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ABSTRACT. In analogy to the analysis of minimal conditions for the formation
of diffusion driven instabilities in the sense of Turing, in this paper minimal
conditions for a class of kinetic equations with mass conservation are discussed,
whose solutions show patterns with a characteristic wavelength. The related
linearized systems are analyzed, and the minimal number of equations is de-
rived, which is needed for specific patterns to occur.

1. Introduction. Pattern formation is ubiquitous in biological and chemical sys-
tems. Being able to distinguish between the possible underlying mechanisms driving
these patterns and their related function, is an important aim for a better under-
standing and for experimental control. Patterns generated by diffusive instabilities
are quite well understood. In his pioneering work (cf. [27]) Turing proved, that for
chemical reactions diffusion can drive an otherwise stable system towards pattern
formation with a characteristic wavelength or characteristic time period. This idea
of diffusive morphogens, has later been applied to many pattern forming biological
systems (cf. [12], [18], [19]), only to name a few of the many references on this
topic.

A main part of Turing’s analysis was devoted to linearized reaction-diffusion
systems. This is often sufficient in order to obtain estimates on the basic quanti-
tative features of the observed patterns, like their characteristic wavelength; or in
the case of dynamic patterns, their speed of propagation. The linear analysis, of
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course, only predicts exponential growth of the chemical, respectively morphogen
concentrations.

There are, however, structure forming processes in biology, where diffusive signals
do not seem to play the major role. An example for this are the counter migrating
rippling waves in populations of myxobacteria which occur before their final aggre-
gation and fruiting body formation, [6]. These waves are assumed to result from a
local, i.e. cell-cell contact induced, exchange of a so-called C-signal. Also in a num-
ber of other signaling processes, e.g. within cellular tissues a localized /non-diffusive
exchange of signals between cells seems to play an important role. This is one
main reason to have a closer look at the pattern forming behavior of such systems.
Further, the aggregation process of myxobacteria happens during a state without
cell division, so mass is conserved. Interestingly it is not obvious how to obtain
nontrivial patterns for the resulting type of models, in particular if no delay terms
are included into the equations. These systems differ from the before mentioned
reaction-diffusion systems and their approximations. The systems considered in the
present paper have a dispersion relation which asymptotically is a horizontal line
in the complex plane for large wavenumbers. So the fastest growing mode could in
principle be infinity. To find patterns in our case, we start from a situation where
the most unstable branch of the dispersion relation is a line with constant real part
in the complex plane. Then we perturb suitably - which is not trivial - such, that
the slowest rate of growth in the dispersion relation happens for small and for large
values of the wavenumber, i.e. the maximal rate of growth is achieved for a finite,
positive wavenumber. With such arguments we do not only obtain a positive real
part for the wavelength but also a maximum which is not infinity.

From a mathematical point of view examples for systems, where pattern for-
mation results from non-diffusive signaling, are kinetic equations of the following
type

Ocf (t,x,e) + U (c) - Ouf (t,x,0) + O [K [f (t,2,0)]] = 0. (1)

Here {c} denotes a set of internal variables characterizing the state of the cells.
Further the total mass of the cells is conserved. For cell movement in one spatial
dimension {c} would also include the direction of motion (right or left), in higher
spatial dimensions the cell orientations. Variables like chemical concentrations and
the fraction of occupied cell surface receptors could also be included. The set {c}
can be continuous or discrete. In the discrete case the operator 9. must be replaced
by a suitable “discrete divergence operator”, which we will specify later.

The function f (¢,z,c) can be thought of as the cell density, and K [f (¢, z,c)]
is an additive or an integral operator, in general non-linear, which describes the
transitions of the cells w.r.t. the internal variables {c}. This operator acts on the
densities f (¢,x,-) locally, i.e. K |[f (t,x,-)] depends on f(¢,x,-) at point z only.
Examples for equations of type (1) as models for pattern formation in biology can
be found for instance in [8], [9], [10], [11], [15], [17], [20], and [23].

As we have indicated above, model (1) is quite different from the parabolic sys-
tems considered by Turing. Further, linearization around a homogeneous state
does not provide any specific wavelength, in case {c} contains only two elements
(cf. [17])). Systems close to, but more general than (1), which do yield specific
wavelengths on the linearized level have been discussed in the literature. In [14]
systems with a structure similar to (1) are considered, which contain additional
diffusion for the cell densities and which exhibit nontrivial patterns. Further, the
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cell states are characterized by a continuous variable in this case, which is addi-
tionally affected by a noise term. In [2] examples are discussed, where next to the
terms like in (1), an additional delay term occurs, which also produces nontrivial
patterns near homogeneous states. It is natural to ask, if there exist examples for
systems of type (1), which yield non trivial patterns near homogeneous solutions,
where neither diffusion nor explicit delays are responsible for pattern formation.

In this paper we will provide sufficient conditions for examples of equations of
type (1), such that suitable linearizations show an instability with a characteristic
wavelength. In order to obtain the onset of nontrivial patterns on the linearized
level a minimal complexity of the model is needed. In case of Turing’s systems at
least two different species are necessary. In our case at least three equations are
needed.

A paper close to our setting is [13], where

at—l—Fa,;:M(b—a)—i—%f(a—&—b) , bt—Fbw:M(a—b)—i—%f(a—i—b) ()

was studied, with a = (0417042)t7 b= (ﬂlaﬂQ)tv flu) = (fl(ul,uz),f2(ul,uz))t and

diagonal matrices I', M with diagonal entries 1,72 and u1, 2. A key feature of (2)

is that the reactions between the species generally change the total concentration
2

J 2o (e + B;) dw.

This is different in (1) where [ [ f (¢,2,c¢)dxdc is preserved. This crucially influ-

ences the dispersion relation.

In [13] a number of instabilities for (2) are considered. Among them a kind
of hyperbolic version of Turing’s instability. For an intuitive explanation of this
consider || M|| — oo, ||T|| = oo, [2/(2M) — D, where || - || denotes a matrix norm
and D is a diagonal matrix with diagonal entries cil,cfz > 0. Formally, solutions
which have a characteristic wavelength larger than 1/4/||M]|| can be approximated
by solutions of the parabolic system

ut:[)um—i—f(u) with u=a+b. (3)

Solutions of a linearization of this model near a homogeneous steady state yield
pattern formation with a specific wavelength of order one. So for large enough
wavelengths and under suitable assumptions on M and D one can expect analo-
gous instabilities for (2) as the ones obtained by Turing for (3) even though the
dispersion relations associated to (2) are different from the ones for (3) for very
large wavelengths, due to the change of character of the problem from hyperbolic
to parabolic.
The instabilities considered in this paper for conservation laws of type (1) differ from
this and the resulting patterns are traveling waves with a characteristic wavelength
and wave velocity.

Further, in [13] sets of parameters are studied which yield Hopf bifurcations for
(2). A characteristic wavelength for solutions associated to such bifurcations has
still to be proved.

The plan of this paper is as follows. In Section 2 we give a precise definition
of what we call a pattern forming system in the present context. In Section 3
we briefly discuss some of Turing’s results. In Section 4 we study the pattern
forming properties of equations of type (1). In Subsection 4.1 we recall a situation
for which pattern formation can not be decided by linear analysis. In Subsection
4.2 and the following subsections, necessary conditions for patterns with a defined
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wavelength on the linearized level are given. In Section 5 minimal models for rippling
of myxobacteria are discussed, without assuming the existence of an internal clock
or of delays. Further on, the validity of this model is checked by means of a biological
test experiment and interpreted.

2. Pattern forming equations. We will restrict our analysis to linearized equa-
tions. So we are interested in problems of the form

us = Bu (4)

where B is a linear operator, invariant under translations,
i.e. Blu(-+a)] = Blu](- +a), a € RV.

The function y — u (y,t) maps RY into a suitable function space X, describing
the variables needed to characterize a “macroscopic” region [y,y + dy|. Typically
X will include chemical concentrations, internal cell variables, cell orientations and
others. It is well known that this type of operators can be analyzed by Fourier
analysis. This amounts to consider the action of B on modes exp(ikz) for k € RY
ie.

B@Mmzwmmﬂéw,VeX,

where B (k) is a linear operator acting on X. We can then look for solutions of (4)
of the form u = e“'**¥V | where V is a eigenfunction of

wV=Bk)V. (5)

Under some general compactness assumptions, the eigenvalues of (5) are a discrete
set {wy (k), wa (k),...} for each k € RY. For a perturbation u (y,0) = ug (y) =
Ve with wavenumber k we aim to calculate its corresponding growth rate. The
shortest way to do so is to calculate

Q (k) = mjax {Re (wj (k))} . (6)
So we use the following definition for a pattern generating system:

Definition 2.1. Equation (4) is said to generate patterns, if Q@ = Q(k) in (6)
achieves a global maximum at a finite number of nonzero values ko ;, 1 =1,...,¢. In
this case solutions of (4) with suitable initial data develop patterns with wavelength
o= 2

If Im (wj (ko,;)) # 0 for some ¢ € {1, ..., ¢}, then we will say that (4) generates oscil-
latory patterns.

If Im (w; (ko,;)) = 0 for every i € {1,..., ¢} we will say that (4) generates stationary
patterns.

If for every § > 0, Q(k) achieves a global maximum in R™ \ Bs(0) at a finite number
of points, then we will say that equation (4) generates patterns for wavelengths
smaller than 27/4.

3. Turing’s instabilities. Let us briefly recall the instability results derived by
Turing in [27] for reaction-diffusion systems within the above mentioned framework.
Here we restrict ourselves to one dimension. For this case in [27] the pattern-forming
properties of equations of type

dyu = D&?u+ Au . (7)



PATTERN DRIVEN BY NON-DIFFUSIVE INTERACTIONS 401

were studied, where u = u (z,t) has values in RY and D, A € My (R) which is the
set of real N x N matrices, Disa diagonal matrix with diagonal entries D; > 0 for
i=1,..,N, and A = (a;);,;. System (7) can be obtained from the linearization of
a reaction-diffusion system without cross-diffusion terms near a homogeneous state.

Theorem 3.1. (Turing, cf. [27]).

e For N =1 equation (7) does not generate patterns for any A € R in the sense
of Definition 2.1.

e For N =2, system (7) generates stationary patterns in the sense of Definition
2.1 1if

ai1 +as <0, detA >0, auf)z + aggﬁl > 24/ f)lf)gdetA >0. (8)

On the other hand, (7) does not generate oscillatory patterns for any choice
of A € My (R) in the sense of Definition 2.1.

o For N = 3 there exists an open set of matrices A € Mg (R) such that (7)
generates oscillatory patterns in the sense of Definition 2.1.

Remark 1. Several results for Turing-type instabilities, also by Turing himself,
were derived for bounded domains with periodic or with Neumann boundary con-
ditions. Here we consider the whole space. Thus the discrete character of the
spectrum of the operators does not have to be taken into account.

This means, that linear reaction-diffusion equations can generate nontrivial pat-
terns with specific wavelengths, if at least two species are involved. Moreover,
patterns in the sense of Definition 2.1 with nontrivial characteristic length and time
scales can be generated, if at least three species are involved. It is well known
that conditions (8) can be interpreted as the interplay between a short range acting
chemical activator and a long range acting chemical inhibitor, with the diffusion
coefficient of the inhibitor being larger than the one of the activator, cf. [12].

