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Pseudospectral approximation of Hopt bifurcation for delay
differential equations

Babette de Wolfff Francesca Scarabel! Sjoerd Verduyn Lunel? Odo Diekmann?

Abstract

Pseudospectral approximation reduces DDE (delay differential equations) to ODE (ordinary differ-
ential equations). Next one can use ODE tools to perform a numerical bifurcation analysis. By way of
an example we show that this yields an efficient and reliable method to qualitatively as well as quan-
titatively analyse certain DDE. To substantiate the method, we next show that the structure of the
approximating ODE is reminiscent of the structure of the generator of translation along solutions of the
DDE. Concentrating on the Hopf bifurcation, we then exploit this similarity to reveal the connection
between DDE and ODE bifurcation coefficients and to prove the convergence of the latter to the former
when the dimension approaches infinity.

AMS SuUBJECT CLASSIFICATION: 34K18, 37M20, 65P30, 65103, 92D25

1 Introduction

Numerical bifurcation analysis [16] 21] is nowadays a powerful method for analysing dynamical systems that
arise in applications. For ordinary differential equations (ODE) trustworthy tools, such as Auto [I] and
MatCont [8], exist (here ‘trustworthy’ indicates that they are tested and maintained, i.e., adapted when the
software or hardware environment in which they are embedded changes). For delay differential equations
(DDE) there are trustworthy tools too, e.g., DDE-BIFTOOL [6] and KNUT [20], but these can handle only
specific classes of DDE, such as equations with point delays, and it seems fair to say that both maintenance
and testing is somewhat vulnerable, because it relies on the efforts of just a few individuals, if not just
one. So if we manage to systematically approximate infinite dimensional dynamical systems corresponding
to DDE by finite dimensional systems corresponding to ODE, we may lose some precision in the numerical
bifurcation analysis, but we would be able to handle a much larger class of equations.

In [2] pseudospectral approximation is advocated as a promising approach to achieve exactly this. The
aim of the present paper is to make a next step by verifying that the generic Hopf bifurcation in DDE is
faithfully captured by Hopf bifurcations in the approximating ODE systems. Our theoretical results concern
the limit when the dimension of the approximating system goes to infinity. In practice we of course at best
verify that a bifurcation diagram remains essentially unchanged when the dimension is increased by a finite
amount (for example doubled). The theoretical results generate confidence that the bifurcation diagram of
the approximating ODE captures the DDE dynamics if it is robust under increase of the dimension.

In the following we take a famous example from mathematical biology, namely the ‘Nicholson’s blowflies’
equation, as a testing ground to illustrate some features of the approach. However we remark that the
methodology presented here (pseudospectral approximation combined with software for bifurcation analysis
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Figure 1: Stability diagram of and its pseudospectral approximation for 7 = 1 and h(z) = e~ *. The
horizontal black dashed line indicates the transcritical bifurcation in and its pseudospectral approx-
imation. The Hopf bifurcation curves are computed analytically, both for the DDE (black solid) and the
pseudospectral approximation (colors), see Appendix. The different values of w specified along the Hopf
bifurcation curve are the imaginary part of the characteristic roots on the imaginary axis at the Hopf bifur-
cation. The black crosses refer to parameter values used in Figure

of ODE) can be applied in a much more general setting: it is indeed a promising procedure to study differ-
ential equations with distributed, state-dependent, and even infinite delays [2| I8 [15], as well as nonlinear
renewal equations [3] and first order partial differential equations [28]. The advantage of considering Nichol-
son’s blowflies equation in this context is due to the fact that explicit comparisons are possible, both with
analytically computed quantities and with alternative numerical approximations, as will become clear later
on.
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2 A motivating example: ‘Nicholson’s blowflies’ equation

In the paper [I7], Gurney, Blythe and Nisbet showed that Nicholson’s classic laboratory blowfly data are in
good quantitative agreement with various characteristics of solutions of the DDE

N'(t) = —uN(t) + BN(t — T)h(N(t — 7)), t>0. (2.1)

Here N corresponds to the size of the population of adults, where newborns become adult after a mat-
uration delay 7. The parameter p > 0 refers to the per capita death rate and § > 0 to the maximum per
capita egg production rate. The graph of the recruitment function N — Nh(N) is assumed to be humped.
This form reflects scramble competition for the experimentally controlled limited amount of protein resource:
female adults need a certain quantity of protein in order to be able to produce eggs.

So has a very respectable background in population biology. Here we want to demonstrate that
the pseudospectral methodology enables a quick and efficient numerical bifurcation analysis of with
relatively little effort. In addition we shall pay attention to the accuracy of the approximation. Equation
is rather well suited to do so, as several features (in particular the stability boundary in a two-parameter
space, see Figure|l) can be derived analytically.



Using the pseudospectral technique, equation ([2.1) is approximated by a system of n + 1 ODE for the
variables yo, . . ., Yn, where the first equation reads

Yh = —uyo + BYynh(yn), (2.2)

and captures the rule for extension (2.1]), with yo(t) and ys, (t) approximating N (t) and N (t—7), respectively.
The remaining n equations are needed to describe translation along the solution, and are in fact independent
of the specific delay equation. We refer to Section [ for the details of the pseudospectral approximation.

Under the assumption that A is decreasing and vanishing at infinity, with 2(0) = 1, for every § > p there
exists a positive equilibrium of both equation and the corresponding approximating system. Moreover,
for both equations the stability boundaries of the positive equilibrium can be computed analytically in a
two-parameter plane. The detailed calculations of the stability curves are carried out in Appendix [A]

We find that for § < p the trivial equilibrium is asymptotically stable and the population goes extinct.
For 8 = p the trivial and non-trivial equilibrium exchange stability in a transcritical bifurcation. If we
then follow a one-parameter path in the (u, 8/u)-plane that crosses the Hopf bifurcation curve (see Figure
transversally, the positive equilibrium of loses its stability in a Hopf bifurcation. Figure (1| gives
the stability diagram for and its pseudospectral approximation, for various values of the discretisation
parameter n.

One of the main advantages of the pseudospectral approximation is that the resulting system can be
analysed with software for the numerical bifurcation analysis of ODE. Throughout the following sections, we
will illustrate the obtained results by comparing analytical computations for with numerical bifurcation
results of the approximating ODE. In Section [§] we will explore the dynamics beyond the Hopf bifurcation
curve and show that, using numerical approximations, one can transcend a pen-and-paper analysis and
investigate more complex objects like periodic solutions and their bifurcations.

In the following sections we will study the convergence of the approximations in the limit n — oco. In this
perspective, Figure [I] and later figures lift up our spirits by showing that, in practice, the approximation of
the stability curves and associated quantities is extremely good already for low values of n.

3 The Hopf bifurcation theorem: a quick refresher

In this section, we recall the Hopf bifurcation theorem for general ODE and for scalar DDE.
Consider the ODE

(1) = Al@)z(t) + f(z(t),0), £ 0 (3.1)

with a € R, A(a) : R? — R? linear and f : R? x R — R? for some d € N. We summarise the relevant
requirements on A and f in a hypothesis.

Hypothesis 1.
1. f:RIx R — R? and a — A(a) are C* smooth for some k > 3;
2. f(0,a) =0 and Dy f(0,a) =0 for all a € R.

Theorem 3.1 (Hopf bifurcation theorem for ODE). Consider system (3.1) and assume that Hypothesis
is satisfied. If there exist ay € R and wy € R\{0} such that

1. iwg is a simple eigenvalue of A(ap);

2. the branch of eigenvalues of A(a) through iwg at o = ag intersects the imaginary axis transversally,
i.e., the real part of the derivative of the eigenvalues along the branch is non-zero. If we denote by
p,q € CN\{0} vectors such that A(ag)p = iwep, A(ag)Tq = iwgq and q-p = 1, then this condition
amounts to

Re (q- A’(ao)p) # 0;



3. no other eigenvalue of A(ag) belongs to iwoZ,

then a Hopf bifurcation occurs for o = ap. This means that there exist C*=1 functions € — a*(€), € — w*(e)
taking values in R and e — x*(e) € C(R,RY), all defined for e sufficiently small, such that for o = a*(e), x*(€)
is a periodic solution of with period 2w /w*(€). Moreover, a* and w* are even, a*(0) = ap, w*(0) = wy
and if x is a small periodic solution of for a close to ag and minimal period close to 27 /wy, then
z(t) = z*(e)(t + 0%) and o = a*(€) for some € and some 0* € (0,27 /w*(e)).
Moreover, a* has the expansion o*(€) = ag + azoe® + o(€?), with azy given by
Rec

az0 = " Re (q- A'(ao0)p)

with
¢ =50 DEF(0,00)(p,p.B) + 4~ D(0, 00) (- Alas) ™ DR (0, 00)(v.9). )
+ 54 D0, 00) (2icio — Alaw)) D1 (0,00) (p,1) 7).

