ON AN EXTENSION OF A GLOBAL IMPLICIT FUNCTION
THEOREM

THOMAS BERGER AND FREDERIC E. HALLER

ABsTrRACT. We study the existence of global implicit functions for equa-
tions defined on open subsets of Banach spaces. The partial derivative
with respect to the second variable is only required to have full column
rank instead of being invertible. Generalizing known results, we provide
sufficient criteria which are easy to check. These conditions essentially
rely on the existence of diffeomorphisms between the respective projec-
tions of the set of zeros and appropriate Banach spaces, as well as a
corresponding growth bound. The projections further allow to consider
cases where the global implicit function is not defined on all of the open
subset corresponding to the first variable.

1. INTRODUCTION

When dealing with nonlinear dynamical systems with constraints, i.e.,

equations of the form

F(x(t),4(t)) =0,

where the number of equations does not match the number of variables, it
is often necessary to solve this equation for #(t), preferably globally in the
form @(t) = g(x(t)). This means to find a global implicit function of the
equation F'(x,y) = 0. Numerous results on global implicit function theorems
exist, and we mention the relevant literature. However, most results involve
conditions which are not easy to check in practice. In the present paper,
we provide a novel extension of the global implicit function theorem under
conditions which can easily be verified.

In the following we summarize some results on global implicit functions,
tailored to be applicable in our framework. We consider equations of the form
F(z,y) = 0 for which we want to find a unique maximal solution y(z). There
are several approaches available in the literature which provide a solution to
this problem, see e.g. [8] for an early result. Most works concentrate on
the case that the partial derivative %—i(x,y) is invertible for all (z,y), i.e.,
F(z,y) = 0is locally solvable for y(x) in a neighborhood of every point (a, b)
such that F'(a,b) = 0. We discuss some important work:

eFor F: X xY — Rl where X C R™ and Y C R" are open
and X is convex, Sandberg [9] provides necessary and sufficient
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conditions for the existence of a unique g € C(X,Y) such that
F~10) = { (z,9(x)) | z € X }. However, the conditions are not
easy to check; in particular, it needs to be guaranteed that

for some xg € X there exists exactly one

Yo € Y such that F(xg,y0) = 0.

Furthermore, the result of Sandberg is not applicable in the case
that the maximal solution g is not defined on all of X.

Using the theory of covering maps, Ichiraku [5| improves the char-
acterization of Sandberg. Nevertheless, the condition is still
present and the results are only applicable in the case of globally de-
fined g. However, in |5, Thm. 5| it is shown that in the case X = R™,
Y = R" and | = m for existence of a unique solution g € C(R™,R")
it is sufficient that %(m,y) is invertible for all (z,y) € R™ x R",
condition holds and

oF -1
(&/(m’y)>
for some M > 0.

The above result of Ichiraku has in turn be improved by Gutd and
Jaramillo [4, Cor. 5.3], who showed that the condition can be
replaced by the intuitive condition “F~1(0) is connected” and in the
condition the constant M can be replaced by the term w(]|y|]),
where w : [0, 00) — (0,00) is a continuous weight, which means that
w is nondecreasing and

Jy =

These conditions are indeed easy to check. The only drawback is
that F' needs to be defined on all of R™ x R™ and the solution g is
defined on all of R™.

A result which is similar to that of Gutt and Jaramillo, but holds for
some X C R™ which is open, connected and starlike with respect
to some a € X such that F(a,b) = 0 for some b € Y = R", has
been derived by Cristea [2|. The assumption of connectedness of
F~1(0) is not needed, however a version of assumption (1.2)) (with
M = w(]|y|)) is required to hold on all of X x R™.

Yet another approach has been pursued by Zhang and Ge [10] who
show that for existence of a unique solution g € C(R™,R") it is
sufficient that the element-wise absolute value of %—Z is uniformly

V(%,y) S F_I(O) : %(;r,y) <M

Nzt

strictly diagonally dominant in the sense that there exists d > 0

such that
oF
—(x,
< dy ( y)>1j

(5e),
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for all (z,y) € R™ x R™ and all i = 1,...,n. While this condition
is easy to check, it is very restrictive as it already excludes a lot
of linear equations Az + By = 0 where B is not strictly diagonally
dominant, but invertible.

