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Stability Conditions for Coupled Oscillators in Linear Arrays

Pablo E. Baldivieso* J. J. P. Veerman'
February 20, 2019

Abstract

In this paper, we give necessary conditions for stability of flocks in R. We focus on linear arrays
with decentralized agents, where each agent interacts with only a few its neighbors. We obtain explicit
expressions for necessary conditions for asymptotic stability in the case that the systems consists of a
periodic arrangement of two or three different types of agents, i.e. configurations as follows: ...2-1-2-1 or
...3-2-1-3-2-1. Previous literature indicated that the (necessary) condition for stability in the case of a
single agent (...1-1-1) held that the first moment of certain coefficients governing the interactions between
agents has to be zero. Here, we show that that does not generalize. Instead, the (necessary) condition
in the cases considered is that the first momentum plus a nonlinear correction term must be zero.

1 Introduction

Linear arrays of agents, or particles have been studied in many areas such as flock formations, see [13], [16]
and vehicular platooning, see [3], [6], and [T1]. In this paper, we direct our attention to flocks in R, namely
N cars driving on a one-lane road. These equations have the following general form

G- L6 1)

where [ is the N x N identity, L, and L, are N x N so-called Laplacian matrices. The symbol z is used for
the N positions of the agents on the line. This equation is meant to express the idea that the acceleration of
the kth agent depends on the positions relative to it of some of his neighbors — this is expressed through the
matrix L, — and on the velocities relative to it — expressed through L,. Agents whose response depends
only on positions and velocities relative to them are called decentralized. The fact they are decentralized
implies that L, and L, have row-sum zero. Hence they share many charateristics with the usual Laplacian
operator (for details, see [I0] and [15]). Ultimately, what we want to know is the behavior of the flock when
the following happens. For ¢ < 0 the flock is in equilibrium, that is: z; = 0 and Z; is constant. For ¢ > 0, the
first car changes its velocity, and the others “try” to follow.

But here a double complication arises. First, L, and L, do not (generally) commute, and thus we have
no analytical means of solving these equations, and second, there may be non-trivial boundary conditions at
the beginning and end of the flock.

This problem was partially overcome in [4] and [5]. In those papers a series of conjectures was proposed
that relate solutions of the system on the real line (with non-trivial boundary conditions) to solutions of
system on the circle (i.e. periodic boundary conditions). The reason this simplifies the equations is that for
systems on the circle, the Laplacians L, and L, become circulant matrices. Since circulant matrices can
be simultaneously diagonalized ([I4]), this renders the system on the circle, at least in principle, soluble by
analytical means. Note that this takes care of both problems just mentioned, because on the circle there is
no boundary, and, hence, no dependence on boundary conditions. That is: any quantitative outcome of the
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theory will be independent of boundary conditions. Naturally, flocks with few agents may be substantially
influenced by boundary conditions. So, the theory that results from using the circular flocks to understand
flocks on the line is asymptotic in IV, the number of agents in the system. That is to say, it gives a
prediction for the trajectories of the individual agents; and the relative difference between predicted and
actual trajectories should go to zero as the number of agents, IV, tends to infinity.

Thus we can solve these systems on the circle. The delicate part in this, of course, is to find out how
exactly to transition from solutions in the circular flock to solution of the flock on the line. This is described
in the conjectures formulated in [5]. These conjectures are quite detailed, but in spirit they are akin to the
traditional “periodic boundary” approach commonly used in physical systems [I]. However, physical systems
such as crystals have symmetric interactions, whereas the equations we consider (generally) do not. Indeed,
it is quite reasonable to allow for the possibility to react differently to a trajectory of car behind than to
a car in front. As a result, the validity of the “periodic boundary” approach commonly used in physical
systems does not imply validity of the conjectures in [5]. However, fairly extensive numerical testing has
been performed by [5], [9], and [§], to the effect that in all simulations, the theory appears to have been
confirmed.

The theory developed in [4] and [5] can also be used to develop a necessary condition for stability of the
flock. Let P be the parameter space, then such a condition typically has the form f(p) = 0 where f : P — R.
Let us take as example the systems studied in [4] and [5].

