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GRAPH THEORY AND PFAFFIAN REPRESENTATIONS
OF ISING PARTITION FUNCTION.

THIERRY GOBRON

ABSTRACT. A well known theorem due to Kasteleyn states that the partition function of
an Ising model on an arbitrary planar graph can be represented as the Pfaffian of a skew-
symmetric matrix associated to the graph. This results both embodies the free fermionic
nature of any planar Ising model and eventually gives an effective way of computing its
partition functions in closed form. An extension of this result to non planar models expresses
the partition function as a sum of Pfaffians which number is related to the genus of the
oriented surface on which the graph can be embedded.

In graph theory, McLane’s theorem (1937) gives a characterization of planarity as a
property of the cycle space of a graph, and recently, Diestel et al. (2009) extended this
approach to embeddings in arbitrary surfaces.

Here we show that McLane’s approach naturally leads to Kasteleyn’s results: McLane
characterization of planar graphs is just what is needed to turn an Ising partition function
into a Pfaffian.

Using this approach, we prove that the Ising partition function on an arbitrary non planar
graph can be written as the real part of the Pfaffian of a single matrix with coefficients taken
in a multicomplex algebra Cj, where g is the non-orientable genus, or crosscap number, of
the embedding surface.

Known representations as sums of Pfaffians follow from this result. In particular, Kaste-
leyn’s result which involves 49 matrices with real coeflicients, g orientable genus, is also
recovered through some algebraic reduction.

1. INTRODUCTION

A few years after Onsager’s solution of the Ising model on a square lattice [I], an alter-
native, combinatorial method has been elaborated through the pioneering works of Kac and
Ward [2], Potts and Ward [3] and Hurst and Green [4]. In these works, the evaluation of
Ising partition function on a rectangular array was reduced to a combinatorial enumeration
of perfect matchings (dimer coverings in the physics litterature), leading to an expression in
terms of the Pfaffian of a related skew-symmetric matrix. This method acquired a deeper
signification about fifty years ago, when Fisher [5] and Kasteleyn [0 [7, 8] showed that it
applies equally to an arbitrary planar graph.

Numerous attempts have been made to generalize these results to non-planar graphs.
Kasteleyn’s landmark result [§] states that the partition function can be written as a sum of
Pfaffians, whose number grows exponentially with the orientable genus of the graph. This
statement has been given a better mathematical basis only rather recently [9] [10] and also
extended to non orientable surfaces [I1]. Finding a sensible lower bound on this number is
still an open problem.
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Enumeration of dimer coverings and evaluation of Ising partition function are clearly two
deeply connected problems, but it should be stressed that they differ somewhat on this point:

In the dimer problem, one counts the number of dimer coverings on a given graph, or,
in other words, the number of subgraphs for which the incidence number is exactly one on
every vertex. For bipartite graphs, it reduces to the old permanent-determinant problem
[12] and there are well known complexity issues [13, [14]. However the graphs for which the
dimer covering enumeration can be turned into a Pfaffian are not necessarily planar [15] [16].
Accordingly, some exact results on nonplanar graphs have been obtained in the context of
statistical physics [17, [18].

In the Ising case, one computes a weighted sum over all closed curves of a given graph,
that is over all subgraphs with an even incidence number on each vertex. In contradistinction
with the dimer problem, the enumeration of these subgraphs on an arbitrary connected graph
G = (V, E) is trivial and equal to 2°' where (3, is the first Betti number, 3,(G) = |E|—|V|+1.
The complexity in evaluating the partition function comes from the introduction of a weight
function on the edge set and there seems to be no exception to Kasteleyn’s planarity rule.

In the present paper, we consider again Kasteleyn’s combinatorial approach, giving another
glimpse to its graph theoretical foundations.

Our starting point consists in considering the Ising model on an arbitrary graph and derive
a set of nonlinear algebraic equations in the entries of an associated skew-symmetric matrix,
so that any consistent solution to these equations would lead to a representation of the Ising
partition function as a Pfaffian. We thus let aside Kasteleyn’s edge orientation method, valid
when matrix entries are chosen in {—1,0,1} and look for a solution with coefficients in R
or C. Rather surprisingly, the existence (or not) of such a solution derives straightforwardly
from a classical planarity criterion [19].

Theorem 1.1. (MacLane 1937): A Graph is planar if and only if its cycle space admits a
basis in which every edge appears at most twice.

This criterion allows us to prove in our setting that planarity is a necessary and sufficient
condition for representing the Ising partition function as a single Pfaffian.

Recently, a generalization of McLane’s criterion to non planar graphs has been considered
[20], from which we draw some new results on non planar graphs. Our main result is the
following: the Ising partition function on a non planar graph can be written as the real part
of the Pfaffian of a single matrix, which coefficients are chosen in a multicomplex algebra
C;, where g is the non-orientable genus, or crosscap number, of the embedding surface.

Old and new representations as sums of Pfaffians with real or complex coefficients follow
from this result as corollaries. Basically, such sums involve 29 terms rather than 49 (g
orientable genus). For orientably simple graphs, § = 2g + 1, we recover Kasteleyn’s results
through some further algebraic reduction. For non orientably simple graphs, ¢ < 2¢g + 1
and our result does improve Kasteleyn’s one. However the number of Pfaffians remains
exponential in g.

In Section 2, we define our setting and present some preliminary results that we use later in
this work; when using terminology and concepts from graph theory, we try to follow standard
textbooks such as Harary’s [21] or Diestel’s [22], to which we refer for a thorough exposition.
The Pfaffian reduction formula is known since a long time but we found rather few quotations
[23]. Tt is related, if not equivalent, to the more well-known Pliicker-Grassmann relations
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between determinants. The connection between minor graphs and Pfaffian reduction formula
is essential in the present approach as it allows to a substantial reduction of the algebraic
problem at hand. In Section 3, we state our main results. In Section 4, we give the proofs.
In Section 5, we introduce a Grassman representation [24] 25] which allows us to state the
Ising representation problem in terms of a system of algebraic equations. For completeness,
we also provide a proof of the Pfaffian reduction formula.

2. PRELIMINARIES

The problem we want to address is the representation of the Ising partition function on
an arbitrary finite graph as the Pfaffian of some related matrix. Hereafter, we recall the first
steps in this approach, fix some notations and give precise definitions that will be used to
state the results of next section. We conclude this section with some preliminary results.

e [sing Partition Function.

Let G = (V, E) be a finite simple graph. To each vertex v € V| we attach a variable
o, € {—1,1}. Given a collection of real valued interaction terms, J = {J. > 0,e € E}, we
define the inhomogeneous Ising Hamiltonian on the space of configurations Q = {—1, 1}V,
as

(2.1) H(o) = — Z o y0u0y

{z,y}€FE

and the associated Ising partition function Zlﬁsing(G, J) as

(2.2) Zg(G. D) = exp{—pH(0)}

ge

Note that for clarity of the exposition we consider here only simple graphs so that (un-
oriented) edges can be identified with (un-ordered) pairs of vertices. Without loss of gener-
ality, the graph we will consider in the sequels are 2-connected simple graphs without loops.
In more general cases, the partition function either factorizes or can be trivially rewritten so
that one falls back into the previous class of graphs. In the same line of thought, we do not
introduce explicitely boundary terms or external fields, which can be considered through a
modification of the underlying graph and/or a particular choice of interaction strength on
some edges. Finally, we also reduce to ferromagnetic interactions (J. > 0), since we want to
keep with the most standard concept of weight functions, but dealing with “signed weight
functions” would work as well.

The well known high temperature expansion of the Ising partition function leads to an

expression of Zlﬁsing(G, J) as a sum over a class of subgraphs of G.

(2.3) A(el 1)22“/‘<Hcosh(ﬁje)) 3" ] tanh(s.)

eck CeC(G) ecC

where C(G) is the set of closed curves on G, that is the set of all edge subsets C' C E such
that each vertex v € V' is incident with an even number of edges in C'.

Note that if one introduce the operation of symmetric difference A:
(2.4) AAB = (A\B)N(B\ A) forall sets A, B
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then (C(G), A) is the cycle space of G and has the structure of a vector space over the field
Fy = Z/27 . Under this structure, the set of all cycles on G' (more precisely their edge sets)
is a generating family for C(G)[22].

Here we leave aside the physical meaning of (23] and restrict our interest to the repre-
sentation of the sum in the right hand side. In the sequels, we consider the following closely
related quantity, which we still call a partition function for obvious reasons.

Definition 2.5. Let G = (V, E) be a finite, non-oriented graph and w : E — R™ a weight
function defined on the edge set.
We define the partition function of G with weight function w, as
(2.6) Zo(w)= Y w(C)
cec(@)
where the weight of any closed curve C' C E is defined as the product of its edge weights:
1 if C =10
(2.7) w(C) = H w(e) otherwise

ecC

The partition function Zg(w) is clearly related to the Ising partition function on the same
graph. Choosing the weight function as,

(2.8) w(e) = tanh(ﬁé]e) VeeE

we have the correspondence

(2.9) Zing(G, 1) = 2 (] cosh(B)) Za(w)
eckE

e Dart graphs and perfect matchings.

The next step consists in mapping the expression of the (Ising) partition function, onto
a weighted dimer problem on an auxiliary graph. Such graphs have been originally called
“terminal graphs” [§], but are named hereafter dart graphs in order to emphasize their
relation to other classes of derived graphs, such as the “line graphs” [28]. The choice of this
new name stems from the fact that definitions of both classes are identical, just changing
edges (or lines) by “half-edges” or darts.

Definition 2.10. Let G = (V, E) a graph. Its dart graph D(G) = (Vp, Ep) is the simple
unoriented graph which vertex set Vp identifies with the set of darts on G:

(2.11) Vp = {(v, e) €V x E such that v is incident with e }

and such that there is an edge beween two vertices if and only if they have exactly one common
element,

(2.12) Ep = {{(v,e), (v',¢')} € Vp x Vp such that either v=1" or e =¢'}

A dart graph has necessarily an even number of vertices and not every graph is the dart
graph of some other.
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The edge set of a dart graph D(G) splits in two disjoint subsets,

(2.13) Ep = EpUES,
(2.14) EY = {{(v, e),(v',¢')} € Vp x Vp such that v =" and e # ¢'}
(2.15) Ef = {{(v,e), (v',€')} € Vp x Vp such that v # v and e = €'}

If G has no isolated point, the graph (Vp, E}) has |V| connected components, each one being
a complete graph. Moreover, there is a one to one correspondence which associates every
edge e € F with ((v,e), (v, e)) € EX so that both sets can be identified

(2.16) EE=FE

As noted by Kasteleyn [§], interest in dart graphs lies in the close connection between the
set of closed curves on a graph G, and the perfect matchings on D(G).

Definition 2.17. Let G = (V, E) be a graph. A perfect matching (or equivalently a dimer
configuration ) on G is a subset E' C E, such that each vertex v € V is incident with exactly
one edge in E'.

For an arbitrary graph, the existence (or not) of a perfect matching can be proven using
Tutte’s characterization theorem[I5]. On a dart graph, it is a straightforward property:

Proposition 2.18. Let G = (V, E) be a graph. If it is a dart graph, then it admits at least
one perfect matching.

Under the identification (ZI6]), the connection between closed curves on a graph G and
perfect matchings on its dart graph D(G) can be expressed as follows:

Proposition 2.19. Let My, My be any pair of perfect matchings on D(G), the set C' =
(M AMy) N EE is a closed curve on G.

Denote by M(G) the set of perfect matchings on D(G). Then, given a fixed perfect
matching My € M(G), one can construct a mapping ®,;, : M(G) — C(G), which associates
any perfect matching on D(G) to a closed curve on G, as

(2.20) @y, (M) = (MyAM) N ES

® )y, is clearly surjective, but generally not one-to-one. This induces an equivalence relation
on M(G) as
(221) My ~ My <— (I)MO(MI) = (I)M()(MQ) VMl, My € M

On an arbitrary connected graph G' = (V, E), the number of closed curves is 2°1 where

G =IE-[V][+1

is the first Betti number of G. This is obviously the same as counting the number of
equivalence classes in M(G). These equivalence classes have not necessarily the same number
of elements and enumeration of perfect matchings on a dart graph remains non trivial in the
general case. A particular exception are the 3-regular graphs, on which the mapping ®,,, is
one-to-one [26].

Using this correspondence, the notion of Pfaffian representation can be given a precise
meaning.
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e incidence matrices, weights and Pfaffian representations.
We introduce a generalized notion of incidence matrix with complex valued coefficients.

Definition 2.22. Let G = (V,E) a connected graph and D(G) its dart graph. A% €
My c)(C) is an incidence matriz on D(G) if A% is an antisymmetric matriz which en-
tries are in one-to-one correspondence with the elements of Vp(G), so that

(2.23) {di,d2} & Ep(G) = Af 4, =0

Note that the coefficients of the matrix need not be taken in {—1,0, 1}, but are arbitrary
complex numbers. We reserve the name of weighted incidence matrix to the following.

