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THE REAL ZEROS OF
A RANDOM ALGEBRAIC POLYNOMIAL
WITH DEPENDENT COEFFICIENTS

JEFFREY MATAYOSHI

ABSTRACT. Mark Kac gave one of the first results analyz-
ing random polynomial zeros. He considered the case of in-
dependent standard normal coefficients and was able to show
that the expected number of real zeros for a degree n polyno-
mial is on the order of (2/m)logn, as n — oco. Several years
later, Sambandham considered two cases with some depen-
dence assumed among the coefficients. The first case looked
at coefficients with an exponentially decaying covariance func-
tion, while the second assumed a constant covariance. He
showed that the expectation of the number of real zeros for
an exponentially decaying covariance matches the indepen-
dent case, while having a constant covariance reduces the ex-
pected number of zeros in half. In this paper we will apply
techniques similar to Sambandham’s and extend his results to
a wider class of covariance functions. Under certain restric-
tions on the spectral density, we will show that the order of
the expected number of real zeros remains the same as in the
independent case.

1. Introduction. One of the earliest results on the expected number
of real zeros of the random polynomial given by

(1.1) Po(z) =) Xpak
k=0

came from Mark Kac [6]. Kac considered the case when the coefficients
are assumed to be independent standard normal random variables and
was able to show that the value of the expected number of zeros is
on the order of (2/7)logn, as n — oco. More recently, Edelman and
Kostlan [4] derived a similar result, but in doing so they gave a nice
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geometric argument and derived formulas that hold for a wider class of
coefficients.

A natural generalization of this problem is to assume some depen-
dence among the coefficients. Let X, X1,... be a stationary sequence
of normal random variables, where the covariance function is given by

I'(k) = E[XoX)], T(0)=1.

Under these assumptions, two important results came from Samband-
ham. The first assumes that T'(k) = p*, where p € (0,(1/2)) [8]. In
this case, it was shown that the expected number of zeros is on the
same order as when the coefficients are independent. The second result
assumes the covariance function is constant; that is, I'(k) = p for any
k, where p € (0,1) [7, 9]. Here, it was shown that the order of the
expected number of zeros is only (1/7)logn as n — oo, or half as many
as before. The intuitive reasoning for this is as follows. For the first
result, the exponential decay of the covariance function is fast enough
to “simulate” independent behavior. In other words, the dependence
between the coefficients disappears at a rate fast enough to have no
effect on the behavior of the zeros. For the second result, however, the
constant covariance results in the coefficients tend to have the same
sign. This causes most of the positive zeros to disappear, leaving only
half as many zeros as before.

A further question that could be asked is whether or not this result
extends to a wider class of covariance functions, where the decay rates
are between those considered by Sambandham. In what follows, we will
show that the same asymptotic value holds for the expected number of
real zeros when the spectral density (which will be introduced below) is
positive and continuous. If we assume further that the spectral density
also has one continuous derivative, we will be able to derive an explicit
value for the order of the error term. Noting that absolute summability
of the covariance function guarantees the continuity of the spectral
density, we will then see that behavior similar to the independent case
can be expected for covariance functions with a wide range of decay
rates. The main result is stated as follows.

Theorem 1.1. Let P, (x) be the polynomial given in (1.1), where the
coefficients Xg, X1, ... form a stationary sequence of standard normals,
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with covariance function I'(k) and spectral density f(¢). Assume that
the spectral density does not vanish. Letting N(«, 8) be the number of
zeros of P,(x) in the interval («, ), it follows that

E[N(—00,00)] ~ %logn, for f e C(]—m, ),

E[N(—00,00)] = %logn+ O (loglogn), for f € C*([—n,x]),

as n — o0.

