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Abstract

For any compact surface X, ;, of genus g with b boundary components(g > 2,b > 1), there is
arepresentation for its Torelli group .7 (£, ), named the Johnson homomorphism 7: 7 (X, ;) —
Hom(Hy (X3 Z), N2 H) (24 ;7). We compute out the images of Johnson homomorphism for
all compact surfaces X, ; using the matrix form. Especially for X, >, the image is some form of
A3H1(Z42;7Z). In this process, we mainly use the fact that its Torelli group .7 (%, ;) is gener-
ated by Dehn twists about separating curves and bounding pair maps. Besides, we calculate the
image of Johnson homomorphism for one special noncompact surface of infinite type.

1 Introduction

Let X, ; be a connected, oriented surface of genus g with b boundary components (g > 2,5 > 1); the
mapping class group Mod(X, ) is the group of isotopy classes of orientation-preserving homeomor-
phisms of X, ;, which fix the boundary pointwise. Mod(Z, ;) has a natural representation by acting
on its first homology group with Z coefficients: ¥ : Mod(X, ) — Aut(H;(Xg;Z)). For b =1, since
the action of Mod(X, ;) on H; (X, »; Z) preserves the nondegenerate algebraic intersection form, this
representation becomes ¥ : Mod (X, 1) — Sp(2g,7Z), which is well-known to be surjective. Its ker-
nel is the Torelli group for X, ; denoted as .7 (X, ). In this article, we generalized the definition
of the Torelli group from b = 1 to every postive integer b in a natural way. The Torelli group for
Y, (8 >2,b> 1) is defined as the kernel of Y. Notice that this definition of Torelli group is differ-
ent from the definition of the Torelli group given by Putman in [9]. In Putman’s article [9], he proved
that there is no single definition of the Torelli group that is both funtorial and closed under restric-
tion, so he actually defined the Torelli group .7 (X, P) for a partitioned surface (X, P), where P is a
partition of the boundary components that restricts how X embeds into a closed surface. Although
his definition is funtorial, elements in .7 (X, P) do not act trivially on H (X, 5;Z), but act trivially
on HF(X) constructed in section 3 of [9]. One important question concerning the Torelli group is
finding its generators. Birman and Powell proved that .7 (X, o) is generated by an infinite collection
of all Dehn twists about separating twists and all bounding pair maps [1],[8]; Johnson showed that,
for g > 3, a finite number of bounding pair maps can generate .7 (£,) [5]. For genaral compact
surfaces, Putman proved in [9] that .7 (X, P) is generated by Dehn twists about P-separating curves
and P-bounding pair maps, while it does not help to get the generators of .7 (X, ) defined in this
article. Still, we can show that .7 (X, ;) is generated by all Dehn twists about separating curves



and bounding pair maps by induction on the genus g, and we give a specific proof due to Justin
Malestein in section 2.

The Johnson homomorphism is an important contribution of Johnson to our understanding of
the Torelli group. Basically, it’s a homomorphism from the Torelli group to a finitely generated
abelian group, which is of the form 7 : 7 (X, 1) — Hom(H; (Z,.1;Z),A’H)(X¢1;Z)). The original
definition for X first came from Johnson [4]. The problem of interest is the computation of the
abelianization of .7 (X, 1). In [4], he aimed to construct an abelian quotient of .7 (X, ;) free of rank
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( ) >, by examing its action on a certain nilpotent quetient of 7; (X, ,), which is given by 7. He
g ;

showed that A*H; (X, ) has a natural way of embedding in Hom(H; (Z,1;Z), A\’H, (Z,.1;7Z)) and
proved that the image of 7 is precisely A3H; (Zg,1)- Besides, he applied Johnson homomorphism to
two problems from Birman and Chillingworth. One is the subgroup of .7 (X, 1) which is generated
by Dehn twists on bounding simple closed curves does not have finite index in .7 (X4 ). The other
is if an element f in .7 (X, 1) preserves winding numbers of all curves on X 1, it’s not necessary
that f belongs to the subgroup of .7 (X, 1) which is generated by Dehn twists on bounding simple
closed curves. Returning to the original problem about the abelianization of .7 (X, ), Johnson also
showed that for g > 3, A3H, (Zg_yl) can’t be the abelianization. For surfaces with more boundary
components, we can similarly define the Johnson homomorphism as [4], and what’s its image like
is of our concern.

The main purpose of this paper is computing the image of the Johnson homomorphism for
general compact surfaces X, ,(¢ >2,b > 1). For b = 1, Johnson gave a full description of this image
as ASH| (Xg,1:Z). This paper focuses on the case for b > 2. To compute this, we use the fact that
the Torelli group for X, ,(g > 2,b > 1) is generated by the Dehn twists about nonseparating curves
and bounding pair maps which can be proved by induction and the well-known fact that .7 (X, o) is
generated by the Dehn twists about nonseparating curves and bounding pair maps due to Johnson.
We give a proof of this theorem in this paper which is due to Justin Malestein. Thus by computing
the images of the Dehn twists about nonseparating curves and bounding pair maps, along with the
equivariance of the Johnson homomorphism, the whole image of the Johnson homomorphism can
be decided. An explicit description in the matrix form is refered to Theorem 4.4 and Theorem 5.1
for b =2 and b > 3 respectively in this paper. For b = 2, the image has a more intrinsic description
as the image of A3H, (2&2; Z) refered to Theorem 4.5. Other than that, we are also interested in the
image of the Johnson homomorphism for surfaces of infinite-type, whose fundamental groups are
not finitely generated, and we compute a simplest one whose surface has one boundary component,
infinite surface and one and only one ends accumulated by genus.

The outline of this paper is as follows. We give an definition of the Torelli groups for compact
surfaces in section 2 and show that the Torelli group we defined is generated by all Dehn twists about
separating curves and all bounding pair maps; in section 3, we give an introduction of the definition
of the Johnson homomorphism and its naturality; in section 4 and 5, we respectively compute the
image of the Johonson homomorphism for X,, and X, ,(b > 3); at last, in section 6, we compute
the image for one special surface of infinite-type.
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2 Torelli Groups for Compact Surfaces

The action of Mod (X, 5) on Hi (X, »; Z) induces a representation: ¥ : Mod(X, ) — Aut(H; (Xg ;7).
The Torelli group for X, 5, is defined as .7 (X, ) := Ker(P).
First we discuss some elements in .7 (X, 5):

e Dehn twists about separating curves

Given any simple closed separating curve ¢ in X, 5, there exists a basis {ai, B, ,04,Be, 71,7,
-+, Yp—1} of Hi(X, 53 Z) where all o, B;,7; are represented by oriented simple closed curves
disjoint from «, and since Ty, fixes all these curves, it fixes their corresponding homology
classes and hence lies in .7 (X, ;). Or we can apply the following lemma, using the fact that
« have zero algebraic intersection number with all other curves.

e Bounding pair maps

A bounding pair is a pair of disjoint, homologous, nonisotopic, nonseparating simple closed
curves o, 3. And we require that the union of o and 8 separates the surface into two con-
nected components. A bounding pair map refers to TaTﬁ_l where o and 8 form a bounding
pair.

To show that TOCTI;l lies in .7 (X, ) for arbitrary {g,b}, we need the following lemma.

Lemma 2.1. Let o and B be the isotopy classes of two oriented simple closed curves respectively
in Xq 5. Then for any integer k > 0, we have ‘P(Té‘)([a]) = [a] +k-i(ct, B)[B], where i(c,B) is the
algebraic intersection number.

Proof of lemma: The lemma is a slight extension of Proposition 6.3 on [2] and the proof is similar.

First for the case where 8 is separating, by the change of coordinates principle there is a geo-
metric basis {0, B, , &g, Be. V1,12, -+ , Yo—1 } such that each curve is disjoint from . The lemma
follows immediately.

Then assuming that  is nonseparating, by the change of coordinates principle there is a geo-
metric basis {0, B, -, &, B, 1,72, -, Yo—1} such that B = ;. Here i(a,B;) = 6j, i(04, @) =
i(ay,7;) = i(Bi, Bj) = i(Bi,y;) = i(Y:,7;) = 0, where i(ct,B) is the geometric intersection number
between curve o and curve 3. In this way we have

[C], Ce{Bla'”aa7[37,}/17’}/27"'7'}%71};
P(T§)[c] = [T5(c)] = e
(1)) = [75(0) {[amkwm, o
Now for arbitrary o, the o-coefficient of [a] is i(a, B). By the linearity of lI‘(Té‘), the lemma
follows. O

We can see the above lemma that for a bounding pair ¢, 8, the image of T, and 7 under ¥ are
equal, thus TOCTL;1 isin 7 (Z,5).

Further we have the fact that Dehn twists about separating curves and bounding pair maps
generates .7 (X, ), which can be proved by induction from the well-known fact that the Torelli



group for X, | is generated by Dehn twists about separating curves and bounding pair maps. The
proof is due to Justin Malestein.

