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Abstract The Deficiency-One Theorem states that there exists a unique positive
steady state in each positive stoichiometric class for weakly reversible deficiency-
one mass action systems with one linkage class (regardless of the values of the rate
coefficients). The non-emptiness of the set of positive steady states does not remain
valid if we omit the weak reversibility. A recently published paper provided an equiva-
lent condition to the existence of a positive steady state for deficiency-one mass action
systems that are not weakly reversible, but still has only one linkage class. Based on
that result, we characterise in this paper those of these mass action systems for which
the non-emptiness of the set of positive steady states holds regardless of the values of
the rate coefficients. Also, we provide an equivalent condition to the existence of rate
coefficients such that the set of positive steady states is nonempty for the resulting
mass action system.

Keywords Chemical reaction networks - Mass action systems - Rate coefficients -
Deficiency - Positive steady states - Deficiency-One Theorem - Matrix-Tree Theorem

1 Introduction

The foundations of chemical reaction network theory (CRNT) was developed by Fein-
berg, Horn, and Jackson [12-16,20,21] in the 1970s. Several results are available con-
cerning the existence and/or the uniqueness of the positive steady states of mass action
systems [1-4,7-10, 14, 15]. A recent result provides an equivalent condition to the non-
emptiness of the set of positive steady states for single linkage class deficiency-one
mass action systems that are not weakly reversible, see [3, Theorem III.7] and [4,
Theorems 3.11 and 3.19]. For such mass action systems, the non-emptiness of the set
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of positive steady states may depend on the values of the rate coefficients. In this paper,
we characterise those of these chemical reaction networks, which has the property that
the non-emptiness of the set of positive steady states does not depend on the values of
the rate coefficients. The main graph theoretical tool we use is the Matrix-Tree Theo-
rem, see [27, Theorem 3.6]. We remark that there are several recent papers in the field
of CRNT that makes use of the Matrix-Tree Theorem, see e.g. [6,11,17,18,22,26].
Finally, we mention here that a potential application of our results is to check the
satisfaction of one of the assumptions of the main result of [25] (see the theorem at
the bottom of page 1390 in [25]). A certain robustness property is proven there for
deficiency-one mass action systems that are not weakly reversible, admit a positive
steady state, and satisfy another (easily checkable) condition.

The rest of this paper is organised as follows. After a brief section on notations, we
provide an overview of the required notations from CRNT in Sect. 3. The primary goal
of this paper is to investigate the dependence of the non-emptiness of the set of positive
steady states on the rate coefficients for deficiency-one mass action systems that are
not weakly reversible, but still has only one linkage class. In Sect. 4, we examine this
dependence under some extra assumptions on the graph of complexes (the directed
graph that encodes the reactions). In Sect. 4.1, we assume that the reactions form
a “chain”, while in Sect. 4.2, we pose the condition that the graph of complexes is
“tree-like”. In Sects. 5 and 6, we generalise the results of Sect. 4 (i.e., in these sections
we omit the restrictive assumptions on the structure of the graph of complexes that
were posed in Sect. 4). As it will become apparent, especially in Sects. 4, 5 and 6,
we need more involved graph theoretical arguments. Therefore, Appendices 7, 8, and
9 are devoted to summarise the purely graph theoretical notions and results that are
used throughout this paper.

2 Notations

Denote by R, R, and R the set of real, positive real, and nonnegative real numbers,
respectively, i.e., Ry = {x e R|x > 0}and R>p = {x € R | x > 0}. Forv € R?,
the ith coordinate of v is denoted by v; (i € {1,..., p}). For a matrix A € RP*9,
the jth column and the (i, j)th entry of A are denoted by A.; and A;;, respectively
Gefl,...,p},je{l,...,q})). Foramatrix A, we denote by AT, ker A, and ran A
the transpose, the kernel, and the range of A, respectively. For a square matrix A,
denote by det A the determinant of A.
For any finite set X, Xo € X, and function g : X — R we define g(Xo) by

g(Xo) = D (0. (M

xeXo

We make this convention in order to ease the notation in several situations.

For any set A, denote the cardinality of A by |A].

We also summarise here the graph theoretical notations that will be used throughout
this paper. For more details on these, please refer to Appendix 7. Let D = (V, A) be
a directed graph for the rest of this section. For i, j € V, the set of directed paths
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from i to j is denoted by l,—; For a directed path P we denote by V[P] the vertex
set of P (we use the notation V[P] even if the vertex set of the directed graph in
question is denoted by some other symbol than V') and by len(P) the length of P. For
i1,i2,i3 €V, P € 11__7;, and Q € 12__7;, denote by con(P, Q) the concatenation of P
and Q.

For U C V let us denote by Qig(U ) and Q(Z)ut(U ) set of arcs that enter U and leave
U, respectively. For a function z : A — R, denote by excess, the excess function
associated to D and z. For i € V we use the notations Qi“(i ), 0°"(i), and excess, (i)
instead of Qi“({i}), 0°"'({i}), and excess,({i}), respectively. For U C V, denote by
Tp(U) the set of U-branchings in D. Finally, fori, j € V and U C V let us define
75 (U) by

Tli)‘/(U) = {A € Tp(U) | there exists a directed path fromi to j in(V, Al (2

3 Preliminaries from CRNT

In this section we provide a brief overview of the basic notions of CRNT used in
this paper. However, since the results of this paper rely heavily on the earlier result
[4, Theorem 3.11], we assume some familiarity of the reader with these notions.
Therefore, this section is rather a summary of the notions and notations used later on
in this paper. The interested reader should consult e.g. [15, Sections 2 and 3] for a
fuller discussion on these basic notions, while a short introduction can be found e.g.
in [4, Section 2]. The latter reference uses almost the same notations as the present
paper.

A chemical reaction network (or just reaction network) is a triple (X, C, R) of
three nonempty finite sets, where

o X ={Xy,..., Xy} is the set of species,
e C={Cy,...,C.}is the set of complexes, and
e RC{(Ci,Cj)eCxCli,jell,...,c},i # j}is the set of reactions.

Roughly speaking, the complexes are linear combinations of the species with non-
negative integer coefficients. A convenient way to specify the set of complexes is to
provide an n x ¢ matrix, denoted by B, whose entries are nonnegative integers, the
rows refer to the species, and the columns refer to the complexes. In order to ease the
notation, we identify the sets C and {1, 2, ..., c¢}. Accordingly, we mostly write i and
(i, j) instead of C; and (C;, C;), respectively (i, j € {1,2,...,c}).

The directed graph (C, R) is called the graph of complexes. Certain properties of
this directed graph will play a central role in this paper. For further reference, let us
denote (C, R) by the symbol D.

A mass action system is a quadruple (X, C, R, k), where (X, C, R) is a chemical
reaction network and « : R — R is any function. For (i, j) € R, the value «;_ j) is
called the rate coefficient of the reaction (7, j). In the sequel, we write «;; instead of
K, j)- We consider a continuous-time continuous-state deterministic model, where the
state of the system represents the concentrations of the species and the time-evolution
of the state is described by the ordinary differential equation
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n
HOERDY (Ki,- Hxs(r)Bﬂ)- (B — B.) 3)

(i, ))eR s=1
with state space R” ;. We will use another form of (3) in the sequel. For this aim, we
next introduce the matrix /, € R°*“ and the function ® : RZ ; — R . Let us extend
the function ¥ : R — Ry to C x C such that k;; = 0 for (i, j) € (C x C)\R (we do
not make any distinction in notation between the original function and its extension).
Define the matrix I, € R*¢ by

C
K11 — 2 iy Kli Kol o e Kel
C
K12 K22 — D iy K2i = Ke2 e
I, = . K ceR @)
C
Kle K2e  ttt Kee — Zi:] Kci

and the function © : R ; — RS, by

[T x>

n By
_1 X
O®x) = H“f | ceRryy.

[15=: stH

Note that both the rows and the columns of 7, and the coordinate functions of ®
correspond to the vertices of the directed graph (C, R), i.e., to the complexes. With
these notations, (3) can be written equivalently as

() =B -1 -O(x(1)).

The main object we are interested in in this paper is the set of positive steady states of
a mass action system, denoted by E} . Let us define E' by

EX ={xeR! | B-I -O(x) =0}.

We have included the symbol « in the notation EX , because our primary goal in this
paper is to investigate the dependence of the non-emptiness of the set of positive steady
states on the rate coefficients.

We use the usual terminology of the theory of directed graphs in the sequel. We
have also collected the required ones in Appendix 7. Denote by £ the number of
weak components of the directed graph (C, R). The weak components of (C, R)
are called linkage classes in CRNT. In case all the linkage classes of (C,R) are
strongly connected, the network is called weakly reversible in CRNT. Denote by ¢
the number of absorbing strong components of the directed graph (C, R). Since each
weak component contains at least one absorbing strong component, we have £ < ¢.

A useful fact is that if £ = ¢ then ran /, does not depend on « (see e.g. [4, Corollary
2.6]). Based on this, we define the deficiency, denoted by §, of a reaction network of
the type £ = t by § = dim(ker B Nran ).
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The following theorem is a classical result in CRNT, it is called the Deficiency-Zero
Theorem, see e.g. [14, Theorem 6.1.1].

Theorem 3.1 Let (X,C,R) be a chemical reaction network with £ = t = 1 and
8 = 0. Then the following statements hold.

(a) If (C, R) is strongly connected then for all k : R — R, we have EY # .
(b) If (C, R) is not strongly connected then for all k : R — R4 we have E* = @.

