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Abstract

Co-limitation of marine phytoplankton growth by light and nutrient, both of
which are essential for phytoplankton, leads to complex dynamic behaviour
and a wide array of coherent patterns. The building blocks of this array can
be considered to be deep chlorophyll maxima, or DCMs, which are structures
localized in a finite depth interior to the water column. From an ecological
point of view, DCMs are evocative of a balance between the inflow of light
from the water surface and of nutrients from the sediment. From a (linear)
bifurcational point of view, they appear through a transcritical bifurcation in
which the trivial, no-plankton steady state is destabilized. This paper is devoted
to the analytic investigation of the weakly nonlinear dynamics of these DCM
patterns, and it has two overarching themes. The first of these concerns the fate
of the destabilizing stationary DCM mode beyond the centre manifold regime.
Exploiting the natural singularly perturbed nature of the model, we derive an
explicit reduced model of asymptotically high dimension which fully captures
these dynamics. Our subsequent and fully detailed study of this model—which
involves a subtle asymptotic analysis necessarily transgressing the boundaries
of a local centre manifold reduction—establishes that a stable DCM pattern
indeed appears from a transcritical bifurcation. However, we also deduce that
asymptotically close to the original destabilization, the DCM loses its stability
in a secondary bifurcation of Hopf type. This is in agreement with indications
from numerical simulations available in the literature. Employing the same
methods, we also identify a much larger DCM pattern. The development of
the method underpinning this work—which, we expect, shall prove useful for
a larger class of models—forms the second theme of this paper.
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1. Introduction

Phytoplanktonic photosynthesis provides the major biological component of the transport
mechanism carrying atmospheric carbon dioxide into the deep ocean. Concurrently, plankton
forms the basis of the aquatic food chain. As a consequence, phytoplankton growth and
decay play a crucial role in understanding climate dynamics [10] and form an integral
part of oceanographic research. Conversely, climate changes—such as global temperature
variations—have a direct impact on the aquatic ecosystem and thus also on phytoplankton
[3,22]: there is a subtle and under-explored interplay between the dynamics of phytoplankton
concentrations and climate variability. At the same time, phytoplankton concentrations exhibit
surprisingly rich spatio-temporal dynamics. The character of those dynamics is determined in
an intricate fashion by (changes in) the external conditions, see [15] and references therein.
The building blocks for the observed complex patterns are deep chlorophyll maxima (DCMs)
or phytoplankton blooms, in which the phytoplankton concentration exhibits a maximum at a
certain, well-defined depth of the basin. These patterns are the manifestation of a fundamental
balance between the supply of light from the surface and of nutrients from the depths of
the basin. For the simplest models, in which spatio-temporal fluctuations in the nutrient
concentration are omitted (eutrophic environment), it has been shown that there can only be a
stationary global attractor [17]. In particular, if the trivial state (no phytoplankton) is unstable,
then there can only be a stationary globally attracting phytoplankton bloom with its maximum
either at the surface (a surface layer), at the bottom (a benthic layer, BL), or in between (a
DCM) [9, 12,13, 17]. This is no longer the case in coupled phytoplankton—nutrient systems
(oligotrophic environment), although DCMs do tend to appear in those systems, also, for
certain parameter combinations [6,7, 11, 13, 16, 18]. The detailed numerical studies reported
in [15], however, show that the appearance of a DCM only triggers a complex sequence of
bifurcations: as parameters vary, a DCM may be time-periodic, undergo a sequence of period-
doubling bifurcations, and eventually behave chaotically.

In this paper, we focus on the effect that varying environmental conditions, and in particular
nutrient levels at the ocean bed, have on the dynamics generated by the one-dimensional model
for phytoplankton (W)—-nutrient (N) interactions originally introduced in [15],

{W,=DWZZ—VWZ+[;LP(L,N)—Z]W, (LD)
N,=DN_,—-Y 'uP(L,N)W. '
In this model, the vertical coordinate z measures the depth in a water column spanned by [0, z3],
while W(z, t) and N(z, t) are the phytoplankton and nutrient concentrations, respectively, at
depth z and time . As in [15,25], the system is assumed to be in the turbulent mixing
regime [9, 13], so that the diffusion coefficient D is identically the same for phytoplankton and
nutrient. The phytoplankton is characterized by its sinking speed V, its (species-specific) loss
rate /, its maximum specific production rate p, and its yield ¥ on light and nutrient. The model
is equipped with natural no-flux boundary conditions at the surface for both phytoplankton
and nutrients; the bottom is a source of nutrients but impenetrable for phytoplankton,

DW,—VW|,—., =0, N;|l;=0=0 and N|;=;, = Np. (1.2)
The constant nutrient concentration Ng will act as the primary bifurcation parameter in this
work. The nonlinear expression P(L, N) models phytoplankton growth due to light and

nutrient:
LN

(L+Ly)(N+Ng)’

in which Ly and Np are the half-saturation constants of light and nutrient, respectively.
(See [25] for a short discussion on the nature and specificity of P(L, N).) The light intensity

P(L,N) = (1.3)
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L at depth z and time ¢ is determined by the total amount of planktonic and non-planktonic
components in the column [0, z]:

L(z,t) = Ly e Koez=R [y Wis.)ds (1.4)

Hence, the system is non-local—a typical feature of most realistic phytoplankton models. The
light intensity term introduces three extra parameters: L;, the intensity of the incident light
at the water surface; Kpg, the light absorption coefficient due to non-planktonic, background
components and hence a measure of rurbidity; and R, the light absorption coefficient due to
plankton (self-shading). The first two of these parameters, together with zg, D, Y and N,
quantify the effect that the environment has on the planktonic population. Itis by varying these
parameters that we examine the effect of changing environmental conditions on plankton.

It is shown in [25] that system (1.1) has a natural singularly perturbed nature. This
can be seen by rescaling time and space via t = pt and x = z/zp and the phytoplankton
concentration W, nutrient concentration N and light intensity L via

12 N(z, 1) L(z,1)
+ B ’ . ’
,T) = Wiz, t), ,T)=1— d ,T) = .
w (x,T) DYN, (z,1) n(x, 1) Ny an jx, 1) L
Substitution into (1.1) then yields

w! =sw! —2/evol + (p(o*, n,x) — 0w, (1.5)

Ne =& (N + L plo*, 0, x) 0*),

with boundary conditions,

(@f —2v/e ) (0) = (0f —24/V/ew™)(1) =0 and nx(0)=n(1)=0. (1.6)
For realistic choices of the original parameters of (1.1),

D -5
&= — ~ 10 ,
“Zp
cf [15,25]. Effectively, £!/# characterizes the extent of the zone where DCMs appear relative
to the depth of the ocean. In this paper, we follow [25] and treat the parameter ¢ as an
asymptotically small parameter, i.e. we assume that 0 < ¢ < 1 so that (1.5) has, indeed, a
singularly perturbed character. The nonlinearity p in (1.5) is given by

1—n
pl@*,n,x) = — ; (1.7
u+1—n) A+ ju/j(w*, X))

with rescaled light intensity

j(x,T) =exp (—/cx—r/ w* (s, t)ds) . (1.8)

0
The remaining six rescaled parameters of (1.5),
v? oL _Lu Ny X q RDY Ng
V=— = —, = -, = —, K = 4 an r=——m-
4uD m JH L, NH Ng bglB 125
(1.9

are all considered to be O(1) with respect to ¢ in the forthcoming analysis (cf [25]).

Our attempt to comprehend the mechanism underpinning the appearance of phytoplankton
patterns, as well as the character of such patterns, begins with the determination of the spectral
stability of the trivial steady state u* = (0, 0)T. At that state, and in terms of the original
system (1.1), there is no phytoplankton—W (z, ) = 0—and the nutrient concentration remains
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constant throughout the column—AN (z, t) = N, the value at the bottom of the basin (1.2).
System (1.5) may be written compactly in the form

W= THut) = ewl. —2J/evol + (plo*,n,x) — ) o* (1.10)
T N +e 07 p(ot, n, x) 0t ’

where

Here, the nonlinear operator 7+ is densely defined in L?(0, 1) x L?(0, 1). The associated
spectral problem has been investigated in full asymptotic detail in [25], where we worked with
the linearization of (1.10) around u* = (0, 0)T,

v (€0 —24/eviy+ f — ¢ 0
DT _< N ) (L.11)
in which
f)=——— and v= € (0, 1). (1.12)
1+ jye<r 1+nn

The spectrum o (DT*) = {v,}y>0 U {An}n>0 of the operator D7 consists of two distinct,
real parts associated with the two diagonal blocks of DT, cf (1.11). Here, the eigenvalues
v, = —& (n + 1/2)?> 72 are negative, independent of all parameters, and associated with the
lower block. These eigenvalues, together with the corresponding sinusoidal eigenfunctions
(0, cos((n +1/2)mx))T, describe nutrient diffusion in the complete absence of phytoplankton.
It follows that the spectral stability of the trivial state is governed solely by {A,},>0, the set
of eigenvalues associated with the upper block. In [25], we identified two different linear
destabilization mechanisms. In the regime v < f(0) — f(1), corresponding to reduced
oceanic diffusivity or increased turbidity (cf (1.9) and (1.12)), the planktonic component
wy of the eigenfunction wy associated with the critical eigenvalue Ao has the character of
a DCM: w} is localized in an O(g'/*) region centred around a certain depth x, at which
it attains its maximal value, see figure 1. This depth can be determined explicitly: to
leading order, f(x,) = f(0) — v [25]. Hence, x, increases monotonically from x, = 0
to x, = 1 as v increases from v = 0 to the transitional value v = f(0) — f(1). In the
complementary case v > f(0) — f(1), corresponding to increased oceanic diffusivity or
decreased turbidity, the planktonic component of the critical eigenfunction destabilizing the
trivial state has the character of a BL: that is, it increases monotonically with depth and
essentially all phytoplankton is concentrated in an O(g!/?) region over the bottom, see again
figure 1.

In this paper, we focus exclusively on the regime in which DCMs may appear, i.e. we
assume throughout the paper that v < f(0) — f(1). In that regime, we investigate the nature
of the bifurcation associated with the destabilization mechanism of DCM type. We know
from [25] that, in this case,

n = ke — €200 | Ayt | + O(e'?), (1.13)
with

A*zf(O)—Z—v=1+ij—E—v (1.14)
and where
oy = F'(0) = — f(0) = —< I with  F(x) = f(0) — f(x). (1.15)

(L+jm)*
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Figure 1. Left: a DCM profile for the planktonic component of (1.5)—(1.6). Essentially all plankton
is concentrated in an O(g'/4) region around a finite depth x,.. Right: a BL profile for the planktonic
component of (1.5)—(1.6). Here, essentially all plankton is concentrated in an O(e'/?) region over
the depth of the basin.

Here, A, < Ois the nth root of Ai, the Airy function of the first kind. The bifurcation occurs as
Ao crosses zero, yielding the bifurcation diagram in the left panel of figure 2. More specifically,
we focus on the (weakly nonlinear) dynamics generated by (1.10) for parameter choices such
that

v

0= ———L—v—2g"6|A]|+0("?) = & Ao, (1.16)
1+ JH

where p > 0 is fixed and Ay is allowed to be at most logarithmically large with respect to ¢.
Note that one can fune the appearance of a destabilization of DCM type (i.e. of the simplest
phytoplankton pattern) by choosing appropriately the parameters in (1.10); also, note that A(
depends on all parameters with the exception of r, the rescaled self-shading coefficient which
is absent from the spectral problem for D7 (cf(1.11)), see the definitions of f and ¢ in (1.12)
and (1.15). We remark, further, that the parameter v depends on the diffusion coefficient D (cf
(1.9)), the main parameter varied in [15] and the one that most strongly depends on varying
external conditions such as global temperature [22]. Finally, A is an increasing function of
our bifurcation parameter Ny through its dependence on v, see (1.13)—(1.14) together with the
definitions of v in (1.12) and of ny in (1.9). Based on this final observation, we will often treat
Ay as our bifurcation parameter.

The first step in analysing the dynamics generated by a linear destabilization mechanism
is to perform a centre manifold analysis to determine the local character of the bifurcation
associated with the destabilization (see, for instance, [1,4]). This is a well-established
procedure. In the setting of (1.16), this amounts to assuming that Ay is (asymptotically)
smaller than all other eigenvalues, and it corresponds to the case p > 1 and Ag = O(1).
In this regime, the remaining eigenvalues {v,},>0 U {A,},>1 are negative and asymptotically
larger than Ao, so that the local flow near the trivial pattern (0, 0)T is determined by the flow
on the one-dimensional centre manifold. The tangent space of this manifold at the trivial
steady state is spanned by the critical eigenfunction w{ associated with Ao. Hence, this flow
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F(1)

Figure 2. Left: the bifurcation diagram for the trivial steady state of (1.5) in the regime
v < f(0)— f(1) = F(1). The trivial steady state is stable in the region 19 < 0 and unstable in the
region A9 > 0. Here, vypcm = £(1 + jg) and v, = £(1 + € jy). Right: the bifurcation diagram
for the small-amplitude DCM reported in (1.17) and (1.19). The origin marks the transcritical
bifurcation through which the trivial steady state is destabilized and the small-amplitude DCM
pattern emerges. The value A§ marks the (first) Hopf bifurcation where this small-amplitude DCM
is destabilized and a time-periodic DCM pattern is generated.

can be determined by expanding u* as u*(x,v) = e”7V0Qo(t) w(x) + R(x, 1), with Q
being an unknown, time-dependent amplitude and the higher order remainder R encapsulating
the component of u* along directions associated with the stable eigenvalues—the additional
1/6 in the exponent of ¢ follows from the projection analysis by which the equation for €2
is determined (see below and section 3). An ordinary differential equation (ODE) for the
unknown amplitude €2y is obtained through a projection procedure which is straightforward
but can nevertheless be highly technical, especially in a partial differential equation (PDE)
setting. In the case at hand, this equation reads

Q0 = Ao R0 — a0 (0) 25, (1.17)

to leading order. Thus, the procedure reveals the existence of a non-trivial fixed point which
is stabilized through a standard, co-dimension one transcritical bifurcation. This fixed point
corresponds to an asymptotically small DCM pattern, the amplitude of which grows linearly
with Ag:

Ao
anoo(0)”
In general, one cannot expect to be able to compute the coefficient ayyy(0) explicitly. Here, we
exploit the singularly perturbed nature of (1.10) and the localized character of the eigenfunction
w{ to do exactly that; in particular, it follows from the analysis to be presented in this paper
that

Wt (x) ~ "0 QF wf (x), with Qf =

(1.18)

0y f(0) exp(lAi*?)
o .. 1/2
(177l £33 AGs) ds )

see section 3. In addition to yielding an explicit, leading order formula for the amplitude of
the emerging (stable) DCM, this first result also implies that this DCM is ecologically relevant
since the planktonic component of the primary eigenfunction is positive, wj > 0, and hence
also w* > 0 by (1.18)—(1.19).

apoo(0) = (1 —v)(1 —xy)

>0, (1.19)
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The main aim of this paper is to develop an analytic approach through which one can go
beyond the direct, finite-dimensional centre manifold reduction outlined above. The original
ideas underlying this approach—namely, the method of weakly nonlinear stability analysis—
qualify as classical [23]. However, this particular method does not always provide more
insight than the rigorously established centre manifold reduction method: for instance, it also
reduces the flow to a one-dimensional ODE of the form (1.17). The situation is strikingly
different here, as we can exploit the singularly perturbed nature of (1.10), in conjunction
with the asymptotic information on the eigenfunctions of D7™* obtained in [25], to study in
full analytic detail the case Ayg = O(g)—see section 4—and even extend our analysis to the
regime Ay = O(elog” &)—see section 4.5. This way, we can analytically trace the fate of
the bifurcating DCM pattern well into the regime where the pattern undergoes secondary and,
possibly, even tertiary bifurcations.

For clarity of presentation, we divide the rest of the material in this section into two parts.
The first one focuses on the bifurcations undergone by the DCM patterns and on the ecological
interpretation of our findings, while the second one focuses on the specifics of the asymptotic
method developed in this work.

