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INTRODUCCION

Desde los origenes de la geometria cartesiana en el siglo XVII, pasando por el
enfoque de Bernhard Riemann con su definicién de variedad diferencial, y alcan-
zando su punto algido con el impresionante trabajo llevado a cabo por Alexander
Grothendieck en el campo de la geometria algebraica, la idea de estudiar los ob-
jetos geométricos a través de sus coordenadas ha estado tan profundamente en-
raizada en el corazén mismo de la geometria que, en muchas ocasiones, resulta
dificil siquiera imaginar hacer geometria sin emplear coordenadas. Aunque to-
das estas nociones geométricas se basan en principios diferentes, todas comparten
una base comun: existe una dualidad entre los objetos geométricos y determinados
conjuntos de funciones, que podemos ver como sus coordenadas. Las diferencias
entre los distintos enfoques de la geometria yacen tan s6lo en las condiciones que
imponemos sobre dichas funciones coordenadas.

Posiblemente los ejemplos més relevantes de este tipo de dualidades sean el
“Nullstellensatz” (teorema de los ceros) de David Hilbert, que establece una cor-
respondencia uno a uno entre las variedades algebraicas afines irreducibles y las
algebras conmutativas afines reducidas sobre un cuerpo algebraicamente cerrado,
asi como el Teorema de Gelfand-Naimark, que nos da una equivalencia entre la
categoria de espacios topologicos de Hausdorff localmente compactos y la ca-
tegoria (opuesta) de las C*—dlgebras abelianas no necesariamente unitarias. La
existencia de estas y otras muchas dualidades similares ha tenido como efecto un
cambio en la nocidn que tenemos de “espacio”.

El mismo principio subyace en la interpretaciéon de la geometria como un
lenguaje para describir la realidad fisica. Por un lado tenemos la perspectiva
clasica de Isaac Newton, postulando la existencia de un espacio absoluto, en el
que los fenémenos fisicos simplemente ocurren: “las posiciones estdn predeter-
minadas, destinadas a ser habitadas por los accidentes de la materia”. Por otro
lado, teorias fisicas mds recientes propugnan un cambio de paradigma; segun el
punto de vista de Mach, “el espacio queda determinado por la materia’, de ma-
nera que el espacio deja de considerarse un mero receptaculo, para pasar a ser
un principio activo en los fenémenos fisicos, como ocurre por ejemplo con la
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desviacion de los rayos de luz que tiene lugar dentro de un campo gravitatorio.
Para Mach y Einstein, “los puntos solo aparecen entonces como etiquetas que
hacen posible identificar un evento”.

En un hermoso paralelismo, la fisica Newtoniana se corresponde con la nocién
clasica de espacio geométrico dado por un conjunto predeterminado de puntos,
mientras que las teorias de la relatividad de Einstein representan la consideracion
del espacio como una consecuencia de la realidad fisica, en correspondencia con
el punto de vista algebraico consistente en reemplazar los puntos del espacio por
los valores obtenidos al evaluar en ellos un cierto conjunto de funciones (las coor-
denadas). Una disquisicion mas elaborada sobre la evolucion de los conceptos de
espacio y simetria, tanto desde el punto de vista filos6fico como del matematico,
puede encontrarse en la magnifica revision [CarO1] escrita por Pierre Cartier.

A un nivel puramente matematico, las dualidades anteriormente mencionadas
se emplean para reemplazar un conjunto de puntos (el espacio geométrico que es-
temos tomando en consideracion) por otro cierto conjunto (a menudo algin tipo
de algebra) de funciones. Si la dualidad es razonablemente buena, las propiedades
geométricas del espacio deberian poder traducirse en propiedades algebraicas
andlogas expresadas en términos del dlgebra de funciones correspondiente. La
interpretacion fisica de este procedimiento viene a ser el reemplazo de las posi-
ciones absolutas (puntos en el espacio geométrico) por los resultados de deter-
minadas observaciones (valores de funciones definidas en el espacio). Muchas
teorias fisicas de renombre, tal y como la mecdnica Hamiltoniana, se basan com-
pletamente en esta manera de proceder. Sin embargo, las cosas se vuelven més
complicadas cuando intentamos emplear el mismo punto de vista para describir
fendmenos de naturaleza cudntica. Incluso en los casos mas sencillos, tal y como
el estudio del movimiento de un unico electrén, los observables que se correspon-
den con la posicion y el momento de la particula (que serian, en el caso clésico,
las funciones coordenadas que generan el espacio de fases) no conmutan entre si,
de modo que jdificilmente podemos interpretarlas como si se tratase de funciones
definidas sobre algtin objeto geométrico! Ya en 1926, Paul Dirac era consciente
de este problema, y propuso describir la fisica del espacio de fases en términos del
andlogo cuantizado del dlgebra de funciones, y considerando también el andlogo
cuantizado de los operadores de derivacion clasicos.

La geometria no conmutativa, en el sentido en que la describié Alain Connes
en [Con86], toma esta situacién como punto de partida, e intenta extender al caso
no conmutativo la correspondencia clasica entre los espacios geométricos y las
algebras conmutativas. Las principales motivaciones para este enfoque se basan
en los siguientes dos puntos, descritos en [Con94]:
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1. La existencia de muchos espacios que se consideran patoldgicos cuando se
estudian desde el punto de vista de las herramientas cldsicas, como sucede
con el espacio de teselaciones de Penrose, el espacio de hojas de una fo-
liacidn, o el espacio de fase en mecdnica cudntica. Cada uno de estos espa-
cios se corresponde de manera natural con un algebra no conmutativa que
contiene informacion no trivial acerca del espacio correspondiente.

2. La extension de herramientas cldsicas al caso no conmutativo, casi siempre
involucrando una reformulacién algebraica de algin concepto clésico, da
lugar a fenémenos completamente nuevos sin contrapartida cldsica, como
por ejemplo la evolucién temporal candnica que viene asociada a un espacio
de medida no conmutativo.

Desde sus inicios hace unos 20 afios, la geometria no conmutativa se ha desta-
cado como una fructifera teoria, revelando profundas relaciones con la fisica
tedrica, tal y como la reformulacion del modelo estandar de particulas elementales
(desarrollos recientes en este dambito pueden encontrarse en [Con06] y [CCMO07]),
o la teoria de niimeros, donde se ha obtenido una reformulacién de la Hipdtesis de
Riemann en términos de geometria no conmutativa (véase [Con97] para la formu-
lacion original de esta equivalencia, [CCM] para una revision mds actualizada).

Conviene sefialar que el término ‘“geometria no conmutativa” ha sido em-
pleado para describir varias teorias diferentes. Un ejemplo de otra de estas teorias,
surgida a partir de problemas similares pero empleando técnicas diferentes, es la
teorfa de Grupos Cudnticos, introducida originalmente por Vladimir Drinfeld en
su articulo [Dri87], y cuya reinterpretacion en términos geométricos (no conmu-
tativos) puede encontrarse por ejemplo en [Man88]. Referencias mas recientes en
esta materia son [Kas95], [Maj95]. Es resefiable el hecho de que algunos ejemplos
particulares de grupos cudnticos han sido recientemente interpretados dentro del
formalismo de las ternas espectrales (véase por ejemplo [DLST05]).

Otros enfoques de la geometria no conmutativa, menos relacionados con el
punto de vista espectral de Connes, incluyen a la denominada nogeometria, al-
gunos de cuyos exponentes son Maxim Kontsevich y Lieven Le Bruyn, y que
se basa en el estudio de dlgebras de tipo formalmente regular (también llamadas
algebras quasi-libres, o qurvas), que son consideradas como mdquinas para pro-
ducir un ndmero infinito de variedades ordinarias (conmutativas).

Quizés la diferencia mas relevante entre estos dos enfoques yace en el hecho
de que la nogeometria dispone de una nocién de “espacio subyacente”, que viene
a ser el espacio de las representaciones de dimension finita rep A = |, rep,, A
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asociado a la variedad no conmutativa dada por el dlgebra (formalmente regular)
A. En un trabajo reciente, [KS], Kontsevich y Soibelman consideran una inmensa
codlgebra como el objeto natural a asociar al dlgebra A con vistas a describir la
topologia del espacio subyacente a la variedad no conmutativa. Por otro lado,
la geometria diferencial no conmutativa de Connes se basa en la idea de que el
espacio sélo es relevante hasta el punto en que somos capaces de medirlo, y por
tanto queda relegado al olvido en favor del dlgebra no conmutativa (que repre-
senta las funciones o medidas definidas sobre el inexistente espacio no conmuta-
tivo). Si bien esto podria parecer a primera vista s6lo un tecnicismo, o incluso
una distincion meramente filosofica, se trata de una diferencia de gran importan-
cia, que da lugar a teorias radicalmente distintas, cada una de gran riqueza y valor
intrinseco.

En el presente trabajo, nuestra meta es llevar a cabo uno de los pasos en
el programa de traducir construcciones geométricas clasicas al formalismo del
enfoque no conmutativo de Connes. En concreto, nuestro objetivo es dar una
definicion apropiada para el representante del producto cartesiano de dos var-
iedades no conmutativas, para lo cual nos apoyaremos en la estructura de fac-
torizacion de dlgebra, introducida de manera independiente, y con objetivos di-
versos, por Daisuke Tambara en [Tam90] y Shahn Majid en [Maj90b]. La idea de
considerar la estructura de factorizacién de un dlgebra como representante de una
variedad producto surge en el trabajo desarrollado en [CSV95] por Andreas Cap,
Herman Schichl y Jifi Vanzura, donde el término “factorizacion de dlgebras™ es
rebautizado como producto tensor torcido. En lo que sigue, ambos términos se
considerardn sinénimos y serdn utilizados indistintamente. Algunos tipos espe-
ciales de factorizaciones de algebras, asi como de estructuras entrelazadas (es-
trechamente relacionadas con las factorizaciones de algebras), han sido estudi-
adas por Tomasz Brzezinski y Shahn Majid como andlogos no conmutativos de la
nocién de fibrado principal. Véase [BM98] y [BMOOb] para més detalles.

Conviene hacer algunos comentarios acerca de los métodos y técnicas em-
pleados en la presente memoria, ya que reflejan la actitud personal del autor hacia
la geometria no conmutativa. En primer lugar, y a pesar de que la mayor parte
de los resultados originales presentados en este trabajo tienen una motivacion en
conceptos de geometria diferencial no conmutativa, se ha elegido realizar un a-
cercamiento fundamentalmente algebraico a los problemas estudiados, sin hacer
practicamente ninguna referencia a los aspectos topoldgicos de la teoria, que en
el trabajo de Connes vienen codificados en la estructura de C*—édlgebra. La razén
(de nuevo, muy personal) para tomar esta decision es la idea del autor de que,
sea cual sea nuestra nocion de espacio no conmutativo, representarlo por un tinico
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objeto algebraico es demasiado restrictivo.

Pensemos por ejemplo en el circulo unidad S* como variedad. Podemos es-
tudiarlo desde el punto de vista de la geometria algebraica, empleando su anillo
coordenado O(S') = CJt, '], o bien desde el punto de vista de la geometria dife-
rencial considerando la pre-C*—algebra de las funciones diferenciables C*>°(S?!),
o mediante la C*—dlgebra de funciones continuas C'(S'), si lo que nos interesa es
centrarnos en sus aspectos topoldgicos, o incluso empleando el dlgebra de Von
Neumann de las funciones medibles, £>(S!), si queremos emplear el punto de
vista de la teoria de la medida.

Pese a que los cuatro objetos algebraicos mencionados son muy diferentes,
salta a la vista que todos ellos representan un mismo objeto geométrico. De hecho,
tenemos una relacion muy especial entre las cuatro algebras descritas. Con mayor
concrecidn, tenemos las inclusiones

Clt,t™ '] c C=(S") c O(SY) c £>(Sh)

donde cada élgebra puede obtenerse a partir de la anterior empleando una com-
pletacion adecuada (en la topologia de Fréchet para obtener las funciones deri-
vables, con la topologia de la norma para las continuas, o la topologia débil de
operadores para obtener las funciones medibles). Parece razonable esperar que en
cualquier generalizaciéon no conmutativa de los procedimientos anteriores, cual-
quier construccion de naturaleza puramente geométrica (esto es, que no dependa
de ninguna estructura adicional que pudiéramos tener afiadida a nuestro espacio
geométrico) deberia tener su andlogo a cada uno de estos niveles. Esto es, por
supuesto, lo que ocurre con la construccion del producto cartesiano de variedades,
que en geometria algebraica viene representado por el producto tensor de los ani-
llos coordenados, y en los demds niveles puede obtenerse a partir de este producto
tensor sin mas que aplicar las completaciones adecuadas. Aunque no se men-
ciona explicitamente, existen varios articulos en la literatura donde se emplea este
método (llevar a cabo las construcciones y definiciones a un nivel puramente al-
gebraico, pasando a las completaciones s6lo cuando sea necesario). Quizds los
ejemplo mds claros sean la generalizacion de la definicién de planos y esferas no
conmutativos a dimensiones superiores llevada a cabo por Alain Connes y Michel
Dubois-Violette en [CDV02], o los trabajos de Edwin Beggs, [Beg], [BBOS5].

El segundo punto a resefiar es el empleo continuado de interpretaciones de
las construcciones que llevamos a cabo desde el punto de vista de la teoria de la
deformacion. La motivacion para ello viene en esta ocasion del proceso de cuan-
tizacion del espacio de fases en fisica, donde la no conmutatividad aparece como
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una consecuencia de aplicar un cambio de escala (acercarnos mucho) a algtn sis-
tema fisico. En nuestra opinidn, siempre que tengamos un dlgebra describiendo
un objeto clasico, toda deformacién de dicho objeto que se lleve a cabo mediante
algin procedimiento razonable deberia ser un representante de algin espacio no
conmutativo relacionado de alguna manera con el objeto de partida. Esta man-
era de pensar es en gran parte origen y motivacion de los resultados descritos
en el Capitulo 5, donde todas las deformaciones en consideracion son ejemplos
de deformaciones internas, donde con este término nos referimos a que determi-
nado objeto subyacente (el espacio vectorial en el caso de dlgebras) permanece
invariante durante el proceso de deformacion. El contrapunto a las deformaciones
interiores lo pone el concepto de deformaciones formales, descritas por Murray
Gerstenhaber en [Ger64], que requieren un embebimiento del dlgebra original en
una mayor.

En el Capitulo 1 recordamos algunos resultados conocidos sobre la teoria de
estructuras de factorizacion. Siguiendo la definicion dada por Shahn Majid en
[Majo0b], por estructura de factorizacion entendemos un dlgebra C, junto con
dos morfismos de dlgebras iy : A — C'yig : B — C tales que la aplicacion
lineal asociada

p:A®B — (C
a®b +—— iala)-ig(b)

es un isomorfismo (de espacios vectoriales). La idea basica que subyace a la cons-
truccién de una estructura de factorizacién para un dlgebra C' es la de encontrar
dos subalgebras, A y B, que juntas generen C' de forma no redundante. El hecho
de que  sea un isomorfismo tiene una consecuencia inmediata: el dlgebra C' tiene
que ser isomorfa como espacio vectorial al producto tensor algebraico A® B. Por
tanto, desde un punto de vista de teoria de la deformacion, podemos decir que dar
una estructura de factorizacion a través de las dlgebras A y B es lo mismo que
encontrar una estructura de algebra en A ® B que respete las inclusiones de Ay
B.

Si Ay B son élgebras unitarias, las estructuras de factorizacién que involu-
cran a A y a B estan en correspondencia biunivoca con las aplicaciones lineales
R: B® A — A® B que verifiquen las siguientes condiciones:

Ro(B®pa)=(pa®B)o(A® R)o(R®A)

Ro(up®A)=(A® pp)o (R®B)o(BRR)
R(l®a)=a®1l, ROb®1)=1®b0 Vaec Abe B,
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que son equivalentes a requerir que la aplicacion pg := (ua @ up)o (A® R® B)
sea un producto asociativo en A ® B. En este, caso, se dice que la aplicaciéon R
es un entrelazamiento (en inglés, twisting map) entre Ay B, y a la estructura de
factorizacion que determina se le denomina el producto tensor torcido de Ay B
con respecto al entrelazamiento R. Si A y B no son unitarias, la existencia de un
entrelazamiento (salvo la compatibilidad con las unidades, que ya no tiene sen-
tido) sigue siendo suficiente para obtener una estructura de factorizacién, aunque
deja de ser una condicién necesaria.

A lo largo de la presente tesis, consideraremos tinicamente estructuras de fac-
torizacion que vengan dadas por medio de entrelazamientos (lo cual no es una
gran restriccion, ya que la mayoria de las dlgebras con las que tratamos son uni-
tarias) y consideraremos al entrelazamiento R como nuestro principal objeto de
estudio con vistas a describir las propiedades de las estructuras de factorizacion.

Histéricamente, como punto de partida de las teorias de factorizacion de es-
tructuras algebraicas podria considerarse el trabajo de Jon Beck en [Bec69], donde
se establece la nocién de ley distributiva para una pareja de ménadas (admitiendo
una posterior generalizacién dentro de la teoria de operads, como se muestra en
[Str72]). Sin embargo, la definicion categérica de estructura de factorizacion
parece ocultar algunas de sus propiedades que en nuestra opinién son mas in-
teresantes; en particular, la reinterpretaciéon geométrica.

En geometria algebraica cldsica, el anillo de coordenadas O(M x N), de la
variedad producto M x N, se factoriza como el producto tensor O(M) @ O(N)
de los correspondientes anillos coordenados de las variedades factores. Lo mismo
ocurre, a grandes rasgos, si reemplazamos los anillos coordenados por las dlgebras
de funciones (continuas o diferenciables) y el producto tensor algebraico por el
producto tensor topoldgico, en el caso de una variedad (topoldgica o diferenciable)
producto. Por tanto, el producto tensor puede considerarse el objeto algebraico
que se corresponde con un producto cartesiano a nivel geométrico. Sin embargo,
desde una perspectiva no conmutativa, esta construccion tiene un impedimento:
al tomar productos tensores estamos introduciendo cierta conmutatividad “artifi-
cial”. Mas concretamente, si consideramos los elementos de A, vistos dentro de
A ® B mediante la inclusién candnica ¢ — a ® 1, conmutan automdticamente
con los elementos de B. Si bien esto tiene perfecto sentido al nivel clésico, no
tenemos ninguna razén para imponer dicha restriccién dentro de un marco de no
conmutatividad.

Reemplazando el producto tensor cldsico A ® B por un producto tensor tor-
cido A ®g B, podemos librarnos de esta conmutatividad, y sin embargo mantener
en gran medida un comportamiento andlogo al que deberia tener un producto
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geométrico, en particular preservando la estructura algebraica original de cada
uno de los factores. Este hecho fue, a grandes rasgos, lo que inspir6 el desarrollo
de la geometria trenzada por parte de Shahn Majid y otros a principios de los 90,
si bien ellos emplearon categorias monoidales trenzadas en vez de productos ten-
sores torcidos. Mediante el reemplazo de los productos tensores por sus analogos
torcidos, conseguimos un nuevo candidato, auténticamente no conmutativo, para
ser la version algebraica de un producto cartesiano no conmutativo. Por supuesto,
este mayor grado de generalidad no puede obtenerse sin renunciar a algo a cam-
bio. En nuestro caso, la generalidad se obtiene a expensas de la unicidad, ya que
observaremos que para un par de algebras A y B dadas, por lo general existen
muchos productos tensores torcidos A ®z B no isomorfos.

Entre los resultados mencionados en el Capitulo 1, incluimos algunas con-
sideraciones realizadas por Andreas Cap, Herman Schichl y Jifi VanZura (cf.
[CSV95]) tratando con el problema de la construcciéon de médulos sobre el pro-
ducto tensor torcido de dos dlgebras, desembocando en la definicion de entrelaza-
miento de modulos. También se mencionan algunos resultados concernientes a la
construccion de un célculo diferencial producto sobre un producto tensor torcido.
De [BMO00a], recordamos algunos resultados estructurales obtenidos por Andrzej
Borowiec y Wladyslaw Marcinek, tales como la interpretacion del producto tensor
torcido como cierto cociente de un producto libre, y la nocién de ideal torcido,
que nos permite factorizar como productos tensores torcidos determinados co-
cientes de un producto tensor torcido. Otros resultados importantes mencionados
en este Capitulo son la Propiedad Universal de los productos tensores torcidos
(cf. [CIMZ00]), y la nocién de entrelazamiento involutivo, que se usa con vistas
a levantar involuciones desde un par de *—algebras a un producto tensor torcido
de ambas (véase [VDVK94]). Este Capitulo concluye con una amplia variedad
de ejemplos de algebras que surgen en diferentes dreas de las matemadticas y se
pueden describir dentro del marco de las estructuras de factorizacion.

En el Capitulo 2, comenzamos nuestro estudio en detalle de las estructuras de
factorizacion, enfrentdndonos al problema de iterar la construccién de productos
tensores torcidos de manera consistente. Demostramos que para tres algebras
dadas, A, By C, y tres entrelazamientos

Ri:BR®A— AR B,
RQC@B—>B®C,
R:y:C®RA— ARC,

podemos obtener una condicion suficiente para ser capaces de definir entrelaza-
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mientos

T110®(A®RIB)—>(A®RIB)®C,
T : (BRr, C)®A— AR (B®g, C),

asociados a I?y, Ry y R3y de tal forma que tengamos garantizado que las algebras
A®q, (B®g, C)y (A®g, B)®, C soniguales, s6lo en términos de los entre-
lazamientos Ry, R> y R3. Concretamente, los entrelazamientos deben verificar la
siguiente relacion de compatibilidad.:

(A®R2)O(R3®B)O(C®R1):(R1®C)O(B®R3)O(R2®A>'

Esta relacion puede considerarse como una version “local” de la condicidn hexa-
gonal satisfecha por la aplicacion de trenzado en una categoria monoidal (estricta)
trenzada. También demostramos que siempre que las dlgebras y los entrelaza-
mientos considerados son unitarias, la condicién de compatibilidad es también
necesaria.

También estudiamos el problema reciproco. Esto es, consideramos un entre-
lazamiento 7' : C' ® (A®gr B) — (A®gr B) ® C, y probamos que 7" puede ser
descompuesto como una composicion 7' = (A ® Ry) o (R3 ® B), donde Ry y
R3 son entrelazamientos, si, y s6lo si, 1" verifica las denominadas condiciones de
descomposicion (a derecha):

TC®(A®1))
TC®(l1®B))

(A®1)®C,

C
C 1eB)&C(C.

Al igual que ocurre para el producto tensor cldsico, y para el producto ten-
sor torcido, el producto tensor torcido iterado también satisface una Propiedad
Universal, que se establece formalmente en el Teorema 2.1.7. El principal resul-
tado estructural concerniente al producto tensor torcido iterado es el Teorema de
Coherencia (Teorema 2.1.9), que establece, en gran similitud con el Teorema de
Coherencia de MacLane para categorias monoidales, que dado cualquier nimero
de élgebras, junto con entrelazamientos entre ellas, siempre que podamos cons-
truir el producto tensor iterado de cualesquiera tres factores podemos también
construir el producto tensor torcido iterado de todas ellas, y que todas las for-
mas en las que podemos hacerlo son esencialmente idénticas. Este resultado nos
permite levantar a productos torcidos iterados arbitrarios cualquier propiedad que
pueda levantarse a productos de tres factores. Como aplicacion de los resultados
anteriores, caracterizamos los médulos definidos sobre un producto tensor torcido
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iterado, dando ademds un método (que en esencia involucra una condicién de
compatibilidad similar a la obtenida para las 4dlgebras) para construir algunos de
ellos a partir de mdodulos definidos en los factores. Desde un punto de vista mds
geométrico, mostramos cOmo construir ciertas dlgebras de formas diferenciales
(célculos diferenciales producto) y como levantar las involuciones de x—algebras
a productos tensores torcidos iterados.

Para ilustrar los resultados establecidos en el Capitulo 2, tratamos en detalle
cuatro ejemplos fundamentales. Los dos primeros (la construccién de productos
“smash’” generalizados y de productos diagonales cruzados generalizados) surgen
dentro del marco de la teoria de dlgebras de Hopf, sugiriendo el hecho de que
el estudio de las estructuras de factorizacion pueden utilizarse como herramienta
unificadora para dar algunas bases comunes para el estudio de numerosas cons-
trucciones tanto cldsicas como recientes. Los udltimos dos ejemplos tienen un
origen mas geométrico; la descripcion de los planos no conmutativos de Connes
y Dubois-Violette como productos tensores torcidos iterados nos proporciona un
medio mas sencillo para introducir el calculo diferencial producto que la origi-
nalmente propuesta, mientras que el hecho de que el dlgebra de observables de
Nill-Szlachdnyi también se escriba como ejemplo de nuestra construccidén nos
da una demostracién casi inmediata, que no requiere el calculo de ninguna rep-
resentacion, de que dicho dlgebra es una AF-algebra (esto es, una C*—dlgebra
aproximadamente finito dimensional).

El Capitulo 3 trata con el problema més fundamental de la clasificacion de
las estructuras de factorizacién. Dicho problema puede estudiarse desde dos en-
foques diferentes. Por un lado, uno puede fijar un dlgebra, e intentar estudiar
de cuantas formas puede descomponerse como producto tensor torcido de dos
subdlgebras suyas. Por otro lado, podemos llevar a cabo un estudio mas con-
structivista, partiendo de dos algebras fijas, y abordando el problema de clasificar
(salvo isomorfismo) todos los productos tensores torcidos que pueden construirse
con los factores dados.

El estudio de primer problema tiene una motivacion importante en el marco de
algebras de Hopf, donde existen numerosos resultados estableciendo un isomor-
fismo entre dos dlgebras dadas mediante diversas factorizaciones. Ejemplos de re-
sultados en esta linea son la invarianza del producto smash bajo una deformacion
realizada mediante un cociclo, la descripcion del doble de Drinfeld de un 4lgebra
de Hopf quasitriangular como un producto smash ordinario, o los resultados de
Fiore referidos al desentrelazamiento de productos tensores trenzados. Motivados
por las semejanzas existentes entre estos resultados, proporcionamos una cons-
truccion explicita de una deformacion del producto de un algebra asociativa (a la
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que denominamos el producto Martini) basado en la existencia de cierto sistema
de deformacién, y mostramos que un entrelazamiento R : B® A — A ® B en-
tre dos dlgebras puede extenderse, bajo ciertas condiciones, a un entrelazamiento
R?: B® AY — A® B que involucra la deformacién de A, y demostramos el Teo-
rema de Invarianza (Teorema 3.1.3), estableciendo que ambos productos tensores
torcidos, A ®r By A ® g« B, son isomorfos.

Este Teorema de Invarianza se generaliza a continuacion a una segunda version
(Teorema 3.1.9) que no asume ninguna descripcion concreta de la deformacion de
A, y es lo bastante general como para englobar como casos particulares a todos
los ejemplos que motivan dicha Seccion. Las versiones a izquierda y a derecha de
los teoremas de invarianza pueden unirse para dar lugar a un Teorema de Invari-
anza Iterado, que se establece formalmente en el Teorema 3.1.13. Como ventaja
afadida, nuestros resultados dan lugar a una descripcion explicita del isomorfismo
existente (asi como de su inverso) entre las estructuras de factorizacion involu-
cradas.

Para el segundo problema de clasificacion (la determinacion de todas las posi-
bles estructuras de factorizacion existentes entre dos dlgebras dadas), recordamos
algunos resultados publicados por Andrzej Borowiec y Wladyslaw Marcinek en
[BMO00Oa], dando una descripcion de todos los entrelazamientos (homogéneos) ex-
istentes entre dos dlgebras libres finitamente generadas. Como ejemplo particular
donde el problema de clasificacion puede resolverse de manera completa y satis-
factoria, mencionamos los resultados obtenidos por Claude Cibils concernientes
a la clasificacién de los duplicados no conmutativos (que no son sino produc-
tos tensores torcidos del dlgebra de funciones definidas sobre un conjunto finito
y el dlgebra k? de las funciones en un espacio de dos puntos) mediante el uso
de técnicas combinatorias (“quivers”, o grafos orientados, coloreados). Un es-
tudio pormenorizado del caso particular de los productos tensores torcidos exis-
tentes entre dos copias del dlgebra k2 pone de manifiesto un pequefio desliz en
la descripcion de las clases de isomorfismo dada por Cibils en [Cib06], que sub-
sanamos. Asimismo, la cohomologia de Hochschild de las dlgebras obtenidas es
calculada, obteniéndose un contragjemplo para un resultado publicado por José
Antonio Guccione y Juan José Guccione en [GG99], que establecia una cota (que
demostramos errénea) para la dimension de Hochschild de un producto tensor
torcido de dos dlgebras con respecto a un entrelazamiento inversible.

En el Capitulo 4 abordamos el problema mas geométrico estudiado en el pre-
sente trabajo: la construccion de un operador de conexion sobre un producto ten-
sor torcido. La nocion de conexidn, o derivada covariante, tiene un papel funda-
mental en geometria diferencial. Por un lado, se trata de la herramienta basica
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que nos permite, a través del concepto de transporte paralelo, definir las derivadas
de orden superior a 1. En particular, es la existencia de una conexién lo que
nos permite hablar de nociones como la de aceleracién en una trayectoria (curva)
sobre una variedad. Desde el punto de vista de la fisica, las conexiones se em-
plean también para codificar nociones como las teorias gravitatorias (que vienen
determinadas mediante conexiones en el fibrado cotangente), o los potenciales
electromagnéticos (cuya existencia es equivalente a la existencia de una conexién
en un fibrado de rango 1 con trivializaciones prefijadas). La definicion clésica de
conexion fue reformulada de manera completamente algebraica por Jean Louis
Koskul en [Kos60], y esta definiciéon fue mas tarde extendida a un contexto no
conmutativo por Alain Connes en su articulo [Con86]. Dada un élgebra A, so-
bre la que consideraremos un calculo diferencial prefijado (2A, y un A-mdédulo (a
derecha) I, una conexion sobre I se define como una aplicacion lineal

ViE—FE®jyu 0rA
que verifica la regla de Leibniz (por la derecha):
V(s-a)=(Vs)-a+s®da Vsé€FE acA. (0.1)

Supongamos que tenemos dos dlgebras A y B, con QA y Q0B sus respec-
tivos calculos diferenciales, £ un A-mddulo por la derecha, y /' un B—mddulo
por la derecha, de los que supondremos que representan ciertos fibrados en las
variedades no conmutativas representadas por A y B. Supongamos también que
sobre /'y F' tenemos definidas conexiones

VP E S Eo,Q'A,
Vi .FS FeQ'B

y que tenemos un entrelazamiento R : B ® A — A ® B. Nuestro objetivo es
encontrar un médulo apropiado para representar a un “fibrado producto” de los
fibrados representados por £y F', y dotar a dicho médulo de una conexion que
tenga las propiedades que podriamos esperar para una “conexién producto” de VZ
y V¥'. Demostramos, basdndonos en comparaciones con el caso cldsico en el que
E'y F representan a los fibrados tangentes sobre una variedad, que la eleccion
natural para tal médulo es £ ® B & A ® F'. Bajo condiciones de compatibilidad
apropiadas, se obtiene que el operador

V:EQBOARF — (EQB®AQF) Qagrp (VA B®A® Q' B)
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definido mediante
Vie®ba® f):=Vi(e®b)+ Vi(a® f)

es una conexion (a derecha) para el médulo £F'® B@® A® F', donde las aplicaciones
V1 y Vs estan definidas por

Vi=(Eup@UAB)o(VFRB)+(E®up@us@Q'B)o(E®dp),
Vo= (AR F@up®Q'B)o (A V) + (us ® F®ds ® ug) o 0.

Las conexiones también pueden emplearse para definir determinadas propie-
dades geométricas. Por ejemplo, la curvatura y la torsion en una variedad diferen-
cial pueden definirse de manera global empleando tan s6lo el operador de conexion
(sin necesidad de tener una métrica prefijada). Las versiones no conmutativas de
las conexiones nos permiten trasladar de manera casi literal la construccién de la
curvatura como el operador 6 : £ — E® 4%A dado por § := V2, la composicién
del operador de conexién (o0, con mas precision, de su extension a £ ® 4 QA)
consigo mismo. Calculando la curvatura de la conexion producto anteriormente
definida, encontramos el que probablemente se trate del resultado mds importante
de la presente tesis; a saber, el Teorema de Rigidez (Teorema 4.3.1), que nos dice
que la curvatura de la conexién producto viene dada por la siguiente férmula:

Ole®b,a® f)=ip(0°(e))-b+a-ip(0"(f)),

lo cual resulta sorprendente, ya que dicha expresion no depende ni del entrelaza-
miento R ni del entrelazamiento de médulos que necesitamos emplear para definir
la conexion producto V. Desde el punto de vista de la teoria de la deformacion,
este resultado se reinterpreta como la invarianza del operador de curvatura bajo el
efecto de las deformaciones obtenidas mediante la variacion del entrelazamiento.
Una consecuencia inmediata del Teorema de Rigidez es que el producto de dos
conexiones planas (esto es, aquellas que tienen curvatura 0) vuelve a ser una
conexion plana, lo cual nos deja via libre para un futuro estudio en este contexto
de la cohomologia de de Rham con coeficientes, en el sentido definido por Edwin
Beggs y Tomasz Brzezinski en [BBOS5].

Algunos de los ejemplos mds interesantes de conexiones (por ejemplo, las
conexiones lineales o las conexiones Hermiticas) se construyen sobre bimddulos,
y no simplemente sobre modulos a izquierda o a derecha. Michel Dubois-Violette
y Thierry Masson dieron en [DVM96] una nocion de compatibilidad de una co-
nexion con la estructura de bimédulo. En el Teorema 4.4.3 establecemos condi-
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ciones necesarias y suficientes para que nuestra conexion producto sea una cone-
xi6n en bimodulos. El Capitulo 4 concluye con una descripcion explicita de todas
las conexiones producto definidas sobre los planos cudnticos k, [z, y].

Para concluir, el Capitulo 5 estd dedicado, desde una perspectiva mas abs-
tracta, a dar una interpretacion mas profunda de la estructura de producto ten-
sor torcido usando técnicas de teoria de deformacion. En particular, partiendo
de un 4lgebra descrita como un producto tensor torcido, consideramos la apli-
cacion producto en dicho édlgebra como una deformacion del producto usual que
vendria dado para un producto tensor cldsico. Esto puede hacerse teniendo en
cuenta la relaciéon muag,p = pagp © 1T, siendo T la aplicacion definida por
T:=(A®7®B)o(A® R® B). Seglin comprobamos, esta aplicacién 7" que
define dicha deformacion verifica propiedades similares, pero no del todo, a las
que describen las R-matrices definidas por Richard Borcherds. La diferencia e-
xistente nos lleva a definir el concepto de twistor para un dlgebra D como una
aplicacion lineal T : D ® D — D ® D verificando las siguientes condiciones:

Tl®d) =1®d, T(d®1)=d®1, paratodod e D,
praz 0 Ti3 0 Tyg = T o puas,
piz 0 Tig 0 Tag =T o o,
T12 0 T3 = To3 0 Ths.

Estas condiciones dadas en 7' son suficientes para garantizar que la aplicacion
pol': D® D — D es un producto asociativo en D, con la misma unidad 1.

En un contexto todavia mas general, definimos las nociones de twistor tren-
zado y pseudotwistor para un algebra A en una categoria monoidal (estricta) C,
viniendo la dltima dada por 7' : A® A — A ® A un morfismo en C para el cual
existen otros dos morfismos 77,75 : AR AR A — A® A® A verificando las
siguientes condiciones:

To(u®A) =u® A To(AQu)=ARu
(A@p)oTio(T®A)=To(A® p),
(t®A)oTro(ART)=To (n® A),

Tio(T®A)o(AT)=Tho(A®T)o (T ® A).
De nuevo, las condiciones presentadas bastan para garantizar que (A, p o T, u)
vuelve a ser un dlgebra en la categoria C.

La nocién de pseudotwistor da lugar a un esquema de deformacion muy gene-
ral que nos incluye no s6lo a los productos tensores torcidos, sino también muchas
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otras construcciones, tales como las bidlgebras torcidas, las dlgebras de formas
diferenciales cuando se considera sobre ellas el producto de Fedosov, los gru-
pos cudnticos trenzados de Durdevich, el cuadrado de un operador lazo, y mu-
chos otros ejemplos no previamente relacionados que se pueden encontrar en
la literatura. Si bien las ideas desarrolladas en este Capitulo son de naturaleza
mas categdrica que en los anteriores, algunas de las construcciones geométricas
que llevamos a cabo anteriormente pueden extenderse al contexto de los pseu-
dotwistors. Asi, damos algunos resultados concernientes a la construccion y el
comportamiento de los médulos y las dlgebras de formas diferenciales.

Con la finalidad de hacer este trabajo razonablemente autocontenido, algunos
materiales no directamente relacionados con la teoria de las estructuras de factori-
zacion ha sido incluido con la forma de apéndices. En concreto, en el Apéndice A
recopilamos algunas definiciones y resultados acerca de categorias monoidales y
trenzada, en el Apéndice B damos una introduccion al célculo diagramético, una
herramienta muy util que nos permite efectuar calculos que involucren productos
tensores de manera muy efectiva, y que se emplea de manera intensa durante toda
esta tesis. En el Apéndice C recordamos la construccidn y principales propiedades
del célculo diferencial universal construido sobre un dlgebra no conmutativa, y en
el Apéndice D resumimos la construccién, en términos de generadores y rela-
ciones, de los planos no conmutativos de Connes y Dubois-Violette.
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INTRODUCTION

Since the dawn of cartesian geometry in the XVII-th century, followed by Bern-
hard Riemann’s approach to define the notion of differential manifold, and find-
ing its highest peaks with the remarkable groundwork developed by Alexander
Grothendieck in algebraic geometry, the idea of studying geometrical objects by
means of their coordinates has been so deeply linked to the very heart of geom-
etry that it becomes difficult even to imagine doing geometry without using co-
ordinates. Although all these different notions of geometry rely on very different
principles, they all share the same underlying core: there exists a duality between
geometrical objects and certain sets of functions, regarded as their coordinates.
Differences among distinct approaches to geometry yield then in the conditions
that we impose over those coordinate functions.

Possibly the most remarkable examples of this duality are David Hilbert’s
“Nullstellensatz”, establishing a one to one correspondence between (affine, ire-
ducible) algebraic varieties and commutative, reduced affine algebras over an al-
gebraically closed field, and Gelfand—Naimark’s Theorem, which gives an equiva-
lence between the category of locally compact Hausdorff spaces and the (opposite
of the) category of abelian, non necessarily unital, C*—algebras. The existence
of these and many other dualities is having the effect of changing the notion of
“space’.

Same principle underlies the understanding of geometry as a language for de-
scribing a physical reality. On the one hand we have Isaac Newton’s perspective,
postulating the existence of an absolute space, in which physical phenomena oc-
cur: “positions are predetermined, destined to be inhabited by the accidents of
matter”. On the other hand, more recent physical theories stand for a paradigm
shift; in Mach’s philosophy, “space is determined by matter”, so that the space is
no longer a mere receptacle, but an actor in physics, as the bending of light rays
in a gravitational field shows. For Mach and Einstein, “a point then only appears
as a label making it possible to identify an event”.

