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Growth of log-analytic functions
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Abstract. We show that unary log-analytic functions are polynomially
bounded. In the higher dimensional case, globally a log-analytic function
can have exponential growth. We show that a log-analytic function is
polynomially bounded on a definable set which contains the germ of every
ray at infinity.
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Introduction. Log-analytic functions have been defined by Lion and Rolin in
their seminal paper [3]. They are iterated compositions from either side of
globally subanalytic functions (see [6]) and the global logarithm. In [1], it was
shown that, from the point of view of differentiability, log-analytic functions
behave similarly to globally subanalytic functions. We have strong quasiana-
lyticity, and Tamm’s theorem holds. But with respect to growth properties,
log-analytic functions behave in a different way compared to globally subana-
lytic functions. Globally subanalytic functions are polynomially bounded. This
holds also for log-analytic functions of one variable. But in higher dimension,
surprisingly, the situation changes. Although the global exponential function is
not involved in the definition of log-analytic functions, a log-analytic function
in at least two variables can have exponential growth. We construct an exam-
ple where the function is not polynomially bounded on every dense definable
set. But polynomially boundedness holds on a definable set which is ‘thick’ at
infinity: We show that a log-analytic function is polynomially bounded on a
definable set which contains the germ of every ray at infinity.

Notations. By N = {1,2,...} we denote the set of natural numbers, and by
Ny ={0,1,2,...} the set of nonnegative integers.
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For t € R, we set Ry :== {z € R| 2 >t} and Ry, := {& € R | z > t}.
Denoting by |- | the Euclidean norm on R", we set S"~1 := {z € R" | |z| = 1}.
Given a subset A of R, we denote by A its closure.

By 7 : R" x R — R", (z,y) — x, we denote the projection on all but the last
coordinate. For a subset A of R” x R and z € R", we set A, := {y € R |
(x,y) € A}.

By exp,,, respectively log;, we denote the k-times iterated of the exponential
function, respectively the logarithm.

The results. We assume basic knowledge of o-minimality (see for example van
den Dries [5] and van den Dries and Miller [6]). By definable we mean definable
(with parameters) in the o-minimal structure Rap exp (see [6] for this structure).

Setting and preliminaries. We recall the precise definition of a log-analytic
function (see Lion and Rolin [3]) and state consequences of preparation results
on special sets (compare with [1]).

Definition 1. Let X C R" be definable and let f : X — R be a function.

(a) Let k € Ny. By induction on k, we define that f is log-analytic of order
at most k.
Base case: The function f is log-analytic of order at most 0 if f is piece-
wise the restriction of globally subanalytic functions; i.e., there is a finite
decomposition Y of X into definable sets such that for Y € ), there is a
globally subanalytic function F': R™ — R such that f|y = Fly.
Inductive step: The function f is log-analytic of order at most & if the
following holds: There is a finite decomposition ) of X into definable sets
such that for Y € ), there are p, ¢ € Ny, a globally subanalytic function
F :RPT? — R and log-analytic functions g1,...,9, : Y — R, hy,..., hy:
Y — Ry of order at most & — 1 such that

flyv = F(gl, oo Gpylog(hy), ... ,log(hq)).

(b) Let k € Ng. We call f log-analytic of order k if f is log-analytic of order
at most k but not of order at most k£ — 1.
(¢c) We call f log-analytic if it is log-analytic of order k for some k € Ny.

Definition 2. We call a definable cell Y C R™*! simple at infinity if for every
x € w(Y), we have Y, = Ry 4 for some d, € R>g.

Remark 3. Let ) be a definable cell decomposition of R™ x R<(. Then
R" = U{’]T(Y) | Y € Y simple at infinity}.
We set eg := 0 and ey, := exp(eg_1) for k € N,

Definition 4. Let k € Ng. A cell Y € R"™! which is simple at infinity is called
k-simple at infinity if inf Y, > ey, for all x € n(Y).

