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THE ZEROS OF A RANDOM
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1. Introduction

If the coefficients of an algebraic equation are subject to random error, the roots of
this equation will also be subject to random error; and it is natural to enquire how the
latter errors depend upon the former. This is clearly a question of some practical impor-
tance. It arises not only when the coefficients result from experimental data, but also,
for example, when the coefficients are rounded off to some specified number of decimal
places before commencing a numerical solution. Yet it is a question which has so far re-
ceived rather scant attention, apart from the treatment of three special instances.

In the first of these special instances the equation is of a particular type, namely the
characteristic equation of a variance-covariance matrix pencil whose elements are real
and distributed in Wishart’s form. Under these circumstances the roots are all real, and
their joint sampling distribution is well known. Amongst the several textbooks, which
discuss this question, the reader may consult Wilks [19].

In the second special instance the equation is linear and the coefficients are real and
distributed normally (though not necessarily independently). The distribution of the
root of this equation is therefore that of the quotient of two real correlated normal vari-
ates. Geary [9] gives the required result. This special instance arises in bio-assay work
under the name of Fieller’s theorem (see pp. 27-29 in Finney [8]). The interpretation
of this theorem is, however, open to question, and I discuss this matter further in sec-
tion 9.

In the third special instance the equation is of general degree and its coefficients are
real and distributed independently and symmetrically about zero either

(i) normally, or

(ii) rectangularly, or

(iii) discretely into the pair of classes +1.

Littlewood and Offord [14], [15] enquired how many real roots on the average such a
random equation might be expected to have, and they gave asymptotic approximations
for the result valid for equations of large degree. Kac [12], [13] improved their results
by showing that the average number of real roots of an equation of degree n — 1 is

_4 o a=mhr 2 14
(1.1) No=2 [ S dasZlognt—,
where
1=
(1.2) b= mar=t =
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when (i) applies; and for both (i) and (ii) N, ~ (2/x) log n as n — =. For the
latest results, see Erdos and Offord [20]. Littlewood and Offord noticed that the
three cases (i), (ii), and (iii) led to results which were (as far as they could tell
from their approximations) all of the same order of magnitude for large #. This is
not surprising in view of the result obtained in section 6 that the average number
of real roots depends only on the distribution of the real and imaginary parts of the
polynomial and its derivatives (regarding its argument as fixed); for by the central
limit theorem these four parts will (under wide conditions) be asymptotically normal.
However, as Kac [13] discovered, it is not easy to put this reasoning into rigorous terms;
and we shall not attempt it here.

Some quotations from the papers of Littlewood and Offord and of Kac indicate certain
differences of approach in the present article. From [15]: “In ‘selecting’ a random equa-
tion of a particular given degree » (for example, » = 10) it is natural to treat each coeffi-
cient on the same basis.” This is a condensation of a longer passage in [14], where two
players are betting on the number of real roots of an equation selected by a referee, who
“would presumably treat each coefficient on the same basis.” Similarly from [13]: . ..
let [the coefficients] be independent random variables each having o(u) as its distribu-
tion function.” It is, of course, reasonable to treat the coefficients as independent and
having the same distribution function when the problem is posed as one of pure mathe-
matics; and, even when entering upon a wider sphere than that of pure mathematics,
it is doubtless wise to regard the simple case of similarly distributed coefficients as a start-
ing point in one’s investigations. But in a problem of applied mathematics it is far from
likely that the coeflicients will be independent or have similar distributions. My own in-
terest in the problem sprang from a question put to me concerning the precision of an
estimate of the growth rate of an insect population, which growth rate is the root of an
algebraic equation whose coefficients are determined from experimental data in a manner
that certainly vitiates the assumption of independence. So in the present article I allow
the coefficients to be distributed in a quite general manner. Although I have been able
to determine a formal expression for the distribution of the roots in this general case, I
am still very far from having solved the practical problem; for my result involves the
parameters of the distribution function of the coefficients, and except in a trivial special
case I cannot at present see how to ‘“‘Studentize” the result in such a way that these
parameters may be replaced by their estimates. Concerning this problem of “Studentiza-
tion,” the reader may care to consider the papers by Creasy [4] and Fieller [7].

Another result of attacking the problem from the point of view of generally distributed
coefficients was to throw light upon certain essential points of difficulty in the problem.
In [13] Kac writes: “Upon closer examination it turns out that the proof I had in mind
[in [12]] ... is inapplicable to the [case when the coefficients have a discrete distribu-
tion). . . . This situation tends to emphasize the particular interest of the discrete case,
which surprisingly enough turns out to be the most difficult.” Something more than this
is in fact surprising: namely, that the simplest case arises when the coefficients are al-
lowed to assume complex values, the joint distribution of all real and imaginary parts
having a continuous frequency function with finite moments. When any discontinuities
are introduced into the distribution function of the coefficients, the corresponding distri-
bution of the roots is in danger of acquiring discontinuities as well. Thus when all real
and imaginary parts are distributed normally with strictly positive variances (that is
to say in nondegenerate multivariate Gaussian form) the distribution of the roots pos-
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sesses a frequency function over the complex plane; but when the coefficients are made
real (so that the distribution function of the imaginary part contains a step function) the
distribution function of the roots, instead of being a well-behaved surface distribution in
the complex plane, partly gathers itself up into a line distribution on the real axis, so
that a frequency function no longer exists over the whole complex plane. The results I
have just quoted upon normally distributed coefficients will be discussed in sections 8
and 9. Also in the case of normally distributed coefficients, I shall fulfill the requirement
in [12]: . . . the problem of the exact determination of the average distribution of real
roots on the real axis will, of course, depend on a more delicate treatment.”

In all these three special instances, cited above, the preoccupation is with real roots.
As soon as we attempt to tackle the more general enquiry, which embraces complex
roots as well, we come up against a difficulty. In order to give the joint distribution of a
set of roots it is necessary to keep track of each individual root. When the roots are real
we may do this (as is done in the first special instance) by arranging them in order of
magnitude. However, while it is possible to arrange complex numbers in an order of
magnitude by means of appropriate conventions, it seems difficult to arrange them in an
order which is continuous with respect to the geometry of the complex plane. It is con-
ceivable that, by some device or other, one might manage to label individual complex
roots in such a manner that their resulting joint distribution possesses a coherent and
useful interpretation; but I have not succeeded in doing this, and I am indeed doubtful
whether it is possible. Alternatively, one may abandon the conventional idea of a joint
distribution. In this article, I have replaced it by a somewhat similar concept, which I
shall call a condensed distribution. We shall see in due course that this concept leads to
a particularly simple solution of the problem.

