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1 Introduction

A time-delayed system (TDS) is a dynamical system where the output of the
system depends delayed inputs. An example would be the voting population
in a country which depends on the general population dynamics and a delay
of 18 years. The study of TDSs has attracted a great amount of research, for
example [1], [2] and [3].

An important aspect of a TDS is stability. Stability of dynamical systems
is usually analysed via the characteristic function and the roots of this func-
tion |4]. A system is then said to be stable if for each root, the real part
of that root is negative. This stability assessment is complicated in a TDS
since the characteristic function of such a system has infinitely many roots
and it is not straightforward to assess for each of these roots that its real
part is negative.

Lev Pontryagin has published a standard work on precisely this problem
in 1942 [5]. Since then his work is often cited, for example in [6] and [7].
The mathematical writing standard back in 1942 differs from today’s stan-
dard and his work often lacks the details necessary to fully understand the
methods he introduced. This report hopes to fill in the gaps in this piece of
standard literature.

Pontryagin considers only exponential polynomials and their properties. In
chapter 2 we discuss the theory behind TDSs and how their characteristic
functions relate to such exponential polynomials. In particular we shall see
that an exponential polynomial can have a principal term. In chapter 3 we
relate the lack of a principal term in an exponential polynomial to the ex-
istence of infinite roots with positive real part. In chapter 4 we discuss a
technical theorem on the number of roots of an exponential polynomial in
a strip in the complex plane and in chapter 5 we tie everything together to
prove Pontryagin’s main theorem.

This theorem gives straightforward and easily verifiable conditions on the
stability of a TDS. As Pontryagin’s theorems are often cited, a critical assess-
ment is warranted. It is our aim to provide the reader with an understanding
of Pontryagin’s work, his methods and their limitations.
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2 TDSs and Exponential Polynomials

In this section we lay out the groundwork for the context of Pontryagin’s
theorems. We will relate time-delayed systems (TDS) and exponential poly-
nomials which we define below:

Definition 2.1 (Exponential Polynomial) Let H(z) be a function of the
complex variable z. We call H(z) an exponential polynomial if there exists a
bivariate polynomial h(s,t) such that:

H(z) = h(z,¢€%). (1)
Now let us consider the following retarded TDS:
(t) = apx(t) + arx(t — 1) + -+ + apz(t — 1),
z(0) =(0), 0¢€[-7,,0l.
Here z(t) € R denotes the state of the system, ay, - -- ,a, are real constants
and 7,, > -+ > 7 > 0. With ¢ we denote a function that serves as an initial

condition for the system such that the system has a unique solution. We will
look at the characteristic equation of system to analyse it:

(2)

H(s)=—=s+4+ay+a-e™+..+a, e ™ =0. (3)

It is well known that system is stable if and only if R(s) < 0 for all s
that solve equation (). We can immediately see that H(s) in () is not an
exponential polynomial, writing:

H(s) = h(s,e®) with h(s,t)=—s+ag+a -t " +..+a, -t

A function with negative exponents cannot be a polynomial. In Lemma [2.3
we will prove that the zeros of this characteristic equation are via a scaling
equal to the zeros of a corresponding exponential polynomial. Let us take a
look at a multidimensional TDS which has the following general form:

ZAi?/(t — 7))+ Z Biy(t —m) =0, y(0)=¢(0), 0¢€[-mn,0. (4)

Here in similar fashion to (2|) y(¢) denotes the N-dimensional state of the
system, (y1(t), -+ ,yn(t)),y; : R — C. Again 1 serves as an N-dimensional
initial condition, 7, > ... > 7 > 79 = 0 and A;, B; € R¥*¥_ Following the
work of [7], it can be determined that zeros of the characteristic function
(denoted as H(s)) of the N-dimensional TDS in (4)) are given by:

1=0

H(s) = det (Z (Ais + B)) e) = 0. (5)



Example 2.2 An often studied example [§] [9] is the following realisation of
system .'

I S R S

10

with 19 = 0 and 71 > 0. The characteristic function of this system is:

_ _ pTT1S8
det (|i8 ) 77'163 9 ! 7131) =
—e S—15—¢€

29s 9 29
2 —T18 —T18 —271s
§°— — —2se "V -+ —e T4 e
10 5 10
Now we will prove the lemma stating that, under assumptions that the de-
lays are rational numbers, the zeros of the characteristic equation of an -
dimensional TDS as in (5 are a scaled version of the zeros of a corresponding
exponential polynomial.

Lemma 2.3 Let H(s) be given in (). If all 7; € Q, then there exists an
exponential polynomial h(s,e®) and a positive ¢ € R such that e¥N™H(s) =
h(cs,e®). In particular the zeros of the characteristic function are equal to
the zeros of an exponential polynomial, up to the scaling factor c.

Proof: Let .
G(s) = e™* (Z (Ais + B;) ms) . (7)
=0

Furthermore recall that 7, > 7; for all 0 < i < M. Bellman and Cooke on
page 394-395 [7] find that det (G(s)) has the following form:

K

g(s) = det (G(s)) = "™ H(s) = Y py(s)e™”, (8)

=0

where each number 8; > 0 is a linear combination of 7, ..., 7as. Furthermore
K € Ndepending on NV and M is the number of different 5; with Sx = N7a.
In addition each function p; : C — C is a polynomial in s of degree at most
N.

Now since 7; € Q, 0 <7 < M, the linear combination 3; € Q as well. We
write:

Bj - ;7 (9)



with dj, e; € N, since we know that §; > 0. Now we simply multiply each 3;
with a factor such that they all have the same denominator:

B = i 10
= (10)
We define:
K 5 K
(—:::Hei, pi=a, = deej. (11)
i=0 i#j
With this notation we have the following function:
K K
g(s) = > _pi(s)e” =Y " pj(ez)es”
~0 =0
]K j (12)
=Y B()e = 4(2)
=0

We see that the components p;(z) are still polynomials, since for a polynomial
f(z) we know that f(cz) is still a polynomial for any ¢ € R. Moreover
c; € N. So we see that g(z) is an exponential polynomial with zeros denoted
zp. Furthermore using (12)),(8) and each zero so of H(s) is related to a
2o as:

So = Zp€. (13)

We put ¢ = % our scaling factor. This proves the lemma.

Example 2.4 Let us revisit system @ with 1 = % We multiply the char-
acteristic equation by €™ and substitute z = 2 to obtain the following expo-
nential polynomial:
I 96 29 6. 2 5 94 29,
- z __ 27 z = z Y 6z o7 3z 1. 14
0°°C T T T Tt T (14)
We will now try to find conditions on an exponential polynomial such that
all zeros are on the left side of the complex plane. For this we need the
important notion of a principal term:

Definition 2.5 (Principle Term) Let h(s,t) denote a bivariate polynomial
in the variables s and t of bidegree (D1, Ds) [see[A ). We write the polyno-
mial h(s,t) in the following form:

h(s,t) = Z An STt (15)



The principle term of the polynomial h(s,t) is defined as the term ap, p,s? P2,

provided ap, p, # 0. If the latter does not hold, then h(s,t) is said to have
no principal term.

Example 2.6 The polynomial

hi(s,t) = s°t* + 2

2

has the principle term: s*t%, whereas the polynomial

ho(s,t) = 8% +t* +2
does not have a principal term. The required term a27232t2 has a2 = 0.

Note that we used a bivariate polynomial to define the principal term, but
the definition can be extended to any multivariate polynomial:

Definition 2.7 (Multivariate Principal Term) Let f(xy,--- ,xz,) be a poly-
nomial of multidegree (Dy,--- , D,) with n > 2. The principal term is given
bY a(py . )Tt TN provided ap,... py) # 0.

