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(2) Observations have been made of the electric fields and field changes
associated with 18 distant and 5 near thunderstorms. The sudden changes of
field due to distant lightning discharges (> 8 km.) were predominantly negative
in sign, those due to near discharges (<6 km.) predominantly positive. The
relative frequencies of positive and negative changes were 1:5 in the former
case and 4-3 : 1 in the latter. The steady electric fields below the 5 near storms
were all strongly negative.

(3) It is shown that these results indicate that the thunderclouds were
bi-polar in nature and that the polarity was generally, if not always, positive,
the upper pole being positive and the lower pole negative. It is doubtful if
any active storms of opposite polarity were observed at all.

(4) The electric moments of the charges removed by 82 lightning discharges
have been measured. The mean value is 94 coulomb-kilometres.

The Quantum Theory of the Emission and Absorption of
‘ Radiation.

By P. A. M. Dirac, St. John’s College, Cambridge, and Institute for
Theoretical Physics, Copenhagen.

(Communicated by N. Bohr, For. Mem. R.S.—Received February 2, 1927.)

§ 1. Introduction and Summary.

The new quantum theory, based on the assumption that the dynamical
variables do not obey the commutative law of multiplication, has by now been
developed sufficiently to form a fairly complete theory of dynamics. One can
treat mathematically the problem of any dynamical system composed of a
number of particles with instantaneous forces acting between them, provided it
is describable by a Hamiltonian function, and one can interpret the mathematics

physically by a quite definite general method. On the other hand, hardly
) anything has been done up to the present on quantum electrodynamics. The
questions of the correct treatment of a system in which the forces are propa-
gated with the velocity of light instead of instantaneously, of the production of
an electromagnetic field by a moving electron, and of the reaction of this field
on the electron have not yet been touched. In addition, there is a serious
difficulty in making the theory satisfy all the requirements of the restricted
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principle of relativity, since a Hamiltonian function can no longer be used.
This relativity question is, of course, connected with the previous ones, and it
will be impossible to answer any one question completely without at the same
time answering them all. However, it appears to be possible to build up a
fairly satisfactory theory of the emission of radiation and of the reaction of
the radiation field on the emitting system on the basis of a kinematics and
dynamics which are not strictly relativistic. This is the main object of the
present paper. The theory is non-relativistic only on account of the time
being counted throughout as a c-number, instead of being treated symmetrically
with the space co-ordinates. The relativity variation of mass with velocity
is taken into account without difficulty.

The underlying ideas of the theory are very simple. Consider an atom inter-
acting with a field of radiation, which we may suppose for definiteness to be
confined in an enclosure so as to have only a discrete set of degrees of freedom.
Resolving the radiation into its Fourier components, we can consider the energy
and phase of each of the components to be dynamical variables describing the
radiation field. Thus if E, is the energy of a component labelled # and 6,
is the corresponding phase (defined as the time since the wave was in a standard
phase), we can suppose each E, and 0, to form a pair of canonically conjugate
variables. In the absence of any interaction between the field and the atom,
the whole system of field plus atom will be describable by the Hamiltonian

H=ZXE, + H, (1)
equal to the total energy, H, being the Hamiltonian for the atom alone, since
the variables E,, 0, obviously satisfy their canonical equations of motion

H . . OH _
—-8—6—;———0, Or—éﬁz—-

When there is interaction between the field and the atom, it could be taken into
account on the classical theory by the addition of an interaction term to the
Hamiltonian (1), which would be a function of the variables of the atom and of
the variables E,, 6, that describe the field. This interaction term would give
the effect of the radiation on the atom, and also the reaction of the atom on the
radiation field.

In order that an analogous method may be used on the quantum theory,
it is necessary to assume that the variables E,, 0, are q-numbers satisfying
the standard quantum conditions 6,E, — E.0, = 4, etc., where A is (2r)*
times the usual Planck’s constant, like the other dynamical variables of the
problem. This assumption immediately gives light-quantum properties to

E, = L.
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the radiation.* For if v, is the frequency of the component 7, 2rv,0, is an
angle variable, so that its canonical conjugate E,/2mv, can only assume a
discrete set of values differing by multiples of %, which means that E, can
change only by integral multiples of the quantum (27%) v,. If we now add an
interaction term (taken over from the clasical theory) to the Hamiltonian (1),
the problem can be solved according to the rules of quantum mechanics, and
we would expect to obtain the correct results for the action of the radiation
and the atom on one another. It will be shown that we actually get the correct
laws for the emission and absorption of radiation, and the correct values for
Einstein’s A’s and B’s. In the author’s previous theory,} where the energies
and phases of the components of radiation were c-numbers, only the B’s could
be obtained, and the reaction of the atom on the radiation could not be taken
into account.

It will also be shown that the Hamiltonian which describes the interaction
of the atom and the electromagnetic waves can be made identical with the
Hamiltonian for the problem of the interaction of the atom with an assembly
of particles moving with the velocity of light and satisfying the Einstein-Bose
statistics, by a suitable choice of the interaction energy for the particles. The
number of particles having any specified direction of motion and energy, which
can be used as a dynamical variable in the Hamiltonian for the particles, is
equal to the number of quanta of energy in the corresponding wave in the
Hamiltonian for the waves. There is thus a complete harmony between the
wave and light-quantum descriptions of the interaction. We shall actually
build up the theory from the light-quantum point of view, and show that the
Hamiltonian transforms naturally into a form which resembles that for the
waves.

The mathematical development of the theory has been made possible by the
author’s general transformation theory of the quantum matrices.] Owing
to the fact that we count the time as a c-number, we are allowed to use the notion
of the value of any dynamical variable at any instant of time. This value is

* Similar assumptions have been used by Born and Jordan [‘ Z. f. Physik,” vol. 34,
p. 886 (1925)] for the purpose of taking over the classical formula for the emission of radiation
by a dipole into the quantum theory, and by Born, Heisenberg and Jordan [‘ Z. . Physik,’
vol. 35, p. 606 (1925)] for calculating the energy fluctuations in a field of black-body
radiation.

+ ¢ Roy. Soc. Proc.,” A, vol. 112, p. 661, § 5 (1926). This is quoted later by, loc. cit., I.

