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The notion that the direction of flow 
of time cannot be determined by any 
physical experiment has been deeply 
ingrained in the thought and theories 
of physicists until very recent years. 
In all cases in which they have been 

adequately tested, the laws of physics 
satisfy this condition and, in unexplored 
areas, the condition is usually taken as 
a starting principle for formulating a 
theory. Violation of this principle 
would affect the results obtained from 

The notion that the direction of flow 
of time cannot be determined by any 
physical experiment has been deeply 
ingrained in the thought and theories 
of physicists until very recent years. 
In all cases in which they have been 

adequately tested, the laws of physics 
satisfy this condition and, in unexplored 
areas, the condition is usually taken as 
a starting principle for formulating a 
theory. Violation of this principle 
would affect the results obtained from 

laboratory experiments, thereby making 
it subject to direct experimental verifi- 
cation. It may appear that the notable 
distinction between past and future 
from the cosmological, biological, and 
psychological points of view settles the 
issue without further experimentation, 
but even if the laws of physics are as- 
sumed to underlie these phenomena, 
we shall find that they do not stand in 
contradiction to the principle of the 
reversibility of time. 

"Time reversal" is the term used in 
physics to describe the procedure of 
going from one direction of time flow 
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to the other in writing equations de- 
scribing the physical behavior of a sys- 
tem; the principle responsible for the 
belief that there is no distinction be- 
tween the two directions of flow is 
known as "invariance [of physical laws] 
under time reversal" or "T-invariance." 
Although recent discussion of T-invari- 
ance has been associated with quantum 
phenomena, application of the princi- 
ple to classical physics is not without 
interest. The most important applica- 
tion in classical physics was made by 
Loschmidt (1) to show that Boltz- 
mann's proof of the H-theorem con- 
tained a fallacy; Loschmidt's work 
raised a question concerning the con- 
nection between the second law of 
thermodynamics and the mechanical 
theories of physics. Resolution of this 
very compelling question, which goes 
to the very foundations of statistical 
mechanics, is not my particular concern 
and is not discussed in this article. I 
refer the interested reader to the basic 
exposition of the subject by the Ehren- 
fests (2). I shall consider the applica- 
tion of the principle to a very simple 
classical mechanical system which pro- 
vides an insight into the nature of the 
question being raised here. 

The important role of time-reversal 
invariance in quantum mechanics was 
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first brought out in a classic paper by 
Wigner (3), although it was not widely 
recognized until some years later. The 
significance of this and related invari- 
ances for relativistic quantum field 
theories was delineated by Pauli (4) 
when he presented his proof of the 
Luders-Pauli CPT-theorem (5). Here, 
T stands for the time-reversal transfor- 
mation-that is, the interchange of past 
and future; P, for the interchange of 
left and right (handedness); and C, for 
the interchange of matter and anti- 
matter (6). The term transformation 
is used here to mean that the equations 
of physics are transformed by changing 
the quantities that appear in them. For 
example, P may be accomplished by 
expressing the coordinates that occur 
in the equations in terms of a left-hand 
rather than a right-hand coordinate 
system. 

The CPT-theorem states that the 
equations do not change their form 
when all three substitutions are made 
simultaneously. This remarkable result, 
which follows from very general as- 
sumptions concerning physical theories 
(7), is discussed later. 

Recent impetus for an intense inter- 
est in transformations of types T and 
C, as well as P, arose from the dis- 
covery by Wu et al. (8), on the basis 
of a beta-decay experiment suggested 
by Lee and Yang (9), that there exists 
an absolute distinction between left and 
right; certain physical laws appear to 
be modified by the transformation de- 
noted by P. The distinguishing of right 
from left has so far been found to be 
possible only by means of an experi- 
ment in which use is made of the 
"weak interactions" of physics, the in- 
teractions responsible for radioactive 
beta decay and for the rather slow 
disintegration of the various particles 
produced in high-energy collisions be- 
tween atomic nuclei. 