Theorem 2.2 (Malestein). For g >2,b > 1,.7 (X, ) is generated by Dehn twists about separating
curves and bounding pair maps.

First we need the following lemma which is Lemma A.1 in [9] and Fact 4.7 in [2]. The definition of
point-pushing map can be found on Section 4.2.1 in [2]. Notice that in the following we denote by
X b, a connected orientable surface of genus g with b boundary components and n punctures.Then
Zg7b — Zgb70

Lemma 2.3 (Putman). For g >2,b > 2,assume that the base point x is in the interior of T (Xg p—1,0)-
Then [m(Zg 5—1,0,%), W1 (Eg p—1,0,X)] is generated by [y1,7:], where y1,» € w1 (Xq 1,0, X) are simple
closed curves so that v (Y, = {x} and so that a regular neighborhood of y;\J v is homeomorphic
to a one-holed torus.

Fact 2.4 (Farb&Margalit). Let & be a simple loop which represents an element in 7 (Xq5_10). Let
Push be the point-pushing map: Push : 7, (£gp—1,0,X) — Mod(Zgp-1,1). Then Push([a]) = TgT, ",
where B and 'y are the isotopy classes of the simple closed curves in L4, | obtained by pushing o
off itself to the left and right respectively.

Proof of theorem: By capping a boundary component 3 of ¥, o with a once-marked disk, we get
an exact sequence(Proposition 3.19 in [2]):

1 — (Tg) — Mod(Eg ,0) — Mod(Zgp—1,1) — 1 (1)
Since B is separating, Tg is in .7 (X, 0), so the above exact sequence descends to
1= <Tﬁ> = T (Zgp0) = T (Zgp-11) = 1 (2)

We also have the Birman exact sequence

1—-m (2&1,7170, X) PL>S/Z MOd(Z&b,l?l) Flge; MOd(ZgJ,,Lo) — 1 3)

where x is a marked point and the forgetful map Forget : Mod(X, 5—11) Forsst Mod(Zg5-10) is
realized by forgetting the point x is marked.
The Birman exact sequence descends to

15 K2 75, 11) 28 T (Zepor0) = 1 (4)

where K = 7 (E&b_]’o,x)ﬂPMSh_l(g(Zg,b_171)).

We explain why the map .7 (2, ,_1.1) Forsst T (Lgp—1,0) is surjective. By induction, .7 (X, 1)
is generated by Dehn twists about separating curves and bounding pair maps. First let o be a
separating curve in X, 10, 80 Ty € 7 (X, 5—1,0). If the marked point x is disjoint with the curve «,
then naturally o can be embedded in £, ;1 ; as & which is also separating, so Tg € .7 (£, 5—1,1) and

Forget(Ty) = Ty; the other case is that x is a point in ¢, but we can modify o by isotopy so that it is

L . . . . Forget
disjoint with x, then following the same procedure we know that Ty, is an image of .7 (X, ,_11) AL

T (Zgp-10). Nextlet {B,y} be a bounding pair in X, 10, then g Tj,_1 € J(Zgp-1,0). No matter
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the reletive position of x and {3, 7}, we can always modify 3 and 7y by isotopy such that new {f, v}
separates Y, 1 o into two surfaces, one of which have only 8 and 7 as its boundary components
and do not contain the point x. We can still embed B and yin X451 as B and y so that {[3 7}
forms a bounding pair in X,;_1 ;. Thus TETT’ € 7 (Xgp-1,1) and Forget( 43 h = 737, In
conclusion, each of Dehn twists about separating curves and bounding pair maps in X, ;1 is an
image of a Dehn twist about a separating curve or a bounding pair map in X, 51, SO we prove the
surjectivety.

Next, we try to find out what K is exactly. Firstly, Proposition 6.13 in [1] tells us forb =1, K =
71 (X40,0); for b > 2, we claim that K is generated by {separating simple closed curves in Xy ;1 o
based at x} and we prove our claim as follows.

First, according to Fact 2.4, it’s easy to see that {separating simple closed curves in X, 51 o
based at x} C K since we know Dehn twists about separating curves lie in the Torelli group.

Take {a, B, - (Xg,ﬁg,’)/l,’)/z, -, Y2} as abasis of I' = m; (X, 10, X) Where @, B are non-
separating loops with i(oy, B;) = 6;j, i(ay, ¢tj) = i(Bi, B;) = 0, and each of ¥;,---, 2 is a loop
around one boundary component. For simple closed curves y; and g, such that u; (\uy = {x}
and the regular neighborhood of w;|Ju, is a one-holed torus, so [u, ] is a separating curve
around the boundary of this one-holed torus. By Fact 2.4 Push([u;,]) is a pair of Dehn twists
about two separating curves. Thus Push([ui,2]) € T (Xgp—1,1) by lemma 2.3. So we know
(1 (Zgp-1,0, X),T1(Eg5-10,%)] C K. Since the curves obtained by pushing % (1 <i < b—2) off
itself to the left and right are still separating, we have {yi,%, -+, %-2} C K. Thus if we denote as
I" the group generated by [ (Zg5—1,0, X), 1 (Zgp—1,0, X)) and {y1,%,- -, -2}, we get I" C K.

Next, to prove K C I, instead we can show that 71 (Z4 51,0, x)\I" C 71 (X p—1,0, X)\K. Let S be
the new surface homeomorphic to X, o o obtained by capping all boundary components of X, ;1 o,
then H;(S) =I'/I". For any o in m (X, 1,0, x)\I", Suppose [¢t] is the corresponding element in
I'/T” of a, then there exists a primitive element [8] € I'/I" and an integer m such that @] = m - [3].
Due to Prop. 6.2 in [1], [8] can be represented by an oriented simple closed curve § in S based at
x. Additionally & is nonseparating since [8] is nontrivial in H;(S) and S is closed. Take & as the
preimage of & under the map 7 (X, 51,0, X) — 71 (S,x) which is induced by capping all boundary
components of 7 (X510, X). 5 is nonseparating as & is. Then o = 6™ - A for some A € I, so
if o € K we will have § € K, which is, however, not the truth. Since & is a nonseparating simple
closed curve in X, 5 o, there exists some other nonseparating simple closed curve 71 in X, 5, | which
intersects with it exactly once. Suppose a and b are the curves obtained by pushing 5 off itself to
the left and right, then ¥((Push(8)[n] = (¥(Push(5))[n]) = (P(T.T, ") [n]) = [n] + [a] — [b]. With
b >2, [a] # [b] in Hi(Zgp,1) since {a,b} separates X, 1 into one surface homeomorphic to X 1
and the other surface homeomorphic to £, 1 2.0. It turns out that Push(8) ¢ 7 (g p.1). Hence §”
is not in K, so neither is ¢&¢. So we have shown that everything not in I'] is not in K, so K C I".

Now we have K = I". While by definition we know that I is generated by separating simple
closed curves in (Zgl,,l,o) based at x, our claim is proven.

Now back to our main theorem, we prove it by induction on the number of boundary components
b.

For b = 1, the result for .7 (X, 1 0) comes from (2), (4) where b = 1 and elements in Push(m;
(Z4,00,x)) are all bounding pair maps, together with the fact that .7 (X, 00) is generated by Dehn
twists about separating curves and bounding pair maps.

For b > 2, assuming the result for .7 (X, ,_1) is true, in light of two exact sequences (2) and
(4), and knowing that Push(K) consists of products of Dehn twists about separating curves, we can



deduce that .7 (X, 5, ) is generated by Dehn twists about separating curves and bounding pair maps.
So it’s done. O

3 Johnson Homomorphism for Compact Surfaces

In this section, we give a general definition of Johnson Homomorphism for X, ;, and explain its
naturality.

First we have a lower central series: I' =1"; = m; (Zgﬁ),l“,- = [[,T;_1]for i > 2. For convenience,
let H=T,/T',, N=TI5/I's, E=T/I's5. Then there is an exact sequence:

1-=N—E—H—1 5)

The following result is a generalization of Lemma2A, Lemma2B and Lemma2C in [4] from X ; to
Y »» and the proof is basically the same.

Proposition 3.1 (Johnson). Let f € .7 (X, ), f induces a well-defined map of sets:

Ir: E—N
x = fio(x)x !
Furthermore, t; induces a well-defined homomorphism Ty : H — N. Then the Johnson homomor-
phism ©: T (X,p) — Hom(H,N) defined as ©(f) = ty is a homomorphism.

Further, we have a natural isomorphism according to LemmalB in [4]

N=N’H
[a,b] <> aNb

So the Johnson homomorphism can be viewed as a map 7 : 7 (E,,) — Hom(H,A\*H). In the
following, we just regard N and A%H as equal.
Naturality. Next, we treat the naturality of Johnson homomorphism carefully, by which we mean
it’s consistent with the actions of Mod (%, ;) on both sides.

