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Every real 3-manifold is real contact

MERVE CENGizZ AND FERIT OZTURK

A real 3-manifold is a smooth 3-manifold together with an orienta-
tion preserving smooth involution, which is called a real structure.
A real contact 3-manifold is a real 3-manifold with a contact dis-
tribution that is antisymmetric with respect to the real structure.
We show that every real 3-manifold can be obtained via surgery
along invariant knots starting from the standard real S3 and that
this operation can be performed in the contact setting too. Us-
ing this result we prove that any real 3-manifold admits a real
contact structure. As a corollary we show that any oriented over-
twisted contact structure on an integer homology real 3-sphere can
be isotoped to be real. Finally we give construction examples on
S1 x 82 and lens spaces. For instance on every lens space there
exists a unique real structure that acts on each Heegaard torus as
hyperellipic involution. We show that any tight contact structure
on any lens space is real with respect to that real structure.
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1. Introduction

A real structure on a smooth oriented 2k- (respectively (2k — 1)-) dimen-
sional manifold is a smooth involution which is orientation preserving if k
is even and orientation reversing if k is odd, with its fixed point set having
dimension k (respectively k — 1), if not empty. The idea behind this defi-
nition is to mimic the complex conjugation on a complex analytic variety
given by functions with real coefficients. For cjs a real structure on M, we
call the pair (M, cpr) a real manifold and the fixed point set of cps the real
part, denoted below by Fix (car).

In this work we will heavily be interested in the 3-dimensional case: a
real structure on a smooth, closed, oriented 3-manifold is an orientation
preserving smooth involution with the fixed point set being either empty or
1-dimensional. The standard example for a real 3-manifold is the 3-sphere
53 C C? with the standard real structure cg = conj|gs where conj denotes
the complex conjugation on C2. This involution is known to be the unique
real structure with nonempty real part on S up to equivariant isotopy. This
fact is a result of the culminated work on masse on the resolution of the
Smith conjecture that states originally that a finite-order diffeomorphism
of $3 cannot have a knotted 1-dimensional fixed point set. See [26] for a
PL topological solution of that conjecture for even periods and [17] for a
detailed exposition of the generalizations and the related work.

Now let £ be an oriented contact structure on a smooth, compact, ori-
ented real (M, cpr). If (cpr)«(€) = —&, then & is said to be cps-real and the
triple (M, cpr, &) is called a cpr-real contact manifold (see [21], [22] for defi-
nitions and discussion). The obvious example is S* C C? with the real struc-
ture ¢y and the unique tight contact structure & on S°. More generally real
contact 3-manifolds appear naturally as link manifolds of isolated complex
analytic singularities defined by analytic functions with real coefficients: the
natural tight contact structure induced on the link manifold by the com-
plex tangencies is real with respect to the real structure determined by the
complex conjugation. Even more generally, there are various basic condi-
tions for a hypersurface in a real symplectic manifold (i.e. a real smooth
manifold with an antisymmetric symplectic form) which makes it naturally
a real contact manifold (see e.g. [7], notably for the observation there in
Proposition 1.2.4, and for more examples.)

The positive contact structures on a closed, oriented 3-manifold are as-
sociated with the open book decompositions on the manifold via the Giroux
correspondence; indeed open books and contact structures are in one-to-one
correspondence up to positive stabilizations and contact isotopy respectively
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[9]. Similarly on a real 3-manifold one can introduce the notion of a real
open book decomposition. In [22] we have taken several first steps towards
a Giroux correspondence between the real open books and the real contact
structures. Namely it has been proven there that every real open book sup-
ports a real contact structure, that every real contact structure is supported
by a real open book, and that two real contact structures supported by the
same real open book are equivariantly isotopic (see [22] for definitions and
the exact statements).

Nevertheless it remained an open question whether real open books and
real contact structures always exist on a given real 3-manifold, for example
whether every real 3-manifold has a contact structure at all that is real with
respect to the given real structure. This last question, which was raised in
[22] and [7], can be considered as the real version of J. Martinet’s result
on the existence of contact structures on closed 3-manifolds [16]. The main
purpose of the present work is to answer that question affirmatively:

Theorem 1.1. FEvery real 3-manifold admits a real contact structure.

One of the standard ways to prove Martinet’s theorem is to recall that
every closed 3-manifold can be obtained via a surgery on a link in S® and
then to argue that this surgery can be performed in the contact setting.
A usual expression of the former fact is through the well-known Lickorish-
Wallace theorem, which states that every closed orientable 3-manifold may
be obtained by a surgery along a link in S® where each Dehn surgery coef-
ficient is an integer (see e.g. [23]).

In order to follow this track in the equivariant contact setting, we first
define and investigate in Section [2| the notion of Dehn surgery in the equiv-
ariant and contact equivariant setup in real contact 3-manifolds. Among
others we detect explicitly when equivariant contact (1/1)-surgery (I € Z)
along equivariant Legendrian knots is possible (Theorem . One of the
direct corollaries of that discussion is the following which is proven in Sec-
tion 2

Proposition 1.2. Any overtwisted contact structure on S® can be isotoped
to be csi-real. More precisely any overtwisted contact structure on S3 can be
obtained by an equivariant contact surgery in (S3, cst, &t).

Section [3| which is not directly related to the proof of Theorem
and may be skipped in the first reading, suggests a method to obtain a
given real 3-manifold from the standard real S® through a sequence of single
surgery operations and intermediate real 3-manifolds, in a way that each



1316 M. Cengiz and F. Oztiirk

next surgery is equivariant in the previous intermediate real 3-manifold. We
call such a link —constituted of an ordered collection of knots— recursively
invariant. Thus we prove the following theorem in Section (3] which can
be considered as a recursively equivariant version of the Lickorish-Wallace
theorem. (See Theorem [3.1| for the detailed, precise version.)

Theorem 1.3. FEvery closed real 3-manifold can be obtained via a finite
number of Dehn surgeries along an ordered, recursively invariant collection
of knots starting from the real 8-sphere (S2, cst).

Due to the recursive nature of the construction, this theorem does not
lend itself easily to applications, for example in obtaining surgery diagrams
in S3. Instead, in Section [4| we prove an equivariant version of the Lickorish-
Wallace theorem.

Theorem 1.4 (Equivariant Lickorish-Wallace Theorem). FEuvery
closed, oriented real 3-manifold can be obtained via equivariant Dehn surgery
along an equivariant link L in the real 3-sphere (S°,cs). The equivariant
link can be taken as L= LU LgU L where Lg is a cs-equivariant unlink,
cst(L) = L and all the surgery coefficients can be taken as £1, (with respect
to a framing induced by an invariant Heegaard surface).

The proofs of Theorems and respectively follow the proof of the
Lickorish-Wallace Theorem where we start with suitable decompositions for
S3 and the given 3-manifold, and look for appropriate factorizations of dif-
feomorphisms on Heegaard surfaces in the mapping class group (recursively
invariant factorization and equivariant factorization respectively).

Employing Theorem [1.4] we prove our main result, Theorem in
Section For the proof it suffices to show that the equivariant link in
Theorem can be chosen appropriately so that it is possible to turn the
equivariant surgeries into equivariant contact (£1)-surgeries. The proof is
constructive and produces an explicit algorithm that allows explicit equiv-
ariant contact surgery descriptions for real contact 3-manifolds.

An immediate consequence of Theorem is the following, which we
prove in Section

Corollary 1.5. Any oriented overtwisted contact structure on an integer
homology real sphere (X, s) of dimension 3 can be isotoped to be s-real.

In Section |§| we produce examples on S x S? and lens spaces. In the
first part we show
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Theorem 1.6. The unique tight contact structure on S' x S? is real with
respect to three of the four possible real structures on S' x S2.

We do not know the answer for the last real structure.

Finally on any lens space there exists a unique real structure that acts
on each Heegaard torus as hyperelliptic involution (coined as type A in [12]).
We prove in Section [6.2

Theorem 1.7. For any p > q > 0, every tight contact structure on L(p,q)
is A-real.

