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It is proved that the dipole operator in the hydrogen atom is the product of an element in the Lie algebra
and of a group element of the conformal group 0(4,2). A relativistic wave equation containing the total
momentum only is set up which describes the internal structure of the system purely group theoretically
and gives the correct mass spectrum. The diagonalization of this equation determines a new basis of states
in which the dipole operator is simply an element of the Lie algebra. The angle of transformation to the
new basis is evaluated to be §=2 tanh™ (1 —¢/n), or, 6 =log (2n/€), where # is the principal quantum number

and e is essentially the fine-structure constant.

I. CURRENT OPERATORS IN O (4,2)

N a recent paper! an irreducible unitary represen-

tation of the conformal group O(4,2) was con-
structed on the Hilbert space of bound-state wave
functions of the H atom. First of all we now give a
realization of this representation in terms of boson
creation and annihilation operators which will be useful
in the following. In this representation the wave func-
tions in parabolic coordinates are identified as

| n,m1,m2) = [11 ! (atm) o ! (ny+m) 712
X aytretmg tmp tntmpotn2| 0) - for m>0 (1.1)
and the generators L,; of 0(4,2) as
Lij=%(alora+0blord); 1, 7, k cyclic,
Ly=M;=—}%(aloc.a—blo.d),
Lis=—%(ale,Cbt—aCad),
L= (1/21)(atCbt—aCb),
L= (1/27) (ate Cbt+aCab) ,
Lug=1(aChi+aCh)
Lys=%(ala+b10+2)=N.

Here ¢ are the Pauli matrices, C=104, L;; is the angular
momentum, M ; the Lenz vector, and NV gives the prin-
cipal quantum number 7.

In I it was shown that the dipole operator x when
applied to states |#,n1,m2) can be written in terms of
the 0(4,2) generators as

1.2)

) ( N+ 1)2
x@:DN/(N—l)% (Lis—lLis)T‘f‘LM
(V=12
+DN/(N+1)% (Li5+7sz'6)T P (1-3)
where D, is defined as the dilatation operator
D, f(x)= f(ax). (14)
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1 A. O. Barut and Hagen Kleinert, Phys. Rev. 156, 1541 (1967);
hereafter referred to as I.
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For the calculation of Dy;v.1y we used the position
representation of the wave functions and the question
remained whether and how such a typically spatial
operation could be cast into a group operation.

In this paper we show that the dilatation operator
can in fact be expressed as a finite group element in
0(4,2) so that the matrix elements of the dipole oper-
ators are given by

' Vm | xs| nim)y= (i/wn ) (1/n'n)
X' U'm’ | e 0n L Lyg | nlm)+ {n'V'm’ | Lia| ndm), (1.5)

where w,» 1s the Rydberg frequency for the transition
n—n,
1 1 1#n2—n
Wprg= ———f——=— )
202 20’ 2 wPa/?

(1.6)

and the angle ¢, of the group transformation is given
by

n—n'

n+n’'

The proof of (1.5) is given in the Appendix. Here we
shall discuss the meaning of this equation, its further
consequences, and how one can formulate the radiation
theory of the hydrogen atom group-theoretically from
the beginning.

First of all, if we insert Eq. (1.5) into the quantum

equation
p.= i[H)xi]: Z[—" (1/2N2)7 xi]

and observe that the Lenz vector L; commutes with
H, we find for the momentum operator the simpler
expression

1
W'lI'm’ | p nlm)=—/—(n’l'm’]e_’"’"’nL“Lml nim). (1.8)
n'n

tanhid, =

1.7)

”n
, OF Tpp= log——, .
n

All operations on the right-hand side of (1.5) or (1.8)
are contained in the group 0(4,2). As a consequence
the conformal group contains the whole algebra of
observables on the Hilbert space of bound-state wave
functions and can thus indeed be called the dynamical
group of the H atom. Because we need the generators
Lys, Lig, Lsg of 0(4,2) this is in fact a minimal dynamical
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group. The states |nlm) themselves form an irreducible
representation of the subgroup O(4,1); these are the
states in the rest frame.