As discussed above, typical drawbacks of the approaches are that F' needs
to be defined on all of R™ x R™ or the solution g is required to be globally
defined. In [1] these drawbacks are resolved as X and Y are assumed to
be open and X is connected, and maximal solutions of F(z,y) = 0 are
considered in every connected component of F~1(0). Assuming that Z :=
F~1(0) is connected we may then find a solution g € C(71(Z),Y), where
m : X XY — X, (x,y) — x is the projection onto the first component,
provided that m1(Z) is open and simply connected and m : Z —m(Z) “lifts
lines” (for a precise definition see |7, Def. 1.1]). This result can be extended
in a straightforward way to the case where | > m and rk %—g(m,y) = n for
all (z,y) € X x Y since it is only necessary to show that m is locally a
homeomorphism, which replaces the condition that F(x,y) = 0 is locally
solvable for y(z) as in |1, Thm. 4]; then [1, Lem. 1] can still be applied to
71+ Z—m1(Z). The drawback of this result is that the condition “m : Z —
m1(Z) lifts lines” is not easy to check.

In the present paper, we provide a generalization of [4, Cor. 5.3| to the case
of functions defined only on open subsets and where the partial derivative
%—Z is only required to have full column rank instead of being invertible.
The crucial assumption is that the projections m;(Z) on the ith component,
1 = 1,2, are diffeomorphic to some Banach spaces and the transformation
of the equation F(z,y) = 0 satisfies a generalized version of (1.2). We
stress that this assumption in particular implies that 7;(Z) must be open
and simply connected. The main result is presented in Section [2| and a
discussion together with some illustrative examples is given in Section

2. MAIN RESULT

In this section we state and prove the following main result of the paper.

Theorem 2.1. Let X CU, Y CV be open sets, U,V, Z be Banach spaces,
FeCY{X xY,Z) and

Zg{(x,y)eXxY ’F(x7y):()}
be such that

(i) Z is path-connected and closed in X xY;
(i) ¥ (z,y) € Z 3S(z,y) € L(Z,V): S(z,y)DyF(z,y) = idy][]
(iii) for the projections m;i(p1,p2) = pi with i € {1,2}, (p1,p2) €U XV,
there exist diffeomorphisms ¢ : m1(Z) =X, 1 : mo(Z)— Y for some

1Here £(Z,V) denotes the Banach space of all bounded linear operators A : £ — V and
idy : V — V, v — v is the identity operator on V.
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Banach spaces X,), and a continuous weight w : [0,00) — (0, 00)
such that for all (x,y) € Z we have

-1
D) - Sz, | DaF ) - (Do),
Then there exists a unique g € C(m1(Z),Y) such that

{ (z,9(2)) |zem(Z) } =2,
and g is Fréchet-differentiable at every x € m(Z).

, < @lllv@)lly)

The proof of Theorem requires us to recall the following concepts,
which can be found in [4, pp. 77-80].

Definition 2.2. Let Z be a metric space, and let P be a family of continuous
paths in Z. We say that Z is P-connected, if the following conditions hold:

(1) If the path p : [a,b] — Z belongs to P, then the reverse path p, defined
by p(t) = p(a —t + b), also belongs to P;

(2) Every two points in Z can be joined by a path in P.

We say that Z is locally P-contractible if every point zg € Z has an open

neighborhood U which is P-contractible, in the sense that there exists a

homotopy H : U x [0,1] — U between the constant function U 3 z — 2o

and the identity idy, which satisfies

(a) H(z0,t) = 20, for all t € [0,1],

(b) for every z € U, the path p, := H(z,t) belongs to P.

Further, let Z’ also be a metric space and p : [0,1] = Z’ be a path in Z’.

We say that a continuous map f : Z — Z’ has the continuation property for

p, if for every b € (0,1] and every path ¢ € C([0,b), Z) such that foq =

pljop), there exists a sequence {t,} in [0,b) convergent to b and such that

{q(tn)} converges in Z. Furthermore, a continuous map f : Z — Z’ is called

a covering map, if every 2/ € Z' has an open neighborhood U such that

f~1(U) is the disjoint union of open subsets of Z each of which is mapped

homeomorphically into U by f.

Proof of Theorem [2.1. We proceed in several steps.