To be exact, given f € J(X,)and 17 € Hom(H,N), g € Mod(X, ;) acts on f and 7y in the
following way:

Letgacton f,wegetg.f=gfg 1;

Let g act on Ty, we get (g.77)(x) = g.(7(g; ' (x))) for any x € H.

Then we only need to check that 7,1 = 8«(Ty), see [6] or [4].

4 The Image of Johnson Homomorphism for %, >

First we make it clear how to compute the image of Johnson homomorphism for X, ;. Then we
follow this way to compute the image for X, > and X, ), for any b > 3 in this section and next section,
repectively.

By Theorem 2.2, we know that 7(.7 (X)) is spanned by {7(7¢), 7(Tp T]l)} ,where a ranges over
all an arbitrary separating simple closed curves in X, 5, and {3, y} ranges over all bounding pairs in
Y. »- By the change of coordinates principle, we only need to calculate the images of some particular
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Dehn twists about separating curves and bounding pair maps due to the fact that fT,f~' = Tt(q)
and fTgT, ' f~' = fTaf ' (T, ! =Ty Ty 1)

First of all, for b =1, let H = H{(X,1). The case b = 1 special since we have a canonical iso-
morphism H* = H induced by the nondegenerate bilinear quadratic form which is the algebraic
intersection pairing. However, notice that for £, (b > 2) we don’t have the natural isomorphism
of Hi(X, ) to its dual since the algebraic intersection pairing is degenerate. Thus especially in the
case of b = 1 we have: Hom(H,A\*H) = H* @ \’H = H ® A*H. And A’H embeds in H ® A’H
naturally by mapping a AbActoa® (bAc)+b® (cAa)+c®(aAb). And the image of Johnson
homomorphism in this case has been thoroughly discovered by the following proposition 6.16 on

[1].
Proposition 4.1 (Johnson). For g >2, ©(7 (X)) = A Hy(Zg1).

Next, we try to find the total image for b = 2. First, we calculate the images of some particular Dehn
twists about separating curves and bounding pair maps.
(a)Dehn twists about separating curves

Separating curves in X, > can be classified into two kinds: a separating curve o that separates
L, into a surface homeomorphic to X4 ; (1 < k < g) and a surface homeomorphic to Y k3; another
kind is a separating curve [ that separates X, » into a surface homeomorphic to X »(1 < k < g) and
a surface homeomorphic to X,  »(See figure 1 below).

genus k

Figure 1: separating curves

We can directly compute their image under Johnson homomorphism. First we choose a base
point x in one boundary component of X, >, and take a basis {0, B, -+, &g, B, 1} of T1(Zg2, X)
(See Figure 2 below).

Then for the first kind we have:

T(To)([04]) = Ta(og) o =806 o ' =[5, o], 1 <i<k
©(Ta)([B) = Tu(Bi)B; ' = 8B:6~ B =[5, Bl.1 <i<k
T(T[x)([c]) = T(X(C)C_l = Cc_l = 1> ifc e {ak-‘r])ﬁk-‘rlv'“ aagaﬁgv’}/l}
where § is an element in I'; shown in Figure 1. We know that § = [T*_, [, Bi] € T2, 50 [§, o] € T3,

which means 7(7)([04]) = [6, o] =1 € N =T,/I's. The same argument applies to 7(7y)(f;),s0
in the end we get 7(7y) = 0, where 0 means a constant map.



Figure 2: basis of m1(Zg )

For the second kind, let f; = Tg where f§ is a separating curve which separates X 5 into X » and
Yo k2. We have:

t(fi)([o4]) = Tg(ou) oy ' =nain "o ' =[n, &), 1 <i<k
t(fi)([B]) = Tp(B:)B; ' =nBm "B [n Bl 1<i<k
t(fi)(n) =Ty ' =nnn~'y ' =, n
t(fi)([c]) = Tg(c)e ™ = cc™' =1, if ¢ € {@ur1, Ber1, -, Olg, Be}

where 1) is an element in I'; shown in Figure 1. We have that [n] = [y1] € I'; /T2, so it becomes:
t(fo([ai]) =, &l =[n, ai] & [n]A o], 1 <i<k
t(f)[B]) = [, Bl =[n, Bl < MIA[B] 1 <i<k
T(fk)([C]) =1« Oa ifce {ak+1aﬁk+l7 T aagaﬁg)yl}

(b)Bounding pair maps

Due to the definition of bounding pair maps, any bounding pair &, 8 must separate X, into a
surface homeomorphic to X4 »(1 < k < g — 1) and a surface homeomorphic to Y k1,4 shown in the
figure below.

genus k+1

Figure 3: a bounding pair in X, »

Let gy =Ty Tﬁ’l, and notice that the process of computing the image of g; under 7 is exactly the



same with that in X, |, so be obtain:

T(ge)([ai]) = [Ber1, ai] < [Bryr] Al 1 <i<k

(eu)([Bi]) = [ﬁkﬂ,ﬁl] [Beril N[BT <i<k
T(gk) ([os1]) = Haz,ﬁz Z

T(gk)([c]) =1 O,ifC € {ﬁk+1aak+2’ﬁk+27' e aagaﬁg"}/l}

Representation of the image in matrix form. Having taken the bases of H = H (%) and A’H,
we could describe any element in Hom(H, A>H) in matrix form like this (For convenience, we

denote 1= 05176’2 =0, - ,Cg = agvcngl — Blv"' »CZg = .Bg):
] el o eg] legrt] oo eag]
WA * * * * * * *
: *
(7] A le]

niAfegn] |

1] A e
elale] \

8(2g+1)x(2g+1)

And the results we have calculated in (a) give us only the following nontrivial matrices corre-
sponding to fy € Mod(X,2):
< 021 By > ©)

g(2g—-1)x1 Og(ngl)X2g

where
I

By = (7
Og—k
Before we do further computation, we need an important lemma below.

Lemma 4.2. We take a standard basis {[1],- - ,[0], [Bi], -, [Be). 1], [%2], -+ s [Yo—1]} of
Hi (X, Z) shown in Figure 4 below. Then with respect to this basis, the image of ¥ : Mod(X, ) —
Aut(H\ (g ;7)) in matrix form is:

p2g><2g 0
Vi ~
{P: : I WPESP(Zg;Z),VV,'EMlxgg(Z),l Sigb—l}
Vb—1

In fact, we can describe the result independent of the choice of a basis. The image of Mod(X, 1,) can
be characterized as those automorphisms of Hy (X, »; Z) which:



Figure 4: basis of 1 (Zg )

e act as identity on the subspace of Hi (X, ; Z) spanned by [11],[p),- -, [¥o—1]

e preserve the algebraic intersection form

Proof of lemma: To prove this lemma, we need to prove two things. One is to prove every element
in the image of ¥ is of the form we want after choosing a basis of H; (X, »;Z). The other is to prove
every element in Aut(H; (X, ;7)) in this form is in the image of .

We first show that every element in the image of W is of this form. On the one hand, since
Mod (%, ) fixes the boundary components pointwise, it doesn’t change the homology class of
71,%, ", ¥-1. On the other hand, the image of ¥ : Mod(X, 1) — Aut(H(Xe1;Z)) is Sp(2¢;7Z),
and for any k, Mod(Z, x) maps surjectively to Mod(Z, 4—1), so by induction we know that £ must
be symplectic.

What’s left to prove is that every element in Aut(H; (X, 5;7)) in this form is in the image of V.
First, we oberserve the images of some simple Dehn twists and what their matrices are like.

For 1 <k<b—1and1<i<g,since [Bi] —[%] and —[e] — Y] are primitive in H (X, 4;7Z),
there must be two simple closed curves in X, representing the homology classes [B;] — [y] and
—[ai] — [%] respectively. Donote them as 6 and u, and we may just take two curves as in Figure 5.
Then we have:

the (k+1)-th
boundary component

genus i

Figure 5: 6 and 1 in X,
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if c€{a, -, 0im1,&ig1, &g, By, By Vi s Yoot }
]

(T, T, (B = [Ty, T (B)] = [Bi] — [1] = [ed] = [B] + ]
IP(T[}TIT[J_])([CD = [C]a ifce {(Xl,' e aagaﬁb' e 7ﬁi*l7ﬁi+la' e 7ﬁg>’y1>' B a’}/b—l}

The matrix for ‘P(TB[_T({I) is determined by P = hegandvi = =V =Vip1 = =Vp_| =
0,vx =e; where ¢; = (0,---,1,---,0) which is the i-th unit vector in Z5,. The matrix for ‘I’(Toji1 Tlfl)
is determined by P= beand vi=--=vi 1 =vig1 =+ =vp_1 =0,vp = egy;. Since ¥ is a
homomorphism, matrices we get by multiplying what we already got many times should still lie in
the image. Thus for any {v;,---,v,_1}, there exists an element in the image whose matrix is:

L, 0
Vi
N
Vb1

Furthermore, since for any 2 < k < b, H; (¢ 4—1) = Hi1(Zgx)/ (Y1) and Mod(Z, x) maps sur-
jectively to Mod (X, x—1) and for b = 1 the image of ¥ is precisely Sp(2g;Z), we know that for any
P € Sp(2g:7), there exists an element in the image of ¥ whose correponding matrix restricted in
the subspace spanned by {[ai],- -, [],[B1], - ,[Be]} is P, which is like:

g 0
w1
Ip—1
Wh—1
Then finally the result comes from:
P 0 PO by 0
Vi wi Vi —wi
Lo| Ik Ik
Vb1 Wp—1 Vb—1 — Wh—1

So far we have proven that every element in this form is in the image of ¥. Combining two
sides, we have proven the lemma.
O

Then we can continue our computation by letting ¢ € Mod(Z,>) act on fi € Mod(X,>) whose
corresponding matrix is (6). Supposing the matrix of ¢ is P, we will get the inverse of P:

bt _ (P10
o w1 1
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where w; = —v; - P~!. If we denote A, j as the item in the i-th row and the j-th column of any matrix
A, and denote V' as the i-th coordinate of a vector v, we can compute out:

- (fo) ([ei]) = @ filp " ([ei])))
2g

o (fi(Y, (P~ jile;]+win)))

J=1

(P10 (fille)])

)
os

-
Il
—_

2g

(P10 (Y. (BO)jn] Alei))

=1

I
~.
I oty
I

[\*]

)

(P 7i(BOje-(In) Aei([ci])

I

~

I
—_
-

Il
—_

3]
N

(P~ i(Bi)1jPraln] Al

Il
o
D

~
Il
_
-
Il
_
oy
Il
—_

o (fi)([n) = o (/e (1)) = e.(fi([n])) =0

Thus the matrix form of @, (f;) is like:
0 kaP_l
0 0

Proposition 4.3. If By is a matrix in the form of (7), we have:
spang{PBP~'|1 <k < g,VYP € Sp(2¢:7)}

—{ <é f,) VA, B,C € My, ,(Z),B' = —B,C' = —C}

Proof of proposition: Let E; ; be the fundamental matrix whose (i, j) entry is 1 and other entries are
0. First we can tranform our target into

spans (P (B4 0 ) Pt <k < g, vP € Sp(28:2)}
0  Erx
For any P € Sp(2g;7), it can be written as:
- X Y
(2 w)
And symplectic matrix P satisfies P'JP = J, where

— 0 Ig
= (5 9)

12



so that:
L s w! —Y!
Pl=y'pr= <_Z, xf)

On the one hand, we can show the left-side set is contained in the right-side set:

p Ek,k 0 Pl X Y Ek,k 0 wi —Y!
0 Eyk T\Z W 0 Ex A ¢

. XEkka[ - YTk’th —XEkaYt + YEkkat
T \ZEGW!' —~WELZ'  WEGX' — ZE Y

where

(XEkkat — YTkJ(Zt)t = WEk7kXt — ZEkJ(Yt
(—XEkJ(Y[ -+ YEk’kX[)t = —(—XEkJ{Yt —+ YEkJ{Xt)
(ZEkJ(Wt — WEkJCZ[)t = —(ZEkJ(W[ — WEk,kZ[)

On the other hand, to show the right-side set is contained in the left-side set, firstly we look at some
special elements in the right-side set. We know that the following matrices are in Sp(2g¢;7Z) :

I—I—E,'./j 0 . N 'Y r v, I 0 t __
G [ (A T S CA IR
Then we can compute for the first kind:
I+E; 0 \(Ex O\(I+E; 0 \ '
0 I-E;; 0 Erx 0 I-E;;

C(I+E; 0 \(Ex O\([I-E,; 0
- 0 I_Ej,i 0 Ech 0 I+Ej,i

_ ((1 +Eij)Exi(l = Ei j) 0 )
0 (I —Eji)Exx(I+Ej,)
_ (Ecx— 8Ec;+ 8E: 0o
0 Exx—8iEj i+ 6 Ey;

Especially, when k = j, the above matrix becomes

(¥ 2)
0 Ej;
A 0
0 A

which will actually span any matrix like:
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The result of the second kind looks like:

st
GG 26

_ <Ek,k Yo YirEix — Y52 Ve ik, j)

0 Ek,k
k-1 k-1
_ (EBrk Yoy YikEik — XY= YjkEr,
0 Ek.,k

which minus By, will span any matrix in the form of:

0 o

0 26 2)
ABICEAE

(o )
T \X ZikEik— X5\ ZijEry Bk

Similarly, we have:

otz )
Y ZikEik— X5\ ZixErj  Ex

which minus By, will span any matrix in the form of:

0 o

So far we’ve proven that any matrix on the right side can be spanned by elements on the left side
together with the other direction, thus our proof is done. O

Then it finally goes to our image of Johnson homomorphism for X, .

Theorem 4.4. If we take the standard basis {0, B, -+, 0, Be, V1 } of 1 (Xg2,%) (see Figure 2), the
image of T: T (Lg2) — Hom(H,\*H) in the matrix form is:

A B
{ 0 ¢ u VA,B,C € My,,(Z),B' = —B,C' = —C,¥D € A°H'}
0 D

where H = H/ (1) = H|(X,1), and N3H' has a natural way of embedding in Hom(H', \*H").

14



proof of theorem: Fisrt of all, we know that for X, »:

Im(T) :SPa”Z{(P*(fk)7(P*(gl)“ S k S gvl S l S g_ 1,V§0 EMOd(EgTZ)}

where f; and g; are respectively a Dehn twist about a separating curve in (a) and a bounding pair
map in (b).
Computations before and Proposition 4.3 show us:

Spanz{@.(fi)|ll <k < g,Vo € Mod(Z,>)}
oA B
={ C A" ||VA,B,C € Mg, (Z),B'=—B,C' = —C} ®)
0O O

So in the next step we need to confirm that ¢, (g)(1 <k < g—1,YQ € Mod(%,,)) takes the
matrix form in the proposition and we have to show that any matrix in this form is truely an image.

Firstly, we just compute directly ¢,(gx)(1 <k < g—1,Vp € Mod(X,»)) like what we did to
¢.(fx), also supposing the matrix of ¢ is P with the form in Lemma 4.2 for b = 2:

0.(g)(n]) = o.(gr(0. ' (1)) = @u(g([n])) =

¢ (g0) ([e]) =9 (ge (9 ([c)))

2g )
:<P*(gk(zl(1371)j,i[cj] +win])
j=
k g+k
—<P*(8k(21PTI[ D) + 0. (ge(Bly i[ow1])) + @ (g Zl ! [Bi—e])
J= J=8+
k +k
= Z pjti] (p*([ﬁk-i-]] ANlo [ k+1 , Z gz: (P* ﬁk-ﬁ-l [ijg])
Jj=1 =1 j=g+1
k 2g ) 2g
= ; Pftil (V‘%""‘k-’rl 1] + Z] pm,g—l—k—l—l [Cm]) A (V{ [’}/1] + Zl an[CnD

2g

k
_+_Pk71 Z(vlyl +2Pmlcm) (g+l '}’1 +ZPng+lCn])
=1 m=1 n=1

g+k 2g 2g
5 ol 5 ' 5
+ Y, PO 4 Y Bkt lem)) A ]+ Y Pujlen))
Jj=g+1 m=1 n=1

The part of [c,] A[cy] is just the image of @.(fi) where ¢ € Mod(Z, ) corresponds to the matrix
P € Mygy24(7Z) and f is the image of fi under 7 (X,2) — 7 (Z,.1). And Proposition 4.1 tells us
that this part lies in A3H'. After we eliminate this part, all the items left have the form of a multiple
of [71] A [ca]. Denote Q;, as the coefficient of [y1] A [c,] in @.(fi (9! ([ci]))), then we have:
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+k+1 1 +k+1 1
Qtn—zg J,Pn]+ Z Vg P
J=

g+1
—ZV g+k+1+ZVPk+1ang+j
Jj=1
k N g+k
g+j
— Y IR P — Y vIB P
Jj=1 Jj=8+1

Remember that: .
s (X Y =1 1, (WY
P_<Z W)’P =J PJ-(_Zt Xt>
So we can write Q; , more specifically:
DForl<i<gl<n<g:

k k.
Qin= Y V™ W X0 j = Zi iV ) + Y V] (= Wi Yuksr + Wikg1 Y ))
=1 =1

+ ngﬂ Wik1Xn,j + Zi, jYnk+1)
(i)For1 <i<g,g+1<n<2g:

k k
k+1 j
Qin=Y Vi (WijZngj—Zi Wugj)+ YV (Wi Wit + Wik 1 Wag.))
= =

+ZV lk+lZn gj+Zt/Wn gk+l)

(ii)Forg+1<i<2g,1<n<g:

g+k+1
Z Yi g jXnj+Xig,j¥n; +ZV1 i— gJYn,kJrl_Yifg,kJrIYn-,j)
J=

+ZV1 l gk-HXnJ_Xz g]Ynk-H)

