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1 French flag threshold

Consider an empty one-dimensional domain, [0, L], such that = 0 is insulated. At time ¢ = 0 the boundary x = L is
turned into a source of morphogen, M, of constant strength S. The morphogen is able to diffuse away from the boundary
at a rate D and decays at a rate proportional to itself with constant of proportionality r.

1. Justify the following model of this set up,

oM 0?*M
W— 8x2 77“M, 0<x<L, (1)
M(z,0) =0, (2)
OM(0,t) B
PR 0, M(L1) =S5, 3)

2. Determine the steady state distribution, M (z,t) = M;(z).

Suppose the domain is filled with cells that are able to sense the concentration of M and that the cells can differentiate
into two different forms based on the concentration of M that they sense. Namely, if M, < S/2 then cells differentiate
into form 1, whilst if My > S/2 then then cells differentiate into form 2. Define x5 € [0, L] to be the point which delineates
the regions between cells of form 1 and cells of form 2.

3. Draw two sketches of M (z) to show that xs may, or may not exist.

Ty = \/?coshl (; cosh (\/EL» : (4)

5. Using equation and the intuition from question (3} under what parameter conditions does x4 exist? Hint: the
inverse of cosh does not output real values for all input values.

4. Show that

6. By sketching M for multiple values of L, suggest what happens to =, as L gets larger.
7. Follow the proceeding steps derive a first order approximation of =4 in L, for large L.

(a) Noting that:
o cosh(z) = 1 (exp(z) + exp(—z));

e cosh™'(z) =In(z+ Va2 - 1).
what is cosh (L\/T/D) for large L?
(b) Using the answer from part [7a] show that, for large L,

xsm\/?ln (;exp< ;L>). (5)



(c) Rearrange equation to generate a form
xs~L—C, (6)

where C' is a positive constant that should be defined.
8. Does solution @ confirm the intuition gained from the question @7
9. What does equation @ mean for the cell populations on a large domain?

10. (Optional) Using computer software you are comfortable with plot equations and @ with values D = 10
and r = 1 for 0 < L < 10. Be careful of where the solution becomes xs; becomes imaginary. How good is the
approximation? Estimate the length, L, at which Mj is always above S/2.

1.1 Answers
1.

oM M
= = Do - M , 0<z<L , (7)
ot Oz ~~ ——
~~ —— Decay of Domain size
Rate of change of Diffusion of
morphogen
morphogen morphogen
concentration through domain
M(z,0)=0 , (8)
—_——
Initial condition
OM(0,t
#:o, M(L,t) =5 . 9)
€T N—————
—_—

Left boundary is Right boundary is

insulated a constant flux

2. Since we are looking for a steady state distribution we can set the time derivative to zero. We then look for solutions

of the form
M = exp(\x) (10)

and derive a condition for X\. However, in this case it is easier to look for solutions using the substitution
My = Acosh(A\z) + Bsinh(Az), (11)

which is simply an alternate form of substitution . Critically, starting with the boundary condition at x = 0 we
find that B = 0. Similarly, the boundary condition at x = L provides us with

S
= 12
cosh(\L) (12)
Finally, substituting equation (|11 into equation and simplifying we generate
0= D)\ —r. (13)

Since cosh is a even function (i.e. f(x) = f(—x)) we only need to take the positive root. Thus,

S cosh (\ /%:c)
M= —-—Y =~ 14
cosh (,/%L) (14)

3. See Figure[I] Key things to note, the plot is a cosh, so, it looks approximately exponential. We have to obey the
boundary conditions, so the derivative is zero at z = 0 and the concentration is fixed at S at £ = L. The final point
to note depends on the level of My at = 0. Depending how steep the gradient and how big L is x5 may, or may
not, exist.

4. We want to find = x, such that My = S/2. Substituting these values in,

S Scosh (VT5s) . (15)

2 cosh (\/5L)

and rearranging gives equation .
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Figure 1: Sketches of M, and x,. Note it is possible that the gradient is very shallow (left) and, thus, no x, exists.
However, if the gradient is steep enough (right) then x, does exist.

5. cosh_l(y) does not give real values for y < 1. Thus, for x4 to exist we require

cosh (\/ZL) > 2. (16)

This can be rearranged in various ways, but there is no real simpler presentation.

6. See Figure As the domain size increases the population decays more and more. This can also be seen using
inequality . Namely, if the inequality is not satisfied initially (red line in Figure [2|) increasing L is one way to
satisfy the inequality. Intuitively, the population is only produced at the boundary and decays everywhere else as it
moves. As L increases x, also increases.
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Figure 2: Sketches of M and x, on increasingly larger domains.