Be=go | 2+ D paithas | 00 | 2+ D puithis | - (2)
70 370

Here, the assumption is that all agents are equal, and so each agent interacts the same way with the kth agent
in front (or behind) it. Due to the Laplacian property of L, and L,, we have Ej;&o Pzj = Z#O pv,j = —L.
What was proved in [4] is that if 3=, pa ;i # 0, then for large N the system on the circle is unstable. The
conjectures in [5] then imply that if that condition holds, then for large N the system on the line has some
form of instability. This means that either the system on the line is unstable (Definition [T]), or it is stable
but has a transient that grows exponentially in N, the number of agents (Definition [[2)). This was called
flock unstable in [5]. Both types of instabilities are undesirable if we want to have large efficient traffic flow.
Thus ;o pe,j = 0 is a necessary condition for stability (though generally not sufficient).

Thus, it seemed that there was a very general principle that first moment of the coeffients of the spatial
Laplacian L, to the stability of the system. This was confirmed by [9] and [8] in more detail and accompanied
by extensive simulations. In looking to prove such a far-reaching statement, we, very unexpectedly, found
that for more complicated systems — presented in this work — that statement is generally false. In what
follows, we will show that for certain systems where we allow more than 1 type of agent, a necessary condition
for stability may still be derived, but its form is more complicated than the previous papers led to expect.
Corollaries B.1] and 2.1] show that in the cases at hand, a nonlinear correction to the first moment needs to
be taken into account. We also present numerical simulations to show that, in spite of this, the predictions
to which the theory developed leads us, are still asymptotically (for large N) accurate.

This is of considerable importance if one studies the effect of non-symmetric interactions in these systems.
Indeed, these formulas show that, surprisingly, stability is a co-dimension one phenomenon! Thus, without
the help of these formulae, it would be nigh impossible to find stable flocks with non-symmetric interactions
(in the spatial Laplacian) by experiment, and one might be tempted to conclude that there are none. On the
other hand, the non-symmetric stable interactions are important, because they allow us to further optimize
these systems for applications. In addition, they provide qualitatively new types of solutions (see [g]).

For future reference, we need a definition of stability. In consequence of the fact that L, and L, are
Laplacians, we see that for arbitrary constant z¢ and vg (@) has a solution z; = xg +vot. This is desirable for
a flock. It does mean, however, that the matrix associated with this linear system must have a Jordan block
of dimension 2 associated to the eigenvalue 0. In this paper, we will call a flock stable if all other eigenvalues
have strictly negative real part.
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Figure 1: Periodic arrangement of flock with three types of agents, labeled by 1,2, and 3. At time t = 0, the
first agent start moving to the right.

Definition 1.1. The system () is linearly stable if it has one eigenvalue zero with geometric multiplicity
one and algebraic multiplicity two, and all other eigenvalues have real part less than zero. The system is
unstable if at least one eigenvalue has positive real part.

Definition 1.2. The system () is flock-stable if it is linearly stable and if transients grow less than expo-
nentially fast in the number of agents. It is called flock-unstable if the growth is exponential.

2 Periodic Arrangements with Nearest Neighbor Interactions.

Linear flocks in R of type ...1-1-1 with nearest neighbor interactions have been thoroughly studied ([5], [9]).
The necessary condition for stability is that the first moment of the coefficients of the spatial Laplacian
must be zero. For flocks of type ...2-1-2-1, the same is true. Details of the latter can be found in [2]. Here
we will look at the arrangement ...3-2-1-3-2-1. Thus we consider of linear arrays with 3N (IV of each type)
(@)

agents in which each agent interacts with its nearest neighbors. The quantities z; are the deviations from

the equilibrium position at a fixed distance from the leader (or “positions”, for short). the quantities z'J(-i),
1=1,2,3,and j = 1... N are their derivatives with respect to time.