Step 1: We first reduce the original problem to a simpler case. By the
existence of ¢, in assumption (iii) it follows that, for ¢ € {1,2}, m;(2)
are open sets in U, V), resp., and since Z C m1(Z) X ma(Z), it is no loss
of generality to assume X x Y = m1(Z) x ma(Z). That is, we search for
an implicit function for the restriction F' : m(Z) x ma(Z) — Z instead of
F: X xY — Z. Next, we argue that it suffices to prove the theorem for cases
in which (i)—(iii) are satisfied with ¢ = idy and ¢ = idy. Note that these
assumptions imply Y = X =m(Z) =X and V =Y = ma(Z) = ) since X
and Y are open subspaces of ¢ and V, resp. Having proved this case, we can
conclude the general case by considering the function F = F o (¢!, 1)
with I/ : X x ¥ — Z. Next we translate the conditions (i)—(iii) on F to
conditions on F for Z = (¢,9)(Z).
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(i)’ We have that Z is path-connected and closed in X x Y if, and only if,
Z is path-connected and closed in X x Y.
(ii)" Define
§:Z=Y, (&9~ (D@H@) S (@),v (7).
With the identification (x,y) = (¢~(Z),9~1(§)) we obtain for all
(x,y) € Z that

DyF(z,y) = Dy (F(6(z), (1))
= (DgF)(¢(x), ¥(y)) - D (y)
= D;F(#.§) (D))"

where the latter equality is a consequence of the inverse function the-
orem. Using this we find that

S(z,y)DyF(z,y) = idy
= S(e7'@,07' @) - (DeF)(@:5) - (D) =idy
— (D ™)@) " S(67@), 7 (7)) - DeF(3,5) = idy.
=5(z,7)
(iii)’ Similar to the computations above we obtain that, for (z,y) € Z,
D3F(#,5) = Dy F(x,y) - (Do(x)) .

Therefore, we have for all continuous weights w : [0, 00) — (0, 00) and
all (z,y) € Z that, omitting the spaces in the subscripts of the norms,

ID¥(y) - S )| - ||DeF () - (Do) | < wlliw@l)
= |59 |p:F@E.9)| < wliah.

Now, define the projections 7;(p1,p2) = p; with i € {1,2}, (p1,p2) € X x ).
We recapitulate the situation with the following commuting diagram:

-1

X =m(2) Lfrl@) cx
7T -
4 (6,) L
XxYDZ ZCXx)Y

N, /A

Y =m(Z) ———— #(Z)C Y

For the conclusion, consider g := 1 ogo ¢! together with the equality
m(2) = 671 (71(2)).

Step 2: By Step 1, in the following we assume that X = m(Z) and
Y = m(Z) as well as ¢ = idy and ¢ = idy. We show that m; : Z — m(2)
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is a local homeomorphism between connected metric spaces. Clearly, Z
and 71 (Z) are metric spaces and since Z is path-connected, m1(Z) is path-
connected as well. To show that 71 : Z —m1(Z) is a local homeomorphism,
let (a,b) € Z, i.e., F(a,b) = 0. Applying the implicit function theorem, see
e.g. |3, Thm. 10.2.1], yields open neighborhoods U C X of a, V C Y of b,
and g € C*(U, V) such that

{ (z,9(z)) |2 €U }={(x,9) €U XV [S5(a,b)F(x,y) =0 }.

Consider the restriction @y : ZN (U x V) =7 (ZN (U x V)). Then 7y is
injective since 71 (x1,y1) = 71 (x2, y2) for some (x1,y1), (z2,y2) € ZN(U X V)
gives 1 = x9 and S(a,b)F(z1,y1) = S(a,b)F(x2,y2), thus y1 = g(z1) =
g(x2) = yo. Therefore, 7 is bijective and continuous. Furthermore, it is
easy to see that 7, is an open map, and hence it is a homeomorphism.

Step 3: Let

P = CY([0,1],m1(2))

and observe that 7 (Z) is P-connected and locally P-contractible since it is
open. We show that 7 has the continuation property for every path in P,
that is, for all ¢ € P, all b € (0,1] and all g2 € C([0,b),Y) such that
(q1(t),q2(t)) € Z for all t € [0,b) there exists a sequence (t,)nen C [0,D)

with lim,,—yoo t, = b such that (qg(tn))n cn converges and

lim (q1(tn), q2(tn)) € Z.

n—oo

First note that ¢y is differentiable at any t € [0, b), since there exists a local
implicit function as in Step 2, so that g2(s) = g(q1(s)) for all s in a neighbor-
hood of t. Since g and ¢ are differentiable we obtain ¢2(t) = Dg(q1(t))q1(t).
Moreover, it can be seen that the derivative is continuous at each point
in [0,b). Then, using property (iii), it can be proved by only a slight modifi-
cation of the proof of |4, Cor. 5.3] that for any sequence (¢, )nen C [0, ) with
lim,, .~ t, = b the sequence (qg(tn))n N is a Cauchy sequence and hence
converges in Y = V. Since Z is closed in X x Y = U x V by (i) we thus
obtain lim, .o (q1(tn), g2(tn)) € Z.

