entering the Schrodinger equation has been taken as the Hartree potential, thus neglecting exchange and
correlation between an incoming electron and the electronic screening cloud.

111



§6.1. The model 6. THE ELECTRON GAS

Within linear response theory we can replace 1% (r) by Q12 exp(ik - r) inside the integral.
This yields

2
mkf

- 273R2 al dr’

n(r) = le(ZkF\r - r’\)m , (6.7)

with j; (z) being the first-order spherical Bessel function [sin(x) — z cos(x)]/z2. Using this result
in the Poisson equation we get

2mk3.e?

/
V26V (r) = —4me?5(r) + 2 fjl(Qth" —7']) V()

———dr’ 6.8
|T’ . T'/|2 U ( )
which is easily soluble in Fourier transform. Writing 6V (k) = 4me?/[k?c(k)] we find,
2mkpe? k k2 k—2k
5(k)=1+mFe[ F< 1)1‘ r

k22 & \1kZ Ukt 2k

] , (6.9)

which is the static dielectric function in RPA.

For k — 0 this expression gives e(k) — 1+ k7.,/k* with kpp = 3w?2 /v (w, being the plasma
frequency and vg the Fermi velocity) i.e. the result of the Thomas-Fermi theory. However (k)
has a singularity at k = +2kp, where its derivative diverges logarithmically 3. This singularity
in 6V (k) determines, after Fourier transform, the behavior of §V (r) at large . 6V (r) turns
out to be an oscillating function * rather than a monotonically decreasing function as in the
Thomas-Fermi theory. Indeed,

dk 4me? e? (® eikr
5 _ ikr _ dk 1
vir) J e i)’ i LO k() (6.10)

and the integrand has non-analytic behavior at ¢ = +2kp,

[ ! ] = —A(k — (£)2ky) In |k — (£)2kF| + regular terms |, (6.11)
ke(k) Lot

with A = (k2.5 /4k%)/(k3 5 + 8k%.). Hence,

AeQ 0 )
V(r)rosw = ——f dk €™ [(k — 2kp) In |k — 2kp|
—0

T

(2]{31:*7’)

4 (k + 2kp) In|k + 2kp|] = 246252 5 (6.12)

This result is based on a theorem on Fourier transforms °, stating that the asymptotic behavior of
0V (r) is determined by the low-k behavior as well as the singularities of §V (k). Obviously, in the
present case the asymptotic contribution from the singularities is dominant over the exponential
decay of Thomas-Fermi type. The result implies that the screened ion-ion interaction in a metal
has oscillatory character and ranges over several shells of neighbors.

3The discontinuity in the momentum distribution across the Fermi surface introduces a singularity in elastic
scattering processes with momentum transfer equal to 2kp.

4]. Friedel, N. Cimento Suppl. 7, 287 (1958).

5M. Lighthill, “Introduction to Fourier Analysis and Generalized Functions” (University Press, Cambridge
1958)
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6.1.2 Ewald sums

Periodic boundary conditions are necessary for extrapolating results of the finite system to the
thermodynamic limit. Suppose the bare pair-potential, in infinite space, is v(r),

dk . .
o(r) = f e T i) - J dr e® () (6.13)
The best pair-potential of the finite system is given by

vr(r) =Zv(|r+L|) —0(0)/2 . (6.14)

L

where the L sum is over the Bravais lattice of the simulation cell L = (myL, m,L, m,L) where
My, My, m, range over all positive and negative integers and Q = L3. We have also added a
uniform background of the same density but opposite charge. Converting this to k-space and
using the Poisson sum formula we get

v(r) = %Zf}(k)e*ik'r , (6.15)
k

where the prime indicates that we omit the k = 0 term; it cancels out with the background. The
k sum is over reciprocal lattice vectors of the simulation box k,, = (2mny/L, 2mn,/L, 27n./L)
where n,,n,,n, range over all positive and negative integers.

Because both sums, Eq. (6.14) and Eq. (6.15), are so poorly convergent [89] we follow the
scheme put forward by Natoli et al. [90] for approximating the image potential by a sum in
k-space and a sum in r-space,

va(r) = Y vslr+ L))+ > w(k)e™” —5(0)/Q (6.16)
L

|k|<ke

where v,(r) is chosen to vanish smoothly as r approaches 7., where 7. is less than half of the
distance across the simulation box in any direction. If either r. or k. go to infinity then v, — vy.
Natoli et al. show that in order to minimize the error in the potential, it is appropriate to
minimize x* = {,[v7(r) — va(r)]? dr/Q. And choose for v,(r) an expansion in a fixed number
of radial functions. This same technique has also been applied to treat the pseudo-potential
described in section 6.2.3.

Now let us work with N particles of charge e in a periodic box and let us compute the total
potential energy of the unit cell. Particles ¢ and j are assumed to interact with a potential
e?v(r;;) = e?v(|r; — 7;]). The potential energy for the N particle system is

V= Z evr(ri;) + Zeva , (6.17)
1<j i

where vy = 31lim,_,o[v;(r) — v(r)] is the interaction of a particle with its own images; it is a
Madelung constant [66] for particle 4 interacting with the perfect lattice of the simulation cell.
If this term were not present, particle ¢ would only see N — 1 particles in the surrounding cells
instead of V.

6.2 Jellium in its ground state

The ground state properties of Jellium has been for the first time found by Ceperley and Alder [87]
through a diffusion Monte Carlo method [91]. Since then better wave-functions and optimization
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methods have been developed, better schemes to minimize finite-size effect have been devised,
and vastly improved computational facilities are available. Today, new modern techniques are
available to optimize Slater-Jastrow wave-functions [92] with backflow and three-body correla-
tions [93] and Helmann and Feynman (HF) measures [94] to calculate the RDF, particularly the
on-top value, which suffers from poor statistical sampling in its conventional histogram imple-
mentation. Other useful tools are the twist-averaged boundary conditions [95] and RPA-based
corrections [96] to minimize finite-size effects.

6.2.1 Monte Carlo simulation (Diffusion)

Consider the Schrodinger equation for the many-body wave-function, ¢(R,t) (the wave-function
can be assumed to be real, since both the real and imaginary parts of the wave-function separately
satisfy the Schrodinger equation), in imaginary time, with a constant shift Er in the zero of the
energy. This is a diffusion equation in a 3N-dimensional space [97]. If Ep is adjusted to be the
ground-state energy, Ej, the asymptotic solution is a steady state solution, corresponding to the
ground-state eigenfunction ¢g(R) (provided ¢(R,0) is not orthogonal to ¢g).

Solving this equation by a random-walk process with branching is inefficient, because the
branching rate, which is proportional to the total potential V' (R), can diverge to +oo. This leads
to large fluctuations in the weights of the diffusers and to slow convergence when calculating
averages. However, the fluctuations, and hence the statistical uncertainties, can be greatly
reduced [98] by the technique of importance sampling [99].

One simply multiplies the Schrodinger equation by a known trial wave-function W(R) that ap-
proximate the unknown ground-state wave-function, and rewrites it in terms of a new probability
distribution

f(R1) = ¢(R,1)¥(R) , (6.18)
whose normalization is given in Eq. (I.1). This leads to the following diffusion equation

Of(R,t
SUD AR f(R 1)+ [EL(R) - BRI (RO AV [FROF(R) . (619
Here A = h?/(2m), t is the imaginary time measured in units of h, E;(R) = [H¥(R)]/¥(R) is
the local energy of the trial wave-function, and

F(R) = VInU*(R) . (6.20)

The three terms on the right hand side of Eq. (6.19) correspond, from left to right, to diffusion,
branching, and drifting, respectively.
At sufficiently long times the solution to Eq. (6.19) is

f(R,t) ~ NoV(R)do(R) exp[—(Eo — ET)t] , (6.21)

where Ny = § ¢o(R)¢(R,0) dR. If E7 is adjusted to be Ey, the asymptotic solution is a stationary
solution and the average (E(R))s of the local energy over the stationary distribution gives the
ground-state energy Ey. If we set the branching to zero E(R) = Er then this average would
be equal to the expectation value § W(R)HVU(R)dR, since the stationary solution to Eq. (6.19)
would then be f = fyme = U2. In other words, without branching we would obtain the variational
energy of U, rather than FEy, as in a Variational Monte Carlo (VMC) calculation.

The time evolution of f(R,t) is given by

f(R t+71)= JdRG(R', R;7)f(R,1) , (6.22)
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where the Green’s function G(R', R; 7) = U(R'){R'|exp[—7(H — E7)]|RY¥~(R) is a transition
probability for moving the set of coordinates from R to R’ in a time 7. Thus G is a solution of
the same differential equation, Eq. (6.19), but with the initial condition G(R ,R;0) = 6(R R).
For short times 7 an approximate solution for G is

G(R/,R; ) = (47T)\7_)—3N/26—|R’—R—)\TF(R)\2/4>\7—€—7—{[E‘L(R)+EL(R/)]/2—E‘T} + 0(7_2) . (6.23)

To compute the ground-state energy and other expectation values, the N-particle distribution
function f(R,t) is represented, in diffusion Monte Carlo, by an average over a time series of
generations of walkers each of which consists of a fixed number of n,, walkers. A walker is a
pair (Ry,ws), @ =1,2,...,n,, with R, a 3N-dimensional particle configuration with statistical
weight w,. At time t, the walkers represent a random realization of the N-particle distribution,
f(Rt) =Y wtd(R — RE). The ensemble is initialized with a VMC sample from f(R,0) =
U2(R), with wQ = 1/n,, for all a. Note that if the trial wave-function were the exact ground-state
then there would be no branching and it would be sufficient n,, = 1. A given walker (R',w") is
advanced in time (diffusion and drift) as R'™™ = R* + x + A7V In U?(R?) where Y is a normally
distributed random 3N-dimensional vector with variance 2A7 and zero mean [100]. In order to
satisfy detailed balance we accept the move with a probability A(R, R’;7) = min[1l, W(R, R')],
where W (R, R') = [G(R, R';7)V2(R)]/[G(R’, R; 7)¥2(R)]. This step would be unnecessary if
G were the exact Green’s function, since W would be unity. Finally, the weight w!, is replaced
by witT = w! Aw?! (branching), with Aw! = exp{—7[(EL(R!) + ErL(R))/2 — Er]}.

However, for the diffusion interpretation to be valid, f must always be positive, since it is
a probability distribution. But we know that the many-fermions wave-function ¢(R,t), being
antisymmetric under exchange of a pair of particles of the parallel spins, must have nodes, i.e.
points R where it vanishes. In the fixed-nodes approximation one restricts the diffusion process
to walkers that do not change the sign of the trial wave-function. One can easily demonstrate
that the resulting energy, (Er(R)), will be an upper bound to the exact ground-state energy;
the best possible upper bound with the given boundary condition [101].

A detailed description of the algorithm used for the DMC calculation can be found in Ref.

[102].

6.2.2 Expectation values in DMC

In a DMC calculation there are various different possibilities to measure the expectation value of
a physical observable, as for example the RDF. If (O)y is the measure and {...); the statistical
average over the probability distribution f we will, in the following, use the word estimator to
indicate the function O 1tse1f unlike the more common use of the word to indicate the usual
Monte Carlo estimator Z 1 Oi/N of the average, where {O;} is the set obtained evaluating O
over a finite number A of points distributed according to f. Whereas the average from different
estimators must give the same result, the variance, the square of the statistical error, can be
different for different estimators.