The also classical Deficiency-One Theorem has been augmented recently, see [14,
Theorem 6.2.1] and [4, Theorem 3.19]. To state the theorem, we need some further
notations, which will then be used throughout this paper. For a chemical reaction
network with £ = ¢ = 1, denote by C’ the set of complexes, which are in the terminal
strong linkage class of (C, R) and let C” = C\C'. Let ¢/ = |C'| and ¢” = |C”| (thus,
" = ¢ — ). With this, I, € R, 0 : R" — R, and any vector v € R¢ can be
considered the block forms

I = [’4 " } e REHIXCH g = [6/} :R" — R+ and
K — /) s - / M k]
0 1 ©

/
v Iy
v = [U,,]GRC C,

where I € R*C @ : R" — R, and v/ € R¢ correspond to the complexes in C’,
while I/ € RE*",@” : R" — R, and v" € R correspond to the complexes in
C”. There are several ways to prove that I,/ is invertible (provided that C” # ), see
e.g. [4, Lemma 2.5].

Primarily, we are interested in this paper in mass action systems for which £ =
t = 1 and § = 1 hold. For such systems, the linear subspace ker B N ran /. is one-
dimensional and does not depend on « (recall that for systems with £ = ¢ we have
8 = dim(ker B Nran I,.)). For systems that are moreover not weakly reversible, let us
fix h € R such that

0#hekerBNranl, and h(C") <0, 5)

where the notation 2 (C”) is understood in accordance with (1), i.e., the sum of certain
coordinates of & is non-positive, where the summation goes for those complexes that
are out of the absorbing strong component of (C, R).

With these notations in hand, we are ready to state the Deficiency-One Theorem in
its augmented form (see [3, Theorem II1.7] and [4, Theorems 3.11 and 3.19]).

Theorem 3.2 Let (X,C,R) be a chemical reaction network with £ = t = 1 and
8 = 1. Then the following statements hold.

(a) If (C, R) is strongly connected then for all k : R — R, we have EY # {.
(b) Assume that (C, R) is not strongly connected. Let h € R® be as in (5) and fix
k: R — Ry. Then

E # () if and only if all the coordinates of (1)) ~'h" are positive.
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Seemingly, there is some freedom in the choice of 4 (it is chosen from a one-
dimensional linear subspace of R¢). On the one hand, if 2(C”") < 0 then A is determined
up to a positive scalar multiplier. However, it is clear that the choice of this positive
scalar multiplier does not affect the condition (I)~'h" € Ri/. On the other hand, if
h(C") = 0 then & is determined up to a nonzero scalar multiplier. However, it is easy
to see that (I/)~'h” € RS implies (C") < 0 (indeed, let 9" = (I/)~'h” and take
the sum of the coordinates on both sides of 1,/9” = h”). Thus, again, this nonzero
scalar multiplier does not affect the condition (1/)~'h" € Rﬁ:.

As a side remark, we also mention that both in Theorems 3.1 and 3.2, once Ef #
holds, there is exactly one positive steady state in each positive stoichiometric class.

Thus, if the reaction network satisfies £ = ¢+ = 1 and § = 0 then the non-emptiness
of Ei does not depend on «. Also, if the reaction network satisfies £ = t+ = 1 and
8 = 1, and moreover (C, R) is strongly connected then, again, the non-emptiness of
E i does not depend on k. However, by Theorem 3.2 (b), we have a different situation
for mass action systems for which the underlying reaction network satisfies ¢ = ¢ = 1
and § = 1, but (C, R) is not strongly connected. For these mass action systems, the
non-emptiness of E% may depends on x. We used the word “ may”, because for such
mass action systems three different kind of phenomena can occur:

e EY # () forall (ie., for all « all the coordinates of (I/)~'h" are positive),

e EX ={forallk (i.e., for all k there exists a non-positive coordinate of (I,Q’)’1 h",
and

o the non-emptiness of EY depends on « (i.e., there exists « such that all the coor-
dinates of (1/)~'h"" are positive and there also exists « such that there exists a
non-positive coordinate of (1/)~'h").

It is demonstrated in [4, Analysis of Examples 3.7, 3.8, and 3.9] that all of these
three phenomena can indeed occur. The aim of the present paper is to provide charac-
terisations of the above cases. Namely, we will formulate equivalent conditions to the
statements

“there exists k : R — R such that EY, # ¢/ and (6)

“forall k : R — Ry we have E| # (. 7

In Sect. 4 we examine the above questions under some extra assumptions on (C, R).
In Sect. 4.1 we will assume that (C, R) is a “chain”. As a generalisation of the results
of Sect. 4.1, we will assume in Sect. 4.2 that (C, R) is “tree-like”. As a matter of
fact, we will obtain a recursive formula for the coordinates of (I,é’)_lh’ " (the matrix
I/ has some special properties in these cases, which makes it possible to handle the
computation of its inverse). Based on the obtained recursive formula, we will deduce
equivalent conditions both for (6) and (7). In Sects. 5 and 6 we will assume only that
(C, R) satisfies £ =t = 1, but is not strongly connected. Under this assumption, we
provide equivalent conditions to (6) and (7) for these general cases in Sects. 5 and 6,
respectively.
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4 Special cases

We always assume in the rest of this paper that the reaction network under consideration
satisfies £ = t = 1 and § = 1, but is nor strongly connected. Thus, C” # @. Since
we will apply Theorem 3.2 (b), we fix h € R as in (5) (recall that £ = ¢ implies that
ran [, does not depend on «, and hence, % is not influenced by «). Also, let ¥ € R¢
be such that

LY =h. ®)

Thus, ¢ depends on k. Since I, is block upper triangular, we obtain that 19" = h”.
Thus, 8" = (I,é’)_lh”. By Theorem 3.2 (b), we have

EX # ¢ if and only if 9" € RS . ©)

Thus, our aim in this section is to obtain a formula for the coordinates of 9" .
We formulate a purely graph theoretical lemma, which will be useful in Sects. 4.1
and 4.2. The required graph theoretical notions can be found in Appendix 7.

Lemma 4.1 Let (V, A) be a directed graph and let v : V — R be any function. Let

k 1V xV — Rxq be a function for which k;; > 0 if and only if (i, j) € A. Define
72:A— Rbyzij =«;j0; (i, j) € A), let I, be as in (4), and let h = I,,¥. Then

excess;(U) = th forallU C V.
jeu

Proof Fix j € V. Then, by the definitions of the matrix I, and the excess function
we obtain

hj=> Ujidi= D kiti— > it =20"())—z(e™"(j)) =excess. ())-

ieV ieV\{j} ieV\{j)

With this, the statement of the lemma follows from (55). O

4.1 The case (C, R) is a “chain”

The (C, R)) takes the special form

Ke,e—1 Ke—1,0-2 K43 K32 K21
Ce Ce—1 C3 C —Cy,

Ke—1,¢ Ke—2,c—1 K34 K23

(10)
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where we also indicated the rate coefficients. Note that in this case ' = {C;} and
C" ={C, ..., C.}, while the matrix I is tridiagonal and moreover

the column sums of 1,/ are zero except the one corresponding to Cy. an

Clearly, (11) is a consequence of the fact that leaving the set C” is only possible through
C (i.e., using the notations introduced in Appendix 7, ¥ # o°"'(C”) C 0°"((C2)).
Proposition 4.2 below provides a recursive formula for the coordinates of .

Proposition 4.2 Let (X, C, R, k) be a deficiency-one mass action system for which
(C, R) takes the form (10). Let h and ¥ be as in (5) and (8), respectively. Then

1 C
Yy = —— h; and (12)
K21 ; l
9 =Ly, |~ ! ih,- (G=3,...,0. (13)
Kjj—1 Kjj-1 %5

=J

Proof Application of Lemma 4.1 with U = C” yields —k219%2 = > ;_, h;. This
proves (12).
Fix j € {3, ..., c}. Application of Lemma 4.1 with U = {C}, ..., C.} yields

¢
ko101 = k10 = D hi.
i=j
This proves (13). O
As a corollary of Proposition 4.2, we obtain directly a characterisation of those
reaction networks in Proposition 4.2 for which there exist rate coefficients such that
the resulting mass action system has a positive steady state. Similarly, a characterisation

is given for those networks for which the resulting mass action system has a positive
steady state regardless of the values of the rate coefficients.

Corollary 4.3 Let (X, C, R) be a deficiency-one reaction network for which (C, R)
takes the form (10). Let h € R be as in (5). Then there exists k : R — R such that
E # ) if and only if

ZL: h,‘ < 0.
i=2

Proof The statement follows directly from (9) and Proposition 4.2. O

Corollary 4.4 Let (X,C, R) be a deficiency-one reaction network for which (C, R)
takes the form (10). Let h € R be as in (5). Then for all k : R — Ry we have
E" # ) ifand only if
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c
Z hi <0and
i=2

C
> hi<0forallje3.....c}.

i=j
Proof The statement follows directly from (9) and Proposition 4.2. O
4.2 The case (C, R) is “tree-like”
In this subsection, we generalise the results obtained in Sect. 4.1. We will not pose in

this subsection the condition that the graph of complexes (C, R) takes the form (10),
rather we assume that (C, R) satisfies

¢ =1t =1and(C, R)is not strongly connected, (14)
there exists a unique / € C” such that o®"* (1) N e°"(C") # ¥, and (15)
for all i € C"there exists a unique directed path fromi to!. (16)

Thus, by (15), we have @ # °"(C") C °"(l). Consider that the graph of complexes
(C, R) takes the form

C17<7C16\C10*>C9 S —— O C,<——Cs (17)
Cis C127> C7 —— (3 Cs
Cio Cpnp —=Cyp—>Cy ——>Cp3 C3 —> (4.

Note that ¢’ = {Cy, ..., Cg} and C" = {C7, ..., Cy} for (17). Also, (17) satisfies
(14), (15), and (16) with [ = C7.

Clearly, the graph in (10) satisfies (14), (15), and (16) with [ = C3. Thus, the results
of this subsection are indeed generalisations of the results of Sect. 4.1.

For j € C” denote by P; the unique directed path from j to / and for i € C” define
U(i) € (", called the set of descendants of i, by

UGi)={jeC"|ieVI[P}

i.e., we collect those vertices for which the unique directed path to [ traverses i. Also,
for j € C"\{l} define p(j) € V[P;}], called the parent of j, by the implicit definition

len(Pp(j)) = len(Pj) —1

i.e., the parent of j is the second vertex on the unique directed path from j to /. For
example, for (17) we have p(Cz9) = Ci4 and U (Csg) = {C29, Ca1, C22}.
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We are now ready to state and prove the generalisation of Proposition 4.2.

