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Abstract

The general themes of this thesis are Lie algebroid cohomology and lifts of
certain geometric structures appearing in Poisson geometry to real projective
blowups. The thesis consists of five articles.

In the first article, we develop a Serre spectral sequence for Lie algebroids
associated to the inclusion of a Lie subalgebroid. This construction reproduces
and slightly generalises several known spectral sequences in the context of Lie
algebroids, such as the Leray-Serre spectral sequence for de Rham cohomology
associated to a fibration, or the Mackenzie spectral sequence for Lie algebroid
extensions. Moreover, we show that one can use the Serre spectral sequence
for Lie algebroids to compute formal Lie algebroid cohomology around sub-
manifolds.

In the second article, we discuss real projective blowups of Lie algebroids
in the context of Lie algebroid cohomology. More precisely, we study the
blowdown map on the level of cohomology. We then apply our findings to
generalise the Mazzeo-Melrose result on b-cohomology by computing the Lie
algebroid cohomology of the blowup of an arbitrary transversal. Further, we
reproduce the known result on the Lie algebroid cohomology of s0(3) x R? using
blowups. Moreover, we use similar techniques as developed for the blowdown
map to compute the de Rham cohomology of real projective blowups.

In the third article, we address the following question. Given a submanifold
of a Dirac manifold, under which circumstances does there exist a Dirac struc-
ture on the real projective blowup which extends the original Dirac structure?
And, if such a structure exists, when is the blowdown map forward or back-
ward Dirac? We give a complete answer to this question, which generalises a
result by Polishchuk on lifting Poisson structures in this context. Moreover,
for the main theorem we prove a classification result on Lie algebras, which
might be of independent interest.

The fourth article contains a proof of the aforementioned result by Pol-
ishchuk within the differential-geometric framework. In particular, we derive
the form of the linearisation of the Poisson structure as stated by Gualieri and
Li, and give an interpretation of the explicit form of the linearisation.
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The fifth article consists of two parts. In the first part, we examine the
relation between the notions of pullbacks under transverse maps of Dirac struc-
tures, Lie algebroids, and their singular foliations. In the second part, we start
with a Lie algebroid and a transverse submanifold. There are several ways
to produce a Lie algebroid structure over the real projective blowup of the
base: the pullback by the blowdown map and the blowup of a Lie subalge-
broid supported over the submanifold. We see that those Lie algebroids are
not isomorphic, and compute the singular foliation of some of them.



Dutch version

Dit proefschrift bestaat uit drie artikelen.

In het eerste artikel ontwikkelen we een Serre spectraalrij voor Lie algebroi-
den die geassocieerd worden met de inclusie van een Lie subalgebroide. Deze
constructie reproduceert en veralgemeniseert enkele bekende spectraalrijen op
enkele fronten in de context van Lie algebroiden. Bijvoorbeeld de Leray-Serre
spectraalrij voor de de Rham cohomologie die geassocieerd wordt met een fil-
tratie, of de Mackenzie spectraalrij voor Lie algebroide uitbreidingen. Boven-
dien laten we zien dat de Serre spectraalrijen voor Lie algebroiden gebruikt
kunnen worden om formele Lie algebroide cohomologieén rond subvariéteiten
te berekenen.

In het tweede artikel bespreken we reéle projectieve opblazing van Lie al-
gebroiden in de context van Lie algebroidische cohomologie. Om in detail
te treden bestuderen wij de afblazende afbeelding op cohomologisch niveau.
We passen onze bevindingen dan toe om de Mazzeo-Melrose resultaten over
b-cohomologie te generaliseren door middel van het berekenen van de Lie al-
gebroidische cohomologie van de opblazing van een willekeurige transversaal.
Ook reproduceren we het bekende resultaat over de Lie algebroidische coho-
mologie van s0(3) x R® met behulp van opblazingen. Daarnaast gebruiken we
vergelijkbare technieken die ontwikkeld zijn voor de afblazende map om de de
Rham cohomologie van een reéle projectieve opblazing te kunnen berekenen.

In het derde artikel bespreken we de volgende vraag: gegeven een subvar-
iéteit van een Dirac variéteit, onder welke voorwaarden bestaat er een Dirac
structuur op de reéle projectieve opblazing zodat ook de oorspronkelijke Dirac
structuur uitbreidt? En als zo’n structuur bestaat, wanneer is de afblazende
afbeelding voorwaarts of achterwaarts Dirac? We geven een volledig antwoord
op deze vraag, wat tevens een veralgemenisering is van een resultaat van Pol-
ishchuk over het liften van Poisson structuren in deze context. Bovendien, als
hoofdstelling bewijzen we een classificatie van Lie algebras, wat mogelijk op
zichzelf al interessant zou kunnen zijn.

Het vierde artikel bevat een bewijs van het hiervoor genoemde resultaat
van Polishchuk vanuit een differentiaal meetkundig oogpunt. In het bijzonder

leiden we de vorm van de linearisatie af van de Poisson structuur zoals gegeven

3
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is door Gualieri en Li, en we geven een interpretatie van de expliciete vorm
van de linearisatie.

Het vijfde artikel bestaat uit twee delen. In het eerste deel bestuderen we
de relatie tussen de noties van een pullback onder transversale maps van Dirac
structuren, Lie algebroiden, en hun foliaties. In het tweede deel starten we
met een Lie algebroide en een transversale variéteit. Er zijn enkele manieren
om een Lie algebroidische structuur over de reéle projectieve opblazing van de
basis te produceren: de pullback van de afgeblazen map, en de opblazing van
een Lie subalgebroide met support over de subvariéteit. We merken dat deze
Lie algebroides niet isomorf zijn, en berekenen de singuliere foliatie van enkele.



Chapter 1

Introduction

In Section 1.1 we introduce some mathematical background to be able to
formulate the main results of the following chapters, which we do in Section
1.2.

1.1 Preliminaries

We briefly introduce Poisson structures, Lie algebroids, and Dirac structures.
These structures are closely related (Poisson structures induce both a Lie al-
gebroid and a Dirac structure, every Dirac structure can be seen as a Lie al-
gebroid). Moreover, we outline real projective blowups for smooth manifolds,
a construction which is fundamental for most parts of this thesis.

1.1.1 Poisson structures

Let M be a manifold. A Poisson structure, introduced by Lichernowicz in
[Lic77], on M is a bivector field m € T'(A?T'M) that satisfies

[7,7]s =0,

where [, -]s denotes the Schouten-Nijenhuis bracket on I'(A*TM). Equiva-
lently, the map

{-, }: E°(M)xE°(M) = €>°(M)

(f,9) = =(df,dg) (L1)

defines a Poisson bracket on €°°(M), i.e. it is R-bilinear, skew-symmetric and,
for all f € €>°(M), the map

[, }: €(M) — €=(M) (12)

is a derivation for both the pointwise product as well as the bracket {-, -}
itself.
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As any bivector field, 7 induces a map

"M — TM

Q> i,
where i, denotes the left insertion of « into a multivector field.

Example 1.1.1 1. Let (M,w) be a symplectic manifold, i.e. w € Q?(M)
is closed and nondegenerate. Then

{f’g} = Xg(f)7 (14)

where dg = w(X,, -), defines a Poisson structure on M. When writing
W’: TM — T*M for the induced map (defined analog to (1.3)), we have
(wb)*1 = —qf,

2. Let g be a Lie algebra. Then there exists a canonical linear Poisson struc-
ture on g* uniquely defined by the following. For two linear functions
&,ne€g=(g")* on g*, the Poisson bracket is given by

{&; (@) := a([€, ). (1.5)

A Poisson manifold (M, ) carries a singular symplectic foliation given
by 7#(I'e(T*M)), which induces a decomposition into immersed, connected
submanifolds endowed with symplectic structures,

M = |_|(S, OJS)7
S

whose members are called symplectic leaves. The singular symplectic folia-
tion is determined by the following conditions (see e.g. [CFM21, Proposition
1.8 and Theorem 4.1])

T8 =Im(zf: T'M — T, M), ws(nfa,7'8) = —n(a,B), forallz € S.

Example 1.1.2 For a Lie algebra g, the symplectic foliation on g* is given by
the orbits of the coadjoint action of g, see e.g. [DZ05, Theorem 1.5.8].

A Poisson submanifold N C M is a submanifold such that 7T|N S
[L(A2TN). In this case, at every point ¢ € N the conormal space (T, N)>»
carries a Lie algebra structure, turning (7N)*™® into a bundle of Lie algebras.
The Lie bracket on (T, N)*"" is defined by

[(df)| 5 (@), (dg)| x (@)] := (A{F, 9})| v (), (1.6)

where f,g are smooth functions on M vanishing on N. The corresponding
linear Poisson structure 7, on the dual vy (M) := TM|N/TN is, on vy (M)

the linearisation at ¢ of the transverse component of the Poisson structure.

q’
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1.1.2 Lie algebroids

Lie algebroids [CF11, HM90, Mac05] are a generalisation of Poisson structures,
as well as Lie algebras and tangent bundles, see Example 1.1.3. A Lie alge-
broid A over a base manifold M, denoted by A = M, consists of

e a vector bundle over a manifold, A — M,

e avector bundle map f: A — T'M covering the identity, called the anchor
map,

e a Lie algebra structure [-, -] on I'(A), the set of smooth sections of
A— M,

which satisfies the following compatibility condition, called the Leibniz iden-
tity,
[a, £8] = flo, B] + (Zia f)B,

for all a, 8 € T'(A) and f € €>°(M). Here, Lx f denotes the Lie derivative of
a function f along a vector field X. For more on the general theory, see e.g.
[Mac05, CF11, Meil7, CFM21].

A representation of a Lie algebroid A = M on a vector bundle V- — M
is defined as a flat A-connection on V, i.e. a bilinear operator,

V:T(A) xT(V) = T(V), (a,n)+ Van,

which is €°°(M)-linear in the first entry and satisfies the Leibniz identity in
the second entry

Vian=fVan,  Valfn) = fVan+ (Lafn, (1.7)

and has trivial curvature
VaVpn —=VeVan = Vi zm, (1.8)

where f € €°(M), o, 8 € T'(A), and n € T'(V).
The notion of Lie algebroids unifies several concepts in differential geome-
try.

Example 1.1.3 1. A Lie algebra g is the same as a Lie algebroid over
a point, A = {x}, and the corresponding notions of representations
coincide.

2. For a manifold M the tangent bundle T'M is a Lie algebroid with bracket
the usual Lie bracket of vector fields and anchor § = idpys. A representa-
tion of TM = M is the same as a vector bundle V' — M endowed with
a flat connection.

3. By the Frobenius Theorem, a regular foliation on a manifold M is the
same as a Lie subalgebroid (in the sense below) of TM = M.
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4. A Poisson structure { -, - } on €>°(M) gives rise to a Lie algebroid struc-
ture on T*M = M with anchor § = 7% and bracket on exact one-forms
given by

[df,dg] = d{f, g}, (1.9)

where f,g € €°(M).

5. An infinitesimal action of a Lie algebra g on a manifold M gives rise to
a so-called action Lie algebroid, g x M = M. As a vector bundle, g x M
is the trivial bundle g x M — M. The bracket on constant sections is
given by the bracket on g and the anchor is the action map.

We recall the construction of Lie algebroid cohomology. To any Lie
algebroid A = M, one associates the differential graded commutative algebra
of de Rham forms on A,

(Q'(A) = ETBQ’“(A), A, dA), OF(A) = T(AFA"), (1.10)
k=0

where r = rank(A) and dy4 is defined similar to the usual de Rham exterior
derivative

(daw)(ag, ..., ox) =Y (1) La,w(ao, ..., b, ..., ax)
’ o (1.11)
+ Z(—l)lﬂw([ai,aj],ao, ey Gy Gy ),
1<j

where we regard elements in Q°*(A4) as ¥°° (M )-multilinear forms on sections
a; € T'(A) with values in €°°(M). Here, © denotes the omission of the argu-
ment. By passing to cohomology one obtains the Lie algebroid cohomology of
A, denoted by H*(A). More generally, given a representation V' — M of A
we have an induced differential on V-valued forms on A, which we continue
denoting by d4

(Q°(A, V) :=T(A*A* @ V),da), (1.12)

defined by formula (1.11) with the operator V,, instead of %,, (the latter
corresponding to the canonical representation on R x M). Passing to cohomol-
ogy, one obtains the Lie algebroid cohomology of A = M with coefficients in
the representation V' — M, denoted by H*(A, V).

Remark 1.1.4 Lie algebroid cohomology recovers many classical cohomology
theories, e.g.

1. Chevalley-Eilenberg cohomology of a Lie algebra via g = {x}, as well as
Lie algebra cohomology with coefficients in °°°(M) via g x M = M,

2. de Rham cohomology of a manifold via TM = M, as well as foliated
cohomology;

3. Poisson cohomology of (M, ) via T*M = M.
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We also require the notion of a generalised representation [MS24]. A
generalised representation of a Lie algebroid A = M is a ¥°° (M )-module 9N,
endowed with a bilinear map

V:T(A) x M — M

satisfying the axioms (1.7) and (1.8). Usual representations correspond to the
case when 90 is a finitely generated projective €°°(M )-module.

To introduce 2M-valued cohomology, define the set of p-forms on A with
values in 9 as

QP (A, M) := {w: T'(A)*P — M : alternating and €">° (M )-multilinear }.
(1.13)
The formula (1.11) generalises to this setting, and yields a differential

da: Q°(A,M) — Q°THA,M).
The associated cohomology groups will be denoted by
H*(A,9M).

For a classical representation V', the two equivalent notations H®*(A4,T'(V)) =
H*(A, V) will, hopefully, not lead to confusions.

General Lie algebroid morphisms are introduced efficiently using the
cochain complex of Lie algebroids. Let A = M and L = N be two Lie
algebroids. A vector bundle map

induces a pullback homomorphism between the graded commutative algebras
of de Rham forms ®*: (Q°(A),A) — (2°(L), N),

d
—_—
)
—

(P w)p(ar, ..., ar) == wy(p) (P(az), ..., ®(ar)),

for all p € N and «; € L,. By definition, ® is a Lie algebroid morphism if and
only if ®* is a cochain map, i.e. for all w € Q*(A), we have

" (daw) = dp(P*w).

For example, for Lie algebras g and b, this notion recovers Lie algebra maps
®: g — b; Lie algebroid morphisms ®: TM — TN are determined by their
base map, via ® = T'¢; Lie algebroid morphisms ®: TM — g are the same as
flat, principal connections on the trivial principal G-bundle G x M, where G
is a connected Lie group integrating g.

Representations can be pulled back along a Lie algebroid morphism ®: L —
A. If V — M is a representation of A = M, the pullback representation
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of L = N is on the pullback vector bundle ¢V — N and is uniquely
determined by the condition that the pullback map is a cochain map

*: (Q°(A,V),da) — (Q°(L,¢"V),dy).

A Lie subalgebroid of A = M is a vector subbundle . < A over an
injective immersion N — M endowed with a Lie algebroid structure L =
N (necessarily unique) for which the inclusion i: L — A is a Lie algebroid
morphism.

The pullback of a Lie algebroid A = M along a smooth map f: N — M,
called inverse image Lie algebroid in [HM90, Section 1], is given by

A= {(v,a) € T,N & Ay : Tuf(v) = fa € TyyM, z € N},  (1.14)

which carries a canonical Lie algebroid structure over N, provided it has con-
stant rank. If this is the case, its anchor is the first projection f = pr;: f'A —
TN and the second projection is a Lie algebroid map f' := pry: f'A — A
covering f. If ©: N — M is a submanifold of M such that the inclusion is
transverse to the anchor, N is called a transversal and we can consider ' A
as a Lie subalgebroid of A. We use transversals to obtain Lie subalgebroids
of A in Section 2.2.3 and Section 3.5, and the pullback via covering maps to
compute Lie algebroid cohomology in Section 3.6.

If N C M is a submanifold such that ﬂ(A‘N) C TN, we call N an invariant
submanifold, and the restriction A|, (which is the same as the pullback by
the inclusion in the sense above) inherits a Lie algebroid structure with N as
base, such that A|N < A is a Lie algebroid morphism.

1.1.3 Dirac structures

Dirac structures were first introduced in [Cou90] to interpolate between Pois-
son structures and closed 2-forms on a manifold M. For more on the general
theory, see e.g. [Burl3, CFM21].

Let M be a manifold. The generalised tangent bundle

T™M =TM & T*M (1.15)
carries a nondegenerate, symmetric pairing

(+y-): TM xpy TM - R
(2) (%) = e+ (1.16)

and a bracket, for any closed 3-form H € Q3(M), defined by

[+, ]: T(TM) xT'(TM) — I'(TM)

(i) ) (Z) ~ (gxgi[féﬂ iinH>’ o

called the Dorfman bracket.
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Remark 1.1.5 Although the bracket [-, -] satisfies a Jacobi identity, it does
not define a Lie bracket as it is not skew symmetric. One has

[A, B] — [B, A] = 2d(A, B) (1.18)
for A, B € T(TM), where d denotes the de Rham differential.

Together with the anchor map f = pryy,: TM — TM these structure
maps endow TM with the structure of a twisted Courant algebroid.

For a fixed closed 3-form H € Q3(M), a subbundle D C TM is called an H-
twisted Dirac structure on M if D is maximally isotropic (i.e. Lagrangian)
with respect to the pairing (-, -), and involutive, i.e. [['(D),T'(D)] C T'(D).
We call D a Dirac structure if it is a twisted Dirac structure for H = 0.

Standard examples for Dirac structures on M are given by the following
(see e.g. [Guall, Example 2.11-2.13]).

1. The graph
graph(n) = {(n*¢,6) € TM : £ € T* M} (1.19)
of a bivector field 7 € T'(A*T' M) is a Lagrangian subbundle of TM, which

is a Dirac structure iff 7 is Poisson, i.e. [r,7]s = 0.

2. The graph
graph(w) = {(v,w’v) € TM : v € TM} (1.20)
of a 2-form w on M is Lagrangian, and defines a Dirac structure iff

dw = 0 is closed.

3. More generally, graph(w) for any w € Q?(M) is a dw-twisted Dirac struc-
ture.

4. The subbundle TF & (T'F)*" for a subbundle TF C TM is a Dirac
structure iff F is a (regular) foliation.

Remark 1.1.6 By Remark 1.1.5, the bracket induced by the twisted Dorfman
bracket on any Dirac structure is skew-symmetric. Hence, Dirac structures
carry the structure of a Lie algebroid.

As morphisms between Dirac structures we consider forward and backward
Dirac maps.

Definition 1.1.7 (|[BR03, Wei82]) Let ¢: X — M be a smooth map. Let
Dx be an H x-twisted Dirac structure on X, and Dj; be an Hj-twisted Dirac
structure on M. If Hx = ¢*Hy;, we call ¢

1. a forward Dirac map, if we have (D)) = S¢((Dx)e) forallz € X
, where

So((Dx)z) = {((T‘T?)w> € Ty@)M : <(T;<Z)*€) € (DX)I};
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2. a backward Dirac map, if we have (Dx), = By((Dnr)g(r) for all
x € X, where

By ((Dm)o(a)) = {((Tiii)*g) €Ty X : ((T?)w) € (DM)¢(1;)}-

Forward Dirac maps generalise Poisson maps, while backward Dirac maps
generalise pullbacks of 2-forms.

If ©: N — M is a submanifold such that prTM(D|N) C TN (ie. N is an
invariant submanifold for the induced Lie algebroid structure), we again call N
invariant, and, just like in the Poisson case (1.6), there is an induced bundle of
Lie algebras structure on the conormal bundle (T'N)*** — N. The Lie algebra
structures come from the short exact sequence of Lie algebroids

0 — (TN)™ — D|, — B, (D) — 0. (1.21)

1.1.4 Real projective blowups

Blowup constructions are well-known in algebraic geometry (see e.g. [Har77]).
The idea is to replace a point or subvariety by all lines normal to it. A famous
result by Hironaka [Hir64a, Hir64b] states that in characteristic zero, one can
always desingularise algebraic varieties, i.e. obtain a smooth variety, by a se-
quence of blowups. In the context of smooth manifolds, a smooth submanifold
is replaced by the projectivisation of its normal bundle, and singularities arise
from additional geometric structures (a Poisson structure, a foliation, etc.).

As a set, the blowup Blup(M, N) of a closed and embedded submanifold
N in M is given by

Blup(M, N) = (M \ N) UPB(u (M)), (1.22)
i.e. by replacing N with P(vy(M)), the projectivisation of the normal bundle
Z/N(M) = TM‘N/TN

of N in M. There is a natural surjective map p: Blup(M,N) — M, called
blowdown map, given by the fibre bundle projection on P(vy(M)) and by
the identity on M \ N.

To give some intuition for the smooth structure on Blup(M, N), note first
that the construction is local around N. Hence, it is enough to consider the
blowup of the zero section N inside a vector bundle £ — N. Then

Blup(E, N) ~ L(E), (1.23)

where IL(F) is the tautological line bundle over the projectivisation of E, i.e.
it is the line bundle over P(FE) with fibres given by

L(E)q = {v' € E:v" = v for some X € R} (1.24)

for v € £\ N. In this setting, the blowdown map is given by va] — v
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Remark 1.1.8 Given a submanifold chart (U, (z,y)) for N, ie. UNN =
{x = 0}, one can construct charts for p~'(U) C Blup(M,N). For i =
1,...,codim (N), the collection

U=p ' ({zi #0}) U{[v] € ]P)(VN(M)’UON) s da;(v) # 0}

forms an open cover of p~!(U). On each Uj;, one defines coordinates (,y) on
Blup(M, N), in which the blowdown map reads (see e.g. [Obs21, Remark 5.29]
for details)

p(jla <3 Tiy -5 Teodim (N)>» y) = (xi'rla ooy Tiy ooy TiTeodim (N)?y) (125)
Notice that the hyperplane P(vy(M)) NU; is given by Z; = 0, and that the
chart obtained by restriction is the well-known chart on the projective bun-

dle induced by the fibrewise linear coordinates (dz,y) on the normal bundle
UN (M)

Using (1.25) one can show the following Lemma (see [LGLR24, Prop.
1.5.40] for N a point, or Lemma 4.2.1).

Lemma 1.1.9 A vector field X on M is p-related to some vector field X on
Blup(M, N) if and only if X is tangent to N. In that case, X is unique and
tangent to P(vx(M)) C Blup(M, N).

Blowups of Lie algebroids

Starting from a Lie algebroid A = M and a closed and embedded Lie subalge-
broid B = N, the blowup Blup(A4, B) will in general not carry a natural struc-
ture of a Lie algebroid. In fact, if rank (B) < rank (A), already the vector bun-
dle projection w: A — M of A will not lift to a map Blup(A, B) — Blup(M, N).
Instead, one needs to consider the space

TA|, \ (Tm)"Y(TN)|,
TB TB

Blup, (4, B) = (A\ 7 }(N)) U IP’( ) C Blup(4, B).

The blowdown map p: Blup(A, B) — A restricts to a map
pa: Blup, (A4,B) — A,

with image given by A’ MAN U B. The vector bundle projection 7: A — M
lifts to a map
Blup(7): Blup,. (A, B) — Blup(M, N). (1.26)

Moreover, (1.26) is a vector bundle ([DS21, Fact 2.15]), and we can easily
describe its sections (see e.g. [Obs21, Proposition 5.55]).

Remark 1.1.10 (Sections of Blup, (A, B)) Let 7: A — M be a vector
bundle and B — N a closed and embedded subbundle. Then

Blup(7): Blup, (A, B) — Blup(M, N)
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is a vector bundle with sections given by the ¢°°(Blup(M, N))-span of
{Blup(s): Blup(M,N) — Blup,.(A, B) : s € I'(4, B)}. (1.27)
Here, T'(A, B) denote sections of A that restrict to sections of B over N. When
writing Blup(s) for s € I'(A, B), we mean a map
Blup(s): Blup,(M, N) — Blup(A, B)

analog to (1.26). One can check, however, that Blup,(M, N) = Blup(M, N)
and im (Blup(s)) C Blup, (4, B).

To equip Blup, (4, B) with the structure of a Lie algebroid, we define
anchor and bracket on the set of generators (1.27). Let s,s’ € I'(A, B).

e The anchor fpiyp is defined by

tB1up (Blup(a)) = 4(a),

where ~ denotes the lift of a vector field according to Lemma 1.1.9.
e The bracket |-, - |giyp is defined by
[Blup(a), Blup(b)]s1up = Blup([a, b)),

and extended to all sections via the Leibniz rule.

With this structure, Blup, (A, B) = Blup(M, N) becomes a Lie algebroid, and
the blowdown map p4: Blup, (4, B) — A is a Lie algebroid morphism.

Remark 1.1.11 Note that there exists a corresponding construction for Lie
groupoids [DS21], see also [Obs21]. The projective blowup construction has
been used to desingularise proper groupoids [PTW21, Wan18].

Example 1.1.12 The construction of Elementary modifications [GL13,
Klal7, Lan21] can be expressed in terms of blowups. If the submanifold
N C M has codim (N) = 1, the blowdown map p: Blup(M,N) — M is a
diffeomorphism. In particular, the sections of the Lie algebroid blowup are
precisely given by

I'(Blup, (A, B)) =T'(A4, B). (1.28)
Examples of elementary modifications are

1. the log-tangent bundle T{ M = Blup,  (TM,TN);
2. the scattering tangent bundle Blup, (T} M,0n).
N

1.2 Outline of the chapters

We give an overview over the contents and main results of this thesis. Chapter
2 and 3 develop tools to compute Lie algebroid cohomology, using spectral
sequences and real projective blowups, respectively. Chapter 4 and 5 are con-
cerned with the question of lifting geometric structures (twisted Dirac and
Poisson, respectively) to the real projective blowup. Finally, in Chapter 6
we study the relationship between the singular foliations of Lie algebroids and
Dirac structures and their pullback via a transverse map. Moreover, we discuss
the singular foliation of certain blowups of Lie algebroids.



1.2. Outline of the chapters 15

1.2.1 Chapter 2

Chapter 2 contains [MS24], which is available on arXiv under arXiv:2405.00419.

Lie algebroid cohomology encodes many important geometric properties
of the underlying Lie algebroid, such as invariant functions, infinitesimal au-
tomorphisms, and deformations. However, Lie algebroid cohomology is, in
general, quite difficult to compute. Even if the base manifold is compact, Lie
algebroid cohomology can be infinite dimensional. Points on M in which the
anchor map drops rank pose an additional difficulty. One tool to compute co-
homologies is given by spectral sequences. In this chapter, we define and show
convergence properties of the Serre spectral sequence of Lie algebroids induced
by the inclusion of a Lie subalgebroid. We briefly outline the construction of
spectral sequences.

Spectral sequences

Let
L CFPQYNA) CFPTIQ(A) C ... C FIQ%(A) = Q°(A)

be a differential graded filtration on Q°(A), i.e. a sequence of subspaces, each
stable under d. Then, in a first step, one can consider the induced map
FPQPTa(A) FPQPrati(A)

N 2y S - —. pPgtl
do: By i= FriQrta(A) - FrtiQerati(A) B

Elements in the kernel of dy are not necessarily mapped to zero under d, but
instead lie further down in the filtration. The collection of maps do: E5® —
Eg’”rl again squares to zero, and d induces

dy: D7 = HP(Ey, do) — HPT29(Ey, do) =: BP9,

One can then iterate the process, and {E2*,d,},>¢ is called the spectral se-
quence associated to the filtration. We say that the spectral sequence converges
to a space X* if the notion of F2:* makes sense and

X"~ @ Eé’oj
i+j=n
Several spectral sequences for Lie algebroids are known in the literature.

Example 1.2.1 1. The Hochschild-Serre spectral sequence [HS53] associ-
ated to a Lie subalgebra § C g;

2. The spectral sequence of a Lie algebroid extension
0->L—-A—>B—=0
([Mac05], see also [Bral0]);

3. The Leray-Serre spectral sequence [Ser51] for the de Rham cohomology
of a locally trivial fibre bundle 7: M — @ (developed in [Hat60]);

4. The spectral sequence of a regular Poisson manifold [Vai90].
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Main results

The Serre spectral sequence is constructed as follows. Given a Lie subalgebroid
L = N of A = M, the pullback along the inclusion i: L < A yields a
differential graded ideal in Q°®(A),

T :=ker (i*: Q*(A) - Q*(L)).

This ideal gives rise to a descending differential graded filtration on 2°*(A, V)
by setting
FPQU (A V) == (AP IAQA V) C QA V).

This filtration induces a spectral sequence {EP?},~o which we call the Serre
spectral sequence of the Lie subalgebroid i: L — A.
Regarding convergence, we obtain the following result in Section 2.2.1.

Theorem 1.2.2 Let L = N be a Lie subalgebroid and V — M a representa-
tion of A = M.

1. If N =M, i.e. L is a wide subalgebroid, then the Serre spectral sequence
associated to L converges to the cohomology of A with values in V.

2. If N C M is a closed and embedded submanifold of positive codimension,
then the Serre spectral sequence converges to the formal cohomology of A
along N with values in V.

Using the notion of Lie algebroid representations up to homotopy intro-
duced in [AC13], we can describe the first page of the Serre spectral sequence
in the settings of Theorem 1.2.2 in full generality.

Theorem 1.2.3 Let L = N be a Lie subalgebroid and V- — M a representa-
tion of A = M, where N C M is a closed, embedded submanifold. The conor-
mal bundle of L in A is canonically a VB-algebroid vi(A)* = L*®, which
corresponds to a representation up to homotopy of L on vy (M)* ® L*™™. The
first page of the Serre spectral sequence of L is isomorphic to the cohomology
of L with coefficients in representations up to homotopy, as follows

EPY ~ H(L, A" (vy (M)* @& L*™) @ V[ ). (1.29)

These representations up to homotopy are classical representations in the fol-
lowing cases.

1. If N =M, i.e. L is a wide Lie subalgebroid, then (1.29) reduces to
EP? ~ HI(L, \PL*™ ® V),

where the representation of L on L*™ ~ (A/L)* is the dual Bott connec-
tion.

2. If N is an invariant submanifold of A and L = A|N, then (1.29) reduces
to
EPT ~ HPHI(A] , SPon (M) @ V] ).
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We study the case of N a submanifold of positive codimension further in
Section 2.2.3 for N an invariant submanifold, a transversal, or more generally,
a coregular submanifold.

For suitable choices of wide Lie subalgebroids one recovers all spectral
sequences for Lie algebroids listed in Example 1.2.1.

If A = 7'B is the pullback Lie algebroid along a locally trivial fibration
m: M — @ and L = kerTw, we obtain the following generalisation of the
Leray-Serre spectral sequence for de Rham cohomology.

Theorem 1.2.4 Let B = @Q be a Lie algebroid over the base of a locally trivial
fibre bundle 7: M — Q with typical fibre F. If H*(F) is finite dimensional,
the associated spectral sequence computing H* (7' B) satisfies

ED? ~HP(B,H(ker T'r)),

where the representation of B on H4(ker T'm) is the pullback via the anchor
t: B — TN of the Gauss-Manin connection, i.e. Vy, = Vﬁ%M. Here, the
bundle Hi(kerTw) — @ is the finite dimensional vector bundle with fibres
Hi(ker '), = HI(m(z)).

Another class of examples are given by submersions by Lie algebroids, dis-
cussed in Section 2.3.3. Submersions by Lie algebroids, introduced and stud-
ied in [Frel9], consist of a Lie algebroid A = M and a surjective submersion
m: M — @, such that Twof: A — TQ is pointwise surjective. A spectral se-
quence for the cohomology of a submersion by Lie algebroids was developed in
[Frel9]. We compare this to the Serre spectral sequence of the Lie subalgebroid
L := ker(Tw o f). Moreover, we prove the following result.

Theorem 1.2.5 Let (A = M,7: M — Q) be a locally trivial submersion
by Lie algebroids and V. — M a representation of A. The spaces on the
second page of the Serre spectral sequence associated to the Lie subalgebroid
L =ker(Tw off) are isomorphic to the sheaf cohomology of Q,

qu = Hp(QaS([{)VL
where SZ_’V is a locally constant sheaf, and it sends an open subset U C Q to

SZV(U) == {C S Hq(L’ﬂ'fl(U)?VLT’l(U)) : VC = O}

Here, V is a generalised representation of TQ on the €°°(Q)-module H1(L, V).

We then apply Theorem 1.2.5 to horizontally nondegenerate Dirac struc-
tures (see [Wad08], and [Vor01, Vor05] in the Poisson case). We obtain descrip-
tions of the cohomology of such Dirac structures in low degrees; in particular,
we reproduce and generalise results for horizontally nondegenerate Poisson
structures obtained in [VBV18].

In Section 2.4 we consider extensions 0 - L — A — B — 0 for which the
Lie subalgebroid L is abelian. Then we can describe the differential on Ey by
means of the extension class

[v] € H3(B, L).
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Note that, if the base map of A — B is not given by id);, we make use of
the notion of a generalised representation. Namely, we obtain the following
generalisation of [Mac05, Theorem 7.4.11] (for B = T'Q), [HS53, Theorem 8§]
(for Lie algebras), and [MZ22, Corollary 4.3] (for the anchor of a regular Lie
algebroid).

Theorem 1.2.6 Let 0 - L — A — B — 0 be an abelian extension, and let
V' be a representation of A on which L acts trivially. The second page of the
Serre spectral sequence, dg: E29 — EPT2971 can be identified as

((=1)Pip,y: HP(B,Q4(L,V)) = HPT2(B, Q" (L,V))).

1.2.2 Chapter 3

Chapter 3 contains [Sch24], which is available on arXiv under arXiv:2406.17668.

Another tool we develop for the computation of Lie algebroid cohomology
uses blowups. Recall that the choice of a closed and embedded Lie subalgebroid
B = N of a Lie algebroid A = M gives rise to a new Lie algebroid, Blup(A, B)
(note that we omit the subscript in the blowup of Lie algebroids). Part of the
construction is the existence of a blowdown map

Blup(A4, B) LN A

| 1

Blup(M, N) L M

The blowdown map is morphism of Lie algebroids and, therefore, induces a
map in cohomology

pi: H*(A) — H*(Blup(A4, B)).

The idea is to study this blowdown map in cohomology to obtain insight
to Lie algebroid cohomologies. For this, two scenarios are possible. Either
the blown-up Lie algebroid is of interest and we would like to understand its
cohomology in relation to H*(A), or we are interested in computing H®(A).
In the second case, one chooses the Lie subalgebroid B in such a way that
H*(Blup(A4, B)) is easier to compute, e.g. Blup(A, B) is a regular Lie algebroid,
and then draws conclusions regarding H*(A) via the blowdown map.

Main results

The blowdown map pa: Blup(A, B) — M induces a short exact sequence

0 — Q°(A) Pa, Q°*(Blup(4, B)) — % 5.

This short exact sequence induces a long exact sequence in cohomology, given
by

.. H*(A) P2 H*(Blup(A4, B)) — H°® (ZBRAINY ot (4) .
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Studying the blowdown map p%: Q*(A4) — Q°*(Blup(A4, B)) we see that
there is a canonical isomorphism

Q°*(Blup(4, B))  #p°Q*(Blup(4, B))
pa(4) P IFe(4)
where Z5° denote infinity jets along V.

We then use (1.30) to compute the cohomology of the blowup of a transver-
sal t: N — M.

(1.30)

Theorem 1.2.7 (The blowup of transversals) Lett: N — M be a closed
transversal of A = M and denote the projection of the projective bundle
P(vn(M)) C Blup(M, N) by mp: P(ux(M)) — N. Let ! A = N be the pull-
back of A to N.

1. If codim N is odd, we have an isomorphism

H*(Blup(4, /' A)) ~ H*(A) @ H* "1/ A) (1.31)
and, under (1.31), p* becomes the isomorphism p% : H*(A) = H*(A) &
0.

2. If codim N is even, there exists a tubular neighbourhood E — N such
that H*(Blup(A, /' A)) fits into a long exact sequence

C . H*(A) P B (Blup(A, ' A)) —
S HSFL(A] ) @ L (rhA) & HOL(A) >

where g = iOer:Vﬂ(AlE). Here, by HgV(A‘E) we denote compact vertical
cohomology and by i: H;V(A|E) — H*(A) the natural map.

We also compute the de Rham cohomology of a real projective blowup
using similar methods.

Theorem 1.2.7 can be seen as a generalisation of the result obtained by
Mazzeo-Melrose on b-cohomology ([GMP14, MT14], see [Mel93] for the orig-
inal result). Indeed, recall that by [GL13, Section 2.4.1] we can write the
b-tangent bundle associated to a closed hypersurface N C M by

T8 M = Blup(TM,TN),

which is a blowup of a codimension 1 transversal. Theorem 1.2.7 then re-
produces the Mazzeo-Melrose decomposition for b-cohomology. In this sense,
Theorem 1.2.7 can be seen as a generalisation of Mazzeo-Melrose as it allows
for arbitrary Lie algebroids and transversals of arbitrary codimension.

To show the second part of Theorem 1.2.7, we develop a Gysin-like long
exact sequence for the cohomology of the pullback of a Lie algebroid to a
sphere bundle, making use of the Serre spectral sequence.

Theorem 1.2.8 (Gysin sequence for Lie algebroids) Let B = N be a Lie
algebroid with anchor §, m: S — N a sphere bundle of rank k with orientation
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bundle o(S) — N, and ©' B = S the pullback Lie algebroid. There exists a long
exact sequence

s EB) D B B) T HOM(B, oS)) M5 HU (B) — ... (1.32)

Here, ('), denotes fibre integration and e € H***(N, o(S)) is the Euler class
of the sphere bundle.

If N C M is an invariant submanifold and B = A‘ - we show that the
pullback by the blowdown map induces a map between Serre spectral sequences
associated to the inclusions A|,, < A and Blup(A, 4| )|, = Blup(4, 4| ).

As an example, we consider the action Lie algebroid A = s0(3) x R3. Blow-
ing up the fibre over the origin leads to a regular Lie algebroid, whose coho-
mology we compute. We then make use of the above comment to show that
in this case, the cohomology of the quotient complex

F£08 (Blup(4, A| )
Pa SN2 (4)
vanishes. Then the isomorphism (1.30) reproduces the well-known cohomology
of s50(3) x R? [GW92].
Finally, using the Lie algebroid sl (R) x R? we show that one cannot always
obtain a regular Lie algebroid by blowing up orbits.

1.2.3 Chapter 4

This chapter contains [MSZ25].

Given a geometric structure on a manifold M and a closed and embedded
submanifold N C M, one can ask, under which conditions the structure “lifts”
to the blowup in a suitable sense. In [Pol97], Polishchuk gave a complete an-
swer to this question for Poisson structures in the context of algebraic varieties.
We state the result here in its differential-geometric form as given in [GL13].

Theorem 1.2.9 (Polishchuk [Pol97]) Let (M,7) be a Poisson manifold
and N C M a closed, embedded submanifold of codimension > 1. Then the
following are equivalent.

(a) There ezists a Poisson structure on Blup(M, N) such that the blowdown
map p: Blup(M, N) — M is Poisson;

(b) The submanifold N is Poisson and for all y € N the Lie algebra structure
on the conormal space (T, N)**™, where -*™* denotes the annihilator, is

either abelian or R x R™, the semidirect product by the diagonal represen-
tation X\ — Aid of R.

A possible generalisation of Poisson structures is given by (twisted) Dirac
structures. In this chapter, we fully answer the following question. Given
an H-twisted Dirac structure on a manifold M and a closed and embedded
submanifold N C M, under which conditions does there exist a (necessarily
unique and p* H-twisted) Dirac structure on Blup(M, N), which extends the
original Dirac structure from M \ N and, thus, lifts the Dirac structure to the
blowup? And in that case, is the blowdown map forward or backward Dirac?
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Main results

Regarding lifting of Dirac structures we obtain the following result.

Theorem 1.2.10 Let D be a twisted Dirac structure on a manifold M and
N C M a connected, closed, and embedded submanifold of codimension > 1.
Then D lifts to a twisted Dirac structure on Blup(M, N) if and only if one of
the following conditions holds.

(1) N C M is a transversal.

(2) N C M is an invariant submanifold and the bundle (TN)**® — N of Lie
algebras (see (1.21)) satisfies one of the following conditions:

(a) Each fibre is either abelian or isomorphic to the semi-direct product
R x R™ by the diagonal representation of R on R™.

(b) The fibres are all isomorphic to s0(3).

The blowdown map is a backward Dirac map in case (1), and it is a forward
Dirac map in case (2).

Theorem 1.2.10 is surprising in the sense that, given any connected sub-
manifold NV, the existence of a lift of D implies the restrictive condition that
N is either invariant or a transversal. Moreover, the list of possible conormal
Lie algebra structures in the invariant case contains only one additional Lie
algebra (namely s0(3)) compared to Polishchuk’s result (see Theorem 1.2.9).

The Lie algebras appearing in Theorem 1.2.10 are characterised by the
following. Given a Lie algebra g, the height of £ € g* \ {0} is defined to be
the integer k£ € Ng such that

EN(dg)F #0  and £ (dg€)" T =0.

We say that g is of constant height & if all £ € g*\ {0} have the same height
k.

While proving Theorem 1.2.10, in Section 4.6 we show that, in case N is
invariant, the Dirac structure lifts if and only if the conormal Lie algebras
are of the same constant height for every point in N. Hence, to complete the
proof of Theorem 1.2.10, we use structure theory of semisimple Lie algebras
to classify all real Lie algebras of constant height.

Theorem 1.2.11 Any real Lie algebra g of constant height is isomorphic to
one of the following.

e An abelian Lie algebra R™—this has height 0.

o The semi-direct product R x R™, for the representation A — Aidgn —this
has height 0.

e The Lie algebra so(3)—this has height 1.
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1.2.4 Chapter 5

This chapter contains [Sch25], in which we give a detailed and elementary
proof for Theorem 1.2.9. Moreover, in [GL13] the condition on the conormal
Lie algebras was expressed solely in terms of the linearisation 7y, of the Poisson
bivector field along N, that is

Tim = € A 0¥ € T(A2Twy (M)). (1.33)

Here, ¢ denotes the Euler vector field on the normal bundle vy(M) — N,
and 0¥ is the vertical lift (“constant extension”) of a section v € vy (M) to a
vector field on v (M). In Section 5.5 we give an interpretation of the specific
form (1.33).

1.2.5 Chapter 6

This chapter contains [SZ25].

We study singular foliations in relation with pullbacks and blowups. A
singular foliation is a ¥°° (M )-submodule of T'.(T'M), the compactly supported
vector fields, that is closed under the Lie bracket [AS09]. Both Lie algebroids
A = M and Dirac structures D C TM induce a singular foliation on M
via #(T'¢(A)) and prp,, (T (D)), respectively. A singular foliation in this sense
induces, but is not equivalent to, a partition of M into submanifolds of varying
dimensions.

Main results

In the first part of this chapter, we consider a Dirac or a Lie algebroid structure
on a manifold M and their underlying singular foliations. Given a smooth
map transverse to the structure, we give proofs that the following operations
commute with taking pullbacks:

e taking the singular foliation of a Lie algebroid (see Proposition 6.3.1),

e taking the Lie algebroid underlying a Dirac structure (see Proposition
6.4.1).

In Section 6.5 we consider a submanifold ¢: N — M transverse to the Dirac
or Lie algebroid structure. In this case, the blowdown map p: Blup(M, N) —
N is also transverse, and by the above results the singular foliations underlying
the pullback Dirac and pullback Lie algebroid structure coincide. However, in
this case we can also consider the Lie algebroid blowup of any Lie subalgebroid
L = N to obtain a Lie algebroid structure on Blup(M, N), which is not
isomorphic to the pullback Lie algebroid. We compute the singular foliation
of Blup(A, L), where L = N is any Lie subalgebroid with kerﬁ|A‘N C L.

Theorem 1.2.12 Let L = N be a Lie subalgebroid of A = M, supported over
a transversal N C M, such that kerﬁ’A‘N C L. Then for the singular foliation

Fiiup of Blup(A, L), we obtain

FBlup = Span‘fj’o(Blup(M7N)){§/ Y e Far}
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Here, Fa :=H(Tc(A,L)), and ~ denotes the lift of a vector field tangent to
N to the blowup, see Lemma 1.1.9.
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Chapter 2

The Serre-Leray spectral
sequence of Lie algebroids

This chapter contains [MS24], submitted, with the following changes. [MS24,
Section 2], which contains all mathematical background regarding Lie alge-
broids needed for this chapter, has been moved to the introduction as Section
1.1.2. Moreover, Corollary 2.4.2 has been moved to this chapter from [Sch24,
Corollary 6.5]. T did not contribute to the discussion on coupling Poisson Dirac
structures and normal forms around presymplectic leaves in Section 2.3.3, as
well as Vaisman’s spectral sequence in Section 2.4.1.

Abstract

We study a spectral sequence approximating Lie algebroid cohomology asso-
ciated to a Lie subalgebroid. This is a simultaneous generalisation of several
classical constructions in differential geometry, including the Leray—Serre spec-
tral sequence for de Rham cohomology associated to a fibration [Ser51], the
Hochschild-Serre spectral sequence for Lie algebras [HS53], and the Mackenzie
spectral sequence for Lie algebroid extensions [Mac05]. We show that, for wide
Lie subalgebroids, the spectral sequence converges to the Lie algebroid coho-
mology, and that, for Lie subalgebroids over proper submanifolds, the spectral
sequence converges to the formal Lie algebroid cohomology. We discuss ap-
plications and recover several constructions in Poisson geometry in which this
spectral sequence has appeared naturally in the literature.

2.1 Introduction

Lie algebroids generalise simultaneously various geometric structures, includ-
ing Lie algebras, manifolds (via their tangent bundles), foliations, Lie algebra
actions, Poisson structures, (generalised) complex structures (in the setting of
complex Lie algebroids) etc.

To a Lie algebroid A = M (with anchor denoted by f: A — TM) one

27



28 Chapter 2. The Serre-Leray spectral sequence of Lie algebroids

associates the cochain complex of differential forms on A,
(Q°(A), A, da).

This assignment is a fully faithful contravariant functor from the category
of Lie algebroids to that of differential graded commutative algebras. The
resulting cohomology groups, H®*(A), form the Lie algebroid cohomology of
A. Given a representation V' — M of A, forms on A with values in V' form
a differential graded Q°(A)-module, denoted by (2°(A,V),d4), which yields
the Lie algebroid cohomology of A with values in V', denoted by H® (A, V).

Lie algebroid cohomology encodes important geometric information (e.g. in-
variant functions, infinitesimal automorphisms of Poisson and other geometric
structures, deformations, etc.). However, calculating it can be quite difficult
in general. One of the issues is that the defining complex is typically non-
elliptic and so, even over a compact manifold, the cohomology groups might
be infinite dimensional. Another difficulty is to understand and control the
behaviour around points where the anchor drops rank. Moreover, there are few
computational tools available in general. In this paper, we build such a tool,
namely a spectral sequence approximating Lie algebroid cohomology associ-
ated to a Lie subalgebroid, which simultaneously generalises several classical
constructions.

The spectral sequence is constructed as follows. Given a Lie subalgebroid
L = N of A = M, the pullback along the inclusion i: L. — A yields a
differential graded ideal in Q°®(A),

T :=ker (i*: Q°(A) — Q°*(L)).

This ideal gives rise to a descending, differential graded filtration on 2°*(A, V)
by setting
FPQY(A V) == (AP TAQA, V) C QA V).

This filtration induces a spectral sequence {EP?},>o which we call the Serre
spectral sequence of the Lie subalgebroid i: L — A. This construction
reproduces important spectral sequences known in the literature via suitable
choices of the Lie subalgebroid.

1. For a Lie subalgebra h of a Lie algebra g, we recover the classical Hoch-
schild-Serre spectral sequence [HS53].

2. The spectral sequence of a Lie algebroid extension ([Mac05], see also
[Bra10])
0—-L—+A—=-B—=0

is the Serre spectral sequence of L — A (Section 2.3).

3. The Leray-Serre spectral sequence [Ser51] for de Rham cohomology of
a locally trivial fibre bundle 7: M — @ (developed in [Hat60]) is the
Serre spectral sequence of the vertical distribution, i.e. of the subbundle
ker Tm C TM (Section 2.3.1). The construction works similarly for the
pullback of a Lie algebroid along a fibration (Section 2.3.2).
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4. The spectral sequence of a regular Poisson manifold [Vai90] is the Serre
spectral sequence of the kernel of the anchor map (Section 2.4.1).

Regarding convergence, we obtain the following result in Section 2.2.1.

Theorem 2.1.1 Let L = N be a Lie subalgebroid and V — M a representa-
tion of A = M.

1. If N =M, i.e. L is a wide subalgebroid, then the Serre spectral sequence
associated to L converges to the cohomology of A with values in V.

2. If N C M is a closed and embedded submanifold of positive codimension,
then the Serre spectral sequence converges to the formal cohomology of A
along N with values in V.

Using the notion of Lie algebroid representations up to homotopy intro-
duced in [AC13], we can describe the first page of the Serre spectral sequence
in the settings of Theorem 2.1.1.

Theorem 2.1.2 Let L = N be a Lie subalgebroid and V- — M a representa-
tion of A = M, where N C M is a closed, embedded submanifold. The conor-
mal bundle of L in A is canonically a VB-algebroid vi(A)* = L*™, which
corresponds to a representation up to homotopy of L on vy (M)* ® L*™. The
first page of the Serre spectral sequence of L is isomorphic to the cohomology
of L with coefficients in representations up to homotopy, as follows

BV ~ H(L, AP (v (M)* & L*™) @ V| )%, (2.1)

These representations up to homotopy are classical representations in the fol-
lowing cases.

1. If N=M, i.e. L is a wide Lie subalgebroid, then (2.1) reduces to
EYY ~HYL,APL*™ @ V),

where the representation of L on L2 ~ (A/L)* is the dual Bott connec-
tion.

2. If N is an invariant submanifold of A and L = A‘N, then (2.1) reduces
to
EPT ~ HPHI(A] |, SPon (M) @ V| ).

From Section 2.3 on, we will consider subalgebroids which fit into a short
exact sequence

0 L A B 0
ﬂ . ﬂ _ ﬂ (2.2)
M— M —Q

where the base map 7: M — (@ is a surjective submersion. In this case we
can describe the differential on E; more explicitly, and make rigorous the
interpretation of the second page given in [BralO|, where the Serre spectral
sequence of general extensions (2.2) was first considered.
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Theorem 2.1.3 The €°°(Q)-module H*(L,V) is a generalised B-represen-
tation (defined in Section 1.1.2), and the Serre spectral sequence associated to
L satisfies

EP? ~HP(B,HY(L,V)).

In some cases, the generalised representation of B is actually a classical one.
For example, if L is abelian and 7 = id,;, the result was already obtained in
[Mac05]. If A = 7'B is the pullback Lie algebroid along a locally trivial
fibration 7: M — @ and L = kerT'w, we obtain the following generalisation
of the Leray-Serre spectral sequence for de Rham cohomology.