1.1. The bifurcations of the DCM patterns

The outcome of our asymptotic analysis is summarized in the right panel of figure 2. The
localized DCM that bifurcates as Ay crosses zero is a stable attractor of the flow generated
by (1.1), for all p > 1 and Ay = O(1) with respect to &, cf (1.16). As we remarked above,
the amplitude Q2§ of this localized DCM, and thus also the biomass associated with it, grows
linearly with A¢ in that regime, cf (1.18)—(1.19). Quite remarkably, from the point of view of
our weakly nonlinear stability analysis, €2 continues growing linearly with Aq also beyond
the region where the centre manifold reduction is valid. In particular, (1.18)—(1.19) remain
valid in the regime p = 1 and Ay = O(1), see (4.9). The corresponding biomass turns
out to be
/1w+(x)dx:8 A+jw) 0 (4jmv—t—v
0 I =v)vd—ux) I=v)d =x) E+V)
to leading order. This second result establishes that, in the Ao = O(¢) regime, the DCM pattern
grows with v and hence also with N, the primary parameter measuring nutrient availability in
the water column (see (1.9) and (1.12)). This fact certainly reinforces our ecological intuition.
The stability properties of the DCM mode corresponding to 25, on the other hand, undergo
a drastic change in that same regime. Our rather involved stability analysis of this emergent
non-trivial steady state reveals that it becomes unstable, in this same Ay = O(¢) regime already,
as A continues to grow and through a standard Hopf bifurcation; this is our third result. The
appearance of this secondary bifurcation can be determined explicitly by our methods and,
as we demonstrate, its onset occurs for values of A which increase unboundedly as x, | 0
(equivalently, as v | 0). Itis natural, then, to attempt an extension of our analysis into a region
where Ay > 1. In that regime, we establish the existence of a second localized DCM-type
pattern: the associated reduced system has two critical points. Using our methods, we trace
this second localized structure back to O(1) values of Ay and find that it corresponds to an
O(e!/?) biomass depending nonlinearly on Ag. This is our fourth result. The stability type of
this pattern can also be determined explicitly, although we do not undertake this task in this
work.
Hence, our analysis yields that the stationary, stable, localized DCM pattern emerging
at the transcritical bifurcation through which the trivial state becomes unstable persists only
in an asymptotically small, O(¢) region in parameter space before it yields to an oscillatory

(1.20)
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pattern emerging through a Hopf bifurcation. This fact reinforces our mathematical intuition
that the appearance of this stationary DCM is the first step in a cascade of bifurcations leading
to the chaotic dynamics reported in [15]—see also our discussion in [25]. In light of this, our
analytical findings seem to agree qualitatively with these numerical results. In the same vein,
our findings here suggest that the chaotic dynamics can be traced back to the small-amplitude
patterns emerging from the destabilization of the trivial steady state. (Of course, one must
always exercise caution in interpreting numerical observations from an asymptotic point of
view, especially when these simulations concern an unscaled system as is the case here: the
authors of [15] have simulated the original system (1.1) and not the scaled system (1.5).)
Additionally, the fact that the onset of the Hopf bifurcation for v | 0 occurs in the regime
Ao > l—where certain higher order terms in our analysis become leading order and hence
the analysis must be necessarily extended—possibly explains the absence of oscillatory and
chaotic dynamics for small values of v, see [25, figure 3.3].

Naturally, the questions on the fate of the oscillatory pattern generated through the Hopf
bifurcation and on the nature of the larger DCM pattern are intriguing. At present, this is the
subject of ongoing research. We do not pursue these questions further in this paper, apart from
a short discussion in its concluding section.

1.2. The asymptotic method

Parallel to understanding the character and fate of the linear destabilization mechanism
established in [25], this paper has a second—and from a mathematical point of view at least
equally important—theme. Here, we have developed a powerful approach by which we can
study the weakly nonlinear dynamics generated by (1.5) in full asymptotic detail and far from
the region covered by more standard techniques (such as the centre manifold reduction method).
Indeed, one cannot hope in general to extend the analysis beyond the one-dimensional centre
manifold reduction discussed above and into the regime where A is not asymptotically closer
to zero than all other eigenvalues. In other words, the sole analytical insight into the dynamics
of the flow near the destabilization that one can generically obtain is the confirmation that
DCMs indeed appear through a transcritical bifurcation. Let us look into this last point in
more detail and for our specific model (1.5)-(1.6). For Ay = O(e)—equivalently, for p = 1
in (1.16)—one can no longer ‘project away’ the directions corresponding to the eigenvalues
v, = —e (n + 1/2)? w* associated with the operator D7*. Indeed, these are O(g) for O(1)
values of n, and hence of the same asymptotic magnitude as Ag. As a result, the centre manifold
reduction approach yields a leading order system in at least asymptotically many dimensions.
In general, such a system cannot be studied analytically, and one has to abandon the idea of
performing an asymptotically accurate analysis.

The crucial ingredient in our approach is our ability to explicitly determine, to leading
order, all relevant coefficients in the reduced, asymptotically high-dimensional system that
extends the leading order, one-dimensional centre manifold reduction. All of these coefficients
are defined in a relatively standard manner in terms of projections based on the linear spectral
analysis, see (2.21) in section 2. We report the outcome of this part of our work in (4.1).
These leading order formulae clearly reveal a certain structure in these coefficients, which in
turn reflects on the system of ODEs for the Fourier modes. It is this structure that allows
us to extend our stability and bifurcation analysis. The sometimes remarkably subtle and
laborious analysis by which these coefficients are computed provides the foundation for the
strength and success of our programme. Therefore, this analysis is a central component of
our approach and lies at the core of the forthcoming presentation, see especially sections 3
and 5-7.
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An understanding of the conditions under which a similar structure may be expected to
appear is apposite to deciphering the fundamental mechanisms underpinning the success of our
method and to determining a more general setting where this method is applicable. Naturally,
what enables us to estimate these coefficients, and thus also determine how they are related,
is the accurate asymptotic control over the eigenfunctions that we establish. It is neither
clear, a priori, that the structure present in the reduced system is a necessary consequence of
that control, nor how much of that control is necessary to establish the presence of sufficient
structure. These issues are the subject of current research undertaken by the authors. Below
we offer a brief sketch of the ideas behind this work in progress, as it also encapsulates the
essentials of the method developed in this work.

To avoid the computational complexities associated with the weakly nonlinear analysis,
we consider a much simpler, autonomous, coupled, reaction—diffusion system,

Ut:Uxx+MU+F(Us V;e),

(1.21)
Vi=e(Viy +vV+GWU; V,e)).

Here, U and V are defined in [0, 1] x R* and obey certain boundary conditions, e.g. of
homogeneous Neumann or Dirichlet type. The nonlinearities F (U, V) and G(U, V) are
assumed to be smooth and at least quadratic in U and V; finally, 0 < & < 1 is an asymptotically
small parameter. The spectral problem associated with the trivial state (U, V) = (0,0)
decouples into two scalar problems of harmonic oscillator type. It immediately follows that, for
v below a certain critical value v*, this trivial state loses stability when p crosses a threshold p*.
Moreover, the eigenvalues {AU},~ associated with the U-component (and hence also with
) are O(1)-apart, while the eigenvalues {k,‘f }n>0 associated with the V-component (and also
with v) are O(e)-apart. Both sets of eigenvalues are naturally paired with simple trigonometric
eigenfunctions. A straightforward centre manifold reduction suffices to determine the nature
of the bifurcation as p crosses u* and in the regime u — u* < . This situation corresponds
directly to our—technically more involved—centre manifold problem (1.17)—(1.19) briefly
discussed earlier. Note that, here, the leading order analogue of the DCM pattern identified in
that discussion is a sinusoidal function.

Aslong as u — pu* < ¢, the modes associated with the eigenvalues {1}, remain slaved
to the critical kg -mode, exactly as in our phytoplankton—nutrient model. However, this is
no longer the case when u — u* = O(e); in that regime, asymptotically many A -modes
are nonlinearly triggered by that critical mode. Nevertheless, the remaining AY-modes stay
slaved, so that one obtains a reduced system of asymptotically high dimension. Here also, the
coefficients of the leading nonlinearities can all be expressed in terms of projections along the
eigenmodes, albeit they correspond to much simpler integrals. This process should enable us to
study the conditions under which one is able to infer relations between these coefficients similar
to those reported in (4.1). This, in turn, should lead to conditions under which the reduced
system has sufficient structure to allow a secondary bifurcation analysis—and perhaps even
the identification of a cascade of subsequent bifurcations—of the non-trivial state bifurcating
at u = p*. An additional benefit of working in a simple setting of this sort is its amenability
to rigorous analysis, which is beyond the scope of this paper.

A natural question to ask at this point is whether the model problem (1.21) shares enough
structure with (1.5) to enjoy similarly complex yet tractable dynamics. Note, in particular,
the absence of non-local and non-autonomous terms from (1.21). Mathematically speaking,
we expect these aspects to be insignificant for the type of dynamics that the model exhibits
close to bifurcation. (The situation is very different from the ecological point of view,
naturally.) In the setting of (1.5), the non-locality only complicates our analysis and thus
clouds our understanding of the secondary and subsequent bifurcations beyond the centre
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manifold reduction. Indeed, one expects the self-shading effect that a small DCM pattern
has on itself to be much smaller than the shading due to the water column above it. This
is most evident in sections 3 and 6, where self-shading (quantified by the parameter r) is
finally shown to contribute higher order terms only. Similarly, the sole role of the non-
autonomous features of (1.1) is seemingly to introduce two spectra, {v,}, and {},},, with
different asymptotic properties. In our model problem (1.21), this is achieved instead by
choosing disparate diffusivities for the two model components.

Finally, it should be noted that our work resembles, but is certainly not identical to, Lange’s
work in [19, 20]. Lange has devised a potent asymptotic method applicable to problems with
closely spaced branch points which allows one to track the evolution of solution branches
well into the regime where centre manifold reduction breaks down. In our work also, the
spectrum is asymptotically closely spaced, as are also then the branch points. Nevertheless,
the differences between our work and the work in [19] are substantial. Most prominently,
Lange essentially defines branch points as points in parameter space where the linearization
around the steady state admits a zero eigenvalue, see the derivation of [19, (3.10)] in particular.
In our work, instead, the secondary bifurcation is induced by the parameter-independent
negative spectrum related to pure diffusion and occurs before any eigenvalues other than X
have bifurcated. As such, these branch points are not captured by Lange’s method. In fact, this
secondary bifurcation—and, we expect, part of the cascade towards chaotic dynamics—occurs
in a region of parameter space which is asymptotically small compared with the magnitude
of the next critical eigenvalue 1. Viewed from this perspective, then, the existence of the
rich dynamics reported here for the regime Ag = O(¢) acts as a paradigmatic manifestation
of nonlinear interactions. The linearly stable modes manage to have a decisive impact on the
dynamics solely through nonlinear couplings although a strictly linear point of view dictates
that these modes should be utterly irrelevant.

2. Evolution of the Fourier coefficients

Our aim in this section is to write the PDE system (1.10) as an infinite-dimensional system
of nonlinear ODEs and subsequently reduce it by relaxing the fast stable directions. To
achieve this, we need explicit formulae for the (point) spectrum o (D7), as well as for the
corresponding eigenbasis and its dual. The spectrum and the eigenbasis have been determined
in [25]; we summarize the relevant formulae in section 2.1 below. We then obtain the dual
basis in section 2.2 by solving the eigenproblem for the adjoint operator (D7 *)*. Finally, in
section 2.3, we derive the desired ODEs for the Fourier coefficients close to the bifurcation
point.

2.1. The spectrum and the corresponding eigenbasis of DT+

For completeness, we let H,,+ and H,, be the subspaces of L?(0, 1) associated with the boundary
conditions (1.6), H,, be associated with the boundary conditions

(3w — /V/e 0)(0) = B, — /V/ew)(1) =0, 2.1)

and we write H, = H,+ x H, and H = H,, x H,. Both product spaces can be equipped with
the inner product

+ + 1
(ut,ub) = <(C";;> i (C;§>> = /0 (a);r(x) w5 (x) + 11 (x) nz(x)) dx.
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Subsequently, we define the function E(x) = exp(4/v/¢ x) and the operator £ : H — H.
corresponding to an application of the Liouville transform,

+ +
Eu = (E ‘”) = (") ) —u with inverse u = <w> - (‘“ /E> =&yt 2.2)
n n 1 n

(It is straightforward to check that the boundary conditions (1.6) for u* yield the boundary
conditions (2.1) for u.) Both £ and £~ are self-adjoint and bounded and

0+ f—L—vV 0)

_e—lpygte _
DT =¢ DTS_( o1 FE oo

(2.3)

with DT densely defined and having self-adjoint diagonal blocks.

As mentioned in section 1, the eigenvalues v, associated with D7+ correspond to the pure
diffusion problem for the nutrient in the absence of plankton. In particular, they are solutions
to the eigenvalue problem

E0xx&n = Vnln, with  9,£,(0) = ¢,(1) =0,
and may be calculated explicitly,
vy = —€&N,, where N, = (w/2+nw)> forn > 0. (2.4)
The corresponding eigenfunctions have a zero w*-component, and they are
0
Up = (c ) , where £, (x) = v/2 cos(y/N, x). (2.5)

These are normalized so that |||, = 1.
The eigenvalues A, on the other hand, correspond to the eigenvectors

wr = <a)’+l) .
nﬂ

Here, the functions ;' and 7, are solutions to
€ xyw, — 24/evocwy + (f(x) — € —4y) o) =0,
Orwf —2y/v/e ) (0) = (3,0} —2y/V/ewi)(1) =0,

cf (1.11), together with the self-adjoint, inhomogeneous, boundary-value problem for the
component 1,

€ extly — An Ny = —el™' f &}, where 3,7,(0) = 1, (1) = 0. (2.6)
Equivalently, they are solutions to the self-adjoint, Sturm—Liouville problem

€ 0xxwn + (f(X) =€ =V —Ap)w, =0,

(00 = V]2 0)(O) = (B0, — V] @,)(1) = 0, @7
cf (2.2)—(2.3). As already stated, in [25] we derived the asymptotic expressions

An = hw — 3607 | At | + O(e'?), withn > 0,

cf (1.13). Here, A, = f(0) — £ — v, 00 = F'(0) = — f’(0), and A, < 0 is the nth root of the
Airy function Ai, cf (1.15). A formula for the nth eigenfunction w, can also be derived using
the WKB method, cf [25]. The corresponding eigenfunctions for DT* are w} = (o], )7,
where w; = E w,—cf (2.2). As we will see in the next section, it is natural to impose the
normalization condition ||w,|], = 1.
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2.2. The dual eigenbasis of DT~

To carry out the weakly nonlinear stability analysis of the bifurcating DCM profile, we also
need to obtain the dual eigenbasis {;},>0 U {0, },>0 uniquely determined by the conditions

M ﬁ)+> = (v, i}m) = Sum and <w;, ﬁm) = (U, li);;) =0,

n’ m

(w

for all n, m > 0. In this section, we show that

bt = (“:)) and O, = (‘é) 2.8)

Here, w, = w,/E, where w, solves the eigenvalue problem (2.7) and satisfies the
normalization condition ||w,||, = 1. Further, expressions for the functions {¢,}, were reported
in (2.5), while the functions {1/, },, may be found by solving the inhomogeneous problem

ey +2vEvay, + (f(x) —€—v) ¥, = —el™' f i,

_ _ (2.9)
3, (0) = 0x¥, (1) = 0.
Alternatively, ¥, = v,/ E, where ¥, solves the self-adjoint inhomogeneous problem
&0+ (f(0) =L =V —v) Y = —el fE L, 2.10)

0¥ —VV/EYR)(0) = (0¥ — v/ Yn)(1) = 0.

