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Kurzzusammenfassung

Die vorliegende Arbeit ist dem Studium von reellen Kon-
taktmannigfaltigkeiten gewidmet. Dies sind Kontaktman-
nigfaltigkeiten (M, ¢), die mit einer zusétzlichen Involution
f versehen sind, von der man die Antisymmetrie-Bedingung
f+& = —& verlangt. Reelle Kontaktmannigfaltigkeiten tau-
chen unter anderem in der Hamiltonschen Beschreibung me-
chanischer Systeme als Hyperebenen in Phasenrdumen auf,
beispielweise im Drei-Koérper-Problem. Diese Arbeit bietet
zunéchst eine Einfiirung sowohl in die Theorie der Kon-
takmannigfaltigkeiten, als auch die der Involutionen. Im
ersten Kapitel werden grundséitzliche Eigenschaften unter-
sucht anhand einiger Beispiele. Dabei stellen wir fest, dass
reelle Kontaktmannigfaltigkeiten eine Verbindung zwischen
zwei groflen offenen Problemen der Kontaktgeometrie her-
stellen, ndmlich der Weinstein- und der Arnold-Vermutung.
Das zweite Kapitel beinhaltet eine Sammlung von Struk-
tursétzen fir reelle Kontaktmannigfaltigkeiten wie beispiels-
weise die Gray-Stabilitit, den Satz von Darboux, Umge-
bungssétze fiir Untermannigfaltigkeiten und eine Klassifika-
tionsaussage fiir reelle Strukturen zur Standard-Kontakt-
form im euklidischen Raum. Im dritten Kapitel untersuchen
wir dann zwei Methoden zur Konstruktion von reellen Kon-
taktmannigfaltigkeiten, namentlich reelle offene Biicher und
reelle Chirurgien. Letztere werden im Rahmen von reellen
symplektischen Kobordismen eingefiihrt.






Abstract

The present thesis is devoted to the study of real contact
manifolds. These are contact manifolds that carry an addi-
tional involution f, of which one requires the anti-symmetry
condition f,& = —&. Amongst others, real contact manifolds
appear in Hamilton’s description of mechanical systems as
hyperplanes in phase spaces, for example in the three body
problem. This text offers an introduction both to the theo-
ries of contact manifolds and involutions. In the first chap-
ter, fundamental properties are studied on the basis of var-
ious examples. We observe that real contact manifolds es-
tablish a connection between two outstanding problems in
contact geometry, specifically the Weinstein conjecture and
Arnold’s chord conjecture. The second chapter contains a
collection of structure theorems for real contact manifolds,
including Gray stability, Darboux’s theorem, neighbourhood
theorems for submanifolds, and a classification result for
real structures compatible with the standard contact form
in euclidean space. In the third chapter, we investigate two
methods for constructing real contact manifolds, namely real
open books and real surgery. The latter are introduced in
the framework of real symplectic cobordisms.
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Introduction

The motions of celestial bodies fascinate mankind since an-
cient times. Early contemplations date back as far as Plato’s
days, but it was not until the early 17th century when Ke-
pler, Newton and others placed celestial mechanics on the
solid ground of physical laws. In spirit of Hamilton’s work,
these mechanical systems are nowadays embedded into sym-
plectic geometry: The corresponding phase space’s model is
a symplectic manifold, while the dynamics is encoded in
a smooth function. Contact manifolds enter the stage as
hypersurfaces in these symplectic manifolds, and studying
the symplectic dynamics translates into a problem entirely
phrased in terms of contact manifolds — this is the birthplace
of contact geometry. But, as 1977’s Nobel laureate P. W.
Anderson remarks: ‘It is only slightly overstating the case to
say that physics is the study of symmetry.’[ﬂ Thus, obeying
his credo, we ought to find some kind of symmetry in sym-
plectic manifolds representing mechanical systems. What
is a symmetry? In a rather broad sense, an isometry on
a Riemannian manifold may be regarded as a symmetry.
And this applies to a particularly handy class of symme-
tries, namely involutions. These are diffeomorphisms that
square to the identity — rotations by the angle 7, reflections

Yin: "More Is Different’, Science, 1972.
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Introduction

on a plane, and the like. For the scope of this text, we will
settle for these symmetries, and define a real contact mani-
fold to be a contact manifold equipped with an involution.
Requiring that the involution pulls the contact form back
to minus itself leads us into the realm of anti-equivariant
contact manifolds: These are the involutions we will attend
to. The insight that various mechanical systems bring along
anti-equivariant involutions justifies our choice.

Realising hypersurfaces as contact manifolds can be an
intricate task. Albers et al. showed in [AFVKPI12] that
certain energy levels in the restricted 3-body problem carry
induced contact structures — and all of them are real, as
we shall see later. This fuelled the interest in real contact
manifolds greatly. Recent results in that area include the
works of Oztiirk and Salepci [OS11] and [0S15]. These con-
tain a classification of tight contact structures on the 3-ball
as well as an approach towards a real version of Giroux’s
correspondence in the context of open books.

In the theory of involutions, one studies involutions by
investigating their fixed point sets; a typical problem is the
classification of involutions on a given manifold up to con-
jugacy. The ‘modern era’ of this field was ushered in by
Smith’s work on transformations of finite period. In [Smi3g],
he showed that fixed point sets of non-trivial orientation-
preserving smooth involutions on the 3-sphere S? consist of
a single circle respectively, and raised the question whether
this circle is necessarily unknotted. An affirmative answer
was finally given by Waldhausen in [Wal69]. In its full gen-
erality, the classification problem for involutions remains un-
solved, even in the 3-dimensional case. Aside from the topol-
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Introduction

ogy of fixed point sets, a major challenge is the existence of
involutions. Here, a number of obstructions are known, see
for example [Pup07].

Nowadays, contact geometers name Lie as the founding
father of their subject, who introduced contact manifolds in
the guise of Berihrungstransformationen (contact transfor-
mations). As for involutions, predominant problems are the
existence and classification of contact structures. A signifi-
cant progress in the 3-dimensional case was made by Eliash-
berg in [Eli89], and, more recently and for arbitrary dimen-
sions, by [BEM15].

The aim of this thesis is to supply a multitude of methods
for producing real contact manifolds and to establish struc-
ture theorems similar to the ones found in classical contact
topology. The text is divided into three parts: The first
chapter introduces the reader to contact manifolds and real
structures, and, besides several examples, the topology of an
involution’s fixed point set is discussed. The second chap-
ter is a collection of said structure theorems for real contact
manifolds. We prove real versions of Gray’s and Darboux’s
theorems as well as neighbourhood theorems for submani-
folds. This chapter also features a classification of real struc-
tures for the standard contact structure on R?"+1: All invo-
lutions that pull the standard contact form back to minus
itself are isotopic. The third chapter presents two methods
of producing new real contact manifolds out of old ones, via
real open books and real surgery. The latter is related to
the study of real symplectic fillings; these are highlighted in
connection with real contact structures on Brieskorn mani-

folds.



Introduction

In the study of real contact manifolds, there are two pos-
sible points of view: On the one hand, one may consider
a given involution and investigate contact forms that are
compatible with that involution. On the other hand, one
may look for compatible involutions, once a contact form is
fixed. In this text, we will usually find ourselves in the first
situation. A notable exception is the classification theorem
mentioned above. Also, throughout the text, we will remark
on similarities and differences between the anti-equivariant
and the equivariant theory of involutions on contact mani-
folds.

The figures in the text were created with TikZ.
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1 First steps in the real world

This chapter serves as an introduction both to the study
of involutions as well as the theory of contact manifolds.
Its first section combines these concepts, and various ex-
amples are accompanied by elementary observations about
real contact manifolds. In classical mechanics, contact mani-
folds appear as hypersurfaces in phase spaces, interpreted
as symplectic manifolds. We will extend this discussion
to real symplectic manifolds in Section This then re-
lates two outstanding open problems in symplectic topol-
ogy, namely Arnold’s chord conjecture and the Weinstein
conjecture. Following that, we investigate fixed point sets of
involutions; the results obtained there mark a notable dif-
ference to the theory of equivariant involutions on contact
manifolds. The last section exhibits examples of contact
manifolds not admitting an involution, and vice versa.

Usually, we require the objects of our considerations —
manifolds, functions, vector fields, differntial forms, ... — to
be smooth. So from now on, and unless otherwise stated, all
these objects are assumed to be smooth whenever this term
applies.



1 First steps in the real world
1.1 Real contact manifolds

The present section offers a first look at real contact mani-
folds, introducing the basic notions used throughout this
text. A collection of illustrating examples will be given, as
well as a quick review of fundamental concepts in contact
topology. We begin with the discussion of certain involu-
tions on manifolds.

Definition 1.1.1. Let M be an oriented manifold of dimen-
sion d.

e An involution on M is a diffeomorphism f of M of
order 2, i.e. we require f o f =idy,.

e Now suppose d = 2n + 1 is odd. An involution f on
M is called a real structure on M if its fixed point
set

Fixf={pe M| f(p) = p}

is an n-dimensional submanifold of M (unless it is
empty) and if, additionally,

f

. {orientation—preserving for n odd and
is

orientation-reversing  for n even.

The pair (M, f) is then called a real manifold.

e Similarly, one defines a real structure on a (2n + 2)-
dimensional manifold as an involution with fixed point
set either empty or an (n + 1)-dimensional submani-
fold which is orientation-preserving precisely when n
is odd.



1.1 Real contact manifolds

Example 1.1.2. (1) The prototypical example in even
dimensions is given by the complex conjugation,

f: C — C
(%,y) — (.Z',—y),

to which the theory of real structures owes its name. Here,
the fixed points are precisely the real numbers. In this spirit,
the fixed point set of a real manifold is sometimes referred
to as its real part.

y

N/

N

T
4+

Figure 1.1: A real structure in R3. The fixed point set is
depicted in red.



1 First steps in the real world

(2) Rotation about the y-axis by the angle 7, i.e. the map-
ping
fo: RP — R3
(xa Y, Z) — (_xv Y, —Z),
defines a real structure on the manifold R3. In a tubular
neighbourhood N of its fixed point set

{(ZII,y,Z)GR3|ZL‘:Z:0},

the involution is given as the antipodal map on the fibres
D?. This is true for all involutions — a suitable modification
concerning dimensions understood —, and a primary task
of this text will be to detect trivial neighbourhoods of fixed
point sets in the presence of additional geometric structures.

More generally, the linear involution

(T15 oy Ty T 1y -+ o5 T2n41)

= (Z1, ey Ty —Tpg 1y e ey —T2041)
turns R?"*! into a real manifold.
(3) On T3 = (R/Q?TZ)3, the involution
(01,02,03) — (01 + 7,02 + 7, 03)

defines a real structure with empty fixed point set.

(4) Let (W22 ) be an even-dimensional real manifold.
Suppose that M?"*! is a submanifold of W invariant un-
der f. Moreover, let Y be a vector field defined near and
transverse to M such that T}, f(Y,) = Yj). This expres-
sion is meant to hold for all p where the relevant terms are
defined, and 7, f denotes the differential of f in p. Then



1.1 Real contact manifolds

(M, f|ar) is a real manifold: Under the given assumptions,
the direction corresponding to Y is preserved by the involu-
tion f; consequently, f is orientation-preserving if and only
if f|as is orientation-preserving. This is a common tech-
nique of producing odd-dimensional real manifolds out of
even-dimensional ones; later on, we will use this method
frequently.

Figure 1.2: Invariant hypersurface.

Remark. In the presence of fixed points, the two conditions
on the involution in Definition [L1.1]— orientation behaviour
and dimension of the fixed point set — are not independent.
We shall discuss that matter in Section 1.3l

In the study of real manifolds, we will be particularly in-
terested in objects compatible with the given involution.



1 First steps in the real world

Definition 1.1.3. Let (M, f) be a real manifold.

(1) A vector field or a differential form on M is symmet-
ric if it maps to itself under the involution f. It is said to
be antisymmetric if f sends it to minus itself.

(2) An oriented submanifold M’ of M invariant under
f is symmetric if f preserves the orientation of M’. In
symbols: f(M’') = M'. If f reverses its orientation, we will
call it antisymmetric and write f(M') = —M'.

(3) Let (N, g) be real manifold. A map ¢: M — N is said
to be symmetric (or equivariant) if po f = go .

When considering multiple involutions on a manifold, say f
and g, we will speak of f-symmetric or g-symmetric objects
to clarify the meaning.

Example 1.1.4. Let n be an arbitrary k-form on a real
manifold (M, f). Define a new k-form by

n*=%@+f%%

Then 7" is symmetric. Putting

_ 1 X
nm =5 = fn)
instead produces an antisymmetric k-form. Similar con-

structions apply to functions M — R and vector fields on M.

Observation. Let M be a manifold, and denote by Z(M)
the set of real structures on M. An action of the diffeomor-
phism group of M on Z(M) is given by conjugation. That
is, for f an involution on M and ¢ any diffeomorphism,



1.1 Real contact manifolds

the composition ¢ o f o ¢! defines an involution on M.
The stabiliser of an element f € Z(M) consists precisely of
f-symmetric self-diffeomorphisms of M. Determining the
orbits of this action for certain manifolds is a much-studied
problem in the theory of involutions.

Now consider a (2n + 1)-dimensional manifold M. A hy-
perplane distribution £ on M is a codimension 1 subbundle
of TM. Locally, such a distribution can always be written
as the kernel of a 1-form a. We say that the pair (M, ¢) is
a contact manifold if, for any 1-form « locally defining &,
the contact condition

A (da)™ # 0

is satisfied. There exists a globally defined 1-form a with
kera = £ if and only if £ is coorientable, i.e. the quotient
bundle TM /¢ is trivial. Such a 1-form is called a contact
form for the contact structure £. A manifold admitting
a coorientable contact structure is necessarily orientable.

All manifolds appearing in this text will be assumed to be
orientable, and the term ‘contact structure’ always refers to
a coorientable contact structure.

Notation. Consider a contact manifold (M, ¢) and a diffeo-
morphism f of M, and let T'f denote its differential. If £ is
invariant under 7T'f, we will write T'f(§) = £ if T'f preserves
the coorientation of { and Tf(§) = —& if T'f reverses its
coorientation.

Definition 1.1.5. A real contact manifold is a triple
(M, &, f) consisting of a contact structure £ on a (2n + 1)-
dimensional manifold M and a real structure f on M such



1 First steps in the real world

that
Tf() =—¢
Observation. Let (M?"t1 ¢ f) be a real contact manifold.

(1) Pick any 1-form a defining the contact structure £ on

M and put
1

a=g (a— ffa).

This 1-form satisfies f*a = —a. Using that T'f maps &
into itself, we conclude f*a = Ao for some function A on
M. Since f is coorientation-reversing, the function A is ev-
erywhere negative, and thus o = Aa, A = (1 — \)/2 > 0,
meaning that « is a contact form for £. Therefore, in a real
contact manifold (M, &, f), we may always choose a con-
tact form a for & with f*a = —a. In that case, the triple
(M, v, f) is called a real contact manifold as well.

On the other hand, if £ is given as the kernel of a 1-
form « and g*a = —« for any diffeomorphism ¢ of M, then

Tg(§) = =€, too.

(2) Suppose that £ = ker a, and let g be any diffeomor-
phism of M such that g*a = —a. Then

g (@A (da)™) = (=) a A (do)™.
Therefore, g is orientation-preserving if and only if n is odd.

Example 1.1.6. (1) Let M = R?"*! with coordinates
(1,Y1y .-+ Tn,Yn,2). As a shorthand notation, we will use
x = (z1,...,2,) and y = (y1,...,Yn). Consider the 1-form

n
Qg = dz—i—Za:k dyr =dz +xdy.
k=1



1.1 Real contact manifolds

Then & := ker ag; is a contact structure on R***!, and an
involution fs on R?"T! satisfying fXas = —ag is given by
fst(x,y,2) = (—%x,y,—2). This real contact manifold will
be referred to as the standard real contact manifold,
denoted succinctly by thnﬂ. Its fixed point set, given as
Fix f&4 = {x = 0,z = 0}, is a diffeomorphic copy of R".

(2) In cylindrical coordinates (r,¢,z) on R3, the involu-
tion fg is given by

fSt(Ta P, Z) = (T‘,7T - ¥, _Z)'

So, incidentally, fs is a real structure for the overtwisted
contact structure &, defined as the kernel of the 1-form
cosrdz + rsinr dy, as well.

(3) Again on M = R*"*! put a = dz + xdy — y dx and
f(x,y,2) = (y,x,—2). Then f*a = —a. As in the previous
examples, the fixed point set {x =y, z = 0} is diffeomorphic
to R™.

(4) A contact structure on the unit sphere M = S***1 in
R?7+2 is given as the kernel of the 1-form

a=xdy —y dx,

where again x = (x1,...,2p+1) and y = (y1,...,Yn+1). De-
fine an involution f on S*"*! by f(x,y) = (—x,y). Then
(M, a, f) is a real contact manifold with fixed point set
Fix f = {x = 0} = §".

(5) For an example of a real structure with empty fixed
point set, consider the manifold M = S! x 82 c S! x R3.
Denote coordinates on M by (6, (z,y, 2)), equip it with the



1 First steps in the real world

contact structure £ = kera, a = z df + x dy — y dx, and
define an involution on M by setting

f(ev (‘rayv Z)) = (9 +m, (_‘rayv _Z)>
Then f*a = —« and Fix f = (.

If one uses the involution f/(0, (z,y,2)) = (0, (—z,y, —2))
on M instead, one obtains Fix f' = S x {y = £1} = S1us?t,
a fixed point set consisting of two components.

(6) Real contact structures on T2-bundles over S! can be

constructed as follows: Write T2 x R = (R?/Z?) x R with
coordinates (x,t), and consider a matrix

1 0
Ak—(k_ 1>,k€Z.

The quotient of T? x R by the relation (x,t) ~ (Ax,t+ 1),
denoted by M, is a T?-bundle over S'. For any function
p: R — R with strictly positive derivative, the equation

cos p(t) de —sinp(t) dy =0

defines a contact structure &, on R3. According to [DGOI],
for any integer k, there exists a function ¢: R — R such that
&, descends to a contact structure on Mj,. The involution

f': RZxR — R?xR

(X7 t) — (_Xa t)
is compatible with the equivalence relation defined above,
and thus defines an involution f on the quotient Mj. From

f+«€, = —&, we conclude that (My,&,, f) is a real contact
manifold.