Definition 2.24. Let G = (V, E) a connected graph, My a fized perfect matching on D(G)
and A% an incidence matriz defined as above. Given a weight function w on E = EE(G)
with value in R, the matriz A%Mo(w) € My (C) with coefficients

w‘l({dl, dg})Ag’dQ Zf {dl, dg} € Efg(G) N My
(2.25) AGE (w) = S w({dy, do})AG 4, if {d1,ds} € EE(G)\ M,
AS 4 otherwise.

is the weighted incidence matriz associated to (G, My, A%, w).

We now can state a precise definition of a Pfaffian representation:

Definition 2.26. Let G = (V, E) a connected simple graph. The partition function on G
admits a Pfaffian representation if there exists a perfect matching My on D(G), an incidence
matriz A€ and a constant A # 0 such that for all weight functions w : E — RT, one has

1
(2.27) Z(w) = £ w(Mp N ER(G)) PE(ASMo(w))

The main motivation for such a definition is the fact that the Pfaffian of a weighted
incidence matrix A% (w), can be always written as a sum over all closed curves on G, so that
the identity (2.27)) derives from identification of the coefficients of two similar expansions.
Starting from the definition of a Pfaffian and setting |Vp(G)| = 2n, n € N, we have

(2.28) P f(AGMo(w DITAZS (W) - AT (w)

2n n' O'(dl O'(dg) O'(d2n71)70'

where the summation runs over the set Sy, of all permutations on Vp(G). Taking into
account the above definition of an incidence matrix, each non zero term can be associated to
a perfect matching on D(G) and, collecting all edge weights, the expansion can be written
as

PRAS™ @) = 3 o D (1) Aot Alttan ot

MeM(G) " oell(M)

(2.29) x w(M N (EE(G)\ My)w™ (M N EE(G)N My))
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where II(M) is the set of 2" n! permutations of Sy, (g contributing to the same perfect
matching M,

(2.30) (M) = {0 € Syp(c), {{o(dr),a(d2)}, -+ {o(dzn), 0(don) }} = M}

As a consequence of the antisymmetry of A%, the 2"n! terms of the summation on II(M)
are equal for every M € M(G). Now the weights appearing in the right hand side of (2.29)
can be rewritten as

w(M N (Ep(G)\ My)) w™ (M N Ep(G) N M)

(2.31) w™H(My N EE(G)) w(EE(G) N (MAM,))

and the expression (2.29) can be turned into a weighted sum over the closed curves in

C(G)7

(2.32) PfAM(w)) = w  (MyN ES(G)) Y w(C)Fae(Mo, C)
CeC(@)

where for all C' € C(G) and any reference perfect matching My, Fe(My, C) is the sum
over all perfect matchings mapped to C by @y,

1 (o
(2.33) Fac(M,y,C) = Z ol Z (—1)| |A§(d1),a(d2)"'Af(dZn,l),a(dQn)
Me®y ! (C) " o€II(M)

Using this expression and the vector space structure of C(G), we have the following char-
acterization,

Lemma 2.34. The partition function of G admits a Pfaffian representation if and only if
there exists an incidence matriz A®, a reference dimer configuration My and a cycle basis

Bg on (C(G), A) such that VC € C(G), Fpc(Mo,C) # 0 and
(235) FAG(M(), C) = FAG(M(),CA”)/) WONS C(G), V”)/ S BG

Remark 2.36. A change of reference perfect matching just induces a shift in the mapping
for any two reference mappings My, My € M(G), one has

(2.37) Bup (M) = ®pp (M) A Byr, (M) YM € M(G)

The set of equations ([235]) remains globally invariant under such a shifh and the ezistence
(or not) of a Pfaffian representation (221) is independent on the choice of the reference
perfect matching.

Remark 2.38. When all vertices of G have an even degree, the reference perfect matching My
can be chosen so that E5(G)N My = 0, the dependence on the weight function in definitions
228) and [2.27) simplifies and more classical expressions are recovered. In the general case,
such a reference perfect matching does not exist and Proposition[2.18 suggests to take instead
EE(Q) as a reference perfect matching. See also reference [8] for an alternative approach in
the later case.

We end this section with a relation between the notion of minor graph and the Pfaffian
reduction formula.

e Minor graphs and Pfaffian reduction formula.
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Informally a graph (7 is a minor of another graph G» (noted G; < G+ ) if it can be obtained
from it by repeating in some arbitrary order the two following elementary transformations:
(a) deleting one edge; (b) contracting one edge, i.e. identifying its two end-vertices into a
single vertex and deleting any loop or parallel edges that may arise. We refer to [22] for a
more formal definition.

In the next two figures, two simple examples of these transformations are shown, which
have some relevance in the present context: starting from a planar square lattice, one may
form an hexagonal lattice by deleting one edge per site (Figure[Il), while the contraction of
the same set of edges leads to the triangular lattice (Figure [2]).

o

FiGURE 1. Example of minor graph obtained by deleting a subset of edges:
an hexagonal lattice is formed out of a square lattice.

il il <
I g

i <
I g

il m -

FI1GURE 2. Example of minor graph obtained by contracting a subset of edges:
a triangular lattice is formed out of a square lattice.

U

On the other side, the Pfaffian reduction formula [23] is a well known property of Pfaffians
and can be stated as follows.
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Let A = (Aij)ije{l on} @ matrix of order 2n and K a subset of the set of indices
{1,...,2n}. We denote by Ax the sub-matrix of A obtained by deleting all rows and

columns not indexed by an element of K.

Similarly, we denote by AK the antisymmetric matrix indexed by the complementary set of
indices K = {1,...,2n} \ K, which elements are:

(2.40) (AF), = —(A%)  =Pf(Akupyy) foralli<jek

We stress that in definitions (2.39)—(2.40), the order on any subset of indices is the one
induced by the order on {1,...,2n}. Pfaffian reduction formula reads:

Proposition 2.41. Let A an antisymmetric matriz of order 2n and K a subset of indices
of order 2p, 0 < p < n such that Pf(Ax) # 0. We have:

(2.42) Pf(A) = [Pf(Ak)] "7V Pr(AF)
The connection between minor graphs and Pfaffian reduction formula is as follows:

Proposition 2.43. Suppose that G1 = (Vi, E1) and Gy = (Va, Es) are two simple graphs
such that G; < Gs. Consider a transformation which reduces Go to Gy and denote by Eg
(respectively ES ) the set of deleted (respectively contracted) edges in this transformation.
Let A%2 be an incidence matriz (in the sense of[2.22 ) on D(Gs) such that

(2.44) Agf’dQ = 0 if either dy or dy is incident with an edge in EY

Let K be the set of vertices in D(G3) incident with an edge in Eg U ES. Then the set

K =Vp(Gy) \ K can be identified with Vp(G1), and the matriz [AGQ}K defined as in (2.40)
is an incidence matriz on D(G).

In the above proposition, edge contraction (respectively edge deletion) is given a counter-
part as a transformation of the incidence matrix associated to the dart graph. Contracting
one edge means simply integrating out (using the Pfaffian reduction formula) the correspond-
ing matrix entries. Deleting one edge may have various representations depending on the
choice of the reference dimer configuration. Here we take My = E5(G), which is consistent
with the general case (proposition 2I8]), and edge deletion corresponds to factorizing out
the associated edge weight. Note in particular that by Proposition 2241l both Pfaffians are
proportional in some functional sense.

Remark 2.45. The minor relation is a partial order on the set of graphs, and in particular
the genus of a graph is always larger or equal than the genus of any of its minors. This
property does not transfer to the associated dart graphs and D(G4) may have a larger genus

than D(G3) even if Gi <X Gs.
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3. MAIN RESULTS.

In this section, we state our main results on the Pfaffian representations of partition
functions on a graph G, starting from definitions and [2.26]

Our first result is the well known theorem due to Kasteleyn [g].

Theorem 3.1. The partition function on a graph G admits a Pfaffian representation if and
only if G is planar.

The proof presented here is independent on the orientability criterion used by Kasteleyn
in his original proof. Instead, we emphasize a connection between this representation prob-
lem and McLane’s planarity criterion, Theorem [I.I] which is interesting in its own right.
Incidentally, we prove also that in contradistinction with the dimer problem, there is no
“Pfaffian” non-planar graph for the Ising model.

Furthermore, the approach presented here allows for some new representations of the
partition function when G is a non-planar graph. For all positive integer n, let C,, be the
multicomplex algebra of order n [29] and Re the linear operator C,, — R which associates
to any element its real part. Our main result is the following:

Theorem 3.2. Let G = (V, E) be a graph of nonorientable genus g. There exist an incidence
matriv A% on D(G) (in the sense of 223 ) with coefficients in C;, a constant A € C; and
a reference perfect matching My such that for all edge weight functions on G, the partition
function on G can be written as

(3.3) Zg(w) = w(MyN Ef(G)) Re[A Pf(A%Mo(w))]

Note that the above expression depend on the non orientable genus [30], that is the minimal
number of crosscaps a surface should have to embed G without edge crossings.

In the present work, we limit ourselves to the simplest application of Equation (3.3]), that
is the derivation of an expression of the partition function of a nonplanar graph as a sum of
Pfaffians. The first one is in terms of the non orientable genus and involves matrices with
complex coefficients:

Corollary 3.4. Let G = (V, E) be a graph of nonorientable genus g. There exist a family
of incidence matrices (AS)jeq.... 25y on D(G) (in the sense of [Z28 ) with coefficients in
C, constants (Aj);eq,... 253 1 C and a reference perfect matching My such that for all edge
weight functions on G, the partition function on G can be written as

29
(3.5) Za(w) = w(My N EF(G))Re[ > A; PE(ATM0(w))]

J=1

A similar expression has been derived by Tessler [11], building on Kasteleyn’s approach.
The nonorientable genus g of a graph G is related to its orientable genus ¢ through the
inequality [31]

(3.6) g<29+1

When the graph is non orientably simple (e.g. projective grids), the non-orientable genus
can be much smaller than this bound, so that the expansion is a real improvement over
an expansion in terms of the orientable genus.
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A proof of inequality (B.6]) comes from the fact that starting from any orientable embedding
in a surface of genus g, one can construct a nonorientable embedding of nonorientable genus
2g+1. We give an explicit construction on a surface with 2g+1 crosscaps, showing that every
edge passes through them an even number of times. As a consequence, both entries of the
incidence matrix and constant that appear in Theorem can be taken in the subalgebra of
Coyt1 generated by even products of generators. This leads to an expansion in terms of 2%
Pfaffians of matrices with real coefficients, equivalent to the one stated first by Kasteleyn.

Corollary 3.7. Let G = (V, E) be a graph of orientable genus g. There exist a family of
incidence matrices (AS)jeqr,.. 403 on D(G) (in the sense of 224 ) with coefficients in R,
constants (Aj)jeq,.. a0y in R and a reference perfect matching My such that for all edge
weight functions on G, the partition function on G can be written as

49
(3.8) Za(w) = w(My N ER(G)) Y A; PE(ATM (w))

J=1

In the rest of the section, we give a sketch of the proof of Theorem Bl explain the
connection with McLane’s criterion and prepare for the derivation of Theorem [3.2l The first
step is built on Proposition [2.43 and is the following

Theorem 3.9. Let Gy and G5 be two simple graphs such that G1 < Ga and A%? an incidence
matriz on D(Gy). There exists an incidence matriz A" on D(G1), a constant A5 and two

reference perfect matchings, My on D(G1) and My on D(Gs), such that for every closed
curve C' in C(Gy),

(310) FAG1 (M1> C) = A1,2 FAG2 (M2> H(C))

where 11 : C(G1) — C(Gs) is the canonical mapping induced by the transformation from G
to its minor G;.

In particular, if the partition function on Go admits a Pfaffian representation then so does
the partition function on Gi.

Theorem allows here to reduce the class of graphs one has to consider to prove both
necessity and sufficiency of the planarity condition. Incidentally, it also clarifies a point
raised by Fisher long ago[26], related to the fact that a planar graph has a non planar
dart graph if some of its vertices are incident with more than three edges. In such a case,
the related dimer problem is no longer solvable and two approaches have been proposed: In
Kasteleyn approach [8], one keeps the original graph, and has to argue that the multiplicities
encountered are exactly compensated by some sign rule; In Fisher’s approach, one deals with
a larger, 3—regular graph so that the dart graph is also planar, and reduces later to the
original graph. A consequence of Theorem is that both approaches are not only always
simultaneously possible, but that Fisher’s planar dimer construction implies Kasteleyn’s sign
rule.

In the course of the proof of Theorem [B.I, we use Theorem twice. On one hand, the
proof that planarity is a necessary condition is reduced to an application of Kuratowski’s
planarity criterion [27], starting from the following constatation:

Proposition 3.11. The partition functions on the complete bipartite graph Ks 3 and on the
complete graph K5 have no Pfaffian representation.
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On the other hand, Theorem and the following lemma allows to arbitrarily restrict the
proof of sufficiency to 4-regular graphs,

Lemma 3.12. Gwen a 2-connected simple graph G embedded in some surface S, there erists
a 2-connected 4-reqular simple graph G embeddable in the same surface such that G < G.

