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Abstract

In chemistry and physics, distortivity of m-systems (stabilisation of bond-alternated
structures) is an important factor in the calculation of geometric, energetic, and electronic
properties of molecules via graph theoretical methods. We use the spectra of paths and
cycles with alternating vertex and edge weights to obtain the eigenvalues and eigenvectors
for a class of linear and cyclic ladders with alternating rung and backbone edge weights.
We derive characteristic polynomials and other structural polynomials formed from the
cofactors of the characteristic matrix for these graphs. We also obtain spectra and struc-
tural polynomials for ladders with flipped weights and/or Mobius topology. In all cases,
the structural polynomials for the composite graphs are expressed in terms of products of
polynomials for graphs of half order. This form of the expressions allows global deduc-
tions about the transmission spectra of molecular devices in the graph-theoretical theory of
ballistic molecular conduction.
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1 Introduction

Our aim is to use weighting of graphs as a tool for the study of ballistic molecular conduc-
tion in undistorted and distorted molecular and extended systems. In this article we derive
the spectra and characteristic polynomials of a series of graphs that possess three common
features. The first is that they are bipartite. The second is that they possess an involution
that allows the graph to be expressed as a product of simpler graphs with known spectra.
The third feature is termed ‘distortivity’ by physical scientists. This refers to the way that
the spectrum changes with edge weights, and is of prime importance in theories of elec-
tronic structure, where molecular structures are modelled by graphs. It is well known to
physicists and chemists that extended overlapping 7-electron systems may achieve greater
stability by distorting in such a way that bond lengths alternate, and the sharing of electron
density across the 7-system is reduced. This is known in the physics literature as Peierls
distortion [13], and in the chemical literature as Jahn-Teller distortion [12]. It typically af-
fects m-electron systems in such a way as to reduce their conductivity. In order to assess the
importance of distortivity for the specific phenomenon of ballistic molecular conduction,
we need explicit characteristic polynomials and spectra for families of weighted graphs
representing molecules of chemical interest.

1.1 Graph theoretical background

The graphs in which we are interested are linear ladders, their cyclic analogues the tread-
mills, and graphs derivable from them by using (signed or zero) weights, such as linear
polyacenes and (Mdbius) cyclacenes, shown in Fig. 1. In graph theory terms, we can mimic
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Figure 1: Families of graphs treated in this paper: (a) ladders; (b) treadmills; (c) linear
polyacenes; (d) cyclic polyacenes.

geometric distortion of a molecular framework by studying weighted graphs in which edge
weights alternate [11]. Adjacency matrices of such graphs have been studied by Gover
[9] in the form of 2-Toeplitz matrices. Gover gave an explicit solution for the spectra of
2-Toeplitz matrices of odd dimension, and an implicit solution for even dimensions. These
solutions form the basis for our treatment of ladders and treadmills. Ladders (treadmills)
comprise two backbone chains (rings), that are linked by ‘rungs’. We shall alternate the
weights on the rungs, and separately on the edges comprising the two backbones, in such
a way that an involution symmetry is preserved. This symmetry element swaps vertices in
upper and lower backbone chains of the graphs and is crucial for the solution of the secu-
lar problem for distorted and undistorted systems. The use of symmetry splits the secular
matrices of the graphs into two non-interacting blocks, each of which represents a single
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path (or cycle) with alternating weighted vertices and edges. It is these backbone graphs
that possess the analytical solutions derived previously by Gover [9] and Shin [18].

An active avenue of research is exploration of the influence of molecular topology
in conduction behaviour. We therefore include certain graphs with edge weights having
flipped signs, and/or with a pair of crossed backbone edges. These flipped and crossed
graphs are sometimes called Mobius graphs [6]. The cases that we consider here have
closed-form spectra and structural polynomials that can be derived using the methodology
used for unflipped, uncrossed graphs.

1.2 Physical motivation

The physical context for the present mathematical exploration is that electronic structure
of unsaturated carbon networks is qualitatively modelled using spectral graph theory. In
particular, the basic reason for our interest in the graphs described in this paper is our
research into molecular conductivity in small molecules [14, 15] using the source-sink-
potential (SSP) method of Ernzerhof er al. [3, 4, 5, 20]. This approach uses graph theory as
a vehicle for showing important qualitative features in electron transmission for individual
molecules. Central to the SSP method is the idea of a molecular device based on a molecu-
lar graph, in which the effects of infinite attached wires are represented by two special extra
vertices, which behave respectively as a source and sink (of electrons). We have shown [14]
that electronic transmission in this model can be expressed using a basic set of polynomials
related to the molecular graph, G. These are the characteristic polynomial,

s(FE) =det(EF1— A), (1.1)
and the cofactors of the characteristic matrix,

Ipa(E) = (=1)PTdet(E1 — A)Pd = (E1 — A)_ 1s(E), (1.2)
where E is the energy of the transmitted electron, 1 is the n X n unit matrix and A is the
n X n adjacency matrix of the graph G of order n. The indices in square-brackets refer to
the sets of rows and columns deleted from the determinant of the characteristic matrix.

The eigenvalue problem,
ACk = CkE€k, (]~3)

allows us to define the n eigenvalues { e }, and the corresponding eigenvectors cj. Spectral
decomposition allows us to write

s(B) = [[(E - e, (1.4)
k=1

and spectral resolution of the inverse gives a general expression for all 3,4 (E) polynomials
in terms of eigenvectors and eigenvalues of A:

Jpq(B) = Y pkfal (1.5)

E—¢’
k=1 k

where cpi is the pth entry in the kth eigenvector, cx. In what follows we will find it
useful to switch between the two approaches, viz. calculating structural polynomials from
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determinants of characteristic matrices, or from explicit solutions of the eigenvalue problem
Eq. (1.3).

For a specific device in which vertices p and q of the molecular graph are attached to
infinite conducting wires, one needs just four polynomials, namely, s, pp, Jqq. and

Vpq.pq(E) = det(E1 — A)Pard (1.6)

to deduce an expression for the transmission, T'(E), of an incoming stream of electrons
[14]. These are all characteristic polynomials derived from vertex-deleted graphs:

s = (G, E),

t=Jpp = ¢(G —p, E),

U= Jgq = ¢(G —q, B),

V= Upgpq(E) =9(G—p—q,E), 1.7)

where ¢(G, E) is the characteristic polynomial of graph G, and the letters s, t, u, and v
refer to literature notation [14]. The formula for v, ,q can be deduced using Jacobi’s
relation [19]:

2
SUpq,pq = JppJaa — Jpq- (1.8)

For convenience, we refer to s(E), the 7,4 (E) and v(E) as structural polynomials.

We have shown [15] that molecular conduction can be thought of in two different
ways, Le. either as occurring through molecular bonds (graph edges), or through individual
molecular orbitals (eigenvectors of the graph adjacency matrix). We find that there are 11
basic categories of conduction [7, 15, 17] for molecules and that these are determined by
the eigenvector coefficients. Conduction behaviour at eigenvalues of the adjacency ma-
trix is particularly important [15]. Hence arises our interest in closed-form expressions for
spectra and structural polynomials. Spectral representations of the structural polynomials
are also informative, in that they allow elaboration of the SSP model to treat the physically
important effects of Pauli exclusion, an effect that prevents current passing through filled
orbitals. This extension of the theory is worked out in a recent paper [16].