Lee and Yang proposed to seek for 
the effect in beta decay, after discovery 
of the peculiar disintegration properties 
of certain of the strange particles of 
high-energy physics, the K-mesons. We 
show later that K-mesons, as a con- 
sequence of some recently discovered 
properties, may also provide us with a 
unique opportunity to test the inter- 
changeability of past and future. In 
the domain in which such tests have 
been carried out-and this includes 
ordinary beta decay-there has been 
no indication that past and future are 
not interchangeable, but no informa- 
tion is yet available on this question 
for the beta decay of strange particles. 
21 JUNE 1963 

Time Reversal Invariance 

in Classical Mechanics 

The question being raised here can 
be understood in terms of the simplest 
classical system, a mass point moving 
in one dimension under the influence 
of conservative forces. An example 
might be an electrically charged bead 
sliding on a straight horizontal wire 
under the influence of an electric field 
which is constant in time. If we denote 
the position of the bead, measured 
along the wire, by x, then the motion 
of the bead may be described by a 
curve such as is shown in Fig. 1 a, 
where x is plotted as the ordinate and 
the time t is plotted as the abscissa. 
The indicated curve begins in the dis- 
tant past (t = -- o) and proceeds to 
the distant future (t = + o). 

The time scale in Fig la is based on 
comparison with a clock which is arbi- 
trarily assumed to be moving "forward" 
in time, and we are concerned here 
with establishing the arbitrariness of 
this choice, so clocks moving backward 
as well as forward must be considered. 
To illustrate the distinction between 
such clocks, let us suppose that two 
non-aging observers, A and B, measure 
time on different clocks, the time meas- 
ured by observer A being denoted by t 
and that measured by B, by t'. Each 
now determines the motion of the same 
bead in terms of his own clock. If A's 
delineation of the motion is the curve 
shown in Fig. la and B's is the mirror 
image, as shown in Fig. 1b, they con- 
clude that their clocks are running in 
opposite directions; that is, 

t' =-t (1) 

Nevertheless, B would indicate the di- 
rection of motion to be as shown by 
the solid arrows in Fig. 1 b, since, to 
him, increasing values of t' would point 
toward the future. 

The question is, Are the laws govern- 
ing the motion of the bead different 
when they are expressed in terms of the 
two opposing time scales? If they are, 
they could be used to establish an ab- 
solute standard of "forward"-moving 
time which would discriminate between 
the two time scales without requiring a 
direct comparison of the clocks, such 
as that made above. To show that 
T-invariance of the physical laws pre- 
cludes any such discrimination, the 
direct comparison of the clocks to a 
common physical system must be 
avoided, so we consider an experiment 
similar to the one described but with 
observers A and B isolated from one 

another, each carrying out his own ex- 
periment, the two using identical beads 
moving under identical conditions. 

The motion of the bead observed by 
A is governed by the Newtonian equa- 
tion of motion 

ma = F(x,t) (2) 
where m is the mass of the bead, a is 
its acceleration, and F(x,t) is the force 
along the wire on the bead at position 
x and time t. On the other hand, the 
equation of motion that applies to B's 
observations is 

ma' =F'(x,t') 
where the primes indicate that all time 
measurements are made on the t' scale 
-that is, on B's clock. The force 
F'(x,t') is obtained from F(x,t) by 
writing t in terms of t'-that is, F'(x,t') 
= F(x,t[t']). The question of interest 
involves a comparison of the two equa- 
tions if, unbeknownst to the observers, 
the clocks are running in opposite direc- 
tions so that t(t') = -t'; henceforth, 
this is assumed to be the case. 

The connection between F(x,t) and 
F'(x,t') depends in general on the de- 
tailed nature of the forces, but in the 
present case of a constant electric field, 
F does not actually depend on t and 

F'(x,t') = F(x,t') (4) 

Equation 4 is in fact a general state- 
ment of the invariance of the dynamics 
under time reversal, and from this equa- 
tion it is evident that the equations of 
motion, Eqs. 2 and 3, are identical in 
form. Therefore, the motion observed 
by B will be exactly the same as that 
observed by A if the initial conditions 
are the same. 

