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Abstract A massless photon, originated already through the Maxwell theory of electromagnetism, is one of the
basic paradigms of modern physics, ideally supported throughout both the quantum electrodynamics and the Higgs
mechanism of spontaneous symmetry breaking which lays the foundations of the Standard Model of elementary
particles and fundamental interactions. Nevertheless, the physical interpretation of the optical experimental data,
such like observations of total internal reflection of the beam shift in the Goos—H"anchen effect, concludes a photon
mass. Is, therefore, light diversified onto two independent species - gauge photons and optical photons? Can such a
state of affairs be consistently described through a unique theoretical model? In this paper, two models of a photon
mass, arising from the scalar quantum electrodynamics with the Higgs potential, are discussed. The first scenario
leads to a neutral scalar mass estimable throughout the experimental limits on a photon mass. In the modified
mechanism, a neutral scalar mass in not affected throughout a photon mass and is determinable through the
experimental data, while a massless dilaton is present and a non-kinetic massive vector field effectively results in the
string theory of non-interacting invariant both a free photon and a neutral scalar, and the Aharonov—Bohm effect is
considered. The Markov hypothesis on maximality of the Planck mass is applied.

Keywords: scalar quantum electrodynamics, Higgs potential, scalar field, photon mass, dilaton, non-kinetic vector
field, Aharonov-Bohm effect, Markov hypothesis, invariant particles, string theory

Cite This Article: Lukasz Andrzej Glinka, “Challenging Photon Mass: from Scalar Quantum
Electrodynamics to String Theory.” Applied Mathematics and Physics, vol. 2, no. 3 (2014): 103-111. doi:

10.12691/amp-2-3-6.

1. Introduction

The basic paradigm of physics is a massless photon,
already established through the Maxwell theory of
electromagnetism, Cf. the Refs. [1-15], solicited through
quantum electrodynamics, Cf. the Refs. [16-26], the basis
of quantum optics, Cf. the Refs. [27-38], and more general
gauge field theories, Cf. the Refs. [39-49], which lay the
foundations of the Standard Model of elementary particles
and fundamental interactions, wherein a massless photon
leads to the Higgs particle equipping the weak gauge
fields, W* and Z° bosons, in a mass due to the spontaneous
symmetry breaking mechanism [50,51,52]. Although a
photon mass was early considered [53-62], this idea was
explicitly implemented into Maxwell's electrodynamics
through Alexandru Proca [63,64], whose academic mentor
Louis

De Broglie made the grounds for this idea [65-78].
Furthermore, the physical interpretation of the optical
experimental data, such like the Goos {Hanchen effect of
the beam shift [79], through observations of total internal
reection [80], concludes a photon mass. This aspect was
discussed in the context of quantized radiation and
generalized to quantum theory of massive spin-1 photons
[81], and then suggested to be untenable [82]. Furthermore,

many authors have considered the various aspects of a
photon mass [83-185].

In modern physics, the Higgs potential, well-known in
high energy physics, Cf. the Refs. [186-193], gives a
particle mass. Scalar quantum electrodynamics, Cf. the
Refs. [194,195,196,197,198], where a photon interacts
with a charged scalar boson, exhibits this mechanism. It’s
both origin and the most remarkable physical application
is the Ginzburg {Landau model [199], arising from L.D.
Landau's model of the second order phase transitions [200]
and formulating superconductivity near the critical
temperature as a charged Bose {Einstein condensate,
wherein for the 2 + 1-dimensional case, in the type-II
superconductors, the magnetic ux is transported
throughout the Abrikosov vortices carrying super current
[201]. These vortices are point-like objects having a non-
trivial topology of non-contractible circles created
throughout the scalar fields [202].