In the text we sometimes consider a principal term on polynomials of more
than 2 variables.

Next follows the main theorem of this section that gives a condition when the
equivalent exponential polynomial of a multidimensional TDS has a principal
term:

Theorem 2.8 Consider the TDS in () with characteristic function g(s).
Let g(z) be the exponential polynomial from Lemma which satisfies
eNMEH () = g(z). We write §(2) as:

(2) =Y p(2)e”, (16)
where p; : C — C are polynomials and c; € N with co < c; < --- < cg If
det (Ag) # 0, (17)
then the exponential polynomial g(z) has a principal term. Moreover if
det (Ag) =0 and det(An) #0, (18)

then the exponential polynomial §(z) has no principal term.
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Proof: By and the fact that the matrices are N x N we have:

N
NI (s) = det <Z (Ais + B;) e(w_”)s)) ) (19)

i=0
Since 0 = 19 < -+ - < 7y Bellman and Cooke [7] conclude that, ¢y = 0 and
po(z) = det(Anz + Byr),  Dr(z) = det(Aogz + By). (20)

Subsequently they find that pg(z) is of degree N when condition holds.
This can be proven by noticing:

B
det (Agz + By) = 2" det (Ao + —0> , (21)
z
since Ay, By € RY*Y. Multiplying by 2= and letting z — oo we see that:

lim 2 Vpg(2) = lim det (AO + @) = det(Ay). (22)
2Z—00 2—$00 z

Therefore condition holds. As we have seen po(z) = det (Apyz + Byy). A

similar argument as in shows that this polynomial is of degree N if and

only if det (Ayr) # 0. So under condition Po(z) is of degree N whereas

Pr(2) is of lower degree. Note that since Ay and By are not both zero, the

exponential term is given by e“®“*. Hence there is no principal term.

Example 2.9 Let us once again revisit system @ Since det(Ag) # 0, we
have by Theorem that the exponential polynomial has a principal term.
If = %, we see from that the principal term is given by: $Z2€6Z.

Of course we have to explain why we need the notion of a principal term at
all. The first theorem of Pontryagin in this report will discuss what happens
when an exponential polynomial does not have a principal term.



3 Exponential Polynomials with Infinite Ze-
ros

In this chapter we will see that if there is no principle term, there is an
unbounded number of zeros with arbitrarily large real part. In both Pon-
tryagin’s paper [5] and in Bellman and Cooke [7] the following example is
provided to give guidance for the general proof for this claim:

Example 3.1 We consider the following exponential polynomial and try to
find the zeros for it:
e —2z2=0. (23)

Choosing z = x + 1y, we can split this equation into two:
ecosy =x (24)

and
e’siny = y. (25)

Since we are trying to prove that there are infinitely many zeros with large
real part, let’s look for cases where x,y are very large and positive. The first
of these two equations reduces to cosy = xe ™ =~ 0 for such x and therefore
we look at y’s close to the zeros of the cosine: y = kw + 5 + 01,k € N, where
01 s a small number. However since e* > 0,y > 0, by we see that
sin (y) > 0 and so we restrict our'y's to y = 2km + § 4 61, otherwise sin (y)
would be approximately —1. Substituting this y in we get:

e” sin (2km + g +61) = 2k + g + ;.
Since sin (2km + 5 + 01) = p ~ 1 we have:

v = u_1(2k7T+g+51) =

r = ln(u_1(2k7r+g+61)) —
r = 1n(2k;7r+g+51)—ln(,u) =

xr = 1n(2k7r+g+51)—52,

where 01,02 = 0 for large x,y where k > 1. This example shows a direction
to find the zeros of € — z with large positive real and imaginary part. These
expressions for x and y are the general form of the zeros where Pontryagin
starts searching.



To prove the existence of zeros with large real part for any exponential poly-
nomial without principal term, we will look for zeros of similar form to z,y
that we found in this example. We will start by introducing the theorem
that generalizes the claim that e* — z has roots with large real parts to any
exponential polynomial without principal term. To prove this theorem we
shall prove three necessary lemmas.

Theorem 3.2 (Theorem 1 in Pontryagin [5]) Let the bivariate polyno-
mial h(s,t) of bidegree of (D1, Dy) be written in the form of (15)). If h(s,t)
has no principal term, then the function H(z) := h(z,e*) has an unbounded
number of zeros with an arbitrarily large real part.

Proof: As we have seen in Example the zeros might be of the form:
2z, = aln (2km) + 2kmi 4+ In (0) + ¢, (26)

with a € R*, § € C and with ¢ € C.

Note that ( represents the d-quantities from example This proof will
consist of proving three lemmas. The first lemma proves the existence of
a in for exponential polynomials without a principal term, the second
lemma shows the existence of 6 # 0 in and the third lemma states an
existence result of the zeros such that

Zr = aln (2km) + 2k7mi + 1In () (27)
only lies a small ¢ from the true zeros zj .

Before we state the first lemma we perform some algebraic manipulation
on H(z): From this point we use (D1, Dy) = (N, M) for reasons of readabil-
ity. If we substitute in the exponential polynomial H(z) = h(z,e?), we
get:

H(z%) = Y anmipe"™, (28)

= Z Ay m(aln (2km) + 2kmi + In (0))7“6”'(0‘1“ (2km)+2kmitin (0)
n,m=0
N,M
- Z A (aIn (2km) 4 2kmi + 1In (0))™ (2km)" 0",
n,m=0
In (6)

N,M m
- by mrengmon (21 (9 1+ =)
D g m(2km) N0 <2m~ n (2km) + 1+ 2m) (29)

n,m=0

10



Next we define: In (0)
n
2ki’ (30)
We see that limg_,o, 01 (k) = 0 and that the convergence rate of d; is In (k) /k.
Using and H(Zk) becomes:
N,M
H(z) = Y (2km)" " ap i 0" (1 + 61(k))™ (31)

n,m=0

«
(51 (l{?) = ﬁ In (2]{?77') +

Next we combine several terms:
e = Gpmd" (1 + 01(k))™, (32)

where we see that ag,m # 0 <= a,,m # 0. We obtain the following
expression:

H(z,) = % (2k7)" " g 0" = H (v, 0, k). (33)
n,m=0
We will now find a suitable o and 6. We first define:
Bla) := (gln%}éb (m + na), (34)
where the set b is defined as:
bz{n,méNQ|0§n§N,O§m§M,an7m7é0}. (35)

Here a,, ,, are the coefficients of H. The number  is easy to find for given
«, as is shown in the following example.

Example 3.3 Let H(z) = z3¢3* + ze** + 2%¢*. From this we see that b =
{(3,3),(4,1),(1,4)}. Let us sketch the lines m + na for the pairs (3,3),(1,4)
and (4,1):

4]

ol
| __/_'_'.':ff
0| e
| -D’/,d'-'-"'
8 L
G| e =
| L L E
I e
I
| .__,.-"' ‘_,-'r-' - N
r s
ol -
E [ il — da+l
I
' 0.5 0 5 2.0 2.5 3.0 T a+4
o —



The mazimum [(«) is the ceiling drawn by the three lines. It follows
the green line in the interval (0,3), the blue line in (1,2) and the red line
onwards.

Now we are ready to state the following lemma:

Lemma 3.4 Given a function H in the form and b as in there
exists an o € RY such that equation (33)) can be written in the following
form:

N
H(a,0,k) = (2km)P@) " g > akam +0alkna) |, (36)
n=0 m:m+an=04(«)

where aj pm # 0 for at least two different pairs (n,m) satisfying m +
an = fB(«a). Furthermore, limg_,o0 d2(k,n, ) = 0. This o will be used in

29).
Proof: Consider the function H(«, 0, k) from equation ([33)).

