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Abstract: The gauge equation is a generalization of the conjugacy relation for the Koszul connection
to bundle morphisms that are not isomorphisms. The existence of nontrivial solution to this equation,
especially when duality is imposed upon related connections, provides important information about
the geometry of the manifolds under consideration. In this article, we use the gauge equation to
introduce spectral sequences that are further specialized to Hessian structures.
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1. Introduction

The motivation behind this paper is the computation of Koszul-Vinberg cohomology,
which is closely related to information geometry through appropriate spectral sequences,
resulting in a powerful machinery successfully applied in various problems arising in dif-
ferential topologies and differential geometries. A Koszul connection [1] can be viewed
informally as means for taking the derivative of a section s of a vector bundle E — M, with
M being a smooth manifold, along a vector field X € TM. The resulting section is denoted
by Vs, with V as the connection. It defines an R-bilinear product on sections by s.s" = Vs’
whose commutator is the Lie bracket if V is torsion-free. The associator of the product
(s,8,s") = (s.8).8" —s.(s'.s") can be easily computed as (s,s,s") = Vis,s”, meaning that
(s,8',") = (s,¢',8") = R(s,s')s”. When the connection V is flat, (s,s',s") — (s,s',s") = 0,
turning the real vector space of sections into a Koszul-Vinberg algebra, also called a pre-Lie
algebra [2]. This fact is used in Section 3 to introduce a cohomology from which spectral
sequences of interest arise.

The second key ingredient is an important concept coming from the general theory
of Koszul connections is the gauge equation. If V is a Koszul connection on the bundle E
and 0: E — E is a bundle isomorphism, then 1V is a Koszul connection. This defines
an action of the gauge group on Koszul connections; when two connections V1, V, are
in the same conjugacy class, there exists 0 in the gauge group such that 671V16 = V,,
or equivalently, V10 = 6V,. Relaxing the invertibility assumption on 6 gives rise to the

so-called gauge equation: two connections V1, V, on a vector bundle E —"— M are
said to satisfy a gauge equation if there exists a bundle morphism 6: E — E such that
V160 = 0V,. Without additional assumptions on V1, V5, any global section 6 of hom(E, E)
satisfies a gauge equation.

Thus, is thus necessary to place some constraints on the couple (V1, V) in order to
obtain useful results. In this paper, we focus on dual connections as provided by statistical
manifolds.
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The concept of a statistical manifold comes from the field of information geometry. It
is defined as a quadruple (M, g, V, V'), where (M, g) is a smooth Riemannian manifold
and V, V™ are torsion-free Koszul connections on TM that satisfy the metric relation [3]

VX,Y,ZeTM, Z(3(X,Y)) = g(VzX,Y) + g(X, V}Y).

One connection V or V+ entirely defines the other; however, the extra assumption
that these are both torsion-free is not automatically satisfied. In the present work, we focus
on the case where the gauge equation is satisfied by two connections V, V' coming from a
statistical manifold. In particular, two remarkable webs are defined that give rise to spectral
sequences of interest. To the best knowledge of the authors, the results presented here
are new.

The rest of this paper is organized as follows. In Section 2, basic facts about the gauge
equation in the general settings are briefly recapped, then some equivalent formulations are
provided and important parallel tensors are defined; these represent original contributions
of this article. In Section 3, the cohomology of Koszul-Vinberg algebras is introduced and
double complexes are defined. In Section 5, introductory material on spectral sequences is
provided. Finally, in Section 6 the special case of statistical manifolds is investigated. New
results about inclusion of the de Rham complex in a double complex are obtained. Finally, a
conclusion is drawn, highlighting relationships with K-theory and information geometry.

Notations and Writing Conventions
Throughout this document, the following conventions are applied: M is a smooth

connected manifold; for a vector bundle E —* M , the notation I'(WE),withud c M
as an open subset of manifold M, stands for the C*(M)-module of the smooth sections over
U. The functor U — T'(U; E) defines a sheaf denoted by I'r. Finally, I'(E) is a shorthand
notation for I'(M; E). Lowercase letters are used for sections, while uppercase ones are
used for tangent vectors.

A reading diagram indicating dependencies between sections is provided in Figure 1.

Figure 1. Reading diagram.

2. The Gauge Equation

Let E—"+3 M be a vector bundle. A Koszul connection V is an R-linear
mapping [4]
V:T(E) = T(T*"M®E) 1)

such that Vx fs = df ® s+ fVxs forany f € C®°(M). Let E* —™, M be the bundle
obtained by dualizing E fiberwise. A section § € I'(E* ® E), thatis, a (1, 1)-tensor, defines
two bundle morphisms:

0 * 6! *
E —— E* —— E

o ]j N %4 @
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where 0" is such that X € T,M, ¢ € Ty M forany p € M:
(052) (%) = 2 (6,%) ©)

Definition 1. Let (V1, V3) be a couple of Koszul connections. A (1,1)-tensor 6 is said to be a
solution of the gauge equation if, for any s € T'(E),