II. RELATIVISTIC WAVE EQUATION FOR THE
HYDROGEN ATOM CONSIDERED AS A
COMPOSITE PARTICLE

With Egs. (1.5) and (1.8) the dynamics is completely
formulated in the group-theoretical language as follows:
Take the group 0(4,2), assign the “particles” to a
single irreducible representation of the subgroup O(4,1);
the electromagnetic interactions are then described by
the currents e??24L ;5. We shall see that the last sentence
can also be formulated: The electromagnetic inter-
actions are then described by the currents L; on the
mixed states e®Zs|nlm). In this way, the position
operators of the internal structure of the particle has
been eliminated. This is a necessary step if the same
formalism is to be applied to particle physics.

The problem that we have to solve now is how to
find the above dipole operator if one does not have a
Schridinger equation and a correspondence principle.
Can one find a relativistic description of the compound
system in terms of its total momentum P, such that
the internal structure is described purely group-
theoretically? Isospin and SU(3) groups seem to be
manifestations of internal dynamics. Such a formu-
lation, in special cases, goes back to Majorana? and
has been the subject of the dynamical group theory in
recent years. The generalization of the Majorana
equations has been recently reconsidered by Nambu?
and the present authors.* Nambu’s equation does not
solve the exact H-atom problem and has some un-
physical features. We now want to give a solution to
this problem.

We start from the states |7lm) which are mixtures
of the O(4,1) states. The form of the new states will be
determined. The boosted states | 7ilm ; $) form a reducible
representation of the Poincaré group. We then project
out definite mass and spin values by the Majorana type
equations*

(iT#P+BS—v) |7m; p)=0. 2.1

Here T, is the four-vector generator in 0(4,2) which
can be chosen as
Te= (L'iﬁ’LEG) ) (22)

S is the remaining scalar (under the Poincaré group)
generator
S =L4e, (23)

and B and v are functions of the Poincaré invariants.
We determine the new states |7ilm) by the requirement
that in the rest frame Eq. (2.1) is diagonal and the rest
states |nlm) have the mass m. If we apply a group

2 E. Majorana, Nuovo Cimento 9, 335 (1932).
3Y. Nambu, Progr. Theoret. Phys. (Kyoto) 37, 368 (1966).
4 A. O. Barut and Hagen Kleinert, Phys. Rev. (to be published).
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transformation to (2.1) in order to diagonalize it we get

e“’"L"E[iI‘OPo-I—ﬁS——'y:]e““’"l““i
=m[ coshf,— (8/m) sinhf, ]N
+m[ (8/m) coshf,—sinhf, |—y=0.

This expression is diagonal; if we choose
B/m
[1—(8/my ]’

then the function () is determined from the mass
spectrum to be

tanh@,=8/m, tanhif,=

(2.4)

v(m)=mN[1— (8/m)*]". (2.5)
Thus the new states in Eq. (2.1) are given by
lﬁlm)= —i6nL4slnlm>. (2.6)

The constant 8 will be chosen in such a way that the
matrix elements of the current of Eq. (2.1), namely

AU’ | T ;| ibm)

= (e/nn’) (7' V'm’ | Lis| tlm)

= (e/nn’)(n'U'm’ | e L4 Lo nLss |l | (2.7)
coincides with our Eq. (1.8). This equation is more
symmetric than (1.8). But because Ly commutes with

Li the exponential factor is e!®»—0» L, If we now
choose

B=mi=1—(&/n?) (2.8)
then
m
tanh3f= = ~1—¢/n.
1+(1—md)2 14-¢/n
Hence
tanh: (0 —0,.)=(n—n")/(n+n")= —tanhid,, (2.9)

and Eq. (2.7) is identical with (1.8).