We can summarise the key features of our approach and the main results as follows.
Explicit expressions for structural polynomials, spectra and eigenvectors of weighted paths
and cycles are obtained. These are useful in themselves for the discussion of distortivity
and conduction. We then exploit the graph-product structure of the families of ladders,
treadmills and Mobius forms to build analytical expressions for the structural polynomi-
als and spectral properties of these graphs in terms of those of the simpler graphs. This
gives compact formulas that are ultimately related to Chebyshev and similar orthogonal
polynomials. It is this ‘factorised’ form of the final expressions that gives a powerful tool
for interpretation of spectra and conduction properties of ladders, treadmills. This inter-
pretation will be used to analyse the effects of flips and twists on conduction in physically
realisable systems.

1.3 Plan

The plan of the paper is as follows. First we derive eigenvectors and eigenvalues for
weighted alternating paths (Section 2), and then derive expressions for the important struc-
tural polynomials in Section 3. These results are used to derive spectra for ladders and
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their structural polynomials in Sections 4 and 5. The spectra for alternating cycles are de-
rived in Section 6, and their structural polynomials in Section 7. Derivations of spectra and
structural polynomials of treadmills then follow in Sections 8 and 9. Section 10 introduces
important chemical graphs that can be derived from ladders and treadmills. We end with a
brief conclusion.

Our explicit treatment of cases necessarily leads to a large number of equations, but
the central results are Egs. (5.6) and (9.3), which show the generic relationships between
the structural polynomials of ladders and chains, and treadmills and cycles, respectively.
The structural polynomials for weighted chains are given in Eqgs. (3.12) and (3.13), and
weighted cycles in Egs. (7.13) and (7.14) and for flipped cycles in Egs. (7.15) and (7.16).
The blocks of equations giving the results are: Egs. (5.7) to (5.10) for ladders; Eqgs. (9.4)
and (9.5) for treadmills; Eqgs. (9.9) and (9.10) for flipped treadmills; Eqgs. (9.14) and (9.15)
for Mobius treadmills; Egs. (9.19) and (9.20) for flipped Mobius treadmills.

2 The spectra of alternating weighted paths Py;(a,b | ¢, d)

We consider paths, Pys(a,b | ¢, d), with alternating vertex weights a, b, and edge weights
¢, d. Eigenvalues and eigenvectors for such weighted paths have been deduced by Gover
[9] and Shin [18]. Gover used recursion to show that the spectrum of the odd-vertex chain,
P5p41, could be expressed in terms of two sets of polynomials. One is the Chebyshev
polynomials of the second kind, Uy . The other set of polynomials satisfy the Chebyshev
recursion relation, but with different initial values. The eigenvectors for the odd paths are
evaluated at the zeroes of the polynomial Uy . The even paths have an analogous form for
eigenvectors and eigenvalues, but one of the quantities cannot be evaluated analytically.
We discuss odd and even paths separately.

2.1 The odd path, Pon1(a,b | ¢, d)

A path, Poy11(a,b | ¢,d), with 2N +1 vertices is shown in Fig. 2. It is convenient to write

1 ¢ 2 d 3 ¢ - -« d 2N-1 ¢ 2N d 2N+1
——— o ———— o —0------- ——eo———o— o
a b a b b a b a

Figure 2: A chain, Pn41(a,b | ¢,d), with 2N + 1 vertices and alternating vertex weights
(a,b), and edge weights (c, d).

the adjacency matrix, AP, for this bipartite graph in the form

a1N+1 BP
AP = 2.1
((BP)T by ) (2.1)

where 1;, symbolises a unit matrix of dimension h, and superscript T indicates a transpose.
We place the (N + 1) odd-numbered vertices shown in Fig. 2 in the first block, and the N
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even-numbered vertices in the second. The (N + 1) x N-dimensional matrix BY is then

c 0 - 0 0
d ¢ . 0

- U I 2.2)
. '. .. .. 0
0 “.od ¢
00 -~ 0 d

In order to find the eigenvalues of the matrix A we can use the fact that the blocks on
the diagonal are invariant to any unitary transformation. Therefore, a singular value de-
composition of the off diagonal block will render the whole matrix in a form in which each
block is diagonal or pseudo-diagonal. This technique has been used [15], for example, to
provide a compact derivation of the Coulson-Rushbrooke theorem for bipartite graphs [1].
The singular value decomposition [8, Sections 2.5.3 and 2.5.6] of BP can be written as

BYXP = YPoP, (2.3)

where X¥, and Y¥ are N- and (N + 1)-dimensional orthogonal matrices, respectively.
The (N + 1) x N-dimensional rectangular matrix, ob,is “diagonal”, i.e.

o 0 0
0 of :
: o |- 2.4)
0 oN
0 0 0

and the singular values crll: > 0, have labels k. The theory of singular value decomposition
tells us further that

(BP)' BPXE =XFP(oF)?  fork=1,...,N,

BP (BY)' YF =YP(of)?  fork=1,...,N 41, (2.5)
with of > 0fork = 1,..., N, and O']P\)H_l = 0. We note that the NV x N-dimensional
positive definite tridiagonal matrix

A +d? cd 0 e 0 0
ed A+ d? cd 0
2 2 . - :
(BP)T BP _ 0 Cd c + d . . . (26)
. T t. . t. 0
0 oo+ dP cd

0 0 0 cd 2+ d?
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represents the adjacency matrix of a path of length N with equal vertex weights (c? + d?),
and equal edge weights cd, so the eigenvalues are

(0f)? = ¢® +d* + 2cd cos OF fork=1,2,..., N, 2.7)
where the angle
k
[ — 2.8
KTNF1 28)

also describes the orthonormal eigenvectors

X} = Ny sinpby, (2.9)

2
NP =/ ——. 2.1
kT VN1 (2.10)

The (N + 1) x (N + 1)-dimensional semi-definite tridiagonal matrix, on the other hand,

and the normalisation factor is

2 cd 0 0 0
cd 2+ d2 cd 0
2 2 . . :
BP(BP)T: 0 cd c+d . . s @211
: . . .. . 0
0 oA+ d? cd
0 0 0 cd d>

has no such simple expressions for its eigenvectors, but they can be derived directly from
the singular value decomposition. We can use Eq. (2.3) to deduce that

1
vh = p (XD +dX} 1))  forkp=1.2...

.N. 2.12)

We note from Eq. (2.9) that p = 0 implies XOPk =0,and p = N + 1, implies XIF\’,JFLk =0.
The nullspace vector is

Yo ne1 = Nip (=1)P 7 e taN et (2.13)

where the normalisation factor is

b P2 _ 2
Ny =\ @res —anrs (2.14)
We define the (2N + 1)-dimensional orthogonal matrix
YF o
P _
WP = ( 0 Xp> , (2.15)

which gives

P\T pPwP
wP) T APWE = aln 1 (Y") B"X") 2.16
W (e 210
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The off-diagonal blocks in Eq. (2.16) simplify because
(YP)'BPXP = 6P, 2.17)

where o is given in Eq. (2.4). It is evident that each block of (WT') T APWP s diagonal,
so that it comprises N two-dimensional interacting blocks of the form

P
a o
(05 / ) (2.18)

and a single one-dimensional block with eigenvalue a. The two-dimensional blocks give
2N eigenvalues

1 1
Efi:§(a+b)i§D11: fork=1,2,...,N (2.19)

with discriminant

Dy = \/(a —b)2+4(cf)2 = \/(a —b)2+4(c2 +d? +2cdcosOF). (2.20)

The eigenvectors arising from these two-dimensional blocks can be written as

P 011?
Nyt (Eil _ a) ; (2.21)

where the normalisation constants are

1 1
N = [— d N = [ — - 2.22
177 Uy N (7 R 222

We can write the 2N + 1 eigenvectors of A in the form ¢, fork = 1,2,..., N, and
ck, +1» the latter arising from the extra null space eigenvector in the singular value de-
composition. Using expression (2.12) for Y¥, we obtain expressions for the eigenvector
coefficients

P _ AP P P
Cop .kt = Niy (Eki - a) kaa

CQPp—l,ki = Nt (Cng + dX]]))—l,k) . (2.23)

There is, in addition, a single eigenvalue arising from the one-dimensional block, and cor-
responding to the null-space eigenvector in the Y subspace, that is of the form

EJP\’,+1 = q. (2.24)
The corresponding eigenvector has coefficients

P
Cop,N+1 — 0,
Chp—1,n4+1 = Nipr (1P P taN et (2.25)
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2.2 The even path, P>n(a,b | ¢, d)

The adjacency matrix for the bipartite graph, Py (a,b | ¢, d), can be written as

P _ alN BP
A _<(BP)T b1N>’ (2.26)

using the same numbering scheme for vertices as that shown in Fig. 2. The adjacency
matrix is identical to Eq. (2.1), but with one row missing, so that Bf isa square N X N
matrix.

