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Abstract. We construct an invariant of the bi-Lipschitz equivalence of analytic fuhetion
germs (R™,0) — (R, 0) that varies continuously in many analytic families. This shows that the
bi-Lipschitz equivalence of analytic function germs admits continuous moduli. For a germ f the
invariant is given in terms of the leading coefficients of the asymptotic expansions of f along the
sets where the size of |z| |grad f(z}| is comparable to the size of | f{z}|.

Introduction. Consider a one parameter family of germs fi(z,v) : (R%,0) — (R, 0),

t € R, given by
(0'1) ft(m:y) = f(xi Y, t) =z* - 3t$y4 +y6-
We shall show that if ¢ 7 #, t,¢/ > 0, then f; and fp are not bi-Lipschitz equivalent,
that is, there is no germ of bi-Lipschitz homeomorphism A : (R?,0) — (R?,0) such that
fioh = fu. This shows in particular that the bi-Lipschitz classification of real analytic
function germs admits continuous moduli. The existence of such moduli for complex
analytic function germs was shown by the authors in {2]. We recall that, on the other
hand, the bi-Lipschitz equivalence of complex or real analytic set germs does not admit
moduli by [6] and {7}, [8].

In order to distinguish bi-Lipschitz types of complex analytic function germs of two
complex variables F : (C2,0) — (C,0) we construct in [2] a numerical invariant thas is
given in terms of the leading coefficients of the asymptotic expansions of f along the
branches of generic polar curve of f. This construction is recalled in Section 4 below. The
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real case, though similar, is more delicate. Firstly we cannot simply use the invariants of
the complexification, For instance the family (0.1) for t < 0 is bi-Lipschitz trivial but the
family of complexification admits continuous moduli. This is due to the fact that polar
curves Of /0z = 3{(z® — ty?) = 0, t < 0, that are responsible for the complex invariant,
are invisible in the reals.

Given an analytic function germ f : (R™,0) — (R,0), we associate to f a family of
germs of sets (V(f),0) € (R™,0) defined by the condition that |z| {grad f(z)| is compara-
ble to the size of | f(z)] on V(f), see Sections 1 and 2 below. The sets V(f) are preserved
by bi-Lipschitz equivalence and give rise to a numerical invariant, see Section 3 and The-
orem 5.1 below. This invariant is, in general, difficult to compute since it is not enough
to use the branches of polar curve as in the complex case. Nevertheless, if n = 2, then
one may use the complexification to simplify the computation, see Proposition 5.3 below,
We compute some examples in Section 6 and show, in particular, that in the family (0.1},
t > 0, our invariant changes continuously.

Notation and convention. We often write r instead of iz} which is the Euclidean norm
of . We use the standard notation @ = o{¥) or ¢ = O(4)) to compare the asymptotic
bebavior of ¢ and 1, usually when we approach 0. We write @ ~ 1 if ¢ = O() and
W = O(w), and @ =~ 9 if p/+ tends to 1. The gradient of a function f will be denoted
by Vf.

1. Characteristic exponents. Given an analytic function germ f : (R", 0) —
(R,0), following [5] we associate to f a finite set of positive rationals L{f) C Q7, called
the characteristic exponents of f, that are defined as follows. The radial component of Vf
is defined on R™\ {0} and equals

af @ Doz Of 1 O
orar (2 Haxi) Z |z| 0z

il

We shall often write 8, f instead of 8f/8r. The gradient V[ splits into the orthogonal
sum of its radial and spherical V'f = Vf — (8f/8r)(8/0r)} components.
Consider the germs at the origin of the sets

We = {z: f(z) %0, &l V'f] <18 £1},

where £ > 0. Note that We C W€ for & <e.

