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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 behavior 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 article 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 center 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 center
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 looses 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 article.
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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 plays a crucial role in understanding climate dynamics
[10] and forms 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 the references therein. The building
blocks for the observed complex patterns are deep chlorophyll mazxima (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 spatiotemporal fluctuations
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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, =DW,. — VW, + [uP(L,N) — | W,

1.1
Ny=DN,, =Y~ uP(L,N)W. (1.1)

In this model, the vertical coordinate z measures the depth in a water column spanned
by [0, zp], 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 Y 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,

DWZ - VW‘Z:(],ZB = 0, Nz|z=0 = 0, and N|z=zB = NB. (12)

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+ Lg)(N + Ng)’
in which Ly and Ny 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 L at depth z and time ¢ is determined by the total amount of planktonic and

P(L,N) =

(1.3)

non-planktonic components in the column [0, z],
L(z,t) = Ly e Kooz~ 1 Jo Wist)ds (1.4)

Hence, the system is non-local—a typical feature of most realistic phytoplankton models.
The light intensity term introduces an extra three parameters: L;, the intensity of the
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incident light at the water surface; K34, the light absorption coefficient due to non-
planktonic, background components and hence a measure of turbidity; and R, the light
absorption coefficient due to plankton (self-shading). The first two of these parameters,
together with zg, D, Y, and Np quantify the effect that the environment has on the
planktonic population. It is by varying these parameters that we examine the effect of
changing environmental conditions on plankton.

It is shown in [25] that the system (1.1) has a natural singularly perturbed nature.

This can be seen by rescaling time and space via 7 = pt and * = z/zp and the

phytoplankton concentration W, nutrient concentration /N, and light intensity L via
122 N(z,t) L(z,t)

wh(z,7) = B_W(zt), r,7)=1-— 2 and j(z,7) = =iy

Substitution into (1.1) then yields,
wl =ewl, — 2yevw! + (p(w',n,z) - Hw™,
e = € (e + L7 p(WT,m,2) 0h),

with boundary conditions,

(Wi —24/v/ew™)(0) = (Wi —2y/v/ew™)(1) =0 and 7,(0)=n(1)=0. (1.6)

For realistic choices of the original parameters of (1.1),

D
e=—5 ~ 107"
Hzp

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

+ o) = 1=
P = S T (a3, ) D

with rescaled light intensity

(Wt z) = exp <—m _ r/OI u)+(s,7')ds) | (1.8)

The remaining six rescaled parameters of (1.5),
2

VIZL‘,L/;—D’ €:£, Jjg = i—lj, nH:%, k= Kyzp, and 7’:%};}\[3, (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,t) = 0—and the nutrient concentration remains constant throughout the column—
N(z,t) = Np, the value at the bottom of the basin (1.2). The system (1.5) may be

written compactly in the form

t —2yevw! + (plwt,n,z) — O w™
o Tty = [ FYee z ' 1.1
o (u ) ( € Nz +6£_1p(w+777755) w™ 7 ( 0>
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+
wtr={ Y .
n
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)7,

EOpy —24/evO, +f—0 0
DT+:< Mcf f aam>’ (1.11)

where

in which
flz) = liym v= !
+ jme 1+ N
The spectrum o(DT ") = {v,}ns0 U {An}nso of the operator DT consists of two
distinct, real parts associated with the two diagonal blocks of DT ", cf. (1.11). Here,
the eigenvalues v, = — (n + 1/2)? ? are negative, independent of all parameters, and

e (0,1). (1.12)

associated with the lower block. These eigenvalues, together with the corresponding
sinusoidal eigenfunctions (0, cos((n + 1/2)7z))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,}n>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
wg associated with the critical eigenvalue Ao has the character of a DCM: wg is
localized in an O(g'/*) region centered 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(zy) = f(0) — v [25]. Hence, z, increases monotonically from z, =0 to z, = 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(¢'/?) region over the bottom, see again Figure 1.

In this article, we focus exclusively on the regime in which DCMs may appear, i.e.,
we assume throughout the article 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,

An = A — 362 | Apsa| + O(?), (1.13)
with
v
A = —{—v = —— 1.14
FO) = 6=y = = == (1.14)
and where
KV Il
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Here, A,, < 0 is the n—th root of Ai, the Airy function of the first kind. The bifurcation

occurs as Ag 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

M= 2 v BB A + O(EY?) = P A, (1.16)
L+ Jjn

where p > 0 is fixed and Ay is allowed to be at most logarithmically large with respect

to . Note that one can tune the appearance of a destabilization of DCM type (i.e.,
of the simplest phytoplankton pattern) by choosing appropriately the parameters in
(1.10); also, that Ay depends on all parameters with the exception of r, the rescaled
self-shading coefficient, 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 Np through its dependence on v, see (1.13)—(1.14) together with
the definitions of v in (1.12) and of 7y in (1.9). Based on this final observation, we will
often treat Ay as our bifurcation parameter.

The first step in analyzing the dynamics generated by a linear destabilization
mechanism is to perform a center 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
Ao is (asymptotically) smaller than all other eigenvalues, and it corresponds to the case
p>1and Ag = O(1). In this regime, the remaining eigenvalues {v, }n>0 U { A\, }n>1 are
negative and asymptotically larger than Ag, so that the local flow near the trivial pattern
(0,0)T is determined by the flow on the one-dimensional center manifold. The tangent
space of this manifold at the trivial steady state is spanned by the critical eigenfunction
wg associated with \g. Hence, this flow can be determined by expanding u™ as
ut(x,7) = PV Qo (1) wy (x) + R(x,t), with g 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
e follows from the projection analysis by which the equation for ) is determined (see
below and Section 3). An ODE for the unknown amplitude )y is obtained through a
projection procedure which is straightforward but can nevertheless be highly technical,
especially in a PDE setting. In the case at hand, this equation reads

Qo = Ao Qo — agoo(0) 32, (1.17)

to leading order. Thus, the procedure reveals the existence of a nontrivial 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 Ay,
A
wh(z) ~ e VO Wit (x),  with Qf = —2 . (1.18)
aooo(0)
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In general, one cannot expect to be able to compute the coefficient agg(0) explicitly.
Here, we exploit the singularly perturbed nature of (1.10) and the localized character
of the eigenfunction wy to do exactly that; in particular, it follows from the analysis to
be presented in this article that

oy 1(0) exp(|A,[*?)
(17l 2 AP (s) 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, wy > 0,
and hence also w™ > 0 by (1.18)—(1.19).

The main aim of this paper is to develop an analytic approach through which

aooo(0) = (1 — v)(1 — ) >0, (1.19)

one can go beyond the direct, finite-dimensional center manifold reduction outlined
above. The original ideas underlying this approach—mamely, 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 center 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 \g =
O(g)—see Section 4—and even extend our analysis to the regime \g = O(clog®)—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 Introduction
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 A\g 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 € of this localized DCM, and thus also the
biomass associated with it, grows linearly with Ay in that regime, cf. (1.18)—(1.19).
Quite remarkably, from the point of view of our weakly nonlinear stability analysis, (X
continues growing linearly with Ay also beyond the region where the center manifold
reduction is valid. In particular, (1.18)-(1.19) remain valid in the regime p = 1 and
Ao = O(1), see (4.9). The corresponding biomass turns out to be

' ) da — (1+Jjn) (A +jr)v—L—v
/o“’ @ = e i T i —wery
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Figure 1. Left panel: a DCM profile for the planktonic component of (1.5)—(1.6).
Essentially all plankton is concentrated in an O(e'/4) region around a finite depth ..
Right panel: a BL profile for the planktonic component of (1.5)—(1.6). Here, essentially
all plankton is concentrated in an O('/2) region over the depth of the basin.

to leading order. This second result establishes that, in the Ay = 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 €, on the other
hand, undergo a drastic change in that same regime. Our rather involved stability
analysis of this emergent nontrivial steady state reveals that it becomes unstable, in
this same A\g = O(e) regime already, as Ay 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 Ay which increase unboundedly as z, | 0 (equivalently, as v | 0). It is
natural, then, to attempt an extension of our analysis into a region where Ag > 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 Ay. This is our fourth result. The stability
type of this pattern can be also determined explicitly, although we do not undertake
this task in the present work.

Hence, our analysis yields that the stationary, stable, localized DCM pattern
emerging at the transcritical bifurcation through which the trivial state becomes
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unstable only persists in an asymptotically small, O(e) region in parameter space
before it yields to an oscillatory 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 Ay > 1—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 article, 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 article 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
center manifold reduction method). Indeed, one cannot hope in general to extend the
analysis beyond the one-dimensional center manifold reduction discussed above and into
the regime where Ay 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 \y = O(e)—equivalently, for p = 1 in
(1.16)—omne can no longer ‘project away’ the directions corresponding to the eigenvalues
v, = —¢ (n+1/2)? 72 associated with the operator D7 *. Indeed, these are O(g) for O(1)
values of n, and hence of the same asymptotic magnitude as A\g. As a result, the center
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
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v
F(1)

Figure 2. Left panel: 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 \g < 0
and unstable in the region \g > 0. Here, vpoy = £(1 4 ju) and vy, = (1 +e"jy).
Right panel: 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
Af marks the (first) Hopf bifurcation where this small-amplitude DCM is destabilized
and a time-periodic DCM pattern is generated.

system that extends the leading order, one-dimensional center 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 formulas 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
program. 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.

An understanding of the conditions under which 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 compute 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
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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 the present work.

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

Ut = U:E:E _'_,uU +F(U7 V7 8)7

1.21
Vi = c(V 40V +GU:V.e). (1.21)

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 {\U},>¢ associated with the U—component (and hence also with u) are
O(1)—apart, while the eigenvalues {\! },,> 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 center manifold reduction suffices to
determine the nature of the bifurcation as u crosses pu* and in the regime yp — p* < €.
This situation corresponds directly to our—technically more involved—center manifold
problem (1.17)—(1.19) briefly discussed earlier. Note that, here, the leading order analog
of the DCM pattern identified in that discussion is a sinusoidal function.

As long as p — pu* < &, the modes associated with the eigenvalues {\Y},
remain slaved to the critical A\J-mode, exactly as in our phytoplankton-nutrient model.
However, this is no longer the case when p — p* = O(e); in that regime, asymptotically
many A’-modes are nonlinearly triggered by that critical mode. Nevertheless, the
remaining A\V-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 nontrivial 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 article.

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 nonlocal and non-autonomous terms from (1.21).
Mathematically speaking, we expect these aspects to be insignificant for the type of
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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 nonlocality
only complicates our analysis and thus clouds our understanding of the secondary and
subsequent bifurcations beyond the center 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, {1, }, 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 powerful 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 center 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 occur before any eigenvalues other than \y 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 toward chaotic dynamics—occurs in
a region of parameter space which is asymptotically small compared to the magnitude
of the next critical eigenvalue \;. Viewed from this perspective, then, the existence
of the rich dynamics reported here for the regime \y = O(e) 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 and 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 formulas 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 formulas in Section 2.1 below.
We then obtain the dual basis in Section 2.2 by solving the eigenproblem for the adjoint
operator (D7 7)*. Finally, in Section 2.3, we derive the desired ODEs for the Fourier
coefficients close to the bifurcation point.
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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

(Oww — /V/ew)(0) = (Opw — \/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

(uf,uy) = << L:;j ) : < L:g )> = /01 (wf(x)w;(as) +n1(x)n2(x)>da:.

Subsequently, we define the function F(z) = exp(y/v/e x) and the operator £ : H — H.
corresponding to an application of the Liouville transform,

+ +
Eu = ( Ew ) = ( W ) = o’ with inverse u = (w ) = (w /E ) =&t (22)
n n n 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

0t f—l—v 0 ) 23)

DT =E'DTHE =
( el fE €0,

with D7 densely defined and having self-adjoint diagonal blocks.

