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It is easily checked that these equations also guarantee

Apo(v,k?)—0 for m,—0. 3.13)

Assuming Egs. (3.12a, b) to hold for finite pion masses
we get the wanted equations

4
1r
62(1}; - mﬂ'z) ’

one(v, —mH)=

%1
(3.14)
mat My
oxn (9,0)=—m?2a,(»,0) = a2(,0).
L Ry,

The integral in (3.9) is now indeed determined by the
wN scattering amplitude @(»,k?) continued from
k= —m,* to k=0 leaving m,, which enters in any
calculation of @:(v,k?) as a parameter, at its physical
value. In the limit 7, — O we get, because of (3.13) and

3.9), g4(0)=C(=1) (3.15)

which, of course, is a consequence of the assumed cur-
rent conservation.
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The %? dependence of @:(»,%?) is presumably weak
so that the abovementioned approximation should be
meaningful.

In summarizing, we restate that to derive the Adler-
Weisberger relation the only assumptions needed are
Gell-Mann’s scaling condition and the assumption of
no subtraction in M(»,k?). The PCAC condition in a
form proposed by Nambu then provides a tool to relate
the absorptive part of M1(»,k?) to the =V cross section
k2=0. Covariant Schwinger terms antisymmetric in
isospin indices necessitate subtractions in various ampli-
tudes but do not alter these conclusions as long as they
do not influence M;(»,k%).1t
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In this paper we consider those consequences of time-reversal invariance (or, briefly, T invariance) which
are independent of dynamics. A general prescription is developed to find all those tests of T invariance which
are valid for arbitrary values of the form factors. Our considerations are independent of whether or not any
of the other usual conservation laws (such as parity conservation) hold. The spins of the particles may be
arbitrary. The results and methods of earlier papers dealing with the nondynamical properties of particle
reactions are used. For elastic processes it is shown that T invariance eliminates some of the product sets
and curtails others, but that no entire subclasses are eliminated. The restrictions on observables imposed
by T invariance are of two types: There are so-called “mirror relations” between pairs of observable com-
ponents, and there are relations which are not of the mirror type and involve a number of observable compo-
nents. It is shown that the number of relations of the latter type is always nonzero whenever T invariance
is not implied by other assumed conservation laws. Therefore, the mirror relations do not form a complete
set of tests of 7" invariance. They do not even form a sufficient set of such tests, as they can be satisfied by a
symmetric as well as an antisymmetric # matrix. A proof is given that in any non-mirror-type relation no
particle is unpolarized in all the observable components which appear in the relation. It is also shown that the
only reaction in which all mirror relations follow from parity conservation alone is the reaction involving
two spin-} and two spin-O particles. A number of examples of elastic reactions are worked out in detail.
For inelastic reactions the results are less interesting, since the restrictions imposed by T invariance can all be
written as mirror-type relations between observable components of the direct and time-reversed reactions.

I. INTRODUCTION

23 DECEMBER 1966

N view of some recent experiments, the universal
validity of time-reversal invariance has been re-
peatedly questioned. The purpose of this paper is to
give a comprehensive discussion of tests of time reversal

* Work performed under the auspices of U. S. Atomic Energy
Commission.

invariance which are valid regardless of what the
dynamical details of the interactions are. Furthermore,
our results will be relevant regardless of whether or
not other conservation laws hold.

In a series of papers we have recently developed a
general formalism for the study of the nondynamical
structure of particle reactions of arbitrary spins and
we will further develop this formalism to consider
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consequences of time-reversal invariance. In Sec. II,
the properties of the M matrix under time reversal
invariance are listed, and the modifications are dis-
cussed which these bring about in the factorization of
the M matrix, and in the class and subclass structure
of the observables of elastic reactions. It is then shown
that the restrictions of time-reversal invariance result
not only in the rather obvious mirror-type relations
between observables, but in addition, also bring about
other, more involved relations among the observables.
In Sec. ITI, a general formula is developed giving all
nondynamical time-reversal invariance tests for any
reaction involving particles of arbitrary spins. Some
examples are worked out in Sec. IV. Finally, Sec. V
deals with the rather trivial case of inelastic reactions.

II. THE STRUCTURE OF THE M MATRIX AND
THE OBSERVABLES UNDER TIME REVERSAL

As in our previous papers, we will base our description
of elastic particle reactions on the M matrix which we
write as!:?

M=Z aJ(T)S[J]:T[J]r, (2.1)
J,r

where the a’s are the form factors or invariant ampli-
tudes, the S’s are the spin tensors, and the 77s are the
momentum tensors composed of

d—a  qd'Xq
I= =

=T, TR ﬁszm;
lq'—q] [q'Xq]

(2.2)
where q and q’ are two noncollinear momenta in the
reaction, which go over into (—1) times each other
under time-reversal [such as the momentum of the in-
coming and outgoing s; in reaction (3.1)7]. The index
J denotes the rank of the tensor, and the index 7 labels
the particular set of I’s, m’s and #’s contained in the 7.

The observable components L can then be written as

L=Tr(MS$:M1Sp)
=2 2 an"an™ Tr(Sua: Tua™Swn:Twn™
Ji1,71 J2,72
XS : T Swm:Tn™). (2.3)

TaBLE I. Transformation properties of the quantities appearing
in the M matrix, under space reflection and time reversal.

Quantity ] m n S
Space reflection —1 +m —n +Sin
Time reversal -+ —m —n (—1)ISwn

1P. L. Csonka, M. J. Moravcsik, and M. D. Scadron, Ann.
Phys. (to be published); P. L. Csonka, M. J. Moravcsik, and M.
D. Scadron, University of California Radiation Laboratory Report
No. UCRL-14222 (unpublished).

2M. J. Moravcsik, in Recent Developments in Particle Physics
(Gordon and Breach, Science Publishers, Inc., New York, to be
published). ’
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TasLE II. Product sets and subclasses for rotationally invariant
and T-invariant observable components. The symbols ¢ and v
denote “even’ and ‘“odd,” respectively. The symbol /5r denotes
the total number of I’s appearing in one term of M and one term
of M1 together. Similarly my and #ay denote the number of m’s
and #’s, respectively, in this combination. The symbol /g denotes
the total number of I’s contained in one term of §; and in one term
of 8p together, and similar definitions hold for mg and ng.

In £ £ £ £
my £ v v £
ls ms ns \&u £ £ v v
(¢ ¢ & TF Re
%rel (v v £) %{2
(¢ v &) —_i_-i_ Re
Re (¢ v w) T
%ﬁ (v & &) {{’;
(w & v I Im e
ﬁg (¢ £ wv) %rex
(v v ) ++ Im

The restrictions on M and L under time-reversal
invariance (henceforth called T invariance) for elastic
processes can be discussed easily once the properties
of I, m, n, and Ss1 are known under this transformation.
These are given in Table I.

Let us now write the M matrix as

M=M4+M", 2.49)
where M’ does not change sign under time reversal,
and M" does. Let us furthermore denote by (M),
w(M), and »(M) the number of I’s, m’s, and »’s, re-
spectively, that appear in each term of M. Then, from
Table I, we see that for M’ we must have

p(M)+r(M)+T=E, (2.5)

and for M”,
p(M)+v(M)+JT=v, (2.6)

where £ denotes “even” and v denotes “odd.”” The last
term on the left-hand sides of Eq. (2.5) and (2.6) arises
from the transformation property of Sps; under time
reversal.

On the other hand, we also have

AM)+-p(M)+v(M)=T, (2.7)
and hence

A +p(M)+r (M) +T =, (28)
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TaBLE III. Product sets and subclasses for observable com-
ponents of rotationally invariant, parity-conserving, and T-in-
variant reactions. For notation, see Table II.

\lM £ £
muy 3 v
ls ms ns ny 13 £
g ¢ & TT Re

v £ v ii' oo Im
£ v £ ++ ... Re
v v v i“_*_- Im

so that Egs. (2.5) and (2.6) are equivalent to

M) =¢, (2.9)
and
NM)=v, (2.10)
respectively.
Similar results hold also for M. If we now define, as

in Ref. 3

Iu=NM)+N(T), (2.11)
mu=u(M)+u(M1), (2.12)
nu=v(M)+»(M1), (2.13)

then we get from Eq. (2.9), for an observable com-
ponent generated by a T-invariant M matrix

lLy=£¢.