We refer to the coeflicient aqg as the direction coefficient and to the coefficient ¢ as the Lyapunov coefficient.
In the expression for the direction coefficient, the denominator captures whether the unstable dimension of the
steady state increases or decreases as we vary the parameter across the bifurcation point. At the bifurcation
point, the steady state is not hyperbolic; provided the Lyapunov coefficient is non-zero, it determines whether
the steady state is stable or unstable at the bifurcation point.

Next we consider the scalar DDE
2/ (t) = L(a)xy + g(xg, ), t>0. (3.2)

with state space X = C([-1,0],R), @ € R a parameter, L(«) : X — R a bounded linear operator and
g: X xR — R. Without loss of generality, we have taken the maximal delay to be 1. We summarise the
relevant requirements on L and ¢ in a hypothesis.

Hypothesis 2.
1. g: X xR — R and a — L(a) are C* smooth for some k > 3;
2. g(0,a) =0 and D1g(0,) =0 for all & € R.

Under this hypothesis, system (3.2) has an equilibrium = = 0 for all @« € R. The linearisation of (3.2))
has a solution t — e if and only if A is a root of the characteristic equation

Ao\, ) =0 with  Ag(\, @) := X — L(a)ey, (3.3)
where €y € X denotes the exponential function
ex(0) =e, e -1,0]. (3.4)

The roots of the characteristic equation correspond to the eigenvalues of the generator of the linearised
semiflow of (3.2), cf. [II] Section IV.3].

DDE lik can have only a finite number of characteristic roots on the imaginary axis, resulting in
the existence of a finite dimensional center manifold. On this finite dimensional center manifold, which is
by construction invariant under the flow, the DDE reduces to an ODE. This allows one to ‘lift’ the Hopf
bifurcation theorem from ODE to DDE. This is done in detail in [I1, Chapter X], in this section we just
state the main result. For further references see [24].

Theorem 3.2 (Hopf bifurcation theorem for scalar DDE). Consider equation (3.2)) and suppose that Hy-
pothesis is satisfied. Moreover, suppose that there exist ag € R and wy € R\{0} such that



1. iwg is a simple root of Ag(\, ) = 0;

2. The branch of roots of Ag(A, ) = 0 through iwy at o = g intersects the imaginary azis transversally,
i.e. the real part of the derivative of the roots along the branch is non-zero. This condition amounts to

Re (Dle(iwo,Oéo)_ngAo(iWQ,040)) 7é 0;

3. no other root of Ag(\, ag) = 0 belongs to iwoZ,

then a Hopf bifurcation occurs for a = . This means that there exist C*~'-functions € — a*(€), € = w*(€)

with values in R and a mapping € — z*(e) € C(R,R), all defined for e sufficiently small, such that for

a = a*(e), z*(e) is a periodic solution of with period 2w /w*(€). Moreover, a*,w* are even functions,

a*(0) = ap, w*(0) = wp and if x(t) is any small periodic solution of for a close to ag and minimal period

close to 2w Jwy, then a = a*(€) for some € and there exists 0* € [0, 2w /w*(¢)) such that x(t) = z*(€)(t + 6%).
Moreover, a* has the expansion a*(€) = ag + asoe> + o(€?), with azg given by

Recy
20 = Re (D1 Ao (iwo, cvg) LDy (ito, o))
where
o =(D1 A, 00) ™ D3g(0, 00) (6, 6,9)
+ (D1 A(iwo, a9)) "' Dig(0, an) (™ Ao (0, a0) "' DFg(0, o) (6, 8), ) (3.5)
+ (D1A(iwo, ao))_léD%Q(Q ap) (€0 Ao (2iwp, arg) " D7 g(0, a0) (¢, B), b))
with ¢ := €y, .

4 Pseudospectral approximation

In order to approximate the infinite dimensional dynamical system corresponding to the DDE (3.2)) by a
finite dimensional ODE, we first approximate elements of the state space

X =C([-1,0),R)

by polynomials interpolating their values in a chosen set of mesh points —1 =0,, < ... < 0y = 0. Here, we

fOCuS on the ChebySheU nodes
7 2 n ) = j = . .

The corresponding Lagrange polynomials £; : [—1,0] — R are defined by

0—0,, .
6oy = ] g “1<0<0, i=01....n (4.2)
0<m<n J m
m#j

The properties

. Ui
Y 4(0)=1 and ej(ei)zaijz{ ne=d (4.3)
=0 0 ifi#j

make the Lagrange polynomials suitable building blocks for interpolation.

A DDE is a rule for extending a known history. It defines a dynamical system on the state space of
history functions by shifting along the extended function, i.e., by updating the history. This involves that we



distinguish the time variable ¢ from the bookkeeping variable 6, needed to describe the history. In particular,
we approximate

n

a(t+0)~ > 40)y;(t), —1<6<0. (4.4)
=0

For the left hand side of (4.4)), the derivative with respect to ¢ equals the derivative with respect to . The
idea of collocation is to require that this is also true for the right hand side of (4.4 at the mesh points

Or,k =1,...,n. This condition leads to the following system of differential equations
un(t) =Y G0k)y;(t), k=1,...n. (4.5)
j=0
By defining
D:R" —» R, Dij =05(6:), 4,j=1,...,n (4.6)
and taking into account that implies that
lo(0) == £5(0)
j=1
we can rewrite 7 using the notation 1 = (1,...,1)T € R”, as
y' =Dy —yoD1, (4.7)

where y is the n-vector with components v,k = 1,...,n. Note that is universal in the sense that it
does not depend on the specific DDE under consideration.

The differential equation approximately captures the translation aspect of the dynamics. The
equation for yo (corresponding to the value of x in 6y = 0) captures the specific rule for extension specified
by the DDE. Define P : R®™ — X and Py : R x R®™ — X as, respectively,

n
(Py)(0) = ;(0)y;, (4.8)
j=1

(Po(y0,9))(8) = yolo(8) + (Py)(6), (4.9)

where £, j =0,1,...,n, are defined by (4.2). We add to (4.7) the differential equation
Yo = LPo(y0,y) + 9(Po(y0,v)) (4.10)

to mimic the specific scalar DDE

2/ (t) = Lay + g(xy) (4.11)

with L : X — R bounded linear and g : X — R.

So we approximate the infinite dimensional dynamical system corresponding to (4.11) with the finite
dimensional dynamical system generated by the ODE (4.7) & (4.10). This is summarised in the following
definition.

Definition 4.1. The pseudospectral approxzimation to the parameterised DDE (recall (3.2))
' (t) = L(a)xy + gy, ) (4.12)

is given by the parameterised system of ODE

() =@ (9) + st (o) 120 (1.13)



where A, (a) : R x R” — R x R™ is given by

Ap(a) = (L_(ngo L(aD)P> : (4.14)

Here yo € R, y € R™, Py is defined in (4.8), Py(yo,y) is defined in (4.9)), the matrix D in (4.6), and the
dimension n is a parameter that we have suppressed in the notation and in the terminology.

Clearly if T is a steady state of , then has a steady state yo = T, y = T1. Conversely, if
(Yo, 7) is a steady state of (4.13), then (since D is invertible, see below) necessarily J = 7,1 and hence
Py (Y, 7) is the constant function taking the value g, cf . Therefore 7, is a steady state of . So,
steady states of and are in one-to-one correspondence.

Note that in the pseudospectral approximation (4.13)), the nonlinear terms only appear in the equation
for yo and hence the range of the nonlinear perturbation is contained in a one-dimensional subspace. The
formula

t
y(t) = — / yo(T)e" TP D1 dr

— 00
expresses y explicitly in terms of yo when we consider yo as given on (—oo,t]. If we substitute this into the
differential equation for yy, we obtain a DDE with infinite delay [I2]. Note that periodic yo yields periodic
(with the same period) y. The remark about steady states amounts to: constant yg yield y(t) = yol.

Characteristic equation
If g(0,) = 0 and D;1¢(0, ) = 0, then the linearisation of (4.12)) around zero, i.e.,
2'(t) = L(a)xy, t>0 (4.15)

has, as mentioned before, a nonzero solution of the form z(t) = e* if and only if ) is a root of the characteristic

equation .

