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Smooth critical points of planar harmonic mappings

M. El Amrani, M. Granger, J.-J. Loeb, L. Tan
LAREMA, Angers (July 11, 2014)

Abstract

In [9], Lyzzaik studies the local properties of light harmonic mappings. More
precisely, he classifies their critical points and accordingly studies their topological
and geometrical behaviour. One aim of our work is to shed some light on the case
of smooth critical points, thanks to miscellaneous numerical invariants. Inspired
by many computations, and with a crucial use of Milnor fibration theory, we get
a fundamental and quite unexpected relation between three of these invariants. In
the final part of the work we offer some examples providing significant differences
between our harmonic setting and the real analytic one.

1 Introduction

A map f : W — R? defined on a domain W of R? is called planar harmonic if both
components of f are harmonic functions. When W is simply connected, identifying R?
with C, the map f can also be written in the complex form p(z) + ¢(z) where p and ¢
are holomorphic functions on W. We are interested on germs f of planar harmonic maps
defined in a neighborhood of a point a and we will use mainly the local complex form.

For such a germ, we restrict ourselves to the situation given by the two following
conditions:

1. The fiber at f(a) is the single point a.

2. The critical set Cy is a smooth curve at the point a. (The critical set is the vanishing
locus of the Jacobian).

The first condition means that f is light in the sense of Lyzzaik. In our paper, we will
also present some remarks for the non light case. The second condition implies that Cy
is not a single point. Otherwise, one can prove that up to C' change of coordinates, f is
holomorphic or anti-holomorphic .

The critical value set V¢ = f(Cy) will play an important role in our work.

In our setting, the following natural equivalence relation is introduced: we say that two
germs f, g of planar harmonic maps defined respectively at points a and b, are equivalent
if there exists a germ of biholomorphism u between neighborhoods of a and b, and a
real affine bijection ¢ such that: ¢ o f ou = g. For this relation, we get four numerical
invariants and miscellaneous normal forms. These tools allow to understand analytic and
topological facts about germs of harmonic maps. In particular they shed a new light on
the geometric models which appear in the work of Lyzzaik.



In order to fully understand these invariants, the study of the complexification of f
plays a fundamental role.

Explicitly, the four numerical invariants are:

— the absolute value d of the local topological degree. In our situation, Lyzzaik’s work
shows that d is 0 or 1,

— the number m which is the lowest degree of a nonconstant monomial in the power
series expansion of the harmonic germ f at the point a,

— the local multiplicity p of the complexified map of f is defined as the cardinality of
the generic fiber,

— the number j which is the valuation of the analytic curve V¢, in a locally injective
parametrization.

Inspired by Lyzzaik’s models [9], we prove in a self-contained way that the germs f
are classified topologically by the numbers m and d or equivalently by m and the parity
of m + 7. We give a simple description of these classes in terms of generalized folds and
Cusps.

A main result of our work is that the conditions j > m and p = j + m? are necessary
and sufficient for the existence of a harmonic planar germ satisfying the conditions 1. and
2. above.

The second relation was at first guessed, using many computations. Our proof is based
on the theory of Milnor fibration for germs of holomorphic functions on C2.

The number j occurs also at another level. In fact we prove that the critical value set
V; can be parametrized by: z(t) = Ct + h.o.t and y(t) = C't/*! + h.o.t, where C' and
(" are nonzero constants. In other words, Vy is a curve with Puiseux pair (j,j + 1), and
Puiseux theory gives a topological characterization of the complexification of the critical
value set. This pair completes also Lyzzaik’s description of Vy itself.

Every equivalence class of harmonic germs contains a normal form p(z)™ —z™, with p
a holomorphic germ tangent to the identity at 0. When m = 1, u is equal to the order at
the origin of the holomorphic germ 7 o p where 7(z) is defined as p(Z). As a by-product,
one gets an algorithm to compute p in the polynomial case. We obtain also relations
between the numerical invariants of p(z) — Zz and p(z)™ — z™.

The condition m = 1 for a harmonic germ means that the gradient of its Jacobian
does’nt vanish at the point a. In an appendix, we generalize results obtained for numerical
invariants in the harmonic case to real and complex analytic planar germs satisfying the
previous Jacobian condition. In this situation, we get that V; has still Puiseux pair
(7,7 + 1), with the same geometric consequences. Moreover, as for the harmonic case,
pw=j+1

In this analytic case, we get also an algorithm to compute p inspired by a fundamental
work of Whitney [12] on cusps and folds . At the end of the appendix, some examples are
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presented in order to compare the harmonic situation to the real analytic one.

Lyzzaik has also studied the case of non smooth critical sets. In a next work, we hope
to extend some of our results to this more general situation.

2 Basic concepts and main results

Let K =R or C. Let U be a domain in K2. By convention a domain is a connected open
set. Consider a planar mapping.

. > (7 filz,y)
f:U— K*, <y) — (fz(:c,y))'
We say that f is a K-analytic map if each of f; and f; can be expressed locally as
convergent power series. In this case denote by
— Jy the jacobian of f
~Cr ={J; =0} the critical set
—Vr = f(Cy) the critical value set.

We say that
— 2y € Cy is a reqular critical point of f if V.J;(2) # (0,0);
— 29 € Cy is a smooth critical point of f if C; is an 1-dimensional submanifold near 2.

By implicit function theorem a regular critical point is necessarily a smooth critical
point. But the converse is not true. We will see many examples in the following.

We say that f is a planar harmonic map if K = R and each of fi, f, is C? with a
laplacian equal to zero. Recall that Af;(z,y) = (07 4 02) f;(z,y). Note that in this case
each of f; is locally the real part of a holomorphic map. Thus a planar harmonic map is
in particular R-analytic.

The order of an analytic map f : K™ — K" at a point p in the source, is the lowest
total degree on a non zero monomial in the coordinate-wise Taylor expansions of one of
the components of f — f(p) around p.

For an C-analytic map F': W — C" with W an open set of C™ and for a point wg € W,
we define the multiplicity of F' at wo, by (see [3])

w(F,wy) = limsup #F 'F(w)N X

w—wo

where X is an open neighborhood of wy relatively compact in W such that F~'F (wg)NX =
{wo}. If such X does not exist, set u(F,wy) = co.

In the situation above there is an open neighborhood U of F'(wg) and an open dense
subset U; C U such that for all w € Uy, u(F,wy) = #F'F(w) N X. For a holomorphic
map 7 : U — C with U an open set of C, and wg € U, the two notions coincide.

For a R-analytic map f : U — R?, in particular a planar harmonic map, we define
its multiplicity at a point to be the multiplicity of its holomorphic extension in C?. We



will also frequently use the well known fact that for a holomorphic map f : U — C? its
multiplicity at a point py = (¢, yo) € U is equal to the codimension in the ring of power
series of the ideal defined by its component :

Cl{u, v}
To + u, Yo + v), fo(o +u, Yo +v)

M<f7p0) = dlmC fl(

See for example [4, theorem 6.1.4].

One objective of this work is to show that harmonic maps around a smooth critical
point of a given order have only two types of topological behaviours, depending on the
parity of the multiplicity.

Our investigation is based on Whitney’s singularity theory on C'*° planar mappings,
multiplicity theory of holomorphic maps of two variables and Lyzzaik’s work on light
harmonic mappings.

A smooth 1-dimensional manifold in R? admits a smooth parametrization. If the crit-
ical set of a harmonic mapping is smooth somewhere, there is actually a parametrization
that is in some sense natural. This induces a natural parametrization 5(t) of the critical
value set.

Definition 2.1. We denote by R>(s) a convergent power series on s whose lowest power
in s is at least k. A planar K-analytic curve 3 : {|s| < e} 2 s +— B(s) € K? is said to
have the order pair (j,k) at 5(0), for some 1 < j < k < oo, if up to reparametrization
in the source and an analytic change of coordinates in the range K2, the curve takes the

j ,
ﬁmumg:mm+<cs+Rm“@»thc(7¢0
C/Sk + R2k+1(8)

Let us assume that k is not a multiple of j, and that the complexified parametrization
of 8 is locally injective. This is the case in particular if (j, k) are co-prime. Then the
order j and more generally the order-pair (4, k) € N? is an analytic invariant of the curve
independently of such a parametrisation : j is the minimum, and k the maximum of the
intersection multiplicities (f,7) among all smooth K-analytic curves . This order-pair
is also a topological invariant of the complexified curve because m(j, k) is its first
Puiseux pair. Such a unique order-pair exists unless j = 1, or j = 4o00.

Our main goal is to establish a relationship between the order of the critical value
curve and the multiplicity, and then to connect these invariants to Lyzzaik’s topological

models. More precisely, we will prove:

Theorem 2.2. Let f be a planar harmonic map in a neighborhood of zy with zy as a
smooth critical point.

1. (Critical value order-pair) The critical value curve has a natural parametrization
and an order j at f(z). It has an order-pair of the form (1,00) if j = 1, and
(G,i+1)ifl1<j<oo.



