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ALGEBRAIC POLYNOMIALS WITH RANDOM
NON-SYMMETRIC COEFFICIENTS

K. FARAHMAND AND C. T. STRETCH

ABSTRACT. This paper provides an asymptotic formula for the expected num-

ber of zeros of a polynomial of the form ao(w)+a1(w)(7) Y2ptay (w)(3) YV2p2y

s Hran (w) (2)1/23?” for large n. The coefficients {a;(w)}}_, are assumed to
be a sequence of independent normally distributed random variables with fixed
mean g and variance one. It is shown that for p non-zero this expected num-
ber is half of that for ¢ = 0. This behavior is similar to that of classical
random algebraic polynomials but differs from that of random trigonometric
polynomials.

1. INTRODUCTION

There has been much interest in the study of the behavior of random algebraic
polynomials. These are defined as

(1.1)
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where {a;(w) =0, w € (1, is a sequence of independent random variables defined on
a fixed probability space (A, 2, Pr). Suppose the a;(w) are identically distributed
with F(a;(w)) = p and var(a;(w)) = 1. Let N, (a,b) be the number of real zeros of
Qn(x) in (a,b). For many classes of distributions it has been shown that for =0
the expected number of real roots, EN,,(—00, c0), is asymptotic to (2/7)logn. For
u non-zero Ibragimov and Maslova [13] show that this asymptotic value is reduced
by half. Their results, based on [12], remain valid for a wide class of distributions
of the coefficients. A recent work of Wilkins [18], shows that in fact the error term
in the above asymptotic formula is small.
For the random trigonometric polynomial,

n
T.(0) = Z a;(w) cos jb,

j=0
the number of real roots behaves differently. From Dunnage [4] we know for p =0
that EN,(0,27) ~ 2n/v/3. This shows they have significantly more zeros than
algebraic polynomials. This number remains the same when we pass to the case of

non-zero i, see [7] or [17].

In this paper we consider random algebraic polynomials whose coefficients are
independent but not identically distributed. Instead they can be written in the
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form

n n 1/2
Po(z) =) ( ) a;(w)zd (1.2)
=0 M

where the a;(w) have identical distributions. Physical applications of these polyno-
mials can be found in Ramponi [15]. The mathematical behaviour of P, (x) defined
in (1.2) was presented for the first time by Edelman and Kostlan in their interesting
work [5], which includes many of the original approaches to the study of random
algebraic polynomials. In the latter it is shown that P, (z) has significantly fewer
zeros than trigonometric polynomials but more than algebraic ones. In particular
for normally distributed coeflicients with © = 0 we have EN,,(—00,00) ~ y/n. Our
interest is in the case of normally distributed coefficients with non-zero pu. The
mathematical significance of non-zero mean coefficients is explained in [2] or [8,
page 52]. The latter includes a review of the recent developments of properties of
P, (z), Qn(z), Tn(x) and other related polynomials. In a similar direction the case
of the polynomial @,,(x) with non-identically distributed coefficients is discussed in
the recent work of [9] and [10].

In the following theorem we show that, like the case of classical algebraic random
polynomials @, (x) and unlike that of random trigonometric polynomials T, (), the
asymptotic value of EN,,(—o0, 00) for P, (z) for non-zero p is half of that for p = 0.
We prove:

Theorem 1. If the coefficients a;(w) of Py(z) in (1.2) have identical normal dis-
tributions with p # 0 and unit variance, then for large n

EN,(—00,00) ~ ?

2. PRIMARY ANALYSIS

The Kac-Rice formula, Rice [16] or Kac [14], gives the expected number of real
zeros of P, (x). We will use a generalization of this formula from [8, page 43]. Using
the notation from this source we put

A2 = Var(Pn(x)):Z:)(?)ij:(xZ—kl)" (2.1)

B = (B =3 (7)a = ata? 20 20a +1) - 22

c = cov(Pn(w),P,’L(x)):Zj(?>x2j—l:ngc(gg2—|—1)n—1 (2.3)
n n 1/2 )

o = E(Pn(x))=uj§_:0<j> 2 (2.0

n n 1/2 ‘
wyoi(7) e (2.5
=1 M

B = E(P(x))

we also need

A? = A’B%?-C? =n(2®+1)™? (2.6)
and
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S? = var(BP.(z) — aP.(z)) = o*B* + *A% — 2a3C. (2.7)
Note that all the terms defined as squares are positive. A and A are taken to
be the positive square roots. The binomial theorem gives (2.1). (2.2) and (2.3) are
obtained by differentiation of (2.1).
We can now give the extension of the Kac-Rice formula as in [8, page 43] by

b 2
A S
ENn(a, b) = m exp (_W> dx
b V2|BA% - Cal o? |BA% — Cal
+ Ayt a— exp | —o erf '\/iAA dz
= I,(a,b) + J,(a,b), say, (2.8)

where erf(z) = [ exp(—t?) dt.