Another branch of investigation, connected with the present problem, is followed by
Erdos and Turén [5]. They consider the uniformity of the distribution of the roots; they

prove that, if N(a, 8) denotes the number of zeros of g(z) = E ¢;2' = 0 which lie in
7=0

the sector 0 = a < arg 2 < 8 =< 2, then
1/2

n
X lal

(ﬁ a)”

(1.3) N(a, B) —

2. Notation

Capital German letters will denote finite-dimensional Euclidean spaces. Small Ger-
man letters and small boldface letters will respectively denote subsets and points (col-
umn or row vectors) of these spaces. Capital boldface letters will denote matrices. Italic
letters will denote scalars (real or complex according to the context). It will be con-
venient sometimes to regard a complex scalar as a two-dimensional vector; and we utilize
the foregoing conventions by writing z = x + 4y or z ={x, y} according to require-
ments. A dagger attached to a boldface letter will denote the transposed matrix or vec-
tor. A prime attached to a German letter will denote the complementary set (with re-
spect to the Euclidean space containing the set in question), while a prime attached to
an italic or boldface letter will denote a derivative. | x| will denote the length of a vector
x, while | X| will denote the determinant of a (square) matrix X. An asterisk attached
to a letter will indicate that the quantity in question is a random variate.
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Sets of points will always be Borel sets, either by hypothesis or as the result of proofs.
Except when the contrary is explicitly stated, functions will always be single valued. All
many-valued functions will be finitely many valued. All functions will be Borel measur-
able (except when explicitly stated) either by hypothesis or as the result of proofs.

3. The extended Slutzky-Fréchet theorem

The extended Slutzky-Fréchet theorem is the principal tool of this paper. Before enun-
ciating it, we recall some familiar properties of one-valued random variates.

A random variate x* in a space ¥ is defined by a real nonnegative countably additive
set function

(3.1) Fx) =Pr{x* €t}

defined for all Bore! sets ¢ of X and satisfying F[X] = 1. F[x] is called the probability
set function of x*. In the particular case when g consists of all points whose coordinates
do not exceed the corresponding coordinates of a prescribed point x, we write Flg] =
F(x), and call F(x) the cumulative distribution function of x*. Evidently Fg] uniquely
determines F(x), and the converse is a consequence of Lebesgue’s theory of integration.
Thus we can uniquely specify a random variate by means of its cumulative distribution
function. If x}, » = 1, 2,- - -, is a sequence of random variates in % specified by the re-
spective cumulative distribution functions F,(x), and if lim F,(x) = F(x) except per-
=00

haps at the hyperplanes of discontinuity of the cumulative distribution function F(x),
we say that x* converges in distribution to x* and write dlim § = x* If y = y(x) is

r—

a (one-valued Borel-measurable) function carrying points x of ¥ into points y of another
space ), the function of a random variate y(x*) is defined to be the random variate speci-
fied by F[y~1(y)], where y~'(p) is the set of all x satisfying y(x) € y. Cramér [3] gives
a proof that this is a consistent definition, that is, that F[y~'(y)] is indeed a probability
set function on ).

We now consider the terminology for many-valued functions of a random variate
which will be required in the extended Slutzky-Fréchet theorem.

An n-valued function y(x) is a set of # points (not necessarily distinct) in §) corre-
sponding to each given point x of X. An indexing of y(x) is a system of # one-valued
functions y;(x),7 = 1, 2, - -, m, such that, for every given x of ¥, the » points y(x) coin-
cide with the # points y;(x) with due regard to multiplicity. If there exists at least one
such indexing in which each y;(x) is a Borel-measurable function, then y(x) is called an
n-valued Borel-measurable function, and the indexing in question is called a Borel-meas-
urable indexing. Notice that an n-valued Borel-measurable function may possess, besides
this Borel-measurable indexing, other indexings which are not Borel measurable. The
n-valued function y(x) is said to be continuous at the point x, if, given any prescribed
€ > 0, we can find

(i) an indexing y;(x) of y(x),
(ii) a number n = 5 (¢, xo) > 0, and

(iii) a permutation my, ms,- - -, m, of the integers 1, 2,-- -, n
such that

(3.2) ly; (x0) —y=; (x) | <e
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simultaneously forj = 1, 2, - -, n, whenever x satisfies |x — xo| < 7. The permutation
in (iii) is allowed to depend on ¢, xo, and x. Then n-valued function y(x) is said to be
almost certainly continuous with respect to the one-valued random variate x* if there exists
a Borel set 1o satisfying F[go] = 1, where F is the probability set function of x*, such
that y(x) is continuous at each xo € ro. If y;(x),7 = 1,2, - -, », is a Borel-measurable
indexing of an n-valued Borel-measurable function, and if x* is a one-valued random
variate with a probability set function F[r], the one-valued random variate in §) speci-

fied by the probability set function ! E Fly71(y)} is denoted by y(x*) and called the
=1
condensation of the many-valued random variate y(x*). Evidently this definition is in-
dependent of the particular Borel-measurable indexing used therein.
We can now state the extended Slutzky-Fréchet theorem.
THEOREM 3.1. If y(x) is a given n-valued Borel-measurable function which is almost cer-
tainly continuous with respect to a given random variate x*, then dlim xi = x* implies

300
dlim (x3) = g(x¥).
y—> 0

See Hammersley [10] for a proof of this theorem.!

The motive for condensing a many-valued random variate is to overlook its indexing,
since the indexing is an extraneous artifice for handling the different values. In some re-
spects, however, condensation is too drastic a way of disregarding the indexing. To ob-
tain a less extreme concept consider any given Borel set ) in §). For an indexing y;(x),
let n* = n(x*) denote the number of values of j such that y;(x*) € y. Clearly n* is
independent of the particular indexing used. The moment-generating set function is defined
to be M (¢, y) = E[exp (in*)]. The greater flexibility of this concept is paid for by in-
creased mathematical difficulties; for, although M (¢, 1)) is a set function of v, it is not an
additive set function. The mathematical theory of nonadditive set functions is not well
explored.

The equation

3.3 men=[TI( [+ [ )@ mw
=1 “y;ey v;€Yy
provides a formal expression for M. Here G is the joint cumulative distribution function

17 take this opportunity of correcting a flaw in the proof of a preliminary lemma (theorem 1 of [10]).
The flaw is concealed by the notation used for the joint determination G, which in fact depends on », §,
and e. Instead of the final relation

(i) G[a°]> 1- €, "g Yo (63 5)9
it would have been better to write
(ii) Glgolv, 85, >1—~¢, p»Zw(e.

What had to be proved was the existence of some G, depending upon » but independent of & and ¢, such
that
(iii) Glao[r]>1—¢, »Zn@, 6.