10



1.1 Real contact manifolds

Observation. Suppose that (M?"*1 qa, f) is a real contact
manifold, and let X be a vector tangent to the submanifold
Fix f. Then

a(X) = o(Tf(X)) = (fa)(X) = —a(X),

and hence a(X) = 0. A submanifold M’ in a contact mani-
fold M with a7y = 0 is called isotropic. It is Legendre
if, additionally, dim M’ = n. In Proposition we will
show that this dimension condition is in fact a consequence
of the condition f*a = —« alone. More precisely, if g is any
involution on a contact manifold (M, «) with ¢*a = —a,
then the fixed point set of g is either empty or a Legendrian
submanifold.

Next, we define a notion of equivalence for real contact
manifolds.

Definition 1.1.7. Let (M,&1, f1) and (Ma, &2, f2) be two
real contact manifolds. We will call them isomorphic (or
equivariantly contactomorphic) if there exists a diffeo-
morphism @: M} — M, with

Te(&)==+& and o fi= froqp.

If we write & = kera; and & = ker as, the first condition
translates into the existence of a nowhere zero function A on
M such that o*as = Aag. Such a diffeomorphism ¢ is called
an isomorphism between the two real contact manifolds.

If contact forms «; with kera; = &, i = 1,2, are chosen
and the isomorphism ¢ satisfies p*as = «y, then @ is a
strict isomorphism, and (M, aq, f1) and (Ma, ag, f2) are
called strictly isomorphic.

11



1 First steps in the real world

Example 1.1.8. (1) The real contact manifolds in Ex-
ample (1) and (3) are strictly isomorphic. An isomor-

phism o: RZ" — (R?"F1 o, f) is given by

X+y y—Xx Xy
QO(X’Y7Z):< 2 ) 2 aZ+2>'

(2) For p = (0,...,0,1) € §?"*1  the real contact mani-
folds (S?"+1\ {p},ker o, f) and R?"*! in Example (4)
are isomorphic: For 1: S?"*1\ {p} — R?"*! the stereo-
graphic projection from p, one has o f = fy 0. Asin the
classical proof in [GeiO8, Proposition 2.1.8], put

p: RTHL R2n+1
(r,H,w) = (I‘,e—w,%W<1—|—éw2—|—Zr§>>,
J

where (7, 0;) denote polar coordinates in the (x;, y;)-plane.
This diffeomorphism satisfies (¢ 0 9), ker & = ker ag¢. Fur-
thermore, since fy(r,0,w) = (r,m — 6, —w), we compute
po fst = fst © . Hence p o1 is the desired isomorphism

(S?"1\ {p},kera, f) — RZHL,

In fact, by the same method, (52"“ \ {p},kera,f) and
thnﬂ are isomorphic for all p € Fix f.

Observation. If (M;,&;, f1) and (Ma, &2, f2) are isomorphic
(strictly or not), then the fixed point sets of fi; and fo are
diffeomorphic: Since f; = =1 o fo 0 ¢, we have fo(p) = p if
and only if fi(¢~'(p)) = ¢! (p), and therefore we conclude
that Fix(fo) = ¢ 1(Fix f1).

12



1.1 Real contact manifolds

Example 1.1.9. By this observation, the real structures on
St x §? as in Example (5) are not isomorphic. The
same is true for the involutions

(tay) = (t—w.—y) and (La,y) = (4 5 -9,0)

on the 3-torus T° = (R/27Z)* with contact structure given
by ker (sint dx — cost dy).

Now we will take a closer look at Rﬁ[‘“, giving a preview
of three fundamental theorems appearing in Chapter 2.

(1) Consider the family of contact structures & = ker oy
on R?"*1! given by the 1-forms oy = dz + x dy — ty dx. For
t = 0, we have ag = . The involution fy turns (R2"+1, o)
into a real contact manifold for all ¢ € [0, 1]. Define a vector
field X; on R?"*! by

Xy
— 0.
1+¢ i

1+1¢

We have X; € & for all ¢, and we compute its flow as

( ) 1 txy+
X Z) =X, — P umm— z .
Pt\X, Y, 71+ty51+t

Then Ty (&) = & and ;o fs = fss 0@y for all t € [0, 1], i.e.
¢ is symmetric. Said differently, the deformation of contact
structures & embeds into an ambient isotopy ;. The exis-
tence of such a symmetric contact isotopy is known as Gray
stability and holds for all closed real contact manifolds. We
will give a proof in Theorem [2.1.6

13



1 First steps in the real world

(2) Let p = (x0, Y0, 2) be a point in R?"*!, A contacto-
morphism ¢ with ¢(p) = 0 is given by

¢<X7yvz) = (X —X0,Y —Y0,% — %0 +X0(y - yO))

If p € Fix fy, then ¢ is symmetric. In that case we have
found a symmetric contactomorphism that identifies a neigh-
bourhood of p with a neighbourhood of 0 in R?"*!. Dar-
boux’s theorem, proved in Theorem [2.3.1] states that this is
true for all real contact manifolds, as long as we work around
the fixed point set of the involution.

(3) The real structures fg and f(z,y,2) = (z,—y,—z) on
R3 are isotopic as real structures for ag;: Put

fi: RO = R3
(x,y,2) +— (—a:cost—i—ysint,xsint—|—ycost,—z
+%x2 sintcost — xysin®t — %yQ sin t cos t) .

Then fo = f«, f1 = f, and for all ¢ € [0,1], we have that
fias = —ag as well as ft2 = idgs. This is a version of the
contact disc theorem which we deal with in Theorem 2.7.71

Sometimes, one is interested in an explicit trivialisation
of TM/E, that is, a vector field defining the coorientation
of £&. This leads to the notion of Reeb vector fields. These
vector fields depend on a particular choice of a contact form
for the contact structure £&. We will discuss the real version
of Reeb vector fields, after a notational convention.

Notation. Let f be a diffeomorphism on a manifold M.
Given a vector field X on M, we define the vector field f, X
as the pushforward of X by f, that is,

(f+X)p = Tr1)f (Xj-10))

14



1.1 Real contact manifolds

forpe M.

Let (M?"*! a) be a contact manifold. The contact condi-
tion o A (da)™ # 0 guarantees the existence and uniqueness
of a vector field R,, the so-called Reeb vector field, de-
fined by the equations

ip,o=1 and g, doa=0.
In the real case, Reeb vector fields are always antisymmetric:

Proposition 1.1.10. Let (M*"*! «, f) be a real contact
manifold. Then
f*Ra = _Ra-

Before we proceed to prove the proposition, we observe
the following general fact:

Lemma 1.1.11. Let f be a diffeomorphism on a manifold
M. Then for any differential k-form n on M, we have

frlixn) =iy xfn and ipxn=(f71)" (ixfn).
In particular, for an involution f, this reads
frlixn) =ipxfn and ip.xn=f"(ixfn).
Proof. We compute

f* (ZX77) (X17" '7Xk371) = n(X7f*X17"'af*Xk7*1)
=1 (.f* (fil)*Xaf*Xla"'vf*Xk—l)
=ig-n, xfn (X, Xg-1).

The second equation follows from the first one. O

15



1 First steps in the real world

Proof of Proposition|1.1.10, We have
it ro=—fig, [fa= flig,a=1

and
i_f,R da = —f"ig, ffda = frip,da =0

by the preceding lemma. As above, the contact condition
implies — f, Ro = Ry ]

The next section features Reeb vector fields in the context
of classical mechanics.

1.2 Symplectic manifolds and classical
mechanics

The even-dimensional counterpart of contact manifolds are
symplectic manifolds. We carry the concept of real struc-
tures over to symplectic manifolds and highlight an appli-
cation to physics. This exhibits a first link between real
symplectic and real contact manifolds.

Definition 1.2.1. A symplectic manifold is a 2n-dimen-
sional manifold (W, w) equipped with a closed 2-form w that
satisfies w™ # 0.

The condition that w™ be a volume form on W is equiv-
alent to requiring that w, is non-degenerate for all p € W.
This turns the pair (7,W,w,) into a symplectic vector
space for any p € W. As in the contact case, we have a
notion of real structures for symplectic manifolds:
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1.2 Symplectic manifolds and classical mechanics

Definition 1.2.2. A triple (W, w, f) consisting of a symplec-
tic manifold (W, w) and a real structure f on W is called a
real symplectic manifold if f*w = —w.

Example 1.2.3. The standard real symplectic struc-
ture on W = R?" is given by wy, = dxAdy (with coordinates
(x,y) on R?" as before) and fy(x,y) = (—X,y).

Symplectic manifolds make a prominent appearance in
classical mechanics. In the spirit of Hamilton, the phase
space of a mechanical system is given as the cotangent bun-
dle T*@ over a manifold Q. A symplectic form on T*Q is
defined as follows: Denote the projection T*Q — @ by m,
and define the Liouville form A on T*Q by A\, = noT'r for
n € T*Q. In local coordinates (q,p), this form is given by
A =pdq. Put w = d\. Locally, we have w = dp A dq, and
therefore w is a symplectic form on T*Q. Consider the in-
volution f given by multiplication with —1 in the fibre, that
is, in local coordinates (q,p), we have f(q,p) = (q,—p).
Then f*\ = —\, turning the triple (T#Q,w = dA, f) into a
real symplectic manifold.

The dynamics of the system in question is encoded in
a function on the phase space in the following way. Let
H: W — R be any function on an arbitrary symplectic
manifold (W, w). Then there exists a vector field Xy on W
uniquely defined by the condition

iXHw = —dH.

This vector field is called the Hamiltonian vector field
for the function H. In the situation as above, the Hamilto-
nian vector field provides a coordinate-free description of the
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1 First steps in the real world

Hamiltonian equations for H. Observe that since the equal-
ity ix,,dH = 0 holds, the flow of X preserves the level sets
of H. This is the mathematical incarnation of conservation
of energy.

=

Figure 1.3: Energy levels of a Hamilton function.

Now, let (W?2"+2 w, f) be a real symplectic manifold. Fur-
ther suppose that M is a (2n + 1)-dimensional submanifold
of W with f(M) = (=1)""'M — for example M = H!(c)
for an f-invariant function H on W with regular value c. In
order to equip M with a contact structure, we make the fol-
lowing defintion. A vector field Y on W is called Liouville
if its Lie derivative satisfies Lyw = w. By Cartan’s formula
and using the fact that dw = 0, this reads d(iyw) =w. If Y
is a Liouville vector field transverse to M, then

a = (iyw)|rp

defines a contact form on M. In this situation, we say that
the hypersurface M is of contact type. This information
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1.2 Symplectic manifolds and classical mechanics

is sufficient to prove that f descends to a real structure on
the manifold M:

Proposition 1.2.4. Let M be a hypersurface in a real sym-
plectic manifold (W,w, f), dimW = 2n + 2. Suppose that
M is symmetric for n odd and antisymmetric for n even.
Suppose further that there exists a Liouville vector field on
W transverse to M. Then there is an induced contact form
a on M such that (M, «, f|ar) is a real contact manifold.

Proof. Let Y be the said Liouville vector field, and put

1 /~ ~

Y =3 (Y + f*Y) .
This produces a symmetric vector field Y. Using the as-
sumption f*w = —w and applying Lemma [1.1.11} we find

Lyw = w. The symmetry condition on M guarantees that

Y is transverse to M, and for o = (iyw)|ra, we have
f*a = —a. Additionally, from the assumptions on f and
M it follows that f|s is a real structure on M. O]

An application of this method in classical contact topology
can be found in [AFvKPI12]. There, the authors exhibit a
Liouville vector field for certain level sets in the restricted
3-body problem. Specifically, for W = T* (R2 \ {E,M}),
wgt = dp A dq the standard symplectic form and

H(q,p) = % ((m +q2)° + (p2 — Q1)2>
1—p H 1 | ‘2

— — —>lq
la—E| |q—-M| 2

)
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1 First steps in the real world

E = (1,0),M = (—(1 —p),0) and p € [0, 1], they have
Y = (q— M) 0q.

This Liouville vector field is symmetric with respect to the
Birkhoff involution

f: T*R? — T*R?
(q1,92,p1,02) — (q1, —q2, —p1,P2),

and the Hamilton function is invariant under f. This is true
even after regularisation. Thus, all level sets of contact type
carry a real structure induced by the Birkhoff involution.

As a particular instance of Proposition [1.2.4] we construct
the following class of real contact manifolds:

Example 1.2.5. As seen above, the cotangent bundle T*(Q
of a manifold @) carries a real symplectic structure, locally
given as w = dp Adq and f(q,p) = (q, —p). A Riemannian
metric g on @ induces a bundle metric g* on T%Q. Given this
metric, the unit cotangent bundle ST*(@ is defined fibrewise
by
STaQ ={X € T;Q | g4(X, X) =1} .

The condition iyw = A defines a Liouville vector field Y
on T%Q. Locally, we have Y = p0dp, i.e. Y is the radial
vector field in fibre direction. Furthermore, Y is transverse
to ST*Q, so a = (iyw) |p(s7+@) is a contact form on ST*Q.
Since the antipodal map on S is orientation-preserving pre-
cisely for n odd,

(ST*Q7 «, f|ST*Q)

is a real contact manifold. Its involution does not have any
fixed points.
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1.2 Symplectic manifolds and classical mechanics

Now suppose that a hypersurface M in a symplectic mani-
fold (W, w) is both the level set of a Hamiltonian function H
on W and of contact type. In classical contact geometry, one
observes that in this case, the Reeb flow is a reparametrisa-
tion of the Hamiltonian flow. Thus the study of mechanical
systems translates into understanding the Reeb dynamics in
contact manifolds. As usual, one is particularly interested in
finding closed orbits for the corresponding vector field. This
problem is known as the Weinstein conjecture:

Conjecture (Weinstein). In a closed manifold M with con-
tact structure &, for any contact form « with ker a = &, the
corresponding Reeb vector field R, has a closed orbit.

This conjecture is known to be true in dimension 3 by
works of Taubes (see for example the survey article [Hut10]
by Hutchings). In its full generality, the question remains
unanswered. We shall see presently that in real contact
manifolds, the task of finding closed orbits can be rephrased.

Proposition 1.2.6. Let (M, «, f) be a real contact manifold
with non-empty fized point set. Suppose that v is an integral
curve for the Reeb vector field R, through p € Fix f. If the
curve v returns to the fized point set of f for some T € R,
then v is a closed orbit.

The proposition follows from the next lemma.

Lemma 1.2.7. Let f be an involution on a closed manifold
M. Suppose that X is an antisymmetric vector field on M.
Then for any integral curve v of X with v(0) € Fix f, we
have f(y(t)) = y(—t) for all t € R.
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1 First steps in the real world

Proof. Since ¥(t) = X, (), we compute
d .
o Fon) (=) = -Tynf-3(=1)
=Ty Xa(-
= Xfoy(~1)-
Furthermore, (f o~)(0) = v(0) by assumption. From the

uniqueness of solution curves to a vector field we conclude
that f(y(—t)) = ~(¢t) for all t € R. O

Proof of Proposition[1.2.6. If v(T) = ~(0), we are done.
Otherwise, from the foregoing lemma we have the equal-

ity f(v(t+T)) =~(T —t) for all ¢, and therefore it follows
that f(y(27)) = ~v(0). This implies v(27") = v(0). O

Fix f

Figure 1.4: Orbit returning to the fixed point set. The invo-
lution reverses the orientation of the curve.

Now, let L € M be a Legendrian submanifold of a con-
tact manifold (M, «). A Reeb chord for L is an integral
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1.2 Symplectic manifolds and classical mechanics

curve v of the Reeb vector field R, with both v(0),~(T) € L
for some T > 0. Arnold’s chord conjecture deals with the
existence of Reeb chords:

Conjecture (Arnold). Let (M, «) be a closed contact mani-
fold. Then any Legendrian submanifold L C M has a Reeb
chord.

Again, only partial answers are known; Arnold’s chord
conjecture is true in dimension 3 due to Hutchings and
Taubes, [HTT11]. In the next section, we will prove that,
in a real contact manifold (M, &, f), the fixed point set of f
is always a Legendrian submanifold. Therefore, we have:

Observation. In a real contact manifold (M,«, f) with
non-empty fixed point set, Arnold’s chord conjecture implies
Weinstein’s conjecture.

Remark. Of course, the conclusion of Proposition [1.2.6
holds in the symplectic case as well: Let (W,w, f) be a
real symplectic manifold. The Hamiltonian vector field of
a symmetric function H: W — R is antisymmetric, and so
are its integral curves. Therefore, they are necessarily closed
in case they ever return to the fixed point set of f.

We conclude this section with two further constructions
producing real contact manifolds out of real symplectic ones
and vice versa, the contactification and the symplectisation.
The latter one will return in the context of symplectic fillings
in Chapter 3.

Let (W?" w = d\, g) be a real exact symplectic manifold,
i.e. we have g*A = —X. On M := Rx W with coordinate z on
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1 First steps in the real world

the R-factor, put « = dz+A. Then (M, «) is a contact mani-
fold. Define an involution f on M by f(z,p) = (—z,9(p)).
We have Fix f = Fixg, and f is orientation-preserving if
and only if g is orientation-reversing. Therefore, (M, «, f)
is a real contact manifold, called the real contactification
of (W,w,g).

On the other hand, let (M?"*! «a,g) be a real contact
manifold. Denote the coordinate on the R-factor in the
manifold W := R x M by t. Then w = d(e’a) defines a
symplectic form on W. A real structure f on W is given
by f(t,p) = (t,9(p)): It has Fix f = R x Fix g, and the ori-
entation behaviour of f is as desired. Thus (W,w, f) is a
real symplectic manifold. We say that (W, w, f) is the real
symplectisation of (M, «, g). The vector field J; is a sym-
metric Liouville vector field for w that turns M = {0} x M
into a hypersurface of contact type.

1.3 Fixed point sets

In this section, we investigate the relation between anti-
contact involutions and real structures. It turns out that
the first of these properties suffices:

Proposition 1.3.1. Let (M?"*! €) be a contact manifold.
Suppose that f is an involution on M with non-empty fixed
point set such that Tf(§) = —§. Then Fix f is a Legendrian
submanifold of M.