Following the monograph [203], we consider two
models based on the scalar quantum electrodynamics. The
first one is based on the Higgs potential, whereas the
alternative one deals with the modified Higgs potential,
but both them involve existence of a neutral scalar boson
and a dilaton, and differ from the Higgs mechanism
through the resulting photon mass and a different scalar
field mass. First, this mass is estimated throughout the
present-day experimental limits on a photon mass, and
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next remains a free parameter and has no relation to a
photon mass. The Markov hypothesis [204,205], on the

maximality of Planck's mass M, =+/Ac/G , is applied. In
the second case, the Aharonov {Bohm effect [206] is
included, and the effective string theory of invariant non-

interacting both a free photon and a neutral scalar is
obtained.

2. Higgs Potential

Scalar quantum electrodynamics is described through
the Lagrangian

(D o) D#® - V(|q>|)— FANF“"—j"Aﬂ,()
1

where h is the Planck constant and ¢ =1/,/gyuy is the
speed of light in vacuum, with the magnetic permittivity

of free space x4, and the electric permeability of free

space &.D,®—-i—A,, where e is the elementary charge

and 0, =[0; /¢, V;] is a covariant derivative of a charged
(complex) scalar field
(I)(x),|¢>|2 =OTOFY =o#A —3'A* is the Faraday
tensor of electromagnetic field, F, = nﬂanvﬂF“ﬂ ;@
photon is an abelian gauge field
A, N =0 A n,,, = diag(l,—1,-1,-1) is the

Minkowski metric.
Moreover, @ is expressed through neutral (real) scalar
fields ¢;(x)

O =g () +ig (), 0" =@ () -igp (), (@
which have the vacuum expectation values
(0] (%) 0) = ¢, (0] (x)|0) = O, ®

where g is a real constant field and |[0> the static Fock
vacuum state. The Lagrangian (1) is invariant under the
U(1) group transformations

o =e 0 o =¥
. A . A (4)
- H'_ M u
Aﬂ—Aﬂ+gaﬂ9,A = A —ga 0.

where 6(x) is a local phase, and the conserved Noether
current is

H CDT lch_ /J(DT q)l ',u=0.
J¥ =iec(®@'0 (07D )®),0,] ®)

Let us consider the following effective O(2)-symmetric
Higgs potential,

V(o)) = |q>| g o[, 6)

where m is a mass parameter, g is a coupling constant, and
the decomposition

1(x) = ¢ + 2(x),(0] £(0] 0) =0,

(7)
2(X) = p(X),(0[p(x)] 0) =0,
one receives the energy
OV @)0)=" 0 + g ~ o) ®

whose extremal values are established through the
condition
2.3
delgp) _ m'c 9o +hcgpl =0, (9)

which has two solutions, first ¢q= 0 for which g(@, = 0) =
0, and
,  1m%c? , , 1m%?
pp=————5&lpy =——
g g

The non-trivial solution is physical if and only if

1mc
):_

— . (10)
B 49

g>0,m? =—m3,m > 0. (11)
In result, the Lagrangian (1) becomes

he mic? g .. o Kc
= — - +

> 2 2400)400 )

mic? 22

2 hc mge
+_
—-990)x > ( Py

7
0,20 x+

~3998) 2*

hC(Po(
2 = oy 1o —hC%xzwz

2.2
mnyC
—hcéyq)a%w—hzc 0 2 2—hcg(pd'

~hCgpg ;(3 - hc%
(12)

1 v
+ec 0 pA, —ecpd” y A, —% FuF*

2
Leon AN+ EEG2A A
2h 2h

and its massive part written in the standard form

20y A A

2.3 2.3
e’mac® , L. MO e mac 2 (9
o3 H 2% 2 T

allows to establish the masses

Ly =

hg)o,m _\/gmA mZ,m JngA mg (14)

Application of the Markov hypothesis gives

3
% s%,/;—e,m S%\/Flgg 1. (15)

The relations (14) lead to the coupling constant
2 2
m:, —m
g= 1—2(/’ (16)
2my

Moreover, since a mass is physical when is a positive
real number, one has

gma -mé >0,3gmz —mg >0 (17)
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and, therefore, one receives the lower bound for the
coupling constant

g>—0 (18

which applied to (16), leads to the bounds

[2 2 [2_ 2
ms —m m- —m
< %,mz %, (19)

and, through the Markov hypothesis, the squared-mass
difference satisfies

Am2 =m? —m(f, é% (20)