The initial conditions-for example, 
the position and velocity at some given 
initial time-are required in order to 
determine the path of the bead from the 
equations of motion. As long as the 
initial conditions seen by B in his sys- 
tem are the same as those seen by A, 
the motion in the two systems is iden- 
tical. Note, however, that when the 
two observers look at the same system, 
the initial conditions are necessarily 
different; this is the reason for the dif- 
ference in their observations, as indi- 
cated in Fig. 1, a and b. The difference 
is evident if t = 0 is taken to be the 
initial time. Although the initial posi- 
tion is x = 0 in both Fig. la and Fig. 
lb, the initial velocities are opposite in 
sign, since they are given by the slopes 
of the two curves at t = 0. This dif- 
ference in the initial conditions leads 
to the difference in the paths shown in 
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the two figures, a difference that exists 
in spite of the fact that the paths are 
solutions of the same equations of 
motion. 

The reversal of sign between the 
velocities measured by the two ob- 
servers is quite general. Since a velocity 
has the form v = (x2-xI)/(t2-tl), the 
transformation of ti to ti' and of t2 to t2' 

given by Eq. 1 leads to the relation- 
ship (10) 

v' =-v (5) 

between the velocity (v) of any object 
observed by A and the velocity (v') of 
the same object observed by B. 

The result illustrated by the motion 
of the bead may now be generalized. 
As long as the basic forces or interac- 
tions are invariant under time reversal, 
as they are for the well-established laws 
of physics, observers A and B can find 
no physical experiment, to be per- 
formed by each within his own isolated 
system, that will distinguish the differ- 
ent directions of time flow. 

This general conclusion may appear 
to contradict our biological experience, 
at least if we presume that the laws of 
physics govern biological processes. 
We do, of course, have a unique defini- 
tion of "past" and "future," based on 
our observation of the direction in 
which biological processes evolve. To 
show that this is not contrary to the 
principle of T-invariance, we consider 
a greatly oversimplified biological uni- 
verse composed of a small number of 
particles whose physical history may 
be traced. Two alternative time se- 
quences may be considered for this 
universe, one associated with the time 
scale t as observed by A and the other, 
with time scale t' = -t as observed 
by B. 

To establish the direction of evolu- 
tion from physical principles, initial 
conditions must be established for each 
of the alternatives. Thus, A's universe 
may, at t = 0, consist of a collection 
of isolated particles moving toward a 
common center in such a way that, 
through nuclear and chemical reactions, 
it ultimately develops into an evolving 
biological system. The direction of evo- 
lution is then toward increasing t, as it 
should be. On the other hand, if at 
t = 0, B's alternative form of the uni- 
verse satisfies the same initial condi- 
tions (that is, the velocities v' point 
toward the common center) and the 
physical laws take the same form 
(T-invariance), the evolution will move 
toward increasing t'. Thus, under the 
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assumption of T-invariance, the two 
alternatives are internally indistinguish- 
able, in each case the positive sense of 
time is the same as the direction of 
evolution. 

Failure of Time-Reversal Invariance 

Our strong inclination to believe in 
the isotropy of space and time makes 
any simple, dynamical scheme that vio- 
lates time reversal appear awkward to 
us. Nevertheless, one can invent forces 
or interactions which violate the invari- 
ance principle while still being in ac- 
cord with all other general requirements 
usually imposed on physical theories. 
To illustrate the point, let us imagine 
that the force acting on the classical 
system described does not satisfy the 
critical condition expressed by Eq. 4. 
For example, the force may be imag- 
ined to depend on the velocity with 
which the wire is moving, and in such 
a way that it is greater when the wire 
is moving upward with a uniform veloc- 
ity and smaller when the wire is mov- 
ing downward. 