Note that 4-regular graphs are just chosen for convenience. We are left with the following

Proposition 3.13. Let G = (V, E) be a 4-regular, 2-connected simple graph with no loops.
If G is planar, then its partition function admits a Pfaffian representation.

Proof of Proposition consists in two parts. First, reduction to 4-regular graphs helps
us to write Lemma [2.34] as a set of algebraic equations in the incidence matrix entries,
depending on the choice of the cycle basis. We prove next that McLane criterion ( Theorem
[L1]) is just what is needed to pick a cycle basis so that these algebraic equations do have a
consistent solution. First, we introduce some notations.

Let G = (V, E) be as in Proposition B.I3l The vertex set of its dart graph D(G) is
(3.14) Vp(G) = {(v,e),v e V,e€ E(v)}

where E(v) C E is the set of four edges at vertex v € V. We suppose that the sets V' and
E(v) for all v € V have been ordered in some arbitrary way and for all v € V' we denote by
ek the k™ element of E(v). On Vp(G), we consider the induced lexicographic order.

v<
(3.15) (v,e) < (v, €') <= < or V((v,e), (V' €)) € Vp(G) x Vp(G)
v=12v" and e < ¢
Since there is an even number of edge at each vertex, there exists a perfect matching M, on

D(G) such that My N E = (. Actually there are 3!Vl such matchings and we take arbitrarily
the following one as our reference perfect matching,

(3.16) Mo = [J{{(v,e1), (v, D)}, {(v.€}). (v,€1) }}

We construct an incidence matrix A¢ of order |Vp(G)| = 4|V/].

(3.17) AS = (Afi,e),(w,f)) (e, f)EE (W) x B(w)

(v,w)EV XV

By Definition 222 entries of A are zero except those corresponding to an edge in D(G).
If the edge is in E5(G) (respectively in E}(G)), e = f (respectively v = w), the coefficent
A(Gm)’(w’ s termed an “edge entry” (respectively a “site entry”).

Recalling that A% is an antisymmetric matrix, we rename all its edge and site entries as
follows. For every edge e in E with endvertices v and w such that v < w, we write

(318> b _A(ve ), (w,e)

while for every vertex v € V' and every permutation o on F(v), we define
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G Q _ AG

50(0) = AL o(el)) (o)) o(0) = A o) woted)
G T _ AG

(319> (0> A (v,0(el)),(v,0(e3)) U(U) A(vp(e%)),(v,a(e%))
_ JG ] = AC

Uu(0) = AQ sl wotety  Uol0) = AQ o)) wotedy

When o is the identity, we simplify the notations further as
Sy = Sv (l) tv = (l) Uy = U (l)
1 1)
Now let v = (V,, E,) be a cycle of length 7, on G. We consider a cyclic order on both its
edge and vertex sets,

(3.21) Vi = (v))ieqt
(322> E“f = (e;:Y)ie{l’"'vTW}

where the indices are defined modulo 7, so that v

{17 e 7T7}'
We want to relate both the order on Vp(G) and the order along v and thus introduce
~-related notations.

(3.20) 5y = Sy(1) =T,(1) = Uy(

is incident with e] jand e] for all i €

For all ¢ in {1,---,r,}, we rename the edge entry in AC associated to €] as,

(3.23) B = Ay e))

Note that B} is equal to either +b, 7 or —b.y according to whether y goes through edge e]
compatibly or not with the order on VD(G) In order to rename the site entries along v, we
consider the following

Lemma 3.24. Let v a cycle of length r, ordered as above. For everyi € {1,--- 1y}, there
exists a unique permutation o] on E(v]) with positive signature such that,

(3.25) e, = al(e)

1— ? Ul

1
(3.26) e] = o](e)

The effect of the o;’s is to reorder the edges on each site visited by the cycle, so that it
enters a site by the first edge and leave by the forth. When considering a given cycle v, we
also simplify notations (3.I9) as

SZ'Y = SU;Y(O'FY) T = T’Y(U ) Ul = UU;Y(O"Y)

3 (2

X
(3.27) Sl =8,(0)) T'=Ty) Ul =U;l(d])

The relations between notations (3:20) and (3.27) depend on the actual value of o] among
twelve possible realizations and are listed in Table Il

Using these notations, we can state the following proposition:



14 THIERRY GOBRON

aj(ey) oj(er) aj(e) aj(ey) | S] S7 17 T; U/ U/
el e2 el el S 5, v to Uy Uy
e2 el el el —5, —5, —t, —t, Uy Uy
el el el e2 3, Sy —ty —t, —1, —U,
el e3 e2 el -3, —5, to ty —U, —1,
el ed el e2 t, to Uy Uy Sy 5,
el el e2 el —ty —t, — 1y — Uy 5, S
el e2 el el t, ty — Uy — 1, —3, —5,
e2 el el el —t, —ty Uy Uy —5, -3,
el el e2 el Uy Uy Sy 3, ty ty
el el el e2 —Uy, — 1y —35, —5, to ty
e2 e3 el el Uy Uy —5, —35, —t, —t,
el e2 el el —1, — Uy = Sy —t, —t,

TABLE 1. Correspondence between the 6 site entries in the upper triangular
part of the incidence matrix for a given vertex v (Equation (8.:20)), and the new
names (Equation ([3:27)) after reordering of E(v) = {e}, e?, €3, e} according to

a cycle v passing through v (= v for some index 7). o' is the even permutation
on F(v) such that 7 enters v through edge o (el), and leaves it through o (e)

(Lemma [3.24)).

Proposition 3.28. Let v a cycle on G of length v, and notations as above. If the entries
of the incidence matriz AG associated to elements of v have non zero values and verify the
following set of equations:

(3.29) SIST+T)T) =0  Vie{l,---,r}
s UIT) ULLT] |
(3.30) (B})" =-— & ; o ovie {1, ,r}
7 i+1

(3.31) 18 =-1Iv;

i=1 i=1
Then, for any perfect matching My such that My N E = 0, the contribution of every closed
curve in C(G) is invariant under addition of -,

(332) FAG(M(], C) = FAG(M(), CA’}/) vC e C(G)

Proposition 3.28 will be proven in Section Bl where we introduce a representation in terms of
a Grassmann algebra. Equations (8:29)—(3.31]) can be obtained by considering all local con-
figurations around v with an even number of edges at each site. Some of these configurations
may not correspond to an actual element C' € C(G), for instance when a cut along ~ splits
the graph G into two pieces, so that some of these equations are possibly not necessary. The
set of equations (B:29)-(B.31) always admits a nowhere zero solution, when considering a
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single cycle. However, compatibility of these conditions for an arbitrary collection of cycles
is not granted, even for planar graphs.

Here, MacLane’s planarity criterion comes into play as it provides us with a cycle basis
By with specific properties. In particular, elements of such a basis cannot form a cluster (a
double cover of a proper subset of E(v), at some vertex v € V') [20]. Then the absence of
clusters with 3 edges implies compatibility of equations (3.29) for all v € By and all v € V.
Similarly, supposing that site entries have been chosen so that equations (3.29) hold for all
v € By, the absence of clusters with 2 edges implies that edge entries can be chosen so that
equations (3.30) also hold for all v € By.

The remaining equations ([8.31]) are strongly reminding of Kasteleyn’s orientation prescrip-
tion. Note that equations (3.29)—(3.30) are independent on the sign of the edge entries B,
and that once they are solved, one has

a 2 : 2
(3.33) 1B =11

i=1 i=1
so that equation (B.31)) just amounts to choose independently the sign of the product of edge
entries along . Existence of a solution to the equations (B.31]) for all v € By just derives
from independence of the elements in that basis.

Proposition 328 implies that conditions of Lemma[2.34 are verified for any planar 4-regular
graph, and Proposition [3.13] follows.

We now generalize these results to non planar graphs.

By Theorem [B.I, we already know that a non planar graph G cannot have a cycle basis
such that Equations (3.29)—-([3.31)) can be solved simultaneously for all its elements. The
strategy we adopt here consists in finding the largest free family of cycles on which these
equations may hold simultaneously and looking at what happens when completing it to a
cycle basis.

Following the generalization to non planar graphs of McLane’s Theorem [20], we say that a
family of cycles on a graph is “sparse” if it contains no cluster, where a cluster is a subfamily
of cycles covering twice a proper subset of E(v), for some vertex v. Just as in the planar case,
Equations (3:29)—(B331]) can be proven to be simultaneously solvable for all cycles forming a
sparse family.

Intuitively, a maximal sparse family of cycles has to be related to the embedding properties
of the graph, but this relation is rather intricate: in a non planar 2-cell embedding, face
boundaries are closed walks but not necessarily cycles and another definition for sparseness
is required [20]. The following lemma together with Theorem allows us to bypass this
point:

Lemma 3.34. Let Gy be a 2-connected simple graph embedded in some surface S. There
exists a 4-regular 2-connected graph Gy = Gy embeddable in the same surface S so that all
its face boundaries are cycles.

If the genus of the embedding in § is minimal for G, it is also minimal for Go since
G5 = G1. When considering such an embedding for G5 in S, the family of face boundaries
is a collection of cycles and a sparse family of smallest codimension in C(G2). Theorem
allows then to transfer related results back to G; < G, even if G has no strong embedding
of its own genus.
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Hence, we consider a 4-regular graph G = (V| E) with a strong 2-cell embedding in some
surface S. We denote by Fo(G) the set of cycles which are face boundaries in that embedding
and by F§(G) a maximal free subfamily, obtained by dropping out one element of Fy(G).

Clearly F;(G) is a sparse familly and as in the planar case, this property leads to the proof
that the algebraic equations ([B:29)—(330) can be simultaneously solved for all v € Fi(G).

A non orientable embedding can be described by an embedding scheme, that is a pair (1T, \)
where IT = (7, ),cv defines a cyclic ordering of edges at every vertex, and A : F — {—1,1}
is a signature on the edge set [30]. Note that the correspondence between embeddings and
embedding schemes is not one to one, and for a graph with |V| vertices there can be as much
as 2/Vl embedding schemes describing the same embedding. We prove the following Lemma.

Lemma 3.35. Let G a 4-reqular graph with a strong 2-cell embedding in some surface S,
defined up to homeomorphism by the embedding scheme (I1,\). There exists an incidence
matriz AS with coefficients

iR ife=f and \(e) =

—1
R otherwise. for all (v,e), (w, f) € Vp(G)

G
(3.36) A(v,e),(w,f) € {

and a reference perfect matching My as in (B.I06) such that
(337) FAG(M(), C) = FAG(M(), CA’Y) WONS C(G),V’}/ c fg(G)

In particular the coefficients of A® can be chosen in R if and only if the embedding is
oritentable.

When the incidence matrix is chosen as in Lemma [3.35], each closed curve C' has a weight
in the Pfaffian expansion which depends only on its homology class on S. Proof of Theorem
uses the fact that for a sufficiently large class of graphs, these weights can be easily
computed. However, the coefficients have to be chosen in a suitable multicomplex algebra
C,, and Lemma stated in this larger algebraic context.

The more classical expansions (3.5]) and (B.8) are then obtained directly by an algebraic
reduction from C,, to C and R, respectively. This suggests that expression (3.3)) does contain
more information than classical expansions, and we believe that it will prove useful to get
new results on non planar Ising model.