1 ¢ Roy. Soc. Proc.,” A, vol. 113, p. 621 (1927). This is quoted later by loc. cit., II. An
essentially equivalent theory has been obtained independently by Jordan [* Z. f. Physik,’
vol. 40, p. 809 (1927)]. See also, F. London, ¢ Z. f. Physik,’ vol. 40, p. 193 (1926).
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a g-number, capable of being represented by a generalised ““ matrix * according
to many different matrix schemes, some of which may have continuous ranges
of rows and columns, and may require the matrix elements to involve certain
kinds of infinities (of the type given by the 8 functions*). A matrix scheme can
be found in which any desired set of constants of integration of the dynamical
system that commute are represented by diagonal matrices, or in which a set of
variables that commute are represented by matrices that are diagonal at a
specified time.f The values of the diagonal elements of a diagonal matrix
representing any ¢-number are the characteristic values of that q-number. A
Cartesian co-ordinate or momentum will in general have all characteristic values
from — @ to -+ %, while an action variable has only a discrete set of character-
istic values. (We shall make it a rule to use unprimed letters to denote the
dynamical variables or g-numbers, and the same letters primed or multiply
primed to denote their characteristic values. Transformation functions or eigen-
functions are functions of the characteristic values and not of the q-numbers
themselves, so they should always be written in terms of primed variables.)

If f(E, ) is any function of the canonical variables &, n;, the matrix repre-
senting f at any time ¢ in the matrix scheme in which the &, at time ¢ are diagonal
matrices may be written down without any trouble, since the matrices repre-
senting the &, and v, themselves at time ¢ are known, namely,

& (5'8") = &/ 3 (£'8"), )
M (E'8") = —th 3 (&) —&1") ... 8 (Bt —Ern) 8 (8 —E") S (€k+1’-£k+1”)---J’

Thus if the Hamiltonian H is given as a function of the &, and v;, we can at
once write down the matrix H(E' £”). We can then obtain the transformation
function, (§'/a’) say, which transforms to a matrix scheme («) in which the
Hamiltonian is a diagonal matrix, as (& /o) must satisfy the integral equation

JH (E'8") dE" (£ [o) = W () . (€' /o), (3)

. (@2)

of which the characteristic values W(a') are the energy levels. This equation
is just Schrodinger’s wave equation for the eigenfunctions (&' /a"), which becomes
an ordinary differential equation when H is a simple algebraic function of the

* Loc. cit. 11, § 2.

1 One can have a matrix scheme in which a set of variables that commute are at all times
represented by diagonal matrices if one will sacrifice the condition that the matrices must
satisfy the equations of motion. The transformation function from such a scheme to one
in which the equations of motion are satisfied will involve the time explicitly. See p. 628
in loc. cit., I1.
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&rand v, on account of the special equations (2) for the matrices representing
£, and ;. Equation (3) may be written in the more general form

jH (B'E") dE" (E"f') = ih D (E'[a') O, (3")

in which it can be applied to systems for which the Hamiltonian involves the
time explicitly.

One may have a dynamical system specified by a Hamiltonian H which
cannot be expressed as an algebraic function of any set of canonical variables,
but which can all the same be represented by a matrix H(4'"). Such a problem
can still be solved by the present method, since one can still use equation (3)
to obtain the energy levels and eigenfunctions. We shall find that the Hamilto-
nian which describes the interaction of a light-quantum and an atomic system is
of this more general type, so that the interaction can be treated mathematically,
although one cannot talk about an interaction potential energy in the usual
sense. :

It should be observed that there is a difference between a light-wave and the
de Broglie or Schrodinger wave associated with the light-quanta. Firstly, the
light-wave is always real, while the de Broglie wave associated with a light-
quantum moving in a definite direction must be taken to involve an imaginary
exponential. A more important difference is that their intensities are to be
interpreted in different ways. The number of light-quanta per unit volume
associated with a monochromatic light-wave equals the energy per unit volume
of the wave divided by the energy (2mh)v of a single light-quantum. On the
other hand a monochromatic de Broglie wave of amplitude ¢ (multiplied into
the imaginary exponential factor) must be interpreted as representing a2 light-
quanta per unit volume for all frequencies. This is a special case of the general
rule for interpreting the matrix analysis,* according to which, if (£'/’) or
Yo (8) 1s the eigenfunction in the variables &, of the state o’ of an atomic
system (or simple particle), | .- (£;')2 is the probability of each £, having the
value &/, [or | §o (&) 12dE," dEy ... is the probability of each &, lying between
the values &' and &' + d%,, when the £; have continuous ranges of character-
istic values] on the assumption that all phases of the system are equally probable.
The wave whose intensity is to be interpreted in the first of these two ways
appears in the theory only when one is dealing with an assembly of the associated
particles satisfying the Einstein-Bose statistics. There is thus no such wave
associated with electrons.

* Loc. cit., 11, §§ 6, 7.
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§2. The Perturbation of an Assembly of Independent Systems.

We shall now consider the transitions produced in an atomic system by an
arbitrary perturbation. The method we shall adopt will be that previously
given by the author,t which leads in a simple way to equations which determine
the probability of the system being in any stationary state of the unperturbed
system at any time.f This, of course, gives immediately the probable number
of systems in that state at that time for an assembly of the systems
that are independent of one another and are all perturbed in the same way.
The object of the present section is to show that the equations for the rates
of change of these probable numbers can be put in the Hamiltonian form in a
simple manner, which will enable further developments in the theory to be
made.

Let H, be the Hamiltonian for the unperturbed system and V the perturbing
energy, which can be an arbitrary function of the dynamical variables and may
or may not involve the time explicitly, so that the Hamiltonian for the perturbed
system is H = H, + V. The eigenfunctions for the perturbed system must
satisty the wave equation

ih 0ot = (Hy + V) &,
where (H, -+ V) is an operator. If = X,a,, is the solution of this equation
that satisfies the proper initial conditions, where the ¢,’s are the eigenfunctions
for the unperturbed system, each associated with one stationary state labelled
by the suffix 7, and the a,’s are functions of the time only, then |, |?is the prob-
ability of the system being in the state » at any time. The @,’s must be nor-
malised initially, and will then always remain normalised. The theory will
apply directly to an assembly of N similar independent systems if we multiply
each of these a,’s by N* so as to make X, |a,|2 = N. We shall now have that
| @, |2 is the probable number of systems in the state 7.
The equation that determines the rate of change of the a,’s is§

tha, = Vs, (4)
where the V,,’s are the elements of the matrix representing V. The conjugate

imaginary equation is

— thd,* = LV, Fa* = Za. V. (4")

1 Loc. cit. 1. .

1 The theory has recently been extended by Born [* Z. f. Physik,’ vol. 40, p. 167 (1926)]
so as to take into account the adiabatic changes in the stationary states that may be
produced by the perturbation as well as the transitions. This extension is not used in
the present paper.