(v)Forg+1<i<2g,g+1<n<2g:

k
_ g+k+1
Qi,n—zvl Yl—gJZn g T Xi—g,jWng,j +ZV1 Yi g, jWn- ng_Yl ngWn gj)
k

g+
+ Z Vi (Yi—g7k+lzn—g] Xl—g JWn—ch-i-l)
Jj=1

And we can easily check that:
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@FOI‘ 1<i<gl<n<g QiJl = Qn+g7i+g
@FOI‘ 1<i< gg+1<n< 281 Qi,n = _ang,iJrg
@Forg+ 1<i< 2g71 <n<g: Qi,n = _Qn+g,i—g
All these conditions exactly testify that @, (gy) takes the wanted matrix form.
Lastly, we only need to prove that any matrix in this pariticular form could be achieved in the
image. Since .7 (£g2) — 7 (Lg,1) is surjective, the following map is also surjective:

oA B
C A" €elm(t(T(%42))) = D e Im(t(T (Eg1)))
0O D

Thus for any D € A3H', there exists an element in Im(7(.7 (£,2))) whose matrix descends to D.
With (8) and this fact, our proposition is proved. O

To describe the image in a more intrinsic way, we go back to A’H. Despite the fact that for
b >2, A3H can’t be naturally embeded in Hom(H, A’H) as the case for b = 1, there is still a natural
map from A*H to Hom(H,A\?H):

1. There is a natural inclusion of A3H into H® A?H givenby aAbAc+ a® (bAc)+b® (c A
a)+c®(anb).

2. There is a map from H to H* using the algebraic intersection pairing i(—, —): a € H — f, €
H*:Vb € H, f,(b) = i(b,a). So there is a map from H ® A\’H to H* @ N\’ H.

3. H* ® A’H is canonically isomorphic to Hom(H,A’H).

Thus we have a map ¢ : A°’H — Hom(H,A?H). For b = 2, we actually have the following
theorem describing the image of Johnson homomorphism independent of matrices.

Theorem 4.5. The image of T: 7 (X42) — Hom(H,\*H) is the image of ¢ : N*H — Hom(H ,\*H).

Proof of theorem. We have mentioned before that 7: 7 (£,,) — Hom(H, A\*H) is equivariant under
the action of Mod(E,,). It’s easy to check ¢ : A’H — Hom(H, A*H) is also equivariant under the
action of Mod(Z, ). Observing ¢, we only need to check H — H* is equivariant under the action of
Mod(Z,5). Let g € Mod(X,2) actona € H, we get g.a = g.(a). Let g € Mod(X,2) acton f, € H,
we get (g.f.)(b) = fu(g7' (b)) = i(g;'(b),a). We may as well take g = T, where c is a simple
closed curve in X, > and assume that a,b can be represented as the homology classes of simple
closed curves (use the same notation) in X,,.Then we have i((7.); ! (b),a) = i(b — i(b,c)c,a) =
i(b,a) — i(c,a)i(b,c) = i(b,a+i(a,c)c) = i(b,(T).(a)). Thus (g.fa)(b) = i(b,g.(a)) = fya(b),
which verifies the equivariance.

We still take a canonical basis {ai, Bi,- -+, 0, By, 71} of T (Xg2, X) as in Figure 2.

We need to prove two directions: Im(t) C Im(¢) and Im(¢) C Im(7).

As for Im(t) C Im(¢), it’s sufficient to prove that 7(f;) and 7(gx) computed before in (a) and
(b) lie in the image of ¢, since both 7 and ¢ are equivariant under the action of Mod(X,») and

Im(t) = Spanz{@.(fi), @« (81)|1 <k < g, 1 <1 <g—1,Vp € Mod(%¢2)}
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First, for 7(f;) where f; is a Dehn twist about a separating curve shown in (a), we recall that

t(fi)([ai]) = [n] A faed], T(f)([Bi]) = A B, 1 <i<k
(fi)([c]) =0, if ¢ € {0gr1, Brs1,- -, O, Bg, 11 }

We can directly compute ¢ ([71] A [B1] A[ou]) as follows:

¢l Aloa] ABi])([e]) = (fiy @ ([ea] AB1]) + fraw) @ ([BI A In]) + fig @ (Ini] Alea])) ([e])
= i([c], [nD)lea] A 1Bi] +i([c], [oa ) [BI] A [n] +i([e], [Bi) ] A o]

so we have:

o(nlnfal AlBi])([oa]) = [n] A [ ]¢([Y1]/\[061]A[ﬁ1])([[31])=[m/\[ﬁl]
o(mlAloa] ABi])([e]) =0, if ¢ € {0, Ba, -+ &, By, 11 }

Thus 7(f1) = ¢ ([71] A[ou] A[Bi1]). By similar computation, we can get 7(f;) = ¢ (5, [n] A[a] A
[B]) € Im(9), 1 <k <g.
Then we recall results about 7(gx), where g is a bounding pair map shown in (b):

T(gk)([ai]) = [Beri] Aaa], T(gk)([Bi]) = [Bert] A[Bi] 1 <i<k
k
t(gr) ([ow1]) = Y [o4] A [Bi]

i=1

T(gk)([c]) = Ovlf cE {ﬁk+17ak+27ﬁk+27' e 7ag7Bg7y1}

Through basic computation, we have 7(gx) = ¢ (X5, [06] A[B]) A [Bis1]) € Im(9),1 <k < g—1.
So far, we have proven the first part.

As for Im(¢) C Im(7), we need to show every ¢(x AyAz) is in the image of 7, where x,y,z €
{lenl, [Bi], [t [Bel. [}

First, from above computation, we know that ¢ ([o] A [Bi] A [B2]) = ©(g1) € Im(7). Since Im(T)
is closed under the action of Mod(X, »), after we let any g € Mod (X, 2) act on [a;] A [Bi] A [Ba], its
image under ¢ should still lie in the image of 7. Then we can imitate the proof of Im(t) = A*H for
b =1 in Johnson’s paper [4]. For g = 2, we apply the factor rotation [oy] — [B2] — —[0n] (basic
elements not mentioned are assumed fixed) to [o] A [Bi] A [Bz2] and get ¢(—[ai] A[Bi] A [o]) €
Im(7). The factor swap [0y ] <> [@2], [B1] <+ [B2] applied to these two elements gives us that ¢ ([a] A
(Ba) A [beran)), 9 (—[ea) A [Ba] A[er]) € Im(x). TF g > 3, we apply the map [en] — o] + [By] —
B3], [o] = [as] — [B1] + [Bs] to [ou] A [Bi] A[B2], and get ¢ ([Bi] A [B2] A [B3]) € Im(). 1f we apply
to the two elements [0 | A [Bi] A [Bz], [Bi] A [Bz2] A [B3] maps of the type 1) [a] <> [o4], [B1] < [Bi]. 2)
(o] = [Bi] = —[0], we will get all ¢(x AyAz) € Im(t), where x,y,z € {[au], [Bi],---, [0], [Be] }-

Then what’s left to prove is that all ¢ ([y1] AxAy) € Im(7), where x,y € {[ou], [Bi], -, [0], [Be]}-
From above, we have known that ¢ ([y1] A[ou] A [B1]) = ©(f1) € Im(7), ¢ ([n] A [ea] A[Bi]) = T(fi) —
T(fi—1) € Im(7),2 <i <g. We apply the factor mix [o;] — [o;] — [B;], [et;] — [aj] — [Bi], (i #
J) to [n]Alfey) ABi], and get ¢([y1] A [Bi] A[B)]) € Im(t). Then we apply the factor rotation
(0] = [B] — —[] to [11] A [B] A [B,], and get (—[yi] A [ax] A [B;]) € Im(z). Finally we apply
(o) > [B] — —[ay] to —[1) A au] A [B;] and get 6 (1] A [au] A ) € ().

Conclusively we have proven that Im(t) = Im(¢).
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5 The Image of Johnson Homomorphism for X, (b > 3)

We continue to compute the image for X, ,(b > 3) following basically the same framework in the
previous section. We take a marked point x in one of the boundary components of X, ;, and a
standard basis {¢t1,- -, &, B, -, Be, V1, V25 s Yo—1} Of 1 (Zg 5, x) shown in Figure 4. We call the
boundary component whose homology class is [¥;] the (i 4 1)-th boundary component. We denote
H = H\(X4;Z) , H = H(X,,1;Z), and for convenience, we denote c; = Qj,c2 = 0, -+ ,cq =
Oy, Cer1 = Pi,-+ ,c26 = Bg. Then we can describe an element in Hom(H,A?H) in the following
matrix form:

nl o ] el oo el fegra] o ezl
[n A ] * ok x % % % %
A el Xk * x ok % * * *
(] A ci] % % % x % £ %
. * k * % % * B3 kS %
1] Al | * * * * * * * * %
[ei] Ale)] ok * ook * (G +28(b-1)+C3)x (2g+b-1)

First we compute all images of standard Dehn twists about separating curves and bounding pair
maps:
(a) Dehn twists about separating curves

In X, ,(b > 3), there are more types of separating curves. Basically, a separating curve p;
separates X, 5, into a surface homeomorphic to X ,41(0 <k < g,0 <7 < b—1) and the other
surface homeomorphic to X, 1, which contained the marked point x.