To verify the above, we start from the observation that the dual basis may be obtained by
solving the corresponding eigenvalue problem for (D7 *)*, the adjoint of the operator DT *.
To calculate (D7 +)*, we write v~ = £~ v, recall (2.3), and note that

(DT u*,v™) = (DT*Eu,v™") = (EDTu,v") = (DTu, Ev™) = (DTu,v) = (u, DT*v).
This implies, further, that

(DT u*,v™) = (u, DT*v) = (£ u*, DT*Ev™) = (u™, ET'DT*EvT),
whence (DT*)* = £~ 'DT*E. Here, u™ satisfies the boundary conditions (1.6), whereas the

boundary conditions for v~ are determined from v~ = £~ !v and the boundary conditions (2.1)
for v—in particular,

Ay (0) =y (1) =0 and 8,0(0)=¢(1) =0, where v = (W;) . @2.11)

It is straightforward to show that

pre— ([ —t=V el ' fE 7
0 E0yy

and, since also (DT +)* = £71DT*E,

80y +2/EVa + f — £ 8£1f)

0 . (2.12)

(DTH" = (

In view of (2.12), the eigenvalue problem (D7 *)*@} = A, ! for ¥ = (&, 7j,)T reads
£ D + 2V + (f — € — 1) &F = —el™' f i,
lBax)cﬁn = )Mn ﬁn,

subject to the boundary conditions (2.11), with ¥~ = & and ¢ = #),. The latter equation
immediately yields 7, = 0, so that the former equation becomes homogeneous. It is now
trivial to check that ®} = o, = w,/E, where w, solves the eigenvalue problem (2.7). This
establishes the first part of (2.8).
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Similarly, (2.12) shows that the eigenvalue problem (D7 *)*0, = v, 0, has solutions

ﬁn = (wn) )
En

where the functions {1, }, satisfy the boundary-value problem (2.9). An application of the
Liouville transform v, = Ev,, leads directly to the self-adjoint problem (2.10).

2.3. Evolution of the Fourier coefficients

Our aim in this section is to write the PDE system (1.10) as an infinite-dimensional system
of nonlinear ODEs. We start by expanding the solution of d,u* = 7*(u") in terms of the
eigenbasis associated with the linear stability problem,

ut(x,7) = e 1/05 Z Q, (1) w(x) +° Z W, (1) vy (%), (2.13)
n=0 n=0
where ¢ > 0 is yet undetermined and the coefficients €2, and W, are determined by
Q, =8 ut, W) and W, = e ut, 1,). (2.14)

The exponent of 1/6 in the first sum of (2.13) is related to the localized nature of wf, the
planktonic component of w¢. In particular, @] is shaped as a DCM with an O(g!/®) biomass
[lwg |1 (recall from our discussion following (2.8) that, in contrast, ||wo||>» = 1). More details
on this issue will be presented in section 4.3.2. Moreover, we have introduced the exponentially
small parameter

—J_(x)
S=exp| — | K 1, 2.15

P ( Ve > @1
the role of which is to counterbalance the exponentially large amplitudes of the eigenfunctions
wy and v,. In particular,

Jo(x) = Vx £ 1) and 1(x) = / VF(s) — F(xo)ds. (2.16)

Here, the O(¢!/3) parameter x, corresponds to the turning point of (2.7):

X0 = F 'O — ho) = 05 P 1A + O(e'?), (2.17)
while x, is the location of the DCM, the unique point where J_ (+) attains its (positive) maximum
( [25]—see also appendix A), i.e.

xe=F'(v+ F(xp)) = F'(v) + O(e'/?). (2.18)
Thus, 6~ is a measure for the amplitude of the w-component of the (linear) mode associated

with a bifurcating DCM. The introduction of § in the decomposition (2.13) allows us to identify
small patterns (u* < 1) and is motivated by the observation that this decomposition yields

ot (x,7) =805 Z Q, (1) w,y (x),

n20 (2.19)
NG, 7)) =708 Y Qu(r) na(x) + 7Y Wy (1) (%), '
n>=0 n>0

The principal part of wy is derived in appendix A, while asymptotic formulae for w;;, withn > 1,
can be derived in a similar manner. For O(1) values of n, it follows that @ is exponentially
small everywhere apart from an asymptotically small neighbourhood of x, where it attains its
maximum value of asymptotic magnitude at most O(¢~!/126~1). Similarly, the principal part
of 5 is given in appendix B, together with an L°°-estimate which shows that g is at most
0(£'765=1 in [0, 1]. As a result, the coefficients of the eigenmodes €2, (n > 0) in (2.13) are
bounded uniformly in L>(0, 1) by an O(~!/12) constant, while those of ¥, (n > 0) are O(1).
In what follows, we derive the ODEs governing the evolution of these eigenmodes.
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2.3.1. Eigenbasis decomposition of T*(u™) . To derive the ODEs for the eigenmodes, we
need to express 7 * (") in the eigenbasis {w; },>0 U {v, }»>0. In particular, we show that

T+(l/t+) = 80_1/6 ) Z )\k Qk —&f Z Z (amnk Qan + bmnk \Iijn) w]-:

k>0 m>0n>0
> > ’ /

e oW = & Y (@i 2 + B Y1) | vk (2.20)
k>0 m>0n>0

where we have omitted an O(g%*~!/2) remainder. The coefficients appearing in this equation
are given by the formulae

1
-1/6 + A+ —-1/6
Amnk = € / <<8€1 ap @y, Wy ) =€ / (Am@n, W),

1 A
apy =6 <<8£1) 8 ay o), vk> = 5_1/38[<amwn7 i) + el Hap o, §k>],

| (2.21)
bnk = <<£€1) by @, 1i1,f> = (bpwy, W),
b =0 <(€;_1> 8 by ﬁk> = &% (bueon, Yi) + € (bt )|
Here, we have defined the functions
an =8 [(L=v)mu+(1 - vflf)rsm] f with s, (x) = /Ox w;(s)ds, 2.22)
b = (1 =) f G

Note that we use (-, -) to denote all inner products—in H, H,+ and H,—as there is no danger
of confusion.
We start by decomposing 7*(u™") into linear and nonlinear terms by means of

T*w") =DT'u"+N®w"), where N(u*) = <8£11> (p— fo'. (2.23)

Substitution of the decomposition (2.13) into the linear term yields the eigendecomposition of
that linear term,

DT ut = /05 Z Qi DT wj +&° Z W, DT v

k>0 k=0
=08y Ml +2° Y vy, (2.24)
k>0 k>0

where we have also used that w} and v, are eigenvectors of D7 (see section 2.1). It remains
to express the nonlinearity A (u*) with respect to that same eigenbasis. First, since p — f
contains the non-local term fOX w*(s) ds, see (1.7)—(1.8), we write (cf (2.19))

S(x, 1) =g /0 / o' (s,7)ds =& Z Q,(1) 5,(x), (2.25)
0

n=0
where s, was introduced in (2.22). We subsequently obtain, by (1.7) and (1.12),
1—n 1
vl —n 1+ jyexp(kx)exp(ec—1/6r )
1—n 1
=/ v T+ (1 —v=L f)(exp(ec— /67 8) — 1)

p:
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Substituting from (2.19) for w* and 7 into this formula and expanding asymptotically, we find
further
p@ . n.x)=f =&Y " a,Q — > bW, +0(e*71F),  (2.26)
m>=0 m=>=0
with a,, and b, as defined in (2.22). We remark for later use that this asymptotic expansion
remains valid for o(e!/47¢) values of Q, (n > 0) and o(¢~) values of ¥, (n > 0) (see our
discussion following (2.19)). Next, (2.19) and (2.26) yield

(P - f) (U+ = _82671/3 8 Z Zamw; Qan - 82671/6 s Z mewz lIJQO
m=0n=0 m=0n2=0

where we have again omitted an O(£3*~!/?) remainder. By virtue of (2.23), then,

1
./\f(u+) — _gX13g Z Z <8£1> amw; Q2

m>20nz=0

c— 1 —
a3 (8€1> b W, 2, +0 (£371/7) .

m>=0n=0
We may now decompose the spatial components in these sums with respect to the eigenbasis,

1
+ 1/6 + 1/3 1
(881 (Samwn—g (8 8 App Wy + € amnkvk),
k=0

1
k>0

where the coefficients @y, a,,,;, bmnk and b, . are found by means of (2.21). Using this
decomposition, we finally write (omitting throughout an O(g3*~1/2) term)

N(u+) = — SZE Z Z Z (871/68 Amnk wlt + a’/ﬂ”k Uk) Qan

m>=20n=0 k>0

_ 82c Z Z Z (8_1/65 bmnk w/-: + b;nnk Uk) ‘I}an

m>0n3>0 k>0

= — 826_1/65 Z Z Z (amnkaQn + bmnklpm Qn) w]t

m>0n>0 k>0
=&Y DD (Wt R R+ B Y ) v (2.27)
m=0 720 k=0
Combining (2.24) and (2.27), then, we arrive at the desired result (2.20).

2.3.2. ODEs near the bifurcation point. We are now in a position to derive the ODEs for
the amplitudes {€2,,},>0 and {W,},>0. Differentiating both members of (2.13) with respect to
time, we find

dut =T8N Qw46 Wy, (2.28)

k=0 k=0

where the overdot denotes differentiation with respect to t. Next, d,u™ = 7" (u*) and hence,
combining (2.20) with (2.28), we obtain the ODEs for the amplitudes,

SZZk = )\ka —& Z Z (amnk Qan + bmnk \IJan) +0 (82C) s

m>=0n2=0
W = Wy = () QR+ By W) + 0 (7).

m=0n>0
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We now tune the bifurcation parameter A, so that the largest eigenvalue, Ag, is the only

positive eigenvalue while the eigenvalues Aj, A,, ... are negative. In particular, we write
(cf (1.16))

Ao = &° Ao, where 0 < Ay < ¢72/3,

vy = —€&Ng, where Ny > 0 is O(1) fork =0,1,...,

e = —e' B Ay, where Ay > 0 fork=1,2,....

As we will see shortly, the cases of particular interest will turn out to be those where p = 1
and Ay is either O(1) or logarithmically large. Note also that, since the distance between X
and A is O(g'/3) by (1.13), it follows that A1, A;, ... < v;. Then, the evolution equations for
the amplitudes become

Q0 = SPAOQO — & Z ZamrtOQan —&° Z Z bmnO“menv (229)
m=>0n=0 m=>=0n=0
W= —eNe W — Y Y a0 — Y Y B W, k>0, (2.30)
m>=0n=0 m=0n=>0
Qk = _EI/SAka —&° Z ZamnkaQn — & Z menk\menv k 2 1’ (231)
m=>=>0n=0 m>=0n=0

where we have omitted all higher order terms.

3. Application of Laplace’s method on aggg

Explicit asymptotic expressions for the coefficients in the ODEs (2.29)—(2.31) obtained in the
previous section can be derived by applying Laplace’s method and the principle of stationary
phase to the integrals in (2.21). In this section, we demonstrate the use of the former in deriving
an asymptotic formula for aggy. Asymptotic expressions for the remaining coefficients will be
derived independently in sections 5—7, after we have thoroughly analysed the bifurcations that
our system undergoes. Although the analysis in those sections is substantially more involved,
our approach there is very similar to that in this section.
The main result of this section is the leading order approximation

agoo = A(Ag) = aa(Ao), (3.1)

where we have defined the O(1), positive, Ag-independent constant « and the function a by
means of

sinh (vAo(1 — x,))

o 0 C CrolPo1/2< 0 and An) =
a=( V) f(0)Cy Cr04" o, = a(Ao) Ao cosh /Ay

. (3.2)

Here, oy is defined in (1.15), while

00 -1/2
a:(/ Aiz(s)d5> , Cr=exp(Ail?) and on = F'(x) = —f'(x), (3.3
A

1

see [25] and appendix A. We start by recalling that the coefficient agy is given by

1
agpo = &~ /° / ap(x) a)(z)(x) dx, 3.4
0
cf (2.21), where
ap(x) =8 [r(1 — v f(x)so(x) + (1 — v)no(x)] f(x).
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Employing (2.22), (2.25), using the explicit approximation (B.5) for 1 from appendix B, and
defining the functions

_ fO)_1-v

m(x.y) = () [r (1 r )— T S (VAo =) f(y)], (3.5)
_ (1 =) f(x) cosh (v/Agx) .

(e, ) = e R £ sinh (VAo = ). (3.6)

we find further

X 1
ao(x) = 6~1/%% / I, y) g (y) dy + 6705 / ha(x, y) w5 (y) dy.
0 0

Thus,

1 px 1 1
a0 = £~V/%5 f f (. y) @2 () w0 (v) dy dx + /65 / f (s ¥) @2 () i (v) dy d
0J0 0J0

e V98T, + D), 3.7)

where 7, and 7, are the two double integrals appearing in this expression.

We can obtain the principal parts of Z; and Z, using theorem D.2, based on [24],
in appendix D. We start with the latter integral which, as we will see, fully determines
the leading order behaviour of aggy. First, the normalization condition ||wy|l; = 1 yields
fol ha(x,y) a)(z) (x)dx = h»(0, y) to leading order. Since, also, w{ has a unique maximum at
the interior critical point x,, theorem D.2.1 (with A = ¢ 1/2, [T = —J_, and E = h,(0, -))
yields

1 V27 hy(0, x,)
(VA2 /=T (x))

to leading order, where we have used the explicit leading order approximation (A.2) of wf
from [25] (see also appendix A), recalled the definition (2.15) of 4, defined

V27 hy(0,x,)  CiCrop”?

Cy =
T T ) 2T FYA(x)

and employed the identity J” = -2~ F~1/2F’,
Next, we show Z; to be exponentially smaller than Z,. First, we rewrite it as

s GG hi(x,y) m;(x, y)
L= 87 3/20 Z // \/T;)Fl/zl(y) eXp( J\/g )dAxy, (3.10)

where we have used (A.2) and (A.1). Here, D = {(x, »)I0 <y <x, 0 <x < 1} and
I(x, y) =J-(y) =21 (x) and 0 =1,
Iy (x,y) = J_(y) —2I(1) and 6, =26,
I3(x,y) =J_(y)+21(x) —4I(1) and 05 = 62,

1
I, = / ha (0, y) wi(y) dy = wp () =087 ¢y (3.8)
0

=C1Cy0y” a7 1y (0, x,), (3.9)

3.11)
My(x, y) = Jo(y) — 21 (x) — 21(1) and 04 =0,
[s(x, y) = Ji(y) —41(1) and 05 = 267,
e(x, y) = J,(y) +21(x) — 6I(1) and O = 63,
where I (x) and J1;(y) have been defined in (2.16), and
o= YOI e = FOD. (3.12)

N
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Theorem D.1 yields, for each integral, a result proportional to exp(max . yep IT; (x, ¥)//€).
We first identify max IT; and then show that max I1y > max IT;, for j =2, ..., 6; it follows
that the dominant term in (3.10) corresponds to IT; and the rest are exponentially smaller than
it. Now, I1; has no critical points in D, and thus its global maximum lies on

3
oD = U(aD)i ={IO0<y < JU{(x,0)0<x<1JU{(x,0)0 <x < 1}
i=1

First, the global maximum cannot be on (dD);; indeed, D lies to the left of (0D), and
9,1 (x, y) = —2y/ F(x) < 0, where we have introduced F(x) = F(x) — F(xg), so that
IT; assumes higher values in D than on (dD);. Next, ITi(x, x) = 4/vx — 3I(x) on (3D),,
and thus max I'T; (x, x) = IT{(x™, x™) with 0 < x™ = I:"_l(v/9) < x4 (recall (2.18) and
note that F > 0 is increasing). Finally, IT;(x,0) = —2I/(x) < 0 on (dD)3, and thus
maxpy, [11 < 0 < IT;(x*, x**). In total, then, we find that max IT; = IT;(x*™*, x**) > 0.
Next, Ty(x,y) < Mi(x,y) < Mj(x*, x**). Since the leftmost equality holds only in
an O(e'/?) neighbourhood of x = 1, we find that max IT, < TIT;(x**, x**), as desired.
Additionally, T3 < I, on D, and thus also maxp I[13 < maxp I1;. Next, [14 has no critical
points in 5, and hence we need to examine its behaviour on 0 D. First, the maximum cannot be
on (dD); by the same argument we used for IT;. Next, [T4(x, x) = J_(x) —2I(1) on (0 D),,
and thus maxyp), IT4 = Ia(xy, x,) = J_(x,) — 21 (1). Finally, IT4 < =21(1) < IT4(x,, x4)
on (dD)s, and hence max Iy = J_(x,) — 21(1) = max [1, < max II;, as desired. Finally,
IT5 < I4 and I < Iy, and the desired result now follows.

These estimates show, then, that max IT; = IT(x™, x*) > maxIl;, for j = 2,...,6.
Since (x**, x**) € dD and its Jacobian satisfies DIT; (x**, x**) # 0, theorem D.1 yields for
(3.10) the asymptotic formula

, 3 C3 C3 Hl(x**, x**) . l—[l(x**’ )C**)
G oo () e (25
for some O(1) constants C|, C] > 0. Since Z, = O(¢'/°6~1) (3.8) and, by (2.15),

7 1/3Ci/ Iy (7, x™) — J_(xy)
— =" Lexp
T Cs NG

with
I (™, x™) — J_(x) = [J-o(x™) = J_(x)] =21 (x™) <0

(recall that x, is defined in (2.18) as the location of the maximum of J_), it indeed follows that
7, is exponentially small compared with Z,.