2. (Critical value order and multiplicity) The three invariants m order of f, j order of
the critical values curve and pu multiplicity of the complezified map on (C2?, zy) are
related by the (in)equalities :

> 9 > >
{90—‘7—7}—1 (2.1)

Jj+m? =

3. (Topological model) Assume p < oo. Let D be the unit disc in C. There is a
neighborhood A of zy, a pair of orientation preserving homeomorphisms hy : A —
D, 20+ 0, hy:C — C, f(2) 0, and a pair of positive odd integers 2n* — 1
satisfying (2.2) below, such that

) i(2nT-1)0 0<6<
-1 0N re S sTm
hao fohy (re”) = { re~i@n™=10 o <9< o

Moreover #f71(2) = nT +n~ or n™ +n~ — 2 depending on whether z is in one
sector or the other of f(A)\[.

e () () (1)
v () e ) ) () ()

We want to emphasise that guessing and proving the relation p = j + m? was the
main point of the work. Our starting point was the case m = 1, which corresponds to the
critically regular case. We could establish then = 7+ 1. But this case does not indicate
a general formula. A considerable amount of numerical experiments have been necessary
to reveal a plausible general relation, and then results in singularity theory about Milnor’s
fibres had to be employed to actually prove the relation.

We will deduce the topological model from our formula (2.1) and a result of Lyzzaik
[9]. More precisely, we will parametrize the critical value curve § in a natural way and
then express its derivative, as did Lyzzaik, in the form g'(t) = Ce/? - R(t), with C' # 0
and R(t) a real valued analytic function.

Lyzzaik defined in his Definition 2.2 the singularity to be of the first kind if R(t)
changes signs at 0, which is equivalent to 7 > 0 even, and of the second kind if R(0) =0
and R(t) does not change sign at 0, which is equivalent to j > 1 odd. He then deduced
the local geometric shape of 5 (cusp or convex) in Theorem 2.3 following the kind. What
we do here is to push further his calculation to determine the order-pair of the critical
value curve 3, which then gives automatically its shape (cusp or convex).

Lyzzaik then provided topological models in his Theorem 5.1 following the parity of
an integer ¢ (which corresponds to our m — 1) and the kind (or the shape of ) of the
singularity, corresponding in our setting to the parity of m + j. Thanks to our relation
(2.1) , we may then express Lyzzaik’s topological model in terms of the parity of p.
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Lyzzaik’s proof relies on previous results of Y. Abu Muhanna and A. Lyzzaik [1]. We
will reestablish his models with a self-contained proof.

As a side product, we obtain the following existence result (which was a priori not
obvious):

Corollary 2.3. Given any triple of integers (m, j, i) satisfying (2.1) , there is a harmonic
map g(z) with a smooth critical point zy such that Ord.,(g) = m, p(g,z0) = u, and
(7,7 + 1) is the order-pair of the critical value curve at g(zp).

nt=n" or
Int —n7| =1
utive integers k., k + 1 and harmonic maps with order m = k and m = k + 1 respectively
realising the topological model (2.2) for the pair n* and the order m.

Given any pair of integers n™ > 1 satisfying , there are two consec-

3 Normal forms for planar harmonic mappings

Recall that any real harmonic function on a simply connected domain in C is the real part
of some holomorphic function. Therefore, if U C C is simply connected, and f : U — C
is a harmonic mapping, then f = p + g where p and ¢ are holomorphic functions in U
that are unique up to additive constants. We will say that p+q is a local expression of f.
In a study around a point zy we will often take the unique local expression in the form

f(2) = f(20) +p(2) + q(2) with p(z) = ¢(20) = 0.

3.1 Existence and unicity of the normal forms

Definition 3.1. A natural equivalence relation. For Z,W open sets in C, with zy € Z,
wo € W, and for harmonic mappings f : Z — C and g : W — C, we say that (f, z) and
(g,wp) are equivalent and we write

(f7 ZO) ~ (gv wo)

if there is a bijective R-affine map H : C+— C, 2z — az + bZ + ¢ and a biholomorphic map
h:W'— Z"with zg € Z' C Z, wg € W' C W such that h(wy) = 2o and g=H o foh on
w’.

Lemma 3.2. Let f be a non-constant harmonic map defined on a neighborhood of z.
Then _
(f,20) ~ (9,0) for some g(z) = z" = z"(14 O(z)) (3.1)

with oo > n >m > 1 (here O(z) denotes a holomorphic map near 0 vanishing at 0).
Moreover if another map G(z) = 2M — 2N(1 + O(2)) with co > N > M > 1 satisfies
1
(G,0) ~ (g,0) then (M, N) = (m,n). If m < n then g(z) = —G(cz) for ¢ an (m+n)-th
Cm

root of unity.



Proof. We may assume 2o = 0 and f(0) = 0.

[. We may assume that f is harmonic on a simply connected open neighborhood V' of

0. One can thus write f(z) = p(z) — ¢(z) with p, ¢ holomorphic on V. Replacing f by
f — f(0) we may assume f(0) = 0, and we may also assume p(0) = ¢(0) = 0.

Case 0. Assume p = 0 or ¢ = 0. Replacing f(z) by f(z) if necessary we may assume
g = 0. In this case p(z) = az™(1 4+ O(z)) with a # 0 and there is a bi-holomorphic map
h so that p(z) = (h(z))™. Therefore f(z) = g(h(z)) with g(w) = w™.

II. Assume now that none of p,q is a constant function. Replacing f(z) by f(z) if
necessary we may assume p(z) = az™(1 4+ 0(z)) and ¢(z) = bz"(1 4+ O(z)) with co > n >
m >1and a-b#0.

Replacing f by (bA)~"f(\z) changes a to (bA)™a-A™ and b to 1. We may thus assume
f(z)=A2"(140(2)) — 2"(14+ O(=)), A #0.

A-pm f(pz)

= 1. Replace f by —— we may assume
p

Case 1. m < n. Choose p so that
f(z) = 2"(1 4 0(2)) = 2*(1 + O(2)).

A-rm AT

Case 2. m = n. We choose 7 so that —— € R’. We may thus assume
T

f(z)=cz"(14+0(2)) —2zm(1+0O(z2)), ¢>0.

1
If ¢ =1 we stop. Assume ¢ # 1. Then H(z) := z + —Z is an invertible linear map. And
c

as c is real, we get easily :
1 AT 1
H(f(2) = (= )s"(1+ 0()) —O(")  withe——#0.

Replacing f by H o f we are reduced to Case 0 or Case 1.

Therefore in any case we may assume
f(z)=2"(14+0(2) —2(1+0(z)), 1<m<n, m<oo, n<oo.

Now there is a holomorphic map h with A(0) = 0, #’'(0) = 1 defined in a neighborhood of
0 so that the holomorphic part of f can be expressed as h(z)™. Then

foh(z)=2"—20(1+0(2)), 1<m<n, m<oo, n<oo

on some neighborhood of 0. This establishes the existence of normal forms.

Let us now take a map G(z) = 2™ — 2N(1 4+ O(2)) with oo > N > M > 1 so that
(G,0) ~ (g,0) with g(z) = 2™ — z"(1 + O(2)) and m < n. It is easy to see that M = m.
Let now h(z) = cz(1 + O(z)) be a holomorphic map with ¢ # 0 and H(z) = az + bz so
that H o G o h(z) = g(z). Then

a-(h(2))™ —a-(h2))N(1+0(2) +b-(h(2))™ —b-(h(2))N (1+0(2)) = 2™ — 2 (1 + O(2)).
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Assume n > m = M. If N = m then the terms 2™ and Z™ have coefficients (a — b)c™ and
(b — a)c™ on the left hand side, and (1,0) on the right hand side. This is impossible. So
N > m as well.

Comparing the Z™ term on both sides we get b = 0, and then the 2™ term we get
ac™ = 1. Comparing then the holomorphic part of both sides we get h(z) = cz. Now the
anti-holomorphic part gives N = n and ac" = 1. It follows that ¢"¢* = 1. So |¢| = 1,
™ =1 and ¢7"G(cz) = g(2). q.e.d.

We remark that in the case m = n the normal form is not unique. Here is an example:
Let G(z) = z +iz*> — z. For any b # —3 the map is equivalent to G(z) + bG(z) +
bG(2) = (2 +i22 + bi2?) — 2 + biz?2 = w + O(w?) — w =: g(w) for w = 2z + biz?

3.2 Criterion and normal forms for critically smooth points

We say that a subset set () of C is a locally regular star at z; of ¢-arcs if there is a
neighborhood U of z; and a univalent holomorphic map ¢ : U — C with ¢(z5) = 0 so
that QN U = {z,¢(2)* € R}. If £ =1 then Q is a smooth arc in U.

Lemma 3.3. Let f be a harmonic map in a neighborhood of zy. The following conditions
are equivalent:

1) Cy is a non-constant smooth R-analytic curve in a neighborhood of z.

2) For m := Ord,(f), in a local expression f(z) = p(z) + q(z), we have m =

/
Ord.,(p) = Ord.,(q) < oo, the map ¥ (z) = p,EZ; extends to a holomorphic map at
q(z
20, with |(29)] =1 and ¢¥'(z) # 0.
3) <f7 20) ~ <g70) with
g(z) = 2"+ b2 L O™ + 2, b =1, (3.2)

Every equivalence class of such (f, zo) has a representative in any of the following forms

(with any choice of signs): (f,z0) ~ (h,0) with

h(z) = 2™+ bz + 02" ) £ 2™ or h(z) = j:(z + b2+ O(z2)>m +zm |b] = 1.
(3.3)

Furthermore, 2y is a regular critical point if and only if m = 1.

