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Abstract

The main objective of this paper is to present a theory for computing the
Hochschild cohomology of algebras built on a specific data, namely multi-
extension algebras. The computation relies on cohomological functors evalu-
ated on the data, and on the combinatorics of an ad hoc quiver. One-point
extensions are occurrences of this theory, and Happel's long exact sequence
is a particular case of the long exact sequence of cohomology that we obtain
via the study of trajectories of the quiver. We introduce cohomology along
paths, and we compute it under suitable Tor vanishing hypotheses. The cup
product on Hochschild cohomology enables us to describe the connecting
homomorphism of the long exact sequence.

Multi-extension algebras built on the round trip quiver provide square
matrix algebras which have two algebras on the diagonal and two bimodules
on the corners. If the bimodules are projective, we show that a five-term
exact sequences arises. If the bimodules are free of rank one, we provide a
complete computation of the Hochschild cohomology. On the other hand, if
the corner bimodules are projective without producing new cycles in the data,
Hochschild cohomology is that of the product of the algebras on the diagonal
for large enough degrees.

The word algebra always means an associative k-algebra over a field k;
an algebra is not necessarily finite dimensional.
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1 Introduction

Hochschild cohomology of an algebra over a field is an interesting and not fully
understood tool, see for instance [2]. It has been defined in 1945 by Hochschild in
[18], it provides the theory of infinitesimal deformations and the deformation theory
on the variety of algebras of a fixed dimension, see for instance [13]. Moreover it
is a Gerstenhaber algebra, and it is related with the representation theory of the
given algebra, see for instance [1, 6]. Rephrasing the introduction of [20], observe
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that Hochschild cohomology is not functorial, there is no natural way to relate
the Hochschild cohomology of an algebra to that of its quotient algebras or of its
subalgebras. In exchange, the idea is to find a way of relating the cohomology of an
algebra to that of an easier or smaller algebra. Several articles go in this direction,
starting with the work of Happel in [16], see for instance |3, , 14, 15, 17, 20, 22].

In this paper we consider associative multi-extension zero algebras over a field
k, not necessarily finite dimensional, determined by a set of k-algebras and a set
of bimodules over them. They can also be viewed as cleft singular extensions
A =A@ M - see [21, p. 284], where in addition the subalgebra A is provided with
a finite set ' of central orthogonal idempotents; recall that M is an A-bimodule
verifying M? = 0. This setting provides an ad hoc quiver as follows: its vertices are
the idempotents of E, and there is an arrow from a vertex x to a different one y
in case yM = is not zero. Moreover, this quiver coincides with the Peirce F-quiver,
see Definition 2.6.

We develop tools to compute the Hochschild cohomology of A, in relation to the
value of cohomological functors related to this specific quiver, and to the algebras
and the bimodules involved. More precisely, a finite quiver ) is called simply laced
(see for instance [19]) if it has neither double arrows nor loops. A Q-data A is a
collection of algebras {A,} associated to each vertex z, a set of bimodules {1/, }
associated to each arrow a, and a family of bimodule maps verifying associative
constraints - this family will provide the product map amongst the bimodules in
the algebra to be built. We set A = X,cq,Az and M = @ueq, Ma; the multi-
extension algebra AA is, as a vector space, A® M. If all the maps of the family are
zero, then AA is called a multi-extension zero algebra. In this case, A is a cleft
singular extension, provided with the set @)y of central orthogonal idempotents of
A.

One-point extensions are occurrences of multi-extension zero algebras: indeed
they are built on the simply laced quiver which has just an arrow. One of the
algebras associated to its vertices is k. In Section 2 we precise the definitions and
we provide other examples of multi-extension zero algebras.

In Section 3 we consider a multi-extension algebra which is not necessarily a
multi-extension zero algebra, built on a simply laced quiver ) provided with a Q-
data. We analyze the complex of cochains relative to the separable subalgebra
given by the vertices of (), which computes the Hochschild cohomology of the
multi-extension algebra. The main tool that we introduce are the trajectories over
Q. A trajectory is an oriented path of () provided with non negative integers at each
vertex, called waiting times. The duration of the trajectory is the sum of the length
of the path, plus the waiting times. The cochains of the complex decompose along
the trajectories, and we describe the coboundary relative to this. The results are
stated for multi-extension algebras, but they are valid as well for small k-categories,
with possibly an infinite number of objects, and for Hochschild-Mitchell cohomology,
see [23].

In Section 4, we focalize on multi-extension zero algebras and use the tools we
have considered. Each non cycle ¢ of Q provides a subcomplex, it is given in each
degree by the trajectories over § whose duration equals the degree. This way we
obtain a short exact sequence of complexes. One of its interests is that the quotient
complex decomposes as a direct sum along cycles of @, and that this decomposition
is again based on trajectories over paths of () which are now cycles.

The above sketched analysis shows that for any path w of Q, it is natural to
define a cohomology theory H? (A) along w of the Q-data A. We infer a coho-



mology long exact sequence from the short exact sequence, which makes use of the
cohomology theory along paths of Q.

Section 5 mostly concerns the computation of the cohomology along paths of a
(Q-data. If the path is a vertex x, trajectories over it are just waiting times on x, and
the cohomology theory along x is the Hochschild cohomology of the algebra A,. A
main result is that the cohomology along an arrow a is Ext of M, with itself, with
a shift of one in the degrees. This already shows that the long exact sequence that
we obtain coincides with the long exact sequence of Happel for one-point extensions
[16], as well as with its generalization for corner algebras obtained independently
in [8], [22] and [15]. In order to go further in the computation of the cohomology
theory along paths, Tor vanishing hypotheses are needed. More precisely, let w
be a path of length two. If Tor between the bimodules of the Q-data is zero in
positive degrees, then H? (A) is an Ext functor, shifted by two in the degree. We
provide a generalization of this result for paths of higher length. Observe that the
Tor vanishing conditions that we require in order to compute the cohomology along
paths resemble to the ones required for an ideal to be stratified (see [11, 20]) as
well as to the hypotheses used recently in [17].

The connecting homomorphism V of the long exact sequence that we have ob-
tained is important for computations. For describing V, in Section 6 we consider
the multiplicative structure involved. We show that cohomology along paths has a
cup product verifying the graded Leibniz rule, and which is compatible with com-
position of paths. In our context, there is a canonical element in the cohomology
along paths, that is the sum of the identity maps as endomorphisms of each bimod-
ule, which provides a 1-cocycle in the sum of the cohomologies along arrows. This
enables to describe V, for a multi-extension zero algebra, as the graded commutator
with this canonical element - this way we recover a result in [9] as a particular case.
In this process we reobtain part of the results of [14], for instance that for one-point
extensions the connecting morphism is a graded algebra map.

In Section 7 we specialize our results to square algebras, namely multi-extension
algebras built on the so-called round trip quiver Q@ = - &= - provided with a QQ-data.
If the two bimodules associated to the arrows - that is the corner bimodules of
the 2 x 2 matrix algebra - are projective, and if the bimodule maps of the data
are zero, the algebra is called a null-square projective algebra. For these algebras
we show that the cohomology long exact sequence that we have obtained splits
into five-term exact sequences. Using this fact, we provide explicit formulas for
the Hochschild cohomology of a null-square projective algebra A, in terms of the
Hochschild cohomology of the algebras at the vertices of @) - that is the algebras
on the diagonal - and the kernel and cokernel in even degrees of the non trivial
part V' of V. As a consequence, the Hochschild cohomology of A contains that
of the algebras of the ()-data: the inclusion is canonical in even degrees while it
is obtained by choosing a splitting of a canonical short exact sequence in the odd
ones. Next we prove in Section 7 that a square algebra which corner bimodules
are free of rank one is necessarily a null-square algebra. In other words, the family
of bimodule maps is necessarily zero for a ()-data based on the round trip quiver
@, and if the bimodules associated to the arrows are free of rank one. We also
show that for such an algebra, V' is injective in even positive degrees. In the finite
dimensional case this leads to explicit formulas for the dimension of the Hochschild
cohomology. Moreover, we describe the presentation of an algebra of this sort by
means of its Gabriel quiver and admissible relations, relying on such presentations
for the algebras on the diagonal.



In Section 8 we consider once more null-square algebras, but focussing on an
opposite family to the one considered in Section 7. Here the corner bimodules are
projective, provided by some couples of idempotents belonging to complete systems
of orthogonal idempotents of the algebras which are on the diagonal. This leads to a
combinatorial data encoded in the Peirce quiver which conveys enough information
for Hochschild cohomology purposes. We prove that if the corner projective bimod-
ules do not produce new oriented cycles in the Peirce quiver, then the Hochschild
cohomology of the null-square algebra coincides with that of the diagonal algebra
in large enough degrees. This fact differs from the results of Section 7, indeed free
rank one corner bimodules produce plenty of new cycles in the Peirce quiver.

To end this Introduction, we point out a possible follow-up to our work. In
[24] the authors introduced a theory of support variety for modules over any Artin
algebra A. This is defined in terms of a quotient of the Hochschild cohomology ring.
They consider the Hochschild cohomology ring and divide by the ideal generated
by the homogeneous nilpotent elements. Let us call this associated ring R(A).
Observe that the odd degree elements have square zero, so they are nilpotent. The
ring R(A) is always a commutative ring, if it is finitely generated then its spectrum
defines a variety, and it is over this variety that they define the support variety of
a module. We believe that our results can be used to compare the associated ring
of the algebras involved in our work. For instance Theorem 6.5 shows that for a
multi-extension algebra, the image of the considered map is in the ideal generated
by the nilpotent elements of the Hochschild cohomology. Also, from Corollary 7.4

we infer that for A = ( ﬁ g ) a null-square projective algebra, with A = Ax B

and M = M @ N, if there is a positive integer h such that M®sh = (), then the
associated ring R(A) is isomorphic to R(A) in large enough degrees.