We conclude that ag is given by § Z, at leading order. Combining the expressions (3.8)—
(3.9) with the definition of %, in (3.6), we obtain the leading order result (3.1) using the fact
that f(x,) = ¢, also at leading order. To derive this last identity, observe that—in the regime
Ao < 1—it holds that A, = 0 at O(1), see (1.14), (1.16), or equivalently that v = f(0) — ¢;
further, and also to leading order, F(x,) = v by (2.18), so that the desired identity follows
from the definition F(x) = f(0) — f(x) applied at x = x,.. Finally, we note that higher order
terms in formula (3.1) may be obtained solely by considering Z,, as Z, is exponentially smaller
than Z,.

4. Emergence of a stable DCM

The trivial (zero) state is, by construction, a fixed point of the ODEs (2.29)—(2.31) for the
Fourier coefficients. In this and the next section, we identify the remaining fixed points of that
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system and determine their stability. In this entire section, we work exclusively in the regime
p =1land Ay = O(1).

4.1. Asymptotic expressions for byoo, ayy, and b,

As stated in the previous section, where we derived an asymptotic expression for agg,
asymptotic expressions for the coefficients b0, ay and b, appearing in (2.29)—(2.31)
are derived independently in sections 5—7. Here, we summarize the leading order behaviour

of these coefficients, also including (3.1) for completeness:

agoo = A(Ao),

bmoo = B, form <« e '3,

G = —AL A A(A),  for0 £k < e 1, @D
b = —AL(Ao) B, for 0 # k,m <« e7'/3,

The function A was introduced in (3.1)—(3.2), whereas B = V2 (1—v) f(0)is apositive O(1)
constant. Further, we have introduced the function A}C via

20,0 JNg x,
Al(Ao) = o' dl(Ag), wherea' = V2G04 (Ay) = BWNex) (4.2)
k k 1/2 k
C1 C3 Oy Nk + A0

Here, C3 = (Ai'(A}))>. Note that, similarly to « (cf (3.2)), &’ is an O(1) constant independent
of Ag; the constants oy, o, C; and C;, have been defined in (1.15) and (3.3). We also note the
following identity concerning Airy functions (see [5, section 9.11(iv), identity (9.11.5)])

[e.¢]
/ Ai%(s)ds = (AI'(A)))?, or equivalently C7C; =1,
Ay
which, in turn, yields an identity that will prove to be of exceeding importance in the rest of
this section—namely,

20 = o'B. (4.3)

Asymptotic formulae for b,00, ag, and b, and for higher values of m and k can be derived
similarly. However, seeing as such formulae only contribute higher order terms in our analysis
below, we refrain from presenting the details. In what follows, instead, we treat (4.1) as being
valid for all values of k and m.

4.2. The reduced system

System (2.29)—(2.31) exhibits asymptotically disparate timescales depending on the value of
p and associated with the asymptotic magnitudes of the eigenvalues. In this section, we
investigate the case p = 1, in which regime 2y and ¥y, ¥, ... evolve on a slow timescale and
the higher order modes 21, €2,, ... become slaved to them. Setting, then, p = 1 and rescaling
time (with a slight abuse of notation) as r = €7, the evolution equations become

Q() = AOQO - 8671 Z ZamnOQm Q, — 8571 Z meno“pm Q,, (44)

m=0n=0 m>=0n=0
T -—1 / —1 /
W= —NeW — e Y > ) Q2 — Y Y B YR, k>0, (4.5)
m>=20n=0 m>=0n>=0

2PQ = =N — 13 Z Zamnkszmszn — g3 Z menk\ymszn, k>1. (4.6)

m>=0nz=0 m>=0nz=0
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(Here also, the overdot denotes differentiation with respect to #.) It is natural to introduce
slaving relations for the latter modes in this system,

Qr = &% Gp(Ro, V1, ¥, .. .), forall k>1, “@.7
where the positive constants ¢y, ¢3, ... and the O(1) functions (with O(1) partial derivatives)
G, Go, ... are to be determined. To do so, we first write the evolution equations for €2y and
Wy, U,, ... under these slaving relations; we find

Qo = Ao — & aoo 2 — &R0 Y buoo W,

m>=0

U = — NoWy — e a2 — 71 Z b ok Y k>0,

m>=0

where we have retained only the leading order terms from each sum. Dominant balance yields,
then, ¢ = 1. Next, the invariance equation for 2 yields that the right member of (4.6) must
vanish to leading order. Dominant balance yields ¢; = 2/3 and

aook ., 20
Gi(Qp, ¥, ¥y,..)=——-Q— — boox V.
k(S20, W1, s, .. ) A BT R mz>0 mok W

Recalling, also, (4.1), we arrive at the evolution equations

Qo= Ao —AQ— BQ § Wy,
m=>=0
(4.8)

W, = —N Wy + A A93+BQOZwm , k> 0.
m>=0

Here also, we have retained only the leading order terms from each sum.

Remark 4.1. The ODE (1.17)—describing the flow on the one-dimensional centre manifold
in the regime where Ag = ¢” Ay <« e—can be obtained from the system (4.8) above as its
Ao — 0 limit. Indeed, the W-modes become slaved to the mode €2 in this limit, and (4.8)
reduces to (1.17) with apgy (0) replacing A = appo(Ao) (cf(4.1)). Note that agyp has aremovable
singularity at zero, so we write ago(0) = lima,—0 aooo(Ao) = (1 — x.) . Using (3.2), it is
plain to check that, indeed, the formula for ag(0) reported in (1.19) equals (1 — x,) o.

4.3. The bifurcating steady state

In this section, we identify the non-trivial fixed point of the reduced system (4.8). In particular,
we show that this fixed point is given to leading order by the formulae

Ao 2 A} cos(v/Ni x.)
Q*(Ag) = ————— d W (Ag) = , 4.9
B =G" ™ (A0 = T VBN, (e + Ag) 9

where k > 0 and the parameter o was introduced in (3.2). Plainly, 2§ remains positive, and
hence also ecologically relevant, for all positive values of Ag and all values of 0 < x, < 1
(equivalently, all positive values of v up to the co-dimension two point). Further, the leading
order expression (4.9) for Qf exactly matches

. _ Do
O™ G0 (0)°
cf our discussion in section 1 and in remark 4.1 above. It will also be elucidated in section 4.3.2

that this fixed point corresponds to a DCM with an O(¢) biomass and an associated O(¢) nutrient
depletion.

for Ag — 0, (4.10)
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Note that the denominators in the formulae for 2 and W} vanish for x,, = 1. As explained
in section 1, this value is attained by x, at the co-dimension two point where DCMs and BLs
bifurcate concurrently. This is another indication that the nature of the co-dimension two
bifurcation is of independent analytical interest.

4.3.1. Derivation of (4.9) . First, setting the left members of (4.8) to zero, we obtain an
algebraic system for the non-trivial steady states,

AO—AQO—BZ\I’mzo, 4.11)
m=0
NyW, — A, Q AQO+BZ\IJ,,, =0. (4.12)
m>=0

Here, k¥ > 0 and we have removed a superfluous factor of 2 in (4.11) corresponding to
the trivial steady state. Substituting from this equation into (4.12), we obtain the equivalent
formulation
AQy+BY W, = A and NyWy — A} Ay Q0 = 0. (4.13)
m=0
This system is readily solved to yield
Ao A
Q=— d U =K AQp, 4.14
0T wsBAo+A £7 N 0 @14
where s is defined by the series
= = Y,
m>0 m>=0 N (N + AO)
To produce a closed formula for s, we recast this definition as

_ Z cos(VNwx) 1 3 cos(v/Nuw x:) )3 cos(v/ Ny X,

N (N +A0) A() Nm Nm+A0

, (4.15)

m=>=0 m>=0

with both series in the right member converging absolutely and uniformly with x,. The second
series appearing in the right member of this last equation is a Mittag—Leffler expansion; analytic
formulae for such expansions can often be obtained by means of the Fourier transform. In
particular, [21, equation (1.63)] (witha = 7,b = iv/Ag,and! = 1) yields the explicit formula

Z cos (v/Noy xx) _sin (ivAo (1 — x,)) __ sinh (VAo (1 —xy) _a(Ay)

= = = , 4.16
= N,, + Ay 2i+/ A cos(in/Ag) 2/ Ay cosh /Ay 2 ( )
whence also

cos («/N,, x 0 1 —x,

3 ( ) _a® _1-x , 4.17)
N, 2 2
m=>=0
Substituting into (4.15), we obtain
1 — x, A
go 17X alho) (4.18)
2A¢ 20

and therefore (4.14) for Q2 becomes
Q= Ao
07 (@—a'B/2)a(Ao)+ (1 —xy) o’ B/2'

The final formulae collected in (4.9) now follow by identity (4.3) and (4.14) for W;.
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4.3.2. Ecological interpretation . We next proceed to show that the steady state (stationary
pattern) we identified above corresponds to an O(e) biomass with a corresponding O(¢)
depletion of the nutrient. Indeed, (2.19) yields the leading order expression

1 1
/ w*(x)dx :gﬁ/ﬁagzg/ wp (x) dx (4.19)
0 0

for the biomass. Here, we have also recalled that ¢ = 1 and that Q7, Q3, ... are higher order,
cf (4.7). Recalling the definition of § in (2.15) and using the explicit leading order formula
(A.2) for w, we obtain

—1/12 C1Ca0” [ SE) =) J_(x*)> dx.

Zﬁ 0 \/E
As mentioned in section 3, J_(-) has a sole, locally quadratic maximum at x,, and hence the
integrand above is exponentially small except in an asymptotically small neighbourhood of
that point. Hence, the integral is of the type considered in appendix D, and theorem D.1 yields,
to leading order,

1
a/ wg(x)dx = ¢ F~ 4 (x) exp<
0

—1/2
* )

1/3
—iy12 G C2‘70/ ol/4 V2n
27 F1A4(x,) /=T (x)

where we have also recalled that J” = —2~! F~!/2F’, Substituting back into (4.19), together

with the formula for Qf given in (4.9), we finally recover the first expression (1.20) for the

total biomass given in section 1. The second expression may be derived by noting that (1.16)

implies the leading order result v/(1+ jz) = £+v, as well as that s Ag = v(1 + jy) "' — £ —v.
Similarly, (2.19) yields the leading order formula

1
8/ wj(x)dx = ¢ >=81/6C1C2C701/30
0

1 1 1
/ n(x)dx = &/%8 Q) / no(x)dx + ¢ Z xp;‘/ & (x) dx. (4.20)
0 0 0

k>0

Now, fol & (x)dx = (—=1)¥/N; by (2.5). Further, the integral fol no(x) dx can be calculated
using (B.1): integrating both members over [0, x] and using the boundary condition at zero,
we find

1 1
V4 AO/ no(x)dx = £0,no(1) + / fx) a)g(x) dx. 4.21)
0 0

The derivative d,no(1) can be estimated at leading order by (B.5). Differentiating both members
of that formula, we find

1
Ca,mp(1) = / [tanh /A sinh (v/Ao(1 — 1)) —cosh (Vo1 = )] £ 0 ) dy.
0

It follows from (4.21), then, that

1
¢ Ao/ no(x) dx
0

1
_ /0 [1 + tanh v/Ag sinh (\/A_o(l - y)) — cosh (/A_o(l - y))] FO) @iy dy.

Applying theorem D.1, we obtain

1
/ no(x)dx = gl/65—1
0

CCro' o1 cosh (+/Ag x4
ooy o0 T _cohWhox)) o)
Ao cosh /Ay
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which is the desired formula for fol no(x) dx. Recalling also (4.9) for W}, we obtain from
(4.20) the leading order result

! C,Cr0? *_/2 cosh (v/Ag x.
/n(x)dx:eQ(”;(Ao) 12% 1— (Vo x.) +a'5 Ao |, (4.23)
0 Ag cosh /Ay
where

:_Z( l)mA (Ao) Z( m €08 \/_mx*) _Z Sin(\/N_m(l_x*))' (4.24)

N2 (N + Ao) N2 (N + Ao)

m=0 m2=0 m2=0

This equation, together with (4.9) for 2, yields the total nutrient depletion level to leading
order.

4.4. Stability of the small pattern

In this section, we examine the stability of the DCM-like fixed point (Qf, ¥*) =
(25, Wi, Wi, ...) which we identified in the previous section. In particular, we show that this
fixed point is stabilized through a transcritical bifurcation at Ag = 0 and that it subsequently
undergoes a destabilizing Hopf bifurcation.

4.4.1. The eigenvalue equation. ~We start by linearizing the ODE system

Qoonszo—Agg—BszOZ\ym,
m=0

W= —NeW+ A} | AQG+B Q0 Y Wy |, forall k > 0,
m=0

around (€25, W*). Letting Qo = Qf + d2 and W; = ¥ + d¥; and recalling (4.13), we find
that the corresponding linearized problem reads

dQ = —AQ;dQ — BQy Y dW,, (4.25)
m>=0
dW; = A, [Ao+AQp] dQo + [A; BQy — Ni] dW, + A, BQy Y dW,, (4.26)
m#k

where we have only retained the leading order component from each term.
Truncating at the arbitrary value k = K € IN, we obtain the system §® = Lg § &, where
o = (dQ(), d\I/Q, d\Ifl, ey d\I/K)T and

—AQ -B -BQ ... -BQ;

AJAQU+A) AYBQ—No  AYBRQ ... A B

Lp= | AAQE+A)  ABQ ABQ-N1 ... ABQ
A(AQE+Ng) Ay B, A BQy ... A BQ—Ng

To characterize the spectrum of this matrix, we derive a formula for its characteristic polynomial
det(Ly — A[1). First, we use the first row of £y — A/ to eliminate the off-diagonal entries of all
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other rows. In this way, we find that the equation det(£y — A1) = 0 is equivalent to setting to
zero the determinant

A+AQ  BQ, B ... B
Ajh—Ag) A+Ny, O ... 0
All—=A¢)) O  A+N, ... 0
A/K()\—AQ) 0 0 ... A+ Ng

Next, we can use the (k + 2)nd column to eliminate the (k + 2)nd entry of the first column,
for 0 < k < K, as long as A # —N;. Since A = —N, if and only if Ai = 0 (as can
be shown by expanding the determinant along the (k + 2)nd row), we can eliminate all
entries of the first column. (Note that A} may indeed be zero: indeed, A; is proportional
to cos((k + 1/2)m x,), which may or may not be zero depending on the values of k and x,.)
Defining IC = {k : A, # 0} C {0, ..., K}, Kx = K — {k}, and eliminating the entries of the
first column as detailed above, we obtain

00) BQ B ... BQ
0 A+No O ... 0
0 0 A+N, ... 0 |_o. 4.27)
0 0 0 )\+NK

Here,
0 =+AQ) [+ N)+B Q5 (Ao —2) D) A [ (+Na).
kek kek meky

As detailed above, A = —Nj solves (4.27) if and only if A} = 0 (equivalently, if and only if
k & M). Further, Ay > 0 cannot be an eigenvalue, since Q(Ap) > 0 and Ay + N; > 0, for
all k € {0, ..., K}—note that A, Ny, Ni, ..., N are all positive constants. Hence, we can
extend the set over which we sum in the formula above to the entire set {0, ..., K} and rewrite
the equation for Q () in the form

A A+ AQS
00 = [BQSZNkH ’ }(M—A)]‘[(Nwm

kel
As we just noted, the elements of the set {—N; }rcx are not eigenvalues of Ly. Hence, the
eigenvalues of Ly are {— Ny }rgx together with all solutions to

K
A, A+ AQE
BQyY = 0,
=0 N+ A A=Ay
Substituting for A; from (4.2) and for €2 from (4.9), recalling the identity (4.3), and letting
K — oo, we rewrite this equation in the form

2A¢ cos (VNix.) A+ Aga(Ag)/(l — x*)
l—x* Z(Nk*_)\) (Nk+A0) A— AO

k>0
Here again, we may write

Z cos (v/Ni x,) 1 Z cos (v/N x,) B Z cos (v/Ni x,)

(Nt +2) (Ne +Ag) ~ A — Ap Ni + Ag Ni + A

k=0 k=0
_ la(Ag) —ad)

2 A—Ap

bl
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so that the eigenvalue problem becomes (1 —x,) A+ A a(X) = 0. Recalling thata(0) = 1 —x,,
we recast this equation as

N @ B sinh (\/X(l —x*))
a(h) VA cosh/A

This equation is satisfied by some A if and only if it is also satisfied by its complex conjugate
A*, as the right member is real and (A ~'a(1))* = (A*)~'a(A*). Hence, we may restrict arg(A)
to lie in [0, 7r]. Further writing p := VA = g +1ipy, we rewrite the eigenvalue equation in
its final form,

—Ao, where we recall that a(\) = (4.28)

(1 —x,) u* cosh _ )
sh (L —xo ) - 2o with arg(u) € [0, 7/2].  (4.29)

We note here for later use that

p(p) = —

Re(p(n)) Gu? — z)sinh[(Z — X)) ur] cos(xytr) — sinh(xypg) cos[(2 — xy)pr]
I—x, ESRT R cosh[2(1 — x.)jer] — cosl2(1 — x.)1a/]
Gt — Mz)COSh[(Z — X )R] sin(x,puy) — cosh(x,pug) sin[(2 — x, )]
ko cosh[2(1 — x,)pg] — cos[2(1 — x,) 1] ’
Im(p(n)) (2 -3 z)sinh[(2 — Xy ))r] COS(xypty) — sinh(x,pug) cOS[(2 — x,) pup)]
1—x, TR cosh[2(1 — x,)ex] — cosl2(1 — ) pt/]

2 5, €osh[(2 — x,) gl sin(xspur) — cosh(xpur) sin[(2 — x,) pg]
+urGuy — 1y) .
cosh[2(1 — x,)pr] — cos[2(1 — x.) s ]

4.4.2. Analysis of (4.29) for Ay | 0. We first establish that, as Ay | 0, the eigenvalues
{An}n>—1 remain each in a neighbourhood of the discrete values —Ag, —No, =N, .. ..

