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THE FUNDAMENTAL GROUP OF THE SPACE OF
MAPS FROM A SURFACE INTO THE
PROJECTIVE PLANE

DACIBERG L. GONCALVES and MAURO SPREAFICO

Abstract

In this work we compute the fundamental group of each connected component of the function
space of maps from a closed surface into the projective space

1. Introduction

The homotopy of the function spaces SZS ' of continuous maps from a surface
S| to another surface S, has been studied at least in the past 50 years. The
problem can be divided into two cases. The first case is when the surface S,
is a K (7, 1), i.e. different from S? and RP2. In this situation the problem has
been solved completely. See [3], [5], [6], and [7] (see also related works on
the homotopy type of the components of function spaces [8], [10], [12]). The
other case is when the target is either the sphere S? or the projective plane. For
S, = S2, some relevant results were obtained. In [4] the fundamental group of
each connected component of (S?)5' was determined up to some extension. In
[9] these groups were completely determined. Finally in [7] a further homotopy
information was given at least for the case of the components of (§ 2)8°, Namely,
for each degree k, the component which corresponds to this degree has a unique
k-fold covering space, and this covering space has the homotopy type of the
space of orientation preserving self-homotopy equivalences of S?. Among
several open questions about these function spaces, it seems to us that the
question still remains open to find the fundamental group of the function space
when the target is RP2. For the case when the target is RP? there are few
results. From [9] one can read the fundamental group of (RP?)® at least in the
case of the connected component of the constant map. When also S = RP?,
for the component of the identity map, namely for the space of self homotopy
equivalences of the projective space m, (R P%, RP?;id), we can find in [13] a
splitting similar to the one obtained in [6] for the sphere. This information can
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be used in order to compute the fundamental group of this component, provided
we can compute the fundamental group of the space of based self homotopy
equivalences (see details at the end of Section 3). The purpose of this note is to
compute the fundamental group in the remaining cases, i.e. the fundamental
group of the connected components which contain a map f : § — RP? that
is not homotopic to the constant map, for a generic surface S.

2. Background and notation

In this section we introduce some notation and we recall some general facts
and some results from works of P. Olum [11] and of Larmore and Thomas [9]
that will be used in the following sections. For the definition of degree of a map
see [2]. To start, we briefly describe the set of the components of the function
space (RP?)S. Our description is based on [11]. First, we fix some notation.

e S will be a compact connected surface without boundary.

o We will use multiplicative notation for the fundamental group and additive
notation for cohomology groups.

e We have an isomorphism between the groups Hom (71 (S), 71 (RP?)) and
H'(S;Z/2). We will use 6 to denote homomorphisms and x to denote
classes.

e An element of Hom(m(S), 7 (RP?)) is said to be orientation true if it
sends all the orientation preserving/reversing elements of the fundamental
group of § into orientation preserving/reversing elements of the funda-
mental group of RP2. Otherwise we say that the element is non orientation
true.

e We will denote by 6, the trivial homomorphism, and by 6; the (unique)
homomorphism that send to —1 each orientation reversing element, and to
1 all the other elements. It is clear that 6 corresponds to the orientation
class wi(tS) € H'(S;Z/2).

e We denote by Z” [x] the sheaf of local coefficients on S defined by the class
x e H'(S;Z/2).

e Foranymap f:S — RP?Z, the (twisted) degree of f is the integer d( f) (pos-
sible mod 2) defined by f*(u) = d(f)v, where f* is the induced homo-
morphism f* : H*(RP?; Z"[w;(tRP?)]) — H*(S; ZT[f*(w;(zRP?))])
and p and v are the fundamental classes of H>(S; Z” [w;(rRP?)]) and
H?(S; ZT[ f*(w; (tRP?))]), respectively.

o The notation [ X, Y] is for the set of free homotopy classes of maps, [X, Y]
for the set of based homotopy classes of maps. The notation [X, Y]/ means
that any map in any class of this set induces the homomorphism 6 on
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the fundamental group. In the case that 7;(Y) = Z/2 then the induced
homomorphism fx : 7;(X) — 7 (Y) is independent of the base point, and
we denote by [X, Y]? the set of homotopy classes of maps where any class
of this set induces the homomorphism 6 on the fundamental group.

e The notation m(X, Y; f) is for the component of the set of maps from X
to Y that contains f.

We can enumerate the components of the space (RP?)S as follows.