The local estimator and the extrapolated measure

To obtain ground-state expectation values of quantities O that do not commute with the Hamil-
tonian we introduce the local estimator Or(R) = [O¥(R)]/¥(R) and then compute the average

over the DMC walk, the so called mixed measure, O = (OL(R = {po(R (R)dR/
§ ¢o(R)¥(R)dR. This is inevitably biased by the choice of the trlal Wave functlon A way to
remedy to this bias is the use of the forward walking method [103, | or the reptation quantum
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Monte Carlo method [105] to reach pure estimates. Otherwise this bias can be made of leading
order 6%, with § = ¢9 — V¥, introducing the extrapolated measure

6ext - 26mix . @Var (6 24)
where O = {(OL) fym. i the variational measure. If the mixed measure equals the variational
measure then the trial wave-function has maximum overlap with the ground-state.

The Hellmann and Feynman measure

Toulouse et al. [94, 106] observed that the zero-variance property of the energy [107] can be
extended to an arbitrary observable, O, by expressing it as an energy derivative through the use
of the Hellmann-Feynman theorem.

In a DMC calculation the Hellmann-Feynman theorem takes a form different from the one
in a VMC calculation. Namely we start with the eigenvalue expression (H* — E*)¥U* = 0 for
the ground-state of the perturbed Hamiltonian H*» = H + A0, take the derivative with respect
to A, multiply on the right by the ground-state at A = 0, ¢g, and integrate over the particle
coordinates to get

owA oE*  OH*
dR HA—EA—=de —_— = . 2
Jamonter ~ T < [aran (S - 50 (6.25)
Then we notice that due to the Hermiticity of the Hamiltonian, at A = 0 the left hand side

vanishes, so that we get [108]
§dR po O
§dR o0

_op

= = (6.26)

A=0 A=0

This relation holds only in the A — 0 limit unlike the more common form [60] which holds for
any A. Also it resembles Eq. (3) of Ref. [109].

Given E* = {dR¢o(R)H VU (R)/§dR¢o(R)¥*(R) the “Helmann and Feynman” (HF) mea-
sure in a DMC calculation is

A
o' - 1 ~(OuR); + (AOR(R); + (AOF(R)); (6.27)
The « correction is [108]
AO2(R) [}{P‘I’ _ EL(R)] ‘g((g)) . (6.28)

This expression coincides with Eq. (18) of Ref. [94]. In a VMC calculation this term, usually,
does not contribute to the average, with respect to fyme = ¥2, due to the Hermiticity of the
Hamiltonian. This is of course not true in a DMC calculation. We will then define a Hellmann
and Feynman variational (HFv) estimator as OfFv = Oy (R) + AO%(R). The j correction is

[108]

AO;(R) = [EL(R) — Eo] (6.20)
where Ey = E*=C. Which differs from Eq. (19) of Ref. [94] by a factor of one half. This term
is necessary in a DMC calculation not to bias the measure. The extrapolated Hellmann and
Feynman measure will then be

—HF-ext

o — 20 (oMY, (6.30)
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Both corrections o and S to the local estimator depends on the auxiliary function, ¥/ =
OUA/OX|a=o. Of course if we had chosen ¥*=C on the left hand side of Eq. (6.27), as the
exact ground state wave-function, ¢, instead of the trial wave-function, then both corrections
would have vanished. When the trial wave-function is sufficiently close to the exact ground state
function a good approximation to the auxiliary function can be obtained from first order pertur-
bation theory for A « 1. So the Hellmann and Feynman measure is affected by the new source
of bias due to the choice of the auxiliary function independent from the bias due to the choice
of the trial wave-function.

It is convenient to rewrite Eqs. (6.28) and (6.29) in terms of the logarithmic derivative
Q(R) = ¥'(R)/¥(R) as follows

N

AOY(R) =~ D [V3,Q(R) + 20(R) - Vo, Q(R)] (6.31)
S k=1

AOJ(R) = [EL(R)-EJQ(R), (6.32)

where v (R) = V.., In ¥(R) is the drift velocity of the trial wave-function. For each observable
a specific form of () has to be chosen.

6.2.3 Trial wave-function

We chose the trial wave-function of the Bijl-Dingle-Jastrow [110), , 112] or product form

U(R)ocD(R) exp (— > u(rij)> . (6.33)
i<j
The function D(R) is the exact wave-function of the non-interacting fermions (the Slater
determinant) and serves to give the trial wave-function the desired antisymmetry

1 1
D(R) = Wdet(wi,m)ﬁ det(w;, )

where for the fluid phase ¢7 ,, = etknrms, . //Q with k,, a reciprocal lattice vector of the
simulation box such that |k,| < k%, o the z-component of the spin (+1/2), 7, the coordinates
of particle m, and o, its spin z-component. For the unpolarized fluid there are two separate
determinants for the spin-up and the spin-down states because the Hamiltonian is spin indepen-
dent. For the polarized fluid there is a single determinant. For the general case of N, spin-up
particles the polarization will be £ = [Ny — N_|/N and the Fermi wave-vector for the spin-up
(spin-down) particles will be kf = (1 + &)Y3kp with kp = (372n)Y3 = (97/4)Y/3/(agrs) the
Fermi wave-vector of the paramagnetic fluid. On the computer we fill closed shells so that N,
is always odd. We only store k,, for each pair (k,, —k,) and use sines and cosines instead of
exp(ik, - r;) and exp(—ik,, - r;).

The second factor (the Jastrow factor) includes in an approximate way the effects of particle
correlations, through the “pseudo-potential”, u(r), which is repulsive.

In the crystal phase, the orbitals are Gaussians centered around body-centered-cubic lattice
sites with a width chosen variationally.

(6.34)

The pseudo-potential
Here we will consider a system where the particles interact with a bare potential

vu(r) = erf(%r) (6.35)
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whose Fourier transform is

~ 47T‘ _ k2 2

Ou(k) = e /A (6.36)
so that for y — oo we recover the Jellium and in the opposite limit 4 — 0 we recover the
non-interacting electron gas.

Neglecting the cross term between the Jastrow and the Slater determinant in Eq. (I1.6) (third

term) and the Madelung constant, the variational energy per particle can be approximated as
follows,

S <EL§f)>f _S ‘I’(R)fxl’ (R)dR . & % i[e%u(k) —ONR2a(k)I[S () — 1] +
k
ez 2 M KRR ) phkepp s+ (6.37)

k,k'

where ep = (3/5)A>), Ny (k%)?/N is the non-interacting fermions energy per particle, a(k) is
the Fourier transform of the pseudo-potential u(r), 9, (k) = 4mexp(—k?/4u?)/k? is the Fourier
transform of the bare pair-potential, S(k) is the static structure factor for a given u(r) (see
Sec. 6.2.4), pg = Zf\il exp(ik - r;) is the Fourier transform of the total number density p(r) =
2. 0(r —r;), and the trailing dots stand for the additional terms coming from the exclusion of
the j = k term in the last term of Eq. (I1.6). Next we make the Random Phase Approximation
[30] and we keep only the terms with k + k' = 0 in the last term. This gives

!’

ey ~ ep + % k {[eQﬁH(k) —oMR2a(k)|[S (k) — 1] — Qn)\[kﬁ(k:)]QS(k)} Yo (6.38)

In the limit & — 0 we have to cancel the Coulomb singularity and we get 4% (k) = me?d,,(k)/(h*nk?) ~
[(4me?/k?)/(hwy)]? (where w), = /4mne?/m is the plasmon frequency) or in adimensional units

1
(k) = A /%1?7; . small k. (6.39)

This determines the correct behavior of @(k) as k — 0 or the long range behavior of u(r)

o1
u(r) = %; , larger . (6.40)

Now to construct the approximate pseudo-potential, we start from the expression

!

1 N -
e=er+t g ;[eQU#(k) — ANE2a(k)|[S(k) — 1] , (6.41)
and use the following perturbation approximation, for how S(k) depends on @(k) [113, I,
1 1
—_— = u(k 42

where A and B are constant to be determined and S*(k) the structure factor for the non-
interacting fermions (see Eq. (K.5)), which is S* = ] S7  with

No Yo 2
—=B-vy;) Yo <1

Sgok)=1 & 2 e (6.43)
n
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where n, = N,/Q and y, = k/(2k%).
Minimizing € with respect to u(k), we obtain [115]

1 1 Bne?v,,(k) 1/2
_SI(k)+[S$(k)+ A ] : (6.44)

Bna(k) =

This form is optimal at both long and short distances but not necessarily in between. In partic-
ular, for any value of ¢, the small k behavior of u(k) is 1/2r,/3AB(4w/k?) which means that

2rg 1
u(r) = 4/3;‘6; , larger . (6.45)

The large k behavior of a(k) is (rs/A)v,(k)/k?, for any value of &, which in r space translates
into

du(r)
dr

T's
:{ Toq M (6.46)

r=0 0 w finite

In order to satisfy the cusp condition for particles of antiparallel spins (any reasonable pseudo-
potential has to obey to the cusp conditions (see Ref. [92] Section IVF) which prevent the local
energy from diverging whenever any two electrons (u = o) come together) we need to choose
A =1, then the correct behavior at large r (6.39) is obtained fixing B = 2 6. We will call this
Jastrow J; in the following.

It turns out that, at small y, but not for the Coulomb case, a better choice is given by [110]

9 N 1/2
oy 1 1 2ne?v,, (k)

which still has the correct long (6.45) and short (6.46) range behaviors. We will call this Jastrow
J> in the following. This is expected since, differently from 77, J5 satisfies the additional exact
requirement lim,_,o u(r) = 0, as immediately follows from the definition (6.47). Then at small
u (and any ry), the trial wave-function is expected to be very close to the stationary solution of
the diffusion problem.

The backflow and three-body correlations
As shown in Appendix I, the trial wave-function of Eq. (6.33) can be further improved by adding

three-body (3B) and backflow (BF) correlations [117, 93] as follows
) N
U(R) = D(R)exp | = Y ii(ri;) — Y| G(I) - G(1) | - (6.48)
i<j 1=1
Here
D(R) = —— det(3} )~ det(¢ ) (6.49)
N+! (pn,m \/,ZW @n,m ’ .
SNote that the probability distribution in a variational calculation is (from Eq. (6.33))

2(R)acD?(R) exp[—2U(R)] with U(R) = X,_;u(rij). Then if one formally writes D?(R) = exp[—2W(R)],
U2 becomes the probability distribution for a classical fluid with potential W + U at an inverse temperature
B = 2. Then one sees that with the choice B = 2, Eq (6.42) coincides with the well known Random Phase
Approximation in the theory of classical fluids (see Ref. [67] Section 6.5) where W is the potential of the reference
fluid and U the perturbation.
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with o7, = ekn®ms /A/Q and @, quasi-particle coordinates defined as

N
T, =7; + Z 77(7"”)(7“7; — ’l"j) . (650)
J#i
The displacement of the quasi-particle coordinates x; from the real coordinate r; incorporates
effects of hydrodynamic backflow [118], and changes the nodes of the trial wave-function. The
backflow correlation function 7(r), is parametrized as [93]

1+ spr

=A\p————— 6.51
n(r) Borg +wpr +14° (6:51)

which has the long-range behavior ~ 1/73.
Three-body correlations are included through the vector functions

N
G(i) = > &(rig)(ri — 7)) . (6.52)

J#i
We call £(r) the three-body correlation function which is parametrized as |119]

&(r) = aexp {—[(7“ — b)c]2} ) (6.53)

To cancel the two-body term arising from G (1) - G(I), we use a(r) = u(r) — 262(r)r?
The backflow and three-body correlation functions are then chosen to decay to zero with a
zero first derivative at the edge of the simulation box.

