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DIFFERENTIATION IN P-MINIMAL STRUCTURES AND A p-ADIC
LOCAL MONOTONICITY THEOREM

TRISTAN KUIJPERS AND EVA LEENKNEGT

Abstract. We prove a p-adic, local version of the Monotonicity Theorem for P-minimal structures.
The existence of such a theorem was originally conjectured by Haskell and Macpherson. We approach
the problem by considering the first order strict derivative. In particular, we show that, for a wide class of
P-minimal structures, the definable functions f : K — K are almost everywhere strictly differentiable and
satisfy the Local Jacobian Property.

§1. Introduction. A major toolin the study of o-minimal structures is the Mono-
tonicity Theorem, which states that for any o-minimal function f : D C R — R,
there exists a finite partition of D, such that on each part, f is either constant or
continuous and strictly monotone (see e.g. van den Dries [8]).

When Haskell and Macpherson developed their theory of P-minimality [9]
(a p-adic counterpart to the concept of o-minimality), a question that came up
naturally was whether there would exist a p-adic version of this theorem. Of course,
this question only makes sense if one can find a reasonable translation of the concept
of monotonicity to the p-adic context.

Say that z lies between x and y if z is contained in the smallest ball that contains
both x and y. Using this notion, one can formulate a concept of monotonicity that
works both in the real and the p-adic setting:

DEerINITION 1.1, Let F be a topological field. A function f : F — F is monotone
if, whenever z lies between x and y, then also f(z) lies between f (x) and f(y).

For ultrametric fields, this condition is equivalent to

x—z|<|x =yl = |f(x) = fOI< ()= fD)I.

Observe that if a function f is monotone and f(x) = f(y). then f is constant
between x and y. A more detailed exploration can be found in [12].

Extending this idea further, the following would be a natural translation to the
p-adic context of (local) strict monotonicity. (Remember that in the real case, a
strictly monotone function f* is either strictly increasing or decreasing, and hence
we get a bijection between the domain of f and the image of f.)
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DermNITION 1.2. Let F be an ultrametric field. A function f : X C F — F is
said to be locally strictly monotone on X if for all @ € X, there exist balls By, B,
such that @ € By C V', f maps B; bijectively onto B, and forall x, y,z € By,

Ix —z|<|x =yl =|f(x) = fEI<|f(x) =S

Having this notion in mind, Haskell and Macpherson [9] stated the following
conjecture, which can be considered as a local version of the Monotonicity Theorem
for p-adically closed fields K.

CONJECTURE 1.3. Let f : X C K — K be a function definable in a P-minimal
structure (K, L). There exist definable disjoint subsets U,V of X, with X \ (U U V')
finite, such that

(a) fly is locally constant,
(b) [, is locally strictly monotone on V.

Unfortunately, Haskell and Macpherson could only prove a weaker version of
this conjecture. The main motivation of this paper is to give a full proof (we even
obtain a slightly more precise result). The key to the problem is the existence of the
first order (strict) derivative of P-minimal functions.

1.1. Differentiation in the p-adic context. Ever since the end of the 19th cen-
tury. the theory of differentiation (and integration) of real functions has been well
established. However, the picture is not quite as rosy when considering p-adic func-
tions. Whereas real analysis has become a basic tool (even for non-mathematicians),
p-adic analysis is more subtle for several reasons.

One of the consequences of the ultrametric topology is that the mean value
theorem no longer holds on p-adic fields. Because of this, even if we restrict to the
category of nice functions that have a continuous derivative, examples can be found
of functions that behave badly: an injective function that has a derivative which is
zero everywhere, or a function that has nonzero derivative, yet is not injective in any
neighborhood of zero (see e.g. 26.4 and 26.6 in Schikhof’s book [12].)

To remedy some of the problems listed above, we will need to consider a stronger
concept of differentiation. A natural candidate is the following notion of strict
differentiation (a detailed exposition of which can be found in Schikhof [12] or
Robert [11]):

DermNiTION 1.4. Let X C K be an open set. A function [ : X — K is strictly
differentiable at a point a € X, with strict derivative D f (a) if the limit

Dfla)= fim ZW-/0)
(x.y)—(a.a) X—y

exists.

To distinguish between both concepts, we use the notation D f to refer to the strict
derivative, and we write f’ for the normal derivative (as defined by Weierstrass).
Obviously, Df (a) = f'(a) whenever D f (a) exists.

If 1 is strictly differentiable on an open set U, then Df is continuous on U,
by Proposition 27.2 of [12]. which means that a strictly differentiable function is
automatically C'.
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Note that in the real case, every function f for which /" is continuous is auto-
matically strictly differentiable, as can be seen easily by applying the mean value
theorem. One way to look at it is that strict differentiation is a form of continuous
differentiation, where (consequences of) the mean value theorem are already built
into the definition.