Step 4: We show that m : Z — m1(Z) is a homeomorphism. By [4,
Thm. 2.6] and Step 3 we may infer that 7 is a covering map. Since 71(Z) =
#~1(X) is in particular simply connected by (iii) it follows from [6, Prop. A.79]
that 71 : Z—m(Z) is a homeomorphism.

Step 5: By Step 4 we have (z — (z,g(x)) = m; '(z)) € C(m1(Z), Z) which
uniquely defines the desired function g € C(m1(Z),Y). Since m(Z) is in
particular open by condition (iii), for all x € m1(Z) we have that g coincides
with any solution provided by the implicit function theorem as in Step 1
in a neighborhood of x. The implicit function theorem provides Fréchet-
differentiability of the local solution, thus g is Fréchet-differentiable at . [

We like to emphasize that Z in Theorem may only be a subset of
the zero set F~1(0). This allows to exclude points (x,y) in F~1(0) at
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which Dy F'(z,y) has not left inverse, or, actually, to exclude open sets con-
taining such points so that Z is closed (alternatively, one may restrict the
sets X and Y'). Then a global implicit function may still exist in each con-
nected component of Z, provided the growth bound in (iii) is satisfied.

Remark 2.3. An important question that arises is whether the growth
bound in condition (iii) in Theorem is independent of the choice of the
diffeomorphisms ¢ and . Use the notation from Theorem assume that
conditions (i)-(iii) are satisfied and let ¢ : m1(Z) — X and ¢ : m3(Z) — Y be
diffeomorphisms for some Banach spaces X, ). Then, omitting the subscripts
indicating the spaces corresponding to the norms, we have the estimate

D) - S,y H HD F(z,y) - (Dd()) |
< DY) - S(a HW (Do) |
Jpurien: o a HD¢ (Do) |
< w(llvWly) - |Ddw) - Dww) |- | Pot) - (Dd() |
for all (z,y) € Z. If the last term satisfies
V(e.y) € 2 wllv@ly) - [Di) - (D) |- | Do) - (D)~

<a(ld)lly)

for some continuous weight @, then the growth bound in condition (iii) would
indeed be independent of ¢ and . However, it is still an open problem
whether this is true (or a counterexample exists) and remains for future
research.

3. EXAMPLES AND DISCUSSION

In this section we discuss the assumptions in Theorem and provide
some illustrative examples.

We like to highlight that none of the assumptions (i)—(iii) in Theorem [2.1]
can be omitted in general. It is clear that connectedness of Z in (i) and local
solvability guaranteed by (ii) are indispensable. Counterexamples in finite
dimension are constructed for (iii) in the following examples. Condition (iii)
basically consists of two parts. The first one is to check whether m;(Z),
1 = 1,2, are diffeomorphic to some Banach spaces. The second part is the
growth bound involving the diffeomorphisms, the partial derivative D, F and
the left inverse of D, F'.

First, we like to discuss why we chose the projections of Z as the do-
mains of the diffeomorphisms in Theorem whereas intuitively one could
consider the open sets X and Y as the domains.

Remark 3.1. In a possible different formulation of Theorem one could
choose diffeomorphisms ¢ : X — X and ¥ : Y — Y and then consider,
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mutatis mutandis, the corresponding growth bound in condition (iii). This
would relax the assumptions on the projections m;(Z), which would then not
necessarily need to be open and simply connected. However, for the proof
technique to be feasible we need to additionally require that 71 (Z) is simply
connected. Indeed, the proof is analogous, but the modified theorem does
not cover basic examples.

For F: Rx(—1,1) = R, (z,y) — x—yand Z := F~1(0) it is easy to check
that conditions (i) and (ii) are satisfied. The growth bound in condition (iii)
reads

V(zy)eZ: W yl-|¢ )" 1|<W(Iw(y)|)
= Vye(-L1): [dyl=z —=

for some continuous weight w. Note that ¢/((—1, 1)) is bounded and ¢(y) # 0

for all y € R, hence
1 1
/1 |6/ (y)|dy = ‘/1¢>’(y)dy‘ < .

Then the change of variables theorem with the substitution ¢ = ¥ (y) together
with the inverse function theorem yields that

-, oo T, =1
> [z [ 10, f OOW\@*)'@)(@
:2/0 Wzt)dt:oo

a contradiction.