7. For the following question

(a) For L > 1 we have that cosh (L\/?"/D) A exp (L\/T/D) /2.

(b) Substituting this into the logarithmic form of cosh™" we get

xS\/?COSh_l (;Cosh< rL>)zln M+ eXP(L\/TTD) 2+1 .

D 4 4

Since L > 1

exp (L;/?"/7D> . exp (L;/?"/T) ‘ a8)

Ty A \/?ln eXp(LQT/D) (19)

So



(c) Expanding the logarithm in equation provides

rem 2 (1n(3) + 0 (e (2v37D)) ) 20

which upon rearrangement and simplification gives

xst—\/?ln(Q). (21)

8. Equation tells us that x, does indeed increase as L increases, it also tells us that x4 is (to a first order
approximation) a constant distance, C' = y/D/rIn (2), away from the boundary xz = L.

9. For large domains most of the cells are in form 1. Specifically, the only cells which see a concentration of morphogen
above S/2 are those within the region [L — C, L].

10. The plot can be seen in Figure 3] We see that the approximation becomes excellent for L > 6 and the solution of
xs disappears around L ~ 4.
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Figure 3: Comparing equations and @

2 Patterning

Alongside the Schnakenberg system, which we have seen throughout the course, the Gierer-Meinhardt kinetic&ﬂ are a
well-known system of morphogen kinetics that produce Turing patterns.
The Gierer-Meinhardt reaction-diffusion system on a infinite one-dimensional domain is

0A 02A

E:f(A,H)JrDAW, (22)

oH 0%H

o :g(A,H)+DHW, (23)

where
p1A?

f(A H) :m — p1A, (24)
9(A, H) =ps A® — po H. (25)

where A and H are the morphogen populations and K, p1, p2, pi1, pt2, D4 and Dp are positive constants. We assume that
A and H remain finite over the domain and appropriate initial conditions are provided. Initially, let us fix K = 0.

As on sheet 2 this question is a good chance to practice deriving the Turing inequalities. However, if you are confident
that you know what you are doinﬂ then you can simply write down the required answers.

IMeinhardt always maintained that the Schnakenberg system should be named after him and Gierer, as well, as it appeared as a specific
case of one of their results in their original paper.
2Trust me, you don’t.



. (0,0) is a homogeneous steady states of equations and . What is the positive steady state, (As, Hg)?

Write down two inequalities that the positive steady state must satisfy in order to be stable, in the absence of
diffusion.

Derive conditions under which the non-zero homogeneous steady state is stable in the absence of diffusion, but
unstable when diffusion is include(ﬂ (i.e. derive the Turing conditions).

Now assume that K # 0.

4.

Show that the positive homogeneous steady state must satisfy

mpads | | epry ) (26)
P1LH2

Sketch the phase plane with nullclines f = 0 and g = 0 and demonstrate that there is still only one positive

homogeneous steady state. Be sure to draw the two nullcline arrangements that can occur. Namely, the quadratic

defined by g = 0 can cut f = 0 either before or after the maximum of f = 0. Do not forget to add the directional

arrows specifying the signs of A; and H,.

What Jacobian sign structures are necessary for a Turing instability to take place?

Near the non-zero steady state the derivatives of (As, H;) change sign. Use the nullcline plot to extract the signs
of fa, fu,94 and gy and, thus, show that a diffusion-driven instability can occur in only one of the two situations.
Hint: in a (A, H) phase plane the signs of f4 and g4 are defined by changes in signs of (A;, H;) along a horizontal
path through (A, Hy), whereas the signs of fi and gy are defined by changes in the signs of (A;, H;) along a vertical
path through (A, Hy).

Answers

. Since we are looking for homogeneous steady states of equations and (23), (A, Hy), we can ignore the spatial

and temporal derivatives. Thus, the steady states are simultaneous solutions of f(As, Hs) = g(A4s, Hs) =0,

A2

0=02 - A, 27)
S

0 =poA? — o H,. (28)

Ignoring the (0,0) solution we can substitute equation into equation and derive

_ P1M2A§

0 p2A32

- M1A57 (29)

which provides a value for A. Substituting this back into equation we are able to derive Hg. Thus, overall

2
(A, H,) = (“”’”3“) . (30)
Hip2 H1p2

To derive the stability criterion we need to derive the Jacobian of (f, g). This can be done by linearising around the

positive steady state, i.e. substitute
H2p1
A
(7)- ( o3 ) (2 ) ewirn (31)
nip2 2

into the spatially homogeneous version of equations and and ignore quadratic and higher order terms of
€1 and €. We then finally derive conditions to ensure that the real part of A is negative.