More recently, Bertram, Glockner, and Neeb [1] developed a more general frame-
work for differential calculus. When restricted to functions of one variable over
ultrametric fields, their notion is equivalent to strict differentiation (see Section 6 of
[1] for a comparison). There are also some differentiability results in the C-minimal
setting, in Section 5 of [10].

When using the stronger concept of strict differentiation, one can recover a num-
ber of the results that are foundational in real analysis. For example, a function that
has nonzero strict derivative around a point xg, will be injective on some neighbor-
hood of xo. However, some fundamental problems remain. For instance, the strictly
differentiable function

g:(@p_)Qp:Zanpn’_)Zanpzn (l)

is injective, and yet Dg(x) = 0 for all x € Q,. This example shows that, even with
a stronger concept of differentiation, a nice theory will only be achievable if one
also restricts to a more tame class of functions. Note that something similar has
been done for real functions as well. Indeed, it is known that o-minimal functions
f : R — R are (continuously) differentiable on a cofinite subset of R (see van den
Dries [8]).

Moreover, note that the function g from (1) is not P-minimal. Indeed. in
P-minimal structures every infinite definable subset of the universe contains an
open set. Clearly this is not true for g(Q,).

1.2. Basic definitions and facts. Let us first review some basic facts about
P-minimality (more details can be found in [9]).

Let £ be a language extending the ring language Lying = (4. —.-.0, 1), and let K
be a p-adically closed field (that is. a field elementary equivalent, in the language of
rings, to a finite field extension of Q,). The structure (K, £) is said to be P-minimal
if, for every elementary equivalent structure (K’, £). any definable set X C K’ is
Lying-definable (with parameters from K').

Examples of P-minimal structures include p-adic semi-algebraic sets and the
structure of p-adic sub-analytic sets, as developed by Denef and van den Dries [7].
A function is said to be P-minimal if its graph is a P-minimal set.

By definable we always mean definable with parameters (and the underlying
structure will be assumed to be P-minimal). A finite field extension of Q, will also
be called a p-adic field.

As a consequence, any definable subset of K can be partitioned into a finite
number of points and a finite number of open sets. This implies that every infinite
definable subset of K contains an open set, a fact which we will use quite often. The
following lemma will also be used extensively.

LemMA 1.5 (Lemma 5.1 of [9]). Let f : X C K — K be a function definable
in a P-minimal structure (K. L). There is a cofinite subset U C X such that Sflyis
continuous.
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We also mention the following theorem, which is a corollary of Theorem 71.2 of
[12]. This will be used to deduce strict differentiability from normal differentiability.

THEOREM 1.6. Let K be a complete non-archimedean field and X C K an open
set. If f : X — K is differentiable, then the set
{x € X | f is strictly differentiable at x}

is dense in X .

We write Ok for the valuation ring and 'k for the value group. Let 7 denote a
fixed element with minimal positive valuation. Write P, for the set of nonzero n-th
powers in K. and AP, for the coset {Ax | x € P,}, where A € K. Since P, has finite
index in K*, one can choose a finite subset A, C K such that K* = U;cp, AP).

We let B(xo.6) denote the open ball with center xq and radius d, i.e..

B(x0,0) ={x € K | |x — x| <J}.
We write |K | = {|x| | x € K}. The notation | f'(xo)| = +o0o means that

lim f(xo+1) — f(x0) ~ o

t—0 t

1.3. Main results. We cannot formulate our results for P-minimal structures in
general. The main reason for this restriction is the following lemma, which will be
essential.

Lemma 1.7. Let K be a p-adic field and let f : X C K — K be a differentiable
function that is definable in a P-minimal structure. If f'(x) = 0 for all x € X, then
there exists a finite partition of X in parts X; such that f'|y is constant.

A similar result can be found in [12]. A further generalization to the context of
p-adic integration is given in Proposition 2.17. For real functions with connected
domain, this is a simple consequence of the mean value theorem. However, this
does not hold for general p-adic functions: the function g defined in (1) provides a
counterexample.

In our proof of Lemma 1.7 we use that every open cover of K has a countable
subcover, hence the extra condition that K is a p-adic field. We do not know whether
this condition is essential.

We will show that our main results hold for any P-minimal structure satisfying
the following additional condition:

DEFINITION 1.8. A P-minimal structure (K, £) is said to be strictly P-minimal if
there exists a finite field extension K’ of Q . such that (K'. L) is P-minimal, and K
and K’ are elementarily equivalent as £-structures.