4. Patterns without diffusive interaction. First we define the general frame-
work for our analysis, since to our opinion there are more interesting points to
explore in the future for the given setting, than we can present here. Later we will
deal with specific cases, some of which are also relevant for biological applications.
The equations we are finally dealing with in this paper are of type (14), (15).

We suggest to study the pattern forming properties of linear equations of type

Onf (tw,c) + U () - O f (t,2,0) + O [L[f])(t,2,¢) = 0, (9)

where f is the concentration of “cells” in the state {c} at a given time ¢ at point x €
R, which in this section is one-dimensional, and where L is the linearization of K,
acting on f as explained in the introduction. Let the space of states be measurable
and 4 () be the related measure. Equations of type (9) naturally arise when systems
of type (1) are linearized around a spatially homogeneous (patternless) state. If the
set {c} is discrete, then the differential operator 9, has to be replaced by a suitable
discrete derivative. In general, we will assume that the operator J. is a flux in the
space of states, which means

d.g (t,x,c) = —/F(c, gtz ,d)du(d) +/F(c',c)g(t,a:,c) du (') .
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In the discrete case such operators reduce to finite sums. Their most relevant
property is

/apgtxcdu // e, d) g (b ) dp () dp (c)
+//F(c’,c)g(t,z,c)du(c’)du(c):O.

Therefore, these interactions locally conserve [ f(¢,z,c¢)du(c). As an example
suppose that the space of internal states {c} is the real line and let i be the Lebesgue
measure du (¢) = dec. Let

F(e,d)=060p(c—c —h)/h,

where Jj is the Dirac measure in order to describe transition rates, which transfer
state ¢ to state ¢ + h. Then

acg (t,a:,c) = [—g(t,x,c— h) —I—g(t,x,c)] /h .
Let L[f](t,2,c) = a(c) f(t,2,¢) (10)
for a suitable function a (¢) and

aC(L[f] (t,x,c)) = [70‘(07 h)f(t,:v,c— h) +a(c)f(t,:v,c)] /h .
For h — 0 we obtain
0cq (t,z,c) = % a(c)f(t,x,c)} )
Therefore (9) becomes

atf(t,x,c)—i-U(c)-aa.f(t,m,c)—|—%[a(c)f(t,x,c)] =0.

This equation naturally arises, when studying stage structured population models
with spatial dynamics. See for instance in [7], [8]. Some general references for
modeling and analysis of stage/age structured populations are e.g. [4], [5] [21], [26],
and [24].

Another typical choice of internal variables is a discrete set
{c} = {s1, 52, 83, ..., sn }. Define the shift operator: 74 (si) = sp4+1 for
k =1,...,N with sy41 := s1 and 7— analogously. The discrete derivative 56 de-
scribes the sequential change between states and is defined by

Oeg (x,0) = g(w,0) = g(2.7-(0)) - (1)
With L [f] given as in (10) equation (9) becomes
atf (t,SC, C) +U (C) ! 8rf (t,I, C) +a (7_+ (C)) f (t71‘77—+ (C)) —a (C) f (t,l’, C) =0.

This is a finite dimensional system for N variables, namely
f itz s1), f(t,z,82),..., f(t,x,sn). Equations of type (1) and (9) arise for in-
stance when modeling systems of cells which interact with each other via direct
cell-cell contact and not by means of any diffusive chemical. The transport of infor-
mation in space in this context is purely due to motion/drift of the cells themselves.
An interesting example for pattern formation due to such processes are the rippling
patterns of myxobacteria which we will discuss in the last section of the paper.
Also in [13] equations without diffusive interactions were studied, where mass
was not conserved and stationary patterns were obtained. In our present context
additionally the number of “cells” which are involved is preserved. Therefore pattern
formation occurs solely due to cell interaction and transitions between cell states,
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and does not related to natural growth and death processes. Due to this assumption
the dispersion relation becomes crucially different.

4.1. A case without pattern formation. First we relate some of the results
in [17] to the case N = 1 in Theorem 3.1. Consider a system with two internal
variables {c} denoted by + and —. To connect with the notation in [17], let

flz,+,t) =uq (x,t) , flx,—t)=u_(x,t) , U(+)=Uy,U(—)=U_.

The most general local operator L[f] in (9) and the “discrete derivative” operator
(11) then read

(e )= (o ) (o) - (6o )-(6=@; )
with a; j € R for 4,5 € {1,2}. Therefore, (9) reduces to

( Oguy ) n ( U, 0,uy > _ ( anuy +ajpu_ — (21U + agau_) ) (12)

8tu, U,é)zu, a21U4 + Qo2u_ — (a11u+ + algu,)

With the change of variables x — x — ngU’t, we can assume w.l.o.g. that
Uy = —U- =: U. This transformation does not change the non-pattern or pat-
tern forming behavior of the system. Also, the characteristic wavelength of the
patterns, if existent, does not change. However, any standing pattern could change
to a traveling wave type of pattern or vice versa. Systems of type (12) were obtained
in [17] from

( Oru4 >+ ( Udyus ) - ( “Augp,u)uy + A (u_,ug ) u_ > (13)

Opu— —Udgu— )\ =A(u—,ugp)u_ + A(ug,u_)ug

for general functions A by linearization around homogeneous stationary solutions.
Let us restate some results obtained in [17] in the above given terminology.

Theorem 4.1. ([17]) The linear system (12) with Uy = —U_ = U does not gener-
ate patterns in the sense of Definition 2.1 for any choice of U € R,
T =—ai; + a1, S=—as +as.

Proof. W.l.o.g. assume U # 0, otherwise w = w (k) in (6) is independent on k. The
dispersion relation associated to (12) with Uy = —U_ = U can be computed by

wHikU+T -8 -
det( T wikU+S)_O'

Then wy = % { (T+5)+ [(T+S)2 — 4 (ikU (S = T) +k2U2)]é] .

The behavior of Q (k) = max {Re (w4 (k)) ,Re (w— (k))} is analyzed by studying

h (k) = Re { (T +8) — 4 (ikU (5 = T) + K2U?) %} — Re \/(a® — 02k2) + cik

with a2 = (T + 8)%, b2 = 4U2, ¢ = —4U (S —T) = 4U (T — S), and v/~ being the
complex root with positive real part. By symmetry h (k) = h(—k). Now we show
that h (k) is monotone in [0, 00). Using again symmetry, we can restrict our analysis
to the case ¢ > 0. Since U # 0 we have b? > 0 and

h(k) = \4/(a2 — b2k2)? 021@2\/{1 + cos (arctan <(a2_‘j“b2k2))ﬂ /2 >0,




404 IVANO PRIMI, ANGELA STEVENS AND JUAN J. L. VELAZQUEZ

where arctan (+) € [0, 7], cos () € [0,7]. After some computations we obtain
1

V2

We have that

h (k) = H (k) , where H (k) = \/(a2 — 02k2)% 4 22 + (a — bPK?)

dH (k) k(c® —20%H (k)) B
F , and H (0) = 2a” .

\/(a2 — b2k2)% + c2k?
So H (k) is increasing if 4a?b? < c2, and decreasing if 4a2b? > 2. If 4a?b? = 2,
H (k) is constant. Thus H (-) and h (k) are monotone, and our theorem follows. [J

4.2. The pattern forming case. Here and in the following we study a particular
class of equations of type (9), namely

Of+U-0,f+DAf =0, where (14)
1 0 .. -1 Uv; 0 ... O

D— -1 1 .. 0 U= 0o U ... 0 (15)
0 .. -1 1 0 .. 0 Uy

Here D describes the transition from state to state analogous to (11), and A is
a square matrix in My (R). The space of “internal cell states” {c} is the set
{1,2,..., N}. First we begin our analysis with a generic matrix A. The disper-
sion relation associated to (14) solves

2w+ kU - w+ DAw =0 (16)

Here and in the following we often omit the identity matrix in arithmetic expressions
with scalar quantities and matrices.

In the subsequent arguments the following properties of the matrix DA will be
relevant.

Proposition 1. Let D be given as in (15). Then, the matriz DA has a zero
etgenvalue. Moreover

bi=(1,---,1)f (17)
is an element of the kernel of (DA)t, which is the transposed matriz of DA.

Proof. We have det (DA) = det (D) det (A) = 0 since det D = 0. Therefore 0 is an
element of the spectrum of DA. Since D! = 0,

(DA) b= A'D'b = A (0) =0. (18)
Thus b € ker ((DA)"). O
4.3. Nondegenerate U, non-symmetric A.
Definition 4.2. We call U in (15) nondegenerate, if U; # U; for any i # j.

In this subsection we show how to obtain a class of matrices A for which (14)
exhibits nontrivial patterns when U is nondegenerate. The key idea is to choose
A= Ay +eM, where Aj yields a “hyperbolic” dispersion relation for (14). By this
we mean that the most unstable part of the spectrum of Aj lies on the imaginary
axis. Notice, that for a pure transport equation/first order hyperbolic equation the
spectrum is the imaginary axis. The matrix eM will then be chosen as a small
perturbation of Ay that will deform that part of the spectrum into a curve which
yields pattern formation in the sense of Definition 2.1. So pattern forming solutions
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bifurcate from the non-pattern forming state ¢ = 0.
More precisely, we assume

Assumption 1. The set of eigenvectors of DAy with zero eigenvalue is the linear
subspace generated by e; = (1,0, - ,O)t € RN. Moreover Uy # 0.

As a consequence, the spectrum of the set of solutions of the family of eigenvalue
problems

zw~+ kU -w+ DAgw =0 , keR (19)
contains the line {z = —ikU, }, i.e. the spectrum associated to Ag is “hyperbolic”.

Assumption 2. All solutions of (19) which are different from —ikU; are located
in the half-plane {Re (z) < —wp} for some vy > 0.

Remark 2. For convenience we have chosen e; as a distinguished eigenvector for
DAy. But e; cannot be rotated without modifying the matrix U. Thus we do
not consider the most general choice of matrices Ay yielding hyperbolic behavior.
But the main goal of this paper is to find examples for instabilities. It would be
interesting though to classify the matrices Ag in general, which yield hyperbolic
behavior for the spectrum. A first attempt to do so is given in the Diploma-thesis
by Julian Scheuer [25].

The condition U; # 0 is essential, since without a characteristic speed it would not
be possible to obtain a characteristic wavelength. W.l.o.g. let U; > 0.

Now we analyze the dispersion relation associated to (14) for A = Ag+eM where
¢ > 0 is small. The spectrum of (16) can be computed in a perturbative manner
and the following lemma yields a preliminary estimate of its location.

Lemma 4.3. Let Ay satisfy Assumptions 1 and 2. Let A = Ag+eM. Then, there
exist positive constants C = C (Ao, M), B and g, independent of €, such that for
each k € R and |e| < gg the spectrum associated to (16) consists of

(i) an eigenvalue 21 = z; (k) satisfying |Re (21)| < CeP.

(i) and (N — 1) eigenvalues, counted with multiplicity, which are located

in the half-plane {Re (z) < —% + Cef} .