We again use singular decomposition [8, Sections 2.5.3 and 2.5.6] of BF as shown in
Eq. (2.3), where X* and YT are both N-dimensional orthogonal matrices. We note that
the N x N-dimensional positive definite tridiagonal matrix has the form

2+ d? cd 0 0 0
cd A2+ d? cd 0
2 2 . .. :
(BP)TBP _ 0 cd c“+d . . a 2.27)
: .. .. . .. 0
0 o+ od
0 0 0 cd c?

We introduce an Ansatz for the eigenvectors of the matrix in Eq. (2.27) as
X} = Ny sinpby, (2.28)

where N} is a normalization factor, and 6} is an angle yet to be determined. Examining
T . o
the first row of (BY)” BPXPF, leaving out the normalisation factor, we find

(¢ + d?)sinOF + cdsin 20F = oF > sin 6F (2.29)
and expanding sin 26F, we obtain an expression for the eigenvalue as
(00)? = ® 4 d® + 2cd cos OF (2.30)
which should be compared with Eq. (2.7). Likewise, for row p,
cdsin (p — )0 + (c* + d?)sinpbf + cdsin (p +1)0F = 052 sin pby . (2.31)

Noting that
sin (p — 1)0f + sin (p 4 1)0f = 2sin pb cos O}, (2.32)

it is easy to see that the eigenvalue equations are satisfied for rows p = 2 up torow N — 1
using the expression Eq. (2.30) for the eigenvalue. However, the Nth equation is

cdsin (N — 1)0F + c*sin NOF = o} % sin N} . (2.33)
In order to ensure that this equation be satisfied, we would need to add a factor

d?sin NOL + edsin (N + 1)0f (2.34)
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to the left-hand side. Dividing by sin 6} , it follows that we require a condition on 6}, such
that
cUn(cosOF) + dUn_1(cos6F) = 0 for — 7w < 6F <. (2.35)

Eq. (2.35) is a polynomial of order N in the variable cos 6, and has N solutions that fully
determine the spectrum.
The norm of the eigenvectors is obtained from

N ) , N
(xX5)" = (VF) ZsinQ poY
p=1 p=1
21 _sin(2N+1)9£}
= (V) 4 {ZN 1 sin OF
_, (2.36)

where we use a well-known trigonometrical summation [10]. This simplifies to
2

\/2N + 1 — Uan(cos6F)

NF (2.37)

which has been expressed in terms of the Chebyshev polynomial of the second kind,

sin(2N +1)0
sin 6 ’

Uan(cos ) =

The N x N-dimensional semi-definite tridiagonal matrix BY (BP) , has eigenvectors Y¥
that can be derived directly from the singular value decomposition as

NP
Ypfl)( =k e sin pff + dsin (p — 1) 95} . (2.38)
Ok

The expression for the eigenvalues,

1 1
E}:i:§(a+b)i§DE fork=1,2,..., N, (2.39)
where
DY = \/(a —b)2 4 4(c? + d? + 2cd cos 6Y), (2.40)

is identical to that for the odd path (Eq. (2.19)), apart from the difference in angle 95 . The
eigenvector entries are

ot = Nt (B — a) Xy,
Chp1at = New (eXp +dX] ). (2.41)

We note that the expressions for eigenvalues and eigenvectors of odd and even paths are
substantially the same for the pairs Ef 4. The odd path has an extra eigenvector arising

from the null space of B (B )T. The expression for the angle 6F, however, is different in
the two cases (c.f: Egs. (2.8) and (2.35)), as are the normalisation factors (c.f. Egs. (2.10)
and (2.37)). The angle 011: is the sole quantity that cannot be determined in closed form for
the even chain. For some values of the edge weights c, d, the angle f may be equal to +.
Such cases must be treated separately as the expressions for the norm (2.37) and for the
eigenvector entries in Eq. (2.41) vanish, but this is not difficult.
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3 Structural polynomials of alternating paths

The characteristic polynomials for alternating paths can be written

s(Pany1(a,b| e, d), E HE EE)(E - EL),

N
s(Pan(ab | c,d), E) = [[(E - BEL)(E - BL). 3.1
k=1

We can combine these factors in pairs as
(E-EL) (E-E; )= (E—a)(E—b)—c*—d®—2cdcosb, (3.2)

and using the product expression for the Chebyshev function of the second kind,

N
Un(z) =[] <2z — 2cos Nki 1) , (3.3)

k=1

it can be shown that the ‘half-chain’ expression for the odd path is

s(Poni1(a,b ] ¢, d), E) = (E — a)(cd)" Uy (),
(3.4)

with ) )
CC:(E—a)(E—b)—(c —|—d). 35)
2cd

The expression in Eq. (3.3) cannot be used for even paths because of the more complicated
formula for the angle, 95 . It has been shown by Gover [9], however, that the even chain
has a related ‘half-chain’ form

s(Pon(a,b | c,d), E) = d(cd)N U (x;¢,d) , (3.6)

where _
Un(z;¢,d) = cUn (x) + dUn_1(x). 3.7)

We can derive an expression in terms of Chebyshev polynomials for the full chain by using
the standard formula

Usnii1(2) = 22Un (227 — 1) (3.8)
which, when applied to Egs. (3.4) and (3.6) gives
d)N(E —
s(Pava(ad | e, B) = C B0 )
d(cd)N—1
s(Pan(a,b] c,d), E) = RET (cUsn+1(y) + dUan—1(y)), (3.9)

where, comparing Eqs. (3.4), (3.6) and (3.8) gives

ym [EZIE D —dF 510,
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In the case of a non-alternating linear chain, with @ = b and ¢ = d, Eqgs. (3.9) simplify to

F—
s (Pan1(a,a | e c), E) = AN Uyn < a) ;

2c
2N+ E—a E—ua
s(Pan(a,alcc),E) = T4 <U2N+1 ( e ) + Usn-1 ( 7 ))
= ANy (E_“), G.11)
2c

where we have used the Chebyshev recursion relations in the last step.