Proposition 5. Let f : R" xR — R, (z,y) — f(x,y), be log-analytic of order
k. Then there is a definable cell decomposition Y of R™ xR such that for every
Y € Y which is simple at infinity, the cell Y is k-simple at infinity and

fly (z,y) = a(x)y®™ log(y)? - - - logy (y) ™ u(z, y)
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where

(1) a:w(Y) — R is log-analytic and continuous,

(2) qo;---,4qk EQ;

(3) u:Y — R is log-analytic and there is d € R such that 0 < u(z,y) <d
for all (z,y) €Y.

Proof. This follows from [1, Theorem 2.30] using the substitution r — 1/r.
O

Statement and proof of the results.

Definition 6. Let n € N and let f : R® — R be a function.
(a) If n = 1, we say that f is polynomially bounded at infinity if there are
constants ¢t € R-g and N € N such that |f(z)] < 2/ for all z > t.
(b) If n > 1, we say that f is polynomially bounded at infinity if there are
constants t € Rvg and N € N such that |f(z)| < |z|V for all |z| > t.

Let f be as above and let A C R™ be unbounded. We say that f is polynomially
bounded at infinity on A if 14 f is polynomially bounded at infinity (where
14 denotes the characteristic function of A).

We handle the unary case first.

Proposition 7. Let f : R — R be log-analytic. Then f is polynomially bounded.
Proof. By Proposition 5, we find k € Ny and t > ej such that

f(x) = az®log(z)™ -- -logy ()™ u(z)
on R>; where
(1) a €R,
(2) q0,---,qx €Q,
(3) u:Rs; — Ris log-analytic and there is d € Ry such that 0 < u(z) <d
for all z > t.

This gives that f(z) behaves asymptotically as 2% log(z)? - - - logy (z)% at +o00
(unless in the trivial case a = 0). By the growth properties of the logarithm,
we are done. 0

Definition 8. A subset C of R" is called a cone if € C implies rx € C for all
r e Rzo.

Given a cone C with C 2 {0}, we denote by B(C) := CNS"~! its base. Note
that C = RZO . B(C)

Proposition 9. Let n > 2 and let f : R™ — R be log-analytic. Then there is a
cone C with nonempty interior such that f is polynomially bounded at infinity
on C.

Proof. We consider the polar coordinates ¢ : S"™! x R>g — R", (v,7) — rv.
Let g : S" ! x R>g — R, (v,7) — f(p(v,7)). By Remark 3 and Proposition
5, we find k£ € Ny and an open cell Y that is k-simple at infinity such that
gly () = a(v)r® log(r)? - - -log (r) ™ u(v,r) where
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(1) a:7w(Y) — R is log-analytic and continuous,

(2) qo,---,qk € Q»

(3) u:Y — R is log-analytic and there is d € Rs such that 0 < u(v,r) <d
for all (v,7) €Y.

Choose an open ball B in w(Y") such that its closure is contained in 7(Y"). Then
by continuity, a is bounded on B. By the growth properties of the iterated
logarithms, we get that ¢ is polynomially bounded on Y N (B x R). By the
definition of cells, the map 7(Y) — R>g, 2 +— inf Y, is continuous. Hence by
the conditions imposed on B, there is T' > e;, such that the function z +— inf Y,
on B is bounded from above by T. This implies B x R~7 C Y. Hence, g is
polynomially bounded on B x Rr. We consider the cone C := R>q - B which
has nonempty interior. We obtain some N € N such that |f(x)| < |z|" for all
x € C with |z| > T. By the very definition, we obtain that f is polynomially
bounded at infinity on C. O

In the higher dimensional case, global (polynomial) boundedness may fail sim-
ply if the pole locus is not bounded. Consider for example the function

1 if & #
.2 T—y 1 Y,
/R —>R,(x,y)»—>{ 0 oy

Then clearly SUD /e, |f(z,y)| = oo for all r > 0.
But even if one restricts to continuous functions, a log-analytic function may
not be polynomially bounded if n > 2.

Proposition 10. Let n > 2. There is a continuous log-analytic function f :
R™ — R which is not polynomially bounded at infinity.