The equations of motions for each type of particle are (see Figure [I)):

AV = g (49 4 02 4 5D 20)) 4 gD (20 1 0 4 o) 29,)

£9 = g (22 1 22 + o) z(-l)) +4® (P 4o 1 2, 0) 3)
9 = g (9 1 020, 490 12D 4 g (29 1 0, 4 0,22

We assume the flocks to be decentralized, that is: the acceleration of an individual depends only on observation
relative to that individual. For example, the first of the equations in equation (3]), should be thought of as:

50 = g [p;p ( @ _ 0 >) s (25331 —z§.1>)} O [ o (-(2) _25_1)) ey (Zfi)l _25_1))} ,

This leads to the following constraints: for ¢ € {1, 2,3}

PO+ =1, P el =1 (4)

We will assume that gg(gl), 93(52), g; ), gf,l), 91(,2), and 91(,3) are real numbers.

According to the strategy described in the introduction, instability in the system with periodic boundary
condition will imply some form of instability (Definition [[.T] or Definition [[2]) in the system on the real line
if N is large. Thus our task reduces to deriving a criterion for instability for the system, given periodic



boundary conditions. The system subject to periodic boundary conditions is described as follows.

2D 0 0 0 I 0 0 Z2(D
2(2) 0 0 0 0 I 0 e)

d | z® 0 0 0 0 0 I e
e e 0 O I W e I B R S i N POl
2%) g )pi) L[ 471 gé )0 iI giQ)pf, I O Rt 2%
7(3) 9;3) ()1P 9;3) i3111 9(53)1 91()3) (7%P+ 753) 5}3111 9753)1 7(3)

where P and its inverse P_ are N x N permutations matrices

01 0 - 0 0 0 -~ 0 1
0 0 1 . o 1 0 0 .0

Py=|: "~~~ ofl, P-=l0o 1 - -~ |- (6)
0 0 1 : 0 0
1 0 0 0 0 0 1 0

We will abbreviate equation (Bl simply as

)00
27rm

Definition 2.1. From now on, we set ¢,, = =2, m € {0, - — 1}. When there is no ambiguity, we will
often drop the subscript from ¢,,. We let v, be the n-vector whose jth component equals €% .

Proposition 2.1. The eigenvalues v and associated eigenvectors w,(¢n,) of M satisfy

€1Vm

€2Vm

€3V,
VELV,
VeV,
VeV,

u, (¢m) =

For each m € {0,--- N — 1} given, there are siz eigenpairs (counting multiplicity) determined by solving the
following equation for v and €;:

OO RN oo + g (60 +rgDpl 2 —a .
@D | 4 gD p® 02 4 ug® 02 0202 1 g p3 el =10
(6905 + vl <3>) 0 g® @ 4@ NONNCII €3 0

Proof. From equations (Bl and (), we see that an eigenvector (:) associated to the eigenvalue v satisfies

z=vz. Now P} =1, and so €»m and v,, are the eigenvalues and eigenvectors of Py, and e ~**= and v,, of
P_. Then by substituting u, into (B, one sees that these are the eigenvectors of M.
For the second part, we can write

Mu = vu, (8)

substitute the form of the eigenvector just derived, and substitute that in equation (B]). We obtain three
non-trivial equations (from the last three lines of (fl)), which can be simplified and rearranged to give the
second part of the proposition. O



In short, we can find all eigenpairs by setting to zero the determinant of the matrix in Proposition 2.1l We

obtain a polynomial @ of degree six in v. In its full glory, the polynomial is more than a little cumbersome.
() _ ,2)

From now on, we take superscripts g and p modulo 3. For example, g»° = ¢, ’. This allows us to manage
the expressions a little better.
Definition 2.2. Let a, b, ¢, d, and t be real numbers, define

D(a,b,c;t) = abe(e™ —1) — (1 +a)(1+b)(1 +c)(e ™ —1),

E(a,b,c,d) = ab(1+c+cd) .

The following Lemma is the result of substantial bookkeeping which we leave to the reader.

Lemma 2.1. When ¢ = 0, the matriz of Proposition [Z] has determinant Q(v) equal to

L2 T B gD, 0, 04
—v? Zfﬂ B, g8, o0, ol D) 1 B(g, gt pl) plit )
A Y [0 4 B, g8 pl plt)

Iy Z§:1 gél)

-8 1

The full expression of the constant term of Q(v) is ao(¢), where

ao(¢) = 9V 9P 9P DM, 0, 05 9) -

To simplify the statement of the main results further, we also need the following definition.