PROPOSITION 2.1. The set of components of (RP?)" is described as follows.
If S is oriented,

m(S,RP?) = | |m(S.RP%: fu)

k=0
u || (m(S.RP%: f)um(S.RP% fLy)),
xeH'(S;2/2),x#0

where the homomorphism induced in the fundamental group and the corres-
ponding class in H' are

(f21)% = 0o, x=0
(fex)e =0 # 6y, x #0,

and the twisted degree is

d(fu) =2k,  d(fs) =0.

If S is nonorientable

o0
m(S,RP?) = |_|m(S,RP? fosr) U | | m(S,RP?; f)
k=0 xeH(8;Z2/2),x#w;(tS),x2=1
L | | (m(S,RP?; fOyum(S,RP% ),
xeH'(85;2/2),x#w;(rS),x2=0
where
(for+1)s = 61, x =w(tS)
(fL)« =106 #6, x #= wi(rS),
and

d(fus) =2k+1,  d(fl)=i.

Next, in order to apply the technique developed in [9] to compute the fun-
damental group of the space of sections of some bundles, we need some results
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about the Euler class of some plane bundles. First, we fix some further nota-
tion. In the following a section s of a vector bundle is a nowhere vanishing
section, and £ is a 3 dimensional vector bundle over a space X.

e For any trivial bundle & over X, we will identify the space of sections
I'(X, ES&) with the mapping space m (X, FS&), where ES& is the total
space of the spherical bundle of & and F S£ its fiber.

e £ has a section if and only if it is the summand of a trivial line bundle,
namely there exists a 2-plane bundle n such that &€ = n @& 1 (Withney sum).

o If the associated projective bundle P& has a section, then there exist a line
bundle A and a 2-plane bundle 1 over X such that P£€ = n @ A.

e For any line bundle A, P§€ = P(§ ® A).

o If £ is trivial and P& has a section s, then &€ = s~ (tRP? @ y), where y is
the Hopf line bundle and TR P? is the tangent bundle over R P2,

LEMMA 2.2. If & is trivial and P& has a section s, then £ @ s™'y =
sTITRP? @ 1.

PrROOF. If P£ has a section, then & = s~!(tRP? @ y). The thesis follows
since TRP? = tRP? ® y by [1].

LEMMA 2.3. Let f : S — RP?, and let n = f~'tRP2. Then the Euler
class of n is determined by the degree of f, while the first Stiefel Whitney class
of n is determined by the homomorphism induced by f on the fundamental

group, namely
x(m =d(f),
wi(n) = f*(wi(TRP?)).

Note that, if f*(w;(tRP?)) = x # w;(tS), then

0, wi((zS =0,

x(m) (f) 2 wi(eS) £0.

We recall now two results of [9], that will be used to prove our main theorems
in Sections 3 and 4. It should be observed that we can not apply Theorems 1, 2
or 3 of [9] directely except for the case of the component of the constant map.
We prefer to recall here the complete statement of these theorems using our
notation, in order to make easier to understand the calculations of the following
sections.

THEOREM 2.4 (Larmore-Thomas). Let s’ be a given section of a 3-plane
bundle &' over S, andT”" =T'(S, ES&’; s'). Then, & = n'®1, for some 2-plane
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bundle n', and we have an exact sequence
HO(S; 27 [wi () 225 H2(8:2) & m (D) & H'(S: 27 [wi ()]) — 0.

The following information is sufficient to determine i (I'') as an extension:
(1) ¢(H?(S; 2)) is central.
) If 1,00 € m(I") and p(ay) = x1, p(aa) = xa, then a1, 0] =
¢ (2x1 U xy).
) If wi(n) # 0, let w; be the unique element of H'(S; Z" [wi(n)]) of
order 2. Chose z € H*(S; Z) such that zmod2 = w,(n'). Then there
exists y € m(I'") such that p(y) = w; and y* = ¢(w; U w; + 2).

Note that in the next theorem we will identify the elements of 7r{ (I'") with
their images in 1 (I") when there is no ambiguity.