Acknowledgements. The authors thank the anonymous referee for es-
sential corrections and suggestions; and the Mathematics Village, Izmir,
for their hospitality during a research-in-pairs stay. The second author is
grateful to Sinem Onaran and Marc Kegel for their comments on contact
diagrams.

2. Preliminaries and equivariant contact surgery
2.1. Basic definitions

In the sequel we always reside in the smooth category, both for spaces and
maps, for the sake of keeping the rapport between involutions and contact
structures. We note that in the topological category some claims in the
equivariant realm may fail, e.g. the Smith conjecture [18].

On a solid torus S' x D2, there are four real structures up to isotopy
through real structures [I1]. We choose an oriented identification of the
boundary 72 with R%x,y) /72, where z direction corresponds to the meridional
direction of T2, and fix the coordinates of S' x D? as (y,t,z) where t is the
radial direction of D?. In these coordinates, the four real structures on the
solid torus are:

(1) (G (y7 (LL‘,t)) = (_ya (tv —CL‘))7
(2) ez (y, (t,2)) = (y, (t,z + 3));
(3) €3t (y, (t.2)) = (y + 3, (t,2));
(4) ea: (y. (@) = (y + 3, (tz + 5))-

Any orientation preserving involution on T2 can be extended to an in-
volution on S' x D?. Such an extension is unique up to isotopy and fixes a
core of the solid torus setwise [11]. A ¢;-knot is by definition a knot which
has a cj-equivariant neighborhood.

Likewise there are three involutions on the core circle up to isotopy
through involutions: reflection, identity and rotation by 7 (antipodal map).
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We also denote them by ¢, ¢o (or id) and c3 respectively. Note that c4core =
cs too.

An embedded Heegaard decomposition for a real 3-manifold (M, cpr)
is said to be real if cp; exchanges the two Heegaard handlebodies. In this
case cjs restricts to a real structure on the Heegaard surface H, reversing
the orientation. It was proven by T. A. Nagase that every real 3-manifold
admits an (embedded) real Heegaard decomposition [19, Proposition 2.4].
As usual one can also construct a real 3-manifold by a pair of handlebodies,
both diffeomorphic to a handlebody U, and a gluing map ¢ : U — U which is
a real structure on U [22]. Such a decomposition of the 3-manifold is called
an abstract real Heegaard decomposition, denoted in the sequel by the pair
(0 U, c). The minimal genus among all Heegaard surfaces of all possible real
Heegaard decompositions of (M, cys) is called the real Heegaard genus of
(M, cpr). It is greater than or equal to the Heegaard genus of M. See [22]
for a detailed discussion on real Heegaard decompositions.

A particular way to produce a real Heegaard decomposition is through
real open books [22]. Let (S, f) be an abstract open book, where S is
a compact surface with boundary and f:S — S is the monodromy with
flas = identity. For a real structure ¢ on S, the triple (S, f,¢) with foc=
co f~1is called an (abstract) real open book. The map ¢, = co f is a real
structure on the page 7 of the open book so that f = coc¢,;. An abstract
real open book determines a real 3-manifold (M, c¢js) uniquely and canoni-
cally. The union of the page 0 and the page 7 is a real Heegaard surface in
M and the real structure cjps is the identity map between the two identical
handlebodies of the Heegaard splitting. The restrictions of ¢ to the page 0
and the page 7 are respectively ¢ and c¢;. As in the usual setting, there is
a notion of positive real stabilization developed in [22]. Up to equivariant
isotopy there are 9 distinct ways to attach handles to S and to extend the
real structure over the new handles (see [22, Figure 3]).

In the sequel, instead of using the term cj;-real, we usually drop the ref-
erence to c¢p; whenever the real structure is understood. The real structures
and the real parts will be in red wherever color is possible. We assume that
all contact structures are oriented and positive.

2.2. Equivariant surgery

Let (M, cpr) be a closed, oriented real 3-manifold and K be a ¢y-invariant
knot. Then K has a unique equivariant tubular neighborhood N (K'), which
is equivariantly isotopic to one of the real solid tori (S* x D2, ¢;). An invari-
ant knot K is called a ¢;-knot if it has an equivariant neighborhood of type
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(S1 x D?% ¢;). The common name used for a ¢;-knot is a strongly invertible
knot (under the involution).

A topological (p/q)-surgery (p,q € Z) along the knot K takes the
meridian-longitude pair (g, Ag) of the new solid torus Ny to (pp + g\, p'u +
¢’'\) on the boundary of the excised neighborhood N via a gluing map ¢.
Note that here pg’ — gp’ = —1 and A must be chosen. (The following discus-
sion is with respect to a fixed A.) This surgery can be performed naturally
in the real setting along a c;-knot. The real extension c¢; over the surgered
solid torus is unique in the following way. Indeed in every possible case it
suffices to check that ¢; 0 p = poc;.

o If K is a c¢i-knot then the real structure extends as ¢;.

o If K is a co-knot then the real structure extends as

co if g even;
c3 if ¢ odd, ¢’ even;
cy if ¢ odd, ¢’ odd;

e If K is a c3-knot then the real structure extends as

co if p even;
c3 if p odd, p’ even;
cy if p odd, p’ odd;

o If K is a ¢4-knot then the real structure extends as

co if p + q even;
c3 if p4 q odd, p' + ¢ even;
cq if p+q odd, p' + ¢ odd.

Definition 2.1. If a ¢;-solid torus is excised and a cj-solid torus is glued
back, we call such a surgery of type ;. As a final type of equivariant surgery,
consider a knot K satisfying K NFix (cp) = 0 and its disjoint copy K' =
ey (K). An equivariant pair of surgeries performed along K and K’ will
be coined as a type-5 surgery (along K and K'). Since ¢j; is an orientation
preserving homeomorphism, the surgery framings along K and K’ are equal.

Remark 2.2. Note that a 23-surgery followed by a Dehn twist along the
meridian (which alters the parity of ¢’) produces a manifold equivariantly
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diffeomorphic to one obtained by a single 24-surgery. Similarly 33- and 34-
surgeries are equivalent in that sense since a meridional Dehn twist alters
the parity of p/. Similarly for 43- and 44-surgeries. We will use this subtle
remark repeatedly in the sequel since we are content with diffeomorphisms,
not isotopies. However if the latter is in question then one should a priori
distinguish between I3- and I4-surgeries, I = 2,3 or 4.

Let us also note that in case of a 1; surgery, the number |Fix| of con-
nected components of the real part may change. In fact, for a c¢;-knot K,
if the fixed points of K belong to the same (respectively different) compo-
nent(s) of the real part, |Fix| either increases (respectively decreases) by 1
or stays the same. Meanwhile, in case of 23- or 24-surgery, K is a co-knot
(a real knot) and |Fix| decreases by 1; in case of 39- or 4s-surgery, |Fix]|
increases by 1. The 34- and 43-surgeries do not alter |Fix|.

2.3. Equivariant contact surgery

The possibility of contact surgery for a rational coefficient relies on the
existence of a tight contact solid torus with the required contact structure
on its convex boundary. It is known that the germ of a contact structure
near the convex boundary is determined by a collection of curves on the
boundary, called the dividing set. On a convex torus, this picture can be
standardized further to obtain linear curves as the dividing set, so that the
common slope of these curves determine the contact structure near the torus.
Such convex tori are said to be in standard form. The slope on the standard
contact neighborhood of a Legendrian curve L is determined by the contact
twisting (denoted tw(L)) of the curve. The twisting is well-defined after a
choice of a longitude for L. (See e.g. [§] or [13] for a thorough discussion for
convex surfaces, slopes and twisting.)

Similarly the possibility of equivariant contact surgery for a nonzero
rational coefficient relies of course on the existence of an equivariant tight
contact solid torus with the required slope on its convex boundary. The
equivariant counterpart of the terms above (i.e. the standard equivariant
contact neighborhood theorems, equivariant convex surfaces etc.) has been
studied in [2I] and [20]. Here we put together the previously known existence
results for equivariant tight solid tori after [20)].