2 Multi-extension algebras

A simply laced quiver is a finite quiver () without multiple parallel arrows nor loops
(see for instance [19, p. 112]). More precisely, a quiver @ is given by a finite set Qo
of vertices, a finite set (91 of arrows and two maps s and t from Q1 to Qo called
source and target. The quiver is simply laced if there is at most one arrow from one
vertex to another one and if there is no arrow where the source and target vertices
are the same.

Let k be a field and let @) be a simply laced quiver.

Definition 2.1 A ()-data A consists in a set of algebras {A;}zcq, Az, a set
{Ma}acq, of bimodules, where M, is an A,y — Agq)-bimodule, and a family
of bimodule maps

a={azya}tp.0eo
satisfying obvious associativity constraints in order to make A @ M an associative
algebra, where A = X3cq, Az and M = ®qeq, M.

Let A be a ()-data. Each M, is an A-bimodule by extending the actions by
zero, hence M is an A-bimodule as well.

Definition 2.2 The multi-extension algebra A is, as vector space A ® M, where
A is a subalgebra. If a € A and m € M, then the products am and ma are given
by the actions. The product on M is determined by the family c.



The algebra A is a multi-extension zero algebra if all the maps of the family
« are zero.

Example 2.3 Recall that if A, is an algebra and M is a left A,-module, the one-

. . . koo (A, M »
point extension Ay[M] is the algebra ( M4, ) = ( 0k ) This is also

. . . a
an instance of a multi-extension zero algebra, where Q = x- — -y.

Example 2.4 More generally, let A, and A, be algebras, let M, be an A, —
A, -bimodule and let M, be an A, — A,-bimodule. The null-square algebra (see
A, M,
M, A,y
bimodule structures of M, and My, and setting m,my, = 0 = mym, for all m, €
M, and my € M,. This is again an instance of a multi-extension zero algebra,
where Q) is the round trip quiver ,- = -.

for instance [10] or [5]) is ) with matrix multiplication given by the

Definition 2.5 A system E of an algebra A is a finite set of orthogonal idempotents
of A which is complete, that is ) _px = 1.

Definition 2.6 Let A be an algebra provided with a system E. The Peirce E-quiver
has set of vertices E. For x,y € E, there is an arrow from x to y if and only if
x #y and yAx # 0.

Remark 2.7
e A Peirce E-quiver is simply laced.

e Let AA be a multi-extension algebra given by a quiver (Q and a (Q-data A.
The Peirce Qqy-quiver of Aa is Q.

Let @ be a finite quiver and kQ be its path algebra. Let (1) be the two-sided
ideal of kQ generated by the arrows. A two-sided ideal I of kQ is admissible if
I C (Q1)? and if there exist a positive integer n such that I C (Q1)". The Gabriel
quiver - also called Ext-quiver - of A = kQ/I is Q, its vertices are the simple
modules and the number of arrows is the k-dimension of Ext!' between them.

Proposition 2.8 Let A = kQ/I be an algebra presented as above. The Peirce
Qo-quiver of A is obtained as follows.

e First delete loops,

e for x # vy, add an arrow from x to y if there exists a path from x toy in Q
which is not in I - that is the path is not zero in A,

e finally replace multiple parallel arrows by only one arrow.

We assert that an algebra A provided with a system E has an evident multi-
extension algebra structure as follows. Let @ be its Peirce F-quiver, and let A
be the (Q-data given by the algebras zAx for each x € E, the bimodules yAx for
z,y € F, and the bimodule maps

Oyt ZAY Qyay YAz — 2Ax

determined by the product of A. It is evident that A = Aa.



Proposition 2.9 An algebra A is a multi-extension zero with respect to a system
E if and only if (zAy)(yAxz) =0 for all z #y and y # x in E.

We will say that A is a multi-extension zero algebra without referring to a system
E.

Recall that a cleft singular extension algebra (see [21, p. 284]) is an algebra A
with a decomposition A = A ® M, where A is a subalgebra and M is a two-sided
ideal of A verifying M? = 0. These algebras are also called trivial extensions, see
for instance [1] and [4, 3] where the natural generalization for abelian categories is
considered.

A multi-extension zero algebra is thus a cleft singular extension A @ M, with in
addition a complete set of central orthogonal idempotents of A.

Example 2.10 Let R be the quiver given by two quivers Q1 (which we view hor-
izontally upstairs) and Q2 (horizontally downstairs), together with a finite set of
vertical down arrows joining some of the vertices of (Q, to vertices of ()2, as well as
an analogous set of vertical up arrows. Let I be the two-sided ideal of kR generated
by the paths which contain two vertical arrows.

The algebra A = kR/I can be viewed in a natural way as a multi-extension
zero algebra. Indeed, for i = 1,2, let x; be the sum of the vertices of (Q;. The
set E = {x1,xz2} is a system of A. The Peirce E-quiver is the round trip quiver
Q = 4, = -4,, where the arrow from x1 to x4 is called a and the reverse one is
called b. The algebras of the ()-data are A, = kQ1 and A,, = kQs. Notice that
the bimodules M, and M, are projective bimodules.

Finally we record that a multi-extension algebra A encodes a k-category: its
objects are the vertices of the quiver, the endomorphisms of the objects are the
algebras, and the morphisms between distinct objects are the bimodules. The com-
position of morphisms between different objects is given by the family «.

3 Hochschild cohomology of multi-extension algebras

In this section we provide tools for computing the Hochschild cohomology of a multi-
extension algebra, which will be mainly used for multi-extension zero algebras.

Let A be an algebra and let Z be a A-bimodule. By definition, the Hochschild
cohomology of A with coefficients in Z is

H™ (A, Z) = Ext} g por (A, Z).

For Z = A it is usual to write HH™(A) instead of H" (A, A).
The following result is well-known, the proof is analogous to the one sketched
in [10] for Hochschild homology:

Lemma 3.1 Let A be an algebra, let D be a separable subalgebra of A and let Z
be a A-bimodule. The cohomology of the complex J*(Z)

0— 2P i) HomD_D(A, Z) i} HomD_D(A ®p A, Z) s i> Homp_p (A®Dn,Z) i} i
is H*(A, Z), where ZP = {2 € Z | dz = 2d for alld € D} and Homp_p stands
for Hompg, pee. The definition of the maps d is provided by the same formulas that
those for computing Hochschild cohomology:



e form >0

(df)(l‘l Rre®- & xn+1) = Jclf(xg RT3 - R In+1)
+ Z(_l)if(xl R ®TiTit1 ® - ® Tnt1)
1
+ (1" (21 @22 @ ® Tn) Ty,

e forn =0 and z € AP, we have (dz)(z) = zz — zz.

Let Ax be a multi-extension algebra and let D = x,cq,k be the separable
subalgebra of A = x,cq, Az given by the inclusions £ C A;. Next we will provide
a canonical decomposition of the space of n-cochains J*(Aa).

For any quiver @ and m > 0, a path of length m is a sequence of arrows
W = @, ...a1 which are concatenated, that is t(a;) = s(a;+1) for all i. The set
of vertices Q) is the set of paths of length 0; if x € Qq, then s(z) = t(z) = «.
The set of paths of length m is denoted @Q,,. The set of paths of length less or
equal to m is denoted Q<. The maps s and ¢ are extended to the set of paths by
s(w) = s(a1) and t(w) = t(ay,).

A path w is a cycle if s(w) = t(w). We denote CQ,, the set of cycles of length
m, note that CQy = Qq. Its complement in @), is the set of non cycles of length
m that we denote DQ,,.

Definition 3.2 Let Q be a simply laced quiver, let m > 0 and let w = a,, - - a1 €
Qm. The set T, (w) of trajectories of duration n over w is the set of sequences

T = t(aer)pm+l7a7rL7 S(am)pma T 75(a2)p2a ay, 3(a1)p1

where each p; is a non negative integer and n = m + ZTH pi. The integer n —m
is the total waiting time of the trajectory. For p > 0 and x € Qq, the symbol P
denotes the sequence (x,x,...,x) where x is repeated p times. The waiting time
of the trajectory xP over x is p. If p =0, the symbol x° is the empty sequence, it

corresponds to a 0 waiting time at x.

We record the following facts:
o If x is a vertex, then T},(x) = {2"} for n > 0.
o If we Qp and n < m, then T, (w) = 0.

o If w e @y, then T, (w) has a unique element

t(am)oa Ay, S(Qm)oa ey 5(a2)07 ag, 5(a1)0

of total waiting time zero and duration m.

Remark 3.3 By definition, a trajectory T over a path w is a sequence of vertices
and arrows which are concatenated, that is the product of two successive entries of
T Is not zero in the path algebra k(Q. Moreover, the product of all successive entries
of T is equal to w in kQ.



Definition 3.4 Let Q be a simply laced quiver with a QQ-data A and let w =
G - 01 € Quy form > 0. Forn > m, let

T = t(am)P" Y am, s(am)?P™, -+, s(a2)??, a1, s(ar)P* € T (w).
The evaluation of 7 at A is the vector space

_ A®Dm+1 ®pm ®p ®p
TA = At(am) ® Mam ® As(am) ® T ® AS(G22) ® Mal ® AS(all)

where all the tensor products are over k. Ifx € Qo and T € T,,(x), then A = AZ™.
By definition, if A is a an algebra, then A®° = k.

