Morse saddle. Obviously there is only one bounded face F': the interior of the n-gon. The
boundary OF is the 1-skeleton G.

To design the associated n-gon Sturm attractor we follow the recipe at the end of section 2.1:
from orientations via ZS-Hamiltonian pairs and Sturm permutations to Sturm attractors.
The loop-free orientations of G, without di-sources and di-sinks other than the Morse sinks
v and v, are characterized by the positions of v and © along the boundary n-gon dF": the
two n-gon arcs between v and v are oriented from v to v. Without loss of generality we label

(223) v =1, U= V2m+1

for some 1 < m < n. See figure 2.5 for the unique ZS-Hamiltonian paths which result from
this orientation.

According to the recipe of section 2.1, the Sturm permutation 7 = m, ,, is then given by
(2.3):

ayr= (1 2 - 2n—m) 2n-m)+1 2An-—m)+2 ... 2n 20+l
. U1 2m+2 ... 2n o2m +1 9 Com o+l )

See figure 2.6 for the associated shooting curve and the Morse indices i of m,,,. This
completes the design of all n-gon Sturm attractors.

3 Specifics: 37 planar Sturm attractors with up to 11
equilibria

We apply theorems 1.1 and 1.2 to enumerate all planar Sturm attractors with up to 11
hyperbolic equilibria, in this section. We eliminate orientation isomorphic duplicates and
the trivial substitution equivalences generated by x — —z, and by v — —uv; see section 2.2
above. We use the duality pairings of section 2.4 to effectively cut the total number of cases
in half.

Except for one indecomposable self-dual case, we do not follow the general design recipe
detailed at the end of section 2.1. Instead, we proceed from the n-gons of section 2.6 by
the attractor stacking and face gluing decompositions of sections 2.3 and 2.5, to inductively
exhaust all possibilities.

For each nontrivial example we present the oriented 1-skeleton G = C} of the connection
graph, the oriented dual 1-skeleton G* = C}* as introduced in section 2.4, the unique bound-
ary ZS-Hamiltonian pair (hg, k1), and the associated Sturm permutation 7.

Let p; count the number of equilibria with Morse index i € {0, 1,2}. We then enumerate the
37 connection graphs C with up to 11 equilibria, and up to trivial substitution equivalences,
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(a) by increasing the odd number N = 3,... 11 of equilibria, and
(b) by increasing the number ps of faces.
Duality is utilized as follows. Obviously the total vertex count is
(3.1) fo + p1 + pe = N

for plane attractors. On the other hand, pg counts vertices, p; edges, and uo faces of the
plane 1-skeleton G = C}. By the Euler characteristic (1.10)

(3.2) fo — p1 + 2 = 1, and hence
1
(3.3) fo = Q(N +1) = p2
1
H1 = §(N - 1).

Let u; denote the Morse counts for the dual graph G*. Then

fo = p2+2
(3.4) pi =

. 1
po = po—2=5(N=3)—p

by construction. In particular N* = N and (3.3) holds for the starred quantities, as well.
By duality we may therefore skip the cases s > p5 = 3(N — 3) — o, for now, and only
consider cases NN, uy with

1
(3.5) Oguggz(N—S).
Throughout we present stacked and face glued cases first, which derive from lower N. For
N =3 (mod 4), i.e., N =3,7,11, we include the duals when ps = uj = %;(N -3)=0,1,2.
Enumerating the cases is delicate and remains a matter of taste, probably, at least as long
as the counting problem for plane attractors remains unresolved. We choose a notation

(3.6) N-n™(n—1)"1 1™ —/¢

where n™» indicates a count m,, of n-gon faces in the 1-skeleton G = C!. An edge without
face is assigned n = 1. Since multiple cases do arise, the number ¢ simply enumerates them,
in somewhat arbitrary order. For N < 21 equilibria, n-gon faces with n > 10 do not arise.
We can therefore safely omit exponents m,, = 1. The total face count is

(3.7) fo = Mo+ ...+ m,.
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G=3.1 G*=3.1 v*

Figure 3.1: N = 3 equilibria. Left: 1-skeleton G and dual G*. Right: paths hg, h; and
shooting curve S.

1*=v*
G=5.12 G*=5.2
hy  h,
y‘ 'XJ)\X pv 2 )( 4
1 2 3 4 5 3
S¥*=y*

Figure 3.2: N =5 equilibria; straight line and dual Chafee-Infante 2-gon.