Proof. Let |e| < eg < 1. Then if |z| > [k|||U]| + ||D|||| 4ol + || D||||M]| we have
det(zI +ikU + DA) = det(zI +ikU + DAy +eDM) # 0. Therefore we can assume
that |z[ < [k[[|U]| + || D[[[ Aol + [| DII[|[M]] and then

|Adj(2I + ikU + DAy)|| < C(|k|N "t +1),
where C' is a constant depending only on D, Ay and M.
Let (1 = —ikUy,(a,...,{n € C be the eigenvalues of —ikU — DAy, then

N N

det(z] +ikU + DAg) = [[(z = &) = (z +ikUy) [] (2 — G) -
k=1 k=2

Due to Assumption 2, (a,...,(x lie in the half-plane Re(z) < —% < 0. Therefore
there exists a constant C' = C(1p) such that

|det(zI + ikU + DAy)| > C(vo) |z + kUi |
for all z € C with Re(z) > —wg. Then for all z € C with Re(z) > —%* and
2| < TKIIUT + ID[[l[ Aoll + I DIII[M]| we can write
Adj(zI +ikU 4+ DAy)
det(zI + ikU + DAy)

(2] + ikU + DAg) || = H

N-1
L 41 ’
= |z + kU]
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where C' = C(D, Ay, M, 1) > 0.

Now let z € C with |z] < |k|||U]| + || D||||Ao|| + || D]|||M]] and either
Re(z) > Qle|? or =2 + Qle]? < Re(z) < —Qle|?, with 8 =1/N € (0,1) and Q > 1
to be determined.

Up to a change of o, it is always possible to assume that —%> + Qlel? < —Qle|?.
From the previous inequality it follows that zI 4+ ikU + DAy is invertible and

(2 +ikU + DAg) M| < C(IKIN ! + 1)|e| 7. (20)
By Neumann series we have that (2 + ikU + DA)~! equals

(i(n” [e(2I + ikU + DAo)~'D M| ) (2I 4+ ikU + DAy) ™!

n=0

thus det(zI + ikU + DA) # 0 if ||e(z] + ikU + DAy) D M| < 1. In view of
(20), this is true if C||DM || (Jk|N~1 +1)|e|'=# < 1. Up to choosing ey smaller, we
have C||[DM]|||e|*=# < 1/2. Therefore we obtain the simpler sufficient condition
C||[DM|| |k|N=1|e|*=# < 1/2. Now we distinguish two cases.

=1
If C|DM|||kN " el*P <1/2 ie. [k < (20| DM|e[*7)~"
then det(zI + kU + DA) # 0.
=1
It [k| > (2C [|[DM][e]'~7) ¥

then, up to choosing g very small, we have |k| > 1 and it is sufficient to study the
eigenvalue problem

1
Uw+ —DAw=Aw w#0, )\:_,ﬁ
ik ik
as a perturbation of the eigenvalue problem for U. The eigenvalues Uy, ..., Uy of U

are all semisimple and, according to [16], Theorem 2.3, page 82, if U} is an eigenvalue
with multiplicity m; and eigenprojection P;, one can compute the corrections of U;
to order 1/|k| by computing the spectrum of P;DAP; with respect to the invariant
subspace P; (RN). This gives a m; X m; matrix whose eigenvalues are the first order
corrections we wanted to obtain. Thus

. —z )\j(DA) 1
det(z[+ku+DA):O:>ﬁ=Uj+ i +0 =
for some j € {1,..., N}, where \;(DA) is an eigenvalue of P;DAP; w.r.t. the invari-
ant subspace Pj(RY). We have P;DAP; = PjDAoP; + eP;DMP; and \;j(DA) =
Aj(DAg) + O(e7) with v > 1/m; > 1/N = 5. From

e U; + ik + O )

it follows that z = —ikU; — X\;(DAo) + O (¢7) + O (1/|k|) . For € = 0 we obtain an
approximation for the solution of det(zI + ikU + DAgy) = 0 in the neighborhood of
—ikU;. Due to Assumption 2, it follows that either \;(DAg) = 0, which is the case
for j =1, or

Re (—ikU; — \;(DAg) + O (1/]k])) < —vp.
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Since = 1/N we have 11\,__[31 B and k|7 <O (|5|B) Therefore for € # 0 if

det(zI + ikU + DA) =
= z = —ikU; — \;(DAo) + O () —I—O(%l) I“SOIHe]E{l ., N}
= Re(z) = Re (—ku — N (DAY) + %))+O () +0O (%)
= Re(2) < —vo + O([e]?) or |Re(2)| < O(|e]”)
Here |O(|e]?)| < Gle|? with G = G(D, M). Up to choosing Q = G(D, M), det(zI +

ikU + D(A)) = 0 implies that |Re(z)] < Qle|? or Re(z) < —vp + Qle|? for any
€ € (—€9,€0), which is a contradiction. O

Due to Lemma 4.3 we have, for small ¢, that the only eigenvalue relevant for the
pattern forming properties of (14) is contained in the strip |Re (z1)| < Ce?. This
eigenvalue can be obtained as a perturbation of the eigenvalue z = —ikU; of problem
(16). To compute its asymptotics for ¢ — 0 we will use classical perturbation
methods for eigenvalue problems, cf. [16].

First we introduce some notation. Let (-,-) denote the scalar product in RV,
let B! denote the transposed matrix of B and let span {a,b, ..., 2} denote the linear
subspace of RN generated by the vectors a, b, ..., z

Lemma 4.4. Let Aq satisfy Assumptions 1 and 2. Then, for each k € R there

ezists a unique vector el = el (k) € CV, which solves the linear system

[—ikU1+ikU+(DA0)t} I = 0 (21)
and fulfills ~ (e{,e1) = 1. (22)

Proof. Assumption 1 and since U is not degenerate imply that for each k € R we
have ker (—ikUy + ikU + Dy) = span (e1). Therefore

rank (—ikU, + ikU + DAp) = rank (—z’kUl kU + (DAO)t) —N-1,

and there exists w = w (k) € CV with ker (—ikUl +ikU + (DAo)t) = span (w). To

obtain a unique e! solving (21), (22) with el = Cw for some C' € R and (w, e1) # 0,
we notice due to Assumption 1 that —ikU; +ikU + D Ay is a matrix with coefficients
ti,j = ti,j (k), where t11 =121 = ... =tN1 = 0. Since ker (—’LkUl + kU + DA()) =
span (e1) the characteristic polynomial of this matrix has a simple root at { = 0.
Therefore

det(tij)ij=2,. .8 #0. (23)
Thus when solving {—ikUl +ikU + (D Ay) ] w = 0 the first component of w can
be chosen as a free parameter w;. In particular, for w; = 1 and el = w we obtain

the desired solution of problem (21), (22). O

Now we can compute the asymptotics of the eigenvalues of (16) as a perturbation
of z = —ikU;.

Proposition 2. Let Aq satisfy Assumptions 1 and 2. Let A = Ag+eM and el =
el (k) be as in Lemma /.4. Then, there exist positive constants C, eq which depend
on ||Aoll, |M]| but are independent of k and e, such that for each 0 < & < gq the
spectrum associated to problem (16) consists of one eigenvalue z1 = z1 (k) satisfying

}zl + kU + 5<61T7DM€1>’ < Ce®/(1+ |kl) (24)
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and (N — 1) eigenvalues, counted with multiplicity, which are contained in the half-
plane Re (z) < —up/4 .

Proof. The last estimate is a consequence of Lemma 4.3, (ii). To obtain (24) suppose
that |k| < R for some constant R > 0. General perturbation theory for eigenvalues
of matrices ensures that

Z:—ikU1+9 s w=e+r, (25)

where 6 = 6 (k,e) and r = r (k,e) are small for ¢ — 0. Plugging this into (16) and
using Assumption 1 we obtain

—ikUyr +0ey + 0r +ikUr + DAgr +eDMey +eDMr =0 . (26)

Assume, w.l.o.g. that the eigenvector w satisfies (e, w) = 1. Then (22) and (25)
yield that (e{,r) = 0 . Therefore, multiplying (26) by e] and using (21) it follows
that

0+¢c(el,DMey)+e{el,DMr) =0. (27)
Neglecting quadratic terms we obtain the following approximation
0~ —c{ef,DMe;) as € —0. (28)

This gives the leading order term in the asymptotic expansion of (24). The error
term for |k| < R can be obtained by classical perturbation theory for eigenvalue
problems (cf. [16]). To obtain (24) for |k| > R we rewrite (16) as

z DA, €

— . —DM -w=0. 2

ikw+(U+ T ) W w=0 (29)
The correction of the eigenvalue of problem (29) for ¢ = 0, 7 = —U; can be

computed perturbatively, similar as above. Arguing like in the proof of Lemma 4.3
it follows that

ik ik k|
for € — 0, uniformly for |k| > 1. Thus (24) follows. O

2
= = Uy~ = (T, DMe)) + O <€>

To understand the pattern forming properties of (14) for A = Ag + eM with
small € we use Proposition 2 and study n (k) = — <elT, DMel>. To prove pattern
formation in the sense of Definition 2.1, we show that 1 (k) reaches its maximum at a
discrete set of values ko ; # 0. Since 7 (k) is analytic, this property is a consequence
of

Proposition 3. Let Assumptions 1 and 2 hold. Then the asymptotics of n (k) =
- <ef,DM61> with el as in Lemma /4.4 are given by

(k) ~ —(e1,DMey) for |k|— oo (30)
1 (k) ~ —ik (Yo, DMey) — k* (Y1, DMey) + ... for |k| — 0. (31)
Here 1y and ¢ are unique solutions of
(U=U1)b+(DAy) =0, (do,e1) =0 (32)
— (U —=U1)tho + (DAG) 1 =0 , (th1,e1) =0
with b as in (17).
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Proof. The problem reduces to deriving the asymptotics for el. To show (30) we
can approximate the solutions of (21), (22) by the solutions of

[—iU +iUlef =0 , (ef,e1) =1, (34)

since under suitable normalization conditions solutions of linear systems of equations
depend continuously on their parameters. Since U is diagonal and nondegenerate,
both equations in (34) are solved for e{ = e1. Therefore lim ;o { = €1 and (30)
follows.

For k — 0 the asymptotics of 1 (k) can again be computed by perturbative
methods. Consider (21), (22) as perturbation of (DAg)" el = 0, (el,e1) =1,
which are solved, due to (18), by el = b. Assume

6,{ =b+ ik + kgwl + ... with <¢0,61> = <’(/)1,€1> =..=0 (35)

where g, 11,... will be determined later. Plugging (35) into (21) and separating
terms with the same powers of k we obtain

(DA o+ (U —U1)b=0 , (DAy) ¢ —(U—Ui)thy=0. (36)

Equations (36) combined with the normalization conditions in (35) can be solved due
to (23) and because (b, (U — Uy)ey) = 0. Plugging (35) into (k) = — (eI, DMey)
we obtain (31), since D'b = 0. Therefore

(b, DMey) = (D'b, Mey) =0 . (37)

The convergence of the series in (35) can be shown by using (23) and standard
perturbation theory, [16] O

Now we can formulate the main result of this subsection.

Theorem 4.5. Let Ay satisfy Assumptions 1 and 2. Let A = Ag + eM with
M € My (R) satisfying

(e1,DMe1) >0 , (¢, DMe;) <0, (38)

where 11 is as in (32), (33). Then, for € > 0 small enough, system (1/) generates
oscillatory patterns in the sense of Definition 2.1.