Proof. Assume at first f(z) = p(z) + ¢(z), with
p(2) = 2™ + 02" 4 O™, q(z) =2, k>1, b#0.

p'(2)
q'(2)
Cr={Jr=0y={d =0}u{lp| =1} ={0}uy ' (S") =y (5" .

Note that J; = [p/|> — |¢'|*. Set ¢(z) = . We have
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But ¢1(S") is a locally regular star at 0 of k-arcs. So C; is smooth at 0 if and only if
k =1, or equivalently, ¥'(0) # 0.

This proves in particular the implication 3)=-1).

Let us prove 1)==3). We may assume f is in the local normal form (3.1) . If m # n
then it is easy to see that 2 is an isolated point of Cy. This will not happen under the
smoothness assumption of C¢. So m = n.

Replace f by f(az)/a™ with a®™ = —1 we have f(z) = p(z) + q(z), with
p(z) = 2™ + 02" L O™, q(z) =2, k>1, b#0.

Since Cy is smooth at 0 by the argument above we have k = 1. We may then replace f

1
by f(Az)/A™ for A = ] > 0 to get a normal form so that |o| = 1. Thisis (3.2) .

The rest of the proof is similar. We leave the details to the reader. q.e.d.

4 Order j(f,z) of the critical value curve for a har-
monic map

For a harmonic map near a smooth critical point, we will introduce what we call the
natural parametrization of the critical value curve, and then compute its order-pair in
this coordinate.

Points 3, 4 and 5 of the following result are due to Lyzzaik, [9]. Just to be self-contained
we reproduce Lyzzaik’s proof here (with a somewhat different presentation).

Lemma 4.1. Assume f(z) = p(z)+q(z) is an harmonic mapping and is critically smooth

at zg. Set Y(z) = 5,22 and m = Ord,, f.

1. We have X :=(z) € S* and ¢'(20) # 0. The critical set C; in a neighborhood of
2o coincides with 1~1(SY), is locally a smooth arc. We endow this arc what we call
the natural parametrization by v(t) := =t (\e®);

2. We then endow the critical value set what we call its natural parametrization by
B(t) == f(y(t)). Set j = Ordy(5(t)). Either 5(t) = B(0) = f(z0), in which case
Jj = 400 by convention, or co > j > m.

3. For the line L = {f(2) + sV\,s € R}, the set f~'(L) is a locally regular star at z
with 2(m + 1) branches.

4. We have p'(t) = Vet R(t), with R(t) = 2%(\/ )\e“%q(fy(t))), an R-analytic real

function of t.



5. In the case ('(t) £ 0, the curve t — [(t) is locally injective, has a strictly positive
curvature in a punctured neighborhood of 0, turns always to the left, is tangent to L

at B(0).

6. We have j —1 = Ordy(R) and oo > j > m. Either j = oo and = $(0), or the
curve (3 has the order-pair (j,j + 1) at 0.

Proof. Point 1. We have
Cr={J;=0y={d =0} U{ly|=1}={d =0} uy'(s").

But ¢(z) is not constant (otherwise ¥ = oo) we know that {¢’ = 0} is discrete and
avoids a punctured neighborhood of zy. Therefore, reducing U if necessary, we have

{J; =0}NU =4y 1(S")NU, and we may choose a holomorphic branch of \/1(z) for
z € U. From Lemma 3.3 we know that 1)(zy) € S*, 1(20) # 0 and so 1 is locally injective.
Reducing U further if necessary, we see that {Jy = 0} N U is a smooth arc. We call the
parametrization () = ¢! (¢(20) - ") the natural parametrization of C;.

Point 2. We endow the critical value set with the natural image parametrization
pt) = f((1).

Write f(2) = p(2)4q(2), p(2) = a(z—z)"+h.o.t. and q(2) = q(20)+A(z—2)™ +h.o.t.
for some a, A # 0. Due to the smoothness of the critical set at zp, we have (t) =
20 +7(0) - t + h.o.t. with 7/(0) # 0. So

Bt) = f(y(t) = p(y(t)) + q(7(t)) = B(0) + (a7 (0)™ 4+ A/ (0)™)t™ + h.o.t .
It follows that 7 = OrdyS(t) satisfies m < j < 4o00.

Point 3. Without loss of generality we may assume zyp = 0 and f(z9) = 0. Choose a

local expression f(z) = p(z) + ¢(2) so that p(0) = ¢(0) = 0. Then p(z) = az™ + O(z™"!)
and ¢(z) = bz™ + O(z™") for some a,b # 0. We have % = 1¢(0) = A. Rewrite now f in

the form
f(2) = VA(P() + Q) = VA(P(2) - Q(2) + Q(:) + Q)

with P(2) = p(2)/vA. Then P(z) and Q(z) have identical coefficient for the term 2™ and
Ordy(P) = Ordy(Q) = m. Set

F(2) = P(2) = Q(2), 7(2) = Q(2) + Q2) sothat [(z) = VA(F(2) +7(2)). (41)

Note that r(z) is real-valued, and F'(z) is holomorphic with multiplicity greater than m.
Write F in the form F'(z) = c2™™(140(2)) with ¢ # 0 and n > 1. As P(z) = Q(2)+F(z),

we have /3
AP F’
u() = LEE (14 L1,
VAQ'(2) Q)
It follows that n = Ordys. But Ordyyy = 1 by the smoothness assumption of the critical
set. Son =1 and F takes the form F(z) = cz™"(1 + O(z)) with ¢ # 0.
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Finally f7'L = {f(2) € VA R} = {F(2) +r(2) € R} = {F(2) € R} = F~'R. This
set is therefore a locally regular star of 2(m + 1) branches.

Point 4. We follow the calculation of Lyzzaik. Let z € C;. Then |¢(2)| = 1. So there
are two choices of /1 (z). Fix a choice of the square root.

Dfl. = p(2)dz+ ¢ (2)dz
¢ ()0(2)dz + ¢ (2)dz

= VG (VOGN (2)dz + /i) (2)dz)
= VIEIR (2000 (2)dz)

As (t) is defined by ¥(y(t)) = Xe®, we have

B(t) = Dflyy(¥/(1)) = VAU R(t), where R(t) =% (NW%qw(t))) .

Points 5 and 6. Assume that § is not constant. Then Ordy(5) = j < oo, R(t) #Z 0

/
t
and OrdyR = j—1. So f%((t)) — VAast — 0. It follows that §(t) is tangent to L at 5(0).

Furthermore,

R(t) = C(H™ + b7 + O(F*Y)), C €R*, beR .
t

/ . /
A simple calculation shows that g”(t) = <?%((t)) + %) p'(t). As fb%(%) is real, we see

already that the oriented angle from ' to 8” is in |0, w[. One can also check the sign of
the curvature of 3:

_SE@-p) _ 1 e
wall) = =g = gy > 0 1€l =830} (4.2)

This shows that there is some § > 0 such that () is on the left of its tangent for any
t €] —0,0[~{0} if B'(0) = 0 and for any ¢ €] — 4, [ if 5'(0) # 0.

Moreover,
/6 )+C\/_/ /2 (s 4 bs? + hoot.) ds
= 53(0) + (J\/X/Ot (sj‘l + (b+ %)sj + h.o.t.) ds.
So
B(t) - B(O) _ tSj71 Sj s %B(t) — 6(0) _ s’ j+1 S
%07\5_/0 (1+0()ds, SHL— _/O (4 O(7))ds.

It follows that ¢ — (5(t) is locally injective and ( has the order pair (5,7 + 1) at 0. q.e.d.
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Definition 4.2. Let f be a harmonic map and zy be a smooth critical point. We denote by
J(f, z0) the integer so that the critical value curve has the order-pair (j(f,z0),j(f,z0)+ 1)
in its natural parametrization. We will call j(f, zo) the critical value order of f at z.

Let us notice that j(f, zo) is an analytic invariant hence is a fortiori invariant under
our equivalence relation on harmonic maps.

5 Between critical value order and multiplicity

The objective here is to prove the following

Theorem 5.1. Given a harmonic map G together with a smooth critical point zy, the
three local analytic invariants m order of f, j order of the critical values curve and p
multiplicity of the complezified map on (C?, zy) are related by the (in)equalities :

x>j73>2m>1
j+m?=p.

5.1 A formula for the multiplicity u

For p(z) = > a;2" we use p(z) to denote the power series p(z) = > @;2'. The following
lemma provides a formula for the multiplicity, which in the case of a polynomial p leads
to an algorithm.

Lemma 5.2. Let p(z) be a holomorphic map with p(0) = f(z) = p(z) — z and
g(z) = p(z2)™ —=Z" (with m > 1 an integer). Then u(f,0) = rdo( p(z) — z) and more
generally :

wg.0)= Y Ordo(np(€n(2)) - 2).

gm=nm=1

Proof. Consider the following holomorphic extensions of f and g in C:

(o (7). () (2)

By definition pu(f,0) = p(M,0) and p(g,0) = p(M,,0). Let us work directly with M,.
It is known for example by [4, theorem 6.1.4] that u(g,0) < oo if and only if the germs of
planar curves p(u)™—v™ = 0 and p(v))™ —u™ have no branch in common. This condition

means that there is a neighborhood of (0,0) in C?, in which is the only solution of

0
0
the system of equations My <Z) = (8) Since this system is equivalent to the existence
of &, m, such that

"=n"=1, and v =Ep(u), nNp(p(u)) —u=0

12



the condition u(g,0) = co is indeed equivalent to the finiteness of the order in the right-
hand side of the statement of lemma 5.2.