Closed-form expressions for the other structural polynomials can be derived using the
explicit inverse for 2-Toeplitz matrices derived by da Fonseca and Petronilho [2], and using
Egs. (1.1) and (1.2). Making the necessary translation of notation, we find that for paths of
order 2N + 1 and assuming that p < q,

cd)NTHE — a)?Up_1(2)Un—_qo(),

ed)N Up,l(;v;c,d)l}NH,q(a:;d,c),

N=YE — a)Up_1(2)Un_q(z;d, ),
cd)NHE — a)Uy_1 (z;¢,d)Un_qo(2).  (3.12)

J2p,2q (Pan+1(a,b | ¢, d),
(Panyy1(a,b] e, d),
( (a,b]c,d)
( )

J2p—1,2q—1

J2p,2q+1 (Pan41

E)=
E)=
E) =
J2p—1,2q (Pany1(a,b | ¢, d), E) =

The expressions for 2/N-vertex paths, again assuming that p < q, are

J2p.2q (Pan(a,b | ¢,d), B) = d(cd)N "2(E — a)Uy_1 (2)Un_q(2; ¢, d),
Jap-1.2q-1 (Pan(a,b | ¢,d), B) = d(cd)N "2(E — b)Uy_1 (5 ¢, d)Un o (),
J2p2q+1 (Pan(a,b ] ¢,d), E) = d(cd)¥*(E — a)(E — 0)Up-1(2)Un—q-1(2),
Jap—1.2q (Pan(a,b | ¢,d), B) = d(cd)N 72U, (z; ¢, d)Un_q(; ¢, d). (3.13)

For cases where q < p, one needs to swap indices p and q in Egs. (3.12) and (3.13).

4 Alternating ladders L2y, (a, b | ¢, d)

1 ¢ 2 d 3 ¢ - o d M2 ¢ M-1d M
a b a b b a b a
T ¢ 2 d3 ¢ - v d M2 ¢ M-1d M

Figure 3: A linear ladder, Laps(a,b | ¢,d), with 2M vertices and alternating rung (a, b)
and riser weights (c, d).

The 2M-vertex linear ladder, Loys(a,b | ¢, d), has two alternating M -vertex paths
(1,2,...,M) and (1,2,..., M) joined by rungs between like-numbered vertices, (p,P),
with alternating weights as displayed in Fig. 3. The quantities (a, b) are, in this case, rung
weights, and (e, d) are edge weights for the two riser chains.
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The ladder has an involution involving simultaneous exchange of all vertices attached to
the ends of the rungs. This involution can be exhibited by arranging the adjacency matrix
so that the vertices are first put into 2 x 2 blocks with vertices 1 to M of the first path
followed by vertices 1 to M of the lower path. Next, odd vertices 1,3, ... are placed in a
block together, and then the even vertices, 2,4, . ... The same procedure is adopted for the
lower path. We now have a 4 x 4 blocked adjacency matrix in the form:

0 BY a1 0
B 0o 0o n

al 0 0 BY |’

o o (BY)' o

“4.1

where BF is the same matrix as in Eq. (2.2). This matrix can be block-diagonalised by an
orthogonal transformation of the form

ilM ilM
V2 V2 (4.2)
11, —17 :

V2 M V2 M

where the blocks are over all M vertices of top and bottom paths. This transformation leads
to the adjacency matrix

al BF 0 0
B 1 o 0| (A" 0 w3
0 0 —al BF |~ \ o AP/’ :

o o (B -m

in which AF is the adjacency matrix of Pys(a,b | c,d) as in Eq. (2.1), and AY is the
adjacency matrix of Py;(—a,—b | ¢,d), the path with vertex weights of opposite sign.
It follows that we can use the results of Section 2 to derive expressions for all relevant
quantities. The eigenvalues for Lo, are thus

L P
EL = EY,
EM =EF  forp=1,2,... M, (4.4)

where E}f is an index ranging over the eigenvalues of the path Py (a, blc, d) as given by
Eq. (2.39), or (2.19) and (2.24), depending on whether M is even or odd. The eigenfunc-
tions can be written using the vector ¢ using Eq. (2.23) as

P P
Lo Ten L= The
LN by V2’
P P
L _ Spu (N
Cpﬂ = ﬁ’ Cf)ﬂ = —% (45)
where the index, u = 1,2,..., M, labels the eigenvectors in each of the symmetric and

antisymmetric blocks, labelled p and ji, respectively.
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5 Structural polynomials of alternating ladders

The characteristic polynomial, s™* (E), can be derived directly from the expressions in
Section 3 to give

glan — dQ(cd)2N*2(7N (z;¢,d) ﬁN (Z;¢,d),
stav+z — (B2 — %) (cd)*N Uy (2) Uy (), (CRY

where we use x defined in Eq. (3.5) along with the antisymmetric analogue

(E—i—a)(E—l—b)—cQ—dz.

= _ 2
v 2cd (5:2)
We can also use the results of Section 3 to write
d2
shan = @(Cd)2N_2 (cUan+1(y) + dUzan-1(y)) (cUan+1(y) + dU2n-1(Y))
E2 _ (l2
shaves = (Llw)(Cd)2NU2N+1(y)U2N+1(y)7 (5:3)
in which we use
_ (E+4a)(E+0b)— (c—d)?
= 5.4
\/ ded ’ S

along with the definition of y in Eq. (3.10). The characteristic polynomials for the ladder,
therefore, are written in Egs. (5.1) and (5.3) as products of characteristic polynomials for
the part systems Pys(a, b | ¢,d) and Py (—a, —b | ¢, d).

We can easily deduce the forms of the j,, structural polynomials, since, using the
spectral expansion of the structural polynomials in Eq. (1.5),

1L PP s
gt = (B1— ALt (B) = 5 > {Ep“ et ?E‘;} sH(B). (55
n=1 H i
It follows immediately that,
1 _ _
s = 5 {alB)s® (B) + 5P (B)E,(B) 56)

which also exhibits a simple structure in terms of Pys(a,b | ¢,d) and Pys(—a, —b | ¢,d).

The structural polynomials for Lyn2(a, b | ¢, d), expressed in terms of the half-ladder,
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where both vertices are on the same backbone path, and assuming p < g, are

E? — 4?2

Lini2
2p,2q

(cd)* " {(B = a)Up-1(2)Un—q(2)Un (2)
(B + a)Un () Up-1(B)Un—q(3) |,
T = %(cd)”*1 {(E +a)Up-1(w; ¢, d)Uns1-q(25d, ¢)Un (T)

+ (B — a)Un (2)Up—1(F; ¢, d)Un11—q (73 d, c)} ,

AN+42 E2 - CL2 —
Prsiin = = (ed)™ {1 (@) Ty (w34, ) U (2)
+ Un(x)Up-1(Z Uqudc}
. ) E2 _ a2 3
Ity = = (ed)N T { s (@ 0, d)Un—o (2)Un (2)
+ Un(2)Uy1(F; ¢, d)Un—q } (5.7)

If p > q, then the indices p and q are swapped on the right-hand side of Eq. (5.7). For
vertices on different backbone chains, and assuming again p < q,

égggQ = E ;a (cd)ZNfl{(E — a)Up—1(2)Up—q(2)Un(Z)
(B + a)Un (2)Up-1(2)Un—q(2)},
JZJINTZ?Q 1= ;(Cd)QN ' {(E + a)ﬁp_l(x;c, d)ﬁN+1_q(x;d, c)Un(Z)

— (B = a)Ux (@)Tp1 (3 0, d)Ox 1 (33, ) }

E-° — ~
Pty = T (ed) N { U1 (@) Un—q (a3 . )Un (2)
~ UN(@)Up1(2)Un o3 d,) },
Lan+2 E? —a? 2N—1 =
b =~ ()™ T { Uy (w5, ) Un— (@) Un ()
— Un (@)1 (@ 0, d)Un ()} (5.8)

If p > q, then the indices p and q are swapped on the right-hand side of Eq. (5.8). Com-
paring Egs. (5.7) and (5.8), we observe a sign change in the expressions that arises from
the sign patterns of the antisymmetric functions in Eq. (4.5).