Let v : ([0,1},0) — (R™,0) be the germ of a real analytic curve. In order to simplify
the notation we reparametrize - by the distance to the origin ~(r) = ~(t(r)) so that
|4(t(r))| = r. Then ~(r) is a fractional power series (Puiseux expansion). We shali say
for short that () is an analytic arc at the origin. In the spherical coordinates we write

y(ry =r(r),

where 8(r) is a fractional power series, {#(r}] = 1. Then the tangent vector to ~(r)
decomposes into the orthogonal sum of its radial and spherical components as follows

7 (r) =8(r) +70'(v),
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and r#(r) = o(1). We have a Puiseux expansion
(1.1) Fa)y = ayrtr 4.
ay, # 0, l, € QF, and then by differentiating

(1.9) L (1) = 8 f + (V1,8

Suppose, moreover, that y{(r) € W* for » > 0. Then ,f is dominant in the right-hand
side term of (1.2) and hence

B f = lyayrts™! + o(rb—h,

Consequently, along any real analytic arc v in W¢, (r8.f/f)(z) tends to a positive ratio-
nal {,. The set of all such limits being subanalytic and contained in Q% has to be finite
and, see Section 4 of [5] for details, is independent of & for € > 0 and sufficiently small.

ProrosiTION 1.1 {[5], Proposition 4.2). There ezists a finite subset of positive ratio-

nals L= {l,...,1x} C Q" such that for anye > 0
ro-f
f
In particular, as a germ at the origin, each W* is the disjoint union
we= ) Wg,
Lel

where we may define Wi = {z € W : |r8.f/f — ;| <%}, for § > 0 sufficiently small

Moreover, there erist constants 0 < ¢; < C., which depend on £, and such that

{(z) =L as Weaz -0

(1.3) Ce < g—l- <Ce on WE.
"The smallest characteristic exponent minez ! equals the multipiicity m 7 of f at the
origin.
2. The sets V. Let § > 0. Consider the germ at the origin of
Ve {z: flz) £ 0, 7|Vf| <If] € VA

By Bochmak-Fojasiewicz Inequality {1} for any 0 < ¢ < my, where m; denote the
multiplicity of f at the origin,

(2-1) clf(z)} < vV f()l-

Hence if 0 < § < my the second inequality of the definition of V¢ always holds. Let L be
the set of characteristic exponents of f and let [, = maxey L.

ProrosiTioN 2.1.
(i) WeC Ve, ifd < %(lmu)"lmin{l,e}, 0<d <my.
(i) V¥ C WS¢, ife < dm;.

Proof. (i) On W€ we have | f] 2 ${lmax) ~!7(8rf| = $&(lmax) 17|V’ f| and consequently
[£] = §(hnex) "t min{1, }r|V f| as required.
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(ii) Let y(r) = r8(r) be an analytic arc, ¥(r) € V¥ for r £ 0. By r8'{r) = o(1} we have
always (V'f,78'(r)) = o(r|VF(7(r))]), and hence, since f is of the same size as |V f]
on 7, {V'f, 78 (r)) = o(f(+(r))). Therefore, by (1.2), 7|0, f| = ,;|f]. Finally this implies

718 F| = 14| f] 2 8Ly |V f]
and (ji) follows easily. a

The equisingularity type of germs (V4,0) does not depend on § for § > 0 and sufi-
ciently small. In what follows we shall talk simply of the sets ¥, or V(f), meaning Ve
for 6 > 0 and small. Moreover, we may choose representatives of the germs by taking

Vor = {z:|z| <r, x €V},

where 0 < + <« § <« 1. For instance, by a connected component V of V we mean a
connected component V" of V47, One may show that for r > 0 sufficiently small the
connectivity of V%7 is equivalent to the connectivity of V57 1 5., where S, denotes the
sphere centered at the origin and of radius 0 < <

Proposition 2.1 allows us to use the sets V4 instead of W€ to define the characteristic
exponents of f. In particular, by Propositions 1.1 and 2.1, each connected component
of V' is contained in one of W§ and hence to each connected component of V' we may
associate a unique characteristic exponent.

Given subanalytic (X,0) C (R?,0), by the tangent cone of X at the origin we mean

Co(X) =z, D ER XR:L> 0, 2 € X] N{R" x {0})

that we consider as a subset of B™. It is a semi-cone that is it is stable by multiplication
by positive reals. By the Lojasiewicz Inequality, as the germ at the origin, X is contained
in a cuspidal neighborhood of Co(X), that is, there is n > 0 such that

(2.2) X c {z € R™ : dist(z, Co(X)) < [z *"}.