4. PROOFS

In this section, we present proofs of all results, with the exception of Propositions
and [2.41] which are considered in the next section.
Proof of Proposition [2.18l

If G = (V,F) is the dart graph of some other graph, says G = D(G’) and G' = (V' E'),
its edge set is the union of two distinct parts, £ = B}’ U EE'. Tts subgraph (V, EE’) forms
a perfect matching, since by definition, each vertex in V' is a dart on G’ and, as such, is
incident with exactly one edge of EX . |

Proof of Proposition [2.19]

Let M be a perfect matching on D(G). For each vertex v € V, denote by E(v) the set of
edges at v, and by Vp(v) the set of darts at v

(4.1) Vp(v) = {(v, ¢),e € E(v)}
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An edge of M is either in E} and have thus its two endpoints in the same cluster Vp(v)
for some v € V, or is in FL and hits two distinct clusters. Since M is a perfect matching
on D(G), it hits each of its vertices exactly once. Thus for all v € V| the number of edges
in M N E5 which hit Vp(v) has the same parity as [Vp(v)|. This number, modulo 2 is
thus independent on the matching. In particular, if M;, M, are two perfect matchings on
D(G),we have

(4.2) C = (M;AMy) N Ef = (M, N ER)A(My N ES)
and for all v € V, C hits Vp(v) an even number of times. |
Proof of Lemma [2.34]

Substituting both Expressions (2.6) and (2.32)) in the definition (2.27) and owing to the
algebraic independence of the weights, it is clear that the partition function on G admits a
Pfaffian representation in the sense of definition if and only if there exists an incidence
matrix A® a reference perfect matching M, and a constant A # 0 such that

The actual value of constant A is irrelevant , so we only need to verify that for some
reference perfect matching, Fya(Mjy,-) is non zero and is equal on any two closed curves in

C(@),
(4.4) Fac(My, C) = Fye (Mo, C") for all C,C" € C(G)
Now (C(G),A) is a vector space and admits a cycle basis, say Bg. Therefore the above set

of equations can be reduced to an invariance property under addition of any cycle in that
basis

(45) FAG (MQ, C) = FAG(M(), CA’)/) for all C' € C(G) and all g c BG

Equations (45 are clearly a subset of Equations (@4]); by chain rule, it is easy to show that
they generate all of them, so that both sets are equivalent. |
Proof of Proposition [2.43l

Consider two graphs G = (4, E1) and Gy = (Va, Ey) such that G; < Go. Consider a
given transformation which send G5 on Gy, and denote by ES (respectively EY ) the set of
contracted (respectively deleted) edges of Ey in that transformation. By construction, each
connected component of (V,, FY) is a tree T, which is mapped under contraction to a given
vertex v in G. Furthermore, the edges in Fy \ (ES U EY) are in one to one correspondence

with those of E;, which implies that there is also a one to one correspondence between the
set of darts Vp(G1) and the subset of Vp(Gy) defined as

(4.6) K ={(v,e) € Vp(Gs),e € E»\ (ESU E3)}

For all d € Vp(G}), we denote by d its image in K and assume that the order on Vp(G})
is induced from the order on Vp(Gs) through this correspondence.

Let A2 be an incidence matrix on D(G5) such that AgﬁdQ = 0 if either d; or ds is incident

with an edge in E¢; Then, by (2.40), the matrix [AGQ]F is an antisymmetric matrix of order
|K| = |Vp(Gh)], and for every pair of darts (dq,ds) in Vp(G1) with dy < da, its entries are

(4.7) A% 5 = PHAkuda)
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where
(4.8) K = {(v,e) € Vp(Ga),e € E5 U E§}

In order to prove that AX is an incidence matrix on D(G1), we have to check that Equation
([2.23) holds for all pairs (di,dz2) € Vp(Gi1). Let us consider a pair of darts (di,ds) such
that Agl i # 0. Then in the expansion of the right hand side of (4.7)), there is at least one
non zero term which necessarily contains as a factor the term A; ; , or a product of terms
dva A 'A%»fh for some k > 0 where (g;,d!), 1 < i < k, are pairs of darts associated
to the same edge in ES (by condition (2.44])).
In the first case, A;, 7, # 0 implies (dy,d>) € Ep(G) since A is an antisymmetric incidence

matrix. Hence d; and dy contain the same edge in E, \ (ESN EY), which implies that d; and
ds also contain the same edge in Fj.

In the second case, Aj - # 0, Ag 5, #0, -+, A%JQ # 0 imply that each pair of darts,

d, and g, gy and go, - -+, g and d, share the same vertex, respectively. Since (g, g;) € ES
for all 1 <14 < k, these vertices are in the same connected components of (V5, ES) and thus
shrink to the same vertex of (G; under contraction. Thus d; and dy contain the same vertex

in V;.
In both cases, (dy,ds) € Ep(Gy). AX is thus an incidence matrix on D(G). n
Proof of Theorem [3.1l

Let G be a planar, 2-connected simple graph. By Lemma [3.12], there exists a planar, 2-
connected, 4-regular graph G = G, which partition function admits a Pfaffian representation
by Proposition[3.13l By Theorem [3.9] this property extends to all its minors and in particular
the partition function on G admits a Pfaffian representation.

Let G be a non planar graph. Kuratowski’s planarity criterion [27], one of its minors is
homeomorphic to the complete graph K5 or the complete bipartite graph K3 3. By Proposi-
tion B.I1], the partition function on either of these two graphs has no Pfaffian representation
and by Theorem .9 there is also no such Pfaffian representation for the partition function
on G. |

Proof of Theorem [3.2.

Let G = (V, E) be a graph of nonorientable genus g. We first suppose that G is 4-regular
and construct another 4-regular graph G = (V, E) with G < G in the following way: we
consider a surface S with g crosscaps and decompose it into g+ 1 domains Dy, Dy, --,Dj so
that Dy is homeomorphic to a sphere with g holes and each of the Dy, k > 0 is homeomorphic
to a Moebius strip. We draw G on S so that all its vertices are in Dy. On every domain
Dy, k > 0, we draw two nested non intersecting simple curves around the crosscap. We
call G the 4-regular graph which representation on S results from the superposition of the
representation of G and the 2g closed curves, adding each intersection point to the vertex
set , and associating each line segment to an edge.

Finally, we possibly use Lemma [3.:34 and modify G accordingly so that the all face bound-
aries of G on S are cycles. For every k € {1,--+,g}, we call Gy = (f/k, Ek) the subgraph of
G with vertex set the subset of V represented in D, and edge set the set of edges in E with
both endvertices in V.
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Note that in this embedding every edge of G goes through at most one crosscap. We
thus consider an embedding scheme (II, \) which describes the embedding of G on S so that
A(e) = —1 for every edge e going through a crosscap and A(e) = +1 otherwise. By Lemma
B35 there exists an incidence matrix A% with coefficients as in (334), such that equations
B29)-331) hold for all cycles v € Fi(G).

We introduce a multicomplex algebra C; with generators 4y, - - -, iz such that i2 = —1 for
all « € {1,---,g} and i,ip = igi, for all o, B € {1,---,g}. We construct a new matrix AC
with coefficients in Cy, so that for every pair of darts (v, ¢), (w, f) in Vp(G)

AC o = {z‘w(A(Cie L) ife=f € Gpand A(e) = —1

4.9
(4.9) A(Cie (w.f) otherwise.

where 3(+) denotes the imaginary part. By construction, every cycle in Fg (G) has its support
in one of the subgraphs Gy, or has all edges with 41 signature.

Thus for every cycle v € Fi(G), the equations ([3:29)(331)) contain at most one generator
1k, so that they hold for coefficients of A% as soon as they hold for those of AC. Thus AC is
also an incidence matrix (with coefficients in Cj ) such that equations ([3.29)(3.31]) hold for
all cycles v € Fi(G).

The set of closed curves on graph G has 29 homology classes and any two elements in
the same homology class are given the same contribution in the Pfaffian expansion of AC.

We now construct a particular element in each homology class which contribution can be
computed.

Let us denote by Cr(G) C C(G) the set of closed curves with support in Uj<p<g . Given
a reference perfect matching My as in (3.16), we also denote by M r(G) the set of perfect
matchings in M (G) which have their image in Cz(G).

(4.10) Mp(G) ={M € M(G), rs, (M) € Cr(G)}
We also define the following subsets of darts

(4.11) Dy = {(v,e) € Vp(G),v € V\ Uicres Vi }
and for all ke {1,--- ,k}

(4.12) Dy = {(v,e) € Vp(G),v € V. }

Obviously the chosen reference perfect matching has its support in Up<i<3 D), X Dy, and thus
also every perfect matching in M R(G~). Now the sets of dimers Dy x Dy, 0 < k < ¢ have
disjoint support, so that M R(G’) is a direct product of sets of perfect matchings on each
component.

Now define
fo = Fia(Mo,70) for some 7o € fé(f?) 5
fo = Fia(Mo,m) for some 47 € C(Gy) \ F5 (@)
Note that the value of fo is independent of the choice of vy € Fi(G), and C(Gy) \ Fi(G) is

not empty ( G}, is not planar) and the value of f; is independent on the choice of 4% in that
set.
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The subgraph G}, contains K5 as a minor (which can be formed from the two closed
lines around the crosscap and two edges of GG passing through the crosscap and their 8
crossing points). Thus by Theorem [3.9] there exists an incidence matrix on K5 which Pfaffian
expansion has weights proportional to fy and fi. In particular they verify Equation (462
which is homogeneous. Thus weights fy and f; verify the same equation, namely,

(4.13) fifo = =R o

Since ¥ passes through the crosscap an odd number of times, fj, is necessarily proportional
to I, which implies then

(4.14) fe = Tirfo

For conveniency, we possibly change the sign of the coefficients of the matrix AC which
are proportional to i, (Indeed, for every cycle v € Fj(G), equations (B.29)-(B31]) keep
unchanged in that transformation), so that we can fix those signs to be

(4.15) Je = fo

Now consider a closed curve C' € CR(G). Denote by Cj the closed curve in € C(G) with
support in G, which coincide with C' on Gy, and by Cp the null curve. By construction, we
have

(4.16) Fia(Mo,C)(Fi6(Mo, o))" = g Fia(Mo, Cy)
k=1

and thus

(4.17) Fie(Mo,C ﬁ

where -

(4.18)

+1 if g, has nonorientable genusl
€. =
g 0  otherwise

where C|g, is the restriction of C' on Gr.
Setting

(4.19) A=+ f[(l — i)

We get, for every curve C' € C(G),
(4.20) Re[AF;6(Mo, C)] =1

The Theorem is proven.

Proof of Corollary 3.4l

Let G = (V, F) be a graph of nonorientable genus §g. By Theorem [3.2] there is an incidence
matrix A® on D(G) with coefficients in C;, a constant A € C; and a reference perfect
matching M, such that
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(4.21) Za(w) = w(MyN Ef(G)) Re[A Pf(A%Mo(w))]

Now there are 29 distinct~s algebra homomorphisms Hj, C; — C, k€ {1,---,29} such
that for all j € {1,---,g}, Hi(i;) € {—1, +i}, and we have for every element w € Cy,

1 ~
(4.22) Re(w) = — > Hy(w)
k=1
Here we set
1 -
(4.23) Ay = o Hi(A)
and for all (dy,ds) € Vp(G) x Vp(G)
(4.24) (AF) 4y 4, = Hi(AG 42)
and we get
29
(4.25) Za(w) = w(My N ER(G)) Y Ay PE(ATY (w))

Proof of Corollary [3.7L

Let G = (V, E) a graph of orientable genus g. The surface in which it can be minimally
embedded can be represented as a (fundamental) polygon with 4g sides to be identified
pairwise. Conventionally, the polygon can be represented as a succession of translations
along the sides, round the polygon, as

(4.26) Py = AIBIAT By A By Ay Byt Ay By A B!
where Ay, By, - - - ,Bg_1 are the labels of the sides, and the index ~! indicates an orientation
opposite to the previous one.

On the other hand, a non orientable surface with genus g can be represented as a funda-
mental polygon with 2¢ sides, in the form

(4.27) Py = CoCoCLCy - Cy_1C5,

where each side C, is followed twice in the same direction.

Now we consider (£26) as an element of the free group Fy, generated by the 2g generators
Ay, By, -+, A;, B,. and we show hereafter that it can be set in the form (£27) with
g=29+1.

We define Sy =Ty = 1p, , and recursively forall 1 <k <g,

S = S ARBLA'B!
(4.28) Th = BpAyTe s
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For every 1 < k < g,we write
Up. = Spi—1AeBiTi

(4.29) Vi = T, 4B A S T BrTh
Wy = T, By " Ti-1Sk-1Th—1

From these definitions, it follows that ,

(4.30) U (ViVi) (WiWh) = AT'Br! = To AT B
and for all & > 2,
(4.31) Ue(ViVi) WiWi ) Ut = T (A By Y) (Br1 Av—1) Tz

Using these relations, we compute
(UgUg) (ngg> (W9W9> e (Vka) (Wka) o (V1V1) (WlWl)
= (Sg—lAngTg—l) (Ug%%WgWgU;jl) T
x - (U VEVEW WU -+ (VA VAW WA )
= (Sg—lAngTg—l) (Tg_—llA;IBgy_lAg—lBg—ng—?) U
x - (T, 4 A By A1 Broi Tima) -+ - (AT BT
(4.32) = Sg-1A¢ByA; B!
Which gives the identity
(UgUg) (qug) (WQWQ) T (Vka) (Wka) o (Vlvl) (WlWl)
(4.33) = (A1B1AT' By ) (A3 By Ay ' By Y) - -+ (AgByAL ' B )

In terms of elements of the free group Fy,, we have thus proven an identity between P,
and Pj, with g = 2¢g + 1, with the following choice for the factors C;, 0 < j < 2g,

(4.34) Co=1U,

and forall 0 <k < g—1,

(4.35) Cory1 = Vg
(4.36) Cokrz = Wyy

This decomposition proves directly that a graph of orientable genus g can be embedded in
a nonorientable surface with 2¢g + 1 crosscaps and incenditally leads to a proof of inequality
34), longer but distinct from the original one [31]. In Figure B, we give an example of
transformation of a fundamental domain for a surface of orientable genus 1 into that of a
surface of nonorientable genus 3, according to Identity (433). In Figure d we show the
embedding of a graph of orientable genus 1 in a nonorientable surface with three crosscaps
which results from decomposition (4.34)—(43%]), starting from an orientable embedding.