For Ay = 0, (4.29) yields either © = 0 (equivalently, A = 0) or cosh u = 0 (whence
i =14/Ny, m = Oor,equivalently, . € {—N,,}n>0). Toinvestigate the possibility of negative
eigenvalues A for Ay > 0, we set ug = 0 to find that (4.29) reduces to

(1—x) g

1 —cos[2(1 — x.)pur]
For Ag | 0, there is plainly a small root of this equation, p; = +/Ag + O(Ay), yielding the
small eigenvalue A = — A +O(A(2)). Additionally, all eigenvalues of the set {—N,, },,>1 perturb
and remain real for small enough values of Ay > 0. Indeed, p(i-) intersects zero transversally
at {~/ Ny }m>0, whence the persistence of any finite number of eigenvalues from among this
set is automatically established. That the remaining, infinitely many eigenvalues also persist
can be established by noting that if the maximum value of p(i-) is positive between successive
zeros, then this value grows unboundedly with w;. For the first two eigenvalues, in particular,
we have the Taylor expansions

pGur) = sin[(1 — x,) r] cos iy = Ag. (4.30)

A= —Ag+O(AD)  and  hg = —No+a TR T2 T oA,

(I =x)m
which demonstrate that both remain in the interval (— Ny, 0) and approach each other as A
increases, see also figure 3. These are precisely the first two eigenvalues that collide as Ay is
increased, yielding a pair of complex conjugate eigenvalues.

Next, the possibility of positive eigenvalues A—equivalently, positive solutions of (4.29)—
can be excluded by noticing that — Ay < 0 while p(u) > Oforall u > 0. Infact, the possibility
of eigenvalues anywhere but in a neighbourhood of the negative axis can be similarly excluded
by observing that

cosh(2ug) +cos(2uy)

1/2
) — 00, as g — OO.

_ _ 3
PUol= (=)l (cosh[z(l—x*)uR]—cos[za—x*m,]
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Figure 3. Plots of the function p(ip;) (see (4.30)) versus w; (left) and versus A = — p,% (right)
for x, = 0.7. Also plotted: the level line at p = Ay, here set at 0.2; the first two members of the
sequence (VN kJk>0 (left panel) and {—Ny}i>o (right panel) as solid dots; and the two smallest
solutions g7 to (4.30) (left panel) together with the first two eigenvalues A_; and Aq (right panel)
they correspond to, all as hollow dots.

Plainly, for every value of Ay, there exists a value uy(Ag) > 0 which depends continuously
on Ay, satisfies limy,—.o u%(Ao) = 0, and is such that the equation |p(u)| = [Ao| cannot
be satisfied for any pgp > wi(Ao). It follows that all solutions to (4.29) must lie in the half
plane {u | ur < wr(Ao)} which, in turn, corresponds to a neighbourhood of the half axis
AeRIA| ,u"I}(AO)lz}. A local analysis around the origin now establishes the absence of
eigenvalues with positive real parts, for Ay small enough, and hence also the result.

4.4.3. Complexification of eigenvalues and the Hopf bifurcation. ~As we briefly mentioned
in the last section in conjunction with figure 3, the two principal eigenvalues A_; and Ao come
closer together as A increases. Eventually, they collide at a specific value u; € (0, 7/2) and
for Ag = Ay = p(ip)) = maxy,eo,x/2 pprr) > 0. For Ay > Ay, this pair of eigenvalues
becomes complex, so it is natural to examine whether it crosses into the right half-plane through
the imaginary axis. (Note that no eigenvalues can cross through zero, as (4.28) does not admit
a zero eigenvalue for Ag > 0.)

To locate imaginary eigenvalues A = iA; € iR, we set ug = p; = £ > 0 and rewrite the
real and imaginary parts of p as

[ cosh[(2 — x,)fu] sin(x,ji) — cosh(x, i) sin[(2 — x,) 1]
i cosh[2(1 — x,)t] — cos[2(1 — x,) ]
+sinh[(2 — X,)it] cos(xyft) — sinh(x,jt) cos[(2 — x*)ﬂ]]
cosh[2(1 — x,)it] — cos[2(1 — x,)u] ’
_s [ cosh[(2 — x,)ja] sin(xy i) — cosh(x, ) sin[(2 — x,) 1]
Im(p(w) = 21 ~ x)iz" I cosh[2(1 — x,)ji] — cos[2(1 — x2)fi]
sinh[(2 — x,) 1] cos(x, 1) — sinh(x, /1) cos[(2 — x,) )]
- cosh[2(1 — x,)ia] — cos[2(1 — x,)i] }

Re(p(w) = 2(1 — x,)ji°
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Figure 4. Plots of the function in the left member of (4.33) for two distinct values of x,,
namely x, = 0.7 (left) and x, = 0.3 (right). The solid dots mark the members of the sequence
((k+1/4)7 x, ™! }x>0. Note that the zeros of the plotted function approach this sequence rather
quickly, with the quality of the approximation decreasing as x, 1 1. Indeed, in that regime, all
exponentials appearing in (4.33) remain approximately equal for a large range of ji-values, and
hence the first term becomes dominant only in the far range.

The condition Im(p(w)) = 0, derived from (4.29), yields
cosh[(2 — x, )] sin(x,in) — cosh(x,n) sin[(2 — x,) ]
= sinh[(2 — x4) 2] cos(xy i) — sinh(x, ) cos[(2 — x,))]. (4.31)
Therefore, the equation Re(p(u)) = Ay, similarly derived from (4.29), becomes
3 cosh[(2 — x,) il sin(x, 1) — cosh(x, i) sin[(2 — x )]
cosh[2(1 — x,)t] — cos[2(1 — x, )]
Condition (4.31) determines the values of ji corresponding to imaginary eigenvalues A = 2i/i?,

while (4.32) yields the corresponding values of A for which these eigenvalues appear. Since
the former of these can be recast as

_ T - T
e~ gin (x*/l — —) —e™*sin ((2 — X[ — —)
4 4
_ T _ b4
+ e~ %t gin (x*ﬂ + Z> — e~ gin ((2 — X+ Z> —0, (4.33)
we see that there exists a whole, discrete sequence {fix}r>0 of values 1, see also figure 4. As
k — o0, {{ix}r>0 limits to {(k + 1/ x*’l}@o, the sequence of zeros of the first term in

(4.33) which becomes dominant in the regime ;i — co. Equation (4.32) yields the leading
order result

4(1 = x)i

Ao. (4.32)

Ao = 2vV2 73 (1 — x,) x, 3 (= DFE3 ekH1/H7 as k — oo,

which establishes that the values fi; corresponding to even values of k yield a positive,
increasing sequence of values of Ag. (Odd k-values yield negative Ag-values.) In particular,
the first Hopf bifurcation occurs at an O(1) value of Ay when the complex conjugate pair
(A_1, Ap) crosses into the right half-plane through (. Higher, even k-values correspond to
Hopf bifurcations occurring at higher values of A, presumably when higher order eigenvalues
cross into the right half-plane.
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These last remarks conclude our discussion of the DCM-like steady state for O(1) values
of Ap. In the next section, we investigate a logarithmic scaling for A in which the number of
steady states of the system (4.11)—(4.12) becomes two.

4.5. A second DCM pattern

So far, we have identified a DCM pattern corresponding to an O(e) biomass which is stabilized
through a transcritical bifurcation at Ay = 0 and destabilized through a secondary, Hopf
bifurcation at an O(1) value of Ay. Here, we show that, the system (4.4)—(4.6) admits a
second, asymptotically larger, DCM-like steady state corresponding to an O(e'/?) biomass.
We refrain from establishing the stability type, origins and eventual fate of that second steady
state, reserving those problems for a later work.

We start by noting that the inclusion of the first higher order term in the formula for a(,
reported in (4.1) yields

ahor = —A}(Ao) A(Ag) + &' a Al (Ap).

This formula is derived in section 6.3, see (6.2) in particular. Here, the Ag-independent
constants « and o’ were defined in (3.2) and (4.2), respectively, whereas the functions a and
a’ are reported in (3.1) and (4.2). Also, A} (Ag) = & @ (Ag) cos(v/Ni x,), with

LG Gy el

V2 £(0)
sinh (VAo (1 —x,)) [y f(x) cosh (v/Agx) dx
B VAo cosh /Aq '
This formula for a’(Ag) is also valid in a logarithmic regime for Ay, see (6.3) for details.
Since the first term in the formula for a(),, above decreases exponentially with Ag (see (3.2))
whereas the second term decreases only algebraically, the two terms become asymptotically
comparable for values of A logarithmically large in &, see section 6 for details.
Replacing the formula for ay, in (4.1) by the formula above, substituting into (4.4)—(4.6),
and working as in section 4.2, we obtain the system
Qo=AoQ—AQL—BQ Y Wy,

m>=0

~/

(4.34)

a'(Ao) (4.35)

(4.36)
W =N Wi+ | (AL A—e'Pa A) QG+ A, BQ Y W,
m2=0
This is the analogue of (4.8) with the inclusion of higher order terms. The fixed points (€2}, ¥*)
of this system are found, here again, by setting the left members to zero:
Ao=AQ+BY W)
m=0 4.37)
0= —Ny W + A}, Ao Q5 — Al (25)%.
Solving the second equation for W}, we find an explicit expression for W} in terms of €;:
wp =
k Nk
Substituting this expression into the first equation in (4.37), we recover a singularly perturbed
quadratic equation for 7:

A“/
Ao 2 — sl/zaﬁk ()%
k

Al Al
¢'?aB Z @ — [ A+ B A Z N—'" Qi+ Ap = 0. (4.38)

m>=0 m m>=0 mn
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In section 4.3.1, we obtained the formula

A/
A+ B A ZN—mz(xa(O),

m=0 "M

while (4.16) yields

A/ Ny, x 0 ~) o~
Yl _ A Ay COS(VNm *) “(2 )& & (Ao).

m

m=>=0 m=>=0

It follows that the quadratic equation yielding £ can be recast as
RV a' Ba'(Ay)
2

The two solutions of this equation are

@) - 20
0 " qa()

RV 1+/1—2e12a" B Aga'(Ao)/(xa(0)  |2e7V2/(@ Bad'(Ao)),
- @ Ba' (M) | Ao/ (@a(0)),

*, 4
Q0

with the first one corresponding to the asymptotically larger DCM pattern and the second one
corresponding to the DCM pattern identified through our earlier work. We remark here that
this first steady state is, indeed, within the reach of our asymptotic methods, as 2 and ¥}
safely remain asymptotically smaller than the asymptotic bounds ¢ 3/ and £ ~! for which our
work in section 2.3.1 remains valid. Note also that this steady state is a nonlinear function of
Ay, with the distinguished limits

27172 4e=1/2

- - and Qf(Ag) = —— Ao, asA — oo.
(I1—-x)a& B [y f(x)dx I

a'B
In particular, this second pattern approaches a non-zero value as A | 0 and eventually grows
linearly for Ao > 1.

lim Q5(Ag) =
Joey 0(Ao)

5. An asymptotic formula for b,,,9

In this section, we derive the asymptotic formula for b,,oy given in (4.1), where m € N and

1
bmoo = (1 — V)/O f () &n(x) a5 (x) dx. (5.1

As detailed earlier, the function wg, appearing in (5.1), decays exponentially outside an
0O(e!/3) neighbourhood of the origin (cf (A.1)), whereas the period of the sinusoidal term
L is equal to 27 /+/N,, = 4/(2m + 1). Below, we analyse the three different regimes—in
which the integrand is predominantly localized, concurrently localized and oscillatory, and
predominantly oscillatory—and we derive the leading order, uniform asymptotic expansion

b, form « e 1/3,
00 3 /Nt
b(C? — T A2 A dr,  form =O0(e'73),
booo = i /0 cos ( 001/3 I“(t+A))dr or m (e ) 5.2)
2 2
m, for m > ¢~ 1/3,
e N2 £(0)

Here, b = v/2 (1 — v) £(0), cf section 4.1.
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5.1. The case m < ¢~'/3

Here, 271/+/N,, > €'/3 and hence the integrand is predominantly localized around x = 0.
Thus, ,, may be approximated to leading order by ¢,,(0) = +/2 in that neighbourhood. Since
[lawgll2 = 1 (cf our discussion in sections 2.1 and 2.2), we obtain the desired formula

bimoo ~ . (5.3)

5.2. The case m = O(g~1/3)

Here, 271 /</N,, = O(&'/?), and hence the neighbourhood of the origin outside which wy decays
exponentially and the period of the sinusoidal term are of the same asymptotic magnitude.
Defining the new variable T = 7; x in (5.1), with t; = |A]/x¢ (2.17), we obtain

b0 = v2i-v / f <1> cos («/Nm 1) 2 <1> dr. (5.4)
7] 0 7] T1 T1

Now, (A.1) yields, to leading order and for any 7o < &~'/3,

(2

e75C oy/°Ai(t + A)), for v € [0, —A)),

=1 e112¢,Cy0," 1 /”Al Pl ) - Foodr) . fore e cara]
ex p— _— X —_ X N ort - ) T )

2T F A ) P\ T e L, 7 0 0 o
where we have also changed the integration variable by means of s = /7] + xo. These two
formulae agree—as, indeed, they should by construction—in the regime 1 <« 75 < &~ '/3.

Indeed, recalling the asymptotic expansion of Ai in a neighbourhood of infinity [2], we find
that the first branch of the formula above yields

Cio,/° 2
—-1/6 0 3/2
€ ——— exp|—=(t+A .

