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Discrete Morse theory on digraphs

YoNG LiN*, CHONG WANGT, AND SHING-TUNG YaU?

Abstract: In this paper, we give a necessary and sufficient condi-
tion that discrete Morse functions on a digraph can be extended
to be Morse functions on its transitive closure, from this we can
extend the Morse theory to digraphs by using quasi-isomorphism
between path complex and discrete Morse complex, we also prove
a general sufficient condition for digraphs that the Morse functions
satisfying this necessary and sufficient condition.

Keywords: Discrete Morse theory, quasi-isomorphism, path ho-
mology.

1. Introduction

Digraphs are generalizations of graphs by assigning a direction or two direc-
tions to each edge. A graph is a digraph where each edge is assigned with
two directions. In 2009, J. Bang-Jensen and G.Z. Gutin [5] studied digraphs
and gave applications of digraphs in quantum mechanics, finite automata,
deadlocks of computer processes, etc. In 2012, A. Grigor’yan, Y. Lin, Y. Mu-
ranov and S.T. Yau [11] initiated the study of path complex on digraphs
and defined the path homology of digraphs. In 2015, A. Grigor’yan, Y. Lin,
Y. Muranov and S.T. Yau [13, 14] studied the cohomology of digraphs and
graphs by using the path homology theory. In 2018, A. Grigor’yan, Y. Mu-
ranov, V. Vershinin and S.T. Yau [16] generalized the path homology theory
of digraphs and constructed the path homology theory of multigraphs and
quivers.
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A digraph G is a pair (V, F) where V is a set and E is a subset of V' x V.
The elements of V' are called wvertices and V is called the vertex set. For any
vertices u,v € V, if (u,v) € E, then (u,v) is called a directed edge, and is
denoted as v — v. For any vertex v € V(G), the number of directed edges
starting from v is called the out-degree of v, and the number of directed edges
ending at v is called the in-degree of v. The sum of in-degree and out-degree is
called the degree of v, denoted as D(v). The transitive closure G of a digraph
G is the smallest digraph containing G such that for any two directed edges
u — v and v — w of G, there is a directed edge v — w of G.

Let G be a digraph and V be the vertex set of G. For each n > 0,
an elementary n-path (or n-path for short) on V' is a sequence vgvy - - - vy, of
vertices in V' where vg, v1, ..., v, € V. Here the vertices vy, v1, ..., v, are
not required to be distinct. An allowed elementary n-path on G is a n-path
VU1 . .. U, on V such that for each ¢ > 1, v;_1 — v; is a directed edge of G and
v;—1 # v; for each 1 < i < n. Let A,,(V) be the free R-module consisting of
all the formal linear combinations (with coefficients in a commutative ring R
with unit) of the n-paths on V. Let P, (G) be the free R-module consisting of
all the formal linear combinations of allowed elementary n-paths on G. Then
P,(G) is a sub-R-module of A, (V).

The boundary map 9, : Ap (V) — A,—1(V) is defined as by letting

On(vovy ... vy) = Z(fl)idi(vovl e Up)

where d; is the face map given by
di(vovl .. .Un) = Vo1 .. 131 ... Up.

Note that 0, is an R-linear map from A, (V') to A,,_1 (V) satisfying 9,0,,41 = 0
for each n > 0 (cf. [11, 12, 13, 14, 15, 16, 17]). Hence {A,(V),0n}n>0 is a
chain complex. We define

Q.(G) = P(G)N(0,) P 1(G),

IW(G) = Pu(G)+ 0nt1Pria(G).
Then as graded R-modules,

O0.(G) C P(G) CTL(G) CA(V).

And as chain complexes,

{120.(G), 0 |, (@) tnz0 S ATR(G), On 1, (@) fnz0 € {AR(V), Ontnzo-
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By [6, Proposition 2.4], the canonical inclusion
L:Q(G) — TW(G), n>0

of chain complexes induces an isomorphism between the homology groups

te t Hos({0(G), 81 0@ 3nz0) — Hin({T0(G), 00 Ir, (e Yaz0)s  m > 0.

This isomorphism gives the path homology of G. We denote the path homology
defined in this way as H,(G; R) (n > 0), or simply H,,(G) if there is no danger
of confusion.

Morse theory originated from the study of homology groups and cell struc-
ture of smooth manifolds. In the 1990s, the discrete Morse theory for cell
complexes and simplicial complexes was given (cf. [7, 8, 9, 10]). In recent
years, the discrete Morse theory of cell complexes and simplicial complexes
has been applied to graphs, and the discrete Morse theory of graphs has been
studied (cf. [1, 2, 3, 4]). Discrete Morse theory can greatly reduce the number
of cells and simplices, simplify the calculation of homology groups, and can
be applied to topological data analysis (cf. [18, 19, 20], etc). In these study,
people use clique as flag complexes on graph which is a similarity of simplicial
complexes.