Also, the field equations for the Lagrangian (12) are

2
e°c 2m,c
oA* —8*(8,A") :—'UOT()(Z +p? + Ay
(21)
mac” )z u H
> ) AT+ ppec(p0” x — x0% 9),
2.2
m;c
0p+—2—p+9p° =- gn;c
, (22)
e e e
+h—2¢7A‘uAﬂ —Z%GHlAﬂ —EG”;(A#
2.2 2.2
m,C gmacC m_C
oy +—L—y+35 R P gt =L
h h
gm,ic o2 e2m
- hA 0* —gr0° +h ZAYA, L& MaC A”A (23)
e e
+2%8”1Aﬂ +E8’”;(Ay
Where o=0%9,, =i28t2—V2 is the D'Alembert
c
operator.
In the case of the non-trivial solution (10),
m
my =—2,m, =0,m, =~2my, (24)

Jg

are the ground state masses. In this case, the coupling
constant is
mo

g= (25)
mA

Similarly, for 'o = 0, one obtains

ma =0,m, =img,m, =imy (26)

that is a massless photon and two scalar tachyons, whereas
g is undetermined throughout the masses. Interestingly,
for

1 mpc
Py = ———=—2, (27)

g

one gets the masses

m, =0, (28)

Mp=—0_ —i\/zm
A \/@1 (] 3 0>

that is a massive photon, a scalar tachyon, and a massless
scalar. Then, the coupling constant is

g=—02 (29)

A constant term in a Lagrangian does not affect the
resulting field equations.

Interestingly, when the constant term of (12) vanishes,
then

2 myC
0o = .| ==L (30)
g ki

In this case, the masses (14) become

My = \/gmo,m =mg,m, =~/5my, (31)

and, in the light of the Markov hypothesis, one has

g [hc 1 |hc 2
My > [~ — My < —=,[—,g<=. (32)
P e R R R

Also, for this case the coupling constant is
g=—", (33)

whereas the relation (20) gives

m, < — ¢
T \2

and, therefore, without loss of generality, one can take ad

hoc the value
1 |hc
ENCANS

which implies the following values of the masses

1 [hc 1 [hc 5 |hc
v Rlemleme s o0

The Markov hypothesis for my is broken, that is y is
undetectable, while ¢ can be regarded as the Higgs
particle. For my, one has g > 1, where

hc 1
GmA

(34)

37

3. Modified Higgs Potential

Let us consider the O(2)-invariant modified Higgs
potential

v (o])="

where @, = <0|cD|O>. Considering the decomposition

(|‘1’|—|‘1’0|) +heo, (|‘1’|—|q’o|) (38)
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@] = 20 + 2, (0[x(X)|0) = 0,|o| = 7 (39
the potential (38) becomes
2.3
m-c 2 hC 4
V{O)=V(y)=—x" +— , 40
(jo])=V(2) TR (40)
and has the extremal values at o = 0 and
, m2c2
2 =— (41)

nlg
and, for consistency, either x must be a tachyon, that is

m? =—mZ with m3 >0, or the coupling constant g < 0.

Let us present ®(x) through the polar decomposition

D(x) =|Dd(x)| ™, (42)

@, (X)

0(x) =arg®(x) =arctan -~ + 270, Z.  (43)
o1 (X)

where 0(x) is a local phase, and we applied (2). In the
most general situation

0(x) = 0(x*) = [ " dx “k,,(x), (44)

where xu = [ct; x] is the position four-vector,

kﬂ = {—,ki} is the wave four-vector, w is an oscillation
c

frequency, ki is a wave vector.
Applying the formulas (39), (43) and (44), one obtains

P (X) = tro + () (45)
\/1+tan(j x# dx “k,, (x) - 27)
tan([ X dx “k , (x') - 2770)
P2 (X) = £| 70+ 2(X)| J £ "V (46)

\/1+tan( | X dx #k , (x') - 270)