As mentioned in the Introduction, 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

€050Cn = VnCn, with  0,(,(0) = (,(1) =0,
and may be calculated explicitly,

v, = —eN,, where N, = (7/2+nm)*> forn >0. (2.4)
The corresponding eigenfunctions have a zero w*—component, and they are

Uy = ( 2 ) . where ¢,(z) = V2 cos(y/N, z). (2.5)

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

+
wl = “no)
Tin

Here, the functions w and 7, are solutions to

€ Oppwyt — 2¢/evo,wt + (f(x) =0 —A)wt = 0,
(Opwi —24/v/ew)(0) = (Opw! —2¢/v/ew)(1) = 0,
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cf. (1.11), together with the self-adjoint, inhomogeneous, boundary value problem for
the component 7,

€ Opelln — Anp = —el™ ' fwl where 9,1,(0) = n,(1) = 0. (2.6)
Equivalently, they are solutions to the self-adjoint, Sturm—Liouville problem
€O + (f(x) =L —v—=A)w, = 0,
(Dot = /V/ewn)(0) = (Fown —/V/ew,)(1) =0,
cf. (2.2)—(2.3). As already stated, in [25] we derived the asymptotic expressions
Ao = A — 302 | A | + O(?),  withn >0,

cf. (1.13). Here, A\, = f(0) — ¢ — v, 09 = F'(0) = —f’(0), and A,, < 0 is the n—th root
of the Airy function Ai, cf. (1.15). A formula for the n—th eigenfunction w, can also be
derived using the WKB method, cf. [25]. The corresponding eigenfunctions for D7~

(2.7)

T = (w,n,)T, where w = Fw,—cf. (2.2). As we will see in the next section, it
is natural to impose the normalization condition ||w,||, = 1.

are w,

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 {w;! },>0 U {0y, },>0 uniquely determined by the
conditions

(w0 = (Vp, D) = O and (w0, = (v, W) =0,

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

zb,fz(wo;) and ﬁn:<lg> (2.8)

Here, w, = w,/FE, 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 {¢, },, may be found by solving the inhomogeneous
problem

Eaxx'lvbg + 2\/5_Vax¢7: + (f(l’) — (- Vn) w; = _56_1f<m
Ouy, (0) = Oppy, (1) = 0.

Alternatively, ¢, = 1,/ E, where 1, solves the self-adjoint inhomogeneous problem

5890an (f( ) _g_V_Vn)¢n - _56_1fECm
an vV 'an = an VvV ’an = 0.

To verify the above, we start from the observation that the dual basis may be

(2.9)

(2.10)

obtained by solving the corresponding eigenvalue problem for (D7 1)*, the adjoint of
the operator D7 . To calculate (DT ")*, we write v~ = £ 'v, recall (2.3), and note
that

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

(DT u",v7) = (u, DT*v) = (€ ' u™, DT*Ev™) = (ut, EDT*Ev),
whence (DT 1)* = E7YDT*E. Here, ut 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,
0,07 (0) =0, (1)=0 and 0,((0)=¢(1) =0, wherev= ( ¢C_ ) . (2.11)

It is straightforward to show that

_ ) -1
DT — E0p +f—0—v el'fE ’
0 €0ps

and, since also (DT 1)* = E7'DTE,

_ -1

In view of (2.12), the eigenvalue problem (D7 ")*w} = \, ;" for wf = (&, 7,)T
reads
€ O0pel + 2/Ev 0,07 + (f — L — \) & = —el™ f i,
gaxxﬁn = )\n ﬁna
subject to the boundary conditions (2.11). The latter equation yields immediately
N, = 0, so that the former equation becomes homogeneous. It is now trivial to check
that o = w, = w,/F, where w, solves the eigenvalue problem (2.7). This establishes

the first part of (2.8).
Similarly, (2.12) shows that the eigenvalue problem (D7 ")*®, = v,1, has solutions

().

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. FEvolution 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(z,7) =706 Y " Qu(r)wh(x) + 7> a(r) va(w), (2.13)

where ¢ > 0 is yet undetermined and the coefficients €2,, and ¥,, are determined by

Q,=c 0 Hu",wF) and VU, =eut,v,). (2.14)

n
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The exponent of 1/6 in the first sum of (2.13) is related to the localized nature of
wy, the planktonic component of wy. In particular, wy is shaped as a DCM with an
O(e'/%) biomass Hwo Hl (recall from our discussion following (2.8) that, in contrast,
||wol|, = 1). More details on this issue will be presented in Section 4.3.2. Moreover, we
have introduced the exponentially small parameter

d = exp (%(:*)) < 1, (2.15)
the role of which is to counterbalance the exponentially large amplitudes of the
eigenfunctions w;" and v,,. In particular,

Jo(z) = ot I(z) and I(z /\/ Flao) ds. (2.16)

Here, the O(¢!/3)—parameter x, corresponds to the turning point of (2.7),
2o = F 7 (A = Xo) =30y 3| Ay| + O(1/2), (2.17)

while z, is the location of the DCM, the unique point where J_(-) attains its (positive)
maximum ([25]—see also Appendix A), i.e

2. = F~Y(v + F(x)) = F~(v) + O(e/3). (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

whz,7) = e85 S0 Un(T) wi (),
Nz, 7) = V08 Lo Qu(r) (@) + 5350 WnlT) Cula). (2.19)

The principal part of wg is derived in Appendix A, while asymptotic formulas for w;",
with n > 1, can be derived in a similar manner. For O(1) values of n, it follows that w;’
is exponentially small everywhere apart from an asymptotically small neighborhood of
7, where it attains its maximum value of asymptotic magnitude at most O(s~1/12571).
Similarly, the principal part of 7 is given in Appendix B, together with an L>°—estimate
which shows that 7 is at most O(c'/%571) 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(e*"/12)
constant, while those of ¥,, (n > 0) are O(1). In what follows, we derive the ODEs
governing the evolution of these eigenmodes.

2.3.1. Figenbasis decomposition of T (u™) To derive the ODEs for the eigenmodes,
we need to express 7 T (u™) in the eigenbasis {w, },>0U{v,}n>0. In particular, we show
that

TH) =96 I = D> (mnk Ll + bk Vi) | w0y
k>0 m>0 n>0
+ > Wk =€) > (@ U+ Vs T | 0, (2.20)
k>0 m>0 n>0
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30—1/2)

where we have omitted an O(e remainder. The coefficients appearing in this

equation are given by the formulas

1
= << el~t ) Qm, w?{,ﬁﬂj> - 5_1/6<amwn>wk>>

Qmnk

Wy = €3 < ( efl_l ) G w:{,@k> = 5_1/36[(amwn,wk> + el Hauw, §k>],
(2.21)
bk = << 561‘1 ) bin W:[awf{> = (bmwn, Wr),
v o o= e \/6 << 5g1—1 ) 5h wf{,@k> _ 6_1/65[<bmwn,¢k> +6€_1<bmw;{,Ck)]
Here, we have defined the functions
am = 0[(1L=v)nm+ (A —vtf)rs,]f, with s,(z) = fox wl(s)ds, (2.92)

bm = (l_y)me
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 (u?)=DT ut + N(u"), where N(u") = ( 561_1 ) (p—flw™. (2.23)

Substitution of the decomposition (2.13) into the linear term yields the eigendecompo-
sition of that linear term,

DT u™ =96 DT T wy +°) U DTy,

k>0 k>0
= 56_1/652)\k kalj +€CZVk\I/kUk, (2.24)
k>0 k>0

where we have also used that w;" and v, are eigenvectors of DT (see Section 2.1). Tt
remains to express the nonlinearity N (u™) with respect to that same eigenbasis. First,
since p — f contains the nonlocal term ["w™(s)ds, see (1.7)-(1.8), we write (cf. (2.19))

S(x,7) =g ctL/® /Ox wh(s,7)ds = 52 O (7) sp(), (2.25)

n>0
where s,, was introduced in (2.22). We subsequently obtain, by (1.7) and (1.12),
1—n 1
vt —n 1+ jgexp(kr)exp(ec1/67.9)
1—n 1
/ 1—wvn 1+ (1—v1f)(exp(ec/6rS)—1)
Substituting from (2.19) for w™ and 7 into this formula and expanding asymptotically,
we find further
plwt,n,z) = f -6 Z A — €° Z bWy + O (e2713) | (2.26)

m>0 m>0

p:
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with a,, and b,, as defined in (2.22). We remark for later use that this asymptotic
expansion remains valid for o(¢'/47¢) values of Q, (n > 0) and o(¢~°) values of VU,
(n > 0) (see our discussion following (2.19)). Next, (2.19) and (2.26) yield
(p— ot == " apw! Ly — 2706 > bpwt 0,0,

m>0 n>0 m>0 n>0

30—1/2)

where we have again omitted an O(e remainder. By virtue of (2.23), then,

Nw") = - 520—1/352 Z < 661_1 ) Ayt

m>0 n>0

B 820—1/652 Z ( 561—1 ) b W+ O (530—1/2) .

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

1
( o ) S w! = Z (Y58 @ppnr, w0yl + €3 i vr)

k>0

< 8;—1 ) 0 b, w;— = Z (5 bmnkw]:_ + 51/6 b;nnkvk) ,

k>0

where the coefficients ank, al,,.,

this decomposition, we finally write (omitting throughout an O(e term)
Nt = —&* Z Z Z (2756 s W5 + Al Vi) R,

m>0 n>0 k>0

=3 NS (70 by W A Vg, 08) U

m>0 n>0 k>0

= =YY (it b V)

m>0n>0 k>0
=D (i + b V) v (2.27)
m>0 n>0 k>0
Combining (2.24) and (2.27), then, we arrive at the desired result (2.20).

binnk, and b/ are found by means of (2.21). Using
30—1/2)

2.3.2. ODEs near the bifurcation point  We are now in a position to derive the ODEs
for the amplitudes {2, },>0 and {V,, },>¢. Differentiating both members of (2.13) with
respect to time, we find
8Tu+ = 80_1/652(% 'LU]:_ —FECZ\Dk Uk (2.28)
k>0 k>0
where the overdot denotes differentiation with respect to 7. Next, d;ut =7 " (u™) and
hence, combining (2.20) with (2.28), we obtain the ODEs for the amplitudes,

Qk - )\ka —e° Z Z (a'mnk Qan + bmnk \Ilan) + O (520) s

m>0n>0

\ifk = Vk\Ifk —¢g° Z Z (a;nnk Qan + b;nnk \Imen) + O (826) .

m>0 n>0
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We now tune the bifurcation parameter )\, so that the largest eigenvalue, Ag, is the
only positive eigenvalue while the eigenvalues Ay, Ao, ... are negative. In particular, we
write (cf. (1.16))

Ao = eMg, where 0 < Ay << 7%/,

v = — &Ny, where N, > 01is O(1) for k=0,1,...,

N = —e'BA;, where Ay >0fork=1,2,....
As we will see shortly, the cases of particular interest will turn out to be those where Ay
is either O(1) or logarithmically large. Note also that, since the distance between Ay and

A is O(e'/3) by (1.13), it follows that Aj, \g,... < v;. Then, the evolution equations
for the amplitudes become

QO = €pAoQO — €C Z Z CLmnonQn — 8c Z Z bmnO\Ilana (229)

m>0 n>0 m>0 n>0
U= —eNelp — %> > a0 — 5> > 0, 0, k>0, (2.30)
m>0 n>0 m>0 n>0
Qk = _51/3Aka —¢° Z Z amnkaQn —&° Z Z bmnk\Iijna k > 1a (231)
m>0 n>0 m>0 n>0

where we have omitted all higher order terms.

3. Application of Laplace’s method on ag

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 agy. Asymptotic expressions for
the remaining coefficients will be derived independently in Sections 5-7, after we have
thoroughly analyzed 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 the present section.
The main result of this section is the leading order approximation

apoog — A(Ao) = aa(AO), (31)

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

sinh (vAo(1 — z,)) .

a=(1-v)f(0)CCyoy 0.2 >0 and a(Ag) = VA, cosh /A,

(3.2)

Here, 0y is defined in (1.15), while

00 —1/2
01:(/ AiQ(s)dS) , Cy=exp(|Al)”?), and o, = F'(2,) = —f'(z.), (3.3)

Ay
see [25] and Appendix A. We start by recalling that the coefficient agg is given by

1
agop = € /¢ / ao(z) wi(z) dz, (3.4)
0
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cf. (2.21), where
ag(z) =0 [r(1 — v~ f(2))so(x) + (1 = v)no(x)] f(2).