In a beautiful parallelism, Newtonian physics correspond with the classical no-
tion of a geometrical space given by a set of predefined points, whilst Einstein’s
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Relativity Theories represent the consideration of a space as a consequence of
physical reality, corresponding with the algebraic point of view of replacing points
by the values of certain sets of functions defined on them. More on the evolution
of the concept of space and symmetry, both from the mathematical and the philo-
sophical point of view, can be found in the wonderful survey [CarO1] by Pierre
Cartier.

At a purely mathematical level, the aforementioned dualities are used by re-
placing certain set of points (the geometrical space under consideration) by a set
(usually some kind of algebra) of functions. If the duality is good enough, geo-
metrical properties ought to be translated to their algebraic analogues in terms of
the corresponding algebra. The physical interpretation of this procedure is replac-
ing absolute positions (point in the geometrical space) by the results of certain
observations (values of functions defined in the space). Some well established
theories, like Hamiltonian Mechanics, heavily rely on this method. But things
get trickier when we try to use the same point of view in order to describe quan-
tum effects. Even in the simplest cases, as the study of the movement of a single
electron, the observables corresponding to the particle position and its momentum
(which would, in a classical framework, be the coordinate functions generating the
phase space) do not commute, so hardly can be interpreted as functions over any
geometrical space! Already in 1926, Paul Dirac was aware of this problem, and
proposed describing phase space physics in terms of the quantum analogue of the
algebra of functions, and using the quantum analogue of the classical derivations.

Noncommuttive Geometry, in the sense described by Alain Connes in [Con86],
takes this situation as its starting point, and tries to extend the classical correspon-
dences between geometric spaces and commutative algebras to the noncommuta-
tive case. Main motivation for this approach rests on two points (cf. [Con94]):

1. The existence of many natural spaces which are considered to be ill-behaved
when regarded from the point of view of the classical set-theoretic tools,
such as the space of Penrose tilings, the space of leaves of a foliation, or
the phase space in quantum mechanics. Each of these spaces correspond
in a very natural way to a noncommutative algebra that conceals nontrivial
information about the space.

2. The extension of classical tools to the noncommutative situation, involv-
ing an algebraic reformulation of them (which is often not straightforward).
Sometimes, the noncommutative reformulation of a classical concept yields
completely new phenomena with no classical counterpart, such as the exis-
tence of a canonical time evolution for a noncommutative measure space.
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Since its early developments twenty years ago, noncommutative geometry has un-
veiled itself as a fruitful theory, revealing deep relations with theoretical physics,
such as Connes description of the Standard Model in particle physics (cf. [Con06]
and [CCMO7] for some state-of-the-art surveys), and number theory, where a re-
formulation of the Riemann Hypothesis in terms of noncommutative geometry
has been done (cf. [Con97] for the original statements, [CCM] for an up to date
revision).

It is worth noting that the term “noncommutative geometry” has been used
to describe a number of different theories. An example of such a theory, arising
from similar problems but using different techniques, is the theory of Quantum
Groups, as introduced by Vladimir Drinfeld in his seminal paper [Dri87], whose
(noncommutative) geometrical interpretation can be found in [Man88]. More re-
cent references on this topic are [Kas95], [Maj95]. Some quantum groups have
been recently included within the formalism of spectral triples (cf. for instance
[DLS*03]).

Other approaches of noncommutative geometry, less related with Connes’
spectral point of view, include the more algebraic nongeometry (which could
also be called “noncommutative algebraic geometry in the large’) advocated by
Maxim Kontsevich and Lieven Le Bruyn, based on the study of formally smooth
algebras (also called quasi-free algebras, or gurves), considering them as ma-
chines for producing an infinite number of ordinary (commutative) manifolds.

Maybe the most relevant differences between these two approaches lie in the
fact that nongeometry has a notion of “underlying space”, which is the space of
(finite dimensional) representations rep A = | J, rep,, A, for the noncommutative
manifold represented by the noncommutative (formally smooth) algebra A. In
the recent paper [KS] by Maxim Kontsevich and Yan Soibelman, a huge coalge-
bra is considered as the natural object to represent the topology of the underlying
space of the noncommutative manifold. On the other hand, Connes noncommu-
tative differential geometry is based on the idea that the space is only relevant up
to the point we can measure it, and so is completely forgotten in behalf of the
noncommutative algebra (representing the functions defined over the nonexisting
noncommutative space). Whilst this might at a first sight look just a technicality,
or even just a philosophical distinction, it is indeed a huge one, leading to very
different and (each on its own) rich theories.

In the present work, our aim is to undertake one step in the program of trans-
lating classical geometrical constructions to the formalism of Connes’ noncom-
mutative approach. More precisely, our goal is to give a definition for the rep-
resentative of the cartesian product of two noncommutative manifolds, for which
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we shall rely on the structure of algebra factorization independently introduced
by Daisuke Tambara in [Tam90] and Shahn Majid in [Maj90b] with different pur-
poses. The idea of considering an algebra factorization as a product manifold
comes from the work developed in [CSV95] by Andreas Cap, Hermann Schichl
and Jifi VanZura, where an algebra factorization is rechristened with the name of
twisted tensor product. Both terms will be considered as sinonymous, and hence-
forth indistictly used in the sequel. Some special kinds of algebra factorizations,
as well as the closely related entwining structures, have also been studied by
Tomasz Brzezinski and Shahn Majid as noncommutative replacements for princi-
pal bundles, cf. [BM98] and [BMOOb] for details.

A remark should be done about the methods and techniques used in the present
memory, since they reflect the very personal point of view of the author towards
noncommutative geometry. Firstly, although the motivation for most of the origi-
nal results contained here comes from noncommutative differential geometry, the
chosen approach is completely algebraic, and almost no remarks concerning the
topological aspects of the theory (enconded in the C*—algebra structure used in
Connes’ work) are done. The (again, very personal) reason for doing this is the
author’s belief that, whathever a noncommutative space turns out to be, represent-
ing it by a unique algebraic object is way too restrictive.

If we think for instance in the unit circle S' as a manifold, it can be studied
from an algebraic geometry point of view by using its coordinate ring O(S!) =
C[t,t™!], or from a differential geometry point of view by considering the pre-C*-
algebra of smooth functions C*°(S'), or via the C*-algebra of continuous func-
tions C(S!), provided that we focus on its topological aspects, or even using the
von Neumann algebra of measurable functions £>(S') if we want to deal with
the measure theoretic aspects of it!

In spite of the fact that the four algebraic objects taken into consideration are
very different, it stands to reason that they all represent the same geometrical
object. Indeed, we have a very special relation among the above four algebras.
More concretely, we have the inclusions

Clt,t™ 1 c C>®(S") c O(S") c £=(SY)

where each algebra can be obtained from the previous one through a suitable com-
pletion (in Fréchet’s topology to obtain smooth functions, the norm topology to
obtain continuous functions, or the weak operator topology for the measurable
functions). It seems reasonble that in any noncommutative generalization of the
former approach that any purely geometrical construction (meaning those con-
structions that does not depend on particular additional structures built over the
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geometric space) should have a counterpart at each of these levels. For the clas-
sical situation, in most cases, constructions live naturally at the lowest level, and
are lifted to the higher ones again by suitable completions. This is, of course,
what happens with the cartesian product of manifolds, represented in algebraic
geometry by the usual algebraic tensor product, and at all the other levels by its
completions. Even though not explicitly mentioned, there are several places where
this technique (working at the lowest algebraic level, complete when necessary)
is used (cf. for instance the definition of noncommutative planes and spheres of
higher dimensions by Alain Connes and Michel Dubois-Violette in [CDV02], or
the works by Edwin Beggs in [Beg], [BB0S5]).

The second point to be outlined is the continued use of deformation theoretical
interpretations of the performed constructions. Motivation coming this time from
the quantization of the phase space in physics, where noncommutativity arises as
a consequence of zooming in in certain physical system. The author’s belief is that
whenever we start with an algebra describing a classical object, any deformation
of it which is obtained by a suitable procedure should be a representative of some
noncommutative space somehow related to the original one. This deformation
theoretic way of thinking was pretty much the source of motivation for Chapter 5,
where all deformations considered are inner deformations, meaning that they keep
some underlying object fixed (the vector space in the case of algebras), by con-
strast with formal deformations in the sense introduced by Murray Gerstenhaber
in [Ger64], which requires lifting the original algebra to a bigger one.

In Chapter 1 we recall some known results about the theory of factorization
structures. Following the definition given by Shahn Majid in [Maj90b], by a fac-
torization structure we mean an algebra C' together with two algebra morphisms
ig:A— Candig: B — C such that the associated map

p:A®B — C
a®b +—— iala)-ig(b)

is a linear isomorphism. The basic idea underlying the construction of an algebra
factorization for an algebra C'is finding two suitable subalgebras, A and B, that
generate C in a nonredundant way. The fact that the map ¢ is a linear isomorphism
has an immediate consequence: C' has to be isomorphic, as a vector space, to
the algebraic tensor product A ® B. Thus, from a deformation theory point of
view, giving a factorization structure through the algebras A and B is nothing but
giving an algebra structure in the vector space A ® B that respects the canonical
inclusions of A and B.
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If the algebras A and B are unital, factorization structures involving A and B
are in one to one correspondence with linear maps R : B&® A — A® B satisfying
the following conditions:

Ro(B®pa) = (pa®B)o(A® R)o(R® A)
Ro(up®A) = (A®pp)o(R®B)o(B®R)
R(l®a)=a®1, Rb®1)=1®b0 Vac Abe B,

which are equivalent to requiring that the map pg := (ua @ pp) o (A® R® B)
is an associative product on A ® B. In this case, the map R is called a twisting
map between A and B, and the factorization structure determined by it is called
the twisted tensor product of A and B associated to the twisting map R. If A
and B are not unital algebras, the existence of a twisting map (up to the unital-
ity conditions, that do not make sense anymore) is still sufficient for obtaining a
factorization structure, though it is no longer necessary.

Throughout this Thesis, we shall only consider factorization structures given
by twisting maps (which is no loss, since most of the algebras we wrok with are
unital) and we shall consider the twisting map R as the main object of study in
order to describe properties of factorization structures.

Historically, the starting point for the factorization of algebraic structures can
be considered the work [Bec69] by Jon Beck, where the notion of a distributive
law for a couple of monads (admitting a further generalization within the theory
of operads, as shown in [Str72]) is given. However, the categorical definition of a
factorization structure seems to hide some of its most (in our opinion) interesting
properties. In particular, the geometrical reinterpretation.

In classical algebraic geometry, the coordinate ring O(M x N) of the product
variety M x N turns out to factor as the tensor product O(M) @ O(N) of the
corresponding coordinate rings of the factor varieties. Pretty much the same thing
happens, replacing coordinate rings by function algebras and the tensor product
by the topological tensor product, for the algebras of (smooth/continuous) func-
tions over a product (differential) manifold. Henceforth, the tensor product can be
regarded as the natural algebraic replacement for the cartesian product at the geo-
metrical level. From a noncommutative point of view, however, this construction
has one drawback: by taking an ordinary tensor product A ® B of two (non nec-
essarily commutative) algebras, A and B,we are introducing a sort of “artificial”
commutativity. More concretely: elements belonging to A, when regarded as ele-
ments of A ® B via the canonical inclusion a — a ® 1, automagically commute
with all elements belonging to 5. There is no reason for assuming this unnatural
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commutation in the noncommutative framework.

By replacing the classical tensor product A ® B by a twisted tensor product
A ®pg B, we can get rid of this commutativity and yet keep much of the taste of a
“product-like” construction, in particular preserving the original algebraic struc-
ture of the factors. This is pretty much the spirit that inspired the development
of the so—called braided geometry by Shahn Majid and others in the early 90s,
though they used braided monoidal categories instead of twisted tensor products.
Through the replacement of tensor products by their twisted versions, we get a
new, truly noncommutative, replacement for an algebraic version of a (noncom-
mutative) cartesian product. Of course, greater generality cannot achieved without
loss. In this case, generality is obtained at the expense of uniqueness, since we
will find that for a given couple of algebras, A and B, there usually exist many
non-isomorphic twisted tensor products A @ B.

Among the recalled results of Chapter 1, we include some considerations by
Andreas Cap, Herman Schichl and Jifi Vanzura (cf. [CSV95]) dealing with the
problem of building modules over the twisted tensor products of two algebras, that
leads to the definition of module twisting maps. Also, some results concerning
the construction of a product differential calculus over a twisted tensor product are
mentioned. From [BMO00a], we recall some structural results obtained by Andrzej
Borowiec and Wladyslaw Marcinek, such as the interpretation of a twisted tensor
product as certain quotient of a free product, and the notion of twisted ideal, that
allows us to factor as twisted tensor products proper quotients of a twisted ten-
sor product. Other important results recalled here are the Universal Property for
twisted tensor products (cf. [CIMZ00]), and the notion of involutive twisting map
used in order to lift involutions from a couple of x—algebras to a twisted tensor
product of them (cf. [VDVK94]). The Chapter concludes with a wide variety of
examples of algebras arising in different areas of mathematics that fit within the
framework of factorization structures.

In Chapter 2 we start our study of factorization structures dealing with the
problem of iterating the construction of twisted tensor products in a consistent
way. We show that for three given algebras A, B and C, and three twisting maps

Ri:BR®A— A® B,
Ry:C®B— B®C,
Ry:C®RA— ARC,

a sufficient condition for being able to define twisting maps

T1:C®(A®RlB)—>(A®RlB)®C,
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Ty : (BRr, C)®A— AR (B ®g, C),

associated to Ry, Ry and R3 and ensuring that the algebras A ®1, (B ®g, C) and
(A ®g, B) @7, C are equal, can be given in terms of the twisting maps R1, R»
and R3 only. Namely, they have to satisfy the compatibility condition

(A®R2)O(R3®B)O(C®R1):(R1®C)O(B®R3)O(R2®A)-

This relation may be regarded as a “local” version of the hexagonal relation sat-
isfied by the braiding of a (strict) braided monoidal category. We also prove that
whenever the algebras and the twisting maps are unital, the compatibility condi-
tion is also necessary.

The converse problem is also studied. More concretely, we consider a twisting
map 7T : C ® (A®r B) - (A®gr B) ® C, and find that it can be split as a
composition ' = (A ® Ry) o (R3 ® B), being Ry and R3 twisting maps, if, and
only if, T" satisfies the so—called (right) splitting conditions:

TC®(A®1) C (Al)xC,
TC®(1®B)) € (1®B)xC.

As it happens for the classical tensor product, and for the twisted tensor prod-
uct, the iterated twisted tensor product also satisfies a Universal Property, which
is formally stated in Theorem 2.1.7. Main structural result concerning iterated
twisted tensor products is the Coherence Theorem (Theorem 2.1.9), stating, in big
resemblance with MacLane’s Coherence Theorem for monoidal categories, that
whenever one can build the iterated twisted product of any three factors, it is pos-
sible to construct the iterated twisted product of any number of factors, and that
all the ways one might do this are essentially the same. This result will allow
us to lift to any iterated product every property that can be lifted to three-factors
iterated products. As applications of the former results we characterize the mod-
ules over an iterated twisted tensor product, also giving a method to build some
of them from modules given over each factor, that essentially implies finding an
analogue of the compatibility condition for modules and module twisting maps.
From a more geometrical point of view, we show how to build certain algebras
of differential forms and how to lift the involutions of x—algebras to the iterated
twisted tensor products.

In order to illustrate the results established in Chapter 2, four main examples
are given. First two of them, the construction of generalized smash products and
generalized diagonal crossed products, come from Hopf algebra theory, hinting
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the fact that the study of twisted tensor product might be used as a unifying tool
in order to give some common foundations to several classical and recent con-
structions. Last two examples have more geometrical flavour; the description
of Connes and Dubois-Violette noncommutative planes as iterated twisted tensor
products provides us an easier and more natural way of introducing the differen-
tial calculi, whilst the fact that the algebra of observables of Nill-Szlachéanyi fits
our construction gives us a one line proof, which moreover does not require the
computation of any representations, of the fact that it is an AF-algebra.

Chapter 3 deals with the more fundamental problem of classification of fac-
torization structures. This problem can be studied in a twofold way. On the one
hand, one might consider one fixed algebra, and try to study in how many differ-
ent ways it can be factored as a twisted tensor product of two subalgebras. On the
other hand one can take the down-to-up approach of fixing a pair of algebras and
classifying all the algebras that can be construted as a twisted tensor product of
the given ones.

The first problem finds a strong motivation in Hopf algebra theories, where
there exist many results stating that two different algebras, all given as some kind
of factorization, are isomorphic. Examples of results of this nature are the invari-
ance of a smash product under the effect of a cocycle twist, the description of the
Drinfeld double of a quasitriangular Hopf algebra as an ordinary smash product,
or Fiore’s results concerning the unbraiding of braided tensor products. Moti-
vated by the similarities among these results, we give an explicit construction of a
deformed product (that we give the name of Martini product) based upon the exis-
tence of certain twisting datum, and show that a twistingmap R : BQA — AR B
for two algebras may be extended, under certain conditions, to a twisting map
R?: B® A? — A?® B involving the deformation of A, and prove the Invariance
Theorem (Theorem 3.1.3), stating that both twisted tensor produts, A ®z B and
A? @ pa B, are isomorphic.

This Invariance Theorem is later on generalized to a second version (Theo-
rem 3.1.9) that does not assume any particular description of the deformation of
the algebra A, and is general enough to contain all the motivating examples as
particular cases. Left and right-sided versions of the Invariance Theorems can be
merged together in an iterated version of the invariance under twisting, which is
established in Theorem 3.1.13. As an added advantage, our results give an explicit
description of the existing isomorphism (and its inverse) between the factorization
structures.

For the second classification problem (the determination of all possible twisted
tensor products of two given algebras), we recall some results published by An-
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drzej Borowiec and Wladyslaw Marcinek in [BMO00Oa], giving a description of all
(homogeneous) twisting maps existing between two free, finitely generated alge-
bras. As a particular example where the classification problem can be completely
solved in a succesful way, we mention the results obtained by Claude Cibils con-
cerning the classification of noncommutative duplicates, which are twisted tensor
products of a finite set algebra and the two-points algebra k2, by means of com-
binatorial objects (coloured quivers). A careful study of the particular problem of
finding all the twisted tensor products (up to isomorphism) of k2 with itself reveals
a small gap in the description of the isomorphism classes described by Cibils in
[Cib06], which is fixed. Also, the Hochschild cohomology of the obtained al-
gebras is computed, obtaining in particular a counterexample to a result by José
Antonio Guccione and Juan José Guccione (cf. [GG99]) establishing a bound for
the Hochschild dimension of a twisted tensor product of two algebras with respect
to an invertible twisting map.

On Chapter 4 we deal with the most geometrical problem studied in this work:
the construction of connection operators over twisted tensor products. The notion
of connection, or covariant derivative, has a fundamental role in differential ge-
ometry. On the one hand, it is the basic tool that allows, via the notion of parallel
transport, to define derivatives of order higher than one. In particular, it is the ex-
istence of a connection what allows us to speak about the acceleration on a path.
From a physical point of view, connections can also be used to encode notions
such as gravitaty theories (defined through connections over the cotangent bun-
dle) or electromagnetic potentials (connections over a rank one bundle with fixed
trivialization). The classical definition of connection was given a completely alge-
braic description by Jean Louis Koszul in [Kos60], which was later on generalized
to a noncommutative framework by Alain Connes in his paper [Con86]. Given an
algebra A, with fixed differential calculus Q2 A, and a (right) A-module £, a con-
nection over I is a linear map

ViE—FE®jyu 0rA
satisfying the (right) Leibniz rule:
V(s-a)=(Vs)-a+s®da Vsé€FE acA. (0.2)

Assume that we have two algebras A and B, with respective differential calculi
QA and 2B, F a(right) A-module, and F' a right B-module, that we shall assume
to represent certain bundles over the noncommutative manifolds represented by A
and B. Assume also that £ and F' are endowed with connections

VE.E - E®,0A,
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Vi F->FegQ'B

and a twisting map R : B® A — A ® B. Our aim is to find an appropriate
A ®pr B-module that encondes the “product bundle” of (the bundles represented
by ) £/ and F', and endow it with a connection that deserves to be called the
product connection of V¥ and VI'. We show, by comparing with the classical
situation in which E and F’ represent the tangent bundles over a manifold, that
the natural choice for such a module is ¥ ® B & A ® F. Under some suitable
compatibility conditions, we show that the operator

VIEQBPARF — (EQBO®ARF) Que,s (A2 B A®Q'B)

defined as
Vie®ba® f):=Vi(e®b)+ Va(a® f)

is a (right) connection on the module £ ® B & A ® F, where the mappings V,
and Vj, are defined by

Vi=(Eupg®QQA®B)o(VF@B)+ (E®up®@us®Q'B)o(E®dp),
Vo= (A9 FQup®Q'B)o(A® V") + (ua ® F®da @ up)oo.

Connections can also be used in order to define some geometrical proper-
ties. For instance, curvature and torsion on a differential manifold may be defined
only in terms of the connection operator (without any need of having fixed a met-
ric). Noncommutative versions of connections allow a straightforward definition
of curvature as the operator § : £ — E ®4 Q?A given by 6 := V?, the com-
position of the connection operator with itself. By computing the curvature of
the connection that we found above, we find possibly the most striking result of
the present thesis; namely, the Rigidity Theorem (Theorem 4.3.1), stating that the
curvature of the twisted product connection is given by

Ole®@b,a® f) =ip(0F(e)) - b+a-ip(0F(f)),

which is somehow surprising, since the above formula does not depend neither
on the twisting map R nor on the module twisting map used to define the product
connection V. From a deformation theoretic point of view, this can be interpreted
as an invariance of the curvature operator under the deformations obtained by
varying the twisting map. An immediate consequence of the Rigidity Theorem is
that the product of two flat connections (i.e. connections having curvature equal
to 0) is again a flat connection, leaving an open path in order to study de Rham
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cohomology with coefficients in the sense given by Edwin Beggs and Tomasz
Brzezinski in [BB05] in this framework.

Some of the most interesting examples of connections (for instance, linear
connections or Hermitian connections) are built over bimodules, rather than over
just one sided modules. A notion of compatibility of a connection with a bimodule
structure was given by Dubois-Violette and Masson in [DVM96]. In Theorem
4.4.3 we establish necessary and sufficient conditions for our product connection
to be a bimodule connection. Chapter 4 concludes with an explicit description of
all product connections over the quantum planes k,[x, y|.

Finally, Chapter 5 is devoted, from a more abstract point of view, to give a
deeper interpretation of the structure of twisted tensor products from a deforma-
tion theoretic point of view. In particular, we consider the algebra product defined
on a twisted tensor product as a deformation of the ordinary product structure.
This can be done by taking into account the relation mu g, = ftagp © 1, being
T the map defined by 7' := (A®7® B) o (A® R® B). This mapping 7" defining
such a deformation is checked to satisfy properties similar, but essentially differ-
ent, to the ones defining R-matrices in the sense of Borcherds. This difference
lead us to define the concept of twistor for an algebra D, which is a linear map
T:D®D — D® D satisfying the following conditions:

Tled =1®d, Td®1l)=d®1, forallde D,
proz © Tiz3 0 Tig = T 0 fig3,
pz 0 Tiz 0 Ta3 =T 0 fu19,
Thp 0 Toz =Tz 0 T1a.
Conditions given on 7" are sufficent to ensure that the composition po7" : D®D —
D is another associative product on D, sharing the same unit 1. In an even more
general context, we define the notions of braided twistor and pseudotwistor for
an algebra A in a (strict) monoidal category C, the lattest being a morphism (in
CO)T: A® A — A® A amorphism in C such that there exist two morphisms
T, T, : AR A® A — A® A ® A satisfying
To(uA) =u® A To(A®u)=ARu
(A@p)oTio(T®A)=To(A® p),
(h@A)oTho(ART)=To (n®A),
Tio(T®A) o(ART)=Tho(A®T)o (T ® A).
Again, the above conditions are sufficient to ensure that (A, u o T, u) is also an
algebra in C.
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The notion of pseudotwistor produces a very general deformation scheme,
that includes not only twisted tensor products, but also many other constructions,
such as twisted bialgebras, algebras of differential forms endowed with the Fe-
dosov produt, Durdevich’s braided quantum groups, squares of ribbon operators,
and many other apparently unrelated examples that can be found in the literature.
Though notions in this Chapter are fundamentally of categorical nature, some
geometrical constructions that we performed in the framework of twisted tensor
products can also be carried out for pseudotwistors. In particular, we give some
results concerning modules and algebras of differential forms.

In order to make this work as self contained as possible, some material not
directly related with the topic of twisted tensor products is collected in the form
of appendices. More concretely, in Appendix A we collect some definitions and
results concerning monoidal and braided categories, in Appendix B we give an
introduction to braiding knotation, a very useful tool for doing computations in-
volving tensor product in a graphical way that is intensively used along all the
work. In Appendix C we recall the construction and main properties of the uni-
versal differential calculus over a noncommutative algebra, and in Appendix D
we summarize the construction by means of generators and relations of Connes’
and Dubois-Violette noncommutative planes.
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1. FOUNDATIONS ON FACTORIZATION STRUCTURES

In this chapter we recall some known results upon which much of our theory will
rely. For the proofs of these results, we refer the reader to the original sources.
A survey of many of these results, including detailed proofs, can also be found in
[LPO6].

Historically, the starting point for the factorization of algebraic structures can
be considered [Bec69], where Jon Beck gave the notion of a distributive law for a
couple of monads, admitting a further generalization within the theory of operads
(see also [Str72]).

There are a number of specializations of this theory for particular cases. Ex-
amples of studies of factorization structures (also called matched pairs in this con-
text) for discrete groups, Lie groups, and Lie algebras can be found at [Tak81],
[Mic90], [Maj90a]. Possibly the most successful development along this lines,
both because of the obtained results and their physical applications, is the one of
braided geometry in Quantum Group theory, as described in [Maj90b], heavily
based on the study of certain factorization structures of algebras and Hopf alge-
bras over monoidal categories. Throughout all the present work, we shall focus in
the study of factorization structures for algebras over a (strict) monoidal category,
that most of the time we can safely assume to be the one of vector spaces over a
field k.

In this framework, the characterization and main properties for an algebra fac-
torization were independently discovered in the early 90s by Shahn Majid (cf.
[Maj90b]) and Daisuke Tambara (cf. [Tam90]), and some years later rediscovered
(and given the different name of twisted tensor product) by Andreas Cap, Herman
Schichl and Jiri VanZura in [CSV95] and by Alfons Van Daele and S. Van Keer in
[VDVK94].

The basic underlying idea is to consider any mathematical object (in our case,
an algebra), and try to rewrite it as a product of two sub-objects with minimal
intersection. From the purely algebraic point of view, the interest on this con-
struction is twofold. On the one hand, knowing such a decomposition of a given
algebra allows us to study its properties in terms of the two smaller (and hopefully
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simpler) subalgebras. On the other hand, it gives us a tool for building complicated
objects starting from easier ones, which can help us to explicitly build examples
of algebras satisfying previously fixed properties.

Our particular interest in this structure comes from a geometrical motivation.
When we consider the coordinate ring O(M x N), of a product variety, it turns
out to factor as the tensor product O(M) @ O(N) of the corresponding coordinate
rings. Pretty much the same thing happens, replacing coordinate rings by function
algebras and the tensor product by the topological tensor product, for the algebras
of (smooth/continuous) functions over a product (differential) manifold. Hence-
forth, the tensor product can be regarded as the natural algebraic replacement for
the cartesian product at the geometrical level. When taking the passage to non-
commutative geometry, however, limiting ourselves to taking tensor products does
not look like the right thing to do, since in an ordinary tensor product elements
belonging to the first factor commute with elements belonging to the second one.
We can get rid of this commutativity and yet keep much of the taste of a “product-
like” construction just replacing tensor products by some suitable deformations:
the aforementioned twisted tensor products. This is pretty much the spirit that
inspired the development of the so—called braided geometry by Shahn Majid and
others in the early 90s. In this chapter we shall recall the definition of factorization
structures (or twisted tensor products) as well as some useful characterizations of
them, and state most of the basic properties that we will need afterwards.

1.1 The basics (main definitions)

Let C be an algebra over k. A factorization structure on C (or an algebra factor-
ization of C) consists on A, B, subalgebras of C, such that the associated linear
map

(iA,iB>2A®B — C
a®b —— ila)ip(b)

is a linear isomorphism, where i4 : A — C, i : B — (C stand for the canonical
inclusions of A and B into C'. In this case, we shall also say that C'is a twisted
tensor product of A and B. An isomorphism of twisted tensor products is an
isomorphism of algebras which respects the inclusions of A and B.

So, having a factorization structure of C' means that we can find two suitable
subobjects (the subalgebras A and B) such that they generate the whole algebra
(' in a non-redundant way. The fact that the map (i4, i) is a linear isomorphism



1.1. The basics (main definitions) 33

has an immediate consequence: the algebra C' has to be isomorphic, as a vector
space, to the algebraic tensor product A ® B.

A natural question arises: given A and B two k—algebras, is there any way to
describe all the factorization structures on the vector space A ® B? A first answer
to this question, whenever A and B are unital algebras, is given by the following
result:

Theorem 1.1.1 ([Tam90], [Maj95], [CSV95]). Twisted tensor products between
A and B are in one-to-one correspondence with linearmaps R: B A — AR B
satisfying the following conditions:

Ro(B®pua) = (pa®B)o(A® R)o (R® A) (1.1)
Ro(up®A)=(A®up)o(R® B)o (B® R) (1.2)
Rl®a)=a®1, RbO®1)=1®b Yac AbEcB. (1.3)

It is straightforward checking that conditions given in the former theorem are
equivalent to the fact that the map pg := (ua®pup)o(A® R® B) is an associative
product in A® B having 1®1 as a unit. Whenever R satisfies the above conditions,
we say that R is a (unitary) twisting map, and we shall denote by A ®r B :=
(A ® B, ug) the factorization structure associated to it, that throughout will be
called the twisted tensor product of A and B associated to the twisting map R.
Essentially, if we put the classical flip 7(b ® a) := a ® b in the place of R, we
recover the well known algebra structure of the tensor product A® B. Henceforth,
we might look at the building of a twisted tensor product as the replacement of
this map 7 by a suitable map that is good enough to give us an algebra structure.

If, using a Sweedler-type notation, we denote by R(b®a) = ag®@br = a, b,
fora € A, b € B, then (1.1) and (1.2) may be rewritten as:

(aa')R X bR = (IRCL; X (bR)7-, (14)
ap @ (bb/>R = (@R)r ® brblR (15)

In braiding notation, we will represent a twisting map R : B® A — A® B
B A

by a crossing >§I , where we will omit the label R whenever there is no risk of
A B
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confusion, and equations (1.1) and (1.2) are represented respectively by

B A A B B A B B A

B U y
A L YL
s Y

whilst unitality conditions (1.3) read

A A B B
®@1_1® ® @
)=, | and )=
Mol X
A B A B A B A B

It is worth noticing that multiplications in A ® B defined by twisting maps are
exactly those associative multiplications, having 1 ® 1 as a unit, which are left A—
module homomorphisms and right B—module homomorphisms for the canonical
corresponding actions.

Many interesting examples of twisting maps arise when we consider R is a
bijective map. Concerning this situation, we can state the next result:

Proposition 1.1.2 ([CMZ02]). Let A®pr B be a twisted tensor product of algebras
such that the map R is bijective, and denote by V : A ® B — B ® A its inverse.
Then V is also a twisting map and R is an algebra isomorphism between B ®y A
and A ®p B.

Twisting maps may be characterized in an alternative way that turns out to be
very useful when dealing with differential forms, as well as when dealing with
some classification problems.

Let A, B be unital algebras, and consider the space L(A, A® B) of linear maps
defined in A with values in A ® B. On this space we can define a multiplication
by

o= (A® pp) o (9@ B) o, (1.6)

where 11 denotes the multiplication on B.

Proposition 1.1.3 ([CSV95]). (L(A, A ® B), ) is an associative unital algebra
with unit given by the map a — a ® 1.



1.2. Algebraic properties. Trying to use classical tools 35

In a similar way, we can define a multiplication * on L(B, A ® B) by

px1 = (na®B)o (A1),
for which L(B, A ® B) is an associative algebra with unit b — 1 ® b.

Proposition 1.1.4 ([CSV95]). A linear map R : B® A — A ® B is a twisting
map if, and only if, the two associated maps

B — L(A,A(X)B) A — L(B,A@B)
b — Ry a —— R°

defined by R(a) := R(b ® a) =: R*(b), are unital algebra morphisms.

1.2 Algebraic properties. Trying to use classical tools

Given a construction, the twisted tensor product, that arises in a purely algebraic
framework, the factorization problem, and that is achieved by means of an ap-
parently small fiddling with the definition of the product structure in the tensor
product, it is natural to wonder whether all the classical constructions that we
can perform over a tensor product can be directly translated to a twisted tensor
product. In this section we summarize some results concerning this issue.

1.2.1 Modules over twisted tensor products

When trying to describe an algebra, modules stand out as one of the most basic
aspects to be taken into account, being the core of such as broad topic as Repre-
sentation Theory is. Thus, the first question to address is the following: given A
and B algebras, if we know some information about their modules, what can we
say about modules over a twisted tensor product A ®r B?

In particular, assume that we have M, N left modules over A and B respec-
tively,and R : B® A — A ® B a twisting map, can we define in M ® N a left
module structure over A @ B is such a way that it is compatible with the inclu-
sion of A, that is, such that (a ® 1) - (m®n) =am @ nforalla € A, m € M,
andn € N?

There is a natural approach to this question, consisting on looking for an ex-
change map 7y : B® M — M ® B, and then define the action

Ay = (A ® Ag) 0 (A® 13y ® N).
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As it happened with the twisting maps for algebras, we will need some extra
conditions in 7, if we want A\, to be a module action.

A linear mapping 75y : B® M — M ® B is called a (left) module twisting
map if it satisfies the following conditions

m(l®@m) = m®1 forallme M, (1.7)
o (up@ M) = (M ®ug)o(ty ® B)o(B®Ty) (1.8)
Mo (BR@A4) = (AM®B)o(A®@Ty)o (R M), (1.9)

B M

If we denote by N the module twisting map, the module twisting conditions

look the same as A‘fhg twisting conditions for algebra twisting maps (replacing A
by M). Whenever we have 7, : B® M — M ® B a module twisting map, the
mapping \-,, = (A4 ®Ap)o (AR 7y @ N) defines a left module action in M @ N
over A ®r B which is compatible with the inclusion of A for any B—module
N. However, unlike it happens for twisting maps and factorization structures,
we do not have in general a one-to-one correspondence between module twisting
maps and module structures over the twisted tensor product, being the existence
of a module twisting map just a sufficient condition to ensure the existence of an
(A ®g B)-module structure on M ® N.

Under certain further assumptions a sort of converse can be obtained. Recall
that a B—module N is said to be faithful (called effective in [CSV93]) if the
algebra morphism B — L(N,N) = Endy(N) is injective, or, equivalently, if
bN = 0 implies b = 0.

Theorem 1.2.1 ([CSV95])). If M is k—projective and for one faithful B—module
N the map A, defines a left action which is compatible with the inclusion of A,
then 7, is a module twisting map.

Module twisting maps admit a similar characterization to the one given before
for twisting maps. First, consider the space L(N, M ® B). As before, this space
is a unital associative algebra with multiplication defined by

px1h:=(M® ug)o(p® B) o1,

and unit m — m ® 1. On the other hand, consider the space L(B, M ® B). On
this space, we can define a left A—action by

a-@p:=(Aa®B)o(A®yp)o R,

where R* : B — A ® B is given by R*(b) := R(b ® a). This action makes
L(B, M ® B) into a left A-module, allowing us to obtain the following result:
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Proposition 1.2.2 ([CSV95]). A linear map 7, : B® M — M ® B is a module
twisting map if, and only if, the associated map B — L(M, M ® B) is a homo-
morphism of unital algebras and the associated map M — L(B,M ® B) is a
homomorphism of left A-modules.

What we have done above for left modules can be developed in a completely
analogous way for right modules. As a matter of fact, starting with a twisting
map R: B® A — A® B, aright A~-module M and a right B—module N, we are
looking for a right A® zr B-module structure on M ® N such that (m®n)-(1®b) =
m ® nb, thus we need an exchange map 7y : N ® A — A ® N, and define the
action p,,, := (pa® pp) o (M ® Ty ® B), where the p’s denote the corresponding
right actions. We will call 7y a right module twisting map if it satisfies

w(n®l) = 1®n forallne N, (1.10)
TNO(N®pua) = (a®@N)o(AR7y)o (Th ® A) (1.11)
vo(pp®A) = (A®pp)o(tn ® B)o (N ® R), (1.12)

and the obvious theorem relating right module actions on M ® N with right mod-
ule twisting maps holds. Also, we can give an associative unital algebra structure
on L(N,A® N) via

prii=(pa®@N)o(A®Y)ogp,
and a right B—module structure on L(A, A ® N) via
w-b:=(A®pp)o(p® B)o Ry,

being Ry(a) := R(b ® a), and the obvious analogous to the left twisting module
maps characterization holds.

It is worth noticing that, though the following procedure gives us a way to
construct modules over a twisted tensor product, in general it is not true that all
modules over the twisted tensor product can be constructed in this way! More
concretely, given X a left A ®z B—module, we should not expect that there exist
a left A-module M and a left B—module N, plus a module twisting map, such
that X = M ®,,, N. For this far more general situation, most we can say is the
following result, which is well known but not easy to find in the literature (the,
almost trivial, proof can be found for instance in [JMLPPVO]):

Proposition 1.2.3. Let A ®z B a twisted tensor product associated to the twisting
map R, and let X be a k—vector space. The following are equivalent:
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1. X has a structure of (left) A ® p B—module.

2. X has a structure of (left) A—module, a structure of (left) B—module, and
both structures are compatible, meaning that

)\BO(B®)\A):>\AO(A®)\B)OR, (1.13)
where \ 4, \p stand for the actions of A and B over X.

Remark. The compatibility condition required in the former proposition is written
down in Seedler-type notation as follows:

b-(a-m)=ag-(bg-m), foralla € A,b € B,m e M. (1.14)

A study of certain module categories over structures closely related with twisted
tensor products (such as the so-called entwining structures) may be performed us-
ing techniques coming from Yeter-Drinfeld modules, and Doi-Koppinen modules.
This approach is far away from our main interests, so we just suggest any reader
interested in these topics to resort to [CMZ02] and references therein.

1.2.2 Twisted tensor products as quotients of free products

In classical Ring Theory, it is common to present algebras in terms of generators
and relations, which means starting from a free algebra giving the generators, and
then to quotient out by the required relations. A generalization of the structure of
free algebra is given by the free produc of two algebras. In this Section we briefly
recall the construction of this product and show how a twisted tensor product can
also be described as a quotient of a free product.

Given two (unital, associative) algebras A and B, the (algebraic) free product
of Aand B, denoted by A x B, is defined to be the algebra consisting in all formal
finite sums of monomials of the form a; * b; * ag * --- and by x ay * by * - - -,
being a; € A, b; € B non-scalar elements. In other words, A % B is the algebra
generated by all the elements of A and B, with no further relation amongst them
than the identification of the unit elements 14 = 1p (and henceforth of all the
scalars A € k). It is straightforward to check that the free product of algebras is
commutative and associative, that is, for any algebras A, B and C' we have that

AxB=BxA, and (AxB)xC = Ax(BxC).