Note that if Lemma 1.7 would be true for all p-adically closed fields, then the
condition of strict P-minimality could be replaced by P-minimality for all subsequent
results.

When working with general p-adically closed fields, it may happen that the value
group | K *| (considered as a multiplicative group) is not contained in R*. In this
case the limit of a function (and the derivative) can still be defined by the usual
(¢,0)-definition, the only difference being that ¢ and d will be elements of |K | rather
than R.
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Another new result (see Proposition 2.6) that is crucial to our proofs is the fact
that dim(X \ X) < dim(X) for any set X definable in a P-minimal structure. This
was already known for o-minimal structures, but is new in the P-minimal case. Using
an improved version of a result by Haskell and Macpherson (where we eliminated
the assumption of definable Skolem functions. see Lemma 2.2). we were able to give
a very short proof of this result.

The first main result is a p-adic analog of the result we mentioned earlier for
o-minimal functions.

THEOREM 1.9. Let f : X C K — K be a function definable in a strictly P-minimal
structure. Then f is strictly differentiable on a cofinite subset of X .

It will then be straightforward to show the second main result of this paper:

THeOREM 1.10 (Local Jacobian Property). Let f : X C K — K be a function
definable in a strictly P-minimal structure. There exists a finite set I C X, and a finite
partition of X \ I into definable open sets X;. such that either f'|y is constant on X;.
or the following holds on X;: for every x in X;, there is an open ball B C X; containing
x., such that the map f|, satisfies the following properties:

(a) fp is a bijection, and [ (B) is a ball,

(b) f is strictly differentiable on B with strict derivative D |,

(c) |Df|is constant on B,
(d) forall x,y € B, one has that |Df||x — y| = |f(x) — f(»)].

A global version of the above result was originally proven for semi-algebraic and
sub-analytic sets by Cluckers and Lipshitz [4]. Among other applications, it can be
used in the study of p-adic and motivic integrals, see e.g. [5]. The (global) Jacobian
Property is also a valuable tool in the study of the geometry of definable sets (see e.g.
[3] or [2]. where Lipschitz continuity was investigated). It is still an open question
whether a global version of the Jacobian Property holds for general P-minimal
structures.

Let us now return to the start of the introduction. The conjecture stated there is
an immediate consequence of the Local Jacobian Property. If we combine this with
Lemma 1.5, we obtain:

THEOREM 1.11 (p-adic Local Monotonicity). Let f : X C K — K be a function
definable in a strictly P-minimal structure (K, L). There exist definable disjoint subsets
UV of X, with X \ (U U V) finite, such that

(a) f is continuous on U UV,
(b) there exists a finite partition of U into sets U;, such that f | v, Is constant,
(c) f is locally strictly monotone on V.

In Section 2.2, we show that our main results hold for p-adic fields (i.e.. finite field
extensions of Q,). As a next step, we generalize to definable families of functions
in Section 2.3. This will allow us to deduce the validity of our results for the wider
class of strictly P-minimal structures.

§2. Proofs of the main results. We start with some observations on P-minimal
functions. First, it is easy to see that the following lemma, which was originally
proven by Denef [6, Lemma 7.1] for semi-algebraic sets, is in fact valid for P-minimal
structures in general.
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Lemma 2.1 (Denef). Let S C K™ be a set definable in a P-minimal structure
(K.L). Let m,, : K" — K™ denote the projection onto the first m coordinates.
Assume there exists M > 1 such that for all y € n,(S), the fibers n,'(y) are
nonempty and contain at most M points. Then there exists a definable function g :
T (S) — S. such that (n,, 0o g)(y) = y forall y € m,,(S).

One of the questions posed by Haskell and Macpherson in [9] was whether the
assumption of definable Skolem functions could be eliminated from Remark 5.5 of
their paper. Since they only needed Skolem functions for finite fibers of the same
size, the result from Lemma 2.1 suffices. Therefore, we have that:

LemmAa 2.2, Let f : X C K" — K beafunction definable in a P-minimal structure
(K.L). Let Y be the set

Y ={y € X | f is defined and continuous in a neighborhood of y},

then dim (X \ Y) < dim(X).

Recall that the dimension of a definable set X C K” is the greatest integer k for
which there exists a projection map n : K" — K*. such that 7z(X) has nonempty
interior in K* (we refer to [9] for more details).

We will also need the fact that the finite fibers of a definable function f : K — K
are uniformly bounded:

Lemma 2.3. Let [ 1 K — K be a P-minimal function. There exists an integer My,
such that if the fiber f~'(y) is finite for some y € f(K), then it contains at most M ¢
elements.