Theorem 2.1.4 Let B = @ be a Lie algebroid over the base of a locally trivial
fibre bundle m: M — @Q with typical fibre F. If H*(F') is finite dimensional,
the associated spectral sequence computing H* (7' B) satisfies

EY? ~HP(B,H(ker T'r)),

where the representation of B on H%(ker T'm) is the pullback via the anchor
: B — TN of the Gauss-Manin connection, i.e. V, = Vﬁ,M. Here, the
bundle Hi(ker Tw) — @ is the finite dimensional vector bundle with fibres
Hi(ker '), = HI(7 " (z)).

However, interpreting the generalised representation as a classical one is
not always possible. A class of such examples are given by submersions by Lie
algebroids, discussed in Section 2.3.3. Submersions by Lie algebroids, intro-
duced and studied in [Frel9], consist of a Lie algebroid A = M and a surjective
submersion 7: M — @, such that Twof: A — TQ is pointwise surjective. A
spectral sequence for the cohomology of a submersion by Lie algebroids was
developed in [Frel9]. We compare this to the Serre spectral sequence of the
Lie subalgebroid L := ker(T'w o ). Moreover, we prove the following result.

Theorem 2.1.5 Let (A= M,n: M — Q) be a locally trivial submersion by
Lie algebroids and V- — M a representation of A. The spaces on the second
page of the Serre spectral sequence of the Lie subalgebroid L = ker(T'wot) are
isomorphic to the sheaf cohomology of Q,

EPT ~HP(Q, 5] ),
where S}fy is a locally constant sheaf, and it sends an open subset U C @ to

SZ,V(U) = {C € Hq(Llﬂ-fl(U)vVL(fl(U)) :Ve= 0}7

where V is a generalised representation of TQ on the €°°(Q)-module H1(L, V).

In Section 2.3.3 and 2.3.3 we apply Theorem 2.1.5 to horizontally non-
degenerate Dirac structures (see [Wad08], and [Vor01, Vor05] in the Poisson
case). We obtain descriptions of the cohomology of such Dirac structures in
low degrees; in particular, we reproduce and generalise results for horizontally
nondegenerate Poisson structures obtained in [VBV18].
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2.2 The Serre spectral sequence of a Lie subal-
gebroid

In this section we introduce the Serre spectral sequence of a Lie subalgebroid.
After discussing the general construction and convergence properties of the
spectral sequence, we describe the zeroth page and the spaces on the first
page first for Lie subalgebroids over the whole base manifold and then for Lie
subalgebroids over closed and embedded submanifolds.

2.2.1 The spectral sequence

We will recall the basic construction of a spectral sequence associated to a
filtered complex (see for example [Wei94, Chapter 5.4], [McCO01, Chapter 1.1]
or [Mac05, Chapter 7.4]).

On the cochain complex (2°(A4,V),da) consider a differential graded fil-
tration,

L CFPQYNA V) CFPTIQ%A V) C L. C FUQ (A V) = Q°(A, V).

The spectral sequence associated to this filtration is defined as follows. For
r >0, let

7P = {w € FPQPHI(A, V) : dyw € FPIrQrtatl(4,V)),

where, for p < 0, FPQ*(A,V) := Q*°(A, V). Since z?T177!1 C zP4, we can
define the quotients

A
EP4 .= - T - >
L p+1,g—1 p—r+1,g+r—
Z’r‘fl + dA Z’r‘fl

where ZP] := FPQPTI(A, V). Since dy ZP¢ C ZPT47 "1 we have induced
differentials
d,: EP9 — pptra—r+l
: EY P .

The r-th page of the spectral sequence is the total complex

(E;: D Ef’q,dr)

ptg=e
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The r+1-th page is canonically isomorphic to the cohomology of the r-th page:
B, ~ HP9(E,d,),
A filtration as above can be constructed from a differential graded ideal
I° CQ°(A),
by using the powers of Z, as follows
FRQ (A, V) := (AP T AQ(A, V)" C Q% A, V).
A Lie subalgebroid i: L < A yields a differential graded ideal
? = (kerd®: Q°(4) » Q%(L)) € Q°(A),
and so, a filtration
FIQ(A V) = F7, Q% (A, V) CQ°(A, V).

The corresponding spectral sequence will be called Serre spectral sequence
associated to the Lie subalgebroid i: L — A. If N C M is the base of L, note
that in form degree zero Z% = Ty is given by the vanishing ideal of V.

Remark 2.2.1 Likewise, one can use an arbitrary Lie algebroid morphism
®: L — A to obtain a differential graded ideal and so a filtration

Ty = (ker®*)* CQ°(4),  FLO(A,V)CQ(A,V),

giving rise to a spectral sequence. While Theorem 2.2.2 can still be formulated
and proven in this more general setting, in this chapter we exclusively discuss
the Serre spectral sequence arising from Lie subalgebroids.

We have the following result regarding convergence.

Theorem 2.2.2 Let i: L — A be a Lie subalgebroid of A = M with base
N C M and 'V # 0y a representation of A. The following are equivalent:

1. N is dense in M;
2. I9 = 0;
3. The filtration {F7Q°(A, V)}pZO is finite;
4. The filtration {F7Q°(A, V)}p20 is Hausdorff.
If either condition holds, then
FPQ* (A, V) =0, for p>e.

In particular, the Serre spectral sequence stabilises at the page r + 1, where
r = rank(A), and therefore it converges

H*(A, V)~ @ EPY,.

ptg=e
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Proof. Condition (a) is equivalent to the restriction €°>°(M) — €*°(NN) being
injective, which is equivalent to (b).
If (b) holds, then

FIUA, V) = NPT, AQUA, V) C Q¥ (A, V),  hence  FJHQ(A, V) =0.

k=p

So we obtain (¢) and that the spectral sequence stabilises at the page r + 1.

Clearly, (c¢) implies (d).

Assume now that N is not dense in M. By the standard construction of
bump functions, we find a non-zero function f € ¥°°(M), with support in
M\ N, such that f >0, and fr € (M), for all p > 1. Hence f € (Z2)7,
for all p > 0. Choose n € I'(V) such that fn # 0. It follows that

e () FrA,v),

p=>0
thus the filtration is not Hausdorff. This shows that (d) implies (a). O

Even if N C M is not dense, one can make use of the spectral sequence.
If N C M is a closed and embedded submanifold of positive codimension, by
Theorem 2.2.2 the induced filtration on Q°(A) is neither Hausdorff nor finite.
Instead, the spectral sequence converges to formal cohomology along N of
forms on A with values in V.

Theorem 2.2.3 Let L = N be a Lie subalgebroid of A = M over a closed,
embedded submanifold N C M and fiz a representation V. — M of A. The
Serre spectral sequence associated to L = N converges to the formal cohomol-
ogy of A along N with values in V.

To define formal cohomology, we first recall the notion of jets of sections
of a vector bundle. Let a vector bundle £ — M be given and N C M a
closed, embedded submanifold with vanishing ideal Z. We denote the space
of co-jets of sections of E along N by

ANT(E) :=T(E)/IFT(E),

where we define Z%° := ()~ Z& -
For any closed and embedded submanifold N C M, the co-jets of forms on
A along N inherit a differential.

Lemma 2.2.4 The set Z3Q*(A,V) C Q*(A,V) is a differential ideal.

Proof. By [Nag73, Theorem 1] every function in Z3° is the product of two
functions in Zg3. Then the Leibniz rule of the differential on Q°(A4, V) implies
the statement. O

Lemma 2.2.4 allows to define formal cohomology of a Lie algebroid along
a submanifold as the cohomology of the quotient complex #°Q°*(A, V). Hav-
ing this notion clarified, we move on to the proof of Theorem 2.2.3.
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Proof of Theorem 2.2.3. For any Lie subalgebroid L = N of A = M, the
ideal Zy, is given by

I NQIA) ={w e QUA) : i"w = 0} D INNI(A),

which is an equality in degree ¢ = 0. Moreover, by counting degrees we find
that elements in F]7Q%(A, V) can be written as sums of elements of the form

Wiy Ao Awi, A,

where w;, € I, N Q9 (A), ¢ > i1+ ...+ ip = k, i1,...,ip, > 0, and n €
Q97F(A, V). In particular, if p > ¢, at least p — ¢ of the indices iy,...,4; have
to be zero, thus F7QI(A, V) C IR 9Q%(A, V). Together, for p > ¢ we obtain

INQI(A, V) C FLQUA V) CITIQ(A, V),

which implies

() FhQ°(A, V) = IFQ°(A,V).

p=0

The rest of the proof is a general argument which applies to spectral sequences
corresponding to a filtered complex (see e.g. [Wei94, Exercise 5.4.2]). First, the
induced filtration on the quotient complex #Z5°Q°(A, V)

FP IFQNA V) = FPQ (A, V)TN (A, V) C _FFOQ%(A, V)

is Hausdorff, and the induced spectral sequence converges to formal cohomol-
ogy along N of forms of A with values in V. The quotient map Q°*(A4,V) —

QO (A, V) preserves the respective filtrations and thus induces a map be-
tween spectral sequences. This map is an isomorphism on the zeroth page

as R
Ep,q _ fg/]\orogpﬂ(fl’ V) ~ prQm_q(Av) — P4
C RN oA y) - Fptarraay) 0
By the Mapping Lemma ([Wei94, Lemma 5.2.4], see also [McC01, Theorem
3.5]) the two spectral sequences are isomorphic, showing that the Serre spectral
sequence converges to the formal Lie algebroid cohomology along N with values
inV. O

In the rest of the section, we discuss in detail the structure on the zeroth
page of the Serre spectral sequences in case of a wide Lie subalgebroid (Section
2.2.2, applying Theorem 2.2.2) and a Lie subalgebroid over a closed embedded
submanifold (Section 2.2.3, applying Theorem 2.2.3).

2.2.2 Wide Lie subalgebroids

Throughout this section, we fix a Lie algebroid A = M, a wide Lie subalge-
broid L C A (i.e. a Lie subalgebroid over the same base), and a representation
V of A. By Theorem 2.2.2, the filtration corresponding to L is finite. The
filtration can be given a more classical description.



2.2. The Serre spectral sequence of a Lie subalgebroid 35

Lemma 2.2.5 If p > n, then FYQ"(A,V) =0, and if p < n, then

FPOMA V) ={w e Q"(A,V) :w(ay,...,a,) =0,
Zf A1y Qppy1 € F(L)}
Proof. For clarity, choose a vector subbundle C' C A which is a complement

of Lin A
A=LoC.

This gives a dual decomposition A* = C*"™ @ L™, where -*"" denotes the
annihilator. This induces a decomposition on the level of forms:

Qn(A, V) _ @I\(An—kcann ® /\kLann ® V)
k=0

Using the similar decomposition for Q"(A), one obtains that

2 — @F(An—kcann ® /\kLann).
k=1

We have that
n
/\PIE — @F(/\nfkcann ® /\kLann).
k=p

That the left-hand side is included in the right-hand side is obvious, the other
inclusion follows by applying repeatedly Lemma 2.5.1 (1). A similar argument
shows that

FLQ(A, V) = @Pr(anremm e AL o V). (2.3)
k=p
This is equivalent to the intrinsic description in the statement. O

We go on to identify the first page of the spectral sequence. For this, recall
that L has a canonical representation on the “normal bundle” A/L, induced
by the Lie bracket,

V:T(L) x T(A/L) = T(A/L), V(@) =B, al, (2.4)

for all o € T(A) and 8 € T'(L). Here § € T'(A/L) denotes the image of
d € T'(A) under the projection A — A/L. This representation is also called
the Bott-connection. This induces the dual representation on (A/L)*, the
exterior power representation on AP(A/L)*, and finally, the tensor product
representation of L on AP(A/L)* @V,

V: (L) x D(AP(A/L)* ©@ V) — T(AP(A/L)* @ V). (2.5)

We have the following.
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Theorem 2.2.6 For the first page of the Serre spectral sequence associated to
L, there is a canonical isomorphism

EPT ~HYL,NP(A/L)* @ V).
More precisely, there exists a canonical isomorphism
EP?T~QI(L,AP(A/L)" @ V),

under which the differential dy corresponds to the differential of the represen-
tation (2.5).

Proof. The identification follows by using the short exact sequence:
0 — FPHQPHa(A, V) — FPQPHI(A, V) B QUL AP(A/L)* @ V) — 0,
where the map pr acts as
prw)(aq,...,qq) = w(ai,...,0q, ..., ) €ED(AP(A/L)* Q@ V),

and we use the canonical isomorphism (A/L)* ~ L*"™. That the above is
indeed a short exact sequence follows immediately from the definitions. A
direct calculation (see e.g. the proof of [Mac05, Proposition 7.4.3]) implies the
statement about the differentials. O

The description of the filtration from Lemma 2.2.5 shows that the Serre
spectral sequence generalises classical constructions.

Example 2.2.7 Let g be a Lie algebra and V' a representation of g. The
filtration induced by a Lie subalgebra § C g is given by

Fy NFg @V = (APH*™) A (A1g*) @V

and the resulting spectral sequence coincides with the Hochschild-Serre spec-
tral sequence for Lie algebras [HS53]. By Theorem 2.2.6, the first page is given
by

EPT ~H1(h,\P(g/h)" @ V).

Example 2.2.8 A representation of TM = M is the same as a bundle V —
M endowed with a flat connection. The Lie algebroid cohomology of T'M
with coefficients in V' can be understood as de Rham cohomology of M with
local/twisted coefficients. A surjective submersion 7: M — @ yields a
wide subalgebroid ker 7w C TM. The induced filtration on Q°*(M, V) is given
by
FEQPHU(M, V) = {w € QPTIYM, V) w(v1, ..., 0p1q) =0,
ifvi,..., 0441 € kerT'm}.

The resulting spectral sequence coincides with the Leray—Serre spectral se-
quence in de Rham cohomology with local coefficients in V', which was care-
fully developed in [Hat60]. We will come back to this example in Subsection
2.3.1.
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Example 2.2.9 By Frobenius’ Theorem, wide Lie subalgebroids of T'M are
the same as foliations F on M. Denote the tangent bundle of a foliation F by
TF = M. Forms on the Lie algebroid T'F are called foliated forms and will
be denoted by Q°*(F). The representation (2.4) becomes the Bott connection
of TF on the normal bundle vy = TM/TF.

The Serre spectral sequence of the inclusion TF C T'M converges to the
cohomology of M, and Theorem 2.2.6 shows that its first page is given by

BP9 ~ HI(F, NPU%).

For later use, we describe the differential on the first page in position on E? a,
ie.
dy : HY(F) — HY(F,vF).

Let ¢ € HY(F), with representative a foliated g-form n € Q4(F), i.e. n is a
smoothly varying family of closed g-forms on the leaves of F. Let 7 € Q¢(M)
be an extension of 1 to a g-form on M. Since the pullback of d7 to the leaves
of F vanishes, we obtain an element

dM)1,q € QUF,vE), (df)1,q(X1,....Xy) = (dN)(X1,..., Xy, ) € VF,

where we regard v5 as the annihilator of TF. Moreover, (d7); 4 is closed for
the complex computing foliated cohomology with values in v}, and its class is
independent of the extension 7j of 7 or even on the chosen representative 1 of
c. With these, we have that

di[n] = [(d7)1,4] € HI(F, vF).

In the generality of Theorem 2.2.6, not much more can be said about the
Serre spectral sequence of wide Lie subalgebroids. Starting from Section 2.3,
we will restrict to the class of Lie subalgebroids that are kernels of surjec-
tive morphisms, which will enable us to reveal more information about their
associated Serre spectral sequence.

2.2.3 Lie subalgebroids over closed submanifolds

In this section, we fix a Lie algebroid A = M, a Lie subalgebroid L C A
over a closed, embedded submanifold N C M, and a representation V of A.
By Theorem 2.2.3, we obtain a spectral sequence converging to the formal
cohomology of A along N with values in V, for which we have the following.

Theorem 2.2.10 There exists an tsomorphism
EPT ~H(L,AP(vy ® L™) @ V| )Y,

where vy, @ L*" is the representation up to homotopy of L corresponding to
the VB-algebroid

v (A)* = Lo

o

[, =——— N
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Remark 2.2.11 We denote the normal bundle of a closed, embedded sub-
manifold Y C X by
vw(X)=TX|,/TY,

or vy if the ambient manifold X is clear from context.

Remark 2.2.12 As we will discuss below, v, (A)* — L is canonically a VB-
algebroid, and therefore, with the aid of a splitting, it can be regarded as a
two-term representation up to homotopy of L [GSM10, Theorem 4.11].

Remark 2.2.13 Theorem 2.2.10 can be seen as a generalisation of Theorem
2.2.6, since for N = M the representation up to homotopy of L with values in
APL2™™ @V coincides with the classical representation (2.4).

After recalling some of the necessary tools and objects, we will prove The-
orem 2.2.10.

First, we recall the notion of a representation up to homotopy [AC13, Def-
inition 3.1].

Definition 2.2.14 A representation up to homotopy of L = N on a
Z-graded vector bundle E*® over the same base N is a differential

D: Q(L,E)* = Q(L, E)*™,
where the total degree is defined as

UL, E) = P (L, E),
i+j=q

satisfying, for any w € Q¥(L) and € Q(L, E)*, the Leibniz rule
D(w A7) =drwAn+ (=1)*w A Dn. (2.6)

Note that the differential of a representation up to homotopy of L on E*®
is determined by its values on Q°(L, E*) = I'(E®), because of the Leibniz rule
(2.6). Let us also note that one can construct duals and tensor powers of
representations up to homotopy [AC13, Section 4].

Next we quickly recall the notion of a VB-algebroid and the construction
of the corresponding representation up to homotopy following [GSM10]. Let
a double vector bundle

B
| 2.7)

with core E~! := kermg_,go Nkermg_, be given. The bundle B — E° has
two distinguished classes of sections, called linear and core sections,

Ceore(B) :={compo_n 4+10go,p :c€ T(E~1)} C (B — EY)
Tiin(B) := {b: b: E° — B is a vector bundle morphism} C T'(B — E°).
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Two Lie algebroid structures B = E° and L = N yield a VB-algebroid
structure on the double vector bundle B if and only if the following compati-
bility conditions hold:

[Tin(B), Tin(B)]
[Flin (B) 3 Ijcore (B)]
[Pcore(B)a Ceore (B)]

lin(B)y

cT
c Fcore(B)a and
0

To describe how the VB-algebroid (2.7) encodes a representation up to
homotopy of L on E®* = E~1 @ E, we recall that linear sections are sections
of a Lie algebroid denoted by L — N. This Lie algebroid fits into a short exact
sequence

0— Hom(E®,E™') 5 L - L — 0. (2.8)

In (2.8), the map L—Lis given on sections by projecting a linear section to its
base map, which is necessarily a section of L. Choosing a splitting o: L — L
of (2.8) allows to define

e An L-connection VZ " on E~! given by
Vi (e)=lo(a).ds
for a € I'(L) and ¢ € T(E™') = Loore(B).
e An L-connection VE” on E° with dual connection given by
Ve = tn(o(a)),
where a € T'(L) and £ € T'((E®)*) is considered a linear function on E°.

e A Hom(E°, E~1)-valued two-form ~ on L given by the curvature of o,
i.e.
v(a1,a2) == [o(a1), 0(az)] — o([az, az])
for aq,as € T'(L).
e Finally, independent of the splitting, there is the core map § : E~! — E°,

defined to be minus the anchor of B from the core of B to the core E°
of TEV.

These maps piece together to the restriction of the differential D of Q(L, E)*
to T'(E*®).

Example 2.2.15 For a Lie subalgebroid L = N of A = M there is a VB

algebroid
l (2.9)
N
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with E° = v (M) and core E~1 = A|N/L [MP21]. The bracket of vz (A) =
vy (M) is defined such that the map induced by the normal bundle functor

v:T(A, L) = T(vp(A)),

(2.10)
v(a)(XmodTN) = (da)(X)modTL, X e€TM|,

is bracket preserving, where T'(A, L) denotes the set of sections of A that
restrict to L along N. The image of the map v is precisely the set of linear
sections. To obtain a splitting and identify the core sections, we choose a
vector bundle isomorphism A’E ~ pr*A|N, where pr: £ — N is a tubular

neighbourhood, and we choose a complement A| y = L®C. Then core sections

are sections of C' ~ E~!. We define a splitting of (2.8) by using the map v
from (2.10), via

o: (L) — T'(L), a— v(prta).
The L-connections are given as follows. For a € T'(L) and ¢ € T'(C),
V¢ = prg[prra, pric |N (2.11)

and for a € T'(L) and f € Iy, with df|, € T(v}),

ViNdf]y = d(Eera)f)| - (2.12)

Remark 2.2.16 Given a VB-algebroid as in (2.7) one can dualise over L to
obtain a new VB-algebroid

B* s (Efl)*

I

[, —— N

with core (E°)*. If o is a splitting of (2.7) with curvature v, then the structure
maps corresponding to the representation up to homotopy induced by the dual
VB-algebroid are given by —9*, VE?)" V(™) and —y*. Note that the
different signs compared to [AC13, Example 4.1] come from a degree shift.

Example 2.2.17 Taking the dual of the VB-algebroid v (A) — L, we obtain
the conormal VB-algebroid

v (A)* = [ann

|

L=———N

with core v};. Fix a tubular neighbourhood pr: £ — N of N in M, a vector
bundle isomorphism A|, ~ pr*(A4| ) and a complement A|,, = L & C. Then
we obtain a representation up to homotopy of L on the graded bundle

V}k\/‘ @ Lann7
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where deg(vy) = —1 and deg(L*™) = 0, and the differential is defined as
explained in Example 2.2.15 and Remark 2.2.16. Taking the (graded) exterior
power of this representation up to homotopy, in the sense of [AC13], we obtain
a representation up to homotopy of L on the graded vector bundle

p
/\IJ(VX[ o) Lann) _ @Sk(u}k\;) ® /\p—k<Lann)7
k=0

where deg(S*(vi) ® AP7F (L)) = —k.
Lemma 2.2.18 Using the notation and choices from Example 2.2.17, we can
identify
EP? ~ é QPTI=Y(L, P (vy) @ AYL™) ® V‘N). (2.13)
The differential indu;g; by do satisfies a Leibniz rule, turning
(Ey®,do) ~ (UL, AP(vy & L) @ V| )®, D)
into a representation of L up to homotopy.

Proof. Over E we decompose A|E = pr*L @ pr*C, and then forms on A|E
decompose as

k
Qk(A|E7 V‘E) = @F(/\ipr*(}'* @ A L @ plr*V|N)7
=0
as in the proof of Lemma 2.2.5. Moreover, note that the ideal Zy, i.e. the
kernel of the pullback map ¢*: Q’(A|E) — Q°(L), is generated by Zy and
QY (pr*C). From this it follows that

FPQF(A] L, V) = éﬁv—irwpr*c* ®@ AF it L* @ prV] ).
=0
Equation (2.13) follows by using the canonical isomorphism
IRT(F) /IR T (F) =~ T(SPvy @ F| ),
which hold for any vector bundle F' — M, and the identification
FLQUAV) | TN A V)
FHQe(A V) FETQeA] L V],
Finally, we check the Leibniz rule (2.6). For n € ]-'fQ'(A’E, V’E) and
w € QF(L), we have
do(w A [n]) = [da(prw An)]
= [da(pr'w) An+ (=1)"prw A dar]
= [prdp(w) A+ (=1)*prrw A dan + (dapr*w — pridiw) An

el

— dp(@) A In] + (=) A o[-



42 Chapter 2. The Serre-Leray spectral sequence of Lie algebroids

To complete the proof of Theorem 2.2.10, we need to show that the differ-
ential we obtain via the identification (2.13) is given by graded antisymmetric
powers of the representation up to homotopy described in Example 2.2.17.

Proof of Theorem 2.2.10. First we determine the differential on
Ey* = (Lvy o V| @Q (L, L™ aV|,)
under the identification (2.13). For f € Iy and v € I(V| ) we obtain

do(df|, ®v) € QULvy @ V| ) B T(L™ @ V]|,)

for degree reasons. To compute the first summand, let a € T'(L) be given.
Then

do(df|y ®v)(a) = [da(f)(pr*a) © priv + FV Y pro]
— At a) )]y @+ df]y @ VY,

which is (2.12). To compute the term in I'(L*™ ® V’N), let ¢ € T'(C') be given.
Then

do(df]y @ v)(c) = da(f @ pro)| ()
=df|(fc) @ v+ f| y VieePrv| 5
=" (df|y)(c) ®v.
Now let v € T'(L*™") be given. Then

dO(fY & U) € Ql(La Lann) 2] Qz(La V}k\f)
Thus, let a,b € T'(L) and ¢ € T'(C) be given. Then

do(y ®v)(a)(e) =da(pr*y ® pr*v)(pr'a, prrc)
=f(pr*a)(pr*y(c)) @ priv| y + priy(c) Vi prv| 4
— pr*y([prta, prid)| 4

1%
=fa(y(c)) +7(c)Va iy - y([pr*a, prid| v,
which is dual to (2.11). Finally, for the contribution in Q%(L,v%) we find

do(v ® v)(a,b) = —d(pr*y([pr*a, pr*d]))| , ® v
= —dpr*y([pr*a, pr*b] — pr*[a, b])| , ® v,

which shows that (Eé **.do) is indeed dual of the representation up to homotopy
given by the dual of (2.9) by Remark 2.2.16.

To complete the proof of Theorem 2.2.10, we check that the differential on
EB* for p > 1 is given by tensor powers of the differential on Eé". Again, by
the Leibniz rule (2.6) it is enough to calculate dy on I'(AP (v & L) ® V’N).
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Let f € Iy and 7 € FP7'Q(A,V)* be given. Then fn € FPQ(A,V)* and,
using the Leibniz rule of dg,

do[fn] = [da(fn)]
=[daf An+ fdan)
= do[f] A [n] + [£] A do[n]-

Similarly, a graded Leibniz rule holds for yA, where v € T'(L?"). O

Invariant submanifolds

In this section, let N C M be a closed, embedded and invariant submanifold
of A= M, i.e.
#(Al) S TN.

In this case, L = A|N is a subalgebroid, and L™ = Oyn. Moreover, the
filtration becomes
FPQ® (A, V) =IR Q% (A, V). (2.14)

The VB-algebroid VA{ (A) = vn (recall Example 2.2.15) is the action Lie
N

algebroid
A|N X VN = VN,

corresponding to the canonical representation of A| n on the normal bundle
VN, given by
Va(X|, mod TN) = [ta, X]|, mod TN

for X e (T M) and a € I'(A) some extension of a € F(A‘N). We briefly recall
the construction of the action Lie algebroid for our case, following [HM90,
Theorem 2.4]. Writing pr: vy — N for the projection, the vector bundle
structure is A|N X Uy = pr*A|N — vy. On pullback sections the anchor
i : A|N X vy — Tvy is defined by

[ﬂx(pr*a)vvver] = (Vav)ver
for a € F(A!N) and V € I'(vy). Here, we denote by
SV T(wny) = T(Twvn)

the vertical lift. In particular, §x maps pullback sections into linear vector
fields, i.e. vector fields of homogeneous degree 0. The bracket [-, -]x on
I'(A|, x vy) is defined on pullback sections by

[pria, pr*b|x = pr*([a,b]A’ ),

N

where a,b € F(A’ ~)» and is extended to all sections using the Leibniz rule.
The action Lie algebroid is linear in the following sense.

Lemma 2.2.19 For A € R\ {0} the scalar multiplication by A on vy induces
a Lie algebroid automorphism

m)\ZA|Nl><VNl)A|Nl><VN.
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Proof. First note that for all a € I‘(A’N) we have

miix (pria) = fx (pra)

since f (pr*a) is a linear vector field. Then compatibility with the bracket
follows immediately since it clearly holds on pullback sections. O

For later use, we introduce the following notion.

Definition 2.2.20 A Lie algebroid A = M is called linearisable around the
invariant submanifold N C M if A is isomorphic in a neighbourhood of N to
the action Lie algebroid A|N X vy = vp restricted to a neighbourhood of N.

The dual VB-algebroid VA| (A)* = N is the semi-direct product associ-
N

ated to the conormal representation of A‘ N on
vy — N.

The corresponding representation up to homotopy is therefore the classi-
cal representation on vy, and thus, we obtain the following simplification of
Theorem 2.2.10.

Theorem 2.2.21 Let N C M be a closed, embedded submanifold which is
invariant for A = M. The Serre spectral sequence of the Lie subalgebroid
L= A|N converges to the formal Lie algebroid cohomology H*(_ZFQ(A,V)),
and its first page is given by

EPT ~ HPHI(A], SPvy @ V], ).
This theorem has a straightforward consequence.

Corollary 2.2.22 If Hk(A|N, SPUy @ V|N) =0 for all p > 0, then
HY(_ZPQ(A, V) = 0.
The assumptions of the corollary hold, for example in the following cases:

e N is a point, the Lie algebra g = A’N is semisimple and k=1 or k = 2.
This is the Whitehead Lemma.

e A is the Lie algebroid of a Hausdorff Lie groupoid ¢ == N, such that:
(1) G is proper, i.e. the map (t,s) : G — M x M is proper; (2) the fibres
of ¢ have zero de Rham cohomology in degree i, with 1 < ¢ < k; and
(3) V|N integrates to a representation of G. See [Cra00, Proposition 1 &
Theorem 4].

e A is the Lie algebroid of a Hausdorff Lie groupoid G = N, such that: (1)
the target map t : G — N is proper; (2) the fibres of ¢ have zero de Rham
cohomology in degree k; and (3) V| v integrates to a representation of G.
See [Mat14, Lemma C.1].
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Remark 2.2.23 Formal cohomology plays an important role in formal lineari-
sation problems in Poisson geometry (see Section 2.3.3 for more on Poisson
geometry, including definitions and references). A Poisson manifold (M, w) has
an associated cotangent Lie algebroid A = T*M, whose cohomology is called
the Poisson cohomology of (M, w). We say that w is linearisable around an
invariant submanifold N C M (also called a Poisson submanifold), if the Lie
algebroid T*M is linearisable around N (for leaves, this is equivalent to the
more standard notion of linearisation discussed in Section 2.3.3, see [FM23,
Theorem 8.2]). In degree two, Poisson cohomology encodes infinitesimal defor-
mations of the Poisson structure. Therefore, the formal infinitesimal rigidity
of w around the Poisson submanifold N C M translates to

H2( 7 2Q(T*M)) = 0. (2.15)

Formal rigidity was studied first around points, i.e. when N = {z}, and it was
shown that if g := A, is semisimple, then the Poisson structure w is formally
linearisable around z [Wei83, Theorem 6.1]. This result was extended to sym-
plectic leaves in [IKV98, Theorem 7.1], and to general Poisson submanifolds
N in [Mat12, Theorem 1.1], where it was shown that Poisson structures satis-
fying H? (T*M|N7 SPyy) = 0 for all p are formally rigid. Corollary 2.2.22 can
be seen as the infinitesimal version of this result, as it gives the infinitesimal
version of formal rigidity, i.e. that (2.15) holds.

Next we show that if the Lie algebroid is linearisable around the invariant
submanifold, then the Serre spectral sequence stabilises at F1.

Theorem 2.2.24 Let N C M be a closed, embedded submanifold which is
invariant for A = M. Suppose that A is linearisable around N. Then the
Serre spectral sequence associated to the subalgebroid L = A|N stabilises at E.
Hence, the formal algebroid cohomology is given by

H (75 Q°(A)) ~ [[H (4], Sva).
§=0
Proof. The formal cohomology of A along N is canonically isomorphic to the
formal cohomology of A|U, for any neighbourhood U of N. Since A = M

is linearisable around N, we may therefore assume that A = A’ ~ xvn. To
deduce the result, it suffices to show that the short exact sequence of cochain
complexes

0 — FPHIQPHa(A) — FP QPFYI(A) —» EP? -0 (2.16)
Al ”
admits a splitting o : Ef? — ]-"Z QPT4(A) which is compatible with the
N
differentials. Indeed, if that is the case, then, if n € Ef'? is do-closed, then o (n)
is d4-closed. Thus, all subsequent differentials d,., r > 0 are zero, EX7 = EP?

and the statement follows.
To build the splitting, we use the canonical identification

Pol: T'(SPvy) = Pol? (vy),
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where Pol? (vy) C ¥°°(vy) denotes the homogeneous polynomials of degree p
on vy. This yields the splitting o := pr* @ Pol: QPFI(A| , SPvy) — QPF(A)
of (2.16). To show that o is compatible with the differentials, it suffices to
show that its image is a subcomplex. For this, note that the image of ¢ can
be characterised as forms 6 € QP+9(A) such that,

myf = AP0, forall e R\{0}.

Since m, is an automorphism of A (Lemma 2.2.19), it follows that d4 om} =
m} o da. Therefore, the image of o is a subcomplex. O

Finite jets along invariant submanifolds

In this subsection we discuss a version of the spectral sequence for finite order
jets.

Let N C M be a closed, embedded invariant submanifold of A = M. For
k € Ny, the space of k-th order jets along IV of forms on A with values in V is
defined as

IRQ(AV) = Q°(A, V) /I (A, V).

By (2.14), ZEQ* (A, V) is a differential graded Q*(A)-submodule of Q*(A, V).
Consequently, there is an induced differential on _#£Q°®(A, V), giving rise to

cohomology of finite jets.
If L = N is a Lie subalgebroid, the inclusion induces a filtration on

IHQ(A,V) by
FPIRQYN(A V) = FRQ (A V) /(INTQ (A, V)N FEQ* (A, V). (2.17)
The corresponding spectral sequence always converges.

Theorem 2.2.25 Let L. = N be a Lie subalgebroid of A = M over the
closed, embedded, and invariant submanifold N C M. Fix k € Ny. The
spectral sequence induced by the filtration (2.17) stabilises at page r + 1, where
r:= k + rank(A) — rank(L), and converges to H*(_ZXQ(A,V)). The zeroth
page is given by
P
Ei~ @ L SPTRy @ NLM R V)
i=max{0,p—k}

with do corresponding to the representation up to homotopy of L on AP(vy &
Lann) ® V|N

Proof. We restrict to a tubular neighbourhood E C M of N. By the proof of
Lemma 2.2.18 and the definition (2.17),

P

FEIRCAL V)= P Tt LA pr L eprtV| ).
i=max{0,p—k}

This implies that F7 _#ZKQ*(A,V) = 0 if p > r + 1. Hence, the filtration is

finite and the spectral sequence stabilises as claimed. The rest of the proof is
completely analogous the proof of Theorem 2.2.10. O
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For L = A| » We obtain the following simplifications, analogue to Theorems
2.2.21 and 2.2.24.

Theorem 2.2.26 Let N C M be a closed, embedded, and invariant submani-
fold of A= M.

1. The first page of the spectral sequence converging to H*(_ZXQ(A,V)) is
given by

BV~ Hp+q(A’N,SpVJ*V®V’N) forp<k
0 otherwise.

2. If A= M is linearisable around N, then the spectral sequence stabilises
at E1 and so

k
(7600 (A4)) = [[ H(A] . Svi).
j=0

Transverse submanifolds and locality

Another special class of submanifolds is given by transversals. Recall that a
transversal .: X < M is an embedded submanifold, such that the inclusion is
transverse to the anchor. Then /'A = #~1(T'X) is a Lie subalgebroid. Note that
any Lie subalgebroid of A over X is contained in ¢'A. By [BLM16, Theorem
4.1] there exists a tubular neighbourhood pr: £ — X of X over which there
is an isomorphism of Lie algebroids

A|E ~ pr'/ A. (2.18)
This simple local form also manifests itself at the level of cohomology.

Theorem 2.2.27 Let 1: X — M be a closed transversal of A = M. Then
the first page of the Serre spectral sequence associated ' A is given by

EP? ~ HPPI(A V).
Moreover, the spectral sequence stabilises at the first page, and so
H*( /0(A, V) = H* (LA, V). (2.19)

Theorem 2.2.27 follows immediately from the following lemma, which em-
phasises the local nature of the Serre spectral sequence for formal cohomology.

Lemma 2.2.28 Let .: X — M be a closed transversal of A= M, L = N be
a Lie subalgebroid over a closed embedded submanifold N C X and V — M
be a representation of A = M. Let {E®*} and {E®*} denote the spectral
sequences arising from the inclusions L — A and L — ' A, respectively. Then
the inclusion j: ' A — A induces an isomorphism of spectral sequences

j*: {E:7.}r>0 = {E;7.}r>0~
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Remark 2.2.29 In fact, a local version of the isomorphism (2.19) in Theorem
2.2.27 holds as well. Namely, for a tubular neighbourhood E of N above which
(2.18) holds, we have that

H*(A| . V],) ~H (VA V],). (2.20)

A way to obtain this isomorphism, which will be used in the proof of Lemma
2.2.28, is by constructing a homotopy operator from an Euler vector field.
Denote B = t'A, and identify pr'B ~ A|,_. Let a € I'(ker T'pr) be the Euler
vector field of F, and ®¢: pr'B — pr' B be the flow of a, viewed as a section a €
['(pr'B). Then y; := Pig, extends to ¢t =0 as po = jopr', where j: B < pr'B
is the inclusion of B into pr'B over the zero section. Moreover, (1, = id,, g and
'ut|j(B) = id;(p). Using parallel transport along the pr' B-paths i, we obtain
a compatible isomorphism of representations V|, ~ pr'(V|, ). Analogous to
the proof of the Relative Poincaré¢ Lemma [Wei71], for w € Q°(pr'B, pr'(V| )
one finds '
w = (pr)*j*w = piw — pow
1

d
= —piwdt
. ahtv

"1
:/ —py Lawdt
0 t

1
1., .
:/0 gﬂt (dpy pla +iadpp g)w dt

= (dpr!B o h + h o dpr!B)wa

where
1
h(w):/ —prigw dt.
o t

Thus, the map j*: Q'(prIB,pr!(V‘X)) — Q*(B, V|X) is a quasi-isomorphism
with quasi-inverse (pr')*. Alternatively, one can view j; as a retraction of pr'B
to j(B) and obtain the result that way, see [BP20, Theorem 5.1, Remark 6.7],
[Ball2, Theorem 11], or use spectral sequence arguments [Cra00, Theorem 2],
see Section 2.3.2 for details.

Proof of Lemma 2.2.28. We can assume that A = A|E = pr'/'A. First note
that j* and (pr')* respect the filtrations. In fact, we even have

FFEQ(A V) = FRQ (LA V).

Thus, both maps descend to Ey and we obtain a map between spectral se-
quences .
3 AE Y = {ER*}

To show that j*: Ey — Fyisa quasi-isomorphism, we show that the homotopy
h from Remark 2.2.29 is compatible with the filtration on Q°*(A, V). Since
the Euler vector field vanishes on X we immediately obtain i, F7Q*(A, V) C
FPQ*~1(A, V). Moreover, the flow p; stabilises ¢'A, showing that h indeed
respects the filtration and descends to Ej.
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Thus, j*: {EP*} =% {E?*} is an isomorphism, and by the Mapping
Lemma [Wei94, Lemma 5.2.4] the statement follows. O

Coregular submanifolds

A submanifold N C M is called coregular submanifold for a Lie algebroid
A= M if
Wy :=#(A|,) + TN C TM|,

is a subbundle. Then L = §=}(T'N) is a Lie subalgebroid, and as for transver-
sals, any Lie subalgebroid of A with base NV is also a Lie subalgebroid of L. In
fact N is a coregular submanifold if and only if L = §71(T'N) is a subbundle
of A’ - Coregular submanifolds interpolate between invariant submanifolds

(Wn = TN) and transverse submanifolds (Wy = TM|N). As for these ex-
treme cases, we find that the first page of the Serre spectral sequence associated
to L is given by the cohomology of L with values in a classical representation.

Theorem 2.2.30 Let N C M be a closed, embedded coregular submanifold
of A= M and V — M a representation. Then L := §~(T'N) = N has a
canonical representation on

Wi C T*M|
and the first page of the Serre spectral sequence associated to L is given by
EPT ~ HPHI(L, SP(WR™) @ V] ).
We first describe the representation.

Lemma 2.2.31 The following defines a representation of L :== = 1(T'N) = N
on Wi,

Vo(df] ) = dEO)()] (2.21)
for b € T(A) with 5|N =band f € Iy such that df’N € (ﬁA|N)a““.
Proof. Since N is coregular, Wi — N is a vector bundle. Note that, if
f € Iy satisfies df‘N € (ﬁA‘N)a““ then df’N € T(Wi™). Since N is closed
and embedded, all sections of Wi can be written in this form.

To see that (2.21) is independent of the choice of the extension b, let b e
(L) and b,b € T'(A) be two extensions. Then (b — b)|N = 0. Thus, we can

write o
b—b=7" gia

for suitable a; € T'(A) and ¢g; € Zn. For f € €°°(M) such that df|N €
(#A] )™ we have that

BO—0)(f) =D gidf(#(a))

vanishes to second order along N, hence (2.21) does not depend on the choice
of b.
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Next, we show that (2.21) defines a section of Wi™. For f € Iy we have
ﬁ(b)(f)}N =0 as #(b)|, € T(T'N). Thus V(df|,) € D(TN*™). To see that
Vb(df|N ) annihilates 4 A|N), let a € T'(A) be given. Then

Vo(df | ) (E(@)] ) = 8@)ED) )]
= ([, D) ], +HE) E@))]y = 0.
———— N——

=0 ELNn

In conclusion, (2.21) is well-defined. Clearly, (2.21) gives an L-connection on
Wipr | and flatness follows from the fact that, for by, be € T'(L), [b1,b2] € T'(A)
extends [by, ba). O

To prove Theorem 2.2.30 we use the fact that any coregular submanifold
N C M is contained in some minimal transversal X C M, i.e. one satisfying
(see [FM23, Section 9.2])

TX|,NWyx=TN, TX|, +Wy=TM|,.

Then N C X is an invariant submanifold for L!XA = X, and we have L =
(L!XA)|N. A direct consequence of Lemma 2.2.28 and Lemma 2.2.21 is the
following observation.

Lemma 2.2.32 Let A = M be a Lie algebroid and V' — M a representation
of A. Let N C M be a closed, embedded coregular submanifold, L = (T N)
and tx: X — M a minimal transversal containing N. Then the Serre spectral
sequences arising from the inclusions L — A and L — i A are isomorphic
on all pages r > 0. In particular,

EP? ~ HPH(L, SPun (X)* @ V| )
Proof of Theorem 2.2.80. By Lemma 2.2.32 we have
EP4 ~ HPH(L, SPun(X)* @ V| ,)

for a minimal transversal X < M of N. There is a canonical isomorphism
vN(X)* >~ WRP™ induced by the inclusion X < M, under which the respective
representations of L coincide. Thus, Theorem 2.2.30 follows. O

The main tool in proving the splitting theorem for Lie algebroid transver-
sals in [BLM16] are Euler-like sections. In the following theorem we use a more
general version of these sections. Such sections appear for example when blow-
ing up a transversal of codimension one (called an elementary modification
in [GL13]), see [Sch24, Lemma 5.8]). We obtain the following generalisations
(with trivial coefficients) to Remark 2.2.29, Lemma 2.2.28 and Theorem 2.2.27.

Theorem 2.2.33 Let N C M be a closed, embedded coregular submanifold of
A= M and B =£"1(TN). Suppose there exists a section a € T'(A) such that
fa € I'(T'M) is Euler-like along N (i.e. $a is the Euler vector field of a tubular
neighbourhood E of N) and the inner derivation

[a| > -15 : T(B) = I'(B) (2.22)

vanishes identically.
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1. The inclusion j: B — A|E induces an isomorphism in Lie algebroid

cohomology
j*:H*(A],) = H*(B).

2. Let L = Y be a Lie subalgebroid of A withY C N, such that a‘y e(L).
Then, denoting the spectral sequences arising from the inclusions L — A
and L < B by {E>*} and {E?*} respectively, the map

JUAENY = {E)

induced by the inclusion of B is a quasi-isomorphism on page zero and
an isomorphism on all pages r > 0.

3. We have
TR (N (A)) = H*(B).

Proof. First note that ]ia|N = 0 implies a|N € I'(B), thus (2.22) is well-defined.
The proof of the first part is completely analogous to Remark 2.2.29 using the
flow of a. The assumption (2.22) ensures that 'ut’j(B) = id;(p), and po when

considered a map onto its image (note that impy = B) replaces the map
pr'. For the second part, following the proof of Lemma 2.2.28 we only need to
show that the homotopy operator still respects the filtration. The flow p; does
because Mt‘j(B) = idj(p), i.e. p; stabilises L. Moreover, since by assumption
al, € I(L), we have i, F7Q°(A) C FQ*"'(A). In conclusion, the homotopy
operator h descends to Ey, showing that j*: E5® — Eg* is indeed a quasi-

isomorphism. The Mapping Lemma [Wei94, Lemma 5.2.4] then implies the
second part. The last part follows from 2 with L = B. O

2.3 Lie algebroid extensions

In this section, we consider the spectral sequence corresponding to the kernel
of a Lie algebroid submersion IT: A — B. More precisely, we fix a diagram of
Lie algebroid maps
i II
0 L—— A B 0

ﬂ s ﬂ ﬂ (2.23)

M%MLQ

which is exact, i.e. for each x € M, we have a short exact sequence of vector
spaces
0— Ly — Ay = By — 0,

and the base map 7: M — @ is a surjective submersion. Fix also a represen-
tation V of A.

In the case when A and B are over the same base, i.e. M = @ and 7 =
idpy, the Serre spectral sequence associated to the L C A has been studied
extensively in [Mac05, Section 7]. For certain proofs, we will use this reference.
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Also over the same base, this spectral sequence was studied in great detail in
the holomorphic setting in [BMRT15] and in more algebraic setting in [Brul7].

The Serre spectral sequence in the full generality of (2.23) was first con-
sidered in [Bral0, Section 3]. Using the notion of a generalised representation
defined in Section 1.1.2, in the next theorem we make rigorous the interpreta-
tion from [Bral0, Section 3] of the first two pages.

Theorem 2.3.1 The Serre spectral sequence associated to i: L — A satisfies
EP? ~HP(B,HY(L,V)).
More precisely, the following hold.

(a) We have a canonical isomorphism (see also (1.13))
R = Q" (B, (L, V),
where the €*°(Q)-module structure on Q9(L, V') is induced by the inclusion
T E(Q) — T (M).

(b) The differential dg is €°°(Q)-linear and, under the isomorphism from (a),
it becomes

do(w)(Br, -+, Bp) = (=1)PdL(w(PBr, - - -, Bp)),
for all B1,...,B, € T'(B).

(¢) For the induced €°°(Q)-module structure on HY(L,V), we have isomor-
phisms
EPY ~ QP(B,HY(L,V)).

(d) There is a generalised representation of B on the €°°(Q)-module H1(L,V)

V:T(B) x HY(L,V) — HY(L, V).

(¢) Under the isomorphism from (c), di: EP? — EPYYY corresponds to the
differential calculating cohomology of B with values in the generalised rep-
resentation from (d).

Proof. The first identification follows from the short exact sequence
0 — FPHQPHa(A, V) — FPQrra(A, V) B oP(B,Q4(L, V) — 0,
where the map pr acts as

pr(w)(Bis -, Bp) A1y s Ag) == w(Bis e Bos ALy -+ o5 Ag)s

for all p1,...,8, € T'(B) and \1,..., A\, € I'(L). Here, for a section § € I'(B),
we have denoted by 3 € I'(A) any lift of 38, i.e. ITo B = Bom. That pris well-
defined and that the sequence is exact in the middle follow directly from the
description of the filtration given in Lemma 2.2.5. To show surjectivity, and
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also for later use, we choose a complement of L in A as in the proof of Lemma
2.2.5, A= L& C. Note that II induces a vector bundle isomorphism C' ~ 7*B.
Using these maps, and Lemma 2.5.1 (1) and (3) we obtain isomorphisms

V)~ P 9(x*B)@g QUL V) ~ @ QF(B)@gw=q) UL, V).
ptg=e ptg=e
(2.24)
Under these isomorphisms, we have that

]_-pr-i-q AV) @ Qp+ ®<goo(Q) Qq_i(L, V),
0<i<q

and pr becomes the projection onto the first component. This ensures its
surjectivity. So, we obtain isomorphisms

EPY ~ QF(B) @ge(g) Q4(L, V). (2.25)

Next, we need to identify the differential dg. First note that for p = 0
the map pr is just the pullback map along the Lie algebroid map i: L — A,
therefore a cochain map, and so we have a short exact sequence of cochain
complexes

0— (FLQ%(A,V),da) — (Q°(A,V),da) 2 (Q*(L,V),dz) = 0

This implies that the operator dg on E8’° corresponds to dy,.

From the diagram (2.23) it follows that the anchor map of L maps to
ker Tw. This implies that the Lie bracket on I'(L) and the representation on
(V) are €°°(Q)-linear. Therefore, the differential d;, on Q°*(L, V) is indeed
%> (Q)-linear.

Next, let us note that the isomorphism from (2.24) is Q(B)-linear, where
the multiplication on the right is the obvious one, and the one on the left uses
the map II: A — B

w - n:=1I"w)An,
for w € Q(B) and n € Q(A, V). Moreover, since II is a Lie algebroid map, it
follows that the Q(B)-module structure is compatible with the differentials

da(w - n) =dp(w) - n+ (=Dw - da(n), (2.26)

where w € QP(B). This fact and the description of the filtration imply that
the differential dy on Ey is QP (B)-linear in the following sense:

do(w - n) = (=1)Pw - do(n).
This implies that, under the isomorphism (2.25), dg becomes:
(—DPid @ dp : Q(B) ®@g= (@) UL, V) = QP(B) @¢~(g) UL, V),

which is equivalent to the formula given in (b).
Item (c) follows from Lemma 2.5.1 (4)

E{)’q ~ Hq<Qp(B) ®<goc(Q) Q'(L, V), d® dL) ~ QP(B) ®<goo(Q) E[q(L7 V)
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We start by calculating d, : E)" — E}'?. Let ¢ € HI(L, V) with represen-
tative a closed ¢-from n € Q4(L, V). Let 7 € Q4(A,V) be an extension of 7.
Then we have that

dan e FIQITH A, V),

and dyc € QY (B,HI(L,V)) can be calculated as
die(B) = [i*(i3dan)] € HY(L, V), (2.27)

where 3 € T'(A) is a lift of 8 € ['(B), i*: Q*(A, V) — Q*(L, V) is the pullback,
and where we note that i*(inAﬁ) is dy-closed, and so it defines a cohomology
class in HZ(L, V). We will exploit the fact that this operation is indeed well-
defined, i.e. independent of the choices of extension 77 and lift B. Define the
operator from item (d) via the formula

V:T'(B) x HY(L,V) — HY(L,V), Ve = dice(B).

It is easy to see that the operator is 4">°(Q)-linear in . For the other compo-
nent, to simplify the computation, choose 7 and g such that izn = 0. Then,
for f € €°(Q), we have that

igda(fn) =igda(m"(£)i) = i5(x" (dpf) A @) +ig(m" (f)dail)
=" (Lp )i+ 7" (f)igdai,

which yields the second condition in (1.7). To show (1.8), note that we can
also write

VﬁCZ[i*(fﬁﬁ)], where ggzigodA‘f'dAOilé-
The commutator formula

L=

5.°%5 — %5 %5 = 4p

[B1,82])
and the fact that [8;, B2 is a lift of [31, 82] yield now (1.8). Thus, V defines a
generalised representation of B on HY(L, V).