Before we proceed any further, a comment must be made. As
mentioned in [8, page 83] if we consider the function

1 1 1

" P, (—) =" (XO +Xi—+-- +Xn—)
T T ™
= Xoz" + X2 4+ 4+ X,

it can be seen that whenever there is a zero of 2" P,(1/z) in (1,00),
there is also a zero of P,(x) in (0,1). Thus, since the distributions of
the zeros of the two functions are the same, it is sufficient only to look
at the interval from (0,1). A similar argument works for the negative
real line and allows us to restrict our analysis to the interval (—1,1).
Then by taking twice the result, we will have a value for the total
expected number of real zeros.

Our proof will follow that of Sambandham, with some necessary
modifications to account for the more general assumptions made on
the coefficients. The first step is to show that there is a negligible
amount of zeros on the intervals (0,1—(1/logn)), (1— (loglogn/n), 1),
(=1 + (1/logn),0) and (—1,—1 + (loglogn/n)). Following this, we
will then show that the number of real zeros in the intervals (1 —
(1/logn),1 — (loglogn/n)) and (—1 + (loglogn/n),—1 + (1/logn))
are each on the order of (1/27)logn. One significant difference from
Sambandham’s work is that, rather than approximating the number
of zeros with a specially chosen function, we will instead derive the
asymptotic behavior directly from the Kac-Rice formula using the
spectral density formulation of the covariance function (see below).
The result is that the number of zeros in (—1,1) is on the order of
(1/m)logn and, from the comments above, it follows that the total
expected number of real zeros is on the order of (2/7) logn.
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2. Preliminary results. We will now discuss some results that are
variously attributed to Bochner, Herglotz, and Khinchine (see [2, 3]).
Any covariance function, I'(k), can be expressed as

us

E[XoXy] =T(k) = / e~ R F(dg),

—Tr

where F'(¢) is real, never-decreasing, and bounded. Furthermore, if
F(¢) is also absolutely continuous, we have the formula

(2.1) v - | " e (6) do,

—T

where f(¢) is called the spectral density of the covariance function. A
sufficient condition for the existence of f(¢) is that I'(k) is absolutely
summable. Additionally, in this case it will be non-negative, continu-
ous, and of the form

[ee]

1

:% 2

f(9) D(k)e'™?.

Now, recalling that N(«, ) is the number of zeros of P,(z) in the
interval (a, 8), the Kac-Rice formula [5] gives the expected number of
zeros on this interval as

B —
(2.2) E[N (o, B)] = % / LCAB dz,
where
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Applying (2.1) we can rewrite these as

/ Zn: Zn: e*i(k*jwmkﬂf(qg) do,

T k=0 j=0
(2.4) / Z Z e "1 pah i1 £(8) do,
T k=0 j=0
0= [7 33 etk a0
T k=0 j=0

We are now ready to prove our first lemma.

Lemma 2.1. For the intervals (—1,—1 + (loglogn/n)), (-1 +
(1/1logn),0), (0,1 —(1/logn)), and (1 — (loglogn/n),1), the expected
number of zeros is O(loglogn).

Proof. Following the method of Sambandham, we will define the
function

n n

-3y ety
k=0 j=0
n n
(2~5) = Z eiik‘z’mk Z eij‘z’yj
k=0 Jj=0
_ 1— mn+1€—i(n+1)¢ 1— yn+1ei(n+1)¢
N 1— ze—i¢ 1 — yei® ’

to assist in our computations. As done on page 85 of [8], plugging into
our formula for A leads to the expression

us

A= [ H(z,z)f(¢)do

/71' 1— mn+1e—i(n+1)¢ 1— mn+1€i(n+1)¢

1—ze ¢ . 1 — zei®

(2.6)

f(¢) d.

—Tr
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Again, following [8], we also get

en p= [ [FED| s

T /1 mn+1€—i(n+l)¢
- /_Tr ( 1—zei® )
—(n + L)amelm Do (1 — z¢i?)
- < (1 — zei®)?
— (1 — a9 (—id)
(1 — zei®)?

)f(¢) o,

and

82
(28) €= /[ o L H@)do
/”( (n + 1)zme i nth)o (1 ze™'?)