The linearisation of the pseudospectral approximation of around zero has a nontrivial
solution of the form e*((y,¢)” if and only if A is an eigenvalue of with eigenvector (o, ¢)7, i.e. if and
only if

Ao = L(a)(Goto + PC) (4.164)
A = D¢ — (D1 (4.16b)

has a nontrivial solution ((p,¢) € C**!. For X in a given right half plane of C, D — I is invertible for n
large enough, cf [13] [31]; see also [10]. Equation (4.16b)) then implies that

C=C((D-X)"'D1 (4.17)
and inserting this into we obtain that
(A= L(c) (¢o + P(D — XI)""D1)] ¢y = 0. (4.18)

This shows that eigenvalues of A,,(«) as defined in (4.14)) correspond to roots of the characteristic equation
Ap(Aa) =0 with A,(\,a):=AX—L(a)(lo+P(D—\)"'D1). (4.19)

Here the subscript n in the definition of A, (A, &) specifies the dimension of the approximation. If A is a root
of (4.19), then a corresponding eigenvector of A, («) is given by

(ps,) = (1,(D — X\)"'D1). (4.20)

The correspondence between eigenvalues of A, («) and roots of A, (A, &) = 0 is analogous to the corre-
spondence between eigenvalues of the generator of translation along solutions of the linearised DDE ((3.2)
and the roots of the characteristic equation Ag(A, ) = 0.



Hopf bifurcation for the pseudospectral approximation

In order to relate Hopf bifurcation for the DDE to Hopf bifurcation for the pseudospectral approxi-
mation , we first reformulate Theorem for ODE of the special form .

The resolvent of A,(a): C x C* — C x C" defined by the complexification of can be computed
explicitly. From (A — A, (a))~(¢o, Q)T = (no,n)T it follows that

Go = Ao — L(a)lono — L(a) Py (4.21a)
¢ =M+ D1lny — Dn (4.21b)

Since D — Al is invertible for large enough n, we can solve for 7 in terms of ¢ and 7y from equation (4.21b))
and substitution of the result in equation (4.21a)) then yields

(M —A,(a)! (?) =An(X\, @) (¢ +L(a)P(M— D) () <(D 3 A})1D1> + ((M —OD)lg> . (4.22)

If Ap,(A\ a) =0and D1A, (A, a) # 0, the residue of the right hand side of (4.22)) in A defines a projection
operator

C -1 -1 1
Qn <£> = DlAn()\va) (CO —G—L(Q)P()\I - D) C) <(D _ )\I)_1D1> (423)

which is of the form
- 1
Qn (?) = (q* ' CO +QC) ((D _ /\I)_lDl)

with (g., )" the adjoint eigenvector to the eigenvalue A of A, (), normalised such that

(q+, q) - (ﬁ) = 1.

Since L(a)Py = Y_"_, L(«)¢;y; we find that

1 1

= f=— (M —D™1 : ) 4.24
1 DlAn(/\aa), 1 DlAn()‘va)(AI b ) ’ ( 2 )

L(a)¢,

We can also compute the adjoint eigenvector from (4.14), giving the same result.

Recall the condition
Re (- A'(a0)p) # 0,
in Theorem [3.1} From the definition of A, («) in (4.14]) we obtain

Do L(a)t, DaL(a)P> _ (4.25)

() = (P {

So using the definitions for the right eigenvector (p.,p) and the left eigenvector (g., ¢) in, respectively, (4.20)
and (4.24), for A = iw, it follows that

(gx,q) - A'(a) (5) = —D1 A, (iw, @) " Do A,, (iw, ).



Finally observe from (4.13]) that the nonlinearity only acts in the first component of the equation. Therefore
the formula for ¢ in Theorem [3.1] becomes in the present setting

) 1 _
c :DlAn(u‘}aa) . iDifg(0,0é) (Pop, P0pa Pop)

+ D1A, (iw, o)™ - D?¢(0, @) (—Po (A(a)—l (é)) Dig(0, ) (Pop, Pop), Pop)

+ D1 A, (2iw, )7t - %D%g((), a) (PO ((2@ — Ala)™! (é)) D3g(0,a)(Pop, Pop),Pof))

with p = (1, (D — iw)~1D1). From ([4.22)) it follows that

_ -1 (1Y _ —1 1
0= @) (o) =80 (o 31y 1pa)
We are now ready to apply Theorem to the pseudospectral approximation (4.13)).

Theorem 4.1 (Hopf bifurcation in pseudospectral ODE). Consider the system (4.13|) and suppose that
Hypothesis[3 is satisfied. If there exist oy, € R and w, € R\{0} such that

1. iwy, is a simple root of A, (A, ) = 0;

2. the branch of roots of A, (A, @) =0 through iw, at a = «,, intersects the imaginary azis transversally,
i.e., the real part of the derivative of the roots along the branch is non-zero. This condition amounts to

Re (DlAn(iwn, an) Do A, (i, an)) #0,

3. no other root of A, (N, ap,) = 0 belongs to iw,Z;

then a Hopf bifurcation occurs for a = cu,.
Moreover, a* as in Theorem has the expansion o*(e) = a, + Aon€> + 0(62), with asy, given by

Rec,
Re (DlAn(iwn, ) "I Da A, (twy,, an))

agn =
with

. 11 _
Cn :DlAn(lwnz an) 1§D:13.g(0a an) (POpa P0p7 Pop)

) _ _ 1 _
+ DlAn(“‘)na an) 1D%g(07 an) (An(07 an) 1*PO (1> ng(O, an)(Popa POp)7POp>

. 11 . _ 1 _
+D1An(zwnaan) 1§D%g(07an)(An(21wnaan) 1-PO ((D—innl)_lD].) D%g(()?an)(POpaPOp)vPOp)-

(4.26)
and p = (1, (D —iw,) "1 D1) the right eigenvector to A, (ay) with eigenvalue iw,.

In the following sections we investigate the issue of convergence.

5 Approximation of spectral data of linear problems

Comparing the characteristic equations (3.3)) and (4.19)), we see that the following result from [, Proposition
5.1], [, Lemma 3.2] is relevant; we include its proof for completeness.



Lemma 5.1. Let U C C be a compact subset, then there exists a C' > 0 such that

1 /C\"
-1
| (o +P(D—=M)""D1) —e5|| < NG (n) (5.1)
forn € N large enough, A\ € U and €y defined as in (3.4)).
Proof. Putting d = ¢y + P(D — AI)~1D1 or equivalently
d(0) = 4o(0) + > _L;O) [(D-AD)T'D1],  -1<6<0,
j=1

and using (4.3)) we can write
df) =1+ Zlej (0) (D=A)"'D1-1) .
=
This shows that for k =1,...,n

d (0y) = zn:ij (D=AI)"'D1— 1)j
[;) ((D—=AI)"'D1-1)]
A(D—=AD)"'D1],
Ad(6r).

k

So d satisfies the identities

d(0) =), 0=6,...,0, (5.2)
d(0) =1. )
On the other hand ¢, is the solution of
y(0) = 1.
For j=1,...,n, let Zj be the Lagrange polynomials with respect to the nodes 64, ...,0,, i.e.
~ 0— 0,
¢;(0) = , —-1<6<0, j=1,....n
0; — 0,
1<m<n
m#j
and define the operator
Li: X =X, Lap = £;()0(6;)
j=1
Then (5.2)) gives
d = \L,d. (5.4)
Moreover, define the operator
0
K X=X, (K&)0)= [ o(s)ds

10



Since y = Ky’ + 1, (5.3)) gives
Y =ANKy +1). (5.5)

Similarly, since d = Kd' + 1, (5.4) gives
d' = AL Kd + ), (5.6)

where we have used that L, 1 = 1. Substracting (5.5)) from (5.6} yields
en =AL,Ke, + (L, — 1)Ky . (5.7)

with e, =d —v'.

For ¢ € X, K¢ is a Lipschitz function and it follows from standard interpolation theory that lim,, o, L, K =
K in operator norm, see for example [27, Sections 4.1-4.2].

Since K is Volterra, (I —AK) is invertible for A € C. Therefore (I — AL, K) is invertible for n large enough
and lim,, oo (I — AL, K)~! = (I — AK)~!. From here it follows that the sequence (||(I — AL, K)™||)nen is
bounded and that we can uniquely solve for e,,:

en = (I = AL, K)"*\(L, —I)Ky'. (5.8)

The boundedness of the sequence (||(I — AL, K)™}|)nen and standard error estimates for polynomial inter-
polation (note that Ky’ is analytic) give that
A"

A
/
(L =D Kyl < €,

for some C' > 0; see for example [27, Theorem 1.5]. Together with Stirling’s formula this then yields the
error estimate (|5.1)). O

Corollary 5.2. Let Ag(\, «) and A, (N «) be given by, respectively, (3.3) and (4.19). Then

lim A,(\a) = Ap(A ) uniformly for (X, o) in compact subsets of C x R.

n— oo

Next we will exploit the fact that both Ag and A,, are analytic functions in A to prove convergence of
the derivatives as well, as n tends to infinity. First an auxiliary lemma.

Lemma 5.3. Let hg: C — C and h,, : C = C, n € N, be analytic functions such that

ho(z) = nh—>120 hin(2) uniformly for z in compact subsets of C.