Thus, in view of our observation following Definition
the anti-equivariance condition T'f(§) = —& alone implies
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1.3 Fixed point sets

that f is a real structure. Since we already know that Fix f
is isotropic (assuming, for the moment, that Fix f is indeed
a submanifold), all that remains to be done is to compute
the dimension of the fixed point set. As a first step towards
a proof, we note the following elementary observation:

Lemma 1.3.2. Let A be a linear involution on a d-dimen-
sional real vector space V, i.e. A € GLg(V) and A? = idy.
Then A is diagonalisable, and we have a splitting

V=FE®E_

of V into the eigenspaces corresponding to the eigenvalues
+1 and —1, respectively, of A.

Proof. Without loss of generality, we may assume V = R?
and identify A with a matrix in GL4(R). Let J be the Jordan
normal form of A and write A = T~'JT for a matrix T in
GL4(R). The property of being an involution is preserved
under conjugation, so we have J? = E, the d x d identity
matrix. This implies that J is, in fact, a diagonal matrix.

If X\ is an eigenvalue of A, then, by A> = E, we have
A2 =1. il

In general, fixed point sets of diffeomorphisms can behave
wildly. For example, any closed subset of R? may be realised
as the fixed point set of a diffeomorphism. (Simply take
a constant non-zero vector field on R?, multiply it with a
function that is O precisely on the given subset, and take the
time 1 flow.) However, fixed point sets of involutions are
tame in the following sense:
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1 First steps in the real world

Lemma 1.3.3. Let f be an involution on a manifold M?.
Then the components of the fixed point set of f are subman-
ifolds of M.

Proof. Pick any Riemannian metric g on M and put

9=5G+ 1.
Then g is an f-invariant metric on M, i.e. f is an isometry
for the Riemannian manifold (M, g). Denote by exp the
exponential map associated to the metric g. If the fixed
point set of f is empty, we are done. Otherwise, let p be
a point in Fix f. Since f is an isometry for g, we have
exp, o1y, f = f oexp,, or, equivalently,

exp, oTpf o exp;1 = f.

The differential 7}, f is a linear involution of T,M = R?. By
Lemma there exists a matrix 7' € GL4(R) such that

FE 0
-1 _ k
ToTpfoT —(0 —Edk)

for some number 0 < k < d. This implies that 77! o exp, 1
is a submanifold chart for Fix f. O

Remark. (1) With the Riemannian metric g as in the
proof above, f is an isometry of (M,g). Thus f may be
regarded as a symmetry of M, satisfying our postulation in
the introduction.

(2) Let f be an involution on a manifold M?"*! whose
fixed point set Fix f is an n-dimensional submanifold of M,
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1.3 Fixed point sets

and let p be a fixed point of f. Then the differential T}, f is
conjugate to the map

(w1, Zong1) = (T1, -+ Ty —Tng 1y - -, —T2n41)-

So by the foregoing proof, f is orientation-preserving if and
only if n is odd.

Let p € Fix f, and decompose the tangent space to M
at pas T,M = Fy ® F_,. Here, E1; are the eigenspaces
of T, f. The dimension of the component of Fix f contain-
ing p equals the dimension of F;. The fixed point set may
contain components of different dimensions, however, as can
be seen in the following example: Consider M = RP3 and,
using homogeneous coordinates, define an involution f on
M by (xo : x1 : 29 : ®3) — (—x0 : o1 : x2 : x3). Then
Fix f = {point} URP2. According to Proposition this
involution cannot satisfy f*«a = —a for any contact form «
on RP3. (This example also shows that the fixed point set
of an involution on an orientable manifold does not have to
be orientable itself.)

Proof of Proposition[1.3.1. Let p € Fix f. Pick a contact
form « for € that satisfies f*a = —a. In the last section,
we already observed that for X tangent to Fix f, we have
a(X) = 0. Combining this with Lemma we conclude
that the components of the fixed point set are isotropic sub-
manifolds of M. It remains to show that the dimension of
any component is n.

With R, denoting the Reeb vector field of « in the point p,
we have a splitting T, M = £, & (R,). Since f*a = —a, the
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1 First steps in the real world

involution f respects this splitting. The claim now follows
from applying the subsequent lemma to V' = £, 2 = (da),
and A = Tpf|§p. [

A similar proof of Lemma can be found in [Mey81].

Lemma 1.3.4. Suppose that (V,Q) is a (2n)-dimensional
symplectic vector space, and let A be a linear anti-symplectic
involution on V, i.e. A*Q = —Q. Then the fixed point set
of A is a Lagrangian subspace of (V,Q), that is, Qlpix 4 =0
and dimFix A = n.

Proof. As before, decompose V = E; @ E_; into the direct
sum of the eigenspaces of A. Let v,w € Fy. Then

Q(v,w) = Q(Av, Aw)
= A"Q(v,w)
= —Qv,w).

Therefore, Q(v,w) = 0, and thus
E\CEf ={veV|Qww)=0foralweE}.

Similarly, we have E_; C E+;. Now, if V = U; @ Uy with
U; C Ut for both i = 1,2, then U; = U;-. (This follows
from U NU; C U N UjL = {0}, i # j.) Lastly, a subspace
U C V is Lagrange if and only if U = U™, 0

Remark. The quotient of a real manifold M by its involu-
tion f is a (smooth) manifold (without boundary), provided
Fix f = (). If f has fixed points, however, then M/f may or
may not be a manifold (with or without boundary). To see
this, consider the following examples.
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1.3 Fixed point sets

(1) The quotient of T2 by the real structure

f: T3 — T3
(‘9’()0777/}) — (_Ha_907w)

is diffeomorphic to S? x S*.

(2) The real structure

f: Stxs?  — S x §2?
(97 (x,y, Z)) — (—9, (_:E’y’ Z))

produces a quotient diffeomorphic to [~1,1] x D? = D3,

(3) By regarding R? as {0}U(R™" x S?), one sees that the
quotient X of R3 by the antipodal map is an open cone over
RP2, and so, in particular, X is not a manifold. Therefore,
the quotient of R” by the real structure

f: RR=R}xR* — RT=R3xR*
(X7Y) — (_X,Y)

is not a manifold.

Note that all the examples above may be endowed with a
real contact structure.

Remark. In terms of fixed point sets, the theory of real
contact manifolds differs significantly from the symmetric
case. We will collect some of these features below. To that
end, let (M,¢) be a contact manifold of dimension 2n + 1,
and suppose that f is an involution on M with f.§ =¢&. As
before, there exists a contact form a for £ with f*a = a:
simply replace any contact form a for £ by «a := (a+ f*a)/2.
Such an involution is called symmetric (with respect to «).
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1 First steps in the real world

(1) The involution f is necessarily orientation-preserving,
no matter the dimension of M. This follows from the equal-
ity f*(a A (da)") =aA (da)".

(2) The foregoing point implies that the components of
the fixed point set of f are either empty or of odd dimen-
sion. The antipodal map on S?"*!, equipped with the con-
tact form as in Example (4), is an involution with-
out fixed points that preserves the contact form. On R?*+!
with contact form ag = dz + x dy, for any 0 < k < n,
write the cartesian coordinates as x = (x/,x”) € R* % x R*
and y = (y',y") € R" ¥ x R*, and define an involution by
F(6, %), (v, 3"), 2) = (=%, x"), (=y',¥"), 2). Then f is
a symmetric involution with dim Fix f = 2k + 1. Therefore,
any number in {0,1,3,...,2n + 1} may be realised as the
dimension of Fix f for a suitable triple (M, «, f).

(3) The dimensions of the components of Fix f may vary,
as can be seen in the following example. The standard con-
tact form x dy — y dx on S?"*! is invariant under the an-
tipodal map, so it descends to a contact form o on RP?"t1,
Define an involution f on RP?"+1 by

flo:yo: . ixpiyn)i=(—x0: —Yo:...: —Tp: —Yg :
Thtl P Ykl o «-- Tt Yn)
for any 0 < k < n. Then f*a = «, and its fixed point set
is given by Fix f = RPZ+1 |y RP2(»=K)~1 " In particular,

for n = 2 and k = 0, the involution f has fixed point set
diffeomorphic to RP3 LU S1.

(4) Since f*a = «, we have f.R, = R, for R, the Reeb
vector field of «, and thus R, € T Fix f. This implies that

30
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the fixed point set of a symmetric involution is never Leg-
endrian.

1.4 One out of two

Do contact manifolds always carry an involution? Can one
deduce the existence of a contact structure from the presence
of an involution? In both cases, the answer is no. In this
section, we will discuss examples of manifolds carrying only
one of the two structures in question. We begin with a
contact manifold on which there is no involution.

The question about the existence of contact structures on
3-manifolds is settled due to a theorem by Martinet:

Theorem 1.4.1 (Martinet, [Gei08, Theorem 4.1.1]). Every
closed, orientable 3-manifold admits a contact structure.

In view of our agenda, a suitable candidate is therefore
any 3-manifold that does not admit an involution at all.
First, some terminology. A manifold M is called aspherical
if mpM = 0 for all £ > 2. If no compact Lie group acts
effectively on M, then M is called asymmetric. (This is
the same as requiring that Isom(M,g) be trivial for any
Riemannian metric g on M.) Following [Pup07], a theorem
by Borel relates these notions:

Theorem 1.4.2 (Borel). If M is an aspherical manifold
with centreless fundamental group such that the group of
outer automorphisms of w1 M is torsion-free, then the mani-
fold M is asymmetric.
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1 First steps in the real world

Realising these assumptions proved to be difficult. An
explicit construction of an asymmetric 3-manifold, due to
Conner and Raymond and using Borel’s theorem, can be
found in [Edm85, Section 2.F]. In this example, the manifold
is given as a bundle over S' with fibre a surface of genus > 3.
As of today, it is unknown whether there exist asymmetric
simply-connected manifolds.

For the other direction, again by Martinet’s theorem, a
real manifold without a contact structure has to be at least
5-dimensional. According to [Gei08| Section 8.1], a neces-
sary condition for the existence of a contact structure on a
closed, oriented, simply-connected 5-manifold is the equal-
ity W3(M) = 0. Here, W3(M) is the third integral Stiefel-
Whitney class of M. Consider the inclusion of SO(3) into
SU(3). Since SO(3) is a closed subgroup of the Lie group
SU(3), the quotient M = SU(3)/SO(3) is a manifold of
dimension 8 — 3 = 5. It is commonly referred to as the
Wu manifold, and it appears as a component in Barden’s
classification of simply-connected 5-manifolds [Bar65]. As
a quotient of a connected Lie group by a connected sub-
group, M is orientable. Using the exact sequence induced
by the fibration SO(3) — SU(3) — M and the fact that
mSU(3) = 0, we have ;M = 0. By |Ozbl6, Exercise
1.34], W3(M) # 0, so M does not carry a contact structure.
On SU(3), an involution is given by complex conjugation
A A If B7A € SO(3), then B-1A = B7'A. Denote
the image of A under the projection SU(3) — M by [A].
Then we have

5 - (55 - .
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1.4 One out of two

and therefore complex conjugation descends to an involution

fr M - M
[A] — [4]

on the quotient SU(3)/SO(3).

By analysing the effect of the differential of complex con-
jugation on T SU (3) (which can be identified with the space
of anti-Hermitian traceless matrices), one deduces that f is
orientation-reversing.

On the other hand, it is unknown whether the mere ex-
istence of an involution on a contact manifold implies the
existence of a real contact structure on that manifold.

Question. Do there exist manifolds admitting a contact
structure as well as a real structure but no real contact struc-
ture?

A possible approach to this problem, at least in the 3-
dimensional case, will be presented in Chapter 3.

33






2 Structure theorems

The very basis of contact topology consists of various struc-
ture theorems for contact manifolds. In the present chapter,
we establish real versions of these theorems, providing an
extensive toolbox for the real contact topologist’s everyday
work. First, Gray’s stability theorem — a result about de-
formations of contact structures on closed manifolds — is
translated into the real contact setting. In addition, a gen-
eralisation of Gray’s theorem to certain decorated group ac-
tions is discussed. Following that, we introduce real con-
tact Hamiltonians; this allows an identification of certain
vector fields with functions on a manifold. Darboux’s theo-
rem states that, locally, all contact manifolds look the same.
This is still true in the presence of a real structure around
its fixed point set, and we will give a proof in Section
The subsequent section covers neighbourhood theorems for
isotropic submanifolds in the fixed point set and invariant
contact submanifolds. These lead to a local model for Leg-
endrian submanifolds which will be used for the definition
of real contact surgeries. In 3-dimensional contact topol-
ogy, numerous results are obtained through convex surface
theory. Real analogues may be found in Section After
proving the real isotopy extension theorem, we classify real
structures for the standard contact structure on R?"*! in
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2 Structure theorems

Section With similar methods, a real contact disc the-
orem is derived. The majority of arguments used to prove
the aforementioned theorems is inspired by classical meth-
ods, found in [Gei08]. We will indicate where our techniques
differ from that source.

2.1 Gray stability

A remarkable feature of closed manifolds is that there are
no non-trivial deformations of contact structures. This is
Gray’s stability theorem, and we will prove a real version of
it in this section. Before we proceed to Gray’s theorem, we
set up some terminology. In homotopy theory, one usually
denotes the (free) path space of a topological space X by

P.X :={v:]0,1] = X continuous} .

In the same vein, for a manifold M, we refer to the space
of time-dependent vector fields on M by P.I'(TM). (This
includes ordinary vector fields on M, thought of as vector
fields constant in time.) The space of differential k-forms
will be abbreviated by QF(M).

Definition 2.1.1. An expression on M is a map
E: P,T(TM) — QF(TM)

for some k > 0. A solution of an expression E is a vector
field X; such that E(X;) = 0.

For example, in a contact manifold (M, «), the expressions
FEi(X) =ixa—1 and Ey(X) = ixda uniquely determine
the Reeb vector field of a.

36



2.1 Gray stability

Now, let (M, f) be a real manifold.

Definition 2.1.2. An expression F on M is called sym-
metric if
fHE(Xy) = £E(f.X)

for all X; € P.I'(T'M). It is called antisymmetric if
[E(XY) = £E(= £ X4)
for all Xy € P.I'(TM).

In Proposition [I.I.10, we actually checked that the ex-
pressions Fq and Fsy are antisymmetric. The nomenclature
is motivated by the elementary observation that symmetric
expressions produce symmetric vector fields:

Proposition 2.1.3. Let (M, f) be a real manifold, and let
S C PI(TM) be any subset. Suppose that an expression E
on M has a unique solution Xy when restricted to S. Further
assume that f, Xy € S. Then if E is (anti-)symmetric, so is
its solution X;.

Furthermore, let Eq, ..., E, be a system of expressions all
of which are (anti-)symmetric. Suppose that this system ad-
mits a unique common solution Xy in S with f,X: € S.
Then X is (anti-)symmetric as well.

Proof. Let E be a symmetric expression with unique solu-
tion X; in S such that f,X; € S. Then E(X;) = 0, and
therefore

0= f*B(X;) = +B(f.X,),

which implies that we have f,X; = X;. The other cases are
similar. O

37



2 Structure theorems
Symmetric vector fields are particularly useful since their
flows commute with the given real structure:

Proposition 2.1.4. Let (M, f) be a real manifold. Suppose
that ; is the flow of a time-dependent vector field Xy on M,
i.e. or = Xy oy for allt € R. If Xy is symmetric, then

prof=foup

for all t € R, that is, py is symmetric. The flow of an
antisymmetric vector field satisfies

ptof=foup

for allt € R.

Proof. For X; symmetric, we have

L fopof)=fo(@ol)

dt
= [« (Xtopiof)
=Xio(fopiof).
From the uniqueness of solutions of the given differential

equation, we deduce that fop;o f = ¢;. The antisymmetric
case is similar. O

For later use, we note the following consequence of this
proposition:

Corollary 2.1.5. If X; is a symmetric time-dependent vec-
tor field on a real manifold (M, f), then the flow ¢ of X;
preserves the fized point set of f. O
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2.1 Gray stability

With these tools at hand, we are ready to prove the real
version of Gray’s theorem. The goal is to find a symmetric
isotopy. We will simply copy the classical proof using the
Moser trick; this will produce a unique vector field. In order
for its flow to be symmetric, by Proposition [2.1.4] the vector
field ought to be symmetric itself. This is indeed the case,
as we shall see presently.

Theorem 2.1.6 (Real Gray stability). Let (M, f) be a clo-
sed real manifold, and suppose that &, t € [0, 1], is a smooth
family of real contact structures, i.e. we have f.& = —&.
Then there exists a symmetric isotopy p¢ of M such that

(p1), &0 =& for allt €[0,1].

Proof. Choose a smooth family of contact forms a; for & for
which f*a; = —ay. The equation we are trying to solve can
be rewritten as

((pt)* ap = )\tOéo (21)

where \; is a smooth family of functions on M. Assume
that ¢4 is the flow of a time-dependent vector field X; on
M. Differentiating Equation [2.1| with respect to ¢, we obtain

of (ap +d(ix,0n) +ix,day) = of (o)
with py = % (log \¢) o got_l. For X; € &, this simplifies to
ay + ix,doy = poy. (2.2)
Plugging in the Reeb vector field R; for «; yields
LR, Clp = [U.

Define u; by this equation. By assumption, f.R; = —R; and
f*ay = —ay, so the functions py are symmetric. Thanks to
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the non-degeneracy of da; and the fact that the Reeb vector
fields satisfy R; € ker puray — o, Equation has a unique
solution X; € &. The expression

E(X:) = oy +ix,doy — proy
is symmetric, and so is its unique solution in
S = {Xt S P*F(TM) ’ X; € ft}

by Proposition [2.1.3] Finally, Proposition tells us that
the isotopy ¢+, defined as the flow of the vector field X, is

symmetric. [

Remark. In points p € M where a; is zero, we have that
ut(p) = 0, and therefore X (p) = 0. This implies that p stays
fixed under ¢, for all ¢.