A quantitative description of the 
force determined by observer A in this 
situation might be 

F(x,V) -= F1(x) + VF2(x) (6) 

where V is the vertical velocity of the 
wire. To determine the force F' ob- 
served by B, we must write V in terms 
of V'. According to the transformation 
law for velocities (Eq. 5), 

F'(x,V') = F (x) - V'F2(x) (7) 

a result clearly contradicting the invari- 
ance condition 

F'(x,V') =F(x,V') (8) 

which is equivalent to Eq. 4. In fact, 
Eq. 7 shows that observer B will find 
that the force on his own bead is 
greater when his wire is moving down- 
ward rather than upward. When A and 
B compare notes on this score they will 
have clearly established that their clocks 
are running in opposite directions. 

We see, then, that by merely estab- 
lishing the existence of the second 
term in Eq. 6 or Eq. 7 for the force, 
an observer is able to conclude that 
there is a distinct physical difference 
between the two directions of time flow. 

However, there is an alternative to 
this interpretation which most physi- 
cists would be inclined to invoke be- 
cause of their strong prejudice in favor 
of T-invariance-namely, the view that 

there is an external, time-dependent In- 
fluence common to the two experiments 
which was not taken into account in 
writing Eq. 7. For example, if A and 
B performed the experiment in sepa- 
rated isolation booths, both of which 
were on the surface of the earth, they 
would indeed find a small term of the 
type F2 in the force. The external 
agency responsible for this term is the 
rotation of the earth, which produces 
a Coriolis force on the bead, the Cori- 
olis force being proportional to, the 
velocity of the bead relative to the 
earth and to the velocity of rotation 
of the earth. 

This example serves to illustrate how 
careful one must be to isolate each 
system. If each observer were indeed 
relegated to his own isolated planet, 
the Coriolis force would no longer pro- 
vide a basis for comparing clocks be- 
cause A would assign a velocity of 
rotation to his planet which would have 
the opposite sign from the rotational 
velocity ascribed to it by B. The two 
changes in sign, that of the bead and 
that of the rotational velocity, would 
compensate one another. 

Weak Interaction Effects 

The direction of time flow might be 
fixed in an entirely different way- 
namely, on the microscopic, nuclear 
scale rather than on the macroscopic 
scale. Microscopic violations of time- 
reversal invariance might be expected 
to occur in beta-decay and related weak 
interaction phenomena. Invariance un- 
der one transformation, the interchange 
of left and right, is violated in these 
processes and, although the failure of 
P-invariance does not imply a corre- 
sponding failure of T-invariance, it does 
suggest the need for a closer examina- 
tion of the time-reversal problem in 
connection with the weak interactions. 

Weak interactions are so weak that 
we are not in a position to measure the 
forces they produce; instead, measure- 
ments must be made on the decay proc- 
esses themselves-for example, on the 
beta decay of the neutron. The ob- 
served products of decay of the neutron 
are a proton and an electron (the neu- 
trino need not be considered here), 
and the number of disintegrations ob- 
served per unit of time may depend on 
the polarization of the neutron. Polari- 
zation is the term used to indicate 
what fraction of the neutrons have 
their intrinsic spin oriented one way or 
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Fig. 1. Motion of a bead on a straight wire. The position of the bead on the wire is 
denoted by x; the time, by t in diagram a and by t'(=--t) in diagram b. 

the other. A quantitative measure of 
the polarization may be taken to be 
the difference, P, between the fraction 
spinning clockwise and the fraction 
spinning counterclockwise, these being 
the only two possibilities for the neu- 
tron. Then the rate of disintegration 
of a neutron with polarization P into 
an electron and proton with certain 
definite velocities may be denoted by 
n(P). Although n(P) also depends on 
the velocities of the products, this de- 
pendence need not be made explicit 
here. 