Moreover, if A; is a subalgebra of A and B is a subalgebra of B, then A; x B is
a subalgebra of A % B. In particular, both A and B are subalgebras of A x B.
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The free product of algebras is often defined through the following universal
property:

Theorem 1.2.4. Let A, B, C algebras, and assume that we have algebra mor-
phisms v : A — C'and v : B — (), then there exist a unique algebra morphism
w : Ax B — (C such that

u=woj4, and v=wojg,

that is, the following diagram is commutative:

where 74 and jp stand for the canonical inclusions of A and B into A x B.

Under the conditions of the previous result, it is worth noticing that the map
w is surjective (and so C'is a quotient of A x B) if, and only if, C' is generated by
the images of A and B.

A simple, but very useful, example of algebraic free products is given by tensor
algebras. If U and V' are two vector spaces, the free product of the tensor algebras
TU and T'V is precisely

TU«TV = T(U & V),

the tensor algebra over the direct sum U & V.
We may also construct the free product of algebra maps. If f : A — C and
g : B — D are algebra morphisms, the map f x g : Ax B — C % D given by

Fxg(---xbxax---):=---xg(b)* f(a)*---

is also an algebra morphism, which is called the free product of f and g. 1t is
a well known fact that the map f * g is injective (respectively, surjective) if, and
only if, the maps f and g are injective (resp. surjective).

Consider now, for A and B algebras, ideals /4 < A, Iz < B, and let

J(Ia,Ig) = Iax B+ AxIp;
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then, if we consider the canonical projections 74 : A — A/I4 and 75 : B —
B/Ig, by the above discussion the free product map

TaxTp: Ax B — (A/I4) x (B/Ip)
is surjective, and thus we have that
(A/I4)* (B/Ig) = (Ax B)/Ker(ma *7mp).

It is easy to verify that Ker(my x mg) = 4 % B+ Ax Ig = J(Ia, Ip), and so we
get
(AxB)/J(1a,15) = (A/14) * (B/Ip).

The ideal J (14, Ip) is called the free ideal generated by I 4 and Ip.

If we have a twistingmap R : B® A — A® B, then the twisted tensor product
A ®pr B is generated by the canonical images of A and B; henceforth, A ®z B
may be realized as a quotient of the free product algebra A x B. More precisely,
we have the following result:

Lemma 1.2.5 ([BMO00a]). Let A, B algebras, R : B® A — A ® B a twisting
map, then we have
A@RBg (A*B)/[R7

where I is the ideal of A x B given by

Ir = ({bxa—ag*xbg: a€ A be B}).

1.2.3 Ideals on twisted tensor products

Another classical tool in Ring Theory is the study of ideals. Albeit when dealing
with noncommutative algebras the prime and maximal spectra are not as useful
tools as in the commutative case, a good knowledge of the two-sided ideals of an
algebra may yield useful information about its structural properties. For instance,
Noether and Artin properties are characterized by means of ideals. Also, ideals are
needed in order to build quotient structures. In this Section, we shall state some
properties of ideals in twisted tensor products, and show some conditions under
which a quotient of a twisted tensor product is again a twisted tensor product.
Assume that A®r B and A’ @ g B’ are twisted tensor products of the algebras
A, B and A’, B’ respectively. An algebra morphism h : A @z B — A’ Qp
B’ is said to be a twisted tensor product algebra morphism if there exist two
algebra morphisms, f : A — A’ and g : B — B’, such that h = f ® g. Note
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that, in general, the tensor product of two algebra morphisms does not have to
be an algebra morphism for the twisted tensor products. However, we have the
following result:

Lemma 1.2.6 ((BMO0Oa]). Let f : A — A’, g : B — B’ algebra morphisms; then
h := f ® g is a twisted tensor product algebra morphism if, and only if, we have

(f®g)loR=Ro(g®f), (1.15)

that is, if, and only if, the following diagram commutes:

BoA-—-A®B

g®fl J{f@g

BoA-YsAwB

Let A and B be algebras, R : B® A — A ® B a twisting map for A and B,
and J < A ®pr B atwo-sided ideal in A ® g B. The ideal J is said to be a twisted
ideal (also called a crossed ideal in [BMO00a)) if the quotient map 7 : A ®r B —
(A®g B)/J is a twisted tensor product algebra morphism, that is, if there exist
certain algebras, A’ and B’, and a twisting map R’ : B’ ® A’ — A’ ® B’ such that

(ApB)/J = A'@pr B

Assume that J<JIA®g B is a twisted ideal as above. By the definition of twisted
tensor product morphism, there must exist two algebra morphisms 74 : A — A’,
wp : B — B’ such that 7 = 74 ® mg. Since 7 is a surjective map, both 74
and 7 must be surjective, and henceforth there must exist two two-sided ideals
Iy<Aand I <Bsuchthat A’ = A/I, and B’ = B/Ip. Then, we may assume
the twisting map R’ to be defined in B/Ip ® A/I4, and the following diagram

commutes:

B® A R A® B (1.16)

TBRT A i i TARTR
(B/Is) ® (A/14) 2> (A/14) ® (B/Ig).
This proves the following result:

Lemma 1.2.7 ((BMO00a]). Let A, B be algebras, R: B® A — A ® B a twisting
map, and J < A ®g B a twisted ideal, then there exist ideals [, < A, Iz < B and
atwistingmap R : (B/Ip) ® (A/I4) — (A/I4) ® (B/Ip), such that

(A®r B)/J = (A/l4) @r (B/Ip) .
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We are also interested in the converse statement. Namely, for given ideals
14 < Aand Ig < B, we would like to find a twisted ideal J < A ® p B such that
(A®gr B)/J = (A]14) @p (B/Ip).

In the first place, let us consider the particular case in which one of the ideals
is trivial. We say that an ideal /4 < A is a left R-ideal in A R B if [, ® B is
a twisted ideal in A ®, B. Left R—ideals may be characterized by the following
criterion:

Lemma 1.2.8 ([BM00a]). Anideal /4 <A is a left R—ideal in A®g B if, and only
if

R(B®1,) C 14 ® B. (1.17)

As an immediate consequence of the proof of the former result, we obtain
that given /4 < A a left R—ideal in A ®pg B, there exists a twisting map R’ :
B® A/I4 — A/I4 ® B such that

(A®r B)/(Ia® B) = (A/14) ®r B.

In this situation of the last result, we say that the algebra (A/I4) Qg B is a
left factor of the twisted tensor product A @ B.

We might define the notion of a right R—-ideal 3 <B in a completely analogous
way, recovering a result similar to the one for left R—ideals, and obtaining a right
factor of A @ B as the quotient

(A®rB)/(A® Ip) = A®p (B/Ip).

If we have 14 < A aleft R—ideal, and I < B aright R—ideal, we define the twisted
ideal generated by [ , and [ as

‘]IAJB = ]A®B+A®]B
We can summarize all the above discussion in the following result:
Theorem 1.2.9 ([BMO00a]). If J;, 1, is the twisted ideal generated by the left R—
ideal /4 < A and the right R-ideal /g < B, then there exists a twisting map

R : (B/Ig)® (A/14) — (A/14) ® (B/Ip) such that

(A®r B)/J1 15 = (A/I4) @r (B/Ip).
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In the situation of the Theorem, we will say that (A/I4)®gr (B/Ig) is a factor
of the twisted tensor product A @ B.

So far we have dealt with the problem of finding factors of a twisted tensor
product, relating them to twisted ideals. A sort of converse problem may be stated.
Namely, given a twisted tensor product algebra A®@r B, we might wonder whether
there exist algebras A and B, together with a twistingmap R: B& A — A® B
such that A ®r B is the image of A ®7 B under some surjective twisted tensor
product algebra morphism, that is, such that there exists a couple of (surjective)
maps hg : B — Band hy : A — A making the following diagram commutative:

BoA—=AwB
hp®ha i J/hA ®hp

BoA-L~AB

If this is the case, we will say that A® B B is a twisted tensor product cover
for A ®r B. We will come back to this problem, and state some necessary and
sufficient conditions for the existence of twisted tensor products covers (under
some extra conditions) in Section 3.2.

1.2.4 Universal property of twisted tensor products

In classical Homological Algebra, the usual tensor product is commonly intro-
duced by means of its universal property, where the commutation between el-
ements belonging to the first factor and elements belonging to the second one
is implicitly required. In this property, we have to consider the canonical al-
gebra monomorphisms iy : A — A® B andig : B — A ® B given by
iaa) ;= a®1and ig(b) :== 1 ® b, respectively. Because of the twisting map
conditions, these maps are still algebra morphisms when we consider a twisted
tensor product A ®r B instead of A ® B. Moreover, twisted tensor products may
be characterized as algebra structures, defined on A® B, such that the above maps
are algebra inclusions and satisfying a ® b = i4(a)ig(b) foralla € A, b € B. As
a consequence, with a slight modification, that essentially involves replacing the
usual flip by the twisting map, one may also state a universal property for twisted
tensor products, as shown in [CIMZ00]:

Theorem 1.2.10 ([CIMZO00]). Let A, B be two algebras,and R : BA — A® B
a unital twisting map. Given an algebra X, and algebra morphisms u : A — X,
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v : B — X such that
pxo(v®@u)=pxo(u®v)oR, (1.18)
then we can find a unique algebra map ¢ : A ® g B — X such that

poix=u, (1.19)
poig =w. (1.20)

1.3 Geometrical aspects

Beyond just limiting ourselves to deal with algebraic properties of factorization
structures coming from its similarity with the tensor product, we might as well
consider the interpretation of a classical tensor product as the representative of
(the coordinte ring of) a product manifold, and see whether (algebraic counter-
parts of) geometrical objects constructed upon the tensor product admit a nice
generalization to factorization structures. This is roughly the idea that brought
people working in Noncommutative Geometry to the realm of factorization struc-
tures.

1.3.1 Differential forms over twisted tensor products

There is no way of talking about Differential Geometry without mentioning tan-
gent spaces. The existence of a tangent bundle is what makes the difference be-
tween a topological and a differential manifold. Also in the algebraic case, tangent
spaces are defined, and used as a tool to give the appropriate notion of singularity
in algebraic varieties. Even more useful than the notion of a tangent space is its
dual notion, namely, the space of differential 1-forms. Differential forms give us
pretty much the same information as vector fields do, with the added advantage
of being easily extended to higher orders, giving rise to the so-called exterior al-
gebra over a manifold. Amongst other things, the exterior algebra turns out to
ge a differential graded algebra, with an associated cohomology theory which is
nothing less than the infamous de Rham cohomology (well known for its close re-
lation with Integration Theory). The exterior algebra admits a nice generalization
to the noncommutative framework, where it is replaced by a differential calculus,
which is a differential graded algebra usually obtained as a quotient of the uni-
versal one. A brief introduction to differential calculi and their properties can be
found in Appendix C. In this Section, we want to show how we can explicitly con-
struct a differential calculus over a factorization structure, provided that we know
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suitable differential calculi over the factors. Differential calculi over factorization
structures can also be studied (in the braided case) from the point of view of their
relation with bundles. Further details on this approach can be found in [Maj99].

Let A be a unital algebra and let B be a unital differential graded algebra with
differential dz; consider the algebra L(A, A ® B) of linear maps, with multiplica-
tion * given as in (1.6):

p*9 = (A®pup)o(p®B)oy.

Obviously, this is a graded algebra with respect to the grading inherited from the
grading of B. Now, a differential in this algebra is defined by

dp:=(A®dg) o .

A straightforward computation shows that (L(A, A®QB), d) is a differential graded
algebra (cf. [CSV95] for details). Using this fact, together with the universal prop-
erty of universal differential forms (see Appendix C), we may obtain the following
result:

Theorem 1.3.1 ([CSV95]). Let A, B be two algebras. Then any twisting map
R : B® A - A® B extends to a unique twisting map R : 2B ® QA —
QA ®C)B between the corresponding universal differential calculi, which satisfies
the conditions

Ro(dg®QA) = (e4®dg)o R, (1.21)
Ro(QB®ds) = (da®ep)oR, (1.22)

where d4 and dg denote the differentials on 24 and 2B, and ¢4, €p stand for
the gradings on 24 and Q2, respectively. Moreover, QA ® 5 1B is a differential
graded algebra with differential d(p ® w) := dap @ w + (—1)¥lp @ dpw.

Conditions (1.21) and (1.22) can be translated, in braiding notation, to the

equalities
QBQA  QBQA QBQA  QBQA

dB‘ dA‘ /}
= and ~ E[&
da|[eB|
7N 7N
QAQB QAQB QAQB QAQB

respectively. We shall use extensively this way of describing the compatibility
between the twisting map and the differentials later on.
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Let us now return to the case of general differential forms. Assume that we
have A and B differential graded algebras such that A = A and B° = B, and a
twisting map R : B® A — A ® B. Considering that A and B are algebras of
differential forms, it is a reasonable assumption that they are quotients of {2A and
QB respectively. Algebraically, this just means that they are generated, as differ-
ential algebras, by their O—th degree components. Assuming this, there is an easy
procedure to check whether R induces a twisting map (that, if it were the case,
would be clearly uniquely determined by the compatibility with the differentials)
on these algebras of differential forms. First, consider the map B — L(A, A® B)
associated to . In the proof of Theorem 1.3.1 is shown that this map induces a
morphism of differential graded algebras 2B — L(A, A ® B), so we just have
to check whether this morphism factors through B. If this is the case, it is easy
to show that then it corresponds, as in the case of universal differential forms,
to a twisting map: following again the same procedure as in the proof of 1.3.1,
we consider the map A — L°(B, A ® B), which induces a morphism of graded
differential algebras QA — L°(B,QA ® B), and again we have to check if this
morphism factors to A. If this is the case, as in the former theorem we can prove
that it corresponds to a twistingmap R : B ® A — A ® B.

1.3.2 Twisted tensor products of x—algebras

In Connes’ approach to Noncommutative Geometry, algebras with involutions
play a central role. Either in their most topological version (C*—algebras) or just
as their algebraic approximation (pre—C*—algebras), the involution is always at
hand and has to be taken into account. So, there is little hope that we can effec-
tively develop an interpretation of factorization structures from the noncommu-
tative geometry point of view unless we are able to control how twisting maps
behave under the effect of involutions. There are two main problems in this area.
Firstly, at the algebraic level, we would like to be able to build an involution in
a twisted tensor product whenever we have involutions in the factors (provided
that we have some nice conditions on the twisting map, of course). The second
one deals with the topological aspect of C'*—algebras; it is a well known fact that
the algebraic tensor product of two C'*—algebras is not, in general, another C*—
algebra, the problem not coming from the involution, but from completeness. In
general (unless the algebras involved are nuclear) the way of taking a C* com-
pletion of an algebraic tensor product is not unique, so we have to distinguish
among a family of different completions. Henceforth, in order to fully cover the
(C*—algebra case, we should be able to deal with all these different completions.
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However, the techniques needed to deal with this problem are so varied (starting
with the papers on topological tensor products by Grothendieck, see [Gro53] and
references therein) that we have no choice but leaving them for future works.

Throughout this Section, algebras will be assumed to be defined over the field
C of complex numbers.

Some generalities

If we have A and B two (unital) x—algebras, and some twistingmap R : B A —
A ® B, any nice way of extending the involutions from A and B to the twisted
tensor product A @ B should satisfy

(@ob) = (@0 1) r(10h) =18 wel).  (1.23)

Moreover, we would like the algebra morphisms 74 and ip to be also x—algebra
morphisms, henceforth having (¢ ® 1)* = ¢* ® 1 and (1 ® b)* = 1 ® b*. Under
these premises, the logical definition of the involution is

(a®b)":= R(b"®a"), (1.24)

that is, if the involutions in A and B are denoted j4 and jg respectively, the
involution map would be defined as R o (jg ® ja) o 7. Obviously, if we want this
map to be an involution, we need its square to be the identity map on A®pz B. All
this can be formalized in the following result:

Theorem 1.3.2 (([VDVK94]). If A and B are x—algebras with involutions j4 and
jp,and R: B® A — A ® B is a twisting map such that

(Ro(jp®ja)oT)o(Ro(jp®ja)oT)=A® B, (1.25)
then A ®p B is a x—algebra with involution Ro (jg ® ja) o7, where 7 : A® B —
B ® A denotes the usual flip. Moreover, if R is unital, then i4 and ig become

*x—morphisms.

Whenever R satisfies the former compatibility condition with respect to the
involutions, we shall call it an involutive twisting map. The involutive condition
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is written down in braiding notation in the following way:

il

Twisted enveloping and representations

Sometimes we deal with C—algebras that are not x—algebras, and we would like to
describe all the possible x—algebra extensions of them. In order to deal with this
problem, we introduce the notion of conjugated algebras and twisted enveloping
algebras. Given associative algebras (over the complex numbers) A and B, we say
that B is a conjugated algebra of A if there exists an antilinear anti—isomorphism
% : A — B such that:

(ab)* =b"a*, (aa)" =aa. (1.26)

If A and B are conjugated, we denote the inverse anti—-isomorphism B — A with
the same symbol *, so that (a*)* = a. For a given algebra A, we denote its con-
jugated algebra by A* (realize that it follows immediately from the definition that
the conjugated algebra always exists). As a vector space A* is always isomorphic
to the complex conjugate space A, and as an algebra it is isomorphic to A°P.

If we consider a twisted tensor product Wx(A) := AR A* between an algebra
and its conjugate, we might try to define the natural x—operation imposing the
relation

(a®b") :==b®a”,

for all a,b € A. Then the following holds:

Lemma 1.3.3 ([BMO0Oa]). The algebra Wx(A) is a x—algebra if, and only if

(R(b*®a))* = R(a" ®b) (1.27)
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Remark 1.3.4. Compare this statement with equation (1.25).

Any twisting map R : A* ® A — A ® A* satisfying the relation (1.27) is
called a «—twisting map. If R is a x—twisting map, the twisted tensor product
algebra Wg(A) := A* ®g A is called the twisted enveloping algebra of A with
respect to R.

Remark 1.3.5. Note that the classical flip 7 trivially satisfies condition (1.27),
and so the notion of twisted enveloping algebra generalizes the classical notion of
enveloping algebra.

Let us now consider the twisted enveloping algebra Wg(A), where A = T'E is
a free algebra, and F is a (non necessarily finite—dimensional) complex separable
Hilbert space with orthonormal basis {z'};c7, and R is an arbitrary *—twisting
map. In this situation, we may identify the conjugated algebra A* with the tensor
algebra T'E*, being E* the complex conjugated space of E. We have a pairing
() : E® E* — C associated to the scalar product, given by

gp(z" @ 27) = (2¥]27) := (2'[27) = §;. (1.28)

Consider now R : E* ® E — E ® E* a linear Hermitian operator with matrix
elements o A .
R(z" ®2’) := Z Rpak @ 2, (1.29)

and let us take the so—called Hermitian Wick algebra defined as

~

E(R) :=T(E & E)/I5, (1.30)

where the ideal I3 is given by

I = <x*l o - Zﬁzxk Qz* — (x“]:cj)>

Theorem 1.3.6 (Jgrgensen, SchmiLt and Werner, [JSW95]).

The Hermitian Wick algebra W (R) is isomorphic to the twisted enveloping al-
gebra Wx(TE) of the free algebra T'E with respect to the (nonhomogeneous)

twisting map R generated by R+ JE-

Consider now an algebra A presented as A = T'E/I4. For the conjugated
algebra A*, we may choose the presentation A* = T'E*/I*. Observe that, if 14 is
aleft R—ideal, since R : TE* @ TE — TE @ T'E™ 1s a x—twisting map, then I}
is aright R—-ideal. Hence, there exists a twisting map R’ : A*® A — A® A*, and
we may build the twisted enveloping algebra Wg/(A) = A @p A*.
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Theorem 1.3.7 ([BM00a]). Let H be a vector space, L(H) the algebra of linear
operators acting on H,and let A, B be arbitrary algebrasand R : B A — AR B
a twisting map. Assume that we are given 74 and 7 representations of A and B
on L(H), and that for all « € A, b € B we have

mg(b)ma(a) = ma(ar)mp(br), (1.31)

that is, we have the identity
HL(H)O(TFB@WA):ML(H)O(TFA®7TB)OR; (132)

then there is a unique representation 7 of A @ B in L(H) such that m4 = 74
and mB = TRB-

A representation defined as above is called a twisted product of the represen-
tations m4 and mp. It is easy to see that the converse of this theorem also holds.
Namely, if we have a representation m of A ®r B in L(H ), then there exist repre-
sentations 74 and g of A and B such that 7 is equal to the twisted product of 74
and 5.

Let us study the particular case of representations of twisted enveloping al-
gebras. Given a representation 7 : A — L(H) of a complex algebra A in a
Hilbert space H, one can define the conjugate representation 7' : A* — L(H)
by 7' (a*) := (7(a)), where { stands for the standard Hermitian adjoint in L(H).
We have proven the following result:

Theorem 1.3.8 ([BMO0Oa]). Let W := A ®p A* be a twisted enveloping algebra
of A,if m: A — L(H) is a representation of A in a Hilbert space H, such that

m(b)in(a) = m(ag)m(bg), (1.33)

then there is a unique Hermitian representation my, : W — L(H) such that
(7T W)| A= T.

Twisted tensor products of C*—algebras

When trying to extend the theory of twisted tensor products to the framework
of C*-algebras, we face the problem of non—uniqueness of the tensor product.
Though this difficulty can be avoided restricting ourselves to study only nuclear
algebras, it might be interesting to set up topological constraints in order to deal
with different topological tensor products of C*—algebras (for instance, defining
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the notion of spatial and maximal twisted tensor products). Here, we will only
deal with the algebraic tensor product, assuming that we are given a C*—norm in
the target algebra.

Given A, B, C' three C*—algebras, and C*-algebra morphisms j4 : A — C
and jp : B — (), consider the linear map

j:A®B — C
a®b — ja(a)jg(b)

We will say that (C, ja,jp) is a C*—twisted tensor product of A and B if the
following conditions are satisfied:

(1) j(A® B) is a dense subset of C'.
(2) The map j is injective.

Realize that, unlike for the case of general algebras, we do not require the map j
to be surjective, but only to have dense image. We would like to stress again that
this definition strongly depends on the choice of the tensor product norm. Also,
it is worth noticing that this definition of C*—twisted tensor product generalizes
the definition of C*—tensor product, being a twisted tensor product (C,ja,jp)
an ordinary C*—tensor product if, and only if, ja(a)js(b) = jp(b)ja(a) for all
acAbeDB.

If we have (C, ja,jp) and (C', 7'y, %) two twisted tensor products of A and
B, we say that they are equivalent if there exists a C*—algebra isomorphism ¢ :
C' — (' such that j'y = po jsand j3 = @ o jp.

Given (C, ja, jp) a C*—twisted tensor product of two C*—algebras A and B,
any C*-algebra morphism ¢ : C' — D is uniquely determined by the projections
w o j4 and ¢ o jp. More concretely, we have

PO (@i ®@b)) =D (poja)a)- (9o ip)bi).

More details on the development of this viewpoint can be found in [Wor96].
To go any further in this direction, we would need to use some techniques coming
from different areas of mathematics (namely from Functional Analysis and Oper-
ator Algebra Theory, cf. [Gro53]), and thus we will leave this approach for future
works.
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1.4 Examples

In this section, we will show different examples that illustrate the theory of fac-
torization structures. These structures pop up in a number of different areas of
mathematics. Beyond some examples arising in classical Ring Theory, they come
up naturally as part of Hopf algebra factorizations (cf. [Majo0b], [Maj95]). An-
other well known example is the braided tensor product A®B of two algebras,
as described un [Maj90b]. More examples can be found in Number Theory, like
for instance the description of the quaternions as a twisted tensor product over the
reals of two copies of the field of complex numbers (cf. [BMOOb], [CIMZ00]).
Last, but not least, there are some examples of physical interest, like some al-
gebras obtained by quantization of phase spaces, that can be described as fac-
torization structures in a natural way, the simplest example being the Heisenberg
algebra, that can be seen as a twisted tensor product of the algebras generated by
the momentum and position operators (cf. [CSV95]).

1.4.1 Examples coming from classical theory

Example 1.4.1 (The classical tensor product). For any two given algebras A and
B, the classical flip

T:BA — AQB
b®a — a®b

trivially satisfies all the needed conditions for being a twisting map. The twisted
tensor product induced by this twisting map is the classical tensor product of
algebras A ®@ B.

Example 1.4.2 (Graded tensor product). Let A = @, ., A" and B = P, ., B"
two separated (i.e., A° = B? = k), positively graded algebras, and consider the
mapping defined for all a € A™, b € B™ homogeneous elements by

T (b®a) = (=1)""a®b.
The linear extension of 7,, is a twisting map, and the twisted tensor product

that it induces is precisely the graded tensor product A ®,, B.

Example 1.4.3 (Skew group algebra). If GG is a discrete group acting on the left by
automorphisms over an algebra A, there is a natural twisting map R : kG ® A —
A® kG givenby R(g ® a) := (g - a) ® g. The twisted tensor product A @ kG
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is nothing but the classical skew group algebra A x G. Furthermore, if A is a *—
algebra, and we consider the involution in kG given by g +— ¢!, the skew group
algebra A ®g kG has a x—algebra structure.

Example 1.4.4 (Group algebras of products of matched pairs of groups). Let K be
a group factoring as K = G H for G, H subgroups of K such that H NG = {1x}.
It is a well known result that in this situation the couple (G, H) is a matched pair
of groups, and that K = H > G, being < the product associated to this pair (see
[Tak81]). Consider

GxH — H
(g.h) +— g-h,
GxH —
(g,h) — 4",

the respective group actions, and define

R:kGokH — kH®EG
gh — g-h@g"

forall g € G and h € H. This map R is a twisting map, and we have that
kH ®@p kG = k[H > G].

Example 1.4.5 (Ore extensions). Let A be any k—algebra, and B = k[t] the
polynomial ring in one variable. Consider two k-linear maps 0 : A — A and
0 : A — A, and consider the mapping

R:k[tj® A — AQK[t]
t®a — o(a)@t+0(a)®1,

for all @ € A. Whenever o(14) = 14, 6(14) = 0, o is an algebra map, and 0 is
a o—derivation, this mapping extends to a unique twisting map R. If this is the
case, then the twisted tensor product A ®p k|t] is obviously isomorphic to the Ore
extension Alt; o, 4] associated to o and J. In other words, the map R is a twisting
map if, and only if, the maps ¢ and § define an Ore extension of A.

In this example, the twisting map R is invertible if, and only if, o is an algebra
automorphism, and thus all Ore extensions not given by automorphisms give us
examples of twisted tensor products given by noninvertible twisting maps.
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Example 1.4.6 (Generalized Quaternion algebra). Take a,b € k elements of the
base field, and let A := k[z]/(z* — a), B := k[y]/(y* — b). 1dentifying x and y
with their images in A, B, respectively. Define themap R: B® A — A® B by

Rly®z) = -2 Q.

There is a unique twisting map R that extends the above definition. Moreover,
we have that the twisted tensor product A ®r B is isomorphic to the generalized
quaternion algebra k°.

As a particular case of this example, if we take k = R, a = b = —1, we obtain
that the algebras A and B are both isomorphic to the field of complex numbers C,
and for the twisted product A ®r B, we get that

H=C®gC,

that is, the quaternion algebra can be recovered as a twisted tensor product over
the real numbers of two copies of the field of complex numbers!

Example 1.4.7 (Matrix rings, cf. [BMOOb]). Assume that our field k£ contains ¢
a primitive n—th root of unity. Then the full matrix ring M, (k) factorizes as a
twisted tensor product M, (k) = kZ, ®g kZ,, where we can consider the two
copies of kZ,, as generated by

01 0
é 2 - 8 001 0
g:=1|. . . ,andh:=1|: : ¢ . | respectively.
: 000 --- 1
. n—1
00 1 100 - 0

These elements satisfy hg = qgh, thus we can define the twisting map R as the
unique extension of the mapping defined in generators by

R1®1l):=1®1, R1®g) =9g®1, R(h®1l):=1®h, R(h®g) =q-g®h
to kZ,, Q@ kZ,,.

1.4.2 Examples arising from Hopf algebra theory

Example 1.4.8 (The smash product). Let B be a bialgebra with comultiplication
A and counit ¢, satisfying the usual coassociativity and counital relations:

(BA)oA=(A®B)oA,
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(e®@B)oA=1® B,
(Be)oA=B®Il.

Let also A be a B—module algebra, that is, A is an algebra endowed with a
module action > : B ® A — A such that

br> (aa') = (by > a)(by > a'),
1>a=a,

for all elements a,a’ € A, b € B. We have the following result:

Lemma 1.4.9. Given B bialgebra, and A a B—module algebra as above, the map-
ping defined by

R:BRA — A®B
b®a +—— (b1|>a)®b2

is a twisting map.

PROOF We will show that the twisting conditions (1.1) and (1.2) are satisfied. For
(1.1) we have, on the one hand,

R(B®us)(b®a®ad) R(b® ad') =
(1

by > (aad") @ by =

=

((b1)1 > @)((by)e &> @) @ by =

(bl > a)(bg > CL) ® b3,

=

where in [1] we are using the properties of the action >, and in [2] the coassocia-
tivity condition. On the other hand, we have

(14 ® BYAQR)(R@A)b®a®d) = (1a®B)ARR)(bi>a)®b@d)=
(ua @ B)((bi>a) @ ((ba)a > a') @ (ba)2) L
(b1 > a)(by > a') ® b,

—_

where in [1] we use again the coassociativity. This proves the first twisting condi-
tion, whilst the second one may be checked in a similar way, concluding that R is
a twisting map.
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U

For the twisted tensor product algebra A ®z B given by this twisting map, the
product can be explicitly described as

(a®b)(d @) =a(by>a") @b,

hence we see that the algebra A ® g B is precisely the well known smash product
of a bialgebra and a module algebra. When both A and B are endowed with
a Hopf algebra structure, this twisted tensor product also coincide with the so—
called semi—simple product of Hopf algebras.

Example 1.4.10 (Crossed product). Let A, B a dual pair of Hopf algebras, that
is, assume that A and B are Hopf algebras endowed with a pairing

(V:BRA — k
such that

(A(b),a®d) = (bad), (1.34)
W,a) = Bl A), (1.35)

where we are considering the obvious extension of (-,-) to B® B ® A ® A given
by
bV, ,a®d) :=(ba)d,d).

Then we may define a left action of the algebra B on A by the expression
br>a:= (b,as) ay. (1.36)

It is easily shown that A has a structure of left B—-module algebra under this action,
and that the mapping R : B ® A — A ® B defined by

R(b X CL) = (b1 > CL) ® by = <b1, CL2> a1 ® bg, (1.37)

is a twisting map. The corresponding twisted tensor product A ® g B (also called
the crossed product of A and B) has been used as a description of noncommuta-
tive differential operators on A.

Example 1.4.11 (Quasitriangular bialgebras). Let us recall the definition of quasi-
triangular Hopf algebras (see [Mon93] or [CMZ02] for a more complete revision).
A quasitriangular bialgebra (or Hopf algebra) is a pair (H, x), where H is a bial-
gebra (resp. a Hopf algebra) and x = 2! ® 2> € H ® H such that:
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(QT1) A(z!) ® 22 = 2327,
(QT2) e(z')a* =1,
(QT3) 2! ® A(2?) = 213212,
(QT4) z'e(2?) =1,
(QT5) A“P(h)x = xzA(h) forall h € H,
where z'2, 2% and 2% are the elements of H ® H ® H given by
2= @01, Pe=reled P=los e

Remark. If (H,x) is a quasitriangular Hopf algebra, then the element z is au-
tomatically invertible, and we have z=! = S(z!) ® z%. A quasitriangular Hopf
algebra is said to be friangular if we have 7! = 7(2) = 2? ® z!.

Assume then that we have a bialgebra H together with an elementx € H ® H
such that the properties (QT1)—(QT4) are satisfied, and let A, B be left H-module
algebras; then, the map defined by

R=R,:B®A — A®B
bRa — Ry (b®a):=2"-a®z' b

is a twisting map.
Example 1.4.12 (The Drinfeld double). Let H be a finite—dimensional Hopf al-
gebra, with antipode S, denote by H* the dual Hopf algebra, with antipode S*,

let S and S* the composition inverses of S, S* respectively, and consider the left
coadjoint action of H on H* given by

hl>f=h14f’—§h2= (h1, f3) <§h27f1>f2, (1.38)
and the right coadjoint action of H on H* given by
f<Qh=Shy = f < hy = (Shy, f3) (ha, f1) fo. (1.39)

When H is finite—dimensional, these actions make the co—opposite Hopf alge-
bra H*“? into a left H—module algebra, and H into a right H*“°’—module alge-
bra. The Drinfeld double (or quantum double) of H is the Hopf algebra having
H*°P @ H as underlying vector space, algebra structure given by

(f@n)(f @) = f(hi> f3) @ (ha < f)I, (1.40)
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the natural tensor product coalgebra structure, and antipode given by
If we define the linear map

R : H® H*Cop N H*Cop ® H
h@f +— (hi> f2) ®(hy < f1)

we can check that R is a twisting map, and the algebra structure induced by R
in H*°? ® H coincides with the algebra structure of D(H). In other words, as
an algebra, the Drinfeld double can be described as the twisted tensor product
[ *cop ®R H.

1.4.3 Geometrical examples

Example 1.4.13 (Quantum tori). Consider the algebra A := C|z, 2] of complex
Laurent polynomials in one variable (or the algebra of regular functions on the unit
circle) and let ¢ be a complex number of modulus 1. Then define R : A ® A —
A® Aby R(z* @ 2') := ¢"2! @ 2F. A simple computation shows that R defines
a twisting map. In fact, this example is just a special instance of Example 1.4.3,
since we can identify A with the group ring of Z.

Note that we can complete the algebra A to the algebra of Schwartz sequences
(i.e. sequences which decay faster than any polynomial) and the above twisting
map is still well defined and it is continuous for the natural Frechet topology.

Example 1.4.14 (Quantum plane). Let A = k[x], B = k[y| polynomial rings in
one variable, and fix ¢ € k \ {0} a nonzero scalar. The map

R:kly|@klz] — k[z] ® kly]
yj®3ci — qijxi®yj

is a twisting map, being the twisted tensor product k[z] ® g k[y] isomorphic to the
classical quantum plane k,[z, y]. A similar discussion applies to Connes noncom-
mutative 4—plane C,, (R;‘) (which is a twisted tensor product of two commutative
x—algebras, cf. [CDV02], [JMLPPVO]) and to the Weyl algebra A;, also known
as the Heisenberg plane. Note that both the quantum plane and the Heisenberg al-
gebra descriptions as twisted tensor products are also covered by their realizations
as Ore extensions.
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2.1 Generalities

In this Section, our aim is to study the construction of iterated twisted tensor
products. If we think about twisted tensor products as natural noncommutative
analogues for the usual cartesian product of spaces, it is natural to require that the
product of three or more spaces still respects every single factor.

Morally, the construction of a twisting map boils down to giving a rule for ex-
changing factors between the algebras involved in the product. A natural way for
doing this would be to perform a series of two factors twists, that should be related
to the already given notion of twisting map, and to apply algebra multiplication in
each factor afterwards.

Suppose that A, B and C' are algebras, let

Ri:B®A— A® B,
Ry:C®B — B®C,
Ry:C®A—ARC

be (unital) twisting maps, and consider the application
T :C®(A®g B) — (A®g, B)®C
given by 7} := (A ® Ry) o (R3 ® B). We can also build the map
Ty : (BRr, C)®A — A®(B®g, C)

given by 7, = (R; ® C) o (B ® R3). It is a natural question to ask if these
maps are twisting maps. In general, this is not the case, as we will show in
(Counter)example 2.1.2. In the following Theorem, we state necessary and suffi-
cient conditions for this to happen.

Theorem 2.1.1. With the above notation, the following conditions are equivalent:
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1. T} is a twisting map.
2. T, is a twisting map.

3. The maps R, 5 and 73 satisfy the following compatibility condition (called
the hexagon equation):

(A®Ry)o(R3®B)o(C®R;) = (R ®C)o(B®Rs)o(Ry®A), (2.1)

that is, the following diagram is commutative.

CoAeBE L A coB
y %
CRB®R A AR B C

R1®C
Ro®A
B®R3

BRC®A——BA®C

Moreover, if all the three conditions are satisfied, then the algebras A @7, (B ®rg,
() and (A ®g, B) @7, C are equal. In this case, we will denote this algebra by
A ®p, B®g, C.

PROOF We prove only the equivalence between (1) and (3), being the equivalence
between (2) and (3) completely analogous.

Suppose that the hexagon equation is satisfied. In order to prove that 73
is a twisting map, we have to check the conditions (1.1) and (1.2) for 7}, namely,
we have to check the relations

Tio(C®pur,) = (tr, ®C)o(A®B®T)o (11 ® A® B), (2.2)
Tio(pe®A®B) = (A@B®puc)o (i ®C)o(C&T). (23)

To prove this we use braiding notation. Taking into account that the hexagon
equation is written as:
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the proof of condition (2.2) is given by:

C AB AB C ABAB
C ABAB C AB AB }f\}! >}JJ
\J ) \J | | |
f\{ y /\J 2 /| y \
) v, RVA
avs HERY
~ ~
A B C A B C A B C A B C

where in [1] we use the twisting condition for Rj, in [2] we use the twisting condi-
tion for Ry, and in [3] we use the hexagon equation. On the other hand, condition
(2.3) is proven as follows:

C C A B C C A B

i ) U

coan L N
) J /

e ) e )

B LW 'V

A B C A B C A B C

where now [1] is due to the twisting conditions for R3, and [2] to twisting condi-
tions for Ry. This proves that 7} satisfies the pentagonal equations. Furthermore,
if Ry and Rj3 are unital, then we have

Ti(c®1®1) = (AQR)(R3®@B)(c®1®1)=(AR)(1®c®1)=
= 1®1®c,

T(1®axb) = (AQR)(R3®@B)(10a®b)=(A® Ry)(a®1®Db) =
= a®b®1,

so T} is also a unital twisting map.

Now we assume (2.2) and (2.3). It is enough to apply (2.2) to an element
of the form c® 1 ®b® a ® 1 in order to recover the hexagon equation for a generic
element ¢ ® b ® a of the tensor product C ® B ® A.

To finish the proof, assume that the three equivalent conditions are satisfied.
To see that the algebras A ®r, (B ®pg, C) and (A ®g, B) @, C are equal, it is
enough to expand the expressions of the products

pr, = (a @ ppry) o (A®T®B®C),
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HTy = (MRI ®MC)O(A®B®T1®C)7

and realize that they are exactly the same application, for which we only have to
observe that

(A BRRy)o(Ri®C®B)=Ri @R, =(Ri®B®C)o(BRAR®R,).

g

When three twisting maps satisfy the hypotheses of Theorem 2.1.1, we will
say either that they are compatible twisting maps, or that the twisting maps satisfy
the hexagon (or braid) equation.

Remark. 1f the twisting maps R; are not unital, the hexagon equation is still suf-
ficient for getting associative products associated to 77 and 75, but in general we
need unitality to recover the compatibility condition from the associativity of the
iterated products.