THEOREM 2.5 (Larmore-Thomas). Let s be a given section of the projective
bundle P& associated to a 3-plane bundle & over S, and assume that s is the
identification of a section s’ of an associated sphere bundle S&' such that P&’ =
P& LetT' =T(S,EPE;s), and " =T'(S, ESE’;s'). Then, & = n' @ 1, for
some 2-plane bundle n', we have a diagram with exact row and column

0

HO(S; 27 [wi(n)]) L% H2(8:2) &> (T L H'(S: 2" [wi (7)) — 0
m(I')

q

Z/2

and the following information determines m(I'):
(1) 7 (') is given in Theorem 2.4.
(2) x(n') # 0 ifand only if w(I') = 7 (I').
(3) When x(n') = 0, the following conditions apply:
(a) i¢p(H?(S; 2)) is central.
(b) There exists an element t € w(I") (defined by the section due to
the splitting ' = ¢’ @ 1) such that q(t) = 1.
(c) For each x € H'(S; ZT[w1(n))), there exists a g € m(I"") such
that p(g) = x and tgt~'g = ¢ (x U x).
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d) Ifwi(n) =0, thent* = 1.
(e) If wi(n) # 0, then p(t*) = wy and t* =y (the element defined
in (3) of Theorem 2.4).

In order to compute the fundamental group of the components of (RP?)%,
we will follow the routine described below.

(1) Fix & to be the trivial 3-plane bundle over S. Then, we have the bijection
m(S,RP?; f;) = ['(S, P&; sy) (note that we can apply here Theorem
3 of [9] only if we are dealing with the trivial/constant section; in fact,
we are concerned with splittings arising from generic sections of the
projective bundle)

(2) Let s be a fixed section of P&. Then, & = s 'tRP?@® s 'y, and &' =
E®s 'y =3s7'y = s 'tRP? @ 1 (again we can not apply Theorem 3
[9], since the splitting of £ is not with a trivial line bundle).

(3) Since &’ = s~'TRP? @ 1, there exists a section of the spherical bundle
s’ 1§ — S&’, that covers s, as S& covers PE.

(4) This means that we can compute 771 (I'(S, ES&’; s')), using Theorem 2.4
for the spherical cases (note that we can not use Theorems 1 or 2 of [9],
since &’ is nonorientable).

(5) Next, we can use Theorem 2.5 to compute 7 (I'(S, E P§; s).

Note that the 2-plane bundles n and 5’ appearing in the splitting of the
spherical and projective bundle given in Theorems 2.4 and 2.5, are in fact the
same bundle: n’ = n = f,"'tRP?. This is the main point in the following
computations.

We conclude this section, by recalling some results about cohomology and
cup product on surfaces. If S is oriented, it is the sum of g tori. Then, we can
assume that there exists a set of generators {ai, by, ..., a,, b,} for H'(S;2),
satisfying the following rules

aiUbj#i:a,»Uajzb,-Ubij, aiUbiZA,

where A is a fixed generator for H>(S; Z). Similarly, if S is nonorientable, it
is a sum of g projective spaces, and we take a set of generators {cy, ..., Cg}
for H'(S; Z/2), such that

C,’UCJ'#I'IO, CiUC,‘IA.

Note that the orientation class is wi(tS) = ¢; + - - + cg.
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3. Nonorientable surfaces

In this section we compute the fundamental group of the different components
of m(S, RP?) when S is nonorientable. We decompose the result using the
enumeration of the components provided by Proposition 2.1 and we proceed
following the routine presented in Section 2. In all cases, the 2-plane bundle
n = ' is the pullback bundle s ~! TR P? of the tangent bundle over R P? induced
by a map in the mapping space under study.

In order to state our result, we introduce the following notation. Let %;

be the group with generators yy, ..., ¥, A, t and relations
" =1,
=1,
tyitly = A,

i ml =[x yl=[t, A1 =1.

Then we have the following theorem, where a more precise description of
the group’s generators is given in the course of the proof.

THEOREM 3.1. If S is a nonorientable surface homeomorphic to the con-
nected sum of g copies of RP?, then

7519 2/2, ifgodd
w1 (m(S, RP%; faq1)) = ,

25~ Z/4, ifgeven
i (m(S,RP% f) =282 @229 2)2,
‘%)g—l,27 l:f-x = 0)

S,RP%; f2)) =
Ty (m( fj:x)) {(%)g_z,m ifx7+_0.

PrOOF. We split the proof in three parts, corresponding to the decomposi-
tion given in Proposition 2.1.