To obtain (e), we need to show that the map corresponding to d;: E¥? —
EPT% ynder the isomorphism from (c) coincides with the differential calcu-
lating Lie algebroid cohomology

dp: QP(B,HY(L,V)) — QP*Y(B,HY(L,V)).

By the definition of V, this holds in degree p = 0. Next, one can easily show
that both operators satisfy the derivation rule with respect to Q(B) (2.26). By
also using Lemma 2.5.1, these two properties imply that the differentials must
coincide in all degrees p > 0. O

Remark 2.3.2 In the setting of Theorem 2.3.1, a natural question is whether
the generalised representation H?(L, V') comes from a classical representation.
A candidate for the vector bundle is obtained as follows. First note that,
because the anchor of L is tangent to the fibres of «, for any x € Q, L, :=
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L| _.,., is a Lie subalgebroid of L and V, := V| _.,., is endowed with the
n=1(x) w1 (z)

pullback representation. Consider the collection of vector spaces H®*(L,V) —

Q,

HOL, V) = | | H* (L, V).
T€EQ

In some special, but interesting cases, which will be discussed in the sequel,
H*(L,V) — @ is a smooth (finite dimensional) vector bundle, and we have an
isomorphism

H*(L,V) ~T(H*(L,V)),
given as follows: to ¢ € H*(L, V'), we assign the section
Q3xw—ce HY (L, V),

where ¢, : L, — L denotes the inclusion.

These properties might fail to hold for various reasons: the fibres H*(L,, V)
are infinite dimensional, or their dimension varies with the point, or not every
element in H*(L,,V,) can be extended to an element in H*(L, V), etc. How-
ever, when the properties do hold, then Theorem (2.3.1) implies that H*(L, V)
is a classical representation of B, and that

EDY ~ HP(B,HI(L, V).

Example 2.3.3 Let g be a Lie algebra, V be a representation of g, and h C g
an ideal. As in [HS53], the second page of the Serre spectral sequence of the
inclusion b C g is

By ~HP(g/h, H(h,V)).

Example 2.3.4 Let A = M be a transitive Lie algebroid, which means that
the anchor f: A — T'M is surjective. Then we have a short exact sequence of
Lie algebroids over M

0—-L—A—TM—0,

where L := ker{ is called the isotropy bundle of A. The corresponding Serre
spectral sequence is discussed in detail in [Mac05, Section 7]. We have that
L = M is a locally trivial bundle of Lie algebras. Moreover, for any represen-
tation V' of A, we can locally trivialise L and make its action on V constant
at the same time. Using this, one obtains the setting of Remark 2.3.2, i.e.
H*(L,V) = M is a vector bundle with a flat connection, and there is a canon-
ical isomorphism I'(H*(L,V)) ~ H*(L, V). Therefore, the second page of the
spectral sequence contains the cohomology of M with coefficients in this flat
bundle [Mac05, Theorem 7.4.5]

EP? ~ HP (M, HY(L, V).
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2.3.1 The Leray-Serre spectral sequence

A surjective submersion 7: M — @ yields a short exact sequence of Lie alge-
broids

; T
0 — ker T — TM —55 TQ — 0

ﬂ . ﬂ | (2.28)

M—5 M —— Q

As remarked in Example 2.2.8, the spectral sequence associated to the subalge-
broid ker T'm of T'M is the classical Leray—Serre spectral sequence in de Rham
cohomology, which was worked out for example in [Hat60]. We will discuss
this construction here in detail, and in the following two subsections, we will
discuss two different extensions in the setting of Lie algebroids.

The cohomology H®(ker T'r) is the foliated cohomology of the foliation on
M induced by 7. The bundle H%(ker Tw) — @ has as fibres the de Rham
cohomology of the fibres of 7

H(ker T), = HY(7m 1 (x)).

Under appropriate extra conditions, the properties from Remark 2.3.2 hold
in this setting.

Theorem 2.3.5 Assume that w: M — Q is a locally trivial fibre bundle with
typical fibre a manifold F. If HY(F) is finite dimensional, then H(ker T'm) is
a smooth vector bundle with

HY(ker Tm) ~ T'(H%(ker T')). (2.29)

Therefore, the second page of the Serre spectral sequence of ker T'w is isomorphic
to the cohomology of Q with twisted coefficients in the flat bundle H(ker T'w) —

Q
EYT ~HP(Q,H (ker Tm)).

To prove Theorem 2.3.5, we first show that #%(ker T'7) has a smooth vec-
tor bundle structure which carries the so-called Gauss-Manin flat connection.
Then we prove that (2.29) holds and that the generalised representation is
induced by the Gauss-Manin connection.

Lemma 2.3.6 Let m: M — Q be a locally trivial fibre bundle with typical fibre
F.

1. Hi(ker Tm) — Q is a locally trivial bundle of vector spaces. There exist
canonical local trivialisations with locally constant transition functions.

2. If HI(F) is finite dimensional, H%(ker TT) is a smooth vector bundle
endowed with a flat connection.

Proof. One obtains local trivialisations for H9(ker T'm) as follows. Any local
trivialisation Ay : F' x U =5 m~}(U) induces a local trivialisation

Ay Hi(ker T'mr) |, = HY(F) x U. (2.30)
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Two trivialisations A\yy: F' x U =% 7= 1(U) and Ay : F x U =5 7= 1(U’) are
related by a smooth family of diffeomorphisms on the overlap dy,p: UNU’ —
Diff (F'), which yields transition maps in cohomology

Spu HIF) x UNU S5 HYF) xUNU',  (6,2) = (oo ()*(c), ).

Since isotopic diffeomorphisms induce the same map in cohomology, it follows
that the transition map d; ;/ is locally constant, giving rise to a flat connection
on Hi(ker T'w). If HI(F) is finite dimensional, one obtains a smooth flat vector
bundle. 0

Definition 2.3.7 The flat connection from Lemma 2.3.6 is called the Gauss-
Manin connection. More precisely, its flat sections are locally constant in
the trivialisations (2.30).

Lemma 2.3.8 Let w: M — Q be a locally trivial fibre bundle with typical fibre
F. IfHI(F) is finite dimensional, the assignment that sends [w] € HY(ker T'm)
to the section of H4(ker T'm),

Q3w [w € H(r Y (2)), (2.31)
where 1, : ™1 (x) — M is the inclusion, is an isomorphism of € (Q)-modules
HY(ker Tm) ~ I'(H9(ker T'm)).

Under this identification, the generalised connection on H%(ker T'm) from The-
orem 2.3.1 (d) corresponds to the Gauss-Manin connection.

Proof. Note that (2.31) gives a set-theoretic section of the vector bundle
H%(ker Tm), and that the assignment is compatible with the €°°(Q)-module
structure.

To show that (2.31) is an isomorphism, we follow the arguments of [CM13,
Lemma 3]. Fix a basis {e;} of H,(F), with dual basis {e’} of HY(F) ~ H,(F)*.
Using a trivialisation 7=1(U) ~ F x U — U we obtain the flat local frame
{e'} for Hi(ker Tm)|,, ~ HY(F) x U — U. Then, for [w] € Hi(ker T'r), the
coefficients of the section (2.31) in this frame are given by integrating w over
representatives o; of e;, i.e. x — fU tiw. Smoothness of w implies that these
coefficients are smooth. Thus, (2.31) is well-defined.

Local injectivity follows from [CM13, Corollary 2|, which shows that if
[tiw] = 0 for all € U, then there exists a smooth family of primitives for ¢%w,
i.e. [w] =0 is exact. To go global, note that we can glue local primitives using
a partition of unity on () subordinate to local trivialisations.

Similarly, it suffices to show local surjectivity. Note that constant sections
are in the image of the map (2.31), because they are obtained via pulling back
by the Lie algebroid map Tpr: ker T7T|U ~ TF x U — TF. These sections
generate everything. Also note that the classes obtained by the pullback along
Tpr are in fact restrictions of de Rham classes on 7= 1(U), and therefore they
are flat elements of H?(ker Tﬂ‘rl( . Therefore, the two connections coincide.

O

0))
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Remark 2.3.9 In the case when the fibres of the locally trivial fibration
m: M — @ do not have finite dimensional cohomology, note that Lemma 2.3.8
still provides local trivialisations for H4(ker T'r) — @ with locally constant
transition maps. A direct extension of Theorem 2.3.5 to this setting would
require a notion of smooth sections of this infinite dimensional bundle. Instead,
we explain here a different approach, based on the homology bundle

Hy(ker Tm) = Q, Hy(ker T'r), := Hy(n (), Z).
As in Lemma 2.3.6, we can build local trivialisations
Hy(ker T'm)|,, ~ Hy(F,Z) x U,

for which the transition maps come from pushforwards along diffeomorphisms,
hence are locally constant group automorphisms. Therefore, H,(ker T'r) is a
smooth, locally trivial bundle of discrete groups over (). Consider the space
of smooth 1-cocycles on H,(ker T'm)

Z' (Hq(ker Tm)) = {p € € (Hq(ker T'm)) : p(c1 + c2) = p(c1) + ¢(ca),
ci € Hy(r (), 2)}

We have the following version of Theorem 2.3.5.

Theorem 2.3.10 Pullback to fibres followed by integration yields an isomor-
phism

HY(ker T) ~ Z* (H,(ker T'm)), [w] — (Hq(w_l(x)7Z) Sc /CL;OJ).

The proof follows the same lines as that of Lemma 2.3.8 and is also based on
[CM13, Lemma 3], which gives the result for a local trivialisation F' x U — U.
Namely, the cited result shows that pullback followed by integration gives an
isomorphism

HYTF x U) ~ Homg(H,(F,Z), ¢ (U)),

and clearly, the second set can be regarded as Z'(H,(F,Z) x U).

2.3.2 Pullback Lie algebroids

The Leray-Serre spectral sequence can be generalised to the following setting.
Consider the pullback Lie algebroid 7' B = M of a Lie algebroid B = Q along
a surjective submersion 7 : M — @ (recall (1.14)). This fits into a short exact
sequence

. !
OerrTWLMr!BLB*H]

I L | (2.32)

M%MLQ

Using Theorems 2.3.1 and 2.3.5 we obtain the following.
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Theorem 2.3.11 Let B = @ be a Lie algebroid over the base of a fibre bundle
m: M — Q with typical fibre F. Assume that H®(F) is finite dimensional. The
Serre spectral sequence associated to ker T C m' B converges to H*(7'B) and
satisfies

ED? ~HP(B,H(ker T'r)),
where the representation of B on H(ker T't) is the Gauss-Manin connection
factored through the anchor, i.e. Vy = VﬁM

Proof. Using Theorem 2.3.5 all that is left to show is the statement about the
representation of B. We argue locally; 7=1(U) ~ F x U B U. 1f € Q*(F)
is closed, then [pr*f] is a flat section of H®(ker TT()’U for the Gauss-Manin
connection, and so also flat for the B-connection VﬁGM. On the other hand,
note that
n:= (ﬁﬂ‘B)*pr*a € Q.(W!B|ﬂ-—1(U))

satisfies d1 g7l = 0. Therefore, the definition of the representation of B from
(2.27) implies that [pr*d] is flat also with respect to V. Using that sections of
the form [pr*6] span all sections of H*(ker T7r)|U and the Leibniz rule (1.7),
we find that the two B-connections coincide. O

When the cohomology of the typical fibre is fairly simple, one can get more
precise results. The following was obtained in [Cra00, Theorem 2], using the
same spectral sequence.

Corollary 2.3.12 Let B = @ be a Lie algebroid and w: M — @ fibre bundle
such that the typical fibre F is k-connected, i.e. has cohomology

R ifg=0

Hq(F):{o if1<q<k.

Then the map
(7")*: HY(B) — H(7'B)
is an isomorphism for ¢ =0,...,k and is injective for ¢ = k + 1.

Example 2.3.13 Another class of fibres with relatively simple cohomology
are spheres F' = S™. In this case, we obtain a Lie algebroid version of the
classical Gysin sequence. On the second page of the associated Serre spectral
sequence only the zeroth and n-th row are non-trivial, and the only non-trivial
differential is on page F,. One obtains a long exact sequence (see for example
the analogous discussion in [BT82], before Proposition 14.33)

.. —HF (' B) - H(B, 1" (ker Tr)) =2 HFY(B) -2 H (7' B)—. ..

The maps can be described as follows. First, note that we have an isomorphism
of flat bundles
H" (ker T'w) ~ o(M) xz, R,

where o(M) — @ is the double cover corresponding to the two possible ori-
entations on the fibres of M — @. Under this identification, a is the map
integrating along the fibres, d,, = #*eA, where e € H**1(Q) is the Euler class
of the sphere bundle, and b = (7')* is the pullback. See [Sch24] or Section 3.8
for details.
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2.3.3 Submersions by Lie algebroids

A different class of Lie algebroid extensions for which the Leray-Serre spectral
sequence admits an interesting generalisation are the submersions by Lie
algebroids, introduced and studied recently in [Frel9]. These are pairs (4, )
composed of a Lie algebroid A = M and a surjective submersion 7: M — Q
such that T'm o is surjective. Hence, if L := ker(T'w o), there is a short exact
sequence of Lie algebroids

0 PR RN 0
2.33
bow, V0 (23
M M Q

For locally trivial submersion by Lie algebroids (recalled below), a Leray-
type spectral sequence for H*(A, V) was constructed in [Frel9, Section 5]. In
particular, the second page of this spectral sequence contains the Cech coho-
mology of () with values in a certain presheaf. We show that the sheafification
of this presheaf appears naturally in our setting of the Serre spectral sequence
associated to the extension, and we explain in Theorem 2.3.18 how the two
constructions are related.

Note that, for a submersion by Lie algebroids (A, 7), the fibres of 7 are
transverse submanifolds for A. By the normal form theorem [BLM16, Theorem
4.1] each fibre 7=1(z) has a tubular neighbourhood pr: & — 7~ !(z), such that
there is an isomorphism of Lie algebroids A|u ~ pr'L, covering idy, where
L, = L|ﬂ,1(x). If we could take U to be part of a trivialisation of =, i.e.
U=7"YU) and (7,pr): 71 (U) =5 U x 7~ () is a diffeomorphism (e.g. if
7 is proper), we would obtain a local trivialisation of A

A|ﬂ_1(U) ~TU x L. (2.34)
If @ can be covered by such local trivialisations, the submersion by Lie alge-
broids (2.33) is called locally trivial. A condition equivalent to local triviality
is the existence of complete Ehresmann connections [Frel9, Theorem 3].
This is a splitting of vector bundles A = L& C such that the induced horizontal
lift
Jor P(TQ) — T(C) CT(A)

maps complete vector fields to complete sections of A (i.e. whose anchor is
complete). The resulting parallel transport can be used to locally trivialise A.

Local trivialisations (2.34) yield local trivialisations of the “vector bundle”
HUL,V) — @Q with locally constant transition functions [Frel9, Lemma 4].
However, since the fibres of H?(L,V) — @ will in general be infinite dimen-
sional (e.g. if L is the zero Lie algebroid), the interpretation from Remark
2.3.2 of H*(L,V) as sections of a vector bundle is not suitable in this gen-
eral setting. Instead, we show that elements of H*(L, V') that are flat under
the representation of T'Q constitute a sheaf, which is the sheafification of the
presheaf appearing in [Frel9, Section 5]. Using this, we describe the second
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page of the Serre spectral sequence in terms of cohomology of @ with values
in this sheaf.

Lemma 2.3.14 The assignment, sending an open set U C @ to

StyvU)={ce HUL| . ), V| 1) : Ve=0},

constitutes a sheaf on Q, where V is the generalised representation from The-
orem 2.3.1 (d). Moreover, if A is locally trivial, then
d d
0—87 v — (-, HY(L,V)) == Qg (-, HI(L,V)) = ... (2.35)
is a resolution of SZ,V by fine sheaves.

Proof. We first check that the presheaf ng is complete.
Let {U;}; be a family of open subsets of @) and let U := |J, U;. Consider
¢ € 8§ (U) such that c’U = 0, for all . We want to show that ¢ = 0. Let

w € 09 L| ,I(U),VLT 1(U)
for some 7; € Q971( L’ 1 V|7T 1(U) Choose a partition of unity {x;}; on
U subordinate to the cover {U }i. Define the ¢ — 1-form

=Y m i € QL] ) V)

) be a representative of ¢. Then w|ﬂ,1(Ui) = drmn;,

Since df, is €°°(Q)-linear, we have that
dpn =Y 7 xidom =) 7 xiw = w,
i i

hence indeed ¢ = 0.
Next, consider classes ¢; € S7 (U;) such that

Ci‘UmUj =G

To glue these elements to a global section over U, pick representatives w; €

Qq(Llrl(Ui)’V‘rl(UiQ of ¢;. Then we can write

_ o H o -1
J_wﬂ'|UmUj =dpb;;, with 6;; € Q? (L|r1(UmUj)’V’wfl(UmUj))'

Define
w = Z?T*Xi w; € Qq(LLrl(U)’ V’wfl(U))'

Using that dy, is €°°(Q)-linear, it follows that w is closed and that

= Zﬂ-*xi(wj|UiﬂUj + dLH,;J-) =w; + dL(Z ﬂ'*Xi 07;7]').

Hence, ¢ := [w] € Hq(L|7r—1(U)’V| _1(U
Ve = 0, we use that flatness is a local property. Namely, for any vector field

) satisfies c|Uv = ¢;. To show that
J
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X € I'(TU) we have that VXC}U_ = VX ¢; = 0, which implies, as in the first

part, that Vxc = 0. '

We conclude that SZ’V is a sheaf.

Exactness of (2.35) at Q¢ (-,H?(L,V)) is clear. We show exactness in de-
gree p > 1 and at some point € Q. First, by the proof of [Frel9, Lemma 4],
the fact that A admits a complete connection implies that we can simultane-
ously trivialise A and the representation

(Al - 0y V] ory) = (TU x L, priVs), (2.36)
where V,, := V|rl(w
7~1(x) is the second projection. We shrink U to admit coordinates {y;} in
which U corresponds to a ball. Using this isomorphism, we can decompose

(A ) Vo) = P (U, (pryLe, priVi)).

ptg=e

» U is a small neighbourhood of -, and pry: U'x 7 Hz) —

A form n € QP(U, Q4(pryL,, priV,)) can be written uniquely as

1
n= H Z 771'1---ipdyi1 VAN dyip7

i1 ip

where the fully skew-symmetric coefficients 7;,..;, € Q%(prhLy, priV,) can be
thought of as smooth families of forms on L, with values in V,,

Usyrrmiy.i,(y) € QY (Lg, Vo).

Under these identifications, the A-differential decomposes as d4 = dr, +
(—1)?d, where d, has bidegree (0,1) and is the differential of L, and d has
bidegree (1,0) and is the ‘de Rham’ differential on U, i.e.

1
dp,m= ] Z (AL, Miy..i,)dys, Ao Adys, and

i1 ip
1
d77 = H Z 81}1'0 (niliz--ip)dyio A dyi1 ARTRVA dyip'
G0 ip

To show exactness of (2.35), let ¢ = [n] € QP(U,H%(L,V)) be such that
dyc = 0, where U is some neighbourhood of . We need to show that, after
possibly shrinking U, there is some e € QP~1(U,HY(L,V)) such that ¢ = dye.
So we may assume that there is a trivialisation (2.36) above U and there are
coordinates {y;} centred at z in which U corresponds to a ball. Then, under
the above identifications, dy becomes the de Rham differential, so

0=dve=dyly] = [dan] = (-1)7[dn] € Q"1 (U,HI(L,V)).
Hence, any coefficient (dn);ys,...;, of dn is dz, exact, so we can write

dp=dg, 0, with 6eQ"t (U,Q7  (pryLy, priVy)).
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Next, consider the standard homotopy operators from the Poincaré Lemma on
U, corresponding to the contraction u:(y) = ty in the coordinates {y;}, i.e. if

§ = Zl yl&h, let

1 1 401
1., t
ha = /0 Elgutadt = /0 7@ = E Yiy iy iy (ty)dys, Ao A dy;, dt.

7,1...ig

Note that these operators make sense for a € Q4(U, Q®(prhLy, priVi)), £ > 1,
and still satisfy the homotopy relation and, moreover, commute with d,_, i.e.

a =dha+hda and dp ha =hdg, o.
This implies that
1 = dhn + hdn = dhn + hd, 0 = dhn +d;_ho,

and also that
dLmh’I] = hdLm’ﬂ =0.

Thus, the element hy € QP~(U, Q4(pryL,, priV,)) defines a class e := [hy] €
QP~1(U,H9(L,V)) which satisfies

dve = (=1)?dhn] = (=1)*[n — dr,h0] = (=1)[n] = (1)

Therefore ¢ is dy-exact.
Finally, the resolution is by fine sheaves because Q°*(U,HY(L,V)) is a
¢ (U)-module. O

Theorem 2.3.15 Let (A= M,n: M — Q) be a locally trivial submersion by
Lie algebroids, and V- — M a representation of A. The spaces on the second
page of the associated Serre spectral sequence are isomorphic to the cohomology
of Q with coefficients in the sheaf SZ’V

By~ H(Q. 51.).

Proof. By Lemma 2.3.14 and [War83, Theorem 5.25| we obtain a canonical
isomorphism
H*(Q, S v) ~ H*(Q, HY(L, V),

since (2.35) is a resolution by fine sheaves. This together with Theorem 2.3.1
proves the claim. O

Remark 2.3.16 In [Frel9], a different spectral sequence was constructed for
a submersion by Lie algebroids (A, 7). Namely, as explained in [Frel9, Propo-
sition 3], the Cech-Lie algebroid double complex of an open cover U = {U;} of

Q’
CPU, (A, V) = [] QU4

i0< .. <ip

71 (Uig...ip)’ V|7T_1(Uio...ip))’ d=0d+ (71)pdAa

(2.37)
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is quasi-isomorphic to (2°(4,V),da), and so the associated spectral sequence
EP(U) converges to H*(A4, V). Moreover, the second page is the Cech coho-
mology of U with values in the pushforward presheaf P? = 7, (HI(A4,V))

EPIU) ~ 0P (U, PY). (2.38)

Assume now that the submersion by Lie algebroids is locally trivial. Then,
as shown in [Frel9, Lemma 4], P9 is a locally constant presheaf: if x € Q and
U is a contractible neighbourhood of x, which admits a trivialisation as in
(2.36), then the inclusion L, < A induces an isomorphism

PIU) =HYA|__, . V] ~ HYTU X Ly, pra(Vy)) ~ HY(Lg, Vy).

(2.39)

To relate [Frel9, Proposition 3] to our Theorem 2.3.15, we first note the

following.

oy’ 7T*1(U))

Lemma 2.3.17 If the submersion by Lie algebroids is locally trivial, then the
sheafification of the presheaf P? is canonically isomorphic to the sheaf Sg,v-

Proof. For every U C (@), the pullback along the inclusion L < A induces a
map
HUA| 2 Vo) = By V) (2.40)

From the definition of the connection on HY(L, V'), we see that this map takes
values in flat section. Thus, we have a canonical map of presheaves P4 — S .
We show that this is an isomorphism locally, which will imply the claim. Let
z € Q. Fix an open subset U C @ as in the second half of the proof of Lemma
2.3.14, i.e. U corresponds to a ball centred at 0 in the coordinates {y;} and we
fix an trivialisation over U as in (2.36). By (2.39), the composition

HY(A] 0 Ve @) = B a0 Ve ) = B (L Vo)

is an isomorphism, hence the map (2.40) is injective. To show surjectivity,
fixc=[n € Hq(L‘Tr*I(U)7V|7r*1(U))' As in the proof of Lemma 2.3.14, we

regard € Q9(prh Ly, prﬁQVm) as a family of forms n(y) € Q9(Ly, V,) depending
smoothly on y € U and satisfying d;,_n(y) = 0. On the other hand, we have
that

0=dy[n] = (-1)[dn] = Z[aym]dyi~
Thus, we can write 8,7 = dz,,0%(y), for some 6" € Q4= (pryL,, priV,). There-
fore,

o) =n0) = [ Gloanttnat =3 [ nomienat =i, Y [ o'

Hence ¢ = [1(0)], which is clearly in the image of the map (2.40). Namely,

the trivialisation (2.36) yields a Lie algebroid map pr,: A’rl(U) — L, which

respects representations, and the class [prin(0)] is mapped under (2.40) to
c. O
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For good covers U, we obtain that the second page of the spectral se-
quence EP4(U) constructed in [Frel9] is isomorphic to the second page of
the Serre spectral sequence EP'? corresponding to the extension (2.33)-both
converging to H*(A4, V).

Theorem 2.3.18 Let U be a good cover of Q (i.e. all intersections Uiy...i,
are contractible), so that over each U; € U a trivialisation as in (2.36) exists.
There are isomorphisms

EY(U) ~ B0 (U, PY) ~ AU, SF ) ~ HP(Q, S, ) ~ EL".

Proof. The first isomorphism was observed already in (2.38). The second
isomorphism follows from the proof of Lemma 2.3.17, which shows that, for
any intersection Uy, ;, of elements in U,

PU(Uiy..i,,) = St v (Uig...i,);

hence, the Cech complexes computing the two cohomology groups coincide.
For the third isomorphism, we use Leray’s result [Ler46], which says that a
good cover of a manifold can be used to calculate cohomology with values in a
locally constant sheaf (see, e.g. [GQ22, Theorem 15.30]). The last isomorphism
was the content of Theorem 2.3.15. O

Coupling Poisson and Dirac structures

We apply the tools developed in this section to a class of submersions by Lie
algebroids coming from Poisson geometry which were introduced by Vorobjev
in the study of normal forms for Poisson structures around symplectic leaves.
In particular, we recover the description from [VBV18, Theorem 4.8] of the
first Poisson cohomology group of coupling Poisson structures.

A Poisson structure (see e.g. [Wei83]) on a manifold M is a bivector field
w € T(A’TM) satisfying [w,w]s = 0 for the Schouten bracket. A Poisson
structure yields a Lie algebroid structure on the cotangent bundle T*M with
anchor and bracket given by

fa = w(a, ), [, Blw == LB — igpday, a,f e T(T*M).

The Poisson cohomology of (M, w) is defined as the Lie algebroid cohomol-
ogy of T*"M =- M, and can be computed using the complex of multivector
fields and differential d,, := Jw, - ]s, i.e.

(Q(T* M), dr-pr) =~ (T(ATM), dy). (2.41)

A Dirac structure is a subbundle D CTM @& T*M which is Lagrangian
for the canonical, split signature pairing on TM & T*M and whose space of
sections is closed under the Dorfman bracket (for basics on Dirac geometry,
see [Cou90, Bur13, CFM21], as well as Section 1.1.3). Any Dirac structure is
a Lie algebroid with the Dorfman bracket. Dirac structures generalise simul-
taneously Poisson structures and closed forms (via their graphs), as well as
foliations (D = T'F & (T'F)*™).
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A Poisson structure w on the total space of a surjective submersion 7: M —
Q is called horizontally nondegenerate [Vor01l, Vor05] if it satisfies

ker T @ f(ker Tw)*™™ = T M,

where (ker T'm)®™™ C T*M is the annihilator of ker T'm, i.e. the space of ‘hori-
zontal’ 1-forms.

More generally, a Dirac structure on D C T'M & T* M on the total space
of a surjective submersion 7: M — @ is called horizontally nondegenerate
[Wad08], if it satisfies

DN (kerTw & (ker Tm)™™) = 0.

As explained in [Vor01, Vor05] for Poisson and in [Wad08] in general, a hori-
zontally nondegenerate Dirac structure D gives rise to the following coupling
data:

1. A vertical bivector field W € T'(A? ker T'w);

2. An Ehresmann connection, i.e. a subbundle H C T'M such that TM =
H @ kerT'r;

3. A horizontal 2-form F € I'(A?(ker T'w)"m).
The relation between the Dirac structure and the coupling data is
D ={(X,ixF): X € H} & {W*a,a) : « € H*™}. (2.42)

In fact, [Wad08, Theorem 2.9] shows that this equality yields a one-to-one
correspondence between horizontally nondegenerate Dirac structures D and
triples (W, H, F) satisfying the following four conditions (see [Vor05, Proposi-
tion 2.4] for the Poisson case, and also [Mat13])

1. W is a Poisson structure, i.e.
W, W] =0;
2. the parallel transport of H preserves W, i.e.
LxnaeW =0, forall X e T(TQ), (2.43)

where X" € T'(H) denotes the H-horizontal lift of X;

3. F is horizontally closed, i.e.
dF(XPor, xhor xPery =0, for all Xy, Xs, X3 € T(TQ);
4. the curvature of H, defined as
Ry (XPor, xhor) .= [ X, Xp]hor — [xbor) X1or) € T'(ker T'r),
satisfies

Ry (XPer, Xhor)y = WEA(F(XPor, X3or)),  for all X3, Xo € T(TQ).
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The horizontally nondegenerate Dirac structure D is the graph of a Poisson
structure w if and only if F is nondegenerate when regarded as a 2-form on
the vector bundle T'M/(ker T'r).

A horizontally non-degenerate Dirac structure D yields a submersion by
Lie algebroids

0 — (ker T'm)* : DT7TOlj TQ 0
(2.44)
by 4,
M M Q

Here, we have used the decomposition (2.42) and the following isomorphism
ker Trof = {W*(a),a): a« € H™} ~ H* ~ (ker T'm)*.

Under this identification, the Lie algebroid structure on (ker T'r)* becomes the
family of cotangent Lie algebroids T:M, x € @, corresponding to the Poisson
manifolds (M, W,), where M, = 7" () and W, = W], .

Since D is transverse to the Dlrac structure ker T (ker T'r)*™", the pairing
of the Courant algebroid TM ¢ T*M gives a canonical isomorphism D* ~
ker T'm @ (ker T'w)2™™. This yields a decomposition of the space of forms on D

QD)= P (Q,T(A%kerTm)).

ptqg=e

Under this identification, the differential decomposes as dp = d(®1 + 10 4
d@=1 where

(dODn) (X1 ... Xp) =(=1)P WV, n(X1 ... X,)]s
(d(l’o)ﬁ)(Xl---XpH)*Z(* )" [hor( i)vn(Xl"'Xi"'Xp“)]]S

+Z DX, X, X1 X X Xpi)

1<J

@I (Xy .. Xpya) = Y (—DIHPIRXEN, XE05), 1(Xo@) - Xo(pra)]s
oc€Sh(2,p)

for all n € QP(Q,T'(A%kerT'r)), where we used the Schouten bracket, and
Sh(2,p) denotes the set of (2,p)-shuffles on {1,...p + 2}. For a proof in the
Poisson case see [CF10, Proposition 5.3], and in the Dirac case [Mat13, Propo-
sition 4.2.8].

By Theorem 2.3.1 (a) and (b) we obtain that the zeroth-page of the Serre
spectral sequence associated to the Lie subalgebroid (ker T'w)* is given by

(BP9, dg) ~ (P(Q,T(ATker Tm)),d OV = (=1)P[W, -]s).

Inspired by [Vor05], we will denote the cohomology of the Lie algebroid
(ker T'm)* by
HY, (M, W) := H*((ker T'm)™).
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The subscript is suggestive for the fact that this is the cohomology of the sub-
complex of the Lichnerowicz complex of W consisting of ‘vertical’ multivector
fields

(T(A*ker T'm), [W, -]s) C (D(A*TM), [V, -]s).

By the heuristic interpretation from Remark 2.3.2, one can think about el-
ements ¢ € HY, (M,W) as smooth families {c;},ecq of Poisson cohomology
classes ¢, € H*(M,,W,). In degree 0, we obtain the space of Casimir func-
tions of the Poisson structure W

HY (M, W) = HY (M, W) = Cas(M, W) C €°°(M).

By Theorem 2.3.1 (c)-(e), the €°°(Q)-modules H}, (M, W) have a flat TQ-
connection V¥,

VEIV] = [Lxe(V)],  [V] € HY (M, W),
and we have that the first page of the Serre spectral sequence is given by
(B, di) = (Q°(Q, HY (M W)),d¥"). (2.45)
Of course, dv" is induced by d(9). The differential for ¢ = 0,
dV": QP(Q, Cas(M, W) — QPF1(Q, Cas(M, W),

was used intensively in [Vor01, Vor05].

For horizontally nondegenerate Poisson structures, a description of Poisson
cohomology in degree one was obtained in [VBV18, Theorem 4.8]. We recover
and extend this result to the Dirac setting in the following theorem, which is
a direct consequence of Theorem 2.3.1.

Theorem 2.3.19 Let D be a horizontally nondegenerate Dirac structure on
the total space of a surjective submersion w: M — Q, with coupling data
(W, H,F). The second page of the Serre spectral sequence associated to the
extension (2.44) is given by

EPD ~ HP(Q, HY, (M, W)),

where the right-hand side is the cohomology of the complex (2.45).
Hence, Dirac cohomology in degree zero is given by VH-flat W-Casimir
functions on M,

HO(D) ~ E*? = {f € Cas(M, W) : VH f = 0},
and in degree one, we have that
H'(D) ~ ESY @ BSYY = ker(do: ESY — ESY) @ ESH,

where
ESMY ~ HY(Q, Cas(M, W),

ESY ~ HO(Q,HY (M, W), and
E§2’0) ~ H?(Q, Cas(M,W)).
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The differential do which appears in the theorem is recovered by the gen-
eral construction of the spectral sequence. Namely, consider a class ¢ €
HY(Q,Hi,(M,W)). Choose a representative V € I'(ker T'w). Then [W,V]s =
0 and

AV V] = [dOV] = 0 € QY(Q, HY (M, W)).

Hence, by Lemma 2.5.1 (d), there is € Q'(Q,¢°°(M)) such that
dEOY = —a®Dg = (W, 4]s.
Then ds is given by
dge = [A®VYV 44100 = [— A F + d199] € H2(Q, Cas(M, W)).
Finally, we also mention the following direct consequence of Theorem 2.3.15.

Corollary 2.3.20 In the setting of Theorem 2.3.19, if the Ehresmann con-
nection H is complete, then the assignment

U Sh(U) == {[V] € HL (=~ 1(U), W) : VI [V] = 0}
is a locally constant sheaf on Q, and

EP? ~ HP(Q,S5,).

Normal forms around presymplectic leaves

In this subsection, we briefly discuss the linearisation problem around leaves
for Poisson and Dirac structures, and how this leads to horizontally nondegen-
erate structures. We then apply the Serre spectral sequence to calculate the
cohomology in low degrees of a class of structures that are partially linearisable,
and obtain infinitesimal versions of results in [Bra04, Vor05].

Horizontally nondegenerate Poisson and Dirac structures arise naturally in
the study of normal forms for such structures around leaves [Vor01, Vor05,
Wad08]. Namely, let D be a Dirac structure on a manifold M and (Q,wq) be
an embedded presymplectic leaf. Denote by 7: E := vo(M) — @ the normal
bundle of @ and consider a tubular neighbourhood ¢: F — M of Q. Then
t*D is a Dirac structure on F which is horizontally nondegenerate around
(Q—because it is so along Q—so, by shrinking ¢, we may assume that we have
a horizontally nondegenerate Dirac structure on F, which, for simplicity, we
denote again by D. Since the zero section is a presymplectic leaf, the associated
coupling data (W, H,F) satisfies the following properties.

1. For each z € @Q, the Poisson structure W, on E, = 7~ !(z) vanishes
at x, and coincides with the transverse Poisson structure to the leaf,
constructed in [Wei83] in the Poisson setting and in [DWO08§] in the Dirac
setting;

2. H is tangent to @, i.e. H|Q =TQ;

3. ]FQichQ.
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The vector bundle structure on 7: E — (Q can be used to build the lineari-
sation of D. This was described in the Poisson case in [Vor01, Vor05]; here
we follow [Mat13, Chapter 4] and [CM12]. We construct a path of horizontally
non-degenerate Dirac structures on E

Dy =t - it~V we ), t€(0,1],

where e~ we D denotes the gauge transform of D via the closed 2-form
(t — V)m*wg € Q*(E), uj is the pullback of Dirac structures via the fibrewise
multiplication y,: £ — FE, and finally we use the “rescaling” of Dirac structures,
defined as t - (X +&) =t - X +&. Clearly D; = D. Each Dirac structure D,
is horizontally nondegenerate, with corresponding coupling data

1
Wes=t V), He=pi(H),  Fri= 2 (0 (F) + (t = Dr"wg).

Using these formulas, one easily shows that Dy := lim;_,q D; exists and is a
horizontally nondegenerate Dirac structure. The corresponding coupling data,
denoted by

(Wiin, Hiin, Fiin — m*wg),

satisfies the following:

1. Wi, is a family of linear Poisson structures on the fibres of E, i.e. for
each x € @, Win). is a linear Poisson structure on the vector space
E., or equivalently, a Lie algebra structure on E7, which is precisely the
isotropy Lie algebra at x of the original Dirac structure D;

2. Hyy, is a linear connection on F, hence, in particular, it is complete;

3. Fj, is a linear horizontal 2-form, i.e. it can be viewed as an element in
02(Q, E¥).

The Dirac structure Dy plays the role of the first order approximation
of D around Q. It can be described more intrinsically using the Lie algebroid
D’Q = @ (see [Vor01, Section 5.2] and [Mat13, Proposition 4.2.25]). Let us

note that, even if we start with a Poisson structure, i.e. D = graph(w), the
first order approximation Dy will correspond to a Poisson structure only on
some neighbourhood U of @Q, i.e. D0|U = graph(wyy)-

The linearisation problem asks whether the Dirac structures D and
Dy are isomorphic around (). For Poisson structures, the isomorphisms are
diffeomorphism which fix @) pointwise; in general, one should also allow for
exact gauge transformations. For points, i.e. Q = {z}, this is the linearisation
problem for Poisson structures around zeroes initiated in [Wei83]. In this
setting, Conn’s famous theorem [Con85] says that a Poisson structure w is
linearisable around a zero x € M, provided the isotropy Lie algebra T, M
is semisimple and compact. For symplectic leaves of Poisson structures, the
linearisation problem was studied [Vor01, Bra04, Vor05, CM12]. The first
approaches were based on Conn’s theorem, and produced the following partial
linearisation result (see [Bra04, Corollary 2.5] or [Vor05, Theorem 4.12]).
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Theorem 2.3.21 Let (M,w) be a Poisson manifold, and (Q,wq) be an em-
bedded symplectic leaf such that the isotropy Lie algebra at points x € @Q is
semisimple and compact. Then there is a tubular neighbourhood v: E — M of
Q in M such that J*w is horizontally nondegenerate around Q with coupling
data

(Wiin, Hiin, F),

where Wiy, 1s fibrewise linear and Hyy, is a linear connection on E.

We apply the techniques of this section to deduce an infinitesimal version
of this partial linearisation result. Namely, Theorem 2.3.21 shows that Poisson
structures as in the statement can be deformed only in the direction of the
F-component. On the other hand, deformations of Poisson structures are in-
finitesimally encoded by the second Poisson cohomology group. A consequence
of Theorem 2.3.24 below is that the second Poisson cohomology of a Poisson
structure (F,w) as in Theorem 2.3.21 satisfies

H?(E,w) ~ H*(Q, Cas(E, Win)).

For this, we first recall some classical results. Let g be a compact semisimple
Lie algebra and denote the linear Poisson structure on its dual by (g*, wyp ).
The Poisson cohomology of these linear Poisson structures has been computed
in [GW92, Theorem 3.2], and is given by

H®(g", wiin) =~ Cas(g", win) ® H*(g). (2.46)

Consider a vector bundle 7: F — @ endowed with a vertical, fiberwise
linear Poisson structure Wi;,. Then the dual bundle E* is a smooth bundle of
Lie algebras. We assume that the bundle is locally trivial with typical fibre a
Lie algebra denoted by g. Then Lie algebra cohomology of the fibres yields a
vector bundle over @) with typical fibre H*(g), denoted by

HY(E*) = Q, H*(E"),:=H*"(EX) ~H*(g).

We have the following extension of [GW92, Theorem 3.2].
Lemma 2.3.22 If g is compact and semisimple, then we have an isomorphism
H:/(E, Wlin) >~ Cas(E, Wlin) ®<goo(Q) F(’H.(E*)) (247)

Proof. For the proof, one uses the homotopy operators constructed in [GW92]
for the isomorphism (2.46) in a local trivialisation. These, when applied to
smooth families of forms, yield smooth families of forms—see the Remark
following the proof of [GW92, Lemma 3.6]. O

Next, we show that these bundles have canonical connections.

Lemma 2.3.23 If g is compact and semisimple, then the €°°(Q)-module
HY (E, Wiin) has a canonical flat TQ-connection

Ve T(TQ) x HY (E, Wiin) — HY (E, Wiin).

Moreover, V" preserves the submodules Cas(E, Wiyy,) and T(H®*(E*)), and
acts as a derivation with respect to the decomposition (2.47), i.e. it satisfies

VLN @e) = VR @ et f 9 Vo)
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Proof. Consider any linear Ehresmann connection V which preserves Wy, in
the sense that (2.43) holds for the corresponding linear Ehresmann connection
Hy;,. Then we obtain a map

V:T(TQ) x T(A®ker Tm) — T'(A®ker T'w),  VxV :=[X" V],

where -1°" denotes the horizontal lift induced by V. Since X' is a Poisson
vector field for Wi, we have an induced map V" in cohomology, which clearly
preserves the submodules from the statement and satisfies the derivation rule.

We show that the connection V" on cohomology is independent of choices.
Let V' be a second connection preserving Wii,. Then, for each X € T'(TQ),
we have a vertical Poisson vector field

0(X) := [Xhor — Xhor'] € H (B, Wiin) = Cas(E, Wiin) @4 (q) D(H! (E*)).

However, since the typical fibre g is semisimple, the Whitehead Lemma gives
that H'(E*) = 0. Hence 6(X) =0, and so Vx and Vs have the same action
on HY (E, Wiin)-

Flatness can be checked locally, where one can use the trivial connection
V corresponding to a trivialisation of the bundle of Lie algebras. O

By using Theorems 2.3.1 and 2.3.15, and Whitehead’s Lemma, we obtain
the following.

Theorem 2.3.24 Let D be a horizontally nondegenerate Dirac structure on
a vector bundle n: E — () whose coupling data has the first two components
linear

(Wiin, Hiin, F).

Assume that the typical fibre of the bundle of Lie algebras E* corresponding to
Wiin @s semisimple and compact. Then the second page of the Serre spectral
sequence associated to the extension (2.44) is given by

B ~H(Q.S,,,),
where U +— Sy, (U) is the locally constant sheaf
Sy (U):= {f®ce Cas(m 1 (U), Wﬁn)®<goo(U)F(Hq(E*|U)):Vca“(f®c) =0}.
In particular, for i =0,1,2, we have that
H'(D) ~ B ~ H(Q, S, ) ~ H(Q, Cas(E, Wiy)).

For Poisson structures, versions of this result have appeared in the litera-
ture. For instance, in degree ¢ = 1, the theorem implies [VBV18, Claim 1.2].
As mentioned above, for i = 2, Poisson cohomology encodes infinitesimal de-
formations and the result is an infinitesimal version of [Bra04, Corollary 2.5]
or [Vor05, Theorem 4.12] (stated above as Theorem 2.3.21). Moreover, [Vor05,
Section 4] shows that a relative version of the group H?(Q, Cas(E, Wi)) en-
codes the obstructions for the linearisation problem.
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2.4 Abelian extensions

A special case of (2.23) where the differential on page E2 can be described
more explicitly is that of an abelian extension, i.e. a short exact sequence

0 a1, 0

H . H ﬂ (2.48)

M%MLQ

of Lie algebroids in which L = M has zero Lie bracket. These have been
studied in [Mac05] in the case when M = @ and 7 = id,;. By using generalised
representations, we extend the results obtained there to the case when A and
B are over different bases.

Consider a representation V' — M of A on which L acts trivially. Then,
since L is abelian, we have that HY(L,V) = Q%(L, V), and so Theorem 2.3.1
yields

EY?~HP(B,QYL,V)),

where, as seen in Theorem 2.3.1, Q9(L, V) is a generalised B-representation.

Next, note that there is a generalised representation of B also on the
%> (Q)-module I'(L) given by V& = [a, -], where a € T'(A) is any lift of
b € T'(B), i.e. satisfies [Toa = bow. In the case when m = idy, this is a
classical representation; see e.g. [Mac05, Proposition 3.3.20].

To identify the differential on the second page, fix a Lie algebroid Ehres-
mann connection for the extension (2.48), i.e. a splitting o: M xgo B — A
of II. We obtain a ¢°°(Q)-linear map at the level of sections, also denoted
o:I'(B) — I'(A), such that o(b) is a lift of b € I'(B). The curvature of o is
defined, for by, by € T'(B), as

’}/(bl, bg) = [O'(bl), O’(bg)]A — O'([bl, bQ]B) S F(L) (249)

The curvature is ¢*°(Q)-bilinear, so v € Q(B,T'(L)). The Jacobi identity
implies that v is closed for the generalised representation of B. The extension
class of (2.48) is defined by

] € H¥(B, I (L)).

Any other splitting is of the form ¢/ = o + A, with A\ € QY(B,I'(L)), and
has corresponding curvature v/ = v + dgA. Hence, the extension class is
independent of the Lie algebroid Ehresmann connection, and [y] = 0 if and
only if the extension admits a flat Lie algebroid Ehresmann connection, in
which case A ~ B x L, where B :=Imo.

The extension class determines the differential on the second page of the
spectral sequence. More precisely, contraction with the closed 2-form v €
0%(B,T(L)) induces a cochain map

i (Q°(B,QIUL,V)),dp) — (Q°T*(B,Q (L, V)),dp),

and therefore a map in cohomology, which depends only on [y]. We have
the following result, which generalises [Mac05, Theorem 7.4.11] (for B = T'Q),
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[HS53, Theorem 8] (for Lie algebras), and [MZ22, Corollary 4.3] (for the anchor
of a regular Lie algebroid).

Theorem 2.4.1 Let an abelian extension L — A — B as in (2.48) be given,
and let V' be a representation of A on which L acts trivially. Under the iso-
morphism of Theorem 2.53.1, the differential on the second page of the Serre
spectral sequence, da: ED'? — EET2971 becomes

(=1)Piy: HP(B,QY(L,V)) — HPT*(B, Q47 (L, V). (2.50)

The proof is standard (see e.g. the proof of [MZ22, Proposition 4.2]) and
so we omit it.
For use in Chapter 3, we note the following.

Corollary 2.4.2 If the abelian extension L — A — B splits as Lie alge-
broids, i.e. the extension class is zero, and L = M x R is trivial with trivial
representation of B, the cohomology of A is given by

H*(A) = H*(B) @ H* '(B). (2.51)

2.4.1 Vaisman’s spectral sequence for regular Poisson
manifolds

As an application, we discuss the spectral sequence associated to the bundle
of isotropy Lie algebras on a regular Poisson manifold, introduced in [Vai90].
Recall that a Poisson manifold (M, w) carries a singular symplectic foli-
ation, i.e. a decomposition into immersed, connected submanifolds endowed
with symplectic structures,

M = Lls(S, ws),

whose members are called symplectic leaves. The singular symplectic folia-
tion is determined by the following conditions (see e.g. [CFM21, Proposition
1.8 and Theorem 4.1])

T, =im (f: Ty M — T, M), ws (o, 88) = —w(a, B), for all z € S.

A regular Poisson manifold is a Poisson manifold (M, w) for which the bivector
field w has constant rank. In this case, the symplectic leaves form a smooth
(regular) foliation F, endowed with a leafwise symplectic form w € Q2(F).
The pair (F,w) is called a symplectic foliation. This gives a one-to-one
correspondence between regular Poisson manifolds and symplectic foliations.
For a regular Poisson structure, we have that ker§ = v%, and this Lie
subalgebroid has trivial bracket. So we have an abelian extension

0 — v — T*M 5 TF — 0, (2.52)

where we have used the notation from Example 2.2.9, as we will also do in the
rest of the section. The Serre spectral sequence for Poisson cohomology of this
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extension was considered in this generality first in [Vai90]. The corresponding
filtration is given by

FS}F(A”‘JTM) =TD(ANPTF) AT(NITM).
The following determines the differential on the second page.

Lemma 2.4.3 Let (M,w) be a regular Poisson manifold with underlying fo-
liation F and leafwise symplectic structure w € Q*(F). The extension class
corresponding to (2.52) is given by

var(w) := d [w] € H*(F, vk),

where dy: H*(F) — H?(F,v%) is the differential on the first page of the spec-
tral sequence corresponding to TF C TM from Ezample 2.2.9. Euxplicitly, if
& € Q%2(M) is a 2-form extending w, the curvature form corresponding to the
splitting o := &°: TF — T*M is given by

g QZ(]:a vE), (X1, Xo) == (dw)(X1, Xo, - ) € VE.

Proof. The definition of § and w imply that fixo = X for X € T'(TF), i.e.
o = & is a splitting of (2.52). Using this and standard formulas of Cartan
calculus, we obtain the claimed result

Y(X1, Xo) = [ix,@,ix,@] —ifx, x,@
= lei)Q(Z) - indiXﬁZ} - i[X1>Xz](Z}

= ix,ix, (dD).

Theorem 2.4.1 yields the following result.

Theorem 2.4.4 Let (M,w) be a regular Poisson manifold with underlying
foliation F and leafwise symplectic structure w € Q*(F). The second page of
the Serre spectral sequence corresponding to the extension (2.52) is given by

(qua d?) = (Hp(]:’ /\qV]:)a (_1)pivar(w))'
In particular, for the first Poisson cohomology group, we have an isomorphism
H'(M,w) ~ H'(F) @ ker (Lyar(o) : HO(vr) — H*(F)).

Remark 2.4.5 The spectral sequence for Poisson cohomology discussed here
was used implicitly in [VK88, VK90] to calculate Poisson cohomology in low
degrees around leaves which admit a product neighbourhood. In the general-
ity of this section, the spectral sequence was introduced in [Vai90], where a
version of Theorem 2.4.4 was obtained, but without the interpretation of the
differential as the cup product with the extension class.
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Remark 2.4.6 The extension class var(w) € H?(F,v%) plays an important
role in the Poisson geometry of the symplectic foliation (F,w), see also [CFM19,
Section 3.4] for an overview.

First, by pulling back the extension class to a symplectic leaf (S,wg), we
obtain the class i§(var(w)) € H?(S,v%), which can be interpreted as the coho-
mological variation of the symplectic forms on the leaves at S. For example,
if the foliation was trivial around S, so that the symplectic foliation is isomor-
phic to the family {(S x {z},w.)}zer, where U C R* is a neighbourhood of 0,
then i%(var(w)) € H?(S) ® R* has components

[0, w2|,_o) € H*(S), 1<i<k.