First, for p?, it’s easy to get T(Tu,?) = 0 like before.

Second, for ,u,!, supposing this curve separates the (i + 1)-th boundary component from all the
other boundary components in the figure below, we will have:

genus k

Figure 6: (1]
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t(T)([oy]) = nAley], 1< j <k
(T (B = [IABl 1< j<k

T(T#kl)([C]) :O,ifC € {ak—i-laﬁk-‘rla"' 7agaﬁg7’}/lv"' aYb—l}

Third, for u?, supposing this curve separates the (i + 1)-th and the (j + 1)-th boundary compo-
nents (i < j) from all the other boundary components in the figure below, we will get

©(T2)([y] = ATyl
©(T2)([el) = 0.if ¢ € {0s1, Py,

7ag7ﬁgay17"' 7’}’;i7"' 7’)7ja"' 771771}
Continuing this process, we can compute the image for u;"(1 < m < b — 1) which separates

the (i1 4+ 1)-th, ..., (i, + 1)-th boundary components from all the other boundariy components
(i1 <ip <+ <lip):

Tum iy aj 1 < J < k
i

Tum ﬁj 1<]<k

Z %]

Z %]
Tll’" Yl = Z Yl A
1#1

T(Tyy)([%,) = Z % A %]

I#m
T(Tll]?l)([c]) :Ovifce {ak+1aﬁk+17"' ?agaﬁga’}/la"' a’y;']v"'a ;m?"' aYb—]}
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(b) Bounding pair maps

Due to the definition of bounding pair maps, any bounding pair o, 8 must separate X, into a
surface homeomorphic to X »(1 < k < g—1) and a surface homeomorphic to X, 4| 52 shown
in the figure below.

genus k+1

Figure 8: a bounding pair in X, ,

Again, let g = TaTB_l, we can obtain similar results:

k
() ([w1]) = Y o] A [Bi)

i=1
T(gk)([c]) — O,ifC € {Bk+laak+27ﬁk+27"' ,ag7ﬁg7717"’ ’,}/bfl}

After observing the images of Dehn twists about separating curves and bounding pair maps in X, ,
and letting Mod (%, ;) act on them, we get the image for Johnson homomorphism for X, (b > 3) in
the theorem as follows.

Theorem 5.1. If we take the standard basis {0, B, , 0, Be, Vi, s Yo—1} Of T (Egp,x) (b > 3)
(see figure 4), the image of T : T (£,,) — Hom(H,\*H) in the matrix form is:

(1 [cn]
A (B <oy Fe o
bR 0 *
{: : : |D,E,F,% (1 <i<b-—1)satisfy conditions beneath}
[Yo—1] Alei] 0 Ko
lei] A e 0 D

)
(i) D can be any element in N>H' with N\>H' emdedded in Hom(H', N>H'").

(ii) F can be any matrix in M w2 (Z).
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(iii)

A; B;

(1 S i S b— 1)*1 = (Cl A:) 7VAivBi7Cl' € Mng(Z)7B£' = _Biacf = _Ci-

(iv) For E,denote (v, [y \[v;]) as the coefficient of [¥] A[Y;] in ©(f)([%]) for a fixed element

€ T (Zgp), then we have: ([y]+[y], W AlY]) = (0. (B A[Y]) = 0,0 # j.k # ik # ).
Then E could be any matrix in MCﬁ,l « (b_l)(Z) satisfying the above condition.

proof of theorem: Above all, the images we have calculated in (a) and (b) actually satisfy the form
in (9). Then there are two things left for us to check. On the one hand, we should prove that after
letting any mapping class act on the standard Dehn twists about separating curves and bounding
pair maps, the images still lie in (9). On the other hand, we need to show that every element in (9)
can be realized.

First, by reviewing Lemma 4.2, for any ¢ € Mod(X,;), its corresponding matrix form could be:

P2g><2g 0
V1 -
P= ) ! VP € Sp(28;7),Yvi € Mix24(Z),1 <i<b—1
: b—1
Vb—1

Then we examine carefully the affections of the action of ¢.Since 7 is linear, we only need to
check different parts in the matrix (9) repectively as follows:

(I) Let iy € Hom(H,A\?H) correspond to the following matrix where E satisfies the condition
(ii) in the proposition:
Ecg_lx(b—l) 0

0 0
0 0
0 0

Then we have:

(1) ([1]) = @ (hi (@ (%)) = @< (i ([1])) = (W), 1 S i< b1

2 b—1 b—1
¢ (hn)([e]) = (i (9 ([e]))) = <P*(h1(zg,113;il [ej]+ Y wiln]) = ZZ{ wihi ([n]),1 <i<2g
= =

Above computations just tell us ¢, (h) is still in (9).

(I1) Let hy € Hom(H,\*>H) correspond to the following matrix where F is arbitrary :

0 chfl x2g
0 0
0 0
0 0
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Then we have:

- (h2)([%]) = @ (ha (@ ([1))) = @u(ha2([1])) = 0,1 <i < b1
2g b—1

9. (h2)([ei]) = @ (ha(o. " ([ei]))) = ¢*(hz(; e +Zwl%
_y P (h([cj]) ZP hi([ej]), 1 <i<2g

1

J

This shows that @, (h,) lies in (9).

(I Let f; € Hom(H,N*H)(1 <i<b— 1) correspond to the following matrix where ¥%; satisfies
the condition (iii) in the proposition:

0 O
0 O
0 1\.'1'
0 0
0O O

Then we have:
o.(f)([1]) = e (fi(e. (1) = . (fi[y}])) = 0,1 < j <b—1
0. (fi)([ej]) = @ (filos ([e))) = %(ﬁ(ffz,}l [e1] + [Z wiln) = Y B e.(filla])

2g
Z Z (eralv Aled) = Y Y B ei)a 1] A @ ([ex])

Zg 2¢g 2g b—1

=Y Y B W ACY, Buklenl + Y viltl)
I=1k=1 m=1 m=1
2g 2g 2g 2¢ b—1
—ZZZB,h Pk %+ZZZBJtHVM[MJSSk
=lk=1m=1 =lk=1m=1

Then the matrix of @, (f;) is:

O ES
0 0
0 PP
0 0
0 0




And from Proposition 4.3 we know that P ;P! still satisfies condition (iii), thus 0. (f;) lies
in (9).

(IV) Let g be the bounding pair map in (b), and we know the matrix corresponding to ¢~ is

P10
wi
Pl =
: I
Wp—1

Then we have:

@.(20) ([1]) = @ (g0 (1)) = @ (g([1]) = 0,1 <i<b—1

2 b—1
. (gx)([ci]) = @.(gr(@ ' ([ci])) = %(&(Zi(ﬁ_l)j,i[cj'] + ZIWHYJ]))
j= j=
k g+k
—%(gk(zp [a;])) + @x (8 ( k+1z[0‘k+1]))+q’* gk ( Zl HBie))
j=1 Jj=g+
k k g+k
:Zi Pl 0 (B Aoy)) + B 0. (Y B A [ou]) + Zl L0 (Bt ] A [Bj—g)
J= I=1 j=g+
k 2
= Z Z Vg+k+1 + Z Pm gt+k+1 Cm Z V] Yn Z [Cn])
kb1 _
lH-lzZ1 Zlv Y +ZPmlcm /\(Z";}’;H[Vn]"‘zﬁn,gﬂ[cn])
g+k 2¢g
+ Y P Z vEH ] + Z P giritlem]) Zvl W)+ Z jlen]), 1 <i<2g

J=g+1 n=1

The part of [%,] A [7,] can be neglected since its coefficient can be arbitrary; the part of [c,,] A
[c,] is just the image of @.(fi) where ¢ € Mod (X, 1) corresponds to the matrix P € Magy2,(Z)
and fy is the image of fi under 7 (X,5) — T (Zgp-1) = -+ — T (Z4.1). And Proposition
4.1 tells us that this part lies in A’H’; the last part is a multiple of [¥,] A [c,]. Denote oy, as
the coefficient of [¥,] A [c,] in @.(fi(@s ' ([ci]))), then we have:

k g+k
mo__ g+k+1p—1p | g+k+1p—1p |
n_va P By i+ Z V' P P
= =

P Pn,g+k+1+):v 1Pt
1 j=1

'M»

J

k g+k

g+jp—1
= LB P = Y P P
Jj=1 Jj=g+1

Then in the same way in section 4, we can prove that for each fixed m(1 <m < b—1), the
correponding matrix satisfies condition (iii).
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So far, through (I)(IDII)(IV), we’ve proven that the images obtained by letting any mapping
class act on Dehn twists about separating curves and bounding pair maps are truly in (9), namely
T(7 (Zgp)) is a subset of (9). Then we continue to prove that any element in 9 can be realized as
an image.