Theorem 2.3. We have the following listed existence/nonexistence results
regarding equivariant tight solid tori with convex boundary. In case of exis-
tence, it is unique up to equivariant contact isotopy relative to the equivariant
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convex boundary in standard form such that the dividing set has slope s and
has exactly two connected components. Below k € Z; 1/0 is considered as co.

o A cy-real tight solid torus with s = 1/k exists.

o A co-real tight solid torus exists if and only if s = 1/k.

o A cs-real tight solid torus exists if and only if s =1/(2k +1).
o A cy-real tight solid torus exists if and only if s = 1/(2k).

All of the solid tori above are the standard neighborhoods of equivariant
Legendrian knots with tw = 1/s. Here tw is with respect to a fixed longitude.

Now let K be an equivariant Legendrian knot in a real tight contact
manifold (M, &, cpr). Let N be a standard equivariant contact neighborhood
of K, the existence of which is warranted by [21] and [20]. A contact (p/q)-
surgery on K is with respect to the choice of the longitude A as the dividing
set on the boundary of N. To have a well defined contact structure on the
surgered 3-manifold, the dividing sets of Ny and N must match. By the
identification above, the curve —p’ug + pAg maps to the longitude A, so the
solid torus Ny should be a tight contact solid torus with boundary slope
-p/D'.

We now repeat this discussion in the equivariant setting. We will be
interested in the following cases.

Case 1. K is a c1-knot. The extension would be c¢;. Since tight ¢;-solid
tori of slope (1/p’) (p' € Z) uniquely exist, equivariant contact (1/q)-surgery
of type 1; is uniquely defined up to equivariant contact isotopy. We fill in the
standard cq-real tight neighborhood of a ci-invariant knot with tw = —p' .

Case 2. K is a cp-knot. It follows from Theorem that equivariant
contact (p/q)—surgery is defined if and only if p = 1. Similarly for the other
cases below.

If ¢ and ¢’ are both odd, then p’ must be even and the real contact
structure extends uniquely as a cy-tight solid torus with slope —1/p" (oo
included here and below whenever p’ = 0).

If ¢ is odd and ¢’ is even, then p’ must be odd and the real contact
structure extends uniquely as a cs-tight solid torus with slope —1/p/.

If ¢ is even, then the real contact structure extends as a co-tight solid
torus with slope —1/p’.

Note for the first two cases here that the parity of ¢’ is not well-defined:
given p and ¢ one can alter the parity of p’ and ¢’ by meridional Dehn twists.
This is not a problem in the contact setting since a meridional Dehn twist
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extends over a solid torus and is smoothly isotopic to the identity. However
it is not isotopic to the identity through real structures (See Remark and
the conclusion in Theorem [2.4]).

Case 3. K is a cz-knot. Then p = 1 as before.

If p’ is odd, then the real structure extends as ¢4 but no cy4-real tight
solid torus exists with slope —1/p’ for odd p'.

If p' is even, then the real structure extends as c3 but no cz-real tight
solid torus exists with slope —1/p’ for even p'.

Case 4. K is a c4-knot. Then p = 1.

If p+qg=1+¢qis odd (i.e. q is even; so ¢’ is odd) and p’ + ¢’ is odd,
then p’ must be even and the real contact structure extends uniquely as a
cy-tight solid torus with slope —1/p’.

If g is even and p’ + ¢ is even, then p’ must be odd and the real contact
structure extends uniquely as a c3-tight solid torus with slope —1/p’.

If ¢ is odd, then the real contact structure extends uniquely as a co-tight
solid torus with slope —1/p/.

Similar remark as the one following Case 2 above applies here for the
parity of p': it is not well-defined and can be altered. Let us summarize the
above discussion.

Theorem 2.4 (Equivariant Contact Surgery along Equivariant Leg-
endrian Knots). FEquivariant contact surgery along a Legendrian cs-knot
is impossible. Equivariant contact (1/q)-surgery (q € Z) along a Legendrian
c1-, co- or cq-knot is uniquely defined up to equivariant contactomorphism.
For a ca- or cy4-knot the only possible contact surgery coefficient is 1/q.

Moreover for the surgery types 11,29 and 4o the uniqueness is up to
equivariant contact isotopy.

Table[]] details the cases for equivariant contact surgery. The last column
describes the type c of the glued back solid torus: a standard c-real tight

neighborhood of a c-invariant knot with tw = —p/.

Proof of Proposition [I.2. The number of overtwisted contact structures on
S3 up to contact isotopy is countably infinite. They are distinguished by the
ds invariant, which is a half integer for S3. (For ds, see [10] where it was first
defined or see e.g. [3].) The overtwisted structure {_o, with ds = —2p +1/2,
p € Z, can be obtained by a contact surgery given explicitly in, for example,
[0, Figure 8]. Observing the symmetry here, one can immediately turn this
diagram into an equivariant contact one along a pair of c¢j-real knots with
surgery coefficients +1 and —1/p (see Figure, except for p = 0 when there
is a single knot, the one on the left in Figure [l| with surgery coefficient +1.



Every real 3-manifold is real contact 1323

Knot Case Glue back
c1 c=oc
co q odd, ¢’ odd c=cy

q odd, ¢’ even c=c3
q even c=co

c3 0
cy | qeven,p even | c=cy
q even, p’ odd c=c3
q odd c=coy

Table 1. Equivariant contact 1/g-surgery along c;-knots. We glue back the
standard c-real tight neighborhood of a c-invariant knot with tw = —p/

These equivariant contact surgeries are possible by Theorem Recall that
the equivariant contact connected sum between two real contact 3-manifolds
is well-defined thanks to the fact that there is a unique real tight 3-ball [21].
Thus taking connected sums of arbitrarily many (52, cs, &) with & = 0 and
d3 = 1/2 (respectively k = —2 and d3 = —3/2) one obtains every overtwisted
3-sphere with positive (respectively negative) ds (cf. [3, Lemma 4.2]). Alter-
natively one could consider the real contact 3-spheres obtained by taking the
connected sum between (S, cg, &) and the 3-sphere in Figure [1/ for varying
p € Z. Note that in each case the equivariant contact diagram is simply the
disjoint union of the previous ones.

In general one must also check that the final real structure is the desired
one. But here that is immediate by the uniqueness of cg. O

+1 ~1/p

Figure 1. The cg-real overtwisted structure {_o, on S3, p € Z. In the case
p = 0, the co-surgery on the right disappears.
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3. Going recursively from real S® to any real 3-manifold
In this section we will prove the following theorem of recursive nature.

Theorem 3.1. FEwvery closed real 3-manifold (M,cpr) can be obtained via
a finite number of Dehn surgeries along an ordered, recursively invariant
collection of knots starting from the real 3-sphere (S, cg).

More precisely, there is a sequence {(M;, s;; Kj)}fzo of real 3-manifolds,
a common Heegaard surface H and s;-invariant knots K; C H C M; such
that (Mo, so) = (S3,cst) and (My,si) is equivariantly diffeomorphic to
(M, cn) and each (Mji1,8541), 0 <j <k, is obtained from (M;j,s;) via
a £1 surgery along K; where the framing along K; is determined by H; at
each step, the real structure is canonically extended to the surgered region.

First we will prove several lemmata regarding factorizations in the map-
ping class group of a real Heegaard surface. To start we need some pre-
liminaries. Two real structures (orientation reversing involutions) r and s
on an closed, oriented genus g surface X, are said to be equivalent if there
is an orientation preserving diffeomorphism A such that r = hosoh™!. It
is well-known that the equivalence class of r is determined by the num-
ber of connected components of the real part Fix (r), and connectedness of
Yy — Fix (r). (This follows from considering the quotient surface and the
classification of 2-manifolds.) In case Fix (r) is separating (i.e. ¥,— Fix (r)
has exactly 2 connected components), then 1 < |Fix ()] < g+ 1 and g and
|Fix (r)| have opposite parities. We denote by smax the maximal real struc-
ture in the standard form (see Figure [2). If Fix (r) is non-separating (i.e.
Y, — Fix (r) is connected), then 0 < |[Fix ()| < g¢. In this case, the real
structure in the standard form is denoted by S|Fix (r)|-

Below 7, always denotes the positive Dehn twist along a curve a on a
surface.