We denote p; = Zﬁm:nmzl Ordy <n]_9(§p(z)) — z) this order. Solving the equation

M, (5) = (?), we get

v—E&p(u) =0
IT Gmppu) —u) =t

gm=nm=1

There are p distinct solutions in the variable u for the second equation, hence 4
solutions for the system which merge at a single solution (0,0) when ¢ — 0. These
solutions are all simple which means that M, is locally invertible. Applying again [4,
theorem 6.1.4], this proves that u(M,,0) = p;. q.e.d.

Note that |p'(0)| # 1 iff p(f,0) = 1. Otherwise u(f,0) > 2.

5.2 Normalizations

Lemma 5.3. Any harmonic map G near a smooth critical point zq is equivalent to (g, 0
with g(z) = p(z)™ — z™ for some integer m > 1 and some holomorphic function p(z) =
24 b22 4+ O(2%), |b] = 1. Furthermore, setting f¢(z) =& -p(z) — z, £ € C, we have

m? +m if (—b%)™m£1
(G 20) = plg,0) = { w(fp2,0) + (m —1)(m +2) >m?+m otherwise.

Note that in the particular case m = 1, the above formula becomes

2 if 6% #£ —1

(G, 20) = p(g,0) = { w(f1,0) > 2 otherwise.

Proof. The existence of the model map g follows from Lemma 3.3. In the following the
sums are over the m-th roots of unity for both n and £. By Lemma 5.2,

.00 = > Ordy(naen(=) - )

gm=nm=1
- DD OTdo(ﬁﬁ(fp(z)) —z)
né#l  né=1
= Y Ordo(nP(Ep()) ~ =) + 3 Ordo (Ep(ép(2) - =)
né#1 gm—1
Lem.5.2 Z Ordy (Uﬁ(fp(z)) - z) + Z Ord, (@(Sp(z)) — z) + Cu(fy2,0)
né#1 M1 £ b2

where C' = 0 if —b? does not coincide with any m-th root of unity, and C' = 1 otherwise.

13



There are m(m — 1) pairs of (n,§) with n™ =1 = ™ and n{ # 1. For each pair of
them, Ord (nﬁ(fp(z)) — z) = 1. This gives m(m — 1) for the first sum above.

Now for any & with €™ = 1, # —b* we have Ord0<§_p(£p(z)) — z) = 2. If =?
does not equal to any m-th root of unity, there are m terms in the middle sum above,
so 1(g,0) = m(m — 1) + 2m = m? + m. Otherwise there are m — 1 terms, so u(g,0) =
m(m —1) +2(m — 1) + u(f_p2,0) = m? +m — 2 + u(f_s2,0). In this case one can check
easily that u(f_j2,0) > 2. So u(g,0) > m?* + m. q.e.d.

Consider now
9(2) = p(z)™ — 7" = (z bR 0(23)) =1

A direct calculation using the first term of y(t) = ¢, ' (—¢") shows that the critical value
27 "
curve [ in its natural parametrization satisfies 5(t) = 7“<—>tm +o(t™).

Clearly m = Ordy(g). Let j be the ordre of 5(t) at 0, and p the multiplicity of g at
0. We want to prove
j>m and pu=j+m?

Note that for [b] = 1,

(=)™ =1 <= (%)m =1+ (%)m =1+ (%)m =+1 < %(Z—Z) =0

This, together with Lemma 5.3, gives:

Corollary 5.4. (The generic case) For p(z) = z + bz* + O(2?), |b] = 1 with (=b*)™ # 1,
and g(z) = p(z)™ — 2™, we have

Jj=m and u:j+m2:m—|—m2.
If (=b*)™ =1 then j > m.
It remains to work on the degenerate case (—b?)™ = 1.

Lemma 5.5. Any harmonic map of the form g(z) = (z+bz%+0(2%))" —2™ with (—b*)™ =

=m

1 is equivalent to a map of the form (z +iz* + o(2%))™ —

Proof. One just need to replace g by g(Az)/A" for A = 1/(—ib). q.e.d.

5.3 The normalised degenerate case

The following statement will complete the proof of Theorem 5.1. This is by far the hardest
case.
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Theorem 5.6. Let p(z) = z + iz> + O(2*) be a holomorphic map in a neighborhood of 0
and m > 1 be an integer. Set g(z) = p(2)™ — z™. Then g is a harmonic map with 0 as
a smooth critical point. Let j be the ordre of the critical value curve at g(0) = 0 in its
natural parametrization, and p the multiplicity of g at 0. Then

j>m and p=j+m?

Proof. We know already that 0 is a smooth critical point of g and j > m (Corollary 5.4).
Let’s look at the complexification of g:

a(®) plw)™ —ov™\ [ u"(1+iu+o(u)" -0\ (G
v)  \=u"+p)")  \—um+ov™(1l—div+ow)")  \Gs)’
The critical set in C? of G contains the set {(uv)™™! = 0} which consists of two

branches v = 0 and v = 0.

The corresponding critical value branches are

() u- L) 0)- (72

Both are plane curves with order pair (m,m + 1). The other branch gives a critical
value curve  with order pair (j,j + 1), as we already know from the real calculation.
By comparing the two parametrizations, an elementary calculation shows that these two
branches are distinct. They are also distinct from the third branch since we shall prove
that 7 > m hence that they have different first Puiseux pairs.

The local behavior of G' at each of these critical branches, off the origin, is given by
the following;:

Lemma 5.7. The multiplicity of G at a real critical branch point (off the origin) is 2,
and the multiplicity of G at a non-real critical branch point (off the origin) is m.

Proof. The expression of G at the point <f) in local coordinates <Zj) = < “ ) is
0

@ (o)~ Geale) = ("o o ot”)

m—1-/

By using to Taylor formula for p(vg + w)™ we find Q(vg) = mp(ve)™ P (vg). In order to

. 0} . ) . )
see that the germ of G at the point o) 8 equivalent by analytic coordinates changes
0

to the germ (g) — (u@ ), it is sufficient to check that Q(vg) # mug ' for any small

enough non zero vy. The proof for the branch v — G g is similar. q.e.d.

The preimage G~1(S), of S a small sphere centered at the origin, is a smooth 3-
manifold, and in fact we are going to prove a stronger result stating that the pair
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(G7Y(B),G71(9)) is diffeomorphic to the pair made of the standard ball and the standard
sphere.
2

= €2, and is

We notice that G71(.9) is defined by the equation N(u,v) := HF <u)

v
the boundary of G™(B) = {(Z) || F (:’j)

from a general statement about a function N defined on an open set of R" given in the
next lemma.

2
< 62}. The above result will then follow

Lemma 5.8. Let N : W — R be a positive real analytic map defined in a neighborhood
of 0 € R™ such that N=1(0) = {0}. Then there is ¢g > 0 such that for 0 < ¢ < ¢ the pair
of sets

({z eR"| N(z) <}, {z e R" | N(z) = €*})

18 diffeomorphic to the standard ball and the standard sphere.

Proof. First we prove that N is a submersion outside the origin if we restrict to a small
enough neighborhood of 0 : there is a constant ry > 0 such that if 0 < [|z|| < ry we have

gradN (z) := (g—z, . S—Z) (z) # 0.

Indeed if this was not true, we could by the curve selection lemma [10, lemma 3.1] find
an analytic path v : [0,79[—> W such that v(0) = 0 and ~(¢) # 0 for t €]0,n0[, and
gradN(v(t)) = 0. But then we would have 4(N(y(t))) = (v(t), gradN(v(t))) = 0. But
then N(v(t)) would be constant equal to N(v(0)) = 0 and this contradicts ~(¢) # 0 for

t#£0.
In a second step we show that the gradient of N tends to point out from 0 when ¢ — 0.

More precisely this means that given an analytic path ~ : [0, 79[ such that v(0) = 0 and
v(t) # 0 for t €]0, no[— W, we have:

o (0, gradN((®)
=0 (@ - lgrad N (vE)I| —

Indeed let a, 8 be the valuations of v and grad N o . We have power series expansions
with initial vector coefficients a,b € R* :

v(t) = at™ + o(t™), gradN(y(t)) = bt® + o(t?)

and the limit above is ”éaﬁ"l"g”. The expansion of the derivative of v is 7/(t) = aat®™! +

o(t*™ 1), and therefore %(N(v(t))) = (Y(t),gradN(v(t))) = ala,b)to+#=1 4 o(te+F=1),

Since N(7y(t)) > 0 for small enough positive ¢, this forces the inequality (a,b) > 0 and we
are done.

We deduce a quantified version of this behaviour of the gradient vector field, showing
that the angle of the vectors x, grad N(z) is bounded away from 7. Precisely making the
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constant 7o above smaller if necessary we may assume that for 0 < ||z|| < rg :

(x,gradN(z))
[z - [[grad N ()|

1

> ——.