Thus Eq. (2.1) describes the internal structure of the
system group-theoretically at least up to dipole approxi-
mation. It is important to note that the current oper-
ators are simple generators of the Lie algebra, L, not
with respect to physical states, but with respect to
“rotated” states |nlm), whereas for |nlm) we have to
use the “rotated” currents e®»L%|ulm). Because the
group is noncompact, the transformation is hyperbolic.
The angle 8 measures the deviation of the actual mass
of the hydrogen atom compared to the mass of the free
proton and electron. Another way of putting these
results is the following: If we keep the form of the cur-
rents fixed then the electromagnetic interactions mix the
original states |nlm) into |7lm) up to dipole approxi-
mation; the system is now in a state which is a super-
position of all states |nlm).

Equation (2.1) is relativistic, but in order that it
should describe the real relativistic hydrogen atom,
spin must be introduced as well as the correct form of
the boosting operations.
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APPENDIX: PROOF OF EQ. (1.5) AND IDENTI-
FICATION OF THE “TRANSITION
GROUP” 0(2,1)

If one inserts intermediate states into (1.3) and
observes that L7 iL; raises (lowers) #» by one unit,
one obtains

@W'Vm’ | x| nim)= W' V'm’ | D g1y n| n+1, U'm’)
X{n+1,V, m'| Lis—1iLs| nlm)[ (n+1)2/2n]
+ WU’ | Dy n—1, 1, m’)
Xn—1,V, m'| Lis~+iLg) (n—1)2/2n]

-I—(n’l'm’ILMInlm) . (Al)

Hence we have only to find group theoretical expressions
for the matrix elements of D (nt1)/». In I, Egs. (26) and
(27), we expressed this matrix elements in terms of the
integrals over hypergeometric functions:

W'lm| D nyryrn| n=1, Im)(n£1)%/n
=[n(n£1) " dnss, 0 2",

nn’ 3/2 NMNW
dn i;n 177,':

’ 4
TT Lt

(A2)

TT
2 2
X921+1(1'°)<7h,—; %r',‘) , (A3)
T T,
2l+l (n__i_l)l 1/2
Nu= r ] , (A4)
2@+ L
gp(u’f)(”r:k§”r,ak,)=/ e Dot
0
XF (=, pt1, ROF (—n,/, p+1—71, k). (AS)

These integrals have been evaluated by Gordon® re-
cursively with the result

9900100 (ny .k, B ) = T (kr—R'r")
X 9204190 (k5 0, k')
Q41 e, 1

9214100 (ny,k 5 n,' k') =
0 (n—n")1(I+n")! (kE')H

XoHy=v'F(—n,', n+141,
14+n—n', u?),
E—k (kY12
TH+E KR

(A6)

CH+E
For n<#n' one has to exchange # and #»’ in (A6) and

8 W. Gordon, Ann. Phys. (N. Y.) 2, 1031 (1929).
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u— —u. If we use the identity
1 3
F(a, c—b,c; —>
)2 z—1

1—2
1

(1—u2)12 ’

F(ab,c;2)= (
and

sinhig= coshjd=

(1—wu2)12’
to rewrite 991.1%? in (A6) and define the functions
‘Unn’H—l (’l?)E @nn’ (Cosh%ﬁ)‘(”'““) (sinh%@) (n—n’)

XE(—n,', —n'—1, 14n—n', —sinh?(16))
with

(A7)

1 .l (n+10) ! 742
@nn’= I_ ) :l

(n— ') L, 1 (/1) 1

we obtain finally

T\ w 1
dn,l;n’l”,=<~‘> (———) X r(-)nn’th(ﬂ-r"r); (AS)
nn' 7 7/sinhd,,

where the angle ¢, is determined by

r—7 7

, coshid, = .
2(rr')12 2(r7" )12

sinhid ., =

In particular then Eq. (A2) becomes
(n4=1)2

(W'lm|D (ny1yn|n=£1, Im)
n

Vng,w G nn).  (A9)

sinhd

=F

There is a good reason of introducing the functions
Unw in (A7). Consider the noncompact group gen-
erators Ky=Ly;, Ko=—Lsg and K3=Lss=N of 0(4,2).
They form the algebra of 0(2,1) subgroup. The action