One could wonder whether the braid relation is automatically satisfied for any
three unital twisting maps. This is not the case, as the following example shows:

Example 2.1.2. Take H a noncocommutative (finite dimensional) bialgebra, A =
B = H*,C = H. Consider the left regular action of H on H* given by

(h = p)(h) := p(W'h);

with this action, H* becomes a left /—module algebra, so we can define the twist-
ing map induced by the action as:

c:H®H* — H'®H
h®@p —— (hlép)@)hg.
If we consider now the twistingmaps Ry : BRA— ARB, Ry :C® B —

B®RC,R3:C®A— A®C,defined as Ry := 7, Ry, = R3 := 0, being 7 the
usual flip, then the braid relation among R?;, I?2 and R3 boils down to the equality

(h1 = q) ® (hg = p) @ hg = (hy = q) ® (h1 — p) ® hs,

forall h € H, p,q € H*, but this relation is false, as we chose H to be nonco-
commutative.
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Remark 2.1.3. The multiplication in the algebra A ®g, B ®p, C' can be given,
using the Sweedler-type notation recalled before, by the formula:

(a@b®@c)(d @V @) =aldg,)r, @ brbR, ® (cry)r,¢.  (24)

The next natural question that arises is whether whenever we have a twisting
map 7T : C ® (A®g B) — (A ®g B) ® C, it splits as a composition of two
suitable twisting maps. Once again, this is not possible in general, as will be
shown in (counter)example 2.1.5. The following result establishes necessary nd
sufficient conditions for the splitting of a twisting map:

Theorem 2.1.4 (Right splitting). Let A, B, C be algebras, R1 : B A —- AR B
and 7T : C ® (A®g, B) — (A ®g, B) ® C unital twisting maps. The following
are equivalent:

1. Thereexist Ry : C® B — B®Cand R3 : C® A — A® C twisting maps
suchthat 7' = (A ® Rz) o (R3 ® B).

2. The map 7' satisfies the (right) splitting conditions:

A1) ®C, 2.5)
(1®B)®C. (2.6)

H
Q
®
£
®
—
N 1N

Remark. The second condition in the Theorem shows a close relation with the
definition of T—ideals; except for the fact that neither A ® 1 nor 1 ® B are ideals
of A ®r B, but only sub-objects (subvector spaces). We might have defined a
notion of T'—stable sub-object when we defined the notion of R—ideal, but such a
concept is not needed in the forthcoming, and henceforth will not be used.

PROOF

It is trivial.

Because of the conditions imposed to 7', themap Ry : C ® B — B® C
given as the only k-linear map such that (us®Ry)o(7®B) = To(C®(ua®B)) is
well defined. From the fact that 7" is a twisting map it is immediately deduced that
also R is a twisting map. Analogously, we can define R : C® A — A®C as the
only k-linear map such that (A®7)o(R3®up) = To(CR(A®ug)), which is also
a well defined twisting map. We only have to check that 7' = (A® Rs) o (R3® B).
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Using braiding notation we have

C A c A B c\*jx B
cis | Jea|
s <
_ m\/’/@i @
A B C (\/I ! /
JU Y
73
ABC A B C A B C
c A B

«

—©

Il
(" c /\2
b S|

Il
]
o

N
y——
Q

as we wanted to show, and where in [1] we are using that T is a twisting map, and
in [2] and [3] the definitions of R5 and R respectively.
g

Again, we can ask ourselves whether the condition we required for the twisting
map 7' to split might be trivial. The following example shows a situation in which
an iterated twisted tensor product cannot be split:

Example 2.1.5. We give an example of twisting maps R : B® A — A® B and
T:C®(A®rB) — (A®g B)® C for which it is not true that T'(c® (a® 1)) €
(A1l)®Cforalla € A, ce C.

Let H be a finite dimensional Hopf algebra with antipode S. Recall (cf. Example
1.4.12) that the Drinfeld double D(H) is a Hopf algebra having H**? @ H as
coalgebra structure and multiplication

(p@h) (P @) =phi = p — S7(hy)) @ hol,

for all p,p’ € H* and h,h’ € H, where — and ~ are the left and right regular
actions of [/ on H* given by

(h = p)(I') == p(h'h), and
(p — h)(K) = p(hI),
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respectively. The Heisenberg double H(H) is the smash product H# H*, where
H* acts on H via the left regular action p — h = p(hy)hy. Recall from [Lu94]
that H(H ) becomes a left D(H )-module algebra, with action

(p@h) = (W ®q) = pa(hy)ge(h) (k] @ psqiS* (1)),

for all p,q € H* and h,h’ € H, which is just the left regular action of D(H) on
H(H) identified as vector space with D(H)*.
Now, we take A = H, B = H*, C = DH), R : H*® H — H ® H*,
R(p®h)=p; — h®ps (hence H®pr H* = H#H* = H(H)) and
T:DH)®H(H)— H(H)® D(H),
T((peh) @ (W ®q)=pPeh)— N eqa@Pah),

(hence H(H) ®r D(H) = H(H)#D(H), so T is a twisting map). Now we can
see that

T((p@h)® (M ®1)) = ps(hy)(h} @ psS™ " (p2)) ® (p1 ® h),

which in general does not belong to (H ® 1) ® D(H).

Of course, there exists an analogous left splitting theorem, that we state for
completeness, and whose proof is analogous to the former one.

Theorem 2.1.6 (Left splitting). Let A, B, C be algebras, R, : C ® B — B® C
and T : (B®g, C)® A — A® (B ®g, C) twisting maps. The following are
equivalent:

1. Thereexist R : BRA —- AR Band R3: C ® A — A® C twisting maps
suchthat 7' = (R; ® C) o (B ® R3).

2. The map 7' satisfies the (left) splitting conditions:

A (1), .7
A®(B®1). (2.3)

The universal property (Theorem 1.2.10) formerly stated can be easily ex-
tended to the iterated setting, as we show in the following result:
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Theorem 2.1.7. Let (A, B,C, Ry, R, R3) be as in Theorem 2.1.1. Assume that
we have an -algebra X and algebra morphismsu : A — X, v: B — X, w:C —
X, such that

pxo(w@vu)=pxo(u®vew)o(AR® Ry)o(R3® B)o (C® Ry). (2.9)
Then there exists a unique algebra map ¢ : A ®g, B ®g, C' — X such that
Yoig=1u,poig="10,poic=w.

PROOF Assume that we have a map ¢ satisfying the conditions in the theorem,
then we may write
plavb®c) = ¢
= ¢a®
= s@(iA(a))so(zB(b))sO(ic(C)) =
(

= Uu

@
—_
X
C
”:
®
S
®
®
—_
®
I

and so ¢ is uniquely defined.
For the existence, define ¢(a ® b ® ¢) := u(a)v(b)w(c), and let us check that
this map is indeed an algebra morphism. Using formula (2.4), we have

plabc)(d @b @) = plalar,)r, @ br by, © (cry)r,c) =
= u(a)u((apy)r, v (br, )0V, )w((crs)r,)w(c).

On the other hand, we have

pla@becpld @bt @d) = ulavb)w(c)ua)v®)w(d) =
= uw(a)v(b)ulak,)w(cr, (b )w(d) =
= uw(a)u((ag,)r,)v(br,)v(V,)w((cry) R, w(c),

and thus we conclude that ¢ is an algebra morphism. The fact that ¢ satisfies the

required relations with u, v and w is immediately deduced from its definition.
O

To reach completely the aim of defining an analogue for the product of spaces,
one should be able to construct a product of any number of factors. In order to
construct the three—factors product, we had to add one extra condition, namely
the hexagon equation, to the conditions that were imposed for building the two—
factors product (the twisting map conditions). Fortunately, in order to build a gen-
eral n—factors twisted product of algebras one needs no more conditions besides
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the ones we have already met. Morally, this just means than having pentagonal
(twisting) and hexagonal (braiding) conditions, we can build any product without
worrying about where to put the parentheses. The way to prove this is using in-
duction. As our induction hypothesis, we assume that whenever we have n — 1
algebras By, ..., B,_;, with a twisting map S;; : B; ® B; — B; ® B; for every
i < 7, and such that for any ¢ < j < k the maps 5;;, S; and S;;, are compatible,
then we can build the iterated product B1®g,, Bo®s,," - -®s,,, ,, Bn Without worry-
ing about parentheses. Let then Ay, ..., A, bealgebras, R;; : A; ® A, — A, ®A;
twisting maps for every ¢ < j, such that for any 7« < j < k the maps R;;, I?;;, and
R;, are compatible. Define now for every ©+ < n — 1 the map
T’ri—l,n C(An1 ®Rr, y, An) @ A = A @ (An1 @R,y , An)

by be_lm = (Rin-1 ® A,) o (A,—1 ® R;,,), which are twisting maps for every
1, as we can directly apply Theorem 2.1.1 to the maps R;,_ 1, R;, and R,,_1,.
Furthermore, we have the following result:

Lemma 2.1.8. In the above situation, for every i < j < n — 1, the maps R;j,

Ti ,,and T . are compatible.
PROOF Using braiding notation the proof can be written as:
Anfl An A]' Az Ap_1 An AJ Az An_1 Anp A] Az
\/ N /
( 1
J } /
(1] / [2]
= i = = \\ =
e (
J \/ J
A/iAj An_1 Ap A A A1 A, A A A1 Ay

A

Ai Aj A'nfl An

where in [1] we use the compatibility condition for Rij, Rin—1 and R;,_1, and in
[2] we use the compatibility condition for R;;, R;, and R;,. O
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So we can apply the induction hypothesis to the n — 1 algebras Ay, ..., A, o,
and (4,1 ®g, ., A,), and we obtain that we can build the twisted product of
these n—1 factors without worrying about parentheses, so we can build the algebra

Al ®R12 @ An_g ®T;‘:l2n (An—l ®Rn—1n An)
Simply observing that

An—2 ®pn—2 (A1 ®R,_,, An) = (An—2 ®R, 5, An-1) @17

n—=2n—1

Ay,

we see that we could have grouped together any two consecutive factors. Summa-
rizing, we have sketched the proof of the following theorem (which we will not
write formally to avoid the cumbersome notation it would involve):

Theorem 2.1.9 (Coherence Theorem). Let A;,..., A, be algebras, R;; : A; ®
A; — A; ® A; (unital) twisting maps for every 7 < j, such that forany i < j < k
the maps R?;;, Rj;, and R;;, are compatible. Then the maps

T} 1, (A1 ®R,,, A) ®Ai — A @ (Aj_1 ®r,_, , Aj)

defined for every i < j — 1 by T} | ; := (Ri;-1 ® A;) o (A;_1 ® R;;), and the
maps
Ti1;: A ® (A1 ®r,_y, A)) = (Ajo1 Or,y; Aj) @ A

defined for every i > j by T/ | := (A;_1 ® Rj;) o (Rj_1; ® A;), are twisting
maps with the property that for every i,k ¢ {j — 1, j} the maps Ry, T\ ,,, and
Tk

n—1n

—1n
are compatible. Moreover, for any : the (inductively defined) algebras

A1®R12' : '®Ri,3¢72Ai*2®T;:12i(Ai*1®Ri71iAi>®T;jlliAi+1®Ri+l i+2. ’ '®Rn—1nAn
are all equal.

Remark. This result may be regarded as a local version of MacLane’s Coherence
Theorem (cf. Appendix A), just the same way as twisting maps may be regarded
as a local version of a braiding in a monoidal category. Somehow, one might
reread these results as a sort of no—go theorem: though we did not required our
construction to live in a braided monoidal category, we re forced to land into
something that looks very similar.
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As a consequence of this theorem, any property that can be lifted to iterated
twisted tensor products of three factors can be lifted to products of any number of
factors. One of the most interesting consequences of the Coherence Theorem, or
more accurately, of the former lemma, is that we can state a universal property,
analogous to Theorems 1.2.10 and 2.1.7. In order to state the result it is convenient
to introduce some notation. Let us first define the maps

T AR - RA —AIRA, Q- ® A,
T = (R, ®Ida, j0.94,) 0 -0 (Ida, g 94, @R12),
T:AQA® QA —A4RAHRA4,0 A,
T = (A1 ® Ry ®1da, 0-045) 0+ 0 (Idayga,e-e4, ®R23),

'];L_l:A1®-"®An_2®An®An—1—>A1®"'®An—2®An—1®An7
Th1=A1® @A 2@ Ry_14,

and now define the map

S:A4, 04, 10 QA4 —mAIRAR---QA,,
S:=7,,0---0T,07T;.

With this notation, we can state the Universal Property for iterated twisted tensor
products as follows:

Theorem 2.1.10 (Universal Property). Let Ay, ..., A, be algebras, R;; : A; ®
A; — A; ® A; (unital) twisting maps for every 7 < j, such that forany ¢ < j < k

the maps R;;, %, and R;;, are compatible. Suppose that we have an algebra X
together with n algebra morphisms u; : A; — X such that

px o (Uun ® - @ ur) = px o (U @ -+ ®up) 0 S. (2.10)
Then there exists a unique algebra morphism
T2 Ay ®Rio Ay ®Ras " ORp_1n Ay — X

such that
poia, =uy, forallj=1,...,n.
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PROOF Following the same procedure as in the proof of Theorem 2.1.7, it is easy
to see that any map ¢ verifying the conditions of the theorem must satisfy

90(&1 R ® an) = Ul(al) ..... Un(an),

and hence it must be unique. Whence it suffices to define ¢ as above. The check-
ing of the multiplicative property is also similar to the one done in the proof of
Theorem 2.1.7, and thus is left to the reader.

O

2.2  Modules on iterated twisted tensor products

A further step in the study of the iterated twisted tensor products is the lifting
of module structures on the factors. Again, if we have M a left A-module, N
a left B—module, and P a left C—module, the natural way in order to define a
left (A ®g, B ®g, C')-module structure on M ® N ® P is looking for module
twisting maps 7y : C O M — M ®C, 7yp : B&®M — M ® B and
e C ® N — N ® C, and defining

Avanep = (A QAN @ Ap) o (AR TR TNc®P)o(ARBR@Tyc®N® P).

However, as it happened with the iterated product of algebras, in order to have a
left module action it is not enough that 75/ ¢, 7v ¢ and 757 p are module twisting
maps. Realize that, using the A ® g, B—module structure induced on M ® N by
Twm,B, We can also write the above action as

Arener = (Auen ®Ap) o (AR B M @ Tnc ® P)o
(AR B®@TMc®N®P) =
= (AN @ Ap)o (AR BRoc® P),

where 0 : C ®@ (M @ N) — (M ® N) ® C' is defined by o¢ := (M ® 7y ) ©
(Tar,c ® N), so proving that the three module twisting maps induce a left module
structure on M ® N ® P is equivalent to prove that the map o¢ is a module twisting
map, thus giving a left (A ®g, B) ®7, C—module structure on (M & N) ® P. We
give sufficient conditions for this to happen in the following result.

Theorem 2.2.1. With the above notation, suppose that the module twisting maps
Tam,c» Tv,p and the twisting map R satisfy the compatibility relation (also called
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the module hexagon condition)
(M@RQ)O(TML*@B)O(C@TM’B) = (TM,B(X)C)O(B@TMyc)O(RQ(X)M), (21 1)

that is, the following diagram

T B
CoMo B ecsB
CoB®M M®B®C

Tm,BRC
Ro@M B

BoCeMYBeoMeC

is commutative; then:

1. Themapoc : CR(M@N) — (MRN)®C givenby 0¢ := (M QTN c)o
(Tamr,c ® N) is a module twisting map.

2. Themap OBxC - (B@C)@M — M@(B@C) givenby OBRC ‘— (TM,B®
C') o (B ® T ¢) is a module twisting map (giving a left A ®r, (B ®g, C)-
module structure on M ® (N ® P)).

Moreover, the module structures induced on M ® N ® P by o¢ and oggc are
equal.

PROOF
We have to check that o satisfies the conditions (1.8) and (1.9). For the first
one, we have that

C C M N
(,)J C C M N
) \u /
2AvA i[)
= /\‘)E\!
Y (i |
M N C M N C




72 2. Tteration of factorization structures

where in [1] we are using the first module twisting condition for 7/ ¢, and in [2]
the first module twisting condition for 7, ¢. For the second one, we have

_——AQ
™
(TF
=
[
-
=
-
>
=

)

where in [1] and [2] we use again the module twisting conditions and in [3] the
module hexagon condition.
The proof of (2) is very similar and left to the reader.
O

Remark 2.2.2. Note that in this case we cannot prove the module hexagon con-
dition from the twisting conditions on the maps. The situation is similar to what
happens for the case of the existence of module twisting maps. It is reasonable
to think that some sufficient conditions on the modules and the algebras can be
given in order to recover the converse. For instance, if the modules are free, the
situation is analogous to the iterated twisting construction for algebras, and the
converse result can easily be stated.

The general description of modules over a twisted tensor product can be ex-
tended to the iterated framework, generalizing thus the description of modules
over a two-sided smash product from [Pan02].

Proposition 2.2.3. Assume that the hypotheses of Theorem 2.1.1 are satisfied,
such that all algebras and twisting maps are unital. If M is a vector space, then
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M is aleft A ®p, B ®g, C-module if, and only if, it is a left A-module, a left
B-module, a left C'-module, with actions A4, Ag and A\¢, respectively, and such
that any two of these actions are compatible in the sense of Proposition 1.2.3, i.e.
satisfying the compatibility conditions

Ao (B® M) =Aa0(A® Ag)o Ry, (2.12)
Aco(C®Ag) =Ago(B®Ac)o Ry, (2.13)
Ao o (C®RA4) =As0 (AR A¢) o Ra, (2.14)

(2.15)

Remark. According to Proposition 1.2.3, the required conditions tell that M is a
left module over A ®g, B, B®g, C and A ®p, C). If, using Sweedler’s notation,
all actions are denoted by -, the above compatibility conditions become

b-(a-m)=ag, - (bg, -m), (2.16)
c-(b-m)=bg, - (cr, -m), (2.17)
c-(a-m)=ag, - (cr, -m), (2.18)

foralla € A,be B,ce C,m e M.
PROOF We only prove that M becomes a left A ®p, B ®g, C-module with action

(a@b®c)-m=a-(b-(c-m)). We compute (using formula (2.4)):

(a@b@c)@ @b @d) m = aldh,)r, - (brbr, - (cr)rec - m)) =
D ) - (b - (ery - (V- (¢ - m) )¢ Ey
0 (b (alyy - (cn, - (V- (¢ m))))) =

Q

(2.18)

a-(b-(c-(a - (-m))))) =
= (a®b®c) (@b ) m),

finishing the proof.
0

Our next result arises as a generalization of the fact from [HN99], [BPVO06]
that a two-sided smash product over a Hopf algebra is isomorphic to a diagonal
crossed product.

Proposition 2.2.4. Let (A, B, C, Ry, Ry, R3) be as in Theorem 2.1.1, and assume
that R, is bijective with inverse V : B® C — C' ® B. Then (A, C, B, R3,V, Ry)
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satisfy also the hypotheses of Theorem 2.1.1, and the map A ® Ry : A ®p, C Qv
B — A®p, B ®pg, C is an algebra isomorphism.

PROOF By Proposition 1.1.2, V' is a twisting map, and it is obvious that the
hexagon condition for (Rs, V, R;) is equivalent to the one for (R;, Ry, R3). Ob-
viously A ® R, is bijective, we only have to prove that it is an algebra map.
This can be done either by direct computation or, more conceptually, as follows.
Denote 7 = (R; ® C) o (B ® R3) and To = (R3 ® B) o (C ® Ry), hence
A®pr, C®y B = A®f2 (C ®y B)and A ®g, B®gr, C = A®7, (B®g, C).
By Proposition 1.1.2 we know that Ry : C ®y B — B ®p, C is an algebra map,
and we obviously have (A @ Ry) o Ty = Ty o (R, ® A), because this is just the
hexagon condition. Now it follows from Lemma 1.2.6 that A ® R, is an algebra
map.

U

2.3 Differential forms over iterated twisted tensor products

As our main motivations aimed at applications of our construction to the field of
noncommutative geometry, we are especially interested in finding processes that
allow us to lift constructions associated to geometrical invariants of the algebras to
their (iterated) twisted tensor products. Among these geometrical invariants, the
first one to be taken into account is of course the algebra of differential forms. For
the case of the twisted product of two algebras, a twisted product of the algebras
of universal differential forms is build in a unique way, as it is shown in Theorem
1.3.1; there, the construction of these extended twisting maps is deduced from the
universal property of the first order universal differential calculus. This extension
is compatible with our extra condition for constructing iterated products, as we
show in the following result:

Theorem 2.3.1. Let A, B, C be algebras, and let R, : B® A — A ® B,
Ry:C®B — B®C,Ry: C®A — A® C be twisting maps satisfying
the hexagon equation, then the extended twisting maps R;, R, and Rj also satisfy
the hexagon equation. Moreover, QA @z (B @ QC is a differential graded
algebra, with differential

d=dy 0B RNVC +e,R0dgR@0C +e4 Qe de.
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PROOF For proving that the extended twisting maps satisfy the hexagon equation,
we use a standard technique when dealing with algebras of differential forms.

Firstly, observe that when restricted to the zero degree part of the algebras of
differential forms, the extended twisting maps coincide with the original ones, and
hence they trivially satisfy the hexagon equation.

Now, suppose that we have elements w € QA, n € QB, 8 € QC such that
the hexagon equation is satisfied when evaluated on w ® 1 ® 6, and let us show
that then the hexagon equation is also satisfied when evaluated in dqw ® n ® 6,
w®dpn® 60 and w ® N X de0, that is, we will show that the hexagon condition is
stable under application of any of the differentials d 4, dg and d¢.

Let us start proving that the condition holds for w ® n ® d6. Using again
braiding notation, we have

0C QB QA Qc B a4 9C QB Q4 QC QB QA QC QB Q4

J J

5| J /\/

| i > | g 2 /Eia[i:] ki
QA QB QC QA QB QC QA QB QC QA QB QC QA QB QC
QC QB QA
J

=

K

dC‘

QA QB QC QA QB QC

where in [1], [2], [5] and [6] we are using the property (1.21) for d¢ with respect to
R, and Rj3 respectively, in [3] the (obvious) fact that the gradings commute with
the extended twisting maps (since they are homogeneous), and in [4] we are using
the hexagon equation for w ® n ® 6. The corresponding proofs for w ® dn ® 6 and
dw ® n ® 6 are almost identical. Summarizing, the hexagon condition is stable
under differentials in 24, QB and QC.

Finally, suppose that we have elements w € QA, n € OB, 6,60, € QC such
that the hexagon equation is satisfied when evaluated on w ®n®6; and wo N R Oy,
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and let us show that in this case the hexagon condition also holds on w ® 1 ® 6 6,:

QCQC OB QA acac QBQ QCQC QB QA QCQC QB QA QCQC QB QA

\/ \/
J mh/“”

=
R

=

.{

T~
=

7’

S N
TN

ng QB QC \/ }

e

QA QB QC

where in [1], [2], [5] and [6] we use the pentagon equations (1.2) for the twisting
maps R, and Rs, and in [3] and [4] we use the hexagon condition for w ®  ® 6;
and w ® 1 ® O respectively. In a completely analogous way we can prove that the
hexagon condition holds for w ® n11s ® 6 and wywy, ® 1 ® 6, that is: the hexagon
condition remains stable under products in A, 2B and QC.

Now, taking into account that A, 2B and 2C' are generated, as differential
graded algebras, by the elements of degree 0, we may conclude that the hexagon
condition holds completely.

In order to prove that QA ®z QB @5 QC is a differential graded algebra, it
is enough to observe that QA @z QB ®p5 QC = (QA®g QB) @z QC, the last
being (because of Theorem 1.3.1) a differential graded algebra with differential

d= dA@RlB ® QC + €A®RlB & dCa
and taking into account that

dagp B =da @ 0B +e4 ®@dp,
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€Aor, B = €A ® €B,
we obtain
d=dy@OVBRXNVC+e,R®dgR@QUC+e4®ep ®de,

as we wanted to show.

2.4 TIterated twisted tensor products of x—algebras

As most of our motivation comes from some algebras used in Connes’ theory, in
order to deal properly with x—algebras we would like to find a suitable extension of
condition (1.25) to our framework. As the definition of the involution in a twisted
tensor product also involves the usual flip 7, before extending the conditions to an
iterated product, we need a technical (and easy to prove) result:

Lemma 2.4.1. Let A, B, C' be algebras, andlet R : B&® A — A® B be a twisting
map. Consider also the usual flips 7 : B C — C® Band 174¢ : AR C —
C'® A, then the maps 74¢, R and 75 satisfy the hexagon condition (in BRARC).

PROOF Just write down both sides of the equation and realize they are equal.
O

Remark 2.4.2. In general, we can say that any twisting map is compatible with
a pair of usual flips, regardless the ordering of the factors. As the inverse of a
usual flip is also a usual flip, we may also use this result when one of the flips is
inverted.

Similarly to what happened with differential forms, in order to be able to ex-
tend the involutions to the iterated product, it is enough that condition (1.25) is
satisfied for every pair of algebras. More concretely, we have the following result:

Theorem 2.4.3. Let A, B, C' be x—algebras with involutions j 4, jp and j respec-
tively, Ry : BRA—- A®B,Ry:C®B—-BCandR3 :C®A— ARC
compatible involutive twisting maps, that is, we require them to satisfy:

(Rio(jp®ja)oTap)o (Rio(jp®ja)oTap) = A®DB, (2.19)
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(Ryo (joe ®jp)oTpc) o (Ryo (je ®jp)oTpe) = B®C, (2.20)
(Rgo (jo®ja)oTac)o (Rzo (jo®ja)oTac) = A®C. (2.21)

Then A ®r, B ®p, C is a x—algebra with involution given by

Jj = (R1®C)o(BRR3)o(Ry®A)o(jeRjpRja)o(CRTap)o(Tac®B)o(A®Tpc),

where Ty : AQB — BRA, 73c : BQC — C®B,and 74c : AQC - C®R A
denote the usual flips.

PROOF Consider j defined as above, and let us check that it is an involution, i. e.,
that j2 = A ® B ® C. Firstly, observe that, if we denote by 7 all the usual flips
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and by T their inverses, we have that
A B C A BC A B C A B
. C C

A B C A B C : jc
T' iT‘ ‘r/ Tj T/ T
// N /\ ( ( )ﬁ

7./ 7'/ T/ 7'/' T
%
E%E%JA
\&y/

)
5 sl
jEE,,gji JCE%EE
%W\ 3 E@
s gf” (\ﬁ

&
=
A
D .
e
all
[[|=
S N I P
[]
[S]
_@

where in [1] we use the hexagon conditions for the flips (which is obvious) and the
hexagon conditions for Ry, Ry, R, in [2] we use the fact that the involutions j4
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and jp commute with the flips, and the hexagon condition for R; and two flips (as
stated in the former lemma). Equivalence [3] is due to the fact that both the square
of the involutions, and the composition of a flip with its inverse are the identity.
In [4] we apply (2.19), and in [5] we use again that the involutions commute with
the flips, plus the hexagon condition for 7,3 and two usual flips. To conclude the

proof, observe that

T/ T/ T T/

=

-~

A B C

where in [6] we apply (twice) the commutation of jo with the flips, plus the
hexagon for R3 and two flips (again because of the former lemma). Equality
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[7] holds again because we are just adding a term (two squared involutions, a flip,
and its inverse) that equals the identity, while [8] holds by applying (2.20). [9] is
due to the fact that in the last diagram the element of A is not modified at all, since
all the crossings are usual flips, and we get [10] using (2.20) and the fact that j 4 is
an involution.

U

2.5 Examples of iterated twisted tensor products

2.5.1 Generalized smash products

We begin by recalling the construction of the so-called generalized smash prod-
ucts. Let H be a bialgebra. For a right H-comodule algebra (2, p) we denote
p(a) = acg> ® acqs, for any a € 2. Similarly, for a left H-comodule algebra
(3B, )), if b € B then we denote A\(b) = bi_; ® by.

Let A be a left H-module algebra and B a left H-comodule algebra. Denote
by A»<*B the k-vector space A ® B with newly defined multiplication

(aw<b)(a'w<b’) = a(bi_q] - a')p<bg b/, (2.22)

for all a,a’ € A and b, b’ € B. Then A»<*B is an associative algebra with unit
14p<lg. If we take B = H then Aw<H is just the ordinary smash product
A4 H, whose multiplication is

(a#th)(d'#1') = a(hy - a')#hoh'.

The algebra Ap<*B is called the (left) generalized smash product of A and B.
Similarly, if B is a right //-module algebra and 2 is a right //-comodule algebra,
then we denote by 2 >« B the k-vector space 2 @ B with the newly defined
multiplication

(a >4 b)(a' >4 V) =aa_,. >« (b-a )V, (2.23)

forall a,a’ € A and b, b’ € B. Then 2l >« B is an associative algebra with unit
1o >« 1p, called also the (right) generalized smash product of 2 and B.

We recall some facts from [BPVOO06]. Let H be a bialgebra, A a left H-
module algebra, B a right H-module algebra and A an H-bicomodule algebra.
Then A»<A becomes a right H-comodule algebra with structure

Ap<A — (AKA) Q@ H, aw<u— (QKU<0>) X U<,
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and A >« B becomes a left /-comodule algebra with structure
A >4 B— H® (A >4 B), u><bHu[_1]®(u[0] >4 b).
Moreover, we have:

Proposition 2.5.1. ((BPVO06]) (Ap<A) >4 B = Ap<(A >« B) as algebras.
If A = H, this algebra is denoted by A# H#B and is called a two-sided smash
product.

This result is a particular case of Theorem 2.1.1. Indeed, define the maps

R AR A—A®A, Rl(u®a):u[,1]-a®um,
Ry: BRA —-ARB, Ry(b®@u)=uco>®@b-ucys,
R;:B®A—A®B, R3(b®a)=a®Hb,

which obviously are twisting maps because A ®p, A = Ap<A and A ®p, B =
A >« B are associative algebras. Moreover, if we define the maps

T':BR(A®A) - (A®RA)®B, T =(A® Ry)o(R3®A),
T,:(A®B) @ A— AR (A®B), Ty:= (R ®B)o(A® R3),

then one can see that

(Ap<A) @1, B = (Ap<A) >4 B, AQr, (A >4 B) = Ap<(A >« B).

2.5.2 Generalized diagonal crossed products

We recall the construction of the so-called generalized diagonal crossed product,
cf. [BPVOO06], [HN99]. Let H be a Hopf algebra with bijective antipode S, A
an H-bimodule algebra and A an H-bicomodule algebra. Then the generalized
diagonal crossed product .4 1 A is the following associative algebra structure on
A® A:

(prau)(¢ xxau) = p(ug_1y - ¢ - S ugy)) > ugoyd, (2.24)
forall ¢, ¢’ € Aand u,u’ € A, where

Uf—1} @ Ufoy ® Uf1} 1= U<o>( g O U<o>i O U<t> = U—1] @ U] o5 & U[0] <y -
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We recall some facts from [PVO]. Let I/ be a Hopf algebra with bijective
antipode S, A an H-bimodule algebra and A an H-bicomodule algebra. Let also
A be an algebra in the Yetter-Drinfeld category g)}D, thatis, A is a left H-module
algebra, a left H-comodule algebra (with left H-comodule structure denoted by
a+— a—1)®aq) € H® A) and the Yetter-Drinfeld compatibility condition holds:

hl(l(_l) X hg . CL(()) = (hl : a)(_l)hg (059 (hl . a)(o), Vh € H, a€ A. (225)

Consider first the generalized smash product A»< A, as associative algebra. From
condition (2.25), it follows that A»< A becomes an H-bimodule algebra, with H -
actions

h-(pp<a) = hy - pp<hsy - a,

(pp<a)-h = p-hp<a,
forallh € H, p € Aand a € A, hence we may consider the algebra (A»<A) >
A.
Then, consider the generalized smash product A»<A, as associative algebra. Us-

ing the condition (2.25), one can see that A»<A becomes an H-bicomodule al-
gebra, with H-coactions

p:AP<A — (Ap<A) @ H, plaw<u) = (aP<ups) @ U1,
A Ap<A — H @ (Ap<A), Aap<u) = auj-1 @ (a@P<upq),

forall a € A and u € A, hence we may consider the algebra A > (Ap<A).
A similar computation to the one in the proof of Proposition 3.4 in [PVO]
shows:

Proposition 2.5.2. We have an algebra isomorphism (A»<A) <1 A = A
(A»<A), given by the trivial identification.

This result is also a particular case of Theorem 2.1.1. Indeed, define the maps:
R :A®A— AR A, Rl(a®go):a(,1)-g0®a(0),
Ryt A®A—A®A, Ry(u®a)=uq-a®up,
Ry: A9 A— A®A, Ri(u®¢)=ury ¢S (upy) ® ugy,

which are all twisting maps because A @, A = Ap<A, AQp, A = A»<A and
A®p, A = Aprd A are associative algebras. Now, if we define the maps

T A® (AR A) > (A A)®A, Ti=(A® Ry)o(Ry® A),



84 2. Tteration of factorization structures

TQ(A@A)@A—)A®(A®A), TQZ:<R1®A)O(A®R3),
then one can check that we have
(Ap<A) @p, A = (Ap<A) A, A®p (Ap<A) = A (Ap<A),

hence indeed we recover Proposition 2.5.2.

2.5.3 The noncommutative 2n—planes

The noncommutative plane associated to an antisymmetric matrix, § = (0,,) €
M,,(R), is the associative algebra Cy;,(R3") generated by 2n elements {z*, 2"} ,—1
with relations

BV — \KY SV o
ZHE = \EvEh SN v =1,...,n, being AW = ¢,
ZHZV = \VH Yk

and endowed with the *—operation induced by (z*)* := z* (cf. [CDV02] and
Appendix D).

Observe that as 6 is antisymmetric, we have that z#z# = zFz*, so for every
i =1,...,nthe algebra A, generated by the elements z* and z* is commutative,
so A, = C[z#, z#]. We have then n commutative algebras (indeed, n copies of
the polynomial algebra in two variables) contained in the noncommutative plane.
Consider, for i < v, the mappings defined on generators by

R, :Clz", 2| @ C[z", 2" — C[z, 2/ ® C[2", 2"],
2V @2t — AN 2V,
TR s NI @Y
R s M@ g

2Rz — ANPZP R 2.

Obviously these formulae extend in a unique way to (unital) twisting maps 12,,, .
Condition (1.25) is trivially satisfied, so every possible twisted tensor product
is still a x—algebra. As on the algebra generators our twisting map is just the
usual flip multiplied by a constant, the hexagon condition is also satisfied in a
straightforward way. The iterated twisted tensor product

C[Zlv 21] ®R12 0[227 22] ®R23 e ®Rn—1n C[va 'gn]
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is isomorphic to the noncommutative 2n—plane C,;,(R2"). Furthermore, for every
pw=1...,nlet Q, := Quy(R?) be the differential graded algebra of algebraic
differential forms build over the algebra C[z#, z*|, and observe that for ;1 < v the
map R, : Q, ® Q, — Q, @, defined on generators by

PR s AR 2, R s NP RZ,
PRz — MR ZY, ZXRzZ¢ — AP R Y,
dz¥ @ dzt —— —\"MdzM @ dz¥, dz¥ @ dzF —— —\"MdzZF ® dzZ¥,
dz¥ @ dzl — —MdzH @ dz¥, dz" @ dzF — —A\"MdzZH @ dZY,
¥ @dzt —— APdM R 2V, ¥ @dzVH —— APdZH R ZY,
¥ @dzt —— AMdzM R ZY, ¥ @dzVF — AMVdzZF R 2V,

extends in a unique way to a twisting map defined on €2, ® 2,,. This twisting map
satisfies conditions (1.21) and (1.22), hence, by the uniqueness of the twisting
map extension to the algebras of differential forms given by Theorem 1.3.1, the
maps }_%W coincide with the maps Iz, obtained in the theorem. So, by applying
Theorem 2.3.1 it follows that they are compatible twisting maps. It is then easy to
check that the iterated twisted tensor product €2, R, Or, Q,, is isomorphic,
as a graded (involutive) differential algebra, to the algebra Q,;,(R3") of algebraic
differential forms on the noncommutative 2n—plane.

2.5.4 The Observable Algebra of Nill-Szlachanyi

In [NS97], Nill and Szlachényi construct, given a finite dimensional C*~Hopf al-
gebra H and its dual H, the algebra of observables, denoted by A, by means
of the smash products defined by the natural actions existing between H and H.
Their interest in studying such an algebra arises as it turns out to be the observable
algebra of a generalized quantum spin chain with H—order and H—disorder sym-
metries, and they also observe that when H = C(' is a group algebra this algebra
A becomes an ordinary G—spin model. We do not need here the physical inter-
pretation of this algebra, our aim is to show that the construction of the algebra .4
carried out in [NS97] fits inside our framework of iterated twisted tensor products.

We start by fixing H a finite dimensional C*—Hopf algebra, that is, a C"—
algebra endowed with a comultiplication A : H — H ® H,acounite : H — C
and an antipode S : H — H satisfying the usual compatibility relations required
for defining Hopf algebras, and with the extra assumptions that A and ¢ are *—
algebra morphisms, and such that S(S(x)*)* = « forall z € H (see [Kas95, Sec-
tion IV.8] for details). If H is a +—Hopf algebra, it follows that S~! = S = x0Sox
is the antipode of the opposite Hopf algebra H,, (see [Swe69] for details). The



86 2. Tteration of factorization structures

dual Hopf algebra of a x—Hopf algebra is also a x—Hopf algebra, with involution
given by ¢* := S(¢.), where ¢ — ¢, is the antilinear involutive algebra auto-
morphism given by ¢.(z) := ¢(2*). We have canonical pairings between H and
H given by

(V:HOH—-C, a®¢— (a,0) = p(a),
() H®H —C, p®a— (p,a):=pa),

that give a structure of dual pairing of Hopf algebras between H and H. Associ-
ated to this pairing we have the natural actions

D:H®1T1—>ﬁ, a®<,0'—>901<a,902>7
q:ﬁ®Hﬁf§, P ®ar (p1,a) Po.

Now, for every ¢ € Z, let us take A; := H if i is odd and A; .= H if i is even,
and define the maps:

Roport1 : Aok @ Ao, — Ao @ Agpya,
pRa — (p1>a)® = ai{az, 1) ® pa,
Rop—19k + Aok, @ Agmr — Ao ® Ay,
a®p (a1 @) ®ay = g1 (p2,a1) @ az,
Rij:Aj@)Ai — Ai®Aj7
a®b —— b®a, wheneverj—1> 2.

As all the maps R;; are either usual flips or the maps induced by a module algebra
action, it is clear that all of them are twisting maps. Furthermore, it is easy to
check that they satisfy condition (1.25), so they define an involution on every
twisted tensor product. Let us now check that these maps are compatible. More
precisely, let ¢ < j < k, and consider the three maps R;;, I%;;, and R;;, and let
us check that they satisfy the hexagon equation. We have to distinguish among
several cases:

e If both [j —i|, |k — j| > 2, all three maps are just usual flips, and thus the
hexagon condition is trivially satisfied.

o If |j —i| = 1, |k — j| > 2, then we have that both R;; and R;; are usual
flips, and so the compatibility of 2;; with them follows from Lemma 2.4.1.
The same thing happens if |k — j| = 1, |j —i| > 2.
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o If j =i+ 1,k =1+ 2, then only the map R;;» is a flip. Then we face two
possible situations.

If i = 2n — 1 is odd, then, describing explicitly the maps, we have that

Ron—12n(a ® @) = (g2, a1) v1 ® as,
Ronont1( @ b) = (ba, 1) by @ @o.

Hence, applying the left-hand side of the hexagon equation to a generator
a®@e®bof Agpi1 ® Az ® Ao = H® H ® H, we have

(A2p—1 ® Ronon—1)(T ® Azn)(A2n—1 ® Rop_12,)(a@b® ) =
= (Aon—1 ® Ronan—1)(7 ® Agy)((b2, 1) a ® by ® @3) =
= (A2n-1 ® Ronon—1)((b2, 01) a @ 2 ® by) =
= (b2, 1) (3, a1) b1 ® Y2 @ ay.