In this paper, we further study the discrete Morse theory for digraphs,
try to make use of the discrete Morse theory to greatly reduce the initial
information which does not affect the path homology groups of digraphs, so
as to simplify the calculation. Not analogue to the flag complex, the sub
complex of a path complex is not necessary a path complex. So we need
to extend the path complex to its transitive closure and prove that path

homology is invariant under this extension.

Let G be adigraph and f : V(G) — [0, +00) a discrete Morse function on
G as defined in [21] and Definition 2.1 in next section. Consider the following
condition

(). For each vertex v € V(G), there exists at most one zero point of f in all
allowed elementary paths starting or ending at v.

Then f can be extended to be a Morse function f on the transitive closure G
of G such that f(v) = f(v) for each vertex v € E(G) if and only if f satisfies
Condition (x). This is proved in Theorem 2.12.

For n > 0, define an R-linear map gradf : P,(G) — P,4+1(G) such that
for an allowed elementary n-path o on G, if there exists an allowed elementary
(n 4 1)-path v satisfying v > a and f(y) = f(«), set

(gradf)(a) = — (0, a)y
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and otherwise (gradf)(a) = 0. We call grad f the (algebraic) discrete gradient
vector field of f, denoted as V. Here (,) is the inner product in A, (V') (with
respect to which the n-paths are orthonormal).

Let V = gradf be the discrete gradient vector field on G. By [7, Defini-
tion 6.2]), define the discrete gradient flow of G as

®=1d+ 9V + Vo,
which is an R-linear map
®:P,(G) — P,(G), n>0.

Denote the stabilization map of ® as ® . Let Crit,,(G) be the vector space
consisting of all the formal linear combinations of critical n-paths (see Defi-
nition 2.1) on G. Suppose Q. (G) is V-invariant, that is, V(Q.(G)) C Q.(G).
Then in Theorem 2.17, we prove that

Hn(G) 2 Hp({Q2,(G) N7 (Critn(G)), Optuso), m > 0.

Finally, in Theorem 3.1, it is proved that Condition (*) is not very harsh.
In fact, we can define Morse functions satisfying Condition (*) on quite general
digraphs, so Theorem 2.17 can be used to simplify the calculation of their path
homology groups. We give some examples to illustrate.

2. Discrete Morse theory for digraphs

In this section, in Theorem 2.12, we study the extendability of a Morse func-
tion f on digraph G to its transitive closure G. We prove a quasi-isomorphism
of chain complexes in Theorem 2.15 and give the discrete Morse theory for
digraphs in Theorem 2.17.

2.1. Definitions and some properties

Let G be a digraph. For any allowed elementary paths v and +/, if 4" can be
obtained from v by removing some vertices, then we write v < v or v > «/.

Definition 2.1 (Cf. [21]). A map f: V(G) — [0, +00) is called a discrete
Morse function on G, if for any allowed elementary path o = vguy - - - v, on G,
both of the followings hold:

(i) #{y™ > a | f(3) = f(@)} < 1;
(i) #{80D <a® | £(8) = fla)} < 1,
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where

(1) fla) = flvovy---vy,) = Zf(vz)

n

=0
For an allowed elementary path «, if in both (i) and (ii), the inequalities hold
strictly, then « is called critical.

Definition 2.2 (Cf. [10, Definition 0.6]). A function f : V(G) — [0, +00) is
called a discrete Witten—Morse function on G if, for any allowed elementary
path «,

(i) f(a) <average{f(71), f(72)} where 71 > a and 79 > o
(ii) f(a) > average{f(51), f(B2)} where f; < o and f2 < .

Note that each Witten—Morse function is, in fact, a Morse function.

Definition 2.3 (Cf. [10, Definition 0.7]). A discrete Witten—Morse funtion
is flat if, for any allowed elementary path «

(i) f(a) <min{f(n), f(y2)} where 71 > a and 72 > «;
(i) f(o) > max{f(p1), f(B2)} where /1 < a and B < «a.

By (1) and Definitions 2.3, it follows that each discrete Morse function
on a digraph is a discrete flat Witten—Morse function.
A directed loop on G is an allowed elementary path vguvy - - - vyv9, n > 1.

Lemma 2.4. Let G be a digraph and f a discrete Morse function on G. Let
a = vy + - - pvg be a directed loop. Then for each 0 <i <mn, f(v;) > 0.

Proof. Suppose to the contrary, f(v;) = 0 for some i. Let o/ = vv;11---

VpUo ** Vi—10i; 1 = UiUip1 - Vpv - Vi1 and Ba = vipp - Upvg -t Vi-10;
where v;_1 = v, for i = 0 and v, = vg for i = n. Then f(o/) = f(f1) =
f(B2). This contradicts Definition 2.1 (ii). The lemma follows. O

Lemma 2.5. Let G be a digraph and f a discrete Morse function on G. Then
for any allowed elementary path o = vg - - - v, in G, there exists at most one
index i such that f(v;) = 0.