(1—ze—i®)?
B (l_mn+1€—i(n+1)¢) (_e—iqb))
(1—ze—i®)?
- <—(n + 1)zl D9 (1—ze™?)
(1—zei®)?
B (1 _ xn+lei(n+1)¢) (_ei¢)>
T () do.

For z € (0,1 — (1/logn)) we have

" 1
A /_W (1 —ze ®)(1 — xeiﬁb)f((b) do,

and

" 1
¢~ /_.,r (1 — xze=19)2(1 — xeid)? f(¢)do

1 " 1
S T-op /_W 0=z @)1 —zc®)! (P4
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If we consider the quotient vV AC' — B2/A, then

A A 1—2°

VAC — B2 B <C)1/2 __c

Plugging into (2.2), it follows that

1
2. E|N 1-—
(2.9 (o o

To handle the interval (—1 + (1/logn),0) we will substitute in —z,
where x € (0,1 — (1/logn)), to get

)] = O (loglogn) .

s

A= | H(-z,—x)f(¢)do

—T

T 1 _ (_\ntl—i(nt1)e — (=g tlei(ntl)e
_/1<x>6 AT ) de

o 1+ ze ¢ 1+ zei®

Ay

1
- /ﬂr (1 + ze=®)(1 + xei?)

f(¢) do.

Likewise,

g 1
C~ L0t a:e—w)Q 1+ $€i¢)2 f(o)do

1 g 1
: (1-2)? / (1+ze ) (1+ xel’(b)f((b) dg-.

—T

Once more we have the inequality

A

< .
A “ 11—z

VAC— B _ <C)1/2 ¢
Applying (2.2), we then have

(2.10) E {N (—1+@,0)] = O (loglogn) .
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Finally, we will consider the intervals (—1,—1 + (loglogn/n)) and
(1 — (loglogn/n),1). Similar to the inequality derived in [8, page87],
for z € (1 — (loglogn/n),1) we have

VAC=B? _ (C\'?
A A
. QZk Oz] 0 (k ) k+j—2 1/2<Cn
72 Ek oE] o I(k— )xk+3 2 .

Thus,

(2.11) E{N(l - logrgn’ 1)] = O(loglogn).

For (—1,—1+ (loglogn/n)) we will substitute in —z. Notice that,
since f(¢) is continuous and non-zero on [—7, 7|, we can bound it from
below by a constant (m/2mw) > 0. We then have

e T 1 (—g)ntlemint)e 1- (—z)ntleilnt)é dé
—2m J_, 1+ ze—i® 1+ xet?
my (-
k=0

since f(¢) = (1/27) in the independent case. Similarly, we can bound
f(#) from above by (M/27) < oo. This yields the inequality

oM / (n+ 1)(—2)"e ("T1? (1 4 ze~?)
T 27 (14 ze—i9)?
(1- (—x)""’le_i(”"’lw) e~
- (1 + ze—i¢)?
—(n+1)(a)"e Do (142 )4(1— (—z)"HlelntD)e) ¢id
(1 + acei‘i’)2

n

=M K (—x)** 2<M 22

k=0
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It follows that
VACZBT _(C\F_
A A '
Thus,
log 1
(2.12) E[N(—l,—l—i—M)} = O(loglogn).
n
Combining (2.9)—(2.12), the result then follows. o

3. Proof of main theorem. Now that we have found an upper
bound for the expected number of zeros in our initial four intervals, we
will spend the rest of our time deriving explicit values for the intervals
(—1+(loglogn/n), —14(1/logn)) and (1—(1/logn),1—(loglogn/n)).
As stated before, this will be done by deriving asymptotic values for the
expressions given in (2.2). We will formulate this result as an additional
lemma.