Vabs = Vs, 4)

or equivalently if the next diagram commutes:

r(E) % I(T*"M®E)

le l]d@@e ®)

I(E) -2 I(T*M ® E).
Definition 1 can be made local, giving rise to the following diagrams:

T(W;E) —'s T(U; T*M ® E)
lf)u lm@eu (6)

T(W;E) 25 T(U; T*M @ E)

with U being an open subset of M and 6;; € I'(U; E* ® E). The above definitions can be
generalized to arbitrary vector bundles over M, giving rise to a category GC whose objects
are couples (E, V), with E being a vector bundle on M, V a Koszul connection on E, and
morphisms being bundle morphisms 6: E — F such that (E, V1) — (F, V3) if the diagram

I(E) % I(T*M ® E)

le lm@e 7)

I(F) —2 T(T*M & F)
commutes.
Definition 2. Let be V be an affine connection. Its dual is the affine connection
V*:T(E*) - T(T"M ® E¥) (8)

defined by the relation
(V7E)(s) = d(G(s)) = E(Vs). )

Proposition 1. If 0 is a solution of the gauge equation with connections (V1,Vy), then 0* is a
solution of the gauge equation with connections (V3, V7).

Proof. Fors € I'(E), ¢ € T(E*),

(V3(67¢))(s) = (0°¢)(s) — (07) Vs = {(0s) — G (0V2s) (10)
= &(6s) — &(Vabs) = (67ViE)(s). (11)
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Given a couple of connections (V1, V), the difference D1, = V1 — V3 is a section of
I'(TM* @ TM* ® E). Using this, the gauge equation in Definition (1) can rewritten as

V20 — 0V + D0 = 0. (12)
Considering 6 as an O-form with values in E* ® E, Equation (12) may be rewritten as
dV26 + D16 = 0, (13)

where dV2 is the exterior covariant derivative associated with the connection V5.
When V, is flat, dV2dV2 = 0. Thus,

dV2(Dy,6) = 0. (14)

Recalling that the Gauge group G (E) is the set of bundle isomorphisms

“\1 | (15)

then, given a connection V, UvU-1is also a connection.

Proposition 2. Let the triple (V1, V3, 0) be a solution of the gauge equation V16 = 6V ,. For any
couple (U, V) in G(E), the triple

(uvsu=t,uev",vv,v1)
is a solution of a gauge equation.
Proof. Starting with V16 = 0V,
u-tuviutuev-ly = utuev-lvv,voty, (16)

Composing by U to the left and V! to the right yields the result. [

Proposition 2 indicates that the existence of a solution does not depend on a particular
choice of frame—coframe to represent it. Furthermore, locally, it is always possible to assume

a 0 of the form
Id |0
0= , (17)
010

as a pair U, V such that U6V ! has the reduced form of Equation (17) exists by a standard linear
algebra argument. Global reduction is not possible, however, as transition functions generally do
not preserve the diagonal structure. Let E be the bundle E & E*. The bilinear form

B: (X+a,Y+B)€E>— B(X)+a(Y) (18)
is non-degenerate, that is,
VY+BEEB(X+a,Y+P)=0=X+a=0. (19)

Proposition 3. A (1,1)-tensor 8 on E satisfies the gauge equation for a couple of connections
(V1, V) if and only the bilinear form

Bp: (X+ua,Y+pB) — B(X+ua0Y+060Y) (20)
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is parallel with respect to the connection V = V, & V7.
Proof. By definition,
B(X+a,0Y +0"Y) = a(0Y) + 6 B(X). (21)
Taking the differential yields
d(a(0Y)) = (Via)(0Y) +a(V10Y) = (07 Vi*xa)(Y) + a(0V2Y) (22)
= (V30%a)(Y) + a(V10Y) (23)
and symmetrically
d((0"p)(X)) = d(p)(6X)) (24)
= (V207B)(X) + B(V16X). (25)
Now,
Bo(X+a,Y+B) = (26)
dBy(X +a,Y +B) — Bo(V(X +a),Y +B) —Bg(X +a, V(Y +B)) = (27)

=dBy(X+a, Y+ B) — B(V10X) + (V30™a)(Y) —a(V16X) + (V30%)B(X) =0. (28)
Conversely, if By is V-parallel, then for any couple (X +a,Y + B),
a((V10 —6V2)Y) + B((V10 —0V;,)X) = 0. (29)
Taking, « = 0 for example, with § being arbitrary, we have
(V16 —6V)X =0, (30)
proving that the couple (61, 6;) satisfies the gauge equation. [J

The corollary below then immediately follows.

Corollary 1. The kernel of § = 6 @® 0* is V-invariant; hence, the kernel of 0 (resp. 6*) is V5 (resp.
V1) invariant.