The structural polynomials, expressed in terms of the half-ladder for Lyn(a,b | ¢, d),
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where both vertices are on the same backbone path and p < q, are

15Ny = *dQ(Cd)QNf‘S {(E — a)Up—1(2)Un—q(z; ¢, d)Un (; ¢, d)

+ (E+a)l7N(x;c,d)U L (Z)Tn—q(T; ¢, d) }
PN it = d2 cd)?N - 3{ Uy (@ ¢, d)Un—q(2)Un (F; ¢, d)
+ (B + 0) Uy (x5 ¢, )Ty (T ¢, d)Un—q }
P = 5@ ()™ (B = a)(E = b)Up-1(2)Un—q-1(2)Un (&5 c.d)
+(E + a)(E + b)x (@5 ¢, ) Up 1 (2)Un—q-1(2) },

P12 = 5 (e { Ty (s, ), ) (33, )
+ Un(z; e, d)Up_y (T ¢, d)Un—qo(T; d)} . (5.9)

If p > q, p and q are swapped on the RHS of Eq. (5.9). For vertices on different backbone
paths and p < q,

JQL{,‘% - 7d2 cd) 2N — 3{ )UN q(x c, d)UN(JJ,C, d)

(E+a)UN(xcd)U 1(Z Uqucd}
P31 201 = d2 cd)*~ 3{ Up-1(@; ¢, d)Un—q(@)Un (2; ¢, d)
— (B +b)Un(z;¢,d)Tp_1 (7 ¢, d)Un—_qf }

+

2N 3
sz,2q+1

—(E

— B)Up1(2)Un—q1(2)Un (T3 ¢, d)
a)(E + )0y (w3 ¢, d)Up 1 (2)Un—q-1(2) },
JszféV 1,2q — 7d2(6d)2N73 {fjp—l(x; & d)ﬁN—q(x7 ¢, d)ﬁN(ja & d)
= Un(@se,d)Upa (@6, )Un—g(#:c,d) . (5.10)

which exhibit the same sign change as in Eq. (5.8) for L4y 42 ladder. If p > q, then p and
q are swapped on the RHS of Eq. (5.10).

6 Alternating cycles

We restrict our attention to even cycles with alternating weights. We consider separately
the standard cycle, Can (a,b | ¢, d), and the flipped cycle, C{N(a, b|e,d).

6.1 Alternating cycles, Can(a,b | ¢, d)

The 2N -vertex cycle, Con(a,b | ¢, d), has alternating weights as displayed in Fig. 4. The
quantities (a, b) are in this case vertex weights, and (c, d) are edge weights. It is convenient
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Figure 4: A ring, Can(a,b | ¢,d), with 2N vertices and alternating vertex weights (a, b)
and edge weights (¢, d).

to write the adjacency matrix for this bipartite graph as

c_ alN E;C
o —-(ayﬁT b1N>’ 6.1)

where we have placed the N odd-numbered vertices in the first block, and the /N even-
numbered vertices in the second. The N x N matrix B is

c 0 -+ 0 d
d ¢ . 0
BC= |, : (6.2)
0o -~ 0 d c
BC is the adjacency matrix of a directed, weighted N-cycle. It is easy to show that
B¢XC = X°Q°, (6.3)
where .
Qo = dao (e +d(w®) ), (6:4)
with
2m
C
= - ). 6.5
o (%) os
The kth eigenvector has entries
1 2mikp
X5 = T P (N) forp,k=1,2,...,N. (6.6)

We use Eq. (6.6) to define the 2/V-dimensional unitary matrix

C
W = (% )?C) 6.7)
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so that

(6.8)

CtRCxC
WTACW:< aly X BX>,

X (BY)'XC by
where the  sign denotes the Hermitian conjugate. This transformation achieves a block
diagonalization comprising N two-dimensional blocks of the form

a c+d(w®)7k
<C+ d(wC)k b ) (6.9)
each with eigenvalues
C 1 [e

Ekizg(a+b)i§Dk fork=1,..., N, (6.10)

where the discriminant is

2mk

Df = \/(ab)2+4<02+d2+2cdcos (;)) (6.11)

The eigenvectors can be written as entries in the vector c:
¢ C yvC (;C
Cop—1,k+ — Nk:I:ka (Ek:t - b) )
C C C ¢
Cop it = N (e Xpie +dX 4y 1) (6.12)

The normalisation constants are

c _ 1 c _ | 1
N = ols (Ekc+ - b) and Ny = ols (b - Elg) (6.13)

6.2 Flipped alternating cycles, C’Zf ~(a,b|c,d)

The 2N -vertex cycle, C’{ ~ (@, b ] ¢, d), has alternating weights as displayed in Fig. 4, except
that a single weight has a changed sign; without loss of generality, we shall flip the (1, 2NV)
edge. It is convenient to write the adjacency matrix as

¥ (Z].N Bcf
AC = o\ T , (6.14)
(B ) by

in the same manner as in Section 6. The N-dimensional matrix B is hence defined by

c 0 -+ 0 —d
d ¢ . 0
g/ — [0 ] (6.15)
. '. ‘. .. 0
0 d c
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Proceeding as before,

BY' X% = x¢ ¢, (6.16)
where , ,
QS = 0kK' (¢ + d(wC" )~ 1), (6.17)
with ; o
¢
= — 6.18
o =ewp () (6.18)
and the eigenfunctions are
£ 1 w(2k — 1)p
X5 :\/Nexp{(N)} forp,k=1,2,...,N. (6.19)
The derivation proceeds exactly as for the simple cycle. The eigenvalues are
of 1 1 s
Ek:tzi(a+b):l:§Dk f()rk:].,,N (620)

and the discriminant is

DEf = \/(a —b)2+4 <02 + d? + 2¢d cos (7r(21;\7—1)>> (6.21)

The eigenvectors are written as entries in the vector c©/ as

f F oot ’
Cgp—Lki = NkCngk (Elgi - b) )
! f ! !
CQCp,k:I: = Nl?:l:(Cng +ngﬂ,k)’ (6.22)

which is the analogue of Eq. (6.12), and the normalisation constants are

1 f 1
ch = |—— and N = | ——— 6.23
S\ DT (ET ) ooy ¥

7 Structural polynomials of alternating cycles

We derive expressions for the structural polynomials of even cycles and flipped cycles in
this section. The characteristic polynomial, s“2~ (E), for the graph Con(a, b | ¢, d) is

N
s = T (B = B )(B - BE)
k=1
N
— H ((Ea)(Eb)cdeQCdcos2]7\rlk>. (7.1)
k=1

Expressing the cosine in terms of the half-angle, we find that

$Can — (4cd)Nﬁ ((E—a)(E—b)—(c_d)2 e 27rk>

o ded 2N
2N
2rk
= (4cd)N —cos —— 2
(4ed) H{y cos QN} (7.2)
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where y is defined in Eq. (3.10). We use the well-known relation

N

2N (z) — 2 = H <2z — 2cos 2]7:[1{) , (7.3)

k=1
where the Chebyshev polynomial of the first kind is
Tn(cos ) = cos(nd).