Alternatively, we can, straight away, write down the Jacobian

A A2
2p11q — _pllqz 1

2 Apy — 2

J(AH) = (32)

3 As a personal hint T suggest keeping the system as At = f(A, H)+Da Ay and Hy = g(A, H) + Dy Hyy, derive the inequalities in generality
and then substitute the functional forms of f and g in at the end.



and evaluate it at the steady state
2
_m

K P1

H2p1
250 e

J(AS7HS) = (33)

Once again, we can derive the eigenvalues, A, of J(As, Hs) and derive conditions under which the eigenvalues have
negative real parts.

Alternatively, we can check the notes in Appendix C and find that the stability criterion are
0 >trace(J) = p1 — o, (34)
0 <det(J) = pypa- (35)
. The first half of the problem (stability in the face of no diffusion) was done in the last question. Again you can either

write the answers down from the notes, or derive them. Which is what we will do here. Since we are considering a
spatial instability our perturbation is of the form

( ﬁ ) = ( fi ) + < 2 )exp()\t) cos(kz). (36)

Substituting perturbation into equations and provides

€1 _ 1.2 Dy 0 €1 f(AsvHs)
Aexp(At) cos(kx) ( e ) = — k“ exp(At) cos(kx) ( 0 Dy ) ( e ) + < (A, H.) (37)
—_————
=0
fa [fu €1
At k . 38
+ exp(At) cos(kx) < o on e (38)
Rearranging and simplifying gives
0 ga g — k*Dyg — A e )

To have a non-trivial solution the matrix must have determinant zero,

0=X —A(fa+9gu —k*(Dg + Da)) + (fa — k*Da)(gn — k*Dy) — fuga. (40)

To have an instability there must be at least one solution, A, with positive real part. Since
2\s = (fa+gn — K (Du + Da)) £ /(fa+ g5 — k(D + Da))? — 4((fa — k2Da)(gn — k*Du) — fuga) (41)
and we require f4 + gy < 0 for stability in the absence of diffusion then we know that
fa+gm —k*(Dy + Da) <0 (42)
because Dy + D4 > 0. Thus, the only way to get to ensure Ay > 0 is to enforce
0> (fa —k>Da)(gn — k* D) — frwga = k*DaDy — k*(Dagn + Dufa) + fagn — frga = (k). (43)
Since h is a positive quadratic function in k2 the only time it is negative is if there are two real, positive, roots:
2DaDpkY = Dagn + D fa+\/(Dagn + D fa)? — 4DaDu(fagn — frga)- (44)

Thus, to ensure k3 are real and positive we require that

Dagu + Dufa >0, (45)
(Dagn + Drfa)? —4DaDy(fagn — frga) > 0, (46)
fagn — frga > 0. (47)
Since we already require fagy — frga > 0 equations and can be wrapped up into
Dagn + Dufa > 2v/DaDy(fagn — fuga). (48)

Thus, finally, we can insert the functions f and g into the appropriate inequalities and specify that Turing patterns
are generated when

0 >p1 — po, (49)
0 <pqpe, (50)
2v/DaDgpap2 <Dppr — Dapis. (51)



4. Since we are looking for homogeneous steady states of equations and , (A, Hy), we can ignore the spatial
and temporal derivatives. Thus, the steady states are simultaneous solutions of f(As, Hs) = g(As, Hs) =0,

p1A2
0=—-—28 A, 52
1+ KA2)H, "™ (52)
0 =po A% — o H,. (53)

Ignoring the (0,0) solution we can substitute equation into equation and derive

pipa Az
= — AS7 4
0= Ur KAz paz 5y
which upon further manipulation gives equation .
5. The A nullclines are
A =0, (55)
p1A
= ) 56
1+ KAZ) 1y (56)
The H nullcline is
H:%A? (57)

The accompanying phase planes are shown in Figure [d The figure demonstrates that there is one positive steady
state.

A=0 A=0 .
H H<0/ H=0 gl H<o =0
A<O ‘ \ A<O _ \
H>0 J/ H>0
Z;g. A<O H<0_/7\ | A<O
N\ H>0 . A>01 A H>0 .
A>0/ A=0 iso / A=0
A A

Figure 4: The Gierer-Meinhardt phase planes.