Thus we get a modification of the subclass and
product set tables as compared to Tables IT and III
in Ref. 3. These modified tables are shown in Tables
II and III. It can be seen that neither in the purely
rotational-invariant case nor in the rotation- and
reflection-invariant case are any complete subclasses
eliminated, although in both cases complete product
sets are wiped out as 7 invariance is imposed. It should
be added, however, that Tables II and IIT do not
indicate the total extent of the restrictions imposed by
T invariance, since Eq. (2.9) is only a sufficient but not
a necessary condition for Eq. (2.14) to hold. In other
words, in addition to wiping out certain product sets,
Eq. (2.9) will also restrict the remaining product sets
to consist of bilinear products of form factors both of
which pertain to a term in the M matrix which has
ANM)=¢.

The factorization of the M matrix for a T-invariant
case is formally the same® as in the parity-conserving
case. Let us assume that reaction 1 can be factorized
into reactions 2 and 3. The corresponding M matrices
are denoted by M1, M,, and M, respectively. Then, if

(2.14)

3P. L. Csonka, M. J. Moravcsik, and M. D. Scadron, Ann.
Phys. (to be published).
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rotation invariance alone is assumed, we have
My(=)MARQM;, (2.15)

where (=) denotes “nondynamical equality,” i.e., the
two sides are equal in every respect except for the values
of the form factors, and (X) denotes an outer product
in spin space.

In order to emphasize the similarity between re-
flection invariance and T invariance, we will introduce
the notation (M¢); for the M matrix of reaction 7 in
the case when rotation and reflection invariance holds,
with a=- when the product of intrinsic parities of all
particles in the reaction is 41, and ¢=— when this
product is —1. Then we have

M9)i(=) X (M?):R(M)s,

where the sum goes over all possible combinations of
b and ¢ such that

(2.16)

(2.17)

The actual number of combinations is two for each
value of ¢. If now rotation invariance and 7 invariance
are assumed, we can define (M,); as the M matrix of
reaction ¢ in this case, where a=+ if the M matrix
does not change sign under time reversal, and ¢= — if
it does. We can then write

(Ma)1(=) Z (Mb)2®(Me)31 (218)

with the restriction on b and ¢ given by Eq. (2.17).
Again, the sum in Eq. (2.18) contains two terms.

If now rotation, reflection, and T invariance are
assumed, then we have

M»)1(=) X (M 49)ofQ(M 4°)s, (2.19)

where the sum goes over all values of ¢, d, ¢, and f
subject to

bc=a.

(2.20)
(2.21)

ce=a,
df=b.

There are therefore four terms in the sum of Eq. (2.19).
Correspondingly, we can also factorize the observable
components. We use the notation

(L);=Tr(M 8$:M 18r), (2.22)
(LY =Tr((M*):8:(M"):Sr), (2.23)
(Lan)i=Tr((M,)iS1(M»)iSF) , (2.24)
(Leq®®)i=Tr((M .2):S1(M ¥):SF). (2.25)
We can then write
Li(=)L,L;, (2.26)
(Le¥)1(=) 2 (LeD)2(L)s, (2.27)
with
a=ce, b=df; (2.28)
that is, the sum has four terms; and
Laoh1(=) 2 (Lea)o(Les)s, (2.29)
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with restrictions given again by Eq. (2.28), i.e., again
with four terms in the sum.

Finally
(Lea®®1(=) 22 (Lon)2(Lia')s, (2.30)
where
a=ei, b=fj, (2.31)
c=gk, d=Hhl, (2.32)

so that the sum now has 16 terms.

Now let us investigate the type of linearly inde-
pendent relations among observable components that
arise when 7 invariance is imposed. A very obvious
type of relation that appears is

L(ab;c,d)==L(c,d;ab), (2.33)

as it will be seen later, where in L(x,y; 2,w) we denote
by x the spin state of the first initial particle, by y the
spin state of the second initial particle, by z the spin
state of the first final particle, and by w the spin state
of the second final particle. We will restrict ourselves,
for the time being, to the discussion of reactions in-
volving four particles only.

We will call Eq. (2.33) a mirror relation. It is clear
that mirror relations must hold if 7" invariance holds.
It is, however, not @ priori clear (a) whether a mirror
relation might not hold, owing to another invariance
principle, even in the absence of T' invariance; and,
(b) whether mirror relations are the only restrictions
on the observables brought by T invariance. In fact,
we will demonstrate, that, (a) some mirror relations
can, under special circumstances, also hold when T
invariance does not, (b) there are other linearly inde-
pendent relations beside the mirror ones in the presence
of T invariance.

In order to show this, we must recall the formulas
giving the number of form factors IV under the various
conservation laws. These are derived in Ref. 3, and
will only be quoted here. The subscript zero refers to
rotation invariance only, P to rotation and reflection
invariance, T to rotation and 7 invariance, and P4 T
to rotation, reflection, and 7" invariance. Using the
definition

x= (251+1)2(25.41)2, (2.34)

where s; and s, are the spin of the two particles par-
ticipating in the (elastic) reaction, we have

No=z, (2.35)
3% (@)
Np= , 2.36
{%x+% ® (2.36)
Nr=%}x+3x, (2.37)
Ga+v/ 2] (@)
Npsr= , 2.38
o {%[%xwwﬂ ®) (239

where (o) denotes the case when fermions are also
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participating in the reaction, and (8) the case when
only bosons are present.

The number of observable components Q have also
been derived before. We have

Qo=47, (2.39)
@
0=y o (2.40)
Or=22, (2.41)
(9
QP+T—[%x2+% e (2.42)

Let us furthermore call B the number of bilinear
combinations of form factors (i.e., the total number of
products in all product sets). We have, by squaring the
appropriate N’s,

Bo=22, (2.43)
a2 (@)
Bp=1* , (2.44)
e+ (B
Tsat+iay/ ata (o)
Bpir= . (2.46)
Teat+iavatdativatos

The quantity Q-B gives the number of linearly inde-
pendent relationships that must be present among the
observable components. These are

AOEQO—BQ= 0, (247)
1 (@)
APEQP—BP={: y (248)
ix—1)2 ()
Ar=Qr—Br=4a*—ja/x—}zx, (2.49)
Apir=Qpyr—Bpyr
fgt— oy it @
=\ 2__1 3 1 7 - (2.50)
16— vV r—§r—ivatis  (B)
For all A’s we can show that
A>O0, (2.51)

where, except for Ao, the equality holds only for x=1
(i.e., when all particles are spinless).

Now we turn to the calculation of the number of
linearly independent mirror relations. Any observable
component has a mirror image observable component
unless it is of the form L(a,b; a,b). This latter type of
observable component will be called self-mirrored. The
number of self-mirrored observable components is
clearly x, and they clearly may all be nonzero under
parity conservation. Thus the number of pairs of ob-
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servable components between which linearly independ-
ent mirror relations might exist is one-half times the
difference between the total number of observable
components and the number of self-mirrored observable
components

Vo=la2—1x, (2.52)
Wi ()

Ve=1 , (2.53)
-ttt ()

VT= loﬁ—%x y (2.54)
Wi (o)

VP+T= * j . (255)
-ttt

Let us define 4,=A;—V;, which gives the number of
linearly independent nonmirror relations. This is
expected to have significance only for =1 and
1=P+T. We get

Ar=ix(/2—1),

141 (Gx—v/ %) (a)_ (2.57)
§—1+iGe—va+3)? 6

All three of these A’s are positive for x>1, thus
proving that there are nonmirror relations among the
observable components. In the case of A, these clearly
are a result of the imposition of 7" invariance, since
previously the number of relations among the ob-
servable components was zero. For Ap,r this is not
so clear. Previous to the imposition of 7' invariance,
the number of linearly independent relations among the
observable components here was given by Eq. (2.48).
After the imposition of 7' invariance the number of
linearly independent relations is given by Eq. (2.50).
Thus T invariance brought about

Yo'— Gty 0 (@
AP+T—AP= { (2.58)
HaH— Gotdvat>0 ()

new relations. On the other hand, the mirror relations
might not be all independent now, since the relations
which exist as a result of parity conservation might now
make one mirror relation a consequence of another. An
example for this will be given in Sec. IV. All in all,
therefore, the situation in the parity conserving case
is rather complex, and it is not immediately evident
whether there are relations required by 7 invariance
in addition to the mirror relations. For the case of only
rotational invariance, Eq. (2.56) clearly proves that
the mirror relations do not represent all the restrictions
that 7 invariance imposes on the observable
components.