T-invariance implies that the decay 
rates measured by the two observers 
are indistinguishable. That is, 

n'(P') n(P') (9) 

where P is measured by A and P', by 
B. The rate n'(P') is obtained from 
n(P) by expressing P in terms of P'; 
to accomplish this one need only re- 
member that the sign of the polariza- 
tion is determined by the direction of 
a spin or an angular velocity. Angular 
velocity changes sign when time is 
reversed, for the same reason that linear 
velocity does, so the connection is 

P' --P (10) 

Now let us suppose that measure- 
ment of the decay rate by observer A 
reveals that it depends on P in the fol- 
lowing way: 

n = zn + Pn2 (11) 

where mn and n2 satisfy Eq. 9. By ex- 

pressing this in terms of the primed 
quantities we find that the partial rate 
observed by B would be 

n' = n - P'n2 (12) 

This does not satisfy the time reversal 
condition, Eq. 9. Thus, through com- 
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parison of their results, A and B would 
conclude that their clocks are running 
in opposite directions. 

A single observer need only establish 
the existence of the term proportional 
to n2 in beta decay to show that time- 
reversal invariance is violated (11). 
From this he could establish an abso- 
lute standard for time direction-for 
example, forward-moving time might 
be defined to correspond to the plus 
sign in Eq. 11, and each observer could 
decide which way his clock was going 
by measuring n and determining the 
sign of the second term. Aside from 
its implications for the basic theory, 
such a discovery would have cosmo- 
logical significance. Beta decay plays 
an important role in the evolution of 
the universe. The role would be differ- 
ent in A's universe and in B's universe, 
even if the two were initiated in the 
same way. Therefore, one universe 
might be "favored" over another inso- 
far as its evolution is concerned, and 
this could lead to the conclusion that 
there is a preferred direction of time. 

Measurements on the partial decay 
rate of polarized neutrons have led to 
the conclusion that the term n2 is quite 
small. Burgy et al. (12) have found 
that the contribution of n2 to the rate 
of decay is probably less than 4 percent, 
hence it seems unlikely that neutron, 
or the closely related nuclear, beta de- 
cay would be of use for ascertaining 
the direction of time flow. 

Before a firm conclusion is drawn 
from this experiment, a modification of 
the foregoing arguments is needed, to 
take account of the essential wave- 
mechanical nature of the process. Phys- 
ical properties of atomic particles are 
properly described in terms of waves. 
These waves are scattered when two 

particles interact with one another, and 
the magnitude of the scattering may be 
measured in terms of the amplitude of 
the scattered wave. The rate of decay 
of a system may also be measured in 
terms of a similar amplitude, which is 
closely related to the amplitude for 
scattering of the decay products by one 
another, if the underlying physical laws 
are invariant under time reversal (see 
13). 

Electrons are scattered by protons 
because of their Coulomb interaction, 
and the existence of this scattering am- 
plitude implies through T-invariance 
that the decay rate of the neutron actu- 
ally has the form of Eq. 11. However, 
the function n2 that appears there does 
not satisfy Eq. 9 (as it was assumed 
to in obtaining Eq. 12) but restores the 
T-invariance by changing sign under 
the transformation as a consequence of 
the time-reversal properties of the scat- 
tering amplitude. The calculated value 
of n2 turns out to be very small in this 
case, much smaller than the limits of 
sensitivity of the experiment of Burgy 
et al. If the experiment had established 
the existence of an n2 term large enough 
to be detected, and therefore larger than 
the calculated value, it would have been 
a clear demonstration of the failure of 
T-invariance. On the other hand, the 
ultimate experiment will be a careful 
enough measurement of n2 to determine 
whether n2 bears exactly the relation- 
ship to the scattering amplitude which 
is expected from T-invariance. For the 
present, we can be confident that there 
is not a large violation of the invariance 
principle, and the chances are that there 
is no violation, in nuclear beta decay. 

Strange-Particle Decays 

A particle of physics is called 
"strange" to distinguish it from the 
"ordinary" particles, such as the pro- 
ton, neutron and 7r-meson (pion), only 
if it is an unstable particle able to 
be produced only by the absorption of 
another strange particle or in associa- 
tion with the production of another 
strange particle. Examples are the 
A-hyperon and the K-meson. The A 
and K particles can be produced to- 
gether in a sufficiently energetic colli- 
sion of two ordinary particles, or the 
A-particle can be produced by absorp- 
tion of the K, which is the antiparticle 
of the K-meson. 

