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The effect of transformations carried out on the Hamiltonian for the Schrodinger electron-photon system is
studied. These transformations include gauge transformations and certain similarity and ‘“hybrid”
transformations. The last named involve unitary transformations of either operators or states, but not both.
Unitary and hybrid transformation are discussed, which affect the transverse components of the
electromagnetic vector potentials and therefore are distinct from gauge transformations. A hybrid
transformation is identified which leads to a form of the Hamiltonian that contains no reference to the
transverse vector potential and includes electric and magnetic fields as well as nonlocal interactions of
charges and currents. The behavior of the scattering matrix under the influence of these hybrid
transformations is discussed. Comments are made on two-photon absorption calculations.

I. INTRODUCTION

The electron-photon interaction has long been im-
portant in the study of photon emission and absorp-
tion by atoms and molecules. This interaction can
be represented in various forms. In the first
place, the theory is gauge invariant and can be
formulated in any of an infinite set of gauges.
Moreover, there are versions of this interaction
in which, to various degrees of approximation, the
electromagnetic potentials are replaced by electric
and magnetic fields,! either when they appear in
matrix elements between electron states, or as op-
erators that appear in the Hamiltonian. The liter-
ature demonstrates that there are unresolved ques-
tions about the relation among the various forms
of the Hamiltonian.? For example: To what extent
are the different forms of the Hamiltonian equival-
ent? To what extent can potentials be completely
eliminated when electric and magnetic fields are
introduced? Which forms of the Hamiltonian can
be related by gauge transformations, and which
cannot? What changes ensue in a theory when the
operators are unitarily transformed and the states
are not? Some of these questions have not been
answered previously, and the answers to others are
in principle known, but have never been discussed
in the context of the interaction between photons
and nonrelativistic Schrodinger electrons. This
paper will address itself to these topics.

II. MULTIPOLE EXPANSION

In this section we will transform the Coulomb
gauge Hamiltonian that describes Schrodinger elec-
trons interacting with photons. The transformed
Hamiltonian will depend on electric and magnetic
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fields, and charge and current densities. Except
for a surface term, that can usually be ignored, it
will not depend on the vector potential. However,
this transformation will not involve any change of
gauge. To carry out this transformation system-
atically it is advantageous to quantize the
Schrédinger field as well as the photon field al-
though the quantization of the Schriddinger field
leads to no new physical effects.® It serves only to
avoid the inconvenience of dealing simultaneously
with quantized electromagnetic fields and unquan-
tized electron fields. The Hamiltonian for this
theory is given by

Ho=Hy- [ 3@ B @ aF+ 5= [o@AT ) -A7 @) aF

pMpE") - -, '

’ + Eﬂ—'-rr_—.f—,T drdr’, (2.1)
where A7 is the transverse vector potential. H, is
the Hamiltonian for noninteracting electrons and
photons. It can be represented by

Hy=Hy(e)+ Ho(y), (2.2)

where
@)= [T @-@m) " v? + V@ Y@ aF

with V(F) representing an external short-range
potential (for example, the shielded Coulomb poten-
tial of a static nucleus). H,(y) is the Hamiltonian
for free transverse photons and is given by

1 iy o .
Hy(y)= 5 f [ET(F)*+B(¥)?] dr,
where E7 (¥) and B(F) represent the transverse elec-
tric and magnetic field, respectively. In Eq. (2.1) p(¥)

represents the charge density p(¥)=ep’ (®)y(¥) and
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J(F) represents a current
$T@EVI@)] .
The commutation rules of these fields are
{97, p(EN} =6GF - ) (2.32)

for the electron field; for the photon field, —AT(¥)
has the transverse electric field E 7(7) as its con-
jugate momentum, so that the nonlocal commuta-
tion rule for the transverse components is given by

F6)= 25 (G @D o) -

[AT(), ET(F ')]--z(c,_,a(r- 71)

L0 2 __.__1__>
or, or, 4m|¥-T'|/°
(2.3b)

The current J(F) is conserved under the time de-
pendence provided by the free Hamiltonian so that

v -J@)==i[H,, p(T)] . (2.4a)
The current
7@ =3 @) - (e/mp@AT(F)

is conserved under the time dependence provided
by the full Hamiltonian so that

H,=H, - é— JEGERIDYGEE:

p@)p F")

817|F *,’ drdr. (2.5)

When y is quantized in orbitals that are solutions of
[-Cm)v2+V(T) - w,]U, =0

(where U; includes both bound and continuum
states), H,(e) is given by

Hole) =) eje,w,,
n

where e: and e, designate creation and annihilation
operators, respectively, for electrons in the » or-
bitals. H,(y) can be represented as

ol)= .122 delElasI(i)(E)“?(n ®,
=1,

and describes free photons in the two transverse
polarization modes.