Proof. As the kernel of B is {0}, if
VY+BeEE By(X+aY+p)=BOX+0Y+B)=0, (31)

then X + 6*a = 0 and X + a € ker 0. Given a basis of ker § at a point p € M and subjecting
it to parallel transport by V yields another basis of ker 8 at an arbitrary point g € M; hence,
the claim is sustained. [J

Remark 1. Corollary 1 implies by parallel transport that the dimension of the kernel of 0 (resp. 6*)
is a constant; hence, the rank of 0 (resp. 6*) is also a constant.

Remark 2. The kernel of 0 is the set of differential forms vanishing on the image of 6. Thus, knowl-
edge of the kernel of By completely characterizes ker 8 and im 6. In particular, 6 has constant rank.

When there exists a Riemannian metric on the manifold M, the gauge equation can be
specialized to pairs of connections on TM related by duality.



Mathematics 2024, 12,1177

6 of 19

Definition 3. Let V be an affine connection. Its conjugate with respect to g (often referred to as the
dual connection) is the connection V', defined by the relation

VZ € TM,Vr,s € T(TM), Z(g(r,s)) = §(Vzr,s) +g(r, V3s). (32)

Remark 3. The most common notation for the conjugate connection is V*. In the present text, we
adopt V'F to distinguish it from the connection on E*.

Definition 4. Let 6 be a bundle morphism on TM. Its conjugate, denoted 6%, is the bundle
morphism defined by

VX, Y € TM, g(6X,Y) = g(X,01Y). (33)
Proposition 4. If U: TM — TM is a unitary bundle isomorphism, that is, if

VX, Y e TM, g(UX, UY) =g(X,Y),
then U1 = U™.
Proposition 5. Let V be a connection and let U be a unitary bundle isomorphism. Then,

(uvu*)" =uvtu*. (34)

Proof. If U is unitary, sois U". Let Z € TM, r,sinl (TM); then,

Z(g(r,s)) = Z(g(U"r,Uts)) (35)
=g(VzU'r,uts) +g(U"r,V}s) (36)
=g(UV U'rs)+g(r,UviUts) (37)

and the claim follows. [

Proposition 6. If the triple (V,V,0) satisfies the gauge equation VO = 6V, so does
(uv,ut,uvtut,uteu) for any unitary isomorphism U.

Remark 4. If 0 is normal, that is, if [0,0] = 0, and if the triple (V, V", 0) satisfies the gauge
equation VO = OV, then locally there exists a unitary isomorphism U such that U 0U is diagonal
and (UV, U, UVTUT, UTOU) satisfies a gauge equation. Again, this is a well known fact from

linear algebra, as 0 is locally diagonalizable in an orthonormal frame. As in the case of Equation (17),
this is generally not true globally.

b
Proposition 7. Using the musical isomorphisms TM 4<T> T*M we have

VX € TM,a € T*M (v;ﬁi) = (Vxa)h.
Proof. Forany X,Y,Z € TM,
Z(g(X,Y)) = g(VzX,Y) +g(X, V2 Y).

Passing to forms, for any Z € TM ainT*M, X € TM,

Z(g(X,zxﬁ)) = g(VzX,zxﬁ) +g(X, V}“zxﬁ).
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Now,
Z(3(X,a%)) = Z(a(X)) = (V*&)(X) + &(VX)
g(X, (V*zx)ﬁ) + g(VZX, ocﬁ)
and the claim follows from identification. [
Proposition 8. Let the triple (V, VT, 0) satisfy the gauge equation V6 = 0V . Then, the tensor
8ot (X,Y) = g(6X,Y) (38)
is V parallel.
Proof. Tensor By in Proposition 3 can be written using the metric as follows:
Bg(X +ua, Y+ B) = B(6X) +a(6Y) (39)
= (0%, ) +g(af,07). (40)
Because By is V-parallel, the proposition follows. [J
Remark 5. Defining a metric g* on T*M by
Vo, p € TM, g*(w, p) = g(a%, ), (41)
the proof of Proposition 8 also shows that the tensor
g+ (0,B) = g(6°, )
is V*-parallel.
Proposition 8 has the important consequence that TM can be split in two ways:
TM =kerf @ im0, TM = ker6" @ im6™. 42)

It is clear from Proposition 8 that if 6 is symmetric, that is, if § = 0", then the tensor

1
(X,Y) — Eg(@X, Y)+g(0X,Y) (43)
is V-parallel. When 6 is skew-symmetric, i.e., 6 = —67, the same is true for
1
(X,Y) — Eg(()X, Y)—g(6X,Y). (44)

As in Equation (7), there is a category such that morphisms represent gauge equation
solutions. The situation is nevertheless a little bit more complicated, as the dimension of
the vector bundle may not agree. We recall the following well-known definition.

Definition 5. Let E — M be a vector bundle. A pseudo-Riemannian metric on E is a smooth
bilinear C*(M)-mapping gg: T'(E) x T'(E) — C®(M) such that:
e Vs, €T(E), ge(s,s') = ge(s,s);
e There exists an isomorphism " : T(E) — T(E*) such that, for any s,s' € T(E),
$'(s') = ge(s,s).