N,M
H(a,0,k) = Z (2kT)"™ " ay, 1 0"

= Z@" (Z (2km) m+"aak7n7m> .
m=0

Now we split the sum over m into two parts. For fixed n, a part with those
m’s such that f(«) = max, (m + na) and a part with m + an < g(a):

H(a,0,k) Zen( Yoo @) Yagum

m:m~+an=p4(a) (37)

+ Z (2kﬂ)m+"aak,n,m> )

m:m+an<f(a)

To find the zeros of this function we take out the term (2km)?():

N

H(a,e,k):(zkw)WZe“( > kam

n=0 m:m+an=04(x) (38)

+ Z (2k7r)m+"°‘_6(a)ak7n7m) )

m:m+an<f(«a)

12



Now when m + na < (), there holds:
lim (2km)mtre—ple) — g, (39)

k—o0

Therefore we write:

bo(kymy) = > (2km) a0 (40)

m:m+an<f(«a)

and we conclude from , and that:
lim §y(k,n,a) = 0. (41)
k—o00

We still need to prove that ay , m # 0 for at least 2 different pairs (n, m) when
we choose « properly, by this is equivalent to proving that a,,,, # 0 for
those (n,m) for certain a. Looking back at Example we see that this
happens for a = % or a = 2.

Assume h(z,t) has a principal term, where h(z,e*) = H(z). Then for every
a € R, f(a) = M + Na. Here (N, M) is the only pair such that ay  # 0.
Thus if we want that () is attained for more one pair h(z,t) needs to have
no principal term. Consider the finite set b = {(ny,m1), (n2, m2), - -- } where
max; n; = ny = N. Since h(z,t) has no principal term, there exists a term
(ng, ms) without loss of generality such that N = n; > ny for all i # 1,2 but
mo > my. Assume that ny, > n; for all ¢+ # 1,2 where my > m,;. Then for
large o the term ((«) is given by my + Na. If we decrease o however, there
comes a point where:

B(a) = my + Na = ma + naa. (42)

This « is positive as N > nq, ms > my and:

mo — My
=—. 43
=N (43)
As both pairs (N, my), (ng, ms) € b we have ay,, # 0 and a,, m, # 0. This
proves the lemma.

Remark: Note that the construction in the proof may not be the only suit-
able a as we could have alternatively used the minima for the pairs (n,m).
The « derived suffices however. Also note that there might be more than two
pairs that reach the same (a) for some a. Let the exponential polynomial
G(z) = €** + ze* + 2%. Then we have three pairs (2,0), (1, 1), (0,2) which all
reach f(a) =2 for a = 1.

Next we will determine 6 in .

13



Lemma 3.5 Let o be determined in Lemma [3.4 Let by, = aym for any
fized pair (n,m) such that B(a) = m + na with a,,, the coefficients of the
function H(z) (28]). Then there ezists a © # 0 € C where © is a zero of the

polynomial K :
N
= bo". (44)
n=0
Subsequently we use o and © = 0 in .

Proof: Let us restate the following form for H(a,0,k) from Lemma

B.4
N
H(o,0,k) = (2km)*®) > " 9" > apam +oalkina) | (45)
n=0 m:m+an=0(a)
We define: )
bkna i= Qkpm + 02(k,n, ). (46)

We substitute this in , resulting in the polynomial:

K(0) := (2km)" > " by ol (47)

n=0

By (41] . and . we see that da(k,n, ) — 0 and agpm — Gpm. SO We see
that the polynomial Z b;wWQ converges to a different polynomial K (0):

N
= bab". (48)
n=0

For the given «a, () and n only one m exists such that m+an = f(«) so we
have b,, = a, , and by, o — by. This polynomial K has at most N roots by
the Fundamental Theorem of Algebra[A.2] let us denote one such root with
©. To prove that © # 0 we note that by Lemma for our choice of o there
are at least two different pairs (n, m) satisfying m + an = 5(«). This means
there are at least two non-zero coefficients b,, = a,, ,,, which proves we always
have at least one root © # 0. By construction we see that H(«a,0,k) — 0
for sufficiently large k. Therefore we use © = 6 in (26)). This proves Lemma
9.

14



Remark: Recall that we are looking for zeros of the form . So far we
have proven the existence of a suitable o and ©. However the existence of ¢
in poses a problem in the original paper as Pontryagin states that ( =
¢ —0as % but does not provide a proof. In fact this rate % seems unfounded.
Due to the different approximations it is hard to put a maximally allowed
convergence rate on (. In fact we will have to show a weaker version: that
there exists a boundary ¢ such that the real zero lies within the bound

Cof.

The question of the existence of ( can phrased differently: given a suit-
able a and © that solve (48)), we need to prove that the roots of H(z) lie
within a bound of ||¢|| from Zz (27).

Lemma 3.6 Let a be determined from Lemma and 6 be determined from
Lemma (3.5, There is a constant number  such that some zeros with large
real part of H are given by for sufficiently high k.

Proof: We are going to use the Theorem of Rouché[A.4] We define a family
of curves €, with radius ||¢|| centering around Z;. To consider H on the curves
¢k, let us evaluate H(z) instead of H(Z;). We define 65(k, a, ©, ():

N

03(k,,0,0) = Y ©"e b,k n, )

n=0

N
Sy e [0S @k, i |
n=0

m:m+an<f(a)

where we used for 9, the definition in . We substitute © from Lemma
add the contribution of ¢ and this expression for d3 in to obtain:

N
H(a,0,k,¢) = (2km)"@ | Y~ oret > akam | +05(k 0, 0)
n=0

m:m+an=4(a)

(50)
We now have two analytic functions on &€:
N
N(a,0,k,¢) := (2kn)P@ Omes arnm | |,
( ) ( ) ; m:m+§:ﬁ(a) o (51)

Mo, ©,k,C) := (2kn)? 95k, , 0, C)

15



To invoke Rouché’s Theorem we have to find out if the following is true:
|M| < |N| along €. (52)

Since 03 — 0 as k — oo, there is always some K € N such that for all £ > K
condition holds!

Note that |||| can be arbitrarily small but not 0 as for ( = 0 we have
that N(a, ©,k,0) = 0 for very large k.

Therefore for an exponential polynomial H(z) where h(z,t) does not have a
principal term, there exist zeros in the form:

2z, = aln (2km) + 2kmi + In (©) + ¢, (53)

for high enough k. Since « is positive, O is constant and ¢ € C, these zeros
have positive real part. This proves Theorem [3.2]

Note that this theorem does not allow us to precisely calculate the zeros
of arbitrary exponential polynomials with no principal term. It is limited to
showing the existence of infinite roots with positive real term for these ex-
ponential polynomials. A direct corollary to this theorem can also be given:

Corollary 3.7 Consider the TDS in (4)). Let the realisation of this system
be such that both conditions in hold. Then the system is unstable.

Proof: That system has no principal term and by Theorem the cor-
responding exponential polynomial to that system’s characteristic equation
has infinite zeros zg with $(z9) > 0. Therefore it is unstable.
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4 Exponential Polynomials with Finite Zeros

In the previous chapter we found that exponential polynomials without a
principal term have infinite many zeros with positive real part. The corre-
sponding time-delayed systems (TDS) are therefore unstable. In this section
we will look at exponential polynomials with a principal term. Theorem {4.4
asserts a finite amounts of zeros for a polynomial with a principal term within
a certain strip in the complex plane. We will need the following definition of
a homogeneous function:

Definition 4.1 (Homogeneous Function of degree D) A function f :
C" — C 1s called homogeneous of degree D € N if:

Oy, Awn) = AP f(a, @), (54)
for all X € C.