Proof. Suppose to the contrary, there are two indices ¢ and j such that f(v;) =
f(v;) = 0 (i # j). Without loss of generality, ¢ < j. Since « is allowed,
V; 7'é Vit1- Let o = Ui+t Uy, ,61 = Vi Uj-1 and ﬂg = Vj41 " V5. Then
1 # B2 and f(o/) = f(B1) = f(B2). This contradicts Definition 2.1 (ii).
Hence the lemma follows. ]
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2.2. Extension of Morse functions on digraphs

Definition 2.6 ([5, Section 2.3]). A digraph G is called transitive, if for any
two directed edges u — v and v — w of G, there is a directed edge u — w
of G.

Remark 2.7. The digraph G is transitive if and only if P(G) is perfect ([11,
Definition 3.4]).

The next lemma is straight-forward to verify.

Lemma 2.8 ([5, Section 2.3]). For any digraph G, there exists a digraph G
such that

(i) each directed edge of G is a directed edge of G;
(ii) G is transitive;
(iii) any digraph G’ satisfying (i) and (i), G is contained in G’.
We call G the transitive closure of G. A digraph G is transitive if and only if
G=aG.

Remark 2.9. For any directed edge u — v in F(G) \ E(G), there exists a
sequence of vertices wyws - - - wy (k> 1) in V(G) such that wwy - - - wgv is an
allowed elementary path on G. For example,

U1 V9 U1 V2

Us U4 Us Vg

Figure 1: Remark 2.9.
E(G)\ E(G) = {vg — va, v — v3, v — Vg, V1 —> U3, V1 —> Vg, Vg — Vs},

in which there exists an allowed elementary path on G for each edge in E(G))\
E(G). Specifically,

vo — v2 € E(G) \ E(G) corresponds to vgvivs € P(G);

vg — v3 € BE(GQ) \ E(G) corresponds to vguivavs € P(G);

vo — v4 € E(G) \ E(G) corresponds to vguivavzvy € P(G);
@\ E(G)

corresponds to v1vav3 € P(G);
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v — v € BE(G) \ E(G) corresponds to vivavsvy € P(G);
G

K
ve — vy € E(G) \ E(G) corresponds to vavsvy € P(G).

Moreover, let a = vy---v4 € P(G), v; = v; (0 < i < j < 4) are directed

edges in E(G).

Let G be a digraph and f a discrete Morse function on G. Then f may
not be extendable to be a discrete Morse function on G.

Example 2.10. Let G be a digraph with the set of vertices V(G) = {vo, v1,
v9,v3} and the set of directed edges E(G) = {vyg — v3,v1 — v9,v3 — v3}.
Then

P(G) = R{vg, v1,v2,v3, 09U3, V1V2, VaU3, V1 U203 }
and the transitive closure of G is a digraph G with V(G) = V(G) and

E(G) = BE(G) U{v; — v3}.

V2 U1 V2 U1

U3 Vo U3 Vo

Figure 2: Example 2.10.

Let f be a function on V(G) with f(v1) = f(vg) = 0 and f(ve) > 0,
f(vs) > 0. Then by Definition 2.1, f is a discrete Morse function on G.
However, since f(v3) = f(vovs) = f(vivs), f is not a discrete Morse function
on G. Hence, there does not exist any discrete Morse function f on G such
that the restriction of f to G equals f.

To give a condition for extendability of a Morse function f on G to its
transitive closure, we study the property of the discrete Morse function on
transitive digraph in the following lemma first.

Lemma 2.11. Let G be a transitive digraph and f : V(G) — [0,+00) a
discrete Morse function on G. Then for any vertex v with D(v) > 2, there

exists at most one vertexr w # v such that f(w) =0 and v — w or w — v is
a directed edge in E(G).
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Proof. Suppose to the contrary, there are three cases to be considered.

CASeE 1. There are two vertices wy,ws € V(G) such that f(w;) =
f(we) =0 and v — wy,ws — v € E(G).

CASE 2. There are two vertices wy, w2 € V(G) such that f(wq) =
f(we) =0 and wy; — v,we — v € E(G).

CASeE 3. There are two vertices wy, w2 € V(G) such that f(w;) =
fwe) =0 and v — wy,v — we € E(G).

Without loss of generality, we only give the proof of Case 1. Let a = v,
71 = vw; and o = wyv. Then f(a) = f(y1) = f(72) and 1 > «, v, > a. This
contradicts that f is a discrete Morse function on GG. The lemma follows. [

Next, we give a necessary and sufficient condition for a discrete Morse
function on a digraph to be extended to its transitive closure in the following
theorem.

Theorem 2.12. Let G be a digraph and f : V(G) — [0,+00) a discrete
Morse function on G. Then f can be extended to be a Morse function f on
G such that f(v) = f(v) for each vertex v € E(G) if and only if Condition
(x) is satisfied.

Proof. Suppose the discrete Morse function f on G can be extended to be
a discrete Morse function on G. Let a = vy - - - v, be an allowed elementary
path on G with vy = v or v, = v. By Lemma 2.8, for each v (0 < k < n)
such that vy # v, v — v}, or vy — v is a directed edge in E(G). Then by
Lemma 2.5 and Lemma 2.11, f satisfies Condition (x) obviously.