§ Loc. cit., I, equation (25).
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If we regard @, and ih a,* as canonical conjugates, equations (4) and (4') take
the Hamiltonian form with the Hamiltonian function F, = Z,e,*V,a,,
namely,

da, 1 OFy o da*  OF
& o da*’ a 9,

We can transform to the canonical variables N,, ¢, by the contact trans-

formation
@y = Njemlh g% = N ig¢h,

This transformation makes the new variables N, and &, real, N, being equal
to @,a,* = |a,|% the probable number of systems in the state », and ¢,/h
being the phase of the eigenfunction that represents them. The Hamiltonian

F, now becomes
IN 2h (b=
F]. = 2V, NN (br= ) l:

and the equations that determine the rate at which transitions occur have the
canonical form
3 oF ; oF
N = — ——-—1 , — =1 .
=8 YT,
A more convenient way of putting the transition equations in the Hamiltonian
form may be obtained with the help of the quantities

— —iWit/h gy % AWt/
b, = a, e Wik pF — g ¥ dWHR

W, being the energy of the state . We have |b, [* equal to |a, 2, the probable
number of systemsin the state ». For b, we find

th 'br = W,b, + iha,e Wtk
= Wrbr + = V”bsei (Wa- Wty

with the help of (4). If we put V,, = 0,/ V=W 50 that v, is a constant
when V does not involve the time explicitly, this reduces to

h br = Wrbr + Esvrsbs
= 2“.s]}-Ia‘.';Z)s7 (5)

where H,; = W, 5,, -+ 0,5, which is a matrix element of the total Hamiltonian

H = H, + V with the time factor ¢!V~ W22 removed, so that H,, is a constant

when H does not involve the time explicitly. Equation (5) is of the same form

as equation (4), and may be put in the Hamiltonian form in the same way.
It should be noticed that equation (5) is obtained directly if one writes down

the Schrodinger equation in a set of variables that specify the stationary states

of the unperturbed system. If these variables are &,, and if H(E'2") denotes
VOL. CXIV.—A. s
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a matrix element of the total Hamiltonian H in the (%) scheme, this
Schrodinger equation would be

ih O (£)/0r = 2 H (E'8) b (8), (6)

like equation (3'). This differs from the previous equation (5) only in the
notation, a single suffix r being there used to denote a stationary state instead
of a set of numerical values &’ for the variables &, and b, being used instead
of ¢ (). Hquation (6), and therefore also equation (B), can still be used when
the Hamiltonian is of the more general type which cannot be expressed as an
algebraic function of a set of canonial variables, but can still be represented
by a matrix H (£'€") or H,,.

We now take b, and ¢k b,* to be canonically conjugate variables instead of
a, and tha*. The equation (5) and its conjugate imaginary equation will
now take the Hamiltonian form with the Hamiltonian function

F= Ef‘sbr* Hi‘sbs- (7)

Proceeding as before, we make the contact transformation

b, = NT—; e-ie,/h’ b = Nﬁ eie,./h’ )
to the new canonical variables N,, 0,, where N, is, as before, the probable
number of systems in the state 7, and 0, is a new phase. The Hamiltonian F

will now become .
: F=3%,H,NIN} g

and the equations for the rates of change of N, and 0, will take the canonical

form . )
: Iy ; i)
N, = — = 0, = a—-.
N a9, " 0N,
The Hamiltonian may be written
F = 2 W,N, -+ 2,0, N N et @00k, 9)

The first term X, W,N, is the total proper energy of the assembly, and the
second may be regarded as the additional energy due to the perturbation. If
the perturbation is zero, the phases 6,: would increase linearly with the time,
while the previous phases ¢, would in this case be constants.

§3. The Perturbation of an Assembly satisfying the Hinstein-Bose Statistics.

According to the preceding section we can describe the effect of a perturba- -
tion on an assembly of independent systems by means of canonical variables
and Hamiltonian equations of motion. The development of the theory which
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naturally suggests itself is to make these canonical variables g-numbers satisfy-
ing the usual quantum conditions instead of c-numbers, so that their Hamilto-
nian equations of motion become true quantum equations. The Hamiltonian
function will now provide a Schrédinger wave equation, which must be solved
and interpreted in the usual manner. The interpretation will give not merely
the probable number of systems in any state, but the probability of any given
distribution of the systems among the various states, this probability being,
in fact, equal to the square of the modulus of the normalised solution of the
wave equation that satisfies the appropriate initial conditions. We could, of
course, calculate directly from elementary considerations the probability of
any given distribution when the systems are independent, as we know the
probability of each system being in any particular state. We shall find that the
probability calculated directly in this way does not agree with that obtained
from the wave equation except in the special case when there is only one system
in the assembly. In the general case it will be shown that the wave equation
leads to the correct value for the probability of any given distribution when
the systems obey the Hinstein-Bose statistics instead of being independent.

We assume the variables b,, thb,* of §2 to be canonical g-numbers satisfying
the quantum conditions

b,.ihb* — ihb* . b, = ih
or bb* — b*b, =1,
and bbb, — bbh, =0,  b¥b¥ — bFb, ¥ =0,
bb* — b*b, = 0 (s # 7).

The transformation equations (8) must now be written in the quantum form

br — (Nr _+_ 1)4; e—ie,ﬂz — 'e—ie,-/tha}\

(10)
b¥ = N0/t — o (N, + 1)},

in order that the N,, 0, may also be canonical variables. These equations
show that the N, can have only integral characteristic values not less than
zero,T which provides us with a justification for the assumption that the
variables are q-numbers in the way we have chosen. The numbers of systems
in the different states are now ordinary quantum numbexrs.