In general, fix g € S and let §3,0 be the universal cover of S, viewed as
a principal m (S, z¢)-bundle. By pulling back i%(var(w)) to S and using the
Bott connection to trivialise the normal bundle over S,,, we obtain a 1 (S, z)-
equivariant linear map

[0sw]: Vs —> H?(Sy,). (2.53)

In [CM13] this map is called the cohomological variation of the symplectic
form at S and is shown to play an important role in the local structure of the
symplectic foliation around S. B

Next, by composing the isomorphim 75 (S, zo) >~ m2(Sz,, o) (coming from
the long exact sequence in homotopy corresponding to the fibration §x0 - 5)
with the Hurewicz map m5(Sy,,2z0) — Ha(S4,,Z), we see that the dual of
(2.53) gives a group homomorphism

8300: 7T2(S, .’L‘()) — V;,{Eo'

This map is the so-called monodromy map at z(, which plays a crucial role
in the integrability problem of the Poisson manifold by a symplectic groupoid;
namely, integrability is equivalent to the image of all these maps being uni-
formly discrete in v} [CF04]. The monodromy map has the geometric in-
terpretation of being the variation of symplectic area of spheres at x,
ie.

d
(Orslo) ) = & / |y o] €m(S,m), vE s,
SQ

where o¢: S? — M is a family of smooth leafwise spheres, with [0y] = [0] and
sending the north pole N € S? to a curve z; = 04(N) with direction v, i.e.

[%xt|t:0] = 9.

Remark 2.4.7 For a non-regular Poisson manifold (M, w), there are several
different ways in which one can generalise the above filtration; at least the
following.

First, consider the filtration by the powers of the ideal of Hamiltonian
vector fields

FEoi= AT, Tham = {§df ANO : f € €= (M),9 € I(ATM)}.
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It is easy to see that 7y, can also be generated by vector fields of the form
fa, with a € I'(T*M). The corresponding spectral sequence is mentioned in
[Vaigo].

Secondly, by considering tangential vector fields, one obtains a potentially
larger filtration

Fling = NTiang,  Ttang == {X A9 : X e T(TF),9 € I(\*TM)},

tang -

where I'(T'F) denotes the set of vector fields tangent to the symplectic leaves
of w. The corresponding spectral sequence was used in the proof of [Gin96,
Theorem 4.15]. In general, the inclusion 7, C ]—'tkang is strict. Indeed, for the
Poisson structure w := (2% +y%)d, A 0y on R?, we have that 0, € Ziang \Zham-

Next, the conormal bundle of any symplectic leaf S is a Lie subalgebroid
vy vg — T*M, and so it gives a differential graded ideal 7, := ker(a,*jg) c

I'(A*TM). We obtain a filtration

]:5* = ﬂ /\kIl,g,
S

where the intersection is over all leaves. In general, the inclusion ft’“ang C Fh
is strict. For example, for the Poisson manifold (R?* w = 29, A 9,), we have
that w € F2. \Fiang-

Next, consider multivector fields that satisfy pointwise the tangential con-
dition

Fho={0:9, e \"TLFA ... forallz € M}.

This filtration has appeared in [Vai94, Proposition 5.5] in the following equiv-
alent form

]:;Ift = {19 s ag, .., an) =0, forall ag,...app1-k € kerfly, x € M}
We show that .Flfft is indeed a filtration by differential graded ideals. For this,

we use the Lie subalgebroid Ly : " M|y — T"M corresponding to a sym-

. M‘
plectic leaf S and the differential graded ideal corresponding to the inclusion
Juz v = T*M

S7
vy = ker (g : T(ATM|g) = T(A*vs)).

Then we have the following description of the filtration
Foi = ﬂ(b;*M| )T AT,
S S

Clearly, ( )" (Jvz) = Lz, but for powers of the ideals, the analogue

L*
T*M
equality might|fsai1 if S is not an embedded leaf. Therefore we expect also the
inclusion F,« C Fpt to be strict.

We can build another filtration by using the regular part of M, i.e. the
open set M,¢, consisting of points in M where the rank of w is locally constant.
Namely, define

Fhg={0: 19\Mmg € F¥(Myeg)},
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where F*(M,¢q) denotes any of the above filtrations for the regular Poisson
manifold M,es. It is easy to see that the inclusion fllft c fr]“eg is in general
strict.

2.5 Appendix

Lemma 2.5.1 Let V — @ be a vector bundle. We have canonical isomor-
phisms:

1. For any vector bundle W — Q,

(V) @gee ) T(W) = T(V @ W);

2. For any €°°(Q)-module M,

F(V) ®<goo(Q) N~ HOmcgoo(Q) (F(V*), Sﬁ),

3. For any smooth map ¢ : M — Q,

L(V) ®goq) € (M) ~T(¢"V);

4. For any cochain complez (C*,d) of €°°(Q)-modules,

T(V) @ () H*(C) =~ HY(T(V) @g=(q) C).

Proof. The statements hold because T'(V) is a finitely generated, projective
%> (Q)-module. More precisely, the statements are obviously satisfied when
V is trivial, and in general, they follow because we can write V' as a subbundle
of a trivial bundle R¢, — @, with inclusion map i: V' — Rf) and projection
map p: Rgy — V.

For the first claim, we need to show that the obvious map

e: T(V) Rg=(Q) TW) =TV eW)

is an isomorphism. Clearly, for V = R¢ the map ¢ is an isomorphism. Denote
the inverse by

P T( % QW) — F(Rg) Qe (Q) r(w).
Then the inverse of ¢ is given by
¢! = (p. @idpw)) 0 Y o (i @ idw ).

The same scheme can be used to prove the other isomorphisms. O
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Chapter 3

The blowdown map in
cohomology

This chapter contains [Sch24], submitted, with the following changes. The
introductory section [Sch24, Section 2.1] for Lie algebroids has been removed,
we refer to Section 1.1.2 instead.

Moreover, we added Section 3.7, where we classify pullback functions and
sections of real projective blowups.

Abstract

We study the blowdown map in cohomology in the context of real projective
blowups of Lie algebroids. Using the blowdown map in cohomology we com-
pute the Lie algebroid cohomology of the blowup of transversals of arbitrary
codimension, generalising the Mazzeo-Melrose theorem on b-cohomology. To
prove the result, we develop a Gysin sequence for Lie algebroids. As another
example we use the developed tools to compute the Lie algebroid cohomology
of the action Lie algebroid so(3) x R?, a result known in Poisson geometry
literature. Moreover, we use similar techniques to compute the de Rham co-
homology of real projective blowups.

3.1 Introduction

Blowup constructions are well-known in algebraic geometry (see e.g. [Har77]).
The idea is to replace a point or subvariety by all lines normal to it. A famous
result by Hironaka [Hir64a, Hir64b] states that in characteristic zero, one can
always desingularise algebraic varieties, i.e. obtain a smooth variety, by a se-
quence of blowups. In the context of smooth manifolds, singularities often arise
from additional geometric structures (a Poisson structure, a foliation, etc.).
There are various kinds of blowup constructions for smooth manifolds
known in the literature. Spherical blowup, which replaces a submanifold by
the sphere bundle of its normal bundle, has been used in Melrose’s b-calculus
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(see [Mel93], in particular Chapter 4). Furthermore, it has been used to resolve
singularities in the context of Lie groupoids [AM11, Nis19].

In this paper we focus on real projective blowups of smooth manifolds, in
which the submanifold is replaced by the projectivisation of its normal bundle.
Of particular interest are blowups of Lie algebroids, for which the construction
is given in [DS21] (JGL13] for a base of codimension 1), see also [Obs21]. Given
a Lie algebroid A = M and a Lie subalgebroid B = N over a submanifold
N C M, blowing up yields a new Lie algebroid Blup(A4, B) over the base
Blup(M, N) together with a Lie algebroid morphism back to A, the blowdown
map7

Blup(A4, B) L A

|

Blup(M, N) LM

Note that there exists a corresponding construction for Lie groupoids [DS21],
see also [Obs21]. The projective blowup construction has been used to desingu-
larise proper groupoids [PTW21, Wan18], and in the context of Lie algebroids
blowing up has been shown to recover interesting Lie algebroids (a construc-
tion called elementary modification in [GL13, Definition 2.11]), like log- or
scattering tangent bundles (see also [Klal7, Lan21]).

In this chapter we seek to gain insights into Lie algebroid cohomologies
using real projective blowups. The blowdown map induces a map between the
respective cohomology groups

pYy: H*(A) — H*(Blup(4, B)). (3.1)

It is this blowdown map in cohomology (3.1) we aim to study in this chapter:
Since it relates two cohomology groups, understanding of the map allows to
gain information about one cohomology group via the other. This works in
two ways: We either start with a known Lie algebroid and are interested in the
cohomology of the blowup, or it is the cohomology of the original Lie algebroid
we are interested in. In this case, we choose the Lie subalgebroid in such a
way that the cohomology of the blowup is easier to compute than that of A,
e.g. such that Blup(A, B) is a regular Lie algebroid. Ultimately, we hope that
the combination of desingularisation using blowups and understanding of the
blowdown map in cohomology leads to a new way of computing Lie algebroid
cohomologies.
In general, we can fit the blowdown map into the short exact sequence

Q*(Blup(4, B))
P2 (A)

of cochain complexes. This short exact sequence induces a long exact sequence

in cohomology, given by

0 — Q°(4) P4 0*(Blup(A, B)) — 50

. (32)

s H(A) P4 HY (Blup(4, B)) — H <Q°(]31“P(AvB))>

P (A)
with the following property, see Theorem 3.4.1 for details.
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Theorem 3.1.1 (The blowdown map in cohomology) For the long exact
sequence (3.2) there is a canonical isomorphism

He (Q'(BIUP(A»B))> ~ 1° </P°5°VN<M))Q'(BIHP(A’B))> . (3.3)

p2*(4) i N (A)

Here, we write

IRQ(A) = Q*(4)/ () IN2*(4) (3-4)
keN

for co-jets of forms of A along N, where Iy denotes the vanishing ideal of N.

Theorem 3.1.1 also implies the following. If : U < Blup(M, N) is an open
neighbourhood of P(vy(M)), then f = fy o H(¢*). Here,

H(.*): H*(Blup(4, B)) — H'(Blup(A,B)|U)

denotes the map induced in cohomology by the inclusion and fy; is the map
corresponding to f in the long exact sequence (3.2) for A’p(U), see again The-

orem 3.4.1 for more details.

As a first application of Theorem 3.1.1 we express the cohomology of the
blowup of a transversal in terms of H*(A). The proof uses that transversals
admit a simple normal form [BLM16].

Theorem 3.1.2 (The blowup of transversals) Let t: N — M be a closed
transversal of A = M and denote the projection of the projective bundle
P(vn(M)) C Blup(M, N) by 7p: P(ux(M)) — N. Let ! A = N be the pull-
back of A to N.

1. If codim N is odd, we have an isomorphism
H*(Blup(4,:/'A)) ~ H*(A) @ H*~1(/'A) (3.5)
and, under (3.5), p* becomes the isomorphism p* : H*(A) = H*(A4) ©0.
2. If codim N is even, there exists a tubular neighbourhood E — N such
that H*(Blup(A, /' A)) fits into a long exact sequence
L H*(A) 22 H*(Blup(A4, ' A)) —
— HTH(A| ) @ H T (mpA) S HTHA) — .
where g = 'l‘oer;\j»l(AlE). Here, by Hgv(A|E) we denote compact vertical
cohomology and by i: HZV(A|E) — H*(A) the natural map.

Recall that by [GL13, Section 2.4.1] we can write the b-tangent bundle
associated to a closed hypersurface N C M by

T% M = Blup(TM,TN),

which is a blowup of a codimension 1 transversal. Theorem 3.1.2 then repro-
duces the Mazzeo-Melrose decomposition for b-cohomology [GMP14, MT14],
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see [Mel93] for the original result. In this sense, Theorem 3.1.2 can be seen
as a generalisation of Mazzeo-Melrose as it allows for arbitrary Lie algebroids
and transversals of arbitrary codimension.

One of the ingredients needed for proving the second part of Theorem 3.1.2
is the existence of a Gysin-like long exact sequence for the cohomology of the
pullback of a Lie algebroid to a sphere bundle.

Theorem 3.1.3 (Gysin sequence for Lie algebroids) Let B = N be a Lie
algebroid with anchor §f, m: S — N a sphere bundle of rank k with orientation
bundle o(S) — N, and 7' B = S the pullback Lie algebroid. There ezists a long
exact sequence

.~ HY(B) T B (2'B) "5 HR(B, o(S)) S HUY(B) — ... (3.6)

Here, ('), denotes fibre integration and e € H***(N, o(S)) is the Euler class
of the sphere bundle.

A result we obtain while proving Theorem 3.1.2 is on the de Rham coho-
mology of real projective blowups. For complex projective blowups there exist
results on the de Rham cohomology, see e.g. [GH78], but for real projective
blowups we could not find the statement of Theorem 3.1.4 in the literature.

Theorem 3.1.4 (de Rham cohomology of real projective blowups) Let
N C M be a closed submanifold.

1. If codim N is odd, then we have an isomorphism

p*: H* (M) =% H*(Blup(M, N)). (3.7)

2. If codim N is even, let E — N be a tubular neighbourhood of N in M.
Then H* (Blup(M, N)) fits into a long exact sequence

S HY(M) S HY(Blup(M, N)) s HEFLY(E) S HOL (M) .

(3.8)
Here, h first restricts a form to P(vy(M)), then fibre-integrates and ap-
plies the Thom isomorphism.

On the other hand, in some cases blowing up orbits of Lie algebroids with
singular orbit foliation leads to regular Lie algebroids, whose cohomology is
easier to compute.

A particular example is the action Lie algebroid so(3) x R? with singular
orbit given by the origin. We compute its cohomology by blowing up, repro-
ducing the result on cohomology obtained by averaging in [GW92].

Theorem 3.1.5 (The action Lie algebroid s0(3) x R3) Let A = s0(3) x R?
and denote by A‘{o} ~ 50(3) its restriction to the origin.

1. The blowup Blup(A,A|{0}) 1s a regular Lie algebroid with cohomology
given by

o  ifk=0,3

0 otherwise.

H"*(Blup(A4, A|{O})) ~ {

where of = {f € € (R3) : f only depends on the radius}
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2. The blowdown map in cohomology
P H(A) = HO(Blup(4, 4] )

s an isomorphism.

Organisation of the chapter

In Section 3.4 we prove Theorem 3.1.1 while studying the blowdown map in
cohomology (3.1). Next, we use Theorem 3.1.1 to compute the cohomology
of the blowup of transversals in Section 3.5, including Theorem 3.1.2 and
3.1.4. In Section 3.6 we investigate two particular cases of blowups of invariant
submanifolds. We prove Theorem 3.1.5 and conclude the section by showing
that, by repeatedly blowing up restrictions of an action Lie algebroid to orbits
one does not always obtain a regular Lie algebroid using A = sl(R) x R? in
Section 3.6.2.

Finally, in the appendix we discuss fibre integration for Lie algebroids to
be able to formulate and prove Theorem 3.1.3.
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3.2 Lie algebroids and pullbacks

In this section we prove an identification for the Lie algebroid cohomology of
the pullback of a Lie algebroid to a double cover of its base in Lemma 3.2.1,
which we use repeatedly throughout this paper. The material presented in this
section is standard, see e.g. [Mac05] for the general theory of Lie algebroids.

Recall from Section 1.1.2 that, if A = M is a Lie algebroid and ¢: N — M
is a map transverse to the anchor, we can form the pullback Lie algebroid
¢'A = N. Given a covering map ¢, the transversality condition is trivially
fulfilled. Since in this case, Tz¢: TN — TM is a bijection, the TN part of
a point in ¢'A is uniquely determined by the point in A, hence as a vector
bundle ¢'A = ¢ A is just the pullback vector bundle.

Now, let ¢: M — M be a double cover and denote by {zT,27} C M the
preimage of x € M under ¢. Recall that for any vector bundle V' — M the
pullback bundle ¢!V carries a canonical Zj-action, where the nontrivial ele-
ment 1 € Zy sends v,+ to v+, i.e. exchanges the base point without changing
the fibre. The induced Zy-action on Q*(¢'A, ¢#V) is given by

(Lo)(@a,....ar) = 1.(@(1.ay,..., Lax)), (3.9)
where @ € QF(¢' A, ¢*V) and ay,...,a € ['(¢'A).
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Lemma 3.2.1 Let A = M be a Lie algebroid with a representation on a
vector bundle V. — M and ¢: M — M a double cover.

1. The action of 7y on Q*(¢'A, ¢*V) is by chain maps. The +1-eigenspace
of 1 € Zs is given by

Q¢ A, * V), = ()" Q(A, V) ~ Q°(A4,V). (3.10)

2. Let L = M xz, R — M, where 1.(z*,\) = (zF,—)). Consider the
representation of A on L defined by flatness of locally constant sections.
Then the —1-eigenspace of 1 € Zs is given by

Q% (¢'A, V) ~ Q*(A,V ® L). (3.11)

Note that the condition on the representation of A on L in the second part
of Lemma 3.2.1 is nontrivial as it implies that the representation of A on L
factors through the anchor, i.e. there is a (vector bundle) connection V7™ on
L such that
™
Va = Vﬁ(a) (312)

for all a € T'(A).

Proof of Lemma 3.2.1. To see that Zy acts by chain maps is straightforward
when evaluating a form on pullback sections. To show the identifications of
complexes, consider first the +1 eigenspace. Clearly, pullback forms are invari-
ant. On the other hand, if & € QF(¢'A4, #*V), we can define w € QF(A4,V)
by

w(al,...,ar): M 3z 0z3(6Far(2),. .., ¢rap()) € ¢*Vz =V,

where ai,...,a; € T(A) and & € ¢~ '({z}). This is well-defined by Zo-
invariance of & and (¢')*w = @, proving the first part.

For the second part L be given as stated. The line bundle L is trivial if
and only if M — M is the trivial double cover and the representation of A on
L is trivial, implying

Q% (¢ A, ¢ V) ~ Q%P A, ¢ V), ~ Q%A V) ~ QA VL)

using the first part. If L is nontrivial, then the pullback bundle AL is trivial.
In a trivialisation ¢!L = M x R for every v, € L, we have that

(@) ({va}) = {(&*,r(v2)), (27, —r(vs))} € M x R, (%)
where {7, 27} = ¢=1({z}), and the Zs-action flips the two points. Let w =
n®l e QA V ® L) be given, where n € QF(A,V) and ¢ € T'(L). Then we
can define a form @ € QF(¢'A, ¢*V) by

(... a5): M — Vygey = ¢* Ve
2 = 7 (U (2%))) (0 (@1 (2¥)), ..., &' (@ (™).

where @, ...,a; € ['(¢'A). €°°(M)-linear extension as a module morphism
along ¢* gives a map Q°(A,V ®@ L) — Q*(¢'A, ¢*V) which maps into the
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subcomplex of anti-invariant forms. To show that it is a bijection, let & €
QF(¢'A, p*V) = QF (¢ A, ¢*(V ® L)) be given. For ai,...,a; € T'(A) we set

w(at,...,ar): > ¢*(0z(a1(2), ..., ax (7)), (3.13)

where @;(#) is chosen such that ¢'(d;(Z)) = aj(x). This map is well-defined
by Zs-anti invariance of @ and defines a smooth section since ¢ is a local
diffeomorphism. Clearly, the two constructions are inverses to each other.
Finally, one needs to check that this construction gives a chain map, but this
follows from the definition of the pullback representation. O

Finally, we note that the (anti-) invariant part of the cohomology is the
cohomology of the (anti-) invariant subcomplex.

Lemma 3.2.2 Let A= M, ¢: M — M,V — M and L — M be given as in
Lemma 3.2.1. Then

H*(¢'A, ' V) = H*(Q°(¢'A, 6"V ). (3.14)

Proof. This is obtained by averaging the Zs-action: For example, to see that
the natural map for the invariant eigenspaces is injective suppose that [w]; €
H*(Q*(¢' A, ¢*V) ;). If [w] = 0, there exists § € Q*~1(¢'A, #*V) with df = w.
But then

10+1.0) € Q1 (¢'A,¢' V)4

is an invariant primitive for w. L

3.3 Blowup of Lie algebroids

The idea of the blowup of a Lie algebroid is the following. Suppose that B = N
is a Lie subalgebroid of A = M over a closed and embedded submanifold
N C M. Then blowing up will lead to a new Lie algebroid Blup(A4, B) =
Blup(M, N) together with a morphism of Lie algebroids p4: Blup(4, B) — A.
Hence, we get an induced map in cohomology p% : H*(A) — H*(Blup(A4, B)).
Now two scenarios are possible: Either the blown-up Lie algebroid is of interest
and we would like to understand its cohomology in relation to H®*(A), or we
are interested in computing H®(A). In the second case, one chooses the Lie
subalgebroid B in such a way that H®(Blup(A, B)) is easier to compute and
then draws conclusions regarding H®(A) via the blow-down map.

3.3.1 Real projective blowups of smooth manifolds

Throughout this section let N C M be closed and embedded submanifold,
which we call a pair of manifolds. The blowup Blup(M, N) of N in M is as
a set given by

Blup(M,N) = (M \ N)UP, (3.15)

i.e. by replacing N with P = P(vy(M)), the projectivisation of the normal
bundle
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of N in M. There is a natural surjective map p: Blup(M, N) — M, called
blowdown map, given by the fibre bundle projection on P and by the identity
on M\ N.

However, (3.15) does as written does not carry an obvious smooth structure.
There are several equivalent ways to define the blowup as a manifold. Since
they are all useful to keep in mind we list them here, but define the blowup
using a universal property [Obs21, Proposition 5.30].

Definition 3.3.1 The blowup of N in M is given by a pair of manifolds (B, P)
together with a map of pairs p: (B, P) — (M, N) such that

1. P C B is a submanifold of codimension 1,

2. p~Y(N) = P and the normal derivative dVp: vp(B) — vy (M) is fibre-
wisely injective,

3. it satisfies the following universal property: If (X,Y) is another pair
of manifolds and ¢: (X,Y) — (M, N) satisfies the first two conditions,
there exists a unique map of pairs ®: (X,Y) — (B, P) such that ¢ =
po®d.

The map p: B — P is called the blow-down map.

In accordance to the description in (3.15) we write Blup(M, N) = B and
P = P for the codimension 1 submanifold. From Definition 3.3.1 we see that
if codim N =1 then Blup(M, N) = M are isomorphic via the blowdown map,
while it hides that the blowdown map is proper (see [AK10, Lemma 2.2] and
[Obs21, Proposition 5.34] for a proof), and that the restriction

p|Blup(M7N)\P: Blup(M,N)\P— M\ N (3.16)

is a diffeomorphism.

One way to construct the blowup is via the deformation to the normal
cone [DS21, Section 4], which also gives insights into the functorial properties
of the blowup. As a set the deformation to the normal cone is given by

DNC(M,N) = M x (R\ {0}) U (vn (M) x {0}) (3.17)

and is endowed with a smooth structure that magnifies normal directions for
R >t — 0, which can be understood in terms of smoothness of a R*-action

given by
A i e #£0
Moty = AT 2 (3.18)
(Av,0) ift=0.
This action is proper and free on DNC(M, N) \ (N x R). Here we consider

N x {0} to sit inside the normal bundle vy (M) as the zero section. The
blowup of N in M is then given by the quotient

DNC(M,N) \ (N x R)
RX

Blup(M, N) = =M\ NUP. (3.19)
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Note that, if codim N = 1, then Blup(M, N) ~ M are isomorphic via the
blowdown map. Moreover, the blowdown map is proper (see [AK10, Lemma
2.2] and [Obs21, Proposition 5.34] for a proof), and the restriction

p’Blup(M,N)\lP’: Bhlp(M, N) \]P) - M \ N (320)

is a diffeomorphism.

Remark 3.3.2 Even though the deformation to the normal cone constitutes
a functor from the categories of pairs of manifolds to the category of mani-
folds, the same is not quite true for blowups, see [DS21, Definition 4.8]. If
f: (M,N) = (X,Y) is a map of pairs of manifolds, we can only define a
blowup of f on

DNC(M, N) \ DNC(f)"}(Y x R)

Blup(f): Blup (M, N) := R~

— Blup(X,Y).

(3.21)
In particular, Blup(f) is defined on all of Blup(M, N) iff f~1(Y) = N and the
normal derivative of f is fibrewisely injective.

When performing local computations charts describing the smooth struc-
ture of the blowup are most useful [Obs21, Remark 5.29].

Remark 3.3.3 (Charts for Blup(M,N)) Let N C M be a closed and em-
bedded submanifold of codimension k. Let (U, (y,z)) be a submanifold chart,
ie. UNN = {x = 0}, where for simplicity we assume (y,z)(U) = R™. Then
the collection {U;};=1.... i defined by

Ui =p '({zi #0}) U{[v]y € Puny : dz;(v) # 0} (3.22)
yields an open cover of p~(U) and for i € {1,...,k} the maps
O, = (y,2): U; — R", (3.23)

where

if € = [v]p(e),
) otherwise,

e | mate) N e E) el
R Tt m (), T

T

dzq (v) dz;_1(v) 0 dz;41(v) dxk(v))
(€) {(

»omi(p(€)) T i (p(€))

yield charts for Blup(U,U N N) C Blup(M, N). The blowdown map in these
coordinates reads

p(y7.’f1,...7i‘i,...,l'k> = (y,fﬁi.’fil,...,i‘“...,i'i:z‘k). (324)

Lemma 3.3.4 Let N C M be a closed and embedded submanifold, X €
I(TM), and write p: Blup(M,N) — M for the blowdown map. Then there
exists a vector field X € T(TBlup(M,N)) with X ~, X if and only if X €
I(TM,TN), i.e. X is tangent to N. In that case, X is unique and tangent to
P C Blup(M, N).
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Proof. See also [LGLR24, Proposition 1.5.40]. First suppose that X exists.
Note that for [v] € P we have im (T},p) = TN © Rv, making use of a
tubular neighbourhood. Then, for ¢ € N,

() im (Tjyp) = T,N,
[v]€P,
so X € I'(TM,TN) follows immediately. Conversely let X € TI'(TM,TN) be

given. Take an adapted chart (U, (y,z)) of N in M with NNU = {z = 0}.
Locally, X is given by

0 0
X‘U :Zfaaiya"kzgjaixj
a J

for fa,g9; € €°°(M), where all g; vanish on N. Fix ¢ € {1,...,codim N}
and consider the chart (U;, ®; = (y,2)) of the blowup adapted to P (given by
Z; = 0). Then on U; \ P we have

X

0 0 1 0
= *ai *i = —(p*g; — *i~'7~, 3.25
v, ;pfaya +pgaxi+;ji(pgj P9 5 (3.25)
Since for all j € {1,...,codim N} we have gj]N =0, p*gj|]P, = 0 follows. Thus,
there are functions g; € €°°(U;) such that p*g; = #;g;. Inserting this in (x)
shows that p*X|U\N extends smoothly to a vector field on U;, hence p*X|M\N
extends smoothly to P. O

The final point of view we want to take is locally around the submanifold
N in a tubular neighbourhood. Using gluing, this is enough to define the
blowup even globally, see e.g. [Mik97, Section 2]. Moreover, it implies that
every tubular neighbourhood of N in M induces a tubular neighbourhood of
P in Blup(M, N), see Corollary 3.3.6.

Remark 3.3.5 Let £ — N be a vector bundle and view N as a subset of F
via the image of the zero section. Then

Blup(E, N) ~ L(E), (3.26)

where IL(F) is the tautological line bundle over the projectivisation of E, i.e.
it is the line bundle over P with fibres given by

L(E) = {v' € E: v' = v for some X € R} (3.27)
for v € E\ N. In this case, the blowdown map is given by va} .

Thus, every tubular neighbourhood of N in M induces a tubular neigh-
bourhood of P in Blup(M, N). We show that the respective Euler vector fields
are related by the blowdown map.

Corollary 3.3.6 Let E — N be a vector bundle with Euler vector field £ €
I(TE). Then the lift of £ is the Euler vector field of the line bundle L =
Blup(E,N) — P.
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Proof. Lemma 3.3.4 implies that ¢ lifts to the blowup. Since the blowdown
map is a vector bundle morphism and a diffeomorphism on F \ N, we can
compare the flows of the vector fields there to see that the lift is indeed the
Euler vector field. O

3.3.2 Blowups of Lie algebroids

Starting from a Lie algebroid A = M and a closed and embedded Lie subal-
gebroid B = N, the blowup Blup(A4, B) will in general not carry a natural
structure of a Lie algebroid. In fact, if rank (B) < rank (A), by Remark 3.3.2
already the vector bundle projection w: A — M of A will not lift to the blowup.
Instead, one has to consider Blup, (A4, B).

Note that there is a corresponding construction for Lie groupoids [DS21],
see also [Obs21]. The projective blowup construction has been used to desingu-
larise proper groupoids [PTW21, Wan18|, and in the context of Lie algebroids
blowing up has been shown to recover interesting Lie algebroids (a construc-
tion called elementary modification in [GL13, Definition 2.11]), like log- or
scattering tangent bundles (see also [Klal7, Lan21], and Example 3.3.12).

We start by blowing up vector subbundles, then anchored subbundles, and
finally Lie subalgebroids.

Lemma 3.3.7 Let m: A — M be a vector bundle and B — N a closed and
embedded subbundle. Then Blup(w): Blup, (A, B) — Blup(M, N) is a vector
bundle with sections given by the €°°(Blup(M, N))-span of

{Blup(s): Blup(M,N) — Blup,(A,B) : s € I'(A, B)}, (3.28)
considering s € T'(A, B), i.e. S|N € I'(B), as a map of pairs (M, N) — (A, B).
Proof. See [Obs21, Section 5.4.2]. Note that, since s is a section,

Blup(s): Blup,(M, N) — Blup(4, B)
is actually defined on all of Blup(M, N) and maps into Blup,. (4, B). O

From Lemma 3.3.7 we can immediately write down local frames for the
blowup.

Remark 3.3.8 (Local frames for Blup, (A4, B)) Let B — N be a closed
and embedded vector subbundle of corank k of 7: A — M. Let (U, (y,x))
be a submanifold chart of N in M, i.e. U NN = {x = 0}. Moreover, let
{e1, - ek f1,-- -, frank B} be a local frame of A‘U adapted to B, meaning

{fi |N, . frankB|N} is a local frame for B’UON. Then the collection

{Blup(xiel)a cee 7B1up(xiek)7 Blup(fl)7 ce 7B1up(frankB)} (329)

yields a local frame for Blup, (4, B)|,, .

Lemma 3.3.9 Let B — N be a closed and embedded subbundle of a vector
bundle m: A — M and let p: Blup(M,N) — M denote the blowdown map of
the base.
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1. As vector bundles, Blupw(A,A|N) = ptA is given by the pullback bundle.
Under this identification we have py = pF.

2. As vector bundles, Blup, ﬁA(pﬁA,p’iB) = Blup, (4, B).

Proof. Both statements follow from Remark 3.3.8 using their respective local
frames. O

Given a map of pairs of vector bundles ®: (A, B) — (E, F) over a base
map ¢: (M, N) — (X,Y) we obtain an induced map of vector bundles

Blup(®): Blup,, (A, B — Blup,. (£, F). (3.30)

)‘Blupd)(M,N)
Next, we can include an anchor map into the construction, i.e. a vector bundle
morphism §: A — T'M over the identity.

Lemma 3.3.10 Let (7: A — M, 1) be an anchored vector bundle and B — N
a closed and embedded subbundle with §(B) C TN. Then there is an induced
anchor on Blup, (A, B) which on blowup sections is given by

t1up (Blup(s)) = £(s), (3.31)

where s € T'(A, B) and (s) is the extension from Lemma 3.5.4. In particular,
the blowdown map is a morphism of anchored vector bundles.

Alternatively, one can blow up the map of pairs §: (A,B) — (T'M,TN)
and consider the composition

iBlup: Blup, (A, B) — Blup,..  (I'M,TN) — TBlup(M, N), (3.32)

where the second map is given by the identity in fibres over M \ N and by the
differential of the projection v (M)\0 — P over the projective bundle [Obs21,
Proposition 5.58]. Lastly, the blowup of Lie algebroids can be defined using a
universal property, analog to Definition 3.3.1. For this, we call (A, B) a pair
of Lie algebroids, where B = N is a closed and embedded Lie subalgebroid
of A= M.

Definition 3.3.11 Let (A, B) be a pair of Lie algebroids. The blowup of B
in A is a pair of Lie algebroids (A, B) together with a morphism p4: (A, B) —
(A, B) of pairs of Lie algebroids such that

1. Bis a closed and embedded Lie subalgebroid of full rank over a base of
codimension 1,

2. p,*(B) = B and the normal derivative dNpa: v5(A) — va(B) is fibre-
wisely injective,

3. it satisfies the following universal property: If F' C FE is another closed
and embedded Lie subalgebroid and ¢: (E, F) — (A, B) a morphism of
pairs of Lie algebroids such that the first two conditions are satisfied,
there exists a unique morphism of pairs of Lie algebroids ®: (E, F) —
(121, B) such that ¢ =p4 o .
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Note that the blowups of submanifolds and (anchored) vector bundles sat-
isfy similar universal properties, see e.g. [Obs21l, Proposition 5.30] for the
blowup of submanifolds.

One can obtain an explicit model for the blowup of Lie algebroids by equip-
ping Blup,. (4, B) with the anchor from Lemma 3.3.10 and bracket on blowup
sections given by

[Blup(a), Blup(b)] = Blup([a, b)) (3.33)
for a,b € I'(A, B). Together with the Leibniz rule, (3.33) defines the bracket
uniquely as these sections generate I'(Blup, (A, B)). Then the blowdown map
pa: Blup, (A4, B) — A becomes a Lie algebroid morphism over the blowdown
map of the base p: Blup(M, N) — M. Proving that this construction satisfies
the universal property is analog to the case of blowups of manifolds, for which
it is given in [Obs21, Proposition 5.30].

Example 3.3.12 The construction of Elementary modifications [Klal7,
GL13, Lan21] can e expressed in terms of blowups. If N C M has codim (N) =
1, the blowdown map is a diffeomorphism. In particular, when blowing up the
base manifold does not change, and in this case the sections of the Lie algebroid
blowup are precisely given by

I'(Blup,. (A, B)) =T'(4, B) (3.34)
by Lemma 3.3.7. Examples of these modifications are
1. the log-tangent bundle T{ M = Blup,, ., (TM,TN);

2. the scattering tangent bundle Blup,, , (TS M,0n).
N

3.4 The blowdown map in cohomology

In this section we study the blowdown map in cohomology (3.1). Since, given
a Lie subalgebroid B of A, we only consider the Lie algebroid blowup, we drop
the subscript 7 from now on.

We first consider the pullback by the blowdown map

P Q°(A) — Q*(Blup(4, B)) (3.35)

on the level of forms. Given a closed and embedded Lie subalgebroid B = N
of A = M the pullback (3.35) will not be surjective unless both N C M is
of codimension 1 and B = Ay. However, if we restrict to forms that are flat
along N and P = p~!(N), respectively, p% becomes an isomorphism.

Recall that for a vector bundle £ — M and a submanifold N C M we
denote the submodule of flat sections of E along N by

Tn(E) = () IR T(B), (3.36)
keN
where Iy C ¥°°(M) is the vanishing ideal of N. Classes in the quotient

FFIE) = 5o (3.37)
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are then called co-jets of sections along N. The result of this section, which
shows that the blowdown map in cohomology only depends on local data, then
reads the following.

Theorem 3.4.1 Let B = N be an embedded Lie subalgebroid of A = N over
a closed base N C M.

1. The induced map on flat forms
Py QN (A) = Qp(Blup(A4, B)) (3.38)
is an isomorphism of cochain complezxes.

2. By part 1 we obtain an isomorphism of cochain complezes
Q*(Blup(4, B)) _, #£°"(Blup(4, B))
PAS2*(4) Pa IR (A)

In particular, in the long eract sequence

(3.39)

- H*(4) 2 B (Blup(4, B)) L B (W) o
(3.40)

the map f only depends on local data around N and P, e.g. if 1: U —
Blup(M, N) is an open neighbourhood of P, then f = fy o H(¢*). Here,
H(c*): H*(Blup(4, B)) — H*(Blup(A4, B)|U) denotes the map induced in
cohomology by the inclusion and fy is the map corresponding to f in the
long exact sequence (3.40) for A’p(U).

To show the first part of Theorem 3.4.1, we use that a form on A that is flat
along N can be written as a locally finite sum of A-products of flat functions
and flat 1-forms. To prove this in Lemma 3.4.3, we need the following [Nag73,
Theorem 1].

Lemma 3.4.2 Let U C R™ be open and F C U be closed. Let {f;}ien C
E(U) be any countable collection of functions which are flat along F. Then
there exist {g;}ien C €°(U) and h € €°(U) such that

1. h(z) >04ifx € U\ F,
2. fi = hg; for alli € N.

Lemma 3.4.3 Let E — M be a vector bundle and N C M a closed and
embedded submanifold. Then any w € T'n(A*E) can be written as a locally
finite sum of A-products of elements in €5° (M) & T'n(E).

Proof. Let (Uy, 7o) be an atlas of submanifold charts, {el,..., e} a local
frame of E|,, and w € Ty(A*E) for some k > 1. Let {xa}a be a partition of

unity of order k + 1 subordinate to the open cover {U,}q, i-e. supp(Xa) C Us
for all @ and Y x**! = 1. Locally,

E JUA .. Jk
fa’Jl’ Jkelx A eoc

J1s--dk
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in the chart (Uy, o). Flatness of w along N means flatness of all coefficient
functions fa j,,....j, along UoNN. In particular, Xa fa,ji,...,5, is flat along U,NN
and by applying Lemma 3.4.2 k times we find g1,aj,,...ju>- -2 Gk,a,jr,ein €
65 ~n(Ua) such that

G101 segi " Ik eede = XaJagn s
Thus, we can decompose

_ k+1 _ k j ™
w=Y xEw=" 3" XExafaji..g€l N Nel
«

1505k

_ k . ) . P Jk
= E Xadl,a,1,eir " Ikajieina N NEG

g1, Tk
_ . o1 ) I
= E (Xagl,am,mukea ) A A (Xagk,ocﬂhmukea )7
,J1,--Tk

which proves the claim as Xag¢,aj1,....5x eJt is a well-defined 1-form on all of M,
which is flat along N. O

Using Lemma 3.4.3 we can show Theorem 3.4.1. Since the first part is a
statement about sections of vector bundles and does not involve the additional
structures provided by a Lie algebroid, we formulate and prove it in a separate
lemma.

Lemma 3.4.4 Let F — N be a closed and embedded vector subbundle of E —
M. Then the pullback by the blowdown map pf: I'(E*) — I'(Blup(E,F)*)
restricts to an isomorphism

pg: DN (E*) =5 Tp(Blup(E, F)*). (3.41)

Proof. The proof consists of two steps. First, we show that p*: €5 (M) —
%p° (Blup(M, N)) is an isomorphism (which corresponds to E = M x R and
F = N x R). Then we can prove the statement for general vector bundles.
It is clear that p* factors to flat functions (as p*Zy C Zp) and is injective.
Thus, let f € €5°(Blup(M, N)) be given. Since f|]P, = 0 we find a function
f € €= (M) with p*f = f, which is automatically continuous. To show that it
is smooth and flat along N, we use the charts from Remark 3.3.3. First we note
that differentiation along N is just differentiating along the base coordinates
of P, hence there is nothing to check. Thus, we can assume that N is a point
and, since differentiation is local, M = R™. As the computations in arbitrary
dimensions are the same as in two with more bookkeeping, suppose n = 2.
In the chart ®; the blowdown map maps

(@7 (21, 22)) = (21, 3122).

We use (z1,x3) for the coordinates on U; C Blup(R?, {0}) and (z,y) on R%

We show inductively that for any « € N and 8 < k the derivative %% f
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pulls back to a function in €§°(Blup(M, N)) and thus extends continuously
to zero. Regarding the differential of the blowdown map we find

T(xlv%)p(axl) =0 + x26y =0, + %(%
Tl 22)P(02;) = 210y = x0y.

In other words, away from the origin in p(U;) we have for the pullback with p
that

p*ax = a:nl - @ar2
T
" 1 5 (3.42)
P Oy P

These are singular vector fields, but since f is flat along P we find g € €55, (U)
such that f = x19. Hence, we can apply them to f, yielding a function that
is again flat along P. The same computation for (Us, ®3) shows that the first
derivatives of f indeed pull back to flat functions as claimed. But then the
same argument also shows the step k — k + 1.

For the general vector bundle blowup, let (U, (z,y)) be a submanifold chart
of N such that UNN = {& = 0}, and {e1, ..., €corankFs f1s- - -, frank F} be a
local frame for Ey such that the collection {f, } restricts to a frame of F' over
U N N. Recall that for U; C Blup(M,N), i = 1,...,codim N, a local frame
for Blup(FE, F)|Ul_ is given by
{Blup(z;e1), ..., Blup(z;ecorankr), Blup(f1), ..., Blup(frank r)}, (%)

see Remark 3.3.8. For the pullbacks of the dual frames of Ey to U; one
immediately finds

ppf*(Blup(fa)) =1,
p’,ﬁ;ek(Blup(xiek)) = x;,

while all other pairings are zero. Writing the dual frame of (%) as

{Blup(xiel)*a s 7B1up(xiecorankB)*7 Bhlp(fl)*, .. aBlup(frankB)*}v

any @ € I'p(Blup(F, F)) can locally be written as @|U_ =", @"Blup(z;er)* +

Yo @*Blup(fa)*. But since & is flat along P N U;, the functions :—k are still
well-defined on U; and flat along PNU;. On p(U;)\ N, we can define the 1-form

wi =Y ()@ + D (pp)e (L) e"
k

[0}

Since phw; we have w; = w; for 4,5 € {1,...,codim N} whenever

= (Z}|Ui\]P”
their domain of definition overlap. Thus, gluing gives w € Q*(U \ N), which
O

extends flatly to N N U and satisfies ppw = d)|p,1(U).

Proof of Theorem 3.4.1. The first part follows from Lemma 3.4.3 and 3.4.4.
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For the second part consider the following commutative diagram.

0 0 0
p*

0 — Q% (A) —2— Q2(Blup(4, B)) 0 0
0 —— 08(4) — 1 @ (Blup(4, B)) 2 (Blua(a5) 0
v Q° Pa co()e ©Q* (Blup(A,

0— SFX(4) = A7 (Blup(4, B)) e sae 0

0 0 0

Exactness of the first and second column is clear. Regarding exactness of the
second and third row note that p4 is a diffeomorphism on M \ N, implying
injectivity of p%. From the first part we get exactness of the first row, and

thus O* (Blup(4, B)) _ _#§°0* (Blup(4, B))

A (4) ph AT (4)
by the 3 x 3-Lemma [Mac63, Chapter 2, Lemma 5.1]. The remaining claim
follows from the local nature of jet spaces. O

3.5 Blowups of transversals

One class of Lie subalgebroids of A = M is given by transverse submanifolds
t: N < M, i.e. embedded submanifolds such that the inclusion is transverse to
the anchor. Then §~*(TN) = /A C A is a Lie subalgebroid, see Section 1.1.2.
An example of such is e.g. TN C T'M for any closed submanifold N C M as
a Lie subalgebroid of the tangent Lie algebroid. We compute the cohomology
of Blup(A,:'A) in Corollary 3.5.6 after characterising the blowdown map in
cohomology in this setting in Theorem 3.5.4.

A property of transversals we will use is that they admit simple normal
forms [BLM16, Section 4].

Theorem 3.5.1 Let A = M be a Lie algebroid and .: N — M a transversal.
Then there exists a tubular neighbourhood pr: E — N of N in M such that

Ap =pr'lA (3.43)

are isomorphic as Lie algebroids.
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Moreover, any such isomorphism Ag = pr's' A induces an isomorphism
H*(Ag) = H*(\'A) (3.44)

by means of the restriction map, see [Frel9, Theorem 2|. The proof in [Frel9]
utilises [Cra00, Theorem 2|, a spectral sequence argument, see also [MS24,
Section 5.2].

According to Theorem 3.4.1 it is enough to understand the blowdown map
in cohomology in a neighbourhood of N, thus, we can utilise Theorem 3.5.1 to
calculate H*(Blup(A, /' A)). To formulate the result, we need two definitions.

Definition 3.5.2 Let A = M be a Lie algebroid and B = N a Lie subalge-
broid of A.

1. A vector field X € I'(T'M) is called Euler-like along N if it is complete
and there is a tubular neighbourhood embedding ¢: E — U of a vector
bundle £ — N onto an open neighbourhood U of N in M such that
¢* X is the Euler vector field of E [BLM16, Definition 2.6].

2. A section a € I'(4, B) is called Euler-like along B if §(A) is Euler-like
along N and it induces the trivial inner derivation

[y, <18 =0: T(B) = I(B). (3.45)

From [BLM16, Lemma 3.9] we know that, given a transversal N, we can
always find Euler-like sections a € I'(A) along B with a‘ ~ = 0. Note that
this definition of an Euler-like section of a Lie algebroid differs from the one
given in [BBLM20] in the way that we do not require a| v itself to vanish. The
reason behind this is that, for an isomorphism like (3.44) to hold, the existence
of an Euler-like section in our sense is enough, one does not necessarily need
a trivialisation Ax = pr's'A of Lie algebroids, see [MS24, Theorem 3.27].

Moreover, to formulate Theorem 3.5.4 we need the notion of compact ver-
tical cohomology.

Definition 3.5.3 Let 7: E — M be a fibre bundle and A = FE a Lie algebroid.
The subcomplex of forms of A compactly supported in vertical directions is
defined as

Q2 (A) = {w € Q*(A) :supp(w)Nm ' (K) is compact for all compact K C M}.
(3.46)

Since the differential is a local operator, (3.46) is indeed a subcomplex, with
cohomology denoted by H?, (A), called the compact vertical cohomology
(see e.g. [BT82]). Of course, the same notion can be defined also for forms with
coefficients in some representation. Regarding the cohomology of the blowup
of transversals, we obtain the following results.

Theorem 3.5.4 Let .: N — M be a closed transversal of a Lie algebroid
A = M. Denote the blowdown map by pa: Blup(A,'A) — A, the blowdown
map of the base by p: Blup(M,N) — M, and the projection of the projective
bundle by mp: P — N.
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1. We have (canonical) isomorphisms

H*(Blup(A4, /' A)) = H*(Blup(p' 4, 75 A)) (3.47)
>~ H*(p'A) @ H* H(mhA). (3.48)

Under the identification (3.48), the blowdown map p¥ in cohomology be-
comes (p')*: H*(A) — H*(p'A).

2. If codim N is odd, then
(p")*: H*(A) == H*(p' A). (3.49)
3. If codim N is even, then any section a € T'(A) Euler-like along ' A with

a’N = 0 and corresponding tubular neighbourhood E — N in M gives
rise to a long exact sequence

o H(A) S H (' A) W He (4] ) - B (A) —

(3.50)
where (p'). first restricts a form to P, fibre integrates and applies the
Thom isomorphism (see Lemma 3.8.9), and i([w]) = [w] for any [w] €

Note that the choice of Euler-like section in the third part only affects the
tubular neighbourhood, i.e. two Euler-like sections inducing the same tubular
neighbourhood lead to the same long exact sequence (3.50).

Theorem 3.5.4 characterises the blowdown map in cohomology completely.
Note that the reason for the distinction between even and odd codimension
lies in the de Rham cohomology of the projective spaces that constitute the
fibres of P — N, see also Theorem 3.5.5. In the case of odd codimension, the
cohomology is trivial in all but 0-th degree, leading to the simplified form. We
prove Theorem 3.5.4 in two steps. First we prove the case of codim N =1 in
Section 3.5.1 and then complete the proof in Section 3.5.3.

From Equation (3.48) we see that the only missing ingredient to compute
the cohomology of the blowup of a transversal is computing H® (7}, A).

Theorem 3.5.5 Let B = N be a Lie algebroid. Let E — N be a vector
bundle of rank k, o(E) — N its orientation bundle, and e € H*(N,o(E)) its
Euler class. Let mp: P — N denote the projectivisation of E.

1. If k is odd, we have an isomorphism

(mp)*: H*(B) = H*(14:B). (3.51)
2. If k is even, there is a Gysin-like long exact sequence

o HY(B) TN B (i B) T He- -0 (B, o(E)) M HY(B) .
(3.52)
Here, (13)+ denotes fibre integration.
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Proof. Let N be of odd codimension. In this case, the fibres of the projec-
tive bundle wp: P — N are projective spaces of even dimension, which have
nontrivial de Rham cohomology only in degree 0. By the Serre-Leray spectral
sequence for Lie algebroids [MS24, Corollary 5.8], we immediately obtain

(mh)*: H*(B) =5 H*(7}:B).
The second part follows from Theorem 3.8.10 noting that all maps are com-
patible with the antipodal action. O
Theorem 3.5.4 and 3.5.5 together allow us to compute H®(Blup(4,:'A)).

Corollary 3.5.6 Let .: N — M be a closed transversal of a Lie algebroid
A = M. Denote the blowdown map by pa: Blup(A,'A) — A, the blowdown
map of the base by p: Blup(M,N) — M, and the projection of the projective
bundle by mp: P — N.

1. If codim N is odd,
H*(Blup(A, /' A)) = H*(A) @ H*~1(,'A) (3.53)
and, under (3.53), p%: H*(A) = H*(A) ® 0.

2. If codim N is even, H*(Blup(A, (' A)) fits into a long ezxact sequence

o HY(A) 24 HY (Blup(4, ' A)) —

Lomsi Al @ H M (rhA) S HFN(A) - .
where im (f) = X @ H*"Y(nhA) for a subspace X C H;jl(A’E), and
g=1io DIyt (A]p)

As a corollary, Theorem 3.5.4 also computes the de Rham cohomology of
real projective blowups of manifolds.

Corollary 3.5.7 Let N C M be a closed and embedded submanifold.
1. If codim N is odd,

p*: H*(M) =% H*(Blup(M, N)). (3.54)

2. If codim N is even, let E — N be a tubular neighbourhood of N in M.
Then H® (Blup(M, N)) fits into a long exact sequence

oo HY(M) 25 H*(Blup(M, N)) & HFY(E) & HPY(M) — . ..
(3.55)
Here, p, first restricts a form to P, then fibre-integrates and applies the
Thom isomorphism.

Proof. The statement follows from Equation (3.49) for odd codimension and
Equation (3.50) for even codimension of N, applied to the Lie algebroid A =
TM, in which N is a transversal. O
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3.5.1 The case of codimension 1

In this section, we prove Theorem 3.5.4, 1 for codim (N) = 1. In this case,
p: Blup(M,N) =5 M and P ~ N, hence the statement reduces to

H*(Blup(4,:/' A)) = H*(A) @ H*71(/' A). (3.56)

We prove a slightly stronger statement, which can be seen as the Mazzeo-
Melrose analogue for the blowup of a codimension 1 transversal, by adapting
the proof in [MT14, Section 2.1] to our situation.