Part 1. my(m(S, RP?; fori1)) = m(I'(S, EPE; fr41)). By Proposition
2.1 and Lemma 2.3, the Euler class is

x@) = x(n) =d(foas1) =2k +1#0,
while the first SW class is

wi(m) = wi(m) = frip (w1 (TRP?) = 0 (w1 (tRP?)) = wy (¢ 9).
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By (2) of Theorem 2.5, since x (n") # 0, we have that

(DS, EPE; forr1) = mi(D(S, ESE’; fr1)),

so we use Theorem 2.4 in order to compute 771 (T") = 7 (I'") = 71 (T (S, ESE;
fors1))- Before, we need the following fact about cup product. For any x €
H'(S;Z/2), we have the commutative diagram

HY(S;Z7[x]) @ H'(S; Z7[x])) —X— H?*(S;2)

I l

H'(S;Z/2)®@ H'(S;Z2/2) —Y— H*(S;Z/2)

where the vertical arrows are reduction mod 2. Since in the present case S is
nonorientable, we have isomorphism H?(S; Z) = H?(S;Z/2). So therefore,
we can use mod 2 cohomological cup product in order to find out if some
twisted coefficient cup product is non vanishing.

Since w(n’) = w(zS), and since, by duality H'(S;Z" [w;(zS)]) =
H,(S; Z), by Theorem 2.4, we have the exact sequence

0 — Z/2[A] 2> m () L5 Z[E), ..., 1] ® Z/2[w  (1S)] —> O,

where the bar notation is for the classes in H'(S; Z” [w;(zS)]) that reduce
modulo 2 to the respective classes in H'(S; Z/2). See also the remark at page
235 of [9]. In order to find the extension, we start with a set of generators

{Vh LR ) Vg—ly(S, )\'}s

such that _
pyi) =¢i,
p(8) = wi(rS),
A =¢(A).

Now, by (1) of Theorem 2.4, A is central. Also, A> = ¢ (2A) = ¢(0) = 1.
By (2) of the same theorem, [y;, yx] = [y;, 8] = 0, since the cup product
of each two elements has order 2. This means that the extension is abelian.
Therefore, the only problem is to determine its torsion component. The torsion
canonlybe Z/2 ®Z/2 or Z/4. By (3) of Theorem 2.4, there exists an element
y € m;(I"), such that

p() =wi(rS), ¥y =¢W(xS)Uw(tS)+2),

where z € H?(S; Z) with zmod 2 = w,(n). Since w,(n) = x(n') mod 2
2k +1)mod2 =1 # 0, clearly z = A # 0. Since, w;(rS)mod2 =
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wi(tS) = c1 + -+ ¢g, and wi(zS) U w(rS) = gA, the above remark
on the twisted cup product implies that w;(rS) U w;(tS) = gA. Therefore,
y2 = ¢ (tS) Uw(tS) + A) = ¢((g + 1A) = Al&tDmod2 depends on
the parity of g.

Note that, since p(y) = w;(tS), it follows that y = A or y = §A, and in
both cases y?> = §2. Therefore, up to a change of the generator § into §A, we
can always assume y = A.

We have the two possibilities.

(1) If g is odd, then 8% = 1, therefore we have two generators of order 2,
and the extension is 7 (I') = Z[y1, ..., Y,—11 ® Z/2[8, A].

(2) If g is even, then 6> = A. This means that in this case the torsion com-
ponent is Z/4 and 1 () = Z[y1, ..., Ve—1]1 D Z/4[8].

Part 2. 11 (m(S, RP?%; f1)) = m1(I'(S, EPE; f!). Now, the Euler class is
x(m) = x(m) = d(f}!) # 0, while the first SW class is w (") = w;(n) =
(fH*(wi(zRP?)) = O(w(rRP?)) = x # w(1S),0, since  # 6, and
since x U x # 0.

As before, by (2) of Theorem 2.5, since x (') # 0, we have that

(DS, EPE; f1y) = mi(D(S, ESE’; (1)),

so we use Theorem 2.4 in order to compute 771 (I") = 71 (I'") = 7 (I'(S, ESE’;
( fxl)’)). We have the exact sequence

HO(S; 2" [x])) — H*(S:2) 2 m(D) - H'(S; 27 [x]) — 0,
that since x # 0, becomes
0 —> Z/2[A] %> 1/(I) -5 Z[Gy, . .., Gon] & Z/2[X] —> O.

The situation is very much the same as in previous Part 1, with the class x
instead of w; (7 S). We take a set of generators

{yla ---anfl, 87)"}7
such that _
pyi) = ¢,
p(d) =x,
A=@(A).