+ See § 8 of the author’s paper ¢ Roy. Soc. Proc.,” A, vol. 111, p. 281 (1926). What are
there called the c-number values that a ¢-number can take are here given the more precise
name of the characteristic values of that q-number.

s 2
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The Hamiltonian (7) now becomes
F= Ersbr*Hrsbs = erNr%emr/hHrs (Ns + 1)% g~
= erHrsNr% Ny +1— Brs)% ¢ 6= 0ih (11)

in which the H,, are still c-numbers. We may write this F in the form corre-
sponding to (9)

F =3WN, 4+ Z,0,N} (N, +1 — §,) /@00 (11)

in which it is again composed of a proper energy term X,W,N, and an inter-
action energy term.
The wave equation written in terms of the variables N, ist

wh gi ‘I’ (Nl’, N2I’ Nsl ) = F¢ (Nlli N2,’ N3, “.)’ (12)

where F is an operator, each 6, occurring in F being interpreted to mean ¢4 0/0N,’.
If we apply the operator e*®/* to any function f(N,, N,', ... N/, ...) of the
variables N,’, N/, ... the result is

et f(N/, N/, ... N/, ...) = ¥ f(N/, N, ... N, ...)
= f(N/, Ny, ... N,/ F1, ...).
If we use this rule in equation (12) and use the expression (11) for F we obtain}
ihéai G (N, Ny, Ny ...) |
=3, H NN,/ +1-8 ) ¢(N/, N,/ ..N,/—1,...N/ +1,...). (13)

We see from the right-hand side of this equation that in the matrix repre-
senting F, the term in F involving ¢ @~ %/ will contribute only to
those matrix elements that refer to transitions in which N, decreases
by unity and N; increases by unity, s.e., to matrix elements of the type
FON/, Ny ...N,/..N/; N, NJ/ ... N,/ —1...N/+1..). If we find a
solution ¢ (N,’, Ny’ ...) of equation (13) that is normalised [¢.e., one for which
Sxyne . U(NY, Ny’ ...)|2 = 1] and that satisfies the proper initial con-
ditions, then | ¢ (N,’, Ny ...)|2 will be the probability of that distribution in
which N, systems are in state 1, N, in state 2, ... at any time. .
Consider first the case when there is only one system in the assembly. The
probability of its being in the state g is determined by the eigenfunction
+ We are supposing for definiteness that the label r of the stationary states takes the

values 1, 2, 3, ....
1 When s =r,% (N, N,"...N,” — 1... N, - 1) is to be taken to mean ¢ (N;'N,"... N,"...).
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YNy, Ny, ...) in which all the N”’s are put equal to zero except N/, which is
put equal to unity. This eigenfunction we shall denote by ¢{g}. When it is
substituted in the left-hand side of (13), all the terms in the summation on
the right-hand side vanish except those for which » = ¢, and we are left with

ih S = S HL,

which is the same equation as (5) with ¢ {g} playing the part of b,. This estab-
lishes the fact that the present theory is equivalent to that of the preceding
section when there is only one system in the assembly.

Now take the general case of an arbitrary number of systems in the assembly,
and assume that they obey the Hinstein-Bose statistical mechanics. This
requires that, in the ordinary treatment of the problem, only those eigen-
functions that are symmetrical between all the systems must be taken into
account, these eigenfunctions being by themselves sufficient to give a complete
quantum solution of the problem. We shall now obtain the equation for the
rate of change of one of these symmetrical eigenfunctions, and show that it is
identical with equation (13).

If we label each system with a number #, then the Hamiltonian for the
assembly will be Hy = X, H (n), where H (n) is the H of §2 (equal to Hy -+ V)
expressed in terms of the variables of the nth system. A stationary state of
the assembly is defined by the numbers 7y, 75 ... 7, ... which are the labels of the
stationary states in which the separate systems lie. The Schrodinger equation
for the assembly in a set of variables that specify the stationary states will be
of the form (6) [with H, instead of H], and we can write it in the notation of
equation (5) thus :—

hb(ryry ) = S o Hi 17y o5 515 ...) D(8150.2), (14)

where Hy (75 ... ; 8185 ...) is the general matrix element of Hy [with the time
factor removed]. This matrix element vanishes when more than one s, differs
from the corresponding 7,; equals H, when s, differs from 7, and every
other s, equals 7,; and equals X, H,,,, when every s, equals#,. Substituting
these values in (14), we obtain

hb (ryry ...) = ZpSeerHrod (47g oo TotSutmst o) + Sy (ry7g..).  (15)
‘We must now restrict b (7, ...) to be a symmetrical function of the variables

%4, Ty ... in order to obtain the Einstein-Bose statistics.  This is permissible
since if b (ry7y ...) is symmetrical at any time, then equation (15) shows that

1 Loc. ¢it., I, § 3.
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b(?’ﬁfz ...) is also symmetrical at that time, so that b (##, ...} will remain
symmetrical.

Let N, denote the number of systems in the state 7. Then a stationary state
of the assembly describable by a symmetrical eigenfunction may be specified
by the numbers N;, N, ... N,... just as well as by the numbers »;, 75 ... 7, ...,
and we shall be able to transform equation (15) to the variables Ny, N, ...
We cannot actually take the new eigenfunction & (N, N, ...) equal to the pre-
vious one b (ry7y ...), bubt must take one to be a numerical multiple of the
other in order that each may be correctly normalised with respect to its
respective variables. 'We must have, in fact,

S |0y 7y )2 =1 =By, 5, DN, Ny L) (3

and hence we must take |b(Ny, N, ...)|? equal to the sum of | (ryry ...) | % for
all values of the numbers 74, 7, ... such that there are Ny of them equal to 1, N,
equal to 2, ete. There are N !I/N; ! N, ! ... terms in this sum, where N = X,N,
is the total number of systems, and they are all equal, since b(ryry...) is a
symmetrical function of its variables #;, 7, .... Hence we must have

BN, N, ...) = (NN, I N, L b (g, .o

If we make this substitution in equation (15), the left-hand side will become
th (N I Ny /N DD (N, N, ...). The term H,

Lol (172 +ee Tt Silipg1 --0)
in the first summation on the right-hand side will become

[Ny !N, (N, 1) LN - 1) 1 /N (N, Ny o N, — 1N, -1..), (16)

where we have written » for »,, and s for s,,. This term must be summed for
all values of s except 7, and must then be summed for  taking each of the values
74 7 -... Thus each term (16) gets repeated by the summation process until
it occurs a total of N, times, so that it contributes