Lemma 3.2. Any real structure s on X4 with |Fiz (s)| = k can be expressed
in the form

(3.1) S=Tg *Tp, ---Tb, "D Smax
where p = 74 ... 1Y - Tgv L. TS is a palindrome (possibly empty) with even

length and with each aj Smax-invariant, oj € Z; each bj C Fiz (p - Smax);
and B C Fiz (s) with m =1 if s is separating but not maximal and m =0
otherwise.
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Figure 2. The maximal real structure spax on 4. The set of fixed points is
diU...UdgUdgy1; here dgiq is the large outer closed curve. The Humphries
generators of the mapping class group are di,...,dg,e1,...,€e4,m1; each is
an Smax-invariant curve.

Proof. (i) Assume s is non-separating. Set u = g + 1 — k and take spax-real
circles dy,...,d, on X, . Then s = 74, ...74, - Smax is the standard non-
separating real structure with k real circles hence is conjugate to s. Then
there is an orientation preserving diffeomorphism f of Y, so that

s = f5kf_1 = f‘Tdu,‘--le ‘Smax’f_1
:f'Tduf_lf--'f_ldel 'f_lfsmax'f_l
=Tr(dy) - Tf(dy) fsmaxfil.

Observe that since each d; is smax-invariant, each b; = f(d;) is (fSmaxf1)-
invariant. Furthermore fixing a basis for the mapping class group of ¥, con-
sisting of twists on spyax-invariant curves (e.g. the spax-invariant Humphries
generators in Figure , we can write

-1 _ 3
fomaxf ™ = (741732 Smax - (75,7 7,7
= Tgll o 'Tnggf b _7-5'11 : Smax-

(ii) If s is separating but not maximal, take any circle 8 C Fix (s). Then

TS is non-separating and the proof follows from part (i).

(i) If s is maximal then the equation holds with m = 0 and u = 0 following
part (i). O
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On a real surface (¥4,s), we say that the product of Dehn twists

Tom 771 satisfies the recursive s-invariance condition (or is recursively

s-invariant) if for each j =1,...,m,

(i) Tg] et s(ry) =y
01

(ii) or rj and r;4q are disjoint, and 7777 ... 790 - s(rj) = rjqa.

We will set sp = s and, for j >0, s; = 7,7 - sj_1 in case (i).

Lemma 3.3. The ecven palindrome p in the previous lemma has a recur-
sively Smax-tnvariant factorization in even powers.

Proof. First, using the fact that p is an even palindrome, observe that it can
be written as

_ g1 U'wl le —01\2
p_(Tal..T 7— 7- ...Tal )

— 2 2 2
(T 7—(,12 Tad Tag Talal) (T 7—(12 Tal ) ! Talal

. o = o
Now for each 1 < j <w, set f; =777/, fj =7a] 75", and 11 = ay,

J

rj+1 = fj(aj1+1). Then the factorization above becomes

20'11,'.' 205, 201
p =T T 7',,.2 TT’l .

We claim that this factorization is recursively spax-invariant. In fact, r; =
aq is invariant under spay; furthermore, for each 1 < j < w, (dropping the
powers o;’s for the sake of clarity)

(7’3]_ .- 'Tflsmax)(rj-i-l) = fjfjsmax(fj(aj-f—l))

771
= [i(fifi ) smax(ajt1)
= filaj1) = 7.
To finish the proof, we should also note that (7'7»].“7'%_ o TR Smax) (T 41) =
Tj+1- -

The proof above shows also that the composition of spax with 7;.’s is
always a real structure. In fact, for every 1 < j < w, (without writing o;’s)

(7 ToSmax) (75 T Smax) = (f Fismax) + (f;f75max)
= fj-]?ﬂfj f]il I2naX:id
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and similarly

2 2 2 2 _ -1 _ -
(TTj+1Trj S T, Smax) - (7_7’1+1T7"j " Ty Smax) = TrisiTrye = 1d-

Of course this fact is valid for every recursively s-invariant product
v 7ot I we set sp =s and, for j>0,s; :ng -sj_1, we see that
{sj }gzgn is a sequence of real structures on 3.

Proof of Theorem [3.1. We will follow the proof of the Lickorish-Wallace
Theorem (see e.g. [23]). Given the real 3-manifold (M, cys), consider a real
Heegaard splitting of M. Let the Heegaard surface H have genus g. Then we
take a genus-g nonseparating real splitting of (S2,cs) (which exists for any
g > 0; see [22] or [1]) so that the real map s = cgt|n equals 75, ... 75, - Smax
for some spax-real disjoint curves 61, ...,d,4. Note that in these splittings, s
and ¢ = ¢pr|g are gluing maps. In the usual proof of the Lickorish-Wallace
Theorem, the composition c- s is expressed as a product of Dehn twists
and then each twist is extended over handlebodies. In our case, we express
c- s as a recursively s-invariant product and show that that factorization
describes an appropriate recursively equivariant sequence of (£1)-surgeries.
Now, using Lemma [3.2] and Lemma [3.3] we write:

c 8= (T§'"Tp, - Tby, " P Smax) * (75, - - - T, * Smax)
-1 -1
:TgLTbu...Tbl-p-Tal STy,

where p = Tﬁfw . .7'7,21"1 is a (possibly empty) recursively spax-invariant fac-
torization with even powers, b;’s are in Fix (p - smax); 0;’s are s-invariant
and spax-real; and § € Fix (¢) with m =1 if ¢ is non-separating but not
maximal and m = 0 otherwise.

We claim that the last factorization for ¢ - s is recursively s-invariant.
First since ¢;’s are disjoint s-invariant, following the terms of Lemma we
have:

50 =8, 11 = dg;

~1 .
§1 =Ty -8 I2= 0g—1;

-1 -1
Sg=Ts ---Ts *S= Smax, Tgtl = 01.

B
Next, p is already recursively spax-invariant. Moving on with the remaining
terms of the product we set sy4+1 = P - Smax and rg42 = b1. Since b;’s are
disjoint and (p - Smax)-real and 3 is c-real the claim of recursive s-invariance
follows.
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Finally we claim that each of these steps determines an appropriate
equivariant (£1)-surgery with respect to the framing determined by the ini-
tial surface H. As usual this is accomplished by pushing each curve equiv-
ariantly into the Heegaard handlebodies, as the following proposition shows,
and thus the proof of Theorem [3.1] follows. O

Proposition 3.4. Let X and Y be real 3-manifolds with real Heegaard
splittings (H,c) and (H,s) respectively. Suppose s = 7% - ¢ where « is a c-
invariant curve on H. Then a (F1/20)-surgery in X along «, with framing
determined by H, followed by uniquely extending the real structure over the

surgered region gives a real 3-manifold equivariantly diffeomorphic to (Y, s).

Proof. Let H; and Hy be the two handlebodies of the Heegaard splitting of
(X,c) and let Xy C X be an equivariant neighborhood of H diffeomorphic
to H x [—1,1]. Set X1 = cl(H; — X) which we consider identical to X3 =
cl(Hy — Xp). Then X is equivariantly diffeomorphic to X3 Uidlox, X0 Uclox,
X (here the gluing maps are from the top boundary of the first space to
the bottom boundary of the next) with the real structure ¢ defined as

. Xi—>Xg, x>z
| Xo = Xo, 7 c(x).

Similarly, we consider such a splitting (Y7, Yo, Y2; 3) for (Y, s). Here we con-
sider X1, X, Y7, Y5 identical and X, Y identical.

Let v(a)) be an annulus neighborhood of ain H and N = v(«a) x [—1,1]
be a c-equivariant smooth neighborhood of o in Xj. Since « is both ¢- and s-
invariant, with a slight abuse, we will also denote by N a small s-equivariant
neighborhood of « in Yy. We observe that the identity map (again with
an abuse) is an equivariant homeomorphism from X — N to Y — N, which
can be made an equivariant diffeomorphism after smoothing. Now, with
T = S' x D? and ¢ a (F1/20)-sloped diffeomorphism on ON, (X — N) U, T
is diffeomorphic to Y. Here the previous diffeomorphism idx_n extends
trivially over T

What the essence in the claim of the proposition is and what we have to
show basically is that the above extension can be performed equivariantly.
Indeed the real structure 7:2%c|sr (here 7! is considered to be a twist
around a copy of o on 9T =, ON) can be extended to a real structure over
T uniquely. In fact,
(i) If ¢|o = c1 then the unique extension over T up to equivariant isotopy is
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1. This corresponds to a type-1; equivariant surgery (see Theorem [2.4]).
(ii) If c|o = co, i.e. « is real, then 7529¢|yr is equivariantly diffeomorphic
to co since the surgery coefficient ¢ = 420 is even. This corresponds to a
type-29 equivariant surgery.