On the other hand, for the right hand side we get

(Ron—12n ® Aopy1)(A2n @ T)(Ranons1 ® Agp_1)(a® @ @ b) =
= (Ran-120 ® Agn11)(A2n @ 7)({p2,01) 1 ® a1 ® b) =
= (Ran—120 ® Agny1)((p2,01) p1 @b ® ay) =
= (b2, 1) {3, 1) b1 ® 2 ® as,

where for both expressions we are using the coassociativity of H. This
proves the hexagon condition for ¢ odd. For 7 even, the proof is very similar.

Now, once proven that any three twisting maps chosen from the above ones are
compatible, we can apply the Coherence Theorem and build any iterated twisted
tensor product of these algebras. In particular, for any n < m € Z we may define
the algebras

An,m = An ®Rnn+l An+1 & - ®Rm—1m Am

It is easy to see that if n’ < n and m < m/, then A, ,, C A, ,, and hence the
inclusions give us a direct system of algebras {A,, ., }» mez, being its direct limit
lim Ay, ,, precisely the observable algebra A defined in [NS97]. Furthermore, as
the action that defines the twisting map is a «—Hopf algebra action, we have an
involution defined on any of these products, and all the involved algebras being of
finite dimension, we have no problem involving nuclearity nor completeness, and
henceforth all the algebras A,, ,, are well defined, finite dimensional C*—algebras
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(a fact that was proven in [NS97] using representations of these algebras on some
Hilbert spaces). In particular, we get a new proof of the fact that the algebra A is
an AF-algebra.



3. THE CLASSIFICATION PROBLEM

Whilst there certainly exists a strong motivation in different areas of algebra for
studying the structure of twisted tensor products, there is one basic problem con-
cerning them which turns out to be of much more fundamental nature. Namely,
the classification of all different twisted tensor products that we can obtain start-
ing from two given algebras, say A and B. If we are dealing with unital algebras,
since we have n equivalence between the existence of a twisted tensor product
structure and the existence of a twisting map, the problem may be simplified into
fixing a pair of vector spaces, A and B, and finding out linear maps between B® A
and A ® B satisfying certain properties. In some particular situations, for instance
when both A and B are finite dimensional, the twisting conditions may be easily
rewritten in terms of the matrix elements of the linear map (once we have fixed
some bases in the vector spaces), thus obtaining some polynomial equations that
the components of a matrix must satisfy in order to be the representation of a
twisting map in the given bases. As a consequence, we may look at the set of
twisting maps between A and B as an affine subvariety of M, (k), where m is
the dimension of A and n is the dimension of B. The classification of the twist-
ing maps is therefore equivalent to the description of this algebraic variety. Some
steps in this direction have been given by Claude Cibils in [Cib06].

The second obvious problem we face when trying to classify the twisted tensor
products between two algebras is the fact that different twisting maps may give
rise to isomorphic algebra structures. In geometrical terms, this problem boils
down to study certain quotient space of the aforementioned variety of twisting
maps. Unfortunately, so far no groundwork that can simplify the isomorphism
problem is known, and we are bond to deal with each case separately.

In this Chapter we shall deal with some aspects of this classification problem.
Namely, in the first Section, mostly based upon [JMLPPVO], we shall establish
some theoretical results, known as the “Invariance under twisting” theorems, that
give us some conditions under which we can assure that two different twisted
tensor products give rise to isomorphic algebra structures. This result (that un-
der some suitable assumptions can be iterated) generalizes some independent and
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previously unrelated results coming from Hopf algebra theory.

In Section 2 we shall recall some results by Andrzej Borowiec and Wladyslaw
Marcinek (cf. [BMO0Oa]) that give an easy description of all homogeneous twisting
maps between two finitely generated free algebras, as well as some applications
of these results to the construction of twisted tensor product covers.

Finally, in the third Section we shall give an explicit description (based upon
our work in [LPNO6]) of all the factorization structures existing between the al-
gebra k? and itself and compute its Hochschild cohomology, filling a gap left in
the classification made by Cibils in [Cib06], and finding a counterexample to a re-
sult given by J.A. Guccione and J.J. Guccione in [GG99], concerning Hochschild
homology of twisted tensor products.

3.1 Invariance under twisting

3.1.1 The motivation

In this section, we will recall four apparently unrelated results appeared in the
literature, and find some common points among them that will lead us to the state-
ment of our invariance theorems.

The Drinfeld twist

Let H be a bialgebra and F' € H ® H a 2-cocycle, that is, F' is an invertible
element of H ® H that satisfies

(e®id)(F) = (id®e)(F) =1,
(1 F)(id® A)(F) = (F ®1)(A®id)(F).

We write F' = F'® F? and F~! = G' ® G%. We denote by H . the Drinfeld twist
of H, which is a bialgebra having the same algebra structure as H and comultipli-
cation given by Ap(h) = FA(h)F~!, forallh € H.

If Ais aleft H-module algebra (with H-action denoted by h ® a — h - a), the
invariance under twisting of the smash product A# H (see [Maj97], [BPVOO0O0])
is the following:

Define a new multiplication on 4, by axa’ = (G'-a)(G?-d'), forall a,a’ € A,
and denote by Ap-: the new structure; then Ap-: is a left Hp-module algebra
(with the same action as for A) and there exists an algebra isomorphism

Apa#Hp ~ A#H, a#h — G- a#G>h. (3.1
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Drinfeld double

Let H be a finite dimensional Hopf algebra with antipode S. As before, we work
with the realization of the Drinfeld double on H*“? @ H. A well-known theorem
of Majid (see [Maj91b]) asserts that if (H,r) is quasitriangular then the Drinfeld
double of H is isomorphic to an ordinary smash product. More explicitly, for the
realization of D(H) we work with, the isomorphism is given as follows.

First, we have a left H-module algebra structure on H*, denoted by H*, given
by (we denote r = r! @ r?):

pry = (o= ST = ¢ = S7H(r3)),
forall h € H and ¢, ¢’ € H*, and then we have an algebra isomorphism

H*#H ~ D(H), o#h— o~ S '(r")@r’h. (3.2)

Fiore’s smash product

Recall the following result of G. Fiore from [Fi002], in a slightly modified (but
equivalent) form. Let H be a Hopf algebra with antipode S and A a left H-
module algebra. Assume that there exists an algebra map ¢ : A#H — A such
that p(a#1) = a for all @ € A. Define the map

0:H—AQH, 0(h)=o1#S(h)) @ hs.

Then 6 is an algebra map from H to A# H and the smash product A#H is iso-
morphic to the ordinary tensor product A ® H.

Unbraiding the braided tensor product

We recall now the following result from [FSWO03], with a different notation and
in a slightly modified (but equivalent) form, adapted to our purpose. Let (H, ) be
a quasitriangular Hopf algebra, H* and H~ two Hopf subalgebras of H such that
re H*@ H- (wewilldenoter = '@ =R!'@R?*c H" @ H™). Let Bbe a
right H*-module algebra and C' a right H~-module algebra (actions are denoted
by -), and consider their braided tensor product B®C', which is just the twisted
tensor product B ® g C', with respect to the twisting map given by

R:C®B—-B®C, Rlc®b)=b-r"®c-1°
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Assume there exists an algebra map 7 : H"# B — B (where H"#B is the right
smash product recalled in Section 2.5.1) such that w(1#b) = b for all b € B.
Define the map

0:C—B®C, 0c)=n0r'#l)xc- r

Then 0 is an algebra map from C' to B®C' and the braided tensor product B&C
is isomorphic to the ordinary tensor product B ® C', and henceforth the existence
of 7 allows to “unbraid” the braided tensor product. Many examples where this
happens may be found in [FSWO03], especially coming from quantum groups.

3.1.2 The results

The four results mentioned in the previous section, though apparently unrelated,
share some common points. Indeed, all of them have the same basic structure:

e Two algebras, X and Y, possibly endowed with some extra structure,
e A twisted tensor product Z = X ®p Y,

e Another algebra X’ with the same underlying object as X,

e Yet another twisted tensor product 7' = X' Qp/ Y,

e An algebra isomorphism 7' = 7.

The purpose of this Section is to find a common result that includes all the
former ones, just relying on the fact that the algebras involved in our motiv ating
results are all twisted tensor products.

The following results are based upon Section 4 of [JMLPPVO], with slightly
different notation. Proofs have been rewritten in terms of braiding notation in
order to extend the original results appeared in [JMLPPVO] to a more general
framework. In what follows, we shall assume that we are working on a (strict)
monoidal category, and that all maps are morphisms in the category (in order to
recover the original results in [JMLPPVO], just restrict to the category of vector
spaces over the base field k.

Consider A, B two algebras in our category, andlet R : B A - A® B

B A
a map, denoted by % . Assume that we are given maps, 1 : B ® A — A, and
A B
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p: A— A® B, that we shall denote by

B A A

satisfying the following conditions:

o (up ® A) = A (3.3)
pouA:uA®uB (34)
mao (AR u)o(p@uy)=A. (3.5)

In braiding notation, these conditions read, respectively as follows:

A A A A
597 ¢
nl _ [
f— P f— f—
A A AB AB \
A A
now, let us define the “Martini product” x : A®@ A — A by
x:=myo (AR u)o(p® A), (3.6)
and denote it by
A A
TEGE
L=\ 3.7)
A \J
)

Under some further assumptions, we can ensure that * is an associative product,
thus giving us a different algebra structure on A. More concretely, we have the
following result:

Proposition 3.1.1. With notation as above, if we have the further conditions

po(Bx*x) = mygo(A®@u)o(A®@mp® A)o
o(R®B®A)o(B®p® A)
pox=(ma@mp)o (AR R® B)o(p® p) (3.9)

(3.8)

then (A, x,u4) is an associative unital algebra, denoted in what follows by A<
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PROOF The fact that u 4 is a unit for * is immediately deduced from (3.3), (3.4),
(3.5). In order to prove associativity of x, first realize that conditions (3.8) and
(3.9) are written in braiding notation as

proving associativity, as we wanted to show. U

Remark. The datum in Proposition 3.1.1 is a generalization of the left-right ver-
sion of the so-called left twisting datum in [FST99], which is obtained if B is a
bialgebra and the map R is given by R(b® a) = by - a ® bs.

Realize that insofar we have put no restriction in the map R. If we require it
to be a twisting map, condition (3.9) boils down to requiring the map p to be an
algebra morphism from A% to A ®y B.

As a consequence of Proposition 3.1.1 we can obtain the following result from
[BCZ96]:

Corollary 3.1.2. ([BCZ96]) Let H be a bialgebra and A a right H-comodule al-
gebra with comodule structure

A— A® H, a — a0y @ a(y,
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together with a linear map

H®A— A, h®ar h-a,

satisfying
l-a=a, h-1=c¢(h)l, (3.10)
(hg . a)(o) X hl(hg . a)(l) =hy - a) & hga(l), (3.11)
h-(axa)=(hi-aq)(heaq - a), (3.12)

forall h € H, a € A, where we denoted a * @’ = a(y(aq) - a’). Then (A, *,1) is
an associative algebra.

PROOF Wetake B=Hand R: H® A - A® H, R(h®a) = hy - a® hs.
Then (3.8) is exactly (3.12) and (3.9) is an easy consequence of (3.11) and of the
fact that A is a comodule algebra. U

The deformation defined via the datum (R, p, 1) allows us to recover the de-
formed product in A1 defined by a cocycle twist, or the deformed product in H*
used in the Drinfeld double. The next theorem will show how can we relate this
kind of deformations with the given isomorphisms. In order to do this, we will
assume that all the hypotheses of Proposition 3.1.1 satisfied. Moreover, we shall
require R to Be a twisting map, and that we have another map, A : A - A® B,

denoted by A , satisfying the following conditions:
A"B

Aoy = us @upg (3.13)
Aomyg=(x@mp)o(ARANR®B)o(A® R)o (A® A) (3.14)
(A®mp)o(A®@ B)op=ARup (3.15)
(A@mp)o(p@B)od=A®up (3.16)

that we may also write down as
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Theorem 3.1.3 (Invariance under twisting). Assume that all the hypotheses above
are satisfied; then the map R? : B ® AY — A% ® B defined by
(3.17)

RY:=(A®mp)o(A®@mp)o (R® B)o (B®p)
is a twisting map, and we have an algebra isomorphism  : AY®p« B — A®Qp B

given by
0:=(A®mpg)o (p® B).

PROOF For future reference, in braiding notation, the maps R and 6 write re-

spectively as
B Ad
)
1%’ Ad \ Al B
/Rg = A and 0:= /L\
A B |
Ad B A B

Let us start proving the compatibility of R? with the unit. On the one hand we

have
Ad A

Ad B

ensuring compatibility with the unit of 5. On the other hand,

B
[P

B {
IPNEAD
9% h
< N
A? B At B

which proves compatibility with the unit of A? (that is the same as the unit of A)

B
! (
A

®)
( (1.3) 7 (3.13) g B
2 AN | F oo =0
\H/ |
|
B A? B A B

Ad B

34)
Al
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Let us now check the twisting conditions for R?. For (1.1), we have

B Al A

ui),/%\%/%\i | }/ﬁ%\gﬁ\!

Ad o Ad B Ad

B A? Al
*

/ A /

h\ /
A
y Ty
A B
Ad B
dAd
GL7) \pd |
= v |
d
v
A4 B
Al B
whilst for (1.2) we get
B B Ad B B Ad B B Ad B B A4
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proving that R¢ is a twisting map. Let us prove now that the map 6, is an algebra
isomorphism. First, in order to check that 6 is bijective, consider the map ¢ :=
(A®mp) o (A ® B), and let us show that it is the inverse of . Indeed, for ¢ o ¢
we have

5N
IS
—

An analogous proof, using (3.16), shows that # o ¢ = A ® B. It is straightforward
to check that # preserves the unit, so we only have to prove that it is multiplicative.
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A? B A?B
|
I
|
|
I
|

At

-3

—®
_C

(3.16)

as we wanted to show. O

We can recover some of the results given in the motivations as consequences
of the Invariance Theorem.

Example 3.1.4 (The Drinfeld Twist). For this example, under the same asumptions
given in the motivations section, letustake B = H. Themap R : HRA — AQH
given by R(h® a) = hy - a ® hy is a twisting map, yielding A ® g B = A#H (cf.
Example 1.4.8). Now, following the notations of Proposition 3.1.1 and Theorem
3.1.3, we may define the maps

u:HoA— A pwhea):=h-a,
p:A—A®H, pla):=ag®ay =G -a® G
AN A— AR H, )\(a)::a[o}(@a[l]::Fl-a®F2,

obtaining as the associated Martini product * on A the one given by
axd =aq)(aq)-d)=(G"-a)(G*-d),

which is exactly the cocycle twist of the usual product of A, thus defining Ap-1.
One can check, by direct computation, that all the necessary conditions for apply-
ing Theorem 3.1.3 are satisfied, hence we have the twisting map B¢ : HQ Ap-1 —
Ap-1 ® H, which looks as follows:

R h®a) = (a()r)0) ® (aq)x)mhraq) =

(h a<o>)[o (h1 - aq))niheaq) =
(MG - a) ®(h1G ca)heG? =
F hlGl a®F2h2G2 =
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= hay-a®he

where we denoted by Arp(h) = huy ® h(g) the comultiplication of Hp. Hence,
we obtain that A? ®@pa B = Ap-1 @pa H = Ap-1# Hp, and it is obvious that the
isomorphism A¢ ® ga B ~ A ®p B provided by Theorem 3.1.3 coincides with the
one given by (3.1).

Example 3.1.5 (Drinfeld Double). We take A = H*, with its ordinary algebra
structure, B = H,and R: H ® H* — H* ® H, the twisting map induced by the
left and right coadjoint actions:

R(h & QO) = hl — P = S_l(hg) X ]’LQ,

sothat A ®r B = D(H), as shown in Example 1.4.12.
Denoting r ! = u'®u?, the inverse of the element giving the (quasi)triangular
structure, we define the maps

poHH — H*, ph@p):=h-o=h =¢S5 (h),
p:H = H* ®H, plp):=p=S'(r)er?
N H* - H* @ H, Mp):i=¢~— S (u')®u?

that induce on H* the product * given by

/

ex¢' = poleq - ¢) =
= (p= ST ¢) =
(o= S7Hr"))(rf = ¢ = 571(r3)),

which is exactly the product of H*. Again, a direct computation shows that the
necessary conditions for applying Theorem 3.1.3 are satisfied, hence we have the
twisting map R : H ® H* — H* ® H, which looks as follows:

Rih®@e) = (Pon)0® (Por)nhrea) =
P)r “— S_l(ul) &® UQhRQO(
= (p=S7'(r"))r = S7H(u) @ uhpr® =
= h == SHr")S T (hs)S T Hu') ® uPhyr? =
hy — ¢ — S~ (u'hgr') @ uPhyr® €’
= h14g0;371(h2)®h3:
= h-9Qhy
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hence we obtain that A? @ pa B = H* ®pa H = H*# H, and it is obvious that the
isomorphism A¢ ® g B ~ A ®p B provided by Theorem 3.1.3 coincides with the
one given by (3.2).

Proposition 3.1.1 and Theorem 3.1.3 admit right-left versions, that can be
stated as follows:

Proposition 3.1.6. Consider B, C' two algebras, and maps R: C ® B - B® C,
v:C®B—C,and 0 : C — B ® C such that

Oouc =up®uc, (3.18)
vo(C®ug)=C, (3.19)
meco(r®@C)o(up®0)=C. (3.20)

Denote by * the map % : C ® C' — C given by * :=mco (r ® C)o (C®0). If
the following conditions are satisfied,

yo(*@B) = mCO(V(X)C)O(O@mB@C)O
olC®B®R)o(C®0® B),
Qox=(mp@mec)o(BRR®C)o (0®40), (3.22)

(3.21)

then (C, *, uc) is an algebra, that will be denoted in what follows by ¢C'.

Theorem 3.1.7. Assume that the hypotheses of Proposition 3.1.6 are satisfied,
such that moreover R is a twisting map. Assume also that we are given a map
v : C'— B ® C, such that the following relations hold:

Youc = up @ uc, (3.23)
yome=(mp®x*)o(By®C)o(R®C)o (B®"), (3.24)
(mp@C)o(B®7y)ol =ug®C, (3.25)
(mpeC)o(B®0O)oy=up® C. (3.26)

Then, the map ‘R : ¢C @ B — B ® ?C defined as
1R .= (mp © C) o (mp © ) o (B®R) o (§ & B), (3.27)

is a twisting map, and we have an algebra isomorphism B ®ap C = B @ C
given by

p:=(mp®C)o(B®H).
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Proofs of these results are similar to the left-right versions above and therefore
will be omitted.

Example 3.1.8 (Right smash product). A particular case of Theorem 3.1.7 is the
invariance under twisting of the right smash product from [BPVOO06]. Namely, let
H be a bialgebra, C' a right H-module algebra (with action denoted by c® h — c-
h)and F' € H® H a2-cocycle. The right smash product H#C' has multiplication

(hte) (W#c') = hhi#(c - hy)d.

If we define a new multiplication on C, by cx ¢’ = (c¢- F')(¢' - F'?) and denote the
new structure by zC', then C' becomes a right Hz-module algebra and we have
an algebra isomorphism

Hp# pC ~ H#C, h#c— hF'#c- F?,

see [BPVOO06]. This result may be reobtained as a consequence of Theorem 3.1.7,
by taking B = H, and defining the maps as

R(c®h):h1®c-h2,

v(c®h)=c-h,
0(c)=F'®c- F?
() =G ®@c- G,

where we denoted, as before, F~! = G @ G2.

Whilst the Invariance Theorem allows us to recover the isomorphisms for our
first two motivating examples (the Drinfeld twist and the Drinfeld double of a qu-
asitriangular Hopf algebra), it is not enough to recover the last two. A careful look
at the proof of the Invariance Theorem 3.1.3 shows that it does not really involve
the datum used to define the deformed product *, but rather only the compatibility
of this product with the rest of the mappings. This fact allows us to restate the
Invariance Theorem in a more general form (and, of course, same thing holds for
Theorem 3.1.7). More concretely, we have the following results:

Theorem 3.1.9 (Second Invariance Theorem). Let A ®p B be a twisted tensor
product of algebras, consider another algebra structure, A’ on the object underly-
ing object A such that uq = wu,, (that is, A’ has the same unit as A). Assume
that we are given an algebramap p: A’ - A®r B,andamap A : A - AR B,
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such that relations (3.4), (3.14), (3.15), and (3.16) are satisfied. Then the map
R :B® A — A’ ® B defined by

R :=(A®@mp)o(A®@mp)o (R® B)o (B® p), (3.28)

is a twisting map, and we have an algebra isomorphism 7 : A’ @ B — A ®r B
given by

ni=(A®mg)o(p® B).

Theorem 3.1.10. Let B ®r C' be a twisted tensor product of algebras, consider
(C', %) another algebra structure on C' with ucv = uc. Assume that we are given
and algebramap 0 : " — B®rC,andamap v : C' — B®(C, such that relations
(3.23), (3.24), (3.25), and (3.26) are satisfied. Then the map R’ : C'® B —
B ® (' defined by

R :=(mp®C)o(mp®vy)o(B®R)o (6§ ® B), (3.29)

is a twisting map, and we have an algebra isomorphism ¢ : B ®pr C' — B®p C
given by

p:=(mpRC)o(B®H).

These extended Invariance Theorems are general enough to include the last
two examples:

Example 3.1.11 (Fiore’s smash product). We prove that the triviality of Fiore’s
smash product can be recovered as a particular case of Theorem 3.1.10, where we
take B = A and C' = ' = H (in the notation of Theorem 3.1.10).

Define the map v : H — A® H, v(h) = ¢(1#h;) @ hs, and denote 0(h) =
he_1> ® heos and y(h) = h{_1} ® hyo. The relations (3.25) and (3.26) are easy
to check, so we only have to prove (3.24) (here,themap R : H @ A - A® H
is given by R(h ® a) = hy - a ® hy). We will need the following relation from
[Fio02]:

o(1#h)a = (h1 - a)p(1#hsy), (3.30)
forall h € H, a € A. Now we compute:
(M_ipr(hr) -1y @ (hr)yhiey = w(1#h) re(1#(hr)1) @ (hr)2hh =

= (h1-p(1#h7))e(1#hy) @ hshy =
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G20 o (1thy )p(14:,) ® hahly =

= (1#hh}) @ hohly =
= ’Y(hh/)v

hence (3.24) holds. Theorem 3.1.10 may thus be applied, and we get the twisting
map R, which looks as follows:

R(h®@a) = hesar(heaosy)i-1y ® (haosy)ioy =
= o(1#S(h))ar(ho,) (-1} @ (hag) oy =
= @(1#S(h))(h2 - a)(hs) (-1} ® (h3){0} =
= ( S(hl))(hg a)p(1#hs) @ hy =
)¢
)

- (1#S(h1 hg)a & hg =
= a®h,

so R’ is the usual flip, hence we obtain A#H ~ A ® H as a consequence of
Theorem 3.1.10.

Remark. Let H be a Hopf algebra, let A be an algebra and v : H — A an algebra
map; consider the strongly inner action of H on A afforded by u, that is, the action
givenby h-a = u(hy)au(S(hy)), forallh € H,a € A. Then itis well-known (see
for instance [Mon93], Example 7.3.3) that the smash product A# H is isomorphic
to the ordinary tensor product A ® H. This result is actually a particular case of
Fiore’s theorem presented above (hence of Theorem 3.1.10 too), because one can
easily see that the map ¢ : A#H — A, p(a#h) = au(h) is an algebra map
satisfying p(a#1) = a forall a € A.

Example 3.1.12 (Unbraiding the braided tensor product). We prove now that the
unbraiding of the braided tensor product proven by Fiore Steinacker and Wess can
also be recovered as a particular case of Theorem 3.1.10, where we take C" = C'
(in the notation of Theorem 3.1.10).

Recall from 1.4.11 the axioms (QT1 -QTS5) for a quasitriangular structure (that
in this example is given by the element ). Define the map v : C' — B ® C,
v(c) = w(u'#1) @ c-u?, where we denote r ! = u!®@u? = U'@U? € HF @ H™.
Denote as above 0(c) = c<_1> ® c<o> and y(c) = c(_1} ® cqoy. The relations
(3.25) and (3.26) are easy to check, hence we only have to prove (3.24) (here, we
recall, * coincides with the multiplication of C'). We first establish the relation:

C{,l}b X C{o} = bR(CR){fl} X (CR){0}7 Vbe B, cE C, (331)
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which can be proved as follows:

(b-r)(e- )y @ (e )y =
= (b-rHr@W'#1) @c-r*u® =
1#b - r)m(u'#1) @ ¢ - r*u® =
(D) @ -1 =
ul#b - rlud) @ ¢ r?u? €

(

(
= (
T (UMb - r'ul) @ ¢ - r?uU? =
= (

(

(

br(cr)i-13 ® (cr){0}

|
3

= T

N

= 7(U'Hb) @c-U* =

= wUH#D)r(1#b) @ c-U? =
= 7UHb@c-U?=

= -1 @cqop.

Now we compute:

Yed) = wu'#l) @ (c-uf)(c - up) E
L rwUH) @ (e u?)(d - U?) =
= aW'H#D)T(U'#1) @ (c-u?)(d - U?) =

331
= ¢y Vo =

(3.31)
= c{,l}R(CR){—l} ® (CR){O}C{O}’

hence (3.24) holds. Theorem 3.1.10 may thus be applied, and we get the twisting
map R’, which looks as follows:
R(c®b) = ceo15br(ceosp){-13 ® (Ccosp)ioy =
= 7w(r'#1)br((c-r*)r)-1 @ (¢ r*)r)(0) =
= 7(r'#1)(b-RY(c PR -1y @ (c- r*R) oy =
= a(r'#D)r(14#b - RH7(u'#1) @ ¢ - r*R*u* =
= (' #)(A#D- RN (u'#1)) ®@ ¢ - r*R*u? =
= a(rlul#b - R'ud) @ ¢ - R E
(U R @ ¢ r*RPPU? =
= w(l#b)®@c=
= b®ec,
so R’ is again the usual flip, hence we obtain BRC ~ B ® C' as a consequence of
Theorem 3.1.10.
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3.1.3 TIterated version

A natural question that arises is to see whether Theorems 3.1.3 and 3.1.7 can be
combined, namely, if (A, B, C, Ry, Ry, R3) are as in Theorem 2.1.1 and we have
a datum as in Theorem 3.1.3 between A and B and a datum as in Theorem 3.1.7
between B and C, under what conditions does it follow that (A, B, 4C, R4,
1Ry, R3) satisfy again the hypotheses of Theorem 2.1.1.

Our first remark is that this does not happen in general, since a counterexample
may be obtained as follows.

Take B = H a bialgebra, A a left H-module algebra, C' a right H-module
algebraand ' € H ® H a2-cocycle. Here Rj(h® a) = hy -a® hy, Ro(c®@ h) =
hi1 ® ¢ hy and R3 = 7¢ 4, the usual flip, hence A ®p, H ®pr, C = A#HH#C, the
two-sided smash product. We consider the datum between A and H that allows
us to define Ap-1# Hp, hence RI(h®a) = F'hiG' - a ® F?hyG?, and the trivial
datum between H and C'. One can see that in general (R¢, Ry, R3) do not satisfy
the hexagon condition.

Hence, the best we can do is to find sufficient conditions on the initial data
ensuring that (RY, 4Ry, R3) satisfy the hexagon condition. This is achieved in the
next result.

Theorem 3.1.13. Let (A, B, C, Ry, Ry, R3) be as in Theorem 2.1.1. Assume that
we have a deformation datum (m 4/, p, \) between A and B as in Theorem 3.1.9
and (mcr,60,7) between B and C' as in Theorem 3.1.10, where m 4, and mcr
represent the multiplication in the deformed algebras A’ and C’, and let R} :
C'® A — A ® C' be a twisting map between the deformed algebras. Assume
also that the following compatibility conditions hold:

(Admp@C)o(A®B®7Y)o(A® Ry)o(Ry® B)o (C® p) =
=(A@mpRC)o(Ri®B®C)o(BRpaC)o(BRR,)o(y® A),
(3.32)
(A@mpRC)o(ARBRRy)o(A®RI® B)o (R;® B)o(C®\)
=(A@mpC)o(A®@B®C)o(R®C)o(B®R3)o(d® A),
(3.33)
(A@mp®C)o (R ® Ry)o(BRR3® B)o (0 ®p) =
=(Admp®C)o(p®0)o R,
Then (A’, B, C', R\ R}, RY) satisfy also the hypotheses of Theorem 2.1.1, and we
have an algebra isomorphism ¢ : A’ ®@p, B ®@p, " — A @, B ®p, C given by

Yp=(AdmpRC)o(A@mpRB®C)o(p B®0). (3.35)

(3.34)
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PROOF First, in braiding notation conditions (3.32), (3.33), and (3.34) are written

as:

O <
)
< o
) < —
—_& -
Il
0

R

, RS, RY:

Now, we check the hexagon equation (2.1) for the maps R
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(3.32)

—~
—
—_

—

as we wanted to show.

We prove now that the map ¢ is an algebra isomorphism. First, using (3.15),
(3.16), (3.25), (3.26), it is easy to see that 1) is bijective, its inverse being the map
n=(AmpRC)o (AR Bmp®(C)o(A® B & 7). We prove now that v
is multiplicative.
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O-& S =l

(1.1),(1.2)

Example 3.1.14. Let now H be a bialgebra, A a left H-module algebra, C' a right
H-module algebra and F' € H ® H a2-cocycle. Then, by [BPVOO06], we have an

concluding the proof.
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algebra isomorphism (notation as before):
Apa#Hp# pC ~ A#HH#C, a#th#tc— G- a#G*hFl4c- F2.

One can easily see that this result is a particular case of Theorem 3.1.13; indeed,
the relations (3.32), (3.33), (3.34) are easy consequences of the 2-cocycle condi-
tion for F.

3.2 Twisted tensor products of free algebras

Consider A = @, A" and B = @,,., B" graded algebras, such that A® =
B° = [k (that is, A and B are separated, positively graded algebras), and let R :
B ® A — A ® B atwisting map. Then the map R can be described by

R= P Rim,

I,m>0

being Ry, : B'® A™ — A® B the restriction of R to the space B'® A™. Observe
that, being R a twisting map, we must always have

RO,O = k? Rl,O(Bl®]') = 1®Bl7 RO,m(1®Am) :Am®1

We would like to find sufficient conditions for recovering the whole map R from
its smallest nontrivial component, [?; ;. This problem turns out to be a very dif-
ficult one for general graded algebras, and hence we shall restrict ourselves to a
very particular case.

Let A be an algebra freely generated by {z', ..., 2™}, and B an algebra freely
generated by {y', ..., y"}, that we will identify with the tensor algebras TF and
TF over vector spaces E and F with basis {z!, ..., 2™} and {y*, ..., y"} respec-
tively, so that A! = F/, A¥ = E®* and similarly for B, and lets study in detail the
structure of the twisted tensor products of 7'/ and T'F'.

First of all, realize that, being £/ and F' generating spaces for T'E and T'F
respectively, for any given linear map R, : ' ® £ — E ® F, there exists a
unique twistingmap R : TFQTFE — TEQTF such that Rjpgr = Ry ;. Indeed,
given R; 1, we can define a family of mappings {R, ; : F*'® E®/ - TE®TF}
as follows:

e Set IRy the identity map in k ® k = k.
e Set Rig(F"®1):=1® F¥,and Ry ;(1® E%) := E® ® 1.
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e Define the rest of the maps from the former ones using the twisting condi-
tions. For instance, define

R271 = (Rl,l & F) e} (F & R171),

and similarly
Ris:=(E®Ryi1)o(R11®FE).

The twisting map R defined through this procedure satisfies a particular extra
condition; namely, the image of R?;; lies in E® @ F®. In general, when we
have graded algebras A and B, and a twistingmap R = &R, ; : B A —- A® B
satisfying that R; ;(B'® A7) C A7 ® B', we say that R is a homogeneous twisting
map. For ahomogeneous twisting map R, the twisting conditions can be rewritten
in terms of the maps R; ; : B'® A7 — A7 ® B as follows:

Ritymo (A®pa) = (a®B)o(A® Riy)o (Riy®A), (3.36)

Ri+j,l o) (,uB X A) = (A & ,UB) o) (RZ’,[ ® B) e} (B &® RjJ). (337)
R Let us return again to the case of A = TE, B = TF as before, and let
R:= Ry, : FF®E — E ® F the linear operator giving rise to the twisting map
R:TF®TE — TE ® TF. In coordinates with respect to the basis {y’ ® z7}
and {7’ ® y'} of F ® E and F ® F respectively, we may express R by it matrix
elements R,’ , meaning that

Ry’ @ 27) = R o' @ y™, (3.38)

where we are using Einstein’s notation. Using these matrix elements, let us calcu-
late all the components R, of R.
Obviously, if we take [ = 1, m > 1 then we get the map

Rim:FQE® — E®"QF

given by
le fr R',(;Ln) o) R(m_l) O« OR7(71)?

m

where the maps R are defined as

RW . gl @ g gem—ith) _, poi g g FOmMm=)
R%) = g1 & R ® E®m=i)
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With this notation, it is easy to verify that RY o RY = RY o RY whenever
|7 — i] > 2. Now, for arbitrary [, m > 1 we obtain the map

Rl,m . F®l ® E®m _ E®m ® F®l
Ry = (Rl,l)(l) 0---0 (Rl,l)(k),

where (R; ;) are defined in a similar way as Rl(l). We get the following result:

Lemma 3.2.1 ([BM0Oa]). Let T'E' and T'F’ be free algebras and R alinear operator
defined by matrix elements (R, ) as in (3.38). Then, there exists a homogeneous
twistingmap R : TF ® TE — T'E ® TF given by the components R; ; defined
above.

We may summarize all the results that we have obtained in this Section in the
following theorem:

Theorem 3.2.2 ([BMO0Oa]). Let R : TF QTE — TE®TF atwisting map. Then
we have that
TEQrTF =2T(E®F)/IRg,

being Ir == ({b®a —agr ®bgr}). If the map R is homogeneous, the we have
that

Ip = <{yi®xj —E%xm®yl}>.

This description of the (homogeneous) twisting maps between free algebras
has several applications, especially when combined with the results about ideals
given in Section 1.2.3. For instance, when the algebras A and B are presented as
a certain quotient of free algebras, we get the following results concerning twisted
tensor product covers:

Lemma 3.2.3 ([BM00a]). Let A, B algebras with presentation A = TE/I4, B =
TF/Ip. If we have a twisting map R:TFQTE — TEQTF, the corresponding
twisted tensor product T'E Qg T'F is a cover for a product A ®r B with respect
to a certain twistingmap R : B® A — A® B if, and only if, the ideal 1 is a left
R-ideal and I is aright R-ideal in TE @5z T'F'.

Lemma 3.2.4 ([BMO0Oa]). Let A ®r B a twisteg tensor product of A = TE/I,4
and B = T'F/Ip; if there exists a twistingmap R : TF @ TE — TE @ TF such
that T'E @z T'F is a cover of A @ B, then we have that

ArB=T(E® F)/I,
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being [ the ideal in the tensor algebra T'(E & F’) given by
I=1L+1L+Ig

where I1 := (1)1 g 18 the ideal generated by the inclusion of 1, in T(E'& F),
I := (Ip)p(ger) is the ideal generated by the inclusion of /5 in T'(E' & F), and

Iy = <v Du—Rv® u)>T(EeBF)

Lemma 3.2.5 ([BMO00a]). Let £/, F' be two linear spacesand S : FQFE — EQF,
T =F®F — F® F two linear operators. Let also A and B two quadratic
algebras generated by E and F', meaning that we have the quotients A = T'E/ I,
B = TF/Iy, where the ideals Is and I are given by the quadratic relations

Is = (TE—8)yy, Ip:=(TF—T),.

Assume also that a homogeneous twisting map R:TF®TE — TE®TF is
induced by a linear operator C' : F' ® E — E ® F, then, there is a twisting map
R:B®A— A® Bsuchthat TE @ TF is a cover for A ®p B if, and only if,
we have the following relations:

(E@C)o(CRE)o(FREQE—-F®S) =
=(FQEQF-S®F)o(E®(C)o(C®FE),
(CoF)o(FRC)o(FOFRE-TR®E)=
(EQFRQF—-E®T)o(C®F)o(F®C).

Moreover, we have that
T(E®F)/I=TE/Is g TF/Ir,
for the ideal I = I, 4+ I + I defined by

I = <]5>T(E@F)7 Iy = <IT>T(E@F)7

and /¢ is given by
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Remark. Sufficient conditions for the maps S, C' and T to satisfy the relations on
the former lemma are, for instance, requiring the following equalities:

(S®F)o(E®C)o(CRE) = (F®C)o(C®FE)o(F®R)
(E@T)o(C®F)o(F&C) = (CoF)o(F®C)o(I'®E),

which are pretty similar to the well known braid relation.

Further applications of the structure of homogeneous twisting maps between
tensor algebras, concerning Koszulity and Hochschild cohomology, may be given
using some of the results recalled in this Section. Further work is going on along
these lines.

3.3 Noncommutative duplicates

Very little is known about the classification of the existing twisting maps between
two given algebras. Even in the simplest cases, this turns out to be a very difficult
problem to tackle. In [Cib06], Claude Cibils proposed a method for describing all
the twisting maps between A and B, being A = k" the algebra of functions over
an n—points set, and B = k? the two-points algebra. The resulting twisted tensor
product algebras, which are dubbed noncommutative duplicates can be realized
up to some extent as a sort of Ore extensions associated to the quotient algebra
k[z]/(z* — z). For the sake of completeness, we sketch the procedure followed
by Cibils to obtain the classification of the noncommutative duplicates.

Proposition 3.3.1 ([Cib06]). The set of twisting maps between A and k? (also
called the set of 2—interlacings of A) is in one to one correspondence with the set
Y4 of couples (f,0) with f € End A an algebra endomorphism and § : A — A
an idempotent f-twisted derivation such that

f=1+6f+f6

Every algebra endomorphism f of the algebra A = k™ may be given in terms
of a set map ¢, to which we can associate a one-valued quiver with n vertices. To
this quiver, using the derivation ) we may assign a coloration satisfying certain
conditions. Conversely, every one valued quiver which admits a coloration satis-
fying those properties give rise to an algebra endomorphism and a derivation as in
the former Proposition, and thus to a twisting map. Henceforth, there is a one to
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one correspondence between the set of 2-interlacings of £™ and the set of coloured
one valued quivers with n vertices.

Using this equivalence, Cibils gives a classification of all the noncommutative
duplicates of the algebras k", and computes their Hochschild (co)homology using
the techniques developed in [Cib98]. More concretely, the following results are
used in order to compute the Hochschild cohomology:

Theorem 3.3.2 ([Cib06]). Let () be a connected quiver which is not a crown, and
let us denote by (k@) the quotient of the path algebra k(@) by the two sided ideal
(@>2) generated by the paths of length 2, then we have:

1. dimy HH((kQ)2) = #(Q1/ Qo) + 1,
2. dimy HH'((Q)2) = #(Q1/ Q1) — #(Qo) + 1,

3. dimy HH"((kQ)2) = #(Qn )/ Q1) — #(Qn-1/ Qo) for all n > 2.

where for two sets of paths X and Y, by X/Y we denote the set of parallel
paths, that is, the set of couples (z,y) € X X Y where x and y have the same
source and target.