The instability of the strange parti- 
cles may occur in a variety of ways, 
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TIME (10-0? SEC) 
Fig. 2. Number of K?-mesons (solid curve) and K?-mesons (broken curve) as a 
function of time if the source is composed of K?-mesons at t = 0. 

but all fall into two general classes- 
particles whose modes of decay are 
leptonic and nonleptonic, respectively. 
A "lepton" is a particle that is light in 
mass: the electron, the neutrino, the 

[/ meson. Leptonic decay is a decay 
process in which leptons are produced; 
ordinary beta decay is an example. 
Nonleptonic decay is a decay process 
in which no leptons are produced. An 
example is the dominant decay mode 
of the A-hyperon 

A -> p + r~- 

where 7r- is a negatively charged pion. 
This decay mode provides an oppor- 

tunity to test the reversibility of time 
in a manner analogous to the test used 
in the case of neutron decay. Again, 

use may be made of the spin of A-hy- 
peron to define a A polarization PA, 
and the decay rate w, may be expressed 
in a form similar to Eq. 11: 

W : WW + PAW2 (13) 

Here wi and W2 depend on the velocity 
and polarization of the outgoing proton, 
but this dependence may be suppressed. 
As before, the second term provides 
the desired test, since T-invariance leads 
to a specific relationship between W2 

and the amplitude for scattering of the 
decay products by one another, the 
products being the proton and the pion. 
Direct measurements of the pion-pro- 
ton scattering yield the required scat- 
tering amplitude, which cannot be cal- 
culated reliably on purely theoretical 

2 3 4 5 6 

TIME (10'? SEC) 
Fig. 3. Rate of decay of a K?-meson source into 'r-e+r (solid curve) 
curve) as a function of time. 

1288 

and vr+e-v (broken 

grounds. The test of time reversal is 
whether or not the measured value of 
W2 appearing in Eq. 13 bears the proper 
relationship to the measured scattering. 

This test has recently been performed 
by Cronin and Overseth (14), with re- 
sults that favor the time-reversal princi- 
ple, although again the result is a nega- 
tive one: The W2 term is not observed, 
but the errors are comparable to the 
rather small value of W2 calculated from 
data on pion-nucleon scattering under 
the assumption of T-invariance. On 
this basis, there is no reason to suspect 
a failure of the principle insofar as the 
nonleptonic decay modes of strange 
particles are concerned. 

A violation of T-invariance may still 
occur in the leptonic decay modes of 
the strange particles, for either K-mes- 
ons or hyperons. Tests of the invari- 
ance may, in principle, be made by 
using the beta decay of the A-hyperon 
in exactly the same way that the decay 
of the neutron was used. Unfortunately, 
the beta mode of the A-hyperon does 
not compete very well with the non- 
leptonic modes, and data have been 
accumulated very slowly. It may be a 
long time before enough information 
is available to settle this question in 
this way. 

The CPT-Theorem 

Another opportunity to test T-invari- 
ance follows from recently discovered 
properties of the neutral K-mesons. 
The connection between T-invariance 
and the experiment in question rests on 
the aforementioned CPT-theorem of 
Luders and Pauli. For our purpose the 
essential point of the theorem is that 
the physical laws must be unchanged 
under the simultaneous transformation 
of matter into antimatter (C), right- 
handedness into left-handedness (P), 
and past into future (T). The validity 
of the theorem does not depend on in- 
variance under any one of the trans- 
formations. For example, although the 
laws of beta decay are not invariant 
under P, it follows from the theorem 
that they must be invariant under CPT. 

Since the neutron experiment sug- 
gests that the laws of nuclear beta de- 
cay are invariant under T, it follows 
from the theorem that they must also 
be invariant under C and P together. 
From the failure under P it can be con- 
cluded, then, that there must be a 
counterbalancing failure of the laws of 
nuclear beta decay under C, a conclu- 
sion that has been verified by compar- 
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ing beta decay into positrons with beta 
decay into electrons. 