Observation. Let &, t € [0, 1] be a family of contact struc-
tures on a closed manifold M, and suppose that f is an invo-
lution on M such that f.{y = —&y. By classical Gray stabil-
ity, there exists an isotopy ¢ of M with (¢¢), {o = & Define
a time-dependent involution via f; := @0 f o (<pt)_1. Then
every f; is an involution on M that satisfies (f:), & = —&.
That is, (M,&, f;) is a real contact manifold. Therefore,
being real is a property not of a contact structure but of its
isotopy class.

Remark. One may wonder whether there is a version of real
Gray stability for time-dependent involutions. However, the
Moser trick argument cannot be applied in that situation:
In case of time-dependent involutions f;, the assumption
ffoay = —ay does not imply fay = —ay in general, as can
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2.1 Gray stability

be seen in the following example. Take M = R3, and put
ar=(1+t)dz+xdy, 0 <t <1. A family of real structures
for ay is given by

fti R3 — Rg
($,y72) — (_x_lvya_z_'—%_;'_ty)-

It is easy to check that all the maps f; are indeed involutions,
and that ffa; = —oy for all ¢. Furthermore, we compute
ay = dz. However,
1
Jiow = fidz z+1+ty7é z Qy

As in the classical set-up, Gray stability does not hold for
contact forms (rather than contact structures):

Example 2.1.7. On S® c R* with involution given by
f(x1,y1,22,92) = (—x1, Y1, —%2,Y2), consider a smooth fam-
ily of contact forms given by

ap = (z1dyr — yidxy) + (1 + t)(zedys — yodxa), t > 0.

We have f*a; = —ay for all ¢, so each triple (M, a4, f) is a
real contact manifold. The Reeb vector field of o defines
the Hopf fibration (and therefore all of its orbits are closed),
while for ¢t € R\ Q, the Reeb vector field of oy has precisely
two closed orbits. However, a diffeomorphism ¢ with the
property ¢*a; = ag would have to satisfy p. Ry = R;.

In general, Gray’s theorem also fails for open manifolds.
On S! x R? with polar coordinates (p, p) on R? and § € S*
and for a real number ¢ > 0, define contact forms a; by

arctan?
AR P .

at:dQ— ;
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The involution

fi SIxR2 —  SIxR?
(97(10790)) — (—9,(07_80))

defines a real structure for all ;. But according to [EI93),
Theorem 1.C], the contact structures ker oy and ker ay are
isotopic if and only if t — t' = 72k /4 for a k € Z.

The remainder of this section addresses a certain gener-
alisation of Gray’s stability theorem. An involution on a
manifold is the same as a smooth Zs-action on that manifold.
Since the proof of Gray’s theorem in the real case does not
rely on any special features of the group Zo, the stability the-
orem generalises to arbitrary compact (topological) groups
G as follows: Suppose we are given a compact group G to-
gether with a group homomorphism p: G — Zs = {£1}, and
let G act smoothly on a contact manifold (M, &). Then any
element g € G induces a diffeomorphism of M via p+— g - p,
denoted by g as well.

Definition 2.1.8. The triple (M, &, (G, p)) is called a (G, p)-
contact manifold if

9:§ = p(g)¢ forall g € G.

In that terminology, a real contact manifold is nothing
but a (Za,idz, )-contact manifold. Gray’s stability theorem
for (anti-)equivariant group actions then reads:

Theorem 2.1.9 (Anti-equivariant Gray stability). Let &,
t €[0,1], be a family of contact structures on a closed mani-
fold M and suppose that, for a pair (G, p) with G a compact
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2.1 Gray stability

group and p: G — Zy a group homomorphism, we have
9+& = p(9)& for all g € G and t € [0,1]. Then there exists
an isotopy ¢ of M with (¢1), o = & for each t € [0,1] and
prog=goy forallge G, te[0,1].

Proof. Pick a smooth family of contact forms ¢; for the con-
tact structures &. There exists a version of the Haar integral
for differential forms, see for example [CE48| Section I.3].
Put

ap = / p(9)g"ay.
G

The assumption g.{ = p(g)¢ implies that oy is a contact
form with kernel &. Furthermore, we have g*cy = p(g)oy
for all g € G:

goor = [ 9o (p(9)g”n)

p(g) (90 90)"

I
Qs O O~

p(g°90)p(g0)(g© go)

— plg0) / p(g© 9o)(g © 90)" G
G

= p(go0)a

For R; the Reeb vector field of oy, we have g. Ry = p(g)R:
for all g € G. Thus, the remaining portion of the proof in
Theorem may be copied verbatim. The vector field X;
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constructed in this way is symmetric with respect to G, and
SO is (. O

Remark. This theorem includes the equivariant case by
picking the trivial homomorphism p: G — Zs.

2.2 Contact Hamiltonians

In this section, we cover the real version of contact Hamil-
tonians, that is, functions M — R on a real contact mani-
fold (M, &, f). We establish a one-to-one correspondence be-
tween antisymmetric functions and symmetric contact vec-
tor fields.

Definition 2.2.1. Let (M,§ = kera, f) be a real contact
manifold. Denote by ¢; the flow of a vector field X on M.
(In general, this flow will be defined only locally in M in case
M is not compact.) The vector field X is a real infinitesi-
mal automorphism of ¢ (or a real contact vector field)
if oy is symmetric and T'gy(§) = +£ for all t € R. Tt is called
a real infinitesimal automorphism of « (or a real strict
contact vector field) if ¢; is symmetric and ¢ja = « for

all t € R.

The following lemma characterises infinitesimal automor-
phisms in terms of the Lie derivative Lx«a of a with respect
to X.

Lemma 2.2.2. Let X be a vector field on a real contact
manifold (M, & = kera, f).
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2.2 Contact Hamiltonians

(a) The vector field X is a real infinitesimal automor-
phism of a if and only if X is symmetric and Lxa = 0.

(b) The wvector field X is a real infinitesimal automor-
phism of & if and only if X is symmetric and Lxa = pa for
some function p on M. This condition is independent of the
choice of the contact form for €.

Proof. Combine the proof in the classical case [Gei08] Lem-
ma 1.5.8] with Proposition It remains to show the re-
verse direction of Proposition [2.1.4] namely that symmetric
flows have symmetric vector fields: Suppose that we have
pt o f = f o Differentiation with respect to ¢ implies
@y = fepr. Assuming @y = X o ¢y, we find f, X = X. O

The following proposition enables us to replace arbitrary
contact vector fields by (anti-)symmetric ones.

Proposition 2.2.3. Let X be a (strict) contact vector field
on a real contact manifold (M,§ =kera, f). Then

Xt = % (X + f.X)

defines a (strict) real contact vector field. The (strict) con-
tact vector field

X = % (X — £.X)

1 antisymmetric with respect to f.

Proof. Suppose that Lyo = po. Then Ly, xao = — (po f) a,
and

(k= (nof)) o

LXJrCY =

N =
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2 Structure theorems
The second case is similar. O
Now we prove the real version of [Gei08, Theorem 2.3.1]

about contact Hamiltonians.

Theorem 2.2.4. Let (M,&, f) be a real contact manifold
and fix a contact form « for € such that f*a = —«. Then
there is a one-to-ome correspondence between real infinites-
imal automorphisms of & and smooth antisymmetric func-
tions M — R, given by

X—Hxy =i1x« and H— Xg.
Here, Xy is defined uniquely by the conditions

ixpa=H and ix,da= (ir,dH)a—dH.

Proof. If X is a symmetric vector field, then Hxof = —Hx.
For an antisymmetric function H, the expressions

E\(X)=ixa—H and ExX)=ixda—(ip,dH)a—dH

are symmetric. Thus the unique solution Xy of the system
F, = 0,FEy = 0 is symmetric. To conclude, combine the
proof in [Gei08, Theorem 2.3.1] with Lemma O

Remark. Similarly, one has a one-to-one correspondence
between symmetric functions on M and antisymmetric in-
finitesimal automorphisms of &.

A consequence of this theorem is a time-dependent variant

of Lemma 2.2.2
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2.3 Darboux’s theorem

Corollary 2.2.5. Let H;: M — R, t € [0,1], be a smooth
family of antisymmetric functions on a closed real contact
manifold (M,& = kera, f). Denote by p; the flow of the
time-dependent vector field Xg,. Then i is a symmetric
contact isotopy, i.e. ofa = Mav for some smooth family of
functions A\ on M and pro f = f o for allt € [0,1].

The proof follows from the proof given in [Gei08, Corol-
lary 2.3.2] together with Proposition m This corollary
provides a valuable means for proving isotopy extension the-
orems in Section

2.3 Darboux’s theorem

This section features a real version of Darboux’s theorem:
Locally, in the neighbourhood of a fixed point, all contact
forms on a real manifold (M, f) look the same.

Theorem 2.3.1 (Real Darboux). Let ag and «; be contact
forms on a real manifold (M, f) such that (M, oy, f) is a real
contact manifold for i = 0,1. Suppose that p € Fix f. Then
there exists an invariant neighbourhood U of p in M and a
diffeomorphism ¢ : U — o(U) C M such that ¢(p) = p,
Y a1 =ag and fop =po f.

In order to prove Darboux’s theorem, we need the follow-
ing lemma.

Lemma 2.3.2. Suppose we are in the situation of Theo-
rem [2.53.1. Then there exists a symmetric diffeomorphism
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v: V. — V, defined on an invariant neighbourhood V of p,
with ¥(p) = p and

v* (a1), = (), and ¢*(dar), = (da),. (2.3)

Proof. Put Vo = Vi = T,M. First, we construct a linear
map A: Vo — Vi that satisfies both conditions and
commutes with 7},f. As in Section there are splittings
Vi=&®(Ri) =E1®E" {®(R;),i=0,1, where & = ker i;
and R; denotes the Reeb vector field of a; in the point p.
(Since the Reeb vector fields may be different, the spaces
E', will be different, in general. The eigenspace to the
eigenvalue 1, i.e. E1, however, does not depend on the con-
tact form.) Pick bases (e;'., f;) of &;, respectively, such that

n
(dai)p = Zdeg /\df;7 t=0,1, and eé € El,f]’: € E',.
j=1
Such bases are found using the inductive method as in the
classical proof, see for example [MS98, Theorem 2.3]. Ob-
serving the second condition is possible thanks to the fact
that both E7 and E' | are Lagrangian subspaces of &;, equip-
ped with the symplectic form (da;),. Now define the linear
map A by
0_ 1 0_ 1 ._ _
Ae; =ej, Af;=1f;, j=1,....n, and ARy=R;.
Then we have
A (a1), = (a),, A" (dm), = (da),
and AoT,f =T,f o A.

Pick an f-invariant Riemannian metric on M and define
Y = exp, voexpljl. O
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2.3 Darboux’s theorem

Proof of Darbouz’s theorem. For t € [0, 1], consider the fam-
ily a¢ :== (1 — t)ap + t(¢* 1) of 1-forms. In the point p,
we have oy = ¢ and doy = dag, and therefore oy is a
contact form on some neighbourhood of p for all ¢ € [0, 1].
As in the proof of Gray’s stability theorem, we would like
to employ the Moser trick. That is, we try to solve the
equation ¢fay = ap by assuming that ¢; is the flow of a
time-dependent vector field X; on M. By differentiation,
we obtain the equation

dt + LXtOét = 0. (24)

Write X; as Xy = H:R; +Y;, where R; is the Reeb vector
field of oy, Hy some function on M and Y; € ker a;. Plugging
in R; into [2.4] yields

1R, Ot + ithHt =0. (2.5)

Find a solution H; of with E(p) =0 and dﬁt|p =0 for
all t € [0, 1], and replace H; by

1/~
H, ::§<Ht—Htof>.
Then H; still satisﬁes and we have Hy(p) = 0, dH|, =0
for all t € [0,1]. Additionally, H; is antisymmetric. Now

define the vector field Y; by Equation [2.4] so that we have
a; + dH; + i}/’tdat =0.

Since the expression E(Y;) := a;+dH;+iy,day is symmetric,
so is Y;. Consequently, X; is symmetric. Let ¢; be the
flow of X;. We have ¢;(p) = p for all ¢t € [0,1]. Since a
local flow’s domain of definition is always open, by shrinking
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the neighbourhood, if necessary, we may assume that ¢; is
defined for all . Put ¢ := 1 o¢1. Then ¢(p) = p, p*a1 = ap
and f oy = o f, as required. U

2.4 Neighbourhood theorems for
submanifolds

In this section, we establish real versions of neighbourhood
theorems for isotropic submanifolds contained in the fixed
point set as well as for contact submanifolds. A discussion
of these theorems, employing similar methods as presented
below, may be found in [OS11]. This article contains a proof
of the neighbourhood theorem for isotropic submanifolds in
the fixed point set; we supply some details omitted there.

As a preparation, the first part of the present section is
devoted to real symplectic linear algebra.

Definition 2.4.1. Let V be a real vector space, and let
F be an involution on V. A real complex structure on
(V, F) is an automorphism .J of V satisfying J? = —idy and
JoF = —FolJ. If (V,w, F) is a real symplectic vector space,
then J is called w-compatible if, additionally,

w(Ju, Jv) = w(u,v) for all u,v e V

and
w(v, Jv) > 0 for all non-zero v € V.

Denote by RJ (w, F) the space of real complex structures
on (V,w, F') compatible with w, with its topology induced
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by the inclusion of RJ (w, F') into the vector space of endo-
morphisms of V. As in the classical case, RJ (w, F') can be
characterised as follows.

Proposition 2.4.2. The space RJ (w, F') is non-empty and
contractible.

Proof. We follow the proof in [Gei08, Proposition 1.3.10] and
observe that the constructions suit the involution F. Pick
an F-invariant inner product g on V. Define a matrix A by
the requirement w(u,v) = g(Au,v). From that equation,
we conclude

9 ((F o A)u,v) = g(Au, Fv) = —g (Ao F)u,v)

for all u,v € V, and therefore Fo A = —AoF. Furthermore,
F preserves the eigenspaces of —A?, so Fo(Q = Qo F for
Q the positive square root of —A2. Put J = AQ~'. Then
FoJ = —Jo F, implying that R7(w, F) is non-empty.
Denote by §G the space of F-invariant inner products on the
vector space V. The above construction defines a surjective
map SG — RJ(w, F) that has a section. Since SG is a
convex space, so is RJ (w, F). O

Now, before proving a real version of the neighbourhood
theorem for isotropic submanifolds, we collect some state-
ments about real symplectic vector bundles. We will follow
the discussion in Section 2.5 of [Gei0g| closely.

Definition 2.4.3. A real symplectic vector bundle over
a manifold B is a triple (E,w, F') that consists of a symplec-
tic vector bundle m: £ — B and a fibre-preserving involution
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F on E such that (771(b), ws, F|-1(3)) is a real symplectic
vector space for all b € B.

Example 2.4.4. Let (M, &, f) be a real contact manifold.
Then (£, do, T fl¢) is a real symplectic vector bundle over
M.

Suppose now that (M, £ = ker a, f) is a real contact mani-
fold, and let L be an isotropic submanifold of M contained
in Fix f. Since T'f|7r, = idyr, the following is well defined.

Definition 2.4.5. The quotient bundle
RCSN /(L) := (T'L)*/TL,

equipped with the conformal symplectic structure induced
by da and the involution

Tf: RCSNy(L) — RCSNy(L)
[X] = [TAX)],

is called the real conformal symplectic normal bundle
of Lin M.

As in the classical set-up, we decompose the normal bun-
dle of L in M as

NL =2 (TM|)/(€]1) & (§])/(TL)" & RCSNy(L). (2:6)

Observe that T'f descends to an involution on the quotient
(€lp)/(TL)*: For if X — X' =Y € (TL)*, then for any
ZeTL,

do(Z, Tf(Y)) = iyirpz) [ da=—da(Z,Y) =0,

i.e. Tf(Y) € (T'L)*. We will continue to call this involution
Tf.
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Lemma 2.4.6. The real bundle ((¢|)/(TL)*,Tf|¢) is equi-
variantly isomorphic to the cotangent bundle T*L wvia the
symmetric bundle isomorphism

U (€El)/(TD)Y = T'L
[Y] — iyda|TL.

Here, the real structure on the contangent bundle T*L is
given by multiplication with —1 in the fibres, i.e. n — —n.

Proof. It only remains to check that the map W is symmetric
with respect to the given involutions. We have the identity
(—idp«p) o ¥([Y]) = —iyda|rr, and we compute

ToTf([Y]) = in(Y)da|TL
= (f* (iy f*da)) 7L
= — (" (ivda)) |rL

= —iydalry,

using that T'f|rr = idpr. O

We aim for a symmetric identification of the summands
in Equation [2.6] with sub-bundles of TM. To that end, we
note:

Proposition 2.4.7. Let J: £ — £ be a real complex bundle
structure on (§,T f|¢) compatible with the symplectic bundle
structure given by doa. Then there are symmetric bundle
isomorphisms

(E/TLY-Tle) = (J(TL). Tf|yrny)
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and

(RCSNy (L), Tf) — ((TL 2 J(TL))L >Tf|(TL@J(TL))J-> .

Proof. From the condition JoT' f =T fo.J, we conclude that
T'f restricts to an involution on J(TL) and (T'L & J(TL))*,
respectively. It is a straightforward calculation to check that
both maps are equivariant. O

Since L C Fix f, we have Tf‘J(TL) = — idJ(TL)'
Lemma 2.4.8. The bundle map
idp,®V: (TL® J(TL),da, Tf)
— (TL D T*L, Qr,idpr, ® (— idT*L))

s a symmetric isomorphism of real symplectic vector bun-
dles. Here,

Qrp(X +n, X" +0) = n(X) — o/ (X)
for X, X" € T,L and n,n' € T, L.
Proof. Since T f|r;, = idpr, this differential restricts to an
involution on TL & J(TL). It follows from the definitions

that (idTL@(—idT*L>)* Qp = —Qp. Finally, for X € TL
and Y € J(T'L), we have

(idpL ®¥) o Tf(X,Y) = (idrL &%) (X, —Y)
= (X, —iydalrr)
and
((idTL D (— idT*L)) o (idTL @\I’)) (X, Y) = (X, —iyda’TL).
O
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Combining the previous observations, we can prove a real
version of the neighbourhood theorem for isotropic subman-
ifolds.