Proposition 3.5 Let QQ be a simply laced quiver with a Q-data A, let Axn be the
corresponding multi-extension algebra, and let Z be a Ax-bimodule. Forn > 0 the
following decompositions hold:

A= P | P (3.1)

WEQ<n |TET, (w)

JUZ) = @ @ Homy, (7a, t(w)Zs(w))| . (3.2)

WEQ<n | TET,(w)

L) =A" = xpeqde= P P 7

z€Qo TETH(x)

Moreover

Proof. The proof of (3.1) is by induction on n, we only describe in detail the low
degree cases. Recall that A = A $ M, hence

(AA) ®@p (AA) = (A®@p A) @ (ARp M) (M ®p A)® (M ®p M).

For z € Qq, let e, be the idempotent of D with value 1 at x and 0 at other
vertices. Note that {e;},cq, is a complete set of central orthogonal idempotents
of A. Actually

Ae, = A, = e, A.

Observe that if « # y, then
ae; ® eya’ = ae2 @ eya’ = ae, ® ezeya’ =0,
so Ay ®p Ay = 0. Moreover A, ®p Ay = A, ® A;. Hence
Aep A= P A:® A,
z€Qo

The direct summand A, ® A, corresponds to the trajectory 22 of total waiting time
2 and duration 2 at the vertex z.

Observe that if a € Qi, then M, = ey Mega) = e4a)(Aa)es), while
eyMe, = 0 if there is no arrow from z to y in Q.

M=@ Mi= @ e Me,.

acQy z,Y€Qo



If 2 # t(a), then A, ®@p M, = 0, while Ay,) ®p My = Ayq) ® M,. Hence

ARQp M = @ At(a) ® M,.
acQq

Similarly
M®p A= @ M, ®As(a).
acQ1

Each direct summand above corresponds to a path of length 1 - that is an arrow a
- and the trajectories (t(a)', a, s(a)?) or (t(a)?, a, s(a)!) over a, which are of total
waiting time 1 and duration 2. Analogously, we obtain the decomposition

MepM= @ M, &M,
{w=a2a1€Q2}

Each direct summand corresponds to the unique trajectory over asa; of total waiting
time 0 and duration 2.

The next observations will prove (3.2). Recall that D = x ¢, ke, is a semisim-
ple algebra. Hence a D-bimodule U has a canonical decomposition into its isotypic
components U = @, ye,eyUe,. Observe that each direct summand of (3.1) is a
D-bimodule. More precisely for 7 € T, (w), we have that 7A is a direct summand
of the isotypic component

erw) [(Aa)®P"] es(w)-

Let U and V be D-bimodules. The following is immediate - and it is an instance
of Schur's Lemma: if y # ¢ or x # wu, then

Homp(e,Uey,eVe,) =0,

while
Homp(e,Uey, e, Ve,) = Homy(e,Uey, e, Vey).

<

Our next aim is to use the decomposition of cochains that we have obtained in
Proposition 3.5 in order to describe the coboundary d of Lemma 3.1.

Definition 3.6 Let
T = t(am)pm+l s Qs S(Gm)pma R 5(a2)p2a ai, S(al)pl
be a n-trajectory over a path w = a,, ...a,. The set T+ is the union of:

° TO+, the set of n + 1-trajectories obtained by increasing a waiting time of T
by one.

e 7', the set of n + 1-trajectories
t(c)07 C, S(C)pm+1 y Amyy S(am)pmv Tty S(a2)p2 , a1, 5(a1)p1

where ¢ € Q1 is any arrow after w, that is verifying s(c) = t(am)-

Similarly, 7'1+ contains also the trajectories obtained by adding any arrow c
before w, that is verifying t(c) = s(ay).



° T2+ , the set of n + 1-trajectories obtained by replacing any arrow a; by some
path a}a} of length two which is parallel to a;, that is s(a;) = s(a}) and
t(a;) = t(af).

Definition 3.7 Letw be a path of Q. We denote by A, the A,y — Ay (.)-bimodule
tw)(Aa)s(w).

Observe that if there is no parallel arrow to w - that is there is no arrow a such
that s(a) = s(w) and t(a) = t(w) - and w is a non cycle, then A, = 0. On the
other hand if such an arrow a exists, then A, = M, # 0. If w is a cycle, then
Ao = Asw) = Asgw).

Definition 3.8 The space of n-cochains over a trajectory T € T,,(w) is
J-,— = Homk (TA, Aw) .

Proposition 3.9 Let d be one of the coboundaries of Lemma 3.1. The following

holds
. ¢ @ Jo.

ocert
Proof. Let T}, be the set of trajectories of duration n and let 7 € T;,. Let

fr€Jr writedfr =3 . (dfz), the decomposition of df: according to (3.2).
We assert that if o ¢ 71, then (df;), = 0. Recall that

(df )21 ®22®  @Tny1) =T1fr (2@ T3 ® - @ Tpt1)
Y (D) (@1 ® @ amis @ @ T
i=1

+ (_1)n+1fr($1 Rr2®-- & $7L)337L+1.

Let 21 22®- - ®@Tpy1 € oa where o & 7. We will prove that each summand
above is zero.

-z fr(2a®23® - Qapg1) # 0, then fr(z2®@235® -+ Q@ xpy1) # 0, hence
0# 22 @w3® - @Tpy1 € Ta. Moreover, x1 belongs either to Ay, or to
a bimodule M, for ¢ € Q1 with s(c) = t(w). This is equivalent respectively
tooreT(;r oraETf'.

- (1@ Qi1 @ Q@Tpt1) 0, then 0 #21 Q- Rz 1 Q-+ ®
Tn+1 € TA.

— If z;x;41 belongs to an algebra A,, then z; € A, and ;41 € A,. Hence
o is obtained from 7 by increasing by one the waiting time at the vertex
z, thatiso € 7'3—.

— If z;2;41 belongs to a bimodule M, for some arrow a of w, then
* either x; € Ay, and wi11 € My, or x; € M, and w11 € Ay,
thatis o € 7.

* or x; € My and x;41 € M, for a path of length two a”’a’ which
is parallel to a, thatis o € 7.

10



- If the last summand is non zero, the proof is analogous to the first case.

<

The results of this section are given for multi-extension algebras, that is for alge-
bras provided with a system E. Recall that E is a finite set, hence the requirement
that E is complete makes sense. However the results of this section are actually
true as well for Hochschild-Mitchell cohomology (see [23]) of a small k-category,
with possibly an infinite number of objects.

4 A long exact sequence for multi-extension zero algebras

The result of Proposition 3.9 can be made more precise for a multi-extension zero
algebra. Let @Q be a simply laced quiver provided with a Q-data A = (A, M), where
A= XzeqoAzr and M = @geg, M. Let Ax be the corresponding multi-extension
zero algebra.

Definition 4.1 Let w € Q,,. The vector space of n-cochains along w is

W= @ .= @ Homi(ra,Au).

TET, (w) TET, (w)

Remark 4.2 Letw € Q. Ifn <m, thenJ, =0. Ifn=m andw = ap,...a1,
then
J7 = Homy (M,

Am

@...@Mal’Aw)_
Proposition 4.3 If § € DQ,,, then J} is a subcomplex of J*(An).

Proof. We suppose As # 0 since otherwise J§ = 0. The path § is not a cycle, so
there exists a € ()1 parallel to §, and Ay = M,.

Let 6 = ap, ... a1, let 7 = t(am)P™+, am, $(am)P™, -, s(a2)P?, a1, s(a1)P* be
a trajectory of duration n over §, and let f. € J,. If o is a trajectory of duration
n + 1 which is not over d, we will prove that (df;), = 0. We already know from
Proposition 3.9 that if o ¢ 7, then (df;), = 0.

e If o € 77, there is nothing to prove since o is over d, as o is obtained by
increasing some waiting time of 7 by one.

e If o € 7{, then o is not over § and we will show that (df,), = 0. Suppose
firstly that

g = t(c)()? C, S(C)pm+l7am7 S(a77l)pm7 e 75(a2)p27 al? 5(a1)p1

for some arrow ¢ such that s(c) = t(am). Let 21 Q22 ® -+ ® Tpt1 € oA,
we recall that

(dfr) (@1 ®@2T2® @ Tpt1) =21 fr(T2 QT3 ® -+ ® Typ1)
+ Z(—l)ifr(iﬁ R OTiTijp1 @ ® Tpg1)
1

+ (_1)n+1f7($1 RTa® - ® Ty )Tyl

11



We will show that each of the previous summands is zero. For the first one,
x1 € M. and fr (22 ®23® -+ ® Tpy1) € M,. Hence this summand belongs
to the product M.M,, which is zero because A is a multi-extension zero
algebra.

We consider now f, (21 ® - ®@z;xi41 ® - ®@xpy1) fori =1,...,n. Notice
that 21 ® -+ @ ;%41 @ - ® Tpy1 € Th Where 7/ is a trajectory over cd,
hence 7/ # 7. Then this summand is 0.

For the last summand, note that 1 @ T2 ® -+ ® ©,, € Th, where 7/ is a
trajectory over a path which last arrow is ¢. Note that ¢ # a,,, since there
are no loops in Q. Hence 7/ # 7 and the summand is 0.

The case where o € 7'1+ is obtained from 7 by adding at the beginning an
arrow ¢ such that t(¢) = s(ay) is analogous.

e If 0 € 77, suppose

/

0 = t(am)P" Y Ay S(am )P a),al, e s(ag)P?, ay, s(an)P!

and let 21 ® 22 ® -+ - Q Tp41 € OA.