Example 4.2 A polynomial h(s,t) = s*t3 is homogeneous of degree 5 as
h(As, A\t) = Nh(s,t). A polynomial g(s,t) = s*t* + s* is not homogeneous
of degree 5. In fact it is not homogeneous of any degree. We can see that
by assuming there exist some D € R such that g(As, \t) = \Pg(s,t) for all
A € C. Thus we have to solve for D:

NP+ €Ns? = AP (%1% + 6%) . (55)

We see that no such D exists for all A € C.

Lemma 4.3 A multivariate monomial with degree (Dy,--- ,D,,) is defined
as:

M(zy, ..y xy) = 2Pt oo P (56)
If a multivariate polynomial p(x1,--- ,x,) of degree (Dy,---,D,) is homo-

geneous of degree D, then it is a sum of monomials such that the sum of the
degrees of each monomial is D.

Proof: A polynomial is a sum of monomials where a monomial is a poly-
nomial with a single term. Since p(Azy, -+, \z,) = APp(xy, -+, 2,) we can
see that the polynomial is a sum of monomials where the sum of the degrees
of each variable adds up the same number:

N
p(:ﬁ, T 7:ETL) = ZaiMi(xlv U >$n)> (57)

17



where N € N,a; € C and where for each M; we have Z;L D; = D € N.

Now we immediately see that we have D = D. In particular for a bivariate
polynomial f(z,y) homogeneous of degree D, it means that we have the
following general form:

D
Fay) =3 aiy”, (58)
=0

with a; € C.
The notion of homogeneous polynomials will be important in the statement
of the following theorem and its proof.

Theorem 4.4 (Theorem 3 in Pontryagin [5]) Let the polynomial f(z,u,v)
be written as:

m,n=0
where r,s € N and ¢, is a polynomial of bidegree (N, M) such that n =
N + M with real coefficients. Let us denote the ¢-coefficient of 2" by

¢ (u,0) = > (u,v). (60)

Now we let
O%(z) := ¢i(sin z, cos z). (61)

Assume @', is homogeneous of degree n. Assume that ¢, (u, v) is not divisible
by u® + v? for all n,m and that ¢5(u,v) # 0 for some u,v. If e € R is
such that ®:(e + iy) does not take the value 0 for a real y, then in the strip
—2km+ e < < 2km+ €,z = x + iy, the function f(z,sin z, cos z) will have,
for all sufficiently large values of k € N, exactly 4ks+r zeros. Thus, in order
for f(z,sin z, cos z) to only have real roots, it is necessary and sufficient that
in the strip —2km 4+ € < x < 2km + € it has exactly 4ks +r real roots starting
with sufficiently large k.

Proof: We are going to find the number of zeros of z"®$(z) and compare
that number to the zeros of f(z,sin(z),cos(z)). We use a Rouché-like argu-
ment to show the number of zeros is 4ks + r in a large rectangle depending
on k. We will prove that, if the rectangle is large enough, that f has exactly
4ks + r zeros inside this rectangle.
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We are going to prove four lemmas. The proof of the theorem follows natu-
rally as a result of combining the four lemmas.

Since in what follows it is assumed that u = cos (2),v = sin (z), it is natural
to assume that the polynomial ¢” (u, v) is not divisible by u? +v?. If ¢ (u,v)
were divisible by u? 4 v?, we could write it as:

O (1, v) = & (u,v) - (u? +0%) (62)
which becomes after substitution of v = cos (2), v = sin (2):
O (cos (2), sin (2)) = @, (cos (2), sin (2)). (63)

This assumption directly leads to the following lemma:

Lemma 4.5 Let the polynomial ¢} (u,v) be homogeneous of degree n and of
bidegree (N, M). If and only if ", has no factor u® + v*:

o (1, %) # 0. (64)

Proof: The introduction to this lemma suffices as the proof that, given a
factor u® + v?, we have ¢" (1, +i) # 0.

To prove the other direction we note that as ¢ (u,v) is of bidegree (N, M)
it is not constantly 0 for all u,v. Using the homogeneity of ¢, we write for

u #0:
Gl v) = e, (1,5

Next we assume that ¢ (1,4i) = 0 and try to find a contradiction. Let
w = 7, then:

n _,mAn E
¢m<u>v) =u ¢m (1’ 'LL>
=u" oy, (17w) = un(w - Z)(w + Z‘)Q;Zn_z (17 w) )

where we have used the assumption that ¢” (1,4+i) = 0. Here ¢"2 is a
polynomial of degree n — 2 as we have factorized out the two roots in ¢ =
1,7 = —1. Since w = 2, we get:

2
n o -\ Tn—2 _,n U_ Tn—2 E
w — i) (w +0)dp % (1w) = (u2+1)¢m (1.2).
It follows that:

" (i ¥ 1) Gt (LY) = (2 ) 3 (1)),
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To show that ¢” (u,v) has a factor (u? + v?) we need to show that the term
U2 (1, %) is a polynomial. It is clear that ¢™2 is a polynomial in w = u
of degree n — 2. After multiplication with u"~2 we see that all exponents of
the variables u,v are a positive natural number. Therefore ¢ (u,v) has a
factor (v? + u?) assuming that ¢” (1,44) = 0. This concludes the proof.

Theorem assumes that ¢7 (u,v) has no factor (u® + v?) for all n,m. By
Lemma we conclude then that ¢7, (1,4i) # 0.

We will investigate the function ®(z). We will use Lemma to show
that this function has exactly 4ks zeros in a strip —2km +a < x < 2kw +a
for any a € R and k£ € N.

Lemma 4.6 Let a polynomial f(z,u,v) be represented in the form . De-
note the ¢-coefficient of 2" by ¢ (u,v) as in (60) in similar fashion as Theo-
rem[4.4 Then ®$(z) = ¢:(sin(z),cos (z)) has 4ks simple zeros on the strip
2kt 4+a<x<2km+a for anya € R and k € N.

Proof: First we prove that on the strip a < z < 27 + a,a € R the ¢-
coefficient of 2" has exactly 2s zeros. To go from the polynomial ¢3(u, v)
in two variables to ®%(z) in one variable, we first substitute for w, v:

u:%<t+%>, UZ%G—%). (65)

Then later we will use that ¢ = ¢’* results in we have u = cos (z), v = sin (z).
Substituting in the polynomial we get a finite series ¢2(t) for positive
and negative powers of ¢:

~ 1 1 1 1
W=¢ (= (t+>), = (t—=
=0 (5(r+7) 5 (7))
— ,, (1 1\ 1 1
S (3 (1)w(-3))
n=0
We first make use of the property of homogeneity of all polynomials ¢

Gty = 3 e (% ( " }) . (1 - %)) . (67)

n=0

(66)

Similarly:
Git) =t ") (% (t+1), % G 1)) : (68)
n=0
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We now look to find the number of zeros of the finite series ¢%(t). To find
the value of the coefficient of the term ¢°, denoted by b, we proceed by a
limit argument using equation @:

e e N (1 1\ 1 1
=i =ty (3 (10p) 5 (7)) ©

Here for n # s all terms t"~* tend to 0 for ¢ — oco. Therefore we get:

by = & (% ;) . (70)

We use a similar argument using to find for b_,:

A (% %) . (71)

So by looking at the extreme cases of ¢t we have determined that:

~ o o
=0 (535 ) e+ e (55)0 (72)

As we know ¢%(u,v) is homogeneous we can state with the help of lemma

=4 1+ 1\*
5 (5%) - (3) ez 2o

This guarantees the the polynomial tsgz;i (t) has exactly 2s zeros. We can also
see that ¢2(0) # 0.