Let V' be a connected component of V' such that the tangent cone Co(V') isa half-line.
Suppose that V' is L-regular in the sense of [7). Then there is M > 0 such that for any
z,%' € V' there is a continuous subanalytic curve £(t) connecting x and =’ in V* and of
length less than or equal to M|z —z’|. Suppose |z| = |z'} = 7. Then, by {2.2) for X = V',
€ty -z € Mlz — 7’| < M'r**7 and |6@t)| = v — M’} = 3r for r small. By the
definition of V¢,

14 reetn| = ke < vsilen s o LT

Hence .
d 246~
| mlrE@l| < S el
By integration, |In|f(z)| - In |7 ("] < 2671~ " length(§) < 2§51 M7, which gives

f{g':) S e}‘:}?“”.

F=z')

If V' is not L-regular it is a union of Anitely many L-regular sets (7], {4], [8] and this can
be used to show (2.3) for any connected V', Hence, by symmetry and the fact that the

(2.3)
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sign of f is constant on V', for small

Sz}
1-— N et & n
Crt < ) L14-Cr,
This shows the following.

ProrostrionN 2.2, Let V' be o connected component of V such that Co(V') is a half-
line. Let | = ly+ be the characteristic component associated to V', Then there isa # 0
such that

flz) = art + O@FHF9)
for allz € V' and an exponent § > 0.

We shall call the constant a the leading coefficient associated to V' and the term ar
the leading term of f on V.

3. Invariants of bi-Lipschitz equivalence. Let f,¢ : (R*, 0} — (R,0) be two
analytic function germs. Let h : {R™,0) — (R™,0) be the germ of a bi-Lipschitz homeo-
morphism such that f = g o h. Fix L > 1, a common Lipschitz constant of A and h=?.
Then

L7 Vg(h(z))| < |V F{z)] € L|Vg(h{z))|
This shows that for 6 > 0

(3.1) VEg) ¢ R(VE(f)) c VET(g).

We shortly say that the sets V' are preserved by bi-Lipschitz equivalence. The sets V' pro-
vide a numerical invariant of bi-Lipschitz equivalence that changes continuously in some
analytic families of analytic function germs. We shall construct this invariant below. The
property (3.1) shows, in particular, that h gives a one-to-one correspondence between
the connected components of V(f) and V{g) and it is easy to see that the associated
characteristic exponents are preserved. In what follows we restrict ourselves to the com-
ponents whose tangent cones are half-lines. Note that this property is also preserved by
bi-Lipschitz homeomorphismms. LT o

Suppose that two such connected components Vi(f), Va(f) of V(f) are tangent, i.e.
their tangent cones at the origin coincide, and that their characteristic exponents are
equal to [ € Ot. By Proposition 2.2

(3.2) Flz) = agrt +o(r!)  for z € Vi(f),
i = 1,2. Denote by Vi(g), Va(g) the corresponding connected components of V(g}. Then
(3.3) £(®) = g(h(z)) = biJhle)' + o(|h(z)[") for z € Vi(f),

where b; is the leading coefficient of the expansion of g{z;) on V;(g). For i = 1,2, choose
an analytic arc z;(r) so that z;(r) € Vi(f) for r > 0. By tangency of Vi{f) and Va(f)
there is 17 > 0 such that

|1 (r) — 2a(r)] = O@7).
Similarly, since V1(g), Va(g) have to be tangent,

|A(1(r)) = hlz2(r))] = O(Ihz1 (HEFT) = O(r™ 7).
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Thus the limit
flas(r)) o
flza(r)) a2

ast — 0

has to be equal to the limit
glh(za(r))) _ b
DAV 4. asT 0
g(h(za(r)))  bo

COROLLARY 3.1. The quotient of leading coefficients associated to Vi{f) and Va(f)
is o bi-Lipschitz invariant.

REMARK 3.2. The leading coefficients themselves are not bi-Lipschitz invarients.
They may be changed, for instance, by a linear map h(z) = Az.