For the parity-conserving case the question also
arises as to whether mirror relations could not hold
even in the absence of 7 invariance. In this connection
we will now show that the only reaction in which mirror

(2.56)
and

AP+T=
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relations hold among all observable components as a
result of parity conservation is the 043 — 043 re-
action. Actually, this statement is already plausible
from Ref. 3, where we have shown that the only reaction
where 7" invariance cannot be tested if parity is con-
served is the 0+2 — 043 reaction. It could still be
possible, however, to have another reaction where,
although mirror relations held as a result of parity
conservation only, 7' invariance could be checked
through a relation of a nonmirror type. We now show
that there are no such reactions.

A mirror relation between two observable components
would mean that

Tr(M8:M18p)=Tr(MSrM1S;5). (2.59)

In terms of the so-called four-traces' and the bilinear
combinations of form factors, this can be written as

Z Z Z Z aJxrlaJJz*XJleJzJF”"rsz

J1 J2 r1 72

= :’:Z Z Z Z d-flnah”*XJlJsznT"F”" ,

J1 J2 1 r2

(2.60)

X rraare™ M F=Tr (S TS Tn™
XS : T ™Swe: Trrm™) .

Since the bilinear combinations of form factors are
independent of each other, Eq. (2.60) implies

TITIT2TF — TITFT2TI
b

(2.61)

where the sign on the right-hand side is either + for all
J1, 71, Jo, and 7y, or — for all Jy, 71, J, and 7. But we
havet:?

X 5717205 =X 7 rpr01

TITIT2TF — (_ 1)J1+J2+JI+JF
XX rrpaar T (2.62)

so that, for a given J; and Jr, Eq. (2.61) is equivalent
to the requirement that J1--J; be always even or always
odd.

Now let us look at the subclass structure of observable
components as given in Ref. 3, Tables IT and III. We
see from there that each observable component receives
contributions from two product sets, one of which has
J1+J s even, and the other J14J, odd. Equation (2.59)
will therefore be satisfied only for those reactions for
which for every observable component one of the two
product sets is empty. When is this the case?

In order to answer this question, we have to use the
formulas giving the number of products in a product
set. For an irreducible reaction 0+s— 0+s, with
parity conservation, these formulas are as follows®.

Product set (£££):
5L (2s+1)2—1+ (3s243s+1) (bosons),  (2.63)

76 (2s+1) 41 (2s+1) (fermions); (2.64)

4P. L. Csonka and M. J. Moravcsik, J. Natl. Sci. Math. (to be
published).

Xrr1r0r
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Product set (vév)
HL2s+1)2—1P4s(s+1)
5 (2s+1)'—1(2s+1)

Product set (£v§)
[ (2s+1)2—1+s(s+1)
Ze (251325 1)

Product set (vvv)
FHL(2s+1)2—1]—s(s+1) (2.69)
To(2s+1)—3(2s+1) (2.70)

To two of the subclasses the product sets (£££) and
(vwv) contribute, while to the other two subclasses the
product sets ((vg) and (vév) contribute. For the first
two subclasses the product set (vvv) is the smaller one,
so we must now determine under what condition that
is empty.

For bosons the only integer solution of Eq. (2.69)
being zero is for s=0. This already proves, therefore,
that for bosons the (vvv) product set is never empty
except for the trivial reaction 0--0-— 040. We can
thus abandon the boson case and turn to the fermion
case.

For fermions in all subclasses, the smaller product
sets have the same number of products, given by Eq.
(2.70). The only half-integer solution of Eq. (2.70)
being zero is s=3. Thus, we get the result that for the
reaction 043 — 043 all mirror relations are required
by parity conservation, and this is the only irreducible
reaction which has that property.

As a matter of fact, this is altogether the only re-
action with that property, because there are no com-
posite reactions with that property at all. This can be
seen by remarking that the necessary condition for a
composite reaction having that property is that its
constituents have that property. This, however, is not
a sufficient condition. In order to see that, let us in-
vestigate the only possible?:5 candidate, the reaction
141141 The observable component Lo for this
reaction can be factorized into the observable com-
ponents L; of $+0— 340, and L, of 043 — 043, as
follows:

Lot (x;y) z,w)=L1++(x,0; Z:O)L2++(0:y; 077-0)
+ L~ —(,0;2,0)Ly, —(0,y; 0,w). (2.71)
The necessary and sufficient condition for a parity-

conservation-induced mirror relation for the composite
reaction is therefore

(2.65)
(fermions); (2.66)

(bosons),

(2.67)
(fermions); (2.68)

(bosons),

(bosons),

(fermions).

Lit+(x,0; 2,0)=e1L1T+(2,0; 2,0) , (2.72)
L+ (0,y; 0,w) = oLyt (0,; 0,y) , (2.73)
Li —(x,0; 2,0)= e L1 —(2,0; x,0), (2.74)
L;=(0,y; 0,w)=esLy™ ~(0,w; 0,y), (2.75)

5 P. L. Csonka, M. J. Moravcsik, and M. D. Scadron, Nuovo
Cimento 42, 743 (1966).
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where each ¢; is +1 or —1, and we must have
(2.76)

It is, however, easy to find observable components for
which this is not true. For instance, for x=m, z=0,
and y=w, we have ;= e;=es=-1 and e3=—1, which
violates Eq. (2.76). Thus, there is no composite re-
action for which all mirror relations hold just by parity
conservation, in the absence of 7" invariance.

€1€3= €3€4.

III. NONDYNAMICAL TESTS OF TIME-
REVERSAL INVARIANCE

In this section our aim is to find a complete set as
well as sufficient and necessary sets of linearly inde-
pendent nondynamical tests of time-reversal invariance
for elastic-scattering reactions of the type

sitset- o Fsm— s1tsotc - - Fsm, (3.1)
where the s1, §3, +--, sn are particles with spins sy,
S2, ***, Sm respectively.® The values of the spins are

arbitrary.

A certain relation satisfied by elements of the M
matrix will be called trivial, if they are satisfied for
any M matrix (whether time-reversal invariant or not).
For example, if M, is some element of M, then
M i—M ;=0 1is a trivial relation. Similarly (M ;,— M ;1)
XM,=0 is trivial. Analogously, a certain relation
between observable components will be called trivial
if it is satisfied for amy M matrix. For example if
L(S1,SF) is an observable component, then L(S1,Sr)
—L(S1,Sr)=0is a trivial relation.

We say that a certain linear combination of ob-
servable components is a test of time-reversal invariance
(or, briefly “T test”), if it is not trivial and is satisfied
whenever time-reversal invariance holds. In other
words, a T testis a necessary condition for 7" invariance,
it must be satisfied if 7" invariance holds, but T invari-
ance does not necessarily follow if a 7" test is satisfied:

(3.2)

We call a set of T tests sufficient and necessary if 7'
invariance holds if, and only if, every T test in the set
is satisfied.

(T invariance) = (a T test is satisfied).

(T invariance) <> (each T test in a sufficient and

necessary set is satisfied). (3.3)

We say that a T test is a nondynamical T test (or,
briefly, an NDT test), if it does not make use of any
knowledge of dynamics. In other words, an NDT test
is a T test no matter what the numerical values of form
factors are.’

6 The results to be obtained are analogous to the ones obtained
in Ref. 3 to test parity conservation and to determine parities,
and which are related to some previous results obtained by using
the method of “Bohr rotation.” Loosely speaking, the results of
the present section in this sense are related to “Bohr rotations
and time reversal,” which differs from the ordinary Bohr rotations
in that it also contains an operation which exchanges the spin
states of initial and final particles.
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An NDT test will be called linearly independent of a
set of other NDT tests, if it cannot be written as a
linear combination of those in the set, if the numerical
values of form factors are arbitrary.