Lemma 3.1. The expected number of zeros for the polynomial
P, (x) in each of the intervals (—1 + (loglogn/n),—1+ (1/logn)) and
(1-(1/logn),1 — (loglogn/n)) is given by the following:

(i) For f € C ([—m, ),

log] 1
E[N(—l—k B8 1+ )]
n logn

:E{N<1— 1 e loglogn)]
logn n

11
~ —logn.
27rg

(ii) For f € C* ([-m,7]),

E{N(—l loglogn B )]
n 1ogn

E{N( 1_log10gn)]
logn n

1
= —logn + O (loglogn).
2w
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Proof. Consider the interval (1 — (1/logn),1 — (loglogn/n)). For
x =1—y, define g(y) = y(logn)/(loglogn). Also, let M > 0 be chosen
such that f(¢) < M, for any ¢ € [—m,7]. Recalling (2.2), for A we
have

" 1
A= /_.,r (1—ze?)(1— xei¢)f(¢)d¢
(31) 4 xn+1 /F - (e‘i("+1)¢ + ei(n—i—l)qB) 4 ot
(1 —ze=0)(1 — zei?)
=A1+0 (" 4).

f(¢)do

—T

Our next step is to determine the asymptotics for A;. We have

9(y) 1 T 1
A1:2/0 1—2xcos¢+x2f(¢)d¢+2/g(y) T LS

Looking at the first integral yields

, /9@ 1(6)
o 12—y (- (@2 +0@) + 1y

B 9(y) f(9)
_2/0 G 0+ 0(1),

de

For f € C([—n,]) this becomes

9(y) 0 27(0
NQ/O (beS—)yQ dp = fy( )arctan (%),

while for f € C([—, 7]) we have the more detailed representation

9W) £(0) + f'(¢o)o
_ 2/0 % dp+0(1) (where ¢o € (0, ¢))

= %(O) arctan (%) + O (loglogn) .
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For the second integral in Aq,

(g)*/? 5
:/g(y) 1—2xcog¢+x2f(¢)d¢

" P
d
" /(g(y))1/3 1 —2xcos¢+ z2 f(¢)de
(g())*/? 2£(0) - )
) o+ | d
~/g(y) y2 + ¢52 (b (g(y))1/3 1—2x COSQS T 22 f(¢) ¢

1
-o(557)
It follows that
A~ 2fy(0) arctan <%), for f € C([-m,7]),

Ay = %(0) arctan (%) + O(i), for f € C*([~, 7).

9(y)

c
Y
Combining these results and plugging into (3.1) yields

Also, notice that

n+1
AL < (1 B loglogn)
n

A~ L(O)arctan (%), for f € C([—m, 7)),
(3.2)
_ 2/(0) 9(y) 1 1
A= Tarctan (7> + O<@>, for f € C*([—m, 7).

Considering B next,

b= /7r (1 — ze=)(1 — wei®)2 f(¢)do

N /’T —(n+ 1)zne!m+D? (1 — get?)
(1 —ze*)(1 — xe??)?
(3.3) N m"“/w (n+1)z" (1—ze')
(1 —2e*?)(1 — xe??)?
eind (1 —gntlei(ntl)o) _ei(n+2) .
(1 — ze?)(1 — xei?)?
=B+ By+ O (2" (|B1| + |Bal)) -

f(¢) do

—Tr

—T




1026 JEFFREY MATAYOSHI

Since we will end up showing that the B; term dominates, we can
rewrite this as

B=DBi+By+0 (z""'By).

To analyze By we will split it into two integrals,

[ cosp—1+vy
b _2/0 (1—2(1—y)cosp+ (1 _y)2)2f(¢)d¢

T cosp—1+y
+2
/g<y> (1 =201 —y)cosp+ (1 -y)?)

5/ (¢) do.

For the first integral we have

w y—(¢°/2) + O (¢*)
=9 J
J (2092 +0)+ 0 —gor %

3 9(y) y (l)
_2/0 Gl @dero(y)

When f € C([—m,x]) this becomes

W yfo) FO) o (9®)
2/0 (¢52+y2)2d¢ " arcta ( ),

while for f € CY([—m,n])

[PV yf(0) +uf (d0)¢ <1>
_2/0 ool

(where ¢ € (0,9))

= f;g) arctan (%) + O<L)-
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For the second integral in By,

™ cosp —x
5 o) d
’ /g(y) — 2wcos¢+a? ¢’
1/3
- /(g(y)) lcos ¢ — x| f(9) do
= (1 —2xcos ¢ + x2)?