Proposition 4.5 Let (X, C, R, k) be a deficiency-one mass action system for which
(C, R) satisfies (14), (15), and (16). Let h and ¥ be as in (5) and (8), respectively.
Then

9 = > hi. (18)

ZI’GC’ Kll lEC”
oo
;= LDy~ > hi (eC\(I. (19)
Kj.p() Ki.p() icu(j)

Proof Application of Lemma 4.1 with U = C" yields — > ;.o k001 = D i con hi
This proves (18).
Fix j € C"\{l}. Application of Lemma 4.1 with U = U (j) yields

Kp(i).iOp() = Kjp(pPi = D, hi.
ieU(j)
This proves (19). O

As consequences of Proposition 4.5, we obtain directly the generalisations of Corol-
laries 4.3 and 4.4.

Corollary 4.6 Let (X,C,R) be a deficiency-one reaction network for which (C, R)
satisfies (14), (15), and (16). Let h € R¢ be as in (5). Then there exists k : R — R4
such that EX_ # @ if and only if

Zh,- < 0and

ieC”
> hi <0forall j € C"\{l} that satisfies k) j = 0.
ieU(j)

Proof The statement follows directly from (9) and Proposition 4.5. O

Corollary 4.7 Let (X, C, R) be a deficiency-one reaction network for which (C, R)
satisfies (14), (15), and (16). Let h € R€ be as in (5). Then for all k : R — R4 we
have EY # @ if and only if

Zh,- <0,

ieC”

> hi <0forall j € C"\(l} that satisfies k p(j),; = 0, and
iU ()

> hi <0forall j € C"\{l} that satisfies k). ; > 0.
ieU()
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Proof The statement follows directly from (9) and Proposition 4.5. O

Note that for (17) we have

kp(j).;j =0 forj e {Cg, Cio, Ci1, C12, C1a, C15, C1g, C19, C20, C21} and
Kp(jy,j >0 forj e {Cq, Ci3, Cig, C17, C22}.

Thus, application of Corollary 4.6 yields for (17) that there exists x : R — R such
that EY # ¢ if and only if

h7+---+hyp <0,hg+---+h11 <0,h10<0,h11 <0,h12 <0,hi4+---+hp <0,
his+---4hi9 <0, hig <0, h19 <0, hoo+h21+hap <0, and hyy <O0. (20)

Similarly, application of Corollary 4.7 yields for (17) that for all « : R — R we
have Ef # ¢ if and only if

(20) holds and moreover
hg+hio <0,hi3+---+hp <0,hieg+---+h9g=<0h17 <0 hp =<0

5 The existence of rate coefficients such that the set of positive steady states is
nonempty

In this section we generalise Corollary 4.6. We will assume only that the reaction
network under consideration is of deficiency-one and satisfies (14). The main tool
we use is the following purely graph theoretical theorem. We provide its proof in
Appendix 8. The graph theoretical notions and notations required to understand the
statement of Theorem 5.1 are summarized in Appendix 7.

Theorem 5.1 Let (V, A) be a weakly connected directed graph and leth : V — R
be a function with h(V) = 0. Then there exists a function 7 : A — Ry such that
excess; = h if and only if

h(U) < Oforall # U C V witho™U) = 0. 1)

As a corollary of Theorem 5.1, we obtain the generalisation of Corollary 4.6.

Corollary 5.2 Let (X, C,R) be a reaction network for which £ =t = 1 and § = 1.
Assume that (C, R) is not strongly connected and let h € R be as in (5). Then there
exists k : R — Ry such that E*, # () if and only if

h(C) < 0 forall ¥ # C C C such that o™ (C) = 9. (22)
Proof To prove that (22) is necessary, let « : R — R be such that EY # (. Then,

by Theorem 3.2 (b), we have (I/)"'h” € RS . Let & € RC be such that [, = h
and define z : R — R by z;; = «;;9;. Since 9" = (I)~'h", we have 9/ > 0 for
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alli € C". Also, let § # C C C be such that 0™ (C) = #. Then clearly C € C” and
0°"'(C) # ¢. Thus, by Lemma 4.1, we have

h(C) = excess; (C) = —z(0°"(C)) = — Z kij0i < 0.
(i,))e0™ ()
To prove the sufficiency of (22), let x : R — Ry be such that excess, = h
(see Theorem 5.1). Also, define & € R by ; = 1 (i € C). Then clearly [, = h

(recall (4)). Thus, (I)~'h" = 9" € Rﬁ: and therefore Theorem 3.2 (b) concludes
the proof. O

Consider that the graph of complexes takes the form

——Cs——=C| ——=C4 (23)
C7 ——Cg —— (9 Cr <=— (3.

Application of Corollary 5.2 to a reaction network for which the graph of complexes
is (23) yields that there exists ¥ : R — R, such that E, # ¢J if and only if

hs +he+h7 <0,h7 <0,h7+hg <0,h7+hg+ hg <O,
hs +he +h7+hg <0, and hs + he + h7 + hg +hg < 0.

By Corollary 5.2, the sets of interest are ¢} #* C C C for which Qin(é") = f.
Therefore, we conclude this section by some comments on these sets (see Proposition
5.3 and Corollary 5.4 below). To this end, let us define for i € C” the set R(i) € C”
by

R(i) = {j € C” | there exists a directed path from j toi}. (24)

Proposition 5.3 Assume that (C, R) satisfies (14) and for i € C” let R(i) be as in
(24). Then

(a) foralli € C" we have i € R(i),

(b) foralli € C" the set R(i) is the disjoint union of some strong linkage classes,
(c) ifiy € C" and iy € C" are in the same strong linkage class then R(i1) = R(i2),
(d) foralli € C" we have ¥ # R(i) C C and Qm(R(l)) =0,

(e) if ) # C C C is such that Q”‘(C) @andi € C then R(i) < C, and

(f) foralliy,ir € C" we have @ # R(i1) U R(i2) C C and 0™ (R(i1) U R(i2)) = 0.

Proof All the statements are trivial. O

Corollary 5.4 Assume that (C, R) satisfies (14) and for i € C" let R(i) be as in
(24). Let 9 # C C C be such that Qm(C) = (). Then there exists J C C” such that
C Uies R(0).

Proof The statement follows directly from Proposition 5.3 (a) and (e). O
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For (23) we have
R(5) = R(6) =1{5,6,7}, R(7) = {7}, R(8) = {7, 8}, and R(9) = {7, 8, 9}.

It can be seen that the sets @ # C C C for which o™ (C) = ¥ holds for (23) are exactly
the sets

R(5), R(7), R(8), R(9), R(5) U R(8), and R(5) U R(9).

6 The non-emptiness of the set of positive steady states regardless of the values
of the rate coefficients

We generalised Corollary 4.6 in Sect. 5. Our aim in the present section is to generalise
Corollary 4.7. Namely, to provide an equivalent condition to the statement “ for all
k : R — Ry we have EX # (" for deficiency-one reaction networks for which
the graph of complexes satisfies (14). By Theorem 3.2 (b), the important object is
(I/)~'h", thus it does not restrict the generality if we contract the absorbing strong
component of (C, R) into one vertex. So assume throughout this section that

C' is a singleton.

Also, in order to ease the notation, we identify the set C’ with the sole element in that
set. (Though it is straightforward to extend all the definitions, proofs, and results of
this section to the case |C’| > 2, we still suppose |C’| = 1 in order to avoid unnecessary
technical complications.)

The rest of this section is organised as follows. After providing a formula for the
entries of (/ ,é’)_l (see Theorem 6.1), we prove the generalisation of Corollary 4.7 (see
Corollary 6.2). As it will be demonstrated on (32), the obtained result contains certain
redundancies. We will get rid of these redundancies in three steps (see Corollaries 6.6,
6.11, 6.12). After some further manipulation, we arrive to Theorem 6.14, which is the
main result of this paper. Finally, we provide some additional results related to the
condition that appears in Theorem 6.14 (see Propositions 6.15 and 6.16).

We first provide a formula for the entries of the inverse of 1, via the Matrix-Tree
Theorem. This formula in some other context and with slightly different notations also
appears in [23, Appendix]. Please refer to Appendix 9 for more on the Matrix-Tree
Theorem.

Theorem 6.1 Assume that (C, R) satisfies (14). Fix i, j € C". Then

2 Rerdcuyp ¥R

(ANH™N =~ : (25)

2 ReTn(C) KR
where the summation in the enumerator goes for those (C' U {j})-branchings R in

D = (C, R) for which there exists a directed path from i to_j in (C, R), while the
summation in the denominator goes for the C'-branchings R in D = (C, R) (see
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Cy Cy Cy Cy Cy Cy Cy Cy Cy
RN
Cs Cs Cs |raz O3 | ka2 Cs Cs Cy raa| Cy k| Cy
TR SR S
Co Co Cs Cy Cs Co Co Cs Cy
R RE R

C1 C C1 C Ch C1 C C1 C

Fig.1 Anexample of a graph of complexes D = (C, R) withC = {Cy, Cy, C3, C4}and C’ = {C1} (on the
left), the three 1-branchings in D (in the middle), and the five {1, 4}-branchings in D (on the right). Note that
ITA {1, 4D = 3,173 ({1, 4)| = 4, and | T4 ({1, 4})| = 5. Thus, e.g. fori = 2and j = 4 the enumerator
in (25) is the sum of 3 products and each of these products has 2 factors, namely, k23434 + k2432 + Kk24K34

Appendix 7 for the definitions of these standard graph theoretical terms). The symbol
K75 is a shorthand notation for the product || ,7 Ka-

Proof Application of Theorem 9.3 to the transpose of I, twice yield

T A DM (=D degy.eon ()
K JU K 3] det I,Q/T dC’,C’(I;;r)
CpyelC-ls L _

_ e 2 ReTl v “R

(=Dele 2 ReTp(C) KR

)

where dg, 0,(Z) denotes the determinant of that matrix, which is obtained from Z
by deleting the rows with index in Q1 and the columns with index in Q>. O

See Fig. 1 for an illustration of the notions appearing in Theorem 6.1.
Let us introduce the notation Lp (k) = > 5 Tn(C) KR Thus, e.g. for the example
in Fig. 1 we have

Lp(k) = k21k32K43 + K21K32K42 + K21K34K42.