Considering the theory (1) according to the relations
(39), (42) and (44)

o1 D = (8”}(+i;{k”)eig,6’ﬂ(DT = (aﬂ;(—i;(kﬂ)e_ia (47)

one obtains

fic 4 mic®
L=—28, y0 -
g ukY X,

2_ghc 4 1
e v

v
uvF

2 2 2 2
e’cyé e’cy, e’c ,
LECH0 g opn  ECX0  p p BC 20 pu
on u on APt o X

+ecz§k”Aﬂ +2ecyork A, + ec;(zk”Aﬂ

(48)

hic hic
78 ?k#k” + ZohCxk k* +7;(2k#k”
whereas the Noether current is
j“ = —ec(y + 2)2K*, (49)

and, moreover, the masses are

h /h3G , ., [G
m, =mmy=—z,,M =,|—z2 =ma.|—, (50)
4 A CZO k 5 20 A e

and, consequently

_maC

== =7 mMp. (51)
Applying the Markov hypothesis, one receives
¢ he
Z0 s\/%,mg\/g. (52)

Moreover, for the non-trivial solution (41) with g > 0,
one has

2
ggl,mxzimo,mA:&,mk:& /E (563)
Jo g Vac
whereas for g < 0, one obtains
2
|g|s1,mxzm,mA:1,mk=m— S G
o™ " Tal Ve
The Lagrangian (48) leads to the following field
equations
2 e
0=(x+x) [kﬂ+Eij, (55)
2.2
m:c
oy+92°+—45 =
h (56)
Kk, +SA k"+EA“( +%)
U 7 Y] 7 XotX)
0,F™ = ypec(k” +%A/’)(;{0 +2), (57)
where o,F#' = —gA* +o# (aVA") or, equivalently,
e
Ky === Au, (58)
2.2
m.c
oy + ;2 ;(+g;(3:O, (59)
a,F* =0, (60)
whereas the Noether current (49) has the form
. % 2
Consequently, (48) describes free photon non-
interacting with scalar field
he, ou mic hc 1
L="20,70 y-——2—*-g—=*-——F, F" (62
5 Our® =2~ % dg

whereas, although the photon mass term is cancelled
through the current term, a photon mass has the value
determined in (50). Also, then one receives

|70 + 2(X)|

(63)

@ (x) =
\/1+ tan(%j x# dx"‘Aﬂ (x)+27q)
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8 Pyl
tan(— [ ¥ dx “A, (x) +27q)
A - (64)

9,(%) = F| 2o + 2(0)|
\/1+ tan(%_[ x dx'”A# (x) +270)

and ® becomes neutral, that is @2 = 0, if and only if the
condition holds

'[X#dx'”Aﬂ(x'):(p—Zq)%h,p,qu (65)

where A, :[Q,A} is potential four-vector, ¢(x) is the
c

electric potential and Ai(x) is the magnetic potential.
Interestingly, the particular case

jdx'iA(x'i,t'(x'i)):Zn%h,neZ, (66)

the magnetic flux quantization for the Aharonov {Bohm
effect, gives

[dt'gd ().t) = (2n—2q+ p) 2 67)
ec
Interestingly, the formulas (43) and (44) allow to

establish

2
k,=0,0=-——A — cos? 2, (68)
10" 9y — 0" @

and throughout the gauge condition (58), one receives
2
A, = L S cos? ﬂ, (69)
€ 0,0 ¢ — 210" 1l

The current conservation 6ﬂj” =0, applied to (61),
gives the solution
pu- o CF
e’c (1o+2)°
where C*" is a constant current. Since a photon has spin 1,
the Lorentz gauge aﬂA” =0 holds for (70)

(70)

C“0,7=0,A"0, 7 =0 (71)

Joining (69) and (70), along with (39) and the Lorentz
gauge, one receives

C“0 0 = ~22.C15 0, (72)
?
C*o C*o
Pl =S wA_Z b2 \Po o202 (73)
€ 7 %) %1 7
%(D%_D%J
ctnf2e  ANA P2 ) - cos? 22— 0 (74)
&_% ! 2(8;4% _ap(ﬂZJ !
P 0w 2 )