Fiz k € {0,1,...} and denote the k-th derivative of h by %) then

li_>m AR (z) = h(()k)(z) uniformly for z in compact subsets of C.
n o0

Proof. Let K C C be a compact subset and let » > 0 be such that K C B(0,r); let ' := 0B(0,r). By the
Cauchy Integral Formula, we have that

B (2) = — /F Mnls) g ho(z) = — /F fols) 4

T2 Jp (s —2) " 2mi Jp (s —2)

for all z € K. This yields that

1 hn(s) 1 ho(s)
(k) (5) = ! B () = — 1 [ 294
hy(2) 2m’k' /1‘ =) ds, hy ' (2) 27m'k' /F =2 ds

11
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Figure 2: Equation (2.1)) with 7 = 1 and h(x) = e~ ": eigenvalues at the positive equilibrium for p = 3
and different values of 8 as indicated at the top (corresponding to the three black crosses in Figure . The
eigenvalues are approximated with MatCont.

for k € {0,1,2,...} and z € K. Since K, T are compact sets and K NT" = @, we find that there exists a § > 0
such that |z — s| > d for all z € K,s € T'. Thus, we see that

1 27r
k!W 5161113 |hn(8) — ho(s)] -

S

h9(z) — i (2)| <

n =2
Since by assumption lim,, oo iy (8) = ho(s) uniformly for s in compact sets, we now conclude that

lim h{P(z) = h{" (2)

n—oo

uniformly for z € K. O

Corollary 5.4. Let Ag(\, ) and A, (A, «) be given by, respectively, (3.3) and (4.19)). Then
lim D1A,(\ ) = D1Ap(\, ) uniformly for (X, «) in compact subsets of C x R.

n—oo

6 Hopf bifurcation in the pseudospectral limit

In the following, we denote a generic Hopf bifurcation by the triple (o, w,as), where « is the bifurcation
point, iw the eigenvalue on the imaginary axis and as the direction coefficient. Here we use the word generic
to indicate the three standard conditions (1. simple eigenvalue; 2. transversal crossing; 3. non-resonance)
and we do not require that the direction coefficient is non-zero. To show that the Hopf bifurcation in the
pseudospectral approximation is a faithful representation of the Hopf bifurcation in the DDE, we have to
answer the following questions:

Question 1. If the DDE has a generic Hopf bifurcation (cg,wo, az), do the pseudospectral ODE have Hopf
bifurcations (o, Wn, @ap) with limy, oo (0, wy, a2, ) = (o, wo, azo) ¢

Question 2. Vice versa, if the pseudospectral ODE have generic Hopf bifurcations (au,, wn, agy) with
lim (an7 Wn, a2n) = (aﬂa wo, (lgo),
n—oo

does the DDE have a Hopf bifurcation (ag,wo, asg) ?

Answering these questions involves checking the following conditions:

1. At the bifurcation point, there is a simple eigenvalue on the imaginary axis.

12
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Figure 3: Equation with 7 = 1 and h(z) = e™*: log-log plot of the error in the detection of Hopf
point (bullets) and in the approximation of the imaginary part of the rightmost eigenvalues at Hopf (circles),
at u = 3. The errors are calculated by requiring a tolerance of 10~° in MatCont computations, and by
calculating the absolute value of the difference between the MatCont output and the analytic values. Note
the exponential decay until the accuracy 10719 is reached.

2. This eigenvalue on the imaginary axis crosses the axis transversely if we vary the parameter.

3. At the bifurcation point, there are no eigenvalues in resonance with the eigenvalue on the imaginary
axis.

4. Convergence of the direction coeflicients.

We first answer Question 1. To check conditions 1 and 2, we use the following lemma, which can be
viewed as a version of the Implicit Function Theorem with a (discrete) parameter living in N. It is inspired
by [26, Theorem A.1] where the parameter belongs to a general metric space.

Lemma 6.1. Let hg : R* — R? and h, : R = R n €N, be C! functions with

ho(z) = lim h,(xz) and Dho(z) = lim Dh,(x) uniformly for x in compact subsets of R%.  (6.1)

n—00 n— oo

Given a compact subset U C R%, let (p)nen = (pn(U))nen be a sequence such that
|hn(z) — ho(2)|| < pr for alln € N and x € U. (6.2)

Assume that there exists o € R? such that ho(zo) = 0 and Dho(xq) is invertible. Then there exists a
sequence (xn)nen such that for n large enough, h,(x,) =0 and Dhy(x,) is invertible. Moreover,

|z — zoll < pn, n €N with p, = pn(U).
Proof. Define the functions
fo(z) = 2 — Dho(x0) ho(z), fu(x) =2 — Dho(xo)  hp(x)
so that zero’s of hy,, hy correspond to fixed points of f,,, fo, respectively. Note that D fo(zp) = 0 and

lim Df,(z) = Dfo(x) uniformly for = in compact subsets.
n—oo
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Therefore we can find a p > 0 and a 0 < ¢ < 1 such that ||Df,(z)| < ¢ for alln € N, z € B(zg, p). From the
Mean Value Theorem we obtain that, for all n € N, f,, : B(zg, p) — R™ is Lipschitz with Lipschitz constant
q. From the Contraction Mapping Principle, it follows that for all n € N, f,, has a unique fixed point x,, in
B(zg, p). Moreover, if we let U be a neighborhood of z¢ and (p,)nen be as in (6.2), then

[2n = zoll < [l fn(@n) = fu(@o)ll + [1fn(z0) = fo(zo)
< qllzn — 2ol + || Dho(x0) || pa-

This yields the estimate

Pn -
|zn — 20| < 1 q||Dh0(9Co) .

Since limy,_, o0 Dhyp(2y) = Dho(xo) and Dh(xo) is invertible, Dhy,(zy,) is invertible for n large enough. O

Proposition 6.2. Consider system (3.2)) and suppose that Hypothesis is satisfied. Moreover, suppose that
there exist ag € R and wo € R\{0} such that

1. iwg is a simple root of Ag(A, ap) = 0;

2. The branch of roots of Ag(\, ) = 0 through iwy at o = «g intersects the imaginary azis transversally,
i.e.,

Re (DlAQ(iWQ, ao)leng(iwo, OLQ)) # 0. (63)

Then, for n large enough, there exist a, € R, wy, € R\{0} such that
1. iwy, is a simple root of Ap (A, ) = 0;

2. the branch of roots of A, (A, ) =0 through iw, at a = «, intersects the imaginary azis transversally,
i.e.

Re (DlAn(iwn, an) Do A, (iwn, an)) #0. (6.4)

Moreover, there exists a C' > 0 such that

C

1 n
| (ctns wi) — (o, wo)]| < 7 (n) ,  forn € N large enough. (6.5)

Proof. Define the functions h,, ho : R? — R? as

ot = (G (i) oo = (Enari )

Then hg(wo, ag) = 0 and (6.1) is satisfied by Corollary and Corollary In order to apply Lemma
we only have to check that Dhg(wp, a) is invertible.

For o,w € R, write
Ag(o +iw, ag) = f1(o,w) +ifa(o,w)

with f1, fo € R. With this notation Dhg(wp, ) becomes

_ (D2f1(0,wo) ReDyAq(iwo, o)
Dho(wo, a0) = (D2f2(0,w0) Im Dy Ag(iwo, 0) )

The Cauchy-Riemann equations read

Dy fi(o,w) = —D1 fa(0,w), Dy fa(o,w) = D1 fi(o,w)

14



and hence

—D1f2(0,wp) Re Dng(iwo,a0)> . (6.6)

Dho(wo, a0) = < Dy f1(0,wo)  Im DaAg(iwo, o)

But now note that if we compute D;A/(iwp, «g), we may as well compute the difference quotient by taking
the limit over the real axis, so

Re D1 Ag(iwo, o) = D1 f1(0,wp), Im D Ay (iwo, o) = D1 f2(0,wo)

and becomes
_ —Im Dle(in,O(o) ReDng(iwo,ao)
Dho(wo,ao) o ( ReDle(in,Oéo) Im Dng(in,ao) ’

The invertibility of the matrix Dho (iwo, o) is equivalent to the condition (6.3)). So we can apply Lemmal6.1]
to find a sequences (iwy, )nen, (n)nen With A, (iw,, ) = 0 and with the error estimate (6.5). Moreover, a
similar argument as before gives that the invertibility of Dh,,(wy, o, ) is equivalent to the condition (6.4). O

For equation (2.1), the statements of Propositi are illustrated in Figure In Figure 2| the

eigenvalues of the pseudospectral approximation of (2.1) are plotted for different values of the parameter 5.
Figure [3| shows the error in the detection of the Hopf point and the imaginary part of the eigenvalue for the
pseudospectral approximation. We see that the desired tolerance level is obtained for relatively low values
of the discretisation index (n = 10).