N[N NGt (N, — D)1 (N1 /N b (N, Ny N—1 o N 100
— NF(N, 4 1) (N, I N, L /N D (N, Ny N—1 L N 1)

to the right-hand side of (15). Finally, the term X, H,,, b (ry, r5...) becomes

ENH, . b(rry...)=SNH, (N IN,! . /N)EbHN, N, ...
Hence equation (15) becomes, with the removal of the factor (Ny ! Ny L. /N 1)%,

ihb (N N,..) =580, N (N A1) HLb (N, Ny o N,—1 L N+ 1.0)
+ eran‘b (N.‘U N2 i ‘)’ (17)
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which is identical with (13) [except for the fact that in (17) the primes have
been omitted from the N’s, which is permissible when we do not require to refer
to the N’s as g-numbers]. We have thus established that the Hamiltonian
(11) describes the effect of a perturbation on an assembly satisfying the Einstein-
Bose statistics.

§4. The Reaction of the Assembly on the Perturbing System.

Up to the present we have considered only perturbations that can be repre-
sented by a perturbing energy V added to the Hamiltonian of the perturbed
system, V being a function only of the dynamical variables of that system and
perhaps of the time. The theory may readily be extended to the case when
the perturbation consists of interaction with a perturbing dynamical system,
the reaction of the perturbed system on the perturbing system being taken
into account. (The distinction between the perturbing system and the per-
turbed system is, of course, not real, but it will be kept up for convenience.)

We now consider a perturbing system, described, say, by the canonical
variables J;, w, the J’s being its first integrals when it is alone, interacting
with an assembly of perturbed systems with no mutual interaction, that satisfy
the Kinstein-Bose statistics. The total Hamiltonian will be of the form

HT = HP (J) + X H (n),

where H, is the Hamiltonian of the perturbing system (a function of the J’s
only) and H (n) is equal to the proper energy H (n) plus the perturbation energy
V(n) of the nth system of the assembly. H () is a function only of the variables
of the nth system of the assembly and of the J’s and w’s, and does not involve
the time explicitly.

The Schrédinger equation corresponding to equation (14) is now

ihb (I, 1y ) =50 By e o Hy (Foryry s 3,8085..) B3, 8485....),

in which the eigenfunction b involves the additional variables J,’. The matrix
element Hy (J, 7475 ... 5 J”, 8,8, ...) is now always a constant. ~ As before, it
vanishes when more than one s, differs from the corresponding 7,. When
s,, differs from r,, and every other s, equals 7,, it reduces to H (J'r,,; J”s,),
which is the (J'r,,; J”s,) matrix element (with the time factor removed) of
H = H, -}V, the proper energy plus the perturbation energy of a single
system of the assembly; while when every s, equals 7,, it has the value
Hp(J) 855+ 2, H (J'7,; I"r,). If, as before, we restrict the eigenfunctions
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to be symmetrical in the variables ¢, 7, ..., we can again transform to the
variables N;, N, ..., which will lead, as before, to the result

ihb (I, Ny, Ny .y =Hyp (') b (J, N', Ny ...)

+25 %, NANS 18, H(J'r; I7s)b(J", N/, Ny .. N,/ —1..N/ 4+ 1...) (18)

This is the Schrodinger equation corresponding to the Hamiltonian function

F = I-IP (J) + }:'7'.3 Hrs N?‘é (Ns + 1— 87‘8)% ei (6.-0;)/72.1 (19)
in which H,, is now a function of the J’s and w’s, being such that when repre-
sented by a matrix in the (J) scheme its (J*J”) element is H (J'r; J"s). (It
should be noticed that H,, still commutes with the N’s and 0’s.)

Thus the interaction of a perturbing system and an assembly satisfying the
Einstein-Bose statistics can be described by a Hamiltonian of the form (19).
We can put it in the form corresponding to (11') by observing that the matrix
element H (J'7; J”s) is composed of the sum of two parts, a part that comes
from the proper energy H,, which equals W, when J,"=J,/ and s =+ and

vanishes otherwise, and a part that comes from the interaction energy V,
which may be denoted by v (J'»; J"s). Thus we shall have

Hfrs = Wr 81‘3 + Vpgs

where v,, is that function of the J’s and w’s which is represented by the matrix
whose (I’ J”) element is v (J'r; J”s), and so (19) becomes

= I{P (J) + E*:'Wa'Nr + Z,,,S?J,»SN7J'1‘ (Ns + 1 87‘8){; ei =on . (20)

The Hamiltonian is thus the sum of the proper energy of the perturbing system
Hg (J), the proper energy of the perturbed systems X,W,N, and the perturba-
tion energy %, 0, N (N, -1 — 3.)% ¢! @00,

§5. Theory of Tramsitions ina System from One State to Others of the Same Energy.

Before applying the results of the preceding sections to light-quanta, we
shall consider the solution of the problem presented by a Hamiltonian of the
type (19). The essential feature of the problem is that it refers to a dynamical
system which can, under the influence of a perturbation energy which does
not involve the time explicitly, make transitions from one state to others of
the same energy. The problem of collisions between an atomic system and an
electron, which has been treated by Born,* is a special case of this type. Born’s
method is to find a periodic solution of the wave equation which consists, in
80 far as it involves the co-ordinates of the colliding electron, of plane waves,

* Born, ¢ Z. {. Physik,” vol. 38, p. 803 (1926).
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representing the incident electron, approaching the atomic system, which are
scattered or diffracted in all directions. The square of the amplitude of the
waves scattered in any direction with any frequency is then assumed by Born
to be the probability of the electron being scattered in that direction with
the corresponding energy. ’

This method does not appear to be capable of extension in any simple manner
to the general problem of systems that make transitions from one state to others
of the same energy. Also there is at present no very direct and certain way
of interpreting a periodic solution of & wave equation to apply to a non-periodic
physical phenomenon such as a collision. (The more definite method that
will now be given shows that Born’s assumption is not quite right, it being
necessary to multiply the square of the amplitude by a certain factor.)