A set of NDT tests is called (linearly) complete, if
all NDT tests can be obtained by linear combination
of those T tests which belong to the set.

A sufficient and necessary set of linearly independent
NDT tests is a sufficient and necessary set of NDT
tests each of which is linearly independent of the others
in the set.

The only invariance principle we shall assume to
always hold in nature is invariance under rotations in
three space.

It was shown in Ref. 5 that if observables measured
in connection with an elastic reaction of the type shown
by Eq. (3.1) are to be used to construct NDT tests,
then the number of ingoing particles must not exceed
two. Therefore, in all further considerations we may
restrict ourselves to elastic reactions of the type’

s+s'— s+s'. (3.4)

All such reactions can be decomposed into the two
constituent reactions

s+0— 540, (3.5a)
045" — 0+’ (3.5b)

In the first part of this section we shall derive results
for reactions of the type shown in Egs. (3.5), and the
corresponding results for reactions shown in Eq. (3.4)
will be derived from these.

To obtain NDT tests for reactions (3.5) we label the
rows and columns of matrices in spin space by m, where
m is the projection of spin along a suitably chosen axis.
In’the following we chose this axis to be parallel to 7
defined in Eq. (2.2). In this representation 7" invariance
holds if, and only if, the M matrix is symmetric

(T invariance) <> (M = I7). (3.6)

Therefore, an NDT test is any linear relation between
observable components which holds whenever M is
symmetric, independently of further dynamical details.
In order to find such relations, we define the (2s+1)
X (25+1) spin space matrix .Sy, by its matrix elements

3.7

Thus the Sy, is a matrix, all of whose elements are
zero, except the one at the intersection of the u'th row
and pth column. Any S,, can be written as

(s,m’ [Su'n{ $,71) = Byt msOmp

2s
Suw= 2 (—1)#(s, s; 4/, _:“'IJ7M>QJ-M=M’—-IH (3.8)
J=M

71t was shown in Ref. 5 that a sufficient set of NDT tests
always involves observable components which yield polarization
information about all those particles in the reaction whose spin is
nonzero. Indeed, all sufficient sets to be derived satisfy this
theorem.
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where the (s, s;u’, —u|J,M) are Clebsch-Gordan co-
efficients with the usual phase convention which makes
them real, and the Q3 are (2s41)X (25+1) matrices
in spin space. They are nonzero for 2s>J>0, J>M
> —J, and their elements are defined by!

(S)m’IQJ,MIS)m>= (_1>s_m<s; S; m,7 —-m]J;M> (39)

The @, form a complete set of linearly independent
(2541)X (2s+1) matrices in spin space. All elements
of @y, are real, because so are the Clebsch-Gordan
coefficients. It also follows from Eq. (3.9) that

Qs ut= (=DM _u (3.10)

where the superscript T means Hermitian conjugation.
Substituting Eq. (3.9) into Eq. (3.8) one finds that
Sy given by Eq. (3.8) does indeed satisfy Eq. (3.7):

<S7m, ’ Sl"l‘ ] S)m>
2s 28

=2 X (=D, s; 4, —n|J,M)(=1)sm

T=0 J7=0
X (s, s;m'y —m|J M) u—udat mr—m
(3.11)

=0u mOmp

where we have replaced the lower limit of summation
over J and J’ by zero. This can be done because the
Clebsch-Gordan coefficients vanish anyhow whenever
w' —u#M. The last line follows from the well known
orthogonality property of Clebsch-Gordan coefficients.

Equation (3.8) can be rewritten in terms of the
Hermitian matrices

Qr P =3[0 u+ (DY ], (3.122)

1
QJ,M(“)=;|:QJ,M— (—D)MQ;, 3. (3.12b)
73

That these matrices are Hermitian follows from Eg.
(3.10). The Qs,»" are symmetric, while the @7,
are antisymmetric. Of course, if M =0, then @, =0
for all J. We also have, for integer J values,

QJ,_M(:{:)=:!:(*1)MQJ,M(i)- (313)

In terms of these Hermitian matrices, Eq. (3.8) becomes

2s
Sﬂ’#z Z (_ ])s—“@; $;3 /J’,; '—”IJ)M>
J=|M]|
X[ Qs P +Qs, 2]

The S, matrices have been defined in such a manner
that for any two matrices 4 and B we can write

Tr (SM:uuA S#zMB) = % (Smm)aﬂA By (SM2M4) 7535&
aBy

(3.14)

= A y1usBsps - (3.15)
If we choose A=M, B=M1, then
Tr (Sllz#lMS#zMMT) =M y1usM pous” - (3.16)
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The symmetry of M implies
M=M= (M sy M o) M =0, for all py, p, pa, pa and (uip,); (3.17a)
Mmuz(Musm*—ans*):O: for all K1, Mo, M3, pg and (us“pa) . (3-17b)
(Of course, when p3=p, then Eq. (17a) becomes trivial. Similarly, Eq. (3.17b) is trivial when uz=pa.)
Applying successively Egs. (3.6), (3.17), (3.16), and (3.14), we obtain
T invariance = £u;upugue=0, for all p1, o, pa, pa, (u,7u2),
£M1#2ua#4*=0) for all M1y K2y M3y M4y (#174#2) . (318)
Here
Lurpousns=TT (SnamM S oM T) —Tr (S e Sy uM 1)
28 2s
=2 2 (s, s5ns, —m| T, Mu)(s, 55 n9, —pa| I, Man)[L(Qs 210D Q215 P)
J=0 J'=0
_L(QJ,Msl(_))QJ’,M24(—))+7:L(QJ,MM(—),QJ’.M24(+))+7:L(QJ,M31(+)aQJ',M24(—))]
— (=)rmils, 55 ps, —pa| J,Ms2)(s, 55 m1, —pa] I, M) L( Q2120 Q0 312, H)
'—L(QJ.Maz(—)’QJ’.Mu(_))+iL(QJ.Msz(_)’QJ'.M14(+))+7:L(QJ,M32(+),9J',Mu(—))]} (—' 1)28—“'_“4. (3.19&)
We have used the notation
M31—=—'[.L3—-[J,1, etc.,
L(QJ_MH’),QJI,Ml(_))ETI‘(QJ,MH')MQJv M (—)M) , etc., (3191’))
and  Luupug =0 is the equation obtained from fact,
£ =0 by taking the complex conjugate. Equation
(3‘ilf(25‘l)3“€ogether with the first line of Eq. (3.19a) shows Lugpapons~ Lonpanspst Cpnanzi” — Susuanrns =0, (3.21a)
that and also
Lpponans= — Lpopugns s (3-203) N .
« Lugugugns — Lurusnans’ T Lugnapsnr— Sugpanpe=0. (3.21b)
Luyponine= Lprpoprpe - (3~20b)

Since the Q7@ form a complete set of (2s+1)
X (2541) matrices, the density matrix in spin space
for any spin-s particle can be written as a linear com-
bination of them. The expectation value of any spin
observable in the final state of reaction (3) can then be
written! as a linear combination of L(Qy,3 % Qs 00 ®).
Accordingly, the L(Qr,»® Qs 3 ®) form a complete
set of observable components. Then £,,u5u.,=0 is a
linear relation between observable components (and
they are given in the “‘spherical representation’). Com-
parison of relations (3.2) and (3.18) shows, that for any
values pipopsiia(ua7 pe); the Lusugus=0 O Luyupugus*=0
is an NDT ftest.

Furthermore, the set of all £, With p1<lps
together with the set of all £, u5u0," With p1<<ps is a
complete set of NDT tests. This follows from the fact
that all bilinear combinations of elements of M implied
by the symmetry of M are of the form (3.17), and these
are all contained in the set of an £, u,u,u, together with
the set of all £,,u5u50,F With uiue. This together with
Eq. (3.18) proves the statement.

On the other hand, in this set not all £, .44, and

Luuomans” With p1<ps are linearly independent. In

A complete linearly independent set of NDT tests
can now easily be written down. We first write down
the set of all €,u5um, a0 Lyjpougu,” With u1<us. Then,
to take into account Eq. (3.21), we divide them in
groups of four, those four which are connected by Eq.
(3.21). Out of each group we omit one. (If u3=pu4, then
two of the £’s in Eq. (3.21) represent trivial relations;
of the remaining two we omit one.)