Next we look at the non-resonance condition. Suppose that Ag(iwg, ag) = 0 but Ag(kiwg, ag) # 0 for all
k=0,2,.... Corollary gives that for fixed k, there exists a N = N(k) such that A, (kiw,,ay) # 0 for
n > N (k). However, this does not imply that we can choose this N to be uniform in k, i.e. that we can find
a N such that

A, (Kiwn,n) #0 foralln > N and all £=0,2,3,.... (6.7)

So Corollary[5.2]does not exclude that for every n € N large enough there exists a k(n) such that A, (k(n)iw,, a,) =
0. This is clearly a non-generic situation, but in order to answer the third condition listed below Question
2, we have to exclude it explicitly. See also Section [§

Concerning the convergence of the direction coefficient we find:

Lemma 6.3. Consider system (3.2) and suppose that the hypotheses of Theorem are satisfied. Let
(an,wp) be as in Proposition . Then lim,,_, o a2, = asg. Moreover, if the nonlinearity g : X x R = X s
C*, then there exists a C > 0 such that

1 [C\"
lagn —agol < — | — for n € N large enough.
vVn\n

Proof. Throughout the proof, we use the symbol C' to denote a generic constant whose actual value may
differ from line to line. For instance, an upper bound C;C™, with C; > 1 | is replaced by the upperbound
C" , with the second C slightly larger than the first C.

We first prove that lim, ,. ¢, = ¢o. Given a compact neighbourhood U of iwy, Lemma [5.1] gives a
constant C' > 0 such that

lex = Po(1, (D — A)~'D1)| < % (S) (6.8)
C

for all A € U. By Proposition there exists a C > 0 such that |(iwy,, a,) — (iwg, ag)| < ﬁ (f)n Since

n

the map A — £,(6) is locally Lipschitz continuous, uniformly for 6§ € [—1,0], we can find a C' > 0 such that

1 /C\"
oo — i | < —= (= .
||5zwo 6lwn||—\/ﬁ<n> (6.9)
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holds. Using and we obtain the estimate
|€iwo — Po(1, (D — iwy) " D1|| < ||€iwy — Eiw, | + ||€iw, — Po(1, (D — iwy,) " D1|

- % (S)” (6.10)

We compare the first term of ¢, defined in (4.26) with the first term of ¢y defined in (3.5). Writing p =
(1,(D —iw,)"tD1) and ¢ = &, we estimate
||D%g(07 O‘n)(POpa P0p7 Poﬁ) - ng(oa Oé())(@b, d)a &)H < ||D§g(07 O‘n)(¢a d))g) - Di’)g(o’ O[())(Qb, ¢7$)H

+ [ DYg(0,0m) (. 6, 8) — Dig(0, o) (Pop, Pop, Pop) |
(6.11)
Since the map o — D$g(0, @) is continuous and a,, — ag as n — 0o, we obtain that

||D:1))g(03 an)(¢7 st 5) - ng(oa 040)((,75, ¢a a) || —0
as n — oo. If g is C4, then the map o — D3$g(0, a)(¢, ¢, ¢) is locally Lipschitz and we obtain

|}D%g(0aan)(¢7¢7$) - Di’g(ovao)((bv (ba&)H S C |O‘n - Oé()'

- % (g)" (6.12)

Since the map (u,v,w) — D$g(0, o) (u, v, w) is linear in every argument, we can rewrite
D:%g(oa an)(¢a d)aa) - ng(oa an)(POpa P0P7 PO?) :D%g((), O‘n)(¢ - P0p7 ¢a 5)

+ D1g(0, a) (Pop, & — Pop, ¢) + Dig(0, ) (Pop, Pop, & — Fop).
Combining this with (6.10)), we obtain the estimate

So from (6.11)), (6.12)) and (6.13]) we conclude that
lim DYg(0, o) (Pop, Pop, Pop) = Dig(0, 00) (6, 6, 6)

n—oo
and if g is C*, then

_ c\"
ID9(0,0)(Fop. Pop. Fip) ~ Dg(0.00)(6.6.8)] < = (S ) (6.14)

Now suppose that (2, )neny € C, (yn)nen C C are sequences with lim, oo 2, = X, limp o0 Yn = yo # 0.
Then we find for their fraction

Ty x TnYo — ToYn Ty — X ZTo(Yn —
‘n L0 _ Yo oY ( O)yO + O(y yO) < C(|In o 170| + |y" o y0|) ) (615)
Yn Yo YnYo YnYo YnlYo
By Corollary there exists a C' > 0 such that
DyA (i ) — Dydois a0)] < —— (€
18n ny &n 120 0,0)] = \/ﬁ n .

So if we apply (6.15) with x,, = D$g(0, a,)(Pop, Pop, Pop) and y,, = D1 A, (iwn, o), we see that

||D1An(iwn7an)_lD§g(o7 an)(P0p7 P0p7 Poﬁ) - DIAO(/L.W[M O‘O)_lDil))g((L Oéo)(¢7 ¢7$)H —0asn— o0
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and if g is C*, then

. _ _ ) _ — 1 c\"
| D1 A (iwn, an) " DYg(0, an ) (Pop, Pop, PoP) — D1 (iwo, a) "' Dig(0, a0)(¢, ¢, @) || < 7n () :

n

Applying similar arguments to the second and third term of c,, we find that lim,,_,. ¢, = co; if g is C?,

we obtain the error estimate
1 /C\"
ch—Col < — | — .
el 7 (n)

To analyse the convergence of the direction coefficient ag,, we apply (6.15) with z,, = Rec, and y,, =
Re (D1An(iwn, an)_ngAn(iwman)). We conclude that

|agn, — azp] =+ 0 asn— oo

and if g is C*, then

< 1 /C\"
A2n a20_\/ﬁ n

which proves the claim. O
Summarizing, we find the following answer to Question 1:

Proposition 6.4. Consider system (3.2) and suppose that the hypotheses of Theorem are satisfied.
Moreover, with a,,w, as in Proposition[6.3, assume that

for n € N large enough, Ay (kKiwy, ) #0 fork=10,23,... (6.16)

Then the hypotheses of Theorem are satisfied and lim,,_, oo ao, = asg. Moreover, if the nonlinearity
g: X xR — X is C*, then there exists a C > 0 such that

do)
lagn —agel < — | — for n € N large enough.
Vn \ n

We now consider Question 2. Suppose that we have sequences (ay,)nen, (Wn)nen such that iw, is a
simple root of A, (A, «,,) = 0 and such that this root crosses the axis transversely if we vary «. Then in
the limit ag = limy, 00 U,y wWo = limy, 00 Wy, We have that Ag(iwg, ag) = 0 but we have to make additional
assumptions to make sure that this root is simple and it crosses the axis transversely if we vary a. Similarly,
if for n € N large enough, it holds that A, (kiw,,ay) # 0 for k = 0,2,3,..., we have to make additional
assumptions to ensure that Ag(kiwg, ag) # 0 for £ =0,2,.. ..

Proposition 6.5. Consider system (3.2) and suppose that there exists a Ng € N such that forn € N, n > Ny
the hypotheses of Theorem are satisfied with limy, o0 0ty = g, LMy 00 Wy = wo and limy, o0 a2, = daby.
Moreover, suppose that

1. The sequence (D1A,(iwn, on))n>nN, 5 uniformly bounded away from zero;

2. The sequence (Re ((DlAn(iwn, an))’ngAn(iwn,an))) is uniformly bounded away from zero;

n>Nyp
3. For each k =0,2,..., the sequence (A, (kiwn, an))n>nN, s uniformly bounded away from zero.
Then the Hypotheses of Theorem are satisfied and the direction coefficient is given by aby, i.e. azy = abg.

Proof. Taking the limit in A, (iwy,, ) = 0 gives that Ag(iwg, o) = 0. The conditions (1), (2) and (3) ensure
that Dy Ag(iwg, ag) # 0, Re ((DlA(iwo,ao))’lDzA(iwo,ao)) # 0 and Ag(kiwg, ) # 0 for k =0,2,3,....
Moreover, as in the proof of Lemma we find that lim, o ag, = asg, which implies that asg = ab,. O
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7 Systems

We formulate the relevant definitions and results for systems of DDE.
Let d € N and consider the system

2'(t) = L(a)zy + g(ze, ), >0 (7.1)
with state space X = C ([~1,0],R?), a € R a parameter, L(a) : X — R? a bounded linear operator and
g:X xR — R? We summarise the relevant assumptions on L and ¢ in the following hypothesis:
Hypothesis 3.

1. g: X xR — R? and a — L(a) are C* smooth for some k > 3;

2. g(0,a) =0 and D1g(0,a) =0 for all & € R.

The linearisation of has a solution of the form ¢ — e*ec, ¢ € C? if and only if
det Ag(A, ) =0
where Ag(), @) : C¢ — C? is now a matrix-valued characteristic function given by
Ag(N\, ) = Mg — L(a)ey (7.2)

with I, : C¢ — C? is the identity operator and ey defined as in . In , L(a)e) maps C? to C? in the
following way: given v € C%, the function (£5v)(f) = £x(f)v is an element of C' ([—1,0],C?); then L(a) (eAv)
is a vector in C%.