From this point on, let 2 and ¥ be as in (5) and (8), respectively. As a consequence of
Theorem 6.1, for j € C” we have

"\ — 14 1
’ DY jecr ReTH C'Ulj)
1 ~
=0 . > (kg h(VIR, jD).

ReTp(C'U{j}H
where V R, j1denotes the vertex set of the j-arborescence of the (C’U{j})-branching

R (see Appendix 7). Note that for a vertex j € C” and a set U C C” there exists a
(C" U {j})-branching R such that V[R, j] = U if and only if
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—

for all i’ € U there exists P € i, j such that V[P] € U and (26)
—
for all i’ € C"\U there exists P € i’, C'such that V[P] C C\U. 27)
Let us define the set C}’_inarb by
}’_inarb ={U CC" | U satisfies (26) and (27)}. (28)

With this, we have

1
9=  Lp(k) Z e Z "
UEC) _iparp ReTp(C'U{j})

VIR, jl=U

Corollary 6.2 Let (X,C,R) be a reaction network for which £ =t = 1 and § = 1.
Assume that (C, R) is not strongly connected and let h € R be as in (5). Then for all
k : R — Ry we have EY # () if and only if

forallU € C}/—inarb we have h(U) < 0 and
there exists U € C/_, ., such that h(U) < 0.

j—inar

forall j € C”and’ (29)

Proof Since Lp(k) is a positive number, it suffices to show that (29) is equivalent to

for all k : R — R and for all j € C"we have Z h(U) Z ki | <O.
UEC}/—inarb ﬁETQ (C'uijp
VIR, jl=U

(30)

It is obvious that (29) implies (30).

To prove the other direction, assume that (30) holds and fix j € C”. It is clear that
the case h(U) = O forall U € C}’_inarb would contradict (30). Thus, it suffices to
exclude that there exists U € C}/ inarb Such that £(U) > 0. Suppose by contradiction

thatU € C” , is such that (U) > 0. If there is no other element of C }’ , than U

j—inar —inar
then we obviously get a contradiction with (30). So suppose for the rest of this proof
that U is not the only element of C}’ _inarb- Then
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S lhw) DL kg |=hO) D kg

UEC] _inart ReTp(C'U(j)) ReTp(C'U)D)
VIR,jl=U VIR, jl=U

+ > hU) D kg |- 31)

UEC)_inary\U) ReTp(C'Ulj)
VIR, j1=U

where the first term is positive and is not affected by «| 0" (T U (T) while for all
I{ € C}T_in—arb\{ﬁ} anifor all R € Tp(C' U {j}) such that V[R, j] = U, we have
RN (@™U) U °(U)) # @. Thus, by setting the values of K|Qm(U)Ugom(U) close
enough to zero, we can achieve that the absolute value of the second term of the right

hand side of (31) is smaller than the (positive) value of the first term in the same. This
contradicts (30). O

Note that Corollary 6.2 is a generalisation of Corollary 4.7. However, there are
certain redundancies in the set of conditions in (29), and therefore our aim in the rest

of this section is to get rid of these. In order to illustrate the result of Corollary 6.2 and
also the redundancy in (29), consider that the graph of complexes takes the form

Cs —=0Cj; (32)

One can check by short calculation that

Ch iy = 11{2,3,4,5,6,7,8) IR
C%—inarb ={ {3, 4}, {3,4,7, 8} 1,
?/—ma:b - ’ s M > D ’
C?/finarb ={ {6}, {5,6}, {6,7,8}, {5,6,7,8}},
7—inarb — { {7.8} }, and
8—inarb = 1 {8}, {7, 8} }-
Note however that e.g. the set {3,4,7, 8} € Cé’finarb is the disjoint union of the sets
{3,4} € C§_; . and {7,8} € CJ_; .. Hence, once we require that 2({3, 4}) < 0 and

h({7,8}) < 0, it is unnecessary to require also A({3, 4,7, 8}) < 0, because then it is
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automatically satisfied. Similarly, one may easily see for (32) that for all j € C” and
forall U e C}/—inarb’ the set U is the disjoint union of some of the sets

{2,3,4,5,6,7, 8}, {3, 4}, {4}, {5}, {6}, {7, 8}, and {8}.

Moreover, such a partition of U is unique. Thus, for (32) the following are equivalent.

Forall j € C" andforall U e C}/—inarb we have h(U) < 0. (34)
We have 1({2,3,4,5,6,7,8}) <0, h({3,4}) <0, h({4}) <0,
h({5}) < 0,h({6}) <0,h({7,8}) <0, and h({8}) <0 (35)

(i.e., we require the non-positivity of & only for the first sets in each row of (33)).

We formulate in the following lemma that the above mentioned facts about (32)
hold generally.

Lemma 6.3 Assume that (C, R) satisfies (14). For j € C" let C}/—inarb be as in (28).
Fori € C let us define U(i) C C by

—

U@i)=1{keC|forall P € k,C' we have i € V[P]}, (36)

i.e., k € Cis an element of U (i) if all the directed paths from k to C' must traverse i
(clearly, fori € C" we have U (i) C C"). Then
(a) forall j € C" we have U(j) € C}/—inaxb and
(b) forall j € C" and forall U € C}/—inarb there exists a unique Ly < C” such that
*
v=J v,

iEIU
where the symbol * stresses that if i, i’ € Ty and i # i’ then U(@() N U (') = 0.

The proof of Lemma 6.3 is carried out right after the proof of Lemma 6.4 below.
Clearly, we have U(C’) = C, but we will use the set U (C’) only after Theorem 6.14.
Before that, we will be interested in the collection {U (i) | i € C”}. We remark that
the notation U (i) is in accordance with the similar one in Sect. 4.2. Note that for the
reaction network (32) we have

U2)=1{2,3,4,5,6,7,8},UQ3) ={3,4},U#&) = {4}, U(5) = {5},
U(6) = {6},U(7) ={7,8}, and U(8) = {8}.

Before we prove Lemma 6.3, we explore some properties of the collection
{U@{) | i € C"} in the following lemma. Note that for all k € C” there exists a

—
directed path from k to C’ (i.e., for all k € C” we have k, C' # 0).

Lemma 6.4 Assume that (C, R) satisfies (14). Let i,i’ € C" and define U (i) and
U (i’) as in (36). Then
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(a) i € UG),

(b) ifi" € U()\{i} then U(i") € U(i)\{i},

(c) ifi #i theneither U(i) CUG)orUG) D UG ) or UG) NUG") =0, and
(d) o®Y(U(i)) € 0°Y(i) (i.e., all the arcs that leave U (i) have tail i ).

Proof Statement (a) is trivial.

To prove statement (b), assume that i’ € U(i)\{i} and let i” € U (i’). Then all the
directed paths from i” to C’ traverse i’ and since i’ € U (i), they must also traverse
i. This proves that U(i’) € U(i). To prove (b), it remains to show that i ¢ U(').
However, it is also obvious, because i’ € U (i) guarantees that there exists a directed
path from i’ to C’, which traverses i . Since there cannot be vertex repetition in a directed
path and i # i’, this also shows that there exists a directed path from i to C’ that does
not traverse i’.

To show (c), suppose that U (i) NU (i") # @ andleti” € U(i) NU (i’). Then all the
directed paths from i” to C’ must traverse both i and i’. Note that the order of i and
i’ on these directed paths must be the same, otherwise we could easily construct two
directed paths from i” to C’, one of which avoids i and the other one avoids i’. As a
consequence, eitheri € U(i")\{i’} ori’ € U(i)\{i}. In both cases we are done by (b).

To prove (d), suppose by contradiction that there exiLi’) € U(@i)\{i} and i” €

C\U (i) such that (i’,i”) € R. Then there exists P € i”,C’ such that i ¢ V[P].
—

Therefore con(i’, P) € i’,C’ is a directed path that avoids i, contradicting i’ € U (i)
(see Appendix 7 for the definition of the concatenation). O

Proof of Lemma 6.3 To prove (a), fix j € C” and let i’ € C”. Assume first that
— o g
i"eU(j)andlet P €i’,C’. By Lemma 6.4 (d), V[P'/] C U(j) (P"*/ denotes the
part of P from i’ to j, see Appendix 7). Assume now that i’ € C”"\U(j). We need
to show that there exists a directed path from i’ to C’ that avoids U(j). Suppose by

contradiction that for all P € r)C/ we have V[P]NU(j) # @. Then, by Lemma 6.4
(d), it follows that j € V[P], which contradicts i’ ¢ U(j).

It is left to prove (b). Fix j € C” and U € C}/—inarb' Fori € U,wehave U(i) C U,
because otherwise there would be an element i’ € U (i)\U, for which there does not
exist a directed path from i’ to C’, which avoids U. Since we also have i € U (i) (see
Lemma 6.4 (a)), it holds that U = U; ¢y U (i). From this and Lemma 6.4 (¢) it follows
that U is indeed the disjoint union of some U (i)’s and this partition is unique. Namely
those U (i)’s take part in the partition, which are maximal inside U. O

We obtain the following corollary, which is the first step towards the simplification
of (29).

Corollary 6.5 Assume that (C, R) satisfies (14) and let h € R€ be arbitrary. For
i,j el let C}/—inarb be as in (28) and let U (i) be as in (36). Then the following two
statements are equivalent.

(A) Forall j € C" and forall U € C_, , , we have h(U) < 0.

j—inar

(B) Foralli € C" we have h(U (i)) < 0.