Definition 2.3. For j and k positive, we define

k) (k) (k) (k) — (k)
zj_pmj+pz 'and ﬂm,j: zg pmfj'

Because of the constraint [@l), the a’s are equal to 1 in this case (but not in the next section).

Theorem 2.1. If any of the following conditions are violated, then for large N, the system given by @) on
the czrcle zs not stable

(1) gz ;ﬁOg #0, andg()yé()and
(i) zi” VB 0l ) 0 and

(i4) Zﬁ —i—HB
(

Proof. We start with part (i). Suppose for example that gm) = 0. Then the first row of the matrix in
Proposition [Z.1] has a factor v. Since the determinant is a linear function of the rows, it follows that the
determinant of that matrix also has a factor v. This implies that the zero eigenvalue has multiplicity of at
least N, contradicting Definition [T}

Suppose (i7) is false. Then for ¢ = 0, we get multiplicity 3 for the eigenvalue zero. This violates Definition
[T (In addition, we may get eigenvalues with positive real part, if Corollary applies.)

Part (ii7) must hold, because if we assume part (i7), then by Lemmal[ZT] the system satisfies all conditions
of Proposition B2, except the condition that a((0) # 0. That proposition implies instability, and so to avoid
the system from being unstable, we must have a((0) = 0. Part (¢) plus the second part of Lemma 2] then
imply

2

9 o/
8¢D(pm17pwl7pml7 |¢ 0 =0.



Use Definition 2.3] and the constraints (), to substitute

i 1 /.G
2= L (59 -1) )
in this equation. Part (ii) follows by differentiation and setting ¢ = 0. O

Now, the conjectures in [5] state that instability on the circle implies some form of instability on the line.
It seems unlikely that the system on the line can be stable if one of the g,’s is zero. However, we have no
proof of this. Thus we have to formulate the corollary for systems on the line carefully.

Corollary 2.1. The conjectures of [3] imply the following. If gg(cl) #£0, gg(gz) #0, and gg(c3) #0 and

3

3
o+ I8 #o,
=1

i=1

then for large N, the system on the line given by[3 has some form of instability (Definitions 11l or[1.3).

5000 5000
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Figure 2: a) Boundary Condition Type I. Mazimum amplitude of —221.0 at t = 244.6. b) Boundary Condition
Type II. Mazimum amplitude of —220.8 at t = —244.4. ¢) Dynamics of a flock unstable system.

The surprise is that the first moment Zzz:l ﬁg)l apparently needs an unexpected cubic correction,

H?:1 ﬁg(;)l We perform simulations to see if this conclusion is borne out by simulations on the real line
(independent of reasonable boundary conditions).

Similar to what was done in []], we consider two sets of boundary conditions. We will call them Type
I and Type II boundary conditions. Since we want to maintain the centralized character of the systems,



both sets of boundary conditions must maintain the “Laplacian” property, namely that row-sums of each

Laplacian are zero. Type I adjusts the central coefficients pi)o, and pg))o on the boundaries as follows:

M =0

49 = o (<29 1 8, + g (2,40 4,22

In Type II boundary conditions, we keep the central coefficients pi)o, and p,

the remaining coefficients accordingly:

() o equal to 1 and we adjust

D=0
(3 99(53) ( (3) ZJ(\?)) +g753) (ZJ(?) _ Z](V2))

We run simulations of the system in R considering these two boundary conditions with initial condition:
270) = 27(0) =0 except 2M(0)=1.
Figure 2h) and Bb) are a numerical simulations on the line with parameters satisfying Corollary 2Tk

N =60 (of each type), 3(51) = ga ) = 99(63) =1
P =06, p®) = —08, p = —0.142857..., p1) = p&) = p%) = —0.3

Thus Zl 1 ﬁw 1 = —0.0858, while ZZ 1 651 +Hl 1 51 1 = 0. So it is far from satisfying the first, but satisfies
the stability condition derived in this section. From the figures, it is apparent that the system is stable, and
that the outcome is largely independent of the type of boundary condition.

On the other hand, Figure [Z) shows the dynamics of a flock unstable system. Here, the parameters

N =60 (of each type), g(gl) = 3(52) 9(3) -1
pl) = 0.6, pi) = —08, pY) = —0.1, p{") = p{* = p{¥) = ~0.3

satisfy 2?21 ﬁg(f)l = 0, but not the condition derived in this section.