2 Jm o P\ T3 A)
Similarly, the formula in the case T € (|A,|, 1p] becomes, upon Taylor-expanding F,

1/12 _1/4
~1/12 C] CQO'O/ Tl/ 2 oo ‘L'+A1 3/2
3 — — exp|—=./— .
27 tl/4 3V ¢ 7

That the two formulae agree now follows from the definition 7, = |A;|/x( and the formulae
(2.17) and (3.3) for xy and C,. Hence, we may write

T
wo <—) ~e V0 C 0)°Ai (T + A)), for 7« '3
71

Since the contribution to the integral in (5.4) of greater values of T may be estimated to be
exponentially small, we can write

2(1—-v)Clay* [
bmoo=8_1/3f( D EL% / f ) cos (VN =) A2 (z + A)) dr
T1 0 T1 T1
00 13 /N
— b2 f cos (8— 1/3’"’) AR ( + Ay) dr, (5.5)
0 o)

to leading order, as desired. Note that this formula reduces to (5.3), for m < ¢~1/3.
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5.3. The case m > ¢~'/3

Here, 27 //N,, < gl/3, Similarly to our work in the previous section, we define the new
variable T = £¢~1/3x. We find, then,

e-1/3
boo = V263 (11— v)/ g(1) cos (81/3 v N r) dr,
0

where g(1) = f(e!’1) a)é(smr). Using theorem D.4 (with A = ¢!/3 \/N,,, ®(t) =t =1,
and h(t) = g(r)) and the fact that the right-boundary term is exponentially smaller than the
left one, as wy(1) is exponentially smaller than wg(0) (cf appendix A), we obtain

o0 ; k1
Bmoo = V22 (1 —v)Re (; g®(0) <m> )

1 2k
(rem) °o

Recalling the definition of g, and employing (A.1) and that Ai(A;) = Ai"(4;) = 0, we
calculate

3N,

l _ o0
-2 v Z(—l)k+1g(2k+l)(0)
k=0

g0)=0 and g"(0) = —6[Ai'(A)]* C? 0.

The desired result now follows, while (5.6) also reduces to (5.5) for m = O(s~'/3).

6. An asymptotic formula for ay,

In this section, we derive the asymptotic formula for a, for O(1) values of Ag collected
in (4.1),

abo, = —A,(Ag) A(Ao), for0 # k <« 7173, (6.1
Further, we extend this result to
aho, = — (A0 AChg) — ' P Af(A)),  for0#k <&, 62)

which remains valid at least in the regime

1
log’loge + ploge, 6.3)

1
log e log(—loge) + —
X

Ay
X2

= 2 log2 £+
for all u € (—o0, o] and g > 0 any O(1) value. Here, A(Ag) = aa(Ay), A;{(Ao) =
o' ap(Ao), and A}( (Ag) = &' a’'(Ap). The Ap-independent constants «, &’ and &' were defined
in (3.2), (4.2), and (4.34), respectively, whereas the functions a, a’ and a’ are reported in (3.1),
(4.2) and (4.35). We remark, here, that these results are valid only for those values of k for
which i (x,) # 0. For the remaining values of &, theorem D.1 yields (algebraically) higher
order results. Also, we note that asymptotic formulae for higher values of k can be derived as
in the previous section, albeit at considerable extra computational cost.

We first write out explicitly the expression for a, given by (2.21):

1 1
a(’)Ok =135 f ap(x) wo(x) Y (x)dx + 23! / ap(x) a)g(x) Cr(x)dx.
0 0
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Recalling the definition of @ from (2.22) and working as in section 3, we obtain further

1 x
agy =&~ '78 f / i (x, y) 0§ () @o(x) Y (x) dy dx
0 0

1 1

re 182 / / ha(x. ¥) @03 (3) @o(x) Y (x) dy dx
0 0
1 X

RIS / / (. ) 60 wf () 0f () dy d

0 0

1 1
25! /0 /O ha(x, ) 8e(x) () @ (0) dy dx.

Substituting, finally, from (C.21), we obtain an integral formula for a(,,, which is amenable to
the sort of asymptotic analysis employed in sections 3 and 5:

e~1/3¢2 g

o = —5— [(Ww‘1 /0 fo fo hik(x, ¥, 2) @0(0) Y- (1) 05 () ¥, (2) dzdy dx
+ Wy fo | /0 | /0 o, ¥, 2) @000 i (0) () Y, () dzdy d
- (Ww)‘lbk(())/o1 [ /0] B, ¥, 2) @0(6) Y (0 @) () W7 (2) dz dy d
— (W) "' Dy(0) fo 1 fo 1 /0 s 3.2 00() () 6 0) ¥ (2 dz dy dx
+(W¢,>lfolfox/xlh.,k(x,y,z)w()(x) Vs () 03 (0) V7 (2) dz dy d
+(Wy) ™! fol'/ol /:hZ,k(x,y,Z) wo(x) Y +(X) w5 () Y _(z) dzdydx
+s/01 /Oxm(x,y) 6060 0 () @ (v) dy dx

1 1
e /0 fo (. y) () @f () @ () dy dx] . 6.4)

Here, h; x(x, y,2) = hi(x,y) f(2) & (2), fori = 1, 2, and the constants Dy (0) are reported in
(C.19)—(C.20). Let Iy, ..., Zg denote the integrals in the right member of (6.4) in the order
that they appear (the three-dimensional domains of integration for Z;, . . ., Zg are sketched in
figure 5). In what follows, we omit the term 6 a)&f(l; Xo) wo +(x; Xo) in the expression (A.1)
for wy, as one can show that its contribution is exponentially small compared with the leading
order terms (see also sections 3 and 5).

6.1. A rewrite of (6.4)

In this section, we group together integrals appearing in the right member of (6.4) in order to
achieve a first reduction in the numbers of terms of that member. We start with rewriting the
term —(Wy,) ™! Dy(0) Zy + (Wy) ™! Zg + & ;. First,

1
7, = / / ) ( /0 ho (%, ¥, 2) @0(x) wk._(x>dx) o3 O) Vi (@) Ay,

where 7, is the orthogonal projection on the yz-plane—and hence 7, D4 = [0, 1>—and dA vz
is the area element on that plane. Since ¥ = &'3C; ;" *wy in a neighbourhood of
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a@
NER =

Figure 5. The domains of integration for the integrals Zj, . . ., Ze in (6.4).

—_

the origin (cf (A.1) and (C.12)), wy is exponentially small outside this neighbourhood, and
lwoll2 = 1, we write

I, =¢c! 00_1/3 [/ hak (0, y, 2) 0 (¥) Vi _(2) dA,..
7'[,.D4

Recalling that ¥ _ = E v _, according to our convention in section 2, and substituting into
the formula above from (A 2) and (C.12), we obtain

h2x(0,y, 2) J_(y)+J-(2)
_apC L) +J-@)
o / / oy FUAG) FUA() P < NG ) Ay,

whence, employing also (C.19), we find

_ _ - I4(y, 2)
W)™ D(0) Ty = & ]/6//7304 E4(y, 7) exp (%) dA,..  (6.5)

Here,

C3di hy(0,y) f(2) &(2)
4 Wy FU4(y) FY4(z)
Next, we rewrite Zg,

W) Zg = (Wy)™! // (/ hyx(x,y, 2) wo(x) Yy, +(x)dx> wy(Y) Y _(z)dA,..
Ty D(,
Employing (A.1) and (C 13) now, we obtain

_ C 0'0 “hor(x,y,2)
(Wy)~ Tg = eV/o SL%0_ f/ ( P2r0 2 4 ) i) () A
v 20 Wy J oo, \Jo  VF) o !
Further using (A.2) and, once again, (C.13), we find

_ I (y, 2)
W)\ Tg = 1/3// oy, (6—> dA,.. 6.7
Wy)  Ig=c¢ . 6(y,2) exp NG , (6.7)

Ba4(y,2) = and a(y, 2) = J-(y) + J-(2). (6.6)
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Here, . D¢ = 7 D4, Ig(y, z2) = I4(y, 2), and
ciclo)”  f@ a2  hy(x, y)
8 zww FlA(y) F4G2) Jo VF®)

Similarly, renaming (x, y) as (y, z) in Zg, we derive the formula

[g(y, 2)
_ .5/6 =
ey =& //Dg Es(y, 2) exp< 7 > da,., (6.9)

where Dg = 7, D¢ = 1, Dy, Ig(y, 2) = Ig(y, 2) = a(y, 2), and
C2C3oy" ha(y.2) &(»)

4 Fl4(y) F14(z)
Combining (6.5)—(6.10), we obtain

— — — — H ( 1Z)
— (W) ' D) Zy + (Wy) ' T + Ty = —¢~/® // 84y, 2) eXp( = )dAyz,
7y Dy \/E

Be(y, 2) = (6.8)

Eg(y,2) = (6.10)

(6.11)
where, to leading order, uniformly over 7, Dy, and for all O(1) values of Ay,

C3d h2(0.y) £(2) &)
4x Wy FU3(y) Fl4(z)
Next, we rewrite the term (Wl/,)’IIS + & Z7. We write first

= // (/ AL, ¥, 2) o) ‘/fk+(x)dX> W) V() Ay,
7y Ds )
where 77, Ds = {(y, 2)|0 < y < z, 0 < z < 1}. Now, (A.1)-(A.2) and (C.12) yield further

CiCra,”? h
(Wy)™' Zs = £/ 12712‘;‘3 // (/ ”‘(x y 2) x>w3(y)w,;_(z)dAyZ

gl/3 // Es(y,2) exp( ) yzs (6.13)
7 Ds

where we have defined the functions
CGCGo" f@Qak  [Thay)

E4(y,2) = Ea(y,2) = (6.12)

Es(y, 6.14
s(0.2) = 8712W¢, FIA(y) F1AG) ), JVFx) ©19
and I15(y, z) = I4(y, z). Next, renaming x as z in Z7, we find
7 (y, 2)
e T =85/6/f 27(y, 2) exp<— dA,., (6.15)
7 b, 7 \/E yz

where

C}C3oy” hizy) &(2)
4r F1/4(y) F1/4(z)

Combining (6.13)—(6.16), we find, to leading order and uniformly over Ds,

. T4 (y,
(Ww)*115+sz7:gl/3// E5(y, 2) exp( 40 Z)) dA,., 6.17)
D \/E

D; =m:Ds, E7(y,2) = and TI;7(y, z) = I4(y, 2). (6.16)

where Es5(y, z) = Es(y, 2) + &2 81(y, 2).

We now rewrite (Wy,)~'Z,. First,
Ve =/ Hy(x) f(2) &k (2) wo(x) Y- (¥) ¥, (2) d A,
7y D>

where H,(x) = fol ha(x, y) w§ () dy Substituting for w{(y) from (A.2), we find further
o112 C1C200

I =
2\/_ my Dy

Hy (x) wo(x) Y, (%) f(2) Gk (2) Y 4 (2) dAx,
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where H,(x) = fol ha(x,y) F~Y4(y) exp(J_(y)/+/€) dy. Using theorem D.1, now, we obtain

(W) T, = 657 ¢ f / (e, 006) () £2) (2 U7 () 0A

) -
=g/12 // By(x, 7) exp <%) dA,,, (6.18)
ﬂ)sz

where CJ is an O(1) constant, 7, D, = {(x,2)|0 < z < x,0 < x < 1}, IIh(x,2) =

J_(x) + Ji(2) — 21 (x),

ha(x, x4) f(2) & (2)
VFX)F4@z)

Finally, we rewrite (W,,,)’1 Dy (0) Zs. First,

Ea(x,2) =G, with C} an O(1) constant. ~ (6.19)

1
;= (/0 f(Z)Ck(Z)w;:(Z)dZ>// hi(x, y) 0o (x) Y- () @G (y) dAyy.
7TZD3

Substituting from (A.1)—(A.2) and (C.12) into this formula and interchanging the roles of y
and z in the single and double integrals, we find

_ P " M;(x, 2)
Wy) ' Dy(0) T = '/31// Es(x, 22 ) dA,., (620
(Wy) (013 =¢ 3 - 3(x, 2) CXP( NG (6.20)
where I3 = i} F~'4(y) f() &(y) exp(J_(y)/+/€) dy and
E:, A hl(x7 Z) ~ _
E3(x,2) =C3 m and M3(x,z) = J_(z) — 21 (x), (6.21)

for some O(1) constant 6’3.

6.2. An asymptotic estimate for ajy, in the regime Ay = O(1)

In this section, we estimate the various terms derived above, starting from —(Wll,)’1 Dy (0) Zy+
(W,/,)’1 Ze+e Tg (cf (6.11)—(6.12)). The exponent 14 becomes maximum at the interior critical
point (x4, x,), and thus theorem D.1 yields

_ _ 2 16 = T4 (xs, X)
—(Wy) " De(0) Zy + (W) ' T + Iy = —&'/? (s 176 2, (x4, X4) €X <—
(Wy) K (0)Zy + (Wy) ™ I+ 13 77| 4( ) €Xp NG
=—81/38_264,

where
Cs = C3 (0 Wy) ™" di Gu(x0) £ (x2) ha(0, x.).
Next, we estimate (W,,,)’1 Is+¢& 17, cf (6.17). The sole (quadratic) maximum of I14 in D5

lies at the criticaleoint (x4, X5) € 0D7, where §5(x*, xy) = 0 and §7(x*, xx) # 0. Recalling
the definition of E5 and employing theorem D.1, then, we obtain

_ T4 (xss X4) 2 A
W) ' Ts+ Ty = (P Coexp | ——="22 ) ) =362 C,
Wy) ™ Is+1; ( 0 €Xp NG 7
for some O(1) constants Cy and Cs.
We now estimate the remaining three integrals starting with (Ww)_] I, cf (6.18)—(6.19).
The exponent I, has a sole maximum at the point (x,, x,) € d(r,D,) which is not a critical
point (compare with the maximization of I14 in section 3). Hence, theorem D.1 yields

H ’
(Ww)—l I, = £3/4 C;” (87/12 B (X4, X4) €XP <%)> — 4352 Cy.
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for some O(1) constants C}” and C,. Next, since D; C D, and the integrands of Z; and 7,
differ only by an O(1) multiple, the above analysis also yields that (W) ~'Z; is at most of the
same order as (W]l,)’lIz. Finally, we estimate (W,/,)’1 Dy (0) Z3, cf (6.20)—(6.21). First, we
estimate

- 1 J_
L= f();)fk(y) ex ( ()’)) dy = 81/43_1 Cg,
o F'4(y) Ve
for some O(1) constant C5. Substituting into (6.20), then, we obtain

I1 )
(W)™ Du0) T, = 612 / f e (%) dA,.,

where

~ hy(x,
E(r.2) = ¢} e D)

T rag M BEo=lG0+ )@ -2,

for some O(1) constant C‘g. The exponent I13 has a sole maximum at the point (x**, x**) €
0(iry D,) which is also not a critical point (compare with the maximization of I; in section 3).
Hence, theorem D.1 yields

- Z1/12 I35 (., x4)
(Wy) ' Du(0) T = 4C} (8 V128, (x,, X,) exp <3—*>>

JE
H **’ *k
= 82/3C3 exp —3(x *7) s
JE
for some O(1) constants C3 and C~'§ and where TT3(x™*, x™) < 2J_(x,).
In total, then, and to leading order, we obtain the leading order formula
/ C3 dy §i(x4) h2(0, x,)

=— , for k -3, 6.22
Aok . W, ork Le (6.22)

Here, we have used that f(x,) = £ to leading order, while #, is given in (3.6) and (cf (C.14)
and (C.20))

2/3
%

T 7 C(Ni+ Ag)
To derive the desired formula (6.1) from (6.22), we note that (cf (3.5)—(3.6))
sinh (v/Ao(1 — x,))

VAo cosh /Ay

1
Wy = Ai'(A)) IBi(A))| = — and dy
b4

h2(0, x) = (1 —v) f(0) (6.23)

Hence, (6.22) becomes
, (1=v) 3oy £(0) g(x)  sinh (VAo(l = x))

a = — .
00k 04 C3 VAo (Ni + Ag) cosh /Ay

The desired formula (6.1) may now be derived from this equation by recalling (2.5) and the
definitions collected in (4.2).