Nevertheless, a global implicit function obviously exists. The assumptions
of Theorem are satisfied since m1(Z) = m(Z) = (—1,1) and we may
choose ¢ = v, with which the growth bound holds true.

We continue by presenting an example where in assumption (iii) it is not
possible to find suitable diffeomorphisms and, at the same time, a global
implicit function does not exist.

Example 3.2. Consider

L2 2 1 — COSY =1
F:R* xR —R* (z1,22,y) — (xz —siny> , Z:=F(0).
Then assumptions (i) and (ii) in Theorem are satisfied. Since m(Z) =
S' the unit circle in R?, there is no Banach space X such that m(Z) is
diffeomorphic to X. Indeed, no global implicit function can exist, since
y +— (cosy,siny) is not injective on R.

In the next example the growth bound in condition (iii) is not satisfied
for any suitable choice of diffeomorphisms and, at the same time, a global
implicit function does not exist.
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FIGURE 1. Illustration of the construction of F.

Example 3.3. We choose F': X x Y - R? = Z as a function of the type
F(x,y) = — F(y) and Z := F~1(0). This means that the existence of a
global implicit function is equivalent to F being injective. We further set
X xY =R%x x (0, 1)2 and construct F' by successively defining its restrictions
F[(O 5)x(0,1) = = Fy and F[(5 Dx(0,1) = = F, forsome 0 < § < 1 . Choose e, a > 0,
and consider the non-injective function

= 9 (o + y2) sm( (1+z~:)y1)

Fi: (0,5) X (0, 1)—>R s (yl,yg) — ((a 4 yz) cos (267r(1 i E)yl))
Observe that im F| = Bay1(0) \ Ba(0), where By (z) denotes the open ball
with radius o around z € R?, i.e., the image of Fy is an annulus. Next,
define Fy similarly to F} using elementary functions such that the hole of the
annulus is filled as displayed in Fig. [1], i.e., B,(0) C im F C Bay1(0). Note
that F can be chosen such that the resultlng composition F is differentiable
everywhere. Overall, we have constructed a non-injective function F.

Observe that im F' = 711(Z) = Ba11(0) and m(Z) = (0,1)2. Then the
three conditions on F' translate to I as follows:
(") the graph of F' is connected;
(ii") Vy € (0,1)%: rk DF(y) =
(iii") there exist diffeomorphisms ¢ : Bay1(0) — X, : (0,1)2 — Y for

some Banach spaces (X, | - [|x), (Y, | - |[y), and a continuous weight
w : [0,00) — (0,00) such that for all y € (0,1)? we have
. n _1 . n _1
|pe) - DEW™, , [ @eEE) 7, <<lv@Iy).

Note that (i) is guaranteed by our choice of Y = (0, 1)? and the continuity
of F', which holds by construction. For (ii’) note that

N

™

~ _ (a+y) (1+5)c0s(—”(1+5)y) sin(—(1+5)y)
DFl(yhy?)—[ 0+ 9) 2 (1 + 2)sin (E(1 + 2)y1)  cos (Z5(1 1)) |
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and det (Fl(yl,y2)> = (a+y2)% (1 +¢) # 0. Further, the use of the

constant a (large enough) guarantees that rk DF(y) = 2 when filling B, (0)
as displayed in Fig[l] Hence, (ii’) is satisfied. Next, we show that (iii’) is not
satisfied, although, obviously, both 71 (Z) = Ba+1(0) and m2(Z) = (0,1)? are
diffeomorphic to some Banach spaces X and Y. Without loss of generality,
we may assume that X =) = R?.

We show that condition (iii’) is not satisfied for any diffeomorphisms ¢ :
Ba+1(0) = R? and ¢ : (0,1)2 = R? b considering two cases. Let (91, 92) :=
¥~1(0,0) € (0,1)%

Case 1: Assume that g1 < J. We show that the growth bound fails for Fy.
Seeking a contradiction, assume that we have

- - 1
Do) DR, - |@sE W), ., @U@y
for all y € (0,9) x (0,1) and some weight w. Although we did not specify the
norms on X, ), Z, using the weight property and the equivalence of all norms
on R"2, R™ respectively, guarantees the existence of positive constants ¢y, ca
such that

c HDw(y) : Dﬁl(y)leF ' H (D¢(F1(y)))_1"ﬁ(x,y)

< |pvw) - pEW™, - |[PeEw) 7,
< w(l[)lly) < wleallv(y)ll2),

where || - || is the Frobenius norm. Observing that &(-) := ¢; 'w(cs -) again
defines a weight, we obtain

|pet) - DEw™ |, -[[(ReEw) |, < EULGIL)
1

for all y € (0,6) x (0,1). In order to simplify the computations, choose § = 5
and a = & = 1. Since I ((0,3) x {g2}) = (1 +92)S" is a compact subset of
B3(0) and B3(0)  z — ||D¢(z)]| is a continuous mapping we have

Iy >0Vy e (0,5) x {fa}: HDcﬁ(Fl(y))Hﬁ(X’y) <.