A pseudo-Riemannian metric is Riemannian if gg(s,s) > 0 forany s # 0in T'(E).
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Definition 6. Let E, F be two vector bundles on M equipped with respective Riemannian metrics g, Sr-
A partial isometry from E to F is a bundle morphism U such that the following diagram commutes.

lu uﬁ (45)

Remark 6. Definition 6 is equivalent to the fact that, for any s, s’ € T(E), we have
gr(Us, Us") = ge(s,s).

Definition 7. Let U: E — F be a partial isometry and let V, be a Koszul connection on F. Its
dual V3 is the connection on E defined by the relation

uvy = voU. (46)

Definition 8. The category GU has objects (E, V), with ¥V a Koszul connection on E and mor-
phisms (U, 0): (E, V1) — (F,V2), where U: E — F is a partial isometry, 6: E — F is a bundle
morphism, and V1 = V3, V0 = 6V.

The next two examples illustrate the gauge equation in simple situations.
Example 1. Take M = R? and consider the following symplectic 2-form:
w: (x,y) — expxdx Ady. (47)

Let V be a Koszul connection such that Vw = 0, let g be an arbitrary Riemannian metric on R?,
and let V' be the dual of V with respect to g; finally, let 0 be the unique (1,1)-tensor such that, for
all vector fields X, Y,

w(X,Y)=g(0X,Y). (48)

Then,
V;EQY =0VyxY. (49)

Example 2. Tuke M = S®, with V as a torsion-less connection and g as a Riemannian metric. Any
solution 0 to the gauge equation
V§0Y = 0VxY (50)

is either 0 or invertible.

3. KV Cohomology

The co-chain complex of Koszul-Vinbeg algebras may be introduced in any of the
following three ways [5,6]:

*  1: From the point of view of the tensor calculus, i.e., the raw formula.
e 2: From the point of view of the theory of categories, i.e., simplicial objects.
*  3: From the point of view of the anomalies, viz. the calculation rules.

In this work, we take into account forthcoming applications with interests in the
relationship between information geometry and differential topology.

3.1. Koszul-Vinberg Algebras
We first recall some useful basic definitions.

Definition 9. A real Koszul-Vinberg algebra is a real vector space A endowed with a product

AXA>(ab)—abe A
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subject the following identity:
(a,b,c) = (b,a,c) (51)
where
(a,b,c) = (ab)c — a(bc). (52)

Examples include:

(a) Associative algebras are Koszul-Vinberg algebras.

(b) The vector of vector fields on a smooth manifold M endowed with a symmetric flat
Koszul connection V.

3.2. KV Modules of Koszul-Vinberg Algebras

Definition 10. A real left module of a real Koszul-Vingerg algebra A is a real vector space V
endowed with a bilinear mapping

AXV >3 (av)—aveV
which satisfies the following identity:
(a,a',0) = (d',a,0) (53)
where

(a,a',v) = (aa').v —a.(a' 0). (54)

In this paper, we are dealing with Koszul-Vinberg algebra of vector fields X' (M) on
a differentiable manifold M endowed with a Koszul connection V for which both the
curvature tensor RV and the torsion tensor TV vanish identically. We write

A= (X(M), V).
The product on A is defined as follows:
aa =Vua'. (55)

Here, X' (M) is obviously a left Koszul-Vinberg module of A.
Moreover, the space of smooth functions C*(M) is a left Koszul-Vinberg module of A
under the left action

AxC®(M) 3 (a,f) — df(a) € C®(M). (56)

3.3. Vector Co-Chain Complexes

Given a Koszul-Vinberg algebra A, the following two cochain complexes of A with
coefficients in V are associated with any left module module V. One is denoted by Cxy (A, V)
and is named the KV complex; the other is denoted C.(A4, V), and is named the total KV
complex. We remind readers of the definition of these complexes, and point out some domains
of their efficiency.

3.3.1. Cky (A, V) Complex
We set
JV)={veV st (aa,0v)=0 V(aa)cCA}. (57)

Given
E=m® - ®agq € AT, (58)
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we set

ai‘::"'®ai®"'

(59)
ag =% - ®aa; Q-

The vector space Cky (A, V) is Z-graded by the homogeneous subspaces CIqW, which
are defined as follows:

Cly=0 if <0
Cl, =T(V) (60)
Cly = Hom(A®1,V), ¢ >0.

The operator J,
Chy > f — 6.fCLy/,

is defined by the relation
dov(a)=av (a,0) € Ax]J(V). (61)
Let f € qu<v and § = a1 ® -+ ®4ayq; then,

0.£(8) = | (=1)"[aif (3:8) — f(Xi:9:2)]. (62)
The g-th cohomology space is denoted by

ker(s: CL, — CLTh)

5(Chy')

H, (A V) = (63)

Remark 7. The cohomology of Equation (63) is the solution to a conjecture of Gerstenhaber for the
deformations of hyperbolic structures in the sense of Koszul [7,8], claiming that “Every restricted
theory of deformation generates its proper theory of cohomology” [9].