Here we are interested in the explicit realization of such a nonorientable embedding. We
introduce a multicomplex algebra Cy,41 with generators iy, 1, 724, so that it = —1 and
igly = ipig. We now rely on the construction given in the proof of Theorem 3.2l We attach
generator i to the crosscap [CCy]. Considering again a graph G = G such that an edge
a
(v,e),(w,e)

crosscap. By Theorem [B.9] the induced

crosses at most one crosscap, we recall that the edge entries in the incidence matrix A

are linear in 7y if and only if edge e crosses the jth
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FIGURE 3. Left: Fundamental polygon for a surface of genus one, described
as a single curve closing at the point marked with a e. Right: transformation
of the same curve using decomposition (£3H). The resulting curve now passes
three times at the marked point; After identification of these three points, the
curve splits into three lobes, each having the structure of a crosscap.

incidence matrix for the original graph G gets a similar property: an edge on G corresponds
to a simple path in G and its edge entry in AC is proportional to the product of all edge
entries in A® defined on this path. Accordingly, an edge entry in A gets a factor i; each
times the edge crosses the ith crosscap, and thus is linear in ¢, if and only if edge e crosses
the kth crosscap an odd number of times.

Now starting from an orientable embedding of GG, we have to read off from expressions
(4.34)—(4.35]), which crosscaps are crossed oddwise by an edge in G which was originally
crossing (once )the boundary of the fundamental domain through side Ay (respectively By),
for all 1 < k < g. For this purpose, we have thus to determine for each Cj, 0 < j < 2g, the
set of generators O(C};) which occur an odd number of times. We have

O(Co) = {A;,B;;1<j<g}

(4.37)
and for all k € {0,---,¢g— 1},

O(Cor1) = {A; Bl <j<g—k—1}U{A}

O(Corya) = {4;,B;1<j<g—k—1}U{Bys}

It is easy to see that each generator appears in an even number of sets. Thus, for any

edge crossing the boundary of the fundamental domain, the corresponding edge entry gets
proportional to the product of an even number of generators in Cyy4 1. Each matrix entry can

be thus considered as an element of a subalgebra with generators e, = igiy, with eger = epey
and e2 = 1.
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>y

FIGURE 4. Left: Embedding on the torus of a graph of orientable genus 1.
Right: Derived embedding in a surface with tree crosscaps, with Cy = AB,
C, = B7'A7'B, 0, = B~!'. Multiple occurences of the same boundary are
identified in two ways: inside each crosscap, opposite boundaries are identified
(dashed lines); outside crosscaps, the paired new boundaries are joined by solid
lines. By construction, edges do not cross outside crosscaps. Note that every
edge goes through a crosscap an even number of times.

Simultaneously, the constant A defined in Equation ({I9) can be replaced by an element
of the subalgebra without changing the real part of A Pf(A%M0)(w). Namely, we set

(4.38) A:fl( Y )E[[e+ Y 0 e
0 g}

SC{1,,29} jes SC{1, 2 jes
|Sleven |S|odd

We follow the same way as in the proof of Corollary [3.71 We denote by Ry, the real ring
generated by {e;}1<j<a,. There are 2% distincts algebra homomorphisms Hy : Ry, — R,
ke {1,---,2%} such that for all j € {1,---,2¢}, Hi(e;) € {—1,+1}, and we have for every
element w € Cy,

229

(4.39) Re(w) % S Hy(w)

k=1



PFAFFIAN REPRESENTATIONS 25

Here we set

1

(4.40) Ap = % Hi(A)
where A is defined by Equation (438) and for all (dy,ds) € Vp(G) x Vp(G)
(4.41) (AF) 4y 0, = Hi(AG 42)
Finally, we get

229
(4.42) Zao(w) = w(My N ER(G)) > Ay PE(ATY (w))

k=1

Proof of Theorem [3.9.

We use the same notations as in the proof of Proposition 2.43] We first prove that if
G1 =< G, there is an isomorphism between C(G) and the subset of closed curves on C(G5)
not containing deleted edges,

Under contraction, vertices connected through contracted edges are identified to a single
vertex, which degree is thus equal modulo 2 to the sum of the degrees of the initial vertices.
In particular, closed curves are sent to closed curves, and this allows to define a mapping m
from C (G2) to C(Gh), which is surjective by hypothesis since G; < G5. The mapping is also
injective: if two elements in C have the same image in C(G1), they have the same intersection
with Fy \ (ESUEY), so that their symmetric difference has its support in ES and thus vanish,
since ES contains no cycle. This defines a canonical injective mapping II : C(G;) — C(Gy),
such that for all C' € C(G1),

(4.44) I(C) = n; H(O)

Let A%2 be an incidence matrix on D(Gy). We first construct a modified incidence matrix
A%z as follows. For every pair of darts dy, do in Vp(Gy), let dy = (v1,e;) and dy = (va, €3);
we set

(445) AdG2d _ 0 o if (%1 :"02 and {61, 62} N Eg # @
b Agla, otherwise

Hereafter we take My = Eg (Gy) = FE5 as the reference perfect matching on D(G3) and
consider a closed curve C' € C(Gy). Thus CNEY = () and Equation (Z20) implies that every
perfect matching M in ¢}/ (C') contains all pairs of darts {(v,e), (v, )} in Ep(G2) such that
e € B¢, In particular, A% and A% coincide on every element of M and from Definition
([233), we get
(4.46) Fja, (M, C) = Fyey (M, C)
for all C' € C(G,).

Conversely, consider a closed curve C' € C(Gy) \ C(Gy). By definition, there exists a pair
of darts d, d' in Vp(Gy) with d = (v,e), d = (v',e) and e € C N EY. Since {d,d'} € My,
Equation (220), implies that for every perfect matching M in (b;/é (C), {d,d'} ¢ M. Hence,
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for every such M, there is d” = (v,¢e”) with {d,d"} € M and by (€45, Agz,, = 0. The
contribution of every perfect matching M in ¢J_\/110(C) is thus zero and

(4.47) Fic,(M,y,C) =0
for all C' € C(Gs) \ C(Gs).

We now relate the terms in the Pfaffian expansion of A% to the corresponding terms in
the Pfaffian expansion of the incidence matrix on G constructed using Proposition 2.43]
First, for every weight function w : E; — R™, we define its extension w on Fj, as

(6) = {w(é) if e € By \ (ESU EQ)

448
(4.48) 1 if e € ESU EY

where ¢ is the image in E; of edge e in Fy \ (E§U EY).

Let G = (V, E) be the subgraph of G5 with edge set £ = ESU E¢, and vertex set V the
set of vertices of G incident with some edge in E. The set of darts on G is the set K defined
in Equation (ZX). By construction there is no closed curve on G except the null one and
those with a non empty intersection with E%. Since the arguments used to get equations
(@46)—(E7) apply equally to G, the nonzero terms in the expansion of Pf([A%0 ()] )
are associated to closed curves with no edge in £¢. Thus only the set of matchings associated
to the null curve contributes, and it has only one element, Ms|z. More precisely, for every
weight function w on E;, we have

(4.49) Pf([A9>Mo ()] ;) = £1 # 0
which is thus independent on w.

The Pfaffian reduction formula 2.41] reads here
(450)  PF([AS M0 (@)]F) = (PE([A ()]« ) )

(n—p—1) .
x Pf(A%2Mo (7))
where 2n = |Vp(Gy)| and p = |ES U EY|.

By Proposition 2.43], we already know that [A%2]K is an incidence matrix on D(Gy). We
claim that the matrix [A%2Mo ()] is that the weighted incidence matrix associated to it
on D(G,) for the weight function w and reference perfect matching M; = E5(G,) & E;.

Therefore expanding both sides in equation (£50), for a generic weight function w on Ej,
and identifying terms on both sides using Equation (2.33]), one gets

F[Acz]?(Ml,C) = A1 oF e, (M, 11(C))
(4.51) = A pFye, (M, 1(C))
for all C' € Cv(Gl), with Ay = £1 by Equation (£.49) and II is the canonical mapping from
C(G4) onto C(G3).
Suppose now that the partition function on G5 admits a Pfaffian representation. Thus

by Lemma 2.34] there exists an incidence matrix A% on D(Gs) such that Fic,(Ms,-) is
constant and different from zero on C(G). By (L) and (@A), Fje.x (M, ) is also

constant and different from zero on C(G;). Using again Lemma [2.34] this implies that the
partition function on GGy also admits a Pfaffian representation.

In order to conclude the proof, we have to prove the claim.
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Given our choice of reference perfect matching, the characterization (2:25) reduces to the
identity

(4.52) (A (@)]] 4, = w ({dy, d2})[AD]E 4,

which has to be checked for every pair of darts dy, da with a common edge in E, \ (ES UES).
Let di = (v1,¢), d2 = (v2, ) be such a pair of darts. The graph Ge = (VU{vi, v}, Eu{e})

is again a subgraph of (G5, and every closed curve on G, has either one edge in ES or has no

edge. We have

(4.53) (A (@)]] 4, = PEIATM (@) kUar.a2))

and the expansion of the Pfaffian on the right hand side thus contains only one term, corre-

sponding to the restriction of the reference perfect matching My on D(G.). In particular,we
have

PE([ADY (D) kogaray) = (] @7'(€)) PEIAD ] kugar an)
e'cE.
_ -1/~ A G2
= w(€) PEA™]kugarazp)
(4.54) = w'(e) [A%]3 4,
Thus Equation (4.52)) holds. The theorem is proven.

Proof of Proposition [3.111

Consider first the complete bipartite graph Ks3s3. Since it is 3-regular, its dart graph
D(K33) is also 3-regular and there is as many perfect matchings on D(K33) as there are
closed curves on K33. Thus given a reference perfect matching My, the mapping ¢, defined
in Equation (2.20) is one to one.

We label the vertices and edges of K33 by letters in {a,b,c,d, e, f} and numbers in
{1,---,9}, respectively, as in Figure [f and if vertex v is incident with edge k, we use the
short hand notation vy to denote the dart (v, k).

We consider two sets of cycles on K33, S = {71,72,73} and S’ = {7}, 7,74}, where
m = {a,1,d,4,0,6,f,9,¢,8,¢,2}
(4.55) Yo {a,1,d,7,¢,9, f,3}
v3 = {b,4,d,7,¢,8,e,5}

and
fy:ll_ = {a7 17d747b7 5767 876797 f73}
(4.56) v = {a,1,d,7,¢,8,¢,2}
fYé = {b7 47 d7 77 C7 97 f7 6}
The main property of these two sets is that any subchain of length 4 (a succession of
two vertices and two edges in a cycle) appear in both sets with the same multiplicity. For
instance the subchain (d,4,b,6) appears both in v; and ~4. Now, drawing simultaneously

all cycles in a set on the same surface, slightly shifting each drawing, results in a figure as
depicted in Figure [6]l with possibly some crossings between the lines of different cycles, and
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FIGURE 5. Representation of graph K 3 in the projective plane (Left) and its
dart graph (Right). Vertices and edges are labelled with letters and numbers,
as used in text; darts are named accordingly.

the number of crossings depends on the surface and the way the cycles are drawn. However,
when drawing the two sets S and S’ on two copies of the same surface, the parity of the
number of crossings always differs in both drawings (Figure [6).

FIGURE 6. The two sets of cycles S (A5H), and S’ (£50) are drawn using
the representation of K33 shown in Figurebl Both sets have locally the same
configurations but parity of the numbers of crossings differ.

This property transfers to the perfects matchings on D(Kj3) in the following way: We
take for instance E5(K33) as reference perfect matching, that is, we set

My = {{a1,di},{as,ea}, {as, f3}, {bs, du},
(4.57) {bs, e5},{b6, fo}, {cr, dr}, {cs, es}, {co, fo}}
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so that the two sets of cycles S and S’ are associated to two sets of perfect matchings,
Sy = { My, My, M3} and S}y, = { M, M, M;}, respectively, where
My = {{as, fs}, {bs, es}, {c7, dr}, {ar, ao}, {bs, bs}, {cs, o}, {dr, du}, {€2, €5}, {fo, fo}}
My = {{ag, ez}, {bs,da}, {bs, €5}, {bs, fo}, {cs, es}, {ar, as}, {cr, cs}, {dv, dr}, { f3, fo}}
M; = {{ar,di},{as, e2}, {as, f3},{bs, fo}. {co, fo} {ba, b5}, {c7, o}, {du, d7}, {e5, es}}

and

M{ = {{a27€2}7{b67f6}7{077d7}7{a17a3}7{b47b5}7{08769}7{d17d4}7{€57€8}7{f37f9}}
Mé = {{a37f3}7{b47d4}7{b5765}7{b67f6}7{097f9}7{a17a2}7{07768}7{d17d7}7{€27€8}}
Mé = {{abdl}a{a2’e2}>{a?nf?:}a{b5a65}>{08>68}a{b4ab6}>{C7>Cg}a{d4ad7}a{f6>f9}}

As a consequence of the properties of sets S and S’, here each dimer appears in both sets
Sy and S, with the same multiplicity.