(iii) If ¢|o = c3 then c|gy = ¢3 or ¢4 . The former is impossible on a real
Heegaard surface. Then TﬂUC!aT is equivariantly isotopic to cg or c4. This
is an equivariant type-44 or 43 surgery. Of course the choices here are equiv-
ariantly diffeomorphic. O

4. Equivariant Lickorish-Wallace theorem

In this section, we will give an equivariant surgery description for a real
3-manifold and prove the Lickorish-Wallace Theorem in the equivariant set-
ting. In general the surgery link provided by the Lickorish-Wallace Theorem
need not accept any kind of symmetry in (S2, cs). However we show here
that it is always possible to construct an invariant surgery link.

Consider a real three-manifold (M, cys) and a cps-equivariant link L =
LiU...UL, in M decorated with an integer n-tuple o = (01,...0y,) €
Z". Let (M(L),cp(L),0) denote the real 3-manifold resulting from cpy-
equivariant o-surgery along L, i.e. the collection of g;-surgeries along L;’s,
1 <4 < n. (As usual the surgery coefficients are with respect to a standard or
given reference framing.) We will usually write (M (L), cpr(L)) instead, when
the surgery coefficient o is clearly understood or is not explicitly required.

Definition 4.1. On a real surface (¥g4,c), a product 77¢...77%-
Tbj;l. Tbjld 7',l . 7'/ of Dehn twists is called an equivariant product for
c if ¢(a;) = a and b are disjoint c-invariant curves for all 1 <7 <t and

1<j<k.
We start with a technical lemma.

Lemma 4.2. Let (M,cp) and (M’ cpp) be two real manifolds with the
associated real Heegaard splittings (H, c) and (H,c') respectively. Assume
that c'c =T ... 13- Tbk Tl Tt Tt with all ug,v; € {—1,+1} and
that this factomzatwn s an equwarmnt pmduct for c. Then there is an
equivariant link L in (M, cp) decorated with w;’s and vj’s such that the
real 3-manifold (M(L),cp (L)) (with respect to a framing induced by a real

Heegaard surface) is equivariantly diffeomorphic to the manifold (M’ cpr).

Proof. Topologically, the manifold M’ can be obtained from M following
Lickorish and Wallace. Let M = Uy U, Uy and M’ = Uy U Uy where U; and
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U, are two genus-g handlebodies bounded by H. Instead, we consider a split-
ting of (M, cps), similar to the proof of Proposition but with more in-
termediate blocks, as follows. Take an equivariant neighborhood H x [—1,1]
of the Heegaard surface H with cy; fibered in the sense that cyr|py ) = c
Keeping this model in mind, set H; = H x [i,7 + 1], —t —1 < <t. Then
(M, cpr) is equivariantly diffeomorphic to the manifold

Uy Uig Ho4—1 Uig .. Uig H_9 Uig H x [—1,1] Ujqg H1 Uiq . . . Uiq Hy U Uy

(as in the proof of Proposition here and in every similar notation below
the gluing maps are to be understood from the top boundary of the previous
space to the lower boundary of the next) with the real structure defined as

- {id U 1 — UQ,
e =
CM - Hi — H—i—l-
(See Figure |3 left.) We will use this splitting and real structure for (M, cps),
and write cps for ¢ps, abusing the notation
We push the curves a; to the knots K; on the surface h_; (which is

the lower boundary of H_;; see Figure , the curves a) to K; on h; (lower
boundary of H;) and the curves b; determine knots C; on hg (which are
mutually disjoint by assumption), so that we get the surgery link

(Lyo) = (Kpug) U. ..U (K1,u1) U (Cg,vp) U...U(Crv1) U. .. U (K, uy)

for the manifold M’. The surgery coefficients here are with respect to the
associated surface h;. Note that L is a cps-equivariant link, as the knot pair
K; and K; are swapped by ¢ys|g = eyl = ¢ for each 1 <4 <t and Cjis a
c-invariant knot for all 1 < j < k.

We will prove in two steps that the resulting real manifold
(M(L),cp(L)) is not only diffeomorphic but also equivariantly diffeomor-
phic to (M’,cpr). First we will show that (M (L),cp (L)) is equivariantly
diffeomorphic to the intermediate real manifold (E,e) where

E=U1U;gH + 4 U.,.;tt R UT;11 H_ 4, O} U,r:k: i Hy U,T.:,ll o UT:Qt H, U, U,

with the real structure

o — id : Ul — UQ,
ey s Hi — H_;—1 (fibered as before).

(See Figure (3| right.) For the sake of simplicity of the demonstration, let
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UQ U2
hist ¢ I by
hy . id he .
hl id hl

Hy .
ho id ear | ear |1d cm (hO
h_q ldH71 h_t
h_¢ id I h_¢
h = id ! ho T
U1 Ul

Figure 3. The real splittings associated to (M, cpr) (left) and (E,e) (right).
Gluing maps are shown on the right of the surfaces, real structures are shown
as —red— thick lines.

us take k =t =1 and drop the indices and powers. Then we have a single
invariant knot b lying on the surface hg, and a pair of knots (a, a’) swapped by
the real structure in both manifolds. The general case where there are more
curves is handled similarly. Now, take an equivariant neighborhood (a solid
torus) Vp of the curve b, by first taking an equivariant annular neighborhood
of b on hg, product with a small interval I so that the neighborhood remains
equivariant and between but away from the surfaces h; and h_;. Similarly
take an equivariant pair of neighborhoods in M as follows: neighborhood
V' of a’ between hy and hg, and V of a between hg and h_s. Maybe the
only essential observation here is that since a is invariant under 7,, id(V') is a
neighborhood of @ in E too (similarly for a’ and b). Between the complements
of the interiors of these solid tori in M and F, there is the equivariant
diffeomorphism

id: M —(VUVyUV) > E—(V'UVyUuV);

here V denotes the interior of V.

For V in M, take a meridian p and a longitude A that is a copy of a;
then V in E has meridian p + A. Similarly for Vp and V. Then we excise
these solid tori from M and glue back identical solid tori T, Ty, T” respec-
tively. The gluing maps are (+1)-sloped boundary diffeomorphisms 1), v’
(i.e. p—= p=£A) for V and V', while for Ty an equivariant diffeomorphism
Yo @ (0T, cx) = (0Vp, e]y,) can be taken. Here ¢, = ¢1, ¢ or ¢s4. Thus one
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obtains (M (L), c¢(L)) where the real structure ¢(L) is given as:

CM:M—Y}’—‘}O—‘O/%M—‘}’—%—‘O/,

c(L)y=<qid: T — T,
C*:TQ—>T0,

Now we define a diffeomorphism F' from My, to E as follows:

id: M-V VoV E-V -V -V,
T =V,
Yo : To — Vo,
YT = V.