The first summand of (df;)(21 ®x2®- - -®@Xy41) is zero since T2 ® - - - @ Ty 41
belongs to 7, for 7/ # 7 beacuse 7’ is a trajectory over a path different from
0. Then

fr@a®@a3® - @ xpy1) =0.

The proof that the last summand is zero is analogous.

The other summands are also zero: if ;41 € Ma;/ and z; € Ma;, then
x;+17; = 0 because the products of elements of the bimodules are zero in
Aa. Otherwise, observe that 1 @ -+ - ® ;241 @ - - - @ Tp41 € Tp Where 7/
is a trajectory over a path different from ¢, then

fre1® - @241 ® - Q@ Tpy1) =0.

Definition 4.4 Let Ax be a multi-extension zero algebra with respect to a Q-data
A= (A M) and let 6 € DQp,.

For n > m, the cohomology of A along ¢ is denoted H}(A), and it is the
cohomology of the complex of cochains J§.

From the above proof, we record the next result for the coboundary of J§.

Proposition 4.5 Let § € DQ,, and let T € T,,(9). Let f, € J;. The coboundary
d:Jy — I3t is given by

dfT = Z (df7)0~

ae-rg'

Proof. We know from Proposition 3.9 that

df‘f‘ = Z (dfT)a = Z (dfT)(T + Z (dfT)a + Z (dfT)o (41)

oert 0'67-5r on’:'fl+ UET;

We have just shown that if § is not a cycle, and if o € 7,7 U, then (df,), = 0.

12



Definition 4.6 Let w =a,,...a; € Q,,. The bimodule along w is

M, = Mam ®a A Ma1~

s(am) s(az)

Note that M,, is an Ay(,,) — A )-bimodule.
Lemma 4.7 Let A be a (Q-data, and let § € DQ,,. The following holds:

H:;n(A) = HomAt(J)_A (M(;,A(s).

s(8)

In particular if a € Q1,

Hl(A) = EndAt( H—A

a

M,.

s(a)
Proof. The complex of cochains J§(A) begins as follows:
0 — Homi(Ma,, @ - ® May, As) 5 @D Homi(ra, As) %
TE€ETm+1(8)

Observe that Ti4+1(0) = {7 }i=o0,...,m+1, Where 7; is obtained from the trajectory with 0
total waiting time by increasing the waiting time at s(a;) by one, for i = 0,...,m, and at
t(am) also by one for i = m + 1. Hence, fori=10...,m:

(ri)a =Ma,, ® - @ Ma; ® Agia)y @ Ma;_; -+ Q@ Ma,

and
(Tm+1)A - At(am) & Mam ®-® Mal-

Let f € Homy(M,,, ® -+- ® Ma,, As) be such that df = 0, that is (df)-, = 0 for all
i. For 0 < i < m + 1, this shows that f is A,-balanced, while the cases i = 0 and
i =m + 1 prove that f is a morphism of bimodules. o

Remark 4.8 For r > 0 and § € DQ,,, we will prove in the next section that
assuming adequate hypotheses,

HZH_T(A) = EXtZ‘t(a)—A Ms, A(;) .

s(8) (

We have proven in Proposition 4.3 that each non cycle § provides a subcomplex
J$ of the complex J*(Aa). This enables to consider their direct sum as follows.

Definition 4.9 Let A be a multi-extension zero algebra given by a simply laced
quiver Q and a QQ-data A = (A, M). The non cycle subcomplex of cochains

D*(Aa) of J*(An) is
D™ AA @ Jn
seDQ

Remark 4.10 We already know that if w € Q,,, and n < m, then T,,(w) = 0. For

such m and n,
D n
6EDQ§n

In particular D°(Ap) = 0. Note also that

H'(D*(Aa) = EP Hi(A

56DQ§n
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We consider now the exact sequence of complexes of cochains, where Aa is
omitted in the notation:

0—D*—J*— (J/D)* —0.

Our next purpose is to describe the cohomology of the quotient complex (J/D)®.
Let C'Q be the set of cycles of @ and let

=
VeCQ
Recall that for v € CQ,

V= P = P Homi(ra, A,

TETH () TETL ()

where A, = A, () = Ayy). The set of paths of @ is the disjoint union of DQ and
CQ, hence at each degree there is a vector space decomposition

J"L — D'VL @ CTL
which provides a vector space identification between C™ and (J/D)".

Remark 4.11

e The vector spaces {C"},>¢ are not in general a subcomplex of J*. Indeed,
let T be a trajectory over a cycle v, and let f, € J.. By Proposition 3.9,
dfr € @ e, 0T, where 7+ = 7" Ut U, Observe that a trajectory
o € 71" is not anymore over a cycle since it is obtained by adding an arrow
either after the end of T or before its beginning - recall that there are no
loops in Q. Moreover, in general (df.), is not zero: the image of f, lies in
Agw) = Ayw), hence the first and the last summands may be not zero.

e Notice that if o € 7,7, then (df,), = 0. Indeed, the proof of the last item of
Proposition 4.3 is also valid for cycles.

e On the other hand, the trajectories in TSF are over the same cycle vy, since
they are obtained by increasing by one a waiting time of T.

Let 7 be a trajectory over a path w, and let f; € Homy (7a, Ay). Recall that
dfr =Y (dfs)y + D (dfr)y+ D (dfs),-
JET(T O'ET1+ O'ET2+

We have proven that the last summand is zero for multi-extension zero algebras,
from now on we will omit it.

Definition 4.12 Let v € CQ,,, and let T be a trajectory over -y of duration n -

hence n > m. Let
d:Ccr— crtt

be the map defined by:
d/fr = Z (df7)0~

+
TET,

14



Notice that the image of d’ is indeed contained in C"*! since the trajectories of 7,
are over the cycle .

Theorem 4.13 The complex of cochains (J/D)® with the induced differential d is
isomorphic to (C*,d").

Proof.  Remark 4.11 shows that through the mentioned identification between
(J/D)* and C®, the coboundary d becomes d'. o

The subcomplex D*® of J® is a direct sum of subcomplexes indexed by non cycles.
For 6 € D() we have defined its cohomology H$.

We observe that a similar situation is in force for the quotient complex of
cochains ((J/D)*,d) = (C®,d’'), namely this quotient is the direct sum of sub-
complexes indexed by CQ.

Moreover the differential d’ has the same description than the one given in
Proposition 4.5 for d. This enables us to define globally the cohomology along an
arbitrary path as follows.

Definition 4.14 Let Q) be a simply laced quiver with a Q-data A = (A, M), and
let w € Q. Forn > m, the cohomology along w of A in degree n is denoted
H™(A) and is the cohomology of the following complex of cochains (K¢, d)

0 — Homp(M, @@ M,,, Ay) -
i) @ HOmk(TA7Aw) i> @ Homk(TA’Aw) i)

TET, (w) T€ETh11(w)

where
dfr =Y (dfs)o-

0'67'(;r
Remark 4.15 Let QQ be a simply laced quiver with Q-data A = (A, M).

e Ifw = ¢ is anon cycle, then (K§,d) = (J3,d) and the previous definition
agrees with Definition 4.4.

o Ifw = v is a cycle, then we have seen just before that (K5,d) is a direct
summand of the quotient complex ((J/D)*,d) = (C®,d').
o /fw = x is a vertex, that is a cycle of length 0, then K3, is the usual complex
which computes the Hochschild cohomology of A,.. Hence
H?(A) = HH"(A,).
The proof of the following result is clear.

Proposition 4.16 Let A be a multi-extension zero algebra, with simply laced quiver
Q and Q-data A = (A, M). Let J* be the complex of cochains of Lemma 3.1,
which computes HH®*(AA). Let D® be the non cycle subcomplex, let (J/D)® be the
quotient, and let H*(D*®) and H*((J/D)®) be their respective cohomologies.

The following decompositions hold:

H'(D*) = D Hi),

5€DQ§n
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H'(/D)) = @ HI(A).

YECQ<n

Corollary 4.17 For a multi-extension zero algebra as before, HH*(A) is a direct
summand of H*((J/D)*®).

As particular cases of the previous proposition, we obtain the following results in
low degrees:

e HO(D*) = 0, since there are no non cycles of length less or equal to zero.

e HI(D®) = @ate H}I(A) = @ate E”dAM)—AS(a) M, = Endg_a M, by
Lemma 4.7.

e H((J/D)®) = xyeq,ZA; = ZA, that is the center of A. The last item of
the previous remark provides the equality.

e H'((J/D)*) = @,cq, HH'(Az) = HH'(A), since there are no loops in Q,
that is CQ<1 = Qo, and as a consequence of the last item of the previous
remark.

Theorem 4.18 Let Ax be a multi-extension zero algebra with simply laced quiver

Q and Q-data A = (A, M).

0 —

0
EndA,A M
Bsepa., H3(2)

Dscna., HEA)

There is a cohomology long exact sequence as follows:

—

—

—

HH°(Aa) — HH%(A)
HH'(AA) — HHY(A)
HH?(Aa)  — HH*(A) @ @, 0o, H3 (D)

HH"(As)  —  HH"(4) ® @recq., HI(A)

7¢Qo

—

—

—

Corollary 4.19 If Q has no cycles - that is if CQ = Qo - the cohomology long
exact sequence is as follows:

0 — O
EndA_AM

®6EDQ§2

H3(A)

1

®6EDQSTL Hy (A) —

HHO(AA)
HH'(AA)
HH?(AA)

HH" (AA)

—

HH(A)
HH' (A)
HH?(A)

HH" (A)

1

In Lemma 4.7 we have computed the cohomology along § € @, in its lowest

degree:

m _
I HomAr,(w)*As(w) (Mo, Ay).