The original proof established (ii) but not (iii). However a reductio ad absurdum argument suffices to
yield (iii). For suppose the desired result false. Then there exist fixed strictly positive 8, e such that
(iiii) is false for infinitely many » for every joint determination G. Since 8, e are fixed, (ii) provides the nec-
essary contradiction.
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for the indexing y;(x*), y.(x*)," - -, ya(x*); and the product of the integral signs is to be
expanded formally before integration. Thus for n = 2

B4 M= [[acw,y) +e [[acw, y)

ney ney
€y V€Y
tet [ a6,y + e [[i6(yspo.
ney ney
€Y y: €0

Indeed, the justification of (3.3) is apparent as soon as the formal expansion is made.
Theorem 3.1 is a special case of
THEOREM 3.2. If y(x) is a given n-valued Borel-measurable function which is almost cer-
tainly continuous with respect to a random variate x*, if dlim x} = x*, and if M(t,v) and
>

M, (¢, v) are the moment-generating set functions of y(x*) and y(x%) respectively, then, for
every open set Y, im M,(t, y) = M(t, v).

This theorem follows without difficulty from the result established by Hammersley
(see 1. 10, p. 256 in [10]). The requirement that y should be an open set can be relaxed
somewhat; roughly speaking, all that is needed is that M (¢, y) should not be a discon-
tinuous function of y at y, but a precise formulation of this idea is rather cumbrous.

Evidently the probability set function of y(x*) is the coefficient of ¢ in the expansion
of M (¢, v)/n in powers of £.

4. Borel measurability and continuity of the zeros of a polynomial

In this section we prove that the zeros of a polynomial are Borel measurable and (with
a single exception) continuous functions of the coefficients of the polynomial.

Lemwma 4.1. There exists a fixed indexing 21, 2s," - -, 2m of any given fixed set of m distinct
points in the complex plane such that

(4.1) | 23— exife| > | z3— emift| >+ > | g — exi/1| >0

for all sufficiently large positive integers s, say s = So(z1, 22,"* *, %m)-

In enunciating this lemma we make no attempt to claim that .S, is a Borel-measurable
function of 2y, 25," * *, 2m. The reason for this remark will appear during the proof of theo-
rem 4.1 below.

Lemma 4.1 effectively states that an ordering can be set up for the # points, and it is
therefore enough to consider the case m = 2. The result is obvious when z; and z, are at
different distances from z = 1. When |2; — 1| = |2, — 1], z is the name given to the
point with the smaller imaginary part, except that, when the two imaginary parts are
equal, z is the name of the point with the larger real part.

THEOREM 4.1. There exists an indexing 21, 22, " *, 2n Of the zeros of the polynomial

n
E c;j 2!, where c; = a; + ib;, such that, for each k = 1, 2,- - -, n, 2, = {xx, Y} is @ one-
=0
valued Borel-measurable function of ¢ = {ao, a1," * *, @, bo, b1," * -, ba}. Moreover, for this
indexing |z — 1| is @ nonincreasing function of k.
First and until further notice assume that ¢ is fixed and ¢, = 1. Then the zeros of

n
E ¢;2' are fixed and all finite. Suppose that there are m distinct zeros amongst them,
=0
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and use the indexing of lemma 4.1 to name these distinct zeros 21, 22, * *, 3m. Since 2y, 2,
***, 3, are uniquely determined by ¢, the function S of lemma 4.1 is a function of ¢, say
So(21, 22, * *, 2m) = S(c). We have not yet proved that 2y, 2," - -, 2, are Borel-measurable
functions of ¢, so that we cannot and do not assert that S(c) is a Borel-measurable func-
tion of ¢. This explains why we did not bother to prove that S, was a Borel-measurable
function of z, 22, - *, Zm.

For each integer s = 1, 2,- - - define numbers C;, by means of the identity in 2

(4.2) Ec,-(z-{- e"'/‘)"=ZC,~,zf.

7=0 7=0
Fort =1, 2,---, nlet u, be an arbitrary real number satisfying 0 < %, < 1. For s, ¢t =
1,2,- - - define Z,, as a function of u = {uy, us," - -, %,} by means of the recurrence rela-
tions

u, fort=mn,
(4.3) Z‘g = n—l
— EC;,Z., t—ntj fort>mn.
i=0
Then define
g’—’fﬂ forZ,,#0,
(4.4) Up=<{ Zn
0 forZ,,=0.

Finally write

(4.5) f(e) =.li_1)x:° Axl"..[l,lﬂ(yi/’+ U.:) dudusg - du,.

We shall prove that f(c) exists, is a Borel-measurable function of ¢ subject to ¢, = 1,
and equals 2.

By (4.2), ¢x = 1 implies C,, = 1. Hence the linear difference equation (4.3) has the
solution

(46) Z:t=EPk(t)(zk—e'i/’)'7 i1=1,2,--,
k=1

where Py(t) is a polynomial in ¢ whose coefficients are (not necessarily Borel measurable)
functions of u, for the distinct roots of the right-hand side of (4.2) are z = z; — exp
(xi/s), k=1, 2,--+, m. The polynomials Pi(f) have degree less than » and are all
identically zero if and only if ¥ = 0. When u 5 0, let K be the smallest value of % such
that Pi(¢) is not identically zero. Consider any fixed value of s = S(c). By lemma 4.1

4.7 |2 — e/t > | sgqr1— e/t > > | 2, — i/t >0
Hence, from (4.6),
gx— e/t foru¥0,
(4.8) lim U.t={
t—o 0 foru=0.

Now X is a function of u, but we show that K = 1 for almost all u. From (4.3) and (4.6)

(4.9) u,=EPk(t)(zk—gﬂ/s)l, t=1,2, - ,n.

k=1
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There are altogether » coefficients in all the polynomials P, taken together. If any one
of these coefficients is zero, (4.9) shows that there is a linear relation between u;, %, - -,
#,; that is, u lies on a hyperplane. Hence, except perhaps when u lies on one or more of
n hyperplanes in the unit hypercube, none of the polynomials Py is zero. Hence,
from (4.8),

1,1 1 )
(4.10) ff oo [ tim (Uat ei7) dugduy -+ dup = 3, s=S(c).
0Yvo 0 t—o

By (4.5), f(c) exists and f(c) = 2, for each fixed ¢ subject to ¢, = 1. It remains to prove
that f(c) is a Borel-measurable function of ¢. We therefore allow ¢ to vary subject to
the restriction ¢, = 1. Evidently, by (4.2), the C;, are Borel-measurable functions of ¢
and s; hence, by (4.3) and (4.4), U, is a Borel-measurable function of c, s, and u. The
result follows from (4.5), since the limit and the integral of Borel-measurable functions
are Borel measurable.