This cohomology characterizes the equivalence between extensions of Koszul-Vinberg
algebras by Koszul-Vinberg modules. Let Ext(A, V) be the set of equivalence classes of
extensions of A by V; then,

Ext(A,V) = H%, (A, V). (64)

Remark 8. In the category of modules of associative algebras (resp. the category of modules of Lie
algebras), the second Hochschild space HH?(—, —) (resp. the second Chevalley~Eilbenberg space
H2.(—,—)) plays a similar role.

3.3.2. Total KV Complex C(A, V)

The co-chain complex C.(A, V) is Z-graded by the homogeneous subspaces C1(A, V),
defined as follows:
Cl=0ifg<0
A=V (65)
C1 = Hom(A®,V) if g > 0.

Keeping the notation from Section 3.3.1, the operator J; is defined as follows:

{ Srv(a) = avifv € C° (66)

5:f (&) = 21" (1) [ f(8:) — f(a1.0€)] if f € CL.
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The g-th cohomology space of the total complex is then

Ker(6;: C1 — CiH)
ot

HI(A,V) = (67)
3.4. Scalar Complexes Cxy (A, R) and C(A, R).
Setting A = (X (M), V), V = C®(M), the scalar co-chain complex Cky(A,R) is
defined as follows:
Cly(AR)=0ifqg<0
CY, (A, R) = J(C®(M)), the space of affine functions (68)
Cly(A,R) = Hom(A®1,C®(R)) if g > 0.

The total scalar cohomology C(A, R) is defined by
CI(A,R) =0ifg <0

CYA,R) = C®(M), ifqg >0 (69)
CI(A,R) = Hom(A®1,C®(M)) if g > 0.

3.5. Links with the de Rham Complex

In this section, we highlight an important inclusion relation of the de Rham complex
into the KV complex, yielding a long exact sequence in cohomology.
We consider the real de Rham complex which is

Q(M) = @Q7(M, R), QO7(A, R) = Hom(ATA, C®(M)). (70)

Its differential d: Q7(M) — QIT1(M) is defined as follows:

dw(ag A - - Nag = Zg(—l)"ai.w(' NN ) +Z,-<]-(—1)i+jw([a,-,aj] N Ndip N\ -ﬁ]‘ Aeee). (71)

The inclusion map Q1(M) C C1(A,R) yields the following cochain complex injec-
tive morphism:

(Q(M),d) = (Cc(A,R), 6r). (72)

Denoting the quotient complex by

(C<(A,R),9)
H(Q d) = =" (73)
@0 = "0, a4
there is a short exact sequence of cochain complexes:
O — (O(M),d) —— (C(A,R),6T) — (Q,d) —— 0. (74)
Equation (74) gives rise to a long cohomology exact sequence:
. —— H'.(M,R) — H!(A,R) —— H(Q) —— H"*'(M,R) — ... (75)

3.6. Tensor Product of Two KV Complexes

In the category of statistical geometry, we are interested in spectral sequences which
arise from particular double complexes. We consider two Koszul-Vinberg algebras, A and



Mathematics 2024, 12,1177 12 of 19

A*. Let W be a left KV module of the both A and A*. From this situation, the following
four cochain complexes arise:

(I) : Ckv(A,W),
II) : Cxy (A, W
(II) : Ckv (A", W), 76)
(III) : C<(A, W),
(IV) : Ce (A", W).
Let us consider the bi-graded vector space C(W):
CiP = ClL(A, W) @ CL(A*,W). (77)
We set C"" = X1 p—nCIP. Givena ® B € C77, we let
5(a®B) = [bra® B+ (—1)Ta ® 6] € CTHLP g CIPHL, (78)
It is clear that d is a differential 6 0 6 = 0.
The cohomology space H7* is defined as follows:
: CP 9ty g coptl
AP — ker(6 : C1? — C &C ) 79)

m(6) N Co¥

4. Statistical Manifolds

We recall that a statistical manifold is a quadruple (M, g, V, V) such that V and V™ are
dual connections with respect to the metric ¢ which are both torsion-free. These structures
are of the utmost importance in information geometry [10,11], and are named after their
appearance in statistical problems [12].

In Hessian statistical manifolds, solutions of gauge equations give rise to statistical 2-
webs, i.e., webs bearing the structure of a statistical manifold. These 2-webs are canonically
associated with tensor products of co-chain complexes, the cohomology of which can be
calculated with spectral sequences. Situations (I), (II), (I}, and (IV) in Equation (76) arise
in any Hessian manifold (M, g, V).

In this section, we retain the notation from Sections 2 and 3 and fix a statistical manifold
(M,g,V,VH).