On the other hand, suppose f satisfies Condition (). Let oo = vovy - - - vy,
be an allowed elementary path on G. Firstly, we assert that there exists at
most one index ¢ (0 < i < n) such that f(v;) = 0 and d;(«) is an allowed
elementary (n — 1)-path on G.

CASE 1. a € P(G). Then by Lemma 2.5, the assertion follows.

CASE 2. a € P(G). Then there exists a directed edge v;v;11 € E(G) \
E(G) for some 0 < i < n— 1. Hence, by Remark 2.9, there exists an al-
lowed elementary path o/ = vy« v;wy -+ - wWrviL1 -+ - v, on G with k > 1 and
wy, -, w € V(G). Hence, by Lemma 2.5, the assertion follows.

Secondly, we assert that there exists at most one allowed elementary
(n+1)-path o/ = vy - vjuvjys - v, on G with f(u) =0, u € V(G). Suppose
to the contrary, we consider the following two cases.

CASE 3. o = vy -+ - vjwviyq - - - v, is another allowed elementary (n + 1)-
path on G with f(w) = 0 and i # j. Without loss of generality, j > i. Then
by Remark 2.9, there is an allowed elementary path with w as the starting
point and u the ending point on G. This contradicts Lemma 2.5.
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CASE 4. o' = vy - - - v;wviyq - - - vy, is another allowed elementary (n + 1)-
path on G with f(w) = 0 and ¢ = j. Then u # w. Hence, by Remark 2.9,
there are two allowed elementary paths on G with v; as the starting point
and u,w as the ending point respectively, or with u,w as the starting point
respectively and v;41 as the ending point. This contradicts Condition (x).

Summarizing above cases, f can be extended to be a Morse function f
on G.

Therefore, the theorem is proved. O]
2.3. Quasi-isomorphism, discrete Morse theory for digraphs

Let f be a discrete Morse function on digraph G and f the extension of f
on the transitive closure G of G. Let V; = gradf and V = gradf be discrete
gradient vector fields on G and G respectively. Generally, V | r)7# Vr-

Example 2.13. Let G be a digraph with V(G) = {vg, v1,v2,v3} and E(G) =
{vo = v1,v1 — va2,v2 — v3,v9 — v3}. Then the transitive closure of G is a
digraph G with V(G) = V(G) and

E(é) = E(G) U {Uo — VU2,V1 — 1)3}.

U1 V2 U1 V2

Vo U3 Vo U3

Figure 3: Example 2.13.

Let f be a function on V(G) with f(ve2) =0, f(vg) > 0, f(vy) > 0, and
f(3) > 0. Then f is a discrete Morse function on G satisfying Condition (x).

By Theorem 2.12, f can be extended to be a Morse function f on G such
that f(v) = f(v) for each vertex v € V(G).

Let a = vgvg € P(G) C P(G). Since there exists no allowed elementary
path v € P(G) such that v > o and f(v) = f(a). Then Vy(a) = 0. Since

Ff(vovavs) = f(a) and d(vouav3) = vav3 — Vou3 + Voua, then V() = vovaus €
P(G). Hence the restriction of V' on P(G) may not be V.
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Denote
=Id+ 0V + V0,

as the discrete gradient flow of G. Similar with the proof of [7, Theorem 6.3,
Theorem 6.4], the main properties of V and ® are contained in the following
theorem.

Theorem 2.14 (Cf. [7, Theorem 6.3, Theorem 6.4]).

(i) V
(i)
(iif)
(iv)

Proof. The simple proof of the theorem is as follows.

{8 ”1)|V() +a} <1 for any a € P(G);
a is critical <= {a ¢ Image(V) and V(o) = 0} for any a € P(G);
9 = 0.

(i). For any allowed elementary path 3 on G, if V(8) = +a, then 8 < «
and f(B) = f(a). By Lemma 2.5, there is no allowed elementary path
v on G such that v > a and f(vy) = f(a). Hence V o V(3) = 0. (i) is
proved.
(ii). If V(B) = £a, then 8 < aand f(B) = f(«). Hence by Definition 2.1(ii),
(i) is proved.
(iii). By Definition 2.1,

« is critical
<= for any allowed elementary path v > a, f(7) > f(a) and
for any allowed elementary path 8 < a, f(3) < f(a).

That is equivalent to there is no allowed elementary path v on G such
that v > a and f(y) = f(a), and no allowed elementary path 3 on G
such that 8 < a and f(B) = f(«), which implies (iii).
(iv).
0% = 9(Id + 9V + V) = d + 9V,
D9 = (Id+ 9V +V9)d =9 + 9Vo. O

Let

= {Z aic; € Py( | <I) Zazaz Zaia“ai € R}.



Discrete Morse theory on digraphs 1721

By Theorem 2.14 (iv), the boundary operator d maps P2(G) to P® | (G).
Thus {P2(G),d.} is a sub-chain complex of {P,(G),d,} consisting of all ®-
invariant chains, called the Morse complex. Moreover, by Theorem 2.14 and
[7, Theorem 7.2], we have that

—N =N+1

o = v = °

for some sufficiently large positive integer N, where @ = ]\}im [
—00
To give the discrete Morse theory for digraphs, we first prove a quasi-

isomorphism of chain complexes.