Theorem 2.4.9. Let (M;,&;, fi), i = 0,1, be real contact
manifolds with closed isotropic submanifolds L; C Fix f;.
Suppose there is a symmetric isomorphism of real conformal
symplectic normal bundles ®: RCSN py, (Lo) — RCSNyy, (L1)
that covers a diffeomorphism ¢: Lo — Ly. Then this dif-
feomorphism ¢ extends to a symmetric contactomorphism
v: N(Lo) — N(L1) of suitable f;-invariant neighbourhoods
N (L;) of L; such that the bundle maps TWRCSNMO(LO) and ®
are equivariantly bundle homotopic (as real conformal sym-
plectic bundle isomorphisms).

Proof. Since ® is symmetric, we can choose contact forms
a; for &, i = 0,1, with f a; = —a; such that ® is an iso-
morphism

(RCSNMO (Lo), dOéo, Tf()) — (RCSN]\/[1 (Ll), dal, Tfl)

of real symplectic vector bundles. We have an identification
of real bundles

(NLivai) = (<Roéi>vai)

Define ®r: ((Ra,), T'fo) = ((Ray), T f1) by sending R, (p)
to Rq,(p). This map satisfies ®p o T fo =T f1 o Pr. Put

\I/l': (J(TLZ),TfZ) — (T*Li;_idT*Li)
Y — inai’TL¢~
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As in Lemma this map is symmetric. Furthermore,
we have that

Tho (") (I'Lo ® T* Lo, Ny, id @ (—id))
= (TLy ®T*L1,Qp,,id® (—id))

is a symmetric isomorphism of real symplectic vector bun-
dles. Therefore,

To @ (W7o (6") ™" 0 Wy ): (TLo @ Jo(TLo), dag, id & (~ id)
— (TL1 &) Jl(TLl),dOél,idEB (— ld))

is a symmetric isomorphism of real symplectic vector bun-
dles. Then define a symmetric bundle isomorphism
&: (NLo,Tfo) = (NLy, Tf)
that covers ¢ by
=D D <\Ilf1 o (¢*)_1 o \IJO) o O.

Let 7;: NL; — M; be tubular maps, constructed by using f;-
invariant Riemannian metrics. Then we have 70T f; = f;o7;.

With these,
7106070_1:N(L0) —>N(L1)

is a symmetric diffeomorphism of suitable neighbourhoods
N (L;) of L; in M; that induces the bundle map

T(f)@&’ TMO‘LO — TMl’Ll-

Consider the family of 1-forms

ﬁt:(l—t)ao—i-t(Tlo(iOT()_l) ap, tel0,1].
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By construction, we have fj3; = —f; for all t. Asin the clas-
sical proof, 5; is a contact form on My in some neighbour-
hood N (Lg) of Ly in My. Using Gray’s theorem and
the remark following its proof, there is a symmetric isotopy
W of N'(Ly) fixing Ly with 98 = Mg for some positive
functions Ay on M. By arguing as in the proof of Darboux’s
theorem [2.3.1] we can arrange that ¢/ 8; = ap. Then define
a symmetric contactomorphism by ¢ := 1 0 ® o7y Loy, O

As a special case, we have:

Corollary 2.4.10. Let (M;,&;, f;) be real contact manifolds,
and let L; C Fix f; be equivariantly diffeomorphic closed Leg-
endrian submanifolds of M;. Then Ly and Ly have equiv-
ariantly contactomorphic neighbourhoods.

Proof. As in [Gei08, Corollary 2.5.9]. O

Example 2.4.11. Let (M3, a, f) be a 3-dimensional real
contact manifold. A model for the neighbourhood of a Leg-
endrian submanifold L C Fix f (i.e. a component of the fixed
point set) is given as follows. Denote the coordinates on
St x R? by (0, (z,y)), and put fs (0, (z,y)) = (0, (—z, —y)).
Then a neighbourhood of L is isomorphic to

(Sl x R?, ker (cos 0 dz — sin 6 dy) ,fst) )
This contactomorphism identifies L with S x {0} = Fix f.

Observation. A real model for components of fixed point
sets L in real contact manifolds of arbitrary dimension is
given as the contactification of the cotangent bundle T*L,
introduced in Section Let (M., f) be a real contact
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manifold, and suppose that L is a component of Fix f. Con-
sider the Liouville form A on 7*L, and denote the coordi-
nate on R by z. Define an involution fi on R x T*L by
(z,m) = (=z,—n). Then

(R x T*L,dz + \, fs)

provides a model for a neighbourhood of L in M. Here,
the submanifold L is identified with {0} x Op-1, where Op-p,
denotes the zero section of T*L.

This observation allows us to decompose a real contact
manifold (M?"*1, «, f) into the real contact manifolds

([0,1] x DT*L,dz + A, f&) U (N, 8,9),

where N is a (2n + 1)-dimensional manifold with boundary
{£1} x ST*L, and g is a fixed point free involution on N
such that g coincides with fy in a neighbourhood of ON.
This is the real contact version of the equivariant tubular
neighbourhood theorem for fixed point sets.

Next, we turn our attention to contact submanifolds. Let
(M, &) be a contact manifold, and consider a submanifold
M' C M, equipped with a contact structure &. Then the
pair (M’ ¢') is called a contact submanifold of (M, ¢) if
it satisfies TM' N |y = €. Now, suppose that (M, €, f)
is a real contact manifold, and let (M’,£’) be a contact
submanifold of (M,¢) with M’ invariant under f. Then
f’ = f|a defines a real contact structure on M’. This can
be seen as follows: First, T'f" maps & into itself. Let a
be a contact form for & such that f*a = —a«, and denote
by R its Reeb vector field. If R’ is the Reeb vector field
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for any contact form o’ defining ¢/, we have R = AR +Y
with Y € £ and A a non-vanishing function on M’. Then
T (R) = —(Ao fYR+Y, where Y € &, and Ao f has
the same sign as X\. Therefore, Tf/(¢') = —¢'. We will call
(M, ¢, f') a real contact submanifold of (M,¢, f).

Let (M',¢',f") be a real contact submanifold of a real
contact manifold (M, &, f). We have a splitting

T™M' & ()" =TM|y,
and the differential T'f respects this splitting.

Definition 2.4.12. The bundle RCSNy (M) = (&)7,
equipped with the conformal symplectic structure induced
by da and the involution T'f, restricted to (&’ )L, is called

the real conformal symplectic normal bundle of M’ in
M.

Theorem 2.4.13. Let (M;,&;, fi), i = 0,1, be real contact
manifolds containing the compact real contact submanifolds
(M, &L fD). Suppose there is an equivariant isomorphism of
real conformal symplectic normal bundles

®: RCSN 1, (M) — RCSNyy, (M)
that covers an equivariant contactomorphism
¢ (Mo, &0, fo) — (M1, &1, f1)-

Then ¢ extends to an equivariant contactomorphism 1 of
suitable f;-invariant neighbourhoods N'(M!) of M/ such that
Ti/J\RCSNMO(Mé) and ® are bundle homotopic (as real confor-
mal symplectic bundle isomorphisms).
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Proof. We follow the proof in [Gei08, Theorem 2.5.15] close-
ly. As there, the first steps in the proof are accomplished
independently on My and Mj, so we will suppress any in-
dices. Pick contact forms a and o for € and &', respectively,
such that we have f*a = —a and (f")"a’ = —a'. The
function g: M" — R, g(p) = a(R)), is invariant under f’.
Therefore, /g pulls back to minus itself under f as well.
By abuse of notation, we will call this new 1-form «, too.
Next, we want to find a symmetric function h: M — RT
with h|pyr = 1 and ipd(ha) = 0 on TM|yr. Pick any such
function 7L, and replace it by

h::%(%—i—ﬁof).

Then the function A is symmetric and satisfies all of our
requirements. The remainder of the proof works just as in
[Gei08|, Theorem 2.5.15]. O

2.5 Surfaces in real contact manifolds

This section introduces characteristic foliations and dividing
sets in the context of real contact structures. First, we de-
scribe certain coordinates near hypersurfaces in real contact
manifolds.

Lemma 2.5.1. Let S be a compact orientable hypersurface
in a real manifold (M, f), dim M = 2n+1, and suppose that
f(S) ==+S. Then there exists a vector field Z transverse to
S such that f.Z = +7Z. Consequently, there are coordinates
(p,7) on S x R in a neighbourhood of S with
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o S=5x{0} and
o f(Sx{ro}) =8 x{Lro} forallro € R.

The second condition implies that f*dr = +dr. We have
f«Z = Z and f*dr = dr if and only if f(S) =S, n odd or
f(S) = =S, n even. Otherwise, we have f,Z = —Z and
frdr = —dr.

Proof. Pick a vector field Z that trivialises the normal bun-
dle of S in M. In case that f(S) =S5, n odd or f(S) =-S5,

n even, put
1/~ -
7t =3 <Z+f*Z>.
Otherweise, define
2= (Z-1.2)
=3 AR

Since f is a real structure, the new vector field Z7 is trans-
verse to S, and Z% is symmetric (respectively, antisymmet-
ric) with respect to f. Denote by ¢; the flow of Z*. Let
e > 0 be sufficiently small such that (p,r) — ¢.(p), p € S,
|r| < e, defines an embedding into M. Then these coordi-
nates have the desired properties. ]

Now, let S be a compact orientable hypersurface in a real
contact manifold (M?"*1 ¢ = kera, f) with f(S) = £5. In
a neighbourhood S x R of S as in the preceding lemma, we
can write the contact form « as

a = By + updr.
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Here, B, is a family of 1-forms on S, and the u, are func-
tions S — R. Since f*a = —«, we have f*8, = —f5, and
uy o f = tu, for all r € R; the minus sign appears precisely
for f(S) =S5, nodd or f(S) = —S, n even. The distribu-
tion (TS N ¢|g)" defines a singular 1-dimensional foliation
of S, called the characteristic foliation S¢ of S. This
distribution is preserved by f. Furthermore, we have:

Lemma 2.5.2. Let Q) be a volume form on S with f*Q = Q
in case f(S) =S, and f*Q = —Q, otherwise. Then S¢ is
defined by the vector field X satisfying

ixQ=Bo A (dBo)" . (2.7)
The vector field X is symmetric if and only if f(S) =S5, n
even or f(S) = =S, n odd. Otherwise, it is antisymmetric.

Proof. The relationship between X and S¢ is discussed in
[Gei08, Lemma 2.5.20]. The transformation behaviour of
X under f then follows from counting minus signs on both
sides of Equation O

Theorem 2.5.3 (Giroux). Let S; be invariant closed ori-
entable surfaces in real contact 3-manifolds (M;,&;, fi). Sup-
pose that ¢: Sy — S1 is a symmetric diffeomorphism with
#(So,ey) = S1¢, as oriented characteristic foliations. Then
there is a symmetric contactomorphism 1¥: N'(Sg) — N(S1)
of suitable invariant neighbourhoods N(S;) of S; with the
property 1 (So) = S1 such that ¢¥|s, = ¢

Proof. As in Theorems 2.5.22 and 2.5.23 in |Gei0§] using
Lemma The vector field produced there is symmetric
by the same argument as in Darboux’s Theorem O
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2.5 Surfaces in real contact manifolds

Now we turn our attention to surfaces in 3-dimensional
manifolds. A surface S C (M,¢) is called convex if there
exists a contact vector field, defined in a neighbourhood of
S and transverse to S.

Lemma 2.5.4. Suppose that S is an invariant convexr sur-
face in a real contact 3-manifold (M, &, f). Then there exists
a contact vector field X defined near S, transverse to S and
[ X = x£X. We have f, X = X if and only if f preserves
the orientation of S.

Proof. Let X be a contact vector field defined near and
transverse to S, and define an (anti-)symmetric vector field
by
1/~ ~
X=3 (X + f*X) .

Here, we choose the minus sign in case that f reverses the
orientation of S. This new vector field is still transverse to S,
thanks to the orientation behaviour of f|s and f. Further-
more, X is a contact vector field by Proposition O

Let S be an invariant closed convex surface in a real con-
tact manifold (M, &, f), and suppose that the corresponding
contact vector field X is compatible with f as in the forego-
ing lemma. The set of points p € S where X is tangent to £
is called the dividing set I's of S. The dividing set I'g is
a 1-dimensional submanifold of S, i.e. a finite collection of
circles.

Proposition 2.5.5. The dividing set I'g is invariant under
the real structure f. Furthermore, unless it is empty, the
intersection I's N Fix f consists of discrete points in case
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that f preserves the orientation of S, and is a collection of
circles if f reverses the orientation of S.

Proof. Let p € S be such that X (p) € &,. Then we have

X(f(p)) = £ (£:X) (f(p)) = £T,f - X(p) € &,

which implies the first assertion. Denote by ¢; the flow of
the contact vector field X as above. Let f|s be orientation-
preserving. By Corollary ¢y preserves the fixed point
set of f. Since X is transverse to .S, so is the fixed point
set, and since the fixed point set is 1-dimensional, the claim
follows. Now suppose that f|g is orientation-reversing. Put

S;t = {Sozte(p) ’pES}.

For ¢ > 0 sufficiently small, we have ST NS> = ). Since
X is antisymmetric, we have @; o f = f o ¢_4, and thus
f(SF) = SF. Thus, it follows that Fix f N SE = 0. O

2.6 The isotopy extension theorem

This section features a real version of the isotopy exten-
sion theorem. As a consequence, we show that the group of
symmetric contactomorphisms acts transitively on the fixed
point set of a real contact manifold (M, &, f).

Theorem 2.6.1 (Real isotopy extension theorem). Suppose
i L — (M,§ =kera, f), t € [0,1], is an isotopy of isotropic
embeddings of a closed manifold L in a real contact manifold
(M,&, f) such that jy(L) C Fixf for all t € [0,1]. Then
there is a compactly supported symmetric contact isotopy Yy

of (M.¢&, f) satisfying ¥y o jo = jt-
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2.6 The isotopy extension theorem

Proof. First, define a time-dependent vector field X; along
Je(L) by

d .
7 Jt

Xiojy = 7

Since f o j; = j;, we have f,X; = X, i.e. X; is symmetric.
Observe that, from the assumption, we have X; € kera.
Our task is now to extend this vector field symmetrically
over all of M. By the discussion in Section [2.2] such a vector
field corresponds to a (time-dependent) antisymmetric func-
tion H on M. We will copy the construction from [Gei08|,
Theorem 2.6.2] and take care that the objects involved are
compatible with the given real structure.

Set M = M x [0, 1], and put

i’ = U (jt(Q)at)'

geL,te[0,1]

The real structure f extends over M by f(p,t) = (f(p),1).
We have f |; = id;. Let g be an f-invariant Riemannian
metric on M such that R, is orthogonal to kera. Let
7: NL — M be a tubular map, constructed using the Rie-
mannian metric g Then 7 satisfies 7o T f f oT, or, equiv—
alently, Tf o7=! = 77! o f. Define a function H’ NL >R
as follows. Here, (p,t) denotes a point in L ¢ NL.
o H'(p,t) = a(X¢(p)) =0,

o dH(, ,(Ra) =0,
e dH(, (V) = —da(Xy,v),v € keray, C T, M C T(pyt)M,

e H' is linear on the fibres of NL — L.
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Replace H' by the function

~ 1
H=-

> <H’—H’on>.

Then H is antisymmetric and satisfies the four conditions as
well. Let x': M — [0,1] be a function with x’ = 0 outside a
small invariant neighbourhood Ny € 7(NL) of L and ' = 1
in a smaller invariant neighbourhood N7 C A of L. Replace

X' by

1
x:=§(X’+X’Of)~

Then x is symmetric and has the same properties as y’. For
(p,t) € M, set

Fyp) = X(p, ) H (171(p,1)) for (p,t) € T(NL),
wr 0 for (p,t) ¢ T(NL).

We have

Therefore, the Hamiltonian flow v; of f[t is symmetric. [J

A particular instance of this theorem is the case where L
is a single point:
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2.7 The contact disc theorem

Corollary 2.6.2. Let (M,&, f) be a real contact manifold,
and let y: [0,1] — M be a path with v([0,1]) C Fix f con-
necting two points p = v(0) and ¢ = y(1). Then there is
a compactly supported symmetric contact isotopy Wt)te[ﬂ,l]
with ¥(p) = q. This implies that the group of symmetric
contactomorphisms of (M, &, f) acts transitively on the fized
point set M. ]

For a family of real contact structures, one has the follow-
ing proposition.

Proposition 2.6.3. Let &, t € [0,1], be a smooth family
of contact structures on a closed real manifold (M, f) such
that f.& = =& for allt. Suppose that we are given a smooth
path v: [0,1] — Fix f € M in the fized point set of f. Then
there is a symmetric isotopy 1y of (M, f) with T (&) = &
and ¢(7(0)) = ~(t) for all t € [0,1].

Proof. Replace the reference to Gray’s theorem in [Gei08),
Proposition 2.6.4] by its real counterpart, Theorem
O

2.7 The contact disc theorem

In the present section, we will prove a real contact version of
the disc theorem, stating that all real contact embeddings of
the standard disc into a real contact manifold are isotopic.
The methods of the proof in the classical case can be used to
deduce a more general classification result about involutions
for the standard contact structure &; on R?"+1. First, we
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turn our attention to that classification. Put

RCI(2n + 1) = {f € Df(R*™) | f? = idgen+1,
f*OéSt = —Qgt, f(O) = 0} .

The condition on f(0) is included merely for technical rea-
sons. As a subspace of Diff(R?"*1), RCZ(2n+ 1) inherits its
topology. The homotopy type of RCZ(2n + 1) computes as
follows.

Theorem 2.7.1. RCZ(2n+ 1) ~ U(n)/O(n).

As a consequence of Theorem [2.7.1] we have:

Corollary 2.7.2. Every involution f of R*"*1 with the pro-
perty ffagy = —ag is isotopic to fs through such involu-
tions.

This corollary follows from the observation that every in-
volution of R? has a fixed point.

Proposition 2.7.3. Let f be an involution of R%. Then f
has at least one fixed point.