6.2.4 The radial distribution function

The radial distribution function (RDF) is proportional to the probability of finding another
particle of the fluid inside a spherical shell of radius r and thickness dr centered on any one
particle on which you sit. This observable gives us informations about the structure of the fluid.
We will see here how it can be measured in a DMC calculation. In appendix K we give some
details on the determination of the RDF for the ideal gas and in appendix L we give some details
on exact relationships that must be satisfied by the RDF of the interacting fluid, the sum rules.

Definition of the radial distribution function
The spin-resolved RDF is defined as [120, 65]
, <2Wi G001 0,0 (r — 7)8(r — rj)>

oo (7)) = (P ) , (6.54)

N
> b0, 6(r — ri)> : (6.55)
=1

where here, and in the following, ¢...) will denote the expectation value respect to the ground-
state. Two exact conditions follow immediately from the definition: i. the zero-moment sum
rule

Ny (7)

> Jdrdr’ N (M6 (1) [gor (7,7 ) = 1] = =N, (6.56)
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also known as the charge (monopole) sum rule in the sequence of multipolar sum rules in the
framework of charged fluids [81], ii. g» (7, 7) = 0 due to the Pauli exclusion principle.

For the homogeneous and isotropic fluid n,(r) = N,/Q where N, is the number of particles
of spin ¢ and g, depends only on the distance r = |r — 'r/|, so that

1 Q
go-,o-/('l") = mm Z 60’,0'1'517/,0']'5(T — T”)> . (657)

igi
The total (spin-summed) radial distribution function will be

1
g(T) = ﬁ Z NeNo'Go,o! (’I")

o0’

_ (1‘;5)29+,+<r> + (155)29,&) T S B (5

From the structure to the thermodynamics

As it is well known the knowledge of the RDF gives access to the thermodynamic properties of
the system. The mean potential energy per particle can be directly obtained from g¢(r) and the
bare pair-potential v, (r) as follows

NeNeg
€p = Z Con fd?" 621}#(7")[90,0’(7") -1], (6.59)
where we have explicitly taken into account of the background contribution. Suppose that e,(rs)
is known as a function of the coupling strength r,. The virial theorem for a system with Coulomb
interactions (ve(r) = 1/r) gives N(2ex + e,) = 3PQ with P = —d(Neg)/dQ) the pressure and
eo = e + e, the mean total ground-state energy per particle. We then find

B deo(rs) 1 d o
ep(rs) = 2eo(rs) + rs i [rZeo(rs)] , (6.60)
which integrates to
1 ("
eo(rs) = ep + T—QJ dririey(rt) . (6.61)
s JO
We can rewrite the ground-state energy per particle of the ideal Fermi gas, in reduced units,
as
9r\** 3 1
_ (27 =2 - 6.62
= () 15055 (6.62)

where ¢, (€) = (1 — &)™ 4 (1 + €)™3. And for the exchange potential energy per particle in the
Coulomb case

13 ¢
ep =~ <372T5) %m(ﬁ)l : (6.63)

T's

which follows from Eq. (6.59) and Eqs. (K.2)-(K.3). The expression for finite x can be found in
Ref. [121] (see their Eqgs. (15)-(16)).
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Definition of the static structure factor
If we introduce the microscopic spin dependent number density

N
po(T) = Z 05,0,0(T — 1) , (6.64)

i=1

and its Fourier transform pg ., then the spin-resolved static structure factors are defined as
So,0' (k) = {pk,ocP—k,0'y/N, which, for the homogeneous and isotropic fluid, can be rewritten as

Ny Ng Ny

Se.o0 (k) = ?607,,/ +

f [g.00(r) = ™7 dr + "2 (9m)(k) | (6.65)

From now on we will ignore the delta function at k = 0. The total (spin-summed) static structure
factor is S = >}, ,/ S50 Due to the charge sum rule (6.56) we must have limy_,o S(k) = 0. In

Sec. L.2 we will show that the small k behavior of S(k) has to start from the term of order k2.

6.2.5 Results for the radial distribution function and structure factor

The radial distribution function and structure factor have been calculated through DMC by Ortiz
and Ballone [122]. In Fig. 6.1 we show their results for the radial distribution function and in
Fig. 6.2 their results for the structure factor.

6.2.6 Results for the internal energy

The behavior of the internal energy of the Jellium in its ground state has been determined
through DMC by Ceperley and Alder [87]. Their result is shown in Fig. 6.3. Three phases
of the fluid appeared, for ry, < 75 the stable phase is the one of the unpolarized Jellium, for
75 < rgy < 100 the one of the polarized fluid, and for r4 > 100 the one of the Wigner crystal. The
Wigner formula of Eq. (K.11) turns out to be a rather good approximation. They used systems
from N = 38 to N = 246 electrons.

6.3 Jellium at finite temperature

For the Jellium at finite temperature it is convenient to introduce the electron degeneracy pa-
rameter © = T /Tp, where Tr is the Fermi temperature

(2m)?
2[(2 = §as]*?’

here £ is the polarization of the fluid that can be either £ = 0, for the unpolarized case, and
& =1, for the fully polarized case, a3 = 47/3, and

Tr =Tp (6.66)

n2/3p2

TH =
D ka7

(6.67)

is the degeneracy temperature, for temperatures higher than Tp quantum effects are less relevant.
The state of the fluid will then depend also upon the Coulomb coupling parameter, I' =
e2/rsaokpT [38].
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(r/r)

"
=

Figure 6.1: Radial distribution function g(r) computed by DMC method (mixed estimator) for
the unpolarized £ = 0 case and the fully polarized £ = 1 case. r; = 1 (dotted line), ry = 3

(dash-dotted line), rs = 5 (dashed line), and rs = 10 (full line). r is in units of a Bohr radius.
(Figure reproduced here by courtesy of the authors of Ref. [122])
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S (k)

Figure 6.2: Structure factor S(k) computed by the DMC method (mixed estimator). The 7
considered and the symbols are the same as those of Fig. 6.1. (Figure reproduced here by

courtesy of the authors of Ref. [122])
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Figure 6.3: The energy of the four phases studied relative to that of the lowest boson state
times 72 in Rydbergs as a function of 7, in Bohr radii. The boson system undergoes Wigner

crystallization at r; = 160 +

10. The fermion system has two phase transitions, crystallization

at rs = 100 £ 20 and depolarization at r; = 75 £ 5. (Figure reproduced here by courtesy of the

authors of Ref. [37])

125



§6.3. Jellium at finite temperature 6. THE ELECTRON GAS

6.3.1 Monte Carlo simulation (Path Integral)

The density matrix of a many-fermion system at temperature kgT = 3~! can be written as an
integral over all paths {R;}

pr(Rs, R ) = 3 D17 dRy exp(-S[Ri). (6.68)
P PRo— R

the path R(t) begins at PRy and ends at Rg and P is a permutation of particles labels. For
nonrelativistic particles interacting with a potential V (R) the action of the path, S[R;], is given
by (see appendix M)

ﬂw—fﬁ

0

(6.69)

Thermodynamic properties, such as the energy, are related to the diagonal part of the density
matrix, so that the path returns to its starting place or to a permutation P after a time .

To perform Monte Carlo calculations of the integrand, one makes imaginary time discrete, so
that one has a finite (and hopefully small) number of time slices and thus a classical system of
N particles in M time slices; an equivalent N M particle classical system of “polymers” [45].

Note that in addition to sampling the path, the permutation is also sampled. This is equiv-
alent to allowing the ring polymers to connect in different ways. This macroscopic “percolation”
of the polymers is directly related to superfluidity as Feynman [123, , 125] first showed. Any
permutation can be broken into cycles. Superfluid behavior can occur at low temperature when
the probability of exchange cycles on the order of the system size is non-negligible. The super-
fluid fraction can be computed in a path integral Monte Carlo calculation as described in Ref.
[85]. The same method could be used to calculate the superconducting fraction in Jellium at
low temperature. However, the straightforward application of those techniques to Fermi systems
means that odd permutations subtract from the integrand. This is the “fermion sign problem”
[101] which will be discussed in the next section.

Thermodynamic properties are averages over the thermal N —fermion density matrix which
is defined as a thermal occupation of the exact eigenstates ¢;(R)

P(RR:0) = Lot (R)e "6 (6.70)

The partition function is the trace of the density matrix
20 =" [aRpr(R.R:) = Yo (6.71)

Other thermodynamic averages are obtained as
©) = 2(8)"" [ dRdR (RIOR)p(R 1 ). (672
Note that for any density matrix the diagonal part is always positive

p(R,R;8) =0, (6.73)
so that Z~1p(R, R; 3) is a proper probability distribution. It is the diagonal part which we need

for many observables, so that probabilistic ways of calculating those observables are, in principle,
possible.
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Path integrals are constructed using the product property of density matrices

p(R2, Ro; B1 + f2) = de1 p(Ra2, Ry; B2)p(R1, Ro; B1), (6.74)

which holds for any sort of density matrix. If the product property is used M times we can relate
the density matrix at a temperature 5! to the density matrix at a temperature M3~!. The
sequence of intermediate points {R1, Ra, ..., Ry—1} is the path, and the time step is 7 = 8/M.
As the time step gets sufficiently small the Trotter theorem tells us that we can assume that
the kinetic 7 and potential V operator commute so that: e~ = e¢~77¢~™V and the primitive
approximation for the Boltzmannon density matrix is found [45]. The Feynman-Kac formula
for the Boltzmannon density matrix results from taking the limit M — oco. The price we have
to pay for having an explicit expression for the density matrix is additional integrations; all
together 3N (M — 1). Without techniques for multidimensional integration, nothing would have
been gained by expanding the density matrix into a path. Fortunately, simulation methods can
accurately treat such integrands. It is feasible to make M rather large, say in the hundreds or
thousands, and thereby systematically reduce the time-step error.

In addition to the internal energy and the static structure of the Jellium one could also
measure its dynamic structure, the “superconducting fraction”, the specific heat, and the pressure

[49].

The direct path integral method

In the direct fermion method one sums over permutations just as bosonic systems. Odd permu-
tations then contribute with a negative weight. The direct method has a major problem because
of the cancellation of positive and negative permutations. This was first noted by Feynman and
Hibbs [55] who after describing the path integral theory for boson superfluid *He, noted: “The
[path integral| expression for Fermi particles, such as *He, is also easily written down. However
in the case of liquid 3He, the effect of the potential is very hard to evaluate quantitatively in
an accurate manner. The reason for this is that the contribution of a cycle to the sum over
permutations is either positive or negative depending whether the cycle has an odd or an even
number of atoms in its length L. At very low temperature, the contributions of cycles such as
L =51 and L = 52 are very nearly equal but opposite in sign, and therefore they very nearly
cancel. It is necessary to compute the difference between such terms, and this requires very
careful calculation of each term separately. It is very difficult to sum an alternating series of
large terms which are decreasing slowly in magnitude when a precise analytic formula for each
term is not available.