We will carry out a two-step transformation of
the Hamiltonian H,. In the first step we will use
operator identities to rewrite H,. The rewritten
H, will then be unitarily transformed to a new Ham-
iltonian H_ which is a nonlocal integral over
charges, currents, electric and magnetic fields

(2.6a)

(2.6b)

V@) =-i ). 2.4
v -3) =—i[ H,, p()] (2.4b) (modulo surface terms). The first step of the
H_ may be expressed as transformation begins with the identity
J
fa,[‘r,J,-(F)AjT(F)]df=f{J,(F)A}'(F)+rj[aiJ,.(a]A,T(FHeri )8, AT(®)} dT . 2.7

The left-hand side is a surface integral which in-
cludes the local current J(¥) and therefore vanishes
when its matrix element is evaluated between two
electron states, either of which is in a bound or-
bital. Otherwise its disappearance should not be
assumed. We will suppress the possible presence
of such surface terms and write all equations as-
suming that they vanish. The divergence 9;J; may
be expressed as 8, J,=~i[H,,p] (we will designate
the commutator i [H,, £] as £ for any operator &)
so that

- [a,Eu1@) aF

- f 7, p(F)AT(F) df + f 7,0, ATF) dF .

(2.8)
We now express pA] as
PAT =i[H,, pAT] - ip[H,,AT], (2.9)

and since

[HO’AT] [Hc,Aj ] __E]T’

Eq. (2.8) can be written
- [2,( A7) aF
—fr,p(?)EjT(?)d?H'[Ho, am)]

+ fr, J;(T) 9, AT(¥)dT, (2.10)

where
a<1)=_f,~jp( JAT(T)dT .
The expression
fr,J,.(F) 8 AT(r)dT
in Eq. (2.10) can also be expressed partially in
terms of electric and magnetic fields following the

pattern established in Eq. (2.10). We note the
identity ‘



20 INTERACTION OF SCHRODINGER ELECTRONS AND PHOTONS 1543

fa,,[r,r,J,,(?) 9, AT(F)] dr
= f [7;d,@) 8, ATE@) + 7, J,(F) 8, AT(F) + 7,7, 8,J,(T) §; AT(X) + v, 7, J,(F) 8,8, AT ()] dF , (2.11)

in which, as previously in Eq. (2.7), the left-hand side vanishes, leaving at most a surface term. We use
Eq. (2.11) to replace one half of

f 7, J,(F) 0, ATF) dt

and leave the other half in its original form. This procedure leads to

f 7, d,(F) 8, AT(F) dF
1 . -~ 1 - - - > 1 - -
= frirjp(r)a,A,T(f‘)dr+——2— f[r,J,(r)—r,J,(r)]aiA,T(r)dr-E frir,J"(r)aia"A,T(r)dr. (2.12)

By using Eq. (2.9), we rewrite this as

fr,Jf(F) o, AT(F)dF

1 -~ - > 1 - T s 1 - - -
=3 fr,. 7;p(T)8, ET(T)dr - 5 f[rXJ(r)] *B(r)dr +i[H,, ) — 5 fr,.r,-J"(r)a,anA,T(r)dr, (2.13)
where
1 -, -
a® =5 fr,.r, p(r)g, AT(r)dr.
Equation (2.8) and (2.13) can be combined to replace the ~f J(@)+AT(F)dr interaction by electric dipole,
electric quadropole, and magnetic dipole interaction, by [H,, @™] commutators, possible surface terms,

and the remaining %frier"(?) 3, a,,A,T(F) dr. This remainder can again be reexpressed by using the identity

fa,, (7,77, dx(F) 8, 8, AT(F)] &F

=2 fr,.r,.J,,(?)a,,a,.Af(F)dF+ f[r,,riJj(F)a,,aiA,(F)wu 77 7;0,d,(F)0,0,AT(F)

+7; rjr"Jk(F) aka,a,,AjT(F)] dr . (2.14)

We represent

1 - - >

5 [ror0@)0,0,4]0 &
by using Eq. (2.14) and leave the remaining

2 - -

3 fr,.'r,J,,(r)a"a,A,"(r)dr
untransformed. With the use of Eq. (2.9) we then find that

1 - -
-5 fr,-r,J,,(r)a,,a,.A}'(r)dr
=-(31)7? fr,rj'r,,p(f)ana,E,T(;)di"+(3[)'1f[z"x:f(—f)]iy,ajﬁ,(f‘)df+i[Ho, a®]

+@D [7.7,7,0,)8,0,0,47F) dF, (2.15)

where

a® =-(31)! fr,-rjr,,p(f)a,,aiAf(F) ar.
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This process can be continued indefinitely by iter-
ating

— -1
R =(sl) fr,rjr,,m. . V-2

X Jp(T)8,8,1)0 + . 8y -0)0 ; AT(X) dT

to generate higher-order multipoles, and succes-
sive [H,, @] commutators. If the procedure is
continued indefinitely we can consider the R re-
mainder to be exhausted, and then we will be left
with a complete multipole expansion, and with
i[H,, @], where @=3), "  a™, In that limit, we
have ‘

- f&(i) AT @)dE =~ [r,0()5, ET@) di

- f[?xf(f)],.g,a,(f)df

+i[H,, a], (2.16)
where &, and G, designate the operator series
2] 1 9 <]
=1=tpy —— 4§ e = 2 ...
5 27 o7, METRALE ory o7, *
(- 1) 3 ]