Next we rewrite this complete set of linearly inde-
pendent NDT tests in a more manageable form. Our
aim is to write as many as possible of the NDT tests
in the form

M usz usm*_M nzmM mm* =0. (3-22)

As will be shown later, relations of this type are closely
related to “mirror relations.” We note that if uz=ps,
then two of the four £’s appearing in each of Egs. (3.21)
are trivial, of the remaining two one only is linearly
independent and that can be written in the form (3.22).
This can be seen using Egs. (3.19a) and (3.16). If on
the other hand, when ps#us and neither p1=pus3, uo=pus,
nor pu1=pu4, pe=ps holds, then none of the four £’s ap-
pearing in each of Egs. (3.21) are trivial and three of
them are linearly independent. Four linear combinations
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of these six linearly independent £’s can be written in
the form of Eq. (3.22), while the remaining two cannot.
The first part of this statement can be proven by
exhibiting four such linear combinations:

X __ *
£n1ﬂzﬂ3ﬂ4+£n4n3mu2 - MMMMMP::

-M uzmM #3;:4*‘: 0, (3.233,)
- £n1nzu4n3+£n4nsumz* =M uzmM n4ua*
-—MMI‘ZMMaIM*:O’ (3-23b)

and their two complex-conjugate relations. The fact
that the remaining two cannot be written in such a
form follows from the observation, that the set of all
£ and £* for u1<us is a complete set of NDT tests,
and therefore must contain a sufficient set of NDT
tests. On the other hand, all equations of the form
(3.22) do not require the symmetry of M, in fact, an
antisymmetric M would also satisfy them. The addi-
tional two conditions are the ones which require that
M be its own transpose. These two conditions can be
chosen to be £, uouu=0 and €, upuqu, =0. In the case
when uspus but either ui=ps, pe=p4, Or p1=p4, po=ps
holds, then according to (3.20b) the £, upueu, 1S DO
longer linearly independent of its complex conjugate,
nor are the two equations in (3.21). Equations (3.23)
are then equal to their own complex conjugates and
we are left with one relation which is not of the form
of Eq. (3.22). This can be chosen to be £, 550, =0.

It will now be shown that the set of all relations of
the type (3.22) holds if and only if, the set of all mirror
relations hold. To prove it, substitute Egs. (3.16) and
(3.192) into (3.22), observe that the transpose of

QJ'M(:*:)’

Qru)~=Qru'?, e==, (3.24)

and obtain
LQs295Q0 00 ®)=enL (@, 00-™;Q7,5¢9).  (3.25)

This last equation is, according to the definition given
in Sec. II, a mirror relation. Clearly the trivial mirror
relations satisfied by self-mirrored observable com-
ponents correspond to the trivial relation of the type
(3.22) when p1=us and uz=p4. As we have just shown,
any complete set of linearly independent NDT tests
includes at least one nonmirror relation. In fact, the
number of linearly independent nonmirror relations is
[s(2s+1)7 as is evident from Eq. (2.56).

We are now in a position to write down a complete
set of linearly independent NDT tests in a simple form.
We include in the set all mirror relations which we
denote by {Lmirer}, and [s(2s+1)T nonmirror
relations. As we know, the latter can be chosen to be
the vanishing of €,;uou5u,=0, Lp1pugus’ =0 for all u3<ue
and p3<us. Instead of choosing the restrictions ui<us,
wus<us, we may choose another set of restrictions
L < pel, [wal Slwal, i [pa] =|pe|, then wm<O0,
>0, if |us| = |pa|, then us<0, us>0. The set of these
conditions we shall denote by {£}. Assuming all mirror
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relations to hold, as expressed by Eq. (3.25) and making
use of the well-known property of the Clebsch-Gordan
coefficients that

(S,S;,ul,pzlf,M>=<S, §5 —H2, —#1[-]: '—M>! (326)
we find that
£M1II2M3M4*= Luspaprpe (3-273)
which together with (3.20a) implies also
Loipangns™ — Lugpougus- (3-27b)

Instead of including into our complete set the set of
conditions {£}, we now choose to impose the equivalent
set of conditions {£(v)}, v ==, defined as the vanishing
of all yjupuauy(v), where v==£, (1] <|uz|, |na] <4
and if |u1| = |us|, then u1<0, pa>0, if |us| = |u4/, then
13<0, us>0

Lourngpons T =5 (Lornonsuat Lugnenine) = ReLoruznans , (3.28a)

AL E(fguwzusﬁu_ Lususpiuz)
=Im&L, uppgue. (3.28b)
Of course, if u1=pus3, po=uq, then
Lurpgurpe(—)=0 (3.28¢)
and if u;=p4, uo=us, then
Loguougus (+)=0. (3.284)

Finally, we can define yet another set of nonmirror
relations, namely {£(v,8)}, y==, 6=, defined as
the set of conditions requiring the vanishing of all
Lopangns (1,0), where y=c=, o=z, |ua| 2> |ue|, |psl
2 |msl, m<0, if |us|=|usl, and/or [m|= |p|, then
either u3<0 or pu3=0<p4

Lurponsus (v,0)= 3[ Louruansna ()
+y-8-(— 1)L Y (’Y)] . (3.29)

The advantage of using the set {£(y,8)} is, that each
condition in it is in general a linear combination of
roughly half as many terms as in the set {£(y)}. This
follows from a property of the Clebsch-Gordan co-
efficients:

(5,5 ; pyua| J,M )= (—1)27
X (s, s; —u1, —p2|J, —M). (3.30)

Substituting Egs. (3.30) and (3.28) into Eq. (3.29) we
find

Lorusuana (’Y,a)

2s

2s
= X X C(s;papmpons; J,J')

J=|M3z1| J'=|M24]

XL (QJ,M:u; QJ’,Mz:x)_*' (_ 1)1+u2~#1
2s 2s
X > C(s; mapapapa; J,J)

J=|M32| J'==| M14|

XL Qg 1505 Qur,3010)  (3.318)
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where

J+J’ can take only even integer values if =
J+J' can take only odd integer values if 6= —

and the following notation is used:
M ab=Ma— Kb,

C(s; papsepa; J,J)=(s, 85 na—ns|J,M av)
X(‘y; S5 I"'c_l“dl]I:Mcd> }
LD Qs 210020 01,)) =L Q7,200,500 20,,F)  (3.31b)
—L(QJ.Mab(—) 5 QJ':Mcd(ﬁ)) ’
L Q05 L 2.0 =L Q7 200,7 5 Qrr 21,6)
FL(@r,01,P 5 Qe 31,,7).

If py=—us then £, 4 ;- (yv) does not belong
to our complete set of linearly independent NDT tests.
This is so because it does not satisfy the condition that
if |p1]|=|us| then pi<us Gf p1<us, then —us>—pus).
Therefore, it is a linear combination of £, uy,ueu.(Y)
and the other conditions belonging to our complete
set. Since we are interested in counting linearly inde-
pendent conditions, we must not count the two con-
ditions £,;,—py,u5.u4(v,0) for 6=+ and §= — separately.
Alternatively, we may count the two conditions given
by 6=+ and é=— separately, but then we have to
restrict the values of us by requiring for example u3<0.
Indeed, the £, —uusu.(v,0) for us>0 are then linear
combinations of those in which p3<0, because

Lunoans (V,0) v - 8- (— 1)prratats
KLy —pr—psi—ns ('Y;B) =0. (3-291)

Similarly, if u3= —pu4, we have to impose the condition
43<0, because we have

Lurnana—ns (’Y;B)+’Y -0 (—' 1)“1'“‘4'—“2—"3
XLy, —p2.u3,—s (7,5) =0. (3 -29")

Finally, if u1= —ue, and af the same time ps= —pu4, then
it follows from Egs. (3.20a) and (3.27b) that

£ﬂ1n*#1:l‘3:'—ﬂa(7) _)EO . (3-29”')

In conclusion we can say that a complete set of
linearly independent NDT tests, {£}complete, is Obtained
by adding to the set of all mirror relations {Lmirror},
a set of [s(2s+1)]? nonmirror relations, {£(v,5)}.