In particular for an arrow a,

Hl

a

(A) = EndAt,(a)*A M

16
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In the next section we will show that

H'HL(A) = Extly, . —a,., (Ma, Ma)-

s(a) (

For longer paths, we will compute the cohomology under some additional hypothe-
ses, regardless if the path is a non cycle or a cycle.

5 Cohomology along paths

Let @ be a simply laced quiver. Let A be a ()-data consisting in a set of algebras
{As}zeq, attached to the vertices of (), and a bimodule M, for each arrow a € Q1,
where M, is an A;(q) — Ag(a)-bimodule.

Our aim is to compute the cohomology HY (A) along a path w € @, see
Definition 4.14. In case m > 2, we will need extra assumptions in order to perform
the computation. If w is an arrow, no additional assumption is required.

Leta € Q1 and n > 1. A trajectory of duration n over a is 7, , = t(a)?, a, s(a)?,
where p > 0 and ¢ > 0 verify g+ 1 4+ p = n.

For simplicity, we set B = Ay,), A = Ay, and M = M,. Moreover, we
omit tensor product symbols over k between vector spaces, and we replace tensors
between elements by commas. Recall that

(Tgp)a = BIMAP.

Observe that (711710)5r has two (n + 1)-trajectories:

Tgt1,p = t(a)qﬂ,a,s(a)p and Ty 41 = t(a)q,a,s(a)pH.

Note that Ty(a) is empty, T1(a) has one trajectory t(a), a, s(a)?, while Ts(a)
has two trajectories, t(a)!,a,s(a)? and t(a)?, a, s(a)!.

These observations lead to the following explicit description of the complex
which provides the cohomology along an arrow:

Lemma 5.1 Given an arrow a, the complex of cochains (K¢,d) which computes
H:(A) is:

0 — Homy (M, M) 5 Homy,(BM, M) & Homy, (M A, M) 22
Homy, (B2M, M) & Homy, (BMA, M) & Homy (M A2, M) 2% ... &=
Pp+q+1=n Hom, (BYM AP, M) i) DOptg+i=n+1 Homy, (BYM AP, M) dn—+;

where for g+ 1+ p=mn and f € Homy(BIM AP, M)

(dnf)rgra (015 bgy1,my a1, ... ap) =
blf(bg, .- .,bq+1,m,a1,. .. ,Clp)+
Zg(fl)lf(bl, .. .,b,;bi_._l, .. .,bq+1,m,a1, .. .,ap)+
(—1)q+1f(b1, ey bq+1m,a1, ey ap)

and

(dnf)7q1’]+1 (bl, ey bq,m,al, N ,ap+1) =
(_1)q[f(b17 e 7bq7ma17 oo aap+1)+
S (=1 f(b1,. .. bgymyan, ..., 041, Apyr )+
(=1)PTLf(by, ... bgymyan, ... ap)api1].
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In particular for f € Homy (M, M):

(d1f)r1o(b,m) = bf(m) = f(bm) and (d1f),,(m,a) = f(ma)— f(m)a.

We recall the bar resolution over an arbitrary algebra R of a left R-module X, by
free R-modules.

A px Spix A ARy BRx B x o
where

ﬁ(?"l, . ,’I"n,],‘) = Z;L_l(—l)i—"_l(?“l,. .. ,T‘iT‘H_l, . ,Tn,J?)—f—
(=)™ (ry . 1, ).

Note that if X = R, then the bar resolution is also a resolution of R as R-bimodule.

The next two results have been obtained in [8], see also [9]. We recall their
proof for further use. The first one provides a canonical resolution of M as B — A-
bimodule, which is not its bar resolution over B ® A°P. It is suitable in order to
obtain the complex of cochains K¢ described above, which in turn will enable us to
obtain the second result.

Lemma 5.2 Let A and B be algebras, and let M be a B — A-bimodule. The
following complex C*(M) is a free-resolution of M as bimodule,

PR @ BIpAP @ BIMAP —

p+q=n+2 p+g=n+l
P,q>0 P,q>0

.- BMA2 & BEMA S BMAS M -0
where Bo(b,m,a) = bma. Formn > 0, the differential 3, is the sum of
BIP : BIMAP —s BT 'MAP @ BIMAP™!
where p+q =n+ 2 and

o ifq>2andp > 2, then BP can be written as the sum of two components
1,087 and (0,151 given by

(170)5;11,17@1, o bgmar, .. ,ap)‘ =
Zl{*l(fl)ZﬁLl(bly Ceey bibi—i-l» ey bq,m,al, e ,(lp)+
(_1)q+1(b17 sy bq—]y qu7a17 N ,ap)

and analogously for (o 1)B%7,

e ifp=1andq> 2, then

/6%,1([)17 ey bq, m, al) =
Z({_l(—l)i—i_l(bl, ey bibi+17 A ,bq,m, al)—|—
(_1)q+1(b1a RS bq—17 qu, al),

e and if p > 2 and q = 1, the definition of 317 is analogous to that of 34! in
the previous item.
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Proof. Consider the bar resolution of M as a left B-module, and the bar resolution
of A as A-bimodule:

-+~— BBM —- BM —0 and ---— AAA— AA— 0.

Their tensor product over A provides the complex described in the statement.
In order to use the Kiinneth formula (see for instance [25]), we first observe that the
cycles in each degree of the bar resolution of A are projective left A-modules, since
the resolution splits as a sequence of left A-modules. Hence the tensor product of
the bar resolutions has zero homology in positive degrees, while in degree zero its
homology is M @4 A= M. o

Theorem 5.3 Let Q be a simply laced quiver with a Q-data A, and let a € Q.
The cohomology of A along a is as follows:
HLT"(A) = Extly_ 4 (M, M).

Proof. First we apply the functor Hompg_4(—, M) to the previous resolution. Let
Y and X be B — A-bimodules. The canonical isomorphism

Homp_4(BYA, X) = Homy (Y, X)
provides the complex of cochains K¢. o

As a consequence, in case there are no paths of length greater than or equal
to 2, the long exact sequence of Corollary 4.19 is simpler, as we prove in Corollary
5.4. Note that for this sort of quivers a multi-extension algebra is automatically a
multi-extension zero algebra.

Corollary 5.4 Let QQ be a simply laced quiver with Q2 empty. Let
A == (A = xxEQoA.’E7 M = @QEQ1MG)
be a Q-data and let Aa be the corresponding multi-extension algebra. The coho-

mology long exact sequence is:

0 — 0 HH?(AA) HH(4) —

l
l

EndA,AM HHl(AA)

l
l
l

Exti_.(M,M) — HH?*(AA)

l
T
T
=
l

Ext} 'y (M,M) — HH"(Aa) — HH"(4A) —

Proof.  There are no cycles of positive length in @), so we consider the long
exact sequence of Corollary 4.19. For n > 1, we have DQ<, = Q1. More-
over we have just proven that the cohomology along an arrow a is HIT"(A) =
EXtZtm)—As(a)(MavMa)- Finally notice that @,q, EXt;lt(a)fAsm)(MmMa) =
Ext’y_ 4 (M, M). o
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Example 5.5 Let A [M] be a one point extension, where A, is an algebra and M

is a left A,-module. By definition A,[M] = < ]\IZ Xy ) = ( %y ]\]g > A one
point extension is a multi-extension algebra for the quiver x- — -y and the Q-data
(A, M) where A, = k and M, = M. Since there are no paths of length two, the
long exact sequence of Corollary 5.4 considered for A,[M] is in force. It coincides
with the long exact sequence obtained by D. Happel in [16]. Indeed, for a field k
we have HHO(k) = k, while HH" (k) = 0 if n > 0. The long exact sequence is then
as follows:

0o — 0 —  HH°(A4,[M]) — HH°(A) ek —
Enda, M —  HHY(A4,[M])) — HH'(A,) —
Exty, (M,M) — HH*(4A,[M]) — HHZ(A,) —

Extl '(M,M) — HH"(4,[M]) —  HH"(4,) —

Example 5.6 Let again Q be the quiver - — -y. Let A be a Q-data. The
corresponding multi-extension algebra is the corner algebra

A, 0 (A, M,

M, A, ) 0 A, /)’
The long exact sequence of cohomology has been obtained in this case independently
in [3], [22] and [15].

Next we consider a simply laced quiver @ and a path asa; € Q2. We set
C= At(az)r B = As(az) = At(al) and A = As(al)-

Lemma 5.7 The complex of cochains (K3, ,d) which computes H . (A) is as
follows:

0 — Homy, (M, M,,, X) 2%
Homy (C M, M, , X) & Homy, (M, BM,,, X) & Homy, (M, M,, A, X) -2

dn7 r dnf
= Dy girso—n Homi(C" My, BIM,, AP, X) ==

' d’Vl
Dyt gtrt2=nt1 Homi(C"Ma, BIM,, AP, X) —=

Proof. Note that a trajectory 7, ,, € T,,(aza1) is
Trgp = tla2)", az, s(a2)?, a1, s(a1)?
such that r + ¢ + p + 2 = n. Moreover
(Trgp)a = C" My, BIM,, AP.