Proof. Tt suffices to deal with the case n = 2. Consider the function
h:Rs1 xRsg = R, (2,y) — —y((logy)® — 2logy + 2 — ).
Claim 1: The following holds:

(1) The function h is log-analytic and continuous.
(2) For every x > 1, there exists max,~o h(z,y) € R.
(3) The function a : Ry1 — R,z +— maxy,soh(z,y), is given by a(z) =
2exp(v/2)(v/z — 1).
Proof of Claim 1.
(1) being clear, we have to show (2) and (3). For > 1, we have

lim A(z,y) = —o0, lim h(z,y) =0,
Jim h(z,y) p (z,9)

and

oh B )
afy(xyy)— (logy)” + =

which vanishes exactly for y = exp(y/z) and y = exp(—+/z). We have
h(x, exp(v/x)) = 2exp(Vx) (Ve = 1), h(z, exp(—vz)) = —2exp(vz) (Ve + 1).
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This implies that for > 1, the function R~y — R,y — h(z,y), attains its

maximum at y = exp(y/z) with this maximum being given by
max h(z, y) = 2exp(v/z) (Ve = 1).
y>

This shows (2) and (3).

|:lC]laim 1

Let a € Rs; be the (uniquely determined) value such that 2exp(y/a)(y/a—1) =

1. Let
g: RZO X [031} —>R,($,y) = {

Claim 2: The following holds:

(1) The function g is continuous and log-analytic.

max {h (e, 22), 1} if (2,) € Rux]0, 1,
1 if (z,y) ¢ Rsqx]0,1].

(2) The function 3 : R>o — R,z — maxo<y<1 g(z,y), is given by f(z) =1

for x < a and f(z) = a(z) for z > a.

Proof of Claim 2.
For (1), note that for b > a,

lim g(z,y)= lim max{h(z,y),1} =1,

rz—b,y 1 r—b,y oo
zjégl\og(xay) = zjggl\omax {h(x7y)a 1} =1,

that for 0 < ¢ < 1,
lim  g(z,y) = lim max{h(z,y/(1-y)),1} =1,

z\a,y—c N\ a,y—c
and that
lim z,y) = lim max{h(z,y/(1—y)),1} =1,
z\a7y\()g( y) z\a,y\0 { ( y/( y)) }
lim x,y) = lim max{h(z,y/(1—1y)),1} =1.
N g(e,y) = lim | max {h(z,y/(1 - y)), 1}

For (2), note that for = > a,

Orgjglg(x,y) = glggh(x, y) = 2exp(Vz) (Vo — 1).

Let

Uclaim 2

f: R? — R, (x,y) — {g<x2 +y2’ iarg(\}%)) if (x,y) # (0,0),
1 if (x,y) = (070)7

where the argument function is given by arg : St — [0, 27[ with arg((1,0)) =0
and counterclockwise orientation. Then f is continuous and log-analytic. Let
v :Rsg — Rxq,7 — max roe ., |f(x,9)]. Then v(r) = a(r?) for all r > 0.

Hence,
max saa (2, )] 2 exp(r)

for all sufficiently large 7.
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The question is how “big” we can choose a set where polynomial bounded-
ness at infinity holds. In Proposition 9, we have shown that we can choose a
nonempty open cone. By the continuity of the counterexample in Proposition
10, we cannot hope for a dense definable set (or equivalently, a definable set
with dimension of the complement being smaller than n):

Corollary 11. Let n > 2. There is a log-analytic function f : R" — R such
that f is not polynomially bounded on every dense definable subset.

Remark 12. Note that the above counterexample is globally given by compo-
sition of globally subanalytic functions and the logarithm, not only piecewise.

To formulate an optimal result, we need to introduce some setting to speak
about the ultimate size of a set at co. The first definition mimics the tangential
cone at finite points (see for example Kurdyka and Raby [2]).

We fix an unbounded definable subset A of R"™. We let dimo, A be dim(AN{x €
R™ | || > r}) for sufficiently large r (note that this stabilizes) and call it the
dimension of A at infinity.