Progress could be made in this problem if it were possible to arrange the mathematics describ-
ing a Fermi system in a way that corresponds to a sum of positive terms. Some such schemes have
been tried, but the resulting terms appear to be much too hard to evaluate even qualitatively.

The [explanation] of the superconducting state was first answered in a convincing way by
Bardeen, Cooper, and Schrieffer. The path integral approach played no part in their analysis
and in fact has never proved useful for degenerate Fermi systems. [D. M. Ceperley italics]’

When we measure a property O in a Monte Carlo calculation [101, 126]
{110
0) ==— 6.75
©) = (6.75)

where 7 is a function with both positive and negative pieces and the integrals are not only over
coordinates but a sum over permutations is also tacitly assumed.
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One introduces the distribution function for the importance sampling P

_ JP[IIO/P]
(O) = (PP (6.76)
and calculates
(0 = 2O (6.77)

iwi

where w; = II;/P; and the sums are over M points distributed according to P. Then the variance

of the measure is
b - <<Ziwz )>
2 Wi P

- (g,
o (e,

= 7w2(’)—(9 2
M(SH)2< -0,

_ 1 I1*(0 - (0))?
- — (SH)QJ = , (6.78)

where we assumed that the sampled points were uncorrelated. Choosing P = ¢2/ § ¢? and solving
§0%/8q = 0 we find as the optimal distribution

2

P*oc|II(O — (O))] . (6.79)

The usually one chooses P = [II|/ {|II|. For bosons there are no problems since II is every-
where positive, but for fermions one finds

of = 0B/E (6.80)

where the efficiency is

- [Sslﬁ] [M+MM]2 = {gir = ¢728(0r=0a) (6.81)

The average time that the simulation spend in the positive region of P is M, /M and M_/M is
the average time spent in the negative region. The efficiency for the fermionic case is proportional
to the square of the average sign: the positive sampled points in excess over the negative ones.
From the expressions for the grand-thermodynamic potentials for the ideal Bose, Q, and Fermi,
Qr, gas we find for example

—NpA%/(v/29) -
5—{ ¢ e (6.82)

6—N132!J(175/2(1)—.7"5/2(1))//\3 21
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where b5/5(1) — f5/2(1) ~ 0.4743. We then see that for any 2 the efficiency becomes exponentially
small in the number of particles. Moreover for a fixed N we find £ = e 2(Fr—Fn)  with Fp
the Helmholtz free energy of the Bose gas and Fr the one of the Fermi gas, and in the high
temperature limit we find [127]

¢~ em2PNETAB)Y g, (6.83)

Whereas in the low temperature limit

1 N /7 2/3
_ Nbsp(l) (T2
R S WACY <T> ’ (6.85)

where T, ~ Tp2m/(2.6129)%/* is the Bose-Einstein condensation temperature, F% = Nep + QO
with ey = yu the Fermi energy and Q% = —gVe2/?/(1572A%2), and N = gV (2mer)®/2/672h%. So
that in the limit 5 — o0 we find

¢ = e 2Fp (6.86)
with F2 = g(1/6 — 1/15)‘/65;7/2/(7'(2)\3/2) > 0, which shows how the efficiency of a direct Monte

Carlo calculation on fermions becomes exponentially small as § and N increases. Exactly where
the physics becomes more interesting.

Restricted Path Integral Monte Carlo

The Fermion density matrix is defined [101, | by the Bloch equation which describes its
evolution in imaginary time
0
%pF(R, Ro;8) = —Hpr(R, Ro; B), (6.87)
pr(R, Rp;0) = AJ(R— Ry), (6.88)

where 8 = 1/kpgT with T the absolute temperature and A is the operator of antisymmetrization.
The reach of Ry, ¥(Ry,t), is the set of points {R;} for which

pr(Ry, Ro;t') >0 0<t <t (6.89)
where t is the imaginary thermal time. Note that
pr(Ro, Ro;t) > 0, (6.90)
and clearly
pr (R, Roit)|reony(Ro .ty = 0. (6.91)

We want to show that (6.91) uniquely determines the solution. Suppose §(R,t) satisfies the
Bloch equation

(7—[ + jt) (R, t) =0, (6.92)

129



§6.3. Jellium at finite temperature 6. THE ELECTRON GAS
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Figure 6.4: Illustration of the reach v(Rq,t) of the fermion density matrix.

in a space-time domain o = {t; <t < 1, R € ;}. And the two conditions

0(R,t1) = 0, (6.93)
O(R,t)lpeon, = 0 11 <t<ty, (6.94)
are also satisfied. Consider
t2 )
J dt f dR 20! S (R, 1) (H + (’> 5(R,t) = 0, (6.95)
t1 Qt at
where Vj is a lower bound for V(R).
We have
% [e2V0!6%(R, t)] = 2Vpe?" 0! 6% (R, t) + 262V°t6(R,t)%5(R, t). (6.96)
Since

to (‘) 62V0t 9 to a €2Vgt 9 62V0t2 9
L dtJQt dRat( 50 (R,t)> = L dt(%( 5 L dR§ (R,t)) = — L dR 52(R, ,)6.97)

t2

where in the last equality we used Eq. (6.93). Then from Eq. (6.95) follows

eQVOt
2 Jo

Then using Eq. (6.94) we find

to
dR&*(R, 1) — ewotf dt J dR [Vo6*(R,t) — 6(R,t)HS(R,t)] = 0. (6.98)
t1 Q4

ta

82V0t

dR6?(R, ts) + eQVofJ

t

"t J dR [(V(R) ~ o)3*(R.1) + A (V5(R.1)] = 0. (6.99)
Qqy 1 Q
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Each term in Eq. (6.99) is non-negative so it must be
0(R,t) =0 in «. (6.100)

Let p; and ps be two solutions of the restricted path problem and let § = p; — p2. Then
O(R,t)|peoy(Ro,t) = 0 for t1 < t < to. By taking ¢, to infinity and ¢; to zero we conclude that
the fermion density matrix is the unique solution.

Eq (6.99) also shows that the reach « has the tiling property [101]. Suppose it did not. Then
there would exist a space-time domain with the density matrix non-zero inside and from which
it is only possible to reach R or any of its images PRy, with P any permutation of the particles,
crossing the nodes of the density matrix. But such a domain cannot extend to ¢ = 0 because
in the classical limit there are no nodes. Then this density matrix satisfies for some ¢; > 0 the
boundary conditions (6.93) and (6.94) and as a consequence it must vanish completely inside the
domain contradicting the initial hypothesis.

We now derive the restricted path identity. Suppose pg is the density matrix corresponding
to some set of quantum numbers which is obtained by using the projection operator A on the
distinguishable particle density matrix. Then it is a solution to the Bloch equation (6.87) with
boundary condition (6.88). Thus we have proved the Restricted Path Integral identity

pr(Rp, Ro; B) = de’ pr(R', Ro;0) 3@ dRy e S, (6.101)

R'—Rgey(Ro)

where the subscript means that we restrict the path integration to paths starting at R’, ending at
Rg and node-avoiding. The weight of the walk is pp(R’, Ro;0). It is clear that the contribution
of all the paths for a single element of the density matrix will be of the same sign; positive if
pr(R, Ro;0) > 0, negative otherwise.

Important in this argument is that the random walk is a continuous process so we can say
definitely that if sign of the density matrix changed, it had to have crossed the nodes at some
point.

The restricted path identity is one solution to Feynman’s task of rearranging terms to keep
only positive contributing paths for diagonal expectation values.

The problem we now face is that the unknown density matrix appears both on the left-
hand side and on the right-hand side of Eq. (6.101) since it is used to define the criterion of
node-avoiding paths. To apply the formula directly, we would somehow have to self-consistently
determine the density matrix. In practice what we need to do is make an ansatz, which we call
pr, for the nodes of the density matrix needed for the restriction. The trial density matrix, pr,
is used to define trial nodal cells: vr(Rp).

Then if we know the reach of the fermion density matrix we can use the Monte Carlo method
to solve the fermion problem restricting the path integral (RPIMC) to the space-time domain
where the density matrix has a definite sign (this can be done, for example, using a trial density
matrix whose nodes approximate well the ones of the true density matrix) and then using the
antisymmetrization operator to extend it to the whole configuration space. This will require the
complicated task of sampling the permutation space of the N—particles [15]. Recently it has
been devised an intelligent method to perform this sampling through a new algorithm called the
worm algorithm [128]. In order to sample the path in coordinate space one generally uses various
generalizations of the Metropolis rejection algorithm [129] and the bisection method [45] in order
to accomplish multislice moves which becomes necessary as 7 decreases.

The pair-product approximation was used [38] (see appendix N) to write the many-body
density matrix as a product of high-temperature two-body density matrices [45]. The pair
Coulomb density matrix was determined using the results of Pollock [130] even if these could
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be improved using the results of Vieillefosse [131, ]. This procedure comes with an error
that scales as ~ 73/r2 where 7 = /M is the time step, with M the number of imaginary time
discretizations. A more dominate form of time step error originates from paths which cross the
nodal constraint in a time less than 7. To help alleviate this effect, Brown et al. [38] use an
image action to discourage paths from getting too close to nodes. Additional sources of error are
the finite size one and the sampling error of the Monte Carlo algorithm itself. For the highest
density points, statistical errors are an order of magnitude higher than time step errors.

The results at a given temperature 7" where obtained starting from the density matrix in the
classical limit, at small thermal times, and using repetitively the squaring method

pi(Rus Ros B) = f AR pr(Ru B3 8/2)pr (R, Ras 5/2). (6.102)

Time doubling is an improvement also because if we have accurate nodes down to a temperature
T, we can do accurate simulations down to T/2. Eq. (6.102) is clearly symmetric in Ry and Rs.
The time doubling cannot be repeated without reintroducing the sign problem.

Brown et al. [88] use N = 33 electrons for the fully spin polarized system and N = 66
electrons for the unpolarized system.

6.3.2 Results for the radial distribution function and structure factor

In the classical Debye-Hiickel limit one has [67, 133]
Tr
gpr(r) = exp [— eXp(—kDrsaor)] : (6.103)
T

were kp = 1/4mfne?. And for the structure factor, after linearizing Eq. (6.103) for r » 1/kprsaq,

]412

Son(k) = 2730

(6.104)

A serious weakness of the linearized approximation is the fact that it allows g(r) to become
negative at small r. This failing is rectified in the non-linear version (6.103).

In the ground state the radial distribution function and structure factor have been calculated
by Ortiz and Ballone [122].

In Fig. 6.5 we present the RPIMC results of Brown et al. [38].