If iwq is a simple root of det Ag(A, ap) = 0, then Ag(iwg, o) has a one-dimensional kernel. Moreover,
if p,q € C\{0} are such that Ag(iwp, ao)p = 0, Ag(iwo, ag)Tq = 0, then ¢ - D1 Ag(iwg, ag)p # 0, see [1T
Exercise 1V.3.12]. In particular, we can (and will) scale p, ¢ such that ¢ - D1 Ag(iwg, ap)p = 1.

Theorem 7.1 (Hopf bifurcation theorem for systems of DDE). Consider system (7.1) and suppose that
Hypothesis@ is satisfied. Moreover, suppose that there exist ag € R and wy € R\{0} such that

1. iwg is a simple root of det Ag(\, ap) = 0;

2. The branch of roots of det Ag(\, ) = 0 through iwy at o = «v intersects the imaginary azxis transver-
sally, i.e. the real part of the derivative of the roots along the branch is non-zero. If we denote by
p,q € CN\{0} the vectors such that Ag(iwg, ag)p = 0, A(iwg, ) q =0 and q- D1 Ag(iwg, ap)p = 1,
then this condition amounts to

Re (q - D2Ag(iwg, ag)p) # 0;

3. no other root of det Ag(A, ag) = 0 belongs to iwyZ.

Then a Hopf bifurcation occurs for o = oyg. This means that there exist CK~1-functions e — a*(¢), € = w*(¢)

with values in R and a mapping € — x*(¢) € C (R, ]Rd), all defined for € sufficiently small, such that for

a = a*(e), z*(¢) is a periodic solution of with period 2w /w*(€). Moreover, a*,w* are even functions,

a*(0) = ap, w*(0) = wo and if z(t) is any small periodic solution of (7.1)) for a close to iy and minimal period

close to 2wy, then a = a*(€) for some € and there exists 0* € [0, 2w /w*(€)) such that x(t) = z*(e)(t + 6%).
Moreover, a* has the expansion o*(€) = ag + azoe® + o(€?), with azy given by

Rec
Re (q - D2Ag(iwo, o)D)

a20 =
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where 1
c :5(] . Di’g(o, 040)(¢a ¢7 5)

+q- D%g(oa Cko) (eO'AO(Ov aO)ilD%g(O, CVO)((ba 6), ¢) (73)
+ 54 D3g(0, 00) (€70 Ao 2it, a0)~ Dig(0, 0) (9. 6),9))

With ¢ 1= €44, D-

To write down the pseudospectral approximation to , let for j =0,...,n
y;(t) € RY
and denote the components of this vector as
y; (8)(k), k=1,...d.

We define the interpolation operators P : R™ — X, Py : R? x R™ — X componentwise as

We approximate

ot +0) ~ > GOy (0)(K),  k=1,...d

§=0
and by collocation on the meshpoints 61,..., 6, we obtain
i) (k) =Y Dijy;(1)(k) —yo(t) (k) [D1];,  i=1,...,n (7.4)
j=1

with D as in . To approximate the rule for extension, we supplement with
yo(t) = L(a) Po(yo, y) + 9(Po(%o, ), ). (7.5)
Suppressing the index ¢ in the notation we write as
y'(t)(k) = Dy(t)(k) — yo(t)(k)D1, k=1,...d (7.6)
and next, by suppressing k, abbreviate to
y' =Dy —yD1

where this expression is to be understood d-componentwise as in (|7.6[). With this notation, the pseudospectral
approximation to (|7.1)) becomes

yo(t) = L(a)Po(yo, y) + 9(Po(yo,y), @),

(7.7)
y'(t) = Dy(t) — yo(t) D1.
The linearisation of (7.7) around z = 0 has a solution of the form ey (¢, () if and only if
Ao = L(a)loCo + L(a) P¢ (7.8a)
A = —(oD1+ D¢ (7.8b)
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with ¢; € C? for j =0,...,n. The d-componentwise nature of allows us to write
¢ (k) = Co(k) [(D - )\I)lel]j, j=0,...,n, k=1,...,d,
which we abbreviate in the compact notation
¢=Co(D—=AH)"'D1. (7.9)
Substituting into gives that 7 has a nontrivial solution if and only if
det A, (A, @) #0
with characteristic matrix function
An(A ) = Mg — L(a) (bola+ P(D — \)"'D1) .

If det A, (\, ) = 0, then (7.8a)—(7.8b)) has a non-trivial solution of the form (p.,p.(D — AI)~1D1), where
P« # 0 satisfies A, (A, @)p. = 0.

Applying Theorem to system (|7.7)) we obtain:

Theorem 7.2 (Hopf bifurcation in pseudospectral ODE). Consider the system (7.1) and suppose that
Hypothesis[3 is satisfied. If there exist oy, € R and w,, € R\{0} such that

1. iwy, is a simple oot of det A, (N, ay) = 0;

2. the branch of roots of det A, (\, &) = 0 through iw, at o = v, intersects the imaginary axis transver-
sally, i.e. the real part of the derivative of the roots along the branch is non-zero. If p.,q. € C*\{0}
are vectors such that Ay (iwn, an)pe = 0, Ay (iwn, an) g = 0 and ¢ D1 A, (iwn,, ap)ps = 1, then this
condition amounts to

Re (Q* : DQAn(iwn»an)p*) 7£ 07

3. no root of det (Ap (X, a)) = 0 belongs to iwnZ;

then a Hopf bifurcation occurs for a = au,.
Moreover, a* as in Theorem has the expansion o*(€) = o, + Aon€> + 0(62), with asy given by

Rec,
R@ (Q* : D2An(zwna an)p*)

a2p =
with
1
Cn =50 - D3g(0, o) (Pop, Pop, Pob)
_ _ 1
1 ) . o 1 B
+ 5‘]* . Dlg(oa an)(An(Qlwna an) Dlg(O, Oln)(Pop, POp)PO ((D _ 2iwn1)_1D1> 7P0P> .

with p = (ps, P« (D — iwy,) 1 D1).

Regarding the approximation of the Hopf bifurcation in the pseudospectral scheme, we have the following
results (cf Proposition and Proposition :
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Figure 4: Stability diagram of and its pseudospectral approximation for 7 =1 and h(z) = e~*. The
Hopf and period doubling bifurcation curves are approximated numerically with DDE-BIFTOOL (gray solid,
DB), and MatCont (colors, MC). The right panel focusses on the approximation of the period doubling curve
for different dimensions of the ODE system. We can observe the convergence of the approximated curve to
that obtained with DDE-BIFTOOL when increasing the dimension n (although larger dimension is required
compared to the approximation of the Hopf bifurcation).

Proposition 7.3. Consider system ([7.1)) and assume that the hypotheses of Theorem are satisfied. Then
forn € N large enough, there exist o, w, such that iw, is a simple root of det A, (\, o) = 0 and here exists

a Cy > 0 such that
1 /O\"
— < — —
|(a7hwn) (Ol(),(.do)l = \/ﬁ ( n >

for all n € N large enough.

Assume moreover that kiw, is not a root of det A, (A, o) =0 for k =0,2,3... and o = «,,. Then the
hypotheses of Theorem[7.9 are satisfied and limy,_,o0 as, = azg. Moreover, if the nonlinearity g : X xR — X
is C*, then there exists a Cy > 0 such that

|agy — azo| < 1 (G !
2n 201 = \/ﬁ n
for all n € N large enough.

Proposition 7.4. Consider system (7.1) and suppose that for n € N the hypotheses of Theorem are
satisfied with imy, 00 0y, = g, 1My 00 Wy = wo and limy, o0 aop, = aby. Moreover, suppose that

1. The sequence (det D1 A, (iwn, ), ey 18 uniformly bounded away from zero;

2. If we denote by p.,q. the vector such that A, (iwn, an)ps = 0, Ap(iwn, an) g =0 and
¢« D12 (iwn, on)ps = 1, then the sequence (Re (qx - D2y (iwn, 0n)ps)),cn @5 uniformly bounded away
from zero;

3. For k=0,2,..., the sequences (det A, (kiwn, o)), cn are uniformly bounded away from zero.

Then the hypotheses of Theorem are satisfied and the direction coefficient is given by aby, i.e. asg = aby.