Next we remove the restriction ¢, = 1. If ¢, # 0, we may divide all the coefficients of

n
Z ¢;% by ¢, without affecting z;. If ¢, = 0, we define z; = {4 ©, 4 = }. It follows that
i=0
21 = {x1, n1} is a Borel-measurable function of ¢ without restriction upon c.
n—1
For the next zero, we repeat the foregoing process for the polynomial E v;21, whose
i=0

N n
zeros are those of Z ¢c; 3! excepting one zero at 2 = 2. The +y; are defined by
i=0

0 for j=mn,
(4.11) 7.1'={ .
Ci+1 ™ 2175+1 for]=”_1)”_21"'71;0:

provided ¢, # 0, and by v; = ¢;,j =0, 1,---, n — 1, if ¢, = 0. Since a Borel-measur-
able function of a Borel-measurable function is Borel measurable, the v; are Borel-

measurable functions of ¢. Hence the next zero of 2 ¢; 2! is a Borel-measurable func-
i=0
tion of c.

Further repetition of this process provides the required indexing and shows that the z;
are Borel-measurable functions of ¢; the method of procedure allied with lemma 4.1
shows that |z, — 1] is a nonincreasing function of .

LeMuMA 4.2. Let n be a given integer greater than zero, and let R and €, be given real num-
bers satisfying 0 < e = 2 < R < o, Define

& \ .
(4'12) €i+1=('(_2—i?) [} "=1) 27"',”.
Let
(4.13) P"(Z)Ezp"jzi=0’ Q”(Z)EEq"fzi=01 Pm=qu=1,
i=0 =0

be two algebraic equations (with complex coefficients) having no roots outside the circle 2| =
R. Then, if

(4.14) |?,.j—q,.;|§.én+1, j=0)17"':”—1
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it is possible to arrange the roots a of Pu(z) = 0 and the roots B of Qa(2) = O into some set
of n pairs (aj, B;) such that
(4.15) |a.,-—/3,-|<e,', j=1,2,"',ﬂ.

Since 4 = &1/2R = e > 0 it is clear from (4.12) that $ 2 &> €3> "> €1 > 0;
hence
(4.16) 2641 = 2771 (2e544) V7 i=12,,n.
If \ is any root of P,(z) = 0 or of Q.(z) = 0 we have || < R, and hence
: : Ri(1 —R-i71) .
k k — A
(4.17) kz_olxlgkz_ok g <2R

since R = 2.
Let B, be any specified root of Q.(z) = 0. Then

fI (ﬂn_ ai)

=1

i (Dni = go) Bi

i=0

(4.18\ = IPn(ﬁn) | = |Pn(Bn) —Qu(ﬁn) l =

= E}H—lz [82] < 2epiR”

=0

by virtue of (4.14) and (4.17). It follows that there is at least one root of P.(3) = 0,
which we denote by a,, such that

(4.19) lﬂn—anl <(25n+1)l/"R~
Now define the polynomials P,—;(z) and Q,.—1(z) by the identities
n—1
P,.,(Z) = (z_%)Pn—l(z) = (z_a-n) Epn—l. jzi, pn—l. n—1= 1 )
im0

(4.20)
n—1
0n(2) = (2= B)0u1(2) = (2= B) D gu1, 58, Gor,am1=1.

=0

The roots of P,—(z) = 0 and Q,—(z) = 0, being a subset of the roots of P,(z) = 0 and
0.(z) = 0, do not lie outside the circle |z| = R. Upon identification of the coefficients
in (4.20),

(4.21) (Pa—1, i= gn—1, 7) = (Pn j+1— Gn, i+1) F+ @n(Pa—1s j41— Qn—1 j+1)
+ (an— ﬂn) Jn—1, j+1 »

Now = ga—1, j+1is the sum of the products of the roots of Qn.—1(z) = 0 taken # — j — 2
at a time, so

n—1\ .. .,
(4.22) | e, 5+1l§(].+1)R it

Take the modulus of (4.21) and employ (4.14), (4.19), and (4.22) to yield
(4-23) l?n—l, i~ a1, il <5n+1 +R I pn—l i1 a1, :'+l’
-1 .
(%5 ) R,
+ (2511+l) ]+ 1
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In this inequality write j + % for j, multiply through by R*, and sum over 0 £ k£ <
n — j — 2. This yields

n—j—2 n—j—3

(4.24) E R*| pa1, sk — gne1, x| < E CREFU| oy ibk1 = Qa1 stk ]
k=0 k=0
"KL n—1
Rk (. ) 1 1/n Rn—ji—1
+ > ferrs RE+ it e 1) Qe R L,

the first sum on the right-hand side having the upper limit #» — j — 3 instead of n —
j — 2 since pa_1, 21 = gn-1,a—1 = 1. Cancelling like terms from each side of the in-
equality, we find

n—j—2

(4.25) [P, 5= Gn1, | < 2 ;%+1Rk+(7:7_—;%)(26n+1) 1/"R”_i_lf

k=0

n—2

n—1 _
<en > R+ Qar) R X (P11

k=0 k=0

< 2en1R*" 24 (2€n41) V7 (2R) "1
< 226 " (2R)" 'S (2R) " i =en,

upon using (4.17), (4.16), and (4.12). But (4.25) is simply (4.14) with » — 1 for n. Hence
we may repeat the process successively until, for any given order of the roots 8;, we have
picked out the roots a; in such an order that

(4.26) lﬁj"%‘l < (2¢41) ViR <é¢;

by virtue of (4.19), (4.12),and R = 2.

The proof given above follows the general lines of an earlier attack by Coolidge [2],
but care has been taken to ensure the pairing of the roots. For our purposes it would not
have sufficed to show that every root of P,(z) = 0 is near some root of Q,(z) = 0 and
vice versa.

Lemma 4.3. None of the roots of the equation g(z) = 2 ¢; 3! = 0 lie outside the circle
=0

|z| = 14 M/L, where L = |c,| and M = mnax lejl.
Si<kn
For suppose, on the contrary, that g(z) = 0 and H = |zy| > 1+ M/L = 1. Then
n n—l
2LH—MY Hi=LH—M(H"—1)/(H—1). Since H > 1, we

= i
0= E c;%}
=0 =0

deduce 0= L(H—1)— M1 — H™) = L(H— 1) — M, and thence the contradic-
tionH <1+ M/L.

THEOREM 4.2. The n-valued function consisting of the zeros of the polynomial E c;igi=0
=0
is continuous at any point ¢ such that ¢, # 0 and cp-1, Cn-2," * *, Co are finite.
Suppose ¢ > 0 is prescribed. Consider any fixed ¢ such that ¢, # 0 and ¢, €ns," "

¢o are finite. Choose § > 0 so that

n—1

1
(4.27) >8>0, |alzs, Zlc,-lég, 8<4%.