It is straightforward to check that F o c¢(L) = eo F so that F is an equiv-

ariant diffeomorphism.
In the second step, we prove that (F,e) is equivariantly diffeomorphic

to (M’,cpr). Consider the following splitting of (M, cpp):
UpUia H-t—1Uiq ... Uiq H-1 Ue Ho Uyq . .. Uig Hy Uiq U2

with the real structure

id : U1 — UQ,
cymr =
id : Hi — H—i—l-

(See Figure ) For each i define the functions f; and f; as follows:

fi= (c-Ta_,u” .. .T;ui“) xid : H; — H;
t i1
ﬁ = (Tu” Tqu) x id : H,i,1 — H,l;l

a; * Tag

Now define a map from (E,e) to (M’, cprr) using the above functions:

id : U1 — Ul,
id: Uy — Uy,
fi+ Hy — H;,
fitHojo1— H_jq,

It is straightforward to check that F' is a well-defined diffeomorphism from
E to M’ on the boundaries of the thickened surfaces and handlebodies. We
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do that just for hg:

—1 7 _7—1/ o —u —uy ) —Uy —U1 __ Vg U1
F7 ¢ Flhocom, = fo ¢ fo=1,"" .7, et ., =7kt

Finally F' is an equivariant diffeomorphism:

F F_l id : U1 — U2
e == - = Cp\J/
fi chfZ-_l =id: Hi — H—i—l M

g

Proof of Theorem[1.4]. Let (M,cpr) be a real 3-manifold with a real Hee-
gaard splitting (H,c) and fix a real Heegaard splitting (H,s) of (S3,cs)
with the same surface H (s is to be determined below). The above lemma
proves in particular that in case c- s has a factorization which is an equiv-
ariant product of Dehn twists, one gets an equivariant surgery description
of a real 3-manifold M starting from (S3,cs). So to prove the theorem it
suffices to show that ¢ - s has a factorization which is an equivariant product.
Indeed first assume that the real part of M is non-empty and consists of the
circles 1o, ..., in H. The real structure ¢ = 7, ... 7, - con H has the real
part 79 and is non-separating if and only if either £ > 1 or k=0 and c is
non-separating. We know that there is a real Heegaard splitting (H,s) of

Us
hita idH
t
hy id
hy id
Hy )
ho o id |id |id
h_y idH_1
h_t ld
L, HZ
h 1 id
Ux

Figure 4. The splitting associated with (M’, cps).
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(53, cs) With a non-separating real part r C H. Furthermore in case k = 0
but c is separating, (52, cs;) can be assigned a real Heegaard splitting (H, s)
with separating s (e.g. see Figure @ By the classification of real structures
on compact surfaces, ¢ and s are conjugate by an orientation preserving
diffeomorphism f. Set b; = f(r;) and note that by = r. Then we have

s = _l-C/-f
=ftorn T f
(e ) (e ) f e f

=Th - Th, - 71-c-f

The curves by, ...,b; on H are now c4-invariant with respect to s. Let f =
Tal ... Tel be an expression for f in terms of generators of the mapping class

group of H. Then

-1 _—1 -1
c=f" Ty s f
Uy -1 —1 —Uq

Ut —Ut

=Tl Tal Ty Ty ST M T,

__ug Uy —1 —1 —Uy —1 —1 —Us —1
= Tal o Tal Ty Ty (80T 8T ) rsusT (5T ST ) s
L ug uy | —1 -1 __u Uy .

=Tal o Tay Tor Ty Tean) o Ts(an) © S

The factorization for ¢ - s that appears in the last line above is an equivariant
product for s. We complete the proof using the Lemma and its proof
to get an equivariant link of the foorm £ =LULgUL so that Lg is an
equivariant unlink consisting of ¢4-knots and cg (L) = L.

For the case where the real manifold (M, cys) has empty real part, by
[24, Lemma 4.3.1], 7, - s is a real structure with empty real part. We follow
exactly the same steps and end up with an equivariant link £ = LU LgU L
so that Lg is a ca-knot (the only real knot) in S® and cg (L) = L. O

Let us note the crucial issue that the surgery along the c4-knots in Lg is
of type 45 (purely by the construction of the proof). In other words, the real
structure ¢, that appears in the expression of the equivariant diffeomorhism
1 in the proof of Lemma |4.2]is cs.

5. Three-manifolds with real contact structures

The main result of this section is Theorem that asserts that every real
3-manifold admits a real contact structure. In order to prove that, we simply
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show that the equivariant surgeries in the previous section can be realized
in the contact setting. The proof displays a constructive algorithm. Before
that we prove two technical lemmata.

The first one is a Legendrian realization principle in the real setting.
Recall that the Legendrian realization principle Theorem 3.7 in [13] gives
a criterion for making a collection C' of non-isolating curves and arcs on a
convex surface Legendrian after a perturbation of the convex surface. (A
set C' of disjoint curves is said to be non-isolating if C' is transverse to I'g,
every arc in C' begins and ends on I'g, and every component of S — C has
nonempty intersection with I's.) We are going to prove a weaker version in
the real setting, for an invariant set of curves on an anti-symmetric convex
surface, imposing an additional condition on the set C.

Lemma 5.1. Let S be an anti-symmetric closed convex surface in
(M, &, car) so that ¢ = cprls is an orientation reversing involution and I'g is
an anti-symmetric oriented dividing set. Let C' be a non-isolating c-invariant
set of curves. Assume S — (I's UC U Fiz (c)) consists only of disjoint com-
ponents S1, 5%, ... Sk, S}, with ¢(S;) = S for 1 <i < k. Then there exists an
equivariant isotopy ¢s (s € [0,1]) of S:

(1) ¢o =id;

(2) ¢s(S) is convex;

(3) 91(T's) =Ty, (s);

(4) ¢1(C) is Legendrian and (¢1 o co gbl_l)—invam'ant.

Proof. In the original proof of Legendrian realization principle, one con-
structs a singular foliation F' containing the set C' (or an isotopic copy)
which is also divided by I's. Then using the Flexibility Theorem, this folia-
tion can be made a characteristic foliation for I' and since the leaves of the
characteristic foliation are Legendrian, so is the set C'. For a detailed proof
see [13] or [4].

We will not reproduce the proof here but instead we will point out
how one can modify it equivariantly. The singular foliation F' is constructed
around a boundary collar of each component of S — (I's UC') and then is
extended to the interior. The assumption that C is non-isolating makes it
possible to extend C' to a singular foliation.

In our case, we consider the set C UFix (¢). I's and Fix (c¢) intersect
transversally and nontrivially since I'g is anti-symmetric, which guarantees
that C' U Fix (c) is non-isolating provided C'is non-isolating. Since Fix (c) is
Legendrian by definition, the components of S — (I's U C' U Fix (¢)) may be
treated as if they are components of S — (I'g U C') with Legendrian boundary
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Fix (¢). Now we can construct a singular foliation on each piece S; in exactly
the same way as in the original proof, then extend it to S} equivariantly. Then
we use the real version of Giroux’s Flexibility Theorem [21, Proposition 3.4]
to conclude. g

Note that if ¢ is separating, then S — (I's U C' U Fix (c)) already consists of
equivariant pair of components. The assumption is needed when ¢ is non-
separating.

The last assumption of the lemma is indispensable. Indeed we are go-
ing to show in the next section that there are cases where the assumption
does not hold and equivariant Legendrian realization is impossible (see Re-
mark .

The second lemma is about convex Heegaard splittings of the real tight
S3, similar to the observations in [22 Section 2.1].

Lemma 5.2. For any genus g > 1, (S3, &, cst) has a real Heegaard splitting
where the Heegaard surface H is convex. Moreover, there are g disjoint c4-
circles my,...,mg on H such that |m; NT'| =4 where I" is the dividing set

of H.

Proof. We will start with a real open book decomposition of (S, cs) with
disk pages and by positive real stabilizations we will increase the genus of
the induced Heegaard splitting. This proves the first claim as the Heegaard
surface induced by an open book decomposition is convex.

Now let (So = D?, fo = id, cg = pg) be the real open book decomposition
of (83, cst) where pg is the reflection with respect to the y-axis. After a real
positive stabilization of type II, the resulting real pages are annuli with the
real structure shown in Figure

Performing real positive stabilizations of type II g times successively,
the real pages (S_,c_) and (S, cy) become disks with g holes with c_ =
PyTa, - - - Ta, and ¢y = pgy where p, is the reflection with g + 1 real arcs; see
Figure [0

We obtain a real Heegaard splitting with convex surface H = S_ U S5 of
genus g. The dividing set is the binding and the gluing map is s = c_ U c,..
The blue curves shown in Figure 6] are ¢s-curves with respect to s and satisfy
the conditions of the lemma. (]

Proof of Theorem [1.1, Let (M, ca) be a real 3-manifold with the real
Heegaard splitting (H,c). By Theorem there is an equivariant link
L=LULsUL and o € {—1,+1}" in (53 cs) such that (S3,c(L),0) is
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0 ©

Figure 5. The real pages after a real positive stabilization of type II; left:
(S_,c_) and right: (Sy,c4)

\ //

Figure 6. The real pages (S_,c_) (top) and (S, cy) (bottom) for (53, cs).
The red arcs are real, the blue arcs are cgi-invariant.

equivariantly diffeomorphic to (M, ch. Here the link Lg consists of un-
linked cg-invariant knots and L and L are swapped by cs. To turn this
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equivariant surgery into an equivariant contact surgery, we must put Lg
into an equivariant Legendrian position so that the components of Lg sat-
isfy the hypotheses of Theorem summarized in Table [l For L and L, it
is enough to make them Legendrian respecting the equivariance.