Employing (2.22), (2.25), using the explicit approximation (B.5) for 7y from Appendix
B, and defining the functions

o) = ) |r (1= 22) = 2L st (VR = ) 1] 59

)
_ (1= v) (@) cosh (VAgx)
b, y) = S S () sk (VL= p) . (39)

we find further

T 1
ao(w) = 5_1/65/ hi(z,y)wd (y) dy + 5_1/65/ ho(z,y) wd (y) dy.
0 0
Thus,

1,1
oo = €~ /65/ / hi(z,y) wi(z) wi (v) dydx+5_1/65/ / ho(, y) wa(z) wi (y) dydz
0o Jo

= V(T + 1), (3.7)
where Z; and Z, are the two double integrals appearing in this expression.

We can obtain the principal parts of Z; and Z, using Theorem Appendix D.2,
based on [24], in Appendix D. We start with the latter integral which, as we will see,
fully determines the leading order behavior of agy. First, the normalization condition
|woll2 = 1 yields fol ho(z,y) wd(z) dz = he(0,y) to leading order. Since, also, wy has
a unique maximum at the interior critical point z,, Theorem Appendix D.2.I (with
A=¢e"2 11=—J_, and Z = hy(0,-)) yields

1
1 V21 hs (0, z,)
_ + _ 1 Lx) 4 1/6
T = [ hal0.9) i 0) dy = 7z Yoy i) =<9 0 (3.8)

to leading order, where we have used the explicit leading order approximation (A.2) of
wy from [25] (see also Appendix A), recalled the definition (2.15) of 4§, defined
V 2 hg(o,l’*) Cl Cg 0_3/3
VT () 2V EY )
and employed the identity J” = —2-1F~1/2 ",
Next, we show Il to be exponentlally smaller than Z,. First, we rewrite it as

1 C3C3 0 hy(x I (z,y)
1/4 0 (2, y) Y
B e Z i e (RE) e 0w

where we have used (A.2) and (A.1). Here, D = {(z,y)|0 <y <z, 0 <z <1} and

Cy = =G0y o7 P ha(0,2),  (39)

y(z,y) = J_(y) —2I(x) and 6, = 1,

h(x,y) = J_(y)—2I(1) and 6, = 26,

3(z,y) = J_(y)+2[(x)—4I(1) and 63 = 62 (3.11)
Uy(z,y) = Ji(y)—2I(x)—21(1) and 6, = 0, '
s(x,y) = Ji(y) —4I(1) and 05 = 207

Mg(x,y) = Jy(y)+2I(x)—6I(1) and 6O = 63
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where I(x) and Ji(y) have been defined in (2.16), and

g VTV

NG

Theorem Appendix D.1 yields, for each integral, a result proportional to
exp(max (g yep Ij(z,y)/v/€). We first identify maxIl; and then show that maxII; >
max II;, for j = 2,...,6; it follows that the dominant term in (3.10) corresponds to Il
and the rest are exponentially smaller than it. Now, II; has no critical points in D, and

with oy = F(1). (3.12)

thus its global maximum lies on

3
0D = U(@D)i ={(L,y0<y<1}U{(z,2)]0 <z <1}U{(x,0)]0 <z <1}
i=1

First, the global maximum cannot be on (9D);; indeed, D lies to the left of (9D); and
0,10 (2, y) = —2+/F(x) <0, where we have introduced F(z) = F(z) — F(x), so that
I1; assumes higher values in D than on (9D);. Next, I, (z,2) = /v — 31 (x) on (D),
and thus maxIT; (z, z) = II; (2, 2**) with 0 < 2™ = F~1(v/9) < z, (recall (2.18) and
note that F > 0 is increasing). Finally, I1;(z,0) = —2I(z) < 0 on (9D)3, and thus
maxspy, Il < 0 < Il (™, 2**). In total, then, we find that maxII; = IT; (z**, 2**) > 0.
Next, Is(z,y) < Ii(z,y) < Ij(z*,2**). Since the leftmost equality holds only in
an O(e!/?)-neighborhood of = 1, we find that maxIl, < II,(z**, ), as desired.
Additionally, II3 < II; on D, and thus also maxpll3 < maxpll;. Next, II; has
no critical points in D, and hence we need to examine its behavior on dD. First,
the maximum cannot be on (0D); by the same argument we used for II;. Next,
Hy(z,2) = J_(x)—2I(1) on (0D),, and thus maxpy, [Iy = y(x,, x,) = J_(2.) —21(1).
Finally, 11, < —2I(1) < I4(xs, z.) on (0D)s, and hence maxIly = J_(x,) — 2I(1) =
max I, < max]Il;, as desired. Finally, II; < II; and Il < Il4, and the desired result
now follows.

These estimates show, then, that maxIl; = II(z™, 2**) > max1l;, for j =2,...,6.
Since (z**, ™) € 0D and its Jacobian satisfies DII;(x**, ™) # 0, Theorem Appendix
D.1 yields for (3.10) the asymptotic formula

B C3 03 11 (ZZ}'**, LU**) I (LU**, LU**)
T, =4 (5 1/4 871r3/22 exp (71 NG )) = 207 exp (71 7 ) ,
for some O(1) constants C}, C7 > 0. Since Z, = O(c'/5571) (3.8) and, by (2.15),

L ;507 Ty (™, ™) — J_(2.)
7,°°¢ c, exp N

with

I (2™ a™) — J_(z,) = [J_(z™) — J_(z.)] — 21 (2™) <0
(recall that z, is defined in (2.18) as the location of the maximum of J_), it indeed
follows that Z; is exponentially small compared to Zs.

We conclude that agg is given by 0 Z, at leading order. Combining the expressions
(3.8)—(3.9) with the definition of hy in (3.6), we obtain the leading order result (3.1)
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by using the fact that f(z.) = ¢, also at leading order. To derive this last identity,
observe that—in the regime Ay < 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'(z,) = v by (2.18),
so that the desired identity follows from the definition F'(z) = f(0) — f(x) applied at
x = z,. Finally, we note that higher order terms in formula (3.1) may be obtained solely
by considering Z,, as Z; is exponentially smaller than Zs.

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 system and determine their stability. In this entire section, we work
exclusively in the regime p = 1 and Ag = O(1).

4.1. Asymptotic expressions for bmoo, ahor, and b,

As stated in the previous section, where we derived an asymptotic expression for agg,
asymptotic expressions for the coefficients b,,00, agx, and 0, appearing in (2.29)-(2.31)
are derived independently in Sections 5-7 below. Here, we summarize the leading order
behavior of these coefficients, including also (3.1) for completeness:

appo = A(Ao),

bmoo = B, for m < e1/3, "
agor, = —Ap(Ao) A(Ay), for 0 # k < e71/3, :
Vo = —AL(Ao) B, for 0 # k,m < e /3.

The function A was introduced in (3.1)-(3.2), whereas B = v/2 (1 —v) f(0) is a positive
O(1) constant. Further, we have introduced the function Aj via

V20, 03/3 cos(v/ Ny, )
A;(AO) = O/ a,;f(AO), Where O/ = W and a;c(Ao) = W (42)

Here, C3 = (Ai'(A4;))?. Note that, similarly to a (cf. (3.2)), o’ is an O(1) constant
independent of Ay; the constants o, 0., C; and Cy 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)])

/ Ai*(s)ds = (Ai'(A1))?,  or equivalently C?Cy =1,
Ay

which, in turn, yields an identity that will prove to be of exceeding importance in the
rest of this section—namely,

2a = o'B. (4.3)
Asymptotic formulas for b0, ag, and b . and for higher values of m and k can be
derived similarly. However, seeing as such formulas 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.
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4.2. The reduced system

The 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 Wy, ¥y, ... evolve on a
slow timescale and the higher-order modes €2, €25, ... become slaved to them. Setting,
then, p = 1 and rescaling time (with a slight abuse of notation) as t = 7, the evolution
equations become

Qo =80 =)D o2 = DY D b Qs (4.4)

m>0 n>0 m>0 n>0
Uy =Nl — Y0l D — DY D B, E>0, (45)
m>0 n>0 m>0 n>0
e300 = =M% — e TN ik — YD b U, k> 1 (4.6)
m>0 n>0 m>0 n>0

(Here also, the overdot denotes differentiation with respect to t.) It is natural to
introduce slaving relations for the latter modes in this system,

Qp =% Gr(Qo, Uy, Wy, ...), forall k>1, (4.7)
where the positive constants ¢, ¢y, ... and the O(1) functions (with O(1) partial
derivatives) G1, Ga, ... are to be determined. To do so, we first write the evolution
equations for 2y and ¥y, W,, ... under these slaving relations; we find

Qo = Ao — e agoo — e Z 0100 Wn,

m>0

U = = N0y — e lag % — 7' Z Uk Ym, k20,

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

Q
Gl S0, W1, W, ) = =0 — S bW
m>0

Recalling, also, (4.1), we arrive at the evolution equations
Qy = Ao — AQZ =B Y00 U
U = —NeWr+ AL [AQR+ BQ Y00 Un], k> 0.

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

(4.8)

Remark 4.1. The ODE (1.17)—describing the flow on the one-dimensional center
manifold in the regime where \g = e”’Ay < e—can be obtained from the system (4.8)
above as its Ag — 0 limit. Indeed, the W-modes become slaved to the mode )y in this
limit, and (4.8) reduces to (1.17) with ag(0) replacing A = agoo(Ao) (cf. (4.1)). Note
that agop has a removable singularity at zero, so we write ago(0) = limp,—0 agoo(Ao) =
(1 —2,)a. Using (3.2), it is plain to check that, indeed, the formula for ag(0) reported
in (1.19) equals (1 — ) a.
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4.8. The bifurcating steady state

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

. - Ao . ~ 2A§ cos(v/Ni, x,)
Qs (Ao) = T v and Ui (Ag) = 0 BN, (Nt A’ (4.9)

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

O = 7@0220( oL for Ag — 0, (4.10)
cf. our discussion in the Introduction and in Remark 4.1 above. It will also be elucidated
in Section 4.3.2 below that this fixed point corresponds to a DCM with an O(g) biomass
and an associated O(g) nutrient depletion.

Note that the denominators in the formulas for €2 and U; vanish for z, = 1. As
explained in the Introduction, this value is attained by z, 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.

4.8.1. Derivation of (4.9)  First, setting the left members of (4.8) to zero, we obtain
an algebraic system for the nontrivial steady states,

A= AQy—B> ¥, =0, (4.11)
m>0
NeWy — A Qo |[AQy+BY W, | =0. (4.12)
m>0

Here, kK > 0 and we have removed a superfluous factor of €y in (4.11) corresponding
to the trivial steady state. Substituting from this equation into (4.12), we obtain the
equivalent formulation

AQo+BY W,y =A; and Ny — A} Ay Qo = 0. (4.13)
m>0
This system is readily solved to yield
Ay Al
Q= — d U= kA 4.14
0 O/SBAO—l—A an k N, 02405 ( )

where s is defined by the series

1 Z AL cos(v/ Ny, )
B N 4= Ny (N + Ag)

m>0""""  m>0

To produce a closed formula for s, we recast this formula as

cos(v Ny x) 1 <Z cos( \/—35* Z cos(v/Nin 2.) ) ’ (4.15)

>0Nm(Nm+A0)_A_0 N, + Ao

m>0
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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-Lefler
expansion; analytic formulas for such expansions can often be obtained by means of the
Fourier transform. In particular, [21, Eq. (1.63)] (with a = m, b = iy/Ag, and | = 1)
yields the explicit formula

Z cos (VNpa.)  sin(iv/Ao (1 —x.))  sinh (VAo (1 —2.))  a(A)

_ _ - , 4.16
m>0 Nm + AO 21\/ A() COS(i\/AQ) 2\/ A() cosh \/A() 2 ( )
whence also

3 cos (v Ny, z.) _a(0) _1- To (417)

N, 2 2

m>0

Substituting into (4.15), we obtain
1— Ty a(Ao)
p— —_— 4-].
ST oA, 20, (4.18)

and therefore (4.14) for f becomes
Ao
(a —a’' B/2)a(Ao) + (1 — z,) o' B2
The final formulas collected in (4.9) now follow by identity (4.3) and (4.14) for Wj.