Proof. Assume that an involution f on R? is fixed point
free. Then the quotient space M = R? /f is a d-dimensional
manifold, and the quotient map R? — M is a 2-fold covering.
Thus M = 0 for all k except k = 1 where we have that
1M = Zo. This implies that M is an Eilenberg—MacLane
space K(Za,1). A CW model for this space is RP>, so
we have M ~ RP*. But RP* has non-trivial homology
in infinitely many dimensions, contradicting the assumption
that M is a d-dimensional manifold[] O

'Proof taken from https://mathoverflow.net/questions/18192/.
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2.7 The contact disc theorem

Alternatively, as a proper map, such an f would extend
to an involution f of S?"*! with a single fixed point. But
for involutions on closed manifolds, the congruence

x(Fix f) = x(S*"™!) mod 2

holds (see [Bre72, Theorem II1.4.3]); contradiction.

According to [Bre97, Problems VI.7.3 and VI.7.4], even
more is true: Any continuous map R? — R? of prime period
has at least one fixed point.

Proof of Corollary[2.7.3. Let f be as in the corollary, and
let (%0, Y0, 20) be a fixed point of f. Define a family of strict
contactomorphisms of R2"T! by

er(x,y,2) = (x — tx0,y — tyo, 2 — tzo + txo(y — y0)),

t € [0,1]. Then ¢ = idg2n+1 and ¢1(x0,yo0, 20) = 0. Put
fi=¢itofoqr

Then f; is an isotopy through real involutions for ]Rgt"Jr1 with
fo = fand f1(0) = 0, i.e. fi € RCZ(2n + 1). Since U(n)
is connected, so is its quotient U(n)/O(n). From that we
conclude that f is isotopic to f. O

Now, we return to Theorem[2.7.1] Its proof will be divided
into two parts — first a linearisation, and then a discussion of
the linear problem. The inspiration for the first step is drawn
from the Alexander trick, known from the proof of the disc
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theorem in differential topology: Let f be a diffeomorphism
of R? with f(0) = 0. Define an isotopy of f by

_ f(tp)/t for t > 0,
fip) {Tof(p) for t = 0.

By a lemma of Morse, see [K0s93, Lemma A.2.1], this in-
deed defines a smooth family of diffeomorphisms connecting
f with its differential in 0. (In particular, this argument
shows that the space of diffeomorphisms of R fixing the ori-
gin is homotopy equivalent to GL4(R), and thus to O(d).)
With &4(p) = tp for t > 0, we have f; = ¢; ' o f o ;. By this
description we see that if f is not only a diffeomorphism but
an involution of R, then f; defines an isotopy through invo-
lutions to the involution’s differential in the origin. There-
fore, we have:

Observation. The space of involutions of R? fixing the ori-
gin is homotopy equivalent to the space of linear involutions
on R,

As a by-product of the second step in our argument, we
will compute the homotopy groups of the space of linear
involutions on R

Unfortunately, since ef ast # ast, the Alexander trick does
not carry over directly to anti-contact involutions. Even
worse: In general, the differential of an anti-contactomor-
phism is not an anti-contactomorphism of Rgf“. In view
of that, a better choice seems to be the family of diffeomor-
phisms J; given by

0(x,y,z) = (tx, ty,t2,z),
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2.7 The contact disc theorem

for t > 0. Here, we have §;ag = t2as;. Then for a given
involution f € RCZ(2n + 1), put fy = 6; o fods, t > 0.
This defines a smooth family of involutions on R***! such
that ffast = —ag. Of course, one has to wonder what the
limit of f; for ¢ — 0 might be — if it exists at all. Our next
task will be to determine this limit.

We proceed as in the classical case in [Gei08, Section 2.6].
For an involution f € RCZ(2n + 1), write

[y, 2) = (X(x,y,2), Y(%,y,2), Z(%,y,2))

and define n X n matrices by

A= (50),
5= (%),
o= (Fo).
p= (%)

The contact condition then translates into

ATC =074,
BTD =DTB, (2.8)
ATD-CTB =-F;

the assumption f? = idgen+1 yields

A+ BC =E,
AB+BD =0,
CA+DC =0, (2.9)
CB + D? E

71



2 Structure theorems

These equations are equivalent to requiring that the linear

w (3= 2) )

is both an involution of R?" and antisymplectic with respect
to the standard symplectic form on R?”, given by

o(() )

We will denote the space of linear antisymplectic involu-

tions on R?" by LRSZ(2n). A map from LRSZ(2n) into
RCZ(2n + 1) is given as follows:

(¢ »)

be an element of LRSZ(2n). Then the map defined via

map

Lemma 2.7.4. Let

X =Ax+ By
Y =Cx+ Dy
Z =-z- %<AX, CX> - <CX7 By> - %<By7Dy>

is an element of RCZ(2n +1).

Proof. The proof in [Gei08, Lemma 2.6.9] shows that the
map in question is a diffeomorphism that pulls back ag to
minus itself. It remains to check that this diffeomorphism
squares to the identity. By [MS98, Exercise 1.13], we know

that .
A B (DT -pBT
¢ D) —\-CcT AT )’
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so conditions and imply that

A=D" B=-BT C=-C" and D=A".
(2.10)
(In fact, any two of the three sets of equations and

imply the third.) Using a direct computation
shows the claim. O

For an involution f € RCZ(2n+1), (x,y,2) — (X,Y,Z),
denote by So f the element of RCZ(2n+1) from the preceed-
ing lemma. Then S f is precisely the limit of the isotopy f;
we were looking for:

Proposition 2.7.5. Let f € RCZ(2n+1). Then

5t_lofo§t(x,y,z) fort e (0,1],

fil,¥,2) = {soﬂx,y,z) fort =0

defines an isotopy in RCLZ(2n + 1) from f to Sof. Conse-
quently, we have a homotopy equivalence

RCI(2n+1) ~ LRSZ(2n)

given by the assignment f i+ M;.

Proof. There is nothing more to prove than what is already
done in [Gei08, Proposition 2.6.10]. O

Remark. Observe that the isotopy in Proposition [2.7.5]fixes

involutions of the form Spf. So in fact, LRSZ(2n) is a
strong deformation retract of RCZ(2n + 1).
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This concludes the linearisation part. We will now con-
tinue by investigating the space LRSZ(2n). As a start, we
will compute the homotopy type of

LI(d)={A€ GLy(R) | A* =E and dimFixA =k} .

This will guide us in how to deal with the antisymplectic
case. Note that an element in £Zj(d) is nothing else but a
splitting R = Ua V with dim U = k: Simply define a linear
map on R? by setting it to 1 on U and to —1 on V. For a ma-
trix A € LT(d), we have a splitting R? = E1(A) @ E_1(A),
where E1i(A) are the eigenspaces of A. By assumption,
E1(A) is a k-dimensional subspace of R?. Fix an inner prod-
uct on R, and let C'(A) denote the orthogonal complement
of F1(A) in R%. Now any complement C to E1(A) in R? is a
graph over C'(A). That is, if pr©(4) denotes the orthogonal
projection onto C'(A), then pr¢“) |4 is bijective.

Figure 2.1: The homotopy type of LZx(d).

74



2.7 The contact disc theorem

Define a homotopy of LZj(d) by

he LIn(d) % [0,1] — LIn(d)
(A,t) = h(A),

where hy(A) is the map

R = FE(A) S E_1(A) — RY
(x,y) = (x, (L= t)y +tpr©@(y)) .

Then we have hg = id,z, (4), and
hi(LZy(d)) = {A € LI}(d) | E-1(A) L E1(A)}.

This subspace can be identified with the Grassmannian man-
ifold Gi.(d) of k-planes in R? by mapping A to Fy(A). Fur-
thermore, notice that the homotopy h; fixes G (d) pointwise.
Therefore, G (d) is a strong deformation retract of LZj(d),
and we have shown:

Proposition 2.7.6. LZ;(d) ~ Gi(d). O

A similar reasoning applies to the antisymplectic case. Let
A € LRSI(2n), and write R*" = E1(A)® E_1(A) as before.
Recall that, by the proof of Lemma [I.3.4] both E.; are
Lagrangian subspaces of (R?",Q). Instead of working with
an inner product, the canonical complement to Fj(A) will
now be defined as

C(A) = Jo (E1(A)), where Jo= (g 0E> € GLan(R).

One checks that if U C (R?",Q) is a Lagrangian subspace,
then so is Jo(U). Again, any complement of E1(A) in R?" is
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a graph over Jy (F1(A)). By [MS98, Lemma 2.30], the space
of Lagrangian graphs over a given subspace can be identified
with the space of symmetric matrices. This space is convex,
and therefore the homotopy h; defined earlier (and with the

new complement C'(A) understood) restricts to a homotopy
LRSZ(2n) x [0,1] - LRSZ(2n). Thus, we have

LRSI(2n) ~ hi(LRSZ(2n))
~L(n):={UC (R?", Q) Lagrangian } .

According to [MS98, Lemma 2.31], there is a homeomor-
phism L£(n) — U(n)/O(n). This completes the proof of
Theorem 2.7.71

Remark. In fact, even more is true: The space LRSZ(2n)
is diffeomorphic to T'L(n), the tangent bundle of £(n). This
is proved in [AF12].

Remark. Suppose f is an involution of R*"*! with the
property filst = —&st, 1.e. ffagy = —Aagt for some positive
function A on R?"*1. Then the same reasoning as before can
be applied to f, and the linearisation produces a matrix

A B
vi= (2 o)
with M7 = F and M;Q = —X(0)Q. But since M; is an

involution, we conclude that A(0)2 = 1, and therefore we
find A(0) = —1. Thus the map

{f € DIff(R* 1) | f2 = idgen+1, frbst = —&t,
£(0) =0} — LRSZ(2n),
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2.7 The contact disc theorem

given by f +— M/ as in the discussion above, is a homotopy
equivalence, too. So in fact Theorem [2.7.1| is a statement
about the standard contact structure & rather than the
standard contact form ayg;.

In dimension 3, there is a stronger version of Theorem

2.7.1] Let & be any contact structure on R?"t1 and set
y

RCI(€) = {f € Dff(R*"*1) | f? = idgen+1,
f«&==¢ f(0) =0}.

In what follows, we refer to a contact structure as tight
if it is tight in the usual sense, with no additional assump-
tions from a given involution. For any positive tight contact
structure € on R3, we have:

Theorem 2.7.7. RCZ(¢) ~U(1)/0(1) = St.

Proof. Let & be any tight contact structure on R3. Accord-
ing to Eliashberg’s theorem [Gei08, Theorem 4.10.1], there
exists a unique positive tight contact structure on R3 up to
isotopy. In particular, there is a diffeomorphism ¢: R? — R3
with & = &;. By the proof of Corollary we may as-
sume that ¢(0) = 0. Then the map

RCI(&:) —  RCI(E)
f = g Tlofoyp

is a homeomorphism, and therefore Theorem follows
from Theorem 2.7.11 O
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Remark. With exactly the same argument as in the pre-
ceding proof, one has

RCL(§) = U(n)/O(n)

for any contact structure £ on R?"*! contactomorphic to ;.

So far, we only allowed manipulations of the involution,
keeping the contact structure fixed. The next theorem in-
volves deformations of real contact structures. A deforma-
tion of a real contact structure (£, f) on a manifold M2+
is a (smooth) family (&, f;) of contact structures & and
involutions f; on M, t € [0,1], with (&, fo) = (&, f) and
(ft)* ft = —ft for all ¢.

Theorem 2.7.8. Let (&, f) be any positive tight real contact
structure on R3. Then (&, f) can be deformed into (&, fst)-

Proof. Let ¢ be a diffeomorphism of R? with .6 = &;.
Choose an isotopy ¢; from g = idrs to ¢1 = ¢ and put
& = (1), & Set fr = @; o fogr. Then (fy), & = =&, ie.
(R3,&;, f;) is a real contact manifold for all . This defines
a deformation from (&g, fo) = (&, f) into (&1, f1) = (&st, f1)-
Now use Theorem — or rather the remark following its
proof — to deform (&g, f1) into (&, fst)- O

Theorem does not allow any conclusions about the
topology of the fixed point set of an involution. This ques-
tion is addressed in Smith theory. Since an involution f of
R? is a proper map, it extends to an involution f of S¢,
the one-point compactification of R%. By a theorem due to
Smith, see [Bre72, Section IIL5], the fixed point set of f
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2.7 The contact disc theorem

is a mod 2 homology k-sphere for some 0 < k < d. For
f € RCI(2n + 1), the fixed point set of the extension f
is a mod 2 homology n-sphere. Therefore, Fix f is a mod 2
homology n-sphere minus a point.

For n = 1, i.e. in R, a little bit more can be said. Since
the only mod 2 homology 1-sphere is S!, the fixed point set
of f is diffeomorphic to the real line R. Following his results,
Smith conjectured that the fixed point set of a non-trivial
orientation-preserving involution on S3 — a diffeomorphic
copy of S' — is unknotted. This conjecture is now known
to be true thanks to [Wal69]. Combining this result with
Theorem [2.7.1], we have:

Theorem 2.7.9. Let (R3, &y, f) be a real contact manifold.
Then f is isotopic to fs through real structures for RS, and
Fix f is an unknotted copy of R. U

Thanks to Example (2) and the homeomorphism in
the proof of Theorem there is a one-to-one correspon-
dence between RCZ(2n + 1) and

{f € Diff(S*"*1) | f? = idgen+1,
fe (xdy — ydx) = — (xdy — ydx), f(N) = N},
where N is any point on the sphere $?"*!. Thus, Theo-
rem [2.7.1] yields a classification for real structures on the
standard sphere with non-empty fixed point set. To that

end, write £ = ker(x dy — y dx) for the standard contact
structure on S3, and denote the standard real structure by

fst(X7Y) = (X7 _Y)'
Theorem 2.7.10. Let (S3, &, f) be a real contact manifold
with non-empty fixed point set. Then f is isotopic to fs
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2 Structure theorems

through real structures for &g, and Fix f is an unknotted

copy of St. Ol

The case of fixed point free involutions on S?"*! cannot
be attacked with this approach, however.

By studying real contact structures on solid tori, the fol-
lowing classification result for real contact structures on the
3-ball was obtained by Oztiirk and Salepci:

Theorem 2.7.11 (|OS11]). Up to isotopy through real con-
tact structures for which 0D3 is convex, there is a unique
tight real contact structure on D3.

First, the authors reduce the problem to the case where
the involution on D3 is given as the standard one from Ex-
ample (1). Thanks to Theorem a neighbourhood
of the fixed point set {x = z = 0} is trivial. The complement
of this neighbourhood is then investigated using a partial
classification of real contact structures on solid tori. Cer-
tain real contact structures on solid tori will be featured in
the next chapter in the context of Dehn surgery.

To conclude this section, we formulate a real version of the
disc theorem, stating that all symmetric contact embeddings
into a real contact manifold are isotopic, given they intersect
the same component of the fixed point set. Its proof follows
easily from the discussion above.

Denote by Bg; the unit ball in Rgtnﬂ.

Theorem 2.7.12 (Real contact disc theorem). Let

jt:Bst - (M,é,f),t:(),l,

80



2.7 The contact disc theorem

be symmetric contact embeddings into a connected real con-
tact manifold (M, €&, f) such that jo(0) and j1(0) lie in the
same component of Fix f. Further assume that Tj;(&s) = &.
Then jo and j1 are isotopic as symmetric contact embed-
dings.

Proof. By Corollary [2.6.2] we may assume that, after an iso-
topy, jo(0) = j1(0). Precomposing j; with 61_¢4¢, @ = 0,1,
t € [0,1], € > 0 sufficiently small, and ¢ as in the preceding
discussion, defines an isotopy to symmetric contact embed-
dings (B, 0) — (R2"™! 0). Such an embedding j is isotopic
to Sgj through symmetric contact embeddings by the con-
tact Alexander trick. Then use that the space LRSZ(2n) is
connected. O
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3 Constructions of real
contact manifolds

Surgery provides a method of producing manifolds by at-
taching handles. In the contact setting, surgery may be
performed along isotropic spheres; this construction can be
adapted to real contact manifolds, given that the attaching
sphere is contained in the fixed point set. In order to intro-
duce real contact surgery, we provide a technical framework,
namely real symplectic fillings. These will be illustrated by a
class of examples, the so-called Brieskorn manifolds. Follow-
ing that, there is a discussion of real contact Dehn surgery,
providing yet another device of constructing real contact 3-
manifolds. Open books, on the other hand, constitute a
way to decompose manifolds into lower-dimensional pieces.
In classical theory, open books can be used to construct con-
tact structures on all closed (oriented) 3-manifolds. We will
discuss a real version of open books and show how to build
real contact 3-manifolds out of real surfaces.
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3 Constructions of real contact manifolds

3.1 Brieskorn manifolds, fillings and
surgery

This section is devoted to the study of symplectic fillings
in the context of real manifolds, leading to a real version
of contact surgery. A particular instance of fillable contact
manifolds are links of algebraic varieties, known in the liter-
ature as Brieskorn manifolds. We begin by endowing these
manifolds with real contact structures.

Definition 3.1.1. For a = (ay,...,a,) an (n + 1)-tupel of
integers ap > 1, put

V(a) = {ZGC"Jrl | 25+ ... 4+ zpn =0},
that is, V'(a) is the zero set of the polynomial z5° +. ..+ z2".
The Brieskorn manifold M (a) is defined as the intersec-
tion of V'(a) with the sphere S3"™! of radius 2 around the
origin in C™*1:

M(a) := V(a) N S2"*!
This naming is justified by [Gei08, Lemma 7.1.1], where it
is shown that M (a) is a (2n — 1)-dimensional manifold. For
example, the Brieskorn manifold M (d, 2, 2) is diffeomorphic

to the lens space L(d, 1), see, for example, the book [HMG68].
A contact form on M (a) is given by

(Zk dﬁ — dezk) ,
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3.1 Brieskorn manifolds, fillings and surgery

see |[Gei08| Theorem 7.1.2]. Alternatively, in real coordinates
z = X + iy, we have

1
o= i(xdy—ydx).
An obvious candidate for a real structure f on (M(a),a) is
complex conjugation. Since both the sphere S%"H and the
variety V'(a) are invariant under the map (x,y) — (x,—y),
we have:

Proposition 3.1.2. With involution f(x,y) = (x,—Yy), the
triple (M (a), «v, f) is a real contact manifold. O

In fact, any involution g of C"*! = R?"*2 with the prop-
erties g(M(a)) = M(a) and
9" (xdy — ydx) = — (xdy — ydx)
turns (M (a), «) into a real contact manifold.