Using the set up in the proof of Theorem let Fix (¢) consist of
k +1 real circles rg,...,7. Consider (53, cs) with the real contact Hee-
gaard splitting (H, s) of genus k induced by the real open book decomposi-
tion given in Lemma[5.2] Let 7 C H denote the real circle of s. There are k
disjoint ¢4-circles (with respect to s) mq,...my on H by Lemma Then
d =t .tk s is a real structure with Fix (¢/) = {r,m1,...,my}. Now
that c and ¢’ are conjugate, there is an orientation preserving diffeomorphism
f of H given by a product 7" ...77* such that ¢ = foc o f ~1. Following
the steps in the proof of Lemma we get an equivariant surgery link
L U Lg UL where Lg consists of the knots my, ..., my on H. On each m;, we
perform a type-4s, equivariant (—1)-surgery. Note that since {my,...,my}
is a non-isolating set of curves transverse to the dividing set, we can make
each m; Legendrian with an equivariant perturbation of H by Lemma [5.1
Moreover for each modified m;, tw = —2 since |m; NT'| = 4. Hence, the con-
dition in Theorem [2.4]to perform an equivariant contact surgery on a c4-knot
is satisfied and we perform an equivariant (41)-contact surgery on each m;.

Note that if £k = 0 and r( is separating, we cannot use the real Heegaard
splitting given by Lemma [5.2] since r is non-separating there, so that ¢ and
s would not be conjugate. In that case we use the real Heegaard splitting
induced by the real open book given in Figure[7 (See also [22 Figure 6].)
This open book is obtained from the simplest real open book decomposition
of 3 with disk pages and succesively attacing handles of type III k times.
The real circle is separating in this case and ¢ and s are conjugate. The rest
of the proof follows similarly as above. O
Proof of Corollary[1.5. This follows immediately from Proposition [I.2] and
the proof of Theorem Given any real integer homology sphere (X, s)
the proof of Theorem [I.1] shows that one can obtain an s-real contact struc-
ture 7 on ¥ via an equivariant contact diagram I' in (5%, cg,&s). Then
consider the real contact 3-manifold (X, s,7)#(S%, cst,&p),p € Z, which is
equivariantly diffeomorphic to (3, s). Besides the final contact structure is
overtwisted, since &, is. In an integer homology sphere, the set of overtwisted
contact structures up to contact isotopy is countably infinite and they are
distinguished by the d3 invariant. Again from [3, Lemma 4.2] it follows that
varying p one exhausts all overtwisted structures on (3, s). Each is given
by the equivariant contact diagram I' adjoined with the one for (S3, cy, p)
obtained in the proof of Proposition 1.2 [l
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Figure 7. A real open book of S? after stabilizations of type III. The real
page (S—,c_) is depicted.

6. Examples

This section is a display for the applications of the ideas we have harvested
in the previous sections. For some basic real 3-manifolds (S x S? and lens
spaces), we will give equivariant surgery descriptions and provide equivariant
contact surgery diagrams in (53, cg, &gt ). Of course, given surgery diagrams
for these manifolds we could readily make them equivariant. However then
we would not have any control on the real structure obtained at the end. In
this section we turn surgery diagrams into equivariant ones with a careful
control on the final real structure. For a collection of similar results see [20].

Below we use the genus-1 real contact Heegaard decomposition of

) 01
(53, cst) with the gluing map cg = Lol with abuse of notation. The con-

vexity of the Heegaard surface is guaranteed by

Lemma 6.1. (a) There is a real contact Heegaard decomposition of
(93, cat, Est) of genus 1, with the Heegaard map cy.

(b) Moreover a parallel copy of the dividing set (which does not satisfy the
hypothesis of Lemma can be realized in a Legendrian way on the Hee-
gaard surface.

Proof. We consider the setup in [8 Example 4.6.21] in the real 3-sphere
{r? +r2 =2} € R* with

Cst(rl, ©$1,72, @2) - (7“2, —p2,7T1, _801)
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The invariant torus T : 7y = r9 = 1 of the Hopf vector field is an embed-
ded anti-symmetric Heegaard surface naturally, with the gluing map cg.
As noted in [8], such a torus is not convex. However it can be made con-
vex equivariantly using the equivariant perturbation similar to [8 Exam-
ple 4.8.10]. There the ambient contact space (T2 x R,df/2 + zdyp) can be
made real by defining (0, ¢, 2) = (=0, ¢, —z). Now an equivariant neigh-
borhood of the anti-symmetric torus {z = 0} is equivariantly contactomor-
phic to an equivariant neighborhood of T" via the map f: 0 = 1 + 2,0 =
©1 — 2,2 =12 — 1, i.e. f satisfies f o gy = ¢/ o f. Finally observe that the
second characteristic foliation in [8, Example 4.8.10] is ¢/-real when p =1
and ¢ = 0. In that (standard) characteristic foliation a knot parallel to the
dividing set is Legendrian (see the corresponding figure in [§]). O

Now we are ready to move on towards our basic examples.

6.1. St x S?

We refer to the work of J. L. Tollefson [25] for the classification of involutions
on S' x S up to conjugation by a diffeomorphism of S x S?. There are 13
classes in total and 4 of them are orientation preserving with one dimensional
fixed point set. Hence there are 4 real structures on S' x S? with nonempty
real part, up to equivalence. If we identify S' x S? as {(0, (z,y, 2)) : 2% +
y? + 22 =1} C S x R3 then we can express two of these real structures:

(1) S1 ¢t (07 (I‘,y,Z)) = (07 (—I', _y’Z))u
(2) 52 : (07 (.T,y,Z)) = (_07 (xvyu _Z))a
each of which has two real circles.
If we consider St x S? as the space [—1,1] x S% with (-1, (x,y, 2)) and

(1, (==, —y, z)) identified, then we can express the remaining two of these
real structures as:

(3) 53¢ (ta (:U:y:z)) = (t, ($, -Y, —Z)),

: (1—t,(—z,—y,—2))if0<t <1
(4) s4: (L, (z,y,2)) — {(_1 o)) if —1<t<1

each of which has one real circle.
Each of the real structures above can be associated with a real genus-1
Heegaard splitting of S* x S2. Consider the real structures on T = S x S*
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given by the matrices

61 |12 12 -1t !
(6.1) si=1 0 2= 10 1= o 11T oyl

The abuse of notation here relies on the fact that the abstract real Heegaard
splitting (7T, s;) for any k € Z is associated to the real 3-manifold (S! x
52 s;). This can be seen by computing the quotients and the number of real
components. (Any even -resp. odd- integer at the top right entry of s; or so
-resp. s3 or s4- would give the same result.)

Now that we have an abstract real Heegaard splitting for each real S x
S?, we will demonstrate how to obtain them via equivariant surgery from
the standard real 3-sphere via Theorem Below a and b are the curves
Stx {1} and {1} x St on T; 7, = é 1 o= | e the Dehn twists
along a and b respectively.
(1) The gluing involution s; satisfies s1 = Tc;lbcst where a + b is a cs-knot
for cst. Then (S x S2,s1) can be obtained from (52, cs) by an equivariant
(—1)-surgery of type 42 on the unknot represented by a + b, with respect
to the framing induced from the Heegaard surface H. Since the Heegaard
framing minus the Seifert framing along a + b is +1, a (—1)-surgery with
respect to H corresponds to a topological O-surgery on the unknot, which
gives of course S x 2.
(2) We have s = 7,_pcs; where a — b is a c1-knot for cgt. Then (S x S2, s9)
can be obtained from (53, i) by an equivariant (+1)-surgery of type 1; on
the unknot represented by a — b, with framing with respect to H.
(3) For (S! x S2,53), we have s3 = Tb_lTJICSt, and cg(a) = b. Hence (S* x
S?% s3) is given by an equivariant (—1)-surgery of type 5 on the Hopf link
formed by the knot pair (a,b). Here Seifert framing and Heegaard framing
of a coincide; similarly for b.
(4) For (St x S2,s4), we have s3 = Ty7,cst. Hence (S x 52, s3) is given by
an equivariant (+1)-surgery of type 5 on the Hopf link formed by the knot
pair (a,b).