- 2

This claim is a consequence of the curve selection lemma, because the limit property of
grad N (z) implies that 0 cannot be in the closure of the semi analytic set

1
Z:={zeW[0<|zl <ro, (z gradN(z)) < -5z [lgradN(z)[[}.

Our third and last step is to show that we have a homotopy between ¥ = N~!(e?) and
the standard ball ||z||* = € because the gradient of interpolations between N and ||z||?
never vanishes outside the origin. Indeed the choice we made for ry has the following
consequence: for any t € [0, 1], we have 2tz + (1 — ¢)gradN(z) # 0 and this implies
that the the relative gradient with respect to (zy,...,z,) of the deformation N(¢,x) :=
t|z]|* + (1 — t)N(z) is non zero for any x # 0:

Ve [0,1],Va,0 < [z <o, grad N(t,z) = (gTN, L 27]\]) (t,2) £0.
1 n

Using the continuity of N let us choose ¢y < 7 such that N(z) < e = |z|| < 7o.
Then the property we obtained on the gradient shows that for each ¢ € [0, 1] the set
Yy i= N; ' (€?)) (resp ¥ := N7!(€?)) is a submanifold of the open ball B(0,7,) (resp. of
the product [0,1] x B(0,70)). The set B; = N, ([0, ¢2]) is a manifold with boundary S,
and interior an open set of R™. Similarly ¥ is a part of the boundary of B = N=1([0, ¢]) C
[0, 1] x B(0,79) to be completed by ByU B;'. We notice that (Bj, ;) is the standard ball
of radius ¢; with its boundary.

Finally the restriction to ¥ of the projection (¢, x) — ¢ is a submersion. This implies
by the version with boundary of a well known theorem of Ehresmann [5] that the pair
(B, Y) is locally trivial above [0, 1] which means that we have a diffeomorphism

(B,%) — [0,1] x (By, Xo)-

In particular we have a diffeomorphism (By, ¥9) — (B, ¥1) as expected. q.e.d.

Let us now come back to the map . Take a small round closed ball D of radius
€o and its preimage B so that G : B — D is a covering of degree p outside the critical
value curves, and that 0D is transverse to the critical value set. It follows from lemma
5.8 applied to N = ||G||*> that OB is a smooth 3-variety diffeomorphic to a sphere. We
take 7o as in this lemma and denote : B, = {x | N(z) < ¢} C D,,, ¥. = 9B, for all
0 <e<e.

Let ¢ : <i1> — azry + bry be a generic linear form. For ¢; small enough the disc
2

(¢ = 0) N D intersects the critical value set V only at the origin. Therefore for ¢ a small

Lwe might avoid easily to consider a manifold with a corner along Sp U S; by enlarging slightly the

range of ¢ to an open interval | — n, 1 + 7.
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enough non zero complex number, the line L; with equation ¢(u,v) = t is transversal to
the boundary of D and L; N D is a disc A;. Furthermore if ¢ # 0 L;, intersects the critical
value set V at j + 2m points contained in the interior of D.

Set V; := {l(G1,Gs) =t} =G 1 ({L =1t}).
Proposition 5.9. With well chosen rq, €y, as in the proof of lemma 5.8 and t # 0 small
enough, X; :=Y; N B, is diffeomorphic to the Milnor fiber of the function ((G1,Gs).

Proof. In the proof of lemma 5.8 we may choose if necessary a smaller ry to guarantee

that the standard ball B, = { Cj) | ’ “

v < ro} is a Milnor ball which means that

X is transverse to the standard sphere 0B for each r €]0, 7] and the Milnor fiber is by
definition X; N B/ for 0 < [t| < ny, with 7 small enough. By this very definition B is
also a Milnor ball and X; N B a Milnor fiber provided that we restrict the condition
on t to 0 < |t|] < n for an appropriate n < 1. In fact for such a t the inclusion
X; N B, C X;N B/ yields a deformation retract between two diffeomorphic varieties.
Now we have the inclusion B., C B; and choosing r small enough to get B, C B, we
can perform again the construction of lemma 5.8 and we get the chain of inclusions:

B, C B, C B, CB,. (5.1)

Let us choose 19 small enough both for the validity of the Milnor fibration and for the
transversality of the intersections L; N 0D as described above, with D of radius ¢,. We
have to notice also that Lg is transverse to D, for all ¢ < ¢y. Then at any point y €
0X; = YN X, the two varieties Y; and ¥, are also transversal, and so are Yy and >,
for 0 < € < ¢. Indeed at such a point y we have avoided V and the map G is a local
diffeomorphism.

Because of these transversalities we can construct Milnor fibrations with Milnor fiber
Y; N B, using "pseudo Milnor balls” B, which make a basis of neighborhoods of 0. The
arguments are exactly the same as with the standard Milnor fibration. It is known (see[
[7], Theorem 3.3) that this Milnor fiber is diffeomorphic to the standard one. The proof
uses the chain of inclusions (5.1). Indeed we choose t small enough for the intersections of
Y; with the four terms in (5.1), to be Milnor fibers. The two inclusions Y; N B, C Y; N By,
and Y; N D, C Y;N D,, are homotopy equivalences. Therefore, in the sequence of maps

H(Y,N B.) 2~ H{(Y; N D,) —2>~ H(Y, N B,,) —*~ H (Y, N D,,)

300 and apoqq are isomorphisms and this forces the middle arrow to be an isomorphism
for i = 0, 1. Since we work on surfaces with boundaries this is enough to obtain that they
are diffeomorphic. q.e.d.

Proposition 5.10. The surface X; is connected and x(X;) = 2m —m?. Furthermore its
boundary has m connected components and its genus is g(X;) = W

Proof. Since X; is a smooth real surface with boundary its Euler characterictic is
x(X;) =1 —dim(H'(X;),C) because it is connected by [10]. The first statement in the
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proposition is equivalent to the fact that the Milnor number p(¢ o G) = dim(H*(X;),C)
(m — 1)%. To check this fact recall that u(¢ o G) is an analytic invariant (and even a
topological one) of the function. Let us calculate a standard form up to an analytic
change of coordinates, for L := (G, Gy):

L(u,v) = a(p(u) —v™) +b(—u™ + B(v)
= (a—=b)u™(1+O0(u)) — (a = b)o" (1 + O(v)) = U™ = V"™

where O : (Z) — (52%) is a diagonal change of coordinates. We can now check that

w(l(G1,Gs)) = (m — 1)? by the formula for the Milnor number as the codimension of
the Jacobian ideal : u(L) = dime C{u,v}/(2, 2£) = dime C{U, V}/(U™ ', V™= 1), The

ou’ Ov
last statement follows since the number of components of the boundary is the number of
irreducible local components of the curve L(u,v) = 0. q.e.d.

Now we are ready to finish the proof of theorem 5.6. We already know that F': X; —
A, is a ramified cover of degree p with j + 2m critical values and that above each critical
value there is exactly one critical point.

By the proof of 5.7 we know that the germ of the map F', at a critical point different
from (0,0), is up to analytic changes of coordinates, equivalent to one of the two germs
(21,22) — (21,23) or (21, 20) — (z1,25"). Since the disc A; is transversal to the critical
value curve, we deduce that for F': X; — A, the critical points are simple on the smooth
branch, and of local multiplicity m (therefore counts as m — 1 critical points), above the
fantom curves.

By Riemann-Hurwitz, x(X;) + #{critical points} = ux(A) = u. So 1 — (m —1)? +
(+ 2m(m — 1)) = p. That is u = j + m?. q.e.d.

Combining with Lemma 5.3, in which we plug in b =4, u(f_s2,0) = p(f,0) we get:

Corollary 5.11. Form > 1, f(2) = (2+i2°4+0(2%))—% and g(z) = (2+i2°+0(z3))™—z™,
the four quantities j(f), u(f),j(g), u(g) at O are related as follows:

w(g) = p(f)+m?*+m—2, jlg) =pulg) —m*=j(f)+m—1=pu(f)+m—2.

In particular each of these number determines the three other ones.

6 Topological models for harmonic smooth critical
points

Notice that due to the equality u = j+m?, the integers  and m+ j have the same parity.
In this section we will reformulate Lyzzaik’s topological model in terms of the parity of
m + j. We provide a self-contained proof.

We then show examples of harmonic maps with prescribed numerical invariants or
with prescribed local models.
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6.1 Local models

Theorem 6.1. (topological model, inspired by Lyzzaik, [9]) Let f be a harmonic map with
2o a smooth critical point. Set m = Ord,,(f). Let j be the integer so that the critical
value curve 8 at zg has the order-pair (7,7 + 1). Assume j < oc.

In this case, define n™ by the following table:

2nt — 1 _ _
B conver (m < j odd) B cusp (m < j even)

2n~ —1
EUERSAIINT

m odd <m)
m
m+1 m—1 m+1

m even or
m—1 m+ 1 m+ 1

Tei(2n+—1)9 0 < 0 <
re i@ -D0 <9 <o .

Set R+ - (2) = R+ - (Teie) = {

Then one of the choices of Rp+,-(2) (the choice is unique if m + j is odd) is a
local topological model of f, in the following sense: There is a neighborhood U of 0, two
orientation preserving homeomorphisms: hy : U — D, 0+— 0, hy:C — C, 0~ 0, such
that

hyo fohi'(2) = Ryt n-(2).