=0
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Define
Stet+1 n!
(4.28) 1=ne o) =4 ().
Let
(4.29) g(2) =D cizi,  h(z) =D djz’, |c—d|<n.
=0 =0
Then
(4.30) le;—d;] <nm.

In view of the definition of continuity in section 3, it is enough to show that the zeros of
g(2) and k(z) can be arranged in pairs such that the distance in the complex plane be-
tween the two members of any pair is less than é.

Lemma 4.3, in conjunction with (4.27), (4.28), and (4.29), shows that none of the
roots of g(z) = 0 and k(z) = O lie outside the circle 3] = 14+ (714 9)/(0 —n) <
2/8%. In the notation of lemma 4.2, we take R = 2/6? and ¢; = §. This ensures 0 < ¢ <
2 S R < «. The roots of g(z) = 0 and k(z) = 0 lie inside the circle [z] = R. Write
Pni = €ifcn and ¢nj = d;/da; s0 that pnn = ¢un = 1, and P,(z) = 0 has the same roots
as g(z) = 0 while Q,(z) = 0 has the same roots as #(z) = 0. Now, for0 = j<n— 1,

(4.31)  |pu— gl =[S0 (d’;:[ ol (—d:”_[ c,,.’;i o]
< c;(dn— ¢n) d;— ¢
T lealent (dn—ca)l ¢t (dn— ca)
—1
= a(i—nn) +6Zn§ga_g
by virtue of (4.30) and (4.27) and § < %. Finally, from (4.12),
(4.32) log €j+1 = 7 log ¢; — j2 log (2R).

Multiply this equation by z!/j! and sum over 1 < j < n, to yield

(4.33) 10g ent1 = n![log & — {log (2R) } E‘(j—Ll)'l]

i=1

= n![logel— {log (2R) } E(_]T]W] =n![log e, — 2 ¢ log (2R)]

i=1
4et1 2
= n! log -627) = log B_Z)

The result now follows from (4.31), (4.33), and lemma 4.2, since the ¢; form a decreas-
ing sequence.

5. Real isomorphs of complex matrices

Any complex matrix Z can be expressed in the form Z = X+ i¥, where X and ¥
are real matrices. We define the real isomorph of Z to be

(5.1) 2=(§ —§).
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Wedderburn (see p. 100 in [18]) uses this device in the study of Hermitian matrices: a
matrix is Hermitian if and only if its real isomorph is symmetric. We use the word “iso-
morph” in view of the easily verified relations

/\ N .
Z+z2,=2,+2,,
Zl/}zr:lez )

(5.2)

which are valid in the sense that, when one side of one of the equations (5.2) exists, the
other side of that equation exists and the two sides are equal. The matrix identity

(5.3) I iI)(X - )(1 —'I)=(X+iY 0 )

) 0 I/\Y X/ \0 I Y X—1¥
implies

THEOREM 5.1. If Z is a square malriz, the determinant of 2 equals the square of the
modulus of the determinant of Z.

We have already mentioned that the complex number z = x 4 ¢y may be regarded
as a vector z = {x, y}. Corresponding to the latter form, we shall write dz as an abbre-
viation for dxdy, while dz will represent the ordinary complex differential element. If a
multiple integral in a number of complex variables wy, ws," - -, wn is to be transformed
to an integral in the complex variables 2, 23, - -, 2 by means of the relations

(5'4) w;f=wj(zl) 22)."72»1)) j=1,2,"',m,

the appropriate Jacobian (wy," - -, Wm)/8(21," * -, 2m) Will consist, in the usual way, of
the determinant whose elements are dw;/dz:. Let us suppose that, for each j and &, w; is
an analytic function of z; when 2, - -, 2k—1, %41, *, 2m are held fixed. The familiar
Cauchy-Riemann equations assert, for an analytic function w(z) = u(z) + #v(z), that

ou _dv

(5.5) 3555

dw
=R s’ ==-T2_gZ
where % and & denote the real and imaginary parts of the ensuing expression. From (5.5)
and (5.1), it follows that, if Jis the Jacobian matrix of the transformation from duw,- - -
dw,, to dz;- - -dzm, then J is the Jacobian matrix of the corresponding transformation
from dw; - - -dw,, to dz1" - *dz.. Hence, theorem 5.1 implies
THEOREM 5.2. If

(5.6) dw, d'w,,,—a(zh T e dz dznm,

then

_ Awy, -, wn) |2
(57) dw1 dw,,,- m dz1 dz,,..

Further than this, the isomorphism exhibited in (5.2) enables us to construct directly
the analogues of all the familiar theorems on Jacobians, which rest on the ordinary prop-
erties of matrix multiplication. For instance,

THEOREM 5.3. If the variables wy," - -, wn are related to the variables z,, - -, 2. by analytic
equations

(5.8) F’-(wl,---’wn’ zl’...’zm)=0, j=1,2,...’m’
then
(5.9) dwl-'- dw,,.

a(Fh"'7Fm) a(Fly"’aFm) 2
= 3z, d2,.
(21 " ) Zm) (w1, 5 W) &
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6. The moment-generating set function of the zeros of a polynomial with general-
ly distributed coefficients

We derive a formula for the moment-generating set function of the zeros of a poly-

n
nomial g*(z) = 2 ¢*z7, when the joint cumulative distribution function of the coeffi-
=0
cients has the arbitrary form

(6.1) W(c) =W<(ag, @1, ** 5 @ny boy by, =+ -5 By

We first obtain this moment-generating set function when certain restrictions are placed
on W, and then later invoke theorems 3.1 and 3.2 to relax these restrictions. Accordingly
we suppose until further notice that W possesses a continuous frequency function

82n+2 W ( c)

(6'2) W(C) =Baoaal--- aanaboabl"'abn’

and that all moments of c* exist.
Let € denote the (2% + 2)-dimensional Euclidean space consisting of points ¢, and 3
the complex plane. For p = 1, 2, - -, r let dz,, be the small rectangle

(6.3) <= xpytda,, Yo <Y=L Vpt+dy,,

where z, = x, + 7y, are prescribed. We are going to evaluate the probability that
g*(z) = 0 has precisely one root in each of the small rectangles dz,. The probability will
be written in the form

(6.4) P(zy,-"52,)d2,° " dz,.

This expression corresponds to Ramakrishnan’s product density [16], introduced in the
treatment of cosmic ray phenomena. However, in Ramakrishnan’s work there was a
certain degree of independence between behaviours of distinct quanta; whereas in the
present context we do not enjoy any such simplification because, when one root of g* is
known, the conditional distribution of the remaining roots is affected.

For fixed z = « -+ 7y, the equations

(6.5) Rg(z) =Jg(z) =0

define a 2x-flat f, in €. As 2 varies, the flats f, develop a twisted regulus r. The generator
of v lying in . is a (2n — 2)-flat g, with equation

(6.6) Rg(z) =Jg(z) =Rg'(2) =3¢ (2) =0.