The stated complex equals the one of Definition 4.14 with w = asa;. o
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Theorem 5.8 Let M,, be a B — A-bimodule and let M,, be a C — B-bimodule,
corresponding to w = asay € Qo as previously. If Tory(My,, My,) =0 forn > 0,
then

HZ" (A) = Extl_ 4 (M., Ay)

az2a1

where M, is the bimodule defined in 4.6.

Proof. Let C*(M,,) and C*(M,,) be the free resolutions of Lemma 5.2. In
particular, they are right and left B-projective resolutions of M,, and M,, re-
spectively. Consequently, the homology of the complex C*(M,,) ®p C*(M,,)
is Tory(Mg,, My, ), see for instance [21, Theorem 9.3]. Our assumption insures
that this complex is a free C' — A resolution of M,,,,. Applying the functor
Home—a(—, Ag,a, ) toit, and using the canonical isomorphism Home_ 4 (CY A, X) =
Homy (Y, X), yields the complex of cochains K o

azal -’

Theorem 5.9 Let w = agzaza; € Q3. Let A = As(al), B = As(az) C = As(a3)
and D = Ay(ay). If TorZ (My,, M,,) = Tor$ (M, Maya,) = 0 forn > 0, then
H3T(A) = Ext],_ 4 (M, AL).

Proof. The tensor product of the resolutions of M,, and M,, provides as before a
free C'— A resolution of M,,,,. In turn, we tensorize it with the resolution of M,,,
obtaining a free D — A resolution of My,a,a,- Applying the appropriate functor
yields K® o

azazxaql
Now, we consider the general situation.

Definition 5.10 Let Q be a simply laced quiver and let A be a (Q-data. A path
W = G ...a1 of length m > 2 is Tor-vanishing if

Torfb'(ai)(MamMai_l.--al) =0
fori =2,...,m and for all n > 0.

The following result is a straightforward generalization of the previous theorem.

Theorem 5.11 Let Q) be a simply laced quiver, let A be a Q-data and let w € Q,,
with m > 2, be a Tor vanishing path. For r > 0, the following holds

HP 4 (A) = Extgt(w),AS(w)(Mw, AL).

Definition 5.12 A Q-data is Tor-vanishing if all the paths of length m > 2 are Tor
vanishing.

Observe that if @ is a quiver without cycles and if its maximal paths of length
m > 2 are Tor vanishing, then the ()-data is Tor vanishing.

Corollary 5.13 Let Q be a simply laced quiver without cycles. Let A = (A, M)
be a QQ-data, and suppose that the maximal paths - excepting arrows - are Tor
vanishing. Let A be the corresponding multi-extension zero algebra. There is a
cohomology long exact sequence as follows

21



0 — HH°(Aa) — HH°(4A) —
Enda M — HH'(AA) — HH'(A)
Homa—a(M®42 M) @ Exty_ (M, M) — HH?*(AA) — HH?*(4) —

i

D, o Exth_a(M®4°, M) — HH"(Aa) — HH"(4) —

Proof. Since CQ,, = 0 for m # 0, we consider the long exact sequence of
Corollary 4.19. For a path w of length m > 2, Theorem 5.11 provides

HE T (A) = Extly, - a, (Ma, Au).

Observe that @), M, = M®4™. Moreover if a is an arrow such that M, # A,
then ExtTAt(w)_As(w)(Mw,Ma) = 0. We infer

@ Eth‘h(w)—As(w) (M, Ay) = Extly_ 4 (M®4™, M). (5.1)
WEQm

In case (@ has oriented cycles, we denote
(M®a™)p = @ Ms and (M®A™)o = @ M,,.
6€EDQm YECQm
There is a decomposition

MOA™ = (M®A™) b @ (M®4™) 6. (5.2)

Corollary 5.14 Let QQ be a simply laced quiver and A = (A, M) a Tor vanishing
Q-data, and let Aa be the corresponding multi-extension zero algebra. There is a
cohomology long exact sequence as follows

0— HH?(AA) —HHO(A) —
Enda_a M—HHY(AA) —HH(A) —
HomA_A((M®A2)D7 M) D Ext1147A(M, M)—)HHQ(AA) —>HH2(A) D HomA_A((M®A2)c, A) —

D7y s Exth_ 4 (M®4%)p, M)—HH"(Ax) > HH" (A) & D Ext}y_4((M®4%)c, A)—

r+s=n

Corollary 5.15 Let Q be a simply laced quiver and A = (A, M) a Q-data where
M is projective as A-bimodule. Let Axn be the corresponding multi-extension zero
algebra. The cohomology long exact sequence is as follows

0 — HH°(AaA) — HH(A)
Enda_a M — HH'(AA) — HHY(A)
HomA,A((M®A2)D,M) — HH2(AA) — HHQ(A)®H0mA7A((M®A2)c,A) —

U

Homa_a((M®4™)p, M) — HH"(Aa) — HH"(A) @ Homa_a((M®4")c, A) —
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Proof. Recall that A = X,cq, 4z and M = ©qeq, Ma where M, is an Ay, —
Ag(a)-bimodule. Hence M is projective as A-bimodule if and only if for every a € Q1
the bimodule M, is projective. In turn this implies that the Q-data is Tor vanishing.
The previous corollary therefore gives the long exact sequence. o

6 Multiplicative structures

The Hochschild cohomology of an algebra A is an associative algebra with the cup
product. Gerstenhaber in [12] proved that it is graded commutative. We recall that
if f/ and f are cochains of degrees n’ and n of the complex of Lemma 3.1 - for
Z = A, their cup product ' — f is the composition

A®D(n'+n) ~ A®Dn’ ®p A®pn i sy A@p A — A

where the last map is the product of A. The graded Leibniz rule
d(f' — f)=d(f") = [+ (=1)" [ —d(f)

holds, so the cup product is well defined in cohomology.
Our next purpose is to consider a cup product on the cohomology along paths
of a simply laced quiver @) provided with a data A.

Definition 6.1 Let w’ and w be paths of Q and let 7' and T be trajectories over
them, of durations n' and n respectively. Let fl, : ThA — Ay and fr :7a — A,
be cochains of (K,,d) and (K?,,d) respectively - see Definition 4.14. Their cup
product f., — f; is as follows:

e Ifw' and w are not concatenable - that is if s(w’) # t(w), then f., — f; = 0.

e Ifw' and w are concatenable, let T'T be the obvious trajectory of duration
n’ 4+ n over the concatenated path w'w. The cup product fI, — f. is the
composition

L Qf
(T'Ta=TA®TA — > Ay @Ay — Ay,

where the last map is the product in the multi-extension zero algebra Aa.
Remark 6.2 If both w' and w are not cycles, then the above product map is zero.
Proposition 6.3 The graded Leibniz rule
d(f' = N =d(f) = f+ ()" —d())
holds, and there is a well defined cup product
HZ @ HI —s HIEn,

which is zero if either w' and w are not concatenable or if both of them are not
cycles.
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The proof of the proposition is the usual one, taking into account the different
cases which occur in this setting.

Remark 6.4 Let xQx be the set of cycles of () at the vertex x. The cup product
defined above provides an algebra structure on

P He.
wezQu

Moreover HH®(A,) is a subalgebra and its complement in the direct sum is a two-
sided ideal.

The proof of the following result is straightforward.

Theorem 6.5 Let Q be a simply laced quiver, let A be a QQ-data and let Axn be
the corresponding multi-extension zero algebra.

e The cup product in HH™(AA), restricted to the images of the maps

P Hi(A) — HH(As)

§€DQ<yp
of the cohomology long exact sequence of Theorem 4.18 is zero. In other words,
the cup product annihilates on cocycles which belong to D°®.
e The family of maps
HH"(Ax) — HH"(A) & @ HI(A)
1€CQR<n
v¢Qo

of the cohomology long exact sequence of Theorem 4.18 provide a graded algebra
map.

Our next purpose is to give a formula for the connecting homomorphism
vn
HH"(4) e P HIA) —— P HIT(Q)
’YECQSn, 56DQ§7L+1

7¢Qo

of the cohomology long exact sequence of Theorem 4.18.
Observe that for each arrow a the identity map 1y, is a canonical element of

HL(A) = Enda, ., —A.., Ma. Moreover, 1), = Zate 1, € Enda_a M.

Theorem 6.6 Form <n, let v € CQ,, and let f € Hg(A). The following holds:
Valf) =1y — f+ (=1)" T f — 1y,

Moreover, V,, is of degree 1 with respect to the length of the paths, that is

Vulf)e @ HFTHQ).

0€EDQ 41
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Proof. Let 7 be a trajectory over « of duration n. We consider a cocycle f, in
C™ = (J/D)™. Note that f, has its image contained in A,, where x = s(y) = t(7).
In order to compute V,,(f;), we view f, as a cochain in J”, thus the formula 4.1
provides the equalities

df'r = Z (dfT)O' = Z (df'r)a'

oeTt UGTf’
Recall that 7 is the set of the n + I-trajectories
t<C)O7 c, S(C)perl s Qs S(am)pma T s(a2)p2 , a1, S(al)p1

where ¢ € Q1 is any arrow after w, joint with the analogous set of trajectories
obtained for any arrow ¢ before w. Consequently

dfr = 3 (L, = f)+ ()™ 3T (< L),

cExQ1 cEQ 1T

We know that 1as = 3_ o, 1a,. Moreover, if s(v) # t(a), the map 1r, — fr
is zero already at the cochain level. These observations lead to the formula. o

Remark 6.7 Let A,[M] be a one point extension corresponding to the quiver
x- — -y, see Example 5.5. For n > 0, the connecting homomorphism

Vit HH"(4y) — Ext} (M, M)
is as follows. If f € HH™(A,), then
Vulf) = (*1)n+1 (f — 1m).