Let us denote these roots by ti,ts,...,t2s. To return to ®i(z) = 0 we
have to solve e = t;. Then the zeros of e¥¢¢(e¥*) has the same zeros
as ¢3(e¥) = ®3(2). With fixed j, € = t; has exactly one root z; in
the strip a < z < 27 4+ a,a € R. The multiplicity of the zeros is pre-
served. If all ¢; are different, all z; are different too. Then in a larger strip
—2km+a <z < 2km+a,k € N, ®3(z) has 4ks zeros. This proves the lemma.

We will now work to rewrite F'(z) = f(z,sin(z), cos (z)) into:
F(z) = 27®5(2) (1 + 0a(2)) (73)

for a function 0, with d4(2) — 0 as ||z|| = co. More precisely:
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Lemma 4.7 If e € R is such that ®5(e + 1y) # 0,y € R, then there exists
d4 : C — C on the boundaries of the rectangle Py, := {z = x+iy | —2km+e <
x < 2km+e€, —b <y < b} such that the function F(z) = f(z,sin(z),cos (2))
(@) can be represented in the following form:

F(2) = 27®%(2) (1 + 64(2)) . (74)

Here 04(2) — 0 for z on the boundaries of rectangle Py, as k,b — oc.

Proof: We have to find an analytical form for d,4(2) and show that it is
defined properly on the boundaries of Py,. First we find out about the be-
haviour of the equation

Ol (2) = ¢;(cos z,sin z) (75)
for large values of y in z = x + 1y, both positive and negative. We substitute:

(v +iy) = P(2)
¢ (cos (2),sin (2))

_ n 1 1T— —ix+
- ¢m <2 (6 Y _'_ € y) ’

% (eixfy . eim+y)) )

]

Let us first consider the case y — —oo. We use the homogeneity of ¢!, to
obtain:

Oy (x4 iy) = " Ve, <% (14 e 2t2y) % (1— e%ﬂ”y)) .

We shall use a binomial expansion on ¢ (z + iy). Let the homogeneous
polynomial ¢, (u,v) be given in the form (58).

on(u,v) = Z ciM;(u,v) = Z cu'v" " (76)
i=0 i=0
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Here ¢; € C for all 7 are constants. Then for ©v = u; +ue and v = v; + v, and
using the binomial expansion, we get:

o, (uy + ug, v1 + v2)

_ ; . ( (; (;) ufug—k> (Z (" S Z) v{u;‘j> )

£ (R0 ) o
— g ¢ ((u + fin(ur,ug)) (V3" + fia(vi,v2)))

:éq (uhes™ + fialur, un, vr, )

The functions f; 1, fiz : C* — C are bivariate polynomials for all 7. In addi-
tion lim,, o fi1(u1, uz) = 0, lim,, o fi2(vy,v2) =0 for all i =1, 2.

Then f;3: C* — C is a polynomial in 4 variables. For f;3 we have that:
limuwj_,o f3<U1, UQ,’Ul,’UQ) =0 for all k,j = ]., 2.

Let us now set:

1 6—2ir+2y — Z'e—2ix+2y
Uy 2 ) U 2 ) (%] 2 ) (%1 2 ( )
As y — —o0 we see that ug, v; — 0 uniformly; in x. Therefore:
n 1 6—2im+2y Z‘e—2ix+2y —
d n\+4, = i % a) ) ) o 79
o) =Y atia (35— 5 ) (79)

i=0
we have the original results of Pontryagin:

1 —

o) = e (o (35) Folen) . G0
Here 05, : C — C go to zero as y — —00.

By noticing that we could also use the homogeneity of ¢ as follows:

O (¢ + iy) = e ML G (X2 + 1), % (e*==2 — 1)) ,
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We can then follow similar steps and prove:

vt = e (o (13) Haa). 6y

Here ¢, : C — C go to zero as y — oo. We will extend this derivation for
the inhomogeneous function ®%(z) to obtain:

s - oo (s (L1) voen).
i (x +iy) = e St (¢( _i)+58(x y)) (83)

Here both 47,95 : C — C go to zero as either y — 0o or — co. To prove this
we can see by :

®i(2) = P +iy)

= iz +iy)
n=0

s—1

=0 (x + iy) + qui(xﬂy)
SiT—sy ((bs ( ) + 05.5(x,y) +§ZZZ:Z <¢" ( ) + 05.n(x, y)))

(34)
So for:

5=l niz—n
5ie.0) = o) + 3 Sy (91 (303) +Bnle)) . (89

n=0
we get . We can see that:

eniz—ny

esiz—sy

—0 asy— —oc. (86)

Therefore we have indeed that §7(x,y) — 0 as y — —oo since s > n for all n
in the sum. Again for y — oo the proof is similar with:

s—1  _pizdny
o) = o)+ 3 o (00 (3.3) Hooalen) ) (8T)
n=0

We now choose some large &’ > 0 € R independent of x such that ®2(z+iy) #
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0 for all |ly|| > &'. This can be done since ®i(3,%) # 0 and by using (82).

Using equations and we obtain:
O" (z + iy)
— | <1,
®5(z + 1y)
for |y| > b and ¢; > 0 a constant that depends on our original polynomial

f(z,u,v) (b9) and b'. Most importantly this quantity is well-defined, that is,
®%(x +iy) # 0 for large |y|.

(88)

Additionally from equations and it follows that:

O (£2km + € + iy)
Qs (£2km + €+ 1y)

where ¢; > 0 is a constant dependent on f(z,u,v) and the number € € R. In
addition £ € N. Next we denote a rectangle with Py, and define it as:

Pop:={z=x+iy| 2kr+e<zx<2km+e-b<y<b} (90)
Here b > t/. We write the function F(z) in the form:

F(z) = 27®%(2 <1+ Z 7"3; ) . (91)

m,n=0

< Cg, (89)

Here the exponent m — r is negative and therefore, since the term O] is

bounded from above via (88]) and . we see that on the boundary of the
rectangle Py, for sufficiently large k£ and b we can write:

F(z) = 2"®i(2) (14 04(2)), (92)

with 94 : C — C and 04 — 0 uniformly as k,b — oo and

r,s—1

0u(z) = > zm—r?ﬁ@—((;). (93)

This proves Lemma

Corollary 4.8 Let w = iz. If e € R is such that O3 (z + ieg) # 0 for some
x € R, then on the boundaries of the rectangle Py, := {z = x+iy | —2km+e <
y < 2km+¢€, —b < x < b} the function f(w,sin (w),cos ( (@) exists in
the following form:

F(w) = w"®3(w) (1 + §4(w)). (94)

Here §) : C — C and 0)(s) — 0 for s on the boundaries of rectangle Py, as
k,b — oo.
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Proof: We use Lemma [4.7 and take w = iz.

The last part needed to prove Theorem [£.4]is to confirm that the number of
zeros inside the rectangle of F'(z) and 28®3(2) is the same. To prove this we
need the principle of the argument [A.3}

Lemma 4.9 Inside the strip —2km + ¢ < x < 2km + ¢, F(2) has the same
number of zeros as zF®3(z). Moreover this number of zeros is found to be
dks + 7.