Proor. This follows immediately from Lemma 5.3 of [9]. -

2.1. Preliminary lemmas and definitions. Let us first show that if K is a p-adic
field, then a P-minimal definable function f : K — K with zero derivative must be
piecewise constant.

PrOOF OF LEMMA 1.7. By P-minimality, the domain of f is a finite union of points
and open sets, so we may as well assume that dom( /') is an open set U. Fix ¢ > 0.
For every xo € U, the fact that f/(xg) = 0 implies that there exists d,, > 0, such
that for all 7 with |7] < Jy,.

|f (xo41) — f(x0)] <elt] <edy,. (2)

Note that we may assume that Jy, € |K|. Since every open set in K can be covered
by a countable number of disjoint balls, we can write U = [ J;°, B(x;.dy,). Formula
(2) implies that f (B (x;.dy,)) is contained in a ball with radius ¢d,,. Let u be the
Haar measure on K, normalized such that 4(Og) = 1. Clearly, u(B(x.d)) = J if

0 € |K|. Now estimate the volume of f(U):

w(f(U) S ulf (Blxio,) <3 edy, = au <U3<x,-,ax,.>> ,
i=1 i=1 i=1

hence u(f (U)) < eu(U). Since the choice of ¢ > 0 was arbitrary, we conclude that
/(U) has measure zero and hence, by P-minimality, is a finite set. One can then
partition the domain into a finite union of points and open sets, on each of which
the image is constant. -
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LemmA 2.4. Let K be a p-adic field and let f : X C K — K be a function
definable in a P-minimal structure. There exists a finite partition of X in definable sets
X = U, X; such that for each i, f|y is either injective or constant.

Proor. First note that the piece of the domain on which f is locally constant is
a definable set Xj. consisting of the points x € X that satisfy the formula ¢ (x):

¢(x) < @)@V (x) =y Az = x| <r = f(z) = y].

Since f is locally constant on Xj. f/(x) = 0 on Xj. Applying Lemma 1.7, we can
then partition Xj into a finite number of sets, on each of which f is constant.

Now consider the set 4 = X \ Xp. By P-minimality, any fiber f~!(y) with
y € f(A) will be finite. Moreover, there exists an upper bound M for the size of
these fibers, because of Lemma 2.3.

We can use the following procedure to partition 4 into a finite number of sets X;,
such that f|, is injective.

Applying Lemma 2.1 to the graph of f|,. we can find a definable function g
that chooses a point x in every fiber f~!(y), for y € f(A). We can then put
X1 ={a1(p) | y € f(A4)}. Then f| is injective by construction.

Repeating the procedure for 4 \ X;, we can construct a set X on which f is
injective, and so on. Lemma 2.3 ensures this algorithm will stop after at most M,
steps. so that we indeed obtain a finite partition. -

LEmMMA 2.5. Let K be a p-adic field and f : X C K — K a P-minimal function.
There exists a finite subset I C X such that for every xo in X \ I, with f(xo) = yo.
the following holds:

If | £ (x0)| = +oo0. then f is locally injective around xo and (f ~')'(yo) = 0.

ProoF. By Lemma 2.4, one can partition X into a finite number of sets Y;, such
that f'| is either injective or constant. Note that one only needs to consider those
sets Y; on which f is injective, since /' = 0 if f is constant. By Lemma 1.5 and
P-minimality there exists a finite set 7 such that, if we put X; = ¥; \ I, then X; is
open, and f~!is continuous on f(X;). Let xo € X; be such that | f/(x¢)| = +oo.
That | f'(x0)| = +o0o means that for every M > 1, there exists > 0 such that for
all ¢ with |¢| <0,

> M. (3)

‘f(onrl) — f(x0)
1

Now if (f~1)"(yo) # 0. then there exist ¢ > 0 and s arbitrarily close to 0 such that

}fl(yo +5) = ()

N

> e (4)

Now choose M = 1/¢ and let & be such that (3) holds for M. By the continuity
of f~! around yy, for s close enough to 0, f ~!(yy + s) lies in B(xo.6). Therefore,
f Yo +s) = xo + t for some ¢ with |¢| < J, and hence

_ | S xo+1) = f(xo)

t

Yo+ —)o
t

‘f‘: > M, (5)
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but then (4) and (5) imply that
t
&< ‘E‘ < l/MZE,

which is a contradiction. B

To show that an o-minimal function f is differentiable, it suffices to check that
the left and right derivative of f are equal. Unfortunately. in the p-adic case we will
have to deal with more possible directions. The next proposition shows that there
are only finitely many possibilities.