Let A be an arbitrary antisymmetric incidence matrix on D(K33). The contributions of
the cycles in S and S’ to the Pfaffian expansion of A (equation (233]) ) are related by

3 3
(4.58) [T Fa(Mo, i) = =TT FalMo, 7))

i=1 i=1
This relation derives from the properties of the two sets S and S’. It can also be seen also as
a property of the perfect matchings in Sy, and S, alone and any other choice of reference
perfect matching would define two equivalent sets of cycles through equation (2.37)). Thus
for every antisymmetric incidence matrix on D(K3) and every reference perfect matching
there exist two sets of closed curves such that relation (4.58) holds. By Lemma 2.34] the
partition function on K333 has no Pfaffian representation.

The proof for the complete graph Kj5 is similar.

We label the vertices and edges of K5 by letters in {a, b, ¢, d, e} and numbers in {0,--- 9},
respectively, as in Figure [7] and we denote the dart (v, k) by vg. Kj is 4-regular so that the
mapping (2.20)) is not one to one: in fact K5 has 64 closed curves and D(K5) has 416 dimer
coverings.

We consider two sets of cycles on K5, S = {71, 72, 73,74} and S" = {+1,7%, V%, 74}, where
m = {a,4,¢,3,d,6}
v = {a,0,b,1,¢,2,d,6}
v3 = {a,0,b,7,d,2,¢,9,e,4}
(4.59) v = {a,0,b,8,¢e3,d,2¢c5}
and
vy = {a,4,¢,9,¢,2,d,6}
vy = {a,0,b,8,¢e,3,d,6}
v, = {a,0,b,7,d,2,¢,5}
(4.60) vi = {a,0,b,1,¢,2,d,3,¢e,4}
Here again, any subchain of length 4 (two vertices and two edges) appear in both sets

with the same multiplicity. Now, drawing simultaneously all cycles in a set on the same
surface, slightly shifting each drawing, results in a figure with some crossings between the
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FIGURE 7. Representation of graph K3 in the projective plane (Left) and its
dart graph in the same representation (Right). Vertices and edges are labelled
with letters and numbers, as used in text.

lines of different cycles. Again, when drawing the two sets S and S’ on two copies of the
same surface, the parity of the number of crossings always differs in both drawings (Figure

&).

FIGURE 8. The two sets of cycles S (A59), and S’ (L60) are drawn using
the representation of K5 shown in Figure [[l Both sets have locally the same
configurations but parity of the numbers of crossings differ.

We take E5(Kj) as reference perfect matching, that is

My = {{ao,bo},{b1,c1},{ca, do}, {ds, €3}, {as, ea},
(461) {0,5, 05}, {0,6, dﬁ}, {b7, d7}, {bg, 68}, {Cg, 69}}
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so that each cycle in the two sets S and S are associated to exactly one perfect matchings
in Sy = { My, My, Ms, My} and S}, = { M7, M5, M, M} }, respectively, where

My = {{ao,bo},{b1,c1}, {co, do}. {as, s}, {br, dr}, {bs, es}, {co, €9}, {as, ac}, {ds, ds}. {€3, €4}}
My = {{ds,e3},{as,es}, {as,c5},{br. dr}, {bs, es}. {co, €9}, {0, ag}, {bo, b1}, {c1, c2}, {d2, do }}
Ms {{b1, 1}, {ds, es}. {as, 5}, {ae, do}, {bs, es}, {ao, as}, {bo, b7}, {2, co}, {da, dr}, {e4, e9}}
M, {{b1, 1}, {as, s}, {as, do}, {b7, dr}, {co, €9}, {ao, as}, {bo, s}, {c2, c5}, {da, d3}, {e3, €s}}
and

M {{ao,bo}, {1, 1}, {ds, es}, {as, c5}, {br, dr}, {bs, es}, {as, ag}, {c2, co}, {da, ds}, {€a, €0 }}
My = {{bi, a1}, {ca, do}, {au, ea}, {as, 5}, {br, dr}, {co, €9}, {ao, ac}, {bo, bs}, {ds, de}, {e3, es}}
My = {{bi,c1},{ds, es},{as, es}, {as, ds}, {bs; es}, {co, o}, {a0, as}, {bo, b7}, {c2, c5}, {da, dr}}
My = {{as,cs},{as,do}, {br,dr}, {bs, es}, {co, o}, {ao, as}, {bo, b1}, {c1, ca}, {da, d3}, {e3, ea}}

As a consequence of the properties of sets S and S’, each dimer appears in both sets Sy, and
S’ with the same multiplicity.

Let A be an arbitrary antisymmetric incidence matrix on D(Kj5). The contributions of
the cycles in S and S’ to the Pfaffian expansion of A (equation (2.33) ) are related by

(4.62) HFA(MOa%') = —HFA(Moa%{)

=1 i=1

This relation derives from the properties of the two sets S and S’. It can also be seen also as
a property of the perfect matchings in Sy, and S, alone and any other choice of reference
perfect matching would define two equivalent sets of cycles through equation (2.37)). Thus
for every antisymmetric incidence matrix on D(Kj5) and every reference perfect matching
there exist two sets of closed curves such that relation (4.62) holds. By Lemma 2.34] the
partition function on K5 has no Pfaffian representation.

Proof of Lemma [3.12

Let G = (V, E) be a finite 2-connected simple graph 2-cell embedded in some smooth sur-
face ¥. We construct 4-regular graph G = G by a succession of elementary transformations
such as vertex splitting, edge addition and edge subdivision [30], taking care that at each
step, the resulting graph is still a 2-connected simple graph embeddable in the same surface.

We first state the following three claims, which we prove for any 2-connected simple graph
G 2-cell embedded in some smooth surface >:

e Claim 1: If some vertex in graph G has odd valency, there exists a 2-connected simple
graph G’ %= Gembeddable in the same surface, with a strictly smaller number of vertices of
odd valency.

e Claim 2: If all vertices in G have even valency and some vertex in G has valency larger
than 4, there exists a 2-connected simple graph G’ %= G embeddable in the same surface,

with all vertices of even valency and a strictly smaller number of vertices of valency larger
than 4.
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e Claim 3: If some vertex in GG has valency 2 and all others of valency 4, there exists a
2-connected simple graph G’ = Gembeddable in the same surface, with a strictly smaller
number of vertices of valency 2, and all others of valency 4.

Clearly, the proof of Lemma [3.12 follows easily from the above three claims and transitivity
of - »= - : a finite iteration of Claim 1 leads to a graph G’ = G with all vertices of even valency.
Claim 2 allows then for the construction of a graph G” = G’ with all vertices of valency 2
or 4. Finally a repeated use of Claim 3 gives a 4-regular graph G = G".

We now prove the above three claims.

Proof of Claim 1. Suppose that G is a 2-connected simple graph 2-cell embedded in
some smooth surface > and that some vertex has odd valency. Since the number of such
vertices is necessarily even, one can pick a pair of them, says vy, vy. If they belong to the
same face boundary, we construct a graph G’ by adding an edge {v1,v2} (or a new vertex
v and two edges {v1,v}, {v,v2} if v; and vy are adjacent on G). If vy, v don’t belong to
the same face boundary, one considers a finite sequence of faces { F}j};—ox such that v; € Fy,
vy € F). and the boundaries of F;_ and Fj share at least one edge, says e;, forall 1 < j <k.
We chose this sequence to be of minimal length and construct G’ by replacing each edge e;
by a new vertex w; and two new edges, each with endvertices w; and a distinct endvertex of
e; (namely, subdividing each edge ¢;), and adding k41 edges {vy, w1}, {wr, w2}, - - {wy, v2}.
In both cases, v; and vy have even valency in G’, while all new vertices have valency 2 or 4. In
addition G’ is a 2-connected simple graph since G is and the endvertices of new edges are not
neighbors in G. Finally G’ can be embedded in the same surface ¥ since the transformation
consists in splitting one or more faces of the embedding of G.

Proof of Claim 2. Suppose now that all vertices of G have even valency and let v a
vertex of valency r > 4. We construct a new graph G’ by replacing this vertex in G and its r
edges by a 4-regular tree T, with % points, r external edges and % internal edges. Since
a sufficiently small neighborhood of z, is homeomorphic to a disk and 7T, of genus zero, one
can identify the external edges of this tree with the edges of v in G in such a way that G’
can still be embedded on X. By construction G’ is still a simple graph and it is 2-connected
since no new vertex is separating.

Proof of Claim 3. Suppose that some vertices of G have valency 2 and all others valency
4. Let v be a vertex of valency 2. If G is a simple graph distinct from K3, one of the faces
of the embedding which contains v has length at least 4, so one can pick two distinct edges
on the boundary of this face with endvertices distinct from v. Now one construct G’ from G
by adding one subdivision vertex on these two edges , says w; and ws and the three edges
{v,wi}, {v,we} and {wy,wy}. the three points v, w; and wy have valency 4 in G’ so G’ has
one point of valency 2 less than G. Furthermore the transformation consists in splitting a
face so that G’ can still be embedded in ¥. Furthermore G’ is again a 2-connected simple
graph. If G identifies to the graph K3 , one may consider Ks 5 = K3, and proceed as above.

Proof of Proposition 3.13l

Let G = (V, E) be a planar 2-connected 4-regular graph and Bg a cycle basis on G as
in McLane’s planarity criterion [[LIL An important property of such a basis is that none of
its subsets can form a double cover of a proper subset of E(v), for any vertex v € V. For
completeness, we give here a short proof of this property [20]:
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Suppose that this property is false at some vertex v, and call a cluster the proper subset of
E(v) covered twice. Since Bg verifies McLane’s criterion, every element of B either belong
to the covering and has two edges in the cluster, or does not belong to it, and has thus 0
edges in it. The intersection with the cluster thus contains an even number of edges and
this holds true also for all elements generated from Bg by finite difference. However, by
hypothesis, there is at least one edge at v outside the cluster, and since G is 2-connected,
there exists a cycle in C(G) containing whichever pair of edges in F(v); and in particular
exactly that edge and one edge in the cluster. This is in contradiction with the fact that Bg
is a cycle basis for C(G), which proves the above property.

We now consider an incidence matrix A“ and notations as in (3.I8)—(B.21). We prove that
conditions of Proposition [3.2§ can hold simultaneously for all cycles in Bg.

We first consider the site equations ([3.29). Let v € V and v € B such that v > v. When
rewritten in the original variables (see Table [I]), the related site equation may appear in
three different forms, depending on which edges in F(v) belong to :

SpSy + tva =0 if 7N E(U) = {617 64} or {627 63}
(4.63) toty +upi, =0 if YN E(v) = {e1,ea} or {es,es}
Uylly + Sy, =0 if v N E(U) = {61, 63} or {62764}

Equations at different vertices are obviously independent. Suppose that there are two cy-

cles in Bg passing through v and associated to a different equation in ([A63]). They share
necessarily exactly one edge in F(v). Now take any other cycle in Bg passing through v.
By McLane’s criterion, it can neither share the common edge (already appearing twice), nor
share a distinct edge with each (which would form a cluster of 3). Thus it is necessarily
disjoint in F(v) from one of the other cycle, and the associated equation is the same. Thus
at every vertex v, the site equations associated to all elements of By are at most two, and
admit a nowhere zero solution.

Note that all three equations together have no nowhere zero solution as it would give
S8y = tyty, = Uylly, = 0.
We suppose from now on that site entries of the incidence matrix have been given non

zero values so that all site equations hold for all v € By, and we consider the set of edge
equations.