By (1) of Theorem 2.4, X is central. Also, .2 = ¢ (2A) = ¢(0) = 1. By (2)
of the same theorem, [y;, yx] = [y;, 8] = 0, since the cup product of each two
elements has order 2. Thus the extension is abelian and the torsion can only be
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Z/2®Z/2or Z/4. By (3) of Theorem 2.4, there exists an element y € 7;(T"),
such that

p) =%, Y =¢FUI+2),

where z = A € H*(S; Z), since zmod 2 = w, (), and x () = 1. Also, now
x Ux # 0, and therefore X Ux = A, and y?> = ¢(2A) = ¢(0) = 1. Again,
by changing the generators, we can assume y = 8. Thus, 6> = 1,i.e. §isa
generator of order 2, and the extensionis 1 (I') = Z[y1, ..., Y,—21®Z/2[4, A].

Part 3. w(m(S, RP?; fiox)) = m(I'(S, EPE; fiox). Now, we have that

x(m)=xm) =d(f2,)=0, while wi(n)=w(n)=((fL)*(wi(tRP?)) =
O(w;(tRP?)) = x # w;(tS), since 6 # 6. Recall that x U x = 0 in the
present case.

By (2) of Theorem 2.5, since x (") = 0, we have that

o (D) = m(D(S, EPE; f1)) #m @) = m(I'(S, ESE'; (f1))),

but can be determined using the extension given in Theorem 2.5. We distinguish
between the two cases x = 0, x # 0.

Case 3.1. x = 0. First, we use Theorem 2.4 in order to compute 51 (I").
Since x = 0, we have the exact sequence

z % 72[A] L5 (1) L5 Z[éy, ..., Eq1] — O.

In order to find the extension, we take the set of generators

{yl’ '~"Vg7]a)"}’
such that
pWi) =ci,
A=¢N).

Now, by (1) of Theorem 2.4, A is central. By (2) of the same theorem,
[vj, v«] = 0. This means that the extension is abelian. Since the unique tor-
sion element is the image of the generator of Z/2, we have that 7 (I'") =
Zly1, ..., Vg1l © Z/2[A].
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Second, we use the exact sequence given in Theorem 2.5.

0
Z -5 Z2/2[A1 %5 ZIyi, . ve 11 @ Z/2[0 2 Z[Er, . Ge 1] — O
()
q
Z/2
Consider the set of generators
{?1,-..,)}g71,i,t},
such that N .
vi = i),
=10,
q) =1

We have the following facts:

e since w;(n) = x = 0, by (3d) of Theorem 2.5, 1> = 1;

e A2=i20) =i(0) =1,

e all the generators p; and A commute with each others, since they are in
the image of i;

e by (3a) of Theorem 2.5, A is central, and therefore [i, t]=1.

e by (3c) of Theorem 2.5, since y; = i(y;) and p(y;) = ¢j,

1919 =i (& U &) = idp(A) = i(A) = A.

Thus, we have proved that (where we identify the elements of 7r; (I'") with their
images in 7{(I"))

() = Vo1, A0 1
[Vj’ Vk] = [V]’)"] =[t,A] = 1,)L2 = tz = l,l){,'t]/j = )\,)

Case 3.2. x # 0. Now by Theorem 2.4, since x # 0, w;(trS), we have the
exact sequence

0 —> Z/2[A] %> 1/(I) 25 Z[Gy, ..., G0 & Z/2[X] —> O.
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Thus we are precisely in the same situation as in the Part 2, with the unique
difference that here both x (1) and x U x vanish. Thus, the extension is abelian
and we just need to determine the torsion component. The element y € 7 (I'')
required by (3) of Theorem 2.4 satisfies the conditions

P =% Y =¢{FUI+2),

with zmod2 = wy() = 0 and X U X = 0. Thus, y> = ¢(0) = 1, and the

extension is 71 (I') = Z[y1, ..., Ye—2] ® Z/2[8, A].
Next, we use the exact sequence given in Theorem 2.5.
0

0— Z/2[A] L5 ZIyr, ..., ye 2] ©Z/2[8, 4] L5 Z[, ..., C 1] Z/2[%] — O

i

T (T)
q
Z/2
Consider the set of generators
{‘J;la L} )>g—2, Sa 5"’ t}v
such that .
i =1()),
§=i,
=i,

We have the following facts:

e since w;(n) = x # 0, by (3e) of Theorem 2.5, 1> = 8;