_PROPOSITION 2.6. Let X C K" be a set deﬁ_nable in a P-minimal structure. Write
X for the topological closure of X . Then dim(X \ X) < dim(X).

PrOOF. Let F : X — K be the function 1 taking the value 1 on X and 0 outside
X. Applying Lemma 2.2, we find that dim(X \ int(X)) < dim(X). Since dim(X) =
dim(X). a straightforward computation now yields the required result. -

COROLLARY 2.7. Let f : K — K be a P-minimal function. Then for each xo € K,
the limit lim,_(f (xo 4+ t) — f (x0))/t takes only a finite number of values.

Proor. Fix x¢g € K and consider the function

g:KX—>K:l»—>f(x0+t)_f(x0),
t

Since the graph of g has dimension 1, Proposition 2.6 implies that I'(g) \ T'(g) has
dimension zero. This proves the corollary, since all the limit values of lim, _o( f (xo -+
1) — f(x0))/t lie in the projection of I'(g) \ T'(g) onto the second coordinate, which
is a definable subset of K with dimension zero and hence, by P-minimality, is finite.
_|

DerINITION 2.8. Fix a positive integer n and an element 4 € K. Define the
directional derivative along A with respect to n in the point xp € K to be
A : S (xo + 1) = f(xo)
S w(x0) = lim / : (6)

t—0.t€LP, t

if this limit exists. If n is clear from the context we will omit the index » and just
write f'“(xo).

The next lemma and its corollary explain why it suffices to consider these
directional derivatives.

Lemma 2.9. Let (K.L) be a P-minimal structure, K a p-adic field, and let
f : K — K be a P-minimal function. For every xo € K, there exists ny € N, such that
Sforalln > ng and all A € K, either the limit f’fn)(xo) exists, or |f’fn>(xo)| = 400.
Moreover, given any sequence (t;) with limt; — 0, for which the limit L =

M exists, there exists n € N and . € K such that this limit L

hm,_ﬂx)
equals f{fl)(xo).

PrOOF. Fix xj. and let g be the quotient function g(¢) = w By Corol-
lary 2.7, there exist only finitely many values y; for which there is a sequence (t;i))

such that g(tvg")) — y; if tvg") — 0. Choose disjoint balls B;, each containing exactly
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one of the limit points y;. Let B be a ball with center 0. Now put D; = g(B) N B;.
and D = g(B) \ U; B, so that the sets g~ (D) and g ~'(D;) form a finite partition
of B into definable sets. .

)

Clearly. if the sequence g(z j (i))

tends to y;. then (the tail of) the sequence (¢;

is contained in g~!(D;). Similarly, the only sequences contained in g—'(D) are
those for which [g(z;)| — +o0c. To see this, consider a sequence (¢;) with z; — 0,
contained in g~!(D), and assume that |g(¢ ;)| is bounded for all j. Then the set
G = {g(t;) | j € N} is a bounded set, which can be assumed to be infinite. Our
assumptions on K imply that the valuation ring R C K is compact, and hence the
closure G must be compact, since for some m € Z. itis a closed subset of the compact
set 7 R. Therefore, G must contain a limit point, which must necessarily be one of
the points y;. Since G N (U; B;) = 0 by construction, we obtain a contradiction.

Each set g—'(D) or g~ 1(D;) can be partitioned in cells C. In this way we also get
a cell decomposition of B. It is easy to check thatif 0 € C, and if we choose y € T'x
big enough, then for some nyp € Nand 4 € A,,.

C n{ord(x) >y} = APy, N {ord(x) > y}.

implying that C and AP,, contain the same sequences converging to 0. (Note that
we can use the same value of 7y in all cells). Since the sets g(C). by construction,
contain at most one of the points y;, the limits f’ (Am)) (xo) must either be well defined.

or |f’?n(])(x0)| = +00. and the same obviously holds for all n > ny. -

COROLLARY 2.10. Let (K, L) be a P-minimal structure, K a p-adic field, and let
f : K — K be a P-minimal function. If for some xo € K. the derivative f'(x,) does
not exist, then either there are ), n such that |f</f,)(xo)| = +o0. or, if all directional

derivatives are bounded. there exist n, A, u such that f{fl)(xo) + f('f:) (x0).

2.2. Proofs of the main results (for p-adic fields). Throughout this section we will
assume that we work in a P-minimal structure (K, £) and that K is a p-adic field.
Also, f will always denote a P-minimal function. The main step in the proof of
Theorem 1.9 will be to show that sets of the following type are finite.