Proof Suppose that (A) holds. Then (B) follows directly from Lemma 6.3 (a).
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Now suppose that (B) holds. Statement (A) is then obtained immediately from
Lemma 6.3 (b). O

Corollary 6.6 Let (X,C,R) be a reaction network for which £ =t = 1 and § = 1.
Assume that (C, R) is not strongly connected and leth € R¢ be as in (5). Fori, j € C"
let C"! be as in (28) and let U (i) be as in (36). Then for all k : R — Ry we have

j—inarb

E # ) if and only if

[for alli € C" we have h(U (i)) < 0 and 37)

forall j € C" there exists i € Uy bZU such that h(U (i)) < 0,
j—inarl

where Ly is the unique subset of C" such that U = U:.‘,EIU U(i") (see Lemma 6.3 (D)).

Proof The equivalence is a direct consequence of Corollary 6.2, Lemma 6.3 (b), and
Corollary 6.5. O

In order to ease the notation in (37), we define for j € C” the set W(j) by

W) = U Ty. (38)
UGC}/—inarb
By Lemmas 6.3 (b) and 6.4 (c), fori, j e C" and U € C}/—inarb we have

i €Zy if and only if i € U and there does not exist i’ € U\{i} such that i € U (i").
(39

To illustrate the result of Corollary 6.6, note that for the reaction network (32) we
have

(2,3,4,5,6,7,8) = U(2),
(3,4 =U(3),{3,4,7,8 = UB) U* U(7),

4} =UW@), (3,4} =UQB),{4,7,8) = U@) U U(7), {3,4,7,8) = U3) U* U(7),
(5} =U®5), (5,6} = U®G) U*U®), {5,6,7,8) = US) U* U(6) U* U(7),

(6} = U(6), {5, 6} = U(5) U* U(6), {6,7, 8} = U(6) U* U(T),

{5,6,7,8) = U(5) U* U(6) U* U(7), {7,8} = U(7), and

(8} =U®), (7,8 = U).

Thus,

12,3,4,5,6,7,8) = {2},

3,4y = {3}, I3.4.7.8) = {3, 7},

Tiay = {4}, Ti3,4) = {3}, Tur8 =147,  I3a78 =137},
Iisy = {5}, Iis.6y =1{5,6},  ZI56,7.8) =1{5,6,7},

ey = {6}, Iis6p =15,6},  Zie7.8 =16,7},  ZIi567.8 = 15,6, 7},
I{7,8} = {7}, and

Iigy = {8}, I7.8y = {7},
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and therefore

W2)=1{2},W3) ={3,7}, W) ={3,4,7}, W(5) = {5, 6, 7},
W(6) =1{5,6,7}, W(7) = {7}, and W(8) = {7, 8}. (40)

Since
W) S W@3), W@ S W@, W) S W(S), W(T) € W(6), and W(7) € W(3),

once we require that there exist i, € W(2) and i7 € W(7) such that 2(U (i)) < 0 and
h(U (i7)) < 0 hold, it is unnecessary to require also e.g. that there exists is € W(4)
such that 4 (U (i4)) < 0, because that is automatically satisfied. Our aim is to get rid of
these sort of redundancies in Corollary 6.6. For this, we first take a closer look at the
collection {W(j) | j € C"} in Proposition 6.8. During the proof of that proposition,
we will use the following corollary of Menger’s Theorem.

Theorem 6.7 Let D = (V,A)) be a directed graph and let s, t be such that (s, t) ¢ A.
Then there exists Py, P, € s, t_s)uch that V(P11 N V[P>] = {s, t} if and only if for all
i € V\{s, t} there exists P € s,t such thati ¢ V[P].

Proof The result is a direct consequence of Theorem 7.1. See [24, Section 9.1] for
more on Menger’s Theorem. O

Proposition 6.8 Assume that (C, R) satisfies (14). Let j € C" and let W (j) be as in
(38). Then

— —
W(j)={i €C" | there exist Pj €i, j and Per €i,C’ such that V[P;]1 N V[P 1={i}}.
(41)
Proof Denote by Q(j) the set on the right hand side of (41). We will show (41) by
showing that both W(j) € Q(j) and W(j) 2 Q(j) hold.

First we prove that W(;j) € Q(j) holds. By (38) and (39), we obtain for i € C”
that i € W(;j) if and only if

there exists U €C”/ such that i ¢ Uand for all i’ e U\{i} we have i ¢ U (i"). (42)

j—inarb

To obtain an equivalent description of Q(j), we will apply Theorem 6.7 for the directed
graph

D= (CU{ch, RU{(,0), (€, 0D,
where ¢ is an auxiliary vertex. Thus, we have added the arcs (J, ¢) and (C/, ¢) to R.

Application of Theorem 6.7 with s =i € C"\{j} and r = ¢ yields that fori € C"\{,}
that we have i € Q(j) if and only if

— ./ I\ (s . ./ . —. ./
i, j#®¥and forall i"eC"\{i} we have i ¢ U (i) or there exists P €i, j such thati’ ¢ V[P],
43)
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where the “or” is inclusive. Using (26), it is obvious that (42) implies (43) for i €
C"\{j}. Thus, taking also into account that j € Q(;) holds obviously, we obtain the
inclusion W(j) € Q(Jj).

It is left to prove W(j) 2 Q(j).Fixi € Q(j), P; €i, j,and Per € i, C’ such that
VIP;1N V[Pc] = {i}. Let

—>
U ={i' eC” | thereexists P € i’, j suchthat V[PIN V[Pe] C {i}}, (44)

i.e., we collect those vertices, from which it is possible to reach j without traversing
Pcr except maybe in i. It is trivial that U in (44) satisfies (26). Also, it is easy to see
that U in (44) fulfills (27). Thus, we have U € C}’_inarb. The only thing it is left to
check is that i € Zy. Clearly, i € U and (V[P ]\{i}) N U = @. Hence, there does
not exist i’ € U\{i} such that i € U(i"). Thus, by (39), we obtain that i € Zy. This
concludes the proof of the inclusion W(j) 2 Q(j). O

In case jj, jo € C” are such that W(j;) € W(}»), it is redundant in Corollary 6.6
to require that there exists i € W (j») such that h(U(i)) < 0, because this already
follows if we require the same for j instead of j». In order to get rid of these kind of
redundancies, we take a closer look at the collection {W(j) | j € C”}. The following
lemma is the key.

Lemma 6.9 Assume that (C, R) satisfies (14). For j € C" let W(j) be as in (38). Fix
Jis jo € C" such that ji € W(j2). Then W (j1) € W (j2).

Proof Let jz € W(j1). Our aim is to show that j3 is also an element of W(j»). If
Jj3 = ja then jz € W(j») trivially holds, so let us assume for the rest of this proof that
J3 # j2. Similarly to the proof of Proposition 6.8, we will apply Theorem 6.7 to the
directed graph

ﬁ = (C ) {C}, RU {(j27 C), (C/s C)}),

where ¢ is an auxiliary vertex. Let

N _

Pj, € j1, joand Per € Jj1, C' be such that VIP,1NV[Pc]={j1}and
—_ —_—

Qj, € j3, j1and Q¢ € j3, C’ be such that VIQj 1N VIQc] = {j3}.

Clearly, once we show that for all i € C\{j3} there exists a directed path from j3 to
¢ in D that does not traverse i , we can draw the conclusion j3 € W(jz) by Theorem
6.7.

First let i € C\V[Q¢]. Then con(Q¢r, ¢) is a directed path from j3 to ¢ in D that
does not traverse i.

It is left to treat the case i € V[Qc¢/1\{j3}. Theni ¢ V[Pj,]ori ¢ V[Pc], where
the “ or” is inclusive. If i ¢ V[Pj,] then con(Q,, Pj,, ¢) is a directed walk from j3 to
¢ in D that does S not traverse i.1fi ¢ V[Pc]then con(Qj,, Pe, ¢) is a directed walk
from j3 to ¢ in D that does not traverse i. In both cases, one may easily construct the
desired directed path from the directed walk. O
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For j € C”, denote by C”(j) the vertex set of that strong component of (C, R),
which contains j. Thus, for (32) we have

C"(2) =1{2}.C"(3) =C"(4) ={3,4},C"(5) =C"(6) = {5, 6},
and C"(7) = C"(8) = {7, 8}.

For j € C” we say thatitis possible to leave C”(j) through j if o®*'(j)Ne®*'(C" (j)) #
. For (32), this property holds with j € {2, 3, 5, 6, 7}.
Corollary 6.10 Assume that (C, R) satisfies (14). For j € C" let W (j) be as in (38).

Let j € C” be such that “ it is possible to leave C'"(j) through j” (i.e., 0°"(j) N
0" (C"(j)) # O). Then for all j' € C"(j) we have W (j) € W(j).

Proof Fix j' € C"(j). There exists a directed path from j to j’ which uses only
vertices in C”(j). On the other hand, since 0" (j) N ®" (C”(j)) # ¥, it is possible to
reach C’ from j using only vertices from C\(C”(j)\{/j}). Hence, by Proposition 6.8,
we have j € W(j’). Lemma 6.9 concludes the proof. O

It is clear from the above corollary that if ji, j, € C” are such that C"(j;) =

C"(j2), 0™ (j1) N ™ (C"(j1)) # ¥, and o' (j2) N 0™ (C"(j2)) # ¥ then W (j1) =
W (j2). For the reaction network (32) we indeed have W (5) = W (6).
Let J be a subset of C” for which

J contains precisely one element of each non-absorbing strong component of(45
(C, R)andfor allj € J we have 0°"'(j) N 0°™(C"())) # 0.

For (32) we have two choices for 7. One is {2, 3, 5, 7}, while the other one is
{2, 3, 6, 7}. To be concrete, let 7 = {2, 3, 5, 7}. Due to Corollary 6.10, we have

W3) S W@), W(5) € W(6), and W(7) € W(®),
which is indeed the case (see (40)).