Proposition 3.3.3 ([Cib98]). Let () be a c—crown, with ¢ > 2, then the center of
(kQ)2 is one-dimensional. If the characteristic of & is different from 2, for any n
which is an even multiple of ¢ we have

dimy HH" ((kQ)s) = dimy, HH"™ ((kQ)2) = 1.
The cohomology vanishes in all other degrees.
These two results have an important consequence (see Corollary 3.2 of [Cib98]):

Corollary 3.3.4. Let () be a connected quiver which is not a crown, then the
graded cohomology H H*((kQ),) is finite dimensional if, and only if, () has no
oriented cycles.

3.3.1 The space of twisting maps

Let us consider the algebras A and B both isomorphic to k[Z,], the group algebra
of the cyclic group Z,, and let us fix (14, a) basis of A and (15,b) basis of B,
satisfying a> = 1, and b*> = 1. Then the sets

(1a®1p,14®b,a®1p,a®b) and (lp R 14,00 14,1pRa,b® a)
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are bases of A ® B and B ® A, respectively.

The choice of these bases simplifies the required computations for finding out
all the twisting maps 7 : B® A — A® B, since the unitality condition on 7 forces
us to take

T1®)=1®1, 7(1®a)=a®1, 7(b®1) =1®b,

so in order to give a twisting map between A and B it is enough to give a value
for 7(b ® a) and check that it satisfies the required compatibility conditions with
respect to multiplications in A and B. In [CIMZ00], an explicit approach to this
problem is performed, obtaining that any twisting map is one of the following list:

(a) If char(k) = 2, then:

(i) Tb®a) =a(la®1p)+ (a®b), where a € k.

(1) Tb®a) =a(la® 1)+ a(ly®b) + ala® 1) + (o + 1)(a ® b),
where a € k.

(b) If char(k) # 2, then:

(1) T(b®a) = (a®D).

(17) Tb®a)=—(14® 1p) + a(a ®b), where « € k.
(i) T(b®a) =—(1a®@ 1)+ (1a®b) + (a ® 1p).
(iv) Tb®a) = (1a®1p) — (14 ®b) + (a® 1p).
(v) Tb®a) = (14 ®1p) +a(la®b) — (a @ 1p).
(vi) Tb®a)=—-(1a®1p) — (1a®b) — (a®1p).

The space of twisting maps over these particular algebras may also be com-
puted by means of certain coloured quivers, which are associated to twisting maps
following the procedure developed in [Cib06], as summarized above.

In our situation, the algebra maps f : k? — k? are all given as the lifting of
the set maps ¢ : {a,b} — {a,b}, thus obtaining the four possible algebra maps
given in generators by:

e fi(a) =aand fi(b) =
e fa(a) =band f5(b) =
e fi3(a)=a+band f3(b) =0
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o fi(a) =0and f4(b) =a+b.

Associated to these maps, we have the following quivers (where (); stands for
the quiver associated to the algebra map f;):

O Q) .

Ql = 0O O7 QZ = O7

O____
~

\_/
Qs == OH@? Qs:= O<=—0

Now, the colorations attached to these quivers are given by:

o

(i) @___(8) where §=—1—a.

(iii") @H@ (@?ecy and

Here we may observe that the twisting map (¢) corresponds to the coloured
quiver (¢’), the one—parameter family of maps (i7) is associated to the quivers
(7¢") when we vary the coloration, and the twisting maps (i), (iv), (v) and (vi)
correspond to the given colorations of (ii7).

Remark 3.3.5. As a consequence of this, the set of twisting maps gives rise to a
variety consisting on five isolated points, which correspond to the twisting maps
(¢) and (277)-(vi), plus a k—line, associated to the one-parameter family of maps
described in (7).

3.3.2  The isomorphism classes of the twisted algebras

In the former section we described the set of all twisting maps between k2 and k2
but, as we mentioned earlier, different twisting maps could give rise to isomorphic
algebras. In this section we will describe the algebras associated to the twisting
maps that we obtained in the previous subsection, describing the different iso-
morphism classes and giving a description of the orbitspace in the corresponding
variety of twisting maps.
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In [CIMZO00], a description of these algebras by means of generators and rela-
tions is given, in particular mentioning that the algebras obtained from the (non-
invertible) twisting maps (2:7)-(v7) are all isomorphic to the algebra

kla,b|a*=b0*=1,ba=a+b+1).

A different, but equivalent, description may be given following [Cib06], where it
is shown that the algebras associated to the four non-invertible twisting maps are
all isomorphic to the path algebra of the quiver

_ 0)
Q=
O——0

This means that four out of the five isolated points in our variety provide the
same point in the orbitspace. For the remaining isolated point, which is the one
corresponding to the flip map, i.e. (2), the corresponding algebra is just the usual
tensor product algebra:

kZy @ kZsy = k{a,b | a®* = b* = 1, ba = ab).
Again, this algebra may be described as the path algebra of the quiver

O O
O O

This algebra is clearly non-isomorphic to the former one, since it is commutative,
and thus it gives a new point in the orbitspace.

Henceforth, the only remaining case is the one-parameter family of twisting
maps described in (2¢). The family of algebras obtained out of these twisting
maps is described in [CIMZ00] in terms of generators and relations, obtaining the
family

A, =kla,b|a®>=b"=1, ab+ba =q), whereq € k.

The authors of [CIMZ00] are not concerned by the number of different isomor-
phism classes of algebras which are obtained according to different values of the
parameter. On the other hand, according to [Cib06, Theorem 4.4], all these al-
gebras should be isomorphic to the quotient of the path algebra of the so-called
round-trip quiver

Q=0_"0
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modulo the ideal generated by the set (), of paths of length greater than one. In
other words, the obtained algebra would not depend on the coloration. Unfortu-
nately, the proof contains a slight mistake. Within this one-parameter family of
algebras we can find two different kinds of algebras:

e If we take ¢ # +2, then the algebra map
k{a,b) — Ma(k)

1 0 4 =
oo 4 ) v (G )

provides an isomorphism of algebras between the algebra A, and the 2 x 2
matrix ring M (k).

defined by

| _,;|
[SIS S

e If ¢ € {2,—2}, the algebramap f : A 5 — A, defined by

fla®1lp) = (1a®1p), [(1la®b):=(a®1p),
fla®1p) = (1a®b) —2(a®1p), f(a®b):=—(a®b)

is an isomorphism.

Now, consider R := kQ/(Q>2) the quotient of the path algebra of the
round-trip quiver modulo the ideal generated by ()>2. We may explicitly
describe R as the algebra having a basis consisting in the four elements
e, f, x,y such that the multiplication is given by the following table:

e f x y

ele 0 0 y

f10 f x O

x|z 0 0 O

yl0 v 0 O

Considering the algebra map ¢ : R — A_, defined by:

¢le) = 1/2((1a®1p) — (a®1p)),

o(f) = 1/2((1a®1p) + (e ©1p)),
o) = 1/4((14@ 1)+ (1a®@b)+ (a®1p) + (a®b)),
o(y) = 4H(1a®1p) —(1a®b) = (a®1p)+ (a®D)),

we have ¢ is an algebra isomorphism between A_» and R, obtaining that
both A, and A_, are isomorphic to the algebra R.
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Finally, the line associated to the one-parameter family of twisting maps corre-
sponds to two points in the orbit space, one non-closed orbit corresponding to the
matrix ring, plus one more point in the closure of this orbit, corresponding to the
quotient of the path algebra of the round-trip quiver. From the point of view of
deformation theory, this means that the matrix algebra, realized as a twisted tensor
product, admits a deformation to the algebra kQ)/(Q)>2).

kQ/(Q>2)
° =

kZy @KL & L Mo(k)
.2 2 .Q o 2

Fig. 3.1: The orbit space

Summarizing, we have proven the following result:

Proposition 3.3.6. Let & be a field with char(k) # 2. Let A & B = k?, and let
7T:B® A — A® B be a twisting map, then the twisted tensor product algebra
R : A ®, B must be isomorphic to one of the following algebras:

(I) k*, or equivalently, the path algebra of the quiver

o O
O O

(ITa) The algebra of matrices My (k).
(IIb) The quotient kQ)/(Q)>2) of the path algebra k() of the round-trip quiver
Q=0_"0

modulo the ideal generated by the set (), of paths of length greater than
one.

(IIT) The path algebra k@ of the quiver
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Remark. As we mentioned above, the classification given by Cibils for noncom-
mutative duplicates of set algebras in [Cib06], is almost complete, with the only
exception being given by[Cib06, Theorem 4.4], dealing with the connected com-
ponents of the (coloured) quivers that are precisely the round-trip quiver.

Next we consider the formalism developed by Cibils for a two-fold purpose,
namely to highlight where the slight mistake in his proof has been done and, sec-
ondly, to obtain a characteristic free classification of the isomorphism classes. We
have communicated to Cibils the complete previous classification we have ob-
tained, then he provided us the precise localization of the error in [Cib06].

Following the same notation as Cibils does in [Cib06], the algebra structure of
A ® k[X]/(X? — X) is determined by the products

Xa=7(X ®a)=6(a)+ fla)X (3.39)

for each a € A, where (9, f) is the pair of the derivation and the endomorphism
associated to the twisting map 7, see [Cib06, Proposition 2.10].

In our particular situation, that is, when we deal with the round-trip quiver, the
algebra endomorphism is given by

fu) =0, f(v)=u
whilst the derivation is given by
d(u) = a,v — ayu, 6(v) = a,u — a,v,

being a, and a, some parameters in k and, v and v the primitive orthogonal idem-
potent elements of k% = k{u,v} (cf. [Cib06, Lemma 3.3]). Applying formula
(3.39) to this particular situation we have:

Xu = —a,u+ a,v+vX (3.40)
Xv = a,u— a,v+ uX. (3.41)

Remember that in order to get a well-defined, associative structure, it is necessary
and sufficient to have a,, + a, + 1 = 0, as mentioned in [Cib06, Theorem 3.14].
Using this, the multiplication of the resulting algebra may be summarized in the
following table:

U uX v vX
U U uX 0 0
uX — QU —a,uX  au+uX —a,uX
v 0 0 v vX
vX | ayv +vX —a,vX — Qv —a,vX
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Now, observe that we have

(vXu)(uXv) = (vX)(uX)v = aa,v, (3.42)
(uXv)(vXu) = (uX)(vX)u = aya,u, (3.43)

and this products are zero if, and only if, a,a, = 0, a condition which is equivalent
to have a, = 0 and @, = —1, or a, = —1 and a,, = 0. In this two cases we may
carry on with the proof of [Cib06, Theorem 4.4], obtaining the isomorphism with
the quotient of the path algebra of the round-trip quiver, as Cibils states (in our
classification these algebras correspond to A; and A ).

However, if the product a,a, is non-zero, that is, if neither a,, nor a,, are 0, then
the map ¢ : kQ; — k{u,v} ® k[X]/(X? — X) considered in [Cib06, Theorem
4.4] 1s no longer an algebra map. Still, for these cases it is possible to consider the
algebra isomorphism

fok{u,v} @ k[X]/(X? - X) — My(k) (3.44)

v 00 ) v 01 )

0 aua, 0O O
uXv|—><0 0 >,vXu»—>(au%O),

in agreement with the result that we got in Proposition 3.3.6.

given by

Remark. 1t is worth noting that the fact that a matrix algebra may be written in
this way shows that the twisted tensor product of two elementary algebras (as is
the case for the algebras that we are considering) is not in general an elementary
algebra, even if we require the twisting map to be bijective. Actually, the example
that we present shows that we can build a twisted tensor product of two elementary
algebras by means of an invertible twisting map, and obtain an algebra which is
not even basic!

3.3.3 Hochschild cohomology of noncommutative duplicates

In this section we give a description of some facts related to the Hochschild co-
homology of the twisted tensor product algebras that we have described above.
Due to the similarity in the construction of the twisted tensor product with the one
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performed for the usual tensor product, it is reasonable to expect that Hochschild
homology groups should satisfy a sort of (maybe twisted) Kiinneth formula that
would allow to compute the homology groups of the twisted tensor product alge-
bra out of the homology groups of the factors. A step in this direction was given
by J. A. Guccione and J. J. Guccione in [GG99], where they build up a bicomplex
which should allow to compute the (co)homology for the twisted tensor product
when the twisting map is bijective, stating as a consequence that the Hochschild
dimension of a twisted tensor product is bounded by the sum of the Hochschild
dimensions of the factors. In particular, this result would imply that any twisted
tensor product of two separable algebras (i.e. having Hochschild dimension equal
to 0) is again separable.

This result is false, and the counterexample we consider shows that there is
no hope to obtain a correct reformulation. We can build up a twisted tensor prod-
uct of two separable algebras (both of them isomorphic to k?) with respect to an
invertible twisting map, and such that the resulting algebra does not even have
finite Hochschild dimension. In order to do this, we give explicit descriptions, us-
ing some methods developed by Cibils in [Cib98] and [Cib06], of the Hochschild
cohomology of all the algebras that we classified in the former section.

Proposition 3.3.7. Let A = B = k?, andlet 7 : B® A — A® B be a twisting map,
then the Hochschild cohomology of twisted tensor product algebra R := A ®, B
is given by:

(D) If R~ k%, then HH°(R) = k* and HH"(R) = 0 for any n > 0.
(Ila) If R = My(k), then HH°(R) = k and HH"(R) = 0 for any n > 0.

(Ib) If R = kQ/(@>2), then HH"(R) = k for all n > 0. In particular R has
infinite Hochschild dimension.

(1) If R = kQ, then HH°(R) = k3, and HH"(R) = 0 forall n > 1.

PROOF The cases (I) and (//a) are trivial, since both k* and M, (k) are separable
algebras (the latest because it is Morita equivalent to the ground field k).

Case (I11) is a consequence of Theorem 3.3.2.

Case (I10) is a direct consequence of Proposition 3.3.3. Since this is the sit-
uation that provides us the aforementioned counterexample, for the sake of com-
pleteness, we sketch Cibils’ procedure applied to this particular example:

Recall (cf. [Cib90a], [Cib90b]) that, if we have a finite dimensional algebra R
admitting a decomposition R = E'&J, being £/ a maximal semisimple subalgebra
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of R (which is separable) and J the Jacobson radical of R, then the Hochschild
cohomology of R may be computed as the cohomology of the following complex
of cochains:

0— RF —Homp_g(J,R) -  —Hompg_g(J% R) = - (3.45)

where J®% is the tensor product over E of n copies of .J. Whenever the Jacobson
radical satisfies that J2 = 0, the coboundary is given by

(6r)(z) = ro—ar VreRF xclJ,
()1 ® @ Tpa) = 1f(02@ - @Tpp1) +
+ (=) 11 © - © )T

for all f € Homg_g(J®E, R). In our particular example, we have kQ/(Q>2) =
kQo ® kQ,, being E = kQy = k? the (commutative) maximal semisimple sub-
algebra of R and k(); = J its Jacobson radical (whose square is 0). It is im-
mediate to check that J¥& admits as a basis the set Q,, of paths of length n.
Now, using the additivity of the Hom functor, we have Homg_g(kQ@,, R) =
Homp_g(kQ.,, kQo)PHomg_g(kQ,, kQ1), and, as every simple subbimodule of
k@, corresponds to the bimodule generated by a path ~y of length n, which we can
associate to the couple of vertices (s(7),t(7y)) of starting and ending points of .
Applying Schur’s lemma, we have Hompg_ g (k~, k') = 0 unless -y and ~' have the
same starting and ending points, that is, unless v and ' are parallel paths. Using
this, we find a linear isomorphism Hompg_ g (kQ,,, kQo) ~ k(Q, Qo). Similarly,
we have a linear isomorphism Hompg_g(kQ,, kQ1) ~ k(Q,/Q1). Through these

identifications, the coboundary ¢ is translated into the coboundary ( 109 8 ),
where the map D : k(Q,,/Qo) — k(Qni1/Q1) is given by

D(y,e):=>_ (a7,7)+ (=1)"" Y (va,0).

a€Qe a€eQ1

By construction, we obtain a complex isomorphism between (3.45) and the com-
plex

0— kQo — k(Q1)Qo) ®k(Q1)Q1) — -+ — .46
— k(Qn Qo) @ k(QnfQ1) — -~ . .

Since our quiver has no loops, whenever 7 is odd we have

k(Qnf Qo) = k(Qni1/@1) = {0},
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whilst for n even we get

E(Qn) Qo) = k(Qny1) Q1) = KZy,

as every path is uniquely determined by its starting (and ending) point, where the
identification consists on sending a path to 1 if it starts at the vertex e or to ¢ if
it starts at the vertex f, and we are considering kZ, = k{1,t| t> = 1}. Via this
identification, for even n, the map D transforms into the map D’ : kZy — kZs
defined by

D'(1)=1—t, D'(t)=t—1.

This map obviously has one dimensional kernel, generated by the element 1 + ¢,
and one dimensional image. Summing everything up, we may rewrite the complex
(3.46) as

D’

D/
K -

0

0—k? k?

and thus, for n odd we have

ker O
Im D’

dimg HH" ((kQ)2) = dimy ( ) = dimy k* — dimy(Im D) = 1,

whilst, for n even we get

ker D'
ImO

dimy, HH" ((kQ)2) = dimy, ( ) = dimg(ker D) — dim,(0) = 1,

as we wanted to prove.
u

As we announced, the algebra of type (//b) provides us an example of a
twisted tensor product of two separable algebras, with respect to a bijective twist-
ing map, which does not have finite Hochschild dimension. This example con-
tradicts [GG99, Corollary 1.8]. It is worth noting that in order to disprove Guc-
ciones’ results, it is not necessary to give an explicit description of the Hochschild
cohomology, being enough to show that the twisted tensor product algebra is not
separable. An immediate prooof of this fact follows from the realization of this
algebra as the quotient R = kQ/(Q)>2), as we can immediately check that the ele-
ments of R corresponding to (the equivalence classes of) the arrows of ) provide
nonzero elements of the Jacobson radical of 12 (actually, the Jacobson radical is
precisely the ideal generated by these two elements).
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After contacting the authors, J.J. Guccione pointed us out the precise location
of their mistake. Namely, it was implicitely assumed in [GG99] that the fact that
Corollary 1.8 was deduced from Theorem 1.7 was a general fact.

More precisely, their assumtion was that whenever we have a (first quadrant)
bicomplex with row (co)homology bounded at dimension n, and with column
(co)homology bounded at dimension m, then the (co)homolgy of the total com-
plex also has to be bounded.

A counterexample to this fact (provided by J.J. Guccione) may be given as
follows:

Consider a family of nonzero modules X, X1, X, ... and consider the dou-
ble complex having X;.; @& X, 4,41 at position (¢, j), with horizontal and vertical
differentials

d" =d": Xip; @ Xiyjn — Xisjo1 ® Xiy

given by d"(z,y) = d*(x,y) = (0, z). Rows and columns of this bicomplex have
homology 0 (except in degree 0), but the homology of the total complex at degree
1 1s X, so it does not vanish at any degree.
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4. PRODUCT CONNECTIONS ON FACTORIZATION
STRUCTURES

One of the main tools in classical differential geometry is the use of the tangent
bundle associated to a manifold. The rdle of the algebra of functions on the mani-
fold is taken by the sections of the tangent bundle, namely, the vector fields. As a
dual of the vector fields space, the algebra of differential forms (endowed with the
exterior product) turns out to be an useful tool in the study of global properties of
the manifold, giving rise to invariants such as the de Rham cohomology. A prob-
lem arises when trying to compare vector fields and differential forms at different
points of the manifold, the solution to it being given by the concepts of (linear)
connection and covariant derivative, that allow us to define the derivative of a
curve on a point of orders higher than one, hence giving us a way to speak about
acceleration on a path. The notion of connection also has another meanings in
physics, like the existence of an electromagnetic potential, which is equivalent to
the existence of a connection in a rank one trivial bundle with fixed trivialization.

Jean—Louis Koszul gave in [Kos60] a powerful algebraic generalization of dif-
ferential geometry, in particular giving a completely algebraic description of the
notion of connection. These notions were extended to a noncommutative frame-
work by Alain Connes in [Con86], what meant the dawn of Noncommutative
Differential Geometry. Much research has been done about the theory of connec-
tions in this context. On the one hand, Joachim Cuntz and Daniel Quillen, in their
seminal paper [CQ95] started the theory of quasi-free algebras (also named for-
mally smooth by Maxim Kontsevich or qurves by Lieven Le Bruyn), opening the
way to an approach to noncommutative (algebraic) geometry (also dubbed non-
geometry to avoid confusions with Michael Artin and Michel Van den Bergh’s
style of noncommutative algebraic geometry). These formally smooth algebras
are characterized by the projectiveness (as a bimodule) of the first order univer-
sal differential calculus, or equivalently as those algebras that admit a universal
linear connection. On the other hand, in Connes’ style of noncommutative geom-
etry, the study of the general theory of connections leads to the definition of the
Yang—Mills action, which turns out to be nothing but the usual gauge action when
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we specialize it to the commutative case (cf. [Con86], [Lan97], [GBVFO01] and
references therein).

In this chapter, we deal with the problem of building up products of those
connection operators. Basically, there are two different notions of “product con-
nection” that one might want to build. Firstly, one might want to consider two
different bundles over a manifold, each of them endowed with a connection, and
then try to build a product connection on the (fibre) product bundle. A noncom-
mutative version of this construction was given by Michel Dubois—Violette and
John Madore in [DV99], [Mad95]. Further steps on this direction, including its
relations with the realization of vector fields as Cartan pairs as proposed by An-
drzej Borowiec in [Bor96], have been given by Edwin Beggs in [Beg]. The other
possible notion of product connection, and the one with which we want to deal,
refers to the consideration of the cartesian product of two given manifolds, and
the building of a connection of the bundle associated to this product manifold.
Following the framework that we have developed in the former chapters, we will
use a factorization structure as a representative of the (noncommutative) cartesian
product of two manifolds. It is worth noting that under some extra assumptions, a
twisted tensor product can also be realized as a principal bundle defined over the
first factor. This interpretation was developed by Tomasz Brzezifiski and Shahn
Majid in [BM98] and [BMOOb], where the second factor was firstly chosen to
satisfy certain Hopf-Galois condition (that, amongst other things, required the
algebra to be finite dimensional), and lately replaced by a coalgebra for greater
generality. A notion of connection defined on these coalgebra bundles can also
be found in [BMOOD].

4.1 Preliminaries

4.1.1 Connections on algebras

Let A be an associative, unital algebra over a field k, and QA = @p>0 OPA a
differential calculus over A, that is, a differential graded algebra generated, as a
differential graded algebra, by QA = A, with differential d = d 4 (cf. Appendix
C). Let E be a (right) A—module; a (right) connection on E is a linear mapping

VE—E,04
satisfying the (right) Leibniz rule:

V(s-a)=(Vs)-a+s®da Vsé€FE acA. 4.1)
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Under these conditions, the mapping V can be extended in a unique way to an
operator
Vi iERisQA— E®40A

of degree 1, by setting
V(is®w)=Vs@uw+ (—1)Ps®dv Vse FE,wePA, 4.2)

where we are using the identification (£ ®4 Q'A) ®4 Q"A = E ®4 Q" A,
Regarding £ ® 4 QA as a right Q2 A-module, we find that the following graded
Leibniz rule is satisfied:

V(ow) = (Vo)w+ (—1)Podw Vo€ E®4QPA we QA. (4.3)

There are analogous concepts for left modules.

Sometimes, we will be interested on working with the universal differential
calculus over an algebra A. Connections over the universal differential calculus
will be called universal connections. It is a well known fact (cf. [CQ95, Corollary
8.2]) that a right A—module admits a universal connection if, and only if, it is
projective over A. The constructions we want to work with, however, do not rely
on the universality of the differential calculus, and can thus be defined in a more
general framework.

Whenever A is a commutative algebra, the tensor product £ ® 4 F' of two A—
modules F and F'is again an A—module. If £/ and F carry respective connections
VE and V', we may build the tensor product connection on E ® 4 I by defining

vieal . —yP o F+ E® V. 4.4)

A possible generalization of this construction was given by Dubois—Violette and
Madore in [DV99], [Mad95]. If E and F' are A-bimodules equipped with right
connections V¥ and V7, and such that there exists a linear mapping

o VARUF — Fo,0MA
satisfying that
VE(am) = aVF(m) +o(da®sm) VYaec AmeF, 4.5)
then we may define

VEOAF . F o, F —E,F QA
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by setting
VEeal — (E®o)o (VERF)+ E® VT, (4.6)

and this VZ®4%" is a right connection on £ @4 F.

Our aim is to define a different kind of “product connection” with a more
geometrical flavour. Namely, consider that our algebras A = C*°(M) and B =
C*°(N) represent the algebras of functions over certain manifolds M and N, and
that £ = X(M) and F' = X(N) are the modules of vector fields on the manifolds.
The algebra associated to the cartesian product of the manifolds is C*°(M x N) =
C>®(M) ® C*°(N) (more precisely, a suitable completion of the latest). For the
modules of vector fields and differential 1-forms, we have that

X(M x N)Z2X(M)®C®(N)®C®(M)® X(N),
QHC®(M) ® C®(N)) 2 QYC>®(M)) ® C*(N) ® C™(M) @ Q*(C>(N)),

hence, a “product connection” of two connections defined on £ and F' should be
defined as a linear mapping

VIERBOARF — (EQBOARF) ®aep (VAR B® AR QD)

Firstly, realize that if E is a right (resp. left) A—-module, and F' is a right (resp.
left) B—module, then £ ® B & A ® F is aright (A ® B)-module, with actions

(e®ba® f) (a®pP):=(ea®bf aa® fD)
(resp. (@) (e®ba® f) = (ae® Bb,aa @ Bf))
For simplicity, we will only work with right connections. Left connections
admit a similar treatment.
4.1.2 Product Connection

Suppose then that E is a right A-module endowed with a (right) connection VZ,
and that F is a right B—module endowed with a (right) connection V. Let us
consider the mappings

Vi:E®QB — (E@BPARF)Raep (VAR B3AR0'B),
Ve A9 F — (E@BO®A®F)Qaep (VAR BOA®Q'B)

respectively given by

Vi=(E®7T0up)o(VERB)+ (E®us®@up®@ Q' B)o (E®dg), and
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Vo= (AR F Qus@0B)o (A VE) + (ug @7 ®@up) o (da @ F),

where 7 represent classical flips. If we use the shorthand notation VZ(e) = ¢; ®
d 4a;, where the summation symbol is omitted, the Leibniz rule for V¥ is written
as

VE(ea) = ¢; ® (da;)a + e @ da, 4.7

and we have

V1(<6 X b) : (Oé ®6)) = V1(6a® bﬁ) =

= ¢ ®08 ®aep (daa;))a®@1+e®bf Ragp doa ® 14
+ea®1®app 1 @dp(bf) =

= ¢ ®bRagp (daa;))a® B+ e®@bRagp da @ B+
+e®1®@agpa®@dp(b)f+e®1Q@agp a®bdpf =

= (6®bRagpda;, @1 +e®1®agp l®@db) - (a® )+
+eRbRagpdaad @ +eRbRagp a®dpl =

= Vi(e®b) - (a®P)+ (e®b) Ragp dla® ).

A similar computation shows that
Vol(a® f) - (a®pP) = Vaa®f) (a®P)+ (a® f) Ragp da® B).
Adding up these two equalities, we conclude that the map

VEQRBBARF — (E®RBO®ARF) Qs (QA®BoA® QD)
(e®b,a®f) [ — V1(€®b>+VQ(CL®f)

verifies that
V((e®b,a®f) (a®f)) = V(e®b,a® f) - (a®F)+(e®b,a® [)R@agpd(a®3),
and henceforth, V is a (right) connection on the module £ ® B @& A ® F. We shall
call this map the (classical) product connection of V¥ and V¥

4.2 Twisted tensor product connection

In the former section we introduced the definition of a connection within the for-
malism of differential calculus over algebras, and showed how to build the prod-
uct connection for a tensor product of two algebras, extending the definition of
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the classical product connection in differential geometry. In this section, we will
show how to extend the definition of the product connection to a twisted tensor
product of two algebras under suitable conditions.

Let A and B be algebras, R : B® A — A ® B atwisting map, E a right A—
module endowed with a right connection V¥, and F' a right B—-module endowed
with a right connection V. Assume that we can lift the twisting map R to a
twisting map R : QB ® QA — QA ® QB on the differential graded algebras of
differential forms (that is always possible for the universal calculi, check Section
1.3.1, or [CSV95] for full detail, for sufficient conditions to obtaing this lifting on
general differential calculi), so that the algebra

QA@EQB—@<EB QPA@QqB)

neN \p+g=n

is a differential calculus over A ® B. For this differential calculus, the module
of 1-forms can be identified as Q'A ® B ® A ® Q' B, with the natural action
induced by the twisting map. As the situation is pretty much the same as in the
tensor product case, the natural way for defining a “twisted product” connection
of V¥ and V¥ would be considering a linear map

VEQBPARF — (EQBOARF) Qug,s (QA®B®A®Q'B).

The first step on making this map becoming a connection is giving a right (A ®p
B)-module action on £ ® B & A ® F', which means finding a right (A ®p B)-
module structure on both £ ® B and A ® F'. For the first one we may just use the
twisting map and define:

(e®b) - (a®f):=ear  brp. (4.8)

For the second one, a sufficient way of giving a module structure is finding a
(right) module twisting map 75 4 : F' ® A — A ® F', and then taking

(a® f) - (a®f):=an, ® f,[. 4.9)

The fact that the former definitions are indeed module actions follows directly
from the fact that both R and 77 4 are right module twisting maps (cf. (1.8),
(1.9)).

Following the lines given by the definition of the classical tensor product con-
nection, in order to build V we have to find suitable maps V; and V. For the first
one, it suffices to define
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Vi:EQB— (EQ@B®ARF)®aep (A2 B® A®Q'B)
Vi=(FRupWA®B)o(VF@B)+ (E®@up@us®Q'B)o(E®dp).

With this definition, when R is the classical flip we obtain something trivially
equivalent to the one given in the former section, and we have

Vi(le®d) - (a®p)) = Vi(aar®brf) =

= (E@up®A® B)(VE(ear) ® br3) +
+(E @ up @ us ® ' B)(ear @ d(bp3)) =
e, ®1®agyn (daa;)ag ® bl +
+e®1®ag,pdag @ brl +
+ear ®1®ag,p 1 @ (dpbr)B +
+ear ® 1 ®ag,p 1 ®brdpf =
= € ®1®agyp (daa;)or @ brPB +
+e®1Qagypdag @brlB +
+e®1®ag,p ar ® (dgbr)l3 +
+e®1®@ag,p r @ brdpf =
(€ ®1Ragyp daa; @b+
+e®1Q®aprpl®b) - (@a®F)+
+e®bRag,p dac® [+
+e®b®agypa®@dpf =
= Vi(e®b) - (a®f)+e®bRag,p dla® j),

1=

[[e

where in 1 we are using Leibniz’s rules (for the connection V¥ and the differential
dp), in 2 the definition of the action (4.8) and the compatibility of the twisting map
with the differential, as mentioned in equations (1.21) and (1.22).

The definition of V5 is more involved, and we are forced to assume some
extra conditions on the maps R and 75 4. Namely, assume that R is invertible,
with inverse S : A ® B — B ® A, that 7 4 is invertible with inverse o4 p :
A®F — F ® A, and such that the following relation, ensuring the compatibility
of the module twisting map with the connection V7', is satisfied:

(AR V) orpa = (Tra@Q'B)o (FQR)o (V' ® A). (4.10)
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From this condition, that in Sweedler’s like notation is written as

ar ® (f7); ®p (dbr); = (ag)r ® (f)- @5 ((dbs) ),

the module twisting conditions (1.11) and (1.12) for 77 4, and the twisting map
conditions (1.1) and (1.2) for R, we may easily deduce the following equalities:

(Car@UB)o (A V) =(F@R)o (VI @ A)ooap,
(pa®@ F)o (A®Tra) =Tpao (F® pa)o (car @A),
0ar©o (AR Ap)o (Tra®B)=(Ar®A) o (F®S),
oaro(a®F)=(F®pua)o(oar®@A)o(A®oar),
0aro(BR@Ap)o (RROF)=(Ar®@A)o(B®oar).

If we define the map

Vy:AQF — (EQBO®ARF) ®uagp (VA2 Bd A® Q'B)
Vy= (A FRup@QUB)o (A V) + (uy @ FRdy®@up) oo

then we have

Va((a® f) - (@ ® )

@15)

4.10)

“.14)

Va(ao, ® f,3) =

(A® F @ us @ Q'B)(aa, @ VI(f,3)) +

+10 (f0)s ® dal(acy),) @1 =

ac; @ (fr); ®agpp 1 @ dp(br); 0 +
+aa: @ fr Qagrp 1 @ dpf +

+1® (f+8)os @awpp (datz)are @1+

+1® (f‘rﬁ)cr? ®A®RB aEdA(am) ®1 (4é0)

alag)r @ (fj)r ®agep 1 @ (dpb;) 58 +
+a® f Qg a®@dpf+

+1® (f‘rﬁ)cr? ®A®RB (dAaE)&TJ ®1+

+a® (f+8)s @aopn da(are) ® 1 (4.14)

a® [j ®agpp af @ (dpbj) g8 +
+a® f Qg @dpf+
+1®(fBs)e ®awyp (dats)as @1+

(4.11)

4.12)
(4.13)
(4.14)
(4.15)
(4.16)
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+a® fBs @agyp dalos) @1 o

(@ ® fj ®asrp 1® (dpby)) - (. ® B) +

+a® f Qagpp @@ dpf +

+1® foPBeg @aspB dA(agg)aS ®@1+

+a® [ Qagpp daa® =

= (a® fj ®agrp 1 ® (dBb;)) - (@ ® B) +
+1® fo ®agpp dalas)a @ 5+
+a® f Qagpp @ @dpf +
+08® f Qagps daa® =

= Va(a® f) (a®P)+a® f Qagyp dla® ).

(4.13)

Henceforth, the mapping
V:EQBGARF — (EQB®ARF) Qagyp (VA B®A®Q'B)

defined as
Vie®dba® f):=Vi(e®b)+ Va(a® f) 4.17)

is a (right) connection on the module £ ® B@® A® F. We will call this connection
the (twisted) product connection of V" and V' .

4.3 Curvature on product connections

In this section our aim is to study the curvature for the formerly defined product
connections. If we have a connection V : £ — E ®4 Q'A, we will also denote
by V: E®4 QA — E®4QA the extension given by (4.2), ocassionally denoting
by VI E@, Q"A — E @4 Q"1 A its restriction to E-valued n—forms. The
curvature of the connection V is defined to be the operator § := VIUo VI . F —
E @4 Q%A. It is well known (cf. for instance [Lan97, Sect. 7.2]) that the map
6 is right A-linear. A connection V is said to be a flat connection whenever the
associated curvature map is equal to 0. As curvature map may be extended to a
(right) QA-linearmap 0 : E®4 QA — E®4 A of degree 2 given at degree n by
olnl .= v+l o VIl and it is easily checked that 0") = (E ® jqa) o (Q"A® 6),
(cf. [BBOS, Prop 2.3]), we have that a flat connection can be used for building a
noncommutative de Rham cohomology with a nontrivial coefficient bundle.

Let then A and B algebras, R : B& A — A® B atwisting map, F aright A—
module endowed with a right connection VP and F a right B—module endowed
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with a right connection V¥ such that we can build the product connection V as
in the former section, let also V = (V") denote the extension of V to (E ®
B®A®F) ®agun (VA ®5 QB). Fore € E, let us denote V¥ (e) = ¢; ®4
daa;, and V¥ (€i) = eij ®a daa;j, where summation symbols are omitted. In the
same spirit, for f € F, we will denote V¥(f) = fi ®p dpb, and VI(f,) =
fr ®p dgby;. With this notation, the respective curvatures are written as 6% (e) =
ei; ®a daadaa;, 0F(f) = fu ®p dpbudgbs. We will also denote by ip and
ir the canonical inclusions (as vector spaces) of £ ®4 Q2A and F ®p Q?B into
(FE@QBD®A®F) Qagyp (VA ®5QB)2. For a generic element (e ® b,a ® f) €
(E® B® A® F), using the definition of the product connection, (4.17), we have

Vieba® f) = 6®1®agppdaa; @b+e®1 Qg1 ®@dpb+
+1® fr @aepp da(as) ®1+a® fir, Qug,p 1 @ dpby,

Applying V! to each of these four term we obtain:

V(e @1 RagrB daa; @ b) =

Vie;®1) - (daa; ®b) + (€; ®1) @ugyp d(da; ®b) =
(€] @1 Ragpp daa;; ®1) - (daa; ®b)

—€, ® 1 ®agpp daa; @ dgb =

€ij @ 1 @agyp daa;jdaa; @0

—€; ®1 @0, daa; ® dpb =

ZE(QE(G)) -b— e; X 1 ®A®RB dAai & de,

=1l

V(e ®1®ap,p1® dpb) =

= V(Ee®l) - 10dpb+ (e ®1) Qag,p d(1 ® dgb) =
= ¢ ®1Qag,p daa; @ dpb,

V[l](l ® for Ragpp dala,) @ 1) =

V(1®fg) . (dA(ao')®1) (1®fg’) ®A®RB d(dA(aU)®1) =
(1® (fo)k ®azgp 1 @ dp(bs)k) - (dalas) ® ) =

(bo)k) -

1® (fo)k @aegp (dalas))z @ (dp(bs k) =
)& ®(
) ®

IS

1@ (fo)r ®aops dalas 50K =
—1® (fr)o Ragpp dalay,) ® dgby,

~
=
—_
0
=
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V(0 ® fi @asns 1 @ dpby) =

= V(a® fi) - (1@ dpbr) + a ® fi ®agyp d(1 @ dpby) =
= (CL X fk:l ®A®RB 1® dek;l) . (1 & dek)+
‘|‘(1 X (fk)o’ ®A®RB dACLJ & 1) . (1 (029 dek) =
= a® fkl ®A®RB 1® dekldek_'_
+1® (fi)o ®aops dat, @ dpb, =
= a-ip(0"(f) +1® (fr)e ®acpp dats @ dgby.

where in 1 we are using the definitions of V and the differential d, in 2 the com-
patibility of R with d4. Adding up these four equalities we obtain the following
result:

Theorem 4.3.1 (Rigidity Theorem). The curvature of the product connection is
given by
Ole®@b,a® f) =ig(0F(e))-b+a-ip(07(f)). (4.18)

An interesting remark at the sight of the former result is that the product cur-
vature does not depend neither on the twisting map R nor on the module twisting
map 7r 4, but only on the curvatures of the factors. As an immediate consequence
of Equation (4.18) we obtain the following result:

Corollary 4.3.2. The product connection of two flat connections is a flat connec-
tion.

Henceforth, one might ask the question of describing the de Rham cohomol-
ogy with coefficients in the sense of Beggs and Brzezinski (ref. [BB0S5]) for the
(twisted) product connection of two flat connections. It is also worth noticing that
formula (4.18) drops down in the commutative case to the classical formula for
the curvature on a product manifold.

4.4 Bimodule connections

For many purposes, only considering right (or left) modules is not enough. On
the one hand, if we want to apply our theory to x—algebras, then sooner or later
we will be bond to deal with *—modules and hermitian modules, but since the in-
volution reverses the order of the products, these notions only make sense when
we consider bimodules. On the other hand, there is a special kind of connections,
known as linear connections, obtained when we take £ = Q' A. Since Q'A is a
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bimodule in a natural way, there is no reason to neglect one of its structures re-
straining ourselves to look at it just as a one-sided module. Reasons for extending
the notion of connection to bimodules have been largely discussed at [Mou95],
[DV99] and references therein.