The Cauchy-Riemann equations provide the reason why g. is a (2# — 2)-flat and not
a (2n — 4)-flat, as one might at first sight imagine.

If g*(z) = O hasat least one root in each of the rectanglesdz,, p = 1,2, - -, 7, then c*
must lie at the intersection of the r 2x-flats f,,. If, further, one of the rectangles dz,
(say dz.) contains more than one root of g*(z) = 0, then ¢* must also lie on g.,. Since
w(c) is supposed continuous, it follows that the probability that each of the dz, con-
tains precisely one root differs by terms of higher order than dz;- - -dz,. Hence

(6.7) P(zl,---,z,)dzl---dz,-—jc'w(c)dao---da,.dbo---db,.,

where ¢ is the intersection of the {,, for 2, € dz,. To evaluate (6.7), we transform from
the coordinate system (ao, @1," * *, @n, bo, b1," - *, b,) to the coordinate system (x1, xo,° - -,
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Zry Gry Grtdy" "y Gny Vi, ¥2," * *5 Yoy Or, bry1, * *, ba). The relationships between these sys-
tems are

(6.8) g(z) =0, p=1,2,---,r.
Now this is the situation envisaged by theorem 5.3. The appropriate Jacobian is accord-

ingly
a(g’... g) a(g’...’g) 2

6.9
( ) 6(21,"‘,2,-) a(‘;()»""Cr—l)
g'(zl) 0 o0 1 3, g
0 g’(zz) e 0 1 22...55—1
Y 0 g'(z) 1 g gt
=TIl 2/ T l%-al.
»=1 1=sp<gsr
In (6.9) the denominator is to be taken as unity if r = 1. Thus
112
(6.10) P(zy, -+, z,) = S > w(c)de, - dea.
0@)=0; p=1,---,r H | 2, — 24|
1<p<q¢sr

In (6.10) the conditions defining the range of integration are to be used to express ¢o," - *,
¢-—1intermsofec, -, c,and 21, - -, 2,. The integral (6.10) exists because all the moments
of w(c) are supposed to exist.

We now consider the important special case r = #. The integration in (6.10) will be
with respect to dc, only. Since

(6.11) g(s) =] (z—2),
=1
we have
(6.12) £(z) =a]] (—2);
i¥p
and hence
(6.13) [T1gGylz=lal= T |2— 2zl
=1 1gp<ggn
Thus
6.14) Pz z) = T 15— alt]fl almw(c) de.
1sp<gsn

In (6.14) it is supposed that the argument ¢ of w(c) is expressed in the form
(6.15) an—r=m(0,,H,), b,,_,,= S‘(CnHr), f=1, 2,"',”,
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where H, is the sum of the products of —2;, —2,, - -, —2, taken r at a time. Since there
are n! permutations of z, 23, - *, 2,, we have on combination of (3.3) and (6.14)

6.16) Mt =2 [T13 [ +¢ [ 1Pz z0dz - da.

=ziey e
Another important special case of (6.10) is » = 1. We obtain

(6.17) P(z) = [ g (m) Pwle)de: - de

9(z) =0
= [ 11 g"dd,
9(z1) =0

where ¥(g, ¢’) is the joint frequency function of the real and imaginary parts of g*(z)
and g¥(z1). However P(z,)dz is the expected number of roots in the small rectangle dz;;
and therefore the condensed probability set function of the zeros of g*(z) is

(6.18) F (@) =%_/&P(z1)dz1.

Finally we can remove the restrictions originally placed on ¢*. For we can find a se-
quence of random variables ¢}, » = 1, 2,- - -, such that each ¢* has moments of all order
and a continuous frequency function, and such that dlim ¢} = ¢*. Corresponding to

o
¢} we can find M, (%, 3) or F,(3) as in (6.16) or (6.18); and, when 3 is open,
(6.19) M(t3) =lm M (43), F(3) = lim F,(3)
y—® y—y

which provides the required set functions corresponding to c¢*, in accordance with theo-
rems 3.1 and 3.2. In removing the restrictions on c*, we ought to assume (in order to avail
ourselves of theorems 3.2 and 4.2) that ¢ = 0 has not a positive probability. But if
¢% = 0 has a positive probability, there is the same positive probability of an infinite
root of g* = 0; and we can work with the conditional probability given that ¢ = 0.

7. The characteristic functional

The characteristic functional
(7.1) 18] =E[esp 1id5 0 (s }]
=1

offers a more general approach than the moment-generating set function and the method
of product densities considered in section 6. On the other hand it seems much less trac-
table, and I have been unable to derive any useful results from it; but I present it never-
theless in the hope that the reader may manage to manipulate it successfully. In (7.1),
6(z) is an arbitrary function of z, and 2} are the zeros of g*(z) = 0. We have to express

Z 6(z¥) in terms of g*, and then take expected values in (7.1) with respect to the dis-

=1

tribution of g*. The first part of this programme can be achieved, at least symbolically,
when 6 is an integral function by using Cauchy’s theorem:

(7.2) C[6] =E[ lim exp | (21r)—1I IfR 0(z)dlog g*(2)}].
R—® z|=
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The second part of the programme is however harder, since g*(z) regarded as a function
of % is a deterministic random function whose value is known for all z as soon as it is
known for # distinct values {1," - -, ¢ Thus, by Lagrange’s formula,

(7.3) *(z)—Zg*G:)H;_;

=1 kg

can be inserted in (7.2) and the expected value taken over the #-dimensional joint dis-
tribution of g*({;) for convenient fixed {;. But the manipulative difficulties seem severe.

The characteristic functional reduces to the moment-generating set function for a set
3 if 6 is taken equal to —4¢ times the indicator function of 3. If 3 is bounded by a Jordan
curve and Aj log g*(z) denotes the variation of log g*(z) in describing this curve, we
may write

— ¢ *

(7.4) M(t, 3 —E[exp g—é—ﬂ_—iAs log g* (2) f] ,
into which (7.3) may be substituted as before.

8. Normally distributed complex coefficients

We shall determine the condensed distribution of the zeros of g*(z) when the coefii-
cients c* are normally distributed about a mean + with nondegenerate variance-covari-
ance matrix V. The frequency function of c* is thus

(8.1) @m) 1|V Veexp { —3(c =W (c—7)}.

We require
LemMA 8.1. Assuming conformable partitioning and the existence of the relevant inverses,
and provided A is symmelric,

ty=1, _ (ot o (An Au)—l (01)
(8.2) a4 a (al,aﬁ)(“121 Agy

= GIA1_1101+ (as—Andyn 01) (Ag, _A21A111A12) -t (@, —A21A11 a).