8 Outlook

In the Introduction and in Section [2| we claimed that the combination of pseudospectral discretisation and
MatCont enables a reliable bifurcation analysis without requiring excessive computational efforts. Indeed, by
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Figure 5: Periodic solutions of (2.1)), approximated with MatCont and n = 20, for 4 = 7 and 8 = 105 (after
the period doubling bifurcation, which is detected at § ~ 98.22). The dashed line shows the periodic solution
on the unstable branch (period T & 2.24); the solid line shows the periodic solution on the stable branch
emerging from the period doubling bifurcation (period T = 4.47).

unstable periodic solution

unstable steady-state
stable periodic solution

1.5 stable -.-.'-._-.._ +.. |

steady-state

Figure 6: Stability regions of system (8.1)—(8.2), approximated with DDE-BIFTOOL (gray curve) and
MatCont with n = 20 (blue dots). The lower curve corresponds to the Hopf bifurcation, the upper curve to
the period doubling bifurcation.
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using numerical bifurcation software one can push the analysis beyond the Hopf bifurcation and approximate
the branch of periodic orbits emerging from Hopf, as well as its bifurcations. The DDE ([2.1)), which has only
one discrete point delay, can be directly analysed also by existing and well-established numerical software
for delay equations, like DDE-BIFTOOL. We indeed use DDE-BIFTOOL as a benchmark for validating
the output of the pseudospectral discretisation. In Figure [4 we show more detailed stability regions of
equation in the plane (u, g), including not only the Hopf bifurcation curve, but also the curve of period
doubling bifurcations, approximated with DDE-BIFTOOL (version 3.1) and MatCont (version 7pl), running
on Matlab 2019a. At the period doubling bifurcation, the branch of periodic solutions originating from the
Hopf point switches stability and becomes unstable, whereas a new stable branch of periodic solutions arises.
The stability change is observed from the approximated multipliers at the periodic orbit, with one multiplier
exiting the unit circle and crossing -1 as 8 increases. Two examples of coexisting periodic solutions are
plotted in Figure [5| taken from the unstable and stable branches.

In both the package DDE-BIFTOOL and MatCont, each periodic orbit is approximated via collocation
of a boundary value problem in the period interval (see for example [14]). This requires the specification
of a number of discretisation intervals and the degree of the collocation polynomial in each interval (we
stress however that such mesh and polynomial degree are different from and independent of the mesh points
and polynomial degree used to discretise the delay interval in the pseudospectral approach). In all the
computations of this section we have taken a piecewise mesh of 40 intervals in the period interval, and
polynomial approximations of degree 4 in each interval. These values guarantee sufficient accuracy in the
approximation of the periodic orbits, so that the dominating errors in Figure [] are those due to the chosen
polynomial degree of the pseudospectral approximation.

As a further illustration we consider the system of equations

kw(t)w(t — 1) o) (8.1)

for k,c € Ry [19] 25].

The stability regions in the plane (k,c¢) are plotted in Figure @ the lower curve represents the Hopf
bifurcation, whereas the upper curve is a period doubling bifurcation. Two periodic solutions are plotted in
Figure []

Numerical software like MatCont, among their output parameters, normally return also the value of the
first Lyapunov coefficient at the Hopf bifurcation. We remark, however, that the output of MatCont applied
to the pseudospectral approximation can not be directly taken as approximation of the direction coefficient
of the DDE, since the scaling of the left and right eigenvectors traditionally used for ODE differs from the
scaling used for DDE. For DDE, indeed, the eigenvectors are scaled by taking the first component equal to
1, whereas for ODE systems the eigenvector is normalised by requiring the 2-norm to be equal 1.

So far we did not manage to treat the non-resonance condition in a completely satisfactory manner,
and we explicitly assumed condition . For retarded functional differential equations, there are no
roots of the characteristic equation high up the imaginary axis. So checking the non-resonance condition is
executable. One would expect that for the approximating pseudospectral ODE systems similar bounds can
be found, but our initial (and somewhat half-hearted) attempt to derive them failed. When the dimension
of the ODE system increases, so does the number of roots. Numerical observations (also in other contexts)
suggest that these ‘additional’ roots have real parts moving towards minus infinity. In particular, they do not
even come close to the imaginary axis. For the ‘trivial DDE y/(t) = 0, where the ‘spurious eigenvalues are
simply the eigenvalues of the matrix D, it is indeed proved that they go to minus infinity when the dimension
increases [13, [BI]. For more general DDE, one could try to prove that the number of roots to the right of
any vertical line in the complex plane is preserved if the dimension of the approximation is large enough (in
the spirit of the preservation of the dimension of the unstable manifold treated for instance in [23]). As far
as we know, there are as yet no theoretical results for the pseudospectral approximation considered here.
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The (numerical) bifurcation theory of delay equations is well developed, see for instance [7] and the refer-
ences given there. Our analysis of the Hopf bifurcation can be seen as a proof of principle that pseudospectral
approximation yields a reliable bifurcation diagram, a reliable ‘picture’. But checking the details case by
case for the entire catalogue of bifurcations would, we think, provide only negligible additional insight. An
attractive alternative might be to try to show, as a next step, that the centre manifold of a delay equation
is (in a sense to be specified) approximated by the centre manifold of the pseudospectral ODE system.

The technical difficulties of state-dependent delay equations disappear in the pseudospectral approxima-
tion, for the very simple reason that polynomials are infinitely many times differentiable. So while here we
focussed on showing that known results for delay equations are well approximated by corresponding results
for pseudospectral ODE, we might try to prove results for state-dependent delay equations by showing that
the limit of results for pseudospectral ODE systems exists and provides information about (behaviour of)
solutions of the delay equation. A concrete challenge would be to provide a rigorous underpinning for the
results derived in [30].

A Appendix: stability charts for the ‘Nicholson’s blowflies’ equa-
tion
We collect some results concerning the DDE
N'(t) = —uN(t) + BN(t — 1)h(N(t — 1)) (A.1)
with parameters 5, u > 0. We pay special attention to the case
h(z) =e™". (A.2)

Equation (2.1) can be brought in the form (A.1l) by scaling of time with a factor 7. This entails the
introduction of dimensionless parameters

Mnew = THold, Bnew = Tﬂoldy

where “new” refers to (A.1)) and “old” refers to (2.1). Note, incidentally, that .4 also incorporates the
survival of the juvenile period and that one can make this explicit by putting

Bota = Boe™ oM

but we will not elaborate on this further. Finally, note that the case h(z) = e~ can be reduced to
by scaling of NV with a factor o.

In [9] it is argued that using two parameters in Hopf bifurcation studies has great advantages. As
naturally has two parameters, we are in the ideal situation.

Nontrivial steady states N of are characterised by the equation

h(N) = %. (A.3)

Under the assumptions
e h(0)=1;
e h is monotonically decreasing;

o lim, , h(z)=0
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equation has a unique positive solution for 8 > p. In the parameter plane the line f = p corresponds
to a transcritical bifurcation. For g < p the population goes extinct. For f slightly larger than u, the
nontrivial steady state is asymptotically stable. Our first aim is to investigate whether or not N can lose its
stability by way of a Hopf bifurcation. See also [29] for an analysis of the occurrence of a Hopf bifurcation
in system and [32] for an analysis of the direction of this bifurcation.

As a first step we put

and rewrite as
a'(t) = by (t) + boa(t — 1) + G(a(t — 1), 4, B)

where

by =—p,  by=Bh(N)+ Nk D)) (A.4)

and
G(z,pu,B) = BN (h(ﬁ + ) —h(N) — h’(N)a:) + B (h(ﬁ +x)— h(ﬁ)) T. (A.5)

So the characteristic equation corresponding to the linearised equation reads
A—by —bye ™ =0. (A.6)

This equation is analysed in great detail in [II, Section XI.2], to which we refer for justification of some
statements below.
Substituting A = iw into (A.6]) and solving for by and bs we obtain

W CoS W w

b= sinw b2 = sinw’ (A7)
The stability region in the (b1, b2)-plane is bounded by the line
bi+by =0, b <1
(corresponding to A = 0 being a root of ) and the curve defined by with
0<w<m. (A.8)

Note that the curve and the line intersect at (b1, b2) = (1, —1) corresponding to A = 0 being a double root
of . The root A = jw is simple for w > 0.

If one follows a one-parameter path in the (bq, by)-plane that crosses the curve defined by ,
transversally, the root of crosses the imaginary axis transversally.

There are no roots on the imaginary axis if (b1, b2) is not of the form . By adjusting the domain of
definition of w, one obtains via countably many curves in the (b1, b2)-plane such that has a root
on the imaginary axis. These curves do not intersect the curve corresponding to nor each other. We
conclude that the non-resonance condition is satisfied. We refer to [11] Figure XI.1, page 306] for a graphical
summary.

The next step is to translate the results from the (b1, bs)-plane to the (i, 8)-plane or, for that matter,
the (u, 8/p)-plane. Here it becomes useful to adopt since in that case amounts to

b1 = —u, bgu(lln<ﬂ)>
I

o= —bl, 5 = —b161+%‘ (Ag)

By combining (A.9)), (A.4) and (A.8]), we obtain the curve depicted in Figure [} albeit in the (u, 8/u)-plane.
Note, however, that the interpretation requires i > 0 and that accordingly we should restrict to 7/2 < w < 7.

with inverse
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The conclusion is that if we follow a one-parameter path in the (u, 3)- or (i, 8/p)-plane that crosses the
stability boundary transversally, all assumptions of Theorem are satisfied.