An alternative method of solving a collision problem is to find a non-periodic
solution of the wave equation which consists initially simply of plane waves
moving over the whole of space in the necessary direction with the necessary
frequency to represent the incident electron. In course of time waves moving
in other directions must appear in order that the wave equation may remain
satisfied. The probability of the electron being scattered in any direction with
any energy will then be determined by the rate of growth of the corresponding
harmonic component of these waves. The way the mathematics is to be
interpreted is by this method quite definite, being the same as that of the
beginning of §2.

We shall apply this method to the general problem of a system which makes
transitions from one state to others of the same energy under the action of a
perturbation. Let H, be the Hamiltonian of the unperturbed system and
V the perturbing energy, which must not involve the time explicitly. If we
take the case of a continuous range of stationary states, specified by the first
integrals, «;, say, of the unperturbed motion, then, following the method of
§2, we obtain

iha(o) = jv (o) do” . a (o), @1)

corresponding to equation (4). The probability of the system being in a state
for which each o, lies between o and o+ day, at any time is|a (o) [2doy” . doxy” ...
when a (o) is properly normalised and satisfies the proper initial conditions.
If initially the system is in the state o9, we must take the initial value of a (')
to be of the form a°. 8 (o' —a°). We shall keep a° arbitrary, as it would be
inconvenient to normalise @ (') in the present case. For a first approximation
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we may substitute for @ («”) in the right-hand side of (21) its initial value. This
gives
tha(d) = a®V (¢'a) = % ('a?) ¢!V @)= WOItR

where v (2'a®) is a constant and W («’) is the energy of the state «’. Hence

tha () = a®S (& — ) + a% («'a®) ¢ W — 1 . (22)

| W @) — WOk

For values of the o’ such that W («) differs appreciably from W («°), a (o)
is a periodic function of the time whose amplitude is small when the perturbing
energy V is small, so that the eigenfunctions corresponding to these stationary
states are not excited to any appreciable extent. On the other hand, for values
of the o such that W («') = W (&) and o« # o for some £, a (o) increases
uniformly with respect to the time, so that the probability of the system being
in the state o’ at any time increases proportionally with the square of the time.
Physically, the probability of the system being in a state with exactly the same
proper energy as the initial proper energy W («) is of no importance, being
infinitesimal. We are interested only in the integral of the probability
through a small range of proper energy values about the initial proper energy,
which, as we shall find, increases linearly with the time, in agreement with the

ordinary probability laws.

We transform from the variables «;, o, ... o, to a set of variables that are
arbitrary independent functions of the o’s such that one of them is the proper
energy W, say, the variables W, v;, vs, ... Yu—1. The probability at any time
of the system lying in a stationary state for which each v;, lies betweeny,” and
vr -+ dy; is now (apart from the normalising factor) equal to

! ’ N LRE: 0 (s oy’ ... ) ’
By iy o dpd a2 5 R, e
For a time that is large compared with the periods of the system we shall find
that practically the whole of the integral in (23) is contributed by values of
W’ very close to WO=W (). Put

a(@)=a(W,vy) and 0 (e, s ... 2,/ )/O (W, v ... Yui) =T (W, ¥).
Then for the integral in (23) we find, with the help of (22) (provided v, # v.*
for some k)

j la (W', ¥)[2 3 (W, v') AW’

o . s [V W] [mi (W WOuR_1]
=|a |zj|v(w,y CWO, %) 2 T (W, ¥) o aw

=2]d’ l‘ﬂ Lo (W'y"s WO,x%) 23 (W,y") [1 — cos (W' — W)t /h] /(W' — WR2.dW*

=2|a2t/h . jlv(W"—}—kw/t,y'; WO, 1) 2 (WO R/, ') (L — cos @) a2 . dor,
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if one makes the substitution (W —W°)¢/h =xz. For large values of ¢ this
reduces to

AL

21a® Pt/h.|v (WO "5 WO RIT(WO )| (1—cosw)/2? . de
Y Y Y ~

=2 |a®Re/h. v (WO, v ; WO, 0)[2 T (WO, ).
The probability per unit time of a transition to a state for which each v;, lies
between v," and vy, -+ dy;’ is thus (apart from the normalising factor)
2| a® 2/ . [ (WO, v 5 WO O 2T (WO, y") dyy . dyy ... dyy_1's (24)
which is proportional to the square of the matrix element associated with that
transition of the perturbing energy.

To apply this result to a simple collision problem, we take the o’s to be the
components of momentum p,, p,, p, of the colliding electron and the y’s to
be 0 and ¢, the angles which determine its direction of motion. If, taking the
relativity change of mass with velocity into account, we let P denote the
resultant momentum, equal to (p,2 -+ p,2 -+ p2), and E the energy, equal to
(m2ct-P2%?2)}, of the electron, m being its rest-mass, we find for the Jacobian

7= eper) _ BPg,g
C

o (E, 6, ¢)
Thus the J (W, ') of the expression (24) has the value
J(W, v') =EP sin 0'/2, (20)
where K" and P’ refer to that value for the energy of the scattered electron which

makes the total energy equal the initial energy WP (i.e., to that value required
by the conservation of energy).

We must now interpret the initial value of @ («'), namely, a® 3 (0" — o),
which we did not normalise. According to § 2 the wave function in terms of the
variables a; is b (a)= a («’) eV, 50 that its initial value is

a® S (o — og‘]) e~ W __ 0 3(}%' __1910) ) (1%' _ py()) S(p, — on) iV
If we use the transformation function™®
(@' [p) = (2rch) ~3/2e! 2w IR,

and the transformation rule
V) = (@) o) apd ap, ap/,

we obtain for the initial wave function in the co-ordinates z, y, z the value

aO (2nh)~—3/2 eiE,y;px%’/h e i}V’t/lL.

* The symbol 2 is used for brevity to denote w, y, z.
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This corresponds to an initial distribution of |a®|2(2rh)™3 electrons per unit

volume. Since their velocity is P%?/E° the number per unit time striking a

unit surface at right-angles to their direction of motion is |a®|2 P%2/(2rh)3 K.

Dividing this into the expression (24) we obtain, with the help of (25),

E'E°
04

42 @b By (s )2 g sin 0 4O’ dep'. (26)

This is the effective area that must be hit by an electron in order that it shall
be scattered in the solid angle sin 6" d0’ d¢’ with the energy E’. This result
differs by the factor (2rh)?2/2mE’ . P'/P° from Born’s.* The necessity for the
factor P’/P° in (26) could have been predicted from the principle of detailed
balancing, as the factor | (p"; 9|2 is symmetrical between the direct and
Teverse processes.y

§6. Application to Light-Quanta.