Proof. The asymptotics (30), (31) as well as (38) imply that Re (1 (k)) has a global
maximum in R for some bounded set of values kq,; € R\ {0}. Further, (k) is ana-
lytic w.r.t. k and therefore the set of points where Re (7 (k)) achieves its maximum
is finite. With (24), it follows that Re (z; (k)) reaches its maximum for some set
of values ko, € R\ {0}, if £ > 0 is small enough. Since z; (k) is contained in the
set of zeros of an analytic function, this maximum is achieved in a finite number of

points. Since for such a point ffo,i # 0, it follows from (24) that Im (zl (l;:(”)) #0,
if £ is small enough. Thus the result follows.

The key problem now is to show the existence of matrices Ay, M which satisfy
the properties of Theorem 4.5.
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The case N = 3. First we describe the assumptions for 3 x 3 matrices U, Ay, M
in Theorem 4.5 when the set of internal variables contains three elements. Let the
diagonal entries of U all be different, let D be like in (15), and let Ay = (ai;),,; and
M = (myj); ;. Calculate DAy, then the assumption DAge; = 0 implies that

aj; —agy = aj; — a1 = az; —az; = 0, thus a;; = a2 = az; . (39)

In order to fulfill the second condition of Assumption 1 the sub-matrix

—a12 + a2 —ai3 + a3
B = 40
( —azz +aszz —az3 + ass > (40)

of DAy must be diagonalizable. A sufficient condition for this is that B has different
eigenvalues. This is the case if
(a12 + azz — azs — 1133)2
—4 (a12a23 — a12a33 — a23a32 + a22a33 — a13a22 + a13az2) # 0 (41)
a12a23 — Q12033 — A23032 + A22a33 — A13a22 + A13a32 7 0 (42)
Therefore, Assumption 1 reduces to (39), (41), (42). Assumption 2 reduces to the
following. Let B be given as in (40). Then
Uy ©
0 Us
in the half-plane {Re(z) < —1p} for some vy > 0. (43)

the roots of det (z] + ik ( ) + B) =0 are located

Choose M such that (37), (38) hold. Due to (35) we have 1); = (0,w127w13)t for
suitable numbers 112, 113. Calculate DM, then (38) reduces to

(Y1,DMer) = [¢h12 — 3] (ma1 —ma1) + Y1z (mg1 —ma1) <0 .

In order to show the existence of a matrix M satisfying conditions (44), we only
need to have 112 # 113. The vector v is defined by (35), (36) and can be expressed
in terms of the matrices U and A. The result is not giving too much insight though.
Therefore it is more convenient to look for specific values of U, Ay and M satisfying
(39), (41), (42), (43), (44).

Let D be given as before, U; = 1, Uy = 2, U3 = 3 and for arbitrary a > 0 let

mi1 — M3 > 0 and (44)

a 1 0 0 1 -2
Ao=|a 2 1 |, then DA4g=[ 0 1 1 (45)
a 0 2 0 -2 1

and (36) reduces to

() ()=o) o= ) i) - )
Therefore
(Y02, %03) = (—=5/3,—1/3) , (¢12,913) = (—1,1/3) . (46)

Using (44) these conditions further reduce to 4 (m11 —ma1) < (m11 —mas1) and
my1 —mg1 > 0. There are infinitely many choices for M which yield these inequal-
ities.
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If Ap is given by (45), then the characteristic polynomial of B equals P (z) =
22 — 22 + 3. Therefore (41) and (42) are satisfied. It remains to check (43). We

have
10 (20 11
det(z(o 1>+zk(0 3)+(2 1>>
=224+ 22— 6k* +3+i(52k +5k) = Q (2, k)

and the roots of @ (z,k) are given byz = —1 — 3ik + /(-8 — k?) with real parts
—1. Thus we obtain (43). Let

2 00
M= 195 0 0 (47)
1 00
Then the dispersion relation consists in finding the roots of the polynomial
det(z +ikU + DA) =0 (48)

for D as in (15), U, Ap as in (45) with a = 0.5, and A = Ag+eM for € = 0.01. These
are calculated numerically for given k € R w.r.t. the variable z. Figure 1 shows the
branch with the largest real part. All other roots have negative real parts.

FIGURE 1. Root with largest real part of (48) for D as in (15),
U, Ap as in (45), a = 0.5, M as in (47), A = Ao +eM, ¢ = 0.01.
Horizontal: Re(z(k)), vertical: Im(z(k)).

The case N = 2. In this case Assumptions 1 and 2 as well as (38) cannot be satisfied
as expected from the results in [17], (cf. Theorem 4.1). To obtain DAge; = 0, we
need that a;; = ag;. Conditions (38) imply that mj; — mo; > 0 and

(Us — Ur)?*(a12 — aze) 2(ma1 —may) <0

by using (32), (33). Therefore, (m1; —meo1) < 0, which is a contradiction. Thus
the inequalities required impose a minimal degree of complexity on system (14), or,
more precisely, the need for at least three different state variables.

4.4. Reflection-symmetry, nondegenerate matrix U. Here we study systems
of type (14) which fulfill some symmetry properties, which naturally arise in models
for pattern formation in myxobacteria, as we will discuss later. Assume that N = 2n
and that f in (14) is of the form

1=(5) = nuer.
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Further assume that system (14) is invariant under the transformation

(1'»%1/1) - (79:71/)7S0) (49)
Due to this invariance and by explicit calculations we can see that
_ Vv 0 B Y1 44 . Y 7
U_(O —V) andA—(Z2 Y2>_<ZY> (50)

where V,Y1,Y5,Y, Z1, Z5, Z are n x n matrices and V is a diagonal matrix. To see
the last formula, let D be as in (15) and use

I::(? é) , I(i):(i) , IU=-UT (51)

Yi Zi1\ _( Y2 Z
1(22 Y2>_<Zl Yl)z, (52)
We can rewrite D as
o A
D= ( \ o > (53)
where 0 = (04);; and A = (\;;);; are n X n matrices with 011 = ... = o, = 1,
021 = 032 = ... = Op(n—1) = —1, just Ay, = —1 and all other o;;, A;; being zero.
Then
o A o A
ID_I<)\ 0>_<)\ U)I_DI. (54)

Applying transformation (49) to system (14) and then multiplying the obtained
formula by Z and using (51)-(54) we get

()1 b)a(2)en(E B)(2)n

This equation is equivalent to (14) if

Yi Zi\ _ Yo Zs
p(4 %)=r(% %)

respectively Yo =Y, + G, Zy = Z; + H, where

(G )= (30 ) (G )

Since under this assumption the matrices G and H do not appear in the equation,
we can assume Yo = Y] =Y, Zy = Z; = Z, which yields the second equation of
(50). Further on, we assume in this subsection that the matrix V' is non degenerate.
Under the symmetry assumptions (16) reduces to

L)ool 5 )0 ) (e ) ()= o

where P =0Y +AZ , Q = oZ + \Y. Our goal is to study the eigenvalue problem
(55) as a perturbation of a problem which is “as hyperbolic as possible”. Let

m n ® A
A=Ay+eM MZ(nm)’<A@):DM (56)

(Y Z Py Qo ) _
AO_(ZO Y0> ’ <Qo Po)_DAO'
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For € = 0, (55) reads

(m)en(o S)(m) (o Z)(m)=0 e

Notice that Assumptions 1 and 2 in Subsection 4.3 cannot be satisfied for the eigen-
value problem (57), since due to the symmetry assumptions, some of the eigenvalues
are degenerate. Indeed, suppose that DAy has an eigenvector with eigenvalue zero,
namely (e1,0)", or equivalently Ppe; = 0, Qoey = 0. Due to the symmetry of DA
we haveD A (0, el)t = 0. So the kernel of DAj has at least dimension 2. There-
fore, if A satisfies the symmetry conditions above, the assumptions defining the
“hyperbolic” character of problem (14) with A = Ay have to be modified. Instead
of Assumptions 1 and 2 we need in this case

Assumption 3. The kernel of DA is the subspace generated by the vectors (ey, O)t ,
(0, el)t. In particular Pye; = Qoe; = 0.

As a consequence the set of solutions of the eigenvalue problem (57) contains the
lines {z = —ikVy , z =ikV1 , k € R}.

Assumption 4. All other solutions of the eigenvalue problem (57) are included in
the half-plane {Re (z) < —wp} for some vy > 0.

Now we can study the spectrum of (57). Then the analog of Lemma 4.3 is

Lemma 4.6. Let Ay satisfy Assumptions 3 and 4. Let A, M be given by (56).
Then there exist positive constants C = C (Ao, M), B and g independent of € such
that for each k € R and |e| < gg the spectrum associated to problem (55) consists of
(i) Two eigenvalues z; = z1 (k) , z2 = 25 (k) satisfying |Re (z1)| < CeP.
(i) and (N — 2) eigenvalues, counted with multiplicity, contained in the half-
plane {Re (z) < —vy + CeP}.

Proof. The proof is the same as for Lemma 4.3, since the arguments given there do
not use the non-degeneracy of the matrix U. O

Using perturbative methods, we now compute the changes of the part of the
spectrum of (57) contained in the lines {z = —ikV;, z =ikVy, k€ R} for ¢ —
0. Due to the multiplicity of these eigenvalues for k = 0, this computation has
to be done slightly different in comparison to the case for matrices with multiple
eigenvalues for £k = 0. The following analog of Lemma 4.4 holds

Lemma 4.7. Let Ag satisfies Assumptions 3 and 4. Then, for each k € R there
exist vectors vl (k), vl (k) solving the adjoint problems

i t
{zﬂk(‘g _0V>+<g% gg )]vlT(k):O, 1=1,2 (58)
z = —ikV;

and satisfying the normalization conditions
(oF (#),(e1,0)") = (o (B), (0,e1)") = 1. (59)

Proof. The proof is similar to the one of Lemma 4.4. The only essential difference
is, that for & = 0 the subspace of solutions that solve the eigenvalue problem (57)
with z = 0 is of dimension two. Therefore, the solution of the adjoint problem is
two dimensional, and with arguments as in Lemma 4.4, the basis of eigenfunctions
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v (0), v (0) can be chosen such that they satisfy the normalization conditions
(59). O

Arguing as in the proof of Proposition 2, we can now compute the changes of the
eigenvalues {z = +ikV;}.

Proposition 4. Let Ag satisfy Assumptions 3 and 4. Let A be given as in (56)
and v} (k), vI (k) be given as in Lemma 4.4. Let |k| > 6 > 0. Then, there exist
positive constants C, € depending on ||Ao||, [|M]||, § but independent of k and ¢,
such that for each 0 < & < gq the spectrum associated to problem (55) consists of
two eigenvalues zy = z1 (k) , z2 = 29 (k) satisfying

‘Zl +ikV; — 591| + |22 —1kV] — 692‘ < CEQ(]. + |k|)71 R (60)
where 0, = — (v} (k), DM E;) , 1=1,2, (61)
with By = (e1,0)" and E; = (0,e1)" , (62)

and (N — 2) eigenvalues, counted with multiplicity, which are contained in the half-
plane Re (z) < —%.