Theorem 2.15. Suppose Q.(G) is V-invariant (that is, V(Q,(G)) C
Q41(G) for each n > 0). There is a quasi-isomorphism

0.(G) — Q.(G) N P2(G).

Proof. By the proof of [7, Theorem 7.3|, we have the following chain homotopy

¥LP@) — PXG);

t: P2(G) — P.(G).

(2) )

Here ¢ is the canonical inclusion. It is proved in [7, Theorem 7.3] that

(3) P o, =1d
and
(4) Lo ® ~1d.

Firstly, we will prove that

(5) 3 |0, (0 2(G) — Q.(G) N PX(G)

is well-defined.

For any 7 = Y a;a; € Q,(G) C P,(G) where a; € R and «; are allowed
elementary n-paths on G. Since Q,(G) is V-invariant, then ®(z) € Q,(G).
Hence

3°(z) € U(G).
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On the other hand, by (2),
> (z) € P2(G).

Hence (5) is well-defined.
Secondly, by (3) and (4), we have

(® =Id.

a.@) o (t |Q*(G)0P§(a))
It follows that

(@™ Id

Q.(G))s ° (¢ |Q*(G)0P§(5))* B

and (@~ |q,(q))» is surjective. Here (@ |o,(g))« and (¢ g (G)mPa(a))* are ho-

momorphisms between homology groups H,(2.(G)) and H,.(2.(G)N Pg (@))
induced by morphisms between chain complexes . (G) and Q. (G) N PE2(G).
It leaves us to show (®° 0.(G))« is injective. That is, for any element z €

Kerd |Qn(G)7 if

(@™

a.(@))«(7)

is a boundary in Q,4+1(G) N PEH(G), then x is a boundary in ©,+1(G).
Suppose there exists an element y € Q,41(G) N P24 (G) such that oy =

&> (z). Since
()
= 3" (2)
— (Id + 0V)™ (z)
= (€)Y + CHIAN DT + RV D(@V)? + -+ CN (0V)Y) (x)
=z + (CYOV + CHOV)? + -+ CR(@OV)Y) ()
240 (C}VV+ CLVoV)+ -+ CN(VOV - -aV)) (z)

and €. (G) is V-invariant, then L(x) € Q,,+1(G) where

L=CNV+CZVoV)+---+CNVIV---9V).
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Hence
Oy —0L(z) ==
which implies x = 9(y — L(x)) and z is a boundary in 2,41 (G).
The theorem is proved. O
Denote

0.(G) N PG = Q%(G).

By Theorem 2.15, we have the discrete Morse theory for digraphs as follows.

Corollary 2.16. Let G be a digraph and [ a discrete Morse function on G
satisfying Condition (*). Let f be the extension of f on G and V = gradf
the discrete gradient vector field on G. Suppose Q.(G) is V-invariant. Then

H,(G) = H,(Q2(G)),m > 0.

Furthermore, for each n > 0, let Crit,,(G) be the free R-module consisting
of all the formal linear combinations of critical n-paths on G. Then Crit, (G)
is a sub-R-module of P,,(G). By [7, Theorem 8.2], there is an isomorphism of
graded R-modules

[ |exie. @) Crits(G) — P2(G).
Hence, by Corollary 2.16, we have that

Theorem 2.17. Let G be a digraph and f a discrete Morse function on G
satisfying Condition (*). Let f be the extension of f on G and V = gradf
the discrete gradient vector field on G. Suppose Q..(G) is V-invariant. Then

(6) Hn(G) 2 Hpy({92,(G) N7 (Crity (G)), 9y bnso)-

Example 2.18. Consider the following digraph G and its transitive clo-
sure G. Then

Q*(G) = R(an U1, V2, V3, VoU1, U1V2, V203, UOUS)

Let f : V(G) — [0,+00) be a function on G with f(vg) = 0 and
f(v;) > 0,0 < i < 3. Then f is a discrete Morse function on G satisfying
Condition (x). By Theorem 2.12, f can be extended to be a Morse function
f on G such that f(v) = f(v) for all vertices v € V(G).
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U1 V2 U1 V2

(%) V3 Vo U3
Figure 4: Example 2.18.

Since f(vg) = 0 and vg — v; (i # 0) are directed edges on G, all allowed
elementary paths on G except for the O-path {vg} are not critical. Hence,

Crit«(G) = R(vp).

Let V = gradf be the discrete gradient vector field on G. Then

V(v1) = —wour, (v2) = —vova, V(vs) = —vous,
(7) V(v1v3) = —vov1v3, V (v2v3) = —vgau3, V (v11) = —vgv102
V(a) = 0 for any other allowed elementary path a on G,

in which (7) implies that Q,(G) is not V — invariant.
Let @ = Id + OV + V0 be the discrete gradient flow of G. Then

(vo) = vo, ?(Ul) = Yo,

(v2) =vo, P(v3) = v,

() = 0 for any other allowed elementary path o on G.

| & S

By calculate directly, we have that @ = ®. Then

O™ (Crit (G)) = R(w),
Q,(G) N ®™(Crit, (G)) = R(vo).