6. Either from looking it up from the notes, or deriving it from question [8] The Jacobian must have the sign form

{ff], or [i:} (58)

along with column and row permutations.

7. Consider Figure which shows the nullcline arrangement where H = 0 is to the right of the maximum of A = 0.
Focus on the steady state and consider travelling along the dashed line from z to /. At # A = f > 0 and at 2/
A= f <0, s0as A increases A = f goes from positive to negative, so A = f must be a decreasing function of A
near the steady state. This means that f4 < 0. Similarly at 2, H = g < 0 and at 2/, H = g > 0, so as A increases
H = g goes from negative to positive, so H = g must be an increasing function of A near the steady state. This
means that g4 > 0. Following this logic along the vertical branch, from y to 3’ we discover that fg < 0 and gg < 0.
Thus the accompanying Jacobian sign structure is

59
and, SO, a Turing 1nstab1hty cannot happen.

If we now consider Figure which shows the nullcline arrangement where H = 0 is to the left of the maximum
of A =0. We see that travelling from z to 2’ and y to 3’ only ever takes us between two sectors. The same logic



A=0 T—0 A= 0
H<0 = H<0
H A<O0 H A<o
v H >0 5
,C(,‘--—:———:U/ A<O CU---:-- ZU/
N yH 0 ! H>0
A>( 1 > { >
A>0 A=0 A>0 A=0
A A

Figure 5: Extracting derivatives signs from the Geirer-Meinhardt phase planes.

applies and we can derive that f4 > 0, fg <0, ga > 0 and gy < 0. Thus the accompanying Jacobian sign structure
is
+ —_
60
s (60)

and, so, a Turing instability could happen.

3 Simulating Turing patterns

No Matlab this time. Simulating partial differential equations is not a simple task. However, there are websites out there
that have done the heavy lifting for you.
The Gray-Scott reaction-diffusion model is

% = D,V?u —uwv? + F(1 —u), (61)
ov 9 9
5= D,V=v 4w — (F + k)v, (62)

where appropriate boundary and initial conditions are assumed to be given and D,,D,, F and k are constants. F' is
known as the feed rate as it causes more u to be added to the system. k is the death rate as it controls the rate at which
v is removed from the system.

You can play around with the feed rate, death rate and initial conditions through this online applet. What patterns
can you create? As a base level try and find spots, labyrinthine patterns and constantly evolving patterns, like those
shown in Figure[6] For those more adventurous try and find other patterns contained within these equations.

Exam Revision

4 Properties of Turing patterns

Consider a two species reaction-diffusion system with Neumann boundary conditions on a domain B, which has boundary
0B,

% = D,V*u + f(u,v), (63)
% = D, Vv + g(u,v), (64)
ou Ov

and random initial conditions. Further, assume that the kinetics and diffusion parameters are chosen such that the
populations (u,v) undergo Turing patterning.

1. Specify the Jacobian structures behind “cross” and “pure” kinetics.


https://pmneila.github.io/jsexp/grayscott/
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Figure 6: Possible patterns in the Gray-Scott equations and .

Explain why the resulting morphogen patterns of (u,v) are in phase when cross kinetics are used and out of phase
when pure kinetics are used. Note: in phase means that the peaks and troughs of w and v occur at the same
positions, where as out of phase means that the peaks of u correspond to the troughs of v and vice-versa. Hint:
consider the signs of €; and e3. Under what conditions are they the same/different? What does this mean?

Explain why spatial oscillations can never occur at a Turing bifurcation point. Namely, show that the unstable
eigenvalue A\ must always be real at the onset of patterning.

Why must D, # D,? (Hint: assume they are equal and derive a contradiction).

Answers

. The “cross” kinetic Jacobian structure is

J:[+ +] (66)

The “pure” kinetic Jacobian structure is

J—[i:} (67)

Note row and column permutations of the above are also valid.



2. We consider perturbations to the steady of the form

(Z):“: >+<2 )exp(”) (68)

where X is an eigenvalue of

o 2 _ fu - kzDu fv
J Dk N ( Gu v — kQDv (69)
and
_( a
€= ( e ) (70)
is a corresponding eigenvalue, thus,
(J — Dk*)e = e = (J — Dk* — X)e = 0. (71)

Consider the case of cross kinetics and write down the signs we know in the matrix (J — Dk? — \I),

J—DW—AL:(? +). (72)

Namely, the top right and bottom left entries are just f, and g,, respectively, and, thus, do not change sign. The
top left entry is positive (from f,), but has values subtracted from it (—k2D, — \), so we cannot guarantee its sign.
However, the bottom right entry of J is negative (g, < 0) in the case of cross kinetics and since we are subtracting
further values from it, the bottom right term of .J — Dk? — AI remains negative.