6.3.3 Results for the internal energy

Given the total internal energy per particle of the fluid e, the exchange and correlation energy
per particle is

exc(T) = et (T) — eo(T). (6.105)
where eo(T) is the kinetic energy of a free Fermi gas at temperature 7. And
exc(T) = e, (T) + e.(T). (6.106)

where e, (T') is the Hartree-Fock exchange energy for a Fermi gas at temperature T (see Eq. (7)

of Ref. [134]).
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Figure 6.5: Pair correlation functions (on the left) for 7, = 1.0 and r4 = 10.0 in the unpolarized
state. Also shown is the small r part of the classical Debye-Hiickel limit at ©® = 8.0; see Eq.
(6.103). The Debye-Hiickel limit is not yet reached at © = 8.0 for the lower density rs = 10.0.
Static structure factors (on the right) for rs = 1.0 and r, = 10.0 in the unpolarized state. Also
shown is the small k part of the classical Debye-Hiickel limit at © = 8.0; see Eq. (6.104). (Figure

reproduced here by courtesy of the authors of Ref. |

)
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For fixed polarizations £ = 0, the unpolarized case, and for £ = 1, the fully polarized case,
one has

r3 1

31 (* 4 © ! d
& = ~C-O5hmra | Tre | e 610y
6282 Ry2 Jy T+err )y Trevr ) ) \Jajy+Jyjz— 22
where
ve] xu

I = — = d 6.109
) = | e (6.109)

and & is determined from

2

I1(1/2,K) = 5973/2. (6.110)

For the expressions at an intermediate polarization 0 < £ < 1 see the appendix H. It is still
missing an analysis of the finite temperature Jellium at intermediate polarizations. This would
be important for a clearer determination of the Jellium phase diagram.

In Fig. 6.6 we present the RPIMC results of Brown et al. [38].

In Ref. [136] a comparison is given between these calculations to previous estimations of
the Jellium correlation energy. Such parameterizations generally fall into two categories: those
which extend down from the classical regime and those which assume some interpolation between
the T = 0 and high-T" regimes. From the former group, in Fig. 6.7, Brown et al. plot e,
coming from Debye-Hiickel (DH) theory which solves for the Poisson-Boltzmann equations for
the classical one-component plasma and the quantum corrections of Hansen et al. [133, | of
the Coulomb system both with Wigner-Kirkwood corrections (H+WK) and without (H). Clearly
these methods do not perform well in the quantum regime below the Fermi temperature since
they lack quantum exchange.

The Random Phase Approximation (RPA) [138, 139] is a reasonable approximation in the low-
density, high-temperature limit (where it reduces to DH) and the low-temperature, high-density
limit, since these are both weakly interacting regimes. Its failure, however, is most apparent
in its estimation of the equilibrium, radial distribution function g(r) which becomes negative
for stronger coupling. Extensions of the RPA into intermediate densities and temperatures
have largely focused on constructing local-field corrections (LFC) through interpolation since
diagrammatic resummation techniques often become intractable in strongly-coupled regimes.
Singwi et al. [86] introduced one such strategy. Tanaka and Ichimaru [140] (TT) extended this
method to finite temperatures and provided the shown parameterization of the Jellium correlation
energy. This method appear to perform marginally better than the RPA at all temperatures,
though it still fails to produce a positive-definite g(r) at values of r4 > 2. A third, more recent
approach introduced by Perrot and Dharma-wardana (PDW) [141] relies on a classical mapping
where the distribution functions of a classical system at temperature 7.y, solved for through
the hypernetted-chain equation, reproduce those for the quantum system at temperature T.
In a previous work, PDW showed such a temperature 7T, existed for the classical system to
reproduce the correlation energy of the quantum system at 7' = 0 [142]. To extend this work to

finite temperature quantum systems, they use the simple interpolation formula Toy = 4 /T2 + TqQ.

This interpolation is clearly valid in the low-7" limit where Fermi liquid theory gives the quadratic
dependence of the energy on 7'. Further in the high-T regime, 7" dominates over T as the system
becomes increasingly classical. The PDW line in Fig. 6.7 clearly matches well with the RPIMC
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Figure 6.6: Excess energies E,. = e,. (on the left) for r, = 4.0 and r, = 40.0 for the polarized
state (Fo = eg). For both densities the high temperature results fall smoothly on top of previous
Monte Carlo energies for the classical electron gas [135] (solid line). Differences from the classical
Coulomb gas occur for © < 2.0 for vy = 4.0 and © < 4.0 for r¢ = 40.0. Simulations with the
Fermion sign (squares) confirm the fixed-node results at © = 1.0 and 8.0. The zero-temperature
limit (dotted line) smoothly extrapolates to the ground state QMC results of Ceperley-Alder
[87] (dashed line). Correlation energy E.(T) = e.(T) (on the right) of the 3D Jellium at several
temperatures and densities for the unpolarized (top) and fully spin-polarized (bottom) states.
Exact (signful) calculations (squares) confirm the fixed-node results where possible (© = 8.0 for

€ =0and © =4.0,8.0 for £ = 1). (Figure reproduced here by courtesy of the authors of Ref.
[38])
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results in these two limits. It is not surprising, however, that in the intermediate temperature
regime, where correlation effects are greatest, the quadratic interpolation fails. A contemporary,
but similar approach by Dutta and Dufty [143] uses the same classical mapping as PDW which
relies on matching the T' = 0 pair correlation function instead of the correlation energy. While
we expect this to give more accurate results near T' = 0, we would still expect a breakdown of
the assumed Fermi liquid behavior near the Fermi temperature. Future Jellium work will include
creating a new parameterization of the correlation energy which uses the RPIMC data directly.
In doing so, simulations at higher densities and both lower and higher temperatures may be
necessary in order to complete the interpolation between the ground state and classical limits.

_0.05F '. /
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Figure 6.7: Correlation energy E.(T) = e.(T) of the Jellium at r; = 4.0 for the unpolarized
& = 0 state from the RPIMC calculations (RPIMC) and several previous parameterizations as a
function of ©. The latter include Debye-Hiickel (DH), Hansen (H), Hansen+Wigner-Kirkwood
(H+WK), Random Phase Approximation (RPA), Tanaka and Ichimaru (TI), and Perrot and
Dharma-wardana (PDW). Also included is the ground state ©® = 0.0 result for comparison.
(Figure reproduced here by courtesy of the authors of Ref. [136])

6.3.4 Phase diagram

The worm-dense regime for both the fully spin-polarized £ = 1 and unpolarized £ = 0 systems has
been studied through RPIMC by Brown et al. [88]. This study complements the previous Monte
Carlo studies on the classical one-component plasma [135] and the inclusion of first order quantum
mechanical effects by Jancovici [144] and Hansen and Vieillefosse [137]. However, the accuracy
of these results quickly deteriorates as the temperature is lowered and quantum correlations play
a greater role [145]. This breakdown is most apparent in the warm-dense regime where both T’
and © are close to unity as shown in Fig. 6.8.
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In the RPIMC of Brown et al. |
density matrix

| the trial density matrix was taken as the free electron

P2
pr(R,R's7) = (4n7/rd) N2 Aexp [(R i ] 7

11
i) (6.111)

where 7 = /M with M the number of imaginary time discretizations. This approximation
should be best at high temperature and low density when correlation effects are weak. The
free-particle nodal approximation performs well for the densities studied by Brown et al. [38].
Further investigation is needed at even smaller values of r; and lower temperatures in order to
determine precisely where this approximation begins to fail. Such studies will necessarily require
algorithmic improvements, however, because of difficulty in sampling paths at low density and

low temperature.

e e e o oo - °
. i
.~ Classical Plasma s L
L ne ° e eo.6 o . s
. /Q, e &
7 L7 -
[} [} . ® o o0 »
-
10%F P - P R ,;,,,’,, @
- -
/, ,/
@ e ° e o . . e
}/’X\\ 7 F
7 e L] e." o o0 o~
p- b
-, s
i Quantum, Eiquid
® [ g ° e o o P [}
1071 oo o PQ
PO -
e [} (] o 00N [}
P o p
” P .
g P S Wigner Crystal
P ”
. # , B

10! 102

Ts

Figure 6.8: Temperature-density phase diagram showing the points considered in Ref. [38].
Several values of the Coulomb coupling parameter I' (dashed lines) and the electron degeneracy
parameter © (dotted lines) are also shown. (Figure reproduced here by courtesy of the authors

of Ref. [38])

6.4 Some physical realizations and phenomenology

The Jellium model is a system of pointwise electrons of charge e and number density n in the three
dimensional Euclidean space filled with an uniform neutralizing background of charge density
—en. The zero temperature, ground-sate, properties of the statistical mechanical system thus
depends just on the electronic density n, or the Wigner-Seitz radius r, = (3/47n)"/3/ay where
ag is Bohr radius, or the Coulomb coupling parameter T'.

The model can be used for example as a first approximation to describe free electrons in
metallic elements [146] (2 < rs < 4) or the interior of a white dwarf [147] (rs ~ 0.01). More

~
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generally it is an essential ingredient for the study of ionic liquids (see Ref. [67] Chapter 10
and 11): molten-salts, liquid-metals, and ionic-solutions. In molten alkali halides the masses of
the cation and the anion are comparable whereas in liquid metals the anions are replaced by
electrons from the valence or conduction bands. The very small mass of the electron leads to
a pronounced disymmetry between the two species present in the metal. In particular, whereas
the behavior of the cations can be discussed in the framework of classical statistical mechanics,
the electron form a degenerate Fermi gas for which a quantum-mechanical treatment is required.
Restricting to the class of simple metals in which the electronic valence states are well separated
in energy from the tightly-bound core states; their properties are reasonably well described by
the nearly-free-electron model. Metals that are classified in this sense include the alkali metals,
magnesium, zinc, mercury, gallium, and alluminium. Other liquid metals (noble and transition
metals, alkaline earths, lanthanides, and actinides) have more complicated electronic structures,
and the theory of such systems is correspondingly less well advanced. Molten-salt solutions are
mixtures of liquid metals and molten salts. Ionic-solutions are liquids consisting of a solvent
formed by neutral, polar molecules, and a solute that dissociates into positive and negative ions.
They vary widely in complexity: in the classic electrolyte solutions, the cations and anions are
comparable in size and absolute charge, whereas macromolecular ionic solutions contain both
macroions (charged polymers chains or coils, micelles, charged colloidal particles, etc.) and
microscopic counterions.

Experimentally, Wigner crystallization was first unambiguously observed to occur in a quasi-
classical, quasi-two-dimensional fluid of electrons floating on top of liquid *He substrate [148].
Such quasi-two-dimensional electron systems are currently realized in the laboratory in various
semiconductors structures, but is has proven difficult to reach the very low temperatures needed
for Wigner crystallization of electrons in the quantal regime without losing their collective be-
havior through the unavoidable presence of impurities. Furthermore, the application of a strong
magnetic field to a quasi-two-dimensional electron fluid in semiconductor structures provides
a very effective way to squeeze out the translational kinetic energy without going to very low
densities. The Wigner crystallization in the exactly-two-dimensional Jellium has been found by
DMC calculations to be past ry = 37 + 5 [149].

Whereas the finite temperature properties of Jellium depends additionally on the electron
degeneracy parameter ©. Apart from its purely speculative interest, the temperature dependence
of the Jellium properties are certainly of great astrophysical relevance. Examples are dense
plasmas in the interior of giant planets [150] and brown dwarfs atmospheres. Other uses could be
in highly compressed laboratory plasmas, such as laser plasmas [151], inertial confinement fusion
plasmas [152], and pressure-induced modifications of solids, such as insulator-metal transitions
[153]. These examples justify the growing interest recently emerged in matter under extreme
conditions in the warm-dense regime [154].