3 Periodic Arrangements with Next Nearest Neighbor Interac-
tions

Next nearest neighbor interaction means that an agent can see up to two agents in front and behind it.
Although such systems with identical agents were included in [], they were more thoroughly studied in [§],
where it was shown that for certain parameter values, these systems can generate so-called reflectionless
waves. In this section, we consider the stability problem for the more complicated case of flocks of type
...2-1-2-1 with next nearest neighbor interaction (see Figure 3.

As before, we formulate the system with periodic boundary conditions and analyze the condition for
instability. With the same notation as before, the relevant equations of motion become

£ = o0 4 0 2, el 4l

+980 (2 <1’+p(” <2’+p5311z<_’1 + ot + o a5h)

(2 2 2 1 2 2 2 2
80 = 9P + o020 + o0 + e+ e0a0)

(10)

2 2 1 2).(1 2 2 2) .(2
+g<2>(“ <,> 50+ o+ elaAD + oAt



=4 i=3 j=2 ji=1

EERNONOJJolfe ) @ O O O—

Figure 3: Periodic arrangement of flock with two types of agents, labeled by 1 and 2. FEach agent uses
information from four others; the arrows indicate information flow. At time t = 0, the first agent start
moving to the right.

Because we assume the equations are decentralized, we get the constraints:

2 2
>oo=-1, > =1 (11)

J=-2,j#0 J=-2,5#0

As before, the system can be written more compactly as (7). But now M is given by

0 0 I 0
0 0 0 I
SOBD [ (IAD [ (OB [ ,WAD | - (12)
;Q)A;Q) gf)Bg) g§2)A5,2) 1(,2)B782)

The N x N matrices A and B are defined below in terms of the permutation matrices Py of (@). All matrices
A and B are circulant N x N matrices. Thus in the basis v,, given in Definition 2.I]is an eigenbasis for all,
and the eigenvalues are trivial to compute. We list all matrices and their eigenvalues here.

A = plaT 4 L) P N (9) =gy + ol e

AD = 14 C0P M (8) = o2, + pZe

AL =T P AO(@) = o)+ p0 e

AP =p 14 P, AD(6) =, + e

BY —T+,0 P+ 0P, 4D(g) =1+ p0) z¢+p()_ e (13)
B —I—i—p( )2P —l—p(Q)PJr : u§g2)(¢) = 1+p( ) ’¢+p( ) pe i

B%” 1 {0, 40Py WD) =14 e ol e

BUQ) =TI+ p(z) 2P + p(z)P+ : M1(12) (¢) =14+ p(z) i¢ + p(2) e~
The following proposition is derived in the same way as the analogous proposition in the previous Section.

Proposition 3.1. The eigenvalues v and associated eigenvectors w,(¢.,) of M satisfy

€1Vm

€2Vim
VeIV
VeV,

uu(¢m) =

For each m € {0,--- N —1} given, there are four eigenpairs (counting multiplicity) determined by solving the
following equation for v and ¢; (we dropped the argument ¢ ):

GO NN SO B C SN DN CO B INEY (61) - (0)
RONCIN 9752%2) FONCERCINCIRNEY B 0)



Lemma 3.1. When ¢ = 0, the matriz of Proposition [31] has determinant Q(v) equal to

2 [+ v (gal +9Pal?) + (g0al] + 9Pl -

)

The full expression of the constant term of Q(v) is ao(¢), where

ao(9) = 992 (1P ()2 (6) = XD (@A (9)) -

Proof. The full determinant of the matrix in Proposition B.lis equal to

1 gg® (40, @ \0y@
b (596 (10U~ xOND) + g0g (40D — NDAR))
(1)

—g:(ﬂl) uzl — g:(f) u:(f) + 9751)91(;2) (uil)quz) - )\782))\782)))

413 —91(;1)#5;1) _ 95)2)#5)2))

+vt 1
Now set ¢ = 0. From (I3)) and recalling Definition [23] we see that for r € {z,v} and i € {1,2}:
p0) =1+ and AD(0) = arl)

Note that the constraint (I)) gives for r € {z,v}

1+a +al =0 = —u0)=29(0) =al .
Substituting this, and some algebra, yields the Lemma. O

The next results are entirely analogous to the ones in the previous section, and we mention them almost
without comment or proof.