+  — 7 C.'r e
(s+1)1 "m» ™) 87 1y 87,

n(s)

(2.16a)

and

Hc_i [Hm CV]

g Ll 1. 2 1 8 o2
T2 31 toer, 417 ey, er,
(-1)s ? . 8
(s+2)1 Tn(l)”'yn(s)m“'a,’."(s) e,
(2.16b)
and where « is
a=—frip(;)3~',,Af(F)df. (2.16¢)

The argument leading to Eq. (2.16) can be mod-
ified to include the so-called “seagull” term

57 [ p@RT@) K76 dF

by replacing [J(F)-A7(F)dt with
1 B e
5 f[j(r)+J(r)] AT(r)dr.

The identical set of transformations that we have
carried out can be repeated by substituting v +
=—j[H,,p] for v+J =—i[H,,p]. Since

- [HC’KT] =—i [HO’KT] =§T ’
the only change that is produced by substituting

1 (1756 A7)

for ff(?) -AT(¥) dF is to replace [H,, @] by
3[H,+ H,), @], and T by 3[J +]] in Eq. (2.16).
Equations (2.1) and (2.16) can be used, with this
replacement, to give

=H,~ f"ip(;)ﬂ:rE{(;)d;‘ f[FXj(F)]igrBi(;)d—f"—hc - ’QZ;[HUQ] + %f(FXA’T(;»ip(;)grBi(F)d—f;

where
he= [ o@plE @[T~ F () dF dF"

and H, =H,- H,,.

For reasons that we will discuss later, we will
find an expression for the unitarily transformed
Hamiltonian H, given by

H,=e"He ™. (2.18a)
H, can be given as the series
H,=H,+i[a,H. ] - 3[e,[a,H,]]. (2.18b)

Since [a, [@,H,]] commutes with @, Eq. (2.18b) is
exact, and represents a polynomial expression for

(2.17)

H,; we can represent H, in the form

co

#,=H,- f 7, p®)F,ETF) &

-f[?xf(?)],.g,e,(f)df+hc+x, (2.19)

where X designates the combination of terms given
by

e > - . >

X=5 f[rXAT(r)]‘p(r)Q,B,(f) ar

_%i [Hlv a]“'% [d, [ayHc]] . (2-203)

The expression for X in Eq. (2.20a) can be rewrit-
ten to give



20 INTERACTION OF SCHRODINGER ELECTRONS AND PHOTONS 1545

e -> = > - = > > > > a 8 ]. -
= — X o X ! ! \T—— — =0, 2 o 1> >/1 ,.
X o fp(f)[r g B(r)] - [rx¢,B()] dr+fr, pleyr)plr”)g, &, [ar,- or, 5,.1Vy] 8r|F—T/| dr dr

(2.20p)

Details of the calculation can be found in the Appendix. With the-use of Eqs. (2.19) and (2.20) the Hamilton-
ian H, can be expressed entirely in terms of electric and magnetic fields, the charge density p, and the
current density J, in the form

170=H0+3C1, (2.213)
with

s, == [ 7, 0@, ET@) - [[FxTD),8,B,@ dF+h,+ 5 [o@NFxs,B@] - [Fxs,BE) o

-~ - 9 ] 1 - -
+ frip(r)r;p(r')sf, 3"[3_7’,' a_r,. - 8; Vﬁ} sl drdr’. (2.21b)
If the surface terms that arose in the course of this calculation had not been suppressed, H, would also in-
clude the surface term

o == [ dsﬁ-(i(F)— 5= p@ATE) + 5 p(E) Fx 9,13(?)]) (r, 5, AT()) , (2.21c)

r
where 1 is the unit normal to the surface element -
dS. In electron-photon processes in which either hg =—fp(r)r- FEF)dr
the initial or final electron orbitals are bound
states, this surface term will not contribute. Only and
in cases in which both, the initial and final electron
orbitals, are in the continuum, as, for example,
in bremsstrahlung events, do we even need to con-
sider ¥C,s. To what extent ¥C ¢ contributes in

ha== [ [FxT@)] -5, B@ dF

these latter cases is outside the scope of this pa- are not exactly multipole expansions, because the
per. Some features of H, are important and should spatial integration extends over both, the fields as
be noted. Most important is the fact that we can ’ well as the currents. We will show how to express
not claim to have a eliminated potentials from the hy and h gz as multipole expansions, in the usual
Hamiltonian. Although H, no longer involves the sense, although there is no advantage to this way of
potential KT, H, is not identical to the original expressing iy and 25 beyond then being able to
Hamiltonian H , but is only unitarily equivalent to verify agreement with the well-known multipole
it. The significance of this fact, and the role that series for the interaction of charges and currents
H, plays in the theory, will be discussed in Sec. IV. with electromagnetic fields.* The expression for

It should also be noted that the expressions F,E; can be given by means of a Taylor’s series,