T _leosg—al f(9)
' 2/(g(y))1/3 (1 — 2z cos ¢ + 2)2 dé

(G |y — (42 4
~ar) [ l A Galpy
' 2/(:@))1/3 (1 |EO;f C_O:CJS J—tk(il)Q 0
=G
Thus,
By ~ fy<2> arctan (%) for f € C(|—m, ),
Bl = % arctan (%) + 0(@), for f € CY([—m,7]).

Looking at By next,

n+ 1 i(”+1)¢(1 _ xei¢)
|BQ|_ ‘/ﬂ_ 1_33'6 l¢)(1—xei¢)2 f(¢)d¢

(n+1)z"
= /7# (1 —ze )(1 — mei¢)f(¢) de

(I—y)"
cln+ 1)72/ ,

where the last line follows from our work on A. Now, notice that for
y = (loglogn)/n we have
1—y)" n? 1

y lognloglogn — yg(y)’

(n+1)
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Since (1 — y)"y is a decreasing function as y increases, it follows that
for y € ((loglog n/n), (1/logn)),

" Yy (1_y)n_ L
(3.4) (n+1)(1—y)y§@:>(n+1) ” _O<yg(y))'

This also implies that

1 _ n+1
"By + By) < ¢(n + 1)%

Nwarcan M or -7, T
B~ =5 arct ( ) for f € C([=m,7]),

B= f;j) arctan (@) + O(ﬁy)), for f € C*([~m,7]).

Turning now to C,

" 1
“= /_Tr (1 — ze—i®)2(1 — zei®)? f(®)do

" (n+ 1)z
* /_Tr (1 —ze—)(1 — xew)f(ﬁb) do

(3.6) T —(n+ 1)z (1 - xn+lei(n+1)¢)
2 /—71' (1 — ze)(1 — xei?)? f(¢)do

T e—i(n+1)¢+ei(n+1)¢ +xn+1

(1 — ze%)2(1 — ze'®)?
=C1+Cy+Cs+0 (2" Cy).

—T

Splitting up C; gives us

9(y) 1
¢ :2/0 (1—2xcos¢+x2)2f(¢) ¢

" 1
+2/g(y) (1—2xcos¢+x2)2f(¢)d¢'
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For the first term we have

_2/9(7/) 1
CTde o (=20 -y) (1 - (62/2) + 0 (64) + (1 - y)?)

_, [ 1) (;)
=) Geartrola)

When f € C([—m,x]) it follows that

W f) 1) (o)
2/0 (¢52+y2)2 do " arcta, ( ),

while for f € CY([-r, 7)),

o [ 1(0) + [ (o) ( 1 )
_2/0 g 0+ 0(5

5f(¢)do

(where ¢ € (0,9))

— % arctan (%) * O(y291(y)).

For the second integral in C, we have

CI) £(8)
B 2/g(y) (1-— 2mcos¢—|—a:2)2 4

T f(9)
. /(g(y>)1/3 (1 -2z cosd + a2)? @

(g()'/? 1
~2f0)
o) (2 +y2)?

" f(9)
" /<g<y>>1/3 (1 -2z cosd + a2)? “w

~lGwm)
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Thus,
(3.7)

. fy(g) arctan (M) for f € C([~,),

) = % arctan (gé’)> +o(m), for f € CY(|—m,)).