{L}complete= { Lrmirror} +{L(7,0)} . (3.32)

The set {Lmirror} is given by the set of all equations of
the form (3.25) and the set of conditions {£(v,8)} is
obtained by requiring that &£,;u0u.u,(v,0) vanish for
y=x=, 6=, and for all those values of ui, ps, us, and
ws which satisfy the conditions that |ui|<|ue|, |us]
<|wa], 1<0, and if [us|=|us| and/or |m|=|psl,
then, in these special cases, we have either u3<0, or
we have u3=0<us. The expression for £,,uusus(7,0) is
given by Egs. (3.31). Note that the C(s; papopcpa; J,J")
coefficients appearing in Eqgs. (3.31) are the same for
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y=- and y=—. This helps when carrying out actual
calculations. To illustrate the use of these formulas, the
case when s=% is worked out in detail in the next
section.

It is now easy to write down a sufficient and necessary
set of linearly independent NDT tests. We claim that the

set of all £,;.u,4, 1S Such a set, i.e.,

T invariance <=> £, uuu,=0 for all p15%ps. (3.33)

To prove this, we only have to use Egs. (3.19a), (3.16)
and (3.6) and show that

M=M <=> (M yyy— M o) M

for all u1ua. (3.34)

First of all, it is clear from the foregoing that in relation
(3.34) the = holds. Furthermore, if either M, ,,50 or
M %0, then relation (3.34) implies that My,
=My, If on the other hand, both M,,,=0 and
M pu, =0, then again M, .= M ,,,. On the other hand,
if any one of the relations is omitted, for example
Loy uyuruy, then T invariance need not hold because
My uy =My may be true if M,.uy=0. This con-
cludes the proof.

Proceeding just as we have done after Eq. (3.20),
one can show that?

{ee,qumpz: 0 for afuﬂ-l <ﬂ2} <=2>Lupmne (+75) ’ (3358‘)
for 6==1 for all u;%2us

which satisfy |ui| > |p2|, <0, (3.35b)

(When “‘"1|=[”217 then £M1M2M1M2(+_)EO and Only
8=+ has to be tested) where £, u,u4,(+9) is given by
Eq. (3.31a), if in it we substitute us= w1, ps=use. There-
fore, a sufficient set of linearly independent NDT tests
is given by all €., (+, 8) for which ui, e satisfy
Eq. (3.35Db).

We remark that this set contains at least one
NDT test which involves measurement of the most
“complicated”  observable component, namely,
L(Qy—2s,sr=26,3s7=2s,1=25). Therefore, one cannot
establish 7' invariance using this set without making
any assumption about dynamics, and get away
without measuring the most complicated polari-
zation tensors possible. To prove this statement,
choose u;=—s, ug=s and observe that according to
Eq. (3.31a), the expression £_;,is,—s,+s(+-+) involves
L (Qr g5, pr=25,0 =25, 17 =25). 1t can also be seen, that
all other observable components appearing in
Ls,16,—s,4s(++) have M= M'#2s, and, consequently,
cannot cancel this observable component.

We are now in a position to prove the following
simple theorem. Any nonmirror relation is a linear

8 When neither u;=pus, pe=p4 NOT u1=p4, pe=p;z holds, then to
obtain Eq. (3.27a) it was necessary to assume the validity of all
mirror relations. However, in the present case py=pus, u2=ps and
Eq. (3.27a) now follows just by using Eq. (3.26), without assuming
anything about mirror relations.
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combination of observable components which have the
property that some spin information is given about all
the particles with nonzero spin before scaltering by at
least one observable component appearing in the relation.
The sawe is true about all particles after scallering.

To see this, we recall that according to Eq. (3.19a),
any nonmirror relation can be written in the form

Louyopgns= TT (S g MS o, MT) —Tr (SnauzMS#1n4Mf) =0,

where w7y, ps#ps If pe—p1=0, then uz—u, is
certainly not, and vice versa. Similarly, at most only
one of uo—u4 and p;— w4 can be zero. First of all assume
the case when ws—u520, we—ue%0. (The proof is
similar in the other three cases, when (a) us—u;5%0,
po—us=0, (b) ps—p1=0, po—ps%0, (¢) us—wp1=0,
us—pa=0.) Equation (3.14) then shows that the first
term in the above equation can be written as a linear
combination of observable components: L(Qr ),
Qs o ®) where J5#0 and J'5£0. Accordingly, all of
these observable components contain some polarization
information about the particle of spin s before scat-
tering. They also contain polarization information
about this particle after scattering. The second term
may similarly be written as a linear combination of
observable components L(Qy arrr & Qrer aprer &) where
M"=p—po#ps—m=M, M'=p—pi#us—p=M"".
Therefore, the L(Qyrr a0 E Qyirr 00 ) are all dif-
ferent from all L(Qy 4,25+ 3. F), and cannot cancel
any of them. This concludes the proof.

Theorem 3 of Ref. 5, referring to 7" invariance, is an
immediate consequence of the foregoing. In our present
language it states that any sufficient and necessary set
of NDT tests must include tests in which observable
components appear giving some polarization infor-

M=—-M)<= >(

A sufficient linearly independent set of linear relations
between observable components for M= —17 to hold
is given by the set of all mirror relations together with
the set {£/(v,0)}, the set® of £’y upusu (7,0) =0 for which
the u satisfy the conditions stated before [Eq. (3.29a)]

{(M=—I}<=>{Lniner}+{L'(1,0)}. (3.38)

Let us introduce the convention that whenever we
write some quantities in round brackets with a sub-
script 1, 2, or 3 outside the bracket, then the quantities
refer to reactions (3.4), (3.5a) and (3.5b), respectively.
Thus (M), is the M matrix of reaction (3.4), (Suue
is a matrix in the spin space of particle s in reaction
(3.5a), etc.

9 P. L. Csonka, Rev. Mod. Phys. 37, 177 (1965).
10 The definition of £'pjupusu,(v,8) is analogous to the definition
of Cpypuzuy (v,9)-
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mation about all participating particles. This is now
obvious, since we know that for reactions of the type
(3.5) any sufficient and necessary set of linearly inde-
pendent NDT tests must include nonmirror relations.
[In view of what is said below it is clear that this is
true also for reactions of the type (3.4).]

We mention in passing that the “observable effects
of invariance principles” given in Ref. 9, Sec. B, to test
T invariance in fermion-fermion scattering experiments
are all what we here call NDT tests. They form a com-
plete linearly independent set of NDT tests for those
experiments which are discussed in that section. Of
course, they do not form a sufficient set since they do
not include nonmirror experiments. This is so because
they refer to experiments in which one particle is
unpolarized, and the polarization state of another one
is not measured, in other words, no spin information is
obtained about two of the particles.

Turning now to the composite reaction (3.4), we
factorize its M matrix according to Eq. (2.15). A
complete set of linearly independent NDT tests can
then be obtained by “multiplying together” the com-
plete sets of linearly independent NDT tests of the
two composite reactions, or relations closely related to
them. This fact is of great help when actually writing
down NDT tests. The underlying principle is easy to
understand, and all proofs are simple generalizations
of the ones given above for the simpler reactions (3.5).
Therefore, we shall not go into details.

Let us define

& pinamsns= TT (S gy My, M)

FTr(SpueMS pu M) . (3.36)
Observe that from Eq. (3.16) it follows that
& pipsnans=0 for all uy, ue, us, pa (w17 p2)
, : (3.37)
£ M1n2u3u4*=0 for all M1y M2, U3, M4 (Ml#l&)

Any & belonging to {£} can be written schematically
as

Lo=3 Co(J1iMrers JoMaea) LR,V 5 Qraar, ') o
e, o=+  (3.39%)

where £* is some £ belonging to {£}. Similarly, any
£'8 belonging to {£} has the form

L= C’B(J3 M3€3,]4M464)

XL, ; Qroar, ). (3.39b)

The coefficients
CH(J1Mrer; JoMaes), C'8(J3Mses; JaM ses)

are defined by Egs. (3.39). The summation runs over
all values of all arguments of the coefficient C.
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The symmetry of M, clearly implies the following
relations:

£umzusu4m5neuws§ [ (M nwz) 2 (M usus) 3
- (M#zm)Z(Muens) 3] (Mnam*)? (Mn1us*)3= 0. (3-40)

According to Eq. (3.16), these relations can be written
as

Tr (S#amMSMzmMTh Tr (Su-:na]l[SususMT)a
=Tt (SuausMS e M)2 Tt (Surug M S ususM1)3=0. (3.41)

Any one of these relations, for example the pth one,
can be written as

Ly oms s wsmonrns
=3 Cr(J1M1e1,J s Moer; T3 M ses, M ses)
XL (QJlquyﬂ.lezw > QJ:glllsES;QJaJ‘“ ‘4) ’ (3 '42)

where the summation goes over all arguments of C.
Every one of the Egs. (3.42) is an NDT test for re-
action (3.4).