Hence,

Ho(,(G) N @™ (Crit, (G))) = R,
Hp (Q(G) N7 (Crit, (G))) = 0 for m > 0.
d

By [11, Proposition 4.7], H;(G) = R and by [11, Theorem 4.6], H(G) = 0.

Hi(G) # Hy(Q.(G) N ®™(Crit,(G))),
H\(G) # Hi(G).
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Remark 2.19. If the condition that Q.(G) is V — invariant in Theorem 2.17
does not hold for some digraphs, there may be no isomorphism of homology
groups given in (6).

Remark 2.20. In general, the homology groups of a digraph G and its tran-
sitive closure G are different (in the sense of isomorphism).

3. Digraphs satisfying condition (x)

In this section, we will show that there are quite general digraphs on which
Morse functions satisfying Condition (x) can be defined, and give some ex-
amples to illustrate Theorem 2.17.

Inspired by Lemma 2.4, we give the following theorem.

Theorem 3.1. Let G be a digraph and f: V(G) — [0,4+00) a function on
G given by

B 0, ifv="1,
f(v)—{ #£0, ifv#£.

Herev' € V(G) does not belong to any directed loop on G. Then f is a discrete
Morse function on G satisfying Condition (*).

Proof. Let o = v - - - v, be an arbitrary allowed elementary path on G. There
are two cases.
CASE 1. v; # o' for any 0 < i < n. We assert that there exists only one

index k with —1 < k& < n such that v = vy - - - vV V41 - - - v, (for k = —1,
v =v'vg -+ - vy,) is an allowed elementary path on G. Suppose to the contrary,
7" = wo---vv'Vj41 - - - vy is another allowed elementary path on G, j # k.

Without loss of generality, & < j. Then 4 = v'vgqq -+ - v;0" is a directed loop
on G which contradicts that v does not belong to any directed loop. Hence
for any allowed elementary path v > «,

#{y>al f() = fla)} <1

and for any allowed elementary path 8 < a, f(3) < f(«).

CASE 2. v; = v’ for some 0 < i < n. We assert that there is no any other
vertex v; = v’ for 0 < j # i < n. Suppose to the contrary, v; = v; = v', i # j.
Without loss of generality, ¢ < j. Since « is an allowed elementary path on G,
vg—1 # v for each 1 <k <n. Then j # i+ 1. Let o =v;---v;. Then o is a
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directed loop on G which contradicts that v does not belong to any directed
loop. Hence, for any allowed elementary path 5 < «,

#{B<alf8)=f@)} <1

and for any allowed elementary path v > «, f(7) > f(«).

Combining Case 1 and Case 2, by Definition 2.1, f is a discrete Morse
function on G. Moreover, since there is only one vertex v' € V(G) such that
f(@') =0, f satisfies Condition (x). The theorem follows. O

Finally, for illustrating the application of discrete Morse theory in the
calculation of simplified homology groups of digraphs, we give the following
examples.

Example 3.2. Let G be a square. Then the transitive closure of G is a
digraph G with V(G) = V(G) and

E(é) = E(G) U {’UO — 1)3}.
Let f be a function on G such that

flvo) =1, f(v1) =0, f(v2) =2, f(v3) = 3.

U1 U1

G: Vo V3 Vo U3

Ql

Figure 5: Example 3.2.

By Theorem 3.1, f is a discrete Morse function on G satistying Condition
(*) and by Theorem 2.12, f can be extended to be a Morse function f on G
such that f(v) = f(v) for all vertices v € V(G). Then

Crit«(G) = R(v1,v2, 002, V203, VoU1U3, VgU2V3),
Crit«(G) = R(v1,v2, 0002, V203, VgU203),
Q.(G) = R(vo,v1,va,v3, V001, VoV2, V13, VaU3, UgU1VU3 — UgUV3).

Note that Crit,(G) N P(G) # Crit.(Q).
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Let V = gradf be the discrete gradient vector field on G. Then

vo) = vou1, V(v3) = —v1vs,

) = UpV1V3,

) = 0 for any other allowed elementary path a on G,

00(GQ)) € Qui1(G) for any n > 0. That is, Q. (G) is V — invariant.