The tight contact structure on S! x S2, unique up to isotopy, is given
by

¢ = ker(zdf + ydz — zdy).

Obviously the contact structure £ is real with respect to s; and so. However
it is not obvious at all whether ¢ is real with respect to s3 and s4. Below
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we also answer that question for s4 affirmatively using equivariant contact
surgery.

The unique tight contact structure & of S1 x S? is obtained from (S3, &)
through contact (41)-surgery on the unknot with Thurston-Bennequin num-
ber tb = —1 [3] (see Figure |8 left). This contact surgery diagram can be

+1 +1 +1

Figure 8. The contact surgery diagram (left) for the unique tight contact
structure on S! x S2 can be made sj-real (middle) and so-real (right)

readily made equivariant in two ways as depicted in Figure [8] middle and
right. Now we argue that these correspond to the equivariant contact surgery
descriptions for (S x S2,s1,¢) and (S! x S?, 59, &) respectively.

We have already observed that (S! x S2,s1) is given by an equivariant
(—1)-surgery (with respect to H) of type 45 on the unknot represented by
a+b. We consider a real Heegaard splitting (H,cs) of (S2,cst,&st); here,
thanks to Lemma [6.1f(a), we may assume that H is an equivariant convex
torus with two parallel dividing curves, each represented by a — b. Here,
the Real Legendrian Realization Principle Lemma cannot be used to
get a + b equivariantly Legendrian on H. Instead we employ Lemma (b)
to accomplish that. Since the contact twisting along a + b with respect to
H is tw(a + b; H) = —2, the contact surgery coefficient is +1. Moreover,
tb(a + b) = —1. Hence we get the corresponding equivariant contact surgery
diagram, the one in the middle in Figure

Similarly (S* x S2, s5) is given by an equivariant (41)-surgery of type 11
(with respect to H) on the unknot represented by a — b. In this the curve
a — b can be made equivariantly Legendrian on H according to Lemma [5.1
Then tw(a —b; H) =0 as (a — b) is parallel to the dividing set. Hence we
get the contact surgery coefficient +1 — 0 = +1. Since tb(a — b) = —1, we
obtain the equivariant contact surgery diagram in Figure [8} right.

(81 x 82 s4) is obtained by performing a type 5 (+1)-surgery on the
knot pair formed by the curves (a,b). We make a Legendrian (no need to
employ Real Legendrian Realization Principle), and an equivariant copy
represents a Legendrian unknot b. If these Legendrian unknots are arranged
to have tw = tb = —1 then we would need an equivariant pair of contact
(42)-surgeries. However such a contact surgery is not well-defined; a priori
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it is not unique. However in this case it is: either of the two choices made
during the surgery leads to isomorphic structures (see [I4, Example 5.3]).
Anyhow this topological equivariant surgery must be turned into a well-
defined equivariant contact one. For this we follow the idea in [14] to turn the
contact (42)-surgery along the Legendrian knot with tb = —1 into contact
(£1)-surgeries along a pair of Legendrian knots K1, K3 and their equivariant
copy L1, Lo as appears in Figure @(a). Moreover, this contact diagram gives
the unique tight structure on S' x S2.

+1

12

25>

Figure 9. Equivariant contact surgery diagrams (a) for (S! x S2,s4,&) and
(b) for (S x S2%,s3,0T).

A proof of tightness is shown in Figure 9] The first isomorphism is by
contact sliding of Ky, Ly over Ko [2]. In the new diagram L; does not link
with the slided copies of K1, Lo and thus it is a meridian of K5. The second
isomorphism follows from the fact that a (—1)-contact surgery on some L
and a (41)-contact surgery on its meridian cancels each other. One way
to see that is by sliding the meridian over L to get a Legendrian push-off
of L. A (—1)-contact surgery on L and a (+1) on its push-off cancel. The
third isomorphism is via applying [5, Lemma 2.9] (for two knots and for
n = +1). This lemma is a generalization of [I5, Proposition 2.4]. Finally the
last isomorphism is a contact Reidemeister move. The discussion up to now
proves Theorem
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Furthermore (S x 52, s3) is given by a type 5 (—1)-surgery on the same
Hopf link as above and a possible corresponding equivariant contact surgery
diagram is shown in Figure[9|(b). This s3-real contact structure is overtwisted
(see e.g. [3]). So the attempt to find out whether £ is ss-real or not is in-
conclusive with this particular surgery. We still do not know whether £ is
sg-real or not.

Remark 6.2. Let us start with the genus-1 real contact Heegaard decom-
positions of (93, cy) with the gluing map f = 55 instead of cg, where

10
sh = 0 . This decomposition is induced from the real open book de-

picted in Figure [5| thus the Heegaard surface H is equivariantly convex as it
comes from a real open book. Since s}, = Tb_lf, (81 x 82, s9) can be obtained
from (53, cg) via an equivariant (—1)-surgery of type 17 on the unknot rep-
resented by b, with framing with respect to H. We observe that b can be
realized in a Legendrian way on H by the Legendrian Realization Principle
but that cannot be done equivariantly. Indeed, first note that Lemma [5.1
does not apply here as its last assumption is not satisfied. If equivariant
realization were possible, then tw(b; H) would be zero as b is parallel to
the dividing set. Hence we would get tb(b) =0+ 1 = 1. This is of course
impossible for an unknot in the tight 3.

6.2. Lens spaces — real structures of type A

As in the previous paragraph let us consider an h-equivariant Heegaard
torus T in the real lens space (L(p,q),h), bounding solid tori V and V.
If h is orientation preserving on T and if h|y = ¢; and h|y» = ¢1, then h
is said to be of type A. It is interesting that for any p,q, L(p,q) admits a
real structure of type A, unique up to equivariant isotopy [12]. Moreover
we claim and prove here Theorem which asserts that any tight contact
structure on L(p, q) is A-real.

Let p>¢ >0 and [r1,...,r,], 7 < —2 be the continued fraction for
—p/q. K. Honda proved that on L(p,q), there exists exactly |[(r;+
1)...(rx + 1)| tight contact structures up to isotopy. Moreover, each tight
contact structure on L(p, q) can be obtained from Legendrian ((—1)-contact)
surgery on a link in the standard tight 3-sphere [I3]. Topologically, surgery
link is given by a chain of unknots with (ordered) coefficients r; as in Fig-
ure This surgery diagram in fact is an equivariant surgery diagram
where all the unknots are cj-knots. Performing equivariant surgery pro-
duces (L(p,q), A). Indeed, the quotient of the surgered manifold with the
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real structure is S. Since the only real structure on L(p, q) having quotient
53 is A [12], the real structure on the surgered manifold is of type A.

RS RT

Figure 10. A surgery diagram for L(p, q), which may be taken equivariant.

There are exactly |(r; + 1)| ways to stabilize an unknot to perform a con-
tact (—1)-surgery on it. Moreover, each choice of stabilization will represent
a Legendrian cj-unknot. Hence, each contact surgery diagram describing
a tight contact structure on L(p,q) is also an equivariant contact surgery
diagram (consisting of Legendrian c¢;-knots and contact (—1)-surgeries of
type 11) describing an A-real tight contact structure.

This argument proves Theorem [1.7

Finally note that the equivariant contact surgery diagram we mentioned
in the previous paragraph cannot be obtained by the construction in the
proof of Theorem [T.4] since the latter does not involve any cj-knots.
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