3.1 N =3 equilibria

By (3.5), (3.3) we have uy = 0 and py = 2, g = 1. The straight line G with 2 end points v,
v is the only case. This case G = 3.1 is self dual. See figure 3.1.

3.2 N =5 equilibria

Up to duality, we may still assume py = 0. Hence pg = 3, p1 = 2. Therefore the 1-skeleton
G is the straight line, again, this time with 3 sinks. This case G = 5.1% can be obtained by
stacking the case G = 3.1 onto itself; hg, hi, ™ remain trivial; see figure 3.2. Note however
that the Chafee-Infante case G = 5.2 of a 2-gon attractor, as discussed in section 2.6, is dual
to the straight line. Somewhat trivially, but alternatively, the 2-gon attractor can also be
viewed as a face-gluing of the line attractor N = 3, on the left boundary, with another copy
of itself, on the right boundary.
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7.13 7.21 722  v*¥ 73 .

S T R

Figure 3.3: N = 7 equilibria. Left: pus = 0,1. Right: duals puy = 2, 1.

3.3 N =7 equilibria

Up to duality, we now have the one-dimensional subcase po = 0 with py = 4 sinks, and the
case fis = 1 of a single face. The one-dimensional graph with u, = 0 faces cannot branch,
because it must possess a Hamiltonian pair. Therefore we only obtain a line G = 7.13.
For ps = 1 the single face is an n-gon, with n = 2 or 3, which adsorbs 2n +1 =5 or 7
equilibria, respectively. The two cases G = 7.21 and G = 7.3 are mutually dual. All cases
are stacked or glued. See figure 3.3 for the two 1-skeletons and their duals. The associated
Sturm permutations are easily derived from sections 2.4 and 2.6.

3.4 N =9 equilibria

This case has already been enumerated in [Fi94], even without the restriction of planarity;
see figure 3.4 and [FiRo07b]. We have indicated the (filled) connection graphs Cy, the Sturm
permutations 7, and the directions of heteroclinic orbits between equilibria of adjacent
Morse index.

Originally these results had been obtained, somewhat mindlessly, by brute force computer
assisted scanning of the permutations m € Sy for dissipative Morse meanders. In contrast, we
now aim for an intelligible and more systematic derivation of all planar cases: the Leitmotiv
is progress from scientific computing toward scientific understanding.

We follow the general duality approach outlined in (3.3)—(3.6). For pus = 0, dual to us = 3,
we again obtain the stacked line, only. For pus = 1, dual to us = 2, we obtain a single
n-gon with n = 2, 3,4 edges and with 5,7,9 equilibria. For n = 2, the remaining two edges
of GG can be attached to the 2-gon in two stacking configurations. The omitted cases are
just substitution equivalent or orientation isomorphic copies. A similar remark holds for the
substitution equivalent or orientation isomorphic edge-face pairs, when n = 3 and the free
edge is attached to an extremum v’ or ¢’ of the 3-gon. We cannot attach the edge to the
third sink v on the face boundary, different from v, ¥: this would preclude Hamiltonian
paths from v to v to exist. The face glued final two cases of an n-gon, n = 4, without
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9.14
1 2 3 4 5 6 7 8 9
7=(123456789)=()
9.22
2 6
1%9
4 8
n=(143258769)=(24)(68)
9.21211
6
1 2 3 4 5{ I }9
8
n=(123458769)=(68)
8 932-1

1O
i

n=(167854329)=(2648)(37)

3
4
2
5
! 6

n=(183456729)=(28)

9.21%-2

4
5

3 7 8 9
6

n=(123654789)=(46)

n—187456329) (28)(37)
9.2 m

n=(123876549)=(48)(57)

~@

n=(123678549)=(468)(57)

9

5

7 mn=(185674329)=(28)(357)(46)

3

9.4-1

9.4-2

n=(145876329)=(248)357)

n=(183476529)=(28)(57) &

3 7

25

5
n=(183654729)=(28)(46) /.\

Figure 3.4: All 18 connection graphs Cy of Sturm attractors Ay with N = 9 equilibria, up
to trivial substitution equivalence. Equilibria are numbered such that hg = id; in particular
v=1and v =09. See [Fi94] and [FiRo07b]. For case numbers of planar cases see figure 3.5
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IS
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w
<
*

I

duality
|

9.212-1 9.212-2 | 9.32-1 y* 932

O

.
a4
&

9.31 | 9322 v+
L 5
v | ks
|
9.4-1 9.4-2 | 922 v 9221 y*
e % TR T
v | v* V¥

Figure 3.5: The Sturm 1-skeletons with N = 9 equilibria. Left: p = 0,1 stacked and glued
cases. Right: po = 3,2 duals of left side. For enumeration of cases see (3.6).