Definition 13. (a) We let B(A, ) be the set of all v € S"~! such that for
every r,e > 0, there is ¢ € A with |z| > r and |x/|x| —v| < e. We call
C(A,0) :=Rxg - B(A,00) the tangent cone of A at infinity.

(b) We let B5(A,00) be the set of all v € S"~! such that there is some
t € Rso with R>; - v C A. We call C5" (4, 00) := Rxq - B¥ (4, 00) the
strong tangent cone of A at infinity.

Remark 14. (1) We have C5*" (A, 00) C C(A4, 00).

(2) The tangent cone C(A,00) of A at infinity is closed and definable with
dimC(A, 00) < dim A.

(3) The strong tangent cone C5"(A,00) of A at infinity is definable with
dim C5'" (A, 00) < dim A.

(4) For r > 0, let B(A,r) := {x/r | z € A and |z| = r}. Then B(A4,c0) is
the Hausdorff limit of the family (B(A, r))T€R>o (compare with Lion and
Speissegger [4]) and

B (A, 00) = limsup B(4,r) = U m B(A,s).

r>0 r>0s>r

The next concept will carry more information. A (closed) ray R in R™ is of
the form R = a+Rxq-v where a € R" and v € S"~!. We parameterize the set
R of all rays by the bijection R" x S~ — R, (a,v) — a + R>q - v. For limit
considerations, it is natural to identify two rays R; and Ro if Ry C Ro or
Ro C Ri. This is an equivalence relation ~ on fR. A canonical representative
of the equivalence class of a ray R = a4+ R>¢ - v is given by 0+ R>( - v where
0 € a+R-v with o L v (or, equivalently, o realizes the distance of the line
a + R - v to the origin). A ray of this form is called a standardized ray. We
identify the set R/ ~ with the set of the standardized rays and parameterize it
by the bijection & := {(0,v) € R"xS"~! | 0 L v} — R/ ~,(0,v) — 0+R>q-v.
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Definition 15. (a) We denote by RC(A, co) the union of all standardized rays
R = 0+ R>¢ - v such that for every r,e > 0, there are z € Aand y € R
with |z| = |y| > r and |z — y| < e, and call it the tangent ray cone of A
at infinity.

(b) We denote by RC*" (A, 00) the union of all standardized rays R = o +
R>¢ - v such that 0o +R>; - v C A for some ¢t € R>¢, and call it the strong
tangent ray cone of A at infinity.

Remark 16. (1) We have RC*" (A, 00) C RC(A, o).

(2) The tangent ray cone RC 4 ~ of A at infinity is closed and definable with
dimRC 4,00 < dim A.

(3) The strong tangent ray cone RCiffoo of A at infinity is definable with
dim RCTOO < dimy, A.

(4) We have C(A, 00) C RC(A,00). In fact, the following stronger statement
holds: A standardized ray o + Rx>¢ - v is contained in RC(A, co) if and
only if R>¢ - v is contained in C(A, co).

(5) We have C*'"(A, c0) C RC**" (A, 00).

Ezample 17. Consider the half-strip
S:={(z,y) €R? |z >0,0<y<1}.
We have
C(S,00) = Rx - (1,0),C%" (S, 00) = 0,
and
RC(S,00) = {(0,t) + R>o - (1,0) | t € R},
RC(S,00) = {(0,t) + R - (1,0) | 0 <t < 1}.

Definition 18. (a) We call A spherically dense at infinity if C(A,00) = R™.
We call A strongly spherically dense at infinity if C5*% (A, 0o0) = R™.
(b) We call A ray dense at infinity if RC(A, 0o) contains every standardized
ray. We call A strongly ray dense at infinity if RC*™ (A, 0o) contains every
standardized ray.

Remark 19. (1) A is spherically dense at infinity if and only if A is ray dense
at infinity.
(2) If A is strongly ray dense at infinity, then A is strongly spherically dense
at infinity. The converse does in general not hold.