DerNITION 2.11. For every positive integer n we define
S, = {Xo ekK

T, = {x0 € K | there exists 4 € A, such that |f’?n)(xo)| = 4o00}.

the limit /7], (x) exists for all 2in A,
and there exist 2, 4 € A, such that 17, (xo) # /'f,, (xo)

In order to prove Theorem 1.9, it will be sufficient to show that both U,,S, and
U, T, are finite, because of Corollary 2.10.

LemMA 2.12. The set S, is finite for every n > 0.

ProOF. Assume that S, is infinite for some » > 0. By P-minimality it must then
contain a ball B. By Lemma 1.5, after shrinking B if necessary, we may assume that
forevery A € Ay, f " is continuous on B.
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Fix xo € B. By the definition of S,, there exist 4, u € A, such that f” )'(xo) #
F™(x0). After replacing f by f(x) — f"*(xo) - x and rescaling, we may assume
that f"*(xo) = 0 and f"(x;) = 1. By Hensel’s lemma, there exists m such that
1 +72"0k C P,. Fix 0 < ¢ < |n"|. Because f'* is continuous, the following
conditions hold if we choose ¢, € AP, and ¢, € uP, to be small enough:

|f (xo + ;) — f(x0)| < elts]. (7)
|f (x0+ t2) = f(x0)| = [/ (x0)||tul. (8)
|/ (xo 4+ 22)| = | £ (x0)| = 1. 9)

By changing our choices for 7, and 7, (choosing a smaller ¢ if necessary) we can
moreover assume that |7,| = ¢|¢;|. By our choice of m and ¢, we have that ¢, + ¢, =
(1 + i—“) € AP, (1 +7n"Ok) C AP,. By (9). equation (8) also holds for x( replaced
by xo + 7;. so that

|f (xo+ 224 1) — f (xo + )] = [ (x0 + )| |tu] = |2,]. (10)

On the other hand, since 7, + 7, € AP,. t; can be replaced by ¢, + 7, in (7), so
|f (xo+ 1 + 1) — f(x0)| <elty + 14| = e]ts].
But then | f (xo + 7, + 7,) — f (x0 + 1;)] is equal to

[(f (xo + 12+ tu) = f(x0)) = (f (x0 + 12) = f(x0))| < e|ts] = |tu].
This contradicts (10), which finishes the proof. -
COROLLARY 2.13. The set U, S, is finite.

Proor. By Lemma 2.12, U, S, is countable. It therefore suffices to show that U, S,
is definable, because in a P-minimal structure every countable. definable subset of
K is finite. The following formula  (x) expresses that all the directional derivatives
are bounded:

w(x) < (3[1,[2)(VZ){0 <zl < 0| — ‘f(x+zg — /(x)

< |tz|}

The formula ¢ (x) expresses that f’(x) does not exist:

(x) & ~(3L)(ve))(3n)(¥2) [o <zl <ol > ‘f(x + ZZ) — /) L‘ < |zl|}

Hence U,, S, is defined by the formula w(x) A ¢(x). because of Corollary 2.10.
LemMaA 2.14. The set T, is finite for every n > 0.
PrOOF. We write T, = T U T,>° where

TP ={xo€ K| uch,: |f’f’n)(xo)| = fooand | f'{,(x0)| < +oo}
and
T = {xo € K | Vi€ Ay : | (x0)| = +00}.

Fix n > 0. To simplify notation, we will omit the index » and just write f I
The proof of the finiteness of T? is very similar to the proof of the corresponding
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result for S,,. Therefore, we only indicate the differences. After rescaling f we may
assume that | f"*(x)| = +o00 and f"*(x,) = 1. Formula (7) should be replaced
by | f(xo+1;) — f(x0)| > M|t,|, for a fixed M > |z~"|. where m is as before. The
remainder of the proofis left as an exercise.

Now suppose 7>° were infinite. By P-minimality, this set must contain a ball B
on which | f’| = 4o0c. By Lemma 2.5, we may assume that /" is injective on B and
that ( f *1| 1 B>)’ = 0, after shrinking B if necessary. Lemma 1.7 then implies that

! } (8) is locally constant, which is clearly impossible. -

COROLLARY 2.15. The set U, T, is finite.

PrOOF. Asin the proof of Corollary 2.13, we need to verify that U, 7}, is definable.
But this is clearly the case, since one can use the formula — (x), where w(x) is as
in the proof of Lemma 2.13. n

PrOOF OF THEOREM 1.9 (FOR p-aDIC FIELDS). By Corollary 2.13, Corollary 2.15
and the discussion right after Definition 2.11, we know that there is a cofinite,
definable set 4 C K on which f is differentiable. Since A4 is definable, it is a finite
union of points and open sets, namely 4 = (J/_, 4; U Uf;l {a;}.