v=1
Gn,m:(2n+1).n—m/"‘»\\ G;,m:(2n+1).2"'2—m
: [e] : v* O O O M*
\ 2n+1 )

Figure 3.6: Isomorphic n-gon attractors with N = 2n + 1 equilibria. Left: non-isomorphic
orientations on G = C}, . Right: non-isomorphic duals G*.

v=2m-+1
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Figure 3.7: Isomorphic, but neither orientation isomorphic nor substitution equivalent, con-
nection graphs 9.32 — ¢ with ¢ = 1,2. Left: disentangled boundary ZS-Hamiltonian paths
ho (black) and h; (gray). Right: shooting curves.
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attached edges, are illustrated in figure 3.5 together with their stacked and glued duals.
Clearly po = 0,1 faces are dual to pu = 3,2 faces, respectively.

Even though all examples can be obtained by gluing and stacking, there are two pairs
of isomorphic attractor 1-skeletons G here, which are neither substitution equivalent nor
orientation isomorphic. For the 4-gon cases 9.4-1 and 9.4-2 see the second row of figure 1.2.
See also figure 2.5, n = 4, m = 2,3 for (hg, hy) pairs in Ay 3 and A,. For the associated
Sturm permutations see (2.24) and figure 3.4. These cases are clearly distinguished by their
non-isomorphic duals G*. The general case A, ,,, Gpm = C}hm of an n-gon with v = 1 and
v =2m + 1, and its dual G}, , is sketched in figure 3.6. Note how G, is face glued from
two lines: one with m + 1 sinks, on the right, and the other with (n — m) + 1 sinks, on
the left. Similarly, G}, ,, consists of two stacked parts. We recall from section 2.6 that G,
and G, s are neither orientation isomorphic nor substitution equivalent, for m # m/, unless
m+m' =n.

The other isomorphic, but neither substitution equivalent nor orientation isomorphic, pair
involves one 3-gon with one attached 2-gon; see the duals 9.32-1 and 9.32-2 in figure 3.5.
Again, the orientation discrepancy is caused by different positioning of the extrema v, v.
In figure 3.7 we sketch the orientations, the unique resulting boundary (Z.S)-Hamiltonian
pairs, and the associated shooting curves. The Sturm permutations 7 = (2 8 4 6)(3 7) in
the top row, and m = (2 6 8)(3 5 7) in the bottom row, are trivially substitution equivalent
to their respective counterparts in figure 3.4. Moreover 7 and o produce isomorphic Sturm
attractors. But m; and 7o are not even conjugate. This has been noted in [Fi94] and is
resolved here, in terms of different orientations on the 1-skeleton G = C. See [Wo02b] for
an interesting geometric interpretation in terms of fast unstable manifolds.

3.5 N =11 equilibria

This time we can have pus = 0,1, or 2 faces, up to duality. The line case pus = 0, and the
obvious configurations of the single n-gon face, n = 2, 3,4, 5 in the case u, = 1 are illustrated
by their 1-skeletons in figure 3.8, along with their duals. See also section 2.6. Substitution
equivalent and orientation isomorphic copies are eliminated.

By direct inspection, all connection graphs with ps # 2 faces are stacked or glued. We have
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11.15 11.24 V¥
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<
Q.
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<
@I

| v
|

11.213-1 11.213-2 | 113221 y* 11.322-1 v*

MQ—-V M-—Q—-—-V U<D @
| i Y
|

11.3121 11.312-2 | 113223 v* 113222 v*

v

e VA O
| v* v*
|

11.41-1 11.41-2 113222 y* 11.322-4 v

<I

T O <D

| 11.231 v* 11.23 V¥

oI T

*

N

<l
¥
<l

Figure 3.8: The Sturm 1-skeletons with N = 11 equilibria and ps # 2 faces, ordered by single
n-gons, n = 2, 3,4, 5, and paired with their duals. For Sturm permutations and enumeration
of cases see (3.6) and table 3.1.
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G=11.322-3

G=11.322-4

Figure 3.9: Isomorphic, but neither orientation isomorphic nor substitution equivalent,
“snoopy” attractors 11.322 — ¢ with £ = 3, 4. Left: disentangled boundary ZS-Hamiltonian
paths hg (black) and hy (gray). Right: shooting curves.
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four pairs of C° orbit equivalent attractors, among these, which carry different orientations:

{11.322 -1, 11.322—2},

{11.322 -3, 11.322 — 4},
(3.8)
{1141 —1, 11.41-2},

{115—-1, 11.5-2}.