Moreover #f1(z) =nt +n~ orn™ +n~ — 2 depending on whether z is in one sector or
the other of f(U)N\p.

Notice that only the parity but not the size of j comes into account, and n* —n~ =0, 1
or —1.

Proof. By Lemma 3.3 we can assume zo = 0 and f takes the form f(z) = p(2) 4+ ¢(z) with

p(2) = 2"+ b2+ O™, q(z) =2", |b=1.

In this case ¥(zp) = 1. From lemma 4.1, we know that ¢t — [(t) is locally injective
and the local shape of 3 corresponds to that of u(#/ + it’*!). Therefore (3 is a convex
curve on one half plane if j is odd and is a cusp of the first kind tangent to R if j is even,
then has its tangent lines on the right. See Figure 1.

Write f(2) = p(2) — q(2) + 2Rq(2) = b(k(2))™"! + 2Rq(z) with x a holomorphic map
tangent to the identity at 0. We may take x(z) as coordinate and transform f into the
following holomorphic+real normal form

f(2) = 2 4 r(z) = F(2) +7(2) with F(2) = 2™ p(2) = 2R(=" 4+ O(="H)).
(6.2)

Claim 0. In this form the critical value curve f is either a convex curve on one half
plane or is a cusp of the first kind tangent to R.
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B\\ //B /8+ : f(’y+)
Case j odd Case j even _ _
g BT =r0r)
Figure 1: The shape of the critical value curve
A

C

“~
\/

Figure 2: The domain U and F~!(R)

Proof. We have only changed the variable in the source plane. So this new normal
form has the same critical value curve as before.

Claim 1. We give here a specific proof to be compared to lemma 5.8. For a small
enough round circle C' = {|z| = s} in the range, its preimage by f contains a Jordan
curve connected component bounding a neighborhood U of 0, with f(U) C Dy (not
necessarily equal) and f : U — D; proper (see Figure 2).

Notice that the tangent of v at 0 depends on the choice of # in b = €?, whereas the
tangent of 8 at 0 does not depend on 6.

Proof. By assumption on j < oo the point 0 is an isolated point in f~!(0). So
there is r > 0 such that {|z| < r} is contained in the domain of definition Q of f and

0 ¢ f({lz] =r}).

There is therefore a small round open disc D centred at 0 in the range such that

Dnf({lzl =r}) =0
Let W be an open connected subset of D containing 0.

As f is continuous f~1(W) is open in Q. Let V be the connected component of f~1(W)
containing 0. Then V' is an open neighborhood of 0 with V' C {|z| < r} CC Q.

We now claim that f|, : V' — W is proper.

Proof. Let V 3 2, — 2z € dV. We need to show f(z,) = OW. As z € 9V C  the
map f is defined and continuous at z. It follows that W 3 f(z,) — f(2) € W = WLOW.
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If f(z) € W, then by continuity f maps a small disc neighborhood B of z into W,
consequently
connected
BUV is strictly larger than V', and
a subset of f~1(W).

This contradicts the choice of V' as a connected component of f~1(W) and ends the proof
of the claim. We now choose W a small enough disc such that t — |5(¢)| is strictly
increasing (resp. decreasing) as along as t > 0 (resp. t < 0) and S(t) € W and consider
the proper map f:= fly : V — W.

Fix now C = {|z| = s} contained in W in the range. The map f is a local homeo-
morphism at every point of f~1C'\\y. Due to the local fold model at points of v* we may
conclude that f~'C is a 1-dimensional topological manifold, which is actually piecewise
smooth. It is also compact by properness, so has only finitely many components, each is
a Jordan curve.

Let I be an island, i.e. an open Jordan domain in V' bounded by a curve in f~1C .

We claim that f(I) C D, := {]z| < s}.

Assume f(I)\D, # () . Then |f| on the compact set I reaches its maximum at an
interior point x € I. Then z can not be outside v as f is locally open outside 7. But if
x € v then f(x) € § and |f]| restricted to v can not reach a local maximum since |5(¢)| is
locally monotone. This is not possible.

So f(I) C D,. But if for some z € I we have f(z) € C = dD,, then I contains a
component (so a Jordan curve) of f~'C. Choose a point 2’ in this curve but disjoint from
~v. Then f is a local homeomorphism on a small disc B centred at 2’ with B C I and
f(B) contains points outside D,. This is not possible by the previous paragraph. So we
may conclude that f(I) C D;.

We claim now 0 € [. Otherwise 0 ¢ f (1) and we may argue as above using the
minimum of |f| on I to reach a contradiction.

It follows that f~'C has only one component in V bounding a Jordan domain U
containing 0 and f(U) C D,. As f maps the boundary into the boundary (not necessarily
onto), f: U — Dy is proper.

Claim 2. The set F'~'R* is a regular star of 2(m + 1) radial branches from 0 to oo and
F7'RNU is connected (see Figure 2).

Otherwise there is a segment L C F~'R* connecting two boundary points of U. As
f(s) = F(s) + r(s) with r real, f(L) C R. But f~1(0) = 0. So f(L) is a segment in
R* by Intermediate Value Theorem. Now as f has no turning points (critical points) in
L, it maps L bijectively onto a real segment with constant sign, and the two ends are in
f(0U) = C. This contradicts the choice that C' is a round circle.

Claim 3. Each sector S of UN\F~'R is mapped by both f and F into the same upper
half plane. Each branch ¢ of F~'R* is mapped by f to a real segment with constant
sign (but not necessarily equal to the sign of F'(£)). Two consecutive branches on the
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same side of v have images under f with opposite signs, and two consecutive branches
separated by 7 have images under f with the same sign.

Proof. As f(s) = F(s) + r(s) with r real, and F(S) is either on the upper or lower
half plane, the same is true for f(S) with the same imaginary sign.

The fact that F(¢) C R* implies f(¢) C R. But f71(0) = 0. So f(¢) is a segment in
R* by Intermediate Value Theorem. Now as f has no turning points (critical points) in
¢, it maps ¢ bijectively onto a real segment with constant sign.

We now prove by contradiction that two consecutive branches on the same side of ~
have images under f with opposite signs. Let W be a small closed sector neighborhood of
0 bounded by two consecutive branches on the same side of v and a small arc ov. Assume f
maps the two branches to the same segment in R, say [0,¢]. AsWNf~'R* = WNF'R* =
(), the connected set f(W) is disjoint from R™. And f(«a) is disjoint from 0. Since f(W)

is not entirely contained in R™, one can find v € 9f (W)~ (f(a) URTU {0}) Sov = f(w)
for some interior point w of W. This contradicts that f is a local homeomorphism.

We may prove similarly that two consecutive branches of F~'R* separated by ~ have
images under f with the same sign, using the fact that f realises a fold along ~*.

Claim 4. Let S be a sector of U\ F 'R disjoint from ~. Then f maps S homeomor-
phically onto one of the half discs {|z] < 5,3z > 0}, {|z] < 5,32z < 0}, and in S the
number of branches of f~1(f(v)) is equal to the number of branches of F~1(F(v)) (see
Figure 5).

Proof. The previous claim says that f is a local homeomorphism on S, and f(S) is
contained in one of the half discs, say {|z| < 5,3z > 0}. We also know that f : S —
{|z|] < s,z > 0} is proper, so is in fact a covering. As S is simply connected, we conclude
that f on S is a homeomorphism onto its image. We also need to prove that f(.S) is one
of the half discs bounded by C' U R.

For t €]0, g[, set v£(t) = y(£t). Consider §=(t) = F(y*(t)) and 8=(t) = f(7y* (1)),

By (6.2) we know that 6 (¢) and S~ (f) are in the same half plane of C\R, idem
for the pair 67 (¢) and 7 (¢). Comparing with the shape of /3 relative to R we know that
5% (t) are in the same half plane if 3 is convex and in opposite half planes otherwise.

Claim 5. The map f sends each S of the two sectors of U~ F 'R intersecting ~ onto
one small sector y with 0 angle at 0 of C\(C' U BUR), and SN f~1(3) C ~v (see Figure
3).

This is due to the harmonicness: f folds a small neighborhood of z € v* onto a half
neighborhood of f(z) on the concave side of 5 (see Figure 3). As x does not contain the
other branch of 3, the preimage S contains no other co-critical points than ~.

Claim 6. The critical curve 7 separates the branches of F~!R* into two parts whose
numbers depend on the shape of 3, by the following table:
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Case m even and j odd

Figure 3: The folding sides for harmonic maps f

#right branches of F~'R*
[ convex [ cusp
#left branches of F'~!R*
m odd equal number | differ by 2
m even differ by 2 | equal number

Proof. For t €]0,¢[, we have v£(t) = y(&t), 6%(t) = F(v*(t)) and BE(t) = f(vE(1)).
We need to know the relative positions between §%(¢) and R in order to get the relative
positions between v C F~1(6%(¢)) and F~'R*.

We know that d*(¢) are in the same half plane if 8 is convex and in opposite half
planes otherwise.

On the other hand, the two curves v=(¢),¢ € [0,e] make an angle 7 at v(0). As

F(z) = ezmtL,

0 if m is odd

angley(6%(t)) = (m + 1) - angley(v*(t)) = (m + 1) mod 27 = { m if m is even.