¢ 52=i28)=i(0)=1,2=i20) =i(0) = l;s01* = 1;

e all the generators p;, 8, and A commute with each others, since they are
in the image of i;

e by (3a) of Theorem 2.5, A is central;

e by (3c) of Theorem 2.5, since p; = i(y;) and p(y;) = ¢j,

917 = ih(E UE) = ig(A) =i(h) = h.
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Thus, we have proved that

nl(r) = (yl»-"$yg—2$)‘*at;
MV=tt= Ly =0y nd =y, Al =16 A1 = 1),

REMARK 3.2. As observed in the introduction, the case of the component
of the identity map of (RP?)R? * can be tackled using a result of [13]. In fact,
by Theorem 4.3 of [13]

7 (m(RP?,RP%id)) = Z/2 x m;(m«(RP*, RP?;id)/S0,),
and by Lemma 4.2 of the same work,
71 (m,(RP?, RP%id)) = Z x my(m.(RP?,RP?%;id)/S0,).

We will show that 7r; (m,.(RP2, RP?; id)) is cyclic.
Therefore 7, (m,(RP2, RP?;id)/S0,) = 0 and 7 (m(RP?, RP?;id)) =
Z/2. For, starting with the cofiber sequence

in:RP' = RP? = §2,
we obtain the fibration
ing : my(RP?,RP% id) - m.(RP',RP?; in),

with fiber anRPZ ~ SZ(Z)RPz. Therefore, the associated long homotopy se-
quence reads as

... > 2Z—>Z— m(m,(RP?>,RP?;id))
— m(RPH) =7 > m(RP?) =Z — x,

since m,(RP2, RP?; id) is connected. This proves that 7| (m,(RP?, RP?; id))
is at most Z.

4. Oriented surfaces with positive genus

In this section we compute the fundamental group of the different components
of m(S, RP?) when S is oriented and has genus g > 0. We decompose the
result using the enumeration of the components provided by Proposition 2.1
and we proceed following the routine presented in Section 2. In all cases, the
2-plane bundle 1 = 7’ is the pullback bundle s ~' R P? of the tangent bundle
over RP? induced by a map in the mapping space under study.
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In order to state our result, we introduce the following notation. Let & ,,, ,

be the group with generators oy, B, ..., a;, B, A, t and relations
" =1
At=1,

tat oy =Bt B =1,
la, o] = [B), Bl = [y, Brrj]l =1,
lej, Al =[Bj, Al =[r, 2] =1,
[, Bi1 =A%
Then we have the following theorem, where a more precise description of

the group’s generators is given in the course of the proof.

THEOREM 4.1. If S is an oriented surface homeomorphic to the connected
sum of g > 1 copies of T, then

Dok, ifk >0,

S,RP?%; =
Ty (m( S2i)) {@g,m, P

1 (m(S, RP?; f)) = Dy—1.4.00-

ProoF. We split the proof in 2 parts, corresponding to the decomposition
given in Proposition 2.1.

Part 1. my(m(S,RP?; fn)) = m(I'(S, EPE; fx). The Euler class is
x(m") = x(n) = d(fau) = 2k, while the first SW class is w;(n') = wi(n) =
f3(wi(zRP?)) = 6y (wi (tRP?)) = w(zS) =0

We need to distinguish between the two cases x (7) = 0 or not, i.e. k = 0
ork # 0.

Case 1.1. k # 0. By (2) of Theorem 2.5, since x (n") # 0, we have that

(L (S, P&; fa)) = mi(I'(S, SE'5 1)),

so we use Theorem 2.4 in order to compute 77 (I") = 71 (I"") = 71 (T'(S, S&';
1)) We have the exact sequence

HO(S: Z" [wi(n)]) — H*(S:Z) %> 7(I) L5 H'(S; 2" [w (n)]) — O,

Z 25 7[A) 25 7 (1) > Zlay, by, ..., dg, by] —> 0.
In order to find the extension, we take a set of generators

{al’ ﬂl’ "‘,ag’ ﬂgv)\'}a
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such that (o) = ar.
p(Bi) = Ei,
A =a¢(A).