TRANSITION /
ALGEBRA
/
K*[ £=n-
4=2
£=1
£=0 N/ nss F1c. 1. Weight diagram
/ for the triangular represen-
tation of 0(4,1). Every ver-
tical line is a representation
n=4 of the transition subgroup

K, an 0(2,1) subgroup of
the conformal group 0(4,2)
generated by Las, — Lag, Lse.
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of the raising and lowering operators K*=K;+K, is
Al=0, Am=0, and An=2-1, and is shown on the weight
diagram in Fig. 1. The states |nlm), for fixed I and s,
form therefore a basis for an irreducible representation
D¢ of this O(2,1), the transition group,* characterized
by the lowest eigenvalue of K3;=N which is clearly
n=I4+1. The matrix elements for D, of the finite
0(2,1) transformations are given by®

e~ iK1 l n’lm>= ]nlm)’Unnf W (0) ) (AIO)

6 V. Bargmann, Ann. Math. 48, 568 (1947).
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where Unn 't is precisely the function introduced in
(A7). Equation (A10) has been proved in Ref. 4.
Therefore (A9) becomes

(n=1)2

n

W'Im| D niryn| n1, I

1
=F—(n'lm| e 2Kt | y41, Im). (A11)

sinhd

This equation inserted into (A1) gives finally Eq. (1.5).
Q.ED.
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Dynamical equations are derived, which describe the space-time development of second-order coherence
tensors of a quantized electromagnetic field n vacuo. With the help of these equations, laws for the con-
servation of correlations are obtained. Some new non-negative-definiteness conditions which the coherence

tensors obey are also established.

I. INTRODUCTION

N recent years many investigations have been
carried out concerning the coherence properties of
the electromagnetic field.* Most of these investigations
have been concerned with the quantum-mechanical
definition of coherence of arbitrary order, with the
properties of the so-called coherent states, with the
differences in the statistical features of laser light and
thermal light, and with the relation between the class-
ical and the quantum-mechanical description of co-
herence. However, practically no studies have been
made as to the space-time development of the coherence
tensors that describe the correlation effects in a quan-
tized electromagnetic field. The main part of this paper
is concerned with this question.

In Secs. II and III dynamical equations are derived
which describe the space-time development % vacuo of
the second-order coherence tensors. In Sec. IV the
associated conservation laws are deduced and in Sec. V
some new non-negative-definiteness conditions, which
the coherence tensors obey, are established.

* Research supported by the U. S. Army Research Office
(Durham). Preliminary versions of the results described in
Papers I and II of this investigation were presented at the Second
Rochester Conference on Coherence and Quantum Optics,
Rochester, New York, June 1966 (unpublished).

1 During the Academic year 1966-1967 Guggenheim Fellow and
Visiting Professor at the Department of Physics, University of
California, Berkeley, California.

1 For a review of these researches see, for example, L. Mandel
and E. Wolf, Rev. Mod. Phys. 37, 231 (1965).

In Paper II of this investigation, these results will be
specialized to the case of the main practical importance,
namely, when the statistical behavior of the field is
describable by a stationary ensemble, and various
properties of such fields will be discussed.

II. DYNAMICAL EQUATIONS FOR THE
CORRELATION TENSORS OF THE
ELECTROMAGNETIC FIELD

We begin with the operator form of Maxwell’s
equations for the electromagnetic field in vacuo. If
E(x,0), A (x,!) denote the electric and the magnetic field
operators,? respectively, at the point r, at time ¢, and if
subscripts 4, j, & denote Cartesian components, the
equations may be expressed in the form

o, 1M,
Eiji—=————, 2.1
Gri c ot
of, 10K,
€ —=——"1, (2.2
67’,; ¢ ot
2 2.3)
=0, 2.3
37’,;
oH;
=0. (2.4)
(97’,'

2 All operators are indicated by a caret.