We have thus obtained the following corollary.

Corollary 6.11 Let (X, C,R) be a reaction network for which{ =t =1 and § = 1.
Assume that (C, R) is not strongly connected and let h € R¢ be as in (5). Fori, j € C"
let U (i) and W (j) be as in (36) and (38), respectively. Also, let [T be as in (45). Then
forallk : R — Ry we have E', # ) if and only if

. ” .
[for alli € C" we have h(U (i)) < 0 and 46)

forall j € J there existsi € W(j) such that h(U (i)) < O.

Proof The equivalence follows directly from (38) and Corollaries 6.6 and 6.10. O

Since for (32) we have made the choice J = {2, 3, 5, 7}, Corollary 6.11 suggests
that the sets of importance are W(2), W (3), W(5), and W (7). Recall that

W2)=1{2}, W3) ={3,7}, W(5) =1{5,6,7}, and W(7) = {7}. 47)
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As7 e W(3)and7 € W(5),by Lemma 6.9 we have W(7) € W(3) and W(7) € W(5)
(which is anyway obvious from (47)). Thus, still there is redundancy in Corollary 6.11.
Elimination of this redundancy is formulated in the following corollary.

Corollary 6.12 Let (X, C, R) be a reaction network for which £ =t = 1 and § = 1.
Assume that (C, R) is not strongly connected and leth € R¢ be as in (5). Fori, j € C”
let U (i) and W (j) be as in (36) and (38), respectively. Also, let J be as in (45). Then
forallk : R — Ry we have EY # () if and only if

. " .
lforalll e C" we have h(U (i)) < 0 and (48)

for all j €T such that W(j) CC" (), there exists i € W (j) such that h(U (i)) < 0.

Proof If W(j) € C"(j) forsome j € J thenfor j’ € W(j)\C"(j) we have W(j’) <
W (j) (see Lemma 6.9). Denote by j” the sole element of the singleton 7 N C”(j").
Then we have W(j”) € W(j’) € W(j) (see Corollary 6.10). Hence, the statement
“there exists i € W(j”) such that #(U(i)) < 0” implies that “there exists i € W ()
such that 4(U (i)) < 0”. Thus, the result follows from Corollary 6.11. O

For (32) we have

W2 ={2)c{2}=C"2),
W3)={3.71¢Z{3.4=C"0),
W(S) =1{5,6,7) £ {5,6) =C"(5), and
W) = {7} S (7,8} =C"(D).

(49)

To simplify further the condition (48), we examine in the following proposition the
collection {U () | i € W(j)}, where j € C” is such that g®"'(j) N 0°*(C"(j)) # @
and W(j) < C"(j).

Lemma 6.13 Assume that (C, R) satisfies (14). For i, j € C" let U (i) and W (j) be
as in (36) and (38), respectively. Fix j € C” such that ¢°"'(j) N o°" (C"(j)) # ¥
and W (j) € C"(j). Then the sets (U (i) | i € W(j)} are disjoint and U?‘Ew(j)U(i) =
U(C"())), where

U(C"(j)) = {k € C" | all directed paths from k to C' traverse C"(j)}.  (50)

Proof First we prove that the sets {U (i) | i € W(j)} are disjoint. Let iy, i» € W(j) be
suchthati; # i>.DuetoLemma 6.4 (c),itsuffices to show thatnone of U (i1) and U (i)
contains the other one. Suppose by contradiction that U (iz) € U (i1)\{i1}. Let P; €
_
i2—>,j and P¢: € iy, C’ be such that VIP;I1NV[Pc] = {i2} (see Proposition 6.8). Since
i» € U(i1) by our hypothesis (i € U(i») by Lemma 6.4 (a)), we have i1 € V[P¢/].
—
Since i1 # ip, we have iy ¢ V[P;]. Let P € j,C’ be such that V[PTNC"(j) = {j}
(recall that °Ut(j) N @®"(C"(j)) # ¥). Then clearly i; ¢ V[P] (recall that i; €
W(j) € C"(j) and the case i; = j can trivially be excluded). Thus, con(P;, P) €
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?(3/ and i1 ¢ V[con(P;, P)], contradicting ip € U (i1). This contradiction proves
that the sets {U (i) | i € W(j)} are indeed disjoint.

It is left to prove that Ufew(j)U(i) = U(C"(}))). It is obvious that U(C"(j)) €
C}/ inarb (ON€ may prove this similarly to the proof Lemma 6.3 (a)). Hence, we have
Tycrijy S W(j) (see (38)). Also, note that for i € W(;) we have i € C”(j) (recall
that have we assumed in the lemma that W(j) C C”(j)). Thus, for i € W(j) we
obviously have U (i) € U(C"(j)). Therefore,

ve'Gn= | vire |J vo cue .

iEIU(C”(j)) ieW(j)

As a consequence, all the inclusions in the above chain are equality. This concludes
the proof of U;“Ew(j)U(i) =U(C"())). O

As a consequence, we obtain Theorem 6.14 below, which is the main result of this
paper. Recall that for i, j € C”

U(i) = {k € C"| all directed paths from k to C’ traverse i },
e C”(j) denotes the vertex set of that strong component of (C, R) which contains j,
e U(C"(j)) ={k € C”| all directed paths from k to C’ traverse C”(j)}, and

—

W(j)={k € C"| thereexist P; € I:;'and Pcr € k,C'suchthat V[P 1NV [Pc] =
{k}}.

Also, recall that 7 < C” is such that J contains precisely one element of each
non-absorbing strong component of (C, R) and for all j € J we have o®"(j) N
™(C"(j)) # 9.

Theorem 6.14 Let (X, C, R) be a reaction network for which £ =t = 1 and § = 1.
Assume that (C, R) is not strongly connected and leth € R¢ be as in (5). Fori, j € C"
let U@i), W(j), and U(C"(j)) be as in (36), (38), and (50), respectively. Also, let J
be as in (45). Then for all k : R — R we have EX # () if and only if

foralli € C" we have h(U (i)) < 0 and 51)
forall j € J suchthat W(j) € C"(j), we have h(U(C"(j))) < 0.
Proof The statement follows directly from Corollary 6.12 and Lemma 6.13. O

Since for (32) we have U(C”(2)) = U (2) and U(C" (7)) = U (7) we obtain that for
all k : R — R we have EY # {Jif and only if

h({2,3,4,5,6,7,8}) <0,h({3,4}) <0,h({4}) <0, h({5}) <0,
h({6}) <0,h({7,8}) <0, and A({8}) < 0.

Since the condition W(j) € C”(j) appeared in our main result, the rest of this
section is devoted to provide an equivalent (and more transparent) condition to that.
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After some preparations, we will arrive to this equivalent condition in Proposition
6.16. Let us start by defining the set U/ (j) for j € J by

ugr= J vah. (52)

J'€C”(j)
Also, let U(C") = U(C’) (thus, U(C") = C). Note that for (32) we have
UR2)=1{2,3,4,5,6,7,8},U3) = {3,4}, U5) = {5, 6}, andU(7) = {7, 8}.

The following proposition states that the collection {{/(j) | j € J} has a similar
property as the collection {U (i) | i € C"} has.

Proposition 6.15 Assume that (C, R) satisfies (14). Let J be as in (45) and for j € J
letU(j) be as in (52). Let ji, jo € J be such that j1 # ji. Then eitherU(j1) S U(j2)
orU(ji) 2U2) orU(j1) NU(j2) = 0.

Proof Suppose that U (j1) NU(j2) # ¥. Let j; € C"(j1) and j; € C”(j2) be such that
U(j}) NU(j) # @. Then, by Lemma 6.4 (b) and (i), either U (j]) € UGH\(j3)
or U(jP\{j1} 2 U(j3). Clearly, the two cases are symmetric. Suppose for the rest
of this proof that U(j{) € U(j5)\{j}}. Since j{ and j} are not in the same strong
component, this has the consequence that C”(j1) C U( jﬁ). Thus, by Lemma 6.4 (b),
we have

ugn= J vGheuupwcugpe |J UG =u.
J'€C”(jr) J'€C"(j2)

which concludes the proof. O

A collection Q of subsets of a set is called laminar if for all Q;, Q> € Q we have
Q1S Qror Q12 0r0r Q1 NQr=40.
Thus, by Lemma 6.4 (¢) and Proposition 6.15 both the collections
{UG) 1ieC’yU(Crand {U() | j e THULC) (53)

are laminar. It is straightforward to associate a branching to a laminar collection Q
that consists of distinct sets. The vertex set of the branching is Q itself, while for
01, Q> € Q the ordered pair (Q1, Q») is an arc if Q1 € Q> and there does not exist
Q3 € Qsuchthat Q1 € Q3 € Q5. Denote by T and 7 the arborescences associated
to the laminar collections in (53), respectively (since all the other sets of these two
collections are contained in C, the associated branching is actually an arborescence
with root C). We have depicted T and 7 associated to (32) in Fig. 2.

It is also straightforward to associate to a directed graph D = (V, A) an acyclic
directed graph, denoted by ¥ p, in the following way. Denote by V!, ..., V¥ the vertex
sets of the strong components of D. The vertex set of Tp is then {Vl, e, Vk}, while
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C T C T c’ T
| |
U(2) Uu(?2) c"(2)
/ T \\\ / T \
U(3) U(5) U(6) U(7) U(3) U(5) U(7) c"(3) c"(5)
U(4) UL) c"(7)

Fig. 2 The arborescences 7 and 7 associated to the laminar families (53) and the acyclic directed graph
T for (32)

?’ T ?’ T c’ T c’ 7,%
SN TN
| |

Fig. 3 The arborescences 7 and 7 associated to the laminar families (53) and the acyclic directed graph
T for (32) considering the straightforward identifications of the vertex sets

7 3\5 3
/

for k1, ko, € {1,...,k} such that k; # kj, the ordered pair (Vk1, vk is an arc of
Tp if Q‘I’)‘“(V"l) N QiIIJ‘(VkZ) # (. We will simply denote by ¥ the acyclic directed
graph ¢ R). Thus, the vertex set of T is {C"(j) | j € J} U {C'}. We have depicted
¥ associated to (32) in Fig. 2.