Different approaches for dealing with this problem have been tried. The first
one, described by Cuntz and Quillen in [CQ95], consists on considering a couple
(V!, V") where V' is a left connection which is also a right A~-module morphism,
and V" a right connection which is also a left A-module morphism. As it was
pointed out in [DHLP96], this approach, though rising a very interesting algebraic
theory, is not well suited for our geometrical point of view, since it does not behave
as expected when restricted to the commutative case. A different approach was
introduced by Mourad in [Mou95] for the particular case of linear connections
and later generalized to arbitrary bimodules by Dubois-Violette and Masson in
[DVMO6] (see also [DV99, Chapter 10]). Their approach goes as follow: let £
be an A-bimodule; a (right) bimodule connection on E is a right connection
V: E — E®4 QA together with a bimodule homomorphism o : Q' A ®4 E —
E ®4 Q' A such that

V(ma) = aV(m) + o(da(a) ®4m) foranya € A,m € E. (4.19)

Giving a right bimodule connection in the above sense is equivalent to give a pair
(VE, VE) consisting in a left connection V¥ and a right connection V# that are
o—compatible, meaning that

VE =50oVE (4.20)

Remark. A weaker definition of c—compatibility, namely requiring that equation
(4.20) holds only in the center Z(F) := {m € E : am = maVa € A} of E
rather than in the whole bimodule, has also been studied in [DHLP96].

So, assume that we have F bimodule over A, V¥ a bimodule connection on
E with respect to the morphism ¢ : Q' A®4 F — E @4 Q' A, and F a bimodule
over B endowed with VI a bimodule connection with respect to the bimodule
morphism ¢ : Q'B®p FF — F @5 Q'B. As before,let R: B A — A® B
an invertible twisting map with inverse S, and assume also that we have a right
module twisting maps 7p 4 : F'® A — A ® F satisfying condition (4.10) and a
left module twisting map 75 5 : B ® F — E ® B satisfying condition

(VEP@B)orpg=(E®R)o (155 ®Q'A) o (BR V), (4.21)
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which is the (left) analogous of condition (4.10), and such that (E® B) & (A® F)
becomes an A ® B bimodule with left action

(a®p) - (e®b,a® f):= (ae, @ B:b,aar @ Brf),
then we have that

V(@@ p)le®b) = Vi(ae, ® B;b) =
= (@) ®1®agyp dala;) ® B0+
+ae, ®1®ug,s 1 @ dp(B:b) =
= aler); ®1Qagpp dalar); ® 50+
+ (67><p ® 1 @agrB (dAO‘)cp ® B:b +
+ae; ®1 @agrp 1 @ dp(B:)b+
+ae, ©1@ag,p 1©® Brdph =’
a(e)r ®1®agyp (daai) s ® (Br) b+
aer ®1Qagpp 1 ® Brdpb+
+ (er)p ® 1 Qagyp (daa), @ B:b+
+ae, ®1®ug,s 1 ®dp(B:)b =
= (a®p)Vi(e®b)+
+ (er)p ® 1 ®agyp (da), @ 3:0+
+ ae; @1 Q@agyrp 1 ®dp(53;)b.

@21)

On the other hand,

V(@@ p)(a® f)) = Valaar® Brf)=

= 1®(Brf)e ®agrp da((aar)s) ® 1+

@.15)
+ aar @ (Brf)k ®aprp 1 @ dgby) =

I® (ﬁRf)cr& ®A®RB dA(Oé{;(CLR)g> ®1+

+ aar ® (Brf)k @agpp 1 @ dp(b,) 4

1® (Bfo)s @aggp da(asas) @1+
+ aar ® (Brf)k ®acyp 1 @ dp(by,) =
= 1®(Bfs)s ®agpn da(as)a, @1+
+1® (Bfs)s @awrp edalas) @1+

4.15)

(4.16)
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+ aar @ Brfk Qagrp 1 @ dpby, +

+ aar ® fy ®azp 1@ (dB(Br))y =
= (a®@B)Va(a® f)+

+1® (Bfs)s Dasgpp dalas)as @1+

+aar ® fyp Qap,p1® (dB<ﬁR))¢'

Adding up these two equalities we obtain

Ve p)e®ba® f)) = (a®p)V(e®ba® f)+
+€(d(a®ﬁ) ®A®RB (e®b,a®f)),

where the map € : (AR B ARNB)R40,58( FRBOPARF) — (EQ B&®
AR F) ®@agpp (NA® B® A®Q'B) is defined by € := &1 + &2 + &1 + oo,
being

§1(daa® B @agrp e ®D) i= (), ® 1 ®agyp (daar), @ 57,
(12(0 @ dpfB Ragrp e ®b) = e, @1 Rag,p 1 @ dp(8:)b,
$1(daa ®@ B Ragra® f) =10 (Bfs)s ®agyn dales)as ® 1,
§a2(a ®dpB Ragrp a® f) = aar ® fy ®agp 1 ® (dB(BR))y-

Hence, in order to show that the product connection V is a bimodule connection
we only have to show that £ is a bimodule morphism, which is equivalent to prove
that all the &;; are bimodule morphisms.

Lemma 4.4.1. The map &5 is a left (A ® g B)-module morphism, if, and only if,
the equality

(p@B)o (AR Tpp)o(ROE) = (E®QR)o (s @0V A)o(Boy) (4.22)
is satisfiedin B QAR E.

PROOF In order to check that the compatibility condition is necessary, just apply
the compatibility with the module action to an element of the form 1 ® b ® w ®
l1®e® 1.

Conversely, assuming condition (4.22), we have that

§u((z®@y) - (da® B @agrpe®b)) =
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§n(z(do)s @ ypb @agpp e @ b) =
(€1)p ® 1 @aspn (x(da)z), ® (yz5).b
2(er)p ® 1 @ aapn ((da) )y © (yz0)r
((e:)r)p ® 1 ®agyn ((da)z), <yR>TﬁTb “‘é”
2((er)g)r @ 1 @agnn ((da)y)7 © (yr) b =
((er)y (
z((er)

=

)

i

~
N
)
N
=

er)p)r ® 1 ®@agpp (1 ®@yr) - ( a) ® B:b)) =
€r ) ® Yz ®A®RB (d&) & 5
( X )Ell(da@)ﬁ@A@RBe@b)

|
=

01’ \A

where in [1] we are using that ¢ is a left module map, in [2] that 75 g is a module
twisting map. U
It is straightforward checking that &;; is a right module map, and thus left to the
reader. In a completely analogous way, it is straightforward to check that &5 s a
left module map, whilst for the right module condition we need a compatibility
relation similar to (4.22). More concretely, we have the following result, whose
proof is analogous to the one of Lemma 4.4.1:

Lemma 4.4.2. The map &, is a right A ®  B—module morphism if, and only if],
the equality

(A®Y)o(R®F)o(WB®@7ra) = (Tra@UB)o(F@R)o (b ® A) (4.23)

is satisfied in Q'B ® F ® A.

For &1, and &51, the right (resp. left) module map conditions are also straight-
forward. We will show now that &5 is a left module map, the proof that &5 is a
right module map being analogous.

§((z®y) (a®@dBRagyp)e ®@b) = S1a(rar @ ydf @sgrp e @ b) =
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= &i(rap ® d(yrf) @agyp e @ b)—
—&12(zar @ d(Yr) @agyp er @ B:b) =
= zage, ®1Qag,p 1 ® (dyrfb),)b—
~wap(er)r & 1 @ aspn 1 © d((yn)s)Brb 2
= zag(er)r ® 1 @ag,p 1 @ (d((yr)-6:-))b—
—zag(er)r ® 1 Qagyp 1 @ d((yr)-)Brb =
zag(er)r © 1 Qaggp 1 @ d((yr)z)0-0+
+zag(er): ® 1 Qagyn 1 ® (yr)z(d(6;))b—
)7
(

—zag(er)r ® 1 ®agzp 1 @ d((yr )575 =
l’O[R(G'r) & 1 ®A®RB 1 & (yR> ( 67))

LIZ'(O(@-,—); X 1 ®A®RB 1 & y?(dﬁ‘r) =
= x(ozeT); X Yr ®A®RB I® (dﬂTﬂ) =
= (2®y) - &2(a®dB®agyp)e @ D),

E

where in [1] and [2] we use that 75 4 1s a module twisting map.
Summarizing, we have proved the following result:

Theorem 4.4.3. Let E be a bimodule over A, (V¥ ¢) a bimodule connection on
E, F abimodule over B, (VF,¢), R : B® A — A ® B an invertible twisting
map; 7p4 1 FF® A — A® F aright module twisting map satisfying condition
(4.10) and 75 : B® F — F ® B a left module twisting map satisfying condi-
tion (4.21). Assume also that conditions (4.22) and (4.23) are satisfied, then the
product connection of V¥ and V¥ is a bimodule connection with respect to the
morphism &.

4.5 Examples

Let us start by recalling some facts from [CQ95]. For any projective (right) mod-
ule E over an algebra A, there exists a module £’ such that £ & E' = A", and we
have two canonical mappings

p A"=E®0F —F and\:E—EaQE,

we can then define the map V;, := (p®1d)o (A" ®d) o (A®1d) as the composition
given by

A®Id pRId

E®,4OPA A" @4 OPA Optl g E®,QrtlA
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The operator V|, is a (flat) connection on £/, called the Grassmann connection on
E.

Remark. Physicists sometimes use the shorthand notation V = pd to denote the
Grassmann connection.

It is also well known (cf. for instance [CQ95]) that the space of all linear
connections over a projective module £ is an affine space modeled on the space
of A-module morphisms End4(E) ®4 Q' A, and henceforth we can write any
linear connection V on F as V = V + «, being @ € Enda(E) @4 Q' A, where
the “matrix” « is called the gauge potential of the connection V.

4.5.1 Product connections on the quantum plane k[, y|

Consider now A := k[z]| the polynomial algebra in one variable. Since, by
Quillen-Suslin Theorem, any projective module over A is free, it is enough to
consider connections for modules of the form £ = A™.

If we denote by {e;};—1__. the canonical generator set for £, we may write
the Grassmann connection on F' as

Vi(ar, ... am) =€ @aday + -+ ey @aday, € E@4 QA (4.24)

Analogously, let B := k[y|, F' := B™ with canonical generating system { f; } ;1
and Grassmann connection

VEDby,... b)) = fi@pdby + -+ f, @p dby,. (4.25)

Recall that the quantum plane k, [z, y] may be seen as the twisted tensor prod-
uct k[z] @ k[y| with respect to the twisting map obtained by extension of R(y ®
x) = qr ® y. This is an invertible twisting map which extends to an invert-
ible module twisting map 774 : F'® A — A ® F in a natural way. For ele-
ments e @ b € E® B, where e = (ay,...,a,), and a generator z ® f with
f=(",...,y") of A® F, using the definition of our product connection given
by Equation (4.17), we have that the product of the Grassmann connections is

V(e @b,z ® f) = (Zei®1®dai)®b+e®1®1®db+

tr® <Z i®l® d?f’“) +1@ (¢ "y, ..., ¢ "y") @dr 1.
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Remark. 1f we introduce the notation \,(p(y)) := p(qy), we can give the former
expression for an element a ® f of the form a = 7, f = (by,...,b,) € F as

V(e®ba® f)=) e®1ledy@bte®l®l®dhi+

+) 4@ fiwl@dhy+ Y 1@ M- (by) ®d(2?) @ 1
k k

Now, for a generic connection V¥ over the module F, there must exist a poten-
tial of = p; @w; € End E®4 Q' A given by oF(ay, ..., a,) = > i pilag) ® w;
such that VE = V¥ + of. In the same way, for a generic connection V¥ on
F there must exist a potential o = >, 1 ® n, given by o (by,...,b,) =
> ki Ykbi @ i, and such that VI = V{ + o, Applying the formula for the
product connection to V¥ and V¥ we easily observe that

V(e®b,a® f) = V¥ (e@b,a®f)+ Y _ ¢i(a;)@10w;@b+ Y  a@iy(b)@1@m,
2,] k,l

expression that tells us the formula for all possible product connections on the
quantum plane.



5. A MORE GENERAL APPROACH TO DEFORMED
PRODUCTS

Beyond twisted tensor products, there are many other constructions in which a
different algebra structure is obtained from a given one without changing the un-
derlying vector space (or whatever object, if we are working over a monoidal cat-
egory). One example of this is the case of twisted bialgebras, if H is a bialgebra
and o : H ® H — k is a normalized and convolution invertible left 2-cocycle, one
can consider the “twisted bialgebra” , H, which is an associative algebra structure
on H with multiplication given by

axb= 0(al,bl)a2b2.

This is an important and well-known construction, containing as particular case
the classical twisted group rings.

Apparently, there is no relation between twisted tensor products of algebras
and twisted bialgebras, except for the fact that their names suggest that they are
both obtained via a process of twisting. However, as a consequence of the ideas
developed in this Chapter, it will turn out that this suggestion is correct: we will
find a framework in which both constructions fit as particular cases.

Our initial aim was to relate the multiplications j14¢,p of a twisted tensor
product A @ B associated to the twisting map R, and j145p5 of A ® B. It is easy
to see that fiag,B = ptagr © T, where

T:(A®B)® (A® B) — (A® B)® (A® B)

is a map depending on R, and the problem is to find the abstract properties sat-
isfied by this map 7', which together with the associativity of j145p imply the
associativity of p14¢,5. We are thus led to introduce the concept of twistor for an
algebra D, asalinearmap 7 : D® D — D ® D satisfying a list of axioms which
imply that the new multiplication pp o T gives an associative algebra structure on
the vector space D (these axioms are similar to, but different from, the ones of an
R-matrix for an associative algebra, a concept introduced by Richard Borcherds).
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It turns out that the map 7" affording the multiplication of A®r B is such a twistor,
and that various other examples of twistors may be identified in the literature, in
particular the noncommutative 2n-plane may be regarded as a deformation of a
polynomial algebra via a twistor.

But there exist in the literature many examples of deformed multiplications
which are not afforded by twistors. For instance, the map

T(a®b)=0c(ay,b)as ® by
affording the multiplication of , / is far from being a twistor. Also the map
Twe()=we (- (-1)"dw) @dC),

affording the so-called Fedosov product in a differential graded algebra, is not a
twistor, though it does not drift too far, it looks like a graded analogue. We are thus
led to a more general concept, called braided twistor, of which this 7" becomes
an example. And from this concept we arrive at a much more general one, called
pseudotwistor, which is general enough to include as example the map affording
the multiplication of ,H, as well as some other (nonrelated) situations from the
literature, e.g. some examples arising in the context of Durdevich’s braided quan-
tum groups, and the morphism 0124, 4> Where A is an algebra in a braided monoidal
category with braiding c.

We also present some properties of (pseudo)twistors, e.g. we show how to lift
modules and bimodules over D to the same structures over the deformed algebra,
and how to extend a twistor 7" from an algebra D to a braided (graded) twistor
T of the algebra of universal differential forms {2D. The results contained in this
Chapter originally appeared in [LPVOO07].

5.1 R-matrices and twistors

In the literature there exist various schemes producing, from a given associative
algebra A and some datum corresponding to it, a new associative algebra structure
on the vector space A. The aim of this section is to prove that there exists such a
general scheme that produces the twisted tensor product starting from the ordinary
tensor product. Our source of inspiration is the following result of Borcherds from
[Bor98], [BorO1], which arose in his Hopf algebraic approach to vertex algebras:

Theorem 5.1.1. ([Bor98], [BorO1]) Let D be an algebra with multiplication de-
noted by up = ppandlet?” : D ® D — D ® D be a linear map satisfying the
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following conditions:

Tled) =1®d, Td®1)=d®1, forallde D, 4.1
proz © Tz 0 Ty =T o g3, (5.2)

paz 0 Tog 0 Tiz3 =T o o, (5.3)

T12 01130153 = Ta3 0 T13 0 Tha, (5.4)

with standard notation for 1;; and T;;. Then the bilinear map o7 : D® D — D
is another associative algebra structure on D, with the same unit 1. The map 7" is
called an R-matrix.

If A®pr B is a twisted tensor product of algebras, we want to obtain it as a
twisting (in the sense above) of A ® B. We might try defining the map

T:(A®B)®(A®B) — (A®B)® (A® B)
byT:=(A®7® B)o(A® R® B), that is,
T(a®b)®(d®V)):=(a®bg) ® (dy ). (5.5)

Then the multiplication of A ®r B is obtained as pagp o T, also T satisfies
T1l®(a®b)=1® (a®b)and T((e®b) ®@1) = (a®b) ® 1, but in general T’
does not satisfy the other axioms in Theorem 5.1.1 (for instance take R to be the
twisting map corresponding to a Hopf smash product), hence we cannot obtain
A ®g B from A ® B using Borcherds’ scheme, and we are forced to find an
alternative one. This is achieved in the next result, whose proof is postponed till
Section 5.4, where it will be given in a more general framework.

Theorem 5.1.2. Let D be an algebra with multiplication denoted by pp = p and
T:D®D — D® D alinear map satisfying the following conditions:

Tled) =1®d, Td®1)=do1, forallde D, (5.6)
pra3 © T3 0 Tg =T 0 ig3, (5.7

priz © Tiz 0 Tag =T o piya, (5.8)

T3 0 Tag = To3 0 T1a. (5.9)

Then the bilinear map pol': D ® D — D is another associative algebra structure
on D, with the same unit 1, which will be denoted in what follows by DT, and the
map 7" will be called a twistor for D.
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If T is a twistor, we will usually denote T'(d @ d') = d* @ d/y, ford,d' € D, so
the new multiplication ;o T on D is given by d x d’ = d* d,. With this notation,
the relations (5.7)—(5.9) may be written as:

d¥' @ (d'd")y = (dT)t @ dyd, (5.10)
(dd)T @ di = dTd" @ (d)r, (5.11)
A" @ (dp) @d =d' @ (d)r @ d'. (5.12)

Now, if A®g B is a twisted tensor product of algebras, then one can check that the
map 7' given by (5.5) satisfies the axioms in Theorem 5.1.2 for D = A ® B, and
the deformed multiplication is the one of A®g B, thatis, AQr B = (A® B )T, SO
we recover the associativity of the (deformed) product in A® B as a consequence
of Theorem 5.1.2.

Conversely, if R : B® A — A® B is a linear map such that the map 7" given
by (5.5) is a twistor for A® B, then R is a twisting map, and (A® B)" = A®x B.
If this is the case, we will say that the twistor 7' is afforded by the twisting map
R.

Remark. 1f T is a twistor for an algebra D, a consequence of (5.10) and (5.11) is:
T(ab® cd) = (") (07T @ (er)r(dg):, (5.13)
forall a,b,c,d € D,where T =t=7 =T.
Remark. Let T be a twistor satisfying the extra conditions
Tip 0113 = T3 0Tho, (5.14)
Ti3 0153 =153 0T13. (5.15)
Then it is easy to see that 7" is also an R-matrix. Conversely, a bijective R-matrix
satisfying (5.14)) and (5.15) is a twistor.

An example of a twistor 7" satisfying (5.14) and (5.15) can easily be obtained
as follows: take H a cocommutative bialgebra, o : H ® H — k a bicharacter, that
is, a map satisfying

o(1,h) = o(h,1) =e(h),
o(h, i) = o(hy, h)o(hg, h"),
o(hh',h") = o(h, h])o(h', hY)
forall h, h',h” € H, then we may definethe map 7 : H ® H — H ® H, by
T(h®h') = a(hy, hy)he @ hi,
having the required property.
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Remark. We have seen before (formula (5.5)) a basic example of a twistor which
in general is not an R-matrix. We present now a basic example of an R-matrix
which is not a twistor. Namely, for any algebra D, define the map

T:-DD — D®D
dod — dd1+1dd—d ®d.

Then one can check that T' is an R-matrix (the fact that it satisfies (5.4) follows
from [Nus97] or [Nic99]) whilst it is not a twistor. Note that the multiplication
p o T" afforded by T is just the multiplication of the opposite algebra D°P.

5.2  More examples of twistors

In this section we present more situations where Theorem 5.1.2 may be applied.

5.2.1 Iterated twisted tensor products

Let A, B, C be three algebrasand R : B A —- AR B, R, :C®B — B,
R;: C® A — A® C twisting maps. Consider the algebra D = A ® B ® (', and
themapT7 : D® D — D ® D given by

T((a®b@c)@(d' @V @) = (a®br, @ (Cry)Rr,) @ ((aR,) R, @R, ®c). (5.16)

In general 7" is not a twistor for D, even if the maps R;, Rs, R3 are compatible.
However, we have the following result:

Proposition 5.2.1. With notation as above, 7' is a twistor for D if, and only if, the
following conditions hold:

aR, ® (le)R2 ®Cr, = AR, ® (sz)R1 & CRy, (5.17)
(aR1)R3 ® le ® CRrz = (aR3)Rl ® le ® CR3) (518)
Rs & bR2 ® (Cst)R2 =aRp, @ bRQ ® (CRz)Raa (519)

foralla € A, b € B, ¢c € C. Moreover, in this case it follows that 2, Rs, Rs are
compatible twisting maps and DT = A @, B ®p, C.

PROOF The fact that 7" is a twistor if and only if (5.17)—(5.19) hold follows by a
direct computation, we leave the details to the reader. We only prove that Ry, R,
R3 are compatible. We compute:



152 5. A more general approach to deformed products

b
5.17)
- (G’R1)R3 ® (le)R2 ® (CRs)R2 -
(5.17) (5.18)
= (aRl)RB ® (bR2>R1 ® (CR3)R2 -
(5.18) (5.19)
= (aRB)Rl ® (bR2>R1 ® (CR3)R2 -
(5.19)
= (aRa)R1 ® (bR2)R1 ® (CRQ)RS
=

The fact that DT = A @p, B ®g, C'is obvious.

Remark. The conditions in Proposition 5.2.1 are satisfied whenever we start with
compatible twisting maps 7y, [R5, 3 such that one of them is a usual flip; a
concrete example where this happens is for the so-called two-sided smash product,
as described in Proposition 2.2.4.

Proposition 5.2.1 may be extended to an iterated twisted tensor product of any
number of factors by means of the Coherence Theorem (Theorem 2.1.9). In or-
der to do this, just realize that conditions (5.17), (5.18), and (5.19) mean simply
requiring that { Ry, Re, Tac}, {R1,Tc, R3} and {7ap, Rs, R3} are sets of com-
patible twisting maps, where the 7’s are classical flips.

Proposition 5.2.2. Let A4,,..., A, be some algebras, {R;;},<; a set of twisting
maps, with i;; : A; ® A; — A; ® Aj,andlet D = A; ® --- ® A,. Then the
following two conditions are equivalent:

1. ThemapT : D ® D — D ® D defined by

T = (Idaygsa, s @ Tn1 @ Idasg.ga,) 00
o(lda,g 4, 1 1 @Tn-k1 @+ QT @ IdAk+2®-~®An)O
o---0(lda, ®T01® - @Tpn-1®1da, )0 (Ida, ®R12®- - - @ Rp1,®1dy, )0
0-+--0 (IdA1®'“®A"—k—l Q@Ript @ @ Rpy1 ® [dAk:+2®“‘®An) 0.0

o (lda,gga, 1 @ Ry ® Ida,g..04,)

18 a twistor.

2. For any triple i < j < k € {1,...,n}, we have that {R;;, R, Tir},
{R;j, Tjk, Rir} and {7;;, Rj, R, } are sets of compatible twisting maps.
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Moreover, if the conditions are satisfied, then the twisting maps { R;; };<; are com-
patible, and we have D* = A; @p,, -+ g, ., Ay, that is, the twisting induced
by the twistor 7" gives the iterated twisted tensor product associated to the maps.

PROOF We just outline the main ideas of the proof, leaving details to the reader.
The proof goes by induction on the number of terms n > 3; for n = 3, the result
is just Proposition 5.2.1. Now, assuming the result is true for n — 1 algebras with
their corresponding twisting maps, and given A, ..., A, algebras, satisfying the
hypothesis of the proposition, we consider the algebras By := Ay,..., B, o :=
Apn—o, By := A1 ®g,_,, An, with the twisting maps defined as in the Coher-
ence Theorem. Directly from the hypothesis of the proposition, it follows from the
Coherence Theorem that the newly defined twisting maps also satisfy the condi-
tions in the proposition, so we may apply our induction hypothesis to the algebras
By, ....,B,1.

U

A particular case of the former proposition is found in the realization of the
noncommutative planes of Connes and Dubois—Violette as iterated twisted tensor
products (cf. Section 2.5.3, a description of the noncommutative planes is given
in [CDV02] and Appendix D). As the twisting maps involved in this process are
just multiples of the classical flips, the compatibility conditions are trivially sat-
isfied, and the proposition tells us that any noncommutative 2n—plane Cy;,(R3")
may also be realized as a deformation through a twistor of the commutative al-
gebra C[z!, 2!, ... 2", z"]. Moreover, the former proposition provides an explicit
formula for the twistor 7' that recovers the iterated twisted tensor product. Taking
into account the identification

Clh 2., 27" — ClZL 7] ®---®C[", 2",
2= 1R ®242Q---®1,
AN 1@...@?@...@1’
where z* and Z° map to the i-th position, it is easy to realize that the twistor given
by the proposition is defined on generators as:
2® I if7 < g,

NIzt ® 27 otherwise,

, , ARl ifi <3y,

T(x @ ) = coy =g
AIZ'® z7 otherwise,

P if1 < g,

Mzt ® 27 otherwise.

AR if7 <y,

Mzl ® 27 otherwise,

T(Z®z) = {
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5.2.2 L-R-twisting datum

Let A be an algebra with multiplication y, and H a bialgebra such that A is an
H-bimodule algebra with actions denoted by

mH®®A— A nd T AQH — A
m(h®a)=h-a a m(a®h)=a-h

also A is an H-bicomodule algebra, with coactions

Y A—-H®A and v, A—> AR H

a— ap—1 @ aj ar— aeps Q >

and such that the following compatibility conditions hold, for all h € H and
a € A:

(h-a)a @ (h-a)o) = aj-y @ h-ap),
(h : a)<0> ® (h : a)<1> =h-ac> ® acrs,
(@-h)y @ (a-h)o = a1 @ap - h,

(a ) h><0> ® (a : h)<1> =0co> - h ® acis.

Such a datum was considered in [PVO], where it is called a L-R-twisting datum
for A (and contains as particular case the concept of very strong left twisting
datum from [FST99], which is obtained if the right action and coaction are trivial).

Proposition 5.2.3. ([PVO]) Given an L-R-twisting datum, define a new multipli-
cation on A by

aed = (ap -ai.)(apy - ays), Va,a € A (5.20)
Then (A, e, 1) is an associative unital algebra.

This result may be obtained as a consequence of Theorem 5.1.2. Namely,
define

T:AQA—-ARA

T(a®ad') = ap) a5 @aq - a g

(5.21)

Then one can check that 7" is a twistor for A, and obviously the new multiplication
e defined above coincides with o 7.
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5.2.3 Deformation via bialgebra action and coaction

Let H, K be two bialgebras, A an algebra which is a left H-comodule algebra
with coaction

A — H®A

a — a1 ®ap),
and a left /{-module algebra with action

KA — A
k®a — k-a,

such that
(/{} . a)[,l] & (/{5 . a)[o] =a-1 & k- ajo foralla € A, k € K.

Let also consider f : H — K, a bialgebra map. Then, by [CZ00], the new
multiplication defined on A by

a-ya’ = ag(f(a-y)-d),

is associative, with unit 1. This multiplication may be regarded as afforded by the
map

T:AA — AQA,
a®ad ajo] & f(a[_l}) a,

which is easily seen to be a twistor.

5.2.4 Drinfeld twist
Let H be a bialgebra and F' = F'' ® > € H ® H an element satisfying

(e®@H)(F)=(H®e)(F) = 1.
Assume that [’ satisfies the following list of axioms, considered in [JC97], [KMOO]:

(H® A)(F) = Fi3F,
(A® H)(F) = Fi3Fss,
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FiaF3 = Fa3Fa.
Let D be a left H-module algebra and define

T:-DD — D®D
ded — F'-de F?-d.

Then it is easy to see that 7" is a twistor for D). In case F' is invertible, the multi-
plication of D fits into the well-known procedure of twisting a module algebra
by a Drinfeld twist.

5.2.5 Deformation via neat elements

Let H be a bialgebra and 0 : H ® H — k a linear map. Define

T-H®H — H®QH
a@b — a(al,bl)a2®bg,

forall a,b € H. Then, T'is a twistor for H if, and only if, o satisfies the following
conditions:

o(a,by)o(by, c) = o(by,c)o(a,by),
for all a,b,c € H. Note that elements satisfying the last condition have been
considered in [PSVOO06], under the name of neat elements.

5.2.6 Deformation via derivations

Let (D, §) be a differential associative algebra, that is D is an associative algebra
and 6 : D — D is a derivation, i.e. a linear map satisfying

o(dd') = 6(d)d' + do(d")
and such that 5 = 0. Then, one can see that the map

T:D®D — D®D
ded — dod +06(d)®id)

is a twistor for D.
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5.3 Some properties of twistors

Proposition 5.3.1. Let 7" be a twistor for an algebra D and U a twistor for an
algebra F'. If v : D — F'is an algebra map such that

(v@v)oT =Uo(rev),
then v is also an algebra map from D” to FY.

It was proved in [BMO0Oa] (and recalled in Lemma 1.2.6) that, whenever we
have A ®r B and A’ ® pr B twisted tensor products of algebras, and

f:A— A and ¢g:B— B
algebra maps such that

(f®g)loR=Ro(g®f),

then the map
f®g: A®r B — A @p B’

is an algebra map. One can easily see that this result is a particular case of Propo-
sition 5.3.1, with D = A B, FF = A ®@ B',v = f ®gand T (respectively U)
the twistor afforded by R (respectively R').

We present one more situation where Proposition 5.3.1 may be applied. We
recall that the L-R-smash product over a cocommutative Hopf algebra was intro-
duced in [BBMOS5], [BGGDO04], and generalized to an arbitrary Hopf algebra in
[PVO] as follows: if A is an H-bimodule algebra, the L-R-smash product A § H
is defined as the deformed algebra structure on A ® H given by:

(@i h)(d 5 ) = (a ) (hi-a) b hohl, Va,a €A, hi e H.

The diagonal crossed product A <1 H is the following algebra structure on A® H,
see [HN99], [BPVOO06] (cf. also section 2.5.2):

(a>ah)(a' ) =a(hy-a - S hs))>xahyh!, Va,a €A hheH.

It was proved in [PVO] that actually A << H and A § H are isomorphic as
algebras. This result may be reobtained using Proposition 5.3.1 as follows. Denote
by A#,H the algebra structure on A ® H with multiplication

(a®h)(a ®N) = (a- Hy)ad' © hi,
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and by A <, H the algebra structure on A ® H given by the product
(a®@h)(d @ b)) =ald - S (hy)) @ k.
One may check that the map

v:Ax, H — A#,.H
a®h — a'hg@hl

is an algebra map, which is actually an isomorphism, with inverse given by
v ia®@h)=a-S"(hy) ® hy.
Define now the map

T:(A9H)®(A®H) — (A®H)®(A® H)
(a®@h)@(d@h) — (a®@hy)® (hy-d @H).

Then one may check, by direct computation, that 7" is a twistor for both algebras
A#,.H and A <, H. Moreover, we have

(A#,H)' = Ay H, (A, H)YY = A= H, and (v®v)oT =To(v®v).

Hence, Proposition 5.3.1 may be applied and we obtain as a consequence that v is
an algebra map from A< H to A f H.

By [PVO], the L-R-twisted product described in Equation (5.20) may be ob-
tained as a left twisting followed by a right twisting and viceversa. This fact also
admits an interpretation in terms of twistors.

Proposition 5.3.2. Let D be an algebraand X, Y : D® D — D ® D two twistors
for D, satisfying the following conditions:

X3 0Yip = Yo 0 Xog, (5.22)
Xz 0Yiz = Y30 Xog, (5.23)
X120 Yo3 = Yo3 0 Xy, (5.24)
X2 0Yi3 = Y30 Xyo. (5.25)

Then Y is a twistor for DX, X is a twistor for DY, X oY and Y o X are twistors
for D and of course (DX)Y = DX°Y and (D)X = DY°X,
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PROOF Note first that (5.23) and (5.25) are respectively equivalent to X;30 Y53 =
Y53 0 X3 and Yi, o X735 = Xj3 o Y7o, hence the above conditions are actually
symmetric in X and Y, so we only have to prove that Y is a twistor for DX and
X oY is atwistor for D.

To prove that Y is a twistor for D* we only have to check (5.10) and (5.11) for Y’
with respect to the multiplication * of DX; we compute:

& d=d)y = d @d*dy)y=
(@) @ @)y (dy), =
(@) @ (@) (dy)x =
(5.22) (dY)y ® (d/y)X(dg)X _
= () @dy*dy,
(dxd) ®dy = (d¥dy) @d =
(5.11) (dX>Y(d/X)y ® (dg)y —
(@) (@) © (d)y =
@) @)x © (d)y =
= d"xd"®(d)y

Now we check (5.10) and (5.11) for 7" := X o Y; we compute:

dT ® (d/d//)T —
(SéO)

d) @ ((dd")y)x

(d)")* @ (dydy)x =
((d))7)" ® (dy)x (dy)e =
(

A" )T @ (dy)x(dy)e =
A"V ® dpdl,

(5.25)

(
(
LR
(
(

(dd) " @ df =

5.11)

(dd))¥ @ (dy)x =
(d¥d") @ ((d)y)x =

P2 (@)X ()T @ ((d))y)e)x =
O (@)X () @ (((d))a)y)x =
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— de/t ® (dQI)T
It remains to prove (5.9) for 7'; we compute:

Thg 0To3 = XppoYjpoXy30Yys =

= X190 Xozo0Yip0 Yoy =
= Xaoz 0 Xjg0Yo30Yiy =
e2 Xo30Yy30XppoYy =
= Ty30Tio,
and the proof is finished. U

Let now A be as in Proposition 5.2.3 and define the maps X,Y : A® A —
A® Aby
X@a@®d)=a- a,<1> ® a,<0>v Y(e®ad)= ajo) ® aj-1) - a’

Then one can check that X and Y satisfy the hypotheses of Proposition 5.3.2, and
moreover we have X oY =Y o X =T, where T is given by (5.21). Hence, we
obtain (A,e,1) = (A%)Y = (4AV)*,

Also as a consequence of Proposition 5.3.2, we obtain that if 7" is a twistor for
an algebra D, satisfying (5.14) and (5.15), then 7 is a twistor also for D, hence
we obtain a sequence of associative algebras D, D, DT°, DT°  etc.

A particular case of Proposition 5.3.2 is the following:

Corollary 5.3.3. Let A, B be two algebras and R, S : B® A — A® B two
twisting maps. Denote by X (respectively Y') the twistor for A ® B afforded by
R (respectively S) and assume that the following conditions are satisfied:
(aR)S ®br ® b{g = (CLS)R ®br ® bfg,
ar @ as @ (br)s = ar ® a @ (bs)r,
forall a,a’ € Aand b,/ € B. Define RxS,S*R: B® A — A® B by
(R+S5)(b®@a) = (as)r @ (bs)r,
(S * R)(b ® a) = (CLR)S ® (bR)S‘
Then Y is a twistor for A ® B, X is a twistor for A ®g B, X oY (respectively

Y o X) is a twistor for A ® B afforded by the twisting map R x S (respectively
S * R) and we have

(A®g B)Y = A®p.s B,



5.3. Some properties of twistors

161

(A®s B)X = A®g.p B.

We are now interested, whenever given an algebra D endowed with a twistor
T, in lifting (bi)module structures from the algebra D to the deformed algebra
DT. This is achieved in the next results, whose proofs follow from some direct

computations and will therefore be omitted.

Proposition 5.3.4. Let D be an algebra, T" a twistor for D, V' be a left D-module,

with action

AN DV — V
duv —— d-w.

Assume that we are given a linear map

r-ogv — DV
d®v +—— dr ®ur,

foralld € D, v € V, such that

Niev)=1®wv,
Az 0 130 T1p = T" o Agg,
piz o3 0l93 =10 o,

T1z 093 =Ty 0 T1a.

(5.26)
(5.27)
(5.28)
(5.29)

Then V becomes a left D”-module, under the action X o I'. We denote by V' this
DT-module structure on V and by d — v = dr - vr the action of DT on V. We

call the map I" a left module twistor for V' relative to 7.

Proposition 5.3.5. Let D be an algebra, 1" a twistor for D, V' be a right D-module,

with action

p:VeD — V
ved — v-d,

and assume that we are given a linear map

I:veD — V®D
U®d [— UH®dH7
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foralld € D, v € V, such that

Mol =vel, (5.30)
piog © I3 0 Ilg = IT o pups, (5.31)
p12 © I3 0 T3 = IT o pyg, (5.32)

Ilyp 0 To3 = Taz o Iys. (5.33)

Then V becomes a right D?-module, with action p o II. We denote by 'V this
DT -module structure on V and by v « d = vy - dyy the action of DT on V. We
call the map I a right module twistor for V" relative to 7.

Proposition 5.3.6. Let D be an algebra, 7" a twistor for D, let V' be a D-bimodule,
and let I' and II be a left respectively a right module twistor for V' relative to 7.
Assume that the following conditions hold:

p23oTizol'p =T 0 po3, (5.34)
)\12 ¢ T13 ¢ H23 =1lo )\12, (535)
['1g o Ilpg = I3 0 I'ys. (5.36)

Let "VT be VT as a left DT-module and 'V as a right D”-module. Then "V is
a DT -bimodule.

Recall from [CSV95] (cf. also Section 1.2.1) that whenever we have A ®r B
a twisted tensor product of algebras, M a left A-module, NV a left B-module and
Tmp : B® M — M ® B a left module twisting map (i.e. a map satisfying
equations (1.7)—(1.9)), then M ® N becomes a left A ® z B-module, with action
Ayp = (Aa®Ap) o (A® 7a,p ® N). This result is a particular case of Propo-
sition 5.3.4 (i). Indeed, we consider the algebra D = A ® B (the ordinary tensor
product), the twistor 7" for D given by (5.5), the left D-module V' = M ® N with
the usual action (a ® b) - (m ® n) = a-m ® b - n, and the map

r(A®B) @ (M®N) — (A®B)® (M & N)
(a®b)@(men) — (a®b,)® (m, @n).

Then one can check that I satifies the axioms of a left module twistor, and the left
DT = A®pr B-module V! is obviously the A ® zp B-module structure on M @ N
presented above. Similarly, one can see that Proposition 5.3.4 (ii) contains as
particular case the lifting of right module structures to a twisted tensor product by
means of right module twisting maps of [CSV95] (see also Section 1.2.1).



5.3. Some properties of twistors 163

Another example may be obtained as follows. Let A be as in Proposition 5.2.3,
and V' a vector space which is a left A-module (with action a ® v — a - v), a left
H-module (with action h ® v — h - v) and a right H-comodule (with coaction
V= Ueps @ Uoys € V ® H) such that the following conditions are satisfied, for
alhe Hiac A,veV:

(h : U)<0> ® (h : U)<1> =h-v> V<>,
h-(a-v)=(hy-a)-(hy-v),

(CL : U)<0> ® (a : U)<1> = Q<0> " V<0> @ A1Vt
Define the map

AV — AQV
(a®v) = ap) v<is @ ap-1] * V<o>-

Then one can check that I' and the twistor 7" given by (5.21) satisfy the hypotheses
of Proposition 5.3.4 (i), hence V' becomes a left module over (A, o), with action

a—v=(ap - v<1s) - (-] - V<o>)-
We present now an application of Proposition 5.3.4 to the particular case of
the bimodule of universal differential 1-forms:

Proposition 5.3.7. Let (D, i, u) be an algebra and consider the universal first or-
der differential calculus Q) (D) = Ker(u), with its canonical D-bimodule struc-
ture. If T'is a twistor for D, then Q21 (D) becomes also a D -bimodule.