Knowing these signs and that equation must be satisfied we know that €; and e, must satisfy

st st a_o sier +s3ea =0, (73)
EEN € ’ s5 €1+ 5, €2 =0,

where s;'- is some real number with sign i. The equation with unknown sign does not help. However, rearranging the
other equation leads to
a5 (74)
€9 54
Since s; and s; are both negative the right-hand side of equation is negative, thus, we deduce that ¢; and e
must be of opposite sign. Finally, without loss of generality, let €¢; > 0 > €5 this means that the perturbation to ug

is a positive cosine, whilst the perturbation to v is a negative cosine and, thus, the patterns are out of phase.
The above logic can be followed with the pure kinetic sign structure. However, in this case you should derive that

s sy € siel 4556 =0,
(3 2)(a)-0—= Hotns (75)

53 Sy €2 83 €1+ 5,60 =0,

resulting in
+
€ s:
1= (76)
€2 Sy
The right-hand sign on equation is positive, meaning that €; and es are the same sign. Thus, the perturbations
to the steady states are in phase.

3. The eigenvalues of the Turing instability are

2)\i = (fu + Gv — k2(Du + DU)) + \/(fu + v — kQ(Dv + Du))2 - 4((fu - kQDU)(.g’U - kQDv) - fvgv)- (77)
These are imaginary if and only if
(fu+ 9o — kZ(Dv + Du))z —4((fu — kQDu)(gv - kQDv) — fogv) <0 (78)

However, (f,+gv —k?(D,+D,))? > 0 and for an instability to exist we need —4((f, —k*D,) (g, —k*Dy) — fugv) > 0.
Thus, at the onset of patterning inequality cannot be satisfied and, thus, A4+ are real, so oscillations in time do
not happen.

10



4. Two of the Turing inequalities are

Jutg0 <0 (79)
Dy fu+ Dugy > 0. (80)

If D, = D, > 0 then we could factor the constant out of equation and, thus, be able to derive

futg, <0 (81)
fu+ 90 >0, (82)

resulting in a contradiction.

5 Creating the model

For each of the following images in Figure[7] write down a set of reaction-diffusion equations that could provide the images
as a steady state solution. Do not forget to provide boundary conditions. For initial conditions assume that there is a
small spatially random amount of morphogen throughout the domain.

(a) (b) (c)

Figure 7: Three steady state morphogen profiles.

5.1 Answers

Note that the following suggestions are non-unique (as illustrated in case 2), so if you have a different suggestion you
could be right.

1. Things to notice:

e the boundaries are fixed to two different values;

o the profile of u decays away from the boundaries.

Using these two pieces of information the follow reaction-diffusion equation should give a steady profile similar to
Figure for appropriate values of D and ~.

du 0%u
T D@ -, (83)
u(0,t) =5, wu(L,t)=25/2. (84)

2. Since the entire profile is flat the boundaries could either be fixed at S = 0, or they could be zero-flux. One potential
equation behind this system is:

ouq B 0%y
o Do (85)
ul((),t) = S, ul(L,t) =S. (86)
Another potential is
(’)ug - 82U2
Gt = DG+l =), ®
8uQ 8U2
— =0=—=(L,1).
22(0,) = 0= S2(L,1) (58)



3. We note that the steady state is a combination of two heterogeneous morphogens that are out of phase. This suggests
using a reaction-diffusion system. Equally, the morphogen profile at the boundaries is ‘flat’, which suggests zero-flux
boundary conditions. Hence, we need a system of the following form

ou ou
E - Du% + f(u,v), (89)
v ov
a - Dv% + g(ua U)? (90)
v ou ou v
%(O,t) = %(Ovt) =0= %(LJ) = %(L’t)v (91)

such that f and g satisfy the Turing instability inequalities (see equations and ) Additionally, because the
populations are out of phase we know that the Jacobian of partial derivatives must satisfy the cross kinetic pattern,

J= [ o } . (92)
If you had gotten this far I would be happy with this answer. However, pushing your memory a little further you

might remember that the Schnakenberg kinetics are Turing unstable and produce out of phase patterns and, thus,
would make a satisfactory choice for f and g.

12
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