4. Complex case. We recall the main result of 12}, Let f(z,y): (C*0) — (C,0) be
a germ of analytic function with Taylor expansion:
(41) f(mvy) :Hk(may)'l'Hk%-l(E!y}“*',
k being the multiplicity of f at the origin, We shall assume f(z,y) is mini-regular in T
of order k, that is, that Hi(L, 0) # 0. We also assume, for simplicity, that f{z,y) has no
multiple roots.
By a (complez) analytic erc we mean a fractional power a series of the form
(4.2) Miz=Aly) = c;y“‘/N + czym/N +..., g€t
where N < np < ng < ... are positive integers having no common divisor, such that
A(tY) has positive radius of convergence. We can identify A with the analyticarc A: z =
ettt a4,y = ¥ 1t| small, which is not tangent to the r-axis (since ny /N > 1).
A polar are z = (y) is 2 branch of the polar curve ' : 8f/3z = 0. Since f is
mini-regular in @, = y(y) is not tangent to the z-axis and it is an are in our sense. Let
~ be a polar arc. We associate to 7y two numbers: § = I(¥) € Q4 and a = a(y) € C” given
by the expansion
(4.3) Fov()v) =ay' +..
1¢ 1 > k then the polar arc has to be tangent to the singular locus of the tangent cone
Co(X), X = f~H(0), given by Sing{Co(X)) = {@Hy/0z = OH /0y = 0}. We call such

polar ares tangential.
Fix a line A C Sing(Cp(X)). Let I'(A) denote the set of polar arcs tangent to A.

Associate to A the set of formal expressions
I(A) = {a(’y)yl("”) 1y e T(A)}/C",

where C* acts by multiplication on y:
(4.4} {ary',. .- L amy™} ~ {(alc“)y“, cis (amct’“)yl"‘}.
By the invariant Inv(f) of f we mean the set of all Z{A), where A runs over all lines in
Sing(Co(X)). Tav(f) is well-defined and does not depend on the choice of local coordi-
nates. The main result of [2] is the following.

THEOREM 4.1, Let fi, f2 be two functions germs (C2,0) — (C,0). If f and fa are
bi-Lipschitz equivalent then Inv(f1) = Inv{fa).
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e‘5. ?OT i:omplex to real. Let f(z,y) : (R%,0) — (R,0) be an analytic function
if rm. Similarly to thle complex case we suppose that f is mini-regular in z, that is

k(1 O)% 0 ‘for H,. given by the Taylor expansion (4.1) of f at the origin and that thej
complexification of f has no multiple roots.

C‘on-szder a connected component V' of V() and suppose that the associated char-
acterlstl_c_:lexponent L= {(V') > k. Then V' is tangent to Co(X) = {Hp(z,y) = 0}
X = f (0), that is, Co(V’) is a half-line contained in Cp(X). Indeed, if y(r) is ar;
analytic arc at the ovigin not tangent to Cp{X) then ,

[FN] ~ 7%, [VF(rr)| ~
If ¥(r) is tangent to Cp(X) but not tangent to Sing(Cs(X)) then
|Fy N = o(r®),  [VF(r(r))] ~ 2
and hence v does not intersect V. That shows th ¢ i i
SO0 ws that Cp(V’) has to be contained in
. Fix a half-line A C Sing(Co(X)). Let V(A) denote the set of connected components
of V' tangent to A. For such a component V' we denote by {(V'}, zesp. a(V"), the char-

acteristic exponent, resp. the leadin flici i
. g coefficient, associated to V’/. We associ
set of formal expressions , ociateo A the

(5.1) () = {a(V')H Y V€ V() } /R,
where ¢ € Ry acts by multiplication on r as in (4.4). By the invariant Inv(f) of f

we mean the set of ali T(A), where A runs over all half-lines in Sing(Co(X)). The argu-

ment at the end of Section 3 above, see also [2], Secti iv wi
1 1 1
i ° [ ] ion 4, gives the following analog of

THEOREM 5.1. Let f1, fa be two function 2
1 : \ germs (R*,0) — (R,0). [
bi-Lipschitz equivalent then Inv(f1) = Inv(f). ) QO AT and Ja ere

Let vy: 2 = 7(y) be a real polar arc, that is, a half-branch of the real polar curve
T(f) :.6 f /6:1. = 0 given by a Puiseux expansion z = (), ¥ = 0. Its tangent half-line at
the origin is spanned by (+(0),1). Write

(5.2) Fv)y) = ey’ + o).
Then, along -,

_ d
(5.3) aly =14 = % — v/(y) 80z + OF By = OF /3y,

Since r o~ [(+'(0), 1}] ly| on -y, this shows that (v(y),¥) € V for ¥ > 0. Thus we obtain the
following.