Q5 =

4.3.2.  FEcological 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(e) depletion of the nutrient. Indeed, (2.19) yields the leading order
expression

1 1
/ wt(z) de = £%/° 593/ wy (z) dx (4.19)
0 0

for the biomass. Here, we have also recalled that ¢ = 1 and that QF, €3, ... are higher
order, cf. (4.7). Recalling the definition of ¢ in (2.15) and using the explicit leading
order formula (A.2) for wg, we obtain

1 /3 p1 B
5/ wy (z) de = g1/12 1020 F~Y4(x) exp (J_(:c) J_(:c*)) dz.
0

2y Jo Ve
As mentioned in Section 3, J_(-) has a sole, locally quadratic maximum at z,, and
hence the integrand above is exponentially small except in an asymptotically small
neighborhood of that point. Hence, the integral is of the type considered in Appendix
D, and Theorem Appendix D.1 yields, to leading order,

1 1/3 o
5/ wa (x)dr = g~1/12 701 ¢ 0 g/ 27 =50 Oy 03/3 o 12,
0 2/ FU4x,) /—J" (x)
where we have also recalled that J” = —27'F~/2F’  Substituting back into (4.19),

together with the formula for € given in (4.9), we finally recover the first expression
(1.20) for the total biomass given in the Introduction. The second expression may be
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derived by noting that (1.16) implies the leading order result v/(1+ jg) = £+ v, as well
as that e A\g = v(1 + jg) ' = —v.
Similarly, (2.19) yields the leading order formula

/0 n(x)de = e55 O /0 no(x)de + ¢ Z vy /0 Cp(z) dx. (4.20)

k>0

Now, fol Ce(z)dw = (—1)%/N, by (2.5). Further, the integral fol no(z) dz can be
calculated using (B.1): integrating both members over [0,z] and using the boundary
condition at zero, we find

£A0/0 no(z) de = £ 9,mo(1) +/0 f(z) wi (x) d. (4.21)

The derivative 0,70(1) can be estimated at leading order by (B.5). Differentiating both
members of that formula, we find

£a,mo(1) = / 1 [tanh /K sinh (v/Ro(1 = y)) = cosh (v/Ro(1 = 9))| S (y) wif () dy.

It follows from (4.21), then, that
1
(A d
0/0 mo(x) dx
= / 1+ tanh /Agsinh (vAo(1 ~ 1)) = cosh (vAo(1 = )| Fly) e (v) dy.

Applying Theorem Appendix D.1, we obtain

1 1/3 _—1/2 h A .
/ no(e) da = o5t Q120 o () cosh (VBoz) ) o))
0 Ao cosh v/Ag

which is the desired formula for fol no(z) dz. Recalling also (4.9) for Uy, we obtain from
(4.20) the leading order result

! L/3 -1/ Cos 0 Tx
/0 n(2) de = e (A) | E2 “XO o <1 - %\/5\_0)) +a/ 5|, (4.23)
where
s= Ly oyl e lnt) g (R (- 2)

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

m>0 m>0 m>0
This equation, together with (4.9) for f, 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, U*) =
(Qf, W, Ui, ...) which we identified in the previous section. In particular, we show
that this fixed point is stabilized through a transcritical bifurcation at Ay = 0 and that
it subsequently undergoes a destabilizing Hopf bifurcation.
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4.4.1. The eigenvalue equation ~ We start by linearizing the ODE system
Qo =AgQ—AQ—BQ Y T,

m>0

Uy = —NoUp+ Ay [AQG+BQy Y 0,y
m>0

around (€5, U*). Letting Qp = Qf + dQp and ¥y = ¥} + d¥, and recalling (4.13), we
find that the corresponding linearized problem reads

, forall k>0,

dQy = —AQydQy — BQy Y dU,, (4.25)
m>0
AWy = A} [Ao+ AQY) dQ + [A; BO; — Ni] AUy + A, BQG Y~ dU,,, (4.26)
m#k

where we have only retained the leading order component from each term.
Truncating at the arbitrary value £ = K € N, we obtain the system 0® = L 0P,
where §® = (dQq, dWo,dVy, ..., dUg)T and

—AQ; —BQ —_BQS . —B;
AVAQS+Ao) AYBQS— Ny AVBQE ... ALBQ;

fo— | AAQ+A)  ABOY ABQG-N ... ABQ
A (AQE+Ag) Ay B A BQ; ... ALBQ:— Ng

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

A+AQ;  BQ  BQ; ... B
AA—Ag) A+Ny 0 ... 0
AA=Ay) 0 A+DN, ... 0
AN —Ag) 0 0 ... A+ Ng

Next, we can use the (k4 2)—nd column to eliminate the (k4 2)—nd entry of the first
column, for 0 < k < K, as long as A # —N,,. Since A = —N; if and only if A} =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 L = {k : A, # 0} C {0,...,K}, Ky = K — {k}, and
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eliminating the entries of the first column as detailed above, we obtain

Q) BQ; BQ ... B
0 X+ N 0 0
0 0 A+ N oL 0 = 0. (4.27)
0 0 0 .. A+ Ng

Here,
QN = A+ AQ) [T+ No) + B (Ao =N YAy T A+ N
kek kEK — meKy
As detailed above, A = —Nj, solves (4.27) if and only if A} = 0 (equivalently, if and only

if & ¢ M). Further, Ay > 0 cannot be an eigenvalue, since Q(Ag) > 0 and Ag+ Ny > 0,
forall k € {0,..., K}—mnote that A, Ny, Ni,. .., Ng 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(A) in the form
K
A, A+ AQ
A) = |BQ B Ol (Ao =) [ (Vi + ).
QW) O;NHA | (o >k1;£< e+ )

As we just noted, the elements of the set {—Ny}rex are not eigenvalues of L.
Hence, the eigenvalues of Ly are {—Nj}rzc together with all solutions to

K / %

A+ AQ

B k= ¢
NN A=A

Substituting for A} from (4.2) and for Qf from (4.9), recalling the identity (4.3), and
letting K — o0, we rewrite this equation in the form

2A¢ cos (v/Ny, =, A+ Aga(Ay)/(1 -z,
3 ) A b0 )

1—1’* Nk—l—)\)(Nk—l—Ao)— )\_AO

k>0
Here again, we may write
Z cos (\/Mz*) _ 1 (Z COS (\/Mx*) _ Z COos (\/ka*)>
(Nk +A) (N +Ao) A=Ay e N, + Ay N+ A
lTa(Ag) — a(N)
T2 A—A,
so that the eigenvalue problem becomes (1 — x,) A + Aga(A) = 0. Recalling that

k>0 k>0

a(0) =1 — x,, we recast this equation as

a(0) sinh (\/X(l - x*))
A——= = —Ag, where we recall that a(\) =
a(A) VA cosh VA

This equation is satisfied by some X if and only if it is also satisfied by its complex
conjugate \*, as the right member is real and (A~ta()\))* = (A*)7ta(\*). Hence, we

(4.28)
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may restrict arg()\) to lie in [0, 7]. Further writing y := VX = ug + iz, we rewrite the
eigenvalue equation in its final form,
(1 —az,)p? coshp
sinh (1 —2,)p)
We note here for later use that
Re(p(p)) _ (342 — %ﬁmMQ—MNmk%@wm—ﬁmmaummﬂ@—$0m]
1 —ux, BESHT — KR cosh[2(1 — z,)ur| — cos[2(1 — z,) ]
cosh|(2 — x, sin(x, — cosh(x, sin((2 — x,
(3 — ) [( )] sin(z.pur) (2 pr) sin[( )uz]’
cosh[2(1 — z, ) ur| — cos[2(1 — z) 1]
B 9 o Sinh[(2 — x.)pg) cos(z.pur) — sinh(z,ug) cos[(2 — x.) pur)]
= pr(py — 3pg)
cosh[2(1 — z, ) ug| — cos[2(1 — ) pug]
cosh((2 — x,)pur| sin(x.pr) — cosh(z,pug) sin[(2 — ) pu1]
cosh[2(1 — @z, )pug] — cos[2(1 — @, )] '

p(p) = — Ao, with arg(p) € [0,7/2]. (4.29)

Im(p(p))
1— =z,

+ ur(3u7 — 1)

4.4.2. Analysis of (4.29) for Ag | 0 We first establish that, as Ay | 0, the eigenvalues
{An}n>—-1 remain each in a neighborhood of the discrete values —Aq, =Ny, =Ny, .. ..
For Ay = 0, (4.29) yields either u = 0 (equivalently, A\ = 0) or cosh yx = 0 (whence
w=1v/N,,, m > 0 or, equivalently, A € {—N,,}m>0). To investigate the possibility of
negative eigenvalues A for Ay > 0, we set ur = 0 to find that (4.29) reduces to

. (1 — =) py .
p(llu“f) 1 — COS[2(1 — ZE'*),U[] SIII[( Z ),UI] COS iy 0 ( 30)
For Ag | 0, there is plainly a small root of this equation, ; = v/Ag+O(A), yielding the
small eigenvalue A = —Ag + O(A2). Additionally, all eigenvalues of the set {—N,, }n>1

perturb and remain real for small enough values of Ay > 0. Indeed, p(i-) intersects zero

transversally at {v/N,, }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 p;. For
the two first eigenvalues, in particular, we have the Taylor expansions
sin[(1 — z,) 7/2]
(1—z)m

which demonstrate that both remain in the interval (—Np,0) and approach each other

)\_1 = —A() -+ O(Ag) and )\0 = —N() + 4 AO + O(Ao),

as Ay increases, see also Figure 3. These are precisely the two first 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(x) > 0 for all 1 > 0. In fact,
the possibility of eigenvalues anywhere but in a neighborhood of the negative axis can
be similarly excluded by observing that

cosh(2up) + cos(2ur)
cosh[2(1 — z,)ug| — cos[2(1 — z,

1/2
) — 00, as fr — OQ.
)MI]

PG| = (1 — ) [uf (
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Figure 3. Plots of the function p(izr) (see (4.30)) versus py (left panel) and versus
A = —pu? (right panel) for z, = 0.7. Also plotted: the level line at p = Ao, here set
at 0.2; the first two members of the sequence {V/N}r>o (left panel) and {—Nj } >0
(right panel) as solid dots; and the two smallest solutions p; to (4.30) (left panel)
together with the first two eigenvalues A_; and Ay (right panel) they correspond to,
all as hollow dots.

Plainly, for every value of Ag, there exists a value pj(Ag) > 0 which depends
continuously on Ag, satisfies limy, o p5(Ao) = 0, and is such that the equation
Ip(p)| = |Ao| cannot be satisfied for any ur > uh(Ao). It follows that all solutions
to (4.29) must lie in the half plane {p|ur < ph(Ao)} which, in turn, corresponds to
a neighborhood of the half axis {\ € R|X < |u5(Ao)|*}. A local analysis around the
origin now establishes the absence of eigenvalues with positive real parts, for Ag 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_1 and Ay come closer together as Ay increases. Eventually, they collide at a specific
value p; € (0,7/2) and for Ag = Ay = p(ip}) = max,, co,x/2) p(ipr) > 0. For Ag > Aj,
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 Ay > 0.)