Theorem 3.5.8 (Mazzeo-Melrose for Lie algebroid transversals) Let
t: N <= M be a closed codimension 1 transversal of a Lie algebroid A = M.
Then the sequence

jBlup(a) ’

0 — Q°(A) % Q°(Blup(A, /' 4)) Nl A) 0 (3.57)

where j denotes the right insertion of sections and a € T'(A) is Euler-like along
N with a|N = 0, is a split exact sequence of cochain complexes and does not
depend on the choice of a. In particular, the Lie algebroid cohomology of the
blowup is given by

H*(Blup(4,:/' A)) = H*(A) @ H*71(/' A). (3.58)

We prove Theorem 3.5.8 in the remainder of this section. First, we collect
properties of Blup(a) € T'(Blup(A4, /' A)) for a € T'(A) as in the Theorem.

Lemma 3.5.9 Lett: N < M be a closed Lie algebroid transversal of any codi-
mension codim N > 1. For an Euler-like section a € T'(A) with a’N =0 (which

exists by [BLM16, Lemma 3.9]), the blowup section Blup(a) € T'(Blup(4, ' A))
satisfies the following:

1. #Biup(Blup(a)) is Euler-like along P.

2. Blup(a) € T'(Blup(A4, ' A)) is nowhere vanishing on N and satisfies
pA(Bhlp(a)|P) =0, (359)

where p4: Blup(A,1'A) — A denotes the blowdown map.

3. Blup(a) is Euler-like along the Lie subalgebroid Blup(A, L!A)|P.

4. If a’ € T(A) is another section Euler-like along 1'A with a’|N =0, we
have
(Blup(a) — Blup(a’))|, = 0. (3.60)

In particular, (3.57) does not depend on the choice of a.

Proof. The first part follows from Corollary 3.3.6. For the second part, since
pA(Blup(a)‘P) = 0 is clear we, only have to show that Blup(a)‘IP> is nowhere
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vanishing. For this, consider f: (A4,.'A) — (I'M,TN) and #(a): (M,N) —
(TM,TN) as map of pairs. Then

Blup(#)(Blup(a)) = Blup(t(a)) € I'(Blup(T'M,TN)). (3.61)

But for the tubular neighbourhood, for which #(a) is the Euler vector field, it
is easy to see that Blup(#(a)) is nowhere vanishing on P using Remark 3.3.8.
Thus, Blup(a), too, must be nowhere vanishing on P.

For the third part, let f € €°°(Blup(M, N)) and u € I'(Blup(4,:'A)) be
given. Then

[Blup(a), f pulBrup|p = Zs1ap Blup(a)) ()| 11| p + f[Blup(a), tlBrp |,
—_————
=0on P
so it is enough to check the statement on Blup(T'(4,:'A)), which generates
['(Blup(A,:'A)). Next, we use a € T'(A) to obtain an isomorphism of Lie

algebroids
A ’ = pritA

for the tubular neighbourhood pr: E — N corresponding to f(a). Since the
statement is a local one around P, it is enough to work in this neighbourhood.
By [BLM16, Remark 3.19] this isomorphism maps a € I'(4) to (0,{g), where
&g is the Euler vector field of F. Pick a linear connection on F with corre-
sponding horizontal lift -"°*. TLet {U,}, be an open cover of N such that
there are local frames {f1,..., frank a4} Of (:'A)|, and {e1,...,ecodimn} Of

E|U. Then the collection {fl, ooy Jrank ' As €1, - -+ s €codim N | defined by

fi = (fiopr, (ﬂL!A(fi))hor)

éj = (Oﬂ e;rer)

yields a local frame of pr!LIA|EU. The module I‘(pr!L!A|EU , L!A|U) is generated

by fi’s and gé;’s, where g € Zy is in the vanishing ideal of N. By definition
we have
[Blup(a), Blup(b)]giup = Blup([a, b])

and want to show that
Blup([a, b])‘]P> =0

for any such section b. For this, note that it is enough to show that [a,d]
vanishes to second order along N. Clearly, we have

[a, fi] = 1(0,€8), (fi o pr, £ a(f1) )] = (0, (€. £ a(f1) ™)) = 0.
Thus, let g € Ty be given. Then

(a.98] = (0.€5(9)e}") + 9(0, €5 5]
= (07§E(g)e}{er _ ge}ler)
=0 mod I3

as ép(g) = g mod Z%.
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For the last part, let o’ € I'(A) be another choice of Euler-like section. In
the trivialisation induced by a we can write

d =" gfi+Y hié
i ;

for g;, h; € €°(M). Since by assumption a’|N =0, g; € Iy follows. Since
fa(a’) is Euler-like along N,

€p— Y hjé; € IRT(TM)
J

vanishes to second order. In conclusion, Blup(a — a’)|P =0. O

Next, we show that the insertion of Blup(a |  is a cochain map. Clearly the
restriction to NV itself is a cochain map, so the crucial part happens inside the
Lie subalgebroid Blup(A4, /' A) |N. We first note that, in the case of codim N =
1, the Lie algebroid Blup(A, LIA)’ 18 an abelian extension according to the
definition in [Mac05].

Lemma 3.5.10 Let .: N — M be a closed transversal of a Lie algebroid
A = M of any codimension. Then Blup(A,LIA)’P fits into a short exact
sequence of Lie algebroids

) p
0 L —"— Blup(4, /' 4)], " ;A 0
ﬂ ﬂ ﬂ (3.62)
idp P
P P N

where L := kerpA|P and i: L < Blup(A, /' A) | denotes the inclusion.
Moreover, if codim N = 1, the sequence (3.62) is an abelian extension of
Lie algebroids.

Proof. Since pA|P: Blup(A,L!A)|]P, — A‘N is a vector bundle morphism with
image given by ('A, it follows that L = ker pA‘IP is a vector bundle of rank
codim N and (3.62) is a short exact sequence of Lie algebroids. To show that,
in case of codim N = 1, the Lie algebroid L is abelian, note that the anchor of
the blowup makes the diagram

Blup(A4, ' A)| . 22 Al

foe |

TM|N;>TM|N

commute, from which L C ker fipjyp follows. Thus, the inherited anchor is zero,
turning L into an abelian Lie algebroid of rank 1. O
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Remark 3.5.11 For an arbitrary codimension of N, the extension (3.62) is
not abelian. Consider A = TR? = R? and +: N = {0} < R% Then L =
Blup(4, /' A) p» and

[Blup(zd,.), Blup(zdy)|B1up = Blup(z0dy)

does not vanish on P.

By Lemma 3.5.10, for t: N — M a transversal of a Lie algebroid A = M
of codimension 1 there is a representation of /'A on L given by

Vi = [b,1] = [b,7]] y (3.63)

for b e I'(Blup(A, L!A)|N) with p(g) = b or, alternatively, b, fj extensions of b, n
to a section of Blup(A4,:'A) [Mac05, Proposition 3.3.20].

Key to showing that jgjup(a) ‘N in (3.57) is a chain map is to see that it is
enough for Blup(a)’N to be constant with respect to the representation (3.63)
of /' A.

Lemma 3.5.12 Let A = M be a Lie algebroid, .: N — M a closed codi-
mension 1 transversal and L = kerpA’N. Suppose n € T'(L) 1is constant with
respect to the action of ' A, i.e.

Vin=20 (3.64)
for allb € T(/!A). Then the map
Q°(Blup(4,1'4)) 5> w — Jnw|y € Q* (1 A) (3.65)

is a chain map, where for w € QF(Blup(A,'A)) and by, ... b1 € T(1'A) we
define ~ ~
jnw’N(bla IR bk—l) = OJ‘N(bl, RN bk—lﬂ?)- (366)

Here, b; is any section of I'(Blup(A, L!A)|N) such that pa(b;) = b;.

Proof. Let w € QF(Blup(4,:'A)) and by, ...,bp—1 € I'(:'!A) be given with
corresponding b;. Then we get

jndw’N(b()a BERY bk—l) = (dw)|]\[(b03 teey bk—lan)

=3 (1) tm1up (Bi)w| y (Bos s Ao Bt m)

+
oy ~ o~ o~ i j ~
30w (B byl bos -3 Ay Ay b )
0<i<j<k—1
k—1 . ~ ~ i ~
+(_1)k (_1)1w|N([bian]7b0a"'a/\a'“vbk—l)
=0
=dp 4 (Gnw| ) (Bos - - - br—1) + (= 1) B1up ()]  (Bo, - -, be—1)
k—1

+ (=18 ST (1] (Bl B Ay B,

=0
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Thus, (3.65) defines a chain map if and only if the expression

E
—

tp1p (M| Bor -+ Bx1) + S (=1)w|  (Bis 1], B+ s Ao g 1)

%

I
=)

is zero. But under the assumptions on 7 every single summand vanishes. [

Corollary 3.5.13 Let .: N — M be a closed transversal of a Lie alge-
broid A = M with codim N = 1 and a € T'(A) the Euler-like section from
Lemma 3.5.9. Then the map

JBup(a)| ¢ Q°(Blup(A, /' A)) = Q*71 (' A) (3.67)
is a chain map.

As a last ingredient we need the concept of an adapted distance function,
see [MT14, Section 2.1].

Definition 3.5.14 Let E — N be a vector bundle equipped with a metric. A
function A: E\ N — R{ is called an adapted distance function if the following
hold:

1. A€ €°(E\ N).
2. For all z € E\ N with |z] < 3, A(z) = |z].
3. AMz) =1 for all z € FE with |z| > 1.

Note that such a function always exists, see e.g. [Geul7, Section 8.5].
With the notion of an adapted distance function at hand, we can proof Theo-
rem 3.5.8.

Proof of Theorem 3.5.8. First note that jpiup(a) |N

Suppose that w € Q¥(Blup(4, /' A)) is mapped to 0 under jpjup(a
have the short exact sequence

op% = 01is clear as a|N = 0.

)|N. Since we

0 — L — Blup(4,/'A)y 25 /A —0

this just means that w’  actually is the pullback of a form on /'A. By com-
puting in local coordinates one can then easily show that w € p*QF(A): If
{b1,...,bg, e} is alocal frame over an adapted chart U C M, NNU = {z = 0},
such that the collection of ¥'s yield a local frame for +'A when restricted to N,
a form of the blowup is generated by forms that locally looks like

*

w=F= A B+ (7))

for some f € €>(N), denoting the dual frames with a -* and I,J multi-
indices, meaning that e.g. (b*){i122} = b;, Ab},. Then jBlup(a)w{N = 0 implies
that f = zg, since Blup(a) |N is nowhere vanishing. Finally, by Corollary 3.5.13
the sequence (3.57) is indeed a sequence of chain complexes.
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To define a splitting, let A(r) be an adapted distance function on E. Then
dlog X is a form on E \ N dual to the vertical Euler vector field is a neigh-
bourhood of N, thus, there exists $*dlog A € Ql(A]E\N). The corresponding

form a = ﬁglupdlog)\ extends smoothly to N (as can again be seen in local
coordinates) and satisfies a(Blup(a)) = 1 on N by continuity. Moreover, it is
compactly supported in fibre direction of E (by definition of A) and closed, as
£B1up 18 @ chain map and dlog A is closed on the dense subset £ \ N. Thus, we
can define the map

QL A) 3@ e ph(pr')* @ Aa € Q°(Blup(4, ' A)).

By closedness of « this is a chain map, thus defining the desired splitting. In
particular, jBlup(a)|N is surjective, hence the sequence is exact. But now it is
clear that in the decomposition

H*(Blup(A4, /' A)) = H*(A) @ H*71(,'4),
the pullback by the blowdown map maps into the first factor. O

Remark 3.5.15 One way to interpret the closed 1-form o = i, dlog A from
the proof of Theorem 3.5.8 is as a Lie algebroid splitting for (3.62): Restricted
to N it is still closed, hence we can identify

VA~ ker a| ,, € Blup(4, L!A)|N (3.68)
as Lie algebroids. Thus, by Corollary 2.4.2 we find
H*(Blup(4,.'A)| ) = H*(A) @ H* (/' A), (3.69)

using that L is trivialisable such that the representation of :'A becomes the
trivial one. This observation alone is enough to prove Theorem 3.5.8. Indeed,
let E — N denote the tubular neighbourhood induced by the chosen Euler-like
section a € T'(A) and L its tautological line bundle (see Remark 3.3.5). Then
there is an isomorphism

H*(Blup(A,:'A)|, ) = H*(Blup(4, ./ 4)] ) (3.70)

induced by the restriction, see [MS24, Theorem 3.27] or Theorem 2.2.27 in
combination with Lemma 3.5.9. Together with H®(A|_) = H*(:'A) we find
that in cohomology we obtain a long exact sequence

o HE(A| ) S HEBlup(A] 0 4) L BETLMA) -5 B (A] L)

(3.71)
in which f is surjective and g is zero. Moreover, this identifies
Q°*(Blup(A| .,/ A
pe (B P e, (3.72)

Then Theorem 3.5.8 can be proven with the same local-to-global technique
used to prove Theorem 3.5.4, 3 in Section 3.5.3.
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3.5.2 From arbitrary codimension to codimension 1

The next step to proving Theorem 3.5.4 is to show that for a closed transversal
t: N — M of any codimension the blowup is isomorphic to the blowup of a
codimension 1 transversal in a different Lie algebroid, namely in p'A. Since
N is a transversal and, for every x € P, T,y N C T,pT,Blup(M, N), the
blowdown map is transverse to the anchor.Hence, p'A is a well-defined Lie
algebroid. Moreover, at the end of the subsection we show that (p')*, like D,
is an isomorphism when restricted to flat forms.

Proposition 3.5.16 Let A = M be a Lie algebroid and v: N — M a closed
transversal. Denoting the blowdown map of the base by p: Blup(M,N) - M
and the inclusion of the projective bundle by vp: P — Blup(M, N), there is an
isomorphism of Lie algebroids

Blup(A, /' A) = Blup(p' A, tpp* A) (3.73)
over the identity. The corresponding map on sections is given by
['(Blup(4, ' A)) 3 b — (pa(b), B1up (D)) € D(p'A, bp'A), (3.74)

identifying T(Blup(p'A, thp' A)) = T'(p'A, tpp' A). Here, pa: Blup(4,'A) — A
denotes the blowdown map. In particular, under this isomorphism pa and
po Ppra coincide.

Proof. First note that tp: P < Blup(M, N) is a transversal in p'A because
t: N < M is. For X € T(TM,TN) we denote by X € I'(TBlup(M, N))
the vector field with X ~p X, which exists by Lemma 3.3.4. We first check
that (3.74) is well-defined. Since both spaces are ¥°°(Blup(M, N))-modules
and (3.74) is compatible with the module structure, it is enough to check
well-definedness on a set of generators, namely Blup(I'(4,:'A)). Thus, let
a € T(A, /' A) be given. Then

Blup(a) — (pa(Blup(a)), fB1up (Blup(a))) = (a o p, §(a)).

Since f(a) ~, f(a), (aop,t(a)) € T'(p'A) follows. Moreover, by Lemma 3.3.4,
#(a) is tangent to TP, so Blup(a) maps to a section in T'(p' A, t5p' A) as claimed.

Now it is immediate to see that outside of P, Equation (3.74) gives an
isomorphism (of vector bundles). Thus, it is enough to consider the neigh-
bourhood around N provided by the normal form theorem 3.5.1. Suppose
pr: E = M — N is a vector bundle and A = pr's/!A. As in the proof of
Lemma 3.5.9, let {ay,...,ax} be a local frame of /'A and {s1,..., Scodim N }
a local frame of F over some common open U C N (we will use the dual
frame on E as fibre coordinates on E’ U). According to Remark 3.3.8, for
B e€{l,...,codim N} we obtain a frame for Blup(A4, L!A)‘Uﬁ by

{Blup(a,), ..., Blup(ax), Blup(sﬁ§1), . ,Blup(s’gécodimN)},

where
a; = (a; o pr, (f,4(a:))"™")

55 = (Ovsyer)
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for the horizontal lift of some linear connection on £ — N. Then (3.74) maps

Blup(a;) — (a; o p,t(a;)),

Blup(s”54) + (0, sﬁ%)

The above collection of sections still span T'(p' A, thp*A) locally over Ug as

B

B _{83 it a8

- 9 v 0 :
880‘ Sﬁa?_Z’y;éas’Y@ lfa:ﬁ

by Lemma 3.3.4. Finally, we check that it is a morphism of Lie algebroids.
Clearly, (3.74) preserves anchors by its very definition. Thus, it is enough
to check compatibility with the Lie bracket using a set of generators. Let
a,a’ € T(A, /' A) be given. Then

[Blup(a), Blup(a’)] —(pa(Blup([a, a'])), &([a, a']))
i(a), 8(a")])

[a, '] o p, [4(a), §(a")))

(a0 p,4(a), (a0 p,(a))],

hence (3.74) constitutes an isomorphism of Lie algebroids. O

(
(la,a’]op,
(
[

Using Theorem 3.5.8, the identification Blup(A,:'A) = Blup(p'A, thp' A)
from Proposition 3.5.16 implies the following.

Corollary 3.5.17 Lett: N — M be a transversal of a Lie algebroid A = M.
Then

H*(Blup(A4, /' A)) = H*(p'A) @ H* "1 (1hp' A), (3.75)

where p: Blup(M,N) — M denotes the blowdown map of the base manifolds
and tp: P — Blup(M, N) the inclusion of the projective bundle. Under this
identification, p* : H*(A) — H*(Blup(A, ' A)) maps into H*(p'A) and is given
by (b')*

Thus, to compute the cohomology of the blowup one needs to compute
the cohomology of p'A. By the normal form theorem 3.5.1 and (3.44), locally
this comes down to comparing the cohomology of ('A to that of 75A, the

pullback to a projective bundle. And since in this case, (p')* too constitutes
an isomorphism when restricted to flat forms, the local picture will be enough.

Lemma 3.5.18 Let N C M be a closed transversal of a Lie algebroid A = M.
Denoting the blowdown map of the base by p: Blup(M,N) — M, the map

()" QN (4) = QR (p'A) (3.76)

is an isomorphism.
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Proof. We know that the diagram

Q°(Blup(4, /' A)) % Q° (Blup(p' A, p't' A))
S
Q*(4) _er Q*(p'4)

commutes, see Proposition 3.5.16 for the upper isomorphism. We see that the
maps factor to flat forms, and there p¥ and p;! 4 are isomorphisms, thus so is

()" O

Lemma 3.5.19 Let E — N be the tubular neighbourhood corresponding to an
Euler-like section a € T(A). Then the inclusions 1'A < A’E and Thi'A —

p!A|E induce isomorphisms such that

H.(A|E) =~ H*(/A)
wr | ywﬁm)* (3.77)

H(p'A],) = He(rhi'A)

commutes. Here, mp: P — N denotes the projection of the projective bundle.
If codim N is odd, then all maps in (3.77) are isomorphisms.

Proof. The inclusions yield a commutative diagram
Alp 4
! !
pw }TP
p!A’ g 7T]!PL!A

of Lie algebroids, leading to (3.77) in cohomology, where the inclusions become
isomorphisms by (3.44). If codim N is odd, Theorem 3.5.5 shows the remaining
statement. O

3.5.3 Proof of Theorem 3.5.4

The third part of Theorem 3.5.4 is more technical, thus we prove the remaining
statements of Theorem 3.5.4 first.

Proof of Theorem 3.5.4, 1 and 2. For the first part, the isomorphism
H® (Blup(A, 11 4)) = H* (Blup(p' A, 75 4))

is Proposition 3.5.16, while H*(Blup(4,/'A)) = H*(p'A) @ H*~ (7, A) is Theo-
rem 3.5.8 since P is a transversal of codimension 1 inside p'A. For the second
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part note that we find a neighbourhood E of P in Blup(M, N) such that
H* (p!A|E) =~ H*(mpA) by means of an Euler-like section. Thus, we have

O°(p'A O°(n' A
H.( '*(po) )%H' ! G |E) =0,
) (A4) WAl )
where the first isomorphism is a direct consequence of Lemma 3.5.18 (see
also Theorem 3.4.1), and the second identification follows from Lemma 3.5.19.
From this,
I\ % Y ~ (] !
(p)*: H*(4) = H*(p'A)
follows at once, implying H®(Blup(A,:'A)) = H*(A) @ H*~(/'A) by the first
part. O

To show Theorem 3.5.4, 3, we first work in a tubular neighbourhood
pr: £ — N induced by an Euler-like section of A along N.

Lemma 3.5.20 Letpr: E — N be a vector bundle with zero sectiont: N — E
and B = N a Lie algebroid. Then there is a long exact sequence

w) H*(p'pr'B) ®) H* (pr'B) - H* T (pr'B) — ...
(3.78)
Here, p: Blup(E, N) — E is the blowdown map of the base, (p'). denotes the
composition of the Thom isomorphism after fibre integrating the restriction of
a form to P, and i: H2 (pr'B) — H*(pr'B) denotes the canonical map that

regards a form compactly supported in fibre direction as just a form on pr'B.

...— H*(pr'B)

Proof. This follows from Theorem 3.5.5, 2 using the same reasoning as in
Lemma 3.8.11, as we again have both

H*(pr'B) = H*(B) and
H*(p'B) = H*(m B)

by means of the respective restrictions. O

This already gives Theorem 3.5.4, 3 in the local setting. To prove the
global statement, we use that by Lemma 3.5.18 for any tubular neighbourhood

E — N,
o=t <(p‘)*Q'(A)> =H ((p!)*Qo(A‘E)> = Qp: (3.79)

where equality already holds on the level of chain complexes. The plan is to
identify Q® and H2 1(A‘ ) to complete the proof of Theorem 3.5.4. We can
define a map Q% — ng‘l(A|E) in the following way: First, pick any splitting
o of the short exact sequence

() \ T, oepal)
00— Q(A] ) —— Q*('A|,) T -
(4lz) ¥ Alg) < g el
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and let x € ¥°°(F) be a smooth function with compact vertical support, such
that x = 1 in a neighbourhood of N. Then also 6 = p*xo defines a splitting
for 7, since by Lemma 3.5.18 7 depends only on local data around P, and
there the map did not change. We proceed now to define a map the same way
one would construct the edge endomorphism in the corresponding long exact
sequence in cohomology: For [A] € Q%, we know that

rd | GA=drér=d\ =0,
ral,

so we can find a unique n € Q‘(A|E) such that (p')*n = d oA. Conse-

val,

quently, n has compact vertical support, and since (p')* is injective, dA| n=0.
E

We map [} to [n] € H(':V“(A|E) This is well-defined: If X € [A] with corre-

sponding 7', then there exists A, in the quotient complex such that X' —\ = d\,.
Then there exists a unique 7, € Q'(A|E) that satisfies

1oy* Y ~
(Pa) =N —aA dp’A’EU)\*'
Then 7, has compact vertical support and d A’ 1. = 1’ — n, showing that the
E

cohomology class [n] € HS 1(A| ) does not depend on the chosen representa-
tive.

Lemma 3.5.21 The above constructed map V: Q% — HI'(Ag) is an iso-
morphism.

Proof. We will show this by using the 5-lemma [Mac63, Chapter 1, Lemma
3.3]. Note that Q% and HS(Ag) fit into a long exact sequence

~HH°<A|E>@H°@IA!E> T L0

l ®)* l —2(p') \IJJ

2 * ;
S HY(A|) —5 HU('A| ) ——H(A] ) 5

4

— H*H(A] ) vy HY L (p Al ) — -

(»)* l

L HOTN(A] ) — s HPL (A ) — -

where § denotes the edge homomorphism and unlabeled vertical arrows are
the identity. By the 5-Lemma, if the diagram commutes, ¥ is an isomorphism.
Thus, we have to check if the squares left and right to ¥ are commuting. For
the square on the right this is obvious, since ¥ is constructed as the edge
homomorphism.
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Consider the square on the left and let [w] € H® (p!A|E) be given. We first
compute —2(p').[w] explicitly and then check that it coincides with U7[w]. By
the choice of E, we find n € Q*(nht'A) such that [w] = [(7})*n] by (3.44).
Here, m1,: L(E) — P and 7p: P — N denote the bundle projections of the
tautological line bundle and the projective bundle, respectively. We can also
consider the double cover of P given by the sphere bundle p: S — P and the
surjective submersion q: £\ 0 — S to pull  back to a form (q')*(p')*n on
A|E\0' Pick a fibre metric on E and let x € €°°(E) be a function such that
x = 1 in a neighbourhood of N, x only depends on the radius and x(z) = 0
for all # € E with |x| > 1. Then

i=dxA @) (p)n

defines a closed form in Q2, (A|E) that is sent to —2(p'). [w] by fibre integration,
hence

Next, we have
Ty A Ty = INCYNAES
()" = ()" (dx A (a)"(p)"n)

=d(p*x) A(podop))n

= d(p"x(7L)"n)-
So choosing the cut-off function in the definition of ¥ to be p*x and the
splitting o such that o(7(7f)*n) = (7})*n, it follows that the left square
commutes and ¥ constitutes an isomorphism by the 5-Lemma. O

We can now complete the proof of Theorem 3.5.4.

Proof of Theorem 3.5.4, 3. We want to show that, for a closed transversal
t: N < M of a Lie algebroid A = M of even codimension, any Euler-like
section of A along N gives rise to a long exact sequence

o H(A) TS H (' A) W He (4] ) - HON(A) —
where p: Blup(M, N) — M denotes the blowdown map of the base. Since
(p')*: Q*(A) — Q°*(p'A) is a chain map, we obtain a long exact sequence

o HY(A) PL () T L HOT (A)

In this long exact sequence, by Lemma 3.5.18 the map 7 only depends on
local data, i.e. writing ¢p: A|E — A we have 75 o H(1t};) = 7. Moreover,
the connecting homomorphism ¢ is defined using any kind of splitting, so in
particular we can choose one with support localised inside E. Then the result
follows from (the proof of) Lemma 3.5.21. But then the rest of the statement
follows from the identification

H*(Blup(A, /' A)) = H*(p'A) & H* "} (nhA)

from Corollary 3.5.17. O
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3.6 Invariant submanifolds

Suppose the orbit foliation of A = M is singular with N C M a closed and
embedded singular leaf. Then one can hope to increase the dimensions of
the orbit by blowing up A|N, possibly turning Blup(A,A‘N) into a regular
Lie algebroid with more easily computable cohomology. In this section we
discuss two examples: The action Lie algebroids so(3) x R3 and sly(R) x R3
with singular leaves given by the origin, where in both cases we consider the
coadjoint action. For s0(3) x R® we find that blowing up the origin resolves
the singularity, allowing to compute the cohomology of both the blowup and
50(3) x R3, while for sl5(R) x R? we find that even iterated blowups will not
result in a regular Lie algebroid.

To compute the cohomology of Blup(A,A{ ~)» there exists no auxiliary
statement analog to Theorem 3.5.1. Instead, one can work directly on formal
cohomology, for which we can utilise the Serre spectral sequence induced by
A|N developed in [MS24], see Section 2.2.3.

When blowing up the restriction of a Lie algebroid to an invariant subman-
ifold, the blowdown map naturally induces a map between spectral sequences.

Lemma 3.6.1 Let A = M be a Lie algebroid and N C M a closed and
embedded invariant submanifold.

1. The blowdown map p4: Blup(A, A}N) — A induces a map between Serre
spectral sequences

pzz {(EA’ )’:7.}7‘20 - {<EB1up(A,A‘N)p):7.}TZO. (380)

N

2. If the induced map

Dy H'(A|N7 SPvn(M)*) — H*(Blup(A4, A|N)

pr SPve(Blup(M, N))*)
(3.81)
is an isomorphism for all p € Ny, then

pa: HU(ZF°Q0(4)) = H*(75°Q° (Blup(4, 4| ))) (3.82)
is an isomorphism.

Proof. 1t is easy to check that p* respects the corresponding filtrations and
thus induces a map between spectral sequences. Then the second part follows
from Theorem 2.2.21 and the Mapping Lemma for spectral sequences [Wei94,
Lemma 5.2.4]. O

3.6.1 The action Lie algebroid so(3) x R?

In this section we consider A = s0(3) x R3, the action Lie algebroid correspond-
ing to infinitesimal rotations in R, which is linear around the origin. More
abstractly, A = R? is a trivial vector bundle with global frame {e1, ez, e3},
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and bracket and anchor given by

3
[ei, 5] = Z%‘kek, (3.83)
k=1
3
flei) = Y eijnw;Ok. (3.84)
jk=1

Since s0(3) is compact, averaging [GW92]| shows that
H*(A) ~ H*(50(3)) @ € (R*)*°®) = o/ 9 0 0 o, (3.85)
identifying
EPR*)*G) = of == {f € €®°(R) : f(—z) = f(z) forall z € R}  (3.86)
with the even functions on R, as
E>=(R*)*™6G) = {f € ©>°(R®) : f only depends on the radius}. (3.87)

Blowing up the Lie subalgebroid A‘ 0 results in yet another action Lie alge-
broid,
Blup(A, A| () =90(3) x Blup(R?, {0}), (3.88)

see [Obs21, Corollary 5.93|, and we write
&; := Blup(e;) = pfe; € F(Blup(A,A|{O})). (3.89)

We compute the cohomology of the blowup and can reproduce (3.85).

Proposition 3.6.2 Let A = s0(3) x R3. Then
H*(A) ~ H*(s0(3) x Blup(R*,{0})) = 7 020 &. (3.90)

We first show the second equality by computing the cohomology of the
blowup using the spectral sequence for abelian extensions and then show that
the cohomology of the blowup is isomorphic to the cohomology of A by proving
that the formal cohomologies are isomorphic. First we see that the blowup is
an abelian extension.

Lemma 3.6.3 The blowup Blup(A,A|{0}) is an abelian extension, i.e. it fits
into an exact sequence of Lie algebroids

#B1u

0 — L = ker #p1yp, — Blup(4, A{{O}) “TF—0 (3.91)
where F denotes the orbit foliation of Blup(A, A|{0}) given by the leaves
F={p""({a? + 23 + 2§ =1"P}r>0. (3.92)

In particular, Blup(A,A|{0}) is a reqular Lie algebroid.
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Proof. Recall that the blowdown map py: Blup(A,A|{O}) — A restricted to

Blup(R3, {0}) \ P is a diffeomorphism, thus, on this set the orbit foliation is the
same as on R?\ {0} under p. To see that P is a single orbit, since the situation
is highly symmetric it is enough to consider one of the charts of Blup(R?, {0})
from Remark 3.3.3, say U;. Using (Z1, %2, Z3) to denote the coordinates on U;
we find _ ~

tB1up (€1) |y, = T30 — T203

ﬁBlup(éQ)|U1 = — 318301 + ToZi30y + (1+ f%)és (3.93)
tB1up (€3) |y, = B13201 — (1 + 33)0 — &2030s.

Thus, we see that on Uy NP = {Z; = 0}, the image of fg, still spans a
two-dimensional distribution. Since P is connected, this implies that P is a
single orbit. O

Thus, we are in the framework of Section 2.4. Note that in this particular
case the spectral sequence will stabilise after the second page as rank L = 1.
As a vector bundle, L is given by the pullback of the tautological line bundle
back to itself.

Lemma 3.6.4 Denoting the projection of the tautological line bundle L of P
by m,: L — P, the kernel of ipip ts isomorphic to

L = ker i = 7 L, (3.94)

by mapping

L35 (0 0% 0%) )y, > (016 + 026 + v3é3)]w[vq €L (3.95)

Proof. The defined map (3.95) identifies WE]L with a rank 1 subbundle of

Blup(A,A|{O}). Thus, we only need to show that its image lies in the ker-

nel of §piyp. In the view of the chart for U; of the blowup, recall that the
canonical chart for U; already is a vector bundle chart for Ly, np with Z; as
the fibre coordinate. Here, the map (3.95) becomes

(1) (1:80:85]) (&) 50,25) > T1(E1 + T2€o + T3€3).
But given (3.93) it is easy to check that points of the form &; + T2y + T3€3

lie in the kernel of fgiyp. O

In particular, L is not a trivial vector bundle. Pulled back to a double
cover, however, we can even trivialise the action of the orbit foliation.

Lemma 3.6.5 Consider the double cover pr: S x R — Blup(R3, {0}) defined
by
p~i(tx) ift#0,

. Fioo (3.96)

pr: (z,t) — {

where we view S? as the unit sphere in R3. Then the induced abelian extension

o
0 — pr'L — pr'Blup(4, A\{O}) 2 pr'TF — 0, (3.97)
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where fi,.1 denotes the anchor of pr!Blup(A,A|{O}), has the following proper-
ties.

1. The Lie algebroid pr!Blup(A,A|{0}) is a product Lie algebroid

pr'Blup(A, A|{0}) ~ pr'Blup(4, A|{0} 0= R). (3.98)

)|s2x{1} x(
2. The Lie algebroid pr'TF is the foliation Lie algebroid of the foliation
{S* x {t} }ser- (3.99)

8. There exists a mon-vanishing section g € T'(pr'L), anti-invariant under
the action of Zy, which is constant under the action of pr'F.

Proof. For the first part, recall that
Blup(A4, A\{O}) = 50(3) x Blup(R?, {0})

is an action Lie algebroid. Since pr: S?> x R — L is a double cover, we obtain
pr!Blup(A,A|{O}) =50(3) x (S* x R).

We show that the action of so(3) is independent of the R variable, from which
the statement follows.

Note that out of charts for the blowup we get charts on U = pr—!(U;) in
the natural way. Consider (U, Z o pr). The coordinate transformation

Y1 = T1y/1+ 33+ 73,
Y2 = To,
Ys = T3
gives a product chart for Uli x R, where y; is the coordinate on R. In this
chart, the anchor is given by
0 0

| ~
r'él) =yYs— — Yo,
f(priér) =y o o

L P L9
f(prés) = Y2y (1+ yg)fay:S?
0 0
1~ = (1 4 VAN 4 -
f(prés) = (1 +y3) oy T2,

Thus, the action of s0(3) does not depend on the R variable y.
Using the first part, the second part is clear. For the last part, define a
section of pr!L|U¢ by (gii,O), where

+1 - ~
g = ———(pr'é; + Zyjprlej). (3.100)

NAE DI i#i
These definitions agree on overlaps and, thus, define a global trivialising sec-

tion, which is constant under the action of pr'T'F as a straightforward compu-
tation shows. O
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This is sufficient to compute the spaces on the second page of the spectral
sequence associated to the abelian extension (3.97) (Proposition 2.4.1). For
the differential on the second page we show that the extension class does not
vanish in such a way that dy: Ey> — E} is an isomorphism.

Proposition 3.6.6 The cohomology of Blup(A, A| is given by

{0})

H'(Blup(A,A}{o})) ~d B0D0D A, (3.101)

where o = {f € € R)| f(—x) = f(z) for all x € R}.

Proof. By Proposition 2.4.1 and Lemma 3.6.5 the nontrivial entries on the
second page of the spectral sequence associated to (3.97) are given by

T*R)___ 0 ¢ (R)
g
> (R) 0 TE*R)

as H*(pr'TF) = €>°(R) © 0 €>(R) by [MS24, Lemma 5.4], see also [CM13,
Lemma 3|, or Theorem 2.3.5. Note that in the third column we integrated
along the spheres of the foliation to identify the cohomology with functions on
R, and that the Zs-action reverses the orientation.

For the differential dy we compute the extension class (2.49). To do so,
note that by Lemma 3.6.5 it is enough to consider the short exact sequence
(3.97) restricted to a single fibre S? x {1}. We show that the extension class
is given by the volume form on S?. Consider S? C R3, identify the trivial
vector bundles pr'Blup(A4, A’{o})‘s2x{1} ~ TR3|,, and identify for z € S? the
tangent space

T,8? ~ {v € T,R?: (x,v) = 0} C T,R®.

Note that this gives a splitting o of the short exact sequence. To determine
the curvature, note that under these identifications, the section g € I'(pr'L)
defined in (3.100) is given by the outward pointing unit normal vector field of
S2. The Lie bracket on the constant sections of TR3’82 is the cross product.

For V € I'(TS?), we write o(V) = Zle vie; for some v; € €>°(S?). Let
V,W € T'(TS?) be given. Pairing the curvature with the trivialising normal
vector field yields

(z,7(V,W)) = (2,[o(V),a(W)])
= (2,40 (V))w'er — to(W))v'er) + (w,0(V) x o(W))
=3{x,0(V) x a(W))

= 3i0’(W)iO'(V) ixvole 5
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since

3
> a b (o (V))weer — (o (W))veer)

£=1

sljkx]w (v; (Opwy) — wi(ﬁkw)))

(g0 (v (Ok owe) — vidrews — w;i(Ok Tove) + Widkve))

1,7,k £=1 —0 -0
3
- Z (Eijk.%‘j( vlwk—l—wzvk))
i k=1
3
= 264K T;W; Vg

j k=1

= 2(z,0(V) x a(W)).

3

Thus, v is a multiple of the volume form on S? and, in conclusion, wedging
with the extension class of (3.97) is an isomorphism. Thus, the cohomology of
pr!Blup(A7A]{0}) is given by

H* (pr'Blup(A4, Al) =€*R) B 0808 C=(R).

Using Lemma 3.2.1 the statement follows: In degree 0 the invariant functions
give the cohomology of the blowup, whereas in degree 3, since we trivialised the
representation, we need anti-invariant classes of forms. But after integrating
anti-invariant forms correspond to invariant functions as the Zs-action reverses
the orientation. O

Next, we compute the cohomology associated to the normal representation
of Blup(A4, A}{o})h], on vp(Blup(R?,{0})) = L. For the original Lie algebroid

we know by [GW92, Theorem 3.5] that

R if k=0,3 and ¢ even
F(Al, ., SYR? ’ 3.102
|{0} )= {O otherwise. ( )

We show that (3.102) is isomorphic to H'(Blup(A,A|{O})]p,S£L*), which by
Lemma 3.6.1 implies that

H* (7570 (Blup(4, A[ 1)) ~ H* (75 9Q°(4)).
Then the cohomology of the quotient complex
F5°0° (Blup(A, A )
P 59 (A)

(3.103)

vanishes.
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Proposition 3.6.7 The cohomology of Q®(Blup(A, A|{o})|]11>’ SUL*) is given by

R ifk=0,3 and ¢ even
H* (Blup(A4, A S = ’ 3-104
(Blup(A, }{o}) P’ ) {() otherwise. ( :
In particular,
P H*(4) = H*(Blup(4, 4] ) (8.105)

is an isomorphism.

Proof. We again make use of the double cover of PP given by
pr: S* > 2 [z] € P.

First, note that for £ = 1 the constant section of the trivial bundle priL =
S? x R trivialises the representation. This section is anti-invariant under the
Zso-action. With this in mind we can now proceed as in the proof of Proposi-
tion 3.6.6 using a spectral sequence argument to compute the cohomology of
Q° (pr'Blup(4, A|{0}) ’W préS*LL*). By Proposition 2.4.1 the second page of the
spectral sequence is given by

R._ 0 R
S
R 0 R

as H*(S?) = R @ 0 @ R, using integration in degree 2, and the differential
is again an isomorphism following a similar reasoning as in Proposition 3.6.6.
Thus,

H* (pr'Blup(4, Al o))l prfSL ) =R® 000D R.

Since all cohomology groups are one-dimensional, Hk(Blup(A,A|{O})p,SZ}L*)
will either be trivial or R. We argue that it is nontrivial if and only if ¢
is even and k = 0,3. Indeed, only in this case the trivialising section of
prfSYL* is invariant, thus, the cohomological degree 0 part is invariant. In
degree 3 the coefficients are tensored with one more copy of L*, but since
we used integration, which is anti-invariant under the Zs-action, again R =
H3(Blup(A4, A|{O})’]P” SIL*). If ¢ is odd, similar reasoning shows that

H*(Blup(4, A o)l SL*) = 0.

Hence, we have
H’“(Blup(A,A]{O})|P, SL*) ~ H’“(A|{0}, SHR3)*).

The rest follows from Lemma 3.6.1. O
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3.6.2 A non-example: sl(R) x R?

Consider the action Lie algebroid A = sly(R) x R? coming from the coadjoint
action of sl,(R), which is a trivial vector bundle with global frame {e;, ez, €3}

and anchor
fle1) = —2302 — w205,
f(e2) = 301 + 2103, (3.106)
f(es) = 1201 — 105.
The bracket can be expressed in terms of the global frame, but will not be
used in this section.

The orbits of this Lie algebroid are given by the connected components of
the level sets of the function f = x? + 23 — 2%, where f~1({0}) splits into three
orbits x3 > 0, x3 < 0, and the origin. Hence, the origin is the only leaf of this
foliation that is not two dimensional. In this section we show that by means of

repeatedly blowing up restrictions of A (or its blowups) to orbits, one cannot
construct a regular Lie algebroid.

Proposition 3.6.8 The restriction of the Lie algebroid A = Blup(A,A’{O})
to P has of three orbits:

o A one-dimensional orbit

Z={[r1: 29 : 73] EP: 2% + 25 =23 }; (3.107)
e Two two-dimensional orbits given by the connected components of P\ Z,

explicitly given by

{[x1: 29 i3] €P: 23423 < 23} and {[v1: 72 :x3) €P:xi 423 > 23}
(3.108)

Proof. In the charts of Blup(R?, {0}) from Remark 3.3.3 we can e.g. compute
over (U, Z)

ﬁBlup(pﬁel)’Ul = — (#3020 + 203),
ﬁBlup(pﬁeQ)’Ul = B1Z301 — Faliz0y + (1 — 3)0s,
ﬁBlup(pﬁeB)’Ul = B12501 — (1 + #5)0y — Faiia0s.
Thus, on the invariant submanifold P N Uy, the orbit foliation is spanned by
{jggég + .’2'2(1;3, (1 + f%)éz + 1'2‘%353, Lfgf;g(g)g — (1 — :i‘%)éd}

(I (II) (I11)

If 3 = 0, this equals the span of {52, 53}, which is two-dimensional. If Z3 # 0,
(I) and (II) span a two-dimensional subspace as long as 1+ #3 — 7% # 0 as

T T - - -
det <(1 —2§;§) _j;”%) = —73(1 + 73 — 73).
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If o = 0 and &3 = 1, i.e. it is a point in Z, the span clearly is one-dimensional.
Thus, let #3 # 0 and 1 + 73 = #3. Then

E3(I1) 4 To(I) = F305 + $203,

f( ) ~2( ) A (3.109)
T3(II) — To(I) = Z3(25 + T5)02 + T2(T5 + £5)03,

both of which are multiples of T30 + 53253, which shows that the image of f
over points in Z N U is one-dimensional. Similar computations for the other
charts show that the orbit foliation is indeed as stated. O

Thus, by blowing up the foliation has become less singular. Since Z is
completely contained in U = Us \ {[0 : 0 : 1]}, in showing that the remaining
singularity cannot be resolved in the sense that always at least one orbit will
be one-dimensional, we can restrict the discussion to this open subset. Firstly,
in this chart let us introduce polar coordinates for (Z1,Z2) by

(T1,%2,%3) = ((r+1)cos ¢, (r+1)sin ¢, T3), (3.110)
where r € (-1, 00).
Lemma 3.6.9 Over U the image of the anchor map is generated by
{0g,7(r +2)0, — (r — 1)Z305}. (3.111)
Proof. Over Us, the anchor of the blowup maps
ﬁBlup(pﬁel)’Us = F1090) + (22 — 1)Dy — F9ii30s,
ﬁBlup(pﬁe2)’U3 =(1- 50%)51 — 1890y + 17303,
ﬂBlup(pﬁeS)’Us = 201 — F102.
The change of coordinates leads to
ﬁBlup(pﬁq)‘U = 7(r + 2)sin(¢)d, — 7 cos(¢)dp — (r + 1)is sin(¢)ds,
ﬁBlup(pﬁ€2)|U = —r(r+2)cos(4)0, — % sin(¢)0y + (r+1)Z3 cos()ds,
tB1up (PPes) |, = —0,

which implies the statement. Indeed, the collection {fi, f2, f3} with f; =

sin(¢)phe; —cos(@)phes, fo = cos(o)pier+sin(¢)pfes, and f3 = phes constitutes
a frame over U, where f3 and f; are mapped to (3.111), while #gi,p(f2) is a
multiple of Jg. O

Setting s = 75y one can simplify (3.111) in the sense that the image of
the anchor is then spanned by

{94,250 + 303} (3.112)

Remark 3.6.10 From Lemma 3.6.9 we also find that Ap is an abelian exten-
sion
0— L — A|, — Blup(TP,TZ) — 0 (3.113)

where (L C ker ﬁBlup)‘P is an abelian Lie algebroid of rank 1.
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However, the generating sections (3.112) of #g1up (A|U) show that we cannot
remove the singularity by blowing up further. There will always remain at least
one leaf of dimension 1.

Lemma 3.6.11 Let U C R"™ be open with 0 € U and aq,...,a, € €>°U).
Then the section

lealﬁl S F(TU) (3.114)

induces a section s € T'(Blup(TU,{0})) of the Lie algebroid blowup, and
iB1up(s) vanishes on the subset Z ={[1:0:---:0],...,[0:---:0:1]}.

Moreover, around points in Z the vector field §p1up(s) is again of the form
(3.114).

Proof. Fix i € {1,...,n}. Writing p: Blup(U, {0}) — U for the blowdown
map, by Lemma 3.3.4 we have inside the chart (U;, &)

ﬁBlup(8)|Ui = i“ip*(ai)éi + Zi’j(p*(aj) —p"(ai))9;.
J#i
This section vanishes in the origin of U;, i.e. the point [0:,...,: 1 :---:0],

and is of the form (3.114). O

Corollary 3.6.12 Repeatedly blowing up the one-dimensional orbits will not
result in a Lie algebroid that has a 2-dimensional orbit foliation. Every blowup
along a single 1-dimensional orbit will increase the number of 1-dimensional
orbits by 1.

Proof. After the first blowup the statement follows inductively from Lemma
3.6.11. Indeed, considering the sections (3.112) that generate the image of the
anchor map around the one-dimensional orbit, the section 2590, + 303 satisfies
the requirements of Lemma 3.6.11. ]

In conclusion, blowing up further will only increase the number of singu-
larities.

3.7 Appendix A - Characterisation of p*I'(E*) C
I'(Blup(E, E| )

We aim to fully characterise the subset p*I'(E*) C I‘(Blup(E,E‘N)), where
E — M is a vector bundle and N C M a closed and embedded submanifold.
We first discuss the case E = M xR — M, ie I'(E*) ~ ¢°°(M). A function
f € €~ (Blup(M,N)) in the image of p*: €>°(M) — €°°(Blup(M, N)) is
necessarily constant on the projective bundle P = p~!(V). However, even in
the simplest non-trivial case, not every smooth function on the Blup(M, N)
that is constant on P is given by a pullback.
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Example 3.7.1 Consider Blup(R?,{0}). Let §: RP' — R be any smooth,
non-constant function. Then

f:R? SR

(z,y) = z"§([z : y]) (3.115)

is continuous on R?, smooth on R?\ {0}, homogeneous of degree n, but not a
polynomial. Hence, it cannot be smooth. More precisely, one can show that
f € € 1(R?) is n — 1-times continuously differentiable. However, p*f =
p*(z")p*g € €>°(Blup(M, N)), and p* f|, = 0 is constant.

However, given f € €°°(Blup(M,N)) with f|P = const., one can set-
theoretically define a function f on M that satisfies p*f = f and is always
continuous. Indeed, continuity follows from the commutativity of the diagram

Blup(M, N)
pl f (3.116)

M ——R

and the universal property of the quotient topology. The following theorem
determines the differentiability of the function f: M — R.

Lemma 3.7.2 Let N C M be a closed and embedded submanifold and f €
&> (Blup(M, N)). Let E — N be a tubular neighbourhood of N in M, n €
No U {co} and denote the blowdown map by p: Blup(M,N) — M. Then the
following are equivalent.

(a) There exists f € €™ (M) with p*f = f;
(b) For all k < n the functions
fo: E\N >R

. i 3.117
B ) (3117)

extend smoothly to E.

Proof. Note that to prove the lemma, we only need to determine the order of
differentiability of the continuous function defined by (3.116) in points on N.
But in the direction of N the function clearly is smooth, so without loss of
generality we can restrict to the case of N = {0} C RY = M. Assume (a).
Then, for v € RV \ {0},

fr@) = ] Fr T Ow) = S| fOw),

hence f, € Pol® (R™) is the highest degree part of the k-th Taylor polynomial
of f and clearly extends smoothly into 0, i.e. (b) holds. For the converse, note
that by Borel’s Lemma we can find a function g € €>°(R") so that its n-th
Taylor polynomial is given by »_, fi. Then f — f — p*g vanishes to n-th order
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along P and fe p* €™ (RY) iff fe p*¢"(RY). Hence, we can assume that
fr =0 for all £ < n. Using a similar reasoning as in the proof of Lemma 3.4.4
one can then inductively show the statement. Indeed, let v € R\ {0} be given
and denote by 0, the directional derivative in direction v, i.e. 9, = >_ ; vj%.
Let y € RY with y; # 0. Then, using the chart (U;, %) of the blowup from
Remark 3.3.3, we have

The functions (vi% + Dz iii(vj - vii]—)a‘%), for different (U;, %), patch
together to a global function on Blup(R¥Y,{0}) that vanishes on P to order
n — 1. Hence, inductively, the implication (b)) = (a) follows. O

Using the notion of jets we can rephrase Lemma 3.7.2. Recall that p*Zy C
Ip, hence there is an induced map

P IN(EF (M) = fg (€ (Blup(M, N)). (3.118)
Writing j& : €°°(M) — #ZX(€°°(M)) for the projection, Lemma 3.7.2 reads
the following.

Lemma 3.7.3 Let N C M be a closed and embedded submanifold, fix n €
No U {oc}, and let f € € (Blup(M,N)) be given. Then the following are
equivalent.

(a) There exists f € €"(M) with p*f = f;
(b) There exists g € €°(M) such that

P in(9) = j& (f). (3.119)
From Lemma 3.7.3 the corresponding statement for sections of a vector

bundle follows immediately.

Theorem 3.7.4 Let E — M be a vector bundle and N C M a closed and
embedded submanifold. Let & € F(Blup(E7E’N)) and n € No U {oco}. Then
the following are equivalent.

(a) There exists o € T (E*) with p*a = &;
(b) There exists 8 € T(E*) such that

prin(B) = jg(a). (3.120)

3.8 Appendix B - A Gysin sequence for Lie al-
gebroids
We develop a Gysin sequence for Lie algebroids, which we made use of in

Section 3.5. To be able to formulate the result, we first introduce a notion of
fibre integration for Lie algebroids.
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3.8.1 Integration along fibres

Throughout this section, let pr: FF — N denote a locally trivial fibre bundle
with orientable and connected fibres and B = N a Lie algebroid. We aim to
define a notion of integrating along fibres

(7'),: HS (7' B) — H* "k F (B o(F)), (3.121)

where H®, (7'B) denotes compact vertical cohomology, see Definition 3.5.3.
Here, o(F') — N denotes the orientation bundle of F. This is standard for
vector bundles, but can also be made sense of in our more general situation.
Since the fibres are orientable we can construct a double cover N of N by

N, = {X: X is an orientation on the manifold F} (3.122)

with the obvious smooth structure, which we call the orientation double
cover. On the trivial bundle N x R — N we have a Zs action given by

L) = (N, —t), (3.123)
where A denotes the opposite orientation. Then
o(F) = N xR/Zy — N. (3.124)

The bundle (3.124) is trivial if and only if there is a globally consistent way of
choosing orientations for the fibres of F. In this case, we call the fibre bundle
F — N orientable.