Let 6 be a solution of the gauge equation V6 = 6V. We define another pair of
solutions (®, ©*) by the identities

2¢(0(X),Y) = g(8(X),Y) +g(X,6(Y)),

( (
2¢(0*(X),Y) = g(8(X),Y) — g(X,8(Y)). (80)

All of the four distributions {Ker(®), Im(®), Ker(©*), Im(®*)} are regular and are in
involution. Furthermore, we have the following 2-webs:

TM=Ko®I
TM=Ke@lI*
K* = ker(©®*)
I* = im(@*)

(81)

where K = ker(®), I = im(Q).
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These distributions are parallel with respect to V, V*, as indicated by the identities

VxK =K,

VxK* =K%,

Vil =1, 52
Vil =1~

Here, the foliations K, I are Riemannian [13-15].

Remark 9. If either (M, g, V) or (M, g, V) are Hessian manifolds, then K, K*, I, and I* are
Hessian foliations. Thus, any of the pairs (K, I) and (K*, I*) gives rise to a double co-chain complex
as in Equation (79).

Any of the three distributions ker(6), ker(©), and ker(®*) is of constant rank. The
three ranks may be different.

Remark 10. Note that a foliated manifold carries two other remarkable complexes in addition to its
total de Rham complex, namely, the complex of foliated forms, and the complex of basic forms.

Assuming that (M, g, V, V1) is a Hessian statistical manifold, we may construct two
Koszul-Vinberg algebras

A= (X, V), A" =(X(M),V"). (83)
The two associated KV-complexes Cxy (A, R) and C;(A*, X(M)) are of particular interest.

Proposition 9. On the Hessian manifold (M, g, V), the Riemannian metric tensor g is a 1-cocycle
of the scalar KV complex (Cxy (A, R)).

Corollary 2. In order for (M, g, V) to be hyperbolic, it is necessary that [g] = 0. It is also sufficient
if M is compact.

The next proposition makes use of the vector total KV complex to obtain a cohomolog-
ical obstruction for a section § € hom(TM, TM) to be a solution of the gauge equation.

Proposition 10. The gauge equation V¢ — ¢V = 0 is equivalent to the cohomology equation
Sr¢p = 0. (84)

Equation (84) is essentially Equation (14) rewritten; however, the vector KV complex
is more tractable than the complex of (TM* ® TM)-valued forms.

4.1. Tensor Products

For every non-negative integer q, the dual vector spaces I'(K®7) and of ['(A9K) are
denoted by C7(K) and b Q% (M), respectively, and we set

C(K) = @,C1(K), Qx(M) = @,QL(M). (85)

It makes sense to restrict the de Rham operation to Qg (M) in order to define a
cochain complex

— 0l (M) — (M) — ol (M) — ... (86)
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In any Hessian manifold, we may use Remark 9 and the operators dgy, d; to write the
KV cochain complexes [C(K), 6] and [C(K), J¢] as follows:

[C(K),éky]: 0= J(C®°(M)) = ---.—= CI"Y(K) = C1(K) — CT"}{(K) — (87)

and
[C(K),d:]: 0= C®(M)—--- = CT"}(K) = C1(K) — CT"}(K) — (88)

We note that the cochain Equation (88) is then nothing other than
-1 1
— Cly (Ag,R) — CL, (A, R) — CLy' (Ag, R) — (89)
where Ag = I'(K = ker(©)).
Remark 11. Similar complexes are attached to the three other distributions (I, K*, and I*).

4.2. Double Complexes in a Hessian Manifold

Let (M, g, V, V™) be a Hessian statistical manifold. Two de Rham double complexes
derive from the following 2-webs: Q(K, I), Q(K*, I*).

To investigate the properties of (g, V, V'), we can use the two Koszul-Vinberg alge-
bras A = (I['(TM), V), A* = (I(TM), V") and the complexes

Ckv(A,R),
Ckv (A%, R),
Cc(AR),
C.(A* R).

(90)

Furthermore, we have the two double KV complexes

Ckv (A, A*) = &,,Cl (A, R) ® Ck, (A%, R),

1)
C:(A, A*) = ®CL(A,R) ® CE(A*,R).

These double complexes give rise to the total complexes (Cxy (M), dky), (Cz(M),d<),
with Cx(M) = @,C}(M) and C}(M) = B4 p—nCIT(A,R) @ CL(A*,R). The operator
dr:  CHM) — CIF(M) is defined by the relation

de:u®ve CHA,R)®CHAYR) — 6:(u) @0+ (—1)1u ® 5.(v). (92)

Mutatis mutandis, (Cky, dgv) is defined in the same way.
Let G be the group of symmetries of (M, g, V,V*); then, G is the following finite
dimensional Lie group:
G = Isom(M,g) NAff(M, V). (93)

The cohomology spaces of the complexes which are introduced above are geometric
invariants of G.

4.3. Gauge Equation and Homology Persistence

Before proceeding with cohomology calculations, in this section we introduce useful
materials derived from persistent simplicial homologies which are related to the gauge
equation.

Let (M, g, V, V") be a statistical manifold and let 6 be a solution of the gauge equation
of (V*,V). According to the notation used in the preceding sections, 0 gives rise to two
2-webs (K, I), (K*, I*). The foliation defined by I* is denoted by Fj.