Now, by (1) of Theorem 2.4, X is central. Since 2k A is in the image of the
previous homomorphism, it must be in the kernel of ¢, namely ¢ (2kA) = 1;
as ¢ (2kA) = A%k, it follows A% = 1. By (2) of the same theorem,

lei, ;] = ¢(2a; Ua;) = ¢(0) = 1,
[Bi. Bl = ¢ (2b; Ubj) = ¢(0) =1,
[ai, Bisil = $(2a; Ubji) = $(0) = 1,
lai, Bil = ¢ (2a; Ub;) = p(2A) = A%
Therefore

o (T) = {a, Bi, ... , g, ,Bg,)u; [Olj, :6]] — )\2, )\,Zk -1
loj, ax] = [B;, Bl = o, Brzj]l = [aj, Al = [B;, A] = 1).
Note the extension is the abelian extension when k = 1.

Case 1.2. k = 0. Note that this is the case of the constant map fy = cg. By
(2) of Theorem 2.5, since x (") = 0, we have that

(D) = m(T(S, P&; fo)) # mi(T) = m(T(S, S&; (fo))),

but can be determined using the extension given in the same theorem.
First, we use Theorem 2.4 in order to compute | (I'"). We are exactly in
the same situation as above in Case 1.1, thus we obtain

() = (g, Bis - -+ g Bos 1 [, i1 = A7, 0% =1,
loj, ax] = [B;, Bl = o, Brzj]l = [aj, Al = [B;, A] = 1).
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Second, we use the exact sequence given in Theorem 2.5.

0

0 —> Z[A] 2> m (") —£> Z[ay, by . .., Gg, by] —> 0
m(T)
q

z/2

Consider the set of generators

{&17 ﬁla "'7&g7 IBg’ )\"t}v

such that
a; =i(aj),
B =i,
=i,
q(t) = 1.

We have the following facts:

e since w;(n) = 0, by (3d) of Theorem 2.5, 1> = 1;

e all the relations of 7r; (I'") survive since i is homomorphism;
e by (3a) of Theorem 2.5, A is central, and therefore [z, )A»] =1;

e by (3c) of Theorem 2.5, since the square cup product of each two ele-

ments is 0, we have o
l&il&i = [,3,‘[,3,‘ =1.

Thus, we have proved that

T () = (a1, B, ..., ag, Be, A, 15
[y, ] = [B), Bl = [oj, Buzj] = Loy, A1 =[B;, Al = [1, A1 = 1,
t2 = 17 [ajv ,Bj] - )\-2, tajtolj = tﬂjtﬁj = 1)

Part 2. my(m(S,RP?; fi,) = m(I'(S, EP&; fi.). The Euler class is
x(m) = x(n) = d(f+,) = 0, while the first SW class is w(n') = wi(n) =
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fj;x(wl(rRPz)) = O(w(tRP?)) = x # 0, since 0 # 6y = 0. By (2) of
Theorem 2.5, since x (') = 0, we have that

(1) = m(T(S, P&; fr) # m(T) = m(T'(S, S&'; (f)).

First, we use Theorem 2.4 in order to compute 77 (I'’). We have the exact
sequence

HO(S: Z7[x]) — H2(S:2) 25 7 (1) 2 H'(S:Z7[x]) — O,
0 —> Z[A] 25 1 () 2> Z[ay, by, ..., dg1, bg1]1 ® Z/2[X] —> 0.

In order to find the extension, we take a set of generators

{(xl? ﬂl? . '3ag—19 ﬂg—l’)\" 8}9

such that

plai) = a;,

p(B) = b;,

p) =x,
A=¢(AN).

We have the following facts.
e By (1) of Theorem 2.4, A = ¢ (A) is central.
e By (3) of Theorem 2.4, there exists an element y € 7r;(I""), such that

p) =%, Y =¢FUI+2),

where z € H?*(S;Z) = Z[A], with zmod 2 = w,(1). Since, w,(n) =
x(m)mod2 = 0mod2 = 0, we have z = 2nA. Since x Ux isin Z and x
has order 2, it follows that X U ¥ = 0. Therefore, y> = ¢ (2nA) = A>".
But p(y) = p(8), and therefore y = 81X, for some k. This means that
y? = 8%A% (since A is central), and therefore A>" = §2A%*. Thus, we
have got the relation 8> = A>", and any element of the form §A* can be
chosen as y. Since the group is isomorphic to the one with the unique
relation 82 = 1, and with the same range of choice for y, we take the last
simpler relation and we set y = § (the explicit choice of y is necessary
in what follows).