Applying Theorem 1.6 yields that the definable set

A} = {x € A4; | f is strictly differentiable at x}

is dense in A;, for i = 1,....n. But then the sets [; = A4; \ 4} cannot contain any
balls, and hence they are finite by P-minimality. So 4 \ |J;_, J; is a cofinite set on
which f is strictly differentiable. -

We are now ready to give a proof of Theorem 1.10 for p-adic fields. For the sake
of clarity we will restate the theorem.

THEOREM 2.16 (Local Jacobian Property). Let K be a p-adic field and f : X C
K — K a P-minimal function. There exists a finite set I C X, and a finite partition
of X \ I into definable open sets X;. such that either f|y is constant on X;. or the
following holds on X;: for every x in X;, there is an open ball B C X; containing x,
such that the map f |, satisfies the following properties:

(a) f|p is a bijection, and f (B) is a ball,
(b) f is strictly differentiable on B with strict derivative D |,
(c) |Df|is constant on B,

(d) forall x,y € B, one has that |Df||x — y| = |f(x) — f(»)].

ProoF. By Theorem 1.9, there exists a finite set / C X such that f is strictly
differentiable on X \ 7. This proves (b). Put X \ I = Ay U 4, with 4y =
{xeX\I|Df(x)=0},and A4 ={x € X\I|Df(x)+#0}.By Lemma 1.7, f is
then piecewise constant on 4y. By Lemma 2.4 we can partition 4 in a finite number
of pieces X;, on which f is injective. Moreover, by P-minimality, one can assume
that each X; is open (after excluding a finite number of points if necessary).

It remains to check that (). (¢). (d) hold for all points of X;. Part (¢) and (d)
are immediate consequences of Theorem 1.9: pick any ¢ € X;. There exists a ball
B C X; such that for all x, y € B, it holds that

LD pr),
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Consequently, we must have that |Df (a)| = |Df(a’)| for all «’ € B (since B
contains a neighborhood of a’). from which (¢) and (d) follow. That (a) holds can
be seen as follows (this part of the proof is inspired by Lemma 27.4 of [12]). Fix
any a € X;, and take a ball B(a.r) which is small enough to assure that for all
x.y € Bla.r).

sup

{‘%}{(3’) —Df(a)|:x.y € B.x ;éy} < |Df(a)|.

Clearly this implies that /(B (a.r)) € B(f (a),|Df (a)|r). It suffices to check that
S |5(a) 18 surjective. Choose ¢ € B(f(a).|Df(a)|r). We will show that the map

x +— f(x) —chasazeroin B(a.r). For x € B(a.r), put g(x) = % Then

g maps B(a.r) into B(a.r). Moreover, for all x. y € B(a,r). we haV:{QZt
_ f(x) = /)
lg(x) —gy)| = |x -y - W‘
| x=y || /&) - )
~Df(a) ‘ oy P
<zt|lx —y|

for some 0 < 7 < 1. Since g : B(a.r) — B(a.r) is a contraction, the Banach
fixed-point theorem yields that B(a. r) contains a point z for which g(z) = z, and
hence f(z) = c. 4

It is then easy to deduce that Local Monotonicity (as stated in Theorem 1.11)
holds for p-adic fields.

We can use the techniques from the proof of the Local Jacobian Property to
obtain a generalization of Lemma 1.7. This is probably not new, but since we could
not find any reference, we give a proof in full detail. Let x be the Haar measure
on K. normalized such that u(Og) = 1. We use the notation u(4) = [,|dx| fora
measurable set 4 C K.

ProposiTION 2.17. Let (K. L) be a P-minimal structure, K a p-adic field. Let
X, Y C K be definable, measurable sets, and let f : X — Y be a definable bijection
that is strictly differentiable. Then

u<Y>:/X|Df<x>||dx|,

where the equation holds in R U {4o00}.

PROOF. Partition X = Xy U X, where Xp = {x € X | Df(x) = 0} and X; =
{x € X | Df(x) # 0}. We proved in Lemma 1.7 that u(f (X,)) = 0. so we may just
as well assume that D /" is nonzero on all of X'. Also, we can assume that X is open,
after excluding a finite number of points if necessary. Since K is a p-adic field, X can
be partitioned into a countable union of disjoint balls B;. such that |[Df| = |c¢;| is
constant on B; and such that |/ (x) — /' (y)| = |¢i||x — y| forall x, y € B;. Asin the
proof of the Local Jacobian Property, we can argue that f maps B; bijectively onto
a ball B/ and it can be seen easily that u(f(B;)) = |¢;|u(B;). Since the integrand
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takes nonnegative values, we can use sigma-additivity to compute

[ 107 elaxl = X [ D7 (olldx] = Yleiu(B) = u(r),

which proves the formula. -

2.3. Generalization to strictly P-minimal structures. Given a definable function
f 1 Ax K C K™ — K, we write {fq}acq for the family of functions whose
members are defined by putting fo(x) = f (. x). Our results can be generalized
to this setting.