By the same argument, a failure of 
time-reversal invariance means that the 
physical laws must change under CP- 
that is, under the transformation con- 
sisting of simultaneous interchange of 
matter and antimatter and of left and 
right. Conversely, a demonstrated fail- 
ure of CP means, according to the CPT- 
theorem, that the principle of T-in- 
variance is violated. This is the basis 
for the test with neutral K-mesons; it 
is a direct test of CP-invariance. 

The K-mesons and their associated 
antiparticles, the K-mesons, have quite 
distinct physical properties. For ex- 
ample, absorption of a K-meson by a 
nucleus may lead to the production of 
a hyperon, but, except at very much 
higher energy, this is not possible for 
a K-meson. Such properties as this may 
be used to distinguish the two types of 
particle in an experiment. 

Both electrically charged and neutral 
K-mesons occur in nature, but our in- 
terest centers on the neutral ones, de- 
noted by K? and K?. K?-mesons have 
many decay modes, including, among 
others 

0 / 2 3 4 5 6 7 

TI ME (10I' SEC) 
Fig. 4. Total rate of beta decay of a K?-meson source as a function of time under 
the assumption of CP-invariance. .. 

in Fig. 2. The solid curve shows the 
fraction of K?-mesons as a function 
of the time in a source initially made 
up entirely of K?-mesons, while the 
broken curve shows the relative num- 
ber of K?-mesons as a function of time 
in the same source (16). 

The K?- and K?-mesons decay into 
leptonic modes such as the 7r-e+v mode 

indicated in Eq. 14b. The intensity of 
the leptonic mode as a function of time 
is shown in Fig. 3 (17, 18). The solid 
line gives the intensity of 7r-e+v; the 
broken line, the intensity of 7te-V, 
where e- denotes the electron and F, 
the antineutrino. The fact that these 
curves do not have the same form as 
those in Fig. 2 is a most significant 

K? -- 7T- + '7T- (14a) 
and 

K? -> 7r- + e + + (14b) 

where e+ denotes the positron and v 
denotes the neutrino. The dominant 
process is the nonleptonic 2r mode, 
which occurs about 100 times more 
frequently than all the others. The 
half-life for decay is about 10- 0 sec- 
ond; this is consistent with the mag- 
nitude expected from interactions 
comparable to the weak interactions 
responsible for beta decay. 

Decay of the antiparticle, K?, is also 
dominated by the 27r mode. Gell-Mann 
and Pais (15) were the first to notice 
that the possible decay of both particle 
and antiparticle into the same mode 
has the remarkable consequence that 
the K? will convert itself slowly into 
a K? and vice versa. This has the re- 
sult that neither the K? nor the K? 
has the simple decay properties ex- 
pected of a radioactive system. The 
time dependence of a normally radio- 
active decay is exponential, hence the 
number of decaying particles decreases 
in a monotone fashion. Because of the 
mixing up of the K?- and the K?-mes- 
ons there is an interference between 
them, with the result that the time 
dependence of the number of particles 
has the damped oscillatory form shown 
21 JUNE 1963 
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Fig. 5. Total rate of beta decay of a K?-meson source as a function of time when there is a maximal failure of CP-invariance. The upper and lower curves correspond to opposite directions of flow of time. 
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and unexpected result discovered by 
Ely et al. (18). It means that the K?- 
and the K?-meson can decay into the 
same leptonic mode, and it provides a 
novel means for exploring CP-invari- 
ance. 

The test of CP-invariance (19) has 
to do with the fact that the transforma- 
tion CP converts a K?- into a K?-mes- 
on, since they are antiparticles of one 
another, and converts the 7r-e+v mode 
into the 7r+e-v mode. Without going 
into details, we can state the result as 
follows: If CP-invariance is valid, the 
sum of the two curves in Fig. 3-that 
is, the total intensity of beta decay 
without regard to the sign of charge 
of the products-has the simple form 
of a combination of two normal (ex- 
ponential) decay curves, as shown in 
Fig. 4. Note that the half-life of one 
of the exponentials is very long, about 
10-8 second, and that this contribution 
is virtually constant in the figure. If 
CP-invariance fails, there is still to be 
expected a residue of the interference 
effect, which manifests itself as a kink- 
ing of the curve, as shown by either of 
the curves in Fig. 5. Even if CP-invari- 
ance is violated, no kink will appear 
in the curve if the K?- and K?-mesons 
do not decay into the same leptonic 
mode. Therefore, the conclusion drawn 
from the experiment of Ely et al. is 
essential to this method of testing the 
invariance. 