‘We conclude that
59N = 2(cd)N {Ton (y) — 1} . (7.4)

We can also derive a formula for the half ring by using Eq. (7.4) in conjunction with the
standard formula

Ton(z) = Tn (22° - 1), (7.5)
to give

59N = 2(cd)N (T (z) — 1), (7.6)

where we have used the definition of = in Eq. (3.5).
The characteristic polynomial, sCin (E), for the graph C’g yla,bled)is

N

O = [[(B - ES)(E - BY) = ﬁ 2edz? — 2edcos T2~ )
= Tt ) = cdx cd cos N . 7.7

k=1 k=1

Expressing the cosine in terms of the half-angle, we find that

N
sciw—<4cd>Ng<y2—cos27“22i‘];”> e Ty )Ty (=), (8)

where we have used y as in Eq. (3.10), and the well-known relation

z)=2N~ 1H{z—cos( (2;\7 D)}. (7.9)

2T%(2) = Ton(z) + 1 (7.10)
and the parity of the Chebychev polynomials gives the final ‘full-ring’ expression

The product formula

sOI = 2(cd)N (Tan(y) +1). (7.11)
We can also derive a formula for the half ring using the transformation in Eq. (7.5), to give
sCin = 2(cd)N (T (z) +1). (7.12)

The remaining structural polynomials can be deduced using the fact that removal of
a vertex from a cycle gives rise to a path, and we have already derived the characteristic
polynomials of even and odd vertex paths in Section 3. There are two kinds of vertex in
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our alternating cycles, odd-numbered vertices with weight a, and even-numbered vertices
with weight b. When one of these vertices is removed we create a path of length 2N — 1.
The equations for the diagonal parts of 7,4 for Caon(a,b | ¢, d) are:

Jopsp = (cd)VHE — a)Un-a (2),
952 apar = (cd)NTHE = b)Un_1(2). (7.13)
The formulae for the off-diagonal j polynomials can be deduced using Eq. (1.6), and by

noting that if we remove a second vertex, then we form two (or possibly one) paths. This
requires some trivial but lengthy trigonometry. The results are

$533pr2q = (B = )(ed)N " {Un—q1(@) + Uy (@)}

35511,2p+2q+1 =(E - b)(Cd)N_l {Uqufl(x) + Uq,l(x)} )
chgfl,2p+2q+2 = (Cd)Nfl {ﬁqufl(% c,d) + ﬁq(% d, 0)} . (7.14)
Note that the formulae do not depend upon p, but only upon g, the offset along the ring. The
results for the flipped cycle can be calculated in the same manner. The diagonal j quantities

are identical to those for the cycle. This is because the deletion of a vertex creates a chain,
and flipped edges can be removed from a tree using an orthogonal transformation. Hence,

f
Con

-72p,2p = (Cd)Nil(E - a)UN—1($)a
O = (cd)N"YE - b)U 7.15
J2p+1,2p+1 (cd) ( JUN-1(7), (7.15)
and further
c _
I2e3pr2q = (B —a)(cd)N " {Uy_q-1(2) — Uq-1(2)},
cly _
J2p+1,2p+2q+1 — (B — b)(Cd)N ! {Un—q-1(2) = Uq—1(2)},
CgN - r7 rr
Ioet ap2qre = (cd)¥ {Uqufl(%Ca d) — Uq(z; d, C)}~ (7.16)

The changes in sign between Eqgs. (7.14) and (7.16) arise because of the sign change be-
tween Eqgs. (7.6) and (7.12).

8 Alternating treadmills

Treadmills are cyclic ladders. We consider a 4 N-vertex treadmill, Ty (a,b | ¢, d), with
rung edge weights (a, b), and backbone weights (c, d) displayed in Fig. 5. We shall also
consider a related treadmill, namely the ‘flipped’ treadmill, TZ ~y(a,b | ¢, d), which has
a pair of symmetrically related backbone edges with weights having a changed sign. We
also include in our discussion the Mobius treadmill, T, (a,b | ¢, d), which has a pair of
crossed edges connecting top and bottom rings. There is also the flipped M&bius treadmill,
Téf\/f\,f (a,b | ¢,d), which has a pair of crossed bottom and top edges with weights having a
changed sign. All of these treadmills possess the same involution symmetry, and hence can
be treated in the same way.
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¢c 2Nd 1 ¢ 2 d 3 ¢ 4 - 2N-2 d 2N-1 ¢

¢ 2Nd 1 ¢ 2 d 3 ¢ 4 - 2N2 d2N-1 ¢

Figure 5: A treadmill, Tyn(a,b | ¢,d), with 4N vertices and alternating rung (a,b) and
ring edge weights (¢, d).

8.1 The treadmill Tyn(a, b | ¢, d)

This system has an involution symmetry based upon exchange of vertices attached to the
ends of rungs. The methodology proceeds in exactly the same way as for the ladder exam-
ple in Section 4. Hence, the 4 x 4 blocks of vertices (top ring odd, top ring even, bottom
ring odd, and bottom ring even) produce the adjacency matrix

0 B¢ a1l 0
B)" o 0o n

a1 0 0 BC|’

o b (B o

8.1)

where BC is the same matrix as in Eq. (6.2). This matrix can be block-diagonalised by an
orthogonal transformation of the form

1 1
?1” ?1” . (8.2)
ﬁlzN —ﬁlmv

The adjacency matrix after the transformation is:

al B¢ 0 0
BT 1 0 0| (A° o 63
0 0 —al1 BC| o AC)’ :

o o (B9 -n

in which AC is the adjacency matrix of Can(a,b | ¢,d) as shown in Eq. (6.1), and A©
is the adjacency matrix of Con(—a, —b | ¢, d), the ring with vertex weights of opposite
sign. It follows that we can use the results of Section 6 to derive expressions for all relevant
quantities. The eigenvalues for Ty (a,b | ¢, d) are therefore

T(s
Eki( ) = EE:N:’

BN = ES, fork=1,2,...,N, (8.4)

where E° is the expression given in Eq. (6.10) for the eigenvalues of the cycle C> ~(a,b]
¢, d), and E© refers to the eigenvalues of the cycle Con (—a, —b | ¢, d) with reversed vertex
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weights. The eigenvectors for the treadmill can be placed in a vector ¢, with entries

TGs) . T(s) 1 ¢

Cok+t —  Cpkt — ﬁcpk:tﬂ

T(a T(a 1 C
cplgi) — _&pg — ﬁcpki, (8.5)

where the superscripts (s), and (a) indicate the symmetric and antisymmetric eigenvectors,
respectively.

8.2 Flipped treadmills, TI ~(a,b|c,d)

Flipped treadmills can be obtained by simply changing the sign of a pair of symmetrically
positioned edges on the top and bottom rings. We shall take edges (1,2N) and (1,2N) to
have weights —d, without loss of generality, since a series of orthogonal transformations
can move the flipped pair of edges to any position around the rings. We use the same
diagonalization methodology as for the standard treadmill, whence the adjacency matrix is

a1 BY 0 0
AN
(BC") b1 0 o | /(A o
0 0 —a1 BY| \ o A”)’ (®0
¥ T
0 0 (BC) b1

where the matrix BY” is shown in Eq. (6.15), A®” is the adjacency matrix of CJ (a,b |
¢,d) as shown in Eq. (6.14), and AT is the adjacency matrix of CgN(—a, —b | ¢,d), the
ring with vertex weights of opposite sign. The eigenvalues for T4f ~(a,b| ¢, d) are thus

TS (s f

Eki( ) = Ekci7

; .
Egi(a) ZEEif fork=1,2,...,N, (8.7)

where EC/, given in Eq. (6.20), is an eigenvalue of CJ (a,b | ¢, d), and Ekaﬂi is an eigen-
value of C{N(—a, —b| ¢, d).
The eigenfunction entries can be written as

) e L o
Cokt = Gkt — Ecpki7
T (a T (a 1 &r
Cpkj(: = _&pk:f: = \ﬁcgkf (8.8)
with 2N eigenvectors in the symmetric and the antisymmetric blocks (i.e. k = 1,2,..., N).