We shall now apply the theory of §4 to the case when the systems of the
assembly are light-quanta, the theory being applicable to this case since light-
quanta obey the Einstein-Bose statistics and have no mutual interaction. A
light-quantum is in a stationary state when it is moving with constant momen-
tum in a straight line. Thus a stationary state r is fixed by the three com-
ponents of momentum of the light-quantum and a variable that specifies its
state of polarisation. We shall work on the assumption that there are a finite
number of these stationary states, lying very close to one another, as it would
be inconvenient to use continuous ranges. The interaction of the light-quanta
with an atomic system will be described by a Hamiltonian of the form (20),
in which Hp (J) is the Hamiltonian for the atomic system alone, and the
coefficients v,, are for the present unknown. We shall show that this form
for the Hamiltonian, with the v,, arbitrary, leads to Hinstein’s laws for the
emission and absorption of radiation.

The light-quantum has the peculiarity that it apparently ceases to exist
when it is in one of its stationary states, namely, the zero state, in which its
momentum, and therefore also its energy, are zero. When a light-quantum
is absorbed it can be considered to jump into this zero state, and when one is
emitted it can be considered to jump from the zero state to one in which it is

* In a more recent paper (‘ Nachr. Gesell. d. Wiss.,” Gotitingen, p. 146 (1926)) Born has
obtained a result in agreement with that of the present paper for non-relativity mechanies,
by using an interpretation of the analysis based on the conservation theorems. I am
indebted to Prof. N. Bohr for seeing an advance copy of this work.

1 See Klein and Rosseland, ¢ Z. f. Physik,” vol. 4, p. 46, equation (4) (1921).
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physically in evidence, so that it appears to have been created. Since there is.
no limit to the number of light-quanta that may be created in this way, we must
suppose that there are an infinite number of light-quanta in the zero state, so
that the N, of the Hamiltonian (20) is infinite. We must now have 04, the
variable canonically conjugate to N, a constant, since

0, = OF/ON, = W, - terms involving Ny=* or (N 4-1)~*

and W, is zero. In order that the Hamiltonian (20) may remain finite it is
necessary for the coefficients v,9, v, to be infinitely small. We shall suppose
that they are infinitely small in such a way as to make v,)N* and v, Ny}
finite, in order that the transition probability coefficients may be finite. Thus.
we put
Vyo (Ng+ 1) e7 0 — g, 9o, N e/t = p %

where v, and v,* are finite and conjugate imaginaries. We may consider the
v, and v,* to be functions only of the J’s and w’s of the atomic system, since
their factors (N + 1)} e7™™" and Nl are practically constants, the rate
of change of N, being very small compared with N,. The Hamiltonian (20)
now becomes

F=Hp() +Z,W,N, + 2, . o[v,N " -+ v,*(N, -+ 1)} ¢~ /"]
"I‘ Z‘r#OZs# 0 'vrsNr{i (Ns + 1— Srs)?‘r ei ((b—~9.«)/h‘ (27)

The probability of a transition in which a light-quantum in the state # is.
absorbed is proportional to the square of the modulus of that matrix element of
the Hamiltonian which refers to this transition. This matrix element must
come from the term o,N,%¢*” in the Hamiltonian, and must therefore be
proportional to N,’* where N,’ is the number of light-quanta in state # before
the process. The probability of the absorption process is thus proportional
to N,’. In the same way the probability of a light-quantum in state r being
emitted is proportional to (N,” +- 1), and the probability of a light-quantum in
state r being scattered into state s is proportional to N,/ (N, 4 1). Radiative
processes of the more general type considered by Einstein and Ehrenfest,T in
which more than one light-quantum take part simultaneously, are not allowed
on the present theory.

To establish a connection between the number of light-quanta per stationary
state and the intensity of the radiation, we consider an enclosure of finite
volume, A say, containing the radiation. The number of stationary states
for light-quanta of a given type of polarisation whose frequency lies in the

1 ¢ Z. . Physik,’ vol. 19, p. 301 (1923).
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range v, to v, + dv, and whose direction of motion lies in the solid angle dew,
about the direction of motion for state » will now be Av,2dv,dw,/c>. The energy
of the light-quanta in these stationary states is thus N," . 2rhv, . Av,2dv,dw,/c
This must equal Ac¢ 'Tdv,dw,, where I, is the intensity per unit frequency
range of the radiation about the state #. Hence

I, == N, 2mh)v,>/c?, (28)
so that N, is proportional to I, and (N,” -}- 1) is proportional to I, + (2rch)v.3/c2.
‘We thus obtain that the probability of an absorption process is proportional to
I,, the incident intensity per unit irequency range, and that of an emission
process is proportional to I, (2wh)v,3/c?, which are just Hinstein’s laws.*®
In the same way the probability of a process in which a light-quantum is scattered
from a state # to a state s is proportional to L [I, 4 (27h)v,2/c?], which is Pauli’s
law for the scattering of radiation by an electron.{

§7. The Probability Coefficients for Emission and Absorption.

‘We shall now consider the interaction of an atom and radiation from the wave
point of view. We resolve the radiation into its Fourier components, and
suppose that their number is very large but finite. Let each component be
labelled by a suffix #, and suppose there are o, components associated with the
radiation of a definite type of polarisation per unit solid angle per unit fre-
quency range about the component #. Hach component  can be described by
a vector potential «, chosen so as to make the scalar potential zero. The
perturbation term to be added to the Hamiltonian will now be, according to
the classical theory with neglect of relativity mechanics, ¢™* X, «, X,, where X,
is the component of the total polarisation of the atom in the direction of «,,
which is the direction of the electric vector of the component 7.