In order to prove the theorem we need to estimate these two integrals, the first
of which gives the required number of zeros while the second is small. To estimate
I, we need asymptotic expansions for the sums (2.4) and (2.5). These are quite
delicate and the statement and proof is relegated to Appendix A.

To show J,, is small requires a change of variable to u = %. To do this we need
to identify the critical points of w, which is also delicate and provides the contents
of Appendix A.

3. PROOF OF THE THEOREM
We first consider I,(—o00,00) defined in (2.8). From (2.1) and (2.6) we see
A Vn

TA2 m(x2+ 1)
Using (2.6), (2.7), (A.1) and (A.2) for z > 0 we obtain

52

x _
AZ = /,62(871'71)1/21.27“ + O(?’l 1/2).

In order to obtain this we need to use the first two terms of the expansions of «
and 3 as the terms involving n°/? cancel.
For z < 0 using (2.6), (2.7), (A.3) and (A.4) we obtain for any v
52
A?

Since the term in the exponential is always negative we see the integrand of ﬁlﬂ(_

=o(n™").

00,00) is dominated by Hence we can apply the dominated convergence

1
m(z2+1) "
theorem to obtain

52
e 2aZ2

: 1 .

0
1
:/ =l
oo T(2Z 4+ 1) 2

Now we wish to obtain an upper bound for J, in (2.8). Since erf(z) < VT we

see
* [(|BA% — Ca a?
- < we = = .
In(—00,00) < /_OO( P exp SYE dx

oo
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«a
This integral can be estimated by substituting © = —. First note that

A

du  BA* —Ca  p(z® +1) — nza
dr A3 - (x2 + 1)n/2+1

To complete the estimate we need to identify the critical points of u.
Lemma 1. Forn > 0, u can only have critical points at +1.

Now substitution gives

* [|BA?% — Ca a?
NG LI
< \/% /00 exp <_u22> du =3 (3.2)

which together with (3.1) completes the proof of the theorem.

As the location of the roots of u will take considerable effort we give an example
to show that it is necessary. First note that the definitions in Section 2 can be car-
ried out for any random polynomials R(z) with independent normally distributed
coefficients. In this generality v has a simple interpretation as

u(z) = @~ 'Prob(R(z) > 0) (3.3)

where @ is the cdf of the standard normal distribution.

Suppose f(x) = Z?:o p;x? is a polynomial of degree n with n real roots. Let
R(x) be a random polynomial where the coefficients a;(w) are independently nor-
mally distributed with mean p; and variance €2 (?) If we take e small enough the

the expected number of roots will be close to n and (3.3) shows u has at least n —1
critical points.
We can now apply our previous analysis. We get an upper bound

I,(—00,00) < v/n

so most of the expected roots must come from the second integral.
The analysis of the second integral proceeds as before and shows

I,(—o00,00) < k+1

where k is the number of turning points of u. Thus in this example the critical
points of u and the integral J,,(—o0, 00) give most of the expected real roots.

APPENDIX A. THE ASYMPTOTIC EXPANSIONS

To complete the estimation of I,, we need the following lemma. This gives
asymptotic estimates for large n to a and 3 for both x > 0 and = < 0.

Lemma 2. For fivred x > 0 and any v we have asymptotic expansions:

n n 1/2 )
J
2(1) )

=
= (8rn) /4 (22 + 1)(n"1/21/2 (ap+ain ' +amn ™2 +---) (A1)
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a:4+1'

where ag =1, a1 = ————;
1622

£

- J
j=0
= (8m) Y44 (2 4 1)(n=3)/245/2 (co+cn ™ +emn24--) (A2)

xt + 822 -7
where co =1, ¢1 = _T;
n In 1/2 )
Z(—l)f( ) ¥ = o ((1 + xz)”ﬂn*") ; (A.3)
=0 J
n 1/2
(—1)5 (;‘) @ = o ((1 + g;?)n/?n—V) . (A4)

Put

bj = <T.L>p"q”j with ¢ =1 —p.
J
2
If we put p = 177 then ¢ = H% and 22 = %, thus
by = (’?>|x|2j(1 + 22
J