The number of beta-decay events so 
far observed for K?-mesons is not great 
enough to determine the shape of the 
curve, but it is hoped that results on 
this very direct test will be available 
within a relatively short time. 

If it turns out that there is a kink in 
the curve, then from the CPT theorem 
it can be concluded that T-invariance 
is broken. Comparison of the two 
curves in Fig. 5 illustrates the point. 
The upper curve may be taken to be 
the shape found by observer A; the 
lower will then be the shape found by 
observer B, since the interference term 
changes sign when the sense of time is 
reversed. 

The connection between T-invariance 
and CP-invariance established through 
the CPT-theorem indicates the exist- 
ence of an ambiguity in the interpreta- 
tion of any experiment on the time 
direction, and the nature of the am- 
biguity is such that an absolute deter- 
mination of the direction of time flow 
is, in fact, not possible, even if there 
is a failure of T-invariance. For ex- 
ample, let us suppose that observers 
A and B find the results shown in Fig. 
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5 when each performs the K-meson 
experiment in isolation. Although one 
possible interpretation is that their 
clocks are turning oppositely, another 
possibility is that antimatter is the basic 
substance of B's universe while matter 
is the basic substance of A's universe. 
A third possibility is that A and B are 
using the opposite convention for right- 
handedness and left-handedness. 

As long as A and B are truly isolated 
from one another they cannot deter- 
mine which of the three conditions is 
satisfied if the physical laws are CPT- 
invariant. Therefore, in the final anal- 
ysis a violation of CPT-invariance is 
the key to the determination of the 
direction of time flow. 

Although this invariance has been 
stated as a theorem, the proof of the 
theorem starts from certain physical 
assumptions. These assumptions are 
very general in character and are funda- 
mental to the structure of modern 
physical theories. Assumptions they 
are, however, and as such they are sub- 
ject to experimental test. And one of 
the most interesting experiments would 
be to test directly the CPT-invariance 
itself. An experimental demonstration 
of a failure of the theorem would have 
the deepest significance, in view of the 
basic character of the underlying theory. 
Furthermore, it could make possible an 
absolute distinction between the direc- 
tions of time flow which would prob- 
ably have some cosmological meaning. 

The neutral K-meson experiment de- 
scribed earlier offers an opportunity to 
make a direct test of CPT-invariance 
in weak interactions. A detailed com- 
parison of the experimental rates of 
electron and positron decay, corre- 
sponding to the two curves in Fig. 3, 
can be shown (20) to provide a test 
(21). But a comparison in the neces- 
sary detail requires many more data 
than the test of CP-invariance based on 
the sum of the curves. Some years 
may pass before sufficiently intense 
K-meson sources are available to make 
this experiment feasible. Even if the 
experiment reveals a failure of the 
CPT-theorem when it. is done, that 
alone would not suffice to fix the ab- 
solute sense of time flow. Both CPT 
and T-invariance must be violated for 
this purpose, and a test of CP cannot 
be substituted for the test of T under 
these circumstances. Therefore, to re- 
solve the original question, spin-cor- 
relation tests for T-invariance of the 
type described for the neutron might 
be needed. These are possible for the 
leptonic modes of either the A-hyperon 

or the K-meson, although, again, much 
more intense sources will probably be 
required for a reliable experiment. 

Experiments like these seem to offer 
the only remotely promising oppor- 
tunity to establish an absolute standard 
for directing time flow at the prosent 
time. However, it is impossible to pre- 
dict what new opportunities will arise 
as we delve more deeply into the micro- 
scopic structure of the universe (22). 
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