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Motivation
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Topics today:(also from the forthcoming book: “Relativity Matters”)
Classical Electron, Relativistic Quantum Electron,
QFT & Electron, Cosmology & Electron
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Maxwell: energy in the EM field distributed in space

H =
∫

d3x
[

1
8π

(~E 2 + ~B 2)− 1
c
~J · ~A

]
.

~E = ~E⊥ + ~Ec with~∇ · ~E⊥ = 0, ~∇× ~Ec = 0 .

In H no charge source! Coulomb field energy contributes to
mass of a charged particle. Physical reality: Coulomb field ~Ec is
delocalized over the large volume.

mCc2 ≡ 1
8π

∫
d3x ~E 2

c →
1

8π

∫ ∫
d3x′d3x ρ(x′)

1
|~x ′ −~x |

ρ(x) .

Mathematical convenience: Use the dynamical equations e.g.
insertion of the solution to ~∇ · ~Ec = 4πρ for ~Ec to ‘localize ’ the
Coulomb energy content.
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EM field mass magnitude verified for the case of atomic nuclei

δMEM−field
A = 0.691

MeV
c2

Z(Z − 1)
A1/3︸ ︷︷ ︸

RA'1.12 fmA1/3

.

• Characteristic Z,A dependence helps understand nuclear
masses.

• Large c2δM(82
208Pb) = 776 MeV ' O(mNc2)

• δMEM−field
A ∝ Z2 overwhelms for large Z the nuclear binding

scaling with A, stability limit for massive atomic nuclei

• Z2 − Z since we the EM contribution to proton mass
incorporated into definition of mp.
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Field energy mass unit charge: Begin with proton
A proton can be localized in space with precision

∆r =
~c

mpc2 = 0.21 fm < Rp ' 0.85 fm

OK to evaluate field energy: we take homogeneous charged sphere
of radius R

eE r
< =

Z2α~c
R2

r
R
, E r

> =
Z2α~c

r2 .

The two contributions, from within the charge sphere (r < R) and from
outside (r > R) the charge distribution are

mCc2 =
Z2α~c

2R

[(
1
5

)
<

+ 1>

]
= 0.165 MeV + 0.825 MeV .

Magnetic, and quark mass effects also contribute such that the proton
is slightly lighter δ(mp − mn)c2 = −1.293 MeV compared to its charge
neutral sibling, the neutron.
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In Maxwell Electromagnetism field mass divergent for r → 0

mCc2 ≡ 1
8π

∫
d3x ~E 2

c =
α~c
8π

4π
∫ ∞

r0/2
dr r2 1

r4 =
1.4 MeV fm

r0

origin of problem: for small r0 Er →∞ Solution proposed by M. Born:
limiting field (that is limiting force, limiting acceleration) theory.
Vacuum is to be a medium such that

~∇ · ~D = 4πρ→ Dr =
Zα~c

r2 → Er =
Dr√

1 +D2
r /E2

BI

Very elegant reformulation into Born-Infeld nonlinear EM:

IF = −
∫

d4x
√
− det g

E2 − B2

2
→ −

∫
d4x
(√
− det G−

√
− det g

)
E2

BI

Gµν = gµν︸︷︷︸
symmetric

+ Fµν/EBI︸ ︷︷ ︸
antisymmetric

, det (Gµν) = −1 +
E2 − B2

E2
BI

+
(E · B)2

E4
BI
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. . . This is also my humble beginning

COMPARE TO EXPERIMENTS AND SET
LIMIT ON EBI PARAMETER
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Going for EM electron mass: No GO

COMPARE TO EXPERIMENTS AND
SET LIMIT ON EBI PARAMETER
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1928/29: Beginning of a new scientific epoch
I 1928 Dirac invents the ‘Dirac’ equation

(E − V)Ψ = ~α · (−i~~∇− e~A)Ψ + βmΨ

I 1929 Oscar Klein and Yoshio Nishina compute the
relativistic ‘Compton effect’ cross section

dσ
dΩ

=
r2

0
2
λ2

λ ′ 2

(
λ

λ′
+
λ′

λ
− 2 sin2 θ cos2 φ

)
,

I γe→ γe has in long wave length (Thompson) limit the total
integrated cross section

σ = 665 mb =
8π
3

r2
0 , r0 =

386 fm
137

= 2.82 fm

The ‘point electron’ in scattering presents itself much
bigger than the strongly interacting proton. Electron is a
point particle that is really not a point at all!
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OLD VS NEW: TIME EVOLUTION VS CPT

NON-CANCELING
CONTRIBUTION TO KN
SCATTERING

virtual electron-positron pair is produced and
later annihilated. This suggests electron is
big because of pair fluctuation in the
vacuum. Introduction of Feynman diagrams
looses the deep insight that accompanied
the early interpretation of KN computation.

In Feynman language

Classical Thompson computation of electron-photon interaction
appears meaningless
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AFTER KN
• Vacuum is polarizable: e+e− vacuum polarization effect screens
charge (renormalization) and balance acts to increase the strength of
the potential of a charge at short distances. (E.A.Uehling, 1935);

• Plane waves travel in vacuum uninhibited. (J. Schwinger 1951)
How come vacuum is not opaque given all these virtual pairs and
huge KN cross section?
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IS MASS OF ELECTRON ELECTROMAGNETIC?
• Lambshift: A surprise that was not expected: allows to probe how
electron interacts with a photon at its location.
After introducing mass counter term and renormalizing the electron
mass, QED-Feynman framework provides computational capability, at
a prize (renormalizability in QED (Harvard Lecture III-7)) !
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Higgs mass of particles
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MASS OF ELECTRON

• EM mass in the field (as described) O(1− 3) MeV

• Higgs ‘material’ mass due to ‘minimal’ coupling

L = gH−eφΨ̄Ψ , gH−e =
√

20.511 MeV
246GeV

= 2.94 10−6

Coupling exceedingly weak.
• EM acceleration attaches to electron charge but how does this play
out with two mass components?
•What if mass contributions are large and difference is small?
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OTHER INFORMATION ON ELECTRON MASS
Once upon a time: Universe filled with a dense electron plasma at a
temperature T a few MeV.
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Dense Packed Electrons and Positrons in the Early Universe
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Reheating

Once a family ‘i’ of particles decouples at a photon temperature
of Ti, a difference in its temperature from that of photons will
build up during subsequent reheating periods as other particles
feed their entropy into photons. This leads to a temperature
ratio at Tγ < Ti of

R ≡ Ti/Tγ =
(

gS
∗(Tγ)

gS
∗(Ti)

)1/3

.

This determines the present day reheating ratio as a function of
decoupling temperature Ti throughout the Universe history.
Example: neutrinos colder compared to photons.
Reheating ‘hides’ early freezing particles: darkness
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Reheating History

Figure: The reheating ratio reflects the disappearance of degrees of
freedom from the Universe as function of Ti. These results are for adiabatic
evolution of the Universe. Primordial dark matter colder by factor 3. Particles
decouple at QGP hadronization colder by factor 2.
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Neutrino count as an observable

The sp[eed of expansion of Universe fine tuned to produce
fluctuations in CMB. This sets limit on how much energy
neutrinos can carry pushing the Universe apart. It so happens
that electron mass directly impacts this.
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Observable neutrino reheating as function of electron mass
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CONCLUSIONS

Unpredictable insight into connection of electrons masses and
charge awaits discovery
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