Now pullback these shapes by F(z) = ¢?2™*1, we get the claim. See Figure 4.

Claim 7. In any case, the number of sectors in U~ f~!8 is odd in each side of 7.
Denoting them by 2n* — 1, with + for the right-side of v and — the left side, one can
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related them to the numbers of branches of F'~'R* separated by « by:

2nt —1
2n” —1
Proof. The shape of § is determined by the parity of j in its order-pair (j, 7+ 1): If j
is odd then f is convex, if j is even then [ is a cusp. In the following only the shape of

3 is relevant, but not the value of j. It follows that if m + j is odd, F~'R contains the
tangent line of v at 0.

B convex, 7 odd

#right branches of F7IR* — 1
#left branches of F~!R* — 1

£ cusp, j even

#right branches of F~!R*
#left branches of FF~!R*

See Figure 5.
Now as the total number of branches of F~1R* is 2(m + 1), we get, by Claim 6,

(#right branches of F‘HR*)

[ convex, 7 odd [ cusp, j even

#left branches of F~1R*

m+ 1 m 4+ 2 m
m odd or
m+ 1 m m+ 2
m even mEz) ( m ) (m“)
m m + 2 m—+1
We get (6.1) .

Claim 8. Now we forget about F'"!R and consider only the sectors in U partitioned
by f~'83. The same arguments as above show that f maps each sector homeomorphically
onto one of the two sectors in Dy in the range.

To construct coordinate changes hy, hy from f to R,+,-, one proceeds as follows:

Define at first an orientation preserving homeomorphisms hs : D, — D mapping 0 to
0 and BN D, onto [—1,1]. Note that R;i,n_ [—1, 1] partitions D into the same number of
sectors as the partition of U by f~!3. We just need now to construct h; sector on sector
so that R,+,- o hy = hy o f on that sector and h; is an orientation preserving mapping
from v N D, onto [—1,1]. We can see that hy is a homeomorphism from U to D.  q.e.d.

Notice that the local topological degree of f can be expressed in the following table:

B(t) convex, m < j odd B(t) cusp, m < j even
m odd m even m odd m even
22”+_1 »m Zerl mel Zm+2 Hm Zerl
) E)e ) () () )
Z
deg(f,0) = 0 +1 +1 0
#174z) = m+1,m-—1 m+1,m—1 m+2,m m+2,m
pu(f,0) = j+m?

25




Corollary 6.2. In the generic case f(z) = (z +bz* + O(23))™ —

have

B(t) conver, m = j odd

B(t) cusp, m = j even

22n+—1
fz:O ~ B
=2n"—1

)

8

zm—l—l
zm—}—l

Z"™ with (=b*)™ # 1, we

z
deg(f,0) = 0 0
#171z) = m+1,m—1 m+2,m
u(f,0) = m+m?

6.2 Prescribing numerical invariants or local models for har-
monic mappings

Now we are ready to prove Corollary 2.3. Due to the equality j+m? = p, we only need to
prove that given two integers u, m satisfying m > 1 and g > m? +m there exist harmonic
maps of the form g(z) = p(2)™ — 2™ such that u(g,0) = p.

Assume that p(z) = z + bz? + o(2?) with |b| = 1.
In the case p = m?* + m, one can take p such that (—6?)™ # 1 and apply Lemma 5.3.

Assume now g > m? + m, in particular g > 2. Choose b = i. Then —b* = 1 is
always a m-th root of unity. And f_,2(2) = fi(z) = p(z) — z. Choose p such that
w(f1,0) —2 = p— (m? +m) and apply Lemma 5.3.

Now given a pair of positive integers n* with n™ = n~, resp. with [n* —n~| =1, one
can use the table (6.1) to find a suitable pair m and j, or the table (2.2) to find a

suitable pair m and u, and proceed as above to find an harmonic map realising the model.
q.e.d.
Here are some concrete examples realizing a given pair (i, m) with co > p > m? +m.
If co > p = m? + m, take any p(z) = z + bz? with |b| = 1 and (—b*)™ # 1. Then
p(p(z)™ —2",0) = p .
foo>pu>m*4+m,setv=p—(m?*+m)+2=pu—(m—1)(m+2) and p,(z) =
237 2(i2)° + az” with Ra # 0,41 and g,(z) = (p,(2))™ — Z™. Then u(g,0) = p.

and g(z) = p(z)™ —z™. We have pop(z) =pop(z) = z,

If,u:oo,setp(z):—lz

and

1(g,0) =

D

§m=1nm"=1,§n#l

Ordy (nﬁ(&p(z)) — z) + Ordy (ﬁ(p(z)) — z) = 0.

One can also check by hand that j(g,0) = co.
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Case m even and j even

F=F0T) =10

Case m odd and j odd

Case m odd and j even

5+
ﬁJr

ot Bt

Case m even and j odd

Figure 4: The left hand figures are F'~*(R) (in red) and F~!(F (7)) (in black). The shape
of B* is determined by the parity of j. The curves §* are in the same half planes as B*
due to the fact that F — f is real. The angle between §* is determined by the parity of

m, as F(z) = e?zm+1,
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Case m even and j even

Case m odd and j odd

Case m odd and j even

Case m even and j odd

Figure 5: The cocritical set f~*(f()) = f~1(8). We have kept the red lines for reference.
In each sector S bounded by red lines, the number of branches of f~!(f(v)) is equal to
that of F~1(F(v)) (refer to Figure 4), except in the two sectors containing v*, where
7)) cy
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A Analytic planar maps at a regular critical point

Let K=Ror C. Let f: (g) — f <§) be a K-analytic map with a as a regular critical

point. The critical set Cy, as a level set of Jy, is everywhere orthogonal to the gradient
vector field (0,Jy, 0, Jr). The unique curve I'(¢) satisfying

(0 (TN
“o - (Gitay ) o=

thus parametrizes the critical curve {J = 0}. Now the map f transports the curve I'(¢) to
the critical value set, inducing thus a natural local parametrization ¢t — 3(t) = f(I'(¢)).

In this section we prove that the critical value curve of a K-analytic map at a regular
critical point takes always a pair (j,j + 1) as its order-pair, and p = j + 1. We then give
a recursive algorithm computing j, thus p.

A.1 Ciritical value order-pair and multiplicity

Theorem A.1. Let K =R or C. Let W C K? be an open neighborhood of wy € K?, and
F: W — K? a K-analytic mapping with wq as a reqular critical point. Then,

1. (critical value order-pair) Let j be the order at F(wqg) of the critical value curve
in its natural parametrization. This curve has an order-pair of the form (1,00) if
j=1,and (7,7 +1)if1 <j < oc.

2. (critical value order and multiplicity) The order j is related to the multiplicity by
the formula
J+ 1= p(F, wp). (A1)

3. (topological model in the reals) In the case K =R and p(F,wy) < 0o,

{u(F, wyp) even, or

W(F. wy) odd iff there is a pair of topological local changes of coordinates
» o

fold form < ) > (:g), or
h, H of R%, so that H o F o h takes the standard y Y

cusp form <:1:) — ( v )
y zy+y°)

In particular, outside the critical value set, the number of preimages is either 0 or
2 in the fold case, and 1 or 3 in the cusp case.

Proof. We will make a sequence of analytic changes of coordinates to F'. This will lead
to new maps whose critical value curves differ from that of F' by analytic changes of
coordinates. We will see that in some suitable coordinates the critical value curve has an
order pair in the form (j,j 4+ 1). If j > 1 then j,j 4+ 1 are co-prime and the pair becomes
then an analytic invariant. It follows that the critical value curve of our original map has
also the same order-pair.
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Precompose F' by a translation if necessary we may assume wy = 0. Denote by D Fjy
the differential of F' at O.

Precompose and post-compose F' by some rotations if necessary we may assume that
Ker(DFy) is the y-axis and I'mage(DFy) is the z-axis. Divide F' by a non-null constant

in K if necessary we may further assume D Fjy (é) = (é)

0 0
Write now F (g) = (f(x,y)) and set ¢ (z) = (fCZ’ y>) Then Jacy(0) = Id. It

9(z,y)
follows that ¢ is a local diffeomorphism.

It follows that the Jacobian matrix Jacg(0) is (1 O).

Replace now F by F o ¢~ we may assume F takes the form

o) = lin) 2r=(0)

0
By assumption (VJr)o # (0,0). Set (VJg)o = (b,0'). Note that Jp = 6_9 We get
Y
thus the following local expansion

0 ,

3_5 = 0+ bz + 0y + Raoo(x,y) = 2(b + a(z,y)) + ¢ (c + Rx1(y))
for some co > j > 1 (0o > j > 2if ' =0) and b- ¢ # 0, where the function a(x,y) has
no constant term.

The case &/ # 0. The curve § can be parametrized by x and has the order-pair (1, co)
at 0.

We will only treat the case b-b" # 0. Then j > 2. We will prove that the critical value
curve has (j,j + 1) as its order-pair at 0.