It would be desirable to perform a full quantum Monte Carlo simulation for the Restricted
Primitive Model (RPM), an electrically neutral fluid of particles of opposite charge made ther-
modynamically stable by preventing the particles collapse through the inclusion of a hard core
of a certain radius centered on each particle. Some attempts have been made for large mass
asymmetries between the positive and negative charges requiring a mixed MC (classical) - DMC
(quantum) treatment [155, 156] where one treats the slow ions through the Born-Oppenheimer
approximation and the fast ones at zero temperature. Other alternatives could be a mixed MC
- PIMC or more generally a full PIMC one.

Follows an excerpt from the last March and Tosi book [157].
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6.4.1 Molten halides and some alloys of metallic elements

Unlike monatomic fluid like liquid argon already for liquid sodium it is necessary to view it as
formed of positive ions and conduction electrons. More obviously, one has to start from an ionic
picture in describing a sodium chloride melt or liquid lithium iodide.

The crystal structures of halide compounds arise from electronic charge transfer and local
compensation of positive and negative ionic charges through chemical order. Nature achieves
charge compensation in two qualitatively distinct ways. The first involves halogen sharing and
high coordination for the metal ions, as for example in alkali, alkaline-earth and lanthanide metal
halides. In the second type charge compensation takes place within well defined molecular units,
either monomeric ones as for example in HgC1, and SbC13 or dimeric ones as in A1Brj3.

Neutron diffraction studies of metal halide melts have shown that melting usually preserves
the type of chemical order found in the crystal. For example, the melting of MgC15 or YC13 can
be viewed as a transition from an ionic crystal to an ionic liquid (ionic-to-ionic, in short) and
that of SbC13 or A1Br3 as a molecular-to-molecular transition. However, A1Br3 and FeCl3 are
known instances of ionic-to-molecular melting. Intermediate-range order (IRO), extending over
distances of 5 to 10 A say, has been revealed in both network-type and molecular-type melts.
This type of order is well known in glassy materials.

Alkali halide vapours

Even for alkali halides, the vapour at coexistence with the hot melt is made of molecular
monomers and dimers. The same basic ionic model can account for cohesion in these molecules
as in the solid and dense liquid states, provided that distortions of the electron shells of the ions
from electrical and overlap effects are accounted for.

Coulomb ordering in monohalides and dihalides
Alkali halides

The nature of Coulomb ordering in a molten salt like NaCl is such that the distribution of the
screening charge density around any given ion oscillates in space, rather than being a monotonic
function of distance as in the Debye-Hiickel theory. Nevertheless, a meaningful definition of
screening length in a dense ionic fluid can be based on the Debye-Hiickel concept of the potential
drop across the dipole layer formed by an ion and by the screening charge distribution.

Noble-metal halides

The monovalent Cut and Ag™' ions, with an outer shell of ten d-electrons, have small ionic
radius and large electronic polarisability in comparison with the corresponding alkali ions. These
properties lead to some hybridisation and covalent binding in copper and silver halides, tending
to favor low coordination of first neighbors and promoting remarkable transport behaviors.

The ionic conductivity of solid CuBr and Cul increases rapidly with temperature, already
reaching values of ~ 0.1 Q~*cm ™! before attaining, through two structural phase transitions, fast-
ion (superionic) behavior of the Cu™ ions before melting. A phase transition is also exhibited by
Agl at 147 °C and is accompanied by a jump in ionic conductivity to a values of ~ 1 Q 'em™!,
typical of ionic melts. The Ag™ ions in the a phase are disordered over many interstitial sites.
Solid CuC1, AgC1 and AgBr also show premelting phenomena, with the ionic conductivity rising
to values of 0.1 — 0.5 Q lem™1.

These materials melt at relatively low temperature with a relatively low entropy change, while
the ionic conductivity of the melt is comparable to that of molten alkali halides. Excess entropy
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has been released in the crystal before melting through the massive disordering of the metal
ions. Diffraction data are available for all melts of this family: overall, their liquid structure can
be described in term of a random close-packing of halogens, accommodating the metal ions in
tetrahedral-like coordinations.

Fluorite-type superionic conductors

Fluorite-type materials such as SrC12 undergo a diffuse transition to a high-conductivity state
before melting. The ionic conductivity and the entropy increase rapidly but continuously with
temperature across the transition, whereas the heat capacity shows a peak. A high dynamic
concentration of anionic Frenkel defects (interstitial-vacancy pairs) is gradually created across
the transition, as revealed by neutron diffraction and diffuse quasi-elastic scattering studies on a
variety of materials including SrC1ly, CaF5, PbF; and UOs. In other materials, such as BaCls
and SrBry, a superionic state is attained through a structural phase transition to the fluorite
structure.

The liquid structure of BaCl, and SrCls has been determined by neutron diffraction using
isotopic substitution. In both melts, within the frame of the divalent cations, the halogen ion
component is more weakly ordered. The liquid structure thus shows a remnant of the fast-ion
conducting state that the solid attains through an extensive disordering of the anions.

The observed short-range ordering in molten SrCl, and BaCls suggests that freezing may
be viewed as a process in which the cationic component is independently crystallising and at the
same time modulating the anions into the lattice periodicity. The anionic component in the hot
crystal near melting may thus be described as a modulated “lattice liquid”. In turn, the diffuse
transition from the superionic to the “normal” state on cooling the SrC1, crystal may be viewed
as a continuous process of anionic freezing inside the periodic force field of the metal-ion lattice.

Tetrahedral-network structure in ZnCl,

The pair structure is also experimentally known for a number of other dihalide melts. The evolu-
tion of the liquid structure with increasing covalency versus ionicity of the bonding brings it from
a cation-dominated structure to one in which the anions provide a “deformable frame” accom-
modating the doubly-charged cations. The C17-C1~ structural correlations are not especially
affected: the C1-C1 bond length stays in the range 3.6 to 3.8 A.

The state of pronounced IRO in molten ZnC12 arises from strongly stable local tetrahedral
structures through the formation of a network of chlorines. The partial distribution functions
can be interpreted as describing a disordered close-packed arrangement of chlorine ions which
provides tetrahedral sites for the Zinc ions. Such a structural arrangement is very similar to that
of the glassy state of ZnCly: the Zn-C1 bond length is practically the same in the two states
and the average coordination number of Zn is reported as 3.8 in the glass and ~ 4 in the melt.

6.4.2 Structure of trivalent-metal halides

Two main trends emerge from liquid structure studies on trichlorides: (i) the trend from cation-
dominated Coulomb ordering to loose octahedral-network structures across the series of lan-
thanide compounds including YC13, and (ii) the stabilization of molecular structures with strong
intermolecular correlations leading to IRO. The overall structural evolution is governed by the
increasing weight of covalency versus ionicity.
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Octahedral-network formation in lanthanide chlorides

X-ray diffraction data on the series of molten rare-earth trichlorides show similar structural
characters. The dy;¢c; bond length lies in the range 2.7-2.9 A while the second-neighbor bond
lengths are dyspr ~ 5 A and deyer ~ 4 A, indicating a Coulomb ordering primarily ruled by
the repulsion between the cations as discussed earlier for SrC12. Ionic conductivity and Raman
scattering data suggest that the coordination of the metal ions is becoming more stable through
the series, leading to a liquid structure which resembles a loose network of Cl-sharing octahedra.

Ionic-to-molecular melting in AICl; and FeCl;

YCl3 is structurally isomorphous to A1C13 in the crystal phase. The octahedral coordination
of the Y, Al and Fe ions in the crystal is apparent, which is basically preserved in YCl3 on
melting. The upper cluster illustrates the cooperative mechanism of metal-ion displacements by
which the A15,C1g and FepClg molecules can form on melting, each dimer being in the shape of
two tetrahedra sharing an edge. In A1Brsz such an arrangement of Al ions in tetrahedral sites
already exists in the crystal. The melting of A1C13 and FeCls also involves expansion of the
chlorine packing.

Liquid haloaluminates

In A1Cl3 and A1Br3, while the pure melt is a molecular liquid, molten-salt behavior emerges
on mixing with alkali halides. Complex anions are formed with the alkalis playing the role of
counterions. Thus, starting from neutral A15Clg dimers in the A1C13 liquid, the (A1,Cl7)~
anion in the shape of two tetrahedra sharing a corner has been identified in mixtures with alkali
chlorides. This anion is ultimately replaced by (A1C14)~ anions at 1 : 1 stoichiometry.

The fluoroaluminates behave quite differently. The NagA1F, compound, known as cryolite,
presents special interest because of its role in the industrial Hall-Héroult process for the elec-
trodeposition of Al metal from alumina. The Raman spectra of molten (A1F3).. (NaF);_. and
other Al-alkali fluoride mixtures give evidence for a gradual conversion of (A1F4)~ into (A1Fs)?~
and (A1Fg)~ as the solution becomes more basic with ¢ decreasing below 0.5.

Molecular-to-molecular melting in GaCl; and SbCl;

For other trihalides, such as GaCls and SbCls molecular units can be recognized as constituents
in the crystal structure. Crystalline GaCls can be viewed as composed of GasClg dimers. The
crystal structure of SbC13 is instead built by packing chains of monomers in the shape of trigonal
pyramids with metal ions at the apices. The stable molecular units in the vapour phase are the
GayClg dimer and the SbCl3 monomer.

The liquid structure of SbCls at 80 °C has been studied by a combination of X-ray and
neutron diffraction. It can be described as arising from separate monomeric units with strong
intermolecular correlations. Each metal ion has three additional chlorine neighbors from other
molecules: such a strongly distorted octahedral arrangement could result from stacking the
monomers in chains like umbrellas, the dipole axes of molecules within a chain being strongly
correlated over at least one or two molecular diameters.

The neutron diffraction patterns measured for molten A1Br3, GaBrs and Gals show three
peaks at approximately 1.0, 1.9 and 3.4 A-1. The corresponding pair distribution functions
exhibit a very well defined coordination shell of first neighbors, with coordination number 4.0+0.2
for A1Br3 and GaBrsz and 3.75 + 0.2 for Gals. The intermolecular correlations between halogens
are quite significant, the corresponding coordination number being in the range typical of a
random close-packing in the liquid state.
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6.4.3 Chemical short-range order in liquid alloys

Fully ionized salts with a large band gap, like the alkali halides, remain ionic across melting.
At the opposite extreme, melting of covalent semiconductors such as Ge and InSb involves a
collapse of the covalent structure, which is directly revealed by an increase of coordination from
4 to values in the range 6-8 and by a sharp increase in electrical conductivity to an essentially
metallic type. Between these extremes a number of systems have been identified which show a
variety of intermediate electronic behavior in the liquid phase.

The CsAu compound

The stoichiometric CsAu compound crystallizes in the CsCl-type structure and is a strongly
polar semiconductor with an optical band gap of 2.6 eV at room temperature. Its electrical
conductivity drops on melting to a value which is comparable to molten salts. Electromigration
experiments give evidence that Cs migrates to the cathode and Au to the anode, one Cs™ and
one Au~ being transported per elementary charge to the electrodes.