]

grEi(F) = fFr [(Ez)o + rn(l)-(an (I)Ei)o + (1/2 l )/rn(l)’rn(Z) (an(l)an(2)E¢)0
+ ot (/S s Ty Vs @ty iy * " *Bmen Eddo+ 2 ] A (2.222)

where the subscript zero indicates that E; and its derivative are to be evaluated at T=0. Equation (2.22a)
can be rewritten as

3:rEi(F) =(E;) + %7’::(1;(3"(1)1':5)0 +(1/31 )”n(l)”n(z) (Bn(l)an(Z)Ei)O

+eeet [1/(s+ D 70007 ne) " ** Vi @acy @n2y " * * BnsrEi)o - ' (2.22b)
. |
When used in the expression for 7 this leads to where
hy= i (Mg sy s Mplacsy,. s nisy=(sD7? fd?p(r)rnm' * Vs
s=1
X (@ 2y ®** BnesyEnery o s (2.23) Similarly, we find that
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o0 !

hg= 2:1 _(Mn)n(l),. .o an(s)

s=

X (8 ¥} (2.24)

ne" n(s)Bn(l})O ’

where

(MB)n(l).. . oy 1(S) :[(S+ 1)1 ]-Is fdi:(-ij(.f))n(l)

XV 2y " Vnesy e

Lastly, we will make a comment about the inter-
action term

J' 7; o(@) r}p(?')if, F,

9 0 o\ drar’

<-£;: 3—,;; - 6i,jvr> 87TIF"' FI’ .
Superficially this term may appear to describe a
Coulomb-1like interaction between electric multi-
poles, but that appearance is illusory. The inter-
action described by this term is mediated by trans-
verse photons, as is indicated by the transverse
projection operator

9 ¢]
—_— — _ 5. 2>
(ari a7, 1V

that acts on (87|T—1’|)"’. Dynamical effects that
appear upon iteration of the Green’s function, gen-
erated by H,, retard this interaction as is required
for interactions transmitted by transverse photons.

III. THEORY IN DIFFERENT GAUGES

In classical electrodynamics, gauge transforma-
tions affect longitudinal and timelike components of

the vector potential. Gauge transformations never
change transverse components of the vector poten-
tial, and it is trivial to demonstrate that physical
predictions are independent of the choice of gauge.
The situation is the same in quantum electrodyna-
mics but the gauge independence of its physical
predictions is not as immediately obvious as it is
in the classical case. One reason is that the time
derivative that is part of a gauge transformation
involves a commutator with a Hamiltonian, and the
Hamiltonian itself depends on the gauge. For ex-
ample, in its most common form, the Hamiltonian
for the electron-photon interaction in the Lorentz
gauge bears little resemblance to the Coulomb
gauge form. This can be illustrated by writing the
Lagrangian for the Lorentz gauge case,

L==(1/2m)[8;+ieA;)y"[o,-ieA,]p+yTVy
~ip (0, — €AY =1 F Fyy - GO,A,+35(1-y)G?,
(3.1)

where F,, =8,A,-9,A, and G is a so-called
“gauge-fixing” field. Inclusion of the gauge-fixing
field makes the canonical quantization procedure
possible by providing A, with a nonvanishing con-
jugate momentum. The parameter y selects one of
a number of Lorentz gauges®; y =0 identifies the
Feynman gauge for example, and y =1 the Landau
gauge.® The commutation rules for the theory are
Eq. (2.3a) for the electron field and, for the photon
field, the canonical commutation relation

[4,6),11,F")] =i6,,6F - F), (3.2)

where II;=-E; and 1I,=4G. The Hamiltonian gen-
erated by the Lagrangian in Eq. (3.1) is given by

Hy= f {30,@,E) - 3yIL,EO,E) + 1 F;,)F,; ;(F)+i [1;F) 8,4,F) - 1,(F) 8, 4,0)] +(1/2m) 8,97 (¥) 8, y(T)

—34,@®)[ 7, (1) +5,D] - ip@)A, @)} dF .

Since the Hamiltonian has a crucial role both in de-
fining the eigenspectrum of the theory and in de-
termining its time evolution, the lack of identifiable
correspondence between H; in Eq. (3.3) and H, in
Eq. (2.1), needs to be discussed.

The equations of motion in the Lorentz gauge fol-
low from the form of the Lagrangian [Eq. (3.1)]
and are’

a)\Fuv"'ayFu)\"'auF)\p:O, (3.43.)

avFIJ!I—jM =apG’ (3.4b)
and

OoG=0. (3.4¢)