We need to show

Zn:b}ﬂ = (8mnpg)'/* (ap +ain~ + a2 ) (A.5)
=0
Zn:jb}“ = (8mnpg)*np (co+ern ™t +eoan ) (A.6)
=0
; (~1)701% = o(n7?) (A.7)
j=0
i(-nﬂ‘jb}” = o(n™). (A.8)

(

J

We will apply the central limit theorem in the form of the normal approximation
to the binomial. In order to get a sufficiently accurate estimate of the binomial
coeflicients we need to use a form of the central limit theorem from [3, page 231].
This result is for lattice valued distributions; we state the result for one dimensional
lattices:

Lemma 3. Suppose X; are independent identically distributed random variables
with unit variance and mean p taking values in a discrete one dimensional lattice
L. Suppose the expectation of | X1 — ul|® is finite for all s.
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There are polynomials P,(y), with Py = 1, depending on the distribution so that
if we put:

pn = P(X1+...+Xn:a)
y = nV(a—np)
1 1,2
= e_iy
o(y) Ton
s—2
G = Iy 0T PR (y)ely) 522
r=0

where | is the determinant of the lattice, then:
s—1

sup (14 y(@))lpn — aa(®)]) = o(n”"=).

We can drop the |y(a)|®. Take X; to be the distribution taking values 0 and

(pg)~1/? with probabilities ¢ and p. Then L = {j(pq)~'/?}, I = (pq)~'/? and
= \/g Putting o = j(pq)~/2 we get p,, = b;. Also putting L, = {j(pq)~1/?|j =
0,---,n} and
G = { n Gn >0
0 ¢, <0
gives
- = e B e
T2 T N

for some constant K. Let Y, be the subset of L, where |101/2 + (j}/2| < n~Wt2),

then
S -a < S - Y -
acl, a€cY, acLl,—Y,
< n—(u+1) +Knu+3—(s—l)/2.

Taking s large enough we get

Zn:b;/Q Z 71/2| < K, (D),
§=0

aELy,

Similar results hold for the other three sums. Now since the P,.(y) are poly-
nomials we can find positive C' and w depending on s so that if |y| < Cn™ we

have ’ZT 17”F’"/2Pr( )’ < 1. The ¢(y) term in the expression for g, ensures

SUD|y (> |¢n] = o(n™*) for any k, and so supj,|s.cpw |qn | = o(n=*) for any k.
We now use an Euler-McLaurin summation formula [1]:

Z B
>0 = [ s dt+§j (B = D))
j=A

+ = / BBm(t—[t])f(m)(t)dt (A.9)

m' A
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where

s—2

F(£) = (pgn) =4\ | > 02 P (y)d(y)

r=0

and y = n~/2(a — ny) and o = t(pq) /2. We take A and B to be the largest and
smallest integers between 0 and n for which |y| < Cn®. Changing variables in the
first integral

B y(B)
_ —1/4
| st = upa) L

(4)

s—2

> 2P, (y)(2m) T e pgndy

r=0

_ 1/4 —1/4 uiB)
= (npq)™/*(2m)

5—2
Z n*T/QPT(y)67%y2dy.
y(A) r=0

y(B) differs from Cn™ in that the corresponding j is an integer and not greater
than n. The integrality changes the value by less than (npq)~'/? and the limit of
n restricts it to \/ng/p. So y(B) tends to infinity with n. Similarly y(A) tends to
minus infinity.

By our choice of limits the term in the square root is bounded away from zero.
Let F(n,y) be the expansion of the square root in powers of n down to n=t/2,
Taking the limit of the integral as n — oo using the dominated convergence theorem
gives, using Py = 1,

y(B) ;i
lim / Zn‘r/zPr(y)e_Zy dy
y

n—oo (A)

oo

:/ Foy(n,y)e” i dy + O(n~#D/2),
— 00

The remaining terms of the summation formula tend to zero. This gives the as-

ymptotic expansion in (A.5) except that the expansion is in powers of n~ /2. We

can get the other three expansions similarly. For (A.6) we put j = /pgny + np and

s—2
F&) = (pqn) ™" (/pany +np) | Y n="/2P(y)$(y)
r=0

in the summation formula. For the expansions of the alternating sums we split the
sums into odd and even parts, apply the summation formula modified to go up in
steps of two, and note that the expansions for the two parts are equal and opposite.