Proof. Consider solutions of (55) in the perturbative form
z1 = —ikVi +e01 + ... , 20 =1ikV] +ely+ ...

with eigenvectors v1 = (eq, O)t—l—eZl +..., vy =(0, 61)t+€Z2+... . Plugging these
formulas into (55), using Pye; = Qoe; = 0, and neglecting quadratic and higher
order terms w.r.t. € we obtain

0. + (—1)'ikViZ, + ikUZ + DAy Z,+ DME, =0, [=12.  (63)

Taking the scalar product of (63) with v¥, respectively with vd as given in Lemma
4.7, we obtain z; ~ —ikV] 4 €61, 22 ~ ikV} + 6 with 01,605 as given in (61). This
provides the terms of leading order in (60). The error terms can be estimated as in
the proof of Proposition 2. Finally Re (z) < —% follows from Lemma 4.6. O

To obtain sufficient conditions for pattern formation, we analyze the asymptotics
for |k| — 0 and |k| — oo for the functions #; and 2. For this we need

Lemma 4.8. Let Ag satisfy Assumption 3. Then, there exists a basis of
ker ((DAo)t> given by two vectors {by,ba}, which satisfy

(E1,b01) = (Ea,b2) =1, (Ey,bg) = (Ea2,b1) =0 , by =17b (64)
Proof. Assumption 3 implies dim ker ((DAo)t> = dimker (DAg) = 2. The two

unique vectors by, be satisfying (64) can be found like in the proof of Lemma 4.4.

The last identity in (64) follows from
I\ _ (B @
0)=(a %) (69)

0 1) ( P G
(7o) %)
O

Proposition 5. Under Assumptions 3 and 4 the asymptotics of 01 (k) and 02 (k)
defined in (61)

01 ~ —{e1,Be1) , O3~ —{(e1,Be1) for |k|— 0. (66)

~N O
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For k — 0 we have
61 = — ([b1 + ikpr0 + k*¢11] , DM Ey) (67)
== <blv (GelaAel)t> — ik <1/)1,0, (Oer, Ael)t> —k? <1/11,1, (©e¢q, Ael)t> + ...

fy — — <b1, (©e, Ael)t> +ik <¢1,0, G Ael)t> e <w1,1, (©e1, Ael)t> 4. (68)

where 1 9, and 1,1 are the unique solutions of

t t
ity + U+ (5B e =0 (69)
t t
Vir1,0 — U1 + ( g% %g ) P11 =0 (70)
(Ev,v1,0) = (Ea2,110) =0 (71)
(B, 11) = (B2,11) =0 (72)

and by 1s as in Lemma /.8.
Proof. Arguing similarly as in the proof of Proposition 3, we obtain
vi (k) ~ (e1,0)" = By for |k| — o0 , wv3 (k)~(0,e1)" = Ey for |k| — oo .

Thus (66) follows. To compute the asymptotics of 61, 05 for |k| — 0 we expand
v (k) , v1 (k) which solve (58) as power series

’U{ (k‘) = aq11b1 + aqabs + ikwl,o + kjwl,l + .. (73
’Ug (k) = O[lel + Oéggbg + ’L'k"l/lg’o + k21/}271 + ... (74

where the coefficients «;; must be determined. Plugging (73) into (58) for [ = 1
and using that z = —ikV} we obtain

— ikVi (a11by + a12be) + E*Vithy o + ikU (@11b1 + a12bs)

— KUy + ( Ry @ > (ikvr0 + K*¥1,1) = O (K°)

)
)

QR B

Separating the terms with powers k and multiplying them by F;, E2 we obtain a
set of compatibility conditions.

—Vi (a1 (E1,b1) + a2 (B1,b2)) + (e1,0) U (a11b1 + a12bz) =0
V1 (a11 (E2,b1) + a12 (Ea2,b2)) + (0,e1) U (1101 + a12b2) =0 .
Using the normalization conditions (64) as well as V! = V and V; # 0, it follows
that
—anVi + Vi (E1, (a11b1 + a12b2)) = —a11Vi + a11Vi =0
—a12Vh —Vp <E2, (a11b1 + a12b2)> =—apVi —aVi=0.

From the second condition it follows that a12 = 0. Taking the limit £ — 0 in (59)
we obtain a;; = 1. Imposing the additional normalization conditions (71) we have
a unique solution for (69). The compatibility conditions required for solving (70)
are satisfied, namely

(B1,Vithr,0 — Uth10) = (B2, Vith10 — Ug10) =0 .

Imposing the compatibility conditions (72) we can solve (70) uniquely.
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In a similar manner, plugging (74) into (58) for | = 2 we obtain

Pt t
V1 [a21b1 4 aosba] + U [ag1by + aaobs] + ( Q% %g ) oo =0 (75)

Pt Qt
—Via 0 — Utpg o + < Q? pr ) P21 =0 (76)
o +o

Multiplying(75) by (e1,0)! and using (59) we obtain, as in the previous case, that
a1 = 0, agz = 1. Thus we can uniquely solve systems (75), (76) by imposing the
normalization Conditions<E1,¢270> = <E2,w270> = O, <E1,¢271> = <E2,w271> = 0.
So for |k| — oo we obtained the asymptotics (66). Using (61), (73) we obtain the
asymptotics (67) for |k| — 0 and with a similar argument that

03 = — ([ba + ikipa + k*¥21] , DM Es) (77)
= — <b2, (Aeh @61)t> — ik <’(/12’()7 (Ael, @61)t> — kQ <¢2’1, (Ael, @61)t> + ...

Using by = Zby we get 20 = —Z91,0 and 921 = Z11,1. With this expression we
can transform (77) into (68). O

Remark 3. The crucial difference between the asymptotics (67), (68) in Proposi-
tion 5 and the asymptotics (31) in Proposition 3 is that the zero’s order term in the
expansion (31) vanishes due to (37). In Proposition 5 the term <b1, (@el,Ael)t>
does not necessarily vanish.

Now we can formulate some sufficient conditions for pattern formation under the
symmetry assumption (49).

Theorem 4.9. Let 6 > 0. Let U, A satisfy (50) and Ag satisfy Assumptions 3 and
4. Let A be given as in (56) with € > 0 sufficiently small. Let 119, 11 be the
unique solutions of (69)-(72) and by be given as in Lemma 4.8. Then, system (14)
has oscillatory patterns with wavelength smaller than 27“ in the sense of Definition

2.1, if the following conditions are fulfilled
<b1, (@61,A61)t> =0, (e1,0e1) >0, <¢1,1’ (961,A61)t> <0. (78)

Example: N = 4, n = 2. Consider matrices U, A satisfying (50). Let V be a
diagonal matrix with diagonal entries V3 # V5. Then also U is a diagonal matrix
with diagonal entries Uy = V) = —Us, Us = Vo = —Uy. Let D be like in (15) and to
simplify the notation denote the entries of Ag in (56) by v;; and z;;. Then calculate
DAy. Assumption 3 implies that y11 = y21 = 211 = 221 and therefore the entries of
the matrix DAy in the first and third row are all zero. Now we can compute by, by
as in Lemma 4.8. These vectors solve

(y12 — 222) bi1 + (—y12 + Y22) b2 + (212 — y22) biz + (—212 + 222) bja = 0
(z12 — y22) bi,1 + (=212 + 222) bi2 + (Y12 — 222) bz + (—y12 + Y22) bia = 0,

where b; = (bi,la bi72, biyg, bi74)t, i=1,2. Let

L= Y2 + Y22  —z12 + 222
—Z212 + 222 —Y12 + Y22
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Now (64) yields bl,l = 1, 6173 = 0, b273 = 1, b271 = 0. Further b272 = b1,4, b274 = 6172.
So the system of four equations above reduces to two equations
(—y12 + Y22) D12 + (=212 + 222) b1a = — (Y12 — 222) (79)
(—z12 + 222) b2 + (—y12 + Y22) b1.a = — (212 — Y22) (80)
In order to solve system (79), (80) we have to assume (—y12 + y22)” # (=212 + 222)°.
Then by = (1,b12,0,b1.4)%, ba = (0,b1.4,1,b12)". Due to the normalization condi-
tions (71) we have 1,0 = (0,%1,0,2,0,%1,04)", ¥1,1 = (0,%1,1,2,0,%1,1.4) and

11,0, Vo—Wi 0 b1,2
L v 2 ) =0
( )1,0,4 + 0 - (Vi +Wa) b1,4
I a2\ [ Va— W1 0 V102 | _ 0
Yi1,4 0 -1+ W) V10,4 '
Let M be as in (56). Calculate

DM:(i g),mmeﬁ:(jgﬁ%;),Aﬁ:(”ﬁﬁﬁz).
The sufficient conditions for oscillatory pattern formation, (78), then reduce to
(m11 —no1) + b1,2 (—ma1 +meo1) + 014 (—n11 +121) =0, myg —ng; >0
1,12 (—mar +mo1) + Y114 (—n11 +n21) <0

Therefore, as in the previous case, we need the linear independence of (by2,b1.4)",
(Y11,2,%1,1,4)". As a specific example we can choose

L:(i ;).

S0 y12 — Y22 = —2, z12 — 222 = 1. Let 220 — 12 =: a. Then 212 — y12 = 1 + aq,
z12 — Y22 = —1 + a. And with V; =2, V5 = 1 we have

e )

1112\
biobi ) =L 'w=(Za+-, —Za+=
(b1,2,b1,4) w (3@—!—3, 3a—|—3>

17 55 31 86\
t “1pr—lpr—1
=L 'RL'RL 'w = - -
(Y1,1,2,¥1,1,4) w (27a 57 > 7% 27)
and the desired condition is satisfied.
Assumption 4 requires that the rest of the spectrum of zw+ikU -w+ D Aqw = 0,
k € R is left from a half-plane contained in {Re (z) < 0}. The spectrum consists of

the roots of

z 4 ikVq Y12 — 222 0 212 — Y22

d 0 —y12 + Y22 + (2 + ikV2) 0 —212 + 222

et .
0 Z12 — Yoo z—ikVy Y12 — 222
0 —Z12 + 222 0 —y12 + Y22 + (2 — ikVa)

. . Y22 — Y12 + 2 + 1kVs 299 — 212

= (z+11kVq) (z — ikV7) det .

( 1 v ( 292 — 212 Yoo — Y12 + 2 — 1kVa

= 0. Therefore we have to solve

(y22 — 112)° + 2 (Y22 — y12) 2 + 22 + K2V — (209 — 212)° = 0,
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whose solutions are z = — (Y22 — y12) + \/(222 — 212)2 — k2V2. Then, if
|z20 — z12| < (Y22 — y12) we obtain the desired condition.
For 490 = 2.5, y12 = 0.5, 209 = 0.5 4+ a, 212 = 1.5 + a and for a = 0 we obtain

Yoo =25, y12 =05, 200 =05, 212 =15, y11 =y21 =211 =221 = ¢ (81)

Then (b1 2,b1,4) = (%, %), (V1,12,%114) = (—%, —%). And the conditions for m, n
become: mo1 = n21—2m11—|—2n11, 86 (TL21 — Tlll) > —b5 (m21 - m11)7 mi1—"N21 2 0.
This holds for
mi1 = 1.1 s, Mo = 2.8 , N1 = 2 , No1 = 1 (82)
with all other entries of M being zero.
The root with the largest real part of (55) for this choice of data and with

€ = 0.001 can be seen in Figure 2

-0.00008  -0.00006 000004 -0.00002 0.00002

—

FIGURE 2. N = 4. Root with largest real part of (55) for U as in
(50), Vi =2,V5 =1, D as in (15), A as in (81) and M as in (82),
¢ = 0.001. Horizontal: Re(z(k)), vertical: Im(z(k)).