To locate imaginary eigenvalues A = i\; € iR, we set up = pu;y = i1 > 0 and rewrite

the real and imaginary parts of p as

B 5 [cosh[(2 — z,) ] sin(z,. i) — cosh(z.fi) sin[(2 — x.)f]

Rep(p)) =201 — )i cosh([2(1 — z,) i) — cos[2(1 — z.) i

sinh[(2 — z,) ] cos(x. i) — sinh(z.f1) cos|(2 — x.)fi]
cosh[2(1 — z,) ] — cos[2(1 — x,) i ’
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Im(p(p)) = 2(1 — 2.)ji" cosh[(2 — x;),u] sin(z*ﬁz — cosh(z,1) sin[(ﬁ? — ) fi]
cosh([2(1 — z,) i) — cos[2(1 — z.) i
sinh[(2 — z,) ] cos(x. i) — sinh(z,f1) cos|[(2 — z. ) [1)]
a cosh[2(1 — z,) i) — cos[2(1 — z,) i
The condition Im(p(u)) = 0, derived from (4.29), yields

cosh[(2 — x,) ] sin(x. i) — cosh(z,fi) sin[(2 — . ) 1]
= sinh[(2 — @) 1] cos(z,f1) — sinh(x, 1) cos[(2 — ) @)]. (4.31)
Therefore, the equation Re(p(n)) = Ao, similarly derived from (4.29), becomes
41— )i cosh|[(2 — z,) i sm(z*@ — cosh(z,1) sm[(? — ) fi]
cosh[2(1 — z, )] — cos[2(1 — z.) i

Condition (4.31) determines the values of fi corresponding to imaginary eigenvalues

= A, (4.32)

A\ = 2iji%, while (4.32) yields the corresponding values of Aq for which these eigenvalues
appear. Since the former of these can be recast as

o2l gip (a:*ﬂ — %) — e%Hgin ((2 — X)ji — %)

+ e—(Q—I*)ﬁ sin (x*ﬂ -+ g) — e—w*ﬁ sin ((2 — :C*),E + %) :0,(433>

we see that there exists a whole, discrete sequence { it }r>o of values fi, see also Figure 4.
As k — 00, {jig }x>o0 limits to {(k + 1/4)m 2.7 }i>0, the sequence of the set of zeroes of
the first term in (4.33) which becomes dominant in the regime i — oco. Equation (4.32)
yields the leading order result

Ao =2v273(1 — z,) 2, 3 (= 1)F k3 FHYD™ - as |k — oo,

which establishes that the values fix 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, \g) crosses into the right half-plane through fiy. Higher, even
k—values correspond to Hopf bifurcations occurring at higher values of Ay, presumably
when higher order eigenvalues cross into the right half-plane.

These last remarks conclude our discussion of the DCM-like steady state for O(1)
values of Ag. In the next section, we investigate a logarithmic scaling for Ay 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(c'/?) biomass. We refrain from establishing the stability type, origins and
eventual fate of that second steady state, reserving those problems to a later work.
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Figure 4. Plots of the function in the left member of (4.33) for two distinct values
of z,., namely x, = 0.7 (left panel) and x, = 0.3 (right panel). The solid dots mark
the members of the sequence {(k+1/4)m .~ ' }x>0. Note that the zeros of the plotted
function approach this sequence rather quickly, with the quality of the approximation
decreasing as x, 7 1. Indeed, in that regime, all exponentials appearing in (4.33)
remain approximately equal for a large range of i—values, and hence the first term
becomes dominant only in the far range.

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

apor, = — Al (Ao) A(Ao) + % a A (Ay).

This formula is derived in Section 6.3, see (6.2) in particular. Here, the Ag—independent
constants a and o were defined in (3.2) and (4.2), respectively, whereas the functions

a and ' are reported in (3.1) and (4.2). Also, A (Ag) = &' &' (Ag) cos (v Ny z.), with

s _010208/30*_1/2

a V2£0)
., sinh (VAo (1 —x,)) [i f(z) cosh (VAgx) dx
a'(Ny) = N (?osh i . (4.35)

This formula for @’'(A) is also valid in a logarithmic regime for Ay, see (6.3) for details.

(4.34)

Since the first term in the formula for ag, above decreases exponentially with Aq (see
(3.2)) whereas the second term decreases only algebraically, the two terms become
asymptotically comparable for values of Ay logarithmically large in e, see Section 6
for details.

Replacing the formula for af, in (4.1) by the formula above, substituting into
(4.4)—(4.6), and working as in Section 4.2, we obtain the system

Q = A —AB—B%> o0 Vm .

‘ 8 4.36
\I/k = —Nk\lfk—F (A;CA—61/204A;€)Q(2)+A;€B902m20\1fm . ( )
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This is the analogue of (4.8) with the inclusion of higher order terms. The fixed points
(95, U*) of this system are found, here again, by setting the left members to zero,

Ao = AQ5+ B 50 i (4.37)
0 = —NuU;i+ A5 Ao Q5 — 2 Al ()2 '
Solving the second equation for ¥y, we find an explicit expression for ¥} in terms of €,
;9 1/2 A% 2
Uy =—"AgQ —e/"a— ().
k Nk 020 Nk ( O)

Substituting this expression into the first equation in (4.37), we recover a singularly
perturbed quadratic equation for (2,

Al Al
£Y2aB <Z Nm) ()2 — (A +BAo Y N—m) Qi +MAog=0.  (4.38)
m>0""™ m>0" "M
In Section 4.3.1, we obtained the formula
A/
A+ BA = aa(0),
0 mZZO v =aa0)

while (4.16) yields

> A= aang Y ) g,

m>0 "

m>0
It follows that the quadratic equation yielding (2 can be recast as
£1/2 &' Ba'(Ao) Ao
2 aa(0)
The two solutions of this equation are
12 14+ +/1—2e2& BAya' (Ag)/(aa(0)) _ { 2:712 /(& Ba' (M),
& Ba' (M) Ao/ (aa(0)),

with the first one corresponding to the asymptotically larger DCM-pattern and the

(Qa)? = + = 0.

*7:|: p—
QO —

second one corresponding to the DCM-pattern identified trough our earlier work. We
remark here that this first steady-state is, indeed, within the reach of our asymptotic
methods, as (2 and Uj safely remain asymptotically smaller than the asymptotic bounds
e=%/* and e~! 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

2 -1/2 4 -1/2
c and  Qj(Ag) = i Ay, as A — oc.

lim Q(Ao) = o

Ag—0 (1—az)a& B [y f(z)dx

In particular, this second pattern approaches a nonzero value as Ay | 0 and eventually

grows linearly for Ay > 1.
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5. An asymptotic formula for b,,q

In this section, we derive the asymptotic formula for b,,0o given in (4.1), where m € N
and

oo = (1— ») / £(2) Culz) wB(z) (5.1)

As detailed earlier, the function wy, appearing in (5.1), decays exponentially outside an
O(e'/3)—neighborhood of the origin (cf. (A.1)), whereas the period of the sinusoidal
term (,, is equal to 27/y/N,, = 4/(2m + 1). Below, we analyze 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 /3,

) 1/3  /
bC’f/ cos (ﬂ> Ai% (1 + Ay) dr, for m = O(e7'/?),
0

1/3
09

meO — (52)

_ 603 012 0’8
[ &N F(0)
Here, b = /2 (1 — v) f(0), cf. Section 4.1.

for m > e /3,

5.1. The case m < e~ /3

Here, 27 /+/N,, > £'/? and hence the integrand is predominantly localized around = = 0.
Thus, ¢, may be approximated to leading order by ¢,,(0) = v/2 in that neighborhood.
Since [Jwpll2 =1 (cf. our discussion in Sections 2.1-2.2), we obtain the desired formula

Binoo ~ b. (5.3)

5.2. The case m = O(e71/3)

Here, 27/+/N,, = O(c'/3), and hence the neighborhood 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 7 = 7y x in (5.1), with 7 = |A4| /zo (2.17), we

obtain
2(1— m
bmoo = M/ f (l) cos (\/Nm l) wi (l) dr. (5.4)
1 0 T1 1 T1
Now, (A.1) yields, to leading order and for any 7, < e~ /3,
e V5 Ué/GAi (14 A1), for 7 € [0, —Ay),
T . —1/12 o o 01/3 1 A ;
Wo <7__1) — MFl—%eXp <_\E7'1 0 1\/F(H+$0)—F($C0)dt),

for 7 € (A, 1),

where we have also changed the integration variable by means of s = t/7;+x,. These two

formulas agree—as, indeed, they should by construction—in the regime 1 < 75 < = /3.
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Indeed, recalling the asymptotic expansion of Ai in a neighborhood of infinity [2], we
find that the first branch of the formula above yields

C a 2
16 1% 4 3/2
3/ exp( 3(T—|—A1) )

Similarly, the formula in the case 7 € (|A;|, 0] becomes, upon Taylor-expanding F,

e CiGo a2 oy (74 AP
omrin - TP T3V e U n '

That the two formulas agree now follows from the definition 7 = |A;|/zo and the

formulas (2.17) and (3.3) for zy and C5. Hence, we may write
wo <1) ~e V0 aé/ﬁAi (T4 Ay), for 7<e 3
T

Since the contribution to the integral in (5.4) of greater values of 7 may be estimated
to be exponentially small, we can write

1/3
brmoo = e/ \/ﬁ( )02 / f (1) cos ( V Nin l) Ai? (1+ Ay) dr
T 0 T1

T1

0 1/3 _/
= bC’f/ cos (ﬂ> Ai% (74 Ay) dr, (5.5)
0

1/3
09

to leading order, as desired. Note that this formula reduces to (5.3), for m < e=1/3,

5.3. The case m > e~ 1/3

Here, 27/v/N,, < €'/3. Similarly to our work in the previous section, we define the new
variable 7 = ¢~ '/3z. We find, then,

—~1/3

bmoo = V23 (1 — )/0a g(T) cos (51/3 \/ET) dr,

where g(7) = f ('/37) w3 (¢"/?7). Using Theorem Appendix D.4 (with A = /3 /N,
®(t) = t = 7, and h(1) = g¢g(7)) 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

. k+1
_ 1/3 (k o
1—v 1 2"
_ — k+1 (2k+1
=V Y ) (—61/3 ) 56)

Recalling the definition of ¢, and employing (A.1) and that Ai(A4;) = Ai"(A;) =0, we
calculate

J(0)=0 and ¢"(0) = —6[AV(A)] C2 o}
The desired result now follows, while (5.6) also reduces to (5.5) for m = O(e~'/3).
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6. An asymptotic formula for ag,

In this section, we derive the asymptotic formula for ay, for O(1) values of A collected
n (4.1),

o, = — A5 (Mg) A(Ag), for 0 # k < /3, (6.1)
Further, we extend this result to

o = = (A4(Bo) A(Ao) = 2 A (A)), for 0 £k < =7, (6.2)

which remains valid at least in the regime

Ao = (6.3)

(—loge) +

4z, .
for all € (—o0, o) and po > 0 any O(1) value. Here, A(Ag) = aa(Ny), A}(Ao) =
o' aj(Ag), and A (Ag) = & @ (Ap). The Ag—independent constants o, o/, and & were
defined in (3.2), (4.2), and (4.34), respectively, whereas the functions a, a’, and @ are
reported in (3.1), (4.2), and (4.35). We remark, here, that these results are only valid for
those values of k for which (i (z,) # 0. For the remaining values of k, Theorem Appendix
D.1 yields (algebraically) higher order results. Also, we note that asymptotic formulas
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 ay, yielded by (2.21),

gy = £/ / o) wo(z) () dar + 236077 / a0() wi (z) Gul) de

Recalling the definition of ag from (2.22) and working as in Section 3, we obtain further
dhoe =057 [ [ b)) eno) )
#7081 hale, )i ) o) )
et | 1 / " b, ) (@) i () wif (&) dyd

+ 23524~ / / ha(z,y) Gu(x) wi (y) w () dyda.

Substituting, finally, from (C.21), we obtain an integral formula for afg, which is
amenable to the sort of asymptotlc analysis employed in Sections 3 and 5,
1/3 52
SENA)

dhos = o [0 [ [ it ) nlo) -0 ) ) e
0 [ haaton ) o) ) ) 2) dy
700 [ [ [ haate ol v )0 07 sy
- )00 [ 1 / 1 / a5, ) w00) i (2) i () () ddyd
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1 1 1
o.5 o.5 o.5
o o o
o o o
o.s5 o.s
1 1
o.5 o.5
1 o 1 o
14 1
o.s o.s
o o
o o
* ©-s o.5 T ©- o.s T
1 "o : 1 "o :

Figure 5. The domains of integration for the integrals 7, ...,Zg in (6.4).