Moreover, the solution (69) allows to establish the
Faraday tensor

F A =£;)3‘C“6V;(—CV8”Z . (75)

2
eC(x+x
Consequently, one can establish the electric field and
the magnetic induction

o _ 21 C'z—cCOV'y

El =cF - . (76)
ec (x+2x)
ik
1 ik 2nuClVy
B :_Eeiijlk sk T A (77

e’c (xo+ 1)3

and, moreover, the stress-energy tensor of the

electromagnetic field

1 1
THV _ 2 |, JFHEEVE 2 Vg paf
Hy (naﬂ 477 ap

- _*  « (78

cHcY 1
[[ ——U”V]%Zé’“ﬁ@”z@"z],

where C? = C,C". Therefore, one obtains the energy
density

ce 1
——=10, 0%

EZTOO: e4 (l +Z)6 1 y (79)
0 +—2j(2
c
the Maxwell stress tensor
2 2 Cicj+15” 3, 20"
h 4 - aX0 X
oy =T, =2 _I|"cz 2 (80)

4 6
€ + . .
(ZO Z) +V' iy

and the Poynting vector,

e 2 0i )
Si =CTy = io = 6 [C (2: aalaal+ljtvll}(81)
e (Zo + Z) ¢

For the field (70), the first pair of the Maxwell
equations (60), that is the Gauss and Ampere laws, give

\")
cH (DZ_MJZO, (82)

Xotx
and applied in the equations (59), lead to the differential
equation for y

2.2 2
m,C
oy =Lyt 28 31

3 3 2 x (83)

2
2 Zom,C
2

The second pair of the Maxwell equations, that is the
Faraday law and the Gauss law for magnetism, is given
through the Bianchi identities

0,G* =0, (84)

where
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GH* = lgﬂv’d Fo = 22—h—3 8”VK}“C,(8,11, (85)
2 e“c (%o +2)
is the dual tensor of Fuv, and gives no more than (82)
plel {a O —m] =0 (36)
Xotx

For the case of the solution (70), the formulas (65), (66)
and (67) become

u dx # c#

¥ =(p-2q)7ec—5, (87)
(;(0+;5(x'))2 c?

L (88)
(;(O-i-;((x',t')) C

W ne2q-p) S, (89)
J.(ZoJrZ(X'i't'))z (n+ ! p)coC

Where 62 =CiCi. The equation (83) rewritten in the
form

o(X)—0oy
= £3[ +00 4 . (90)
, n Mm2c? m2c?
9x*+9x0x’+ 2 22+ e
where

= [*y-dxdx, = [*\[-m.ax“dx",  (91)

is the proper distance and oy is an integration constant,
gives implicitly y(c), making both y(c) and A,(c) the
invariants. In the most general case

243
2.2
m2c? m,c
\/ ;:z _I\/g/?-/o ;l(

a(X)

-0y =

P (92)
H X
o Vo aias |
i m,c
ZI@Z i\/aﬂ(o—TZ
where
(k] = | (93)
! (2t )(1 th)

is the incomplete elliptic integral of the first kind, in the
Jacobi form.
There are few special cases. For example, when g < 0

and mf{ >0, then
F24/3,

JL+lolxd,

o L1 2o,
2 2\/@”@{ 1+\/m10’11

o(X)—og =

(94)

where 2, — " Forg>o0and m2 =-m§ with m§ >0,
m,c
one obtains
F2331
o(X)—og = i £

JI+V9204,
el 1 2902,
2 2Jaxr, 1+Jumd, |

For the trivial extremum of the

(95)

where i}( :i .
mqC

potential one has

. 1
COon=T h
o(x)—oy +\/§/11arsm [ \/a/lll} (96)

-1
7o) = J—{\/Ezl sinh[j;;‘) H , (97)
X

/- O — O,
A (c) = g% ——sinh 0 |cH, (98)
(@)= ¥ e2c [«/5/11

Similarly, for the non-trivial solution (41) with g > 0
one receives

o(x)—0p = +iV6A,F (99)
{ 2(/11;( ]
h 9 -
where ’11 =—— , what for -1<9R
meC 2\/721;(
becomes
A, 7-1
o(x)—op = +iv/6, ar tanh M (100)
2\/611;(