Theorem 3.1. Let gg(g ) and gg(g ) be real numbers. Then necessary conditions for stability of (I0)) are

(z)gm 750 cmdg #0, and
(i) g&' 9(2) ® >0, and giVall) + gPal?) > 0 and

(111) oznl ( et 2[3%2) ;1)1 (ﬂxl + 2[390,2) -

Proof. By and large, this proof is very similar to that of Theorem 2l Part (ii) is now more easily derived
by explicitly solving for the zero in Q(v) when ¢ = 0 (see Lemma[BT)). In (iii), it is best to differentiate the
formula in the second part of Lemma [B.] directly. The derivatives of the X’s and u’s are easily expressed
directly in the o’s and §’s. O

Corollary 3.1. The conjectures of [3] imply the following. If gm ;é 0 and gm 75 0 and
o} (B +2603) + all] (8% +281) 40,
then for large N, the system on the line given by [Q) has some form of instability (Definitions[I 1l or[1.2).

Denoting the first moment of the coefficients pm - of agent of type i by M®) we can reformulate this
condition as:

MO L@
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Figure 4: a) Boundary Condition Type I. Mazimum amplitude of —303.9 att = 314.7. b) Boundary Condition
Type II. Mazimum amplitude of —303.1 at t = 314.3. ¢) Dynamics of an unstable system.

Thus, we see that the first moment apparently needs a quadratic correction. Again, we do some experiments
to make sure that this phenomenon actually occurs in the simulations.

As before, we also check for dependence on (non-trivial) boundary condition. In type I boundary condi-
(4)

tions, the central coefficients p, |, and pff;)o are adjusted.
M =0
( ) = g:(nl) ( (ngl)l + p:(nl,)—l + chl)—z)zj(\}) + P(l) @+ p:(nl)—lz(2) + P(zl)—ﬂ](\}) 1)
gl (= o+ )+ A 0+ 0 )
(2) =g (PQ(EQ,)_1+P( ) +p(2)) (2) —|—p( ) (1) —|—p( ), )—f—p( ) (2 ))
0 (2 2+ oA A0+ 00 4 )
~(2) =g —(pf)_rl—p@) ,)% (2)4_/)502)_1 (1)+p;2)_22(2) 1)
+ 9P (=020 +pP )30 + o120 + 025200 )

For Type IT BC, we keep the central coefficients chi,)m and Pq(j,)o equal to 1 and we adjust the remaining

10



coeflicients accordingly such that the sum of coefficients is zero as follows:

..(1) —0
z](\}) = gg) ( Dy pg%z](\?) + pi )_121(\?) -1+ p(l) + pi )_1)21(\}) 1)
g (0 + 05D + ) 22— (140 450 20)
52 _ggz) NOCIwE >+p502>12<1> (1+p(2) o))
2 (49 o200 o2 1 o2 f2)57)

2 2 2 2 2 2
iy = i) o+ (00 + ill)zx’+(p§c%+p§12>z](v’1)

+9@ (50 + 0+ A0 + (0 + )20 )
We run simulations of the system in R considering these two boundary conditions with initial condition:
270)=270) =0 except #M(0)=1.

Figures dh) and @b) show the dynamics of a system with next nearest neighbor interactions and boundary
conditions Type I and Type II respectively. The parameters were chosen to satisfy Theorem [3.1] as follows:

p{) = —0.0833---, pl") | = —0.25,p{") = —0.333--- , p{"), = —0.333- -

p?) = —0.45,p7 | = —0.15,p0%) = —0.20, p{” , = —0.20

P = =0.30,p = =0.70,p1) = 0,9\ = 0 (14)
P2 = =0.30,p7) = =0.70,p) = 0,9, = 0

N =200 (of each type), g{t) = ¢g{2) = (V) = ¢{» = —1

x x v

On the other hand, Figure dkc) shows the dynamics of a system in R with an evident instability of some
type. All parameters are the same as in the previous simulation just above except

) = —0.30,p0), = —0.25,p") = —0.25, 9", = —0.20
@) @) ) _ ) (15)
) = 030, | = —0.55,p{) = —0.10,p?), = —0.05 .