6.3. Higher order terms in the asymptotic estimate for ajy,

As became evident in the material presented above, certain terms among those we estimated
are Ao-dependent, and hence they do not necessarily remain higher order for asymptotically
large values of Ag. As we will see in this section, certain terms which are higher order for
Ap = O(1) become leading order for Ag > 1. Apart from that, these higher order terms
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have an important effect even for Ao = O(1), as they lead to the singularly perturbed problem
(4.38) for the steady states of the reduced system (4.4)—(4.6).
To quantify these terms, we recall from the last section that

—1 -1 13 2w 2 A
— (W) ' Dr(0) Iy + (Wy) ' T+ Ty = —¢ 7] 872 By(xe, X4). (6.24)
By definition of Ej4,
Ea(Xe, X4) = Ba(xa, X0) — 172 Bo(xa, xi) — & B (X, X4, (6.25)

where E4, H¢, and Eg are expressed in terms of the function £, defined in (3.6)—see (6.6),
(6.8), and (6.10), respectively. As we saw in the last section,
e D), (= Co” fO) G(x)  sinh (VA - x.)
ew, 4T o, C3 Vo (Ni + Ag) cosh /Ag
At the same time, we calculate
gm1/352 1 (L= 0)C2 €20y g (x,) sinh(VAg (1 — x.)) fo f (x) cosh(/Ag x) dx
16 =¢& s
LWy 20, VAo cosh /A

8*1/3321 (1 —v) C2C2 07" ¢ (x,) cosh (/Ag x,) sinh («/_(1 —x*))
& =c¢

¢ O VAo cosh /A

There are two distinguished limits for these expressions, namely,

e8> Do) | 1= (1—x)Clo)” fO) G(xy) 1
DO,

V4 W,/, O C3 Nk + AO '
—1/3¢2 _ _ 2 2 2/3
sg W(S I = o2 1—=v) (1 —x,)C; C; Ge(x) [y f ) dx’ for Ag < 1. (6.26)
v o
e (1-w(-x)CCo 2/3ck<x*>
b4 Oy
and
e PE D), (=) Cio” fO) fr) eV
ew, 4T Gz%cz VAo (N + Ag)’
—1/352 . 2 2
e 1) I = p1/2 (I=v)LCTCr00" Gr(xy) 1 for Ag > 1, (6.27)
14 Ww 40}< Ao
8*1/3528 _,0-w C2Cio(x,) 1
l § 20},< «/Ao’

where we have used theorem D.2 to estimate the integral appearing in the definition (6.8) of
Be. It immediately follows that & Eg(x,, x,.) < &'/ Bg(x,, x,) forall Ay « e71/2,
Next, we estimate (W,/,)‘l Is + & I7 in the regime Ao >> 1. First, we recall (6.17),

_ ~ M4(y, 2)
W, ‘I+I=”3/fa , ) dA,,
Wy) Is+el;=¢ . 5(y,z) exp NG vz

where E5(y, z) = Es(y, z) +&/2 E7(y, z). The functions Es and &7 are expressible in terms
of the function /| defined in (3.5), see (6.14) and (6.16), respectively. Working as for /1, above,
we procure the leading order asymptotic relation

e =r 60 (1= 52 ) <0 (VA =) hate ).

Here, 6(s) = (1 — e~ %) /2—and hence 6(0) = O—while the first term in the right member
is Ag-independent and hence remains bounded in this regime also. Using this expression, we
can establish that (Wy,)~! Zs + Z; is at most of order ¢*> A5 and hence higher order.

172
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Similarly, (6.18) yields to leading order
— V)2 CHCY G(x) 1

2 F34(x,) VAo
where C} and C}’ are O(1) constants. Hence, this term is also higher order. The term (Wy,)~'Z;
can be bounded in a similar way, whereas (Ww)_1 Dy (0) Z3 is, here also, exponentially smaller

than all other terms.
In total, then, and to leading order, we obtain the formula

2 51 gy (x) <_ f(0)  sinh (VAg (1 —x,))

1
(W)™ Tp = 3572 ( for Ao > 1,

bor = (1 —v) C?
agox = (1 —v) Gy 05 Cs /Ao (Ni + Ap) sinh /A
Y C7 sinh (VAo (1 = x0) [3* f(x) cosh (VAgx) dx) .

2 VAq cosh /Ao

This formula precisely matches (6.2). The two associated distinguished limits are

oo _U=wd-0)CGo ) ( fO) Gy fodx
00k = o, (Nt + Ag)Cs 2 ’
for Ag < 1,
and
. 0= gk [ O e Vo £C} el
Aook = - + — ), forAyp>1.
O Cs VAo (Ne+hAo) 4 Ao

Note that, in this last formula, the first term in the parentheses dominates the second one for
all o(1) values of u (cf (6.3)); the two terms only become commensurate for O(1) values of u.

7. An asymptotic formula for b/

Finally, we derive the asymptotic formula for b/,

bor = —Ai(Ao) B, for 0 # k,m < e7'/3, (7.1

which has already been reported in (4.1). We also remark that, here also, this result is valid for
those values of k for which ¢ (x,) # 0. Theorem D.1 yields an (algebraically) higher order
result for the remaining values of k.

Definition (2.21) and (C.21) yield the expression

1
Bow = £ 1/%8 (1 = v) /0 F ) £ () 00(x) Y (0) dx

1
+&05071(1 —v)/ F(X) & (x) w5 (x) e (x) dx
0

eV —w[ 1 e .
=0 [—/ / F OO ) &n(x) & (y) @0 (x) Vi - ()P, (y) dy dx
Z W(/, 0 0

D, [l !
- W—k / FOO FO) &n(x) & (y) wo(x) Y- ()P _(y) dy dx
v Jo Jo

1o
* W_w 0 / F @) FO) En(x) & (¥) wo(x) Y+ (X) ¥ _(y) dy dx

1
+e fo J ) & (%) & (x) @ (x) dx} : (7.2)
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Let 7;, ..., I, denote the integrals in the right member of this formula in the order that they
appear in it. We will derive the leading order terms in the asymptotic expansions of these
integrals using theorem D.1, as in the previous section and also for k, m < £~'/3. In what
follows, we omit the terms Ga)(z)ﬁ(l; x0)wo.+(1; x0) and Gwaf(l; xo)wa+(l; Xp) in (A.1) and
(A.2), respectively, as one can show that their contribution is exponentially small compared
with the leading order terms (see also sections 3, 5 and 6).

First, we derive a formula for —(Wy) ™' Dy To + (Wy,) "' 75 + & Zy. We write

1 1
122/0 (/0 f(x)gm(x)wo(x)wk,_(x)dx) FO &) ¥ _(y) dy

1
=P V2 £0)Cr oy / FO) &) i () dy.
0
where we have used that ¥, _ = ¢'3 C{ 'y '3 4 in a neighbourhood of the origin, that wy is
exponentially small outside this neighbourhood, the identity ||y = 1, and (2.5). Employing
(C.12), next, we obtain

T, = /12

f0) Cy ) G(y) J_(y)
/3 174 exp dy.
V2r Ciay” Jo FYAY) Ve
Substituting for Dy from (C.19), we obtain
1
_ _ I (y)
(Wy) ™! DTy = 612 / E5(y) exp (—) dy, (1.3)
v 0 NG
where we have defined the functions
G fOde  fO) &)
\/27‘[ C1 Wllf 0'01/3 F1/4(y)

Next, we change the order in which integration is carried out in Z3 and use (A.1) and (C.12)—
(C.13) to rewrite this integral as

Ba(y) = and [ (y) = J-(y). (7.4)

1 y
Wy) ™' T3 = (W)™ /0 (fo J (%) &n (x) wo(x) 1/fk,+(x)dx) T &) ¥ () dy

1
= g¥/12 / E3(y) exp (Hj/(gy)) dy, (7.5)
0

where I13(y) = I1,(y) and

CiCaoy” [ [* FO &) |\ ) &)
23(y) = d 7.6
)= w, \bo VFm ) F7AW 7.0
Finally, using (A.2) and renaming the integration variable x as y, we obtain
! I
az4=s—13/12/ E4(y) exp( 4(y)> dy, (1.7)
0 NG
where
C1 G0y () &) &)
i) = D20 TWGWEW g ) 2y = WLe). (78)

27 FIA(y)
Combining (7.3)—(7.8), we obtain

1
— (W) "Dy o+ (Wy) '3+ Ty = —7 V12 / E1(y) exp (HZ(”> dy, (7.9)
0 NG
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where, to leading order and uniformly over [0, 1],

Cadi & (y) £(0) f(y)

Ea(y) = Ea(y) = : (7.10)
V27 Croy”* Wy Fl4(y)
Regarding 7|, we use (A.2) and (C.12)—(C.13), to write it in the form
_ I (x, y)
(W) ' 7, = &/12 // Ei(x,y) exp (—> dA, (7.11)
v D NG
where D = {(x, )0 <x < land0 < y < x}, [T1(x, y) = Jo(y) — 21 (x), and
C) Cy0,° ;
2, (x. y) = 1C200"" f(x) f(Y) &n(x) & (y) (7.12)

T AmrW,  JF(x) Fl4(y)
First, we estimate —(Wy) ™! Dy Zo + (Wy,) ™! I3 + € Zy, cf (7.9)~(7.10). The exponent I1,
assumes its maximum at the interior critical point x, € (0, 1), and hence theorem D.1 yields

NG
YV _Ji/(x*)

(W) Dy T+ (W) Ty +eTy = —'/* (s—'/”a—‘ éz(x*)> = /051G,

Here,

& V2C200" £0) f(x) G

2= .
C1 C30,% (Ni + Ao)

Next, we estimate Z;, cf (7.11)—(7.12). The exponent IT; assumes its maximum at the point

(x4, x4) € 0D which is not a critical point of I1; (compare with the maximization of I, in

section 3). As a result theorem D.1 yields

W) ' Ty = Cp (7787 Bi(xs, x0) =087 €Y

to leading order, and with C| and C{ being O(1) constants.
In total, then, and to leading order, we obtain

V2(1=v) G0y f(0) G (x)
CiCior P (N +Ao)
Formula (7.1) now immediately follows.

form, k <« ¢/,

/ —
bm()k -

8. Discussion

As argued in section 1, there are two contextual themes central to this paper. The first one
relates to understanding the nonlinear, long-term dynamics of small patterns of DCM type
generated through the linear destabilization mechanism identified in [25]. The second theme
concerns the development of a concrete approach to studying the dynamics generated by the
(rescaled) PDE model (1.5) near a linear destabilization but beyond the region of applicability
of the centre manifold reduction. In this paper, we have reported significant results (outlined in
section 1) touching on both themes. These results, in turn, inspire further investigation within
this dual context.

Regarding our first focal point, and in view of our discovery that the bifurcating, small-
amplitude, DCM pattern undergoes a Hopf bifurcation, the central question is naturally
what happens beyond this secondary bifurcation. This question can be answered by the
methods developed here, as it is in principle possible to deduce analytically the sub- or
supercriticality of the Hopf bifurcation undergone by (4.8). The numerical simulations of [15]
indicate that this bifurcation may be only the first of a cascade of subsequent period-doubling
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bifurcations leading to a region of spatio-temporal chaotic dynamics and throughout which the
phytoplankton profile maintains a DCM-like structure. There is, of course, no a priori reason
for this cascade to occur entirely within the regime A — A, = O(¢) covered by our analysis
here. In fact, the simulations of [15] suggest that, for the parameter combinations considered
there, this is indeed not the case. On the other hand, our analysis is able to determine regions
in parameter space where this cascade can or cannot occur (for instance, in the event that the
Hopf bifurcation turns out to be subcritical). Moreover, the possibility that there exist regions
in parameter space where the entire cascade is within the reach of our asymptotic methods
cannot be excluded. A similar question concerns, naturally, the origins and fate of the second
DCM pattern identified in section 4.5.

These last remarks bring us to the second theme. The approach we developed here will
be used—and if necessary extended—in forthcoming work investigating the remaining issues
pertaining to our linear destabilization results in [25]—namely, determining the nonlinear
behaviour associated with the destabilization of BL type. Our analysis in [25] strongly suggests
that, for realistic choices of the parameters pertinent to shallower water columns (e.g. estuaries
and lakes), patterns of BL type are equally relevant to the dynamics generated by (1.1) as the
DCM patterns considered here. In fact, preliminary numerical simulations strongly suggest
that co-dimension two-type patterns combining DCM and BL characteristics play an important
role in the region where the trivial state is unstable. From a mathematical point of view, the
co-dimension two point may also be seen as an ‘organizing centre’ for the more complex
behaviour exhibited by the system studied numerically in [15]. That is, the cascade of period-
doubling bifurcations reported in [15] may be based on the presence of that co-dimension two
point. In view of that, the derivation and analysis of an extended reduced system for parameter
values valid within an O(¢) neighbourhood of that point may prove highly engaging.

The same methodology can also be applied to extended models. A natural extension of
(1.1) is a multi-species model, i.e. a model similar to (1.1) in which several phytoplankton
species compete for the same nutrient. At the linear level, the species evolution decouples [25].
Nonlinear coupling, however, is present through shadowing (light limitation) and nutrient
uptake (nutrient limitation), and hence the presence of extra species affects the life cycle
of each species. Reaction—diffusion models of this sort for eutrophic environments—i.e.
in the presence of an ample nutrient supply—have been developed and investigated both
numerically [14] and (partially) theoretically [8]. The oligotrophic case, on the other hand—
where these multi-species models are coupled to a PDE for the nutrient—has so far only been
investigated numerically [15].

Another natural, if not outright necessary, extension is the inclusion of horizontal
spatial directions. Plainly, the dynamics generated by (1.1) will be strongly influenced by
the flow in directions perpendicular to the one-dimensional water column considered here:
oceanic currents are bound to mix neighbouring water columns and thus also enrich the
collection of emerging planktonic patterns. Finally, and as already described in section 1,
we are currently studying the simplified model problem (1.21) through which we hope to
understand the applicability and limitations of the general method developed here. This
approach may also serve as a first step towards obtaining a rigorous validation of our
method.

Acknowledgments

The authors wish to thank an anonymous referee for pointing out references [19,20] to us.
They also acknowledge generous hosting by the Mathematical Biosciences Institute (MBI)
at Ohio State University for two weeks in June 2011, which led to a complete reworking of



3478 A Zagaris and A Doelman

section 4. The authors also extend their thanks to Marty Golubitsky for insightful conversations
while at MBI.

Appendix A. An asymptotic formula for wy

The formula for the principal part in the asymptotic expansion of @ reads

e V000 C1AI (A1(1 — x5 '), for x € [0, xo),

wo(x) ~ { e V12 ¢, Cyal?
W_Tl”“(x(; [0, (x: x0) + 0 w§ _(1; x0) wo+(x; x0) ], forx € (xo, 1],

(A.1)

cf [25], where xg, Cy, C,, F, oy and 6 have been defined in (1.15), (2.17), (3.3), and (3.12).
We remark that C; is a normalizing constant ensuring that ||wg||, = 1. (This factor does not
appear in the formula for wy we give in [25], since wy was not normalized there.) Also,

) (1@
wo,i(X,Xo)—eXP( %>

where I has been defined in (2.16). An asymptotic formula for wf = E wy is readily derived
using (A.1) above,

e1/0 03/ Crev"Er AL (A1 (1 — x5 '), for x € [0, xo),
wy(x) ~ 1 e712 ¢ Cr 0y

(0§ _(x; x0) + 60 & _(1; x0) wj(x;x0)],  forx € (xo, 1],

27 FYA4(x)
(A.2)

where we have defined the functions

J
@+ (X3 X0) = E(x) @, (x; x0) = exp ( j«[/(;C)> ,

with Jy as in (2.16). We remark that J_ becomes maximum at the well-defined point
x4 € (0, 1)—the location of the DCM, see (2.18)—whereas J, increases monotonically. Also,
the terms involving wy 4+ in (A.1) and a)g, , in (A.2) are exponentially smaller than the terms
wo,—(x) and wj _ (x), respectively, everywhere except for an O(/¢)-region of x = 1. Indeed,
forall x < 1,

Je(x) =21I(1) = J_(x) =2(I(1) = [ (x)) < J_(x). (A3)

In particular, [|}llc can be bounded by an O(e~'/'2§7') constant, where § =
exp(—J_(x,))/+/€ is an exponentially small parameter (cf (2.15)).

Appendix B. An asymptotic formula for 7

We recall that g is the solution to the boundary-value problem (2.6),
€0xxmo — hono = —&™' f &3], where ,10(0) = no(1) = 0.
Recalling that Ag = €A in our bifurcation analysis, we find that

dextlo — Aono = —0' fof, where 9,79(0) = no(1) = 0. (B.1)
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The functions 1y +(x) = eFVA0x form a pair of fundamental solutions to the homogeneous
problem. Using variation of constants, then, we obtain a special solution to the inhomogeneous
ODE,

N0,sp(X) = (26y/Ao) ™" [To (0.4 f 3 x) no,—(x) — To (mo.— f 3 x) no+(x)] -
Here, we have defined the family of functionals
r,(;x)= / -(s) a);(s) ds, parametrized by x € [0, I]and n > O. (B.2)
0

The solution to (B.1) is, then,

{nom = [C} — @tVR0)™'To (o, f 3 X) ] mo.+(x)
+[Cy + @UVAY) ' To (Mo f 1 x) ] 10— (x).