-1
1 2| o(X) =0
2(0) =—=—|1+2tan (— ] (101)
\@ﬂll V62,

2
tanz[a(x)_}
A (o)="4 |1 Vo4,

2
doetel e[ o-oo
V64,

Let us consider two specific cases. First, for g = 0 one
has

12
9%y h CH#.(102)

o(X)-op = i\/§ﬂlar sinh%£-, (103)
X0
2(0) =+x, sinh(%;;o], (104)

-2
A (o) = ez(’;g [lisinh[%ﬂ c* (105)
X
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Secondly, let us see what happens for a massless scalar,
that is m,= 0,

o(X) - 60—+— /1 ZO (106)
x(0)= zo{glzo (o(x) -0 )—1} , (o7

2
Ao h 1-— 12 5| C* (108)
e? cz6 915 (o(x)-0y)

Alternatively, the results can be presented in terms of
the proper time

7(X) = j x JdxVdx, = j XX #dx”,

throughout a simple change of the parameters

(109)

o(x) > ir(x), 0y > iry, g —> —g,mf( - —mf( (110)

Considering the effective theory (62) through the

invariants, one obtains
Mayl:i Ox Ox  Ox Ox
2 oX, ox*
# (111)

OX,, ox*
_1foxox _oxox
2\or or oo o0)
Eopm_ oA, oA  OA* OA, OA'  OA, oA
”V oxH ox a)(v ox, ox” 0X# oxH ox,

2
oo man (ow o)
or Ot

Since for the invariant fields the Lorentz gauge holds,
one has

H ,Uax
o an NN o

u (113)
oxH 81’ ot

and, for this reason, the formula (112) takes the following
form

oA, oA*  OA, oA*

0t 0r oo oo
_ 28A# OAH _ oA, oA+
or Ot 0o oo’

whereas the effective theory (62) expressed becomes the
string theory

FuF*
(114)

| _fe (a;(j (a;(j m;c3 2 g@ A
or oo 2h
(115)
oA, GAV oA, oA
4,uo or or oo oo

2 2.3 v

hc| (o m,c hc 1 OA, 0A
e (_Z) _l_lz_g_;/‘__ﬂ— ,(116)

2|\ or 2h 4 2uy Ot Ot

L
2 27

1 0A, 0A"

2 ;28
L—E(é—lj VAR (117)

2\ 0o 24y 0o 0o

For the Lagrangian in the form (117), the field

equations are

62;( m c
902 2h —Q Xt 9)(

(118)
2 AH
oo’
and for the solution in the form (70), they reduce to

2 2.2
(5_)(} _ 9 4 X9 3 MC >

-0, (119)

2

2
Zomlc (
- — - ,(120)
Py 3)( 3 X 352 X X

what is the equation (83) written through the proper

distance.

4. Summary

Scalar quantum electrodynamics, which throughout the
Higgs mechanism of spontaneous symmetry breaking is
the mental nucleus of the Standard Model of elementary
particles and fundamental interactions, with help of the
0O(2)-symmetric Higgs potential, whose established
physical significance is remarkable, produced two
scenarios, similar to the Higgs mechanism through a
neutral scalarfield fi identifiable with the Higgs boson,
which include a dilaton field ' and, first of all, consistently
elucidate a photon mass. In the first model, a neutral scalar
field mass is estimable through the present-day
experimental limits on a photon mass. In the modified
model, a mass of non-kinetic vector field k_ is given
through a photon mass is present, dilaton is massless,
while a neutral scalar field mass is a free parameter.
Moreover, in this scenario the Aharonov {Bohm effect is
possible, while the effective theory describes a free photon
non-interacting with a neutral scalar, and a photon mass
determines the modification to the Higgs potential. The
second model opens the way for further research in the
non-abelian Yang{Muills theories of the Standard Model,
string theory and superconductivity physics.
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