PROOF Consider the maps

LII:D®D®D —D®D®D
given by I' = T13 OT12, and II := T13 OT23.

We claim that

I'(D ® Ker(u)) € D ® Ker(p),
II(Ker(u) ® D) C Ker(u) ® D.

To prove this, we recall the following result from linear algebra: if f : V — V'
and g : W — W’ are linear maps, then

Ker(f ® g) = Ker(f) @ W 4+ V @ Ker(g).
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We apply this result for the map
Dopu:DD®D —D®D®D,
and we obtain
Ker(D® p) =Ker(D) @ D ® D+ D ® Ker(p) = D ® Ker(pu).

Let + € D ® Ker(u); in order to prove that I'(x) € D ® Ker(u), taking into
account the above remark, it is enough to prove that ((D ® u) o I')(z) = 0. But
using (5.7) and the definition of I', we see that

(D@ p)ol =T o ps,

and since x € D ® Ker(u), we obviously have (7" o pg3)(z) = 0.
Similarly one can prove that

II(Ker(u) ® D) C Ker(u) ® D.

Now, if we denote by A : D ® Ker(u) — Ker(u) and p : Ker(pu) @ D — Ker(u)
the left and right D-module structures of Ker(y) (given by A = p1o and p = pis3),
then the maps A, p, I', and II satisfy all the hypotheses of Proposition 5.3.4 (the
proof of this fact goes by a direct computation and henceforth is omitted), and
whence Ker (1) becomes a D -bimodule, as we wanted to show.

OJ

Actually, more can be said about the D7-bimodule Ker (). Let us denote by

0: D — Ker(u),
d — d®1-1®d

the canonical D-derivation. We have the following result:

Proposition 5.3.8. The map ¢ is also a D”-derivation from D7 to Ker(u), where
the DT -bimodule structure on Ker(y) is the one presented above.

PROOF Using the formulae for I" and II, one can easily see that

d— 6(d')=d" - §(dy), and
5(d) — d' = o(d") - i
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for all d,d’ € D so we immediately obtain:
S(dxd) = 6(d'dy) =

= d'-§(d;

= d—o(d

. dy, =
) —d,

(

)+ 0(d
) +d(d
finishing the proof.

O

Proposition 5.3.9. If the twistor 7' is bijective, then (Ker (), 0) is also a first order
differential calculus over the algebra D?.

PROOF We only have to prove that Ker(u) is generated by {d(d) : d € D}
as a DT-bimodule. If d,d’ € D, we denote by T"'(d ® d') = dY @ d},. If
r =) ,a;®b € Ker(u), we can write z = >, §(a;) - b;, which in turn may be

written as
=Y (8(al") — (b)v),

7

as we wanted to show.

5.4 Pseudotwistors and braided (graded) twistors

Let (2, d) be a differential graded algebra, that is Q = P, ., Q" is a graded
algebra and d : Q) — € is a linear map with d(Q") C Q"*! foralln > 0, d*> = 0
and

d(w¢) = d(w)¢ + (=1)wd ()
for all homogeneous w and (, where |w| is the degree of w (cf. Appendix C). The
Fedosov product ([Fed74], [CQ95]), given by

wo ¢ =w(— (=1d(w)d(¢), (5.37)

for homogeneous w and (, defines a new associative algebra structure on 2. If we
define the map

T: OO0 — Q®0

WO — w®(—(—1)¥dw) ® d(0), (5.38)
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then 7' satisfies (5.9) but fails to satisty (5.7) and (5.8). However, the failure is
only caused by some signs, so we were led to introduce a graded analogue of a
twistor, which in turn leads us to the following much more general concept:

Proposition 5.4.1. Let C be a (strict) monoidal category, A an algebra in C with
multiplication ¢ and unit u, 7' : A® A — A ® A a morphism in C such that
To(u®A) =u®Aand T o (A®u) = A® u. Assume that there exist two

morphismsTl,fg:A®A®A—>A®A®Ain€suchthat

(Ao p)oTio(T®A) =To (A p), (5.39)
(p®A)oTho(ART)=To (n® A), (5.40)
Tio(T® A)o(ART)=Tho(A®T)o (T ® A). (5.41)

Then (A, 1 o T, u) is also an algebra in C, denoted by A”. The morphism 7 is

called a pseudotwistor and the two morphisms 77, 75 are called the companions
of T.

PROOF Obviously u is a unit for (A, ;1o T"), so we only check the associativity of
pol:

(noT)o((uoT)®A) = (uoT)o(u®A)o(T®A)" =
O o (u@A)oTho (AR T)o (T e A) 2
C4D o (u@ A)oTio(T®A) o (ART) =

= po(A@poTio(T®A)o(AxT) 2

=" poTo(A®u)o(A®T)=
= (uoT)o(A® (uoT)),

finishing the proof. U

Remark 5.4.2. Obviously, an ordinary twistor 7' is a pseudotwistor with compan-
ions T1 =Ty = Ti3. Also, if T': A® A — A® Ais a bijective R-matrix, one can
easily check that 7" is a pseudotwistor, with companions 77 = 715 0730 T1_21 and
TQ = T23 o) T13 o) T2_31.

A pseudotwistor may be thought of as some sort of analogue of a (Hopf) 2-
cocycle, as suggested by the following examples (for which C is the usual category
of vector spaces):
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Example 5.4.3. Let H be abialgebraand F = F1® F? = fl® f2Pc H® H a
Drinfeld twist, i.e. an invertible element (with inverse denoted by F'~! = G'®@G?)
such that

Fiff@ 2 fy @ f* = flo Flff @ Ff,
(e®H)(F) = (H®e)(F)=1.

If Ais aleft H-module algebra, it is well-known that the new product on A given
by a*x b= (G'-a)(G?*-b) is associative. This product is afforded by the map

T:-A9A — ARA
a®b — G'-a®G?-b,

and one may check that 7" is a pseudotwistor with companions Ty, Ty given by the
formulae

T(a®b®c)=G'F - a® G2F2 b G2 - ¢,

Ta®b®c)=Gi-a® GyF' - b® G*F? - c.

Dually, let H be a bialgebra and 0 : H ® H — k a normalized and convolution
invertible left 2-cocycle, i.e. o is a map satisfying

o(hy, y)o(hahy, 1) = o(hy, hi)o(h, hyhy)

forall h,h',h" € H. If Ais aleft H-comodule algebra with comodule structure
given by the coaction a — a(_1) ® a(g), one may consider the new associative
product on A given by a * b = o(a(_1), b(—1))a(0)b). This product is afforded by
the map
T:-AQA — A®A,
a®b — o(ac),bn)a) @ bo),

which is a pseudotwistor with companions Ty, Ty given by the formulae

Ti(a®b®c) = 0~ (a1),, b-1),)0(a(-1)2: b-1)2¢(-1))a0) @ b(o) ® C(0);
L(a®b®c) = 07 b1y, ¢-1),) o (a-1)b-1),: €(-1))a0) @ bo) @ c(0)-

In particular, for A = H, we obtain that the “twisted bialgebra” , H, with multi-
plication a x b = o(ay, by)asbhs, forall a,b € H, is obtained as a deformation of H
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through the pseudotwistor 7'(a ® b) = o(ay, by )as ® by with companions defined
by

fl(a &® b X C) = a‘l(al, bl)O'(CLQ, bgCl)ag X bg X Co,
Th(a®b®c) = o (b, c1)o(arby, ca)as @ bz ® c3,

forall a,b,c € H.

Lemma 5.4.4. Let C be a (strict) braided monoidal category with braiding c. Let
VbeanobjectinCand7 :V ® V — V ® V a morphism in C. Then

Veey)o(ToV)o(Vacgy)=I(,@V)o(VeT)o (cy V),
(5.42)
Ve o (TeV)o(Vacy)=(vy®@V)o(VaT)o (g, ®V),
(5.43)

as morphisms V@V®@V — VeV &®V inC. These two morphisms will be denoted
by Ti(c) and T5(c) and will be called the companions of 7" with respect to the
braiding c. If c‘j’lv = cy,v (for instance if C is symmetric), the two companions
coincide and will be simply denoted by 7}3(c).

PROOF The naturality of ¢ implies (V @ T') o cygvy = cygvy o (I'® V). Since
¢ is a braiding, we have cygyv = (cyy @ V) o (V ® c¢yy ), hence we obtain

(VeaT)o(cyv@V)o(V@cyy)=(cvy@V)o(V@cyy)o(T®V).

By composing to the left with c‘_/lv ® V and to the right with V' & c{_/}V, we obtain
the desired equality (5.42). Similarly one can check that (5.43) holds, too.
O

Definition 5.4.5. Let C be a (strict) braided monoidal category, (A, 11, u) an alge-
brainCand T : A® A — A® A amorphism in C. Assume that ¢,y = ca4
(so we have the morphism 733(c) in C as above). If T is a pseudotwistor with
companions T, =T, = T13(c) and moreover we have

(T®A)o(AxT)= (A T)o (T ® A), (5.44)

we will call T a braided twistor for A in C.
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Remark. Realize that the extra condition required for being a braided twistor, in
particular, implies condition (5.41) for being a pseudotwistor. Whenever T’3(c) is
bijective (or, equivalently, whenever 7' is bijective) both conditions are equivalent,
and hence if this is the case condition (5.44) may be dropped from the definition
of a braided twistor.

Consider now C to be the category of Z,-graded vector spaces, which is braided
(even symmetric) with braiding given by

clv@w) = (=1)"My v,

for v, w homogeneous elements. If ({2, d) is a differential graded algebra, then 2
becomes a Z,-graded algebra (i.e. an algebra in C) by putting even components
in degree zero and odd components in degree one. The map T given by (5.38)
is obviously a morphism in C, and using the above braiding one can see that the
morphism 7}3(c) in C is given by the formula

Tic)w®(®n) =we(®n—(-1)"liw) e e dm),

for homogeneous w, ¢, n (which is different from the ordinary 7'3), and one can
now check that 7" is a braided twistor for € in C, and obviously Q7 is just the
algebra €2 endowed with the Fedosov product, regarded as a Z,-graded algebra.

Theorem 5.4.6. Let (A, 11, u) be an algebra in a (strict) monoidal category C, let
T R: A® A — A® A be morphisms in C, such that R is an isomorphism and a
twisting map between A and itself. Consider the morphisms

Ti(R):=(R'®A) o (A®T) o (R® A), (5.45)

Th(R) = (A® R HNo(T®A) o(A® R). (5.46)
Define the morphism P := RoT : A® A — A® A. Then:

(1) The relation (1.2) holds for P if, and only if, (5.39) holds for 7', with T, (R)
in the place of 7}.

(ii) The relation (1.1) holds for P if, and only if, (5.40) holds for 7", with TQ(R)
in the place of T5.

In particular, it follows that if 7" is a pseudotwistor for A with companions
T1(R) and T5(R), then P is a twisting map between A and itself.
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(ii1) Conversely, assume that P is a twisting map and the following relations are
satisfied:

o
&
=

o

( (AR P)o(PRA)=(A® P)o(P® A)o (A® P), (5.47)
(R®A)o(A®R)o(R®A) = (AR R)o(R®A)o (A® R), (5.48)
(PRA)o(A®P)o(R®A)=(A®R)o (PR A)o(A® P), (5.49)
(R A)o(A®P)o(PRA)=(A®P)o (PR A)o(A® R). (5.50)

Then T is a pseudotwistor for A with companions T} (R) and Ty(R).
(iv) Assume that (iii) holds and moreover
(P A)o(A®QR)o (R A)=(A® R)o(R® A)o (A® P), (5.51)
(R®A)o(A®R)o(PRA)=(A®P)o(R®A)o(A® R). (5.52)
Then R is also a twisting map between AT and itself.

PROOF We prove (1), the proof of (ii) being similar and left to the reader. Assume
in the first place that (1.2) holds for P. Then we can compute:

oc(A@u)=R'oPo(A®u) X

D Rlo(uoA)o(A® P)o (P A) =

= Rlo(u®A)o(A@R)o(ART)o(R®A)o (T A) =
= (A9 p)o(R'®A)o(A0T)o (R® A)o (T ® A) =
(A@p)oTi(R) o (T'® A),

(

which is precisely condition (5.39). Conversely, assuming that (5.39) holds, we
compute:

Po(A@pu)=RoTo(A@pu) =
O Ro(A®pu)oTi(R)o (T ® A) =
Ro(A®@p)o(R1®A) o (A®T)o(R® A)o (T®A)(12)
) (@A) o (AR R) o (A®T)o(R® A)o (T ® A) =
(p® A)o (A® P)o (P® A),

which is (1.2) for P. Now we prove (iii). Taking into account (i) and (ii), it is
enough to check (5.41). We compute:

o
IS
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Ti(R)o (T®A) o (A®T) =
= (R'®A)o(AR®T)o (R® A)o
o(TRA)o(ART) =
= (R'®A)o(A® R ) o (A® P)o
o(P®A)o(A® R o (AeP)

"2 (R1@A)o (A R0 (R ® A
o(A® P)o(P® A)o(Ag p) L
CLE (A@ R Mo (R @A) o(Ag R Vo
o(P®A)o(A® P)o(P® A) Y
"2 (A®@R Yo (R®A)o (P A

o(A® P)o(R'®@ A)o(P® A)
- (A R o(T®A)o(A® R)o
o(A®T)o(T®A) =
= Th(R)o(A®T)o (T®A).

(iv) We check (1.2) and leave (1.1) to the reader. We compute:
Ro(A®@uoT)=Ro(A®uoR 'oP)=

Ro(A@p)o(A@R*) (A®P)(12)
(p®A)o(A® R)o(R® A)o (AR ") o (Ac P) 2

—~
—
N

~

D (e A)o (R @A) o (4B R)o(Re A)o(4e P) 2
2V (L@ A)o (R @A) o (PR A)o(A®R)o(R® A) =
= (MOR_10P®A)O(A®R)O<R®A)
= (uoT®A)o(A®R)o(R®A),

finishing the proof. U

Our motivating example for Theorem 5.4.6 was provided by the theory of
braided quantum groups, a concept introduced by M. Durdevich in [Dur97] as a
generalization of the usual braided groups (also called Hopf algebras in braided
categories, in Majid’s terminology), which in turn contains as examples some
important algebras such as braided and ordinary Clifford algebras, see [Dur94].
If G = (A uA e S 0)is abraided quantum group (so o is a bijective twisting
map between A and itself) and n € Z, Durdevich defined some operators

o ARA— AR A
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and proved that the maps
ot AR A — A,

give new associative algebra structures on A (with the same unit). This result may
be regarded as a consequence of Theorem 5.4.6. Indeed, for any n, the maps R :=
o, and P := ¢ satisfy the hypotheses of the theorem, hence the map T := R~ ! o
P = 0, ' oo is a pseudotwistor for A, giving rise to the associative multiplication
[

More generally, if A is an algebra, Durdevich introduced the concept of braid
system over A, as being a collection F of bijective twisting maps between A and
itself, satisfying the condition

(@@ A)o (AR f)o(y@A)=(A®7)c(f®A)o(A® )

for all o, B, v in F. If we take o, € F and define 7 : A® A — A® Aby
T := o~ ! o 3, by Theorem 5.4.6 we obtain that 7" is a pseudotwistor for A, giving
rise to a new associative multiplication on A.

We record the following two easy consequences of Theorem 5.4.6.

Corollary 5.4.7. Let C be a (strict) braided monoidal category with braiding c,
(A, p,u) an algebrainCand T : A® A — A® A a morphism in C; assume
also that cZ}A = ca,4 (this happens, for instance, if C is symmetric). Define the
morphism R: A® A — A® Aby R :=cy 4 07T. Then T satisfies the condition
(5.39) (respectively (5.40)) with T33(c) in place of T, (respectively Ty) if and only
if R satisfies (1.2) (respectively (1.1)). In particular, if 7" is a braided twistor for
A'in C, then R is a twisting map between A and itself.

Corollary 5.4.8. Let C be a (strict) braided monoidal category with braiding ¢ and
(A, pt,u) an algebra in C. Then T := ¢ 4 is a pseudotwistor for A in C (this
follows by taking R = CZ}A and P = cx 4 in Theorem 5.4.6). In particular it
follows that (A, pu o ¢4 4, u) is a new algebra in C.

This algebra (A, o 0124, 4, u) allows us to give an interpretation of the concept
of ribbon algebra introduced by Akrami and Majid in [AMO04], as an essential
ingredient for constructing braided Hochschild and cyclic cohomology. Recall
from [AMO4] that a ribbon algebra in a braided monoidal category (C,c) is an
algebra (A, i, u) in C equipped with an isomorphism o : A — A in C such that

po(o®o)och=0oop,
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ocou=1u
(such a o is called a ribbon automorphism for A). The naturality of ¢ implies
(0®0)ochs=cha0(0®0),
so the above relation may be written as
poci 0(c®a)=0op.

Hence, a ribbon automorphism for A is the same thing as an algebra isomorphism
from (A, y, u) to the deformed algebra (A, 1o ¢ 4, u).

Let D be an algebra and 7" a twistor for . We intend to lift 7" to the algebra
QD of universal differential forms on D; it will turn out that the natural way of
doing this does not provide a twistor, but a braided twistor. In order to simplify
the proof, we will use a braiding notation. Namely, we denote a braided twistor
T for an algebra A in a braided monoidal category with braiding c satisfying

-1
CA,A - CA’A by
*

where we will omit the label 7" whenever there is no risk of confusion. With this
notation, the conditions for 7" to be a braided twistor are written as:

tj A A A
5 Y A
CAA i A

A

It is also worth writing the two equivalent definitions of 73(c) using this no-
tation, namely:
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A A A A A A
\e ¢)
Tlg(c)E |E|
c/i \c
( 3\

Let us consider now an algebra D together with a twistor 7' : DQD — D®D.
From Corollary 5.4.7 we know that the map R := 707 is a twisting map between
D and itself. But then, using Theorem 1.3.1, we may lift the twisting map R to
a twisting map R : QD ® QD — QD ® QD between the algebra of universal
differential forms 2D and itself. Using again Corollary 5.4.7 in the category of
graded vector spaces (with the graded flip Tgr @S @ braldlng) we obtain that the
map T:0D® 0D — QD @ QD defined as T := Tgr O R satisfies the conditions
(5.39) and (5.40) with T, = T, = T13(1,). Moreover, it is clear that T° = T,
since R extends R and the graded flip coincides with the classical flip on degree 0
elements. Let us check that 7" also satisfies the condition

(T®OQD)o(QD@T) = (QDRT)o (T ®0D), (5.53)

and hence 7T is a braided (graded) twistor for the algebra €2D. In order to do this,
we follow a standard procedure when dealing with differential calculi. First, as
the restriction of 7" to Q°D is a twistor, it satisfies the condition. Second, assume
that the condition is satisfied for an element w ® n ® 6 in 2D ® QD ® QD, and
let us prove that it is also satisfied for dw @ N ® 6, w @ dyp ® 6 and w ® N ® db.
First of all, realize that, for homogeneous w,n € 2D, we have

TN ® dw) = (_1)|dwlln\dw ®n=
(= 1)l gy @ 5 = (5.54)
= (e®d)oT,(n®@w),

where d and ¢ denote respectively the differential and the grading of Q2D. As a
consequence of this equality and the compatibilities of R with the differential (cf.
(1.21) and (1.22)), we realize immediately that the map 7" satisfies the following
compatibility relations with the differential:

To(d®0D)=(d® QD)o
To(QD®d) = (QD®d) o

(5.55)

T,
T (5.56)
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Using braiding knotation we have:

QD QD QD QD QD QD QD QD QD QD QD QD

4|

RN

I f i
QD QD QD QD QD QD QD QD QD QD QD QD

A
=
=
IIIE
jan)

where in (1) we are using (5.55), and in the second equality we are using the
induction hypothesis, and so the condition (5.53) for T behaves well under the
differential in the first factor. The proof for the condition with the differential on
the second or third factors is similar, and left to the reader.

Finally, we have to check that this condition also behaves well under products
on any of the factors. For doing this, we need slightly stronger induction hypothe-
ses. Namely, assume that we have wy, ws, n, # such that the condition is satisfied
forw; @0’ @6, being ', 0" any elements in 2D such that || < |n| and |¢'| < |6,
i.e. we assume that the condition is true when we fix the w;’s and let the »’ and
0" vary up to some degree bound, and let us prove that in this case the condition
holds for wyw; ® 7' ® ¢'. For this, take into account that 1" preserves the degree of
homogeneous elements, since both R and 7, do. Now, we have

QD QD QD QD QD QD QD QD QD QD QD QD

e '/
T

N ij

QD QD QD \ ) o QD QD QD
i Y |

1

—~
N

Il
Ili=

QD QD QD QD QD QD

QD QD QD

where in (1) we are using (5.39), in the equalities labeled with IH we are using
our strengthened induction hypotheses. The desired result follows. Similar proofs
exist when applying multiplication in the second or third factors. It is easy to see
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that, as a consequence of the properties we have just proved, we obtain that the
map 7' is a braided (graded) twistor on the differential graded algebra {2D. More
concretely, we have proved the first part of the following result:

Theorem 5.4.9. Let D be an algebraand 7' : D ® D — D ® D a twistor for D.
Consider R := 7 o T, the twisting map associated to 7". Let R be the extension
of R to 2D, then the map T := 74 o R is a braided (graded) twistor for QD.

Moreover, the algebra (D)7 is a differential graded algebra with differential d.

PROOF The only part left to prove is that the map d is still a differential for the
deformed algebra (D)7, but this is an easy consequence of the fact that both the

differential d and the grading € commute with the twistor T.
O

The deformed algebra (QD)T has, as the 0-th degree component, the algebra
DT, and, whenever T is bijective, it is generated (as a graded differential algebra)
by DT, henceforth (QD)T is a differential calculus over DT. Thus, as a conse-
quence of the Universal Property for the algebra of universal differential forms, we
may conclude that (D)7 is a quotient of the graded differential algebra Q(D7).



APPENDIX






A. MONOIDAL AND BRAIDED CATEGORIES

Although we have mostly undertaken a geometrical approach to our research, and
thus our main motivations and examples come from algebras defined over the real
or complex numbers, for many situations it is convenient to indulge ourselves in
a more general context: the one of monoidal categories (also called tensor cate-
gories). Informally, a monoidal category is a category in which we are allowed to
construct tensor products of objects pretty much the same way we do for vector
spaces over a field £. This turns out to be the natural context in which we can de-
fine the notions of algebra, coalgebra, module, ideal. There are many advantages
on using this framework. In the first place, it provides a natural way for unifiying
disctinct results in different areas. Also, working categorically forces to use an
element-free notation, which often helps to get a better understanding of what is
going on, and sometimes even provides new proofs for well known results. Clas-
sical sources for terminology and definitions on monoidal categories are [JS93],
[Kas95], [Maj95] and [ML98]. A recent interesting discussion on monoidal cate-
gories and their applications can be found at [Ard06].

A monoidal category consist on a category M, endowed with a functor ® :
M x M — M, a distinguished object 1 € M of M (that will be calld the unit
of M) and functorial isomorphisms

avyw:(U@V)eW — U (V®W) (associativity constraints),
ly:1®U — U (left unit constraints),
rg:U®1 — U (right unit constraints),

satisfying the following conditions:

UV)e(WeX)

(UeV)eW)® X Ue (Ve WeX))

e o

TS Vew)e XmmmU e (Vew) e )

ay,vew,XxX

(A.1)
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known as the Pentagon Axiom, and

av,1,w

Vel)eoW Ve(leW) (A.2)
m %
VoW

which is the so-called Triangle Axiom.

The Pentagon Axiom for ® ensures associativity of the tensor product of ob-
jects (this fact is known in the literature by the name of MacLane’s Coherence
Theorem), regardless the number of terms we plug in, whilst the Triangle Axiom
takes care of compatibility with the unit object. The maps ay v, are also called
the associators of the monoidal category. M is said to be strict if the associators
are trivial. Since every monoidal category is equivalent to a strict one, it is not
a big restriction to assume that all the monoidal categories we shall work in are
strict.

Given a (strict) monoidal category M, an algebra in M consists on an object
A € M, together with morphisms

m: AR A — A

u:l — A

obeying the associativity and unity axioms:

AQAQA—29"  _ Ag A (A.3)
m®A\L im
A® A - A
1A op<"" Axn1 (A.4)
u®RA mT AQu
A® A

Whenever M is a monoidal category, the opposite category (also called the
dual category) M°, that is, the category with some objects as M but with reversed
arrows, is also a monoidal category. By definition the algebras in the dual category
M are called coalgebras in M.
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Given A an algebra in a (strict) monoidal category M, a (left) A-module is
an object M € M endowed with a morphism A\y; : A ® M — M such that the
following diagrams commute:

AQARM 22 _AeoM 1M Ao M

- N

A M M

AMm

A morphism of (left) A-modules is a morphism f : M — N in M such that the
following diagram commutes

AoM—2 _soN
)\]Ml l)\N
M 7 N

A braiding c for a (strict) monoidal category M consists on isomorphisms cy yy :
VW — W ®V for any pair of objects V, W € M. satisfying the following
relations:

cuvew = (V®cyyv) o (cuy @ W),
cvgvw = (cuw @ V) o (U @ cyw).

if M is a monoidal category endowed with a braiding ¢, we say that it is a braided
category. If c is a braiding for a monoidal category M, it is straightforward to
check that ¢!, consisting on isomorphisms (¢™ 1)y = 05,1\/ is also a braiding for
M. Also, any braiding satisfies a compatibility condition with respect to the unit
in the monoidal category, namely ¢,y = cy; = V.

If U, V and W are objects in a (strict) braided category M, with braiding c,
then the following condition is satisfied:

(CV,W®U>O(V®CU,W)O<CU,V®W) = (W®CU7V>O(CU,W®V)O<U®CV,W)' (AS)

The former condition, known as the braid equation, or the hexagon equation,
may be regarded as a categorical version of the infamous Yang-Baxter equation,
that originally appeared in the study of Statistical Mechanics. Solutions of the
yang—Baxter equation are in close relation with the so—called R—matrices, that in
turn lead to the concept of braided bialgebras defined by Richard Borcherds. For
further details on braided categories, the Yang—Baxter equation, and R—matrices,
we refer to [Kas95] and [Maj95].
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B. THE BRAIDING KNOTATION

When dealing with spaces that involve a number of tensor products, notation often
becomes obscure and complex. In order to overcome this difficulty, especially
when dealing with iterated products, we will use a graphical braiding notation in
which tangle diagrams represent morphisms in monoidal categories. For further
details on the origins and different uses of this braiding notation, we refer to [JS93]
[PR87], [RT90], [Maj91a], [Maj94] and [Kas95]. In order to fix ideas, the reader
may safely assume that we are working on the category of k-vector spaces with
k-linear maps.

A
In this notation, a map f : A — B is simply represented by . The compo-

sition of morphisms can be written simply by placing the boxes C(j)grresponding to
each morphism along the same string, being the topmost box the corresponding
to the map that is applied in the first place, so if we have maps f : A — B and
g : B — C, their composition g o f is represented by

A
A
1l
_
C
C

Several strings placed aside will represent a tensor product of objects in our cate-
gory, and a tensor product of two maps, f ® g: A® B — C' ® D will be written
A B

as D%\ @
C D
With this notation, some well-known properties of morphisms on tensor prod-

ucts become very intuitive. For instance, the identity

fRg=(Crg)o(f@B)=(f®D)o(A®g)
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is written in braiding notation as

A B AB
4B n i
[Jb 9 = | =

c D q| I

meaning that we can fiddle up and down with any pieces of diagrams as long as
they are do not share common strands.

There are several special classes of morphisms that will receive a particular
treatment. Namely, the identity will be simply writter/l4 aj a straight line (without

any box on it), an algebra product will be denoted by \/ . With this notation, the
A

associativity of the algebra product can be written as:
A A A AAA

A A
and the fact that f : A — B is an algebra morphism may be drawn as
A A A A

W/

B B

We will also adopt the convention of not writing the unit object (the base field for
vector spaces) whenever it appears as a factor (representing the fact that scalars
can be pushed in or out every factor). According to this convention, the unit map
of an algebra A is represented by (4), and the compatibility of the unit with the

A
product and with algebra morphisms are respectively written as

o|_|_|o  P_®

This conventions may also be applied to module morphisms. If M is a left A
A M

module, we will denote by \r/ the module action. Note that, in spite of the
M
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fact that the drawing is the same, there is no risk of confusing the module action
with the algebra product, since the strings are labeled. Note that, for a morphism
f M — N of left A—-modules, the module morphism property is not written the
same way as the algebra morphism property, but as

A M A M
Y
N N

There are many other conventions used for dealing with coalgebras, Hopf algebras
and the so, but we shall not introduce them here. Any especial or nonstandard use
of this notation in our text will be conveniently introduced.
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C. UNIVERSAL DIFFERENTIAL FORMS

C.1 First Order Universal Differential Calculus

Definition C.1.1. Let A be a unital algebra, F an (A, A)-bimodule, a derivation
in A with values in F is a linear map D : A — E that satisfies the Leibniz rule:

D(ab) = (Da)b+aDb Ya,be A.

Note that the Leibniz rule implies that D1 = 0, so any derivation kills all the
constants. We will denote by Der(A, E) the space of all derivations in A with
values in F.

There is a simple way to define derivations with values in a given bimodule
E’; namely, for any element m € E we can define de derivation

m*(a) := ma — am,

which is called an inner derivation. A bimodule F will be said to be a symmetric
bimodule if all the inner derivations are trivial. We will denote by Der’(A, E) the
space of inner derivations in A with values in £.

Remark. 1f we consider the space Der(A, A) of derivations in A with values in
A, as the composition of two derivations is usually not a derivation, it does not
have structure of algebra. However, the commutator of two derivations is always
a derivation, so this space is indeed a Lie algebra.

Though we can study the spaces of derivations for any given bimodule, we
would like to find a distinguished one in which to do it. This bimodule should be
the solution to the universal problem of finding a derivation d : A — Q' A such
that, for every bimodule derivation D : A — F, there exists a unique bimod-
ule morphism ¢p such that ip o d = D, that is, making the following diagram
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commutative:

If we are able to find such a bimodule and such a derivation, then we can define a
linear map

Hom,(Q'A, E) — Der(A, E)
¢ — ¢od
and the universal property above would guarantee that this mapping is a linear
isomorphism. As a consequence, such a universal derivation, provided that it

exists, is unique up to isomorphism.
Let us then consider the map

d:A — ARA
a — 1®a—a®1

it is straightforward checking that d is a derivation in A. Now consider Q! A the
submodule of A generated by elements of the form adb. we can check that

Q'A=Ker{ua: A A — A},

being 114 the multiplication in A. Indeed, if we have ;a; ®@b; € Ker pa, then
we have that ) ;a;b; = 0, and so we can write

Zaj@)bj :Za](1®b]—b]®1) :Z&jdbj.
J J J

The converse inclusion is immediate to check.
The space Q' A can be endowed with left and right module structures over A
as follows:

c(adb) = cadb
(adb)c := ad(bc) — abdc
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Our construction yields what can be called a first-order differential calculus
for A. It is worth noticing that the bimodule Q' A does not have to be symmetric,
even if A is commutative. The bimodule ' A is called the module of universal
I-forms over A. If we have another derivation D : A — FE, it is easy to check
that the map ip : Q'A — E givenby ip(}-;a ®b) := 3, a;Db; is a bimodule
homomorphism, and it satisfies the equality ip o d = D.

C.2 Kaihler Differentials

The construction of the module of universal 1-forms looks more complicated in
the commutative case than in the general one, since there it makes sense not to
distinguish between adb and (db)a. So, in the commutative case we are facing
another problem, namely, to find a derivation d : A — Q! A such that given
any derivation D : A — FE in A with values in a module E (note that in the
commutative case we do not have to bother about bimodules) there exists a unique
module morphism ¢p : Q) A — E such that ¢»p o d = D. In this case, and
since for a commutative algebra A the space Der(A, E) has a natural A-module
structure, the isomorphism Hom4 (2!, A, ') — Der(A, E) will be a module map.

As any module on an abelian algebra is trivially a symmetric bimodule, it
stands to reason that !, A will be a quotient of Q' A. Indeed, we have that Q}, A =
OLA/(Q'A)?, where (Q'A)? is taken as a product in the algebra A ® A. The
differential is defined to be

da:=(1®a—a®1) mod (2'A)?

The elements in O}, A are usually called the Kéhler differentials. An equiva-
lent description of the Kihler differentials module can be given as

QLA = QlA/{Z(aj db; —db;a;) : aj,b; € A} .

J

This last presentation makes also sense for noncommutative algebras, but it
does no longer equals to Q!, A = Q1 A/(QTA)2.

C.3 The differential graded algebra of universal forms

Definition C.3.1. A differential graded algebra (R, 0) is an associative (graded)
algebra R = @, R’ such that 'R/ C R'*/, together with a differential § :
R — R of degree 1 (i.e. §(R) C R"™') satisfying the following conditions:
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e 52 =0,
o §(wn) = (—1)%e«wén for homogeneous w.

Our aim is to build, for a given algebra A, a graded differential algebra (2*A =
P Q" A such that Q°A = A, Q' A is the module of universal 1-forms formerly de-
fined, and endowed with a differential d that extends the derivation d : A — Q! A.
Moreover, if (R, d) is another differential graded algebra, any algebra morphism
from A to R° should lift in a unique way to an algebra morphism ¢ : Q2*A — R of
degree 0 and intertwinning the differentials d and J, that is, making the diagrams

QrA " pr

dl i&
PYnt1

S2n+1f1“‘%’f%n+l

commutative for all n € N. Also, the algebra product in A together with the
differential d should determine the product in 2° A.

Let’s consider A := A/k the quotient of the algebra A by its base field ,
and write @ for the image of @ € A in A. Note that A ® A = Q'A under the
identification ag ® a; — apda, (which is well defined, as d1 = 0). If we get
c € A, then ¢(ag ® ay) — capday, whilst

(ap ®ay)c = ap ® a1¢ — apa; ® ¢ — apd(aic) — aparde = ap(day)e,

so the above correspondence is indeed a bimodule isomorphism. Note also the
decomposition of A-bimodules givenby A® A =QA® (Ax1).

Let’s then put 02A == MA@, NAY (AR A) @4 (AR A) Y AR AR A,
and, for the general case,

QA= A, Mo, A2 A9 AT
The differential d is given by the shift
a®ar- - Qa, — 1®a®ar--- & ay,

for which, as d1 = 0, we immediately get that d?> = 0. We shall henceforth adopt
the identification ag ® a; - - - ® a@,, = apday - - - da,. By consecutive applications
of the Leibniz’s rule, we can easily define an A-bimodule structure on €2° A:

b(apday - - - da,) := bagday - --day,,

(apday -+ - day)b = (—=1)"apaidas - - - da,db+
+ 3 (=) agday - - - d(azaisy) - - - da,dbt-
+aoday - - - d(a,b)
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Lastly, we can inductively define:
(aoday - - - dan)(bodby - - - dby,) := ((aoday - - - dax )bo)dby - - - dbp,

and with this product 2* A becomes a graded differential algebra that satisfies the
universal property stated above. We will call this algebra the universal differential
graded algebra over A. Some useful formulas involving the elements of this
algebra are:

d(apday - - - day,) = dagday - - - day,

apld, a1]---d, a,| = apday - - - day,
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D. THE NONCOMMUTATIVE PLANES OF CONNES AND
DUBOIS-VIOLETTE

The original definition of noncommutative 4—planes (and 3—spheres) arises in
[CDVO02], following some ideas of [CLO1], from some K —theoretic equations,
inspired by the properties of the Bott projector on the cohomology of classical
spheres. We do not need this interpretation here, so we adopt directly the equiva-
lent definition given by means of generators and relations. Any reader interested
in full details on the construction, properties and classification of noncommutative
planes and spheres should look at [CDV02], [CDV03], [CDV]. Our study will be
centered on the noncommutative planes associated to critical points of the scaling
foliation, following the lines of [CDV02], as the definition of the noncommutative
plane in these points is easily generalized to higher dimensional frameworks.

Let us then consider § € M,,(R) an antisymmetric matrix, 6 = (0,,), 0,, =
—0,,,, and let Cyy(IRZ") be the associative algebra generated by 2n elements
{z#, 2"} =1, . » With relations

ZhzV = N\ gV o
FHE = Mgt AN v =1,...,n, being W = e (D.1)
ZHZY = \PHVZH

Note that \"# = (A*)~! = M\ for ;i # v, and M* = 1 by antisymmetry.

We can now endow the algebra Cy,(RZ") with the unique involution of C—
algebras « +— z* such that (2*)* = z*. This involution gives a structure of *—
algebra on Cy,(R2"). As a x—algebra, C,,(R2") is a deformation of the commu-
tative algebra Cy;,(R*") of complex polynomial functions on R*", and it reduces
to it when we take 6 = 0. The algebra C,,;,(R2") will be then referred to as the (al-
gebra of complex polynomial functions on the) noncommutative 2n—plane R2".
In fact, former relations define a deformation Cjj of C", so we can identify the non-
commutative complex n—plane C} with R2" by writing Cy;,(Cy) := Cly(R3"™).

We define Q,,(R3"), the algebra of algebraic differential forms on the non-
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commutative plane R3", to be the complex unital associative graded algebra

2n . 2n
Caig (R; @ Qalg (Rj
peN

generated by 2n elements z#, z of degree 0, with relations:

2V = NV Y H

= — . i0
ZHhzZY = NV AN u, v =1, ..., n, being A\ = e,
oY = N

and by 2n elements dz*, dz" of degree 1, with relations:

dzidz + MWdzYd* = 0, ZZZZ: i iZ:ZZZZZ’

dzhdz” + \Wwdzrdzs = 0, - % T AN uv=1,....n

dzhdz + WAz = 0, 00 = ATdEE S
T gz = edzvm

(D.2)
In this setting, there exists a unique differential d of €24, (Rg") (that is, an
antiderivation of degree 1 such that d*> = 0) which extends the mapping z# + dz*,
z' +— dz". Indeed, such a differential is obtained by extending the definition on
the generators according to the Leibniz rule. With this differential, g, (R3")
becomes a graded differential algebra. It is also possible to extend the mapping
2 2, dz* — dZ* =: (dz*) to the whole algebra Quy(RZ") as an antilinear
involution w + © such that ww’ = (—1)P%'G for any w € QF, (RZ"), w' €
Qf,,(RZ™). For this extension we have that dw = dw.

Our interest in these algebras arises from the fact that the noncommutative
4—plane can easily be realized as a twisted tensor product of two commutative al-
gebras (namely as a twisted product of two copies of C[z, z], which is nothing but
the algebra of polynomial functions on the complex plane), hence looking like the
algebra representing a sort of noncommutative cartesian product of two commu-
tative spaces. Our original interest in iterated twisted tensor products came when
we asked ourselves about the possibility of looking at the 2n—noncommutative
plane as a certain product of commutative algebras.

alg
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