Indeed, 1); — f = 0 for no-concatenation reasons. Moreover, since A, = k, the
cohomology HH®(A,) is concentrated in degree 0, where its value is k.

Through the previous remark, we end this section by linking our work to some
of the results of [14]. In that paper, an algebra map is constructed and it is shown
that it coincides with the connecting homomorphism of the long exact sequence.
Consequently this map is the above V.

It is straightforward to check that the family of maps V,, for one-point extensions
given by V,,(f) = (=1)"*(f — 1a) is indeed a graded algebra map.

Another way of considering the same fact is as follows. Let A be an algebra and
let M be a left A-module. It is well known that the Hochschild cohomology of the
A-bimodule Endy, M verifies

H™ (A, Endy M) = Ext’ (M, M).

Moreover, Endy, M being an A-bimodule, H*(A, Endy, M) is a HH®*(A)-graded
bimodule. The point is that for this specific bimodule Endy M there is a canonical
element

1y € HO(A, Endy, M) = End4 M.

In fact Endy M is more than an A-bimodule, it is also an A-module algebra for the
composition, that is the structural product map is A-balanced and is an A-bimodule
map. An immediate consequence of this is that H" (A, Endy M) is an algebra, which
is canonically isomorphic to the algebra Exty (M, M) with the Yoneda product.
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Proposition 6.8 The morphism
HH"(A) — H"(A, End, M) = Ext’y (M, M)

given by the (left or right) action on the canonical element 15 is a morphism of
algebras.

7 Square projective algebras

In this section we focus on null-square projective algebras, see for instance [10].
A square algebra is a multi-extension algebra built on the following:

e the round trip quiver
Q = g = ‘Y
where the arrow from z to y is denoted a and the reverse one is denoted b,

e a (Q-data (A, M) given by

— the algebras A, = A, Ay = B and the corner bimodules M, = M and
My, =N, hencce A=AxBandM=M& N,

— the bimodule maps
a:NgM — A and 8: M®4 N - B

verifying associativity constraints, that is the following diagrams com-
mute:

M@AN@sM—2" s M@+ A NosMosN —2" + NogB

S

B M ———> M AXA N —————> N

(7.1)
The square algebra is g

ﬁ[ ) with matrix multiplication such that if m € M
and n € N, then

(7?1 8)( g):<8 ﬁ(m()@n))and
(85)(28)-( 8)

We note that an algebra A with a chosen idempotent e provides a square algebra

A= < ;/[\é ;1}\]; >,wheref:1—e.

Definition 7.1

o o

e A square projective algebra is a square algebra such that M is a projective
A-bimodule, or, equivalently, the corner bimodules are projective.

e A null-square algebra is a square algebra such that o = 3 = 0.
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e A null-square projective algebra is a square algebra verifying both previous
requirements.

Proposition 7.2 Let A be a null-square projective algebra. For m > 0, there is a
five-term exact sequence as follows:

0 — HH2"™(A) — HH?™(A) & Homy_ (M®2™, A) T23
Homy s (M®#2™+1 M) — HH2"+L(A) —s HH2™ 1 (A) — 0.

For m = 0 the exact sequence:
0 — HHO(A) — HHO(A) Y% Ends_a M —s HH'(A) — HH'(A) — 0.
Proof. A null-square algebra is built on the round trip quiver
Q==

where cycles are precisely the paths of even length. If n is odd, then (M®4")s =0,
and (M®+"), = M®", while if n > 0 is even, then (M®4"), = 0 and (M®4") =
M®2"  Corollary 5.15 applies since M is a projective bimodule. The previous
observations show that the cohomology long exact sequence of Corollary 5.15 splits
into five-term exact sequences. o

Let V4, : Homy_s (M®:2m A) — Homy_a (M®42m+1 M) be the restric-
tion of Vs,, to the second direct summand.

Theorem 7.3 Let A be a null-square projective algebra as before. For m > 0, the
following holds:

e HH2™(A) = H?™(A) @ KerVy,,,.
e There is a short exact sequence

0 — CokerV4,, — H*™T1(A) — H*™F1(A) — 0.

Proof. We assert that Vs, restricted to HH>™(A) is zero, for m > 0. Indeed,
we know that Vs, is of degree 1 with respect to the length of paths, see Theorem
6.6. Hence

Vom(HH?™(A)) C HHZ™H(A) @ HHZ™ T H(A) = Ext}™, (M, M) = 0

since M is projective. Consequently, KerVs,, = H*™(A) @ KerVY,,. This provides
the required decomposition of HH?™(A) since the first map of the previous five-term
exact sequence is injective.

Moreover CokerVs,, = CokerV4,,, and the exact sequence of the statement
follows. o

A N

Corollary 7.4 Let A = ( M B

) be a null-square projective algebra.

e Ifn >0 and A is finite dimensional, then

dim HH"(A) > dim HH"(A) + dim HH"(B).
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e If there is a positive integer h such that M®2h = 0, then forn > h
HH™(A) = HH"(A) & HH™(B).

Proof. Since A = A x B, we have HH"(A) = HH"(A) ® HH"(B). The previous
theorem provides the results. o

Next we will consider square projective algebras where the corner bimodules are
free bimodules of rank one, that is M = BA and N = AB - recall that we drop
tensor product symbols over k. We will first prove that the bimodule morphisms «
and §3 are necessarily zero, except if A = B = k. Next we will show that V5, is
injective for m > 0.

A AB .
Theorem 7.5 Let A = BA B be a square algebra where the corner bi-
modules are free of rank one. The algebra A is a null-square algebra, except if
A=B=k.

Proof. lLeta: N®g M — Aand B: M ®4 N — B be the bimodule maps of
the data verifying the associativity constraints (7.1) for M = BA and N = AB.
We will prove that « = 8 = 0. Notice that

HOmAfA(N®BM, A) = HOmAfA(AB®BBA,A) = HomA,A(ABA,A) = Homk(B,A).

Let @ € Homg (B, A) be the linear map corresponding to « through the composition
of the previous canonical isomorphisms. Similarly, let 3 € Homy (A, B) be the
linear map corresponding to 3. A simple computation shows that the associativity
constraints (7.1) are equivalent to the following for every a € A and b € B:

l®aa(d) = pla)b®1 € BA (7.2)
1®bB(a) = alb)a®1 € AB. (7.3)
Let A’ and B’ be vector subspaces of A and B, such that A = k ® A’ and
B=k®B'. Forac Aandb e B, leta =a; +a and b = by + b be the
corresponding decompositions. B
The equality (7.2) fora=b=1gives 1 ® @(1) = 5(1) ® 1, then
loa(l)+1eal) =311+ 58(1) o1

The tensors 1 @ @(1); and B(1); ® 1 are both in k @y k, while 1@ a(1) € k@) A’
and 3(1)' ®1 € B’ ®; k belong to different direct summands of BA, which implies

that they are both zero. Moreover @(1)’ = 0 = 8(1)’. Consequently there is X € k
such that

For all @ € A and b = 1, the equality ( gives 1 ® aa(1) = B(a) ® 1, hence

a(l) =@l = A = B(1) = B().
2)
)® (7.4)

1® Xa = B(a
that is B B
1®Xa; +1®@Xd’ = B(a); ®1+ B(a) @1

If A # 0, then @’ = 0 for every a € A; the same computation for the other
associativity constraints provides b’ = 0 for every b € B, thatis A = B = k. If
A = 0 we infer from (7.4) that 8 = 0; similarly @ = 0. o
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Proposition 7.6 Let A be as in Theorem 7.5. The morphism V', is injective for
m >0, except if A=k and B =k.

Proof. From the previous result, A is a null-square projective algebra. We first
pay attention to the general case where the corner projective bimodules M and N
are not necessarily free of rank one. Consider

b - Homy s (M®22™ A) — Homy_, (M®27+1 M)

and the vector space decomposition

Vom
Homa_a (N ®p M)®4™ A) @ Homp_p (M ®4 N)®*™ B) ———

Homp_4 (M®A (N@B M)®Am,M) ® Homy_p ((M@A N)®Bm XpB M,N) .

Let [V5,,]a and [V5,,]y be the components of V5, with values in the first
and in the second target summands. Hence

KerV/Qm, = Ker [vém]M n Ker[ /2m}N .

Moreover, for (¢,1)) in the source vector space, Theorem 6.6 provides

Then
Ker [Voulay = {(:0) | lM®@p =9 ®1n}.

In other words, let
1 Homa_ 4 ((N QB M)®Am,A) — Homp_4 (M ®a (N ®p M)®Am,M)

v:Homp_p (M ®a N)#2™, B) = Homp_4 (M @4 (N @p M)®*™, M)

be defined by p(p) = 1y ® ¢ and v(¢)) = 1) ® 15. Notice that Ker [V, ],, is the
pullback of i and v.
For M = BA and N = AB there are canonical identifications:

o (N@p M)®am = A(BA)™

e M ®4 (N ®pgM)®am = (BA)™H!

e Homa_a (N ®p M)®a™ A) = Homy((BA)™ 1B, A).

e Homp_ 4 (M ®4 (N ®p M)®4™ M) = Homy(A(BA)™ 1B, BA).

For simplicity we set X = (BA)™~1. Through the previous identifications, i
corresponds to a linear map:

7 : Homp (X B, A) — Hom(AX B, BA)

o(f)la®zb)=1®af(x®D).