To proceed further we need to know the P,.(y). The recipe for calculating them
from the moments of the distribution is given in [3]. In our case they are:

Py = 1
q—P /3
P — (y" -3y
{ Gﬁpq( )
1—4pq , ¢ 4 2 1—-06pg , 4 2
P -15 45y% — 15 -6 3).
) Top (y y* + 45y )+ 20ng (y* — 6y* +3)
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The P,(y) are even functions of y for even r and odd for odd r. This ensures that
the asymptotic expansions are in powers of n~! rather than n~/2. We can now
expand the square root

1 L (1 1 ;
Zn_T/QPr(y) = 1+ §P1n_§ + <2P2 - 8P12> n~t+0(n"?)
= Foa(n,y) +0(n"2). (A.10)

Substituting and integrating gives

= 1y 1-2pq ~ —2
Fso(n,y)e” 1V dy = 2¢/7 — S VrnT 4+ 0(n”?)
Pq

— 00

and

/ (v/pany + np) Fea(n, y)e™ i dy
2 _ 2
= 2y/7pn — ]W&;—qm\/%—i— O(n™1), (A.11)
q

which completes the proof of Lemma 2.

APPENDIX B. PROOF OF LEMMA 1

nom\1/2_; _ ap(x) .

Recall a,(z) = >0, (]) 27 and u,(z) = @t We first list some
elementary properties of u,(z):
up(l/x) = sign( )" u (:v) x;«éO (B.1)
J U +1) (] )1/2 n—j+ 1)(n—?+1)1/2.

- - oo
u,(0) = Vg (B.4)
u, (1) = 0 (B.5)
u,(—1) = 0 n even. (B.6)

Using (B.1) it is sufficient to show that ) (z) > 0 for z € (—1,0) and = € (0,1).
First consider z € (0,1). Put

¢ =({+Dmn—j)—iln—j+1)

in order to write
n n 1/2 .
u, () = Z (k) e’
3=0
We can check ¢,—; = —c¢; and ¢; > 0 for j < n/2 which gives the required result.

For z € (—1,0) we consider the function

h(s) = > ik
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We will show that h(—s) is completely monotonic, that is 2(*)(s) > 0 for all real x
and k > 0. Equivalently h(—s) is the Laplace transform of a probability distribution
on [0,00). We will construct this distribution starting from the standard Gumbel
distribution with density function ¥;(y) = e ¥=¢" and characteristic function
(1l —iz).
First note from [6] that for $(z) > 0 we have
9] 1— e—(z—l)t e—t

Differentiating and putting z = 1 gives

o0 t et
—y= 1— Ca
" /0 { 1—e—t] ¢

which by subtraction and substitution shows that for $(z) > —1 we have

—t

log (1 —iz) = izy +/0 (e — 1 —izt) m dt.

This is a Lévy-Kintchine equation and we conclude from [11] that the Gumbel
distribution is infinitely divisible, that is for all p > 0 there are distributions ¥,
with characteristic functions I'(1 —iz)P. As [I'(3 +iy)|? < 2me~1¥/ we see ¥, has a
density function ¥, (y). Put ¢,(z) = ¢,(—logx)/x and substitute y = —log x and
w=1—1z to get

/ ", (x) dov =T'(w)?,
0
that is ¢,(z) is a density function with Mellin transform I'(w)?. Taking p = 3 we

see that the moments of ¢,,, are ,u;» = /7! and the Laplace transform of ¢; /2 is
h(—s). From the definition of h(s) we can obtain the expansions

h(s)h(sz) = Z %an(x)s”

and

M A M) Z \F

Also from the Laplace transform description we obtaln

5 ST > > s(vtzw x2
h(\/1+m2)h(\/1+x2):/0 /0 S VT 6 () dudu

Diﬁerentiating with respect to z and taking the coefficient of s™ gives

— n—1
/ / (1 +::2wn/1;:r1 (wx) )!¢1/2(U)¢1/2(w) dvdw.

Symmetrlzmg it is sufficient to show that for x € (—1,0)

/0 /0 Cn1/2(v)$1/2(w) dvdw >0

1

where ¢, = (w — va)(v + wz)" ' + (v — wr)(w + vr)" L. Note ¢, satisfies the

recurrence relation

Cnt2 = (V+w) (14 2)cpr1 — (v+ zw)(w + zv)ey,
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We have ¢; = (v + w)(1 — x) and ¢3 = 2vw(1 — 2?). Suppose v + w > 0 then
(v+zw)+ (w+av) = (v+w)(1—2) > 0. Thus at least one of v+ zw and w+zv is
positive. If both are positive, the definition shows ¢, > 0. If exactly one is positive
the recurrence relation shows ¢, > 0. Thus as ¢,/ is not supported at the origin
the required integral is positive.
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