L\

O.5

00 [ (e, 2) ene) s 0) ) 0 (2)
#0072l s ) ) 032
[ 1 / () Gela) wif (2) i (1) dyds

te / / ha(, y) Gele) wi (2) wif () dydz | (6.4)

Here, h; 1 (z,y, 2) = hi(x,y) f(2) G(2), for i = 1,2, and the constants Dy (0) are reported
in (C.19)-(C.20). Let 7y, ..., Zs denote the integrals in the right member of (6.4) in the
order that they appear (the three-dimensional domains of integration for Zy, ..., Zs are
sketched in Figure 5). In what follows, we omit the term §wg _(1;x0) wo 4+ (2; 7o) in the
expression (A.1) for wy, as one can show that its contribution is exponentially small
compared to 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 —(W,,) ™! Dy(0) Zy + (Wy) ' Zs + € Zs. First,

w-[[ (/ oy, 2) () (@) ) ) 67

where 7, is the orthogonal projection on the yz—plane—and hence 7,D, = [0, 1]>—and

1/3

dA,. is the area element on that plane. Since ¥y, = £/2C; "o, /"wy in a neighborhood

of the origin (cf. (A.1) and (C.12)), wy is exponentially small outside this neighborhood,
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and |lwpl|2 = 1, we write
L= ™ [ [ hap0 2w 0) v () aA
e Dy

Recalling that w,j =FEy _, according to our convention in Section 2, and substituting
into the formula above from (A.2) and (C.12), we obtain

C3 hox(0,y, 2) J_(y)+ J_(2)
cl/2 22 20,9, 2 Y
//WID4 F1/4 F1/4( ) exXp ( \/E dAyza

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

0 D0 Zi== [ [ i e (ML) s 69)
Here,
_ G Oy [ GE) a(y, 2) = J_(y) + J_(2). (6.6)

:4(19,2) - 47 Ww F1/4(y) F1/4(Z)

Next, we rewrite Zg,

o= [ [ ([ a2 cnlo) o) o) i) v (2)

Employing (A.1) and (C.13), now, we obtain

17 _ 1/601033 “hok(z,y,2) 4 +
(Wy) " Is = W, . (:c) ————=—dx | wy (y) ¥y _(2) dA,

Further using (A.2) and, once again, (C.13), we find

HG(yv Z)
(Wy = ¢l/3 // 6(y,2) exp < dA,.. (6.7)
7TxD6 \/7
Here, m,Dg = 7, Dy, ls(y, z) = y4(y, z), and

C2C3a0”  f(2) Gz > ? ho(, y)
8T2Wy  FYA(y) FY4(z) Jy /F(a)

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

Ts = &%/ //Ds Zs(y, 2) exp (H E% )) dA,., (6.9)

where Dg = m,Dg = 1, Dy, lg(y, 2) = lg(y, 2) = 4(y, 2), and

2y(y.2) = CLCR0 0" ha(y,2) Gly)
ST T T Py FUAG)
Combining (6.5)—(6.10), we obtain

—(Wy) ' D(0) Iy + (Wy) ' T + T
= —1/6//”@4_4 Y, 2) exp (Hg )) dA,., (6.11)

EG(y> Z) =

dzx. (6.8)
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where, to leading order, uniformly over 7, Dy, and for all O(1) values of Ay,

_ ~ C2dy, ha(0,y) f(2)¢
Ei(y,2) =24y, 2) = 4;1/[/]; 37(1/4?8/) ](Tzl)/ﬁ‘é;)

Next, we rewrite the term (W,,)™'Zs 4+ £ Z;. We write first

Ty - /Ax(/hmx%><>mgwm)www;@m%,

where 1, D5 = {(y,2)|0 <y <z, 0 <z <1}. Now, (A.1)-(A.2) and (C.12) yield further

Cy Cyop® hig(z,y, 2)
-1 cl/6 21 =2%0 lk Y, & + +
O /l£<y Yo m»%@mxam

=¢'/? //ﬂ ) exp (Hi% >) dA,., (6.13)

where we have defined the functions

- CRC3ay”  f(2) Gl ) Tz, y)
E5(y,2) = 87T2W¢ FUA(y) FVA(z \/7

and II5(y, z) = I4(y, 2). Next, renaming x into z in I7, we find

T, =8 //D7 Zq(y, 2) exp (H E% )) dA,., (6.15)

C2C200" hi(z,y) G(2)
47 FY4(y) FU/4(z2)’

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

- I
(Ww)_115+617:€1/3// Z5(y, 2) exp (%) dA,.,  (6.17)
D~ €

(6.12)

dz (6.14)

where

D; =m,.Ds, Zi(y,2) = and Il7(y, z) = Il4(y, 2). (6.16)

where Z5(y, 2) = E5(y, 2) + "2 Ze(y, 2).
We now rewrite (W) 'Z,. First,

L= [ [ i) 1)) o) - (0) U7, () dAe

where Hy(z) = f ho(z,y)wa (y) dy. Substituting for wy (y) from (A.2), we find further

o-1/12 21200 010200

7, = J/ (e wnla) (@) S G U (2) 4

where Ho(z fo ho(z,y) F~ 1/4( ) exp(J_(y)/+/) dy. Using Theorem Appendix D.1,
now, we obtaln

(W) ' T, ZEW*@//DmmhMWW%@W@@@WM@M

i / /D (. 2) exp (H( )) dA,., (6.18)
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where C% is an O(1) constant, m,Dy = {(z,2)[0 < z < 2,0 < z < 1}, [Iy(z, 2) =
J_(2.) + Ji(2) — 21(x),

)  ho(@,22) F(2) Gel2)
Zo(x, 2) = C5
(z.2) (o) Y (2)

Finally, we rewrite (W,) D (0) Z;. First,

T, = (/f ) Gel2) Ui dz)//D (@, 9) wo(w) e (@) i () Ay,

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

(W¢)_1 Dy(0)Z5 = e 18 // . ég([lf,Z) exp (Hg(\/xg,z)) dA,., (6.20)

where Ty = [} F=Y4(y) f(y) C(y) exp (J_(y)/ /%) dy and
hl(l’ Z)

\/7111/4

, with C% an O(1) constant. (6.19)

and Ilg(z,2) = J_(2) — 2I(x),  (6.21)

é?) (Iv Z)
for some O(1) constant Cj.

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

In this section, we estimate the various terms derived above, starting from
—(Wy) ' Dr(0)Zy + (Wy) ' I + e Zg (cf. (6.11)-(6.12)). The exponent I, becomes
maximum at the interior critical point (z,, z,), and thus Theorem Appendix D.1 yields

SO DUOTu (K Bt T = ey (0 e () )

52,
where
é4 = 022 (O'*Ww)_l dk Ck(l’*) f(LL’*) h2(0, SL’*)

Next, we estimate (W,,) "' Zs+¢ Z7, cf. (6.17). The sole (quadratic) maximum of II,
in Dy lies at the critical point (x,,z,) € dD7, where Z5(z,, x.) = 0 and Z;(x,, z,) # 0.
Recalling the definition of Z5 and employing Theorem Appendix D.1, then, we obtain

(W) ' Ts+Ir =« (51/3 Co exp (M\/;))) = 436720,

for some O(1) constants Cy and C5.

We now estimate the remaining three integrals starting with (Wy) ™' Z,, cf. (6.18)-
(6.19). The exponent II, has a sole maximum at the point (x,,z,) € 9(m,D2) which
is not a critical point (compare to the maximization of II, in Section 3). Hence,
Theorem Appendix D.1 yields

My (s, 2. .
(Wlb)_l T, = 83/4 Cé// ( 7/12 (l’*,x*) exp < 2(35I ))) _ 84/35 2027
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for some O(1) constants C%’ and Cy. Next, since Dy C Dy and the integrands of Z;
and Z, differ only by an O(1) multiple, the above analysis also yields that (W,)™'Z;
is at most of the same order as (W) 'Z,. Finally, we estimate (W,)™! Dy(0)Z3, cf.
(6.20)—(6.21). First, we estimate

1
Fo ) G(y) J-(y) /4 s—1
13— . F’lT(y)eXp 7 dy—E ) Cg,
for some O(1) constant C%. Substituting into (6.20), then, we obtain
II
(W)™t Dp(0) Iy = e~ V/12 // Es(z, z) exp <M) dA,.,
Ty D2 \/g
where
hfl (LU, Z)
V F(x) F14(2)
for some O(1) constant C%. The exponent II3 has a sole maximum at the point
(x**,2**) € O(myDy) which is also not a critical point (compare to the maximization

23z, 2) = C4 and Il3(x,2) = J_(x.) + J_(2) — 21 (x),

of II; in Section 3). Hence, Theorem Appendix D.1 yields
H L) *
(W)™ DR(0) Ty = 94 (122, (2, 2 exp [ L2102 )
Ve
I % %
— 2305 exp (%) ’

for some O(1) constants Cy and C} and where IIg(z**, 2**) < 2J_(z,).
In total, then, and to leading order, we obtain the leading order formula

;o C3dy Gelw,) ho(0, 2,)

Goor, = — o W, ;

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

for k < e=/3. (6.22)

2/3
<)

7 C3 (N + Ag)’

To derive the desired formula (6.1) from (6.22), we note that (cf. (3.5)—(3.6))
sinh (v/Ao(1 — z,))

VA coshv/A,

1
Ww = All(Al) |B1(A1)| = ; and dk =

ha(0,2.) = (1 —v) f(0)
Hence, (6.22) becomes
L 1= n) G F0) Gl sinb (VA )
00k 0. Cs VAo (Nj, + 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).

(6.23)
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6.3. Higher order terms in the asymptotic estimate for agy,

As became evident in the material presented above, certain terms among those we
estimated are Ag—dependent, and hence they do not necessarily remain higher order for
asymptotically large values of Ay. As we will see in this section, certain terms which
are higher order for Ay = O(1) become leading order for Ay > 1. Apart from that,
these higher order terms have an important effect even for Ag = 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
9 .
— (W)™ D(0) Ty + (W) Tg + Ts = —&" \J”(Z S 52 E (2, 1), (6.24)
By definition of =y,
Zu(xy, ) = Bglwy, 1) — Y2 Zg(2y, @) — £ Sg(as, 24), (6.25)

where =,, =g, and =g are expressed in terms of the function hy defined in (3.6)—see
(6.6), (6.8), and (6.10), respectively. As we saw in the last section,

B DW0) (=) C3” f(0) Gulan) simh (VAg(1 — .))
(Wy e o, Oy VAo (Nj, + Ag) cosh /Ay

At the same time, we calculate

R (=0 o G sinh (VA (1~ 2.)) fi" f(x) cosh (VAqz) dr

Wy, 6 20, VAg cosh /Aq ’
e (-G o3 ¢(x,) cosh (VAo x,) sinh (VAo (1 — 2.))

¢ " o VAo cosh /A

There are two distinguished limits for these expressions, namely,

_571/352Dk(0)[4 (=) (A-z) 3P F0) Grlae) 1
W, - o« C3 Ni+Ao?
e—1/352 ]6 _ 51/2 (1-v) (l—m*)C% 02 2/3Ck (z+) fx* f(z) dx for AO < ]_, (626)
W, 204 ’
Sl oy - E(I—V)(l—m*)i%CQ 2/3<k(z*)’
and
_ePeE DO _ (v CE 73"> 1(0) Gr(ws) _e=VEows
LW, 4 = 0. C3 VAo (N +Ao)?
e /2 1) ECRCR ot e 1 for Ayg>1 (6.27)
ZWd] 4o AO’ 7 .
B _ 2 2 _2/3
1/362518 . (1-v) C3 62”37* Cr () ﬁ’

where we have used Theorem Appendix D.2 to estimate the integral appearing in the
definition (6.8) of Z¢. It immediately follows that e Zg(x,, 2,) < €'/? Z¢(x,, x,) for all
Ao < g7/,

Next, we estimate (W,)~'Z5 4+ £ Z; in the regime Ay > 1. First, we recall (6.17),

~ 1I
(Ww)_115 +el; = 81/3// E5(y, z) exp M dA,.,
D7 \/E
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where Z5(y, 2) = Z5(y, 2) + €/2Z4(y, 2). The functions Z5 and Z; are expressible in
terms of the function hy defined in (3.5), see (6.14) and (6.16), respectively. Working as
for hy above, we procure the leading order asymptotic relation

i) = @) (1= 12) =6 (VA (o =) halorn)

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 (W)~ Zs + Z; is at most of order £*/3 Ay" and hence
higher order.