Proof: Let € be some closed contour in the plane of the complex variable
z and let g(z) be an analytic function that does not have singularities both
on and inside the contour € and additionally it does not vanish on €. Then,
by virtue of the Principle of the Argument [A.3] the number of zeros of the
function g(z) inside the contour € is equal to the total number of revolutions
around the origin of the vector w = g(z) when the variable z describes the
contour €. Let now §(z) also be analytic on this contour and inside and let
it be defined by g(z) = g(z)(1 + §(z)), where |6(z)| < 1. Consider now the
function g(z,7) = g(2)(1+76(2)) on the same contour € and 7 is a real num-
ber. For a fixed 7 the vector w = g(z,7) describes the amount of complete
revolutions around origin while z runs through the contour €. If now 7 is
continuously varied from 0 to 1 the term (14 746(z)) > 0 and thus the vector
w never turns to 0 and therefore the number of complete revolutions cannot
change. Thus the number of zeros of g(z) and g(z) is the same inside the
contour €.

Now let g(z) = 2"®%(z), € = Py and Lemma follows as the term
(14 04(2)) > 0 for sufficiently large Pjy.

We fix k to a sufficiently large value and we let b — oo. Then we see
that the number of zeros of F(z) and z"®%(z) is the same in the strip
—2km + € < o < 2kr + €. For the function 2"®%(z) this number equals
4ks + r: r zeros from z"; 2s zeros in the strip a < x < 27 4+ a from Lemma
m and subsequently 4ks zeros in a larger strip —2km 4+ a < x < 2k7w + a.
This completes the proof of Theorem [4.4]

We can state another lemma. If we impose more properties from the form of
H(iy) = f(y,u,v)+ig(y, u,v), we get that a linear combination J) ,(y, u,v) =
M (y, u,v) + pug(y, u,v) also fullfills the assumptions that are needed to apply
Lemma [£.6 and thus Theorem [£.4] To be more precise:
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Lemma 4.10 Let the exponential polynomial H(z) (2.1) on the imaginary
axis be written as:

H(iy) = f(y,u,v) +1ig(y,u,v). (95)
Let the polynomials f(y,u,v),g(y,u,v) be given as:
flywo)= > ymeh(uv), gly,uv)= Y y"m(uv). (96)
m,n=0 m,n=0

Let pi, A € R not be simultaneously 0. If:

T8

H(iy) = > amu(iy)™ (u+iv)" (97)
m,n=0
then the term
Wﬁ(“? 1)) = )\¢i (u7 U) + ,wai@b, U) (98)

satisfies the following equation:

75(1, i) # 0. (99)

r

Proof: We write:

‘])\7.“(1% u, U) = )‘f<y7 u, U) + Mg(ya u, ’U)

100
=3 v o) + ),
m,n=0
for A, u not simultaneously zero. This gives for the term (98)):
Yy (u,v) =y (AQ)(u,v) + p)(u,v)) . (101)

To proceed we take a look at the function €™ = (cos(y) +isin(y))" =

(u +iv)™ We put:
(u+iv)" = a"(u,v) +i8"(u,v), (102)

where o, 5" : C?> — C are polynomials with real coefficients and bidegree
(n1,ng2) where n = ny 4+ ny. Then we have:

a"(u,v) = = ((u+ )" + (u—w)"), (103)

N —
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B (u, v) = % (u+ iv)" — (u—iv)"). (104)

Let a and b be real and not vanish simultaneously. Let us define the polyno-
mial 7 : C? — C:

" (u,v) = aa” (u,v) + bG" (u,v). (105)
For all n we see immediately that:
7"(1,44) = 2" H(a £ ib) # 0, (106)

as a and b are real and non simultaneously 0. Before we can apply this,
we have to look at our exponential polynomial, which we assume is of the
following form:

H(z) = Z A2 €. (107)

Let us look at this polynomial on the imaginary axis and split it in its real
and imaginary parts. Let us also set u = cos (y), v = sin (y). Then:

H(iy) = f(y,u,v) +ig(y,u,v), (108)

with polynomials f,g. Then we see that:

s

H(iy) = Z (i)™ (0 + i0)"
_Z Uy + i, )" Y™ (0" (0, 0) + 0" (u, v)) (109)

:f(yv u, U) + Zg(yu u, U)'

!/

Here apn = ay,,, +iay, ., Gy, 5 G, € R. Since we have:

[y, u,v) Zysb (u,0),  g(y,u,v) Zyw (u,v),  (110)

m,n=0 m,n=0

then we obtain for the terms @2 (u,v), ¥ (u,v):

& (u, v) = £(a, ;0 (u,v) — a5 (u, v)); (111)

Ur(u,v) = £(ay 0 (u,0) + a; 5 (u, v)). (112)

28



Where the signs depend on the term ¢" and thus on r. Let now A, i two real
numbers that do not vanish simultaneously, then

(g, w,0) + gy ww) = 3 g™ () + gl (we). (113)

m,n=0

By (105)), (111)) and (112} it follows that

)\Qﬁi(u, U) + M@Df(u? U) = aas(u7 U) + bﬁs(uv U) = ﬂ-s(u’ U)? (114)

with
a= (A, +pa;,), b==x(Aa, — pa,). (115)

r

We see that a and b can not be simultaneously 0. Then by (106) we have
that 7°(1, &4) # 0. This proves Lemma [4.10]

Now we can use the same strategy as in the proof of Theorem [4.4] for
I (Y, u, v) starting with lemma . This shows that the function Jy ,(y, u, v)
has 4ks 4 r zeros in the strip —2km + € < x < 2km 4+ ¢, —b < y < b for some
e € R and for £ € N, b € R large enough.

The difference is that in Theorem we require the polynomials ¢ (u,v)
not to have a factor u? + v? while for this Lemma we require instead
that H(iy) is an exponential polynomial of the form (97). From the form
(97) it is not immediately clear that the real and imaginary components
fly,u,v), g(y,u,v) have no factors u? + v2, therefore this extra corollary has
to be included.
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5 Pontryagin’s Criterium

Recall that we denote our exponential polynomial with H(z). In this chapter
we will prove the main result of Pontryagin: Theorem [5.6] We will consider
the total change of the argument of H(z) as z travels along the imaginary
axis, thus z = 4y. In this chapter therefore we use the following form for

H(iy) :

H(iy) = F(y) +iG(y), (116)
where f(y,u,v),g(y,u,v) are multivariate polynomials such that:
F(y) = f(y,sin (y),cos (y)), G(y) = g(y,sin (y), cos (y)). (117)

We will use the existence of a principal term of H to show that this total
rotation is related to the number of zeros in the plane $(z) > 0. Then
we will use Theorem 4.4 to relate the number of zeros of F(y) and G(y) as
H(iy) = F(y) +iG(y) to the speed of the rotation. For this we will first
define the total rotation and the speed of that rotation.