For the sake of simplicity, we perform some natural identifications. We identify from
this point on the vertex sets of T, 7, and ¥ with the sets C"U{C’}, JU{C’}, and TU{C’},
respectively (recall that U(C") = C and U(C") = C). With these identifications, the
arborescence 7 and the acyclic directed graph ¥ has the same vertex set, which makes
it possible to depict them at once. We have depicted 7, 7, and ¥ considering these
identifications in Fig. 3.

The following proposition states that for j € J the condition W(j) € C”(j) can
be expressed in terms of 7 and . For a directed graph D = (V, A) and j € V letus
denote by Rp(j) the set of vertices from which it is possible to reach j in D, i.e.,

Rp(j) = {7 € V | there exists a directed path from fto j in D}. (54)

It is trivial that for all j € J we have R7(j) € Rx(j).

Proposition 6.16 Assume that (C, R) satisfies (14). Let J be as in (45) and for j € C"
let W (j) be as in (38). Also, let the arborescence T and acyclic directed graph T be as
above. Fix j € J. Then W(j) € C"(j) if and only if RT(j) = Rx(j), where R1(j)
and R (j) are understood in accordance with (54).
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Proof Assume first that R7(j) = Rsg(j) and suppose by contradiction that
—>
WGINC"(j) # 0. Leti € W(H\C"(j), Pj € i,_)j, and P € i,C’ be such that

VIP;j1 N V[Pc] = {i} (see Proposition 6.8). Also, let P € ]—_>C/ be such that
VIPINC"(j) = {j} (recall that o°"*(j) N @®"(C"(j)) # ¥). Then both Py and
con(P;, P) are directed paths from i to C’' and these two cannot have any common
vertex in C” (). Thus, there does not exist j* € C”(j) such thati € U(j’), and conse-
quentlyi ¢ U(j).Let j € J besuchthati € C”(j). Then j € Rz(j)and j ¢ R7(j),
which contradicts R7(j) = Rx(j).

To show the other direction, assume that W(j) € C”(j) and suppose by contra-
diction i € C” is such that l,_; # ¢ and there does not exist j/ € C”(j) such that
i € U(j'). Moreover, assume that i is such that pr (i), j = @, where py (i) € C is the
parent of i in T (i.e., pr (i) is the second vertex on the unique directed path from i to
C'inT).Sincei € U(i), itfollows thati ¢ C”(j). We will show thati € W(j), which
will thus contradict W (j) € C”(j). To show the inclusion i € W (), note that the set
{i" e C"\{i} | i € U(i")} coincides with V[P]\{i, C’}, where P is the unique directed
path from i to C" in T. However, by our assumption on i, for all i’ € V[P]\{i, C'} we

—
have i’, j = . Thus, taking also into account Proposition 6.8 and (43) in the proof of
that proposition, we obtain that i € W (). This concludes the proof. O

For the reaction network (32) we have

R7(2) =1{2,3,5,7} =1{2.3,5,7} = Rx(2),
R7() = {3} ¢ 3,7} = Rz(3),

R7(5) = {5} € {5, 7} = R(5), and

R7 () = {7} = {7} = Rz(7),

which is indeed in accordance with (49).

We conclude this section by some remarks on the collection {U (i) | i € C"} U {C}.
First, note that not only {U(i) | i € C”} U {C} determines T, but also conversely.
Indeed, it is obvious that U (i) = Ry (i) forall i € C.In graph theory, if j € U (i) then
we say that i postdominates j. The arborescence T is called the postdominator tree.
See e.g. [19] for more on algorithmic issues concerning the dominator/postdominator
tree.

Acknowledgments The author is grateful to Gyorgy Michaletzky for the fruitful discussions while facing

the difficulties during the attempts of proving the main result.

7 Appendix A: Some basic notions from the theory of directed graphs

We collect in this section those standard concepts and notations from graph theory
that are used throughout this paper. The notions are taken from [24, Sections 3.2, 9.1,
and 10.1].

Let D = (V, A) be a directed graph without multiple arcs throughout this section.
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For ig, i1, ...,i; € V withl € Z>¢, we say that P = (io, i1, ..., i) is a directed
walk from i to ij, or just a directed walk, if (i, ix41) € Aforallk € {0, 1,...,/—1}.
The length of a directed walk P = (ig, iy, ..., i), denoted by len(P), is /. For a
directed walk P = (ig, i1, ..., i;), we denote by V[P] the vertex set {ig, i1, ..., i;}
(we use the notation V[P] even if the vertex set of the directed graph in question is
denoted by some other symbol than V). If i € V[P] for a directed walk P then we
say that P traverses i, while if i ¢ V[P] then we say that P avoids i. One can define

traversing and avoiding a set U C V similarly. A directed walk P = (ig, i1, ..., ;)
is said to be a directed path if ig, iy, ..., i; are all distinct. For i, j € V, we denote
by z,_; the set of directed paths from i to j. For a directed path P = (ig, i1, ..., i)
and 0 < k < m < [ we denote by Pikim the directed path (ig, ix+1s---5im)- A
directed walk P = (ig, i1, ..., i;) is said to be a directed circuit if | > 1, iy = i, and
io, 11, ...,1;—1 are all distinct.

For the directed walks Py = (ig, i1, ..., ;) and P> = (jo, j1, ..., jk) Withi; = jo,
we denote by con(Pj, P») their concatenation, which is defined by con(P;, P») =
(i0y -+ 115 J1s - -+, jr). Clearly, con(Pq, P>) is then a directed walk from ig to ji.

The directed graph D is called strongly connected if for all i, j € V we have

i,_; # @, while it is called weakly connected if the underlying undirected graph is
connected. The maximal strongly connected subgraphs of D are called the strong
components of D, while the maximal weakly connected subgraphs of D are called the
weak components of D. An absorbing strong component of D is a strong component
such that there is no arc, which leaves it.

The above definitions are in accordance with the ones in [24, Section 3.2], with the
only difference that we have defined a directed walk as a sequence of vertices rather
than an alternating sequence of vertices and arcs. This choice is made here, because
it suffices all our purposes in this paper if we restrict our attention to directed graphs
without multiple arcs.

We use a corollary of the following theorem several times in Sect. 6. See [24,
Corollary 9.1a] for a proof of Menger’s Theorem.

Theorem 7.1 (Menger’s Theorem [24]) Let D = (V, A) be a directed graph and let
s and t be two nonadjacent vertices of D. Then the maximum number of internally
vertex-disjoint s — t paths is equal to the minimum size of an s — t vertex-cut.

For U C V, the set of arcs, which enter U and leave U are defined by

o(U) ={(i,j)eAlieV\U,jeU}and
0P U) ={G,j))eAlieU,jeV\U},

respectively. Denote by 2" the power set of V. For a function z : A — R, define the
function excess; : 2" — R by

excess; (U) = z(0™U)) — z(o®™(U)) (U C V),
where z(0™(U)) and z(0°"(U)) are understood in accordance with (1). Fori € V

we use the notations 0™ (i), 0°(i), and excess; (i) instead of o™ ({i}), 0°*'({i}), and
excess; ({i}), respectively. Note that excess, (V) = excess; () = 0.
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4 Vi S B
[N A (R

Fig. 4 A directed graph D with vertex set {1, ..., 12} (on the left) and two elements of Ap ({1, 2, 3, 8})
(in the middle and on the right). The one in the middle is not acyclic, and hence, it does not belong to
Tp({1,2, 3, 8}), while the one on the right is acyclic, so that one is a {1, 2, 3, 8}-branching in D. It is also
apparent that the latter one can be decomposed into four arborescences, the roots of these four arborescences
are 1, 2, 3, and 8, respectively

An important and frequently used observation is that

excess;(U) = ZG)(cessZ (i) forallU C V. (55)
ieU

Thus, the excess function satisfies (1).

For a function 2 : V — R, a function z : A — R is called an h-transshipment if
excess; = h.

Let us define Ap(U) and 7p (U) by

|Q°ut (k)| =0 forallk € U and

ApU) = {A s A‘ lo ?;tA)(kn —1 forallk € V\U ] and - (56)

Tp(U) = {A € Ap(U) | (V, A) is acyclic}, (57)

respectively. (A directed graph is called acyclic if it has no directed circuits.) The
elements of 7p (U) are called U-branchings in D (or more precisely U-inbranchings
in D), the set U being called the root set. If U is the singleton {j} for some j € V then
a U-branching A is called a j-arborescence (or more precisely a j-inarborescence).
Clearly, if U = {ji1,..., jx} for some positive integer k then for a U-branching

A, (V, A) has k weak components, each of them is correspondlng to an element
of U. Denote these weak components by (VI A“) o, (Vi A/k) Then A/ is a
j-arborescence in the directed graph (V/, {(i,i’) € A |i,i’ € V/})forall j € U. See
Fig. 4 for an illustration of these notions.

We also use the following notations in Sects. 6 and 9.2. For i, j € V let us define

AUy and T} (U) by

AZ(U) = {X € Ap(U) | there exists a directed path from i to j in(V, Z)} and
(58)

Tg(U) = {X € Tp(U) | there exists a directed path from i to j in(V, X)}, (59)

respectively.
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8 Appendix B: Proof of Theorem 5.1

The aim of this section is to prove Theorem 5.1. The main tool we will use in that
proof is the following theorem (see [24, Corollary 11.2f]), which is a well-known
consequence of the Hoffman’s Theorem (see [24, Theorem 11.2]).

Theorem 8.1 Let D = (V, A) be a directed graph, letd,c : A — Rwithd < c and
leth : V. — Rwith h(V) = 0. Then there exists an h-transshipment z withd < 7 < ¢
if and only if

c(@™(U)) —d (@™ (U)) = h(U) forall U < V.