Firstly, for the separating curve ukl in (a) that separates the (i + 1)-th boundary component from
others (1 <i <b—1), and for ¢ € Mod(X, ;) whose corresponding matrix is:

P 0
0
P= v / VP € Sp(24;7), Vv € Mix2(Z)
i Ip—1
0

Then similar to the process for b = 2, we find that ¢, (u,g) (for fixed 7) spans:

0 O

0 0

Do A B

0 |, %= <Cl A;> ,\VA;,B;,C; € My (Z),B; = —B;,C; = —Ci.
. . l i

0 O

0 O

Secondly, for the separating curve H(% in ((a)) that separates the (i + 1)-th and the (j + 1)-th
boundary components (i < j) from all other boundary components and separates X, 5, into a surface
homeomorphic to Xy 3 and the other surface homeomorphic to X, , ;. Then we have:

T(Te2) () = =W ALy
©(T2)([y] = Aty
T(Tug)([c]) :O,ifC € {alaﬁlv"' aag>ﬁgay13"' 7?1‘7"' 7’)7ja"' 7Yb—1}
Since here i and j could be any intergers in {1,2,...,b— 1} with (i < j),then it will span:
ECgflx(bfl) 0
0 0
,any E satisfies condition(iv)
0 0
0 0
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Thirdly, let any ¢ € Mod(X, ;) act on T, above, then:

207 () = 0T (In) = @ (= [ A 1)) = —[u] A [y]

—1

?:(T2)([]) = 0Tz (0. ([%i)) = @« (T2 ([vi])) = @ (v A lyi]) = (vl A )]

(T ) (1)) = 0« (T (0 ([1]) = @u (T (1)) = 0,1 S U< b— LI £ i1 #
b—1

2g
0:(Tp2) ([e]) = (T2 (. ([en]))) = (P*(Tug(; Plle]+ l; wiln])

0
O w j wi
0
0 0
0 0
0O O
Here w; and w; are arbitrary vectors since vi(1 <1<b—1)is from Lemma 4.2, thus it will span:
0 FC[%_] X2g
0 0
: : ,F is arbitrary
0 0
0 0

Fourthly and lastly, since 7 (Zg5) = 7 (Lgp-1) = -+ = T (Z,1) are all surjective, so D in
the proposition could be any element in A3H’. Thus finally we can say any element in (9) can be
realized, then our proof is done. O

Remark 5.2. So far we have computed out the images of Johnson homomorphism for all compact
surfaces, but especially we describe the images by choosing a special basis of 71 (X, ;) and taking
the matrix form. We are still looking forward to finding a more intrinsic description.

6 A special case for surfaces of infinte type
In this section, we try to compute the image of Johnson homomorphism for a special surface of

infinite topological type in the following Figure 9. Before that, we have to know some basics of
surfaces of infinite type.

26



A surface X of infinite type is a connected oriented surface whose fundamental group is not
finitely generated. And according to [10], the homoeomorphism type of X of infinite type is deter-
mined by the tuple:

(g(X),b(X),Ends(X),Ends,(X))

where g(X) is the genus of X; b(X) is the number of boundary components of X; Ends(X) is the
space of ends of X which is defined as Ends(X) = limm(X\K) where the inverse limit is taken
—

over the set of compact subsets K C X directed with repect to inclusion; Ends,(X) is the subset of
Ends(¥) consisting of ends accumulated by genus, where we say e € Ends(¥) is accumulated by
genus if every neighborhood of e has infinite genus. Then our surface in figure 10 correponds to the
tuple: (4o, 1,{e},{e}).

For a surface X, we could also define its mapping class group, which is usually called a big mapping
class group:

Mod(X) = Homeo(X,0X)\Homeoy(X,0X)

where Homeo(%,0dY) is the group of self homeomorphisms of ¢ which fixes JX pointwise, and
Homeoy(X,dY) is the connected component of the identity in Homeo(X,dX). As for the topology,
after equipping Homeo(X,0X) with the compact-open topology, Mod(X) is then equipped with the
quotient topology naturally. We denote this topology as 7, and PMod(X) is the pure mapping class
group whose elements act trivially on Ends(X) with the subspace topology. The following is a part
of Proposition 6.2 in [7]:

Proposition 6.1 (PP&N.G.V). If X has at most one end accumulated by genus, the set of Dehn
twists topologically generates (PMod (X), t,).

Notice there’s a difference between generating and topologically generating.
We care about the Torelli group of X which is also difined as:

T (X) :=Ker of (Mod(X) — Aut(H\(X;Z)) )

Then 7 (X) < PMod(X) is equipped with the subspace topology. And we denote by .7 .(X) the
subgroup of .7 (X) consisting of elements with compact surports, and let .7 .(X) be the closure of
 (X) in PMod(Z). Then there follows an important theorem from [3].

Theorem 6.2 (J.A,T.G,- - -). For any connectd oriented surface ¥ of infinite type, we have 7 (L) =
T ().

In the following text, we care about surfaces of infinite type with 5(X) > 1 so that X has at least
one fixed point x. And through a similar procedure in section 3, we could define the Johnson
homomorphism for X of infinite type ( the only difference from finite cases is that ; (X, x) is now a
free group with infinite generators):

©: T(X) — Hom(H, (%, Z), N> H, (2, 7))

Lemma 6.3. If Hom(H,(X;Z),\*H\(X;7Z)) is equipped with the compact-open topology, then the
Johnson homomorphism T is continuous.
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proof of lemma: The Johnson homomorphism can be separated into two steps:

T T (X) = Aut (7, (Z,x))
T : Aut(m(Z,x)) — Hom(H, (X;Z), A°Hy (2: 7))
fr = fop™

Here T = 1 o 7 and the topology of Aut(m;(X,x)) is also the compact-open topology, so we only
need to prove 7| and 7, are continuous.

For 7;, suppose g, converges to g in .7 (X). For any y € m;(X,x) that can be represented by
a simple closed curve, 7;(g)(y) also can be represented by a simple closed curve. Then we take
U C X to be the curve corresponding to y, and take V C X to be the regular neighborhood of the
curve corresponding to 7;(g)(y). Since it’s evident that U is compact and V is open, there exists
an integer N such that Vn > N, g, maps U into V, so 7;(g,) maps y into 7;(g)(y), namely 7(g,)
converges to T (g) in Aut(m (X,x)). Thus 7y is continuous.

For 1, if f, converges to f in Aut(7m(X,x)), it means that for any y € m;(X,x), there exists a
large enough integer N such that Vn > N, we have f,(y) = f(y), which directly shows that ,(f;,)
converges to T>(f). So 1, is continuous.

From above, we prove that 7 is a continuous map. O

Use the above lemma, the following corollary is an easy exercise.

Corollary 6.4. ©(7 (X)) C U (7 (X)), where ¥, is any compact subsurface of .
X.CX

proof of corollary: First, from Theorem 6.3, we have: 7 (£) = U Z(X.).
YX.CX
Since 7 is continuous due to Lemma 6.4, we have:

(7E)=1(J 7E)) ce(U 7E) = U «(7 (X))

I.CX I.CZ L.CX
U
b 3* 3’
Figure 9: a special surface of infinite type
Now, for our special surface ¥ in figure 10. Denote respectively by X! X2 ... ¥" the surfaces

obtained by cutting off the first 1,2,--- ,n genus, and denote the boundary of X" as 7,. We can see

~+oo

that X" is homeomorphic to X, >, and Corollary 6.4 tells us that 7(.7 (X)) = U 7(7(X")). Now
n=1

take a standard basis {y, a;, B, @, B, -} of m(X,x). Then {y,0,B1, -+, 04, B,} is a basis of
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m (X",x), and in H,(X) we have [y] = [n1] =[] =--- =[] = ---. Also, the basis of H|(X;Z) is
{7, [eal, [Bil. [oe], [Bo], -+ 3

Using these facts, we could calculate the image of Johnson homomorphism for X as follows.
But since the generators of m; (X,x) are infinite, we aviod using matrix to describe the images, but
use conditions satisefied by all coefficients instead.

Theorem 6.5. X is the surface in figure 10, {y,ou,B1,00,B2, -} is a standard basis of m;(Z,x).
Then ©(.7 (X)) is the subset of Hom(H,(X;Z), N> H,(X;7Z)) satisfying the following conditions:

(i) Any f € ©(7 (X)), f([1]) =0.