The first and third pairs are similar to the simpler pairs {9.32-1, 9.32-2} and {9.4-1, 9.4-2}
discussed in subsection 3.4, due to a face gluing and a line stacking, respectively. The second
pair is illustrated in figure 3.9. The last pair, the 5-gon, has been discussed in section 2.6 in
complete generality. See also the third row in figure 1.2.

We now turn to the remaining case of connection graphs C with N = 11 vertices and po = 2
faces. Again we proceed graphically by side numbers n; > nsy of the two n-gons. Duals also
possess us = 2 faces. We therefore include duals, for each case, until we have exhausted
all possibilities. All cases are stacked and glued versions of constituents which we have
encountered already — with one exception. See figure 3.10. Case G = 11.3%2 — 3 = G* is the
first self-dual case after the trivial line G = 3.1. By absence of a decomposing cut-vertex, it
is neither stacked nor glued.

[somorphic Sturm attractors with deviating orientations of their 1-skeletons arise in the
following cases:

{11.321 — 2, 11.321 — 3},
{11.32 -1, 11.32-2,  11.3%2 -3},
{1142 -1, 1142-2, 11.42-3, 11.42—4},

{1143 -1, 11.43-2}.

The last pair originates from the simpler pair {9.32—1, 9.32—2} illustrated in figure 3.7. We
illustrate the triplet cases of isomorphic, but neither substitution equivalent nor orientation
isomorphic, Sturm attractors 11.3%2 — £ in figure 3.11, which also includes the self-dual case
11.3%2 — 3.

In tables 3.1, 3.2, we summarize all 37 Sturm permutations © = 7 with N = 11 hyperbolic
equilibria which give rise to plane attractors dim.A < 2. For any listed permutation © we
omit substitution equivalent and orientation isomorphic variants. The upper permutation
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11.221-1 11.221-2 | 11321 y* 11.43-1  y*
OO OO0~ <> <D
Ve ¥
duality v v
11.2212-1 11.2212-2 | 11.42-1  y* 11.42 v¥
s A SNC)
| > L
|
11.32 _ o 1321 | 11.42-4 _v* 11322 _v*
\
O O 0 o D
v | ¥
|
11.321- 11.321-3 | 11.43-2  y* 11.42-2  v*
\%
L], k] <D
Y | ia
|
11.32-3 11.321 | 11323 v* 11423«
P = & ID
| v* v

Figure 3.10: The Sturm 1-skeletons with N = 11 equilibria and ps = 2 faces, paired with
their duals. For Sturm permutations and notation of cases see (3.6) and table 3.2
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Figure 3.11: Isomorphic, but neither orientation isomorphic nor substitution equivalent,
attractor triplet 11.32%2 — ¢ with ¢ = 1,2, 3. Left: disentangled boundary ZS-Hamiltonian
paths hg (black) and hy (gray). Right: shooting curves. Bottom row: self-duality.
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’ 4o ‘ 11.case ‘ 11.dual ‘ permutation 7 ‘ in cycles
(0] 1° | 2* [2345678910] ()
1 [21°—-1[322-1[4325678910 (2 4)
21° —2[32-112365478910 (4 6)
312-1[322-3|4563278910 (246) (35)
312-2[32-212367854910 (468)(57)
41—1 [322-2[4567832910 (2468)(357)
41 -2 [ 322 416785234910 (26) (37) (48)
5—1 2’1 [4567891032| (246810)(3579)
5—2 23 6789105234 (261048)(3759)
3 23 5—-2 [4325109876 (24) (610) (79)
231 5—-1 2310987654 (410) (59) (68)
322 -1[21°-1[8910765432| (28410)(39) (57)
322 -2 41-1 14510987632 (2410)(359) (68)
322 -3[312-1[6710985432| (268410)(3759)
322 -4 41 -2 6547109832 (2610) (3579)
322-1[21°-2]1096785432|(210)(39)(468) (57)
322-2[312-2[1094587632 (2'10) (39) (628)
(4] 2¢ | 1P [1098765432] (210)(39) (48 (57) |

Table 3.1: Duality and planar Sturm permutations with N = 11 equilibria. Enumeration
of all cases with uy # 2 faces, up to trivial substitutions and orientation isomorphisms.