Remark 3.8.1 If /' — N is a fibre bundle such that o(F) is not the trivial
bundle, pulling back F' to N will result in an orientable fibre bundle.

The orientation bundle carries a canonical flat connection of TN (induced
by the trivial TN-connection on N x R) analogous to [BT82, Chapter 7| in
the case of vector bundles, and the representation of B on o(F) is induced by
this connection using the anchor map.

To define fibre integration, we first consider the case B = 0, i.e. 7' B = F(r)
is the Lie algebroid corresponding to the foliation of F' into the fibres of .

Definition 3.8.2 Let w: FF — N be a locally trivial fibre bundle of rank &
with orientable and connected fibres. Then fibre integration on Q2 (F (7)) is
defined by

/ w:{(NawapL;w)eno(F)) if w € O, (F(m))
F(m)

(3.125)
0 otherwise.

Here, ¢,: F;, = F' denotes the inclusion of the fibre at p € N.

Remark 3.8.3 Fibre integration is well-defined and coincides with the stan-
dard notion of fibre integration in the following sense. Since F(7) — TF we
can choose a vector bundle complement (i.e. a horizontal subbundle) C, i.e.
TF = F(m) @ C, to extend foliated forms to forms on T'F. The result of the
ordinary fibre integration will not depend on the chosen complement (since it
is a top-degree form of F(r)) and coincides with (3.125).
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Proposition 3.8.4 Fibre integration descends to a map
/  HE,(F(7)) = D(o(F)). (3.126)
F(m)
Proof. We only need to check that integration vanishes on exact forms. But,
since we have for foliated forms w € Q°*(F(n)) that
dp, t,w = tdFw,
this follows from Stoke’s theorem. O

Recall that in case of an orientable vector bundle F' — N, ordinary fibre
integration of differential forms yields an isomorphism

He, (F) ~ H**(N), (3.127)

where the pre-image of 1 € H’(N) is the Thom class 6 € HY (F) (see [BT82,
(12.2.1)]). In our setting we obtain a similar statement in Lemma 3.8.9, which
in the current situation is the following.

Lemma 3.8.5 Let w: F — N be a vector bundle of rank k. Then

n ) T(F) ifn=k
Hey (F(m)) = {0 otherwise, (3-128)
where we identify the €°°(N)-modules
/ cHE (F(m) 2% T(o(F)). (3.129)
F(m)

If F is oriented, for 1 € €°(N) =T'(o(F)) we have

1
< / ) (1) = 30, (3.130)
F(m)

where § € HE (F) denotes the Thom class and §7 denotes the anchor of F(r).

Proof. We first show (3.129). Note that integrating is indeed a map of €°°(NV)-
modules, where the module structure on HS (F (7)) is given by multiplying
with pullbacks. The statement in the non-orientable case follows from the
orientable one by pulling everything back to a double cover N — N which
trivialises o(F). Thus, suppose F is orientable and let § € H%, (F) denote the
Thom class of the orientable vector bundle. We can pick any representative of
the Thom class to compute its integral, and for the computation we only need
the contributions that are k-tangent to the foliation since the rest is mapped
to zero anyway. But those are given by %0, so we get

/ £ = 1€ ¢°(N)
Fm)
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immediately. Since integrating is a module morphism, this implies surjectivity.
For injectivity it is enough to argue locally, since we can exploit the €°°(N)-
module structure and the existence of a partition of unity on N. Thus, let
F = N x R* with coordinates (z,y) and

w= fdy; A--- Adyg € QF (F(n))
be given, where f € €5°(F'). Suppose that f]_.(ﬂ) w =0, ie.
/ flz,y)dy =0

for every € N. One can adapt the proof of [GR02, Lemma 2.4] to show that
there exist functions g1,...,gr € € (F) such that

k
0g;
f= .

Then 7 € QF-1(F (7)) defined by

k

(_1)i+1gidyl Ao ANdyir Adyipr A Adyg
1

’r’ =
is a primitive for w.

To show that HY, (F (7)) = 0if n # k, first note that for n = 0 the statement
is clear. For 1 < mn < k note that again HY, (F(x)) is a €°°(/N)-module. Hence,
it is enough to show that the cohomology vanishes over a small enough open
subsets of IV, where we utilise the proof of the well-known Poincaré-Lemma
for compact support. Let U C N be relatively compact such that F' is trivial
over an open neighbourhood of the closure of U. Let w € Q% (F(7)) be closed.
By definition of Q7 (F (7)) and by compactness of K there exists a compact
subset A C R* such that

supp(w)|rl(U) CAxU.

Denote by i: R* < S* the embedding of R* into the k-sphere via the stereo-
graphic projection of the north pole N, and by

it QO (F(M)] 1 ) = QE(S" x U)
the extension by 0 as a foliated form on S*xU — U. Then, since H%(S*xU) =
0 by [MS24, Lemma 4.8], and di.w = 0, there exists n € Q’}_l(Sk x U) with
drn =i.w. Let O C S*\ i(A) be a contractible neighbourhood of A and x a
bump function which is 1 in a neighbourhood of N and supported on O. On
O x U, we have

A7 r = 50 oy = 0- ()

Thus, if n > 1, there exists 77 € Q""2(0 x U) with dzf) = 77|0xU’ again by
[MS24, Lemma 4.8]. Then

i*(n— dr(x7)) € Qo H(RF x U)
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is a well-defined primitive of w.

If n = 1, then (%) implies that 77|OxU is the pullback of a function f €
%> (U). Hence, in this case i*(n — 73, f) € Coc(R¥ x U) is a primitive of
w. O

If the fibres of 7: FF — N are compact, orientable, and connected, we
obtain a similar statement for the top degree foliated cohomology.

Lemma 3.8.6 Let w: F — N be a locally trivial fibre bundle with typical fibre
a compact, orientable, and connected manifold of dimension k. Then fibre
integration yields an isomorphism

/ - H¥(F(n)) ~ T'(o(F)) (3.131)
F(m)

Proof. By [MS24, Lemma 4.8] (see Lemma 2.3.8), the foliated cohomology
H*(F(r)) is given by sections of a line bundle over N with fibres H*(7~1(z)) for
all x € N, which can be readily identified with o(F) via fibre integration. [J

This concludes the discussion for 7' B, where B = N is the zero Lie alge-
broid. For a general Lie algebroid we can first decompose the forms on 7'B
according to their vertical part.

Lemma 3.8.7 Let FF — N be a locally trivial fibre bundle and B = N a Lie
algebroid. Picking a connection on F' leads to a decomposition

7' B = Ver(F)®n*B (3.132)

with the property that the anchor is given by the identity on vertical vectors
and maps tta — $(a)P" for a € T'(B), and ©': ©'B — B is given by 7' =
ﬂ'ﬁ © (pr'rr!B—H'rﬁB)'

Proof. Given a connection on E and local frames {sq4}q of F|U and {a;}; of
B|U for some open U C N, the collection

{(0,55)}a U {(n*a, #(a:)"")}

yields a local frame for W!B‘F| . Then the statements follow immediately. [
U

Thus, by choosing a connection on F' we obtain a decomposition

Q2 (r'B) = @ Q8 (F(m),x*AIB"). (3.133)

ptqg=e

This allows to define fibre integration for forms on 7'B by just integrating
out the fibre components. More precisely, for w = Zij Nij @ wﬁai,j, where

ni; € W, (F(m)) and o, ; € Q°(B), we define

(71'!)*<Z77i,j ® 71"1041'}]‘) = Z (/f(ﬂ) m,k)ozi,k. (3.134)
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It is clear that (3.134) yields a map
(7')y: Q2 (7' B) = Q*7%(B, o(F)). (3.135)

Since only contributions of Q¥(F (7)) (i.e. of top degree) matter in computing
the integral, it does not depend on the chosen connection, which is also em-
phasised by the following description. Consider w € Q2 (7'B) and fix p € N,

Then we can define the k-fold restriction w|}, € QF(F,, A**#B) of w to F,
in the following way: For X;,..., Xy € I'(TF,) we define

w|];p(X1, ooy X)) By — A'fk(ﬂ'ﬁB*)|Fp = A'fk(B;) (3.136)

in the obvious way, as 7' B/F(7) = n*B. Then one integrates this form along
F,, which yields the same result as (3.134) (note that the integral will vanish
if w is not of foliated degree k).

Lemma 3.8.8 Let ' — N be a locally trivial fibre bundle of rank k with
orientable and connected fibres with trivial orientation bundle, and B = N a
Lie algebroid. Then (7').: Q2 (7' B) — Q*~*(B) is, up to a sign depending on
the degree, a morphism of cochain complexes and induces a map

(7). HS, (7' B) — H*~*(B). (3.137)

Proof. Since (7')., d;15 and dp are local in the sense that to calculate them
in a point p € N we only need information about the form on F‘U and U,
respectively, where U is a neighbourhood of p. Thus, suppose that 7: F =
F x N — N is a product bundle. Then the canonical flat connection induces
a decomposition

2, (r'B) = P QU(F(m)) @p(m) ¥ (B).

i+j=n
Under this decomposition, we obtain the following.

1. By flatness of the connection the differential on Q7 (7'B) splits into
dpp = dr@ ®@id+ (-1)id ® dp.
2. By definition of ('), we have for w € Q2 (F(r)) and a € Q*(B) that
(P)olw ® (7)"a) = (P)ew) @ (7) 0
3. By Lemma 3.8.5 we have
()« dr () Qe (F () = 0.

Together, this implies the statement. O

With the fibre integration on cohomology defined, we get a Thom isomor-
phism for Lie algebroids as a consequence of Lemma 3.8.5.
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Lemma 3.8.9 (Thom isomorphism for Lie algebroids) Let 7: E — N
be a vector bundle of rank k with orientation bundle o(E) and B = N a Lie
algebroid. Then fibre integration

(7')s: He (7' B) — H*™*(B, o(E)) (3.138)

is an isomorphism. If 0 € HE (E,7%0(E)*) denotes the Thom class of the
vector bundle, the inverse of ('), is given by

H* ¥ (B,0o(E)) 3w 550 A (1) *w € HE (7' B). (3.139)

Proof. The statement follows from a spectral sequence argument. Consider
the filtration on Q2 (7' B) given by

FPQ8, (' B) = (Qe (F (1)) A Qv (7' B))®

and the induced spectral sequence {EP7},>,. By standard arguments we
obtain

EpT ~H(B, H, (F ().

Then by Lemma 3.8.5 the statement follows. O

3.8.2 The Gysin sequence

We prove a Gysin-like sequence, which we have used in Section 3.5, for the
cohomology of 7'B, where B = N is a Lie algebroid and 7: S — N is a
sphere bundle of rank k, i.e. a locally trivial fibre bundle with a k-dimensional
sphere as typical fibre. In this case, by the Serre spectral sequence for fibre
bundles [MS24, Theorem 4.11] (Theorem 2.3.11) we obtain a spectral sequence
converging to the Lie algebroid cohomology of 7' B with second page given by

EDY = HP(B,HI(S)). (3.140)

Here, H%(S) — N denotes a smooth vector bundle, its fibres given by H4(S), =
H9(m~!(z)) for x € N. Thus, E}'? has nontrivial entries only if ¢ = 0 or ¢ = k.
Therefore, the next (and last) nontrivial differential is dg.;. Recall that in
case of B = TN and trivial orientation bundle it is given by d;+1 = Ae, where
e € HETL(N) is the Euler class of the sphere bundle [BT82, Chapter 11]. If
o(S) is nontrivial, we can consider the pullback to a trivialising double cover
N — N and find that e € H*+1(N)_ = H**1(N, o(S)) instead.

Theorem 3.8.10 Let B = N be a Lie algebroid with anchor § and w: S — N
a sphere bundle of rank k. Then there is a long exact sequence

o~ HY(B) T B (2'B) "5 HR(B, o)) M5 HY(B) — ... (3.141)

Here, ('), denotes fibre integration and e € H**Y(N, o(S)) is the Euler class
of the sphere bundle.
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Proof. If o(S) is nontrivial, we can pull everything back to a trivialising double
cover. Using Lemma 3.2.1 and noting that integration and Ae map Zs-invariant
classes to anti-invariant ones and vice versa, one then obtains the result in
general. Thus, let o(S) be trivial. The differential dgy1: ES* — EF™0 can
be computed by evaluating on a generator s. We can write s = Y. xi[wi],
where w; € QF (S|Ui) are closed with respect to the de Rham differential and
Xi € € (N). Let v: 7' B — 7' B be a splitting, w = > i Xiwi, and ag, . .., ar €
I'(B). Using that for B = T'N we have dqrw = 7*¢, by a standard calculation
we obtain

dk+1w(’V7Tﬁ(107 v 7’77Tﬁak)

k .
. (]
= E (=1 a(ymtas)w(yriag, ... A, ... yrtay)

= (_1)iﬁ7r!A(Wﬂﬁai)w(ﬁﬂ!A(,}/ﬂ-ﬁQO)’ sy /7;\7 ceey ﬁﬂ'!A(’yﬂ-uak))

i=0

+ Z(_l)i+jw(ﬁﬂ!A([’y7Tuaiv ’Yn—uaj])v

0<i<j<k

i J
ﬁﬂ'!A(’yﬂ-ﬁaO)v R A VAT ’ Ij'rr!A(’yﬂ—ﬁak))
:dde(ﬁw!A(’yﬂ.ﬁaO)a ceey ﬁﬂ'!A(’yﬂ-uak))
:ﬂ-*e(ﬁﬂ'!A(,yTrﬁaO)? B ﬁ'fr!A(’yﬂ-uak?))
=r*(t%e(ao,...,ar)).
The rest then follows analogously to the proof of [BT82, Proposition 14.33]. O

If S — N actually comes from a vector bundle pr: V' — N, we can rewrite
the Gysin sequence using the Thom isomorphism on H*~(*~1)(B, o(S)).

Lemma 3.8.11 Let B = N be a Lie algebroid with anchor  and pr: V. — N
a vector bundle of rank k. Then, under the isomorphism H*(B) = H*(pr'B)
induced by (.')*, the diagram

— fren .
(B,o(S)) ——— H*(B)
P | = = (>

He, (pr'B) —— H*(pr'B)

commutes, where ®: H*~*(B,o(S)) — He (pr'B) denotes the Thom isomor-
phism from Lemma 38.8.9, 1': B — pr'B is the inclusion of Lie algebroids over
the zero section v: N — V, and i denotes the natural map of considering a
compact vertical form as just a form on pr'B.
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Proof. First note that o(V) = o(S) since the sphere bundle is associated to
V |BT82, Proposition 11.2]. Again, we will only prove the statement for
orientable vector bundles. Writing § € HE (V) for the Thom class, for any
w € H*(B) we have

(') ®(w) = (L!)*ﬁ;r!BG ANw = (fpp o DONw=(Trof)*0Aw="1teAw
as the pullback of 6 by the zero section is the Euler class. O

Corollary 3.8.12 Let B = N be a Lie algebroid, and pr: V — N a vector
bundle with induced sphere bundle m: S — N. Then there is a long exact
sequence

o~ HY(B) T B ('B) TS B (pr'B) - HY(B) — ... (3.142)
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Chapter 4

Blowups of Dirac structures

This chapter contains [MSZ25], submitted. I did not contribute to Section 4.8.

Abstract

Given a real, twisted Dirac structure D on a smooth manifold M, and a closed
embedded submanifold N C M of codimension > 1, we characterise when D
lifts to a smooth, twisted Dirac structure on the real projective blowup of M
along N. This holds precisely when N is either a submanifold transverse to D
(with no further restrictions) or a submanifold invariant for D, for which the
Lie algebras transverse to /N have all of the same constant height k¥ > 0. In
this paper, we also classify Lie algebras satisfying this Lie-theoretic property
up to isomorphism: Lie algebras of constant height k£ = 0 are either abelian or
a semi-direct product R x R™ for the diagonal representation of R on R"™; there
is only s0(3) of constant height k& = 1; there are no Lie algebras of constant
height £ > 2. We recover a theorem of Polishchuk, which establishes that a
Poisson structure lifts to a Poisson structure on the blowup of a submanifold
exactly when the submanifold is invariant and the transverse Lie algebras have
constant height £ = 0.

4.1 Introduction

Given a manifold M and a closed and embedded submanifold N, the real
projective blowup is obtained by replacing N by P(vx(M)), the projectivi-
sation of the normal bundle vy (M) — N of N in M. This yields a smooth
manifold (without boundary), which we denote by Blup(M, N). The blowup
comes with a canonical blowdown map

p: Blup(M,N) — M,
which on P(vy(M)) = p~1(N) is the natural projection to N, and which

defines a diffeomorphism from the complement of P(vy (M)) to the complement
of N. In particular, p is not a submersion.
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One can address the question of when geometric structures on M “lift” to
the blowup. This question has been addressed in many contexts in the litera-
ture, both to produce new examples and as a way to desingularise geometric
structures.

Notice that we are considering real blowups, and that in the literature
complex blowups also appear frequently.

In [Pol97], Polishchuk studied the projective blowup of Poisson schemes, i.e.
the existence of a Poisson structure on the blowup such that the blowdown map
is Poisson. We state the result of [Pol97, Section 8] in its weaker, differential-
geometric formulation, in a similar way to [GL13, Section 2.2] (see Chapter 5
for a detailed proof).

Recall that, given a Poisson submanifold N of a Poisson manifold (M, ),
the conormal space at any ¢ € N,

(TqN)ann - (TqM/TqN)*

carries a Lie bracket, turning (7'N)*" into a bundle of Lie algebras. Explicitly,
the bracket is given by

[(df)(9), (dg)(@)] == (d{f, g})(q), (4.1)

where f, g are smooth functions on M vanishing on N.

Theorem (Polishchuk [Pol97]) Let (M, n) be a Poisson manifold and N C
M a closed and embedded Poisson submanifold. There exists a Poisson bivector
field @ on Blup(M, N) which is p-related to 7 if and only if each Lie algebra
(TyN)*™, fory € N, is either abelian or isomorphic to the semi-direct product
by the diagonal representation A — Aidgr~ of R on R™, denoted by R x R™.

In this paper we shall be interested in lifting twisted Dirac structures.
Dirac structures include Poisson structures, closed 2-forms, and foliations as
special cases, and are suitable to describe geometric structures that become
“infinite” at certain points.

Given a (twisted) Dirac structure D C TM @ T*M on a manifold M and
a closed, embedded submanifold N C M with codim (N) > 1, we ask:

Does there exist a (twisted) Dirac structure D on Blup(M, N),
such that

D’Blup(M,N)\IP(VN(M)) = p*(D|M\N)?

If such a Dirac structure D exists, it is necessarily unique. In this case, we say
that D lifts to the blowup. Further, we ask whether the blowdown map
is forward or backward Dirac.

Note that for codim (N) = 1 there is nothing to show, as Blup(M, N) ~ M
via the blowdown map and any Dirac structure lifts.

Our main theorem is an extension of Polishchuk’s result (in the smooth
setting, formulated before) to twisted Dirac structures. To state it, first notice
that, given a twisted Dirac structure D on M and an invariant submanifold
N C M, the annihilator (T'N)*™ is a bundle of Lie algebras, as in the case
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of Poisson structures. Indeed, (T'N)?™" fits into a short exact sequence of Lie
algebroids:
0— (IN)™ — D|, — B,,D — 0,

where D’  denotes the pullback of the Lie algebroid D to N and B, , D denotes
the pullback of the twisted Dirac structure D to N.

Main Theorem Let D be a twisted Dirac structure on a manifold M and N C
M a connected, closed, and embedded submanifold of codimension codim N >
1. Then D lifts to a twisted Dirac structure on Blup(M, N) if and only if one
of the following conditions holds.

(1) N C M is a transversal.

(2) N C M is an invariant submanifold and the induced bundle of Lie algebras
(TN)2™™ — N satisfies one of the following conditions:

(a) Each fibre is either abelian or isomorphic to the semi-direct product
R x R™ by the diagonal representation of R on R™.

(b) The fibres are all isomorphic to s0(3).

The blowdown map is a backward Dirac map in case (1), and it is a forward
Dirac map in case (2).

Remark If N is a presymplectic leaf of the Dirac structure D, or equivalently,
if N is invariant and D| w is a transitive Lie algebroid, then (T'N)*"" is a locally
trivial bundle of Lie algebras. Hence all fibres are isomorphic to each other,
simplifying the statement of the main theorem.

Example As a simple illustration of the above theorem, let g be a Lie algebra
and b C g a proper ideal. Then h"" is a Poisson submanifold of g*, endowed
with the standard linear Poisson structure. The latter lifts to a Dirac structure
on Blup(g*, h2™®) if and only if the Lie algebra b is isomorphic to one of the
Lie algebras appearing in item (2) of the main theorem.

The outline of the paper and intermediate results. Sections 4.2 and 4.3
are devoted to recalling basic notions and results about the blowup construc-
tion and Dirac structures, respectively.

The proof of the Main Theorem is divided into several steps corresponding
to the remaining sections of the paper.

The case of transverse submanifolds is easily dealt with in Section 4.4,
where the following is proven.

Theorem (4.4.2) Let D be a twisted Dirac structure on M. For any closed,
embedded transverse submanifold N C M, D lifts to Blup(M, N) and the blow-
down map is a backward Dirac map.

In Section 4.5 we prove the transverse or invariant dichotomy from the
Main Theorem.

Theorem (4.5.1) Let D be a twisted Dirac structure on M and N C M a
closed, embedded, and connected submanifold of codimension > 1. If D lifts to
a twisted Dirac structure on Blup(M, N), then one of the two conditions holds.
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e N C M is a transversal. In this case, the blowdown map is a backward
Dirac map.

e N C M is an invariant submanifold. In this case, the blowdown map is
a forward Dirac map.

To prove this result, we make use of the description of Dirac structures in
terms of spinor lines, i.e. line subbundles of ©; A*¥ T*M [Guall]. For this, we
develop in Subsection 4.5.1 techniques to study the problem of extending line
bundles along codimension one submanifolds—some of the obtained results
are similar those in [Blo17]. In particular, our techniques imply the following
result.

Corollary (4.5.6) Let D be a twisted Dirac structure on M and N C M
a closed and embedded submanifold. There exists an open and dense subset
V CP(vn(M)) such that the Dirac structure p*(D|M\N) extends smoothly to

a Dirac structure on (Blup(M,N) \ P(vn(M))) U V.

In Section 4.6 we turn to the general problem of blowing up invariant
submanifolds.

The tools developed in Section 4.5 are crucial also here. Namely, we use
spinors to describe Dirac structures, and study the vanishing order along the
divisor of the pullback of the spinor to the blowup.

Our goal is to reduce the problem to the following purely Lie theoretical
property of the isotropy Lie algebras (T,N)*"", ¢ € N. For a Lie algebra
(g,[, -]), define the height of an element & € g* \ {0} as the integer k € Ny
satisfying

EN(dGE)F #£0 and €A (dg€)*! =0,
where dg denotes the Chevalley-Eilenberg differential. We say that g is a Lie
algebra of constant height k& > 0, if all elements £ € g* \ {0} have height k.

Next, we note that the structure of a bundle of Lie algebras of (T'N)>™
induces a fibrewise linear Poisson structure on the normal bundle vy (M) ~
((TN)ay* which we denote by mji,. The Dirac structure graph(mi,) can be
thought of as the linearisation of the vertical component of D at N.

The main results of Section 4.6 are summarised in the following.

Theorem (4.6.1, 4.6.3, 4.6.6, 4.6.7) Let D be a twisted Dirac structure
on M and N C M a closed, embedded and connected submanifold, which is
invariant. The following are equivalent.

e D lifts to Blup(M, N).

e There exists £ € {1,...,codim N — 1} such that, for any (local) spinor ¢
for D, p*¢ has constant vanishing order ¢ along P(vy(M)).

o graph(my) lifts to Blup(vn(M),0n).
e The Lie algebras (T,N)*™, ¢ € N, have all the same constant height k.

Finally, using structure theory of semisimple Lie algebras, in Section 4.8
we classify Lie algebras of constant height.
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Theorem (4.8.1) Any Lie algebra g of constant height is isomorphic to one
of the following.

e An abelian Lie algebra R™—this has height 0.

o The semi-direct product R x R™, for the representation A — Aidgn —this
has height 0.

e The Lie algebra s0(3)—this has height 1.

Theorems 4.4.2, 4.5.1, 4.6.1 and 4.8.1 together yield the Main Theorem.

In Section 4.7, for the special case of blowing up a zero of a Poisson struc-
ture, we provide an alternative, more geometric proof of Theorem 4.6.1, with-
out using spinors, independently of our previous arguments. We do so in The-
orem 4.7.1, which gives several geometric characterisations of the existence of
lifts, one of them in terms of the dimensions of the coadjoint orbits.

Relation to the literature

The main question we address in this paper is motivated by Polishchuk’s result
[Pol97, Section 8] recalled above. In particular, our Main Theorem extends Pol-
ishchuk’s result in the framework of smooth manifolds from Poisson to Dirac
structures. Our techniques differ from those used by Polishchuk in [Pol97,
Section 8|. There, Poisson structures are described by means of the Poisson
bracket on the algebra of functions; since for Dirac structures only the subal-
gebra of admissible functions is endowed with a Poisson bracket, we use more
geometric techniques. It is however surprising that, although we allow for com-
pletely general submanifolds and completely general twisted Dirac structures,
we obtain only a few new situations compared with Polishchuk’s setting in
which the Dirac structure lifts to the blow-up: transverse submanifolds and
invariant submanifolds of codimension three with transverse Poisson structure
50(3).

Indirectly, the case of s0(3) has appeared in the literature in relation to the
problem of linearising a Poisson structure 7 around a zero ¢ (i.e. w(g) = 0).
Namely, if the isotropy Lie algebra of = at ¢ is s0(3), a geometric proof of
Conn’s linearisation theorem [Con85] can be obtained by first blowing up ¢,
then using Reeb’s stability for the regular foliation underlying the lifted Dirac
structure, and finally using a foliated Moser trick. This proof, envisioned by
Weinstein [Wei83], was carried out by Dazord in [Daz85], and in fact, using the
language of completely integrable 1-forms, the argument can be traced back
to Reeb’s thesis [Ree52].

Blowups have also been studied in the setting of generalised complex geom-
etry in [CGO09] in dimension 4 and in [BCvdLD19] in greater generality. The
natural operation in this setting is the complex blowup, arising from a complex
structure on the normal bundle to the submanifold. Like a foreshadowing of
the “transverse-invariant-dichotomy” revealed in our paper, the submanifolds
considered in [BCvdLD19] are certain classes of Poisson submanifolds for which
Polishchuk’s result applies and certain Poisson transversals, with a transverse
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complex structure. In the second case, in order to obtain a generalised com-
plex structure on the blowup, the lifted (complex) Dirac structure needs to be
modified around the divisor using an adaptation of blowup construction in sym-
plectic geometry [GS89] and Lermann’s symplectic cut construction [Ler95] to
generalized complex geometry.

It would be interesting to see if there is more flexibility in the more general
setting of weighted blowups, which have recently proven to be very success-
ful in simplifying Hironaka’s resolutions of singularities in algebraic geometry
[ATW24, McQ20]. For Poisson structures, this is currently being investigated
by Pym and collaborators [LMP].

Every Dirac manifold (M, D) carries a natural singular foliation F =
proy (Fe(D)), whose leaves are precisely the presymplectic leaves. For an
invariant (respectively transverse) submanifold N C M, the singular foliation
F lifts to a singular foliation p~F on the blowup Blup(M, N)—see [LGLR24,
Section 1.5.7] (respectively [LGLR24, Section 1.5.4]). In the case when the
Dirac structure also lifts, one has the inclusion p~tF C F into the singular
foliation F of the lifted Dirac structure, which in general is strict. When N is
a transverse submanifold, the above inclusion is an equality [SZ25].

Crainic, Fernandes, and Martinez Torres [CFT25] develop a procedure to
lift a Poisson structure of compact type on a manifold M to a regular Dirac
structure on another manifold M of the same dimension. However, M is in
general not a real projective blowup. In the special case of the Poisson manifold
50(3)*, their construction does agree with the real projective blowup, and fits
in the setting of our Main Theorem and of Theorem 4.7.1.

Finally, Theorem 4.6.1 classifies (real) Lie algebras of constant height. We
believe that this statement and its proof are of independent interest. In Re-
mark 4.8.3 we relate the height of an element with the Cartan class of that
element, as used for instance in [GR19] to obtain classification results.
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4.2 Real projective blowups

In this section, we briefly review the real projective blowup and some of its
basic properties needed for this chapter.
As a set, the blowup of a closed, embedded submanifold N of a manifold
M is given by
Blup(M, N) = (M \ N) UP(vy(M)),
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i.e. N is replaced with the projectivisation of the normal bundle vy (M) :=
TM | N /TN of N in M. The blowup comes with a canonical smooth structure,
for which the blowdown map,

p: Blup(M,N) — M,

is smooth. The blowdown map is the identity on M \ N and the projection
on P(vy(M)) — N. If codim N = 1, then p is a diffeomorphism. The smooth
structure can be described via the following set of charts.

Charts for Blup(M, N)

Let (U, (z,y)) be a submanifold chart for N, i.e. UNN = {z = 0}. Then the
collection

Ui=p "({zi £0}) U{v] € P(VN(M)”UQN) s da;(v) # 0},

i =1,...,codim (N), is an open cover of p~}(U). On each U;, one defines
coordinates (Z,y) on Blup(M, N), in which the blowdown map reads (see e.g.
[Obs21, Remark 5.29] for details)

p(i‘lv e 7£i7 e ajcodim(]\/')vy) = ('i’ijjla e a‘iia cee 7:Ei57codim(N)7y)' (42)

Notice that the hyperplane P(vy(M)) N U; is given by Z; = 0, and that the
chart obtained by restriction is the well-known chart on the projective bun-

dle induced by the fibrewise linear coordinates (dz,y) on the normal bundle
I/N(M).

Lifts of vector fields to Blup(M, N)

In the chart (U, (Z,y)), the lifts of the coordinate vector fields % and %
for k # i are given by

0 T O 1 0

— = — d ——, 4.3
ai'z Z 531 8-7~3k an JNCZ 63~L‘k ( )
k#i

respectively, as one sees by applying these vector fields to functions of the
form p*x;. This implies the following standard result (see e.g. [LGLR24, Prop.
1.5.40] for points or [Sch24, Lemma 3.5]).

Lemma 4.2.1 A vector field X on M is p-related to some vector field X on
Blup(M, N) if and only if X is tangent to N. In that case, X is unique and
tangent to P(vx(M)) C Blup(M, N).

4.3 Dirac structures

We give a short introduction to Dirac structures by first describing them as
subbundles of the standard Courant algebroid (see Section 1.1.3) and then via
their spinor lines. Dirac structures were introduced in [Cou90, CW88] and we
recommend [Burl3] for a brief introduction to the field, and [Guall] for the
use of spinors.
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4.3.1 Dirac structures as Lagrangian subbundles of TM

Let M be a manifold and H € Q3(M) a closed 3-form. The generalised
tangent bundle
T™M =TM & T*"M

carries a nondegenerate pairing and the Dorfman bracket, defined by

(+,): TM xTM >R

(£)- (%) = gtetw 4o,

[, -]: D(TM) x T(TM) — T(TM)
(i) ) (E) — (ﬁxﬂ - i[iiﬂ iinH> :

Together with the anchor map § = pry,,: TM — TM this endows TM
with the structure of a H-twisted Courant algebroid.

Definition 4.3.1 A subbundle D C TM is called an H-twisted Dirac struc-
ture on M if

1. D is maximally isotropic (i.e. Lagrangian) with respect to the pairing
< N >7
2. D is involutive, i.e. [[(D),[(D)] € I(D).

When we don’t want to specify H, we call D a simply a twisted Dirac
structure, or even simply a Dirac structure (even if H # 0).

Here are the standard examples for H-twisted Dirac structures, following
[Guall, Example 2.11-2.13].

1. The graph of a bivector field 7 on M,

graph(w) = {(Wg) eTM : €€ T*M} ,
if and only if
[7,7]s = 2(A37%)H,

where [ -, -]s is the Schouten bracket. Then 7 is called an H-twisted
Poisson structure [SWO1].

2. The graph of a 2-form w on M,

graph(w)—{( ”)eTM:veTM},

W’y
if and only if dw = H.

3. The subbundle TF & (TF)*™, for a regular foliation F on M, if and
only if H|, . = 0. Here, -*™ denotes the annihilator.
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Definition 4.3.2 ([BR03, Wei82]) Let ¢: X — M be a smooth map. Let
Dx be an H x-twisted Dirac structure on X, and Dj; be an Hjs-twisted Dirac
structure on M. If Hx = ¢*H s, we call ¢

1. a forward Dirac map, if we have (D) g(2) = §¢((Dx)e) forall z € X,
where

sot(Dx).) = { () e Tt ((1,2)¢) € D):

2. a backward Dirac map, if we have (Dx), = By ((Dnr)g(r)) for all
r € X, where

Bs(Dm)g(a)) = {((Tj&)*g) €T, X : <(T“?)w> € (DM)(M)}.

Forward Dirac maps generalise Poisson maps, while backward maps gener-
alise pullbacks of 2-forms.

The gauge action of a 2-form B € Q?(M) on a subbundle D C TM is
defined by [SWO1]

Bp._ X (X
exp D'_{(a+ixB) G']TM.(a) ED}.

Gauge actions send Lagrangian subbundles to Lagrangian subbundles. More-
over, D C TM is an H-twisted Dirac structure if and only if exp?D C TM is
an (H + dB)-twisted Dirac structure.

Definition 4.3.3 For ¢ = 1,2, let D; be an H;-twisted Dirac structure on
M;. We say that Dy and D5 are isomorphic if there exists a diffeomorphism
f: My — M and a 2-form By € Q2?(M>) such that

Dy = f*(expP2Dy) and H; = f*(Hy +dBy).

We call Dy and D5 locally isomorphic around xy € M7 and x5 € M, if their
restrictions to open neighbourhoods U; of x; and Us; of x5, respectively, are
isomorphic.

4.3.2 Spinor description of Dirac structures

Another way to describe Dirac structures is by means of pure spinor lines. Let
M be a manifold. Define an action p of I'(TM) on Q°*(M) by

p(X)d)::iX(b—Fa/\d).

[e%

Then, for a nowhere vanishing ¢ € Q*(M), called a spinor, the spaces

o {(2) o ()1



146 Chapter 4. Blowups of Dirac structures

are isotropic in every point of M, i.e. Dy C DJ- and ¢ is called a pure spinor
if these spaces are of maximal dimension, i.e. rank Dy = dim M. The maximal
isotropic subbundle corresponding to a pure spinor depends only on the line
bundle

Y:=R-¢pC A T*M.
Conversely, every maximal isotropic subbundle has a corresponding pure spinor
line bundle ([Che97, II1.1.9], [Guall, Proposition 1.3]). Further, D, is an

H-twisted Dirac structure if and only if the spinor ¢ satisfies the following
condition [Guall, Theorem 2.9]: there exists A € I'(TM) such that

dg¢ = p(A)p, wheredy :=d—HA.

Example 4.3.4 1. A spinor of TM C TM is given by the constant function
1 € Q*(M), and the spinor line is R C A*T*M.

2. A local spinor of T*M C TM is given by any local volume form on M,
and the spinor line is AYPT*M C A*T*M.

3. Let (M, 7) be twisted Poisson. On any orientable open subset of M with
volume form A a spinor for graph(w) is given by

br = expm A = Zylﬂ)\

Here, we adopt the convention ix,y = iyix for the insertion of multi-
vector fields. Further, any spinor for graph(m) over such an open subset
has this form, for some volume form A. In particular, the top-degree
component of the spinor is nowhere vanishing.

4. Let w € Q?(M) be a 2-form. A spinor for graph(w) is given by

w = exp® Z o

We give a useful criterion for extending Dirac structures (for similar results,
see [Blo17]).

Lemma 4.3.5 Let M be a smooth manifold, H a closed 3-form on M, and
U C M an open and dense subset. Let D be an H’U-twisted Dirac structure
on U, with spinor line X C A*T*U. The following are equivalent.

e D extends to an H-twisted Dirac structure D on U;
o X extends to a line subbundle 3 CA*T*U on U.

Proof. Clearly, if D extends, then so does X. Conversely, assume that 3
extends to X. We claim that any (local) non-vanishing section ¢ of ¥ is a
pure spinor. Indeed, Dy is the kernel of a vector bundle map, so its dimension
is locally non-increasing, and, at the same time, Dy is almost everywhere
maximally isotropic. This shows that the annihilator D of ¥ is a Lagrangian
extension of the twisted Dirac structure D to M. Now, D is also twisted Dirac,
because this condition is closed. O
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4.3.3 Splitting theorems for Dirac structures

We briefly discuss invariant and transverse submanifolds of Dirac structures,
and their normal forms, which play a significant role throughout the paper.

Definition 4.3.6 Let D C TM be a Dirac structure and N C M a closed
and embedded submanifold.

e N is called invariant if pry,,(D) is tangent to N, i.e.for all ¢ € N

PYTM(Dq) C TyN.

e N is called transversal if pry,,(D) is tranverse to N, i.e. for all g € N

TyN + proy (Dg) = T, M.

Geometrically, invariant submanifolds are those that are unions of presym-
plectic leaves and transverse ones are those that intersect leaves transversally.

To find local spinors we use Blohmann’s normal form theorem developed
in [Blo17, Corollary 3.9]. Recall that isomorphisms of twisted Dirac structure
include gauge transformations by 2-forms, which are not necessarily closed
(Definition 4.3.3). Therefore, any Dirac structure can be locally untwisted, and
so, Blohmann’s splitting theorem can be restated as follows (see also [BLM16,
Theorem 5.1]).

Theorem 4.3.7 ([Blo17]) Let D be an H-twisted Dirac structure on M and
let ¢ € M. Then (M, D) is locally isomorphic around q to the (untwisted)
product (U, graph(m)) x (Z,TZ) around (qu,qz), where m a Poisson bivector
on U that vanishes at qu .

The following observation will be used later on.

Corollary 4.3.8 In the setting of Theorem 4.3.7, let N C M be an invariant
submanifold through q. Then we can take U = X XY, with qu = (¢x,qvy),
so that N corresponds to {qx} x Y x Z, where {gx} X Y is an invariant
submanifold of U.

Proof. If Z is connected, invariant submanifolds of graph(w) x T'Z are of the
form Y x Z, where Y is an invariant submanifold of (U, graph(r)). After
shrinking U, we can choose a complement X to Y. O

4.3.4 Invariance and locality of liftability

In the proof of the Main Theorem, we will frequently rely on the local descrip-
tion of twisted Dirac structures, as recalled in the previous subsection. This
description is valid up to isomorphisms of Dirac structures (Definition 4.3.3).
In this subsection, we aim to justify the use of this approach. On the one
hand, liftability is a local property that is preserved under isomorphisms; on
the other hand, the assumptions of the Main Theorem are local in nature and
remain unaffected by isomorphisms. We formulate these observations as two
lemmas.
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Lemma 4.3.9 (Invariance) For i = 1,2, let D; be an H;-twisted Dirac
structure on M;. Assume that the two Dirac structures are isomorphic. Fix
an isomorphism (f, Bs) consisting of a diffeomorphism f: My =% My and a
2-form By € Q2(M>) such that

Dy = f*(expP2Dy)  and Hy = f*(Hy + dBs).

Let Ny C My be a closed and embedded submanifold, and denote Ny := f(Ny).
The following hold.

1. Dy lifts to Blup(My, N1) if and only if Dy lifts to Blup(Ma, Na);
2. Nip is a transversal for Dy if and only if Ny is a transversal for Do;

3. Nip is an invariant submanifold for D1 if and only if No is an invariant
submanifold for Do. Moreover, in this case f induces an isomorphism
of bundle of Lie algebras:

(Tf~1*: (TNy)™™ 25 (T Ny)*m, (4.4)

Proof. For property 1., note that f lifts to a diffeomorphism between blowups
f: Blup(My, Ni) = Blup(Mz, Na). Let p;: Blup(M;, N;) — M; denote the
blowdown map. Assume that D, lifts to a pjH;-twisted Dirac structure D,
on Blup(M;, N1). This can be pushed forward via f to the Dirac structure
f*(f)l) on Blup(Ms, N3), which is twisted by

f*(pTHl) = f*pff*(Hg + ng) :p§<H2 + ng)

Then Dy := e 7382 6 f,(Dy) is a pjHo-twisted Dirac structure which lifts Ds.
The symmetry of the statement yields the other implication.

For the other properties, note that (f, Bs) induces an isomorphism of Lie
algebroids

-Bs . ~ Y e
e Tf: Dy =5 Dy, (g) ~ <(Tf‘1)*(€) —in<v>Bz) ’

and that Lie algebroid isomorphisms send transverse (respectively invariant)
submanifolds to transverse (respectively invariant) submanifolds. Finally, if Ny
is invariant, then (T'Np)*™® C D; is a subalgebroid with zero anchor (which
induces the structure of bundle of Lie algebras), and the restriction of the Lie
algebroid isomorphism to this subbundle is precisely (4.4). O

The properties above are also local in nature. We state this, but omit the
obvious proof.

Lemma 4.3.10 (Locality) Let D be an H-twisted Dirac structure on M and
N C M a closed and embedded submanifold. The following hold.

1. D lifts to Blup(M, N) if and only if every point in N has an open neigh-
bourhood U in M such that D|U lifts to Blup(U,N NU);
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2. N is a transversal for D if and only if every point in N has an open
neighbourhood U in M such that N NU is a transversal for D’U;

3. N is an invariant submanifold for D if and only if every point in N
has an open neighbourhood U in M such that N NU is an invariant
submanifold for D’U.

4.4 Blowup of transversals

In this section, we show that any Dirac structure lifts to the blowup along a
transversal.

We will use the following terminology. A smooth map f: B — M is said
to be transverse to a Dirac structure D on M, if, for all b € B, the following
holds:

proa(Dywy) +im Ty f = Ty M.
Geometrically, this means that f is transverse to all leaves of D.
The following characterisation and property of transverse maps are well-
known (see e.g. [ABM09, Lemma 1.9] and [Burl3, Proposition 5.6]). For the
convenience of the reader, a short proof is included.

Lemma 4.4.1 Let D be a twisted Dirac structure on M, and f: B — M a
smooth map. The following are equivalent:

e f is transverse to D;
e for any (local) spinor ¢ defining D, f*¢ is nowhere zero.

In this case, the pullback B ;D is a smooth Dirac structure defined by the (local)
spinor f*¢.

Proof. For b € B denote Vi, := pryp(Dsw)). Any spinor for Dy can be
written as ¢rp) = expB0 A ... A8, where B € /\2T}*(b)M and 0,...,0,, are
a basis of V;*"*, the annihilator of V; [Guall, Proposition 1.3]. Then

(Tof) b sy = exp T BT (00) Ao A (Tof)* (0,)

is non-zero precisely when (T} f)*: V*"™ — T;*B is injective, which is equiva-
lent to the map Ty, B — Tty M/Vy induced by Tp f being surjective, which is
equivalent to Vi +im Ty f = Tty M. This proves the equivalence.

If f is transverse to D, then D can be pulled back along f to a Dirac
structure B ;D on B (see e.g. [Burl3, Proposition 5.6]). Let ¢ be a spinor for
D. By the first part, f*¢ is nowhere vanishing. Elements of B ;D have the
form (v, (Tf)*n), where (T f(v),n) € D. This implies that

(W, (TF)yn) - f7o= (T (Tf(v),n)-¢) =0.

So at every point B L is included in the isotropic subspace associated to f*¢.
Since the first vector space is maximally isotropic, the two must be equal. So
f*¢ must be a spinor for B;D and f is a backward Dirac map. O
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Lemma 4.4.1 immediately implies that Dirac structures always lift to the
blowup of transversals.

Theorem 4.4.2 Let D be a twisted Dirac structure on M. For any closed,
embedded transversal N C M, D lifts to Blup(M, N) and the blowdown map
is a backward Dirac map.

Proof. Since the blowdown map p satisfies T, )N C imTgp, for all § €
P(vn(M)), if follows that p is transverse to D. The claim follows from Lemma
4.4.1. O

4.5 The transverse and invariant dichotomy

In this section, we prove a surprising result.

Theorem 4.5.1 Let D be a twisted Dirac structure on M and N C M a
closed, embedded, and connected submanifold of codimension > 1. If D lifts
to a twisted Dirac structure on Blup(M, N), then one of the following two
conditions holds.

e N C M is a transversal. In this case, the blowdown map is a backward
Dirac map.

e N C M is an invariant submanifold. In this case, the blowdown map is
a forward Dirac map.

Motivated by Lemma 4.3.5, we treat the extension problem of line bundles
in the next subsection first, and then return to the proof of Theorem 4.5.1.

4.5.1 Extending line bundles along codimension one sub-
manifolds

Aiming to understand the question of extending spinor lines, in this subsection
we provide necessary and sufficient conditions for when a rank one subbundle
of a vector bundle, defined away from a codimension one submanifold, extends
smoothly along the submanifold.

We first make precise the notion of vanishing order. Let E — M be a
vector bundle, and denote by J*E — M the k-th order jet bundle of E.
This is again a vector bundle over M with fibre at ¢ € M given by

JYE =T(E)/I:'T(E),

where 7, the ideal of functions vanishing at ¢. Then any smooth section
s € I'°(E) induces a smooth section j*(s) € I'°(J*E), called the k-th order
jet of s, via

7*(s)(q) = s+ ) T'T(E) € JJE.

Definition 4.5.2 The vanishing order of a section s € I'(E) at ¢ € M is the
smallest k € Ny such that j¥(s)(q) # 0. We say that s has infinite vanishing
order at ¢ if j*(s)(q) = 0 for all k.
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The following result will be used in Sections 4.5.2 and 4.6.

Lemma 4.5.3 Let E — M be a vector bundle, X C M a closed, embed-
ded, and connected submanifold of codimension one. Let s € I'(E) be given,
satisfying s~1(0) C X.

1. If s has constant finite vanishing order along X, then span(s)’M\X ez-
tends along X to a smooth subbundle of E of rank one.

2. If span(s)‘M\X extends along X to a smooth subbundle of E of rank one,
and there exists a nowhere vanishing section § € I'(E*) such that B(s)
has constant finite vanishing order along X, then s has (possibly lower)

constant vanishing order along X.

For the proof of Lemma 4.5.3 we need an auxiliary statement about quo-
tients of smooth functions.

Lemma 4.5.4 Let M be a manifold and X C M a closed, embedded, and
connected submanifold of codimension one. Suppose that f € €°°(M) has
constant vanishing order k € Ny along X. If g € €°°(M) divides f, then g
has constant vanishing order £ < k along X.

Proof. We can argue locally, and assume that M = R™ with coordinates
Z1,...,2, and that X = {x; = 0}. Since f vanishes to order k along X,
by Hadamard’s Lemma we can write

f=akf

for some f € € (R™). Since j*f vanishes nowhere along X, it follows that
f| + vanishes nowhere on X. Let U be a neighbourhood of X on which [ is
invertible.
Let g € €>°(R™) divide f. Since f|U is invertible, there is h € €°°(U) such
that
¥ =¢g-h on U

For any y € X and a function a € €°(U), let o,(a) denote the vanishing
order of the function z1 — a(x1,y) at 1 = 0; in other words o, (a) is the degree
of the first Taylor term with non-zero coefficient. Then o, is multiplicative
oy(ab) = oy(a) + 0,(b). Therefore, we obtain that:

VyeX : oy(g)+oy(h)=k.

On the other hand, note that for any a € ¥°°(U) the function y — oy(a) is
locally non-increasing.

Since X is connected, this implies that o,(g) and o,(h) are constant. So
there is 0 < ¢ < k such that o,(g) = ¢, for all y € X. Thus, we can write
g = r%§, where §| + 1s a nowhere vanishing function. Hence, g has constant
vanishing order ¢ along X. O

Proof of Lemma 4.5.3. First note that if an extension of span(s) to X exists,
it is necessarily unique since M \ X is dense. For the first part, assume that s
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has constant vanishing order k£ along X. Then for any local defining function
x of X, we have that

s
zk "

S =
extends along X to a smooth section of F, and does not vanish anywhere in a
neighbourhood of X. Hence, § generates a line bundle that gives the desired
extension.
For the second part, suppose § € I'(E) is a (local) frame of the extension
of span(s)‘M\X. Then there exists a function g € €°° (M) with
5 =gs.

Thus, B(s) = gB(3), and so g divides 3(s). If B(s) has constant vanishing order
k along X, by Lemma 4.5.4 g has constant vanishing order ¢ along X for some
¢ < k. Then, from s = ¢g§ and since 5§ does not vanish on X by assumption,
the statement follows. O

The following consequence of our techniques will be used to show that Dirac
structures can be extended to an open and dense subset inside the blowup.

Lemma 4.5.5 Let E — M be a vector bundle and X C M a closed embedded
submanifold of codimension one. Let s € T'(E) be a section such that s~1(0) C
X and j(s) is nowhere vanishing. There exists an open dense set V. C X such

that span(s)|M\X extends to a line bundle over (M \ X)UV.

Proof. From the proof of Lemma 4.5.3 we see that, if s has constant vanishing

order ¢ > 0 along an open subset V, C X, then span(s)|M\X extends to

(M\X) UV, In particular, we can choose
o o -1
Vo:=Cy\ Cor1, where Cp:=X, Copq:= jl$|X (0),

and -° the interior as a subset of X. Hence, if we set V = (J,_, Vi, then
span(s)‘M\X extends to a smooth line bundle on (M \ X)U V.

It is left to show that V is dense in X. First, using that Cyy; C Cy, that
Co = X, and that, by assumption, (),2,C¢ = 0, we obtain the following
decomposition of X into disjoint subsets:

X = U C\Ciy1.

>0

Using that V, C Cp, we have that

X\V = J (CA\Coa)\Ve = | CA\(CF U Crpa) = | 9C\Crya.

£>0 >0 £>0

Since all Cy are closed, their boundaries are closed sets with no inner points.
By Baire’s Theorem, their union still has no inner points. The same holds also
for Up>00C¢\Co41, and so, V is dense. O

Lemma 4.5.5 implies the following result.
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Corollary 4.5.6 Let D be a twisted Dirac structure on M and N C M a
closed and embedded submanifold. There exists an open and dense subset V C
P(vn(M)) such that the Dirac structure p*(D|M\N) extends smoothly to a

Dirac structure on V U (Blup(M, N) \ P(vy(M))).

Proof. Let X be the spinor line on (Blup(M, N) \ P(vyx(M))) of p*(D’M\N).
Using the standard charts on the blowup, in which the blowdown map is
algebraic (4.2), it is easy to check that for any (local) spinor ¢ for D, we have
that j*°p*(¢) does not vanish anywhere. Then Lemma 4.5.5 provides an open
and dense subset V' C P(vy(M)) over which ¥ extends smoothly. Lemma
4.3.5 implies that p*(D’M\N) extends to a p* H-twisted Dirac structure to

V U (Blup(M, N) \ P(vy (M))). O

4.5.2 Proof of Theorem 4.5.1

We first prove a pointwise version of Theorem 4.5.1.