We consider a cycle v = (V,, E,) in B with its elements ordered as in Equations (3.21)-
[B:22). For every pair (v,e) € V,, x E, with v incident on e, we define the following ratio

U;jTy e v v
. if 35 € {1,---,r,} such that e = ¢/ and v = v;
(64) Ry, =9 2
% if 37 € {1,---,7,} such that e = ¢} and v = v},

The ratio R}, depends on the intersection of v with E(v), and is independent on its
orientation. On each vertex, this ratio may take twelve different expressions in terms of the
edge entries, which can be computed from Table [Il and are reported here in Table 2l
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/ 1 2 3 4
e € e, e, e, €,
ol Sy Uy ty So Uy T
Y t’l) av S’U
2 Sy Uy ﬂv t_v t_v Sy
e
5 —
Ly Sy Uy
3 t’l) §’U ,a”l) t’l) §’U ﬂv
(& —
v
uU SU v
4 Uy Ev EU gv gv Uy
(&
Y SU ﬂv tU

TABLE 2. Expression of the ratio R, for a vertex v, an edge e and a cycle vy
such that v N E(v) = {e,€'}. This expression is Written as a function of the
location of e, ¢’ in the ordered set E(v) = {el €2 e el

v v vl v

Let e be an edge on graph G with endvertices v and w, and v be a cycle in By containing
e. The associated edge equation reads

(465) bz = _Rz,eRZ},e

Now consider two distinct cycles v and ' in Bg passing through a same edge e with
endvertex v. By McLane’s criterion, they cannot have two successive edges in common, since
it would form a cluster of two edges. Thus, up to a permutation, and possibly, exchanging
the roles of v and +/, one can suppose that v N E(v) = {el, e} and v/ N E(v) = {e!, €2}, so
that el is their common edge at v. From Table 2 the associated ratios read

Uyl
Rv el - 3
v
! SpUy
R'Y 1T = —
v,e} tv

The site equation associated to v at v reads
S5y + toty, =0
which implies
R} —R"

This relation is invariant under any even permutation on E(v), so we get the following result.
Two distinct cycles v and 4" in Bg passing through a same edge e with endvertex v have
opposite ratio:

(466> Rz,e = _RZ:G

Thus, since the left hand side of Equation (A.63]) is quadratic in the ratios,it is invariant
when considering different cycles in By passing through the same edge.

vel_ v,el

Thus edge equations are identical for different cycles at the same edge, and are also
algebraically independent for different edges. Hence, the whole set of edge equation can be
solved simultaneously for all edges and all cycles in Bg.
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We now assume that the coefficients of the incidence matrix have been chosen so that both
site and edge equations are fulfilled, and consider the cycle equations (B31]), for all cycles
in Bg. We first note that these equations are not fully independent from the edge and site
equations. Multiplying all edge equations associated to a given cycle v € Bg gives

" o T (O
2 T 11 7 2
(4.67) [[B) =0 [ =110
i=1 i=1 vt i=1
where the last equality comes from the use of site equations ([3.:29). Thus for every cycle
v € Bg, we have

(4.68) H B] = —¢, H Ul
=1 i=1

with e, € {—1,1}.
We thus define a new set of variables {¢€.}.cg with value in {—1,1}, and consider the set
of equations

(4.69) H €e = €
ecy
for all v in Bg.

Now the independence of the cycles as elements of the (vector) basis Bg implies the
independence of equations in (£.69)) and thus insures the existence of a solution with {€.}ecp
in {—1,1}. Now for every edge e such that e, = —1, we change the sign of the two associated
edge entries in the incidence matrix. The new edge and site entries are all nonzero and
such that Equations (3:29)—(3.31)) hold for all cycles in Bg. Thus, by Proposition B.28 there
exists a reference perfect matching My such that Equation (3.:32) holds for all cycle v € Bg.
By Lemma [2.34] the partition function on G admits a Pfaffian representation.

Proof of Lemma [3.24].

For every vertex v, the set of permutations on F(v) is homeomorphic to S;. There are
exactly two permutations ¢ in Sy, with a prescribed value of two images, which differ by a
transposition. Thus they have a different signature and only one has a positive one. The
twelve permutations are listed explicitely in the first column of Table [Il |

Proof of Lemma [3.34]

Suppose (G is a 2-regular simple graph embedded in some surface S. Using Lemma, [3.12],
there exists a 4-regular, 2-connected simple graph Gy, > G embedded in the same surface.
Let K be the number of faces in this embedding which closure is not homeomorphic to a
closed disk. If k # 0, we construct recursively a sequence of graphs G, ..., Gk such that
G =G, forall k € {1,---, K} so that G/ has a strong embedding in S.

For k in {0,---, K — 1}, suppose that G}, is embedded in & . We pick one face which
closure is not homeomorphic to a closed disk, and denote by v the closed path around this
face, which can be described as a succession of vertices and edges as

(470) Y= {’Ulaela BN P S P aUMeT’}
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where r is the length of the path and {v;},cq1... ry (vespectively {e;}icq1,.. ;) are vertices
(respectively edges) in G, such that v; is incident with e;_ and e; for all i € {1,--- ,r} (we
assume that indices are defined modulo r). Since 7 is a path round a face, every edge in
v appears at most twice and successive edges have to be distinct (since G), has no vertex
incident with only one edge). Denote by I; C {1,---,7} the indices of edges appearing only
once in v and by I, the set of pairs of indices associated to edges appearing twice in ~

(471) 12:{(i,j>,1§i<j§T,€i:€j}

We construct Gy4; starting from Gj as follows: on each edge on the path, we add one
(respectively two) subdivision points according to its number of occurrences in «y. In other
words, we add r vertices {w; }icqi,... »} to G}, delete all edges in v and replace e; by two edges
(vi, w;) and (w;, vi41) if © € Iy, or by three edges (v;, w;) (w;, w;) and (w;, viyq) if (4, j) € .
Finally we add r edges between subdivision points, (wy,ws), (ws, w3), ..., (w,,wy). Note
that each new edge has its endvertices on successive edges on the boundary of the face, they
can be drawn on it without crossing, so that the resulting graph G, can be embedded on
the same surface S. Furthermore, it is 4-regular, since new vertices have four edges incident
on it, and 2-connected since G is. Gy41 has r more vertices and 2r more edges than Gj.
On the embedding on S, the r 4+ 1 new faces have length 3, 4, 5 or r, and are all bounded by
cycles since all their vertices are distinct. Other faces have not changed except by possibly
adding one subdivision point on some edges, and there is one face less which boundary is
not a cycle. Finally G411 = G}, since it is constructed from it by adding subdivision points
and edges.

Thus, starting from G{ and iterating K times this construction, we obtain a graph G’
embedded in S with all faces bounded by cycles. Graph G’ is 4-regular and 2-connected
and by transitivity, we also have G = G

Proof of Lemma [3.35

The proof of this lemma is partly similar to that of Proposition B.13. In fact, as in the
planar case, no subset of F§(G) can form a cluster, that is a double cover of a proper subset
of E(v)) at some vertex v € V. This implies that all results in the proof of Proposition
hold true in the non planar orientable case, for the restricted set of cycles Fj which
generates the face system and not for the whole basis.

For every v in V', the associated vertex equations consist in a system of two equations
out of the three possible ones written in Equation (£63)), which has clearly solutions in R.
Therefore we suppose from now on that all vertex entries of the incidence matrix have been

given a real non zero value so that the set of vertex equations for all vertices and all cycles
in F§(G), are fulfilled.

We now consider the ratios R}, defined in .64l We have already noted that their value
does not depend on the orientation of the associated cycle 7, and that if two cycles pass
trough the same edge, the ratios have opposite value. Here we show that the two ratios
associated to the same cycle 7 at a given vertex, says v., have values with opposite signs.
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Indeed, from the definition (£64]), we have

(4.72) RZ},ej = Ui;?,?
UrT?
(4.73) RZZ@Z,I = %;’Z
while the vertex equation reads
(4.74) SIS+ T)T) =0
and thus
(4.75) R, o Rl . =—(U7)" <0

Therefore the ratios at every vertex are alternating signs; at a given vertex v, either R} , >
0 and RZ,m(e) < 0 for all edges e € E(v) and all cycles v such that v N E(v) = {e, m,(e)}, or
all signs are simultaneously reversed. We also note that given a solution (s, t,, ty, Sy, ty, Uy ),
one gets another solution by reversing the signs of u, and u,, for which all ratio at v change
sign. Thus given a rotation system II = (m,),e1, one can choose the solutions of the site
equations so that the ratios R, > 0 simultaneously for all v € V, all e € E(v) and all
v € F3(G) such that v N E(v) = {e, m,(e)}.

Now consider an edge e € E with endvertices v and w. If its signature A(e) = +1, a
cycle v passing through e behaves either according to 7, on v and 7, on w, or according to
7,1 on v and 7' on w. Thus either v N E(v) = {7 !(e), e} and v N E(w) = {e,m,(e)}, or

YN E(w) = {r,"(e),e} and v N E(v) = {e,m,(e)}. Therefore the two ratios R}, and R, ,
have opposite sign and the associated edge equation

(4.76) b? = —R] R}, >0

has a solution in R. In the other case, A(e) = —1, a cycle  passing through e behaves
either according to 7, on v and 7' on w, or according to ;! on v and 7, on w. Thus
either vy N E(v) = {r;'(e),e} and v N E(w) = {7 (e),e} , or y N E(w) = {e, m,(e)} and
YN E(v) = {e,m,(e)}. In that case, the two ratios R} and R} _ have the same sign and the
associated edge equation

(4.77) b = —R] R}, . <0
has only purely imaginary solutions.

If the surface is orientable, there exists an embedding scheme with A(-) = +1, which
implies that there exists an incidence matrix A with real coefficients such that Equation

(3:37) holds.

Suppose now that there exists an incidence matrix with real coefficients such that Equa-
tions (3:29)-(331) hold for all cycles in F;(G). Starting from an embedding scheme (II, \),
we define a new rotation system II = (7,),cy such that on each vertex v € V,

(4.78) 7, = {WU_I if 3y € F§(G) such that v N E(v) = {e,m,(e)} and R}, <0

m, "+ otherwise

Due to the alternating sign properties of the ratios studied previously, one gets that for all
v €V and all v € F5(G) such that v N E(v) = {e, T,(e)}, one has R}, < 0. Since the right
hand side of Equation (A.63]) has to be positive for all edges e € F, all cycles in F§(G) can
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be oriented so that on each vertex the ratio on the incomming edge is negative, which in
turn implies that they behave everywhere according to the rotation system II. The surface
is thus orientable. [

5. GRASSMANN ALGEBRA AND REPRESENTATION OF PFAFFIANS.

In this section, we introduce a Grassmann Algebra and use it to represent Pfaffians as
Grassmann integrals. We refer to references [24] and [25] for a thorough introduction on this
matter. We first recall the basic properties which are useful here, and use this representation
to give a proof of Proposition We end this section by a short proof of Proposition
using the same representation.

A Grassmann algebra over R (or C) is an associative algebra with a set of generators
{&}ieqn, my obeying the relations

and in particular
(5.2) £€=0 Vie{l,---,n}

Integration on the Grassmann algebra [24] is defined through the following formulas,

(5.3) /df,- =0 /d&i & =1

and multiple integrals are defined as iterates

(5.4) /dfirdfirl ceedéy &y & & =1 forall1 <4 < <41 <% <n

With this prescription, integrals of products of factors depending on disjoints subsets of
Grassmann variables is just the product of the integrals,

/ d, .y dEs, by (€ 6 )00 (Enr o ) =
(5.5) [/ d&;, -+ d&i b1 (&, - ,fir.)} [/ A€, - di 02 (Eiprs ,fms)}

Here, our main interest in the introduction of a Grassmann algebra is the following. Let
A be an antisymmetric matrix of even order n, then its Pfaffian can be expressed as the
following Grassmann integral [25]:

(5.6) PRA) = [ dy - dgresn{; Y 6t}

h,j=1

Proof of Proposition [3.28]

For the purpose of using identity (5.6) in the context of Proposition B.28] we introduce
a Grassmann algebra of order n = |Vp(G)|, with generators indexed by the darts on G,
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{€a}taevn )y and write the Pfaffian of the antisymmetric incidence matrix A defined in
as

-
(5.7 P = [ Tlder exv{cale)}

deVp (G)

with

(58) Lal@ = D Gdiata
{d,d'}€Ep(G)

In Equation (5.7)), we have also used the shorthand notation ﬁ to indicate that the differ-
ential elements in the product have to be ordered from left to right in decreasing order with
respect to the (lexicographic) order defined on Vp(G). Note also that in (5.8), the sum is
over all edges in Ep(G), which are defined as unordered pairs of elements in Vp(G); since
A is antisymmetric and Grassmann generators anticommute, {gAq &y = o Aar a€a, that is,
the value of each summand is independent on the choice of which representation, (d,d’) or
(d',d) is chosen for the unordered pair {d,d'}, the right hand side of (5.8) is well defined
and Equation (5.7)) identifies with (5.6]). Up to a permutation of positive signature, we may
write

H
(5.9) [T = T]dwendéoendéoedéee
deVp(G) veV
where for all v € V, el < e < €3 < e} denote the four ordered edges at v.