It is easy to prove that the set of all £,,...," is the
same as the set of all £,...,,*® and the set of all
&'y g8, where

L= C*(J1M 1e1; Jo M se0)
XCE(JsM ses; J 4 ses)
XL(QJlMlqygthﬁ; QJ3M35379J4M454) )
& o= C'*(J1M1€1; T2 M 9e3)
XC'8(J3M3ez; J 1M se4)
XL(QJleﬂiﬂszzez; 9J3M3€37QJ4M4“) .

In other words, all NDT tests for reaction (3.4) can
be obtained if we require that all relations of the form
(3.43) be equal to zero. The coefficients of observable
components in these relations are products of certain
coefficients of relations (£ or £’) referring to the two
constituent reactions (3.5). In this sense we can write
schematically for the set of all (£2F)

(3.43)

{(£)1} = {(£L)=} (L)} +{(£)}R{ (£}, (3.44)
Similarly, one can show that
{ (ce)l}complete: { (£‘)2}complete®{ (GC)K}complete
+{ (£,)2}complete®{ (£I)3}c0mplete~ (345)

Analogous statements hold for sufficient and necessary
sets. Equations (3.44) and (3.45) are a simple con-
sequence of the fact expressed in Eq. (2.16), that a
symmetric (M); matrix for reaction (3.4) consists of
two parts, one is a product of two symmetric M
matrices, referring to the constituent reactions, and
the other part is a product of two antisymmetric M
matrices.

IV. EXAMPLES

In this section we will discuss three reactions in
detail as examples for the results of Secs. IT and III.
If we wish to emphasize that a certain observable
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(component) switches sign under parity transformation,
then we will call it? a “pseudo-observable (component)”.
In other words, we use the phrases “observable (com-
ponent)” and “pseudo-observable (component)” analo-
gously to the phrases “scalar’” and “pseudoscalar.”

1. #++0— }4-0, Rotation Invariance Only
For this reaction we have
M=bo+byo-I+bso-1h+bso-#, (4.1)

where ¢ is the Pauli spin matrix. If 7 invariance holds,
we have
Mp=>bo+bso-1i1+bse 7. 4.2)

For a discussion of the subclass structure of this
reaction, see Ref. 11, Table II. This table presents all
observable components and pseudo-observable com-
ponents for the case of rotation invariance and parity
conservation, from which we can obtain the pure
rotation invariant case by ignoring all headings which
refer to parity quantum numbers.

The total number of observable components in this
case is 4= 16. The number of bilinear combinations of
form factors, if 7" invariance holds, is, on the other hand,
only 9. Thus there must be seven relations among the
observable components, imposed by the requirement of
T invariance. Of these, six are mirror-type relations,
which can be obtained immediately from the subclass
tables by making 6;=0.

L(0,m;0,0)=L(0,0;0,m), 4.3)
L(0,};0,1)=—L(0n;0,), (4.4)
L(0,};0,0)=—L(0,0; 0,)), @.5)

L(0,%;0,m)=L(0,m;0,n), (4.6)

L(0,2;0,0)=—L(0,0;0,x), 4.7
L(0,l; 0,m)=L(0,m;0,l). - (4.8)

These are the set of relations denoted in Sec. III by
{ £} mirror- The seventh relationship cannot be a mirror
type, since Egs. (4.3)-(4.8) exhaust all the possibilities
in this respect. A more detailed inspection reveals that
the seventh relationship comes from subclass L(7-1)
and is

—L(0J;0,0). (4.9)

Although in this rather trivial case the above rela-
tionship can be obtained virtually by inspection alone,
we will now derive this relation again as an illustration
of the general techniques developed in Sec. III. In this
case, Eq. (4.9) represents the only relation in the set
{£(v,0)}. To find this set, we have to find the set of all

up, L. Csonka, M. J. Moravcsik, and M. D. Scadron, Rev.
Mod. Phys. (to be published).
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Luinonsus(7,0) Which satisfy ui <ups, pz<ps, us<0. Since
every u can take only the value 4% and —3, only the
choice wi=—%, ws=3%, us=—3%, us=-+1 satisfies all
these conditions. Furthermore, since in this case u;=pus
and wp=pu4, according to Eq. (3.28c) this £ vanishes
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identically for y=—. At the same time, because
p1= — g, us=—ps, we conclude from Eq. (3.29’) that
£ vanishes identically for §=—. Therefore we have to
evaluate only £._1/2,+1/2,_1/2,+1/2.

For this purpose we use Eq. (3.31a), and find

1 1
Soipgyo-yaie= 2 2 (5 F; =5 +57,00G, 555 =317, 00[LQs,0M,Q20,08) = L(Qs,07,25,07) ]

J=0 J'=0

1 1
+(—"1)1+1I2+1[2 Z Z <%: %: '—%7 —%l‘]’ —1><%;%; —%: —%!J” _1)

J=1 J'=1

where J+J’ can take only even values, since §=+.

X [L(QJ'_1(+)’QJ,’_1(+))_.L(QJ‘_I(—),QJ, ,_1(—))] ,

(4.10)

According to Eq. (3.12), we have @7,,=0. Therefore we can write

Lo p—ypae(H,H) =G 5 =3 +310,003, 55 3, —310,00L(20,07,20,0P)
+ %y %’ —%) +%| 1)0><%1 %y %) —%i 170>L(91,0(+),91,0(+))

Looking up the Clebsch-Gordan coefficients we find

<%; %: _%; +%IO:0>=_ %7 %J %’ —%[():0):_— ’

1

<%) %) _%7 —%117 _1>=+1

Therefore the only linearly independent nonmirror-
type relation is

L1212 ~12.412 () = —FL(Q0,0,20,0)
F3L(Q1,0P,21,0)+ L(Q1, 1,01, 1 D)

—L(Ql,_l(‘),ﬂl,_1<—))=0. (4.12)

Finally we can express this result in terms of the usual
o matrices by using
Qo,():- 1 )

91,0=0‘7ﬁ,

z -
91,1(+)=—0'l, (413)

i
QO =—o- 7.
vz

Thus we finally obtain

L-1/2,4172,-1/2,4172(+,+)=3[L(0,0; 0,0)
—L(0,m;0,m)— L(0,n; 0,n)
+L01;0)]=0 (4.14)
which is Eq. (4.9).

=% =51, = DIL@1 P2, P — L2, O, ) ]

(4.11)

2. 40— 140, Rotation and Reflection Invariance
In this case we have
M+=bo+bye 12, (4.15)

and hence T invariance (which is expressed by 5,=0)
has no effect on the observable components at all. This
result has already been proven by other methods in
Ref. 3.

3. 3-+%— }1%, Rotation and Reflection Invariance

The subclass structure of this reaction has been
given in Ref. 12. In terms of the notation used there,
T invariance requires :

Ag=A7=0. (4.16)

The mirror relations have been indicated also in Ref.
12. In addition, however, there are nonmirror-type
relations. They occur in those subclasses where, as
Ref. 12 indicates, the number of independent observable
components decreases when 7 invariance is imposed,
but where mirror-type relations do not exist. These are
subclasses 7-1, 7-4, and /-7. A brief inspection shows
that these nonmirror-type relations are as follows:

For subclass 7-1:

L+(0,0; 0,0)— L+ (0,m; 0,m) = L++(1,15 1,0)

—Lt+(mn;ln), (4.17)
L++(0,1;0,) — L++(0,n; 0,m) = L*+(1,0, 1,0)
— Lt (n,0;%,0). (4.18)
For subclass 7-4:
L+t (m,0; 0,m)= L+ (m,m; 0,0)
+Ltt(nm; L)+ Lt (nl; Ln).  (4.19)

12 M. J. Moravcsik, in Proceedings of the International Con-
ference on Polarization Phenomena of Nucleons, Karlsruhe, 1965
(to be published).
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TaBLE IV. Pseudo-observables L+~ for the reaction 041 — 0-+1.