Set B(:U) = g(:L’, 0) We haVe B(O) = O Post_compose Nnow F by (:}l/) s (v _’Lé(u))
we may assuime

F(";) = <g<siy)) with g(z,y) = Oyg—z(:p,y)dy. (A.2)

Case j = co. We see that Cr is locally the y-axis and g(x,y) = bxy - A(x,y) with

A(0,0) = 1. So
F @) — (bxy.fm’y)) . A(0,0) =1 (A.3)

Y1

details
77

and F|¢, is locally constant. We may also make a change of variable (xl) = < v ) =

by - Az, y)

) (x) Clearly @ is locally invertible and F o ®~1 (xl) = ( 1 )
Y Y1 T1Y1
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Case j < co. The map F' takes the form

A(0,0) = 1.

X
vy j+1
F(y) jy+1(c+8(y))+bxy-fl(x,y) ’

Let y; be the analytic function in y tangent to the identity at 0 so that y{“ =
1T (1+s(y)/c) and change the variable y to 31, one can further reduce F' to the following
form (by abuse of notation we use again y to denote the new variable):

x
F <””) = | eyt A A(0,0) = 1. (A.4)
. A 7 Y
S ey Aly)
Note that Jp(z,y) = ay (j 1 +bay - A(:U,y)) =cy +b-z2(1+ C(x,y)) for some

function C(x,y) that vanishes at (0, 0).
Solving now the implicit equation Jg(x,y) = 0, we see that the critical set Cr is locally

parametrized by y — y(y) = <x§yy)> with z(y) = —gyj + R>j11(y)-

We may now compute the critical value curve in this coordinate :

J
z(y) Y LR, 1(y)
Bly) = F(v(y)) F<x§/y)) il AR ()] = i’ o
j+1 b 7/ 2i+2\Y ﬁ?ﬂJf + R>jy2(y)

It follows that /5 has the order-pair (j, j + 1) at 0. This proves Point 1.
Let us prove that the multiplicity p(F,0) of F' at 0 is j 4 1. This multiplicity is equal

lim sup # (U N F(C_1 <x))
(2,)—0 Y

with U a small neighborhood of 0 in C2.

to

By (A.4) if z =0 and y is close to 0 but y # 0, then #F ! <2) = j+ 1. This is also

true for (:1:) close to 0 by Rouché’s theorem applied to the second coordinate function
of F' as a function of y. We know that
Ve>0, dn>0s.t Vs, |t| <n, [9(s,y) = t|jy== #0 .

This proves Point 2.
Point 3. Assume K = R. All functions below will have real coefficients. One can write

2(y) = =2 (y + Raa(y)).
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If j + 1 is even the function x(y) is a local homeomorphism of an interval about 0 so
has a unique inverse. It follows that on each vertical line x = ¢ for ¢ small, the map F'
has a unique critical point. Since F' sends the line into itself, it must be a fold.

The case j + 1 odd: x(y) is a convex curve staying on one half plane, say the left
half plane. It follows that for every ¢ > 0 small, the map F' sends the vertical line x = ¢
homeomorphically to itself. And for ¢ < 0 small F' on the line x = ¢ behaves topologically
as ay + y> with a < 0. So F' is a topological cusp.

The rigorous constructions of the changes of coordinates are very similar to Claims 1
and 8 in the proof of Theorem 6.1. As our map F' here preserves vertical lines, we may
instead choose to pull back small rectangles | — 7, r[x] — s, s[ so that the upper and lower
boundary segments do not intersect the critical and co-critical sets. We omit the details.
q.e.d.

Remark that in the proof we have also established a collapsing model in K: We have
w(F,wg) = oo iff there is a pair of K-analytic changes of coordinates ¢ and ® so that

® o F' o p takes the standard collapsing form (:;) — <xxy)

Remark also that Whitney has given a geometric model in K for the ’stable singularity’

lu(Fa wO) =2
cases:
{M(Fv wo) =3

T T
fold form ( ) — ( 2)
H o F' o h takes the standard y Y

x x
cusp form <y) — (xy I y?’)'

A.2 A recursive algorithm computing j

iff there is a pair of K-analytic changes of coordinates h, H so that

This subsection is inspired by a conversation with H.H. Rugh.

For a C* planar mapping f, let J be the jacobien of f. In the following both our
domaine and range planes will be R? identified with C. In this spirit the jacobien will
also be considered as a map with range in R.

Consider now a map f from U to C, we define

Vel = (fr f) ad VF = (£ ) o= (505~ ih). 5 i),

Mimicking Whitney’s definition for folds and cusps, we set recursively

VRJ VR J V]RJ

M, = My = e, M, = A5

1 ‘VRJC ) 2 ‘VRZ\[l 3 ) k ‘VRMk—l ; ) ( )
V VL VIL_

L1:’ V§ 7L2:’ le P Lk:’ ka ! y T <A6)
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Proposition A.2. Let f: (R? a) — (C, f(a)) be a smooth map. We have,
V> 1M, = (20)"L,.

Let I'(t) the trajectory of the wvector field (—Jy(z), J,(2)) with initial point a, and set
X(t) = f([(t)). We have

Vo >1, SM(t) = M,(L(t) = (20)"Ly(t).

In particular X (0) = M, (a) = (2i)"L,(a) .

Proof. Let G, H : (R? a) — (C,G(a)) be two C* smooth mappings.
[. We claim first

VG

VH |’

VrH
VrG

=2 '
1
Proof. Recall that Vg H = (H,, H,) and VrG = (G, G,). It follows from G, = §<Gm _
1
iGy) and G = (G, +iG,) that G, = G + Gz and G, = (G — G2). So

| H.+ H. H. — H.
1G4+ G G.—Ge

Hz HE
G, Gz

VH
VG |”

VeH | | H, H,
VeG | T | G, G,

’:—22'

- -2

II. Apply now (A.7) to G = f and H = J, we get M; = (2i)L, then to G = M; we
get

VirJ VirJ VI

. Y (A7) 52 (o2
M, = ‘ Ve, | = (22)) Vel | — (21) vy | = (24)*Lsy .
By induction
M, = (2i)"L,, VYn>1. (A.8)
III. We claim now p
| VrJ
dtG(F(t)) —' Vel » ) (A.9)

Proof. Using the fact that I'(t) = (—.J,, J,)|r@), for any v € C* we have

Iy J,

v

VrJ

v

(.00} = |

I(t) ‘ I(t) .

Write G : <§) > (Gl(x’ y;) (by identifying the range plane to R?). Then

GQ(ZL‘,y
’VRJ
d _ oo ((VRGHT@). @)\ | | VeG:
) = Dot = (<vRez<r<t>>,r'<t> ) ! ' vie
VrGo I




Identify G(z,y) with G1(x,y) + iGa(x,y). We have

VrJ

d
¢ = ‘ VG |y | VeGo ViG

‘ ViJ

:‘ Vg J

I(t) I'(t) I'(t)

IV. Apply now (A.9) inductively to G = f, My, My, - - -, we get

0= /()= | 9oy | =y
(1) = M) = | U5, =)

By induction (™ (¢) = M, (T(t)), and X" (0) = M, (T(0)) = M,(a).
Combining with (A.8) we get ©™(0) = (2i)"L,(a) as well. q.e.d.

Corollary A.3. The invariant j is the first integer n for which L, (0) # 0.

B Examples

These examples illustrate some differences between the harmonic and the general real
analytic case.

1. General remarks:

a. In the harmonic case, by a theorem of Hans Lewy, the locus of non local injectivity
is the same as the critical set. In particular, this implies that C'y and hence V; have
a topological meaning. This is no longer true in the real analytic case, as is shown for
instance by the map: (z,y) — (z,v%).

b. One can easily check that for a real analytic planar germ ¢ from (C,0) into itself,
the critical set (and the locus of non injectivity ) are the same for the germs g and ¢"
(n € N*) outside the origin.

c. As the case of a regular critical point was studied before, we give examples for
which the gradient of the Jacobian vanishes at the origin.

Here are examples of planar analytic germs g at the origin (Cy is smooth and coincides
with thelocus of non local injectivity).

A. In general, the condition p = j + m? is not satisfied in the analytic case. The
map g(z,y) = (z,2*y* + y*) is a simple example. The critical set is the z-axis. One has:
j=m=1and pu=4.

B. Topological differences.
1. g(z,y) = (z + iy*)? has local topological degree 0 at the origin, but V; is [0, +e€|.

So the germ at the origin is not topologically equivalent to the germ of a harmonic map.
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2. A real analytic germ with a smooth critical set can have any local topological
degree. For instance, take a harmonic map f of degree 1 or —1 and put g = f". This
map has local topological degree n or —n, and then, is not topologically equivalent to a
harmonic germ for n > 1.

C. Problem for the parametrization of V.

g(z,y) = (x+1iy?)%. The parametrization of V,, which comes from the parametrization
x =t,y =0 of C} is of the non-injective form x = ¢3,y = 0, when ¢ is complex.

D. Examples with Puiseux pair (2, 5)
9(x,y) = (@° +y*,2° + ca®y® + ay?).

The Jacobian is equal to 2y((2c — 5)x* + (4 — 3c)z®y? — y*). Then For 4/3 < ¢ < 5/2,
one gets an example satisfying the wanted conditions (C, = {y = 0}). Moreover, it is
topologically a fold.

One can also check that m = j =2, u = oo for ¢ = 2 and p = 10 otherwise.
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