Lemma 4.5.7 Let D be a Dirac structure on M and N C M a closed, em-
bedded submanifold of codimension > 1. If D lifts to Blup(M, N), then at any
q € N either of the following conditions holds.

o pryy(Dg) € TyN;
o pryy (D) + TgN =T M.

Proof. As explained in Subsection 4.3.4, it suffices to work locally, with an
untwisted Dirac structure.

Assume that D lifts, but neither condition holds at ¢ € N. The failure
of the first condition implies the existence of some v + o € I'(D) such that
vy ¢ TyN.

We follow the first steps in [Blo17] of the proof of Theorem 4.3.7. By
[Blo17, Lemma 3.4], there exists a closed 2-form w defined around ¢ € M such
that i,w = «a. Consequently, around ¢ the Dirac structure D is isomorphic
to exp~®D, which contains v + 0. Hence, we can assume v € I'(D) from the
start. By using a chart around ¢ adapted to NV, we find a small neighbourhood
U of ¢ in M and a codimension-one submanifold ¢: M < M through ¢, such
that NN U C M and such that v, ¢ T,M. By [Blol7, Lemma 3.5, after
shrinking U and M, we find a diffeomorphism U 2 (—g,e) x M, which sends
M to {0} x M, ’U|U to £, and the Dirac structure D!U to the product Dirac
structure

T(—¢,¢) x D,

where D = 8,D. We replace M by this neighbourhood. Then, because of the
product structure, the spinor ¢p of D may be taken to be the spinor ¢ of D.
In particular, ¢p is independent of ¢ and dt¢.

Since the second condition does not hold, and (pryy,(Dg))*™ = DNT; M,

there exists £ # 0, such that £ € D, N (T,N)*"™. Since 5,%’(1 € D, we
have that f(%) = 0, and therefore f‘T i 7 0. So there exists a function
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Ty € (M) with x2|N = 0 and & = dfc2|q. By completing {z2} to a
chart on M which is adapted to N and centred at ¢, we obtain coordinates
(t, T2y s ThyYkt1s---»Ym) in which N = {t = 23 = -+ = 2, = 0} and
t(q) = xi(q) = y;(q) = 0.

In the constructed chart, the spinor ¢p of D decomposes uniquely as

¢p = ¢o + ¢1 N dxo,

where ¢y has no dzs-contribution. We still have that ¢g, 1 are independent
of t and dt, and, since dx2|q € D, by the definition of the action p in Section

4.3.2, we have ¢((0) = 0. Next, we use multi-indices to write

bo = Z ¢p der Adyy  and ¢y = Z @17 dwr A dyy.
1.7 1,7

We pull the spinor ¢p back to the chart U; on Blup(M, N), i.e. along the map

p(t,,y) = (t,t%,y), where & = (Zo,..., %) and y = (Yrs1,---,Ym) (see (4.2)).
Then we obtain

P oy, = > (fu‘p*éﬁé"]d@ Adyy + 8 p ¢ diip A dyy A di
17

k
FdiA ( S 6 F by, di s A dyJ)
u=3

k
Fdi A ( S iy 61 F o, dir Adys A di

u=3

+ (—1)|I|+|J|i'2£u|p*(b{"]di'[ A\ dyJ))

Recall that U; NP(vy(M))) = {t = 0}. Since by assumption the Dirac struc-
ture lifts, there exists a function f € €>°(U; \ {t = 0}) such that fp*¢D|Ut

extends smoothly along {t = 0}, and vanishes nowhere on U;. In particular,
for (Z,y) = 0 and ¢t # 0, using that ¢¢(0) = 0, we see that all terms in of
p*¢D|U in the sum above vanish identically along the line (Z,y) = 0, except
for '

> i pt g1 (0)dis A dyg A .
1,J

Hence, there must exist index sets I, J, such that the smooth function
. L, J
g:= ftll |+1p*¢1 c cgoo(Ut)

satisfies g(0) # 0. By shrinking U, we may assume that g doesn’t vanish any-
where on Uy, and by replacing f by f/g, we may assume that ffl%+1p*glo/s =
1 on U;. Hence,

1

=z I.,J."
t\I* H_lp*ﬁbl
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However, this form of f implies that fp*¢D|Ut has a singularity at ¢ = 0.

Indeed, for ¢ # 0, along the submanifold {z3 = ... = 2 = 0}, we have
* 1 71 x  I,J 1~
fri¢p :W Z (tmp ¢y dzr ANdyy
1 1,J

+ M+ ol Az A dyy A diy
4 (=) 3,7 T p* g7 aF A Ay A dyJ).

The coefficient of the term df A d#;, A dy;, is given by
%df Adzr, Adyy.,

which is not well-defined in £ = 0. Hence, we obtain a contradiction to the
assumption that the Dirac structure lifts. O

Next, we use Lemma 4.5.3 to show that, if D lifts over a point where the
Dirac structure is tangent to the submanifold, then locally the pulled back
spinor has constant vanishing order.

Lemma 4.5.8 Let D be a Dirac structure on M, N C M a closed and em-
bedded submanifold, and q € N such that

prr(Dg) € ToN. (4.5)

Let ¢ denote a spinor corresponding to D defined around q. The following are
equivalent.

e The Dirac structure p* (D’M\N) extends to a neighbourhood of p~1(q) C
P(vn (M)).

e The order of vanishing of p*¢ along P(vyx(M)) is constant around p~(q).

Proof. If p*¢ has constant vanishing order along P(vy (M)), then the first part
of Lemma 4.5.3 together with Lemma 4.3.5 imply that D lifts in a neighbour-
hood of p~1(q).

For the converse, we apply the second part of Lemma 4.5.3. In order to do
so, we first find coordinates that are adapted to both D and V.

By Theorem 4.3.7 (see also Subsection 4.3.4) we can assume that M =
UxZ,q=(qu,qz), and D = graph(w) x TZ for a Poisson structure = on U
vanishing at qp.

The assumption (4.5) implies that prZ|N: N — Z is a submersion at gq.
After shrinking U, one can split U = V x W, with qu = (¢v, qw ), such that
Tyw W = ker Tq(prZ‘N). Then the projection pr: V x W x Z — W x Z induces
a linear isomorphism

Topr|y: TyN =5 Ty W © Ty, Z.
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By the inverse function theorem, pr| v N = W xZis a diffeomorphism in an
open neighbourhood of q. Therefore, after shrinking all neighbourhoods, we
find a smooth map f: W x Z — V, such that

(pr| ) (w, 2) = (f(w, 2),w, 2).

Denote by v = (v1,...,v%), w = (wi,...,w;), and z = (21,...,2m) CO-
ordinates on V, W, and Z, around gy, qw, and gz, respectively. Define
xi:=v; — fi(w,2),i=1,...,k, and © = (x1,...,2%). Then (z,w, 2) is a chart

around ¢ on M which is a submanifold chart for N, i.e. N = {x = 0}.
In the first set of coordinates, a spinor of D is given by

¢ =exp'™(dvy A ... Adop Adwy A ... Adwy)
=dv; A ... Advy Adwy A ... Adw; + lower degree forms’

Writing ¢ in the second set of coordinates, we obtain
¢=dxy A... Ndxxp Adwy; A ... ANdw; + other terms,

where the “other terms” are either or lower form degree or contain at least one
de.

For i« = 1,...,k consider the chart U; on P(vy(M)) with coordinates
(Z,w, z), defined in (4.2). Then we have that

p*qb’UI’_ = jf_ldiyl A...NdTp Adwi A ... Adw; + other terms, (4.6)

where again the “other terms” are either of lower degree of contain at least one
dz;. Hence, the multivector field

0 A A 0 A 0 A 0
p= 0y 0%, ow T dw’
satisfies that 3(p*¢) has constant vanishing order equal to k — 1 along {Z; =
0} = P(vn(M)) N U;. So if the line bundle spanned by p*¢ extends to a
neighbourhood of p~!(g), then the second part of Lemma 4.5.3 implies that
p*¢ has constant vanishing order in a neighbourhood of p~1(q). O

The following is used to show that the blowdown map is a forward Dirac
map.

Lemma 4.5.9 Let D be a Dirac structure on M and N C M a closed, em-
bedded submanifold of codimension > 1. Assume that D lifts to the Dirac
structure D on Blup(M, N). Then the blowdown map is a forward Dirac map
if and only if N is an invariant submanifold.

Proof. Suppose p: Blup(M, N) — M is a forward Dirac map. For any ¢ € N
we have
proas(Dy) C ﬂ imTep = T, N.
c€p~(q)

Hence, N is invariant.
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Conversely, assume that N is invariant. We have to show that for all
§ € Pun(M)), p(De) = Dpey. Fix (2,m) € Dpe). Let (X,a) € I'(D) with
(X, a)|p(€) = (z,n). Since X is tangent to N, by Lemma 4.2.1, it has a unique

lift X to Blup(M,N). Then (X,p’ioz) € T'(TBlup(M, N)) maps the dense
subset Blup(M, N)\P(vy(M)) into D. Thus, (X, p*«) € T'(D), implying that

(Tep) (X(©)) .
< a(p(©) > € 82(De):

As X p-projects to X, we see that the above pair is just (X, a)’p(g) = (z,7).

This shows Sp(bg) 2 Dpe). Equality follows because both are maximally
isotropic subspaces of T,¢) M. O

Summarising, we can prove Theorem 4.5.1.

Proof of Theorem 4.5.1. By Lemma 4.5.7, at any ¢ € N, D is either tangent
or transverse to N. These two cases are mutually exclusive as codim N > 0.
Moreover, the set where N is transverse to D is open in N, because the
condition Ty N + pryy,(Dg) = Ty M is open. Since N is connected, it suffice to
show that the tangential points also form an open subset. Indeed, let ¢ € N
be such that prp,,(D,) C T,N and let ¢ be a spinor for D defined around
q. By Lemma 4.4.1, p*¢ must vanish along p~!(q) as ¢ is not a transverse
point. But then, by Lemma 4.5.8, p*¢ must vanish also in a neighbourhood
U of p~1(q) € P(vy(M)). Then p(U) C N is a open neighbourhood of ¢ in
N, and D and N cannot be transverse at any point ¢’ € p(U), again because
of Lemma 4.4.1. Therefore, Lemma 4.5.7 shows that p(U) consists entirely of
points where D is tangent to N.

Finally, if N is a transversal, Lemma 4.4.1 shows that p is a backward
Dirac map, and if N is invariant, then Lemma 4.5.9 shows that p is a forward
Dirac map. O

4.6 Blowup of invariant submanifolds

After the previous two sections, it remains to characterise the invariant sub-
manifolds N C M of a twisted Dirac structure D for which D lifts to the
blowup Blup(M, N). Recall from the Introduction that an invariant submani-
fold N C M of D yields a short exact sequence of Lie algebroids:

0— (IN)™ — D|, — B,,D — 0.

In particular, (TN)®*" is a bundle of Lie algebras over N.

Recall also from the Introduction that, given a Lie algebra (g, [, -]), the
height of an element & € g* \ {0} is defined as the integer k € Ny such that
EN(dg)F #0  and £ (dg€)" T =0. (4.7)

The Lie algebra g is called a Lie algebra of constant height £ if (4.7) holds
for all £ € g* \ {0}.
We can state now the main result of this section.
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Theorem 4.6.1 Let D be a twisted Dirac structure on M and N C M a
closed, embedded and connected submanifold, which is invariant. The following
are equivalent.

e D lifts to Blup(M, N).
e The Lie algebras (I,N)*™", ¢ € N, have all the same constant height k.

Example 4.6.2 On a Lie group G with a bi-invariant (not necessarily pos-
itive) metric (-, -), there is a canonical twisted Dirac structure D, called
Cartan-Dirac structure [SWOL Example 5.2]. The twist is provided by the
corresponding Cartan 3-form, i.e. the bi-invariant 3-form on G which at the
unit e reads H(u,v,w) := —1([u,v],w) for u,v,w € g = T.G. In a neigh-
bourhood U of the unit e, the Cartan-Dirac structure D is the graph of an
H|U—twisted Poisson structure 7. At every g € U, the map wg: ,G — T,G
is obtained by left-translating 2(Ad, — 1)(Ad, + 1)~': g — g and using the
identification g* = g induced by the metric. It is known that the induced
Lie algebroid structure on D is isomorphic over idg to the transformation Lie
algebroid associated to the action of G on itself by conjugation. In particular,
the unit element {e} of G constitutes a leaf of D, and the isotropy Lie algebra
of D at e is just g.

Now choose G = SO(3), endowed with any bi-invariant Riemannian metric
(which exists because the Lie group is compact). Theorem 4.8.1 below shows
that so(3) is of constant height 1. Hence, by Theorem 4.6.1, D lifts to an
p* H-twisted Dirac structure on Blup(G, {e}), which is not given by the graph
of a bivector field around p~!(e).

Theorem 4.6.1 is a consequence of the results of the following subsections,
in which we give alternative criteria for the liftability property.

4.6.1 The constant vanishing order criterion

The following criterion for a Dirac structure to lift to the blowup is an imme-
diate consequence of Lemma 4.5.8 and its proof.

Corollary 4.6.3 Let D be a twisted Dirac structure on M and N C M a
closed, embedded and connected submanifold, which is invariant and has codi-
mension > 1. The following are equivalent.

e D lifts to a p* H-twisted Dirac structure on Blup(M, N).

o There exists £ € {1,...,codim N — 1} such that, for any (local) spinor ¢
for D, p*¢ has constant vanishing order ¢ along P(vy(M)).

In the Poisson category, we have the following version of this result.

Corollary 4.6.4 Let (M, ) be Poisson and N C M a closed and embedded
Poisson submanifold. The following are equivalent.

e 7 lifts to a Poisson structure @ on Blup(M, N).
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e The spinor p*(exp™\) has constant vanishing order { = codim N —1 along
P(vn(M)), for any (local) volume form X\ on M.

Proof. If codim (N) = 1, there is nothing to show. Let codim (N) > 1. By
Corollary 4.6.3, graph(m) lifts to a Dirac structure D, exactly when the spinor
#*(exp™\) has constant vanishing order ¢. In this case, t~‘¢*(exp™)) is a
nowhere vanishing spinor corresponding to D, where ¢ is any local coordinate
defining P(vy (M), i.e. locally P(vnx(M)) = {t = 0}. On the other hand,
t=¢¢* (exp™\) corresponds to a Poisson structure, exactly when its component
of top degree, i.e. t~“¢*()\), is nowhere vanishing. Using the standard charts
on the blowup, as in (4.6), we see that ¢*(\) has constant vanishing order
codim N — 1. This implies the equivalence. O

Example 4.6.5 Consider the vector bundle E = R? x R? — R2. Denote its
canonical global frame by {ej,es,es} and denote by (y1,y2) the variables of
the base. Let f € €°°(R?) be a function. Equip the fibre E( y with the Lie
bracket

Y1,y2

3
leir €3l (g ) = FW1,02) > Eijken,
k=1
where €;;, = 1 if ijk is a cyclic permutation of 123, €;;, = —1 for a cyclic

permutation of 213, and €;;, = 0 otherwise. Then £ — R? is a bundle of Lie
algebras, with fibre

5 N 50(3) if f(ylayQ) # 0
@rv2) =) abelian R®  if f(y1,2) = 0.

On E*, we obtain a Poisson structure m with global spinor line generated by

3
d)ﬂ- = f(yl, yg) Z.’,Eldl} A dyl A dyg + dlZJl A dl‘g A dl‘g A dy1 A dyg,
i=1
where we denote the linear fibre coordinates induced by (the dual frame to)
{ei}i by (z1, 22, x3).
1. Let N be the zero section of the vector bundle E*. The Dirac struc-

ture graph(m) lifts to the blowup Blup(E*, N) exactly when f =0 or f
vanishes nowhere. Indeed, for i € {1,2,3},

¥ 6]y, =S (1w2) (D 35, + & (1+ Y 7)di ) Adys Adys
i i
+ .’ifdi‘l ANdTo Adag A dy1 A dyg.
Let ¢ = (q1,G2,G3,Y1,92) € P(E*)NU;, so ¢; = 0, with vanishing ideal

Z,. Reducing the coefficients in (p* ¢ﬂ)|U‘ modulo Ig, the only term that
might be non-zero is '

flyi,y2) & (1 + qu) €1,
J#i
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This belongs to qu precisely when f(y1,y2) = 0. Hence, the vanishing
order of (p*¢ﬂ)|U‘ is constant along P(E*) NU;= {Z; = 0} if and only if
f=0or f vanishes nowhere.

If f =0, the vanishing order is 2 = codim N — 1, 7 = 0, and the lifted
Dirac structure corresponds to the zero Poisson structure.

If f vanishes nowhere, (p* ¢”)|U: has vanishing order 1 along P(vx (M))N

U; and so graph(n) lifts to a Dirac structure, which does not come from
a Poisson structure.

2. Suppose that f vanishes at the origin 0 € R2, and take N to be the
fibre E*|,. Then, by Corollary 4.6.4, 7 lifts to a Poisson structure on
Blup(E*, N). Indeed, for j € {1,2},

3
(p*¢ﬂ)|Uj = (dl‘l ANdzo A dxsg + Z(p*f)|UJIdeZ) Adyy A dys

i=1

has constant vanishing order codim N —1 =1 along P(vn(E*)) N U;.

4.6.2 Reducing to bundles of linear Poisson structures

As a first step to prove Theorem 4.6.1, we reduce the problem to the setting
of linear Poisson structures.

Given a bundle of Lie algebras (g,[-, -]) over N, the dual vector bundle
r: g* — N comes equipped with a with a fibrewise linear Poisson structure
Tin, With Poisson bracket determined by:

{eVaa eVg} = €Vq,3]» {eVom T*f} =0, {T*f» r*g} =0,

for all o, € I'*°(g) and all f,g € €°°(N), where ev, € €>(g*) is «, viewed
as a fibrewise linear map.

In particular, for an invariant submanifold N C M of a Dirac structure
D, the normal bundle vy (M) = ((T'N)2*™)* has a linear (untwisted) Poisson
structure, denoted 7}y, coming from the bundle of Lie algebras on (T'N)?™".
Linearity implies that 7y, vanishes along On C vy (M), and so Oy is an
invariant submanifold for ;.

Theorem 4.6.6 Let D be a twisted Dirac structure on M and N C M a closed
and embedded submanifold, which is invariant. The following are equivalent.

e D lifts to Blup(M, N).
e graph(my,) lifts to Blup(vy(M),0n).

In that case, the respective pullback spinors have the same vanishing orders
along P(vy (M)).

Proof. As remarked in Subsection 4.3.4, it suffices to check locally whether D
(respectively graph(my,)) lifts to the blowup. In Subsection 4.3.4, we showed
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that isomorphisms of Dirac structures induce isomorphisms between the corre-
sponding bundle of Lie algebras (T'N)*"*, and so, isomorphisms between the
corresponding linear Poisson structures mm,. Therefore, it suffices to work in
the local product neighbourhoods from Corollary 4.3.8, as these have isomor-
phic linear Poisson structures.

So we assume that M = X XY xZ, D = graph(n)xTZ, where 7 is a Poisson
structure on X x Y, and that N = {¢x} XY x Z, where {gx} XY C X xY
is a Poisson submanifold. Moreover, we may assume that X C R™, Y C R",
Z C RP are open subsets, with coordinates x, y and z, respectively, and that
gx = 0. Then we can write

1 0 0
A o o —, (4
2;7”8 6x3+;ﬂ 8ya+ ZB 58y " oys 9

where the coefficients are smooth functions of (z,y) € X x Y. Invariance of
{0} x Y means that 7;;(0,y) = 0 and 7 (0,y) = 0. We can identify vy (M) =
R™ x Y x Z and then the Poisson structure mj;, becomes the linearisation of
the first term:

37r,] 3 0
in — N=—.
i Z k Bacl Ox;j
We claim that w := m — m;, can be lifted to a smooth bivector field @ on

Blup(M, N). This follows from Lemma 4.2.1 because w can be written as a
sum w = Zk Uk N\ Vi, where U and Vj are vector fields tangent to N =
{0} x Y x Z. This is clear for the last term in (4.8), for the middle it follows
because ;,(0,y) = 0, and for the remainder it follows because its coefficients
vanish quadratically along NN.

Consider the differential forms

Ax i=dzi A Aday, Ay i=dyi AL Ady,, and Az i=dzp AL Adz,.
Spinors for D = graph(w) x T'Z and graph(m;,) are given, respectively, by
dp =exp” (Ax A Ay) =exp”((exp™» Ax) AAdy) and

¢)7T1in = (expmin >\X) Ay AAg.

Their pullbacks to B := Blup(X xY x Z, {0} xY x Z) = Blup(X, {0}) xY x Z
are given by

p*(¢p) =p* (exp” ((exp™=Ax) A Ay)
=exp? (p* (exp7Tlin Ax) A )\y) and
P (Pmin) =P (exp™Ax) A Ay A Az.

By Corollary 4.6.3, the first condition in the theorem is equivalent to the
vanishing order of p*(¢p) being constant along P(R™) x Y x Z. Since exp®
is an automorphism of the vector bundle A*T*B, this condition is equivalent
to p*(exp™=Ax) A Ay having constant vanishing order. This is then equiva-
lent to p*(¢n,, ) having constant vanishing order, which by Corollary 4.6.3, is
equivalent to the second condition in the theorem. O
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4.6.3 Blowup of a bundle of linear Poisson structures

In the previous section, we have reduced the problem of blowing up invariant
submanifolds from twisted Dirac structures to bundles of linear Poisson struc-
tures, which we will discuss here. The next theorem, combined with Theorem
4.6.6, yields Theorem 4.6.1.

Theorem 4.6.7 Let (g*,min) be a bundle of linear Poisson structures corre-
sponding to the bundle of Lie algebras (g, |-, -]) over N. The following are
equivalent.

e The Dirac structure graph(myy) lifts to Blup(g*, On).
e The Lie algebras g|q, q € N, have all the same constant height k.

The first step in the proof is to relate the vanishing orders of mj;, to those
of its restriction to the fibres.

Lemma 4.6.8 Let (g*,min) be a bundle of linear Poisson structures corre-
sponding to the bundle of Lie algebras (g,[-, -]) over N. Let £ > 0. The
following are equivalent.

e p*(exp™» ) has constant vanishing order { along P(g*), for any (local)
volume form X on g*.

° p;‘(exp”““lg*\q Aq) has constant vanishing order { along P(g* q), for any

volume form A\, on g*‘q and all g € N.

Here, p,: Blup(g* q,{Oq}) — g*|q is the blowdown map of the fibre over q,
which can be seen as the restriction of the blowdown map p: Blup(g*, N) — g*
—1 *
top~'(g q).
Proof. The statements are local on N and do not depend on the chosen volume
forms. So we may assume that g* = R™ x N, and choose a product volume

form A = Agm AAy. For any ¢q € N we have that Tlin is a linear Poisson

structure m, on R™. With this, we have that

}R’"‘X{q}

p*(exp™in /\)’Rmx{q} = py(exp™Arm ) A AN (4.9)

If p*(exp™=»\) has constant vanishing order ¢ along P(g*) = P(R™) x N,
then

E 0 (exp™m A |y

is smooth and nowhere vanishing, where (U;, (%1, ..., %)) is a standard chart
on Blup(R™,{0}) with P(R™) N U; = {Z; = 0}. Fix ¢ € N. Restricting to
R™ x {q}, (4.9) implies that

z; ZpZ(exp”q Arm ) U,

is smooth and nowhere vanishing. Hence, pj (exp™e Agm ) has constant vanishing
order ¢ along P(R™).
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The converse is proven in the same way: if i;ep; (exp™a )\Rm)|U_ is smooth
and nowhere vanishing for all ¢ € N, then, by (4.9), also &; “p* (exp™ )\){U‘ W N
is smooth and nowhere vanishing. O

Next, for the dual of a Lie algebra, we relate the height to the vanishing
order.

Lemma 4.6.9 Let g be a Lie algebra and denote the linear Poisson structure
on g* by min. Fiz a volume form X\ on g*. For £ € g*\ {0}, consider the
one-dimensional vector space

Yig = (R\{0}) - € U {[¢]} € Blup(g™, {0}).
The vanishing order of p*(exp™i» )‘)|2[§] at [£] € P(g*) is dim g — 1 — height(&).

Regarding the blowup as the tautological line bundle over the projective
space:
o: Blup(g”,{0}) — P(g"),

the line X = o7 *([¢]) is just the fibre over [].

Proof of Lemma 4.6.9. Fix £ € g* \ {0}. Let bl, ...,bg be a basis of g such
that £(by) = 1 and £(b;) =0, for 2 <4 < d. Let 77 denote the corresponding
structure constants of g, i.e.

[b:, bj] wa b

The height of ¢ is half the rank of the skew-symmetric matrix

My = (5 = (€lbebl)oss.

Indeed, the height of ¢ is precisely half the rank of the skew-symmetric bilinear
form dg¢€ restricted to ker&. In the basis {b; } ~_, this form is represented by
the matrix (dg&)(bi, b;) = —&([bs, bj])-

Let {x;}¢_, denote the linear coordinates on g* induced by the basis {b;}%_,.
In these coordinates, the Poisson structure is given by

0
Tin = ka(',L
Z J 8 8%
Consider the chart (Uy, Z) from (4.2) on Blup(g*, {0}). Using that p*z; = 74,

p*x; = #1&; for j # 1, and (4.3), we see that the coefficient functions of
F= P*min|U1\]P(g*) are given by

1. 1
o Mij = 9z [le By — Iﬂflj =+ Zxk — I;T - xﬂrlj)] ifi,j#1,
“ k#1
and ) )
§7~1'ij = 5(7Ti1j + Zﬁckwfj) ifi=1lorj=1

kA1
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Note that the line X is included in Uy, and it is given by Xy = {T2 = ... =
Zq = 0}. Along this line, the coefficient functions simplify to

Al i #1

-

Yoo mh ifi=lorj=1.
Then we can write

d

1 - 0
T=—M + = Av, here v = E L
T 7 1—&-&%1 v, Wwhere v T,

0

— 4.1
5 (410

=2

and Ml is the matrix M; viewed as a constant bivector field.
Let A =dz; A... Adzg. We calculate the restriction to ¢ of the pulled
back spinor.

P (exp™ N[y =exp? TIpTAl
=79 lexp™diy A - Adig
5]
=D e da A A dig
k=0 "
12 .
~d—1—k Y R P ~
=2_h (1p +dZ1A)(iy7,)"dTZ2 A -+ A dTg,
k=0
where in the last step, we used (4.10). In this sum, each power #{7'7F is

multiplied with a constant form, which is non-zero precisely when (i i VrEdTe A
+++AdZq # 0, which is equivalent to rank(M;) > 2k. Because trank(M;) =
height(€), the largest k such that the coefficient of 7¢~'=* in p*(exp”““/\)|2[£]

is non-zero is height(¢). Hence, the vanishing order is £ = d—1—height(£). O
The next lemma concludes the proof of Theorem 4.6.7.

Lemma 4.6.10 Let g be a Lie algebra and denote the linear Poisson structure
on g* by my,. Fiz a volume form X\ on g*. Then the following are equivalent.

e The form p*(exp™i»\) has constant vanishing order ¢ along P(g*).
e The height of elements £ € g*\{0} is a constant k.
In this case, { + k =dimg — 1.

Proof. In view of Lemma 4.6.9, we need to check that the following are equiv-
alent:

e p*(exp™i= \) has constant vanishing order ¢ along P(g*),

e for each [£] € P(g*), p*(exp’“““)\)}z[g] has vanishing order ¢ at [£].
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Let (Ui, ) be a standard coordinate system on Blup(g*, {0}), with U;NP(g*) =
{Z; = 0}. The first condition is equivalent to f;zp* (exp™i= \) being smooth and
nowhere vanishing on U;. This implies that the restriction Z; ‘p* (exp™» \) |2[£]
is smooth and nowhere vanishing. For any [{] € U;, we have that Z;: X — R
is a linear isomorphism. Hence, p*(exp”““/\)|2[§] has vanishing order ¢ at [¢].

The converse implication is proven in exactly the same way. O

4.7 Lifting Poisson structures: a geometric ap-
proach

In this section, we present a more geometric proof, which does not use spinors,
of Theorem 4.6.1 for the particular case of blowing up a zero of a Poisson
manifold. This implies also the case of symplectic leaves of a Poisson manifold
and, more generally, of presymplectic leaves of a Dirac manifold, by using the
splitting theorem of Weinstein [Wei83, Theorem 2.1] and Blohmann [Blo17],
respectively. Moreover, we give alternative descriptions of the constant height
condition for a Lie algebra.

Theorem 4.7.1 Let (M, n) be a Poisson manifold and ¢ € M a zero of w,
i.e. (q) = 0. Let g := T; M denote the isotropy Lie algebra of m at q. The
following are equivalent.

1. The Dirac structure graph(m) lifts to a Dirac structure D on the blowup
Blup(M, {q}).

2. There exists k € Ng such that for all v € T,M \ {0} the subspace
Dy = {(7ta)p - a € QY(M), ag(v) =0} C TyP(T,M)  (4.11)

has rank 2k. Here, X denotes the lift to Blup(M, {q}) of a vector field
X on M wvanishing at q.

3. There exists k € Ng such that for all { € g* \ {0}, the coadjoint orbit O¢
through £ satisfies

2k +2  if T¢O¢ contains the radial line RE,

i (4.12)
2k otherwise.

dim (05) = {

4. The Lie algebra g has constant height k, i.e. for all £ € g* \ {0} we have
EN(dg€)" £ 0  and €A (dg€)* T =0, (4.13)
where dg: A® g* — A*Tlg* denotes the Chevalley-Eilenberg differential.

If any (and thus all) conditions are satisfied, the blowdown map is a forward
Dirac map, and R
DNTP(T,M) =D.

Moreover, D is the graph of a Poisson structure if and only if k = 0.
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Remark 4.7.2 The integers k appearing in conditions 2,3 and 4 all agree.

Remark 4.7.3 The space D appearing in condition 2 depends only on the
linearisation 7, of m at ¢. Indeed, in a chart centred at ¢, the vector fields
(m — min)* vanish to second order at 0, and so their lift to Blup(M, {q})
vanishes along P(T,M).

4.7.1 Examples for Theorem 4.7.1

Before proving Theorem 4.7.1, we present some explicit examples.

Example 4.7.4 We check explicitly the conditions of Theorem 4.7.1 for the
Poisson manifold so(3)*, with the linear Poisson structure 7, showing that it
lifts to a Dirac structure on the blowup which is not a Poisson structure, and
describing its geometry. We start from condition 4.

4. The Lie algebra so(3) admits a basis { X1, X2, X3} such that [X;, X3] =
X3, [XQ,X.?,} = Xl, [Xg, Xl] = XQ. Denote by {91,92, 03} the dual basis.
For all € € s0(3)* \ {0} we have

3
EN ( 5)5 Z 91/\92/\93750

Jj=1

while & A (d50(3)§)2 = 0 for dimensional reasons. Hence, condition 4 is
satisfied for k = 1.

3. The coadjoint orbits (apart from the origin) are concentric spheres cen-
tred around the origin. In particular, they have dimension 2, and they do
not contain any radial line. Therefore, condition 3 is satisfied for k£ = 1.

1. Denote by {z;} the linear coordinates on so0(3)* arising from the basis
{X;}. A frame for graph(r) is given by {(n*dz;,d=;)}, where for in-
stance widzy = 30> — £295. In the chart U; of Section 4.2 one has that
(wtdz;, p*dx;) equals, for i = 1,2, 3 respectively,

T30y — F20s —F18301 + ToF30y + (1 + 33)05 and
dz,y ’ 21dTo + T2d7y ’

T1Z201 — (1 + 53%)32 — Z9%305
( #1dEs 4 F3d7 ) :

This can be computed using (4.2) and (4.3); here we use the notation
d; = 0z, We know that these three sections are linearly independent
away from P(s0(3)*) N U; = {#; = 0}, but they are also on {Z; = 0},
since there the determinant of the coefficients of 85, ds, dZ; is given by
(14(Z2)?+(Z3)?)? > 0. Hence, these three sections span a Dirac structure
on U; that lifts 7. A similar computation can be done for the charts Us
and Us, showing directly that 7 lifts to a Dirac structure D.
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2. Let v = (v1,v2,v3) € 50(3)*\{0}. Without loss of generality, assume
that v1 # 0. Then [v] is covered by the chart (Us, ), and in these coor-
dinates (21 ([v]), Z2([v]), Z3([v])) = (0,32, 32). A basis for the covectors

that annihilate v is given by

g :=v3dry — vidxs, ag:=wvidry — vedxy,

which we regard also as constant 1-forms. Using the above expressions

for wtdx;, we obtain

— 02 402 + 02 = —— vf 43 + 03 =
(Thag)p) = =— =0 (Tag)p) = =—E——"0s.
1 1

Hence, we obtain that
D['u} = Span{é% 53} = T[,U}]P)(EU(?))*)

Therefore, D = TP(s0(3)*), and so the rank of D is two everywhere. So
2. holds for k£ = 1.

Further, it is easy to see that on P(s0(3)*) N Uy = {&; = 0} the Dirac struc-
ture D is spanned also by (8s,0), (ds,0), (0,dZ;). This implies that P(so(3)*)
together with the zero 2-form is a presymplectic leaf of D. In particular, the
Dirac structure D is regular.

Example 4.7.5 We briefly look at the conditions of Theorem 4.7.1 for the
Poisson manifold (sl(R)*,7), building on Example 4.7.4, and showing that
the Poisson structure does not lift.

4. For all £ € sl5(R)*\ {0} we have

EN (deiy@€) = (— (€(e1))? — (€(e2))” + (€(es))?) €1 Aes Acei,
which vanishes exactly on the two coadjoint orbits given by half-cones.

3. The coadjoint orbits (apart from the origin) are given by hyperboloids,
paraboloids and two half-cones. They all have dimension 2, but the
half-cones contain the radial line, while the other orbits do not.

4.7.2 Proof of the equivalence 1 < 2 in Theorem 4.7.1

We prove now the equivalence 1 < 2, together with the two final statements
of Theorem 4.7.1.

We may assume that M = R", with coordinates (x1,...,x,), and that
g = 0. We use the chart (U,,Z) of Blup(R™, {0}) from Section 4.2, in which
U, NP(R™) = {&, = 0}.

Note that for all i < n we have

p*dxi - fip*dl‘n = z,dz; + z;,dz,, — T;dT,, = T,dz;. (414)
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prdx; i<n

of TBlup(R"™, {0}), which away from P(R™) are a frame for the Dirac structure
corresponding to graph(m) under the blowdown map p. Over U,, for i < n,
replace the i-th section by itself minus Z; times the n-th section. This yields
another family of sections with the same property,

en = ”ﬁ‘i% and e; = Wﬁdx{_ jjﬂﬁdx" fori<mn,  (4.15)
dz, ZTndZ;

We consider the sections

where we used (4.14) for the cotangent part. Notice that the vector component
is tangent to P(R™) by Lemma 4.2.1, since 7 vanishes at the origin, and for
i < n the covector components vanish on P(R™).

Lemma 4.7.6 For any [v] € P(R™)NU,, the span of the tangent components
of the {e;}i<n is precisely the subspace Dy, given in (4.11).

Proof. Indeed, fix [v] € U,, NPP(R™) and set aE”] :=dz; — %;([v])dz,,. Then

= (mtday) ) — &([0]) (*dza) ) = (7t D).

e~ e~

(ﬂ'ﬁdxi — i‘ﬂrﬁdxn)

[v]

The key observation is that agv] annihilates v € ToR", as ;([v]) = ;*. For

i < n these covectors form a basis of the annihilator (Rv)*™, proving the
claim. O

Proof of the implication 1 < 2 in Theorem 4.7.1

Assume the constant rank condition in the statement, i.e. the subspaces Dy,
[v] € P(R™), have constant rank 2k.

Let [vg] € P(R™) N U,. Using Lemma 4.7.6, after restricting to a neigh-
bourhood U’ C U, of [vg], by permuting the {e;}1<i<n—1, We may assume
that

e the sections {e;}i<i<or restricted to P(R™) N U’ are a frame for the

distribution D‘P(RH)HU,.

The other sections can be written along P(R™) N U’ as unique linear combina-

tions:
2k

€j|]P’(]Rn)ﬁU’ = Za;ei|P(R")ﬁU” 2k+l<j<n-L

i=1
Extend the smooth functions aé» to U’ (and denote these in the same way),
and define the sections

2k
e; ::q—Za?eh 2k+1<j<n-1
i=1
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We obtain sections of TU’
€1,y €2y Ehpity s €ry1sEny
with the following properties:
e on U\ P(R") they form a frame for the lifted Dirac structure,
e the {e}}gkﬂgjgn,l vanish on P(R™) N U".

Since Z,, is a defining function for P(R") inside U, we can divide the e/ by
T, to obtain a smooth section of TU’, and obtain sections

1
PR 77/ 7"'77l y En 4.16
€1 €2k ) €2k+1 % €n—1,¢ ( )
which on U\P(R™) are a frame for the lifted Dirac structure. These sections
(4.16) are pointwise linearly independent also at points of P(R™) N U’. In-
deed, using the explicit form (4.15), along P(R™) N U’ these elements have the
following properties:

° ¢ for 1 < i < 2k, have only vector components and are linearly

|P(Rn)mU/ ’
independent;

%eHP(anU” 2k +1 < j <n—1, has cotangent components

2%
(djj - Z aé'dii) |P(Rn)mU';
i=1

e ¢, has cotangent component d‘i”‘]}”(ﬂ{{") PR

By covering P(R™) with such open sets U’, we obtain that the vector sub-
bundle

p* (graph(ﬂ')’Rn\{O}) C TBlup(R", {0})‘Blup(R",{0})\P(R")

extends to a smooth vector subbundle of TBlup(R", {0}). By [Blo17, Remark
2.9.], the extension is a Dirac structure, as all axioms hold on the dense open
subset Blup(R™, {0}) \ P(R™).

It is a good moment to prove one of the additional, final statements of
Theorem 4.7.1.

Lemma 4.7.7 The pullback Dirac structure is Poisson if and only if k = 0.

Proof. For the frame 4.16 of the lift D, the cotangent components of the first
2k-elements vanish along P(R™) and the cotangent components of the last
n — 2k are linearly independent along P(R™). This proves the claim. O
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Proof of the implication 1 = 2 in Theorem 4.7.1

Assume that graph(m) lifts to a Dirac structure D on Blup(R™, {0}).
The crucial observation for the proof of the implication 1 = 2 is the fol-
lowing equality, asserted in Theorem 4.7.1:

[7|P(Rn) NTP(R") =D. (4.17)

Note that the rank of the left-hand side (the intersection of two subbundles)
can locally only decrease, and the rank of the right-hand side (the image of a
vector bundle map) can locally only increase. Therefore, their equality implies
2 in Theorem 4.7.1: D has constant rank.

To prove (4.17), we start with a technical result.

Lemma 4.7.8 Let v € Q' (Blup(R", {0})). If v vanishes at [v] € P(R™), then
there exists 3 € QY(R™) such that p*(By,) = Vo1 (tv) for all t # 0. Moreover,

Bo(v) =

Proof. Without loss of generality, we may assume that v, # 0, where v =
(v1,...,v,). We will use coordinates Z1,...,%, on U, C Blup(R",{0}) as in
Section 4.2. The blowdown map p satisfies the following, as one sees using
(4.2):

- Sday) = dE forall 1<i<n - 1.

p*(dzy,) =dZ, and p

On the domain U, of the chart, write v as Y ., fidZ; for smooth functions
fi- Consider the line

Sp = p~ (R \ {0}) U[v] € Blup(R", {0}). (4.18)
The blowdown map gives an isomorphism X,; = Rv. Since v vanishes at [v],

on ¥, we can write f; = :i:nﬁ o p for all 7, for smooth functions ﬁ on R-w.
We extend these functions to smooth functions on R™, which we denote in the
same way. Using (4.2), for ¢ # 0 we have

’7 p—l(tv) (anfz (dx2 - %dxn> + xnﬁl(x)dxn)

p~1(tv)

i<n
=p* (Z ﬁ(tv)da:i’w + (tvnfn (tv) Z fi(tv) )dxn’w>.
i<n i<n

This expression extends smoothly to ¢ = 0, and yields an explicit formula:
B = ji:(ﬂ dmz (xnj% j{:jy )d$n
<n
At t = 0, we have that:

v) = YT+ (0= 3 F(0) 7 Jo =0

<n <n
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Proof of Equation (4.17). We just need to prove the inclusion “C” in (4.17),
since the other inclusion follows from Lemma 4.7.6 and the lines preceding it.
Let [v] € P(R") and let X, € D[v] N 11, P(R™). Extend (X[,),0) to a section
(X,~) € I(D). Then there exists a unique a € Q'(R" \ {0}) such that

() -(e)l
7/ Blup(R™,{0})\P(R™) p*a) IBlup(R" {0})\P(R")’

since the blowdown map p is a diffeomorphism away from P(R™). Lemma 4.7.8
implies that there exists 3 € Q}(R"™) which agrees with « on the line Rv \ {0}.
We consider a limit along the line ¥y, (4.18). We have

Xy = }5% Wﬁo"pfl(tv) = }Ln%” mpfl(m) = ”uﬁ‘[u] = ”uﬁOMU]’

where [y is viewed as a constant 1-form, and in the last equality uses that
7#(B — fBo) vanishes to second order at 0, so its lift is zero along P(R™). By
Lemma 4.7.8, Bo(v) = 0. Hence, X}, € Dy,. O

Finally, we prove also the following assertion of Theorem 4.7.1.

Lemma 4.7.9 The blowdown map p: Blup(R",{0}) — R" is a forward Dirac
map.

Proof. We need to show that §,(Dj,) = TgR", for all [v] € P(R"). Let
ap € TER™. We regard ag as a constant 1-form. Then (rfag, p*ap) belongs

to D outside of P(R™). Since D is a closed subset, also (mhag, p*ag) € f)[v],
for all [v] € P(R™). Since Tj,)p((m¢a0))) = 0, o € Fp(Dyy))- O

4.7.3 The equivalence 2 < 3 in Theorem 4.7.1

We now give a more explicit description of the singular distribution D in (4.11),
solely in terms of the coadjoint orbits of the Lie algebra g.

Lemma 4.7.10 Let g be a Lie algebra. Let £ € g* be a non-zero element, and
denote by O¢ the coadjoint orbit through £. Denote by myy the linear Poisson

structure on g*, hence im ((min)g) =T:O¢. Then

i) TeO¢ contains the radial line R < (min)g((Rf)ann) C T O,
and in this case, we have that

i) RE C (myn)L((RE™).

Proof. Since B := (min)g is skew-symmetric, (im B)**" = ker B. So, we obtain
i):

£€eimB & RENIm B # {0} & (REM™" +ker B # g & B((RE)™") # im B,
where the last equivalence follows from the rank-nullity theorem. In this case,

there is X € gsuch that B(X) = £. By skew-symmetry, we get 0 = (BX, X) =
(€, X), ie. X € (RE)am, 0
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From Lemma 4.7.10 we obtain the equivalence 2 < 3 in Theorem 4.7.1.

Corollary 4.7.11 Let (M, ) be Poisson and ¢ € M with w(q) = 0, consider
the Lie algebra g = Ty M. For every non-zero § € g*, denote by O¢ the coad-
joint orbit through £. Then the dimension of the subspace Die) of Tie)(P(T,M))
of (4.11) reads:

dim (O¢) — 2 if T:O¢ contains the radial line RE,
dim (O¢) otherwise.

Proof. The subspace {(min)ga s € (RE)2™} of im ((min)g) = T:O¢ has codi-
mension either zero or one. It has codimension one exactly when 7¢O, contains
the radial line R, by Lemma 4.7.10 i). In that case, the image of the sub-
space under the projectivisation has one dimension less, by Lemma 4.7.10 ii).
The statement follows by re-expressing Dy (4.11) by means of m;, (Remark
4.7.3). O

4.7.4 The equivalence 3 < 4 in Theorem 4.7.1
The following lemma concludes the proof of Theorem 4.7.1.

Lemma 4.7.12 Let g be a Lie algebra and § € g*\{0}. Let O¢ be the coadjoint
orbit of €, and k € Ny be the height of £, i.e. EA(dg€)* # 0 and EN(dg€)FTL = 0.
One of the following alternatives holds.

(1) (dg€)* 1 =0, which is equivalent to (1°) dim (O¢) = 2k, and also to (17)
£ ¢ TeOc.

(2) (dg&)* 1 #£ 0, which is equivalent to (2°) dim (O¢) = 2k + 2, and also to
(27) € € TeO¢.

Proof. First, note that we have
TeO¢ = (ker(dg))™,

hence,
dim (O¢) = rank (dg§).

(1) If (dgé)kt = 0, then, since (dg&)* # 0, it follows that dim (Og) =
rank (dg§) = 2k. Moreover, £ ¢ T:O¢. Indeed, if £ € (ker(dgg)) ,
then, since k = %rank dgé, we would obtain & A (dgé)* = 0.

(2) If (dg&)**t £ 0, then, since
0= dg(0) = dg(€ A (dg&)*F) = (dg6)" 2,

we have dim (O¢) = 2k + 2. By contracting the identity & A (dg€)*+1 =0
with any vector in ker(dy¢), we see that ker(dgs¢) C £*". Taking annihila-
tors we obtain £ € T¢Og.

Since (1’) and (2’) are mutually exclusive, it follows that they imply (1) and
(2), respectively. The same holds for (17) and (2”). O
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4.8 Classification of Lie algebras of constant
height

In this section, we classify all Lie algebras that satisfy the conditions stated in
Theorem 4.6.1.

Theorem 4.8.1 Any Lie algebra g of constant height is isomorphic to one of
the following.

o An abelian Lie algebra R™ —this has height 0.

e The semi-direct product R x R™, for the representation A — Aidgn —this
has height 0.

e The Lie algebra s0(3)—this has height 1.
Is useful to introduce the following terminology.

Definition 4.8.2 We say that an element & € g* \ {0} is of type (1) if it
satisfies condition (1) of Lemma 4.7.12, and of type (2) if it satisfies condition
(2) of Lemma 4.7.12.

Remark 4.8.3 The notions of height and type of an element ¢ € g* \ {0}
are encoded by the notion of Cartan class used in [GR19, Section 2.1]. This
number is characterised by (see [GR19, Section 2.1])

class(€) = 2k + 1 & € A (dg€)F # 0 and (d8)" T =0,
class(§) = 2k + 2 & (dg&)*! # 0 and £ A (dg&)" ' = 0.

The definitions and dg(a A (dga)®) = (dga)*+1 imply the equality:

class(§) = 2 - height (&) + type(&).

The notion of Cartan class was used in [GR19, Prop. 2.9] to show that so(3) or
5l5(R) are, up to isomorphism, the only Lie algebras whose nontrivial coadjoint
orbits have codimension 1. Notice that Theorem 4.8.1 implies a variation
of this statement: any compact Lie algebra, such that all coadjoint orbits
(except for the origin) have the same dimension, must be abelian or isomorphic
to s0(3).

An important step in the proof is to show that any semisimple Lie algebra
of constant height is isomorphic to so(3) (Theorem 4.8.6). In order to show
compactness, we will need the following result.

Lemma 4.8.4 For a semisimple Lie algebra g of constant height, all elements
in g*\{0} are of type (1).

Proof. Let k denote the constant height of g. Suppose £ € g* \ {0} is of type
(2), i.e. (dg&)*™ # 0. Consider the complexification gc = g ® C. Using C-
linear extension, we regard g* C g¢. As such, our specific ¢ still satisfies the
condition (dg.£)*+1 # 0. Thus, the set

U:={n€ gt : (dgem)™" # 0},
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is non-empty, hence open and dense (because it is Zarisky open).
Claim: For all n € g¢, we still have that

1A (dgen)™* = 0. (%)

Since extending forms C-multilinearly yields a map of differential graded com-
mutative algebras
(/\.g*) /\7 dg) — (/\(I.:g(?:’ /\7 dgc)7

Equation (%) holds for elements of g*. Thus, it is enough to show that, if
v, 11 € g*, then also v + iu satisfies (x). Consider the map
q: C— /\%k"_?’gé
2 (4 2) A (dge (v + 2p))FH,

Then ¢ is a complex polynomial that vanishes for all z € R. Therefore, ¢
vanishes identically, proving the claim.

Lemma 4.7.12 clearly also holds for complex Lie algebras. By (%), any
element n € U is of type (2). Since this is equivalent to (2”) in Lemma 4.7.12,
there exists Y € gc¢ such that

n = adyn. (4.19)

Let B: gc x gc — C denote the Killing form of gc. Then, for n = B*X, (4.19)
is equivalent to
X = [X,Y].

Indeed, this follows because B is equivariant, and so
ad} B*X = —B'(ady (X)) = B*([X,Y]).

On the other hand, by [Kna02, Section II, 2] the set of regular elements
in gc is given by the non-vanishing of a polynomial, hence it is also open and
dense. Therefore, there exists a regular X € gc such that B¥X € U. Since X
is regular, by [Kna02, Section II, Theorem 2.9],

b:={H € gc:[X,H] =0}
is a Cartan subalgebra. Consider the corresponding root space decomposition
acd
Since B!X € U, there exists
Y=Y Yo+Y€gc,
acd
such that X = [X,Y]. Since X € b, we obtain a contradiction:
X=[XY]=> aX)achn (o) =1{0},
acd acd

which concludes the proof. O
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Lemma 4.8.5 A semisimple Lie algebra of constant height is compact.

Proof. Let g be a semisimple Lie algebra of constant height. Let 6: g — g be a
Cartan involution with corresponding Cartan decomposition g = ¢ & p, where

t={Xe€g:0(X)=X}, p={X€g:0(X)=—-X}
If B denotes the Killing form, then the two-form
By(X,Y):=-B(X,0(Y)), X,Y €g,

is positive definite and symmetric, and for any Y € p the operator ady : g — g
is self-adjoint, see [Kna02, Lemma 6.27]. Thus, ady is diagonalisable over R.
Let X € g be an eigenvector of ady with eigenvalue A € R\ {0}. Then

(X, —1Y] = X.

As we have seen in the proof of Lemma 4.8.4, this is equivalent to B*(X) being
of type (2). This contradicts Lemma 4.8.4. Hence, all eigenvalues of ady are
zero. Since ady is diagonalizable, Y must lie in the centre of g. Since g is
semisimple, Y = 0. We have shown that p = {0}, which by [DK00, Theorem
3.6.2] implies that g is compact, as its Killing form is negative definite. O

Theorem 4.8.6 Any semisimple Lie algebra of constant height is isomorphic
to s0(3).