A neutron diffraction study of the liquid structure of the Cs-Au alloy shows a structure in
the neutron structure factor at k = 1.2 A~!, which is interpreted as the “Coulomb prepeak”
characteristic of chemical order. After Fourier transform of these data, the Cs-Au first neighbor
distance at 3.6 A can be followed up to 80% Cs, while the Cs-Cs distance at 5.3 A characteristic
of the pure Cs metal start emerging at 70% Cs.

Other alkali-based alloys with chemical short-range order

Interspecies ordering as shown by the Cs-Au system has been reported for a number of other
alkali-based alloys, the alloying partners being elements of group III, IV or V. The formation of
chemical short-range order at certain compositions is signalled by anomalies in electronic prop-
erties such as the electrical resistivity and the magnetic susceptibility, which reflect a minimum
in the electron density of states at the Fermi level if not the opening of a gap due to full charge
transfer. Three different kinds of compound formation can be identified: (i) compound forma-
tion near the electronic octet composition A4B as in Li-Pb or Li-Sn; (ii) compound formation
near the equimolar composition AB, as in K-Pb or Rb-Pb; and (iii) compound formation near
both these compositions, as in Li-Si, Li-Ge or Na-Sn. The data show increasing stability of the
octet composition through the sequence Si, Ge, Sn and Pb, and decreasing stability through the
sequence from Li to Cs.

A neutron diffraction measurement of the Bhatia-Thornton 7 concentration-structure factor
in Li4sPb has shown chemical order extending over a range of about 20 A in the corresponding
gee(r) distribution function. With regard to alkali-group IV alloys in the second and third
classes mentioned above, such as K-Pb or Na-Sn, it has proposed a model for order at equimolar
composition which invokes formation of essentially tetrahedral Pby or Sny polyanions. Such
tetrahedral “Zintl ions” are seen in the crystal structure of the equiatomic compound. In such
a tetrahedral cluster the p-type electron states of Pb, say, would be split into bonding and
antibonding states and the former could be filled by electron transfer from the alkali atoms.

The presence of polyanions in Zintl alloys also has dynamical consequences. A striking case
is NaSn, in which the Sns polyanions are observed to undergo jump reorientations and thereby
to enhance the diffusivity of the Na cations by a paddle-wheel mechanism. These two types of
disorder appear simultaneously as the melting point is approached.

7A. B. Bhatia and D. E. Thornton, Phys. Rev. B 2, 3004 (1970)
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6.4.4 Liquid metals

Some properties of simple liquid metals having conduction electrons in s and p states, that
specifically reflect their nature as two-component liquids of ions and electrons are: (i) the effective
interaction between pairs of ions as determined by screening of their bare Coulomb repulsions
by the conduction electrons; (ii) the structural correlation functions involving the conduction
electrons and supplementing the nuclear structure factor S(k) in a full description of the liquid-
metal structure; and (iii) the theory of electrical resistivity and viscosity of liquid metals. For a
general account of liquid metals the book of March [158] may be consulted. in the limit when
the effects of the ionic cores become negligible, we shall call the plasma particles “Jellium”.
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Appendix H

Ideal gas energy and exchange
energy as a function of polarization

For the general case of N, spin-up particles the Fermi wave-vector for the spin-up (spin-down)
particles will be

ki = (1£6)kp, (H.1)
with
kp = (372n)Y2 = (97/4)Y3 Jagrs, (H.2)

the Fermi wave-vector of the unpolarized fluid.
The Fermi energy will be

(hkg)®
B 2m ' '
The degeneracy parameter will then be
2/3
o=2m( 1 kel . (H.5)
2 \37%n [(1+€)%5 + (1-¢)%3]
Then finding x* and s~ from the following equations
2 1
I(1/2,5%) = @732 (1+8) 7 (H.6)
S [argrr -
2 1-
I(1/2,k7) = @72 (1= 72 (H.7)
a9 (-

we can determine the kinetic energy per particle of the partially polarized, 0 < £ < 1, ideal Fermi
gas

273 1 [I(3/2,x%) I(3/2,k7)

S

TRy | (116 (-9

€0 (H.8)
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H. IDEAL GAS ENERGY AND EXCHANGE ENERGY AS A FUNCTION OF
POLARIZATION

The exchange energy on the other hand will be

| 1 fﬂ da F dy f dz
€r = —7 3=
‘ 3232 Ry? (1+8) Jo 14+emr" Jo 14+ev=" )y /o)y +/y/z— 2z

L o [ )
1-8)Jo 1+ex% Jo 1+ev=r" )y Jafy+Jy/e—22|

B
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Appendix 1

Jastrow, backflow, and three-body

In terms of the stochastic process governed by f(R,t) one can write, using Kac theorem [159, 160]

JdR f(R,T) = <exp [— JOT dt EL(Rt)]>DRW , (I.1)

where (... )prw means averaging with respect to the diffusing and drifting random walk. Choos-
ing a complete set of orthonormal wave-functions ¥; we can write for the true time dependent
many-body wave-function

¢(R,7)

Z\IJ,»(R) JdR’\Ili(R')gZ)(R',T) ~ U(R) J dR f(R,T)

U(R) <exp [ L dt EL(Rt)]>DRW : (1.2)

where VU is the wave-function, of the set, of maximum overlap with the true ground-state, the
trial wave-function. Assuming that at time zero we are already close to the stationary solution,
for sufficiently small 7 we can approximate

<exp [— JOT dt EL(Rt)]>DRW ~ e TEL(RT) (1.3)

By antisymmetrising we get the Fermion wave-function

or(R.7) ~ A [e‘TEL(R)\I/(R)] , (L4)

where given a function f(R) we define the operator (a symmetry of the Hamiltonian)

1

ey (D7 f(PR) | (L.5)

Alf(R)]

here Np = N !N_!is the total number of allowed permutations P.

This is called the local energy method to improve a trial wave-function. Suppose we start
from a simple unsymmetrical product of single particle plane waves of N spin-up particles with
k< k;ﬁ occupied and N_ spin-up particles with k& < k% occupied, for the zeroth order trial
wave-function. Equation (I.4) will give us a first order wave-function of the Slater-Jastrow type
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(see equation (6.33)). If we start from an unsymmetrical Hartree-Jastrow trial wave-function the
local energy with the Jastrow factor has the form

2

Vi > ()| | (1.6)

i<k

Er=V =AY | =k = 2ik; Vi Y ulrgn) — V2 Y ulry) +

i<k i<k

where V' = V(R) is the total potential energy and r;; = |r;;| = |r; — r;|. Then the antisym-
metrized second order wave-function has the form in Eq. (6.48), which includes backflow (see
the third term), which is the correction inside the determinant and which affects the nodes, and
three-body boson-like correlations (see last term) which do not affect the nodes.
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Appendix J

The Random Phase Approximation

In this Appendix we will work on an unpolarized system.

Within the linear density response theory [67] ! one introduces the space-time Fourier trans-
form, x(k,w), of the linear density response function. Which is related through the fluctuation
dissipation theorem, S(k,w) = —(2h/n)O(w)Imy(k,w), to the space-time Fourier transform,
S(k,w) (dynamic structure factor), of the van Hove correlation function [161], {p(r,t)p(0,0)>/n,
where p(r,t) = exp(iHt/h)p(r) exp(—iHt/h).

In the Random Phase Approximation (RPA) we have [64]

1 1 9.

Xrpa(k,w) - xo(k,w) e“Ou(k) , (J.1)

where x is the response function of the non-interacting Fermions (ideal Fermi gas), known as the
Lindhard susceptibility [162]. This corresponds to taking the “proper polarizability” (the response
to the Hartree potential) equal to the response of the ideal Fermi gas [163]. With the help of the
fluctuation dissipation theorem, Sp(k,w) = —(2h/n)O(w)Imyo(k,w) gives the differential cross-
section for inelastic scattering from the ideal Fermi gas (at energy transfer w > 0). Scattering is
due to the excitation of single particle-hole pairs

o(k,w _27r2n nY ) [ ili(eﬁkeq)] : (J.2)

where ey, = h?k?/(2m) and nY = O(|k| — k) is the momentum distribution of the ideal Fermi
gas. We thus find

hrvp e 0<w< —wy(k)
2
So(k,w) = { hrvphe [1 - (TF - %) ] lwa (k)] < w < wi(k) (J.3)
0 w = wy (k)

with vp = mkp/(nm?h?) the density of states for particles at the Fermi level, vp = hkp/m
the velocity of a free particle on the Fermi surface wi(k) = h(kkp + k?/2)/m, and wa(k) =
h(—kkp + k%/2)/m. Naturally we also have S*(k X So(k,w)dw/(27).

INote that, unlike in the classical case, in quantum statistical physics even the linear response to a static
perturbation requires the use of imaginary time correlation functions [31].
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The RPA static structure factor is then recovered through

A (* dw
SRPA(k) = —*J\ 7ImX(kaw) . (J4)
n 0 s
where
ImXo
I _ J.5
mx (1 —e20,Rexo)? + (€20,Imyq)? 3
and
I — _ES >0 (J 6)
myo = % 0, W ) '
1 1l—(@—y? Joa—l-y| 1-(z+y? |z+1+y
R - _ - 1 J.7
exo TLVF{2+ 8y x+1—y+ 8y le_1+y » (3.7)

where = w/kvp and y = k/2kp. In deriving Eq. (J.7) we used the fact that Imyo(k,w) is an
odd function of w and the Kramers-Kronig relations.
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Appendix K

Analytic expressions for the
non-interacting fermions ground
state

Usually g,,,+ is conventionally divided into the (known) exchange and the (unknown) correlation
terms

9o,0 = g;g' + 9570’ ) (Kl)

where the exchange term corresponds to the uniform system of non-interacting fermions.

K.1 Radial distribution function

We thus have (from the definition of the RDF (6.54) and using Slater determinants for the
wave-function)

gl () = 1, (K.2)

L) = 1- [W] |

K.
kgr (K.3)

where ji(z) = [sin(x) — z cos(x)]/2? is the spherical Bessel function of the first kind and (k%)® =
672n, is the Fermi wave-number for particles of spin o.

K.2 Static structure factor

Again we will have the splitting S, »» = S7 ,, + 55 ,, into the exchange and the correlation parts.
So that for the non-interacting fermions we get

Si,_(k) = 0, (K.4)
n n2 32 E\?2 k
xT — g _ e 2 o _ 1 _ 2
S0k n 0 O PGy ( 2k%) ( " Qk%)
1 k > 2k7
n F
= Z X 3 , (K.5)
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where O(z) is the Heaviside step function.