Let
_(An Alz) (Bu B,
(8.3) 4B (Azx Ay/ \Byu By
so that
(8.4) Ay By +ABs A11312+A12322)= I 0
) AnBi+A2By  AnBiat+AzBa 0.1

The upper right-hand corner of (8.4) gives

(8.5) B, = _Al—llAlszz ’

and substitution of (8.5) into the lower right-hand corner of (8.4) gives
(8.6) By = (Ap—AnAyn'An) ™!

Similarly the upper right-hand corner of (8.4) gives 412 = — AuB12B3;, which
substituted into the upper left-hand corner of (8.4) yields

(8.7) Ax—l1 =311—B1zB;2l321 .
Since A is symmetric, so is B; and (8.5) gives

(8.8) ApAn = (A7) 1= (—BLB")'= —B3'By .
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From (8.2), (8.6), (8.7), (8.8)
(8.9) aldi'ai+ (@, —A4nd5'a) (As —4ndn'4n) 7 (6 — Andi'a)
= a! (By — By B5'Bn) a1+ (a:+B5'Buay) "By (a:+Bn'Buay)
= a!Bua,+ 2alB.a;+ alBypa; = a'Ba=d'47a .

LEMMA 8.2. IAI = ]Anl |A22 - AzlAﬁlAml.
This follows immediately from the identity

I 0) (Au A A, A
(8.10) . - .
—Andn 1) \Ay Ay 0 Apxp—AnAndn.

Let 2 = x 4 ¢y be a fixed complex number, and define
z20= (1, 3, 2% -+, 2")
z;=(0,1,23, -, nz"1)

z=(>).
z;
It is easy to verify that the column vector g defined by
(8.12) g={Rg R¢', Jg Jg'} =2c¢;

and hence the real and imaginary parts of g*(z) and g*'(z) are normally distributed about
a mean Zy with variance-covariance matrix ZV2t. Here and elsewhere 2t denotes the
transpose of 2 and not the real isomorph of Zt. From (6.17) the condensed frequency
function of the zeros of g*(z) = O is

(8.13) P(z) =z§2-;folg’lzlil’f*l“"’
-

exp { —3(g—2v)t(2VE)-1(q—2v) }dg'.

Now identify the matrix 2V 2t with the matrix 4 of lemma 8.1, taking the partitioning
such that 4y, is the variance-covariance matrix of the real and imaginary parts of g*.
Accordingly we take

(8.11)

(8-14) a,= _2071 02=g"‘217,
so that lemmas 8.1 and 8.2 yield
1

4720

|An | Ik |Az; — A5 An'Ass |_1/2f (az+ 21v) ! (a;+ 21v)
cexp { — }aldn'a; — } (a:— Andi'a)) ' (s — AnAR'4n) ™
- (a, "'AnAl_lel) }da, .

Put b = a; — Andfia;. Then (8.6) gives, using results from Turnbull and Aitken (see
pp. 175-176 in [17]),

€xXp {— %aIAl_llal} . |322|1/2

(8.15) P(z) =

(8.16) P(2) == An 2x
«Jexp{— ‘}stzzb} (b+ 21y +A21A;ilal)t (b+ 21y +AnAn'a;) db
trace {D}

=exp{ —3}a! _race 1
€xp $a1dna} 2rn|An| 7
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where

(8.17) D =By'+ (siy+Andi'a)) (2iy+4ndi'a).
Since

(8.18) Au=12Vih, Ap=A4Lh=3Vz, An=12V3,
we obtain

(8.19) D =3Vsl—2vs (s¥2h) 'av 2!
+ [2y — 2V 2 (V5 7 20y) [ 21y — 2V 2] (2 2D) 720y !
= [5— (2VE) GV &) 2] [V + vy 115 — (2V3) 2V 2D) 20 ' .
We have thus established
THEOREM 8.1. If the coefficients ¢* = {a}, a3, - -, a%, b3, bY," - -, b%} of the equation

(8.20) g% (2) = D (af +ib}) (x+iy)i=0

are distributed normally about a vector mean vy with nondegenerate variance-covariance ma-
trix V, the condensed frequency function of the roots of g*(2) = 0 is

3 (2oy) T (20V2D) 7 (20y) )

(8.21) P(z) =P(s,y) =22 - 27n| 2V 8} |/
0

trace (LMY,

where
(8.22) z20=1(1, 3, 22, -+, 2"), z2,=(0,1,2z2,---,nz"1),
and

(8.23) {=12— (2V3h) (2 2) 50,
and
(8.24) M=V+yy

1s the matrix of second moments of c* about the origin.
In deriving this result we have assumed that V is nonsingular. However, in view of
theorem 3.1, theorem 8.1 remains valid provided 2,V2] is nonsingular.

9. Normally distributed real coefficients

The case of normally distributed real coefficients arises when c* is distributed normally
about a mean y = {af, 0} with variance-covariance matrix

(9.1) V=(g g

We shall assume that the distribution is nondegenerate in the sense that Uis nonsingular.
As we have just remarked in section 8, the condensed distribution of the zeros is given
by theorem 8.1 provided 2,V2} is nonsingular. Accordingly we shall prove
THEOREM 9.1. If U is nonsingular and |y| Z & > 0O, theorem 8.1 holds.
Let )
H
(9.2) fo= (Lm oo, 9, m=To,  j=L2m,
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Set X = {xo, x1,"* -, X,}. Since |X| = 1, XUX' is positive definite. By the matrix
form of Taylor’s theorem

(9.3) zo= (1, 3y, %2 --- ,i"y")X .
Hence
yoX —yX
(9.4) 20=( 0 1 ]
y1X po

where yo + iy = (1, 4y, %%, - -, i*y") and yo, y: are real. Sincen# = land |y| =& > 0,
neither yo nor y; is null, and there is an (z + 1) X (% 4+ 1) nonsingular matrix ¥ whose
first and second rows are yo, and y;. Thus

[U o] o [yowarf v yoxux! yl]

00 nxuxtyl  yoxuxty!

is a minor on the leading diagonal of the positive-definite matrix YXUX'Yt and is there-
fore positive definite itself.