Proof. (1): The direction from right to the left being clear by definition, we
show the direction from left to the right. Let o + R>o - v € R/ ~ where
(0,v) € 6. Then R>¢-v € C(A, o0) since A is spherically dense at infinity.
By the definition of the tangent ray cone, we obtain that o + R>g - v C
RC(A, o).

(2): The first statement is clear. For the second one, consider the complement
of the above half-strip.

O
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Hence the notion of ray density at infinity does not give anything new. We
have included it for completeness and symmetry.
Here is now the final optimal result.

Theorem 20. Let n > 2 and let f : R® — R be log-analytic. Then there is a
definable subset U of R™ which is strongly ray dense at infinity such that f is
polynomially bounded at infinity on U.

Proof. Consider the semialgebraic map ® : & x R>o — R"”, (0,v,7) — 0+ 10,
and the log-analytic function F':= fo® : & x R>y — R. Let F' be log-analytic
of order k € Ny. By Proposition 5, we find a definable cell decomposition ) of
6 x R>q such that for every Y € ) which is simple at infinity, the cell Y is
k-simple at infinity such that

Fly(0,v,1) = a(o,y)r® log(r)® - - -log,,(r)™u(o,v,r)

where

(1) a:7w(Y) — R is log-analytic and continuous,

(2) q0,---,4k 6@7

(3) u : Y — R is log-analytic, and there is d = dy € Rs¢ such that 0 <

u(o,v,r) < d for all (o,v,7) €Y.

We fix Y € Y simple at infinity. Let Z := 7(Y) and § : Z — R, (0,v) —
inf Y, ). We set frZg := (Z\Z) N &. By passing to a finer cell decomposition
of &, we may assume that frZg # 0. For s € R>, let

Z(s) = {(o,v) € Z’ [(0,v)| < s,dist((o,v),freZ) > s}.
Then Z(s) is compact for every s > 0. We set
A:Rso — Rxg, s — max {|a(o0,v)] | (0,v) € Z(s)}.

Note that this is well-defined since a is continuous. Note that here by conven-
tion max () = 0. The function A is increasing and definable. Hence, by van den
Dries and Miller ([6, 5.5]), it is bounded by an iterated exponential exp; for
some [ € Ng. Choose N = Ny € N with N > |qo| + - -+ + |gn|- We set

Wy = {(0,v,7) € & x Rsq | (0,v) € Z(logy(r)),r > max{e;, 5(o,v)}}.

For (o,v,r) € Wy, we have

[F(0,0,7)] = [a(0,0)r™ log(r)™ - log, ()™ u(o,v,7) < dyrr™

We set Vy := ®(Wy). We obtain that |f(z)| < dy|z|Y*+! on Vy.

Let U be the union of all Vy with Y € ) simple at infinity. Then U/ is definable.
We show that this I/ does the job. Let R = 0+ R>¢ - v be a standardized ray
and let » > 0. By Remark 3, we find Y € ) that is simple at infinity such
that (o,v) € Z. Note that we use the above notations. There is s € Rsq
such that (o,v) € Z(s). By the definition of Wy, we find ¢ > 0 such that
{(0,v)} x Ry C Wy. This gives 0o+ R>¢ - v C Vy CU. So U is strongly ray
dense. Let

dy = max{d, | Y € Y simple at infinity}
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and
Ny = max{N, | Y € Y simple at infinity}.

Then |f(z)] < dy|z|Nu+! for all z € U. Hence, f is polynomially bounded on
. g

Concluding remarks. In Corollary 11, we have found, for n > 2, a log-analytic
function f : R™ — R and a definable open and unbounded set W such that r —
inf e, |z=r |f ()] is of exponential growth. By Proposition 7, the set W cannot
contain the image of an unbounded log-analytic curve. By the same methods as
in the proof of Theorem 20, we can find an open and definable set ¢ such that
f is polynomially bounded at infinity on U, and U contains the germ of every
unbounded log-analytic curve up to a certain complexity (where the complexity
is the complexity of terms in the language L., (71, ( Q/i)nzg’g’m, log), compare
with [1, Remark 1.2]. An open question is whether we can find such U that
contains the germ of every unbounded log-analytic curve.
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