Foraset S C K"!, we let S, denote the fiber S, = {x € K | (a, x) € S}.

THEOREM 2.18 (Strict differentiation for definable families). Let K be a p-adic
fieldand [+ A x K C K"t — K a P-minimal function. There exists a definable set
S C A x K such that for each o € A, S, is a cofinite subset of K and f ,, is strictly
differentiable on S, .

Proor. The strict derivative D f,(a) of f, in a point a can be considered as the
partial (strict) derivative

i L) = flay)

(x.y)—(a.a) X =y

of f with respect to the last variable. Let S be the set consisting of points (a, a) €
A x K such that f, is strictly differentiable in «. It is easy to see that this is a
definable set (the definition is similar to the formula ¢ given in the proof of Corollary
2.13). The fact that for each a € A4. S, is a cofinite set. is a direct application of
Theorem 1.9. -

Next, we present a uniform version of the Local Monotonicity Theorem for p-
adic fields. Given sets S = 4 x K and D C A, we write S?) for the set S?) =
{(a. x) € S | @ € D}. The fibers will be denoted as S{?), for o € D.

THEOREM 2.19 (p-adic Local Monotonicity in definable families). Let K be a
p-adic field and f : A x K C K"t' — K a P-minimal function. Then there exist
definable disjoint subsets U,V of A x K such that for each o € A the following
conditions hold.:

1. K\ (Uy U V,) is finite,

2. fa is continuous on Uy, U V,,

3. fq is piecewise constant on U,. More specifically, there exists a finite partition
of U in definable sets U;, such that for each a € A, the function f is constant
on each of the fibers (U;),.

4. fo is locally strictly monotone on V.

Proor. By Theorem 2.18, there exists a definable subset S C 4 x X such that for
each a € A4, S, is a cofinite set on which f, is strictly differentiable. Let U be the
set of all points (o, x) € S such that Df,(x) = 0, and put ¥ = S\ U. This proves
(1) and (2). Part (4) holds as a direct consequence of the Local Jacobian Property
applied to faly, .

By Lemma 1.7, there exists a finite partition of U,. such that f, is constant
on each part. We will now show that this partition can be taken uniformly in the
parameter c.
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Let Sima = {y € K | 3x : y = fa(x)}. For each a € 7, (U), where n, denotes
the projection on the first n coordinates, this set is finite by Lemma 1.7. Applying
Lemma 5.3 of [9] yields that there exists a partition of 7, (U) into sets A4y, ... Ay,
and an integer M such that for a € 4;, the set Sy, o contains at most M elements.
Now Lemma 2.1 asserts that there is a definable way to choose an element y,(a)
from each Sy .. So the fibers £ ~!(yo(a)) (on which £, is constant) are uniformly
definable. Repeat the process for the sets Sym.o \ {yo(a)}, and so on. The algorithm
stops after at most M steps. This concludes the proof of (3). =

The above generalizations to families of definable functions imply that the Local
Monotonicity Theorem is valid for any strictly P-minimal structure.

Proor oF THEOREM 1.11. Let (K, £) be a strictly P-minimal structure, and f :
K — K an L-definable function.

If the definition of f contains field parameters, one can replace these by variables
a, and consider f to be a member of a family {g,}4ex», Which is defined by a
parameter-free formula w (. x, y). This formula y can then be interpreted in any
L-structure.

By our assumption. there exists a finite extension K’ of Q, which has the same
L-theory as K. We have already shown that the Local Monotonicity Theorem is
valid for families of functions over K’. so one only needs to check that there exists
an L-sentence asserting this fact. (As K and K’ have the same L-theory, this will
imply that the theorem also holds for the original family {g,}aeck». Since f is a
member of this family, this proves that the Local Monotonicity Theorem holds
for f.)

It is clear that parts (2), (3). and (4) of Theorem 2.19 can be expressed using a
first order-formula. For part (1). one can use the fact that in a P-minimal structure,
a definable set is cofinite if and only if its complement does not contain a ball. This
clearly is a first-order condition. -

By the same reasoning, the proofs of Theorem 1.9 and Theorem 1.10 can also be
generalized to strictly P-minimal structures. Therefore, Theorem 2.18 and Theorem
2.19 also hold for strictly P-minimal structures.
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