Similarly we obtain:

: Hom,(AX, B) - Hom,(AX B, BA)

|
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P(lla®z®b) =g(la®x)b® 1.
We suppose that foralla € A, z € X and be B

1®af(z®b)=gla®z)b®1

which is similar to the equality (7.2). Computing Ker [V5,, ] leads to the analogous
result, which is similar to (7.3). Computations equal to those in the proof of

Theorem 7.5 show that f = g = 0, except when A =k and B = k. o
. . A AB
Corollary 7.7 Let A and B be finite dimensional algebras, and let A = BA B

be the square algebra where the corner bimodules are free of rank one.
Except if A = B =k, the following hold

o HHO(A) =k x k,

e dimHH!(A) = dim HH!(A) + dim HH!(B) — (dim HH°A + dim HH’B) +
2(dim Adim B + 1),

e HH?™(A) = HH?™(A) @ HH?*™(B) for m > 0,
o dim HH?™T1(A) = dim HH?™*1(A) + dim HH?>™T1(B) +
2(dim A dim B)™(dim A dim B — 1) for m > 0.

A N \.
Proof. The center of a square algebra A = ( M B ) is

{(a,b) € HH°(A) x HH(B) | for all m € M n € N, bm = ma and an = nb}.

If M = BA and N = AB, we infer HH?(A) = k x k.
Note that, as vector spaces, Endg_4 BA = BA and Endy_p AB = AB. The
five-term exact sequence of Theorem 7.3 for m =0 is

0 — kxk — HHO(A)BHH(B) Y8 BA®AB — HH'(A) — HH'(A)GHH! (B) — 0.
Hence
2—dim HH" A—dim HH® B+2 dim A dim B—dim HH' (A)+dim HH' (A)+dim HH' (B) = 0.

The two equalities for m > 0 are a consequence of Theorem 7.3 and of Proposition
7.6. Indeed,

dimHomp_4 (M ®4 (N ®p M)®4™ M) = dimHomy(A(BA)™ 1B, BA) =
(dim A dim B)™*!
dim Hom_p (N Xp (M XA N)®Bm, N) = dim Homk(B(AB)mflA, AB) =
(dim A dim B)™*!
and
dim Hom 4_ 4 ((N XpB M)®Am, A) = dim Homk.((BA)m_lB, A) =
(dim A dim B)™
dimHomp_ 5 (M ®4 N)®5™ B) = dimHomy((AB)" 'A4,B) =
(dim A dim B)™.
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Since V4, is injective, we obtain:

dim Coker V,,, = 2(dim A dim B)"™*" — 2(dim A dim B)™.

Corollary 7.8 Let A be an algebra as in the previous result.
o HH?™+L(A) £ 0 for all m.
e Form >0, HH?*™(A) = 0 if and only if HH>™(A) = 0 = HH?>™(B).

Remark 7.9 Let A = kQa/I and B = kQp/J be finite dimensional algebras
where Q4 and Qp are finite quivers, and I and J are admissible ideals - hence Q) 4
and Qg are the Gabriel's quivers of A and B.

BA B
free of rank one.

The Gabriel quiver Q, of A is the disjoint union of Q 4 and Q g, with in addition
new arrows as follows: one arrow from each vertex of Q4 to each vertex of ) p,
and conversely. Let K be the admissible ideal of kQx generated by I, J, and all
the paths containing two new arrows. Then A = kQx /K.

Let A = ( A AB > be a square algebra where the corner bimodules are

Example 7.10 Let A = kQ4 and B = kQp be finite dimensional path algebras,
where Q 4 and QQ g are connected quivers without oriented cycles which are not both
reduced to one vertex without arrows - that is A = B = k is not considered.

Let @ be the quiver as in the previous remark, that is Q) is the disjoint union of
Q4 and Qp, with in addition new arrows joining all the vertices of Q4 to all the
vertices of Qp, and vice versa. Let K be the two sided ideal of k() generated by
the paths of the form vwu where w is a path of Q4 or of Qg, and u and v are new
arrows. Let A = kQ/K. Then

e dimHH’(A) =2,

e dimHH!(A) = dim HH'(A) 4 dim HH'(B) + 2 dim A dim B,

e dim HH?™(A) = 0, for m > 0,

e dim HH*"T1(A) = 2(dim A dim B)™(dim A dim B — 1), for m > 0.

Indeed, the Hochschild cohomology of a path algebra vanishes in degrees 2 and
higher.

8 Square projective algebras via Peirce quivers

The main purpose of this section is to describe square algebras A = < ]@ g )
which have the property that

HH"(A) = HH"(A) & HH"(B)

for n large enough.
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Recall that a system E of an algebra A is a finite set of complete orthogonal
idempotents - not necessarily primitive.

Let A be a multi-extension algebra built on a simply laced quiver with a ()-data
A. As already mentioned, the Peirce QQp-quiver of A is precisely Q.

M B
where the projective corner bimodules will be given through systems of A and B.
Let F and F be systems of the algebras A and B, respectively. If e € F and f € F,
then Bf ® eA is a projective B — A-bimodule. Hence for integers ym. > 0, the
bimodule

. . . : - A N
In this section we will consider null-square projective algebras A = ( )

M= P sm(BfeeA)

ecE feF

is also projective. Note that M is free of rank one if and only if all the integers
fme are 1.
The proof of the following is straightforward.

Lemma 8.1 Let A and B be algebras provided with systems E and F', and let Qg
and Qr be their corresponding Peirce quivers.

Let M = @.cp jer tme(Bf ®eA) and N = D,.cp e ens(Ae ® fB) be
A N
M B
projective algebra, that is the multi-extension zero algebra built on the round trip
quiver with data the algebras A and B on the vertices and the bimodules M and
N on the arrows. We set A=A X BandM=M® N.

The set EUF is a system of A, and the Pierce E'U F-quiver Qg_r of A is the
disjoint union of Qg and Qg - we view these quivers as located in horizontal up
and down plans. In addition there is a (vertical down) arrow from e to f if ym. # 0
and a (vertical up) arrow from f to e if eny # 0, see Figure 1 below.

projective bimodules and let A = be the corresponding null-square

Definition 8.2 In the situation of the previous lemma, an efficient path of Qryur
is a path of Qgur which does not contain two successive arrows of Qg, nor of Q.

Theorem 8.3 In the setting of Lemma 8.1, there exists h such that M®:h = 0 jf
and only if Qgur has no efficient cycles.

Proof. We first assert that for h > 2, we have M®:/ = 0 if and only if there
exists an efficient path which has h vertical arrows.
The following decomposition holds:

NopM= @.cepeny yme(Ad @ ['Bop Bf @A) =
f.f'er

@e,e'GE e/Mypr fMe (Ae/ ® lef ® BA) .
ff'eF

Note that if the direct summand (Ae’ ® f'Bf ® eA) is not zero, then there is
an efficient path from e to e’ which contains two vertical arrows, namely from e
to f and from f’ to €. If f # f’, then there is an arrow in Qg corresponding to
f'Bf #0, see Figure 1. If f = f’, then the vertical arrows are concatenated.

Conversely, if there is an efficient path starting at a vertex e_ € E and ending
at a vertex e’+ of E which has two vertical arrows, then there is a direct summand
of N ®g M which is non zero.
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Fig. 1

Hence, N®p M # 0 if and only if there exists an efficient path starting and end-
ing at vertices of E, and containing two vertical arrows. The analogous statement
holds for M ® 4 N.

Since M@, M = (N ®p M) ® (M ®4 N), the assertion is proved for h = 2.
For arbitrary h, the proof follows by the same type of considerations.

If there are no efficient cycles, then the length of the efficient paths is bounded,
since the number of vertical arrows is finite. Hence there exists h such that M®*" =
0. Conversely, if M®4" = 0 for some h, then M®*™ = 0 for all n > h. However, if
there is an efficient cycle with [ vertical arrows, then there are efficient paths with
rl vertical arrows for any positive integer r, and M®4"! =£ ( for all positive integers
r. o

Theorem 8.4 Let A and B be algebras provided with systems E and F respec-
tively. Let M = @ cp jer rme(Bf ® eA) and N = @ cp jep enyf(Ade @ fB)
be projective bimodules and let A = ( ﬁ[ g be the corresponding null-square
projective algebra. We set A = A x B and Ml = M & N. Suppose there are no
efficient cycles in the E'U F-Peirce quiver of A. There exists a positive integer h
such that forn > h

HH"(A) = HH"(A) & HH™(B).

Proof. According to the previous result, there exists h such that M®:h =0, and
in this situation Corollary 7.4 provides the result. o

Example 8.5 Let A = kQ 4 and B = kQ g be path algebras, where Q4 and Qp
are finite quivers, possibly with oriented cycles. We view these quivers as situated
in horizontal plans, up and down. A new quiver Q) is obtained by adding chosen
sets of vertical up and down arrows which join vertices of Q4 and QQp. Let K be
the two sided ideal of k() generated by the paths containing two vertical arrows,
and let A = kQ/K.

Suppose there are no efficient cycles with respect to the (Q4)o U (Qp)o-Peirce
quiver of A. Equivalently, suppose there are no cycles in Q of the form év . ..vévdv
or v...vovdv which have at least one vertical arrow, and where the v's belong to
the set of vertical arrows and the §'s to the set of paths of QQ 4 or of Qg. Therefore
HH™(A) = 0 for n large enough.
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Indeed, by Theorem 8.4 there exists a positive integer h such that HH™(A) =

HH™(A) @ HH™(B) if n > h. Moreover, Hochschild cohomology of a path algebra
vanishes in degrees larger or equal to 2, see e.g. [7, p. 98].
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