We now compute the stability boundaries for the pseudospectral approximation to (A.l)). The pseu-
dospectral approximation to (A.1)) reads
Yo(t) = —pyo(t) + Byn () A(yn(t))
y'(t) = Dy(t) — D1yo(t)
where we have written (yo,...,¥yn) = (¥0,y) € R**'. Equilibria of (A.1)) are in one-to-one correspondence
with equilibria of (A.10), so (A.10) has a non-trivial equilibrium N1 with A(N) = p/B for > p. We shift
the non-trivial equilibrium to zero via the coordinate transform (yg,y) = N1+ (xg,z), then (A.10) becomes
2'(t) = Dx — D1z

(A.10)

(A.11)

with b1,bs and G defined in (A.4)—(A.5). The characteristic equation corresponding to the linearisation of
(ATT) becomes (cf (B3))

A—by —by [(D—X)"'D1] =0. (A.12)
We compute the stability boundary by setting A = iw and solving for by, by:
wRe [(D —iwl)~'D1
by = I )b, by d (A.13)

" Im (D —iwl) 'D1], " Im (D —iwl)'D1],

Note that the expressions for b1, by have singularities but at different values than the expressions for by, by
in (A-7). By defining ho(z) = —sin(z) and hy(z) = Im [(D — iw) "' D1] , we see that the singularities of
b1, by defined in approximate the singularities of by, by defined in . Moreover, the expressions
converge to the expressions for n — oo and for w in compact intervals; see Figure

We now want to determine whether the root iw crosses the imaginary axis transversely if we cross the
curves transversely. For ease of computation we restrict to varying by. If iw is a simple root of ,
then it lies on a branch of roots A(by) and the real part of the derivative along this branch is given by

(D —iwl)~'D1
1—be(D —iwl)=2D1"

with by defined in . So if the real part of the right hand side of is non-zero, the root on the
imaginary axis crosses transversely if we vary bs.

Note that by Lemma and Corollary iw is a simple zero of for n large enough; moreover,
the expression in is non-zero for n large enough. However, for fixed values of n one has to check these
conditions explicitly. We now do this for the case n = 2.

N (b) =

(A.14)

For n = 2, the matrices D and A, are given by

0 1 by 0 by
D:<4 3)7 Ay=1{1 0 -1]. (A.15)
-1 4 -3

We first compute the characteristic equation for the eigenvalues of A;. With D as in (A.15), (A.12) becomes
4-x
A 43M+4

As a sanity check, we compute the eigenvalues of Ay as roots of det(A — As) = 0. We find that the
eigenvalues are roots of the equation

A—by —by 0. (A.16)

(A=b1) (AN +3X+4) —b(4—X) =0. (A.17)
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and indeed we see that the roots of (A.16]) are exactly the roots of (A.17).
We now compute the stability boundary. Equation (A.17) has a root A = 0 if

b = —by (A.18)

(the fact that steady states of DDE and the approximating ODE are in one-to-one correspondence guarantees
that steady state bifurcation conditions are too). Substituting A = iw in (A.16) and solving for by,bs (or,

equivalently, computing (A.13]) for D as in (A.15])) gives

_ Tw? — 16

Tw? — 16
) =g

_ ., 2

(A.19)

Note that the expressions for by, by have singularities at w = +4; the stability region in the (b, bs)-plane is
bounded by the line (A.18) and the curve define by (A.19) with

—4<w<4; (A.20)

see Figure [§
If we cross the curve (A.19)), (A.20) by varying b2, we find that the derivative of the eigenvalue along the
branch is given by
iw—4
N(w) = . A21
) = 205 60— 20 @)7) (A.21)
The real part of the denominator of (A.21)) is non-zero for w # 0; hence the denominator of (A.21)) is non-zero
for w # 0, which means that w # 0 is a simple zero of (A.17)) for by, by defined in (A.19). The real part of

(A.21) becomes

Re )\/(w) _ 14 — 2b1 (w) )

4w? 4 (6 — 2b1 (w))?
On the interval (—4,4) the expression for b; in (A.19) attains its maximum b; = 1 for w = 0. Therefore
Re N (w) # 0 along the curve (A.19)—(A.20). Moreover, since Az has exactly three eigenvalues (counting
multiplicity), the non-resonance condition is in this case easy to check. A resonance between eigenvalues
iw and kiw, k > 0, would require 4 eigenvalues and can therefore not happen. A resonance between iw,
w > 0 and 0 can also not happen because the curve defined by with w # 0 does not intersect the
curve by = —by. So the conclusion is that if we cross the stability boundary transversally, a Hopf
bifurcation of system with n = 2 occurs.

For higher values of n, we can also explicitly compute the stability boundary (b1, bs) as defined in (A.13]).
For n = 3, the characteristic equation becomes

3N —320+96
3A3 + 192 + 64\ + 96

and the stability boundary as defined in (A.13]) becomes

A—b1 — by

2048 (7w? — 72)

9wb — 23w + 448w2 + 9216
9wt — 1088w2 + 9216’ B '

by (w) = 17
1) + 9w — 108802 + 9216

b2 (w) = (A.QQ)
For n > 4, the formula’s can still be computed explicitly in terms of the mesh points §; but become rather
long. Furthermore, for n > 4, we need numerical approximations for 6; to plot the parametric curves.

We have plotted the stability boundary together with in Figure @ Note that the curves
defined by and do not self intersect and do not intersect each other; so there is never a resonance
between two roots on the imaginary axis. Moreover, we see that Figure [0 has an extra curve compared to
Figure [8l So it seems that the infinite number of curves defined by get approximated one by one as
we increase the discretisation index n.
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In Figure [10| we have plotted the graphs of the functions defined by (A.13)) for n = 3,4,5. We see that
for n = 3,4, there are two curves within the depicted window. We see that as n increases, the curves within
the depicted window lie closer together. For n = 5 a third curve appears in the window.

For the case where h is given as in (A.2]), we analyse the Lyapunov coeflicient along the stability boundary
for the DDE (A.1)). For 7/2 < w < m, define the functions

671'0.) 672iw
B = — B = — B

10(w) 1+ by(w)e—w’ 20(w) 2iw — by (w) — ba(w)e—2w 10(w)
with b1 (w),be(w) as defined in (A.7). Then ¢y as defined in (3.5 becomes

1 D3G(0, u, B))? 1

0 = 5 D60, 1w 5)Buo(w) — DT Ly () 4 L0260, ) Bo)  (A23)

2 b1 + ba 2
with

D3G(0, 1, 8) = pIn (i) —2u,  D{G(0,p,B) = —puln (i) + 3p. (A.24)

For /2 < w < m, Recy is plotted in Figure Note in particular that Recy is always negative along the

stability boundary (A.7)—(A.8]).
To compute the Lyapunov coefficient of the system (A.11)) when h is given by (A.2)), define the functions

(D —iwl)='D1),)* (D +iwI)"'D1)
1 —by(w) ((D—iwl)=2D1),, ’

((D —2iwl)~'D1)
2w — by — by (D —iwl)~1D1),

Bin(w) = Ban(w) Bin(w)

with b1 (w), be(w) defined in (A.13)). Then ¢, defined in (4.26)) becomes

(DG (0,1, 3))?

AL BB )+ 5(DIG(0,11.5) Ban() (A.25)

1
Cp = §D?Q(O>N75)Bln(w) -

with D?G(0, i, 8), D3G(0, i, B) defined in (A.24). For n = 1,2, we have plotted Rec,, in Figure We note
that both for n = 2 and n = 3 the Lyapunov coefficient is negative. This reinforces our earlier conclusions
that already for low values of n, we find good qualitative agreement between the behaviour of the DDE and
the pseudospectral ODE.
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Figure 7: Periodic solutions of system 7, approximated with MatCont and n = 20, for c =k = 1.5
(beyond the period doubling bifurcation). The dashed line shows the periodic solution on the unstable
branch (period T' & 5.57); the solid line shows the periodic solution on the stable branch emerging from the
period doubling bifurcation (period T = 11.15).
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Figure 8: The curves defined by (A.19), (A.18).
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Figure 9: The curves defined by (A.22), (A.18).
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Figure 10: Parametric plot of the graphs of the functions defined by (A.13|) for different values of n in the
(b1, b2)-plane: n = 3 (brown, light, see expression (A.22)), n =4 (green) and n = 5 (brown, dark). The blue
line corresponds to the line defined by (A.18).
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Figure 11: The Lyapunov coefficient (A.23) (blue line), and the Lyapunov coefficient (A.25) for n = 2 (orange
dashed line) and n = 3 (yellow crosses).
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