These equations are not identical to Maxwell’s

(3.3)

r
equations, but differ from them by the inclusion of
3G in Eq. (3.4b). _Gauss’s law, as well as the
equation v X B - 8E /8t =], are not operator identi-
ties in this formulation of the theory. In Eq. (3.3)
the operators for free (or “bare”) electrons de-
scribe electrons detached from all electromagnetic
fields, longitudinal, timelike and transverse (we
are considering V to be a phenomenological poten-
tial due to an external source, and not part of the
electromagnetic field of a participating particle).
In the process of developing the “exact” electron
wave function, superpositions of free electrons,
and longitudinal, timelike, and transverse photons
need to be combined to assemble the electron’s
Coulomb field, as well as its transverse field com-



ponent. The representation of an “exact” electron
wave function is fraught with severe technical dif-
ficulties, and the finished product must have an
electric field, properly flattened to include the ef-
fect of the electron’s motion, as well as the mag-
netic field of a moving charge. But the free-elec-
tron operator has none of these effects. The one-
particle state for a free electron has a vanishing
expectation value of its electric field (transverse
and longitudinal) as well as of its magnetic field.
In the Coulomb gauge the situation is different.
Gauss’s law is explicitly used to eliminate the lon-
gitudinal electric field from the Coulomb gauge
Hamiltonian® to arrive at the form given in Eq.
(2.1). The free-electron states in the Coulomb
gauge therefore are automatically consistent with
Gauss’s law, even without further photon “dress-
ing.” The expectation value of transvere electric
or magnetic fields for free-electron states vanishes
in the Coulomb gauge as well as in the Lorentz
gauge. But the longitudinal electric field in the
Coulomb gauge is not an independent variable, and
is given by ’

=, [ d o an F- 7)Y,

which has a nonvanishing expectation value even for
“free” electrons. The bare electron operators in
the two different formulations (i.e., the Coulomb
gauge and the Lorentz gauge) really refer to dif-
ferent particles. The so-called “bare” or free
electron obeys Gauss’s law in the Coulomb gauge
formulation, but does not obey it in the Lorentz
gauge version of the theory. It is therefore not
surprising that the two Hamiltonians [H, in Eq.
(2.1) and H, in Eq. (3.3)] differ considerably in ap-
pearance when expressed in terms of the two dif-
ferent electron operators, particularly since these
different electron operators are generally repre-
sented by the same symbol.

We can understand this aspect of the problem
better by studying how the Lagrangian in Eq. (3.1)
and the Hamiltonian in Eq. (3.3) lead to electrody-
namics in the Lorentz gauge, even though the
equations of motion [Eqs. (3.4)] differ from Max-
well’s equations. The fact that G is a free field
[Eq. (3.4c)] allows us to restore the validity of
Maxwell’s equations by the following device. A
constraint is imposed in the form of a subsidiary
condition that selects a “physical” subspace of the
indefinite metric space in which the Lorentz gauge
theory must be embedded.® This subsidiary condi-
tion!® makes use of the positive frequency part of
the free field G, and is

Gy =0. (3.5)

This condition defines the states |v) that constitute
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the physical subspace. All of the dynamical pro-
cesses of the theory are confined to the physical
subspace, and, within it, Maxwell’s equations are
valid,

The extraction of the positive frequency part of
G can be carried out in a straightforward manner.
It is most useful to give the results in the momen-
tum representation. We define

11

agK) =[a, &) +ia,&)]/VZ , (3.6a)
ag®)=[a,&)-ia,®)]/NVZ, (3.6b)
ag(l-z)=[ag(l-<’)+ia1(lz)]/ﬁ s (3.6¢)
®)=[a]® -ia] ®)I/VZ, (3.6d)

where a, (a]) designates annihilation (creation) op-
erators for photons polarized in the direction of
propagation, and a, (a‘;) designates the correspond-
ing operators for timelike photons. a%|0) designat-
es zero-helicity photons and a}|0) scalar photons.
Both states have zero norm and are called
“ghosts.” The momentum transform of Eq. (3.5) is

[ag®)+ p®)/2]K|¥2]|v)=0. (3.7

We see, for example, that a single free-electron
state e]|0) fails to satisfy Eq. (3.7), because

p®)= [ p@e T g

gives p(K)e]|0) 0. The subsidiary condition prop-
erly refuses to let us use electrons without their
Coulomb field, because that would lead to a viola-
tion of Gauss’s Law.

To simplify the solution of Eq. (3.7) we resort to
a unitary transformation within the indefinite met-
ric space'® (these are often called “pseudounitary”
transformations). We transform all operators O
by O =UOU"* and states by |9 =U|v). This trans-
formation carried out simultaneously on all opera-
tors and states leaves all matrix elements unaf-
fected, and if we choose

U=e? (3.8)
with
. dr dr’ . 1
D=i m[ajA,(r)—%G(r)]P(r ),
we get
U[aQ(E)+p(E)/2IE|3/2]U" =a°(l?). (3.9)

In the transformed representation (in which opera-
tors and states are “hatted””), the subsidiary condi-
tion has the simple form

ag®)|n) =0, (3.10)

and ordinary “free”-electron states satisfy it.
These “free”-electron states incorporate the effect
of the unitary transformation of Eq. (3.8) and refer
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to electrons that have their Coulomb field, even
without any further “photon dressing.” They are
therefore the same electron states as are used in
the Coulomb gauge theory. The Hamiltonian ﬁL is
the Hamiltonian for the Lorentz gauge theory in
terms of these transformed operators. It is give&

r== [ & 228005, + o @0

+ E;n“(‘ze‘ﬁsTf‘ﬂ;&' 20 A E) [0 @an®)p(-E

AL

Hy is given by
Hy=Hg+y f K |& | a¥(k)ag(k)

and H, by

dk’(1-y/2)

by

m(Zn)S/zf (2‘k])1/22]k' 172 Zﬁx(k) k! {a)\(k P(—k k’ )ao( ’)+p(k'-—k)a*(k )]

A=1

. e dKdK' kR
2m(27)¥?