We can, as explained in § 1, suppose the field to be described by the canonical
variables N,, 0,, of which N, is the number of quanta of energy of the com-
ponent 7, and 0, is its canonically conjugate phase, equal to 2mhv, times the
0, of §1. We shall now have «,==a, cos 0,/h, where a, is the amplitude of
x,, which can be connected with N, as follows :—The flow of energy per unit
arca per unit time for the component r is me™ a,?v,% Hence the intensity

* 'The ratio of stimulated to spontaneous emission in the present theory is just twice its
value in Einstein’s. This is because in the present theory either polarised component of
the incident radiation can stimulate only radiation polarised in the same way, while in
Kinstein’s the two polarised components are treated together. This remark applies also
to the scattering process.

1 Pauli, * Z. f. Physik,” vol. 18, p. 272 (1923).
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per unit frequency range of the radiation in the neighbourhood of the com-
ponent 7 is I, =1mc™1a,2v,%5,. Comparing this with equation (28), we obtain
a,= 2 (hv,/cc,)*N,}, and hence

&, = 2 (hv,Jca,)t N,} cos 6,/h.

The Hamiltonian for the whole system of atom plus radiation would now be,
according to the classical theory,

P = Hp (J) + %, @hv,) N, -+ 2025, (hv,fco,) X,NFcos 0,/h,  (29)
where Hp (J) is the Hamiltonian for the atom alone. On the quantum theory
we must make the variables N, and 0, canonical g-numbers like the variables
J wy, that describe the atom. We must now replace the N,* cos 6,/A in (29)
by the real g-number : _

LN €07 4 =N 1y = L (N, 7 - (N, -+ 1)t =078}
8o that the Hamiltonian (29) becomes
F=H,(J) + Z, 2rhy,) N, ¢ E, (v, /5,)* X, {N,} ¢iorih (N, - 1)2 gty
(30)
This is of the form (27), with .
‘ v, = 0% =htc"¥(v,/0,) X, (31)
and V=0 (r, s 5 0).
The wave point of view is thus consistent with the light-quantum point of view
and gives values for the unknown interaction coefficient v,, in the light-
quantum theory. These values are not such as would enable one to express
the interaction energy as an algebraic function of canonical variables. Since
the wave theory gives v,,= 0 for 7, s # 0, it would seem to show that there are
no direct scattering processes, but this may be due to an incompleteness in
the present wave theory.

We shall now show that the Hamiltonian (30) leads to the correct expressions
for Einstein’s A’s and B’s. 'We must first modify slightly the analysis of §5
50 as to apply to the case when the system has a large number of discrete station-
ary states instead of a continuous range. Instead of equation (21) we shall
now have '

tha(o) =2V («a")a").
If the system is initially in the state «°, we must take the initial value of a (')
to be 3,w, which is now correctly normalised. This gives for a first approxi-

mation
~ th ¢ (o) =V ('00) = v(a'a?) ¢V ()= W]tk
which leads to

W @)= WOItih __ |

ha(e) =dve 0 ) ST G
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corresponding to (22). If, as before, we transform to the variables W, -,
9 --» Yu—1, We obtain (when vy # v°)

a (Wy') = o (W', ¥ 5 WO, y9) [1—ei (V=W 0] (W7 W),

The probability of the system being in a state for which each vy, equals v’
Is Ty |a (W' y')%  If the stationary states lie close together and if the time ¢

is not too great, we can replace this sum by the integral (AW)_lj | (W) [2dW’,

where AW is the separation between the energy levels. Evaluating this integral
as before, we obtain for the probability per unit time of a transition to a state
for which each v, =1’

2 [RAW .| o (WO, v 5 WO, %) (32)
In applying this result we can take the y’s to be ahy set of variables that are
independent of the total proper energy W and that together with W define
a stationary state.

We now return to the problem defined by the Hamiltonian (30) and consider
an absorption process in which the atom jumps from the state J° to the state
J” with the absorption of a light-quantum fromstate ». We take the variables
v’ to be the variables J” of the atom together with variables that define the
direction of motion and state of polarisation of the absorbed quantum, but
not its energy. The matrix element » (W?, y'; W, v°) is now

B (3,0, X, (TN,
where X, (J°J') is the ordinary (J°J’) matrix element of X,. Hence from (32) the
probability per unit time of the absorption process is

27r
WAW 03

To obtain the probability for the process when the light-quantum comes from

s X, (3°F7) | 2N,

any direction in a solid angle dw, we must multiply this expression by the number
of possible directions for the light-quantum in the solid angle dw, which is
de 6, AW [2zh. This gives

|X(J0J JEN? = deo 2!X(J°J’ )]21,

A k2
with the help of (28), Hence the probability coefficient for the absorption
process is 1/2wh%cv,?. [X, (J°F’) |2, in agreement with the usual value for Ein-
stein’s absorption coefficient in the matrix mechanics. The agreement for
the emission coefficients may be verified in the same manner.
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The present theory, since it gives a proper account of spontaneous emission,
must presumably give the effect of radiation reaction on the emitting system,
and enable one to calculate the natural breadths of spectral lines, if one can
overcome the mathematical difficulties involved in the general solution of the
wave problem corresponding to the Hamiltonian (30). Also the theory enables
one to understand how it comes about that there is no violation of the law of the
conservation of energy when, say, a photo-electron is emitted from an atom
under the action of extremely weak incident radiation. The energy of inter-
action of the atom and the radiation is a g-number that does not commute with
the first integrals of the motion of the atom alone or with the intensity of the
radiation. Thus one cannot specify this energy by a c-number at the same
time that one specifies the stationary state of the atom and the intensity of the
radiation by c-numbers. In particular, one cannot say that the interaction
energy tends to zero as the intensity of the incident radiation tends to zero.
There is thus always an unspecifiable amount of interaction energy which
can supply the energy for the photo-electron.

I would like to express my thanks to Prof. Niels Bohr for his interest in this
work and for much friendly discussion about it.

Sumimary.

The problem is treated of an assembly of similar systems satisfying the
Einstein-Bose statistical mechanics, which interact with another different
system, a Hamiltonian function being obtained to describe the motion. The
theory is applied to the interaction of an assembly of light-quanta with an
ordinary atom, and it is shown that it gives Einstein’s laws for the emission
and absorption of radiation.

The interaction of an atom with electromagnetic waves is then considered,
and it is shown that if one takes the energies and phases of the waves to be
g-numbers satisfying the proper quantum conditions instead of c-numbers,
the Hamiltonian function takes the same form as in the light-quantum treat-
ment. The theory leads to the correct expressions for Einstein’s A’s and B’s.
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