The fixed point set of (M (a), a, f) consists of points (x, 0)
in C"*! that satisfy

afg—i—...—i—xi:Q and mgo—l—...—i—x?f:O.

This set is non-empty if and only if at least one integer a
is odd.

Example 3.1.3. Consider the contact structure o/ = ydx
on the Brieskorn manifold M (2,2,2) with real structure g
given by complex conjugation. Then (M(2,2,2),d/,g) and
(ST*S?, , f) from Example are strictly isomorphic.
An isomorphism M (2,2,2) — ST*S? is given by

($07y0,$17y1, Iz,yz) = (($0>9€1,932), (yanla y2)) .
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3 Constructions of real contact manifolds

Here, (yo,y1,y2) is read as the restriction of the correspond-
ing linear map R® — R to Ty 4, 2)5% = (0,21, 32)) .
Topologically, both manifolds are diffeomorphic to RP3.

As in the classical case, Proposition generalises to a
larger class of complex submanifolds V' of C**!:

Theorem 3.1.4. Let V be a complex submanifold of C"+1
that intersects SS"H transversely. Put o = (xdy — ydx)/2.

Assume that f is an involution of C"*1 with f*a = —a
such that M = V 0 Sa"*t s invariant under f. Then
(M, a|rar, flar) is a real contact manifold. O

Section [T.2] dealt with real contact manifolds that appear
as hypersurfaces in real symplectic manifolds. Conversely,
one may ask in which ways a given real contact manifold can
be realised as a hypersurface in a real symplectic manifold,
with contact structure induced by the symplectic structure.
This question leads to the notion of symplectic fillings. A
closed symplectic manifold (W, w) is called a strong (sym-
plectic) filling of a contact manifold (M, &) if OW = M,
and there exists a Liouville vector field Y, defined near
M and pointing outwards along the boundary, such that

f = ker(iyw|TM).
If, on the other hand, Y is a vector field on a symplec-

tic manifold (W,w) as above, then ker(iyw|ras) defines a
contact structure on the boundary M = oW.

Proposition 3.1.5. Let (W,w) be a strong filling of (M, &),
and suppose that f is a real structure on W, i.e. we re-
quire f*w = —w. Then there exists a contact structure
& on M such that (M,&, f|ar) is a real contact manifold.
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3.1 Brieskorn manifolds, fillings and surgery

Furthermore, there exists an involution g on M for which
(M, &, g) is a real contact manifold. The real contact struc-
tures (&, flv) and (€', 9) are isotopic through real contact
structures on M.

Proof. Pick a Liouville vector field Y inducing the contact
structure £ = ker(iy w|rar). Setting

Y =2 (Y + fY)

| =

defines a symmetric Liouville vector field for w that points
outwards along OW. Define a contact structure o on M by
a = iyw|rar. Then (f|a)" o= —a, ie. (M, € = kera, f|ar)
is a real contact manifold. The space of Liouville vector
fields Y defined near OW such that Y points outwards along
OW is convex. Thus, putting & = ker(iy,w|ras) for the
vector fields Y; = tY' + (1 — ¢)Y defines a family of contact
structures on M. Then use classical Gray stability to find
an isotopy ¢; with (¢4), & = &. For fi := ;' o flar o @i,
we have (f;), & = —&. Thus, we may pick g = f. O

If the Liouville vector field in question is symmetric in
the first place, we may choose g = f|as. This motivates the
following definition.

Definition 3.1.6. A closed real symplectic manifold
(W, w, f) is a real strong (symplectic) filling of a real
contact manifold (M,¢,g) if (W,w) is a strong filling of
(M, &), there exists a Liouville vector field associated to this
filling which is symmetric, and g = f|j;. In that case, we
say that (M, ¢, g) is strongly fillable in the real sense.
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3 Constructions of real contact manifolds

Example 3.1.7. The standard real contact structure on S2,
given by the 1-form ag = xdy —y dx, (x,y) € S? C C%, and
involution ¢ induced from the (coordinatewise) complex con-
jugation on C2, is strongly fillable in the real sense. Simply
take W = D*, w = dx A dy and f the complex conjugation
in C2.

This example hints at how to find real strong fillings for
Brieskorn manifolds. Before we tackle these, we need some
preparations.

Lemma 3.1.8. Let (W, w, f) be a real strong symplectic fill-
ing of (M,&, flar), with symmetric Liouville vector field Y.
The flow ¢y of Y defines collar coordinates (t,p) € [0,e]x M,
e > 0, in a neighbourhood of M in W . In these coordinates,

f is given as (t,p) — (t, flm(p)).

Proof. By Proposition the flow ¢; is symmetric, and
therefore f(t,p) = f(ei(p)) = @u(f(p)) = (¢, f(p))- O

Lemma 3.1.9. Let (W;,w;, fi) be real strong symplectic fill-
ings of (M;,ai,g9;) for i = 0,1, and denote the associated
Liouville vector fields by Y;. Suppose that

¢: (Mo, g, go) — (M1, a1, 91)

is a symmetric contactomorphism. Extend it to a diffeo-
morphism ¢ between collar neighbourhoods of M; in W; by
sending the flow lines of Yy to those of Yi. Then 5 s a
symmetric symplectomorphism.
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3.1 Brieskorn manifolds, fillings and surgery

Proof. Let ¢! be the flow of the vector field Y;, ¢ = 0,1. By
the defintion of ¢, we have

o) (p) = 21 (6(p)).
Lemma implies that

o folel(p) = ¢ (¥?(fo(p)))
= ot (¢(fo(p)))
= ot (fi(o(p)))
= f1op;(¢(
= f10(Y(

p
p

)
))7

ie. 5 is symmetric. The remaining part is proved in [Gei08),
Lemma 5.2.4]. O

Lemma 3.1.10. Let &, t € [0,1], be a family of contact
structures on a closed manifold M, and let g be an involution
on M such that (M, &, g) is a real contact manifold for allt.
If (M, &g, g) is strongly fillable in the real sense, then there
exists a number € > 0 such that (M, &, g) is strongly fillable
in the real sense for allt < .

Proof. Let (W, w, f) be a real strong filling of (M, &y, g), and
denote a corresponding Liouville vector field by Y. By real
Gray stability, there exists a symmetric contactomorphism
o M — M with (), & = & for all t. Extend ¢; to a
diffeomorphism @z, defined on an f-invariant neighbourhood
N of OW = M in W, by sending flow lines of Y to flow lines
of Y. Then %; is a symmetric symplectomorphism of the
symplectic manifold (N, w|nr, f|ar)- This can be seen by an
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3 Constructions of real contact manifolds

argument similar to the one in the proof of Lemma [3.1.9
Let o = iyw, such that «|ras is a contact form for &. Put
op = (@_1)*04. Then ker ay|ppr = &. Define the time-
dependent vector field Y; via the equation iy,w = a4. Since
both w and «a; are antisymmetric with respect to f, the
vector field Y; has to be symmetric. We have Yy =Y, which
is transverse to M. Therefore, by the compactness of M,
there exists a number € > 0 such that Y; is transverse to M
for all ¢ < e. Thus, the real symplectic manifold (W,w, f),
together with the Liouville vector field Y;, constitutes a real
symplectic filling of (M, &, g), t < e. O

We are now in the position to prove that the Brieskorn
manifolds M (a), equipped with the real contact structures
introduced above, are strongly fillable in the real sense. As
before, we write o = (xdy — ydx) /2 and f for the complex
conjugation (x,y) — (x, —y) on C"*!. In what follows, we
will denote the restriction of f to certain subspaces of C**1
by f as well.

Proposition 3.1.11. The Brieskorn manifold
(M(a), & =kera, f)

is strongly fillable in the real sense.

Proof. At first glance, a reasonable choice for a filling of
M (a) seems to be the manifold W (a) = V(a)nD3" !, where
D%”H denotes the ball of radius 2 around the origin in C**1.
But since V(a) has a singularity in the origin, W (a) is not a
manifold. Instead, one works with Wy(a) = Vi(a) N D3"
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3.1 Brieskorn manifolds, fillings and surgery

where
Vs(a) = {ZEC"+1 | 250 + ...+ 20m = s}

Then Ws(a) is a (smooth) manifold with symplectic form w
induced by dx A dy, and (Ws(a),w, f) is a real strong filling
of (Ms(a),& = kera, f) for any s > 0. According to the
result [HM68, Satz 14.3], there exists an ¢ > 0 such that
each manifold M(a), s < ¢, is diffeomorphic to M(a). In
fact, the Ms(a) are the fibres of the fibre bundle

. SE C
z — 2% .. 420

This map commutes with complex conjugation, that is, if f;
denotes complex conjugation on C, we have o f = f1 o 1.
Therefore, we have a symmetric diffeomorphism

M;(a) — M(a).

Pick a connection on this bundle such that the parallel trans-
port induced by this connection commutes with the given
involution. Then this allows us to view the contact struc-
tures & as contact structures on M (a), compatible with the
real structure f. Now use Lemma [3.1.10 O

A concept related to fillings are cobordisms.

Definition 3.1.12. Let (My,&y,g+) be closed real con-
tact manifolds of dimension 2n 4+ 1. A real symplectic
cobordism from (M_,¢_,g_) to (M4,&, g+ ) is a compact
(2n+2)-dimensional real symplectic manifold (W, w, f), ori-
ented by the volume form w™*!, such that
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3 Constructions of real contact manifolds

e the oriented boundary of W equals

8W - M+ L (—]\4'_)7

e in a neighbourhood of W, there is an f-symmetric
Liouville vector field Y for w, transverse to the bound-
ary and pointing outwards along M, , inwards along
M-,

o flym, =g+, and

e the 1-form « := 4yw restricts to T'ML as a contact
form for £..

Note that the second condition already implies that we
have f(My) = M. A real symplectic filling of a manifold
is a real symplectic cobordism from the empty set to the
manifold.

Remark. The relation of being real symplectically cobor-
dant is reflexive: Let (M,{ = kera, f) be a real contact
manifold, and simply take the real symplectisation

W =1[0,1]x M, w=d(c'a), f= idp,1) x f.

Next, we show that this relation is transitive.

Proposition 3.1.13. Let (W_,w_, f_) be a real symplec-
tic cobordism from the real contact manifold (M_,&_,g-)
to (M,€,g), and (W4, w4, f+) a real symplectic cobordism
from (M,&,g) to (M4,&4,9+). Then there is a real sym-
plectic cobordism from (M_,&_,g_) to (M4,&+,9+).
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3.1 Brieskorn manifolds, fillings and surgery

Proof. We follow the lines of the proof in [Gei08|, Proposition
5.2.5] and realise the cobordism as W = W_ Uy Wy Uy W..
Define a real structure h on Wy by (¢,p) — (t,9(p)). By
Lemma we can glue this involution to a (smooth) real
structure f- UhU fy on W. 0

However, this relation is not symmetric. This follows from
the non-symmetry in the classical case.

The remainder of this section is devoted to surgery con-
structions. First, we show how to perform real contact surg-
eries along isotropic submanifolds fixed by the real structure.
As in the classical case, this involves the use of symplectic
handles, now with real structures added. Following that,
there is a brief discussion of real contact Dehn surgery. In
order to define real contact surgery, we need a stronger ver-
sion of the Neighbourhood Theorem [2.4.9] For an isotropic
submanifold L contained in the fixed point set of a real con-
tact manifold (M, a, f), the quotient bundle

RSN (L) := (TL)* /TL,

with symplectic bundle structure induced by da and invo-
lution T'f (cf. Section , is called the real symplectic
normal bundle of L in M.

Theorem 3.1.14. Let (M;, o, fi), i = 0,1, be real con-
tact manifolds with closed isotropic submanifolds L; C Fix f;
contained in the corresponding fixed point sets. Further sup-
pose there is a symmetric isomorphism of real symplectic
normal bundles ® : RSNy (Lo) — RSNy (L1) that cov-
ers a symmetric diffeomorphism ¢: Lo — L1. Then ¢ ex-
tends to a strict real contactomorphism 1: N'(Lo) — N (L1)
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3 Constructions of real contact manifolds

of suitable invariant neighbourhoods N (L;) of L; such that
TYIRSN vy, (Lo) = -

The proof of the preceding theorem requires a real version
of the generalised Poincaré Lemma:

Lemma 3.1.15. Let L be a submanifold contained in the
fized point set of a real manifold (M, f), and denote by
jr: L — M its inclusion into M. Letn € QF(M) be a
closed antisymmetric k-form with jin = 0. Then there is
a symmetric open neighbourhood U of L in M and an an-
tisymmetric (k — 1)-form ¢ on U wvanishing on L and with

d¢=nonU.

Proof. Use the generalised Poincaré Lemma [Gei08, Corol-
lary A.4] to obtain a differential (k — 1)-form ¢ on a sym-
metric neighbourhood U of L vanishing on L with dE =,
and put .

(=5 (C-r).
Then ( is an antisymmetric (k — 1)-form that satisfies both
Jj71¢ =0 and d¢ = 7. O

Proof of Theorem[3.1.1]]. Literally the same as in [Gei08,
Theorem 6.2.2]. Except for the hypersurface ¥ (which we
may assume to be symmetric), there are no choices made,
and all expressions involved are symmetric, thus producing
symmetric flows. Simply replace all references to the gener-
alised Poincaré lemma by citations of Lemma [3.1.15 O

Our goal now is to define handle attachments in the real
contact case. But to begin with, consider a manifold M¢
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3.1 Brieskorn manifolds, fillings and surgery

without any additional data, and let S* x D4* — M be an
embedding. Then we can define a new manifold M’ by

M= (M\ (Sk » Tnt Dd‘k>)
Ugk w gd—k—1 (Dk+1 X Sd_k_1> .

We say that M’ is obtained from M by surgery along S*.
The diffeomorphism type of M’ depends not only on S*, but
also on the embedding S* x D% — M i.e. a framing of S*
in M. Surgery embeds into the theory of cobordisms as
follows: Consider the map S¥ x D% — M as an inclusion
into M = {1} x M C [-1,1] x M, and put

W = ([=1,1] x M) Ugk, pa_x (D’f“ X Dd_k) :

i.e. W is the manifold [—1,1] x M with a (k + 1)-handle
attached. The manifold W represents a cobordism from
M={-1} x M to

M = (({1} x M)\ (sk x Int Dd_k>>
Ugk y gd—k—1 (Dk+1 X Sd7k71> .

This description has the disadvantage that W is a manifold
with corners — this would cause problems as soon as we in-
clude additional geometric objects (such as contact forms
and involutions) into the surgery construction. Thus, we
turn to a different approach of attaching handles, the so-
called symplectic handles. An extensive discussion may be
found in [Gei08) Section 6.2]. For notational reasons, we will
consider an isotropic (k — 1)-sphere L contained in the fixed
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point set of a real contact manifold (M2, a, f),0 < k < n.
Write coordinates on R2" = R¥ x R2n—F a5

((q17 cee )qk‘) ) (qk-‘rla ey qn,P1y .- )pn)) .

On R?", we have the standard symplectic form wg; = dpAdq,
and the real structure is given by fs(q,p) = (q, —p). The
Liouville vector field

n

k
1
Y=Y (=0, +20;0p,) + 5 D (450, +0i0p,)
j=1 J=k+1

is symmetric with respect to fs;. With respect to the stan-
dard euclidean metric on R?", the vector field Y is the gra-
dient vector field of the function

k n

sam) =3 (g i) vy S @),

j=1 j=k+1

Note that fs preserves the level sets of g. Now, denote
by N =2 S~ x Int D*** an open symmetric neighbour-
hood in the hypersurface g~!(—1) of the (symmetric) (k—1)-
sphere

k
Sllflil = {Z(I?_Q,Qkﬂ_--~_Qn_p1_-~_29n_0}~
j=1

This Ny is called the lower boundary of H. We will later
specify which neighbourhood to choose. Similarly, there is
an upper boundary in g~!(1). The real symplectic handle
H is now defined to be the set of points (q, p) € (R*", wg, f)
that satisfy the inequality —1 < ¢(q,p) < 1 and lie on
a gradient flow line of g through Ng. Observe that, since
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3.1 Brieskorn manifolds, fillings and surgery

go fst = g, the handle H is invariant under fs. The Liouville
vector field Y is transverse to both the lower and the upper
boundary, and thus

k n

. 1
ao = iyws = ) (qdp; +2pjda;) + 5 D (—ajdp; +pjday)
Jj=1 j=k+1

induces a contact form there. For this form, Sl}‘}_l is an

isotropic sphere in the lower boundary. Its real symplec-
tic normal bundle RSN@H(SZ_l) is trivialised by the vector
fields 0y;,0p;, j =k +1,...,n.

[—1‘;"1'] x M

Figure 3.1: A real cobordism corresponding to real surgery.

Morally, with the help of Lemma [3.1.9] we may now glue
the real symplectic handle H to [—1,1] x M. As before, we
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will denote the resulting manifold by W and its symplectic
form by w. Since the Liouville vector fields 0; on [—1, 1] x M
and Y on H are symmetric with respect to the given real
structures, the latter patch together to a real structure f’
on (W,w). Figure shows a handle H attached to the
manifold [—1,1] x M (in gray). The spheres we perform
surgery along are depicted as red circles, and the vertical
red line represents the fixed point set of the extension of f
to [—1,1] x M. The surgered manifold M’ can be identified
with the boundary of the ‘lakes’ in the interior.

More precisely: Consider (M?"~! «, f), a real contact
manifold (with non-empty fixed point set), and let the map
¢: SE=1 x D?>"F — M be an embedding into M for which
#(S*~1 x {0}) is contained in the fixed point set of f. By
Theorem there exists an equivariant strict contacto-
morphism t: N'(S*~1) — N(S57!) between symmetric open
neighbourhoods of $¥~1 ¢ M and S];I_l C OH, respectively.
Put Ng = (N (S¥71)). Then, for u € S¥1, v € §2nk-1,
0 <r<1andce€ [—1,1], we identify points

(c;p(u,rv)) ~ (a,p)

if and only if

9(q,p) = c and (q, p) lies on
a flow line of Y through ¢ (¢(u,rv)).