A, =Hy+h,+H,+H} , (3.11)
where 7, and H, are given by
&K - -
ho= f Wp(k)p(—k), (3.11a)
-k + a] ) af,€)p&’ +K)
+ a{(E)al,(E’)p(E—E’) + aI,(E’)ax(E)p(E’— E)] . (3.11b)
& 5.3
—f 2[K[¥® <1 - %)“‘ J (~K)ag®) +K T ®)ag ®)] - f E(T-kj)wf <1 + >[p(—k)aq(k)+p(k)a2‘,(k)]
+ af @) pE+ENa5E") +pE - K"ag®"]}

HEAIARE {p(-K - K"ag®)ag &) +p& +K"af ®)af(E") + 20K - K")ak &)ag &)} -

(3.11¢c)

Inspection of Eq. (3.11) demonstrates that i,
consists of two parts. One part, H,+h +H,, is
independent of y and is identical to the Coulomb
gauge Hamiltonian except for the trivial difference
that H, in the Lorentz gauge also counts noninter-
acting zero-norm scalar and zero-helicity photons.
The other part, H;, depends on y but each term in
it incorporates either q, or a} operators (or both)
but never a, or a} operators. Since

[ax®), at k"] = =0(k - k')

but
[ag®), af&")] = [ ag(K), af(&")] =0

[a,®), ar(&"]

H} can never have any observable effect on state
vectors. It can never destroy any a}';(k) photon
states because none may appear in the initial
wave function; none can ever appear at a sub-
sequent time, because the time evolution operator
exp — it never generates them. H; therefore can
cannot generate internal photon loops. It can only
generate ag(l?) zero-helicity photon states, which
have no norm and no energy, and can never be an-
nihilated by H,. The time evolution operator
exp—iH, ¢ can never shift any state vector from

r

the physical subspace to the unphysical. The dyna-
mical predictions made by the Coulomb gauge Ham-
iltonian and by H, are trivially identical. We can
therefore conclude that when the same operators
correspond to equivalent particles the Coulomb
gauge and the Lorentz gauge versions of the theory
are just as closely related in quantum electrodyna-
mics as in classical electrodynamics.

Once we have expressed the Coulomb and Lorentz
gauge formulations in forms that use identical op-
erators, i.e., H, [Eq. (2.1)] and H, [Eq. (3.11)],
respectively, we can carry out gauge transforma-
tions in the quantized theory.!* For example, we
can gauge transform from the Lorentz to the Cou-
lomb gauge by usmg A A +Vx and ¢, = ¢,

-i[H, X] with vy =-v AL, so that v-A_=0.
Since H, and H, differ only by the mclusmn of Hj
in the former, the time derivative operator

i[I?L, ] is appropriate for this transformation.
We find that the gauge-transformed theory has the
appropriate commutation rules and equations of
motion for the Coulomb gauge. Similar transform-
ations can be made to other gauges, and, in fact,
the method works for all gauges.

It is worth noting that the kind of transformation
that we have carried out in Sec. II can never be the
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result of a gauge transformation. Gauge trans-
formations never affect transverse field compon-
ents, while the transformation that leads to H, only
affects the transverse components.

IV. GAUGE, UNITARY, AND HYBRID TRANSFORMATIONS

In Sec. III of this paper we have shown that, al-
though the Hamiltonian for the electron-photon sys-
tem is gauge dependent, physical predictions can
never depend on the choice of gauge. In Sec. I we
have discussed a transformation that replaces the
Hamiltonian H, by another, H,, in which the elec-
tromagnetic potentials have been eliminated every-
where except in a surface term. We have also
pointed out that the gauge transformation, and the
transformation that replaces H, by ﬁc, are basic-
ally different and apply to disparate components of
the vector potential. One important question, how-
ever, applies to both of these transformations and
we would like to raise and answer this question in
this section. In the case of gauge transformations
the question takes the following form: We have re-
lated the Coulomb gauge version of the theory with
the Lorentz gauge version. The latter is charac-
terized by the Hamiltonian H; [Eq. (3.3)] and a con-
straint equation in the form of the subsidiary con-
dition [Eq. (3.7)]. But there is a very common
form of the theory that we have not yet discussed.
This form consists of the Hamiltonian H, [Eq.
(3.3)] but fails to take account of the subsidiary
condition [Eq. (3.7)]. This is the form that is used
when the Lorentz gauge theory is applied computa-
tionally. The only concession that is made to the
subsidiary condition in actual calculations is that,
when incident states are chosen, free electrons
and photons are selected and nontransverse inci-
dent photons are rejected as unphysical. But the
incident free electrons lack a Coulomb field and
violate Eqs. (3.5) and (3.7). This form of the theory
is not appropriate for any gauge. Nevertheless it
is simple to use and always gives right answers.
The question is: Why does it work?