5. Rippling dynamics of myxobacteria. In this section we describe a specific
class of models whose linearization yields problems of type (9). These problems
are motivated by the intriguing counter migrating wave-like patterns observed be-
fore the final aggregation of and self-organization of myxobacteria (cf. [6]), which
happens under starvation conditions. During their alignment and before their final
self-organization takes place, the bacteria move in opposite directions in a quasi
one-dimensional fashion and reverse their direction of motion, mainly due to con-
tact and exchange of a so-called C-signal with counter migrating cells. As a result,
counter-migrating population waves with a characteristic wavelength occur. A ma-
jor question is, if the local exchange of C-signal and the resulting change of direction
of motion is the main underlying mechanism for these waves or rather not.

The instabilities we described in the following can of course also arise in other bio-
logical or physical contexts. But here we want to stick with the basic phenomenon
of rippling in myxobacteria.

From [17] we know already, that one cell state for each direction of motion is not
sufficient to decide about pattern formation on the linearized level. Therefore we
introduce 4 states. Consider bacteria, which exist in two different states 1 and 2, Let
u;, v; denote the densities of cells which move towards the right, respectively the left,
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with internal state ¢ = 1,2. First, the bacteria change their state from 1 to 2, e.g.
from a non-excited state to an excited state. Then, in a second step, they reverse
their direction of motion. So we assume that there exists an intermediate state for
the cells before they reorient. This can be interpreted e.g. by the local transfer of
the so-called C-signal during cell-cell contact, which excites the bacterium and/or
prepares it to switch the location of its molecular motor for movement, before it
reverses its direction. So the four cellular states evolve according to the following
transition: w1 — uo — v1 — v2 — uq.

Translating the previously described kinetics into a system of differential equa-
tions, we obtain

(u1), + (u1), = S2 (u1,u,v1,v2) — T1 (u1,u2,v1,v2) (83)
(u2), + (u2), = T1 (u1,u2,v1,v2) — Ta (u1, ug, v1,v2) (84)
(v1), — (v1), = T (w1, ug,vi,v2) — St (U1, u, v1, v2) (85)
(v2); — (v2), = S1 (u1,u2,v1,v2) — S2 (U1, u2,v1,02) . (86)

To further simplify, we assume that the system is invariant under the change of vari-
ables (z,u;,v;) = (—z,v;,u;), t = 1,2. Therefore T; (u1, ug,v1,v2) = S; (v1,v2, u1,
ug) for i = 1,2. And (83)-(86) can be rewritten just in terms of T, Ty accordingly.
Due to this invariance assumption we study systems of type (9), which are obtained
by linearizing systems of the above given type around a homogeneous equilibrium,
with u; = v and us = vy. Thus there exists a solution for the algebraic system

T (u1,0, u2,0, U1,0,U2,0) = To (u1,0, U2,0, U1,0,U2,0) - (87)

For general functions Ty, T» a curve/continuum of stationary states which solve
(87) is to be expected. This is a major difference in comparison with Turing’s
instabilities. This continuum of steady states relates to the fact that different total
cell densities are allowed. When prescribing o = (uj + ug + v1 + v2) we obtain

U1,0 + U0 = % and the homogeneous steady state can be determined uniquely.
Under our symmetry condition we have
o=2 (ul,O + u210) . (88)

If o is fixed we must solve (87) with the constraint (88). For generic functions
Ty, Ty we can expect this problem to have a unique solution, at least locally near
u1,0 = ug,0. The stationary values for u;, ug, v1, v2 are assumed to fulfill u; =
U1 = U1,0, U2 = V2 = U20-

Define Ty ; = 0;T¢ (u1,0,u2,0, 1,0, U2,0), where j = 1,2 denotes derivatives with
respect to uq, us and j = 3,4 denotes derivatives with respect to vy, v2. Then the
linearization of (83)-(86), including the invariance condition becomes

(1) + (1), =30y (Tajr1 — Thj) @5 + (Toj — Thjya) ¥ (89)
(p2), + (p2), =25y (Try —Toy) @5 + (T ji2 — Taji2) ¥ (90)
(W), — (W), =3y (Toy = Tijg) @5+ (Tajpa — Tig) ¥ (91)
(¥2), — (V2), =30y (T1 a2 — Tojua) 05 + (T1 — Toj) v (92)

with u; = wi0 + @i , vi =vi0+ i, i = 1,2, and |@;] << ugo, [1Vi] << vip.
Problem (89)-(92) is of type (9), with a point measure du (¢) containing four ele-
ments {c} = {(1,+)% (2, +)%, (1,—)%, (2, —)!}. In the following we analyze systems
of type (89)-(92) and respective variations, which yield oscillatory patterns in the
sense of Definition 2.1.
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Systems having some analogies with (83)-(86) but which include time-delays have
been considered in [2], where

) ) (93
) ) (94
(v1), — (n), = fr (x,t) — fr (x+v7T,t —7) (95
(v2); — (v2) ( (96

= D

were studied, with suitable functions f;, f. depending on wy, ug, vy, va. In [2]
it was shown that the linearization of (93)-(96) around an homogeneous solution
generates oscillatory patterns in the sense of Definition 2.1. One major difference
between systems (83)-(86) and (93)-(96) is the delay 7 in the second model, that
could be interpreted as an “internal clock” or refractory time. The main result of our
paper is to show that the structure of the nonlinearities in (83)-(86) is rich enough to
generate oscillatory patterns without including delay terms in the equation. Further
mathematical models for pattern formation in myxobacteria can be found in [1], [3],
[14], and in [11], [22], to only name a few references.

Now system (89)-(92) is in the form of (14), (15) with the invariance condition
(49) thus with the symmetry condition (50). In the following subsections we will
first prove that if the bacteria in the excited state move with the same speed as
the non-excited ones, then no solutions with oscillatory patterns bifurcate from
“hyperbolic” matrices. Second we assume that the cells in the excited state move
with slower speed than the non-excited cells. In a third model the excited cells are
not moving at all. Similar pattern forming properties can be derived if the speed of
the excited cells is larger than the speed of the non-excited cells. For this we have
to construct suitable conditions for the nonlinearities, i.e. the specific exchange
between the different cell states, since the combination of both pattern forming
effects is by no means a general effect, but rather specifies the nonlinear behavior
of the model crucially.

5.1. Degenerate U, reflection symmetry, 4D, no pattern. Here we show that
under suitably generic conditions on the coefficients, system (14) with 4 x 4 matrices
cannot yield oscillatory patterns in the proximity of “hyperbolic” matrices, if U
contains only two opposite velocities and (14) is invariant under the transformation
(x,0,9) = (—z,9,¢). Let A = Ag+eM and M as in (56), where by notational
convenience the entries of Ay are denoted by y;; and z;;. Let D be like in (15) and
the diagonal matrix U with diagonal entries Uy = Uy = Vi = —Us = —U,, where
Vi €R, Vi # 0 and ¢ > 0 is small. By rescaling we can assume w.l.o.g. that V; = 1.
First we precise the meaning of a p-hyperbolic matrix.

Definition 5.1. The matrix Ag in (56) is a p-hyperbolic matrix if the vectors

t ¢ . . .
(y11, Y21, 211, 221) > (Y12,Y22, 212, 222) generate a linear subspace of dimension one
and

A(0) # 0, where (97)
2tk +y11 — 21 Y12 — 222 Z11 — Y21
Ai (k) =det —y11 + Y21 2tk — y12 + Y22 —z11 + 221

211 — Y21 212 — Y22 Y11 — 221
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2ik + y11 — 221 Y12 — 222 212 — Y22
+ det —Y11 + Yo1 2tk — y12 + Yoo —2z12 + 222
—z11 + 221 —2z12 + 222 —Y12 + Y22

The set of matrices fulfilling (97) is open.

Remark 4. (97) is a technical condition which ensures that the dispersion relation
associated to (14) can be computed perturbatively for ¢ — 0. It is generically
satisfied.

Proposition 6. Let Ay be a p-hyperbolic matriz in the sense of Definition 5.1.
Then there exist ay, ay € R with (a1)® + (a2)® # 0 and

DAO (a17a27070)t :O:DAO (anaa17a2)t (98)

Here oy, as are uniquely determined, up to multiplication by C # 0. Moreover, for
each k € R the spectrum of the matriz — (ikU 4+ D Ag) contains the eigenvalues —ik
and ik.

Proof. Due Definition 5.1 there exist aq, ao as stated with

a1 (Y11, yo1, 211,221)t + az (Y12, Y22, 212, Zzz)t =0. (99)
Now calculate DAy. Formula (98) then follows from (99). Since
U(al,ag,0,0)t = (al,ag,0,0)t and U(0,0,al,ag)t = —(0,0,al,ag)t, the men-

tioned properties about the spectrum of — (kU + DAg) follow immediately. O

So an additional technical assumption on the matrix Ag is needed in order to
obtain the desired pattern forming properties.

Definition 5.2. A matrix Ag is a stable p-hyperbolic matrix, if it is p-hyperbolic
and if for each k£ € R the spectrum of —ikU — DAy consists of the eigenvalues
—ik, ik and two more eigenvalues contained in the half-plane Re (z) < 0.

Now we can state the main result of this section

Theorem 5.3. Let Ag be a stable p-hyperbolic matriz in the sense of Definition
5.2. Let A= Ao +eM. Let Ay (k) be as in Definition 5.1 and Aq (k) =

2ik +y11 — 221 Y12 — 222 211 — Yo1 n12 — Ma2
det —Y11 + Y21 2ik —y12 + Yoo —211 + 221 —Mi2 +No
211 — Y21 212 — Y22 Y11 — 221 mi2 — N22
—Z11 + 221 —Z12 + 222 —Y11 + Y21 —Mi2 + Moz
2tk 4+ y11 — 221 Y12 — 222 nip — Ma1 212 — Y22
+ det —Y11 + Y21 2tk —y12 + Yoo —ni11 + 21 —z12 + 222
211 — Y21 212 — Y22 mip — N21 Y12 — 222
—2z11 + 221 —212 + %22 —mi1 +mo1  —Yi2 + Y22

Define functions Py (k,a), Py (k,a) by
det ((ik + ae) + ikU + DAg +eDM) = Py (k,a) + P (k,a)e + O (%) . (100)
We can write
Ay (k) = 2ik (paki+v1) , Ag (k) = 2ik (uoki + v2) . (101)
Then Py (k,a)+ Py (k,a)e =0 (102)
defines a monotone function r (k) = Re (a) in case py, po,v1,v2 as defined in (101)

satisfy
M1V — Hal1 7é 0 . (103)
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Remark 5. For ¢ = 0 the dispersion relation contains the solution z = ik. Now the
derivative of z w.r.t. € is —Ay/A;. Due to (97) we have 11 # 0 and (101) implies
that A5(0) = 0. Therefore we obtain that Ay/A; is finite.