Imposing the boundary conditions for 7 and using the identity I'y (- ; 0) = 0, we find that the
constants C,” and C; satisfy the linear system

VAo Cr = Ay C; =0,
[26/R0C; = To (0. £ 31) [/ 4 [26y/AgCy 4 T (1m0, £ 1) | e™V2 =0,
the solution to which is C;]’ =C, = (/28 ), with

_ To(no—f31)no+(1) = To (no+f 5 1) mo-(1)
N 2 cosh /Ay '

(B.3)

Gy

Thus, (B.5) becomes

M) = 26y/80)™" [2€, cosh (VAo x) + To (0.4 £ ) 0. (6) = To (0, f 5 %) 10,4 () |
(B.4)

Further employing the definition (B.2), we calculate
Lo (no.+f 5 x) mo,—(x) — Lo (1o, f ; x) no.+(x)

= fo [10,- )10+ (») — Mo+ ()0, (3)] FO) @i (y)dy
=2 /0 sinh (\/A_o(x - y)) F wy(y)dy
— 2T, (sinh <\/A_o(x _ -)) f x) .

Additionally,

c - To (no.— f 3 1) no+(1) — Lo (no.+f 5 1) no.—(1)
T 2cosh /Ay

n0,— () n0.+(1) — 0o+ (¥) no.—(D] £ () w(y)dy

1 1
- 2cosh«/A_o/o [
sinh <\/A—0(1 - y)) F) wg(y)dy

1 1
- cosh\/A_O/o
m T (sinh (\/A_o(l - ~)) fi 1) :
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and hence (B.4) becomes

1 cosh (v/Ag x) ] .
""(x)_wz\_o[ o (sinh (VAo =) £:1)

T, (sinh (/A_o(x — -)) Iz x)]
1 [COSh (/ios) [ sinh (Vs - ) ro)0505) 0y
0

T (/Ao | coshy/Ag
= [ sinn (VAsr = ) soreimay] B5)

To estimate ||179]lo over [0, 1], we first show that ng is positive and that it assumes its
maximum in an O(g!/*) neighbourhood of x,. First, an estimate based on (B.5) establishes
readily that ny(x) > O for all x € (0, 1):

! +
No(x) = /0 [M sinh <\/A_0(1 - y)) — sinh (\/A_o(x - y)>:| ASILC) dy

cosh /Ao W
_sinh (VAo(1 —x)) ! )
~ ¢J/Aq cosh/Ag /0 cosh (\/A_oy) f wi(y)dy >0,

for x € (0, 1). To locate the maximum, we differentiate both members of (B.5) and obtain

inh (/A !
ﬁaﬂlo@)=% | sinh (VAu( =) 610y

— [ cosh (VoG =) 00 dy

sinh (vAo(x — y))
Vo
Theorem D.1 can be used to yield the principal part of the two integrals in this formula, whereas
the term proportional to w{ can be estimated via (A.2). For the values of A we are interested
in, the localized term in either integrand is wf, while the Ao-dependent terms vary on an
asymptotically larger length scale. Thus,

[ ) o (x). (B.6)

inh (VA !
eo(x) = % [ sinh (VAa(1 = ) 00500y = 0

to leading order and for x < x, and |x — x,| >> &'/4, since the second and third terms in the
right member of (B.6) are exponentially small compared with the first one. Similarly,

1 1
—cosh \/A—o/o cosh (\/A—o(x - Y)> f ) o5 (y) dy:| )

for x > x, and |x — x.| > g!/4, since the second and third terms in the same formula are
of the same asymptotic order and the third one is exponentially smaller. Changing the upper
limit of the second integral to one (and thus only introducing an exponentially small error) and
combining the two integrals, we find

h (Ao (1 — !
B no(x) = & E(Q«(/A_o ) /0 cosh (\/A—oy) fM oy dy <0.
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Since g € C*(0, 1), now, it follows that ) (x;) = 0 ata point x; such that |x,, — x;| = O(e'/*),
as desired. Hence, we can now use (B.5) to estimate further
cosh («/Ao xl)
Mol < Mo(x1) € ——=———F=
YAV A() cosh A/ AO 0

Using our asymptotic estimate on x; and theorem D.1, we find

cosh (v/Ag x,) sinh (vVAe(1 — x,))
VA cosh /Ay ’

for some Ap-independent, O(1) constant C. Since the Ay-dependent quantity in the bound
above remains bounded by an O(1) constant also for Ay > 1, we finally conclude that ||70]| s
can be bounded by an O(g!/%6~") constant.

1
sinh (vAo(1 = ) £(3) @5 () dy.

Inollee < C&'/057!

Appendix C. Asymptotic formulas for ¢,,, n > 0

The function v, is the solution to the boundary-value problem
€0+ (f(X) =L =V =) ¥, = =6l fEL,, where G (¥, ;0) =G (Y3 1) =0,
cf (2.10). Here, G (¥, ; X) = ¥, (x) — +/€/V 3, ¥, (x) and we recall that

Ca(x) = V2 cos(y/N, x), (C.1)

see (2.4). Recalling also the definitions F(x) = f(0) — f(x) and A, = f(0) — £ — v, as well
as that A, = Ag + &3 by (1.13), we write

f)—€—v=2r—Fx)+e'Ppug,

with oy = 002/3 |A;| + O(1/%). Finally, since Ag = €Ay and v, = —&N,,, we may rewrite
(2.10) in the final form

1/3 eE [
€ 0xxYn — [F(x)—a >M0_8(Nn+AO)] Y = — ) ) (C2)

together with the boundary conditions G(v,, ; 0) = G(i,; 1) = 0. In what follows, we
derive asymptotic formulae for v, and for values of n satisfying n <« ¢~'/3. In that case,
e(N, + Ag) < &'*—recall our assumption that Ay < £~2/3 in section 2.3.2—and hence this
term is perturbative to &'/ 9. Hence, we may write

o +e(Ny + Ag) = F(xy), where  x, = xo(1 +0(1)) (C.3)
is a turning point for (C.2). Then, (C.2) becomes

€ 0ex¥n — [F(x) = F(xa)] ¥ = =6t~ fE Lo, C4
equipped with the boundary conditions (2.10). The solution to this boundary-value problem

may be found by variation of constants,

V() = [C) = (EWy) ' G- (@] () + [ € + €Wy ' G| Y, (o). (C5)

Here, ¥, 1 is any pair of fundamental solutions to € d,¥, = [F(x) — F(x,)]¥, and
Wy = Y, —0x W+ — Wn,+0x Wy — is the associated Wronskian. (To derive the result above, one
needs to show that Wy, is constant. This is plain to show by using the identity 0, Wy, (x) = 0,
for all x € [0, 1], which follows from the definition of Wy and the ODE that 4 satisfy.)
Further,

Galx) = /0 FOIE) ¥ () dy, C.6)
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where 1//,: 4+ = E, 1. Using (C.5), we further obtain
09 () = [ = (W)™ G- ()] 0 () + [ € + (€W T G (0] (o),

and thus the boundary conditions yield the system
C5G (Vs 30) + CyG (Y- 1 0) = 0,

+ 1 " !
[cw - mc;_(n} G (Vi 1) + [Cw + m&(l)} G (Yn-:1) =0.

The solution to this system is

C:/j = —L D]/,g(wn,_;O) and (o !

W, v = W, Dy G (¥n+30), (C.7)

where

G-(1)G (Y3 1) = Go(1)G (Y3 1)

D W ) G ) =G 10) G s 1) (€9
Thus, also, (C.5) becomes

Y (x) = EWy) ™" [T () Y- (x) — To(x) Yo (1)] (C.9)
where

I_(x) = G.(x) + Dy G (Y43 0) (C.10)

Ii(x) =G_(x)+ Dy G (Tﬂn,— ; O) . (C.1D

These formulae hold for an arbitrary pair v, + of fundamental solutions. Working as
in [25], where the problem was considered in detail in the absence of the perturbative term
e(N, + Ag), we can derive the following leading order formulae for a specific pair of solutions

wn,:t:
00,0 AT (A1(1 = x5'x)),  forx € [0, xp),

Y, (x) = 1/4 2 . (C.12)
el/ mwo__(x, xp), forx e (xg, 1],
gl/6 00_1/6 Bi (A1(1 —xo_lx)) , for x € [0, xp),

1ﬁn,+(x) = 1/4 1 . (C.13)
gl/ mwo,+(x,xo), for x € (xg, 1].

Here, we have used that x,, = xo +0(4/¢). The identity 9, Wy = 0, which was reported earlier,
leads to

Wy (x) = Wy (A)) = —AI'(A))Bi(A)) = lim Wy (x) =1/7 >0, (C.14)
X—> 00
for all x € [0, 1] and for this particular pair. (To calculate the limit, we used the asymptotic

expansions of Ai(x) and Bi(yx) as x — oco—see, e.g. [2].) Next, we simplify formula (C.8) by
investigating the asymptotic magnitude of the terms in its right member. By definition (2.10),

G (Ynx30) = Y 2(0) = Ve /v (@) (0).
Equations (C.3) and (C.12)—(C.13) yield
G(Yn—30) = — 7005/ AT (A)) (N, + Ag) + O™,
G (Vus:0) =00, Bi(A)) +O?).
(Here, we have Taylor expanded Ai(A;(1 — x, 1x)) around its zero x = 0.) Next,

N 81/4(1 FJo/v)cx exp <:|:L1)>,

G(Yn=x:1) g 7 (C.15)
1
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recall (3.12). These formulae imply that G(¢, +; 0)G (¢, — ; 1) is exponentially smaller than
G- 0)G (Y45 1), and thus

b _ DD G.() = G-(1) G (¥u-: 1)

v G (¥ 0) 1)
and down to exponentially small terms. Next, the relative asymptotic magnitudes of
the terms in G_(1) — D,(1)G.(1) may be derived using the definitions (2.10) and (C.6)
together with Laplace’s approximation (cf theorem D.1). One finds that G_(1) is dominated

by exp(s’l/zj_ (x4)), whereas D, (1)G.(1) by exp(a’l/zJ_(l)), and hence the latter is
exponentially smaller than the former. Hence,

G_(1)

, where D, (1) = (C.16)

Dy =——F—-—"—. (C.17)
v G (¥n,—:0)
It follows, then, that
' (x)=G.x)—D,0)G_(1) and rx)=G6_(x)—G_(1), (C.18)
and down to exponentially small terms. Here,
n+s 0
D,(0) = G0nsi0) _ dn(Ao), (C.19)
G (¥n.—30)
where (recall (C.14))
2/3 15+ 2/3
Bi(A
dy(hg) = ——20 DAY % (C.20)

ATAD (N4 Ag) 7 Cs (Ny+Ag)

Combining this formula with (C.9), we find

Y (x) = (EWy) ™ [Go(0) Y- (1) = G ()W s (¥) + G (1) (Yin 1+ (x) — Dyp(O) ()]
= (W) [(G1(x) = Dy©)G_(1)) Y (x) + (G_(1) = G_ (X)) Y+ (x)]

X 1
= (W)™ [wn,(x) ( /0 FOIEO) U () — Dy(0) fo FOIEO) w+,<y>dy)

1
+1/fn,+(X)/ TG () ¥y — () dy]~ (C2D)

Appendix D. Asymptotic approximation of integrals

D.1. Localized integrals

Our main tool in this section will be Laplace’s method and, in particular, the following three
theorems based on [24, chapter II, VIII, IX].

Theorem D.1 ([24], theogem IX.3). Letn € N, D C R" be a domain with piecewise smooth
boundary 3D, and uy € D. Let, also, the functions Tl € C*(D,R) and E € C(D, R) satisfy
the conditions

(a) inf TI(u) > I1(up), forall§ > 0,

D—B(up;0)

(b) o (D*TI(ug)) C R,
(c) the integral Zp(X) := / e / E(u) e dy converges absolutely
D

for all sufficiently large A.
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(Here, DT denotes the Hessian matrix of I1.) Then,

oo
Ip() ~ e M) 3 "o q kD (3 o0),
k=0

where one may derive explicit formulae for the constants {ci}i. In particular,
27 \"? E(ug) e w0
2

(n+2)/2
an Ip() ~ (T) Coe M) if 4y € D and E(up) = 0,

21 )”/2 E (o) e 1)
2

A J/det D2TT(ug)

(n+1)/2 E(u()) ef)hl'l(ug)

2w +/det J '

as A — oo, for some constant Cy which is at most O(1) with respect to A and under the
assumption that 0D is smooth around uy in the cases where ug € 0D. Here, J is a matrix
related to D*T1(uo) and to the local characteristics of 3D around uy.

O Ip) ~ ( if ug € D and E(ug) # 0,

i Ip() ~ ( if ug € 3D, E(uo) # 0, and DII(ug) = 0,

v/
av) Ip) ~ (—)

. ifug € 9D, E(ug) # 0, and DIT(up) # O,

Theorem D.2. Let a < b and uy € [a, b]. Let, also, the functions I1 € C*([a, b), R) and
E € C([a, b], R) satisfy the conditions

(a) inf IM(u) > M(uy), foralld > 0,
[a,b]—B(uo;é)

b
(b) the integral Z(X) := / 2 (u) e 1™ dy converges absolutely
a

for all sufficiently large A.
Then,

o0
T(L) ~ e M) ch AT (L= o0),
k=1

where one may derive explicit formulae for the constants {c; }x. In particular, as . — o0,

e M) /27 B(ug)

@O ZMm) NG G if wuge(a,b) and E(ug) #0,
m 7 e M) VT (EN(”‘O) - W) ¢ b) and 0
)\’ - ’ i ’ E =0,
( ) ( ) )\,3/2 \/E[H”(M())]?’/z 1 Uy € (a ) an (MO)
) E (o)

n Zo) ~ if wugpefa,b), Euo) #0, and TI'(ug) # 0,

A (o)l
e M/ B (up)
A1/2 /21—[”(1,{0) ’
e M) 47 (y,)
A2 [T (ue))?
ef)»l'[(ug) ZEE,(I/[())
A " (uo) ’

avy)y Im) ~ if wuge{a,b}, E(uo) #0, and TII'(ug) =0,

a(+)
b(—)’
a (+)

b(=)’

V) TO) ~ if u():{ E(uo) =0, and TIT'(ug) # 0,

VD) ) ~ if wuy= { E(uo) =0, and II'(ug) =0.
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Theorem D.3. Let D C R? be a two-dimensional domain with piecewise smooth boundary
dD and uy € dD. Let, also, the functions 1 € C*(D,R) and E € C(D, R) satisfy the
conditions

(a) inf TI(u) > [I(ug), forall§ > 0,

D—B(uy;$)
(b) the integral Zp (1) := / e / E) e Mgy converges absolutely
D
for all sufficiently large A.

Assume, further, that d D has a corner at ug and, in particular, that 9 D is given (locally around
ug) by the curves k(x, y) = 0 and h(x, y) = 0 with Dk(ug) x Dh(ug) # 0. Let the vectors vy
and vy, satisfy

v L Dk(up), vp L Dh(ugp) and lve x vyl = 1.
If vy, and vy, can be selected to further satisfy the conditions
Iy := (v, DI1(up)) > 0 and I, := (v, DI (ug)) > 0, D.1)
then
o0
Ip() ~ e M) N g p =k (A — 00),
k=0
where one may derive explicit formulae for the constants {ci}i. In particular,

E (up) e 1)

200, I,/ T12 + 115

1 (T Ep + I, Ey) e M)

3
A 22, /T2 + 112

as A — oo. Here, By := (vr, DE(ug)) and &y, := (v, DE(uy)), compare with (D.1).

1
O ZIp®) ~ 3 if E(ug) #0,

an Ip) ~ , if E(up) =0,

D.2. Oscillatory integrals
Theorem D.4. Leta < b, B € C([a, b], R), and ® € C?([a, b, R). Assume that
®(t) =@+t —a)P(t) and O'(r) >0, forallt e [a,b]and with ®;(a) # 0.

Then, the integral Z(A) := fab E(t) e**® dt has the following asymptotic expansion:

00 s\ k+1
) ~ Z [h(k) (0) et @@ _ h(k)(q)(b) — ®(a)) eikcb(b)] (%) (A — 00),
k=0

where we have defined the function
h(t) = B (7)) ' ().

Here, ©(t) = ®(t) — ®(a) or, equivalently, t(t) = O (D (a) + 7).
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