We can also represent this common form of the
theory in its unitarily transformed version, in
which the Hamiltonian is #, [Eq. (3.11)] and the
subsidiary condition is given by Eq. (3.10). The
“common” form of the theory can then also be un-
derstood as using the correct states (i.e., “bare”
electrons and transverse photons), but an inappro-
priate Hamiltonian (i.e., H, instead of A,). It ap-
pears, in substance, that the “common” form of the
Lorentz gauge theory is related to the correct form
by a transformation in which the Hamiltonian is
unitarily transformed, but the states are not (or,
alternatively the states are unitarily transformed
and the Hamiltonian is not). We will refer to this

as a “hybrid transformation.” |

It becomes clear that the change from H, to H,
in Sec. II also is a hybrid transformation. In this
case, too, we have unitarily transformed H, to H..
However, we do not also want to unitarily trans-
form the states since we want to be able to apply
H, to the same electron and photon states to which
we originally applied the Hamiltonian H .

In general, quantum theory does not support the
use of hybrid transformations. It is easy to show
that when both, the states as well as the operators,
are unitarily transformed all matrix elements re-
main unchanged and the physical content of the the-
ory is unaffected. But no such general result ap-
plies when the states, or the operators alone, are
unitarily transformed. It is therefore necessary to
study hybrid transformations to determine what
kind of equivalence can be demonstrated for them.

We will prove an identity for the hybrid trans-
formations we have made that relates the scatter-
ing transition amplitudes of the untransformed and
transformed theories. The identity was originally
developed in connection with the gauge problem,*
but we will first give the proof as it applies to the
H,—H, transformation. The two cases are very
similar, although in the H,—~H, case the underlying
space is a Hilbert space, and in the H, —-I?L case it
has an indefinite metric.

We begin with

3, =He ' +(1 — e ) H,— Hy(1 - e %) (4.1a)

and

Hy=e 1%, +H,(1- e7) = (1 — e ")H,,  (4.1b)

where 3, is given in Eq. (2.21), @ in Eq. (2.16¢),

and H, =H,~ H,. The “outgoing” scattering wave

function for an incident state in the “hybrid” ver-
sion of the theory (designated by |3,)) is -

[9;)= i)+ (E, - H,+ie)™ ¢, |4), (4.2)

where (H,-E;)[i) =0. This wave function reflects
the fact that the untransformed eigenspectrum of
H, still describes the noninteracting incident and
final states before the onset and after the termina-
tion of the collision process. However, the Ham-
iltonian that is used is H, instead of H,. We re-
write Eq. (4.2) as

[9;) = |i) +'*(E, - H, +ie) le™ 3¢, |4)
and, with Eq. (4.1b),
[9:)=e*|y;) - ie(E, - H,+ie) (e - 1)]i), (4.3)

(4.2b)

where |¢;) is the scattering wave function for the
untransformed theory and is given by

[9;)=1i)+(E,-H +ie)H,|i). (4.4)

The transition amplitude for the hybrid formulation
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is given by
Ty, = f13619:), (4.52)
where |f) is the final state, for which (H, - E,)|f)
=0, Use of Eq. (4.3) leads to
T, = (f15¢,e[g,)
~ie(f |3 (E,~H, +i€e) e!*~ 1)), (4.5b)

and Eq. (4.5b) can be rewritten by using Eqgs. (4.1)
and the relation ‘

H,-E)|y;)=ie(E,~H, +i€)"H, i), (4.6)
leading to
Ts,i=Ts i+ (Es=E)(f|(1-e')[y,;)
+ie(f|(e!*~1)(E; - H +ie)™'H,
-3, (E - H +ie) ('~ 1)|4), (4.7

with 7' ;= (flH, l¢¢> .

A similar derivation can be given for the relation
between the two forms of the Lorentz gauge therry
that are governed by the Hamiltonians H; and H,,
respectively, both operating on states |n) that obey
(H, - E,)|n) =0 anC both constrained by the subsidi-
ary condition as given in Eq. (3.10). In that case
we have

1}1"‘2’9’ Tf-i£<nf,*Hll¢i>,

Ty,i= (nyl*
and
Ty =Ty + (= E)(n | ¥(1 = e7?)| ;)
~ie{ny¥*(1 = e P)(E, - H, +i€) ' H,
-H,(E;-H_+ie)'(1-eP)[n;). (4.8)

Equations (4.7) and (4.8) notify us that the transi-
tion amplitudes are not invariant to hybrid trans-
formations. However, the changes in the transition
amplitudes are so benign that the hybrid-trans-
formed version of the theory may safely be used.
The discrepancy between T, ; and T, ; (and between
Ty,; and Tf ;) has one part that vanishes on the en-
ergy shell (when E,=E,). Since overall energy
conservation in scatter'mg processes is guaranteed,
scattering cross sections involve only transition
amplitudes with E,=FE;. That part of the discrep-
ancy therefore has no physical consequences. The
other part of the discrepancy is proportional to ie,
the displacement of the Green’s-function pole from
the real axis. That discrepancy vanishes as ie
-0, unless there are (j€)™! singularities in