Given a weight function w on E, the Pfaffian of the related weighted incidence matrix can
be expanded as a sum over the set of closed curves on GG

(5.10) Pf(A(w)) = > [Jw(e)Fa(C)

CeC(G) eeC

For any closed curve C' € C(G), the expression of F4(C') in terms of a Grassmann intergral
can be obtained through an expansion of the exponential in (5.7)) over all subsets of E5(G).
Non zero terms necessarily involve an even number of generator at each vertex v € V', and
thus correspond to closed curves on G. The contribution to F4(C') can then be readily
identified as,

H
(5.11)  Fu(C) = / d&q [ H Ad,d/ﬁdfd/] exp{ Z Calaaa }
deVp(G) {d,d'}eEE(C) {d,d'}eE}L(G)

where for clarity, we have denoted by E5(C) the (canonical) image of the closed curve C' on
the dart graph,

(5.12) E5(C) = {{(v,e),(v,e)} € E5(G): e € C}

Now, let I' = (Vr, Er) be a cycle of length r on G. We note Vp(I') the set of darts with
vertex in Vr

(5.13) Vp(I) = {(v.e) € Vp(G),v € Vr,e € E(v)}
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and we partition the elements of E5(C) and Ep(G) according to their intersection with
Vo (L),

(5.14) EZ(C) = {{(v.e), (v, e)} € Ep(C) : [Vo(T) N{(v,e), (', e)} =k}, k=0,1,2
(5.15) B = {{(v,e). (v,€)} € Ep(G) : [Vp(T) N{(v,e), (v,€)}| =k}, k=02

These sets are pairwise disjoints and we have

(5.16) E5(C) = EF(CYUEBF(C)U EE(C)
(5.17) E}(G)=EY UEY

We thus rewrite the expression of F4(C') using this decomposition,

/ Hd{d Ad,d/fdﬁd'}%p{ Z Ealaaéa }

deVp(G)  {d, d’}eEE( ) {d.d}yeEY

X [ H Ad,d' fdfd'}

{d.d'}eE (C)

x[ H Ad,d’gdgd’}exp{ Z Ealaata}

{d,d'}eEE(0) {d,d'}eEY

In order to factorize this expression, we rewrite the product over EE as

)

o o
(5.18) Il Awseto = [ 11 Ad,d’gd} [ 11 €d']

{d,d'}eEE(0) {d,d'}yeEF () {d,a'yeEE ()
d’'eVp(T) d'eVp(T)

where the notation ﬁ(r) (respectively ﬁ(r)) indicates that the factors have to be written
in decreasing (respectively increasing) order with respect to an order on Vp(I') to be pre-
cised later. The above identity just states that the reordering involves an even number of
transpositions, whatever the order chosen on Vp(I').

Using identity (5.0), we can now write F4(C') as a product of two factors
(5.19) Fa(C) = Fa(C,T)Fa(C,T)

where

_ o
:/ H dé, [ H Ad,dfd&ﬂ” H Ad,d’fd}

deVp (G)\Vp(T) {d,d'}YeEF (O) {d.d'}eEE(0)
d'eVp(T)

(5.20) xeap{ Y &Asala}

{d,d'}eE}
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and
()
%
D= [T [ T Awsel] T &
deVp(T) {d,d'}eEF(C) {d,d'yeEE(C)
d'eVp(T)
(5.21) xexp{ > &Agabe}
{d.d'}eEY

Since by construction, C' and CAT" coincide on E \ T', one has necessarily
EE(CAT) = EE(C)

(5.22) EY(CAT) = EY(C)
Hence
(5.23) FA(CAT,T) = FA(C,T)

We now prove that Fu(CAI'T) and F4(C,I') are equal. We first define the following
notation for the generators indexed in Vp(I'): for all ¢ € {1,---,r} and all k € {1,2,3,4},
we write

(5.24) = & outeh,))
where o; is the permutation defined in Lemma We also define
k
62 ey = {1 Bt <
and given 1, = {n;, 77, n}, n}},
(5.26) Li(n,) = Simin} + Sinin! + Tinin? + Tonin? + Umjnt + Uinin}
Using these and notations ([3.27)), (8.23]), we rewrite the expression of Fa(C,I") as
(T’ 4)
Fa(C,T) :/ H dn; [ H B; 77;1—1771'1}
(i,k)=(1,1) ire;eC

=

@
Il
—

(W(CWHO) | exn {3 £:n)}

d!
o

[ M [ 2] [[Ivcemio)]

(3,k)=(1,1) i:e;€C

d

=

(W(CYHO)) | exp {3 £iln)}

i=1
(5.27)
where the order of the “differentials” is induced by the lexicographic order on {1,--- 7} X
{1,---,4}. Each factor in the first product contains an even number of generators (2 or 0

depending on whether e¢; € C' and thus commute with any other term. Thus we can write
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Fa(C.T) :/ Hdm[]‘[ B

(i,k)=(1,1) i:e;€C

r_)l
<i(C) | H <w3<c>w§<c>w§<0>w;*<c>)} (WHOWAOWAO) | exp{Y_ L,

i=1

T

~ (el | Hdm [T 5] [[I@HOwHERC)HC)) ep{£iln)} ]

(i,k)=(1,1) ice; €C i=1

where in the last line, the term 3(C) = ¥*(C) has been shifted on the right of all other
terms, taking into account that the total number of generators is even, leading to a possible
minus sign by anticommutation. Factorization and shifts of the exponential terms takes into
account that the arguments are quadratic in the generators and thus commute with other
terms.

F4(C,T') can then be expressed as a product of » Grassmann integrals,

(5.28) FA(C,T) = (1)t [ T] B; HW (C,T)

i:e,€C

with

(5.29) m(C,F):/dnf‘dnf’dnfdml [ () (O (C) (C)] exp{ Li(n,) }

The expression of W;(C,T) can be computed for all possible values of the {¢)¥(C)}1<p<a.
Since C'is a closed curve, v; is incident with an even number of edges in C', and there are thus
eight possible configurations, giving rise to eight possible expressions for W;(C,T"), listed in
the table below as a function of which edges (indexed relatively to I') are in C

{kloi(e) € C} Wi(C) {kloi(e}) e CY | Wi(C)
0 S:S; + T;T; + U;U; {1,4} U;
{1,2,3,4} 1 {2,3} U
{1,2} S {2,4} ~T;
{3,4} Si {1,3} T;

TABLE 3. Expression of the Grassmann integral W;(C') defined in Equation
(529) for the eight possible configurations for C' on E(v;), as a function of
their ordering with respect to cycle I' (Lemma [3:24]). Note that first and third
columns are exchanged under the transformation C' — CAT.

(n,)}
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Now define the following two functions

UiTz . 4
(5.30) a(©) = {5 Telned

1 otherwise.

U;S;

~—  ifgiel) eC
(531) s = 4T, Mol

1 otherwise.

Under the hypothesis of Proposition B.28, Equations (3.29) are fulfilled. In Table [ we
check by direct inspection that for all i € {1,--- ,r}, the following relation holds between
W;(C) and W;(CAT):

1

5.32 — 3.
(5.32) A&

(CWWi(C)pi(C) = Wi(CAT)

_ (OYW(CYpi(C
Mo ey | m©) | wie) | wiey | B |y can)
0 1 U;U; 1 U, U,
1,4 - Ui U:U; UiU;
1,2,3,4 - 1 :
{ ? 737 } TZ SZ U’l UZ
{2,3} 1 U; 1 1 1
U.S. _
1,2 S S; 1 ~T; ~T;
{1,2} 7
{274} 1 _iri UZTZ gz gz
S
{3,4} 1 S; U;Ti T; T;
{1,3} U%Si T; 1 S; S;

TABLE 4. Relation between W;(C) and W;(C'AT')) under the hypothesis that
SiS; + T;T; = 0 (Equation (3.:29)). The table shows that relation (5.32]) holds
for the eight possible local configurations
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We suppose now that Equations (3.29)), (3:29) hold for all ¢ € {1,---,r} together with
([3.37). We have

Fo(C.T) = (—plen@ [ T] B HW C,1)]

i:e,€C
— (=)t [ ] B, HB H '} [[[wic.1)]
ire;€C Z i=1
_ _(_1)\{50}00\ [ H H H HVVi(Ca F)}
ice; €C ire; ZC i=1 =1

= —(=1)HeodnC [ H Bj]| UST []1%175”1 H HW (C,1)]
2 i+1 ;

ice; €C i:e,€C
T 1 T

— (=l [ T] B H% )7 (O[T ﬁ} [[[wic.1)]

i:e;¢C 1=1 i=1 ' =1
— (el [ T] B, II‘Pz F)¢(C»]

i:e; ¢C i=1
= (_1)|{€0}O(CAF)|[ H Bi] [HVV,’(CAF,F)}

i:e;,€CAT i=1

(5.33) — F,(CALT)
To get the second line we have introduced ([B.31)) as an identity

(5.34) [f[ B] [f[ %] -~

For the fourth line of (5.33)), we have used Equations (B.30) for all i such that e; € C; To get
the fifth line, we used the definitions (5.30)—(5.31]); In the sixth line appears the left hand
side of (5.32) and the seventh is just expression (5.28)) for CAT.

Now inserting Equation (5.23) and the result of Equation (5.33]) in Equation (5.19), one
gets
FA(C> = FA(Cv F)FA(Cv F)
F4(CAL,T)F4(CAL,T)

(5.35) = F4(CAT)
Proposition [3.28 is proven. |

Proof of Proposition [2.42]

We conclude this section by a proof of Proposition 2.42. The Pfaffian reduction formula
is obviously not new but we found no clear recent textbook reference. In addition, one of
the few available references [23] appears to have some misprints. We report here an easy but
rather lengthy proof.



PFAFFIAN REPRESENTATIONS 45

We prove Proposition 2-41] by induction on p. Let us first prove Equation (2.42]) for p = 1.
We set K = {a, f}, where a < [ is a pair of indices in {1,---,2n} such that A, s # 0 and
write the Pfaffian of A as an integral over a Grassmann algebra of dimension 2n (Equation
(5.6))). Expand the terms in the exponential containing elements indexed by K gives,

Pf(A) / Hd@ v} 3 A6

2]1

2n

& 1
— [ Tda enly Y A+ X At + 3 At + Auatals)
h=1 (6,7} 0B} 1=0 e e

2n
2n

o 1
:/ Hdgk exp{§ Z Az’,gfzfj}
h=1 (0.} 0 {08} =0

X (1 —+ Z Amfifﬁ) (1 + Z Aagagj) (1 + Aaﬁgagﬁ)

i#a J#B
2n
VA 1 2n
(5.36) :/ [T < exp{5 > AGE T (Aas = Y AigAa mimi)Nans
k=1 (0.7} (a8} =0 ooy

After integration over (7,,73), the expanded part reduces to the sum of a non zero constant
(Aa ), and a product of two linear combinations of Grassmann generators. Thus successive
powers of this second term are zero and one can re-exponentiate this part. We have,

Pfl4) = ot / H d eXp{ > A} % (Aas— D Apadesipng)

k#a 5 i,j#a,B p,qF,B

= (-1 O"H/ dek eXp{ Z Aigning — A;,lﬁ Z ApAAq,Bnpnq}

i,j7#,B P,g7#a, 3

D (AijAas — Avadjs + Ajadig)nim }
Aos i,j#a,B

(5.37) = ot / Hdgk exp{

In order to get the correct signs in all terms of the sum, we introduce the following change
of variables

-n fa<i<
(5.38) mz{ o dtasi<f
n; otherwise
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The Jacobian of the transformation is (—1)*"#~! and we get, using homogeneity

Aa,ﬁ)n_2/ (1T ) exof Z PE(Afi ja0y) i) }

ks

= / H dnk exp{ Z A{a A} 77@77]
k#a,B i,j7a,fB
(5.39) = Pf(A{am‘("‘? Pf(Al21)

Pf(4) = (

Equation (2.42) is proven for p = 1. We now fix p with 1 < p < n and suppose that equation
(2:42)) holds for all p’ < p. We consider K a subset of indices of order 2p in {1,--- ,2n} such
that Pf(Ax) # 0. Thus there exists at least one proper submatrix of Ag, says Ag, with
|K1] = 2p1, 0 < p; < p, such that Pf(Ag,) # 0. Let Ky = K\ K; and ps = p — p;. We first
have the two following identities which are a direct consequence of the definitions (Z39) and

(2.40):

(540) |:AK1UK2j|K1 = AKl

(5.41) [AE] K = [AKluKz]Kl

Now applying the recurrence hypothesis for p; for the matrix Ag, x, and both (5.40) and

(541]), we first get,

Pf(Aruk,) = Pf([AKlUKz}K >_(p2_1) Pf([AKlUKJKl)
(5.42) = Pf(Ag) "V PE([AT] )

We also need to prove that both matrices A%1Y%2 and [AKT] K2 are proportional. For every
pair of indices 7,7 € K \ (K7 U K3), we have

(AFR2) = PR Ak,uaut)
= Pi(Awx,) " PE([AN] i)

(5.43) = Pf(Ag,) " ([4"] E)ivj

Since this relation holds for every entry of both matrices, we have

(5.44) AFWUR: — PR Ay ) P2 [ AR

Now we can write

Pf(A) = Pf(Ag,) "7 PHAS)
= Pf(Ag,) v Pf([AKl] L)~ (mprmpe =) Pf((AK_1>K_2>
= Pf(Ag,)” (n—p1—1)+p2(n—p1—p2) Pf([AKl] ) (n—p1—p2—1) Pf(Am)
= Pf(Aw,)—(n—p1 — 1) +p2(n—p1 — pa) — (P2 — 1)(n — p1 — p2 — 1) Pf(Ag,upe,) P27 D P
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we have used the hypothesis in the first two lines and equations (5.41)), (5.42),([5.44) in the
last two lines, respectively. The exponent of Pf(Ag,) being zero in the last line, we finally
get

(545) Pf(A) = Pf(AK1UK2>_(n_(pl+p2)_l) Pf(AKlqu)
Wthh iS (m) fOI‘ P =p —|— Da.
Proposition 2.41]is proven. .
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