Proof. Let g be semisimple of constant height k. By Lemma 4.8.4, all elements
of g* have type (1). Hence, by Lemma 4.7.12; all nontrivial coadjoint orbits
of g* have dimension 2k. The Killing form induces an isomorphism g* ~ g of
g-representations. So in the notation of [DK00, Definition (2.8.3)],

g =g\ {0}. (%)

Let t C g be a maximal abelian subalgebra. Since by Lemma 4.8.5 g is compact,
the complexification t¢ is a Cartan subalgebra of gc, see [Kna02, Proposition
6.47], and corresponding roots o € ® take real values on it, see [Kna02, Corol-
lary 4.49]. By [DKO00, Theorem (3.7.1) (ii)] we have

t\ {0} (;)gregﬂt:t\ U ker av.
acd

Since a: it — R, this implies dimt = 1, i.e. g¢ has rank 1 and is thus isomor-
phic to sl3(C). Its compact real form is s0(3), which proves the statement. O

With Theorem 4.8.6 at hand, we can proceed with the proof of Theorem
4.8.1. First, we show that constant height Lie algebras have to be abelian
extensions of R or so(3).

Lemma 4.8.7 Let g be a Lie algebra of constant height k and b C g a proper
ideal. Then:

1. The height of g/b is constant, equal to that of g.
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2. The ideal by is abelian.
Proof. The first part follows from the fact that the identification

(g/h)" =p™" C g*

induces an inclusion of differential graded commutative algebras

(A®(8/B)" A dgsp) = (A® g%, A, dg).

For the second part, choose a complement g = h @ ¢. For all 6 € p>™» \ {0}
and £ € h* = ¢ we have

(648 A (dg(0+ &)+ =0.

For a fixed 6, this equation is a polynomial in (the components of) £&. Thus, to
vanish, each homogeneous component needs to vanish separately. The linear

terms read
EN(dgd) T+ (k+1)0 A (dg0)* A dgé.
Using that dg6 € A%h*™, applying ixiy to this equation, where X,Y € b,
gives
(k+DE(X, YO A (dgh)* = 0.
Since this holds for all £ € h*, the assumption 6 A (dg0)* # 0 implies [X,Y] =
0. 0

Corollary 4.8.8 A Lie algebra of constant height has height either O or 1.

Proof. Let h C g be a maximal proper ideal (which is necessarily abelian by
Lemma 4.8.7). Then g/b is a Lie algebra of constant height with no proper
ideals, so either g/b is simple or g/h = R. In the latter case the height of g
clearly is 0. If g/b is simple, then g/h ~ s0(3) by Theorem 4.8.6. O

Lemma 4.8.9 A Lie algebra of constant height 0 is either abelian or is iso-
morphic to R x R™, for the diagonal representation of R on R™.

Proof. Let h C g be a maximal proper ideal. By Lemma 4.8.7, § is abelian and
g/b is one-dimensional. Let e € g/h\ {0} and X € g be a preimage of e under
the quotient map. Then we can identify g = RX & b, and the Lie bracket on
g is completely determined by the linear map

A=1X,]:h—=b.

Let § € (RX)° = b* be given. By the assumption on g, we have § A dz0 = 0.
Inserting X yields

0=ix(0 Ndgb) = -0 Nixds8 =60 N A™6.

Hence, A*0 = A\g0, for some Ny € R. Therefore, any vector of h* is an eigen-
vector of A*. Thus, the eigenvalues have to coincide, i.e. there exists A € R,
such that

A* = Aidy» & A = Xidy.
If A = 0, then g is abelian. If A # 0, by rescaling X, we obtain the isomorphism
g ~ R x b, for the diagonal representation of R on b. O
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Finally, we show that nontrivial abelian extensions of so(3) do not have
constant height.

Lemma 4.8.10 Any Lie algebra of constant height 1 is isomorphic to s0(3).

Proof. Let g be a Lie algebra of constant height 1. By the proof of Corollary
4.8.8 there exists a short exact sequence

0—0h—g—s0(3) =0, (4.20)

where § is abelian. The adjoint representation of g restricted to h descends to
a representation p: s0(3) — gl(h).

The obstruction to find a splitting o: s0(3) — g of (4.20) compatible with
Lie brackets lies in the second cohomology group of so(3) with coefficients in
h. By the Whitehead Lemma, H?(s0(3), ) = 0. Thus, we may assume that g
is a semidirect product

g=s50(3) x h.

We show that the representation p of s0(3) on b is trivial.
Claim: For all £ € h* we have

dimspan{¢, p&: X €s0(3)} < 2.
Fix 6 € s0(3)*. As in the proof of Lemma 4.8.7, the expression
(0+€) A (dg(0+¢))* =0
is a polynomial in £ € h*. Vanishing of the degree two component reads
0 A (dgé)® + 26 Adgh A dgé = 0. (%)

We evaluate this expression on elements of s0(3). Denote by {X7, Xo, X35} the
standard basis of so(3) and by {61, 62,65} the dual basis. Then

3
ix,dg; = —0;([ X, -]) = Y cijubs
k=1

and, for £ € h*,
ixdgé = =¢([X, -]) = =€(px (+)) = —px&.
We take () for § = 6; and evaluate on Xy, X5, and Xj:
0 =1ix,ix,ix, (61 A (dg&)? + 2€ A dgb A dgé)
= ix,ix, ((dg€)? + 201 A p, & A dg€ + 26 Adgby A pi €)

= iX3(72p;(2£ N dgf + 261 A p}lﬁ A ,0}25 + 26 N03 A p}lf)
= =2p%, & N px,§ — 26 A pk &

In conclusion, for all £ € b*,

ENDPX,E = PN PxLE
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Hence, for any three elements 71, 72,73 of the set

{6, 0%,6 05,65 Px, €}

we have 11 A 12 Anz = 0, proving the claim.

With this, we show that the representation p is actually trivial. Consider
the integration of p to an action of the compact group SU(2) on h*. By com-
pactness of SU(2) there exists an invariant inner product on h* with induced
norm |- |. Let £ € b* and r := |{|. Let O¢ denote the orbit of £. Then, since
O¢ C 5,(0) is contained in a sphere,

RENTOf = {0}.

Using
TeO¢ = {px&: X € 50(3)},

the Claim implies that dim7T;O¢ < 1. Suppose that dim7;O¢ = 1. Then the
isotropy Lie algebra of £ is a two dimensional subalgebra of s0(3). But there
exists no such subalgebra. Hence, dim7:O¢ = 0 and the representation has to
be trivial.

In conclusion, g = s0(3) @ b is a direct sum of Lie algebras. If h # 0, then
50(3) C g is a proper ideal. By Lemma 4.8.7 s0(3) is abelian, a contradiction.
Hence, h = 0 and g ~ s0(3). O
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Chapter 5

On the real projective
blowup of Poisson structures

This chapter contains [Sch25], accepted for publication in Differential Geome-
try and its Applications.

Abstract

We give a proof in the context of smooth differential geometry of Polishuk’s
theorem from 1997, in which he established under which conditions, given a
Poisson scheme M and a Poisson subscheme N, the Poisson structure lifts to
the blowup of M along N.

5.1 Introduction

Given a manifold M and a closed and embedded submanifold N, the real pro-
jective blowup is obtained by replacing N by P(vy(M)), the projectivisation
of the normal bundle vy (M) = TM|N/TN — N of N in M. This yields a
smooth manifold (without boundary), which we denote by Blup(M, N). The
blowup comes with a canonical blowdown map

p: Blup(M,N) — M,

which on P(vy(M)) is the natural projection to N, and which is a diffeomor-
phism from the complement of P(vy(M)) to the complement of N. In partic-
ular, p is in general not a submersion. If codim N = 1, then p: Blup(M,N) —
M is a diffeomorphism.

One can address the question of when geometric structures on M “lift” to
the blowup. In [Pol97], Polishchuk studied the blowup of Poisson schemes, i.e.
the existence of a Poisson structure on the blowup such that the blowdown map
is Poisson. We state the result of [Pol97, Section 8] in its weaker, differential-
geometric formulation, in a similar way to [GL13, Section 2.2].

Recall that, given a Poisson submanifold N of a Poisson manifold, at every
point y € N the conormal space (7, N)**" carries a Lie bracket.

181
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Theorem 5.1.1 (Polishchuk [Pol97]) Let (M, n) be a Poisson manifold and
N C M a closed and embedded invariant (i.e. Poisson) submanifold. There
exists a Poisson bivector field @ on Blup(M, N) which is p-related to w if and
only if each Lie algebra (T,N)*", for y € N, is either abelian or isomorphic
to the semidirect product by the diagonal representation \ — Aidgr~ of R on
R"™, denoted by R x R™.

Moreover, if N C M is a closed and embedded submanifold of codimension
> 1 such that there exists a Poisson structure on Blup(M, N) which is p-related
to m, then N is necessarily invariant.

The proof in [Pol97] is of algebraic nature. In this note, we provide an
elementary proof of the statement in Section 5.4.
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5.2 Real projective blowups

Since we only need very selected background from Section 1.1.4, we list them
again here.

The smooth structure of the real projective blowup can be described via
the following set of charts. Let (U, (z,y)) be a submanifold chart for N, i.e.
UNN = {x = 0}. Then the collection

“({ak #0}) U{[v] € Plun(M)|unn) : dzg(v) # 0},

k = 1,...,codim N, is an open cover of p~}(U). On each U, one defines
coordinates (Z,y) on Blup(M, N), in which the blowdown map reads (see e.g.
[Obs21, Remark 5.29] for details)

p(mla v 7-%k> e 7icodimN7y) = (iki'la oo a*’ikv e ,i'ki'codimNay)' (51)

Notice that the hyperplane P(vy(M)) NU; is given by & = 0, and that the
chart we obtain there by restriction is the well-known chart on the projective
bundle induced by the fibrewise linear coordinates (dz, y) on the normal bundle
vn(M). Note that the image of Tp at a point [v] € P(vy(M)), where v €

vy (M) \ {0}, is given by
m (T[v]p) = Tp([v])N @ Ro. (5.2)

On M \ N, one can pull back vector fields to Blup(M, N) \ P(vy(M)) via
the blowdown map. Given a submanifold chart (U, (:c,y)) as above, in the
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chart (U, (Z,y)) we have

p (T%‘U\N)|Uk = aaf@ for j # k,
p (87%|U\N)|Uk = T@_ZET@’ 53)
J#k
< 0 0
p (5@) U; oy

as one sees by applying these vector fields on functions of the form p*z;. This
implies the following standard result (see Lemma 4.2.1).

Lemma 5.2.1 Given a vector field X on M, there exists a vector field X on
Blup(M, N) which is p-related to X if and only if X is tangent to N. In that
case, X is unique and tangent to P(vy(M)) C Blup(M, N).

5.3 Linearisation of Poisson structures

Given a bivector field 7 € T'(A?T'M) and an invariant submanifold N C M,
ie. w|, € [(A*TN), the linearisation m;, € T'(A?Twy(M)) is defined as the
linear bivector field on the vector bundle pr: vy (M) — N, such that

mMin(pr*e, -) =0 and
ﬂ-lin(df|Nadg|N) = d(ﬂ-(dfv dg))|N

for all ¢ € €°(N), and f,g € €>°(M) that vanish on N. Let (U, (z,y)) be a
submanifold chart for N with local form of 7 given by

1 6
7T|U:§Z U@ +Z Mg~ ayaJr Zﬁ “ﬂay

,j ﬁ

where the coefficients are smooth functions of (x,y), with m;; = —m;; and
TaB = —Tga. Invariance of N implies m;;(0,y) = 0 = m; (0, y). After possibly
shrinking we can identify vyny(U) = U and then the Poisson structure 7y,
becomes the linearisation of the first term

aw,] 2,0
Tin = Z 20 g0 (0:9) 5= A T (5.4)

0.4
which implies the following.

Lemma 5.3.1 Identifying vy (M) with a neighbourhood of N, the bivector
field ™ — myy is given by the sum of A-products of vector fields that are tangent
to N.

If N is an invariant submanifold for a Poisson structure 7, recall that there
is a Lie algebra structure on the conormal space

(T,N)™™ = (T,M/T,N)* (5.5)



184 Chapter 5. On the real projective blowup of Poisson structures

given by
[(df)] @), (dg)] y ()] = (d{f, 9}) |y (W), (5.6)

where f, g are smooth functions on M vanishing on N.

In the case that N C M is a leaf of the Poisson structure, all conormal Lie
algebra structures are isomorphic.

On the other hand, m;, is a linear Poisson structure on vy (M), turning
(TN)2™2 =y (M)* into a bundle of Lie algebras.

Lemma 5.3.2 The Lie algebra structure induced by muy, coincides with (5.6).

Proof. Identifying vy (M) with a neighbourhood of N, by Lemma 5.3.1, for
any f,g € €°°(M) vanishing on N the function

('/T - 71—lin)(dfa dg)

vanishes quadratically along V. O

5.4 Lifting of Poisson structures

In [Pol97, Section 8], Polishchuk used algebraic methods to prove a result on
the blowup of Poisson structures on Poisson schemes, which was translated
to smooth manifolds in [GL13, Section 2.2]. We give a direct proof of the
differential-geometric version [GL13] of Polishchuk’s result using coordinates
on the blowup.

Proposition 5.4.1 Let (M, w) be a Poisson manifold and N C M a closed
and embedded invariant submanifold, i.e. 7T’N € T'(A2TN). Then there exists
a Poisson bivector field © on Blup(M, N) p-related to m iff the linearisation of
7w along N is given by

Tiin = A VY, (5.7)

where by & we denote the Euler vector field on the normal bundle vy (M) =
TM|N/TN and vV is the vertical lift of a section v € T'(vn(M)), i.e. the
constant extension of v to vy (M).

Moreover, P(vy(M)) = p~1(N) is a Poisson submanifold iff m, = 0.

Remark 5.4.2 Starting from a Poisson structure 7 on M, once there exists
a bivector field 7 on Blup(M, N) which is p-related to , it is automatically
Poisson, as the (closed) integrability condition [7,7]s = 0 holds on an open
and dense subset, and it is necessarily unique, as it is fixed on a dense set.
On the other hand, the Poisson condition never enters in the proof, hence
Proposition 5.4.1 and Lemma 5.4.3 below hold for any bivector field 7 on M.

Moreover, in addition to Proposition 5.4.1 one can show that invariance of
N is a necessary condition for a lift of 7 to exist, provided that codim N > 1,
see [Pol97, Proposition 8.3].

Lemma 5.4.3 Let 7 € T'(A’TM) and N C M be a closed and embedded
submanifold with codim N > 1, such that there exists a bivector field on
Blup(M, N) p-related to w. Then N is invariant.
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Proof. Let 7 be a bivector field on Blup(M, N) which is p-related to 7. Then,
for all y € N we have

N (o) = 1,8
gep~(y)
as codim N > 1, so 7T|N € T'(A2TN) follows. O

Proof of Proposition 5.4.1. If codim N = 1 there is nothing to show. Note
that the problem is local. By Lemma 5.2.1 and 5.3.1 we can assume

1 oy 0 0
T = TMlin = 523)[ a J (O )ax 87 (58)
2 J

,3,¢

Moreover, we write
0, )
Ty
as a function of y. In the chart (Ug,Z) the coefficient functions of 7 =
are given by

7
ﬂ—/ —

PTG\ (11))

1. 1
97 = 52 [ 1] I;m T — %71] +Z$k — I fl xmlj)] ifi,j#1,
! k#1
and ) )
iﬁij = 5(7%13' + Zi’kﬁfj) ifi=1lorj=1,

k#1
as follows from (5.3). These functions smoothly extend to U, N P(vy(M))

(hence define a Poisson bivector field on Uy) iff the polynomials on U N
P(vn(M)) given by

ﬂ',ij — i‘jﬂ'ik — JEiﬂ'k + ng — xﬂre — im’fj),
t+£k
where i, j # k, vanish identically for all y € N (these are just the expressions
in the square bracket above). Considering the constant term we find

ij _
m; = 0.

From the vanishing of the quadratic term, if in the sum ¢ # i and ¢ # j we
find
Fo(ajmik —|—m17r£ =0,

hence in this case 7r€ =0= 7r/ The remainder of the quadratic terms read

2 kj+x27r’k+mzxj(7r —|—7r =0,

kj _ k

thus, ;7 =0 = 7r k and 7i* = c¥ is a function depending on k and smoothly

on y. Finally, from the linear terms we obtain Wéj = 0. Summarising, the
functions 7% define a Poisson bivector field on U}, iff

ik _ ik
T} —(5]»0.
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This is equivalent to the linearisation of 7w to be

1 ij j ver
min:§ng7r/8i/\8j:2xi8i/\c]6j:§/\v , (5.9)

i,5,€ 1,J
where v¥*" = 37 ¢70;.
Now, suppose that 7 is of this type. Then on U NP(vy(M)),

,frk:z _ C’L7

hence P(vy(M)) is a Poisson submanifold iff v = 0. O

Next, we interpret the condition m, = & A vV from Proposition 5.4.1
algebraically to recover the differential-geometric version of [Pol97, Proposition
8.1].

Proposition 5.4.4 Let (M, n) be a Poisson manifold and N C M a closed
and embedded invariant submanifold. Then there exists a Poisson structure
on Blup(M, N) p-related to 7 if and only if every fibre of the bundle of Lie
algebras (TN)*™™ — N is isomorphic to either of the following.

1. An abelian Lie algebra,

2. The semidirect product RxV , where the representation of R on the vector
space V is the diagonal representation.

Proof. Assume that 7 lifts to the blowup. By Lemma 5.3.2 and Proposition
5.4.1 we can assume
T =Tin ={ AV,

where ¢ denotes the Euler vector field of vy (M), v € T'(vn(M)), and -V is
the vertical lift. Let y € N.

If v, = 0, then clearly the induced Lie algebra structure is abelian. If
vy # 0, let (21,...,2,,y) denote fibrewise linear coordinates on vy (M), where
{z = 0} is the zero section and z;(v) = d;1.

Then

n
0 0
Tin = Y Tiz— N =,
! Z laxi 8x1
=2
and, by inserting in (5.6) it is immediate to see that

[dz;,dz;] =0 if4,j# 1, and
[dxi,dxl] = dxi,

which is isomorphic to the Lie algebra of the semi-direct product R x R"~1,
where the representation of R = Rdx; is given by dz; +— idgn-1. Conversely,
assume that each fibre of the bundle (TN)*™ — N is either isomorphic to
an abelian Lie algebra or R x V. Going the same computation backwards,
we obtain a set-theoretic section v: N — vy (M), such that the bundle of Lie
algebras corresponds to mi, = £ A vV (with the zeros of v corresponding to
abelian bundles). Since 7, is smooth and the components of v depend on the
coefficient functions of 7 via (5.9), v is smooth. O
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5.5 Interpretation of Equation (5.7)

Remark 5.5.1 Conceptually, one can make sense of the form (5.7) in the
following way. If 7 is “quadratically tangent” to N, i.e. we can write it as (the
sum of) the product of two vector fields that are tangent to N, we can lift
those vector fields separately to lift 7. However, if 7 is only "linearly tangent”
to N, then we can only lift one of the two factors of 7w using Lemma 5.2.1. This
lifted vector field must vanish along P(vy(M)) to make up for the singularity
that the other factor gains on the blowup. Hence, by Lemma 5.5.2 below the
linearisation of the tangent factor of = must be proportional to the Euler vector
field.

Lemma 5.5.2 Given a vector field X tangent to N, the restriction of the lift
X to P(vn(M)) is the projectivisation of Xy, the fibrewise linear vector field
on vy (M) obtained by linearising X along N. In particular, X}P(UN( 0

if and only if Xy is a €°°(N)-multiple of the Euler vector field.

M)

Proof. We make use of the deformation to the normal cone construction for
Blup(M, N) ([DS21, Section 2.8]). As a set, the deformation to the normal
cone is given by

DNC(M,N) = M x (R\ {0}) U (vn (M) x {0})

and carries a smooth (R* =R\ {0})-action given by

AT ifE#£0,
Mot) = {(AU,O) if £ = 0. (5.10)

The blowup of NV in M is then given by the quotient

DNC(M, N)\ (N x R)

Blup(M,N) = R

=M\ NUP(vN(M)).
Moreover, the diagram

DNC(M,N)\ (N x R) — Blup(M, N)

\ Jp (5.11)

M

commutes, where £ is the restriction of (m,t) — m on M x (R\ {0}) and of
the vector bundle projection vy (M) — N C M at ¢t = 0.

Any vector field X on M tangent to N gives rise to a vector field D(X)
on DNC(M, N), which on M x (R\ {0}) is X x 0 and which on vy (M) is the
linearisation of X at N [BBLM20, Section 2.2, Property e)|. The vector field
D(X) is invariant under the R* action (5.10), since it is clearly invariant on
M x (R\ {0}). Hence, D(X) descends to a vector field on Blup(M, N). This
vector field is precisely X, because of the commutativity of (5.11), the fact
that D(X) is k-related to X, and that the blowdown map is a diffeomorphism
on an open dense set. Restricting to points of P(vnx(M)) = (vn(M) \ N)/R*,
the conclusion follows. O
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Chapter 6

A note on pullbacks and
blowups of Lie algebroids,
singular foliations, and Dirac
structures

This chapter contains [SZ25], accepted for publication in Differential Geometry
and its Applications. My contributions lie mainly in Section 6.5.2.

Abstract

Lie algebroids, singular foliations, and Dirac structures are closely related ob-
jects. We examine the relation between their pullbacks under maps satisfying
a transversality assumption. A special case is given by blowdown maps. In
that case, we also establish the relation between the blowup of a Lie algebroid
and its singular foliation.

6.1 Introduction

Dirac structures are a kind of geometric structure on manifolds that generalizes
both closed 2-forms and Poisson structures. An aim of this note is to determine
the singular foliation underlying the pullback of a Dirac structure D under a
transverse map, by showing that it coincides with the pullback of the singular
foliation of D. Here, “singular foliation” is understood as a submodule of vector
fields, in the sense of [AS09|, and not just as the underlying partition of the
manifold into leaves. We do this in Corollary 6.4.4. The analogue statement
for leaves is known and was given in [Mar16, Section 4].

To obtain Corollary 6.4.4, we involve Lie algebroids. It is well-known that
any Lie algebroid A induces a singular foliation F := #(I'¢c(A)), where § denotes
the anchor, and the subscript ¢ compact support. Further, any Dirac structure

189



190 Chapter 6. Lie algebroids, singular foliations, and Dirac structures

inherits a Lie algebroid structure, with anchor the restriction of prp;,, and
bracket the restriction of the Courant bracket.

Let f: B — M be a smooth map transverse to a Dirac structure or Lie
algebroid over M. In that case, one can consider the pullback Dirac structure,
the pullback Lie algebroid, and the pullback singular foliation. In the first part
of this note we compare these objects, recovering results that are certainly
known to the experts but for which we could find only partial accounts and
proofs in the literature (see “Relation with the literature” below). Namely, the
following operations commute with taking pullbacks:

e taking the singular foliation of a Lie algebroid (see Proposition 6.3.1),

e taking the Lie algebroid underlying a Dirac structure (see Proposition
6.4.1).

Corollary 6.4.4 immediately follows from this.

In the second part of this note we consider a submanifold N C M and the
blowup Blup(M, N) of M along N. The blowdown map p: Blup(M,N) - M
is a diffeomorphism on an open dense subset. If a Dirac structure D on M
is transverse to IV, it admits a unique lift to Blup(M, N). Using the above
results we show that the singular foliation of the lift is the pullback of the
singular foliation of D.

If a Lie algebroid A on M is transverse to N, then it gives rise to several
Lie algebroids on B: one of them is the pullback Lie algebroid p'A, others are
obtained blowing up A itself with respect to a Lie subalgebroid L supported
on N. We compute the singular foliation Fgjyp, of the blown-up Lie algebroid
in two cases:

e when L is the restriction of A to N, Fpiyp consists of lifts of vector fields
on M tangent to N (see Proposition 6.5.2),

e when L is the isotropy Lie algebroid of A over N, Fgiyp consists of lifts
of vector fields on M vanishing on N (see Proposition 6.5.5),

and finally generalise to any Lie subalgebroid over N which contains the
isotropies of A over N.

Relation with the literature

The statement of Proposition 6.4.1 appears in [BLM16, Section 5.1], but no
further details are given there. A proof can be obtained from the one of
Proposition 6.6 in [Meil7a, Section 6.2], yielding an isomorphism which is the
inverse of the one we construct in our proof of Proposition 6.4.1.
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6.2 Definitions of pullbacks

Let f: B — M be a smooth map.

6.2.1 Pullbacks of Lie algebroids

A Lie algebroid is a vector bundle A over a manifold M, together with
a bundle map f: A — TM called anchor and a Lie bracket on the smooth
sections I'(A), such that [a, fa'] = #(a)(f)a’ + fla,a’] for all sections a,a’ and
functions f. Lie algebroids play an important role in differential geometry,
generalizing both tangent bundles and Lie algebras.

Let A be a Lie algebroid over M. Assume f is transverse (For a more gen-
eral treatment under an assumption weaker than transversality, see [BCdH16,
Appendix A.2]) to A, in the sense that for all z € B, we have

We denote by f#A — B the pullback of A as a vector bundle. The pullback
of A as a Lie algebroid (JHM90], see also [Mac87, Section 4]) is

f'A:= f*A xpy TB,

the fibre product over o f: A — TM and Tf: TB — TM, where f*: ftA —
A is the canonical map.

First of all, f'A is a vector bundle over B, of rank equal to rank (A) +
(dim B — dim M). Indeed, f'A is the preimage of the diagonal under the map
#,TM): f*fA®TB — TM x TM, and the assumption that A is transverse to
f implies that this map is transverse to the diagonal. Any section of f'A is of
the form (> h;(a; o f), X) for finitely many h; € €°°(B) and a; € T'(A), and
for X € T'(TB) such that f,X =5 hi(t(a;) o f). Here, we view T'f as a map
fe: TB — f*IT'M covering idp.

More importantly, f'A is a Lie algebroid, with the second projection as
anchor. The bracket of two sections as above is determined by the Lie algebroid
bracket of A and the Leibniz rule:

(3 tove ). (S5t o 1.)] = X,

where

*:Zhih;([ai,a;]of)+ZX(h;)(a;of ZX’ Y(ai o f). (6.2)
1,] J

Indeed, f'A is a Lie subalgebroid over graph(f) C M x B of the product Lie
algebroid A x TB, under the identification B ~ graph(f) [Meil7b, Section
7.4][Mei24].

Further, the first projection yields a Lie algebroid morphism f'A — A
[Mac87, Section 4.3]. This morphism is not surjective in general; for instance,
for any smooth map f: B — M, we have f'TM = TB, and the morphism is
given by the derivative T'f: TB — TM.
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6.2.2 Pullbacks of singular foliations

A singular foliation F C I'.(T'M) is a °°(M)-submodule of the compactly
supported vector fields, which is locally finitely generated and involutive with
respect to the Lie bracket [AS09]. A singular foliation gives rise to a decompo-
sition of M into immersed submanifolds of possibly varying dimension, called
leaves.

Suppose we have a singular foliation F C I'.(T'M) which is transverse to
f, i.e. each leaf of the singular foliation is transverse to f. Then there exists a
pullback singular foliation [AS09, Section 1.2.3] given by

fUF={X €T(TB): f.X =Y hi(Yio f) for h; € 6°(B),Y; € F},

where the sum is finite. Here, we use the subscript ¢ to denote “compactly sup-
ported”. The leaves of f~'F are the connected components of the preimages
of the leaves of F.

6.2.3 Pullbacks of Dirac structures

Recall that a Dirac structure D C TM&T* M on M is a maximally isotropic
subbundle (with respect to the canonical symmetric pairing) that is involutive
with respect to the Courant bracket

[(ng)v(legl)] = ([X7Xl]7$X£I_iX’d§)° (6'3)

Prototypical examples of Dirac structures are graphs for closed 2-forms and of
Poisson bivector fields.
Consider

B/D = {(v,f*n) € TB&T"B: (Tf(v).n) € D},

a collection of maximally isotropic subspaces of T'B @ T* B. Assume that §(D)
is transverse to f, i.e. Equation (6.1) is satisfied for D = A, § = pry,,. Then
B;D is a Dirac structure on B [Burl3, Proposition 5.6.][Marl6, Section 4].
The map f from (B,B;D) to (M, D) is then said to be a backward Dirac
map.

6.3 Lie algebroids and singular foliations

Under the transversality assumption, the operations of taking the singular
foliation of a Lie algebroid and of taking the pullback commute.

Proposition 6.3.1 Let f: B — M be a smooth map. Let A be a Lie algebroid
over M, transverse to f. Denote by Fa := §(T.(A)) the singular foliation of A,
and Fpi g = ﬁf!A(I‘C(f!A)) the singular foliation of the pullback Lie algebroid.
Then
]:f’A = f_l]:A.
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Proof. “C” Any compactly supported section of f'A is of the form (3 h;(a; o
f),X) for finitely many h; € €>°(B) and a; € I'(4), and X € I'.(T'B) such
that f.X =Y h;(#(a;) o f). We may assume that the a; are compactly sup-
ported, by multiplying them with a compactly supported function which equals
1 on f(supp(h;)). Since #(a;) € Fa, the conclusion follows.

“37 Let X € f~1Fy, ie. f.X = S hi(Y;o f), where h; € €2(B),Y; € Fa.
We have Y; = f(a;) for certain a; € I'.(A). Then (3 hi(a; o f), X) € T(f'A),
since > h;(#(a;) o f) = S hi(Yi o f) = f.X. This is an element of T.(f'A),
whose image under the anchor is X. O

6.4 Dirac structures and Lie algebroids

Let D be a Dirac structure over M, transverse to a smooth map f: B —
M. Recall that we denote by ffD and f!TM the respective pullback vector
bundles.

Proposition 6.4.1 Let D be a Dirac structure over M, transverse to f. Con-
sider B D, viewed as a Lie algebroid, and the Lie algebroid pullback f'D of D
viewed as a Lie algebroid. Then the Lie algebroids B¢D and f'D are canomni-
cally isomorphic, by an isomorphism covering idpg.

Proof. Notice first that at a point 2 € B, any element of (f'D), is of the form
(¢,v) where £ € Dy(yy, v € T, B with T, f(v) = pryy ¥, hence £ = (T, f(v),n)
for some 7 € TJ}*(I)M . Consider the vector bundle map

W f'D = BrD, (Tof(v),n),v) = (v, (Tuf)*n). (6.4)

This vector bundle map clearly takes values in B;D. We first argue that
1 is a vector bundle isomorphism. It is surjective, by the very definition of
B;D. We have rank (f'D) = dim (B) using rank (D) = dim (M), see Section
6.2. Hence, 1 is a map between vector bundles of the same rank. Therefore,
it is also injective, and an isomorphism.

The map 1 clearly preserves the anchors. To show that it preserves brack-
ets, take a section

(3" hil(Yim) o £), X) € D(f'D),

where h; € €°°(B) and (Y;,n;) € I'(D), for X € I'(TB) such that f,X =
> hi(Yiof). Under 1, it is mapped to (X, > h; f*n;) € T'(B ;D). Use Equation
(6.2) to compute the bracket of two sections of I'(f'D), recalling that the Lie
bracket of D is the restriction of the Courant bracket on M. Use the Courant
bracket (6.3) on B to compute the bracket of their images under 1, together
with identities such asix f*n =), hi((iy;n)of) and the fact that D is isotropic,
to conclude that i preserves brackets. O

Remark 6.4.2 If in the proof of Proposition 6.4.1 we view v as a (injective)
vector bundle map f'IL — TB®T* B, we recover the facts that its image BL
is a smooth subbundle of TB @ T*B and that it is involutive.
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Remark 6.4.3 We provide a direct proof that the map 1 in (6.4) is injective,
without using any dimension considerations.
We first claim: The vector bundle map over idp

¢: [*D = fFTM & T*B,  (Y,n) = (Y, (f)"n)

is injective.

Indeed, for all z € B, the transversality condition (6.1) (for A = D) can be
rephrased as Dy, N [T, f(T,B)]° = {0}, as one sees taking annihilators and
using #(D) = (D NTM)°. Now let (v,n) € (f*D), lie in the kernel of ¢, i.e.
v=0andn € [T, f(T:B)]°. Then (v,n) € Dy N [T, f(T:B)]°, so it vanishes.
This proves the claim.

Let ((T.f(v),n),v) € f'D lie in the kernel of ¢. Then (v, (T.f)*n) = 0,
and in particular (T, f(v), (T, f)*n) = 0. But (T, f(v),(T.f)*n) is the image
of (T, f(v),n) € f*L under the map ¢ above. The injectivity of ¢ implies that
(T f(v),n) = 0. Hence v is injective.

The following corollary follows immediately from Proposition 6.3.1 and
Proposition 6.4.1.

Corollary 6.4.4 Let D be a Dirac structure over M, transverse to f. Denote
by Fp := 4L (L'c(D)) the singular foliation of D, and F ,p := s, p(I'c(BsD))
the singular foliation of the Dirac structure B;D.

Then f%fD = f_lfD.

6.5 Blowups
To match the notation of the previous sections, let
B := Blup(M, N)

denote the real projective blowup along a closed and embedded submanifold
N C M. To shorten notation, we write

P=p '(N),

where p: Blup(M, N) — M is the blowdown map. Recall that p: B\ P —
M\ N is a diffeomorphism.

6.5.1 Lifted Dirac structures on the blowup

Let D be a Dirac structure over M for which N is a transversal, i.e. #(D,) +
TyN =T,M for all y € N. Via the blowdown map, one can lift D to a Dirac
structure on B\ P. Thanks to the transversality assumption it extends to a
(unique) Dirac structure Dgyyp, on B, namely Dgyy, = B,D. (More general
results on lifts of Dirac structures via blowups are contained in [MSZ25]).

At every z € p~}(N), the derivative of the blowdown map p satisfies
Tp@yN € Tpp(T, B). Hence, the map p is transverse to D, and the assumptions
of Corollary 6.4.4 are satisfied. This yields the following corollary:
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Corollary 6.5.1 In the above set-up, denote by Fp := §(Lc(D)) the singular
foliation of D and by Faiup := tBiup (L (DBiup)) the singular foliation of lifted
Dirac structure Dpyyp. Then

Fip =0 " Fb.

6.5.2 Blowups and Lie algebroids

Let m: A — M be a Lie algebroid over M for which N is a transversal. Via
the blowdown map, one can lift A to a Lie algebroid structure on B\ P. In
general, there are several distinct extensions to Lie algebroids over the whole of
B. This is in contrast to the case of Dirac structures, where the uniqueness is
forced by the fact that Dirac structures over B are subbundles of a prescribed
vector bundle, namely T'B & T* B. In this subsection, we want to describe the
singular foliations of some of them.

One of them is the pullback Lie algebroid p'A over B, which exists, since
p is transverse to A. By Proposition 6.3.1, it induces the singular foliation
p~ 1 Fa, where F4 is the singular foliation of A.

Other such extensions are given by the blowup of the Lie algebroid A along
a Lie subalgebroid L supported on N [GL13, DS21, Obs21], see Section 1.1.4.
As long as ker(]j}AlN) C L, one has

Blup(A, L) = Blup(p' A, 73 L), (6.5)

where the submersion 7p: P — N is the restriction of p. This is a straight-
forward generalisation of [Sch24, Proposition 5.16] (Proposition 3.5.16), where
the case L = i)y A is treated. The singular foliation of Blup(A4, L) is necessar-
ily tangent to the exceptional divisor P, hence, it is distinct from p~'F4. In
particular, the Lie algebroid Blup(A, L) is not isomorphic to p'A, but comes
with a canonical Lie algebroid morphism Blup(4, L) — p'A — A.

Blowing up along the restricted Lie algebroid

A distinguished Lie subalgebroid of A over N is tyA = §71(T'N), which is well-
defined thanks to the transversality requirement (here, ty: N < M denotes
the inclusion). By (6.5) we have

Blup(A, /'y A) = Blup(p' A4, ihp' A),
whose sections are given [GL13| by
{s €T (p'A): ﬁp!A(s)‘P is tangent to P}. (6.6)
To describe the singular foliation of this Lie algebroid, denote
Frang :={Y € F: Y|N is tangent to N}.

Recall that every vector field tangent to N admits a (unique) lift to a vector
field Y on B which is p-related to Y, see Lemma 4.2.1.
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Proposition 6.5.2 Let A be a Lie algebroid over M for which N is a transver-
sal. Denote by Fgup the singular foliation of the Lie algebroid Blup(A, i\ A).
Then _

FBlup = spalgee(p){Y 1Y € Frang}.

The rest of this section is devoted to the proof of Proposition 6.5.2.

Remark 6.5.3 Let y € N. By the splitting theorem for singular foliations
([AS09, Section 3.1], see also [AZ13, Proposition 2.4]) there is an open neigh-
borhood L of y in the corresponding leaf of F, a small submanifold S through
y such that T,S & T,,L = T, M (which we can choose such that S C N), and
a neighborhood U of y in M such that

(U, Faly,) = (8,15 Fa) x (L,T(TL)).

Notice that 13! F is a singular foliation on S [AS09], hence it admits a finite
local set of generators. Shrinking £ if necessary, we can find a set of generators
of I'.(T'L) given by coordinate vector fields for some chart on £. We can assume
that NNU = S x L' for a submanifold £’ of £ through y, and choose the
above coordinates on £ to be adapted to £’. Then

c L

Figure 6.1: The submanifold NV, the open subset £ of a leaf, and the slice S.

i) ]:A|U admits a (finite) set of generators {W;},cr U{Z;};cs, where the W;
are tangent to NN, and the Z; are coordinate vector fields on £ “normal”
to L'. (We can choose the {W;};cr to consist of generators of Lgl}"A and
coordinate vector fields on £ which are tangent to £'.)

ii) ]:tang|U admits a finite set of generators, consisting of the above {W; };cr,
and products of coordinate vector fields Z; on £ normal to £’ with coor-
dinate functions on £ vanishing on £’
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Item ii) shows that ]:tang|U is a singular foliation, as it is clearly involutive.

Recall that

P Frang = {X €To(TB) : p.X = hi(Y;op) for hi € €2°(B),Y; € Frang}-
(6.7)
A simpler description is provided by the following lemma.

Lemma 6.5.4 p~ ' Fi,, = span(gcx(B){f/ 1Y € Frang}-

Proof. The inclusion “D” is satisfied since p*f/ = Y op. For the converse,
take X € p~'Fiang as in (6.7) (in particular, we have Y; € Fiang). Con-
sider 3" h;Y; € To(TB). It agrees with X, since it has the same image under
ps: TB +— p*T'M and since p is a diffeomorphism on an open dense subset.
Hence, X is a €°(B)-linear combination of lifts of elements of Fiang. O

We now return to the Lie algebroid Blup(4,t\yA). The induced singular
foliation Fgiyp is

fBlup :ﬁp’A(Fc(p!A)) N F(TISB)
=(p~'F)NT(T¢B)
={X €T (TB) : p.X = Zhi(Yi op) for h; € 6.°(B),
Y; € F s.t. (p*X)|P - (p|P)*TN}. (6.8)

Here, THI,?B = Blup(T B, TP) denotes the log-tangent bundle of B with respect
to the hypersurface P (its sections are the vector fields tangent to P). The
first equality holds by Equation (6.6), the second by Proposition 6.3.1, and
the third because at every x € P, the tangent space T, P is the preimage of
Ty(z)N under the derivative Tp.

Proof of Proposition 6.5.2. Thanks to Lemma 6.5.4 we have to prove that
FBlup = P~ Frang, comparing (6.8) and (6.7). The inclusion “O” is imme-
diate.

For the converse, let X € Fpiyp. Since this vector field has compact sup-
port, by a partition of unity argument, it suffices to work locally on a suffi-
ciently small open subset of B. Choose an open subset U of M as in Remark
6.5.3. Picking coordinates (z,y) on U adapted to N (i.e. NNU = {x = 0})
to obtain coordinates (Z,y) on U, C p~1(U) as in Remark 4.2, for some index
r€{l,...,codim (N)}. Recall that PN U, = {Z, = 0}. We have

pX =) hi(Wiop)+ > ki(Zjop),
icl jed

where W, Z; € ‘FA|U are as in Remark 6.5.3 i), h; € €°(U,), and k; €
%>°(U,) vanishes on PN U,. We have &, = p*z, for the coordinate function
x, vanishing on N. Hence, k; = p*z,. - k; for some £ € €2°(U,). So

pX =Y hi(Wiop)+ > Kj(w.Z;0p).

iel jed
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Since all of the {W;}icr and {z,Z;},cs lie in ‘Fﬁang|U’ we conclude that X €
p_lftang- O

Blowing up along the isotropy Lie algebroid

Above we considered the maximal Lie subalgebroid of A supported on N,
namely L!NA. Now we make the assumption that the isotropy Lie algebras of
A have constant rank along N, and consider the resulting Lie subalgebroid
D = ker(ﬁA‘N). (Notice that when N is a point, the two Lie subalgebroids
agree.)
Define!
Fo = {YG]—'A:Y|N:0}.

Then we have:

Proposition 6.5.5 Let A be a Lie algebroid over M for which N is a transver-
sal. Denote by Fpiup the singular foliation of the Lie algebroid Blup(A, L),

where D := ker(ﬁA|N) s assumed to have constant rank. Then

fBlup = Spalkgcoo(B){? Y € ]'-0}

The proof of Proposition 6.5.5 is analog to the one of Proposition 6.5.5,
hence we will just present a sketch of the arguments.
Recall that we denoted by mp: P — N the restriction of p. By (6.5), writing

out
L = {(a,X) € L x TP : f4(a) = Tmp(X)}

= mpL x ker(T7p)
= ﬂ;i‘(ker(Tﬂp)),

we have

Blup(A, L) = Blup(p' A, £ (ker(Tmz))).
Tts sections are given [GL13] by
{seT(p'A): jjpzA(s)‘]P C I'(ker(T'mp)) }. (6.9)
The induced foliation Fgyyp is
Fop =t a(Ce(p'4)) NT(E) (6.10)
=(p~'F)NT(E) (6.11)
={X €T(TB) : p.X = > _ hi(Yiop) for h; € €°(B),
Y € Fa st (poX)], =0} (6.12)

Here, F is the edge Lie algebroid [Fin22] associated to the fibration mp of
the hypersurface P; its sections are vector fields on B which over P are tangent

IEven though it will not be used in our arguments, we point out that Fo is locally finitely
generated. Local generators are obtained multiplying the vector fields {W;};cr and {Z;} e
in Remark 6.5.3 with coordinate functions on £ vanishing on £’.
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to the fibres, i.e. lie in ker(T7p). The first equality holds by Equation (6.9),
the second by Proposition 6.3.1 and the third because of the definition of the
edge Lie algebroid.

Recall that

p ' Fo:={X €T(TB):p.X = > hi(Y;op) for hy € 6°(B),Y; € Fo}.
(6.13)
The analogue of Lemma (6.5.4) holds, i.e. p~tFy = spanggo(B){f/ 1Y € Fo}.
Given this, to prove Proposition 6.5.5 we have to show that Fgjup, = p~'F
using (6.12) and (6.13). This is done as in Proposition 6.5.2, the only difference
being that the coefficients h; and k; appearing there all vanish on P.

Remark 6.5.6 Taking A = T'M the tangent Lie algebroid, from Equation
(6.12) and Proposition 6.5.5 we obtain

I'.(E) = span%coc(B){}N/ :Y € To(T'M) vanishes on N}.
In other words, all (compactly supported) sections of the edge Lie algebroid
associated to the fibration mp are obtained as lifts of vector fields vanishing on

N.

Remark 6.5.7 More generally, let D C A be a Lie subalgebroid supported
over N that contains the isotropy bundle ker(jjA|N). Denote

Far:i={Y € Fa: Y|, €tale(L)}.

Then analog to Proposition 6.5.2 (]:A,/JNA = Fiang) and Proposition 6.5.5
(Fa,r = Fo one can show that

FBlup = Span%coo(B){Y 1Y € .FA7L}. (6.14)
Indeed, in (6.10) and (6.11) replace I'(E) by
&L ={X €Te(TB) : X[, € mp ' (a(Te(L)))},

and at the end of (6.12) write (p*X)|P € H(#a(Te(L))).
Since the analog statement to Lemma 6.5.4 holds, to show (6.14) it is
enough to prove

Filp =p " Fa,r.

The inclusion “2” is clear. For the converse, pick

e a tubular neighbourhood pr: V.— N of N in M with A|V ~ priiyA
(which exists by [BLM16, Theorem 4.1]),

e a vector bundle complement C satisfying (\yA = L & C,

e a horizontal lift -2°*: I'(TN) — T(TV).
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Then sections of A|V are generated by sections of the form

(0, X), for X a vertical vector field on V,
(aopr,fa(a)ter), for a e I'(L) or a € T'(C).

The argument of the proof of Proposition 6.5.2 goes through, where sections
of C' under the anchor and vertical vector fields replace the Z;, and sections
of D under the anchor replace the W;.

Bibliography

[AS09] Iakovos Androulidakis and Georges Skandalis. The holonomy
groupoid of a singular foliation. J. Reine Angew. Math., 626:1-37,
20009.

[AZ13] Takovos Androulidakis and Marco Zambon. Smoothness of holon-
omy covers for singular foliations and essential isotropy. Math. Z.,
275(3-4):921-951, 2013.

[BCdH16] Henrique Bursztyn, Alejandro Cabrera, and Matias del Hoyo. Vec-
tor bundles over Lie groupoids and algebroids. Adv. Math., 290:163—
207, 2016.

[BLM16] H. Bursztyn, H. Lima, and E. Meinrenken. Splitting theorems for
Poisson and related structures, 2016. arXiv 1605.05386.

[Bur13] Henrique Bursztyn. A brief introduction to Dirac manifolds. In
Geometric and topological methods for quantum field theory. Papers
based on the presentations at the 6th summer school, Villa de Leyva,
Colombia, July 6-23, 2009, pages 1-38. Cambridge: Cambridge
University Press, 2013.

[DS21] Claire Debord and Georges Skandalis. Blow-up constructions for
Lie groupoids and a Boutet de Monvel type calculus. Miinster J.
Math., 14(1):1-40, 2021.

[Fin22] Joel Fine. Knots, minimal surfaces and J-holomorphic curves, 2022.

[GL13] M. Gualtieri and S. Li. Symplectic groupoids of log symplectic man-
ifolds. International Mathematics Research Notices, 2014(11):3022—
3074, 03 2013.

[HM90] P. J. Higgins and K. Mackenzie. Algebraic constructions in the cat-
egory of Lie algebroids. Journal of Algebra, 129(1):194 230, 1990.

[Mac87] K. Mackenzie. Lie groupoids and Lie algebroids in differential ge-
ometry, volume 124 of London Mathematical Society Lecture Note
Series. Cambridge University Press, Cambridge, 1987.



Bibliography 201

[Mir16]

[Meil7al

[Meil7b]

[Mei24]

[MSZ25]

[Obs21]

[Sch24]

[SZ25]

Toan Mircut. An introduction to Dirac geometry. Lecture notes for
the 10th International Young Researcher Workshop on Geometry,
2016.

Eckhard Meinrenken. Introduction to Poisson geometry. Lec-
ture Notes, available at https://www.math.toronto.edu/mein/
teaching/lectures.html, 2017.

Eckhard Meinrenken. Lie groupoids and Lie algebroids. Lec-
ture Notes, available at https://www.math.toronto.edu/mein/
teaching/lectures.html, 2017.

Eckhard Meinrenken. Lie algebroids. Encyclopedia of Mathematical
Physics (Second Edition) Volume 4, 2025, Pages 485-492, 2024.

TIoan Marcut, Andreas Schiifiler, and Marco Zambon. Blowups of
Dirac structures. preprint, arXiv:2506.14930, 2025.

L. Obster. Blow-ups of Lie groupoids and Lie algebroids. Master’s
thesis, Radboud Universiteit Nijmegen, 2021.

A. Schiifler. The blow-down map in Lie algebroid cohomology, 2024.
preprint, arXiv:2406.17668.

Andreas Schiifsler and Marco Zambon. A note on pullbacks and
blowups of Lie algebroids, singular foliations, and Dirac structures.
2025. preprint.



202 Bibliography




Chapter 7

Conclusion

We first introduced two methods to compute Lie algebroid cohomology. The
Serre spectral sequence from Chapter 2 is a more direct computational tool.
It gives a unifying framework for many spectral sequences known in the liter-
ature, such as Mackenzie’s spectral sequence for Lie algebroid extensions, the
Hochschild-Serre spectral sequence for Lie algebras, or the Leray-Serre spectral
sequence for locally trivial fibre bundles.

Moreover, we used the Serre spectral sequence to generalise results from hor-
izontally nondegenerate Poisson structures to Dirac structures, and in Chapter
3 we prove a Gysin long exact sequence for Lie algebroids.

So far, all interesting examples have come from the Serre spectral sequence
induced by the inclusion of a Lie subalgebroid. However, as remarked in
Chapter 3, it is possible to consider more general Lie algebroid morphisms.

The second tool we developed for Lie algebroid cohomology makes use
of real projective blowups. In Chapter 3 we studied the blowdown map in
cohomology. On one hand, we make use of the understanding of the blowdown
map in cohomology by expressing the cohomology of Blup(A,:'A4) in terms
of H*(A), where t: N — M is a transversal of a Lie algebroid A = M. On
the other hand, we use the real projective blowup to desingularise the action
Lie algebroid so(3) x R?, compute the cohomology of the blowup via spectral
sequences, and deduce the cohomology of s0(3) x R3 via our studies of the
blowdown map.

There exist, aside from real projective blowups, more constructions for
desingularising Lie algebroids, like spherical blowups [DS21], or Nash-type
blowups [Lou24]. One can hope that the combination of desingularisation and
understanding the blowdown map in cohomology in these settings, too, might
lead to new ways of computing Lie algebroid cohomologies.

Inspired by Polishchuk’s result on the lift of Poisson structures [Pol97], for
which we give an alternative proof in Chapter 5, we then turned to discussing
the lift of Dirac structures to real projective blowups in Chapter 4. We found
an if-and-only-if condition on the Dirac structure and the submanifold for the
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lift to exist. These conditions are, considering the generality of the problem,
quite restrictive. As discussed in Section 4.1, it might be possible to obtain
more flexibility using different kinds of blowup procedures.

Of course, everything related to blowups can also be considered in the
context of complex geometry and the blowup procedures therein.

In Chapter 6 we discussed the relations between pullbacks of Lie algebroids,
Dirac structures, and their underlying singular foliations. We gave proof for
the fact that taking pullbacks commutes with both viewing a Dirac structure
as a Lie algebroid as well as taking the singular foliation underlying a Dirac or
Lie algebroid structure. It is known in the field that these operations commute,
however there seem to exist few written accounts of it in the literature.

Finally, we discussed the blowup by a transversal t: N < M of a Dirac
or Lie algebroid structure with the focus on their singular foliation. For a
Dirac structure D C TM & T* M, the requirement of being a subbundle of the
generalised tangent bundle forces a lift to the blowup to be unique (namely,
B,D), see also Chapter 4. For a Lie algebroid A = M, on the other hand,
we can consider the pullback p'A of Lie algebroids via the blowdown map, but
also the Lie algebroid blowup Blup(A4, L) for any Lie subalgebroid L = N.
Both constructions give meaningful lifts of A to Blup(M, N), which are not
isomorphic. For L containing the isotropies over N, i.e. ker(ﬁ|AN) C L, we
characterised the singular foliation of Blup(A, L) both in terms of the singular
foliation of p'A and A itself.
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