Note that Theorem 5.1 characterises the existence of a positive h-transshipment for
a function 2 : V — R with A(V) = 0. Compare this to the characterisation of the
existence of a nonnegative h-transshipment (see [24, Corollary 11.2h]).

Proof of Theorem 5.1 To show that (21) is necessary, let z : A — Ry be an
h-transshipment and ¥ # U C V with 9" (U) = @. Then

h(U) = excess; (U) = z(o™ (V) — 2(0™"(U)) = —z(¢™"(U)) < O,

where the inequality holds, because " (U) and o™ (U) cannot be empty at the same
time (D is assumed to be weakly connected and ¥J # U C V) and the values of z are
positive.

To show the sufficiency of (21), assume for the rest of this proof that (21) holds.
Clearly, the existence of a positive A-transshipment is equivalent to the existence of
0 < ¢ < K such that there exists an h-transshipment z with ¢ < z < K. By Theorem
8.1, the latter is equivalent to the existence of 0 < ¢ < K such that

K|o™(U)| — €™ (U)| = h(U) forall U C V. (60)

Let

¢ = min ([—% ’ §#£U CVando™U) = (Z)] U {1}) and  (61)

K = max ([W ‘ %+ U CVando™U) 7&@] U{s}). (62)

Note that ¢ > 0 is guaranteed by (21). Also, we have ¢ < K. We show that (60) holds
with these specific choices of ¢ and K.

Both for U = #and U = V we have o™ (U) = 0°"'(U) = ¥ and h(U) = 0, hence
(60) holds in both cases.

Fix for the rest of this proof § # U C V.Incase Qin( U) = 0, (60) is a consequence
of (61), while in case Qin(U) % @, (60) follows from (62).
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9 Appendix C: The Matrix-Tree Theorem

There are several versions of the Matrix-Tree Theorem. The one we present in Sect. 9.2
appears in [23, Appendix] as a tool for proving the Markov Chain Tree Theorem. This
is slight generalization of Tutte’s result (see [27, Theorem 3.6]), while it is a special
case of the All Minors Matrix Tree Theorem (see [S5]). The previous applications of
the Matrix-Tree Theorem in CRNT used Tutte’s version (see [6,11,17,18,22,26]),
while we need a slightly more general variation in Sect. 6. We also provide a direct
and elementary proof of the Matrix-Tree Theorem in Sect. 9.2, which was worked out
by Gyorgy Michaletzky and the author of this paper.

9.1 A lemma on the number of inversions in bijections

In the proof of the Matrix-Tree Theorem, we use a purely algebraic lemma, which is a
special case of a result in [5]. For the sake of completeness, we also present the proof
of this lemma.

Fix a positive integer n for this subsection. Let Wi and W, be nonempty subsets
of V. ={1, ..., n} such that |W;| = |W|. For a bijection = : W; — W, we say that
k € Wy and k' € W) are in inversion if k < k' and 7 (k) > 7 (k). Denote by v(sr) the
number of inversions in 1, i.e.,

v() = [k, k') € Wy x Wi | k < K and m(k) > m(k))}].

As usual, define the sign sgn () of the bijection 7 by sgn(7) = (—1)").

Lemma 9.1 Leti,j € V. Let o : V\{j} — V\{i} be a bijection and define the
permutationc .V — V by

(keV).

g@)z[?“% ifk e VL)
i ifk=j

Then sgn(@) = (—1)/sgn(o).

Proof We prove this lemma by induction on j. To prove the initial step of the induction,
let j = 1. Clearly, o inherits all the inversions of o. Also, since o (1) = i, there
are exactly i — 1 elements in V\{1} that are in inversion with 1 under o. Hence,
v(©@) =v(o) + (i — 1). As a consequence,

sgn(@) = (—1)"@ = (= 1)?@+=D — ()=l (1)"@) = (1) T sgn(0).

To prove the inductive step, fix 2 < j < n and assume that the lemma holds with
Jj — linstead of j. Letus define 7 : V\{j — 1} — V\{i} by

C(ke VA{j —1D.

{awx ifkeV\{j—1,j)
mk)y={"" . .
o(j— 1), ifk=j
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Clearly, we have v(;r) = v(o). Also, letus define 7 : V — V by

o — [n(k), ifk e V\{j— 11, eV,

i, ifk=j—1

Note that we have defined 7 in such a way that 7|y\(j—1,j; = O lv\{j-1,j}, T(j) =
o(j—1),andT(j — 1) = (j) = i. Thus, for k, kK’ € V such that k < k' we have

G (k) > o (k'), ifk, k' e V\{j — 1, j},
otk)y>a(j—1), ifkefl,...,j—2}LkK =],

(k) > T®) ifandonly if 10 %) > TG AKEdL. 2k K=
G(j—D>ak), ifk=jk e{j+1, ...,n},
a(j)>o k), ifk=j— 1,k € {j+1.....n}, and
(-1 <a()), ifk=j—1kK=]j

Hence,
S )
Therefore,
sen(@) = (—1)"@ E —(=1)'® = (1)U Dsgn(r) = (~1) Hsgn(o),
where we used the inductive hypothesis for 7. This concludes the proof. O

The following corollary is a direct consequence of Lemma 9.1.

Corollary 9.2 Let Q C Vandi, j € V\Q. Leto : V\(Q U {j}) = V\(Q U {i}) be
a bijection and define the permutation o : V\Q — V\Q by

Sl |¢<k), ifk € V\(QU /).

i ik = (k e V\Q).

Then sgn(o) = (—1)*/sgn(o).

9.2 The Matrix-Tree Theorem

Fix a positive integer n for this subsection. Associate to a matrix Z = (z; j)l'." j=1 €
R™*" the directed graph D(Z) = (V(Z), A(Z)), where V(Z) = {1,...,n} and
A(Z) = {(i,)) € V(Z) x V(Z) | zij # 0}. Also, for Q1, Q> C {1,...,n} with
|Q1] = |Q2|, denote by dg, 0, (Z) the determinant of that matrix, which is obtained
from Z by deleting the rows with index in Q| and the columns with index in Q5.
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Theorem 9.3 (Matrix-Tree Theorem) Let Z = (z; j)?, j=1 € R™" be a matrix that

satisfy

Zzijzo forallie{l,.--,"}- (64)

j=1

Fix Q C{l,...,n}andi, j €{1,...,n}\Q. Then

douijy,oui)(Z) = (=D (=yrlet R g
AeTy), QUL

where TDJ(Z)(Q U {j}) is understood as in (59) and the symbol z 3 is a shorthand
notation for the product [ ,c za-

Proof For shorthand notation, let us denote by S;; the set of bijections from V\(Q U
{j}) to V\(Q U {i}). For an element o of S;;, denote by & the permutation of V\Q,
which is defined by

(k e V\Q).

0 [o(k) ifk e V\QU (D,
i, ifk=j

Since o is a permutation, we may consider its decomposition into disjoint cyclic
permutations. This also yields a decomposition of ¢ into cyclic permutations and a
path bijection” from i to j, where the *“ path bijection” is coming from the *“ deletion”
of the assignment j +— i from o. Denote by

h? the “path bijection” component of o,

Po the number of cycles of o of length at least 2,
Vi fl‘,’” the cycles of o of length at least 2,
g, the number of cycles of o of length 1, and

g7, .... &g, thecyclesof o of length 1.

See (65) for an illustration of this decomposition. For this specific example, we have
Po =2 and g, = 3.

et (69)

N O
N

Lo ]
= | = | -~ () &
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For notational convenience, we denote by z,s and z o the product of those entries
of Z that correspond to the arcs of the directed path 4° and the directed circuit f,
respectively. (Thus, we implicitly identify the bijections 2 and f;° with the corre-
sponding directed path and directed circuit, respectively.) Also, we identify g7 with
the respective vertex, and thus z4¢ g0 is the corresponding diagonal entry of Z. Then

doujy.ouiy (D) = D [sen@)- [ [  wow

OES;j keVA(QU{j}

Po do
- o ([T ) ({100
(TES,'J' =1 I=1

Po 4o
@5 Lo ([Ter ) (1T}~ 3 <
=1

o€S;j =1 keV\{g/'}

= > |sgn(@) (=) - > i

oSy Ae AT, QUL

= Z 23 z sgn(o) - (—1)9°

Ae A}, QUL oESij

where /4 is the unique directed path from i to j in (V, A) and

fo fy o S A and the unique directed

le' ij
Apz)(QU LD = [A € Apz)(QULD path froml to j in (V, A) is given by h°®

(recall (58)). Fix Ac A D(Z) (Q U {j}) for the rest of this proof. We claim that

0., it A ¢ 7, (QU{j
S s 0= o e oy
oes), (=D (=1 if A € T4, (Q U /).
ha:hA B
I7 et €
(66)
By Corollary 9.2,
sen(0) = (=1 sgn(@) = (1) (= (= X5 DD
— (_1)i+j(_1)n—|Q\—1—Pn—%_ (67)
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Thus, sgn(o) - (—=1)% = (—1)i+7(=1)"~12I=1=Ps 'which depends on o only through
Po- N _
IfA e TL')](Z)(Q U{j}) (i.e., A is acyclic) then the sum on the left hand side of (66)

contains only one term (there is only one element o € S;; for which h? = hA and
po = 0). Thus, by (67), we obtain (66) for the case Ac ’T[l)j(z)(Q U{jh.
Assume for the rest of this proof that A ¢ Tlgj( 2 (QU{j}). Denote by m the number

of directed circuits in A. Since A ¢ 75, (Q U {j}). we have m > 1. With this and
(67), we have

D, sen(o) - (=D = (=DM e T (e

O’GS,‘L (J'ES,']'~
/’L0=hA B hJZhA _
IT o £, CA IT o fpp €A
< (m
— _1 i+j _1 I’l—|Q|—1 . _1 k :07
(=D (=1) 2\ )Jen
k=0
where the last equality follows from the Binomial Theorem. O
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