There remains the interesting case y = 0. We shall show that the real axis supports a
line density of the condensed distribution of the zeros of g*. We write in place of (9.1)

(9.5) 2o

U 0
(9.6) =0 9 0<s=1" < (}m)12
and proceed to evaluate
é
(9.7) f(x) = lim P(z)dy,
v—0+ v —8

which will then represent the required line density on the real axis, in view of theorem 3.1.
Define

I,'k=ij=ijL .
(9-8) t j:k=071)"'1n-
P U,'k= Ukj':x]'ka
ut
(9.9) y=2A18, ly| < 86=1", IN[= o2,
Then A2 16 A8
s [ o AMVEXy, —AUX 21
(9'10) %o A 28x,y ) Xo—kszGXz)+O(v )’
s _ (X1— 3N 08y, — 2N 8x, ) 21
(9.11) Z = 2 8%, , X1 — 3NZoley, +0 ().
Thus
s ot _ (U= 2N 01U,,, A3 Un 21
(9.12) Zono—( A8Uy , 218 g0+ 2918, +0(v )
and
(9.13) I‘ionol =Av84-0( ),
where
(9.14) A= Unlo+ N (UpUn— Us).
Hence

-1 (Toot+NUy, —ANv"8Un

at —‘1= 5
(0.15) (awah=am (I0F L0 rﬂuw_zpvﬁ)+0(vy
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It is evident that A > 0 since Ug and

UOO UOI)
9.16

( ) UOl Ul.l
are minors on the principal diagonal of XUX'. Next write
(917) A,-=x,-o, 'i=0, 1,2,"‘,”
From (9.10) Ao 220 4

_ 0 ATV Ay
(9.18) tr=(" T a )HO0m).

Some straightforward algebra now gives
(9.19)  —3(2ey) T2V 2)) 7 (2oy)
) |
== (T AT+ N (Undi—2UnAdoAr+ Undl) } +0( %),

(9.20) trace((M(f) =A"To(UUn— Us) +A7 (U Adr— Un o) *+0 (%) .
Hence, from (8.21)

1 (Too(UeUnu—Un) , Ino(UwwAr— UnAo)®
(9.21) P(2) T 27nt A2 + AS/2 %

exp | — o T A3+ N (U 43— 2Un Ao s+ UnodD1} +0(57.

The exponential term in (9.21) is never greater than unity, and the remaining terms in-
volving \ are of the form A=%2 and A~%2, We have to integrateover —6 = —v" < y =
M8 < 97 = §. Hence we may multiply (9.21) by 2 and integrate over A from —v™! to
971, Allowing v — 0 4 we obtain from (9.7)

_1 © (Too(UsUn— Un) | Ite(UnAr— U 4o)®
(9.22) s = f = + - t

1
*€Xp ; __Z_A- [IooAﬁ‘i' kz(UnA:— 2UndoAz+ Uoo:ﬁ)]; dX\.

In (9.22) make the substitutions

(9.23) p=I°°x£]°°, p=UnlUn— Ugla

_ (U A1 — Un 4o)?
7 Uw )
We get

_exp(— Y A3/ Un) = 1 an
(9.20) () =TT [ A P G

o oGyt
If ¢ = 0, (9.24) gives
(9.25) f(x) =pl/2 eXP(_'}A?)/Uoo) )

WnUoo

If ¢ = 0, we make the substitutions

(9.26) r=\[-§-, t=\ly:_f__——p,
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and find
/2 2
_q exp(— %40/ Un)
(9-27) f(x) - (zr)llanoo [1+K(f)]$
where
1/2 ©
(9.28) K (r) =_(_2_Z;:)_/[ (22— (14 r2)] e—*/2dt.
The Hermitian integrals (see p. 590 in [11]) are defined by
(9.29) Hh,, (r) =f'°°£f:m:_)3 s,
Thus
1/2

(9.30) K (r) =220 (3Hny(r) +2¢ Hiu(r) — Hho(r) )

SRCTLILS  WEY

in view of the recurrence relation
(9.31) (m+1)Hhps1(r) + rHhpu(r) —Hhpy(r) =0

We can now combine (9.25) and (9.27) into a single result and collect the results in
THEOREM 9.2. If the coefficients a* = (ay, a3, - -, a}) of the equation

(9.32) g*(z) = D a¥zi=0

i=0
are real and distributed such that the joint distribution of g*(x) and dg*(x)/dx is a non-
degenerate normal distribution for each fixed x, the condensed distribution of the roots of
g*(2) = 0 has a line-density frequency function on the real axis

772y Ve - 2
(9.33) f(x) = (UnUn li‘,zl-),r)l/:}:gp[](w 3 Ao/ Uno) [f—l—(%)mth(r)] ,

where

(9.34) M=Elg* @), 4,=E[2LD]

(9.35) Ugp=var[g*(x)], Um:.:ov[g*(x),igj‘_(ﬂ]'

dx
]
and

| UnA1— Un 4|
9.36 = .
( ) § [Uoo(UuoUu_ Utzu)]lﬂ

Using the British Association tables [1], we may calculate table I. When r is

sufficiently large for K(r) to be negligibly small in comparison with unity, we have
from (9.27)

1/2 2
9 exp(—3%4c/Un) 1,
(9.37) nf(x)dxe (21r)1/2U:0 00 dx:m" /2d 7
where

(9.38) r= AU’
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is the expected value of g* divided by its standard error. It will then be a reasonable
approximation to take the percentile points? of the real roots of g*(x) as the real roots
of the corresponding percentile points of g*(x). This fact was previously discovered by
Geary [9] for the particular case # = 1. Also in the particular case » = 1, (9.37) forms
the basis of Fieller’s theorem [6] which is much used in bio-assay. In the usual textbooks
on bio-assay (for example, see pp. 27-29 in [8]), there seems to be no allowance for the
fact that (9.37) is an approximation involving the neglect of K(r). Fieller and Finney
use fiducial theory. I do not know on what logical foundations fiducial theory rests, but
I can imagine that Fieller’s theorem might be correct within a framework resting on such
foundations (if they exist). The particular case when the coefficients a} are independ-

TABLE 1
r K(r) r K(r)
0.0 ® 1.2 0.0935 0408
0.1 7.0187 0662 1.4 0.0523 8306
0.2 3.0684 4636 1.6 0.0290 5246
0.3 1.7784 0828 1.8 0.0158 6176
0.4 1.1521 9418 2.0 0.0084¢ 9070
0.5 0.7911 8623 2.5 0.0016 0331
0.6 0.5622 4244 3.0 0.0002 5477
0.7 0.4082 2679 3.5 0.0000 3342
0.8 0.3005 1809 4.0 0.0000 0357
0.9 0.2231 8031 4.5 0.0000 0031
1.0 0.1666 3094 5.0 0.0000 0002

ently and normally distributed about zero mean with unit variance is of interest. We have
U=1Iand a = 0,s0 4o = A; = 0 and (9.25) gives

2 V2 n
(9.39) ]’(9C)=(IO°Iu To) 7 _ 1 J%%[x%logzxﬂ]

WﬂIcm 27n =0

(=R
T Tan (1 —a?) !

where %, is defined by (1. 1). Kac’s result [12] follows at once on multiplication by 7 and
integration over — o < x £ «. Actually (9.39) contains more information than Kac’s
formula, since it not only affords the average number of real roots but it also shows how
they are distributed along the real axis.
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