Similarly, (6.18) yields to leading order

c4/3 52 (1-v)2CyCY Gp(x,) 1

2 [3/4(x,) VA
where C} and CY)' are O(1) constants. Hence, this term is also higher order. The
term (1)~ 'Z; can be bounded in a similar way, whereas (W,,)~! Dy (0) Z; is, here also,

(Ww)_112 = for A() > 1,

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

/ , 2/3 B f(0)  sinh (\/A_o(l — :c*))
apor = (1 —v) Cy 09" 0. Gi(.) <_ Cs /Ao (Ny, + Ao) sinh y/Ag

L O C? sinh (VAo (1 —a.)) [ f(x) cosh (VA x) du
2 \/_0 cosh \/_ '

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

;1= (1 -2)C3a” Gz [ F(0) Ct [y f(x)dx

Qoo = o (Nr + Ao)Cs + 2 , for Apg < 1,
and

;=) Gl [ f(0) eVRom (03 V2

a- = — + , for Ag > 1.

00k o, Cs VAo (Np+Ao) 4 Ag 0

Note that, in this last formula, the first term in the parentheses dominates the second

one for all o(1) values of p (cf. (6.3)); the two terms only become commensurate for
O(1) values of p.

7. An asymptotic formula for 0/,

Finally, we derive the asymptotic formula for &/ .
Lon = —AL(M) B, for 0# k,m < e /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 Appendix D.1 yields an
(algebraically) higher order result for the remaining values of k.
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Definition (2.21) and (C.21) yield the expression

o = = /96 (1 / F(2) Cnl) wole) s (&) da

LIS /f ) Gon2) wif () Ca() da

-y {% / / I (2) (o) wo() W (20} (1) dyds

- / F(2) FW) Cnl) Guly) wol@) (@) _(y) dyda

0 0

+ L / £(2) F) Cn(@) Coly) wole) s (2) 67 (y) dydz

Ww 0 Jz
te / £(2) Cn(2) Go() i () | (7.2)

Let Zy,...,Z, 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 Appendix D.1, as in the previous section
and also for k,m < ¢7'/%. In what follows, we omit the terms 6w _(1; zo)wo 4 (1; x0)
and fwg _(1;20)wy, (1;20) in (A.1) and (A.2), respectively, as one can show that their
contribution is exponentially small compared to the leading order terms (see also
Section 3 and 5-6).

First, we derive a formula for —(Wy) ™' Dy Zy + (W,,)"'Z3 + € Z,. We write
1 1
n- [ ( | 7@ @) - (@) das) F0) Gely) o (y) dy
0 0

1
—SVEHO O [ ) Gl )

where we have used that ¢, _ = /3 C oy /®

wp in a neighborhood of the origin, that
wp is exponentially small outside this neighborhood, the identity ||wy|l2 = 1, and (2.5).

Employing (C.12), next, we obtain
T, — £7/12 f(0) Gy 1f(y) Ck(y) exp J-(y) dy
’ V2m Cy 03/3 o FV4y) Ve .
Substituting for Dy, from (C.19), we obtain

(W)~ Dy Ty = 112 /0 " 2,(0) exp (H\Q/(Ey)) dy, (7.3)

where we have defined the functions

ly) = Cof(0)dr  f(y) Gly)
V2r Oy Wy ad? FHYA(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

(W) ' Ty = (W) / ( [ 10 6ate)ctfe) vt >d:c) F) Golw) U (v) dy

and Iy (y) = J_(y). (7.4)



Emergence of localized structures in a phytoplankton—nutrient model
' I13(y)
= £5/12 / Z5(y) exp ( i ) dy, 7.5
2w e (22 (75)
where I13(y) = Il5(y) and
- C1Cy 01/3 Cm f() G(y)
:*3(?/) 3/2 1/4 : (76)
W, FVi(y)
Finally, using (A.2) and renaming the integration variable z into y, we obtain
' I (y)
e :5_13/12/ =4(y) exp( . ) dy, (7.7)
4 ; 4 /e
where
= oy — G102 f() Cul) Gi(v)
2y) = — NG FIAQ) and  Tly(y) = Is(y) = Ia(y). (7.8)

Combining (7.3)—(7.8), we obtain
= 11
= [z e (B2 aniro)
0

—(Wy) ™ D Ty +(Wy) " Is+1,
where, to leading order and uniformly over [0, 1]
= — Cyd 0
Z,(y) = Ealy) = 2 k(kf/yg)f( ) f(y) .
V2r Croy” Wy FYV4(y)
Regarding Z;, we use (A.2) and (C.12)—(C.13), to write it in the form
(7.11)

(W)t 1, —55/12//%9:@/ exp (HE[ )) dA,
Y

where D = {(z,y)|0 <z <land0 <y <z}, II;(x,y) = Ji(y) — 2I(x), and
P 1) ) Gnl) Gely)

1
- (LL’ )_ Cl Cg o}
=1\ Y) = 47T3/2W¢ /F(I)F1/4(y)
(W¢)_lfg + eZy, cf. (7.9)—(7.10). The
i (0,1), and hence

(7.12)

First, we estimate —(Wy,)™'DyZy +
exponent I, assumes its maximum at the interior critical point x,
Theorem Appendix D.1 yields

_ _ V2T _ = o~
(W)™ Dy Ty + (W) ' Ty + e T, = —V/* Ve ey (5 1/12 51 2(g;*)) _ L e5E,
Here,

5 _V2Ga f J0) fa) Gule)
* (N + Ao)

2 =
Cl Cg 0'*
Next, we estimate Z;, cf. (7.11)—(7.12). The exponent II; assumes its maximum at the
point (., z,) € 0D which is not a critical point of II; (compare to the maximization of
I1, in Section 3). As a result, Theorem Appendix D.1 yields
(W) ' Ty =¥ C (7267 Ei(wa, 1)) = 70671 CF

to leading order, and with C and C} being O(1) constants
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In total, then, and to leading order, we obtain
S VI =) God F(0) Gl
ok C1 Cyor 2 (N + Ao)

Formula (7.1) now immediately follows.

1/3

, form,k <e”

8. Discussion

As argued in the Introduction, there are two contextual themes central to this article.
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 center manifold reduction. In this article,
we have reported significant results (outlined in the Introduction) 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 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(e) 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]—mamely,
determining the nonlinear behavior 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 benthic layer (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
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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 center’ for the more complex
behavior 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(e) neighborhood 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
every 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 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 neighboring water columns and thus also enrich
the collection of emerging planktonic patterns. Finally, and as already described in the
Introduction, 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.
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Appendix A. An asymptotic formula for w

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

e V0 gy/0 Oy AL (A (1 — '), for x € [0, zo),
WO(I) ~ 6—1/12 Cl 02 0.1/3 9 (Al)
MTM(IE)O [wo,_(x; xo) + Ows (1; 20) wo 4 (; :)30)} , for x € (zo,1],

cf. [25], where xy, Cy, Cy, I, 09 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
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factor does not appear in the formula for wy we give in [25], since wy was not normalized
there.) Also,

st = o (£12),

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

g1/6 O’é/ﬁ CreVYErAL (A (1 — z5'2)) for x € [0, zp),
671/1201 Czo’é/s

27 F1/4(z)
where we have defined the functions

(A.2)

wy (1) ~
o () lwi_ (25 20) + 0w _(1;w0) wi (x5 20)], for 2 € (w0, 1],

(3 70) = B(@) w5 70) = exp (‘]}>) |

with J4 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 wo 4 in (A.1) and wy , in (A.2) are exponentially smaller than
the terms wo _(x) and wy _(z), respectively, everywhere except for an O(y/)—region of
x = 1. Indeed, for all x < 1,

To(w) —2I(1) = J_(z) — 2(1(1) — I(2)) < J_(x). (A.3)

In particular, ||wd (. can be bounded by an O(¢~'/1267!) constant, where § =
exp(—J_(x,))/+/c is an exponentially small parameter (cf. (2.15)).

Appendix B. An asymptotic formula for 7,

We recall that 7y is the solution to the boundary value problem (2.6),
€0uatlo — Moo = —el fwd,  where 9,10(0) = no(1) = 0.
Recalling that A\g = €A in our bifurcation analysis, we find that
Ozato — Aotio = —™' fwg,  where 0,1(0) = 1o(1) = 0. (B.1)

The functions 7y + () = e*V20% form a pair of fundamental solutions to the homogeneous
problem. Using variation of constants, then, we obtain a special solution to the
inhomogeneous ODE,

Mo.sp(x) = (207/No) ™ Do (0,4 f 3 ) mo,— () — To (0, f 3 ) mo+- ()] -

Here, we have defined the family of functionals

Ly (5z) = / (s)w;(s) ds, parameterized by x € [0,1] and n > 0. (B.2)
0

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

m(z) = [CF — (20v/Ko)™'To (1o, f 3 )] 10,4 ()
+[Cr + (20v/Ro) T (o4 f 1 )] o~ ().
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Imposing the boundary conditions for 79 and using the identity I’y (-;0) = 0, we find
that the constants C,~ and C,' satisfy the linear system

Vi CF = /&y € =0,
[20V/ACy = To (o, f 3 D)] /™ + [203/BaC;y + T (0. f51)] eV =0,
the solution to which is C;f = C,” = €, /(20y/Ao), with

c, _ Lo(mo—f 1) mo+(1) — Lo (10,4f 1) 10, (1)
2 cosh /Ay .

Thus, (B.5) becomes
) = (20/A) " [2017 cosh (\//Tox> + Lo (mo+f32)mo,—(x) — Lo (no,-f ;) 770,+($)] (B.4)

Further employing the definition (B.2), we calculate
Lo (no+f 52) mo.~ () = Lo (o, f 5 2) mo,+-(x)
= / [0, (@)10,4+ () — o+ ()10, ()] f(y) wy (y) dy
0

— _9 /Ox sinh (M(z — y)) fy)wy (y) dy
— _9r, (sinh (JAT(:c - -)) f;x> :

Additionally,

Lo (o, f ;1) mo.+(1) = Lo (mo,4f51) n0,(1)
2 cosh /Ay

- ﬁ/ [70,- () mo,+-(1) = 10,4 (y) mo,—(1)] f(y) wg (y) dy

C, =

cosh\/_/ Smh f(l—w) fy)wo () dy

= e To (s (VA1 =) £:1)

and hence (B.4) becomes

o1y (sinh (Aol - ) £io)]

1 [ cosh (VAoz) [* . )
/Ay | cosh/Ag /o sinh (\//To(l B y)) FW)wy(y) dy

- [ (Ve 0) rnesoi ] ©3)

To estimate ||ng||oo over [0, 1], we first show that 7, is positive and that it assumes
its maximum in an O(g'/*) neighborhood of z,. First, an estimate based on (B.5)
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establishes readily that ng(z) > 0 for all z € (0,1),
| cosh (VAo z) fy)wy ()

S cosh (VAgx) . - o -
no(x) > /0 cosh v sinh (VAO(l y)) sinh (\/Ao(x y)) N dy

sinh (v/Ag(1 — )
- E\//(\_o coslll\//\_o) /0 cosh (\/7?;) sy =0

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

obtain

(o) = 0D [ (VA ) S )y

_ /Om cosh (\//To(x — y)) f(y)wq (v) dy

sinh (v/Ao(z — y)) N
- N f(@) wy (z). (B.6)

Theorem Appendix D.1 can be used to yield the principal part of the two integrals in
this formula, whereas the term proportional to wy can be estimated via (A.2). For the

values of Ay we are interested in, the localized term in either integrand is wy, while the
Aop—dependent terms vary on an asymptotically larger length scale. Thus,

Oumo(x) = % /0 sinh (\/A70(1 - y)) Fy) wi (y) dy >0,

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

[sinh (\//TO:L«) /1 sinh (\/AT)(1 —y)) Fly)wit(y) dy

— cosh \/Aio/(]x cosh (\//TO(SE — y)) f(y) w;(y) dy} ,

forz > x, and |z — x| > el/ 4 since the second and third terms in the same formula are

1
0y -
() ¢ coshv/Agy

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

Outo() = —COShe(ﬁf/lA—_o 2 /0 cosh (\F y) (y)dy <0,

Since 1y € C%*(0, 1), now, it follows that n}(z1) = 0 at a point z; such that |z, — x| =

O(e'/*), as desired. Hence, we can now use (B.5) to estimate further

[70]l00 < mo(21) < ;\(;Sgo(ﬁf/l)— sinh (\/A70(1 - y)) fly)wi(y) dy.