< =SS
/\/\;@'\/\
&

Let ® = Id + OV + VO be the discrete gradient flow of G. Then

D (vg) = vy, D(v1) = vy,

D(va) = va, P(v3) = v,

D (vov1) =0 D (vove) = vov2 — Vo1,
D (vyv3) = D (vv3) = vov3 — vyU3,
®(vov3) =0 D (voviv3) =

6(@01)2’[13) = VgU2V3 — VpU1V3.
By calculate directly, we have that ®° = @. Then

500(Crit*(a)) = R(v1,v2, 09U — VoV, V2U3 — V1U3, VoUU3 — UgU1V3),
Q(G)N 600(Crit*(§)) = R(v1,v2,0gU2 — VoV, VoU3 — V1U3, VgUU3 — UgU1V3).
Therefore,

81(7)0112 - 00111) = Uy — U1, 81(1)21)3 - U1’U3) = V1 — U2

82(1)01}21}3 — 1)01111)3) = (UQUQ — ’001}1) + (’Ugvg — U1’L)3)

and

Ho(,(G) N ®™(Crit,(G))) = R,
Hi(Q,(G)Nd™(Crit,(G))) = 0,
H, (Q.(G) N ®7(Crit,(G))) = 0 form > 2,

which are consistent with the path homology groups of G given in [11, Propo-
sition 4.7].

Example 3.3. Consider the digraph G given in Example 3.2. Let f : V(G)—
[0,400) be a function on G with f(vg) = 0 and f(v;) > 0,0 < i < 3, which
is different from the function given in Example 3.2. By Theorem 3.1, f is a
discrete Morse function on G satisfying Condition (*) and by Theorem 2.12,
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f can be extended to be a Morse function f on G such that f(v) = f(v) for

all vertices v € V(G). Obviously,
0(G) = R(vo, v1,v2, 3, 19V1, VoV2, V103, V2V3, VU1U3 — VgU2V3)

Since f(vo) = 0 and vg — v; (i # 0) are directed edges on G, it follows
that all allowed elementary paths on G except for the O-path {vg} are not

critical. Hence Crit,(G) = R(vp).
Let V = gradf be the discrete gradient vector field on G. Then

V(Ul) = —?oV1, V(’UQ) = —UgV2, v<’U3) = —UUs,
(8) V(v1vs) = —vouvyvs, V(vavs) = —vovavs,
V(a) = 0 for any other allowed elementary path o on G,

in which (8) implies that Q.(G) is not V — invariant.
Let ® = Id + OV + VO be the discrete gradient flow of G. Then

P(vo) = v,  P(v1) = o,
(I)(Ug) = o, (I)(Ug) = o,
®(a) = 0 for any other allowed elementary path o on G.

By calculate directly, we have that @ = ®. Then

™ (Crit.(G)) = R(vp),
Q.(G) N ®(Crit,(G)) = R(vo).

=

Therefore,

Ho(G) = Hy((G)Nd™(Crit,(G))) = R,
Hp(G) = Hp(Q%(G)N®7(Crity(G))) = 0 for all m > 1.

Remark 3.4. By Example 3.2 and Example 3.3, we know that in the dis-
crete Morse theory for digraphs, the selection of zero points of discrete Morse
functions is very important to simplify the calculation of homology groups.
Generally speaking, we can choose the vertex with larger degree in the tran-
sitive closure of a digraph as the zero point.

Example 3.5. Consider the following digraph G and its transitive closure G.
Let f: V(G) — [0, +00) be a function on G with f(vg) = 0 and f(v;) > 0,
0<i<5.
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Vs, Us,

V3 V4 VU3 V4

U1 V2 U1 V2

Vo Vo
Figure 6: Example 3.5.

By Theorem 3.1, f is a discrete Morse function on G satisfying Condition
(*). By Theorem 2.12, f can be extended to be a Morse function f on G such
that f(v) = f(v) for all vertices v € V(G). Then

Crit«(G) = R(vg, vs, v5v3, U504),
0. (G) = R(vo, v1,v2,v3, V4, Vs, VoU1, Vg2, V13, V104, V2U3, U2U4, UsU3, UsV4,

VpU1V3 — VoU2V3, UVoU1V4 — UOU2U4)-

Let V = gradf be the discrete gradient vector field on G. Then

V(Ul) = —Yol1, V(W) = —Uov2,
V(vs) = —vous, V(vg) = —vouy,
(9) V(Ulvs) = —UoU1V3, 7(11104) = —UV1V4,
(10) V(vgus) = —vouavs,  V(v2vs) = —vguavs,
V(a) = 0 for any other allowed elementary path o on G.

By (9) and (10), V(4 (G)) € Q2(G). This implies that ,(G) is not V —

invariant.
Let ® = Id + OV + VO be the discrete gradient flow of G. Then

<
S

®(vg) = o, ®(vy) = vy,
6(112) = Yo, 6(Ua) = Yo,
D (vy) = g, ®(vs) = v,
P(vov1) = 0, D(vgu2) = 0,
D(vov3) = 0, P(vovg) = 0,
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D (vyv3) = D (v1vg) = 0,
D (vpv3) = D (v9vy) = 0,
D (v5v3) = V53 — Vou3, P(VsV4) = VU4 — VUL,
D (vgvyvy) = 0, @ (vovyv3) = 0,
D (vouavs) = 0, D (vgvau3) = 0

By calculate directly, we have that @ = ®. Then

600(&%*(@)) = R(vy,vs, U503 — U3, U5Vs — VgUs),
Q.(G) N7 (Crit(G)) = R(vo, vs, v3v3 — Vgv3, VsV — VUs).