Let r*(0) be the rank of the distribution I*. We set

(M) = meax{r*(ﬂ)}. (94)
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Step 1.
We choose a 67 such that r*(6;) = r*(M) and fix a point x € M. Let F; (x) be the leaf
of Fy, which contains x. The r*(M)-dimensional submanifold

(F(x),8, V') C (Mg V™) (95)

inherits the statistical structure (i.e., g, V, V) from M.
Step 2.
We use the gauge equation of Fy(g, V) to define r*(F; (x)), obtaining the statistical
submanifold
(B(x),8, V") € (Fi(x),8, 7). (96)

Setting
(Fo,g, V") = (Mg, V"), 97)

we can inductively construct the next statistical filtration:
SP(M) : (Fy(x),8, V") C (Fsa(x),8, V") C--- C (Mg, V7). (98)
In addition, we consider the real singular chain complex of M:
Sing(M): — Cq+1(M) — Cy(M) — Cq_l(M) — (99)
The topology persistence (SP(M) yields the following homology persistence:
HP(M): — Sing(F;11(x)) — Sing(Fy(x)) — Sing(F;_1(x)) — (100)

5. Spectral Sequences

In this section, we briefly recall the definition of spectral sequences of co-chain com-
plexes. A good recent reference on this subject is [16].

Definition 11. A graded differential sheaf (S, d) denotes a graded sheaf (SV),,, together with a
graded morphism d: SP — SPT1 satisfying d*> = 0.

Definition 12. The derived cohomology sheaf indicates the graded sheaf H():

ker{dP: SP — SP+1}

p =
H(S) im{dr—1: SP~1 — SP}’

(101)

Remark 12. The derived cohomology sheaf is the sheafification of the local cohomology presheaf
U~ HP(S(U)).
In the following, a ring R is fixed.
Definition 13. A bi-graded module E over R is a double-indexed collection of R-modules EP4, p,q € Z.

Definition 14. Let E be a bi-graded module over R and let v € N; a differential over E of bi-degree
(r,1—r) is a double-indexed collection of R-morphisms d: EPA — EPYAT1=T gych that d*> = 0.

Definition 15. A differential bi-graded R-module is a couple (E,d), with E being a bi-graded
module, d a differential of bi-degree (r,1 — r), and r a fixed integer.

Definition 16. A cohomology spectral sequence is a sequence of bi-graded differential modules

(E;, dy),r =1,2,..., where d, has bi-degree (r,1 —r) and Effl ~ HPA(E,,d,) forall p,q,r.
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Remark 13. A spectral sequence can be viewed as a successive approximation process; in most cases,
(Ep, dy) is known and is the starting point of the sequence. Now, looking at stage n, that is, (E,, dy),
the defining property of the spectral sequence indicates that if Z,, = kerd,, B, = imd,,_1, then, as
a bi-graded module, E, 1 ~ Z,/By. Now, if Z,,,1 = kerd, 11, B, 11 = imd,, there exist modules
Zy+1,Byyq such that Z,, .1 = Z,11/Bu, Bys1 = Byi1/By. Thus, per Noether's isomorphism,
Zni1/Buy1 = Zyy1/Byi1. Furthermore, because d,, 1 is a differential, B, 1 D By, Zyi1 C Zu;
hence, By, C By11 C Zy1 C Zy. Proceeding by recurrence, there exist limiting modules

Boo = UnBn, Zeo = NMnZn,
and the purpose of the spectral sequence is to obtain Ze, / Beo.

Definition 17. A spectral sequence is said to converge if, for each couple of integers (p, q), there
exists an integer r(p, q) such that all differentials d,: E/'T — Epirgr1—rare0forr >r(p,q).

Proposition 11. If a spectral sequence converges, then for any couple of integers p, q, the module
EET is isomorphic to the direct limit of the following diagram.

p.A pAa
Er(m) Er(m)H o
| / (102)
EL

Definition 18. An exact couple is a pair of modules M, E and morphisms i, ], k fitting in the

following exact diagram.
'\ / (103)
k i

Proposition 12. Given an exact couple as in Definition 18, E is differential module with differential
d=jok.

The next proposition can be found in [16,17].

Proposition 13. Let (M, E, i, j, k) be an exact couple. The derived couple My = im(i), Ey = H(E)
is exact with morphisms

iy = i|my, j1 =joi+dE, ki(e+dE) = k(e).

Passing to bi-graded modules and iterating the process defines a spectral sequence
(E;, dy), where E, is the r-th derived module of E and d, = j, o k;.

Finally, still using [16], a filtered complex FP'C C FP*1C C ... defines an exact couple
by passing to cohomology; that is, starting with the short exact sequence

0 FrC FrHlc —— FPFIC/FPC —— 0, (104)

we obtain a long homology sequence

. — HPH(EPIC) Sy grra(pre) Ly grea(prric/pre) K gt (prii), (105)

Setting
EPA — HPHA (pp+1(;/ch), DPA = HPH(EPC),
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we obtain an exact couple, that is, a spectral sequence. This construction is part of Section 6,
where our aim is to point out that relevant spectral sequences emerge from the methods of
information geometry.