Definition 5.1 (Total Rotation) Let the vector w = H(iy) be rotated
around the origin as y ranges from a to b. The argument of w s given
by:

S(w)

R(w)

By the fundamental theorem of calculus we can then define the total change
in arg (w) as the line integral from a to b of its derivative. Let us denote this
total change with vy (a,b). Let us have G(y) = S(w) and F(y) = R(w) by
[716. Now we define:

_ [ F(y) G
wulet) = [ (G 00 - Gy gy ) 19

arg (w) = arctan

(118)

The speed 6,%vw((),y) of the rotation vector w at y is given by the formula:

0 _GWF(y) —Gy)F'(y)
oY= e T Ry

(120)

Remark: to evaluate equation (119)), one notes that equation (118]) is the

primitive of equation (120 which means:

% — arctan %

vy(a, b) = arctan Fla) Fb)

(121)
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In addition also note that if w makes a full rotation, for any path 3 that
begins at p € P and ends at p, by the Argument Principle we see that:

a'(z) = 2m
H(2) dz = 2miN, (122)

where N € N is the amount of zeros encircled by . Let us now consider
the total rotation of w = H(iy) along the imaginary axis. The following
theorem considers a large rectangle covering the right side of the complex
plane and uses the argument principle to determine the rotation along
the imaginary axis in relation to the number of zeros in the right side of the
complex plane. By increasing length of the sides of the large rectangle, most
of the contribution to the total rotation along those sides comes from the
principal term of the bivariate polynomial h(z,t) = h(z, e?).

vu () = arg (H(R)) = /m

Theorem 5.2 (Theorem 5 in [5]) Let h(z,t) be a bivariate polynomial with
principal term a,2"t°. Let h(z,u,v) be h(z,t) after the substitutions (65).
Then furthermore denote the ¢-coefficient of 2" by ¢2(u,v) as given in (60]).
Following Theorem [4.4) further we denote:

B3(2) = ¢ (sin (=), cos (2)).

The number of zeros of the function H(z) = h(z,€?) in the strip —2km +¢€ <
y < 2km+e,x>0,2=ux+ iy we denote by Ny where € a real number such
that ®%(x +1€) # 0 for arbitrary real x. We suppose further that the function
H(iy) # 0. We denote by v,(—2km + €,2km + €) the total rotation of
the vector w = H(iy) around the origin when y ranges through the interval
—2km 4+ € <y < 2km+e€. Then:

v~ 2k + €2k + €) = 2 (25k — Ny + g) La(k),  (123)
where dg(k) — 0 as k — oo.

Proof: Consider the rectangle P, defined by the conditions 0 < z < a
and —2km 4+ € < y < 2km + € and estimate the total rotation of the vector
w = H(iy) when z runs counterclockwise along three sides of rectangle Py,
excluding side z = 0. So consider w on the sides bottom, right and top.
Since we have € such that ®(x + ie) # 0 for arbitrary real z, by Corollary
we can write H(z) in the form (73)).

H(z) =2"®5(2) (1 + d4(2)) . (124)
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As the total rotation of H(z) is the sum of the rotation of 2", ®%(z) and
(14 04(2)), we determine these first: In this form d4(z) tends to zero uni-
formly on the three sides considered of the rectangle Py, as k,a — 0. Thus
for k — 00, a — oo the total rotation of the vector w' = (1 4 d4(2)) goes to
0. Therefore the total rotation of w can be written as the total rotation of
w” = 2" P (z) from —2k7m + € to 2km + €

Vo (—2kT + €, 2k + €) = vy (—2km + €, 2km + €). (125)

This is equal to the sum of rotations of z" and for ®%(z). The rotation along
the three sides of Py, of z is equal to

—2km + € 2km + €
arctan T — arctan 0

=, (126)
thus the rotation along those three sides of P, of 2" is 7r.

Since the principal term of H(z) is given by a,.z"€**, the term with the
largest exponent in ®3(z) is given by a,se**. The total rotation of ®:(z)
differs only little from a, ;e®* which amounts to:

i —2 i 2
arctan (s(=2km +¢) _ arctan (s(2kr + ¢)) = 4rks. (127)
cos (s(—2km +€) cos (s(2km + €)

To this we have to add the minor contributions of the other terms in ®2(z)
and 1+ d4(2) to the total rotation. Let us call this contribution dy(k) where
do(k) — 0 as k — oo.

Therefore the total rotation v, (—2km+e€, 2km+¢€) of w = H(z) is dwsk+mr+
dg(k). Since the number of zeros Ny, of the function H(z) inside the rectan-
gle Py, is equal to the number of complete rotations of the vector w = H(z)
when z runs all sides of the rectangle Py,, by equation . Doing the
calculation we get:

U (—2kT + €,2km + €) = 27 <2$k: — Ni, + g) + dg (k). (128)

This proves Theorem

Remark: We have our doubts that the term a, ;e** dominates on P, which
is especially dubious around the imaginary axis where R(z) is small. As an
example, let:

D2 (2) = %% 4 o2 (129)
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for s > 0 € N. Then the total rotation of that part becomes:

sin (s(—2km + €)

cos s(—2km + €
sin (s(2km + €
cos (s(2km + €

+sin ((s — 1)(=2k7m + ¢€))
+ cos (s — 1)(—2km + ¢)
) +sin((s — 1)(2km +¢€))
)+ cos((s—1)(2km +€))

(s —1/2)4km = arctan

(130)

— arctan

~— | — — [ —

If s is relatively small, say s = 2, there is a significant difference. Therefore
we cannot confirm with certainty that the proof of Theorem is correct.

Theorem [5.2f checks the total rotation of w along the interval (—2kmw+e¢, 2km+
€) on the imaginary axis. It turns out that we can also look at an easier in-
terval: (—2km,2km) for large k.

Lemma 5.3 Let w = H(iy). Then vy,(a+¢€,b0+4¢€) = vy (a,b)+di9(a,b) for
a,b,e € R. Here d19(a,b) — 0 for fized € as a,b — oo and w" = a,2"€** for
s, € N and a,s € C a constant.

Proof: It is clear that v,(a,c) = vy,(a,b) + v,(b,c) for a,b,c € C since
equation ([119)) is path-independent. Therefore we can write: v, (a+¢,b+€) =
Uw(a, b) + vy (b, b + €) — vy (a,a + €). Letting a,b — +oo we can use that
Uy(@, b) = vy (a,b) + d10(a,b) for w” = a,2"e**. This we can in turn split
up in the rotation of 2" and of e¢**. Then we see:

vy (a,a + €) = arctan w + rarctan ate
cos (s(a +¢€)) 0

_ arctan (M) _ rarctan (%) (131)

cos (sa)

=3se.
For b — oo we do a similar calculation and find the same:
Uy (b, b+ €) = se. (132)

Then we see: vy,(a + €,0+ €) = vy (a,b) + vy (b,b + €) — vy (a,a + €) +
d10(a, b) = vy (a,b). Thus we end up with:

Uw(a + €,b+ €) = vy (a,b) + d19(a,b), (133)

proving Lemma [5.3]
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Remark: This proof has the same possible issue as the proof of Theo-
rem specifically the assertion that v,(a,b) = vy (a,b) + d19(a,b) for

w/// — ar7SZTesz .

If we add the assumption on the exponential polynomial H(z) that
O3 (2) = I(2) = a, €% (134)

thus only consists of a single term, we can be sure that the arguments in
Theorem [5.2] and Lemma [B.3] are correct.

The next lemma contains the most important idea of Pontryagin as he relates
the direction of rotation to the properties of zeros.