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

cosh (/Ao x,) sinh (v/Ag(1 — z,))
VAg cosh/Ag '

Imollso < C 007
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for some Ag—independent, O(1) constant C. Since the Ag—dependent quantity in the
bound above remains bounded by an O(1) constant also for Ay > 1, we finally conclude
that ||70]ls can be bounded by an O(g!/65~!) constant.

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

The function v, is the solution to the boundary value problem
€ Opathp + (f(:L’) —l—v - Vn) Yy = _5€_IfECnv where G (¢n ; O) =g (wn ) 1) =0,
cf. (2.10). Here, G (¢, ;x) = ¥p() — \/€/v Optbn(z) and we recall that

Co(z) = V2cos(y/N, ), (C.1)

see (2.4). Recalling also the definitions F'(z) = f(0) — f(z) and A\, = f(0) — ¢ — v, as
well as that A\, = \g + &30 by (1.13), we write

f(x) = —v =X — F(z)+&"3p,

with po = 03/3 |A;| + O(e/%). Finally, since \g = A and v, = —eN,,, we may rewrite
(2.10) in the final form

cFE f(,
€ Duatln — [F(x) — %o — € (N + Ao)] ¢ = — gfg : (C.2)

together with the boundary conditions G (¢, ;0) = G (¢, ;1) = 0. In what follows, we
derive asymptotic formulas for v, and for values of n satisfying n < e='/3. In that case,

e(N,, + Ag) < e'/3—recall our assumption that Ay < ¢~2/3 in Section 2.3.2—and hence

1/3

this term is perturbative to €"/°uy. Hence, we may write

e300 + (N, + Ao) = F(x,), where z, = x¢(1 + o(1)) (C.3)
is a turning point for (C.2). Then, (C.2) becomes
€ Opatn — [F(2) — F(2,)] ¥n = —el ' fE(,, (C4)

equipped with the boundary conditions (2.10). The solution to this boundary-value
problem may be found by variation of constants,

() = [CF — (W) 7' G- (2)] Y4 (2) + [Cf + ((Wy) T G (2)] - (). (C.5)
Here, 1, 1 is any pair of fundamental solutions to € 0,,¢, = [F(z) — F(x,)] ¢, and
Wy = n_0pny — V¥n 0.1, — is the associated Wronskian. (To derive the result
above, one needs to show that W, is constant. This is plain to show by using the
identity 0,Wy(x) = 0, for all = € [0, 1], which follows from the definition of W,, and the
ODE that 1. satisfy.) Further,

0= [ F)6 0 v ()
where ¢, = E ), .. Using (C.5), we further obtain
8ﬂcwn($) = [CJ;_ - (£W¢)_1G_(.§L’):| am¢n,+(x> + [CJ + (£W¢>_1G+(I)] 393%,—(%)7
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and thus the boundary conditions yield the system
CrG (Wn+:0) + CpG (- :0) =0,
1
C+——G i1 C, +—G(1 n— ;1) =20
£ G| i+ |65+ -6 0)] G w1

The solution to this system is
1

€l =~ DeG i) and €y = o= DuG (i), (C)

where
_ G_(1)G (¢n+:1) = G+(1) G (¢n—31)

P = G 10) G i) =G (W 10) G (G 1) 8
Thus, also, (C.5) becomes

Un() = (W)™ [D(2) o, (2) = Ty (2) P 4 ()], (C.9)
where

I'_(z) = G(z) + Dy G (¥4 50) (C.10)

Do (2) = G_(2) + DyG (tn,_:0). (C.11)

These formulas 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 formulas for a specific pair
of solutions ), +:

1/6A1 Ai(1—zy'2)), for z € [0, ),

(1) = C.12

V() { gl/4 2\/_F1/4(x) 0.— (3 z0), for x € (0, 1], ( )

b (2) = £1/6 1/6 Bl (A1(1 — zy'2)), for z € [0, ), (C.13)
mr 51/4 =G F1/4 5 «o +(zy20),  for x € (xo,1] )

(
Here, we have used that z,, = 2o + o(y/¢). The identity 0,W, = 0, which was reported
earlier, leads to

Wy(r) = Wy(A) = —AV(ADBI(A) = lim Wo(x) = 1/7 >0, (C.14)

for all € [0,1] and for this particular pair. (To calculate the limit, we used the
asymptotic expansions of Ai(x) and Bi(x) as x — oo—see, e.g., [2].) Next, we simplify
the formula (C.8) by investigating the asymptotic magnitude of the terms in its right
member. By definition (2.10),

G (tn250) = ¥n,2(0) = V/2/v (Dutn,2)(0).

Equations (C.3) and (C.12)—(C.13) yield
G (Pn—:0) = — 005 "/" AV (Ay) (N, + Ag) + O(7%),
G (thn+;0) =00, O Bi(A)) + O(e?).
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(Here, we have Taylor expanded Ai(A;(1 — x;'x)) around its zero z = 0.) Next,

G (thps ;1) ~ e/t (LF ;T/Z/V = exp (i%) : (C.15)

recall (3.12). These formulas imply that G (¢, +;0) G (.- ; 1) is exponentially smaller

than G (¢, — ;0) G (¢, 4 ; 1), and thus

Dy(1)G(1) = G_(1) G (n-:1)
G(Yn-;0) 7 G (¥n+;31)

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 Appendix D.1). One finds that

G'_(1) is dominated by exp(s~'/2J_(x,)), whereas D, (1)G,(1) by exp(¢~'/2J_(1)), and

hence the latter is exponentially smaller than the former. Hence,

G_(1)
G (¢n—:0)

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

Dy = — (C.17)

It follows, then, that
I (z)=Gi(x) —D,(0)G_(1) and T'y(z)=G_(z)—-G_(1), (C.18)

and down to exponentially small terms. Here,

. g(wnﬁ;O) _ =2/
D,(0) = Gl 0) " e 2 d, (M), (C.19)
where (recall (C.14))
2/3 2/3
d,(Ag) = — Bild) %0 > 0. (C.20)

Al (Al) (Nn + Ao) ™ Cg (N + Ao)
Combining this formula with (C.9), we find

Un(@) = ((Wy) " [Ga(@ m_( )— —(@)n 4 (2) + G-(1) (Un 4 (2) = Dy (0)thn,—(2))]
= ((Wy) ™" [(G (@) = Da(0)G-(1)) ¥, (2) + (G-(1) = G—(2)) o+ (2)]
f

- @) [vn-ta (/ F0) 5y = Du0) [ FGlo) (o))
i / FW)Gnl) <y>dy]. (C.21)

Appendix D. Asymptotic approximation of integrals

Appendiz 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, Ch. II, VIII, IX].
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Theorem Appendix D.1 (/24, Theorem 1X.3]) Let n € N, D C R"™ be a domain with
piecewise smooth boundary 0D, and ug € D. Let, also, the functions 11 € C*(D,R) and
= € C(D,R) satisfy the conditions

(a) D—IBI%£0;5) (u) > I(ug), for all & >0,

(b) o (D*T1(w)) € Re.
(c) the integral Tp(\) = / / Z(u) e MWy converges absolutely
for all sufficiently large . ?
(Here, D*I1 denotes the Hessian matriz of I1.) Then,

o0

Ip(A) ~ e M)y " Am /2 (X o0,
k=0

where one may derive explicit formulas for the constants {ci}r. In particular,

27?) n/2 Z(up) e M)

() Zp(A) ~ ( 3 Tot DA if up €D and =(ug) # 0,

o (n+2)/2 .
(1) Zp(\) ~ (7) Coe M) if yy e D and Z(ug) = 0,

n/2  — —AII(uo)
2 =
W) > e if uy € 0D, Z(ug) #0, and DI(ug) =0,

M) Zp(\) ~ (25 ,
(D Io() ( A det DI (uo)
o (n+1)/2 E(UO) e~ A(uo)

) T~ () S

as A — oo, for some constant Cy which is at most O(1) with respect to A and under

if ug € 0D, Z(ug) # 0, and DII(ug) # 0,

the assumption that 0D is smooth around ug in the cases where ug € 0D. Here, J is a
matriz related to D*T(ug) and to the local characteristics of D around ug.

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

I iy TT00) > Tl{o), 116> 0,
(%) [a7b]—1%(u0;5) (u) (ug), fora

b
(b) the integral () ::/ Z(u) e MWy converges absolutely
for all sufficiently large X.
Then,

Z(A) ~ e M0 N " A2 (X = o00),
k=1

where one may derive explicit formulas for the constants {cy }i. In particular, as A — oo,
e~ NI00) /T S )
>\1/2 H//(U,O) )

() Z(N) if up € (a,b) and Z(ug) # 0,
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— = (up) 1" (u
e t0) /T (' (ug) — Zlg ) )
2\3/2 V2 [H”(uo)]3/2 ’

e—)\H(uo) E(uo) Zf U € {CL b} ’:(u ) 7& 0 and H/(U ) 7é 0
AT (wo)| ' e | 0 |

103 ~ S YT
)\1/2 QHH(U()) ’

V) z(y S 2R ) uf{

if up € (a,b) and ZE(up) =0,

if ug € {a,b}, Z(ug) #0, and II'(ug) =0,

N T (ug) B E(ug) =0, and TI'(ugy) # 0,

Q
—~
+
~—

, Z(up) =0, and II'(ug) =0.

A T(uo) b (=)

Theorem Appendix D.3 Let D C R? be a two-dimensional domain with piecewise
smooth boundary 0D and uy € OD. Let, also, the functions 11 € C?(D,R) and
= € C(D,R) satisfy the conditions

(a) D—IBI%£O;5) M(u) > (ug), foralld >0,

(b) the integral Zp(\) = / / Z(u) e MWy converges absolutely
D

vz~ R ) uo:{

for all sufficiently large X.

Assume, further, that 0D has a corner at ug and, in particular, that 0D is given (locally
around ug) by the curves k(x,y) = 0 and h(z,y) = 0 with Dk(ug) x Dh(ug) # 0. Let
the vectors vy and vy, satisfy
vg L DEk(ug), wvp L Dh(ug), and ||vg X vp| = 1.
If v, and vy, can be selected to further satisfy the conditions
I, == (v, DI(ug)) >0 and 11, := (v, DII(ug)) > 0, (D.1)
then
Ip(\) ~ e M) ch AEFD (N S 00),
k=0
where one may derive explicit formulas for the constants {ci}r. In particular,
= (ug) e M(uo) o
o) 2 i 2(ue) £0,
211 10, /115 + 117
(I1,Z), + I1,Z),) e Miuo)
IR 12

as A — oo. Here, =y := (v, D=(ug)) and =5, := (vp, D=(uy)), compare to (D.1).

0 I ~ 5
L

(I) Zp(A) if E(ug) =0,
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Appendiz D.2. Oscillatory integrals

Theorem Appendix D.4 Let a < b, Z € C([a,b],R), and ® € C*([a,b],R). Assume
that

O(t) = P(a) + (t —a)Pi(t) and P@'(t) >0, forallt € [a,b] and with P1(a) # 0.
Then, the integral Z(\) := f:E(t) e dt has the following asymptotic expansion:

Z(A) ~ Y [h0(0) 2@ — h*)(®(b) — D(a)) O] (i) (A — o0),

where we have defined the function

h(T) = Z(t(7)) t' (7).
Here, 7(t) = ®(t) — ®(a) or, equivalently, t(t) = ®~1(P(a) + 7).
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