Y

For (s,
[ (n+1)2z% (=)
2= ,/_ﬂ— (1 — xe—iﬁb)(l _ $€l¢)f(¢) d¢ ~ C(n + 1) ) ’

while for C5 we have

|Cg|§c/

—(n+ 1)ane ¢
1—ze )1 - xei¢)2f(¢) d¢

< ¢(C1Cy)Y?  (by Cauchy-Schwarz)
(n+ 1) —y)"
~ o
Y2

Also, note that

1—y)ntt D(1—y)"
RPN ¢ ) AN G0 € )

y3

From (3.4) we know that (n 4+ 1)(1 —y)™ = O(1/g(y)), which implies

(3.8) = 1)11(21 " Engi(y)) ’

(n+1)%2(1 —y)>"

Thus, we can conclude that

3

C= % arctan (%”) + o(yggl(y)), for f € C*([—, 7).

£(0) 9(y)
C ~ ——arctan | === |, for f € C([-m,]),
" ()
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Combining (3.2), (3.5) and (3.9), for f € C(|—n,n])s we then have
the expression

VAC — B2
(3.10) vAC-B* i’
A 2y

while for f € C'([—m,7]) this becomes

»I*+0(1/y39(y))
y)+0(1/9(y))

/
(3.11) A ( f(O)/y) arctan (g(y)/
1 1
5 +lw)
Plugging these into (2.2) gives us

(3.12) E[N(l— L ,1_1°g1°g">}mi1ogn,
logn n 2m

for f € C([—m,7]), and

1 1_10glogn
logn’ n

1
(3.13) E [N (1 =5 logn + O (loglogn) ,
™
for f € CY([—m,n]).
To handle the interval from (—1+(loglogn/n), —14(1/logn)) we will
substitute in —x = —1+y, where z € (1 —(1/logn), 1 — (loglogn/n)).
We then have

(3.14)
n+1 —1(n+1)q§ 1 T n+1€i(n+1)¢
A= = - C" e 7 by do.
1 —|— xre~ 1+ xe
n+1 7l(n+1)
= (-
1 —|— re~ i
(s s o0
(1 + zei®)’

(1= (—z)n+leintD)o) gt

+ —
(1 + zei?)

) 7(6)do,
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oo /’T (—(n +1)(—z)"e i HDS (1 4 ze~i¢)
- (1 + ze—i)?
(1 _ (—x)”+1e*i(”+1)¢) e~
(14 ze—i®)? )
—(n+1)(—z)"e! ™+ DI (1 + ze'?)
. ( (1 + zei®)®
(1 - (_x)n+1ei(n+1)¢) et
(1 + zei®)’
Using the fact that f(7) = f(—n), we can apply methods similar to
those from the positive case to derive the formulas

A 2 wrctan (212,

(3.15) B~ —% arctan (#)

¢~ I arctan (%)

) 7(6)do.

for f € C([—m,7]), and

A M arctan <M> + O(L),
y y 9(y)
(3.16) B = _f(727) arctan (M> + O(L),
y y yg(y)
f(m) (9(1/)) ( 1 )
C = arctan [ —= ol ——— |,
y? y?9(y)
for f € C*([—m,7]). Combining (3.15) and (3.16), we then have the
same expressions as before. That is, (3.15) gives
JVAC — B2
(3.17) vaC-B* _ 1
A 2y

while from (3.16) we again have

VAC—B? \/(fz(ﬂ)/y“) [arctan (g(y) /)] + O (1/y39(y))
(3.18) A (2f(m)/y)arctan(g(y)/y) + O (1/g(y))

“5 )
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Plugging these into (2.2) gives us

log] 1 1
(3.19) BE|N( -1+ 282987 4 ~ = logn,
n logn 27

for f € C([—m,7]), and

log 1 1 1
(3.20) E|N( -1+ o8 Ogn,—l—i— = —logn+ O (loglogn),
n logn 27

for f € CY([—m, 7). o
We are now able to prove Theorem 1.1.

Proof of Theorem 1.1. Combining the results of Lemmas 2.1 and 3.1,
we have

E[N(-1,1)] ~ llogn, for f € C([—m, 7)),
(3.21) T
E[N(-1,1)] = ;logn—i— O (loglogn), for f e C([—m,n)).

Recalling from Section 1 that E[N(—o0, 00)] = 2E[N(—1, 1)], the result
then follows. o
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