This gives H(Dd)(ﬁ'l(y >~ forall y € (0,4) x {g2}. Accord-

-1
) H L£(X,Y)
ingly, we may calculate that for all y; € (0, %) we have

1 — i
o L cos (87y1) —a—ri sin (87y;)
1 87T(1+y2) COS ( 87T(1+y2)
DFi(y1,92)" = [ sin (87y1) cos (87y1)

and hence

- - TS | 1 2 | B ? 12 | a2
| Dot d2) - D1, Hf\/mum(e»y Goe) + G+ e

1
87r(1+@2)

P .
‘%(91,92)“2 .
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Note that for all y; € (0,91) we have that ||¢(y1,72)]|2 > 0 and, because
limy, -0 |1 (Y1, §2)||2 = oo, the set

Si={nen) |glvwmli<o}

has compact complement (0,71) \ S. Furthermore, for all y; € (0,791) we
have that

o=l (yr, 92) |3 ‘ = ‘1/} y1,02) 5L (ylaQZ)‘
< ¥y, 9 )HzHay1 (1, 92) 2
< 8m(1+ Go2) |19 (y1, 2) |2 HDw (y1,92) - DFy(y1,92)~ 1HF

< 87 (1 + G2) vl (yr, G2)ll2 (¥ (y1, G2)12)-
With

= ayl 4 (y1,92)113
£ /(07@1)\5 1 (y1,92)ll2 @ (¥ (y1,82)l) dy; < o0

and the substitutions ¢ = ||1(y1, §2)||3 and u = v/t we may then derive

Bl 3] | g Io(v,02)113|
167~ > 9y1 Jy1
T = /0 ||w<y1,y2>||2w(uw<y1,yz SRR MmN

Nl (y1,52)15
/I ayl Ty — £+ €

[¢(y1,92) \20-) ¥ (y1,92)ll5)

B 6y1 % (y1,92)113
o /O e (y1,82)ll2 @ (1Y (y1,82)ll5) dys +¢

B oo <>oL B
/ e = /U Sy du+ € = oo,

»(91,92) 15

a contradiction.

Case 2: Assume that §; > 6. We show that the growth bound fails for Fy,
which is similar to Case 1. To this end, we render the definition of F5 more
precisely. First define the curve

71 :(0,8) = R%, t— ((g—i—f)sin (?(1+i)t)>

0

and the (rotation) matrix R := [1

_01] Then F) can alternatively be

written as 3

Fi(yi,92) = ni(y1) + (g2 — 5) R (v1)
for all (y1,y2) € (0,9) x (0,1). In view of this, we may choose a curve s :
(6,1) — R? as depicted in Fig. [1) such that

Fy(y1,2) = v2(1) + (y2 — 5)RA2(y1)

for all (y1,92) € (4,1) x (0,1) and, as mentioned before, B, (0) C im Fy C
Ba+41(0) and DF»(y1,y2) is invertible for all (y1,y2) € (6,1)x(0,1). Omitting
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the details, the same arguments as in Case 1 may now be applied to arrive
at a contradiction. In particular, fixing yo = ¢ leads to a curve A2(y1) =
Yo(y1) + (92 — %)R"}/Q(yl) along which the growth bound is violated.

Remarks 3.4. Finally, we like to point out that, while Theorem is
already quite general, still it does not cover all relevant cases. Consider

r1 — Y1
F:R*xR? 5 R3 (z1,22,y1,92) — T2 — Yo ,
22+ 23— 1

then
Z:=F10)={ (z1,22,y1,52) €R* |2l + 23 =1, y1 =21, o =12 }

and 71(Z), m2(Z) are both the unit circle in R?, i.e., closed subsets which are
not simply connected, for which it is not possible to satisfy condition (iii).
However, a global implicit function obviously exists. Further research is
necessary to cover examples of this type.
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