Remark 6. The function ¢ = ik + ac with a = a (k) defined by (102) provides a
linear approximation in ¢ of the eigenvalue z = z (k, ) of

(z+ikU+ DAy +eDM)v =0, (104)

such that z = ik for ¢ = 0. The monotonicity of r (k) does not imply monotonicity
of Re(z (k,¢e)), because classical perturbation theory for eigenvalue problems (cf.
[16]) just implies z (k,e) = ik + ac + O (¢?) as € — 0. The uniformity of this
approximation breaks down in general for k — 0, since z (0, 0) is a double eigenvalue.
Some care is required to show uniformity of the approximation as k — co. Therefore,
from Theorem 5.3 we can only conclude that for the eigenvalue problem (104)
patterns with wavelengths of order one for € small are absent, if condition (103)
holds. However, this Theorem does not rule out the onset of patterns with very
large wavelengths for ¢ — 0 under condition (103). Moreover, if (103) does not hold,
there could be patterns with wavelengths of order one arising from quadratic terms
in €. The analysis of such higher order pattern would require methods different
from the ones presented here.

Proof. The left hand side of (100) can be expanded as

2kl + E F )
det ( r B ) +0(e%) , where (105)
F= Y11 — 221 + €M1 — EN2y + ae Y12 — 222 + EM12 — €Ny
—Y11 + Y21 —€M11 + €M1 —Yi12 + Y22 —EMi2 + Moz + as

F— ( Z11 — Y21 +EN11 — €M1 212 — Y22 + EN12 — EMa2 )

—Z11 + 221 —€N11 +EN21 —Z12 + 222 — EN12 + EN22
The first term in (105) can be expanded w.r.t. e. Arguing as in the proof of
Proposition 6 it follows that if ¢ = 0 the last two columns of the matrix in (105)
are linearly dependent, so the determinant vanishes. Using the multilinearity of
the determinant we can rewrite Py (k,a) =0, P; (k,a) = Ay (k) a + Az (k). Then,
the solution of (102) yields a = —Ay/A;. Formulas (101) are a consequence of the
linear dependence of the vectors (y11,y21, 211, zzl)t , (Y12, Y22, 712, Zzz)t. Due to (97)
we have v; # 0 and to the leading order

a = — (uoki+vg) /(u1ki + v1) and Re (a) = (ag + Bok?) /(a1 + S1k*)  (106)

for some a1, f1, sz, B2 € R aq # 0. The right hand side of (106) is monotone w.r.t.
k, if (103) is satisfied. Thus our theorem follows. O

5.2. Reduced motility of bacteria in the excited state. Here we need that
the diagonal matrix U contains more than two opposite velocities, so we assume

Uy=2,Up=1,Us=-2,Us=—1 (107)
We obtain (14) by linearizing (83)-(86) with A given by

A= !
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Further, we will make the following assumptions
Ty =T1 (ur +us +v1 +vo,u1,v1 +v2) , To=Ts(u2) . (108)

The bacteria change through the states in the following way: w; — us — v; —
vy . Thus cells of non-excited type u; get excited (i.e. prepare for turning) in
dependence of the total cell density, the collisions with counter-migrating cells and
by the cell density of their own kind. Turning is then automatic and depends on
the distribution wus itself. Assume, as above, that the eigenvector associated to the
eigenvalue (—2ik) for the unperturbed problem z + ikU + DAy = 0 is (1,0,0,0)*.
Then, again denoting the entries of the matrix Ay in (56) by yi;, 2i;, we have
Y11 = Y21 = 211 = 221 = ¢, (cf. Assumption 3), for some constant ¢ € R. In order
to obtain a particular example which fulfills the constraints (108) we choose ¢ =0
and z1 2 = 292 = 0. Then, due to (108) we must have

0 yi2 0 O mi; M2 M1 NIl
0 Yoo 0 0 0 moo 0 0
A = 5 M =
0 0 0 0 w2 ni1 M1 M1 Mi2
0 0 0 yoo 0 0 0  mao

Since we are interested in A = Ag + eM the values of mqs, mas can be absorbed
in the respective entries in Ay, namely in y12, y22. So we chose mis = mos = 0.
The corresponding dispersion relation associated to (14) can then be computed by
solving det (z 4+ kU + DAy +eDM) = 0. We compute solutions of this equation
near the “hyperbolic line” z = —2ik perturbatively. To do so we take an expansion,
which is uniform on the whole line k& € R, i.e. z = —2ik 4+ ae + ... . Keeping only
terms of linear order in € we obtain

. iYooy1o — DYaok + 4ik? + Y12k — iy3,
5y12k — iy3e — byaok + 4ik? — iy3y + 2iyeay12

a=—m

To have the remaining part of the spectrum in the region Re(z) < 0 we need
Y12 — Y22 < 0. Then we get the following asymptotics

m —9n
Re (a) ~ (myy — n11) Y22 My 113y22 K24
Y12 — Y22 (y12 — Y22)
for k — 0 and limg_,ooa = —my;. The following conditions ensure oscillatory

pattern formation for (14) in sense of Definition 2.1
mi1 = ni1, MYz — Iiiyez >0, my > 0.

W.lo.g. assume that my; = ny; = 1. Taking into account y;2 — y22 < 0, a sufficient
condition for oscillatory pattern formation for small € > 0 is

Y12 — Yyo2 >0, Y22 — 912 >0 .

One possible choice for Aq is taking y12 = —1, yoo = —0.5, for M taking mi; =
n11 = ni2 = 1 and all other entries being zero. Then with € > 0 we obtain oscillatory
patterns for (14). The root with the largest real part corresponding to the dispersion
relation for this choice of matrices is shown in Figure 3. To summarize

Theorem 5.4. The differential equation (14) with A = Ag + eM where y15 = —1,
Yoz = —0.5, m11 = n11 = n1a = 1 and all other entries are zero, with U as in (107)
and € > 0 sufficiently small generates oscillatory patterns in the sense of Definition
2.1.
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FIGURE 3. Root with the largest real part of the dispersion rela-
tion for the situation in Theorem 5.4 with € = 0.001. Horizontal:
Re(z(k)), vertical: Tm(z(k)).

The roles of the entries 1 and 2 in U can be exchanged with the same conclusion,
including the signs of the coefficients. In all situations found, the functions show
an inhibitory character for some interactions, which is untypical for the behavior
known of myxobacteria.

5.3. Bacteria in the excited state do not move. For the diagonal matrix U
Wwe now assume

Uy=1=-Us,U;=U;=0. (109)
In this case it is not possible to obtain oscillatory patterns with functional depen-
dences as given in (108) for the transition functions. But with different dependencies
for T5 we can obtain oscillatory pattern formation without inhibitory effects, which
is more realistic in the context of movement of myxobacteria. A first natural gen-
eralization of the previous case, namely 77 = T7 (u1 + ug + v1 + va, u1,v1 + v2),
Ty = T (ug + ug + v1 + ve,uz) does not give oscillatory patters at the linearized
level for €. Instead we assume

Ty =T (up +ug + vy +v2,u1,v1,v2) , To =T (up +us +v;+0v2) .
A set of matrices Ag, M, A = Ay + M consistent with this are
Ap with constant entries ¢ everywhere, apart from y;5 and z15 , (110)
M with zero entries everywhere, apart from my; and nqq . (111)

We then solve
det (z + ikU + DAy +eDM) =0 (112)
near the line of hyperbolicity z = —ik, i.e. we expand z = —ik + ac + ... . The
solution of order ¢ yields
_ n11c+ My — miic — niiziz + imnk
—2ck + 2iy19c + 123y + ik? + 2y10k — iy3y — 2iz10¢
Then we have the following asymptotic formula
-1

Re (a) ~ 5 5 5 (—2maicyia + mai2ly + muyiy
(2cy12 + 279 — Yiy — 22120)

a =

2 2 2
—2m11212¢ + 2n11¢Y12 — 201167 + 2ma1c® — 21219912 + 2n112100) K
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for k — 0, and limy_, o, a = —mq1. The part of the spectrum of — (ikU + DAgp) not
contained in the line Re (z) = 0 is given by z = y12 — 2¢ + 212 , 2 = —212 + Y12-
Therefore the following conditions ensure the existence of oscillatory patterns in the
sense of Definition 2.1 for € > 0 sufficiently small
—2m11y12¢ + M11275 + MYty — 2minz12¢ + 2n11Y19¢ — 201167
+2ma1¢® — 2n11 219912 + 2n11212¢ <0

mip >0, y12 —2c+ 212 <0, —212 +y12 <0
With the following choice in (111) all these inequalities are satisfied
C:1.5,y12:0.5,2’12:1777’111:1777,11:2. (113)

The form of the root of the dispersion relation with largest real part for this choice
of matrices is given in Figure 4. In summary we have

-0.001 -0.0008 -0.0006 -0.0004 -0.0002

e -
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| -20

FIGURE 4. Root with largest real part of (112) with conditions as
given in Theorem 5.5 for ¢ = 0.01. Horizontal: Re(z(k)), vertical:
Im(z(k)).

Theorem 5.5. The differential equation (14) with A = Ao +eM, and Ay, M
as giwen in (111) with coefficients as in (113), U given as in (109), and € > 0
sufficiently small, generates oscillatory patterns in the sense of Definition 2.1.

5.4. A symmetric 6 x6 System with degenerate U. We have seen before that a
generic 4 X 4 system cannot yield oscillatory patterns near hyperbolic settings if the
matrix U contains only two opposite velocities. In this section we give an example
of a 6 x 6 system, which is invariant under the transformation (z, ¢, 1) — (=, ¥, ¢)
and yields oscillatory pattern formation. Let the diagonal matrix U be such, that

Uy=Upy=Us=1, Uy=Us =Us = —1 (114)

and D be like in (15). We consider linearizations of systems like (83)-(86) which
contain two additional variables (us, vs). Let & = uj +ug +ug+v1+ve+vs. Assume
that the transition functions are

Ty =T (u,v1 +va+wv3) , To=Ts(u2,6) , T35="T;z(us) (115)

with T; > 0 for u; > 0, ¢ = 1,2,3. Even after intensive and well designed trials
we were unable to find simpler functional dependencies than (115). In particular
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replacing T5(usg, 6) by Ta (uz) is too simple to generate oscillatory patterns with our
method. The linearized matrix A compatible with (115) has the form

yu 0 0 zi1 211 21
Y21 Y22 Y21 Y21 Y21 Y21

0 0 Y33 0 0 0

zi1 oz 21 oy 0 0 ’
Y21 Y21 Y21 Y21 Y22 Y21

0 0 0 0 0 Y33
with A = Ag +eM where Ay is “hyperbolic”. We assume a particular form of “hy-
perbolic” behavior, namely DA, (1,0,0,0,0,0)" = DAy (0,0,0,1,0,0)" = 0, which
is satisfied if y11 = y21 = 211 = 0. Let Ag be a diagonal matrix with

(116)

ap,11 = ap44 = 0, ap22 = ag,55 = Y22 , (0,33 = A0,66 = Y33 (117)
Then A = Ay + eM is of the form (116) in case
mip 0 0 ni1 nin nn

mor 0 ma1r mo1 mo1 Mo

M= 0 0 0 0 0 0 . (118)

nyigy nir nir om0 0
mo1 M1 M2 mo1 0 mg
0 0 0 0 0 0

The spectrum of — (ikU + DAy) is given by the eigenvalues
{_Zk7 —ik — Y22, —ik — Y33, Zka 1k — Y22, 1k — ySS} .
Therefore, to obtain that the most unstable branch of the dispersion relation for

small € is a perturbation of +ik we have to assume ya2 > 0, y33 > 0. As before,
the dispersion relation associated to (14) is given by the roots of

det (z + kU + DAy +eDM) =0, (119)

and we can look for perturbative solutions of (119) of the form z = ik + ac + ... .
Solving (119) to the leading order in & we obtain

_ 2kmi1(y3s + y22) + iy22y33(n11 — ma1) + 4ik>may — 2kmaiyss
—iy20Yyss + 2kyas + 2kyss + 4ik? :

The real part of a has the following asymptotics

Re(a (k)) ~ (n11 —ma1)

n11 — Ma21)yYa2yas + N11Y30 + (M1 — ma1)y3s k2
5 S
Y22Y33
for k — 0 and a (k) - —mq for & — oco. A sufficient condition for oscillatory
patterns in the sense of Definition 2.1 is then

4!