Lemma 5.4 Let us assume that v, (—2km,2kn) = 7(4dwks + 7mr) + 611(k)
where vy, (a,b) is defined in with 7 = £1 and 611(k) — 0 as k — oo.
Let w = H(iy). Let A\, € R not simultaneously zero and define a line in the
w-plane by the equation:

AR(w) + pS(w) = 0. (135)

Then all zeros of N\F(y)+uG(y) are real and simple and do not exceed 4ks+r
in number. In addition we have the inequality:

T(G'(W)F(y) = Gy) F'(y)) > 0. (136)

Proof: By Lemma [£.10] and Theorem we see that there exists € € R
such that the function J) ,(y,u,v) = Af(y, v, v)+pg(y, u,v) has 4ks+r zeros
in the strip —27k + € < y < 2km + e. Now we see that if v(—2km,2km) =
T(4rks + wr) + 611, for k — oo, the vector w = H(iy) intersects every
line of the form exactly 4ks + r times. At every intersection we can
write w = Af(y, u,v)+ug(y, u,v) and we know that this function has exactly
4ks+r zeros. Since we have as many intersections as zeros we can assert that
all these zeros are simple. All the zeros are also real since each intersection
happens for one value of y € R. Since this works for every line of the form
(135) we see that the speed of the argument never shifts signs and
therefore we have the concluding inequality:

T(G'(y)F(y) — G(y)F'(y)) > 0, (137)
for all y. Lemma [5.4]is proved.
We will prove one more lemma before we can turn our attention to Pon-
tryagin’s main theorem. This lemma asserts that, given the inequality (137)),
the zeros of G(y) and F(y) alternate.
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Lemma 5.5 Let F(y) and G(y) be the real and imaginary part of H(iy), our
exponential polynomial of interest on the imaginary axis. Let F(y) and G(y)
have only simple zeros. Let two functions have alternating zeros if and only if
each of the functions has no multiple zero and between every two zeros of one
of these functions there exists at least one zero of the other and the functions
are never simultaneously zero. The zeros of F(y) and G(y) alternate if
holds.

Proof: Let 7 = 1in (137). Then the speed of the rotation vector w = H (iy)
is always positive and therefore

_ G (y))
arg (w) = arctan (F(y) (138)
always increases. Let G(y) = 0 for some y. Then arg(w) = 0. Since
the argument always increases it eventually becomes 7/2 at which point
F(y) = 0. Geometrically it then becomes 7 for which G(y) = 0 again and
so the loop continues as the argument increases. The same argument applies
when 7 = —1 where arg (w) always decreases. None of the zeros of G(y) or
F(y) can be multiple as we have assumed only simple zeros.

Theorem 5.6 (Theorem 6 in Pontryagin [5]) Let H(z) = h(z,e*) where
h(z,t) is a polynomial with a principal term. The function H (iy) is now sep-
arated into real and imaginary parts; that is. we set H(iy) = F(y) + iG(y).
Let us add the assumption in . If all the zeros of the function H(z) lie

to the left side of the imaginary axis, then the zeros of the functions F(y)
and G(y) are:

o Real;

o Alternating: each of the functions have no multiple zero and between
every two zeros of one of these functions there exists at least one zero
of the other and the functions are never simultaneously zero;

e ForeachyeR: G(y)Fly)—Gy)F'(y) >0 (139)

Moreover, in order that all the zeros of the function lie to the left of imaginary
axis, it is sufficient that one of the following conditions be satisfied:

o All the zeros of the functions F(y) and G(y) are real and alternate and
the inequality (139) is satisfied for at least one value of y.

o All the zeros of the function F(y) are real and for each zero y = yo
inequality (139) is satisfied, that is, F'(y0)G(y,) < 0.
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o All the zeros of the function G(y) are real and for each zero y = vy
inequality (139) is satisfied, that is, G'(yo)F (y,) > 0.

Proof (—): 1If all the zeros of H(z) lie to the left side of the imaginary
axis, we have by Theorem and Lemma that v, (—2km +€,2km 4+ €) =
vy (—2km, 2kT) = Amks+mr +dg(k) for k — co. Then by Lemmal5.4 we have
7 = 1 and thus inequality . In addition by Lemma for special cases
A=1,u=0and A = 0,4 = 1 we have that since Af(y,u,v) + pg(y, u,v)
has only simple and real zeros, F(y),G(y) also have only simple and real
zeros. Finally by Lemma we have that the zeros of F(y) and G(y) are
alternating.

Remark: To prove the () direction, Pontryagin asserts that, because the
functions F(y) and G(y) are alternating and real, the inequality holds.
If then the inequality is found to be true for one value of y, we can
establish that 7 = 1 and the argument of w increases in counterclockwise di-
rection. The rest of the proof is very similar to (—), involving intersections
with lines and invoking Theorem [5.2] again.

It remains out of grasp to confirm Pontryagin’s assertion that holds
under these circumstances. It is very imaginable that, even though the ze-
ros of F(y) and G(y) alternate, for values of y in between two such zeros
the argument switching signs. There also seems no straightforward addition
assumption to alter Theorem [5.6]

Remark: Unfortunately the practical side of Theorem [5.6]is to either check
each zero of F(y) or G(y) and check inequality (139)). To adequately review
this part, more research is needed. It is possible to adjust the assumptions
to:

1. All the zeros of the functions F'(y) and G(y) are real and alternate and
the inequality ([139) is satisfied for all y.

This would allow us to prove the converse. Even then it is not clear that the
second and third point lead to this new assumption 1.
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6 Conclusion

In this report we have showed proofs of Pontryagin’s theorems in modern
mathematical language. We saw a link between characteristic functions of
time-delayed systems (TDSs) and exponential polynomials. We saw that hav-
ing a principal term was necessary for stability as without such a term the
corresponding TDS is guaranteed instable. We then saw a theorem bounding
the number of zeros in a strip in the complex plane of polynomials, which
we used to prove a wonderful argument relating that number of zeros to the
intersections of the image of the exponential polynomial on the imaginary
axis with a collection of straight lines.

We also saw some gaps in the proof. We saw that it is not necessarily
true that ¢ converges to 0 with convergence rate 1/k. We also saw that
the dominating term on the rectangle in Theorem seems to be a error
that is not easily repaired since the proof of Theorem relies heavily on
the equality between the number of zeros and number of intersections. Fur-
thermore we were unable to verify the proof of the sufficiency of the three
conditions to have all zeros of H(z) lie on the left of the imaginary axis.
The main problem here was that alternating zeros do not necessary lead to
a monotonous increase/decrease in the rotation. More research is definitely
needed on this problem. Finally Theorem [2.§ has not been formulated to its
maximal strength. That is, no criterium has been derived on the rank of the
other polynomials p;. We recommend further research into this topic.

The goal of this report was to clear up Pontryagin’s theorems and formulate
them in a more modern style. After reading this report the reader knows the
mechanisms behind the theorems and the topics which have not been fully
enlightened.
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A Compendium of Theorems and Definitions

This appendix contains well-known theorems and definitions used in the text
for reference.

Definition A.1 (Multivariate Polynomials) A multivariate polynomial
f in the variables (xy1,- - ,xz,) of multidegree (D1, -- ,D,) with D,,n € N
1s a function f: C" — C such that f has the following form:

D1 Dy,
flayg, - x,) = Z e Z akl,---,knﬁlfl .. ‘xﬁ”, (140)

k1=0 kn=0

with ag, ...k, € C and k; € N for all i € N.

Theorem A.2 (Fundamental Theorem of Algebra [10]) A polynomial
P(z) of degree n has n values z; for which P(z;) = 0.

Theorem A.3 (The Principle of the Argument [7]) Let f(z) by a mero-
morphic function on an open set € and C' is a closed curve on €2, contractible
to a point in Q). Furthermore let n(C, z) be the winding number of C' around
z and we have:

1 f'(z) , O o
ﬁ%f(z)dz_zz: (Cr2) =D n(C.2) (141)

P

Where the summation of the first term goes over all zeros of f(z) inside €,
multiplied by their multiplicity and the summation of the second term goes
over all poles of f(z) inside € multiplied by their order. For an analytic
function f, so no poles, in and on € the interpretation of this theorem might
also be seen as the amount of revolutions are the origin of the vectorw = f(z).

Theorem A.4 (Rouche [7]) If two functions f(z),g(z) C — C are ana-
lytic on and inside a closed contour € and |g(2)| < |f(%)| everywhere on €,
then f(z) and f(z) + g(2) have the same number of zeros inside €.
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