Dissipative ends m(1) = 1, m(11) = 11 are omitted. See also figure 3.8.

entries of table 3.1 are easily generated, even by hand, from the n-gon formula (2.24), and
the stacking principle of section 2.3. The lower dual entries with pus = 3 and 4 faces then

follow from (2.21).

3.6 Self-duality

All permutation entries of table 3.2, us = 2, but one, originate from simpler constituents by
stacking and duality. The one exception is the self dual case 11.3%2 — 3. It is easy to derive
this unique self dual case with N = 11 equilibria directly. By (2.21), self-duality implies
7 = km ', In other words,

(3.10)

2

™ =R,




11.case ‘ 11.dual ‘ permutation w ‘ in cycles ‘
21 —11] 32—-1 [4325671098 (2 4) (8 10)
221 -2 | 43—1 [4325876910 (2 4) (6 8)
2217 _—1] 42—1 [6543278910 (26) (35)
2212 — 2 42 2387654910 (48) (57)

32 42—-4 (4325891076 (24)(6810) (79)
321—1 | 32—-2 [8743256910 (286) 375)
321—2 | 43—2 [23109654738 (4108) (59 7)
321—-3 | 42—-2 [2389107654 (486 10) (59)

371 42—-3 [8745632910 28) (37)

3 —3 [self-dual [8723691054| (28104) (3795) |
321 [ 221—1 (8910765234 (28)(39)(410) (57)
32—-2 [ 321-1 6785491032 (264810)(379)
42—1 [2212-1[6789105432 (2610) 3759) (48)
42 -2 | 321 -3 1092345876 (21064) (3975)
42 -3 3?1 [4587691032| (24810)(3579)
42 — 4 32 89010723654 (286)(3957) (410)
43—1 | 221—2 (8910745632 (2864 10) (39) (75)
43—2 | 321-2 [1094563278 (2108) (397)

12 2212 -2[1094567832 (210) (3 9)

Table 3.2: Duality and planar Sturm permutations with N = 11 equilibria. Enumeration
of all cases with puy = 2 faces, up to trivial substitutions and orientation isomorphisms.

Dissipative ends m(1) = 1, m(11) = 11 are omitted. See also figure 3.10.
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and hence 7 is a square root of the involution ~# = (2 10) (3 9) (4 8) (5 7). Therefore 7 must
consist of 4-cycles. Since 7 preserves parity mod 2, like any dissipative meander, the 4-cycles
must permute the sets {2, 4, 8, 10} and {3, 5, 7, 9}, separately. Since (3.10) holds for the
entire substitution orbit 77!, kmk, k7K, once it holds for 7 itself, only the two candidates
7=(28104) (3795)and (28104) (359 7) remain, without loss of generality. Since (2
8 10 4) (359 7) is not a meander permutation, this proves

(3.11) 7=(28104) (3795),

to be the only self-dual case with N = 11 equilibria, up to trivial substitutions.

Motivated by the pitchforkable Chafee-Infante nonlinearity f = Au(1 — u?), as discussed in
[He85], [CoSm8&3], the self-dual case 11.3%2 — 3 has already been considered in [Ro91] as an
example of a non-pitchforkable Sturm attractor: pitchforkable attractors can be simplified by
a pitchfork bifurcation which reduces the number of equilibria by 2. In terms of the Sturm
permutation m, they feature three adjacent entries:

7= (.m—1 m m+1...) or

By tables 3.1, 3.2 and their simpler ancestors with N = 3,5, 7 and 9 equilibria, the self-dual
attractor 11.3%2 — 3 is in fact the first and lowest-dimensional non-pitchforkable example with
up to 11 equilibria.

4 Specifics: the planar Platonic graphs

In sections 4.1-4.5 we design Sturm attractors with the five planar Platonic graphs G as
1-skeletons C} of their connection graphs. Throughout we eliminate cases with substitution
equivalent attractors or orientation isomorphic 1-skeletons G.

Polarity is a primary feature of Sturm attractors and, more generally, of any Morse system.
This is caused by the two possible signs of any eigenfunction for any simple real eigenvalue
and, consequently, by the two asymptotic directions of any trajectory which converges to any
hyperbolic equilibrium — be it forward or backward in time, at a slower or faster exponential
rate. See for example [BrFi86].

Such polarity is not easily accomodated by Platonic polyhedra. In the following sections
we therefore present our attempts at designing planar Sturm attractors A, such that the 1-
skeletons C} of their connection graphs coincide with the five Platonic graphs. Each of these
planar graphs possesses only one plane embedding G, up to isomorphism, by the symmetries
of the Platonic solids.
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