(n11 — m21)y22y3s + (n11 — Ma21)y3s + n11Y3,

ni=mip >0, —4 5 3 >0.
Y22Y33
A variety of coefficients y;;, n;; satisfy these inequalities, e.g.
mip=n11 =1, yoo=ys3 =1, ma1 =4. (120)

The form of the most unstable branch of the dispersion relation associated to these
coefficients is given in Figure 5. To summarize
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FIGURE 5. Root of (119) with the largest real part for conditions
as given in Theorem 5.6 with e = 0.001. Horizontal: Re(z(k)),
vertical: Im(z(k)).

Theorem 5.6. The differential equation (14) with A = Ag+eM, and Ay, M as in
(117), (118), (120), U as in (114) and € > 0 sufficiently small, generates oscillatory
patterns in the sense of Definition 2.1.

5.5. Test of the model - wildtype and mutants. Pattern formation in biology
often relates to certain functional mechanisms. In myxobacteria there is a peculiar
phenomenon, that allows to test models for rippling on their reliability. There
exist mutants which can be mixed with wildtype populations, moving the way
the wildtype does, but which do not produce the C-signal, which upon contact
with counter-migrating bacteria make these bacteria change their orientation. The
mutants themselves can receive the signal and thus turn, but they do not send the
signal and thus cannot induce turning for other bacteria. When mixing these two
types of bacteria still rippling patterns occur, but with an increasing fraction of
mutants the wavelength of the ripples increases too. For a large enough fraction of
mutants in the total population, the rippling pattern is finally lost.

We can see all these effects of rippling, increasing of the wavelength of the rip-
pling pattern, and the loss of the rippling phenomenon in the following basic 6 x 6
model for the wildtype and its naturally extended version for the wildtype-mutant
situation. In the wildtype and mutant system a critical value of the mutant fraction
exists, at which the pattern is lost. For this to happen, we need to exchange the roles
of the dependencies of T7 and 75, in comparison to the model discussed before. We
intentionally introduced both dependencies in this paper to stress, that oscillatory
patterns in this model do not occur generically, but need peculiar nonlinearities.

Assume that the bacteria are given in 3 states which can move in opposite spatial
directions. So we have the sequence of states

U1 —> Uy —> U3 —> V1 —> V2 —> V3 —> UT .

Then the following set of transition functions (if mutants are absent) can gener-
ate oscillatory patterns as before and additionally is able to produce the desired
bifurcations in the population, when mutants are present

T =11 (&,ul) , Th = )Xy (’1}1 + vo + ’1}3) uy , T3 = Azusg , (121)

So the right moving bacteria of type 1 become excited at rate T} /uq, respectively
become able to receive or send the C-signal to induce turning in other bacteria - in
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dependence of the total cell density and their own density, for instance, when the
total population density is high enough. The bacteria of type 2 receive the C-signal
upon contact with counter migrating cells v;, i = 1,2, 3 at rate Aa(v1 +v2+wvs). The
bacteria of type 3 then turn with rate A3. These dependencies and their biological
interpretation fit very well to what is known about myxobacteria and C-signaling.

For the model with mutants and wildtype cells we have the following. Since
the counter-migrating mutants do not produce the signal, they do not occur in
the collision term associated to T». Only wildtype cells produce the C-signal upon
collision, which makes the counter-migrating cells, which receive the signal, turn.
Here and in the following we define

o=uy +us +us+ v +vo +v3+uy +us+ us+ vy +v2 + 03,

where %;, v; denote the corresponding concentrations of mutants. Let

q = v1 +v2 +v3 and let us further assume T = T; (0,u1), Ta = A2 (q) u2, T3 = Asug
as before, and Ty = T (0, 1), To = A2 (q) U2, T3 = A3tiz. Given that Ty and T, are
the transition functions we need

Ty(0,0) = T1(0,0) =0 . (122)

This also guarantees, that this larger model reduces to the smaller wildtype only
model, in case the mutants are absent.

Using our usual approach to derive coefficients, which yield bifurcations near “hy-
perbolic” matrices, for functional dependences as in (121), we obtain the following
choice of coefficients

T o+ Tiuw=cmi, Tho=cmiz, Tou =Y22, T34 =ys3, Toe=cnia. (123)
We obtain oscillatory patterns for the following choice of coefficients

mie=mi1 =1 (124)

—Y22Y33 + N21Y33Y22 + N21 Y3z — Yso — Y3z > 0, Y22 >0, ys3 >0 (125)

and ¢ sufficiently small.

The fraction of wildtype cells in the total population will now be denoted by «,
which means o = 1 in the previous considerations.

Condition (124) is not strictly needed to generate oscillatory patterns. However,
it is convenient, because with this choice the most unstable branch of the dispersion
relation associated to the linearization of (121) contains the origin for £ = 0 to the
leading order in € and for arbitrary values of a. Therefore, with the choice in (124)
the analysis of the bifurcation w.r.t. a reduces to proving that a local minimum for
the dispersion relation at £ = 0 becomes a local maximum for changing o.

If we assume (123) and (124) to hold in an open subset of {(u;,v;, @i, ¥;),% =
1,2,3} which intersects ({uq = 0} U {@; = 0}) we obtain T} ,, = 0. This contradicts
(122).

In order to avoid this problem we will assume that 77, = 0 = Tl,a only holds
approximatively in case uy, %1 are sufficiently large. For this to hold we will assume
that T3 = Ay (0) ¥ (u1/0?), where the total cell concentration o is large and 0 <
B < 1. We assume that A;(0) is a function of order one and that ¥(§) ~ £ for £ — 0
and ¥(¢) ~ 1 for & — oo and similar laws for 7). Then the approximation T
only holds for u; >> ¢?. For generic T}, T, T3 and under our assumptions (123),
(124) we have that uy,u; are of order o and our approximation conditions would
be justified. The concentration of mutants will be of order (1 — «) o and then, the



PATTERN DRIVEN BY NON-DIFFUSIVE INTERACTIONS 429

function 77 will approximately be given by
Ti=XM (o) for (1—a)>>c"". (126)

In case (1 — «) is small, also w; is small and we would need to compute T} =
A1 (0)¥(uy /o). This would result in steady state concentrations remaining positive
for all a. The bifurcation phenomenon for « also happens in this case. But from here
on will restrict our analysis to the situation (126). The homogeneous equilibria for
the concentrations of wildtype cells and mutants are characterized by Ty = T, = T5,
Tl = TQ = Tg, and U = Vi, U; = U4 for i = 1,2,3, and uyp + ug +uz = O[C7'/27
t1+ue+us = (1 — a) o/2. The solutions of these equations under the approximation
(126) are

o = M@ M) L M) L M)
A2 (%) A3 2 (5F) s
_ ao _ao A1 (J) A (o’)
u = (ug +ug) = T " e () N
. (-, (=)o A(o)  Ai(o)
0 = 5 (g + 1) = 5 % () e
The linearized problem near the homogeneous states is of the form
Uu o D 0

where for the diagonal matrix U we have Uy = Uy =Us =1, Uy = Us = Ug = —1,
D is like in (15) and

Tl,a Tl,a Tl,a'
A=| 52 B2 with Ay =| 0 Th, O

Ay A3 A3 A ! 0 Tow
Tl,a Tl,o Tl,a Tl,o’ Tl,o’ Tl,o’
Ay = Toe Toe Tog , Az = 0 0 0
0 0 0 0 0 0

and Ay, Ay, Ag analogously with the respective Tm instead of T; ;. Using the tran-
sition functions (121), (126) we obtain the following linearized coefficients at the
homogeneous states

Tio=T,= TRU T =Tiy=0 , T3,=Ts,= Tg?,u
. A2 (ao/2) Ay (a0/2) A2 (9/2) 1
Tow=Tou= o (0/2) / TZ,& :
2(0/2) Xy (0/2) Az (ao/2)
Where T}, denotes Tj ,, for & =1 and ¢ being fixed.
The transition between functions, which yield oscillatory patterns, and functions

which do not, is characterized by (—y22y33 + N21Y33Y22 + N21Ya3 — Yas — Y33) < 0 in
difference to (125). To obtain such a switch we choose

T3, , Tae=Taoe =

Ao (aJ/Z)/)\Q (0/2) = ¢ (a) with ¢(a)=e>""1.
The superexponential growth of ¢ seems to be crucial to obtain the desired
bifurcation with this scheme. Such type of superexponential growth is known e.g.
in chemical reactions and can result for instance from a threshold activation energy
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Magnified scale in comparison with figures 6, 7. a = 0.6
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FIGURE 9. Magnified scale in comparison with figures 6, 7. o = 0.61

that is able to produce exponential dependences. With this functional choices we
have

T 0 7 T 0
Tl,o’ = Tl,o’ = TLg— 3 Tl u = Tl,u =0 ) T3,u = TS,u = T3’u )

7 2—170 7 -1 210 0
T27u = Tg’u = €a TZ,u s Tg’g = Tz’g = aeo‘ Tz’f/ea = aT2,£ .

We choose the coefficients for “small” mutant concentrations as in (123).

The figures show the branch with the root with the largest real part for the
dispersion relation corresponding to (127) for different values of «. For arbitrary
« it contains a “neutral” bifurcation branch given by the values z = +ik, k € R.
Calculating the dispersion relation reduces to solving a polynomial equation of
degree ten. Figures 6, ..., 9 show the parametrization of the most unstable branch
for « = 0.7, 0.5 and in a magnified scale near the bifurcation value for « = 0.6, 0.61.

With this we have obtained a model for the one-dimensional motion of myxobac-
teria which shows the following behavior. The model for the wildtype population
shows rippling patterns with a defined wavelength. The same is true for the natural
extension of the model for mixtures of wildtype and mutants, only the wavelength of
the rippling pattern increases with an increasing fraction of mutants. If the fraction
of mutants within the population is too large, the rippling pattern vanishes, as it is
observed in experiments. So the model passes the known experimental tests so far.
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