K.3 Internal energy

The Hartree-Fock approximation [164, , | for the ground state of a system of interacting
fermions assumes that the many-body wave function is a Slater determinant built from single-
particle states, which are to be determined self-consistently by minimization of the expectation
value of the Hamiltonian. Whereas for an inhomogeneous many-electron system (e.g. an atom
or a molecule) the solution of the Hartree-Fock self-consistent problem can usually be obtained
only in a numerical form involving further approximations, the exact Hartree-Fock solution is
immediate in the case of a homogeneous fluid: in this case the self-consistent single-particle states
are necessarily plane waves, from translational invariance. Hence, the Hartree-Fock wave function
for the ground-state of a homogeneous fluid is the same as the ground-state wave function of the
ideal Fermi gas.
Including explicitly the spin indices we get

1
HF 0
Eg = kga N [Ek + QEHF(k)] s (K6)

where n%\a is the ideal Fermi distribution, ¢, = h?k2?/2m and for an unpolarized system

1
ZHF(k> = g+ N Zq:’l)qnngq’o. (K?)
€2k‘F k% — k2 k+kp
= — 1 K.
[ Uk n‘k—kp]’ (K.8)

here vy = vg—o and vq = 4me?/¢*. So that

3 3 2.21  0.916
eI!;IF _ E;{F/N _ ( _ ) Ry = ( — ) Ry, (K.9)

5a2r2  2marg r2 T

with o = (97/4)~1/3. As already remarked, the gain in potential energy found in Hartree-Fock
derives from the fact that the exclusion principle is built into the many-body wave function
and keeps apart pairs of electrons with parallel spins, thus lowering their Coulomb repulsive
interaction energy on average. Notice that the ratio between potential and kinetic energy is
proportional to rg: this dimensionless length gives a measure of the coupling strength, which
increases with decreasing density. The main problem with the Hartee-Fock approximation is
that, by including exchange between electrons with parallel spins but neglecting correlations
due to the Coulomb repulsions (which are most effective for electrons with antiparallel spins),
it includes neither dielectric screening nor the collective plasma excitation. As shown in section
6.2.4 the Hartree-Fock ground-state can be determined from the exchange part of the radial
distribution function (see Egs. (K.2)-(K.3)).

When one proceeds to evaluate the ground-state energy of Jellium by perturbation theory
beyond first order (i.e. beyond Hartree-Fock), one meets divergences arising from the long-range
character of the Coulomb interactions. On summing to infinite order the most strongly divergent
terms of the perturbative expansion (corresponding to the RPA theory), screening introduces a
cut-off as the lower end of integrals over wave vector space and cures the divergences [167].
Such a calculation, supplemented by the inclusion of a contribution from second-order exchange
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processes, yields the low r; expansion

221 0.916

2
T Ts

eq(rs) = [ +0.06221In7, — 0.096 + .. ] Ry, (K.10)
plus terms going like rg, rsInrg, etc. The results of such a truncated expansion is reasonably
accurate only up to rs = 1, whereas the values of 4 that are relevant in the physics of normal
metals extend up to r5 = 6.

In the thirties Wigner [82, 168] had already noticed that an optimal value epo = —(1.8/75)Ry
is obtained for the potential energy if the electrons are placed on the sites of a crystalline
lattice having body-centered-cubic (bcc) structure. The gain by a factor ~ 2 over the potential
energy in Hartree-Fock is clearly related to the fact that in the crystal all pairs of electrons
keep apart irrispectively of their relative spin orientation. Using the crystalline result at large
rs in combination with an estimate of the correlation energy at low rs, Wigner proposed the
interpolation formula

Ry, (K.11)

6W2[2.21 0.916  0.88

g 2 r, 1847,

as approximately valid at metallic densities.
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Appendix L

Radial distribution functions sum
rules in the ground state

Both the behavior of the RDF at small » and at large r has to satisfy to general exact relations
or sum rules.

L.1 Cusp conditions

When two electrons (¢ = o) get closer and closer together, the behavior of g, . (r) is governed
by the exact cusp conditions [169, , ]

d

— o0 (1) = 0, (L.1)
dr r—0

d? 3 d?

oo = — ——g,0(r , L.2
gatee )| = g Gmean)| (L2)
d 1

—g4 _ = —qgy_(0 L.3
drg+’ () - a09+, 0), (L.3)

where in the adimensional units ag — 1/rs. For finite x4 we only have the condition g, ,(0) = 0
due to Pauli exclusion principle.

L.2 The Random Phase Approximation (RPA) and the long
range behavior of the RDF

The small k£ behavior of the RPA, summarized in Appendix J, is exact [64]. One finds
hk?
S k) = kE<k L.4
rra(k) iy’ K Kkp, (L.4)
where w, = 4/4mne2/m is the plasmon frequency [84]. This is also known as the second-moment
sum rule for the exact RDF and can be rewritten as n {drr?[g(r) — 1] = —6(h/2mw,). We

can then say that g(r) — 1 has to decay faster than r—° at large r. The fourth-moment (or

compressibility) sum rule links the thermodynamic compressibility, x = [nd(n%deg/dn)/dn]™!,
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[163] to the fourth-moment of the RDF. For the equivalent classical system it is well known that
the correlation functions have to decay faster than any inverse power of the distance [172, 81, |
(in accord with the Debye-Hiikel theory). To the best of our knowledge we do not know, yet, the

exact decay for the zero temperature quantum case.
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Appendix M

The primitive action

Suppose the Hamiltonian is split into two pieces H = T +V, where calt and V are the kinetic and
potential operators. Recall the exact Baker-Campbell-Hausdorff formula to expand exp(—7H)
into the product exp(—77T) exp(—7V). As 7 — 0 the commutator terms which are of order higher
than 72 become smaller than the other terms and thus can be neglected. This is known as the
primitive approximation

e—‘r(T-‘rV) ~ e—TTe—TV' (Ml)
hence we can approximate the exact density matrix by product of the density matrices for 7
and V alone. One might worry that this would lead to an error as M — oo, with small errors
building up to a finite error. According to the Trotter [174] formula, one does not have to worry

e PT+Y) — im [efTTefTV]M . (M.2)
M—o0
The Trotter formula holds if the three operators 7, V, and 7 + V are self-adjoint and make
sense separately, for example, if their spectrum is bounded below [175]. This is the case for the
Hamiltonian describing Jellium.
Let us now write the primitive approximation in position space

p(Ro, Roi7) ~ JdR1<Ro|e*TT|Rl><R1|e*f"|R2>7 (M.3)

and evaluate the kinetic and potential density matrices. Since the potential operator is diagonal
in the position representation, its matrix elements are trivial

(Ry|e"™Y|Ry) = e TVUII§(Ry — Ry). (M.4)

The kinetic matrix can be evaluated using the eigenfunction expansion of 7. Consider,
for example, the case of distinguishable particles in a cube of side L with periodic boundary
conditions. Then the exact eigenfunctions and eigenvalues of 7 are L~3N/2¢/Enf and AK2, with
K, = 2mn/L and n a 3N-dimensional integer vector. We are using here dimensional units.
Then

<R0\e’TT|R1> _ 2L73N€77AKiefiKn(RofR1) (M.5)
_ 2
= (4mar) "N 2 exp [—W] ) (M.6)
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where A\ = h%?/2m. Eq. (M.6) is obtained by approximating the sum by an integral. This is
appropriate only if the thermal wavelength of one step is much less than the size of the box,
A7 « L2, In some special situations this condition could be violated, in which case one should
use Eq. (M.5) or add periodic “images” to Eq. (M.6). The exact kinetic density matrix in
periodic boundary conditions is a theta function, [[°Y, 03(z;, ¢), where z = w(Rj) — Ri)/L, R’ is
the ith component of the 3N dimensional vector R, and q = e >"27/L)” (see chapter 16 of Ref.
[176]). Errors from ignoring the boundary conditions are O(g), exponentially small at large M.

A link m is a pair of time slices (R,,—1, Rmn) separated by a time step 7 = 3/M. The action
S™ of a link is defined as minus the logarithm of the exact density matrix. Then the exact
path-integral expression becomes

M
p(Ro, Rar; B) = Jde...dRM_l exp l Z Sm] , (M.7)
m=1

It is convenient to separate out the kinetic action from the rest of the action. The exact kinetic
action for link m will be denoted K™

3N (Rmfl - R’m)2

The inter-action is then defined as what is left
U™ =U(Rpy—1,Rm;7)=8"—K™. (M.9)
In the primitive approximation the inter-action is
T
U{n = §[V(Rm71) + V(Rm)]a (M].O)

where we have symmetrized Uj" with respect to R,,—1 and R,,, since one knows that the exact
density matrix is symmetric and thus the symmetrized form is more accurate.

A capital letter U refers to the total link inter-action. One should not think of the exact U
as being strictly the potential action. That is true for the primitive action but, in general, is
only correct in the small-7 limit. The exact U also contains kinetic contributions of higher order
in 7. If a subscript is present on the inter-action, it indicates the order of approximation; the
primitive approximation is only correct to order 7. No subscript implies the exact inter-action.

The residual energy of an approximate density matrix is defined as

1 0
EA(RRit) = ———— |H+ = R,R';t). M.11
MR R0 = s s 2 par R (ML)
The residual energy for an exact density matrix vanishes; it is a local measure of the error of an
approximate density matrix. The Hamiltonian H is a function of R; thus the residual energy is
not symmetric in R and R’
It is useful to write the residual energy as a function of the inter-action. We find
oUs (R—R')-VUyu

Ea(R, ;1) = V(R) = —= = - FAV2U4 — A (VU4)?. (M.12)

The terms on the right hand side are ordered in powers of 7, keeping in mind that U(R) is of
order 7, and |R — R’| is of order 7/2. One obtains the primitive action by setting the residual
energy to zero and dropping the last three terms on the right hand side.

The residual energy of the primitive approximation is

A2

Ev(R, R 1) — % [V(R) — V(R)] - %(R CR)-VV 4 ng SO R T)

With a leading error of ~ A72.
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Appendix N

The pair-product action

An often useful method to determine the many-body action is to use the exact action for two
electrons [177]. To justify this approach, first assume that the potential energy can be broken
into a pairwise sum of terms

V(R) = Y v(lri —mj]), (N.1)

i<j

with |r; — 7| = r;;. Next, apply the Feynman-Kac formula for the inter-action

e~V (FoRri7) _ <exp [— JO ’ dtV(R(t))]>RW, (N.2)

where the notation {...)rw means the average over all Gaussian random walks from Ry to Rp
in a “time” 7. So that

B*U(RO,RF?T) — <CXp |‘* J: dt Z U(Tz‘j (t))] > (N3)
i<j RW

(N.4)
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1<j
= nexp [—ug(rij, ng; T)] (N.6)
i<j
= exp l— Z ug(rij,rgj;r)l = ¢~ U2(Bo, Bri7) (N.7)
i<j

where Us is the pair-product action and us is the exact action for a pair of electrons. At low
temperatures the pair action approaches the solution of the two particle wave equation. The
result is the pair-product or Jastrow ground-state wave function, which is the ubiquitous choice
for a correlated wave function because it does such a good job of describing most ground-state
correlations.
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The residual energy (see Eq. (M.11)) for the pair-product action is less singular than for
other forms. We have that

wa(rj, 73 7) = —In <exp (— JO ' dtv(rij(t))) >RW, (N.8)

is of order 7° since the two body problem can be factorized into a center-of-mass term and a
term that is a function of the relative coordinates. Moreover we must have

2

6’u2

5, = vlri(7), (N.9)
so that

% =V (R(7)), (N.10)

which tells that only the last three terms on the right hand side of Eq. (M.12) contribute to the
residual energy. We also have

VUQ = ZZV,’UQ(T,’j,T;j;T), (N.].].)

i 1#£]

where the indices run over the particles. So the leading error of the pair-product action is ~ A73.
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