Denote the extension of f to the cylinder over M by the

map 7: [_171] X M — [_171] X M7 ?(Cap) - (C7f(p)) In
order to prove that the given involutions piece together, we
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3.1 Brieskorn manifolds, fillings and surgery
have to show that

(¢, (u,7v)) ~ (a,P)
= fle,o(u,7v)) ~ fi(q,p) = (a4, —p).

Since ¢g(q,—p) = ¢(q,p), it remains to show that (q, —p)
lies on a flow line of Y through v (f o ¢(u,rv)). Denote the
flow of Y by ;. Sine (q, p) lies on a flow line of Y through
P(¢p(u,rv)), there exists a time ¢y such that

(@, P) = @1y (V(P(u,7v))).

Thus, using the equivariance of ¥ and ¢, we have:

eto (U (f 0 p(u,7v))) = 1, (fst 0 ¥(P(u,7v)))
= fst © o1, (Y(d(u,7v)))
= fst(a,P)
= (q, —p).

Therefore, (q,—p) lies on a flow line of the vector field Y
through 9 (f o ¢(u,rv)), i.e. the point (q,—p) is identified
with (¢, f o ¢(u,rv)).

As in the discussion in [Gei08, Section 6.2], the natural
framing of an isotropic sphere S*~! contained in the fixed
point set of a real contact manifold (M, «, f) is given by the
natural trivialisation of (—R) @ J(T'S*~1) (coming from the
inclusion S¥~1 — RF) and a real symplectic trivialisation
of RSN;(S*~1). Here, R denotes the Reeb vector field of
a, and J is a complex bundle structure on ker o compatible
with da and T'f.
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3 Constructions of real contact manifolds

Theorem 3.1.16. Let S*~! be an isotropic sphere in the
fized point set of a real contact manifold (M,& = kera, f)
with a trivialisation of the real conformal symplectic nor-
mal bundle RCSN;(S*~1). Then there is a real symplec-
tic cobordism from (M,&, f) to the manifold M’ obtained
from M by surgery along S¥=1 using the natural framing.
In particular, the surgered manifold M’ carries a real con-
tact structure (&', f') that coincides with (£, f) away from
the surgery region. 0

In dimension 3, a construction related to the above is
Dehn surgery. The idea is to remove a tubular neighbour-
hood of a knot in a 3-manifold, and then to glue back a solid
torus by a diffeomorphism between the boundaries. Under
certain assumptions on this diffeomorphism, a real contact
version of Dehn surgery can be performed. Suppose that
(M,&, f) is a real contact 3-manifold, and let L C Fix f
be a component of the fixed point set of f. By Exam-
ple an invariant neighbourhood N (L) of L can be
equivariantly identified with the model (D? x S', &1, fst).
Here, we have fg((z,v),0) = ((—z,—y),0) in cartesian co-
ordinates on the D?-factor. But rather than working with
this standard model, we fix a real contact identification
®: D? x S' — N(L), where the contact structure on N'(L)
is given as

&k = ker(cos(kf)dx — sin(k0)dy);

the number k is to be chosen later. Notice that we have
(fst), & = —&k. This defines a meridian ®(9D? x {0}) on
ON(L) in M, as well as a longitude ®({(1,0)} x S!). Now,
we want to cut out the interior of this neighbourhood N (L)
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3.1 Brieskorn manifolds, fillings and surgery

and glue back a real standard model of D?x S (with contact
structure £;) via a map

¢v: 9(D?xSY —  9(M\IntN (L))
(¢,6) —  (pp + 56, qp + t0),

(Z j) € SLo(Z).

In order to find matching real contact structures, we restrict
our attention to the case

p sy (10

g t) \n 1
for some n € Z. According to classical convex surface theory,
we can glue the contact manifolds along their boundary as

soon as their diving sets coincide. A computation shows that
this is precisely the case for k =n — 1.

where

Next, we check under which conditions on the coefficient
n the given involutions piece together. We have

Yo fsi(p,0) = (¢ + m,np +nr +0)
and
fst o ¥(p,0) = (o + m,np +0).

Thus, it follows that 1 o fgt = fst o9 if and only if n is
even. Note that, since both involutions are trivial in the
radial direction of D? near the boundary, they may be glued
together to a real structure f’ on the manifold

M’ = (D?* x S*) Uy (M \ Int V(L))
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3 Constructions of real contact manifolds

So, let m be an even integer. According to the preced-
ing discussion, there exist a contact structure ¢’ and a real
structure f' on M’ such that (M’ ¢, f') is a real contact
manifold. We call it the result of a real contact Dehn
surgery (with fixed points) along L with coefficient 1/n.

A similar reasoning applies to the case where we glue back
a real solid torus without fixed points. Denote the map
(0,0) — (p,0+7) by g: D*x S — D?x S1. This involution
defines a real contact structure on (D? x S, &).

With notation as above, we have fg o1 = 1 o ¢ if and
only if s is odd and ¢ is even. In particular, this implies that
q is odd. A possible solution is given by

14+n 24+n
< n 1+ n)
where n is odd. Again, one computes that the contact struc-
tures piece together for the choice k = 1+2n. Consequently,
for n odd, we can perform a real contact Dehn surgery
(without fixed points) along L with coefficient 1/n; this

removes a component of the fixed point set of f. Summaris-
ing, we have shown:

Theorem 3.1.17. Let (M,&, f) be a real contact manifold
of dimension 3, and suppose that L is a component of the
fized point set of the involution f.

(1) For any even integer n, we can perform a real contact
Dehn surgery along L with contact coefficient 1/n, preserv-
ing the number of components of the fized point set.

(2) For any odd integer n, we can perform a real contact
Dehn surgery along L with contact coefficient 1/n, reducing
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3.2 Open books

the number of components of the fized point set by one. [

Remark. In the 3-dimensional case, real contact surgery
along S' (that is, a component of the fixed point set of the
involution) is the same as real contact Dehn surgery without
fixed points and with coefficient —1.

Example 3.1.18. Consider the 3-sphere S® C R*, equipped
with the real contact structure given by

a = z1dy1 — y1dxy + xadys — ya2dro

and

f(@1,y1, 22, 92) = (21, —y1, T2, —Y2).
Its fixed point set, Fix f = {y; = y2 = 0}, is a copy of S*.
Performing a real contact Dehn surgery without fixed points
with coefficient —1 yields a real contact structure on RP3
without fixed points.

Remark. According to [Smi3§|, the fixed point set of an
involution on S3 is either empty or a single circle. On the
other hand, the fixed point set of an involution on RP3
is either empty, or it has two components, as is shown in
[Smi60]. Therefore, no matter which involution or coefficient
we choose, a real contact Dehn surgery with fixed points on
53 along the fixed circle never produces RP3.

3.2 Open books

Open books constitute a method for decomposing mani-
folds that proved particularly useful in 3-dimensional con-
tact topology: An argument by Thurston and Winkelnkem-
per shows that any open book on a 3-manifold induces a
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3 Constructions of real contact manifolds

contact structure. The same implication holds for real open
books; relevant definitions and discussions are given in the
present section. In the context of contact manifolds, real
open books were introduced by Oztiirk and Salepci, [0S15].

Denote complex conjugation ¢ + —p on S' = R/277Z by
K.

Definition 3.2.1. Let (M, f) be a real 3-dimensional mani-
fold. A real open book decomposition of (M, f) is a pair
(B, p), consisting of a codimension 2 submanifold B (called
the binding of the open book) and a locally trivial fibration
p: M\ B — S, satisfying the following properties:

(1) The binding B has a trivial tubular neighbourhood
B x D? in which p is given by the angular coordinate in the

D?%factor. (That is, (B, ) is an open book decomposition
of M.)

(2) The binding B is invariant under the real structure f.
(3) We have kop=po f.

The closures of the fibres p~1(p), ¢ € S!, are called the
pages of the open book.

The third condition implies that fixed points of f are nec-
essarily contained in the pages p~1(0) and p~!(n).

Example 3.2.2. A real open book decomposition of S? with
pages open discs is depicted in Figure Here, we iden-
tify S with R3 U {oo}; in order to arrive there, rotate the
picture as indicated. After rotation, the blue dots become
a circle and represent the binding of the open book. Each
arc connecting the blue dots embodies a page, including the
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3.2 Open books

red arc through co. The dotted horizontal line — a circle in
S3 — intersects each page exactly once and may be thought
of as a section of the fibration p. Thus, the condition that
the real structure act on the set of pages as complex con-
jugation translates into reflection through the red axis. As
demanded, this operation leaves two pages invariant while
exchanging the others, by twos. Moreover, f reverses the
direction invisible in this picture. On the invariant pages
D?, thought of as subsets of C, the real structure is given
as complex conjugation. Thus, in total, f is an orientation-
preserving involution with fixed point set precisely the red
line (which represents a copy of S').

Figure 3.2: A real open book decomposition for S3.
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3 Constructions of real contact manifolds

Related to open book decompositions are abstract open
books. An abstract open book is a pair (X, ¢) where ¥ is
a compact, oriented surface (with boundary), and the mon-
odromy ¢ is an orientation-preserving diffeomorphism of 3
that equals the identity near the boundary 0%. An abstract
open book uniquely determines a closed 3-dimensional mani-
fold M (¢) by gluing copies of O x D? to the mapping torus
Y(¢) along its boundary. The mapping torus is defined to
be the quotient

%(¢) = (8 x[0,27]) / ~

under the relation (x,27) ~ (¢(z),0). Here is the real ver-
sion of abstract open books.

Definition 3.2.3. An abstract real open book is a triple
(X, ¢, g) with (X, ¢) an abstract open book and g: ¥ — ¥ a
real structure on ¥ such that ¢pog=go ¢ 1.

A real open book decomposition (B, p) of a real manifold
(M3, f) induces an abstract real open book: First, observe
that, due to the definition, both the pages ¥y := p~1(0) and
Y, = p~}(m) are invariant under the real structure f. Let
Y. be any of these two. By condition (3) above, f reverses
a direction transverse to X, and therefore g := f|x, defines a
real structure on Y. Denote the coordinate in S! by ¢. Let
Y be a vector field on M \ B transverse to the pages that
projects to d, under the projection p. Such a vector field
extends over all of M by setting it equal to zero on B. Put

Y::%(ff—f*?).

Again by condition (3), we compute 7Y = d,. Moreover, Y’
is antisymmetric with respect to f. Thus its time 27 flow ¢
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3.2 Open books

satisfies ¢, Lo f = fodgy, see Proposition We conclude
that (3, ¢ar,g) is an abstract real open book. Conversely,
we have:

Lemma 3.2.4. An abstract real open book induces a real
open book decomposition of M (¢). This operation, however,
s unique only up to equivariant isotopy.

Proof. For details, see [6815, Lemma 1]. Rather than work-
ing with the classical mapping torus, one first defines a map-
ping torus ¥'(¢) as the quotient
(X x [0, 7] UE x [=m,0]) / ~,
where (p,0) ~ (g(z), —7) and (p,7) ~ (¢ 2 g(p),0).

Observe that this mapping torus has the monodromy map
god~tog=¢. Areal structure f, on ¥'(¢) is given by

Y x [0,7] 2 (p,t) = (p,t — ) € X x [—7, 0]
and
Y x [-m0] 2 (p,t) — (p,t+m) € X x[0,7].

Then f, extends over M (¢), still denoted by fy, in the fol-
lowing way: Either f, exchanges two solid tori 90X x D?
glued to the boundary of ¥'(¢), or f, acts by rotation by 7
on a single solid torus. Beware that this extension is unique
only up to isotopy. O

Note that, in the construction above, the fixed point set of
fg on ¥/ (9) is given as Fix g x {0, 7}, where we identify the
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3 Constructions of real contact manifolds

S'-direction with R/27Z. This implies that real manifolds
realised as open books always have non-empty fixed point
set.

As in the classical case, abstract real open books can be
stabilised: Either glue a 1-handle to the surface where the
attaching region is invariant under g, or glue two 1-handles
to regions that are interchanged by g. Concatenate the mon-
odromy with suitable Dehn twists. Then there exists an in-
volution on the new surface that yields an abstract real open
book. Details may again be found in [OS15].

Lemma 3.2.5. Let (X, ¢o,g) be an abstract real open book,
and let (X,¢1) be an abstract open book such that ¢y and
¢1 are isotopic as diffeormophisms of ¥ fixing the bound-
ary. Then there exists a real structure f on M(¢p1) such
that (M (o), fg,) and (M(¢o), f) are equivariantly diffeo-
morphic.

Proof. There exists a diffeomorphism ¢ : M(pg) — M (1)
that preserves the pages — this can be shown just as in the
classical case. Then put f = o fu o=t O

Example 3.2.6. (1) Let ¥ = D? be the 2-disc. By the
work of Smale [Sma59], every diffeomorphism of D? fix-
ing the boundary is isotopic to the identity. According to
the preceding lemma, it then suffices to consider the case
¢ = idp2. The open book (D2, idp2) can be made real by
the involution g = complex conjugation. Topologically, this
open book yields S2. On ¥/(idp2) = D? x S', the involu-
tion fia,, is given as ((z,y),t) = ((z,—y),—t). Its fixed
point set, {(z,0)} x {0, 7}, is depicted red in the upper half
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3.2 Open books

of Figure When gluing D? x S' to 9%/(idp2) along
their common boundary, the coloured curves are identified
accordingly. This produces an involution on M (idp2) = S3
with fixed point set a circle — as was to be expected in view
of Smith’s results, forcing an involution’s fixed point set on
53 to be diffeomorphic so S!.

Figure 3.3: An abstract real open book for S3.

This real abstract open book defines the same real struc-
ture as the real open book decomposition depicted in Figure
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3 Constructions of real contact manifolds

In fact, this real structure on S is equivariantly diffeo-
morphic to the standard real structure f(x,y) = (—x,y) on
S3 C R%. To see this, split S2 as

1
= otz b ad m= (g z

Both handlebodies are invariant under f, and

Fix f N Hy = {(951,1/1,56'2,1/2) €S|y =y2=0,

1 1
r1 € |—-1,———| U |—,1| ;.
This is the disjoint union of two intervals, as before. In polar

coordinates ((r,9),6) on D? x S', an explicit identification
Y D?> x 81 — H; is given by

w«nﬁ%®==<< 1—fj¢g,(;gna>>.

It follows that

fow«nﬁ»m——<< 9) )

- ,l/} © fldDQ ((7” /19 70)
Similarly for Hs.

This real abstract open book yields the same open book
decomposition of S? as the book in Example

(2) (taken from |OS15].) Every open book with page an
annulus ¥ = S' x [1, 2], considered as a subset of C, extends

110



3.2 Open books

to a real open book. This can be seen as follows. The
mapping class group of ¥ is generated by the Dehn twist

T: X — b
(0,t) — (04 2mnt,t).

Note that, for n € Z, we have 7"(0,t) = (0 + 27nt, ).

Figure 3.4: Dehn twist.

Consider the involutions
gn(0,t) = (—2mnt — 0,t),n € Z,

on Y. All of them are orientation-reversing, and conse-
quently, they define real structures on the annulus . Fur-
thermore, we have 7" = gg o g,. Thus if (¥, ¢) is an open
book with ¢ = 7F for some k € Z, choose any of the real
structures g = ¢g,,, n € Z. Then we have pogo ¢ = g, i.e.
(X, ¢, 9) is a real open book.
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3 Constructions of real contact manifolds

Figure 3.5: Fixed point sets of g1 (left) and go (right).

According to [EQ08, Lemma 5.1], M (7™) is diffeomorphic
to L(n,n — 1) for n > 0 and to L(—n,1) for n <O0.

Let (B,p) be an open book decomposition of a contact
manifold (M,£ = kera). The contact structure £ is sup-
ported by the open book if « is positive on the binding
(with orientation induced as the boundary of the pages) and
da is a symplectic form on each page of the open book. A
real open book decomposition (B, p) of a real contact mani-
fold (M,¢ = kera, f) is said to support ¢ if (B,p) sup-
ports £ in the classical sense. In [0815], the authors show
that every abstract real open book (X, ¢, g) supports a real
contact structure on the manifold M (¢). In Section we
raised the question whether every manifold that admits both
a real and a contact structure admits a real contact struc-
ture, too. This question could be answered affirmatively if
one knew that every real 3-manifold admits an abstract real
open book. Moreover, Oztiirk and Salepci conjecture that a
real Giroux correspondence holds:

Conjecture. Let (M, f) be a real 3-dimensional manifold.

112



3.2 Open books

Then there is a one-to-one correspondence between real con-
tact structures on (M, f) up to equivariant contact isotopy
and real open book decompositions of (M, f) up to positive
real stabilisation and equivariant isotopy.

As an application of real open books, here is a real version
of Bourgeois’s theorem:

Theorem 3.2.7. Let (M,£ =kera, f) be a closed real con-
tact manifold of dimension three. Suppose that (B,p) is a
real open book decomposition that supports £. Then M X T2
admits a real contact structure (€, f).

Proof. Let (r,¢) be polar coordinates on the D?-factor of a
neighbourhood of the binding B such that the projection p
is given by ¢ in that neighbourhood. Thanks to the com-
patibility condition (3) in the definition of real open books,
we have po f = —p. Let p be a symmetric function of the
variable 7 on B x D? such that

e p(r) =r near B x {0},
e p(r) >0, and
e p=1near B x 0D?.

Extend p to a symmetric function on M, equal to 1 outside
B x D?. Then, setting x1 := pcosy and x5 := psiny, we
have 1 0 f = x1 and x9 o f = —x9. Define a 1-form & on
M x T? by

62 = l‘1d91 — l’gd@g + a,

and let f M x T? — M x T? be the real structure given by

[ (P, (61,62)) = ((f(p), (—61,62)).
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3 Constructions of real contact manifolds

Then we have f*& = —aq, i.e. (M x T2,§~ = kera, f) is a
real contact manifold. The verification of the the contact
condition is accomplished as in |Gei08, Theorem 7.3.6]. [

In conjunction with the preceding discussion, this theorem
implies:

Corollary 3.2.8. There are real contact structures on the 5-
manifolds S3xT?, L(n,n—1)xT?, n >0, and L(n,1)xT?,
n > 0. O
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