6. Application to Statistical Manifolds

In a statistical manifold (M, g, V, V™), chain complexes and co-chain complexes
which are attached to solutions of the gauge equation of (V1, V) have been identified in
Section 3. The purpose of this section is to point out some spectral sequences which provide
approximations of their cohomology.

The Spectral Sequences of a Double Complex

In a Hessian statistical manifold (M, g, V, V1), we fix a solution 6 of the gauge equa-
tion of (VT, V). We focus on the total KV complex

Ce(M)" = @i Ch(A, R) @ CL(A*,R). (106)
Before proceeding, we define (d%,d”¢) as follows:

di(u®v) =6 (u)®0,
A" (u®v) = (=1)u® b (v), (107)
u®wv € CL(A R)® CL(A%,R),

meaning that we have
de =dp+d"+. (108)

To any couple (p < n) of positive integers, we associate

Fi (Ce(M)) = W]cf (A,R)® CI (A%, R),

(109)
Fh. ,(Co(M)) = (i< Cr “J(A,R) ® CL(A*,R).
The next properties are easily checked:
F} (Ce(M)) € Ff T (Ce(M)),
d"( A(Ce(M)) C Fly 11 (Ce(M)), 110)

(AMD C Fil L (Ce (M),
d (F” )(CT(M)) C Fz*n+1(CT(M)).

Each filtration yields a spectral sequence that we denote by E, (A, d;), E,(A*,d,).
Proposition 14 ([5]). Let the tensor product complex
Qr = QM) ® Q(M), (111)
where QY(M) is the de Rham complex of M. Then, the inclusion mapping
O (M) = Cc(M) (112)
is a complex morphism.

Let (M, 3V, V*) be a compact statistical manifold. Using Equation (100), the gauge
equation of (V*, V) to obtain a homology filtration on M is

C Sing(Fpu1(x)) € Sing(Fy(x)) C Sing(Fya(v)) <, (113)
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from which we can derive a short exact sequence

0 — Sing(FP*1(x)) — Sing(FP(x)) — EP(x) = 0 (114)

with Sing(E"(x))

ing(FP(x
EP(x) = ———"~. 115
)= Sing (P .
This short exact sequence yields the following long exact sequence of singular homol-
ogy spaces:

—— Hy (FP(x) —— Hyor (FP(x) — Hy (EP(x)) —— Hy(FP¥1(x)). (116)

We can then use the persistence of the topology to construct a homologically exact
couple [18] with a spectral sequence that converges to the singular homology H(M);
following a theorem of de Rham, this approach leads to the de Rham algebra of M.

Indeed, by setting M = ®,H(FF(x)),E = @©,H(EF), the long exact homology in
Equation (116) yields the exact couple

itM— M, j:M—Ek:E— M, (117)

and the derived couples can then be constructed using Proposition 13.
Another construction can be applied to the total complex of a Hessian manifold
(M, g,V,V*). We define the bi-graded space C(M) by

CIP (M) = CL(A,R) ® CL(A*). (118)
We have a filtration

F} (Ce(M)) = ®jc, Ch(A) ® CF 7/ (A%) (119)

j<pl
that gives rise to an exact couple, which in turn yields a spectral sequence
E(A) = {Ei’i}. (120)
Now, using the operators d’ and d”r, we set

ker(d”¢ : V(M) — CITH (M)
B d”(Cli=1(M))

H"(C-(M)) (121)

and
] ) r / - H” i CT M H” i+1,i (‘T M

Applying classical results [16,19,20], we obtain:

(122)

Theorem 1. The term Eé’i of the spectral sequence E(A) is isomorphic to H'TH" (Cr(M))é.
Theorem 2. The spectral sequence E(A) converges to the total cohomology of the total complex
(Ce(M),dr)éb.
This result provides a new approach for computing this cohomology.

7. Conclusions

This article has presented the general gauge equation and its restriction to dual con-
nections, introducing suitable categories the objects of which are gauge structures, that
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is, couples (E, V) with E being a vector bundle on a base smooth manifold M and V a
Koszul connection. Within this frame, a morphism exists between two gauge structure if
and only if a gauge equation is satisfied. This model will be investigated in a future work,
especially in terms of its relationship with K-theory. In the present paper, equivalent formu-
lations for the gauge equation are provided; moreover, two cohomological characterizations
are provided in the case of flat connections, one arising from the covariant derivative on
I'(E* ® E)-valued forms and the other from the Koszul-Vinberg complex. Finally, when
considering statistical manifolds (M, g, V, V™) for which a gauge equation V60 = 6V is
satisfied, a new inclusion of the de Rham complex into a double complex is obtained and
appropriate spectral sequences defined.

In a future publication, we will consider the extension of this work to complex manifolds.
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