Prorosrrion 5.2. T(AH\ {0} CV.

Moreover, the exponent ! of (5.2) is the characteristic exponent associated to the
connected component V' of V that contains . I [ > & then the leading coefficient
associated to V' equals a|(v/(0),1)| ™. This allows us to recover partly Inv(f) using the
half-branches of the polar curve. But unlike as in the complex case it may happen that
some part of invariant cannot be seen on the real polar curve. Then we may use the
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complexification of f. Note that one may similarly define the set V for complex analytic
functions. It is a bi-Lipschitz invariant by the same argument. And, using the Newton
algorithm as in (2], Section 5, one may show that any connected component of V contains
a complex polar arc.

Let A be the complexification of & real line in Sing(Co(X)). The real part of A contains
two half-lines that we may distinguish using the given system of coordinates: A4 is the one
that is the graph of a linear function over y = 0 and A s the graph of the same function
over y < 0. Then the invariants Z{\z) of f and the leading terms of the complexification
along the polar arcs in T(A) are rvelated by the following result.

PROPOSITION 5.3.

T(hs) € {aMy'™ 17 € T(A)}/R>0,
where we identify v with £y.

Proof. We show the formula for Ay equal to the positive y-axis. Choose an analytic
arc £ in V U {0} tangent to the y-axis. Then the complexification of £ is an analytic
are that we denote also by §: 2 = £(y). Let fc denote the complexification of f. Since
V(f) is contained in V(f¢) so is (&) ), for y # 0. By assumptions, ordo£(y) > 1,
ordg f(E(y), 1) > k. Then there is a complex polar arc tangent to the y-axis and with
the same leading term of the asymptotic expansion of f, see the first case of proof of
Theorem 5.3 of {2]. This shows the proposition. m

6. Examples.

FxaMPLE 6.1 {Compare [2], Section 3). Let filz,y) = % - 3teyt %t > 0
1 — 4* # 0. The polar curve 8fjoz = 3{z* — ty*) = 0 has two analytic pranches
= y/ty* and

(Vi) = QR
We have two characteristic exponents | = 3 and | = 6. For ) being the positive or negative
y-axis the invariant equals
() = {1+267%1 - 9243/} /Rq.
Thus if f; and fy are bi-Lipschitz equivalent then (1 +2:3/2) /(1 - 2t3/2) Is equal to
(1 +26%%)/(1 - 01/3/% or (1—2t°%)/(1+ 94/%/%). The latter is impossible for ,¢ >0
and the former implies ¢ = t.

ExaMPLE 6.2. Let fi(z,9) = 23 + 3tzy® + 9% t > 0. The polar curve 8f/0x =
3(z? + ty%) = 0 has no real branch. There is only one characteristic exponent ! = 3.
Indeed, another possibility allowed by the complexification of f 1s | =6 But [Vl 2
af/0x = 3(a® +ty) is much bigger than 871

Actually one may show that f; is Lipschitz trivial. It can be trivialized by the Kuo
vector fleld 80t

#wyt) = 0/0t — g7 V fis
where V[, denotes the gradient only in Z,Y variables. Then ¥ is Lipschitz and its flow

gives a bi-Lipschitz trivialization of fi.
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ExaMPLE 6.3. The functions fi(z,y) of Exam
and the family fi admits a simult.a.n(eoqu) toric l'esofj:ioﬁn'.l Cacr;:sﬂ:?t;(u- nonfegineraze
gﬁ:c,y) = g3 — ¢, These two functions can also be embedded in a far;i’ly)t; ; o
SIlnPltaneogsly resolved by a toric resotution, see {3}, and hence they are bloy at"] - be
equivalent. But they are not bi-Lipschitz equivalent. Indeed, in both cases thV;'-ﬂnla ?'tlcally
of oz = 39/ A = 3z = 0 reduces to the y-axis and f(0,y) = ¥°, g(0,y} = —I?OGMFCU‘I‘VGS
characteristic exponent | = 6, by Proposition 5.3, thexe is only one igading 1“c’o‘ei‘ﬁuclietrlzl\‘,e

that s, positive for f and negati :
) gative for g. Th : s
equivalent to g. g us, by Theorem 5.1, f is not bi-Lipschitz
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