e By (2) of Theorem 2.4,

loy. 81 = (24; U ) = (@ U2x) = p(0) = 1.,
18,81 = p(Q2b; UT) = ¢(b; U2x) = p(0) = 1.,
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since x has order 2. Also
loj, ] = p(2a; Uar) = ¢(0) =1,
[Bj, Bl = ¢(2b; U by) = ¢(0) = 1,
[, Brzl = $(2a; Ubrzj) = ¢(0) =1,
[, 81 = $(2a; Ub;) = p(2A) = 32
Therefore
T[[(F/) = (aI’IBI’ ...,(ng],,Bgfl,a,)\.;

laj, k] = [Bj, Bl = Lo, Prstjl = [, Al = [Bj, Al = [8, 2] = 1,
[oj, Bl = A%, 8% = 1).
Note that we have proved that 7r{(I') is the direct sum of Z/2 plus one
extension G of
Z—->G— (2g —2)2Z.

Second, we use the exact sequence given in Theorem 2.5.

0

0 —> ZIA] 25 7(I) 25 Z[ay, by, ..., Gy by 1] ® Z/2[%] —> O

()

q
Z/2
Consider the set of generators
{&17 -"7&g—1’ ﬂl’ "-7,3g—1363 A‘vt}v

such that

& =ia;),
Bi =i(B.
A=i(),
§=1i(8)

q@) =1.
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Since i is homomorphism, all the relations of 71 (I"") survive. Since w (n) =
x # 0, by (3e) of Theorem 2. 5 =iy = 8 and since 8% = 1, t4 = 1. Also,
by (3a) of the same theorem, A is central, and this implies that [k t] =1.By
(3c) of Theorem 2.5, since all the cup square are trivial,

t&jt_l&j = t,éjt;éj =1.
Thus, we have proved that
() = (a1, B, ..., g1, Be—1, A, 15

lej, o] = [B. Bl = [, Brzjl = [, Al = [Bj. M =1, 2] = 1,
' = 1Moy, B = 2% 1ty = 1Bef; = 1).

5. The 2-sphere
THEOREM 5.1.
Z/2k, ifk >0,

m(m(S*, RP?; fo)) = { ,
Z®2Z/2, ifk=0.

ProoOF. By Proposition 2.1, we have
o
m(S*,RP?) =|_[m(S*,RP?; fu),
k=0

and

(fa)« =60 = 0.

The Euler class is x (7)) = x(n) = d(fax) = 2k, while the first SW class
iswi(n) = wi() = f5wi(tRP?)) = Op(wi (rRP?)) = w(r5?) = 0. We
distinguish between the two cases x (n) = 0 or not.

Case 1. k # 0. By (2) of Theorem 2.5,

(D) = i (L(S, P&; fu) = mi(L(S, SE'5 1)),
and we have the exact sequence
Z—=> Z[A]—>m(F)—>O—>O

Thus, we have 71 (I') = Z/2k[)1], where L = ¢ (A).
Case 2. k = 0. Thisis the case of the constant map f = ¢o. Now, x (n") =0,
so (2) of Theorem 2.5 implies that

m(T) = m(T(S, P&; fo)) # mi(T) = m(T(S, S& (fo)).
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By Theorem 2.4, we have the exact sequence
z-% z[A]1 25 7] 25 0 —> 0.
Thus, 1(I'") = Z[A], with ¢(A) = A. By Theorem 2.5, we have the exact

sequence 0

00— Z[\] =2 Z[A] 250 —0

(")

q
Z/2

Consider the set of generators (A, t},A =i()),and q(t) = 1.Sincew;(n) =0,
by (3e) of Theorem 2.5, t> = 1. Also, all the relations of 7; (I') survive. Thus
the extension is abelian. And because of the previous relation, it is

m () =Z[A] & Z/2]1].

REMARK 5.2. It is worthwhile to mention that all the results above in the
case where 6 is the trivial homomorphism follows from a stronger result,
based on a very simple observation. In fact, the natural map m(S, S%; fi) —
m(S, RP?; fox), obtained by composing with the projection S — RP?,is a
homeomorphism for § orientable and ( fjox|)« = € = 6. A similar statement
is true for S nonorientable. Namely the maps m(S, S?; fo) — m(S, RP?; f(?)
and m(S, S%; f_o) — m(S, RP?; £°,) obtained by composing with the pro-
jection S> — RP2, are double coverings for S nonorientable, since again
(f2)« = 6o; here, fy is the constant map and f_ is a non null homotopic
map from S to S%. Hence, all the results from [7] can be applied to describe
the homotopy type of these components of the spaces m (S, RP?). It is easy to
see that this is compatible with our calculation.
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