8.3 Madbius treadmills, TM; (a, b | ¢, d)

The Mobius treadmill has the same involution symmetry as the other treadmills defined
in Section 8. Using the treadmill block diagonalisation procedure, the adjacency matrix
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¢ 2N 1 ¢ 2 d 3 ¢ 4 - 2N-2 d 2N-1 ¢

b a b a b b a

¢ 2N 1 ¢ 2 d 3 ¢ 4 - 2N2d2N-1 ¢

Figure 6: A Mobius treadmill, T (a, b | ¢, d), with 4N vertices and alternating rung (a, b)
and ring edge weights (c, d).

becomes
al B¢ 0 0
(B b1 0 0 AC 0
0 0 —a1 BY | =\ o AT ) (8.9)

0 0 (Bcf)T b1

which has the structure of Cayn (a,b | ¢, d) in the top block, and C’gN(—a, —b | ¢,d) in the
lower one. The eigenvalues for T} (a, b | ¢, d) are thus

™ (s
Ek:t © = El?i»

EL@ =S fork=1,2,... N (8.10)
The eigenfunction entries can be written as

TM(s) TM(s) 1

e,
Cok+ = Cpkt = \ﬁcpki’
T (a) ™@ _ 1 &
T @ = L = 5 (8.11)

with 2N eigenvectors in the symmetric and the antisymmetric blocks.

8.4 Flipped Mobius treadmills, T (a, b | ¢, d)

The block diagonalisation procedure gives the adjacency matrix

T
al (Bcf) 0 0
BT 1 0 o |- (AT o (8.12)
0 0 —a1 BC 0 AY)’
0 o (B9 -u

which has the structure of CgN(a7 b | ¢,d) in the top block, and Can (—a, —b | ¢, d) in the
lower. The eigenfunction entries, in this case, are

™) M) 1 o
Cok+ =  Cpkt _ﬁcpkﬂ:v
f f 1 =
L L R (8.13)

pk+ Pkt = ﬁcpkﬂ:‘
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9 Structural polynomials of alternating treadmills

The characteristic polynomial, s7*~ (E), can be written immediately because we have
been able to split the secular equations into two annulene terms, Caon(a,b | ¢, d) and
Con(—a,—b]| ¢,d), to give

sTv = 5(Cyn(a,b | ¢, d), E)s(Con(—a, —b | ¢,d), E)
= 4(cd)*™ (In(2) = 1) (T () - 1), ©.1)
with x and Z defined in Eqgs. (3.5) and (5.2). We can also write
sTW = 4(cd)*™ (Ton (y) — 1) (Ton (y) — 1) 9.2)

with y and ¥ defined in Eqs. (3.10) and (5.4). The factoring of the secular problem for the
treadmill allows the characteristic polynomials to be written as a product of the character-
istic polynomials of Caon(a,b | ¢,d) and Con(—a, —b | ¢, d).
The other structural polynomials can be obtained using the same logic as in Section 5,
jgéN =5 (](CQN(G/7 b | ¢ d)7 E)S(CQN(_G7 =b ‘ ¢, d)» E)
+ s(CgN(a, b|ec,d),E))(Can(—a,—b]c,d), E)). 9.3)
It follows that, for pairs of indices on the same ring,
Jopbpraq = (cd)?N {( — ) [Un—q-1(2) + Uq1(2)] [T (Z) — 1]
] I}
Tan _ 2N—1 _
J2p+1,2p+2q+1 — (cd) {(E =0) [UN—q-1(%) + Ug—1(2)] [Tn(T) — 1]
] ]

+ (E+a) [UN—q-1(Z) + Uq1(2)] [T (z) = 1]},
ot aproqre = (€d)?NTHUn—q-1(2) + Uq(@)] [Tn (2) — 1]
+ [Un—q-1(2) + Uqg(@)] [T (z) — 1]}, 9.4)

and for pairs of indices on different rings,

Iopbpizg = (€)M TH(E — ) [Un—q-1(2) + Ug-1(2)] [Tn (2) — 1]

— (E+ ) [Un—q-1(2) + Uq1(2)] [Tn (z) — 1]},
a1 aproqer = (€d)*N TH(E =) [Un—q-1(2) + U1 ()] [T (7) — 1]
— (E+ ) [Un—q-1(%) + Uq1(2)] [T (z) — 1]},
]2p+1 254+2G+2 (Cd)2N 1{[UN a-1(z) + Uq(2)] [Tn (7) — 1]
— [Un-q-1(%) + Uy ()] [T (2) — 1]}, 9.5)

where we observe the expected sign change arising from the antisymmetry.

9.1 Structural polynomials of T}y, (a, b | ¢, d)

. . s . . .
The characteristic polynomial, s7i~ (E), can be written immediately as we have been able
to split the secular equations into contributions from two flipped annulenes, C'2f Ny(a,b]ed)
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and C’QfN(—a7 —b| ¢, d), to give
sTin = s(Cly(a,b | ¢, d), E)s(Cly(—a,—b | c,d), E)
= 4(cd)*™ (T (z) +1) (Tn (2) + 1), (9.6)

with x and z defined in Egs. (3.5) and (5.2). We can also write a product form

sTin = 4(cd)?N (Ton(y) + 1) (Ton () + 1) 9.7)

with y and g defined in Eqs. (3.10) and (5.4).
The 7 structural polynomials can be obtained using the same logic as in Section 5:

rfy _ 1
=5 (](C{N(a,b | ¢,d), E)s(Cly(—a,~b] ¢,d), E)

+8(Cly(ab] e, d), B))(Chy(—a,~b] c, d)7E)) , 9.8)

so that, for indices on the same ring,

T o = (cd)N (B — ) [Un—q1(2) — Ug 1 ()] [T (2) + 1
]

+ (B +a) [UN—q-1(2) = Ug1 ()] [T ()

+1
Jgfifil,zwzqﬂ = (cd)*M (B = b) [Un—q-1(2) = Ug—1(2)] [T (%) + 1]
+ (E+0a) [UN—q-1(%) = Ug-1(2)] [Tn(z) + 1]},
Jgpf-H 2p+2q+2 = (Cd)QN ' {lUN-q-1(2) = Uq(2)] [ITn(z) + 1]
+ [Un—q-1(Z) = Ug(2)] [T (x) + 1]}, 9.9)
and, for indices on different rings,
szf boroq = (cd)*N TH(E = a) [Un—q-1(2) = Ugr(2)] [T () + 1]

— (E+b)[UN—q1(T) - Uq 1(@)] [Ty (x) + 1]},

J2Tél-sv-1,25+2a+1 = (Cd)QNi1 {(E=b)[Un_—gq-1(x) = Ug—1(2)] [Tn(Z) + 1]
(E 4 ) [Un—qer(F) — Uger (®)] [T () + 11},
N o = (ed)?N U {[Un—qor (2) — Ug(e)] [Tn(®) + 1
— [Un—q=1(Z) = Uq(@)] [Tn () + 1]} (9.10)

The differences between equations for plain (c.f. Egs. (9.4) and (9.5)) and flipped treadmills
occur because of the sign changes arising from edge flips. These affect all terms inside the
square brackets because symmetry divides the adjacency matrix into two flipped rings Cg N-

9.2 Structural polynomials of T (a, b | ¢, d)

The characteristic polynomial, sTin (E), can be written immediately as we have been able
to split the secular equations into contributions from two annulenes, Cox(a,b | ¢,d) and
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CQfN(_G, —b| ¢, d), to give
TV = 5(Can(a,b | ¢,d), B)s(Cfy(—a,—b| c,d), E)