(Fl@* = 1)E, - Hy+ic)* H,
= 36,(B, - ,+ie) ('~ 1)]3)

(or its counterpart in the H, ~H, case). Such sing-
ularities only arise in expressions for wave func-
tion renormalization constants and never any where

else, so this discrepancy too cannot affect physi-
cal quantities.'® The overall effect is that, when
scattering cross sections are evaluated, the use of
H, in place of H, (or H, instead of H,) is permissi-
ble. A similar argument holds for bound state en-
ergy levels and the appropriateness of the substi-
tution of H, for H, (or H, for H,) is thereby ex-
tended to all scattering processes and to calcula-
tions of energy levels.!

V. ENERGY CONSERVATION IN SCATTERING EVENTS

The proof that we gave, that scattering cross
sections are unaffected by the hybrid transforma-
tions that transform H, into H, and A, into H,, is
crucially dependent on the well-known result that
the scattering matrix vanishes unless the total en-
ergy of the incident and final states agree identic-
ally. We emphasize this point because some au-
thors, in discussing the various forms of the elec-
tron-photon interaction, treat the nonresonant two
photon absorption by hydrogen as though it had ob-
servable off-energy-shell scattering matrix ele-
ments.’® For the process in which hydrogen in its
1s state absorbs photons vy, and y,, and is excited
to its 2s state, these authors define

A=E, -E, - Wyay = Wy 2
and consider the nonresonant transitions to be those
for which A+0. In this work, the transition ampli-
tude for the process H(1s)+ y(1)+y(2)~H(2s) is
evaluated off its energy shell, and the off-energy-
shell amplitude (with A #0) is used to simulate the
fact that the 2s state has a finite lifetime, and
therefore a finite width. We believe that this de-
scription of the process is not consistent with the
formalism of scattering theory.’®* Our view is that
two-photon (nonresonant) absorption is an energy
conserving collision, in which the virtual transition
through the H(2s) resonance makes an important
contribution, although the transition proceeds near,
rather than directly at, the resonance maximum.
It has been asserted'” that in such calculations one
should use the T -E(0) operator [leading term in our

3¢,, given in Eq. (2.21b)], rather than the p+A(0)

operator [leading term in H, given in Eq. (2.1)].
For on-shell transition amplitudes (which, in our
opinion, includes the case of nonresonant two-pho-
ton absorption) 3¢, and H, must give identical re-
sults, except insofar as they are approximated in
different ways. In view of the fact that H,=H, +3¢,
and H,=H,+H, are only connected by a hybrid
transformation, they are bound to give different
results for off-shell amplitudes. We can find no
general theoretical basis for preferring 3¢, to H, in
the calculation of off-shell amplitudes, be they ap-
proximate or exact.
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APPENDIX

In this appendix we will show how Eq. (2.20b) can
be derived from Eq. (2.20a). The expression
i[H,, @] is the operator time derivative of @ and
is given by

ilH, @)= [7,0®)5,E1F) &

+fr,a,.ji(F)£F,A}'(f)di". A1)
The commutator 3[a, [H,, @]] is given by
ile, (B, ]l=Y,+ 1, (a2)
where '

v,= 4 [riri (5,41 5,047 )]

3

X
o7,

[p(@),J,F")] dF dF’ (A3)
and
Y,= —% f’rir;p(ﬂp(’f')ﬂ’, Fpr

X [AT(F"),ET(F)] af ar” . (A4)

Equations (A3) and (A4) can be evaluated by using
the commutator

[0, 7,G)]
- 35| (5 P@)oE -

+ e[ ENE) + 9T EWE)] 5o 66 - P')] . (A5)

which leads to
e = F)o(F) dt
Y= oo [ WEOWERE (a6)
where
- 9 £
Wi(r) = E [rj SI,A;'(r)] .

Equation (2.16a) and (2.16b) can be used to show
that

w,() =AT@)+ [Tx §B[@)];. (A7)

The commutator —3i[H,, @] is evaluated using
Eqs. (A5) and (A7), and is given by

-zi[H,, @]
e - T T -
= ﬁ ‘/'p(r)14z (r)[ g,Ai (r)+ 7’j gr aiAj (I‘T)]dr .
(A8)

We use the identity

5,AT(T)=AT(T)-7,8,8,AT(F) (A9)

1
and find that the sum Z, =Y, -3{[H,, @] is given by
e > - > e P - > -
Zy= 5~ fp(r)[rx 8, B(r)]-[AT(r)+rx g, B(r)]dr.
(A10)
X therefore can be written in the form

x= 50 [ [FXE®),0@)8, B, dF + 2, + ¥,.

(A11)

Use of the commutator given in Egs. (2.3b) and
(A4) combined with Eq. (A11) leads to Eq. (2.20b).
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