(ii) For f € Hom(H,(Z;Z),\*H;(X;Z)), denote by Aj; the coefficient of [y] A (e in f([04]);
denote by Bj; the coefficient of [y] A[aij] in f([Bi]); denote by C;; the coefficient of [Y] A [B;]
in f([y]); denote by D ; the coefficient of [Y) A\ [B;] in f([Bi]). Then f € ©(.7 (X)) satisfies:

Aji=Dij;Bji= =B ;;Cji=—C;(Vi>1,j>1)

as well as for any fixed integer i, there are finite nonzero numbers in {A; ;,B; j,C; j,D; j,Aji,B;i,Cj,,

DJI‘VJ S N}

(iii) For convenience, denote ¢y = 01,c2 = P1,¢3 = 0,ca = PBo,---. In H(¥";Z) = H\(XZ)%, if
we denote [cy] as the dual of [ci], we know that [oy] maps to [Bi] and [B] maps to —[cy] in
this isomorphism. Then f € ©(7 (X)) satisfies: If the coefficient of [c;] A [v] in f ([El]) is m,
the coefficient of [ci] N [%] in f([c i]) must be m and the coefficient of [c;) \[y;] in f ([ck]) must
be m; Also for any fixed integer i, there are finitely many nonzero terms of [cj] A [c] in f([ci]),
and for any fixed integers j < k, there are finitely many integers i such that f([c;]) contains
nonzero [c;| N [ck].

proof of theorem: On the one hand, we need to prove that for any g € 7 (X), 7(g) satisfies these
three conditions.

First, it’s easy to see that 7(g)([y]) = 0 since g.(y) = yin m; (X).

Second, we have shown in section 4, any element in 7(.7 (X,) satisfies the condition:

Aj# :Di,j;Bj,i = —B,'J;CL,' = —CL]‘(VI. Z 1,j Z 1)

since here A = D', B' = —B,C" = —C for the first n rows and first n columns, while the other entries
are zero. And since X = {f € Hom(H,(%;Z),\*H(%;Z))|A;; = D, j;Bj; = —B; j;Cj; = —C; j} is
a closed subset of Hom(H;(X;Z), \>H,(X;Z)), and we have learned that Vn € N, 7(.7(X")) C X.
Knowing that (.7 (X)) C JU (7 (")), wesee T(.7 (X)) C X. Besides, for any fixed integer i, it’s
n=1

natural that there are only finite nonzero numbers in {A;;,B;;,C;;,D;|Vj € Z} due to the definition
of 7. Using this fact and the properties satisfies by A; ;,B; j,C; j,D; j, there are also finitely many
nonzero numbers in {A; j,B; ;,C; ;,D; j|Vj € Z}.

Third, we know that for any f € 7(.7 (")), if f([¢i]) contains a m[c ] A cx], since this part
in its image should lie in A*H; (X, 1;Z), there must be a m[c;] A [cj] A [ck] € APH1(Z,1;7Z) where
A3Hi(X,.1;Z) embeds in Hom(Hy (Z.15Z), A>H1 (2,13 7)) by mapping aAbActo a® (bAc)+b®
(¢ ANa)+é® (aNb), so there must be a m[ci| A [c;] in f([cA]D and a m[c;] A [c;] in £([éx]). So any
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element in 7(.7 (X")) satisfies the first part of condition (iii), and similarly elements satisfying this

condition make up a closed subset of Hom(H;(X;7Z), \>H(2;Z)), thus ©(F (L)) C U (T (Zm))
n=1
also satisfies this condition. Also, it’s natural for a fixed integer i, there are finitely many nonzero

terms of [c;] A [cx] in f([c;]). Due to the fact that there must be finitely many nonzero [c;] A [c;] A [cx]
in the image, we see that for any fixed integers j < k, there are finitely many integers i such that
f([ci]) contains nonzero [c;] A [cx].

On the other hand, we have to show that any f € Hom(H;(X;Z), \*H;(Z;Z)) satisfying the
three conditions in the proposition could be realized as the image of some g € .7 (X). We construct
g in the following way:

First construct f; € HOm(Hl (Z; Z), /\2H1 (Z; Z)), if we denote by (A,'J)f, (Bi,j)fv (C,"j)f, (Di,j)f
the coefficients for f with the meaning the same as condition (ii), and (4; ;) ., (Bij) 11, (Ci.j) 1> (Dij)
are coefficients for f;. We define:

A=A A = (Ain)s
VieN,(Bi)s = (Bii)r: (Bit)y = (Bin)y
VieN,(Cri)n = (Cri)s (Cin)p = (Cin)y
Vie N, (D), = (D1) s (Din) g = (Din) s

There are finitely many nonzero numbers in {(A1;) s, (Ai1) s, (B1i) > (Bi1) £, (Cri) £, (Cit) £, (D1i) £,
(Di1)¢|Vi e N} since f satisfies condition(ii), thus there are finite nonzero numbers in {(4; ;) 7, (Bij) £,
(Cij) s (Dij) s |Vi,j € N}, Also, supposing the part of f in A’H(Z;Z) containing o; and f; is

t
Y ai[(Xl] A [ﬁl] A [Ck,-] +Zb,~7j[a1] A [Cm[.] A\ [Cn,j] + Zci_j [ﬁl] AN [Cr[.] A\ [Csj] where all ki,mi,nj,ri,sj are
i=1 i,j i,j

not 1 or 2 and there are finite nonzero a;, b; j,c; ;. And we just define the part of f; in NH (XZ)
with this term. That’s to say:

Alon]) = Y (Ai) V) A e +Z i) f[Y] A [Bi] —i—Za, o] [Ck,-]+ZCi,j[Cs,~]/\[Cn]
S1([B1]) ZZ( i) YN [0 +Z i1) 7Y A [Bi] +Zai [Bi] A [ex, +Zb,J Cmi) N [cnj]
i [ [ i,j

For I > 1, fi(leart1]) = (Avi1) p[YI A loa] + (Crin) ¢ [VIA [B1] +Z5zz+zai[ﬁl] Alou]+

Z(5gﬁrzbi;j[al]/\[cnj]+521+2 ijlem, ] A [ou] "‘Z 5i42Ci Bl A [Cs,j]+5zsf+2ci;j[cr,j]/\[ﬁl])
LJ

For 1 > 2, fi([cu]) = (Biy) [yl A oa] + (Dl,l)fh’ [Bi] +Z5§},1ai[a1] A [Bri]+
2(52'711191',]‘[011,]'] Alou]+ 8571 bi j[ou]) Alem,] + Z( 81 cijles ) A IBil+ 85 _ycijlBil Alexj])
i,] LJ

So we see that f can be retricted in a finite matrix and it satisfies the form in Proposition 4.4, thus
f1 is the image of some g; € 7 (£™) for some n; € N.
Then we construct f> € Hom(H,(X;7), \>H;(X;7Z)) as follows:
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Vi>2,(A2i)p = (A2i)r, (Ain) , = (Ain)y
Vi>2,(B2i)p, = (Bai)r: (Bin), = (Bin)y
Vi>2,(Coi)p, = (Coi)y, (Ci)p, = (Cin) s
Vi>2,(Da;)p, = (D2i) s, (Din)p, = (Di2) s

) )fz )
Foe all other (j,k),(Ajx)p = (Bjx)p, = (Cix)p, = (Djx)p =0

And likely we assign the part of f in A>H(X;Z) containing o, and f3, but not containing ¢ and
Bi to f>. Thus we can find g, € 7 (X"2) for some n, € N such that 7(g>) = f>.

Inductively, we could define f; € Hom(H,(X;Z), N>H, (X; 7)) and there is g; € .7 (£) for some
ni € N such that 7(gi) = f.

From our constuctions, we can observe that f, preseves [@;] and [f;] and does not map other
curves to them, so actually we could realize g» € 7 (£\Z!). Also, for Vk € N, f; preserves
[a],[B1],- -, [0—1],[Bx—1] and no other curves are mapped to them, so g; can be realized in
T (Zm\ Xk,

Finally, we define g, = g1 - g2 - - - g».and define f, = Y7, f;. First we see that g»g3 - - - g, acts triv-
ially on ! and Jk+1fi+2 -+ fn acts trivially on Yk, This means that for any Tk C X, there exists an
integer N =k, for any m,n > N, gp|sx = €n|yx, Which is exactly what is meant by g, converges in the
compact-open topology. Thus we can assume g, converges to g € .7 (X). And from the construc-
tions, we know that /i ([aa]) = £([a]), i (1B1]) = £([B]), moreover, fi([ex]) = f([ex])), Fi([B]) =
F([B])(¥1<i<k). So f, converges to f in Hom(H; (X;Z), \>H(Z; 7)) equipped with the compact-
open topology. Last, since 7(g,) = 7(g182---gn) = fi + fo +---+ f, = f, and 7 is continuous, we
get 7(g) = f after taking limits on both sides. Thus f is truly in the image of Johnson homomor-
phism.

Now our images are completely computed out and well proved. O

For surfaces of infinite type, we just compute a simplest one while other cases could be a lot
different and more complex. It’s still an interesting problem how to compute the images of Johnson
homomorphism for more kinds of surfaces of infinite type and try to conclude a systematic way to
do that.
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