Hence,

81(1)51;3 - U0U3) = Vo —Us

01(vsvs —vovy) = Vg — U3
and

Ho(Q2.(G) N &~ (Crit,(G))) = R
Hi(Q,(G)N®™(Crit,(G))) = R
Hp (Q.(G) N7 (Crit,(G))) = 0 for m > 2,

which are consistent with the path homology groups of G.

Remark 3.6. By Example 3.3 and Example 3.5, the condition that Q.(G)
is VV — invariant in Theorem 2.17 is sufficient but not necessary. That is, even
if the digraph does not satisfy this condition, we may have an isomorphism
of homology groups given in (6).

4. Further discussion

In this section, we will study the matrix representation of Theorem 2.17, which
will be helpful for us to find efficient algorithms computing the homology
(persistent homology) groups of digraphs applying our discrete Morse theory
for digraphs in the future.

Let G be a digraph and G the transitive closure of G. Choose all allowed
elementary n-paths as a basis of P(G), denoted as B,,. Let M (e) be the matrix
corresponding to the operator e and £, the identity matrix of order n. Let

Vo Pu(G) —> P (G),
0w Pu(G) — Py 1(G),



for each n > 0.

We illustrate the calculation process of homology groups in Example 3.2

with the matrix representation of operators. Since

Then

(11)

(12)

(13)

and

(14)

2}

Discrete Morse theory on digraphs

00
P, vt (@)

Vo
U1
U2
U3

VoU1V3
VpU2V3

Vo1
Vo2
Vo3
V1V3
V2U3

P,

Vo1
Vo2
VoUs
V1V3
Va3

e

OO O

P.(G)

o O O O

O O = OO

o O O O

o O O OO

R(Uo, U1, V2, ’Ug);

O O = O

R(vou1v3, voU2v3);

— P,(G)
Crit,(G) — P,

(@),

R(vgv1, vove, voUs, V103, U2V3);

VoU2U3

o O OO

—_ =0 O

Vo103 1

VU1
Vo2
Vo3
U1v3
VU3

Vo1
Vo2
Vo3
U1V3
V2U3

Vo
U1
V2
U3

1731
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By (11)—(14), we have that

00
00
MVy)=|1 01|,
00
00
100 0 O
— 000 0 O
MVo)=14 00 0 o]
000 —-10
1 0 -1 1 0
M@)_lo 1 =10 1]’
and
-1 1 0 0
-1 0 1 0
M@)=|-1 0 0 1
0 -1 0 1
o 0 -11
Hence,
0O 00 0 O
B _ B -1 10 0 0
0O 00 0O O
0O 00 —1 1

By calculate directly, we have that (M(®1))>®° = M(®1) - M(®y) - -+ =
M(®,) = M(®)). Since Crit;(G) = R(vgvz, vov3). Then M (D] |Crity (@) 18

1
the matrix composed of the second and the fifth rows of M (®;). That is,

—o0 -1 1 0 0 O
M(q)l |Crit1(é)>: 0 00 =1 11"

Since 4 (G) = R(vgvy, vova, v103, v2v3), it follows that

Ql(G) N EOO(Crltl(G)) = R(Uovg — VpV1, VU3 — ’U1’U3).
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By (14), we have that

0 -1 1 0
(15) M (0 ‘QI(G)O5°°(Crit1(C_¥))) - [ 0 1 =10 ] .

Hence, we can obtain that

Ker(@l ’Ql(G)ﬁgw(Critl(é))) = R(UQUQ — VU1 + VU3 — U1U3)

and
Im(0, |91(G)m6°°(cm1(é))) = R(v1 —v2)
from (15). B - -
Similarly, the matrix of ®q : Py(G) — Fy(G) is
0100
= 0100
M@ =149 0 1 9
0100

and the matrix of ®s : PQ(G) — PQ(C_T’) is
— 0 O
ww-[ 5 0]
By calculate directly,

(M(®0))* = M(®o) = M(P;)

and
(M(3,)) = M(®s) = M(®;)
Then
&g (Crito(G)) = @o(Crito(G))
= Crito(G).
Hence,

Qo(G) N O™ (Critg(G)) = Crito(G)
= R(Ul,’l)z)
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and

Ker(9o |o, ()@ (crito(ayy) = B(01,02).

Furthermore, since Q3(G) = R(vgv1v3—vovevs) and Crite(G) = R(vovavs),
it follows that

QQ(G) N 500(Cl'lt2(G)) = R(’Uo’Uﬂ]g — 1}0?}21)3).
By (13), we have that
(16) M0y | gy 5™ (Crita( ) = [ 1 -1 01 -1 ] .
Hence, we can obtain that
Ker (05 ’QQ(G)@“(Cruz(é))) =0
and
Im(9, |92(G)m$°o(crit2(é))) = R(vov1 — vov2 + v1v3 — v203)

from (16).
Therefore,

Ho(Q,(G) N @™ (Crit,(G))) = R,
Hi(Q,(G) N ®™(Crit,(G))) = 0,
H,, (Q,(G) N @ (Crit, (G))) = 0 for m > 2,
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