= 4(cd)®™ (T (x) — 1) (Tn(Z) + 1), (9.11)
with x and z defined in Egs. (3.5) and (5.2). We can also write
$Tix = 4(ed)™™ (Ton(y) — 1) (Tan (5) + 1), 9.12)

with y and ¢ defined in Egs. (3.10) and (5.4).
The 7 structural polynomials can be obtained using the same logic as in Section 5,

M 1 .
pi =5 (3Can(a,b] ), E)s(Cy(~a,~b | ¢,d), E)

s(Canla,b] ¢,d), E))(Cy(~a,~b | c,d), B)) (9.13)
so that, for indices on the same ring,
i ing = (ed)*N TH{(E — ) [Un—qo1(2) + Uger (2)] [T (2) + 1]
+ (B +a) [UN—q-1(Z) = Ug1(2)] [T (2) — 1]},
I appaqes = (Y7 {(B =) [Un s (0) + U 1<x>1 (T(@) + 1
+ (B +a) [UN—q-1(Z) = Ug1(2)] [T (2) — 1]},
Tt zmaare = (€)Y H{[Unq-1(2) + Ug(a)] [T @+
+ [Un—q-1(%) = Uy ()] [T (z) — 1]}, (9.14)
whilst for indices on different rings,
I = (ed)N (B ~ a) [Un—qoi (@ ) a1 (2)] [T (%) +1]
— (B4 ) [Un-q-1(%) = Ugr ()] [T (z) — 1]},

M

T84t ap0g11 = (cd)2N (B = b) [Un_q1(a >+Uq 1(2)] [T (3) + 1]
— (B +b) [Un_q-1(7) — Uy 1(2)] [T () — 1]},

TN vanss = ()N T {[Un g1 (@) + Uy ()] [T (&) + 1]
— [Un-q1(&) — Ug(@)] [T () — 1]} 9.15)

The sign changes in this case affect only one of the sets of terms inside square brackets,
because symmetry divides the adjacency matrix into contributions from one ring Csx and
one flipped ring Cg N

9.3 Structural polynomials of Ti‘f\]f (a,b | c,d)

f
The characteristic polynomial, sﬂ;{ (E), can be written immediately as we have been
able to split the secular equations into contributions from annulenes, C{ ny(a,b | c,d)and
Con(—a,—b]| ¢,d), to give
M f o
sivy = 8(Cyn(a,b| e, d), E)s(Con(—a,—b | c,d), E)
= 4(cd)*™ (Iy(x) +1) (In(2) — 1), 9.16)
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with x and Z defined in Eqs. (3.5) and (5.2). We can also write

Mmf
siv. = 4ed)?™ (Tav (y) +1) (Tan (5) = 1), (9.17)
with y and y defined in Egs. (3.10) and (5.4).
The 7 structural polynomials can be obtained using the same logic as in Section 5,

mf
Tin

=5 (4Chy(ab] e.d), B)s(Cox(—a, = | ¢, ), )
+s(Cly(a,b ]| c,d), E))(Can(—a, —b | c,d), E)) : (9.18)
so that, for indices on the same ring,
T = (e {(E — a) [Un—qo1(2) — Ugor(2)] [T (&) — 1
+ (B +a) [Uy—q1(7) + Uy 1(2)] [T (2) + 1]
T o vaaes = ()N TH{(E = b) [Un—q1(2) — Uy1(2)] [T (7) — 1
+ (B +a) [Un—q1(2) + Ugr (8)] (T (@) + 1]},
TN o iaars = (ed)N T {[Un g1 () = Ug(@)] [T (&) — 1]
+ [Un—q1(&) + Uy(@)] [T (@) + 11, (9.19)
and for indices on different rings,
SR e = (e (B — ) [Un—q1(2) — Ugr ()] [T (@) — 1]
— (E+b) [Un—qo1(2) + Ugr (8)] [T (2) + 1]},
N s = (€PN T{(E = ) [Un—q1(2) — Uy (2)] [T (&) — 1)
— (B +b) [Un—q1(2) + Ug1 (8)] [T (2) + 1]},
P s = ()P (U g (2) — Ugl@)] [T (@) — 1]
— [Un—q 1 (&) + Uy(@)] [T (@) + 1]} (9.20)

The sign changes in this case affect only one of the sets of terms inside square brackets,
because symmetry divides the adjacency matrix into a flipped ring Cg n and one plain ring
02 N.

10 Graphs derived from alternating ladders and treadmills

A series of interesting graphs can be derived from our alternating ladders and treadmills
by putting either ¢ = 0, or b = 0. Some of the graphs that can be derived from ladders
are shown in Fig. 7. Ladders with backbone chains with odd numbers of vertices lead to
polyacenes with arms and legs, or to polyacenes themselves (Fig. 7(a) and 7(b)), by putting
the first rung edge parameter or the second to zero. Even-vertex backbones give polyacenes
with a single arm and leg, as shown in Fig. 7(c), whichever rung weight is set to zero. In
the case of treadmills, it does not matter which rung weight is set to zero. In either case one
obtains cyclic polyacenes. The appropriate formulae in Sections 4 and 8 for eigenvalues,
eigenvectors and structural polynomials can be used in these cases.
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(a) (b) (©)

Figure 7: Graphs derived from ladders by zeroing rung parameters to zero: (a) L14(0,1 |
1,1), with two 7-vertex backbone chains, a = 0; (b) L14(0,1 | 1,1), with two 7-vertex
backbone chains, b = 0; (¢) L12(1,0] 1, 1), with two 6-vertex backbone chains, b = 0.

11 Conclusions

The algebraic development of structural polynomials reported here has been carried out
in order to have exact results on which to base an elaboration of the theory of molecular
conduction. The new formulae will allow us to treat 7 distortivity and its effect on ballistic
conduction through conjugated molecular frameworks, as predicted within the source-sink
potential (SSP) approach, a model that has a very direct connection to graph theory. In the
simplest picture, a molecular device consists of a molecule attached to two semi-infinite
wires. Such a device can be modelled qualitatively by replacing the system by a graph in
which the electronic interactions are replaced by a series of edge weights. Furthermore,
the infinite wires can be replaced by source and sink vertices, with complex vertex weights
modified to reproduce the physics of a current of electrons down the wires. The formula
for the transmission, T'(E), of current of electrons through a device with energy E, can
then be expressed in terms of four polynomials derived from the graph of the molecule.
These polynomials can be chosen as the characteristic polynomial s(F) of the graph it-
self, Jpp(E), Jqq(E), and jpq(E) (c.f Egs. (1.1) and (1.2)), where vertices p and q of the
molecule are attached to the source and sink vertices in the device.

The formulae we have obtained for ladders and the various forms of treadmills show
that the structural polynomials can be written in a simple manner. We have shown that
the existence of an involution allows the characteristic polynomials to be written neatly
as a product of the characteristic polynomials of certain ‘half’ graphs comprising vertex-
weighted backbones. The remaining structural polynomials are also expressed in terms of
half graphs, albeit in a slightly more complicated form.

Representation of the various structural polynomials in this ‘factorised’ form has advan-
tages for understanding the structure of the spectrum and has implications for the physics of
the transmission as a function of energy. The different sign patterns of the structural poly-
nomials exhibited in, for example, the varieties of treadmill (flipped, Mobius, efc.) will
have a profound effect on transmission, T'(F), as a function of the energy of the incoming
electrons. In certain cases, for example, conduction is switched off for the whole range of
accessible energies, I/. A detailed account of the SSP modelling of conduction in systems
represented by graphs with these exotic topologies will be published elsewhere.
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