Class I
Subclass Subclass
R-I1 C2oCas* C13Cio* C33Cas* R-I8 CasCas* C13C12* Cs3Cso*
L*=(0,) +i ~i —i L+~ (0,nm) —3 -3 -3
L+=(b) 3 3 3 L =(m) - +1 -
L+~ (um) +i AR 4 Lt~Gompm)  —4 -1 +
Subclass Subclass
R-I4 Ca2aCar* CuCig* Cs1Cs2* R-I'7 C2oCor* CuCis* C31Ca*
L= (0m) 3 - -3 L+ =(0m) —i +i +i
L+~ (ibim) -1 + 4 L+~ Ty T% Tu
Lr=Gmim)  ~4 - + L+=(n,m) i i 4
Subclass Subclass
R-I2 C13Cse* C33Cro* R-T3 C13Cs2* C33Cro*
L+ =(In)l) +1i +i LY =(m,l) —1 +1
Lr=(mum) i ki L+=(nm) ; 5
Subclass Subclass :
R_I 5 C11C32* C31C12* R'I 6 C11C32* CSIClﬁ*
Lt =(n,lm) +% +3 Lt~ (m,lm) +3i —30
L+~ (m,n) +1 -1 L+~ (n,m) —i -3
Class IT
Subclass Subclass
R-IT1 Ca2Cs* C31Cor* C33Cos* R-IT 8 C12Cas* Ca1Cor* C33Cas*
L+*=(1,0) —1 +i +17 Lt ~(nm,0) -1 —1 -1
L+~ —3i ~3 +i L+=(uml) - +1 -
L*=(nm) —3%i +i —% Lt~ (nm,nn) -3 —% +3
Subclass Subclass
R-IT 4 CaoCro* C11Cor* C13Cas* R-ITT Ca2Cirs* C1Cor* C13Cos*
L+ = (Im,0) -1 -1 -1 Lt~ (n,0) +i —i —i
L=l 1 + 1 L+ =Gl +hi 5 3
Lt=mpm)  —} AR + L+~(um) i Ak ¢ i
Subclass Subclass
Lt—(,n) -1 -5 Lt =(m) —1 +1
L+~ (nm,m) —3 3 Lt~ (nm,In) +3 +3
Subclass Subclass
R-IT S CuCas* C13Car* R-IT 6 C11Cos* C13Cor*
L+ =(lm,ln) +3 +3 L+~ (m,m) -3 +3
Lt~ (n,m) +1 -1 L+~ (n,ln) +i 1

For subclass 1-7:

L+ (0,m; m)+ L+ (0,l; mm) = L+ (1,0; n,m)
+ Lt (n,0;L,m). (4.20)

Of course, had we not assumed that reflection invari-
ance holds then the number of nonmirror relations
would be higher.

4. 0+1— 041, Rotation Invariance Only

This reaction was discussed in Ref. 13, and the sub-
class structure of the observable components was given
in Table III of that reference. Since we are considering
the case of rotation invariance only, we will have

M1=M1++M1—, (421)

13 M. J. Moravcsik, in Proceedings of the Williamsburg Con-
ference on Intermediate Energy Physics, 1966 (to be published),

p- 517

where M+ and M, are the M matrices in Ref. 13
referring to this reaction in the presence of reflection
invariance. The table in this reference was prepared
with rotation and reflection invariance in mind. To use
it for the case of rotation invariance only, one should
simply ignore the headings referring to the reflection
properties (++4, ——, +—, —+) and consider the
whole line for each observable.

The pseudo-observable component subclasses were
not discussed in Ref. 13, so they are given here in Table
1v.

If T invariance holds, we have

C23= ng . (422)

Ciz= —CSI, Ca= _Cl2,

Thus the number of independent form factors is reduced
by 3.
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Let us use for this example the general formulas
developed in Sec. 2. In this case we have

x=9, Noy=9, Nz=6,
Qo=0r=81, B,=81, Br=36, (4.23)
AT=45, Vo= VT=36.

Thus we see that T invariance will impose in this case
45 relations among the observable components, of
which 36 are of the mirror type, and 9 are not. Further
use of the formulas of Sec. IT also reveals that of the
36 mirror relations, 16 will be among the observable
components and 20 among the pseudo-observable com-
ponents, while of the 9 nonmirror-type relations 5 will
involve observable components and 4 will involve
pseudo-observable components.

The mirror relations are easy to write down and will
not be reproduced here. Of the nonmirror relations
among the observable components, three will involve
observable components from subclass /-1, in conjunc-
tion with subclasses -5, II-1, and II-6, respectively,
because if Eq. (4.22) holds, the product sets of these
subclasses will partially overlap. A straightforward
calculation yields

4L(In,In) 5L (m,m)+5L(0,0)—3L(0,)

—3L(0,nn)+ L({Unn)=0, (4.24)
L(nnnn)+L(0nn)—35L(0,0)—1L(0,4)
+3L(1IN+2L(nmmnm)=0, (4.25)
$L(0,0)+3L(0,nn)— LI — L(llnn)
+3L(n,n)+2L3Imlm)=0. (4.26)

Similar overlaps between the subclasses /-2 and 77-2,
and 7-3 and II-3, respectively, yield the other two
relations

2L (im,nm)— 3L (n,1) = 2L (In,0)+ L (in,ll)

+L(nmn), (4.27)
L(lm,l)— L(n,nm)=—%L(m,0)—32L(m,il)
—3L(mmn). (4.28)

Similarly, one can find four relations among pseudo-
observable components, resulting from the partial
overlap in the product sets of the following pairs of
pseudo-observable component subclasses: 7-1 and 7-6;
1-2 and I-7; I-3 and I-8, and finally /-4 and 7-5. The
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relations are
Lt =(mm)+2L+ —(lnn)— L+ —(IL,0)
HILF-(0)=0, (4.29)
Lt —(mpm)+2L+ —(ln,l)— Lt —(nn,n)
+3Lt =(0,2)=0, (4.30)
2L+ —(0,nm)— 2L+ —(Ulmm)+3 L+ —(m,m)
—4L* ~(InJm)=0, (4.31)
2L+ —(0,0m)— 2L —(nnim)+3Lt —(m)l)
— 4Lt ~(Innr)=0. (4.32)

This completes the list of nonmirror-type relations for
this reaction.

V. INELASTIC REACTIONS

The case of inelastic processes turns out to be trivial.
This makes their discussion very simple, but less inter-
esting. There are only the ‘“‘obvious” nondynamical
relations, and no “hidden” ones.

Consider the reactions

sitset - Sm— SmprtSmpet e tsa,

and

SmpartSmiat e S = S1tSot - S,y

where the sy, $3, *
Sn, respectively.

We show that a complete set of linearly independent
NDT tests is given by all relations of the type

L(Sl)S2;' . ';Sm; S"H—h' : ;Sn)
= (—1)”L,(Sm+1,‘ : "Sn; Sl;' : ')Sm> ) (5'3)

where the observable components L and L’ refer to
reactions (5.1) and (5.2), respectively, Sy, -, S, in
their arguments refer to particles s, «--, sa, respec-
tively. The /g is defined as

1s=1(S)+1(S2)+- - +1(Sh),

and /(S) is the number of ’s appearing in Sy, etc.

First of all it is clear that if 7" invariance holds, then,
Eq. (5.3) is valid for all Sy, -« -, S,. Thus any relation
of the type (5.3) is an NDT test. Furthermore, no other
nondynamical relations are implied by 7" invariance.
This follows from the observation that all equations
of the form (5.3) completely determine all observable
components of the time-reversed reaction, once all
observable components of the direct reaction are given.
This proves the statement.

(5.1)

(5.2)

-, $n are particles with spin sy, so, - - -,