These were chosen to satisfy Zze{l 2} B + 2[3 5 =0, but not the condition of Corollary [3.11
Appendix
Proposition 3.2. Forn > 2, define Q,, as follows:

Z ai(t)z" 4+ 2a1(t)z + ao(t) ,
i=2
where the a; are analytic functions on R modulo 2w. Assume further that
ao(0) =a1(0) =0 and a2(0)#0 and ap(0) #0.
Then there is a neighborhood N of the origin and an € > 0 in which the zeros of {Qn(t)}re(—e,c) form two

differentiable curves intersecting orthogonally at the origin.

11



50

,"(‘d)llz

Figure 5: The curve v, around zj 4 (t) (solid) which itself is on a curve tangent to /ct (dashed).

In particular, it follows that near the origin, the solutions form a perpendicular cross and thus at least one
on the arms of the cross extends into the right half-plane.

Proof. We start with n = 2. In this case, we can write out the solutions:

—a1 £ \/—apas + a? a a? a
2a(t) = — Y =Y
az a2 apaz a2

Let us define a curve §(t) to be tangent to a curve n(t) at the origin for ¢ = 0 if §(0) = 7(0) = 0 and

a(t) —n(t
L - a]
=0 |n(t)|
One checks that we need all the assumptions on the coefficients a;, i € {0, 1, 2}, to show that z4(¢) is tangent
I
0

to £, -0l

as(0)

We proceed by doing n—2 induction steps. Given @,,, we form all the intermediate polynomials {Qx}7_,.
Consider t € N, = (—e¢,¢) for € small. We wish to prove that ¢ € N, the solutions of @}, form two curves

ag(0)
az(0)

We proved the statement holds for n = 2. The induction hypothesis is that the above statement holds for
some fixed k € {2,---n—1}. Fix an arbitrarily large L. Then fix € > 0 small enough, so that the conditions
in the following hold. @y has no other zeros in an 2\/@ neighborhood. So in the \/@ neighborhood, Qy
can be written as (z — 2+ )(z — zx._ )Qx(t, 2), where |Q(t, )| > %|C~2;€(0,0)| # 0. Let v1(s) be the curve
zi+(t) + M e’s. By the induction hypothesis, zj +(t) are tangent to 4-/ct. Now we have for € small
enough

2+ (t) tangent at the origin to £4/— t which we will from now one denote by ++/ct. See Figure

Jana (BT < Jaksa (D] [z s (DFFE 14 LHRH
< 2lag(0)] 2|5
|Qr (L)l = |vo — 2o+ 72 — 26— | |Qk(t,72)| where Qx(0,0) #0

‘Zk,z(t” |Zk7+(t)(1 4 % eis) _ Zk)—(t)| |Qk(t,2)|

VI T [0(0.0)]

- 2L 2 2

Thus we can choose ¢ small enough so that, on v, |ars1(t)z**1| is smaller than |Qx(z)|. Since neither
function has poles, Rouché’s theorem [12] implies that ajy1(t)z¥T 4+ Q(2) has the same number of zeros
inside 7y, as does Qg(z), namely one. Thus Qx+1(z) has a unique zero within ~;. Since we can do this
for any value of L (at the price of making e small enough), it follows that zx+1,4(¢) is tangent to z 4+ (¢)

12



and hence to v/ct. Since we need only finitely many induction steps to get to Zn,+(t), the statement of the
proposition follows. O

We also need the following Corollary. The proof is similar, except that the base case now is not quadratic
anymore. This complicates the first step of the proof. Since our main results do not depend on it, the details
of its proof will appear elsewhere.

Corollary 3.2. Forn >k > 2, define Q,, as follows:

n k—1
Que) =3 a3+ i)z
i=k i=0

where the a; are analytic functions on R modulo 2m. Assume further that
Forie{0---k—1}: a;(0) =0, and ar(0)#0 and a;(0)#0.

Then there is a neighborhood N of the origin in which the zeros of Q. form k differentiable curves intersecting
at equal angles at the origin.
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